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PREFACE

The present PhD thesis is a result of procedure design and research, and algorithm
development and validation performed 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 in (or have been submitted to) the following

international journals:

Article 1: PATIENT-SPECIFIC TREATMENT PLANNING OF
ELECTROCHEMOTHERAPY: PROCEDURE DESIGN AND POSSIBLE PITFALLS
PAVLIHA Denis, KOS Bor, ZUPANIC Anze, MARCAN Marija, SERSA Gregor,
MIKLAVCIC Damijan

Bioelectrochemistry 87: 265-273, 2012.

Article 2: ELECTROPORATION-BASED TREATMENT PLANNING FOR DEEP-
SEATED TUMORS BASED ON AUTOMATIC LIVER SEGMENTATION OF MRI
IMAGES

PAVLIHA Denis, M. MUSIC Maja, SERSA Gregor, MIKLAVCIC Damijan

PLOS ONE: resubmitted after minor revision, 2013.

Article 3: PLANNING OF ELECTROPORATION-BASED TREATMENTS USING
WEB-BASED TREATMENT PLANNING SOFTWARE

PAVLIHA Denis, KOS Bor, MARCAN Marija, ZUPANIC Anze, SERSA Gregor,
MIKLAVCIC Damijan

Journal of Membrane Biology: submitted, 2013.
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ABSTRACT

When a biological cell is exposed to an external electric field of sufficient strength, its
plasma membrane becomes transiently permeabilized. The phenomenon termed
electroporation allows the material from outside or inside the cell to traverse the plasma
membrane, which would be otherwise impossible. A paramount electroporation-based
application is electrochemotherapy (ECT) which enhances chemotherapy outcome by
porating the tumor cells and, thus, allowing the cytostatic drug to enter the cells in larger
amounts and destroy them. ECT has already been in clinical practice for treating superficial
nodules of skin melanoma metastases; in case of such nodules, the clinician needs to follow
standard operating procedures for successful treatment since superficial metastases are
easily-accessible. Because ECT is a successful method for local tumor treatment, advances
towards treating deep-seated tumors have been made. When treating deep-seated tumors,
which are diverse in shape, size, and location, patient-specific treatment planning is
required for successful treatment. Based on the radiotherapy example where treatment
planning is known to be of paramount importance, we established treatment planning
procedure of electroporation-based treatments (e.g. ECT). Deriving from a clinical study
where colorectal metastases in the liver were subject to ECT treatment, we implemented
and evaluated three possible automatic liver segmentation algorithms that generate three-
dimensional liver models from patient’s medical images. Optimization of the algorithms
was performed on a set of seven patient cases previously manually segmented by a
radiologist (i.e. training set), and validation of optimized algorithms was performed on
another four patient cases previously manually segmented by a radiologist that were not
part of the training set. Validation demonstrated that our implementations of segmentation
algorithms can perform liver segmentation of cases that were not part of the training set, as
well. Furthermore, we developed web-based treatment planning software with a graphical
user interface that allows remote treatment planning to clinicians without engineering
knowledge. The software allows generation of treatment plans for ECT remotely:
automatic segmentation of liver is possible, as well as loading presegmented cases, which

allows clinicians evaluation of already-treated cases.
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RAZSIRJENI POVZETEK V SLOVENSKEM JEZIKU

UVOD

Ce biolosko celico izpostavimo zunanjemu elektri¢nemu polju dovolj visoke jakosti, pride
do zacasnega povecanja prepustnosti celi¢cne membrane (Kotnik et al., 2010). Pojav, ki ga
imenujemo elektroporacija (Neumann et al., 1982), omogoc¢a snovem iz okolice, da
prehajajo celicno membrano, kar bi bilo sicer oteZeno ali nemogoce. Ilustracijo pojava

elektroporacije prikazuje Slika 1.
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Slika 1: ob prisotnosti elektri¢nega polja visoke jakosti se na celiéni membrani zacasno
vzpostavijo pore, ki omogoc¢ajo molekulam snovi iz okolice prehajanje celi¢ne membrane. Po
doloéenem ¢asu se pore zaprejo in snov iz okolice ostane vnesena v celici.

Elektri¢no polje, ki je predpogoj za pojav elektroporacije, vzpostavimo v okolici ciljne
skupine celic tako, da dovedemo kratkotrajne visokonapetostne elektri¢ne pulze z uporabo
generatorja pulzov (tj. elektroporatorja) (Puc et al., 2004). Ceprav vsi mehanizmi, ki so
povezani z elektroporacijo, Se niso povsem pojasnjeni, pa je elektroporacija Ze uveljavljena
kot splosno uporaben tehnoloski postopek celiéne manipulacije, saj u¢inkuje na vse vrste
celic (4. Zivalske, rastlinske in mikroorganizme) (Miklav¢i¢ et al., 2012). Elektroporacija je
ze v rabi na razlicnih podrodjih: v medicini za elektrokemoterapijo tumorjev (Sersa and
Miklav¢i¢, 2008) in atermi¢no ablacijo (Garcia et al., 2011; Rubinsky et al., 2007), gensko
terapijo (Heller and Heller, 2010) in drugih (Daugimont et al., 2010; Gusbeth et al., 2009;
Toepfl et al., 2007; Usaj et al., 2010).
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Ena pomembnejsih aplikacij, ki temelji na pojavu elektroporacije, je elektrokemoterapija
(EKT) (Sersa et al,, 2008). EKT je lokalna metoda zdravljenja raka, ki nadgrajuje
kemoterapijo z uporabo elektroporacije: ob prisotnosti dovolj mocnega elektri¢nega polja
pride v podrod¢ju tumorja do povecanja prepustnosti celicne membrane (SerSa and
Miklav¢i¢, 2008). Pojav omogoci kemoterapevtiku, ki je bil predhodno vbrizgan bolniku

intravensko ali sistemsko, da laze prodre v tumorske celice in jih tako unici. Postopek EKT

prikazuje Slika 2.
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Slika 2: potek zdravljenja tumorjev z elektrokemoterapijo (Madek-Lebar et al., 1998).

EKT je ze v klini¢ni rabi za zdravljenje povrSinskih metastaz koznega melanoma v ve¢ kot
sto klini¢nih centrih v Evropi (Miklav¢ic et al., 2012). V primeru zdravljenja povrsinskih
metastaz, ki so enostavno dostopne ter povecini podobnih oblik in relativno majhne
velikosti, je za uspe$no zdravljenje dovolj, da zdravnik uposteva standardne operativne
postopke (SOP), ki narekujejo lastnosti uporabljenih elektriénih pulzov (amplituda, cas
trajanja, ponavljalna frekvenca in S$tevilo) in uporabo igelnih ali ploscatih elektrod z
znanimi dimenzijami, in tako zagotovi uspes$no zdravljenje (Mir et al., 2006). Omenjeni
nacin zdravljenja, tj. uporaba SOP za izvedbo EKT, pa ne predvideva zdravljenja globoko
leze¢ih tumorjev, kjer so za zdravljenje potrebne elektrode, ki jih lahko vstavimo posamic¢no
ter tako vplivamo na njihov medsebojni poloZaj in posledi¢no na porazdelitev elektri¢nega
polja (Miklav¢ic et al., 1998). Za zdravljenje globoko leze¢ih tumorjev je torej potrebno

bolniku prilagojeno nacrtovanje zdravljenja, pri katerem na osnovi medicinskih slik bolnika

XVI



RAZSIRJENI POVZETEK

(npr. magnetno resonan¢no slikanje — MRI, ali racunalniska tomografija — CT) zgradimo
tridimenzionalni model obravnavanega bolnikovega organa skupaj s pripadajo¢imi
strukturami (npr. zile) in patoloskim tkivom (tj. tumorjem). Zgrajeni tridimenzionalni
model nato uporabimo za izracun porazdelitve elektri¢nega polja glede na predvideno
konfiguracijo (tj. Stevilo in polozaj) vstavljenih elektrod. Omenjeni postopek omogoca
natan¢no predvidevanje zadostne pokritosti tumorja z elektri¢cnim poljem dovolj visoke
jakosti, kar je eden od klju¢nih pokazateljev, ali bo zdravljenje z EKT uspesno (Miklav¢ic et
al., 2006, 1998).

Elektrokemoterapiji sorodna aplikacija, ki prav tako temelji na pojavu elektroporacije, je
atermic¢na ireverzibilna elektroporacija (angl. non-thermal irreversible electroporation —
N-TIRE) (Davalos and Rubinsky, 2008; Garcia et al., 2011; Zupani¢ and Miklaveig,
2009). V nasprotju z EKT, kjer ciljno skupino celic uni¢i kemoterapevtik, dosezemo pri N-
TIRE uni¢enje ciljne skupine celic zgolj s prisotnostjo elektri¢nega polja. Vrednost
elektri¢ne poljske jakosti je namre¢ visja kot pri EKT, kjer so predvidene vrednosti nad
reverzibilnim pragom (tj. 460 V/cm za jetra) in pod ireverzibilnim pragom (tj. 700 V/cm za
jetra); za uspesno unicenje tkiva z metodo N-TIRE je torej potrebna izpostavitev celic v
tkivu elektri¢nemu polju jakosti nad ireverzibilnim pragom (Miklaveic et al., 2000; Sel et
al., 2005). Ker temelji N-TIRE na pojavu elektroporacije, prav tako potrebuje bolniku

prilagojeno naértovanje zdravljenja za uspesno zdravljenje (Zupani¢ and Miklavéi¢, 2009).

METODE

Postopek nadrtovanja zdravljenja z elektrokemoterapijo

Bolniku prilagojeno zdravljenje je ze uveljavljeno na podroéju radioterapije. Radioterapija je
do neke mere podobna elektroporaciji, saj prav tako temelji na interakciji fizikalnega
dejavnika (radiacija v radioterapiji in elektri¢no polje v elektroporaciji) z bioloskim tkivom
(Lecchi et al., 2008). Radioterapija je metoda zdravljenja raka, pri kateri snop usmerjene
energije le-to s sevanjem odloZi na ciljno mesto v bolnikovem telesu. Skoda, ki jo snop
izsevane energije povzrodi, ni omejena na tumorske celice, temve¢ zajame tudi bliZnjo

okolico; najve¢ja dovoljena koli¢ina izsevane energije je tako omejena z najvedjo koli¢ino
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sevanja, ki jo izpostavljeno zdravo tkivo ob tumorju Se lahko prejme (Tannock et al., 2005).
Glavni cilj radioterapije je povzrocitev toliko $kode tumorskim celicam, da je njihova rast
trajno onemogocena in se zato ne morejo ve¢ deliti. Postopek zdravljenja z radioterapijo je

sestavljen iz korakov, ki jih prikazuje Tabela 1.

Tabela 1: vzporednice med radioterapijo in elektrokemoterapijo globoko lezetih tumorjev.

Radioterapija

Simulacija: medicinske slike bolnika

(CT ali kombinacija CT z MRI ali PET).

Elekcrokemoterapija globoko lezedih tumorjev

Numeri¢ni model elektroporacije: modela
elektroporacije na celi¢nem in tkivhem nivoju.

Nacrtovanje zdravljenja: dolo¢itev ciljnih obmodij
tkiva z razgradnjo slik, dolo¢itev omejitev izsevane
energije (doza), gradnja geometrije matemati¢nega
modela, izratun ustreznega nacrta z numeri¢nim
modeliranjem in optimizacijo (Stevilo frakcij,
polozaj in jakost energijskih snopov).

Nacrtovanje zdravljenja: medicinske slike bolnika
(CT ali MRI, moznost kombinacije s PET),
doloditev ciljnih obmodij tkiva z razgradnjo slik,
gradnja geometrije matemati¢nega modela, izra¢un
ustreznega nacrta z numeri¢nim modeliranjem in
optimizacijo (Stevilo in polozaj uporabljenih
elektrod), jakost uporabljenih elektri¢nih pulzov.

Preverjanje nastavitev: medicinske slike bolnika
(CT ali MRI) so uporabljene za preverjanje
polozaja bolnika in ciljnih obmodij tkiva; dodatno
je polozaj preverjen $e z laserji in objekti na kozi
bolnika, ki sluzijo kot zaznamki (v kombinaciji z
npr. ultrazvokom ali s podobno tehniko slikanja).

Preverjanje nastavitev: optimalni poloZaji elektrod so
poravnani z izvornimi medicinskimi slikami bolnika;
polozaj elektrod je med operativnim posegom
preverjen z ultrazvokom.

Izvedba zdravljenja in nadzor: izsevana energija je
usmerjena v bolnikovo telo v skladu z naé¢rtom
zdravljenja. Postopek medicinskega slikanja v
realnem casu je uporabljen za nadzor nad premiki
zaradi dihanja bolnika.

Izvedba zdravljenja in nadzor: po vstavitvi elektrod in
vbrizganju kemoterapevtika so sprozeni elektri¢ni
pulzi; obenem so izvedene meritve tokov in napetosti
z namenom zaznavanja morebitnih napak.

Ocena odziva: po izvedenem zdravljenju sledijo
meritve velikosti tumorja (ali medicinsko slikanje z
uporabo bioloskih tumorskih markerjev).

Ocena odziva: po izvedenem zdravljenju sledijo
meritve velikosti tumorja (ali medicinsko slikanje z
uporabo bioloskih tumorskih markerjev) in/ali
histologka ocena (primerjava z medicinskimi slikami,
dobljenimi pred izvedbo elektrokemoterapije).

Kot prikazuje Tabela 1, gre pri primerjavi radioterapije z EKT globoko leze¢ih tumorjev za
podobna postopka zdravljenja. Oba postopka namre¢ temeljita na na¢rtovanju zdravljenja
glede na bolnikove medicinske slike (npr. CT ali MRI), ki jih uporabimo za dolocitev

cilinega obmodja patoloskega tkiva, ki ga zelimo uniéiti. Z razgradnjo medicinskih slik
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izdelamo tridimenzionalni model, ki sluzi kot geometrija matemati¢nega modela
radioterapije (izra¢un izsevane doze) ali elektroporacije (izra¢un pokritosti z dovolj visokim
elektri¢cnim poljem pri dolo¢enem Stevilu in trajanju pulzov, npr. 8 x 100 ps). Pred izvedbo
zdravljenja je izvedeno Se preverjanje nastavitev, po sami izvedbi pa ocena odziva tumorja

na zdravljenje.

Ker je naértovanje zdravljenja na podro¢ju radioterapije uveljavljen postopek, ki velja za
klju¢ni dejavnik za uspesno zdravljenje, smo postopek nacrtovanja zdravljenja z EKT
zasnovali tako, da temelji na naértovanju zdravljenja z radioterapijo (Pavliha et al., 2012) in
posledi¢no prispeva k lazji uveljavitvi nacrtovanja zdravljenja z EKT med kon¢nimi

uporabniki (tj. zdravniki).
Uvoz in pred-procesiranje medicinskih slik

Postopek izdelave nacrta zdravljenja z EKT se pri¢ne z uvozom medicinskih slik bolnika. V
okviru postopka uvoza slik, zapisanih v standardnem formatu za shranjevanje in prenos
medicinskih slik DICOM (National Electrical Manufacturers Association, 2009),
preberemo vse uvozene slike in jih razvrstimo glede na serijo, v okviru katere so bile
posnete, in glede na njihov polozaj v prostoru (koordinata Z). Omenjeni metapodatki se
nahajajo v glavi medicinskih slik kot parametri SeriesNumber in SliceLocation, in nam

omogocajo izbiro serije, ki jo Zelimo uporabiti za na¢rtovanje zdravljenja.

Nato izvedemo pred-procesiranje vseh slik (rezin), ki jih vkljucuje izbrana serija. Postopek
pred-procesiranja je izveden na vsaki sliki posebej, zato ga lahko izvajamo ve¢nitno (angl.
multi-threaded), tj. na ve¢ procesorjih ali procesorskih jedrih naenkrat. Pravilna
interpretacija medicinskih slik je dolo¢ena s parametri, ki dolocajo ciljno obmodje tkiva
(angl. Volume of Interest — VOI) in so vkljuceni v glavi medicinskih slik kot lastnosti
Window Center (WC) in Window Width (WW). Lastnosti WC in WW uporabimo za
transformacijo izvornih medicinskih slik z uporabo sigmoidne funkcije, ki jo opisuje
Enacba 1.

rang
_ 4vhod -WC

1+e Ww

izhod = Enacba 1
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Po sigmoidni transformaciji medicinske slike spremenimo tako, da izlo¢imo morebitne
nezelene ucdinke zaradi intenzitetne nehomogenosti (Vovk et al., 2007), in sicer z uporabo
javno dostopnega algoritma za odpravo nehomogenosti (Zheng et al., 2009). Po odpravi
nehomogenosti medicinske slike filtriramo z uporabo povprecevalnega in nato Se
zameglitvenega Gaussovega filtra (6 = 3) z velikostjo okna 3 krat 3 pik. Na koncu postopka
izvedemo dodatno transformacijo z uporabo sigmoidne funkcije s fiksnimi vrednostmi (WC
= 20000, WW = 100, rang = 2'°), ki zagotovijo, da bo intenziteta medicinskih slik
porazdeljena po celotnem $estnajstbitnem obmodju in z dovolj kontrasta, da bo mogoca
razgradnja. Fiksne vrednosti sigmoidne funkcije so bile dolocene empiri¢no na osnovi
podatkov realnih primerov bolnikov. Z izvedbo zadnjega koraka je pred-procesiranje

zakljuceno in medicinske slike so pripravljene na razgradnjo.
Razgradnja z rastjo regij (angl. region growing)

Prvi algoritem, ki smo ga uporabili za razgradnjo medicinskih slik, je postopek rasti regij
(angl. region growing). Algoritem smo uporabili za avtomatsko razgradnjo jeter, vendar ga
lahko uporabimo tudi za razgradnjo drugih organov (Mancas et al., 2005). Rast regij
dolodi, ali je prostorska pika (angl. voxel) del ciljne regije tako, da primerja njeno intenziteto
z intenziteto zacetnega semena, tj. prostorske pike, ki jo na zadetku postopka ro¢no doloci
uporabnik (zaradi ¢esar algoritma pravzaprav ne moremo opredeliti kot avtomatskega). Rast
regij deluje v treh dimenzijah in preverja intenziteto vsake prostorske pike, ki je bila dodana

v ¢akalno vrsto. Delovanje algoritma prikazuje Slika 3.

A B C

Z [pike]
Z [pike]
Z [pike]

¥ [pike] X kel ¥ [pike] " = Xiokel ¥ [pike] " - X[kl ’

Slika 3: razgradnja z uporabo postopka rasti regij. Prikazan je potek razgradnje jeter po
40.000 (A), 400.000 (B) in vseh (C) obravnavanih prostorskih pikah jeter.
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Za uspesno razgradnjo jeter je potrebno dopustiti odstopanje intenzitete prostorskih pik, ki
jih zelimo vkljuciti v ciljno obmodje (. jetra), od zacetnega semena; v naSem primeru smo
odstopanje nastavili na vrednost 0.20, kar pomeni, da se nahajajo dopustne intenzitete pik,
ki predstavljajo jetra, v obmocju 0.8 - Ispyr < Irpenurnt < 1.2 * IsgmE, Kjer predstavlja I
intenziteto prostorske pike in bir njeno enoto. Zaradi moznosti pus¢anja lahko rast regij
poleg jeter vklju¢i tudi nezelene dele tkiva drugih organov (npr. spodnji del srca, kot to
prikazuje Slika 3), vendar tovrstne nezelene uéinke razgradnje odstranimo v naslednjem

koraku z uporabo po-procesorja.
Razgradnja z adaptivnim upragovljanjem (angl. adaptive threshold)

Drugi mozni nalin razgradnje jeter, ki smo ga preizkusili, je z uporabo adaptivnega
upragovljanja. Algoritem temelji na fizi¢ni lastnosti organa, tj. zveznosti tkiva med dvema
sosednjima rezinama. Algoritem spreminja trenutno obdelovano rezino z uporabo pragovne
funkcije, ki ji v vsaki iteraciji spremenimo vrednost praga in obenem primerjamo trenutno
rezino (z uporabo normirane krizne korelacije) s prejSnjo, Ze obdelano rezino; konéno
obdelana trenutna rezina je spremenjena z uporabo pragovne vrednosti, ki je izkazala

najvecjo podobnost s prej$njo rezino. Delovanje algoritma prikazuje Slika 4.

) m

Slika 4: algoritem adaptivnega upragovljanja (angl. adaptive threshold); prikazane so tri mozne
vrednosti (15.000, 25.000, 35.000) praga trenutne rezine (A, B, C) in prejsnja rezina (D).

Algoritem torej uposteva, da se zunanji rob organa, ki ga razgrajujemo, med rezinama
spreminja pocasi (zvezno), zato predvideva, da je pravilna vrednost praga tista, ki povzroci
najvedjo podobnost s prej$njo rezino. Slika 4 prikazuje potek razgradnje trenutne rezine
jeter (A, B in C), ki jo primerjamo s prej$njo, ze obdelano rezino (D). Vrednost praga
15.000 bitov izkazuje 12-odstotno podobnost (Slika 4A, vrednost 0.12), vrednost praga
25.000 bitov 81-odstotno podobnost (S/ika 4B, vrednost 0.81), vrednost praga 35.000
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bitov pa najvedjo, 95-odstotno podobnost (S/ika 4C, vrednost 0.95) glede na prej$njo, ze
obdelano rezino (Slika 4D).

A C

Slika 5: primeri treh predlog (A, B, C), ki so v uporabi pri razgradnji prve rezine jeter z
algoritmom adaptivnega upragovljanja.

Ker na zacCetku delovanja algoritem adaptivnega upragovljanja nima na voljo nobene
predhodne rezine, je za prvo primerjavo podobnosti uporabljen nabor Sestih predlog, tj. slik
s priblizkom razgrajene rezine organa, ki ga razgrajujemo (npr. jeter). Adaptivno
upragovljenje je izvedeno kot primerjava podobnosti z vsemi predlogami, ki so na voljo,
prva rezina pa je na koncu primerjav z vsemi predlogami razgrajena glede na najvedjo
izkazano podobnost s katero koli izmed predlog. Primere treh predlog prikazuje Slika 5:
uporaba predloge torej omogoca avtomatsko inicializacijo vrednosti praga prve rezine in

posledi¢no omogo¢i razgradnjo vseh naslednjih rezin.
Razgradnja z aktivnimi krivuljami — kac¢ami (angl. active contours)

Tretji algoritem, ki smo ga uporabili in dodelali za avtomatsko razgradnjo jeter, je algoritem
aktivnih (prilagodljivih) krivulj, véasih imenovanih tudi kale (angl. active-deformable
contours — snakes) (Kass et al., 1987). Algoritem temelji na postavitvi aktivne (prilagodljive)
krivulje na rezino (medicinsko sliko), ki jo Zelimo razgraditi. Aktivna krivulja je sestavljena
iz tock, ki se nahajajo na mestih prostorskih pik slike in se lahko premikajo po sliki glede na
energijo okolice tocke. Energija tocke in njene okolice je sestavljena iz $tirih energijskih
prispevkov: elasti¢nosti (tj. tocka aktivne krivulje naj bo glede na obod krivulje ¢im blize
sredini med dvema sosednjima toctkama krivulje), ukrivljenosti (tj. tocka aktivne krivulje
naj bo ¢im blize premici, ki povezuje dve sosednji tocki krivulje), magnitudi energije rezine
(medicinske slike) in smeri vektorskega polja energije rezine (medicinske slike). Energijo

rezine (medicinske slike) izratunamo z uporabo polja gradientnega vektorskega pretoka
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(angl. Gradient Vector Flow — GVF), ki temelji na zaznanih robovih slike; uporabili smo

javno dostopen algoritem izratuna GVF (Xu and Prince, 1998). Primer izratunanega polja

GVF prikazuje Slika 6.

Slika 6: primer izvorne rezine (A), zaznanih robov slike (B) in izratunanega polja GVF (C).

Vsi Stirje energijski prispevki so uravnotezeni z uporabo energijskih koeficientov: na osnovi
nasih izkusenj z optimizacijo algoritmov s podatki realnih primerov bolnikov smo prispevke
uravnotezili s koeficienti 1 (elasti¢nost), 3 (ukrivljenost), 9 (magnituda GVF) in 3 (smer
GVEF). Vsi energijski prispevki so normirani tako, da se nahajajo v obmodju vrednosti (0, 1)
z namenom njihove medsebojne enakovrednosti. Na osnovi uravnotezenosti energijskih
prispevkov je v vsaki iteraciji premika aktivne krivulje izracunana energija v piki, kjer se
nahaja tocka aktivne krivulje, in v vsaki izmed osmih pik v dvodimenzionalni okolici (tj. na
isti rezini). Tocka aktivne krivulje je nato premaknjena v piko z najmanjSo energijo; v
primeru, da imajo vse okoliske tocke vedjo energijo od trenutne pike, ostane tocka aktivne
krivulje na istem mestu. Postopek ponovimo za vse tocke aktivne krivulje, ter iterativno
ponavljamo dovolj dolgo, da se aktivna krivulja poravna z robom organa, ki ga

razgrajujemo (v naSem primeru delovanje krivulje zaustavimo po 100 iteracijah).

Ker je delovanje aktivne krivulje dvodimenzionalno (ij. krivulja je dvodimenzionalen
objeke, ki se premika po eni rezini), je tridimenzionalna informacija o vseh slikah v zbirki v
algoritem vkljucena tako, da je zadetna aktivna krivulja trenutne rezine enaka koncni
aktivni krivulji prej$nje rezine. Ker ob razgradnji prve rezine nimamo podatka o prejsnji
rezini, je za inicializacijo aktivne krivulje uporabljen kar algoritem adaptivnega

upragovljanja, ki zagotovi razgradnjo prve rezine: dobljeni segment je nato uporabljen za
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dolo¢itev tock zacetne aktivne krivulje, in sicer z uporabo sledenja obrisu obmogja (Pavesi¢,

2000).
Po-procesiranje medicinskih slik

Po-procesiranje je namenjeno izlo¢anju napak, do katerih lahko privede postopek
razgradnje (npr. pu$éanje pri algoritmih, ki temeljijo na intenziteti). Razviti po-procesor
nam omogoca, da iz razgrajenih medicinskih slik izlo¢imo dele, ki so bili pomotoma
vkljuéeni v razgrajeni organ (v primeru jeter gre lahko za srce, ledvice, vranico in okolisko

mascobno tkivo).

Po-procesorski algoritem temelji na primerjavi dveh sosednjih rezin z uporabo normirane
krizne korelacije: algoritem z uporabo erozije lo¢i vedje segmente, ki so pravzaprav manjsi
segmenti, ki so zaradi pus¢anja povezani med seboj s tanko vezjo. Nato vsakega od
segmentov primerja s prej$njo rezino: ¢e primerjava pokaze, da nekega segmenta s trenutne
rezine ni bilo na prej$nji rezini, ga algoritem zavrze. Poudariti je potrebno, da po-procesor
ne zavraca segmentov, ki so posledica delitve tkiva na dva segmenta: v primeru, da je
prejsnja rezina vkljudevala le en segment jeter, medtem ko sta na trenutni rezini zaznana
dva, bo po-procesor z uporabo normirane krizne korelacije ugotovil, da razdeljena segmenta

prostorsko ustrezata enemu segmentu s prej$nje rezine in ju obdrzal.
Optimizacija in validacija algoritmov za razgradnjo

Ker je klju¢nega pomena, da izdelajo algoritmi za razgradnjo modele razgrajenega organa
pravilno, moramo njihovo delovanje ustrezno ovrednotiti (validirati). Validacijo smo izvedli
kot dvostopenjski postopek: najprej smo delovanje algoritmov optimizirali z uporabo
podatkovne baze slik sedmih bolnikov, ki jih je ro¢no razgradila radiologinja, in je sluzila
kot u¢éna mnozica. Nato smo delovanje optimiziranih algoritmov ovrednotili (validirali) z
uporabo nove podatkovne baze slik $tirih bolnikov, ki jih je ro¢no razgradila radiologinja in

ni bila del u¢ne mnozice.

Optimizacijo smo izvedli tako, da smo najprej definirali, kateri parametri vsakega izmed
treh algoritmov za razgradnjo jeter (rast regij, adaptivno upragovljanje in aktivne krivulje)

so predmet optimizacije; nato smo dolodili njihova predvidena obmod¢ja vrednosti in jih
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iterativno spreminjali v okviru optimizacije. Rast regij smo optimizirali tako, da smo
spreminjali vrednost parametra, ki dolo¢a dovoljeno odstopanje intenzitete od intenzitete
zaCetnega semena. Adaptivno upragovljanje smo optimizirali tako, da smo spreminjali
vrednost parametra, ki doloca velikost maske filtra v okviru pred-procesiranja, in zacetni
koeficient, ki dolo¢a predvideno velikost segmenta na prvi rezini. Aktivne krivulje smo
optimizirali tako, da smo spreminjali vrednost vseh Stirih koeficientov, ki doloéajo

medsebojno uravnotezenost energijskih prispevkov.

V vsaki iteraciji smo za vsak algoritem razgradnje primerjali trenutno dobljene rezultate z
u¢no mnozico, tj. ro¢no razgrajenimi modeli, ki jih je izdelala radiologinja. Primerjavo smo
izvedli z uporabo normirane krizne korelacije za vsako rezino posebej. Na koncu smo
ovrednotili dvoje optimalnih parametrov: specifi¢no optimalne parametre (tj. parametre, ki
so optimalni za posamezen primer) in globalno optimalne parametre (tj. parametre, ki so

optimalni za vse razgrajene primere).

Po optimizaciji smo algoritme nastavili na vrednosti, ki predstavljajo globalno optimalne
parametre. Nato smo delovanje optimiziranih algoritmov ovrednotili z razgradnjo slik

dodatnih $tirih bolnikov, ki jih je ro¢no razgradila radiologinja.
Spletni grafi¢ni uporabniski vmesnik za naértovanje zdravljenja z elektrokemoterapijo

Postopek nacrtovanja zdravljenja z elektrokemoterapijo smo vkljucili v spletno programsko
opremo, ki vsebuje grafi¢cni uporabniski vmesnik za nalrtovanje zdravljenja z
elektrokemoterapijo (EKT). Ker Zelimo uporabo programske opreme priblizati zdravnikom,
smo jo razvili tako, da je zahtevana minimalna interakcija uporabnika, saj je to ena od
kljuénih zahtev za razvoj uporabniku prilagojene programske opreme (Heymann and
Degani, 2007). Najzahtevnej$e postopke (tj. razgradnjo medicinskih slik, gradnjo
geometrije tridimenzionalnega matemati¢nega modela in izra¢un porazdelitve elektri¢nega
polja) smo poenostavili do te mere, da so izvedeni avtomatsko. Potek delovanja spletnega
graficnega uporabniskega vmesnika (angl. Graphical User Interface — GUI) za nalrtovanje

zdravljenja z EKT prikazuje Slika 7.
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Postopek se pri¢ne z uvozom medicinskih slik
(Slika 7A), ki omogoc¢a nalaganje datotek
DICOM prek spletne strani. V' primeru, da
naloZene datoteke vsebujejo ve¢ serij bolnikovih
slik, GUI omogo¢i izbiro ustrezne serije (Slika
7B). Ce so nalozene slike e razgrajene (npr. z
uporabo tretje programske opreme in razgrajeni
segmenti zapisani v obliki standardnega zapisa
DICOM), lahko izdelane segmente uporabimo
neposredno za naértovanje EKT (Slika 71). Ce
slike $e niso razgrajene, sledi izvedba postopkov
avtomatske razgradnje (Slika 7C) glede na
izbrano ciljno tkivo (npr. jetra). Ko je zgrajena
geometrija tridimenzionalnega matemati¢nega
modela, sledi ro¢na validacija (tj. kon¢ni
uporabnik  potrdi, da  je  zgrajeni
tridimenzionalni model pravilen, kar preveri s
temeljitim pregledom izdelanih kontur vseh
rezin) (Slika 7D). V primeru, da avtomatsko
razgrajeni organ ni pravilno izdelan, ima
uporabnik moznost ro¢nih popravkov (Slika
7E). Nato je uporabljen vmesnik za navidezno
vstavitev elektrod, kjer dolo¢imo Stevilo in
polozaj uporabljenih elektrod za EKT (Slika
7F). Sledi izra¢un porazdelitve elektricnega
polja in optimizacija napetosti in polozajev
elektrod (Slika 7G) ter predstavitev rezultatov v

obliki prenosljivega naérta zdravljenja (Slika

7H).
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REZULTATI

Rezultati optimizacije algoritmov za razgradnjo jeter so podani v 7abeli 2, kjer so prikazane
podobnosti slik sedmih bolnikov, ki jih je ro¢no razgradila radiologinja, z avtomatsko
razgrajenimi slikami. Vsaka podobnost (P) predstavlja aritmeti¢no sredino podobnosti vseh
rezin serije bolnikovih slik. Podobnost je bila izratunana za specifiéno optimalne parametre
(tj. parametre, ki so optimalni za posamezen primer - Ps) in globalno optimalne parametre
(tj. parametre, ki so optimalni za vse razgrajene primere - Pg). Std predstavlja standardni

odklon aritmeti¢ne sredine rezin znotraj serije.

Tabela 2: rezultati optimizacije algoritmov za razgradnjo jeter z uporabo aritmeti¢ne sredine.

ceriia RAST REGIJ ADAPTIVNO UPRAGOVLJANJE AKTIVNE KRIVULJE
J Ps | std®) | Pe | std®d) | Ps | stdS) | Pg | std®e) | ps | sd®) | Pg | std(Po)
2009122 | 912 | 159 | 61.1 | 389 | 722 | 391 | 722 | 391 | 882 | 221 | 68.8 | 363
2010093 | 927 | 137 | 86.8 | 190 | 70.1 | 381 | 68.1 | 402 | 89.7 | 207 | 64.5 | 40.1
2010122 | 84.7 196 | 79.9 19.2 73.4 34.5 70.1 33.9 84.6 22.3 78.6 23.6
2011022 | 81.1 | 255 | 657 | 360 | 740 | 291 | 732 | 295 | 794 | 291 | 67.2 | 37.1
2011042 | 86.6 | 194 | 782 | 29.0 | 60.0 | 356 | 40.1 | 416 | 648 | 366 | 54.8 | 37.9
2011062 | 944 | 21% | 942 | 29% | 802 | 134 | 802 | 134 | 876 | 141 | 67.9 | 366

2011070 | 925 | 49% | 92.5 | 49% | 69.3 37.8 69.3 37.8 80.3 30.9 80.3 30.9

atitm st 79.8%  12.7% 67.6% 12.8% 68.8%  8.6%

Ker je lahko predstavitev podobnosti serije z uporabo aritmeti¢ne sredine podobnosti vseh
rezin v seriji zavajajoca, saj na tovrstno predstavitev rezultatov ob¢utno vplivajo rezine, ki
jih algoritmi za razgradnjo niso zaznali (podobnost tovrstnih rezin je 0%), smo rezultate

predstavili $e z uporabo mediane podobnosti vseh rezin v seriji.

Rezultati so podani v Tabeli 3, v kateri so prikazane podobnosti slik sedmih bolnikov, ki jih
je ro¢no razgradila radiologinja, z avtomatsko razgrajenimi slikami. Vsaka podobnost (P)
predstavlja mediano podobnosti vseh rezin serije bolnikovih slik. Podobnost je bila
izratunana za specifi¢no optimalne parametre (tj. parametre, ki so optimalni za posamezen
primer - Ps) in globalno optimalne parametre (tj. parametre, ki so optimalni za vse

razgrajene primere - Pg).
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Tabela 3: rezultati optimizacije algoritmov za razgradnjo jeter z uporabo mediane.

RAST ADAPTIVNO AKTIVNE
serija REGI] UPRAGOVLJANJE KRIVULJE
Ps Pc Ps Pc Ps Pc

20091223 | 95.6% 79.9% | 92.0%  92.0% | 94.0% 82.6%
20100930 | 95.9% 91.8% | 88.8% 90.0% | 953% 82.5%
20101221 | 90.3% 85.6% | 88.6% 87.8% | 91.0% 86.9%
20110228 | 88.8% 84.8% | 83.7% 83.7% | 88.3% 86.4%
20110421 92.6% 89.2% | 73.6% 55.4% 80.2%  75.6%
20110624 | 94.4% 94.4% | 82.7%  82.7% | 91.2% 88.9%
20110707 | 93.4% 93.4% | 87.6%  87.6% | 91.5% 91.5%
mediana 89.2% 87.6% 86.4%

Iz rezultatov (7abela 2 in Tabela 3) lahko vidimo, da dopusca najve¢ optimizacije algoritem

za razgradnjo z rastjo regij, saj omogoca doseganje do 94.4% (aritmeti¢na sredina,

standardni odklon 2.1%) oz. do 95.9% (mediana) podobnosti z referen¢nim modelom v

primeru specifi¢no optimalnih parametrov. Ce opazujemo globalno optimalne parametre,

je rast regij prav tako za optimizacijo najbolj dopusten algoritem od preizkusenih, saj lahko

z njim dosezemo globalne podobnosti z referen¢nimi modeli v vrednostih 79.8%

(aritmeti¢na sredina, standardni odklon 12.7%) oz. 89.2% (mediana).

Optimizaciji je sledilo kon¢no ovrednotenje (validacija), v okviru katerega smo z uporabo

globalno optimalnih parametrov razgradili Stiri serije slik bolnikov, ki niso bile del uc¢ne

mnozice. Rezultate validacije prikazuje 7abela 4.

Tabela 4: rezultati validacije optimiziranih algoritmov za razgradnjo jeter.

serija

Vi
V2
V3
V4
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Pas
79.4%
87.1%
71.3%
49.6%

71.9%

RAST REGI]
std(Pas) Pyo
24.8% 87.0%
18.0% 92.5%
33.1% 85.5%
38.1% 70.5%

16.2% 86.3%

ADAPTIVNO UPRAGOVLJANJE
Pas std(Pas) Pvp
67.3% | 30.5% 76.4%
64.5% | 35.9% 79.0%
67.5% | 30.1% 78.0%
65.9% | 35.7% 81.9%

66.3% 1.4% 78.5%

AKTIVNE KRIVULJE
Pas std(Pas) Pmp
54.5% | 43.0% 79.5%
51.7% | 42.6% 70.2%
72.8% | 28.5% 81.9%
58.2% | 43.6% 83.7%

59.3% | 9.4% 80.7%
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Tabela 4 prikazuje rezultate validacije — podobnosti (P), predstavljene kot aritmeti¢na
sredina (Pas) ali kot mediana (Pup) podobnosti vseh rezin $tirih serij bolnikovih slik.
Rezultati prikazujejo, da smo z uporabo nasih treh algoritmov uspesno razgradili $tiri serije
bolnikovih slik, ki niso bile del u¢ne mnozice. Najmanj$o podobnost z referen¢nim
modelom smo dosegli s serijo V4 in algoritmom rasti regij (aritmeti¢na sredina podobnosti
49.6% s standardnim odklonom 38.1%, oz. mediana 70.5%) oz. s serijo V2 in algoritmom
aktivnih krivulj (aritmeti¢na sredina podobnosti 51.7% s standardnim odklonom 42.6%,
oz. mediana 70.2%), kar pomeni, da lahko nasi algoritmi razgradijo medicinske slike z jetri
tudi v slabih pogojih, vendar z ustrezno manjso natanénostjo. Najvedjo podobnost smo
dosegli s serijo V2 in algoritmom rasti regij (aritmeti¢na sredina podobnosti 87.1% s
standardnim odklonom 18.0%, oz. mediana 92.5%) in ravno algoritem rasti regij se je
izkazal kot globalno najboljsi (aritmeti¢na sredina podobnosti 71.9% s standardnim

odklonom 16.2%, oz. mediana 86.3%).

Algoritme za avtomatsko razgradnjo jeter smo vkljudili v grafi¢ni uporabniski vmesnik
(angl. Graphical User Interface — GUI), ki je izdelan kot spletna aplikacija. Uporabniski
vmesnik (angl. front-end) uporablja hipertekstovni oznadevalni jezik 5 (angl. Hyper-Text
Markup Language 5 — HTML5) in JavaScript (JS) za izdelavo vsebin in interakcijo z
uporabnikom. Jedro vmesnika (angl. back-end) je aplikacija programskega okolja Matlab
(Mathworks, Nantick, MA, ZDA), ki jo uporabniski vmesnik zazene prek asinhronega klica
JSIXML (angl. asynchronous JS and XML — AJAX) z uporabo PHP hiper-tekstovnega
pred-procesorja (angl. PHP HyperText Preprocessor — PHP; The PHP Group, 2001-2012).
Tridimenzionalni prikaz je izveden z uporabo knjiznice X Tovolkit (XTK; The X Toolkit
Developers, 2012), ki temelji na spletni grafi¢ni knjiznici — angl. Web Graphics Libraray
(WebGL). GUI spletne aplikacije za naértovanje zdravljenja z elektrokemoterapijo
prikazuje Slika 8, kjer so prikazani trije zasloni: zacetni zaslon (S/ika 8A), vmesnik za izbiro
serije (Slika 8B, postopek iz Slike 7B) in primer zgrajenega tridimenzionalnega modela jeter
z zilami in identificiranim tumorjem (S/ika 8C). Izdelani grafi¢ni uporabniski je izrisan na
uporabnikovi napravi (tj. v uporabnikovem spletnem brskalniku), medtem ko so vsi

izracuni, ki vkljucujejo razgradnjo medicinskih slik in porazdelitev elektricnega polja,
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izvedeni na strezniku. Omenjeni nacin delovanja omogoca, da uporabnikova naprava ni

obremenjena zaradi delovanja programske opreme.

ECTplan ECTplan B ECTPIAN 1. 55 o s sy g C
Welcome to Electrochemotherapy Treatment Planning!

Welcome Welcome Welcome

Load Images .é"‘.i 1 { Load Images Load Images
- eyl
Planning Planning Planning
Validation Begin with loading the images by clicking Validation Validation
Save on the Load Images menu item. Save Save

Please. select the preffered segmentation method:
University of Ljubljana, Stovenia (EU)

D. Paviiha, B, Kos. M. Maréan, A. Zupanié, G. Seréa, D, Mikiavéi
m You may now proceed to validation
V2R Fegen Grawing) (VER (hctve Camsmrs

LIVER (Adsgve Thiezhold]

Slika 8: grafi¢ni uporabniski vmesnik spletne aplikacije za naértovanje zdravljenja z EKT.

ZAKLJUCKI

V zadnjem desetletju so aplikacije, ki temeljijo na pojavu elektroporacije, dozorele in
dosegle rabo v klini¢cnem okolju. Elektrokemoterapija (EKT) je sicer ze v klini¢ni rabi za
zdravljenje povrSinskih metastaz koznega melanoma. S predstavljenimi postopki
nacrtovanja zdravljenja, ki smo jih vpeljali med prvimi, bo tako laze dosegla tudi zdravljenje

globoko leze¢ih tumorjev, kjer je nacrtovanje zdravljenja klju¢nega pomena.

Postopek naértovanja zdravljenja smo poenotili tako, da smo razvili in ovrednotili
algoritme, ki omogocajo avtomatsko razgradnjo medicinskih slik in gradnjo matemati¢nih
tridimenzionalnih modelov Zelenih organov (npr. jeter). Zaradi modularne zasnove je

naknadna vkljucitev algoritmov za razgradnjo drugih organov enostavna.

Postopke razgradnje in izracuna porazdelitve elektricnega polja smo vkljucili v spletno
programsko opremo za nalrtovanje zdravljenja z EKT, ki vkljucuje grafi¢ni uporabniski
vmesnik in omogoca zdravnikom, da izdelajo nacrt zdravljenja brez inZenirskega predznanja
ali neposredne inzenirske podpore. Omogoceno je tudi nalaganje Ze razgrajenih slik, kar
omogoca ovrednotenje primerov pacientov, ki so ze bili zdravljeni z EKT. Ovrednotenje
primerov ze zdravljenih pacientov bo omogocilo zdravnikom demonstracijo, da je za
uspesno zdravljenje zares klju¢nega pomena celotna pokritost tumorja z elektri¢nim poljem
dovolj visoke jakosti. Uporaba programske opreme za nadrtovanje zdravljenja z EKT bo

tako prispevala k pravilnemu izvajanju zdravljenja z EKT.



[ZVIRNI PRISPEVKI K ZNANOSTI

Na osnovi rezultatov te doktorske disertacije prosim za priznanje naslednjih izvirnih

prispevkov k razumevanju oZjega znanstvenega podro¢ja:

VZPOSTAVITEV POSTOPKOV ZA BOLNIKU PRILAGOJENO
NACRTOVANJE ZDRAVLJENJA GLOBOKO LEZECIH TUMORJEV Z
ELEKTROKEMOTERAPIJO

Vzpostavili smo postopke bolniku prilagojenega nacrtovanja zdravljenja globoko lezecih
tumorjev z elektrokemoterapijo, ki so zasnovani na osnovi sorodnih postopkov naértovanja
zdravljenja radioterapije. Postopki nac¢rtovanja zdravljenja, ki smo jih razvili, temeljijo na
obdelavi bolnikovih medicinskih slik in razgradnji relevantnih tkiv: obravnavanega organa
(npr. jeter), patoloskega tkiva (tumorja) in ostalih relevantnih tkiv (npr. Zil). Razviti

postopki omogocajo ucinkovito izvedbo elektrokemoterapije globoko leze¢ih tumorjev.

OPTIMIZACIJA IN VREDNOTEN]JE POSTOPKOV ZA AVTOMATSKO
RAZGRADN]JO MEDICINSKIH SLIK JETER ZA BOLNIKU PRILAGOJENO
NACRTOVAN]JE ZDRAVLJENJA Z ELEKTROKEMOTERAPIJO

Razvili smo algoritme za avtomatsko razgradnjo jeter z medicinskih slik, ki so v uporabi za
nacrtovanje bolniku prilagojenega zdravljenja z elektrokemoterapijo. Algoritmi, ki smo jih
razvili (rast regij, adaptivno upragovljanje in aktivne konture), so validirani na osnovi
radioloskega ekspertnega znanja, in sicer z uporabo sedmih modelov jeter za optimizacijo

delovanja in dodatnih $tiri modelov jeter za validacijo delovanja optimiziranih algoritmov.

RAZVO] PROGRAMSKE OPREME ZA BOLNIKU PRILAGOJENO
NACRTOVANJE ZDRAVLJENJA TUMORJEV Z ELEKTROKEMOTERAPIJO

Razvili smo programsko opremo, ki vkljucuje vse postopke, ki so potrebni za naértovanje
zdravljenja z elektrokemoterapijo: vmesnik za uvoz bolnikovih medicinskih slik, algoritme
za avtomatsko razgradnjo medicinskih slik, vmesnik za virtualno vstavitev elektrod,

algoritme za izra¢un porazdelitve elektri¢nega polja v tkivih in vmesnik za prikaz izdelanega
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nac¢rta zdravljenja. Programska oprema trenutno omogocéa avtomatsko razgradnjo dveh
tipov tkiva: jeter in kosti. Zaradi modularne zasnove pa omogoca vkljuditev dodatnih
algoritmov za razgradnjo drugih tkiv. S programsko opremo upravljamo prek uporabniku
prijaznega grafi¢nega uporabniskega vmesnika, ki je zasnovan kot spletna stran in zatorej

omogoca oddaljeno nadrtovanje zdravljenja (tj. telemedicina).
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INTRODUCTION

ELECTROPORATION

When the biological cell is exposed to an externally applied electric field of adequate
strength, the cell membrane becomes transiently permeabilized (Kotnik et al., 2010). The
phenomenon that is termed electroporation (Neumann et al., 1982), sometimes also
referred to as electropermeabilization (Sel et al., 2005), allows the material from outside the
cell to traverse the plasma membrane, which would be otherwise not possible.
Electroporation can be performed by generating external electric field using an electric
pulse generator (Puc et al., 2004) that delivers electric pulses in the near proximity of the

target group of cells using electrodes (Zupanic¢ et al., 2008).

Electroporation is considered to be a universal method and platform technology because all
types of cells (i.e. animal, plant, and microorganism) can be successfully electroporated
(Miklav¢ié et al., 2012). Many applications of electroporation have been already developed,
e.g. electrochemotherapy of tumors (Mir et al., 1991; Ser$a and Miklav¢i¢, 2008), non-
thermal irreversible electroporation for tissue ablation (Garcia et al., 2011; Rubinsky et al.,
2007), gene therapy (Heller and Heller, 2010), food preservation (Toepfl et al., 2007), and
others (Daugimont et al., 2010; Gusbeth et al., 2009; Usaj et al., 2010).

CLINICAL APPLICATIONS OF ELECTROPORATION

Electrochemotherapy (ECT)

Currently, the most widely clinically used electroporation-based application is
electrochemotherapy (ECT) (Miklav¢i¢ et al., 2012) which improves chemotherapy by
enhancing uptake of cytotoxic drugs (e.g. bleomycin or cisplatin) due to electroporation
(Orlowski et al., 1988; Sersa et al., 1995). The procedure is done by first injecting the
cytotoxic drug to the patient. Then, the application of electric pulses is performed using an
electric pulse generator (i.e. electroporator). In case of intravenous bolus injection of the

cytotoxic drug, the electric pulses need to be applied at least 8 minutes after injection, i.e.
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the time when the cytotoxic drug is expected to reach the pharmacological peak in tumor
due to circulation (Mir et al., 2006). Because ECT is based on reversible electroporation
(i.e. increase of the plasma membrane permeability is temporary), strength of the applied
electric field needs to be above reversible electroporation threshold and below irreversible

electroporation threshold (Miklavcic et al., 20006).

ECT has already been in clinical use for treating cutaneous metastases of skin melanoma in
more than 100 clinical centers in Europe (Miklav¢i¢ et al., 2012). Because cutaneous
metastases are small in size, successful ECT treatment is ensured by following standard
operating procedures (SOP) which were devised for treating superficial tumor nodules
using fixed-geometry needle or plate electrodes (Mir et al., 2006). ECT of cutaneous
metastases of skin melanoma proved to be a successful method, with an 85% objective

response rate (Mali et al., 2013; Marty et al., 20006).

Recently, however, ECT has been advancing towards treating deep-seated tumors
(Miklav¢ic et al., 2010) in liver (Edhemovié et al., 2011), bone (Fini et al., 2011), and
brain (Agerholm-Larsen et al., 2011; Linnert et al., 2012; Mahmood and Gehl, 2011).
Since deep-seated tumors are not accessible using the type of electrodes used for treating
cutaneous metastases, and due to diversity in shape and size of such tumors, ECT of deep-
seated tumors requires long-needle electrodes that are inserted individually (i.e. the
electrodes are not part of a fixed-geometry electrode array, but are positioned one by one)
(Edhemovi¢ et al., 2011). The diversity of tumor shape, size and location, and the use of
long-needle electrodes impose patient-specific treatment planning for ECT of deep-seated

tumors (Pavliha et al., 2012) since SOP are not appropriate for treatment of such tumors.

Non-thermal irreversible electroporation for tissue ablation (N-TIRE)

Another important electroporation-based application is non-thermal irreversible
electroporation (N-TIRE) which, like electrochemotherapy, uses electroporation for
ablating pathological tissue, i.e. tumors (Zupani¢ and Miklav¢i¢, 2009). N-TIRE is a non-
thermal ablation technique (Davalos and Rubinsky, 2008) and requires the strength of the

applied electric field to reside above irreversible electroporation threshold (Zupani¢ and
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Miklaveic, 2011) for successful treatment. N-TIRE has been used for ablation of tumors in
liver (Charpentier et al., 2011), pancreas (Charpentier et al., 2010), brain (Garcia et al.,
2011), and soft-tissue (Neal et al., 2011). When N-TIRE is used for treating deep-seated

tumors, patient-specific treatment planning is also needed (Zupani¢ et al., 2012).

TREATMENT PLANNING OF ELECTROPORATION-BASED TREATMENTS

Designing the treatment planning procedure

In Article 1, we stipulated that electroporation-based treatments such as ECT and N-TIRE
require patient-specific treatment planning for treatment of deep-seated tumors (Pavliha et
al., 2012) and suggested the treatment planning procedure by exposing parallelisms to
radiotherapy (RT) (Lecchi et al., 2008) where treatment planning has been of paramount
importance for the success of RT in the last 50 years. RT treatment planning served us as
the basis for establishing ECT treatment planning procedure, the latter consisting of patient
medical imaging (by Magnetic Resonance Imaging — MRI, or by Computed Tomography
— CT), construction of the model geometry, calculation of a suitable plan by numerical
modeling and optimization (number and positions of electrodes used), and definition of

intensity of the applied electric pulses.

Development and validation of segmentation algorithms

Construction of the model geometry is an important step of ECT treatment planning. The
model geometry is generated by performing image segmentation, i.e. extraction of relevant
tissue. In Article 2, we presented three algorithms that perform automatic liver
segmentation for ECT treatment planning. Automatic segmentation of relevant tissue
namely enables the end-user (i.e. clinician) to obtain model geometry without the need for
manual tissue delineation which is time-consuming (e.g. it may take up to six hours for a
clinician to manually delineate relevant tissue of a patient) (Paulides et al., 2010). The
functioning of segmentation algorithms was optimized using a training dataset consisting of
seven patient cases that were previously manually segmented by a radiologist. Relevant

parameters of each algorithm were optimized and optimal parameters were determined



INTRODUCTION

based on similarities of automatically segmented cases to manually segmented cases. Finally,
the so obtained optimal parameters were then used to perform automatic segmentation of
four additional patient cases that were previously manually segmented by a radiologist, and

were not part of the training dataset.

Integrated software with graphical user interface for treatment planning

One of the possibilities to facilitate ECT treatment planning is to develop treatment
planning software that embeds execution of all required procedures: import of patient
medical images, image segmentation for model geometry generation, possibility of virtual
electrode insertion, and calculation of a suitable plan by numerical modeling and
optimization. In Article 3, we presented development of a web-based ECT treatment
planning software with an easy-to-use graphical user interface. The software requires the
medical images to be uploaded, and upon selection of the preferred algorithm (e.g. active
contours that are optimized for liver segmentation, or fixed thresholding that is optimized
for bone segmentation, etc.) the automatically generated 3D model of the relevant organ is
presented to the end-user (i.e. clinician). Finally, the end-user determines the number and
direction of the electrodes inserted into the generated 3D model, and the calculations of the

electric field are executed and presented to the user.



AIMS OF THE DOCTORAL THESIS

The aims of the doctoral thesis are to establish the procedure of electrochemotherapy
(ECT) treatment planning, develop validated automatic segmentation algorithms for liver
segmentation, and construct integrated electrochemotherapy treatment planning software.
Namely, ECT of deep-seated tumors requires patient-specific treatment planning but
currently lacks standardization. Therefore, the ECT treatment planning procedure we
established may serve as the basis for further ECT treatments. We founded ECT treatment
planning procedure on the radiotherapy example where treatment planning has been

adopted by the clinicians for more than 50 years.

Despite its complex inner functioning (i.e. the algorithms that form treatment planning are
state-of-the-art procedures) patient-specific ECT treatment planning needs to be simplistic
from the user’s point of view. Therefore, we included validated automatic segmentation
algorithms for model generation as part of the developed treatment planning software in
order to minimize the time required for generating treatment plans. Moreover, all the
procedures which are part of treatment planning (i.e. patient medical images import, image
segmentation, virtual electrode insertion, and electric field distribution calculation) are
embedded in a web-based graphical user interface of the ECT treatment planning software.
The graphical user interface allows the use of the software without engineering or computer
knowledge, while the form of a web-based application facilitates treatment planning and
contributes to a wide use of electroporation-based treatments since treatment planning can

be performed remotely.
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Electrochemotherapy uses electroporation for enhancing chemotherapy. Electrochemotherapy can be per-
formed using standard operating procedures with predefined electrode geometries, or using patient-
specific treatment planning to predict electroporation. The latter relies on realistic computer models to pro-
wide optimal results (i.e. electric field distribution as well as electrodes’ position and number} and is suitable
for treatment of deep-seated tumors.
Since treatment planning for deep-seated tumors has been used in radiotherapy, we expose parallelisms with
radiotherapy in order to establish the procedure for electrochemotherapy of deep-seated tumors. We parti-
tioned electrochemotherapy in the following phases: the mathematical model of electroporation, treatment
planning, set-up verification, treatment delivery and monitoring. and response assessment. We developed a
conceptual treatment planning software that incorporates mathematical models of electroporation. Prepro
cessing and segmentation of the patient’s medical images are performed, and a 3D model is constructed
which allows placement of electrodes and implementation of the mathematical model of electroporation.
‘We demonstrated the feasibility of electrochemotherapy of deep-seated tumors treatment planning within a
clinical study where treatment planning contributed 1o the effective elecirochemotherapy treatment of deep
seated colorectal metastases in the liver. The described procedure can provide medical practitioners with in
formation on using electirochemotherapy in the clinical setting. The main aims of this paper are: 1) 10 present
the procedure for treating deep-seated tumors by electrochemotherapy based on patient-sp ¢ treatment
planning, and 2) to identify gaps in knowledge and possible pitfalls of such procedure.

@ 2012 Elsevier BV, All rights reserved.

1. Introduction

and irreversible electroporation (for non-thermal ablation purposes)
[6]. Electrochemotherapy combines cancer drugs, such as bleomycin

When a cell is exposed to a sufficiently intense transient external
electric field, the permeability of its membrane is increased [1]. This
allows molecules thar otherwise lack a membrane transport mecha-
nism to enter the cell. Electroporation, as the phenomenon was
named, can therefore be used ro control the transport of different
maolecular species in and out of the cell and even induce controlled
cell death if the parameters of the electric field are chosen appropri-
arely [2].

Even though the exact molecular mechanisms of electroporation
are not yet fully elucidated, it is being used in several medical appli-
cations, e.g. elecrrochemotherapy [3] (which is currently used in
daily clinical practice for trearment of superficial tumor nodules in
more than 80 clinical centers around Furope [4]}, gene therapy |5],

= Corresponding author. Tel: + 386 1 4768456, fax: + 386 1 4264658,
E-mail addresses: denis. pavliha@fe.uni-lisi (D, Pavliha), borkos@fe.uni-lj.si
(B. Kos), anze zupanic@Fe.uni-1j.si (A, Zupani arijjamarcan@fe.uni-lj.si

(M. Martan), gsersa@onko-isi (G, Ser3a), damijan.miklavcic@le.uni-lj.si
(D, MiklavEig).

see front matter © 201 2 Elsevier BV, All rights reserved.
i HFXOREIE

or cisplatinum, with short high-voltage electric pulses, and achieves
approximarely 80% objective responses irrespective of the histologi-
cal type of the tumor [7]. When planning electrochemotherapy, we
can choose berween two possible trearment planning modes: 1} fol-
lowing standard operating procedures with predefined geometry of
electrodes hased on models to predict electroporation, or 2} patient-
specific rreatment planning. Electrrochemotherapy based on prede-
fined geometries was described for skin tumors |7] and brain tu-
mors [8,9] and several clinical rrials are registered and are ongoing
[10,11]. The first deep-seated tumors were treated and reported re-
cently with electrochemotherapy and irreversible electroporation
using long needle variable geomertry electrodes, which clearly demon-
strated that patient-specific rrearment planning is needed [12-15].
Other electroporation-based rherapies are also at the stage of clin-
ical trials. Researchers have considerably increased rhe efficacy of
electroporation-based gene transfer for gene therapy and DNA vacci-
nation [16-19]. Furthermore, irreversible electroporation has been
demanstrated in prostate, liver and brain in vive on experimental an-
imals [20] and in patients [21]. As a non-thermal ablation technigue,

11
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irreversible electroporation can be used to cause cell death while pre-
serving extra-cellular tissue scaffolding [22], which greatly facilitates
tissue healing after tissue ablation.

To bring the benefits of all these electroporation-based therapies
to patients, treatment planning (predefined geometry-based or
patient-specific} is necessary. By taking into account the patient's
anatomy and numerically predicting the electroporation effects of
the high-voltage electric pulses, optimal position of the electrodes
can be determined, thereby assuring adequate electroporation of
the tumor and limiting electroporation of the healthy tissue. We
have taken radiotherapy treatment planning, that has been of para-
mount importance in the success of radiotherapy in the last
50 years, as the basis for the design of treatment planning in electro-
chemotherapy. We have already demonstrated in a proof-of-principle
study [15] that anatomically realistic computer models of target tis-
sue can be built based on medical imaging and by using finite element
modeling for calculating the electric field distribution in the tissue, an
eflicient treatment plan can be prepared [or treating deep-seated co-
lorectal metastases in the liver. The main aims of this paper thus are:
1} to present procedures [or deep-seated tumors electrochemother-
apy based on patient-specific treatment planning, and 2} to identily
gaps in knowledge and possible pitfalls of such procedures.

2. Background

Patient-specific treatment planning has been successfully intro-
duced to and is widely used in radiotherapy, which like electropora-
tion is also based on the interaction between a physical agent
(radiation in radiotherapy, and electric field in electroporation) and
bivlogical tissue |23]. Radiotherapy is a cancer-treatment procedure
where energy is deposited locally into the patient’s body by a targeted
radiation beam. The damage caused by the beam is not tumor-
specific; the maximum allowed radiation dose to the tumor is thus
limited by the dose the healthy tissue along the radiation path can
withstand |24]. The main goeal of radiotherapy is (o cause enough ra-
diation damage so that tumor cells gel permanently inhibited and
their growth can be delayed infinitively; therefore, tumor cells cannot
proliferate further.

Radiotherapy consists of the following steps: simulation, treat-
ment planning, set-up verification, beam delivery, and response as-
sessment [23], as described in Table 1. Simulation is based on the
patient’s anatomy; the patient is scanned in order to obtain medical
images (using e.g. Computed Tomography - CT or Magnetic Reso-
nance Imaging - MR} in the same position as expected to be when
exposed to the radiation beam. Treatment planning starts by using
the acquired medical images [or generating a three-dimensional
model. First, the target volumes are defined by the radiologist based
on the image data in order to calculate the appropriate radiation

Table 1

0. Paviika et at / Blioetectrochemisery 87 (201

dose, then the treatment plan is developed by numerical modeling
and optimization — mathematical models of radiation damage in bio-
logical tissues have been developed in the first half of the 20th centu-
ry and are, with some adjustments, still used today [25]. After the
calculations, the plan is transferred to the controller device that man-
ages the functioning of the irradiating device (e.g. a linear accelera-
tor} that delivers the radiation beam. The set-up verification
consists of examining the patient’s position (e.g. using laser-based
detectors) in order to coincide with the scanned medical images,
and to reflect consequently the dose data [rom the generated treat-
ment plan. Finally, beam delivery is executed and response assess-
ment is performed later on by obtaining a new set of medical
images and validating the treatment.

For the purposes of establishing procedures for deep seated tu-
mors electrochemotherapy based on patient-specific treatment plan-
ning, we can expose parallels between electrochemotherapy and
radiotherapy, as already suggested [8]. In radiotherapy, the radiation
dose has to be high enough in the tumor volume to kill all the tumor
cells, whereas in electrochemotherapy, the electric field in the tumor
volume needs to be sulliciently strong, and the exposure long enough,
to cause cell membrane electroporation [12]. Similarly to radiothera-
py. electrochemotherapy of deep-seated tumors can also be parti-
tioned into several steps: mathematical model of electroporation,
treatment planning, set-up verification, treatment, and response as-
sessment (Table 1}. Therefore, in establishing procedure for electro-
chemotherapy of deep-seated tumors based on patient-specific
trearment planning, radiotherapy treatment planning can serve as a
well-established example.

The f(irst step of designing electrochemotherapy of deep-seated
tumors is to create a suitable numerical model of electroporation,
at both cellular and tissue levels by determining material properties
{electrical conductivity} as well as electroporation mechanisms
that are related to the electric field distribution [26]. Alter patient-
specilic data are transferred to the model it can be used in the
treatment planning procedure. The treatment planning consists of
several phases; image import, image pre-processing, segmentation,
three-dimensional model generation, electrode placement, imple-
mentation of the mathematical model of electroporation, and opti-
mization of the results: the electric field distribution as well as the
number of electrodes and electrodes’ positions. The position of
electrodes needs to be verified intraoperatively as part of the set-
up verification in order to assure the treatment plan is accurately
followed. Postoperative response assessment is required approxi-
mately 4-8 weeks after the treatment in order to determine effec-
tiveness of electrochemotherapy by radiological imaging or tumor
histology: il the patient is rescheduled for reoperation {as part of
a two stage procedure [27]) the metastasis is resected and also his-
tologically evaluated.

Parallelism and similarities between radiotherapy and electrochemotherapy of deep-seated tumaors.

Radiatherapy

Electrochematherapy of deep-seated tumors

Simulation - medical imaging (CTor a combination of CT with MR or PET) of the patient

Mathematical model of electroporation: cell- and tssue- level models of
eleciroporation.

Treatment planning: delineation of targel volumes, definition of dose « ints,
construction of the mathematical model geometry, calculation of a suitable plan by
numerical modeling and oplimization - number ol Iractions. position and intensity
of the heams

set-upverification: medical imaging (CT or MRI) is used for verifying the position of the
patient and targer tissues, in subsequent session lasers and tattoo marks are used
wogether with ultrasound (US) and other imaging modalities

Treatment delivery and monitoring: radiation is delivered according to the treatment
plar, while imaging is used to control for breathing movements

Response assessment: post-treatment measurement of tumor size or hiological tumor
markers with medical imaging

Treatment pl medical imaging (CT or ME. possible combination with PET) of
the patient, delineation of target volumes, construction of the mathematical model
geamelry, calculation of a suitable plan by numerical modeling and optimization
number and positions of electrodes used, intensity of the used electric pulses

set-up verification: optimal electrode positions are registered on the original medical
images; electrode positions are verified using intraoperative ultrasound (US)

Treatment delivery and monitoring: after electrode insertion and chemotherapeutic
injection, electric pulses are delivered, current and voltage are measured to control for
possible errors during electric pulse delivery

Response assessment: post-reatment measurement of tumor size or hiological tumor
markers with medical imaging and/or histology, compared to pre-treatment medical
images.
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3. Methodology
3.1, Mathematical model of electroporation

Mathematical modeling on the level of tissues and considering
bulk tissue properties has been used in the field of tissue electropora-
tion for more than a decade [ 28,29]. Initially, the models were [ocused
on determining electric field distribution for dilferent electrode ge-
ometries and analyzing the importance of the distribution for the el-
fectiveness o electrochemotherapy. In  subsequent studies, a
correlation between the strength ol the electric field, coverage of
the tumor and electrochemotherapy effectiveness was established
[130]. Electric field thresholds for reversible and irreversible electropa-
ration were determined for various tissues, including liver [31] and
muscle [32] by comparing tissue changes and histology with electric
field calculation in geometrically correct models. It needs to be em-
phasized, however, that threshold values of electric field at which
cell membrane electroporation occurs were determined for specific
pulse parameters, Le. most of the time [or 8 pulses ol 100 ps duration
delivered at 1 Hz pulse repetition [requency. However, the electric
field amplitude at which membrane permeabilization occurs depends
on the pulse parameters (the number and the length of the pulses).
Later, electroporation ellects on tissue conductivity were incorporal-
ed in the mathemaltical models [33,26,31] which were validated by
comparing the predicted and the measured electric currents during
electric pulse delivery [33]. Electroporation thresholds (8100 us
pulses} for liver tissue were determined to be 460 V/em and 700 v/
cm for reversible and irreversible electroporation, respectively
[2631]. In addition to electric field threshold values, which depend
greatly on the pulse duration and the number of pulses delivered
[34.2,35] but also on the method of detection [36] it has not been
yet established how fast and how much the tissue conductivity in-
creases during electroporation |33]. Currently, it is being estimated
that during electroporation, the conductivity increases by a [actor of
3—4, which yields good agreement between calculated and measured
current values. The increase ol conductivity was stipulated to corre-
late with the occurrence of electroporation, which was later demon-
strated also in dense cell suspension experiments [37] and in vive
[38]. The values of the electric field for irreversible electroporation
were later demonstrated to be most probably higher than originally
reported [34], but have not yet been equivocally determined.

3.2, Treatment planning software

We developed a prool-of-concept principle computer soltware in
order to [ully devise and elaborate treatment planning [or electroche-
motherapy. The prool-of-concept electrochemotherapy trealment
planning software was developed as a Windows (Microsolt, Red-
mond, USA, 1985-2011} application; the software was constructed
in the Microsoft C# programming language within the Microsolt
MNET Frameworle v3.5 (Microsolt, Redmond, USA, 2007} using Micro-
soft Visual Studio 2008 integrated development environment (Micro-
soft, Redmond, USA, 2007}.

3.2.1. Image import

To generate representative models that can be used as input data
for patient-specific  electrochemotherapy  treatment planning,
scanned medical images (e.g. CT or MRI) of the patient are required.
A currently commonly used standard for medical imaging is Digital
Imaging and Communication in Medicine (DICOM} [40]. DICOM is
used as the standard for encapsulating medical images that are
obtained from e.g. CT or MRI scanners. Therefore, DICOM images are
read and imported into the electrochemotherapy treatment planning
software as input data.

Moreover, a conversion of DICOM images is required to allow fur-
ther image processing. Namely, upon import of the medical images

into the electrochemotherapy treatment planning software, the im-
ages are deposited into the working storage memory (e.g. memory
streams that are located in the Random Access Memory - RAM). If
we want to access them as raw data the images need to be converted
into such a format; therefore, a conversion rom DICOM into some
other format, preferably uncompressed raw 8-bit data, is required.
In case ol the 8-bit format, & bits describe a single pixel intensity
and a short header is also present to describe the dimensions of the
medical images.

At this stage of development, a manual conversion from DICOM to
bitmap data using commercially available computer graphics soll-
ware Adobe Photoshop €54 (Adobe Systems Inc, San Jose, CA, USA,
2008) is performed. Manual conversion is performed mainly because
DICOM is a complex standard and a suitable implementation would
require extensive development which has not been possible yet. Nev-
ertheless, bitmap data can be interpreted by our software without
problems due to native bitmap implementation in the Microsoft.
NET Framework v3.5 (Microsoft, Redmond, USA, 2007}, Then, the bit-
map data is converted into raw 8-bit data within the electroche-
motherapy treatment planning software.

3.2.2. Imuage pre-processing

Image pre-processing is required to prepare the medical (e.g. CTor
MRI} images for image segmentation. Since the segmentation is based
on feature extraction, the images are first rransformed by means of
pre-processing procedures in order to minimize bias of intensities
[41]. Because medical images [or electrochemotherapy planning pur-
poses may steam [rom sources with different modalities (e.g. CT or
MRI}, a single set of pre-processing procedures cannot be implemen-
ted; a parameterized pre-processing soltware module with possibility
of dynamically allocating pre-processing procedures is incorporated
into the treatment planning software instead.

Pre-processing begins with the analysis of the images; analysis is
used Lo determine the main intensity components that are present
in the images, which allows implementation of intensity-based pre-
processing procedures, ie. threshold-based algorithms [42] Such an
analysis begins by showing the electrochemotherapy treatment plan-
ning software user (L.e. the attending physician} a histogram of all the
intensities that are represented in the medical images’ collection. An
example of such a histogram is shown in Fig. 1 where relative inten-
sities’ representation (ordinate) is presented as a function of the 8-bit
intensity range {abscissa}.

As seen in Fig. 1, five thresholds delimit six main intensity compo-
nents: one at the beginning, four in the middle, and one at the end of
the 8-bit intensity range. Currently, determination of the thresholds
(Le. gray lines in Fig. 1} is performed manually by the electroche-
motherapy treatment planning software user. Up to five thresholds
delimiting six most noticeable intensity components by clicking
onto the desired targeted positions in the intensity histogram are
marked.

Relative
intensity
representation

100

('
Imtensity
range (bits)

2= 1) bits

0 bits

Hg. 1. An example histogram of intensities that are represented in the medical images”
collection with manually determined thresholds (gray lines) berween the identified
main intensity components (peaks of black bars),

13
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In the case of medical images derived from a MRI source, a
contrast-enhancement procedure is applied upon the set of medical
images. A basic contrast-enhancement procedure is done by perform-
ing a non-linear transformation of each pixel of each image in the col-
lection by Eq. (1} where i denotes the intensity of a pixel with the
range of 0={=255 and a bit is its unit:

iy = k-(ip + 1) -10gyp(ip + 1) (1

in is the newly calculated value by using the previous value ip and a
scaling factor k ; in our case, k is empirically set to 0.5. Additionally,
because of operating in the 8-bit range of intensities the newly calcu-
lated value of iy is clamped to reside within the interval 0<iy=2®

1. This procedure enhances the contrast in a non-linear way, so
that distribution of intensity is changed.

Medical images may contain several unwanted artifacts (eg.
noise, gradient f{ill anomalies, etc.}, which increases the difficulty of
medical image segmentation (e.g. edges are not clearly defined}
[42]. Moreover, tissue of interest to the application of electroche-
motherapy (e.g. tumor, liver, brain, etc.} is most commonly heteroge-
neously lexturized. Therefore, intensities that describe these objects
(Le. tissue) vary due to both tissue heterogeneity (low-[requency var-
lations) and noise (high-frequency variations}, making straightfor-
ward segmentation impossible {e.g. if we perform threshold-based
segmentation without pre-processing, segmentation will result in
many more segments than desired}.

Regardless of the source of medical images, a noise removal proce-
dure is performed by applying an average-based (filter on an intensity
matrix in the size of 3: 3 pixels. Then, an additional noise removal is
executed by applying a median-based [ilter on an intensity matrix in
the size of 33 pixels that has previously already been processed
using the average-based filter. Finally, the thresholds determined in
the procedure of medical images' analysis (Fig. 1) are used to lrans-
form the filtered images containing continuous intensities into fully
pre-processed images containing up to six discrete intensities (i.e.
dithering}. Dithering also takes into account heterogeneity of tissue
and removes it, hence pre-processing results in homogeneous seg-
ments. The transformation is shown in Fig. 2.

As seen in Fig. 2, the pre-processing procedures may however re-
sult in non-uniform object surfaces due to source images' anomalies
such as unwanted gradient fills (Fig. 2c). Nevertheless, non-uniform
object surfaces do not represent a major obstacle as segmentation
procedures can overcome such a limitation.

3.2.3. Segmentation

Segmentation is a complex procedure for extracting object data
(Le. usable features) from images [41], Le. determining which part
of medical images corresponds to a certain region of interest (ROI)
- e.g. the liver or tumors or blood vessels. Such a procedure is per-
formed based on the features identified in the medical images. Due
to already pre-processed images, segmentation of objects from med-
ical images is currently being done based on the intensity levels that
are present in these images (Le. threshold-based segmentation ). Seg-
ments are therefore defined as clusters of pixels that all have the
same intensity level [43].

To extract such segments, an algorithm termed region growing is
applied upon the pre-processed images; the region growing algo-
rithm is initiated by the user who manually places a starting seed
on an image (i.e. clicks with the mouse somewhere on the target seg-
ment} and then the two-dimensional {i.e. based on each slice/image
separately} region growing algorithm marks the desired segment on
the selected image. The algorithm first checks all the eight neighbor-
ing pixels of the starting seed and if their intensities are equal to the
one of the starting seed, they are indexed as being part of the target
segment. The procedure is then reapplied until all the neighbors'
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Fig. 2. An example of a CT medical image focusing on the liver; presented are a source
image (left - a), afillered image (middle - &), and a fully pre-processed image (right - c).

neighbors are indexed as well, and finished when there are no neigh-
bors with the same intensities as the starting seed left to be indexed.

Different layers of segments can be defined (e.g. liver, vessels, tu-
maors, etc.}), Moreover, manual segmentation is possible using com-
mon drawing tools (i.e. adding or removing a single or an array of
pixels to or from the selected layer), which is helpful for geometries
where region growing may lead to unwanted leakage of segments.

Currently, this procedure is only performing a two-dimensional
segmentation. A three-dimensional segmentation procedure is, how-
ever, planned to be implemented in the final version of the electro-
chemotherapy treatment planning software in order to allow more
robust segmentation procedures based on three-dimensional input
data since object comparison will be done on neighboring images
and three-dimensional objects will be generated automatically.
Moreover, more sophisticated segmentation methods than region
growing shall also be considered, e.g. using deformable active con-
tours [44].

3.24. Three-dimensional madel generation

Belore generating a three-dimensional model, segmentation data
need to be appropriately post-processed in order to allow construc-
tion of a three-dimensional mesh. The post-processing algorithms
evaluate all the objects that were identified in the segmentation pro-
cedure, and generate an appropriate three-dimensional mesh of the
model. Evaluation of objects from the segmentation procedure is
done by generating contours in a circular way by a contour-
following algorithm that produces contour data as continuous sets
of two-dimensional points for each medical image in the collection.
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All the two-dimensional points are, finally, used as input data for the
Microsoft DirectX SDK-based component that provides objects for
mesh generation and visualization within the Microsoft NET Frame-
work v3.5 (Microsoft, Redmond, USA, 2007). To generate a three-
dimensional mesh from multi-plane two-dimensional data, the
marching cubes algorithm [45] is used. The third dimension informa-
tion (Le. step difference of the third dimension between two-
dimensional segments) is obtained [rom the header of the source
DICOM images (iLe. the slice thickness parameter).

The electrode configuration is also evaluated and implemented as
a model sub-object, so that the generated mesh may be directly appli-
cable for numerical calculations of the electric field distribution using
finite-element modeling software [46].

Moreover, the generated three-dimensional model (as example
shown in Fig. 3) is useful for the attending surgeon to visualize the
patient’s anatomy and to determine possible entry directions, which
is most important in the electrode placement procedure where guid-
ance of the attending surgeon serves as the main course of action lor
delining the approximate absolute position of the electrode
array [47].

3.2.5. Electrode placement

Determination of the relative electrode placement depends on the
size and the shape of targeted tumors. First, the number of electrodes
that will be placed in the tumor needs o be determined. Namely, if
the shape of rthe rumaor that is planned for treatment is spherically
asymmetrical, up to two electrodes may be planned for insertion
into the tumor. In case of spherically symmetrical tumors, a single
electrode may be planned for insertion into the tumor. However,
even spherically symmetrical tumors may be planned for insertion
ol more than one electrode into the tumor if the electric field cover-
age could not be achieved using only one electrode being placed in
the tumor due to the its size.

Then, an arbitrary number of electrodes are determined for inser-
tion around and into the tumor. Currently, the number and the
relative layout ol the electrodes are limited based on the recommen-
dations of the artending surgeon who defines possible access direc-
tions, hence the plane normal to the electrodes. Determining the
number of electrodes is not strictly formalized yet, and more research
needs to be performed to this end. However, the current protocol is to
keep the total number of electrodes low (alse to eliminate the need to
manually rewire electrode-generator connections, since the currently
available pulse generator has only 6 output connections}, and to keep
distance between adjacent electrodes below 3 cm. Fig. 4 shows an ex-
ample ol such a placement of the electrodes, where a single electrode
was placed into the tumor and four electrodes around it

After determining the number and the approximate relative lay-
out of the electrodes, electrode parameters (diameter, length of the
non-isolated part and the total length of the electrode} are also

Flg. 3. A generated three-dimensional model of liver with hepatic veing ard a tumor (in
berween the hepatic veins).

2649

Fg. 4. An example of planned electrode placement for electrochemotherapy treatment

defined. Finally, data of the defined electrade configuration is inserted
into the three-dimensional model for electroporation modeling. The
pulses are delivered to the targer sequentially on pairs of electrodes,
Le. at each time only two electrodes are active. The data on the posi-
tioning and the number of electrodes need to be further supplemen-
ted by voltage amplitude of the pulses to be delivered between
electrode pairs.

3.2.6. Implementation of the mathematical model of electroporation

It has been demonstrated previously that a sulliciently high local
electric field is the major indicator of successful electroporation
[29]. Therefore, most efforts in treatment planning and evaluation of
electroporation-based rreatments are currently devoted to determi-
nation of the electric field distribution in the rarget regions (ie.
tumor and eventually critical tissues). The electric field in conductive
media is determined by solving the Laplace equation (2} for the elec-
tric potential:

Vg Ve =0 (2]
from which the electric field can be determined by using the Eq. (3):
E=-=-V.¢ (3]

Such a field calculation can be performed using numerical
methods, e.g. the finite element [48]. We use the commercial Comsol
Multiphysics {Comsol AB, Stockholm, Sweden} software, which in-
cludes a scripting interface to Matlab {Mathworks, Nantic, MA). The
computational domain is split into several subdomains with different
conductivities and boundary conditions {e.g. target — tumor tissue,
surrounding tissues, electrodes} [33]. The outer boundaries of the
computational domain are limited with an insulating boundary con-
dition (4):

II-J—U (4]

while the interior boundary conditions are delined as either continu-
ity (5) or lixed potential (G).

n-J;—)) =0 (5]
V=V, (6

Tissue conductivities are known to change during electroporation
[38]; therefore, electroporation is modeled using electric field-
dependent conductivity. We used a sequential madel to ensure irre-
versibility of conductivity changes during the duration of one pulse
[26,31] while other authors use a simplified field-dependent formula-
tion [49].
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3.2.7. Algorithm-based optimization

Optimization is regularly used in radiotherapy treatment planning
[50]; both gradient-based and stochastic optimization methods are
commonly employed. Since the problem of optimization for electro-
chemotherapy involves a high number of parameters (pulse voltages,
number of electrodes, position of electrodes) and therefore a very
large parameter space, genetic algorithms lor optimization are espe-
cially suitable |51]. The [ormal approach to optimization requires
the formulation of an objective function, which can be a [unction of
one or more parameters. For electrochemotherapy treatment plan-
ning, the given objective [unction (7} which has been proposed previ-
ously [12] can be used:

F=100-Vpy, =10 - Vi, (7

where Ve, is the volume [raction of the target tissue above the elec-
troporation threshold (defined as the volume of tissue exposed to
electric field above the tissue-specific electroporation threshold di-
vided by the total volume of the tissue}, and Vigere is the volume frac-
tion of the surrounding healthy tissue above the irreversible
electroporation threshold. Additional terms may be added to the ob-
jective function on a case-by-case basis. The goal of the optimization
is to maximize the objective function, while simultaneously ensuring
that other constraints {e.g. maximum current, maximum voltage) are
observed. To this end, the optimization algorithm involves changing
electrode voltages, the number of electrodes and/or electrode posi-
tions. Moreover, the goal of optimization is finding a robust solution
which will ensure successful treatment even in the presence of errors
or unknowns in the input parameters [52].

3.3. Set-up verification

Set-up verification consists of overlaving the treatment plan, i.e.
positioning of electrodes with respect to target rissue, on medical im-
ages (CT or MRI} obtained before the treatment {e.g. Fig. 5}. Such an
overlay in different planes is presented to the surgeon prior to the op-
eration, the access point was determined before starting trearment
planning, and then insertion of electrodes intraoperatively using ul-
trasound or fluoroscopy guidance is performed by the surgeon
(Fig. Ga}. Electrode positioning is verified by medical imaging and
by measuring the depth of electrode insertion (Fig. 6b). Finally, elec-
trodes are connected to the corresponding outputs on the pulse gen-
erator and voltages between pairs of electrodes from the treatment
plan are programmed and delivered.

Hg. 5. Overlay (a) of placed electrodes in several viewing angles (b, ¢, d) as a part of the
treatment plan (directions: A as anterior, P as posterior, L as left, B as right, C as
cranial).
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Fig. 6. a: Insertion of electrodes using fluorscopy guidance. b: Comb-like electrode
holders during electrochemotherapy surgery.

34. Treatment delivery and monitoring

The patient planned [or electrochemotherapy is presently treated
intraoperatively. The surgical team mobilizes the liver segment with
the metastasis planned [or treatment. The long needle electrodes
(1.2 mm in diamerer with 3 or 4 cm non-insulared tip - IGEA S.rl.,
Carpi, MO, Italy} are inserted into the liver rissue and the tumor
according to the treatment plan. The insertion of needles is image-
guided and verified {(as an example, Fig. 6a shows fluoroscopy guid-
ance during bone metastasis electrochemotherapy; ultrasound
guidance is used during liver electrochemotherapy}. The appropri-
ateness ol needle insertion is also verified by measurement of dis-
tances between the electrodes and depth ol electrode insertion,
and compared to the treatment plan (Fig. 6b}. Voltage and current
between each pair of electrodes are measured [or post processing
and evaluation.

The needles are inserted using image guidance (which is needed
to derermine the relative position of the electrode array with respect
to the target tissue} and fixed with comb-like holders (Fig. 6b}, and
then connected to the electric pulse generator (Cliniporator VITAE,
IGEA SpA, Carpi, Italy). Thereafter the patient is given 15 000 U/m”
of bleomycin intravenously in bolus. In the pharmacological peal,
Le approximately 8 min alter bleomycin injection, electric pulses
are delivered between the electrode pairs, according to the treatment
plan. The delivery ol electric pulses is synchronized with the electro-
cardiogram {ECG}; one pulse per heart-beat is delivered. This is done
by the ECG triggering device, AccuSync 42 (AccuSync Medical Re-
search Corp., Millord, CT, USA). The ECG synchronization is needed
in order to avoid delivery of the electric pulse in the so-called vulner-
able period of the ventricles, the T wave [53,54]. If several metastases
are being treated the delivery of the electric pulses to all metastases
should be performed in the time window alter injection ol bleomycin
when tumor concentration of bleomycin is sulliciently high [55,56).

3.5. Response assessment

Response of metastases to electrochemotherapy is evaluated ra-
diologically (CT or MRI images) and/or by histological analyses. All
the patients are [ollowed by CT or MRI imaging for possible changes
in the tumor volume and/or the texture of the tumors. They are fol-
lowed in a monthly period and the images are compared to the pre-
treatment ones. So far, on the first 10 patients treated with electro-
chemotherapy no conclusive data on images were observed to predict
the tumor response. Further analyses in this respect are needed. Some
of the patients are on two-stage operation [27]. At the first operation,
ECT is performed on some of the metastases, while the others are
treated by radiofrequency ablation (RFA)} or the liver segment is
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ligated and scheduled for the removal at the second operation [57]. In
such cases, histological analyses are possible for evaluating the histo-
logical changes in the treated lesions, especially with respect to the
other, non-ECT treated metastases. Preliminary analyses indicate
that ECT induces progressive degenerative changes in ECT treated
metastases, indicating clinical benefit of the treatment. In some
cases, even complete destruction of the treated metastasis was ob-
served, with possible resection ol the treated metastasis and no recur-
rence of the disease in 20 months after the treatment [15].

4. Discussion

In the last decade, electroporation-based therapies have matured,
e.g. electrochemotherapy is being routinely used in the clinical set-
ting. As electroporation-based gene therapy [5] and DNA vaccination
[18,19] and ablation with irreversible electroporation are developed
further [20] it is expected that in the future electroporation will be-
come one of the commonly used clinical methods. Using electropora-
tion for treatment of diseases of internal organs, such as deep-seated
tumors, will increase the need of controlling its extent to provide
more elficient treatments and minimizing the damage to the healthy
tissues.

We described in some detail the development of the procedure
and treatment planning software thal can provide medical practi-
rioners with the information needed to effectively use electroporation
in the clinical setting. Conceptually based on radiotherapy treatment
planning tools, the described protocols and algorithms have been
intended specifically for electrochemotherapy of deep-seated tumors;
however, they are general enough to be useful for all electroporation-
based therapies given that specific details are added to the protocols
and the objective function [58] is composed of the tumor tissue to
be covered with a sufficiently strong electric field {above 460 V/cm,
L& Vipporey) minimizing also damage to healthy tissue due to irre-
versible electroporation (Viggeirey). Voltage and electrode position/
geomelry with respect to the distance between electrodes need o
be such as to ensure electric field strength higher than the reversible
threshold {Vryg..e ) and at the same time lower than the irreversible
threshold (Vogm.ie} in order to avoid ablation of neighboring vital
tissue. Similarly, a well-defined target (i.e. tumor or some other path-
ological tissue} needs to be determined when planning ablation using
non-thermal irreversible electroporation (NTIRE). When planning an
NTIRE-based treatment, the resulting electric field strength in the tar-
get tissue is required to exceed the irreversible threshold [or ablation
to be successful. Nevertheless, it is imperative to avoid tissue damage
due to thermal effects (ie. Joule heating) |59]. Furthermore, gene
transler for gene therapy and DNA vaccination [18.19] is another ap-
plication where it is important for the resulting electric flield strength
in the target tissue to be above the reversible threshold and at the
same time below the irreversible threshold in order to achieve suffi-
cient gene expression |58].

All the above mentioned applications would greatly benefit [rom
treatment planning. The procedural treatment planning software we
presented is still in development and is being evaluated at the same
time. However, to bring treatment planning into routine clinical use,
additional considerations need to be made. First, the treatment plan-
ning software needs to be developed as an easy-lo-use compulter ap-
plication, in order to simplify the procedure and thus to enable its
widespread use. The import of medical images (CT or MRI} has to
be simplified; moreover, preprocessing should be a fully automated
procedure, so that the attending surgeon does not need special com-
puter skills in order to use the software. Then, segmentation proce-
dures for semi-automatic segmentation of medical images have to
incorporate sophisticated methods that would at the same time
allow easily performable segmentation (e.g. by using statistical
madels of organs, or by using deformable active contours}. Finally,
new methods of three-dimensional mesh generation need to be

established in order to adaptively generate a representative three-
dimensional mesh regardless of the model being reconstructed [e.g.
brain tumor, liver metastases etc,), while at the same time providing
the possibility of including electrodes of arbitrary size and position.

The treatment delivery and monitoring itsell also requires addi-
tional consideration. First, the treatment plan is based on the medical
images (CT or MRI} of the patient that are normally acquired a few
weelks before the operation; [urthermore, the liver may be exposed
to substantial flattening from pre-operative image scanning to intra-
operative procedure [60]; moreover, during treatment delivery the
liver is mobilized so that the attending surgeon can reach the targeted
parts of liver for electrodes’ insertion. Therefore, currently we cannot
accurately match the intra-operative liver position with the generat-
ed treatment plan model as abdominal organs are deformable [61];
however, the tracking of such organs could be possible eg. with
small electromagnetically tracked sensors [47]. In the case of electro-
poration evolving into a percutaneous-only procedure in the future
{using e.g. image guided insertion of electrodes) [62], such matching
is possible. Nonetheless, in such a case the electrodes should be
ultrasound-visible, which can be achieved not only by using appropri-
ate materials (e.g. tungsten} but also by appropriately taking into
consideration the scaltering elfect in correlation with electrodes
under ultrasound [63], because materials of surgical instruments
have a very high acoustic impedance [61]. Additionally, applied volt-
age between electrodes and the electric current should be measured
during rreatment delivery; in that way, conductivity measurements
from real cases could be performed, and measurements’ results
could be re-inserted into the generated treatment plan in order to im-
prove the algorithms used for future treatment plans (i.e. based on
real feedback obtained from treatment}). Visualization by Current
Density Imaging (CD1} and Magnetic Resonance Electrical Impedance
Tomography (MREIT} obtained during electroporation pulses might
be possible in the future [64,65].

Although the described procedures for deep seated tumors elec-
trochemotherapy based on patient-specific treatment planning rely
on the radiotherapy basis, there is also a radiotherapy-specific feature
that should not be replicared when planning electrochemaotherapy.
Namely, since in radiotherapy the damage caused by the radiation
beam is not tumor-specific, it is common to plan the radiotherapy
treatment to be aimed ar not only target tissue (ie. tumaor}, but also
at a defined amount of the healthy tissue around the tumor (ie. a
safety margin}; this safety margin represents a certain amount of
the healthy tissue around the tumor that will be damaged by the ra-
diation beam as well in order to assure complete beam coverage of
the tumor tissue. Nevertheless, in electrochemotherapy treatment
planning such increase of tumor volume is not acceptable because
the tumor tissue's conductivity significantly differs from the healthy
tissue's conductivity [52]. Therefore, since an exact model of the ap-
plied electric field distribution is necessary [or the success ol electro-
chemotherapy, an exact model of the patient's tissue needs to be
constructed as well

Implementation of treatment planning among the end-users (i.e
surgeons, physicians, etc.) is a challenging task. To successfully intro-
duce treatment planning, it first needs to be validated in order to de-
termine the accuracy and eflicacy of employed procedures. The goal
of this validation is to provide a known and well-controlled assess-
ment of uncertainty, which can later be used in the numerical compu-
tation phase [47]. Validation of treatment planning is a multi-step
procedure. First, segmentation needs to be validated. Validation of
segmentation is possible by comparing the output of the segmenta-
tion phase to an existing database of segmented medical images; an
expert opinion is then required to determine if re-segmentation of
medical images using the newly developed treatment planning soft-
ware matches the segments obtained from the previously available
set of segmented images. Alternatively, solely expert opinion could
be used to evaluate the accuracy of segmentation. Besides validation
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of the segmentation, three-dimensional reconstruction needs to be
validated as well. This can be done by imaging {using CT or MRI} a
phantom of well-defined dimensions and shape, which is then recon-
structed, and the output of the three-dimensional reconstruction is
compared to the original object. Since the three-dimensional recon-
struction embeds the error of segmentation, segmentation accuracy
needs to be already assessed belore evaluating three-dimensional re-
construction accuracy. In fact, instead of using a detailed 3D recon-
struction, some studies [8] have opted for a rough approximation of
the tumor and tissue geometry. While not as accurate, this simplified
approach could be of great use in cases where no vital tissues are pre-
sent in the electrode vicinity and can be based on approximate solu-
tions [66-6G8].

Part of validation is also the follow-up procedure. To determine
objective response after the treatment, the overall treatable and also
measurable tumor volume needs to be determined. Pre-operative im-
ages (CT or MRI} are used to determine the overall tumor volume.
Moreover, in cases ol a solitary metastasis, histology should be also
considered since assessment of target lesions volume shall not be
the only criteria for determining objective response [69]. In our
case, as part of a two stage procedure, the follow-up procedure is per-
formed using a second surgery 4-8 weeks alter the [irst electroche-
motherapy [15]. The second surgery is necessary Lo extract the
presumably necrotic tissue in order to perform histology and deter-
mine success of electrochemotherapy by first performing lesion mea-
surements and then, using e.g immunohistochemical staining,
especially since etiology of necrosis can vary. Preliminary analyses in-
dicate clinical benefit of the treatment, since in some cases even com-
plete destruction of the treated metastasis was observed.

Additionally, several theoretical considerations have been thought
of and are used in the simulations and treatment planning for
electroporation-based interventions [58,70,71). Namely, in all the de-
scribed mathematical models on the tissue level electroporation is
considered as a deterministic ell or nothing response (o the electric
field: each cell is electroporated il exposed to electric field above elec-
troporation threshold, and not il exposed (o electric field bellow
threshold. Therefore, current mathematical models of electroporation
only predict electroporation based on the distribution of an applied
electric field. The electric field strength is compared to a predefined
threshold, and distribution is cbserved in the target area; if the elec-
tric field strength exceeds the predefined threshold, electroporation
is predicted. However, such a model may be overly simplistic, as it
overlooks the stochastic nature of electroporation [72,73]. The
sources of stochasticity, for instance cell heterogeneity (e.g. in cell
size, shape)}, cellular density and cellular communication (e.g. gap-
junctions) should be included into the models [74]. In that way,
more accurate treatment plans could be generated and electroche-
motherapy would greatly beneflit since more realistic predictions
could be achieved. While the mathematical models currently used de-
scribe only the electric field distribution and changes in tissue electric
properties due to electroporation, it would not be difficult to add a
mathematical description of the thermal effects of the electric pulses
- thermal efTects can be very important [or both gene electrotransfer,
where due to longer pulses used more energy is deposited in the tis-
sue, and for irreversible electroporation where it is crucial to reside
below the thermal damage threshold to achieve good regeneration
effects [49.75,76]. Additionally, several other mechanisms have been
included in electroporation simulations, namely: mass transfer
maodels for determining molecular uptake or transmembrane (rans-
port [77,78] and statistical methods for predicting cell death from
electroporation pulses [74], all of which might be useful for specific
electroporation-based therapies. Moreover, multiple treatment
plans may be generated for each patient e.g. based on the genetic al-
gorithm [80)], and compared between and finally assessed with a
quantitative criterion such as e.g. conformity index [81], which has al-
ready been introduced in radiotherapy.
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Using numerical treatment planning protocols could ultimately
lead to consistent and predictable effects, thus ensuring a maximally
effective treatment. Simultaneously, treatment planning provides a
framework for the development of standardized procedures as well
as the ability to reduce the uncertainties inherent in the complexity
of electroporation-based treatments.
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Abstract

Electroporation is the phenomenon that occurs when a cell is exposed to a high electric
field, which causes transient cell membrane permeabilization. A paramount
electroporation-based application is electrochemotherapy, which is performed by delivering
high-voltage electric pulses that enable the chemotherapeutic drug to more effectively
destroy the tumor cells. Electrochemotherapy can be used for treating deep-seated
metastases (e.g. in the liver, bone, brain, soft tissue) using variable-geometry long-needle
electrodes. To treat deep-seated tumors, patient-specific treatment planning of the
electroporation-based treatment is required. Treatment planning is based on generating a
3D model of the organ and target tissue subject to electroporation (i.e. tumor nodules).
The generation of the 3D model is done by segmentation algorithms. We implemented
and evaluated three automatic liver segmentation algorithms: region growing, adaptive
threshold, and active contours (snakes). The algorithms were optimized using a seven-case
dataset manually segmented by the radiologist as a training set, and finally validated using
an additional four-case dataset that was previously not included in the optimization dataset.
The presented results demonstrate that patient’s medical images that were not included in
the training set can be successfully segmented using our three algorithms. Besides
electroporation-based treatments, these algorithms can be used in applications where

automatic liver segmentation is required.
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1. Introduction

Electroporation is the phenomenon that occurs when a biological cell is exposed to an
adequately high electric field, which results in the cell membrane becoming transiently
permeabilized (Kotnik et al., 2010). Electroporation is considered to be a universal method
and platform technology since all types of cells (animal, plant, and microorganisms) can be
electroporated (Miklavcic, 2012). A paramount electroporation-based application is
electrochemotherapy (Mali et al., 2013; Ser$a and Miklavcic, 2008) which enhances
chemotherapy outcome due to transient permeabilization of targeted cell membranes:
because of the externally applied electric field, electroporation facilitates the
chemotherapeutic drug diffusion through the plasma membrane into the cells, which
would be otherwise hampered, because of the impaired or slow transport of the

chemotherapeutics that are used in electrochemotherapy (Sersa et al., 2008).

Electrochemotherapy is performed by high-voltage electric pulses delivery using applicators
(i.e. electrodes) that are in contact with (or located near the) target tissue.
Electrochemotherapy has already been introduced into clinical use for treating skin
melanoma using plate or needle electrodes with a fixed geometry; the use of such electrodes
imposes following predefined standard operating procedures for a successful treatment
(Marty et al., 2006; Mir et al., 2006). Recently, however, electrochemotherapy has been
introduced to clinical trials for treating deep-seated metastases in liver (Edhemovic et al.,
2011), bone (Fini et al., 2011), brain (Agerholm-Larsen et al., 2011; Linnert et al., 2012;
Mahmood and Gehl, 2011), and soft tissue (Neal, II et al., 2011). Electrochemotherapy of
deep-seated tumors imposes the use of variable-geometry long-needle electrodes introduced
either percutaneously or during open-surgery (Miklav¢i¢ et al., 2012). Hence, only
following the standard operating procedures cannot ensure success of the treatment, and
patient-specific treatment planning is required for effective electrochemotherapy of deep-

seated tumors (Pavliha et al., 2012).

Another important electroporation-based application is termed non-thermal irreversible
electroporation (N-TIRE) and is used for tissue ablation performed using an externally

applied electric field with electric field strengths and higher number of pulses than the
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values used for electrochemotherapy (Davalos et al., 2005). Nonetheless, the procedure is
technologically very similar to electrochemotherapy and, also, requires patient-specific

treatment planning (Zupani¢ and Miklav¢i¢, 2009).

To prepare a robust treatment plan for electroporation-based treatments, an anatomical
model that is built from medical images (Magnetic Resonance Imaging — MRI) needs to be
constructed first (Miklavcic et al., 2010). Construction of such a model is based on the
acquisition of the patient's medical images and relies on processing the images in order to
perform relevant-tissue extraction (i.e. image segmentation) (Linguraru et al., 2012). Image
segmentation, then, serves as the basis for generating a three-dimensional model consisting
of the relevant healthy tissue (e.g. liver) and pathological tissue (i.e. tumors) (Pahr and
Zysset, 2009). Vessels may also be segmented and included into the model (Chi et al.,
2011) since vessel positions have to be taken into account when defining electrodes’ entry
direction and relative positions. Then, a Finite-Element Model (FEM) is built and using
the defined electrode parameters (number, dimensions, position), the distribution of the
electrical field is calculated and optimized (Zupanic et al., 2012; Zupanié et al., 2008) and

finally presented to the attending physician.

In order to establish the concept of electroporation-based treatment planning, we follow
radiotherapy treatment planning as the basis (Lecchi et al., 2008) using parallelisms and
similarities between the planning procedures (Pavliha et al., 2012). Since development of a
user-friendly treatment planning would simplify electroporation-based preoperative
procedures, we opt towards developing treatment planning software that will not require
any prior engineering knowledge from its end-user (e.g. the attending physician). The
whole treatment planning software needs to perform as automatically as possible, i.e. with
minimum of interaction by the clinician, and the most challenging task is development and
implementation of an automatic image segmentation algorithm. Within the clinical study
of electrochemotherapy of colorectal metastases in the liver (Edhemovic et al., 2011), we
developed treatment planning procedure that includes liver segmentation. After
implementing the segmentation algorithms and concluding the segmentation procedures,

the latter were additionally modified using optimization results obtained using a training
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set of seven cases that were previously manually segmented by a radiologist. Finally,
additional four cases were manually segmented by a radiologist and used for the final

validation of the segmentation procedures.

In this study, we evaluated three different liver segmentation algorithms that can be used
for electroporation-based treatment planning: region growing, adaptive threshold and
active contours. Region growing was selected for evaluation because despite its simplicity
(i.e. segments are included solely based on their intensities) this algorithm is robust and can
provide good results if its basic drawbacks (e.g. oversegmentation due to leakage) are
eliminated (Heimann et al., 2004) using a postprocessor. Our implementation of the
adaptive threshold algorithm was evaluated because this algorithm is based on a physical
property, i.e. continuity of the tissue: segments on two neighboring slices are expected to be
minimally different, which although being an intuitive solution which can be used as
initialization of other segmentation methods (Casciaro et al., 2012), it proved to be
accurate enough to be used as a standalone method for liver segmentation. Finally, the
active contours algorithm (Kass et al., 1987) based on the Gradient Vector Flow (GVEF)
(Xu and Prince, 1998) was evaluated because of its insensitivity for intensity-based
anomalies (e.g. inhomogeneity, or thin bonds connecting different segments such as the
liver and e.g. kidneys) and possibility of influencing the movement of the contour by
balancing the coefficient that influence attraction of the contours by the image or by the
contour’s inner properties. All three segmentation algorithms were optimized on a training
set of seven cases, i.e. quantitatively assessed using real case data obtained from a
radiologist. Finally, algorithms were validated using additional four real cases obtained from

a radiologist, therefore accuracy of how their results are produced is known.
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2. Methodology

2.1. Automatic Liver Segmentation

2.1.1. Importing DICOM Images

The segmentation procedure begins with importing the patient’s images into the treatment
planning software. The latter is a MATLAB application, developed in MATLAB R2012a
(Mathworks, Nantick, MA, USA) using the Image Processing Toolbox and Parallel Processing
Toolbox. The procedure for loading images loads all DICOM (Digital Imaging and
Communications in Medicine) (National Electrical Manufacturers Association, 2009a) files
from the user-defined folder, and reads their DICOM headers’” SeriesNumber parameter in
order to determine the number of different acquisition series present in the folder. Then, an
image from every series is presented to the end-user (e.g. the attending physician); an image
from every acquisition series is displayed and labeled using the original label that was stored
at acquisition time and is read from the DICOM header as the string stored in the
SeriesDescription parameter. Finally, the end-user determines which acquisition series will

be used for planning of the electroporation-based treatment.

After that, all the images from the selected acquisition series are loaded and sorted
according to their spatial location (i.e. according to their Z-index which can be read from
the DICOM header as the SliceLocation parameter) using a common bubble-sorting
algorithm. If all obtained Z-indexes after bubble-sorting are not evenly distributed, empty
slices are inserted where the slices are detected as missing. However, since missing slices
may indicate corruption of the patient’s images collection, the software does not try to

interpolate the missing slices but notifies the end-user instead.

Besides the image data, essential DICOM metadata is loaded; the metadata structure
appended to the slices includes these parameters: Width, Height, Slice Thickness,
PixelSpacing, Modality, AcquisitionDate, BitsAllocated, and Volume of Interest (VOI)
parameters WindowCenter (WC) and Window Width (WW) which are most important.

Namely, WC and WW determine how source image data need to be interpreted when
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displayed; therefore, an initial sigmoid transformation using parameters WC and WW
needs to be performed first for the image data to be displayed correctly. The latter is done

within the preprocessing procedure.

2.1.2. Preprocessing

For segmentation algorithms to perform without problems, the imported slices first need to
be preprocessed. Preprocessing is a procedure which is executed on each slice separately;
therefore, the procedure is non-recursive and can be run in parallel using multiple
processors or processor cores. Since the preprocessing procedure comprises of several steps,
the steps are marked for debugging and algorithm evaluation purposes by storing partial
results (i.e. partially preprocessed slices) into separate /ayers, starting with the source slices
(i.e. slices stored as DICOM data), which enables the developers of the algorithms to have a

clear overview of the whole preprocessing procedure.

Interpretation of imported (i.e. source) slices is defined by the Volume-of-Interest (VOI)
parameters (i.e. Window Center — WC, and Window Width — WW) that are stored as
DICOM metadata. Since WC and WW differ from slice to slice, each slice first needs to be
transformed from the imported data values (i.e. source layer) to the normal values (i.e.
original layer) which are defined by the VOI parameters. The transformation can be
performed using a sigmoid function as defined by the DICOM standard (National
Electrical Manufacturers Association, 2009b); the transformation is described using
Equation 1.

output _range
output = % (Eq.1)

1+e WW

As seen in Figure 1, such a transformation can be used for multiple purposes. When the
WW parameter is small (WW — 1), the sigmoid function (Figure 1B) changes into an
approximation of a step function (Figure 1A) and can be used for thresholding, the WC
parameter being the threshold value and the output value being Boolean with possible
values (0, outpur_range). When the WW parameter is large (e.g. WW > outpur_range), the

sigmoid function changes into an approximation of a linear function (Figure 1C) and can
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be used for linear transformations, the output value residing in the range (0, outpur_range)

depending on the WC and WW parameter values.
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Figure 1. Sigmoid transformation function for preprocessing purposes.
Presented is an example sigmoid function (B), with approximations of the step function (A: WC
=512, WW = 1) and linear function (C: WC = 512, WW = 2048).

After transforming the source slices into original slices using the transformation from Eq.1
and parameter values (WC, WW, and outpur_range) from the DICOM metadata, the slices
are then de-biased. De-biasing is a procedure that removes intensity inhomogeneity (Vovk
et al., 2007) that is caused because the magnetic field in the area where the patient is
positioned is not equally intense (i.e. the magnetic field is more homogeneous in the focal
part of the device); a publicly available inhomogeneity correction algorithm was
implemented for de-biasing (Zheng et al., 2009). Then, filtering of the slices, which is
necessary for noise elimination, is performed by applying an average and a Gaussian blur
filter (6 = 3), both with window sizes of 3x3 pixels. Finally, another sigmoid
transformation is applied to the slices using fixed VOI parameters (WC=20000, WW=100,
output_range=2"%) which ensures the intensity distribution of the slices is redistributed in
the whole 16-bit range regardless of the source slices’ range, and an adequate contrast which
is dependent on the WW parameter. The fixed VOI values were selected based on our
experience using real case data, and assure that the liver segment will have an appropriate

intensity value range for the segmentation to be successful. After these procedures are
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applied, the resulting slices are stored as preprocessed slices (i.e. on a separate layer) and are

ready for segmentation.
2.1.3. Referential Slice

First, we define the referential slice as the slice in the patient’s medical images collection
with a high probability to include a large liver segment. We define Zzzr as the index (i.e.

spatial location) of the referential slice using Equation 2:
Z e = Ceil (0.65-Z,, ) (Eq.2)

where Zyx is the number of all the slices in the patient’s medical images collection and the
constant 0.65 was found empirically on real case data. Using Equation 2, we have a high
probability of obtaining a referential slice with a liver segment that is morphologically

similar to the liver segment shown in Figure 2B.
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Figure 2. An example three-dimensional liver object.

The presented object consists of 72 slices (Zyax=72, A) and includes slice Zrpr=47 as the
referential slice (B).
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The identified referential slice serves as the beginning point of segmentation, i.e. the slice
where segmentation is initiated, and its identification is independent of the chosen
segmentation algorithm. Hence, there is a high probability that the referential slice will
include a liver segment as the one shown in Figure 2B. For region growing, the referential
slice is used as the slice that is presented to the end-user (e.g. attending physician) in order
to place the initial seed on the slice; for adaptive threshold (and also for active contours
which use adaptive threshold for contour initialization), the referential slice is used for
comparing the dynamically thresholded slice to the presets that include similar liver
segments, and marking the threshold value with the highest similarity to any of the presets

as the initial liver segment.
2.1.4. Region Growing Segmentation Algorithm

We first implemented an intensity-based segmentation algorithm known as the region
growing algorithm. The latter determines whether voxels are part of the target region or not
by comparing their intensities to the intensity of the initial seed. The initial seed is a voxel
manually selected by the end-user (e.g. the attending physician) at the beginning of the
procedure; in our case, the referential slice is presented to the end-user who is required to
click on the liver segment where there are no internal liver structures such as vessels or

tumor nodules. The pixel clicked then serves as the initial seed voxel.

The region growing segmentation algorithm works in three dimensions and evaluates the
voxels that are scheduled into the queue. At the beginning, a single voxel is added to the
queue, namely the initial seed. The algorithm examines the current voxel in the queue by
comparing the intensity of every current voxel's neighbor to the intensity of the current
voxel, as shown in Figure 3 where an array of 3x3x3 voxels is displayed and the middle

voxel represents the current voxel (i.e. 26-connected neighbors).
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Figure 3. Representation of the initial seed voxel and its 26 neighbors.

Since intensity of the target region varies in all three dimensions due to inhomogeneity, it is
imperative to allow some intensity deviation when evaluating if the neighboring voxels
belong to the target region. The allowed intensity deviation is defined using a threshold
deviation value (e.g. setting the threshold deviation value to 0.20, which is the value we
used, determines the intensities that are acceptable for inclusion into the target region; the
determined intensities reside in the range 0.8 * Isggp < Icyrrent < 1.2 * Isggp, where [
denotes the voxel's intensity and a 4i# is its unit). Therefore, any of the evaluated neighbor
voxels that have the intensity in the defined range are marked as part of the target region by
being added to the queue. After all the neighbors of the current voxel are evaluated, the
algorithm evaluates the next voxel in the queue; the next voxel becomes the current voxel
and its neighbors are evaluated. The procedure is repeated until there are no voxels left in
the queue. Finally, all the voxels that are stored in the queue represent the target region
which in our case is the liver. Figure 4 displays progress of the segmentation based on
region growing after 40.000 evaluated voxels (A), after 400.000 evaluated voxels (B), and

after all the voxels in the queue have been evaluated (C).
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Figure 4. Progress of the region growing algorithm performing liver segmentation.
Presented is the functioning of the algorithm after 40.000 evaluated voxels (A), after 400.000
evaluated voxels (B), and after all the voxels have been evaluated (C). The initial seed is located

at X=192, Y=209, Z=47.

Due to leakage, region growing may include unwanted segments (e.g. the lower part of the
heart, as seen in the upper right part of Figure 4C) which are later eliminated by the

postprocessing procedure.
2.1.5. Adaptive Threshold Segmentation Algorithm

The second liver segmentation algorithm that we evaluated is adaptive threshold algorithm.
We developed this algorithm as an upgraded threshold-based algorithm that executes

filtering of the current slice using a threshold function while sweeping the intensity
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threshold value and at the same time comparing the currently filtered slice to the previous
already-segmented slice (i.e. the maximum similarity criterion). The intensity threshold
value is swept over the whole intensity range, and the similarity comparison is done using
normalized cross-correlation which performs segment area comparison (i.e. surface
overlap). Similarity to the previous slice is chosen as the criterion for segment
determination of adaptive threshold algorithm because the difference in liver shape and size
between two neighboring slices is expected to be minimal; therefore, choosing similarity
with the previous properly segmented slice as the criterion ensures that the current slice will
also be segmented properly. Hence, the error of such a procedure is cumulative and shall
the segmentation fail on one slice, all the following slices will be improperly segmented as
well. The procedure is shown in Figure 5, where the current slice with three different

threshold values (Figures 5A, 5B, and 5C) is compared to the previous slice (Figure 5D).

Figure 5. Adaptive threshold algorithm functioning.

Demonstrated is the functioning of the algorithm comparing a slice while sweeping the intensity
threshold value; presented are three examples where the intensity threshold value is set to 15.000
bits and similarity is 0.12 (A), 25.000 bits and similarity is 0.81 (B) and 35.000 bits and

similarity is 0.95 (C); the comparison is done to the previous already-segmented slice (D).

The comparison results (i.e. similarity) which are obtained using normalized cross-
correlation are stored during sweep for each intensity threshold value. After the intensity
threshold value sweep is done, the intensity threshold value with the highest similarity (i.e.
the maximum normalized cross-correlation) is selected, and the current slice is, finally,
transformed using the selected intensity threshold value. The procedure is started from the
referential slice and repeated on the following slices until the end of the slices collection;

then, the procedure is restarted from the referential slice to the beginning of the slices
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collection. If the highest similarity is lower than a certain similarity threshold, the
algorithms determines the segment has ended and empties the current and all the following
(or previous, depending on the segmentation Z-direction) slices; in our case, the similarity
threshold was set to 0.70 based on our experience on real case data. Moreover, since the
referential slice has no prior slices it could be compared to, a set of six presets that include
various possible liver segments is used instead, and the maximum similarity to any of the

presets indicates the final intensity threshold value for the referential slice. Three out of six

example presets that are used for thresholding the referential slice are shown in Figure 6.

A C

Figure 6. Three example liver presets used by the adaptive threshold algorithm.

The preset are used for determining the final intensity threshold value of the referential slice.

2.1.6. Active Contours Segmentation Algorithm

The third algorithm for performing liver segmentation that we evaluated for
electroporation-based treatment planning is the active contours segmentation, sometimes
referred to as the snakes segmentation algorithm. This algorithm is based on placing a
deformable (i.e. active) contour, which is a closed curve made of points, on the same
location as certain voxels (i.e. the initial contour position). Then, for each point of the
active contour (located at the current voxel), the energy of the current and all its
neighboring voxels is calculated based on four energy contributions: elasticity of the
contour’s point in the current voxel, curvature of the contour’s point in the current voxel,
magnitude of intensity-based energy in the neighboring voxels, and direction of the
intensity-based energy in the current voxel. Each point of the active contour is, then, moved
to the voxel with the lowest energy. The procedure is repeated until the active contour

reaches the desired location (e.g. after a defined number of iterations).
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The active contours segmentation algorithm is initiated by placing an initial active contour
on top of the referential slice. The active contour is attracted by the edges in the image
(Kass et al., 1987); therefore, it is imperative to initialize the active contour by placing it
near the edge of the desired segment (i.e. the liver). Hence, the adaptive threshold
segmentation algorithm is used to generate the initial active contour by segmenting the
referential slice and transforming the edge of the segment identified on the referential slice
into a closed curve with points sorted according to their location on the segment’s
circumference. Moreover, the number of all the points in the active contour is reduced by
decimation; in our case, the number of circumference pixels between two active contour
points is limited to 8. Next, the image energy is calculated as the Gradient Vector Flow
(GVFEF) of the image; a publicly-available GVF calculation algorithm (Xu and Prince, 1998)
has been implemented using parameter p=0.2 and run in 1.000 iterations. The calculation
of the GVF is based on the edge map deriving from intensities in a slice; individual steps of

this procedure are shown in Figure 7.

Figure 7. Active contours algorithm and the Gradient Vector Flow map.

Presented is an example original liver slice (A) with its edge map (B) and overlaid with a

calculated Gradient Vector Flow (GVE) map (C).

The energy contributions to the total voxel energy are, based on our experience with
optimizing algorithms using real case data, balanced using the coefficients 1, 3, 9, 3 for
curve elasticity, curve curvature, GVF magnitude, GVF direction, respectively. All the
energy contributions are normalized to reside within the range (0,1) in order for the energy

coefficients to be properly balanced. In our segmentation algorithm, the curve elasticity
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energy contribution is calculated based on Equation 3, while the curve curvature energy
contribution is calculated based on Equation 4. The implemented GVF algorithm already
ensures normalized energy results; the GVF magnitude energy contribution is calculated as
the magnitude of the GVF vector in the evaluated voxel, while the GVF direction energy
contribution is defined as representing low energy (0) in the neighboring voxel that is
located in the direction the GVF vector of the evaluated voxel is pointing to, while all the
other voxels have a high energy (1). In Equations 3 and 4, E denotes the energy
contribution, while Pcurr, Prrev and Puexr denote the current, the previous and the next

points of the active contour, respectively.

E _ (”PCURR > F)PREV || + ||PCURR > I:)NEXT ||)
ELAST — 7

(Eq.3)

Ecorv = H|PCURR » Porev ” - ”PCURR s Paexr m (Eq.4)

After the total energy on and around each active contour point is calculated, and balanced
using energy contribution coefficients, the active contour points iteratively move toward
the voxel with the lowest total energy. Since the energy depends on the active contour

. bl . . . . .
points’ locations, the curve elasticity and curve curvature contributions are recalculated after
every iteration, and the total energy is recalculated as well. The active contour movement is
stopped after a predefined number of iterations (e.g. in our case, the active contour

movement is limited to 100 iterations).

When the active contour movement is stopped on one slice, the procedure is repeated on
another slice. The procedure is started from the referential slice and is repeated on the next
slices until the end of the slices collection; then, the procedure is restarted from the
referential slice to the beginning of the slices collection; therefore, the active contour

segmentation algorithm may be split into two processing threads.

In order to perform segmentation using the active contours algorithm in three dimensions,
the initial contour on the current slice is the same as the final active contour on the previous
slice. Because the difference in liver shape and size between two neighboring slices is

expected to be minimal on the slices where the organ that is subject to segmentation is
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present, the previous slice’s final active contour is a good initial contour for the current
slice. Moreover, due to the expected minimal active contour movement, less iterations are
required when calculating the image’s GVF since edges will attract active contours in their
vicinity even when the GVF is calculated in less iterations; therefore, the processing time of
the active contour segmentation algorithm is reduced (e.g. in our case, we are calculating

the GVF in 1000 iterations).
2.1.7. Postprocessing

After segmentation, a postprocessing algorithm needs to be executed to eliminate possible
anomalies that may occur during segmentation (e.g. segment leakage). Postprocessing
eliminates redundant segments that cannot be part of the final results; elimination is based
on comparing neighboring slices in the direction of the third dimension (i.e. component Z)

using normalized cross-correlation.

The postprocessing algorithm is initiated on the referential slice; namely, the probability
that a slice includes only one identified segment is the highest on the referential slice, since
segmentation was initiated on this slice regardless of the chosen segmentation algorithm:
for region growing, the seed was placed on this slice; for adaptive threshold, the comparison
with presets was made on this slice and also, the active contour was initiated using the
adaptive threshold segmentation algorithm on the referential slice as well. Shall the
morphological operations during segmentation split the segment on the referential slice into
multiple segments, the first step of postprocessing eliminates such redundant segments by

only keeping the largest segment on the referential slice.

Then, the postprocessed referential slice, i.e. Zcurr=Zrer, is used as the basis for performing
normalized cross-correlation with the next, i.e. Zcure+1 or the previous, i.e. Zeure-1 slice,
respectively. The template for the normalized cross-correlation is generated by intersecting
each segment on the current slice, i.e. Zcuzrs, with the finally postprocessed previous, i.e.
Zcure-1 or next, i.e. Zcurs+1 slice, respectively (depending on the postprocessing Z-
direction). Then, each segment on the current slice is compared to its corresponding

template generated from its neighboring slice using normalized cross-correlation; if the
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result of the comparison exceeds a predefined threshold, the segment is kept on the slice,
else it is discarded. In our case, we set the comparison threshold to 0.65 which was found
empirically on real case data. The postprocessing procedure may be split into two
processing threads, since it is symmetrically executed from Z=Zgzr+1 to Z=Zyax, and from

Z=Zrer-1 to Z=1 (i.e. the postprocessing Z-direction).

Moreover, if we compared the neighboring slices only by using the whole next or previous
slice as the template for comparison to the current slice (i.e. without comparing separate
segments on a slice), we would be unable to extract these separate segments and determine
whether they derive from the target tissue (e.g. liver) or not; therefore, such comparison
enables us to keep multiple segments on a slice with the possibility of eliminating segments
that are not part of the target tissue. Besides, in order to allow separation of single segments
that are in fact multiple segments connected by a thin bond (possibly due to leakage), all
the slices are eroded before and dilated after the postprocessing procedure using a disk

structuring element of 3x3 pixel size.

2.2. Validation

2.2.1. Optimization using Radiologist Data Set as a Training Set

Since segmentation algorithms are required to produce not only meaningful but also
accurate results, validation of the algorithms is an imperative. In our case, validation was
performed as a two-step procedure. In the first step, the algorithms were optimized using
radiologist dataset as a training set, and then in the second step, the algorithms were

validated after being optimized using another radiologist dataset.

In order to perform segmentation algorithms’ optimization, seven sets of patient’s liver
manually segmented by a radiologist were used as a training set. For each segmentation
algorithm, changeable parameters that significantly influence the functioning of the
algorithms were defined, and their possible value ranges were defined based on our previous
experience using real-case data. These changeable parameters were then subject to variation
within optimization iterations; every of the seven cases that were already manually

segmented by the radiologist was re-segmented using our three segmentation algorithms
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(i.e. region growing, adaptive threshold, and active contours) in the optimization process.
During this optimization process, variation of the defined changeable parameters was
performed in order to each time automatically obtain a liver object that is most similar to
the one segmented by the radiologist. Figure 8 demonstrates how manual segmentation was
performed by the radiologist: an example slice during manual segmentation can be seen
(Figure 8A), and a final three-dimensional liver object as a result of the manual

segmentation by the radiologist (Figure 8B).

Figure 8. Radiologist manual segmentation procedure.

Presented is a defined liver segment on a slice (A) and a final three-dimensional liver object (B).

After acquiring the data obtained from the radiologist and arranging them into the form
that was applicable to optimization and validation (i.e. changing the data syntax by
converting them to a raw format, so that inclusion into optimization algorithms was
seamless), value ranges of the changeable parameters were defined. For region growing, the
parameters subject to variation during optimization were the size of the noise-elimination
filter mask during preprocessing, and the threshold deviation value which determines the
range of the intensities that are acceptable for inclusion into the target region during

segmentation (for optimization purposes, the initial seed of the region growing algorithm
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was chosen manually and fixed for each segmented case separately). For adaptive threshold,
the parameters subject to variation during optimization were the size of the noise-
elimination filter mask during preprocessing, and the initial coefficient that determines the
targeted size of the referential segment (i.e. the initial liver segment on the referential slice)
in the beginning of segmentation. For active contours, all four energy-contribution

coefficients were varied during optimization.

Optimization was run on a workstation with Intel Core-i7 965 Extreme Edition processor
(maximum frequency 3.46 GHz, 4 cores, 8 threads) with 12 GB of DDR3 memory
(frequency 1.333 MHz), two 300 GB hard disk drives (velocity 10.000 rpm) running in
stripe mode, and operating system Windows 7 Enterprise (64-bit). The segmented three-
dimensional liver object that was produced in each iteration of optimization was compared
to the corresponding model that was manually segmented by the radiologist; comparison
was done on a slice-by-slice basis using normalized cross-correlation. Similarity (i.e. the
results of the normalized cross-correlation) was stored together with the current values of
the changeable parameters, and finally the iteration with the maximum similarity (i.e. the
mean value of similarity of all slices), was chosen as the optimum (i.e. case-specific
similarity, Sc in Table 1); the changeable parameters used in that iteration were marked as
optimal parameters for the current case and currently evaluated segmentation algorithm.
Moreover, optimal parameters of every evaluated segmentation algorithm were also
determined for the whole evaluated series (i.e. all the seven cases) by comparing similarity
of different cases with the same changeable parameters to the corresponding model that was
manually segmented by the radiologist. These optimized parameters can be defined as
globally-optimized parameters since their similarity (Sc in Table 1) to the training set was
evaluated globally (i.e. for all the cases, and not using separate parameters for each case) and
is, therefore, estimated that these globally-optimized parameters are optimal for every

possible liver that needs to be segmented using our algorithms.
2.2.2. Final validation

After globally optimizing changeable parameters of all three evaluated segmentation

algorithms, final validation was performed on additional four cases that were manually
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segmented by the radiologist. As opposed to the optimization procedure, the changeable
parameters were fixed during validation using values obtained from optimization and
previously defined as globally-optimized parameters. Then, segmentation was performed
and results were compared (i.e. validation similarity, Smun and Sup in Table 2) to the
reference model that was manually segmented by the radiologist in the same manner as

when performing optimization.

3. Results

The results of optimization, displayed as similarity to the training set, are shown in Table 1.
Both the similarity using case-specific optimal parameters (Sc in Table 1) and using
globally-optimized parameters (Sc in Table 1) are presented. The similarity was evaluated
using two possible criteria: as the mean (Table 1A) or the median similarity (Table 1B) of

all the slices within a case of the training set.

Table 1A. Optimization results of seven cases compared to radiologist data by mean
values.

Presented are mean similarities of seven cases segmented using three segmentation algorithms and
compared to models that were generated by radiologist manual segmentation. Every similarity
(S) is the mean value of similarities from each slice of a case, and was evaluated using
individual, case-specific parameters (Sc) or using globally-optimized parameters (Sg). Std stands

for standard deviation of similarities of slices within a case.

case REGION GROWING ADAPTIVE THRESHOLD ACTIVE CONTOURS
number Sc | stdsd | Sg | stdSo | Se¢ | swdS) | S | stdSe) | Se | stdS) | S | std(Se)
2009122 91.2 15.9 61.1 38.9 72.2 39.1 72.2 39.1 88.2 22.1 68.8 36.3
2010093 92.7 13.7 86.8 19.0 70.1 38.1 68.1 40.2 89.7 20.7 64.5 40.1
2010122 84.7 19.6 79.9 19.2 73.4 34.5 70.1 33.9 84.6 22.3 78.6 23.6
2011022 | 81.1 | 255 | 65.7 | 360 | 740 | 291 | 73.2 | 295 | 794 | 291 | 67.2 | 37.1
2011042 | 86.6 19.4 78.2 29.0 60.0 35.6 40.1 41.6 64.8 36.6 54.8 37.9
2011062 | 944 | 2.1% 942 | 2.9% 80.2 13.4 80.2 13.4 87.6 14.1 67.9 36.6
2011070 92.5 4.9% 92.5 4.9% 69.3 37.8 69.3 37.8 80.3 30.9 80.3 30.9

79.8 12.7 67.6 12.8 68.8 8.6%

mean % % % % %
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Table 1B. Optimization results of seven cases compared to radiologist data by median
values.

Presented are median similarities of seven cases segmented using three segmentation algorithms
and compared to models that were generated by radiologist manual segmentation. Every
similarity (S) is the median value of similarities from each slice of a case, and was evaluated

using individual, case-specific parameters (Sc) or using globally-optimized parameters (Sc).

REGION ADAPTIVE ACTIVE
case GROWING THRESHOLD CONTOURS
number SC SG SC SG SC SG

20091223 | 95.6%  79.9% | 92.0% 92.0% | 94.0% 82.6%
20100930 | 95.9% 91.8% | 88.8% 90.0% | 95.3% 82.5%
20101221 | 90.3% 85.6% | 88.6% 87.8% | 91.0% 86.9%
20110228 | 88.8% 84.8% | 83.7% 83.7% | 88.3% 86.4%
20110421 | 92.6% 89.2% | 73.6% 55.4% | 80.2% 75.6%
20110624 | 94.4% 94.4% | 82.7% 82.7% | 91.2% 88.9%
20110707 | 93.4% 93.4% | 87.6% 87.6% | 91.5% 91.5%
89.2% 87.6% 86.4%

median

As presented in Table 1A, after being globally optimized (i.e. for all cases) our
implementation of region growing algorithm provides mean slice similarities (S in Table
1A) from 61.1% to 94.2% with the mean value of 79.8% (standard deviation 12.7%)
which classifies the region growing as the most accurate algorithm evaluated based on the
mean and also the median values of all the slices’ similarities. Based on the data from Table
1B, median slice similarity values for the region growing algorithm vary from 84.8% to
94.4% with the median value of 89.2%, which is the highest among all three evaluated

algorithms.

Our implementation of adaptive threshold algorithm provides globally optimized (i.e. for
all cases) mean slice similarities (Sg in Table 1A) from 40.1% to 80.2% with the mean
value of 67.6% (standard deviation 12.8%) which classifies the adaptive threshold

algorithm as the least accurate algorithm evaluated based on the mean values of all the
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slices’ similarities. Based on the data from Table 1B, median slice similarity values for the

adaptive threshold algorithm vary from 55.4% to 92.0% with the median value of 87.6%.

Our implementation of active contours algorithm provides globally optimized (i.e. for all
cases) mean slice similarities (Sg in Table 1A) from 54.8% to 80.3% with the mean value of
68.8% (standard deviation 8.6%). Based on the data from Table 1B, median slice similarity
values for the active contours algorithm vary from 75.6% to 91.5% with the median value

of 86.4%.

The results of validation of the four additional cases manually segmented by the radiologist
are shown in Table 2. The similarities are non-optimized: the segmentation results (Sv in
Table 2) are validated using globally-optimized parameters (S¢ in Table 1) without further
modifications of these parameters in order to show functioning of our segmentation
algorithms on models which previously were not used as a training set during the

optimization procedure.

Table 2. Validation results of four cases compared to radiologist data by mean and
median values.

Presented are validation results: mean and median similarities of four cases compared to
manually-segmented data from the radiologist. Similarity (S) was evaluated on a slice-by-slice
basis using validation-only parameters as mean (Sun) or median (Sup) of all the slices in a case.

Std is the standard deviation of mean similarities of slices within a case.

case REGION GROWING ADAPTIVE THRESHOLD ACTIVE CONTOURS
aumber | ¢ v | sed(Sw) Smp Suw | std(Sw) Smp Suow | std(Smw) Sup
Vi | 79.4% | 248% | 87.0% |67.3% | 305% | 76.4% |s45% | 43.0% | 79.5%
v2 | 87.1% | 180% | 925% |645% | 359% | 79.0% |517% | 426% | 70.2%
v3 | 713% | 331% | 855% |67.5% | 301% | 78.0% |72.8% | 285% | 81.9%
va | 49.6% | 381% | 705% |65.9% | 357% | 81.9% |58.2% | 43.6% | 83.7%
71.9% | 162% | 86.3% |66.3% | 1.4% 785% | 59.3% | 9.4% 80.7%

As presented in Table 2, the region growing algorithm achieves highest similarities (mean

71.9% with standard deviation 16.2%, or median 86.3%) of the validated models. The
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standard deviation between different models segmented using the same algorithm is the
smallest (i.e. 1.4%) using the adaptive threshold algorithm. Individual validation

similarities (Sv in Table 2) on a slice basis are also presented in Figure 9.
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Figure 9. Final validation similarities of four cases (A, B, C, and D).
The similarities presented are on a slice-by-slice basis, i.e. the abscissa represents the location of a

slice, while the value of the graphs is the similarity of the slice with the manually validated slice.
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Figure 9 shows that although the four validation cases (A, B, C, and D) were not included
in the training set, they could be segmented using our implementations of the region

growing, adaptive threshold and active contours algorithms.

4. Discussion

The aim of this paper was to present three possible automatic liver segmentation algorithms
and perform their evaluation by optimizing their functioning for an accurate liver
segmentation; the optimization was based on seven-patients dataset segmented by the
radiologist and used as a training set, while validation was performed using additional
radiologist dataset consisting of four additional patients. As presented in the Results
section, developing an automatic segmentation algorithm that generates accurate three-
dimensional liver models is demanding, especially because of the variability of input data
(i.e. liver in the patient’s medical images). Nevertheless, because the region growing
requires the end-user to place an initial seed (i.e. to click on the liver on one image), this
segmentation algorithm cannot be classified as a fully-automatic algorithm but rather semi-
automatic; however, an algorithm for automatically placing the initial seed could upgrade
the region growing algorithm to a fully-automatic algorithm. The initial seed-placing
algorithm can be developed based on the adaptive threshold segmentation algorithm
(described in 2.1.5.) on the referential slice, with an additional task of selecting a pixel with
a median intensity of the segment on the referential slice which should ensure avoidance to

selecting vessels or nodules as the target region.

The liver includes or may include various inner structures (e.g. blood vessels, metastases,
hemangioma, etc.) that do not have a predictable intensity range or texture; these structures
may directly interfere with segmentation algorithms by possibly influencing the generation
of segments. Also, certain organs near the liver (i.e. the spleen, the heart, the kidneys) have
similar intensity ranges to the liver (Massoptier and Casciaro, 2008), which results in
segmentation leakage for threshold-based segmentation methods (i.e. region growing and
adaptive threshold). Moreover, active contours are attracted to edges, including the edges of

the inner structures; therefore, straight-forward three-dimensional segmentation of the liver
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using active contours would only be possible if the three-dimensional contour (i.e. the
deformable surface) was initialized entirely near the edge of the liver. Besides, the soft
transitions of the organs from one slice to another often prevent detection of the organ
edges, which leads to an insufficient Gradient Vector Flow (GVF) map and consequently
corrupting the generated segments of the active contours algorithm. All the identified
difficulties demonstrate that accurate automatic liver segmentation is indeed a challenging
task. Fortunately, highest accuracy of liver segmentation is not required for electroporation-
based treatment planning since tissue of interest for electric field distribution actually
represents the tumor tissue, and possibly large blood vessels which must be taken into
account because of electric field calculations and electrode placement. The liver tissue,
however, is only a medium that surrounds the tissue of interest, i.e. the tumor that resides
in the liver, since electroporation-based treatment planning is required for tumor nodules
that are inside or on the edge of the liver. Therefore, the main function of the generated
three-dimensional liver model besides being the medium surrounding the tissue of interest
is to provide instructions to the attending physician on how the electroporation-based
treatment will be performed (i.e. where the tumor is located, since it cannot be seen as it is
deep-seated), and serves as electrode-insertion approximate offline navigation for the

clinician.

Since similarity comparisons using normalized cross-correlation were performed on each
slice of a case separately, final results of each case are presented using two representations:
the mean similarity of all the slices, and the median similarity of all the slices in a case. Two
representations of the data were presented since there are many individual slices with a
similarity of 0%, which means whether the radiologist marked a segment on that slice and
the segmentation algorithm missegmented it, or vice-versa (i.e. the segmentation algorithm
detected a segment that the radiologist did not identify). Hence, such slices significantly
contribute to the final results of the comparison regardless of the size of the segment that
caused the 0% similarity on the slice (i.e. even a segment of only few pixels detected by the
segmentation algorithms and not identified by the radiologist would produce a 0%
similarity of its slice). Since such slices significantly impact the quality of the final results,

the mean similarity of all the slices in a case does not reflect success of the segmentation
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algorithm enough. Therefore, the median similarity of the slices in a case was presented as

well.

Optimization results presented in Table 1 show that using case-specific optimization
parameters (i.e. parameters optimized for every case separately, Sc in Table 1), very good
similarities to the training set can be obtained (median similarities of up to 95.9% using
region growing, up to 80.2% using adaptive threshold, and up to 80.3% using active
contours). However, results applying to case-specific parameters can only be achieved if a
reference model which is part of the training set is available. Therefore, globally-optimized
parameters are the parameters that give meaningful information on how accurate a
segmentation algorithm is. Our implementation of region growing algorithm could be
optimized to achieve an 89.2% median similarity (79.8% mean similarity with 12.7%
standard deviation) to the training set, which classifies this algorithm as the most
optimization-prone algorithm evaluated. The adaptive threshold algorithm could be
optimized to achieve an 87.6% median similarity (67.6% mean similarity with 12.8%
standard deviation), and our implementation of the active contours algorithm an 86.4%
median similarity (68.8% mean similarity with 8.6% standard deviation), which shows that
despite being more sophisticated, these two algorithms achieved lower results than region
growing. The main reason is that region growing algorithm can be effectively optimized
since the optimizable threshold-deviation parameter majorly influences segmentation (i.e. it
significantly influences which voxels will be part of the final tissue segment). The adaptive
threshold only has one most relevant parameter that could be optimized (i.e. the initial
coefficient that determines the targeted size of the initial segment on the referential slice),
which does not influence segmentation on further slices. Although the active contours
algorithm includes four optimizable parameters (i.e. the four coefficients that balance
energy contributions), it is almost impossible to influence the movement of the active
contour (i.e. the snake). Namely, even if the four energy contributions are ideally balanced,
the active contour movement needs to mostly rely on the edges in the image (i.e. the two
coefficients representing GVF magnitude and directions). Therefore, if the edges of the

target tissue were improperly detected after preprocessing (e.g. the target tissue does not
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have clearly detectable edges), the movement of the active contour will produce unwanted

results.

Results of the final validation that are presented in Table 2 show that new patient images
that were not part of the optimization training set can be segmented using our
implementations of segmentation algorithms (region growing, adaptive threshold, and
active contours). The best results are provided by the region growing algorithm (median
similarity 86.3%, mean similarity 71.9% with standard deviation 16.2%), while adaptive
threshold (median similarity 78.5%, mean similarity 66.3% with standard deviation 1.4%)
and active contours (median similarity 80.7%, mean similarity 59.3% with standard
deviation 9.4%) provide lower similarity values. As it can be seen in Figure 9, there were
many slices missegmented in all four cases. Most missegmented slices were produced using
the active contours algorithm, while the least standard deviation is provided using the
adaptive threshold algorithm. Although such missegmented slices would negatively
influence not only generation of the liver model, but also detection of the tumors, this
drawback is avoided using manual validation by the attending physician, which is discussed
in the following paragraph. Finally, although the region growing was expected to be the
least sophisticated and accurate algorithm, it proved to be the most robust of all the

evaluated algorithms, providing highest accuracy and least missegmented slices.

Tumor detection from the patient’s medical images is currently still in development and
will be implemented as a semi-automatic procedure: identification of structures within the
segmented liver (including its edge area) will be done automatically, but finally the end-user
(i.e. the attending physician) will be required to manually determine which identified
structures are tumors and are, therefore, subject to electroporation-based treatment.
Therefore, the whole liver needs to be properly segmented, since tumors are detected as
structures within or on the edge of the liver, and could be missed if some slices at the top or
at the bottom of the liver are not segmented. Figure 10 demonstrates possible situations
that are related to missegmenting liver segments at the beginning or at the end of the liver:
Figure 10A shows an ideal case where all the slices are segmented with a high similarity to

the radiologist data; in Figure 10B, there are three slices that do not include liver segments
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but should include them (similarity of these slices is zero); Figure 10C shows a bad case
where many slices that should include liver segments do not include them. The main
reason for missing segments on such slices is intensity inhomogeneity in the Z direction
(i.e. not on a single slice but through slices); although the latter is actually corrected when
preprocessing the images applying the sigmoid transformation using Volume of Interest
(VOI) parameters from the DICOM header, the anomaly is not completely removed,
especially in the beginning and in the end of the series. Since this phenomenon cannot
therefore be fully avoided, and because there are rare cases that can be automatically
segmented as the case from Fig 10A, manual validation of the segmented slices is required
at the end of electroporation-based treatment planning procedure. The validation can be
combined with the attending physician’s manual identification of the structures whether
they are tumors or healthy tissue, which reduces the time needed to execute the whole
treatment planning procedure. Hence, the attending physician manually validates the
segmented images to ensure proper liver and tumor model generation, and manually

corrects them if required.
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Figure 10. Possible miss situations when segmenting the liver.
Presented are the situations where all the slices are segmented (A), three slices have been

missegmented (B) or many slices have been missegmented (C).
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Currently, only Magnetic Resonance Imaging (MRI) images are segmented for
electroporation-based treatment planning, as MRI is preferred in clinical practice for the
liver. Namely, MRI is a non-invasive procedure (i.e. there is no ionizing radiation present
during MRI) and using a contrast medium it can provide satisfactory images of the liver for
electroporation-based treatment planning. Hence, our algorithms are currently written and
optimized only for MRI images; the preprocessing procedures are prepared for expected
intensity ranges and Volume-of-Interest (VOI) values that derive from MRI sources, and
could therefore not perform segmentation of e.g. Computed Tomography (CT) images.
However, since the modality of obtained images can be easily determined from the header
of the DICOM files, and because only minor modifications of the preprocessing algorithms
would be required, a modification allowing non-MRI image segmentation would not be

demanding to implement.

Further steps of our research in the field of electroporation-based treatment planning
include improved algorithms for tumor detection and, also, automatic vessel segmentation.
Namely, segmentation of tumors and vessels needs to be also developed since algorithms for
liver segmentation (i.e. region growing, adaptive threshold, and active contours) cannot be
used for this purpose without thorough modifications of the algorithms. We expect to
develop vessel segmentation algorithms as a combination of intensity- and morphology-

based methods with the aim of extracting line-like structures from the liver.

We plan to develop electroporation-based treatment planning as a web application that will
be remotely accessible from a web browser and will allow generating treatment plans by
allowing the attending physician to upload the DICOM images of the patient and, after
calculations and manual validation of the results, obtaining a directly applicable treatment
plan. Hence, besides the automatic liver segmentation, the treatment planning software will
also need to include electrode insertion and calculation of the electric field distribution with
electrode position optimization in order for the treatment plan to comprise all the required
information. The treatment planning procedure will be simplified in order to minimize the
input of the clinician: because the segmentation of the tissue is automatic, the clinician will

only need to validate the segmentation results (and if required, correct the segmentation by
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dragging the produced contours towards desired positions on each slice) and, finally,
determine the entry direction of the electrodes. Namely, the electrodes will be
automatically inserted towards the gravitational center of the tumor (or tumors), and the
required number of electrodes will be proposed by the software based on the shape and size
of the tumor (or tumors). Therefore, the clinician will only need to rotate the electrode
array towards the excepted intraoperative entry direction, which will simplify the

procedure.

Finally, since automatic liver segmentation can be implemented for other applications
(Conversano et al., 2011; Crocetti et al., 2008; Massoptier and Casciaro, 2008) beside
electroporation-based treatments, we opt towards extending the functioning of our web-
based treatment planning software for electroporation-based treatments onto related fields

of surgical liver intervention planning.
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Abstract

Electroporation-based treatment combining high voltage electric pulses and poorly
permanent cytotoxic drugs, i.e. electrochemotherapy (ECT), is currently used for treating
superficial tumor nodules by following standard operating procedures. Besides ECT,
another electroporation-based treatment termed non-thermal irreversible electroporation
(N-TIRE) is also efficient in treating deep-seated tumors. To perform ECT or N-TIRE of
deep-seated tumors, following standard operating procedures is not sufficient and patient-
specific treatment planning is required for a successful treatment. Treatment planning is
required because of the use of individual long needle electrodes and due to diverse shape,
size and location of deep-seated tumors. Many institutions that already perform ECT of
superficial metastases could benefit from treatment planning software that would enable the
preparation of patient-specific treatment plans. To this end, we have developed a web-based
treatment planning software for planning electroporation-based treatments that does not
require prior engineering knowledge from the user (e.g. the clinician). The software
includes algorithms for automatic tissue segmentation and, after segmentation the
generation of the 3D model of the tissue. The procedure allows the user to define how the
electrodes will be inserted. Finally, electric field distribution is computed and position of
electrodes and voltage to be applied are optimized using the 3D model, and a downloadable

treatment plan is made available to the user.
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1. Introduction

Electroporation is the phenomenon that occurs when a cell is exposed to a sufficiently high
external electric field (Kotnik et al. 2012). During and after exposure, the plasma
membrane is transiently permeabilized, thus allowing the material from outside to enter the
cell, which would be otherwise impeded (Kotnik et al. 1997). The phenomenon is
considered to be a universal method and platform technology because all types of cells
(animal, plant, and microorganisms) are affected by electroporation (Miklavcic 2012). In
fact, many electroporation-based applications have already been identified and developed,
such as electrochemotherapy of tumors (Ser$a and Miklav¢ic 2008), non-thermal
irreversible ablation of tumors (Garcia et al. 2011; Maor et al. 2009), gene therapy (Heller
and Heller 2010), food preservation (Toepfl et al. 2007), and others (Daugimont et al.
2010; Gusbeth et al. 2009; Usaj et al. 2010).

Electrochemotherapy (ECT), which is currently most developed electroporation-based
therapy (Mali et al. 2013; Sersa et al. 2008), improves chemotherapy outcome by
increasing the plasma membrane permeability to cytotoxic drugs with exposure of target
cells (i.e. tumor) to a high-strength electric field (Sersa and Miklav¢i¢ 2008) The electric
field is caused by high-voltage electric pulses that are delivered to the target tissue (i.e.
tumor) using electrodes (Mir et al. 1991). ECT is already used in clinical practice for
treating metastases of skin melanoma in more than 100 clinical institutions in Europe
(Miklav¢ié et al. 2012), and has already been introduced to clinical trials for treating deep-
seated metastases in liver (Edhemovic et al. 2011), brain (Agerholm-Larsen et al. 2011;
Linnert et al. 2012; Mahmood and Gehl 2011), bone (Fini et al. 2011), and soft tissue
(Neal, II et al. 2011). While following standard operating procedures (Mir et al. 2006)
ensures safe and successful treatment of skin melanoma metastases (Marty et al. 20006),
patient-specific treatment planning is nevertheless required for ECT of deep-seated tumors
(Pavliha et al. 2012). Namely, deep-seated tumors are very diverse in shape, size and
location in the body, and because of the use of long needle electrodes for treating such

tumors, coverage of the whole target tissue (i.e. tumor) with a sufficiently high electric field

(which is a prerequisite for successful ECT) (Miklavcic et al. 2006; Miklavcic et al. 1998)
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can currently only be assured by means of numerical modeling of electric field distribution
based on representative input data is performed and image guided insertion of electrodes is

used (Kos et al. 2010; Miklavcic et al. 2010).

Similarly to ECT, Non-Thermal Irreversible Electroporation (N-TIRE) is another
electroporation-based application that is used for ablation of pathological tissue (i.e. tumor)
using electrodes (Davalos and Rubinsky 2008; Garcia et al. 2011; Zupani¢ and Miklav¢ic
2009). N-TIRE performs tissue ablation using electric field strengths above values used for
electrochemotherapy and/or with a greater number of electric pulses and, therefore,
destroys target tissue without the use of chemotherapeutic drug or heat (Davalos and
Rubinsky 2008). N-TIRE has been in use for treating e.g. brain metastases (Garcia et al.
2011) or soft-tissue sarcoma (Neal, II et al. 2011) and would also benefit from patient-
specific treatment planning (Golberg and Rubinsky 2012).Although N-TIRE is very
similar to ECT, it also requires calculations of temperature increase to be included in

treatment planning procedure (Zupani¢ and Miklav¢i¢ 2011).

Patient-specific treatment planning of electroporation-based treatments such as ECT and
N-TIRE is based on medical images of the patient which are used to generate a three-
dimensional model of the target tissue (i.e. tumor) and the organ surrounding the target
tissue (Pavliha et al. 2012). Then, the three-dimensional model is used for calculation of
the electric field distribution during the electroporation-based treatment (Zupanic et al.
2012). Since the standard for medical imaging transfer and storage, i.e. Digital Imaging and
Communications in Medicine (DICOM) (National Electrical Manufacturers Association
2009) represents a common format for storage and transfer of medical images, the images
can be transferred over the internet and, due to the standard format, the receiver will be
able to display them properly. This facilitates treatment planning by developing treatment
planning software as a web application, which allows remote generation of treatment plans
(Olsen et al. 2000). Moreover, the treatment planning software should be as automated as
possible, since without treatment planning software a clinician (i.e. a medical doctor —

MD) may otherwise need about six hours to manually perform segmentation of a patient
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(Paulides et al. 2010). The advance from treating skin metastases to treating deep-seated
tumors would be facilitated by user-friendly treatment planning software that would allow
clinicians to prepare patient-specific treatment plans without the need of an engineer or a
medical physicist or specialized engineering knowledge (Pavliha et al. 2012). In our present
paper, we describe implementation of treatment planning tool including developed
methods for image segmentation, model building and determination of electroporation as a
web-based application for treatment planning of electroporation-based therapies such as

electrochemotherapy and non-thermal irreversible electroporation.

2. Materials and Methods

2.1. Web-based Graphical User Interface (GUI)

The functioning of the web-based treatment planning software for electroporation-based

treatments is presented in Figure 1.
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Figure 1: Flow diagram of web-based treatment planning for electroporation-based

treatments.
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The treatment planning procedure consists of the following subprocedures: upload of
medical images (Figure 1a), selection of series used for planning (Figure 1b), generation of
3D model (which is done by preprocessing, segmentation, and postprocessing of the images
— Figure 1¢), 3D model validation (Figure 1d), manual correction of segmentation (if
decided by the user that it is required — Figure le), virtual insertion of electrodes into the
model (Figure 1f), calculation of electric field distribution (with optimization of
parameters: voltages and electrode positions — Figure 1g), and download of the treatment
plan (Figure 1h). In case the images have been previously segmented (Figure 1i), steps (c, d,

and e) are not executed and pregenerated segments are loaded instead.

In order to develop easy-to-use treatment planning software, user interaction (i.e. the
number of parameters, events, or actions the user needs to execute or monitor) should be
minimal (Heymann and Degani 2007). Therefore, the most demanding subprocedures (i.e.
generation of the 3D model and calculation of the electric field distribution on Figures 1c
and 1g, respectively) are developed so that they do not require any user interaction.
Namely, the subprocedures of 3D model generation and electric field distribution
calculation require engineering knowledge, such as medical image processing (Birkfellner
2010) and numerical modeling based on the finite element method (FEM) in order to
perform them. Since users of web-based treatment planning software for electroporation-
based treatments are expected to be clinicians, all subprocedures are presented in a non-

engineering way, so that users are able to generate treatment plans effortlessly.

First, the user is required to upload the medical images of the patient (Figure 1a) by
selecting the DICOM files that contain image slices of the body area with the target tissue
(i.e. one or more metastases). After uploading the medical images, treatment planning
software automatically examines them by reading metadata of the DICOM files (i.e. the
DICOM header). Parameters SeriesNumber, SeriesDescription and SliceLocation are read
from the header and, then, the images are grouped by the series they belong to (i.e.
SeriesNumber parameter) and labeled using the original series name (i.e. SeriesDescription
parameter). Within each group, the images are sorted according to their spatial location

(i.e. according to their Z-index, i.e. SliceLocation parameter). Afterwards, one median image
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from each group (i.e. each detected series) is presented to the user who, finally, by clicking
on the corresponding series’ image selects which series will be used for planning the

electroporation-based treatment (Figure 1b).

2.2. Automatic segmentation of medical images

Web-based treatment planning for electroporation-based treatments is based on algorithms
for automatic segmentation of medical images (Figure 1c). First, the selected series (Figure
1b) of the uploaded medical images (Figure 1a) is preprocessed; all the images (slices) are

first transformed using a sigmoid function, described in Equation 1.

__output_range
output = — . mpur-wc (Eq.1)
1+ e ww

Parameters Window Center (WC) and Window Width (WW) are part of the Volume-of-
Interest (VOI) metadata located in the DICOM header of each image. The output_range
parameter defines the maximum value of the preprocessed image. Parameters input and
output are the source and preprocessed data, respectively. All the parameters’ values are bits.
After transforming each slice using the transformation from Eq. 1, the slices are de-biased
using a publicly available inhomogeneity correction algorithm (Zheng et al. 2009). Then,
each slice is filtered using an average and a Gaussian blur filter (6= 3), both with window
sizes of 3x3 pixels. Finally, a fixed-value sigmoid transformation (WC=20000, WW=100,
output_range=2"°) is applied to each slice in order to ensure appropriate intensity
distribution which is necessary for segmentation; fixed values were defined empirically

using real-case data.

After preprocessing, image segmentation is performed. Currently, three possible liver
segmentation methods are implemented: region growing, adaptive threshold, and active
contours (i.e. snakes) algorithms. Region growing is a semi-automatic algorithm (because it
requires the user to place an initial seed, i.e. to click on the liver on a single slice) while
adaptive threshold and active contours are automatic algorithms that generate 3D liver
models without user interaction. Three liver segmentation algorithms have been
implemented because different segmentation algorithms provide different results (De
Pasquale and Stander 2009) and user requirements on how the 3D model is constructed

may vary. er the liver is segmented, segmentation of tumors and vessels is executed.
y vary. After the | gmented, segmentat ft d 1 ted
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Algorithms for segmentation of tumors and vessels combine intensity-based and
morphological characteristics of given objects to identify them in source images. The basis
of the algorithms is a multi-scale filter, described in (Frangi et al. 1998) which detects local
second-order structures based on relationship between their eigenvalues. The filter
distinguishes between linear (or cylindrical in 3D) and round (or spherical in 3D)
structures, which can be used for detection of vessels and tumors, respectively. Results of
filtering are two image layers: the first includes enhanced tumors while the other includes
enhanced vessel structures. After filtering, the resulting enhanced image layers of tumors
and vessels are thresholded using a method based on maximization of entropy (Kapur et al.
1985).

Additionally, region growing is performed in 3D based on thresholding results in order to
collect neighboring voxels with intensity values within and below the threshold, as these
voxels are also part of the segmented structure (Beichel et al. 2004). Region growing is
performed iteratively with lowering of the threshold by factor 0.001 in each step. The
procedure stops once no new voxels have been added in an iteration step. Segmentation of
tumors and vessels is performed based on segmentation of the organ that includes them (i.e.
the liver) since the segmented target organ is used as a mask for tumor and vessel
segmentation. Therefore, the tumors are detected if they are in or on the boundary of the

organ.

When the segmentation is finished, the user has to validate the generated 3D model (Figure
1d): segmented layers with the liver, tumor and vessels are presented and manual correction
of the generated segments is possible for each slice by dragging the overlaid contours of the
generated segments to desired positions (Figure 1e). In the final stage, the electrodes are
inserted into the 3D model (Figure 1f). For each identified tumor, a selection of basic
electrodes’ configurations is presented to the user. The electrodes are positioned relative to
the center of gravity of the tumor at appropriate depth (Kos et al. 2010) and are parallel to
each other. Depending on the planned direction of access, the user can change the direction
of insertion of the electrode array, number of electrodes, rotation of the outer electrodes

with respect to the electrodes inserted in the tumors, the distance between electrodes, as
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well as basic electrode configuration and number of electrodes. When initial positions of all
electrode arrays are defined, electric field distribution calculation and optimization of

electrode voltage and position is performed.

2.3. Electric field distribution calculation and optimization

The electric field distribution is the most important predictor of electroporation (Miklavcic
et al. 2006; Miklavcic et al. 1998). The electric field distribution can be determined by
solving the Laplace equation for electric potential (V) in the static case, described in

Equation 2.

~V:(e-VW)=0 (Eq. 2)
Comsol Multiphysics (Comsol AB, Stockholm, Sweden) is used with the connection to
Matlab (Mathworks, Nantick, MA, USA) to automatically build the patient-specific model
by using the segmented images for setting location-specific electric properties (Astrom et al.
2009), including the electrodes, and solving the electric field distribution. Briefly, the
automatic process (Figure 1g) proceeds as follows: the conductivity of the region of interest
is set as a location-based function. The electrodes are then inserted as conductive cylinders
of appropriate dimensions (Figure 1f) and boundary conditions are set. When electrodes
are active (i.e. potential is present on them) they are considered as fixed potential, while the
non-active electrodes are left floating with an undefined potential. The simulations are run
with a sequential algorithm for increasing conductivities during pulse application (Pavselj et
al. 2005; Sel et al. 2005). The electric field and current density are extracted in the next
step and the simulations are repeated for all the electrode pairs. The postprocessing of the
computed electric fields and currents is handled by Matlab using built-in Comsol functions
for extracting the electric fields and integrating the current density. The Matlab-Comsol
integration provides easy coupling with optimization algorithms, which have access to the
output of the models, as well as the ability to subsequently modify electrode positions and
applied voltages (Zupanic et al. 2012; Zupani¢ et al. 2008). Finally, the results of treatment

planning can be downloaded as a Portable Document Format (PDF) file (Figure 1h).
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3. Results and Discussion

Treatment planning software for electroporation-based treatments is developed as a web
application. The front-end uses Hyper-Text Markup Language 5 (HTML5) and JavaScript
(JS) for content generation and user interaction, while the back-end is a Matlab
(Mathworks, Nantick, MA, USA) application invoked by the front-end using Asynchronous
JS and XML (AJAX) and PHP Hyper-Text Preprocessor (The PHP Group, 2001-2012).
Three-dimensional visualization is performed using X Toolkit (XTK, The X Toolkit
Developers, 2012) which is a Web Graphics Library (WebGL) based toolkit for scientific
visualization. The graphical user interface (GUI) of the treatment planning software for
electroporation-based treatments is presented in Figure 2, where three example screens are
shown: the initial screen (Figure 2a), the interface for series selection (Figure 2b, procedure
from Figure 1b), and an example generated 3D model of the liver with vessels and an

identified tumor (Figure 2c).

ECTplan

Figure 2: Graphical User Interface (GUI) of the web-based treatment planning
software for electroporation-based treatments. Presented are three example screens:
initial screen (A), interface for series selection (B), and an example generated 3D

model of liver with a tumor and major vessels (C).

69



SCIENTIFIC ARTICLES

While the GUI is rendered at the client-side (i.e. in the user’s web browser), all the
processing that involves 3D model generation (Figure 1c) and electric field distribution
calculations (Figure 1f) is executed on the treatment planning server and, therefore, the

user’s computer is not loaded by the functioning of the treatment planning software.
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Figure 3: Example of generated treatment plan, showing electroporation cross section
overlaid with the original patient image (A), cumulative coverage curves showing the
volume fraction of tumor treated above a certain electric field (B) and electrode pair

contributions indicating contribution of each individual electrode pair (C).

In this paper, we presented the possibility of generating treatment plans for electroporation-
based treatments remotely (Olsen et al. 2000), i.e. using web-based treatment planning
software, and without prior engineering knowledge or help of an engineer. The software is
based on algorithms for automatic segmentation; currently, three different algorithms for
liver segmentation are implemented. Because the software is developed as modular, future
inclusion of additional segmentation modules is possible with instantaneous deployment.

Namely, the developed software provides a modular framework that allows inclusion of
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additional segmentation algorithms; therefore, modules for segmentation of other tissue
(e.g. bone, soft-tissue sarcoma, etc.) may be additionally included in the web application.
Computation of electric fields in additional tissues is also possible, since segmented images
are used as postprocessing and electric property masks in the simulation step. The only
possible limitation is the availability of data on electrical properties of tissues and data on
changes of electric conductivity during pulse application which however can be obtained
through iterative procedure (i.e. modeling and measurements) or by inverse analysis

(Corovi¢ et al. 2013).

The presented software allows loading cases that were previously segmented (Figure 1i)
which is important for historical evaluation of patients that were already treated. The
possibility of loading presegmented cases brings two major benefits: 1. the clinicians can
perform historical evaluation of cases that were previously treated with ECT or N-TIRE
and evaluate if there is correlation between the calculated coverage of the tumor with the
electric field, and 2. the software is able to perform calculations of the electroporation-based
treatment regardless of the tissue/organ that is subject to treatment provided that
segmentation data is available. If the segmentation is performed by radiologists, the
presented treatment planning software allows calculations and optimization of the electric
field distribution in the segmented tissue/organ. In Figure 4, an example of model
geometry representing the prostate is shown. The model was previously segmented by a
radiologist; then, segments were imported into the treatment planning software and,

finally, a treatment plan for N-TIRE was calculated.

71



SCIENTIFIC ARTICLES

IE’ IE' Rectum

10

084 =500

064

04

024

004

/
,
[=]

T _ Electrode pair Voltage

1-2 2200
1-3 2500
o 2-3 2400

—
o 13
2-3

Al 1501 S0 S50 Gl G50 T TS0 b LH
Local clectric ficld strength [Viem)

Figure 4: Excerpt from a prepared treatment plan for N-TIRE of prostate cancer. A)
Electrode pair contribution, b) model with three needle electrodes, c) cumulative
coverage curves showing that the whole tumor is covered with fields in excess of 700
V/cm and over 95 % of tumor is covered with fields in excess of 800 V/cm, d)

voltages used in the proposed treatment plan

Algorithms for segmentation of tumor and vessel structures need to be robust, especially
with respect to different imaging modalities of source images. Based on our experience with
real case data, MRI images may include representations of tumors and vessels with very
similar intensities. Therefore, intensity-based segmentation methods such as thresholding
cannot successfully separate tumors from vessels in MRI images. This hinder can be
overcome by incorporating structural information into the segmentation algorithm: by
observing the structures in three dimensions through all slices, it is possible to separate
blob-like structures which might be tumors from line structures which are typical for
vessels. After the execution of the segmentation algorithm which detects blobs, an
additional step is required to define whether the identified structures are tumors or healthy
tissue. Such verification is performed in the validation step (Figure 1d), where

segmentation of all the tissues is manually validated by the user who has the possibility of
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accepting the segmentation results or correcting them manually (i.e. each slice) before
continuing with virtual electrode insertion.

Finally, the results of treatment planning that are produced by electric field distribution
optimization need to be presented in understandable and human-readable form. We have
previously developed several novel visualization methods, allowing the visualization of the
contribution of each electrode pair towards the total treatment and the visualization of
coverage of tissues above a certain electric field (as well as visualization of predicted
electroporation) overlaid on the original medical images. In the future, the treatment plan
can be transferred directly to electroporation devices (e.g. electroporators or devices for
robots-assisted surgery), which will facilitate electroporation-based treatments even more.
Optimization of the electric field distribution is performed using a custom written genetic
algorithm, with the entry direction of electrodes specified as an input parameter. The
relative electrode positions are optimized, along with the applied voltages (Zupani¢ et al.
2008). The constraints of the electric pulse generator (electroporator) are also taken into
account. The resulting treatment plans have also been evaluated for robustness to variations
in electrode positions and voltages (Kos et al. 2010). The computation of temperature rise
can also be included if treatment plans for N-TIRE are desired (Zupani¢ and Miklav¢i¢

2011).

Conclusion

Because a well-defined target (i.e. tumor or other pathological tissue) needs to be
determined when planning electroporation-based treatments (such as ECT or N-TIRE) of
deep-seated tumors (Pavliha et al. 2012), and distribution of the electric field in biological
tissue is the most important predictor of electroporation (Miklavcic et al. 2006; Miklavcic
etal. 1998), clinicians and eventually patients can greatly benefit from the web-based
treatment planning software we developed. Namely, the software allows generation of
electroporation-based treatment plans without prior engineering knowledge and generates
3D models based on patient images that are used for calculation and optimization of the
electric field distribution during electroporation. Moreover, it is possible to import
previously segmented cases, which allows historical evaluation of patients that were already

treated as well as preparation of treatment plans for tissue types which are currently not
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supported by the automatic segmentation algorithms but could also benefit from web-based
treatment planning. Finally, the treatment plan is presented in a clearly understandable
human readable form. Therefore, the web-based treatment planning software could
contribute to faster advance of clinicians already practicing electroporation-based
treatments of superficial tumor nodules towards treating deep-seated tumors, such as bone

metastasis and soft-tissue sarcoma (Miklav¢ic et al. 2012)
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DISCUSSION

ELECTROCHEMOTHERAPY TREATMENT PLANNING PROCEDURE

In Article 1, we described the development of the electrochemotherapy (ECT) treatment
planning procedure that can provide clinicians with the information needed to effectively
perform electroporation-based treatments in the clinical setting. Because following standard
operating procedures (Mir et al., 2006) cannot ensure successful treatment when treating
deep-seated tumors with ECT, it is important to prepare a patient-specific treatment plan
(Pavliha et al., 2012). However, treatment planning of ECT is an interdisciplinary
procedure that requires knowledge from the fields of biomedicine, engineering and
oncology. Therefore, in order to make ECT treatment planning available to clinicians, the
procedure needs to be simplified from the user’s point of view. Hence, the required user
interaction to perform treatment planning should be minimal (Heymann and Degani,

2007; Stupak et al., 2010).

In order for clinicians to adopt ECT treatment planning procedure, the latter has been
designed based on the radiotherapy example (Lecchi et al., 2008) where treatment planning
is well-established and not only known, but also accepted to be of paramount importance
for successful treatment (Tannock et al., 2005). We exposed parallelisms to radiotherapy
when conceptually designing ECT treatment planning, and although the established
protocols and algorithms have been intended specifically for ECT of deep-seated tumors,
they are general enough to be useful for all electroporation-based therapies given that
application-specific details are added to the procedure. Since electric field distribution is the
most important predictor of successful electroporation (Miklav¢i¢ et al., 2006, 1998),
electric field distribution-specific parameters (i.e. the objective function) need to be
modified in order to use the treatment planning procedures for other electroporation-based
therapies than ECT (Zupani¢ et al., 2010). Namely, when planning ECT the tumor is
required to be covered with a sufficiently strong electric field (above 460 V/cm, i.e. the
reversible threshold) minimizing also damage to healthy tissue due to irreversible
electroporation (i.e. the irreversible threshold). Moreover, voltage and electrode

position/geometry with respect to the distance between electrodes need to be such as to
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ensure adequate electric field strengths (i.e. above reversible and below irreversible
thresholds). Similarly, the resulting electric field strength in the target tissue is required to
exceed the irreversible threshold when planning non-thermal irreversible electroporation
(N-TIRE) for ablation to be successful. It is however important to avoid tissue damage due
to thermal effects (i.e. Joule heating) (Davalos et al., 2003). All these issues demonstrate
that, given that all the required parameters are adequately chosen and application-specific
requirements are met, the described treatment planning procedure can be indeed used for

every electroporation-based treatment (Zupani¢ et al., 2012).

LIVER SEGMENTATION ALGORITHMS AND VALIDATION

In order to simplify the treatment planning procedure, algorithms for automatic liver
segmentation were developed. As part of automatic segmentation, some preprocessing
techniques were implemented; since e.g. debiasing is required when processing MRI images
but developing of such algorithms can represent a demanding task (Likar et al., 2001),
publicly available code was used to perform this procedure (Zheng et al., 2009). In Article
2, three possible automatic liver segmentation algorithms were presented and evaluated by
optimizing their functioning for accurate liver segmentation. Optimization was done on a
dataset consisting of seven patients that were manually segmented by the radiologist and
used as a training set. Furthermore, validation was performed using an additional
radiologist dataset of four patients that were previously not included in the training set.
Development of automatic segmentation algorithm for accurate three-dimensional liver
model generation is a challenging task: the variability of the input data (i.e. liver in the
patient’s medical images) namely makes segmentation difficult to perform. To explore
different segmentation possibilities, three algorithms were implemented and further

improved by developing and applying a postprocessor.

We first evaluated the region growing algorithm that, although not being fully automatic
due to the need for a manual initial seed placement, can provide satisfactory segmentation
results (Mancas et al., 2005). The main drawback of the region growing algorithm, i.e.
segment leakage, was eliminated by the postprocessor as the final step of liver segmentation.

Although considered overly simplistic, region growing provided best similarity results to the
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radiologist dataset, as presented in 7able 2 of Article 2. Moreover, the algorithm could be
upgraded to a fully automatic algorithm by programmatically defining the initial seed
location, e.g. based on determining the expected intensity of the target segment on the
referential slice (as defined in chapter 2.1.3. of Article 2) using another segmentation
algorithm, e.g. adaptive threshold. In that way, the implemented region growing algorithm

could be upgraded to perform automatically, i.e. without the need of user interaction.

As second we evaluated the adaptive threshold segmentation algorithm that was developed
because of its intuitive approach; the algorithm is based on the physical property of the
organ subject to segmentation, i.e. continuity of the tissue on two neighboring slices.
Namely, due to tissue continuity the difference between segments on two neighboring slices
is expected to be minimal. Therefore, the developed algorithm processes the currently-
segmented slice by a thresholding function with an adaptive (i.e. changing in every
iteration) threshold to the previous already-segmented slice; the global maximum of
similarity (i.e. normalized cross-correlation) of the neighboring slices determines the finally
used threshold, and segmentation proceeds to the next slice. Adaptive threshold, like the
region growing algorithm, can also be exposed to segment leakage since it is intensity-
based. Therefore, the use of the postprocessor proved to be necessary, since otherwise some
organs (e.g. the spleen, the heart, the kidneys) may be detected as liver segments due to
their similar intensity ranges to the liver (Massoptier and Casciaro, 2008). The initialization
of the adaptive threshold algorithm is another important step: since the initial slice has no
predecessors which it could be compared to, a set of presets (i.e. approximate shapes of the
target organ’s segment that is expected to be detected in the initial slice) is used for the first
comparison instead. Although only six liver presets were available in our implementation of
the adaptive threshold algorithm, the initial segment was properly detected on every case

during optimization and validation procedures.

We evaluated active contours, sometimes referred to as the snakes algorithm (Kass et al.,
1987), as the third segmentation algorithm; our implementation of the active contours
algorithm is based on the Gradient Vector Flow (GVF) (Xu and Prince, 1998). Active
contours algorithm has the benefit of not being susceptible to intensity-related anomalies,

such as intensity inhomogeneity. However, the active (i.e. deformable) contour, that finally
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determines the segment, is attracted to edges including those of the structures within the
target organ. Therefore, it is imperative to properly initialize the active contour, i.e. place it
in the near vicinity of the target segment, since otherwise it may get attracted by edges of
internal organ structures (e.g. blood vessels, metastases, hemangioma etc.) instead of
external organ edges. Besides, soft transitions of the tissue between two neighboring slices
also represent a drawback of the active contours algorithm, because its current
implementation is based on the Gradient Vector Flow (GVF) map which is dependent on
the edges detected in the images. Namely, soft transitions of the tissue prevent proper edge
detection in the images, which further prevents proper GVF map generation; finally, due to
improper GVF map the active contours do not align on the external organ edges since
edges were not properly detected. Therefore, active contours are aligned to edges of

surrounding organs instead, which causes improper segment detection.

All the described issues demonstrate that despite of the used algorithm, liver segmentation
for electrochemotherapy (ECT) is a complex procedure. Fortunately, highest accuracy of
the relevant tissue (e.g. liver) is not required for electric field distribution calculation of
ECT since from the modeling point of view, the liver only represents the medium that
surrounds the target tissue, i.e. the tumor. Moreover, during surgery the liver tends to
deform and, therefore, the organ may differ from the model geometry in the treatment plan
(Clements et al., 2011). It is however important the tumor being accurately segmented.
Although the ECT treatment planning we established is based on radiotherapy treatment
planning, there is a certain radiotherapy-specific feature related to tumor segmentation that
should not be replicated when planning ECT. Namely, in radiotherapy treatment
planning, the tumor (i.e. target tissue for the radiation beam) is segmented using a safety
margin (i.e. some healthy tissue around the tumor is exposed to the radiation beam as well).
The safety margin is used to assure complete beam coverage of the target tissue.
Nevertheless, in ECT treatment planning such increase of tumor volume is not acceptable
because the tumor tissue’s conductivity significantly differs from the conductivity of the
healthy tissue (Kos et al., 2010) and calculations of the electric field distribution would be
improper if the tumor was oversegmented. Hence the need for accurate tumor

segmentation. Currently, tumor segmentation is performed manually (i.e. by manual
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contour delineation) because automatic tumor segmentation is a challenging task due to
variability of shape, size and location of tumors (Barbosa et al., 2012). However, we are
considering implementing an algorithm for segmentation of internal structures (i.e. residing
within the liver which is achieved by masking the input data using the obtained liver
segments) that detects line-like and blob-like structures and identifies them as blood vessels
and possible tumor objects, respectively. The multi-scale algorithm (Frangi et al., 1998)
described in Article 3 serves as the base for blood vessel and tumor segmentation; since
tumor segmentation is a demanding procedure (Ahmed et al., 2011; Foo et al., 2011;
Wang, 2011) and because high accuracy is required, manual validation of the generated
segments is necessary at the end of the segmentation procedure, which enables the end-user
(i.e. the clinician) to approve the results obtained. Such manual validation gives the
clinician the possibility of not only determining which blob-like structures are tumors and
performing manual error correction of segmentation, but also taking liability for the
generated segmentation results, which is of great importance for clinical use of

electroporation-based therapies’ treatment planning,.

An important step of developing treatment planning software with embedded automatic
segmentation algorithms is validation of the developed procedures. Namely, the
implemented segmentation algorithms need to provide accurate results (i.e. correctly
detected tissue segments) which designates the requirement for algorithm validation. Before
validation of the algorithms, their optimization was performed using a set of seven patient
cases manually segmented by the radiologist (i.e. the training set). The training set allowed
optimization of algorithm parameters: deviation of the intensity that is included in the
region (region growing), initial coefficient that determines targeted size of the initial
segment (adaptive threshold), and energy contribution coefficients (active contours). The
automatically generated (i.e. using segmentation algorithms) results were compared to data
from the training set using normalized cross-correlation (i.e. similarity) on a slice basis.
Optimization results presented in 7able 1 of Article 2 demonstrated that our
implementation of region growing was the most optimization-prone algorithm evaluated,
since it could be optimized to achieve 89.2% median similarity (79.8% mean similarity

with 12.7% standard deviation) to the training set. Adaptive threshold algorithm could be
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optimized to achieve 87.6% median similarity (67.6% mean similarity with 12.8%
standard deviation), and our implementation of the active contours algorithm 86.4%
median similarity (68.8% mean similarity with 8.6% standard deviation), which shows that
despite being more sophisticated, these two algorithms achieved lower optimization results
(i.e. similarity to the training set) than region growing. Region growing allowed good
optimization possibilities because the parameter that influences what intensity range is
included in the segment (i.e. deviation of the intensity) was subject to optimization.
Adaptive threshold algorithm lacks changeable parameters that influence segmentation, as it
mainly relies on the tissue continuity feature and in this implementation, no other
parameters could be set. An improvement could be made by replacing the threshold
function of the adaptive threshold algorithm with a bandpass function (i.e. instead of
including intensities that exceed the threshold, intensities between two boundary thresholds
would be included instead), which would enable more parameters (lower and upper
boundaries, and width of the included intensity range) of the adaptive threshold algorithm
to be optimized. Finally, four parameters of the active contours algorithm were optimized
(i.e. energy contributions of the deformable contour: elasticity, curvature, GVF magnitude
and GVF direction). Although such optimization should provide good fit to the training
set, it is rather difficult to accurately influence the movement of the active contour since the
movement is mostly relying on GVF-related parameters. Namely, the active contour aligns
itself mainly to edges in the image (e.g. external organ edges). If the edges of the target
tissue are improperly detected after preprocessing (e.g. the target tissue does not have clearly
detectable edges), the movement of the active contour will be unforeseeable and

optimization is trivial.

After optimization, a final validation step of the algorithms was performed. The validation
of the algorithms was done on four patient cases manually segmented by a radiologist that
were not part of the training set (i.e. validation data set). Like optimization, validation was
also done by comparing similarities of the automatically generated results by the
segmentation algorithms to the data from the validation data set using normalized cross-
correlation on a slice basis. The total similarity (i.e. similarity of a patient case, comprising

of similarities of each slice) was determined using mean or median similarity of all slice
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similarities within a case. Two data representations (i.e. mean and median) were presented
because during optimization and validation, many slices with 0% similarity were detected.
Zero-similarity is detected when comparing two slices where an automatically generated
slice or the manually (i.e. by the radiologist) segmented slice does not contain any segments
while the other does. Therefore, if only a few pixels are detected by the segmentation
algorithm but are not identified by the radiologist (or vice versa), the result of such slice
comparison will be 0% similarity. Hence, such slices significantly impact the overall
outcome of the assessment and using the mean value of all slices, the success of a
segmentation algorithm may not be reflected enough. Therefore, besides the mean

similarity, the median similarity of the slices of a case is presented as well.

INTEGRATED SOFTWARE WITH GRAPHICAL USER INTERFACE

To facilitate electrochemotherapy (ECT) treatment planning, the procedure that includes
algorithms for automatic segmentation was developed as web-based treatment planning
software that is operated by the end-user (i.e. clinician) using a graphical user interface
(GUI). The GUI is rendered at the client-side (i.e. in the user’s web browser), while all the
processing that involves 3D model generation and electric field distribution calculation and
optimization is executed on the treatment planning server. Such implementation permits
that the client computer is not loaded by the processing, and also allows centralization of all
generated treatment plans. The latter is of great importance because it permits generating a
database of not only segmented but also validated patient cases of various tissues; namely,
since the software allows manual validation of the segmentation algorithms at the end of
the procedure (i.e. the end-user manually corrects segmentation outcome) the data can
serve as a new training set that keeps expanding with the use of the software. Finally, the
training set could be used by the software to automatically learn segmentation and optimize

its own functioning.

Because of its modular design, the ECT treatment planning software also allows new
segmentation algorithms to be included subsequently. Namely, the software currently
allows segmentation of liver (using three possible liver segmentation algorithms: region

growing, adaptive threshold, and active contours) and bone (using fixed thresholding).
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Moreover, it is possible to import pre-segmented DICOM images which include segment
structures in a standard DICOM file. In that way, segmentation can be done using external
software (or archived medical images can be reused for evaluation) and ECT treatment
planning software is, then, only used for post-segmentation procedures (i.e. virtual
electrode insertion and electric field distribution calculation). These data could also become
part of a new training set that could allow development of new algorithms for segmenting
tissue that has not been included in automatic segmentation procedure. Also, loading
already-segmenting cases allows historical evaluation of patients that were already treated
with the purpose of correlating the calculated coverage of the tumor with the electric field
to the treatment outcome. The latter is of great importance for improving electroporation-

based treatments in clinical practice.
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In this doctoral dissertation, we establish treatment planning procedure for
electrochemotherapy (ECT) of deep-seated tumors. Furthermore, because the developed
procedures are primarily based on knowledge about the electroporation phenomenon, they
are not ECT-specific and are, therefore, applicable to other electroporation-based

treatments, e.g. non-thermal irreversible electroporation (N-TIRE) for tumor ablation.

Treatment planning allows users of electroporation-based treatments (i.e. clinicians) better
insight on the importance of accurate treatment planning due to direct correlation of tumor
coverage with sufficiently high electric field strength to the treatment outcome. Moreover,
the possibility of generating treatment plans for cases that were previously segmented and
already treated allows historical evaluation of performed treatments, which is of great
importance for further improvements of performing electroporation-based treatments in

the clinical setting.

Finally, development of easy-to-use web-based treatment planning software with integrated
algorithms for automatic tissue segmentation greatly improves the availability of ECT or
N-TIRE treatment planning procedures to end-users (i.e. clinicians) who can use the
software to prepare accurate treatment plans remotely and without the need of engineers.
Consequently, more treatments can be performed and better treatment outcome can be

expected, which at the end results in improved patients’ quality of life.
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ORIGINAL CONTRIBUTIONS

Based on results in this doctoral dissertation I claim for the recognition of the following

original scientific contributions to the research area:

DESIGN OF PATIENT-SPECIFIC ELECTROCHEMOTHERAPY TREATMENT
PLANNING PROCEDURES FOR TREATING DEEP-SEATED TUMORS

We designed patient-specific treatment planning for electrochemotherapy of deep-seated
tumors; treatment planning procedures are based on radiotherapy treatment planning. The
designed treatment planning procedures rely on patient medical images processing and
tissue segmentation: relevant organ (e.g. liver), pathological tissue (i.e. tumor), and other
relevant tissue (e.g. blood vessels). The developed procedures allow efficient

electrochemotherapy treatment of deep-seated tumors.

OPTIMIZATION AND VALIDATION OF AUTOMATIC LIVER
SEGMENTATION ALGORITHMS FOR PATIENT-SPECIFIC
ELECTROCHEMOTHERAPY TREATMENT PLANNING

We developed algorithms for automatic liver segmentation from the medical images;
segmentation algorithms are used for patient-specific electrochemotherapy treatment
planning-purposes. The developed algorithms (region growing, adaptive threshold, and
active contours) are validated using radiological expert opinion using seven models for
functioning optimization and additional four models for final validation of the optimized

algorithms.

DEVELOPMENT OF INTEGRATED SOFTWARE FOR PATIENT-SPECIFIC
ELECTROCHEMOTHERAPY TREATMENT PLANNING

We developed integrated software that embeds all the procedures that are required for
electrochemotherapy treatment planning: interface for patient’s medical images import,
algorithms for automatic segmentation, interface for virtual electrode insertion, algorithms

for electric field distribution in tissue, and interface for treatment plan presentation.
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Currently, the software allows segmentation of two tissue types: liver (with blood vessels)
and bones. Due to its modular design, inclusion of segmentation algorithms for other tissue
types is possible. The software is controlled using easy-to-use graphical user interface that is
developed as a web application which, therefore, allows remote treatment planning (i.e.

telemedicine).
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