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IMAGE PROCESSING SOFTWARE TOOLS DEVELOPMENT
FOR SHOULDER ARTHROPLASTY

SUMMARY

Reverse shoulder arthroplasty is an operation performed on shoulder joints with
diseases such as osteoarthritis and rheumatoid arthritis, complex fractures of the
proximal humerus, and osteonecrosis of the humeral head. This operation can face
problems and create risky conditions for the patient, which might end in revision
operations.

In this work, methods are investigated to reduce one of the main reasons for the
problems faced in reverse shoulder arthroplasty. This main reason is the wrong
positioning of the K-wire which itself results in the wrong positioning of the implant
baseplate. The wrong positioning can reduce the range of motion of the shoulder or
can lead to complete malfunctioning of the joint.

Using pre-operative planning of the surgery, and patient-specific instrumentation, are
the solutions evaluated for improvement of the condition and reducing the risk of
malpositioning.

Preoperative planning which is deciding the correct choice of the procedure before the
operation based on the patient, injury type, facilities available, and surgeon’s skills, is
an important method in improving implant positioning. Preoperative planning can be
performed using two-dimensional images of the patient, but use of three dimensional
images and computer preoperative planning software tools can improve planning.

Patient-specific instrumentation which is a modern orthopaedics technique, uses
Computed Tomography or Magnetic Resonance Imaging of a specific patient to create
customized guides preoperatively. Prostheses or guides that are designed based on
the specific anatomy or injury of a patient provide an opportunity to be implemented
more precisely and hence can help improve implant positioning and reduce the
risk of complications resulting from malpositioning. The PSI guide generation
process is performed using software tools that perform preoperative planning on the
three-dimensional models of the patient’s data.

A new open-source software tool, that provides preoperative planning capability for the
surgeon, and also creates a patient-specific guide for K-wire positioning, is developed
in this work to test the presented solutions. First, the development of the software,
using only open-source platforms, is explained, then using the results of the software
an experiment is designed and performed. The experiment evaluated the accuracy
of the software results and also compared the results with other existing methods.
The experiment contained five different shoulder anatomies and glenoid types. For
each type ten different samples were manufactured. Two experienced surgeons
experimented on the manufactured bone models and the results were evaluated to
differentiate between different anatomies.
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The results were evaluated to control the version angle, inclination angle, and the
entry point location of the K-wire after the experiment. The evaluation of the results
presented that this proposed method has good accuracy for all three parameters. Also,
the results showed better outcomes for specific types of anatomies when compared to
the freehand method and the conventional guide method.
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OMUZ ARTROPLASTI ICIN GORUNTU ISLEME
YAZILIMI GELISTIRME ARACLARI

OZET

Ters omuz artroplastisi (TAO), agr1 hakim oldugunda, giic veya hareketlilik dahil
olmak tizere omuz eklemi islevselligi bozuldugunda veya kayboldugunda ve analjezik
ve fizyoterapi gibi konservatif tedaviler etkili olmadiginda yapilan bir omuz protezi
implantasyonudur.

TOA’da, skapula kemiginin (Kiirek kemigi) hem humerus basi hem de glenoid
boliimleri implantlarla degistirilir ancak eklemin anatomisi, glenoide takilan protezin
top seklinde ve humerus kemigine takilan protezin icbiikey bir sekle sahip olacagi
sekilde tersine ¢evrilir.

Ters omuz artroplastisi genellikle bagsarilidir, ancak farkli komplikasyonlar ortaya
cikabilir. TOA’daki en yaygin komplikasyonlar instabilite, enfeksiyon ve glenoid
gevsemedir. TOA’daki glenohumeral instabilite, eklem protez bilesenlerinin yanlis
konumlandirilmasindan kaynaklanabilir. Bilesenin mesafe veya ac¢1 agisindan yanlig
yerlestirilmesi instabiliteye neden olabilir. Glenoid implantin dogru yerlestirilmesi,
protez dayaniklili§1 ve daha iyi omuz fonksiyonu igin ¢ok onemlidir fakat, Islem
geleneksel yontem kullanilarak yapildiginda, daha once gerceklestirilen operasyondan
sonra kiirek kemiginin degisken anatomisi, eklem kontraktiirleri, glenoiddeki kemik
kayb1 ve giivenilir anatomik igaretlerin olmamasi nedeniyle bilesen yerlestirme zor
olabilir.

Operasyon Oncesi planlama ve hastaya 6zel kilavuzlarin kullanimi implant konum-
landirmanin iyilestirilmesine yardimci olabilir ve sonug¢ olarak yanlis konumlandir-
madan kaynaklanan komplikasyon riskini azaltmak i¢in uygun bir ¢dziim sunabilir.
PSI (Hastaya Ozel Enstriimantasyon), hastanin anatomisinin gereksinimlerini
kargilayan ozellestirilmis kilavuzlar olusturmak icin belirli bir hastanin Bilgisayarli
Tomografi veya Manyetik Rezonans Goriintiilemesini kullanan bir yontemdir. PSI
kilavuz olusturma siireci, hastanin kemiklerinin ii¢ boyutlu modelleri iizerinde
operasyon Oncesi planlama yoluyla gerceklestirilir. Operasyon oncesi planlama,
hastay1r ve hasar kosullarin1 degerlendirerek ve cerrahin kullanabilecegi imkanlari,
donanimi ve becerileri goz Oniinde bulundurarak dogru prosediir ve implant tipi
secimine karar vermektir.

Yazilimin operasyon oncesi planlamada ¢ok 6nemli yardimi olabilir. Bir hastanin
anatomisinin ve 0Ozel durumunun ii¢c boyutlu bir modelini goriintiilemek, bir
cerrahin farkli tedavi ¢oziimlerini belirlemesine yardimer olabilir. Cerrahin implanti
hastanin kemiklerine sanal bir alanda yerlestirme yetenegi, glenoid versiyonun ve
egimin optimal diizeltmesine karar vermede yardimci olabilir.  Ayrica yazilim
PSI kilavuzu olusturma siirecinin gerekli bir pargasidir. Bu calisma, ters omuz
artroplastisinde yanlis konumlandirmanin zorluklarinin iistesinden gelebilecek bir
yazilim araci olusturmustur ve bu tezde, ters omuz artroplastisi i¢in bir PSI, ameliyat
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oncesi planlama ve kilavuz tasarim yazilim araci gelistirme asamalar1 ve siiregleri
aciklanmustir.

Boyle bir yazilim araci gelistirmek i¢in oncelikle farkli tibbi durumlar arastirildi ve
ardindan Bilgisayar Tomography (BT) tarama goriintiileri olarak girdi verilerinin tiirii
ve Ozellikleri incelendi. Ardindan, son yazilima ulagsmak icin giris verileri iizerinde
yapilacak islemler tasarlandi ve operasyon 6ncesi planlamanin genel siireci planlandi.
Genel siiregler kullanilarak siirecin her bir adimi tasarland1 ve gelistirildi. Her adim
icin gerekli algoritmalar ve yazilim araglar1 bulundu, gelistirildi ve entegre edildi.
Girilen verileri yakalamak, okumak, yazilim ortamina aktarmak, verileri siralamak
ve kaydetmek icin farkli protokoller ve standartlar kullanildi. Diger adimlarda
kullanilacak en iyi veri yakalama yontemini saglayan yazilim icin belirli bir BT
tarama protokolii secildi. DICOM standardi, GDCM ve VTK Kkiitiiphaneleri daha
sonra yakalanan verileri igslemek icin kullanildi. DICOM standardinin uluslararasi
kabul gormiis alanlar1 ve ayrintilar1 sayesinde veri isleme ¢cok verimli hale getirildi,
GDCM ve VTK Kkiitiiphanelerinin kullanilmasi ile verilere erisimin sorunsuz olmasi
saglandi. Yakalanan ve siralanan verilerin 6n isleme tabi tutulmas: i¢in kontrast
artirma ve giiriiltii giderme islemleri gerceklestirildi. Verilerdeki onemli bilgileri
koruyabilen 6zel giiriiltii giderme algoritmalari se¢ildi ve bunlarin ITK kiitiiphanesinde
uygulanmasi ile siire¢c cok giivenilir hale getirildi. Tim dokulardan kemiklerin
tespiti ve ardindan kiirek kemigi ve oOzelliklerinin tespiti i¢in yeni algoritmalar ve
yontemler gelistirildi ve VTK kiitiiphanesi kullanildi. Kemikleri diger dokulardan
ayirabilmek amaciyla, her hastanin otomatik esik tespiti icin 6zel olarak secilmis BT
tarama protokolii ve hasta verilerini kullanmak {izere yeni algoritma gelistirildi. Diger
kemikler arasindan kiirek kemigini tespit etmek i¢in, omuz bolgesindeki kemiklerin
geometrik ozelliklerinin bir kemik ayirma yontemi olusturdugu kabul edildi. Kiirek
kemiginin 6zelliklerini saptamak i¢in bircok farkli geometrik 6zellik, kiirek kemiginin
ve glenoid yiizeyinin genel sekli, nokta ve yiizey algilama algoritmalarinin bir
kombinasyonu kullamildi.  Algoritmalarin bazi boliimlerinde VTK kiitiiphanesini
kullanild1 ve baz1 boliimler kiitiiphanelerin mevcut sorunun belirli gereksinimlerini
karsilamadigi i¢in yalmizca C ++ dili kullanilarak gelistirildi. Yazilimin GUI (Grafiksel
Kullanic1 Arayiizii) tasarimu ve yazilim destekli operasyon Oncesi planlama birlikte
gerceklestirildi. GUI boliimlerinin diizeni ve mevcut 6zellikler, operasyon oncesi
planlama i¢in iglevsellikleri gz oniinde bulundurularak tasarlandi. GUI, isleme ve
ara yiiz tasarimi icin VTK ve Qt kiitiiphaneleri kullanildi. Operasyon 6ncesi planlama
stireci hem yazilimin teknik yonleri hem de yazilimin kullanicisi olarak cerrahlardan
gelen geri bildirimler dikkate alinarak tasarlandi. Kilavuzu tasarlamak i¢in VTK,
CGAL ve OpenMesh kiitiiphaneleri kullanildi. Kilavuzun algoritmalar1 ve geometrik
sekli, islemin her belirli hasta i¢cin tam otomatik olabilecegi ve kilavuzun glenoid
izerinde uygun oturma ve delme islemi i¢in iyi mekanik dayamima sahip olacagi
sekilde tasarlandi. Bu caligmada gelistirilen yontemler ve algoritmalar, yazilimin her
boliimiindeki gorevleri ¢ozmek icin optimize edilmek iizere tasarlandi. Kullanilan
kiitiiphanelerin tiimii, diger gelistiriciler tarafindan erisilebilen iyi kurulmusg ve iyi
bilinen a¢ik kaynakl kiitiiphanelerdir. Tiim bu algoritmalar ve kiitiiphaneler, her tibbi
vaka icin hastaya 6zel bir kilavuz olusturma imkani saglar. Bu durumlar daha sonra
gelistirilen yazilimi test etmek i¢in kullanilabilir.

Yazilimi farkli yonlerden test etmek icin bir deney tasarlandi. 1k olarak, farkl1 hastalar
izerinde operasyon oncesi planlama yapmak icin yazilim yetenegi kontrol edildi ve
tasarlanan kilavuzlarm kalitesini gozlemlendi. Ikinci olarak, farkli glenoid tipleri
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icin bu yazilim tarafindan operasyon Oncesi planlama yapildiginda gerceklestirilen
islemlerin sonuglarinin dogrulugu kontrol edildi. Bu hedeflere ulagsmak icin deneyde,
bes farkli kiirek kemigi tipinin bilgisayarli tomografi taramalarini kullanildi. Calisma
gruplarini olusturmak i¢cin Walch siniflandirmasi kullanildi. Walch siniflandirmasina
gore bir kiirek kemiginin her biri tip A2, B2, C, D idi ve bir kiirek kemigi saglam
veya artritik olmayan bir glenoide sahipti. Ger¢eklestirilecek deney icin, kiirek kemigi
modellerinin 3 boyutlu hizli yazici ile modellenmesi saglandi. Toplam 150 tam
boyutlu fiziksel kiirek kemigi modeli ve 15 kilavuz modeli iiretildi. Uretilen kemik
modelleri etiketlendi ve kodlandi. Her bir kiirek kemigi tipi grubu i¢in deney ii¢ farkl
yontem kullanilarak gerceklestirildi ve her yontem iki farkli cerrah tarafindan bes kez
tekrarlandi.

Deneyin sonuglarin1 gézlemlemek icin, modellerin ve kilavuz pinlerin operasyon
sonrast BT taramalari, yazilimla kullanilacak ilk goriintiileri yakalamak i¢in kullanilan
ayni1 BT tarama protokolii kullanilarak elde edildi. Daha sonra, bu BT goriintiileri,
kemigin i¢inde yer alan kilavuz pim ile kemiklerin 3D modellerini olusturmak igin
kullanildi. Her numunenin 3D modelleri, birbirleriyle tam olarak eslesecek sekilde 3D
alana kaydedildi. Daha sonra Friedman ve Maurer yontemleri kullanilarak, 3 boyutlu
modellerin versiyonu ve egimi dijital olarak olciildii. Kilavuz pim girisinin glenoid
yiizeye pozisyonu da planlanan giris noktasina gore Olciildii. Versiyonun ortalama
degeri ve standart sapmasi, egim ve giris noktasi konumlari, her yontemle calistirilan
her numune i¢in oOlciildii.

Bu caligmanin hipotezlerinden biri, diger PSI olmayan omuz artroplasti operasyon-
larma kiyasla operasyon oncesi planlama yeteneklerini ve PSI kilavuzlarii yiiksek
dogrulukla kolaylastirabilen acik kaynakli bir yazilim platformunun gelistirilebile-
cegidir. PSI yonteminin geleneksel yontemlerle karsilastirilmasi i¢in sonuglarin
degerlendirildigi durumlarda, PSI yOnteminin hata degerleri diger yontemlerden
daha iyi ortalama ve standart sapma gostermistir, PSI yonteminin operasyon sonrasi
degerleri, planlanan degerler ve hastaya 0zel kilavuz, planlanan degerlerle birbirine 1yi
derecede yakindir.

Bu calismanin bir bagka hipotezi, operasyon oncesi planlama yazilimi kullanilarak
tasarlanan PST’lerin, ozellikle glenoid kemik deformesi vakalarinda, standart kilavuzlu
ve serbest el enstriimantasyon yontemlerinden daha iyi kilavuz pim konumlandirma
saglayabilecegidir. Glenoid gruplarinin ¢ogu i¢in farkli tipteki glenoidlerin hata
degerlerinin PSI i¢in daha iyi ortalama ve standart sapma degerleri gosterdigi
gorilmiistir. ~ Bu calismanin sonuclari, PSI'min kilavuz pim konumlandirma
dogrulugunu gostermistir ve artritik olmayan glenoid tipi ve kusurlu glenoid tipleri
C, B2 ve A2 i¢in, PSI'nmin diger yontemlere gore daha dogru oldugunu gostermistir,
fakat bu sonuclar istatiksel anlamda artritik olmayan glenoid tipi ve C glenoid tipi i¢in
anlamlidir.

Genel olarak, caligma sonuclari, kanitlamaya ve ulagsmaya calistigi ilk amaclari
ve hipotezleri desteklemektedir ve yalnizca acik kaynakl kiitiiphaneler kullanilarak
geligtirilen arag¢, daha fazla arastirma i¢in bir kilavuz olabilir.
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1. INTRODUCTION

1.1 Purpose of the Thesis

Reverse shoulder arthroplasty (RSA) faces complications and the most common
complication is component loosening. Incorrect positioning is one of the main
factors for glenoid component loosening in reverse shoulder arthroplasty. The correct
component placement in RSA can be difficult due to different anatomical and surgical

challenges.

Patient-specific instrumentation (PSI) has shown improvements in the accuracy of
surgical operations including component positioning in RSA. PSI needs software tools
for performing preoperative planning for shoulder arthroplasty and the design of a

proper instrument or guide to help with the correct positioning.

In the existing studies, the improvement in accuracy of operation is not evaluated on
different types of glenoids in RSA. There are several commercial PSI systems available
that can be used in an operation but the computer techniques and tools used to develop
such software packages are not fully presented in academic literature, because of trade

SECrecy.

This work intends to create a software tool that can overcome the challenges of
incorrect positioning in reverse shoulder arthroplasty. This software tool aims to reach
this goal by enabling surgeons with preoperative planning for RSA, and designing a

new guide for the surgery while implementing merely open-source libraries.

1.2 Problem Definition

Reverse shoulder arthroplasty (RSA) is generally successful, although different
complications can occur. The most common complications in RSA are instability,
infection, and glenoid loosening [1-3]. Glenohumeral instability in RSA can be

caused by malpositioning of the joint prosthesis components. Any misplacement of the



component in distance or angle can cause instability [4-6]. In conventional methods,
the identification of anatomical landmarks and accurate positioning of the implant
baseplate are difficult to achieve when there are deformities in the glenoid cavity [7].
For instance, the implant inferior version and tilt angle have shown 16 - and 12-degree
variations, respectively, in traditional surgery methods [8]. Conventional methods of
implantation are not able to restore the retroversion angle in cases with severe glenoid
deformity [9, 10]. Correct placement of the glenoid implant, which is one of the main
goals of preoperative planning, is crucial for prosthesis durability and better shoulder
function [11, 12], however component placement can be challenging because of the
variable anatomy of the scapula, joint contractures, bone loss in the glenoid, and lack

of reliable anatomic landmarks after the previous operation [13].

Preoperative planning and the use of patient-specific guides can help improve implant
positionin [14—17] and as a result could present a proper solution to reduce the risk of
complications resulting from malpositioning. PSI uses Computed Tomography (CT) or
Magnetic Resonance Imaging (MRI) of a specific patient to create customized guides
preoperatively and the PSI guide generation process is performed through preoperative

planning on the three-dimensional models of the patient’s bones.

Software can be of great help in preoperative planning and creating patient-specific
guides. Viewing a three-dimensional (3D) model of the anatomy of a patient and their
specific condition can help a surgeon to determine different treatment solutions. The
ability of the surgeon to place the implant into the patient’s bones in a virtual space
can help in deciding the optimal correction of the glenoid version and inclination [18-
22]. The use of patient-specific guides for glenoid component placement has increased
the reliability and precision of shoulder arthroplasty [13, 17,23-25]. Furthermore, it
should be considered that Guide pin positioning has a direct effect on the initial glenoid

component placement.

Consequently, in this thesis, the problem of developing an open source software tool
that can reduce the complications of RSA through enabling preoperative planning and
PSI guide design is faced, understanding that the development of such software tool

opens a door for the development of other software tools for other surgeries.



1.3 Hypothesis

In this study, we try to explain the steps and processes of developing a PSI preoperative
planning and guide design software tool for reverse shoulder arthroplasty. By
describing the open-source software packages and platforms used and the logic
behind the design of the guide system, the authors believe this study can help to
facilitate future studies creating PSI systems. Under the hypothesis that PSIs designed
using the preoperative planning software would provide better guide pin positioning
than standard guided and freehand instrumentation methods, especially in cases of
glenoid bone deformity, the accuracy of the developed software and PSI in different
glenoid types are evaluated in this thesis. In summary, this work hypothesizes that
an open-source software platform can be developed that can facilitate preoperative
planning abilities and PSI guide creations with high accuracy compared to other non

PSI methods of shoulder arthroplasty operations.

1.4 Thesis Outline

The thesis is organized into seven chapters. Chapter one is the introduction. Chapter
two is background and literature review, where information about different aspects
of the works done in the thesis is provided and similar works are reviewed. Chapter
three explains the steps of the software development and details of the algorithms used.
Chapter four describes the experimentation using the results of the software. Chapter
five reports the results of the experiment. Chapter six discusses the results and their

implications. Chapter seven is the conclusion and future works that can be performed.






2. BACKGROUND AND LITERATURE REVIEW

In this chapter background information related to the topics discussed throughout the
thesis is provided. Medical information about the shoulder joint that is required to
understand the problem at hand and the solutions proposed is presented. Information
about digital image processing including the tools, standards, libraries, and methods
used are demonstrated. At the end of this chapter works similar to this thesis study are

discussed.

2.1 Anatomy of the Shoulder Joint

The shoulder joint is one of the most complex joints of the body. It consists of three
bones, the humerus, which is the upper bone of the arm, the scapula, which is the
shoulder blade bone, and the clavicle, which is the collarbone. The clavicle connecting
at one end to the chest bone, and the other end to the acromion of the scapula, attach

the upper limb and the trunk.

The scapula bone is a flat and triangular shaped bone. The coracoid process of the
scapula is a thick curved section that projects from the scapula and is the attachment
point of ligaments and muscles. The glenoid cavity of the scapula is the part that

articulates with the head of the humerus and forms the ball and socket shaped joint.

The humerus has a head at its top end with a half-spherical shape projecting into the
glenoid cavity. The greater and lesser tubercles are the attachment points for the rotator

cuff muscles. In Figure 2.1, anatomy of the shoulder joint is presented.

The rotator cuff is a collection of muscles and tendons that enables a wide range of

motions for the shoulder. In Figure 2.2 rotator cuff muscles are shown.
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Figure 2.1 : Shoulder Joint Anatomy.
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Figure 2.2 : Rotator Cuff Muscles.
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Figure 2.3 : Walch classification of damaged glenoid morphology.

2.1.1 Glenoid morphology classifications

It is necessary to understand and categorize the glenoid deformation before deciding
on any treatment for operating the damaged shoulder joint. Knowing the type of
deformation can help categorize the outcome of treatment and assist in preoperative
planning of the operation. Two different classification methods are wildly used that
are described here. The first method is the Walch classification of glenoid morphology
[26]. This method has been modified and improved over the years and the most recent

method is based on the evaluation of glenoids from 3D CT scan reconstructions.

There are four main categories and a total of eight subcategories in this classification
method based on the pathologic glenoid type as shown in Figure 2.3. Type A has
concentric wear with no subluxation of the humeral head and the humeral head is
centered. Al type has minor central erosion, while A2 type has major erosion and the
humeral head protrudes into the glenoid cavity. Type B has a biconcave glenoid with
asymmetric wear and the humeral head is subluxated posteriorly. B1 has posterior
joint narrowing (no posterior bone loss), osteophytes, or subchondral sclerosis. B2 has
posterior rim erosion or retroverted glenoid. B3 has monoconcave and posterior wear
with retroversion bigger than 15° or posterior humeral head subluxation bigger than
70%, or both. Type CI has a dysplastic glenoid with bigger than 15° retroversion
regardless of the erosion. Type C2 has biconcave, posterior bone loss, posterior
translation of the humeral head. Type D has glenoid anteversion or anterior humeral

head subluxation smaller than 40°.
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Figure 2.4 : Favard classification of damaged glenoid morphology.
The second classification method is Favard classification [27]. The Favard
classification has also improved over time and the latest version has five different
categories as shown in Figure 2.4. Type EO has no glenoid erosion and superior
humeral head migration. Type El has concentric erosion of the glenoid. Type E2
has erosion of the superior aspect of the glenoid alone. Type E3 has superior erosion

extending all the way to the inferior aspect of the glenoid, and type E4 is inferior wear

of the glenoid.

2.1.2 Glenoid’s version and inclination angles

The Friedman method is a well-established one for measuring the glenoid version angle
[28]. In this method, a CT scan of the scapula section, located in the mid glenoid level,
in the axial plane is used for the measurement. As shown in Figure 2.5. To find the
version angle, first, a line that connects the anterior and posterior rim of the glenoid is
drawn, named glenoid line. Next, the center of the glenoid is connected to the root of
the scapular spine, which defines the scapular axis. Then the version angle is the angle

between the line that is perpendicular to the scapular axis and the glenoid line.

To measure the inclination angle the Maurer method is used [29]. In this method on
the oblique coronal plane of the scapula in a section that passes through the glenoid
center, the glenoid fossa line is drawn. The glenoid fossa line is the line that connects
the uppermost and lowermost points of the glenoid rim. Next, the line of the floor of
the supraspinatus fossa is drawn. The inclination angle is defined as the angle between
the glenoid fossa line and the line of the floor of the supraspinatus fossa as shown in

Figure 2.6.
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Figure 2.7 : Rheumatoid Arthritis Condition, an Example reason for Shoulder
Arthroplasty.

2.2 Shoulder Arthroplasty

Shoulder arthroplasty is performed when pain prevails or shoulder joint functionality
including strength or mobility is deteriorated or lost and conservative treatments like
Analgesics and physiotherapy are not effective [1]. Common issues, which can
result in shoulder arthroplasty, include osteoarthritis, rheumatoid arthritis (Figure 2.7),
complex fractures of the proximal humerus, and osteonecrosis of the humeral head.

Shoulder arthroplasty is performed also as revisions of failed prosthesis operations [1].

Osteoarthritis is caused by mechanical wear and tear in the joint, for instance when
the half-spherical shaped head of the humerus or the glenoid cavity is worn out or
damaged. Rheumatoid arthritis is an autoimmune system disease when the damage to

the joint happens by the body’s own immune system.

Shoulder prosthesis implantation history starts in 1893 when Pean, a French surgeon,
performed the first shoulder joint replacement [2]. Later in 1970, shoulder arthroplasty
began to get more attention when Charles Neer published an article reporting a 90%
success rate in 43 patients with shoulder arthroplasty [3]. In the 1980s, modular
prostheses with two components and in different sizes were introduced which lead

to more successful operations [4].
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Figure 2.8 : Different Types of Shoulder Arthroplasty.

2.2.1 Shoulder arthroplasty types

Shoulder arthroplasty operations include humeral hemiarthroplasty, Total shoulder
arthroplasty, and reverse shoulder arthroplasty as shown in Figure 2.8. [1]. Humeral
hemiarthroplasty is replacing the humeral head with an artificial implant in the joint.
Total shoulder arthroplasty is performed by replacing both the humeral head and
glenoid sections of scapula bone. Major indications for total shoulder arthroplasty

are primary and secondary osteoarthritis, as well as early rheumatoid arthritis [1].

In reverse shoulder arthroplasty, the anatomy of the joint is reversed in a way that
prosthesis attached to the glenoid has a ball shape and the prosthesis attached to the

humeral bone has a concave shape.

Reverse shoulder arthroplasty has been proved as a successful method for treatment
in cases with the rotator cuff deficiency [5, 6]. Severe damage or tears to rotator cuff
and revision surgery are among the reasons to perform reverse shoulder arthroplasty

(Figure 2.9) [1].

In reverse shoulder arthroplasty, medialization and distalisation in the shoulder joint,
meaning that the center of rotation is moved downwards and closer to the body,
prevents the shoulder to move upward out of its center and also increases the force
moment that the deltoid muscle can create, and as a result, lifting of the arm is

improved as shown in Figure 2.10 [30].
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Figure 2.9 : Rotator Cuff Tear, as a Symptom Leading to Reverse Shoulder
Arthroplasty.

Figure 2.10 : C1 is the anatomic center of rotation of joint and C2 is the center of
rotation after RSA. It is observed that C2 is distalized and medialized.
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Figure 2.11 : General Type of Implant Used for RSA (image by DELTA CTA™
Reverse Shoulder Prosthesis, Deputy).

The general implant type used for reverse shoulder arthroplasty is shown in

Figure 2.11.

2.2.2 General operation procedure

To perform the operation, first the surgeon enters the shoulder joint by making an
incision into the joint capsule. This allows the surgeon to access the joint. At this point,
the surgeon can prepare the bones for attaching the prosthesis parts. The preparation
of the humeral bone is done by removing the ball portion of the humeral head with a
bone saw. Then a rasp is used to prepare inside of the humeral bone to anchor the stem
of the humeral component. Figure 2.12 shows humeral components of the implants

inserted.

For the preparation of the glenoid side, a guide pin is inserted into the glenoid cavity
to be used as the reference for the next operations of the surgery. Using the guide
pin (Kirschner wire) inserted, the arthritic glenoid surface is prepared by reaming the
surface and cleaning any remaining cartilage. With the reaming, the surface of the

glenoid is flattened and a proper resting area for the base plate is provided.
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Figure 2.12 : Humeral Components Inserted (image by DELTA CTA™ Reverse
Shoulder Prosthesis, Deputy).

Figure 2.13 : The Preparation of Glenoid Surface for Implantation (image by DELTA
CTA™ Reverse Shoulder Prosthesis, Deputy).

At this stage, the central peg drilling is performed using the guide pin for baseplate

fixation. Next, the base plate is fixed on the reamed glenoid surface using the central

part and side screws as shown in Figure 2.13.

Then the glenoid sphere is attached to the base plate. The surgeon controls the proper
functioning of the shoulder after the joint is anchored and then stitches the joint

capsule, and closes the incision as can be observed in Figure 2.14.

2.3 Preoperative Planning In Shoulder Arthroplasty

Preoperative planning is deciding the correct choice of the procedure and implant type,
by evaluating the patient and injury conditions and considering facilities, equipment,

and skills available to the surgeon.
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Figure 2.14 : The Attachment of Glenoid Sphere to the Baseplate (image by DELTA
CTA™ Reverse Shoulder Prosthesis, Deputy).
Standard preoperative planning for reverse shoulder arthroplasty starts with a
radiographic analysis of the anatomy of the shoulder joint. Two-dimensional CT scan
images from different views can be used for this step. If rotator cuff condition is
not understood from the physical examinations then magnetic resonance imaging of
the joint can be performed. Also if the case has a large glenoid deformity, a three
dimensional CT scan provides better information on the anatomy of the glenoid. Using
this information the surgeon decides about the operation details beforehand including
the best orientation of the guide pin in the glenoid cavity, and he uses the same

information intraoperatively.

Computer preoperative planning uses software tools for creating an interactive
three-dimensional environment in which the surgeon can better observe the anatomy

of the shoulder. Using this tool, improved planning can be achieved.

2.4 Patient Specific Instrumentation

Patient specific instrumentation helps the surgeon by creating prostheses or guides that
are designed based on the specific anatomy or injury of a patient. In reverse shoulder
arthroplasty a couple of guides can be used during the operation. In this work, a patient
specific guide is considered to be developed for placement of the K-wire pin to the
glenoid cavity. This PSI guide provides an opportunity to increase the precision in the

implementation of the preoperative planning performed for the patient.

PSI takes advantage of three dimensional image processing and computer planning to
design a particular guide model to be used intraoperatively by the surgeon. PSI guides

have several landmarks that are used for proper positioning on the bones based on the
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anatomy of the patient. After the PSI models are designed, they are manufactured and

physical models are used during the operation.

2.5 Digital Image Processing in Medical Field

Digital image processing is applied in various medical fields aiming to help
human health improvement. It is a multidisciplinary field where computer science,
mathematics, and medicine are bonded together so that meaningful solutions can be

created for health related issues.

Image processing techniques are used in a wide range of medical applications,
including orthopaedics. Arthroplasty operations in different parts of the body benefit
from image processing tools. Shoulder arthroplasty as a prostheses operation also can
use the advantages image processing can provide. Major areas of image processing,
libraries developed, and methods in image processing that are used in this work are

explained in the following sections.

2.5.1 Major areas of image processing

Digital image processing can be categorized into five different groups all of which
are used for medical applications. These groups consist of image acquisition, image

enhancement, image analysis, visualization, and data management [31].

Image acquisition varies widely based on the input signal used for imaging. For
example, CT scan, and MRI imaging systems have different acquisition and capturing

methods.

Computer Tomography (CT) imaging uses X-rays measurements passing through body
parts. The attenuation in the intensity of X-ray beams passing through a substance
depends on the density and thickness of the substance. Hence higher density materials
like bones that absorb more X-ray, appear in a lighter color in CT images, while lower

density materials like fat and muscles appear darker.

Magnetic resonance imaging (MRI) uses a magnetic field and radio waves for image
acquisition. Hydrogen atoms exist abundantly in the body, especially in water and fat.
A magnetic field is used for the polarization of the hydrogen atomic nuclei existing

in the body. Then a burst of radio waves is sent to the area being imaged, which
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is absorbed by the hydrogen atomic nuclei. After the sent radio wave is stopped, the
radio frequency waves induced from the spin polarization are absorbed by the receivers
close to the body. Using this technique, tissues of the body with different water and fat

amounts can be detected.

Image enhancement processes are performed on the images to reduce noise and
increase the quality of the images. These operations are low-level analyses of the
data in which a knowledge of the content of the image does not have to be known.
Image enhancement results can be used directly by a human observer or can be
used as a pre-processing step for other computer processes. Processes like, image
transformation, registration, noise reduction, and other filtering operations are among

image enhancement processes.

Image analysis processes like feature extraction, segmentation, or classification are
higher-level processes that extract some level of information from the image. In
medical applications, this type of process creates the chance for differentiating and
separating tissues or organs from each other, and extracting meaningful features that

will be used for diagnosis or treatment purposes.

Visualization is the process of presenting the raw or analyzed image data through a
medium to be observable for the human user. Visualization techniques specifically are
important when volumetric data is to be visualized and the human user must access
the information in 3D space. Rendering, displaying, and manipulating of the computer

models are among the processes in this section.

Data management processes include compression, storage or retrieval of data, and
communication of the data between different mediums. Compression techniques are
increasingly getting important due to the increased number of images taken and the
size of images. Lossless compression methods are preferred especially in the medical
field because of the importance of the details presented in the images for diagnostic
purposes. Better compression techniques facilitate storage, transmission, and access to

the image data.
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2.5.2 DICOM storage and communication format

Different commercial equipment from a variety of manufacturers is used to capture
medical images. Digital Imaging and Communication in Medicine (DICOM) standard
has been created to handle this situation. It is a non-proprietary protocol which helps
with safe data exchange in medical fields [32]. Using DICOM standard enables a
shared format between all devices so that regardless of the type of the instrument used
for imaging, or the manufacturer of instrument, images can be accessed. DICOM
standard provides data structures, including more types of data besides the image
data. The main components of the data structures are Information Object Definitions
(I0Ds), which can include a patient’s data, medical device’s data, medical institutions
data, reports associated with the image, and much other optional information [33].
This data are stored in a header section and are of great importance for stable and
accurate reading and evaluation of images. DICOM standard images can be accessed
and viewed by dedicated DICOM viewers and other third-party viewers, which have

been available in recent years.

2.5.3 Libraries for image analysis

In this section image processing libraries used in the thesis are described. These
libraries are all open source and include capacities for data management, modelling
and visualization, user interface design, and three dimensional Boolean operations.
Knowing these libraries and their capabilities are required to understand the works

done in this study.

2.5.3.1 Grassroots DICOM (GDCM)

GDCM is a C++ library for handling DICOM standard files. It is designed as an
open source library to facilitate access to clinical data directly for researchers across
different fields [34]. GDCM includes both a network communication protocol and a
file format definition. It is originally written in C++ language but offers wrapping for
other languages including Python, C#, Java, PHP, and Perl. It tries to cover all DICOM

image formats namely:
* RAW,

* JPEG lossy 8 & 12 bits (ITU-T T.81, ISO/IEC IS 10918-1),
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* JPEG lossless 8-16 bits (ITU-T T.81, ISO/IEC IS 10918-1),

* JPEG 2000 reversible & irreversible (ITU-T T.800, ISO/IEC IS 15444-1),
*RLE,

* Deflated (compression at DICOM Dataset level),

* JPEG-LS (ITU-T T.87, ISO/IEC IS 14495-1),

* JPEG 2000 Multi-component reversible & irreversible (ISO/IEC IS 15444-2) (not

supported for now),
* MPEG-2 (not supported for now).

GDCM is a cross platform library that can target Win32 and MacOSX systems and
compiles with many C++ compilers including gcc, icc, clang, and Visual C++. It has a

nightly dashboard where the whole library is controlled.

An  important feature of this library is that it has bridge
classes to VTK and ITK libraries. Classes  vtkGDCMIm-
ageReader/vtkGDCMImageWriter/vtkGDCMPolyDataReader are to be used to
communicate with VTK library and class itk::GDCMImagelO is to be used by ITK

software developers.

2.5.3.2 The Visualization Toolkit (VTK)

VTK is an open source library for image processing, modeling, rendering,
visualization, and plotting [35]. This library covers a huge variety of algorithms
and techniques and contains a great number of classes. The visualization algorithm
comprises scalar, vector, tensor, texture, and volumetric methods. Also modeling
techniques like implicit modeling, polygon reduction, mesh smoothing, cutting,

contouring, and Delaunay triangulation are included in the library.

The main features of VTK are developed in C++ to have the maximum efficiency,
and then they are wrapped into different languages to provide maximum usability
by researchers with different background knowledge. The Python wrap of the VTK

library is especially well developed since python is a very common language.

19



VTK can use both threaded and distributed memory parallel processing for speed and
scalability. It is platform independent and can run on Mac, Linux, Windows, on mobile

devices, and on the Web.

The community supporting for VTK is an active distributed one that provides a reliable

code. Kitware Inc also provides professional support for VTK.

2.5.3.3 The Insight Toolkit (ITK)

ITK is an open source library that is mainly developed to perform segmentation and
registration operations [36]. ITK segmentation process is mostly applied to medical
images captured by CT scan or MRI technologies. The algorithms in ITK can be

applied to two, three, and arbitrarily more dimensions of data types.

ITK is a cross platform library and uses CMake build environment to handle the
generation of projects on different platforms. This library is written in C++ and uses
a generic programming method, which makes it very efficient, and debugging of the

code can be performed easier at compile time.

ITK is wrapped for Python and many other languages including, Java, CSharp, R,
Tcl, and Ruby. ITK is actively developed and maintained by a community of research

software engineers from around the world.

2.5.34 Qt

Qt is an open-source toolkit that is developed for the creation of user interfaces and
cross-platform applications [37]. Apart from the open source licenses, this library is
also provided with commercial licenses. Qt can be used with many desktop platforms
including Linux, OS X, Windows, VxWorks, QNX, Android, i0S, BlackBerry, and
Sailfish OS. It also supports mobile and embedded platforms.

Different compilers like GCC, ICC, and MinGW C++ compilers, the Visual Studio

suite, PHP via an extension for PHP5 are supported by Qt.

In addition to being a GUI library, Qt is also a toolkit for cross-platform
development in fields like networking, databases, OpenGL, web technologies, sensors,
communications protocols (Bluetooth, serial ports, NFC), XML and JSON processing,
printing, PDF generation, and many more. Programs that do not include GUI, like

command-line programs, and consoles for servers, can be also developed by Qt.
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Qt has gmake build system of its own, but can also use CMake to build Qt projects
and it also integrates a module named QtQuick that makes it easier and faster to build
GUIs with QML language. QML uses Javascript to provide procedural programming
capabilities. QML can be used to write all the sections of the program but often it is

only used for the GUI section and the other sections are written in C++.

Qt also provides Qt Quick, which includes a declarative scripting language called QML
that allows using JavaScript to provide the logic. With Qt Quick, rapid application
development for mobile devices became possible, while logic can still be written with

native code as well to achieve the best possible performance.

Qt programs can be developed without using any Integrated Development Environment
(IDE), but it comes with its own IDE named Qt Creator that can be run on Linux, OS X,
and Windows. Qt Creator has many different features that a modern IDE has including
intelligent code completion, syntax highlighting, an integrated help system, debugger
and profiler integration, and also integration for all major version control systems. For

windows users, Qt’s Visual Studio Add-in can be used as IDE.

Qt Designer is a module included in Qt that generates code for widget based GUIs and

can be used independently or as part of the Qt Creator.

2.5.3.5 The computational geometry algorithms library (CGAL)

CGAL is an open-source library that provides efficient and reliable algorithms for
geometrical operations [38]. This library is in C++ but can support Python and Java

languages.

Among the algorithms and data structures that are provided by CGAL following
can be mentioned; triangulations, Voronoi diagrams, Polygons, Cell Complexes and
Polyhedra, arrangements of curves, mesh generation, geometry processing, convex
hull algorithms. These algorithms are operated on CGAL geometrical objects that are
grouped in CGAL Kernels. Spatial sorting functions and matrix search framework,

plus linear and quadratic solvers are available on the geometrical objects.

CGAL library has interfaces to communicate with other libraries like Qt, Geomview,

and the Boost Graph Library.
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MS Visual C++ 14.5, 15.9, and 16.0 are supported compilers for CGAL. There are
required libraries that must be preinstalled for CGAL, namely Boost, GNU Multiple
Precision Arithmetic (GMP), and GNU Multiple Precision Floating-Point Reliably
(MPFR).

If Vcpkg library manager is used to install CGAL, the required libraries and their
proper version are automatically found and installed. Otherwise, They must be

installed manually prior to CGAL installation.
Although CGAL is an Open source library, commercial licensing can be purchased for
industrial applications.

2.5.3.6 Open Mesh

Open mesh is a library that makes it easy to save and manipulate meshes using a generic
and efficient data structure [39]. The library was funded by the German Ministry for
Research and Education (BMBF) and is developed at the Computer Graphics Group,
RWTH Aachen.

Open mesh is flexible in a way that many different algorithms can be used without
needing adaptation between them. Open Mesh is efficient; meaning the amount of
memory used is kept as low as possible for different algorithms. The interface of Open

mesh code is easy to use as complex structures are wrapped by simple commands.
Some of the features provided by Open mesh are as follows:

* Arbitrary polygonal and pure triangle meshes can be represented

* Explicit representation of vertices, half edges, edges, and faces are provided.

* Fast neighborhood access, especially the one-ring neighborhood is possible.

* The coordinate type can be chosen (dimension and scalar type).

* User-defined elements/functions can be attached to the mesh elements.

* User attributes can be attached and checked.

* Data can be attached at runtime using dynamic properties.

Open mesh library provides sample applications in default like Mesh Smoothing, Mesh

Decimation, and Qt integration.
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2.5.4 Noise removal

Medical images acquired through a CT scan can suffer from noise corruption and can

be captured in a narrow range of grayscale values [40,41].

Medical images captured by different imaging technologies are each affected by
different types of noises. The type of noise prevailing in an image depends on the
image collection technology and the type of sensor which is used to capture the data.
Among different types of noises that can exist in medical images Gaussian noise [42],

Poisson noise [40], and Rician noise [43] are the most prevailing types.

MRI images are mostly corrupted by Rician noise [41] while noises in Computed
Tomography images are found to be of Poisson distribution [40]. Noise corrupts
medical images in many ways including blurring important details of the image like
edges and boundaries of tissue parts, or structural details in an organ. It is important to

preserve these features of medical images by reducing the amount of noise presented.

In this work, accurate separation of bones from the other tissues presented in the image
is of great importance since the software aims at modeling the patient’s joint anatomy
for the surgeon and the created model geometrical accuracy must be as high as possible.
For this reason, the noise reduction method used in this work must be able to keep the
sharp edges between bone boundaries and other tissues in the image, while trying to

remove noises in all parts of the image.

2.5.4.1 Bilateral noise removal filter

Bilateral noise removal filter is an edge preserving method which is commonly used
in medical applications [44]. The bilateral filter is a non-linear filter and it acts on
each pixel of the two-dimensional image by replacing it with an average value of its
surrounding pixels. The selection of surrounding pixels to be used in the averaging
operation and their corresponding weights in the calculation are of a specific method,
which makes the filter an edge preserving filter. In this method, there exist two different
criteria for weighting of the surrounding pixels. The first criterion is a spatial kernel
with a Gaussian distribution, which assigns higher weights to the pixels closer to the

central pixel being proceeded. This part only considers the geometrical distance of
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Figure 2.15 : Left, the original image form a CT scan of a shoulder joint, Right,
bilateral noise removal method filter applied.
pixels. The second criterion is defined in the intensity domain, where pixels with
closer intensity values get higher weights. By combining these two criteria, pixels with
closer spatial distance and closer intensity values are assigned higher weights, while
pixels which are spatially close but have very different intensity values are not greatly
considered in the averaging calculation. In this way edges of the image, which by
nature have a strong difference in intensity on each side, are preserved in the averaging
process. The Bilateral filter also creates some side effects. One of the effects is that
contrast regions appear in the image and staircase effects can happen. This can create
a cartoon-like image [45]. Gradient reversal artifact near the edges is the other side
effect of bilateral filtering [46]. Two different improvements over the bilateral filter
have been proposed to remove the gradient reversal artifact [47,48]. In this specific
application where the input image is a grayscale medical image which will be used to
extract the bones from the rest of the tissues, the side effects do not create an obstacle in
the bone detection process. Figure 2.15 shows how the bilateral noise removal method
keeps the edges of bones in the noise removal process on an example CT scan image

of a patient’s shoulder.

2.5.4.2 Gradient anisotropic diffusion filter

Anisotropic diffusion filter is a method of noise removal that preserves specific features
like edges in the image. This filter works by creating a scale space where a family of

images are produced by applying a different number of diffusion on the original image.
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Figure 2.16 : Left, the original image form a CT scan of a shoulder joint, Right,
gradient anisotropic diffusion filter applied with 20 iteration.

For each diffused image the diffusion parameter is different creating a different level

of smoothing or noise removal on the image [49].

Unlike the isotropic diffusion methods that blur the edges where there is a big
difference between the light and dark areas, an anisotropic diffusion filter uses the
gradient of the magnitude of the image at each pixel which results in reducing the
strength of diffusion at those points. Since each image in the family is created
by applying the diffusion process to the previously created image and the gradient
calculation helps saving the edges in the diffusion process, the process can be
continued in each step until the needed level of noise removal is achieved while the

edges and image features are still saved.

This filter has many applications in medical image processing fields specifically where
noise removal is to be performed prior to segmentation operations. Figure 2.16 shows
the result of a gradient anisotropic diffusion filter for 20 iterations versus the original

image.

Anisotropic diffusion and bilateral noise removal filters have similar applications
and the difference between them is that bilateral filter is a non-iterative filter while
gradient anisotropic diffusion filter performs iteratively and involves partial differential

equations [50].
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Figure 2.17 : contrast stretching applied to a CT scan image revealing the details in
the data.

2.5.5 Contrast stretching

Contrast stretching is a technique that helps improving the data available in an image
in cases where the data is compressed only in a small range of contrast values. The
intensity values of the captured image that are being suppressed in a limited range
make the data less useful and decrease the amount of details understandable from the
data. Linear contrast stretching involves in finding the lower and upper limits of the
intensity values and then mapping the data in between the limits to the whole range of
data. Linear contrast stretching is the one used in medical applications to preserve the
original information available [51,52]. Figure 2.17. shows how contrast stretching can

reveal the details of the image.

2.5.6 Segmentation

There are different methods for the segmentation of parts of images in the literature.
Thresholding, region growing, classification, clustering, and using deformable models,
are among the most used methods [53]. Thresholding methods segment the image
by using a threshold value in intensity for dividing the pixels in the image into
different categories. Using one or more threshold values, pixels with intensity values
bigger than the threshold will be categorized as another section from the pixels with
intensity values less than the threshold value. The threshold value can be decided
manually or can be obtained automatically using different methods [54]. Region
growing techniques extract image regions which have pixels connected together by

specific criteria. Similar intensity value, color, or texture are among the criteria for
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region growing methods [55]. Region growing segmentation starts by choosing a
seed point as the starting point and checks the connectivity of neighboring points
by using the given criteria, and either accepts or rejects the neighbors to the current
segment. Classification and clustering are among machine learning methods of image
segmentation. In these methods, a feature space is derived from the image in which
the partitioning is performed. The feature space in its simplest form can be the
image intensities themselves [56]. In Classification, previous examples of the desired
object to be segmented have been observed by the machine, and their properties in the
feature space have been extracted. The segmentation operation compares the extracted
features of the new object and the previous examples and decides if the new object
can be categorized in the current class. Clustering is different from classification in
that no previous example is provided for the evaluation and the definition of classes
is extracted as the images are being evaluated. Object classes are determined in
such a way that in each class objects have high similarity values, and objects of
different classes are low in similarity measures [57]. This method is hence called
as an unsupervised segmentation method. Deformable models use curves in two
dimensional applications, or surfaces, in the case of a three-dimensional data, located
in an image which can move. The motion of the model is influenced by two types of
forces defined on the model. The first force is the internal force acting within the curve
and trying to keep the curve smooth while deforming. The second force is the external
force calculated from the image data and tries to push the model towards a specific

form or shape [58].

2.5.6.1 Marching cube

Marching Cube is a method for extracting and segmenting an isosurface in

multidimensional data which is the most popular method for isosurfacing [59, 60].

The basic working principle behind the marching cube algorithm can be described as
below. The three-dimensional space of the medical image, which has an intensity value
at each point, is divided into different cubes, with each cube having eight neighboring
pixels of the image at its corners. All the cubes are evaluated for their corners intensity
values. The cubes which have some corners with intensity values in the range of the

bone intensity value and some other corners with intensity values outside the bone
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Figure 2.18 : An example of marching cube algorithm showing how intersections of
each cube is found with two different resolution samples.
intensity value, are the cubes which the isosurface will pass through. On these cubes,
intersection points are found on the edges which have one corner inside and the other
corner outside the object. The surface will pass through the middle of the edge with
points inside and outside. Next, a surface is drawn in each cube which connects the
intersection points. Connecting all the surfaces in all cubes makes the total isosurface.

Figure 2.18 shows an example of the marching cube algorithm at different resolutions.

2.6 Similar Works

There are several commercial PSI systems available that can be used in an operation
but the computer techniques and tools used to develop such software packages are not

fully presented in academic literature, because of trade secrecy.

Walch et al [17] describe very briefly the 3D model reconstruction and the definition
and semi-manual measurements of some glenoid properties, as the initial steps for
developing Glenosys PSI software, without explaining the programming methods used.
In another study on the same software, Moineau et al [61] mention a method for
manually selecting some points on the glenoid contour and then they define parameters

for 3D measurement of glenoid morphology.

PSI software Signature TM glenoid guide system is discussed in two different studies
[25, 62] where the research focuses on the usage and outcome of the software without

describing any of the underlying programming tools.
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Similar studies are performed to measure the application and accuracy of Surgicase
Connect software [13,23]. In these works as well, the software generation processes

are not described.

By the use of Orthovis preoperative planning software for a reusable PSI guide, the
implant positioning improvement is studied in [63]. The paper describes the planning

procedure but the development of the software is not explained.

Cabarcas et al use a combination of commercial software tools and a C++ custom
program to create a PSI for glenoid pin placement [64]. The information about

software development is not given.

Other techniques have also been used to improve the accuracy of the guide pin or

glenoid component positioning in shoulder arthroplasty.

Navigation systems provide the surgeon with a visualization system that aids placing
the tools on the correct position by real-time displaying of the tool and the body parts.
They use real-time tracking systems that follow the location of markers representing
the tool and references on the body. Transformations then are calculated and updated
real-time with a high rate to create an accurate display of the pose of the tool relative

to the body parts.

Similar to PSI, navigation systems showed better accuracy than those of standard
methods. While PSI requires time for preoperative planning and guide manufacturing,
navigation systems can be more complex and require extra effort and time for

calibration, reference frame positioning, and real-time tracking of components [8, 65].

Augmented reality (AR) is a new surgical assistance method that could improve RSA
outcomes by providing visual information at the time of surgery and enabling remote
interactions between surgeons [66,67]. This method uses real world augmented with
virtual world information like imposing virtual bone models on top of the real patient
body. AR systems must be able to do three basic features. Combining the virtual and
real world, the ability to create real-time interactions, and the ability to register the

virtual and augmented objects accurately.
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3. SOFTWARE DESIGN AND DEVELOPMENT

In this chapter steps in developing the 3D preoperative planning software for shoulder,
arthroplasty is described. Techniques and libraries used for each step, the preoperative

planning method, and the GUI of the software are explained.

The overall processing steps of the software and the order in which the PSI guide is
created from the initial raw information is displayed in Figure 3.1. The first step is
reading and importing input images, followed by pre-processing of the imported data.
Detection of the bones among other tissues and then separating the scapula from the
other bones are the next two steps. After having the scapula separated, the glenoid
surface and specific landmarks are detected. At this stage, enough information about
the scapula anatomy is acquired and the implant baseplate model placement into the
3D virtual space, and the preoperative planning is supported by the software. Next,
the PSI guide design is created using all the information from the previous steps. The

guide model is exported and ready for manufacturing so it can be used in the surgery.

3.1 Reading and Importing Patients’ Data

Importing the data is the first step in the process. The data is captured using Computed
Tomography (CT) scan. Digital Imaging and Communication in Medicine (DICOM)
standard protocol is used to handle data communication between different commercial
equipment regardless of their type and manufacturer. A specific image acquisition
protocol is also created and used for capturing the CT data so that automatic data

processing algorithms of the software can work flawlessly.

The CT scan acquisition protocol parameters defined and used in this work are as
follows: 120 kV, 0.75-mm thick axial slices, pixel spacing of 0.53, and an image matrix
of 512 x 512. These parameters are kept constant throughout all the parts of the study

and form a standard for the software.
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Figure 3.1 : The overall processing steps of the software and the order in which the
PSI guide is created.
Grassroots DICOM (GDCM), which facilitates the reading and writing of DICOM
images, is used for importing and sorting source DICOM data files. Browsing the
collection of files, the GDCM Scanner class is used for detecting the number of 3D

volumes, slice thickness, and pixel spacing of images in each volume.

After having the 3D volumes found in the data collection, the GDCM Sorter class
is used for sorting the imported data based on specifically defined tags. Sorter class
Implements a sorter using Image Position along the Image Orientation direction. Two
tags used as a base for sorting are “study instance UID” and “Series instance UID”,

which separate series in each study.

GDCM IPPSorter class is used for extracting the ZSpacing of 2D images from the
patient position. It uses the sorted results from the previous step as the input and

computes the spacing in between the layers of 2D images.

The Visualization Toolkit (VTK) is used next. The output of the IPPSorter class is
used by the vtkImageReader class, a source object that reads DICOM files, in sorted
order. The ZSpacing calculated from the data collection is still not applied at this
step. vtkImageChangelnformation class is used to modify the spacing as part of the

information accompanying the image data object created in the previous step without
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Figure 3.2 : The relationships between the classes and implemented functions used
for reading and importing patient’s data.
changing the data itself. Using the modified information, vtkImageReslice resamples
the image volume along the Z axes. In this step, the image object ZSpacing is correctly

applied.

Using vtkXMLImageDataWriter Class which is a subclass of vtkXMLWriter the image
data is saved to a file to be used in the other steps of the program. Figure 3.2 shows the

relationships between the classes and implemented functions.

3.2 Pre-processing

Medical images corrupted when acquired through a CT scan need to be improved
before they can be used in other steps. CT scan images can capture a wide range
of intensity values but the existing intensity values in the images can be limited in a
specific range. Contrast stretching is used to bring the information in the images to a

broader grayscale range.

After contrast stretching is performed, noise removal must be applied to the image
data. The noise reduction method used must preserve the features of the images so that
the geometrical accuracy of the three-dimensional model extracted from them has high
accuracy. A bilateral noise removal filter preserves the edges in the images which will

keep the bone shape accurate and is used in this work.

Gradient anisotropic diffusion filter is another method for edge-preserving noise
removal. Different implantations of these algorithms are available open source for

C++.

Insight Segmentation and Registration Toolkit (ITK) is used for applying noise

removal filters to the image data. ITK BilaterallmageFilter and ITK Gradien-
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Figure 3.3 : Bilateral noise removal filter applied to a slice of CT scan data of a
shoulder joint.

tAnisotropicDiffusionlmageFilter are the implementations of these methods used in
this work for their efficiency and good documentation. Figure 3.3 shows bilateral

noise removal filter applied to an slice of CT scan data of a shoulder joint

3.3 Bone Detection

The marching cube algorithm is the most successful isosurface extraction algorithm
which is simple to implement, and as a result, to detect and separate bones from other
tissues in the data, a marching cube algorithm is used in this work. Marching cube
uses a threshold value to extract an isosurface from a three-dimensional scalar value
dataset. To automate the application of the marching cube on 3D image data, the
threshold value must be chosen by the program. Incorrect threshold value either leads
to including other non-bone tissues in the bone model or excluding important regions
of the bones (Figure 3.4). Information existing in the DICOM header section including
CT scan protocol, and patient’s data (age, sex), and the fact that the Hounsfield unit in
CT is proportional to the degree of X-ray attenuation in different tissues [68, 69] are

used to enable the algorithm to extract a suitable threshold value automatically.

3.3.1 Scapula bone detection

The scapula needs to be separated from other bones so that other feature detections can
be applied to it. To do this segmentation proper criteria must be used. The geometrical
properties of the scapula and other bones existing in the data in this specific part of

the body offer the use of the surface area as a parameter. The scapula has the largest
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Figure 3.4 : Segmentation of bone from other tissues of the body and segmentation of
scapula from other bones. Middle images show the incorrect threshold
value effects on the segmentation.
surface area among all other bones in the data frame. VtkPolyDataConnectivityFilter
is used to calculate the largest region in the bone model and then separate it from other

regions (Figure 3.4). After this step, the model of the scapula bone is accessible to the

algorithm as a separate object.

3.4 Scapula and Glenoid Features Detection

After separating the scapula in a new object, certain features of it must be determined.
Some of these features are necessary for the automatic operation of the algorithm on
patient-specific guide design. Some other features are required to provide the user
with proper information so that they can make a better decision on the final pose of the

implant.

At first, the position and orientation of the scapula model in the 3D space of the image
must be determined. To understand the position and orientation of the scapula in the
3D space of the model, the scapula plane, glenoid plane, and medial axis are to be
found. Having these features will completely define the position and orientation. To
find these features, special scapula geometrical properties are used. These geometrical
properties demand the two most distanced points on the scapula to be located; one
close to the inferior point of the scapula and one on the outer side of the acromion.
These points are found by calculating the distances between all pairs of points on the
scapula isosurface model and selecting the points that create the maximum distance
value. After having this pair of points, to find out which of these points is the inferior
point, the curvature value of two the points is compared. The inferior point has a much

higher curvature value since it is located on the very bottom of the scapula body. The
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other point on the outer side of the acromion is located on a more flat surface and has

a lower curvature value.

To find the curvature of those points, the curvature value of all points on the scapula
surface is calculated using the vtkCurvatures class. There are four different options for
calculating the curvature value using this class namely; Gaussian, mean, maximum,

and minimum. For this program, the maximum method of computation option is used.

To find the glenoid surface of the scapula, first a point on the glenoid surface must be
found. Two different methods have been explored to find this point. The first method
tries to find it by first finding the orientation of the glenoid plane and position of the
glenoid surface edges, and then passing a line through the glenoid plane inside the

edges to find an intersection point.

To find the glenoid plane, first 3D visualization of the model of the scapula is used
to create two dimensional projections from different orientations. This is done by
rotating the 3D model of the scapula in small angles and taking 2D projection images
in each step. The rotation is performed around all three axes so that the scapula is
viewed thoroughly from all angles. The position of the center of rotation is decided by

averaging the position of all the points on the scapula.

In the next step, an edge detection method is applied to two dimensional projections
to detect the edges. The edges in the projected images show the periphery of the bone.
The edge patterns resulting from the previous operation are compared to a reference

image containing the edge pattern of the general shape of the glenoid. (Figure 3.5).

The approach to perform this comparison is to compute the correlation coefficient
between the two images. The correlation coefficient is a quantitative similarity measure
between the two images. The higher the correlation coefficient, the more the two
images match each other. This operation is repeated for all of the two dimensional
projections and the highest correlation factor value decides the closest projection to
the reference image. This projection defines the orientation of the plane parallel to the

glenoid surface. (Figure 3.6)

Parameters affecting the speed, accuracy, and repeatability of this method are
evaluated. The speed of the operation is affected by different parameters including

the hardware used, the resolution of the input images, and the algorithm itself.
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Figure 3.5 : 3D model of scapula rotated and the edge patterns detected for each
rotation.
The 2D image resolution has a twofold effect on the algorithm. If the resolution is
higher, the algorithm takes a longer time to complete, but at the same time, it can

improve the accuracy of the algorithm by including more accurate input data.

The rotational resolution, or the resolution of rotation angles in between every two
dimensional projection, is another factor affecting the speed of the algorithm. The
higher the rotational resolution, the more 2D projections are created and the slower
the total process. Keeping the rotation resolution low, increases the speed of the
algorithm, however, this can have a negative effect on the accuracy of the method.
When the rotational resolution is increased or the angle in each rotation is decreased,
more projections are created which provides a better chance to detect the most precise

orientation, which has a negative effect on the speed of the algorithm.

The solution applied to this issue is to apply a fine-tuning step after finding the initial
result. In this way, using a lower rotational resolution with higher speed, the algorithm
finds an initial orientation close to the optimal one. In the next step, the algorithm is
run again to create 2D projections and analyze them to find the highest correlation,
but this time projections are made only in a close range around the initial result. In
this step, the resolution can be much higher than the first step. Using this method the

algorithm performs a fast and precise operation.
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Figure 3.6 : The reference image containing a general pattern of glenoid surface
edges, and the final orientation of glenoid surface detected by the first
method.
Since the algorithm performs analysis on 2D images taken in discrete angle intervals,
the initial orientation of the scapula bone in the three dimensional space can affect
the orientation detected as the initial result and affect the repeatability of the method.
This effect can be minimized through the fine-tuning step of the algorithm. A higher
rotational resolution in the fine-tuning step will result in minimizing this effect. The
results of this method were not satisfying when applied to different cases and a good

generalization was not achieved.

The direction of the lighting in the rendering of the scapula 3D model has an important
effect on the result of this method. Depending on the relative location of the lighting
source with the camera position and the center of rotation of the model, the shade
appearing on the glenoid surface changes. This change affects the edge detection
result which can make the algorithm unsuccessful. A more important obstacle for
this method is found to be the diversity in the shape of the glenoid surface between
cases. This diversity makes it very difficult to have a general glenoid surface shape to

be used as a reference.

The first method mentioned for finding a point on the glenoid surface is rejected for
the study and a second method is used. The second method uses the two points found
in previous steps, one the inferior point of the scapula and one on the outer side of
the acromion. A line that passes through the two points, intersects with the glenoid
surface (Figure 3.7(a)). This intersection point is found and then used as the seed point
to find all the points on the glenoid surface. Since the shape of the glenoid surface has

a central curved surface that is limited to the sharper edges on the outer perimeter, a

38



Glenoid
Surface
Points

Glenoid
Intersection
point

Most Distanced

Points
Glenoid Center
Medial ) Scapula
Axis & Plane

™

Medial
Point

Glenoid
Plane

(d)

(©

Figure 3.7 : Different features of scapula bone and the glenoid surface used for
algorithm development.
curvedness-based region growing algorithm is used to detect the points on the surface

from the other points on the scapula surface [70].

This algorithm starts from a seed point and iterates on the neighbors of that point and
adds them to the surface if they are within a certain threshold of curvature value. Next,
the same process is iterated for all the points that currently belong to the glenoid surface
points. In this way, the surface region of the glenoid grows on each iteration until it
has reached the edges of the glenoid where the curvature value of voxels increases to a

value higher than the max threshold value (Figure 3.7(b)).

The glenoid center point is found by averaging the coordinate positions of all points
of the surface and finding the closest point to it that is located on the glenoid surface
(Figure 3.7(c)). For damaged scapula bones with a fractured glenoid surface, where
the line connecting the two most distanced points does not intersect with the glenoid
surface, the software asks the user to select a seed point on the intact section of the
glenoid surface. This part of the algorithm then works semi automatically using input

from the user for these specific cases.
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To find the scapula plane three points are needed. The inferior point of the scapula, the
glenoid center, and the center of weight of all points on the scapula surface, comprise
these three points. The inferior point of the scapula and the glenoid center point are
found in previous steps. To find the medial point of the scapula, first, the intersection
of the scapula plane and the scapula model surface is found. This intersection is in the
form of a contour line, which passes through the glenoid center, and the inferior point
of the scapula. On this contour line, the point which has the furthest distance from the
line connecting the glenoid center and the inferior point of the scapula is the medial

point of the scapula [71]

After having the medial point, the medial axis is found by connecting the glenoid
center and the medial point. At this point, the glenoid plane can be found as a plane
that passes through the glenoid center and has the scapula medial axis as its normal

(Figure 3.7(d)).

The glenoid normal is defined as the line connecting the glenoid center to the center
point of the best fit sphere to the glenoid surface [61]. The sphere fitting algorithm
works by minimizing the least square error in the sphere center distance to all the

glenoid surface points.

Inclination and version angles can be found at this point using the other features. The
inclination is the angle between the glenoid normal projected on the scapula plane, and
the scapula medial axis (Figure 3.7(e)). The version is the angle between the glenoid
normal and the scapula medial axis when they are projected on the transverse scapular

plane (Figure 3.7(f)).

3.5 Graphical User Interface

GUI of the software is designed considering that it must provide enough tools
for the user to provide them a convenient preoperative planning experience, and
simultaneously present required information about the joint and anatomy to facilitate

decision making for the surgeon.

The Graphical User Interface (GUI) of the software is developed using Qt designer

with Microsoft Visual Studio 2015 C++ compiler. As the software uses VTK for
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rendering, the VTK renderer object is linked to the Qt renderer to be displayed on

the Qt designed interface.

The GUI is designed to have three main sections as is shown in Figure 3.8. In the
left section of the graphical user interface, two-dimensional slices of the scapula
bone of the patient are displayed in axial, medial, and coronal view orientations.
These two-dimensional images are sliced from the scapula bone at the scapula plane,
glenoid plane, and transverse scapula plane, and show the inner structure of the
scapula bone. The boney parts are displayed in a different color than other tissues
for better visualization. Zooming and panning operations can be applied to any of
the two-dimensional views independently, in case a closer inspection is needed on a

section of the bone.

The central section of the graphical user interface displays the three-dimensional
scapula bone model. In this section, the preoperative planning steps’ results are
observed and manipulated. Different features of the bone model can be observed when
activated. When any of the features are activated, the rendering of the model is updated
so that the feature is added to the scene, and likewise, when the feature is deactivated
the scene is updated again. Like the two-dimensional sections, zooming and panning
operations are applicable to the model in this section, so that the surgeon can inspect
any section of the bone more accurately. Rotation of the model is also available in this
section which is not the case for the two-dimensional views. On the top side of the
rendering section, standard orientation buttons are located so the user can easily look

at the model from these predefined angles.

The right section of the graphical user interface is the main control panel where

different features of the software, as well as planning operations, are controlled.

On the top side of the right section, the patient’s information is given and visualization
of the three-dimensional model is controlled. Activation and deactivation of the
scapula bone’s model’s features are performed in this section. These features are as
follows: the scapula plane, the glenoid plane, the medial axes of the scapula, the best-fit
sphere to the glenoid surface, and the glenoid normal. The scapula bone transparency

and its amount also can be controlled here, to provide better visualization of other
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features. In this section, geometrical information of the glenoid, including inclination

and version, is also displayed.

The other subsections in the right section of the graphical user interface, are designed

to enable the user to perform the preoperative planning steps.

Implant model insertion to the 3D model of the bone and its properties are controlled
in the implant subsection. The orientation and position of the implant inserted relative
to the scapula bone is controllable in the implant position control subsection. If the
software is able to create required guides’ models based on the bone and implant
geometrical conditions, then many of the factors which are decided during the surgery
can be decided preoperatively which is a big help in reducing operational risks. Below
these subsections, buttons are designed to perform and advance different steps of the
planning procedure to help with the creation, insertion, and saving of the guides to be

used with the specific implant.

3.6 Software Assisted Preoperative Planning

The steps and processes that are designed to be performed for planning using the
software are described in this section. The Very first step for using the software by
a surgeon after opening it is to choose the folder contacting the DICOM files of a
patient. After that, the software does all the operations required to prepare the scapula

bone model and display it on the GUI.

The surgeon then will evaluate the bone model. He or she has access to reorienting
tools to look at the scapula model from different viewpoints. Mouse interactions in 3D
space provide zooming in or out, panning, and rotating motions. The surgeon can use
features available in the GUI to better observe the bone properties like scapula plane,
glenoid plane, medial axis, sphere fit to the glenoid surface, and glenoid normal. The

transparency of the bone can also be adjusted during any step of the planning.

Evaluating the 3D model of the scapula gives the surgeon a good understanding of the
specific conditions of the bone. In this step of the process, the software is ready to be
used for the insertion of the implant to the specific patient bone model by the surgeon.
The surgeon selects an implant baseplate type and size from the implant selection menu

of the GUI and commands the program to insert the baseplate model. The predefined
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Figure 3.9 : Implant baseplate inserted on the Glenoid surface and the adjustment
that can be performed by the software user.
STL model of the implant baseplate is imported and displayed on the 3D space of the
GUI. Initially, the baseplate is automatically located in a way that its curved surface
sits on the glenoid surface and coincides with the glenoid center. The surgeon then can
use the implant pose control panel to move and rotate it in all six degrees of freedom.
Translations and rotations are performed on the implant’s actor location with each
button click in the GUI. The amount of translation or rotation in each button click is

changed using a sidebar to provide the fast motions or small adjustments (Figure 3.9).

The transparency of both the scapula model and the baseplate model can be adjusted.
The version and inclination angles of the implant are calculated and displayed on the
GUI as the baseplate is moved. These angles are among the important factors for

shoulder arthroplasty operation.

The amount of sitting of the baseplate on the bone and the amount of bone removal
are other important factors in deciding the implant position which affects the stability
and longevity of the implant [72—74]. This value is calculated as the number of voxels
of the backside surface of the baseplate’s model that is located inside the scapula base
model, over the total voxels of the backside surface of the baseplate’s model. This
value is also instantly updated by the model’s motion so the surgeon can continuously
control its value. The amount of bone removal is calculated as the volume of the bone

that is removed from the scapula during the reaming operation.
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Figure 3.10 : The reamed glenoid is shown based on the defined position of the
implant baseplate.

Changing the type and size of the implant baseplate is possible at any time during
planning. Using these features the surgeon can optimize the pose of the implant to

create the best results.

After the surgeon decides about the pose of the implant baseplate the reaming operation
is applied to the scapula bone model. The reaming will remove some amount of bone
from the glenoid surface so the implant baseplate can sit properly on the bone. The

reamed bone is then displayed in the GUI. As shown in Figure 3.10.

At this point of the planning, the surgeon orders the software to create the guide for
baseplate central hole drilling operation. This hole will be used as a reference and
decides the implant’s baseplate pose and the reaming tool pose. After the guide is
created by the software it is shown on the GUI and the surgeon can evaluate the guide
model on the bone model. Next, the surgeon will order the software to save the guide

model to be manufactured and used intraoperatively.

3.7 Guide Design

The automatic creation of the guide is the next step after finalizing the pose of the
baseplate by the surgeon. At this point, enough information is available for the guide
creation. An important parameter in the guide design is proper seating on the glenoid
surface in a way that it sits firmly and does not move during the drilling operation,
and at the same time it creates a fixed position for the drilling operation. To meet

these requirements the guide design firstly uses a shape that has a proper surface area
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Figure 3.11 : Creation of initial 2D polygon on the glenoid surface.

for seating on top of the glenoid surface. Secondly, it uses the coracoid neck as a

reference point for fixing the position.

The algorithm starts by creating a 2D polygon on the glenoid plane (Figure 3.11). The
first point of the polygon is chosen as the implant baseplate center or the position of
the drilling, which is already defined by the user when inserting the implant baseplate
in the model. The next two points (points 2 and 3) are found by moving in positive
and negative ways from the glenoid center point on the X-axis for a fixed amount. The
fixed constant “r” is equal to the radius of the cylinder guiding the drilling tip. This
value is set knowing the drill tip diameter and amount of material required to create

enough strength for the guide.

To find the next two points, two reference points will be detected. The first reference
point is the point with the highest y-value that belongs to the glenoid surface. The
software already knows the points that belong to the glenoid surface. This geometrical
feature is used to decide the dimensions of the guide to be created. The height “h”
specified in Figure 3.11 is found as the vertical distance between this reference point

and the glenoid center point.
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Figure 3.12 : Steps in creating the 3D computer model of the patient specific K-Wire
guide.

The second reference point is the point belonging to the coracoid which is located on
the glenoid plane and has the highest y-value in this plane. This point is used to find
the direction where the coracoid is located in relation to the glenoid center. The angle
B represents this direction and combined with the length (h+r) detected from the first
reference points provides the required information to specify points 4 and 5 of the
polygon. The angle & is a constant value that makes the guide design cover enough
area around the neck of the coracoid. The angle o has a fixed value set manually in
the software based on the evaluation of different scapula bone types. The following

formulas give the equations to find the positions:

x4 = (h+4r)cos B+ r(sinB)* 4 (h+r(1 —cos B)) tan asin B (3.1)
va=(h+r)sinf —rsinfcosf — (h+r(l —cosfB))tancxcosf (3.2)
x5 = (h+r)cos B +r(sinB)> — (h+r(1+cosB))tan o sin B (3.3)
ys = (h-+r)sinB —rsinfcos B+ (h+r(1+cosf))tanccos B (3.4)

After having all the points which create a polygon, the polygon is extruded in the

z-direction to form the first volumetric section of the guide (Figure 3.12 (a)).

Next, the intersection of this volume and the scapula model is found by applying the
Boolean operation (Figure 3.12 (b)). This intersection volume is then wrapped outward

(Figure 3.12 (c)). In this stage, a smoothing filter is applied to the wrapped volume.
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The next volume that is added to the guide design by a union operation, is the cylinder
that will guide the drill bit. The radius of this cylinder has a fixed value. The central
axis of the cylinder passes through the point where the implant baseplate’s center was
located on the glenoid surface. The cylinder is oriented in a way that its axis has the
exact orientation of the implant drilling orientation set by the software user during the

planning.

After adding the cylinder, the center part of it is emptied by subtracting another
cylinder with the same properties but a smaller diameter, to create the path for the

drilling tip (Figure 3.12 (d)).

The last operation on the guide is removing the intersection area of the current volume

and the scapula, which is performed by another subtraction operation (Figure 3.12 (e)).

The Boolean operations are performed using the CGAL library. To interface the mesh
models between VTK and CGAL, OpenMesh library is used. Using OpenMesh,
VTK’s STL objects are transformed into Object File Format (OFF) format to be
readable by CGAL and the transformation is reversed after the Boolean operation so

the objects are imported to VTK again.

After the guide model creation process is finished, it is displayed on the GUI
(Figure 3.13), located at its exact position on the glenoid surface. The guide created by
the software is saved as an STL model. This model is used later for the manufacturing

of the physical model of the guide.
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4. EXPERIMENTATION AND TESTING

Experiments were designed to test the software from different aspects. First to check
the software capability for performing preoperative planning on different patients and
observe the quality of guides designed. Second to check the accuracy of the results
of the operations performed when preoperative planning is done by this software
for different glenoid types. To reach these goals, the experiment used computed
tomography (CT) scans of five different scapula types. As most glenoid deformities
are related to osteoarthritis, the Walch classification was used to build the study groups.
Based on the Walch classification one scapula each was type A2, B2, C, and D, and one
scapula had an intact or non-arthritic glenoid. Based on the Favard classification the
same scapula bones were categorized as EQ (non-arthritic glenoid), E1 (Walch types

A2, B2, D), and E2 (Walch type C).

High-resolution imaging of the selected cases was performed with a pitch of less than 1
during CT scanning. The CT scan parameters were as follows: 120 kV, 0.75-mm thick
axial slices, pixel spacing of 0.53, and image matrix of 512 x 512. After capturing
the image data from all patients, the 3D preoperative planning was performed for each
scapula by the surgeons, and the same planning was used for all methods. The guide

models and the scapula bone models were saved to a computer after the planning.

4.1 Rapid Prototyping of the Bone Models and Guides

For the experiment to be performed, 3D-printing rapid prototyping of the scapula bone
models was done using the Fused Deposition Modelling (FDM) method (Figure 4.1).
The material used for 3D printing of the bone models and guides was polylactic acid

(PLA).

A total of 150 full-size physical scapula models and 15 guide models were
manufactured. The 3D printing was done with an Ultimaker 2 and an Ultimaker 2
extended Printers. The 3D printing parameters were optimized for printing speed while

keeping the level of details acceptable for the experiment. The total printing time was
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Figure 4.1 : Manufacturing of the scapula bone models using rapid prototyping
technology.
around 750 hours by both machines. Supports were used for printing the scapula

models because of the special shape of the bone, and the supports were manually

cleaned after the manufacturing.

4.2 Experiment Method

The bone models manufactured were labeled and coded. For each group of scapula
type, the experiment was performed using three different methods, and each method
was repeated five times by two different surgeons. The experiment was performed 30

times for each group, making a total of 150 tests.

A specific room was dedicated in the hospital to set up the experiment. Fixtures were

set up to hold the scapula bones.

The first method of the experiment was the freehand technique. In this technique, the
surgeon does not use any guide to positioning the guide pin for the glenoid baseplate.
The surgeon first marked the inferior circle of the glenoid surface on the bone and
determined the entry point of the guide pin without any helping device and based on
his experience. Then he performed the drilling of the guide pin into the bone based on

the marking.

In the second method, the surgeon used an RSA conventional non patient-specific
glenoid guide with a predefined angle to guide the guide pin. The surgeon placed

the guide flush to the inferior rim of the glenoid cavity. This guide position and the

52



Patient 1

Patient 2

Patient 3

Figure 4.2 : Three patients’ initial data, designed guides by the software for each
patient, and K-wire inserted to the scapula bones by the surgeon using
guides manufactured by rapid prototyping.

central hole with a 10° inclination allow the possibility of the appropriate placement

of the central guide pin.

The third method of the experiment used the guide created by the PSI software
developed in this study. It had an exact position for the guide pin and sat tightly on
the glenoid area in a specific predefined position. The surgeon first installed the guide
on the glenoid surface and then performed the drilling of the guide pin using the PSI
guide. In Figure 4.2, three patients’ initial data, designed guides by the software for
each patient, and K-wire inserted to the scapula bones by the surgeon using guides

manufactured by rapid prototyping are presented.

For the freehand and the conventional guide methods, models were covered by
aluminum foil, and only the glenoid cavity of the model was visible to the surgeon
during the experiment, to simulate the surgeon’s view of the scapula bone in a real
operation (Figure 4.3). The different scapula models were randomly mixed and the
surgeons were blinded to the randomization. Operation using the PSI guide was
performed after the other methods and other sections of the scapula were not covered

as the guide can only sit at a specific predefined position (Figure 4.4). During the
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Figure 4.3 : (Left) Scapula model covered by aluminum foil, mounted on the fixture,
(Right) Experiment setup, surgeon inserting the guide pin with the
freehand method.
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re 4.4 : (Left) Inserting guide pin using a general guide, (Center and Right)
ShoulderART PSI guide mounted on the glenoid.

experiment, all models were recoded to be distinguished based on the surgeon and the

method.

4.3 Measurement Method

To observe the results of the experiment, post-operative CT scans of the models and
guide pins were obtained using the same CT scan protocol used for capturing initial
images to be used with the software. Next, these CT images were used to create 3D

models of the bones with the guide pin in place inside the bone.

The 3D models of each sample were registered in 3D space to match each other
exactly (Figure 4.5). Then, using the Friedman and Maurer methods, the version and
inclination of the 3D models were measured digitally. The position of the guide pin

entrance to the glenoid surface was also measured in reference to the planned entry
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Figure 4.5 : 3D models of each sample registered in 3D space, Left) The freehand
method, Right) PSI method.

point. The mean value and standard deviation of the version, and inclination and entry

point locations were measured for each sample operated on by each method.

The measurement results were used for two types of evaluation. First, the reliability
and precision of the patient-specific guide in positioning the guide pin on different
glenoid types were assessed. Second, the PSI method was compared to the other two

conventional methods.

For the evaluation of reliability and precision, the actual experimental results were

compared to the values decided in the preoperative planning.

When comparing the PSI method to the other methods, the results were evaluated to

determine if the patient-specific guide had advantages over conventional methods.

The version and inclination angle errors were defined as the absolute values of the
differences between the planned and postoperative angles. The error for the entry point
offset was defined as the absolute value of the distance of the post-operative entry point

in reference to the planned entry point.

IBM SPSS Statistics for Windows, version 24.0 was used to conduct all statistical
analyses. Analysis of variance (ANOVA) and two-way ANOVA were employed for
all comparisons. Duncan’s post-hoc tests were used to differentiate the subgroups. A
significance level of 0.05 was used to determine statistically significant results. For the
sample size of 50 for each group, assuming ANOVA at a significance level of 0.05, a

power calculation of 0.78 was obtained for the experiment.
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S. RESULTS

The first purpose of the experiment of this study was to evaluate the ability of the
software tool to provide proper preoperative planning service to the surgeon and then
create proper guides for the specific patients. The next purpose of the experiment was
to evaluate the accuracy of the results of the operations performed when preoperative

planning is done by this software for different glenoid types.

The experiment shows that for all the cases used, all sections of the software could
work without any issues and the software could present the required information to the
user and the user could finalize the desired PSI guide using the software. The software
was able to create and save the PSI guide based on the patient’s anatomy and the
designed guide could be physically manufactured and be used on the patient’s bone.
The use of landmark points by the guide could correctly create a fixed positioning on
the glenoid surface and the seating of the guide on the glenoid surface was recognized
to be smooth and firm. Accordingly, it is observed that the software tool results can

positively satisfy the first aim of the experiment.

To be able to evaluate the software from the point of view of the second purpose of
the experiment and analyze the accuracy of the operation performed using the created

guide the following results are found.

The values of the glenoid version and glenoid inclination angles are shown in Tables
5.1 and 5.2. The values of version and inclination angle deviation from the plan are

presented once for all types and once for each type of scapula separately (Table 5.3).

When all types were considered collectively, the deviation of the overall version angle
from the plan was 2.68 £=2.10°, the overall inclination angle deviation from the plan
was 2.59 +2.68° , and the deviation of the entry point offset from the plan was
1.554+1.26 mm.
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Table 5.1 : The real values of the glenoid native version angle, planned version angle,
and post-operative achieved version angle for each type of scapula only

for the PSI method.

Group Native version (deg) | Planned version (deg) Post-Operative version
Mean (deg)| SD (deg)

Non-arthritic -2.30 7.60 9.07 1.52

A2 0.00 6.90 4.89 1.74

B2 -9.70 4.20 3.95 3.02

C -2.50 0.00 -1.34 2.89

D 1.50 -3.70 -1.76 4.82

Table 5.2 : The real values of the glenoid native inclination angle, planned inclination
angle, and post-operative achieved inclination angle for each type of
scapula only for the PSI method.

Group Native inclination |Planned inclination | Post-Operative inclination
(deg) (deg) Mean (deg)| SD (deg)
Non-arthritic 87.00 90.60 91.99 1.49
A2 74.00 92.30 90.81 2.35
B2 85.60 100.60 102.27 1.35
C 77.40 86.90 88.29 2.84
D 81.70 99.40 94.65 4.53

The values of deviation from the plan for each method, for all groups collectively, and
for each scapula type separately, with their respective P-values for the comparison of

the PSI method to the other methods are shown in Table 5.4 .

When all the groups were analyzed together, the PSI method was better than the
other methods. The version angle deviation from the plan for PST (2.68° +2.10°)
was significantly better than those of the other methods (conventional guide:6.44° +
4.62°, freehand:6.86° £ 4.43°, P-value <0.05). The inclination angle deviation from
the plan for PSI (2.59° 4+2.68°) was also significantly better than those of the
conventional guide (6.31° +4.45°) and freechand (7.44° +4.76°) (P <0.05). Finally,
the entry point offset deviation from the plan for PSI (1.55mm + 1.26mm) was also
significantly better than those of the other methods (conventional guide:2.29mm +

1.74mm, freehand:2.17mm £ 1.48mm, P <0.05).

In addition to comparisons of the deviations from the plan values between the three
different methods, significant differences were also observed separately between all

three methods (Table 5.5).
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Table 5.3 : The deviation from the plan (error) values between planned and
post-operative version angle, inclination angle, and entry point offset for

the PSI method.

Group Variable Mean SD Min Max
Version (deg) 2.68 2.10 | 0.30 8.60
All groups Inclination (deg) 2.59 268 | 0.00 | 16.90
Entry point offset (mm) 1.55 1.26 | 0.01 5.21

Version (deg) 1.89 0.95 | 0.30 3.20

Non-arthritic Inclination (deg) 1.57 1.29 | 0.30 5.10
Entry point offset (mm) 1.59 0.93 | 0.22 3.20

Version (deg) 2.49 0.93 0.78 3.70

A2 Inclination (deg) 2.07 1.86 | 0.00 6.30
Entry point offset (mm) 1.91 0.78 | 0.50 2.83

Version (deg) 2.27 2.01 0.30 6.90

B2 Inclination (deg) 1.81 1.15 | 0.30 4.30
Entry point offset (mm) 1.92 0.72 | 0.25 2.80

Version (deg) 2.50 1.98 | 0.60 6.70

C Inclination (deg) 2.65 1.72 | 0.90 6.80
Entry point offset (mm) 0.06 0.04 | 0.01 0.15

Version (deg) 4.26 2.98 0.50 8.60
D Inclination (deg) 4.87 440 | 0.60 16.90
Entry point offset (mm) 2.28 1.73 | 0.32 5.21
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The version angle of the PSI method was significantly better than those of the
conventional guide and freehand methods (P <0.05). The PSI method was significantly
better than the conventional guide method (P <0.05) but was in the same subgroup as
the freehand method (P <0.05) for the inclination angle. The PSI method was in the

same subgroup as the other methods (P = 0.054) for the entry point offset.

Analysis of the groups separately showed that the PSI method had comparable but not
superior results than of the other methods for four of the values; namely, the mean and
standard deviation of the version angle, the standard deviation of the inclination angle,
and the standard deviation of the entry point offset in the type D group and the standard

deviation of the entry point offset in the non-arthritic group.

Except for these four values, the PSI method showed better accuracy than those of the

other methods, indicating the advantages of the PSI method.

The version angle deviation from the plan for PSI (1.89° +£0.95°) in the non-arthritic
group was significantly better than that for the other methods (conventional guide:
9.76° +5.29°, freehand: 9.8° £4.24°, P <0.05). The inclination angle deviation from
the plan for PSI in the non-arthritic group (1.57° £ 1.29°) was better than that of the
other methods (conventional guide: 4.45° £3.19°, freehand: 9.71° £6.16°, P <0.05).

The version angle from the plan for PSI in the type A2 group (2.49° +0.93°) was better
than those for the conventional guide(4.37° 42.35°) and freehand (4.16° +2.75°), (P
= 0.149) methods. The inclination angle deviation from the plan for PSI in the A2
group (2.07° £ 1.86°) was better than that for the other methods (conventional guide:
6.43°1+3.26°, freehand: 6.71° +4.0°, P = 0.134). The entry point offset from the plan
for PSI in the A2 group (1.91.mm £ 0.78mm) was better than those of the conventional
guide (2.18mm =+ 1.05mm) and freehand (2.27mm £ 0.91mm) (P = 0.689).

The version angle deviation from the plan for PSI in the B2 group (2.27° +2.01°)
was better than those for the conventional guide (5.4° +3.46°) and freehand (6.59° £+
3.43°) (P = 0.424). The inclination angle deviation from the plan for PSI in the B2
group (1.81° £ 1.15°) was better than those for the conventional guide (6.54° +5.25°)
and freehand (6.23°4+3.99°) (P = 0.07). The entry point offset deviation from the
plan for PSI in the B2 group (1.92.mm £ 0.72mm) was better than those of the other
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Table 5.5 : The quantification of the significance of differences observed between all
three methods for all groups collectively.

All Groups

Subset
1 2
2 |-4.338
3 -0.358
1 1.512
P. Value| 0.033]0.015
1 2
1 [-5.430
Version 2 |-3.912
3

Method

Inclination

-0.386
P. Value| 0.044|0.031
1
3 1.550
Entry Point Offset| 1 2.160
2 2.290
P. Value| 0.054

methods (conventional guide: 2.99mm + 1.62mm, freehand: 2.96mm £ 1.02mm, P=
0.107).

The version angle deviation from the plan for PSI in the type C group (2.5° £ 1.98°)
was significantly better than those of the other methods (conventional guide: 8.6° +
5.39°, freehand:9.9° +4.29°, P-value <0.05). The inclination angle deviation from the
plan for PSI in the type C group (2.65° 4 1.72°) was significantly better than those
of the other methods (conventional guide: 7.47° 4 3.47°, freehand: 9.49° + 3.4°,
P-value <0.05). The entry point offset deviation from the plan for PSI in the
type C group (0.064mm + 0.04mm) was better than those of the conventional guide
(0.14mm +£ 0.05mm) and freehand (0.10mm £ 0.05mm), (P <0.05).

Since the deviations from the plan values were compared between the three different
methods, the differences were also assessed separately between all three methods for

the non-arthritic and type C groups (Table 5.6).

For the non-arthritic group, the version angle of the PSI method was significantly
better than those for the conventional guide and freehand methods (P <0.05). The PSI
method was significantly better than the freehand method (P <0.05) but was in the same

subgroup as the conventional guide method (P <0.05) for the inclination angle. The
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PSI method was significantly better than the conventional guide method (P = 0.420)
but was in the same subgroup as the freehand method (P= 0.174) for the entry point

offset.

For the type C group, the PSI method had a significantly better inclination angle than
that of the conventional guide method (P <0.05) but was in the same subgroup as
the freehand method (P =0.250). The PSI method was significantly better than the
conventional guide method (P <0.05) but was in the same subgroup as the freehand
method for entry point offset (P <0.05). The PSI method was significantly better than

the other two methods for the version angle (P <0.05).

No statistically significant differences were observed between the two surgeons in
terms of the deviation from the plan for version angle, inclination angle, and entry

point offset.
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6. DISCUSSION

In this work, a 3D preoperative planning software for shoulder arthroplasty was
developed using open source libraries. To develop such a software tool the medical
condition has been investigated first, and then the type and properties of the input
data as CT scan images have been studied. Next, the operations to be performed on
the input data to reach the final software are devised, and the general process of the
preoperative planning is planned. Using the general process, each step of the process
is designed and developed. For each step, required algorithms and software tools are

found, developed, and integrated.

For capturing, reading the input data, importing it to the software environment, sorting
and saving the data, different protocols and standards are used. A specific CT scan
protocol is selected for the software that provides the best data capturing method to
be used in the following steps. DICOM standard, GDCM, and VTK libraries are then
used for handling the captured data. Internationally accepted fields and details of the
DICOM standard makes the data handling very efficient and using the GDCM and

VTK libraries makes the data accessing smooth.

For preprocessing the captured and sorted data, contrast stretching and noise removal
processes are performed. Particular noise removal algorithms that can preserve the
important information in the data are chosen and their implementation in the ITK

library is used that makes the process very reliable.

For detection of the bones from all tissues and then detecting scapula bone and its
features, new algorithms and methods are developed and VTK library is used. For
separating bones from other tissues new algorithm is developed to use the specifically
selected CT scan protocol and patient data for automatic threshold detection of each
patient. For detecting the scapula bone from other bones the geometrical properties of
the bones in the shoulder area are considered to conceive a bone separation method. To
detect features of the scapula bone, many different geometrical properties, the general

shape of the scapula bone and glenoid surface, and a combination of point and surface
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detection algorithms are used. Parts of algorithms use VTK library and some parts
are developed solely using C++ language where libraries do not meet the specific

requirements of the problem at hand.

The design of the GUI of the software and software-assisted preoperative planning
are performed together. The GUI sections’ layout and available features are designed
having in mind their functionality for the preoperative planning. The GUI uses VTK
and Qt libraries for rendering and interface design. The preoperative planning process
is designed both taking into consideration the technical aspects of the software and the
feedback from the surgeons as the user of the software. For designing the guide VTK,
CGAL, and OpenMesh libraries are used. The algorithms and the geometric shape of
the guide are designed in such a way that the process can be fully automatic for each
specific patient, and the guide has proper seating on the glenoid and good mechanical

strength for the drilling operation.

Methods and algorithms developed in this work are designed to be optimized for
solving the tasks at each section of the software. The libraries used are all considered
to be well established and well known open source libraries that can be accessed by
other developers. All these algorithms and libraries provide the possibility to create a
patient specific guide for each medical case. These cases then can be used to test the

developed software.

An experiment was designed and performed on 3D patient-specific guides created by
3D preoperative planning. The aim of the experiment was twofold, firstly to observe
the ability of the software tool to provide proper preoperative planning service to the
surgeon and create proper guides for the specific patients. And secondly, to evaluate
the accuracy and reliability of the PSI for guide pin positioning as well as for the

comparison of the PSI method to conventional methods.

The experiment showed that for all cases the software was capable of creating proper
PSI guides. The preoperative planning performed using the software by the surgeons
was a successful experience and the surgeons were satisfied with the guides created.
As a result the functionality of the algorithms used in the software were approved to

be working in accordance with the aims of the software development.

66



The results of the experiment were also evaluated for the analysis of the second
aim of the experiment. The accuracy and reliability of the PSI were tested by
comparing the version angle, inclination angle, and entry point offset between the

actual post-operative results and the planned values using the PSI method.

As shown in Tables 5.1, 5.2, and 5.3, the post-operative values of the PSI method
were very close to the planned values and the patient-specific guide achieved the

planned values with good accuracy.

The results were also evaluated for the comparison of the PSI method to conventional
methods. As shown in Tables 5.4, 5.5, and 5.6, when all types are considered
together, the error values of the PSI method showed better mean and standard deviation

than those of the other methods.

Comparisons of error values between different types showed better mean and standard
deviation values for the PSI for all groups, except for four values, with significant
differences in the non-arthritic and type C groups. The exceptions were the mean and
standard deviation of the version angle, the standard deviation of the inclination angle,
and the standard deviation of the entry point offset in the type D group and the standard

deviation of the entry point offset in the non-arthritic group.

The standard deviation of the data for different glenoid types and how a patient-specific
guide reduced the chance of extreme malpositioning are shown in Figure 6.1.While the
PSI guide showed mean version and inclination angle values and standard deviations
very close to the planned values, the mean values of the other methods did not always
agree with the planned values. This observation demonstrates how surgeons can make
different decisions about implant positioning when they are provided more visual
information about the scapula. These results showed that patient-specific guides can
help to reduce the risks of surgery complications resulting from deciding the wrong

positioning of the guide pin without sufficient visual preoperative data.

Other studies have also shown the accuracy of using patient-specific guides in shoulder
arthroplasty. Levy et al. [13] reported a translational accuracy of 1.2 +0.7mm, inferior
tilt accuracy of 1.2° +1.2° and glenoid version accuracy of 2.6° £ 1.7° in their
evaluation of the accuracy of patient-specific planning and a patient-specific drill guide

for glenoid baseplate placement in RSA. Walch et al. [17] showed a mean entry point
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Figure 6.1 : Comparison of results of three different methods for each group’s
version angle, inclination angle, and guide pin entry point distance.
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position error of 1.05 mm, a mean inclination angle error of 1.42, and an average
error in the version angle of 1.64°. In our study, the entry point offset accuracy was
1.55mm + 1.26mm, the inclination angle accuracy was 2.59° +2.68°, and the version

angle accuracy was2.68° +2.10° for all samples.

This study evaluated the accuracy of the PSI method in guide pin positioning and found
that PSI was more beneficial than conventional guide and freehand instrumentation
methods in cases with glenoid bone deformity. The results of this study demonstrated
that the developed software is capable of performing the desired tasks in preoperative
planning and guide design operations. It also validated the guide pin positioning
accuracy of PSI and showed that, for non-arthritic glenoid type and defective glenoid
types C, B2, and A2, PSI was more accurate than other methods, although the results

were statistically meaningful for non-arthritic glenoid and defective glenoid type C.
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7. CONCLUSION

This thesis work started by observing a problem in shoulder arthroplasty operations.
Complications that occur in RSA affect the success rate of the operation and the
longevity inserted prosthesis. These issues gave the team the purpose to find a solution.
Loosening of the glenoid component, one of the major complications in RSA, which is
caused mainly by incorrect positioning, is aimed to be improved. The correct glenoid
component positioning is difficult to achieve manually and hence a hypothesis of this
work was to use patient specific instrumentation technology to create a guiding system
to help the accuracy of the positioning. The goal was to create a guiding system that
can improve the positioning and test to observe the functioning of such a guide for
different patients. To reach this goal multiple methods are elaborated, multiple tools
are explored, and different algorithms are developed. Patient specific instrumentation
technology is researched so that the guiding system can meet the specific needs of each
patient and the specific anatomy of each shoulder joint. On the road to apply patient
specific instrumentation, pre-operative planning is found a necessary step. With proper
pre-operative planning and evaluation of the specific conditions of each case is that the
surgeon can decide the best PSI guide, and pre-operative planning itself relies on a
good software application that can provide relative and necessary information to the
surgeon through its graphical user interface. As a result, a software tool is developed

to support PSI guide creation, pre-operative planning, and a graphical user interface.

For developing the software to create a PSI guide, several steps are carried out.
Interfacing and sorting the input data, preprocessing the imported images, detection
of the bones from other tissues in the images, detection of certain features from the
scapula bone, and creating a guide to fit the glenoid surface of the scapula bone are
the processes that had to be achieved so that the PSI system could work. For each of
these processes, various software libraries are investigated and integrated into the main
software, and various algorithms are defined and tested to solve each specific part of

the work.
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For the software to provide the surgeon with pre-operative planning capability and
a proper GUI, the planning process steps required from the medical perspective are
decided in the team and the software algorithms and libraries to support them are
created and implemented. The design of The GUI and layouts of the sections of the
software are created to support the tools required for pre-operative planning steps. For
designing and coding the GUI of the software additional software libraries are tested

and implemented.

The software then is tested to figure out the accuracy of the guide system and to check
the functionality of the developed solution. Accordingly, an experiment is designed
and the requirements to perform the experiment is decided. The software is used by
surgeons to create guides for certain patients with different glenoid conditions and
then the experiment materials and tools are manufactured or prepared. The team has
performed the experiment and the results of the experiment are measured, analyzed,

and evaluated from different perspectives, to answer the hypothesis of the study.

One hypothesis of this work was that an open-source software platform can be
developed that can facilitate preoperative planning abilities and PSI guide creations
with high accuracy compared to other non PSI methods of shoulder arthroplasty
operations. Where the results were evaluated for the comparison of the PSI method
to conventional methods, the error values of the PSI method showed better mean
and standard deviation than those of the other methods as explained in detail in the

discussion section.

Another hypothesis of this work was that PSIs designed using preoperative planning
software would provide better guide pin positioning than standard guided and freehand
instrumentation methods, especially in cases of glenoid bone deformity. It is observed
that error values of different types of glenoids showed better mean and standard
deviation values for the PSI for most of the glenoid groups as described in detail in

the discussion section.

Overall the study results support the initial aims and hypotheses it was trying to prove
and reach and the created tool developed using only open-source libraries can be a

blueprint for further researches.
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7.1 Limitations and Further Work

This study had some limitations. Although 30 samples from every five types of scapula
were tested, future research should test more glenoid types to further evaluate the
accuracy and performance of the method. In this respect, more experiments can be

performed including new specimens and new patients.

Another limitation of this study was that the scapula models used for the experiment
did not have any soft tissue coverage on the glenoid surface as would be present
in actual surgical interventions. To eliminate this issue future experiments can be

performed using cadaveric models.

In succeeding studies the current software can be improved to be enabled for
performing preoperative planning on orthopedics surgeries on other joints of the body
and other types of surgeries. Different guide designs can be investigated based on the
needs of the specific body parts. Surgeries performed on the elbow can be the first

example in this list where the existing software can be improved be applied.

The current software can benefit from virtual reality technology. Using this technology
the surgeon can see the anatomy of the patient and perform all the current preoperative
planning steps in three-dimensional virtual space. The combination of the current study

with the augmented reality technology is another feature that can be very advantageous.

Using augmented reality the three-dimensional model of the bones of the patient that
are extracted and showed on the software will be projected on the real body of the
patient through special glasses that the surgeon wears. This way the surgeon can more
clearly evaluate all the aspects of the operation and the design of the guide model based

on the extra information that can be perceived from the body.

Applying machine learning techniques can also improve this study in different
sections. Having enough number of medical cases to use as the data, the design of

the guide and sections of the algorithms used can be improved by machine learning.
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