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Uvod

Vypocetni tomografie (Computed Tomography, CT) je zobrazovaci metoda, ktera
vyuziva rentgenové zaieni k neinvazivnimu zobrazeni vnitini struktury zkoumaného
objektu. RozliSeni vypocetni tomografie se pohybuje v fadech stovek mikrometrt.
Nejvétsi vyuziti CT naslo v humanni medicing, kde v dneSni dobé patii mezi

standardni zobrazovaci vySetieni.

Mikrovypocetni tomografie (Micro-Computed Tomography, Micro-CT, mikro-CT)
pracuje na stejném principu jako klasicka vypocetni tomografie. Rozdil je v rozliseni,
které je vyrazné véEtsi (v fadech jednotek mikrometru), a také ve velikosti

zkoumaného objektu, ktera je naopak vyrazné mensi (v fddech jednotek centimetrtt).

Mikro-CT je Siroce uzivano v primyslu ke zkoumani kvality materiala, dale také
v archeologii ke studiu materialii historickych predmétl. V poslednich letech si vSak

naslo cestu i do biomedicinského vyzkumu.

Mikro-CT umoziiuje studium biologickych vzorkll srozliSenim srovnatelnym s
rozliSenim svételného mikroskopu a to bez nutnosti prokrajovani vzorkil a tudiz
jejich zniceni. Diky této vyhodé mohou byt vzorky zkoumény opakované,
v kombinaci nékolika riznych metod. Idealnim postupem je studium makrostruktury
vzorku, néasledné¢ vySetfeni v mikro-CT a dale napf. vySetfeni pomoci

imunohistochemie, nebo klasické histologie pod svételnym mikroskopem.

Pii zobrazovani predmétu v mikro-CT prochazi rentgenové paprsky zkoumanym
objektem a foton-senzitivni detektory nésledné detekuji zéateni, které objektem
proslo. Béhem sniméni jsou pofizeny stovky dvojrozmérnych fezii z mnoha uhli
kolem objektu. Vysledkem snimani je dataset 2D fezi v jasn¢ definovanych
paralelnich rovinach. Ziskana data jsou uloZena v pocitaci, kde je mozné jednotlivé
snimky prohliZet, ddle je mozné z nich vytvofit 3D rekonstrukci a provést post-

produkei.

Vzhledem k principu fungovani mikro-CT se nejlépe zobrazuji struktury s vysokym
protonovym c¢islem (kosti, zuby, apod.). Pravé tato vlastnost je nejvétsi limitaci

mikro-CT pfi zobrazovani mékkych tkani jako jsou svaly nebo nervy. Rtizné mé&kké



tkan¢ se v absorpci rentgenového zateni ptili§ nelisi, maji nizky vnitini kontrast a
tudiz je ve vysledném snimku nelze pfili§ rozliSit. Proto je nutné pfi zobrazovani
mekkych tkani v mikro-CT kontrast zvysit. Nejjednodus$i metodou je vyuziti
piirozeného kontrastu vramci zkoumaného organu, napiiklad v plicich mezi
dychacimi cestami a plicnim parenchymem. Dal§i moznosti jsou fixacni ¢inidla, jako
je naptiklad jodid draselny nebo fosfowolframova kyselina. Pro zobrazeni cévniho
feCisté¢ je poté nutna aplikace intravaskularni kontrastni latky, nejcastéji jodu ¢i
nanodastic zlata. Zadna metoda vSak neni dokonald. N&které metody jsou piilis
slozité, jiné jsou extrémné drahé, nebo jsou pro zivé tkané naprosto nevhodné pro

svoji toxicitu.

Tato komentovand dizertani prace se zabyva problematikou zobrazeni mékkych
tkani v mikro-CT a klade si za cil pfedstavit metodu zlepSeni kontrastu mékkych

tkani pii zobrazovani v mikro-CT.



1. Princip mikro-CT

Mikrovypocetni tomografie pracuje na stejném principu jako klasickd vypocetni
tomografie, kterou v sedmdesatych letech dvacatého stoleti predstavil Hounsfield
(Hounsfield 1973; 1976; 1978). Samotné mikro-CT bylo pfedstaveno v osmdesatych
letech jako reakce na potfebu zobrazovani vzorki ve vys§im rozliSeni (Feldkamp et
al. 1984). Nyn¢jsi mikro-CT jsou navrzené k zobrazovani objektti v fadech nékolika
mikrometri (Ritman 2004). K tomu je vSak nutné, aby zkoumany objekt m¢l
rozméry pouze v fadech centimetrti (Gregor et al. 2012). Zakladem pristroje je
rentgenka, kterd emituje kuzelovity paprsek rentgenového zareni, které pod rliznymi
uhly prochéazi zkoumanym objektem (Badea et al. 2008a). Fotosenzitivni detektory
poté detekuji zafeni, které nebylo absorbovano a objektem proSlo. Vysledkem je
nasledné dataset stovek az tisici dvojrozmérnych projekci, které jsou pomoci
pocitacového softwaru zpracovany a pievedeny do podoby trojrozmérné tomografie,

ptipadné celého trojrozmérného objektu (Hutchinson et al. 2017b).

r

1.1. Rentgenové zareni

Rentgenové zafeni je elektromagnetické ionizujici zafeni o vlnovych délkach
v rozsahu 10™® — 10?m. Vznika pfirozené ve vesmiru, naptiklad z hvézd, nebo uméle
v rentgenové lampé€. Podle vlnové délky miZeme rentgenové zareni délit na mekké,
které mé niz§i energii a vinovou délku mezi 10® — 10"'°m, a tvrdé o vinové délce
10"° — 10" m, které ma energii vy$§i. Dale rentgenové zafeni délime podle vzniku na

brzdné a charakteristické (Navratil a Rosina 2019).

Brzdné rentgenové zareni vznika prudkym zabrzdénim zaporné nabitého elektronu,
vylétajiciho z katody, v okoli kladnych atomovych jader materidlu anody. Plisobenim
coulombickych sil dochazi ke zméné trajektorie letu elektronli a zaroven ke sniZeni
jejich kinetické energie. Zména kinetické energie elektronu se vyzaii ve formé
fotonu rentgenového zareni. Brzdné rentgenové zafeni ma spojité spektrum, protoze
nasledkem riiznych interakci elektronti s obaly atomil doslo ke ztraté jejich energie a
tudiz se do silového pole jadra se dostavaji elektrony o rtzné energii (obr. 1).
Energie brzdného zafeni zavisi na energii leticich elektrond, kterd je dana napétim
mezi katodou a anodou v rentgenové lampe, ¢im vyssi je napéti, tim veétsi je energie

rentgenového zareni.



Charakteristické rentgenové zéafeni vznikd pfi deexcitaci vybuzenych elektront
anody do jejich ptivodniho stavu. Elektrony emitované z katody leti k anod¢€, na
kterou dopadaji, a predavaji svoji energii elektronim v obalech atomt anody.
Elektrony jsou diky pfedané energii bud’ excitovany, nebo ionizovany. Pii sestupu
elektrond do nizsi energetické hladiny, at’ uz jako navrat excitovaného elektronu do
zékladni hladiny, ¢i jako zaplnéni mista po chybé&jicim ionizovaném elektronu
elektronem z vyssi energetické hladiny, dochdzi k vyzaieni pfebytecné energie ve
form¢ fotonu rentgenového zafeni. Charakteristické rentgenové zafeni ma Carové
spektrum, které¢ je dané stile stejnym energetickym rozdilem mezi jednotlivymi
hladinami (obr. 1). Tento rozdil urcuje vlnovou délku zafeni, vznika tedy pouze
rentgenové zateni o urcitych vinovych délkdch. Energie charakteristického zateni
zavisi pouze na materialu anody. Cim vy$§i ma material anody protonové &islo, tim

je energie rentgenového zareni vyssi.

Obr. 1: Energetické spektrum RTG zareni
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Zdroj: Navratil a Rosina, 2019



1.2. Rentgenova lampa

Zdrojem rentgenového zareni v mikro-CT je rentgenova lampa, neboli rentgenka,
kterd je tvotfena trubici s vakuem, dale wolframovou katodou, kterd ma tvar spiraly a
je zdrojem elektronii, a anodou. Anodu v mikro-CT nejcasté&ji tvori ter¢ik z wolframu
s ohniskem o velikosti do 50 mikrometrii. Anoda pracuje s napétim v rozmezi 20-100
kV a proudem v rozmezi mezi 50-1000 mikroampérii (Clark a Badea 2014). Diky
zhavicimu transformatoru se termoemisi uvolni z katody mrak elektronti, které jsou
napétim mezi katodou a anodou pfitahovany k anodé, na kterou dopadaji, konkrétné
na jeji dopadové ohnisko, které je sklonéno o 10-19° ve sméru leticich elektront.
Diky tomuto sklonu ma ploska (termické ohnisko), na kterou elektrony dopadaji, tvar
obdeniku, ktery je mensi nez dopadové ohnisko. Ploska, ze které vystupuje
rentgenové zatreni, se nazyva optické ohnisko a je projekei termického ohniska ve
sméru centralniho rentgenového paprsku. Centralni paprsek rentgenku opousti skrz
okénko. Béhem tohoto procesu je anoda znaéné tepelné zatizena, a proto musi byt

nalezit¢ chlazena. Anoda v mikro-CT je bézn¢ chlazena vzduchem.

Obr. 2: Rentgenova lampa (A-anoda, K-katoda, O-okénko, CP-centralni paprsek,
OO-optické okénko, TO-termické okénko)

E:OO

Zdroj: Navratil a Rosina, 2019
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1.3. Detektor

Kli¢ovou soucastkou mikro-CT je detektor, ktery mize byt v soucasnosti dvojiho

typu.

Prvnim, star§im a vice pouzivanym typem, jsou detektory CCDs (Charge-Coupled
Devices) a CMOS (Complementary Metal Oxide Semiconductor). Jedna se o
scintilacni detektory, které konvertuji dopadajici rentgenové zéafeni na viditelné
svétlo, které je v polovodi¢ové diodé nésledné transformovano na elektricky signal.
Tento elektricky signal je umérny celkové energii vSech absorbovanych fotonti, proto
jsou také zatizené vznikem velkého mnozstvi Sumu, nicméné hlavnim omezenim je,
ze nedokazou urcit jednotlivé vinové délky rentgenového zareni, které na n¢ dopadlo

(Ritman 2004; Kim et al. 2013; Clark a Badea 2014).

Obr. 3 Schéma scintilacniho detektoru
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Zdroj: Willemink et al., 2018

Druhym typem detektort jsou spektralni detektory PCXD (Photon Counting X-ray
Detectors). Jednd se o piimé detektory, které méni ionizujici zafeni pfimo na
elektricky signal. Principem je interakce dopadajiciho fotonu ionizujiciho zarfeni na
detek¢ni element. Detektory jsou tedy schopné urcit pocet dopadajicich fotoni za
urcity ¢asovy interval. Vyhodou téchto detektort je redukce Sumu a schopnost urcit
jednotlivé vinové délky dopadajiciho ionizujiciho zafeni. Diky schopnosti odlisit

jednotliva kvanta dopadajiciho zafeni dokaZzou tyto detektory piesnéji urcit vlastnosti
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materialu, kterym zéafeni proslo. Nevyhodou ziistdva cena detektorii a také jejich

omezena velikost (Ren et al. 2018; Dudak et al. 2015; Willemink et al. 2018).

Obr. 3 Schéma Photon-Counting detektoru
B X-ray photon
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Zdroj: Willemink et al., 2018

1.4. Konstrukce mikro-CT

V soucasnosti existuji dva typy konstrukce ¢i geometrie pro systémy mikro-CT, a to

bud’ systém s rotujicim vzorkem, nebo systém s rotujici gantry.

Prvni typ je Siroce vyuzivan v systémech pro zobrazovani ex-vivo vzorku, kde je
gantry stacionarni a vzorek rotuje kolem vlastni osy. Tento typ je nevhodny pro
studium zivych objektd, hlavné kvili vertikdlnimu uloZeni zkoumaného vzorku.
Naopak u tohoto typu je jednodussi zménit vzdalenost vzorku od rentgenky a tim

docilit zmény zvétSeni (Schambach et al. 2010).
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Obr. 4 Schéma konstrukce mikro-CT se systémem rotujicitho vzorku
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Zdroj: Autorem upraveny obrazek z publikace Dudak et al., 2014

Druhy typ je vyuzivan pro studium vzorkt in-vivo, kde gantry rotuje kolem centralni
osy, zatimco vzorek je stacionadrné ulozeny mezi rentgenkou a detektorem. Tento typ

je vhodny pro studium zvifat, kterd jsou umisténa v horizontalni pozici. Zména

vvvvvv

2005).

Obr. 5 Schéma konstrukce mikro-CT se systémem rotujici gantry
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Zdroj: Autorem upraveny obrazek z publikace Dudak et al., 2014
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2. Prehled problematiky

Mikro-CT se zahy po svém uvedeni zacalo pouzivat v primyslu pro kontrolu kvality
vyrobenych materiali. Jedna se hlavné¢ o detekci mikrotrhlin, vypoctu porozity
material nebo analyzu polymert (du Plessis et al. 2016; 2015; Maire a Withers
2014; Salvo et al. 2003). Dale si tato technologie naSla cestu i do archeologie
k nedestruktivni analyze vnitini struktury artefaktl ¢i k detekci vrstev natéru na

historickych obrazech (SEGuin 1990; Doi et al. 2013).

k principu technologie zacal vyzkum u mineralizovanych tkdni — kosti a zubli. U
téchto vzorkll neni tfeba pouzit Zddné kontrastni latky a je tedy moZzné je snimat
nativn€. Prace se zabyvaji hlavn¢ anatomii kosti, hustotou kostni hmoty, remodelaci
a regeneraci kosti, pfipadné se soustfed’uji na osteoporézu a 1écbu fraktur (Chou et
al. 2007; Kapadia et al. 1998; Ding et al. 1999; O’Neill et al. 2012; Borah et al.
2001). Ve vyzkumu zubi je mikro-CT vyuzivéno jesté vice. Jedna se hlavné o
vyzkum zubnich implantatii, zubnich kandlkid, vyvoje zubi ¢i zobrazeni poruch
alveolarniho vybézku (Hutchinson et al. 2017a; Nakashima et al. 2018; Rani et al.
2018; Swain a Xue 2009).

Dalsi vyzkum se poté posunul k zobrazovani vnitinich orgéni, a to ex-vivo 1 in-vivo.

Zobrazeni mékkych tkani jakymi jsou svaly, cévy, tuk nebo nervova tkan v mikro-
CT je vSak obtizné, protoze na rozdil od kosti ¢i zubi, jsou slozeny z prvki s nizkym
atomovym cislem, a tudiz malo pohlcuji rentgenové zareni. Navic rozdil v mife
pohlcovani rentgenového zateni je mezi jednotlivymi strukturami mékkych tkani
minimalni a ve vyslednych snimcich mezi nimi neni dostate¢ny kontrast. Maji
takzvané nizky vnitini kontrast. Proto je nutné pro jejich zobrazeni pouZit kontrastni
latky, a to bud’ ex-vivo, kdy je vzorek do kontrastni latky ponofen, nebo in-vivo, kdy
je kontrastni latka vstifiknuta do cévniho systému experimentalniho zvifete, nejcastéji

laboratorni mysi.

Kontrastni latky pro pouziti v mikro-CT jsou vyvijeny od pocatku vyuzivani této
technologie. Lisi se riznou afinitou k riznym tkdnim, rGznymi metodami

rozpousténi, cenou, toxicitou nebo také dobou nutné expozice a eliminace
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(Descamps et al. 2014). Bez rozdilu zkoumané mékké tkan¢ by méla byt idedlni
kontrastni latka snadno pouzitelna, dostupnd a méla by rovnomérné pronikat i

tlustymi vrstvami tkan¢ (Pauwels et al. 2013).

Nejpouzivanéjsi kontrastni latky vychazi z anorganického jodového zdkladu, patii
sem hlavné Lugoliv roztok (I,KI), ktery se velmi dobie vaze na svalova vldkna a
pojivové tkang, dale pak nizkoosmolarni Omnipaque™ (iohexol), ktera se vyuziva
v humanni medicing€, nebo jod rozpustény v etanolu ¢i metanolu (Gignac a Kley
2014; Jeffery et al. 2011). Dalsi skupinou kontrastnich latek jsou fosfowolframova
kyselina a fosfomolybdenova kyselina, které v soucasnosti patii mezi
nejpouzivanéjsi kontrastni latky v pre-klinickém vyzkumu (Mizutani a Suzuki 2012).
Fosfowolframova kyselina je snadno dostupné a minimalné toxické cinidlo, které
vSak velmi pomalu penetruje tkanémi. Pro dostateCnou penetraci vzorku, ktery ma
tloustku 2-3mm je nutnd inkubace minimalné pies noc (Chaffey 2001; Metscher
2009a). Fosfomolybdenova kyselina, kterd také pomalu penetruje tkdnémi, je malo
toxickd sloucenina, kterd vyborné zvysuje kontrast mékkych tkani, nicméné doba
fixace se pocita na dny, az tydny. Nevyhodou téchto kyselin je znacna zména objemu
fixovanych vzorkl, kdy dochéazi ke znacnému zmensovani, a také jejich protokol
fixace, ktery je sloZity a vyZaduje zkuSené¢ho laboratorniho pracovnika (Descamps et

al. 2014; Balint et al. 2016).

Vysoce ucinnymi kontrastnimi latkami jsou také osmium tetraoxid a chlorid rtutnaty,
které jsou vSak vysoce toxické. Osmium tetraoxid je konvenc¢ni fixacni €inidlo pro
elektronovou mikroskopii, principem fixace je navazdni osmia na membranové
lipidy bunék, avSak bez urcité specifity. Je to navic velice drahé ¢inidlo, které Spatné
penetruje tkdnémi a nelze pouzit u vzorkd, které byly fixovany v jakémkoliv
alkoholovém roztoku (Johnson et al. 2006; Metscher 2009a; 2009b; Mizutani a
Suzuki 2012).

Mezi intravaskularni kontrastni latky patii hlavné jiz zminéné jodové latky, jako jsou
Omnipaque™ & Fenestra™, které jsou viak pro vyuziti na zvifecim modelu
nevhodné, protoze v cévnim systému cirkuluji v dostate¢né koncentraci pouze
v fadech sekund az minut. Naptiklad v pfipadé laboratornich mysi jsou z cévniho
systétmu odvedeny v pribéhu sekund (Lin et al. 2008). Dalsi skupinou jsou

intravaskularni kontrastni latky zaloZzené na nanocasticich kovt, napiiklad zlata nebo
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bismutu. Mezi nejvyuzivandjsi patii Aurovist'™, ktery obsahuje nanoéastice zlata,
jeho velkou vyhodou je schopnost projit celym kapilarnim fecistém ve velmi vysoké
koncentraci, navic zlato vyborné pohlcuje rentgenové paprsky a tudiz jsou, i ze
zkuSenosti autora, vysledné angiografie vysoce detailni a pfesné. Oproti jodovym
kontrastnim latkam je jeho retence v cévnim systému laboratornich zvifat v fadech
hodin az desitek hodin. Nevyhodou této kontrastni latky je jednak cena (Willekens et
al. 2009), ale 1 vyrazné potlaceni signalu z ostatnich tkani, tudiz nelze zkoumat cévni
systém v topografickych souvislostech. VSechny tyto latky jsou priméarné uréeny pro

in-vivo studium cévniho systému.

Cévni systém je mozné v mikro-CT také zobrazit ex-vivo, a to pomoci pryskyfic a
silikonti. Nejvhodngjsim zastupcem je silikon Microfil™, ktery obsahuje &astice
olova. Microfil™ ma nizkou viskozitu a voln& prochézi celym cévnim systémem.
Diky svym hydrofobnim vlastnostem neprochazi z cév do tkani (Ghanavati et al.
2014; Kwon et al. 1998a; 1998b; Bentley et al. 2002; Zagorchev et al. 2010). Diky
obsahu olova jsou cévy dobie viditelné, nicméné jejich signal néasledné potlacuje
zobrazeni ostatnich struktur. Alternativou je poté Neoprene latex ", ktery ma
obdobné vlastnosti, ale neobsahuje olovo (Oses et al. 2009). Pii pouziti pryskytice
Biodur™ ¢&i Mercox™ je mozné provést nastiik cévniho systému zkoumaného
vzorku a nasledné vytvofit korozivni preparat. Tento odlitek cévniho systému je poté
mozné zkoumat v mikro-CT (Jirik et al. 2016). Nevyhodou je samoziejmé& zniceni

ptvodniho vzorku.

Aplikace kontrastnich latek je nyni nejvice vyuZivand ve vyzkumu
kardiovaskularniho systému. Degenhardt a Wong studuji vyvoj kardiovaskuldrniho
systtmu na mySich embryich (Degenhardt et al. 2010; Wong et al. 2013). U
dospélych jedinch se nejcasteji zkouma aterosklerdza koronarnich i perifernich tepen
— jeji rozvoj 1 lécebné moznosti (Clauss et al. 2006). Vyzkum samotného srdce je
zéavisly na gatovacim systému, kdy skenovani probiha v cyklech podle EKG. Diky
kardio mikro-CT je mozné sledovat ejekéni frakei, jednotlivé objemy srde¢nich
oddildi 1 jednotlivych cykll, dale je moZzné zobrazit papildrni svaly i remodelaci
srde¢ni svaloviny po infarktu myokardu (Badea et al. 2005; Detombe et al. 2008;
Drangova et al. 2007; Nahrendorf et al. 2007; Badea et al. 2008b). Vyzkum cévniho

systému je realizovan hlavné in-vivo vstiiknutim kontrastni latky, od zkoumani ex-
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vivo pomoci korozivnich preparatd, které vznikaji nastfikem cévniho systému
polymerem, napf. Biodur™ nebo Microfil™, se jiz upousti (Clauss et al. 2006;

Ghanavati et al. 2014).

Vyzkum plic je v mnohém jednodussi nez u ostatnich mékkych tkani, protoze lze
vyuzit pfirozeného kontrastu mezi vzduchem v plicich a okolni tkédni. Naopak in-
pohybu laboratorni myS$i. Kdyz pomineme studium cévniho systému plic, tak se
vyzkum soustedi hlavné na animélni modely onemocnéni plic, jako je emfyzém,
plicni fibréza, chronicka obstrukéni plicni nemoc nebo tumory plic. Mikro-CT je zde
vhodnou modalitou pro dlouhodobé studium vyvoje onemocnéni (Gammon et al.
2014; Vande Velde et al. 2016; Shofer et al. 2007; Ford et al. 2020). Parameswaran
pouziva impregnaci stiibrem, aby zobrazil alveoly a jejich tenkou sténu, nasledné tak
kvantifikoval dechovy objem alveolti (Parameswaran et al. 2009). Zajimavosti je
pouziti Xenonu jako in-vivo inhala¢ni kontrastni latky k zobrazeni vnitini struktury
plic hlodavct (Lam et al. 2007). Plice jsou také zkoumané z hlediska srovnani
s klasickou histologii, kdy se zavedl novy termin — virtudlni histologie. Diky dobie
zvolené kontrastni latce, nejcastéji se jedna o fosfomolybdenovou kyselinu, a metodée
fazového kontrastu snimani v mikro-CT se dafi dosdhnout zobrazeni piesnéjSich

anatomickych struktur nez u konvencni histologie (Albers et al. 2018).

V soucasné¢ dobé se vyzkum centrdlniho nervového systému (CNS) t&si velké
popularité. Pro samotné zobrazeni struktur CNS se bé&Zné€ pouzivd magneticka
rezonance (MRI), pfipadné mikro-magneticka rezonance (mikro-MRI) (Kovacevic et
al. 2005). Jeji vyhoda spocivd v mnohem lepSim rozliSeni bilé a Sedé hmoty
mozkové, nicméné 1 mikro-CT nachdzi v tomto odvétvi vyzkumu své uplatnéni, a to
zejména diky vétsi dostupnosti a nizSi pofizovaci cené¢ i provoznim ndkladim.
Nejcastéji se jednd o studium tumord mozku na animalnich modelech, hlavné gliomii
(Engelhorn et al. 2009; de Crespigny et al. 2008). 3D zobrazeni zdravého mozku
animalniho modelu provadi naptiklad Zikmund (Zikmund et al. 2018) nebo Takeda
(Takeda et al. 2013). Tomografické fezy mozkem mysi porovnava s histologickymi
fezy Saito (Saito a Murase 2012). Dalsi studie se zaméfuji na detekci ischémie
v mozku animalniho modelu (Erjavec 2013; Hayasaka et al. 2012). Rezy lidského

mozku fixovaného v 10% formaldehydu zkouma Mizutani. Podafilo se mu zobrazit
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kapilarni sit’ a také pyramidovou vrstvu neokortexu (Mizutani et al. 2008). Girard a
Choi vyuzivaji mikro-CT ke zkoumdani cévni mozkové malformace na animalnim
modelu (Girard et al. 2016; Choi et al. 2017). Mikro-CT se také vyuziva pro vyzkum
v oblasti periferniho nervového systému, napiiklad Hopkins studoval regeneraci
perifernich nervli na animalnim modelu na titanovych bioimplantabilnich vodicich.
Nésledné v mikro-CT analyzoval rist poranénych perifernich nervli podél téchto

vodici (Hopkins et al. 2015).

Zobrazeni parenchymatdznich orgdni jako jsou ledviny, jatra nebo slezina se stalo
rutinni zalezitosti. Shirai naptiklad zobrazuje vnitini strukturu mySich ledvin
fixovanych v etanolu za pouziti snimani pomoci fdzového kontrastu (Shirai et al.
2014). Perrien zase pomoci microfilu zkouma volumometrii cévniho systému ledviny
mysi (Perrien et al. 2016). Missbach-Guenter se zabyvaji vySe popsanou virtualni
histologii pomoci mikro-CT, kdy mysi ledviny fixuji ve fosfowolframové kyselin¢ a
vytvareji sérii fezli, ktera svou kvalitou snese srovnani s konven¢ni histologii

(Missbach-Guentner et al. 2018).

Kromé kontrastnich latek je mozné zlepsit zobrazeni mékkych tkani v mikro-CT takeé
pomoci metody fdzového kontrastu. Rentgenové zéteni je elektromagnetické vinéni,
u které¢ho pfi prichodu zkoumanym objektem dochdzi ke zméné€ jeho amplitudy a
k fazovému posunu vinéni. A pravé tento fazovy posun muzeme detektovat a
nasledné¢ vyhodnocovat. Fazovy posun mé az 1000x véEtsi senzitivitu nez absorpce

rentgenového zafeni nizkoprotonovymi prvky (Takeda et al. 2013; 1995; 2000).

Krom¢ laboratorniho a pre-klinického vyzkum se mikro-CT také vyuziva
v klinickém vyzkumu. V ortopedii se napiiklad zkoumaji explantované jamky
z ndhrad ramenniho kloubu, kde se sleduje odér materidlu (Kurdziel et al. 2018).
Zubni lékafstvi vyuzivd mikro-CT ke zhodnoceni kvality kosti pro implantaci
zubnich implantatl (Vasconcelos et al. 2016). V chirurgii prsni zlazy se testuje
zavedeni mikro-CT k peropera¢nimu zhodnoceni tumorid po prs zachovnych
operacich (Sarraj et al. 2015; Tang et al. 2013; 2016). V soudnim I€kaftstvi naslo
vyuziti v zobrazeni stfelnych a bodnych ran (Rutty et al. 2013; Fais et al. 2015).

Moznosti vyuziti mikro-CT v klinické praxi se s klesajici cenou pfistroje a naopak se

w7
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3. Cile dizertacni prace

Cilem dizertacni prace je vytvoiit levnou a jednoduchou metodu ex-vivo fixace
mekkych tkdni pro zobrazeni v modifikovaném mikro-CT MARS (Medipix All

Resolution System).
Jednotlivé dil¢i cile jsou nasledujici:

1. modifikovat pfistroj mikro-CT MARS

2. porovnat rizné typy fixace srdce a plic animéalniho modelu v etanolu jako
kontrastniho ¢inidla pro zobrazeni v mikro-CT

3. zobrazit vnitini strukturu zdravého mozku animalniho modelu fixovaného ex-

vivo v etanolu v mikro-CT a popsat zobrazené struktury
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4. Metodika

4.1. Modifikovany mikro-CT pristroj MARS

Vyzkum byl provadén na pfistroji mikro-CT Medipix All Resolution System
(MARS), ktery byl vyvinut Univerzitou v Canterbury na Novém Z¢landu. Pro

potieby vyzkumu byl vSak pfistroj vyrazné¢ modifikovan.

Konstrukce pfistroje zlstala stejnd, jedna se o typ, kde jsou detektor a rentgenka

umistény v jedné gantry, ktera rotuje kolem stacionarniho vzorku.

Pivodni rentgenka byla nahrazena rentgenovou lampou KEVEX™ PXS-11

s provoznim napétim 40-70 kV a s 30 pm ohniskem.

Mikro-CT bylo osazeno novym PCXD detektorem Timepix Quad s rozméry 2,8 x
2,8 cm, ktery je slozen ze Ctyi Cipti o celkové plose 512 x 512 pixeld. Takto

modifikované mikro-CT dosahuje prostorového rozliSeni 30 um.

Konstrukce gantry umoznuje snimat objekty, které jsou v dlouhé ose delsi nez 2,8 cm
a to tim, Ze se vzorek snima napft. ve tfech sub-akvizicich, kdy se vzorek posune o

délku detektoru a vysledné sub-akvizice se poté spoji do jednoho snimku.

ZvétSeni je realizovano zménou vzdalenosti rentgenky od vzorku a dosahuje od 1,25

k 2x zvétSeni.

Ptistroj je schopny pofizovat jednak tomografie s naslednou 3D rekonstrukei, ale
také takzvané mikroradiografie. Jedna se o 2D sumacni projekceti, jejichz potizeni trva
v fadech sekund. Mikroradiografie je vhodna jako prvotni sken zkoumaného objektu

k ur€eni naptiklad oblasti zajmu (Region of Interest, ROI).
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Obr. 6 Fotografie modifikovaného mikro-CT MARS

Zdroj: Dudak et al., 2014
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4.2. Skladba dizertacni prace

Dizertaéni prace vychazi zpéti publikovanych impaktovanych monotematicky
zaméienych publikaci. Prvni tfi publikace jsou technického rdazu a vznikly pod
Jtaktovkou® inzenyri z Ustavu technické a experimentélni fyziky, Ceské vysoké
uceni technické (UTEF CVUT) v Praze a Fakulty biomedicinského inZenyrstvi,
Ceské vysoké uéeni technické (FBMI CVUT).

Zbyl¢é dvé publikace se zabyvaji zkoumanim biologickych vzorkl a vznikly primarné

pod vedenim pracovnikl 3. 1ékafské fakulty Univerzity Karlovy (3. LF UK).

Vysledkem uzké spoluprace lékaili a inZenyrli je soubor védeckych praci, které
zahrnuji modifikaci plvodniho mikro-CT pfistroje, vyvoj drzdkd pro vzorky a
nasledné vyzkum a vyvoj novych protokoll pro zobrazovani mekkych tkéni v mikro-

CT.
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5. Publikace

Kapitola shrnuje pét impaktovanych publikaci, na kterych autor pracoval a je uveden
jako spoluautor, nebo je prvnim autorem. Ke kazdé publikaci je sepsan komentar

shrnujici klicové body publikace. Origindly ¢lankt jsou pfiloZeny.

5.1. X-ray micro-CT scanner for small animal imaging
based on Timepix detector technology

Citace: DUDAK, Jan; ZEMLICKA, Jan; KREJCI, Frantisek; POLANSKY,
Stépan; JAKUBEK, Jan; MRZILKOVA, Jana; PATZELT, Matéj; TRNKA, Jan. X-
ray micro-CT scanner for small animal imaging based on Timepix detector
technology. Nuclear Instruments & Methods in Physics Research Section A -
Accelerators Spectrometers Detectors and Associated Equipment. 2015, 774(11), 81-
86. ISSN 0168-9002. DOI: 10.1016/j.nima.2014.10.076. IF: 1.316/2013.

5.1.1. Uvod a metodika

Cilem publikace bylo ptfepracovat a upravit originalni mikro-CT MARS a vybavit ho
detektorem Timepix Quad a otestovat jeho schopnost snimat a zobrazit mékké tkan¢.
Pavodni mikro-CT MARS bylo nové osazeno rentgenkou KEVEX™ PXS-11
s provoznim napétim 40-70 kV a s30 pm ohniskem a polovodicovym photon
counting (foton-pocitajicim) detektorem Timepix Quad s rozméry 2,8 x 2,8cm, ktery
je slozen ze Ctyt Cipti o celkové ploSe 512 x 512 pixeld. Systém byl otestovany na
plastovém fantomu, ktery simuloval mékké tkané, skladal se ze ¢ty dutin, prvni byla
naplnéna vodou, ta simulovala svalovou tkan, dal§i byla naplnéna voskem, pro
simulaci nervové tkanég, tfeti byla naplnéna olejem, ktery simuloval tukovou tkan,
¢tvrta byla naplnéna vzduchem. Poté byl pfistroj testovan na redlnych vzorcich, a to
na vzorku hlavy hada a na ¢ili papricce. V ramci studie byly zavedeny dva typy
snimani. Prvnim byla takzvana mikroradiografie, coz je prosty 2D snimek. Vznika
jako sumacni snimek zjedné projekce. Jednd se o velice rychlé sniméni, které

umoznuje rychlou inspekci daného objektu a nasledné rozhodnuti o oblasti zajmu pro
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druhy typ snimani — tomografii sndslednou 3D rekonstrukei, kterd je casoveé

v

5.1.2. Vysledky, diskuze a zavér

Uspé$né se podafilo piebudovat mikro-CT MARS a osadit ho novymi komponenty,
zejména foton-pocitajicim detektorem Timepix. Takto sestavené mikro-CT disponuje
rozliSenim cca 30 pm. Pfistroj byl nasledné€ uspé$né otestovan pro zobrazovani
mékkych tkani, nejdiive na fantomu a poté na redlnych mékkych tkénich.
Nevyhodou modifikovaného mikro-CT MARS jsou malé rozméry Timepix Quad
detektoru. Pro velké vzorky, které rozméry ptesahuji rozméry detektoru, byl proto
vytvoren systém, kdy gantry umoznuje posunuti vzorku o rozmér detektoru. Vzorek
je tak sniman postupné v n€kolika subakvizicich, které jsou nasledné spojeny v jeden
objekt. Tento pfistup lze aplikovat pti vytvaieni 2D snimkl (mikroradiografii), tak 1

u klasickych tomografii.
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1. Introduction

X-ray radiography is a noninvasive imaging technique for visuali-
zation of internal structures of investigated samples. The technique
utilizes intensity changes of X-ray beam transmitted through the
sample detected by an appropriate detecting unit. Using a large set of
projections acquired at different angles and dedicated mathematical
algorithms, it is furthermore possible to produce a 3D voxel-based
model of the scanned sample (computed tomography) [1].

The main limitation of conventional X-ray micro-radiography
and computed micro-tomography is poor soft tissue contrast
caused by low X-ray attenuation and low intrinsic contrast of
investigated structures. This limitation is conventionally solved by
the use of contrast agents improving visibility of treated anatomi-
cal structures. The other possibility is based on the use of a new
generation of noiseless particle counting detectors.

The highest spatial resolution and contrast is provided by
synchrotron radiation [2], but it requires large scale instrumenta-
tion and preparation. On the other hand, table top systems based
on X-ray tubes provide wide, easy and cost-effective access and
therefore their use is much more common. Modern high-quality

* Corresponding author at: Institute of Experimental and Applied Physics, Czech
Technical University in Prague, Horska 3a/22, 128 00 Prague 2, Czech Republic,
Tel.: +420224 359 179.

E-mail address: jan.dudak@utef.cvut.cz (J. Dudak).

http://dx.doi.org/10.1016/j.nima.2014.10.076
0168-9002/@ 2014 Elsevier B.V. All rights reserved.

micro- and nano-focus X-ray tubes enable measurement with high
contrast and spatial resolution at micrometer scale in table-top
laboratory-based systems [3-5]. The availability of compact X-ray
micro-CT systems has consequently enabled greater applications
in different fields such as medicine, biology, aerospace, cultural
heritage, geology, etc.

1.1. Limitations of current X-ray imaging systems

X-ray imaging techniques are routinely used for imaging of
high density structures with significant X-ray attenuation. In the
case of low density materials such as biological soft tissue,
however, effective visualization with X-rays is complicated due
to low absorption and low intrinsic contrast of investigated
structures [3]. This fact significantly limits the applicability of X-
ray radiography in biology and biomedical research, because the
technique can provide sufficient image quality just for skeletal
topology. For reliable visualization of soft tissue, the application of
a contrast agent with affinity to selected structures is consequently
necessary [5-7]. Even though this approach can improve visuali-
zation of various organ structures, the application of contrast
agents is in many cases connected with undesirable effects (e.g.
toxicity) and often is not compatible with in-vivo imaging [G].
Therefore the improvement of imaging capabilities of existing
technique remains a major instrumental challenge.
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1.2. High-contrast radiography with counting detectors

A feasible way to overcome low intrinsic contrast of soft tissue
structures is the use of photon counting pixel devices such as the
hybrid semiconductor detectors Medipix [8]. The detectors work
in noise-free particle counting mode, enabling complete suppres-
sion of noise (dark-current, leakage currents, read-out noise, etc.),
which is a limiting factor for dynamic range of conventional
imaging devices such as CCD and flat panels. As a result, particle
counting detectors provide virtually unlimited dynamic range (in
practice limited just by the number of detected particles) [9].
The other significant advantage of noiseless quantum-counting
detectors in relation to soft tissue contrast is the use of direct-
conversion sensor materials with peak sensitivity for low X-ray
energies (3-35 keV range for 300 um thick silicon sensors). These
important features make hybrid semiconductor detectors a power-
ful tool for detecting even subtle changes in the intensity of
radiation transmitted through faintly absorbing materials [9].

In this paper, we present the performance of a newly
assembled micro-CT scanner for small animal imaging equipped
with the hybrid semiconductor pixel detector Timepix. The system
is based on the mechanics with a rotating gantry of the MARS CT
system [ 10] but newly equipped with a micro-focus X-ray tube and
a Timepix Quad detector [11]. For the newly assembled system, a
dedicated control, acquisition and CT reconstruction software was
also developed. The CT-system was tested in terms of spatial
resolution and soft tissue contrast using a tissue equivalent
phantom and different types of biological samples.

2. Materials and methods
2.1. Original MARS scanner

The mechanics of presented device is based on the original
MARS CT System design (Medipix All Resolution System developed
by the University of Canterbury, New Zealand [10]). The gantry is
built in the same way as that of conventional medical CTs utilizing
a rotating gantry holding the X-ray tube and the detector and a
separate fixed sample holder mounted in the gantry's central axis
(see Figs. 1 and 2). The gantry construction allows changing
fluently geometrical magnification of the imaging system within
the range from 1.25 to 2 (see Fig. 1). The original system was
equipped with a conventional X-ray tube with a reflecting anode
providing high intensity output required for fast scanning of
biological samples. On the other hand, the spatial resolution

X-Ray tube

105- 135mm

0-170mm

provided by that configuration was 53 pm and 204 um in hori-
zontal and vertical direction, respectively (resolution given in
FWHM of the Edge response function, measured with magnifica-
tion factor of 2). Inconvenient resolution anisotropy due to an
ellipsoidal shape of the X-ray spot together with its large size
therefore significantly limited the imaging performance for small-
animal imaging.

2.2. Redesigned system

To improve the imaging performance of the CT system, the
original X-ray tube was replaced by a new micro-focus X-ray tube
KEVEX™ PXS-11 (operating voltage 40-70 kV) characterized by a
30 pm focal spot (FWHM) at 70 kV. This replacement enables fully
utilizing the high granularity of pixel detectors (55 pixel pitch in
the case of the used Timepix detector).

As an imager we have installed a Timepix Quad detector [8].
The detector consists of four Timepix read-out chips bump-
bonded to a single common sensor (300 um silicon) read out by
an array of 512 by 512 pixels of full dimensions 2.8 cm x 2.8 cm
and total sensitive area of 7.84 cm?® The Timepix detector can be
operated as a photon counter or as a fully spectroscopic device.
The spectroscopic mode (TOT mode - Time over threshold) opens
possibility of using the technique of energy sensitive radiography
[12]. In the assembled system, the detector communicates with
the PC via a newly installed FITPix interface [13] and it is
controlled by the Pixelman software [14]. For remote operation
of stepper motors, a dedicated Java plugin for Pixelman was
developed. The application of this in-house developed read-out
electronics and software enables full control over the detector
settings (equalization procedures, DACs control) and data acquisi-
tion including advanced scripting tools for various scanning
regimes. The application of the Pixelman software furthermore
enables also direct application of previously developed tools,
e.g. for beam hardening effect correction [15] and tomographic
reconstruction.

Another important reason for switching from the original
MARS Medipix3 camera to the newly installed Timepix-based
imager is also exploiting the newly developed technology for
construction of a large-area hybrid pixel detector with full area
sensitivity (the architecture is based on Timepix chips) [16]. The
sensitive area of a Medpix3 MARS camera is limited by the QUAD
configuration utilizing 2 x 2 chips. The field of view provided by
this detector configuration is in many cases not satisfactory for
tomographic measurement of larger biological samples. Especially
if a magnifying geometry is used, mechanical shift of detector

:(//,,— Rotation axis

Detector

35-105mm

Sample holder

Fig. 1. Schematic drawing of the imaging geometry of the presented system showing the adjustability and ranges of various system components. Besides the indicated
movements, the detector can be translated in the Z axis (perpendicular to the scheme plane) enabling acquiring of radiograms and CT scans of samples larger than the

sensitive area of the detector.
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Fig. 2. Redesigned MARS CT scanner with opened gantry (left), detailed view of the gantry with the new micro-focus X-ray tube KEVEXTM PXS-11 and the Timepix Quad

detector newly installed (right).

during measurement is consequently necessary. The replacement
with Timepix detector technology therefore provides the possibi-
lity to enlarge the field-of view in the new micro-CT system.

2.3. Data acquisition and processing

The new system is capable of acquiring high quality 2D radio-
graphic projections as well as a full tomographic dataset with
enhanced soft tissue contrast. Before further processing, a beam
hardening correction is applied to the data [15]. The BH correction
transforms the image information from signal/intensity to signal/
thickness dependence. The result of BH correction is the lineariza-
tion of the acquired information and reduction of inaccuracy
caused by different responses of individual pixels to the radiation.
After application of the BH correction the following particular
processing depends on the data type (tomographic reconstruction,
merging tiles).

2.3.1. 2D projection micro-radiography

While the 3D voxel model provides more complex information
about investigated object, the 2D projection imaging has many
advantages with practical simplicity. Acquisition of a single radio-
graphic projection is in comparison with the computed tomogra-
phy much simpler, faster and therefore suitable for a first rapid
inspection of sample. In the case of some purely soft tissue
samples it is very difficult to measure a tomographic dataset
because of the sample instability and therefore the fast projection
is the only practical way of radiographic imaging.

In single projection mode the unique features of the Timepix
detector (unlimited dynamic range, noise-free operation) are
highly helpful. The acquisition time is limited only by the stability
of the sample and required contrast. Conventional acquisition
time for sufficient image statistics is within the range from a few
seconds to tens of seconds.

Moreover the gantry construction allows imaging of oversized
samples by scanning with the detector producing multiple
sub-acquisitions of the sample. Obtained sub-acquisitions are
latermerged in a single image. This approach significantly
increases the effective field of view of the imaging system. Fig. 3
presents two X-ray projections of a juvenile python head acquired
at different angles with magnification factor of 2 acquired in six
sub-acquisitions providing an effective area of the detector 970
by 1250 pixels (X-ray tube settings: 60 kV, 90 pA, 20 s per sub-
acquisition),

5 mm

Fig. 3. X-ray radiography of a head of a newborn python (Python molurus bivittatus)
fixed in ethanol. Both projection images were assembled from six sub-acquisitions
for total resolution of 970 x 1250 pixels and full sensitive area 5.3 x 9.8 cm?,
Nonlinear intensity transfer function is used to further enhance the image contrast.

2.3.2. Computed micro-tomography

Typical dataset for a tomography consists of 180 projections
acquired with discrete 1° steps. Acquisition time is 5-10 s per each
projection, giving a total acquisition time 15-30 min. In the case
of larger samples exceeding the detector size, multiple sub-acquisition
operation mode is also possible for tomographic measurements.

After data preprocessing the tomographic reconstruction is
computed using an in-house developed OSEM (ordered subsets
estimation maximization) based iterative algorithm implemented
with parallel beam geometry. Even though, our algorithm was
originally designed to be used with small field of view given by a
single Medipix chip (14 x 14 mm?) and long source-to-detector
distance (SSD), sufficient results can be achieved also for geometry
of the presented device, The beam convergence of the CT devices
caused by the larger size of the used detector and short SDD
(140-240 mm, see Fig. 1) will be taken into account in the upcoming
version of the reconstruction software which is under development.

The reconstructed 3D model is then visualized using false
colors to highlight different materials within the sample according
to their different densities.

3. Results
3.1. Spatial resolution

The spatial resolution of the redesigned device was evaluated
using imaging of thin iron edge measured with different
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geometrical magnifications at X-ray tube accelerating voltage of
55 kV. The spatial resolution was estimated from measured Edge
response function by the oversampling algorithm described in
[17]. The dependence of the spatial resolution on the geometrical
magnification is plotted in Fig. 4. The best achievable spatial
resolution is 28 pm with the magnification factor of 2. The result
indicates that the actual focal spot used for X-ray tube settings is
smaller than the nominal value given by the manufacturer at the
maximal tube output power.

3.2. Tissue-equivalent phantom

In order to test the soft tissue sensitivity of the presented
system we used a tissue equivalent phantom. The phantom was
made of a PMMA cylinder (10 mm diameter) with 4 parallel
cavities drilled in the cylinder (see Fig. 5). The cavities were filled
by soft-tissue equivalent materials - water (muscle substitute),
wax (neural tissue substitute), oil (fat substitute) and air [18,19].
The phantom as well as all other samples presented in this work
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Fig. 4. Dependence of the spatial resolution in projection images (FWHM of the
Edge response function) of the micro-CT system on the adjusted geometrical
magnification.
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e 1

was measured in absorption Medipix photon counting mode. The
results of tomographic reconstruction of the phantom are shown
in Fig. 5. The reconstructed 3D model is visualized using a
false colors coding to highlight different materials within the
sample according to their different densities. The phantom was
not created with a defined precision and therefore it is not
possible to use it as a geometrical standard. Nevertheless the
tomographic reconstruction of the phantom clearly demonstrates
the ability to distinguish between very similar materials just based
on slight differences in their X-ray attenuation.

The ability to segregate different soft tissue equivalent materi-
als is quantitatively shown in Fig. 6. Fig. 6 presents a histogram of
relative densities of five square ROIs within the reconstructed
volume as depicted in the right part of the figure. The densities
within the volume (horizontal axis) are relative to the mean
density of the ROI covering the PMMA area. Each individual
contribution of the histogram was fit by a Gaussian distribution
and as can be seen it exceeds by far the FWHM criterion.
Parameters of the Gaussian fit are shown too.

3.3. Complex biological samples

The performance of the micro-CT device was tested also with
real biological samples. The tomographic reconstruction of a head
of a juvenile python (the same sample as in Fig. 3) is shown in the
upper part of Fig. 7. The sample was scanned in three sub-
acquisitions. From the presented images it can be seen that the
presented device is capable of visualizing complex biological
samples composed of different types of tissue, including very soft
parts. The acquired 3D model consequently enables visualization
of internal skeletal morphology together with detailed rendering
of soft tissue structures. The bottom part of Fig. 7 presents the
tomographic reconstruction of a fresh chili pepper as an example
of sample absolutely missing any hard structures. The pepper was
scanned in two sub-acquisitions mode.

Fig. 5. Photo (A) of a PMMA phantom with soft tissue equivalent materials (wax, water, oil, air) used for the evaluation of the micro-CT sensitivity, schematic drawing of the
phantom cross-section layout (B), example of a reconstructed slice (C), and examples of volume rendering of the reconstructed model using false colors visualization
displaying wax (green), oil (red), water (purple) and air (empty space) (D). Imaging parameters: tube voltage 60 kV, current 110 pA, and magnification factor of 1.8.
Acquisition time per projection 20 s, (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article,)
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Fig. 6. Histogram of relative densities distribution of five square ROIs within the 3D voxel model of PMMA tissue-equivalent phantom (left). Density values are relative to the
density of PMMA. Mean and sigma values of Gaussian fit of all peaks are shown. One of tested tomographic slices with ROIs signed (right).

Optical Photo <:| |::>Tomographic reconstruction

Fig. 7. Examples of tomographic reconstruction of different biological samples: a newborn python head (top part) and chili pepper (bottom part). The left part of the image
shows optical photos of the samples, the right part presents visualizations of acquired tomographic reconstructions. Data acquired by the redesigned CT scanner equipped
with a Timepix Quad imager. Acquisition parameters: tube voltage 60 kV, current 90 pA, and magnification factor of 2. Acquisition time per projection was 10 s and 5 s for the

python and the pepper respectively.

4. Conclusions

We have successfully redesigned a micro-CT system for
imaging of biomedical samples providing high sensitivity for
visualization of even soft tissue samples. The system is newly
based on implementation of the Timepix Quad hybrid pixel
semiconductor detector, micro-focus X-ray tube and mechanics
with rotating gantry originally developed for the MARS system.
For the newly assembled system, dedicated control, acquisition
and CT reconstruction software enabling full control over the
performance of the CT device was developed. The current device
provides spatial resolution better than 30 um. The pilot measure-
ments with a tissue-equivalent phantom proved that the rede-
signed CT system is suitable for soft tissue imaging with no need of
special sample preparation. The enhanced soft tissue sensitivity
together with high spatial resolution makes the new scanner a
powerful and flexible tool for study of anatomy and morphology of
small animals.

In the next work, we will optimize the scanning protocols with
the aim to find optimal acquisition parameters for different types
of samples and we will use the spectroscopic properties of Time-
pix detector to produce energy sensitive tomographic measure-
ments. Since all data presented in this work were acquired in
Medipix photon counting mode the application of the spectral

Time-over-threshold mode promises to further improve the future
results. The Timepix detector has been already demonstrated to be
a suitable tool for energy sensitive radiography of soft materials
[20]. We will further develop the method with the aim to find
applications of energy sensitive radiography and tomography in
biology and biomedical research.
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Citace: DUDAK, Jan; ZEMLICKA, Jan; KREJCI, Frantigek; KARCH, Jakub;
PATZELT, Matéj; ZACH, PETR; SYKORA, VIKTOR, MRZILKOVA, Jana.
Evaluation of sample holders designed for long-lasting X-ray micro-tomographic
scans of ex-vivo soft tissue samples. Journal of Instrumentation 2016, 11(03),
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1.399/2015.

5.2.1. Uvod a metodika

Snimani mékkych tkani v mikro-CT za ucelem tomografického zobrazeni s vysokym
rozliSenim trva dle velikosti vzorku desitky minut. Béhem této doby musi byt vzorek
dobfe zafixovan, aby nedoslo ke vzniku artefaktii. Zaroven se vSak vzorek béhem
sniméni zahtiva, vypafuje se a méni objem a tvar. Cilem této prace bylo vytvofit
drzéky na vzorky pro mikro-CT MARS, které by udrzely dostate¢nou vlhkost kolem
snimaného vzorku, tak aby nedoslo k jeho strukturdlnim zménam béhem snimani.
Pro tyto ucely byl vyvinut drzdk zinjekéni stiikacky, jejiZz vnitini prostor byl
castecné rozdélen na dva, ve vétSim prostoru byl umistén vzorek, mensi slouzil jako
rezervodr tekutiny, vtomto pfipad¢ etanolu. Ten se postupné b&hem snimdani
vypafoval a udrzoval vnitini atmosféru s dostateénou vlhkosti. Uginnost navrzeného
drzaku byla ovétena sérii testl, kdy se vzorek umistil do vySe predstaveného drzaku
a snimal po dobu 60 minut, stejny typ vzorku se poté snimal v piivodnim otevieném
drzéku a vysledky byly porovnany. Pro potfizovani 2D snimkl byl vytvoten specialni

drzak, ktery umoziiuje snimat jednu projekci na vzorky o velikosti az 40x150 mm.
5.2.2. Vysledky, diskuze a zavér

Snimani vzorku plic laboratornich mysi jasné ukazalo snizené zmenSovani vzorku
v dvojkomorovém drzaku v porovnani s otevienym drzakem. Kromé srovnani tvaru a
zmenSovani objemu vzorku bylo také provedeno srovnani kvality vyslednych
tomografii. V pfipadé oteviené¢ho drziku se na tomografiich vyskytlo vétsi mnozZstvi
arfetaktli, jako naptiklad rozmazané okraje nebo pruhy. Vytvoreny drzék je vhodny
pro udrzeni stability vzorku béhem snimdni v mikro-CT po dobu desitek minut.
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ABstrACT: X-ray microradiography and microtomography are imaging techniques with increasing
applicability in the field of biomedical and preclinical research. Application of hybrid pixel
detector Timepix enables to obtain very high contrast of low attenuating materials such as soft
biological tissue. However X-ray imaging of ex-vivo soft tissue samples is a difficult task due to its
structural instability. Ex-vivo biological tissue is prone to fast drying-out which is connected with
undesired changes of sample size and shape producing later on artefacts within the tomographic
reconstruction. In this work we present the optimization of our Timepix equipped micro-CT system
aiming to maintain soft tissue sample in stable condition. Thanks to the suggested approach higher
contrast of tomographic reconstructions can be achieved while also large samples that require
detector scanning can be easily measured.
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1 Introduction

Microradiography and microtomography are imaging techniques utilizing the illumination of the
investigated object by the X-rays to measure the intensity of the transmitted beam behind the object.
While the microradiography is usually performed in a single acquisition and provides a single 2D
image of the investigated object, the tomographic approach requires the acquisition of a large set
of projections under different angles that after dedicated mathematical processing produces a 3D
voxel-based model of the scanned object.

As the X-ray imaging systems are becoming compact and easily available its applications
in the field of biomedical and preclinical research have constantly increasing tendency [1]. The
state-of-the-art laboratory micro-CT systems provide high and isotropic spatial resolution in order
of micrometres or tens of micrometres in case of ex-vivo or in-vivo imaging, respectively [2, 3].

X-ray radiography has been traditionally used for imaging of hard structures such as skeletal
system while its applicability for soft tissue imaging was limited due to intrinsic low attenuation
contrast. Nevertheless thanks to availability of a number of contrast agents the soft tissue X-ray
imaging have become a powerful tool in medical diagnosis and in the field of high resolution
pre-clinical imaging as well.

Although the invention of contrast agents successfully enhance the contrast of particular types
or structures within soft tissue, various different problems complicating the X-ray imaging of ex-vivo
soft-tissue samples still remain. Ex-vivo soft tissue is highly sensitive and unstable. It easily dries
out, shrinks and undergoes structural and shape changes. Consequently, the acquisition of dataset of
ex-vivo tissue samples in high resolution tomography (a time consuming process from minutes up
to hours) is very challenging. To keep the sample in stable conditions, it is necessary to prevent and
slow down any degradation of the sample during the scan to eliminate different artefacts otherwise
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Figure 1. The gantry of the described micro-CT system holding the source and detector. The gantry rotates
around horizontal axis with the sample in its center (left). Scheme describing the imaging geometry of the
system (right).

appearing in the tomographic reconstruction. In this work, we present an extension of Micro-CT
scanner utilizing Timepix detector technology [6] enabling efficient scanning of unstable soft-tissue
samples. The new development is based on construction of devoted sample holders that maintain
stable and saturated humidity around sample. The suggested approach minimizes undesirable
tissue changes and enables obtaining higher contrast of obtained data with the possibility of longer
acquisition times.

2 Materials and methods

2.1 Hybrid pixel semiconductor detector Timepix

Timepix detectors are hybrid pixel devices developed in frame of the Medipix collaboration at
CERN [7]. The Timepix detector is composed of a monolithic semiconductor sensor layer bump-
bonded to a CMOS-based pixelated read-out chip. The basic assembly provides the sensitive area
of 1.4 by 1.4 cm? consisting of a square array of 256 by 256 pixels with 55 um pixel pitch [8].
Although several different sensor materials are available, the most common sensor material is still
300 pm thick silicon.

The detector works in photon-counting noise-free mode. Each pixel works as an individual
digital counter of incoming photons without presence of any noise (dark and leakage currents, read-
out noise) that normally degrades the quality of radiographies acquired using conventional imaging
detectors. Therefore, Timepix type detectors are able to acquire radiographies with virtually
unlimited dynamic range (practical limit is given just by the number of detected photons) resulting
in high contrast-to-noise ratio (CNR). The extremely wide dynamic range makes from Timepix
technology a powerful tool even for X-ray imaging of objects with intrinsic low absorption and poor
contrast [9].

The weakness of Timepix devices in the imaging field used to be their limited size (sensitive
area just 2 cm?). Recently this limitation was successfully overcome by the WidePIX® enabling to
build large area Timepix devices fully comparable with conventional imaging detectors [10].
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Figure 2. Demonstration of the contrast within the reconstructed CT slice between different soft tissue-
equivalent materials achieved with the Timepix detector equipped micro-CT system. All selected ROIs
(marked in the reconstructed slice in the right part of the figure) are clearly distinguishable. Mean and sigma
values of Gaussian fit of all respective peaks are shown in the table. The relative density of each ROI was
calculated with respect to the density of PMMA area in the reconstructed volume. Acquisition parameters:
tube voltage 60 kV, current 110 A, 180 projections, ca. 1.2 - 10° and 2 - 10* counts per pixel in open beam
and behind the object respectively [6].

2.2  Small animal imaging Micro-CT scanner

The mechanics of the Micro-CT scanner were originally designed and developed by the University
of Canterbury, New Zealand, as MARS (Medipix All Resolution System) [11]. The construction of
the system was designed to be used for small animal imaging. The sample holder is fixed steadily
in the horizontally oriented rotation axis while the gantry holding the X-ray tube and the detector
rotates around it and acquires data (see figure 1). Asthe sample is placed stock-still on the horizontal
sample holder, the risk of artefact occurance due to unstability of sample parts during the scan is
minimised.

Compared to the original design, the presented device is equipped with Timepix Quad detector
(512 x 512 pixels, sensitive area 2.8 x 2.8 cm?) with a silicon sensor and the micro-focus X-ray
tube KEVEX™ PXS-11. The detector communicates with PC via FITPix interface [12].

The basic evaluation of the modified system performance for imaging of biomedical samples
was already published in [6]. After performed hardware modification the highest achievable spatial
resolution of the system is ca. 28 pm [6]. Furthermore the system was tested by means of soft
tissue resolving ability using a tissue-equivalent phantom. The phantom was built of PMMA and
contained four cavities filled by water, oil, wax and air to substitute muscle, fat, neural tissue and
body cavities respectively. Figure 2 shows a chart proving that the Timepix detector is capable to
clearly distinguish all phantom materials (figure 2 left) and an example of slice of reconstructed
volume (figure 2 right) [6].

2.3 System control, data acquisition and processing

The whole system is operated using the Pixelman software [13]. A dedicated plugin with well-
arranged GUI for remote control of gantry and its compartments was created. Beside the mechanical
positioning of the system Pixelman performs data acquisition and allows the operator to adjust all
acquisition parameters. The automated data acquisitions such as tomographic scan are performed



via the Python scripting plug-in dedicated for creating custom user algorithms using the Pixelman
function libraries.

A tomographic dataset consists typically of 180-360 individual projections acquired in equally-
spaced gantry angles. Typical acquisition time per projection ensuring the sufficient contrast and
low noise level lies within the range from ones to tens of seconds. The acquisition time of overall
dataset is at least few minutes but preferably longer (tens of minutes or even hours) to exploit the
capability of Timepix detector to acquire data with wide dynamic range. Pixelman is also featured
by additional plug-ins for data pre-processing and corrections. For imaging purposes the most
important plug-ins are flat-field correction and beam hardening (BH) correction. The algorithm
of BH correction utilized by Pixelman was developed specifically for hybrid pixel detectors [14].
The correction is based on the acquisition of a set of well-defined absorbers of different thicknesses
(typically aluminium foils) that are used to fit a polynomial function for each individual pixel. The
obtained function characterizes the per-pixel detector response to the radiation under given imaging
geometry, source parameters and absorber thickness. As the behaviour of each pixel under changing
conditions is observed the bad pixels are recognizes and interpolated. This approach decreases the
uncertainty of pixel response behind the object compared to the flat-field correction which uses
calibration by the open beam only. Furthermore the correction results in data linearization as the
data is transformed from intensity to equivalent thickness of the calibration material.

The standard data pre-processing consists of performing the BH-correction of all projections.
In case of scanning of objects exceeding the field of view (see section 3.2) the individual sub-
acquisitions must be merged together before further processing. Since the data after performing
the referred BH correction is linear it can be directly used for tomographic reconstruction. The
tomographic reconstruction is calculated using in-house developed OSEM based (Ordered Subsets
Expectation Maximization) iterative algorithm.

3 Results

The ability to resolve reasonable contrast within the soft tissue was previously tested and proven
using a tissue-equivalent phantom (see figure 2). As the scanning of real biomedical samples is,
however, more complicated due to their instability requiring careful handling and keeping them
under stable conditions. Tools developed with the aim to optimize acquisition of soft tissue samples
are described in the following section.

3.1 Adjustable sample holders for native soft tissue samples

As there has been a large variety of sizes and shapes of objects being scanned with the scanner, a set
of different sample holders was developed to optimally fulfill needs of experiments. The developed
system of sample holders consists of an adjustable adapter base enabling precise centering of the
sample in range +/— 5 mm in two perpendicular axes and set of adapters for different sample
types (shown in figure 3). Thin-walled (0.3 mm thickness) cylindrical polypropylene containers
of different diameters (5-28 mm) are dedicated for scanning ex-vivo biological tissue samples
(see figure 3 A). The containers were designed to keep soft tissue samples in stable conditions,
to eliminate drying-out and to support the sample. The container contains two semi-separated



Figure 3. A) Double-compartment polypropylene container with liquid reservoir for scanning soft tissue
samples placed in the gantry; B) adjustable adapter base of the developed sample holder allowing precise
centering of the sample with a chuck mounted for holding rigid samples and phantoms; C) sample bed for
quick 2D inspection of large samples enabling to gain magnification up to the factor of 3.2.

compartments — the first for the sample and the second as a liquid reservoir (i.e. ethanol) to keep
the inner atmosphere saturated by humidity.

Eventually a sample holder dedicated for 2D radiography of large objects was designed. A large
bed of the holder is dedicated for fast inspection of samples and can carry objects up to the size of
40 mm x 150 mm (figure 3). As the single projection scan does not require the sample placed in the
rotation axis the sample holder can be set to eccentric position and gain the higher magnification
factor up to the value of 3.2. The adapter base can hold a chuck as well (figure 3 B). The chuck
is a preferable choice for rigid type of samples such as bones or for fastening various phantoms
dedicated for system calibration.

3.1.1 [Evaluation of sample stability improvement

Keeping the sample in closed atmosphere saturated by humidity significantly improves its stability.
Picking the proper size of the container moreover supports the sample mechanically. The efficiency
of using double-compartment sample containers with liquid reservoir was evaluated by observing
the amount of changes within the sample during a 60 minutes lasting tomographic scan.

To evaluate the effectiveness of the sample environment stabilization, the same type of sample
was scanned under identical conditions with the developed 2-chamber container and the original
opened sample holder. Differences of relevant projections acquired at the beginning and the end of
both tomographic scans are calculated (as a difference of respective images) and results are shown
in figure 4. The amount of difference visible in the right part of the figure demonstrates that the
shrinkage of sample scanned in the container with water reservoir is significantly smaller. Figure 5
shows the improvement of quality in reconstructed tomographic slices from the same datasets as
presented in figure 4. Both samples were scanned and processed in the same way. While the
slice in the left part of figure 5 suffers of a number of artifacts as blurring, streaks on the edges or
germination of structures within the slice, the reconstruction on the right side of the figure does
not exert any of these imperfections. From the sharply reconstructed cross-section of the sample
holder it is clear that imaging geometry and reconstruction parameters were adjusted properly for
both datasets.
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Figure 4. Demonstration of improvement of soft tissue sample stability with developed sample container.
Top row shows the first and last projection of a sample (mouse lungs) scanned on the uncovered sample
bed. Bottom row shows the first and last projection of different sample of the same type scanned in the
double-compartment container. The time delay between projections at 0 and 360 degree positions is ca. 60
minutes. The differences of relevant projections clearly show the improvement of sample stability using
suggested approach. Both difference images have the same intensity scale. Acquisition parameters: tube
voltage 60 kV, current 140 uA, 360 projections, ca. 1 - 10° and 1.4 - 10* counts per pixel in open beam and
behind the object respectively. Used magnification factor was 1.25, FOV 2.2 x 2.2 cm.

5 mm

Figure 5. Comparison of tomographic slices of ex-vivo mouse lungs reconstructed from projections demon-
strated in figure 4. Samples were scanned using an open holder (left) and using the developed double-
compartment holder with water reservoir (right).



12 sub-acquisitions

Total resolution 1750 by
1400 pixels (2.5 Megapixels)
Spatial resolution 28 pm

Figure 6. Laboratory rat head scanned using the tiling approach virtually enlarging the detector sensitive
area. The sample is acquired in multiple sub-acquisitions which are later registered and merged into single
image. Acquisition parameters: tube voltage 70 kV, current 100 uA, acquisition time 90 s per projection,
ca. 4.5 10° and 1 - 10* counts per pixel in open beam and behind the object respectively.

3.2 Tiling approach for scanning large objects

Although the Quad configuration provides four times larger sensitive area compared to the basic
Timepix assembly, for some applications the detector coverage (2.2 X 2.2 cm?) is still not sufficient.
Consequently, when the object projection exceeds the field of view, it is necessary to virtually
enlarge the detector sensitive area. This can be accomplished by the gantry mechanics that allow
shifting of the detector and/or the sample. Using the tiling approach a large object is scanned in
multiple sub-acquisitions which are later registered and merged into a single image (see figure 6).

The tiling approach is suitable both for quick 2D projection inspection of the object as well
as for acquisition of tomographic datasets. The inevitable drawback of the sample scannig lies in
the total acquisition time prolongation making the sample environment stabilization (especially the
humidity control) essential.

4 Conclusions

In this contribution, we presented the approach for imaging unstable ex-vivo soft tissue samples by
means of X-ray micro-radiography and micro-CT. The proposed approach based on the developed
2-chamber sample container successfully supresses undesirable sample deformations caused by the
sample drying. We have demonstrated that using this approach it is possible to keep soft-tissue
samples stable for tens of minutes or even longer, which allows acquisition of standard tomographic
datasets free of artefacts caused by sample distortion.



Even though due to detector dimensions the system is preferably suitable for samples with di-
mension up 22 mm in diameter, the sensitive area can be effectively increased by the detector/sample
shifting and acquiring multiple sub-acquisitions. In the future, the Quad detector configuration will
be replaced by the large area detector built using WidePIX® technology to enable rapid scanning
of larger objects.
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5.3. High-contrast X-ray microradiography and
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5.3.1. Uvod a metodika

Zobrazovani meékkych tkani v mikro-CT vyzaduje ve vétSin€ piipadd pouziti
kontrastni latky. Tyto latky jsou vSak casto velmi ndkladné, naro¢né na pouziti,
toxicke a také ve vétSiné ptipadl poskodi vzorek, tak, Ze jej nelze znovu pouZit v jiné
vySetfovaci metod€. Cilem této prace bylo otestovat nové vytvorenou metodu
etanolové fixace meékkych tkani pro zobrazeni v mikro-CT osazeném foton-
pocitajicim detektorem a zjistit optimalni nastaveni pfistroje pro snimani téchto
vzorki. V praci byly pouZity organy geneticky upravenych mysi C57BL/6J — srdce,
plice, mozek, jatra a ledviny, které byly fixovany v 50%, 97% etanolu a ve vzestupné
fad¢ koncentraci (50-97%) etanolu. Vzorky byly nésledné sniméany po 24, 72, 168 a

336 hodinach. Vzniklé snimky byly nasledn€ porovnany se snimky nativnich organi.
5.3.2. Vysledky, diskuze a zavér

VSechny vzorky fixované v etanolu vykdzaly zvySeni kontrastu v porovnani
s nativnimi vzorky. Diky G¢innému zpevnéni vzorkl a rychlému vypatfovani etanol
umoziuje stabilizaci vnitini struktury vzorki a tim komory, cévy, bronchy, kalichy a
dalsi dutiny nekolabuji a vypliuji se vzduchem. Diky tomu bylo moZné detekovat
pfirozeny kontrast mezi vzduchem a tkani. Z pfedbéznych snimani vySlo, ze
k nejvétsimu zvyseni kontrastu doslo u fixace ve vzestupné fadé koncentraci etanolu
po dobu 168 hodin. Metodika, porovnani Cast fixace a koncentraci jsou popsany

dale.
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OFEN High-contrast X-ray micro-
‘radiography and micro-CT of
“ex-vivo soft tissue murine organs

e utilizing ethanol fixation and large
et area photon-counting detector

Jan Dudak?, Jan Zemlicka?, Jakub Karch'2, Matej Patzelt?, Jana Mrzilkova?, Petr Zach?,
: Zuzana Hermanova®, Jiri Kvacek* & Frantisek Krejci'

. Using dedicated contrast agents high-quality X-ray imaging of soft tissue structures with isotropic
. micrometre resolution has become feasible. This technique is frequently titled as virtual histology as
it allows production of slices of tissue without destroying the sample. The use of contrast agents is,
. however, often anirreversible time-consuming procedure and despite the non-destructive principle
. of X-ray imaging, the sample is usually no longer usable for other research methods. In this work we
. present the application of recently developed large-area photon counting detector for high resolution
: X-ray micro-radiography and micro-tomography of whole ex-vivo ethanol-preserved mouse organs. The
. photon counting detectors provide dark-current-free quantum-counting operation enabling acquisition
. of data with virtually unlimited contrast-to-noise ratio (CNR). Thanks to the very high CNR even
. ethanol-only preserved soft-tissue samples without addition of any contrast agent can be visualized
: in great detail. As ethanol preservation is one of the standard steps of tissue fixation for histology, the
. presented method can open a way for widespread use of micro-CT with all its advantages for routine 3D
: non-destructive soft-tissue visualisation.

: Study of micro- and macroscopic structure of biological tissue provides essential information required both in
. medical diagnostics and research. Existing techniques for observation of tissue morphology, morphometry and
. phenotyping at the microscopic scale rely on histology'. Conventional histology, however, requires time consum-
. ing, complicated and destructive sample preparation protocols. The sample processing typically consists of differ-
. ent types of tissue dehydration, fixation, staining and resin-embedding followed by precise slicing and mounting
. on glass slides. Individual sample slices are then observed using a microscope, images are digitalized, evaluated
. and stored. Spatial resolution within the slice is basically given by the wavelength of used light. Improving further
. the spatial resolution requires the use of electron microscopy'. As each tissue sample is processed into a set of
. slices, the histology provides a sort of 3D information about the studied sample. Nevertheless, the spatial reso-
. lution of the obtained data set is highly anisotropic since the thickness of slices (affecting the resolution in the Z
: axis) is much larger than the spatial resolution within a single slice (XY plane). The assembling of the volumetric
. information from the set of 2D slices is, moreover, a complicated time consuming procedure prone to different
. artefacts?,

Volumetric methods in conventional histology
. A histological method producing true volumetric information was introduced as High Resolution Episcopic
3D Microscopy (HREM) or Surface Imaging Microscopy (SIM). HREM and SIM have much in common with
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conventional histology, but utilizing a different scanning approach isotropic spatial resolution down to 0.5 jum can
be achieved®*. A significant drawback of these methods is, however, that they destroy the sample completely. On
the contrary, in the case of conventional histology glass slides with sample slices can be stored and used repeatedly
(for microscopy or more importantly for other techniques). In general, the optical-based methods can provide
ultimate spatial resolution and contrast down to the cellular level, they can render 3D information about the
investigated sample, but these techniques are destructive to the sample.

Virtual histology by means of X-ray imaging techniques

With the rapid development of technology in the field of X-ray imaging, high resolution information
about the inner structures of objects can be obtained even non-destructively. The spatial resolution of X-ray
micro-tomography systems is becoming almost comparable to conventional histology (tens of nanometres in the
case of synchrotron radiation sources and micrometre level in the case of laboratory-scale devices®”). Computed
tomography, furthermore, produces a virtual 3D voxel-based model of the sample with isotropic spatial resolu-
tion. The reconstructed volume can be rendered and sliced in any required plane giving much more freedom in
sample observation and data evaluation than conventional histology. Thanks to the non-destructive approach of
the method, samples remain intact and still fully usable for further investigation procedures.

In spite of the high spatial resolution provided by X-ray micro-radiography and micro-CT, visualisation of
soft tissue remains a challenging task due to the very low intrinsic attenuation contrast between the investigated
structures. Consequently, for imaging of soft tissue with X-rays the application of a high-Z contrast agent is usu-
ally necessary® '°. To obtain a specific affinity of dedicated contrast agents to various tissue structures, a proper
sample preparation protocol must be then followed. These contrast staining procedures are, however, elaborate,
often time consuming (up to several days) and irreversible which prevents the use of a sample for other research
methods.

Photon counting detector technology

The steady progress in miniaturization of front-end electronics in the last decades has opened the possibility for
development of semiconductor pixel X-ray detectors with sophisticated digital per-pixel signal processing func-
tionality enabling detection by so-called photon counting. Several different photon counting imaging detectors
(PCD) have been developed in the last decade which are today commercially available (Medipix and Timepix'®,
PILATUS" and Eiger', XPAD" and PiXirad®). These detectors operate typically in dark-current-free mode in
which the signal generated by each incoming X-ray photon is processed at the pixel level individually including
pre-amplification, comparison with the pre-adjusted amplitude threshold (set above the pixel intrinsic noise) and
digital counting. As a result of this signal processing, these detectors are practically noiseless and the obtained
contrast-to-noise ratio in X-ray radiographs and CT scans is limited only by the number of detected X-ray pho-
tons, Consequently, when applied for X-ray absorption radiography, even structures showing low difference in
attenuation (e.g. soft tissue) can be visualised with high CNR compared to conventional imaging detectors utiliz-
ing scintillating sensors and charge-coupled detection instead of photon counting?'.

Despite the significant progress in imaging parameters provided by the photon counting technology a crucial
limitation in the practical use of these devices for imaging has been the small sensitive area of only few square
centimetres. This technological barrier has been fully overcome by the development of large-area photon count-
ing semiconductor detectors such as the WidePIX device® consisting of a matrix array of Timepix chips equipped
with edgeless sensors tightly placed side by side using customized tiling technique. The assembled detector matrix
array has practically no gaps between chips resulting in a fully sensitive area of up to 14.3 x 14.3cm? (array of
100 Timepix chips). Such large-area semiconductor pixel detectors combined with modern table-top sources
(e.g. micro-focus X-ray tubes) open the way for extended and new applications in X-ray imaging.

In this work we demonstrate performance of this recently developed large area hybrid pixel photon counting
detector for high resolution X-ray microradiography and micro-tomography of ex-vivo ethanol-only preserved
murine organs. The effect of ex-vivo soft tissue contrast enhancement after ethanol-preservation has been demon-
strated in studies related to phase contrast X-ray imaging®-*. However, in the case of techniques based on X-ray
absorption, ethanol is generally used as a soft tissue fixative and the sample needs to be further stained by a
contrast agent (Lugol solution, phosphotungstic acid, osmium tetroxide, etc.)® '1. The presented experimental
measurements demonstrate that using the PCD it is possible to visualize fine structures in ethanol-preserved
mouse tissue samples even without use of any further contrast staining. The approach, furthermore, preserves the
sample for standard imaging techniques, such as histology. The presented approach, therefore, radically simplifies
the soft-tissue sample processing protocol for X-ray micro-radiography and micro-CT and opens the way for
widespread use of these techniques for routine 3D non-destructive ex-vivo soft tissue visualisation.

Results

Compared to water, ethanol evaporates more effectively promptly leaving all kinds of cavities such as ventricles,
vessels, alveoli, bronchi etc. Structures normally filled by liquid, therefore, become hollow and produce detectable
absorption contrast. Since ethanol stiffens the tissue, investigated organ samples can easily withstand time con-
suming tomographic scans (from tens of minutes up to hours) without significant changes of the tissue shape and
inner structure. The demonstration of the observed contrast improvement of the ethanol preserved tissue sample
compared to the native sample is shown in Fig. 1. Microradiography of the native heart kept in saline (Fig. 1A)
provides minimal contrast of inner structures as ventricles and veins are still filled by blood or saline having
almost the same attenuation properties as the surrounding heart muscle tissue. On the other hand, in the case of
ethanol preserved hearts (Fig. 1B-D) the microradiography reveals numerous details of sample inner structures.
In all tested samples the gained contrast developed during first days of fixation, as ethanol penetrated the tissue,
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2 mm

Figure 1. Demonstration of the contrast improvement in X-ray micro-radiography between a native
sample and ethanol preserved samples. X-ray radiography of a native mouse heart (A) and samples preserved
in 50% ethanol solution (B), 97% ethanol solution (C) and the ethanol series of increasing concentrations (D).
Acquisition parameters: Tube voltage 60kV, current 120 pA, acquisition time 40s.

however, after 7 days in ethanol solution the contrast becomes stable without further changes. All samples pre-
sented in this work were preserved for at least 7 days.

From three different ways of ethanol fixation which were tested (50% solution, 97% solution, and series of
increasing concentration 50-97%), we evaluated as most appropriate the approach based on the series of increas-
ing ethanol concentration. The 50% ethanol solution has maintained the native look of the tissue, but it did not
stiffen and improved the contrast of samples sufficiently. On the other hand, the use of the high ethanol concen-
tration (97%) directly to a native tissue sample has resulted in severe tissue deformation or even occurrence of
ruptures.

Experimental measurements indicate that the contrast develops with respect to the degree of drying of the
sample. The ethanol evaporation is the fastest from the surface of the sample and from larger cavities. Contrast in
radiographic images changes consequently as a function of resting time (the time delay between sample removal
from the ethanol solution and the measurement) within the same type of tissue, as demonstrated for the case of
lungs in Fig. 2. Different lung samples A, B and C were extracted from the ethanol solution and rested on paper
towel in air for varying time periods. While sample A rested for just 10 minutes, it shows mostly the trachea and
its bifurcations. At longer rest time, finer structures start appearing (see Fig. 2B). Finally the contrast of trachea
and bronchial tree is almost completely shadowed by pronounced alveolar structure (see Fig. 2C).

In a similar manner also other hollow systems like veins, arteries and various ventricles provide extensive
contrast enhancement following alcohol staining. Contrast enhancement in a murine kidney is demonstrated in
Fig. 3. High contrast was obtained in the case of liver, where the vessel system is clearly pronounced down to the
15 pum thick venules, see Fig. 4. The dehydration also improves the detectability of tissue structures such as muscle
fibres as the muscle tissue reacts differently than the surrounding fascial layer of muscle (visible in Fig. 1C,D). In
the case of micro-tomography of the heart this effect can be used for visualization of the heart vortex - heart wall
with helically shaped muscle fibres (see Fig. 5 and supplementary files 1 and 2). The data for the presented tomo-
graphic reconstruction was acquired using the high resolution setup equipped with the large area PCD. Thanks to
the magnifying geometry used for the scan, the spatial resolution of projections is 7.2 pm. The transversal slices of
the reconstructed 3-D model (see right part of Fig, 5) clearly reveal the helical structure of the heart vortex. Beside
that it is possible to observe inner structures like heart chambers or valves, and to perform various distance, sur-
face and volume measurements and other common analyses.

Discussion

The proposed approach provides enhanced CNR imaging with 3D information about investigated soft tis-
sue structures at the micrometre scale without physical sectioning of the sample. Quick, non-destructive and
non-distorted 3D visualisation of soft tissue structures with spatial resolution approaching the cellular level opens
new possibilities in so-called virtual histology®®. The spatial resolution, in our case limited to 5pm by the focal
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Figure 2. Demonstration of contrast development in X-ray micro-radiography of ethanol-preserved
mouse lungs as a function of resting time. Three different samples scanned after 10, 20 and 40 minutes of
relaxation, respectively, are shown. Short resting time makes the trachea and bronchial tree being visible (A),
while longer resting time leads to discernment of the alveolar structures of lungs. In (B) a superposition of
bronchial and alveolar structures are visible, in (C) the alveolar structures hinder the visibility of the trachea and
bronchial tree. Acquisition parameters: Tube voltage 60 kV, current 120 1A, acquisition time 40s.

| mm

Figure 3. Selected projections from a tomographic dataset of ethanol-preserved murine kidney acquired
using the high resolution micro-tomography setup equipped with the large-area PCD. The images
demonstrate possibility to visualise various inner structures with superb image quality just based on the ethanol
preservation. Acquisition parameters: Accelerating voltage 60 kV, current 90 pA, acquisition time 10s.

spot size of the X-ray source used, can be further improved by new table-top laboratory sources with focal spots
size well below 1 pm.

Very good soft tissue contrast together with non-destructive volumetric information can be provided also by
highly sophisticated methods such as X-ray phase-contrast™-?%, dark-field imaging®* or X-ray microscopy®"*.
These methods, however, require an advanced setup and very special X-ray beam characteristics, which in most
of the cases can be found only at large scale synchrotron facilities. These requirements crucially limit further
widespread application of these techniques, e.g. in biology.
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Figure 4. High resolution X-ray radiography of ethanol preserved mouse liver scanned using the compact
micro-CT scanner with Quad detector assembly (A,B) and the high resolution setup (C). Due to the limited
FOV the presented micro-radiographic image (A) is merged from 9 individual tiles. The selected ROI (B) shows
the fine vascular structure of the liver lobe with venules diameter down to 40 pm. ROI of liver with 5 jum spatial
resolution acquired using the large area Timepix detector (C) enables revealing venular structures down to 15pum.
Note also a white brim along the outer border of capillaries formed by phase effects enhancing further the final
contrast. Acquisition parameters: Tube voltage 60 kV, current 120 pA, acquisition time 40s.

Currently used X-ray micro-CT staining techniques for ex-vivo soft tissue absorption imaging utilize high-Z
contrast agents which are delivered to the specific structure by elaborate, time demanding and irreversible stain-
ing techniques which depend also on the knowledge of skilled staff. Using the proposed method, high quality
micro-radiographs and micro-CT scans of basically all murine organs can be acquired just after simple etha-
nol preservation of tissue. The method, moreover, keeps the samples fully usable for further measurements and
research. The significant simplification of the sample preparation protocol and compatibility with established
techniques makes consequently the method easily accessible to the general scientific community and opens the
use of micro-CT as a new standard tool for inspection of soft tissue biological samples.

A set of comparative measurements was performed using a commercially available micro-CT scanner Bruker
1172 equipped with 11 Mpixel CCD detector (9 um pixel pitch) and micro-focus X-ray tube. The comparison has
showed that the contrast improvement of soft tissue structures based on the ethanol staining is detectable even
with state-of-the-art conventional X-ray cameras. Nevertheless, the profit of a noiseless PCD lies in the possibility
to detect even extremely small variation in density/thickness formed, for example, by few micron thin veins. For
charge-integrating devices such sensitivity is a difficult task due to various intrinsic sources of noise (dark cur-
rent, leakage current, read-out noise) negatively affecting the CNR of radiographic images. Results of comparison
between the large area PCD and CCD camera are demonstrated for the case of ethanol-preserved murine liver
in Fig. 6. The pixel resolution of micro-radiographic systems was set to 4.3 pum in both cases and comparable
detected open beam intensity was used. The comparison shows that PCD clearly provides better results in terms
of CNR which provides significantly improved visualisation of many faintly attenuation object features. Moreover,
CNR of the PCD radiograph can be further improved just by exposure time prolongation. The detail visibility in
radiographs acquired using PCD is also partially positively affected by their steep point spread function.

Another important advantage of the approach based on the large-area photon counting detector is the
capability to image whole murine organs with very high magnification. The sensitive area of state-of-the-art
Charge-Coupled-Devices (CCDs) which are a promising detector technology currently used in micro-CT scan-
ners is still limited to few square centimetres and their use is therefore limited to imaging of small objects. Thanks
to development of large area photon counting detectors even larger organs, such as human, can be also visualized
with moderate spatial resolution given basically by the pixel size of the detector (55 m). The approach therefore
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Figure 5. Tomographic reconstruction of a mouse heart acquired using the high resolution setup and large
area Timepix detector. The left image shows the volume rendering of reconstructed dataset visualized using
the false-colour system. The right part of the figure shows four different transversal slices (see labels A thru D)
across the reconstructed volume demonstrating the heart vortex - helical structure of the muscle fibres. See
supplementary files 1 and 2 providing animations of the reconstructed data in two different planes. Acquisition
parameters: Tube voltage 70kV, current 100 1A, 720 projections, acquisition time 5s. per projection. Spatial
resolution 7.2 pm.

provides from a single tomographic scan very complex 3-D model of relatively large tissue volume. This feature
together with the high contrast provided by the ethanol staining opens new possibilities in understanding of the
structure and functionality of soft tissue organs.

Conclusions

We have developed and demonstrated a flexible imaging method for 3D imaging of ex-vivo soft tissue sam-
ples based on the use of the large area photon-counting detector and simple ethanol preservation. The method
provides substantial improvement of image quality of various soft tissue structures in absorption X-ray
micro-radiography and micro-tomography applied without the use of higher-Z contrast agents. The achieved
contrast provides different type of information compared to conventionally used contrast agents. Moreover,
ethanol preservation stabilizes the samples structurally and improves the stability of sample imaging during
long lasting tomographic scans. As ethanol preservation is one of standard steps of tissue fixation for histology,
the presented approach can open a way for widespread use of micro-CT with all its advantages for routine 3D
non-destructive soft tissue visualisation.

Methods

Sample processing. A set of measurements with ex-vive mouse organs was performed. Use of laboratory
animals was approved by Ethical Committee of the Third Faculty of Medicine, Charles University in Prague. The
animals were treated with accordance to guidelines defined by Ethical Committee in decisions no. 246/1992 and
no. 419/2012. Genetically modified mice C57BL/6 (weight 17 g) were terminated by ether inhalation overdose
and their organs (brain, heart, kidney, liver and lungs) were extracted out for purposes of this study. All sam-
ples were inserted into ethanol solution immediately after extraction. As fixative we used 50% and 97% ethanol
solutions and an ethanol series with gradually increasing concentration (50-97%). The samples were scanned
after 24 hours, 72 hours, 1 week and 2 weeks after inserting into the fixative. Before data acquisition each sample
was rested on the air for certain time (5-60 minutes) to let the redundant ethanol evaporate from the surface
of the sample and from cavities. For the purposes of 2D projection imaging the sample was placed in a sample
holder keeping the sample in place between two thin self-adhesive stretch foils which minimised the occurrence
of motion artefacts and slowed down the further drying-out of the tissue (see Fig. 7 right). In the case of tomo-
graphic acquisition, samples were fit into the properly-sized cylindrical double-compartment sample holder with
an ethanol reservoir that fixed the sample mechanically and kept saturated gaseous atmosphere preventing struc-
tural changes of the samples™.

X-ray micro-CT s3etup and measurements. For the first evaluation, samples were scanned using a
compact small animal X-ray micro-CT scanner*. The scanner provides spatial resolution ca. 28 pm and limited
field of view given by the detector size (photon counting Timepix Quad detector'® with 300 um thick Si sensor,
512 x 512 pixels, 55pm pixel pitch, sensitive area 7.92 cm?). Thanks to the rotating gantry construction with a
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Photon counting detector Charge-coupled device

500 pm

250 um

Figure 6. Comparison of X-ray micro-radiography of the ethanol-preserved mouse liver acquired using
the PCD (left column) and CCD (right column). The pixel resolution of both setups was set to 4.3 pm. While
globally both images look very similar, when observing a small region of interest (lower rows) the PCD reveals
finer structures thanks to much higher CNR. Acquisition parameters were 60kV, 100 in the case of the high
resolution set-up with PCD and 40kV, 260 1A in the case of the CCD-based setup. Acquisition time of each
imaging system was set individually to provide comparable detected intensity of the open beam. While the PCD
clearly visualizes venules smaller than 15um, in the case of the CCD detector only structures larger than ca. 60 um
are visible.

short source-to-detector distance and high beam intensity, rapid measurements of unstable samples and acquir-
ing of tomographic datasets consisting of many projections are feasible. The gantry housing the X-ray source and
detector rotates around the sample laying stationary on the holder in the horizontal direction. The configuration
minimises the possibility of changes within the soft biological sample during the scan.

In order to obtain high-resolution radiographs and micro-CT scans of whole murine organs the upgraded
high-resolution X-ray imaging setup® at IEAP CTU in Prague has been used. The high-resolution setup is
equipped with the Hamamatsu L8601-01 X-ray tube with 5 um focal spot and the large area photon counting
detector WidePIX,,, ; composed of 50 Timepix chips* providing the total pixel resolution of 2560 by 1280 pixels
(see Fig. 7 left). The basic detector assembly (a single detector tile) consists of an edgeless 300 um thick sili-
con sensor bump-bonded to a CMOS pixelated Timepix read-out chip (256 by 256 pixels, 55 um pixel pitch)'®.
The high-resolution system is placed inside of a shielded vault enabling the use of imaging geometry with high
magnification factor. The precise motorised positioning system allows scanning large samples in multiple
sub-acquisitions that virtually increase the detector sensitive area. The best achievable spatial resolution is slightly
below 5pum (limited by the penumbral effect of the tube spot size).

The detected intensity in acquired data was over 10° and 1.5-10* events per pixel behind the object for 2D radi-
ography and tomographic projection, respectively. All presented 2D radiographies and the projections used for
tomographic reconstruction were processed by beam hardening correction®. The X-ray spectrum used for meas-
urements corresponded to a tungsten anode with thin beryllium output window operated at 50-70 kVp. No filtration
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Figure 7. High-resolution table-top X-ray imaging setup. The system is equipped with a micro-focus X-ray
tube, rotating carrousel with calibrating foils, precise sample positioning stage and the large area photon
counting detector with sensitive area 14.3 x 7.15 cm? (left). Detail view of a sample holder used for 2D high-
resolution X-ray imaging of soft biological samples (right).

was used to maintain maximal content of soft X-rays providing the highest contrast in faintly attenuating soft tis-
sue organs. The 2D radiographies were acquired with the highest possible magnification and resolution: ca. 28 um
and 5pm in the case of the compact micro-CT scanner and the high resolution setup, respectively. The magni-
fication used for tomographic measurements was set with respect to the dimensions of the sample to optimally
cover the detector area. The tomographic data was reconstructed using the Volex reconstruction engine based
on the filtered back-projection (Fraunhofer-Allianz Vision, Germany), alternatively an in-house implemented
OSEM based iterative reconstruction algorithm was used also. Ring filtering was performed as a part of data
pre-processing in sinogram domain using combined wavelet-Fourier filtering®. The reconstructed volumetric
data was visualized using open source volume renderers AMIDE* and CT Vox™.
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imaging in micro-CT
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5.4.1. Uvod a metodika

Zobrazeni mekkych tkani v mikro-CT je ndrocné hlavné z divodu jejich nizkého
vnitiniho kontrastu. Pro zvySeni jejich kontrastu bylo béhem poslednich let vyvinuto
velké mnozstvi kontrastnich latek. Ty jsou vSak velmi Casto drahé, narocné na
pripravu ¢i odborny persondl, ¢asové naro¢né nebo dokonce toxické. Cilem této
studie bylo vytvofit metodiku jednoduché a levné fixace ex-vivo mekkych tkani
etanolem a vysledky porovnat s nativnimi kontrolami. Jako vhodné fixacni Cinidlo
byl zvolen etanol. Ve studii bylo pouzito 30 geneticky modifikovanych mysi
C57BL/6, kterym byly posmrtné odebrany plice a srdce. Pro fixaci v etanolu byly
vytvofeny tfi protokoly — fixace v 97% etanolu, 50% etanolu a ve vzestupné tfadé
etanolu o koncentracich 25%, 50%, 75% a 97%, kdy v kazdé lazni byl vzorek
fixovan po dobu 12 hodin. Srdce a plice ze tfi mySi promyté ve fyziologickém
roztoku slouzily jako nativni kontroly. Vzorky byly snimany po 72, 168 a 336
hodinach fixace a kazdy vzorek byl sniman pouze jednou. Pfed snimanim se na 40
minut nechal kazdy vzorek pii pokojové teploté¢ vyschnout, tak aby v dutych
systémech vzorka nezlstala zadana kapalina. Dostate¢né vyschnuti se ukazalo jako
klicové, tak aby se vSechen etanol vypafil a dutiny zlstaly naplnéné vzduchem a bylo
mozné vyuzit pfirozeného kontrastu mezi vzduchem a tkani. VSechny vzorky byly
béhem sniméani umistény v dvojkomorovém drzéku, ktery byl popsan v predchozi
publikaci. Pro sniméni byly pouzity dva protokoly — jednodussi protokol, jehoz
vysledkem byly 2D snimky - mikroradiografie vzniklé sumaci, druhym protokolem
bylo klasické tomografické zobrazeni s naslednou 3D rekonstrukci. Po snimani byly
vzorky dale zpracovany histologicky a vzniklé fezy byly barveny Heatoxylin-Eosin a
Weigert van Gieson. Dale se ve studii zkoumal vliv etanolu na objem vzorku, kdy pti
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fixaci v etanolu dochazi k nevyhnutelnému smrst'ovani vzorku. Pfed a po fixaci byly
meéfeny rozméry vzorkll a také jejich objem. ZvySeni kontrastu bylo méteno
vypoctem relativniho rozdilu kontrastu s vyslednym kontrastnim ¢islem (Pauwels et

al. 2013), pro subjektivni hodnoceni snimki byla pouzita Likertova skéala.

5.4.2. Vysledky, diskuze a zavér

Etanol funguje jako skvélé fixacni Cinidlo, zadny ze zkoumanych organt nejevil
znamky hniloby ¢i rozpadu. V piipad¢ srdce vSechny 2D snimky (mikroradiografie)
srdei fixovanych v etanolu zobrazily vice detailli vnitini struktury neZ snimky
nativnich srdei, konkrétné se jednalo o svalova vlakna, levou a pravou komoru, levé
a pravé ousko a jejich tramcita svalovina ¢i papilarni svaly. Topografie a nasledna
3D rekonstrukce déale zobrazila srdecni chlopné, $lasinky, svalové trdmce a jimi
vytvofeny srde¢ni vir. U fixace srdce v 97% etanolu bylo pozorovano vyrazné
ztvrdnuti vzorkl, u dvou vzorkll se dokonce objevily ruptury. Nejlepsiho zobrazeni
detaili vnitini struktury srdce bylo dosaZeno po fixaci po dobu 168 hodin. U fixace
srdce v 50% etanolu byly vzorky vyrazné mékéi nez pti fixaci v 97%, také nebyly
zpozorovany zadné ruptury. Nicméné zobrazeni detaild wvnitfni struktury
nedosahovalo kvalit 97% fixace, a to ani po dvoutydenni fixaci. V pfipadé fixace
srdce ve vzestupné fadé koncentraci etanolu bylo pozorovano ztvrdnuti vzorka
podobné jako u 97% etanolu, nicméné nebyly pozorovany zadné ruptury. ZvySeni
kontrastu se jiz po 72hodinach vyrovnala nejlepSim vysledkim 97% etanolu, po 168
hodinové fixaci bylo zvySeni kontrastu nejlepSi vramci vSech sledovanych
koncentraci. Pfi srovnani tomografie s histologickym fezem, bylo na tomografii

dokonce patrné vice struktur nez na histologickém preparatu.

V ptipad¢ plic snimky nativnich vzorkd zobrazily, diky pfirozenému kontrastu
vzduch-tkan, ¢ast vnitini struktury — tracheu, primarni bronchus a jeho prvni déleni.
Mikroradiografie vzorkil fixované v etanolu vSak zobrazily vnitini struktury plic
podstatné 1épe. Zobrazeny byly navic lobarni bronchy a alveoly. Tomografie a
naslednd 3D rekonstrukce dale zobrazila karinu priidusnice, okraje jednotlivych
lalokt a lalickl a periferni vétveni bronchi. Pti fixaci v 97% byly G€inky etanolu na
vzorek témet identické jako na vzorek srdce, nejlepSich vysledki bylo dosazeno po
168 hodinové fixaci. U fixace plic v 50% etanolu doSlo k vyraznému zvySeni

kontrastu az po 168, respektive po 336 hodinové fixaci, nicméné¢ ani dvoutydenni
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fixace nedosahla zvySeni kontrastu lepSiho nez u 97% etanolu. Vyhodou fixace
v 50% etanolu bylo, stejné jako u srdce, mensi ztvrdnuti vzorkii a nepfitomnost
ruptur. V piipad¢ fixace plic ve vzestupné fadé koncentraci etanolu bylo pozorovano
ztvrdnuti vzorkli podobné jako u 97% etanolu, nicméné nebyly pozorovany zadné
ruptury. NejlepSi zvySeni kontrastu bylo dosazeno po 336 hodinové fixaci. Pii
srovnani tomografie s histologickym fezem, bylo na tomografii patrné vice struktur

nez na histologickém preparatu.

Etanolova metoda fixace ex-vivo mekkych tkani je levna a jednoducha metoda, ktera
muze byt pouzita jednak jako fixaéni ¢inidlo mékkych tkéni, tak i jako kontrastni
latka. Velkou vyhodou této metody je, ze neni¢i vzorky a ty jsou tudiz dale
k dispozici k dal$im vySetfenim, jako je klasickd histologie ¢i imunohistochemie.
Dalsi nespornou vyhodou je jeji jednoduchost, neni kni potieba specidlné
proskoleny persondl a navic lze pouzit i v piipad¢ klinického vyzkumu, kdy staci
napiiklad chirurgovi, aby dany vzorek vlozit do zkumavky s etanolem a zapsal Cas.

Dalsi vyzkum bude probihat se zaméfenim na snizeni doby fixace vzorkd.

Obr. 7 Mikroradiografie srdce mysi. Srdce bylo fixovano ve vzestupné radeé
koncentraci etanolu po dobu 168 hodin.
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Obr. 8 Mikroradiografie srdce mysi. Porovnani nativniho srdce (vlevo) s fixovanymi
srdci. A — srdce fixovana v 97% etanolu, B — srdce fixovana v 50% etanolu, C —
srdce fixovana ve vzestupné radé koncentraci etanolu
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Obr. 9 Srovnani tomografie a klasicke histologie u srdce fixovaného ve vzestupné
rade koncentraci etanolu. A, C — 3D rekonstrukce, B — klasicka histologie, barveni
Hematoxylin-eosin.
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Obr. 10 Mikroradiografie plic mysi. Plice byly fixovany ve vzestupné rade
koncentraci etanolu po dobu 336 hodin.
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Obr. 11 Mikroradiografie plic mysi. Porovnani nativnich plic (vlevo) s fixovanymi
plicemi. A — plice fixované v 97% etanolu, B — plice fixované v 50% etanolu, C —
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Obr. 12 Srovnani tomografie a klasické histologie u plic mysi fixovanych ve
vzestupné rade koncentraci etanolu. A, C — 3D rekonstrukce, B — klasicka histologie,
barveni Weigert van Gieson.
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Abstract

Purpose The soft tissue imaging in micro-CT remains challenging due to its low intrinsic contrast. The aim of this study
was to create a simple staining method omitting the usage of contrast agents for ex vivo soft tissue imaging in micro-CT.
Materials and methods Hearts and lungs from 30 mice were used. Twenty-seven organs were either fixed in 97% or 50%
ethanol solution or in a series of ascending ethanol concentrations. Images were acquired after 72, 168 and 336 h on a
custom-built micro-CT machine and compared to scans of three native samples.

Results Ethanol provided contrast enhancement in all evaluated fixations. Fixation in 97% ethanol resulted in contrast
enhancement after 72 h; however, it caused hardening of the samples. Fixation in 50% ethanol provided contrast enhance-
ment after 336 h, with milder hardening, compared to the 97% ethanol fixation, but the visualization of details was worse.
The fixation in a series of ascending ethanol concentrations provided the most satisfactory results; all organs were visualized
in great detail without tissue damage.

Conclusions Simple ethanol fixation improves the tissue contrast enhancement in micro-CT. The best results can be obtained
with fixation of the soft tissue samples in a series of ascending ethanol concentrations.

Keywords Ethanol - Micro-CT - Mice - Heart - Lungs
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Microcomputed tomography (micro-CT) is identical in its
: Yy H basic principles to a medical CT [1]. It uses X-ray attenu-
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Specialized Laboratory of Experimental Imaging,

Department of Anatomy, Third Faculty of Medicine, Charles
University, Ruska 87, 100 34 Prague, Czech Republic

Institute of Experimental and Applied Physics, Czech
Technical University in Prague, Prague, Czech Republic

Faculty of Biomedical Engineering, Czech Technical
University in Prague, Kladno, Czech Republic

Centre of Scientific Information, Third Faculty of Medicine,

Charles University, Prague, Czech Republic

Department of Medical Biophysics and Informatics,
Third Faculty of Medicine, Charles University, Prague,
Czech Republic

Center for Experimental Biomodels, First Faculty
of Medicine, Charles University, Prague, Czech Republic

Department of Radiology and Nuclear Medicine, Maastricht
University Medical Center, Maastricht, The Netherlands

Published online: 14 March 2019

CT arises from the attenuation of X-rays by absorption or
scattering processes in examined objects [4]. Typically,
highly mineralized structures, such as bones or teeth, which
contain calcium phosphate minerals, give very good contrast
in micro-CT.

Conversely, imaging of soft tissues such as nerves, mus-
cles, adipose tissue or ligaments is quite challenging [5].
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It is mainly due to low intrinsic X-ray contrast of soft
tissues, which contain mainly low-atomic-number ele-
ments (carbon, hydrogen, oxygen), so it is necessary to use
X-ray-absorbing contrast agents [1]. During the past years,
several staining methods have been developed to increase
the contrast of soft tissue structures [6]. However, most
of these methods are complicated, time-consuming and
some even use toxic contrast agents. One of the best and
most widely used contrast agents for soft tissue contrast
enhancement is aqueous solutions of osmium tetroxide
(0s0,), phosphomolybdic acid (PMA) or phosphotung-
stic acid (PTA) [5]. OsOy, is very toxic, does not stain well
if samples have been in alcohol and also its penetration
is relatively slow. PTA also penetrates the tissues slowly,
but it is less toxic, simpler to use and stains effectively
alcohol-stored samples [1]. PMA gives better contrast
among different tissues, but requires longer incubation [6].

Currently, micro-CT imaging of the heart mainly
focuses on depicting healthy or damaged coronary arter-
ies. For ex vivo imaging, a radio-opaque polymer blend
(Microfil) is injected into the heart vasculature [7] or the
0s0, fixation of the heart is used [8]. In vivo studies of the
vascular system of mice usually apply intravenous iodine
contrast agent [9]. The heart was also visualized in studies
of embryos, where either iodine staining [10, 11] or OsO,
fixation was used [6].

Regarding lungs, current studies mainly focus on
in vivo imaging of pathologically changed mice lungs, to
capture longitudinal information about the progression of
the illness in preclinical models [12, 13]. These studies
mainly aim to image lung tumors, using contrast agents
such as gold nanoparticles or liposomal iodine [14] or lung
fibrosis [15]. The imaging of healthy lungs was performed
in studies evaluating structural differences between differ-
ent mouse phenotypes [16].

Regardless of the assessed organ, an ideal contrast
agent should be easily administered and have the ability to
equally penetrate through the thick tissue layers [17]. Etha-
nol, currently used as a medium for a conservation of the
samples or as a liquid medium for samples during scan-
ning, showed potential to fulfill these criteria [1]. Takeda
et al. [18] used 100% ethanol perfusion in rat brain for
contrast enhancement during micro-CT acquisition with
phase-contrast X-ray technique. A 100% ethanol solution
was also used in the study by Shirai et al. [19], for kidney
imaging in phase-contrast X-ray computed tomography.
To our best knowledge, there is no study using only pure
ethanol as a contrast medium for X-ray imaging of soft
tissue based on absorption contrast.

The aim of this study was to evaluate whether ethanol
would be a suitable contrast agent for ex vivo staining of
the heart and lungs prior to micro-CT imaging based on
absorption contrast.
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Materials and methods
Tissue sample origins

The organs of 30 C57BL/6 genetically modified male
mice (weight 17-20 g) were harvested for the purpose of
this study. Mice were killed by cervical dislocation under
the halothane anesthesia. Use of laboratory animals was
approved by the local Ethical Committee of First and Third
Faculty of Medicine, Charles University, Prague, Czech
Republic. The animals were treated in accordance with the
guidelines defined by the ethical committee, which follows
The National Advisory Committee for Laboratory Animal
Research (NAC LAR) guidelines.

Tissue sample fixation

Three different ethanol fixation protocols were used. Nine
specimens were fixed with either protocol A, B or C. Pro-
tocol A and B used ethanol solution with a fixed concentra-
tion of 97% or 50%, respectively. Protocol C consisted of
four consequent ethanol baths, each with increasing ethanol
concentrations in the solution. Samples were fixed in 12-h
steps, using ethanol solutions with ascending concentra-
tions of 25%, 50%, 75% and 97%, respectively. The expected
outcome after immersion in ethanol was shrinkage of the
specimens [2], which was supposed to be different in various
types of fixations.

After the scanning was complete, we stored the samples
for 6 months at a 4 °C environment to evaluate the long-term
fixation effect on the specimens.

Hearts and lungs from 3 mice were carefully harvested
and then put into phosphate-buffered saline (PBS solution)
for 2 h and then scanned as native specimens. These organs
served as a reference set of samples to the examined ethanol
fixation protocols.

Tissue sample imaging

Each sample was scanned just once, to avoid distortion of the
results due to changes of the specimen volume during scan-
ning. The imaging was performed systematically after 72 h,
168 h and 336 h of fixation. The 72-h time point was chosen
according to an experiment based on the basic protocols
for histological processing of the samples. To investigate
the effect of long-term ethanol fixation on the specimens,
additional scans were performed at the 168- and 336-h time
points.

Before the scanning, the fixed organs were placed on a
gauze at an air temperature of 23 °C to dry. The optimal
length of tissue drying period was determined with the

60



Japanese Journal of Radiology

previous experiment, where the organs were scanned in
2 min intervals during the drying period. With increasing
drying time, more details became visible in distal parts of
the organ. A period of 40 min provided the best visualization
of details in both heart and lungs, as it allowed the redun-
dant ethanol to vaporize from the whole organ including
the vessels, ventricles, and other cavities. These structures,
normally filled with liquid, became hollow during this time,
and, due to ethanol that caused tissue stiffness, the cavities
did not collapse. The air-tissue transition then produces a
detectable absorption contrast. When the drying period was
completed, the organs were positioned in a dedicated plas-
tic holder with an ethanol reservoir. This device provided a
stable environment with ethanol vapor and thus prevented
structural changes of the organs during imaging [20].

The imaging protocol was identical for the ethanol fixed
and native specimens.

Two different consecutive imaging protocols were used.
First, X-ray micro-radiography of each sample using 60 kVp
unfiltered tungsten spectrum and with 22 um effective pixel
size (EPS) was performed. This acquisition resulted in a 2D
projection. Second, a micro-CT acquisition using the same
X-ray spectrum but with a resolution higher than 10 um
delivered a 3D reconstruction of the specimen.

The data were acquired with an emphasis on high CNR.
Therefore, the acquisition time was individually adjusted to
achieve at least 10° or 10* detected photons per pixel behind
the object in the case of a micro-radiography or a micro-CT
projection, respectively. Micro-CT datasets were acquired
with a total of 720 projections with 0.25° angle step. The
data were transformed from the intensity domain to equiva-
lent material thickness using a beam hardening correction
designed for photon-counting detectors (PCDs) [21]. CT
reconstructions were performed using the Volex reconstruc-
tion engine (courtesy of Fraunhofer ISS and Technology,
Germany).

All CT data were evaluated in CTVox software [22].

Volume and shrinkage measurements

The shrinkage of the specimens was counted from the meas-
urements of the three dimensions (height, length, depth) of
the specimens with a sliding scale. Additionally, the vol-
ume of the specimen was assessed following the methodol-
ogy used by Vickerton et al. [2]. Briefly, the volume of the
specimen was measured in the water-filled tube, according
to the rise in the level of water. The native dimensions of
the specimens were assessed immediately after explantation.
Dimensions of the fixed samples were assessed at the end
of the fixation period. Each measurement was repeated five
times. The percentage of shrinkage was calculated from the
change of the volume and the dimensions between native
and fixed sample.

Histological processing

Each organ was also processed histologically, to compare
non-destructive soft tissue visualization obtained from
micro-CT with conventional histology.

Samples originally fixed with one of the ethanol fixation
protocols were first put in a 10% formalin solution for 2 h at
37 °C. Second, a dehydration process in six baths of alcohol
(97% alcohol-benzene) for a total of 6 h at 37 °C was carried
out. Third, the samples were fixed with alcohol-xylene 1:1
solution for 1 h at 45 °C, followed by two baths in xylene, in
total for 2 h at 45 °C. Fourth, the samples were put in three
paraffin baths for 5 h at a temperature of 60 °C and embed-
ded in paraffin blocks. Fifth, after cutting paraffin blocks
into slices, these were rehydrated again. Lastly, slices were
stained with hematoxylin—eosin and Weigert van Gieson
staining method, before they could be evaluated under a
standard light microscope and binocular magnifying glass.

Scoring of the contrast enhancement

For a quantitative comparison of the microradiographies,
the contrast number was adopted from Pauwels et al. [17]. In
hearts, the relative contrast difference between the right ven-
tricle of the heart and its wall was calculated from the mean
gray value in Pixelman Software (IEAP CTU Prague) [23].
It was calculated with a formula C=(G, - G,)/G,, where
G| represents the mean gray value of the right ventricle and
G, is the mean gray value of the wall of the right ventricle.

The same process was done in the lungs, where contrast
was calculated between the alveolar sac and its wall. The
same formula was used, where G| is the mean gray value
of the cavity of the alveolar sac and G, represents the mean
gray value of the wall of the alveolar sac.

The mean gray values of all microradiographies were
measured in raw data before BH corrections, selecting the
region of interest (ROI). The contrast was then expressed in
percentages.

In the scans of both the studied organs, monitored struc-
tures were set, in order to compare the quality of scans.
Muscle fibers, left and right ventricle, left and right auricle,
pectinate muscles, papillary muscles and aorta were set as
monitored structures in the heart samples. Trachea, primary
bronchus, lobar bronchus and alveolar sacs were set as moni-
tored structures in lungs.

The subjective image quality was evaluated using a
4-point Likert scale: grade 1 =no monitored structures dif-
ferentiation (contrast enhancement not sufficient for evalua-
tion), grade 2 = possible to differentiate monitored structures
(image sufficient for structure differentiation, although con-
trast enhancement is unsatisfactory), grade 3 = good (image
with satisfactory contrast enhancement), grade 4 =excellent
(image with optimal contrast enhancement).
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Micro-CT apparatus

Two different custom-built micro-CT systems were used for
purposes of this study. Both of them use cone-beam imag-
ing geometry and a unique detector technology—Timepix
photon-counting detectors (PCD) [24].

The basic Timepix assembly consists of a semiconductor
sensor bump bonded to an electronic read-out chip com-
posed of an array of 256 x 256 pixels with 55 pm pixel pitch.
The significant advantage of the used PCD technology for
low-contrast objects lies in a dark-current-free quantum-
counting operation allowed by an adjustable energy thresh-
old in each individual pixel. Thanks to these features, PCDs
acquire noiseless data with virtually unlimited dynamic
range. Therefore, an enormously high contrast-to-noise ratio
(CNR) can be achieved. High CNR improves the detect-
ability of low-contrast detail within the scanned object [25].
Although the pixel size of a Timepix device is 55 pm, it is
possible to achieve much higher spatial resolution thanks
to the cone-beam imaging geometry; point-like source of
radiation produces a divergent beam of X-rays that magnifies
the projection of a sample by a factor M =SDD/SOD, where
SDD is source—detector distance and SOD is source—object
distance. In such case, ESP is commonly used to character-
ize the sampling density of the radiographic image. EPS is
defined as the ratio between actual pixel size of the used
detector and magnification factor M. Such an approach is
generally used in the field of micro-CT for improving spatial
resolution and detail detectability of the acquired data.

The first used system is equipped with a Kevex™ PXS-11
X-ray tube with focal spot size 28 um and Timepix detector
in Quad configuration (four read-out chips with a common
silicon sensor providing a sensitive area 28 X 28 mm). The
highest achievable spatial resolution is approx. 28 pym in
this case. All presented 2D micro-radiographic images were
acquired using the introduced setup [26].

The second system has been designed to provide a much
higher spatial resolution and wide field of view. Thanks to a
high-quality micro-focus X-ray tube Hamamatsu L8601-01
with focal spot size down to 5 um, the setup achieves spatial
resolution down to 5 pm [27]. It was recently upgraded by
a large area Timepix detector built using WidePIX technol-
ogy—a newly developed technique for assembling large area
PCD arrays [28]. The used detector WidePIX, .5 consists
of 50 individual Timepix tiles and provides a field of view
approx. 140 x 70 mm. The high-resolution setup was used
for the presented micro-CT scans.

Statistical analysis
Statistical analysis was conducted using Statistical Package

for Social Sciences version 23.0 (SPSS Inc., Chicago, IL,
USA). One sample ¢ test with a 2-sided @ of 5% was used

Right auricle

Aorta Left auricle

Pectinati muscles

Right ventricle 4? ‘

Muscle fibres

Papillary muscle Left ventricle

Fig. 1 High-resolution micro-radiography of a mouse heart. The
heart was fixed in a series of ascending ethanol concentrations and
scanned after 168 h

in this study. Continuous variables were expressed using
mean values + standard deviations (SD).

Results

All specimens were well fixed in ethanol; there was no sign
of decomposition or rot. The quality of the tissue was not
changed even after 6 months of fixation.

No scans were presented with no monitored structures
differentiation (grade 1) or possible to differentiate moni-
tored structures (grade 2). Scans of hearts and lungs fixed
in 50% ethanol were scored as good (grade 3), and the rest
of the scans were scored as excellent (grade 4).

The level of shrinkage, calculated contrast and also even-
tual rupture of the specimen are summarized in Tables |
and 2.

Heart

Micro-radiography of a native specimen showed only the
contour of the organ and no details of muscles, vessels or
any other structures. As for the ethanol fixation, all evalu-
ated fixation protocols yielded visualization of the heart
in X-ray scan better compared to the native specimen.
Micro-radiographs of fixed hearts depicted all monitored
structures—muscle fibers, left and right ventricle, left and
right auricle, pectinate muscles, papillary muscles and aorta
(Fig. 1). The 3D reconstruction visualized the valves, tendi-
nous cords and course of the muscles as heart’s vortex and
trabeculae, in addition to the basic structures visible on 2D
micro-radiography.

In 97% ethanol fixation, the highest level of stiffness and
shrinkage of the samples was observed. Due to very fast
dehydration, small ruptures of the samples were observed in
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two cases. Figure 2a shows a comparison of scans assessed
after 72, 168 and 336 h of fixation and a native specimen.

Already after 72 h fixation, there was a significant con-
trast enhancement and all monitored structures were visible.
The best visualization details within this ethanol concentra-
tion were, however, obtained after 168 h of fixation. Fixation
for 336 h did not provide better visualization of the moni-
tored structures or higher calculated contrast than 168 h of
fixation.

With 50% ethanol fixation, all monitored structures were
visualized. The sample was softer compared to the 97%
ethanol protocol with no signs of rupture. Figure 2b shows
a comparison of scans assessed after 72, 168 and 336 h of
fixation and a native specimen.

Fig. 2 X-ray micro-radiography
of a mouse heart, comparing a
native heart (left) to the fixed
hearts (the rest). a Fixed in 97%
ethanol for 72, 168 and 336 h, b
fixed in 50% ethanol for 72, 168
and 336 h, ¢ fixed in a series of
ascending ethanol concentra-
tions for 72, 168 and 336 h

C

Native
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The contrast enhancement after 72 h of fixation was only
slightly better than in a native specimen. The best detailed
visualization was observed after 336 h of fixation. However,
fixation in 50% ethanol proved to be inferior to the 97% etha-
nol fixation protocol, in regard to sharp detail visualization.

The fixation in a series of ascending ethanol concen-
trations presented with a sample stiffness comparable to
the 97% fixation protocol, but with no signs of specimen
rupture. In all observed time points, a significant contrast
enhancement was observed. According to calculated con-
trast, the best detailed visualization was reached after 168 h
of fixation (Fig. 2¢); however, the quality of visualization
of the monitored structures was proportionate to the 72 h

64



Japanese Journal of Radiology

fixation protocol. Fixation for 336 h did not provide better
contrast enhancement than 168 h of fixation.

Fixation in a series of ascending ethanol concentrations
provided the best detailed morphological imaging of all
monitored structures of the heart.

3D reconstruction in comparison to histological samples
of the heart is shown in Fig. 3. It shows the comparison
between 3D micro-CT reconstruction and histological pro-
cessing of a mouse heart fixed in a series of ascending etha-
nol concentrations and scanned after 168 h of fixation. 3D
reconstructions from micro-CT scans show more of inner
structures of the heart in comparison to histological process-
ing, which, however, yielded a better resolution.

Lungs

High-resolution X-ray radiography of a native specimen
showed, due to natural air-tissue contrast, not only the con-
tour of the organ, but also a primary bronchus and its first
branching. X-ray micro-radiography of fixed lungs revealed
all monitored structures—trachea, primary bronchus, lobar
bronchus and alveolar sacs (Fig. 4). The 3D reconstruction
visualized the carina of the trachea, margins of pulmonary
lobes and peripheral branching of the primary bronchus, in
addition to the basic structures visualized on X-ray micro-
radiography images.

Fig. 3 Comparison between
micro-CT imaging and histo-
logical processing of a mouse
heart. a 3D micro-CT recon-
struction of a mouse heart fixed
in a series of ascending ethanol
concentrations and scanned
after 168 h; data acquired with
7.2 um EPS. b Histological
sample of the same mouse
heart, performed after scanning
in micro-CT; the sample was
stained with hematoxylin—eosin.
¢ 3D reconstruction of a mouse
heart fixed in a series of ascend-
ing ethanol concentrations and
scanned after 168 h

The 97% ethanol fixation protocol caused significant stiff-
ness, shrinkage and even tissue deformation of all samples.
Figure 5a shows a comparison of contrast improvement in
organs fixed in ethanol (72, 168 and 336 h) and in the native
specimen.

After 72 h fixation, the contrast between the alveolar sac
and its wall was 18 + 1%. All monitored structured were vis-
ible. After 168 h of fixation, the best detailed visualization
of all monitored structures was achieved, even with sharp
details of the peripheral alveolar sacs. The fixation for 336 h
provided a comparable visualization of the monitored struc-
tures as 168 h fixation protocol.

In 50% ethanol fixation, all monitored structures were vis-
ible. There was also a stiffness and shrinkage of the samples,
although not that severe as with 97% concentration. There
were no signs of specimen rupture. The 72 h fixation did not
significantly increase the contrast between the alveolar sac
and its wall compared to the native specimen.

The best detailed visualization was according to calcu-
lated contrast after 336 h of fixation; however, the contrast
was only 24 + 1%, which was essentially the same as after
168 h of fixation with 97% ethanol fixation protocol. The
depiction of sharp details was inferior compared to the 97%
fixation protocol (Fig. 5b).

The fixation in a series of ascending ethanol concentra-
tions presented with a stiffness of the sample, similar to the
97% ethanol fixation protocol. In all assessed time points,

Right auricle
Left auricle ight auricle

Tricuspid v

Right ventricle — ===t

Left ventricle

Left ventricle
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Fig.4 X-ray micro-radiography of mouse lungs. The lungs were fixed
in a series of ascending ethanol concentrations and scanned after
336 h

there was a significant contrast enhancement and adequate
visualization of all monitored structures. The best detailed
visualization was depicted after 336 h of fixation (Fig. 5¢).

The 336 h fixation in a series of ascending ethanol con-
centrations provided the best detailed morphological imag-
ing of lung structures compared to other fixation protocols.

3D reconstruction in comparison to the histological sam-
ples of the lungs is shown in Fig. 6. It has a quality between
3D X-ray micro-CT reconstruction and histological process-
ing of mouse lungs. 3D reconstruction from micro-CT scan
shows more of its inner structure; conversely, histological
processing reached a better resolution.

Discussion

Soft tissue imaging with micro-CT is generally challenging
due to the low intrinsic contrast of soft tissue in organs.
Although several staining techniques for ex vivo use were
introduced in the past years, most of these methods proved
to be complicated, time-consuming and in some cases even
toxic. This study clearly shows that ethanol solution can be
used as a simple, cheap and stable fixation method dedicated
to ex vivo soft tissue fixation prior to micro-CT imaging,
while delivering improved contrast enhancement of soft tis-
sues in organs.

We compared ethanol fixation protocols, which vary in
ethanol concentration of the ethanol and in the duration of
fixation. All ethanol fixation protocols used in the current
study enhanced the contrast in mouse heart and lungs and
provided detailed morphological information about the
inner structure of these organs. Within the mouse heart,
we were able to distinguish delicate structures such as the
valves or tendinous cords. In the mouse lungs, even the
alveoli structures were well visualized. The inner structure

@ Springer

visualization was the main imaging drawback in the meth-
ods introduced by Descamps et al. [6], who tested OsQOy,,
PMA and PTA for discrimination between tissue types and
organs. They managed to beautifully distinguish individual
organs in embryos; however, a detailed inner structure of
these organs was missing. Besides other disadvantages,
0s0O, and PTA are toxic agents and PMA requires long
incubation.

PTA and OsO, together with inorganic iodine were also
evaluated in the study by Metscher et al. [1]. Inorganic
iodine is a well-known staining agent for micro-CT; it pro-
vides very good contrast among the tissues and rapidly dif-
fuses into the specimen. The results of our current study
raise question whether the ethanol solution has effect on
inorganic iodine contrast enhancement or not. This is a topic
for a next study.

The principle of our method is quite simple. Ethanol
causes protein denaturation through the removal of the
water molecule from the free carboxyl, hydroxyl, amino,

Fig.5 X-ray micro-radiography of a mouse right lung, comparing a
native right lung (left) to the fixed right lungs (the rest). a Fixed in
97% ethanol for 72, 168 and 336 h, b fixed in 50% ethanol for 72, 168
and 336 h, c fixed in a series of ascending ethanol concentrations and
scanned after 72, 168 and 336 h
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amido and imino groups of the proteins, resulting in pro-
tein coagulation and tissue shrinkage [29]. Additionally,
ethanol also increases the organs’ stiffness. The organ
cavities and hollow spaces, therefore, do not collapse,
and the air-tissue transition then produces a detectable
contrast. For that reason, ethanol fixation together with
a photon-counting detector provides a detailed soft tissue
discrimination in the studied organs.

The great advantage lies in the noninvasive nature of
this method. After the scanning is completed, tissues are

Fig.6 Comparison between
micro-CT imaging and histo-
logical processing of a mouse
lung. a Transversal craniocaudal
sections of 3D reconstruction
of mouse lungs fixed in a series
of ascending ethanol concentra-
tions and scanned after 336 h,
showing bifurcation of the
trachea to primary bronchi and
their topographical relationship
to the esophagus, b histological
sample of mouse lungs stained
by Weigert van Gieson, ¢

3D reconstruction of mouse
Trachea

still available for further staining, histochemical proce-
dures, or classical histology. Compared to histology, our
method is much simpler and also does not require slicing
of the sample and consequently its destruction.
Long-term fixation of the samples in ethanol, in this
study 6 months, does not have any effect on the quality of
the specimens. It is, therefore, possible to scan them on
several occasions, also on different micro-CT machines
or in various laboratories. Owing to the simplicity of this
method, there are no special requirements for qualification

right lung, sagittal view; data
acquired with EPS 3.55 um

Left primary
bronchus

Right primary
bronchus

Bronchial tree

Trachea

Right primary
bronchus

Bronchial tree

Esophagus
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of laboratory personnel or laboratory equipment. This
allows closer cooperation between researchers and labo-
ratory personnel with different fields of expertise, or even
use of this method by clinicians, who can collect the sam-
ples and simply fix them in a cartridge with the selected
ethanol solution.

Furthermore, the 3D reconstructions can be easily and
expeditiously analyzed in any cross sections with multi-
ple post-procedural options, such as creating of rotational
images or animations.

Possibly the fixation in 25% ethanol could be avoided,
which could also reduce the duration of fixation time in
each bath. However, optimal fixation times, number of
baths and their concentrations in an ascending ethanol
concentration protocol need to be determined with further
study.

We believe that even more detailed structure imaging
of tissue structures is possible with our ethanol protocol;
however, it is currently limited by the spatial resolution of
micro-CT machines. Although this research did not focus
on pathological specimens, our protocol can be equally
applied to pathological samples to depict morphological
changes in organs.

The major limitation of this method is shrinkage of the
soft tissue specimens, which was due to the properties of
ethanol and it is technically unavoidable.

A relatively small number of specimens was evaluated
per group. Only ethanol fixation methods were carried
out in the current study, and comparison to conventional
methods is therefore not available. However, a gold stand-
ard staining method is non-existent and a correlation to a
reference measurement is not possible.

Conclusions

Ethanol fixation is a cheap and simple method, which can
be used not only for the fixation of the soft tissue speci-
mens, but also for tissue contrast enhancement in micro-
CT imaging. The best results can be achieved when soft
tissue fixation in a series of ascending ethanol concentra-
tions is carried out.
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5.5. Imaging of Mouse Brain Fixated in Ethanol in
Micro-CT

Citace: MRZILKOVA, Jana; PATZELT, Matéj; GALLINA, Pasquale;
WURST, Zdendk; SEREMETA, Martin, DUDAK, Jan; KREJCI, Frantisek;
ZEMLICKA, Jan; MUSIL, Vladimir; KARCH, Jakub; ROSINA, Jozef; ZACH, Petr.
Imaging of Mouse Brain Fixated in Ethanol in Micro-CT. BioMed Research
International. 2019, 2019, 1-7. ISSN 2314-6133. DOI: 10.1155/2019/2054262. IF:
2.197/2018.

5.5.1. Uvod a metodika

Pro experimentédlni zobrazeni centrdlni nervové soustavy je nejvhodnéj$i mikro-
magnetickd rezonance, kterd je vSak velmi ndkladnd a v porovnani s mikro-CT ma
také horsi rozliSeni. Limitaci mikro-CT je na druhou stranu nizky vnitini kontrast
mezi strukturami CNS. Cilem této prace bylo otestovat etanolovou fixa¢ni metodu na
zdravém myS$im mozku ex-vivo a na vzniklych snimcich popsat co nejvice klinicky
dilezitych anatomickych struktur. Ve studii bylo pouZito 5 mozkl geneticky
modifikovanych mysi C57BL/6, které byly fixované dle protokolu vzestupné tady
etanolové koncentrace, popsané v piedchozi publikaci. Vzorky byly snimané po 168
hodin fixace a vzniklé tomografie byly nésledné srovnany s jiz existujicimi atlasy

mozku mysi a jednotlivé anatomické struktury byly popsany.
5.5.2. Vysledky, diskuze a zavér

V péti  korondrnich, ctyfech sagitdlnich a tfech horizontdlnich ftezech bylo
identifikovano celkové 42 struktur bilé hmoty a 53 struktur Sedé¢ hmoty. Koronérni
fezy byly vedeny v urovni pfedni komisury, ventrdlni Casti dorzalniho gyrus
dentatus, dorzalni ¢asti dorzalniho gyrus dentatus a v Grovni mozkového kmene.
Sagitalni fezy byly vedeny v urovni pallidum internum, kaudoputamen, lateralniho
septa a medalniho septa. Horizontdlni ftezy byly vedeny vhorni ¢&asti
paraventrikalarnich jader thalamu, v urovni pfedni hypotalamické oblasti a v dolni
casti paraventrikularnich jader thalamu. Podafilo se identifikovat i velmi malé
struktury bilé hmoty — medalni lemniscus, stria terminalis nebo cingulum.
V porovnani s mikro-MRI je mikro-CT levné;si a dostupnéjsi zatizeni s jednodusSim
protokolem pouziti kontrastnich latek a vys$§im rozliSenim.

70



Diky vyzkumu zdravého mozku mohou na tuto praci navazat dalsi prace zaméiené
na patologie mozku, napiiklad studie na animélnich modelech tumorti mozku,
ischemickych ptihod ¢i traumatech. Tato studie jasn€é prokazala, ze mikro-CT
v kombinaci s etanolovou metodou fixace je vhodné pro ex-vivo studium animalniho

mozku.
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Micro-CT imaging is a well-established morphological method for the visualization of animal models. We used ethanol fixation of
the mouse brains to perform high-resolution micro-CT scans showing in great details brain grey and white matters. It was possible to
identify more than 50 neuroanatomical structures on the 5 selected coronal sections. Among white matter structures, we identified
fornix, medial lemniscus, crossed tectospinal pathway, mammillothalamic tract, and the sensory root of the trigeminal ganglion.
Among grey matter structures, we identified basal nuclei, habenular complex, thalamic nuclei, amygdala, subparts of hippocampal
formation, superior colliculi, Edinger—-Westphal nucleus, and others. We suggest that micro-CT of the mouse brain could be used
for neurohistological lesions evaluation as an alternative to classical neurohistology because it does not destroy brain tissue.

1. Introduction

Microcomputed tomography (micro-CT) scanning provides
nondestructive imaging of tissues and has potential to pro-
duce 3D images. Highly mineralized structures, such as
bones and teeth, give very good contrast in micro-CT [1].
On the other hand imaging of soft tissues such as nerve,
muscle, adipose tissue, or ligaments is very problematic [2].
Interestingly, alcohol fixation works well with the neuronal
tissue and specifically with the brain but together with
the iodine and phosphotungstic acid [3]. Brain tissue has
several distinguishing characteristics compared to other soft
tissues. It is composed of white matter that contains relatively
high amount of phospholipid molecules forming myelin
sheaths around axons of neurons that behave on the micro-
CT simply as fat (mostly visualized on micro-CT darker

compared to grey matter) and from grey matter containing
bodies of neurons (appear on micro-CT lighter compared
to white matter bundles) that share basic common cellular
characteristics (biophysical, biochemical, and biological) of
other soft tissues. Micro-CT studies visualizing neuronal
tissue usually focus on peripheral nerves and their lesions [4],
overall brain atrophy [5], freeze-dried human acellular nerve
allografting (hANA) [6], and brain tumor models in mice [7].
Generally there are more micro-CT studies on pathological
neuronal tissues than on the healthy ones.

Behavioral studies on the mice model often require
precise analysis of the brain area selected for the experiment.
For example, in animal models of ischemia exact place
of the neuronal lesion has to be verified and quantified
[8]. Evaluation of exact lesion site needs different kinds of
structural/histological atlases ([9, 10]; Allen Mouse Brain
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Atlas, 2014) based on various staining procedures (Nissl,
parvalbumin, calbindin, etc.). Besides classical neurohisto-
logical lesion verification, combination of 7T Bruker MRI
with magnetic particle analysis (MPI) of the brain tissue
in real time becomes popular [11]. Micro-CT imaging of
the brain could be considered as a new attempt to visual-
ize neuronal tissue for the experimental purposes. Micro-
CT imaging with phase contrast of the ethanol fixated
rat brain was successfully described in [12], although only
gross neuroanatomical structures were observed. Soaking
the brains in nonionic iodinated contrast agent resulted in
clear differences in signal between the grey matter, the white
matter, and the ventricular spaces [13], but without possibility
to distinguish neuroanatomical borders of individual brain
nuclei or cortical regions. Diftusible iodine-based contrast-
enhanced computed tomography (diceCT) in female mouse
was suggested to be effective for gross differences in the
overall brain shape in large numbers of samples [14]. Com-
bined MRI-CT atlases of developing and adult mouse brains
fixed with paraformaldehyde and subsequent PBS wash-out
are unique for coregistration of brain areas but without
detailed neuroanatomical structures delineation [15]. We
tried to visualize and identify on micro-CT as much as
possible neuroanatomical structures on coronal, sagittal, and
horizontal sections of the healthy mouse brain.

2. Materials and Methods

2.1. Tissue Sample Origins. We evaluated 5 brains from
C57BL/6 genetically modified male mice (weight 17-20g)
from the Institute of Experimental Imaging, First Faculty
of Medicine, Charles University, Prague, Czech Republic.
This mouse strain was selected because it is commonly used
in neurosciences and other research fields [16]. Mice were
euthanized by cervical dislocation and their brains were
harvested for purpose of this study; this method did not
affect mice brain distortion at all. Study was approved by
Ethical Committee of the Third Faculty of Medicine, Charles
University, Czech Republic.

2.2. Tissue Sample Processing. Brains from 5 mice were
carefully extracted from the skulls by the following steps.
Cervical spinal cord and brain stem were released by small
tongs as disruption of cervical vertebras. Then temporal
bones and vestibulocochlear, oculomotor, optic, and olfac-
tory nerves were dissected. After extraction of the brain from
skull, any remnants of bone fragments on the brain surface
were carefully checked and cleaned before scanning. The
brain samples were put into Eppendorf tubes with ethanol-
soaked gauze at the bottom for the purpose of the scan. The
conical shape of Eppendorf tubes very efficiently supports the
samples and avoids undesirable movements. The wet gauze
maintains a saturated gaseous atmosphere preventing further
drying out and shrinkage of sample. After the extraction,
brains were fixated subsequently in 25%, 50%, 75%, and 97%
ethanol for 12 hours. This type of ethanol fixation is also
known as graded dehydration series of ethanol (GEHC) and
has been documented as promising in undistorted soft tissue
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fixation [17]. Micro-CT scanning was performed after 168
hours of fixation.

2.3. Tissue Sample Scanning. Brains were left prior to scan-
ning on the gauze for 40 minutes in air temperature 23°C.
This allowed vaporization of redundant ethanol from the
whole brain, including the ventricles and other cavities. After
the period of drying, brains were positioned in the special
plastic holder with an ethanol reservoir, which made an
atmosphere of gas, which prevented structural changes of
the brains during scanning [18, 19]. Two different scanning
techniques were performed. First, just X-ray radiography
was performed followed by a microtomography and final
3D reconstruction [18, 19]. The data were reconstructed into
the final 3D dataset using Volex reconstruction software and
visualized using program CTVox in standard PC [20]. On
the sagittal projection some processing artifacts are often
seen: flattening of the whole brain craniocaudally, artificial
space between the hippocampal formation and thalamus,
fimbria fornicis separated from the white matter nearby stria
terminalis and ventriculus lateralis, and cerebellar fissure
behind inferior colliculi.

2.4. Micro-CT Apparatus. The used micro-CT set-up was
described in detail in our previous publications [18, 19, 21].
Briefly, apparatus consisted of two different custom-built
micro-CT systems; routine detection system was equipped
with a Kevex™ PXS-11 X-ray tube and Timepix detector in
Quad configuration (four read-out chips with a common
silicon sensor providing sensitive area 28 x 28 mm, 512
x 512 pixels, 55um pixel pitch). The highest achievable
spatial resolution was approximately 28 um. Presented 2D
microradiographic images were acquired with the introduced
setup. The other high-resolution system was equipped with a
large area photon counting detector WidePIX,,, ;. WidePIX
is a recently introduced technology for tiling of large area
PCD arrays from individual Timepix chips [22]. Specifically,
detector WidePIX,,,s is composed of 50 Timepix tiles and
offers approximately 140 x 70 mm field view (2560 x 1280 pix-
els). High quality microfocus X-ray tube Hamamatsu L8601-
01 enables spatial resolution down to 5 micrometers [23].

2.5. Scan Parameters. The high-resolution setup was used for
the presented micro-CT scans. The data were acquired with
an emphasis on high CNR. The acquisition time was adjusted
in order to reach at least 10° or 10* detected photons per pixel
in the background of the object in microradiography or a
micro-CT projection, respectively. CT reconstructions were
done by Volex reconstruction engine (courtesy of Fraunhofer
11S and Technology, Germany).

The detector as well as the whole CT scan was controlled
using Pixelman software [24]. The CT scan was carried out
with 4.4 um EPS. The total number of 848 projections was
acquired with 0.38 degree angle step. The acquisition time
was 3.6 seconds per projection. The tube voltage was set
to 60kVp and it was operated with 6 W of output power.
The projections were processed using a dedicated beam-
hardening correction [25] and the slight image distortions
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FIGURE 1: Micro-CT slices (program CTVox) of the 5 coronal
sections of the mouse brain with labeled grey and white matter
structures. Brain sections from top down are taken 1x at the level of
anterior commissure, 2x at the dorsal hippocampus, 1x at the ventral
hippocampus, and 1x at the brain stem (superior colliculi). Section
orientation: L - left, R - right.

coming from the tiled detector construction were corrected
[26]. The CT reconstruction was carried out using Volex
reconstruction engine.

2.6. Gray and White Matter Labelling. For the frontal and
sagittal sections Allen Mouse Atlas was used as reference
[27]. For the horizontal sections C57BL/6] Atlas was used
as reference (The Mouse Brain Library, http://www.mbl.org).
Anatomical structures of digitalized brain sections were
labeled in the environment of freeware program Xnview
(https://www.xnview.com/en/). All depicted pictures of the
labelled mouse brain are from one specimen only so that
structures correspond between exactly three planes (hori-
zontal, sagittal, and coronal), because of tiny morphological
differences between various mouse brains.

3. Results

We identified 42 white matter and 53 grey matter brain
structures (see Abbreviations) in five coronal (Figure 1), four
sagittal (Figure 2), and three horizontal (Figure 3) brain
sections of ex vivo healthy mouse brain using micro-CT.
All structures were identified manually by two experienced
neuroanatomists and registered in micro-CT scans using
online Adult Mouse Brain Atlas [27] for coronal and sagittal

FIGURE 2: Micro-CT slices (program CTVox) of the 4 sagittal
sections of the mouse brain with labeled grey and white matter
structures. Brain sections from top down are taken 1x at the level
of pallidum internum, 1x at the middle of caudatoputamen, 1x at the
lateral septum, and 1x at the medial septum. Section orientation: F -
frontal, O - occipital.

sections and the online Mouse Brain Library (C57BL/6]
Atlas) for horizontal sections.

3.1 Frontal Sections of the Mouse Brain. The positions of the
five coronal sections of the mouse brain were selected because
of their relevance to experimental neuropsychological studies
in animal model. In frontodorsal order the sections were
taken (a) in the frontal lobe at the level of the anterior
commissure, (b) at the ventral part of the dorsal dentate gyrus,
dorsal hippocampus, and the third ventricle, (c) at the dorsal
part of the dorsal dentate gyrus, dorsal hippocampus, and the
paraventricular nucleus of the thalamus, (d) at the level of
the ventral dentate gyrus, ventral hippocampus, and midbrain
reticular nucleus, and (e) at the level of the brain stem with
superior colliculi and dorsal raphe nucleus. We were unable
to identify hyperintensity in the brain stem between trigem-
inal nuclear complex, lateral lemniscal nuclei, and medial
cerebellar peduncle. Another poorly visible area is located
below superior and inferior colliculi, towards thalamic nuclei.
Similarly, resolution of the bed nucleus striae terminalis
and substantia innominata is poor. Opposite, there is good
resolution for both zona incerta and reticular part of the
substantia nigra. Although there is relatively big trigeminal
nuclear complex that is easy to identify, separate subnuclei of
the complex are hard to differentiate. The caudatoputamen is
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F1GURE 3: Micro-CT slices (program CTVox) of the 3 horizontal
sections of the mouse brain with labeled grey and white matter struc-
tures. Brain sections from top down are taken 1x at the upper part
of thalamic paraventricular nucleus, 1x at the anterior hypothalamic
area,and 1x at the lower part of the thalamic paraventricular nucleus.
Section orientation: L - left, R - right.

a very well visible structure and inside is rich system of the
hypointensities that could be either white matter of the inter-
nal capsule or the Virchow-Robin spaces formed by capillary
bed stream of thalamostriatal artery. Hypothalamic subparts
are more difficult to discern compared to thalamic subnuclear
groups. Stria medullaris thalami is normally found on the
superior part of the thalamus; however here it is detached
from it and bound to dorsal hippocampal commissure on
the caudal surface of the fornix. While most of the thalamic
nuclei are hyperdense, most midbrain structures (reticular
nucleus, periaqueductal gray, etc.) are hypodense.

3.2. Sagittal Sections of the Mouse Brain. Within hippocampal
formation dentate gyrus, CAl, Ca2, and CA3 subfields and
subiculum were identified. Sagittal projection offers better
visibility over frontal projection. Above cerebellar peduncle
zona incerta, substantia nigra, and ventrally stria terminalis
were visible. Within brain stem trigeminal nucleus, dorsal
vagal nucleus, and nucleus interpeduncularis were visible.
On the other hand, we have not seen well borders of the
amygdaloid complex; it had the same gray color as nearby
structures (olfactory tubercle or nucleus accumbens).

3.3. Horizontal Sections of the Mouse Brain. We identified
in the ventral part of the sections clearly visible medial
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and lateral septum. Callosal body in contrast to online atlas
was very well visible in all three sections and in front of
it was well preserved medial frontal and/or orbital cortex.
Also frontal part of the lateral ventricles clearly separated
caudatoputamen from septal nuclei and internal capsule.
Penetrations of the internal capsule into caudatoputamen are,
especially, well visible. Dorsally to septal area structures of the
thalamus (paraventricular nucleus and laterodorsal complex
of nuclei) were located, and also stria medullaris thalami
and lateral geniculate complex. On the other hand, detailed
inner structure of the hippocampal formation (ventral part)
was not very well visible as in the frontal sections. Besides
reticular, pontine, or parvocellular nuclei, other brain stem
nuclei were not visible compared to the frontal sections.

4. Discussion

Micro-CT imaging in mouse is often limited to the whole
body scans, including skeleton, organs and blood vessels [28,
29], and brain blood supply changes in various experimental
pathological conditions [30, 31], or to the brain tumors (for
example glioblastoma) [32]. Scanning of the mouse brain
gives better results when it is extracted from the skull. The
reason is that the skull induces beam-hardening artifacts
to adjacent soft tissue [15]. Our work provides comparable
results as reported by [3]; nevertheless, in our case, any high-
Z contrast agent was needed.

High-resolution MRI three-dimensional atlas of the
mouse brain shows sixty-two structures at the resolution
32 um with the habenular nuclear complex being the small-
est visible structure [33]. In comparison our micro-CT
ethanol fixated brain scans showed more than fifty structures
within only 5 representative coronal sections. It seems that
pure GEHC ethanol brain fixation shows better differences
between white and gray matters on micro-CT compared to
MRI. We identified small white matter structures like cingu-
lum bundle, medial lemniscus, crossed tectospinal pathway,
and stria terminalis which is a better result compared to the
MRI.

Frontal and sagittal sections atlases of the mouse brain
[27] are easier to find in the literature compared to the
horizontal ones (for example MRI atlas of C57BL/6], DBA/2],
or A/] mouse from The Mouse Brain Library). Some MRI
atlases are without grey and white brain matter labels, for
example, 8-week-old 12951/Svim] male mice atlas [34].

We did not attempt yet to create the whole atlas of the
mouse brain on the micro-CT. Our goal was to visualize
clinically important brain structures like hippocampal for-
mation and its subfields, thalamic nuclei, fornix, medial and
lateral septal nuclei, and others. We suggest as the next
step manual or semiautomatic reconstruction of the whole
mouse brain micro-CT atlas. Histological staining (Nissl)
and optical microscopy are mostly used for brain lesion
evaluation in experimental studies (insertions of cannulas,
electrolesions, chemical lesions, electrode positions, polymer
substance delivery, ischemia after carotid arteries ligations,
etc.). The disadvantage of these approaches is altered brain
tissue that cannot be used afterwards for other staining
(for example immunostaining) or at the cost of complicated
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protocols for sections storing and handling. With the micro-
CT lesion verification, we can use intact brain tissue for
further processing and thus replacing classical histological
verification with virtual visual evaluation. Moreover, micro-
CT lesion visualization can be enhanced by computer pro-
cessing leading to volume rendering or providing virtual
dissection of the brain in unorthodox planes unavailable in
classical histology. Level of details in high-resolution micro-
CT almost corresponds to the classical histology sections.
Within destructive methodologies, it seems to be a choice for
immunohistochemistry since the brains are processed only in
ethanol.

5. Conclusion

We show that micro-CT could be used in neuroresearch
alongside classical histology or magnetic resonance imaging.
Besides higher price and lower resolution of the magnetic
resonance imaging, it is not always available to all laboratories
and micro-CT is easier to get access to. Even if one does not
have micro-CT in the laboratory, it is possible to use fixation
of the brain specimen and send it to micro-CT for analysis.
This is not so simple for magnetic resonance imaging; we
cannot use fixation or it would not be visualized properly.
Fixation of the brain tissue should be done as soon as possible
or the brain would decompose. Magnetic resonance imaging
is better for living organisms while micro-CT for fixed brain
tissue. Laboratories with micro-CT could offer services for
others (sending fixated brain specimen) since acquisition
time for micro-CT scanning is relatively short compared
to magnetic resonance imaging. Immunohistochemistry or
general staining histological protocols could then follow in
a short time. The disadvantage of the micro-CT is still the
relatively small Timepix detector area but with time we could
expect an increase in its size. Ex vivo ethanol fixation of the
brain tissue grants sufficient tissue contrast, but we trend to
the situation where brain rotation could be highly contrasted
even during in vivo scanning.
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6. Zavéry

Zobrazovani mékkych tkani v mikro-CT je problematické z diivodu jejich velmi
nizkého vnitiniho kontrastu a pro kvalitni zobrazeni jejich vnitini struktury je tedy
nutné pouzit kontrastni latky. Ty jsou vSak velmi Casto piili§ drahé, komplikované,
toxické a také Casto znehodnoti vzorek pro dalsi diagnostické metody. Celosvétovy
vyzkum v oblasti zobrazovani mékkych tkani in-vivo a ex-vivo v mikro-CT se
zamétfuje na hledani idedlni kontrastni latky. Takova latka by méla byt snadno
pouzitelna, dostupna a méla by rovnomérné pronikat i tlustymi vrstvami tkané

(Pauwels et al. 2013).

Pro ziskani kvalitnich tomografii je nezbytny kvalitni mikro-CT pfistroj. V ramci
spoluprace ve Specializované laboratofi experimentalniho zobrazovani 3. LF UK,
UTEF CVUT a FBMI CVUT byl piepracovan puvodni mikrotomograf MARS na
zafizeni schopné kvalitniho zobrazeni mékkych tkani. Srdecem modifikovaného
pristroje se stal photon-counting detektor Timepix Quad s rozméry 2,8x2,8 cm, ktery

vynika schopnosti uspésné potlacovat Sum.

V praci byl vytvoten protokol pro fixaci mékkych tkani pro ex-vivo snimani v mikro-
CT. Konkrétné se jednalo o mysi srdce a plice, které byly po explantaci okamzité
fixovany v etanolu. Jako nejlepsi protokol vysla fixace ve vzestupné fadé koncentraci
etanolu 25%, 50%, 75% a 97%, kdy v kazdé lazni byl vzorek uchovan po dobu 12
hodin. Vzorky srdce byly poté snimany za 168 hodin, v pfipadé plic po 336
hodinach. Klicovym krokem je nutnost nechat vzorky ptfed snimanim vyschnout po
dobu 40 minut pii pokojové teploté. Diky tomuto jednoduchému kroku dochazi
k vypatfeni etanolu ze vSech dutin zkoumaného organu, které nekolabuji a jsou
nasledné¢ vyplnéné vzduchem. Pii snimédni je ve vnitfnich strukturdch organu

primarné detekovany kontrast vzduch-tkan.

Pro dalsi klinicky vyzkum v oblasti neurovéd byla etanolovd metoda aplikovana na
zobrazeni ex-vivo zdravého mySiho mozku v mikro-CT. V klinicky zajimavych
oblastech mozku se provedly koronérni, sagitalni a horizontalni fezy, na kterych bylo

celkové identifikovano a popsdno 42 struktur bilé hmoty a 53 Sedé hmoty mozkové.
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Detailni zobrazeni struktur zdravého mozku animalniho modelu pomoci mikro-CT je

klicové pro dalsi studium CNS na animalnim modelu v preklinickém vyzkumu.

Vystupy této dizertatni prace prokdzaly, Ze etanolova fixaéni metoda ex-vivo
mekkych tkani je levnd, jednoduchd a efektivni kontrastni latka pro zobrazovani
téchto tkani v mikro-CT. Diky své jednoduchosti neni potieba k fixaci vzorki
specidlné¢ vyskoleny personal, a tak miize byt etanolovd metoda aplikovana ve
spolupraci s kliniky v klinickém vyzkumu. Zkoumané tkané je nasledné¢ mozné

podrobit dal§imu zkoumani, naptiklad klasické histologii.
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Souhrn

Rentgenové snimkovani je neinvazivni zobrazovaci technika pro zobrazeni vnitini
struktury zkoumaného objektu. V poslednich letech ziskavd na popularité
zobrazovani biologickych vzorkli v mikro-CT. Nevyhodou této techniky je snizena
schopnost zobrazovat me¢kké tkané jako jsou naptiklad svaly, tukova tkan nebo
nervova tkan, pro jejich nizky vnitfni kontrast. Cilem této prace bylo upravit
komer¢ni mikro-CT MARS, tak aby bylo schopné kvalitné zobrazovat mékkeé tkané a
vytvoftit protokol jednoduché a levné fixace ex-vivo mékkych tkdni pro zobrazovani

v mikro-CT.

V praci bylo pouzito modifikované mikro-CT MARS osazené photon counting
detektorem Timepix Quad s rozliSenim 30um. Mikro-CT bylo nasledné otestovano
na fantomu i redlnych meékkych tkanich. Pro sniméani ex-vivo mekkych tkani
v mikro-CT byla vyvinuta etanolova metoda fixace. Srdce a plice laboratornich mysi
byly fixovany bud’ v 97% etanolu, 50% etanolu nebo ve vzestupné fadé koncentraci
etanolu. Vzorky byly snimané bud’ po 72 hodinach, 168 hodinach, nebo po 336
hodinach. Vysledné snimky byly porovnany navzajem a se snimky nativnich vzorki.
Déle byla tato metoda fixace vyzkousena na zdravych mozcich laboratornich mysi za
ucelem zhodnoceni piinosu zobrazovani mozku v mikro-CT ve vyzkumu centralniho

nervového systému.

Modifikované mikro-CT bylo uspé$né vyzkouSeno pro zobrazovani mékkych tkani
ex-vivo. V ptipadé vyvinuté etanolové metody bylo nejlepSich vysledkli dosazeno u
vzorku srdce po 168 hodinach fixace ve vzestupné fad€ koncentraci etanolu, u plic
po fixaci po dobu 336 hodin, také ve vzestupné fadé koncentraci etanolu. Pti snimani
mozku se podafilo zobrazit klinicky vyznamnych 42 struktur bilé hmoty a 53 struktur

Sedé hmoty.

V praci bylo prokézéno, ze modifikované mikro-CT MARS je vhodné pro kvalitni
zobrazovani mékkych tkani. Etanolovd metoda fixace mékkych tkéni je levnd a
jednoduchd metoda zvySeni vnitiniho kontrastu mékkych tkani, kterd mimo jiné
umoziuje rozliSeni klinicky vyznamnych struktur Sedé a bilé hmoty mozku

laboratorni mysi.
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Summary

X-ray radiography is a noninvasive imaging technique for a visualization of internal
structures of investigated samples. In past years, imaging of biological samples in a
micro-CT is gaining in popularity. The disadvantage of this technology is a low
ability to display soft tissues like muscles, fat tissue or nerves due to their low
intrinsic contrast. The aim of this study was to modify a conventional micro-CT
MARS in order to improve the scanning of the soft tissues and to create a protocol

for simple and cheap fixation of ex-vivo soft tissues for micro-CT scanning.

In the study, a modified micro-CT MARS was used together with a photon-counting
detector Timepix Quad with the resolution 30um. The micro-CT was afterward
tested on the phantom and also on the real soft tissues. For scanning soft tissues in
the micro-CT, the ethanol fixation method was invented. Hearts and lungs from
laboratory mice were either fixated in 97%, 50% ethanol solution or in a series of
ascending ethanol concentrations. Images were acquired after 72, 168 and 336 hours.
The resulting images were compared among themselves and with the native
specimens. This fixation method was also used in scanning healthy mice brains in
order to evaluate the contribution of displaying of a brain in a micro-CT in the

research of the central nervous system.

The modified micro-CT machine was successfully tested for displaying ex-vivo soft
tissues. As for the ethanol method, the best results were obtained in case of a heart
after 168 hours of fixation in a series of ascending ethanol concentrations and in case
of lungs after 336 hours. In scans of the brain, it was possible to visualize 42

clinically important structures of white matter and 53 structures of grey matter.

In this study, it was proven, that the modified micro-CT MARS is suitable for high-
quality scanning of ex-vivo soft tissues. The ethanol method of fixation of soft
tissues is a cheap and simple method for increasing intrinsic contrast in soft tissues
and therefore allows distinguishing clinically important structures of white and grey

matter in the brain of a laboratory mouse.
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Seznam pouzitych zkratek

3. LF
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FBMI
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Mikro-CT
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PCXD

ROI

UK

UTEF

3. Iékarska fakulta
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Centralni nervovy systém

Computed Tomography (Vypocetni tomografie)

Ceskeé vysoké uceni technické

Fakulta biomedicinského inzenyrstvi

Medipix All Resolution System

Magnetic Resonance Imaging (Magneticka rezonance)
Micro-Computed tomography (Mikro-vypocetni tomografie)

Micro-Magnetic Resonance Imaging (Mikro-magneticka

rezonance)

Photon Counting X-ray Detectors (Foton-pocitajici detektory

rentgenového zafeni)
Region of Interest (Oblast zajmu)

Univerzita Karlova

Ustav technické a experimentélni fyziky
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