Univerza v Ljubljani

Fakulteta za elektrotehniko

Marija Marcan

Nacrtovanje zdravljenja globoko lezecih ¢vrstih tumorjev s

terapijami na osnovi elektroporacije

DOKTORSKA DISERTACIA

Mentor: prof. dr. Damijan Miklavcic

Ljubljana, 2015






University of Ljubljana

Faculty of Electrical Engineering

Marija Marcan

Pre-treatment planning for electroporation-based treatments of

deep-seated solid tumors

DOCTORAL DISSERTATION

Mentor: prof. Damijan Miklavcic, Ph. D.

(University of Ljubljana, Slovenia)

Ljubljana, 2015






Univerza v Ljubljani Tvm;gg 02'5
; o pp. 296
Fakulteta za elektrotehniko Be Luibljana; Sovenija
telefon: 01 476 84 11
Jaks: 01 426 46 30
www.fe.iuni-j.si
e-mail: dekanat@fe.uuni-lj.si

2L

]

;

|

S
-

| wges

Senat Fakultete za elektrotehniko Univerze v Ljubljani je na seji dne, 13.06.2013 odobril kandidatki:

MARIJA MARCAN

temo za doktorsko disertacijo z naslovom:
NAGRTOVANJE ZDRAVLJENJA GLOBOKO LEZEGIH GVRSTIH TUMORJEV S TERAPIJAMI NA
OSNOVI ELEKTROPORACIJE

PRE-TREATMENT PLANNING FOR ELECTROPORATION-BASED TREATMENTS OF DEEP-SEATED
SOLID TUMORS

Komisija za doktorski Studij Univerze v Ljubljani je po pooblastilu Senata Univerze v Ljubljani temo potrdila na seji dne:
03.07.2013.

Senat Fakultete za elektrotehniko Univerze v Ljubljani je kandidatki na seji dne, 11.06.2015 priznal naslednje izvirne prispevke
k znanosti:

1 Postopek razgradnje medicinskih slik za naértovanje zdravijenja globlje leZecih Cvrstih tumorjev s terapijami na osnovi
elektroporacije.

2 Studija vpliva Zilnih struktur in napak razgradnje na porazdelitev elektriénega polja v tumorju.

3  Postopek vrednotenja in popravljanja rezultatov razgradnje medicinskih slik z roénim popravljanjem obrisov.

4 Postopek za uporabo predznanj iz baze ovrednotenih rezultatov razgradenj za izbeljavo novih primerov razgraden.

Komisija za zagovor doktorske disertacije:

prof. dr. Igor Papi¢, predsednik
prof. dr. Bostjan Likar, &lan
prof. dr. Gregor Serga, €lan

prof. dr. Ratko Magjarevic, €lan

prof. dr. Damijan Miklav&i€, mentor

Dekan:

prof. dr. |gor Papic (







Univerza v Ljubljani
Fakulteta za elektrotehniko

IZJAVA

Spodaj podpisani/-a, __ Marija Mar¢an , z vpisno $tevilko 64110514 5 gyojim

podpisom izjavljam, da sem avtor/-ica zaklju¢nega dela z naslovom:

Nacrtovanje zdravljenja globoko lezecih ¢vrstih tumorjev s terapijami na osnovi elektroporacije
(Pre-treatment planning for electroporation-based treatments of deep-seated solid tumors)

S svojim podpisom potrjujem:

- da je predloZzeno zakljuéno delo rezultat mojega samostojnega raziskovalnega
dela in da so vsa dela in mnenja drugih avtorjev skladno s fakultetnimi navodili
citirana in navedena v seznamu virov, ki je sestavni del predloZzenega zakljuénega
dela,

- da je elektronska oblika zakljucnega dela identi¢na predlozeni tiskani obliki istega
dela,

- da na Univerzo v Ljubljani neodplacno, neizkljuéno, prostorsko in c¢asovno
neomejeno prenasam pravici shranitve avtorskega dela v elektronski obliki in
reproduciranja ter pravico omogocanja javnega dostopa do avtorskega dela na
svetovnem spletu preko Repozitorija Univerze v Ljubljani (RUL).

V Ljubljani, 18.6.2015. “Podpis avtorja/-ice:

R DN







PREFACE

The present PhD thesis is a result of medical image segmentation algorithm development,
phantoms research and numerical modeling carried out during the PhD study period at the
Laboratory of Biocybernetics, Faculty of Electrical Engineering, University of Ljubljana. The
results of the performed work have been published (or are in press) in the following

international journals:

Paper 1. SEGMENTATION OF HEPATIC VESSELS FROM MRI IMAGES FOR PLANNING OF
ELECTROPORATION-BASED TREATMENTS IN THE LIVER

MARCAN Marija, PAVLIHA Denis, MAROLT MUSIC Maja, FUCKAN Igor, MAGJAREVIC Ratko,
MIKLAVCIC Damijan

Radiology and Oncology 48(3): 267-281, 2014.

Paper 2: EFFECT OF BLOOD VESSEL SEGMENTATION ON THE OUTCOME OF
ELECTROPORATION-BASED TREATMENTS OF LIVER TUMORS

MARCAN Marija, KOS Bor, MIKLAVCIC Damijan

PLoS ONE: 10(5): 0125591, 2015.

Paper 3: WEB-BASED TOOL FOR VISUALIZATION OF ELECTRIC FIELD DISTRIBUTION IN DEEP-
SEATED BODY STRUCTURES AND FOR PLANNING ELECTROPORATION-BASED TREATMENTS
MARCAN Marija, PAVLIHA Denis, KOS Bor, FORJANIC Tadeja, MIKLAVCIC Damijan

Biomedical Engineering Online: in press, 2015.

Paper 4: MULTI-ATLAS SEGMENTATION OF MRI IMAGES ENHANCED WITH ATLAS
SELECTION BASED ON IMAGING PROPERTIES AND RATER VARIABILITY
MARCAN Marija, MIKLAVCIC Damijan

IEEE Transactions on Medical Imaging: submitted, 2015.

IX |






ACKNOWLEDGEMENTS

Being able to conduct this research was a true privilege, for which I am sincerely grateful to
my mentor, prof. dr. Damijan Miklavcic. Thank you for making me feel like a part of the team
from the very beginning, never doubting my capabilities and helping me navigate through all

the rough waters of the research business.

I owe another big thank you to my MSc mentor, prof. dr. Ratko Magjarevi¢, who had opened

my path to Ljubljana in the first place.

An important factor in making this experience a privilege were the members of the
Laboratory of Biocybernetics: you were my family away from home and made working with
you a fun and happy experience. I am especially thankful to: Denis - for collaboration and
expressing the need for an exchange student five years ago; Bor - for endless patience in
teaching me numerical modeling tricks; Matej - for all discussions and thesis printing; Andraz
- for being a great neighbor; Barbara - for being a true friend and keeping me sane. And to

Lea.

Parts of research in this thesis would also not have been possible without the help of
colleagues from the Institute of Oncology in Ljubljana, namely prof. dr. Gregor Sersa who
provided support in clinical matters, dr. Maja Musi¢ who contoured the vessels and dr. Robert
Hudej, who provided prostate images - thank you all. I would also like to thank dr. Uros

Mitrovi¢ for the early discussions and advice that helped me kick start my work.

Bostjan - thank you for being right (most of the time) - especially regarding the 'you can do

it' part. Your advice and support have truly carried me through the finish line.

Na kraju svega, ali nikako ne najmanje vazno: dragi moji tata, mama i seka - hvala
vam sto ste uvijek uz mene i sto nikada, nikada niste odustali, pogotovo kad je bilo

najteze. Bez vas mi ovo ne bi uspjelo.

This research has been supported by Slovenian Research Agency under a Junior Research grant.

XI |



| XII



TABLE OF CONTENTS

PREFACE ...ttt e84 8 bbb Wil
ACKNOWLEDGEMENTS ...ttt ittt ssse st sssse s s s s s sssse s b st XI
ABSTRACT ..ottt s as b ss s8££ bbb XV
RAZSIRJEN POVZETEK V SLOVENSKEM JEZIKU ......coovoeooeeoccceeeeeesessscseeeeeeesssssseessesessssssmmesseeessssnnes XV
UVOM. et bbb XV
IMMEEOME. ...ttt bbb XXII
REZUIALH IN FAZPIAVA..... ettt ss sttt nnes XXVI
ZAKIJUCKI oottt XXVIII
IZVIRNI PRISPEVKI K ZNANOSTL....ouiiieiitiieeieiieeisseeiseesssesse s sssesssse s s s ssssssssessssssssesssessssesssesssnees XXXI
INTRODUCTION ...ttt sessss st ssssssssssss st ssssssssssss st essessssssssssssssssesssssssassssssssssssassansns 1
Basic principles of €leCtrOPOratioN. ...ttt ss s snses 1
Applications of electroporation iN MEAICINE ... ssnees 1
Electrochemotherapy (ECT) ... sssesssse s sssessssesssesssnesssesssnessnesses 1
Irreversible electropOration (IRE) ...t ssssssssssssssssssssssssssssssssssssnsens 2
Parameters for effective electroporation Of tiSSUES ... 3
Treatment planning for electroporation of deep-seated tUMOTrS........cccoovorvvrenrierrersrenrinsienes 4
Web-based tool for treatment Planning ... ssssessess s 4
Segmentation of MEdICAl IMAGES.......covrrrerrereee sttt ssssnsaes 6

XII |



| TABLE OF CONTENTS

AIMS OF THE DOCTORAL THESIS ...ttt sesesisesssesssesssesssesssessssessses s sssssssesssessssesssssssnessseses 9
RESEARCH PAPERS ...ttt sssse e s e s st siens 11
PAPEE Lottt 13
PAPEE 2.ttt 31
P AP 3 ettt R ARt 49
PAPEE 4 ..o bbbt 65
DISCUSSION ..ottt s i s s s s bbb b bbb bbbt 75
Segmentation of hepatic vessels from MRIIMAGES ..o sesssssesseens 75
Influence of vessels on the outcome of electroporation-based treatments...........cccccoevevrrnnnnne. 78
Editing and validation of results of the automatic segmentation.........cccceveeneenricnrirnerecnns 82

Segmentation algorithm improvement based on database of validated segmented

TMNAGES w.oooerctrieeiseese e st ss s bbb bbb 84
CONCLUSION......otrimerirerimeesireeeissesseessissessisessasessssessssse st sssse s st bbbt b sseneces 87
ORIGINAL CONTRIBUTIONS........ccutiimerireerimeesieeessessinessssessssesssssessssessssessssesssssessssesssssesssnessssesssnesssnesseneees 89
REFERENCES ..ottt esse i sssse s sssse s s s s s bt bbbt et 91

| XIV



ABSTRACT

Electroporation is a name for a phenomenon which occurs when a living cell is exposed to a
sufficiently high electric field. In such a case changes occur in the cell membrane which
increase its permeability. When the electric field is within well-established values, the process
of electroporation is reversible and the cell membrane returns to its normal state after a
period of time. The process of reversible electroporation enables molecules which normally
lack membrane transport mechanisms to enter the cell. Such are some chemotherapeutic
drugs for which membrane has low cellular permeability, but which have an intracellular
target. Application of electroporation in combination with such chemotherapeutic drugs is
successfully used to treat tumors. This tumor treating procedure has been named
electrochemotherapy. Another electroporation-based treatment that is applicable in treating
solid tumors relies on the process of irreversible electroporation. This procedure has been
named Irreversible Electroporation and is used to destroy tumor tissue without the use of

drug.

The prerequisite for a successful electroporation-based treatment is that the whole tumor is
covered with a sufficiently high electric field. The electric field distribution depends on the
position of electrodes relative to the tumor and the voltage applied per electrode pair. To
ensure a complete coverage of a deep-seated solid tumor with sufficiently high electric field
it is necessary to generate a numerical model of the electric field distribution prior to the

electroporation-based procedure.

The numerical modeling procedure for electroporation-based treatment planning takes into
account patient geometry obtained from medical images. The task of segmentation of
medical images remains an open research topic which continues to yield new and improved

methods. When applying medical image segmentation methods one must first define the
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| ABSTRACT

purpose of segmentation. The choice of segmentation procedure and possible parameter
optimization is performed with respect to the type of tissue to be extracted and imaging

modality.

This doctoral thesis presents an image segmentation framework which is intended to be used
in pre-treatment planning for electroporation-based treatments of deep-seated solid tumors.
The main goal of the framework is to minimize user interaction while maintaining the
necessary level of robustness and accuracy in order to produce reliable treatment plans. In
order to achieve this framework is designed in a form of a cycle which consists of three
phases. In the first, segmentation phase, algorithms for automatic segmentation are run in
order to give an initial segmentation of structures of interest. Namely, a new algorithm for
automatic segmentation of hepatic vessels from MRI images was developed. The accuracy of
the developed algorithm was assessed with respect to recent advances in medical image
segmentation validation and having in mind the purpose of the segmentation. A part of the
validation process included a sensitivity study to assess the impact of segmentation accuracy
on treatment outcome and define the level of accuracy needed to ensure reliable pre-

treatment planning for electroporation-based treatments.

In the second, validation phase, the users are provided with a web-based tool which enables
them to validate the segmentation result of the first phase and perform corrections if
necessary. The validation tool was designed so that it minimizes user interaction. Enabling the
users to review, correct and validate the segmentation is a necessary step to ensure a correct
segmentation while keeping the method robust regarding different image sources. The data
gathered from segmentations which were validated by users provides a useful database of
segmented cases. Such database can be further exploited to iteratively improve

segmentation algorithms.

In the third, evolution phase, the validated segmentations from the second phase are used in
order to improve the results of automatic segmentation algorithms from the first phase. The
main idea of this phase is to explore how can existing images’ meta-information such as
imaging machine, protocol, coil type etc. along with information about rater variability be
utilized in order to improve the results of automatic segmentation. This idea was

implemented and tested in existing multi-atlas segmentation methods of prostate from MRL
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RAZSIRJEN POVZETEK V SLOVENSKEM JEZIKU

UvobD

OSNOVNA NACELA ELEKTROPORACIJE

Izpostavitev bioloske celice dovolj visokemu elektricnemu polju povzro¢i povecano
prepustnost celicne membrane. To povecanje prepustnosti membrane omogoca prenos
molekul, ki slabo ali pa sploh ne prehajajo skozi celicho membrano. Opisani ucinek
elektricnega polja na celico imenujemo elektroporacija (Neumann et al. 1982; Kotnik et al.
2012). Elektroporacija se deli na reverzibilno in ireverzibilno. Reverzibilnost/ireverzibilnost
elektroporacije je v korelaciji z amplitudo pulzov, njihovim trajanjem ter Stevilom. V primeru
reverzibilne elektroporacije se celicha membrana po dolo¢enem casu vrne nazaj v normalno
stanje. V primeru ireverzibilne elektroporacije pa prihaja do celicne smrti zaradi trajne
porusitve strukture celicne membrane ali zaradi izgube znotrajcelicnih komponent (Davalos

et al. 2005; Sano et al. 2010).

UPORABA ELEKTROPORACIE V MEDICINI

V klini¢ni praksi se elektroporacija danes uporablja kot del vec razlicnih metod zdravljenja
raka. Najpomembnejse izmed teh metod so elektrokemoterapija (Marty et al. 2006; Miklavcic
et al. 2012), elektrogenska terapija (Heller & Heller 2010), cepljenje z DNA (Zhang et al. 2004)
in atermic¢na ablacija z ireverzibilno elektroporacijo (IRE) (Rubinsky et al. 2007; Garcia et al.
2011). Od teh se le elektrokemoterapija in IRE uporabljata za zdravljenje globlje lezecih
cvrstih tumorjev (Edhemovic et al. 2014; Scheffer et al. 2014).
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| RAZSIRJEN POVZETEK V SLOVENSKEM JEZIKU

ELEKTROKEMOTERAPLA

Elektrokemoterapija je metoda, ki zdruzuje klasicno kemoterapijo z reverzibilno
elektroporacijo (Mir et al. 1991). Prednost elektrokemoterapije v primerjavi s klasicno
kemoterapijo je povecanje citotoksicnosti kemoterapevtikov, kot sta bleomicin in cisplatin, do

katere pride zaradi povecane prepustnosti celicne membrane po elektroporaciji (Sersa et al.

1995; Mir et al. 2006).

Pri elektrokemoterapiji se pacientu najprej injicira citostatik, bodisi intravenozno ali
neposredno v tumor. Potem se na obmocje tumorja preko elektrod dovedejo ustrezni
elektricni pulzi z generatorjem pulzov posebej zasnovanim za ta namen (Rebersek et al.
2014). V primeru koznih in podkoznih tumorjev se uporabljajo elektrode s fiksno geometrijo.
Obicajno gre za ploscate ali za polje majhnih igelnih elektrod, odvisno od vrste tumorja
(Miklavcic et al. 2006). Ceprav obstajajo primeri, ko se igelne elektrode s fiksno geometrijo
lahko uporabijo tudi za elektrokemoterapijo globlje lezecih tumorjev, je polozaj in velikost
globokih tumorjev obicajno taksen, da zahteva uporabo ve¢ posameznih, dolgih igelnih
elektrod. V primeru uporabe dolgih igelnih elektrod polozaj elektrod variira glede na

posameznega bolnika in geometrijo tumorja.

IREVERZIBILNA ELEKTROPORACIJA (IRE)

Povzrocitev celicne smrti z ireverzibilno elektroporacijo se danes uporablja kot metoda
atermicne ablacije tkiva (Rubinsky et al. 2007; Jiang et al. 2015). Posebnost ireverzibilne
elektroporacije lezi v tem, da ne povzroci bistvenega toplotnega ucinka (Davalos et al. 2005),
za razliko od nekaterih drugih oblik lokalne ablacije, kot sta recimo radiofrekvencna ablacija
ter krioablacija. Prav tako je dokazano, da ireverzibilna elektroporacija po terapiji ohranja
zunajcelicni matriks, glavne zile in druge obcutljive strukture (Al-Sakere et al. 2007).
Postopek izvajanja IRE terapije je zelo podoben elektrokemoterapiji, razen tega, da se pri IRE
ne uporabljajo citostatiki. Ker se IRE obicajno izvaja v globoko lezecih tumorjih in notranjih
organih, se za dovajanje elektri¢nih pulzov uporabljajo dolge, posamicne igelne elektrode.
Tako kot pri elektrokemoterapiji se polozaj elektrod spreminja glede na posameznega

bolnika in geometrijo tumorja.

| XVIII



RAZSIRJEN POVZETEK V SLOVENSKEM JEZIKU |

PARAMETRI ZA UCINKOVITO ELEKTROPORACIO TKIV

Kljucni pogoj, ki mora biti izpolnjen, da bi prislo do elektroporacije, je vzpostavitev dovolj
mocnega elektricnega polja (Miklavcic et al. 1998; Miklavcic et al. 2006). V praksi se potrebna
jakost elektricnega polja definira glede na dva praga: prag reverzibilne elektroporacije in prag
ireverzibilne elektroporacije. Za doseg reverzibilne elektroporacije mora biti elektricno polje
nad pragom reverzibilne elektroporacije, vendar manjSe od praga ireverzibilne
elektroporacije. V primeru ireverzibilne elektroporacije zadosca, da je jakost elektricnega polja

nad pragom ireverzibilne elektroporacije (Kotnik et al. 2012).

Uspeh elektroporacije je na splosno odvisen od ve¢ dejavnikov. Glavni dejavniki so parametri
dovedenih elektricnih pulzov: njihovo Stevilo, amplituda, trajanje in ponavljalna frekvenca
(Pucihar et al. 2011). Ko gre za elektroporacijo tkiv, in sicer za elektrokemoterapijo in IRE, so ti
parametri danes dokaj standardizirani. Drugi dejavnik, ki je zelo pomemben pri elektroporaciji
tkiva, je porazdelitev elektricnega polja, ki pa je odvisna od elektri¢nih lastnosti tkiva, razdalje
med elektrodami in parametrov elektricnih pulzov, predvsem njihove amplitude in Stevila
(Miklavcic et al. 1998; Garcia et al. 2014). Prav tako so ugotovili, da se elektricne lastnosti
tkiva, in sicer predvsem elektricna prevodnost, zaradi elektroporacije poveca. Ta sprememba
nato posledi¢no vpliva na porazdelitev elektrinega polja (Sel et al. 2005; Pavselj et al. 2005;

Cukjati et al. 2007; Ivorra & Rubinsky 2007; Neal et al. 2012).

Ce vzamemo v postev vse zgoraj navedene dejavnike, postane zagotavljanje nujnih pogojev
za uspesno zdravljenje globlje lezecih tumorjev s terapijami, ki temeljijo na elektroporaciji,
tezavno. Optimalne parametre zdravljenja za vsakega posameznega bolnika, glede na
spremenljivo geometrijo tumorja in bliznjih kriticnih struktur, ni mozno dolociti s pomocjo
standardnih postopkov in navodil. ReSitev tega problema je na voljo le v obliki bolniku

prilagojenega nacrtovanja zdravljenja.

NACRTOVANJE ZDRAVLJENJA ZA ELEKTROPORACIJO GLOBLJE LEZECIH TUMORJEV
Nacrtovanje zdravljenje je Ze uveljavljeno kot pomemben proces v vec razlicnih metodah
zdravljenja raka, kot so radioterapija (Lecchi et al. 2008), krioterapija (Butz et al. 2000),

lasersko inducirana intersticijska termoterapija (Schwarzmaier et al. 1998), radiofrekvencna
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ablacija (Chen et al. 2009) in ostale. Pri teh nacrtovanje zdravljenje ne omogoca le rutinske
izvedbe zdravljenja, ampak je kljucno tudi za uspeSnost terapije. Skupna znacilnost
nacrtovanja zdravljenja pri vseh zgoraj omenjenih metodah je, da se zanasajo na geometrijski
model bolnika pridobljen iz medicinskih slik, na podlagi katerega se s postopki optimizacije

izraCunajo optimalni parametri za izvedbo zdravljenja.

Prvi koraki v smeri uporabe podobnih nacel za nacrtovanje terapij, ki temeljijo na
elektroporaciji, so bili narejeni z razvojem numeri¢nih modelov elektroporacije (Pavselj et al.
2005) in spremembe prevodnosti tkiva po elektroporaciji (Sel et al. 2005). Navedeni modeli so
temeljili na preprostih geometrijskih oblikah in so upostevali le znacilnosti tar¢nega tkiva.
Kasneje so bili v modele vkljuceni tudi algoritmi za optimizacijo, ki racunajo napetost, ki jo je
potrebno dovesti na razlicne pare elektrod, da bi dosegli popolno pokritost tumorja z dovolj
visokim elektriénim poljem (Zupani¢ et al. 2008; Corovic et al. 2008). Nazadnje so bile
modelom dodane Se 3D geometrije drugih tkiv in struktur, ki obkrozajo tumor, pri ¢emer je
bil postopek optimizacije parametrov prilagojen tako, da poskusa zmanjsati delez ne-
tumorskih tkiv, pri katerih bi lahko priélo do ireverzibilne elektroporacije (Zupani¢ & Miklav¢i¢
2010; Kos et al. 2010b; Miklavcic et al. 2010). Za namen vkljuc¢evanja natanc¢ne 3D geometrije
bolnika v model je bilo potrebno uporabiti postopke razgradnje medicinskih slik (Pavliha et

al. 2012).

SPLETNO ORODJE ZA NACRTOVANJE ZDRAVLJENJA

Nacrtovanje zdravljenja globlje lezecih tumorjev s terapijami, ki temeljijo na elektroporaciji,
kot je danes v uporabi, je proces v katerem imajo tako razgradnja medicinskih slik kot
numericno modeliranje enako pomembno vlogo (Zupanic et al. 2012). Ta enoten postopek
nacrtovanja zdravljenja je bil prvi¢ uporabljen v klini¢ni Studiji elektrokemoterapije jetrnih
metastaz raka debelega Crevesa (Edhemovic et al. 2011; Edhemovic et al. 2014). Z namenom
podpore tej Studiji so bili razviti ter tudi ovrednoteni posebni algoritmi za avtomatsko
razgradnjo medicinskih slik jeter (Pavliha, Musi¢, et al. 2013). Ceprav je bila uporaba
nacrtovanja zdravljenja v omenjeni klinicni Studiji uspesna (Edhemovic et al. 2014), je kljub
vsemu potrebno opraviti Se nekaj klju¢nih korakov, preden se nacrtovanje zdravljenja za

terapije, ki temeljijo na elektroporaciji, lahko zacne redno uporabljati tudi v kliniki. Glavni
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RAZSIRJEN POVZETEK V SLOVENSKEM JEZIKU |

izziv, ki ga je potrebno premagati, je zajetje celotnega inzenirskega znanja v metode, ki se
lahko izvajajo z minimalno interakcijo uporabnika, hkrati pa zagotavljajo potrebno raven

natancnosti in robustnosti.

Ena izmed resitev prilagajanja postopka nacrtovanja zdravljenja v smeri vsakdanje rabe je
spletno orodje za nacrtovanje zdravljenja (Pavliha, Kos, et al. 2013). TakSno orodje je
sestavljeno iz dveh glavnih delov: streznika in vmesnika. Na strani streznika orodje vsebuje
podatkovno bazo in izvaja vse potrebne algoritme. Preko graficnega uporabniskega vmesnika
uporabnik lahko nalaga slike pacientov, izbira proces nacrtovanja zdravljenja glede na organ

in prejme rezultate nacrtovanja.

Poleg modulov za avtomatsko razgradnjo medicinskih slik in numericno modeliranje
porazdelitve elektricnega polja, orodje vsebuje Se nekaj dodatnih modulov. Eden izmed
modulov je namenjen vrednotenju in popravljanju rezultatov avtomatske razgradnje
medicinskih slik. V primeru organov ali struktur, kjer avtomatska razgradnja iz medicinskih slik
ni mozna, ali Se ni podprta, je uporabniku omogoceno rocno vrisovanje kontur. Ne nazadnje,
za proces nacrtovanja zdravljenja orodje potrebuje tudi vkljucitev elektrod v 3D model. Zaradi
raznolikosti komercialno razpoloZljivih elektrod in razlicnih moznih vstopnih poti elektrod se

orodje za dolocitev teh parametrov zanasa na uporabnika.

RAZGRADNJA MEDICINSKIH SLIK

Razgradnja medicinskih slik je postopek razdelitve slike na objekte, oziroma organe in
anatomske strukture, bodisi rocno ali pa z uporabo racunalniskega algoritma. V Sirsem smislu
in Se posebej v primeru racunalnisko podprte razgradnje so se postopki razsirili v taksni meri,
da termin 'razgradnja’ vkljuCuje Se razlicne metode pred-obdelave in lokalizacije tar¢nega

objekta (Wong 2005; Withey & Koles 2008).

Z vidika uporabnosti je razgradnja medicinskih slik nedvomno kljucni del stevilnih rutinskih
klinicnih metod. Te metode ne vkljucujejo le diagnostike, temvec tudi bolj kompleksne
dejavnosti, kot sta intraoperativna navigacija ter nacrtovanje zdravljenja. V klini¢ni praksi, za
zlati standard pri razgradnji medicinskih slik danes Se zmeraj velja radiolosko mnenje in ro¢no

vrisovanje, vendar je tak nacin razgradnje izjemno dolgotrajen in naporen. Poleg tega, da je s
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tem otezeno rutinsko izvajanje celotnega klinicnega postopka, prihaja pri rocni razgradnji
medicinskih slik tudi do tezav zaradi variabilnosti med razlicnimi ocenjevalci in tudi na nivoju
posameznega ocenjevalca (Warfield et al. 2004). Algoritmi za avtomatsko razgradnjo
medicinskih slik lahko odpravijo tezave povezane z variabilnostjo in trajanjem postopka

razgradnje (Klein et al. 2008).

Ceprav se na podrogju obdelave medicinskih slik danes pojavljajo novi, boljéi algoritmi za
avtomatsko razgradnjo hitreje kot kdaj koli prej, je tveganje neposredne uporabe rezultatov
avtomatske razgradnje v kliniki Se zmeraj visoko. Zaradi tega bi bilo koristno, morda celo
obvezno, zagotoviti dodatni mehanizem vrednotenja in morebitnega popravljanja rezultatov
avtomatske razgradnje s strani strokovnjakov (kirurgov in radiologov) (Warfield et al. 2004;
Saad et al. 2010; Deeley et al. 2013). Ce se takéen mehanizem vrednotenja zdruZi v enotno
reSitev skupaj z algoritmom za avtomatsko razgradnjo, omogoca ta zdruzitev izgradnjo baze
podatkov, ki bi vsebovala razgrajene primere, ki bi bili hkrati potrjeni s strani strokovnjakov.
Navedena baza podatkov bi se potem lahko uporabila za izboljSevanje samega algoritma za
avtomatsko razgradnjo. Eden izmed primerov opisane enotne resitve je tudi spletno orodje za

nacrtovanje zdravljenja s terapijami, ki temeljijo na elektroporaciji.

METODE

POSTOPEK RAZGRADNJE MEDICINSKIH SLIK ZA NACRTOVANJE ZDRAVLJENJA
GLOBLJE LEZECIH CVRSTIH TUMORJEV S TERAPIJAMI NA OSNOVI ELEKTROPORACIJE

Metoda, ki sem jo razvila z namenom razgradnje jetrnih Zil iz slik zajetih z magnetno
resonanco (MRI), temelji na postopkih ojacevanja cevastih struktur in lokalnega upragovljanja.
Pred osnovno metodo razgradnje najprej izvedemo zelo pomemben korak predprocesiranja,
v katerem s pomogjo filtriranja odpravimo prostorsko nehomogenost sivinskih vrednosti, do
katerih prihaja zaradi nehomogenosti magnetnega polja same MRI naprave (Vovk et al.
2007). Tako pripravljeno sliko maskiramo s predhodno pridobljenim rezultatom razgradnje
jeter, nato pa uporabimo 3D filter, ki ojaca cevaste strukture na vedjih nivojih locljivosti. Sam
filter je zasnovan na analizi medsebojnih odnosov lastnih vrednosti matrike drugih odvodov
slike (Frangi et al. 1998). Rezultat ojacevanja cevastih struktur je slika, kjer vec¢ja vrednost
intenzitete dolocenega piksla pomeni, da je vedja moznost, da ta piksel pripada cevasti

strukturi. Z upragovljanjem rezultata ojaCevanja cevastih struktur in analizo povezanih
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objektov potem doloc¢imo lokacije Zilnih segmentov. Koncne robove zil dolo¢imo z lokalnim
upragovljanjem izvirne slike na podrocjih okoli predhodno dolocenih lokacij Zilnih
segmentov, pri ¢emer vrednost praga izraCunamo za vsako podrocje posebej z metodo, ki
temelji na minimizaciji variance (Otsu 1979). Koncni koraki razgradnje so namenjeni
izpopolnjevanju rezultatov in vkljucujejo postopek rasti regij ter morfolosko odpiranje za
odpravo majhnih, nepovezanih komponent. Rezultati posameznih korakov razgradnje so

prikazani v Sliki 1.

Slika 1. Rezultati posameznih korakov razgradnje jetrnih Zil iz MRI slik. A. Izvirna MRI slika. B. Po
odpravljeni prostorski nehomogenosti sivinskih vrednosti. C. Rezultati ojacevanja cevastih
struktur. D. Po upragovljanju rezultatov ojaCevanja cevastih struktur. E. Rezultati lokalnega
upragovljanja. F. Kon¢ni 3D rezultat razgradnje.

Vrednotenje razvite metode razgradnje je bilo opravljeno na podlagi fantomov in slik realnih
pacientov. Fantomi so bili narejeni iz plasticnih kozarcev napolnjenih z agarjem, v katere so
bile v dveh razlicnih polozajih vstavljene steklene cevke razlicnih velikosti (premer 4 mm, 6
mm in 8 mm) napolnjene s fiziolosko raztopino (0,9% NaCl). V tem modelu je agar
predstavljal jetra, medtem ko so cevke predstavljale zZile. Vsi fantomi so bili slikani v MRI

napravi istocasno. Primer fantoma z razlicnim polozajem cevke je prikazan na Sliki 2.
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Slika 2. Fantom za vrednotenje metode razgradnje jetrnih zil iz MRI slik. A. Steklena cevka v
navpi¢nem polozaju. B. Steklena cevka v nagnjenem polozaju.

Vrednotenje na realnih primerih je bilo narejeno na slikah Sestih pacientov, ki so bili pred tem
zdravljeni z elektrokemoterapijo kot del klinicne Studije zdravljenja jetrnih metastaz raka
debelega crevesa (Edhemovic et al. 2014). Zlati standard so v navedenih slikah predstavljale

konture, ki jih je ro¢no vrisala radiologinja.

STUDUA VPLIVA ZILNIH STRUKTUR IN NAPAK RAZGRADNJE NA PORAZDELITEV
ELEKTRICNEGA POLJA V TUMORJU

Za namene dolocanja vpliva blizine Zilnih struktur na porazdelitev elektricnega polja v
tumorju sem izvedla numeri¢no analizo na osnovi preprostega modela tumorja in Zil, razlicnih
velikosti in relativnih poloZajev glede na tumor, ki je bil sestavljen iz krogle in valja. V modelu
sem spreminjala velikosti krogle (tumorja) in valja (Zile) ter tudi razdaljo med tumorjem in zilo
ter polozaj valja v odnosu na elektrode (navpi¢no ali paralelno). Za vse mozne kombinacije
sem izracunala optimalne vrednosti parametrov za uspesno pokritje celotnega tumorja z
dovolj mocnim elektricnim poljem v primeru, ko model ne vkljucuje Zile. Potem sem tako
dobljene parametre uporabila na modelu, ki Zilo vkljucuje, in dolocevala spremembe v
porazdelitvi elektricnega polja. Graficni prikaz modela z razlicnim polozajem zil v odnosu na

elektrode je prikazan na Sliki 3.
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Slika 3. Teoreti¢ni model Zile v blizini tumorja. A. Razli¢ica z Zilo, ki je poloZzena navpi¢no v
odnosu na elektrode. B. Razli¢ica z Zilo paralelno z elektrodami.

Za namene dolocanja vpliva napak avtomatske razgradnje jetrnih Zil na porazdelitev
elektricnega polja med zdravljenjem jetrnih tumorjev s terapijami, ki temeljijo na
elektroporaciji, sem opravila analizo dveh modelov pridobljenih iz medicinskih slik resnicnih
bolnikov. V navedene modele sem uvedla razlicice napak metode za avtomatsko razgradnjo

Zil ter opazovala vpliv na porazdelitev elektricnega polja.

POSTOPEK VREDNOTENJA IN POPRAVLJANJA REZULTATOV RAZGRADNIJE
MEDICINSKIH SLIK Z ROCNIM POPRAVLIANJEM OBRISOV

Rezultati avtomatske razgradnje medicinskih slik so znotraj spletnega orodja za nacrtovanje
terapij, ki temeljijo na elektroporaciji, prikazani kot 2D obrisi, ki so izrisani na originalnih
rezinah. Za potrebe vrednotenja in popravljanja teh rezultatov sem ustvarila metodo, ki
uporabniku omogoca preprosto spreminjanje prikazane konture. Sam obris je za ta namen
poenostavljen in prikazan na zaslonu kot mnozica povezanih tock, katerim lahko uporabnik z
uporabo racunalnidke miske spreminja polozaj. Stevilo to¢k je na zacetku nastavljeno na 20%
prvotnega Stevila tock obrisa. Zmanjsanje Stevila tock obrisa temelji na meri vpliva doloCene
tocke, ki se izracuna na podlagi kota in dolzine med sosednjimi robovi obrisa (Latecki &
Lakdmper 1999). Dodatno pa lahko tudi sam uporabnik spreminja 'gostoto' obrisa, ki je

izrazena kot odstotek zacCetnega Stevila tock, in sicer lahko to naredi na ravni vsake
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posamezne rezine. V primeru, da se uporabnik odloci spremeniti gostoto obrisa potem ko je
nekaterim tockam Ze spremenil lokacijo, se spremenjeni del obrisa rekonstruira s pomocjo
prileganja kubicne interpolacijske krivulje. Na ta nacin rekonstruirani odsek postane del

celotnega obrisa, na podlagi katerega se lahko znova naredi redcenje tock.

POSTOPEK ZA UPORABO PREDZNANJ 1Z BAZE OVREDNOTENIH REZULTATOV
RAZGRADENJ ZA IZBOLJSAVO NOVIH PRIMEROV RAZGRADEN)

Ker v primeru algoritma za razgradnjo jetrnih zil iz MRI slik, ki sem ga razvila v prvem delu
svojega doktorata, ni bilo nobenih parametrov, ki bi jih lahko optimizirali na podlagi baze
ovrednotenih rezultatov, sem dodatno implementirala Se algoritem za razgradnjo prostate,
prav tako iz MRI slik. Implementirani algoritem temelji na poravnavi ze obstojecih razgrajenih
slik z neznano sliko in zlitju poravnanih oznak v enotno razgradnjo (Litjens et al. 2012). Pri
opisani metodi ima velik vpliv na koncni rezultat in cas izvajanja razgradnje izbira
podmnozice ze razgrajenih primerov, ki bodo uporabljeni za razgradnjo neznanega primera.
V svojem delu sem predlagala nov nacin izbire navedene podmnozice, ki temelji na
parametrih zajetih slik, ki so zapisani v DICOM datoteki MRI slike, ter na osnovi variabilnosti
ocenjevalca, ki je ovrednotil Ze razgrajeni primer. Predlagano metodo sem preizkusala tudi na

javno dostopni bazi razgrajenih prostat iz stirih razlicnih institucij (Litjens et al. 2014).

REZULTATI IN RAZPRAVA

Rezultati dela opravljenega v sklopu tega doktorata kaZejo, da so razviti postopki avtomatske
razgradnje medicinskih slik v kombinaciji z uporabniku prijaznim nacinom vrednotenja in

popravljanja dovolj natancni in robustni, da se lahko uporabljajo tudi v kliniki.

Na osnovi vrednotenja avtomatske metode za razgradnjo jetrnih Zil iz MRI slik na podlagi
fantomov in realnih primerov sem ocenila, da lahko metoda v povprecju povzroci napako v

velikosti 0,89 mm, medtem ko je ta napaka v najslabsem primeru lahko 4,04 mm.

V kontekstu zdravljenja globlje lezecih tumorjev, kot so jetrni tumorji, s terapijami, ki temeljijo
na elektroporaciji, dobi ta ocenjena vrednost napake smisel le, Ce se opazuje njen vpliv na
morebitne napake pri samem nacrtovanju zdravljenja. Ker vpliv zil na porazdelitev
elektricnega polja v podroc¢ju tumorja Se nikoli ni bil dolocen, sem najprej na podlagi

enostavnega teoreticnega modela ocenila kako velike zile in pri kaksni razdalji od tumorja
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lahko negativno vplivajo na rezultat zdravljenja z elektroporacijo. Rezultati teh modelov
kaZzejo, da imajo lahko negativen vpliv na pokritost tumorja z dovolj mocnim elektricnim
poljem ze Zile s premerom 3 mm in ve¢, ki so od tumorja oddaljene manj kot 5 mm. Ceprav je
morebiten negativen vpliv odvisen Se od Stevila elektrod in poloZaja zile glede na elektrode,
je potrebno zile premera 3 mm in vec kljub vsemu upostevati Ze v modelih za nacrtovanje
zdravljenja z elektroporacijo. Glede vrednotenja vpliva napake metode za avtomatsko
razgradnjo jetrnih Zil rezultati kazejo, da je metoda dovolj robustna, da ne povzroca
negativnega vpliva na pokritost tumorja z elektri¢cnim poljem, vendarle samo, ¢e konfiguracija

elektrod pri izvajanju terapije vkljucuje tudi elektrodo, ki je vstavljena v sredino tumorja.
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Slika 4. Modul za vrednotenje in popravljanje rezultatov avtomatske razgradnje medicinskih slik.

Tudi v primeru, da algoritem za avtomatsko razgradnjo jetrnih Zil povzroci napako, ki je vecja
od ocenjene povprecene napake, ima uporabnik se zmeraj moznost tako napako popraviti
znotraj spletnega orodja za nacrtovanje. Modul, ki omogoca vrednotenje in popravljanje
rezultatov segmentacije je prikazan na Sliki 4. Navedeni modul, skupaj s celotnim orodjem za

nacrtovanje, je ze bil ocenjen s strani treh klinikov in dveh strokovnjakov s podrodja
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nacrtovanja zdravljenja iz Stirih razlicnih institucij. Tako mnenja uporabnikov kot merjenje
Casa, ki so ga porabili za vrednotenje rezultatov razgradnje s predlaganim orodjem, kazejo,
da je metoda popravljanja dovolj prilagodljiva in hkrati enostavna za uporabo s strani

klinikov.

Obetavne rezultate smo bili dobili tudi pri vrednotenju predlaganega postopka izbire najbolj
primernih predhodno razgrajenih slik za razgradnjo novih. Ce se predlagani postopek
uporabi v algoritmu za avtomatsko razgradnjo prostate, je konéna povprecna vrednost mere
podobnosti (ie »Dice koeficient«) za 2% vedja, kot Ce bi uporabili vse dostopne predhodno
razgrajene primere. Poleg tega je Cas same razgradnje zmanjsan za vsaj 50%. V primerjavi z
Ze obstojecimi postopki izbire obstojecih primerov je koncni rezultat pridobljen s predlagano
metodo le nekoliko boljsi (0.5%), vendar je statisticno znacilno boljsi. Dejstvo pa je, da je
vrednotenje izvedeno na podlagi le petdesetih primerov, medtem ko je predlagana metoda

namenjena vecjim bazam Ze obstojecih primerov.

ZAKLJUCKI

Glavni namen predstavljene disertacije je bil raziskati zmoZnost uporabe postopkov za
avtomatsko razgradnjo medicinskih slik v postopku nacrtovanja zdravljenja globlje lezecih
¢vrstih tumorjev s terapijami, ki temeljijo na elektroporaciji. Ker je osnovna hipoteza bila, da
noben avtomatski algoritem za razgradnjo ne more biti dovolj zanesljiv, da bi lahko
popolnoma odpravil potrebo po cloveskem mnenju, so avtomatske metode razgradnje
dopolnjene Se z ergonomsko metodo za enostavno vrednotenje in popravljanje morebitnih

napak pri razgradnji.

Vkljucitev razvitih metod razgradnje in vrednotenja v enotno orodje, kot je spletno orodje za
nacrtovanje terapij, ki temeljijo na elektroporaciji, ima za posledico kopicenje strokovno
ovrednotenih primerov. Taksno bazo primerov je mozno uporabiti za izboljSavo razgradnje

novih primerov, kar je tudi uspesno implementirano in ovrednoteno v tej disertaciji.

Ne nazadnje je uporaba postopkov za avtomatsko razgradnjo medicinskih slik v kombinaciji z
mehanizmom vrednotenja in popravljanja, ki zagotavlja pravilnost geometrijskega modela
pacienta, zelo pomemben pogoj za avtomatizacijo celotnega postopka nacrtovanja

zdravljenja. Nujnost uporabe specificnega inzenirskega znanja o elektroporaciji in predvsem
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porazdelitvi elektricnega polja je, kljub obetavnim rezultatom, eden izmed glavnih razlogov,
zakaj je Sirjenje zdravljenja globlje leZzecih tumorjev z elektroporacijo v klinicno rabo danes
pocasen proces. S koncno avtomatiziranim celotnim procesom nadrtovanja zdravljenja
upamo, da bo zdravljenje, ki temelji na elektroporaciji, postalo dostopno tudi kot standardna

terapija bolnikom z globlje lezecimi tumorji in ne bo ostalo le del znanstvenih raziskav.
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IZVIRNI PRISPEVKI K ZNANOSTI

POSTOPEK RAZGRADNJE MEDICINSKIH SLIK ZA NACRTOVANJE ZDRAVLJENJA
GLOBLJE LEZECIH CVRSTIH TUMORJEV S TERAPIJAMI NA OSNOVI ELEKTROPORACLJE

Algoritem za razgradnjo kriticnih struktur (cevastih struktur, kot so na primer velike zile v
jetrih) zagotavlja natancen, bolniku prilagojen geometrijski model za numeri¢cno modeliranje
postopkov zdravljenja, ki temeljijo na elektroporaciji, in posledi¢no pripravi bolniku prilagojen
nacrt zdravljenja. Nacrti zdravljenja, ki so prilagojeni bolniku, so nujni predpogoj zdravljenja
globlje-leze¢ih cCvrstin tumorjev s terapijami, ki temeljijo na elektroporaciji. Algoritmi
razgradnje z minimalno zahtevano interakcijo uporabnika bistveno zmanjsujejo cas, ki je
potreben za izdelavo posameznega nacrta zdravljenja z elektroporacijo. Poenostavitev
procesa nacrtovanja zdravljenja z vidika klinikov hkrati ustvarja spodbudnejSe okolje za
uporabo terapij, ki temeljijo na elektroporaciji, za zdravljenje globlje lezecih ¢vrstih tumorjev v
novih podrocjih ¢loveskega telesa. V svojem delu sem razvila nov algoritem za avtomatsko
razgradnjo jetrnih zil iz magnetnoresonacnih (MRI) slik. Delovanje razvitega algoritma sem

ovrednotila na podlagi primerov, ki jih je ro¢no razgradila radiologinja.

STUDUA VPLIVA ZILNIH STRUKTUR IN NAPAK RAZGRADNJE NA PORAZDELITEV
ELEKTRICNEGA POLJA V TUMORJU

IzloCanje geometrijskega modela anatomije bolnika neizogibno proizvaja tudi napake. Da bi
zagotovili robustnost nacrtovanja zdravljenja, je potrebno oceniti potencialni vpliv taksnih
napak na porazdelitev elektricnega polja. V drugem delu svojega doktorata sem se zato
osredotocila na dolocanje vpliva napak avtomatske razgradnje jetrnih zil na porazdelitev
elektricnega polja med zdravljenjem jetrnih tumorjev s terapijami, ki temeljijo na

elektroporaciji. Najprej sem izvedla numeri¢no analizo na osnovi preprostega modela tumorja
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in Zil razli¢nih velikosti in relativnih polozajev, ki je bil sestavljen iz krogle in valja. Potem sem
opravila analizo dveh modelov, ki so bili pridobljeni iz medicinskih slik resni¢nih bolnikov, v

katere sem uvedla razliCice napak metode za avtomatsko razgradnjo zil.

POSTOPEK VREDNOTENJA IN POPRAVLJANJA REZULTATOV RAZGRADNIJE
MEDICINSKIH SLIK Z ROCNIM POPRAVLJANJEM OBRISOV

Desetletja razvoja na podrodju razgradnje medicinskih slik so pokazala, da Se vedno ni
mogoce v celoti odpraviti ¢loveskega faktorja iz postopka razgradnje. Glede na visoko
stopnjo zahtev za robustnost metod za razgradnjo medicinskih slik, kot so zastavljene za
postopke nacrtovanja terapij, je ocitno, da je ¢lovesko mnenje nujno za zagotovitev veljavnih
3D modelov. Clovesko mnenje se lahko uporabi po zaetnem postopku razgradnje kot
doloc¢ena oblika mehanizma potrjevanja z namenom zagotavljanja potrebne ravni
zanesljivosti. Da bi olajsala ta postopek potrjevanja, sem razvila metodo, ki zahteva interakcijo
uporabnika, pri kateri se Cas in napor potreben za opravljanje vrednotenja bistveno zmanjsa.
TakSen mehanizem potrjevanja razgradnje ne le pomaga zagotoviti veljavnost nacrtov
zdravljenja, ampak ponuja tudi dragocene povratne informacije o uspesnosti algoritma za

razgradnjo.

POSTOPEK ZA UPORABO PREDZNANJ 1Z BAZE OVREDNOTENIH REZULTATOV
RAZGRADENJ ZA 1ZBOLJSAVO NOVIH PRIMEROV RAZGRADENJ

Zbiranje povratnih informacij preko vrednotenja in popravljanja razgradnje s strani
uporabnikov povzrodi oblikovanje podatkovne baze razgrajenih primerov. Tak$na baza se
lahko uporabi tako kot vir za pridobivanje globljega vpogleda v uspesnost algoritmov kot
tudi za izboljsavo samega algoritma. Medtem ko se razgradnja medicinskih slik s strani
strokovnjakov Se zmeraj obravnava kot zlati standard in postopek, ki je bolj zanesljiv kot
racunalnisko podprta razgradnja, ostaja dejstvo, da je tudi Cloveska razgradnja podvrzena
napakam. Razlicne mere, kot so recimo variabilnost med razlicnimi ocenjevalci in variabilnost
posameznega ocenjevalca, se pogosto uporabljajo za kvantitativno doloCevanje kakovosti
Cloveske razgradnje. V svojem delu sem razvila pristop za sistemati¢no vkljucitev znanja o
variabilnosti ocenjevalcev ter znanja o parametrih pridobljenih medicinskih slik v obstojece

algoritme za avtomatsko razgradnjo medicinskih slik z namenom izboljSanja rezultatov
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razgradnje novih primerov. Navedeno znanje je mogoce pridobiti iz obstojecih, Ze razgrajenih

primerov, ki so shranjeni v bazi podatkov.
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INTRODUCTION

BASIC PRINCIPLES OF ELECTROPORATION

Exposing a biological cell to a sufficiently high electric field causes increased permeability of
the cell membrane. This increased permeability of the membrane allows transfer of molecules
which normally lack membrane transport mechanisms. The described effect of the electric
field on the cell is called electroporation (Neumann et al. 1982; Kotnik et al. 2012).
Electroporation can be classified as either reversible or irreversible. The reversible/irreversible
nature of electroporation is in strong correlation with pulse amplitude, duration and number
of pulses. In reversible electroporation, the cell membrane eventually returns to its normal
state. Irreversible electroporation however leads to cell death because the cell membrane is
permanently disrupted or due to the extensive loss of the intracellular components (Davalos

et al. 2005; Sano et al. 2010).

APPLICATIONS OF ELECTROPORATION IN MEDICINE

There are many applications of electroporation which are being successfully introduced into
clinical practice (Yarmush et al. 2014) such as electrochemotherapy (ECT) (Marty et al. 2006;
Miklavcic et al. 2012), electroporation based gene transfer for gene therapy (Heller & Heller
2010), DNA vaccination (Zhang et al. 2004) and non-thermal irreversible electroporation
ablation (N-TIRE) (Rubinsky et al. 2007; Garcia et al. 2011). Of the above mentioned

applications only ECT and IRE are being used to treat deep-seated tumors.

ELECTROCHEMOTHERAPY (ECT)

An idea of combining reversible electroporation with poorly permeant chemotherapeutic

drugs (such as cysplatin and bleomycin) in order to increase their cytotoxicity was born in
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the end of 1980s (Orlowski et al. 1988). In the 1990s this method was termed
electrochemotherapy (Mir et al. 1991) and started its progress from mice experiments (Sersa
et al. 1995) through establishment of standard operating procedures for locally treating
cutaneous and subcutaneous tumors in humans (Mir et al. 2006) to applications on deep-

seated tumors (Miklavcic et al. 2010; Edhemovic et al. 2014).

An ECT treatment starts by first injecting the chemotherapeutic drug either intravenously into
the patient or directly into the tumor. After that a specifically designed pulse generator and
electrodes are used to deliver the electric pulses to the tumor area (Miklavcic et al. 2014;
Rebersek et al. 2014). In the case of cutaneous tumors and subcutaneous tumors the
electrodes used have a fixed geometry and are usually either plate electrodes or an array of
small needle electrodes, depending on the tumor type. While there are cases when needle
electrodes with fixed geometry can be used also on deep-seated tumors, the position and
size of deep-seated tumors is usually such that it requires application of several individual,
long needle electrodes. If long needle electrodes are used their position varies with respect

to individual patient and tumor geometry.

IRREVERSIBLE ELECTROPORATION (IRE)

The possibility of inducing targeted cell death using irreversible electroporation has found its
use in medicine as a tissue ablation technique (Rubinsky et al. 2007). The specific appeal of
irreversible electroporation is the fact that it does not introduce significant thermal effects
(Davalos et al. 2005), unlike some other forms of focal therapies such as radiofrequency
ablation and cryoablation. Also, it was shown that irreversible electroporation preserves the
extracellular matrix, major vascular and other sensitive structures (Al-Sakere et al. 2007; Jiang

et al. 2015).

The principle of an IRE treatment is similar to ECT, except for the lack of chemotherapeutic
drugs. Since IRE is usually performed in deep-seated tumors and internal organs it is
performed using long individual needle probe electrodes. As is the case with ECT the

positioning of the electrodes varies with patient geometry.
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PARAMETERS FOR EFFECTIVE ELECTROPORATION OF TISSUES

The key condition that needs to be satisfied in order for electroporation to occur is to
establish an electric field of sufficient strength (Miklavcic et al. 1998; Miklavcic et al. 2006).
When talking about electroporation in practice the sufficient electric field strength is defined
regarding two thresholds: the reversible electroporation threshold and the irreversible
electroporation threshold. Intuitively, in order to achieve reversible electroporation the
electric field must be above the reversible electroporation threshold, but lower than the
irreversible electroporation threshold. Consequently, in the case of irreversible
electroporation it suffices that the electric field be above the irreversible electroporation

threshold.

The success of electroporation on general level depends on several factors. Primary factors
are the parameters of the delivered electric pulses: their number, amplitude, duration and
repetition frequency (Pucihar et al. 2011). In the case of tissue electroporation, namely ECT
and IRE these parameters are today somewhat standardized in order to achieve optimal
results. Another factor which is very important in electroporation of tissues is the electric field
distribution, which in turn depends on electric properties of the tissue, the distance between
the electrodes and pulse parameters, especially their amplitude and number (Miklavcic et al.
1998; Garcia et al. 2014). Also, it was established that the electric properties of the tissues,
namely the electric conductivity, increase due to electroporation and this change then
consequently affects the electric field distribution (Sel et al. 2005; Pavselj et al. 2005; Cukjati
et al. 2007; Ivorra & Rubinsky 2007; Neal et al. 2012; Corovic et al. 2013).

When one takes all of the above mentioned factors and puts them into context of treating
deep-seated tumors with electroporation-based treatments the question of successful
treatment becomes very complicated to grasp. With each patient having different tumor
geometry and variety of other different, sometimes even critical tissues surrounding the
tumor, the parameters which would ensure the coverage of the whole tumor by an electric
field of sufficient strength cannot be defined through standard operating procedure. The
solution to this problem can however be found in the form of patient-specific treatment

planning.
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TREATMENT PLANNING FOR ELECTROPORATION OF DEEP-SEATED TUMORS

Treatment planning has already been established as an important process in several different
technologies for cancer treatment such as radiotherapy (Lecchi et al. 2008), cryotherapy (Butz
et al. 2000), laser-induced interstitial thermotherapy (Schwarzmaier et al. 1998),
radiofrequency ablation (Chen et al. 2009) and others. In the case of these technologies
treatment planning not only enables routine performance of the treatment but is also key to
performing the treatment successfully. The common characteristic of treatment planning for
all of the above mentioned procedures is that they rely on patient-specific geometry which is
extracted from medical images after which a model is generated to find the optimal

treatment parameters.

The first steps towards applying similar principles to plan electroporation-based treatments
were done through development of numerical models of electroporation (Pavselj et al. 2005)
and tissue conductivity changes (Sel et al. 2005). These models were based on simple
geometric forms and took into account only the properties of the target tissue. Afterwards
the models have evolved to include optimization algorithms (Zupani¢ et al. 2008; Corovic et
al. 2008) which calculate the necessary voltage applied per different electrode pairs in order
to achieve complete coverage of the tumor with a sufficiently high electric field. Finally a 3D
model of other tissues and structures which surround the tumor was also included so that the
optimization procedure can take into account minimization of irreversible electroporation in
non-tumor tissues (Zupani¢ & Miklav¢i¢ 2010; Kos et al. 2010a; Miklavcic et al. 2010). In order
to be able to include an accurate 3D geometry of the patient into the model methods of

medical image segmentation had to be applied (Pavliha et al. 2012).

WEB-BASED TOOL FOR TREATMENT PLANNING

The treatment planning for electroporation-based treatments of deep-seated tumors as it is
performed today is a process where both medical image segmentation and numerical
modeling play an equally important role (Zupanic et al. 2012). This unified treatment-
planning procedure was first evaluated on a clinical study of ECT of colorectal liver
metastases (Edhemovic et al. 2011; Edhemovic et al. 2014). For the purpose of supporting this
study specific algorithms for automatic segmentation of liver and hepatic vessels were

created and evaluated (Pavliha, Musi¢, et al. 2013; Marcan et al. 2014). Although the
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application of treatment planning in the mentioned clinical study was a success (Edhemovic
et al. 2014) several key steps still need to be performed in order to translate the treatment
planning procedure into routine clinical use. The main challenge that has to be solved in
order to achieve this is to embed highly specific engineering knowledge in procedures which
can be run with as least user interaction as possible while ensuring the necessary level of

accuracy and robustness.

The first steps towards adapting the treatment planning procedure for everyday use by
clinicians were done through an idea and first implementation of a treatment planning tool
that could be run through an Internet browser (Pavliha, Musi¢, et al. 2013). Such web-based
tool consists of two main components: server and client. The server side contains the
database and runs all the underlying algorithms that encapsulate the engineering knowledge.
The client side serves merely as a graphical user interface through which the user can upload
patient images, select the treatment planning process with respect to the organ of interest

and receive the results of the planning.

The workflow of the treatment planning process of the proposed web-based tool was
modeled after the workflow for radiotherapy treatment planning. Therefore, automatic
segmentation and numerical modeling modules were joined by a new module which would
ensure robustness and accuracy - the module for segmentation validation. The idea of this
module is to present the user with the results of the automatic segmentation algorithm and
give the possibility to adjust the results if necessary and finally confirm their validity. In case
some organ or structure of interest cannot be automatically segmented with sufficient
accuracy (such is the case with tumors) or the algorithm for automatic segmentation is not

yet available the user is given the option to delineate the structure manually.

Finally, the 3D model generated by segmentation requires one more feature that needs to be
specified by the user before numerical modeling can proceed, and that is the electrodes.
Given the variability of available electrodes and different possible entry paths of the
electrodes the tool relies on the user knowledge which is better suited to specify these
parameters than any system could do automatically. Schematic of the final version of the
web-based electroporation treatment-planning workflow with all the components is shown in

Figure 1.
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Figure 1. Workflow of the web-based tool for treatment planning of electroporation-based
treatments

SEGMENTATION OF MEDICAL IMAGES

Segmentation of medical images implies delineation of different organs or objects of interest,
whether manually or by applying some computer algorithm. In a broader sense and
specifically in the case of computer-assisted segmentation it has also grown to include
various methods of image preprocessing, post processing and localization of the target

object (Wong 2005; Withey & Koles 2008).

Regarding its applicability, segmentation of medical images is undoubtedly a crucial part of

many clinical tasks which are today performed routinely. These tasks include not only
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diagnostics but also more complex activities such as intraoperative navigation and treatment
planning. Although manual segmentation performed by an expert radiologist is today still
considered to be the gold standard it is also a tedious and time-consuming task. This not
only complicates the implementation of the whole treatment-planning process in the clinic
but also introduces the problem of intra- and inter-rater variability (Warfield et al. 2004).
Algorithms for automatic segmentation of medical images have proven to be effective in

alleviating the rater variability and performance time problem (Klein et al. 2008).

Although the field of medical image segmentation has evolved to the extent that it today
counts numerous different categories based on some common algorithm characteristics with
even more algorithms appearing recently that combine approaches from several categories,
the task of accurate medical image segmentation remains an open problem. There is no
single algorithm that could be successfully applied on all targets of interest. Even with
specialization of algorithms based on the segmentation target there are still large differences
in imaging modalities which cause even further specialization. These specializations have
motivated organization of special 'grand challenges' for segmentation of a specific target
from a specific modality (Deng & Du 2008; Litjens et al. 2014). Such events consist of publicly
available datasets of training and test data and a carefully formulated evaluation framework
which enables direct comparison of different segmentation algorithms. The results of each
segmentation algorithm are published online and usually a summary scientific paper is
published with description of all the algorithms that participated in the challenge and
systematic comparison of their performance. The role of these challenges in better
structuring the medical image segmentation research and stimulating faster convergence

towards better algorithms is indispensable.

Though the medical image segmentation community is producing new, better automatic
algorithms faster than ever, the stakes of directly using the results of automatic segmentation
in the clinic are high. It would therefore be wise, perhaps even mandatory, to use some kind
of mechanism of segmentation validation and correcting by an expert clinician (Warfield et al.
2004; Saad et al. 2010; Deeley et al. 2013) in order to ensure the validity of the segmentation
results. Additionally, if such validation mechanism is joined with the automatic segmentation
algorithm into an integral solution it enables building a database of expert-validated

segmentations which can then be used in improving the automatic segmentation algorithm.
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One such integrated tool is for instance the web-based tool for treatment planning of

electroporation-based treatments.
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AIMS OF THE DOCTORAL THESIS

The focus of this doctoral thesis was application of medical image segmentation in pre-
treatment planning for electroporation-based treatments of deep-seated solid tumors.
Building a pre-treatment plan for an electroporation-based treatment of deep-seated solid
tumors requires a patient-specific geometry model for accurate calculations of treatment
parameters. The methods developed in this thesis facilitate generation of patient geometry
for medical images from various sources (clinical centers), thus contributing to the robustness
of the pre-treatment planning process. The accuracy of the developed algorithms was
assessed with respect to recent advances in medical image segmentation validation and
having in mind the purpose of the segmentation. A part of the validation process included a
sensitivity study to assess the impact of segmentation accuracy on treatment outcome and
define the level of accuracy needed to ensure reliable pre-treatment planning for

electroporation-based treatments.

The goal of this thesis was also to complement the segmentation by introducing the process
of its validation and improvement, thus creating a segmentation cycle. The segmentation
cycle consists of three phases: segmentation, validation and evolution. The validation phase
utilizes user feedback regarding the correctness of the segmentation. The users need to be
able to validate and correct the segmentation results through an ergonomic user interface.
The user interface should implement methods to minimize required user actions in an

intelligent way.

The process of user validation results in increased level of segmentation and treatment
planning reliability and also provides a valuable database of new segmented and validated

cases. The knowledge gathered in the database of segmented cases was incorporated in the
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existing segmentation algorithm workflow in order to improve the algorithm performance,

thus closing the segment-validate-evolve cycle.
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Introduction. Fectroporation-based treatments rely on increasing the permeability of the cell membrane by high
voltage electric pulses delivered to fissue via electrodes. To ensure that the whole tumor is covered by the sufficiently
high electric field, accurate numerical models are built based on individual patient geometry. For the purpose of re-
construction of hepatic vessels from MRIimMages we secrched for an optimal segmentation method that would meet
the following inifial criteria: identify major hepatic vessels, be robust and work with minimal user input.

Materials and methods. We tested the approachss based on vessel enhancement fillering, thresholding, and their
combination in local thresholding. The methods were evaluated on a phantom and clinical data.

Results. Results show that threshokding based on variance minimization provides less error than the one based on
entropy maximization. Best results were achieved by performing local thresholding of the original de-biased image in
the regions of interest which were determined through previous vessekenhancement filtering. In evaluation on clinical
cases the proposed method scored in average sensifivity of 93.68%, average symmetric surface distance of 0.89 mm
and Havusdorff distance of 4.04 mm.

Conclusions. The proposed method to segment hepatic vessels from MR1images based on local thresholding meets
all the initial criteria set at the beginning of the study and necessary to be used in freatment planning of electropora-
fion-based treatments: it identifies the major vessels, provides results with consistent accuracy and works completely
avtomatically. Whether the achieved accuracy is acceptable or not for freatment planning models remains to be
verified through numerical modeling of effects of the segmentation eror on the distribution of the electic field.

Key words: electrochemotherapy; nen-thermal ireversible electroporation; freatment planning; hepatic vessel seg-
mentation; non-invasive tumoer treatments; MRI of liver

Introduction

Exposing a biclogical cell to a sufficiently high
electric field causes increased permeability of the
cell membrane. This increased permeability of the
membrane allows transfer of molecules which nor-
mally lack membrane transport mechanism into
the cell. The described effect of the electric field on

Radiol Oncol 201 4

the cell is called electroporation. Y* Electroporation
can be classified as either reversible or irreversible.
The reversible/irreversible nature of electropora-
tion is in strong correlation with pulse amplitude,
duration and number of pulses. In reversible elec-
troporation, the cell membrane eventually re-
turns to its normal state. [rreversible electropora-
tion however leads to cell death because the cell

doi:1 0.2478/raon-201 4-0022
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membrane is permanently disrupted or due to
the extensive loss of the intracellular components.
Combination of reversible electroporation with tra-
ditional methods of chemotherapy has resulted in
a new method for tumor treatment named electro-
chemotherapy (ECT).>5 Irreversible electroporation
(IRE) has found its application in tumor treatment
as a tissue ablation procedure, its main advantage
being the fact that, if controlled properly, it does
not thermally damage the tissue.5*

Tumor treatments based on electroporation like
ECT and IRE include placement of the electrodes in
the tissue and delivery of the electric pulses. In or-
der for the treatment to be successful the whole tu-
mor must be covered by a sufficiently high electric
field. The magnitude and distribution of the elec-
tric field depends on the number and the position
of the electrodes, the amplitudes of pulses applied
per electrode pair and the electric properties of the
tissue, especially conductivity.>1

Prediction of parameters needed for success-
ful treatment is easier for surface tumors which is
why the ECT was first performed on skin tumors.*
Ensuring the complete tumor coverage with a suf-
ficiently high electric field is however more chal-
lenging in the case of deep-seated solid tumors as
well as large tumors.! This was well demonstrat-
ed in a case where a patient with a deep-seated
tumor in the thigh was treated with ECT.? The
post-treatment evaluation showed that 6% of the
tumor volume was not covered by a sufficiently
high electric field, which caused the tumor to re-
grow. The reasons which reduce predictability of
the electric field distribution in deep-seated tumors
are the tumor position, high diversity in tumor size
and shape, and presence of the surrounding tissues
with different electric conductivities. Predictability
of an adequate distribution of the electric field can
be best achieved by calculating a patient-specific
treatment plan as a part of an electroporation-
based treatment procedure? A patient-specific
treatment plan for electroporation-based treatment
of deep-seated solid tumors takes into account pa-
tient geometry and tissue properties to generate an
optimal set of treatment parameters.!!®

Correctness of a treatment plan is ensured by
an accurate model of the patient which includes
the tumor with critical surrounding tissues and
structures. The patient model is built by segment-
ing the medical images and then used to perform
numerical calculations of the electric field distribu-
tion. A proof-of-concept was provided in a clinical
study in which colorectal metastases in the liver
were treated by means of ECT.' For the purpose

Radiol Oncol 201 4

of the mentioned clinical study, an algorithm for
automatic segmentation of the liver from MRI im-
ages was developed.'” Similar treatment planning
process is well-established in radiotherapy where
it has been in use for decades.!® Generation of mod-
els from medical images for subsequent numerical
calculations has also been used as a part of treat-
ment planning for radiofrequency ablation (RFA)
of liver tumors. %20

Other than liver and tumor tissue, critical struc-
tures that need to be included in the model for both
RFA and electroporation-based treatments of the
liver are hepatic vessels. For the purpose of radi-
ofrequency ablation, vessels which measure more
than 3 mm in diameter size have been described as
critical because of their influence on heat propaga-
tion.” In case of electroporation-based treatment
of the liver the hepatic vessels are important for
other reasons. Firstly, the electric conductivity of
the vessels is different than that of the liver tissue
and tumors, which can have an impact on the elec-
tric field distribution, especially in cases when a
tumor is situated close to large vessels.”” Secondly,
during an electroporaticn-based treatment the
surgeons insert needle electrodes into the liver tis-
sue and these should not damage larger hepatic
vessels. The hepatic vessels which were identified
by surgeons as critical are vena cava and vena por-
ta with branches up to second order, left, middle
and right hepatic vein, and larger hepatic arteries.
These vessels will thus be the ones we will most
certainly want to include in our model. Lastly, the
model of vessels built from medical images can
be used for intra-operative visualization to help
surgeons navigate during the insertion of the elec-
trades.

The problem of segmentation of vessels in gen-
eral® and hepatic vessels in particular has been
an area of interest for several decades. The inter-
est in segmentation of hepatic vessels resulted in
exploring several different approaches. First at-
tempts were based solely on thresholding? and re-
gion growing.?® The evolution of highly popular
methods for enhancement of tubular structures® >
resulted in their combinations with thresholding
and region growing. %= Other than tube-enhanc-
ing filtering the traditional methods of segmenta-
tion were enhanced through use of Gaussian mix-
ture models*®®* and by utilizing morphology of
the vascular tree through centerline extraction.®
More advanced methods for segmentation of he-
patic vessels include those based on graph-cuts™,
active contours® and morphological properties
embedded in context-based voting system.®
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All these methods for vessel segmentation have
however been designed for and applied to CT im-
ages. To our knowledge, no method so far was test-
ed on MRI images. Although CT images have been
considered superior for hepatic vessels, the vessels
are also visible in MRI images, especially when a
contrast agent is applied. With respect to the colo-
rectal metastases of the liver, multiple studies have
shown that MRI is superior to CT in sensitivity and
aceuracy of detecting tumor lesions.®4 If MRI is a
modality of choice for detecting the tumors, using
the same modality to segment the hepatic vessels
would avoid the need for registration and errors
that inevitably come with it. Another reason why
MRIis a method of choice for planning of electropo-
ration-based treatments is possibility to directly
observe the distribution of the electric field using
the magnetic resonance electric impedance tomog-
raphy (MREIT), which was described in the work of
Kranjc et al. %% and is being actively explored.

Given all of the mentioned advantages of MRI
over CT in treatment of colorectal metastases in
the liver with electroporation-based treatments,
we directed our research towards segmentation
and validation of segmentation of hepatic vessels
from MRI images. The segmentation method used
for hepatic vessels has to be robust and include
minimal or no user interaction. These prerequisites
are necessary for using the procedure for hepatic
vessel segmentation as a module in the process
of treatment planning.* Having this in mind, the
segmentation methods we tested were built upon
already established and robust approaches based
on filtering, vessel enhancement, automatic thresh-
olding and region growing. Data used in valida-
tion consisted of two sources: a phantom and clini-
cal cases. The phantom was used to optimize the
segmentation parameters and analyze the perfor-
mance of methods in detail. Images of clinical cases
were then used to validate the performance of seg-
mentation methods under realistic conditions.

Materials and methods
Segmentation of hepatic vessels

In order to segment the hepatic vessels from MRI
images we tested several simple approaches, alone
and their combinations. The main approaches in-
clude vessel enhancement filtering, thresholding,
region growing, connected component analysis
and morphological operations.

To determine the optimal method for our pur-
pose we tested two different thresholding methods

on different input: on original de-biased images
and on the results of vessel enhancement filtering.
The thresholding of that input was performed on
the slice level and is referred to as global threshold-
ing. The thresholding method that performed best
on phantoms was also tested locally on smaller re-
gions of original de-biased images determined by
vessel enhancement filtering,.

Pre-processing phase

Prior to running any of the methods on the origi-
nal images we performed de-biasing in order to
remove the inhomogeneity of image intensity. The
intensity inhomogeneity is a product of the mag-
netic field inhomogeneity in the MRI device.* The
applied de-biasing method is publicly available
and based on the work of Zheng et al® After de-
biasing the images were masked with the results of
liver segmentation.'”

Vessel enhancement filtering

The filter we used is based on the work of Frangi et
al.® The filter differentiates line-like from blob-like
and plate-like structures by observing the relation-
ships between eigenvalues of the Hessian matrix
in each voxel of the image. Before applying the fil-
ter, the image is scaled by filtering with Gaussian
kernels of different size o. The value of ¢ is set to
a value that equals the size of the diameter of the
vessels we wish to enhance.

For each scale o the probability of a voxel be-
longing to a line, i.e. vesselness is calculated as:

o ¥ A>014>0
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are eigenvalues of the Hessian
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4, Ay

are parameters which discriminate line-like struc-
tures from plate-like and blob-like structures, and

§=|H,|.= ’; A} is the Frobenius norm of the
j

Hessian matrix. Values of parameters a and p were
chosen through optimization on phantoms and
were selected as 0.3 and 0.7, respectively. Value of
parameter c is calculated for each case and for each
value of scale o according to the following equa-
tion:

where |I11| < |11| < |/'|.j

matrix in three dimensions, R, =

and R, =
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The parameter c is used in the expression for ves-
selness as is, without squaring and multiplying by 2
as itis done in the original work of Frangi et 21.% The
reason for this is better enhancement of vessel struc-
tures. The final vesselness filtered image is obtained
by calculating the maximum of vesselness values at
different scales for each voxel of the image.

Thresholding

Out of many thresholding methods developed un-
til today we chose to implement two of the most
successful as reported by Sankur et al.%! The first
method is based on minimizing intra-class vari-
ance® The second method is based on maximiza-
tion of image entropy.®® Both methods are com-
pletely automatic and were implemented to de-
termine the threshold on slice level on an image
histogram with values in the 16-bit range.

We assessed the performance of the two thresh-
olding methods globally on de-biased original
images and vesselness filtered images of both
phantoms and clinical cases. Additionally we as-
sessed the method that performed better globally
on smaller regions of interest. The details of local
thresholding are described in the section Propesed
method.

Proposed method

Through analysis of the results of previously de-
scribed methods applied on both phantom and
clinical data, we derived a method comprised of
the best aspects of vessel enhancement filtering
and thresholding. Vessel enhancement filtering
is excellent for locating the position of the ves-
sels but unable to determine their exact borders.
Thresholding of the de-biased original image can
detect vessel borders but not with consistent accu-
racy throughout the whole image. The proposed
method is therefore based on local thresholding of
smaller regions of interest (ROI), rather than deriv-
ing a single threshold for the whole slice. The ROIs
for local thresholding are determined based on the
output of vessel enhancement filtering. Detailed
steps of the proposed method with all the input,
output, parameters and dimension in which the
step is performed are provided in Table 1.

First, we performed sinc interpolation to obtain
isotropic voxels (O2) so that we could perform ves-
selness filtering.* After that we applied the ves-
selness filtering on the interpolated, de-biased,
masked original images (O3). The filtered image
(O4) was interpolated once again to obtain the orig-
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inal voxel size (O5). In the end of the filtering sec-
tion the result of vesselness filtering has to be once
again masked with the original liver mask to sup-
press the high response which appears in the area
where background borders with the liver (O6).

The output of the vesselness filtering has high
values for voxels with high probability of belong-
ing to a vessel and is very low for very small ves-
sels. The voxels with small vesselness values might
also be a result of image noise. For this reason we
have chosen a small threshold of 0.05 of the maxi-
mum vesselness value. All of the voxels with a
vesselness value higher than this threshold are iso-
lated into a basic vessel model (O7). A basic vessel
model thus consists of voxels with high certainty
of belonging to a vessel. The same small threshold
for output of Frangi's vessel enhancing filter was
already successfully used in the work of Dongen
et al. to prevent false positives in the algorithm for
extraction of pulmonary vasculature.

To eliminate the smallest vessels which are not
of interest for electroporation-based treatments we
morphologically open the results to remove all ob-
jects with a diameter smaller than 3 mm. We need
to keep only larger objects (O8) because the small-
est hepatic vessels from the list of those that should
not be damaged during the electrode insertion are
the main hepatic arteries, and they measure around
3 mm in diameter and more.’

After we have extracted and morphologically
opened the basic vessel model (O8) we proceed
with local thresholding to determine the exact ves-
sel borders. To extract the ROIs we first perform
the connected component analysis on the slice level
to break the basic vessel model into smaller 2D ob-
jects (09). These objects are then morphologically
dilated with a structuring element in the shape of a
disc with a radius of 5 pixel. The dilation gives us
the ROIs (010) within which we perform the local
thresholding (O12). The threshold for each ROl is
calculated based on variance minimization.

The final steps in the proposed method are
meant to refine the results by adding possibly
missed nearby voxels and removing small objects.
For this purpose we perform region growing with
results of local thresholding (O12) as seed points.
Region growing is performed on de-biased original
images in 3D by searching the 27-neighborhood of
each seed voxel. A threshold for adding new vox-
els is determined on a slice level as a median value
of intensities of voxels already marked as vessels.
The thresholds are re-calculated after each series
of newly found voxels. The region growing stops
once there are no new voxels that could be added.
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TABLE 1. Sequential list of all the steps performed within the proposed optimal method, clong with inputs, outputs and parameters of each step and the

dimersion (2D or3D) inwhich the step is performed. {Ox) denotes an output from a previous step where xis the step number.

No Step Input Output Farameters Dimension
1 Bics remaowval Criginal unmasked image De-bicsed image (O1) / 2D
Sine inferpolation e . o . s
5 o obiain sotropic De biased image (O1) Interpolated de biased \mouge (O2") ; an
Liver mask Interpolated liver mask (O2')
woxels
Interpolated de-bicsed ~
3 Masking image (02') J;Tgrpeo\(cgg)d mcsked de-bicsed / oD
Interpolated liver mask [O2') J
Gaussian kernsl
o=[1,12] with a step
) ) of 0.5
R Interpolated masked de- Inferpelated vesselness filtered image _
4 Frangi filtering bicsed image (C3) () o:—g.; 3D
c= half of Frobenius
aleliayl
5 Interpolation to Interpolated vesselness Vesselness fltersd image [O5) / a0
original voxel size filtered image (O4) S
Wesselness filtered image ) .
o Mesking (05) Mcsked vesselness filfered image / oD
(G4
Liver mask
7 Threshelding with a Mogked vesselness filtered Besic vessel modsl (07) Threshold =0.05 3D
low threshold image (O6) maxvesselness)
Size of small object
Removal of small Basic vessel model with objects with = number of pixel of
& objects Basic vessel model (7] diameter > 3 mm (O8) a circle with 3 mm L
diameter
o —— Besic vessel model with
g o objects with dicmeter > 3 Basic objects (OF) / 2D
component analysis mm (CE)
. Structuring element:
10 Dilation Besic olbject (O9) ROl of object (010} clise with radius = 5 2D, per object
" Mesking De-biesee]imeass (Ol Mesked de-biased image (O11) / o0
Liver mask
Threshold
ROl of object (O10) determined
12 Local threshelding Mesked de-bicsed image Locally thresholded image (O12) for each ROI 2D, per object
o1 through variance
minimization
Localy threshelded image Thre;hdd; I
i i 2] Reg i 013 resholded mag 20y30
13 Region growing Mesked de-bicsed image egion grown image | ) resholded image, /.
(©o11) per slice
27-neighborhood
14 Erosion Liver mask Eroded mask (O14) Sfructuring e\_em?mf: 2D
disc with raclius = &
. Region grown image (O13)
15 Macsking Eroded mask (O14) Segmented image (O15) / 20
Size of small object
16 Remowval of small Segmented image (O15) Segmented image with objects with =rumber of pixel of oD

objects

dicmeter > 3 mm (O14)

a circle with 3 mm
diameter

After region growing we mask the results (013)
with an eroded liver mask (0O14) to eliminate
boundary outliers. This step is in general unneces-
sary if the provided liver masks are completely ac-
curate and contain only liver voxels. Otherwise the
results of the vessel segmentation will also include
asmall strip around the liver which in original im-
ages is of similar intensity as vessels. The final step
in the proposed method includes once again mor-

phologically opening the results (O15) to remove
all objects with a diameter smaller than 3 mm.

In order to give better insight into the proposed
method we provide output of all the relevant steps
in Figure 1. The outputs are the result of applying
the proposed method on a clinical case. For all of
the presented steps we provide a one slice output
and for some steps also the complete 3D model, if
relevant.
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FIGURE 1. Output of the proposed method applied on a clinical cass. (&) Criginal
image. (B) De-biased orginal image. (€) Masked de-biased onginal image. (D)
Wesselnes filtered image. (E) Masked vesssiness filtered image. (F) The same output
as in E. presented in colored scale. (G) Bosic vessel madel with small objects. (H)
Basic wessel model with small objects shown in 3D, (1) Basic vessel model without small
oblects. (J) Baslc wvessel model without small oblects shown in 30, (K) Basic object
with ROL (L) Basic object with ROIlin colored scale. M) Result of local thresholding.
[N} Result of local thresholding shown in 30, (0) Result of region growing. (P) Result of
region growing shiown in 3D. (@) Result of masking with an eroded mask. (R) Resull of
masking with an eroded rmask shown in 30, (8) Final result after the remowval of small
objects. (T} Final result after the removal of small objects shown in 3D.

Most of the parameters that are used in the pro-
posed method are calculated automatically based
on the image. These parameters include the two
most critical parameters: the value of c used in the
vessel enhancing filter that influences the flter out-
put most* and thresholds in the local thresholding
step. Values of two of the remaining parameters of
the vessel enhancing filter, a and B, were chosen
based on validation on phantoms. The rest of the
parameters that had to be set do not directly influ-
ence the accuracy of the results but rather deter-
mine the region of interest in which the main pa-
rameters operate. Thess less-sensitive parameters
are namely a threshold in step ¥ and a structuring
element in step 9 (Table 1). We would, however,
not suggest setting these parameters to more than
+25% of the values used in this paper. There is one
parameter remaining that strongly intluences the
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FIGURE 2. A simple phantom constrocted for walidation of
hepatic wvessel segmentation from MRIimages. The phantom is
made of agarose gel and a glass tube filed with physiclogical
solutioninserted in: (&) perpendicular pasition. (B) tilted position.

output of the vessel enhancement filter, and that is
the value of 5 in the Gaussian kernel. This param-
eter needs to be set only once and according to the
size of the vessels one wishes to extiract, as is stated
in the work of Frangi ef al.?®

Phantom design

Our primary concern in hepatic vessel segmenta-
tion was the accuracy of segmentation rather than
the segmentation sensitivity to the depth of the
vessel tree. For this reason we created a phantom
which enabled detailed observation of whether a
certain method over- or undersegments. The phan-
tom was composed of a cup filled with agarose gel
and a tube filled with physiological solution insert-
ed into that gel, similar to the work of Merlox ef al®
and Jiang ef al® The gel was prepared as a 0.5%
solution of agarose in 100 ml distilled water, doped
with 0.1¥ mM MnCl2 to enhance MRI signal prop-
erties.® Three glass tubes with outer diameters of 4,
6 and 8 mm were filled with physiological solution
in order to model the vessels. Each tube was insert-
ed into its own cup filled with agarose gel perpen-
dicularly to the cup bottom. Another set of tubes,
also with 4, 6 and 8 mm outer diameters were in-
serted into another three cups filled with agarose
gel, but this time in a tilted position. In total, we
had six cups containing tubes. An example dem-
onstrating different positions of the tube inside the
cup is shown in Figure 2. All six cups were placed
in a Siemens Avanto 1.5T MRI device and imaged
at the same time in order to ensure the same im-
aging conditions for all six phantoms. Imaging
parameters were set as in the standard protocol
for imaging of the abdomen: Tl-weighted, VIBE
breath-hold, coronal plane with body coil. We im-
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- Ficels with =— 507 vessel fissue
Ficels with » 0% vessel tissue

A B C
FIGURE 3. Theoretical model of reference wessel area with all
possible positions of the object relative to the sampling grid.
An example for the 256 pixel/diameter resolution. (A) vessl
with @ center in the pixel poirt, (B) wessel with the center on
the middle of one of the piels” edges, (€) vessel with a center
position right in the middle of one of the pixels. The pixels with
== 50% vessel lisue are asubset of pixek with =0% vessel tisue.

aged in two intra-slice resolutions: 1.56 mm by 1.56
mm and 1.04 mm by 1.04 mm. The slice thickness
in both cases was 2 mm.

In order to be able to directly compare ditferent
vessal diameters imaged with different resolutions,
we expressed the vessel diameters in mumber of pix-
el/digmeter instead of in mm. The same approach
was already used in papers which also evaluated
accuracy of determining vessel area from MR an-
giography data.®**® When expressed in pixe]/ diam-
eter, the value of different resolutions we observed
were 2.56 pix, 3.84 pix, 512 pix, 5.76 pix and 7.69
pix per diameter.

Clinical data

For validation on clinical data we obtained MRI
images of six patients that were a part of Phase 1/
II clinical study “Treatment of Liver Metastases
with Electrochemotherapy (ECT])” (EudmaCT
number 2008- 008290-54; ClimicalTrials.gov
(NCT01264952))." The study was conducted at the
Institute of Oncology Ljubljana, Ljubljana, Slovenda.
Regulatory approvals from the Institutional board,
as well as from the National Medical FEthics
Committee were obtained. Written consents of
the patients were obtained. The series on which
we performed the segmentation were the ones on
which the colorectal metastases are most visible.
The segmentation of the liver was also performed
on the same image series by a method described
by Pavliha ef al.’” The reason for choosing the se-
ries where the liver, hepatic vessels and colorectal
metastases are all visible was to avoid the need for
subsequent registration. The chosen series were
T1-weighted, VIBE breath-hold, transversal plane,

with body coil and imaged 20 minutes after injec-
tion of the Primovist® (Bayer Group, Germany)
contrast agent. Images were acquired with a
Siemens AVANTO 1.5T MRI device at the Institute
of Oncology in Ljubljana. In three cases the inter-
slice resolution was 0.684 mm by 0.684 mm with a
slice thickness of 2.75 mm. In the other three cases
the inter-slice resolution was 1.188 mm by 1.188
mm with a slice thickness of 3 mm.

Accuracy assessment metrics
Phantom data

Once the images have been segmented, we count-
ed the mumber of pixel characterized as ‘vessel’ in
each slice, thus obtaining the segmenied vessel area.
For refererice vessel area we created a theoretical
model which observes different ways in which a
pertfect circle can be positioned relative to the sam-
pling grid of certain size, depending on the circle
size and the grid size. The illustration of our theo-
retical model for the case of 2.56 pixel/diameter is
presented in Figure 3.

The need for such theoretical model is caused by
partial volume effect, i.e. an artifact in medical imag-
ing where the value of a border pixel between dif-
ferent tissue types is influenced by the amount of
tissues it is composed of. Atter segmentation, the
pixel can be characterized as belonging to only one
tissue type. Which type will it be depends on the
amount in which a certain type is present in the
pixel, but also on the segmentation method. Some
segmentation methods, for instance, would charac-
terize every pixel that contains any amount of ves-
sel as a vessel pixel.® We have therefore defined
three reference area values in our theoretical con-
siderations. The first value, the optimal vessel area
is the number of all pixels which contain at least
half of the vessel tissue (pixels marked darker in
Figure 3). The second reference value, the maximiim
vessel area is the number of all pixels that contain
any amount of the vessel tissue (all colored pixels
in Figure 3). The third reference value is calrulated
vessel aren which is the mathematically calculated
area of the perfect drcle, expressed in number of
pixals. The three reference area values (optimal,
maximum and calculated) are calculated for each
resolution and each of the three positions of object
illustrated in Figure 3. The final optimal vessel area
for a certain resolution is the smallest of the opti-
mal vessel area calculated for three positions (in
Figure 3 that would be 4 pixels in case A).The final
maximum vessel greg tor a certain resolution is the
largest of the maximum vessel area calculated for
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ed area of phantom in perpendicular
position cs ¢ function of resclution for dif-
ferent segmentation methods: varicnce
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three positions (in Figure 3 that would be 12 pixels
in cases A and B).

If the number of pixel contained in segmented
vessel area falls in the range between optimal ves-
sel area and maxivtum oessel area, we consider the
segmentation valid. Otherwise, we count the num-
ber of pixels outside this range as pixels missed. The
segmentation error is expressed as relatfve ared er-
ror, in percent:

number of pixels missed
calculated vessel area

relative area error [%]= *100% (3)

Clinical data

The gold standard for the evaluation of segmenta-
tion of clinical data is a segmentation performed
by manually determining an optimal threshold for
each slice and manually drawing possibly missed
contours. The segmentation result was addition-
ally validated by one of the authors (MMM) who
is an experienced radiologist and who manually
adjusted the segmentation where necessary. The
evaluation of the segmentation of clinical data was
performed on the level of objects detected in indi-
vidual slices.

Metrics used for validation included a hit rate,
i.e. a ratio of the number of detected objects against
the number of all objects in the image, sensitiv-
ity (SEN = true positives / (true positives + false
negatives)), average symmetric surface distance
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(ASSD)*! and Hausdorff distance. ASSD provides
a measure of the average mutual distance between
edges of the two surfaces, while Hausdorff distance
is in fact the maximum symmetric surface distance.
ASSD and Hausdorff distance were calculated ac-
cording to equations (4) and (5), respectively:

2 mina—]+ 3 min|a—2|
ASSD = acd beB
N,+Ny

)

H(A,B)=max{p};x(rg:gl“a—bH),rbugc(rnnEJf”a—bH)} )
where A and B denote the borders of segmented
and reference gbjects, a and b are points on A and
B respectivelyma_bﬁ

a and b. N, and Nj are the number of points on A
and B.

denotes the distance between

We have chosen to use ASSD and Hausdorff dis-
tance to describe the segmentation specificity rath-
er than a measure of specificity itself (SPEC=true
negatives / (false positives + true negatives)) since
a high number of true negatives (background)
would always yield a high value of specificity. The
values of sensitivity, ASSD and Hausdorff distance
for the whole image were obtained by calculating
a median of those values for all objects. We calcu-
lated the median instead of the mean since the data
did not conform to Normal distribution.

Additional to previously described metrics we
also used the receiver operating characteristics
(ROC) curve analysis to objectively compare re-
sults of image filtering with original and de-biased
images.®> % The ROC curves used were constructed
with threshold as a parameter.

Results

The first part of this section shows the results of
segmenting phantom images. There we assess the
performance of thresholding algorithms based on
variance minimization and entropy maximization
on original and vesselness filtered images. The sec-
ond part shows the results of segmenting images
obtained from clinical cases. In this part we present
the comparison of methods that performed best on
phantoms and the method based on local thresh-
olding, i.e. the proposed method.

Images of phantoms

For the validation on phantom data, Figure 4 shows
relative area error of different segmentation meth-
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ods for segmentation of tube phantom in perpendic-
ular position under different image resolutions. The
thresholding method based on variance minimiza-
tion produces 0% error on both original images and
vesselness filtered images. The thresholding method
based on entropy maxdmization undersegments the
vesselness filtered images and highly oversegments
the original images. As could be expected, an abso-
lute value of error drops with increasing resolution.

Figure 5 also shows the same error as Figure 4,
only for the phantom in tilted position. The thresh-
olding method based on variance minimization
again produces 0% error on both original images
and vesselness filtered images. The thresholding
method based on entropy maximization produces
an error only in the case of original images, which
as expected drops with increasing resolution.
Notably, an absolute error of the method based on
entropy maximization applied on original images
is higher for the phantom with tube in tilted posi-
tion than for the phantom in perpendicular posi-
tion. An error for the same thresholding method
applied on vesselness tiltered images in the case of
tilted phantom is 0%.

In conclusion, thresholding based on variance
minimization outperformed the thresholding
based on entropy maximization on both original
and vesselness filtered images.

Images of clinical cases

In this section the thresholding method that per-
formed best on images of phantoms, which is
thresholding based on variance minimization, was
also applied toimages of clinical cases. The thresh-
olding was first applied globally on de-biased
original images and on vesselness filtered images.
After that we applied our proposed method which
is based on local thresholding.

Based on visual inspection only it was possi-
ble to determine that direct global slice-by-slice
thresholding of vesselness filtered images results
in large undersegmentation of the vessels. The seg-
mentation inaccuracy is shown in Figure 6, where
Figure A shows one slice of the original data while
Figure B shows the result of the segmentation of
the same slice using thresholding of the result of
the vesselness filter. Figure 6.C shows the result
of global thresholding of the de-biased original
slice based on minimization of variance. Although
more accurate than thresholding of the vesselness
filtered image, this approach detects many false
positives on the liver border. In Figure 6.1 we can
observe that false positives from Figure 6.C can

FIGURE 6. “isual comparson of performance of global thresholding and our
propcsed method. (&) Orginal image slice. (B) Results of wadance minimEation
based globol thresholding of the vesselnes filtered image. () Results of varances
minimization based global thresholding of the de-biased onginal image D. Results of
our proposed method. (E) Gold standard — a radiclogst segmentation. (F) 30 result

of the segmentation by the methad in (D).

& |
£
@ 0.5]
4
0.4]
0.3
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| Wessalness fitered a4 b 4 | fltered
ol - o = = T remcve las and wesselness filtere

T-Spesificihy image using ROC cunses.

be avoided by our proposed method which also
provides the highest level of accuracy. Figure 6.E
shows the gold standard — the radiologist segmen-
tation. Figure 6.F is a 31 representation of the seg-
mentation by the proposed method.

To additionally explore the potential of differ-
ently filtered images at providing an accurate seg-
mentation, we observed the ROC curves of original
images, de-biased images and vesselness filtered
images. As shown in Figure ¥, optimal threshold-
ing of the de-biased images can provide highly
accurate segmentations, while slightly outper-
forming thresholding of the original images and
more significantly of the vesselness filtered im-
ages. Regardless of the choice of the threshold, di-
rect thresholding of vesselness filtered images can
barely reach the sensitivity above 90%.

Final comparison of methods that performed
best on phantoms (global thresholding of original
de-biased images and wvesselness filtered images
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FIGURE 8. Comparison of hit rates
for all six clinical cases segmentad
with three methods: the proposed
method, global varlance minimi-
zation thresholding of the original
de-bicsed image and global wvark
ance minimizafion thresholding of
the vesselness filtered image.
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based on variance minimization) and the pro-
posed method based on local thresholding is given
by observing hit rate, median sensitivity, median
Hausdorff distance and median average symmet-
ric surface distance (ASSD) per clinical case. In
Figure 8 we can observe that methods based on
global thresholding of the original de-biased im-
ages have a hit rate around or above 90%, while
results of global thresholding of vesselness fil-
tered images identify less than 70% of all objects.
Similar results are observed for median sensitivity
in Figure 9. The values of median sensitivity are
again around or above 90% for global threshold-
ing of original de-biased images and below 70% for
global thresholding of vesselness filtered images.
The differences between the proposed method
and methods based on global thresholding can be
abserved through median Hausdorff distance and
median ASSD in Figures 10 and 11, respectively.
Values of median Hausdorff distance for the pro-
posed method are for all cases in the range of around
2.2 pixels to 3.2 pixels. Values of median Hausdorff
distance for global thresholding of criginal cases
are in five out of six cases higher than those for the
proposed method, in three cases even extremely
high (above 10 pixel), indicating overestimation of
the threshold on the global level. Values of median
Hausdorff distance for thresholding of vesselness
filtered images are mostly higher than those ob-
served for the proposed method, ranging between
2.2 pixels and 4 pixels. As for median ASSD, values
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tered image.

for all methods are in almost all cases below 1.2 pix-
els, except for an extreme for global thresholding in
the same three cases which also provided extremes
for the median Hausdorff distance.

Final quantitative results of our proposed seg-
mentation method are given in Tables 2 and 3. In
Table 2 we provide results of validating the seg-
mentation of all vessels that are critical for elec-
troporation-based treatments of liver metastases
as indicated previously in the paper. The mean hit
rate for these vessels is high: 96.7% of objects that
build up main vessels were detected. The mean
value of median sensitivity of the detected objects
is 93.7%. The mean error measured through ASSD
is 1 pixel, while maximum error in specificity ex-
pressed through mean Hausdorff distance reaches
4.26 pixels.

The statistics in Table 3 includes all the vessels
that were marked by the radiologist. Median sen-
sitivity nearly equals the one of main vessels with
96.65%. Mean value of median ASSD which equals
0.92 pixel and mean value of median Hausdorff
distance which equals 2.77 pixels indicate smaller
level of error in specificity for smaller, more regu-
larly shaped vessels.

Discussion

The main aim of the study described in this paper
was to find a method which would successfully
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TABLE 2. Results of segmentation of major hepatic vessels orly from six clinical coses. Segmentation was performed by the method based on local

thresholding. Results show hit rate of all objects in all slices, median sersitivity (SEN), median average symmetic surface distance and median Hausdorff

distance.
CASE Numberof Xl (Fioe G CoekEn  Cisekm Litoelam Eoin i
RRIZEl [mm] el (S0 (1ot (00 [[ova] distance [pix] distance [mm]
1 43 0.684 92.9 98.0 1.3 0.9 4.4 30
2 &9 0.684 98.4 96.4 1.1 0.7 3.6 25
3 38 0.684 1000 100.0 1.1 07 4.1 28
4 31 1.188 6.4 85.3 0.7 08 22 27
5 31 1.188 923 84.2 13 1.5 8.1 9.6
& 25 1.188 1000 98.2 0.8 07 3.2 38
OVERALL {(mean) 96.7 93.7 1.0 0.9 4.3 4.1

TABLE 3. Results of segmentation of dll hepatic vessel from six clinical cases. Segmentation was performed by the method based on local thresholding.

Results show median sersifivity (SEN], median average symmetric surface distance and median Hawsdorff distance.

CASE :gj':::’;’ i fri"l‘:l']'e’°'““°" Median SEN “[gf;(';]""‘" (e '[‘:'“en';:;"‘" ASSD e Howsdort
distance [pix] distance [mm]
1 305 0.484 1000 1.0 0.7 2.2 1.5
2 347 0.684 1000 1.2 0.8 3.2 22
3 328 0.684 1000 1.1 0.8 3.2 22
4 327 1.188 89.9 0.7 0.8 2.8 34
5 400 1.188 200 0.6 0.8 2.2 27
& 454 1.188 100.0 0.9 1.1 3.0 3.6
OVERALL {(mean) 6.7 0.9 0.8 2.8 2.6

segment hepatic vessels from MRI images for the
purpaose of generating a patient-specific treatment
plan for electroporation-based treatment like elec-
trochemotherapy and non-thermal irreversible
electroporation. The purpese for which the seg-
mentation will be used has resulted in specific cri-
teria the segmentation method must meet. Firstly,
the segmentation method must detect all hepatic
vessels that are considered eritical in electropora-
tion-based treatments of the liver, which are basi-
cally all major hepatic vessels with branches up to
second order. Secondly, the method has to be ro-
bust. Thirdly, the method has to perform segmen-
tation with minimal or no user interaction required.
As for accuracy of the segmentation method, there
were no limits posed prior to the beginning of the
study. Having in mind that no segmentation meth-
od provides absolutely accurate results we rather
aimed at finding the best method that would meet
the set criteria and assess what is the maximum
inaccuracy that method produces. Only after the
maximum inaccuracy has been quantified we can
conclude if segmenting hepatic vessels from MRI
images for electroporation-based treatments is fea-
sible or not.

The first step in finding a method that could
segment hepatic vessels from MRI images while
satisfying all the mentioned criteria was using the

established methods already used on CT images.
Since we intended to test several methods we need-
ed means of evaluation that would enable objective
comparison of segmentation results. We decided to
start with a simple phantom model of a single ves-
sel for detailed observation of methods’ behaviors
and continue assessing robustness of methods on
clinical data.

Our first choice of segmentation methods were
the most widely used approaches of identifying
vessels with vessel-enhancing filters and auto-
matic thresholding. Regarding automatic thresh-
olding, we have tested two different methods:
thresholding based on intra-variance minimization
and thresholding based on entropy maximization.
Both thresholding methods were applied on both
original de-biased and vesselness filtered images,
thus resulting in in four different combinations. All
four segmentation procedure combinations were
run on both phantom data and clinical data. The
results of evaluation on phantom data showed that
intra-variance minimization thresholding applied
on both original and vesselness filtered images of
phantoms provides segmentation without errors.
An entropy-maximizing thresholding applied on
phantom data was not successful and showed ten-
dency to over-estimate the optimal threshold, both
for original and vesselness-filtered images.
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Application of variance-minimization thresh-
olding alone and in combination with vessel en-
hancement on clinical data did not provide sat-
isfying results. Although variance-minimization
thresholding on the level of the whole slice had
a high hit-rate and sensitivity (as seen in Figures
8 and 9, respectively) it resulted in large overseg-
mentation error in half of clinical cases (seen in
Figures 10 and 11). Namely, the large oversegmen-
tation error appeared in clinical cases with larger
image resolution. The reason for this is the fact
that the difference between the size (expressed in
number of pixels) of foreground (vessels) and the
size of background (liver) is larger in images with
higher resolution. Additionally, larger difference
between foreground and background size also
means larger difference between their variance,
which was shown to cause oversegmentation of
foreground objects when the intra-variance mini-
mization thresholding method is applied.®% The
other issue of variance-minimization thresholding
applied on original images was that it detected not
only vessels but also the liver border which had in-
tensity values similar to vessels (Figure 6.C). Vessel
enhancement on the other hand was not sensitive
enough. The reason for such low sensitivity is pri-
marily large slice thickness of the clinical data.
With a gap of 3 mm between neighboring slices the
changes in vessel forms are not smooth enough.
Most cases where vessel enhancement was used so
far had much smaller slice thickness, with some-
times even isotropic voxels.?2302333% Also, hepatic
vessels as seen in medical images, especially ma-
jor vessels, do not have a shape of a perfect tube.
These shape irregularities result in smaller values
of vesselness for large vessels which can then not
be detected by automatic thresholding.

The complementing weaknesses of vessel en-
hancement and thresholding on a global level
resulted in a segmentation method that would
combine these two approaches in a different way.
The proposed segmentation method utilizes vessel
enhancement thresholded with a low threshold to
determine the existence of a vessel. The automatic
thresholding method then performs the thresh-
olding in a small region of interest just around
the location of a vessel detected in the first step.
Regarding the dimension in which each step of the
proposed method was performed, we have utilized
3D information only to determine the basic vessel
model. For determining the accurate vessel borders
we relied on the original 2D information in order
to avoid interpolation necessary to obtain isotropic
voxels.

Radiol Oncol 201 4

The evaluation of the proposed method on clini-
cal data resulted in no large over-segmentations
(Figures 10 and 11) with high values of hit-rate
(Figure 8) and sensitivity (Figure 9) for both ma-
jor vessels and all vessels together (tables 2 and 3,
respectively). Value of average symmetric surface
distance indicates that an error in segmentation
of any vessel, major or small is mostly likely to be
smaller than 1 pixel. Value of the median Hausdorff
distance indicates that, if a larger segmentation er-
ror, i.e. an outlier appears, it is most likely to be 4.3
pixel for major vessels and 2.8 pixel in general, as
seen in Tables 2 and 3, respectively.

A comparison with results of previously devel-
oped methods for segmentation of hepatic vessels
from CT images was difficult. The general abstacle
for such comparison is lack of a publicly available
database that all methods would be tested on as
well as the lack of unified, standard criteria for val-
idation. Some attempts to standardize validation
that would enable direct comparison were made
through MICCAI grand challenges which were
already organized for segmentation of liver and
liver tumors from CT images.®** A similar grand
challenge yet remains to be organized for segmen-
tation of hepatic vessels from images of any modal-
ity. The main obstacle to performing any kind of
comparison of our results was the fact that there
are not many results to be compared with. We have
searched the Web of Science directory for all papers
on the topic of hepatic/liver vessel segmentation
from CT images, along with referenced and refer-
encing papers of matches. The search yielded only
19 matches in the past 20 years. Out of 19 papers,
17 of them were tested on clinical data while the re-
maining 2 were tested only on phantom data. Out
of the mentioned 17 papers only 1 paper® included
a detailed evaluation similar to ours in which the
authors assessed the method accuracy and error in
the form of average distance as we have. The re-
sults from that paper report an average distance of
0.9 mm to 4.4 mm, which is comparable to our find-
ings. The authors also state that »the misclassified
vessels do not deviate from the ground truth far
away«.* In the majority of the remaining 16 papers
the evaluation was qualitative based on visual in-
spection of “goodness” of the segmentation.

Although no definite conclusions can be made
about the validity of our method based on direct
comparison with other methods, positive conclu-
sions can be drawn with respect to the criteria set
at the beginning of our research. Firstly, the meth-
od we propose is able to detect all vessels critical
for electroporation-based treatments of liver with



RESEARCH PAPERS |

Marcan M et al. / Segmentation of hepatic vessels for electroporation treatments

above 93% sensitivity. The errors that are produced
in segmentation of critical vessels appear in amount
which is sufficiently low to enable a fast correction
by an expert radiologist. Namely, manual valida-
tion by an expert radiologist is a step that should
still be mandatory in the process of treatment plan-
ning and would also provide valuable feedback for
improvement of the segmentation method.

Secondly, the proposed segmentation method
is robust to variations in image resolution, imag-
ing devices and protocols. We have shown that
the method consistently provided results of high
sensitivity when validated on images of different
intra-slice resolution. Regarding the slice thickness
the results could only be improved using smaller
thickness while we would not suggest using im-
ages with slices thicker than 3 mm because of high
complexity of hepatic vasculature. Given the fact
that main method parameters (namely thresholds
and parameter ¢ that regulates response of the ves-
selness filter to high contrast) are automatically cal-
culated from the image, the method is expected to
perform well regardless of the imaging device. In
order to be used on image series imaged with dif-
ferent protocols only one change should be made.
Should the vessels in such case appear brighter
instead of darker against the background a minus
sign should be added in front of the equation for
the vesselness filter.

Thirdly, the method is performed completely
automatically with no user input, assuming that
the liver is segmented automatically.'”

Finally, the evaluation of the proposed method
resulted in a quantitative estimation of a segmen-
tation error which is most likely to appear in the
worst case of segmentation — 2.8 pixels. Assuming
the lowest image resolution of our test images,
which was 1.188 mm per pixel, the above men-
tioned segmentation error would translate to 3.3
mm. For comparison, a study on registering CT
with MRI images of the liver performed in 2005 re-
ports a mean registration error of 14.0-18.9 mm,*
while a newer study from 2010 reports a mean er-
ror of 3.3 mm.” If a segmentation of hepatic vessels
was performed on CT images and then registered
with MRI images for colorectal metastases seg-
mentation the total error of vessel model would
be even higher due to the error of segmentation on
CT images itself. It is thus indeed more feasible to
perform the hepatic vessel segmentation with our
proposed method directly on MRI images. Still, in
order to give a final decision if the proposed meth-
od of segmentation of hepatic vessels from MRI
images can be used in treatment planning of liver

tumors with electroporation-based treatments an
additional assessment is needed. The additional
assessment would be based on introducing the es-
timated value of the segmentation error — 2.8 pixels
— into treatment plan calculations and observe its
influence on the distribution of the electric field.
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Abstract

Electroporation-based treatments rely on increasing the permeability of the cell membrane
by high voltage electric pulses applied to tissue via electrodes. To ensure that the whole
tumoris covered with sufficiently high electric field, accurate numerical models are built
based on individual patient anatormy. Extraction of patient's anatormy through segmentation
of medical images inevitably produces some errors. In order to ensure the robustness of
treatment planning, it is necessary to evaluate the potential effect of such errors on the elec-
tric field distribution. In this work we focus on determining the effect of errors in automnatic
segmentation of hepatic vessels on the electric field distribution in electroporation-hased
treatrments in the liver. First, a numerical analysis was performed on a simple 'sphere and
cylinder model for tumors and vessels of different sizes and relative positions. Second, an
analysis of two models extracted from medical images of real patients in which we intro-
duced varigtions of an error of the automatic vessel segmentation method was performed.
The results obteined from & simple model indicate that ignoring the vessels when calculat-
ing the electric field distribution can cause insufficient coverage of the tumor with electric
fields. Results of this study indicate that this effect happens for small {10 mm) and medium-
sized {30 mm) tumors, especially in the absence of a central electrode inserted in the tumor.
The results obtained from the real-case models also show higher negative impact of auto-
matic vessel segmentation errors on the electric field distribution when the central electrode
is absent. However, the average error of the autornatic vessel segmentation did not have an
impact on the electric field distribution if the central electrode was present. This suggests
the algorithm is robust enough to be used in creating a model for treatment parameter opti-
mization, but with a central electrode.

Introduction

Exposing a biological cell to a sufficiently high electric field causes increased permeability of
the cell membrane. This increased permeability of the membrane allows transfer of molecules
which normally lack membrane transport mechanisms into the cell. The described effect of the
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electric field on the cell is called electroporation [1, 2]. Electroporation can be either reversible
or irreversible. The reversible/irreversible nature of electroporation is strongly dependent on
pulse amplitude, duration, and number of pulses [3]. In reversible electroporation, the cell
membrane eventually returns to its normal state. Irreversible electroporation however leads to
cell death because the cell membrane is permanently disrupted or due to the extensive loss of
the intracellular components [4]. Combination of reversible electroporation with traditional
methods of chemotherapy has resulted in a technology for tumor treatment named electroche-
motherapy {(ECT} [5, 6]. Itreversible electroporation (IRE} has found its application in tumor
treatment as a tissue ablation procedure, its main advantage being the fact that it does not rely
on thermal effects to achieve tissue ablation [7, 8].

In order for the tumor treatments based on electroporation to be successful the whole
tumor must be covered by a sufficiently high electric field [2]. The magnitude and distribution
of the electric field depends on the number and the position of the electrodes, the amplitudes
of pulses applied per electrode pair and the electric properties of the tissue, especially conduc-
tivity [10, 11]. Ensuring the complete tumor coverage with a sufficiently high electric field is
challenging in the case of deep-seated solid tumors as well as large tumors [12-14]. Predictabil-
ity of an adequate distribution of the electric field can be best achieved by calculating a patient-
specific treatment plan as a part of an electroporation-based treatment procedure [15-17].

A patient-specific treatment plen for electroporation-based treatment of deep-seated solid
tumors takes into account patient geometry and tissue properties to generate an optimal set of
treatment parameters [18, 19]. The patient model is built by segmenting the medical images
and then used to perform numericel calculations of the electric field distribution. First use of
the treatment planning procedure was done in a patient with a metastasis in the thigh [15],
then the procedure was upgraded in a dlinical study of liver metastases [20]. For the purpose of
treating the colorectal metastases by ECT, an algorithm for automatic segmentation of the liver
from MRI images was developed [21], as well as an algorithm for segmentation of hepatic ves-
sels reported in our previcus work [22].

Segmentation of medical images is susceptible to errors, which must be taken into account
when analyzing robustness of the treatment plan. In order to evaluate the effect of errors in seg-
mentation of hepatic vessels we performed studies consisting of numerical modeling of the
electric field distribution in ECT and IRE of a simplified model of tumor and vessel, and ECT
of two models obtained from two real patients. The first part of the studies focused on deter-
mining in what measure the vessels of different sizes influence the distribution of the electric
field in an already optimized model. Through these experiments we aimed to establish if ignor-
ing the vessels in the numerical calculations could potentially have negative effects on the
tumor coverage with a sufficiently high electric field. The second part of the studies observed
the effect of known errors of the vessel segmentation method reported in our previous work
[22] on possible over- or underestimation of the electric field distribution which leads to over-
or under-treatment.

Materials and Methods
Simplified model

The simplified model consisted of a sphere and a cylinder, where the sphere represented the
tumor and the cylinder represented the vessel. We used three different sphere diameters: 10
min, 30 mm and 50 mm. Such choice of sphere size was made because colorectal metastases in
the liver that are most often treated with ECT have a diameter 10-30 mm [20], while primary
tumors in the liver can be as large as 50 mm. The vessel that was included in the model varied
in size and position relative to the tutnor. The diameters of the vessel were 1 mm, 3 min, 5 mim,
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Fig 1. Two different electrade configurations and twa different positions of the vessel. A: 4 electrodes with vessel perpendiculartothem. B: &
electrodes with vessel parallel to them. "d” denotes distance from vessel to tumor.

doiz10.1371journal pone.01255%1 goo1

10 mm and 15 mm, which are all actual sizes of hepatic vessels. The vessel was positioned in
two different orientations, as shown in Fig 1: perpendicular {A) and parallel to the electrodes
(B). Additionally, we varied the distance of the vessel from the tumor, setting it to 0 mix, 1

mm, 3 mm, 5 mm and 10 mm. These variations in vessel size and position were applied on all
combinations of tumor size and treatment type as indicated in Table 1. The vessel was modeled
as a combination of blood tissue and vessel wall tissue which had a thickness of 10% of the ves-
sel diameter. Such vessel structure is observed in veins, which make up the majority of large he-
patic vessels {(vena potta, vena cava and main hepatic veins) [23].

For all three tumor sizes we used electrodes of 1.2 mm diameter with an active tip of 40 mm
length. The number and the position of the electrodes varied depending on the tumor size and
the type of the electroporation-based treatment {ECT or IRE}. The information about number
and the position of the electrodes per combination of tumor size and treatment is presented in
Table 1. Generally, the depth of the electrode relative to tumor was such that the tumor was po-
sitioned in the middle of the active part ofthe electrodes. The only exceptions to this rule were
made in cases of a 10 mm tumor and large vessels {10 mm and 15 mm diameter) perpendicular
to the electrodes, where the depth was adjusted in order to avoid electrodes penetrating the ves-
sels. In such cases, the depth of the electrodes was set to 1 or 5 mm further than the edge of the
tumor that is near the vessel. Complete geometry was transformed into a mesh of free

3/18
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Tahle 1. Electrode number and position per tumor size and treatment type.

Tumor diameter size [mm]
10
10
30
50
10
10
30

doiz10.1371journal pone. 0125581 1001

Treatment

ECT
ECT
ECT
ECT
IRE
IRE
IRE

Electraode number Electrode pasition

4 in a box around the tumor, 2 mm away from the tumor edge

4 in a box around the tumor, 2 mm away from the tumor edge + 1 in the center

4 in a box around the tumor, 2 mm away from the tumor edge + 1 in the center

B in a hexagon around the tumor, 2 mm away from the tumor edge + 1 in the center
4 in a box around the tumor, 2 mm away from the tumor edge

4 in a box around the tumor, 2 mm away from the tumor edge + 1 in the center

5 in a hexagon inside the tumor, 7 mm away from the tumor center + 1 in the center

~ B b

tetrahedral elements using the user-controlled meshing sequence of COMSOL Multiphysics
{COMSOL, Stockholm, Sweden) with element size set to ‘Fine’ according to COMSCL proper-
ties and values of all other properties left default. The number of elements ranged from 50000
to 70000, based on the specific geometry.

Al models included a dynamic change in the conductivity of all tissues that occurs due to
electroporation [19, 24, 25]. The conductivity change was modeled as a smoothed Heaviside
function of the electric field in the range between the threshold of reversible electroporation, E,
and the irreversible threshold, E; [24, 25]. Values of the above mentioned thresholds for liver
and tumor tissue were taken from literature [26], while for the vessel wall and the blood they
were estimated based on the experiments performed on similar tissue [27, 28]. We have also
used different initial and final conductivities, o, and ¢, for each of the tissues [26-31]. The val-
ues of E; and E, along with initial and final conductivities o, and ¢, for each tissue are given in
Table 2. It should be noted that while the conductivity increase for liver and tumor tissues wes
already determined by measurements [28, 29], for vessel wall and blood tissue we had to ex-
trapolate the date from measurements on similar tissue. Therefore, for vessel walls we have
chosen the conductivity increase factor of 3 based on experiments made with muscle tissue
[28]. For blood we first made the assumption that it is in fact a suspension of red blood cells in
ahigh conductive medium (plasma}, with a normal cell volume fraction of 0.46. We then re-
ferred to the previous work of Pavlin et al. on cell suspension electroporation [27, 32] and de-
termined that factor of conductivity for blood with given assumptions is around 0.5.

Por all the models we calculated the electric field distribution using finite element analysis
in COMSOL Multiphysics {COMSOL, Stockholm, Sweden). From the resulting electric field
distribution we extracted the percentage of tumor volume covered with the electric field higher
than the target field, which is 400 V/cm for ECT and 600 V/cm for IRE. The values of target
fields are determined based on the definition that a successful electroporation-based treattnent

Table 2. Values of electroporation thresholds and conductivities for different tissues with correspond-
ing sources.

Tissue E, [Vicm] E, [W/cm] og [S/m] o [S/m]

Liver 350 [28] 700 [28] 0.04 [29] 0.12 [28, 28, 29]
Tumor 400 28] 800 [25] 0.2 [30] 0.7 [2B, 28, 30]
Vessel wall 400 [28] 800 [28] 0.26 [31] 0.78 [25, 28, 28, 31]
Blood 400 [27] 1100 [27] 0.7 [31] 1.05 [27, 51, 32]

doi:10.1371fjournal.pone.0125591.1002
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achieves above 99.9% cell kill. The statistical model of cell kill due to electroporation was previ-
ously described in the work of Golbery et al. [33] and states that cell kill depends not only on
the electric tield but also on number of pulses and pulse duration. Depending on number of
pulses used the target field that is necessary to achieve 99.9% cell kill can thus be lower than E,.
Inour case the target field values are set with respect to the number of pulses typically used for
different electroporation-based treatment, which is 8 for ECT and 90 for IRE.

The workflow of the numerical calculations was divided in two parts. Firstly, we observed
only the model of the tumor without the vessel, on which we employed the optimization algo-
rithm described in the work of Zupanic et al [19]. The optimization was performed with re-
spect to the voltages between neiphboring {outer) pairs of electrodes and between the
electrodes in diagonal direction. The geometry of the model, along with the electrode positions,
was kept constant. The optimization criterion was to achieve 100% coverage of the tumor with
a sufficiently high electric field (400 V/cm for ECT or 600 V/cm for IRE), while minimizing the
amount of liver tissue covered by the electric field above the IRE threshold for liver (400 V/cm)
[23, 24]. Secondly, we included the vessel into the model and performed the calculation of the
electric field distribution with the same values of voltages that were optimal for the model with-
out the vessel. We then determined the percent of the tumor that was covered with a sufficient-
Iy high electric field. In this way, the difference between @ model that does not take vessels into
account and the one that does was obtained. The above described workflow was performed for
all combinations of tumor size and treatment type indicated in Table 1. and for all variations in
vessel size and position.

Real patient model

Two models used in the second part of the studies were obtained from patients that were treat-
ed with ECT for a colorectal liver metastasis. The first patient was also reported in the work of
Edhemovic et al. [16, 20]. Five years after the ECT that patient is alive and disease-{ree.

Specificity of these particular cases is that the tumor was located in the close vicinity of
major hepatic vessels: vena cava and the second branches of the hepatic vein. One MRI slice
along with the reconstructed 3D model for each case are shown in Fig 2. The sizes of the tu-
mors, as determined by the radiologist, were 35 mm x 20 mm for the first tumor and 15
mm x 11 mm for the second tumor.

The 3D models of the tumors and the nearby vessels were obtained based on the segmenta-
tion of the MRI images by an expert radiologist. The number of the electrodes used in the two
cases varied due to different tumot sizes. For the first case, the actual treatment was performed
using six individual electrodes: two inside the tumor and four outside. We kept the same elec-
trode configuration in our model. For the second case, the actual treatment was performed
using five individual electrodes: one inside the tumor and four outside. In our model we used
the same five electrode configuration and additionally created a model with only four outer
electrodes {without the central electrode in the tumor). Therefore, we had three models in
total: one model for the first case and two for the second case.

In all three models we varied the size and the position of the vessels in order to include the
error of the automatic vessel segmentation algorithm. The mentioned algorithm for automatic
segmentation of hepatic vessels from MRI images was described and validated in our previous
work [22]. The results of the validation report an average error of the algorithm to be 0.9 pixel,
while the maximum error is 2.8 pixels. These values of the error were introduced in the model
through six trensformations: enlarging, shrinking, shiftleft, shift right, shift up and shift down.
The values used in the transformations were rounded from 0.9 and 2.8 to 1 and 3, respectively,
in order to use integers.
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Fig 2. Real patient cases used in our study. A: MR of the liver for first patient case. B: Reconstructed 30 model of the first case with inseded elecirodes.
C: MR of the liver for second patient case. D: Reconstructed 30 model of the second case with inserted electrodes. In all images the structure colored green
is the tumor, while the nearby major vessels are colored blue.

doiz10.1371journal pone. 0125581 g002

The electrodes were initially positioned at the coordinates used in the actual treatments.
However, in the models with modified vessel size and position it could happen that the initial
electrode trajectory would go through the vessel, which should be avoided when possible, since
it can cause failure of pulse delivery due to excessive currents. Natnely, the currently available
ECT and IRE pulse generator have a 50 A maximum current limit. The high conductivity of
blood can cause currents to rise above that limit, which causes the generator to abott pulse de-
livery to that particular electrode pair. We have therefore visually inspected images of all mod-
els with modified vessels and minimally adjusted the electrode positions to avoid having an
electrode go through the vessel.

The workflow of the numerical calculations in this part of the study was reversed in respect
to the workflow of the simplified model. Here we first introduced the error in vessel geometry,
after which we ran the optimization of the treatment, resulting in optimal values of voltages
pet electrode pair. Again, only the voltages were optimized, while the positions of the electrodes
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were kept constant, as they were set in the original treatment of the patient. The obtained val-
ues of optimal voltages were then used in numerical calculations on an original medel with cor-
rect vessel geometry. Based on the results of these calculations we then calculated the coverage
of the tumor with a sufficiently high electric field and observed if there was any insufficient
coverage of the tumor that could have happened due to errors in vessel segmentation. Cn the
real patient geometries we performed only the calculations for ECT treatment.

Additionally, we also calculated the differences in the coverage of tumors from real patient
models between correct vessel geometry and not taking the vessels into account at all. The
workflow for these calculations was the same as described above, with the difference that in the
first step instead of introducing an error in vessel geometry the vessels were simply excluded
from the model.

Ethics statement

The two patients whose medical images were used in the experiments were a part of a dlinical
study “Treatinent of Liver Metastases with Electrochemotherapy (ECIT)” {EudraCt no. 2008-
008290- 54, registered at Clinicaltrials.gov no. NCT'01264952). The study was prospective,
phase I/1], conducted at the Institute of Oncelogy Ljubljana, Ljubljana, Slovenia. Regulatory ap-
provals from the Institutional beard, as well as from the Medical Ethics Committee of the Re-
public of Slovenia were obtained, under following decument numbers: KME 45/09/08, 108/10/
12, and 46/12/13. Written consents of the patients were obtained. The patients included in the
dinical study were treated according to the principles expressed in the Declaration of Helsinki.

Results
Simplified model

The first step of the studies performed on the simplified model, optimization of the model
without the vessels, gave optimal values of voltages. The positions of the electrodes were not
optimized. The obtained voltages are presented in Table 3 for each individual combination of
tumor size, treatment type and electrode number.

The values of voltages obtained from optimization as well as position of the electrodes were
kept constant after including the vessels in the model. In Figs 3-6 we present results of the
studies performed on a simplified model with both tumor and vessel. In all of the figures the
coverage of the tumor volume by a sufficiently hiph electric field is plotted against the distance
of the vessel from the tumor, grouped by different sizes of the vessel. The redline in all of the
figures indicates a threshold of the tumor coverage required for a successful treatment, which is
set to 99.9%. The choice of threshold being 99.9% was made for better readability of the figures
and is otherwise in no way different than if we had chosen to set it to 100%. Each of the Figs 3-
6 presents a different combination of tumor size, treatment type and electrode number. The
figures are divided into an A. and B. part, where A. shows a case with vessel perpendicular to
the electrodes while B. shows the case with vessel parallel to the electrodes. In cases of ECT of
50 mm tumor, IRE of 10 mm tumor with 5 electrodes and IRE of 30 mm tumor, the vessels
have no negative effect on the tumor volume coverage at all. Therefore results of these cases are
not graphically shown in this manuscript.

Based on results presented in Figs 3-6 neglecting vessels in model of the electric field distri-
bution causes the tumor not to be entirely covered by sufficiently high electric field. The per-
centage of the tumor that is not covered with sufficiently high electric field leads to incomplete
treatment, ie. treatment failure. The extent of the negative effect of neglecting vessels depends
on tumor size, vessel diameter, distance to tumor and orientation regarding the electrodes. For
tumors with 10 mm diameter, the negative effect is observed for vessels with diameter 3-10
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Table 3. Optimal voltages for a model without the vessel, per tumor size, treatment type and electrode number.

Tumor diameter size [mm] Treatment Electrade number Yoltage between outer electrodes [\V] Diagonal voltage [V]
10 ECT 4 800 1000

10 ECT & 800 500

30 ECT B 2300 1500

50 ECT 7 1000 3000

10 IRE 4 3000 200

10 IRE 5 1100 2800

30 IRE 7 2800 2700

Diagonal voltage stands for voltage between the center electrode and surrounding electrodes. In the case of a configuration with 4 electrodes diagonal
voltage is the voliage between non-neighbor electrodes.

doiz10.1371journal pone.0125591 £003

mm that are less than 3 mm away from the tumor, and vessels 10 mm or larger that are less
than 5 mm away from the tumor. This cbservation was made for the worst case, which is ECT
with 4 electrodes (Fig 3). For tumots with 30 mm diameter the worst case of the negative effect
is again ECT, where the critical vessels have a diameter 7 mm and more and are within 5 mm
distance to the tumor. In general, the negative influence of the vessels is directly proportional
to vessel size and inversely proportional to vessel distance from the tumor. The only anomaly
to this rule is observed for ECT and IRE of a 10 mm tumor performed with 4 electrodes, where
the electrode depths (and subsequently optimal voltages) had to be changed for 10 mm and 15
mim vessels in order to avoid having all 4 electrodes go through the vessel, as described in the
Materials and methods section. In the case of IRE of 10 mm tumor the breach of the vessel was
inevitable up to 3 mm away from the tumor, which resulted in higher tumor coverage for 10
mm and 15 mm vessels than logically anticipated.

- -
— ’ —
S ‘ = | S
g ‘%I 1 g
[} i )
3 3
o q o 96 ]
(] ! [}]
£ . £
=2 ' vesseld =3 mm = vessel d =3 mm
g 94 . —— vesseld =5 mm g 94 —— vessel d = 5 mm
— —_
g —#— vessel d =7 mm g —— vesseld =7 mm
|3 92 = * vesseld=10 mm || g 92 = * vesseld =10 mm ||
vesseld = 15 mm vessel d =15 mm
99.9% coverage 99.9% coverage
A o ‘ : B s : ‘
3 5 10 1 3 5 10

Distance from tumor [mm]

Distance from tumor [mm]

Fig 3. Tumor coverage for ECT of simplified madel of 10 mm tumor with 4 electrades. The coverage is plotted against different distances between
vessel and tumor, and with respect to different vessel positions and sizes. A: Vessel pemendicular tothe electrodes. B: Vessel parallel to the electrodes.

doi10.1371 journal.pone.0125591.g003
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Fig 4. Tumoar coverage far ECT of simplified model of 10 mm tumor with & electrades. The coverage is plotted against different distances between
vessel and tumor, and with respect to different vessel positions and sizes. A: Vessel pemendiculartothe electrodes. B: Vesseal parallelto the electrodes.

doi10.1371journal pone 0125531 .g004

Tumor volume coverage [%]

A 900

96

94

92

—— vesseld = 3 mm
—¥—vesseld=5mm ||
—— vesseld =7 mm
= * vesseld =10 mm ||
vesseld = 15 mm
— 99.9% coverage

1 3 5 10
Distance from tumor [mm]

Tumor volume coverage [%]

96

94

92

B *

—— vesseld = 3 mm
—— vesseld =5 mm
—— vessel d =7 mm
v vessel d =10 mm
vessel d =15 mm

— 99.9% coverage

1

3 5
Distance from tumor [mm]

10

Fig §. Tumor coverage for ECT of simplified model of 30 mm tumor. The coverage is plotied against different distances between vessel and tumor, and
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Fig 6. Tumor coverage for IRE of simplified model of 10 mm tumor with 4 electrades. The coverage is plotted against different distances between
vessel and tumor, and with respect to different vessel posilions and sizes. A: Vessel pemendicular tothe electrodes. B: Vessel parallel to the electrodes.
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The negative effect is observed in both ECT and IRE, although in IRE to a smaller extent, as
is seen by comparing Figs 3 and 6. It is also significantly more pronounced in cases where all
the electrodes are outside the tumor, and not so much if central electrode was present {Figs 3
vs. 4). Another interesting point to note by comparing the A and the B sides of all the Figs 3-6
is that the negative effect of the vessel on tumor coverage is higher when a vessel is perpendicu-
lar to the electrodes than when it is parallel to them. We also included a 2D color map of sever-
al slices for one of the simplified models in order to provide the visual insight at exactly how is
the electric field distribution in tumor deformed due to presence of a vessel. The model in ques-
tion is the one where the significant difference in tumor coverage was observed, namely it is the
model of ECT ofthe 10 mm tumor with 4 electrode configuration and with a 7 mm vessel posi-
tioned at 0 mm away from the tumor. Fig ¥ shows both the case where vessel is perpendicular
to the electrodes {Fig 7A}, and the case where vessel is parallel to the electrodes {Fig 7B). For
better comparison of the impact of the vessel position with respect to the electrodes the planes
in both Fig YA and 7B are oriented parallel to the vessel. The relative position of the planes
along the third axis {the one which the plane does not span} is the same in both cases and fixed
at -4 mm, 0 min, and 4 mm away from the tumor center.

Real patient model

Results for the model of the first patient {larger tumor with six electrodes) did not show any
negative effect on the coverage of the tumor volume for all possible types of segmentation er-
rors that were observed in this study.

Results for the two models of the second patient atre shown in Fig 8. The figure shows the
coverage of the tumor by a sufficiently high electric field against different types of

PLOS ONE | DO 10,137 1/joumal. pone. 01 2551

| 42

May &, 2015 10/18



RESEARCH PAPERS |

@PLOS ‘ ONE

Effect of Blood Vessels on Electroporation-Based Treatments

Electri istributi ¢ field distribution (V/cm)

Fig7. 2D sliced calor map of the electric field distribution for a case where a significant difference in tumor coverage is observed as aresult of the
presence of the blood vessel. The color map is presented for a simplitied model of ECT of a 10 mm tumor with a 4 electrode configuration and in the
presence of a 7 mm vessel which is 0 mm away from the tumor. The color maps are shown for two vessel positions: A: Vessel pempendicular to the
electrodes. B: Vassel parallel to the electrodes. The slices for which the color map is shown span the plane parallel to the vessel. The relative position of the

planes along the third axis {the one whichthe plane does not span) is the same in both cases and fixed at -4 mm, @ mm, and 4 mm away from the
tumor center.
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transformations used to induce an error in vessel model that was used for optimization of treat-
ment parameters. Fig 8A shows the results of the model where an average seginentation error
{1 pixel) was introduced. Fig 8B shows the results of the model where the maximum segmenta-
tion error (3 pixels) was introduced. In both Fig 8A and 8B the results are grouped per two
models: the model with four electrodes (no centtal electrode) and the model with five elec-
trodes (with central electrode). [t can be observed that the negative effect of the vessels is higher
for maximum segmentation error than for average segmentation error, as would be expected.
It is interesting to note that the negative etfect of the maximum error is significantly larger in
the case where no central electrode is present. Similar difference in the electrode configuration
is also noted for average segmentation error. The difference for the average error is that the
negative effect is minimal for the case of no central electrode and completely non-existent
when the central electrode is present.

The results of comparing the real patient models with correct vessel geometry to real patient
models where vessels were not taken into account differed between the two observed patients.
For the first patient there was no difference in tumor coverage with a sufficiently high electric
field if the vessels were not taken into account during the numerical optimizations of the volt-
ages. For the second patient, if the vessels are not taken into account during optimizations the
resulting coverage of the tumor would be 97.22% for the model with four electrodes and
99.87% for the case with five electrodes.

Discussion

In this paper we constructed and analyzed various situations of electric field distribution in the
tumor with nearby vessels of different size, orientation and position with respect to tumor tis-
sue and the electrodes. The first aim was to determine in what measure vessels influence the
distribution of the electric field, or more precisely, what error occurs in the model of electropo-
ration-based treatments if the vessels are ighoted and the consequence of that error on tumor
treatment. The second aim was to determine if the automatic segimentation method of hepatic
vessels developed in our previous work [22] is robust enough to be used as a part of an auto-
matic treatment planning procedure. In other words, we examined if the known and estimated
error of the automatic segmentation method would negatively affect the coverage of the tumor
with a sufficiently high electric field.

The results of the first part of the study show that ignoring the presence of a hepatic vessel
near a tumor indeed can influence the electric field distribution in such a way that the coverage
of the tumor with a sufficiently high electric field decreases. These findings are in accordance
with a recent publication by Golberg et al. [35] which studied the effect of nearby blood vessels
on cell survival during IRE ablation and found that the presence of vessels near target tissue
causes so-called “electric field sinks”. Moreover, we have found that whether the tumor will or
will not be sufficiently covered {above 99.9%) directly depends on the tumor size, vessel size
and distance between tumor and the vessel. According to the results of this study, for ECT of
small tumors {10 mm diameter) the vessels that will have a negative effect are all vessels larger
than 3 mm in diameter and less than 3 mm away from the tumor. For ECT of medium-sized
tumors {30 mm diameter), all vessels larger than 7 mm in diameter and less than 5 mm away
from the tumor will have a negative effect. Vessels are not expected to have any negative effect
on the ECT of large tumors {50 mm in diameter).

In the case of IRE, the negative effect of vessels is observed only for IRE of smell tumors {10
mim diameter) performed with four electrodes outside the tumor, i.e. without any central elec-
trodes. Observing both IRE and ECT with and without the central electrode unanimously
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confirms that an electrode configuration with one electrode in the center is more robust and
should be the preferred choice in electroporation-based treatments in organs with a high con-
trast between the conductivity of normal and tumor tissue. It should however be noted that in-
sertion of the central electrode has been raising certain concerns in the medical community,
namely regarding the added risk of blood vessel puncture and potential to seed tumor cells
along the electrode track upon removal. Regarding the risk of blood vessel puncture, based on
the reports of the surgeons that have performed the ECT on the liver one electrode that partial-
ly punctures the vessel does not have a critical effect on the vessel structure. Such electrode con-
figuration which would include an electrode that completely punctures the vessel or several
electrodes partially puncturing it is something that can be avoided through careful treatment
planning. As for the potential of tutnor cell seeding upon electrode removal, given the fact that
the electric tield has the highest values in the close vicinity of the electrodes [34] it would seem
theoretically unlikely that any tumor cells would survive in the area near electrodes. However,
since we have received reports from several clinicians performing electroporation- based treat-
ments about noticing tumor reseeding along the track of removal of the central electrode {per-
sonal communication) it would be wise to perform further investigations of the matter.

The results of the second part of the study confirm what was already shown in the first part:
ignoring the vessels while optimizing the treatment can result in tumor under-treatment. An-
other condusion the results of studies performed on real patient models confirm is that a large
vessel close to tumor without any central electrodes represents a tisk of not covering a tumor
with a sufficiently high electric field, leading potentially to under-treatment. According to our
results, using a central electrode compensates the negative effects that the average anticipated
error of the automatic vessel segmentation method (which is 1 pixel} can have on tumor cover-
age. It is however still possible for the algorithm to produce an error up to 3 pixels, which can
negatively affect the tumor coverage even if the central electrode is present. An error of such
magnitude is rare and when it does appear it is of smaller scope than we modeled in our experi-
ments, i.e. it is present on usually one side of the object while we introduced it on the whole ob-
ject edge. Nevertheless, a mechanism to remove this error should be ensured by presenting the
results of the automatic vessel segmentation to the dlinician or a radiologist for validation be-
fore the start of the calculations of the electric field distribution. In case such large error ap-
peats the user should be able to spot it relatively easy and can then correct it.

In general, this paper was motivated by the aim to observe the relationship between tumor
size, vessel size, and vessel distance between the tumor and the vessel. We aimed at determining
the effect of the combinations of these three parameters on the distribution of the electric field
and consequently, on the coverage of the tumor with a sufficiently high electric field. We ex-
pected that the negative effect of the vessel will be larger for smaller tumors. We also expected
that the negative effect of the vessels will be proportional to vessel size and inversely propor-
tional to distance between tumor and vessel. These expectations were confirmed by the results,
but not completely. Some anomalies were noted in the cases where the vessels were larger than
the tumors and the electrodes were going through the vessels, namely for tumors of 10 mm di-
ameter. The observed anomalies were such that they could negatively affect the success of the
electroporation-based treatment, indicating the treatment planning procedure should also be
mindful of the mutual position of the electrodes and vessels, not only electrodes and the tumor.
This observation increases the level of complexity of an already extremely complex model.
With such complexity, the best approach for a successful electroporation-based treatment
should necessarily include a treatment planning procedure performed on the whole three-
dimensional model.
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Abstract

Background: Treatments based on electroporation are a new and promising
approach to treating tumors, especially non-resectable ones. The success of the
treatment is, however, heavily dependent on coverage of the entire tumor volume
with a sufficiently high electric field. Ensuring complete coverage in the case of
deep-seated tumors is not trivial and can in best way be ensured by
patient-specific treatment planning. The basis of the treatment planning process
consists of two complex tasks: medical image segmentation, and numerical
modeling and optimization.

Methods: In addition to previously developed segmentation algorithms for
several tissues (human liver, hepatic vessels, bone tissue and canine brain) and
the algorithms for numerical modeling and optimization of treatment parameters,
we developed a web-based tool to facilitate the translation of the algorithms and
their application in the clinic. The developed web-based tool automatically builds
a 3D model of the target tissue from the medical images uploaded by the user
and then uses this 3D model to optimize treatment parameters. The tool enables
the user to validate the results of the automatic segmentation and make
corrections if necessary before delivering the final treatment plan.

Results: Evaluation of the tool was performed by five independent experts from
four different institutions. During the evaluation, we gathered data concerning
user experience and measured performance times for different components of the
tool. Both user reports and performance times show significant reduction in
treatment-planning complexity and time-consumption from 1-2 days to a few
hours.

Conclusions: The presented web-based tool is intended to facilitate the
treatment planning process and reduce the time needed for it. It is crucial for
facilitating expansion of electroporation-based treatments in the clinic and
ensuring reliable treatment for the patients. The additional value of the tool is
the possihility of easy upgrade and integration of modules with new
functionalities as they are developed.

Keywords: electroporation; electrochemotherapy; irreversible electroporation;
electric field distribution; treatment planning; numerical modeling; web-based

Background
Exposing a biological cell to an electric field results in structural changes in the
cell plasma membrane. If the electric field is sufficiently high, the changes in the

trans-membrane voltage cause the membrane to become permeable to molecules

51 |



| RESEARCH PAPERS

Maréan et al.

|52

which otherwise cannot cross it. The described phenomenon is termed electropora-
tion [1] and can be either reversible or irreversible. If the electric field at given pulse
characteristics exceeds the reversible electroporation threshold, the cell eventually
returns to its normal state and survives; this is called reversible electroporation.
However, if the eleciric field exceeds the threshold of irreversible electroporation or
the cell is exposed to the electric field too long, the changes in the membrane lead
to irreversible electroporation (IRE) characterized by cell death.

Both reversible and irreversible electroporation have found their use in treatment of
tumors [2]. Combination of reversible electroporation and cytotoxic drugs used in
chemotherapy produces an increased drug uptake in the tumor cells and a more ef-
ficient therapy. Such treatment has been termed electrochemotherapy (ECT) [3-5].
On the other hand, the permanent damage to cells caused by irreversible electropo-
ration can be used to ablate the tumor cells directly. Since ablation with irreversible
electroporation, for most part, does not employ a thermal mechanism of cell death,
as opposed to e.g. radiofrequency ablation, IRE has also been termed non thermal
irreversible electroporation (NTIRE) [6-8]. The basis of both therapies is the ap-
plication of electric pulses with adequate amplitude, duration and pulse repetition
frequency using specially designed pulse generators and electrodes [9].

While the ECT for skin tumors has already been accepted into several clinical
guidelines, the application of ECT and TRE on deep-seated tumors is still in an
earlier clinical phase of testing [5,10-14]. In the case of deep seated tumors, it is
challenging to ensure the complete target volume coverage with a sufficiently high
electric field, which is the main prerequisite for successful tumor treatment [15-17].
Positions and the trajectory of electrode insertion have to be precisely determined
along with optimal pulse parameters. Taking into account the additional problem
of patient and tumor anatomical variability, the best way to ensure that the target
tissue is exposed to sufficiently high electric fields is by performing patient-specific
treatment planning [18,19].

In order to improve the prediction of treatment outcome, we have developed a
web-based tool for visualization of electric field distribution on geometric model of
patient anatomy acquired through segmentation of medical images. As an inspira-
tion for our workflow, we have used the radiotherapy and radiofrequency ablation
treatment planning (TP} procedures, which consist of several steps [19]: medical
imaging of the patient, image processing and extraction of model geometry, and
numerical modeling with determination of the optimal treatment parameters. All
these steps have been adjusted for electroporation-based treatment planning.

Our aim was to create a tool which the clinicians could easily use without the help
of engineers or without deep technical knowledge. Such a tool should relieve the
user from performing unnecessary steps from the engineering domain while keeping
the necessary level of robustness and reliability. In this way the tool aids the spread
of use of ECT and IRE to clinics with no or minimal specific engineering support.
The final product is a web-based tocl for visualization of electric field distribution
and planning of electroporation-based treatments which is described in detail in

following sections.
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Methods

The developed workflow for electric field visualization consists of several steps. The
user first uploads medical images in DICOM format or selects such images from
a previously-uploaded case. After uploading, there is an option for immediate and
permanent anonymization of the data. Medical images can, then, be segmented
manually or automatically by selecting the desired segmentation target (e.g. liver
on MRI images, or bone tissue on CT images, etc.). It is important to note that,
in case of tumor segmentation, it can currently be done only using the manual
segmentation module.

After automatic segmentation, the user is given the possibility to inspect and correct
the obtained segmentation results and validate them. Finally, the user specifies the
trajectory vector of the inserted electrodes and either decides to execute automatic
electric field modeling or to send the segmented case to an experienced engineer
from our team to evaluate and model the case. In either case, the final output that
is given to the user is a "Treatment report’ in the form of a pdf file. This file contains
all the information regarding electrode positioning, the optimal pulses that should
be applied per each electrode pair, volumes of reversibly and irreversibly treated
areas of all tissues and 2D illustrations of the electric field distribution. The diagram
of the workflow of our tool is shown in Figure 1, while an example treatment plan

is shown in Figure 2.

Medical image segmentation

The process of image segmentation depends on the target organ. So far, we have
implemented algorithms for liver and bone tissue segmentation of human patients
and brain tissue segmentation of canine patients, therefore making the tool avail-
able also for veterinary medicine [20-24].

Automatic liver segmentation using our tool can be performed on MRI or CT
images. Methods for liver extraction using MRI data are based on region grow-
ing, adaptive thresholding and active contours according to the work of Pavliha et
al. [25]. A different, two-stage method is used for CT liver extraction: rough esti-
mation of liver region by identifying the largest connected component on Euclidean
distance maps is followed by precise determination of liver boundary with active
contours.

After liver tissue extraction iz performed, the resulting liver geometry is used as
a mask for hepatic vessels segmentation. The method for segmentation of hepatic
vessels in both MRI and CT images is based on vesselness filtering and local thresh-
olding in the neighborhood of the results of vesselness filtering [26]. The vesselness
filter applied is based on the work of Frangi et al. [27] and can be easily adapted to
detect vessels in both CT and MRI images.

The algorithms for canine brain extraction from T1 and T2 weighted MRI images
are based on morphological operations and they consist of the following steps. First,
the central slice of the brain is identified by connected component analysis of eroded
images. The brain tissue from the remaining slices is extracted using the similarities
of adjacent slices [28,29].

Bone tissue is extracted from CT images using thresholding-based method. All of

the implemented algorithms for segmentation of different objects of interest work
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Figure 1 Diagram of the workflow of the web-based tool for visualization of the electric field
distribution.

automatically and require no user input. The modular design of the tool allows ad-
diticnal methods to be easily added after being developed and tested. The objects
that are not planned to be automatically extracted are the tumors, due to their
high variability of shape, size and location. For this purpose, we have provided a
tool for manual segmentation based on drawing contours by placing points on the

original slices.

Segmentation validation

The results of automatic segmentation of objects of interest are displayed to the
user in the form of 2D contours overlaid over the original image slices. In order
to ensure robustness and quality of the model extraction from medical images, the
user is asked to validate results of automatic segmentation. In this phase, the user
is able to manually change the segmentation results if needed.

Correction of individual object boundaries is possible by freely moving contour

points to the desired position. For this purpose, the 2D contours of segmented ob-
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Figure 2 An example of a treatment report file for ECT of liver. A. 3D model of the case with
marked positions of electrodes. B. Table containing optimal voltages per electrode pair. C.
Cumulative coverage curves for the tumor tissue. D. Electric field distribution overlaid on original
patient images

jects are simplified and initially reduced to 20% of the original amount of points
in the contour. The reduction of contour points is based on the measure of influ-
ence of a certain contour point which is calculated based on an angle and length
between adjacent edges of the contour [30]. The number of points in the 2D con-
tour, expressed as a percentage of the original number of contour points, can also
be reduced or increased by the user on the level of an individual slice during the
validation process itself. When the user chooses to change the number (percentage)
of points in the contour, the new points are determined based on the reduction of
the original contour as described above.

In case the user has already moved some points in space prior to choosing to change
the number of contour points, the changed part of the contour is first reconstructed
by fitting a piecewise cubic interpolation curve through the modified points. The
reduction algorithm is then performed on the contour which consists of the original
points that have not been changed and the points of the fitted curve. In case there
is a complete object missing from the segmentation or the user deems adjusting the
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segmentation results by moving the contour points would be too laborious, he/she
also has an option of erasing the segmentation results on a slice level and manually
drawing the contour.

The mamual drawing is supported by the manual segmentation tool described in

the previous section which is also embedded in the module for manual validation.

Electrode positioning

The validated model of the target organ with tumor and other structures of interest
also requires a 3D model of electrodes added before numerical modeling can be
performed. The size and type of the electrodes is pre-defined by the manufacturer
while the treatment as being currently performed requires them to be parallel. The
user thus needs to select the type of the commercially available electrodes, the
length of the active part of the electrode, and the desired trajectory of electrode
entry which will be used during the actual treatment.

The commercial electrodes that are currently supported by the tool are shown in
Figure 3. The choice of the entry trajectory is made by placing a starting point
and an ending point in two arbitrary 2D} image slices of the patient. During the
definition of the electrode entry trajectory, the user is aided by the visualization of
nearby structures that limit electrode access, such as large vessels in the liver or

bones in the case of head and neck tumors.

Numerical modeling

Numerical modeling is currently performed using Comsol Multiphysics (Comsol AB,
Stockholm, Sweden). Live link for Matlab provides an interface for Matlab and allow
for complete control of the finite element method model setup and solving. To this
end, we have developed code in Matlab which uses the segmentation provided by
the previous steps to automatically build a model with all segmented tissues.
Electrodes are inserted into the model based on the positions on medical images
specified by the user in the ’electrode positioning’ module. Boundary conditions for
voltage are then set on successive pairs of electrodes. For implementing different
conductivity values and changing of conductivity due to electroporation [31,32], we
use interpolation functions to specify the conductivity in each point of the model
[33]. In this way, Matlab code allows to increase the conductivity value of the tissues
in each point of the model as a function of the local electric field [31].

For mesh generation built-in meshing capabilities of Comszol Multiphysics are used.
Since the model consists only of the electrodes and the bounding box of the region of
interests, with the tissue parameters being handled by Matlab via lookup tables, the
built-in free tetrahedral meshing algorithms have proven effective and robust. The
electric field is computed iteratively until there is no further increase in conductivity.
After voltages on all electrode pairs are computed, the total coverage of the target
tissue and volumes of surrounding tissues covered with electric fields above the
irreversible threshold are determined. Electric field distribution is also overlaid over
the original medical images for easier vigual representation [34].

It is important to note that the model sets the target electroporation thresholds
according to pulse parameters (pulse number, duration, repetition frequency) that

are most often used as standard settings in clinical applications. For ECT this means
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Figure 3 Commercially available electrodes. A. Hexagonal needle electrodes. B. Linear needle
electrodes. C. Finger electrodes with axial needles. D. Finger electrode with perpendicular needles.
E. Variable-geometry needle electrodes. F. Angiodynamics Nanoknife Variable geometry needle
electrodes. All electrodes pictured in A-E are available from IGEA Srl.

8 pulses of 100 microsecond duration with repetition frequency of 1 Hz for and for
IRE it is 90 pulses of 100 microsecond duration with repetition frequency of 1 Hz.
In the case the user would like the pulse parameters to be different from these this

issue can be resolved by direct contacting of the engineer via info@visifield.com.
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Results and discussion

Web tool framework

The whole treatment planning procedure is embedded in a web-based client-server
solution. The web page acts as a client graphical user interface. All of the segmenta-
tion algorithms along with numerical modeling are performed on a dedicated server
running Matlab as the back-end engine. The results of the segmentation and numer-
ical modeling along with original medical images are stored in a MySQL database
and forwarded to the client side. The architecture of ocur web tool framework is
presented schematically in Figure 4.

On the client side, Hyper-Text Markup Language (HTML) and Cascaded Stylesheets

CLIENT |, | SERVER
Javascript ® pHP
GUI > iEGMENTATION
&5 : NUMERICAL
Fabric.js DATABASE | soL | CALCULATIONS
MySQL 1€ pmatLag

Figure 4 Schematical representation of the web tool framework with main components and
technologies used in their realization.

(CSS) are used for visualization of the content (i.e. Graphical User Interface — GUI),
while JavaScript (JS) is used for client-side dynamic scripting. The main part of the
server side Is realized using the Hypertext Preprocessor (PHP) which acts as the
content back-end processor and for executing server-side processes. Also, MATLAB
is currently used on the server side as the main processing back-end engine for
procedures. Structured-Query Language (MySQL) is used as the database contain-
ing all the required data tables, and for indirect communication between the GUI
and MATLAB (i.e. some dedicated tables are used for interaction between different
software parts).

Additionally, some open-source publicly available JS libraries that are used are
FABRIC.JS and jQuery. FABRIC.JS is used for client-gide graphics in the manual
segmentation and validation modules. jQuery is used for client-side dynamic script-
ing, and for performing Asynchronous JavaScript and XML {AJAX) calls from the
GUI to the PHP back-end.

Graphical user interface

The tool iz divided in two main working screens, shown in Figure 5: The first screen
‘Cases’ (Figure 5.A) permits adding new patients by uploading the DICOM images
(by either dragging and dropping them into a rectangle on the screen, or by opening
the classic file dialog). Existing patients are listed in the table and the currently
selected patient (which is, then, available to work with in the Workspace screen)
is marked. The ‘Workspace' screen containg all the procedures and results of the
currently selected patient. First, the user can select one of the predefined proce-
dures (e.g. Electric field visualization in the Liver on CT images) or can create
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a customized own procedure (e.g. Import DICOM Images, Automatically segment
bone tissue, Validate bone tissue, Insert electrodes, Request electric field calcula-
tion, Download PDF) by dragging and dropping these individual modules to form
the desired custom procedure order.

The most, advanced part of the ‘Workspace’ is the manual segmentation /validation
module (Figure 5.B), which is invoked after the automatic segmentation (or can
replace it for tissues that are not vet supported by any of the automatic segmenta-
tion modules). The manual segmentation/validation module allows displaying the
results of automatic segmentation (which are 2D surfaces on slices) as closed con-
tours consisting of several points. The user can rearrange these points in order to
correct any possible mistakes made by the automatic segmentation. If any objects
are missed, the uszer can easily add new or remove existing objects by clicking on the
corresponding buttons below the currently-displayed slice. Likewise, if the number
of the displayed contour points is inadequate, the user can perform point refinement
on the current slice and instantaneously change the number of points the back-end
had generated. Zooming is also possible and the zoom {displayed as the lens next to
the currently-displayed slice) is dynamically updated as the mouse moves in order
to allow a precise and easily-achievable accurate segmentation/validation on the
original images.

The GUI for the electrode insertion module is shown in Figure 5.C. The user can
pick one of the commercially available electrodes from the drop down menu. After
the choice of the electrode type has been made the user is required to specify the
entry trajectory of the electrodes. This is done by marking two points in any of the
two patient image slices or possibly even in the same slice. Left mouse click places
the starting tip of the electrode while the right mouse click places the end point
of the electrode. The described procedure needs to be done only once regardless
of the final electrode number, even in cases where several individual electrodes are
needed as this number will be determined by numerical modeling as the electrodes

are considered to be parallel to each other.

Performance evaluation

Five independent users from four different institutions in different countries were
given access to the web tool for evaluation purposes [35]. The users were not given
any specific task, they were simply asked to use the tool according to their respec-
tive areas of interest. All five users have experience in medical image processing and
electroporation-based treatments. The users were asked to provide feedback regard-
ing the usage experience while we measured the times of performance of different
tool components during their use. All of the users expressed the opinion that such
a tool provides significant simplification of the treatment planning process, which
they previously had to perform manually using different programs, taking up to 1-2
days of intense work.

The performance times of different tool components measured during evaluation
by the five users are presented in Table 1, along with the level of user interac-
tion required per individual component. The same table also provides information
about which tissue types and imaging modalities each user has tested as well as the

interaction type employed for each tissue/user.
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Table 1 Performance times of different tool components during user evaluation of the tool and level
of user interaction.
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Component Level of Avg time- | Avg. time- | Avg time- | Avg time- | Avg. time-
interaction User 1 User 2 User 3 User 4 User b
Image upload Interaction 205 ¢ 177 s 135 s 8h s 7hs
required
Automatic segmentation | Automatic N/A 50 s 25 min N/A 503 s
Manual segmentation Interaction 14 min N/A 5 min 5 min 13 min
required
Manual validation Interaction N/A 10 min N/A N/A 53 min
required
liver tumor | pelvic 1) liver bone 1) canine
/MRI bone /CT /CT brain
Tissue type /Imaging modality /manual /CT ) /automatic; | /manual /MRI .
JInteraction level /automatic | 2) prostate fautomatic;
/MRI 2) tumor
/manual /MRI
manual

Conclusions

We have developed a web-based tool which embeds specifically-developed algorithms
for medical image segmentation and numerical modeling and optimization, all for
the purpose of generating patient-specific treatment plans for electroporation-based
treatments. The need for treatment planning in electroporation-based treatments
has already been recognized as a necessity [13,36-38]. Since patient-specific treat-
ment planning is not a trivial task, a tool such as the one we have presented is nec-
essary in order to enable routine clinical use of electroporation-based treatments. So
far the implemented automatic segmentation algorithms are limited to human liver
and hepatic vessels, bone tissue segmentation and canine brain tissue segmentation.
However, other tissue types can be segmented using the manual segmentation mod-
ule. Also, it is important to note that the development of the presented tool is an
iterative process and its modular design allows easy upgrade and inclusion of new
algorithms for automatic segmentation according to needs of the clinical commu-
nity.

In contrast to radiotherapy, electroporation-based treatments are not yet supported
in medical institutions by dedicated teams of biomedical engineers or medical physi-
cists with necessary knowledge and experience in electroporation who could prepare
treatment plans. Our solution removes the burden of complicated engineering proce-
dures from the end-user while the minimum required amount of interaction ensures
robustness and validity.

Additional value of the presented solution is that it is web-based with all of the
computationally intensive tasks performed on a dedicated server we provide. This
concept eliminates the need to install new programs on the end-user’s computer,
as opposed to majority of tools for medical image segmentation that are available
today. Moreover, the user can access his or her own patients and treatment plans
from any computer as all the data are stored on the server. The brief yet valued
evaluation by experts in the field of image processing and electroporation-based
treatments has shown that the tool significantly shortens the time necessary to

generate a treatment plan, from 1-2 days to a few hours. Such advance can greatly
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help the expansion of electroporation-based treatments in the clinic and improve

reliable treatment performance.
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Multi-Atlas Segmentation of MRI Images Enhanced
with Atlas Selection Based on Imaging Properties
and Rater Variability
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Abstract—Methods of image segmentation based on registra-
tion of previously segmented images with the target image have
been continuously providing good results, However, their big
downside is relatively long segmentation time due to registration
of each atlas with the target image, which can be shortened by
selecting a subset of all atlases for the main process. Many of
these atlas selection strategies include pre-registration, which is
not very time-efficient, either. In this work we present a new
atlas-selection strategy that requires no previous registration.
The strategy is based on image meta-information that can be
read directly from the DICOM header and variability of the
atlas rater, which can be calculated offline and stored in the
database along with the atlases. We applied the proposed method
on an existing multi-atlas segmentation algorithm for prostate
segmentation which originally selected the atlases solely on the
presence of an endorectal coil. The method has been evaluated
on a publicly available dataset of prostate images from four
different institutions. Evaluation process included comparison of
Dice similarity coefficients scored by multi-atlas segmentation
with no atlas selection, with coil-based atlas selection and our
proposed atlas-selection strategy. The results show 50% reduction
of time needed for one multi-atlas based segmentation and
also statistically significant improvement of the segmentation
results when the atlas-selection strategy proposed in this work
is used. However, the improvement in accuracy is still relatively
small compared to errors introduced by registration of atlases;
therefore further development in multi-atlas segmentation should
be directed towards registration strategies.

Index Terms—Magnetic resonance imaging (MRI), prostate,
atlases, segmentation, validation, multi-atlas.

[. INTRODUCTION

EGMENTATION of medical images is undoubtedly a

crucial part of many clinical tasks which are performed
routinely. These tasks include not only diagnostics but also
more complex activities such as intraoperative navigation and
treatment planning. Its role in the treatment planning process is
especially important in technologies for cancer treatment such
as radiotherapy [1], cryotherapy [2], laser-induced interstitial
thermotherapy [3], radiofrequency ablation [4] and, recently,
electroporation-based treatments [S]-[7]. In the case of these
technologies treatment planning not only enables routine per-
formance of the treatment but is also key to performing the
treatment successfully.
Although manual segmentation performed by an expert radiol-
ogist is today still considered to be the gold standard it is also
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a tedious and time-consuming task. This not only complicates
the implementation of the whole treatment-planning process in
the clinic but also introduces the problem of intra- and inter-
rater variability [8]. Algorithms for automatic segmentation of
medical images have proven to be effective in alleviating the
variability and time problem [9]. Still, in order to ensure valid-
ity of results of automatic segmentation before they are used in
treatment plarming it would be wise, perhaps even mandatory,
to use some kind of mechanism of segmentation validation and
correcting by an expert clinician [8], [10], [11]. Additionally,
it such validation mechanism is joined with the automatic
segmentation algorithm into an integral solution it enables
building a database of expert-validated segmentations which
can then be used in improving the automatic segmentation
algorithms. One such integrated tool that is also web-based
was previously developed by our group and is used to facilitate
treatment planning for electroporation-based treatments [12].
Not all automatic segmentation algorithms are convenient for
improvement based on previously segmented images, e.g. the
algorithms which have no parameters that could be optimized.
On the other hand, some advanced algorithms rely heavily
on a database of segmented cases, e.g. multi-atlas based
segmentation where database images are registered to the
target image and the obtained transformation deformations
are propagated to respective segmented images. The final
segmentation of the target image is then obtained through
fusion of transformed labels [13]. Naturally, the performance
of multi-atlas segmentation depends heavily on the registration
and label-fusion algorithm implemented as well as the extent
to which the atlases represent anatomical variability [14].
Another aspect that can influence the multi-atlas segmentation
which continues to gain on its importance is the question of
atlas selection. It was shown that careful selection of atlas
subset decreases segmentation time and improves segmenta-
tion accuracy when compared to using all available atlases for
segmentation [9], [14], [13].

Most methods of atlas selection that were implemented to-
date are based on calculating image similarity between target
image and atlas images [9], [15], [16]. This approach, however,
requires that atlas images be registered to the target image
before the image similarity measure is calculated, which is
computationally equal to performing the segmentation with
all atlases from the database. Another idea is to instead
choose atlases based on meta-information, such as patient
gender, age, clinical status etc. [14], [17]. There is also other
meta-information that could be used, specifically imaging
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parameters that can be read directly from the image header.
Still, to the best of our knowledge such approach has not been
explored, with an exception of Litjens et al. that have grouped
atlases based on coil presence in their method for prostate
segmentation from MRI images [18], [19].

Another aspect that could also be used in atlas selection
is the variability of the rater that has segmented a certain
atlas image. Although some recent works have addressed
possible inaccuracy of the original atlas segmentation [20]-
[22] they tie the inaccuracy to a specific case and treat one
atlas segmentation as one rater. Since human raters differ in
their skill level and experience it might be interesting to also
try and formulate rater accuracy on the level of one specific
person who introduces his/her specific variability into the atlas
set.

In this work we explore the impact of atlas selection based
on image meta-information and rater variability on the results
of multi-atlas segmentation of MRI images. For this purpose
we have developed a new framework for atlas selection that
assigns each atlas a similarity value based on machine manu-
facturer, type, and strength, coil used and accuracy of the rater
that labeled the atlas image. The framework was employed
on the task of prostate segmentation from MRI images. The
decision to use prostate as the target organ was made due
to increased interest to use electroporation-based treatments
(which are the focus of our research group) in treating prostate
cancer [23], [24]. The results of multi-atlas segmentation with
our proposed atlas-selection framework were compared to
some previously developed multi-atlas algorithms for prostate
segmentation [9], [19] in terms of accuracy and segmerntation
time.

II. MATERIALS AND METHODS

A. Prostate segmentation from MRI images

In order to better observe the impact of our atlas selection
method we have decided to implement it in previously vali-
dated multi-atlas based segmentation algorithm for prostate.
In the recent years several authors have developed such
algorithms [9], [18], [19], [25]-[30] which mostly vary in the
choice of registration algorithm and label fusion approach.
Our choice was to work with the algorithm proposed by
Litjens et al. [19] since they have provided the most extensive
description of the algorithm and report of validation results
that enables straightforward repeatability and comparison. In
addition, their algorithm was evaluated on a publicly available
database from the 2012 MICCAI Grand Challenge on Prostate
MRI Segmentation.

In their proposed prostate segmentation algorithm Litjens
et al. perform a two-step registration of atlas images and
target image: first a rigid registration and then a nonrigid
registration parameterized by cubic B-splines. After applying
the obtained transformations to label images they construct a
baseline segmentation through majority voting and finally fuse
the labels using the SIMPLE algorithm which was previously
developed by Langerak et al. [26].

In our re-implementation of the algorithm we have used the

Elastix package for registration as the authors have while set-
ting the registration parameters according to detailed descrip-
tion provided in the original paper [19]. We have implemented
the majority voting and SIMPLE algorithm in Matlab, also
based on details provided by Litjens et al. Additionally, we
have also performed experiments with STAPLE as the label
fusion algorithm (instead of SIMPLE) [8] in order to gain
additional insight into impact of our atlas selection method.

B. Atlas selecrion method

Our proposed atlas selection method uses two sources
of information: image meta-information from MRI header
and variability of the rater that segmented the atlas image.
Specifically, the image meta-information used is: machine
manufacturer, type, strength of the magnetic field, and whether
or not an endorectal coil was used. We have chosen to use
these parameters as features in our atlas selection given the
available information provided in the publicly available dataset
that we used for evaluation.

The variability of the rater was assessed through the leave-
one-out experiment on the same publicly available dataset
used for all other evaluation. Generally the best way to
assess rater variability is to have multiple raters label the
same case multiple times, after which ground truth can be
estimated using the expectation-maximization algorithm and
rater variability assessed, such as by using the STAPLE
algorithm [8]. Unfortunately it is hard to obtain such data
in practice. However, the underlying idea behind the multi-
atlas segmentation is that the registration step results in images
which have an identical intensity similarity to the target image
[22]. With the assumption of a perfect registration being
achieved any disagreements between the transformed label
image and the estimated segmentation of the target image
are in fact a product of errors in segmentation of the atlas
image. This assumption about registration accuracy enables
us to assess rater variability through multi-atlas segmentation
where estimated target segmentation is the ground truth and
transformed atlas labels are segmentations of the target image
performed by individual raters. In our implementation we
perform the atlas registration in the same way as described
in the previous section while ground truth estimation from
transformed labels is done using the STAPLE algorithm. We
quarntify the rater variability by calculating the Dice similarity
coefficient (DSC) between the estimated ground truth and the
transformed atlas label.

Since the dataset that we use does not provide the information
about which rater manually labeled which atlas we assumed
that each atlas was labeled by a different rater, thus treating an
atlas as a rater. By performing the leave-one-out experiment
we obtain DSC values per each rater per each atlas case that
was left out. The final values of the variability of each rater
are then calculated by averaging the DSC values of all cases
per rater.

The image meta-information and rater variability are then
combined to form a unique atlas similarity value in the
following manner. If for a certain atlas image any of the
four meta-information features (manufacturer, machine type,
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TABLE I
AVAILABLE META-INFORMATION ABOUT MRI IMAGES OF THE PROSTATE
FROM FOUR DIFFERENT CENTERS

TABLE II
RESULTS OF LEAVE-ONE-OUT EXPERIMENTS ON TRAINING DATA FOR
DIFFERENT ATLAS SELECTION AND LABEL FUSION STRATEGIES

Centre Manufacturer | Field strength | Endorectal Atlas selection +1abel | Mean DSC | Median DSC | Performance
(T coil fusion variation time (min)
Haukeland University | Siemens 15 Yes All atlases + SIMPLE | 0.75 0.80 32
Hospital (Norway) All atlases + STAPLE | 0.72 0.76 37
Beth Israel Deaconess | GE 3 Yes Coil-based selection | 0.76 0.81 14
Medical Center (USA) 4 SIMPLE
University College | Siemens 1573 No Coil-based selection | 0.77 0.81 14
London (UK) 4+ STAPLE
Radboud  University | Siemens 3 No Image meta- | 077 0.82 14
Nijmegen Medical information + rater
Centre (Netherlands) vatiability + SIMPLE
Image meta- | 0.77 0.81 14
information + rater
strength and coil) is the same as in the target image that feature variability + STAPLE

is set to '17, otherwise it is set to '0’. The rater variability
feature for a certain atlas is directly assigned the DSC value
of the rater who performed the manual atlas labeling. The atlas
similarity value is thus:

similarity value (atlas) = manufacturer + machine

+ strength + coil + variability (rater) (1)

Once the similarity values of all the atlases have been
calculated we rank them in descending order and select 20
best atlases [14], [30] which are used in the multi-atlas
segmentation algorithm.

C. Data and experiments

The data used in the evaluation of our atlas selection

method is the publicly available data from the PROMISE 12
challenge - the Prostate MR Image Segmentation challenge
that was held as a part of 2012 MICCAI conference. This
database contains 50 training cases with corresponding expert
segmentations of prostate and 30 test cases with just the
original images without the segmentation. The results of the
test cases segmertation can however be submitted online
to the challenge page after which they are automatically
evaluated by the same metrics that were used for all
participants of the challenge.
The PROMISE challenge dataset contains images which
originate from four different cemters and subsequently have
different combinations of image meta-information features
that we use in our atlas selection method. This makes it an
especially convenient dataset to evaluate the impact of our
atlas-selection method on segmentation results. The values
of the image meta-information features for each of the four
centers are presented in Table 1 [31]. The data about the type
of the machine is not explicitly available so we presumed that
each institution had a different machine, with the exception
of UCL which, according to data about field strength, had
two machines. It should also be noted that each of the four
institutions provided equal number of cases which were then
evenly distributed in both training and test dataset.

The evaluation of our atlas selection method was done
through the leave-one-out experiments on the 50 training

sample from the PROMISE dataset. We have quantified the
results of each case by calculating the 3D Dice similarity co-
efficient (DSC). The leave one-out experiments were repeated
several times, each time with different variation of the atlas-
selection method. Besides selecting the 20 best atlases based
on equation (1) given in the "Atlas selection method’ section
we have also experimented with atlas selection based only
on coil presence, as this is what was performed by Litjens
et al. in their multi-atlas prostate segmentation method [19].
‘We have also performed the multi-atlas segmentation on all
atlases, e.g. without atlas selection. In addition to varying
the choice of features for atlas selection we also varied the
label fusion method between SIMPLE and STAPLE. The label
fusion variation was done in combination with each of the
four atlas selection strategies, resulting in eight leave-one-out
experiments in total.

‘We have also applied our atlas selection method based on
(1) along with prostate segmentation method [19] to the test
dataset of the PROMISE challenge. This dataset consists of 30
images from the same four institutions that provided images
for the training dataset, but the reference segmentation for
these images is not publicly available. We have submitted our
segmentations of the test images to the PROMISE challenge
web-page where they were evaluated by the organizers by
the same metrics used on all the other participants of the
challenge.

III. RESULTS
A. Training Data

The results of the leave-one-out experiments are shown in
Table 2 in the form of mean and median D'SC and performance
time in minutes. The results of the same experiments are
also shown graphically in the form of box-plot in Figure 1.
All experiments were run on the same machine, which has
an 8-core Intel i7 3.40 GHz processor with 16 GB of RAM.
Additionally, the registration of atlases was run in parallel
using a pool of four workers with each worker assigned with
one atlas at a time.
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In order to gain better insight into performance of different
atlas selection and label fusion strategies we have also
performed the paired difference Wilcoxon signed rank tests
between all of the methods. Performance of paired t-test
was not used in all cases due to data being non-uniformly
distributed. The results of the paired difference tests for the
leave-one-out experiments on training data is shown in Table
3. The row strategies are compared to the column strategies.
A table entry + denotes statistically significant superiority of
the former over the latter; - denotes inferiority; NS denotes a
statistically insignificant difference (P >0.05). For significant
differences, the respective confidence levels are given in
parentheses.

B. Test Data

According to the metrics defined by the organizers of the
PROMISE challenge the implemented atlas-based segmenta-
tion of the prostate in combination with our atlas selection
strategy scored 74.04 out of 100, while the original atlas-based
method which selected atlases only based on endorectal coil
presence scored 73.3. Score is a value 1-100 calculated by the
challenge organizers based on different metrics. The results
are publicly displayed at http:/promisel2.grand-challenge.
org/Results/Overview, along with the detailed score of each
submission.

‘We have observed per-case values of the Dice similarity
coefficients for the two atlas-selection methods and presented
the results graphically in Figure 2.

As in the case of the training dataset we have also performed
the paired difference Wilcoxon signed rark test on the results
obtained on the test dataset, namely on the score values
obtained by the two methods. If the test is performed on the
full dataset of all 30 test cases the difference between the two
methods is not statistically significant. However, through direct
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Fig. 1. Box-plot of Dice similarity Coefficients of different atlas selection
and label fusion strategies applied on the leave-one out validation of prostate
segmentation. 1 - No atlas selection (all atlases) + SIMPLE. 2 - No atlas
selection (all atlases) + STAPLE. 3 - Coil-based atlas selection + SIMPLE.
4 - Coil-based atlas selection + STAPLE. 5 - Atlas selection based on image
meta-information and rater variability + SIMPLE. 6 - Atlas selection based
on image meta-information and rater variability + STAPLE.

Dice Similarity Coefficient
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Fig. 2. Dice similarity coefficients of two different atlas selection methods
in combination with a multi-atlas prostate segmentation algorithm applied on
the 30 test cases.

observation of per-case results (Figure 2.) we have established
that the performance of our proposed atlas selection method
is worse than that of the method based on coil presence
alone mostly in the first seven cases, which all originate from
the same institution. If we perform the paired difference test
on the remaining 23 cases which originate from the other
three institutions the results show that our proposed method
is statistically significantly better, with confidence level 0.005
<P <0.01. The same test performed on the first seven cases
that belong to a single institution show that the atlas selection
method based on coil alone is statistically significantly better
than our proposed method, with confidence level P <0.001.
The difference in performance of methods on these two subsets
(one institution vs. other three institutions) is also visible from
Figure 3, where we present box plots of the two methods” DSC
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TABLE III
RESULTS OF PAIRED DIFFERENCE WILCOXON SIGNED RANK TESTS FOR DIFFERENT ATLAS SELECTION AND LABEL FUSION STRATEGIES
All atlases + | All atlases + | Coil-based Coil-based Image meta- | Image meta-
SIMPLE STAPLE selection + | selection + | information + rater | information + rater
SIMPLE STAPLE variability + SIMPLE | varability + STAPLE
All atlases + SIMPLE / NS NS NS - (P <0.001) NS
All atlases + STAPLE NS / NS - (0001 <P | NS - (P <0.001)
<0.005)
Coil-based selection + SIM- | NS NS / NS - (0.02 <P <0.05) NS
PLE
Coil-based selection + STA- | NS + (0.001 <P | NS / NS NS
PLE <0.005)
Image meta-information + | + (P <0.001) | NS + (0.02 <P | NS / NS
rater variability + SIMPLE <0.05)
Image meta-information + | NS + (P <0.001) | NS NS NS /
rater variability + STAPLE

values for the whole test dataset and the two subsets.

iheaid b

Dice Similarity Coefficient

Proposed +30 Coil +30  Proposed +23  Coil +23
Atlas selection methed + data subset

Proposed +7 Col +7

Fig. 3. Dice similarity coefficients of two different atlas selection methods
in combination with a multi-atlas prostate segmentation algorithm applied on
different subsets of test cases: all 30 cases, 23 cases from 3 institutions, 7
cases from the fourth institution (first 7 cases of the whole dataset of 30 test
cases).

IV. DiscuUssSION AND CONCLUSION

The aim of the work presented in this paper was to establish
whether an atlas selection strategy based on image meta-
information and variability of the rater who segmented the
atlas image carn improve the results of multi-atlas segmentation
methods. We have applied the proposed atlas selection strategy
to an existing multi-atlas prostate segmentation algorithm and
evaluated its performance on a publicly available dataset of
segmented prostate images from four different institutions. The
dataset in question belongs to the 2012 MICCAI Grand Chal-
lenge on Prostate MRI Segmentation. The original prostate
segmentation algorithm on which we applied our atlas selec-
tion strategy was also a part of the mentioned challenge, which
enabled easy and transparent comparison of obtained results.
The results obtained from the leave-one-out experiments on
50 images from the training set show that our proposed
atlas selection strategy improves both mean and median Dice
similarity coefficient for 0.02 compared to performing the

segmentation with no atlas selection, i.e. using all available
atlases. This difference was also shown to be statistically
significant in paired difference tests (P <0.001). The benefit
of our atlas selection strategy over using all available atlases
is even more pronounced in terms of time required for seg-
mentation of one case, which is by using our atlas selection
strategy reduced for more than 50%.

Regarding the differences between our atlas selection strategy
and the strategy that was employed in the original prostate
segmentation algorithm that we re-implemented for the pur-
poses of this work (Litjens et al. 2012), observing mean and
median DSC evaluated based on the training set shows no
difference between two methods. A statistically significant
difference in favor of our proposed method does however
exist on the per-case basis (0.02 <P <0.05). The difference
between the two atlas selection strategies is even more visible
in the results obtained from the 30 test cases. Although the
results of the paired difference test applied on the whole test
set show that there is no statistically significant difference,
closer observation of the per-case results shown in Figure 2.
raises suspicions of a possible institution bias. In Figure 2
it can be noticed that the first seven cases stand out from
the rest of the results in consistent better performance of the
atlas selection method based only on coil presence. Also, all
of these seven cases came from the same institution, while
the other 23 cases came from the other three institutions. The
analysis of the paired difference in these two subsets shows
a statistically significant difference in favor of the coil-only
atlas selection for the first seven test cases (P <0.001) and a
statistically significant difference in favor of our proposed atlas
selection for the rest of the subset (0.005 <P <0.01). Since the
paired difference was calculated using the signed rank test this
had probably resulted in reported no statistically significant
difference for the whole test set of 30 cases. Also, the level of
the statistical difference in the two subsets is too great not to
assume a certain bias towards one institution exists, although
we cannot explain the reasons for this bias based on available
data. Based on the performance of our proposed atlas selection
strategy on the data from other three institutions as well as on
the training dataset we believe the results show that our atlas
selection strategy is in general superior over atlas selection
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based on coil presence alone.

‘What can also be observed from the results is that the choice
of the label fusion method, at least regarding the choice of
SIMPLE or STAPLE method, has no significant influence on
the final segmentation results. It would however be interesting
to apply the proposed atlas selection method in combination
with some other label fusion strategies, as there have been
many new ones developed in the past few years [20]-[22],
[32], [33]. Some of these strategies also include a way to
account for registration errors based on image intensities of the
original and atlas image [20], [22], which could be especially
beneficial in our strategy of determining variability of the
rater who segmented the atlas image and subsequent choice
of atlases based on that metric. Also, the rate of improvement
of segmentation results that is obtained by using our atlas
selection strategy hints that the errors that occur during the
registration phase still account for the majority of inaccuracy
in multi-atlas based segmentation algorithms.

In summary, we have shown that selection of atlases based
on image meta-information and rater variability is an elegant
and efficient strategy that both improves the segmentation
results and significantly reduces the time needed for multi-atlas
based segmentation. We believe our strategy can be especially
beneficial in cases of large databases with cases coming from
many different institutions. Also, the formulation of our atlas
selection strategy is such that it could include additional
features that could be read directly from the DICOM header,
such as the imaging protocol and contrast agent. Additionally,
in the cases where multiple segmentations by the same rater
exist in the database the value of rater variability can be easily
recalculated offline after the addition of new cases, with no
additional performance burden on the segmentation method
itself. This gathering of cases and offline recalculation can
be easily implemented as a web-based tool, an example of
which is our previously developed tool for treatment planning
of electroporation-based treatments (www.visifield.com).
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DISCUSSION

SEGMENTATION OF HEPATIC VESSELS FROM MRI IMAGES

Development of methods for automatic segmentation of tissues which are deemed critical
during electroporation based treatments, namely the hepatic vessels, from medical images
was the topic of Paper 1. The choice of hepatic vessels as the target object for segmentation
was motivated by at that time active clinical study on electrochemotherapy of liver
metastases (EudraCt no. 2008-008290- 54, registered 178 at Clinicaltrials.gov no.
NCT01264952), which was performed at the Institute of Oncology Ljubljana. The clinical study
included treatment planning procedure which required an adequate model of the liver, tumor
and hepatic vessels (Edhemovic et al. 2011). MRI was chosen as the imaging modality since
the liver metastases that were treated in the clinical study are best visible in MRI images. By
using the same images to segment liver, tumor and hepatic vessels additional registration

errors were avoided.

As the majority of work on automatic segmentation of hepatic vessels was done on CT
images [ used the classical methods applied there to construct an algorithm that would work
well on MRI images. The developed algorithm is based on two main approaches: filtering that
enhances tubular structures and thresholding. Multiscale enhancement of tubular structures
is a widely used and efficient method (Frangi et al. 1998) that is in the proposed algorithm
used to locate the vessels. The final vessel boundary is then determined by performing local
thresholding of the MRI image in smaller regions of interest obtained by dilation of vessel
locations produced by the previous step. The thresholding method is also an established and
relatively simple yet efficient approach based on minimization of intra-class variance (Otsu

1979). Besides the two main approaches the algorithm includes preprocessing and post
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processing methods. The preprocessing method removes the bias that is characteristic for
MRI images due to inhomogeneity of the magnetic field. Bias removal is extremely important
for the local thresholding and directly influences determination of the optimal threshold. The
post processing methods include region growing which serves to connect small gaps
between vessel segments and morphological opening which removes very small

disconnected objects.

The developed method for automatic segmentation of hepatic vessels was validated using
custom-made simple phantoms and images of the patients enrolled in the clinical study of
treating liver metastases by electrochemotherapy. Simple phantoms were created by
inserting a glass tube filled with physiological solution into a cup filled with agarose gel. The
glass tube modeled the vessel while the agarose gel modeled liver. The inserted tubes were
of different diameter sizes (4 mm, 6 mm, and 8 mm) and were inserted into the gel both
perpendicularly to the bottom and in a way that they leaned on the glass side. The position
of the glass tubes can be seen in Figure 2. In total six phantoms with different combinations

of tube size and position were used and were simultaneously imaged in an MRI device.

/

Figure 2. A simple phantom constructed for validation of hepatic vessel segmentation from MRI
images. The phantom is made of agarose gel and a glass tube filled with physiological solution
inserted in: (A) perpendicular position. (B) tilted position. (The figure is originally Figure 2. from
Paper 1.)
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The resulting images were segmented by the developed algorithm and compared to the
expected size of the vessel in axial slices which was determined based on the mathematical
equation for area of the circle. The results presented in Figure 3 indicate the developed

method is able to accurately determine the edge of the vessel.

The validation on medical images of real patients was performed for six cases from the
clinical study. The series chosen for segmentation were the same as the ones used for
segmentation of liver in earlier work (Pavliha, Musi¢, et al. 2013) - T1-weighted axial images
taken 20 min after injection of Primovist® (Bayer Group, Germany) contrast agent. Hepatic
vessels were previously manually segmented from the images by an experienced radiologist,
thus providing the gold standard for the evaluation of the proposed algorithms. The metrics
chosen for evaluation included sensitivity, average symmetric surface distance (ASSD) and
Hausdorff distance, which were determined per vessel segment. To express the metrics on
the case level the median of all metric values obtain per vessel segment were calculated.

These results are shown in Table 1.
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Figure 3. Median accuracy of segmented area of phantom as a function of resolution for
different segmentation methods: variance minimization thresholding of the original image,
entropy maximization thresholding of the original image, vesselness filtered image thresholded
by variance minimization thresholding, and vesselness filtered image thresholded by entropy
maximization thresholding. A. Tube in perpendicular position. B. Tube in tilted position. (The
figure is originally Figures 4. and 5. from Paper 1.)
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Table 1. Results of segmentation of all hepatic vessels from six clinical cases. Segmentation was
performed by the method based on local thresholding. Results show median sensitivity (SEN),
median average symmetric surface distance and median Hausdorff distance. (The table is
originally Table 3. from Paper 1.)

Pixel Median Medign Median - Median

CASE Number Ofresolu’rion Median ASSD ASSD ngsdorff ngsdorff
objects SEN . distance distance
[mm] [pix] [mm] '
[pix] [mm]
1 305 0.684 100,0 1,0 0,7 2,2 1,5
2 347 0.684 100,0 1,2 0.8 3,2 2,2
3 328 0.684 100,0 1,1 0,8 3,2 2,2
4 327 1.188 89,9 0,7 0.8 2.8 3.4
5 400 1.188 90,0 0,6 0,8 2,2 2.7
6 454 1.188 100,0 0,9 1,1 3,0 3,6
AL 96,7 0.9 0.8 2.8 2.6
(mean)

Of the metrics used for algorithm evaluation most prominent indicators of method suitability
for treatment planning of electroporation based treatments are ASSD and Hausdorff
distance, which indicate mean expected error and the maximum expected error produced by
the segmentation method. The values of these errors averaged over all six clinical cases were
0.8 mm for ASSD and 2.6 mm for Hausdorff distance. The average sensitivity of the method
was shown to be 96.7 which indicates good method performance in locating the hepatic
vessels. However, in order to determine whether the method is robust enough to be used in
generating reliable treatment plans for electroporation-based treatments, a deeper
understanding of influence of vessels on the electric field distribution had to be obtained

first.

INFLUENCE OF VESSELS ON THE OUTCOME OF ELECTROPORATION-BASED

TREATMENTS

Recent practice in performing treatment planning for electroporation-based treatments has
grown to take into account different tissues that are in the vicinity of the tumor along with
their electrical conductivity. However, the vessels were usually not modeled as separate
objects with the justification that their conductivity is accounted for in the bulk tissue
conductivity (Sel et al. 2005; Cukjati et al. 2007). Although it was suspected that large vessels,
such as those found in the liver, might have their own individual and significant effect on the

distribution of the electric field, there was no definite quantification of the extent of that
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effect. The first attempts at gaining insight into the effect were made only recently (Golberg

et al. 2015).

In the second part of my PhD, which is described in Paper 2, I set out to give an answer
whether ignoring the vessels that are situated near the tumor can have adverse effects on the
treatment outcome. In other words, I wanted to establish whether the vessels can affect the
electric field distribution in such a way that would cause the coverage of the tumor to be
smaller than if no vessels were present. I also wanted to determine for which vessel sizes and

distances from the tumor could this effect occur.
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Figure 4. 2D sliced color map of the electric field distribution for a case where a significant
difference in tumor coverage is observed as a result of the presence of the blood vessel. The
color map is presented for a simplified model of ECT of a 10 mm tumor with a 4 electrode
configuration and in the presence of a 7 mm vessel which is 0 mm away from the tumor. The
color maps are shown for two vessel positions: A. Vessel perpendicular to the electrodes. B.
Vessel parallel to the electrodes. The slices for which the color map is shown span the plane
parallel to the vessel. The relative position of the planes along the third axis (the one which the
plane does not span) is the same in both cases and fixed at -4 mm, 0 mm, and 4 mm away from
the tumor center. (The figure is originally Figure 7. from Paper 2.)

In order to achieve the above goal I have created a numerical model consisting of a sphere
and a cylinder, where the sphere represented tumor and the cylinder represented a vessel.
varied the sizes of both tumor and vessel, as well as the distance between them and the

position of the vessel regarding the electrodes. For each tumor size I first determined the
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optimal treatment parameters while disregarding the vessel. After that I performed another

calculation with the same parameters only this time with vessel included in the model.

The results of my calculations show that ignoring the vessels that are in tumor vicinity while
calculating optimal treatment parameters can indeed cause incomplete coverage of the

tumor by a sufficiently high electric field. An example of this effect is shown in Figure 4.

The effect of the vessels varies with sizes of both tumor and vessel and the distance between
them. In general, the effect will be present in cases of a vessel with 3 mm diameter or larger
which is 3 mm away from the tumor or closer. As expected, the effect is more pronounced for
larger vessels and smaller distances, which can be observed in Figure 5 and Figure 6. More
important conclusion that can be drawn by observing these two figures is that an adverse
effect of the vessels is a lot more pronounced when a treatment is performed without an
electrode that is inserted inside the tumor, i.e. the central electrode. Below results shown in
Figure 5 correspond to the case without the central electrode while Figure 6 shows the results

for the case with the central electrode.
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Figure 5. Tumor coverage for ECT of simplified model of 10 mm tumor with 4 electrodes. The
coverage is plotted against different distances between vessel and tumor, and with respect to

different vessel positions and sizes. A. Vessel perpendicular to the electrodes. B. Vessel parallel
to the electrodes. (The figure is originally Figure 3. from Paper 2.)
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Figure 6. Tumor coverage for ECT of simplified model of 10 mm tumor with 5 electrodes. The
coverage is plotted against different distances between vessel and tumor, and with respect to
different vessel positions and sizes. A. Vessel perpendicular to the electrodes. B. Vessel parallel
to the electrodes. (The figure is originally Figure 4. from Paper 2.)

Besides performing theoretical numerical calculations I have also performed a series of
experiments on models based on real patient images of the liver where the vessels were close
to the tumor. In these experiments I have first taken vessels into account while determining
optimal treatment parameters, after which I would introduce variants of the error of my
vessel segmentation algorithm that I have previously determined. Namely, I performed left,
right, up and down shifts an enlargement and shrinking of the vessels where the value of
these deformations was 1 pixel or 3 pixels. These values are in fact integer values of average
symmetric surface distance and Hausdorff distance respectively, the error metrics I used to
evaluate my segmentation algorithm in the previous chapter. By observing the changes in the
electric field distribution after introducing the error into vessel geometry but keeping the
treatment parameters unchanged I was able to determine the robustness of my proposed
method for automatic vessel segmentation. The obtained results follow the ones reported for
the theoretical model above: the segmentation method is robust enough not to affect the
tumor coverage with possible errors, but only in the case the central electrode is used during

treatment.
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EDITING AND VALIDATION OF RESULTS OF THE AUTOMATIC SEGMENTATION

Recent advances in the field of medical image segmentation are producing new, more
accurate and faster algorithms now more than ever. Moreover, methods for automatic
segmentation are appearing that are deemed accurate enough to bridge the problem of
intra-rater and inter-rater variability which appears in manual segmentation (Warfield et al.
2004). Still, in the applications where the cost of possible segmentation error is high (such as
any treatment planning) the human factor can still not be completely eliminated. In such
cases results of automatic segmentation can be used as a starting point for trained experts

who can then examine and correct the results if necessary (Deeley et al. 2013).

Having the treatment planning process for electroporation-based treatments encapsulated in
a web-based tool provided a perfect platform for integration of segmentation validation and
editing mechanisms. The general idea of such a tool was to provide the clinicians with an
easy way to adjust the segmented contours while still giving them enough control over the
level of detail and the amount of change they wanted to make. To this end I have designed
an editing tool that represents the segmentation results in the form of connected contour
points which are overlaid over original 2D image slices. The choice of 2D was made since it is
the view clinicians usually use in other imaging applications and is therefore most
straightforward to them. The user can adjust the contour by simply clicking on a point and
dragging it to a new position. He/she can also delete or add new points. The implementation
of the editing and validation module in the web-based tool for treatment planning is shown

in Figure 7.
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Figure 7. Segmentation editing implemented inside a web-based tool for electroporation
treatment planning. (The figure is originally Figure 5.B from Paper 3.)

The specificity of this module is the way in which it enables the user to control the level of
detail and amount of change. Since showing all points of the segmented contour would be
too crowded and confusing, the user is initially shown only 20% of all the contour points. The
decision of which points to show is made by iterative calculation of point weight and contour
reduction. Point weight is a value that describes the importance a certain point has for
contour form and is calculated based on an angle and length between the two edges of the
contour adjacent to that point (Latecki & Lakdmper 1999). The user can change the level of
contour detail, i.e. refine the contour at any time by changing the percentage value of the
total number of points, after which new points to be shown are calculated based on the same
method described above. The refinement of the contour is performed on the level of one

slice.

A specific case of contour point reduction is performed in the case the user has already

changed some part of the contour. Since new points to be shown are always calculated based

83|



| DISCUSSION

on an existing full contour that is stored in the database, if that contour has been changed on
some level of detail the database contour needs to be updated before new point reduction
can be made. To this end I have implemented a cubic spline interpolation method that
reconstructs the contour between the points the user has moved while all other points of the

full contour remain unchanged.

Performance of the proposed validation and editing tool has so far been evaluated by five
experts from four different institutions. Evaluation was performed as a part of the whole
treatment planning procedure and the users were able to use any medical images for that
purpose. Although the initial feedback regarding the editing and validation tool is positive
further elaborate study should be made where the tool could be compared to some other

editing methods.

SEGMENTATION ALGORITHM IMPROVEMENT BASED ON DATABASE OF VALIDATED

SEGMENTED IMAGES

Including the segmentation validation as a mandatory step in the treatment planning
workflow also results in a continuously growing database of expert segmentations. Such
databases are valuable as they can be used for development of new or improvement of
existing algorithms, a benefit I also wanted to explore in my work. The underlying assumption
for my work was that not only pairs of original images and accurate segmentations can
influence better future segmentations, but also other data which can be stored along with the

images, such as imaging meta-information contained in DICOM header.

Since the algorithm for automatic segmentation of the vessels did not rely on any fixed
parameters that could be optimized based on new cases I have implemented a segmentation
method for prostate, an organ which is also of high interest for electroporation-based
treatment. The implemented method is multi-atlas based (Litjens et al. 2012), where one atlas
is a pair of original image and its segmentation. Although the method has shown promising
results and was applied for segmentation of different organs its main downside remains long
performance time due to the need to register each atlas image to the target image that is
being segmented. In the past various methods for selecting a subset of most similar atlases
were explored with the aim of reducing segmentation time and improving the results

(Rohlfing et al. 2004; Wu et al. 2007; Aljabar et al. 2009; Langerak et al. 2013). However, none
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of the proposed selection methods explored the possibility of utilizing imaging meta-

information.

In my work I have formulated a framework for atlas selection based on manufacturer of the
imaging machine, strength of the imaging machine, and presence of endorectal coil. Such
choice of parameters was made with accordance to the publicly available testing dataset,
which was a part of a grand challenge in prostate segmentation from MRI (Litjens et al. 2014)
and as such did not disclose full image meta-information. The dataset was still highly
appropriate for testing of my atlas selection method as it contained images from four
different institutions which had overlapping properties. Besides choosing the atlases based
on image meta-information I have also included rater variability into the framework

formulation in order to try and account for less-than-perfect human raters.

I have compared my proposed atlas selection method with segmentation performed on all
available atlases and with atlas selection based only on coil selection. In addition, I have
combined all of the atlas selection strategies with two different label fusion methods in order
to eliminate possible bias due to choice of label fusion strategy. The results, shown in Table 2,
indicate better performance of my atlas selection method over the no-selection strategy in
both segmentation results and time. Better performance was also confirmed in the
subsequent paired difference statistical tests, even for atlas selection based only on coil

presence.

85 |



| DISCUSSION

Table 2. Results of leave-one-out experiments on training data for different atlas selection and
label fusion strategies. (The table is originally Table 2. from Paper 4.)

Atlas selection + label | Mean DSC Median DSC Performance time (min)

fusion variation

All atlases + SIMPLE 0.75 0.80 32
All atlases + STAPLE 0.72 0.76 37
Coil-based selection | 0.76 0.81 14
+ SIMPLE

Coil-based selection | 0.77 0.81 14
+ STAPLE

Image meta- | 0.77 0.82 14

information + rater

variability + SIMPLE

Image meta- | 0.77 0.81 14
information + rater

variability + STAPLE

The presented results were obtained from a relatively small set of available images (only 50)
compared to a possible database of images that could be collected through routine use of
the web-based treatment planning tool. Having a larger dataset of images from many
different institutions would emphasize the advantages of the proposed atlas selection
method even more. Also, the method has space for improvement through inclusion of other

imaging parameters, such as contrast agent and imaging protocol.
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The main focus of the work presented in this doctoral dissertation was to bring treatment
planning for electroporation-based treatments of deep-seated tumors closer to routine use
in the clinic by ensuring fast and reliable creation of 3D models based on medical images.
Automatizing of the process of medical image segmentation allows it to be encapsulated
together with the numerical modeling procedures into a tool that can be used to generate

treatment plans without the need to possess elaborate engineering knowledge.

The presented thesis began with research and development of an automatic segmentation
method of hepatic vessels from MRI images as a support to a clinical study of
electrochemotherapy of colorectal liver metastases. The developed method was validated
using both phantoms and medical images of the patients. Additionally, in order to better
determine the impact of possible segmentation errors on the outcome of the
electroporation-based treatment, a sensitivity study was performed. The study observed the
impact of vessels in general and evaluated errors of the proposed segmentation method on
the distribution of the electric field in the tumor. The distribution of the electric field is in
direct correlation with treatment success, as the prerequisite for success is to cover the whole
tumor by a sufficiently high electric field. The results of the sensitivity study show that the
proposed vessel segmentation method is robust enough to be used in automatic treatment-
planning for electroporation-based treatment of liver tumors which are situated near the
vessels. It has also shown that vessels need to be included in calculation while performing

treatment planning.

Although a certain medical image segmentation method may in general be robust enough,
the risk of making an error in the process of treatment planning is too large to completely

eliminate the human factor. For this reason the scope of this work also included development
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of a method for validation and editing of the results of the automatic segmentation by the
experts. The developed method was tailored to current use preferences of clinical radiologists
but is also intuitive to use by experts from other fields. The method has already been
integrated into the existing web-based tool for treatment-planning and is being used by

users from several institutions (www.visifield.com).

Collecting the validated and edited segmentation results created by experts in the previous
stage of this work results in a continuously growing database of expert segmentations. Such
database is a valuable asset in development of any new segmentation algorithm and can also
be used to close the segment-validate loop by improving the existing algorithms. To this end
I have devised a strategy which can utilize not only original images and their segmentations
but also all other image meta-information in order to produce better segmentations of new
cases. The approach has been evaluated on the example of multi-atlas segmentation of
prostate and shows advantages over conventional variation of that segmentation method in

both segmentation results and performance time.

In conclusion, I believe that proposed methods and obtained results presented in this
doctoral dissertation have set an important milestone in efforts to make the treatment

planning process more easy to use for clinicians and also more reliable for the patients.
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SEGMENTATION OF CRITICAL STRUCTURES FOR ELECTROPORATION-BASED
TREATMENTS OF DEEP-SEATED SOLID TUMORS

An algorithm for segmentation of critical structures (tubular structures like major vessels in
the liver) provides the methods for numerical modeling of electroporation-based treatments
with an accurate, patient-specific geometry, resulting in patient-specific treatment plans.
Patient-specific treatment plans are a necessary prerequisite for performing electroporation-
based treatments of deep-seated solid tumors. Segmentation algorithms that require
minimum user input significantly reduce the time needed for generation of one
electroporation-based treatment plan. Also, simplification of the electroporation-based
treatment planning procedure from the clinician's point of view creates a more stimulating
environment for attempts to use electroporation-based treatments for deep-seated solid
tumors in new areas of the human body. In my work I have developed a new algorithm for
automatic segmentation of hepatic vessels from MRI images. The accuracy of the

segmentation algorithm was validated with respect to manual radiologist segmentation.

EFFECT OF NEARBY VESSEL STRUCTURES ON THE ELECTRIC FIELD DISTRIBUTION IN
THE TUMOR

Extraction of patient’s anatomy through segmentation of medical images inevitably produces
some errors. In order to ensure the robustness of treatment planning, it is necessary to
evaluate the potential effect of such errors on the electric field distribution. In this part of my
work I have focused on determining the effect of errors in automatic segmentation of hepatic
vessels on the electric field distribution in electroporation-based treatments in the liver. In

order to do this I first performed a numerical analysis on a simple ‘sphere and cylinder’ model
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for tumors and vessels of different sizes and relative positions. Second, I performed an
analysis of two models extracted from medical images of real patients in which I introduced

variations of an error of the automatic vessel segmentation method.
AN ERGONOMIC METHOD FOR SEGMENTATION VALIDATION AND CORRECTIONS

Decades of development of medical image segmentation field have shown that it is still not
possible to fully eliminate the assistance of humans from the segmentation procedure. Along
with demands for segmentation method robustness set as high as they are for treatment
planning, it is obvious that the human opinion needs to be included in order to ensure valid
3D models. The human opinion can be applied after the initial segmentation procedure as a
form of a validation mechanism in order to ensure the necessary level of reliability. In order
to facilitate this process of validation I have devised a method which requires minimum user
input in order to reduce interaction time and user stress. Such mechanism of segmentation
validation not only helps ensure validity of the treatment plans but also provides valuable

feedback regarding segmentation algorithm performance.

EFFECTS OF NEW VALIDATED SEGMENTATIONS ON SEGMENTATION ALGORITHM
IMPROVEMENT

Gathering of feedback through validations and corrections of segmentation by users results
in creation of a database of segmented cases. Such database can be used as a source for
gaining deeper insight about algorithm performance and algorithm improvement. While
human segmentations are initially considered as true segmentations or ground truth and in
general more reliable than machine segmentation, human segmentation is not perfect and is
also prone to errors. Measures named intra-rater variability and inter-rater variability are
often assessed for segmentation methods of various organs and tissues in order to assess the
segmentation method quality. In my work I have thus developed an approach to
systematically incorporate knowledge about rater variability and imaging parameters of
existing segmentations in the database in order to produce better segmentations of new,

unknown cases.
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