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Abstrakt

Zviteci modely jsou hojné¢ vyuZivany pii studiu patogeneze a progrese jaternich
onemocnéni €1 pii vyvoji novych strategii jejich terapeutického ovlivnéni. Zaméteni této
dizertacni prace na velky zvifeci model, prase doméci, odrazi soucasny trend na poli
experimentalni mediciny, tedy vyuziti modelti co nejblizsich ¢lovéku tak, aby byly
vysledky experimentli co nejpfesnéji pienositelné do huméanni mediciny. V rutinni
patologické praxi je histologické hodnoceni nedilnou soucésti procesu stanoveni
diagnozy a zavaznosti jaterniho poskozeni. Analogicky je tedy histopatologické vySetteni
tkan¢ zatazeno do designu experimentalnich studii na jatrech prasete. Nasim cilem bylo
aplikovat metody kvalitativniho a kvantitativniho histologického hodnoceni a ovéfit
jejich vyuzitelnost na jatrech prasete. Metody kvantifikace zahrnovaly jak automatickou
obrazovou analyzu dat, tak stereologické metody zarucujici vysokou reprodukovatelnost
studii a porovnatelnost vysledki z riznych experimentii. Dizerta¢ni prace je zaloZena na
celkem 10 pracich: tfech ptehledovych pracich a sedmi vysledkovych pracich.
Vysledkové prace vychazeji ze Sesti studii, jejichZz Sest zavéri muzeme shrnout

nasledovné:

Zavér 1: Vyvinuli jsme open-source software QuantAn pro automatickou analyzu
mikrocév nasnimanych pomoci 3D zobrazovacich metod, naptf. pomoci vypocetni
tomografie s vysokym rozliSenim (mikro-CT). Metody, na nichZ je hodnoceni v softwaru
QuantAn zaloZeno, jsou v souladu se standardy pouzivanymi ve stereologickych
metodach. Analyza dat ziskanych automatickou kvantifikaci pomoci softwaru QuantAn
identifikovala pravdépodobné zdroje chyb v méteni, které je tieba pfi nastavovani
kvantitativnich algoritmti zohlednit. QuantAn je volné dostupny pro vyzkumniky

zabyvajici se stochastickou geometrii mikrocév.

Zavér 2: Vyvinuli a otestovali jsme open-source software TelGen pro generovani
virtudlnich modelti vlaknitych a poréznich struktur se znamymi morfometrickymi
parametry. Software TelGen je vhodnym nastrojem pro kalibraci a testovani nastaveni
kvantifikace obrazovych dat ziskanych a hodnocenych pomoci mikro-CT zafizeni.
Zéarovenn muze slouzit k testovani nastaveni stereologickych miizek uzivanych pii

kvantitativnich analyzach trojrozmérnych struktur.

Zavér 3: Objemovy podil vaziva v jatrech zdravych zvifat byl vétsi u samcti nez u

samic a byl vétsi na periferii jater nez kolem zil v parakavalni a paraportalni oblasti.



Primérni zdrojova data popisujici objemovy podil vaziva v jednotlivych lalocich a
v oblastech jater souvisejicich s cévnim zdsobenim jsou ve form¢ kontinualnich
proménnych volné pfistupna pro vyzkumniky zabyvajici se studiem jaterni fibrézy na
velkém zvifecim modelu. Data mohou byt vyuzita k vypoctu minimalniho poctu vzorkt
nutného k prokazani nartistu nebo poklesu mnozstvi vaziva v experimentech na jatrech

prasete.

Zavér 4: Délkova hustota jaternich sinusoid a Zlu¢ovych kapilar v jatrech zdravych
zvitat byla niz$i u samcli neZ u samic a byla niz8i na periferii jater nez kolem zil v
parakavalni a paraportalni oblasti. Zaroven byla vyssi délkova hustota jaternich sinusoid
a zlu¢ovych kapilar spojena s lokalnim nartistem poc¢tu mensich hepatocytii a s menSim
vyskytem vaziva. Nalezena intrahepaticka a intersexudlni variabilita v morfologii jater
prasete by méla byt zohlednéna pii plénovani a vyhodnocovani experimentl
vyuzivajicich histologické hodnoceni vzorki. Primarni data popisujici délkovou hustotu
jaternich sinusoid a ZluCovych kapilar v Sesti lalocich a ve tfech oblastech vztazenych
k cévnimu zdsobeni jsou voln¢ k dispozici ve form¢ kontinudlnich proménnych. Data
mohou byt vyuzita pro vypocet minimalniho poctu vzorkd nutného k odhaleni zmén

v jatrech prasete.

Zavér 5: Na zékladé biochemické, ultrasonografické a histologické analyzy se ndm
podafilo pomoci aplikace pyrrolizidinového alkaloidu monokrotalinu vytvofit velky
zviteci model sinusoidalniho obstrukéniho syndromu. Podani jedné intraven6zni davky
mezenchymalnich kmenovych bunék zlepsilo celkové preziti zvifat se sinusoidalnim

obstruk¢nim syndromem po parcidlni jaterni resekci.

Zavér 6: Experiment simulujici poranéni jater prasete pii narazu poskytl komplexni
pohled na mechanizmus vzniku jaterniho poranéni na makroskopické 1 mikroskopické
urovni. Primarni biomechanicka data byla zvefejnéna spolu s publikaci a mohou slouzit
k wvalidaci vypocetnich modeli mechanické odpovédi jater v okamziku narazu.
Mikroskopickéd analyza prokazala, Ze se trhliny v jatrech neSifi ndhodné, ale jejich
propagace je zavisla na orientaci hlavnich vldknitych sloZzek stromatu jater a
interlobuldrnich sept. Toto zjisténi je vyznamné zejména pro pienos dat z experimentll na
jatrech prasete se signifikantn¢ vétsim mnozstvim vaziva na jatra lidska.

Zavery vyplyvajici z reSerSe literatury a z dat predloZenych vysledkovych studii 1ze
shrnout nasledovné. Postupy vyuZzivajici automatické softwary pro obrazovou analyzu dat

by mély byt vzdy kalibrovany, nebot’ vysledky jejich méteni jsou ovlivnény kvalitou



vstupnich dat a nastavenim segmentacnich algoritmt. Pro kalibraci postupil a validaci dat
1ze s vyhodou vyuzit robustni a reprodukovatelné metody, jako je napft. stereologie.
Rozsahlé zmapovani mikroskopickych parametrt, jako je mnozstvi vaziva a délkova
hustota jaternich sinusoid a ZluCovych kapilar, v odlisSnych oblastech jater prasete
umoziuje nyni na zakladé uvefejnénych dat a popisnych statistik planovani experimentti
s eticky opodstatnénym poctem jedincti a tkanovych vzorkii. Na zakladé naSich
experimentalnich studii bylo demonstrovano, Ze jatra prasete jsou vhodnym organem pro
modelovani rtiznorodych fyziologickych i patologickych stavii vyskytujicich se u lidi.
V piedloZzené praci jsme popsali experimenty na jatrech prasete zahrnujici regeneraci,
rozvoj jaterniho onemocnéni, ale i mechanické chovani jater prasete béhem simulace
narazu a tupého poranéni organt. VSechny studie byly zvefejnény spolecné s primarnimi

naméfenymi daty.



Abstract

Animal models are widely used for research of liver diseases pathogenesis and
progression and for development of new treatment strategies in hepatology. The
dissertation thesis focuses on large animal model, specifically swine. The use of animals,
which are anatomically and physiologically close to humans, allows us to bridge the gap
between the experimental and human medicine. Histopathological analysis of the liver
biopsies is still a fundamental part of liver disease diagnosis and therefore, it is also a part
of the experimental design of the studies using the porcine liver. Our aim was to apply
qualitative and quantitative histological methods of evaluation on porcine liver and to
assess their usability in experimental medicine. The quantitative methods included
automated image analysis as well as stereological methods, which guaranteed high
reproducibility and comparability of the experimental results. The dissertation thesis is
based on 10 manuscripts. Three of them are published reviews associated with the main
topic of the thesis. Seven original manuscripts resulted from six experimental studies —
their six conclusions are listed bellow:

Conclusion 1: We developed an open-source software QuantAn for quantification
of microvessels visualized by 3D imaging methods, such as computed tomography with
high resolution (micro-CT). The methods implemented in the QuantAn software are
consistent with the main principles used in stereology. Analysis of the morphometric
results acquired by the QuantAn software revealed the probable sources of errors in
measurements, which needed to be addressed when adjusting the segmentation
algorithms. QuantAn software is now freely available for researchers focusing on the
microvessels stochastic geometry.

Conclusion 2: We developed and tested an open-source software TelGen for
generating standardized image data of fibrous and porous structures with known
morphometric parameters. TelGen software might be used for calibration of the
automated quantitative analysis using software provided by micro-CT manufacturers and
for validation of the data from such automated image analyses. TelGen software might
also serve as a practical tool for testing of stereological probes used in quantitative
analysis of structures in 3D.

Conclusion 3: Volume fraction of connective tissue in the liver of healthy pigs was
greater in male than in female animals and was greater in the periphery of the liver than

in the paracaval and paraportal regions. The primary morphometric data describing the



distribution of the connective tissue in six hepatic lobes and three regions related to the
hepatic vasculature are now available in a form of continuous variables. The data can be
used for power analysis to justify the minimal number of samples required to detect the
expected increase or decrease of connective tissue in further studies concerning the
hepatic fibrosis.

Conclusion 4: The length density of hepatic sinusoids and bile canaliculi in the
healthy porcine liver was smaller in male than in female animals and was smaller in the
periphery of the liver than in the paracaval and paraportal regions. The local increase in
length density was associated with increased number of smaller hepatocytes and with
decreased volume fraction of connective tissue. The demonstrated intrahepatic and
intersexual variability of porcine liver morphometry should be taken into account when
planning experiments on porcine liver, that involve histological evaluation of the tissue
samples. Primary morphometric data describing the length density of hepatic sinusoids
and bile canaliculi among six hepatic lobes and among three regions related to the liver
vasculature are now freely available in a form of continuous variables. Based on the data,
power sample analysis should be performed prior to the experiments on porcine liver.

Conclusion 5: We established a large animal model of sinusoidal obstruction
syndrome, which was induced by administration of pyrrolizidine alkaloid monocrotaline.
The syndrome was confirmed by biochemical analysis of peripheral blood samples, by
ultrasound examination and by histological evaluation of liver biopsies. Single dose of
mesenchymal stem cells administered via portal vein improved the overall survival of the
animals with sinusoidal obstruction syndrome after partial liver resection.

Conclusion 6: An experiment simulating blunt trauma of porcine liver during impact
situation provided us with a complex description of the injury mechanism on the
macroscopic and microscopic level. Freely available primary biomechanical data might
be used for validation of computational models of liver mechanical behavior. The
microscopic analysis demonstrated, that the ruptures did not propagate through the liver
randomly, but rather along the reticular fibers and interlobular septa. The propagation of
the ruptures along the main components of the liver stroma should be taken into
consideration when adapting the results to the human liver, which contains significantly
less connective tissue than porcine liver.

We can summarize the conclusions based on the current literature and on the results
of the studies as follows. The quantitative methods based on the automated image analysis

should be always calibrated, because the measured data depend on the settings of the



segmentation algorithms. Robust and highly reproducible stereological methods might be
used as appropriate tools for calibration of image analysis methods and for validation of
their results. Freely available data describing the distribution of the morphometric
parameters within porcine liver, such as volume fraction of connective tissue and length
density of hepatic sinusoids and bile canaliculi, allow to design experiments with justified
minimal numbers of animals and tissue samples. The results of the experimental studies
demonstrated, that the porcine liver is a suitable model organ for studying of various
physiological and pathological conditions in humans. We described experiments on
porcine liver, that involved regeneration, progression of liver disease and mechanical
behavior of the liver in impact situation. The primary data were provided together with

all the published manuscripts.



Predmluva

Do projektt tykajicich se tématu této dizertani prace jsem se na Skolicim pracovisti
Ustavu histologie a embryologie zapojovala jiz béhem svého pregradualniho studia na
Lékaiské fakulté v Plzni. Pod vedenim svého Skolitele, prof. MUDr. Mgr. Zbyika
Tonara, Ph.D., jsem se podilela na histologickém kvantitativnim hodnoceni fady
experimentll na mékkych 1 tvrdych tkdnich a postupné jsem ziskavala prvni vysledky
vedouci k publikaénim vystuptim. Prvni vysledkovy c¢lanek v Casopise s faktorem
impaktu, ktery je soucasti této dizertacni prace, byl tedy publikovan jesté pred zahajenim
mého postgradudlniho studia (Jifik et al. 2016).

S nastupem do doktorského studijniho programu Anatomie, histologie a embryologie
bylo tfeba zmapovat soucasny stav poznani relevantni k tématu dizertatni prace.
Rozsahla reserSe souCasné literatury vedla k publikaci tfi pfehledovych ¢lankt, z nichz
vychazeji tfi uvodni kapitoly této dizertacni prace. Jednd se o publikaci v ¢eském
recenzovaném Casopise zabyvajici se zvifecimi modely jaternich onemocnéni
(Maleckova et al. 2019) a dvé publikace v ¢asopisech s faktorem impaktu, jedna tykajici
se vyuziti jater prasete v biomedicin¢ (Eberlova et al. 2020) a druhd vychazejici ze
zkuSenosti se stereologickym hodnocenim redlnych experimenti z naseho pracovisté
(Kolinko et al. 2022).

Dalsi c¢lenéni dizertacni prace je zaloZzeno na vysledkovych studiich, jejichz
uspotadani je zaloZeno na nasledujicich cilech. Prvnim cilem byl vyvoj novych metod
kvantitativni analyzy jater prasete, a to konkrétné metod obrazové analyzy dat
validovanych pomoci robustnich stereologickych metod (Jitik et al. 2016, Jifik et al.
2018). V dalsim kroku jsme se zamé&fili na kvantitativni popis zdravych jater prasete,
jakozto vyznamného zvifeciho modelového organu v hepatologii (Mik et al. 2018,
Maleckova et al. — manuskript zaslan do Casopisu Annals of Anatomy). S vyuZitim
stereologickych metod se nam podafilo ziskat kvantitativni data nezbytna pro planovani
experimentll na jatrech prasete, konkrétné pro vypocet minimalniho poctu zvifat a vzorka
nezbytnych pro odhaleni zmén v mikrostruktuie jater. V neposledni fadé¢ jsme pak
zuroCili poznatky tykajici se mikrostruktury jater a uspé$né aplikovali stereologické
metody pfi hodnoceni redlnych experimentl na jatrech prasete (Palek et al. 2018, Palek
et al. 2020, Maleckova et al. 2021).

Pii planovani designu studii a zpracovani vysledkl jsem intenzivné spolupracovala

s konzultantkou dizerta¢ni prace, Ing. Petrou Kochovou, Ph.D., z Fakulty aplikovanych



véd Zapadogeské univerzity (ZCU). Dizertaéni prace byla zpracovana na dvou kolicich

pracovistich, proto jsou nékteré z predlozenych praci afiliovany LFP UK a dalsi ZCU. Na

predlozenych vystupech jsem se podilela nasledujicim zptisobem:

1.

Maleckova A et al. (Rozhl Chir., 2019); Ptiloha I: Prvoautorska ptehledova
publikace v Ceském recenzovaném Casopise Rozhledy v chirurgii. Provedla jsem
resersi soucasné literatury, konzultovala jsem obsah s Sirokym tymem odbornik
nejen z oboru histologie, ale také s experimentalnimi chirurgy a patology. Jako
prvni a korespondujici autor jsem se z nejveétsi ¢asti podilela na sepsani a revizi
manuskriptu.

Eberlova L, Maleckova A et al. (J Surg Res., 2020); Ptiloha II: ReSerse literatury,
zpracovani ¢asti manuskriptu tykajici se histologické stavby jater prasete a
moznosti jejiho hodnoceni, obrazova dokumentace, revize manuskriptu.

Kolinko Y, Maleckova A et al. (4nat Histol Embryol., 2022); Ptiloha III: Reserse
literatury, zpracovani ¢asti manuskriptu tykajici se vyuziti skenti histologickych
fezli pro vzorkovani zornych poli, revize manuskriptu.

Jitik M, Tonar Z, Kralickova A et al. (Int J Comput Assist Radiol Surg., 2016);
Ptiloha IV: Kvantitativni hodnoceni mikro-CT skend korozivnich preparatl
mikrocév v jatrech prasete, pfispévek do manuskritpu v podobé metodiky a
vysledki hodnoceni.

Jitik M, ..., Male¢kova A et al. (Microsc Res Tech., 2018); Ptiloha V: Testovani
kalibrace softwaru proti vysledkiim kvantitativniho hodnoceni ziskanymi
stereologickymi metodami, revize manuskriptu.

Mik P, Tonar Z, Maleckova A et al. (J Comp Pathol., 2018); Ptiloha VI: ReSerse
literatury na téma jaterni fibrozy, sbér a histologické zpracovani vzorkt, sepsani
a revize manuskriptu.

Maleckova A et al. (Clanek odeslan do casopisu Ann Anat); Ptiloha VII:
Prvoautorska publikace, v niZ jsem zaroven korespondujicim autorem. Provedla
jsem sbér a histologické zpracovani vzorktl jater prasete, kvantitativni analyzu
zalozenou na hodnoceni dvou kvantitativnich parametri na celkem 4428
mikrofotografiich, statistické zpracovani dat, sepsani manuskriptu.

Palek R, ..., Kralickova A et al. (Rozhl Chir., 2019); Ptiloha VIII: reSerse
literatury, histologicka analyzy vzorku jater prasete, revize manuskriptu.

Palek R, Rosendorf J, Malec¢kova A et al. (Anticancer Res., 2020); Ptiloha IX:

kvalitativni a kvantitativni analyza vzorku jater prasete, statistické zpracovani dat,



sepsani casti manuskriptu tykajicich se histologického hodnoceni a jejich
vysledki, revize manuskriptu.

10. Malec¢kova A et al. (Physiol Meas., 2021); Ptiloha X: Prvoautorska publikace, v
niZ jsem se podilela na designu studie a mechanické ¢asti experimentu. Publikace
byla podpofena v ramci projektu GA UK 1098120. Byla jsem zodpovédna za sbér
a histologické zpracovani vzorkii, kvantitativni analyzu Sifeni trhlin

parenchymem jater prasete, statistické zpracovani dat a sepsani manuskriptu.

V Plzni 10. 5. 2022
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Pouzité zkratky

AALD - Alkoholem podminéné jaterni poSkozeni (alcohol-associated liver disease)

AAST - Skala pro hodnoceni zavaznosti jaterniho poskozeni (dmerican
Association for the Surgery of Trauma)

AIS - Skala pro hodnoceni zavaznosti jaterniho poskozeni (4bbreviated Injury
Scale)

ALD - Akutni jaterni onemocnéni (acute liver disease)

ALP - Alkalicka fofataza

ALT - Alaninaminotransferaza

AST - Aspartataminotransferaza

CLD - Chronické jaterni onemocnéni (chronic liver disease)

CT - Vazivo (connective tissue).

GGT - Gamaglutamyltransferaza

ICT - Interlobulérni vazivo (interlobular connective tissue)

Lv - Délkova hustota (length density, length per volume)

METAVIR - Skérovaci systém pro hodnoceni rozsahu jaterni fibrozy (Meta-analysis of
Histological Data in Viral Hepatitis)

mikro-CT - Vypocetni tomografie s vysokym rozliSenim

MSC - Mezenchymalni kmenové builky (mesenchymal stem cells)

NAFLD - Nealkoholova steatdza (non-alcoholic fatty liver disease)

NASH - Nealkoholova steatohepatitida (non-alcoholic steatohepatitis)

Ny - Numericka hustota (numerical density, number per volume)

PL - Redlné hodnota denzity priisecikl s rovinou (intersection intensity)

PAS - Histologické barveni pro prikaz polysacharidii (Periodic Acid Schiff)

PBC - Primarni bilidrni cirhoza

PCCT - Pericentralni vazivo (pericentral connective tissue)

PL - Teoretickd hodnota denzity prasecikl s rovinou (theoretical intersection
intensity)

PSC - Primarni sklerotizujici cholangitida

PSCT - Peisinusoidalni vazivo (perisinusoidal connective tissue)

SOS - Sinusoidélni obstruk¢ni syndrom (sinusoidal obstruction syndrome)

SURS - Systematické jednotné ndhodné vzorkovani (systematic uniform random
sampling)

Sv - Povrchova hustota (surface density, surface per volume)

Uz - Ultrazvuk

Vv - Objemovy podil (volume fraction, volume density, volume per volume)
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1 Teoreticky uvod

1.1 Zvireci modely jaternich onemocnéni

V disledku jaternich onemocnéni zemtou kazdoro¢né ptiblizné dva miliony lidi (Asrani
et al. 2019). Terminalnim stddiem vétSiny chronickych jaternich onemocnéni je jaterni
cirhoza, kterd je pti¢inou nejen vysoké mortality, ale také morbidity pacienti pfispivajici
ke snizené kvalité zivota. Jako nejCastéjsi priCiny cirhdzy jater se v zapadnich vyspélych
zemich udavaji konzumace alkoholu vedouci k alkoholem podminénému jaternimu
poskozeni (alcohol-associated liver disease, AALD) a nealkoholova steatéza a
steatohepatitida  (nom-alcoholic  fatty liver disease, NAFLD,; non-alcoholic
steatohepatitis, NASH) spojena mimo jiné s zivotnim stylem vedoucim k obezité.
V asijskych zemich je nejCastéjsi pri¢inou cirhdzy virova hepatitida B, pfipadné virova
hepatitida C, ktera mize vyustit v hepatocelularni karcinom (Asrani et al. 2019).
Studium patogeneze a progrese akutnich jaternich onemocnéni (acute liver
disease, ALD) a chronickych jaternich onemocnéni (chronic liver disease, CLD)
s vyuzitim zvifecich model je jednou z moznych cest k vyvoji novych terapeutickych
strategii v hepatologii. Jako hlavni modelové organizmy se vyuzivaji zejména mali
laboratorni hlodavci — mysi a potkani, jejichz hlavnimi vyhodami jsou moznosti genové
manipulace ¢i nizsi financni ndklady na experiment. Hlodavci jsou také castéji vyuzivani
jako modelové organizmy pro studium jaterni fibrozy, ktera se u lidi a vétSich zvifecich
modelt vyviji po dobu mésicti ¢i let; naopak u hlodavct k jejimu rozvoji dochéazi ¢asnéji.
Hlavni nevyhodou experimentti na hlodavcich je ovSem jen omezend pienositelnost
vysledkli do huméanni mediciny (Starkel a Leclercq 2011).
které je hojné vyuZzivano pro studium ALD a akutniho jaterniho selhdni (van de Kerkhove
2004). Oproti hlodavcim vykazuje prase vyssi anatomickou a fyziologickou podobnost
s ¢clovékem a mulze tedy slouZit jako spojovaci ¢lanek mezi experimentdlni a humanni
medicinou. Prace s velkymi zvifecimi modely je ov§em zatiZena vyssi cenou experimentl
vazanou zejména na zajisténi zakladnich potieb zvifete (krmivo, ustdjeni apod.). Nizsi
pocet zvifat v experimentu v porovnani s experimenty s hlodavci mize navic ovlivnit
zavery studii v dusledku interindividudlni variability — kazdy design studie by mél tedy

vychazet nejen ze zasad koncepce 3R (replacement, reduction, refinement), ale mé¢la by
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byt také pfedem provedena analyza poctu zvifat potfebnych k prokazéani predpokladanych
biologickych rozdila.

Podrobny piehled zvifecich modelii jaternich onemocnéni s jejich hlavnimi
vyhodami a nevyhodami, vcetné piikladi konkrétnich studii vyuZzivajicich zvifeci
modely, byl publikovan v ¢eském recenzovaném casopise Rozhledy v chirurgii.
Publikace (Maleckova et al. 2019) je soucasti této dizertacni prace jako ptiloha I na str.

76.
1.2 Anatomicka a histologicka stavba jater

Analyza experimentd vyuzivajicich zvifeci modely jaternich onemocnéni zahrnuje ¢asto
histologické hodnoceni zmén v mikroskopické stavbé jater. Znalost mikroarchitektoniky
jater, v€etné rozdili v mikroskopické stavbé mezi jatry Clovéka a jatry modelovych

organizmi, je zakladnim predpokladem pro ziskani validnich histologickych dat.
1.2.1 Morfologie jater ¢lovéka

Jatra jsou se svou hmotnosti pohybujici se mezi 1500-1800 g u dosp&lého muze a 1200—
1500 g u dospélé Zeny (piiblizné 3 % télesné hmotnosti) nejvétsi zlazou téla (Cihak 2013,
Hulek et al. 2018). Nachézeji se intraperitonedlné v pravém a ¢aste¢né v levém hornim
kvadrantu bfisni dutiny pod brénicni klenbou. Vazivovy obal jater (capsula fibrosa
hepatis) je kryt ser6zni vrstvou (peritoneum viscerale) vSude mimo oblast jater, ktera
pevné srasta s branici (area nuda). Na jatrech popisujeme facies diaphragmatica
priléhajici k branici a facies visceralis, na jejiz ploSe miizeme najit Stérbiny (fissurae) ve
tvaru pismene H ohraniCujici Ctyfi jaterni laloky — lobus hepatis dexter, lobus hepatis
sinister, lobus quadratus a lobus caudatus.

Couinauda (1954), které odrazi uspotfddani a vétveni cévnich a ZluCovych struktur
v jatrech. Jatra maji duélni cévni zdsobeni probihajici cestou vena portae hepatis (dale
jen vena portae), jez predstavuje funkéni obéh, a cestou arteria hepatica propria, jez tvoti
nutritivni ob&h. Po vstupu do jater skrz porta hepatis se cévy spolecné vétvi na lalokové
a segmentové vétve, jejichz dal$im vétvenim vznikaji interlobuldrni a cirkumlobuldrni
cévy. Znich krev vstupuje do jaternich sinusoid a dale do venae centrales. Venae

centrales jaternich laliicki se spojuji a vytvareji zilni odtok z jater, jehoz vétve probihaji
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jatry nezavisle na vétvich vena portae a arteria hepatica propria. Zily opoustdji jatra
v podobé¢ tii venae hepaticae, které usti do vena cava inferior.

Detailni mikroskopickou stavbu jater poprvé popsal Kiernan v roce 1833 (Kiernan
1833). Jaterni parenchym je uspoidddn do zhruba Sestitthelnikovych jaternich laltcka
(lobuli hepatici classici), které jsou tvofeny radidlné usporddanymi trdmci hepatocytl
(hepatocyti) smétujicimi k vena centralis uprostied jaterniho lalticku. Mezi tramci
hepatocytil se nachazeji jaterni sinusoidy vystlané nesouvislym endotelem s nesouvislou
bazalni laminou (obrazek 1A a B), kterymi protéka krev smisend z funkéniho a
nutritivniho obéhu smérem k vena centralis. Jaterni sinusoidy jsou oddélené¢ od
hepatocytii perisinusoidovym (Disseho) prostorem (spatium perisinusoideum) s Cetnymi
retikularnimi vlakny (obrazek 1B), ve kterém se nachdzeji mimo jiné jaterni hvézdicovité
buiiky (Itoovy bunky, cellulae perisinusoidales, cellulae accumulantes adipem) (obrazek
1C). V jatrech se dale nachazeji jaterni makrofagy (Kupfterovy bunky, macrophagocyti
stellati) (obrazek 1D). Na styku jaternich laliacka se nachéazeji vazivové portobilidrni
prostory (spatium portale) obsahujici portalni triady (trias hepatica; Glissonova trias):
interlobuldrni vétve vena portae, arteria hepatica propria a ductus bilifer. Kromé této
trojice struktur probihaji v portobilidrnich prostorech také mizni cévy a nemyelinizovana
nervova vlakna.

Funk¢ni déleni jaterniho parenchymu ptedstavuji jaterni aciny (acini hepatici),
které maji tvar kosoctverce, tedy dvou trojuhelnikti pfiléhajicich k sobé zakladnami
(hranice mezi dvéma sousednimi jaternimi laliicky) s vrcholy v sousednich venae
centrales. Hepatocyty jsou v jaternim acinu zasobeny jednou cirkumlobularni cévou
(vena circumlobularis) a na zéklad€ obsahu kysliku a Zivin v protékajici krvi je mizeme
rozdélit do tfi zon: zona 1 (zona peripherica), zona 1l (zona intermedia) a zéna 111 (zona
centralis). Clenéni jaterniho parenchymu do t¥ z6n bylo poprvé popsino Rappaportem
v roce 1958 (Rappaport a Wilson 1958) a castecné vysvétluje lokalizaci patologickych
1ézi souvisejicich s poruchami perfize jaterniho parenchymu. Zaroven do ur€ité miry
odpovidd clenéni parenchymu na zakladé¢ exprese enzymi v hepatocytech do tzv.
metabolickych zon (metabolic zonation) (Lamers et al. 1989).

Dal8im moznym ¢lenénim jaterniho parenchymu je vymezeni portalnich lalacka
(lobuli portales), které maji tvar trojuhelniku s vrcholy ve tfech sousednich venae
centrales a s portalni triddou uprostied. Hepatocyty portalniho lalticku produkuji zlug,

ktera je odvadéna jednim interlobularnim Zlu¢ovodem.
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Obrazek 1 — Jatra prasete (transmisni elektronovy mikroskop). A. Jaterni sinusoida
s fenestrovanym endotelem, v jejimz prusvitu se nachazi neutrofilni granulocyt
s azurofilnimi granuly; B. Detail jaterni sinusoidy a endotelovych bun€k (hvézdicka) z
obrazku A. V perisinusoidalnim prostoru jsou zobrazena retikularni vldkna (Cervena
Sipka); C. Hvézdicovitd bunka s velkou tukovou vakuolou (hvézdi¢ka) nachazejici se
v perisinusoidalnim prostoru; D. Perisinusoidalni prostor mezi tramci hepatocyti a
pfilehlym nesouvislym endotelem jaterni sinusoidy. V detailu je zobrazena Ccast
makrofagu (Kupfferovy buiky) s lysozomy; E. Dva ptilehl¢ hepatocyty s kulatymi jadry
(hvézdicky), jejichz cytoplazmatickd membrana tvoii poc¢atecni usek zlucovych cest —
zlu¢ovou kapilaru; F. Detail zlucové kapilary z obrazku E. Spojeni hepatocyti je
zajisténo tésnymi spoji (Cervené Sipky), které zabranuji prosakovani zluci. Méftitko = 1
um. Za pofizeni mikrofotografii d&¢kuji MUDr. Jifimu Uhlikovi, Ph.D., Ustav histologie
a embryologie, 2. I¢katska fakulta, Univerzita Karlova.
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Exokrinni funkce jater, neboli produkce Zluci, je na morfologické urovni
vyjadfena rozvétvenym systémem intrahepatalnich zluCovych cest. Jejich pocatecni
segment, zlu¢ovy kanalek (zlucova vlasecnice; zlucova kapilara; canaliculus bilifer, bile
canaliculus), je lokalizovan intralobularné a je charakterizovan jako prostor s primérem
okolo 1 um nachazejici se mezi dvéma hepatocyty (obrazek 1E a F). Sténa Zluovych
kanalkt je tvofena cytoplazmatickymi membranami pfiléhajicich hepatocyti. Ve vnéjsi
tretiné jaterniho lali¢ku na Zlucové kapilary navazuji zluc¢ové Heringovy kanalky
(canales biliferi), jejichz sténa je jiz vystlana cholangiocyty. Heringovy kanalky opoustéji
jaterni lali¢ek a formuji interlobularni Zlucovody (ductus interlobulares), které
retrogradné provazeji vétve vena portae a arteria hepatica propria. Systém zlu¢ovodu se
spojuje do podoby dvou vyvodu ductus hepaticus dexter et sinister, které opousti jatra a
jsou zakladem extrahepatalnich zlu¢ovych cest.

Mikroskopické uspofadani jaterniho parenchymu vznikd na zadkladé vysoce
specializované polarity hepatocytti. Apikdlni povrch cytoplazmatické membrany
hepatocytii se podili na tvorbé zluCovych kapilar, zatimco bazalni doména sousedi
s jaternimi sinusoidami. NaSe znalosti tykajici se mechanizmt vyvoje a udrzeni polarity
bun¢k vychéazeji zejména ze studia tkanovych kultur. Pfi studiu polarity hepatocyti
ovSem nardzime na omezenou schopnost hepatocytll vytvofit in vitro multipolarni
uspotradani (Treyer a Miisch 2013), které vznikd nejen na podklad¢ interakci mezi
samotnymi hepatocyty, ale téz je tfeba zajistit piisobeni dalSich bun¢k a tkani, napf.
sinusoidalnich endotelovych bunék (Treyer a Miisch 2013).

Rist a interakce hepatocytil v tkadniovych kulturach ¢i pii regeneraci jater do urcité
miry odpovidd embryonalnimu vyvoji jater a diferenciaci pivodné nepolarizovanych
hepatoblastii ve vysoce polarizované buiiky (Lemaigre 2009, Ober a Lemaigre 2018,
Treyer a Miisch 2013). Nedavny rozvoj metod pro trojrozmérnou analyzu tkani umoznil
detailni studium morfogeneze jater v modelovych organizmech (Ober a Lemaigre 2018).
Zaklad jater entodermového plivodu se u cloveka objevuje v poloviné 3. tydne
embryonalniho vyvoje, kdy se ve vyklenuti entodermu ptredniho stfeva diferencuji
bipotentni hepatoblasty, které se dale mohou diferencovat jak v hepatocyty, tak v
cholangiocyty (Sadler 2011). V inicidlnich fazich jsou hepatoblasty rozmistény mezi
hematopoetickymi kmenovymi buiikami. Postupné dochazi k proliferaci bun¢k a k jejich
propojovani pomoci adheznich spojeni. To vede ke vzniku prvnich souvislych zlu¢ovych

kapilar s rozSifenym prisvitem a hepatocyty uspofadanymi do utvara pfipominajicich
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aciny. Rychlym rlstem a propojovanim kanalkli vznikd vysledna sit’ intrahepatalnich
zlucovodu.

I pres pokrok ve studiu morfogeneze jater stile mame jen omezené mnozstvi
informaci o vzajemné interakci tramct hepatocytil, zlu¢ovodl a cév (Ober a Lemaigre
2018). Detailni popis mechanizmi vyvoje jater, v€etné¢ popisu morfometrickych
parametrQ struktur, na jejichz tvorbé se podili multipolarita hepatocyti, mize piispét
k porozuméni procesii spojenych s jaterni regeneraci €1 progresi jaternich onemocnéni.
Poznatky mohou byt také vyuzity pii vyvoji in vitro modeld jaterniho parenchymu

piiblizujicich se skutecnému uspotadani a polarit€ hepatocytli (Ober a Lemaigre 2018).
1.2.2 Morfologie jater zvifecich modeli jaternich onemocnéni

Nejcastéji vyuzivanymi zvifecimi modely v hepatologii jsou mys a potkan (Maleckova et
al. 2019). V morfologii jater obou zivoc¢isnych druhti jsou oproti ¢loveéku urcité rozdily,
nicméné¢ celkova podobnost ve struktufe a funkci je dostate¢na k tomu, aby umoznila
efektivni vyuziti jater mysi a potkana ve vyzkumu. Hlavni popisované rozdily se tykaji
zejména anatomické stavby jater (tabulka 1), nebot’ roz¢lenéni jater na jednotlivé laloky
je druhove specifické (Treuting et al. 2017).

Oproti tomu mikroskopické Clenéni na jaterni lalicky muzeme povazovat u
¢loveka, mysi a potkana za obdobné, pfestoze se 1 na mikroskopické trovni nachazeji
specifické rozdily (obrazek 2). U mysi tyto rozdily zahrnuji napf. nezfetelné oddélené
tramce hepatocytli zejména v zoné III, ¢i mensi portobilidrni prostory s portalnimi
triddami (obrazek 2B). DalSim rozdilem je hromadéni glykogenu v cytoplazmé
hepatocytti po jidle, které je viditelné jako projasnéni cytoplazmy v zoné I11. Z hlediska
modelovani CLD je vyznamné zejména mens$i mnozstvi vaziva, k jehoz vyraznému
zvySeni nedochazi ani pfi zavazném poskozeni jater (Treuting et al. 2017).

Stale vétsi vyznam ziskavaji pro hepatologicky vyzkum jatra prasete (vice nez
5000 nalezii v databazi Medline (https://www.ncbi.nlm.nih.gov/pubmed/) pii zadani
vyrazli ((pig) AND liver) AND experim*), bfezen, 2022). Makroskopicky je
nejvyraznéj$im rozdilem oproti lidskym jatrim ¢lenéni na laloky, jejichz pocet a velikost
zavisi na konkrétnim plemeni (tabulka 1). Na mikroskopické urovni se popisuje ¢lenéni
na jaterni lalicky, které jsou oproti lidskym jatrim jasn¢ ohranieny vazivovymi
interlobuldarnimi septy (obrazek 2C). Trojrozmérna struktura jaterniho stromatu prasete je

v soucasnosti vyuzivana pro vyvoj decelularizovanych jaternich skafoldd, které by po
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osidleni buiikami jater mohly slouZit jako ndhrady organ pro pacienty s jaternim
selhanim (Massaro et al. 2021, Moulisova et al. 2020).

Podrobny popis morfologie jater prasete na makroskopické i mikroskopické
urovni, véetné¢ pirehledu vyuziti tohoto modelového organizmu v biomedicing, byl
publikovan v €asopise The Journal of Surgical Research. Publikace (Eberlova et al. 2020)

Jje soucasti této dizertacni prace jako pfiloha II na str. 87.

Obrazek 2 — Srovnani histologické stavby jater ¢lovéka (A), mysi (B), prasete (C) a
potkana (D). Mikroskopicka struktura jater je charakterizovdna pfitomnosti jaternich
lalicktt slozenych ztrdmcl hepatocytl s vena centralis ve stiedu (hvézdicky) a
portobiliarnimi prostory s portalnimi triddami na hranicich lalic¢kt (Sipky). Jaterni
lalticky a portobilidrni prostory u mysi (B) jsou rozméroveé mensi. V jatrech prasete (C)
je vyznamné vy$$i mnozstvi vaziva, které¢ vidime v podob¢ interlobularnich sept jasné
ohranicujicich jaterni lalicek. Barveni hematoxylin a eosin Méritko = 100 um.
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Tabulka 1 — Srovnani anatomie jater ¢lovéka a nejéastéji vyuzivanych zvifecich
modelii — mySi, potkana a prasete. Hodnoty pievzaty z nasledujicich publikaci:
Eberlova et al. (2020); Kogure et al. (1999); Swindle a Smith (2016); Treuting et al.

(2017).
Rys Clovék Mys§ Potkan Prase
Velikost 1500 g 2g 15¢g Dle plemene
3 % hmotnosti téla 6 % hmotnosti téla 6 % hmotnosti téla 1,5 % hmotnosti téla
Laloky 4: 4: 4: 4 — 6: dle plemene
dexter (nejvétsi), medialis caudatus sinister lateralis
sinister sinister (nejvetsi) sinister sinister medialis
caudatus dexter (rozdéleny) middle dexter lateralis
quadratus caudatus dexter dexter medialis
caudatus
quadratus
Zluénik  Pod lobus dexter Prortsta skrze lobus ~ Nepfitomen Mezi lobus dexter

medialis

lateralis a quadratus
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1.3 Histologické hodnoceni jater v patologii a v experimentech
1.3.1 Kbvalitativni hodnoceni mikroskopické stavby jater

Jaterni biopsie patifi mezi zdkladni diagnostické techniky a vhodné dopliiuje nové
diagnostické a 1écebné metody v hepatologii. Spravny odbér a fixace vzorku jsou pro
histopatologické vysetfeni stejné dilezité jako dostatecnad velikost a kvalita odebrané
tkané. V rutinni praxi se vyuziva cela fada histochemickych barveni, jejichz piehled je

uveden v tabulce 2.

Tabulka 2 - Prehled nejcastéji vyuzZivanych metod histologického barveni
v diagnostice jaternich onemocnéni. HBsAg — povrchovy antigen viru hepatitidy B
(HBV).

Histologické barveni Zobrazené struktury VyuZiti v diagnostice
Hematoxylin a eosin Piehledné barveni Zakladni mikroarchitektonika jater
Trichrom — Massoniiv Kolagenni vldkna Zhodnoceni rozsahu fibrozy
trichrom Posouzeni mikroarchitektoniky jater

— zvyraznéni portalnich poli, vena
centralis

Barveni dle Gomoriho Retikularni vlakna Posouzeni mikroarchitektoniky jater
— kondenzace retikuldrnich vldken

(nekréza); rozsiteni tramcii

(regenerace)
Barveni dle Foucheta Biliverdin Cholestaza
Perlsova reakce Fe pigment Lokalizace a rozsah depozit Fe
s berlinskou mod¥i pigmentu

Zvyraznéni pigmentovanych

makrofagt
Periodic acid-Schiff Glykogen, bazalni Glykogenové inkluze v hepatocytech
(PAS) membrany — Wilsonova choroba, deficit alfa-1-
antitrypsinu, glykogeno6zy apod.
Orcein HBsAg, Cu depozita, Hepatitida B, Wilsonova choroba,
elasticka vlakna chronicka onemocnéni Zlu¢ovych
cest
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Vlastni vySetfeni mikroskopické stavby vzorku by mélo byt systematické a mélo

by zahrnovat popis mikroarchitektoniky jater, portalnich poli a lobularniho parenchymu.

Normalni histologicky obraz je charakterizovan ptitomnosti portalnich poli a centralnich

zil umisténych v jaternim parenchymu v pravidelnych rozestupech. Na zdaklad¢

pifitomnosti nepravidelnosti a zmén v téchto tfech parametrech pak miZeme rozdélit

zékladni morfologické vzorce ¢i obrazce jaterniho poskozeni do sedmi kategorii. Dle

algoritmu na obrazku 3 lze ve vzorku jater identifikovat nejvyznamnéji zastoupeny

vzorec, ktery nasledné slouzi jako voditko pfi diferencidlni diagnéze pficiny jaterniho

poskozeni. Nize jsou piehledné uvedeny mozné typy jaterniho poSkozeni véetné€ popisu

jejich morfologie a piikladii onemocnéni.

Normalni histologicky obraz

L o Ano | Roziifend portalni | Ano | 7anatliva | Ano Zanétlivy infiltrat
(rovnomérné rozmisténa > i » ralnifeh volfcti
portalni pole a centralni vény) i ‘ TS ¥ pRtainich polic
; 3 N |
; s :
\ Duktuldrni| Ano
‘ Ne | > arni
: : e Duktularni reakce
: v
| Poskozeni Ano _|Poskozeni parenchymu
! parenchymu lobult
Ne | Ne
4
‘ Ano
! Steatdza > Steatdza
: Ne !
‘ v
‘ Témé&F normalni Ano " Témér normalni
! vzhled 4 vzhled
v
Ano s
Fibréza > Fibréza
Ne
v
Ano
LoZiskova léze > LoZiskova léze

Obrazek 3 — Algoritmus hodnoceni histopatologického obrazu v jaterni biopsii.
Pfevzato a upraveno dle Saxena (2018).
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Zanétlivy infiltrat v portalnich polich —,, The blue portal tract“

Hlavnim znakem u tohoto typu poskozeni je rozSifeni portalnich poli zanétlivym
bunéénym infiltratem, ktery jim propdjc¢uje modry vzhled na preparatech barvenych
hematoxylinem a eosinem (obrazek 4A). Zanét se muze rozsifovat do okolniho jaterniho
parenchymu a miize zplsobovat poSkozeni hepatocytli rtizného stupné. Diagndzu
onemocnéni zplisobujiciho toto postizeni Ize stanovit na zaklad¢ identifikace bunécnych
typt podilejicich se na zanétlivé infiltraci a na zdkladé¢ vyskytu dalSich
histopatologickych znaki jako napf. pfitomnost intracytoplazmatickych inkluzi (ground-
glass cells — hepatitida B), pfemost’ujicich nekréz (autoimunitni hepatitida) ¢i postiZzeni
portalnich ZluCovodli (primérni sklerotizujici cholangitida — PSC; primarni biliarni
cirh6za — PBC).

Duktularni reakce — ,, The bilious portal tract*

Rozsifeni portalnich poli je u tohoto vzorce zplisobeno proliferaci zlu€ovodu, otokem,
fibrozou (napft. koncentrickd periduktalni fibroza, tzv. onion-skinning u PSC (obrazek
4B)) a neutrofilni zanétlivou infiltraci i pfitomnosti granulomt (sarkoidoza, PBC). Také
mohou byt pfitomny znamky cholestazy (sepse).

PoSkozeni parenchymu lobuli —,, The distressed lobule“

Poskozeni vlastniho jaterniho parenchymu byva kombinaci zanétu, nekrozy, méstnani,
cholestazy a probihajici regenerace (obrazek 4C). Mize byt doprovazeno zménami
v portalnich polich, které ovSem nejsou dominantnim nalezem. Jedna se o Casty nalez u
fady onemocnéni, nebyva proto patognomicky.

Steatoza —,, The bubbly liver*

Steatdza je charakterizovana nahromadénim tukovych vakuol, které jsou na preparatech
zpracovanych zakladnim histologickym barvenim viditelné jako vodojasné kulovité
utvary v cytoplazmé hepatocytii (obrazek 4E, F). Dle velikosti vakuol lze steatézu
rozdelit na (i.) makrovezikularni — jedna velkd tukovéd vakuola vytlacujici jadro na
periferii bunky (obrazek 4E); (ii.) mikrovezikularni — mnozstvi drobnych tukovych
vakuol, sama o sobé ma diagnostickou vypovidaci hodnotu (Reytv syndrom, t€hotenska
steatohepatdza); (iii.) smiSenou — morfologicky kombinace makro- a mikrovezikularni
steatozy (obrazek 4F). Zarovenn mulzeme nachédzet akumulaci lipida v Kupfferovych
bunkach a v portadlnich makrofazich. Steatéza je typickym obrazem alkoholového a
nealkoholového postizeni jater, malnutrice ¢i dédicnych metabolickych onemocnéni

(Niemannova-Pickova choroba, galaktosémie apod.).
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Témér normalni vzhled — ,,Calm, but not quiet*

V histopatologickém obraze nenachdzime zadny =z nejcastéjSich znakll jaterniho
onemocnéni, jako je zanét, duktuldrni reakce, nekréza hepatocytl, steatéza ¢i fibroza.
Nevyrazné zmény mohou byt viditelné pii vétsim zvétSeni — lymfocyty v jaternich
sinusoidach (hepatitida C), intracytoplazmatické inkluze (hepatitida B) ¢i zvétSené bledé
hepatocyty (diabetes mellitus). Nepravidelnosti v mikroarchitektonice jater mohou
ukazovat na pfitomnost nddorového bujeni ¢i regenerativnich uzlt.

Fibréza, cirhéza —,, The scarred liver

Pritomnost vazivové tkané, kterd vyznamné naruSuje mikroarchitektoniku jater, je
nejvyrazngj$im znakem tohoto vzorce (obrazek 4G, H). Podezieni na fibrotické zmény
muzeme mit jiz pti makroskopické inspekci vzorku — kvili kiehkosti tkan¢ dochézi Casto
k jeho fragmentaci. Rozsah fibrézy muize byt od mirné fibrotizace (periportalni
fibrotizace) ptes stfedni a t¢Zkou fibrozu (porto-portalni a porto-centralni septa) (obrazek
4@G) az po cirhozu. Cirhoza je charakterizovana ptitomnosti sept a uzld, ve kterych jsou
jaterni tramce tvofeny dvéma a vice fadami hepatocytt (obrazek 4H). Aktivitu cirthozy
hodnotime dle intenzity zanétu — u neaktivni cirh6zy neni pfitomen uvnitt uzIli ani zanét
ani nekroéza a hranice mezi uzly a septy jsou jasné viditelné. Fibroza prechazejici
v cirh6zu je konecnym stadiem vétSiny chronickych jaternich onemocnéni.

Solidni 1éze —,,4 pushy kind of guy“

Normalni jaterni parenchym je nahrazen nadorovou tkani (obrazek 4D). Ztrata uniformni
distribuce portalnich poli a centralnich vén je nejlepsim voditkem pro rozpoznani tohoto
vzorce. Pfi¢inami vzniku obrazu mohou byt maligni i benigni nadory jater vcetné

metastaz Ci parazitarnich infekci.
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Obrazek 4 — Priklady morfologickych obrazi poskozeni mikrostruktury jater. A.
Zangtlivy infiltrat v portalnich polich, primarni biliarni cirh6za (PBC); B. Duktularni
reakce — koncentrickd periduktalni fibréza (onion-skinning) kolem poSkozenych
zlucovodli doprovazend otokem a zanétlivou infiltraci, primarni sklerotizujici
cholangitida (PSC); C. Poskozeni parenchymu lobull — centrilobularni nekroza, akutni
hepatitida; D. Solidni 1éze — tumordzni tkan nahrazujici pravidelnou mikroarchitektoniku
jaterniho parenchymu, jaterni metastaza neuroendokrinniho tumoru; E. Makrovezikularni
steatoza — velka tukova vakuola vytlacujici jadro na periferii buiiky, nealkoholova
steatohepatitida (non-alcoholic steatohepatitis, NASH); F. SmiSen4 steat6za — alkoholova
steatohepatitida; G. a H. Fibroza a cirhoza, alkoholové poskozeni jater. Barveni
hematoxylin a eosin (A — F), Massontv trichrom (G, H). Meéritka = 50 um.
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1.3.2 Kvantitativni hodnoceni mikroskopické stavby jater

Semikvantitativni skorovaci systémy a jejich limitace

Kvalitativni popis jaterni biopsie s ur¢enim nejvyznamnéjSich vzorct jaterniho poskozeni
je zakladnim pilifem histopatologické diagnostiky. Stejné vyznamnym je pii hodnoceni
zavaznosti ndlezu vyuziti semikvantitativnich skorovacich systémi vyuzivanych zejména
pfi hodnoceni chronickych jaternich onemocnéni. Skérovaci systémy neslouZzi k urceni
primarni diagnozy, ale spiSe k ur¢eni zavaznosti postiZeni, ptipadné predpovedi progrese
nalezu ¢i odpovedi na lécbu.

V piipad¢ steatotického poskozeni jater lze napt. vyuzit specifické skorovaci
systémy vychazejici ze stanoveni piiblizného procentualniho zastoupeni hepatocytl
s tukovymi vakuolami, ze stanoveni pfitomnosti zanétu a ze stanoveni pfitomnosti tzv.
balonové degenerace hepatocytl (ballooning degeneration) (Brunt et al. 1999, Kleiner et
al. 2004). Ballooned hepatocytes se vyznacuji svétlou cytoplasmou a nahromadénim
tekutin, coz vede ke zvétSeni bunék a ztraté¢ jejich typického tvaru (Saxena 2018).
Skorovaci systémy hodnotici zdvaznost chronického jaterniho postizeni vyuzivaji
stanoveni tzv. ,,grade‘ urcujiciho aktivitu zanétu a ,,stage* popisujiciho stupeni fibrozy,
ktera se vyviji a progreduje pii chronickém poskozeni jater. V soucasnosti jsou nejvice
vyuzivany tii systémy klasifikace: Battsova-Ludwigova klasifikace (Batts a Ludwig
1995), klasifikace dle Ishaka (Knodell et al. 1981) a klasifikace METAVIR (Meta-
analysis of Histological Data in Viral Hepatitis) (Bedossa a Poynard 1996).

Grading (ur€eni ,,grade**) vychazi ze stanoveni pfitomnosti zanétu a nekrozy
v periportalni, intralobularni a portalni oblasti. Kazda z 1¢ézi je ohodnocena body, kdy
dohromady vytvareji ,,grade* zanétu v biopsii. Staging (urceni ,,stage*) hodnoti rozsah a
lokalizaci jaterni fibr6zy. Ve vSech skorovacich systémech dosahuji hodnoty od 0 (zadna
fibr6za) po nejvyssi hodnotu (cirhéza) — hlavnim cilem je tedy urceni, zda jaterni
postizeni dosdhlo trovné cirh6zy. Dalsi hodnoty neodrazeji ptimo rozsah fibrozy, ale
spise jeji lokalizaci (Saxena 2018, Hulek et al. 2018).

Zavedeni semikvantitativnich skoérovacich systémi umoznilo v nékterych
piipadech optimalizovat 1écbu pacienti na zaklad¢ ptredpovédi progrese jaterniho
posSkozeni ¢1 hodnoceni Gi€inku 1é€by. Nicméné je tieba mit na paméti limitace souvisejici
s metodikou kvantifikace v jaternich biopsiich. Jednim z vyznamnych faktort

ovlivitujicich grading a staging je reprezentativnost vzorku, tzv. ,sampling error.
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V soucasnosti jsou vzorky jater nejcastéji odebirany metodou perkutanni biopsie naslepo
nebo pod ultrazvukovou (UZ) kontrolou (Hulek et al. 2018). K odbéru se vyuzivaji
bioptické jehly s primérem 1,4 mm — vzhledem k celkovému objemu jater se tedy jedna
jen o velmi malé vzorky tkané. V zasadé lze i z téchto vzorkt stanovit zékladni diagnézu,
nicméné kvantifikace aktivity onemocnéni a rozsahu fibrézy miZze byt zatiZena
nedostatecnou reprezentativnosti odebraného vzorku.

Dalsi limitaci semikvantitativnich skérovacich systémii je zavislost vysledki
hodnoceni na osobé hodnotitele. Ciselna hodnoceni nejsou absolutnimi naméfenymi
hodnotami, ale vychdzeji z pozorovani hodnotitele. Rozsah jaterniho poskozeni je
definovan napft. terminy ,,mirny, sttedni, tézky* (,,mild, moderate, severe). Popis je
zavisly na subjektivnim hodnoceni pozorovatele. Rozdily mezi hodnotiteli (interobserver
variability) jsou Casto zavislé na zkusenostech patologa a doporucuje se tedy, aby byly
biopsie hodnoceny simultanné alespoii dvéma patology (The French METAVIR
Cooperative Study Group 1994, Rousselet et al. 2005).

Moznosti kvantifikace v jaterni biopsii a jejich limitace

Pfesné stanoveni mnozstvi vaziva v jaternich biopsiich mize byt jednou z cest, jak se
vyhnout vyznamné variabilit¢ v hodnoceni rozsahu fibrozy mezi hodnotiteli.
Kvantifikovat mnozstvi vaziva je mozné za vyuZziti metod obrazové analyzy dat
(computer-assisted morphometric image analysis) (Saxena 2018). Méfeni jsou nicméné
zavisla na kvalité¢ zpracovanych vzorkil, zejména na robustnim barveni poskytujicim
dostate¢ny kontrast hledané tkané k pozadi, na parametrech nastaveni softwaru pro
analyzu obrazu a v neposledni fad€ na strategii vzorkovani tkan€ — tedy na urceni
velikosti a mista odbéru vzorkit (Wang a Hou 2015). Mnozstvi vaziva navic
nekoresponduje se zavaznosti jaterniho postizeni, kdy je vyssi ,,stage* dan spiSe
lokalizaci a charakterem fibrézy nez celkovym narlistem mnozstvi vaziva. K ureni
zavaznosti onemocnéni a predpovédi progrese by tedy méla byt kvantitativni informace
doplnéna o informaci ohledné rozloZeni vaziva ¢i dalSiho jaterniho poskozeni v kontextu
k mikroarchitektonice jaterniho parenchymu (Saxena 2018).

Validaci metod obrazové analyzy lze provést porovnanim vysledkii méteni
s vysledky ziskanymi robustnimi metodami kvantifikace, jako napf. stereologickymi
metodami. Studie zpracovana autory Homeyer et al. (2017) hodnotila rozsah
steatotického poskozeni jater pomoci automatické obrazové analyzy a validovala

vysledky s vyuzitim bodové testovaci miizky. Motivaci pro vyvoj algoritmti obrazové
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analyzy je zejména men$i pracnost a mensi Casovd narocnost v porovnani se
stereologickymi metodami, které nicméné predstavuji ,,zlaty standard*“ kvantitativni
histologie.

Tzv. design-based stereology vychazi z principt stochastické geometrie a neni
zaloZena na obtizné ovéfitelnych predpokladech tykajicich se tvaru, velikosti, orientace
¢1 distribuce hodnocenych struktur (Howard a Reed 1998, Mouton 2002). V soucasné
chvili existuje celd fada studii shrnujicich prakticka doporuceni, jak 1ze postupovat pii
planovani a designu kvantitativniho histologického hodnoceni orgéni vcetné jater
(Kolinko et al. 2021, Marcos et al. 2012, Tschanz et al. 2014). Zasadnim krokem
zarucujicim nevychylené odhady (unbiased estimates) sledovanych parametrt je vyuziti
systematického jednotného ndhodného vzorkovani tkané (systematic uniform random
sampling, SURS), které je nedilnou soucasti planovani stereologického hodnoceni.
Jedinou ucinou cestou, jak se vyhnout vychyleni a zajistit pfesnost méfeni, je
standardizace postupu vzorkovani (Hsia et al. 2010). Piiklady histologického
kvantitativniho hodnoceni v jatrech prasete vcetné pouzitych metod barveni jsou
prehledné uvedeny v tabulce 3.

Problematika vzorkovani od trovné organti (pocet odebranych tkanovych block)
po uroven jednotlivych histologickych fezii (pocet a velikost zornych poli, tzv. fields of
view, urCeni oblasti zajmu, tzv. regions of interest) s vyuzitim metod virtualni
mikroskopie byla podrobné diskutovana ve ¢lanku Kolinko et al. (2021) publikovaném
v impaktovaném Casopise Anatomia, Histologia, Embryologia. Publikace je soucasti této

dizertacni prace v podobé¢ ptilohy III na str. 98.

Tabulka 3 — Priklady histologického kvantitativniho hodnoceni v jatrech prasete.

Histologické barveni Zobrazené struktury  Kvantitativni hodnoceni  Studie

Hematoxylin a eosin Ptehledné barveni Rozsah hemoragické Paélek et al. 2020
nekrozy

Anilinova mod¥ Kolagenni vlakna Mnozstvi vaziva Mik et al. 2018

Reticulin kit Retikularni vlakna Sifeni trhlin jatry Maleckova et al. 2021

Periodic acid-Schiff Glykokalyx membran  Pocet a velikost Junatas et al. 2017

(PAS) hepatocytt hepatocytt

Lektinova histochemie Jaterni sinusoidy a Délkova hustota jaternich ~ Maleckova et al.

Ricinus communis zlucové kapilary sinusoid a zlu¢ovych ptiloha IX

agglutinin | kapilar
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2 Cile a hypotézy dizertace

Zviteci modely jsou hojné vyuZivany pii studiu patogeneze a progrese jaternich
onemocnéni €1 pii vyvoji novych strategii jejich terapeutického ovlivnéni. Zaméteni této
dizerta¢ni prace na velky zvifeci model, prase domaci, odrazi soucasny trend na poli
experimentalni mediciny, tedy vyuziti modelti co nejblizsich ¢lovéku tak, aby byly
vysledky experimentli co nejpfesnéji pienositelné do huméanni mediciny. V rutinni
patologické praxi je histologické hodnoceni nedilnou soucésti procesu stanoveni
diagnozy a zavaznosti jaterniho poskozeni. Analogicky je tedy histopatologické vySetteni
tkan¢ zatfazeno do designu experimentalnich studii na jatrech prasete. Nasim cilem bylo
aplikovat metody kvalitativniho a kvantitativniho histologického hodnoceni a ovéfit
jejich vyuzitelnost na jatrech prasete. Metody kvantifikace zahrnovaly jak automatickou
obrazovou analyzu dat, tak stereologické metody zarucujici vysokou reprodukovatelnost
studii a porovnatelnost vysledki z riznych experimentti. Nasledujici zformulované

vyzkumné otazky shrnuji zakladni problémy feSené v predlozenych pracich:

1. Jakymi néstroji l1ze automatizovat a zefektivnit kvantitativni analyzu mikrocév jater

zobrazenych pomoci vypocetni tomografie s vysokym rozliSenim (mikro-CT)?

2. Jak Ize validovat data ziskand automatickou analyzou mikro-CT skenti mikrocév a

jak automaticka mikro-CT vySetfeni kalibrovat?

3. Jakje v jednotlivych oblastech jater prasete rozloZeno vazivo a jak souvisi mnoZzstvi

vaziva s pohlavim jedince?

4. Jak jsou v jednotlivych oblastech jater prasete rozloZeny jaterni sinusoidy a ZluCové

kapilary a jak souvisi jejich rozlozeni s pohlavim jedince?

5. Jaky je dopad aplikace mezenchymalnich kmenovych buné€k na histologické zmény
v jatrech a jaky bude mit vliv na celkovy pribéh onemocnéni a pieziti prasat se

sinusoidalnim obstrukénim syndromem po parcialni hepatektomii?

6. Jak souvisi mikroskopicka stavba jater prasete se Sifenim trhlin jatry v experimentu

simulujicim tupé poranéni?
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Postupné zodpovézeni téchto Sesti vyzkumnych otdzek a formulovani zavért bylo
hlavnim cilem nize ptedlozenych praci. Stru¢ny popis motivace, formulovanych hypotéz,

metodiky i vysledki a nasledna diskuze jsou uvedeny v nasledujicich kapitolach.

2.1 Kbvantifikace jaternich mikrocév v korozivnich preparatech jater

zobrazenych pomoci mikro-CT
2.1.1 Motivace a cile prace

Mikrovaskularni sit’ jater hraje klicovou roli ve fyziologickych i patologickych procesech
probihajicich ve tkanich jater. Navzdory dulezitosti mikrovaskularni sit¢ jater mame jen
omezené¢ mnozstvi dat popisujici jeji trojrozmérné uspoiadani. Jednou z mozZnosti
vizualizace trojrozmérné sit¢ mikrocév je vyuziti korozivnich preparati
(Lametschwandtner et al. 2005) a jejich zobrazeni pomoci mikro-CT (Schladitz 2011).
S vyuzitim stereologickych metod (Howard a Reed 1998, Mouton 2002, Miihlfeld 2014),
které jsou zlatym standardem kvantitativni histologie, je pak mozné mikrocévni sit’
zrekonstruovat na zaklad¢ statistického popisu jeji geometrie. Ziskani dostatecného
objemu dat stereologickymi metodami, tedy manualni kvantifikaci, je nicméné velmi
Casové narocné a zatézujici pro osobu hodnotitele. Cilem této studie bylo vyvinout open-
source software pro kvantifikaci mikro-CT skenil korozivnich preparatd mikrocév jater
prasete. Validace dat ziskanych automatickou kvantifikaci byla provedena na zakladé

porovnani s daty ziskanymi stereologickou kvantifikaci.
2.1.2 Hypotézy

Ho(A): Vysledky kvantifikace popisujici objemy, povrchy, délky a pocty jaternich
mikrocév ziskané automatickou kvantifikaci se nelisi od vysledkd ziskanych manualni
kvantifikaci.

Podrobna metodika, vysledky, diskuze a zavéry jsou v plném rozsahu soucésti
publikace v Casopise International Journal of Computer Assisted Radiology and Surgery

(Jitik et al. 2016). Publikace je k dispozici v ptiloze IV na str. 119 této dizertacni prace.
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2.2 Generovani virtualnich obrazovych dat pro kalibraci vySetfovani

vlaknitych a poréznich struktur pomoci mikro-CT

2.2.1 Motivace a cile prace

Mikro-CT je v soucasnosti preferovanou metodou pouzivanou v analyzach
trojrozmérnych struktur, jakymi jsou napt. rentgen-kontrastni biomaterialy, tvrdé tkan¢
¢1 korozivni preparaty mikrocév (Jifik et al. 2016). Hlavni vyhodou mikro-CT oproti
klasické mikroskopii, které se se svym rozliSenim v rozsahu desitek az jednotek
mikrometrti bliZi, je moZnost zobrazeni trojrozmérnych struktur a jejich charakterizace
pomoci kvantitativni analyzy vybranych prostorovych parametri. Automaticka
kvantitativni analyza téchto parametrii, jakymi jsou napt. objem, povrch, délka nebo
pocet objektl, vyzaduje segmentaci obrazovych dat v disledku nedostatecného kontrastu
mikro-CT skenii. Kvantitativni data ziskand pomoci mikro-CT jsou ¢asto prezentovana
jako pfesnd, ovSem mira vychyleni v zavislosti na segmentacnich algoritmech je
neznama. Cilem studie bylo vyvinout software pro generovani trojrozmérnych virtualnich
modelll vlaknitych a poréznich struktur se zndmymi morfometrickymi parametry —
objemem, povrchem, délkou a poctem objekti — a poskytnout tak data a softwarovy
nastroj pro kalibraci automatickych analyz mikro-CT skent. Dal§im cilem bylo najit
potencialni zdroje chyb v méfeni a poskytnout praktické rady, jak se nepfesnostem v

méfeni vyhnout.
2.2.2 Hypotézy

Cilem této studie bylo vytvofit softwarovy néstroj vhodny pro testovani kvantitativnich
postupt v analyze trojrozmérnych dat. Byla provedena rozsahla citlivostni analyza dat,
konkrétni hypotézy testovany nebyly.

Podrobna metodika, vysledky, diskuze a zavéry jsou v plném rozsahu soucasti
publikace v ¢asopise Microscopy Research and Technique (Jifik et al. 2018). Publikace

je k dispozici v ptiloze V na str. 137 této dizertacni prace.
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2.3 Mapovani rozloZeni vaziva v jatrech prasete

2.3.1 Motivace a cile prace

Jaterni fibréza je postizenim jater, které vyznamné ovliviluje morbiditu a mortalitu
pacientil (Asrani et al. 2019). Rozsah fibrézy je u Cloveéka stanoven na zaklad€ jaterni
biopsie s vyuzitim semikvantitativnich skérovacich systému. Skérovaci systémy jsou
nicméné znacn¢ subjektivni a vykazuji variabilitu vysledkil jak mezi hodnotiteli, tak i
mezi hodnocenimi stanovenymi jednim hodnotitelem (Saxena 2018). V soucasnosti se
k modelovani jaterni fibrozy vyuZivaji malé zvifeci modely (Starkel a Leclercq 2011), ale
1 velké zviteci modely vykazujici anatomickou a fyziologickou podobnost s ¢lovékem, a
to zejména modely prasete (Yasmin et al. 2021). Studium zvifecich modelt jaterni fibrozy
prispiva k objasnéni patogeneze a progrese fibrozy a mize byt také vyuzito ke stanoveni
¢innosti rtiznych terapeutickych pfistupii (Berumen et al. 2021). Zadna z dosud
publikovanych studii na jatrech prasete se nezabyvala kvantitativni analyzou mnoZzstvi
vaziva s vyuzitim vysoce reprodukovatelnych stereologickych metod a neposkytla
informaci o distribuci vaziva v jednotlivych anatomickych oblastech jater.

Cilem studie bylo odhadnout mnozstvi vaziva v jatrech prasete pomoci
standardizovanych stereologickych metod a ziskat data o distribuci vaziva ve zdravych
samcich a samicich jatrech prasete, a to v Sesti jaternich lalocich a ve tfech oblastech
vztazenych k cévnimu zdsobeni jater (periferni, parakavalnd a paraportalni oblast).
Dal8im cilem bylo poskytnuti popisnych statistik pro odhad minimélniho poc¢tu vzorka
tak, abychom byli schopni odhalit relativni zmény v mnoZstvi vaziva v experimentalnich

studiich vyuzivajicich jatra prasete.
2.3.2 Hypotézy

Ho(A): Objemovy podil vaziva v jatrech prasete se neli$i mezi sam¢imi a samic¢imi jatry.
Ho(B): Objemovy podil vaziva v jatrech prasete se nelis§i mezi Sesti jaternimi laloky.
Ho(C): Objemovy podil vaziva v jatrech prasete se neliS$i mezi tfemi oblastmi jater
vztazenymi k cévnimu zasobendi jater.

Podrobna metodika, vysledky, diskuze a zavéry jsou v plném rozsahu soucésti
publikace v Casopise Journal of Comparative Pathology (Mik et al. 2018). Publikace je

k dispozici v ptiloze VI na str. 156 této dizertacni prace.
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2.4 Délkova hustota jaternich sinusoid a Zlucovych kapilar v jatrech

prasete

2.4.1 Motivace a cile prace

Vzajemné prostorové uspofddani tramct hepatocytll, jaternich sinusoid a Zlucovych
kapilar je odrazem jedinecné polarity hepatocyti — cytoplazmatickd membrana jejich
apikdlni (luminédlni) domény se podili na tvorbé pocatecnich tsekl intrahepatickych
zluCovych cest, bazdlni doména je pfivracena k jaternim sinusoidam, presnéji
k perisinusoidalnimu Disseho prostoru. Prestoze zlu¢ové kapilary a jaterni sinusoidy
vystlané specializovanym fenestrovanym nesouvislym endotelem piispivaji k fadé
fyziologickych 1 patologickych pochodl v jatrech, napt. k regeneraci jater (Gracia-
Sancho et al. 2021, Meyer et al. 2020, Serensen et al. 2015), neni casto témto strukturdm
pfisuzovana vétsi pozornost pfi hodnoceni jaternich biopsii na rutinnich tenkych fezech.
Z4dna z dosud publikovanych studii také neposkytla informace tykajici se kvantitativnich
morfometrickych parametrti popisujicich jaterni sinusoidy a zlucové kapilary v jatrech
prasete.

Cilem nasi studie bylo kvantifikovat délkovou hustotu jaternich sinusoid a
zluc¢ovych kapilar ve zdravych jatrech prasete. Dal$im cilem bylo poskytnuti priméarnich
kvantitativnich dat a popisnych statistik, které budou vhodné pro vypocet minimalniho
poctu vzorkii pro odhaleni relativnich zmén v délkové hustoté jaternich sinusoid a
zlu¢ovych kapilar v Sesti jaternich lalocich a ve tfech oblastech vztazenych k cévnimu

zéasobenti jater.
2.4.2 Hypotézy

Ho(A): Délkova hustota jaternich sinusoid a zlucovych kapilar v jatrech prasete se nelisi
mezi sam¢imi a samicimi jatry.

Ho(B): Délkova hustota jaternich sinusoid a zlucovych kapilar v jatrech prasete se nelisi
mezi Sesti jaternimi laloky.

Ho(C): Délkova hustota jaternich sinusoid a zlu¢ovych kapilar v jatrech prasete se nelisi
mezi ttemi oblastmi jater vztaZzenymi k cévnimu zasobeni jater.

Ho(D): Délkova hustota jaternich sinusoid a ZzluCovych kapilar nekoreluje s diive
publikovanymi daty popisujicimi pocet a velikost hepatocyti (Junatas et al. 2017) a
objemovy podil vaziva v jatrech prasete (Mik et al. 2018).
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Podrobnd metodika, vysledky, diskuze a zavéry jsou v plném rozsahu soucasti
publikace zaslané do Casopisu Annals of Anatomy. Soucasné znéni publikace je

k dispozici v ptiloze VII na str. 170 této dizertacni prace.

2.5 Histologické hodnoceni jater prasete s indukovanym sinusoidalnim
obstrukénim syndromem — studie vlivu aplikace mezenchymalnich

kmenovych bunék na priibéh onemocnéni

2.5.1 Motivace a cile prace

Sinusoidalni obstrukéni syndrom (sinusoidal obstruction syndrome, SOS), diive
oznacovany jako veno-okluzivni choroba (vemo-occlusive disease), je onemocnéni
charakterizované postizenim jaternich cév, které vzniké v dasledku toxického poskozeni
endotelu jaternich sinusoid (Bayraktar et al. 2007, DeLeve et al. 1999). SOS zptlisobuje
zavazné komplikace po transplantaci hematopoetickych kmenovych bunék a je spojen s
pozitim pyrrolizidinovych alkaloidi (napf. monokrotalinu) ¢i s 1é€bou oxaliplatinou u
pacientil s jaternimi metastdzami kolorektalniho karcinomu (Floyd et al. 2006, Valla a
Cazals-Hatem 2016). Klinicky se projevuje bolestivou hepatomegalii, ikterem a
priristkem vahy v zavislosti na retenci tekutin (Saxena 2018). U pacientl s jaternimi
metastdzami kolorektdlniho karcinomu miize rozvoj SOS indukovany podavanim
oxaliplatiny ohrozit moZnost resekce jaternich metastdz, a tim snizit Sanci pacienta na
preziti.

Histologicky nachazime v ¢asnych stadiich poSkozeni stény sinusoid nasledované
vznikem centrilobularnich hemoragickych nekréz. Reaktivni fibrotické zmény center
jaternich laltickti se objevuji po obnoveni kontinuity sinusoidalnich endotelovych bunék
a regresi nekrotickych zmén (DeLeve et al. 1999).

Cilem prace bylo wvytvofit velky zvifeci model SOS pomoci aplikace
pyrrozilidinového alkaloidu monokrotalinu. Po vytvoteni velkého zviteciho modelu SOS
bylo dalsim cilem zjistit vliv aplikace mezenchymalnich kmenovych bunék
(mesenchymal stem cells, MSC) na prib¢h SOS a na celkové pieziti zvitat po resekci ¢asti
jaterniho parenchymu. Cilem histologické analyzy bylo vyhodnotit vliv aplikace
mezenchymalnich kmenovych bunék na histologicky obraz jater se syndromem SOS, a
to na zaklad¢: (i) kvantifikace objemového podilu hemoragické nekrozy 14. a 28. den po

aplikaci monokrotalinu; (ii) kvantifikace morfologicky viabilniho jaterniho parenchymu
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14. a 28. den po aplikaci monokrotalinu; (iii) popisu kvalitativnich histologickych zmén

jako je pfitomnost zanétlivé infiltrace, reaktivnich fibrotickych zmén Ci steatdzy.
2.5.2 Hypotézy

Ho(A): Objemovy podil nekrozy, viabilniho jaterniho parenchymu a fibrotickych 1ézi
v jatrech prasete po indukci SOS se nelisSi mezi kontrolni skupinou a experimentalni
skupinou, které byly aplikovany mezenchymalni kmenové burky.
Ho(B): Parametry méfené pomoci ultrazvukového vysetfeni — objem jater, primér vena
portae, maximalni rychlost pritoku v extrahepatalni ¢asti v. portae a Sitka stény zlu¢niku
— se neli$i mezi kontrolni skupinou a experimentélni skupinou, které byly aplikovany
mezenchymalni kmenové bunky.
Ho(C): Parametry stanovené biochemickou analyzou periferni krve — bilirubin, alkalicka
fosfataza (ALP), gamaglutamyltransferaiza (GGT), aspartataminotransferaza (AST),
alaninaminotransferaza (ALT), amoniak, urea a kreatinin — se neli§i mezi kontrolni
skupinou a experimentalni skupinou, které byly aplikovany mezenchymalni kmenové
burnky.

Podrobna metodika, vysledky, diskuze a zavéry jsou v plném rozsahu soucésti
publikace v casopise Rozhledy v chirurgii (Palek et al. 2018) a publikace v Casopise
Anticancer Research (Palek et al. 2020). Publikace jsou k dispozici v ptiloze VIII na str.

198 a v ptiloze IX na str. 207 této dizertacni prace.
2.6 Analyza Sireni trhlin jatry prasete

2.6.1 Motivace a cile prace

Dopravni nehody jsou nejéastéjsi pficinou tupého poranéni bficha, které je casto
doprovazeno poranénim parenchymat6znich orgéni, zejména jater a sleziny. Prevence
vzniku poranéni a v€asna piedpovéd’ jeho zdvaznosti mizZe vést k vyznamnému snizeni
morbidity a mortality pacientti (Xu et al. 2018). Soucasny trend v oblasti pfedpovédi
zavaznosti poranéni tkdni a organl pii ndrazu spociva ve vyvoji vypocetnich modelt
lidského téla, které slouzi k simulaci riznych mechanizmii poranéni (Golman et al. 2014).
Modely jsou zaloZené na morfometrickych datech ziskanych zejména z méfeni v riiznych
typech zobrazovacich metod, jako je napf. vypocetni tomografie nebo magneticka

rezonance (Gayzik et al. 2011). Druhym typem dat nezbytnym pro vypocetni modely jsou

41



Cile a hypotézy dizertace

data popisujici biomechanické chovani orgdnti a tkani — data lze ziskat
z biomechanickych experimentd.

Biomechanické experimenty tykajici se jater byly v minulosti provadény jak na
lidskych orgénech (Conte et al. 2012), tak na organech prasete (Chen et al. 2018). Pii
vyuZiti zvifecich orgdni je nicméné vzdy nutné mit na paméti rozdilnou mikroskopickou
stavbu, kterd miize ovlivnit celkové mechanické chovani organu. Navzdory vyznamnému
prokrveni jater a diive popsanému vztahu mezi zavaznosti poranéni a ndhlym vzestupem
intravaskularniho tlaku (Sparks et al. 2007) byla dosud jen mald pozornost vénovana
experimentim na celych jatrech prasete s dirazem na méfeni zmén intravaskuldrniho
tlaku v okamziku narazu.

Cilem nasi studie bylo popsat biomechanické chovéani celych jater prasete
v okamziku narazu béhem experimentu simulujiciho tupé poranéni bfiSnich organt.
Zvlastni dlraz byl kladen na popis vztahu zmén intravaskularniho tlaku v zavislosti na
energii dopadu. Biomechanické méteni bylo doplnéno o analyzu zdvazZnosti poranéni
(Kozar et al. 2018) a histologickou kvantitativni analyzu Sifeni trhliny jatry prasete ve
vztahu k hlavnim vldknitym slozkam jaterniho stromatu. DalSim cilem bylo poskytnuti
primarnich mechanickych dat, kterd by byla vefejné¢ k dispozici pro vyvoj modell

poranéni jater.
2.6.2 Hypotézy

Ho(A): Zavaznost poranéni a hodnota nartistu intravaskularniho tlaku v okamziku ndrazu
se nelisi v zavislosti na energii dopadu.
Ho(B): Trhlina se jatry prasete §ifi ndhodn¢, nezavisle na hlavnich vlaknitych slozkach
jaterniho stromatu.

Podrobna metodika, vysledky, diskuze a zavéry jsou v plném rozsahu soucasti
publikace v ¢asopise Physiological Measurement (Maleckové et al. 2021). Publikace je

k dispozici v piiloze X na str. 225 této dizertacni prace.
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3 Material a metody

3.1 Kbvantifikace jaternich mikrocév v korozivnich preparatech jater

zobrazenych pomoci mikro-CT

Analyzované vzorky jater pochézely ze dvou selat, plemeno piestické Cernostrakaté (sele
1: véki = 6 tydnl, m; = 12 kg; sele 2: veék, = 10 tydnii, mo = 25 kg). Zvitata byla pred
hepatektomii heparinizovana, abychom zabranili vzniku krevnich sraZenin. Veskerd
manipulace s organy probihala pod vodni hladinou z divodu prevence vzniku
vzduchovych bublin. Vlastni korozivni preparat byl vytvofen intraportalni aplikaci
pryskyftice Biodur E20 Plus (Biodur products, Heidelberg, Némecko), ktera kompletné
vyplnila cévni fecisté (naplit dosdhla v. cava caudalis a a. hepatica propria). Po 24
hodinach polymerizace pryskyfice byly okolni tkdné jater odstranény pomoci 15%
roztoku KOH. Detailni popis pfipravy korozivniho preparatu je popsan v publikaci
(Eberlova et al. 2016).

Dva nahodné vybrané vzorky korozivnich preparatli byly naskenovany pomoci
stacionarniho mikro-CT zafizeni (Xradia XCT 400, Xradia, Pleasanton, CA, USA).
Vysledkem byly 2 sestavy obrazki ¢itajici 1000 za sebou jdoucich ezl s velikosti pixelu
v rozmezi 1,88—4,68 um. Pro kvantitativni analyzu byly vybrany dva soubory obrazovych
dat: (i) ndhodné vybrané oblasti (n = 10) o velikosti 350 x 350 pixeld, kazda oblast byla
tvofena 50 za sebou jdoucimi fezy; (ii) ruéné ohranicené oblasti (n = 4) reprezentujici
klasicky jaterni laltcek.

Ve vybranych obrazovych datech byly za pomoci stereologickych metod
implementovanych v softwaru Ellipse (ViDiTo, KoSice, Slovensko) kvantifikovany
parametry shrnuté v tabulce 4.

Identické sady obrazk byly pouzity pro kvantifikaci mikrocév pomoci nove
vyvinutého open-source softwaru QuantAn (Jifik 2015). Pfi analyze mikrocévni sité
pomoci softwaru QuantAn byly cévy ptevedeny na jednoduché linearni segmenty a na
jejich spojeni, tzv. procesem skeletonizace. Vystupy analyzy zahrnuji grafickou
reprezentaci dat (histogramy) a vyc¢isleni kvantitativnich parametrti (Vv, Sv, Lv, Ny,
tortuosita — pomér mezi délkou cévy a vzdalenosti mezi dvéma uzlovymi body). Data
ziskana automatickou analyzou pomoci softwaru QuantAn byla porovnana s daty

z manualniho hodnoceni — Wilcoxoniiv parovy test.

43



Material a metody

Dalsi podrobnosti nutné pro reprodukovatelnost studie jsou uvedeny v pfiloze IV na

str. 119.

Tabulka 4 — Piehled parametrii pouZitych pro kvantifikaci mikrocév v jatrech

prasete.
MozZna biologicka Metoda
Parametr  Zkratka  Jednotka Definice
interpretace kvantifikace
Objemovy Vv =) Objem mikrocév v Relativni objem tkané¢  Bodova
podil referennim objemu  okupovany krevnimi testovaci
cévami miizka
Povrchova Sy mm! Povrch mikrocév Relativni povrch Sonda Fakir
hustota v referen¢nim mikrocév vhodny pro
objemu vyménu metabolith
Délkova Lv mm- Délka mikrocév Délka mikrocév Manualni
hustota v referencnim odrazejici okamzitou trasovani cév
objemu perfuzi tkané
Numericka Ny mm- Pocet mikrocév Mira vétveni a Manualni
hustota v referen¢nim propojeni mikrocévni  pocitani
objemu sité¢ odrazejici uzlovych
angiogenezi ve tkani bodt

3.2 Generovani virtualnich obrazovych dat pro kalibraci vySetfovani

vlaknitych a poréznich struktur pomoci mikro-CT

V nové vyvinutém softwaru TelGen (Jifik 2017) naprogramovaném v jazyce Python byly
vygenerovany virtualni sady obrazki napodobujici obrazova data z micro-CT skenti
vlaknitych a poréznich struktur. Jako ptfedloha pro generované struktury, vcetné
realistického Sumu na pozadi obrazki, slouzily realné skeny biomaterialti vyuzivanych
pro vyrobu umélych cévnich nédhrad (Horakova et al. 2018) a jako vyplné pro urychleni
kostniho hojeni (Suchy et al. 2015). Generované sady obrazkli mély znamou velikost
voxelu a zndmé hodnoty morfometrickych parametri. Parametry byly stanoveny na
zéklad¢ analyzy realnych mikro-CT skenu (Jifik et al. 2016) — objem, povrch, délka a
pocet objektli v referenénim objemu. Celkem 40 vygenerovanych sad obrazkl bylo

nasledn¢ kvantifikovano pomoci softwaru CTAn (Skyscan CT analyzer), ktery byl
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navrzen k analyze mikro-CT skeni. Vysledky kvantifikace pomoci softwaru CTAn byly
porovnany se skute¢nymi hodnotami morfometrickych parametri vygenerovanych
pomoci softwaru TelGen, a to véetn¢ odchylek ve vystupech zpisobenych nastavenim
segmentacnich algoritmd.

Dalsi podrobnosti nutné pro reprodukovatelnost studie jsou uvedeny v pifiloze V na

str. 137.
3.3 Mapovani rozloZeni vaziva v jatrech prasete

Studie byla zalozena na analyze jater z celkem 12 zdravych selat plemene prestické
Cernostrakaté — Sest samic a Sest kastrovanych samct. Vé&k zvifat byl 9—-15 tydn,
hmotnost 25-45 kg (34,3 + 5,3 kg; primér + smérodatnd odchylka). Zvifata byla
usmrcena v celkové anestezii aplikaci kardioplegického roztoku KCl. Objem cerstvych
jater dosahoval 0,64—1,21(0,87 £ 0,15 1; primér + smérodatna odchylka).

Z kazdych jater bylo odebrano celkem 36 tkanovych blockii o rozmérech 25 x 25
x 15 mm. Tkanové blocky reprezentovaly Sest jaternich lalokt a tfi oblasti jater vztazené
k cévnimu zasobeni (periferni, parakavalni a paraportalni). Z kazdého laloku bylo
odebrano Sest tkanovych blocki, vzdy dva z kazdé cévné zasobené oblasti. Celkem bylo
analyzovéano 415 vzorkd.

Z kazdého blocku byly ptipraveny 3 pum silné fezy se znahodnénou rovinou fezu
(Miihlfeld 2014), které¢ byly obarveny anilinovou modii za ucelem vizualizace
kolagennich vlaken (Merck KGaA, Darmstadt, Némecko). Metodou systematického
uniformniho ndhodného vzorkovéani byla nasnimana z kazdého fezu zorna pole, na ktera
byla v softwaru Ellipse (ViDiTo, KosSice, Slovenska republika) promitnuta bodova
testovaci miizka. Kvantifikované parametry jsou shrnuty v tabulce 5. Kvantifikace byla
zalozena na analyze 2905 mikrofotografii.

Statisticka analyza dat byla provedena v softwaru Statistica Base 11 (StatSoft, Inc.
Tulsa, Oklahoma, USA). Né¢ktera data vykazovala nenormalni rozlozeni (Shapirtv-
Wilktv test), pro dalsi analyzy jsme tedy vyuZili neparametrické testy — Kruskalova-
Wallisova ANOVA a Manntv-Whitneytiv U-test. Minimalni pocet vzorkli nutnych pro
odhaleni relativnich zmén v mnozstvi vaziva byl vypocitan dle Chow et al. (2008).

Dalsi podrobnosti nutné pro reprodukovatelnost studie jsou uvedeny v piiloze VI

na str. 156.
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Tabulka 5 — Prehled kvantitativnich parametri hodnocenych ve studii rozloZeni
vaziva v jatrech prasete. ICT — interlobuldrni vazivo (interlobular connective tissue),
PSCT — peisinusoidalni vazivo (perisinusoidal connective tissue), PCCT — pericentralni
vazivo (pericentral connective tissue), CT — vazivo (connective tissue).

Parametr Zkratka Definice Zorna pole ZvétSeni
Objemovy podil Vy (ICT) Podil vaziva v oblasti 3 10x
interlobularniho obklopujici jaterni lalticek

vaziva

Objemovy podil Vv (PSCT)  Podil vaziva v oblasti kolem 4 20%
perisinusoidalniho jaternich sinusoid uvnitf

vaziva jaterniho lalicku

Objemovy podil Vv (PCCT) Podil vaziva v oblasti kolem 4 20x%
pericentralniho vena centralis uvnitf jaterniho

vaziva lalacku

Celkovy objemovy Vv (CT) Vv (ICT) + Vy (PSCT) + - —
podil vaziva Vv (PCCT)

3.4 Délkova hustota jaternich sinusoid a Zlucovych kapilar v jatrech

prasete

V této studii byly analyzovany stejné tkanové vzorky jako v pfedchozich studiich
zabyvajicich se poctem a velikosti hepatocytti (Junatas et al. 2017) a distribuci vaziva
v jatrech prasete (Mik et al. 2018). Z kazdého ze 12 jater zdravych ptestickych
cernostrakatych prasat (Sest samic a Sest samct) bylo ziskano 36 tkanovych blockd, které
reprezentovaly Sest jaternich lalokt a tfi rozdilné oblasti jater s ohledem na jejich cévni
zasobeni (periferni, parakavalni a paraportalni). Z kazdého blocku byly ziskany tii fezy
se zndhodnénou rovinou fezu (Miihlfeld 2014), které byly obarveny metodou lektinové
histochemie za vyuziti lektinu Ricinus communis agglutinin I. Metoda umoznila
vizualizaci endotelu jaternich sinusoid a vystelky zlucovych kapilar. Z kazdého fezu byla
metodou systematického uniformniho ndhodného vzorkovani nasnimana Ctyti zorna pole
objektivem se zvétSenim 40x, celkem 12 zornych poli na blo¢ek. Délkova hustota
jaternich sinusoid a zlu€ovych kapilar byla vypoc¢itdna v zavislosti na poctu prisecikii cév
(cévnich profili) s rovinou fezu. Celkem byly vysledky zaloZzeny na kvantifikaci 4428

mikrofotografii ze 369 tkanovych blocki.
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Porovnani hodnot délkové hustoty jaternich sinusoid a Zlucovych kapilar mezi
jaternimi laloky a oblastmi jater s ohledem na cévni zasobeni bylo provedeno obdobnym
zpisobem jako ve studii rozlozeni vaziva (Mik et al. 2018) pomoci neparametrickych
testi — Kruskalova-Wallisova ANOVA a Manntv-Whitneylv U-test. Navic byla
provedena korelace nové ziskanych dat s vysledky studie poctu a velikosti hepatocytti
(Junatas et al. 2017) a rozloZeni vaziva (Mik et al. 2018). Miniméalni pocet vzorkli nutnych
pro odhaleni relativnich zmén v délkové hustoté jaternich sinusoid a Zlu¢ovych kapilar
byl vypocitan dle Chow et al. (2008).

Dalsi podrobnosti nutné pro reprodukovatelnost studie jsou uvedeny v ptiloze VII

na str. 170.

3.5 Histologické hodnoceni jater prasete s indukovanym sinusoidalnim
obstrukénim syndromem — studie vlivu aplikace mezenchymalnich

kmenovych bunék na pribéh onemocnéni

Do pilotni studie, jejimz cilem bylo etablovani velkého zvifectho modelu SOS, bylo
zafazeno 27 zvifat plemene prestické Cernostrakaté — 12 samic a 15 samci. Zvifatim byla
v celkové anestezii intraportaln¢ aplikovana davka monokrotalinu v mnozstvi 180 mg/kg
(n = 5) nebo 36 mg/kg (n = 22). Sedmy den po aplikaci byla provedena resekce levého
lateralniho laloku jater a 21. den byla zvifata usmrcena. V pribéhu experimentu byly
provadény odbéry periferni krve za ucelem stanoveni biochemickych markerd a
ultrazvukova vysetfeni jater. Vzorky jater z 0., 7. a 21. dne byly podrobeny
histologickému vySetieni.

Do navazujici studie po uspé$ném etablovani velkého zviteciho modelu SOS bylo
zatazeno celkem 21 prasat, plemeno pfestické Cernostrakaté — 16 samic a 5 kastrovanych
samcl. Vek zvitat byl 3—4 meésice, hmotnost 23—44 kg. Zvirata byla rozdélena do dvou
skupin: 1) kontrolni skupina (n = 12) a ii) experimentalni skupina (n = 8), ve které byly
zvifatim intraven6zné aplikovany MSC izolované z kostni diené zdravych prasat. Jedno
ze zvitat bylo v disledku predcasného uhynu pfed 7. dnem experimentu ze studie
vyfazeno. U vSech zvifat byl v 0. den indukovan SOS intraportalni aplikaci
monokrotalinu v davce 36 mg/kg, kterd byla stanovena na zaklad¢ vysledku pilotni studie.
7. den experimentu byly kontrolni skupiné podany MSC. 14. den experimentu byla vSem
jedinciim provedena resekce levého lateralniho laloku jater v celkové anestezii. 28. den

experimentu byla zvifata usmrcena. V priabéhu experimentu byla zvitata pravidelné
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monitorovana a bylo provadéno ultrazvukové vySeteni (objem jater, primér vena portae,
maximalni rychlost priitoku v extrahepatalni Casti vena portae a §itka stény zlu¢niku) a
biochemické vysetteni (bilirubin, ALP, GGT, AST, ALT, amoniak, urea a kreatinin).

Histologicka analyza zahrnovala hodnoceni 59 tkanovych blockii. Od vsech zvitat
byl na zacatku experimentu (0. den) odebran vzorek levého lateralniho laloku, vzorek z
resekatu levého lateralniho laloku jater po resekci (14. den) a ndhodny vzorek jater na
konci experimentu (28. den, piipadné den pfedCasného uhynuti zvifete). Z kazdého
bloc¢ku byly pfipraveny 4 um silné fezy, které byly obarveny hematoxylinem a eosinem
a také anilinovou modii (Merck KGaA, Darmstadt, Némecko). Metodou SURS byla
nasnimana z kazdého fezu zorna pole, na ktera byla v softwaru Ellipse (ViDiTo, KoSice,
Slovenské republika) promitnuta bodova testovaci miizka. Kvantifikované parametry
jsou shrnuty v tabulce 6. K porovndni kvantitativnich histologickych dat byl vyuzit
neparametricky test ANOVA. Kvantitativni vysledky byly doplnény o kvalitativni
reaktivnich fibrotickych zmén.

Dalsi podrobnosti nutné pro reprodukovatelnost studie jsou uvedeny v ptiloze VIII

na str. 198 a v pfiloze IX na str. 207.

Tabulka 6 — Prehled parametri kvantifikovanych v jatrech prasete pro urceni
rozsahu jaterniho poskozeni v dusledku sinusoidalniho obstrukéniho syndromu.

Parametr ZKkratka Definice Zorna Zvétseni
pole

Objemovy Vv (necrosis,liver) Rozsah centrilobularni 6 10x

podil nekrozy hemoragické nekrozy.

Objemovy Vy Viabilni jaterni 8 40x%

podil (parenchyma,liver) parenchym

parenchymu reprezentovany

hepatocyty uspofadanymi
do tramct s neporusenou
jadernou membranou a
jasnou eosinofilni

cytoplazmou.
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3.6 Analyza Sifeni trhlin jatry prasete

Jatra prasete plemene piestické Cernostrakaté (n = 24) byla odebrana heparinizovanym
zvitatim v celkové anestezii. Jatra byla rozdélena do Ctyt skupin (n = 6) v zavislosti na
vysce padu dievéné desky z vysky 200, 300, 400 a 500 mm. Pred vlastnim odbérem byly
cestou vena portae a vena cava caudalis zavedeny katetry pro nasledné méfeni zmén
v intravaskularnim tlaku. Po odbéru byla jatra uchovana v chladu a cestou zavedenych
katetrti byl zméfen turgor, ktery byl v piipadé potieby pomoci fyziologického roztoku
(0,9% roztok NaCl) upraven na 7 cm vodniho sloupce (5,15 mm Hg), coz odpovida
fyziologickému tlaku ve vena portae in vivo. Mechanicky test byl proveden uniformni
kompresi jater s vyuzitim padu dievéné desky o hmotnosti 6,22 kg a rozmérech 29,5 x
29,5 cm. Rychlost dopadu desky byla méfena pomoci dvojice laserit umisténych po
stranach méficiho zafizeni. Energie dopadu byla vypoctena v zavislosti na rychlosti
dopadu, vysce padu a plose jater, na kterou deska dopadla. Intravaskularni tlak byl méten
¢idly zavedenymi v katetrech ve vena portae a vena cava caudalis (tabulka 7).

Ihned po dokonceni mechanického experimentu byla popséna pozice veSkerych
poranéni ve vztahu k jaternim lalokiim. Délka trhlin a hloubka poskozeni jaterniho
parenchymu, zmétena po rozkrajeni jater na 1 cm silné platky, byly zakladem hodnoceni
zévaznosti poranéni v souladu s doporucenimi vydanymi organizaci American
Association for the Surgery and Trauma (AAST) — AAST injury grade a AIS severity
(Kozar et al. 2018). Siteni trhliny jatry bylo na mikroskopické tirovni zméfeno pomoci
stereologickych metod na fezech barvenych pomoci Reticulin kitu (BioGnost, Zagreb,
Crotia), ktery umoznil vizualizaci retikuldrnich vldken. Analyza byla zaloZena na
statistickém porovnani teoretické hodnoty denzity prusecikii retikuldrnich vlaken Pp
stanovené pomoci izotropni stereologické miizky o znamych parametrech s realnou
hodnotou denzity priseciki vlaken P’r v délce trhliny (tabulka 7). Obdobna analyza byla
provedena za ucelem stanoveni Sifeni trhliny ve vztahu k interlobularnim septim. Trhlina
by se $ifila tkdni ndhodné, pokud by se hodnoty teoretické a redlné denzity prisecikli
statisticky neliSily (PL=P’r). V piipad¢, Ze by byl mezi hodnotami statisticky vyznamny
rozdil, trhlina by se §ifila nendhodné podél vazivové slozky jater (P’ < Pr) nebo napfic
vazivovou slozkou (P’L > Pr) (Kubikovéa et al. 2017, Tonar et al. 2008). K porovnani
hodnot teoretické a redlné denzity priseciki byl vyuzit Wilcoxonliv parovy test.

Porovnéni biomechanickych vysledkii mezi experimentalnimi skupinami bylo z ditvodu
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nenormalniho rozlozeni dat (Shapiriv-Wilklv test) provedeno s vyuZzitim statistického

neparametrického testu — Kruskalova-Wallisova ANOVA.

Dalsi podrobnosti nutné pro reprodukovatelnost studie jsou uvedeny v pfiloze X

na str. 225.

Tabulka 7 — Prehled biomechanickych a stereologickych parametri vyuZitych ve
studii experimentalniho poranéni jater prasete.

Mechanické parametry

Parametr Oznaceni Jednotka  Definice

Rychlost dopadu v ms’! Rychlost dfevéné desky zmétena laserem

Relativni plocha dopadu % Plocha organu pfimo zasazena dievénou
deskou vztazena k celkové plose jater

Maximalni intravaskularni tlak p mm Hg Tlak v okamziku dopadu méteny ve vena
portae a vena cava caudalis

Energie dopadu — laser Ex Jm? Energie v okamziku dopadu odvozena od
rychlosti padu desky zméfené pomoci
laserti

Energie dopadu — vyska Ep Jm? Energie v okamziku dopadu odvozena od
vysky padu desky

Zavaznost poranéni AAST/AIS - Rozsah poranéni — délka a hloubka trhlin
po dopadovém testu

Stereologické parametry

Parametr Oznaceni Jednotka  Definice

Teoreticka hodnota denzity Pr(ret.) mm’! Hodnota vypocitana na zékladé poctu

praseciki retikularnich vlaken praseciki retikularnich vlaken s nahodné
orientovanou izotropni sondou

Realna hodnota denzity P’r(ret.) mm™! Skutecny pocet praseciki retikularnich

priseciki retikularnich vldken vlaken v délce trhliny

Teoreticka hodnota denzity Pr(septum) mm’! Hodnota vypocitana na zékladé poctu

praseciki interlobulérnich sept priseciki interlobuldrnich sept s nahodné
orientovanou izotropni sondou

Realna hodnota denzity P’i(septum) mm! Skute¢ny pocet prisecikti interlobularnich

pruseciki interlobularnich sept

sept v délce trhliny
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4 Vysledky a diskuze

4.1 Kvantifikace jaternich mikrocév v korozivnich preparatech jater

zobrazenych pomoci mikro-CT
4.1.1 Hlavni zjiSténi

Podafilo se ndm vyvinout a otestovat open-source software QuantAn pro kvantifikaci
korozivnich preparati mikrocév zobrazenych pomoci mikro-CT skend, ktery je volné
dostupny pro vyzkumniky zabyvajici se stochastickou geometrii jaternich mikrocév ve
3D. Parametry naméfené manualni kvantifikaci pomoci robustnich stereologickych
metod odpovidaly hodnotdm naméfenym testovanym softwarem QuantAn, ktery lze
proto dale doporucit pro kvantifikaci zminénych parametr v dalSich studiich. Analyza
dat ziskanych automatickou kvantifikaci pomoci softwaru QuantAn identifikovala
pravdépodobné zdroje chyb v méfeni. Pro minimalizaci takovych chyb je v softwaru
implementovana moznost zobrazeni dopadu zmén v nastaveni softwaru na meéfené
parametry, které¢ by vzdy mélo reflektovat miru kontrastu, rozliSeni a rozmeéry
kvantifikovanych cév.

Vysledky kvantitativni analyzy mikrocévniho fecisté navic poskytly predbézna
data o morfometrii jaterniho laltic¢ku prasete. Ziskand data popisujici objemovy podil a
povrchovou, délkovou a numerickou hustotu mikrocév by mohla piispét k interpretaci
rutinnich CT vySettfeni ¢i by mohla byt vyuzita k vytvofeni pocitaovych modeli jaterni

perfuze ¢i angiogeneze.
4.1.2 Publikace

JIRIK, Miroslav, TONAR, Zbyn¢k, KRALICKOVA, Anna, EBERLOVA, Lada,
MIRKA, Hynek, KOCHOVA, Petra, GREGOR, Tomas, HOSEK, Petr,
SVOBODOVA, Miroslava, ROHAN, Eduard, KRALICKOVA, Milena, LISKA,

Viaclav, 2016. Stereological quantification of microvessels using semiautomated
evaluation of X-ray microtomography of hepatic vascular corrosion casts.
International journal of computer assisted radiology and surgery. 11(10), 1803—
1819. ISSN 1861-6410. Dostupné z: https://doi.org/10.1007/s11548-016-1378-3.
IFacr2015 = 1,827 Q2 (Engineering, biomedical)

Publikace je soucasti dizertacni prace jako ptiloha IV na str. 119.
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4.2 Generovani virtualnich obrazovych dat pro kalibraci vySetfovani

vlaknitych a poréznich struktur pomoci mikro-CT

4.2.1 Hlavni zjiSténi

Vyvinuli a otestovali jsme open-source software TelGen, ktery umoZnuje generovani 3D
virtualnich modelt vlaknitych a poréznich struktur se zndmymi morfometrickymi
parametry — objemem, povrchem, délkou a poctem objekti. Program je schopen
generovat struktury s velikosti voxelu odpovidajici rozliSeni v redlnych mikro-CT
skenech biomateridlli, a to v€etné intenzity Sumu pozadi. Analyza citlivosti vysledkl
mikro-CT méfeni s riznym nastavenim prahovani systému ukazala vliv rozliSeni obrazka
a Sumu pozadi na presnost mikro-CT kvantifikace. Velikost chyby byla vétsi s vyssi
intenzitou pozadi a s mensim rozliSenim, zejména pokud velikost voxelu ptekrocila 1/10
velikosti typického métfeného objektu. Pro uzivatele mikro-CT zafizeni byly zaroven
aby bylo mozné vhodnym nastavenim chybam ptfedchazet.

Software Telgen mulZe zaroven slouZzit k testovani nastaveni hustoty
stereologickych miizek pouzivanych ke kvantifikaci. Mfizky s pfili§ vysokou hustotou
zvySuji pracnost hodnoceni, aniz by vyznamné zpiesiiovaly métfeni. Naopak miizky
s nizkou hustotou mohou vést k chybé neznamé velikosti. Program TelGen umoziiuje
vygenerovat obrazové scény s presné znamymi hodnotami morfometrickych parametrt,
a tim umoznuje uzivateli kvantifikovat chybu méteni pii urcitém konkrétnim nastaveni

hustoty miizky.
4.2.2 Publikace

JIRIK, Miroslav, BARTOS, Martin, TOMASEK, Petr, MALECKOVA, Anna, KURAL,
Tomas, HORAKOVA, Jana, LUKAS, David, SUCHY, Tomas, KOCHOVA,
Petra, HUBALEK KALBACOVA, Marie, KRALICKOVA, Milena, TONAR,

Zbynék, 2018. Generating standardized image data for testing and calibrating
quantification of volumes, surfaces, lengths, and object counts in fibrous and
porous materials using X-ray microtomography. Microscopy research and
technique. 81(6), 551-568. ISSN 1059-910X. Dostupné z:
https://doi.org/10.1002/jemt.23011.IF gcrz017) = 1,087. Q3 (Microscopy)

Publikace je soucasti dizerta¢ni prace jako ptiloha V na str. 137.
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4.3 Mapovani rozloZeni vaziva v jatrech prasete

4.3.1 Hlavni zjiSténi

Mnozstvi vaziva v jatrech prasete vykazovalo znacnou interindividudlni variabilitu —
mezi jednotlivymi zvifaty i mezi pohlavimi — a intraindividudlni variabilitu — mezi
jednotlivymi jaternimi laloky i mezi oblastmi vztazenymi k cévnimu zasobeni jater.
Objemovy podil vaziva byl vétsi u samct nez u samic. Nejveétsi mnozstvi vaziva se
nachézelo v lobus quadratus u samci a v lobus caudatus u samic. Oblasti vztazenou
k cévnimu zdsobeni s nejveétsim mnozstvim vaziva byla u obou pohlavi periferie jaternich
lalokii. Objemovy podil interlobuldrniho vaziva tvofil vice nez 99 % celkového mnozstvi
vaziva, objemovy podil intralobularniho vaziva (perisinusoidéalni a pericentralni vazivo)
byl zanedbatelny.

Primérni zdrojova data byla publikovana spole¢né s manuskriptem ve formé
kontinudlnich proménnych a jsou voln¢ ptistupna pro vyzkumniky zabyvajici se studiem
jaterni fibréozy na velkém zvifecim modelu. Popisné statistiky vychazejici
z publikovanych dat lze vyuzit pro vypocet minimalniho poctu zvitat pii planovani
experimentll zahrnujicich kvantitativni histologickou analyzu mnoZzstvi vaziva v jatrech

prasete.
4.3.2 Publikace

MIK, Patrik, TONAR, Zbynék, MALECKOVA, Anna, EBERLOVA, Lada, LISKA,
Vaclav, PALEK, Richard, ROSENDORF, Jachym, JIRIK, Miroslav, MIRKA,
Hynek, KRALICKOVA, Milena, WITTER, Kirsti, 2018. Distribution of

Connective Tissue in the Male and Female Porcine Liver: Histological Mapping
and Recommendations for Sampling. Journal of comparative pathology. 162, 1—
13. ISSN 0021-9975. Dostupné z: https://doi.org/10.1016/j.jcpa.2018.05.004.
IFucr2017) = 1,364. Q2 (Veterinary sciences)

Publikace je soucasti dizertacni prace jako ptiloha VI na str. 156.
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4.4 Délkova hustota jaternich sinusoid a Zlu¢ovych kapilar v jatrech

prasete

4.4.1 Hlavni zjiSténi

Délkova hustota jaternich sinusoid a Zlu¢ovych kapilar byla niZsi na periferii v porovnani
s dalSimi oblastmi jater — tedy s parakavalni a paraportalni oblasti. Zaroven byla délkova
hustota niz§i u kastrovanych samcti nez u samic. Jaterni laloky mély srovnatelné hodnoty
délkové hustoty jaternich sinusoid i zluovych kapilar. Korelace vysledkd analyzy
délkové hustoty s daty popisujicimi pocet a velikost hepatocytd a distribuci vaziva
v jatrech prasete ukdzala, ze délkova hustota jaternich sinusoid a zlucovych kapilér je
spojena s lokalnim narGstem poctu menSich hepatocyti a s lokdlnim poklesem
mnozstvim vaziva. Primarni data popisujici distribuci délkové hustoty jaternich sinusoid
a zluCovych kapilar jsou ve formé spojitych proménnych soucasti publikace a mohou
slouzit k vypoctu minimdlniho poctu zvifat, véetné jejich pohlavi, nutnych pro odhaleni

ocekavanych morfologickych zmén v jatrech prasete.
4.4.2 Publikace

MALECKOVA, Anna, MIK, Patrik, LISKA, Vaclav, PALEK, Richard, ROSENDOREF,
Jachym, WITTER, Kirsti, TONAR, Zbyné€k. Periphery of porcine hepatic lobes

has the smallest length density of hepatic sinuoids and bile canaliculi: a
stereological histological study. Publikace byla zasldna do ¢asopisu Annals of
Anatomy.

Publikace je soucasti dizerta¢ni prace jako ptiloha VII na str. 170.

4.5 Histologické hodnoceni jater prasete s indukovanym sinusoidalnim
obstrukénim syndromem — studie vlivu aplikace mezenchymalnich

kmenovych bunék na pribéh onemocnéni

4.5.1 Hlavni zjiSténi

Podafilo se nam vytvorit velky zvifeci model SOS vyvolany aplikaci alkaloidu
monokrotalinu v davee 36 mg/kg. SOS byl potvrzen na zakladé biochemickych vysetrent,
na zakladé makroskopického vySetfeni viditelnych zmén na jatrech a na zakladé
histologického vySetteni, pfi némz tkai 7. den po aplikaci monokrotalinu vykazovala
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ptfitomnost rozsahlych centrilobularnich nekréz. VSechna zvitata ve skupin€ s davkou
monokrotalinu 180 mg/kg uhynula pfed¢asné v prvnim tydnu od zahéjeni experimentu.
Vysledky navazujici studie, kterd zkoumala vliv aplikace MSC na prabéh SOS,
byly nasledujici. V kontrolni skupiné piedcasn€¢ uhynulo celkem Sest zvifat ze 12.
Vsechna zvifata z experimentalni skupiny, kterym byly podany MSC, piezila cely
experiment. Vysledky UZ ani biochemickych vysetfeni neukazaly statisticky vyznamné
rozdily mezi obéma skupinami. Histologicka analyza vzorka jater odebranych v dobé
resekce levého laterdlniho laloku potvrdila u vSech zvifat pfitomnost SOS.
Nejvyznamnéj$im histopatologickym néalezem byla u téchto vzorkli pfitomnost
rozsahlych centrilobularnich hemoragickych nekr6z. Rozsah nekroz byl srovnatelny u
obou experimentalnich skupin. Pro posouzeni funkcéni zdatnosti poskozenych jater jsme
zvolili kvantifikaci objemu viabilniho jaterniho parenchymu, jehoz objemovy podil byl
srovnatelny u obou skupin. Objem morfologicky neposkozeného parenchymu vhodné
dopliiuje data o rozsahu hemoragickych nekréz. Objem parenchymu byl totiz ovlivnén
nejen rozsahem nekrdz, ale také reaktivnimi fibrotickymi zménami, dilataci jaternich

sinusoid a zanétlivou infiltraci. Tyto nélezy byly hodnoceny pouze kvalitativné.
4.5.2 Publikace

PALEK, Richard, LISKA, Vaclav, TRESKA, Vladislav, ROSENDORF, Jachym,
EMINGR, Michal, TEGL, Vaclav, KRALICKOVA, Anna, BAJCUROVA,
Kristyna, JIRIK, Miroslav, TONAR, Zbynék, 2018. Sinusoidalni obstrukéni

syndrom indukovany monokrotalinem v experimentu na velkém zvifeti — pilotni
studie. Rozhledy v chirurgii. 97(5), 214-221. ISSN 0035-9351

Publikace je soucasti dizerta¢ni prace jako ptiloha VIII na str. 198.

PALEK, Richard, ROSENDORF, Jachym, MALECKOVA, Anna, VISTEINOVA,
Lucie, BAJCUROVA, Kristyna, MIRKA, Hynek, TEGL, Vaclav, BRZON,
Ondiej, KUMAR, Arvind, BEDNAR, Lukas, TONAR, Zbyndk, HOSEK, Petr,
MOULISOVA, Vladimira, EBERLOVA, Lada, TRESKA, Vladislav, LISKA,

Vaclav, 2020. Influence of Mesenchymal Stem Cell Administration on The
Outcome of Partial Liver Resection in a Porcine Model of Sinusoidal Obstruction
Syndrome. Anticancer research. 40(12), 6817—6833. ISSN 0250-7005. Dostupné
z: https://doi.org/10.21873/anticanres.14704. IFycr2019) = 1,994. Q4 (Oncology)

Publikace je soucasti dizerta¢ni prace jako ptiloha IX na str. 207.
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4.6 Analyza Sifeni trhlin jatry prasete

4.6.1 Hlavni zjiSténi

Vysledky mechanického méteni ukdzaly, Ze vyssi rychlost v okamziku néarazu, a tedy
a hodnotou maximalniho intravaskularniho tlaku ukéazala vzrastajici trend (vyssi rychlost
vedla k vy$§im hodnotdm maximalniho tlaku), ktery nicméné nebyl statisticky
signifikantni. Na makroskopické Urovni se trhliny Sifily pfedev§im podél rozhrani
jaterniho parenchymu a vaziva obklopujiciho velké jaterni cévy v oblasti hilu. Na
mikroskopické urovni se trhliny Sifily nenahodné¢ — preferencné se Sifily podél

retikuldrnich vlédken a podél interlobularnich sept.
4.6.2 Publikace

MALECKOVA, Anna, KOCHOVA, Petra, PALEK, Richard, LISKA, Vaclav, MIK,
Patrik, BONKOWSKI, Tomasz, HORAK, Miroslav, TONAR, Zbyné&k, 2021.

Blunt injury of liver: mechanical response of porcine liver in experimental impact
test. Physiological measurement. 42(2), 025008. ISSN 0967-3334. Dostupné z:
https://doi.org/10.1088/1361-6579/abdf3c. IFycr2020) = 2,833 Q3 (Engineering,
biomedical)

Publikace je soucasti dizertacni prace jako ptiloha X na str. 225.
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5 Zavéry prace
Prezentované publikace odpovédély na vyzkumné otdzky formulované v kapitole 2 Cile

a hypotézy dizertace nasledujicim zplisobem:

1. Jakymi nastroji 1ze automatizovat a zefektivnit kvantitativni analyzu mikrocév jater

zobrazenych pomoci mikro-CT?

Zavér 1: Vyvinuli jsme open-source software QuantAn pro automatickou analyzu
mikrocév nasnimanych pomoci 3D zobrazovacich metod, napt. pomoci mikro-CT.
Metody, na nichz je hodnoceni v softwaru QuantAn zaloZeno, jsou v souladu se
standardy pouZzivanymi ve stereologickych metodach. Analyza dat ziskanych
automatickou kvantifikaci pomoci softwaru QuantAn identifikovala pravdépodobné
zdroje chyb v méieni, které je tfeba pii nastavovani kvantitativnich algoritmt
zohlednit. QuantAn je volné dostupny pro vyzkumniky zabyvajici se stochastickou

geometrii mikrocév.

2. Jak lze validovat data ziskand automatickou analyzou mikro-CT skenli mikrocév a jak

automatickd mikro-CT vySetteni kalibrovat?

Zavér 2: Vyvinuli a otestovali jsme open-source software TelGen pro generovani
virtudlnich modelt vléknitych a poréznich struktur se znamymi morfometrickymi
parametry. Software TelGen je vhodnym ndstrojem pro kalibraci a testovani nastaveni
kvantifikace obrazovych dat ziskanych a hodnocenych pomoci mikro-CT zafizeni.
Zaroven muze slouZit k testovani nastaveni stereologickych miiZzek uZivanych pfti

kvantitativnich analyzach trojrozmérnych struktur.

3. Jak je v jednotlivych oblastech jater prasete rozloZeno vazivo a jak souvisi mnoZzstvi

vaziva s pohlavim jedince

Zavér 3: Objemovy podil vaziva byl vétsi u samcti nez u samic a byl vétsi na periferii
jater nez kolem zil v parakavalni a paraportalni oblasti. Primarni zdrojova data
popisujici objemovy podil vaziva v jednotlivych lalocich a v oblastech jater
souvisejicich s cévnim zasobenim jsou ve formé kontinudlnich proménnych volné
pristupna pro vyzkumniky zabyvajici se studiem jaterni fibrozy na velkém zvifecim
modelu. Data mohou byt vyuzita k vypoctu minimalniho poctu vzorkii nutného k

prokazani nartistu nebo poklesu mnozstvi vaziva v experimentech na jatrech prasete.
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4. Jak jsou v jednotlivych oblastech jater prasete rozloZeny jaterni sinusoidy a Zlucové

kapilary a jak souvisi jejich rozloZeni s pohlavim jedince?

Zavér 4: Délkova hustota jaternich sinusoid a zlucovych kapilar byla niz§i u samct nez
u samic a byla niz$i na periferii jater nez kolem Zil v parakavalni a paraportalni oblasti.
Zaroven byla vyssi délkova hustota jaternich sinusoid a zlucovych kapildr spojena
s lokalnim nartistem poctu mensich hepatocytii a s mensim vyskytem vaziva. Nalezena
intrahepatickd a intersexudlni variabilita v morfologii jater prasete by méla byt
zohlednéna pfi planovéani a vyhodnocovani experimentd vyuzivajicich histologické
hodnoceni vzorkii. Primarni data popisujici délkovou hustotu jaternich sinusoid a
zlucovych kapilar v Sesti lalocich a ve tiech oblastech vztazenych k cévnimu zasobeni
jsou voln¢ k dispozici ve formé kontinudlnich proménnych. Data mohou byt vyuzita

pro vypocet minimalniho poc¢tu vzorkli nutného k odhaleni zmén v jatrech prasete.

5. Jaky je dopad aplikace mezenchymalnich kmenovych bunck na histologické zmény
v jatrech a jaky bude mit vliv na celkovy pribéh onemocnéni a pieziti prasat se

sinusoidalnim obstrukénim syndromem po parcialni hepatektomii?

Zavér 5: Na zaklad¢ biochemické, ultrasonografické a histologické analyzy se nam
podaftilo pomoci aplikace pyrrolizidinového alkaloidu monokrotalinu vytvofit velky
zviteci model sinusoiddlniho obstrukéniho syndromu. Podani jedné intravenozni
davky mezenchymalnich kmenovych bunék zlepSilo celkové pfeziti zvirat se

sinusoidalnim obstrukénim syndromem po parcialni jaterni resekci.

™

6. Jak souvisi mikroskopicka stavba jater prasete se Sifenim trhlin jatry v experimentu

simulujicim tupé poranéni?

Zavér 6: Experiment simulujici poranéni jater prasete pii narazu poskytl komplexni
pohled na mechanizmus vzniku jaterniho poranéni na makroskopické 1 mikroskopické
urovni. Primarni biomechanickd data byla zvetfejnéna spolu s publikaci a mohou
slouzit k validaci vypocetnich modelli mechanické odpovédi jater v okamziku narazu.
Mikroskopické analyza prokazala, Ze se trhliny v jatrech nesifi ndhodné, ale jejich
propagace je zavisla na orientaci hlavnich vlaknitych slozek stromatu jater a
interlobularnich sept. Toto zjisténi je vyznamné zejména pro pienos dat z experimentl

na jatrech prasete se signifikantné v&t§im mnozstvim vaziva na jatra lidska.
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Vyse uvedené zavéry lze tedy shrnout nasledovné. Postupy vyuZzivajici automatické
softwary pro obrazovou analyzu dat by mély byt vzdy kalibrovany, nebot’ vysledky jejich
méfeni jsou ovlivnény kvalitou vstupnich dat a nastavenim segmentaénich algoritmi. Pro
kalibraci postupti a validaci dat 1ze s vyhodou vyuZit robustni a reprodukovatelné metody,
jako je napf. stereologie. Rozsdhlé zmapovani mikroskopickych parametrd, jako je
mnozstvi vaziva a délkova hustota jaternich sinusoid a zluCovych kapilar, v odlisnych
oblastech jater prasete umoziiuje nyni na zaklad¢ uvetejnénych dat a popisnych statistik
planovani experimentl s eticky opodstatnénym poctem jedinct a tkanovych vzorki.
Na zédkladé nasich experimentalnich studii bylo demonstrovéno, Ze jatra prasete jsou
vhodnym orgédnem pro modelovani riznorodych fyziologickych i patologickych stavi
vyskytujicich se u lidi. V pfedloZzené praci jsme popsali experimenty na jatrech prasete
zahrnujici regeneraci, rozvoj jaterniho onemocnéni, ale i mechanické chovani jater
prasete béhem simulace ndrazu a tupého poranéni organli. VSechny studie byly

zveiejnény spolecné s primarnimi naméfenymi daty.
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Souhrn

Akutni a chronicka jaterni onemocnéni predstavuji Sirokou skupinu chorob, které ¢asto ohrozuji pacienty na Zivoté. Pochopeni mechanism stoji-
cich za patogenezi a progresi jaterniho poskozeni je klicové pro vyvoj novych terapeutickych strategii a 1éka. Nejvyznamnéjsim faktorem limituji-
cim studium patogeneze a progrese jaternich onemocnéni je nedostatek vhodnych zvitecich modeld. Do sou¢asné doby bylo etablovano mnozstvi
zvitecich modell napodobujicich jaterni onemocnéni u lidi. Hlodavci, konkrétné potkani a mysi, pfedstavuji nejvétsi skupinu modeld jaternich
onemocnéni. Tyto modely ovsem dokazou manifestovat vechny klinické aspekty jaterniho onemocnéni u lidi jen do omezené miry, predevsim
pro jejich omezenou anatomickou a fyziologickou podobnost s lidmi. Velké zvifeci modely reprezentované prasetem, vyznamné zejména v oblasti
modelovani akutniho jaterniho selhani, jsou stéle ¢asté&ji vyuzivany v modelovani dalsich akutnich i chronickych jaternich onemocnéni. Pfenos vy-
sledki testovani novych lécebnych metod do huménni mediciny je zavisly na vyvoji dokonalejsich zvifecich modelu reflektujicich pribéh jaternich
onemocnéni u lidi. Toto prehledné sdéleni shrnuje dosud publikované zvifeci modely chronickych i akutnich jaternich onemocnéni se zvlastnim
dlrazem na velké zvifeci modely a jejich vyuziti v experimentalni chirurgii.

Klicovd slova: onemocnéni jater— zvifeci modely — experimentalni chirurgie, prase

Summary
Animal models of liver diseases and their application in experimental surgery
A.Maleckova, Z. Tonar, P. Mik, K. Michalova, V. Liska, R. Palek, J. Rosendorf, M. Kralickova, V. Treska

Both acute and chronic liver diseases are frequent and potentially lethal conditions. Development of new therapeutic strategies and drugs de-
pends on understanding of liver injury pathogenesis and progression, which can be studied on suitable animal models. Due to the complexity of
liver injury, the understanding of underlying mechanisms of liver diseases and their treatment has been limited by the lack of satisfactory animal
models. SO far, a wide variety of animals has been used to mimic human liver disease, however, none of the models include all its clinical aspects
seen in humans. Rodents, namely rats and mice, represent the largest group of liver disease models despite their limited resemblance to human.On
the other hand, large animal models like pigs, previously used mostly in acute liver failure modeling, are now playing an important role in studying
various acute and chronic liver diseases. Although significant progress has been made, the research in hepatology should continue to establish an-
imal models anatomically and physiologically as close to human as possible to allow for translation of the experimental results to human medicine.
This review presents various approaches to the study of acute and chronic liver diseases in animal models, with special emphasis on large animal
models and their role in experimental surgery.

Key words: liver disease — animal models — experimental surgery — pig
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uvoD

a pripadného terapeutického ovlivnéni jaternich one-
mocnéni. Jednou z vhodnych cest ke zkoumani téch-

Akutni jaterni onemocnéni (acute hepatic injury, acu-
te liver disease ALD) a chronickd jaterni onemocnéni
(chronic liver disease CLD) predstavuji Sirokou skupinu
chorob jater s rGznou etiologii a mechanismem vzniku
jaterniho poskozeni. ALD mohou vyustit v akutni selha-
ni jater (acute liver failure ALF) nebo pfejit do chronici-
ty. CLD typicky vedou k progresivni destrukci jaterniho
parenchymu a ve svém dusledku vyustuji v jaterni fib-
rézu a cirhézu.

Navzdory pokroku v diagnostickych a lé¢ebnych
metodach v hepatologii stale zlstadva fada nezodpo-
vézenych otadzek tykajicich se patogeneze, progrese

to mezer v pozndni je experimentalni vyuziti zvitecich
modeld jaternich onemocnéni.

Do soucasné doby byly formou prehlednych sdéleni
zmapovany oblasti zvifecich modell akutnich i chro-
nickych jaternich onemocnéni [1-5]. ALD i CLD jsou
nejcastéji modelovany na malych laboratornich sav-
cich, ktefi se uplatiuji zejména diky své snadné gene-
tické manipulovatelnosti, kratkému Zivotnimu cyklu
(dospéji v pripadé CLD do stadia fibrézy ¢i cirhdzy [5])
a cenové dostupnosti. Oviem jejich mald anatomicka
a fyziologicka podobnost s ¢lovékem omezuje apliko-
vatelnost vysledk( studii do huméanni mediciny. Proto

Rozhledy v chirurgii 2019, ro¢. 98, ¢. 3



Obr. 1: Histologicky obraz zdravych (A-F) a patologicky zménénych jater prasete (G-I)

A-C - Prehledné zvétseni zobrazujici jaterni parenchym ¢lenény v jednotlivé jaterni lalGcky, které jsou u prasete ohranicené oproti
¢lovéku vyznamné vétsim mnozstvim vaziva.

D-F - Detail portobilidrnich prostor obsahujicich hepatickou trias — interlobularni vétev a. hepatica propria, v. portae a zlu¢ovodu.
G - Centrilobularni hemoragicka nekréza u zvitete se sinusoidaInim obstrukénim syndromem vyvolanym experimentélni aplikaci
pyrrolizidinového alkaloidu monocrotalinu.

H - Nodularni transformace jaterni tkdné s porusenou mikrostrukturou jater a typicky zmnozenym interlobularnim vazivem u ja-
terni cirhdzy.

| - Steatdza jater charakterizovdna nahromadénim tukovych vakuol v cytoplazmé hepatocytl v disledku toxického poskozeni jater.
Barveni: hematoxylin a eosin — pfehledné barveni (A, D, G-1), anilinovd modf a jadrova cerven — detekce kolagenniho vaziva (B, E),

stfibreni (impregnacni metoda) (C, F) — detekce retikularnich vlaken. Méfitka: 100 pm.

Fig. 1: Histology of healthy (A-F) and diseased (G-I) porcine liver

A-C -The liver parenchyma divided into morphological hepatic lobules, in pigs the lobules are demarcated by a significantly high-
er amount of connective tissue when compared to human.

D-F - Detail of portal tracts containing bile ducts and branches of the hepatic artery and portal vein surrounded by connective tissue.
G - Centrilobular hemorrhagic necrosis seen in animal with Sinusoidal Obstruction Syndrome, experiment included the applica-
tion of alkaloid monocrotaline.

H - Cirrhotic liver histologically represented by nodular transformation of liver parenchyma with disruptions of liver microarchitec-
ture and excessive amount of interlobular connective tissue.

| - Steatosis characterized by lipid droplets accumulation within hepatocytes caused by toxic liver injury.

Staining: hematoxylin and eosin staining (A, D, G-1), aniline blue staining, counterstained with nuclear fast red — detection of colla-
gen connective tissue (B, E), silver impregnation technique - detection of reticular fibers.

Scale bars: 100 um.

jsou zde tendence provadét experimenty puvodné Naproti tomu v oblasti modelovani ALF prevazuji
s malymi savci na modelech relevantnéjsich pro hu- velké zviteci modely, které umoznuji napojeni na mi-
manni medicinu, jako napf. na praseti [6], jehoZ jatra motélni obéh, opakované odbéry krve a jsou vhodné
jsou do velké miry anatomicky a histologicky podobna pro nacvik chirurgickych technik, které jsou na rozdil od
jatrdm lidskym (Obr. 1). mikrochirurgickych technik pouzivanych na hlodavcich
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Tab. 1: Srovnani zvifecich modelt jaternich onemocnéni
Tab. 1: Comparison of animal models of liver diseases

Velkeé zvireci WelcHs

akutni selhdni jater
modely pes

mys akutni jaterni onemocnéni

Malé zvireci
modely

kralik onemocnéni

Vysvétlivky: CLD — chronické jaterni onemocnéni (chronic liver disease).

jednak méné naro¢né na dovednosti operatéra, ale pre-
devsim blizsi chirurgické praxi (Tab. 1).

V literatufe nachazime mnozstvi zptisobu déleni zvi-
fecich model jaternich onemocnéni, které se do jisté
miry prekryvaji a duplikuji. Liu et al. [4] navrhl rozdé-
leni modelt CLD dle mechanismu vzniku jaterni fib-
rézy a cirhézy na (i.) klasické modely: neberou v potaz
etiologii jaterniho poskozeni, aplikaci hepatotoxickych
latek dosahuiji u zvifat jaterni fibrézy, (ii.) modely napo-
dobujici specifickd jaterni onemocnéni: kladou diraz
na etiologii CLD, kterd vyznamnym zp(sobem ovliviu-
je patogenezi, progresi a prognézu CLD. Ponékud pre-
hledné;jsim je zde navrzené déleni, které zahrnuje vétsi-
nu moznosti modelovani jak akutniho, tak chronického
jaterniho poskozeni (Tab. 2).

Cilem tohoto sdéleni je predstavit zvifeci modely
jaternich onemocnéni a jejich soucasné vyuziti v expe-
rimentu. Pro zachovani kompatibility se zahrani¢nimi
zdroji ponechavame vedle nékterych pojm0 v cestiné
i jejich ustalené protéjsky v anglickém jazyce.

Tab. 2: Piehled zvifecich modeli jaternich onemocnéni
Tab. 2: List of animal models of liver diseases

Chirurgické modely
Farmakologické modely
Infekéni modely

Chemicky indukované modely
Lékové poskozeni jater
Alkoholové poskozeni jater

Modely imitujici specificka jaterni onemocnéni

Modely autoimunitni hepatitidy (AIH)
Modely priméarni bilidrni cirhézy (PBC)
Modely primarni sklerozujici cholangitidy (PSC)

Modely nealkoholické steatdzy jater (NAFLD)
a steatohepatitidy (NASH)

Modely virové hepatitidy

Invazivni model jaterni fibrozy
Geneticky modifikované mysi

| | zile | Onemocnéni | Vyhody Nevjhody

anatomicky a fyziologicky podobné vysoka cena
lidem
moznost opakovanych odbérl krve  davek hepatotoxickych latek
napojeni na mimotélni obéh
nécvik chirurgickych technik CLD

nutnost aplikace opakovanych

dlouha doba potfebna k rozvoji

anatomicky a fyziologicky malo

kratka doba potfebnd k rozvoji CLD  podobné lidem
potkan chronicka jaterni levné
moznost genetické modifikace

velikost neumoznujici opako-
vané odbéry krve a napojeni na
mimotélni obéh

1. Zvifeci modely akutnich a chronickych
jaternich onemocnéni

Nasledujici text shrnuje vybrané modely zvifecich
modell akutnich a chronickych jaternich onemocné-
ni na zakladé literarni reSerse. Reserse byla provedena
v databazi PubMed k datu 30. 8. 2018 s vyuzitim klico-
vych slov: acute liver failure, chronic liver disease, ani-
mal models. Pfehledna sdéleni (review) byla nasledné
doplnéna o konkrétni studie s vyuzitim kli¢covych slov
nalezenych v literature, napt.: acetaminophen, acute li-
ver failure, animal model, pig. V predkladaném ¢lanku
jsou uvedena jak prehledna sdéleni (review) na dané
téma, tak priklady studii, které vyuzily zvifeci model ke
konkrétnim experimentim, napf. k testovani podpuar-
nych jaternich systému (Tab. 4). Zahrnuty byly zejména
studie s prase¢imi modely jaternich onemocnéni.

1.1 Modely akutniho jaterniho selhani

Navzdory vysoké regeneracni kapacité hepatocytl
a moznosti spontanniho navratu jaternich funkci zdsta-
va pro pacienty s ALF bez uspokojivé regenerace jedi-
nou terapeutickou moznosti ortotopicka transplantace
jater (orthotopic liver transplantation OLT). Ve vétsiné
pripad(i OLT zlep3uje celkové preziti, ovsiem pocet paci-
entl na cekacilistiné pro transplantaci neustéle pfibyva
[1]. ZlepSeni regeneracni kapacity jater Ize dosahnout
arterializaci portélni vény (portal vein arterialization
PVA), jak bylo testovano v experimentu na potkanech
[7] a prasatech [8]. Soucasné lé¢ebné moznosti pouzi-
vané k preklenuti ¢ekaci doby na OLT (tzv. ,bridging”)
jsou omezené a zahrnuji transplantaci hepatocytd [9]
a vyuziti podpurnych jaternich systémd, tzv. ,umélych
jater” (liver support systems) [10,11].

Pokusy o vysvétleni patofyziologickych procesi
a propojeni metabolickych zmén s klinickymi projevy
ALF vyustily ve formulovani dvou teorii: ,toxin hypo-
thesis” a ,critical mass theory”. ,Toxin hypothesis” pred-
pokladala, Ze za klinické projevy ALF jsou zodpovédné
nahromadéné latky jako napf. amoniak, fenoly ¢i volné
Zlu¢ové kyseliny, které jsou ve zdravych jatrech odbou-
ravany. ,Critical mass theory” pak za pficinu jaterniho
selhani povazovala ztratu hepatocytl pod urcitou kri-
tickou mez, kdy jiz jatra nejsou schopna udrzovat svou
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Tab. 3: Kritéria pro idedlni zvifeci model akutniho selhani jater (ALF) - pfevzato a upraveno dle Terblanche a Hickman [13]
Tab. 3: Criteria for an ideal animal model of acute liver failure (ALF) postulated by Terblanche and Hickman [13]

e [ e

Vratnost - reversibility

Opakovatelnost - reproducibility

Smrt z pficin jaterniho selhani — death from liver failure

Terapeutické okno - therapeutic window

Velky zvifeci model - large animal model

Bezpecnost - minimal risk for personnel

metabolickou aktivitu na takové urovni, aby dokazala
zajistit podporu funkce dalSich perifernich organu.
Hlubsi studium problematiky ALF ovSsem ukazalo, ze
mechanismus nahromadéni toxickych latek a ztraty
syntetické kapacity jater nejsou jedinymi mechanis-
my a ze vlastni poskozené hepatocyty se podileji na
prohloubeni a progresi ALF uvolhovanim zanétlivych
cytokinU ¢i vazoaktivnich latek [12]. Pfesto dodnes zU-
stavaji nékteré mechanismy ALF nepopsany. Pro studi-
um patogeneze ALF a testovani novych terapeutickych
pfistupt z hlediska jejich bezpec¢nosti a efektivity je
proto nezbytné etablovat zvifeci model, ktery bude co
nejvice reflektovat pribéh ALF u ¢lovéka.

Terblanche a Hickman [13] pocatkem 90. let navrhli
systém 3esti kritérii, kterd by mél idedlni zvifeci model
ALF splnovat (Tab. 3). V souc¢asnosti zadny zviteci mo-
del ALF nesplnuje vSechna popsana kritéria. Pro vytvo-
feni modelu ALF se vyuzivaji tfi hlavni pfistupy: chirur-
gicky, farmakologicky (toxicky) a infekéni model [1-3].

1.1.1 Chirurgické modely ALF

Chirurgické modely s vyhodou vyuzivaji velkd zvita-
ta. Rozdéluji se do 3 zdkladnich skupin: velka resekce
(partial hepatectomy), hepatektomie (anhepatic mo-
del) a ischemicky model (ischemic model, devaskulari-
zace) (Tab. 4).

Pi zavedeni vhodné |écby by mélo byt ALF potenciondlné rever-
zibilni a model by mél pfi adekvétni |é¢bé prezit.

Model musi byt jednoduse reprodukovatelny.

Mély by byt pfitomny biochemické, histologické a klinické zmény
odrézejici prabéh jaterniho selhani u lidi a jaterni poskozeni by
mélo vést primo ke smrti modelu.

Mezi inzultem a Umrtim zvirete musi byt dostatecny ¢as k nasaze-
ni a posouzeni efektu [écby.

Velikost zvifete musi umoznit pravidelné odbéry krve a aplikaci
mimotélniho obéhu a model by mél byt anatomicky a fyziologic-

Pouzité techniky a toxiny musi pfedstavovat minimalni riziko pro
personal.

Modely velké jaterni resekce jsou pro svoji na-
ro¢nost provedeni, jez zavisi na technickém vybaveni
a zkusenostech operatér(, tézko reprodukovatelné. Al-
ternativou k prosté resekci mlze byt kombinace resek-
ce s ischemii zbytku jaterniho parenchymu [14].

Anhepaticky model zahrnuje odstranéni celého
organu [15], je oproti pfedchozimu snadnéji repro-
dukovatelny. Pro jeho vyuziti v experimentu je mimo
jiné dulezitd i pooperacni intenzivni péce: monitoro-
vani hemodynamickych parametr(, zajisténi ventilace,
monitorovani a pripadna Uprava mikce, monitorovani
mnozstvi hemoglobinu, hematokritu a laktatu, elekt-
rolytl v séru, acidobazické rovnovéhy, krevnich plyni
a hladiny glukdzy, které ovliviiuji délku preziti zvitete,
a tedy i délku terapeutického okna pro pouziti a testo-
vani novych lécebnych strategii [16].

Ischemicky model pfedstavuje dvoustupnovy chi-
rurgicky vykon, pfi kterém se vytvaii portokavalni
shunt s naslednym uzavérem hepatické arterie [17].
Okluze muze byt doc¢asnd, pak je model potencialné re-
verzibilni, ovsem prabéh ALF je zna¢né nestaly a tézko
reprodukovatelny. Jinym pfistupem k vytvoreni ische-
mického modelu je preruSovana okluze v. portae a a.
hepatica s naslednou arterialni ligaci [18]. Tento model
splnuje vsechna kritéria dle Terblanche a Hickmana
s vyjimkou reverzibility [13].

Tab. 4: Pfehled chirurgickych modelt akutniho selhani jater a jejich soucasné vyuziti v experimentu na praseti
Tab. 4: Surgical models of acute liver failure and their current application in experimental research on pigs

Vv experimentu

resekéni vykon
pro nddorové
onemocnéni

Velka jaterni resekce
Partial hepatectomy

hepatektomie
pro rozsahlé
trauma ¢i akutni
rejekci orgdnu po
transplantaci

Hepatektomie
Anhepatic model

docasna ischémie
pFi OLT

Ischemicky model
Ischemic model

reverzibilita

reprodukovatelnost

reverzibilita

technicky néroc¢né

a ium regener. 4
nereprodukovatelné e

ireverzibilni
vylouceni vlivu poskozenych BAL [49]
hepatocytl na progresi ALF
nereprodukovatelny BAL [50]

kratké preziti

Vysvétlivky: OLT - ortotopickd transplantace jater (orthotopic liver transplantation), BAL - bioartificial liver.
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Tab. 5: Farmakologické modely akutniho jaterniho selhani a jejich vyuziti v experimentu na praseti
Tab. 5: Pharmacological models of acute liver failure and their application in experimental research on pigs

Mechanismus ucinku

Nazev slouceniny

poskozeni jater
Galaktosamin naruseni metabolismu zanedbatelné
RNA hepatocytl extrahepatalni

ucinky

Acetaminofen metabolizace pomoci
APAP cytochromu P450 a vznik
toxického NAPQI

bezpecny

Tetrachlormetan  metabolizace pomoci cy-
cdl, tochromu P450 2E1 se vzni-
kem toxickych radikala

vysoka mortalita

Vyhody m Vyuziti prase.aho modelu
Vv experimentu

klinicky nerelevantni BAL [51]
nereprodukovatelny aplikace MSC a jejich efekt
riziko pro personal na ALF [52]

cena

klinicky relevantni variabilita v odpovédina BAL [53]

davku a v preziti
extrahepatalni toxicita:
nefortoxicita,
kardiotoxicita
methemoglobinémie
kratké terapeutické okno PVA [8]
extrahepatalni toxicita

Vysvétlivky: ALF — akutni selhdni jater (acute liver failure), NAPQI - N-acetyl-p-benzoquinone imine, BAL - bioartificial liver, PVA - portal vein
arterialization, NO - oxid dusnaty, MSC - mezenchymdIni kmenové buriky (mesenchymal stem cells).

Tab. 6: Zvifreci modely toxického poskozeni jater

Tab. 6: Animal models of hepatic injury induced by hepatotoxins

Pouzita latka Mevchanls’m o Poskozeni jater Vyuziti modelu v experimentu
poskozeni [54]

Skutecné hepatotoxiny
¢ Tetrachlormethan

se vznikem toxickych
radikald

o Thioacetamid vznik intermediarni

metabolizace pomoci akutni selhani jater
cCla cytochromu P450 2E1  fibréza/cirh6za

fibréza/cirhéza

TAA metabolitu thioaceta- HCC, Cholangiokarci-

mid-S-oxidu a zvyseni nom
oxidativniho stresu
¢ Dimethylnitrosamin  Alkylace DNA
Diethylnitrosamin HCC
DMN/DEN

Potencialni hepatotoxiny
o Chemoterapeutika specificky v zavislosti

na pouzitém chemo-

terapeutiku [64] CASH
Ethanol indukce cytochromu  ASH

P450IIE1

zvysend hladina ace-

taldehydu

oxidativni stres

fibréza/cirhoza

Sinusoidalni obstruk¢-  potkan
ni syndrom (SOS)

fibréza/cirhoza

potkan  studium hepatoprotektivnich latek [55]
role miRNA ve fibrogenezi [56]
mys terapie otrav CCl, [57]
studium hepatoprotektivnich latek [58]
potkan  studium hepatoprotektivnich latek [59]
mys$ role mikrobiomu ve fibrogenezi [60]
potkan  role miRNA ve fibrogenezi [61]
ovlivnéni progrese fibrézy do HCC [62]
mys role miRNA ve fibrogenezi [63]

terapeutické ovlivnéni SOS [65]

mys studium patogeneze SOS [66]
prase regenerace jater s CASH [67]
potkan  studium hepatoprotektivnich latek [68]

mys studium hepatoprotektivnich latek [69]

Vysvétlivky: HCC — hepatoceluldrni karcinom, CASH - steatohepatitida spojend s chemoterapii (chemotherapy-associated steatohepatitis),
ASH - alkoholovd steatohepatitida (alcoholic steatohepatitis), ALD — alkoholové poskozeni jater (alcoholic liver disease).

1.1.2 Farmakologické modely

Vétsinu farmakologickych zvifecich modell ALF
predstavuji mali laboratorni savci [19-21]. Velké zvire-
ci modely jsou zatizené nutnosti opakované aplikace
pomérné vysokych davek toxinu s nestalym klinickym
pribéhem ALF. Presto velkych zvifecich modell v sou-
Casnosti pribyva, a to zejména pro testovani jaternich
podpurnych systému. Nejvyznamnéjsimi toxiny, jejichz
ucinky byly studovany na fadé zvitecich druhl a které
jsou v soucasnosti pouzivany k vyvoji modelu ALF, pa-
tfi: galaktosamin [22], acetaminofen [23] a tetrachlor-
methan [8,24] (Tab. 5).

1.1.3 Infekéni modely

Navzdory tomu, Ze virové hepatitidy jsou celosvétové
jednou z nejcastéjsich pricin jaterniho selhani, byly snahy
o vytvoreni zvifeciho modelu na podkladé infekce dlou-
hou dobu netspésné. Mysi modely hepatitidy B pfispély
ke studiu patogeneze ALF, oviem tento maly zvifeci mo-
del neumoznoval opakované krevni rozbory a pfipojeni
na mimotélni elimina¢ni metody. Z tohoto divodu se in-
fek¢ni modely prozatim ve studiu ALF neuplatnily.

1.2 Modely toxického poskozeni jater
Jatra hraji zasadni roli v biotransformaci a eliminaci
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Tab. 7: Zviteci modely specifickych jaternich onemocnéni
Tab. 7: Animal models mimicking specific chronic liver diseases

Kritéria (,wish list”) pro idedlni model m Princip modelu

Onemocnéni

Autoimunitni hepatitida
AlH [26]

Primarni biliarni cirh6za
PBC [29]

Primarni sklerozujici
cholangititda
PSC [35]

pfitomnost autoprotilatek (ANA, ASMA)
chronicky zanét s prechodem do fibrozy
pfitomnost antigenné-specifickych
T-lymfocytd

pritomnost nekréz na histologickém
vysetreni

prevaha rozvoje PBC u samic
pfitomnost autoprotilatek (AMA)
chronicky zanét malych a stfedni intra-
hepatalnich Zlu¢ovodu

floridni duktularni reakce na histologic-
kém vysetfeni

prevaha rozvoje PSC u samct
progresivni zanét intra- a extrahepatic-
kych Zlu¢ovodu

koncentricka periduktalni fibréza (onion
skinning) na histologickém vysetreni
pfitomnost nespecifického zanétu stiev
(U

prechod do cholangiokarcinomu

obezita
Dyslipidémie
inzulinova rezistence

Nealkoholicka steatéza
a steatohepatitida
NAFLD, NASH [37]

steatdza, zanét a balonova degenerace
hepatocytl progredujici ve fibrézu na

histologickém vysetteni
prechod do HCC

vnimavost k infekci
replikace viru v organismu

Virova hepatitidaBa C
HBV [46] a HCV [45]

imunitni odpovéd srovnatelna s lidmi

Progrese do cirhézy
prechod do HCC

mys$ indukované modely
kralik geneticky modifikované spontanni modely
geneticky modifikované indukované modely
prenos antigen pomoci virQ
mys geneticky modifikované spontanni modely
modely vyvolané enviromentalnimi faktory
geneticky modifikované autoimunitni modely
potkan chemicky indukované modely
mys modely vyuzivajici infek¢ni agens
geneticky modifikované modely
model GVHD
mys ,dietary models”
potkan MCD diet
CDAA diet
atherogenni dieta
high-fat diet a jeji variace
geneticky modifikované modely
simpanz  Simpanzi modely

mys mysi exprimujici virové proteiny

potkan mysi exprimujici receptory pro HCV
kachna  chimerické mysi modely imunodeficientni
svist chimerické modely imunokompetentni

Vysvétlivky: ANA — antinukledrni autoprotildtky, ASMA — autoprotildtky proti hladkym svalovym burikdm, AMA - antimitochondridini protildtky,
UC - ulcerozni kolitida, HCC - hepatoceluldrni karcinom, GVHD - reakce Stépu proti hostiteli, MCD diet — methionine and cholin deficiency diet,

CDAA diet - choline-deficient L-amino acid-defined diet.

exogennich latek, jejichz nadmérnou expozici ¢asto
dochézi k jaternimu poskozeni. Opakované aplikace
hepatotoxickych latek predstavuji klasicky zpUsob in-
dukce jaterni fibrézy u experimentélnich zvifat. V zavis-
losti na zplGsobu podéavéani ale mohou hepatotoxické
latky misto jaterni fibrézy zpUsobit akutni jaterni po-
Skozeni, az selhani (viz kapitola 1.1.2 Farmakologické
modely ALF) (Tab. 5).

Z preventivniho hlediska Ize hepatotoxické latky,
a tedy i zvifeci modely toxického poskozeni jater, délit
do dvou kategorii: (i.) skute¢né hepatotoxiny - jejich po-
dani vyvold poskozeni jater u viech jedincd, jde pfede-
v3im o produkty chemického prlimyslu jako tertrachlor-
methan CCI4, thioacetamid (TAA), dimethylnitrosamin
(DMN) a diethylnitrosamin (DEN) - a (ii.) potencialni he-
patotoxiny — vyvolaji poskozeni jater jen u ¢asti jedincd,
jedna se predevsim o léky, napf. chemoterapeutika (Tab.
6). Zvlastni kapitolu tvoii alkoholové poskozeni jater.

1.2.1 Alkoholové poskozeni jater

Nadmérna konzumace alkoholu, at uz akutni, ¢i chro-
nicka, je zdvaznym socidlnim, ekonomickym i zdravot-
nim problémem. Alkoholové postiZeni jater zahrnuje
stavy od pomérné nezavazné steatézy az po cirhézu
jater s moznosti vzniku hepatoceluldrniho karcinomu.
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Alkoholové poskozeni jater se nejcastéji modeluje
na mysich a potkanech. Nejrozsiten&jsim modelem je
chronické podavani alkoholu (Lieber-DeCarli liquid
diet;LD diet), chronicka intragastricka aplikace alkoho-
lu nebo kombinace podavani alkoholu se specifickou
dietou (high-fat diet), s hepatotoxickymi latkami nebo
u geneticky modifikovanych mysi [25].

1.3 Modely imitujici specificka jaterni
onemocnéni
Spole¢nym znakem vétsiny chronickych jaternich
onemocnéni je jejich vliv na histologickou stavbu
jaterniho parenchymu se vznikem jaterni fibrézy az
cirhézy. Etiologické a patogenetické mechanismy
zodpovédné za tyto zmény se oviem u jednotlivych
specifickych jaternich onemocnéni lisi a ¢asto je ani
neznédme. Vytvoreni zvifecich modeld je tak kompliko-
vano nejen neznalosti etiopatogeneze onemocnéni,
ale také tim, Ze nékteré choroby se vyskytuji pouze
u lidi (virové hepatitidy). Prozatim se nedaii modely,
které by mély viechny atributy lidského onemocnéni,
vytvofit (Tab. 7). Navzdory tomu jsou zvifeci modely
specifickych jaternich onemocnéni idealnim ndstro-
jem k pochopeni vzniku a progrese CLD a k nalezeni
jejich ucginné 1é¢by.
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1.3.1 Modely autoimunitni hepatitidy
(autoimmune hepatitis AlIH)

AlH je chronické zénétlivé onemocnéni jater nezna-
mé etiologie charakterizované pfitomnosti autoprotila-
tek, histopatologickymi zménami v jatrech a klinickymi
pfiznaky vyplyvajicimi z jaterniho poskozeni — Unava,
letargie, méné casto ikterus. Charakteristickym diagnos-
tickym klinickym znakem AlH je rychla odpovéd' na imu-
nosupresivni lé¢bu, kterd se vyskytuje asi u 90 % paci-
entu. Lécba AlH je zalozena na imunosupresivni terapii.

Zviteci modely AIH Ize vytvofit nékolika zpUsoby.
V obdobi prfed moznosti genetické manipulace mode-
lovych organisma se AlH indukovala aplikaci jaternich
antigenl nebo rostlinného lektinu concavalinu A, ktery
nespecificky aktivuje T-lymfocyty a vede k poskozeni
jater. Velkou skupinu modell AIH ovsem predstavuji
geneticky modifikované mysi modely [26] (Tab. 7).

1.3.2 Primarni biliarni cirh6za
(primary biliary cirrhosis PBC)

PBC je chronické cholestatické onemocnéni postihu-
jici malé a stfedni intrahepatalni Zlu¢ovody a objevujici
se nejcastéji u zen stfredniho véku (v paté a Sesté deka-
dé Zivota). Klasicka forma PBC je spojena s pfitomnosti
antimitochondridlnich protilatek v séru [27]. Aspekty
ovliviiujici etiologii ovsem zatim zUstavaji neznamé
a studie se zamé&fuji nejen na vnitini, ale i environmen-
talni faktory v rozvoji onemocnéni [28]. Do soucasné
doby bylo ke studiu etiopatogeneze a interakce moz-
nych genetickych a environmentalnich faktor( vytvo-
feno mnozstvi zvifecich modelt PBC (mysi) [29]. PBC
u téchto modeld vznikd bud spontdnné u geneticky
modifikovanych mysi [30-32], nebo je indukovéna pl-
sobenim environmentalnich faktorl na zvite, jako je
expozice xenobiotikim (napf. 2-octynoic acid (2-OA)
[32]) nebo pUsobeni infek¢ni agens [33].

1.3.3 Primarni sklerozujici cholangitida
(primary sclerosing cholangitis PSC)

Primarni sklerozujici cholangitida (primary sclerosing
cholangitis PSC) patfi mezi dalsi chronické zanétlivé
onemocnéni jater postihujici intra- a extrahepatické
Zlu¢ové cesty a pomalu mize progredovat k biliar-
ni cirhéze a jaternimu selhani. PSC se ¢asto vyskytuje
u pacientl s nespecifickym stfevnim zanétem, zejména
s ulcerézni kolitidou [34]. Klinické a laboratorni néalezy
jako T-lymfocytarni infiltrace v okoli cilovych zlu¢ovo-
dl, pfitomnost autoprotilatek pANCA (perinukledrni
autoprotildtky proti cytoplasmé neutrofild, perinuclear
antineutrophil cytoplasmatic antibodies) a spojitost
s urcitymi HLA haplotypy a dalsimi autoimunitnimi
chorobami (UC) svédc¢i o autoimunitné zprostredkova-
ném mechanismu vzniku a progrese onemocnéni. Ov-
$em v porovndni s jinymi autoimunitnimi chorobami
PSC 3patné reaguje na imunosupresivni lécbu, vysky-
tuje se ¢astéji u muzl (2-3:1) a je zde jen slaba korela-
ce mezi hladinou sérovych autoprotildtek s klinickymi
a laboratornimi nalezy.

Pollheimer a Fickert [35] rozdéluji zviteci modely PSC
do nékolika skupin dle mechanismu indukce onemocné-

ni. Zadny z modeld oviem jesté nezodpovédél viechny
otazky tykajici se patogeneze a progrese onemocnéni.

1.3.4 Nealkoholicka steaté6za jater
(non-alcoholic fatty liver disease NAFLD)
a nealkoholicka steatohepatitida
(non-alcoholic steatohepatitis NASH)

NAFLD je v soucasné dobé nejcastéjsim chronickym
progresivnim jaternim onemocnénim v rozvinutém svété,
jehoz prevalence se odhaduje az na 30 % populace. Ve vét-
siné pripadu je NAFLD Uzce spojena s nadvahou a obezi-
tou a s nimi spojenymi metabolickymi projevy, a to prede-
vsim inzulinovou rezistenci. Pokud jsou v jatrech soucasné
piitomny steatéza, zanét a poskozeni hepatocytl (balono-
va degenerace, ballooning), hovofime o NASH, kterd mize
byt doprovdzena progresivni fibrézou a je spojena s vys-
$im rizikem vzniku hepatocelularniho karcinomu.

Nejlépe popsanymi a nejcastéji pouzivanymi modely
NAFLD jsou tzv.,dietary models, kde je navozeno jaterni
poskozeni zménami ve stravé modelového organismu.
Ruzné typy diet jsou pro zvifeci modely NASH klicové.
Predstavuji bud' vlastni pfi¢inu NASH, nebo slouzi jako
spoustéce jaterniho poskozeni u geneticky modifikova-
nych modeld. Diety jsou zalozeny bud' na kaloricky bo-
haté stravé — fruktézova dieta, high-fat diet (HFD) - nebo
na deficitu urcitych Zivin podilejicich se na spravném
metabolismu tukl — methionine and choline deficient
diet (MCD diet), choline-deficient L-amino acid-defined
diet (CDAA diet). Z geneticky modifikovanych modelt se
nejcastéji uplatriuji modely mysi s diabetem [36,37].

1.3.5 Modely virové hepatitidy

Studium virové hepatitidy B a C bylo dlouho omeze-
no na in vitro podminky nebo na studie probihajici na
jediném zvireti, které je k infekci témito hepatotrop-
nimi viry vnimavé - na Simpanzovi [38,39]. §impanzi
model hral klicovou roli pfi studiu interakce hostitel-vir
a bylo na ném mozno testovat prvni antivirové strate-
gie v [é¢bé infekce. Prelomovym objevem bylo objeve-
ni buné¢nych receptora pro HBV a HCV, diky nimz bylo
mozné vytvofit bunécné linie pro studium zivotniho
cyklu a jednotlivych virovych komponent in vitro. Za-
kladnich strategii tvorby in vivo mysich model( virové
infekce je nékolik. Jednou z nich je exprese virovych
proteind nebo receptord pro lidské viry samotnymi
hepatocyty u transgennich mysi [40]. Dalsi moznosti
je vytvoreni chimerickych mysi, a to transplantaci lid-
skych hepatocytll imunodeficientnim mysim [41,42].
Imunodeficientni organismy ovsem nedovoluji stu-
dium imunitnich mechanism{. Z tohoto diavodu byly
vyvinuty imunokompetentni modely (potkan), kterych
bylo dosazeno soucasnou transplantaci lidskych kr-
vetvornych kmenovych bunék [43,44].

V soucasnosti mame tedy k dispozici mnozstvi mo-
delll jak pro preklinické testovani antivirové terapie
(imunodeficitni), tak pro studium imunitni odpovédi
na lé¢bu (imunokompetentni). Zadny z model oviem
nesplnuje viechna kritéria pro ideédlni model, a to ze-
jména prechod do chronicity se vznikem jaterni cirhézy
a eventualné HCC [45,46].
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1.4 Invazivni model jaterni fibrézy

Podvaz ductus hepaticus communis (bile duct ligation
BDL) je invazivni metodou vyvolani sekundarni biliarni
cirhézy. Obstrukce toku zluci zplGsobuje intrahepatélni
cholestazu, proliferaci Zlu¢ovod(, zanét v portobiliar-
nich prostorech a fibrézu a vede ke vzniku sekundar-
ni bilidrni cirhdzy a jaternimu selhani. BDL se provadi
u potkand, ktefi nemaji zlu¢nik [47]

1.5 Geneticky modifikované mysi jako zvireci
modely jaternich onemocnéni

Geneticky modifikované mysi se pouzivaji k mode-
lovani jaterni fibrozy, kdy vyrazeni specifickych gen
nebo naopak jejich over-exprese umoziuje studium
jejich fibrogenniho nebo antifibrogenniho vlivu expri-
movanych faktor( [5]. Transgenni mysi se uplatiuji i pfi
modelovani specifickych jaternich onemocnéni, jak je
uvedeno v predchozich kapitolach.

ZAVER

Snahy o vytvoreni zvifecich modell jaternich onemocnéni
probihaji jiz nékolik desetileti s vétsimi ¢ mensimi Uspéchy
o priblizeni se priibéhu jaternich chorob u lidi. Nejvétsi sku-
pinu tvorfi malé zviteci modely reprezentované mySmi a po-
tkany, které se vyuzivaji nejcastéji ke studiu etiopatogeneze
a progrese onemocnéni. Testovani novych terapeutickych
pristupd, a to jak 1éky, tak invazivnich metod, je oviem z téch-
to modelti jen omezené prenositelné do humanni mediciny.

Na druhou stranu velké zviteci modely, ze kterych je cas-
mezi experimentalni medicinou a klinickou praxi. Uplatriuji se
zejména pfi studiu akutniho selhani jater (Tab. 1), kde je vel-
ké zvie jednim ze zasadnich kritérii idedlniho modely, a stile
casté&ji pi vyvoji novych chirurgickych pfistupt a invazivnich
terapeutickych metod, jako jsou podplrné jaterni systémy.

Vyuziti anatomické a fyziologické podobnosti jater pra-
sete s jatry clovéka mUze byt s vyhodou vyuzito pfi pre-
nosu vysledkd experimentélnich vyzkum( do humanni
klinické mediciny. Vyvoj novych velkych zvifecich mode-
I jaternich onemocnéni, napt. v oblasti autoimunitnich
jaternich onemocnéni, je oviem zatizen fadou nevyhod
spojenych s praci s velkymi zvifaty. Mensi pocet jedincu
v porovndvanych skupinach ztéZuje statistické vyhodno-
ceni experimentd s moznym ovlivnénim vysledkd zna¢-
nou interindividudlni variabilitou. Oproti laboratornim
hlodavciim by ale prasec¢i modely chronickych jaternich
onemocnéni mohly pfinést nové poznatky o mecha-
nismech zpUsobuijicich jaterni poskozeni a umoznit tak
presnéjsi diagndzu ¢i ucinnéjsi lécbu nasich pacientd.

Seznam zkratek

AlH - autoimunitni hepatitida, autoimmune
hepatitis

ALD - akutni jaterni onemocnéni, acute liver disease

ALF - akutni selhani jater, acute liver failure

AMA - antmitochondridlni protilatky, anti-
mitochondrial antibodies

ANA - antinuklearni protilatky, antinuclear antibodies
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APAP - acetaminophen
ASH - alkoholova steatohepatitida (alcoholic
steatohepatitis)

ASMA - autoprotildtky proti hladkym svalovym
burikam, anti-smooth muscle antibodies

BAL - bioartificial liver

BDL - podvaz ductus hepaticus communis, bile
duct ligation

CASH - steatohepatitida spojena s chemoterapii,

chemotherapy-associated steatohepatitis
CDAA diet - choline-deficient L-amino acid-defined diet

cd, - tetrachlormethan

CLD — chronicka jaterni onemocnéni, chronic liver
disease

DEN — diethylnitrosamin

DNM — dimethylnitrosamin

GVHD - reakce $tépu proti hostiteli, graft versus
host disease

HBV — virus hepatitidy B, hepatitis B virus

HCC - hepatocelularni karcinom, hepatocellular
carcinoma

HCV - virus hepatitidy C, hepatitis C virus

HFD - dieta bohata na tuky, high-fat diet

MCD diet — methionine and cholin deficiency diet

MSC - mezenchymalni kmenové bunky,

mesenchymal stem cells

NAFLD - nealkoholicka steatdza jater, non-alcoholic
fatty liver disease

NAPQI - N-acetyl parabenzoquinoneimine

NASH - nealkoholicka steatohepatitida, non-
alcoholic steatohepatitis

NO - oxid dusnaty, nitric oxide

oLT - ortotopicka transplantace jater, orthotopic
liver transplantation

pPANCA - perinuklearni autoprotilatky proti
cytoplasmé neutrofild, perinuclear
antineutrophil cytoplasmatic antibodies

PBC - primarni bilidrni cirhdéza, primary biliary
cirrhosis

PSC - primarni sklerozujici cholangitida, primary
sclerosing cholangitis

PVA — arterializace portalni vény, portal vein
arterialization

TAA - thioacetamid

ucC - ulcerdzni kolitida, ulcerative colitis
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Currently, there are at least 70 pure domestic pig breeds, but only certain breeds are
used in biomedical research. The domestic pig liver is suitable for preclinical research
because its size, physiology, and anatomy are similar to that of the human liver; in
addition, there is a high degree of genetic similarity between the two species. For
planning experiments and identifying improvements in both invasive and noninvasive
methods of liver disease management, the morphological similarities and dissimilar- ities
of the pig liver to its human counterpart must be taken into consideration along with
sexual dimorphism and interindividual and interspecific variability. Recent his- tological
evaluations based on stereological methods enable precise quantitative morphological
estimates and guarantee their unbiased accuracy. The results thereof  are crucial for
revealing and assessing histological changes and can contribute to the optimization of
study designs. New trends in computed tomography data processing have also been
introduced. This review article summarizes the newest trends and findings in the field

of porcine liver anatomy and histology as applicable to preclinical research.
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Introduction

The domestic pig (Sus scrofa domesticus) is an even-toed ungu-
late mammal. Genetic evidence indicates that this species
developed from the wild boarin Southeast Asiaapproximately
5 million years ago, and domestication began in Eurasia
approximately 10,000 years ago.! Hence, there is a general
consensus that all variations of pigs (including mini/micro/
miniature) descend from the Eurasian wild boar. Swine were
first used in biomedical research (BMR) in the 1940s, and their
use has increased since the 1960s.? More recently, molecular
biologyand genetics have been applied to the breeding process
to enhance selection forvaluable traits. At present, thenumber
of pig breeds is uncertain, but a review of more than 70 pure
domestic pig breeds from all over the world is maintained on
The Pig Site.” Most of these breeds are primarily used for con-
sumption, but certain small breeds are also used for BMR.#
Because the porcine genome, which consists of 18 autosomes
and 2 sex chromosomes, has been sequenced and its extensive
homology to humans has been demonstrated,”® genetically
modified pigs have played an important role in translational
studies focused on numerous diseases, including cancer, dia-
betes mellitus, Alzheimer’s disease, cystic fibrosis, and
Duchenne muscular dystrophy.© In addition, because the
structure and function of the porcine cardiovascular, renal,
and gastrointestinal organs are similar to those of humans,”
these organs are extensively used in experimental surgery to
test surgical techniques and experimental therapies*® before
theirusein humans (Table 1). Inaddition, the swine canlive up
to 10 years, thereby allowing the researchers long-term follow-
up after experimental procedures.

The small pigs used in BMR, from an anatomical and
physiological perspective, are similar to the domestic swine.
The advantages of their small size are obvious: these pigs are
easy to handle and house, and they require less food and test
substances than larger pigs. Therefore, certain small breeds
are predominantly used in pharmacology and toxicology
studies for the testing of new drugs and medical devices*
(T'able 1). Nevertheless, the availability of small breeds is

limited.

Porcine liver gross anatomy

In terms of gross anatomy, from four to six liver lobes have
been described in pigs (T'able 2), and the right and left hemi-
livers are separated by a deep notch for the round ligament
(Fig. 1A and B). The number and size of the lobes (segments)
reported varies and thus may be breed-specific. Only the
following five lobes are invariably present: the left lateral, left
medial, right lateral, right medial, and the caudate lobe. From

our experience with the Prestice Black-Pied pig breed,* which
is in agreement with the veterinary anatomical textbooks,*
the quadrate lobe is present occasionally (Fig. 1B and D).
There also seems to be interbreed variability in the lobe pro-
portions. Court et al.>® found the left lateral lobe to be the
largest, whereas Bekheit et al.,> based on computed tomog-
raphy (CT) volumetry, assessed the right medial lobe to be the

most voluminous.

Table 1 e Porcine liver applications in biomedical

research.

Objects of References Breed
research
Ablation, resection 9 Guangxi Bama minipig
v Wuzhishan pig
! Not mentioned
Biomechanics 12 Not mentioned
2 Ecologically bred animals
of various origins
Gene therapy 14,15 HSD11B1-transgenic pig
Imagingtechniques, 1o Duroc, Pietrain, .andrace,
diagnostics large white pig
1 Bama miniature pig
Innovation of 121 Landrace pig
surgical
techniques
1 Landrace pig
2! Bama miniature pig
Liver . Micromini pigs (Fuji Micra
transplantation Inc., Shizuoka, Japan)
> TLandrace pig
= GalT-KO pig
Liver traumatology 2= Yorkshire-Landrace pig
=0 Germandomestic pig
27,28

Not mentioned

Material testing 29 Chinese experimental

hybrid pigs
German Landrace pigs

Mathematical Not mentioned

modeling,

quantification

Prestice Black-Pied pig

Prestice Black-Pied pig

Morphology,
physiology

Prestice Black-Pied pig

White pig
Prestice Black-Pied pig
Prestice Black-Pied pig
Pathogenesis, liver

Specific pathogen-free

failure piglet

Bama experimental
miniature pig

Bama experimental
miniature pig

Pharmacology, Prestice Black-Pied pig

toxicology
= Minipig, review
+ Landrace X large white pig
Regeneration o Not mentioned

Polish white pig

41,46,47

Prestice Black-Pied pig

In the pig, cight segments roughly similar to those in the
human liver have been described® ¢ (Tables 2 and 3; Fig. 1A

and B). However, both the differences between pigs and
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Table 2 e Liver segmental anatomy, literature review.

Breed No of Name of the lobes No of Reference
lobes segments
Not mentioned 5 Right lateral, right medial, left lateral, left medial, caudate 8 35
Not mentioned 5 Right, left, right medial, left medial, caudate 8 50
Prestice Black-Pied pig 5 (6) Right lateral, right medial, left lateral, left medial, caudate, Not 34
quadrate occasionally mentioned
Not mentioned 4 Right, left, right paramedian, left paramedian 8 51
Prestice Black-Pied pig 6 Right lateral, right medial, left lateral, left medial, caudate, quadrate 36
Not mentioned 3 Not named 8 52
Not mentioned 5 Right, left, right middle, left middle, caudate 8 53

humans and among breeds of pigs must be taken into account
in extrapolating from porcine to human liver surgery. Unlike
in the human liver, the so-called Rex-Cantlie line that divides
the embryological and morphological right and left hemiliver
is well marked in pigs by the deep notch for the round liga-
ment, fissura ligament teretis (Ilig. 1A and B). This line can be
seen after ligation of the right orleftlobar branch of the portal
vein (PV).® However, owing to the intraparenchymal thin-
walled caudal vena cava (Fig. 1D), resection of the right
lateral lobe in the pig liver is extremely difficult. The liver
hilum is located dorsally on the visceral surface, and the PV
ramifies a few centimeters outside the parenchyma out to the
right lobe.”">> The hepatic artery, the portal vein, and the
common hepatic duct branch are accompanied by consider-

able connective tissue (Fig. 1B) that derives from the

perivascular fibrous capsule (of Glisson) and forms pedicles
very similar to the ones found in the human liver.>>>¢ The
gallbladder lies within the substance of the right medial lobe,
if present, and it separates this lobe from the quadrate lobe’
(Fig. 1BeD).

Although the PV supplies up to 90% of the blood volume
and up to 2/3 of the oxygen supply to the liver, the hepatic
artery proper is irreplaceable for its supply of the biliary tree
(Fig. 1C). In experimental studies, embolization or ligation of a
PV branch was used to stop the blood flow throughout a part of
the liver. In this procedure, the part of the liver with restricted
blood flow atrophies, whereas the rest of the tissue hyper-
trophies.® This method is also used in human subjects, for
example, in patients with colorectal carcinoma metastasis in

the right liver lobe; after intestinal surgery and also most often

Fig.1 e Porcine liver gross anatomy and corrosion casts, Prestice Black-Pied breed. (A, B) Segmental anatomy, diaphragmatic

(A) and visceral surface (B). Interlobal notches (red arrowheads), notch for the ligamentum teres (yellow-red arrowheads),

Rex-Cantlieline (yellow lines), coronary ligament (yellow arrowhead), caudal vena cava (blue arrowhead), portal vein (white

arrowhead), hepatoduodenal ligament (black asterisk), caudate lobe (yellow asterisk), and quadrate lobe (green asterisk). (C,

D) Vascular corrosion cast, filling with colored Biodur E20 Plus (Heidelberg, Germany) via the hepatic portal vein (blue),

hepatic artery (red) and bile duct (green). Caudate lobe (yellow asterisk), quadrate lobe (green asterisk), cystic artery (blue

arrowhead), capillary network of the cystic duct (green arrowheads), bile ductules (white asterisk), caudal vena cava course

(yellow line), and orifice (yellow-blue arrowhead.) Scale bars 5 cm. (Color version of figure is available online.)
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Table 3 e Porcine liver lobes and segments according to

Court et al 5 and Zanchet and Monteiro.53

Corresponding parenchyma Segment
Caudate lobe S1I
Left lateral lobe S 11, 11T
Left medial lobe SV
Right medial lobe SV, VIII
Right lateral lobe S VI, VII

after chemotherapy, embolization of theright PVis performed
(the arterial supply is preserved to avoid necrosis.) The lobe
with metastasis atrophies, whereas the contralateral lobe
undergoes compensatory hypertrophy, which, after several
weeks (provided that the parenchyma is functionally suffi-
cient), allows for the resection of the part with the malignant
deposit. Unfortunately, the growth of the nonoccluded liveris
not always sufficient to avoid liver failure. Therefore, experi-
mental studies using the porcine liver model for testing
various occlusive methods and/or pharmacological treat-

ments have been designed.®40->7

Porcine liver microanatomy

For studies of human liver diseases using the porcine liver
model, detailed knowledge of liver microanatomy is neces-

sary. The tissue structure of the porcine liver is similar to that

of the human liver.” The parenchymal architecture is orga-
nized into well-defined, polygonal lobules centered around
the central vein with portal triads atits corners (Figs. 2A and C,
3AeC). The portal lobules are demarcated by fibrous septa
containing variable amounts of connective tissue (Fig. 3A€E).
Three-dimensional (3-D) reconstruction of the porcine liver
has revealed that the morphological lobule is pentagonal
rather than hexagonal as it is described in humans.>® How-
ever, the exact size and shape of portal lobules in the porcine
liver and their spatial organization remainunknown.

The functional acinar concept, first described in the human
liver by Rappaport,” divides the parenchyma into three
concentric zones based on the perfusion of the liver: the
classical lobule, portal lobule and acinus. As per this scheme,
“metabolic zonation” refers to the differences in expression of
the key metabolic genes in hepatocytes (HEPs) within different
zones of the liver lobule; this zonation corresponds, to some
degree, to the zones of the hepatic acinus.®” However, this set
of concepts is not sufficient to explain all the physiological
and pathological processes in the liver.°!

The morphometry and distribution of HEPs within the
porcine liver was assessed by Junatas et al.’¢ In healthy pigs of
the Prestice Black-Pied breed,*® each lobe contained HEPs of a
comparable size, nuclearity, and density. However, the size
and density were not uniformly distributed when comparing
the different regions of the liver in relation to the hepatic
vasculature (peripheral, paracaval, and periportal regions.)
The reported fraction of binuclear HEPs, possibly linked to

liver regeneration, was 4%. Interestingly, the number of nuclei

Fig. 2 e Vascular corrosion casts of pig liver, Prestice Black-Pied breed. Filling with colored Biodur E20 via the hepatic artery

(A-C) and portal vein (B-D). (A) Classical hepatic lobule (white arrowhead) before corrosion. (B) Macro-CT, volume rendering

technique. Syntopic view of portal and hepatic venous systems; hepatic vein (yellow arrowhead), portal vein (white

arrowhead), hepatic duct (green arrowhead), and caudal vena cava (blue arrowhead). (C) Classical hepatic lobule in scanning

electron microscopy. Portal triad in portal space (red arrowhead), sinusoids (red asterisk), and central vein (blue arrowhead).
(D) Micro-CT, 3-D reconstruction, cast filled via the portal vein. Scale bars: 1 cm (A, D), 5 cm (B), 200 mm (C). (Color version of

figure is available online.)
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Fig. 3 e Porcine liver microanatomy in various histological staining methods. Hematoxylin and eosin staining (A), anilin

blue staining counterstained with nuclear fast red:detection of collagen (B), Gomori reticulin staining:detection of reticular
fibers (C, E), picrosirius red staining in polarized light:detection of collagen I and III (D), Periodic acid-Shiff staining (G, H),
lectin histochemistry staining using Ricinus communis Agglutinin lectin (I). (A-C) Demonstration of hepaticlobules clearly

demarcated by connective tissue. (D, E) Detail of portal space containing bile ducts and branches of hepatic artery and portal

vein surrounded by connective tissue. (F) Hepatic stellate cells (arrow). (G) Binuclear hepatocyte (arrow). (H) Cluster of

Kuppfer cells after phagocytosing cellular debris (arrow), a typical hallmark of hepatitis. (I) Discontinuous endothelium of

hepatic sinusoids (arrow) and bile canaliculi formed by apical membranes of adjacent hepatocytes (circles). Scale bars:
100 mm (A-C), 50 mm (D-I). (Color version of figure is available online.)

does not always correspond with the ploidy of HEPs.%? How-
ever, the morphometry and distribution of HEPs was not
mapped with respect to their position within the classical
morphological hepatic lobules and liver acini.®> Data on
lobular and acinar distribution would provide valuable infor-
mation concerning the role of HEPs in pathological processes,
which predominantly involve the acinar zones. In addition, an
estimation of the total number of HEPs within the different
lobes® would serve as a powerful tool for comparing the
functional capacity and regenerative potential of the hepatic
lobes after a partial hepatectomy.*-0°

The exocrine function of the liver, bile production, is
morphologically represented by a delicate intralobular
network of channels, bile canaliculi (Fig. 3I), which drain the
bile into the interlobular bile ducts. Hepatic sinusoids (Figs. 2C
and 3I) are low-pressure vessels that lie between plates of
HEPs and are lined by specialized endothelial cells and fixed
macrophages called Kupffer cells (IKCs) (Fig. 3H). The integrity

of KCs has been linked to hepatocellular proliferation and

thus presumably plays a role in liver regeneration.® A recent
study on the rat liver revealed that female rats have a greater
number of HEPs and KCs and a larger fraction of binuclear
cells than males.®® These findings indicate a higher regener-
ative potential of the female liver. The stellate cells (Fig. 3F),
which are also called Ito cells or fat-storing cells, are located in
the perisinusoidal space (of Disse) between the HEPs and the
sinusoids. They contain lipids that are involved in vitamin A
metabolism and also play a leading role in fibrogenesis.®’

In the pig, design-based stereology®+® (Iig. 4) has been
demonstrated to be a powerful tool for assessing numerous
morphological characteristics, namely, the number of HEPs
and the amount of connective tissue within the porcine
liver.’%37 Generating data on the morphometry and distribu-
tion of liver cells, together with the 3-D architecture of the
vascular and biliary systems, could be the next step in un-
derstanding of liver function and pathophysiology and could
increase the potential of successful xenotransplantation.®”

The evidence indicating that the liver is a sexually
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Fig. 4 e Demonstration of stereological methods for quantitative assessment in porcine liver. Point grid® used for the

quantification of the connective tissue fraction, aniline blue with nuclear fast red staining. Points over the connective tissue

within the predetermined area are highlighted in yellow (A). (B) Estimating the surface of microvessels in a series of m-CT

scans of vascular corrosion cast using the fakir probe consisting of an isotropic grid with three differently oriented,

perpendicular sets of probes with random initial orientation. Length of the probe intersections with the microvessel profiles

is proportional to their surface (B). Demonstration of optical dissector for estimating the numerical density of hepatocytes in

two optical sections (C, D). The cell profiles with nuclei in focus in the bottom reference plane (C) and absent or out of focus in

the look-up plane (D) that lie inside the counting frame or touch the green allowance borders but do not cross the red

forbidden borders are counted (black arrow). The hepatocyte in focus in the look-up plane is not counted (marked with
asterisk.) Scale bars: 50 mm (A), 100 mm (B); 20 mm (C, D). (Color version of figure is available online.)

dimorphic organ warrants consideration in the planning of
experiments.’’.0% Sufficient and systematic sampling is crucial
for detecting the biological differences in liver tissue when
studying liver regeneration, the pathophysiological mecha-

nisms of liver diseases or the toxicity of drugs.®*

Liver connective tissue

Mosttypes of chronicliverdiseaseslead toliver fibrosisand/or
eventually to cirrhosis, that is, to the excessive accumulation
of extracellular matrix, including fibrillar collagen. Staging
and grading of liver fibrosis is a significant histopathological
evaluation.®’.’? In the human, six specific foci of liver fibro-
genesis have been proposed for scoring. Namely, the portal,
pericellular (perisinusoidal), pericentral (perivenular), cen-
trilobular, ductal (periductal), and ductular fibrosis can be
distinguished.®! The type and extent of fibrosis describes both

the architecture of connective tissue and its amount and

measures how far the liver disease has progressed to its end
stagedliver cirrhosis. In addition, the grade of the liver dis-
case reflects the speed at which the disease will progress to its
end stage. The amount and the architecture of connective
tissue in the human liver is usually estimated during routine
analysis of liver biopsies, usually as per one of the three most
widely used scoring systems.”! However, the subjectivity and
hence the lack of reproducible results of this routine biopsy
scoring have been articulated.”

For the study of the mechanisms of origin and spread of
fibrosis, and also to assess the liver regenerative capacity,
both small and large animals are widely used. However, small
animal models have limitations due to their size and differ-
ential susceptibility to toxic agents or pathogens.”> 75 A chal-
lenge in evaluating fibrosis using this model is that the normal
porcineliver microscopically resembles fibrosis in the human;
porcine liver lobules are clearly demarcated by the interlob-
ular connective tissue septa that meet in the portal area

(Fig. 3AeD). Moreover, according to the quantitative studies,
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the distribution of intralobular and interlobular connective
tissue in the healthy domestic pig varies with respect to sex
and location within the liver.?” In addition, the mean area
fraction of the interlobular connective tissue is greater in male
pigs; significant differences have also been found among in-
dividuals and liver lobes. Owing to the quantitative methods
that provide us with objective and reproducible data, when
both the sex of specimen and the position of the harvested
tissue block are taken into account, more precise quantitative

estimates can be achieved.?7:0476

Corrosion casting

Perfusion is a key element to understand the physiology and
regeneration of any organ. Because of having two blood in-
puts, liver perfusion is very complicated, and research is
based on the analysis of the geometrical model of the vascular
tree. To obtain the highest authenticity model of the 3-D
vascular bed, vascular corrosion casts (VCCs) have been
used for many decades.”’>%°%77 Current casting materials are
able to fill the entire vascular bed, which needs to be preserved
free from gas and blood clots. As it is almost impossible to
obtain a human liver with these characteristics,’® the porcine
liver model is irreplaceable.” The gap between 2-D histolog-
ical studies and 3-D microarchitecture can be bridged using X-
ray microtomographydmicro-CT.328 Micro-CT data of liver
VCC represent another source to provide microvascular

morphometry.”> Using differently colored resins in the VCC
(Figs. 1C and 1D, 2A) is also useful for teaching anatomy, as it
enables the student to distinguish the vascular (biliary) beds
and differentiates fine structures that cannot otherwise be

demonstrated.?*8!

Computer vision algorithms in pig liver research

To model liver anatomy and the processes in the liver pa-
renchyma, it is necessary to create macroscopic and micro-
scopic models of the vascular bed. Obtaining imaging data
with the required resolution from human patients are not
possible for technical reasons, so the porcine liver model is

often used. Many kinds of software have been designed to

analyze images from 3-D imaging devices; most of them were
developed with regard to clinical practice. For the specific re-
quirements of pig liver anatomy research, however, special
software needed to be developed.?7-5283

To extract the shape of the liver parenchyma and the
macroscopic model of the vascular system, macro-CT with a
resolution of ~1 mm was performed using pig liver corrosion
casts (Iig. 2B). Segmentation of the liver parenchyma by the
macro-CT was performed interactively by the modified graph-
cut algorithm®® available in the Lisa application.?”*?> The pre-
processing was carried out by resampling to a voxel size of
2 mm. Voxels representing the subject of interest (e.g., liver
parenchyma) and background (other tissues) were selected. Of
these, an intense Gaussian mixture model with three fore-
ground and background components was created. Vascular
bed segmentation was performed by a modified connected
threshold algorithm. In postprocessing, binary morphological
operations were applied. Extraction of the microvascular bed
geometry was performed using the image data acquired from
micro-CT with a resolution of ~2 mm (Fig. 2D). For the flow
modeling and the vascular bed quantitative description, the
software Quantan can be used® to estimate the radius, length,
tortuosity, and branching angles. The application also enables
the evaluation of the number of microvessel segments, the
volume fraction, as well as the surface and length densities.
Semiautomatic subtraction facilitates the evaluator’s work

and allows for more precise estimates.

Challenges and pitfalls of pig liver utilization in
biomedical research

The domestic pig as an experimental animal was critical to
many of the key shifts in research on serious human diseases.
Although the detailed knowledge of (micro) anatomy is crucial
both for designing and evaluation of most experiments, it is
interesting that very few breed-related and/or gender-
sensitive studies have been published on the anatomy of
porcine organs yet. For this reason, we found useful to sum-
marize the current knowledge of (micro) anatomy of the
porcine liver to point out critical points in planning and
model

assessment of studies conducted in this animal

(T'able 4). Given the size of porcine organs and vast biological

Table 4 e Morphological differences between the normal po

ine and humanliver, based on Pr

tice Black-Pied pig breed .48

Gross anatomy

Histology

Pig: Deep fissures marking well-marked lobation, right and left

-9

hemiliver divided by the notch for ligamentum teres.®

Pig: Irregular, rather pentagonal hepatic lobules (Fig. 2A)

clearly demarcated by connective tissue septa (Fig. 3AeC).

Human: Externallobation does not correspond to the functional (i.e. Caution, normal porcine liver microscopically resembles

surgical) anatomy: three main fissures are not visible on the surface fibrosis in the human; more connective tissue in males.?”
and contain three main hepatic veins; they divide the liver into four Human: Roughly hexagonal hepatic lobules,®! no
portal sectors; right and left hemiliver divided by Cantlie’s line.5* interlobular septa, connective tissue found in interlobular

space.®¢
Pig: Superficial, extraparenchymal portal vein (PV) lobar branching
visible from the visceral surface (I'ig. 1D), the caudal caval vein runs
lobe. 50,53

Human: PV divides into the right and left branches at the hilum; only

through the left lateral

the left PV invariably gives extraparenchymal branches to segment I

and sometimes IV.5¢
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variability, it is clear that morphological studies cannot be
carried out without the use of stereological procedures.®®
Unbiased stereology also allows for setting up sampling opti-
mizationdthe latest studies revealed different tissue struc-
ture depending on the sampling location.?%37>L8% These
procedures can be advantageously used also for evaluation in
imaging methods such as (micro)CT or magnetic resonance
imaging.®>

In experimental medicine, the pig liver is preferably used
as a large animal model of acute liver disease and/or liver
failure as itis suitable for extracorporeal circulation, repetitive
blood sampling, and training of surgical techniques applicable
to humans, for example, partial hepatectomies, orthotopic
liver transplantation, or PV arterialization.®” Unlike small
animals, experiments on pigs and other large animal models

are limited because of technically demanding treatment and

higher financial costs that result in smaller cohorts, which due

to considerable interindividual variability makes statistical

evaluation and interpretation of results difficult.

Conclusions

A variety of modern pig breeds are available today, and they
have been increasingly used in biomedical research. Despite
recent efforts to obtain detailed knowledge of pig liver mac-
roanatomy and microanatomy, very little is still known in
accordance with biological variability, and certain issues need
to be addressed for the appropriate translation of animal ob-
servations to clinical testing. Quantitative results based on
stereology guarantee unbiased estimates that are able to
reveal even subtle histological changes, and it is also possible
to optimize the algorithm for study designs in accordance
with sex, breed, or position of the harvested tissue block.
Newly developed software is able to process data obtained
from (micro)CT for 3-D reconstructions, quantitative estima-
tions, and morphometrics, which is highly consistent with
manual counting techniques. Volumetric data extracted from
computer imaging methods can be used to model liver

perfusion and optimal liver resection.
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Abstract

Only a fraction of specimens under study are usually selected for quantification in
histology. Multilevel sampling or tissue probes, slides and fields of view (FOVs) in the
regions of interest (ROIs) are required. In general, all parts of the organs under study
should be given the same probability to be taken into account; that is, the sampling
should be unbiased on all levels. The objective of our study was to provide an over-
view of the use of virtual microscopy in the context of developing sampling strategies
of FOVs for stereological quantification. We elaborated this idea on 18 examples from
multiple fields of histology, including quantification of extracellular matrix and mus-
cle tissue, quantification of organ and tumour microvessels and tumour-infiltrating
lymphocytes, assessing osseointegration of bone implants, healing of intestine anas-
tomoses and osteochondral defects, counting brain neurons, counting nuclei in vitro
cell cultures and others. We provided practical implications for the most common
situations, such as exhaustive sampling of ROls, sampling ROls of different sizes, sam-
pling the same ROIs for multiple histological methods, sampling more ROIs with vari-
able intensities or using various objectives, multistage sampling and virtual sampling.
Recommendations were provided for pilot studies on systematic uniform random
sampling of FOVs as a part of optimizing the efficiency of histological quantifica-
tion to prevent over- or undersampling. We critically discussed the pros and cons of

using virtual sections for sampling FOVs from whole scanned sections. Our review
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1 | INTRODUCTION

Virtual microscopy or digital microscopy is the digital conversion of
light microscopic specimens at full resolution and their presentation
over a computer network. The term ‘virtual’ refers to the examina-
tion of the specimens without direct contact with the object slide or
the light microscope (Smart In Media AG, 2021). Virtual microscopy
makes samples accessible to specialists without needing to be pres-
ent and without needing to have extensive equipment (Saliba et al.,
2012). It is discussed intensively in the frame of diagnosis and treat-
ment of different diseases (telepathology, more than 1400 Scopus
entries in September 2021) in human as well as in veterinary medi-
cine (e.g. Bertram & Klopfleisch, 2017), resulting in the first guide-
lines by the respective expert groups (Jahn et al., 2020).

Another huge field of application for virtual microscopy is edu-
cation and training, fuelled even more by the increased demand for
remote learning during the COVID-19 pandemic (for reviews, see,
e.g., Bertram & Klopfleisch, 2017; Kuo & Leo, 2019).

In addition, virtual microscopy is also a powerful tool for research.
Our review demonstrates how whole slide scans of histological sec-
tions facilitate the design of sampling strategies for quantitative his-

tology and how they can be compared to other technical options.

1.1 | Design-based stereology

Design-based stereology is a set of tools that allows quantification
without making assumptions regarding the shape, size, distribution
or orientation of the structures of interest (Howard & Reed, 2005;
Mouton, 2002). Strict sampling rules have to be followed to achieve
this independence; that is, stereology includes detailed prescrip-
tions of the sampling procedure and guidelines on how to test its
quality. Stereology has become the gold standard in morphometry
due to its reproducibility and assumption-free design. A number of
both general and organ-specific protocols, recommendations and al-
gorithms have been published to facilitate planning and conducting

quantitative histology studies (Table 1).
1.2 | Samplingin an integral part of design-
based stereology

All the guidelines mentioned in Table 1 refer to sampling strate-
gies on all levels of any reduction of material in histological studies.

demonstrated that whole slide scans of histological sections facilitate the design of

sampling strategies for quantitative histology.

histological slides, quantitative microscopy, sampling, stereology, study design, veterinary

Only a fraction of specimens under study are usually selected for
quantification in histology. This multilevel sampling includes (i) tak-
ing tissue probes from large macroscopic organs that cannot be
processed completely (i.e. porcine liver, human brain); (ii) select-
ing histological slides from tissue blocks that undergo exhaustive
sectioning (not all slides are selected for further analysis); and (iii)
selecting microscopic fields of view (FOVs) that are captured and
analysed to represent various regions of interest (ROls). In general,
all parts of the organs under study should have the same probability
of being taken into account; that is, the sampling should be unbi-
ased on all levels (Howard & Reed, 2005; Tschanz et al., 2014). One
of the advantages of stereological concepts in morphometry is that
sampling is inherent to stereology. The attention given to the sam-
pling is comparable to that paid to the analysis of micrographs, as
sampling actually is part of any unbiased estimation. If design-based
stereology, including sampling, is not used for quantitation in histol-
ogy, the lack of standardized sampling threatens the repeatability of
research. More than 70% of researchers encounter problems when
trying to repeat another scientist's experiments (Baker 2016). More
than 90 researchers from five continents have recently formulated
a strategy to improve the reproducibility of research based on light
microscopy (Nelson et al., 2021). We propose that proper sampling
of microscopic specimens might be a significant contribution to
this issue. Citing the paper by Hsia et al. (2010), “the only effec-
tive way to avoid bias and ensure accuracy is via standardization
of sampling”.

1.3 | Sampling strategies and their benefits with
regard to magnification

Sampling is of cardinal importance and a practical necessity in
morphometrics (Mayhew & Lucocq, 2015). Depending on the uni-
formity of the distribution of the item of interest, the sampling
intensity would have to be greater (in the case of heterogene-
ous samples) or smaller (in the case of homogeneous samples).
Unfortunately, the biological variability of the microscopic struc-
tures on the scale of large organs is mostly unknown in human
organs as well as in large animal models. There is ongoing work
to map the variability in histopathology to enable researchers to
plan the sampling of tissue probes, slides and fields of view ef-
ficiently. The theoretical foundations for predicting the efficiency
of systematic sampling are quite well known (Gundersen & Jensen,
1987; Gundersen et al., 1999; Gundersen & Osterby, 1981). In
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TABLE 1 Examples of studies with recommendations and guidelines for quantitative studies in histology

Research field

General guidelines for
microanatomy

Cardiovascular
microanatomy

Neuroanatomy and
neurohistology

Gastrointestinal
microanatomy

Respiratory system

Brief characteristics

Planning, volumetry and sampling as crucial steps for a
successful study in quantitative anatomy

Quantitative 3D morphology in cardiac research
Quantification of vascular beds

Vascularization of organs

3D characterization of capillary networks
Numbers and lengths of brain capillaries

Total number of neurons in the subdivisions of the
hippocampus

Assessment of developmental neurotoxicity

Morphometry of brain

Morphometry of grey and white matter of spinal cord

Morphometry of the pineal gland

Practical stereology of the stomach and intestine.
Morphometry of the oesophagus

Volumes and numbers in the liver

3D counting of hepatocytes

Quantification of hepatic connective tissue
Morphometry of intestinal mucosa in nutritional studies

Policy Statement of the American Thoracic Society/
European Respiratory Society on quantitative

Reference

Tschanz et al., 2014
Vatsos et al., 2021

Muhlfeld et al., 2010

Dockery & Fraher, 2007

Muhlfeld, 2014

ErZenetal., 2011

Lokkegaard et al., 2001; Kubikova et al., 2018

West et al., 1991

Bolon et al., 2011

Selcuk & Tipirdamaz, 2020; Sadeghinezhad et al., 2020

Sadeghinezhad & Nyengaard, 2021; Cakmak & Karadag,
2019

Bolat et al., 2018

Nyengaard & Alwasel, 2014

Goodarzi et al., 2019

Marcos et al., 2012;

Junatas et al., 2017;

Mik et al., 2018

Van Ginneken et al., 2002; Casteleyn et al., 2010

Hsia et al., 2010
Ochs & Mihlfeld, 2013; Knudsen et al., 2021

assessment of lung structure
Quantitative microscopy of the lung

Mihlfeld & Ochs, 2013

Study designs in diseases of the respiratory tract

Urinary system

Genital system Stereology tools in testicular research

Skeletal system Stereology of femoral cartilage

Standardized nomenclature for bone histomorphometry

Quantification of bone microporosities

Embryology Stereology of the human placenta

Note: Papers compatible with design-based stereology are listed.

the past and in contrast, for example, to biochemistry, standards
for sampling in histology seemed to have been neglected; not all
authors customarily referred to sampling strategies, numbers of
tissue probes, sections, FOVs or any repeatable rules for their se-
lections. Currently, the sampling issue receives more attention as
a part of quantitative morphomics that describes the 3D biological
structures from gross anatomy to the micro- or even nanomor-
phome (Mayhew & Lucocq, 2015).

In microscopy, FOV sampling is closely related to the magnifica-
tion used. When increasing the magnification, the area of the image
field decreases quadratically, and the number of FOVs necessary
to cover the same original area increases quadratically (Figure S1).
Traditionally, it was recommended that the lowest magnification that
enables the detection of the structures of interest be used (Howard
& Reed, 2005; Mouton, 2002) to maximize the area of the FOVs.
Introducing virtual slides into the research might seem to be a ‘game
changer’. However, whole slide sampling with automated quantita-
tion still requires validation by humans to ensure that the readouts
are correct. Combining the benefits of using slide scanners with a
clever sampling strategy might be a very efficient tool in quantitative
histology.

Application of stereology in kidney research

Nyengaard, 1999

Noorafshan, 2014
Ferreira et al., 2021

Noorafshan et al., 2016
Dempster et al., 2013, Parfitt et al., 1987
Tonar et al., 2011

Mayhew, 2014

The aim of our paper was to provide an overview of the use of
virtual microscopy in the context of developing sampling strategies
for stereological quantification. We elaborated this idea on a num-
ber of examples from multiple fields of histology. We critically dis-
cussed the pros and cons of using virtual sections for sampling image
fields (FOVs and ROIs) from whole scanned sections in quantitative

histological studies.

2 | MATERIALS AND METHODS

21 |
staining

Origin of tissue blocks and histological

This paper uses examples of virtual slides from a number of studies
representing various fields of quantitative histology. All the original
illustrations were newly prepared from archive specimens for the
purpose of this review. The origin of the specimen and their use for
studying biological questions is summarized in Table 2. The staining
methods used in the examples presented in this paper are summa-
rized in Table 3.
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TABLE 2 Origin of tissue samples and basic processing of the examples presented in this paper

Example

#1

#2

#52

#S3

#3

#54

#S5

#4

#S6

#S7

#5

#S8

#6

#S9

#510

#511

Origin
Virtually generated standardized image
datasets

Human mesenchymal stem cells (hMSCs)
isolated from bone marrow of healthy
donors (A)

hMSCs isolated from bone marrow of
healthy donors (B)

Soft palate of an adult dog fixed in
formalin, archive of (C)

Porcine femurs with titan implants after
6 months of healing, (B)

Condylar cartilage and bone of rabbit
femur (B)

Brains of female C57B1/6 mice (C)

Porcine liver (B)

Porcine common carotid arteries (B)

Archived canine lymph nodes and core
biopsies from canine lymph nodes (C)

Patient-derived murine xenografts of
mantle cell lymphoma (A)

Small intestine of 12 to 14-week-old pigs
used in research on healing of intestinal
anastomoses (B)

Human and ewe perineal body used for
mechanical testing and microstructure
quantification (D)

Resected human liver with hepatocellular
carcinoma (E)

Mouse ovaries (B)

The cerebellum of 3-month-old mouse
model with degeneration of Purkinje
cells (B)

Samples of human aortae collected during
surgery for abdominal aortic aneurysm
(AAA) repair (F)

Biological question studied (Reference)

Testing and calibrating quantification of volumes, surfaces, lengths and object
counts (Jifik et al., 2016, 2018).

Metabolic activity assay comparing the ATP production rate and % of glycolysis and
oxidative phosphorylation in hMSCs (Tonarova et al., 2021).

Cell growth assay and metabolic activity assay when studying the effects of
different cross-linking conditions on collagen-based nanocomposite scaffolds; an
in vitro evaluation using mesenchymal stem cells (Suchy et al., 2015).

Quantitation of connective tissue in the soft palate of the dog; pilot study to assess
sampling intensity (unpublished results). This was motivated by assessment of
operative outcome of veloplasty (e.g. Arai et al., 2016; Crosse et al., 2015; Dupré
& Heidenreich, 2016; Pichetto et al., 2015; Tamburro et al., 2019).

Assessing osseointegration of titan implants with four different surface composition
using quantification of bone-implant contact (BIC) according to Babuska et al.
(2016).

Estimation of healing of osteochondral defects of condylar cartilage stimulated by
three different tissue-engineered scaffolds (unpublished results).

Tracking the transduction of various viral vectors in neurons after being injected into
mice brains (Hlavaty et al., 2017).

Describe the propagation of the rupture caused by blunt trauma within liver
parenchyma with respect to the liver microstructure, namely, the reticular fibres.
Does the rupture propagate randomly or does the rupture follow some pattern
through the tissue? (Maleckova et al., 2021).

Quantification of type | and type Ill collagen within tunica intima and media in
porcine common carotid artery (Tomasek et al., 2020).

Quantification of microvessels in canine lymph nodes. Does the density of
microvessels correlate with vascular endothelial growth factor expression?
(Tonar et al., 2008; Wolfesberger et al., 2008).

Histological validation of quantitative in vivo monitoring of hypoxia and
vascularization of patient-derived murine xenografts of mantle cell lymphoma
using photoacoustic and ultrasound imaging (Kesa et al., 2021).

Histological validation of healing of intestinal anastomosis, quantification of
vascularization, inflammatory infiltration, and collagen formation (Rosendorf
etal.,, 2020, 2021a, 2021b).

Quantification of volume fraction of smooth muscle, skeletal muscle, adipose cells,
elastin, and type | collagen of the perineal body. Does the structure differ along
the perineal body? (Kochova et al., 2019a, 2019b). Does the structure differ
between the pregnant and post-menopausal ewe perineal bodies? (Kochova
et al., 2019b)

Quantification of CD8+ T cells in different regions of interest (tumour centre, inner
and outer invasive margin, peritumoural area and non-tumour liver) can reflect
the overall reaction of the immune system to tumour growth, penetration of
immune cells through tumour border and expression of pro- and antiapoptotic
factors by tumour cells and microenvironment (Andryi Trailin, unpublished
results).

Discover the effects of exposure to bisphenol A analogs during breastfeeding on
ovarian capacity of offspring. The quantification of primordial, primary, preantral,
antral and atretic follicles (Nevoral et al., 2021).

Quantitative validation of potential abnormalities in total number of microvessels in
the cerebellum layers of adult mice with degeneration of Purkinje cells (Kolinko
etal, 2016).

Comparison of the expression of structural proteins, osteoprotegerin, and pentraxin
3 and the presence of immune factors (T and B lymphocytes, neutrophils and
macrophages), microvessels and hypoxic cells in AAA and non-aneurysmatic
aortic walls and exploration of their relationships (Blassova et al., 2019).

(Continues)
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TABLE 2 (Continued)

Example

#7

#512

Note: Most examples are based on studies already published, so references are provided for further details on the study design. All in vivo procedures

Origin

Decellularized porcine liver tissue (B)
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Biological question studied (Reference)

Quantitative analysis of morphological preservation of liver extracellular matrix

(ECM) after decellularization with the purpose of generation a high-quality
biological scaffold for liver tissue engineering (Moulisova et al., 2020)

3D collagen scaffolds containing dermal
fibroblasts used as an in vitro model of
dermis (B)

Development of a new method of total cell count determination in 3D collagen
scaffolds in order to quantify cell proliferation (unpublished results).

were performed in compliance with the law of the Czech Republic, which is compatible with the legislation of the European Union and, wherever
appropriate, were approved by the Ethics Committees in the following institutions where the samples originated: A - First Faculty of Medicine,
Charles University; B - Faculty of Medicine in Pilsen, Charles University; C - Institute of Morphology, University of Veterinary Medicine Vienna,
Austria; D - Centre for Surgical Technologies, KU Leuven, Leuven, Belgium; E - Department of Pathology, Faculty of Medicine in Pilsen, Czech
Republic; and F - Department of Surgery, University Hospital in Pilsen. The examples are numbered according to their appearance in the Results

section.

TABLE 3 Histological staining methods used in examples presented in the study

Example

#1

#2
#52

#S3

#3

#54

#S5

#4

#S6

#S7

#5

Staining

None (computer-generated virtual image).

DAPI nuclear staining (Sigma-Aldrich).

DAPI nuclear staining (Sigma-Aldrich, Burlington, MA) and
Phalloidin-Alexa Fluor 488 (Life Technologies, Rockford,
IL).

Aniline blue and nuclear fast red.

20% Giemsa's azur eosin methylene blue solution

Alcian blue staining and PAS reaction.

Immunohistochemistry for enhanced green fluorescent
protein (EGFP) (Chemicon International, Temecula, CA),
counterstained with haematoxylin.

Reticulin kit (BioGnost Ltd, Zagreb, Croatia).

Picrosirius red (Direct Red 80, Sigma-Aldrich, Munich,
Germany).

Immunohistochemical detection of von Willebrand factor
(polyclonal rabbit anti-human antibody, Dako, Glostrup,
Denmark) combined with lectin histochemistry (WGA,
Vector laboratories, Burlingame, CA). Avidin-biotin-
peroxidase complex detection (Vector Laboratories).
Counterstaining Mayer's haematoxylin.

Immunohistochemical detection of CD31 (rabbit anti-
mouse CD31 monoclonal IgG, clone SP38, Thermo
Fisher Scientific, Rockford, IL). Counterstained with
haematoxylin.

Immunohistochemical detection of von Willebrand factor
(ab6994Abcam, Cambridge, UK).

Purpose and visualization of tissue components

Virtual sections through three-dimensional objects (spheres
and cylinders) mimicking tissue components in X-ray
microtomography.

Visualization of nuclei.

Visualization of nuclei and actin microfilaments.

Clear distinction of collagen fibres from other tissue components
for automated quantitation.

New bone and connective tissue around titan implants within
porcine femur.

Detection of acidic and neutral glycosaminoglycans in newly
formed cartilage.

Identification of cells expressing the EGFP as a reporter gene
detecting the cells transduced by a viral vector.

Reticular fibres (collagen Ill) - component of extracellular matrix
of connective tissue located in the interlobular septa and in
the delicate network, that separates the hepatic sinusoids and
hepatocytes

Type | collagen (yellow-red colour) and type Il collagen (green
colour) visualized in polarized light (Rich & Whittaker, 2005).

Endothelium of blood microvessels within canine lymph nodes.

Endothelium of blood microvessels within patient-derived murine
xenografts of mantle cell lymphoma.

Endothelium of blood microvessels

(Continues)
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TABLE 3 (Continued)

Example Staining
Immunohistochemical detection of Calprotectin
(Monoclonal Antibody—MAC387Invitrogen MA1-81381,
Thermo Fisher Scientific). Counterstaining Mayer's
haematoxylin.
Picrosirius Red.
#S8 Verhoeff's haematoxylin and green trichrome (Kocova,
1970).
Orcein (Tanzer's orcein, Bowley Biochemical Inc., Danvers,
MA, USA).
Picrosirius red (Direct Red 80, Sigma-Aldrich, Munich,
Germany)
#6 Immunohistochemical detection of CD8+ T cells
(BOND™ Ready-to-Use monoclonal primary anti-CD8
Antibody 4B11, Leica Biosystems Newcastle Ltd, UK).
Counterstaining Mayer's haematoxylin.
#S9 Haematoxylin and eosin
#510 Immunohistochemical detection of laminin (polyclonal
rabbit anti-laminin antibody, Dako, Glostrup, Denmark),
counterstained with haematoxylin.
#S11 Immunohistochemical detection of pentraxin 3 (polyclonal
rabbit anti-human pentraxin3 antibody, Thermo Fischer
Scientific) and MAC387 (monoclonal mouse anti-human
macrophages/monocytes antibody, Thermo Fisher
Scientific). Counterstaining Gill's haematoxylin.
#7 Haematoxylin & eosin
#S12 DAPI nuclear staining (Thermo Fisher Scientific, Rockford,
IL)
2.2 | Scanning virtual slides

As the paper focuses mainly on the sampling strategies in the context
of various histological studies, the devices and techniques used for
acquiring the images in the paper are briefly summarized in Table 4.

2.3 | Systematic uniform random sampling of
microscopic FOVs

Multistage sampling in quantitative microscopy comprises several
levels (Mayhew & Lucocq, 2015). During each step, a sample size di-
vided by the whole specimen size represents the sampling fraction.
In this paper, two levels will be considered: If, for example, every
10th histological section is selected from an exhaustively sectioned
tissue block, and the position of the 1st section was selected ran-
domly, the section sampling fraction (ssf) is 1/10. When consider-
ing a single slide, selecting 5 FOVs out of the 50 FOVs covering the
whole section would represent an area sampling fraction (asf) of
1/10. The rules for the systematic uniform random sampling (SURS)
are simple, regardless of the technical implementation (slide scan-
ners, motorized microscope stages, manual sampling). The position

Purpose and visualization of tissue components

Granulocytes and tissue macrophages.

Collagen observed in circularly polarized light.

Overall morphology; smooth and skeletal muscle of the perineal
body.

Adipose cells and elastin of the perineal body.
Type | collagen of perineal body was observed in polarized light.

Tumour-infiltrating cytotoxic T cells as actors of antitumour
immunity.

Primordial, primary, preantral, antral and atretic follicles within
mice ovaries.

Detection of microvessels in individual layers of the cerebellar
cortex in a mouse model of neurodegeneration.

Detection of Pentraxin 3, a protein produced in response to
inflammatory signals in aortic wall. Detection of macrophages
infiltrating the aortic wall in abdominal aortic aneurysms.

Visualization of ECM proteins (stained reddish with eosin) and
absence of cell nuclei in decellularized samples (lack of blue
haematoxylin stain).

Staining cell nuclei as countable structures for cell counting.

of the first FOV within the ROl is chosen randomly, for example, by
multiplying the maximum ranges of XY coordinates of the ROI by
randomly generated numbers (RND function in MS Excel). A previ-
ously selected pattern, named a sampling interval, determines the
positions of the other FOVs (see, e.g., Mayhew & Lucocq, 2015 for

review).

2.4 | Stereological techniques

The sampling strategies illustrated among the examples that follow
were part of histological quantitative studies. All the quantitative
morphometric parameters used in the examples presented in this

study are explained in Table 5.

2.5 | Statistics of sampling density and
evaluating the variability of the sampling

The sampling in histology introduces an error into the resulting data.
Increasing the sampling frequency reduces the variability of the
data but also increases the labour needed to complete the research.
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TABLE 4 Devices and techniques used for acquisition of examples demonstrated in this study

Device and manufacturer

Aperio ScanScope CS2 automatic slide
scanner (Leica Biosystems, Vienna,
Austria).

Eclipse Ti-U microscope (Nikon, Tokyo,
Japan), XYZ stepper motor focus
drives Prior H117E1N4/F and
PS3H122R_NB (Prior Scientific
Instruments, Fulbourn, UK),

Prior ProScan Il stepper motor
controller, digital camera Nikon
DS-Fi2.

Zeiss Axio Scan.Z1 Slide Scanner
(Zeiss, Jena, Germany).

Olympus CX41 microscope (Olympus,
Tokyo, Japan) with Promicam
3-3CP camera (Promicra, Prague,
Czech Republic).

Properties, settings, software

Bright field transmitted light microscope, 20x and 40x lens.

Scanning time of 1 cm? approx. 60 s (20x objective) or 90 s (40x objective)

Automatic white balance

Autofocus

No immersion, no Z-stack tools

Scanscope 12.4.3 software.

*SVS document format readable with freely downloadable IMaGeScore software,
tiled images universally viewable in browsers. *.SVS can also be opened
directly with ImaceJ (Schneider et al., 2012) with the Bio-Formats Plugin or
with Fui (Schindelin et al., 2012).

Bright field, polarized light and fluorescence microscopy

2%, 4x, 10x, 20x, 40x, 60x (oil immersion) objectives

Scanning time of 1 cm? approx. 25 min (10x objective) or 3.5 h (20x objective)

Scanning and montage controlled by the NIS Elements Ar software (v 5.11.03)

*ND2 document format readable with freely downloadable nis-Elements Viewer
software

Scanning in XY plane and in Z-axis.

Export to universal format TIFF images.

Bright field microscopy

20x and 40x objectives

Scanning time of 1 cm? approx. 5-10 min (20x objective)

Scanning controlled by Zeiss Zen BLue software

Zeiss ZEN Microscorpy free software offers both basic image analysis, as well as
export functionality of the scanned images into TIFF or JPG file formats.

Native pyramidal*.CZI files readable with FiJ.

Bright field and polarized light microscopy

2x, 4%, 10x, 20x, 40x, 60x (oil immersion) objectives

Manual stage

Scanning time of 1 cm? takes approx. 30 min (10x objective) of manual work

Stitching virtual slides manually using the ImageStithing module of the
QuickPHoto INpusTRIAL 3.2 software (Promicra, Prague, Czech Republic)

Export to TIFF.

-WI LEYJ—7

Used in Example
#:

#S3, #S5

#2, #S2, #S4,#5,
#S6, #S9, #510

#4, #S8, #511, #7

#3, #S6, #S7

Stereologists are used to calculate the variability on each level of
the sampling to identify the major source of potential bias and to
optimize the sampling procedures in terms of time and material
costs, provided that enough precision remains to draw conclusions
on a pre-determined level of confidence. Several measures of vari-
ability are illustrated for this purpose, such as standard deviations
(SD), coefficient of error (CE; standard error of the mean of repeated
estimates divided by the mean) and the estimates of CE for spatially
correlated objects using the Matheron quadratic approximation
method with various smoothness constants (Gundersen & Jensen,
1987; Slomianka & West, 2005). The relative percentage error used
for comparing the data based on whole slide analysis vs. various
levels of subsampling was calculated as 100 x (measured value-

expected value)/expected value.

3 | EXAMPLES

A number of combinations of imaging approaches, uses of virtual
slides, scanners, or individually sampled micrographs with various
magnifications are presented in sequence corresponding to Tables
2, 3 and 5. The examples were tailored to facilitate the solving of

biological problems described in Table 2, and the strong and weak
points are illustrated. Due to the number of possible combinations,

the examples are ordered approximately in increasing complexity.

3.1 | Whole slide analysis vs. density of sampling
multiple micrographs

Figure 1 (Example #1) demonstrates the effect of the intensity of
sampling on the accuracy of the quantitative results. This can be
done in virtually generated scenes. Considering the whole slide as
the ‘true expected value’, the relative error increases with decreas-
ing sampling intensity. In this case, intermediate sampling would
provide results with an acceptable relative error. Similarly, Figure 2
(Example #2) compares automated counting of cell nuclei in a single
well of a cell culture miniplate with counting based on 15 image
fields. In cases of a more homogeneous distribution (Figure S2,
Example #S2), the relative error of the sample is acceptably low.
It is worth performing a pilot study of heterogeneous histologi-
cal samples with multiple tissue components (Figure S3, Example
#S3) that shows how the moving average depends on the sampling
intensity.
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exhaustive sampling
n(FOVs) = 54

intermediate sampling
n(FOVs) =15

!

V, =17.5+9.2%
(mean+SD)
relative error = 0

V, = 17.749.6%

relative error = 1.3%

3.2 | Slides requiring exhaustive
sampling of the ROls

In some studies, it is advisable to evaluate the complete ROI. This
strategy prevails when the number of slides available is limited,
such as in ground sections of bone implants (Figure 3, Example
#3). Similar situations occur when the ROI has small dimensions,
for example central regions of experimental bone defects in small
animal models (Figure S4, Example #S4). Exhaustive sampling
might also be needed in cases with significant biological variabil-
ity among the study groups when counting every few cells mat-
ters, such as in counting virus-transduced neurons in mouse brains
(Figure S5, Example #S5).

3.3 | Using the same sampling count but in ROIs of
different absolute sizes

In some study designs without excessive biological variability, it is
possible to maintain the same number of FOVs (Figure 4, Example
#4). When the size of the specimens and ROI varies, this will re-
sult in a variable sampling density (the numerator is the same, the
denominator varies), as in samples of proximal vs. distal segments
of blood vessels (Figure S6, Example #S6) or large vs. small lymph
nodes (Figure S7B, Example #S7). The case presented in Figure S7A
(Example #57) shows a very extensive sampling, the ex post analysis
of which identified as an unnecessary and laborious oversampling
when compared to Figure S7B.

low sampling
n(FOVs) =6

s

stereological quantification of the volume fraction of objects (V,)

FIGURE 1 Example #1 demonstrates
the effect of the intensity of sampling

on the quantitative results in virtually
generated slides with precisely known
volume fractions of objects. A virtual
slide was generated using TEIGEN software
(Jifik et al., 2018) with a precisely known
volume fraction (V,/) of the white objects
on the black background, mimicking

the sectional profiles of cell bodies or
matrix fibres. The scene was sampled
with simulated fields of view (FOVs)
exhaustively (a), with intermediate (b)

and low (c) intensity. After stereological
quantification using the point grid, the V,,
was expressed as the mean + standard
deviation (SD), and the relative percentage
error of the estimate was calculated for
each sampling intensity

V, = 14.8+8.4%

relative error = -15.4%

3.4 | Sampling the same ROI for more histological
staining methods

Quantifying the volume fractions of tissue components within
the same ROl might require more histological staining. Figure 5
(Example #5) shows three stains within the same ROl and objective.
It is of great advantage when the sampling is facilitated by a map
that helps adjust the sampling density according to the variability of
the structures under study, as provided by the estimates of CE in the
STeEreoLOGER software (v11.0; SRC Biosciences, Tampa, Florida, USA)
(Figure 5H-1). When the CE becomes unacceptably high (Figure 5I), it
is recommended to increase the ssf, asf or the density of the stereo-

logical grid. Figure S8 (Example #58) shows a similar design.

3.5 | Sampling one or more ROIs with a variable
intensity or using various objectives

Figure 6 (Example #6) illustrates a complex sampling problem that
would be difficult to solve without planning on virtual slides. There
were five ROls in every slide, representing the tumoural area, three
zones of the tumour invasive margin and healthy non-tumorous
tissue. In all five ROls, multiple structures of interest were identi-
fied immunohistochemically (CD8+ T lymphocytes shown, CD3+
T lymphocytes only discussed), and their occurrence within these
ROIs was very variable and with different biological interpreta-
tions. To maintain the feasibility of such a complex task, two sam-
pling densities were chosen, and part of the sampling variability was
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FIGURE 2 Example #2 compares
automated counting of cell nucleiin a
composite image of a single well in a 8-
well XFp cell culture miniplate (captured
and stitched with a 4x objective) vs.
automated counting in 15 image fields
taken from the same well with a 40x
objective after 24 h of cultivation

(seeding cell density 70,000/cm?). (a)

Raw image stitched from two fields of
view of a 4x objective shows most of the
well microplate. (b) All the nuclei were
segmented, counted and highlighted using
a watershed algorithm in CeLLPROFILER
4.2.1 software (McQuin et al., 2018).

The obvious benefit of this procedure
was that the quantification was based

on counting nearly 1900 nuclei. (c) As an
alternative approach, 15 fields of view
(FOVs) were sampled with a 40x objective
(green rectangles) in a systematic uniform
random manner from the well (outlined
with a yellow polygon). The three rounded
spaces for inserting sensor probes that
were part of the well bottom profile were
avoided. (d) Example of one of the 15
images that were processed in the same
way as in b. The analysis provided a value
of density of nuclei with a 4.4% error
relative to the whole image analysis (b).
The benefits of the sampling (c-d) were
that the 40x objective provided a greater
optical resolution. Fluorescence images,
cell nuclei in blue stained with DAPI. Scale
bars 500 um (a-c), and 40 um (d)
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whole image analysis

236.3 nuclei / mm®

Nuclei

Dint¢=.~rmediate sampling, n(FOVs)=15
246.7 nuclei / mm®

relative error = 4.4%

FIGURE 3 Example #3 shows the strategy of exhaustive sampling of an ROl in quantification of bone-implant contact (Babuska et al.,
2016). (a) Fifteen ROIs from the bone-implant interface were taken from each slide. All adjacent fields showing the implant surface (black),
bone (purple) and connective tissue (blue) were captured exhaustively. (b) Stereological grid randomly positioned over the micrograph;
intersections between the test lines and the implant surface (orange points) and intersections between the implant-bone interface and
test lines (light blue points). Giemsa's azur eosin methylene blue solution. Scale bar: 2 mm (a), 200 um (b)
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FIGURE 4 Example #4 shows the strategy of tissue sampling for the evaluation of rupture propagation through the porcine liver
(Maleckova et al., 2021). (a) An overview of the scanned porcine liver sample showing a rupture in full length. The scanned samples

were used to assess the spatial relationship of the rupture and the interlobular septa (analysis was performed along the entire length of

the rupture [b]) and the spatial relationship of the rupture and the reticular fibres (analysis was performed in 10 fields of view taken in a
systematic manner [red rectangles, C]). (b) Close-up of a part of the rupture-spatial relationship of the rupture and the interlobular septa that
were assessed in 7 scanned histological slides (c) An actual field of view taken with a 40x objective shows spatial relationship of the rupture
and the reticular fibres. This was determined by comparing the number of the intersections of the interlobular septa/reticular fibres with the
rupture (arrows) and the theoretical intersection intensity based on the length density of the interlobular septa/reticular fibres. The length
density was estimated using circular arc probes (black curves) as available in the ELuipse stereological software (ViDiTo). Reticulin kit staining
was used for reticular fibre visualization. Scale bar: 2000 um (a, b), 50 um (c)

compensated with more or less dense counting grids (Figure 6B-D). for the volume fractions of histological layers of cerebellum but a
Similarly, Figure S9 (Example #S9) demonstrates that the present greater magnification and more intense sampling for counting cer-
settings were suitable for frequently occurring types of ovarian ebellar microvessels within the layers. Similarly, Figure S11 (Example
follicles but too low for the rare types. Figure S10 (Example #510) #511) shows two magnifications useful for two different compo-
shows a solution using lower magnification and less intense sampling nents of the aortic wall.

FIGURE 5 Example #5 demonstrates three different sampling densities used for quantification of three parameters when evaluating
the healing of intestinal anastomoses. The sampling was facilitated using StereoLocer software (Rosendorf et al., 2020, 2021a, 2021b).

(a) Scanned slide shows the porcine small intestine. The centre of the healing anastomosis is highlighted with a dashed line. The green
outline shows the ROl under study comprising the submucosa, muscularis, and serosa no more than 3 mm proximally and distally (dashed
arrows) from the centreline. (b-d) Pan window maps of the scanned areas are screenshots captured from the StereoLoGer software used for
planning the sampling. The green polygon outlines the ROI, from which image fields of 20x objectives (green rectangles) were sampled in a
systematic random uniform manner. The red rectangle shows the simulated image field of a 2x objective used for overview. The XY sampling
step was 1500 um for quantification of VWF and collagen (b, d, e, g) or 1000 um for quantification of MAC387 (c, f). (e-g) Actual fields of
view of 2x objectives for all three staining methods. The planned sampling for the 20x objectives is shown (green rectangles). (h-i) Actual
fields of view of the 20x objectives for each staining method. Unbiased counting frames and the stereological point grid method were used
for quantification of the volume fractions of individual components of the intestinal wall. On the bottom, recommendations on the total
sampling variability (coefficient of error, CE, also considering the number of sections) are shown as provided in the Stereologer protocol. In
vWEF (h) and picrosirius red (i), the CE was sufficiently low. In MAC387, a greater point density is recommended due to the spatial variability
of the distribution of inflammatory cells. Gomori trichrome kit (a), YWF immunohistochemistry (e, h), MAC387 immunohistochemistry (f,

i), picrosirius red in bright field (g) and circularly polarized light (j). Scale bars 1 mm (a), 500 um (e-g) and 50 um (h-j)
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Larger counting frames used in
case of smaller cell densities.
CE for CD3+ cells (not shown):

ok et 4

Smaller counting frames used in
case of greater cell densities.
CE for CD3+ cells (not shown):

¢4 X8 B

Smaller counting frames used in
case of greater cell densities.
CE for CD3+ cells (not shown):

0.098. CE for CD8+ cells (shown 0.219. CE for CD8+ cells (shown 0.169. CE for CD8+ cells (shown

in the image): 0.135

in the image): 0.333

in the image): 0.251

FIGURE 6 Example #6 demonstrates different sampling strategies in multiple ROls for quantification of tumour-infiltrating CD8+ T cell
infiltration in resected samples of human hepatocellular carcinoma. (a) Scanned slide with multiple ROls: tumour centre (TC), inner layer
(IL) of tumour invasive margin (TIM), outer layer (OL) of TIM, peritumoural area (PT) and non-tumour area (NT). The inner TIM and outer
TIM were defined as 500 pm on each side of the border separating the malignant cell nests and adjacent non-tumour liver tissue or fibrous
capsule (Hendry et al., 2017) towards TC or non-tumour liver, respectively. The TC represented the remaining tumour area. The PT region
was defined as the 500 mcm thick region immediately adjacent to the OL. Using a 20x objective, eight equidistant fields of view (FOVs)
were taken from each ROl using systematic uniform random sampling (SURS). (b-d) CD8-immunopositive cell profiles were counted using
unbiased counting frames. The choice of the number and size of unbiased counting frames (UCFs) varied depending on the cell density at
a glance. For TC and NT, areas of UCF (from 8700 to 34,801 pmz) and their number (6-9) per image varied according to the lymphocytic
density, and therefore, sampling fraction per ROl varied as well. Six UCFs per image were used for the inner and outer TIM and for the PT
region. The coefficients of error (CE) calculated for the whole population of CD3+ T lymphocytes (not shown in the micrographs) and for the
CD8+ subpopulation separately (shown on the micrographs). CD8 immunohistochemistry (a-d). Scale bars 1000 um (a), 200 um (b-d)

3.6 | Multistage sampling of FOVs and
virtual sampling

Figure 7 (Example #7) shows a special case of multiscale sampling
and analysis performed by a semiautomatic software tool when
evaluating the quality and composition of decellularized liver. This
demonstrates that tailoring a software tool to a specific problem
might increase the efficiency of the whole work significantly, espe-
cially when the sampling of FOVs is an integral part of the quantifi-
cation procedure. Figure S12 (Example #S12) demonstrates virtual
sampling when counting fibroblasts within a 3D scaffold in vitro;
such an approach requires programming skills, but the users are re-
warded by a reasonable mapping of the variability of their results.

4 | DISCUSSION

4.1 | Sampling FOVs is only a part of a 3D
multistage sampling

For any quantification, at least two criteria are to be met: (i) the
staining should allow for a clear identification of all the structures
under study, and (ii) borders of the reference space are clearly
defined, either anatomically or by convention (Howard & Reed,
2005; Mouton, 2002). We would like to point out explicitly that
the sampling of FOVs in virtual scanned sections illustrated above
represents only a small part of the whole multistage sampling in
quantitative histology. Therefore, the variability of results affected
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Skeleton Branch Area

Scan Segmentation

Scan Segmentation Scan Segmentation

length number [mmA2] Empty Area [mnmA2] Septum Area [nmA2]  Sinusoidal Area [mmA2]
0 49.284 23278 0.953975 74.561654 25.290709 89.24516
1 39.998 19469 0.835566 74.561654 25.290709 89.24516
50.942 24941 0.939373 74.561654 25.290709 89.24516

FIGURE 7 Example #7 shows a quantitative assessment of the morphological quality of decellularized porcine liver to be used as a
high-quality scaffold for liver tissue engineering. (a) Slide scans are evaluated by in-house developed open source software ScarrAN (http://
scaffan.kky.zcu.cz/) as an integral part of a multiscale analysis (Moulisova et al., 2020). The resulting parameters describe the level of ECM
structure preservation within individual lobules. It is a two-step procedure: (b) The first step is a whole scan analysis separating the lobules
(segmentation to distinguish the sinusoidal ECM from more dense interlobular septa, triads and vessels) (Jirik et al., 2020, 2021). Typically,
5 lobules are then selected either manually by the end user or automatically (marked with cyan dots in b). The sampling is defined by a
single lobule area and is not random, but it systematically reflects the morphological diversity of the sample (e.g. large vessels that are not
the subject of analysis). (c) A close-up of a part of the analysed area. (d) The second step is lobular network analysis calculating parameters
for individual lobules. Output parameters such as structure/skeleton lengths (mm) or branching points characterize the integrity of the
sinusoidal vessel ECM network (detailed in e). These parameters are generated by using a set of algorithms, including image segmentation
by the active contour model (Kass et al., 1988), texture analysis by the grey level cooccurrence matrix (Haralick, 1979) and skeletonization of
the sinusoidal network (f). (g) An example of the online software output data

by the sampling of FOVs in a single slide represents only a small
part of the total variability of data in the whole study. Other lev-
els of sampling should also be emphasized, such as the number
of subjects per study group, the sampling of tissue probes from
organs, and the sampling of slides. We highly recommend classi-
cal papers on this topic (Gundersen & Osterby, 1981; Slomianka &
West, 2005).

The importance of proper sampling of sections is elaborated in
Figure S3. We found that the tissue composition of the canine soft
palate was so heterogeneous that a whole half of the velum had to
be sampled using a minimum of 10-15 sections distributed approx-
imately uniformly throughout the complete tissue block to obtain
reliable and robust results. Single sections cannot be used as ‘repre-
sentative’ of this organ. Justifying the number of sections required
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for a valid quantitative histological study is suggested in Figure S3D-
E. However, even when a single slide is available (e.g. in archive ma-
terial), the repeatability, reliability and correctness, even of simple

quantification, might greatly benefit from correct FOV sampling.

4.2 | Choosing the FOV sampling intensity and
practical implications

In all the examples presented, our effort was to spread the sampling
items evenly and widely throughout the ROIs and specimens. This
strategy is called systematic uniform random sampling, and it is su-
perior and more efficient than simple (independent) random sam-
pling, as it covers all parts under study uniformly (Mayhew & Lucocq,
2015). The examples illustrated above do not involve all possible sit-
uations in 2D sampling of FOVs in quantitative histology but might
provide clues to the reader to most of these. We included mostly
examples of sampling optimized in pilot studies but also problematic
cases. Unnecessary intensive sampling (oversampling), for example
in Figure 1A and Figure S7A, makes the work more laborious and
expensive without providing new information. In contrast, insuffi-
cient sampling (undersampling), for example in Figure 1C and Figure
S9C, Figure S10B,C, might compromise the study design and make
it difficult to reach a pre-determined level of significance when test-
ing statistical hypotheses, although biological differences might be

present in the samples under study.

As the sampling error (introduced by all levels of the sampling
procedure), represented by CE estimates, sums up with the biologi-
cal variance (i.e. the differences between the samples themselves),
according to Tschanz et al. (2014), it is always advisable to perform
a pilot study on typical samples and groups under research. This al-
lows for calculating a power sample analysis. Mapping both the total
variability of our data and its components is an essential step when
designing further studies on the same material, which involves cal-
culating the minimum number of samples needed to compare the
groups under study. Descriptive statistics of the pilot data (mean and
standard deviation) are useful for the power sample analysis (Chow
et al., 2008); for example, when planning an experiment and expect-
ing one of the histological quantitative parameters to be increased
by 20%, the minimum number of samples required per group would
be calculated using the typical test power g = 0.8 (the type Il error)
and a = 0.05 (type | error).

4.3 | Whole slide scanning vs. taking multiple
micrographs

Currently, researchers have more technical options for acquir-
ing virtual slides and planning the sampling of FOVs. The pros and
cons of whole slide scanning vs. taking multiple individual micro-
graphs are summarized in Table 6. An inexpensive alternative for

acquiring virtual slides with large areas but high resolution might

TABLE 6 Prosand cons of two technical ways of sampling: Whole slide scanning vs. sampling multiple individual micrographs

Scanning whole slides

Histological scanner required.

The data from the whole slide are always available, so more ROls can be

added when necessary.

Can be fast and efficient when automated. However, issues occurring during

the automated scanning do not appear until checked.

Problems with atypical size of archive slides might occur (Leica Biosystems,
2021). Either the holders are not adapted, or the slides might get stuck

within the device.

In some scanners, only bright field illumination technique and a limited choice
of objectives are available. The use of immersion oil objectives is rare.

Generates large datasets (typically 0.5-2 GB per typical histological slide).
The pyramidal architecture of the files is usually optimized for viewing.

Corresponds to state-of-the art of the whole-mount pathology (Look Hong

et al., 2016; Rashid et al., 2019).

In some scanners, multiplane (z-stack) scanning is possible to reflect the
thickness of the slide. This might depend on the availability of high-
aperture oil immersion objectives. Depth of focus problems might occur

that cannot be solved automatically by the scanner software.

Using automated image-processing methods, the texture pattern of the whole

sampling area can be analysed.

Sampling multiple individual micrographs

Can be done even on routine microscopes with motorized or
manual stage.

Usually, is done once.

Usually, takes more time to be done. Any technical issues can
be seen and solved immediately.

Can be performed even if archive slides sometimes do not
fit the feeding trays or holders of scanners (uniform slide
dimensions and thickness required).

Can be done using any observation technique available of
the microscope, for example fluorescence imaging, phase
contrast, polarizing microscopy. No issues with using oil
immersion easily.

No special data infrastructure required.

Does not permit whole-mount analysis (or this becomes
extremely laborious).

Optical sections could be captured in stacks using oil immersion
objectives with high numerical aperture. Multiplane
scanning might be crucial for studies involving confocal
microscopy and requiring not only lateral resolution but also
3D information.

Analysing the whole slide would be very laborious or
impossible. Texture patterns that exceed the size of
individual micrographs are lost and cannot be analysed.
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be image stitching, supported currently by stitching modules in
most of the proprietary camera software solutions (extra costs in
Nikon NIS ELements BR; Zeiss Zen Core, Leica LAS). Moreover, free
IMaGEJ (Schneider et al., 2012) and FiJi software can be used as well
(Schindelin et al., 2012). However, stitched images do not support
the pyramidal file architecture, and they may require more RAM
than the optimized file formats of the slide scanners. Stitching algo-

rithm also fail in case of optically empty regions.

5 | CONCLUSION

We conclude that combining scanning virtual slides in histology with
efficient use of unbiased sampling is fully compatible with the pleth-
ora of data from quantitative microscopy, which can be expressed as
the ‘Do less well’ rule (Gundersen & Osterby, 1981). Virtual micros-
copy proved to be extremely helpful to facilitate correct sampling at
the level of individual slides. Uniform distribution of FOVs can also
be reached using motorized microscope stages. Principles of SURS
are beneficial not only for validity, efficiency and ethics of quanti-
tative studies but also for improving accuracy and repeatability in
qualitative studies. We suggest that modules supporting the SURS
of FOVs with variable settings of ROIs and sampling intensity should
be natively supported by all virtual slide scanners intended for sci-
entific use.
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Abstract

Purpose Quantitative description of hepatic microvascular
bed could contribute to understanding perfusion CT imaging.
Micro-CT is a useful method for the visualization and quan-
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tification of capillary-passable vascular corrosion casts. Our
aim was to develop and validate open-source software for the
statistical description of the vascular networks in micro-CT
scans.

Methods Porcine hepatic microvessels were injected with
Biodur E20 resin, and the resulting corrosion casts were
scanned with 1.9—4.7 pm resolution. The microvascular
network was quantified using newly developed QuantAn
software both in randomly selected volume probes (n =
10) and in arbitrarily outlined hepatic lobules (n = 4). The
volumes, surfaces, lengths, and numbers of microvessel seg-
ments were estimated and validated in the same data sets
with manual stereological counting. Calculations of tortu-
osity, radius histograms, length histograms, exports of the
skeletonized vascular network into open formats, and an
assessment of the degree of their anisotropy were performed.
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Results Within hepatic lobules, the microvessels had a vol-
ume fraction of 0.13 0.05, surface density of
21.0£2.0 mm™!, length density of 169.0+40.2 mm™~2, and
numerical density of 588.5#283.1 mm™3. Sensitivity analy-
sis of the automatic analysis to binary opening, closing,
threshold offset, and aggregation radius of branching nodes
was performed.

Conclusion The software QuantAn and its source code
are openly available to researchers working in the field of
stochastic geometry of microvessels in micro-CT scans or
other three-dimensional imaging methods. The implemented
methods comply with reproducible stereological techniques,
and they were highly consistent with manual counting. Pre-
liminary morphometrics of the classical hepatic lobules in
pig were provided.

Keywords Liver * Microvessels * Pig * Porcine * Python *
Stereology * X-ray microtomography

Introduction

Clinical and experimental background of research
on hepatic microcirculation

Recent research on experimental liver imaging aims to
improve the precision of instrument guided liver surgery
[1] and the automatic registration of intraoperative three-
dimensional (3-D) ultrasound (US) and preoperative com-
puted tomography (CT) [2]. Detection methods are being
developed for the automatic segmentation of liver lesions
[3]. Moreover, decision-making and planning the resection
strategy in liver surgery are based on preoperative planning
data acquired using CT, magnetic resonance imaging (MRI),
or US [4], thus creating risk maps in liver surgery planning
[5,6] orthe planning of selective liver embolization [7]. How-
ever, liver microcirculation, which is of extreme importance
for the transport of nutrients, biotransformation of metabo-
lites, detoxification of harmful molecules, and synthesis of
plasma proteins, still represents a background noise in routine
CT,MRI, and US examinations. Current research approaches
on hepatic microcirculation involve methods applicable in
vivo, methods based on biopsies and histological analyses,
and methods for non-survival experiments. Two-dimensional
histological studies [8] provide great planar resolution, but
only limited insight into the 3-D liver microcirculation. Even
advanced histological studies [9] provide information gath-
ered from 100-/m-thick tissue blocks at maximum. This can
be improved using registration of multiple scanned histo-
logical slides guided by vessel structures [10,11]. The gap
between the macroscopic imaging and histological evalua-
tioncanbebridged using micro-CT (X-ray microtomography

[12]) for the visualization and quantification of capillary-
passable vascular corrosion casts.

Quantification of hepatic microcirculation

A recent quantitative study on three-dimensional capillary
networks showed that an in-depth comparison is able to dif-
ferentiate statistically between the microvessels in healthy
and cancerous tissues [13]. A number of parameters were
tested for this analysis, including the vessel diameters,
branching densities, branching angles, vessel lengths, tortu-
osity, fractal dimension, and vessel volume fraction [13]. In
quantitative studies, blood vessels may be represented using
either conventional 3-D shape reconstructions based on par-
ticular observations or statistical models using continuous
variables and generating. A comparison of the pros and cons
of both approaches was recently given [14]. In microvessels,
the shape variability exceeds the usual macroscopic interindi-
vidual and intraindividual morphological differences, which
is a serious advantage of the stochastic geometry. This stere-
ological approach does not aim to capture and reconstruct
every single capillary, sinusoid, arteriole, or venule, but rather
it relies on a statistical description of their geometry. One of
the benefits of stochastic geometry is that it is possible to gen-
erate vascular trees with known statistical properties or with
their various modifications, such as increased length den-
sity, branching density, and surface. Statistical models and
the stereological approach are more robust to such techni-
cal problems because each source of bias may be identified,
and its weight is inversely proportional to the number of
stereological events counted (i.e. intersections with the stere-
ological grids) [15,16].

The typical diameter of porcine hepatic microvessels
(sinusoids) is approximately 15 pum [17]. If each of the
microvessels is to be represented by at least 3—4 voxels, a
reliable visualization of hepatic microvessels requires a res-
olution of approximately 5 pm. In experimental studies on
liver microcirculation and regeneration after surgical resec-
tion [18], porcine liver is currently the best described and
most suitable large animal model of human liver in terms
of the organ size as well as gross and microscopic mor-
phology and physiology. Due to the great local variability
and anisotropy expected in hepatic microcirculation in pigs,
an extensive sampling of periportal and peripheral regions
of various hepatic lobes would be necessary to obtain rep-
resentative data samples. However, even small samples of
liver contain great numbers of microvascular structures. Pre-
liminary results showed that a typical liver tissue block of
55 x5 mm (125 mm? ) may contain approximately 30,000—
40,000 microvessel segments, with a total surface area of
approximately 600 mm? and length of 10,000 mm [17]. To
develop this technique in 3-D, an efficient and automated
method for quantitative morphometry is necessary. Filling
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this gap in the present knowledge would improve our under-
standing of normal hepatic circulation, the rearrangement of
the hepatic vascular bed during portal hypertension, regen-
erating liver after surgical resection [18], experiments on
liver cirrhosis or biliary obstruction, and in liver tumours
and metastases. Therefore, the motivation of our study was
to develop a reproducible method of assessment of hepatic
microcirculation in a porcine model. We also aimed to val-
idate the automatic method by comparing its results with
manual quantification [19].

Aims of the study

For a statistically robust quantitative evaluation of the vascu-
larization of organs, design-based stereological methods are
available as the gold standard (for a review, see [20]). Unfor-
tunately, even though the commercially available software
packages supplied with most of the micro-CT facilities are
quite efficient in thresholding the structures of interest and
creating visual reconstructions, these software packages do
not allow for the use of stereological variables for the sta-
tistical description of the vascular networks. Therefore, the
aims of our study were as follows:

e Todevelop an open-source software for quantitative eval-
uation of microvessels in micro-CT scans.

e To validate the automatic quantification results against
manually controlled stereological estimates of hepatic
microvascular parameters. The following null hypothesis
Ho(A) should be tested: “Both the manual and automated
methods give equivalent results describing the volumes,
surfaces, lengths, and numbers of hepatic microvessels”.

Materials and methods
Animals and specimen preparation

Corrosion casts were prepared using livers of two piglets
(aged 6 and 10 weeks, m = 12 and 25 kg, respectively) killed
at the experimental facilities of the Biomedical Center of the
Faculty of Medicine in Pilsen, Charles University in Prague.
The animals were given appropriate care, and all the pro-
cedures were prepared and performed under the law of the
Czech Republic, which is compatible with the legislation of
the European Union. The detailed procedure of corrosion
casting was recently described [21]. Briefly, before hepate-
ctomy, the hepatic vascular bed was heparinized to prevent
formation of thrombi. The liver and the blood vessels were
kept under water to prevent air embolism. Biodur E20 Plus
resin (Biodur Products, Heidelberg, Germany) was injected
into the portal vein until it reached the caudal caval vein

and also the hepatic proper artery. After 24 h of polymer-
ization, the liver tissue was removed using a corrosive 15 %
potassium chloride solution (Fig. 1a). The left lateral hepatic
lobe was removed, rinsed in 70 % alcohol, frozen in distilled
water, and cut into 2x1x1 cm ice blocks using a band saw
(Fig. 1b).

The quality of the casts was controlled by scanning elec-
tron microscopy (Fig. 1c—d). This technique verified that
interlobular veins, their circumlobular branches, liver sinu-
soids, and central veins were well filled. However, most
interlobular arterioles and their periportal branches were not
filled by the resin and therefore not included into the analy-
sis. Most probably the capillary-passable polymer spread also
through anastomoses between the portal and the arterial sys-
tem at the level of greater vessels of these vascular trees.
Blocks approximately 1x1X).5 cm were mounted on cop-
per foils and fixed using wire stubs with conductive silver
paste and sputtered with gold for 60 s [21,22]. Specimens
were examined using a Stereoscan 250 SEM (Cambridge,
U.K.) at an accelerating voltage of 10 kV. Preliminary imag-
ing was performed with an SEM SU-70 (Hitachi, Japan)
using an accelerating voltage of 1 kV. The scanning elec-
tron microscopy protocol did not require any pretreatment of
specimens.

Micro-CT

Two randomly selected specimens were scanned using a sta-
tionary micro-CT device (Xradia XCT 400, Xradia, Pleasan-
ton, CA, USA). To ensure high-resolution scanning and low
spotsize, an accelerating voltage of 20—60 kV wasused with a
power of 4 W. For each sample, 1000 images were obtained
with a pixel size ranging between 1.88 and 4.68 um. Two
types of subsets of the scanned data sets were evaluated: (i)
randomly cropped areas (n = 10) of 35K 350 pixels, each
consisting of 50 sections, and (ii) manually selected areas
(n=4) representing classical morphological hepatic lobules.
The randomly sampled volume probes and manually selected
hepatic lobules are illustrated in Fig. le,f.

Manual quantification: spatial statistics of hepatic
microvessels

The stereological parameters used for the morphometry of the
microvessels are listed in Table 1. Briefly, the reference vol-
ume and the volumes of microvessels were estimated using
the point-counting technique (Fig. 2a, b) and the Cavalieri
principle [23,24]. The surfaces of the microvessels were
quantified using the fakir probe [25], which consists of an
isotropic grid with three differently oriented sets of probes
with random initial orientation (see Fig. 2c, d). The lengths
of the microvessels were obtained using manually traced
microvessel profiles with retained 3-D spatial orientation.
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Fig. 1 Vascular corrosion casts of hepatic microcirculation and sam-
pling of the micro-CT images. a Corrosion cast preparation of porcine
hepatic blood vessels filled with Biodur E20 Plus (yellow). Visceral
surface is shown with portal vein (PV) and hepatic artery proper (HA);
scale bar 5 cm b left lateral lobe cut in ice blocks; scale bar 5 cm. ¢, d
scanning electron micrographs showing the quality of the filling of the
microvessels with the capillary-passable polymer: CV central vein, DV
distributing (circumlobular) portal vein, /V interlobular (conducting)

portal vein, S sinusoids, SV sublobular vein; asterisk resin extravasa-
tion. Most interlobular and circumlobular arterioles and their peribiliary
plexuses are not filled. e, f Samples of the micro-CT scanned stacks.
e Randomly selected cropped area of 350x 350 px (red square) from
a data set scanned with pixel resolution 1.88 pm. Scale bar 200 ym.
f Manually selected region representing microvessels of one hepatic
lobule (red polygonal area) from a data set scanned with pixel resolu-
tion 4.67 pm, scale bar 500 um
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Table 1 Stereological parameters used for morphometry of the microvessels

Parameter Abbreviation Unit Definition Possible biological
interpretation [11,15,49]
Volume fraction Vv =) Volume of microvessels/reference Relative volume of the tissue
volume occupied by the blood vessels
Surface density Sy (mm™1) Surface of microvessels/reference Relative surface area available for
volume exchange of metabolites
Length density Ly (mm~2) Length of microvessels/reference Length related to the vascular
volume resistance and tissue perfusion,
depending also on the degree of
branching
Numerical density Ny (mm™3) Number of microvessels/reference Showing the degree of branching

volume

and connectivity of the vascular
network, reflecting the
angiogenesis

The numerical density of the microvessels was quantified
by counting branching nodes with a known valence in 3-D
using the unbiased disector method [26], as follows:

est Ny (nodes) = =1 Qi_(nodes)q.g

iy Pi(ref) ah M

where est Ny (nodes) is the estimated number of branching
nodes per unit volume of the reference space, Q, (nodes) is
the number of nodes counted within the ith disector, P;(ref) is

the number of points of the auxiliary grid hitting the reference
space, p is the total number of points of the auxiliary grid, a
is the area of the counting frame, / denotes the height of the
disector, and # is the number of disectors (sampling bricks).
The counting is illustrated in Fig. 2e, f. Having counted the
branching nodes, the connectivity of the microvascular sys-
tem was described based on these nodal points, where the
number of vessels that merged there was recorded for each
ofthe observed nodes (valence of branching nodes), resulting
in the parameter P, defining the number of nodes of valence

n. Based on this, it was possible to calculate the numerical
density of microvessel segments, i.e. the number of microves-
sels per unit volume of tissue Ny (microvessels) using Eq. 2.
This was based on the relation introduced by Lokkegaard et
al. [27], but it was modified by adding the +1 member at
the end of the equation to represent a continuous capillary
network, as follows:

N(mi Is) i (1'1_22—' Py
microVessels i= =

i = = 1 (2
Ny fhicroVessels) V(ref) ,"l=1 v(dis) 2)

All the manual stereological quantification was performed
using the Ellipse software (ViDiTo, Kosice, Slovak Repub-
lic).

Automatic quantification: algorithm and software
development

Identical image data sets (n = 14) that underwent man-

s ampsd e s RS
programming language. The software runs under Linux,
Windows, or Mac OS operating systems. The QuantAn appli-
cation is designed to quantitatively measure 3-D data from
3-D file formats (DICOM, Metalmage, Nrrd, TIFF) or from
stacks of images (JPEG, BMP, TIFF, DICOM). The basic
concept of the algorithm (Table 2) is a simplification of the
target volume by the decomposition of the connected objects
to simple linear segments and their joints (skeletonization).
Most of the application functions can be performed non-
interactively by using command line parameters.

Calibration (pixel spacing and slice spacing) is read from
the source files, but it may be manually overridden by the
user, if necessary (Fig. 3a). The user defines the region of
interest (ROI) by using a crop tool to select an orthogonal
data subset (Fig. 3b). For the x-, y-, and z-axes, the user marks
voxels on the border of a requested area. If the orthogonal
selection is insufficient, a more complex tool can be used,
and a convex 3-D ROI is obtained from the various border
pixels in the slices. This object can be added to or subtracted
from the previously labelled ROI (Fig. 3¢c), and therefore, the
final ROI can have a non-convex shape. A visual orientation
within high dynamic range data is provided using a window-
ing function that maps a range of pixel values to a greyscale
map, and it allows for controlling image contrast according
to the user requirements.

The segmentation of data is performed bya combination
of Gaussian filter preprocessing, thresholding, and binary
opening and binary closing [28]. This procedure is controlled

via threshold sliders in segmentation graphical user interface
(GUI). Using threshold sliders, the automatic threshold sug-
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Fig. 2 Steps during the manual quantification of the micro-CT images
of hepatic lobules. a, b The reference volume in the hepatic lobules and
the volume of the microvessels was quantified using a randomly posi-
tioned stereological point grid and the Cavalieri principle. The points
hitting the reference volume (a) or the microvessel profiles (b) were
counted (marked red). The number of the intersections between the grid
points and the reference volume (a) or microvessels was proportional
to the volume of the reference region of interest (a), or to the volume
of microvessels (b). Greater vessels with diameter >60 ym not belong-
ing to the microvessels were omitted. ¢, d Surface of the microvessels

was quantified using isotropic fakir probes. The intersection lengths
of the probes (marked purple on d) are proportional to the surface of
the microvessels. e, f To calculate the number of microvessels, branch-
ing nodes were counted using the disector method. Once the branching
nodes were found (e), they were tracked within the stack until they
disappeared, and then they were counted, provided that they did not
touch the forbidden borders (red) and were within the counting frame
(or touching the green allowance borders). An example of a branching
node with valence 3 is outlined in a circle (e, f). Scale bar 100 pm
shown in A, uniform calibration in all images (a—f)
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Table 2 Outline of the steps of the algorithm

Input: Three-dimensional volumetric data with known size of voxel
are read

1. Definition of the region of interest
1.1. Orthogonal cropping
1.2. Modifications of the region of interest (optional)
2. Segmentation
2.1. Setting connected component seed (optional)
2.2. Smoothing
2.3. Thresholding
2.4. Binary morphology postprocessing
3. Simplification
3.1. Skeletonization
3.2. Skeleton decomposition
3.3. Aggregation of branching nodes (with user settings)

4. Quantitative analysis of the skeleton (Repeat step 4 for each
vascular segment)

4.1. Lengths of the vascular segments

4.2. Radius of the vascular segments

4.3. Volume of the vascular segments

4.4. Numerical density of the vascular segments
5. Surface estimation

Output: Estimation of quantitative parameters (volume fraction of
microvessels, surface density of microvessels, length density of
microvessels, numerical density of microvessel segments, tortuosity,
radius histogram, length histogram), and export of the results.

gested by the software for segmentation may be modified
by the user. The user can set the segmentation seed in the
beginning of this step (Fig. 3d). This seed is used to include
a connected object only in the segmentation output (Fig. 3¢).
After the segmentation step, the data are processed with the
3-D skeletonization algorithm [29]. The branching nodes of
the vascular segments are automatically detected, but the user
may aggregate adjacent branching nodes (Fig. 3f) by setting
the aggregation radius. If the detected branching points are
closer than the aggregation radius, their spherical envelopes
overlap and the points are not counted separately (Fig. 4). The
preprocessing parameters used in our study were as follows:
Gaussian filtering and binary opening were turned off; default
number of iterations of binary closing was 2, the aggrega-
tion radius was 15 pum, and the threshold ranged between
1300 and 3800. A simple algorithm for estimating the rec-
ommended threshold value based on the widely used Otsu
method [30] is provided. Examples of the skeletonized data
are shown in Supplement 1.

A quantitative description of the vascular system is based
on an analysis of each segment (Fig. 3g). The length is cal-
culated using curve fitting. The radius is calculated via an
averaging of the distance of a skeleton voxel to the near-
est segment border [28]. The length, radius, and endpoints

of the segment are used for the calculation of other met-
rics. The surface density is calculated using the stereological
isotropic fakir method [25]. There are two types of out-
put: graphical (Fig. 3h) and numerical (quantitative). The
numerical outputs are the values of the same parameters as
estimated during the manual quantification (see Table 1), but
they also include the following parameters: tortuosity (3-D
length divided by the distance of both endpoints), histograms
showing the distribution of vessel segment lengths with
user-controlled number of histogram bins, and histograms
showing a distribution of vessel segment diameters with user-
controlled number of histogram bins. The quantitative data
for all segments are exported as CSV files. These either are
readable by spreadsheet applications, or could be processed
by data scripts. Finally, the vessel skeleton is exported in the
YAML open file format. For processing a stack consisting
of 250300 50 voxels using a computer with 8x Intel(R)
Core(TM) 17-3770 @ 3.40GHz processor, 16 GB RAM, and
NVIDIA GeForce GT 640 graphical adapter, the computa-
tional time is approximately 4 min. Routinely, the interactive
settings take another 3 min.

Evaluation of isotropy of hepatic microvessels

Using the automatically traced skeletons of the microvessels,
the degree of isotropy was evaluated separately for both ran-
domly cropped regions and manually cropped lobules using
three previously published methods: the p(X*)method, the
ellipsoidal anisotropy, and fractional anisotropy [31-33].
The p(X?) method is based on the comparison between the
observed length densities of lines and the discrete uniform
distribution of the isotropic line system with the X2 test [33].
If the value of the length density is uniform in all directions,
the system is isotropic. If there are some preferred direc-
tions with higher values of length density than in the other
directions, the system is anisotropic. The p value of the test
with the null hypothesis stating that the system of microves-
sels is isotropic is determined. This hypothesis should be
rejected when p(X?)< 0.05. The ellipsoidal and fractional
anisotropy is based on counting eigenvalues of the length-
weighted average tensor of the lines orientation [31]. The
values of the fractional anisotropy range from 0 (isotropy) to
1 (absolute anisotropy), and the ellipsoidal anisotropy ranges
from 1 (isotropy) to infinity (absolute anisotropy). The result-
ing line systems representing the number and orientation of
microvessels in the liver were defined by the directions of the
individual lines and their lengths. The space was divided into
100 regions given by angles of elevation and azimuth insuch a
way that all tetragons on the surface of the sphere bounded by
subsistent azimuths and elevations had equal area. Azimuths
are in the interval [0, 21T]. Elevations are from the interval
[0, 71 /2] and take the symmetry with respect to the origin into
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Fig. 4 Aggregation radius of the branching points. An important step
during the analysis of the skeleton is to find the suitable size of aggre-
gation radius to separate any adjacent branching nodes of the vascular
skeleton. In our study, the optimum size was 15 pm, but the actual value
may vary according to the vessels diameter and image data resolution.
The picture shows the original microvessels (grey borders), their skele-
ton (black lines), and three pairs of circles representing the equators of
3-D spheres with various size: if the aggregation radius corresponds to
the blue spheres, both branching nodes are counted separately; should
the radius exceed the one of the red spheres and result into green over-
lapping spheres, the branching nodes are merged and counted as a single
branching point

account. We used open software Esofspy [32] for isotropy
quantification of hepatic microvessels.

Statistics

Shapiro-Wilk’s W test was used for the normality testing
of the data. In some of the aortic segments, the distribution
of the values differed from the normal distribution; there-
fore, we used nonparametric statistics for further analysis.
The Wilcoxon matched pairs test was used to compare the
automatic method with the manual estimates. The correlation
between the automatic and manual quantification was evalu-
ated using the Spearman correlation coefficient and Pearson
linear correlation coefficient. These tests were used as avail-
able in the Statistica Base 11 package (StatSoft, Inc., Tulsa,
OK, USA). Concordance correlation coefficients were cal-
culated as first proposed and later corrected by Lin [34,35]
using an online calculator [36].

Results

Open-source software for quantitative evaluation of
microvessels

The source code of our software named QuantAn, which was
written in the Python programming language, and all of the
files necessary for its launching, the calculation of the results,

and the production of all graph types have been made openly
available to the scientific community [37]. Analysis of sen-
sitivity of the automatic processing of the micro-CT image
data on binary opening, binary closing, threshold offset, and
the aggregation radius of the branching nodes is shown in
Fig. 5, with source data available in Supplement 2. Examples
of effects of binary opening, binary closing, and Gaussian
filter on preprocessing before the segmentation are shown in
Supplement 3.

Comparing the manual and automated methods for
evaluating the spatial statistics of hepatic microvessels

The complete data set with all the morphometric results
obtained with the automatic method and with the manual
counting for all of the samples is provided in Supplement 4.
The data are shown in Fig. 6. Using the Wilcoxon matched
pairs test, no significant differences between the automatic
and the manual quantification were found in any of the
following parameters: the volume fraction of microvessels
(Fig. 6a), the surface density of microvessels (Fig. 6b), the
length density of microvessels (Fig. 6¢), and the numerical
density of the microvessels (Fig. 6d). Both methods had a
moderate to high concordance and were highly statistically
correlated (Table3).

Preliminary quantitative characteristics of
morphological hepatic lobules

When calculating the four regions with arbitrarily selected
morphological hepatic lobules, the following morphomet-
ric characteristics were found (meart=SD): In the lobules,
the volume fraction of microvessels was 0.1%0.05, their
surface density was 21.0 2.0 mm™!, their length den-
sity was 169.03#0.2 mm™2, and the numerical density of
microvessels was 588.5283.1 mm™3(see Supplement 4 for
the complete data set). Histograms showing the distribution
of lengths and radiuses of microvessels within the hepatic
lobules are demonstrated in Fig. 7b, d and compared to the
distribution of microvessels within random hepatic volume
probes (Fig. 7a, c¢). The original data for the histograms shown
in Fig. 7 are provided in Supplement5.

Evaluation of isotropy of hepatic microvessels

Based on the results of the p(X?) methods, the null hypoth-
esis that the orientation (Fig. 8a) is isotropic can be retained
in four selected samples of the hepatic lobules only, but it is
rejected in ten volume probes sampled randomly from vari-
ous parts of the liver (Fig. 8b and Supplement 4). This is in
agreement with the ellipsoidal and fractional anisotropies,
where the values are closer to zero than one in the ellipsoidal
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(d) is shown. The normalized values (n) of the volume fraction (Vy ),
surface density (Sy ), length density (Ly ), numerical density (Ny ), and

anisotropy case, and they are close to one in the fractional
anisotropy case (Fig. 8b). However, pure isotropy was not
detected, as in every case, a number of preferential directions
were observed even though it was high. Isotropic samples
from the hepatic lobules are demonstrated in Fig. 8c, e, and
anisotropic samples from randomly selected volume probes
are shown in Fig. 8d,f.

Discussion

Automatic quantification of volumes, surfaces, lengths,
and numbers of microvessels was validated

The morphometric results obtained using the automatic
method were not statistically distinguishable from the manu-
ally verified counting. Therefore, the Ho(A) null hypothesis is
retained, and the software is recommended for further quan-
tification of all the four variables. Whereas the concordance
between the manual and automatic measurement was satis-
factorily high in surface and length densities (Table 3), it was
only moderate in volume fraction and numerical density. The
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tortuosity (7ort) of microvessels were calculated as a ratio between the
values for the present parameter plotted on the x-axis and the values
averaged for all values within the tested range. HU Hounsfield density
units. The source data to the graphs are available in Supplement 2

scatterplots (Fig. 6) suggest that the source of bias came from
the irregular borders of the hepatic lobules, but not from the
randomly sampled excisions. Our results were achieved when
working with the resolution of 1.9—4.9 ym, and this accuracy
proved to be more than sufficient with respect to the typical
dimensions of the smallest hepatic microvessels observed
in our study (approximately 12—15 pym in diameter). The
analysis of sensitivity showed that too many iterations of
the binary opening (erosion followed by dilatation) result in
loss of small objects and image details, including the branch-
ing points and whole vascular segments. Too many iterations
of binary closing (dilatation followed by erosion) result in
fusion of smaller objects and may increase the volume sig-
nificantly. The automatic analysis of the skeleton branching
nodes (and therefore also of the number of microvessels per
volume unit calculated from the branching nodes) was mostly
affected by the binary opening during the preprocessing and
also by the aggregation radius of the branching points. The
recommended value of the aggregation radius of the adja-
cent branching nodes is equal to the typical expected radius
of'the vessels in the data set. For our final results, the value of
15 pym was used. This parameter greatly affected the disec-
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tor counting rules and therefore the numerical density. Any
users of the QuantAn software should not be satisfied with
the default software settings, but they are encouraged to tailor
their own settings corresponding to the contrast, resolution,
and dimensions of microvessels within the image data. Inap-
propriate settings of the aggregation radius for the adjacent
branching nodes may result in up to approximately 80—100 %
bias in the numerical density of vessel segments and 20 %
bias in the length density. To minimize the risk, the soft-
ware allows for instant preview of the effects of settings
of these parameters in the selected and zoomed region of
interest.
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(c) , and the numerical density of the microvessels (d). No significant
differences between the two methods were found in any of the para-
meters using the Wilcoxon matched pairs test. Data are displayed as
scatterplots

Limitations of the study

Due to the low number of regions representing the hepatic
morphological lobules (n = 4), the quantitative results pro-
vided in this feasibility study are preliminary only and need
further verification in various parts of hepatic lobes. Although
the corrosion casting technique provided great contrast to the
micro-CT, the filling of all the capillary spaces depends on
the injection pressure. Therefore, the repeatability of the cor-
rosion casting needs to be tested. For a complete review on
hepatic microvessels, the corrosion casting technique needs
to be improved to fill also the interlobular arteries. We are
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Table 3 Concordance correlation coefficients, Spearman’s rank order
correlations, and Pearson’s linear correlations between the automatic
and manual quantification

Parameter Concordance Spearman Pearson
Vy 0.61 0.89* 0.72%*
Sy 0.86 0.90* 0.91*
Ly 0.84 0.95% 0.86*
Ny 0.64 0.82%* 0.65%

In four of the parameters (volume fraction Vy , surface density Sy,
length density Ly, and numerical density Ny ), the automatic method
had a moderate to high concordance [34,35] with the manual measure-
ments. All four parameters highly correlated with the manual measure-
ments. Spearman and Pearson correlations significant at p < 0.05 are
marked (*)

also aware of the fact that, unlike in vivo diagnostic methods
[38], corrosion casting specimens do not entirely correspond
to dynamic changes in real organ perfusion. Of course, corro-
sion casting does not provide information on the histological
context of the microvessels, which is necessary for some
tasks [9,39]. The spatial coordinate systems used for the
evaluation of isotropy of the hepatic microvessels were not
related to the anatomical directions. A more detailed analy-
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Fig. 7 Histograms of length and radius of microvessels in random
volume probes (a, ¢) and in hepatic lobules (b, d). After automatic
analysis of the vascular corrosion casts scanned with micro-CT, the
data on lengths and radiuses of microvessels were summed up and the
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sis of the isotropy of hepatic vessels remains to be performed
in a separate study, but the present results proved the feasi-
bility of the study. The algorithmic results were compared
to the manual stereological measurements, because interac-
tive stereological methods are widely accepted gold standard
used for quantification of microvessels. So far, it was impos-
sible to statistically discriminate between the automatic and
manual method of quantification and the negative hypothesis
of the study was retained. Moreover, it has to be noted that
unlike the analysis of volumes, surfaces, lengths, and num-
bers of microvessels, the automatic analysis of lengths and
radius of the microvessels (Fig. 7 and Supplement 5) has not
been validated yet.

Relevance of the results to the medical research

Improving therapeutic possibilities in liver tumours induces
increased demands on diagnostic imaging. The currently
popular concept of multiparametric imaging utilizes, in
addition to anatomically oriented methods, techniques of
functional imaging, which, among others, include perfu-
sion CT, perfusion MRI, or perfusion US. They are based
on the evaluation of the kinetics of a tracer (e.g. contrast
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histograms were calculated separately (i) for the ten volume probes ran-
domly sampled from the liver (Fig. 7a, ¢) and (ii) for the four arbitrarily
selected regions of morphological hepatic lobules (Fig.7b, d)
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agent) injected into the vascular system using repeated scan-
ning in short time intervals (1-2.5 s) [40]. The calculation
of pharmacokinetic parameters is based on the analysis of
the time enhancement curve of the liver parenchyma, ves-
sels, and spleen during the first pass of contrast agent using a
mathematical model that reflects the anatomical and func-
tional characteristics of hepatic microcirculation (e.g. the
maximum-slope, dual-slope, and deconvolution method in
CT or the Tofts method in MRI) [41,42]. The refinement of
these models based on detailed quantitative studies of orien-
tation of normal and pathological hepatic microcirculation
can lead to increased accuracy of perfusion studies. More-
over, spatial statistics of porcine hepatic microvessels are
necessary for models of cell alignment along the microves-
sels in models of liver regeneration [39].

Pharmacokinetic parameters, which have a close relation-
ship to the arrangement of the liver microcirculation, include
blood flow, blood volume, permeability, transit time, arter-
ial and portal perfusion fraction or hepatic perfusion index
in perfusion CT and their analogues in perfusion MRI or
US. They reflect not only the dynamics of the passage of the
tracer through the hepatic capillary bed but also its anatomi-
cal structure. Several studies show that there is a relationship
between blood volume and the density of capillary net-
work or between permeability and leakage of tracer into the
extravascular space, which may be involved in tumourous
angiogenesis or liver fibrosis [40,43]. The density and tor-
tuosity of capillary networks may influence liver blood flow
and transit time. Close connections to the anatomical arrange-
ment of the liver lobule also have parameters of arterial and
portal perfusion fraction and hepatic perfusion index (ratio
of portal perfusion fraction and total liver blood flow) [44].
Information about the state of hepatic microcirculation and
neoangiogenesis in liver tumours is important in choosing
the right therapeutic method (especially biological treatment)
and in the follow-up on its effect. A higher rate of arterial per-
fusion, blood volume and permeability, which corresponds to
high vascularity in the tumour, may predict a better response
to biological treatment, and its decline after the first few
therapeutic cycles indicates its good effect. Conversely, low
values of these parameters prior to therapy indicate tumour
hypoxia and less chance of a good therapeutic effect. Per-
fusion imaging can also be utilized to detect lesions that
are occult in standard imaging or to evaluate the status of
the surrounding liver parenchyma with regards to the stage
of fibrosis, which, similarly to tumours, increases arterial
perfusion [41,45,46]. Perfusion studies may also enhance
the sensitivity of imaging methods in the evaluation of local
treatments of tumours using ablation or chemoembolization
methods, where the appearance of local arterial hyperperfu-
sion indicates the recurrence of the tumour [47]. Detailed
mapping of the hepatic microcirculation can also help in the
computer-aided determination of the portal vein or hepatic

veins’ vascular territories and in the prediction of the regen-
erative ability of the liver parenchyma, which may in the
future lead to more accurate planning of major liver resec-
tions, especially in borderline operable patients. Moreover,
automatic analysis of hepatic corrosive vascular casts in
animal experiments with liver regeneration could demon-
strate whether the newly regenerated microvascular network
shows the same statistical morphometrics as the normal liver
microvessels.

Further development of automatic evaluation
of micro-CT data

Further development of the QuantAn software incorpo-
rates statistics of 3-D bifurcation angles [13]. The vascu-
lar network shall be alternatively characterized using the
Euler number or Euler—Poincaré characteristic ¥ [20,48],
which is related to the numerical density of capillaries
(Nv(vessels/ref) = — X (vessels)/v(dis) ). The software
is publicly available not only for analysis of liver microves-
sels, but may be tested also in other branches microvascular
research providing three-dimensional data, such as analy-
sis of tumour microvessels [49], bone microvessels [50], or
the vasa vasorum or major vessels [51]. The software uses
the same stereological principles like other programs that
are already available, e.g. the Stereology Analyzer [52], but
unlike the Stereology Analyzer, QuantAn is completely free
and open source, works not only with series of 2-D images,
but natively with 3-D data, i.e. connecting the vascular seg-
ments in space, and it has more user-controlled automated
procedures, such as thresholding, skeletonization, analysis
of branching nodes, length, and diameter histograms. These
automated functions allow for the use of stereological vari-
ables of complex vascular networks in studies involving
many samples with high resolution.

Moreover, we will aim to generate and test phantom (arti-
ficial) vascular networks and trees statistically similar to the
hepatic vascular bed in various conditions, such as normal
liver perfusion, and rearrangement due to portal hyperten-
sion, liver regeneration, cirrhosis, or tumour infiltration,
resulting in changes in fractal dimensions of microvessels
[13]. Artificial vascular networks with known distributions
of length and radius of microvascular segments should be
used to validate the automatic analysis of these two parame-
ters. The data are also suitable for determining anisotropy
of the liver microcirculation used in computer models of
liver perfusion based on homogenization techniques. The
description of the portal venous, hepatic arterial, and hepatic
venous tree anisotropy is crucial for the liver blood perfusion
determination in patient-specific liver presurgery planning.
This was already tested in the present data sets using the
methods developed by Kochova et al. [33] (see Fig. 8 for
illustration). Moreover, fabric tensor computed from CT and
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micro-CT data of liver corrosion casts represents another
way to describe the liver vessel tree anisotropy on a macro
and micro scale. Furthermore, the fabric tensor expresses a
step in the direction towards the permeability tensor deter-
mination, which is known from the Darcy low and the
theory of fluid flow through a porous medium [53]. A
number of ways for the construction of the fabric tensor
are available [54]. Mechanics-based methods compute fab-
ric tensor (or permeability tensor) directly from numerical
simulations [55]. Morphology-based methods are less com-
putationally expensive and are independent from boundary
conditions applied during the numerical simulations. There-
fore, our future research will focus on the morphology-based
methods.

Another parameter that remains to be incorporated is the
tortuosity of the microvessels. Interestingly, there are many
definitions of tortuosity (for review, see [56], and some of
them are not mutually compatible. In general, tortuosity is
understood as a geometric characteristic of the deviation of
vessels from a straight line, which is potentially different in
normal and pathological microvascular beds [13].

Conclusion

We developed the open-source software QuantAn for the
quantitative evaluation of the volumes, surfaces, lengths, and
numbers of microvessels in micro-CT scans of microvascu-
lar corrosion casts. The automatic analysis of the skeleton
branching nodes (and therefore also of the number of
microvessels per volume unit calculated from the branch-
ing nodes) was mostly affected by the binary opening during
the preprocessing and also by the aggregation radius of the
branching points. We provided preliminary morphometrics
of the classical morphological hepatic lobules in porcine
liver. All the methods comply with the highly reproducible
stereological techniques, and they were highly consistent
with manual counting results. This method is openly avail-
able to researchers who are interested in the stochastic
geometry of microvessels in micro-CT scans.
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Abstract

Quantification of the structure and composition of biomaterials using micro-CT requires image
segmentation due to the low contrast and overlapping radioopacity of biological materials. The
amount of bias introduced by segmentation procedures is generally unknown. We aim to
develop software that generates three-dimensional models of fibrous and porous structures
with known volumes, surfaces, lengths, and object counts in fibrous materials and to provide a
software toolthat calibrates quantitative micro-CT assessments. Virtualimage stacks were gen-
erated using the newly developed software TelGen, enabling the simulation of micro-CT scans
ofunconnectedtubes, connected tubes, and porosities. Arealistic noise generatorwasincorpo-
rated. Forty image stacks were evaluated using micro-CT, and the error between the true
known and estimated data was quantified. Starting with geometric primitives, the error of the
numerical estimation of surfaces and volumes was eliminated, thereby enabling the quantifica-
tion of volumes and surfaces of colliding objects. Analysis of the sensitivity of the thresholding
upon parameters of generated testing image sets revealed the effects of decreasing resolution
and increasing noise on the accuracy of the micro-CT quantification. The size of the error
increased with decreasing resolution when the voxel size exceeded 1/10 of the typical object
size, which simulated the effect of the smallest details that could still be reliably quantified.
Open-source software for calibrating quantitative micro-CT assessments by producing and sav-
ing virtually generated image data sets with known morphometric data was made freely
available to researchers involved in morphometry of three-dimensional fibrillar and porous
structures in micro-CT scans.

*The first two authors contributed equally to the manuscript.
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1 INTRODUCTION

1.1 | Assessment of the three-dimensional structure
of fibrous and porous biomaterials using micro-CT:
Present state and methodological problems

High-resolution quantitative X-ray microtomography (micro-CT) has
become a method of choice for three-dimensional and quantitative
(Schladitz, 2011) characterization of tissue-engineered scaffolds (Ho &
Hutmacher,2006)used, e.g.,tosupportthe healingoforgans.
Newly manufactured biomaterials, such as electrospun nanofibrous
scaffolds (Szentivanyi, Chakradeo, Zernetsch, & Glasmacher, 2011;
Zhong, Zhang, & Lim, 2012) or fiber-polymer composite foams (Shen,
Nutt, & Hull, 2004) undergo morphometric assessments before being
used invitroorinvivo. Agood correlation between micro-CT and his-
tology was found in bone research (Particelli et al., 2012). Software
supplied by manufacturers of micro-CT facilities supports a plethora of
morphometric parameters characterizing volume fractions, outer and
inner surfaces (Pyka, Kerckhofs, Schrooten, & Wevers, 2014), porosities
in bone and dental research (De Souza et al., 2013; Draenert et al.,
2012; Karageorgiou & Kaplan, 2005; Tonar, Khadang, Fiala, Nedorost,
& Kochovd, 2011), pore size and distribution in bone scaffolds (Montu-
far, Vojtova, Celko, & Ginebra, 2017) and synthetic bone model foams
(Gdmez, Vlad, L8pez, Navarro, & Ferndndez, 2013) and the topology of
multiple phases of tissue scaffolds in user-defined regions of interest
(ROIs). The three-dimensional and quantitative nature of the micro-CT
makes it atool of choice for estimating shrinkage of materials (Burey
et al., 2018) and propagation of material fractures and cavitation
(Neves, Coutinho, Alves, & de Assis, 2015). Some of the estimates are
based on or fully compatible with stereological principles and spatial
statistics (Baddeley &Jensen,2004; Mouton, 2002; Stoyan, Kendall, &
Mecke, 1995) and may be assessed automatically, provided the image
data have a sufficient contrast (Jirik et al., 2016; Mouton et al., 2017).
However, surfaces are especially potentially sensitive to the settings of
the micro-CT scanning and further image postprocessing, such as reso-
lution, noise, preferential spatial arrangement (anisotropy), filtration,
and thresholding during binarization of grayscale images. The amount
of potential bias introduced by these variables is generally unknown.
The sensitivity of micro-CT to steps performed during thresholding
might become an issue, especially in biomaterials combining multiple
phases with similar or overlapping radiological opacity, such as partially
mineralized collagen scaffolds combined with other substances, suchas
glycosaminoglycans. To the best of our knowledge, there are currently
no published guidelines or fixed routines for thresholding biological
samples, which is understandable due to the growing number of newly
manufactured biomaterials and rapidly developing methodology of
micro-CT.However, the entire measurementis as weak as its weakest
link. Moreover, a precise knowledge of the morphometry of tissue-

engineered materials would be necessary to test the consistency of
their production and biodegradation once implanted. The motivation of
thework presented in this article is the absence of a freely accessible
and reliable source of calibration tools for use as realistic phantoms
thatsimulatethemicro-CTimage stacks.Asfarasweknow,themanu-
facturers of micro-CT facilities do not provide users with such soft-
ware, which could be used by micro-CT operators to (i) calculate the
bias and error during the processing of micro-CT scanned stacks using
phantomimage series with known volumes, surfaces, lengths, and num-
bers of objects and (ii) demonstrate the impact of changes to the
thresholding routinesontheresults of quantitative micro-CT.

1.2 | Preprocessing and segmentation of micro-CT
images of biomaterials

Before quantification of the structure and composition of biomaterials,
the micro-CT images undergo segmentation. This is not a straightfor-
ward and routinely standardized procedure due to the low contrast and
overlapping radioopacity of biological materials. Although sophisticated
approachesare now available for noise suppression or removal (Maia
et al, 2015; Rau, Wérfel, Lenarz, & Majdani, 2013), in micro-CT, the
noise might overlap with the smallest nanofibers and microfibers of the
tissue scaffolds. Currently used micro-CT devices (in our study, Bruker
micro-CT, Belgium) are usually provided with a software package that
is applicable for acquisition of projection images, their reconstruction
into cross-section images, visualization of datasets (both in 2D and 3D),
resizing, and production of a region or volume of interest (ROI, VOI),
and finally, imageameters are commonly available (e.g., Bruker). Cur-
rently, employment of operations for image processing is usually very
convenient and user-friendly since the typical micro-CT user is neither
an information-technology scientist nor a biomathematician. This has
to be considered along with subjectivity in the assessment of many
procedural parameters in image processing and binarization because
exact evaluation of these processes and their calibration is not achieva-
ble to date. Manuals and detailed descriptions of both two-dimensional
parameters (evaluation of each separate cross-section image in a data-
set) and three-dimensional analysis (evaluation of the entire dataset)
require image binarization (i.e., conversion of a grayscale image into a
black and white image, where white pixels represent objects and black
pixels represent the background), e.g., (Burghardt et al., 2007; Zhang,
Yan, Chui,&0ng,2010). This stepis crucial, with substantial effecton
image analysis results; its sensitivity is dependent on object properties
(e.g., size, shape, density, and connections) that we would like to exam-
ine in our study. Two basic approaches can be differentiated: subjective
threshold values assessment (especially in life sciences) and automatic
threshold assessment leading to higher reproducibility (in material or
technical sciences) (Stock, 2009).
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Influences of threshold variations were assessed in several studies
mostly focused on bone micro-CT 3D morphometry (Hara, Tanck,
Homminga, & Huiskes, 2002; Jones et al., 2007; Parkinson, Badiei, &
Fazzalari, 2008; Yan, Qi, Qiu, Teo, & Lei, 2012). We should consider
progressive development of micro-CT devices (Landis & Keane, 2010),
resulting in better spatial resolution and lower noise level, thus reduc-
ing (not eliminating) the dependency of result variations on threshold
values. Possibilities of image binarization in CTAn software (Bruker
Corporation, 2017) are as follows: global-threshold, adaptive threshold
(mean, median, mean of minimal and maximal values), and Otsu thresh-
old (automatic and automatic multi-level) (Otsu, 1979).

Usually, the signal to noise ratio has to be enhanced. This can be
performed by, e.g., using filtering procedures—sharpening or smoothing
in 2D or 3D (e.g., Gaussian blur, median, uniform, Kuwahara, unsharp
mask). These are usually applied in grayscale images, but binary images
can be filtered as well. After binarization, despeckle operations in 2D or
3D are used to remove white “noise” pixels (e.g., remove white/black
speckles less than X pixels/voxels, remove pores, sweep—remove all
object exceptthe largest one). Many other procedures are offered by
CTAn, e.g., morphological operations (dilatation, erosion, opening, and
closing procedures), bitwise and arithmetical operations and geometri-
cal transformations. Demonstration of image processing prior to micro-
CT analysis is available in, e.g., (Buie, Campbell, Klinck, MacNeil, &
Boyd, 2007). Eventually, we decided to perform image processing and
binarization in the simplest manner (filtering, automatic thresholding,
and despeckle) to minimize the number of variable processes influenc-
ing the results and enhance the time efficacy.

To summarize the main problem of quantitative imaging of bioma-
terials, the combination of various steps using mathematical mor-
phology can affect the morphometric results in an significant but
unpredictable manner. A good visual representation of the thresholded
structures in micro CT scans does notalways guarantee accuracy and
precisioninaquantitative sense. A solution to this problem would be
generating virtual (phantom) data mimicking the real micro-CT exami-
nationand comparingtheresults ofthe thresholding routinestothea
priori known results.

1.3 | Options in calibrating quantitative micro-CT

Micro-CT analysis results in 2D and 3D structural parameters values.
However, verification of these values is generally not possible or hardly
achievableincomplex structures. Micro-CT results are very often pre-
sented as precise values even though they may be inaccurate or biased.
Phantom models available for common micro-CT users with known
parameters would allow calibration of micro-CT analysis procedure and
assessment of its accuracy. To date such phantoms are lacking, since it
is not possible to produce these phantoms (especially in case of com-
plex interconnected structures and material porosity) at micrometer-
scale with adequate level of confidence in its structural parameters.
Calibration phantoms exist for material X-ray density assessment (Bone
Mineral Density based on X-ray attenuation coefficient calibration)
applicable e.g., in bone biology.
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Using test images for calibration is a commonly used practice in
imaging techniques. One of the most known test image is the
Shepp-Logan phantom (Shepp & Logan, 1974). The discrete version
of this image can also be generated using the SheppLogan plugin of
the public domain ImageJ software (Schneider, Rasband, & Eliceiri,
2012). Several other Image) plugins are available for generating test
images, such as Random Ovals, Fractal Generator, and Random] plu-
gins. However, these algorithms generate two-dimensional images
only and do not allow for modeling different object shapes. This pre-
vents these plugins from being suitable for calibration of three-
dimensional micro-CT. Spatial test objects can be generated using
the freely available Gensei software (Cimrman, 2010; Tonar,
Kochova, Cimrman, Witter, Janacek & Rohan, 2011). However, Gen-
sei is limited to ellipsoids only.

1.4 | Aims of the study

The commercially available software packages supplied with most of
the micro-CT facilities are notably efficientin thresholding the struc-
tures of interest, creating visual reconstructions, and quantitatively
describing their geometry and composition. These software packages
do provide the operator with sufficient feedback on how the final
quantitative data might be affected by numerous combinations of pro-
cedures involving filtration, operations of mathematical morphology,
and thresholding. Therefore, the aims of our study are as follows:

« To develop open-source software that generates three-dimensional
models of fibrous and porous structures with known volumes, surfa-
ces, lengths, and object counts in fibrous materials and to provide a
softwaretoolfor calibrating quantitative micro-CT assessments.

» Toidentify combinations of object and image stack properties, which
may easily lead to biased results using thresholding procedures of
fibrous biomaterials in microCT.

« To provide practical recommendations on how to avoid potential pit-
falls during segmentation in quantitative X-ray microtomography of
fibrous and porous biomaterials.

e To help users of micro-CT understand where errors can occur,
ensuring that micro-CT segmentation procedures can be proved to
be valid and correct.

2 |[MATERIALS AND METHODS

2.1 |Parameters used for spatial statistics
of generated objects

The choice of the basic parameters to be quantified by our software
generator was based on studies with real micro-CT (Jirik et al., 2016).
This includes volume, surface, length, and number of objects, which are
often expressed as relative densities calculated per ROI. The defini-
tions, abbreviations, and possible biological interpretations in the con-
text of biomaterials are summarized in Table 1. The simulation of
biomaterials was inspired by real tissue scaffolds, namely: (i)



JIRIK g7 AL

o] MICROSCOPY
WILEY [t s e

TABLE 1 Stereological parameters used for spatial statistics of artificially generated objects simulating biomaterials for in-vivo implantation

Parameter Abbreviation Unit
Volume density (fraction) W 2
Surface density Sy (mm2)
Length density Ly (mm=?)
Numerical density Ny (mm?3)

electrospun polyesters (polycaprolactone) or polypropylene meshes
used for manufacturing artificial vascular prostheses or reinforcement
of scars (Horakova et al., 2018; Plencner et al., 2014) and consisting of
fibers with diameters of 1-6 mm, occupying 25-70% of the volume
fraction; and (ii) composite porous scaffolds (Gdmez, Vlad, Ldpez, &
Ferndndez, 2016; Proseckd et al., 2015; Suchy et al., 2015) manufac-
tured for healing of bone defects and consisting of collagen, polyDL-
lactide sub-micron fibers, and sodium hyaluronate, containing typically
70%-80% porosities.

2.2 | Generating virtual objects and image stacks:
Algorithm and software development

The program was written in the Python programming language. The
software runs under Linux, Windows or Mac OS operating systems.
The TelGen application is designed to generate structures rangingin
shape from very elongated fibers to spheres. The output is an image
stack that mimics the data obtained using micro-CT and metadata
describing the parameters of the generated 3D structure. The applica-
tion can be used through a graphical user interface, noninteractively
from the command line, or directly from the Python environment.
The graphical user interface is created using the pygt module, the
numpy, scipy and scikit modules are used for the calculations, 3D mod-
eling is performed using the VTK package, and the pandas and seaborn
packages are used for data processing. Loading and storing data is
mediated by our io3d package, which uses SimplelTK and pydicom. 3D
noise was generated by the ndnoise package created for this purpose.
The basic concept of the algorithm (Table 2) includes the definition
of objects to generate, the generation of the framework of the fiber
structure, the surface representation, the quantitative description, the
volume representation, and finally the file storage.
Thebasicelementusedinthistaskisatube.lItisacylindricalbody
that ends with hemispheres. The user can set parameters for object
length, object radius, and parameters that affect the direction and iso-
tropy of objects. The concept and implementation of quantitative
measured isotropy was done according to Kochovd, Cimrman, Janicek,
Witter, and Tonar (2011). The fibrous structure is created by repeat-
edlyinserting these objects into the sample area and can be affected

Possible biological interpretation
Definition in biomaterials
Volume of objects per
Reference volume

measure of the in-vivo degradation
of the total mass of a biomaterial

relative surface areaavailable forthe
release of substances;
thrombogenicity

Surface of objects per
Reference volume

Length of objects per
Reference volume

fragmentation of fibers into shorter
fragments as a measure of in-vivo
material degradation

Number of objects per
Reference volume

showing the degree of branching and
connectivity of the biomaterial or
its remnants aftersome period of

in-vivo degradation

by allowing the overlay of the objects. The collision detection algorithm
is based on minimum distance computation, and it is preprocessed by a
bounding box collision detection algorithm (Jim&nez, Thomas, & Torras,
2001; Moore & Wilhelms, 1988). This process ends when the object
number, volume density, or maximum number of iterations defined by
the user isreached.

To determine the geometrical properties of the generated objects,
atriangulated model of the surface of each tube is created using the
VTK package (Schroeder, Avila, & Hoffman, 2000; Schroeder, Martin, &
Lorensen, 1998). The measurement_resolution parameter affects the
number of triangulation points and hence the accuracy of the measure-
ment and the computation time. By using the vtkBooleanOperation
PolyDataFilter function, a connection of two objects is made in the
case of acontact. The vtkMassProperties functions are used to deter-
mine the numericvolume and numeric body surface.

The intensities of the volume representation are controlled by the

background_intensity parameters and the intensity_profile function,
which defines the intensity depending on the relative distance from
the centerofthe tubetoits edge. The volume representation process
begins by creating a 3D array with a homogeneous intensity corre-
sponding to the selected background intensity. Tube-shaped objects
areplacedinthisarrayinthefirstiteration. Theradius andintensity of
an object correspond to the intensity profile (Supporting Information
S4A)with the highest relative radius. The second iteration places the
same objects with different radius and intensity that correspond to the
second largest relative radius of the intensity profile. The entire process
is repeated until all the intensity profile values are used. Then, intensity
filtering by a Gaussian filter with user-defined parametersis performed.

The nextstepistoadd noise. For this purpose, the ndnoise mod-
ule was created. The noise parameters are the minimum and maximum
noise wavelengths in millimeters and the exponent that controls the
ratio of the individual components to the wavelength.

Volumetric data are stored using the imtools package. Data can be
stored ina single DICOM or RAW file or as a file series in JPG, PNG,
TIFF, DICOM, etc. format. Together with volumetric data, the surface
modelin VTKand metadataare stored. Metadata containinformation
aboutthe configurationand quantitative data forall object segments.
Theyareexportedintheopenand human-readable YAMLformatoras
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TABLE 2 Outline of the steps of the algorithm of the TelGen software

Input: Parameters defined by the user

1. Type of the generator: Objects or Porosities (Figure 2 and Supporting Information S4)

2. Definition of the objects to be generated
2.1. Properties of objects
2.1.1 Separate objects or Intersecting objects
2.1.2 Number of objects and volume fraction

2.1.3 Distribution of radii and lengths of cylinders and spheres

2.1.4 Isotropy of the objects

2.1.5 Intensity profiles of the objects on virtual micro-CT sections

2.2. Properties of generated virtual micro-CT stacks
2.2.1 Resolution and size in three dimensions (X 3 Y32)
2.2.2 Gaussian blur of the objects (optional)
2.2.3 Generating noise (parametric settings, optional)

2.2.4 Number of iterations for calculation of the numerical estimates of spatial statistics

2.2.5 Setting connected component seed (optional)

2.3 Saving all the parameters listed in steps 1.1-1.2 to a configuration file (YAML)

w

3.1. Defining the empty sample area

. Generating the skeleton and envelopes of the objects (repeat step 2 until the desired values are reached)

3.2 Inserting a tube into the sample area according to the defined parameters

3.3. Quantitative analysis of the objects
3.3.1. Calculating analytical lengths, radii, volumes, surfaces

3.3.2. Numeric lengths, radii, volumes and surfaces calculation

3.3.3 Preview of the values for the user

4. Generating and saving virtual micro-CT stacks (volumetric data) (repeat step 2 until all intensity profile values are used)
4.1. Creating the initial volumetric array with the defined background intensity
4.2. Inserting tubes with intensity and radius according to the intensity profile from a high relative radius to a zero radius

4.3 Gaussian filtering
4.4. Inserting the noise
4.5. Image saving to a defined file format

Output: Three-dimensionalvolumetricdatawith aknownvoxelsize and known values of quantitative parameters (volume fractions, surface densities,
length densities, numerical densities). Export of the 3D modelinto VTK format. Export of the image stacks (DICOM, JPEG). Export of the

morphometric results (CSV file).

CSV files. These are either readable by spreadsheet applications or
processed by data scripts.

The computation time depends mainly on the dimensions of the
requested volumetric representation and the measurement_resolution.
To processastack fromourdataset consistingof5003 5003 500
voxels with a measurement_resolution of 35 and element_number
using a computer with an 8x Intel(R) Core(TM) i5-2520M CPU at
2.50GHz,8 GBRAM,andanNVIDIAGF119M NVS4200M graphical
adapter, the computationtimeis approximately 4 min. The minimum
and maximumtime onthisdatasetis 1and 34 min,respectively.

2.3 | Evaluating numerical estimates of volume and
surface vs. values calculated using analytic geometry
The parameters evaluated inthe objects of our measurementsarethe
surface,volume, lengthof cylindrical part/and radius of the spherical
surfaces and cylindrical part r. From the specified length and radius, the
analytical expression of surface Saayic and volume Vanayic is given by
the following equations.

Sana\ym562pflb1 4p r ('l)

4
Vanalytic5 § pri 1 prz/ (2)

One of our goals is also the modeling of connected objects. Analyt-
ical expressions of surfaces and volumes of such bodies are generally
difficultand oftendo not have adefinitive solution. Forthis reason, we
use a numerical solution to this problem, which is based on the triangu-
lation of the tube object. The base of the cylindrical part consists of a
regular polygon. The number of its sides is given by the measure_reso-
|ution parameter. The hemispheres are replaced by triangles with trian-
gulation points located at the intersections of imaginary meridians and
parallels. The triangulated tubeis inscribed in the original object. Its sur-
face and volume asymptotically approximate the analytically measured
values with increasing measurement_resolution. This method of trian-
gulation is further referred to as “inscribed.”

To increase the accuracy, we perform some compensation. The
radius of the regular inscribed polygon that is the base of the cylindrical
modelis chosen so that the body on it has the same surface (volume,
respectively) as the model cylinder. The compensated surface and vol-
ume radii are not the same. The hemisphere parts are unchanged. This
method of triangulation with the compensation of the cylindrical partis
referred to as “surface” and “volume.” The calculation is given by the
following equation, where r is the radius of the model tube, n is the
measurement_resolution, resuris the radius of the surface compen-
sated polygon, and r_.q. is the radius of the polygon for volume

compensation:
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Compensation of the spherical part is performed by experimental
measurement using the equation for calculating the radius of the spher-
ical part with knowledge of the surface or volume. r. is the compen-
sated factor, and ro is the model radius. These compensation methods
are further referred to as “surface 1 sphere error” and “volume 1 -
sphere error.”
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Similarly, experimental measurements were made to estimate the
compensation factor for the error compensation from the connection
of the cylindrical and spherical parts. This is referred to as “volume 1
sphere error1jointerror”and “volume 1sphere error1jointerror.”
However, these corrections did not increase the precision of either vol-
ume or surface estimates and therefore were notincluded.

2.4 | Evaluating morphometric values usingimage
processing on a micro-CT console

CTAn software (Skyscan CT analyzer(21))was applied forimage proc-
essing and subsequent 3D analysis using a “custom processing” mode.
A universal procedure (a “standard” procedure) of image processing
leading to acceptable and reproducible outcomes was found for data-
sets with the following variable parameters: count, isotropy, noise, and
resolution. However, noise and resolution datasets required modifica-
tion of the procedure based onthe value of the variable parameter.

Standard procedure was based on filtering using Gaussian blur in
3D (witharadius of 2 voxels). Binarization was performed by an auto-
matic Otsu threshold method to eliminate subjectivity in assessment of
the threshold value. Noise reduction was achieved by a despeckle func-
tion (remove white speckles less than 12 voxels in 3D). Resolution vari-
abledatasetswerefiltered using Gaussianblurin3Dwithreduction of
the value of the radius (from 2 voxels to one voxel; for a pixel size of
80 mm and higher, this operation was not performed). Binarization was
achieved by an automatic Otsu threshold method in 3D. Despeckle
was performed with decreasing value of the defined volume limit for
object elimination (12 voxels and less; for a pixel size of 80 mm and
higher, this operation was not performed).

Image processing in datasets with a noise variable was based on
Gaussian blurin3Dwithagradualincreaseintheradius value (from 2
to 5 voxels). The generated noise intensity was set to zero, but the
standard deviation of the noise intensity gradually increased. Binariza-
tionwas performed byaglobalthresholdwithanincreaseinthe lower
gray threshold value from 87 to 135 as noise was intensified. A des-
peckle operation was performed with an increase of the defined vol-
ume (remove white speckles less than: from 12 to 250 mm. According

to preliminary results, noise reduction was preferred over object vol-
ume preservation, resultingin noise being binarized as an object.
Procedures in noise and resolution variables were modified regard-

ing object count and subjective assessment (more in 4.1). 3D analysis
of the entire dataset and 3D analysis of all individual objects in the

dataset were performed in each dataset after the described image
processing. The following parameters were evaluated based on analy-
sis: object count, mean and total objectlength, mean and total object
volume, mean and total object surface, surface density (total object sur-
face/dataset volume), and mean object diameter. Objects and volumes

are calculated via the marching cubes method (Lorensen & Harvey,

1987).0bjectlengthwas defined as the furthestdistance betweentwo
points within the analyzed object volume. Mean diameter was calcu-

lated as structure thickness, which is based on object medial axis com-

putation and a subsequent sphere-fitting algorithm. Because these

spheres finally have known diameters, it can be used for structure

thickness evaluation (Bruker Corporation, 2017; Hildebrand & Rueg-
segger,2003;Remy&Thiel, 2002). Typical time costs for performing

the despeckle operation using a computer recommended for micro-CT
SkyScan1272 (Bruker) application (Intel(R) Xeon (R) CPU E5-2687W
3.1GHz (2 processors), 128 GBRAM, NVIDIA Quadro 1Teslagraphical

adapter) were approximately 1-2 min (depending on number of selec-
ted parameters in analysis results).

3 |RESULTS

3.1 |Open-source software forgeneration
of three-dimensional objects and virtual micro-CT
image stacks

The source code of our software named TelGen, whichwas writtenin
the Python programming language, all of the files necessary for its launch,
the calculation of the results, and the production of all graph types have
been made openly available to the scientific community (Jirik, 2017). The
source data and configurations for generation of the following results
and all the data sets described in this article can be downloaded as Sup-
porting Information S1-S3. The documentation can be downloaded as
well (Jirik & Tonar, 2018). The basic concept of the algorithm (Figure 1,
Table 2) is to gather the required parameters of the phantom data from
theuser; generate,visualizeand measurethe data; receiveapprovalfrom
the user; and then save image stacks with all configuration files and
quantitative results to disc. The software allows for the generation of
noncolliding tubes, colliding tubes (for simulating of branching fibers and
agreatervolume fraction of the material), and isolated or connected
(overlapping) porosities (Figure 2). Most of the application functions can
be performed noninteractively usingcommandline parameters.

3.2 | Comparing the numerical estimates of volume
and surface with known true values calculated using
analytic geometry

After implementing the corrections described above, there was very
good agreement between the surfaces and volumes of tubes precisely
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FIGURE 1 Main steps during the setting, generation, and processing of the fibrillar and porous three-dimensional objects and correspond-
ing virtual micro-CT stacks. The user sets the required input parameters (see Table 2 for details) either manually or from a previously saved
YAML configurationtext file. The skeleton ofthe objects is generated togetherwith a quantitative description of the objects (volumes,
surfaces,andlengths),andthe datacanbevisually checked bythe userinthe formofthree-dimensional skeletons.Once the data meets
the required settings, full volumetric data are generated and saved to disk as image sequences mimicking micro-CT stacks together with a
three-dimensional model (VTK format) and tables containing all the morphometric results (CSV files). The resulting virtual micro-CT stacks
canbe loaded intoanytype of software supporting DICOM or JPEG image stacks [Color figure can be viewed at wileyonlinelibrary.com]

calculated using analytic geometry and the measurement done by the
TelGen software (Figure 3 with source data provided as Supporting
Information ST1).

3.3 I Analysis of the sensitivity of surface error
and volume error on the numbers of generated
objects and measurement resolution

Based on these results and the computational time, the accuracy of
surface and volume measurement was strongly dependent on the mea-
surement resolution parameter and the radius compensation method.
Compared to uncompensated methods (inscribed), methods using
radius compensation provide improvement, especially for low values of
measure_resolution. The lowest relative surface errors, expressed as
1003(true value-numerical estimate), were achieved by implementing
the cylinder surface 1sphere error corrections. When combined with
increasing resolution, the surface error was gradually reduced to values
below 0.1 (Figure 4a-d). The volume error was successfully minimized
by using the cylinder volume compensation or cylinder volume 1 -
sphere error compensation (Figure 4e-h), converging to an error below
0.1 even at lower resolutions than the surface (Figure 4h vs. Figure 4d).
Based on these experiments and the time costs of the computations,
we recommend using the “cylinder surface” method for surface

measurement. For volume measurement, we recommend the “cylinder
volume 1 sphere error” method.

3.4 | Evaluating known morphometric values
with analysis based on thresholding
on the micro-CT console

For testing the sensitivity of the segmentation procedures using the
SkyScan Bruker console micro-CT software, 40 image stacks were gen-
erated, representing low to high numbers of objects (Figure 5a), iso-
tropy of objects (Figure 5b), resolution of stacks (Figure 5c), and noise
(Figure 5d). After processing these phantom stacks (see Figure 6 for
the main steps), situations leading to possible bias were identified (Fig-
ure 7). This included thresholding of the gradual transition of grayscale
values between the objects and their background (Figure 7a), reduction
of object count caused by peripheral sections of objects (Figure 7b),
occasionally colliding objects (Figure 7c), and fragmentation due to
binarization (Figure 7d).

There was on overall good agreement between the known surface
and volume densities of generated objects and the results obtained on
themicro-CT consolewithinmostoftherange ofvalues typical for bio-
materials (Figure 8a,b). As shown in the Bland-Altman plots (Figure 8c,
d), the disagreement between both measures gradually increased with
increasing values of the densities.
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FIGURE 2 Graphical user interface of the four types of
generatorsinthe TelGen software. (a) Generating unconnected
tubes, inthis example with a highly anisotropic orientation. (b)
Generating connected (colliding) tubes,inthis example withina
wide range of diameters. (c) Generating unconnected porosities,
which may have shape of spheres or tubes. (d) Generating
connected (overlapping) porosities, overview of morphometric data
on length, radius, surface, and volume distribution in the preview
window [Color figure can be viewed at wileyonlinelibrary.com]

A detailed analysis of sensitivity of the thresholding upon various
values of parameters of generated testing image sets revealed that the
changes in object count and the value of isotropy did not affect the
accuracy of the micro-CT quantification (Figure 9a,b). The number of
objects was underestimated by the micro-CT, and the volumes, surfa-
ces, and length densities had a tendency toward being overestimated.
The size of the error significantly increased with decreasing resolution

when the voxel size exceeded 1/10 of the typical object size (Figure
9¢), which simulated the effect of the smallest details that could still be
reliably quantified. Similarly, the results became unreliable when the
standard deviationofthe noise intensity (mean5 0)exceeded 37 arbi-
trary units, and more filtering and higher threshold values were neces-
sary (see Methods).

3.5 |Examples of practical applications

Verification of micro-CT analysis results of specimen microstructure is
hard to achieve or even not possible as was mentionedin 1.3. TelGen
software enables evaluation of micro-CT analysis accuracy, image proc-
essing effect and bias quantification. Despite the fact, that 3D struc-
tures generated by TelGen are simplification of studied specimen, it
provides important and unique information, which may improve deci-
sion making in image processing and analyzes understanding. The ben-
efitofusingthe TelGensoftwarewill beillustratedinthree examples.

3.5.1 | Evaluation of global thresholding effect

A fundamental approach in image thresholding is the use of Global
threshold. Separating objects from their background requires a manual
selection of grayscale value, which is usually based on operator’s sub-
jective assessment. Since there is a gradual transition between object
and background, this decision often lacks accuracy and repeatability
(typical situations are shownin Figure 10a,b). Asolutionis as follows:
First, TelGen software is employed for generating a dataset with a
known structure similar to the specimen under study. Second, a series
of different global thresholding values are applied for binarization using
the micro-CT analysis. Third, the results of the micro-CT analysis are
compared with known structural parameters generated in the first step.
Four, the most accurate settings are used for further specimen analysis
and bias introduced by micro-CT analysis is quantified (e.g., discrepancy
between objects volume and surface accuracy). Anexample of sucha
simple analysis which required approximately 20 min of work is shown
in Table 3.

3.5.2 | Effect of image noise quantification

Image noiseis found inall micro-CT scans. However, the effect of
image noise on results is usually not considered. TelGen software is
used for generating dataset of structures similar to studied specimen
with similar level of image noise (Figure 6, see also section 4.1.4). By
analyzing the same dataset with and without applying noise reduction
algorithms, any bias introduced by noise and micro-CT analysis is quan-
tified, because the impact of noise reduction and filtering is compared
with the known structural parameters generated by the TeiGen
software.

3.5.3 | Image 2D binarization did introduce bias
into quantification of object number in isotropic
tubular structures

Tissue engineering scaffold based on microfibers is subjected to micro-
CT 3D analysis. 2D or 3D threshold is considered. Assessment of
thresholding effect based on subjective visual evaluation is usually


http://wileyonlinelibrary.com/

JIRIK g7 AL

(a) 350

300
o 250 L
E 205
fr) -.,-
g 150 P
o .
E 100 z o
k= 7’
= 50 P

L4
-50
-100
-50 0 50 100 150 200 250 300
surface [mm~2]
(c)
9 Bland-Altman Plot
2 +1.965D
A ) S e
g mean ¥ % % ’
t -2.67E-01 =
g -05 - -,
H
2 SELBESIL o b e e chanfld s
8 _y, [BB3E01 .
c
2 .
£
© =50 0 50 100 150 200 250 300
average of two measures

(e)

0.8

0.7
$06
§ 0.5
304
(]
® 0.3
=

0.1

i Pl

inscribed error

efinder Sé’;{ié:lcdeer surface + sphere

MICROSCOPY | se0
Ty WILEY

{b) 250
200
m
T 150 -
E j
v 100 ot
5 .
3 g
S 50 o~
v
= rd
B pfe
=1
c
-50
-100
-50 0 50 100 150 200
volume [mm~3]
(d)
v 0.02 Bland-Altman Plot
5
wv
m
£ o001
o Be b 111D R SO 7 M m e S L
z 5.696-03,%° "
S 000 Imean awed .., A
9 271503 . . . .
8 001 |[+1.96SD " _ L s
© -1,11E-02 . .
[}
G
670.02
£
©
=50 0 50 100 150 200
average of two measures
(f)
0.7
®os
g o4
Q
)
EO.B
-
S 0.2
>
0.1
N B ———

inscribed cylinder vulume(y"nder volume +

sphere error

FIGURE 3 Comparingknownvolumesandsurfaceswithnumericallyestimatedvalues.Thesourcedataforthegraphsareavailableas
Supporting Information S1. (a) Correlation scatter plot displaying the numerically estimated surfaces (Y-axis) against the precisely known surfaces
(X-axis) of testing objects. (b) Correlation scatter plot displaying the numerically estimated volumes (Y-axis) against the precisely known volumes
(X-axis) of testing objects. (c) Bland-Altman plot displaying the agreement between the numerically estimated surfaces and known surfaces of test-
ingobjects. The difference between both values (Y-axis) is plotted against their average (X-axis). The mean differenceis shownas ablue line
accompaniedbya61.96 standard deviation ofthe difference. (d) Bland-Altman plot (AltmanandBland, 1983) displayingtheagreementbetween
the numerically estimated volumes and known volumes of testing objects. The difference between bothvalues (Y-axis) is plotted against their
average (X-axis). Themeandifferenceis shownasabluelineaccompanied bya61.96 standard deviation of the difference. (e) Box plot showing
theimpactofthree methods used forcompensationofthesurfaceerrors. (f)Box plotshowingtheimpactofthreemethodsusedforcompensation
ofthevolumeerrors.InEandF, the relative errorwas calculated as 1003(value-numerical estimate)/value. The box spans the lower limits of the
2nd quartile (Q2) and the upper limits of the 3rd quartile (Q3), and the whiskers span the Q1-1.53(Q3-Q1)and Q311.53(Q3-Q1) values (Q1 is
the 1st quartile) [Color figure can be viewed at wileyonlinelibrary.com]

insufficient and inaccurate. To improve analysis, TelGen software is

applied to generate dataset of tubular structures with known parame-

ters. For example, a two-dimensional thresholding resulted in a signifi-

cant overestimationofn
4.1.2) as well as inaccura
using a three-dimensiona

umber of objects (Figure 7d, see also section
te surface and volume estimates. In this case,
| thresholding was justified despite its compu-

tational time costs, as it provided more accurate results.

4 | DISCUSSION

4.1 |Image processing prior to micro-CT 3Danalysis

4.1.1 |Image processing optimization: Aims and basics

Image processing optimization was based on many preliminary ana-

lyzes.We aimedto find asimple process (low number of variables
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B: isotorpy of objects

C: stack resolution

FIGURE 5 Examples of structures generated with various settings of parameters. For every parameter, ten sets of images were generated
with values increasing from relatively low to relatively high, namely: (a) number of objects, (b) isotropy of objects, (c) resolution of image
stacks, and (d) amount of noise added to the image data. In a-b, both two-dimensional sections and three-dimensional views are presented

[Color figure can be viewed at wileyonlinelibrary.com]

influencing outcomes and convenient time efficacy) with satisfactory
and reproducible results in all variable parameters of tested datasets.
Datasets with the variable count were generally uncomplicated com-
pared to isotropy, noise, and resolution, where we encountered more
complications that had to be managed.

Image processing modifications by CTAn software were often per-
formed based on subjective assessment by an experienced micro-CT
user. This approach is very common in micro-CT analysis (especially in
life sciences applications), and therefore it has been chosen for our
study. However, this is considered one of the major drawbacks of
micro-CT analysis. Reduction of subjectivity was reached by an auto-
mated threshold procedure and object count evaluation, which will be
described further. This was achievable when assessing various values
of object count, isotropy datasets, whereas noise and resolution dataset

evaluation was more influenced by subjectivity because individualiza-
tion of the image processing approach was needed.

Object number count was important in process optimization. A
user performing micro-CT analysis would not be aware of dataset
parameters generated by TelGen software. Therefore, the object num-
ber count is the only parameter where differences between analysis
results and dataset 3D visualization (CTVox, Bruker) are noticeable.
Thereisnooptionfortheevaluation ofthe other parameters (e.g.,vol-
ume, surface, length) from this point of view.

The following procedures were used in the image processing opti-
mization process. A universally accurate procedure (“standard” proce-
dure) was found for count and isotropy. For resolution and noise
variables, an individual approach had to be employed. Standard proce-
dure was based of image filtering (Gaussian blurin 3D, radius52
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FIGURE 6 Main steps during the image processing of the virtual CT image stacks prior to analysis using the SkyScan 1272 (Bruker)

console software. (a) Grayscale cross-section image (NOISE dataset). (b) Application of Gaussian blur in 3D. (c) Image after the binarization
procedure (Global threshold). There are white speckles in the upper left corner as a result of image noise. We can observe irregular shapes
of all objects as a result of noise and object interaction. (d) Image after performing a despeckle operation in 3D (remove white speckles of

less than 50 voxels)

voxels), because some datasets had a gray pixel pattern on the back-
ground, and in some cases, they were evaluated as the objects using
automatic binarization (Figure 7b). This pattern can imitate image noise
inreal micro-CT data. Anautomatic Otsu threshold in 3Dwas used for
image binarization to reduce the influence of subjectivity. A despeckle
operation in 3D was performed (remove white speckles less than 12
voxels—more in4.1.2).

4.1.2 | Number of objects and its variability

Object number count was the only dataset parameter that could be
employed in image processing optimization. Reduction of the object
count numberwas observed in many cases, but usually less than 10%
of the expected object count. Two causes were identified and explored.
First, many datasets presented few relatively small objects, which were
presented withinavolume of interest only by theiredge, sotheir gray-
scale values were not sufficient for recognition as an object. We have
to consider that the transition from an object to the background is
gradual,aswe canseeintheprofile line (Figure 7a,b). In such objects,
Gaussian filtering can even reduce their grayscale value, thus increasing
the probability of being eliminated by binarization. Second, collision
between objects was occasionally observed (Figure 7c), so twoformer

objects were recognized as one. TelGen should prevent these situa-
tions; however, regarding Figure 7a, we can estimate that two objects
canbe connected just byagradual transition from object to back-
ground, even though their “core” structures are separate. In addition,
Gaussian blur can enhance object collisions by creating a connection
between the transition areas of two objects.

In contrast, the object count number increase was usually more
substantial, i.e., from tens to hundreds of percent of the expected
object count. Several causes were identified. In preliminary evaluation
ofanisotropy dataset, we foundthatobjectswithrelatively smalldiam-
eterthatarealmost parallel to thetransversal plane were fragmented
by the binarization process in 2D (tested for better time efficacy) into
many smaller objects (Figure 7d). These objects could be roughly
divided into two groups: small objects with volumes of a few voxels
and large objects of highervolume but still much smaller than gener-
ated objects. These isolated voxels may be connected to the original
object by a side or vertex; however, this is not sufficient to be recog-
nized as one objectsince objectvoxels are,in CTAn, considered to be
connected only when they are in contact via their faces. We decided
toemployautomatic Otsuthresholdingin 3D, whichledtosignificant
improvement. However, the object count number was still much higher
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FIGURE 7 lllustration of situations leading to bias in analysis during the image processing. (a) Profile line (red line) presenting the image
grayscale value (0-255). A gradual transition is apparent, which is similar to real micro-CT data. This phenomenon is a fundamental problem
in image binarization. (b) Object count reduction caused by the peripheral section of an object (yellow arrow), where the grayscale value is
not sufficient to be evaluated as an object by the automatic threshold. A pattern of gray pixels is visible in the background; in some data-
sets, they were recognized as an object, and thus they have to be eliminated by a filtering procedure. (c) Object count reduction caused by
the collision of two objects (orange arrow). These are connected by their transition areas even though their core structures are separate. (d)
Object count reduction caused by object fragmentation by the binarization process (especially in 2D). The upper object presents a grayscale
3D model (CTVox), and the lower object is the same object after automatic image binarization in 2D; three areas are enlarged to depict
fragmentation. According to Individual Object Analysis, there are 37 objects (!) from the original one [Color figure can be viewed at wileyon-

linelibrary.com]

than expected. Individual Object Analysis was performed in 3D, and
object volume distribution was achieved and examined. We found that
a great number of objects are below 12 voxels in volume, and thus
they were considered to be noise and removed by a despeckle opera-
tion in 3D (remove white speckles of less than 12 voxels). Modification
of these two processes led to accurate dataset analysis regarding
object number count.

4.1.3 | Resolution parameter and image processing

In resolution variable datasets (pixel size from 10mmto 500mmina 10
3103 10-mm?volume), we observed an increase of the object num-
ber countwithanincrease of pixel size. Substantial changes resulted
fromashiftfrom 100mmto 200mmfor pixelsize. Objectswithdefined
parameters are generated by TelGen software and subsequently voxel-
ized. In lower resolution, objects can be fragmented as mentioned
above(4.1.2).Wedid notsucceedinfindingasolutionforimage proc-
essing using CTAn fora pixel size of 200mm or morefor 103103
10-mm?dataset volumes. An optimization process regarding object
count evidently led to unacceptable changes in object volume and vice

versa. The pixel size value had to be considered for the parameter of
filtering and despeckle operations in means of reduction of its value;
forapixelsize of 80 mm or more, these operations were notapplied.

4.1.4 | Noise parameter and image processing

Noise datasets (Figure 6a) needed higherindividualization (and thus a
more subjective approach) since these presented (together with resolu-
tion datasets) the mostvariable image data. Because of this, compari-
son with datasets processed by the “standard” approach is less
applicable. The main problem was the gradual decrease of the signal to
noise ratio in image data, so the outcome is always a compromise
between noise reduction and object number and volume preservation.
Filtrationwas achieved by Gaussianblurin 3Dandwas usedwitha
gradualincrease of the radius from 2 to 5 voxels (Figure 6b). An auto-
matic Otsu threshold in 3D failed to provide reliable binarization
because, in some datasets, noise was recognized as an object. A global
threshold had tobe employedwithaprogressiveincreaseinthe lower
threshold value from 87 to 135 as the noise was intensified (Figure 6c).
Interaction between noise and generated objects can lead to an
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FIGURE 8 Comparing known surface and volume densities of generated objects with the results obtained after thresholding on the micro-
CT console. The source data for the graphs are provided as Supporting Information S2. Data sets with known surface and volume densities
were processed by the micro-CT software as described above. (a,b) correlation scatter plots displaying the values from micro-CT (Y-axis)
against the precisely known surface and volume densities (X-axis) of testing objects. (c,d) Bland-Altman plots displaying the agreement
between the surface and volume densities estimated on micro-CT and known values of the same testing objects. The difference between
both values (Y-axis) is plotted against their average (X-axis). The mean difference is shown as a blue line accompanied by a 61.96 standard
deviation of the difference [Color figure can be viewed at wileyonlinelibrary.com]

alteration of volume, surface and object shape, which is noticeable in
Figure 6¢. A higher threshold value resulted in a reduction in object
number count and object volume. A despeckle operation was per-
formed with anincrease of defined volume (removing white speckles
less than: from 12 to 250 mm; Figure 6d).

4.2 | Novelty of the presentapproach

When compared to the Image] plugins mentioned in 1.3., the TelGen
software allows for generating 3D objects as testimages. When com-
pared with the Gensei software (Cimrman, 2010), TelGen provides col-
lidingand noncolliding fibrous structures, the geometric characteristics
of which can be set by the user. Moreover, TelGen generates also
porosities and allows for modeling various types of realistic noise. The
application includes both graphical user interface with 3D visualization
which facilitates data preparation, as well as batch processing option.

It is recommended that the user performs a real object analysis
first, usinga micro-CT or scanning electron microscopy, thus estimating
the typical range of the quantitative characteristics (i.e., total volumes,
surfaces, lengths, and number of objects inside ROI). However, the
error between the true and estimated data is unknown. In the second
step, the data are used as input data of the TelGen software defining
the objects to be generated. In this second step, phantom objects with

geometrical properties statistically similar to the real material are gener-
ated, but this time, the geometrical characteristics are precisely known.
Inthe third step, the measurement of these phantom datais repeated
and the error between the true known and estimated data is quantified.
This can be used for calibration of the whole measurement and for
identifying any major sources of bias.

In general, using traceable standard reference materials has always
belonged to good laboratory practice. The TelGen software offers a
solution by generating virtual standard reference materials. These
might either mimic the real materials or be generated according to the
best qualified estimates currently available.

4.3 | Further development of the TelGen software
and its relevance to manufacturing and
characterization of biomaterials

Further development of the TelGen software incorporates improve-
ments in the highest values of filling the space with unconnected
objects of increasing volume fraction. This task has theoretical limits
that cannot be exceeded (Zidek et al., 2016), but the present algorithm
starts to require unacceptable computational time costs when reaching
thevalue of approx. 30%volume fraction. Should more space befilled
withthe tubes, collisions have to be allowed inthe settings.
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FIGURE 9 Analysis ofthe sensitivity of the thresholding to various values of parameters in generated image sets. Data sets with known
numbers of objects, length densities, surface densities, and volume densities were processed by the micro-CT software as described above.
Afterthe morphometry onthe micro-CT consolewas done, therelative errors (Y-axis)were calculatedas 1003(true value-numerical esti-
mate)/value and plotted against gradually changing values of the number of objects (a), isotropy (b), image resolution (c), and noise value (d).
(a) Various object counts did not affect the size of the relative error. While the numbers of objects were underestimated by the microCT,
thevolumes, lengthsand surfaces were slightly overestimated. (b) The value ofisotropy did notaffect the size of the error. (c) The size of
the error dramatically increased when the voxel size exceeded 0.1 mm (arrow) invirtual stacks of 103 103 10 mm containing objects
withameandiameterof 1 mm.(d) The size ofthe errorincreased whenthe noisevalue exceeded 37 (arrow) [Color figure can be viewed at

wileyonlinelibrary.com]

Another challenge for the future would be using the sections of
generating objects to simulate the optimum sampling of numbers of
image sections and their thicknesses. The TelGen software can become
ausefultool for planning of the sampling design of studies in micros-
copy, including manual and interactive measurements of objects with
known size, where the research aim is to find the number and thickness

of sections that are necessary for reliable measurements of numbers,
surfaces, and volumes of tubular or spherical objects in studies using
stereological counting rules (Mouton etal., 2017).

We greatly acknowledge the wide use of the ImageJ software
(Schneider et al., 2012) and its contribution to the scientific community
worldwide. Although Image) currently supports Python scripting, it

FIGURE 10 lllustration of global thresholding effect. (a) Profile line cutting tubular structures with grayscale value. (b) Different global
threshold values (50 and 100; values were chosen to provide apparent differences in this figure) combined with original grayscale image
(GSC). Binarized structures appear larger or smaller based on threshold value used [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 Example of practical application of the TelGen software

Object number Tot.V. (mm?3)
TeiGen (true value) 30 11.33
Global threshold 5 50 28 16.00
Global threshold 5 75 30 12.42
Global threshold 5 100 29 10.33

M.Obj.V. (mm?3) Tot.S. (mm?) M.Obj.S. (mm?)
0.38 113.39 3.78
0.57 136.89 4.89
0.41 116.20 3.87
0.36 102.17 3.52

Illustration of the effect of Global threshold used during micro-CT processing on analysis results in selected parameters: Tot.V.—total volume of all
objects, M.Obj.V.—mean objectvolume, Tot.S.—total surface of all objects, M.Obj.S.—mean object surface. For details see Figure 10 and section 3.5.
This analysis required approximately 20 min of time and revealed the preferred Global threshold settings 575.

currently does notallow for using libraries that are not part of the lan-
guage kernel (for example, scipy, numpy, scikit-image librares, and sev-
eral others). Should the Image) support these libraries in the future, the
TeiGen software can be incorporated as an ImageJ plugin, thus benefit-
ing from the Image]J interface and a plethora of other functions. At
present TelGen can cooperate with ImageJ by reading and saving
image datafrom/into the commonly supported file formats.

5 |CONCLUSION

Open-source software for the generation of three-dimensional models
of fibrous and porous structures with known volumes, surfaces, lengths
and object counts was developed and made freely available to the sci-
entific community. This study provides a software tool for calibrating
quantitative micro-CT assessments by producing and saving virtually
generated image datasets with known morphometric data on noncollid-
ing tubes, colliding tubes, or material porosities. This tool is useful for
identifying combinations of object and image stack properties, which
may easily lead to biased results using thresholding procedures of
fibrous biomaterials in microCT. Some of these situations were exten-
sively tested in the present article to help users of micro-CT under-
stand where errors can occur, ensuring that micro-CT segmentation
procedures canbeprovedtobevalidandcorrect. Weidentified combi-
nations of object and image stack properties that may easily lead to
biased results using thresholding procedures in microCT. A solution to
this problem could be more frequent application of design-based ster-
eological methods during micro-CT analyzes. This method is openly
available to researchers involved in morphometry of three-dimensional
fibrillar and porous structures in micro-CT scans.
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Summary

Thepigisalargeanimalmodelthatisoftenusedinexperimentalmedicine. Theaimofthis studywastoassess,
in normal pig livers, sexual dimorphism in the normal fraction of hepatic interlobular and intralobular connec-
tive tissue (CT) in six hepatic lobes and in three macroscopical regions of interest (ROIs) with different posi-
tions relative to the liver vasculature. Using stereological point grids, the fractions of CT were quantified in
histological sections stained with aniline blue and nuclear fast red. Samples (415 tissue blocks) were collected
from healthy piglets, representing paracaval, paraportal and peripheral ROIs. There was considerable vari-
ability in the CT fraction at all sampling levels. In males the mean fraction of interlobular CT was
4.7 2.4% (mean SP) and ranged from 0% to 11.4%. In females the mean fraction of the interlobular
CT was 3.6 £.2% and ranged from 0% to 12.3%. The mean fraction of intralobular (perisinusoidal summed

with pericentral) CT was <0.2% in both sexes. The interlobular CT represented >99.8% of the total hepatic
CTand the fractions were highly correlated (Spearman #40.998, P<0.05). The smallest CT fraction was
observedintheleft mediallobe and in the paracaval ROl and the largest CT fraction was detected in the quad-
ratelobeandin the peripheral ROL For planning experiments involving the histological quantification of liver
fibrosis and requiring comparison between the liver lobes, these data facilitate the power analysis for sample
size needed to detect the expected relative increase or decrease in the fraction of CT.

© 2018 Elsevier Ltd. All rights reserved.

Keywords: connective tissue; histology; liver; pig

Introduction

Both small and large animals are used to study the
mechanisms ofthe origin and spread ofliver fibrosis,
often together with the regenerative capacity and
healing of the liver. Fibroses of different aetiologies
have been studied predominantly in mice (George
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et al., 2003; Anstee and Goldin, 2006; Machado
etal.,2015)andrats (Yietal., 2012; Nowatzky et al.,
2013; Fakhoury-Sayegh et al., 2015). However,
small animal models of liver fibrosis have several
limitations due to the small organ size (Lossietal,,
2016). Therefore, it is usually not possible to study
phenomena such as portocentral and portoportal
bridging fibrosis, modelling of the biomechanics of
trauma, lobarresection and regeneration or surgical

© 2018 Elsevier Ltd. All rights reserved.
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techniques. Large animal models are needed for the
improved translation of experimental work into hu-
man medicine. Apart from sheep liver (Ghodsizad
et al., 2012), the porcine liver is the most widely
used large animal model (Avritscher et al., 2011;
Kawamura et al., 2014; Bruha et al, 2015; Nygard
et al., 2015; Wang et al, 2015) to study
improvements in invasive (Croome et al., 2015) and
non-invasive methods of liver disease management
(Gnutzmann etal.,2015), tointerpret animal experi-
ments and to translate the results of animal models to
human medicine (Arkadopoulos etal.,2011; Watson
etal.,2016; Budaietal.,2017). Chen etal. (2013)
showed that histological assessment of liver fibrosis
in the pig correlates with non-invasive splenic mag-
netic resonance imaging. Combining the data ob-
tained for connective tissue (CT) with data on the
microvascular bed of the porcine liver (Eberlova
etal.,2016,2017) would improve existing models of
human liver perfusion. Moreover, fibrosis is an
important part of porcine liver diseases, such as in
pigs suffering from biliary and peribiliary cysts
(Komine et al., 2008) or swine hepatitis E (Lee et al.,
2010).

Summarizing the present literature, porcine liver
fibrosis and cirrhosis of different aetiologies can be
used asamodelfor humanliverfibrosisand cirrhosis
(Avritscheretal.,2011).Intheporcineliver, fibrosisis
usually induced by CCls4 (Zhang et al., 2009), by
alcohol (Lee et al., 2017), by a high-fat diet or by a
Western-style diet (Panasevich et al., 2018) or by us-
ing pentoxifylline (Peterson and Neumeister, 1996).
It has been proposed that porcine liver fibrosis may
be staged according to human standards using the
Metavir scoring system (Ishak et al., 1995; Zhou
etal., 2014;Yin et al., 2017); however, this required
severalmodifications (Huangetal.,2014,2017).

Themajorfibrogeniccellsintheliverarethe hepat-
ic stellate cells, portal fibroblasts, fibrocytes, bone
marrow-derived cellsthatareactivated and transdif-
ferentiated into hepatic myofibroblasts and possibly
hepatocytes and cholangiocytes that transition to my-
ofibroblasts (Forbes and Parola, 2011; Zhao et al,
2016; Kisseleva, 2017). Histological assessment of
the location of fibrosis and identification of the
source of fibrogenic cells is necessary when assessing
the severity of the liver disease and the patient’s
prognosis (Takahashi and Fukusato, 2014; Stasi and
Milani, 2016). Biopsy samples are usually scored in
terms of their grade (Scheuer, 1991) and stage
(Saxena, 2011). Six specific foci of liver fibrogenesis
have been proposed for scoring, namely portal, peri-
cellular (i.e. perisinusoidal), pericentral (i.e. perive-
nular), centrilobular, ductal (i.e. periductal) and
ductular (Batts and Ludwig, 1995; Gohlke et al.,

1996; Brunt et al., 1999; Sakhuja, 2014; Takahashi
and Fukusato, 2014).

During chronic hepatitis, fibrosis starts and spreads
from portal regions, forming stellate periportal scars
or enlarging the portal tracts (Lefkowitch, 2007).
Steatofibrosis in alcoholic liver disease begins in the
pericentral region and extends in a perisinusoidal
pattern, where it is more pronounced than in hepatitis
Cinfection (Zaitoun et al., 2001). This phenomenon
leads to centroportal and portoportal bridging and,
together with the regenerating nodular parenchyma,
results in cirrhosis (Theise, 2013). Similar histological
findings have been reported in non-alcoholic fatty
liver disease (NAFLD) or non-alcoholic steatohepati-
tis (NASH), but lack the pericentral origin of fibrosis
(Brunt et al., 1999; Kleiner et al., 2005; Takahashi and
Fukusato, 2014). Primary biliary cirrhosis involves
fibrosis of small intrahepatic bile ducts (Lindor
etal., 2009; Working Subgroup for Clinical Practice
Guidelines for Primary Biliary Cirrhosis, 2014).
Central hepatic veins are often retained in their
centrilobular location, even in cirrhosis. Sclerosing
cholangitis shows bile duct scarring biliary fibrosis,
leading eventually to cirrhosis (Hirschfield et al.,
2013; de Vries et al., 2015).

The amount of CT in the human liver is usually
estimated during routine analysis of liver biopsy sam-
ples, according to widely used scoring systems
(Scheuer, 1991; Ishak et al., 1995; Bedossa and
Poynard, 1996). However, Standish etal. (2006) high-
lighted several limitations of subjective or semiquanti-
tative scoring as both the interobserver and intra-
observer variability might disqualify the data gener-
ated from comparative studies or from evaluations
of non-invasive methods of liver fibrosis. Therefore,
theneedforanobjective, reproducible measure, pref-
erably generating continuous data, has been articu-
lated (Saxena, 2011).

Tothebestofourknowledge, nopublished dataare
available for continuous quantitative histological pa-
rameters that demonstrate the normal intersexual
and interindividual variability in the fraction of CT
in various macroscopical regions of porcine liver
lobes. Therefore, the aim of the present study was to
assess the content and distribution of normal hepatic
CT in the domestic pig and to provide sampling rec-
ommendations for further histopathological studies.
The following null hypotheses were tested: (1) the vol-
ume fraction of CT in the liver is the same in male and
in female pigs, (2) the volume fraction of CT in the
liveris the same in all hepaticlobes and (3) the vol-
ume fraction of CT in the liver is the same in three
macroscopical regions with different positions related
totheliver vasculature (regions ofinterest; ROIs): the
peripheral regions of the liver lobes, the regions near
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the porta hepatis and the regions adjacent to the
caudal vena cava.

Materials and Methods
Animals

Asapartofthis studywe usedliver samples collected
previously for studies of the size and density of hepato-
cytes in the porcine liver (Junatas et al., 2017). Five
moreanimalswereadded. Briefly, liver samples were
obtained from 12 healthy Prestice black-pied pigs
(Vrtkova, 2015) aged 9e15 weeks and weighing
25e45kg(34.3+5.3kg, mean *xtandarddeviation
[SD]). Sixpigletsweremaleand six pigletswerefemale
(see Supplementary Table 1 for sample details). The
animals received humane care in compliance with
the European Convention on Animal Care and project
number 27374 /2011-30 was approved by the Faculty
Committee for the Prevention of Cruelty to Animals.
Theanimalswere premedicated (with atropine, keta-
mine and azaperone), anaesthetized (with propofol
and fentanyl), relaxed (with pancuronium), intubated
and mechanically ventilated. Fluid infusion and vol-
ume restoration were provided (Plasmalyte  solution
and Gelofusine solution; B-Braun AG, Melsungen,
Germany). Animals were killed under anaesthesia by
administration of cardioplegic solution (KCl). Imme-
diately after sacrifice, the whole liver was removed.
The fresh liver volumes ranged from 0.640 to
1.200landthemeantSDvalueswere0.871+0.1461.

Tissue Sample Collection

Eachliver was sectioned into 1.5 cm thick slices and
immersed in 10% neutral buffered formalin. From
each liver, 36 tissue samples (each approximately
25 25 15 mm) were collected to represent six he-
patic lobes (i.e. left lateral, left medial, right medial,
right lateral, caudate and quadrate) and three
different positions (ROIs) relative to the liver vascu-
lature (Fig. 1A). In each lobe, two samples repre-
sented the peripheral ROIs, two were from the
paracaval ROIs and two were from the paraportal
ROIs. The peripheral ROIs were defined as located
nomorethan 1 cmfrom the surface and periphery
of each hepatic lobe. The paracaval location was
the region of each lobe immediately adjacent to the
openings of the hepatic veins into the caudal vena
cava. The paraportal (hilar) location was adjacent
to the main branches of the portal vein following
from the hilum within each anatomical lobe.
Intotal, 415tissue samples were collected (in three
animals, the size of the quadrate lobe did not allow
collection of separate tissue samples; moreover, three
other samples were lost during processing). Before

cutting, the orientation of each tissue block was ran-
domized using the orientator scheme (Mattfeldt
et al., 1990; Mghlfeld et al., 2010).

Volumetric Analysis of Regions of Interest

Volumetric analysis of the ROIs was based on
computed tomography. The borders between the
ROIs were mapped to guarantee that each region
represented approximately one third of the volume
ofeachlobe. Therefore, the samplingdescribed above
was not biased by different relative volumes of the
ROlIs. Prior to sampling, the liver was scanned using
a Somatom Definition Flash Dual Source Computed
Tomography Scanner (Siemens, Erlagen, Germany)
and the Syngo software kernel. The section thickness
was 0.65 mm and the voxel size was
0.65 0.65 0.40 mm3. A typical tomography stack
consisted of 700e800 sections. Assignment of the liver
parenchymatotheparacaval, paraportaland periph-
eral ROI was done using the LISA (Liver Surgery
Analyzer) software (Jirk et al, 2018), a free and
open-source application intended for computer-
aided liver surgery and measurement. Liver segmen-
tation was performed using a 3D Graph-Cut algo-
rithm (Boykov and Jolly, 2000). For the
measurement of ROI respective volumes, the portal
vein vascular bed and the hepatic vein vascular bed
were segmented separately. The liver parenchyma
was assigned to the respective vascular bed by its po-
sition within the half-distance between two vascular
beds using the Euclidean Distance Transform. In
the second step, we arbitrarily cut-off the peripheral
third of the liver parenchyma and assigned it to the
peripheral ROI. The mean volumes of each ROI
were set to one-third of the total liver parenchyma
volume (see an example in Fig. 1B).

Histological Processing

The tissue blocks were processed routinely and
embedded in paraffin wax. Three sections (3 mm)
were cut from each block and one was selected
randomly and used for furtheranalysis. After dewax-
ing and rehydration, nuclei were stained with nuclear
fast red (Waldeck GmbH, M€nster, Germany). After
washing in distilled water, the sections were differenti-
ated in 5% phosphotungstic acid and washed again in
distilled water. Collagen fibres were stained with 0.5%
aniline blue (Merck KGaA, Darmstadt, Germany).

Microscopic Sampling and Quantification of Volume Fraction
of Connective Tissue

Allquantified parameters arelistedin Table 1. The
first step comprised a systematic uniform random
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Fig. 1. Collection oftissue samples ofthe porcine liver for quantitative histology and the relative volumes of the regions of interest (ROIs).

(A) As shown on a drawing of the facies visceralis of the porcine liver, the sampling strategy was the same as in Junatas et al. (2017).
Theschemeoutlines theleftlaterallobe (LLL), left mediallobe (LML), right mediallobe (RML), rightlaterallobe (RLL), quad-
rate lobe (QL) and caudate lobe (mostly hidden behind the vessels, the scheme shows its caudate process, CP, only). The gall-
bladder (GB) and the caudal vena cava are also shown (CVC). Branching of hepatic arteries is shown in red, branching of the
portal vein in blue and branching of the bile ducts in green. The LLL is used as an example of collection of histological samples
from three ROIs: paracaval region (dark blue rectangles drawn with a continuous line), paraportal region (red rectangles with
adashedline)andtheperipheralregion (greenrectangleswithadottedline). Samplesoftheotherlobeswerecollectedaccordingly.
(B) Visualization of the ROIs representing approximately the three thirds of the total volume of the porcine liver. The liver was
scanned using computed tomography and the reconstruction was rotated so that the visceral surface is shown from a caudal
view. Inthisindividual, the paracavalregion withassociated hepaticveinsisshowninred (volume %0.3881), the peripheralregion
is shown in black (volume % 0.427 1) and the periportal region with the branching of the portal vein is shown in blue

(volume % 0.400 1). The volumes of the blood vessels were subtracted from the ROIs.

sampling of microscopical image fields within each
sectionaccordingtoFig. 2A. Toquantify theinterlob-
ular CT Vy(ICT) (i.e. CT surrounding classical lob-
ules), three uniform random fields of view (FOVs) at
10 magnification were captured, while to quantify
the perisinusoidal CT Vy (PSCT) (i.e. intralobular
CT adjacent to the liver sinusoids) and pericentral
CT Vv (PCCT) (i.e. CT surroundingthe central
veins), four uniform random FOVsat 20magnifica-
tion were photographed (Fig. 2A) at aresolution of
1,280 960 pixels. Inthe second step, a stereological

point grid was applied over the FOVsin the Ellipse
software (ViDiTo, Kosice, Slovak Republic; Tonar
et al, 2015; Kubkova et al, 2017) to quantify the
volume fraction of each CT type (Figs. 2B and C).
Theareasoccupied by the CTwere equaltothe cor-
responding volume fractions according to the Delesse
principle (Mouton, 2011). The fibrous capsule of the
liver, which was present in the samples from the pe-
ripheral region, was omitted from the quantification.
Any tissue processing artifacts, such as microcracks or
folds, were not evaluated and were subtracted from

Table 1
Stereological parameters assessed for porcine liver connective tissue

Name Abbreviation and unit Definition Stereological technique used
for quantification
Volume fraction of Vv (ICT) Fraction of connective tissue surrounding Point grid
interlobular classicallobule within the liver
connectivetissue
Volume fraction of Vv (PSCT) Fractionofconnectivetissuelocated atorin Point grid
perisinusoidal the lobular sinusoids within the liver
connectivetissue lobules
Volume fraction of Vv (PCCT) Fraction of connective tissue surrounding Point grid
pericentral connective the central vein within the liver lobules
tissue
Volume fraction of total Vv (CT) Sum of the Vv (ICT) + Vv (PSCT) + Vv None (calculated from

connective tissue

(PCCT) previous three

parameters)
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Fig. 2. Histological sampling and quantification of connective tis-
sue. (A) Fields of view (FOVs) sampled, captured and
used for quantification of connective tissue. For interlobular
connective tissue (ICT), three FOVs observed with 10 ob-
jectives were sampled (black dotted rectangles, size of
FOV 870 653 mm). For perisinusoidal connective tissue
(PSCT) and pericentral connective tissue (PCCT), four
FOVs with 20 objectives were used (yellow rectangles,
size of FOV 435 326 mm). The first FOVwas positioned
randomly, starting from the top left corner of the section and
further FOVs were placed equidistantlyusinga microscope
stage micrometer. The FOVs photographed from this sys-
tematic uniform sampling pattern are marked on the scheme
with check marks. The hepatic capsule (outlined red) was
omitted from the quantification. (B) Stereological point
grid used for quantification of ICT. Points hitting the ICT
are highlighted in red. (C) Stereological point grid used
for quantification of PSCT (highlighted in black) and
PCCT (highlighted in red). Detection of collagen using an-
iline blue staining; counterstaining with nuclear fast red.
Bars, 1 mm (A), 200 mm (B), 100 mm (C).

the reference space. We did not observe any differen-
tial shrinkage between the CT and the liver paren-
chyma.

Statistical Analysis

The study was based on the quantification of 2,905
micrographs sampled from 415 histological tissue
blocks. The Statistica Base 11 software package (Stat-
Soft,Inc., Tulsa, Oklahoma, USA) was used for the
statistical analysis. The ShapiroeWilk’s W-test for
normality showed that some of the data were not
distributed normally. Therefore, we used non-

parametric tests for further analysis. To assess differ-
ences between the male and female animals, among
the six liver lobes, the differences between the different
ROIs, the differences between Vv (PSCT) and Vv
(PCCT), the KruskaleWallis ANOVA and the
ManneWhitney U-test were used. As an example of
theuse of our data, the possible sample size calcula-

tion for the porcine liver is shown: a power analysis
(Chow etal.,2008) was performed toillustrate the
sample size needed to detect the expected relative
change in the fraction of CT in various hepatic lobes
and ROIs.

Coefficient of Error

Estimation of the volume fraction of CT and the size
of hepatic lobules was based on two tissue sections per
tissue block. However, the values of these parameters
might differ between individual histological sections.
Therefore, we assessed the volume fraction of CT
and the size of hepaticlobulesin series of 12 equidis-
tant sections in four randomly selected tissue samples.
To provide recommendations for sampling the sec-
tions, the variation quantified in the serial sections
was estimated using the moving average of the CT
fraction and the coefficient of error (CE)
(Gundersen and Jensen, 1987).

Results

There was considerable variability in the CT fraction
at all sampling levels of the study: between sexes,
among individual animals, liver lobes and ROIs.
The mean fraction of interlobular CT was greater in
males than in females (P <0.001) (Fig. 3A). In males,
themean fractionofinterlobular CTwas4.&2.4%
(mean6D; Fig. 3B) and ranged from 0% to 11.4%.
In females, the mean fraction of interlobular CT was
3.64.2% (Fig. 3C) and ranged from 0% to 12.3%.
The mean fraction of intralobular (i.e. perisinusoidal
summed with pericentral) CT was <0.2% both in

males and in females; the Vy (PSCT) was
0.003 + 0.02% in males and 0.002 * 0.02% in
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Fig.3. Fractionofinterlobular connective tissuein maleversusfe-
male animals. (A) In the male porcine liver the volume
fraction of connective tissue (mean;4.7%) was signifi-

cantly higher (***P <0.001, ManneWhitney U-test)
whencomparedwithfemaleliver (mea 3.6%).Thesta-
tistical findings are illustrated with histological pictures
taken randomly from the paracaval region of interest of
thelaterallobein: (B)amale pigand (C)afemale pig. An-
iline blue and nuclear fastred, Bar, 200mm (B).

females and the Vy(PCCT)was 0.03+0.1%inmales
and 0.04€.1 in females. Unlike in females, the frac-
tion of pericentral CT in males was greater than the

fraction of the perisinusoidal CT (P<0.01). The
interlobular CT represented >99.9% of the total he-
patic CT and their fractions were mutually highly

correlated (Spearman #0.998, P<0.05). The com-
plete stereological results for all samples are provided
in Supplementary Table 1.

Volume Fractions of Connective Tissue

Inmale pigs, the only significant differences in the
fraction of interlobular CT among hepatic lobes
were observed between the quadrate and left medial

lobe (P<0.05) and between the quadrate and right
medial lobe (P <0.05) (Fig. 4A). The paracaval
ROIwas the region with the smallest volume fraction

of interlobular CT (3.9£2.3%, P <0.01). The para-
portal ROI (4.9 2.0) and the peripheral ROI
(5.2 2.5) had a greater fraction of CT (Fig. 4B).
Other differences in interlobular CT among the
ROIs were not significant. The same differences
were detected when the total CT fraction was ana-
lysed. The fractions of both the perisinusoidal and
the pericentral CT were negligible (<0.2%).
Infemale pigs, the volume fractions of interlobular
CT differed between the left mediallobe and the
caudate lobe (P<0.05) and the quadrate lobe (P
<0.05), and between theright mediallobe and the
caudate lobe (P <0.05; Fig. 4A). The volume fraction
of interlobular CT was greater in the peripheral ROI
(4.1% 2.4)thaninthe paracaval ROI(3.1+ 2.0) (P
<0.05; Fig. 4B). Thefractions of both the perisinusoi-
dalandthepericentral CTwerenegligible (<0.2%).

Qualitative Findings

Histological images illustrating the typical findings in
liver lobes are shown in Supplementary Fig. 1 and
Fig. 5. Apart from the typical histological findings
of regularly arranged lobules (Fig. 5A), several less
common histological characteristics were found. In
the paracaval region of the caudate lobe, the hepato-
cytes within the lobules below the fibrous capsule
showed shape elongation (Fig. 5B), which currently
cannot be distinguished from an artifact. In the pe-
ripheral region of the left medial lobe, more (or
branching) central veins were found (Fig. 5C). In
the peripheral region of the left medial lobe, incom-
pletely separated lobules (Fig. 5D) were found.

Coefficients of Errors in Serial Sections

Analysis of four series of 12 serial sections revealed the
relationship between the CEs and the number of his-
tological sections selected for the analysis (Table 2).
Thedata suggested thatusingfour sections for quan-
tification of both the fraction of CT in liver instead of
onesection would havereduced the samplingerror to
an acceptable value ofapproximately 0.11.
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Fig. 4. Fraction of interlobular connective tissue (ICT) in male (on the left) and female (on the right) piglivers. The data are presented in
sixporcinehepaticlobes(A)andinregionsofinterest (ROIs) withrespecttotheirproximity tothelivervasculature (B). (A)In
males (left), the fraction of ICT was greater in the quadrate lobe than in the left medial and right mediallobes. The left mediallobe
contained the smallest fraction of ICT (median 3.67%), the quadrate lobe contained the largest fraction of ICT (median 5.75%).
Infemales (right), the fraction of ICT was greaterin the caudate lobe thanin theleft medialand right mediallobes and was smaller
in the left medial lobe than in the quadrate lobe. The left medial lobe contained the smallest fraction of ICT (median 2.34%), the
caudate lobe contained the largest fraction of ICT (median 4.67%). (B) In males (left), the fraction of ICT was the smallest in the
paracaval ROI (median 3.30%). In females (right), the fraction of ICT was smaller in the paracaval ROI than in the peripheral
ROI. Dataaredisplayedas medianvalueswith boxesspanningthelimitsofthefirstandthirdquartilesandwhiskers spanningthe

minimum and maximum values for each group. Significant differences (*P <0.05, **P <0.01, ***P <0.001) identified by the
ManneWhitney U-test are presented. See Supplementary Table 1 for the source data.

Calculating the Sample Size for Histological Evaluation of
Hepatic Fibrosis in Pigs

The number of histological samples needed to detect
an expected relative increase in the CT fraction in
various hepatic lobes and ROIs is shown in Fig. 6.
The number of tissue samples needed for comparison
rapidly decreased with an increasing expected
change. This phenomenon applied especially to lobes
witharelatively high (e.g. quadratelobe, Fig. 6B)or
intermediate (e.g. left laterallobe, Fig. 6A) intralobar
variation among the ROIs. We also simulated an
experiment with pooled lobes (e.g. for cases where

the anatomical origin of the histological samples
from the lobes would not be known, but the ROIs
would be known) (Fig. 6C). The case with unknown
ROIs, but known lobes, is shown in Fig. 6D. Source
data for all lobes and ROIs are provided in
Supplementary Tables 2 and 3.

Discussion

The detected variability in the volume fraction of CT
between sexes can be attributed to the effect of sex
hormones, especially oestrogen that has a protective
effect against fibrogenesis (Yang et al., 2014).
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Fig. 5. lllustration of qualitative histological findings in the porcineliver. (A) Typical histological findings of regularly arranged lobules.
(B)Intheparacavalregionofthe caudatelobe, thehepatocytes within thelobulesadjacenttothefibrouscapsuleareflattenedand
elongated. The possibility thatthis could beanartifactcannotbeexcluded. (C) Inthe peripheralregion oftheleft mediallobe, more
(or branching) central veins are found (green arrows). (D) In the peripheral region of the left medial lobe, incompletely separated
pseudolobules (yellow arrow) are found. Aniline blue and nuclear fast red staining. Bars, 500 mm (A), 100 mm (B), 200mm (C, D).

Table 2

Analysis of the coefficient of error (CE) estimating the

amount of sampling error between the serial histological sections in four randomly selected samples of the porcine liver

Number of serial sections sampled 2 3 4

5 6 7 8 9 10

CE (%) 21.3 14.6 11.3

8.70 8.70 7.49 6.66 5.85 5.47

For each of the four samples the volume fraction of interlobular CT was analysed. The mean CE (Gundersen and Jensen, 1987) decreases with

increasing numbers of analysed sections.

Therefore, in pre-menopausal women (Yang et al,
2014),aswellasinfemale Wistarrats (Marcos and
Correia-Gomes, 2015), the amounts of CT in the liver
tend to reach lower values relative to male counter-
parts. The sex-related differences in rats included
mainly increased perisinusoidal fibrous tissue deposi-
tion in males with ageing (Marcos and Correia-
Gomes, 2015). Our results adds to the evidence for a
greater volume fraction of CT in male porcine livers
when compared with their female counterparts.
Toour bestofour knowledge, no data explaining
the differences in variable fractions of CT in various
ROIsandlobeshavebeen published. The only known
data show preferential distribution of types of collagen,
namely: type I and type III collagen co-localize in the
same fibre bundles both outside the hepatic lobule (i.e.
in the portal tracts) and within the hepatic lobule
(Mak et al., 2012), while collagen IV is found only

within the hepaticlobule (Mak et al., 2013). Our pre-
sent findings on the greater fraction of CT in periph-
eral ROIs could be answered by further studies: (1)
mapping the distribution of fibrogenic cells, and (2)
mapping quantitatively the local differences in the he-
patic microvascular bed (Zhang et al., 2015). Although
fibrogenic cells within the liver have been studied
(Zhao etal., 2016; Kisseleva, 2017), their differential
distribution within liver compartments has not yet
been mapped. The greater content of CT in
peripheral ROIs found in our study could be
explained by the proximity to mesothelial cells that
countasliver fibrogenic cells (Lua etal.,2015).
The fraction of CT in the normal porcine liver in
our study was considerably higher than thatin most
other animals orin man. CTis hardly visible in the
dog, goat, horse, cat, rat and man; however, CT is
clearly visible in the guinea pig, hamster, sheep and
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Fig. 6. Examples for calculating the sample size needed to detect a certain expected relative increase in the connective (CT) fraction in

various hepatic lobes and ROIs in male pigliver. In each of the graphs, the x-axis shows the expected change in the CT fraction
(i.e. an expected 30% increase in the fraction of CT corresponds to 130% on the x-axis). The y-axis shows the number of tissue
blocks needed from a group under study to detect the expected change calculated according to Chow et al. (2008). The number
oftissueblocksneededforcomparisonrapidlydecreaseswithanincreasingexpected change. (A) Inmale porcineliver,intheright
mediallobe, the greatest coefficients ofintralobarvariation were found (Supplementary Table 2). Detectinga 30%increasein CT
would require, for example, 40 tissue blocks in the paraportal regions and 61 blocks in the paracaval regions. (B) The quadrate lobe
hadanintermediateintralobarvariabilityof CT (seethecoefficientsofvariationin SupplementaryTable 2),forexample,detecting
a30%increasein CT would require 11 tissue blocksin the paraportalregions and 47 tissue samples in the paracavalregions. (C)
Whenallofthelobesarepooled, detection ofa 30%increaseinthefraction of CTrequiresatleast24tissueblocks (paraportal ROI)
ineachgroupunderstudy. (D) Whencomparingthevariabilityinside thelobes bypoolingtheirparacaval, paraportaland periph-
eral regions, detecting the same increase in the CT fraction inside the right medial lobe (pink line) would require fewer samples than
detectingthe same changesin theleft mediallobe (redline). This observation shows the importance ofrespectingthe anatomical
lobes and ROIs when sampling the porcine liver for histological analyses. Source data are provided for male and female animals
separately in Supplementary Tables 2 and 3.

pig. Studies using transmission electron microscopy
(Hosoyamada etal., 2000) revealed detailed patterns
oflength distribution of collagen fibrils. The mean
amount of CT in the porcine liver is approximately
double that found in the rat liver (Marcos and
Correia-Gomes, 2015). Other numerical data are
sparse, both for small and large animals. Moreover,
few studies in animals have used an unbiased stereo-
logical design (Zaitoun et al., 1998; Marcos et al.,
2012 and Supplementary Table 4). The importance
of a quantitative approach proved to be useful: in

our study, quantification revealed several differences,
which were scarcely visible using routine qualitative
histology (Supplementary Fig. 1).

For studies of human liver diseases, such as chronic
hepatitis C infection (Besusparis et al., 2014), alco-
holic liver disease and non-alcoholic liver disease
(Sakhuja, 2014), primary biliary cirrhosis (Working
Subgroup for Clinical Practice Guidelines for
Primary Biliary Cirrhosis, 2014) or sclerosing cholan-
gitis (de Vries et al., 2015), using porcine liver as an
experimental model, it should be noted that the
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normal amounts of CT in porcine liver already
resemble fibrosis in human livers (Saxena, 2011).
Moreover, the distribution of interlobular and intra-
lobular CTin pigs and in man has different patterns.
The use of our data as a basis for the design of the
following studies is explained in Fig. 6 as follows. In
the male porcine liver, the mean fraction of interlob-
ularCTinright mediallobesis4.27+ 1.62%; there-
fore, if we expect, for example, a 30% increase in CT
in the porcine liver (to 5.99%), then we should
compare at least 11 tissue blocks in each of the
compared groups (power % 0.8; significance
level % 0.05); however, this is only true when we
know the exact position of the tissue blocks with the
respect to the liver lobe and to the ROI. If we know
only the lobe of origin of the tissue blocks, then we
should compare at least 20 tissue blocks in each of
the compared groups. If the positions of the tissue
blocks for comparison are unknown (i.e. all the lobes
would be pooled, e.g. when assessing archival sam-
ples), the variability between the lobes, the
ROIs and between the individuals would affect the
study designin such away that atleast 36 tissue blocks
foreachofthecompared groupsshould besampledto
detect the same degree of fibrosis. When the sampling
scheme of experiments using the porcine liver reflects
the differences between the lobes and the ROIs, the
same quantitative information may result from a
smaller number of samples and therefore provide a
more efficient comparison to the situation in which
the tissue blocks are harvested in a purely random
manner.
Thepopulation ofanimalsusedinthis studywas of
the minimum size allowed for use of non-parametric

statistical tests (n >6). In large animal models, such
as the pig, experiments are typically done using rela-
tively small numbers of animals according to the prin-
ciples of the ‘3Rs’ (replacement, reduction and
refinement; Emerson, 2010). This strategy suffers
from an increased variability of results caused by
interindividual differences, but the researchers are
simulated to follow large biological effects that are
observable even in small study groups. Since our
study was performed on piglets aged 9e 15 weeks,
an ontogenetic perspective should also be considered
infuturestudies. Age-related differences are tobe ex-
pected. Although mechanisms of fibrogenesis during
liver development have been studied (Lepreux and
Desmouliére, 2015), to the best of our knowledge,
no study quantifying the amount of CT during liver
development has been conducted to date.

In conclusion, for planning experiments involving
the histological quantification of liver fibrosis and
requiring comparison between the liver lobes, these
data facilitate the power analysis for the sample size

needed to detect the expected relative increase or
decrease in the fraction of CT.
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Abstract:

Background: Porcine liver is widely used in hepatologic research as a large animal model with many
anatomical and physiological similarities with humans. However, only limited information on porcine
liver spatial microstructure has been published, especially regarding the hepatic sinusoids and bile
canaliculi. The aim of our study was to quantify the sinusoidal and bile canalicular network in healthy
male and female porcine livers and to compare the distribution of the parameters among six hepatic
lobes and among three macroscopic regions related to the liver vasculature.

Methods: Livers from 12 healthy piglets (6 females and 6 neutered males) were sampled into 36 tissue
samples per organ, representing six hepatic lobes and three different regions related to the hepatic
vasculature (peripheral, paracaval and paraportal region). Histological sections were processed with a
random orientation of the cutting plane. The endothelium and the bile canaliculi were stained using
Ricinus communis agglutinin | lectin histochemistry. The length densities of hepatic sinusoids
Ly(sinusoids,liver) and bile canaliculi Ly(bile canaliculiliver) were estimated using stereological
methods. The newly acquired morphometric data were compared with previously published data on
density of porcine hepatocytes and fractions of connective tissue.

Results: The length density of hepatic sinusoids Ly(sinusoids,liver) was 935.1 + 148.7 mm/mm?3 and was
greater (p < 0.001) in females (990.2 *+ 145.9 mm/mm?3) than in neutered males (884.3 + 132.6
mm/mm?3). The length density of bile canaliculi Ly(bile canaliculi,liver) was 3697.1 + 571.5 mm/mm?3
and was greater (p < 0.01) in females (3785.8 + 534 mm/mm?3) than in neutered males (3615 + 593.8
mm/mm?3). The six hepatic lobes had statistically comparable length densities of both sinusoids and
bile canaliculi. The Ly(sinusoids,liver) in the periphery of the hepatic lobes (870.8 + 154.8 mm/mm3)
was smaller (p < 0.001) than in the paracaval (972.1 £139.1 mm/mm?3) and paraportal (964 + 129.7
mm/mm?3) regions. Ly(bile canaliculiliver) in the periphery of the hepatic lobes (3602.9 + 603.8
mm/mm?3) was smaller (p < 0.05) than in the paraportal region (3797 + 535.4 mm/mm?). Regions with

greater Ly(sinusoids,liver) had also greater Ly(bile canaliculi,liver) and were accompanied by greater



density of smaller hepatocytes. Regions with smaller Ly(sinusoids,liver) and Ly(bile canaliculiliver)
contained a greater fraction of interlobular connective tissue.

Conclusions: The length density of hepatic sinusoids is smaller in the peripheral regions of the porcine
liver than in other regions related to the hepatic vasculature — paracaval and paraportal regions and
smaller in castrated males than in females. Greater length density of liver sinusoids was linked with
greater local density of bile canaliculi, with local increase in the density of smaller hepatocytes and,
simultaneously, with smaller fractions of hepatic connective tissue. The intrahepatic and inter-sexual
variability of the porcine liver morphology needs to be taken into account when designing and
interpreting experiments involving the histological quantification of the microvascular network. The
complete primary morphometric data describing the distribution of Ly(sinusoids,liver) and Ly(bile
canaliculi,liver) within porcine liver were made available to public in a form facilitating the power
analysis to justify the minimal number of tissue samples or animals required when designing further

histological evaluation studies.

Key words: liver, pig, swine, hepatic sinusoids, bile canaliculi, stereology



1. Introduction

1.1 The porcine liver as a model in translational medicine

From a histological point of view, the porcine liver is an important model organ in translational
medicine. It presents marked lobulation with well-defined acinar structures including clear portal
triads, similarly to humans (Lossi et al., 2016). Histological evaluation of porcine liver experiments had
been used for several research aspects including regeneration after liver resection (Bruha et al., 2015),
sinusoidal obstruction syndrome (Palek et al., 2020), microwave ablation (Bressem et al., 2019), or
preparation of decellularized tissue scaffolds (Massaro et al., 2021; Moulisova et al. 2020).
Furthermore, the porcine liver hepatic microvascular bed and the system of bile canaliculi can also be

the focus of a biological question to be answered during histological examination (Renner et al., 2020).

1.2  Relevance of hepatic sinusoids and bile canaliculi in hepatologic research

The hepatocytes, hepatic sinusoids and the bile canaliculi contribute together to the uniquely
organized liver microarchitecture (Eberlova et al., 2020; Saxena, 2018). The microscopic hepatocytes
arrangement results from their ability to differentiate into polarized cells. In such multipolar state,
each hepatocyte participates in the creation of multiple bile canaliculi via its luminal (apical) domains,
whereas the basal domains face the perisinusoidal space of Disse and the endothelium of the hepatic
sinusoids (Treyer and Miusch, 2013). The polarization of the hepatocytes is regulated during the
development by many signaling pathways that have been extensively studied, both in vitro and in vivo
(Lemaigre, 2009; Ober and Lemaigre, 2018).

The wall of the hepatic sinusoids is composed of a discontinuous endothelium, which
contributes to many hepatic functions. The primary functions include removal of potentially dangerous
molecules from blood (Sgrensen et al., 2015), regulation of molecules and cells trafficking between the
liver parenchyma and systemic circulation (Sgrensen et al., 2015), immune system regulation (Shetty
et al., 2018). The sinusoids also contribute to the development and progression of liver pathologies
such as chronic inflammatory liver diseases (Fernandez-Iglesias and Gracia-Sancho, 2017; Gracia-

4



Sancho et al., 2021) and are involved in development of liver fibrosis and regeneration (Lafoz et al.,
2020).

The cytoplasmic membranes of adjacent hepatocytes form the bile canaliculi which constitute
the initial segments of the biliary tree. The bile canaliculi have been widely studied in the context of
the fluid dynamics affected by intrahepatic cholestasis (Burbank et al., 2016; Meyer et al., 2017) and
the hepatocellular changes associated with various liver diseases (Gissen and Arias, 2015).
Furthermore, formation of bile canaliculi seems to play an important role in the development, survival
and functioning of three dimensional liver tissue constructs (Overeem et al., 2019). Moreover,
restoration of the biliary tree during liver regeneration is essential for proper organ function (De

Assuncao et al., 2017).

1.3 Visualization of hepatic sinusoids and bile canaliculi

Altered tissue microarchitecture is one of the key hallmarks used for determination of the pathological
diagnosis of various liver diseases (Saxena, 2018). However, routine pathological analysis is still
dependent on analysis of thin sections. Although three-dimensional (3D) imaging and image analysis
provides useful insight into spatial distribution of 3D fibrillary structures, such as the hepatic sinusoids
and bile canaliculi, 3D reconstruction of the sinusoidal and bile canalicular network is limited by the
lack of robust staining methods (Mak and Shin, 2021) and reconstructive algorithms. Nonetheless,
visualization of the 3D network is possible e.g. by creating a thick tissue block followed by histological
staining, visualization by confocal scanning microscopy and quantification using image analysis
protocols (Hammad et al., 2014). An alternative approach utilizes the corrosion casts of the vascular
bed visualized by X-ray microtomography with high resolution (micro-CT) (Eberlova et al., 2017). Semi-
automated quantitative software (Jifik et al., 2016) or software provided by micro-CT manufacturers
are highly dependent on the segmentation algorithms and requires initial calibration prior to each use

(Jifik et al., 2018).



1.4 Present knowledge gaps in morphometrics of hepatic sinusoids and bile canaliculi

The pig is one of the most important model animals for hepatologic research (more than 5000 search
results in Medline (https://www.ncbi.nlm.nih.gov/pubmed/) for the search string ((pig) AND liver) AND
experim*), March 14, 2022). However, knowledge on morphometrics of the vascular bed within the
porcine liver is limited (Jifik et al., 2016). Indeed, there is lack of information on the distribution of the
guantitative parameters of hepatic sinusoids and bile canaliculi in the context of the whole porcine
liver. Without the data showing the variability of these microscopic parameters on a complete organ
scale, it is not feasible to undertake a formal sample size calculation to justify the number of tissue
samples or animals required when designing histological evaluation studies. Fortunately, the design-
based stereological method (Marcos et al., 2012; Marcos et al., 2016) allows for unbiased
guantification of morphometric features describing the density and spatial heterogeneity of hepatic
sinusoids and bile canaliculi using continuous variables (Kubikova et al., 2018). Previous porcine liver
studies have shown considerable variability in size and nuclearity of hepatocytes as well as the
connective tissue volume fractions among hepatic lobes and regions with various positions related to
hepatic blood supply (Junatas et al., 2017; Mik et al., 2018). However, it is unknown whether these

differences also affect hepatic microvessels and bile canaliculi.

1.5 Aims of the study

The aim of our study was to provide a quantitative description of the porcine sinusoidal and biliary
network in healthy animals. We tested the following null hypotheses:

Ho(A): There are no differences in length density of sinusoids and length density of bile canaliculiin the
porcine liver between neutered male and female animals.

Ho(B): There are no differences in length density of sinusoids and length density of bile canaliculi in the
porcine liver among the 6 hepatic lobes.

Ho(C): There are no differences in length density of sinusoids and length density of bile canaliculi in the

porcine liver among three different regions of interest related to the liver vasculature.



Ho(D): The histological parameters under study do not correlate with hepatocytes size and density
parameters nor volume fraction of connective tissue in porcine liver.

Moreover, we aimed to provide the descriptive statistics for a sample size analysis suitable for
estimating the minimum number of samples necessary for detecting relative change in the length
density of sinusoids and length density of bile canaliculi in the various hepatic lobes and regions of

interest related to the liver vasculature.

2. Materials and methods

2.1 Animals

We used archive tissue blocks previously collected from whole porcine livers harvested from animals
involved in previous studies on the size and density of hepatocytes (Junatas et al., 2017) and connective
tissue distribution (Mik et al., 2018). The liver samples were collected from 12 healthy Prestice black-
pied pigs (Eberlova et al., 2020) aged 9-15 weeks and weighing 25-45 kg (34.3 + 5.3 kg, mean +
standard deviation [SD]). Six piglets were females and six piglets were neutered males. The animals
received humane care in compliance with the European Convention on Animal Care and project
number 27374/2011-30 was approved by the Faculty Committee for the Prevention of Cruelty to
Animals. According to the project, the animals were used for surgical skills practicing and none of the
animals were sacrificed solely for the purpose of harvesting the organs for the proposed study. The
animals were pre-medicated (intramuscular administration of atropine, ketamine, azaperone) and all
the surgical procedures were performed under general anesthesia (continuous administration of
propofol, fentanyl, pancuronium), while the animals were intubated and mechanically ventilated. The
piglets received infusion and volume substitution when necessary (Plasmalyte solution and Gelofusine
solution; B-Braun AG, Melsungen, Germany). The animals were sacrificed via administration of
cardioplegic solution (KClI) whilst under general anesthesia. Immediately after the sacrifice, the whole

liver was removed. The volume of each fresh liver was measured by water displacement method and



was calculated as difference of the water volume before and after submersion of the whole liver in

water in a scaled cylinder. The liver volume ranged from 0.640 to 1.200 1 (0.871 £+ 0.146 | — mean * SD).

2.2 Tissue sampling

Each liver was sectioned into approximately 1 cm thick slabs and fixed in 10% neutral buffered
formalin. The detailed methodology of the whole liver sampling was previously described by Junatas
et al. (2017) and Mik et al. (2018). Each liver was extensively sampled, resulting in 36 tissue samples
per liver. The tissue samples represented 6 hepatic lobes — left lateral, left medial, right medial, right
lateral, caudate and quadrate lobes. Each lobe was represented by 6 tissue blocks with approximate
dimensions of 2.5 x 2.5 x 1 cm taken from three different regions of interest (ROls) related to the liver
vasculature — peripheral, paracaval and paraportal region. The peripheral ROIs were located no more
than 1 cm from the surface and the periphery of each hepatic lobe. The paracaval ROIs were the
regions of each lobe immediately adjacent to the openings of the hepatic veins into the caudal vena
cava. The paraportal (hilar) ROls were adjacent to the main branches of the portal vein within each
anatomical lobe. Based on computed tomography volumetric analysis (Mik et al., 2018), each of the
described ROIs represents approximately one third of the total volume of the porcine liver. Each of the
described regions within a lobe was sampled twice. The orientation of section plane of each tissue
block was randomized with respect to the unknown status of isotropy/anisotropy of the hepatic
sinusoids and bile canaliculi within the porcine liver. The randomization was ensured by using the

orientator scheme (Nyengaard and Gundersen, 2006; Mihlfeld, 2014).

2.3 Histological processing and staining

The tissue samples were dehydrated and embedded in paraffin. Three 3um—thick sections were
obtained from each paraffin—-embedded tissue block. The sections were deparaffinized and
rehydrated. Endogenous peroxidase activity was blocked with 0.9% H,0, in methanol. Unspecific lectin

binding was blocked by pre-incubation with 1% bovine serum albumin (Sigma-Aldrich, Vienna, Austria)



in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Sections were then incubated with biotinylated
Ricinus communis agglutinin | (RCA-1) (Vector Laboratories, Burlingame, CA, USA ; dilution20 pg/ml )
for 1 hour at room temperature. The binding reaction was detected by an avidin-biotin-peroxidase-
complex (ABC, Vector Laboratories, Burlingame, CA, USA) and visualized with diaminobenzidine
(Sigma-Aldrich, Vienna, Austria) in a 0.03% H,0, solution in Tris-buffered saline (TBS, pH 7.4). The
sections were counterstained with Mayer’s haematoxylin, dehydrated and mounted with a medium
soluble in xylene.

The microvessels were detected by lectin histochemistry utilizing plant derived lectins, which
has been widely used for endothelium detection along with other methods such as
immunohistochemistry (IHC) (Nakamura-Ishizu et al., 2008). As the endothelial phenotype differs
among vessel types (Shetty et al., 2018), IHC endothelial markers commonly used for detection of
endothelium in other porcine organs (von Willebrand factor) or in human vessels (CD31) (Grajciarova
et al., 2022) did not offer sufficient and consistent results when used on the porcine liver. RCA-l used
in this study binds to the glycocalyx of endothelial cells and of hepatocytes, allowing us to visualize
both the discontinuous endothelium of sinusoids and the inner lining of bile canaliculi within the

porcine liver.

2.4 Microscopic sampling and quantification
Length density of hepatic sinusoids Ly(sinusoids,liver) and length density of bile canaliculi Ly(bile
canaliculi,liver), i.e. the total length of the structures of interest per volume unit of tissue, were
assessed using well-established stereological methods (Howard and Reed, 2005; Mouton, 2002). Four
fields of view (FOVs) per section (12 FOVs per tissue block) were captured in a systematic uniform
random manner with the 40x objective (Fig. 1A) according to Kolinko et al. (2022).

The main principle of the length density estimation is based on counting of vessel profiles
Qa(sinusoids) and Qa(bile canaliculi) within an unbiased counting frame that was applied over the FOVs

(Fig. 1). If the orientation of the section plane is randomized, the number of vessel intersections (vessel



profiles) with the section plane directly correlates with the vessel length (Mihlfeld, 2014) and was
calculated as follows:

Lv=2Qa
where Ly is the length of vessels per unit volume, and Qx is the number of intersections of the plane
with the vessels per area (Howard and Reed, 2005; Mouton, 2002). The study was based on
guantification of 4428 micrographs sampled from 369 tissue blocks. At least 100 intersections of the
vascular profiles with the section plane were counted in each sample, as recommended by Tschanz et

al. (2014).

2.5  Statistical analysis

The Statistica 10 software (Stat-Soft, Inc., Tulsa, Oklahoma, USA) was used for statistical analysis. The
Shapiro—Wilk’s W-test for normality showed that some of the data were not distributed normally.
Therefore non-parametric methods were used to test the null hypotheses. The Mann—Whitney U-test
was used to assess differences between the neutered male and female animals (Ho(A)). The Kruskal—
Wallis ANOVA was used to assess differences among six liver lobes (Ho(B)) and the differences among
the three different ROIs (Ho(C)). The correlations between the length density of sinusoids and length
density of bile canaliculi and stereological parameters previously quantified (Junatas et al., 2017; Mik
et al., 2018) were evaluated using the Spearman correlation coefficient (Ho(D)). For the purpose of the
correlations, all the values from the ROIs and lobes were pooled. Power analysis according to Chow et
al. (2008) was used to calculate the sample size needed to detect the expected change in length

densities of liver sinusoids and bile canaliculi.

3. Results

The results are summarized in the Table 1 and Table 2. Complete primary morphometric data are

available as supplemental information (S1).
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3.1 Hepatic sinusoids

The length density of hepatic sinusoids within the porcine liver was 935.1 + 148.7 mm/mm? (mean *
SD). The Ly(sinusoids,liver) was greater in females than in neutered males (Mann—Whitney U-test, p <
0.001) (Fig. 2A, Fig. 3). No significant differences were observed between hepatic lobes (Fig. 2B). The
peripheral ROl was the region with smallest Ly(sinusoids,liver) when compared to the paracaval and to

the paraportal ROIs (Kruskal-Wallis ANOVA, p < 0.001) (Fig. 2C, Fig. 3).

3.2 Bile canaliculi

The length density of bile canaliculi within the porcine liver was 3697.1 + 571.5 mm/mm?. The Ly(bile
canaliculi,liver) was greater in females than in neutered males (Mann-Whitney U-test, p < 0.05) (Fig.
2D; Fig. 3). No significant differences were observed between hepatic lobes (Fig. 2E). We observed a
significant difference between the peripheral and paraportal ROIs (Kruskal-Wallis ANOVA, p < 0.05)

(Fig. 2F; Fig. 3).

3.3  Correlation of the morphometric parameters

Regions with greater Ly(sinusoids, liver) had also greater Ly(bile canaliculi,liver) (R = 0.50; p<0.05). These
data were further correlated with data previously published on the volumes of hepatocytes and
fraction of connective tissue in the same animals (Junatas et al., 2017; Mik et al., 2018). There was a
negative correlation between the Ly(sinusoids,liver) and area fraction of connective tissue (R = -0.28;
p<0.05). Similarly, there was also a negative correlation between the Ly(sinusoids,liver) and number-
weighted mean volume of mononuclear hepatocytes (R =-0.16; p<0.05). In contrast, there was positive
correlation between Ly(sinusoids,liver) and numerical density of hepatocytes (R = 0.20; p<0.05). While,
the Ly(bile canaliculi,liver) negatively correlated with area fraction of connective tissue (R = -0.14;

p<0.05).
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3.4  Descriptive statistics and power sample analysis

Tables 1 and 2 summarize the descriptive statistics for the parameters under study, namely the mean
value, standard deviation, median and interquartile range. The values were calculated for female and
male livers, for 6 hepatic lobes and for three regions of interest related to the hepatic vasculature. The
mean value and the standard deviation of the length density of hepatic sinusoids and length density
of the bile canaliculi were used to calculate the minimum number of samples required when planning
experiments on porcine liver. For example, 8 samples would be needed to detect a 20% decrease in
length density of the hepatic sinusoids in the periphery of the porcine liver, which displays the highest
variability of the three regions of interest related to the hepatic vasculature. This calculation applies
for a test strength of 0.8 and type | error of 5%. For a test strength of 0.9, the number of samples
required from the periphery should be at least 11. However, only 5 samples (test strength 0.8) or 6
samples (test strength 0.9), would be needed, if we analyzed samples from the paraportal region.
According to Chow et al. (2008), a similar analysis can be performed for the length density of bile

canaliculi.

4. Discussion

4.1 The porcine liver exhibits sexual dimorphism in the length density of sinusoids and bile canaliculi
The assessed differences in morphometric parameters under study between neutered male and
female livers (Fig. 2A,D; Fig. 3) were also observed for other morphometric parameters, such as the
amount of connective tissue in porcine liver (Mik et al., 2018) and number of hepatocytes or Kupffer
cellsin the rat liver (Marcos et al., 2016). The present morphological differences are in accordance with
the fact that certain liver diseases develop and manifest themselves differently according to the sex of
the patients (Buzzetti et al., 2017; Yang et al., 2014). Animals used in our study were 9 — 15 weeks old.
Pigs reach sexual maturity accompanied by increased levels of androgen or estrogen at 3 — 7 months
depending on the breed (Swindle and Smith, 2016). Therefore, we expect that the differences in the

liver morphology between sexually mature intact males and females might be even higher.
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4.2  Various porcine hepatic lobes contain sinusoids and bile canaliculi of comparable length density
We found no differences in length densities among the six hepatic lobes (Fig. 2B,E). The number and
size of the hepatic lobes varied among animals. The variability in lobe morphology seems to be also
breed-specific (Eberlova et al., 2020). Moreover, the size of the smallest quadrate lobe prevented us
from differentiating the ROIs related to the liver vasculature in some of the livers. Even though the
statistical analysis did not show significant differences in length densities between the lobes,
differences in the microscopic structure of the quadrate and caudate lobes were observed in terms of
the amount of the connective tissue within porcine liver (Mik et al., 2018). Hence, analyzing liver
biopsies solely from the quadrate or the caudate lobe or without knowledge of the sampling location

might introduce unnecessary bias to such studies.

4.3  Peripheral regions of the porcine liver contain the smallest length density of sinusoids and bile

canaliculi
Peripheral regions of the porcine liver showed significant differences in their microstructure when
compared to other regions with regards to the hepatic vasculature (Fig. 2C,F; Fig. 3). Moreover, the
smaller values of the length density of sinusoids and bile canaliculi correlated with a smaller number
of larger hepatocytes. Such correlations were expected and are now verified by independent
measurements. Therefore it seems, that the central (paracaval and paraportal) liver regions might be
site of hepatocyte proliferation and growth when compared to the peripheral region. It is suggested
that the lower regenerative potential of the periphery of the porcine liver might be caused by its
greater volume fraction of the connective tissue (Mik et al., 2018). Furthermore, it has been
demonstrated that the Increased extracellular matrix stiffness caused by higher condensation of the
collagen fibres can influence liver angiogenesis by aggravating sinusoidal cells dysfunction and thus
compromise the liver regenerative capacity (Lafoz et al., 2020). Importantly, the differences in the

morphological parameters among the different hepatic regions might lead to different distribution of
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injury patterns and thus significantly influencing the quality of results of experiments based on random

liver biopsies.

4.4  Study implications

The striking differences in the length density of liver sinusoids and bile canaliculi confirm that the sex
of the animals is an important confounder and should be taken into account at study design stage.
Second, the liver lobes are interchangeable so the sampling of tissue blocks needs to be less extensive
than for estimating the volume of hepatocytes (Junatas et al., 2017) or liver fibrosis (Mik et al., 2018).
However, the position relative to the hepatic vessels should be kept consistent when comparing tissue
samples from various parts of hepatic lobes, otherwise the analysis might be heavily biased by the
differences we found (Fig. 2C,F). Alternatively, systematic uniform random sampling of the complete
lobe can be performed to obtain information on the whole liver (lobe). Third, a greater length density
of liver sinusoids is linked with a greater density of bile canaliculi, with local increase in the density of
hepatocytes and, simultaneously, with smaller fractions of hepatic connective tissue. These findings
might facilitate interpretation of data acquired by advanced perfusion imaging methods in
experimental liver research, as the local signal from the contrast agents depends on the morphometric
characteristics of the liver microvascular bed (Bressem et al., 2019; Nurili et al., 2021).

The density of the sinusoidal network within the liver is only one parameter influencing the
biological properties of the sinusoids. The wall of the sinusoids with its single layer of endothelial cells
is the key player in many hepatic functions (Gracia-Sancho et al., 2021). The overall surface density of
the perfused vessels influences the processes involving the hepatic sinusoidal wall. The surface density
of hepatic sinusoids was previously assessed using the corrosion casts of the porcine liver (Jifik et al.,
2016). Nonetheless, the filling of the vessels by the epoxy resin does not reflect the perfusion of the
tissue, which is influenced and changes in reaction to different noxae.

Bile canaliculi are often overlooked when evaluating the liver tissue biopsies. However, the

morphometrics of bile canaliculi should be more emphasized as the network is involved in many
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physiological and pathological processes. Assessing the formation of the bile canalicular network
formation is crucial for functional evaluation of complex 3D in vitro tissue models (Deharde et al.,
2016). Bile canaliculi are also deeply involved in liver regeneration, where they serve as a self-
regulatory mechano-sensory system that adapts to the overall metabolic demand of the body. The
regulation is enabled by reversible structural and functional changes in apical domains of the
hepatocytes (Meyer et al., 2020). Abnormalities in canaliculi formation and thus, changes in network
density are often associated with rare inherited disorders as well as common infections such as

hepatitis C (Gissen and Arias, 2015).

5. Conclusions

The length density of hepatic sinusoids is smaller in the peripheral regions of the porcine liver than in
other regions related to the hepatic vasculature — paracaval and paraportal regions and smaller in
castrated males than in females. Greater length density of liver sinusoids was linked with greater local
density of bile canaliculi, with local increase in the density of smaller hepatocytes and, simultaneously,
with smaller fractions of hepatic connective tissue. Such intrahepatic and inter-sexual variability of the
porcine liver morphology needs to be taken into consideration when designing experiments that
include histological evaluation of liver tissue samples. Our original data on the distribution of the
sinusoidal and the bile canalicular network within the porcine liver are now available for power sample
analysis to justify the number of animals, including their sex, and the number of samples required for

detecting expected biological effects within the tissue.
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and three regions of interest related to the hepatic vasculature.
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Tables

Lv(sinusoids,liver)

(mm/mm3)
Grouping variable Value Mean Standard Median Lower Upper
deviation quartile quartile

Sex Male 884.3 132.6 901.1 785.7 978.1
Female 990.2 145.9 984.2 895.1 1097.6

Hepatic lobe Left lateral 946.9 153.8 955.8 866.7 1028.7
Left medial 922.5 135.8 931.5 830.3 1012.5
Right medial  932.2 182.4 939.6 789.8 1063.1
Right lateral ~ 959.1 135.2 947.7 882.9 1036.8
Caudate 914.9 127.6 915.3 818.1 988.2
Quadrate 933.6 154.5 937.6 828.2 1044.9

Region related to the liver vasculature Peripheral 870.8 154.8 858.6 749.3 988.2
Paracaval 972.1 139.1 959.9 887 1049
Paraportal 964 129.7 949.7 882.9 1048.9

Table 1: Length density of sinusoids Ly(sinusoids,liver). Descriptive statistics presented for various

grouping variables separately as suitable for calculating the minimum number of samples for planning

experiments on porcine liver involving the microvascular network.
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Ly(bile canaliculi,liver)

(mm/mm3)
Grouping variable Value Mean Standard Median Lower Upper
deviation quartile quartile

Sex Male 3615 593.8 3612.6 3159 4066.2
Female 3785.8 534 3758.4 3385.8 4163.4

Hepatic lobe Left lateral 3635.4 565.9 3604.5 3175.2 4131
Left medial 3614.7 536 3596.4 3288.6 3969
Right medial 3682.3 648.3 3628.8 3296.7 4106.7
Right lateral ~ 3700.9 525.8 3717.9 3385.8 4050
Caudate 3705.6 557.2 3677.4 33534 4114.8
Quadrate 3895.6 578.9 3904.2 3434.4 4276.8

Region related to the liver vasculature Peripheral 3602.9 603.8 3564 3175.2 3985.2
Paracaval 3693.7 560 3693.6 3304.8 4066.2
Paraportal 3797 5354 3823.2 3466.8 4179.6

Table 2: Length density of bile canaliculi Ly(bile canaliculi,liver). Descriptive statistics presented for

various grouping variables separately as suitable for calculating the minimum number of samples for

planning experiments on porcine liver involving the bile canalicular network.
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Figure legends

Figure 1: Quantitative analysis of length density of hepatic sinusoids Ly (sinusoids,liver) and bile
canaliculi Ly (bile canaliculi,liver) in the porcine liver. (A) Each tissue block (36 samples per liver) was
represented by three 3 um thick sections with 4 fields of view (FOVs) in each section (red squares), in
total 12 FOVs per tissue block. In each section, the first FOV was positioned randomly, starting from
the top left corner of the section. The following FOVs were placed in equidistant positions using the
systematic uniform random sampling method. (B) Example of a 222 x 185 um unbiased counting frame
(left picture) used for counting of hepatic sinusoids profiles Qa (sinusoids,liver). The close up of the
counting frame (right picture) demonstrates the rules for counting the vascular profiles: only clearly
distinguished profiles located within the counting frame or crossing the green inclusion line, but not
the red exclusion line, were counted (red asterisks). (C) Four 55 x 46 um unbiased counting frames (left
picture) used for counting of bile canaliculi profiles Qa (bile canaliculi,liver). The close up on the right
upper counting frame shows the counting of the bile canaliculi profiles (red circles), that followed the
same rules as counting the sinusoids (B). Lectin histochemistry staining (RCA-I), counterstained with

Mayer’s haematoxylin. Scale bars = 1000 um (A) and 50 um (B, C).

Figure 2: Estimation of length density of hepatic sinusoids Ly(sinusoids,liver) (A, B, C) and length density
of bile canaliculi Ly(bile canaliculi,liver) (D, E, F) in male vs. female porcine liver (A, D), in six hepatic
lobes (B, E) and in three regions related to hepatic vasculature (C, F). Data are displayed as single dots
representing each measured value; median and limits of the first and third quartiles are shown.
Significant differences (*P <0.05, **P <0.01, ***P <0.001) identified by the Mann—-Whitney U-test

adjusted with respect to the Bonferroni correction are presented.

Figure 3: Microphotographs of porcine liver demonstrating the microscopic architecture of the male
(A, B, C) and female (D, E, F) right lateral hepatic lobe and its three regions of interest (ROI) related to

hepatic vasculature. Smaller length density of sinusoids and bile canaliculi was found in the neutered
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males than in females. Smaller length density was found in the peripheral ROIs (A, D) than in the
paracaval (B, E) and paraportal (C, F) ROls. Lectin histochemistry staining (RCA-I), counterstained with

Mayer’s haematoxylin. Scale bars = 50 um.
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Figures

Figure 1
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monokrotalinem v experimentu na velkém zvireti
— pilotni studie
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Souhrn

Uvod: Sinusoidalni obstrukéni syndrom (SOS) je onemocnéni vznikajici na zakladé toxického poskozeni jaternich sinusoid. Tento syndrom byva
nejcastéji navozen myeloablativni radiochemoterapii u pacientl pred transplantaci hematopoetickych kmenovych bunék, dale pak oxaliplatinou
predevsim u pacientd s jaternimi metastazami kolorektalniho karcinomu. Cilem nasi studie bylo etablovat model SOS na velkém zviteti, ktery by
umoznil dalsi studium tohoto onemocnéni a usnadnil translaci experimentalnich vysledkd do humanni mediciny.

Metody: Do této pilotni studie bylo zafazeno celkem 27 prasat domacich (plemeno - prestické cernostrakaté prase) (12 samic). Z toho 5 zvifat tvofilo
skupinu s vyssim davkovanim monokrotalinu (180 mg/kg) a u zbylych 22 byla podana davka monokrotalinu nizsi (36 mg/kg). Monocrotalin byl
aplikovan intraportalné a za tyden po jeho aplikaci byla provedena resekce levého lateralniho laloku jater. Zvitata byla sledovana celkem 3 tydny po
aplikaci monokrotalinu. Byla provadéna pravidelna ultrasonograficka vysetieni, stanovovany biochemické markery jaternich a ledvinnych funkci
a ze ziskanych bioptickych vzorku jaterniho parenchymu provedeno histologické vysetieni.

Vysledky: Charakter toxického postizeni jater, které jsme zaznamenali u viech zvitat, odpovidal jak makroskopicky, tak mikroskopicky obrazu SOS.
Zaznamenali jsme elevaci AST, ALT, bilirubinu a amoniaku po aplikaci monokrotalinu. Pfi ultrasonografickém vysetieni byla patrna vyssi echogenita
poskozeného jaterniho parenchymu v porovnani s parenchymem zdravym. Ze skupiny prvnich péti zvitat, kterym byla aplikovana davka 180 mg/kg,
uhynula vsechna zvifata jesté pred resekci levého lateralniho laloku jater (1. az 3. den po aplikaci). Ve druhé skupiné 22 prasat s nizsim davkovanim
doslo k umrti pfed provedenim jaterni resekce ve 3 pfipadech (6.a 7. den). K pfed¢asnému umrti po resekci jater doslo v 8 pfipadech (7.az 17. den
po aplikaci). 11 zvifat pfezivalo po celou dobu experimentu. Pfi¢inou Umrti (v rdmci obou skupin) byl u 10 zvitat metabolicky rozvrat a u 4 zvifat
exsanguinace. V obou pfipadech se jednalo o disledek tézké hepatopatie. 2 ze zvifat zemfiela z dlivodu nesouvisejiciho pfimo s intoxikaci mono-
krotalinem (strangulace tenkého stfeva, gastrektazie).

Zdvér: Etablovali jsme model SOS na velkém zvifeti navozeny aplikaci monokrotalinu o davce 36 mg/kg cestou portalni zily. Jedna se o prvni nam
znamy model SOS navozeného monokrotalinem na velkém zvifeti. Tento model mlize pomoci pfi vyzkumu jak terapeutického ovlivnéni, tak pro
hodnoceni efektu chirurgické lécby v terénu SOS.

Kliéovad slova: sinusoidalni obstrukéni syndrom — monokrotalin — oxaliplatina — hepatotoxicita — experimentélni model

Summary
Sinusoidal obstruction syndrome induced by monocrotaline

in a large animal experiment - a pilot study
R. Palek, V. Liska, V. Treska, J. Rosendorf, M. Emingr, V. Tegl, A. Kralickova, K. Bajcurova, M. Jirik, Z. Tonar

Introduction: Sinusoidal obstruction syndrome (SOS) is a disease which is caused by toxic injury to hepatic sinusoids. This syndrome is most fre-
quently caused by myeloablative radiochemotherapy in patients before hematopoietic stem cells transplantation and also by oxaliplatin mainly in
patients with colorectal liver metastases. The aim of this study was to establish a large animal model of SOS, which would enable further study of
this disease and facilitate translation of experimental outcomes into human medicine.

Methods: A total of 27 domestic pigs (Prestice Black-Pied pig) were involved in this study (12 females). A group with a higher dose of monocrotaline
(180 mg/kg) included 5 animals, and the remaining 22 pigs formed another group with a lower dose (36 mg/kg). Monocrotaline was administered
via the portal vein and one week after the administration, partial hepatectomy of the left lateral liver lobe was performed. The animals were fol-
lowed up for 3 weeks after monocrotaline administration. Regular ultrasound examinations were performed as well as examination of biochemical
markers of liver and kidney functions and histological examination of liver parenchyma samples.

Results: The features of toxic liver injury which we observed in case of all animals were comparable with macroscopic and microscopic appearance
of SOS. We recorded AST, ALT, bilirubin and ammonia elevation after monocrotaline administration. Echogenicity on ultrasound images of injured
liver parenchyma was higher compared to echogenicity of healthy parenchyma. All the five animals from the first group with a higher monocro-
taline dose had died before partial hepatectomy (1*-3' day after monocrotaline administration). Death before partial hepatectomy occurred in 3
cases (6™ and 7" day after monocrotaline administration) in the second group of 22 animals with a lower dose of monocrotaline. Death after partial
hepatectomy occurred in 8 cases (7""-17t day after moncrotaline administration) in the same group. 11 animals survived the entire experimental
period. The cause of death (in both groups) was metabolic failure in 10 animals and exsanguination in 4 animals, both due to severe hepatopathy.
Death of 2 animals was not associated with monocrotaline intoxication (strangulation of small intestine, gastrectasis).

Conclusions: We established a large animal model of SOS induced by monocrotaline administration (36 mg/kg via portal vein). This model can con-
tribute to research of therapeutic modalities for this disease or to evaluation of surgical treatment of patients with SOS.

Key words: sinusoidal obstruction syndrome — monocrotaline — oxaliplatin — hepatotoxicity — experimental model
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Sinusoidalni obstrukéni syndrom (SOS), zndmy také
jako blue liver syndrome a dfive jako jaterni veno-oklu-
zivni choroba, vznika na zékladé toxického poskozeni ja-
ternich sinusoid. Nej¢astéji se Ize s timto onemocnénim
setkat u pacientli po transplantaci hematopoetickych
kmenovych bunék, kde je navozeno myeloablativni ra-
diochemoterapii[1]. Dal3i z pficin pak byva Ié¢ba oxalipla-
tinou nejcastéji u pacientd s jaternimi metastazami kolo-
rektalniho karcinomu [2,3]. Podstatou tohoto syndromu
je ztrata integrity stény jaternich sinusoid vedouci k jejich
obstrukci. Pozdéji se mizZe rozvinout i perisinusoidalni
fibréza ¢i fibrotickd obstrukce centrilobuldrnich Zil a no-
dularni regenerativni hyperplazie [4].

Jsou popsany modely SOS u hlodavcl za pouziti rliz-
nych pyrolizidinovych alkaloidi. Nej¢astéji je vsak uvadén
monokrotalin, a to u studii, které se zabyvaji studiem jeho
etiopatogeneze, diagnostikych marker( a pfipadného te-
rapeutického ovlivnéni [5,6,7]. Nékteré ze studii dokonce
poukazuji na mozné lepsi pfihojeni transplantovanych
hepatocytll v jatrech s SOS navozenym monokrotalinem
[8,9]. Doposud viak nebyl vytvofen model SOS na velkém
zvifeti.

Diky zminénym model(m u hlodavct byla popséana pa-
tofyziologie SOS navozeného monokrotalinem. Primarni-
mi cilovymi burikami poskozenymi monokrotalinem jsou
sinusoidalni endotelidlni bunky jater. Reaktivni metabolit
monokrotalinu poskozuje F-aktin v téchto burikach. Do-
chézi ke ztraté jejich fenestrace. Vznikaji mezi nimi meze-
ry a ztraci se tak integrita endotelu sinusoid. Erytrocyty
protékajici sinusoidou tak pronikaji do Disseho prostoru,
zpUsobuji mikrodisekci endotelu a embolizaci s obstrukci
jaternich sinusoid. Tyto zmény jsou patrné jiz v pribéhu
prvnich 48 hodin po aplikaci monokrotalinu. V disledku
porusené mikrocirkulace na Urovni jaternich sinusoid do-
chézi mezi tfetim a patym dnem po aplikaci k centrilobu-
larnim hemoragickym nekrézam. V tomto stadiu jsou jiz
pfitomny klinické zndmky v podobé hepatomegalie, as-
citu a hyperbilirubinemie. Sesty a sedmy den po aplikaci
dochézi k subendotelidlni a adventicialni fibrotizaci cen-
trilobularnich Zil s pretrvavanim klinickych symptom.
Od osmého az desatého dne dochazi u nékterych zvirat
k postupné upravé jaterniho parenchymu, u jinych SOS
perzistuje [3,5].

Pokud je u pacient(l s jaternimi metastdzami kolorek-
talniho karcinomu indikovédna chemoterapie na bézi oxa-
liplatiny, mlze dojit ke vzniku SOS, ktery je pak limitaci
extenzivni jaterni resekce, miZe snizovat pooperacni re-
generacni kapacitu jater a zvySovat poopera¢ni morbiditu
a mortalitu [10,6].

Cilem nasi studie bylo etablovat model SOS na velkém
zvireti, ktery by umoznil dalsi studium tohoto onemocné-
ni a usnadnil translaci experimentalnich vysledkd do hu-
manni mediciny.

METODY

Experiment byl proveden dle platné legislativy a s po-
volenim Ministerstva zemédélstvi CR. Byly dodrzeny
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stavajici predpisy a smérnice pro chov a experimental-
ni pouzivani zvifat v souladu se zakonem ¢. 246/1992
upravenym vyhl. ¢ 207/2004 s naslednym vykladem
k vyhlasce ¢. 39/2009. Jako experimentélni zvife bylo
zvoleno prase domaci (plemeno - prestické ¢ernostra-
katé prase), pracovali jsme s jedinci z jate¢niho chovu
o pramérné hmotnosti 28 kg (20,6-40 kg, smérodatna
odchylka 6,86 kg).

Do této pilotni studie bylo zafazeno celkem 27 zvifat
(12 samic). Z toho 5 zvifat tvofilo skupinu s vy3sim dav-
kovanim monocrotalinu (180 mg/kg) a u zbylych 22 byla
podand davka monocrotalinu nizsi (36 mg/kg). Zvifata
byla operovana v celkové anestezii za pouziti mechanic-
ké ventilace. Na za¢atku experimentu byl u viech zvifat
zaveden port katétr (Smith Medical, Minnesota, USA)
cestou v. jugularis. Nasledné byla provedena stfedni la-
parotomie, z levého lateraIniho laloku jater odebran bi-
opticky vzorek zdravé jaterni tkdné a poté intraportalné
aplikovan roztok monokrotalinu (Oakwood Products,
Inc., South Carolina, USA). Krystalky monokrotalinu byly
rozpustény v roztoku 1M HCI (3-4 ml HCl na 1 g mo-
nocrotalinu) a nasledné roziedény ve fosfatovém pufru
(phosphate-buffered saline — PBS) v celkovém mnozstvi
odpovidajicimu dosazeni pH 7,4 [11,12]. U skupiny prv-
nich péti zvifat jsme aplikovali davku 180 mg/kg vahy
zvitete. Tato davka byla prevzata ze studii zabyvajicich
se pfipravou modelu SOS u mysi [8,5]. Z dlivodu pred-
¢asného umrti (1x prvni den po aplikaci, 1x druhy den
po aplikaci a 2x tfeti den po aplikaci) ¢tyf zvifat pod ob-
razem jaterniho selhani po aplikaci této vysoké davky
byla davka snizena. (Jedno zvife z této skupiny zemrelo
prvni pooperacni den z dlvodu chirurgickych kompli-
kaci.) Monokrotalin je vyuzivan také k pfipravé modelu
plicni arteridlni hypertenze (PAH), a to jak u hlodavcd,
tak u prasat. U hlodavct je davka potiebna k navozeni
SOS trikrat vyssi nez davka dostate¢nd k navozeni PAH
[13,14]. U prasat je popsana davka monokrotalinu pro
navozeni PAH 12 mg/kg [15]. Byl zachovan stejny vztah
mezi davkami jako u hlodavct a pro navozeni SOS u na-
sledujicich 22 prasat v tomto experimentu byla tedy zvo-
lena dévka 36 mg/kg.

Po aplikaci monocrotalinu byla uzaviena laparoto-
mie, zvifata extubovana a v nasledujicim tydnu sle-
dovana. Prvni tfi dny po aplikaci méla zvifata Uplnou
restrikci stravy z dlvodu snizeni pfijmu dusikatych |a-
tek a byly jim jednou denné podavany infuzni roztoky
(Hartman(v roztok — 15 ml/kg, 10% roztok glukézy —
15 ml/kg). V nésledujicich dnech doslo k postupné re-
alimentaci. Pristup k pitné vodé byl zvifatim umoznén
v pribéhu celého experimentu.

7. den po aplikaci byla zvifata opét operovana v cel-
kové anestezii, byla provedena resekce levého laterdl-
niho laloku jater. Po tomto vykonu byla zvifata sledo-
vana dalsi 2 tydny. 21. den po aplikaci monokrotalinu
pak byla zvifata v celkové anestezii usmrcena a byly
odebrany bioptické vzorky jater.

V priibéhu experimentu byly provadény pravidelné
nabéry krve cestou port katétru, a to: 1) pred aplikaci
monocrotalinu, 2) 3. den po aplikaci monokrotalinu, 3)
7. den — pred provedenim jaterni resekce, 4) 7. den -
ihned po resekci a 5) 7. den - 2 hodiny po resekci, dale
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6) 8,7) 10, 8) 14.,,9) 17.a 10) 21. poaplika¢ni den. Byly
stanoveny tyto biochemické parametry: bilirubin, alka-
lickd fosfatdza (ALP), gamaglutamyltransferdza (GGT),
cholinesterdza (CHE), aspartataminotransferdza (AST),
alaninaminotransferaza (ALT), amoniak, urea a kreatinin.

Ultrasonografickd vysetfeni byla provedena pred
aplikaci monokrotalinu a 7., 10., 14., 17. a 21. den po
aplikaci. Pri ultrasonografickych kontrolach byly sledo-
vany zmény charakteru jaterniho parenchymu a pfi-
padny vyskyt komplikaci uvedeného vykonu.

V ramci histologického vysetieni vzorkd jaterni tkané
jsme porovnavali zdravy jaterni parenchym pred aplikaci
monokrotalinu a parenchym poskozeny SOS tyden a 3
tydny po aplikaci monokrotalinu. U zvifat, ktera pred-
¢asné zahynula, jsme vysetfili jaterni tkan ziskanou pfi
pitvé. Tkariové blocky byly zpracovany standardni his-
tologickou technikou parafinovych ezl o sile 4 um. Pro
histologické hodnoceni byly vybrany vzdy dva ndhodné
fezy z jednoho blocku pro kazdou z metod barveni: he-
matoxylin a eosin (pfehledné barveni) a anilinova modf
s jadrovou Cerveni (detekce vaziva).

Vysledky biochemického vysetteni byly prevedeny
do krabicovych grafd. Vyhodnoceni ¢asového vyvoje
jednotlivych biochemickych parametr(i bylo provede-
no porovnanim hodnot téchto parametr( v jednotli-
vych casovych Usecich za pomoci Wilcoxonova testu.
Za hladinu vyznamnosti testu byla stanovena hodnota
p=0,05.

VYSLEDKY

U viech 27 prasat, kterym byl aplikovdan monokrota-
lin, jsme pozorovali zndmky toxického postizeni jater-
niho parenchymu. Charakter tohoto postizeni odpovi-
dal obrazu SOS (Obr. 1). Ze skupiny prvnich péti zvifat,
kterym byla aplikovana davka 180 mg/kg, uhynula
vSechna zvifata jesté pred resekci levého lateralniho
laloku jater, tedy v pribéhu prvniho tydne po aplika-
ci alkaloidu (1. az 3. den po aplikaci) (Tab. 1).V jednom
z ptipadu se nejednalo o umrti zplisobené aplikaci mo-
nokrotalinu a bude vysvétleno déle. Mortalita v dUsled-
ku intoxikace v prvni skupiné péti zvifat s vy3sim dav-
kovanim tedy ¢inila 80 %. Ve druhé skupiné 22 prasat
s niz8im davkovanim doslo k umrti pfed provedenim
jaterni resekce ve 3 pfipadech (6. a 7. den po aplikaci).
K pred¢asnému umrti po resekci jater doslo v 8 pfipa-
dech (7. az 17. den po aplikaci). 11 zvifat pfezivalo po
celou dobu experimentu. V celém souboru zvifat jsme
zaznamenali ndasledujici pri¢iny umrti. U 10 zvifat byl
pficinou metabolicky rozvrat v disledku jaterniho se-
Ihdni vyvolaného intoxikaci monokrotalinem. Ve ¢ty-
fech ptipadech zvifata uhynula z divodu exsanquina-
ce do dutiny biisni pfi koagulopatii zpUsobené tézkou
hepatopatii pti SOS. Jedno ze zvifat uhynulo prvni den
po aplikaci monokrotalinu kvali strangulaci tenkého
stfeva pfi rotaci mezenteria, dal3i zvife pak 17. den po
aplikaci pro vysoky ileus a gastrektazii zpUsobené ad-
hezemi v dutiné bfi3ni.V téchto dvou pfipadech se jed-
nalo o komplikace samotného chirurgického vykonu,
ne tedy o Umrti zpGsobené intoxikaci monokrotalinem.
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Obr. 1: A — jaterni parenchym u prasete tyden po aplikaci
monokrotalinu (fez), B — 3 tydny po aplikaci monocrota-
linu (povrch), C — 3 tydny po aplikaci monocrotalinu (fez)
Fig. 1: A — liver parenchyma of pig one week after mono-
crotaline administration (section), B — three weeks after
monocrotaline administration (surface), C — three weeks
after monocrotaline administration (section)

USG nalez

P¥i ultrasonografickych kontroldch jsme zaznamenali
vyssi echogenitu jaterniho parenchymu poskozeného
SOS v porovnani s parenchymem zdravym (Obr. 2).

Biochemické vysetreni

Biochemické markery jaternich funkci korelovaly
s rozvojem SOS. Zaznamenali jsme peak sérové hladi-
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Tab. 1: Pfehled preziti a pFicin umrti jednotlivych zvirat v pribéhu experimentu

Cervené oznacena zvitata, kterd uhynula pted provedenim jaterni resekce. Modfe oznacena zvitata, ktera
uhynula po provedeni jaterni resekce. Bile oznacena zvifata, ktera prezivala po celou dobu experimentu.

Tab. 1: Summary of survival periods and causes of death in individual animals during the experiment
Animals which died before partial hepatectomy are marked red. Animals which died after partial hepatectomy
and before the end of experiment are marked blue. Animals which survived during the whole period of the

experiment are marked white.

Pohlavi zvifete | Davka monocrotalinu

180 mg /kg
180 mg /kg
180 mg/kg
180 mg/kg
180 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg
36 mg/kg

ny AST a ALT treti den po aplikaci monokrotalinu a dale
prvni den po jaterni resekci (Obr. 3a, 3b). Hladina biliru-
binu byla zvysena oproti stavu pfed aplikaci monokro-
talinu a nejvys3si hladinu bilirubinu jsme u zvifat zjistili
treti den po resekci jater (Obr. 3c). Hladina amoniaku
byla po aplikaci alkaloidu rovnéz zvysena a korelova-
la s tizi klinického stavu operovanych zvifat (Obr. 3d).
U ostatnich stanovovanych biochemickych parametr(
jsme nezaznamenali signifikantni zmény po aplikaci
monokrotalinu ani po jaterni resekci.

Histologické vysetieni

Bioptické vzorky jater ziskané pfi jaterni resekci pro-
vadéné tyden po aplikaci monokrotalinu vykazovaly
histologicky obraz odpovidajici SOS. Bylo pozorovano
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mozaikovité poskozeni jater s hemoragickymi nekréza-
mi center lobuld. V jinych lobulech pak byly zastizeny
jen drobné hemoragie a prekrveni sinusoid (Obr. 4c).
U zvifat uhynulych predcasné (pred jaterni resekci) jsme
zaznamenali vyraznéjsi postizeni jaterniho parenchymu
oproti tkani ziskané u ostatnich zvifat pfi resekci, a to
v podobé rozséhlych hemoragickych nekréz center lo-
buld az celého objemu lobul(i (Obr. 4b). Na bioptickych
vzorcich ziskanych 3 tydny po aplikaci monokrotalinu
(2 tydny po jaterni resekci) byla patrnd ¢aste¢nd regrese
jaterniho poskozeni s akcentaci fibrotizace jater.V nékte-
rych lobulech pretrvala hemoragickd nekréza, jiné byly
bez nekréz pouze s drobnymi hemoragiemi. V téchto
vzorcich byla také zastizena mononukledrni infiltrace
periportalniho vaziva (Obr. 4d).
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Obr. 2: A — USG nalez normalni echogenity zdravého jaterniho parenchymu (pred podanim monokrotalinu), B —zvy-
Sena echogenita jaterniho parenchymu 2 tydny po podani monocrotalinu

Fig. 2: A — ultrasound imaging of normal echogenicity of healthy liver parenchyma (before monocrotaline adminis-
tration), B — higher echogenicity of liver parenchyma 2 weeks after monocrotaline administration
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Obr. 3: A - vyvoj sérovych hladin zkoumanych biochemickych parametra: AST, B — ALT, C —bilirubinu, D — amoniaku
Fig. 3: A — development of serum levels of the biochemical parameters studied: AST, B — ALT, C — bilirubin, D - ammonia
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Obr. 4: Histologicky nalez normalniho zdravého jaterniho parenchymu prasete (A1,2 - hematoxylin a eosin - riizna zvétse-
ni, A3 - anilinova modfF s jadrovou cerveni)

Charakter parenchymu u zvifat uhynulych v rozsahu 3.-7. poaplika¢niho dne zndzornujici rozsahlou hemoragickou nekrézu vétsiny
objemu vsech lobuld, krevni sufuze vétsinou znemoznuji identifikovat centralni Zily (B1,2 — hematoxylin a eosin - riizna zvétseni,
B3 — anilinové modf s jadrovou cerveni). Charakter parenchymu v den provedeni jaterni resekce (7. poaplika¢ni den) zobrazuje
mozaikové poskozeni jater, v nékterych lobulech hemoragickou nekrézu center lobuld, jiné lobuly jen s drobnymi hemoragiemi ¢i
dilatacemi a prekrvenim sinusoid (C1,2 — hematoxylin a eosin - rlzna zvétseni, C3 — anilinova modf s jddrovou Cerveni). Charakter
parenchymu pfi usmrceni zvifat (21. poaplikacni den) s patrnymi lobuly bez nekréz, jen s drobnymi hemoragiemi, mononukledrni
infiltraci periportalniho vaziva (D1,2 — hematoxylin a eosin - rlizna zvétseni, D3 — anilinova modfi s jadrovou cerveni)

Fig. 4: Histological image of healthy porcine liver parenchyma (A1,2 - hematoxylin and eosin - different magnifications,
A3 - aniline blue with nuclear fast red)

Liver parenchyma of animals which died between 3 and 7t day after monocrotaline administration with apparent extensive
hemorrhagic necrosis of almost the entire volume of most liver lobules; suffusions of blood do not enable central veins identifi-
cation in most of the cases (B1,2 — hematoxylin and eosin - different magnifications, B3 — aniline blue with nuclear fast red). Liver
parenchyma on the day of partial hepatectomy (7" day after monocrotaline administration) with apparent mosaic liver paren-
chyma damage, some of the lobules with hemorrhagic necrosis of their centers, other lobules only with minor hemorrhages or
dilated hyperemic sinusoids. (C1,2 — hematoxylin and eosin — different magnifications, C3 — aniline blue with nuclear fast red). Liver
parenchyma at the end of experiment (215 day after monocrotaline administration) with non-necrotic lobules, only with minor
hemorrhages, mononuclear infiltration of periportal connective tissue (D1,2 — hematoxylin and eosin — different magnifications,
D3 - aniline blue with nuclear fast red).
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DISKUZE

Rozvoj SOS navozeného aplikaci monokrotalinu ces-
tou vena portae u prasete domaciho odpovidal rozvoji
SOS v pfipadé mysiho modelu [5,16]. Struktura naseho
experimentu neumoznovala z ddvodu pouziti co moz-
jater dfive nez 7. den po aplikaci monokrotalinu pfi
provedeni jaterni resekce. Tyto vzorky jsme ziskali pou-
ze od predcasné uhynulych zvifat. Zavaznost postizeni
jsme proto pred samotnou resekci posuzovali pomoci
biochemickych parametrl. Zaznamenany peak hla-
din ALT a AST treti den po aplikaci alkaloidu odpovida
periodé 3. az 5. dne, ve které Deleve zastihl u mysiho
modelu nejtéz3i postizeni jaterniho parenchymu, do-
kumentované pomoci in vivo mikroskopie i histolo-
gického vysetfeni [5,16]. Vzestup hladin ALT a AST po
aplikaci monokrotalinu uvadi ve své studii i Srinivasan,
ktery vSak mysi usmrcoval jiz po 24 hodinach [12]. Dalsi
peak hladiny AST a ALT spolu s narlistem hladiny bili-
rubinu jsme zaznamenali den po provedeni jaterni re-
sekce, stejné jako uvadi ve své studii na mysich Schiffer
[10]. Schiffer oviem provadél resekci jater jiz ¢tvrty den
po aplikaci monokrotalinu. Nédmi zaznamenana eleva-
ce hladiny bilirubinu také odpovidéa ostatnim studiim
a je jednou ze zndmek rozvinutého SOS [10,17]. Insufi-
cience jaternich funkci pfi SOS pak vysvétluje zvysenou
hladinu amoniaku.

Histologicky obraz jaterni tkané ziskané pfi predcas-
ném umrti nebo pfi jaterni resekci odpovidal popisu
jaterniho parenchymu u mysich model( SOS [16]. Cas-
te¢na regrese poskozeni jater, kterou jsme pozorovali
na vzorcich odebranych na konci experimentu, tedy 3
tydny po aplikaci monokrotalinu, odpovida popisova-
nému zlepseni stavu v ostatnich studiich [3,5].

Makroskopické zmény sledované pfi pitvé, jaterni
resekci ¢i ukon¢eni experimentu odpovidaji makrosko-
pickému obrazu lidskych jater postizenych SOS [4].

Zminénd vysoka umrtnost u prasat, kterym byla
aplikovana davka monokrotalinu 180 mg/kg, byla za-
znamenana i ve studii Masabuchiho, ktery navozoval
model SOS u kieckll a pfi peroralni davce 180 mg/kg
dosadhl téméf 100% umrtnosti prvni den po aplikaci
[18]. Joseph naopak ve své studii na mysich pouzival
davku monokrotalinu 200 mg/kg, aplikovanou injeke-
né do sleziny a nezaznamenal vysokou Umrtnost [8].
Demonstrované velké rozdily v toleranci davky mono-
krotalinu i mezi jednotlivymi druhy hlodavcl poukazuji
na vyznam etablovani modelu monokrotalinem indu-
kovaného SOS u vyssiho taxonu, kde predpokladame
jesté vétsi mezidruhové fyziologické rozdily.

Robinson publikoval jako prvni model SOS u mysi
indukovany pfimo oxaliplatinou slibujici podobnéjsi

1. Helmy A. Review article: updates in the
pathogenesis and therapy of hepatic si-
nusoidal obstruction syndrome. Aliment
Pharmacol Ther 2006;23:11-25.

2. Rubbia-Brandt L, Lauwers GY, Wang H, et
al. Sinusoidal obstruction syndrome and 3.

nodular regenerative hyperplasia are fre-
quent oxaliplatin-associated liver lesions
and partially prevented by bevacizumab 4.
in patients with hepatic colorectal metas-
tasis. Histopathology 2010;56:430-9. 5.
Ito Y. A novel therapeutic strategy for liver

patofyziologii lidskému SOS, také navozenému oxali-
platinou [19].

Byly zkoumdny moznosti farmakologické preven-
ce ¢i terapie SOS, a to jak na zvifecich modelech, tak
v huménni mediciné. Napfiklad Nakamura ve své studii
popisuje pouziti lidského rekombinantniho trombo-
modulinu, ktery v pfipadé mysiho modelu zmirnil SOS
a zvysil preziti po resekci jater [20]. Dalsi zkoumanou
latkou je regorafenib — nizkomolekuldrni kindzovy in-
hibitor, ktery se pouzivé jako monoterapie metasta-
tického kolorektélniho karcinomu nebo i v kombinaci
s oxaliplatinou. U¢inky regorafenibu u mysiho modelu
SOS zkoumal Okuno a dosel k podobnym vysledkim
jako Nakamura, tedy ke zmirnéni SOS a zlep3eni poo-
perac¢ni mortality po resekci jater [21]. Klinické studie
prokézaly pfiznivy ucinek defibrotidu, antitrombinu Il
prostaglandinu E1, nizkomolekularniho heparinu a ky-
seliny ursodeoxycholové, vzhledem k jejich vedlejsim
ucinkdim a horsi dostupnosti nékterych z nich vsak ne-
jsou pfilis vyuzivany [20].

Poznatky z modelu na zvifeti vy3siho taxonu, jako je
prase doméci, mohou byt sndze pfeneseny do humanni
mediciny. Model SOS na velkém zvifeti umoziiuje hod-
noceni efektu chirurgické 1é¢by, kterou vyzaduji pacien-
ti s jaternimi metastazami a SOS. Déle Ize tento model
vyuzit pro testovani farmakologického ovlivnéni samot-
ného SOS. Vyznam studia SOS v experimentu umocnuje
vysoké procento pacientll v soucasné dobé pielécenych
chemoterapeutickymi rezimy obsahujicimi oxaliplatinu,
a tedy i potencialnich adeptd chirurgické lécby.

ZAVER

Etablovali jsme model SOS na velkém zvifeti navo-
zeny aplikaci monokrotalinu o davce 36 mg/kg cestou
portalni Zily. Tento model miZe pomoci ve vyzkumu
terapeutického ovlivnéni tohoto syndromu ¢i poslou-
zit jako model pro hodnoceni efektu chirurgické 1écby
v terénu SOS. V ramci dalsi studie na rozsifeném poctu
zvifat bude potieba hloubéji zkoumat histologické
a ultrasonografické nalezy.

Tato studie byla podporena programem UNCE/MED/006
LCentrum klinické a experimentdlIni jaterni chirurgie”
Univerzity Karlovy a Ndrodnim programem udrZitelnosti
I (NPU I) ¢. LO1503 poskytovanym Ministerstvem Skolstvi,
mlddeZe a télovychovy.
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Abstract. Background: In patients with colorectal liver
metastases, the possibility for radical liver resection can be
limited by oxaliplatin-induced sinusoidal obstruction syndrome
(SOS). This study investigates the potential of mesenchymal stem
cells (MSC) to improve the outcome of liver resections in pigs
with SOS. Materials and Methods: SOS was induced in all
animals (n=20) on day 0. Animals in the experimental group
(n=38) received allogeneic MSC on day 7. Liver resection was
performed in all animals on day 14 and the animals were
observed until day 28. Ultrasound volumetry, biochemical
analysis and histological examination of liver parenchyma was
performed during the follow-up period. Results: Six animals
from the control group died prematurely, while all animals
survived in the experimental group. According to histology,
biochemical analysis and ultrasound volumetry, there were no
significant differences between the groups documenting the effect
of MSC. Conclusion: Single dose allogeneic MSC administration
improved survival of animals with SOS undergoing partial liver
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resection. Further experiments with different timing of liver
resection and MSC administration should be performed to
investigate the effect of MSC in more detail.

More than 50% of patients with colorectal cancer develop
liver metastases (1, 2) and the only potentially curative therapy
for these patients is radical liver resection (3). However, the
extent of resection is limited by the future liver remnant (FLR)
volume as well as the FLR functional and regenerative
capacity (2, 4, 5). The quality of liver parenchyma may be
compromised by pre-existent liver diseases such as liver
steatosis, cirrhosis or chemotherapy-associated hepatotoxicity
(4, 6). Irinotecan is responsible for an increased risk of
steatohepatitis, and oxaliplatin-based chemotherapy can cause
sinusoidal obstruction syndrome (SOS) (7-9).

SOS, also known as hepatic veno-occlusive disease, is
caused by toxic injury to the endothelium of liver sinusoids
by certain exogenous toxins and can be a life-threatening
condition (10). Typical clinical symptoms of SOS are painful
hepatomegaly, jaundice, fluid retention with ascites and in
severe cases even multiorgan dysfunction or failure (11, 12).
SOS can present in acute, subacute or chronic forms (13). The
first-identified agents of SOS were pyrrolizidine alkaloids
synthesized by certain plants and even today, ingestion of
herbal teas and herbal medicine preparations containing these
alkaloids can be a cause of SOS (10, 14). Most often,
however, SOS is reported in patients after hematopoietic stem
cell transplantation (HSCT) due to preconditioning by high-
dose chemotherapy or hepatic irradiation (10, 11, 15).
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Experiments on rats have confirmed that SOS is a risk
factor increasing morbidity and mortality after liver resection
(16). A similar impact of SOS has been documented in the
clinical setting. Patients with SOS had decreased long-term
survival and earlier intrahepatic recurrence compared to
patients without SOS. Therefore, it is apparent that the
presence of SOS can have a major impact on the outcome of
patients with colorectal liver metastases, and strategies to
prevent or treat this disease are needed (17).

Many animal models of SOS have been established to study
the pathophysiology, diagnostic markers and potential
prevention or treatment of this syndrome. We have analyzed
these studies in more detail in our review (18). Rat models of
SOS induced by pyrrolizidine alkaloid monocrotaline helped
to characterize the pathophysiology in detail (19-21). A reactive
metabolite of monocrotaline binds to F-actin in sinusoidal
endothelial cells (SEC) and causes its depolymerization, which
results in a change of the shape of SEC and formation of gaps
between them. Red blood cells, leucocytes and cellular debris
then penetrate through the gaps into the space of Disse, thus
causing subsequent dissection of whole sinusoidal lining and
embolization of SEC with obstruction of liver sinusoids (19-
21). Moreover, the F-actin depolymerization increases the
expression and activity of matrix metalloproteinase-9 (MMP-
9) in SEC. Increased MMP- 9 activity is responsible for
breakdown of the extracellular matrix in the space of Disse and
facilitates the dissection of SEC (22).

De Leve et al. described the development of histological
changes of liver parenchyma in their rat model during the
first 10 days after monocrotaline administration. Based on
this, they defined early stage changes (typically days 3-5,
characterized by coagulative necrosis) and late stage changes
(typically days 6-7, characterized by subendothelial and
adventitial fibrosis) (22).

Harb et al. showed in an experiment with monocrotaline-
induced SOS in rats that bone marrow-derived endothelial
cell progenitors are able to replace SEC and central venous
endothelial cells after injury (23). Furthermore, this study
demonstrated the ability of monocrotaline to suppress
endothelial cell progenitors in bone marrow as well as in
circulation, indicating that the SOS is probably caused by 2
mechanisms, i.e. the toxic injury to SES and toxic injury to
bone marrow progenitors. This finding is in accordance with
the fact that the most severe acute cases of SOS are caused
by HSCT. High-dose chemotherapy preconditioning before
HSCT involves the bone marrow as well as SEC (11).

SOS therapy is limited and includes both preventive
strategies and treatment of already- present disease. Prevention
is focused on consideration of patient-related or transplant-
related risk factors before HSCT as well as on pharmacologic
prophylaxis (24). Many agents have been tested to verify their
prophylactic effect in animal and also clinical studies, but the
evidence is limited and none of them has been assigned
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indication criteria for clinical use (18, 25). Most of them
prevent hemocoagulation and obstruction of sinusoids (e.g.
heparine, prostaglandin E1, soluble thrombomoduline,
cilostazol, etc.) (26-29) or inhibit MMP-9 (sesame oil,
doxycycline, sorafenib, regorafenib, etc.) (20, 21, 30).

Some of the agents tested for their treatment effect act
through the same mechanisms as pharmacologic prophylaxis
(MMP-9 inhibition and anti-inflammatory effect) (31, 32) or
as anticoagulants (33). However, the only treatment of SOS
with approved indications in clinical medicine is defibrotide,
which protects endothelial cells and causes hydrolysis of
fibrin clots (34).

Harb et al. used bone marrow-derived endothelial cell
progenitors and proposed another mechanism of potential
treatment: the replacement of injured SEC by bone marrow-
derived cells (23). This method probably corresponds to the
mechanism by which the organism itself reverses SEC injury in
normal conditions when the bone marrow is not injured. His
study demonstrated a therapeutic effect of whole bone marrow
administration in rats with monocrotaline-induced SOS (23). In
another experiment on mice, infusion of endothelial progenitor
cells successfully prevented SOS development after HSCT (35).
As it was shown that the disruption of hepatic endothelial
barrier during SOS facilitates transplanted cell engraftment, the
principle of cell treatment sounds reasonable (36).

In this study we decided to focus on the enhancement of
liver regenerative capacity in SOS and the potential
treatment of this disease. According to the results of our
previous studies, mesenchymal stem cells (MSC) augment
liver regeneration in pigs and humans (37, 38). A promising
role of MSC in the treatment of liver failure has been shown
in animal experiments as well as in clinical settings (39). The
aim of this study was to evaluate whether administration of
MSC can improve the outcome of animals after partial liver
resection in SOS. The effect of MSC administration on the
course of monocrotaline-induced SOS was also evaluated.

Materials and Methods

This study was conducted under the oversight of the Ministry of
Agriculture of the Czech Republic. All the procedures using animals
were approved by the Commission for Work with Experimental
Animals at the Charles University, Faculty of Medicine in Pilsen,
and the whole study was conducted in accordance with the laws of
the Czech Republic, which are compatible with the legislation of
the European Union.

Experimental animal and structure of the experiment. The Prestice
black-pied pig was chosen as the experimental animal. All pigs were
obtained from the agriculture company Mladotice (Mladotice, Czech
Republic). Both males and females were included (16 females, 5
males) aged 3-4 months, with an average weight of 34.2 kg
(range=23-44 kg, median 34 kg). In all 21 animals, monocrotaline
was administered to induce SOS on day 0. The animals were sorted
into the experimental (n=8) and control (n=12) groups on day 7.
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Animals in the experimental group received MSC intravenously on
day 7. No treatment was administered to animals in the control
group. All the surviving animals underwent partial liver resection
on day 14 and were sacrificed on day 28. One of the animals was
not included in the analysis because of its premature death during
the first week of the experiment.

Premedication and general anaesthesia. All invasive procedures were
performed under general anaesthesia, while blood draws and ultrasound
examinations under analgosedation. Intramuscular premedication before
the first induction of general anaesthesia was done with 10 mg/kg of
ketamine (Narkamon — Spofa, Prague, Czech Republic), 5 mg/kg
azaperone (Stresnil — Jannssen Pharmaceutica NV, Beerse, Belgium)
and 1 mg of atropine (Atropin Biotika — Hoechst Biotika, Martin,
Slovak Republic). The same mixture in lower doses (1-2 mg/kg
ketamine, 0.5-1 mg/kg azaperone, 1 mg atropine) was administered
intravenously via the ProPort system to provide analgosedation during
ultrasound examinations and blood draws and as premedication before
the second general anaesthesia. General anaesthesia was induced and
maintained by intravenous (IV) administration of propofol (1% mixture
5-10 mg/kg/h Propofol, Fresenius Kabi Norges, Halden, Norway). IV
administration of fentanyl (1-2 ug/kg/h Fentanyl Torrex, Chiesi cz,
Prague, Czech Republic) was used for continuous analgesia. Airways
were secured by endotracheal intubation and pigs were mechanically
ventilated. Physiological functions were monitored throughout the
surgery. During the procedure pigs received infusions and volume
substitution when needed: Hartmann’s Solution (B.Braun Melsungen
AG, Melsungen, Germany) and Plasmalyte (Baxter Healthcare Ltd.,
Compton, UK). Amoxicillin and Clavulanic acid (Augmentin 1.2 g per
pig, GlaxoSmithKline Slovakia., Bratislava, Slovak Republic) were
used as antibiotic prophylaxis at the beginning of the procedure; the
dose was repeated after 2 hours.

SOS induction. The ProPort Plastic Venous Access System with a
PolyFlow polyurethane catheter (Deltec, Smiths Medical, USA) was
implanted and introduced through the jugular vein into the superior
vena cava in all animals on day O of experiment. This venous access
simplified the drug and fluid administration in the postoperative period
as well as premedication and blood drawing. Subsequently, a midline
minilaparotomy was performed and a biopsy from the periphery of left
lateral liver lobe was taken; the portal vein was cannulated and a
solution with 36 mg of monocrotaline per 1 kg of animal weight was
administered over a period of 20 min. The dosage of monocrotaline
was established in our previous pilot study (40). To prepare the
solution of monocrotaline, the crystals of monocrotaline (Oakwood
Products, Inc., SC, USA) were dissolved in 3-4 ml of 1M hydrochloric
acid in a warm water bath (40°C). Sterile PBS was added in a
sufficient amount to neutralize the pH (approximately 20 ml) and
finally distilled water was added to decrease the osmolarity of the
solution. The final volume of the solution was approximately 70 ml,
depending on the absolute dose of monocrotaline. After monocrotaline
administration the minilaparotomy was closed in anatomical layers,
animals were extubated, recovered and each pig was placed in a
separate pen. They were monitored daily to evaluate their clinical
status and detect any surgical complications. During the first
postoperative days the doses of granular feed were reduced but the
access to water was not limited. Ten ml of Hartmann’s Solution per 1
kg of animal weight, the same volume of 5% glucose (B. Braun
Melsungen AG, Melsungen, Germany) and 40 mg of pantoprazole
(Nolpaza KRKA Slovensko, Bratislava, Slovak Republic) was

administered daily via the ProPort system during the first postoperative
days. Blood samples were drawn regularly according to the follow-up
scheme described below.

MSC cultivation and administration. Bone marrow was harvested by
aspiration from the tibia of healthy pigs, matched in age and weight
with the animals included in this experiment. Following a puncture with
a sterile needle, 15-25 ml of bone marrow was aspirated into a solution
of 2 ml saline and 2,500 IU of heparine (Heparine — Zentiva, Prague,
Czech Republic). To isolate MSCs, gradient centrifugation (440 x g,
30 min) was performed on Ficoll-Paque Plus (GE Healthcare, North
Richland Hills, TX, USA). The layer of mononucleated cells was
washed with phosphate buffer saline and plated on a culture flask (75
cm?2; TPP, Troy, NY, USA). The culture media consisted of a-MEM
cell culture media (Thermo Fisher Scientific, Waltham, MA, USA) with
10 % fetal bovine serum (Thermo Fisher Scientific), | mM L-glutamine
(Biochrom, Cambridge, UK), 6.0 mg/ml penicillin, 10 mg/ml
streptomycin (Biosera, Nuaille, France), and 0.25 mg/ml gentamicin
(Biosera). The culture media were changed every other day. After 10
days, MSCs were harvested by EDTA/Trypsin 1x (Biosera) and
separated into three culture flasks (75 cm?2; TPP). Culture media were
again changed every other day and after 10 days, MSCs were harvested
by the same method and cryopreserved in liquid nitrogen (1x106
cells/cryotube). MSCs were thawed 4 weeks before transplantation and
plated on flasks (150 cm?; TPP) in 20 ml of the same culture media
and cultured for 4 weeks to get ~50 million cells with one passage
cycle, maintaining their stem cell properties. The stem cell phenotype
of transplanted cells was identified by flow cytometric detection of
CD90, CD73, and CD44. Differentiation ability of MSC was evaluated
by their differentiation into adipo-, chondro- and osteo-genic lineages.
On the day of administration, MSC were harvested as described above,
counted, and re-suspended in 100 ml of physiological solution (B
Braun) (37°C, 106 cells/kg of pig weight) per pig. The solution was
administered through the ProPort system by slow infusion (30 min) on
day 7 of the experiment in all animals from the experimental group
(n=8). Infusion of 5Sml/kg of Hartmann’s Solution and the same volume
of 5% glucose followed the MSC administration. Subsequently, animals
were monitored according to the follow-up scheme.

Liver resection. On day 14 of the experiment, a midline laparotomy
was performed partly at the location of the previous incision but
prolonged cranially and caudally, and the left lateral liver lobe was
resected using electrocautery. Blood loss was minimized by the
Pringle manoeuvre. The vessels and bile ducts for the left lateral
liver lobe were ligated and bipolar forceps were used to eliminate
bleeding from the parenchyma at the resection area. Samples of the
resected left lateral liver lobe were taken and stored in 10%
formaldehyde for subsequent histological examination. The
laparotomy was closed, animals were extubated, recovered and
monitored during a postoperative period of 2 weeks. The food
restriction and intravenous administration of crystalloids followed
the same scheme as post-monocrotaline administration.

Follow-up (biochemistry and ultrasound examination). Throughout the
experiment, regular blood samples were taken in all animals, on day
0 before monocrotaline administration (1), day 3 (2) and day 7 (for
the animals in the experimental group, blood was drawn before MSC
administration) (3), day 10 (4), day 14 before (5) and right after (6)
liver resection, day 14 (2 hours after liver resection) (7), day 15 (8),
17 9), 21 (10), 24 (11) and day 28 before sacrifice (12). B-mode and
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Figure 1. Examples of histological staining, healthy porcine liver. (A, B) Hematoxylin and eosin, (C, D) anilin blue with nuclear fast red used for
collagenous connective tissue detection. Scale bars: A and C=500 um, B and D=100 um.

Doppler ultrasound examination (Ultrasound Scanner Pro Focus 2202,
BK Medical, Herlev, Denmark) was regularly performed in order to
assess the toxic liver injury and to follow potential regeneration after
the resection. The diameter of the extrahepatic part of the portal vein,
maximal blood flow velocity at this area, thickness of the gallbladder
wall and liver volume were also measured. For liver volumetry, the
liver was measured in B-mode in the axial, sagittal and coronal planes
and the volume was calculated using an ultrasonographic formula
(axial x sagittal x coronal/2) according to our previous publication
(41). Ultrasound examination followed this scheme in all animals: day
0 before monocrotaline administration (1), day 7 (for animals in the
experimental group, ultrasound was performed before MSC
administration) (2), day 14 before (3) and after liver resection (4), day
17 (5), 21 (6), 24 (7) and day 28 before sacrifice (8). Samples of liver
parenchyma for histology examination were also taken on day 28 at
the end of the experiment or during autopsy, in the case of premature
death. The animals were then sacrificed by intravenous administration
of T 61 solution (MSD Animal Health, Kenilworth, NJ, USA) under
general anaesthesia.

Histology. Liver tissue blocks were fixed with 10% formalin,
embedded in paraffin wax and cut into 4 um-thick sections using
an automatic microtome (RM2255, Leica Biosystems, Germany).
After dewaxing and rehydration, one randomly selected section per
tissue block was stained by hematoxylin-eosin and another
randomly selected section was stained with 0.5% aniline blue
(Merck KGaA, Darmstadt, Germany) and nuclear fast red (Waldeck
GmbH, Miinster, Germany) (Figure 1).

6820

Evaluation of histopathological changes of liver tissue was based
on a semi-quantitative scoring system previously published by
DeLeve et al. (19) and Schiffer er al. (42). The histopathological
evaluation included a qualitative description of changes in liver
architecture, namely the presence of haemorrhagic necrosis, blood
congestion within sinusoids, presence of inflammatory infiltration
of lobules and interlobular septa, presence of reactive fibrotic
changes and presence of steatosis (Figure 2). In order to
quantitatively describe the severity of liver injury, we quantified two
further parameters: volume density of centrilobular haemorrhagic
necrosis Vy (necrosis, liver) and volume density of viable liver
parenchyma Vv, (parenchyma, liver).

The Vy (necrosis, liver) and the Vy, (parenchyma, liver) were
quantified in 6 necrosis and 8 parencyhma microphotographs per
section stained with hematoxylin and eosin, captured with 10x (the
necrosis quantification), and 40x objectives (the parenchyma
quantification) on an Olympus BX41 microscope (Olympus,
Hamburg, Germany). Each of the photomicrographs was taken in a
systematic uniform random manner. All quantitative estimates were
calculated using well established stereological methods, specifically
the point-counting method (43). Ellipse software (ViDiTo, KoSice,
Slovakia) was used for the quantification (Figure 3).

Statistical analysis. Standard frequency tables and descriptive
statistics were used to characterize the sample data set. Quantitative
histological parameters were evaluated using repeated measures
ANOVA (with the ‘Group’ factor at two measurement levels of
“Time point’ and their interaction). In order to isolate the differences
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Figure 2. Histopathological changes in liver parenchyma found 14 days (A, B) and 28 days (C, D) after monocrotaline administration. (A)
Centrilobular hemorrhagic necrosis in liver sample 14 days after monocrotaline administration. The necrosis represents one of the most important
histopathological hallmarks of sinusoidal obstruction syndrome. (B) Congestion of blood causing dilation of hepatic sinusoids. (C) Reactive fibrotic
changes that distort normal hepatic architecture. (D) Steatosis in the center of hepatic lobules. Hematoxylin and eosin, scale bars=100 um.

in the progression of biochemical variables and ultrasound
measurements caused by the application of MSCs from the baseline
values that varied randomly among the pigs, the following
normalization procedure was carried out. For each variable, the
average value before the point of MSC application (or non-
application in the case of the control group, i.e. the first 3 time
points for biochemistry and the first 2 time points for ultrasound
measurements) was subtracted from all the subsequent variable
values for each pig. These normalized values from the time points
after the separation of the groups were subsequently statistically
compared using two-way ANOVA (with factors of ‘Group’, ‘Time
point’ and their interaction). Raw, non-normalized data from all time
points were also analysed (using repeated measures ANOVA) and
are also shown. Only the pigs that survived the whole duration of
the experiment were included in the statistical analysis. All reported
p-values are two-tailed and the level of statistical significance was
set at a=0.05. Statistical processing and testing were performed
using the STATISTICA data analysis software (Version 12; StatSoft,
Inc., Tulsa, OK, USA).

Results

Survival. Six out of the 12 pigs in the control group died
prematurely during the experiment. The deaths occurred before
the liver resection in 3 cases (day 10 and in two instances on day
13) and after the liver resection in 3 cases (day 22, 24 and 27).
One out of the 6 deaths was not directly caused by liver
parenchyma injury but by peritonitis due to fasciitis of the
wound after laparotomy. This animal died on day 22. However,
in this case the liver injury also undoubtedly had an impact on
the overall condition of the animal. The pathological findings in
the other 3 animals revealed not only liver injury but also signs
of pneumonia. One animal presented with hemopericardium and
because the possibility of traumatic or iatrogenic injury was
ruled out, the cause was classified as coagulopathy due to the
severe liver injury. Only 1 pig showed signs of liver injury
without any other pathological findings.
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Figure 3. Quantitative analysis of volume density of centrilobular hemorrhagic necrosis Vy, (necrosis, liver) and of volume density of viable liver
parenchyma Vy, (parenchyma, liver). (A) Stereological point grid used for quantification of hemorrhagic necrosis. Points hitting the necrosis are
highlighted in yellow. (B) Stereological point grid used for quantification of viable liver parenchyma. The viable parenchyma was defined as
hepatocytes organized into one cell thick plate. The hepatocytes had undamaged cytoplasmatic membrane and clear, eosinophilic cytoplasm. Points
hitting the viable liver parenchyma are highlighted in yellow. Scale bars=100 um.

Figure 4. (A) Appearance of resected liver parenchyma on day 14. The dark lesions inside liver lobules correspond to centrilobular necrosis
documented by histology. (B) Liver parenchyma at the end of experiment on day 28 when the lesions were smaller but still present.

During autopsy or liver resection, the macroscopic
appearance of the liver parenchyma was altered. This is
documented in Figure 4. All the animals that died
prematurely were discarded from the biochemical analysis,
evaluation of the ultrasonography data and from quantitative
histological analysis. However, all the liver parenchyma
samples underwent qualitative histological analysis.

Evaluation of MSC phenotype and differentiation ability. The
stem cell phenotype of transplanted MSC was evaluated by
flow cytometry. MSC were transplanted after the third
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passage to ensure both minimal loss of stem cell
characteristics and minimal differences between MSC groups.
Transplanted MSC were positive for CD44P% (99.1%),
CD73P% (96.2%), and CD90P® (99.1%), and negative for
CD45P% (0.44%) (Figure 5A). The differentiation ability of
transplanted MSC was evaluated by differentiation into
adipo-, chondro- and osteo-genic lineages. After 21 days of
differentiation, MSC were able to accumulate lipid droplets,
detected by oil red staining (Figure 5C) as a marker of
adipogenic lineage differentiation. They could produce
glycosaminoglycans, detected by alcian blue staining (Figure
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Figure 5. Evaluation of MSC phenotype by flow cytometry and examination of differentiation potential. (A) Representative histograms show that
MSCs were negative for CD45 and positive for CD90, CD73 and CD44. Differentiation potential of transplanted MSCs was evaluated by their
differentiation in to adipogenic (C), chondrogenic (D) and osteogenic (E) lineages, compared with untreated controls (B). Scale bars=100 um.

5D) as a marker of chondrogenic lineage differentiation, and  Histology. At the time of liver resection (day 14), we found
deposits of calcium cations could be identified detected by  extensive centrilobular haemorrhagic necrosis in most of the
alizarin red staining (Figure 5E), as a marker of osteogenic  pigs, which is typical of SOS. In two pigs there were no signs
lineage differentiation (Figure 5B). of necrosis [one pig from the control group (pig C7) and one
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Control group
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Figure 6. Comparison of liver injury in control and experimental groups 14 and 28 days after monocrotaline administration. 14 days after monocrotaline
administration, the liver injury was characterized by denudation of sinusoidal lining, obstruction of the sinusoidal lumina and hemorrhage into the liver
parenchyma, leading to extensive centrilobular hemorrhagic necrosis (arrows). After 28 days, the samples showed parenchymal extinction lesions with fibrotic
and stenosed hepatic veins (asterisks). Control and experimental groups did not show any significant differences regarding the character and extent of liver
injury. Hematoxylin and eosin (15! and 3 column) and anilin blue with nuclear fast red (24 and 4™ column) were used for staining. Scale bars=200 um.

from the experimental group (pig E4)]. The liver parenchyma in
these two pigs showed changes which were also observed in the
other animals — denudation of SEC and obstruction of the lumen
of sinusoids leading to their dilation, as well as inflammatory
infiltration. Figure 6 shows the histological changes at the time
of liver resection. All the results of qualitative histology for this
time point are summarized in Table I.

At the end of the experiment (day 28), haemorrhagic
necrosis was no longer present in the majority of animals and
was replaced by centrilobular fibrotic lesions. Steatosis was
found in the centre of the hepatic lobules. Figure 6 shows
the histological findings and Table II the qualitative results.

The most severe change, nodular transformation of the
parenchyma, occurred in two animals from the control group
that did not survive the experiment. The overview of the liver
histology of the animals with premature death is summarized
in Table III. The quantitative analyses did not show significant
differences in the volume density of haemorrhagic necrosis and
viable liver parenchyma between the experimental and control
group at the time of liver resection or at the end of the
experiment (Figure 7, for more details see Table IV). The
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morphology of liver injury was comparable in both groups for
both time points. The viable liver parenchyma was chosen as
a marker for evaluation of the functional capacity of the liver
because the volume of parenchyma was influenced not only by
the extent of necrosis but by reactive fibrotic changes, dilation
of hepatic sinusoids and by inflammatory infiltration as well.

Biochemistry. The observed levels of biochemical markers
of liver and renal functions correspond to severe toxic liver
injury (Figure 8). Elevation of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), bilirubin and
ammonium were observed in both groups. The first peak was
observed after monocrotaline administration and the second
peak after liver resection. The level of AST returned to the
normal range by the end of the experiment. The level of ALT
also dropped during the last week of follow-up and was even
lower than the initial value, but still within the normal range.
The level of ammonium and bilirubin remained elevated
until the end of experiment. The level of urea dropped during
the first three days after monocrotaline administration and
elevation was observed one day after liver resection.
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Table 1. Overview of qualitative histological findings at the time of liver resection (day 14). E, Animals from the experimental group; C, animals
from the control group.

Control group Experimental group
Animal Hemorrhagic  Inflammatory Other Animal Hemorrhagic  Inflammatory Other
necrosis infiltration findings necrosis infiltration findings
Liver resection Cl Yes Yes Steatosis in El Yes Yes
centre of lobules
C5 Yes No E2 Yes Yes
C7 No Yes Without E3 Yes No
hemorrhagic

necroses, almost
normal appearance
of liver parenchyma

C10 Yes Yes E4 No Yes Without
hemorrhagic
necroses, dilated
sinusoids
Cl11 Yes Yes Small E5 Yes Yes
centrilobular
hemorrhagic
necroses
C12 Yes Yes E6 Yes Yes Severe
inflammation
E7 Yes Yes Severe
inflammation
E8 Yes Yes

Table II. Overview of qualitative histological findings at the end of the experiment (day 28). Animals from the experimental group are labeled E,
animals from the control group are labeled C.

Control group Experimental group
Animal Hemorrhagic Inflammatory  Fibrotic Other Animal Hemorrhagic Inflammatory  Fibrotic Other
necrosis infiltration  centrilobular  findings necrosis infiltration centrilobular findings
reactive reactive
lesions lesions
End of Cl1 No Yes Yes El No Yes Yes Steatosis
experiment (6] No Yes Yes Severe E2 No Yes Yes
inflammation
Cc7 No No No Almost normal  E3 No Yes Yes
appearance
of liver
parenchyma
C10 Yes Yes Yes Severe E4 No Yes Yes Severe
(minimally) inflammation inflammation
Cl11 Yes Yes Yes Severe ES No Yes Yes
inflammation
Cl12 No Yes Yes E6 No Yes Yes Steatosis
E7 No Yes Yes
E8 Yes Yes No Centres of
lobules with
bleeding
surrounded
by fibrotic
tissue
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Figure 7. Results of quantitative histological analysis in the experimental (MSC) and control group (control). Neither the volume density of necrosis
(A) nor the density of viable parenchyma (B) differed bewween experimental (MSC) and control groups. The volume density of necrosis was smaller

at day 28 than at day 14 (resection). The volume density of viable parenchyma was greater at day 28 than at day 14 (resection). Repeated measures

ANOVA was used for quantitative histological analysis.

Table II1. Histological findings in samples of liver parenchyma taken during autopsy in animals that died prematurely.

Death during the experiment

Animal Sample taken Hemorrhagic  Inflammatory Other findings
necrosis infiltration

Cc2 Death (Day 10) Yes Yes
C3 Resection Yes Yes

Death (Day 24) No Yes Almost normal appearance of liver parenchyma
C4 Death (Day 13) Yes No
C6 Resection Yes Yes

Death (Day 22) Yes Yes Nodular transformation of liver parenchyma, sporadic centrilobular necroses
C8 Resection Yes Yes

Death (Day 27) Yes Yes Nodular transformation of liver parenchyma, sporadic centrilobular necroses
c9 Death (Day 13) Yes Yes

To compare the levels of biochemical markers in the two
groups the values were normalized according to the average
value before day 7. The comparison of the course of
biochemical markers after the day of administration of MSC
seemed to be more accurate than comparison of absolute values.
However, the analysis of the results for the whole period of
follow up without any data normalization was also performed.

The level of ALT and creatinine was significantly higher in
the control group during the period after day 7 (p=0.001 for
both markers). In contrast, the level of bilirubin and
ammonium was significantly higher in the experimental group
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during the same time period (p=0.040 and 0.0001,
respectively). The values of the other markers were comparable
between the experimental and the control group.

The analysis for the whole follow-up period did not show
any significant differences in biochemical markers between
the two groups.

Ultrasound. For the ultrasonography analysis the same data
normalization was performed and the groups were compared for
the period after day 7. There was no significant difference in
the diameter of portal vein or in the blood flow velocity in the
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Table IV. Results of quantitative histological analysis of samples taken at the time of liver resection and at the end of the experiment. Volume density

of necrosis - Vy (necrosis, liver). Volume density of viable liver parenchyma - Vy, (parenchyma, liver).

Control group

Experimental group

Animal Vy Vy
(necrosis, liver) % (parenchyma, liver) %

Animal Vv Vy
(necrosis, liver) %  (parenchyma, liver) %

Liver resection Cl1 30.0 292
C5 22.8 46.1
Cc7 0.3 73.1
C10 20.0 354
Cl11 45 56.7
Cl12 334 38.2
End of experiment Cl 0.0 47.5
C5 0.0 61.6
(ey) 0.0 74.5
C10 0.0 76.2
Cl11 2.1 60.9
Cl12 0.0 574

El 233 493
E2 382 27.8
E3 23.7 45.6
E4 0.0 71.5
ES 194 40.7
E6 17.7 45.6
E7 10.2 574
E8 352 26.6
El 0.0 72.7
E2 0.0 60.6
E3 0.0 50.0
E4 0.0 67.8
E5 0.0 63.4
E6 0.0 479
E7 0.0 64.8
E8 50 58.8

portal vein during the follow-up period between the different
groups (Figure 9A, B). The time course of these parameters was
not significantly influenced by the SOS induction and by the
liver resection. The diameter of the gallbladder wall had a
significant tendency to increase throughout the follow-up period
(p=0.004) and did not differ between the groups (Figure 9C).
The volume of liver parenchyma increased during the first week
after the monocrotaline administration and dropped after day 7
and after the liver resection (Figure 9D). A smaller increase in
liver volume occurred during the first days after the resection
and was followed by another period of volume loss. For the
period after day 7, the relative liver volume was significantly
higher in the control group (p=0.023). The ultrasonography
detected hyperechogenicity of the liver parenchyma in all
animals after day 7 compared to normal echogenicity on day 0.
In some animals, reversed flow in the portal vein was observed
on day 7 onwards.

Discussion

The study aimed to assess the potential of MSC administration
to enhance liver regeneration in SOS and/or its potential to
attenuate it. The SOS was induced by intraportal monocrotaline
administration in pigs which were then divided into two
groups. One of the groups was treated with one intravenous
dose of MSC one week after monocrotaline administration,
while the second group was a control without any treatment.
The survival of animals, levels of biochemical markers,

ultrasonography data and histology of liver parenchyma were
compared between the groups to verify the severity of SOS and
thus the treatment effect. The capability of liver regeneration
after partial liver resection in animals with SOS was also
compared to evaluate the effect of MSC.

Induction of SOS. Data from biochemistry, histology and
ultrasonography show that SOS was successfully induced in
pigs by intraportal monocrotaline administration in a single
dose of 36 mg monocrotaline per 1 kg of body weight.

Hepatomegaly and hyperbilirubinemia are mentioned in
all diagnostic criteria for SOS used in clinical medicine (44).
In this study, the animals showed an increase of liver volume
and elevation of bilirubin in the first days after
monocrotaline administration. Liver enzymes are also
usually elevated in patients with SOS, which corresponds
with the finding of elevated AST and ALT during the first
days after SOS induction in this study (13, 44). The decrease
in the level of urea after monocrotaline administration can
correspond with attenuation of liver functions (45, 46). The
induction of SOS was also confirmed by histological
findings. The denudation of SEC, obstruction of the lumen
of sinusoids and hemorrhagic necrosis observed in this study
correspond to changes described in rodent models of SOS
and in humans (19, 47, 48).

Ultrasonography helped to not only to detect hepatomegaly
but also revealed a changed echogenicity of the liver
parenchyma, altered flow in the portal vein and increasing

6827



ANTICANCER RESEARCH 40: 6817-6833 (2020)

A B
20 1.6
18| mean, SEM: 1.4 |
16 | -TfF- control
14l $-MSC 12y
12 L 10 B
% 10 ¢ % 0.8t
=y 8t A2
2 206+
E 6} -
2 il :(’ 0.4t i
5 | | |
2 L .
0 . 0.0
o @ @ 20 KD P o @ 20 D o P
b""“” 6‘?"5’ b'?’\” ) e.':o«: 0 o o o o 6‘5\ 6‘55’ b’a‘\\ RO 0‘;:-@"51@‘\ C S o2 2
= O3
X D
3.0 0.9
08
2.5
0.7} j
2.0 06} -
—_ ~ 05+
= 15+ =
g X 04
a 1.0+ 4 =03 t
& - s mean, SEM:
< 0.5 © 02y -Ifi- control
' 0.1} 3-MSC
00* ‘% * N & {b‘b e'r, Na \'\ fL’\ rLbr- 'L% OD\\‘Q \\rb \\'\ N & et, ac_., .\‘J ;\’\ rL'\ q/b‘ qg)
AP AP AP @\ %é- Q\eﬁ 6@.‘\ b@"s b@‘\ b@“’i b@.“\ GG "8“‘! %'e;i '(@_K 6’855 6’8\ 6’5* 6@-\‘ b"?\
*cs‘?’ fL & q}\
E F
40 120
35 | mean, SEM:
-Ti- control 100 ¢
30 | —$-MSC
251 = 80
= o
220t g eo0f
=
o ‘e
210 g e mean, SEM:
= 5 @ £ 20 |I] 18- control
' || = | sxxs  =MSC |
0 L
Q)'b’\%:,:,:,;\ ;(\q:\ D&:L‘b O 6%5,\!\’\(1,'\(1}‘%
SRR 'z-“i e ‘:@;\ o o b@\ @ & 0’5” faﬁ "Beﬂf@ﬁ € o 2 B gc?\
@ '1‘5‘ ‘1‘5\

6828

Figure 8. Continued
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Figure 8. Results of biochemical analysis in the experimental (MSC) and control group (control) throughout the experiment. Significant differences
between the groups were observed in the levels of ALT (B) and creatinine (H) (higher in control group after day 7) and in the levels of bilirubin
(E) and ammonium (F) (higher in experimental group after day 7). The other markers did not show any significant differences. Two-way ANOVA
was used for biochemical analysis after data normalization which is described in methods. The figure shows data before normalization. *p=<0.05,

*#%p<0.001, ****p<0.0001 .

thickness of the gallbladder wall. Imaging methods such as
ultrasonography, computed tomography and magnetic
resonance imaging are now starting to be used for the
diagnosis of SOS in clinical medicine (44). The thickening of
the gallbladder wall is a typical finding in patients with SOS
(14, 49, 50), and retrograde flow in the portal vein is also
mentioned (51). According to our results, ultrasonography
seems to be a suitable method to help confirm the diagnosis
of SOS in large animal models.

Finally, the macroscopic appearance of the liver
parenchyma 2 weeks after monocrotaline administration (or
earlier in case of premature death) with apparent hemorrhagic
necrosis also supports the diagnosis of SOS. It is important
to mention that two animals showed only minimal alterations
in the levels of biochemical markers and negligible
histological changes of liver parenchyma compared to the
other pigs. Because one of these animals was from the
experimental and one from control group, we decided not to
exclude these animals with less severe injury.

Evaluation of the effect of MSC. Data from the control and
experimental groups were compared to verify the effect of
MSC administration on the course of SOS and on liver
regeneration after resection in animals with SOS.

To avoid the confounding effect of potentially different
values between the groups before day 7, we decided to focus
on the course of biochemical markers after the day of
treatment. The same step was taken in evaluation of
ultrasonography data to control for differences in body weight.

According to the biochemical analysis, the experimental
group had significantly higher levels of bilirubin and
ammonium compared to the control group; in contrast, ALT
and creatinine were higher. In this experimental setting the
level of bilirubin and ammonium reflects liver function (13,
52). ALT indicates injury of hepatocytes and the elevation of
creatinine levels is a mark of worse overall status of the animal
and can suggest development of hepatorenal syndrome (57,
58). This suggests deteriorating liver functions in animals from
the experimental group compared to the surviving animals
from the control group. It is important to mention that in the
latter, 5 animals with the most severe liver injury died
prematurely due to liver failure and were not included in the
statistical analysis. In contrast, all animals survived in the
experimental group. Therefore, for the statistical evaluation, the
animals with most severe liver injury from the experimental
group were included. This suggests a positive effect of MSC
administration. However, the effect was limited, as the data
show significantly better survival in the experimental group but
not improved liver function and histological parameters.

MSC have been used in several animal experiments to
verify their ability to treat liver failure of different etiologies.
They have been shown to have a positive effect on acute
liver injuries in rodents. The bone marrow derived MSC
acted through reduction of fibrosis and improvement of
immunoregulatory mechanisms (55, 56). We assume that
these mechanisms probably do not play a dominant role in
the early phase of SOS, which may explain the limited effect
of MSC administration in our study.
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Figure 9. Results of the ultrasound examination in the experimental (MSC) and control group (control). VP stands for portal vein (A), VP — Vmax
stands for maximal blood flow velocity in the extrahepatic part of the portal vein (B). The only significant difference was observed in the relative
liver volume which was higher in the control group after day 7 (D). Two-way ANOVA was used for evaluation of ultrasound examination after data
normalization which is described in methods. The figure shows data before normalization. *p=<0.05.

Moreover, the antifibrotic effect of MSC is probably caused
by induction of MMP-9 expression (57). As increased MMP-
9 activity plays a role in the pathogenesis of SOS, it is possible
that the MSCs could also have a partially negative effect on
the course of SOS, at least in the early phases of the disease.

Because liver fibrosis and inflammatory infiltration was
apparent in later phases, it is possible that MSC administration
later than day 7 would have a major effect.

However, we also chose this treatment timing according
to other functions of MSCs. MSCs are able to reduce
hepatocyte apoptosis and promote hepatocyte proliferation.
Cytokines and growth factors (e.g. epidermal growth factor)
secreted by MSC are responsible for this effect (58). The
idea was to attenuate liver failure by promotion of liver
regeneration and therefore enable the animals to undergo
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liver resection with a better outcome. That is why day 7 was
chosen as the most appropriate for MSC administration.
The ability of MSC to alleviate liver failure after resection
by promotion of regeneration was confirmed by Ding et al.
(59). They found improved survival after 90% hepatectomy in
rats with a healthy liver after MSC administration via portal
vein. They also observed a major increase in liver volume after
MSC administration. The impact on survival of animals is in
accordance with our results. However, the liver volume results
are opposite to those in our experiment. In our study,
ultrasonography showed smaller liver volume in MSC-treated
animals. This finding cannot be simply explained as attenuated
liver regeneration because animals in our study did not have a
healthy liver parenchyma. In studies of resection of healthy liver
parenchyma, the subsequent regeneration of liver functions
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correlates with increasing liver volume (60). This relationship
is not present in cases of acute SOS where the liver volume is
increasing because of developing hepatomegaly while liver
functions are decreasing (11). The liver volume after resection
in this experiment was undoubtedly influenced by decreasing
hepatomegaly. The liver volume increased only over the first
three days after resection and then decreased until the end of
the follow-up. The gradual remission of hepatomegaly started
after day 7 and was not completed before the liver resection.
The smaller liver volume in the experimental group therefore
does not have a clear interpretation and can be even a sign of
earlier remission of acute SOS in MSC-treated animals.

A model of the chronic or subacute type of SOS would be
more accurate for correlation with clinical patients who
develop SOS during chemotherapy and require liver
resection because of liver metastases. Therefore, further
experiments with liver resection postponed to later phases of
monocrotaline-induced SOS should be performed to verify
the effect of MSCs. In such an experimental setting, repeated
administration of MSCs with the second dose at the time of
resection would be informative. MSCs are usually
administered right after liver resection, which enables them
to act more effectively and support liver regeneration (59).

Conclusion

SOS was successfully induced in the pig by intraportal
monocrotaline  administration. Biochemical analysis,
histological findings and ultrasonography confirmed the
development of SOS. Intravenous administration of
allogeneic MSC one week after induction of SOS improved
animal survival. The liver volume after partial resection has
to be evaluated with consideration of the hepatomegaly
induced by acute SOS. Further experiments with different
timing of liver resection and MSC administration should be
performed to verify the positive effect of MSC.
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This corrigendum corrects the wrong description of hepatic lobes in ‘Blunt injury of liver—mechanical response
of porcine liver in experimental impact test’ (Maleckova et al 2021). Right hepatic lobes were wrongly described
asleft hepatic lobes and vice versa, namely the right lateral lobe was wrongly described as the left lateral lobe; the

)

Figure 4. Typical external injury patterns of the porcine liver after the impact test. (A) Laceration of the visceral surface of the liver
affecting more than a half of the right lateral lobe, injury grade V. (B) Rupture of the visceral surface of the left medial lobe, that
propagates from the hilum along the big vessels and the stromal connective tissue. (C) Peripheral rupture starting at the border of the
left lateral lobe. (D) Occasional shallow rupture on the diaphragmatic surface of the liver, most likely caused by the direct impact of the
wood plate used in the impact test.
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left medial lobe was wrongly described as the right medial lobe. Therefore, the figure caption in figure 4 should
be as follows:

Additionally, this error also occurred in Results. The formulation in the section 3.3.1 ‘Ruptures propagated
from the hilum along big vessels and were mostly located in the left lateral (figure 4(A)) and right medial lobes
(figure 4(B))’ should be changed to ‘Ruptures propagated from the hilum along big vessels and were mostly
located in the right lateral (figure 4(A)) and left medial lobes (figure 4(B))’.
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Abstract

Objective. The liver is frequently injured in blunt abdominal trauma caused by road traffic accidents.
The testing of safety performance of vehicles, e.g. belt usage, head support, seat shape, or air bag shape,
material, pressure and reaction, could lead to reduction of the injury seriousness. Current trends in
safety testing include development of accurate computational human body models (HBMs) based on
the anatomical, morphological, and mechanical behavior of tissues under high strain. Approach. The
aim of this study was to describe the internal pressure changes within porcine liver, the severity of liver
injury and the relation between the porcine liver microstructure and rupture propagation in an
experimental impact test. Porcine liver specimens (n = 24) were uniformly compressed using a drop
tower technique and four impact heights (200, 300, 400 and 500 mm; corresponding velocities: 1.72,
2.17,2.54and 2.88 m s ). The changes in intravascular pressure were measured via catheters placed
in portal vein and caudate vena cava. The induced injuries were analyzed on the macroscopic level
according to AAST grade and AIS severity. Rupture propagation with respect to liver microstructure
was analyzed using stereological methods. Main results. Macroscopic ruptures affected mostly the
interface between connective tissue surrounding big vessels and liver parenchyma. Histological
analysis revealed that the ruptures avoided reticular fibers and interlobular septa made of connective
tissue on the microscopic level. Significance. The present findings can be used for evaluation of HBMs
of liver behavior in impact situations.

1. Introduction

Road traffic accidents (RTAs) are one of the main causes of blunt abdominal trauma, which is often
accompanied by internal organ injuries, most frequently to the spleen, the liver and the kidney (Elhagediab and
Rouhana 1998, Augenstein et al 1999, Monchal et al 2018). Although soft tissue injuries and bone fractures are
the most common types of road traffic injuries, liver trauma is responsible for significant morbidity and
mortality (Doklesti¢ et al 2015, Vycital et al 2019). According to the Global Status Report On Road Safety issued
by the World Health Organization (2018), vehicle safety is one of the key factors reducing the likelihood of
serious injury in RTAs. The importance of both air bag deployment and safety belt restraint in preventing the
liver injuries was demonstarted by Holbrook ef al (2007) in a study that analyzed 311 patients with injuries

© 2021 Institute of Physics and Engineering in Medicine
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suffered in motor vehicle crashes. Therefore, improving safety systems for car occupants became an important
tool for the reduction of traffic accident injuries and casualties (Xu et al 2018).

Testing the safety performance of newly developed vehicles is usually carried out in two distinct ways:
(i) standardized car crash tests using anthropometric testing devices (ATDs) commonly called dummies or
(ii) car crash simulations using computational models of ATDs or human body models (HBMs) (Xu et al 2018).
The current trend in predicting trauma impact on human tissues and organs relies on the development of
computational modeling, as only a few large corporations use mechanical dummies for car crash tests (Xu et al
2018) and the ATD outputs are only injury criteria based on physically measurable parameters (acceleration,
force, compression of chest). The models are based on morphometric data collected from human cadavers
(Tropiano et al 2004) or imaging modalities such as CT and MRI (Gayzik et al 2011), and could be morphed for
the vide variety of anthropometries.

The HBMs used for abdominal injury prediction include e.g. the HUman MOdel of Safety, HUMOS (Behr et al
2003, Arnoux et al 2008), Total Human Model for Safety, THUMS (Golman et al 2014), Global Human Body Models
Consortium, GHBMC (Schoell et al 2015, Schwartz et al 2015), Wayne State Human Body Models, WSUHAM
(Lee and Yang 2001). Arnoux et al (2008) used in their experiment a hybrid approach coupling numerical simulation
(HUMOS) with experimental data from free fall tests using human cadaver trunks. They provided a complex analysis
of the liver behavior within the abdomen in frontal crash situations and proved the importance of experimental data
for computational modeling of inner organ behavior. The study has been followed by several experimental studies on
human (Cheynel et al 2009, Conte et al 2012, Untaroiu et al 2015) and porcine liver (Chen et al 2018, Chen et al 2019)
biomechanical behavior since then. The studies were mostly focused on the effect of sudden deceleration and impact,
two phenomena that were identified as the main causes of liver injury (King and Yang 1995, Cheynel er al 2009). The
results of those tests were influenced by parameters such as velocity, mass, size, surface area of the impactors,
compression and duration of the applied force (Untaroiu et al 2015). However, only a few studies were focused on the
relationship between liver injury and internal pressure changes (Sparks et al 2007, 2008). That is despite the extensive
vascular supply of the liver and the previously described dependence of the liver injury severity on rapid increase in
internal fluid pressure (Sparks et al 2007, 2008, Sparks and Dupaix 2008).

Experiments conducted on human cadavers or organs are valuable sources of biomechanical data (Kemper
etal 2010, Conte et al 2012). Many previous experiments and most of the current liver models, however, include
the use of animal tissue to simulate human organs (Melvin et al 1973, Wang et al 1992, Tamura et al 2002,
Santago et al 2009, Marchesseau et al 2017). Using animal cadavers and livers is therefore a plausible and more
feasible approach to obtaining biomechanical data. Pigis particularly convenient as it is widely used in different
fields of biomedicine for its anatomical and physiological similarities with humans (Eberlova et al 2016,
Maleckova et al 2019, Eberlova et al 2020). Nevertheless, the anatomical and microscopic differences between
human and porcine liver need to be taken into consideration when interpreting data from animal experiments
(Huelke et al 1986, Kruepunga et al 2019). The porcine liver microstructure has already been described in detail
using well-established stereological methods (Junatas et al 2017, Mik et al 2018). The microstructure is organized
into well-defined roughly hexagonal hepatic lobules demarcated by fibrous interlobular septa containing portal
triads. The interlobular connective tissue originates from the fibrous capsule and enters the liver via the hilum
along big branches of hepatic vessels—the portal vein and hepatic artery. The hepatocytes are arranged within
lobules into trabeculae surrounded by a delicate network of reticular fibers that separates the hepatocytes from
hepatic sinusoids (see supplement S1 (available online at stacks.iop.org/PMEA /42 /025008 /mmedia)).

The aim of our study was to describe the biomechanical behavior of the whole porcine liver in an
experimental impact test, with special emphasis on the internal pressure changes depending on the impact
energy. The experiment was designed to enable us to study the effect of impact alone with no influence of
deceleration. The severity of liver damage on the macroscopic level was evaluated using the American
Association for the Surgery of Trauma (AAST) organ injury scaling and Abbreviated Injury Scale (AIS severity),
2018 update (Kozar et al 2018). As the mechanical properties of the soft tissue organs depend on their
microscopic structure, we wanted to specifically focus on the relationship between rupture propagation and
tissue microstructure, namely on the main fibrillary components of the hepatic interstitial connective tissue
matrix. Hence, our biomechanical data were accompanied by histological quantitative analysis. Our aim was
also to provide complete primary biomechanical data and make them publicly available for biomechanical
modeling of liver crash tests.

2.Methods

2.1.Liver sample preparation
Liver samples were obtained from Prestice Black-Pied pigs (Vrtkova 2015) (n = 24). The animals received standard
care in compliance with the European Convention on Animal Care, and the project no. MSMT-4428/2018-2 was

2
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approved by the Faculty Committee for the Prevention of Cruelty to Animals. The piglets were pre-medicated by
intramuscular administration of 10 mg kgf1 ketamine (Narkamon; Spofa, A.S., Prague, Czech Republic), 5 mg kg71
azaperon (Stresnil; Jannssen Pharmaceutica NV, Beerse, Belgium) and 1 mg atropine (Atropin Biotika; Hoechst
Biotika, Martin, Slovak Republic). For general anaesthesia propofol (1% mixture 5-10 mg ' kg " h™" propofol;
Fresenius Kabi Norges AS, Halden, Norway) was administered intravenously. Continuous analgesia was provided
by fentanyl (1-2 g~ ' kg~ h™' Fentanyl Torre; Chiesi CZ s.r.0, Prague, Czech Republic). Airways were secured by
endotracheal intubation and pigs were mechanically ventilated. The piglets received infusion and volume
substitution when necessary (Hartmann’s Solution; B.Braun Melsungen AG, Melsungen, Germany and Plasmalyte;
Baxter Healthcare Ltd, Compton, UK).

Midline laparotomy was performed to enter the abdominal cavity. All the ligaments attaching the liver to the
surrounding structures were transected, the common bile duct was ligated and divided, and the portal vein,
hepatic artery and the infrahepatic part of the caudate vena cava (equivalent to the inferior vena cava in human
anatomy) were dissected. The thoracic cavity was opened to gain access to the thoracic part of the caudate vena
cava. The diaphragm was transected in the ventrodorsal direction leaving a small rim around the caudate vena
cava. The animal was then heparinized (10 000 IU of heparin; Zentiva, k.s., Prague, Czech Republic) and the
portal vein and the thoracic part of the caudate vena cava were cannulated by infusion tubes. These tubes were
later used for measuring intravascular pressure in the liver. Finally, all the vessels supplying and draining the liver
were ligated and divided and the whole organ, filled with blood, was removed from the body. The animals were
sacrificed under general anesthesia via an intravenous administration of a cardioplegic solution (potassium
chloride).

2.2. Impact test

Prior to the mechanical experiment, all the specimens were checked for the following conditions that might have
been caused by specimen handling: contusions, ruptures and bleeding. Damaged specimens were excluded from
further analysis. In total, 24 livers were used for the mechanical experiment. The livers were divided into four
groups (six livers per group) based on the impact height (200, 300, 400 and 500 mm and corresponding impact
velocity 1.72,2.17, 2.54 and 2.88 m s~ ', respectively). The specimens were kept cool on ice until the mechanical
impact test. The maximum time between surgery and impact test was three hours. Firstly, each liver was
pressurized through the infusion tubes inserted in the portal vein and caudate vena cava at 7 cm H,O by 0.9%
NaCl solution. Maintaining the turgor of the liver at a level comparable to normal hemodynamic pressures was
necessary for simulation of impact injuries (Melvin et al 1973). Then the size and weight of the pressurized liver
was meassured. After that, the livers were put into the measurement device—a drop tower (Sparks et al 2008).
The livers were uniformly compressed using an impact 6.22 kg plate made of wood with impact area of

29.5cm x 29.5 cm. The plate was firmly connected to an aluminum beam, which could freely move along the
aluminum frame. We neglected the beam friction to simulate the plate free fall by the use of Teflon sliders
between the beam and the frame. The plate was covered by a plastic foil and spread with tempera color to
visualize the contact area between the plate and the liver.

The pressure was recorded at the portal vein and the caudate vena cava during the impact test using a Silicon
Pressure Sensor MPXV5100DP (GND +5V) (NXP Semiconductors N.V., Eindhoven, Netherlands). The sensor
was connected to the external opening of the infusion tube, while the intravascular opening was placed in the
blood vessels, in a way similar to the setting previously proposed by Sparks et al (2008).

Maximal pressure values were used for further quantitative analysis. The position of the impact plate before
the impact was measured by two lasers optoNCDT 2300-50 (Micro-Epsilon GmbH, Frankfurt am Main,
Germany) on each side of the impacting beam. The velocity of the impact was derived from the position
measurement and then averaged from both lasers. Measured signals were acquired by the NI CompactDAQ
(National Instruments, Austin, TX, USA) system with SignalExpress software (National Instruments, Austin,
TX, USA). The system energy was determined by two formulas:

1 2

Ex = —mv
K73

where m was the weight of the impact plate and v was the velocity of the impact plate before impact, and
Ep = mgh

where m was the weight of the impact plate, gwas acceleration of gravity, and h was the height of the impact given
asimpact height minus the liver thickness. The loading area was calculated from the colored part of the liver
using Ellipse software (ViDiTo, Kosice, Slovak Republic). The impact energy was then calculated as the energy of
the plate divided by the loaded area. The loaded area in percentage was calculated as the colored part of liver
divided by the total liver area. Both parameters were estimated with Ellipse software using the POLYGON’ tool
in calibrated photographs.
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2.3. Macroscopic injury analysis

Immediately after the impact test, ruptures on the surface of the liver were captured by camera and the
projection length of the ruptures was measured. The position of the ruptures with respect to the liver lobes was
registered to determine the most frequently damaged part of the liver. After that, each liver was cut completely
into 1 cm thick slices and the depth of the ruptures and the depth of the contused parenchyma were measured.
The depth was defined as the distance between the liver surface and the deepest point of the damaged
parenchyma perpendicular to the liver surface. Both the projection length and the depth of the ruptures were
measured in calibrated photographs using the Ellipse software ‘LINE’ tool (ViDiTo, Kosice, Slovak Republic).
The injury grade and AIS severity were then determined according to liver injury scaling (Moore et al 1989,
Kozar etal 2018).

2.4. Microscopic injury analysis

For the histological analysis, every fourth tissue slice was selected using systematic uniform random sampling.
The first slice was selected randomly using the RANDBETWEEN function in Microsoft Office Excel. The
selected slices were trimmed into tissue blocks with dimensions 1 x 1 x 1cm. Every eighth tissue block was
then processed histologically. Each sample was carefully examined for liver abnormalities or signs of liver
damage, especially inflammation and liver fibrosis. For the quantitative analysis of the ruptures we selected
tissue samples with a macroscopically visible crack, 27 tissue blocks in total. The tissue samples were fixed in 4%
buffered formalin, dehydrated and embedded in paraffin blocks. Each selected tissue block was cutinto 5 um
thick sections. The section plane was perpendicular to the liver capsule. Sections were stained with hematoxylin—
eosin (HE) and with Reticulin kit (BioGnost Ltd, Zagreb, Croatia) in order to visualize reticular fibers (type I1I
collagen). Reticular fibers are located within the interlobular septa. They also represent the essential part of a
delicate network, that separates the hepatic sinusoids and hepatocytes within the hepatic lobules (supplement
S1). The results were based on 189 sections.

To determine the spatial relationship of ruptures and reticular fibers, we used a method previously published
by Tonar et al (2009) and Kubikova et al (2017). Briefly, an isotropic stereological grid with known geometrical
parameters was superimposed over the microphotographs. The number of intersections between this grid and
reticular fibers was then counted. We compared the estimated value of the intersection intensity of reticular
fibers along the rupture P’f ., with the theoretical value Py, that should be expected in the case of random
propagation of the microcracks throughout the liver parenchyma. The values were calculated with the
assumption of independence of the ruptures on the reticular fibers.

The theoretical intersection intensity Py .., was calculated as the intersection intensity of a randomly
oriented line (i.e. the rupture) with the reticular fibers (Stoyan et al 1995). It was defined as follows:

2
Prety = —La(ret)
w

where Ly, was the 2D length density of reticular fibers within liver. For each analyzed sample the length
density L, was assessed individually as follows:

where L is the length of the reticular fibers and A is the area of the reference space. L was estimated by counting
the intersections of circular arcs randomly positioned on the microphotographs with reticular fibers. A was
estimated using the point grid.

The intersection intensity of reticular fibers P’y ., was defined as follows:

p(ret.)
I(ret.)

P/L(ret.) -

where pye is the real number of the intersections counted in the histological sections along the rupture of the
length I. The length [, was defined as the shortest distance between the beginning and the end of the crack, the
so-called maximal projection length. To estimate all the parameters, we used Ellipse software (ViDiTo, Kosice,
Slovak Republic) (figure 1).

The same analysis was performed to determine the spatial relationship of ruptures and the interlobular
septa. We compared the estimated value of the intersection intensity of interlobular septa along the rupture
P} (septum) With its theoretical value Py (seprum)-

Ifthe actual propagation of the ruptures throughout the liver parenchyma were at random, there would be
no significant difference between the real intersection intensity and the theoretical intersection intensity
(Pt = Pp). Therefore, a significant difference between the theoretical value of intersection intensity Py and the
observed intersection intensity P/, would indicate that the rupture ran predominantly across the reticular fibers
or interlobular septa (P’; > Pr) or along the reticular fibers or interlobular septa (P, < Pp).

4
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Figure 1. Microscopic injury analysis—rupture propagation. (A) Rupture running through the liver parenchyma with 10 fields of view
(squares), that were captured and used for analysis of the spatial relationship of the rupture and the reticular fibers. The spatial
relationship of the rupture and the interlobular septa was assessed in seven histological sections scanned by ZEISS Axio Scan.Z1,
distance between neighboring sections was approximately 100 ;zm. Dashed line represents the maximal projection length—the
distance from the beginning of the rupture to its end. (B) Circular arcs (black curves) crossing the reticular fibers or interlobular septa
(the intersections marked as white squares), that were used to estimate the length density of reticular fibers and interlobular septa.
The estimated value was then used for calculation of the theoretical intersection intensity of the reticular fibers (Pp et left) and
interlobular septa (Ppseptum)» right). Analysis was performed using the LineSystem module in the Ellipse software (ViDiTo, Kosice,
Slovak Republic). (C) Counting of the ruptured reticular fibers (left) and interlobular septa (right), used for the estimation of the real
intersection intensity of reticular fibers P’ e, and the real intersection intensity of interlobular septa P’y (seprum.) respectively.
Reticular fibers are stained black. Scale bars: 1000 ym (A, B and C—right part), 50 zm (B and C—left part).

2.5. Statistical analysis

The data were processed using Statistica Base 10 (StatSoft, Inc., Tulsa, OK, USA). The normality of the data was
tested using the Shapiro—Wilk W-test. All the statistical tests were non-parametric methods, because some data sets
did not pass the normality test. To assess the differences among the impact groups, we used the Kruskal-Wallis
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Table 1. Morphometric data on pigs and livers.

Impact height (mm)/ Pig Liver Liver Liver Liver
impact velocity (m s Sex Age (weeks) weight (kg) weight (kg) width (mm) height (mm) depth (mm)
200/1.74 Female 14 30 1.570 300 216 33
200/1.70 Female 16 25 1.328 278 208 50
200/1.72 Female 16 35 1.636 299 224 47
200/1.74 Male 14 27 1.472 274 241 35
200/1.70 Male 14 24 1.192 267 222 40
200/1.71 Male 14 24.5 1.232 296 216 38
300/2.15 Male 17 28.5 1.336 264 219 47
300/2.16 Male 15 27.2 1.278 298 285 45
300/2.20 Female 15 29.6 1.348 288 240 33
300/2.17 Male 15 36 1.394 280 250 45
300/2.20 Male 16 34.2 1.112 283 208 33
300/2.14 Female 16 37.8 1.400 283 220 37
400/2.52 Female 17 42.8 1.446 273 224 43
400/2.56 Male 15 28.5 1.054 247 226 41
400/2.50 Male 16 33 1.252 257 232 39
400/2.62 Male 16 37 1.650 315 245 40
400/2.51 Male 16 41.5 2.044 287 265 55
400/2.50 Female 16 39.4 1.492 265 275 38
500/2.89 Male 15 36.5 1.030 240 194 37
500/2.92 Male 15 28 1.070 256 184 35
500/2.85 Male 15 25.5 1.108 246 198 40
500/2.84 Male 15 25 1.060 244 191 43
500/2.95 Male 16 37.7 1.572 307 248 40
500/2.86 Male 16 35 1.700 283 235 55

ANOVA test. To compare the paired values of real intersection intensity (P’;) and theoretical intersection intensity
(P), we used the Wilcoxon signed-rank test. The level of significance was 0.05.

3. Results

3.1. Liver samples

The livers were collected from 24 Prestice Black-Pied pigs aged 14—17 weeks and weighing 24-42.8 kg

(31.9 £ 5.6kg, mean + standard deviation [SD]). Seventeen piglets were neutered male and seven female. The
fresh liver weight ranged from 1.030 to 2.044 kg (1.364 £ 0.24 kg, mean =+ standard deviation [SD]) (table 1).
None of the specimens had signs of microscopic injury such as inflammatory infiltration or fibrosis.

3.2. Impact test

3.2.1. Greater impact velocity (heights) resulted in increased maximal intravascular pressure accompanied by more
severe injury.

The impact plate hit less than a half or about a half of the liver in all cases, figure 2(A). There was an increasing
trend of maximal pressure related to the impact velocity, but it did not reach the level of significance, figure 2(B).
The impact energies (given by liver height and by plate position measured by laser, figure 2(C)) increased with
impact velocity. The higher impact velocity led to more severe injury, figure 2(D, E). The linear regression
analysis of the AIS severity and injury grade is shown in figure 2(F). These two parameters are interchangeable.
The regression analysis of AIS severity and maximal pressure, and impact energy is shown in figure 3(A), and
3(B), respectively. The results are summarized in table 2 and shown in figure 2. Complete primary
biomechanical data are available as supplement S2.

3.3. Macroscopic injury analysis

3.3.1. Ruptures affected mostly the interface between connective tissue surrounding big vessels and liver parenchyma
The major injuries affected the visceral surface of the liver as shown in figure 4. Ruptures propagated from the
hilum along big vessels and were mostly located in the left lateral (figure 4(A)) and right medial lobes

(figure 4(B)). The depth of the lacerations and contused parenchyma differed among experimental groups as
well as among livers within the groups. The injury grade was based both on the length and on the depth of the
ruptures. Most severe injuries were found in the group with impact velocity 2.88 m s~ (impact height 500 mm)
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Figure 2. The impact loaded area (A), maximal impact pressure (B), impact energy given by impact plate position before impact
measured by laser (C), injury grade (D) and AIS severity (E) for all four liver groups: impact heights 200, 300, 400 and 500 mm and
corresponding velocities 1.72,2.17, 2.54 and 2.88 m s~ ', respectively. Data are displayed as the median values with boxes spanning
the upper limits of the first and third quartiles and with whiskers spanning the minimum and maximum values for each group.

(F) Graphical representation of a regression analysis of AIS severity and injury grade. The 95% confidence intervals (dashed lines) for
the regression line (solid line) give a range of values, where the population statistic can be expected to be located. The values of AIS
severity support the trends discovered in the analysis of the injury grade values (y = —0.434 4 1.094x; coefficient of determination

* = 0.93,p < 0.001). Based on the regression analysis, it is safe to assume that the values for AIS severity are interchangeable with the
injury grade values and therefore either parameter can be used for further analyses and computational modeling.

(table 2). In some cases, the ruptures were located on the periphery of the lobe (figure 4(C)) and, occasionally, we
found small lacerations on the diaphragmatic surface of the liver (figure 4(D)).

3.4. Microscopic injury analysis

3.4.1. The ruptures avoided reticular fibers and interlobular septa on the microscopic level

The real intersection intensity P’; was smaller than the theoretical intersection intensity P for both the reticular
fibers and for the interlobular septa (Wilcoxon signed-rank test, p < 0.001) (figure 5). The ruptures thus did not
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Figure 3. Graphical representation of a regression analysis of AIS severity and maximal pressure (A) and AIS severity and impact
energy (B). The 95% confidence intervals (dashed lines) for the regression line (solid line) give a range of values, where the population
statistic can be expected to be located. Neither the maximal pressure (y = 2.15 + 0.004x), nor the impact energy (y = 0.68 + 0.002x)
explained the variability of AIS severity completely. Impact energy offers a better explanation of the AIS severity variability (coefficient
of determination r* = 0.5, p < 0.001) than the maximal pressure (> = 0.04,p > 0.05).

propagate randomly through the liver parenchyma but predominantly ran along the reticular fibers and
interlobular septa avoiding intersections with reticular fibers and interlobular septa.

4. Discussion

This study on porcine liver injury focused on description of the tissue damage and the biomechanical behavior of
liver tissue. We combined an impact approach using a drop tower technique, while registering the changes of
intravascular pressure in portal vein and caudate vena cava. Our mechanical data focused on the internal fluid
pressure changes in impact situations. Even though the liver tissue damage in car crashes is the consequence of
both deceleration and impact (Cheynel et al 2009), the sole impact approach allowed us to exclude the influence
of the deceleration on the biomechanical behavior and to study the effect of impact alone. A similar approach,
albeit, by simulating the deceleration injury alone has already been used in studies by Cheynel et al (2006, 2009)
and by Arnoux et al (2008). Such experiments provide data that can be used for validation of the computational
models of liver injury.

The finite element method (FEM)-based models of liver are mostly based on the detailed geometry of the real
liver. Our study showed that the ruptures were spreading around the vascular branches, thus the vascular tree
should be included in the FEM models because of its important contribution to the injury mechanism.

Another factor that should be taken into account in the models is the increased inner liver pressure caused by
impact loading. High pressure levels can cause ruptures adjacent to the vascular trees. These ruptures propagate
along the reticular fibers and interlobular connective tissue septa as shown in our study.

Our results are further suitable for validation of impact test results in terms of the impact energy and velocity
threshold. The impact velocities and the impact energies used in the impact tests in our study should lead to the
same injury levels also when used in the simulated impact tests with HBMs. An impact velocity of .72 ms ™'
with impact energy 418 ] m ™~ *leads to low injury grade (0-II) and AIS severity (0—2), while the higher impact
velocity (energy) caused the injury connected with large blood outflow. An impact velocity higher than
2.88ms ™, related to an impact energy higher than 1187 ] m ™2, leads to total disruption of the liver. Also the
internal liver pressure in the HBMs should be the same as during our impact test. Note that the high levels of
pressure could also lead to the artery or internal structures ruptures.

Arecent study by Chen et al (2019) provided detailed data on material behavior of porcine liver during high
strain rate compression. However, their measurements were performed on tissue samples separated from the
whole liver, thus excluding the effect of the fibrous capsule on the biomechanical behavior. It was proven that the
content of connective tissue influenced the stiffness of the liver tissue (Mazza et al 2007). Neglecting the influence of
the capsule could result in significant differences when assessing the biomechanical behavior of the liver
parenchyma (Hollenstein et al2006). The test on tissue samples provided us only with information onlocal
material properties. Moreover, the proposed study design using samples of liver tissue cannot be used for studying
the relation of internal fluid pressure changes on the impact injury. As previously described, rapid increase in
internal fluid pressure is related to the severity of liver injury on the whole organ level (Sparks et al 2008). Therefore




Table 2. The impact loaded area, maximal impact pressure, impact velocity, impact energy (given by position of the plate before the impact) measured by laser and given by liver height respectively, AAST injury grade and AIS severity for all
four liver groups: impact height 200, 300, 400 and 500 mm. N is the number of specimens. The values of impact velocity are presented as mean values. The values of loaded area, maximal vascular pressure and impact energy are presented as
medians (lower quartile—upper quartile).

Impact height (mm)

Impact velocity (m s~ ')

Loaded area (%)

Maximal vascular pressure (mmHg)

Impact energy—laser (J m~2)

Impact energy—height (J m™2)

AAST injury grade/AIS severity

N
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Figure 4. Typical external injury patterns of the porcine liver after the impact test. (A) Laceration of the visceral surface of the liver
affecting more than half of the left lateral lobe, injury grade V. (B) Rupture of the visceral surface of the right medial lobe that
propagates from the hilum along the big vessels and the stromal connective tissue. (C) Peripheral rupture starting at the border of the
right hepatic lobe. (D) Occasional shallow rupture on the diaphragmatic surface of the liver, most likely caused by the direct impact of
the wood plate used in the impact test.

Figure 5. Results of microscopic injury analysis. The Wilcoxon signed-rank test showed statistically significant differences between
the real intersection intensity of the reticular fibers P’y er) = 42 (38-51) mm ™~ '; median (lower quartile—upper quartile) and the
theoretical intersection intensity of the reticular fibers Py ) = 57 (54—60) mm "~ '; median (lower quartile—upper quartile),

(p < 0.001). Significant differences were also found between the real intersection intensity of the interlobular septa (P’; (septum) =
1.2(1-1.3)mm " '; median (lower quartile—upper quartile) and the theoretical intersection intensity of the interlobular septa Py
(septum) = 1.5(1.4-1.7) mm ™', median (lower quartile—upper quartile), (p < 0.001). Data are displayed as the median values with
boxes spanning the upper limits of the first and third quartiles and with whiskers spanning the minimum and maximum values for
each group.

experiments on whole porcine liver are a necessary source of data on liver behavior from the pressure changes
point of view.

The whole liver was also used in experiments with human organs. Conte et al (2012) investigated
macroscopic damage of human liver in a uniaxial compression test. The macroscopic injury consisted mostly of
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lacerations of the right lobe. In some cases the lacerations originated in close proximity to the big vessels and
propagated along the connective tissue, which was in concordance with the macroscopic injury pattern in our
study. Occasional lacerations of the liver diaphragmatic surface found in our study were mostly caused by the
setting of the experiment. The diaphragmatic surface was exposed to the direct impact of the wooden plate,
which did not correspond to the injury mechanism in vivo.

The multiscale analysis by Conte et al (2012) also included histological analysis of the damaged tissue. The
microscopic injury patterns presented in human liver tissue were described as ‘cracking’ and ‘cavitation’ that
appeared to propagate within the hepatic lobules. According to this analysis the cracks’ origin appeared to be
located at the interface between the vessel wall and the parenchyma. Their data, however, did not clearly answer
how the tissue damage spread in the context of liver microstructure, namely in the context of the fibrous
components of the connective tissue matrix.

Our histological quantitative analysis based on stereological methods revealed that the ruptures did not
propagate randomly through the liver parenchyma, but rather followed a pattern that was closely related to the
tissue microstructure. The weak link of the tissue appeared to be the interface between the reticular fibers and the
hepatocytes arranged into trabeculae, as ruptures crossing the reticular fibers were statistically proven to be less
likely to occur than ruptures propagating along the above-mentioned interface. Moreover, the interlobular septa
that are composed of connective tissue also seemed to represent a strong border that ruptures did not cross.

The components of the extracellular connective tissue matrix, such as collagen IIl in reticular fibers,
influence the response of the organ to mechanical stimuli. Collagen is a rather stiff and hard protein whereas
cells on the other hand tend to respond to mechanical stimuli in various ways (Meyers et al 2008). The cell
rigidity is dependent on its environment, including cell-extracellular matrix interactions. The difference in
microscopic structures of porcine and human liver therefore needs to be taken into consideration when
extrapolating data from experiments on porcine organs to the human model.

Based on our study and works focused on the macro- and micro-structure of liver, there are three main
differences between human and porcine liver that are important for the mathematical modeling. The
microstructure of porcine liver is organized into only roughly hexagonal hepatic lobules, while the
microstructure of human liver is organized into regular hexagonal hepatic lobules. This difference is important
for the mathematical models based on the microstructure. The second main difference is the shape of the whole
liver (N'tonas et al 2020). The shape of porcine liver is lobular and thick in the centre, becoming thinner at the
perimeter of the organ, while human liver has a triangular prism shape, and the size decreases from right to left.
Both human and porcine livers consist of sinister, dexter, quadrate, and caudate lobes. Because of the more
lobular shape of the porcine liver, the sinister and dexter lobes are each divided into lateral and medial lobes. The
arterial vascular system in both humans and pigs have the same structure. The portal veins of the species have
minor differences. In human, the division of the portal vein occurs outside the liver parenchyma, while in pigs, it
occurs at the hilum. The third difference is the amount of connective tissue, which is significantly higher in pigs
compared to humans (Mik et al 2018). One of the main aims of our study was to find connection between the
impact energy and the range of injury. The results are based on the porcine liver, but the level of injury, the
rupture around veins and the rupture spreading should be similar for both species due to similarities in the tissue
structure (however, this claim is yet to be verified).

Velocity is recognized to be a critical factor in evaluating the possibility of abdominal organ injuries.
According to Brasel and Nirula (2005) the probability of abdominal injury significantly increases at velocity
>20 km h™'. However, in our study, relatively low velocities of the impact plates at the moment of impact still
led to severe liver injury. This was probably caused by the absence of the protective effect of the rib cage and of
the abdominal wall. Despite this limitation, the analysis showed an increasing trend of maximal pressure related
to the impact height and impact velocities, which supported the view that the severity of injury was dependent on
the impact energy. The highestloaded velocity (impact height) caused the most severe lacerations.

5. Conclusion

Using an experimental impact approach, this study provides a multiscale analysis of the mechanism of porcine
liver injury that gives an accurate description of damage evolution which can also be applied to human liver
tissue. Biomechanical behavior of porcine tissue, namely changes in intravascular pressure, was coupled with
analysis of rupture propagation on both the macroscopic and microscopic level. The microscopic analysis
proved that connective tissue containing reticular fibers influenced the rupture propagation through liver. The
pattern of rupture propagation, with regards to differences in the amount of connective tissue in porcine and
human liver, should be especially considered when extrapolating data from animal experiments to the human
model. The present findings can be used to improve (by incorporating the vascular tree) and validate
computational models of liver behavior in impact situations.

11



10P Publishing

Physiol. Meas. 42 (2021) 025008 A Maleckovd et al

Acknowledgments

This study was supported by the LO1506 (PK) provided by the Ministry of Education, Youth and Sports of the
Czech Republic, by the Charles University Research Fund (Progres Q39) (AM), by Charles University Project
number SVV 260 536 (AM) and GAUK 1098120 (AM), by the Centre of Clinical and Experimental Liver Surgery
UNCE/MED/006 (AM, RP, VL, PM), by University of West Bohemia Project number SGS-2019-002
‘Computer modelling and monitoring of human body used for medicine’ (TB) and by European Regional
Development Fund-Project, Application of Modern Technologies in Medicine and Industry’ (No. CZ.02.1.01/
0.0/0.0/17_048,/0007280) (PK, RP, VL, PM, ZT).

Authorship

Study design, literature search, data analysis, data interpretation, and writing—AM, PK, ZT, animal care—RP,
VL, histology—AM, PM, ZT, biomechanical measurements—PK, TB, MH, critical revision—ZT, VL, PM.

Disclosure

The authors declare no conflicts of interest.

References

Arnoux PJ, Serre T, Cheynel N, Thollon L, Behr M, Baque P and Brunet C 2008 Liver injuries in frontal crash situations a coupled numerical
—experimental approach Comput. Methods Biomech. Biomed. Engin. 11 189-203

Augenstein J, Bowen ], Perdeck E, Singer M, Stratton J, Horton T, Rao A, Digges K H, Malliaris A C and Steps ] 1999 Injury patterns in near-
side collisions Annu. Proc. Assoc. Adv. Automot. Med. 43 139-58 (PMCID: PMC3400216)

Behr M, Arnoux P J, Serre T, Bidal S, Kang H S, Thollon L, Cavallero C, Kayvantash K and Brunet C 2003 A human model for road safety:
from geometrical acquisition to model validation with radioss Comput. Methods Biomech. Biomed. Engin. 6 263—73

Brasel KJ and Nirula R 2005 What mechanism justifies abdominal evaluation in motor vehicle crashes? J. Trauma 59 1057-61

ChenJ, Brazile B, Prabhu R, Patnaik S S, Bertucci R, Rhee H, Horstemeyer M F, Hong Y, Williams L N and Liao ] 2018 Quantitative analysis
of tissue damage evolution in porcine liver with interrupted mechanical testing under tension, compression, and shear J. Biomech.
Eng. 140 0710101-07101010

Chen]J, Patnaik S S, Prabhu R K, Priddy L B, Bouvard J L, Marin E, Horstemeyer M F, Liao ] and Williams L N 2019 Mechanical response of
porcine liver tissue under high strain rate compression Bioengineering (Basel) 6 49

Cheynel N, Serre T, Arnoux P ], Baque P, Benoit L, Berdah S V and Brunet C 2006 Biomechanic study of the human liver during a frontal
deceleration J. Trauma 61 85561

Cheynel N, Serre T, Arnoux P ], Ortega-Deballon P, Benoit L and Brunet C 2009 Comparison of the biomechanical behavior of the liver
during frontal and lateral deceleration J. Trauma 67 40—4

Conte C, Garcia S, Arnoux P ] and Masson C 2012 Experimental multiscale analysis of liver damage and failure process under compression
J. Trauma Acute Care Surg. 72 727-32

Doklesti¢ K et al 2015 Surgical management of AAST grades III-V hepatic trauma by damage control surgery with perihepatic packing and
definitive hepatic repair-single centre experience World J. Emerg. Surg. 10 34

Eberlova L et al 2016 Porcine liver vascular bed in Biodur E20 corrosion casts Folia Morphol. (Warsz) 75 154—61

Eberlova L, Maleckova A, Mik P, Tonar Z, Jirik M, Mirka H, Palek R, Leupen S and Liska V 2020 Porcine liver anatomy applied to
biomedicine J. Surg. Res. 250 70-9

Elhagediab A and Rouhana S 1998 Patterns of abdominal injury in frontal automotive crashes The 16 Int. Technical Conf. on the Enhanced
Safety of Vehicles

Gayzik F S, Moreno D P, Geer C P, Wuertzer S D, Martin R S and Stitzel ] D 2011 Development of a full body CAD dataset for computational
modeling: a multi-modality approach Ann. Biomed. Eng. 39 2568—83

Golman A J, Danelson K A, Miller L E and Stitzel ] D 2014 Injury prediction in a side impact crash using human body model simulation
Accid. Anal. Prev. 3 1-8

Holbrook T L, Hoyt D B, Eastman A B, Sise M J, Kennedy F, Velky T, Conroy C, Pacyna S and Erwin S 2007 The impact of safety belt use on
liver injuries in motor vehicle crashes: the importance of motor vehicle safety systems J. Trauma 63 300—6

Hollenstein M, Nava A, Valtorta D, Snedeker ] G and Mazza E 2006 Mechanical characterization of the liver capsule and parenchyma ISBMS
2006: Biomedical Simulation (Lecture Notes in Computer Science vol 4072) ed M Harders and G Székely (Berlin: Springer) (https://doi.
org/10.1007/11790273_17)

Huelke D F, Nusholtz G S and Kaiker P S 1986 Use of quadruped models in thoraco-abdominal biomechanics research J. Biomech. 19 96977

Junatas K L, Tonar Z, Kubikové T, Liska V, Palek R, Mik P, Kralickovd M and Witter K 2017 Stereological analysis of size and density of
hepatocytes in the porcine liver J. Anat. 230 575-88

Kemper AR, Santago A C, Stitzel ] D, Sparks J L and Duma S M 2010 Biomechanical response of human liver in tensile loading Ann. Adv.
Automot. Med. 54 15-26 (PMID: 21050588)

King ATand Yang K H 1995 Research in biomechanics of occupant protection J. Trauma 38 570—6

Kozar R A, Crandall M, Shanmuganathan K, Zarzaur B L, Coburn M, Cribari C, Kaups K, Schuster K, Tominaga G T and AAST Patient
Assessment Committee 2018 Organ injury scaling 2018 update: spleen, liver, and kidney [published correction appears in J. Trauma
Acute Care Surg. 2019 Aug;87(2):512] J. Trauma Acute Care Surg. 85 1119-22

Kruepunga N, Hakvoort T B M, Hikspoors ] P ] M, Kohler S E and Lamers W H 2019 Anatomy of rodent and human livers: what are the
differences? Biochim. Biophys. Acta, Mol. Basis Dis. 1865 869—78

12


https://doi.org/10.1080/10255840701553471
https://doi.org/10.1080/10255840701553471
https://doi.org/10.1080/10255840701553471
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3400216
https://doi.org/10.1080/10255840310001606080
https://doi.org/10.1080/10255840310001606080
https://doi.org/10.1080/10255840310001606080
https://doi.org/10.1097/01.ta.0000187798.37920.4c
https://doi.org/10.1097/01.ta.0000187798.37920.4c
https://doi.org/10.1097/01.ta.0000187798.37920.4c
https://doi.org/10.1115/1.4039825
https://doi.org/10.1115/1.4039825
https://doi.org/10.1115/1.4039825
https://doi.org/10.3390/bioengineering6020049
https://doi.org/10.1097/01.ta.0000196871.19566.92
https://doi.org/10.1097/01.ta.0000196871.19566.92
https://doi.org/10.1097/01.ta.0000196871.19566.92
https://doi.org/10.1097/TA.0b013e31818cc429
https://doi.org/10.1097/TA.0b013e31818cc429
https://doi.org/10.1097/TA.0b013e31818cc429
https://doi.org/10.1097/TA.0b013e3182395e68
https://doi.org/10.1097/TA.0b013e3182395e68
https://doi.org/10.1097/TA.0b013e3182395e68
https://doi.org/10.1186/s13017-015-0031-8
https://doi.org/10.5603/FM.a2015.0094
https://doi.org/10.5603/FM.a2015.0094
https://doi.org/10.5603/FM.a2015.0094
https://doi.org/10.1016/j.jss.2019.12.038
https://doi.org/10.1016/j.jss.2019.12.038
https://doi.org/10.1016/j.jss.2019.12.038
https://doi.org/10.1007/s10439-011-0359-5
https://doi.org/10.1007/s10439-011-0359-5
https://doi.org/10.1007/s10439-011-0359-5
https://doi.org/10.1016/j.aap.2013.10.026
https://doi.org/10.1016/j.aap.2013.10.026
https://doi.org/10.1016/j.aap.2013.10.026
https://doi.org/10.1097/TA.0b013e318074de05
https://doi.org/10.1097/TA.0b013e318074de05
https://doi.org/10.1097/TA.0b013e318074de05
https://doi.org/10.1007/11790273_17
https://doi.org/10.1007/11790273_17
https://doi.org/10.1016/0021-9290(86)90114-4
https://doi.org/10.1016/0021-9290(86)90114-4
https://doi.org/10.1016/0021-9290(86)90114-4
https://doi.org/10.1111/joa.12585
https://doi.org/10.1111/joa.12585
https://doi.org/10.1111/joa.12585
http://www.ncbi.nlm.nih.gov/pubmed/21050588
https://doi.org/10.1097/00005373-199504000-00017
https://doi.org/10.1097/00005373-199504000-00017
https://doi.org/10.1097/00005373-199504000-00017
https://doi.org/10.1097/TA.0000000000002058
https://doi.org/10.1097/TA.0000000000002058
https://doi.org/10.1097/TA.0000000000002058
https://doi.org/10.1016/j.bbadis.2018.05.019
https://doi.org/10.1016/j.bbadis.2018.05.019
https://doi.org/10.1016/j.bbadis.2018.05.019

10P Publishing

Physiol. Meas. 42 (2021) 025008 A Maleckovd et al

Kubikové T, Kochové P, Brazdil ], Spatenka J, Burkert J, Krélitkova M and Tonar Z 2017 The composition and biomechanical properties of
human cryopreserved aortas, pulmonary trunks, and aortic and pulmonary cusps Ann. Anat. 212 17-26

Lee ] B and Yang KH 2001 Development of a finite element model of the human abdomen Stapp Car Crash J. 11 79-100

Maleckové A et al 2019 Animal models of liver diseases and their application in experimental surgery Rozhl Chir. 98 100-9

Marchesseau S, Chatelin S and Delingette H 2017 Non linear biomechanical model of the liver: hyperelastic constitutive laws for finite
element modeling Biomechanics of Living Organs ed Y Payan and ] Ohayon (Cambridge: Academic)

Mazza E, Nava A, Hahnloser D, Jochum W and Bajka M 2007 The mechanical response of human liver and its relation to histology: an in vivo
study Med. Image Anal. 11 66372

Melvin]J, Stalnaker R, Roberts V and Trollope M 1973 Impact injury mechanisms in abdominal organs Proc. 17th Stapp Car Crash Conf.
(Warrendale, PA: Society of Automotive Engineers) pp 115-26

MeyersM A, Chen PY, Lin AY M and Seki Y 2008 Biological materials: structure and mechanical properties Prog. Mater. Sci. 53 1-206

Mik P et al 2018 Distribution of connective tissue in the male and female porcine liver: histological mapping and recommendations for
sampling J. Comp. Pathol. 162 1-13

Monchal T, Ndiaye A, Gadegbeku B, Javouhey E and Monneuse O 2018 Abdominopelvic injuries due to road traffic accidents:
characteristics in a registry of 162 695 victims Traffic Inj. Prev. 19 529-34

Moore E E et al 1989 Organ injury scaling: spleen, liver, and kidney J. Trauma 29 1664—6

Ntonas A, Katsourakis A, Galanis N, Filo E and Noussios G 2020 Comparative anatomical study between the human and swine liver and its
importance in xenotransplantation Cureus 12 9411

Santago A C, Kemper A R, McNally C, Sparks ] L and Duma S M 2009 The effect of temperature on the mechanical properties of bovine liver
—Dbiomed 2009 Biomed. Sci. Instrum. 45 376-81 (PMID: 19369792)

Sparks ] L, Bolte ] H 4th, Dupaix R B, Jones K H, Steinberg S M, Herriott R G, Stammen ] A and Donnelly B R 2007 Using pressure to predict
liver injury risk from blunt impact Stapp Car Crash J. 51 401-32 (PMID: 18278606)

Sparks J L and Dupaix R B 2008 Constitutive modeling of rate-dependent stress-strain behavior of human liver in blunt impact loading Ann.
Biomed. Eng. 36 1883-92

Sparks ] L, Stammen J, Herriott R and Jones K 2008 Development of a fluid-filled catheter system for dynamic pressure measurement in soft-
tissue trauma Int. J. Crashworthiness 13 255—64

Stoyan D, Kendall W S and Mecke J 1995 Stochastic Geometry and its Applications 2nd edn (New York: Wiley)

Schoell SL, Weaver A A, Urban J E, Jones D A, Stitzel ] D, Hwang E, Reed M P, Rupp ] D and Hu J 2015 Development and validation of an
older occupant finite element model of a mid-sized male for investigation of age-related injury risk Stapp Car Crash J. 11 359-83
(PMID: 26660751)

Schwartz D, Guleyupoglu B, Koya B, Stitzel ] D and Gayzik F S 2015 Development of a computationally efficient full human body finite
element model Traffic Inj. Prev. 16 S49-56

Tamura A, Omori K, Miki K, Lee ] B, Yang K H and King A 12002 Mechanical characterization of porcine abdominal organs Stapp Car Crash
J. 11 55-69 (PMID: 17096218)

Tonar Z, Jandcek J, Nedorost L, Grill R, Béca V and Zitura F 2009 Analysis of microcracks caused by drop shatter testing of porcine kidneys
Ann. Anat. 191 294-308

Tropiano P, Thollon L, Arnoux P J, Huang R C, Kayvantash K, Poitout D G and Brunet C 2004 Using a finite element model to evaluate
human injuries application to the HUMOS model in whiplash situation Spine (Phila Pa 1976) 29 1709-16

Untaroiu CD, LuY C, Siripurapu S K and Kemper A R 2015 Modeling the biomechanical and injury response of human liver parenchyma
under tensile loading J. Mech. Behav. Biomed. Mater. 41 280-91

Vrtkova I 2015 Genetic admixture analysis in Prestice Black-Pied pigs Arch. Anim. Breed. 58 115-21

Vy¢ital O, Horsky O, Rosendorf], Liska V, Skalicky T and Tteska V 2019 Treatment of liver injuries at the Trauma Centre of the University
Hospital in Pilsen Rozhl Chir. 98 488-91

Wang B C, Wang GR, Yan D Hand Liu Y P 1992 An experimental study on biomechanical properties of hepatic tissue using a new
measuring method Biomed. Mater. Eng. 2 1338

World Health Organization 2018 Road traffic injuries World Road Safety Global Status Report on Road Safety (https://who.int/news-room/
fact-sheets/detail /road-traffic-injuries) (accessed 8 June 2020)

XuT, Sheng X, Zhang T, Liu H, Liang X and Ding A 2018 Development and validation of dummies and human models used in crash test
Appl. Bionics Biomech. 3832850

13


https://doi.org/10.1016/j.aanat.2017.03.004
https://doi.org/10.1016/j.aanat.2017.03.004
https://doi.org/10.1016/j.aanat.2017.03.004
https://doi.org/10.1016/j.media.2007.06.010
https://doi.org/10.1016/j.media.2007.06.010
https://doi.org/10.1016/j.media.2007.06.010
https://doi.org/10.1016/j.pmatsci.2007.05.002
https://doi.org/10.1016/j.pmatsci.2007.05.002
https://doi.org/10.1016/j.pmatsci.2007.05.002
https://doi.org/10.1016/j.jcpa.2018.05.004
https://doi.org/10.1016/j.jcpa.2018.05.004
https://doi.org/10.1016/j.jcpa.2018.05.004
https://doi.org/10.1080/15389588.2018.1447669
https://doi.org/10.1080/15389588.2018.1447669
https://doi.org/10.1080/15389588.2018.1447669
https://doi.org/10.1097/00005373-198912000-00013
https://doi.org/10.1097/00005373-198912000-00013
https://doi.org/10.1097/00005373-198912000-00013
https://doi.org/10.7759/cureus.9411
http://www.ncbi.nlm.nih.gov/pubmed/19369792
http://www.ncbi.nlm.nih.gov/pubmed/18278606
https://doi.org/10.1007/s10439-008-9555-3
https://doi.org/10.1007/s10439-008-9555-3
https://doi.org/10.1007/s10439-008-9555-3
https://doi.org/10.1080/13588260801933600
https://doi.org/10.1080/13588260801933600
https://doi.org/10.1080/13588260801933600
http://www.ncbi.nlm.nih.gov/pubmed/26660751
https://doi.org/10.1080/15389588.2015.1021418
https://doi.org/10.1080/15389588.2015.1021418
https://doi.org/10.1080/15389588.2015.1021418
http://www.ncbi.nlm.nih.gov/pubmed/17096218
https://doi.org/10.1016/j.aanat.2009.02.005
https://doi.org/10.1016/j.aanat.2009.02.005
https://doi.org/10.1016/j.aanat.2009.02.005
https://doi.org/10.1097/01.BRS.0000135840.92373.5C
https://doi.org/10.1097/01.BRS.0000135840.92373.5C
https://doi.org/10.1097/01.BRS.0000135840.92373.5C
https://doi.org/10.1016/j.jmbbm.2014.07.006
https://doi.org/10.1016/j.jmbbm.2014.07.006
https://doi.org/10.1016/j.jmbbm.2014.07.006
https://doi.org/10.5194/aab-58-115-2015
https://doi.org/10.5194/aab-58-115-2015
https://doi.org/10.5194/aab-58-115-2015
https://doi.org/10.33699/PIS.2019.98.12.488-491
https://doi.org/10.33699/PIS.2019.98.12.488-491
https://doi.org/10.33699/PIS.2019.98.12.488-491
https://doi.org/10.3233/BME-1992-2305
https://doi.org/10.3233/BME-1992-2305
https://doi.org/10.3233/BME-1992-2305
https://who.int/news-room/fact-sheets/detail/road-traffic-injuries
https://who.int/news-room/fact-sheets/detail/road-traffic-injuries
https://doi.org/10.1155/2018/3832850

	dizertace_Maleckova_final_bez priloh_pdfa_1a
	01_Maleckova_2019_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	02_Eberlova_2020_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	03_Kolinko_2021_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	04_Jirik_2016_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	05_Jirik_2018_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	06_Mik_2018_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	07_Maleckova_2022_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	08_Palek_2018_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	09_Palek_2020_pdfa_1a
	dizertace_Maleckova_final_bez priloh_pdfa_1a
	10a_Maleckova_2021_pdfa_1a
	Reference

	10b_Maleckova_2021_pdfa_1a
	1. Introduction
	2. Methods
	2.1. Liver sample preparation
	2.2. Impact test
	2.3. Macroscopic injury analysis
	2.4. Microscopic injury analysis
	2.5. Statistical analysis

	3. Results
	3.1. Liver samples
	3.2. Impact test
	3.2.1. Greater impact velocity (heights) resulted in increased maximal intravascular pressure accompanied by more severe injury.

	3.3. Macroscopic injury analysis
	3.3.1. Ruptures affected mostly the interface between connective tissue surrounding big vessels and liver parenchyma

	3.4. Microscopic injury analysis
	3.4.1. The ruptures avoided reticular fibers and interlobular septa on the microscopic level


	4. Discussion
	5. Conclusion
	Acknowledgments
	Authorship
	Disclosure
	References




