SAYISAL MEME TOMOSENTEZINDE VE MIiKRO BiYOGORUNTULEMEDE
SIKISTIRILMIS ALGILAMA TABANLI 3B GORUNTU GERI CATMA

OZET

Meme kanseri, diinyada kadinlar arasinda goriilen en yaygin kanser tiiridiir. Kanserin erken teshisi
hastaligin tedavisinde c¢ok Onemli bir yer tutmaktadir. Erken teshis araglarindan biri de
“goriintiileme” dir. Elektronik Miihendisligi agisindan “goriintiilleme”; goriintii geri ¢atma
teknikleri ve goriintii isleme olarak ele alinmaktadir. Bu doktora tezinde, hizla geligen goriintii geri
catma teknikleri ve goriintii isleme metotlarindaki yeni yaklagimlarin kanserli hiicre ve doku
(6rnegin meme kanseri) iizerine yapilan ¢alisma alanlarina uygulanmasi kapsaminda iki ana proje
calisgitlmistir. Ik proje olarak mevcut goriintii geri ¢atma algoritmalarin limitasyonlari ve
tikanikliklar1 g6z oniinde bulundurularak 12 doz seviyesinde gercek meme fantomu kullanilarak
sayisal meme tomosentezinde (digital breast tomosynthesis-DBT) sikistirilmig algilama tabanh 3-
boyutlu (3B) goriintii geri ¢atma ydntemleri gelistirilmis ve 6nerilmistir. ikinci proje kapsaminda
mikro biyogériintiilemede (micro-bioimaging) kanserli hiicre kolonisi, tiimér, kanserli doku,
biyopsi, lab-on-a-chip gibi ¢esitli biyolojik ornekleri agisal tarama yaparak 3B goriintiileyebilen
3B biyogoriintiileme cihazi (robotic scanning 3D bioimaging tool) gelistirilmistir.

Hastalik tam1 ve teshisinde medikal goriintiileme 6nemli bir teknolojidir. Yapisal ve fonksiyonel
goriintiileme olarak adlandirilan ve farkli amaglar igin kullanilan iki ana medikal goriintiileme simifi
mevcuttur. Yapisal goriintiileme ile anatomik yapilar incelenir. Manyetik rezonans goriintiileme
(MRG), Rontgen ve bilgisayarh tomografi (BT) yapisal goriintileme tekniklerinin en
onemlileridir. Fonksiyonel goriintiileme ise insan viicudundaki 6zel bir fonksiyonu analiz eden bir
tekniktir. En onemlileri Single Photon Emission Computed Tomography (SPECT) ve Positron
Emission Tomography (PET) dir.

Tomografi Yunan kékenli “tomos” (dilim) ve “graph” (tanimlama) kelimelerinin birlesiminden
olusmustur. Ingiliz miihendis Godfrey Hounsfield ve Giiney Afrika dogumlu fizik¢i Allan
Cormack tarafindan 1972 yilinda gelistirilmistir. Bu sebeple Hounsfield ve Cormack 1979 yilinda
Nobel Tip Odiilii’ne layik goriilmiislerdir. Bilgisayarli tomografi (BT), viicut i¢ine girmeksizin
viicut i¢ini goriintiilemek suretiyle gesitli hastaliklarin tani ve teshisinde kullanilmasiyla tipta
devrim yaratmigtir. Radyografinin bir formu olan BT giiniimiizde ¢ok yaygin bir medikal
goriintiileme uygulamasidir. X-1g1n kaynaginin bir eksen etrafinda dondiiriilmesiyle toplanan 2-
boyutlu (2B) radyografik goriintiilerden nesnenin 3B goriintiisii elde edilebilmektedir.
Giiniimiizde kadinlar arasinda en yaygin goriilen kanser tipi, “meme kanseri”dir. Ulusal Meme
Kanseri Vakfinin (NBCF: National Breast Cancer Foundation, Inc.,) 2010 yilinda yapmis oldugu
aragtirmaya gore her yil kadinlar arasinda 200.000 yeni meme kanseri vakasi ve 40.000 6liim
yasanmaktadir.

Tiirkiye’de Saghk Bakanliginin 2008 verilerine gore meme kanseri %41.6 oramyla kadinlar
arasinda en sik goriilen hastalik olmugtur. Bunu %15.3 ile tiroid, %13.5 ile kolorektal, %8 ile mide,



%38.7 ile uterus korpusu, %8.4 ile trakea, akciger ve brons, %6.5 ile over, %4.7 ile non-hodgking
lenfoma, %4.4 ile uterus serviksi, %4.2 ile beyin ve diger sinir sistemi kanseri takip etmektedir.
Kadin meme dokusu siit iiretme bezleri (lobules), siit tasima kanallar1 (ducts) ve bag dokusu
(stroma) olmak iizere {i¢ ana kisimdan meydana gelir. Bag dokusu kan damarlari, lenfatik damarlar
ve yag dokusunu cevreler. Baz1 kanserler siit iiretme bezlerinden baglarken (lobular cancers),
cogunlugu siit tagima kanallarinda (ductal cancers) meydana gelir.

Mamografi yonteminin, bircok avantajlarinin yaninda tan1 goriintiilemesinde yaklagik %20
oraninda kanserli hiicreyi kacirdig: tahmin edilmektedir. 2B goriintiilemeden kaynakli dokunun iist
iiste binme problemi en biiyiik kisitlardandir. Sayisal meme tomosentezi ise yiiksek ¢oziiniirliiklii
3B goriintli elde etme imkin1 sunan yeni goriintiileme yaklasgimidir. Bu sayede sayisal meme
tomosentezi ile geleneksel mamografide karsilasilan dokunun iist iiste binme problemi nedeniyle
dokular arasina gizlenen kanserli hiicreler daha kolay algilanabilmektedir.

Sayisal meme tomosentezinde plakalarla sikistirilan meme etrafinda bir yay seklinde ve genellikle
50 derecelik tarama agisi ile hareket eden X-igin tiipiinden génderilen radyasyon meme altindaki
detektore diisiiriilerek 2B dilim goriintiiler elde edilir.

Uygulamalarda yaygin olarak sayisal meme tomosentezinde 11-60 derece tarama agis ile 9-25
arasinda projeksiyon elde edilir. Bu projeksiyonlar daha sonra geri gatilarak dilim dilim 3B geri
catilmig meme goriintiisii elde edilir. Béylece doku iist iiste binmesi problemi nedeniyle meydana
gelen yanlis pozitif ve negatif oranlar azaltilabilir. Sayisal meme tomosentezinin radyasyon
nedeniyle sinirh agida ve sinirl sayida tarama yapmasi ise dezavantajdir.

Sayisal meme tomosentezi Y=AX lineer cebirsel denklem formu ile yazilabilen hedef nesnenin (X)
3B geri ¢atilmig goriintiisiinii elde eden yenilik¢i bir goriintiileme modelidir. Y=AX formunda Y
gozlenen veri (projeksiyon) vektorii, A 151n izleme geometrisini modelleyen sistem matrisi, X ise
3B goriintiilenmesi istenen nesnenin vektdr formunu gostermektedir. Lineer denklem katsayilarini
iceren A sistem matrisi yinelemeli geri ¢atma algoritmasi uygulamasi i¢in elde edilmelidir. Geri
catilan 3B goriintii, sinirh agida ve simirli sayida taramayla elde edilen 2B projeksiyonlardan elde
edildiginden eksik veri problemi olarak adlandirilan 6nemli bir kisit ortaya ¢ikmaktadir. Bu dar
bogazi asmak igin ileri diizey goriintii geri ¢atma algoritmalarinin gelistirilmesine ihtiyag
duyulmaktadir.

Bir yinelemeli yontem olan cebirsel geri ¢atma tekniginin (algebraic reconstruction technique
(ART)) ve bir analitik yéntem olan filtrelenmis geri izdiigiim tekniginin (filtered back projection
(FBP)) sayisal meme tomozentezi (SMT) (digital breast tomosynthesis (DBT)) gibi ileri tip
teknolojisinde uygulandig: belirtilmektedir.

Bu doktora tezinde ART ile 3B goriintii geri catilmigtir. ART algoritmasinda, Y=AX formundaki,
151n izleme geometrisini modelleyen sistem matrisini (A) elde etmek i¢in Siddon’un 3B 151n izleme
algoritmasi kullanilmigtir. ART ile elde edilmis geri ¢atilmis goriintiiniin kalitesini arttirmak igin
sikistir1lmis algilama tabanli bir uygulama olan (compressed sensing based application) 3B toplam
degisinti algoritmas1 TV3p (3-dimensional total variation) ART sonrasi elde edilen geri gatilmig
goriintiiye uygulanmistir.

Ik projede iki ayr alt ¢alisma yapilmigtir. Ilk olarak 3B toplam degisinti temelli maksimizasyon-
minimizasyon algoritmasi (majorization-minimization (MM) based on 3D total variation)
yinelemeli goriintii geri ¢atma literatiiriinde yenilik¢i bir yaklasim olarak sunulmustur
(ART+TV3p+MM). ikinci olarak ART, ART+TV3p ve ART+TV3p+MM yontemleri ile elde edilen
geri ¢atilmig goriintiiler 12 farkh radyasyon dozu igin elde edilerek, sikistirilmis algilama tabanh
yinelemeli goriintii geri catma teknikleri olan ART+TV3p algoritmasinin ve bizim 6nerdigimiz yeni
ART+TV3p+MM yénteminin hastaya uygulanan radyasyon dozunun azaltilabilmesi noktasinda
uygulanabilirligi arastinlmistir. Ik proje kapsaminda, Lizbon Universitesi da Luz S.A.



hastanesinde Siemens MAMMOMAT Inspiration system (Siemens AG, Healthcare Sector,
Erlangen, Germany) kullanilarak 12 farkli doz seviyesinde yaklagik 47° agisal tarama araliginda 25
projeksiyonu almman gergek meme fantomu (CD Pasmam 1054) i¢in ART, ART+TV3p ve
ART+TV3p+tMM uygulanarak 3B goriintiiler elde edilmis ve ayn1 fantomun Siemens
MAMMOMAT cihazinin filtrelenmis geri izdiisiim teknigiyle (FBP) elde edilen geri ¢atilmig
goriintiileri ile kiyaslanmigtir.

Sonuglarin performansini karsilagtirmak amaciyla 6nce yinelemeli goriintii geri ¢atma teknigi olan
(iterative reconstruction technique: IRT) ART, ART+TVs3p ve ART+TV3;p+MM bir analitik
fantom igin test edilmistir. Sonuglar niteliksel ve niceliksel olarak degerlendirilmistir. Niteliksel
degerlendirmede iki metrik olan sinyal-giiriiltii oram1 (signal-to-noise ratio: SNR) ve yapisal
benzerlik (structural similarity: SSIM) kullanilmigtir. Daha sonra, 12 dozda alinan CD Pasmam
1054 gercek meme fantomu projeksiyonlan i¢in yinelemeli goriintii geri ¢atma tekniginin iig
yontemi (ART, ART+TVsp ve ART+TV3p+MM) kullanilarak elde edilen geri ¢atilmig goriintiiler
ile Siemens MAMMOMAT cihazinin filtrelenmis geri izdiisiim teknigiyle (FBP) elde edilen geri
catilmig goriintiiler kiyaslanmigtir. Bu kisimdaki sonuglar ise hem niceliksel hem de karsitlik
giiriiltii oran1 (contrast to noise ratio (CNR) ve 1B profil degisimi metrikleriyle niteliksel olarak
degerlendirilmistir. ilk proje Istanbul Teknik Universitesi ve Lizbon Universitesi’nde
gerceklestirilmistir.

Ikinci projede, SMT’deki calismalardan elde ettigimiz umut verici sonuglarin verdigi ilhamla
kanserli hiicre kolonisi, tiimor, kanserli doku, biyopsi, lab-on-a-chip gibi ¢esitli biyolojik 6rnekleri
agisal tarama yaparak 3B goriintiileyebilen robotik 3B biyogoriintiileme cihazi (robotic scanning
3D bioimaging tool) gelistirilmistir. Tip ve biyoloji alanlarinda bilimsel arastirma yapilan
merkezlerde kullanilabilecek olan cihazin avantajlari arasinda, ucuz, taginabilir ve kullanimi kolay
olmasi siralanabilir. Bu cihaz donanim (mekanik, elektronik ve robotik kontrol kisimlari) yazilim
(robotik kontrol ve 3B goriintii geri gatma) olmak iizere iki asamal1 tasarlanmigtir.

Donanimsal olarak; robotik 3B biyogoriintiileme cihazinin ana mekanik catkisi, donme eksenine
yeterli gii¢ ve destegi saglamak i¢in 20 mm’lik T-oluklu eloksalli aliiminyumdan 35¢cmx35x30cm
boyutlarinda iiretilmistir. Hassas hareket ve dlgiimler igin bazi pargalar 3B yazic ile iiretilirken,
bazilar1 ise polymethylmethacrylate (PMMA) malzeme kullanilarak CNC makine ve lazer kesici
ile iiretilmistir. Elektronik ve robotik kontrol kismi, bir Arduino Mega 2560 R3 kart1, bir RAMPS
1.4 kart1, Arduino yazilimla kontrol edilen iki adim motoru, bir lineer motor, li¢ motor siirlicii ve
bir gii¢ kaynagindan meydana gelmektedir. Optik goriintiileme kism ise bir metal oksit yan iletken
dedektdr (complementary metal oxide semiconductor (CMOS) goriintiileyici, bir lens ve bir 151k
kaynagindan meydana gelmektedir. CMOS dedektor olarak Logitech C160 CMOS goriintiileyici
kullamilmugtir. Optik goriintillemede hassas optik masa tasarimi sayesinde projeksiyon elde etme
geometrisi ve goriintiileme kalitesi iyilestirilmistir. -45° ve +45° a¢1 araliginda tarama yapabilme
yetenegine sahip cihaz ile bu projede -25° ve +25° a1 aralifinda 5° a¢1 adimiyla 11 projeksiyon
elde edilmis ve geri ¢atilmigtir.

Yazilimsal olarak ise; agisal tarama ve ii¢ boyutlu diizlemde eksen hareketlerini yapan robotik
motor kontrollerin mikrokontrolér programlanmasi C++ kod derleyici ve Matlab grafiksel kullanici
arayiizii ile yazilmigtir. 3B goriintiileme i¢in ise sikistirilmis algilama tabanl yinelemeli 3B goriintii
geri c¢atma yazilimi (ART+TVip) mikro-biyogoriintileme (micro-bioimaging (MBI))
aragtirmalarinda kullanilmak iizere revize edilerek gelistirilmistir.

Testlerde kullanilan biyolojik fantomlar transparan ortam saglayan polydimethylsiloxane (PDMS)
kullanilarak iiretilmistir.

Ikinci proje Harvard Medical School, Harvard-MIT Health Science and Technology ve
Massachusetts Institute of Technology’de gergeklestirilmistir.



Sonug olarak, ilk projenin ilk kisminda ART+TV3p+MM yo6nteminde analitik fantom igin elde
edilen sonuglarin SSIM ve SNR degerleri on iterasyon sonunda ART+TV3p ve ART ydntemleriyle
elde edilen ayni degerlerden yiiksek ¢ikmistir. Onuncu iterasyonda ART+TV3p+MM’in SSIM ve
SNR degerleri sirasiyla 0.9814 ve 24.56 olurken, ART+TV3p’in 0.9771 ve 24.32; ART’in ise
0.9208 ve 22.48 olmustur.

[lk projenin ikinci kisminda, 12 farkli doz seviyesi igin ART+TVsp ile elde edilen goriintiilerde
CNR degerleri hem doz arttikga artmis, hem de aym doz seviyesindeki ART’nin CNR
degerlerinden genel olarak yiiksek ¢ikmustir. Ornegin 100 mAs doz seviyesinde, ROI-1 igin FBP,
ART, ART+TVipve ART+TV3p+MM’in CNR degerleri sirasiyla 1.075, 48.949, 51.191 ve 52.439
olurken; ROI-2 icin yine sirastyla 2.011, 2.152, 1.989 ve 1.949 olmustur. Bunlardan bagka ilk
projede elde edilen sonuglarda ROI ve object of interest (OOI)’ler FBP ve ART’ye gore
ART+TVip ve ART+TV3:p+tMM yontemlerinde gorsel olarak daha net bir sekilde ayirt
edilebilmigtir. '

Ikinci projede ise tasarlanan robotik 3B biyogoériintiileme cihaziyla laboratuvar ortaminda iiretilen
biyolojik fantomlarin projeksiyonlar1 degisik agilardan basaniyla alinmistir. ART+TVip
yontemiyle, bu projeksiyonlar 3B goriintii seklinde geri ¢atilmis ve bu biyolojik fantomlar basarili
bir sekilde dilim dilim goriintiilenebilmistir. ‘

Iki projede de alman olumlu sonuglar gerek yinelemeli 3B goriintii geri catmada yeni yaklagimlarin
aragtirilmasi ve gelistirilmesi; gerek tasarlanan robotik 3B biyogoriintiileme cihazinin bilimsel
arastirma laboratuvarlarinda, kanserli hiicre ve doku ve bunlara kars1 gelistirilen ilag vb. tibbi ve
biyolojik c¢aligmalarda kullanilan &rneklerin 3B goriintiilenmesinin gelistirilmesi noktasinda
gelecekteki caligmalara 151k tutacag diistiniilmektedir.
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COMPRESSED SENSING BASED 3D IMAGE RECONSTRUCTION IN DIGITAL
BREAST TOMOSYNTHESIS AND MICRO-BIOIMAGING

SUMMARY

Breast cancer is the most commonly seen cancer type among women. Early diagnosis in breast
cancer is considered as the best strategy to increase the life time and to reduce the mortality rate,
treatment duration and the cost. In the last two decades, mammography has been the most efficient
and effective tool for early diagnosis of breast cancer. However, 2-dimensional (2D)
mammography increases the false-positive and false-negative rates due to the limitation of
overlapping tissues. Tomosynthesis has been introduced to reduce these limitations with its ability
to provide (3-dimensional) 3D images of breast. Recently, tomosynthesis has been actively in use
clinically with a possible replacement of mammography in the near future. In literature, there have
been numerous studies published on digital breast tomosynthesis (DBT).

DBT is a linear imaging modality which can be expressed as Y=AX in linear algebraic equation
form that is linear combination of the voxels which build up X. In Y=AX form, Y is the observed
data or projection in vector form, A is the system matrix that models ray tracing geometry in matrix
form, and X is the object that is desired to be reconstructed in vector form. The coefficients of the
linear equations must be computed before any iterative reconstruction algorithm is applied. To
implement algebraic reconstruction technique (ART) or any iterative reconsruction technique
(IRT), Siddon’s 3D ray tracing algorithm can be used to build up the matrix A.

The reconstruction methods used in DBT can be split into analytical and iterative techniques.
Filtered back projection (FBP) which is an analytical and a conventional tomographic
reconstruction technique shows inefficient results due to the lack of number of projections though
it is computationally very efficient. IRTs have been proposed in order to overcome this problem.
In addition to the IRTs, regularization terms have been proposed in order to achieve the unique
solution due to the highly under-determined problem in DBT reconstruction arose from limited
view angle imaging geometry. Total variation (TV) has been the most commonly used term among
these regularizations. Compressed sensing based application, TV3p (3-dimensional total variation),
is applied to ART (ART+TV3p) to enhance the quality of the reconstructed image.

In this Ph.D. thesis, as the first project, we proposed an effective application of majorization-
minimization (MM) based on 3D TV, called ART+TV3p+tMM (compressed sensing based
application) in iterative image reconstruction of DBT, and the effectiveness of the work has been
shown using an analytical phantom and a real DBT images obtained at 12 different doses by
Siemens MAMMOMAT.

Using a Siemens MAMMOMAT Inspiration system (Siemens AG, Healthcare Sector, Erlangen,
Germany), we acquired 25 projections of the real breast phantom, CD Pasmam 1054 phantom
(Southern Scientific Ltd, West Sussex, United Kingdom) at Hospital da Luz S.A., Lisbon, Portugal.
The equipment acquired the projections with short X-ray pulses at angles of range of 47° with 28
kVp at 12 different levels of radiation doses in mAs.



We reconstructed the images of the analytical phantom with three iterative reconstruction methods:
ART, ART+TV3p, and ART+TV3;p+tMM and compared the results both qualitatively and
quantitatively. We then reconstructed the images of the real breast phantom with MAMMOMAT’s
FBP and ART, ART+TV3p, and ART+TV3p+MM and compared the results both qualitatively and
quantitatively as well. We further aimed to investigate if compressed sensing based methods,
ART+TV3p and ART+TV3p+MM, could help decrease the radiation dose which is one of the most
critical limitations of DBT. We evaluated the performance of the methods for each experiment and
phantom using visual assessment and quantitative metrics such as signal to noise ratio (SNR),
structural similarity (SSIM), CNR (contrast to noise ratio), and 1-dimensional (1D) profiles. The
visual interpretation was done by focusing on different object of interests (OOIs) and region of
interests (ROIs).

The first project of the Ph.D. thesis were performed at both Istanbul Technical University and
Lisbon University.

3D imaging of the biological structures such as bioreactors, lab-on-a-chips (LOCs), cancer tissues,
organoids, and spheroids is desired in-many applications of biomedical field such as bioimaging.
However, in generally, 2D microscopy techniques are used in bioimaging. Confocal microscopy,
a promising method to produce 3D images, suffers from being very expensive, very difficult to
access, and not easy to use. Having the intense experience of 3D image reconstruction in DBT has
inspired us for creating a 3D robotic micro-bioimaging (MBI) tool.

For this purpose, which is the second project of this Ph.D. thesis, we developped the software
algorithms for 3D image reconstruction and created a hardware, 3D robotic MBI tool, which is
portable, cost-effective, and easy to use. We also manufactured several biological phantoms using
polydimethylsiloxane (PDMS) as a transparent media to test the 3D image reconstruction
performance of the tool.

The imaging and scanning tool for MBI had mainly three parts as modeling DBT: a complementary
metal oxide semiconductor (CMOS) detector with a lens, a light source (can be a light emitted
diode (LED)), and a holder or mini table for the biological sample. As CMOS image detector,
Logitech C160 CMOS was used. The manual imaging and scanning tool was built using PMMA
(polymethylmethacrylate) by laser cutter. It was able to manually rotated between maximum -45°
and +45° with 5° angle steps, which means it was able to acquire maximum 19 projections in an
examination. After getting promising results via manual scanning imaging tool, we designed a
robotic imaging and scanning tool (3D robotic MBI tool) controlled automatically.

The mechanical part of the 3D robotic MBI tool was built from scratch according to the
specifications that were needed for a smooth and precise image acquisition. The chassis of the
structure was built from 20mm T-slotted black anodized aluminum, which provided enough
support for the rotating axis. The T-slots were joint using aluminum corner brackets to ensure the
integrity of the chassis and to have versatility in case the structure had to be changed. The design
was based on a mix between a computer numerical control (CNC) machine and a 3D printer. The
size of the 3D robotic MBI tool was 35cmx35x30cm. It was able to manually rotated between
maximum -45° and +45° with 5° angle steps, which means it was able to acquire maximum 19
projections in an examination in a similar manner as the manual one.

The electronics part of the 3D robotic MBI tool was done by Arduino board/software and motor
controls. It comprised of one CMOS imager, one lens, one Arduino Mega 2560 R3 board, one
RAMPS 1.4 board, three motor drivers, one light source, two stepper motors, one linear motor, and
one power supply. We also designed a more advanced optical imaging setup using a combination
of optical table and tools compared to that of manual scanning tool. The microcontroller



programming of motor control was done using both a C++ code compiler and Matlab™ Graphical
User Interface.

Whereby this tool, we improved the precise of the geometry and the quality of the acquired
projections. We also reconstructed 3D images of the projections acquired via 3D robotic MBI tool
using ART+TV3p that we developed and suggested to investigate if the layers of a biological
phantom and/or a biological sample such as bioreactor fabricated by PDMS could be distinguished.
This second project of the Ph.D. thesis was performed at Harvard Medical School and Harvard-
MIT Health Science and Technology, Massachusetts Institute of Technology, MA, USA.

The ultimate goal of this research for MBI by developing advanced 3D robotic MBI tool will be to
investigate how morphology differentiation and proliferation of the tumor is attained by the cells
after putting in the hydrogel. We will study the changes that happen on a morphological level after
the interaction of the tumor tissue with drugs inside a gel as well.



