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Abstrakt

Uvod: Dizertaéni prace je zalozena na Sesti studiich, které se zaméfuji na uplatnéni
kvantitativni histologie v hodnoceni experimenti u zvifecich modeli. Zahrnuje predstaveni
postupil virtudlni mikroskopie a strategii vzorkovani obrazovych poli, mapovani zmén
mikroskopické struktury segmentli ovéich a prasecich krkavic a jejich porovnani s lidskymi
korondrnimi cévami a arteria thoracica interna, hodnoceni vaskularizace u mysiho modelu
s xenografty lymfomt (PDX), vliv hyperbarické oxygenoterapie na tvorbu kolagenu typu III
a na vaskularizaci v kozni ran¢€ u Zucker Diabetic Fatty potkana.
Metody: Pichledovy ¢lanek o virtualni mikroskopii byl zaméfen na ukazku ptikladu
vzorkovani snimkd z riznych oblasti kvantitativni histologie. V ostatnich studiich byly
histologicky zpracované fezy barvené Skdlou metod zaméfenych na stavbu cévni stény, a
bunécné osidleni (orcein, pikrosiriova Cerven, Verhoeffiiv hematoxylin a zeleny trichrom,
Gilltv hematoxylin, alcianova modf) a imunohistochemickym prikazem antigent (a-hladky
svalovy aktin, neurofilamentovy protein, CD-31, von Willebrandiv faktor). Pomoci
nevychyleného vzorkovani a stereologickych metod jsme kvantifikovali plosné podily
slozek (elastin, kolagen, hladkosvalovy aktin a chondroitinsulfat) pouzitim stereologické
bodové miizky; dvourozmérnou hustotu (jaderné profily, nervi vasorum, vasa vasorum,
endotel mikrocév) pomoci pocitaciho ramecku; tlousStku cévni stény jsme mefili linedrnimi
sondami.
Vysledky: Rozdily v mikroskopickém sloZeni mezi levou a pravou krkavici stejného jedince
byly podstatné vétsi u ovce nezli obdobné rozdily prasete. Levé ovei krkavice mély vétsi
plosny podil elastinu, mensi podil hladkosvalového aktinu a mensi tlouStku intima-media
nez parové pravostranné krkavice. Prasec¢i krkavice mély na levé strané mensi podil elastinu
a menS$i hustotu vasa vasorum v medii. U obou zvifecich modeld se podil elastinu a
chondroitinsulfatu snizoval v proximodistalnim sméru, naopak podil hladkosvalového
aktinu se zvySoval. Ov¢i krkavice mély po celé své délce svalovy fenotyp, ale u prasecich
doslo k zméné fenotypu z elastického na svalovy v proximodistalnim sméru. Krkavice obou
zvifat se liSili od lidskych korondrnich cév a arteria thoracica interna ve vétSiné
histologickych parametra.

Srovnanim pouziti Dopplerovy ultrasonografie a kvantitativni histologie na stanoveni
plosného podilu mikrocév byly u lymfomu zjisténé znac¢né rozdily mezi t€mito metodami.
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U kvantitativni histologie byl plosny podil malych PDX modelii nizsi a velkych PDX modelt
vys$si nez u Dopplerovy ultrasonografie.

Hustota a plosny podil mikrocév byly v mySich xenoimplantatech vyznamné nizsi nez
v primarnich lidskych lymfomech.

Hyperbaricka oxygenoterapie koznich ran u diabetickych potkand II. typu zvySovala
b&hem hojeni objemovy podil kolagenu typu III v hojici se dermis.
Zavér: Pomoci kvantitativni histologie jsme zjistili, Ze ov¢i a praseci krkavice nejsou
ekvivalentni s lidskymi koronarnimi cévami a arteria thoracica interna. Levé a pravé ovei
krkavice se lisili v mikroskopickém slozeni, coz je limitujici pro jejich vzajemnou
ekvivalenci s kontrolnimi skupinami v chirurgickych experimentech. Tyto rozdily by mély
byt brany v tvahu pii navrhovani a interpretaci experimentd.

Studie vlivu hyperbarické oxygenoterapie naznacuje, Ze tato doplitkova terapie by
mohla urychlit hojeni ischemickych diabetickych ran.

Soucasti zavért jednotlivych studii a jejich spoleénym jmenovatelem jsou prakticka
doporuceni pro optimalizaci designu studii s ohledem na jejich kvantitativni histologické

hodnoceni.



Abstract

Introduction: The dissertation is based on six studies that focus on the application of
quantitative histology in animal model experiments. It includes a presentation of virtual
microscopy procedures and image field sampling strategies, mapping changes in the
microscopic structure of ovine and porcine carotid segments and their comparison with
human coronary arteries and internal thoracic arteries, vascularization assessment in a mouse
model of lymphoma xenografts (PDX), the effect of hyperbaric oxygen therapy on type III
collagen production and on vascularization in a skin wound in a Zucker Diabetic Fatty rat.
Methods: The review article about virtual microscopy was focused on an example of
sampling images from various areas of quantitative histology. In other studies, histologically
processed sections were stained with a variety of methods for vascular wall construction,
cell infiltration (orcein, picrosirius red, Verhoeff's hematoxylin and green trichrome, Gill's
hematoxylin, alcian blue) and immunohistochemical antigen detection (a-smooth muscle
actin, neurofilament protein, CD-31, von Willebrand factor). Using unbiased sampling and
stereological methods, we quantified the area fraction of components (elastin, collagen,
smooth muscle actin and chondroitin sulfate) using a stereological grid point; two-
dimensional density (nuclear profiles, nervi vasorum, vasa vasorum, microvessel
endothelium) using a counting frame; we measured the thickness of the artery wall using
linear probes.

Results: The differences in microscopic composition between the left and right carotid
artery of the same individual were significantly greater in sheep than in pigs. The left ovine
carotid arteries had a greater area fraction of elastin, a smaller area fraction of smooth muscle
actin and a thinner intima-media thickness than the paired right carotid arteries. The left
porcine carotid arteries had a smaller area fraction of elastin and a smaller density of vasa
vasorum in the tunica media. In both animal models, the area fraction of elastin and
chondroitin sulfate decreased in the proximodistal direction, while the area fraction of
smooth muscle actin increased. Ovine carotid arteries had a muscle phenotype along their
entire length, but in pigs the phenotype changed from elastic to muscular in the proximodistal
direction. The carotid arteries of both animal models differed from the human coronary

arteries and the internal thoracic arteries in most histological parameters.



By comparing the use of Doppler ultrasonography and quantitative histology to
determine the area fraction of microvessels, significant differences between these methods
were found in lymphomas. In quantitative histology, the area fraction of small PDX models
was smaller and large PDX models were greater than in Doppler ultrasonography.

Density and area fraction of microvessels were significantly lower in mouse xenografts
than in primary human lymphomas.

Hyperbaric oxygen therapy of skin wounds in diabetic rats II. increased the volume
fraction of type III collagen in the healing skin.

Conclusion:

Using quantitative histology, we found that ovine and porcine carotid arteries are not
equivalent to human coronary arteries and the thoracic internal artery. The left and right
ovine carotid arteries differed in microscopic composition, which is limiting their
equivalence with control groups in surgical experiments. These differences should be taken
into account when designing and interpreting experiments.

A study of the effect of hyperbaric oxygen therapy suggests that this adjunctive therapy
could accelerate the healing of ischemic diabetic ulcers.

The conclusions of the individual studies and their common denominator include
practical recommendations for optimizing study design with respect to quantitative

histological assessment.



Predmluva

Dizerta¢ni prace s tématem ,,Histologické hodnoceni chirurgickych experimentii u zvifecich
modelt* byla vypracovana na Ustavu histologie a embryologie a v Laboratofi kvantitativni
histologie Biomedicinského centra Lékatské fakulty v Plzni Univerzity Karlovy pod
vedenim skolitele prof. MUDr. Mgr. Zbyiika Tonara, Ph.D. Prace je zaloZena na Sesti jiz

publikovanych studiich, na kterych jsem se podilela nasledovné:

1. Kolinko Y., ... Grajciarova M. et al. (Anat Histol Embryol, 2022): Pfipravila jsem
jeden z prikladt systematického nestranného vzorkovani véetné fotodokumentace.

2. Tomasek P., Tonar Z., Grajciarova M. et al. (Ann Anat, 2020): ReSerSe literatury o
prasecich krkavicich, o jejich anatomickych, histologickych a fyziologickych vlastnostech a
vyuziti jako zviteciho modelu pro experimenty.

3. Grajciarova M. et al. (Ann Anat, 2022): Moje prvoautorska studie, v které¢ jsem se
podilela na navrhu celé prace, odbéru ovc¢ich krkavic a na ¢asti histologickych barveni.
Zpracovala jsem celou fotodokumentaci a nésledné jsem pomoci kvantitativni histologie
vyhodnotila mikrofotografie. Provedla jsem statistické hodnoceni, sepsdni a revizi
manuskriptu. Studie byla podpoiena projektem GA UK 1313420.

4. Kesa P., Pokornd E., Grajciarova M. et al. (Ultrasound Med Biol, 2021): Podilela
jsem se na fotodokumentaci a kvantitativnim hodnoceni nadorovych mikrocév, statistické
analyze a pfipravé ¢asti textu do manuskriptu.

5. Jaksa R., ... Grajciarova M. et al. (Lab Invest, 2022): Podilela jsem se na
fotodokumentaci a kvantitativnim hodnoceni nadorovych mikrocév, pifipravé histologické
¢asti textu do manuskriptu.

6. Rizicka, J., Grajciarova M. et al. (Physiol Res, 2021): Podilela jsem se na
fotodokumentaci a kvantitativnim hodnoceni, statistické analyze a pfipravé histologické

¢asti manuskriptu.

V Plzni dne 26.5.2022
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Seznam zkratek

Seznam zkratek

Aa — area per area; plosny podil (-)

AC — arteria coronaria, koronarni tepna

ACC — arteria carotis communis; spole¢ny kmen krkavice

AKB — aortokoronarni bypass

ANOVA — analysis of variance; analyza variance

ATI — arteria thoracica interna (a. mammaria); vnitini hrudni tepna
CE — coefficient of error; koeficient chyby

CTRL — control group; kontrolni skupina

DLBCL — diffuse large B-cell lymphoma; difuzni velkobunéény B-lymfom
Ho — nulova hypotéza

HBOT — hyperbarickéd oxygenoterapie

IMT — intima-media thickness; tloustka intima a media (um)
IWGDF — Mezinarodni pracovni skupina pro diabetickou nohu

La — length per area; délkové hustota (mm™')

Lv — length per volume; dvourozmérna délkova hustota (mm)
MCL — mantle cell lymphoma, lymfom z plast'ovych bunck
MVA — microvessel area; mikrocévni plosny podil (-)

MVD — microvessel density; mikrocévni hustota (mm)

NHL — Non-Hodgkintiv lymfom

Nv — number per volume; numerické hustota (mm™)

P'L — naméiend délkova hustota prise¢iku (mm™)

PDX — patient-derived xenografts, xenotransplantaty lymfomu
Qa — quantity per area; dvourozmérna hustota objekti (mm)
SD — standard deviation; smérodatna odchylka

SDN — syndrom diabetické nohy

Sv — surface density; povrchova hustota (mm™)

Vv — volume per volume; objemovy podil (-)

WT — wall thickness; tloustka stény (um)

ZDF — Zucker Diabetic Fatty
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Teoreticky tvod

1 Teoreticky avod

1.1 Kvantitativni histologie

V diagnostice morfologickych zmén ve stavbé tkani tradi¢né prevazuje dosud kvalitativni
histologie, zalozena na erudici a zkusenosti hodnotitele. Ve védeckém vyzkumu vyznamné
roste uplatnéni kvantitativni histologie, ktera ptindsi idaje ve formé Ciselnych dat, a to bud’to
v podobé¢ semikvantitativnich, nebo spojitych proménnych (Bolender, 1982; Kubinové et al.,
2001; Pereira and Mandarim-de-Lacerda, 2001). K metodam kvantitativni histologie patii
morfometrie a stereologie (Mandarim-de-Lacerda, 2003).

Morfometrie je bézn€¢ pouzivanou histologickou technikou pro ziskavani
kvantitativnich dat z histologickych fezi. Jeji cilem je stanoveni parametrii jako pocet, délka,
plocha nebo objem. Takto ziskana data nam vSak neposkytuji informace o tkani jako celku
a neberou v Uivahu velikost, tvar a orientaci hodnocenych castic, tj. neodrézeji kontextudlni
informaci o stavbé tkani (Brown, 2017; Pereira and Mandarim-de-Lacerda, 2001). Za zlaty
standard ziskavani kvantitativnich morfologickych udaji se povazuje tzv. design-based
stereologie, kterd je zaloZena na kombinaci metod vzorkovani a vlastnich geometrickych
miizek k ziskavani trojrozmérnych informaci o bunikéach, tkanich ¢i orgdnech (Brown, 2017;
Miihlfeld, 2014). Zakladni zasady tohoto oboru jsou zpracovany v klasickych ucebnicich
(Howard and Reed, 2004; Mouton, 2013, 2011).

1.1.1 Stereologie

Stereologie (z feCtiny: stereos = téleso, pevna latka; logos = nauka) je v&dni disciplina
zaobirajici se trojrozmérnou interpretaci rovinnych fezl. Je zalozend na zakladnich
principech geometrie a statistického odvozovani geometrickych vlastnosti vzorek riizného
puvodu, velikosti a vnitini struktury, pfi¢emz je inspirovana nejen obory biologickymi, ale 1
materidlovymi védami, fraktografii, geologii, petrografii apod. (Baddeley and Jensen, 2004;
Brown, 2017; Gardner et al., 2003; Tomaszewski et al., 2014; Tschanz et al., 2014).
Kvantitativnimi daty tak mizeme popisovat stavbu a slozeni buné¢k, tkani a organt,
popiipadé¢ pak kvantitativni morfometrické parametry korelovat s fyziologickymi a

biochemickymi udaji (Tschanz et al., 2014).
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Zakladnimi parametry stereologie jsou objem, plocha, délka a pocet, které mohou byt
vyjadieny absolutné, popt. relativné v podobé jejich vzajemnych poméra (objemovy podil
Vv, povrchova hustota Sy, délkova hustota Lv a numericka hustota Ny) (Baddeley and
Jensen, 2004; Brown, 2017; Peterson, 2010; Tomaszewski et al., 2014; Tonar, 2008; Tonar
et al., 2007; Tschanz et al., 2014; Veras et al., 2014).

1.1.2 Planovani a realizace stereologické studie

Pti pfipravé a ndsledném provedeni stereologické studie je vhodné se vyhnout nékterym
béznym nastraham. Pro ziskani co nejpiesnéjsich a nevychylenych kvantitativnich vysledkt
je rozhodujici precizni naplanovani studie, které zahrnuje cely postup experimentu od sbéru
organovych vzorki, zpracovani tkani az po samostatné histologické hodnoceni. Uz od
samotného zacatku je nutnd spoluprace mezi vSemi ¢leny védeckého tymu, véetné stereologa
(Tschanz et al., 2014). Vysledky kvantitativni studie zalozené pouze na intuitivnich
zakladech a bez diikladného naplanovani mohou byt zkreslené ndhodnymi ¢i systematickymi
chybami, popt. mohou byt nachylné k nespravné interpretaci (Mendis-Handagama and
Ewing, 1990). Faze planovani zahrnuje urceni testovaného materialu, mista a zpiisobu
odbéru vzorki, poc¢tu vzorek, volbu strategie viceuroviiového vzorkovani tkanovych blockad,
fezii a zornych poli, volbu vhodného fixacniho roztoku a barviv, planovani poctu
mikroskopickych snimkl a zornych poli, vhodny vybér stereologické sondy a statistické
metody (Gundersen et al., 1988; Hsia et al., 2010; Tschanz et al., 2014). VSechny této kroky
pracovniho postupu na sebe navzajem navazuji, pficemz studie jako celek je validni do té
miry, jako je jeji nejslabsi €lanek (Tschanz et al., 2014). Proto je nanejvys ucelné, zmapovat
variabilitu dat na kazdé z téchto urovni zpracovani a hodnoceni.

Stereologicky postup se sklada z dvou zédkladnych krokii: (i) nevychylené vzorkovéani
(unbiased sampling) na vSech Urovnich redukce materialli od makroskopickych vzorki az
po zorna pole; (ii) nevychylené (unbiased) hodnoceni mikroskopickych snimkt s vyuZzitim
vhodnych geometrickych mtizek (Tschanz et al., 2014).

Nejcasteji vyuzivanou strategii vzorkovani je tzv. systematicky nestranny ndhodny
vybér (systematic uniform random sampling), ktery dava zpocatku vSem castem
hodnocenych struktur stejnou pravdépodobnost, Ze budou hodnoceny (Baddeley and Jensen,
2004; Brown, 2017; Peterson, 2010; Tomaszewski et al., 2014; Tschanz et al., 2014). Organ

¢i tkanovy blocek je kompletné rozkrajen (exhaustive sectioning), pficemz pozice prvniho
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vybraného vzorku je urCena ndhodnym cislem anasledné se dalSi vzorky odebiraji
systematicky v pravidelnych vzorkovacich intervalech (Brown, 2017; Tschanz et al., 2014).
Ty ¢asti makroskopického objektu, na nichz bude mikroskopické kvantitativni hodnoceni
zaloZeno, se tak stavaji soucasti vybéru s pravdépodobnosti pfimo tmérnou ¢etnosti svého
vyskytu a takovy vybér mizeme pak povazovat za reprezentativni (Boyce et al., 2010).

Pii mikroskopickém hodnoceni tkani feSime zpravidla soucasné nékolik trovni
redukce hodnoceného materialu (viceuroviové vzorkovani, multi-level sampling), pficemz
na vSech trovnich postupujeme dle stejné, vyse popsané strategie. Obdobn¢ postupujeme az
na uroven mikroskopickych zornych poli, které, zejména pii pouziti objektivii s vysSim
zvétSenim, nemusi zachytit celou ¢ast hodnoceného fezu. V tomto pfipad¢ je nutné pfi
snimkovani fezli rovnéz pouzit systematické nestranné ndhodné vzorkovani téch zornych
poli, jejichz slozeni pak budeme hodnotit v dal$im kroku pomoci geometrickych
stereologickych mfizek ¢i sond (Tschanz et al., 2014). Volba poctu potiebnych zornych poli
je zasadné ovlivnéna mirou heterogenity distribuce nami hodnocenych objekti a pfi
nevhodné zvolené vzorkovaci strategii mize vést budto k nadmémé pracnosti bez
vyznamného zptesnéni hodnoceni (oversampling), nebo naopak k podhodnoceni vzorkovani
vedoucimu k velkému nardstu variability dat (undersampling) (Peterson, 2010; Tschanz et
al., 2014).

Pokud mame vyfeSeno vzorkovani na vSech urovnich redukce materidlu, ptistupujeme
k aplikaci geometrickych sond na vybrané snimky. Z interakce geometrickych miizek
znamych vlastnosti (tzv. miiZzkovych konstant, grid constants) s ndmi hodnocenymi
strukturami vypocitame geometricky statisticky popis hodnocenych struktur (Howard and
Reed, 2004; Mouton, 2013, 2011). Ktomu museji byt splnény dv€é podminky: (i)
jednoznacna identifikace objektl naseho z4jmu, které musi byt mozné bez pochybnosti
rozlisit ve vSech hodnocenych ¢astech vzorku; (ii) definice oblasti z4jmu (region of interest),
kterd mize byt tvofena bud’to anatomicky pfirozenymi hranicemi (oblasti organii ¢i jejich
vrstvy), popfipadé jsme schopni ji definovat arbitrdrnimi pravidly, ale vzdy
reprodukovatelné (napiiklad jedna tietina tloustky cévni stény).

Vybér vlastni stereologické sondy ¢i mfizky zavisi na veli€iné, kterou hodlame
kvantifikovat. Z tzv. parametrti 1. fadu jsou to objemy, povrchy, délky, pocty objektu,
z parametrii vysSich fada je to napf. konektivita, shlukovani a kolokalizace. Piikladem
stereologickych sond pro pocitani objektli ve tfech rozmérech je fyzikalni ¢i opticky

disektor; pro hodnoceni délek se vyuzivaji plosné sondy; pro hodnoceni ploch povrchil jsou
18



Teoreticky tvod

to linearni sondy a pro hodnoceni objemi jsou to bodové testovaci sondy. Soucet
geometrickych rozmeérii sondy a hodnoceného parametru musi byt vzdy minimalné tii, neni
tedy naptiklad mozné hodnotit ,,po¢ty bunék* béznych rozmért z klasickych histologickych
rutinnich fezl. (Mandarim-de-Lacerda, 2003).

Pokud respektujeme vyse uvedené principy, je jiz jen otdzkou efektivity, ergonomie a
nakladt, ktery konkrétni software pro stereologii zvolime. Na kvantitativni stereologickou
analyzu se pouzivaji rizné komercéné dostupné stereologické programy, napiiklad program
Ellipse (VIDITO, Kosice, Slovak Republic), systémy Stereotopix (Visiopharm, Aarhus,
Denmark), Stereologer (SRC Biosciences, Tampa, FL, USA) (Hida et al., 2020; Mouton,
2013, 2011; Watson et al., 2020). Velké mnozstvi knihoven je k dispozici i v rdmci volné
dostupného baliku ImageJ a FIJI, které pfinaseji vyhodu uzivateliim schopnym programovat

nékteré rutinni operace (Schindelin et al., 2012; Schneider et al., 2012).
1.2 Tepny

Systém krevnich cév je tvofen tepnami, mikrocirkulaci a zilami. Tepny na zakladg jejich
stavby délime na elastické a svalové. K elastickym tepndm patii velké cévy v blizkosti srdce
(aorta, odstupy vétvi aorty, plicnice) a jsou pfizpisobené velkym vykyvim tlakové
amplitudy. Svalové tepny jsou stfedniho az malého kalibru, tvofi vétSinu z tepen, jejichz
ulohou je zabezpecit distribuci krve do vSech tkdni a organi (Shinaoka et al., 2013).

Z histologického hlediska tvofi sténu tepen tunica intima, tunica media a tunica
adventitia (Allaire et al., 1994; Katsimpoulas et al., 2015; Maschietto et al., 2017). Tunica
intima je obvykle nejtenci vrstvou, ktera se sklada z jedné vrstvy endotelidlnich bunck
nasedajicich na bazélni laminu a subendotelidlni fibro-elastické vazivo (Li et al., 2014;
Tennant and McGeachie, 1990). Endotelidlni butiky, které jsou v pfimym kontakté s krvi,
hraji diilezitou tlohu v homeostaze. Zucastiuji se trombolyzy a koagulacnich procest, tvori
difuzni bariéru, reguluji vaskularni tonus a také jsou dilezité pro zanétlivé a imunologické
procesy.

Stfetni vrstvou je tunica media tvofenad elastickymi lamelami, buitkami hladké
svaloviny, kolagenem typu III a glykosaminoglykany. MnoZstvi elastinu a hladké svaloviny

zéavisi od typu tepny. V elastickych tepnach prevladaji elastickd vlakna, v svalovych naopak

24

19



Teoreticky tvod

taky vasa vasorum z divodu omezené difuze zivin a metaboliti ptes cévni sténu (Garcia et
al., 2013, 2011; Li et al., 2014; Maschietto et al., 2017; Weizsicker et al., 2014).
Posledni vnéjsi vrstvou je tunica adventitia, ktera je slozend hlavné z hrubych svazki

kolagenu typu 1, vasa vasorum a nervi vasorum (Witter et al., 2017, 2010).

1.2.1 Spole¢ny kmen krkavice u ovci a prasat

Spolecny kmen krkavice (arteria carotis communis, ACC) je hlavni tepnou pro zasobeni
oblasti hlavy a krku okysli¢enou krvi (Manbachi et al., 2011; Popesko et al., 1992; Schulz
etal., 2016).

1.2.1.1 Anatomie a chirurgicky pristup

ACC je parova tepna, ktera se nachdzi v urovni krénich obratlti v hloubce pfiblizné 2 cm
(Anderson et al., 2018; Manbachi et al., 2011; Popesko et al., 1992; Schulz et al., 2016). Jeji
primér je 2-6 mm, pficemz je vétsi v proximalni ¢asti (Dondelinger et al., 1998; Garcia et
al., 2011). Ov¢i a prase¢i ACC se vyznacuji snadnym chirurgickym pfistupem s moznosti
pouziti stejného chirurgického instrumentaria a Siciho materidlu jako u ¢lovéka (Anderson
et al., 2018). Pii jejich anatomické poloze je mozny monitoring jejich prichodnosti pomoci
Dopplerove ultrasonografie a je taky pomérné snadnd katetrizace (Anderson et al., 2018;
Bastijanic et al., 2016; Dondelinger et al., 1998; Stewart et al., 2017).

Pro chirurgicky zakrok je velmi diilezita znalost chirurga o anatomii samotné ACC ale
1 okolnich anatomickych struktur. Ve své proximalni ¢asti se ACC nachazi na ventralni ploSe
pridusnice, pak prochézi jeji dorzolateralnim povrchem (Popesko et al., 1992). Ventralné
od ACC se nachdzi nervus laryngeus reccurrens, dorzaln€ truncus vagosympathicus a
lateraln€ vena jugularis interna (Popesko et al., 1992).

Prava a leva ACC vznikaji z truncus bicaroticus, ktery ma svij pavod v truncus
brachiocephalicus (Popesko et al., 1992; Rao et al., 2016). Jde o dlouhé cévy s minimalnim
vétvenim (ovce 7 vétvi, prase 5 vétvi) (Dondelinger et al., 1998; Popesko et al., 1992).
Konkrétné se jedna o nasledujici vétve: arteria thyroidea caudalis (u prasete pouze na levé
stran¢, u ovci na obou stranach), nekonstantni svaloveé vétve (rami sternocleidomastoidei

(pouze u ovci), ramus pharyngeus a ramus laryngeus), arteria thyroidea cranialis, arteria
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laryngea cranialis, arteria pharyngea ascendens (pouze u ovci), arteria palatina ascendens
(pouze u ovci) a arteria carotis interna (Konig and Liebich, 2002; Popesko et al., 1992).

ACC pak pokracuji pfimo v podob¢ arteria carotis externa (Popesko et al., 1992).

1.2.1.2 Vyuziti v experimentech

Ov¢i a praseci ACC jsou preferovanym zvifecim modelem v experimentalni chirurgii diky
jejich anatomické a fyziologické podobnosti s kardiovaskuldrnim systémem cloveka
(Anderson et al., 2018; Garcia et al., 2011; Schleimer et al., 2018).

Pouzivaji se naptiklad k testovani jejich mechanickych vlastnosti, které jsou dulezité
pro navrh vhodnych stentl potfebnych pro 1é¢bu obstrukce nebo stendzy ACC a pii akutni
ischemické cévni mozkové piihodé (Fong et al., 2017; Jiang et al., 2016; Nikoubashman et
al., 2018; Stewart et al., 2017; Zhou et al., 2016). Kromé& toho jsou vyuzivany pro testovani
cévnich nahrad vyvijenych vramci tkanového inZenyrstvi pro aortokoronarni bypass
(AKB), jako jsou napftiklad polytetrafluorethylen nebo poly-e-kaprolaktonova nanovldkna
(Fukunishi et al., 2016; Jaramillo et al., 2018; Mréwczynski et al., 2014; Tzchori et al., 2018;
Wulff et al., 2017).
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2 Cile a hypotézy

Dizertacni prace je tvofena souborem Sesti studii zaméfenych na kvantitativni histologii.
Prvni casti je piehledna prace metod viceuroviiového vzorkovani s popisem jejich vyhod a
nevyhod. Déle jsem se zaméfila na kvantitativni hodnoceni mikroskopického slozeni stény
ov¢ia prase¢i ACC, ktera je Castym zvifecim modelem pro testovani cévnich Stepi pro AKB.
Ziskané histologicka data stény krkavic jsem porovnala s lidskyma koronarnimi cévami
(arteria coronaria, AC) a arteria thoracica interna (ATI). V dalsi Casti jsem kvantitativné
hodnotila mikrocévy, konkrétn¢€ v nadorovém mikroprostiedi mysich xenoimplantatu (PDX)
odvozenych od Non-Hodgkinova lymfomu (NHL) a v kozni ran¢ u Zucker Diabetic Fatty
potkana (ZDF) po hyperbarické oxygenoterapii (HBOT). U ZDF potkanti jsme taky
sledovali vliv HBOT na tvorbu kolagenu typu I a III.

Definovali jsme proto nasledujici otazky:

1. Jaké jsou postupy virtualni mikroskopie? Jaké jsou vyhody a nevyhody strategii
vicetroviiového vzorkovani v kvantitativni histologii?

2. Jsouprava aleva praseci ACC u stejného jedince ekvivalentni? Ma prase¢i ACC stejné
mikroskopické slozeni v celé své délce? Jsou prase¢i ACC shodné v mikroskopickém
sloZeni s lidskymi AC a ATI?

3. Jsou prava a leva ov¢i ACC u stejného jedince zaménitelné? Ma ovci ACC stejné
mikroskopické parametry v celé své délce? Jsou ovéi ACC ekvivalentni s lidskymi AC a
ATI?

4.  Jsou rozdily mezi pouzitim Dopplerovy ultrasonografie a kvantitativni histologie pii
hodnoceni hustoty nddorovych mikrocév?

5. Jsou kvantitativni parametry mikrocév (microvessel density, MVD; microvessel area,
MVA) v nadorovém mikroprostitedi PDX modelti odvozenych od NHL srovnatelné s
primarnimi lidskymi nadory typu NHL?

6. Jaky ma vliv HBOT na tvorbu kolagenu typu I a I1I a na vaskularizaci v kozni rdn¢ u

ZDF potkana?
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2.1 Vzorkovani v kvantitativni histologii a stereologii

2.1.1 Motivace

Jednim ze zakladnich problémi vSech kvantitativné histologickych studii je otdzka
viceurovinového vzorkovani. To obndsi redukci materialu na urovni odbéru tkanovych
blockii z makroskopickych organii, dale vybér fezi pro barveni a hodnoceni, vybér
obrazovych poli pfi zvoleném mikroskopickém zvétSeni. VSechny tyto Grovné vyzaduji
definovanou strategii, aby bylo mozné zhodnotit jejich podil na celkové variabilité
vyslednych dat. Vyhodou takového pfistupu je i moznost optimalizovat studii tak, aby
nejveétsi pozornost bylo mozné zaméfit na tu Groven redukce materialu, kde jsou rozdily mezi
vybiranymi oblastmi nejvétsi, a tudiz zasluhuji nejpodrobnéjsi vzorkovani. Timto zpisobem
je mozné nejen opodstatnit etickou stranku experimenti (pocty jedinci zatazenych do
studie), ale i ekonomickou (mnoZzstvi blockt, fezil, obrazovych poli). Bez zmapovani zdroji
variability na jednotlivych uUrovnich také neni mozné posoudit, do jaké miry vlastni
kvantitativné histologickd data vypovidaji o skutecné stavbé organi a tkéani
experimentalnich zvifat, ani vyvratit ptipadné pochybnosti o vlivu vzorkovani a variabilité

na vysledky testovani hypotéz mezi porovndvanymi skupinami v experimentu.

2.1.2 Cile prace

Cilem studie bylo zmapovat néstroje a postupy virtudlni mikroskopie, jimiz lze
optimalizovat strategii vzorkovani obrazovych poli v kvantitativni histologii. Pii hledani
univerzalnich postupti jsme testovali tyto pfistupy na co nejsir§im spektru organt a piistupi
(svalova tkan, cévy, organoveé a nadorové mikrocévy, kostni implantaty, stfevni anastomozy,
osteochondralni defekty, neurony mozku a jiné). Jednalo se o metodicky orientovanou
prehlednou préaci, kterd netestovala Zadnou nulovou hypotézu ve statistickém slova smyslu.
Namisto toho bylo nas§im zdmérem porovnat a diskutovat vyhody a nevyhody vice strategii

vzorkovani a formulovat doporuceni pro nejcastéjsi ptipady.
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2.2 Histologické sloZeni segmenti prasecich krkavic

2.2.1 Motivace

Spolecny kmen praseci krkavice je jednou z nejCastéjSich cév pro testovani riznych typi
cévnich stepti pro AKB (Szafron et al., 2019). Tento zvifeci model se doporucuje vzhledem
k anatomické a fyziologické podobnosti s lidskymi tepnami malého priméru (Garcia et al.,
2011). Prase¢i ACC, které maji sviij prumér (5-6 mm) podobny lidskym AC, jsou snadno
chirurgicky pfistupné a dostupné pro sonografickou kontrolu prichodnosti a katetrizaci
(Anderson et al., 2018; Dondelinger et al., 1998; Garcia et al., 2011).

V soucasnosti je nedostatek kvantitativnich dat, které by poskytovaly informace o
mikroskopické struktute prase¢i ACC v prabéhu celé jeji délky. Srovnani mikroskopického
slozeni ACC s lidskymi AC a ATI je potifebné pro odhaleni vyhod a nevyhod transla¢ni
mediciny.

Pouziti zvifecich modelll v experimentdlni mediciné vyzaduje zmapovani jejich
anatomické variability. Toto je nezbytnd podminka pro provedeni analyzy sily testu, aby se
odiivodnil pocet zvitat a biologickych vzorka pottebnych pro detekci predpokladanych

biologickych zmén, na jejichz studium je experiment zaméten.

2.2.2 Cile a hypotézy prace

Cilem studie bylo zmapovat zmény mikroskopické struktury ACC podél celé své délky a
porovnat je s casto nahrazovanymi oblastmi lidskych AC a se zastupcem §tépti vyuzivanych
pro revaskularizaci - ATI. Testovali jsme nasledujici hypotézy:

HO(A): Levé a pravé praseci ACC maji shodnou stavbu a mohou byt béhem experimentu
zaménitelné ¢i pouzivany vzajemné jako kontroly.

HO(B): Proximodistalni segmenty praseCich ACC nemaji mezi sebou zadné rozdily
v mikroskopickeé stavbé.

HO(C): Mezi prasecimi ACC, lidskymi AC a ATI nejsou ve slozeni stény Zadné rozdily.
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2.3 Histologické porovnani ovéich a prasefich segmenti Kkrkavic

s lidskymi koronarnimi a hrudnimi tepnami

2.3.1 Motivace

AKB je bézna kardiochirurgickd metoda pouzivana po celém svéte. Vyroba a testovani
bioinzenyrskych cévnich $tépd priméru 2-5 mm pro AKB je jednim z hlavnich tkolt
experimentalni cévni chirurgie, ktery by byl pfinosem pro pacienty, kteti postradaji nebo jiz
vycerpali autologni arterialni nebo ven6zni nahrady prvni ¢i druhé volby. Umélé cévni
nahrady s malym primérem bohuzel obvykle ztraceji prichodnost v disledku hyperplazie
intimy a tvorby trombt (Walpoth et al., 2007), a proto jejich vyvoj vyzaduje dalsi
optimalizaci (Szafron et al., 2019).

Pro in vivo testovani nové vyvinutych cévnich §tépt se bézné pouzivaji krkavice ovci
a prasat. Tyto velké zviteci modely jsou pouzivané v cévni chirurgii diky jejich velikosti
srovnatelné s lidmi a diky vzdjemné podobnosti kardiovaskularniho systému (Garcia et al.,
2011; Schleimer et al., 2018). Dodnes neni znamo, do jaké miry jsou tyto zvifeci modely
zaménitelné a zda lze levou a pravou krkavici stejnych subjektl pouzit jako experimentélni
kontroly. V ptedchazejici studii (Tomasek et al., 2020) bylo provedené rozsahlé mapovani
histologické struktury vSech segmenti prasec¢ich ACC a diskutovalo se o vyhodach a
omezenich jejich pouZiti jako umélych nahrad vhodnych pro AKB u lidi. Pfi reSerSi jsme
nenasli zddnou kritickou morfologickou analyzu ov¢ich ACC, ani jejich srovnéni s prasecimi
ACC nebo lidskymi AC a nejbéznéjSim typem arteridlnich ndhrad, jako jsou ATI. Tato
znalostni mezera znemoziiuje porovnani a interpretaci vysledkl ziskanych na téchto dvou
velkych zvifecich modelech, stejné jako rozumné planovéani dalSich studii na obou
modelech, které by odrdzely biologickou variabilitu vaskularnich segmentli pro navigaci
experimentalnich chirurgickych postupt. Jak odhalila neddvna prace na prasecich ACC
(Tomasek et al., 2020), respektovani variability histologického fenotypu proximodistalnich
segmenti ACC muze vyzkumnikiim podstatné pomoci ziskat konzistentnéjsi vysledky.
Udaje o interindividudlni a intraindividualni histologické variabilité zvifecich ACC lze
pouzit k od@vodnéni minimdlniho poctu vzorkli na skupinu pifi planovani dalSich
experimentll z etického 1 védeckého hlediska. Ziskani téchto popisnych dat, jmenovité
pramért a smérodatnych odchylek, by mohlo odstranit soucasné metodologické mezery a

usnadnit navrh experimenti zalozenych na analyze vzorkll vykonu. Dal§im praktickym
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vystupem mapovani interindividualnich a regionalnich anatomickych rozdilti mezi cévnimi
segmenty ACC je poskytnuti realistickych dat pro ptizptisobeni vicevrstvych umélych

cévnich protéz.

2.3.2 Cile a hypotézy prace

Zamg¢fili jsme se na porovnani mikroskopické struktury parovych levych a pravych ovcich
a prase¢ich ACC v proximodistalnim sméru a na porovnani téchto zvifecich modelovych
vzorkl se vzorky lidskych AC a ATL

Cilem studie bylo otestovat néasledujici nulové hypotézy:
HO(A): Mezi parovymi levymi a pravymi ovéimi ACC nejsou Zadné rozdily, 1ze je pouzivat
zaméniteln€ jako kontroly béhem experimentu.
HO(B): Neexistuji zadné proximodistalni segmentalni rozdily ov¢ich ACC. Variabilni
poloha chirurgickych anastomdz béhem experimentii neni moznym zdrojem zkresleni.
HO(C): Mezi ovéimi ACC, prasec¢imi ACC, lidskymi AC a lidskymi ATI nejsou zadné
rozdily. Ovce a prasata Ize povaZovat za ekvivalentni modely velkych zvifat, které dobie
odpovidaji modelovanému problému (tj. AKB u lidi).
HO(D): Studované histologické parametry spolu nekoreluji.

Kromé toho bylo nasim dal§im cilem poskytnout deskriptivni statistiku vhodnou pro
analyzu vykonovych vzorkl pro odhad minimalniho poctu vzorki nezbytnych pro detekci

piedpokladaného rozdilu ve vSech sledovanych parametrech.

2.4 Histologické hodnoceni vaskularizace mySich xenoimplantati

lymfomu plastovych bunék

2.4.1 Motivace

Pro stanoveni agresivity nddoru a uspesnosti jeho terapie je dillezité znat oxygenaci nadoru
a hodnoty jeho vaskularizace (Fukumura and Jain, 2007; Jing et al., 2019). Pro naddorova
tkaniva je typicka bunécna hypoxie, kterd muze byt analyzovand pomoci fluorescencnich
sond, imunohistochemickym barvenim nebo pocitacovou tomografii (Fleming et al., 2015;

Takahashi et al., 2012). Jednou z nevyhod téchto technik je pouziti exogennich kontrastnich
26



Cile a hypotézy

latek pro zobrazeni anatomickych a molekularnich vlastnosti nadoru. K vedlej$im t¢inkim
kontrastnich latek patii ionizujici zafeni nebo jeji interakce se slozkami terapie nadoru.

Jednou z neinvazivni a neionizujici moznosti zobrazovani vaskularizace in vivo je
dudlni ultrazvuk a fotoakustické zobrazovani (Emelianov et al.,, 2009). Vyhodou
fotoakustického zobrazovani je vynikajici prostorové rozliSeni dosahujici do hloubky
nékolik desitek mikrometrt a sledovani vice vinovych délek pro kazdy fez (Xia et al., 2014;
Zhang et al., 2019). Dopplerovskou ultrasonografii mizeme detekovat vaskularizaci nadoru
(Chen et al., 2013).

Jednim z typt B-bunééného NHL je lymfom z plastovych bunck (Klener, 2019).
Zviteci model zaloZzeny na xenotransplantaci primarnich lymfomovych bunék do
imunodeficientnich mys$i je Casto pouzivan pro preklinické testovani lécebnych metod
(Prukova et al., 2019). V ramci reSerSe jsme nenasli testovani MVD, MVA a hodnoty
oxygenace PDX modeli odvozenych od pacientl s lymfomem z plastovych bunck. Kromé

toho je tato prace prvni studii téchto PDX modelt s vyuzitim fotoakustického zobrazovani.

2.4.2 Cile a hypotézy prace

V ramci studie se analyzovala uroven okysli¢eni a vaskularizace (MVA) v tkanich mysiho
modelu PDX pouZitim fotoakustického zobrazovani a Dopplerovy ultrasonografie.
Experiment byl doplnén daty kvantitativni histologie, konkrétn€ procentem vaskularizace
MVA a MVD.

Testovali jsme nasledujici nulové hypotézy:
HO(A): Hodnoty MVA v nadorovych tkanich PDX jsou stejné pii méfeni Dopplerem a
kvantitativni histologii.

HO(B): Histologicky stanovené MVA a MVD mezi malym a velkym nddorem jsou stejné.
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2.5 Histologické hodnoceni vaskularizace mySich xenoimplantati Non-

Hodgkinova lymfomu

2.5.1 Motivace

NHL je skupinou védznych nadorovych onemocnéni, které predstavuji nejcastéjsi
hematologickou malignitu (Swerdlow et al., 2016; Swerdlow and Cook, 2020). AZ kolem
85% téchto nddort pochazi z B lymfocytil, zbytek ma pivod z T nebo NK lymfocyth
(Shankland et al., 2012).

Model zalozeny na xenotransplantaci primarnich lymfomovych bun¢k do PDX
modelu se vyuziva v preklinickym a transla¢nim onkologickém vyzkumu (Lai et al., 2017).
PDX modely si uchovavaji vétSinu genetickych mutaci se vzorkem primdrniho lidského
lymfomu (Townsend et al., 2016). Dodnes je malo informaci se srovnanim lymfomového
mikroprostiedi u PDX a primarniho lymfomu (Burack et al., 2017). N&které studie jejich
srovnanim potvrdily stejné histopatologické vlastnosti (Zhang et al., 2017). Dosud vSak
chybi zhodnoceni nemalignich bun€k a struktur nadorového mikroprostiedi, zejména
makrofag, NK bun€k, T bunck a rovnéz krevnich mikrocév, tj. slozek nadoru, které

ovliviiuji biologické chovani NHL (Hanahan and Coussens, 2012; Shain et al., 2015).

2.5.2 Cile a hypotézy prace

Cilem studie byla geneticka a imunohistochemicka analyza odvozenych PDX modelt NHL
a jejich srovnani s primarnimi lidskymi NHL. V histologické ¢asti jsme se zaméfili na
hodnoceni mikrocév nadorového mikroprostiedi, konkrétné MVD a MVA.

Testovali jsme nasledujici nulové hypotézy:
HO(A): MVD v PDX modelu je stejna jak v primarnim lidském NHL.
HO(B): MVA v PDX modelu je stejné jak v primarnim lidském NHL.
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2.6 Vliv hyperbarické oxygenoterapie na tvorbu kolagenu typu III v rané
diabetického potkana

2.6.1 Motivace

Jednou z chronickych komplikaci diabetu je syndrom diabetické nohy (SDN), ktery miize
vést k destruktivnimu poskozeni tkani nohy ve form¢ diabetickych vieda (Apelqvist, 2008).
Pti¢inou vzniku SDN jsou vaskulopatie (onemocnéni perifernich tepen dolnich koncetin,
ztrata elasticity arteriol a kapilar) a neuropatie (poskozené senzorické, autonomni a
motorické nervy) (Hobizal and Wukich, 2012; Packer et al., 2022; Vinik et al., 2003).

Mezinarodni pracovni skupina pro diabetickou nohu (IWGDF) vydava doporuceni pro
1é¢bu SDN, ktera zahrnuje kombinaci lokalni a systémové 1é¢by (Lipsky et al., 2020;
Waniczek et al., 2013). K doporucenim IWGDF patii 1 HBOT jako doplitkova 1écba
ischemickych diabetickych viedi, ktery by mohl urychlit hojeni podpotfenim epitelizace
(Aydin et al., 2013; Rayman et al., 2020).

Studie o u¢incich HBOT na diabeticky vied nejsou jednotné. Vliv HBOT terapie byl
testovan na ischemickych a neischemickych diabetickych viedech u potkant, kde byl zjistén
jeho pozitivni vliv jen u ischemickych defektu (André-Lévigne et al., 2016). Huang et al.
(2020) zjistili zvySenu angiogenezi pii 1é€b¢ viedi s HBOT u diabetickych mysi. Naopak
jiné studie nepotvrdili pozitivni t€inek HBOT (Tuk et al., 2014; van Neck et al., 2017).

Vsechny zminéné studie probehly u zvifecich modelt s diabetem typu 1. V nasi préci
jsme se zaméfili na diabetes 2. typu, nakolik se unéj tvoti az 90% diabetického viedu (Packer
etal., 2022). Jak zviteci model byl vybran ZDF potkan s rozvinutym diabetem 2. typu. Tento
model je Casto pouzivany pfii studiich vlivu diabetu na hojeni ran a neuropatii (Otto et al.,
2011; Slavkovsky et al., 2011). V rdmci reSerSe jsme vSak nenasli studii, ktera by testovala

vliv HBOT na 1é¢bu kozZnich ran u ZDF potkand.

2.6.2 Cile a hypotézy prace

Cilem studie bylo vyhodnotit i€¢inek HBOT na hojici se koZni rdnu u ZDF potkant. Zaméfili

jsme se na testovani nasledujicich nulovych hypotéz:
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HO(A): Mezi skupinou HBOT a kontrolni skupinou nejsou zadné rozdily v objemovém
podilu kolagenu typu I a III a poméru kolagenu I/II v hojici se rané€.

HO(B): Objemovy podil kolagenu typu I a III a pomér kolagenu I/III je stejny v kozni ran¢
po 18. dnech hojeni a v zdravé kiizi v okoli hojici se rany ve skupiné HBOT.

HO(C): Objemovy podil kolagenu typu I a III a pomér kolagenu I/III je stejny v kozni rané
po 18. dnech hojeni a v zdravé kiizi v okoli hojici se rany ve kontrolni skupiné.

HO(D): Dvojrozmérni hustota mikrocév je stejna v hojici se ran¢ a v zdravé tkani u obou

skupin.
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3 Materialy a metody

3.1 Vzorkovani v kvantitativni histologii a stereologii

Ptehledovy ¢lanek je zaméten na ukazku ptikladu vzorkovani virtualnich snimku z rtiznych
oblasti kvantitativni histologie. Pii vzorkovani je zapottebi dodrzet pravidla pro dodrzeni
systematického, nestranného a ndhodného vybéru zornych poli. Pozice prvniho zorného pole
v ramci oblasti z4jmu je vybrana nahodné. Na zakladé predem zvoleného vzorkovaciho
intervalu se nasledn¢ urci pozice ostatnich zornych poli. Prace obsahuje strategie
histologického vzorkovani v ilustrovanych ptikladech. Pouzité kvantitativni morfometrické
udaje jsou znazornény v Tabulka 1.

Pti odbéru histologickych vzorek obrazovych poli dochazi ve vyslednych datech
k rizn€¢ velké wvariabilité¢ vyslednych dat. Tuto variabilitu mlzeme snizit zvySenim
vzorkovaci frekvence, co ale zvysi pracnost potfebné k dokonceni vyzkumu. Proto je
potiebné zoptimalizovat postupy odbéru vzorku z hlediska casu a materialnich nékladu. Jako
meéftitka variability jsme pouzili smérodatnou odchylku vybéru (standard deviation, SD),
koeficient chyby (coefficient of error, CE) a odhady CE pro prostorové korelované objekty
pomoci kvadratické Matheronovy aproximace s riznymi konstantami hladkosti (Gundersen

and Jensen, 1987; Slomianka and West, 2005).

Tabulka 1. Kvantitativni morfometrické parametry (Kolinko et al., 2022).

kvantitativni parametr (veli¢ina) Definice

objemovy podil Vy (-) podil objemu slozky zajmu v referen¢nim objemu

plosny podil Aa (-) podil plochy slozky zajmu v referencnim objemu, Ax= Vv

dvojrozmérna hustota Qa (mm) pocet profilu slozek zajmu v referencni plose

skute¢ny pocet priseciku P’y () (mm™) skuteény pocet priseéiku profilu slozky zajmu k celkovym
profiliim

dvojrozmérna délkova hustota Ly (mm™) délka linearnich sloZzek zajmu na jednotku objemu

délkova hustota La (mm™) délka sloZzek zajmu v referencnim prostoru
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3.2 Histologické sloZeni segmenti prasecich krkavic

Materidlem pouzitym v studii byli prase¢i krkavice, lidské koronarni tepny a arteria
thoracica interna. Parové prase¢i ACC (n=41) pochazely od piestickych ¢ernostrakatych
prasat (12 samic, 9 samci) ve véku 12-21 tydnd a vahy 20-65 kg. Kazda z cév byla
rozkréjend na sérii 1 cm dlouhych segmentli v proximodistalnim sméru. Timhle zptisobem
se ziskalo 8—13 segmenti z kazdé cévy. Lidské AC (arteria coronaria sinistra a arteria
coronaria dextra) a ATI (proximalni, stfedni a distalni segment) byly odebrany v rdmci pitvy
od 21 jedinct (7 zen, 14 muzit) ve véku 57-78 let.

Vsechny arterialni vzorky byly fixovany v 10% roztoku formalinu, dehydratovany v
etanolu, zality do parafinovych blo¢kli a nafezdny na 5 pum silné fezy (Leica RM2255
mikrotom). Rezy byly obarveny pomoci kombinace troch histologickych barvicich metod
(orcein, pikrosiriovd Cerven,, Verhoeffiv hematoxylin a zeleny trichrom) a jedné
imunohistochemické reakce (protilatka anti-a-hladkosvalovy aktin (klon 1A4, fedeni 1:500,
DakoCytomation, Glostrup, Denmark)) pro vizualizaci mikroskopickych struktur stény
tepny. Pro nasledni histologické hodnoceni bylo ziskéno vice nez 11 000 mikrofotografii na
zaklad¢ systematického, nestranného a ndhodného odbéru vzorek (Obrazek 1A).

Kvantitativni hodnoceni zahrnovalo stanoveni plosného podilu elastinu, kolagenu a
hladkosvalového aktinu vintimé a medii pouzitim stereologické bodové miizky a
Cavalieriho principu (Obrazek 1B, C, D). Tloustky intima-media a celkové steny cévy byly
stanovené pomoci Ctyf linearnich sond (Obrazek 1E, F).

Pro statistickou analyzu byly pouzity neparametrické testy, konkrétn¢ Wilcoxontv
parovy test (porovnani levé a pravé krkavice u stejného jedince), Kruskalova—Wallisova
ANOVA (rozdily mezi prase¢imi a lidskymi cévami), Spearmantv korela¢ni kvocient

(korelace mezi kvantitativnimi proménnymi).

32



Materidly a metody

Obrazek 1. Histologické vzorkovani a stereologické hodnoceni cévnich mikrostruktur
(Tomasek et al., 2020).

Obd¢lniky proporcionalné znéazornuji C¢tyii mikrofotografie odebrané systematickym
zptisobem z kazdého fezu (A). Plosny podil elastinu (B), kolagenu (C) a aktinu (D) byl
hodnocen pomoci stereologické bodové miizky. Tloustky intimy+medie (E) a cel¢ arterialni
stény (F) byly hodnoceny pomoci linearnich sond. Métitko 1000 um (A, E), 50 pm (B-D) a
500 pm (F).
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3.3 Histologické porovnani ovéich a prasefich segmenti Kkrkavic

s lidskymi koronarnimi a hrudnimi tepnami

V studii byli pouzité levé a pravé parové ovéi ACC (n=44), které byly odebrany od ovci
Suffolk (11 samic, 11 samcti) ve véku 24—144 tydnii a vahy 34—67 kg. Obojstranné krkavice
byly chirurgicky vypreparovany od truncus brachiocephalicus az do mista vétveni na arteria
interna a externa. Cévy byli rozd€leny na 1 cm dlouhé segmenty v proximodistalnim sméru,
¢im vzniklo 11-17 segmentii z kazdé cévy. Vzorky parovych praseich ACC (n=41),
lidskych AC (n=21) a ATI (n=21) byly ziskany ve form¢ archivnich tkénovych bloku
zalitych v parafinu z piedchozi studie (Tomasek et al., 2020).

Vsechny cévy byli histologicky spravovany podle studie Tomasek et al. (2020).
Histologické barvici metody a imunohistochemické reakce pouzité k vizualizaci slozek
cévni steny jsou znazornény Tabulka 2. Mikrofotografie byly pofizeny na zakladé
systematického odbéru vzorkt arterialni stény (Kolinko et al., 2021; Tomasek et al., 2020)
(Obrazek 2). V ramci celé studie bylo pouzitych 1 235 cévnich segmentt a celkovy pocet
mikrofotografii byl 30 924.

Plosny podil elastinu, kolagenu typu I a III, hladkosvalového aktinu a
chondroitinsulfatu byly hodnoceny pomoci stereologické bodové miizky (Obrazek 3 A-D)
(Howard and Reed, 2004), jak bylo diive popsano ve vaskuldrnim vyzkumu (Eberlové et al.,
2013; Tonar et al., 2015; Witter et al., 2010). Tento podil byl vypocitan jako pomér struktur
zajmu a referencni plochy. Bylo pouzito alespon 150 priisecikti bodové sité se zdjmovou
strukturou, jak doporucuje Tschanz et al. (2014). Dvojrozmérnd hustota nuklearnich profild,
nervi vasorum a vasa vasorum byly odhadnuty pomoci pocitaciho ramecku (Obrazek 3 E—-
G) (Gundersen, 1977). TlouStka intima-media a tloustka stény cévy byly kvantifikovany
jako primér méteni z Ctyf linearnich sond (Obrazek 3 H). VSechny postupy stereologického
hodnoceni byly provedeny pomoci software Ellipse (ViDito, KoSice, Slovenska republika).

Statistickd analyza byla provedena pro v§echny cévni segmenty pomoci softwarového
balicku Statistica Base 11 (StatSoft, Inc., Tulsa, OK, USA). Né&kterd data neprosla
Shapirovym—Wilksovym testem normality; byly tedy pouZzity neparametrické metody. Leva
a prava krkavice byly porovnany pomoci Wilcoxonova parového testu, ktery testoval
hypotézu HO(A). Kruskalova—Wallisova ANOVA test byl pouzit k porovnani ov¢ich a
prasecich krkavic v proximodistalnich segmentech pfti testovani hypotézy HO(B) a k analyze

rozdilli mezi ov€imi krkavicemi, prasec¢imi krkavicemi, lidskymi koronarnimi tepnami a
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lidskymi arteria thoracica interna pii testovani hypotézy HO(C). Manniiv—Whitneytv U test

byl pouzit k porovnani ov¢ich krkavic s prase¢imi krkavicemi v proximalnim, stfednim a

distalnim segmentu. Pro analyzu hypotézy korelace HO(D) byl pouzit Spearmaniiv korela¢ni

koeficient. Podle Chowa et al. (2008) jsme provedli analyzu sily testu k vypoctu velikosti

vzorku potiebného k detekci o¢ekavané zmény frakei a hustot v ov€ich a prasecich krkavic.

Tabulka 2. Histologické metody barveni pro vizualizaci cévnich mikrostruktur

(Grajciarova et al., 2022).

pocet

kvantitativni parametr (veli¢ina) barveni objektiv fotografii

Aa (elastin, int+media) (-) orcein (Tanzer’s orcein, Bowley Biochemical Inc., 40x 4
Danvers, MA, USA)

Aa (kolagen typu I a I, int+media) (-) pikrosiriovd &erveri (Rich and Whittaker, 2005; 40x 4
Calderdn et al., 2019)

Aa (aktin, int+media) (-) protilatka anti-a-hladky svalovy aktin (klon 1A4, 40x 4
fedéni 1:500, DakoCytomation, Glostrup, Denmark)

Aa (chondroitinsulfat, int+media) (-)  alcianovd modf (Mulisch and Welsch, 2015) 40x 4

Qa (jaderne profily, int+media) (mm2) Gillv hematoxylin 20x 2

Qa (nervi vasorum, adventitia) (mm) protildtka anti-neurofilamentovy protein (klon 20x 4
2F11, redeni 1:500, DakoCytomation, Glostrup,
Denmark)

Qa (vasa vasorum, int+media) (mm?) u lidskych cév protilatka anti-CD31 (klon JC70A, 40x 4
fedeni  1:100, DakoCytomation, Glostrup,

Qa (vasa vasorum, adventitia) (mm2) Denmark); u ov&ich a praseéich cév protilatka anti- 40x 4
von WillebrandQv  faktor (fedeni 1:1000,
DakoCytomation, Glostrup, Denmark)

tloustka intima-media (IMT) (um) Verhoefflv hematoxylin a zeleny trichrom (Kocova, 4x 2
1970)

tloustka celé stény (WT) (um) Verhoeffliv hematoxylin a zeleny trichrom 4x 2
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&

Obrazek 2. Jednotné vzorkovani mikrofotografii (Grajciarova et al., 2022).

A, B — Ctyfi proporcionalné znazornéné mikrofotografie byly pouzity k vyhodnoceni
plosného podili elastinu, kolagenu, aktinu, chondroitinsulfatu a dvourozmérné hustoty vasa
vasorum, nervi vasorum. C, D — Dvé mikrofotografie byly potizeny pro vyhodnoceni hustoty
jadernych profili, tloustky intima-media a tloustky stény. Métitko 500 um (A-D).
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Obrazek 3. Kvantifikace sloZek stény cév a tloust’ky cévnich segmenti (Grajciarova et
al., 2022).

Stereologicka bodovéa mfizka byla pouzita k vyhodnoceni frakcei elastinu (A), aktinu (B),
kolagenu (C) a chondroitinsulfatu (D). Ke kvantifikaci hustoty nuklearnich profila (E),
profild vasa vasorum (F) a nervi vasorum (F) byly vyuzity stereologické pocitaci ramecky.
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Tloustka intima-media a celé stény cévy byly hodnoceny pomoci linedrnich sond (H).
Mefitko 50 pum (A-G) a 500 um (H).
3.4 Histologické hodnoceni vaskularizace mySich xenoimplantata

lymfomu plastovych bunék

Vzorky tkani mys$iho modelu zalozeného na xenotransplantaci primarnich lymfomovych
bunék do imunodeficientnich mysich samic byly soucasti studie tymu prof. MUDr. Pavla

Klenera, Ph.D., z Prague Lymphoma Lab (https:/lymphoma-lab.Ifl.cuni.cz/) Ustavu

patologické fyziologie 1. lékaiské fakulty UK v Praze. V studii byli pouzité tfi pary
tkanovych blockti PDX modelt. V kazdém paru piedstavovaly dva blocky malé podkozni
nadory (I cm v nejvétsim pruméru) a dal$i dva blocky velké podkozni nddory (2 cm
v nejveétsim  praméru). Z kazdého tkanového blocku bylo wukrojeno pét nahodné
orientovanych fezl. K vizualizaci endotelu byli preparaty barvené imunohistochemicky
pomoci monoklonalni protilatky anti-CD31 (klon SP38, Thermo Fisher Scientific, Rockford,
IL, USA). Histologické zpracovani viech tkani prob&hlo na Ustavu patologie 1. 1ékatské
fakulty a VSeobecné fakultni nemocnice v Praze.

Pomoci systematického nestranného vzorkovani jsme z kazdého fezu ziskali 10
mikrosnimkl pfi pouzitém objektivu 40x (Obrazek 4). Ke kvantifikaci intratumoralnich
mikrocév byly pouzity dva parametry. Nejprve byla kvantifikovana MVD (Obrazek 5A)
jako pocet CD31-pozitivnich profild mikrocév na plochu fezu. Podobné jak u dfive
zavedenych postupt (Petrakis et al., 2019; Vesela et al., 2014) byla pocitatelnd céva
definovana jako jakykoli profil CD31-pozitivnich endotelidlnich buné¢k nebo shlukl
endotelidlnich bun¢k oddélenych od sousednich mikrocév. Byly pocitany vSechny profily
mikrocév, které se nachdzeji zcela uvnitf nezaujatého pocitaciho ramce (Gundersen, 1977)
nebo ty, které protinaji aru ptijeti, ale ne ¢aru odmitnuti. Druhym hodnocenym parametrem
byla MVA (Obrazek 5B), ktera byla odhadnuta jako soucet ploSnych profili CD31-
pozitivnich mikrocév déleny celkovou plochou tkané (Petrakis et al., 2019). Histologicka
kvantifikace byla provedena pomoci modulii PointGrid a CountingFrame softwaru Ellipse
(ViDiTo, Kosice, Slovenska republika).

Pro analyzovani ziskanych dat byl pouZit software OriginPro 8 (OriginLab
Corporation, Northampton, MA, USA). Srovnani procenta vaskularizace (MVA) bylo

pomoci jednosmérné analyzy rozptylu.
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Obrazek 4. Systematické vzorkovani PDX mysiho modelu lymfomu (Jaksa et al., 2021).
Obdélniky demonstruji deset mikrofotografii systematicky ndhodné nestranné nasnimanych
z intratumoralniho referencniho prostoru. Vzdalenosti mezi mikrofotografiemi byly
udrzovany konstantni v konkrétnim fezu, aby byl vybran reprezentativni vzorek celé plochy
prafezu nadorem. Métitko 500 um.

Obrazek 5. Kvantitativni hodnoceni intratumoralnich mikrocév (Jaksa et al., 2021).
Kvantifikace MVD (A) a MVA (B) CD31-pozitivnich vaskularnich profilt (hnéda barva) v
PDX mys$im modelu lymfomu. M¢titko 20 um.
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3.5 Histologické hodnoceni vaskularizace mySich xenoimplantati Non-

Hodgkinova lymfomu

Vzorky tkani lidskych lymfomu a od nich odvozenych mysich PDX modelt byly soucasti
studie tymu prof. MUDr. Pavla Klenera, Ph.D., z Prague Lymphoma Lab (https://lymphoma-
lab.If1.cuni.cz/) Ustavu patologické fyziologie 1. 1ékaiské fakulty UK v Praze. Histologicky
byly zkoumény Cctyfi pary tkdnovych blocki. V kazdém paru jeden tkanovy blok
predstavoval NHL ziskanou biopsii pacienta a dal$i reprezentoval odpovidajici mysi model
PDX. K hodnoceni byli pouzité dva pary difuznich velkobunécnych B-lymfocytl a dva pary
lymfomt z plastovych bunék. Z kazdého tkanového blocku bylo zpracovano pét nahodnych
fezdi, které byli histologicky zpracované a imunohistochemicky barvené pomoci
monoklonalni protilatky anti-CD31 k vizualizaci endotelu mikrocév.

Z kazdého tezu bylo ziskanych 10 zornych poli pomoci systematického, nestranného
a ndhodného vzorkovani (Obréazek 4). Kvantitativni histologii se hodnotili parametry MVD
a MVA stejnym zpiisobem jak v piedchdzejici praci pii studii PDX modelt z plastovych
bunc¢k (Kesa et al., 2021).

3.6 Vliv hyperbarické oxygenoterapie na tvorbu kolagenu typu III v rané
diabetického potkana

Materidl na histologické vySetfeni pochazel z experimentu navrzeného a provedeného
v laboratofi Biomedicinského centra na lékatské fakulté v Plzni. Jako zvifeci model byli
pouziti samci potkant ZDF (n=14) v primérném véku 140+12 dni a hmotnosti 392+49 g. U
téchto potkantli byl rozvinut diabetes 2. typu s glykémii vyssi neZ 15 mmol/l. Na dorzalni
stran¢ krku byli u kazdého potkana indukovany dvé kozni rany (1,5 x 1,5 cm). ZDF potkani
byli rozdéleni do dvou skupin; prvni byla kontrolni skupina (n=6) a druhd byla
experimentalni skupina, kterd byla podrobena 1€€bé pomoci HBOT (n=8).

Osmnacty den experimentu byli odebrané vzorky kize (hojici se defekt a okolni zdrava
ktze bez defektu) fixovany v 10% roztoku formalinu, dehydratovany v ethanolu a zalité do
parafinovych blockl. Nésledovalo barveni 5 um silnych fezi pomoci histologickych barviv

znazornénych v Tabulka 3. Zkazdého fezu byli systematickym vybérem pofizeny
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mikrofotografie, které predstavovaly vzorky hojici se rany a zdravou kiizi ptilehlou k hojici

se 1ézi.

Kvantitativni histologické hodnoceni zahrnovala stanoveni objemového podilu (Vv)

kolagenu typu I a III pomoci stereologické miizky a dvourozmérné hustoty profili mikrocév

(Qa) pomoci pocitaciho ramecku (Obrazek 6).

Statistika byla provedena pomoci R statistického software (R Development Core Team

2020). Data jsou uvedena jako primér + standardni odchylka.

Tabulka 3. Histologické metody barveni v koZznim defektu ZDF potkana (Riizicka et

al., 2021).

kvantitativni
parametr barveni

(veli¢ina)

ocet
definice objektiv
fotografii

pikrosiriova  Cerven
Vv (kolagen typu

I, kiize) ()

(Merck Millipore,
Darmstadt, Germany)

(Rich and Whittaker,
Vv (kolagen typu

I, kize) (-)

2005; Calderon et al.,
2019)
protilatka anti-von

WillebrandGv  faktor
Qa (krevné cévy,

(fedéni 1:000,
kaze) (-)

DakoCytomation,

Glostrup, Denmark)

objemovy podil kolagenu typu |
(Zluto-Cervena barva) pozorovaného 20x 2
pod polarizovanym svétlem

objemovy podil kolagenu typu |

(zelena barva) pozorovaného pod 20x 2

polarizovanym svétlem

dvourozmérna  hustota  profilu
40x 4
krevnich cév (hnéda barva) v klzi
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Obrazek 6. Kvantitativni hodnoceni v koZnim defektu ZDF potkana (Ruzicka et al.,
2021).

Kvantifikace objemového podilu kolagenu typu I a III pomoci stereologické mtizky (A) a
dvourozmérné hustoty profilti mikrocév pomoci pocitaciho ramecku (B). Meftitko 50 pm.
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4 Vysledky

4.1 Vzorkovani v kvantitativni histologii a stereologii

Na zacatku planovani stereologického hodnoceni je jednou z otazek zpiisob odbéru zornych
poli. V uvahu ptipada analyza celého preparatu (whole slide analysis, vyzaduje skener) nebo
jen jeho reprezentativni ¢asti. V studiich, v kterych je omezeny pocet vzorkd nebo vzorky
maji malé rozméry je vhodné vyhodnotit kompletni preparaty. U vétSich ploch preparatii je
pro dosédhnuti co nejmensi variabilni odchylky dulezité vybrat dostatecny pocet zornych poli.
Obrazek 7 znazornuje piiklady relativni vzorkovaci chyby pfi riznych intenzitdch zornych
poli. Tato chyba roste s klesajicim poétem zornych poli, ale u homogennich vzorka je
ptijatelné nizka. Proto u heterogennich vzorkt je vhodné provést pilotni studii, na zakladé
ktery urc¢ime pocet zornych poli pro danou studii. V nékterych ptipadech vzorky, které¢ maji
riznou absolutni velikost, vede odbér stejného poctu zornych poli k odlisné hustoté

vzorkovani. Pti nizké biologické variabilit¢ to obvykle nepfedstavuje vneseni vyznamné

chyby.

exhaustive sampling intermediate sampling low sampling
n(FOVs) = 54 n(FOVs) =15 n(FOVs) =6

. '

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

\

V, =17.5+9.2% V, =17.749.6% V, =14.8+8.4%
(mean=SD) ]
relative error = 0 relative error = 1.3% relative error = -15.4%

Obrazek 7. Vliv intenzity odbéru vzorki na kvantitativni vysledky (Kolinko et al,
2022).
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4.2 Histologické sloZeni segmenti prasecich krkavic

4.2.1 Rozdily mezi pravou a levou prasec¢i krkavici

Pti srovnani pravé a levé ACC u stejné¢ho zvitete jsme nezjistili zddné rozdily v plosném
podile kolagenu a aktinu. Obdobn¢ i tloustka intima-media a tlouStka steny cévy nebyly
odlisné. Rozdil byl nalezen jen v podilu elastinu, ktery byl vétsi na pravé strané ACC

(Wilcoxnuv parovy test, p < 0,05).

4.2.2 Proximodistalni segmentalni rozdily prasecich krkavic

Mikroskopické sloZeni tunica intima a media arteridlnich segmentt prase¢i ACC vykazovalo
znacné rozdily v proximodistdlnim sméru. V proximalnich segmentech (cca 3 cm) tvotily
opakujici se elastické lamely pfevaznou slozku cévy. Ve stfednich segmentech byl podil
elastinu k bunkdm hladké svaloviny pfiblizné stejny. Distalni ¢ast cévy byla uz svalového
typu, s pfevahou bunck hladké svaloviny. Plo$ny podil elastinu v intima-media klesal
v proximodistalnim sméru (Kruskalova—Wallisova ANOVA, p < 0,001), naopak podil
aktinu hladké svaloviny rostl v stejném sméru (p < 0,001). Podil kolagenu byl po celé délce
tepny stejny. Tloust’ka intima-media se proximodistalnim sméru zmensovala (p < 0,001), ale

celkova tloustka stény cévy se v distalnich segmentech zvétSovala (p < 0,001).

4.2.3 Srovnani praseCich krkavic s lidskymi koronarnimi cévami a arteria

thoracica interna

Srovnanim ploSného podilu elastinu, aktinu, kolagenu a tlouStky intima-media a celé stény
cévy jsme zjistili, Ze praseci ACC nemohou byt povaZovany za ekvivalent lidskych AC nebo
ATI z hlediska svého mikroskopického sloZeni. U obou lidskych cév byl mensi podil
elastinu a aktinu nez u prasat. Lidské AC na rozdil od prase¢ich ACC postradaly rotacni
symetrii elastinovych vladken a obsahovaly pocetné excentrické aterosklerotické 1éze
ruznych stadii. Stfedni a distalni segmenty praseci ACC se prekryvaly v hodnotéach tloustky
intima-media a celé stény cévy s lidskymi AC a ATI a z tohoto pohledu naopak mohou plnit

roli modelového ekvivalentu.
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4.2.4 Korelace mezi histologickymi parametry

V segmentech praseCich ACC plosny podil elastinu negativné koreloval s kolagenem
(Spearmantiv r = -0,156; p < 0,05), aktinem (R = -0,760) a pozitivné s tloustkou intima-
media (r = 0,302). U lidskych AC podil elastinu pozitivné koreloval jen s kolagenem (r =
0,230).

4.3 Histologické porovnani ovéich a prasefich segmenti Kkrkavic

s lidskymi koronarnimi a hrudnimi tepnami

4.3.1 Rozdily mezi krkavicemi na levé a pravé strané

Rozdily mezi parovymi vzorky levé a pravé ACC u ovci byly podstatné vétsi nez rozdily u

prasecich parovych ACC (Tabulka 4).

Tabulka 4. Srovnani levostrannych a pravostrannych krkavic ovce a prasete
(Grajciarova et al., 2022).

Data jsou zobrazena jako primeér a standardni odchylka (SD). Statisticky vyznamné hodnoty
(Wilcoxoniiv parovy test) jsou uvedeny * pro p < 0,05, ** pro p < 0,01, *** pro p < 0,001,
statisticky nevyznamné (-) pro p > 0,05.

ovéi krkavice praseci krkavice
kvantitativni parametr (rozmér
veli¢iny) leva (primér+SD) prava (primér+SD) leva (primér+SD) prava (primér+SD)
o ) mensi (¥*%*)
A (elastin, inttmedia) (-) vetsi (*¥**) 0,15+0,11 0.1340.11 mensi (*) 0,30+0,16 vetsi (*) 0,33+0,17
bl i £l
Ay (kolagen typu I, int+media) (-) 0,01+0,01 (-) 0,01+0,01 (-) 0,05+0,03 (-) 0,05+0,03 (-)
Ay (kolagen typu III, int+tmedia) (-)  0,0002+0,0006 (-) 0,0002+0,0004 (-) 0,003+0,004 (-) 0,003+0,004 (-)
L . mensi (**)
Ay (aktin, int+media) (-) vEtsi (**) 0,583+0,11  0,40+0,11 (-) 0,39+0,12 (-)
0,575+0,11
A, (chondroitinsulfat, int+media) (-)  0,10+0,03 (-) 0,10+0,03 (-) 0,09+0,04 (-) 0,09+0,04 (-)
Qa (jaderné profily, int+media)
14484253 (-) 14734256 (-) 24484369 (-) 24034366 (-)
(mm?)
Qa (nervivasorum, int+media) (mm?) 8.09+5,02 (-) 8,08+5,07 (-) 3,96+3,71 (-) 3,78+3,45 (-)
Qa (vasa vasorum, int+media) (mm?) 0,52+2,36 (-) 0,49+1,74 (-) mensi (**%) 0,9943,09  v&tsi (***) 2,61+7,13
Qa (vasa vasorum, adventitia) (mm?)  45,76+21,40 (-) 45,05+20,76 (-) 64,73+29,60 (-) 66,56+26,49 (-)
tloustka intima-media (IMT) (um) tenéi (***) 604154  tlustsi (***) 623£167 607116 (-) 618+136 (-)
tloustka stény (WT) (um) 875+180 (-) 890+196 (-) 907+172 () 926+184 (-)
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4.3.2 Proximodistalni segmentalni rozdily u krkavic

Ovc¢i krkavice mély po celé své délce svalovy fenotyp, ale u prasecich ACC elasticky typ
v proximalnich segmentech postupné piechazel do svalového typu ve stiednich a distalnich
segmentech. Vsechny rozdily mezi segmenty podél ov¢ich a prase¢ich ACC jsou shrnuty na

Obrazek 8 a Obrazek 9.
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Obrazek 8. Proximodistalni segmentilni rozdily ocich a prasecich krkavic
znazornénych v grafe (Grajciarova et al., 2022).

Data jsou zobrazena jako primér + standardni chyba priméru. Hodnoty p (Kruskalova—
Wallisova ANOVA) jsou uvedeny * pro p < 0,05, ** pro p < 0,01, *** pro p <0,001.
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Ovme common carotid artenes
elastin, proximal segment [ elastin, middle segment [N ;

collagen, proximal segment collagen, middle segment collagen, distal segment

Obrazek 9. Proximodistialni segmentalni rozdily ov€ich a prasecich krkavic
(Grajciarova et al., 2022).

U obou zvifecich modelu se snizovaly frakce elastinu a chondroitinsulfatu proximodistalnim
smérem (Kruskalova—Wallisova ANOVA p < 0,001). Frakce celkového kolagenu klesala u
ov¢ich krkavic (p < 0,001) v proximodistalnim sméru. PloSny podil aktinu se u ovc¢ich 1
prasecich krkavic zvySoval proximodistalnim smérem (p < 0,001). Métitko 50 pm.
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4.3.3 Srovnani ov€ich a prasefich krkavic s lidskymi koroniarnimi cévami a

arteria thoracica interna

ACC obou zvifecich modela se liSily od lidskych AC a ATI ve vétSiné kvantitativnich

parametrid (Tabulka 5). Ovéi ACC m¢ély srovnatelny plosny podil elastinu a
chondroitinsulfatu s lidskou ATI. Frakce chondroitinsulfatu v prase¢ich ACC byla podobna
lidskym AC a ATI. Tloustka intima-media a tloustka stény ACC byly u obou zvifecich
modeli stejné, ale tyto tlouStky byly vétsi nez u lidské AC a ATI (Kruskalova-Wallisova

ANOVA test, p <0,001).

Tabulka 5. Srovnani ovéich a prasecich krkavic s lidskymi AC a ATI (Grajciarova et
al., 2022).

Data jsou zobrazena jako pruméry a standardni odchylky (SD). Hodnoty p (Kruskalova—
Wallisova ANOVA) jsou uvedeny * pro p < 0,05, ** pro p < 0,01, *** pro p < 0,001,

statisticky nevyznamné (-) pro p > 0,05.

kvantitativni parametr (rozmér

lidské AC lidské ATI ov¢i ACC prase¢i ACC
veli¢iny)
0,06£0,04 VEEE (***) 0,1440,11 VELE (***) 0,30£0,17
An (elastin, int+media) (-)
0,13+0,07 0,14%0,11 (-) V&t3i (***) 0,30£0,17
0,0210,03 mensi (¥***) 0,01£0,01 Vetsi (***) 0,04+0,02
An (kolagen typu L, int+media) (-)
0,005£0,01 Vetsi (***) 0,00710,01 Vetsi (***) 0,04+0,02
Ay (kolagen typu III, int+media) (- 0,003+0,004 mensi (***) 0,0002+0,0005 0,003+0,004 (-)
) 0,001+0,002 mensi (***) 0,000210,0005 vétsi (***) 0,003+0,004
0,33£008 VEEH (%) 0,5840,11 VEET (%) 0,4040,11
An (aktin, int+media) (-)
0,35£0,08 V&L (¥**) 0,58+0,11 VEL3i (¥¥) 0,4040,11
A, (chondroitinsulfat, int+media) 0,09%0,03 v&tsi (***) 0,10+0,03 0,10+0,04 (-)
© 0,10+0,04 0,10+0,03 (-) 0,100,04 (-)
Qa (jaderné profily, int+media) 1175%388 VEtsi (***) 1460+254 VEtSi (***) 2486+394
(mm?) 1331508 VELE (**) 1460254 VELE (***) 24864394
Qs (nervi vasorum, int+media) 1,94%1,85 VEtsi (***) 8,1845,04 v&tsi (***) 3,89+3,64
(mm?) 1,261,43 VLS (***) 8,18+5,04 VLS (***) 3,89+3,64
Qs (vasa vasorum, int+media) 3,92%5,19 mensi (**)0,52+2,09 mensi (***) 1,76%5,37
(mm?) 1,9343,11 mensi (*) 0,52+2,09 mengi (*¥*) 1,7645,37
Qa (vasa vasorum, adventitia) 90,72+32,30 mensi (¥**) 45,78+21,34 mensi (¥***) 64,55+28,39
(mm?) 58,94+26,89 mengi (***) 45,78+21,34 64,55+28,39 (-)
442183 tlustai (***) 6124160 tlustsi (***) 588+132

tloustka intima-media (IMT) (um)

297483
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6124223 tlustsi (***) 881+188 tlustsi (***) 881+190
tloustka steny (WT) (um)

428+118 tlustsi (***) 881+188 tlustsi (***) 881+190

4.3.4 Korelace mezi histologickymi parametry

V segmentech ovéich ACC pozitivné koreloval plosny podil elastinu s kolagenem
(Spearmanovo r = 0,576; p < 0,05), chondroitinsulfatem (r = 0,596), hustotami jadernych
profilt (r = 0,387), hustotou vasa vasorum v medii (r = 0,125), tloustkou intima-media (r =
0,513) a tloust’ka stény cévy (r = 0,425). Frakce elastinu negativné korelovala s frakci aktinu
(r = —0,580) a hustotou nervi vasorum (r = —0,368). Tyto korelace byly podobné jako

korelace zjisténé diive u prase¢ich ACC (Tomasek et al., 2020).

4.3.5 Popisna statistika pro ucely analyzy sily testu

Tabulka 6 znazornuje pramér a standardni odchylku ¢tyt proximdlnich, Ctyt stiednich a ¢tyt
distalnich segmenti ov¢ich a prase¢ich ACC. Tato data jsou pfipravena k pouziti pro
usnadnéni vypoctu minimalniho poctu vzorkt pti planovani experimentii na ACC. Napiiklad
k detekci 20% poklesu obsahu aktinu ve stfednich segmentech ov¢ich ACC se zndmou
biologickou variabilitou (SD), testovaci silou 0,8 a chybou typu I 5 % by bylo potieba 8
vzorkd. Podobna analyza miize byt provedena pro jakykoli parametr podle (Chow et al.,

2008).
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Tabulka 6. Popisna statistika vhodna pro vypocet minimalniho poétu vzorki pro
planovani experimenti na krkavicich ovci a prasat (Grajciarova et al., 2022).
Uvedeny p hodnoty (Manniv—Whitneytv U test) porovnavajicich hodnoty ovcich vs.
prasecich krkavic: * pro p < 0,05, ** pro p < 0,01, *** pro p < 0,001, statisticky nevyznamné
(-) pro p > 0,05.

segmenty kvantitativni parametr (rozmér velifiny) ov¢i krkavice praseci krkavice p
krkavic primér  standardni  primér  standardni  hodnota
odchylka odchylka
proximilni A, (elastin) (-) 0,249 0,116 0,460 0,117 ook
A (kolagen) (-) 0,011 0,011 0,042 0,023 ook
An (aktin) (-) 0,495 0,093 0,298 0,066 ok
A, (chondroitinsulfat) (-) 0,132 0,033 0,132 0,032 )
Qax (jaderné profily) (mm2) 1580 280 2560 405 *okk
Qa (nervi vasorun) (mm?) 6,317 3,761 2,426 2,585 ok
Qa (vasa vasorum, intima-media) (mm?) 0,864 2,996 3,592 7,798 ok
Qa (vasa vasorum, adventitia) (mm) 46,426 21,629 55,378 25,419 ok
IMT (um) 743 182 634 157 ke
WT (um) 1013 215 862 201 ke
stiedny An (elastin) (-) 0,092 0,047 0,211 0,117 ook
Ay (kolagen) (-) 0,005 0,005 0,049 0,027 ko
An (aktin) (-) 0,619 0,088 0,434 0,079 ko
A (chondroitinsulfat) (-) 0,085 0,017 0,075 0,022 ook
Qa (jaderné profily) (mm) 1403 225 2456 389 ok
Qa (nervi vasorunt) (mm2) 7,649 4,816 4,084 3,446 ok k
Qa (vasa vasorum, intima-media) (mm) 0,148 0,816 0,622 2,089 *K
Qa (vasa vasorum, adventitia) (mm) 42,441 18,921 70,424 29,597 ok
IMT (um) 548 87 549 104 )
WT (pum) 808 121 871 182 ke
distalni Ax (elastin) (-) 0,064 0,034 0,154 0,059 Hkk
A (kolagen) (-) 0,004 0,005 0,050 0,027 ke
Aj (aktin) (-) 0,643 0,093 0,521 0,069 ok
Ax (chondroitinsulfat) (-) 0,080 0,015 0,062 0,023 okok
Qa (jaderné profily) (mm?) 1382 195 2389 359,009 ok
Qa (nervi vasorum) (mm?) 10,969 5,447 6,628 4,320 Hokk
Qa (vasa vasorum, intima-media) (mm) 0,518 1,707 0,247 1,049 -)
Qa (vasa vasorum, adventitia) (mm?) 48,621 23,436 71,802 26,823 ok
IMT (um) 528 80 573 92 kok
WT (pum) 804 120 943 170 kok
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4.4 Histologické hodnoceni vaskularizace mySich xenoimplantata

lymfomu plastovych bunék

4.4.1 Oxygenace a méfeni MVA pomoci Dopplerovy ultrasonografie

V prvni ¢asti se tym prof. MUDr. Pavla Klenera, Ph.D., zamé&fil na hodnoceni oxygenace a
stanoveni MVA pomoci Dopplerova ultrazvuku. PDX modely VFN-M1 a VFN-M2 byly
vyrazné¢ méné okyslicené a meély nekolik nekrotickych oblasti uz u malych nadort
v porovnani s VFN-M5 R, navic v jejich vaskularizaci doslo k vyznamnému poklesu s
rostouci velikosti nadoru (p <0,01). U PDX modelu VFN-MS5 R1 doslo na za¢atku k poklesu

vaskularizace a nasledné k jeho termindlnimu nértstu.

4.4.2 Srovnani ploSného podilu mezi Dopplerovou ultrasonografii a

kvantitativni histologii

Histologické hodnoty MVA vSech malych modeltt PDX nadorti byly nizs§i nez hodnoty
zjisténé Dopplerovou ultrasonografii. Naopak u hodnoceni MVA u velkych modeli PDX

byli hodnoty v histologickém hodnoceni vyznamné vyssi nez u pouziti Dopplerovy metody.

4.4.3 Srovnani histologickych MVA a MVD

Podle histologie nebyly zddné vyznamné rozdily v MVD nebo MV A mezi malymi a velkymi
nadory VFN-M1 a VFN-M2 PDX. Naopak, rozdily v MVD a MVA byli pozorovany mezi
malymi a velkymi nddory VFN-MS5 R1.

4.5 Histologické hodnoceni vaskularizace mySich xenoimplantati Non-

Hodgkinova lymfomu

V réamci histologické ¢asti studie jsme zjistili vyznamné niz§i MVD a MV A v mySich PDX
modelech v porovnani s primarnimi lidskymi biopsiemi NHL. Vaskulatura nadord PDX
modeli byla sloZena z cév mysiho piivodu. Ve vétSing ptipada byl profil plochy mikrocév v
lidskych biopsiich podstatné vétsi nez v odpovidajicim mySim modelu (Obréazek 10).
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Obrazek 10. Profil mikrocév v PDX modelech (Kesa et al., 2021).
Typicky nélez ilustrujici vétsi profil mikrocév v lidskych biopsiich (A) a mensi profily
v odpovidajicich mysich modelech PDX. M¢titko 20 um.

4.6 Vliv hyperbarické oxygenoterapie na tvorbu kolagenu typu III v rané

diabetického potkana

4.6.1 Kvantitativni hodnoceni kolagenu typu I a III

Objemovy podil kolagenu typu I a III byl niz$i v kozni 1ézi nez v sousedni zdravé tkani u
skupiny HBOT aj CTRL (Obrézek 11). U obou skupin nebyl v koznim defektu zaznamenan
rozdil mezi objemovym podilem kolagenu typu I (HBOT 1,35+0,49; CTRL 1,94+0,67 %,)
(Obrazek 12A), ale kolagen typu III mél u skupiny HBOT (1,41+0,81 %) vySsi objemovy
podil nez u skupiny CTRL (0,63+0,37; p <0,05) (Obrazek 12B). Pomér kolagenu I/IIT
v kozni rané byl u obou skupin stejny (Obrazek 12C).

4.6.2 Kvantitativni hodnoceni angiogeneze

MVD mikrocév byla vyssi v koznich lezech nez v okolitym zdravym tkanivu (MVD CTRL
206,5+41,8; MVD zdrava ktize 78,1+20,8; p <0,001). Ve skupin¢ CTRL jsme zaznamenali
vys$8i mikrovazalni hustotu cév nez v skupiné HBOT (MVD HBOT 124+28,2; MVD CTRL
206,5+41,8; p<0,001).
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skin without defect healing skin defect

Obrazek 11. Porovnani kolagenu typu I a IIl v zdravé kiizi bez defektu a v koZni 1ézi
(Ruzicka et al., 2021).

Vizualizace kolagenu typu I (ZlutoCervena barva) a III (zelend barva) pomoci barveni
pikrosiriové Cervené (A — B) pozorované pod polarizovanym svétlem. Méfitko 50 um.
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Obrazek 12. Grafické porovnani kolagenu typu I a III v zdravé kazZi bez defektu a
v koZzni 1ézi (Ruzicka et al., 2021).
Hodnoty jsou znédzornény jak primér + smérodajna odchylka; * p <0.05.
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5 Diskuse

5.1 Vzorkovani v kvantitativni histologii a stereologii

V kazdé studii, ktera je zalozend na histologické kvantifikaci musi byt jasné barevné
identifikované testované struktury a také hranice referen¢niho prostoru (Howard and Reed,
2004; Mouton, 2011). Samotna variabilita vysledkli mize byt ovlivnéna poctem objektu
v testované skuping, zpuisobem odbéru vzorkli a odbérem zornych poli (Gundersen and
@Sterby, 1981; Slomianka and West, 2005).

Pii vzorkovani fezii a zornych poli je lepSi upfednostnit systematicky jednotny
nahodny vybér, protoze pokryva vSechny studované Casti jednotné (Mayhew and Lucocq,
2015). Podle Tschanz et al. (2014) je vhodné vzdy provést pilotni studii na typickych
vzorcich a zkoumanych skupinach. Pfi zbytecné zvySené intenzité vzorkovani je finalni
prace pracnéjSi a draha bez poskytnuti novych informaci. Naopak pii nedostatecném
vzorkovani je tézké dosahnout predem stanovené urovné vyznamnosti pii testovani
statistické hypotézy. Popisnd statistika pilotnich dat (primér a standardni odchylka) jsou

uzitecné pro analyzu sily testu (Chow et al., 2008).

5.2 Histologické sloZeni segmenti prasecich krkavic

V nasi studii jsme pozorovali vyznamné rozdily v mikroskopické stavbé praseci ACC podél
jeji délky. Ptiblizn€ prvni 3 cm elastického typu cévy se postupné v distalnim sméru zmenily
na svalovy typ, coZ odpovidé praci Garcia et al. (2011). NaSe vysledky se shoduji s jinymi
studiemi na praseci ACC (Garciaetal., 2011; Kochova et al., 2012; Wyatt et al., 2016). Podil
elastinu zjistény v praci Wyatt et al. (2016) a Kochova et al. (2012) je porovnatelni s podilem
elastinu ve stfednich segmentech nasi prace. Tato regiondlni rozdily maji vliv na
biomechanické vlastnosti cév, co mize ovlivnit pribeh a vysledky experimentii na téchto

cévach (Avril et al., 2015; Garcia et al., 2011).
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5.3 Histologické porovnani ovéich a praseCich segmenti krkavic

s lidskymi koronarnimi a hrudnimi tepnami

5.3.1 Levé a pravé krkavice jsou zaménitelné u prasat, ale ne u ovci

Syntetické vaskularni ndhrady pro AKB byly v nékterych studiich testovany na levé strané
(Carmen Calles et al., 2002; Weber et al., 2018), na pravé stran¢ (Ahmed et al., 2014) nebo
na obou stranadch ov¢ich a prase¢ich ACC (Hawthorne et al., 2002). Obvykle se pii
experimentech pouziva jedna strana ACC jako kontrola (Carmen Calles et al., 2002).
Vysledky nasi studie ukazaly na vzéjemnou zaménitelnost levé a pravé ACC ve vétsSing
parametrl u prasete. Naopak, mezi levou a pravou stranou téchto cév jsme u ovci zjistili
znaéné rozdily. Nalezli jsme vétsi plosny podil elastinu na levé stran¢ a aktinu na pravé
stran¢ ov¢i ACC. Intima-média levé ovéi ACC byla tenci, podobné jak ve studii s pouZitim
lidskych krkavic (Willekes et al., 1999). Navzdory reSersi v literatufe jsme nenalezli zadné
pfimocaré anatomické vysvétleni stranovych rozdili zjisténych u pravé vs. levé krkavice

ovce.

5.3.2 Ov¢i krkavice byly vétSinou svalnaté; praseci krkavice byly elastické az

svalové povahy

Mikroskopické slozeni ov€ich a prasecich ACC se lisilo podél jejich makroskopické délky.
U ov¢ich cév méla cela délka vétSinou svalovy fenotyp. Ale u praseCich ACC byly
proximalni segmenty (3—4 cm) elastického typu a postupné piesly do svalového typu cévy.
Nase vysledky jsou v souladu s vysledky jinych studii, které zjistily, Ze frakce elastinu v
prasecich krkavicich klesa a frakce hladké svaloviny roste proximodistalnim smérem
(Garcia et al., 2011; Sokolis et al., 2011; Weizsidcker et al., 2014). Svalovy fenotyp
proximalni ovéi ACC byl také popsan Bia et al. (2014), ovSem bez podrobnych
segmentalnich rozdilt podél chirurgicky vyuzivaného rozsahu tepny.

V na$i studii jsme zjistili sniZzeni ploSného podilu elastinu a chondroitinsulfatu
v proximodistalnim sméru, co lze castecné vysvétlit vazebnymi misty mezi
chondroitinsulfatem a elastickymi vldkny (Dubey and Deng, 2018; Humphrey, 2013;
Reinboth et al., 2002). Taky jsme zjistili pokles hustoty jadernych profilii u ov¢ich ACC v
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proximodistalnich segmentech. V jiné studii vSak nebyla hustota statisticky vyznamna a
jadra bunék hladkého svalstva byla distribuovana rovnomérné po délce ovéi ACC (Parchami
et al., 2009).

Obecny problém pii prechodu mezi makroskopickou a mikroskopickou urovni popisu
tepen, tj. do jaké miry se méni mikroskopické slozeni tepen podél jejich prubéhu v fadu cm
az desitek cm (Sokolis, 2007; Sokolis et al., 2008; Tonar et al., 2016) a jak tyto regionalni
rozdily ovliviuji naptiklad jejich mechanické vlastnosti (Avril et al., 2015), zasluhuje
jednozna¢né dal$i pozornost. Jak u clovéka, tak u velkych zvifecich modelti jde o
nepiehlédnutelny problém. Vérime, Ze naSe srovnani mize alespon Casteéné vysvétlit
mechanické podobnosti a rozdily uvedené mezi ov¢imi a prasecimi ACC Prim et al. (2018).
Zustava vSak nejasné, jak se udaje o tloust'ce stény a sloZeni téchto tepen na zdkladé
histologicky zpracovanych vzorkl vztahuji k jejich rozmérim in vivo a hemodynamickym

parametriim, jako je objemovy prutok nebo mistni zmény krevniho tlaku.

5.3.3 Ov¢i a prase¢i CCA vétSinou nereflektuji strukturu lidskych tepen

Z hlediska operacniho pfistupu je pro testovani protéz nejvhodnéjsi stfedni segment
zvitecich krkavic. Dulezita je také tloustka stény krkavic, ktera byla podobné u ovci a prasat.
Tloustka stény AC a ATI byla ten¢i nez u obou krkavic, pficemz pro testovani protézy byl
nejvhodnéjsi stiedni segment obou ACC.

Elastinovd vldkna, kolagen a glykosaminoglykany jsou hlavnimi slozkami
extracelularni matrix (Bartolini et al., 2013; Mattson et al., 2017). ACC obou zvifecich
modeld mély vétsi podily elastinu a aktinu nez lidské AC a ATI, ale svou hodnotou byly

nejblize stfednimu segmentu ov¢ich ACC a distalnimu segmentu prasecich ACC.

5.4 Histologické hodnoceni vaskularizace mySich xenoimplantata

lymfomu plastovych bunék

V studii jsme pomoci Dopplerovy ultrasonografie sledovali pokles MV A u vzorek VFN-M 1
a VFN-M2 PDX modelt se zvétSujicimi se nadory, co mize byt zplisobené rostoucim

poctem nekrotizujicich oblasti. AvSak, pfi kvantitativnim histologickém hodnoceni byla
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vaskularizace MVA u téchto dvou modelech srovnatelna. Naproti tomu u modelu VFN-M5
R1 doslo k zvyseni vaskularizace ve velkych lymfomech obéma metodami hodnoceni.
Rozdily ve vysledcich mezi histologickym hodnocenim a Dopplerovou ultrasonografii
mohou mit nékolik pfi¢in. Vyznamnou roli hraje smrsténi tkani béhem formolové fixace a
parafinového procesu. Posmrtn€ a pii excizi tkdnovych blockli a pfi manipulaci s nimi
dochazi rovnéz ke kolapsu cévniho prisvitu, coz vede nasledné¢ k niz§Sim naméfenym
hodnotam MVA oproti stavu in vivo (West, 2013). To miize byt divodem, pro¢ MVA u
malych nadoru v histologické studii bylo nizsi nez u méfeni pomoci Dopplerova principu in
vivo. Dal$im diivodem rozdilu mtze byt ta skutecnost, Ze histologicka analyza je provedena
jen v ur€itych oblastech nadoru, zatimco in vivo sonografie hodnoti cely nador, véetné
nekrotickych oblasti, které jsou pro histologické hodnoceni nevhodné.
Podobné hodnota MVA z histologické analyzy a méteni Dopplerem u vzorky VFN-M5

R1 souvisi s bohatou a chaoticky uspotadanou vaskularizaci.

5.5 Histologické hodnoceni vaskularizace mysich xenoimplantati Non-

Hodgkinova lymfomu

V histologické ¢asti studie jsme zaznamenali vyznamné niZ§i hodnoty MVD a MVA u PDX
modeld v porovnani s biopsiemi lidskych NHL. Tyto nizké hodnoty mohou byt diisledkem
suboptimalni stimulace mysi angiogeneze lidskym vaskuldrnim endotelidlnim ristovym
faktorem, ktery je produkovany lymfomovymi buikami béhem hypoxie. Nizké hodnoty
MVA a MVD mohou mit vliv na preklinické studie zkoumajici napf. kinetiku 1¢ki masivné
akumulovanych v nadorové tkani (cytostatika zapouzdiena v liposomech), dale vliv na

perfuzni Casy kontrastnich latek u dynamickych zobrazovacich metod apod.

5.6 Vliv hyperbarické oxygenoterapie na tvorbu kolagenu typu III v rané
diabetického potkana

5.6.1 Kbvantitativni hodnoceni kolagenu typu I a I1T

Studie se zaméftila na sledovani hojeni ran u ZDF potkanti, u kterych byl rozvinout diabetes

2. typu a nasledné na kvantitativni analyzu objemového podilu kolagenu typu I a III v kozni
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ran¢ na 18. den hojeni. Model ZDF potkant byl pouzit i v jiné studii pfi testovani koznich
ran (Slavkovsky et al., 2011).

Nova produkce kolagenu, jeho prostorova distribuce a metabolismus maji dilezitou
roli pfi obnové homeostazy pii hojeni koznich defektd (Wynn, 2008). Hojeni zahrnuji
prekryvajici se faze, jako je zanét, proliferace a remodelace tkané (Guo and DiPietro, 2010;
Menke et al., 2008; Velnar et al., 2009; Young and McNaught, 2011).

Béhem prvnich tfi dnti hojeni je kozni rdna bohatd na fibroblasty. Proliferace
fibroblastii je stimulovana transformujicim rastovym faktorem-B (TGF-B) a destickovym
rustovym faktorem (PDGF) (Guo and DiPietro, 2010; Velnar et al., 2009; Young and
McNaught, 2011). Fibroblasty se béhem fazi proliferace a remodelace ucastni syntézy
kolagenu, zejména typu III (Campelo et al., 2018; Velnar et al., 2009; Young and McNaught,
2011). Nejvyssi mnozstvi kolagenu typu III se objevuje pét dni po poranéni a piispiva k
tvorb¢ jizev (Campelo et al., 2018; Young and McNaught, 2011). Kolagen typu I je tvofen
siln¢j8imi a delSimi svazky fibril nezli kolagen typu III (Wang et al., 2015). Béhem
termindlnich f4zi hojeni, tedy remodelace, vznika kolagen typu I z prekurzoru kolagenu typu
III (Campelo et al., 2018; Wang et al., 2015). Vysledny novy kolagen typu je nositelem
mechanické pevnosti a stability (Klinge et al., 2000).

Z téchto divodi histologické hodnoceni hojicich se koznich defekti ¢asto zahrnuje
hodnoceni kolagenti typu I a IIT (Clore et al., 1979; Dale et al., 1996; Wang et al., 2015). To
muze byt vyjadieno bud’ jako objemova frakce kolagenu nebo jako pomér mezi kolagenem
typu I a typu III. Tento pomér vyjadiuje, jak je béhem procesu hojeni obnovena ptivodni
hustota sit¢ kolagenovych vlaken (Clore et al., 1979; Dale et al., 1996; Wang et al., 2015).
SniZeny pomér kolagenu I ku kolagenu III je doprovazen sniZenim pevnosti pojivové tkané
v tahu a je pozorovan béhem prvnich sedmi dnii hojeni kozni rany, kdyz fibroblasty
produkuji ptevazné kolagen typu III (Fleischmajer et al., 1990; Klinge et al., 2000; Sun et
al., 2018). Tento pomér se naopak zvysuje s tim, jak jizva prochazi remodelaci a zranim (Sun
et al., 2018).

Podobné¢ jak v studii Pefia-Villalobos et al. (2018) jsme v nasi studii na 18. den hojeni
zaznamenali u ZDF potkanti s HBOT lécbou zvyseny podil kolagenu typu III, co naznacuje,

Ze proces opravy byl skute¢né¢ pomoci HBOT urychlen.
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5.6.2 Kbvantitativni hodnoceni angiogeneze

Béhem hojeni koznich ran dochazi vlivem zanétu v ranni faze hojeni zvysSena angiogeneze,
ktera pak v pozd¢jsich fazich hojeni klesa (DiPietro, 2016). Ve skupin¢ ZDF potkanti
lécenych ptisobenim HBOT jsme sledovali inhibici tvorby novych mikrocév, co mohlo byt
zpusobené tim, Ze histologicka analyza byla az v pozdnich fazich hojeni (18. den). V jinych
studiich se zjistilo, ze angiogeneze u HBOT terapie je zvySend jen v hypoxickych tkanich

(Buckley and Cooper, 2022; Huang et al., 2020; Yamamoto et al., 2020).
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6 Zavéry prace
6.1 Vzorkovani v kvantitativni histologii a stereologii

Otazka: Jaké jsou postupy virtudalni mikroskopie? Jaké jsou vyhody a nevyhody strategii

viceuroviiového vzorkovani v kvantitativni histologii?

Formulovali jsme praktické postupy pro nejbéznéjsi situace, jako je vycCerpavajici
vzorkovani oblasti zajmu, vzorkovani oblasti zdjmu riiznych velikosti, vzorkovani stejnych
oblasti zdjmu pro vice histologickych metod, vzorkovéani vice oblasti z4jmu s riznou
intenzitou nebo pomoci riznych objektivl, vicefazové vzorkovani a virtualni vzorkovani.
Byla poskytnuta doporuceni pro pilotni studie o systematickém jednotném nédhodném
vzorkovani zornych poli jako sou¢ést optimalizace ucinnosti histologické kvantifikace, aby

se zabranilo nadmérnému nebo nedostate¢nému vzorkovani.

6.2 Histologické sloZeni segmenti prasecich krkavic

Otazka: Jsou prava a leva praseci ACC u stejného jedince ekvivalentni? Ma praseci ACC
stejné mikroskopické slozeni v celé své délce? Jsou praseci ACC shodné v mikroskopickém

slozeni s lidskymi AC a ATI?

Srovnanim 5 morfometrickych parametrt prasecich ACC s lidskymi AC a ATI jsme zjistili
nasledujici:

(1) Z histologického hlediska jsou leva a prava praseci ACC ekvivalentni.

(1))  Prase¢i ACC menily svij fenotyp z elastického na svalovy v proximodistalnim
sméru.

(111))  Praseci ACC meély tloustku stény cévy srovnatelnou s tlouStkou lidskych AC a

lidskych ATI, ale histologické slozeni bylo odlisné.

60



Zaveéry prace

6.3 Histologické porovnani ovéich a praseCich segmenti krkavic

s lidskymi koronarnimi a hrudnimi tepnami

Otazka: Jsou prava a leva ovcéi ACC u stejného jedince zaménitelné? Ma ovci ACC stejné

mikroskopické parametre v celé své délce? Jsou ovcéi ACC ekvivalentni s lidskymi AC a ATI?

Podrobné srovnani 11 morfometrickych parametri ve vzorcich ov¢ich a prasec¢ich ACC a

lidskych AC a ATI odhalilo nasledujici:

(1) Z histologického hlediska byly leva a prava ACC zaménitelné u prasat, ale ne u ovci.
(1)  Oveéi ACC byly vétSinou svalového fenotypu, ale prase¢i zménily svilij fenotyp
z elastického na svalovy v proximodistalnim sméru.

(iii)  Podobné jak praseci ACC mély i ov¢i tloustku srovnatelnou s tloustkou lidskych AC
a lidskych ATI, ale histologické sloZeni jak prasecich, tak ov¢ich ACC bylo odlisné od
sloZeni lidskych AC a ATL

(iv)  Vzory korelace mezi histologickymi slozkami v ramci ov¢ich ACC byly identické se

vzorem nalezenym u prasec¢ich ACC.

Rozdily mezi histologickym slozenim ov¢ich a prasecich ACC zjisténych v nasi studii
prokdzaly omezeni, ktera je nutno mit na paméti pfi navrhu a pii interpretaci poznatkl
ziskanych u experimentalnich modelim velkych zvifat v kardiochirurgii. Kompletni
morfometrickd data ziskana kvantitativnim vyhodnocenim arteridlnich segment byla
zvefejnéna pro usnadnéni analyzy sily testu nutné pro zdlivodnéni minimalniho poc¢tu vzorka
pfi planovani dalSich experimentl. Stfedni nebo distalni segmenty ov¢€ich a prasecich ACC
zustavaji nejrealistitéj§imi a pravdépodobné nejlépe charakterizovanymi velkymi zvitecimi
modely pro testovani umélych arteridlnich ndhrad pro AKB. Zformulovali jsme prakticka
doporuceni, jak navrhnout experimenty na ov¢ich ACC a jak tyto velké zvifeci modely

pouzivat zpisobem, ktery maximalizuje validitu jejich histologického hodnoceni.
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6.4 Histologické hodnoceni vaskularizace mySich xenoimplantati

lymfomu plastovych bunék

Otazka: Jsou rozdily mezi pouzitim Dopplerovy ultrasonografie a kvantitativni histologie pri

hodnoceni hustoty nadorovych mikrocév?

Mira vaskularizace patfi k faktorim provazejicim agresivni rst nadoru. Fotoakustické
zobrazovani a Dopplerova ultrasonografie jsou novymi metodami pro rychlé¢ a piimé
hodnoceni vaskularizace a oxygenace nadord, avSak MV A hodnoty ziskané touto metodou
se lisi od kvantitativniho histologického hodnoceni a bude zapotiebi dalsi validace

fotoakustického zobrazovani viici histologickému hodnoceni.

6.5 Histologické hodnoceni vaskularizace mySich xenotransplantati

Non-Hodgkinova lymfomu

Otazka: Jsou kvantitativni parametry mikrocév (MVD a MVA) v nadorovém mikroprostiedi

PDX modelit odvozenych od NHL srovnatelné s primarnimi lidskymi nadory typu NHL?

PDX modely NHL jsou v dne$ni dobé& nejlépe charakterizovanym modelem pro translacni
vyzkum diky jejich schopnosti zachovat si stejné genetické informace s ptivodnimi lidskymi
NHL. Vneseni dat z histologické analyzy mikrocév ukazalo, Ze ptestoze u PDX mySich
modeld lymfomi je zachovén stejny geneticky profil, nedochazi k rekapitulaci nadorové

heterogenity vnitiniho mikroprostredi.

6.6 Vliv hyperbarické oxygenoterapie na tvorbu kolagenu typu III v rané
diabetického potkana

Otazka: Jaky ma vliv HBOT na tvorbu kolagenu typu I a 11l a na vaskularizaci v kozni rané

u ZDF potkana?

Na zékladé¢ histologického hodnoceni kozniho defektu u ZDF potkanii jsme zjistili, ze HBOT

podporuje tvorbu kolagenu typu III a soucasné snizuje pocet novotvoienych mikrocév
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v pocateéni fazi hojeni. Naopak, HBOT podle studie nema vliv na tvorbu kolagenu typu I,

ktery byl srovnatelny s kontrolni skupinou.

Zkusenost ziskanad béhem feSeni uvedenych studii nas opraviiuje ke spolecnému
zavéru v tom smyslu, Ze analyzou variability morfometrickych dat na riiznych trovnich
vzorkovani a déale dislednym zvefejiovanim téchto dat v repozitatich védeckych periodik
muzeme vyznamné piispet k opakovatelnosti morfometrickych studii a rovnéz formulovat
praktickd doporuceni pro optimalizaci designu studii vyuzivajicich kvantitativni

histologické hodnoceni.
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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 ROls) 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 Microscory 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 #512) 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.



KOLINKO ET AL.

-WI LEYJﬁ

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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grafts due to their anatomical and physiological similarity to human small-diameter arteries. Comparing
the microscopic structure of animal model organs to their human counterparts reveals the benefits and
limitations of translational medicine.

X " Methods: Using quantitative histology and stereology, we performed an extensive mapping of the regional
eywords:

. proximodistal differences in the fractions of elastin, collagen, and smooth muscle actin as well as the
Bypass grafting

intima-media and wall thicknesses among 404 segments (every 1 cm) of porcine CCAs collected from

Cardiac surgery
male and female pigs (n =21). We also compared the microscopic structure of porcine CCAs with segments

Carotid artery

Coronary arteries of human coronary arteries and one of the preferred arterial conduits used for the coronary artery bypass
Internal thoracic artery grafting (CABG), namely, the internal thoracic artery (ITA) (n=21 human cadavers).

Pig Results: The results showed that the histological structure of left and right porcine CCA can be considered
Stereology equivalent, provided that gross anatomical variations of the regular branching patterns are excluded. The

proximal elastic carotid (51.2% elastin, 4.2% collagen, and 37.2% actin) transitioned to more muscular mid-
dle segments (23.5% elastin, 4.9% collagen, 54.3% actin) at the range of 2-3 centimeters and then to even
more muscular distal segments (17.2% elastin, 4.9% collagen, 64.0% actin). The resulting morphometric
data set shows the biological variability of the artery and is made available for biomechanical modeling
and for performing a power analysis and calculating the minimum number of samples per group when
planning further experiments with this widely used large animal model.
Conclusions: Comparison of porcine carotids with human coronary arteries and ITA revealed the benefits
and the limitations of using porcine CCAs as a valid model for testing bioengineered small-diameter
CABG vascular conduits. Morphometry of human coronary arteries and ITA provided more realistic data
for tailoring multilayered artificial vascular prostheses and the ranges of values within which the conduits
should be tested in the future. Despite their limitations, porcine CCAs remain a widely used and well-
characterized large animal model that is available for a variety of experiments in vascular surgery.

© 2019 Elsevier GmbH. All rights reserved.

1. Introduction

Using animal models in experimental medicine requires map-
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for performing a power analysis to justify the numbers of ani-
mals and biological samples required for detecting any biological
effects targeted in the experiment. Comparing the microscopic
structure of animal model organs to their human counterparts
reveals the benefits and limitations of translational medicine. This
approach is needed for a realistic interpretation of the results
gained in animal models and for bridging the gaps between exper-
imental medicine and possible benefits for human patients where
translational research is concerned (Lossi et al., 2016). One of the
important issues in vascular medicine is the manufacturing of
bioengineered vascular grafts for coronary artery bypass grafting
(CABG), their optimization (Szafron et al., 2019) and their testing
in animal models. The present study was motivated by the lack of
quantitative data mapping the microscopic structure of one of the
importantmodelsinvascularsurgery, namely, theporcinecommon
carotid artery (CCA).

1.1. Porcine CCAs as animal models in experimental studies

The porcine CCA is often preferred for the preclinical testing
of vascular grafts due to its anatomical and physiological similar-
ity to human small-diameter arteries (Garcia et al.,2011). Porcine

CCAs are currently often used as an experimental model in vas-
cular surgery, such as designing stents used in the treatment of
CCA obstruction or stenosis and in acute ischemic stroke (Fong
et al,, 2017; Jiang et al., 2016; Nikoubashman et al., 2018; Stewart
et al., 2017; Sun et al., 2019; Zhou et al., 2016). To date, porcine
CCAs have been used for testing various types of bioengineered
vascular grafts, suchaspolytetrafluoroethylene (PTFE) and electro-
spun poly-c-caprolactone nanofibers (PCL) (Kritharis et al., 2012;
Jaramillo etal., 2018; Mrowczynski et al., 2014; Tzchori etal., 2018).

The CCA is a paired artery located in the area of the neck verte-
brae approximately 2-2.5 cmunder the skin (Anderson etal., 2018).
Both arteries originate from the brachiocephalic trunk, which in
turn stems from the aortic arch (Dondelinger et al., 1998; Popesko,
1978). The CCA passes along the ventral surface from its source
of origin and then through the dorsolateral surface of the trachea.
The recurrentlaryngeal nerveis on the ventral side of the CCA, the
vagosympathetic trunk is on the dorsal side and the internal jugu-
larveinisonthelateral side (Popesko, 1978). CCA branching occurs
in the following order: caudal thyroid artery (which is only on the
left side), cranial thyroid artery, cranial laryngeal artery, internal
carotid artery and external carotid artery (Popesko, 1978). In adult
pigs, theproximal diameterisapproximately 5-6 mm (Dondelinger
et al., 1998; Garcia et al., 2011).

From an anatomical and surgical point of view there are several
advantages, suchaseasy surgical access with the possibility of using
the same surgical instruments and suture materials as employed in
humans (Andersonetal., 2018). Porcine CCA is easily accessible for
catheterization (Dondelinger et al., 1998). The sufficient length of
porcine CCA with minimum branching makes the implantation of
grafts feasible. The patency of the grafts can be easily monitored
using Doppler USG sonography (Anderson et al., 2018). Porcine
CCA exhibits a comparable pressure resistance to that of autolo-
gous grafts for CABG, namely, the human saphenous veins (Negishi
etal., 2011).

From the viewpoint of histology, the proximal porcine CCA was
reported to contain more elastin than its distal segments (Sokolis
etal., 2011; Garcia et al., 2013, 2011). Distally, elastin is substituted
by smooth muscle cells (Garcia et al., 2013, 2011; Weizsécker etal.,
2014).

1.2. Autologous conduits for CABG

CABG is the most common cardiac surgery procedure performed
worldwide. Appropriate graft selection, in addition to precise sur-

gical techniques, is essential to acquire good long-term results.
The severity of natural vessel stenosis and capacious (ample) tar-
get vessel run-off are among the well-known factors determining
long-term graft patency. In terms of patients’ 10-year survival, the
superiority of theleft internal thoracic artery (ITA) anastomozed to
the left anterior descending coronary artery (LAD; anterior inter-
ventricular branch of the left coronary artery) was proven more
than 30 years ago (Loop et al., 1986), and left ITA to LAD graft-
ing remains the cornerstone of modern coronary bypass surgery.
ITA, as a small-diameter elastic type artery, is known to be resis-
tantto vasospasms, neointimalhyperplasiaand atherosclerosis due
to a considerable production of anti-inflammatory and vasoactive
substances, especially nitric oxide (Sisto and Isola, 1989; Wharton
etal., 1994; Otsuka etal., 2013). According to a functional classifica-
tion of arterial grafts, the ITA is a somatic artery with considerable
amounts of elastic lamellae and with a lower tendency towards
spasticity than other autologous conduits used for CABG (He,
2013).Othercommonly used autologous graftsincluderadial artery
(Gaudino et al., 2005), saphenous veins (Yazdani et al., 2013), the
right gastroepiploic artery (Martinez-Gonzalez et al., 2017) and
some other rarely used alternative grafts used in patients with a
complete lack of suitable conduits (Loskot et al., 2016).

1.3. Tissue-engineered small diameter vascular grafts

Blood vessel replacement with a small-diameter (<6 mm) graft
represents the holy grail of peripheral vascular surgery (Kakisis
et al., 2005). Various materials and production techniques have
beendevelopedinthesearchforvascularprostheses (Chlupacetal.,
2009; Naito et al., 2011; Pashneh-Tala et al., 2016; Ong et al., 2017).
Prostheses based on polyethylene terephthalate (PETE), PTFE or
polyurethane work well in the replacement of vessels with large
diameters. When such prostheses are used as a small-diameter
replacement, an unfavorable healing process has been described
in terms of thrombogenicity as a reason for the lack of endothe-
lium together withanastomoticintimal hyperplasia caused by local
changes in blood flow (Sarkar et al., 2007; Chlupac et al., 2009).
Therefore, novel biodegradable materials based on, for example,
polyesters (de Valence et al., 2012a,b; Tara et al., 2014), collagen
(Menasche et al., 1984), elastin (Wise et al., 2011; Koens et al., 2015)
and silk fibroin (Wang et al., 2010; McClure et al., 2012) are under
development of ideal vascular grafts. These materials gen- erally
support the endothelialization of the inner surface of the
prosthesis, ensuring a long-term nonthrombogenic surface, facil-
itating healing and enabling the regeneration of functional vessels.
However, degradation happens concurrently with the healing pro-
cess, which is difficult to predict.

In addition to the degradation process and its function under
in vivo conditions that ensures the ability to remodel, other struc-
tural and functional parameters of vascular grafts must be carefully
considered. From the viewpoint of mechanics, vessel replacements
must be compliant and possess sufficient burst strength. For surgi-
calhandling, sutureretention strengthisrequired. A comparison of
the mechanical properties of clinically available grafts and human
vessels is reported in a study by Johnson et al. (2015). Last but not
least, the prosthesishas tobeeasily handled during surgeriesand be
immediately available in various sizes. The production cost should
beeconomically favorable, and its storageshould beuncomplicated
and long-term (Arrigoni et al., 2006).

Bioengineered vascular prostheses can also be modified by the
addition of various active substances, such as growth factors (Shin
et al, 2012; Wang et al., 2017), heparin (Liu et al., 2014; Qiu et al.,
2017), and nitric oxide donors (Koh etal., 2013; Rychter etal., 2016).

Another strategy of producing artificial small-diameter grafts
suitable for CABG relies on decellularized conduits(e.g., Lawson
etal., 2016; Lindsey et al., 2017). Regardless of the manufacturing
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strategy, the performance of newly developed grafts is tested in
animal models such as rats, rabbits, pigs and sheep (Byrom etal,,
2010). Replacement of the carotid artery in a porcine model was
used in studies of tissue-engineered vascular grafts prepared from
decellularized arteries (Quint et al., 2011; Dahan et al., 2017) or
electrospun PCL vascular grafts (Mrowczynski et al., 2014). The
ideal vascular graftforclinical applicationin CABG should havethe
following attributes: adequate handling characteristics for surgical
implantation, ability to maintain the diameter in stress condi-
tions (resistance to kinking, and bending), routing compliance for
sequential anastomosis construction, capability to withstand
systemic pressure changes over a long time period, low rates of
thromboembolic events inlow-flow, low-diameter conditions, and
low susceptibility to competitive flow. Following implantation, the
graft should have growth potential and resistance to infection. The
graftis supposed to be capable of remodeling, responding to a vari-
ety of stimuli similarly to anative vessel. The manufacturing range
of the conduitsrequired for CABGisexpected tobe3-5mmindiam-
eter to meet the needs of various coronary regions, with acceptable
short- and long-term patency comparable at least with saphenous
vein grafts. However, proportions between the size of grafts and
the native vessels are still under debate (Best et al., 2018).

1.4. Aims of the study

To the best of our knowledge, no quantitative histological stud-
ies are available that demonstrate how the microscopic structure
changes along the macroscopic segments of the relatively long CCA.
Moreover, we found no quantitative evidence comparing the histo-
logical structure of various segments of porcine CCAs with human
coronary arteries or with arteries most frequently used as autolo-
gous grafts. Significant differences should be expected between the
structure of coronary arteries of elderly humans, i.e., the vessels to
which the conduits should be applied in patients undergoing CABG,
and the porcine carotids as their animal model in relatively young
pigs. At the same time, manufacturing porous and multilayered
nanofibrous vascular prostheses prepared for in vivo studies in pigs
would greatly benefit from morphometry showing the composition
and proportions of real blood vessels in humans.

The first aim was to map the differences in the fraction of elastin,
collagen, and smooth muscle actin within the intima and media,
as well as the intima-media thickness and wall thickness among
the segments of porcine CCAs on both the right and left sides. The
second aim was to compare the microscopic structure of porcine
CCAs with human coronary arteries and one of the preferred arte-
rial conduits, namely, the ITA. These differences should reveal the
limitations of using porcine CCAsasavalid model fortestingCABG
conduits and reveal the ranges of values within which the conduits
should be tested in the future.

2. Materials and methods
2.1. Collecting porcine CCAs

Whole CCAs (n = 41) and adjacent arterial branches were
obtained from 21 healthy male and female Prestice Black-Pied
pigs (Vrtkova, 2015) aged 12-21 weeks and weighing 20-65 kg
(35.8 13.3 kg, mean SD). The female pigs (n = 12) were, on aver-
age, aged 17.3 + 3weeks and weighed 40.7 + 14.5; the male pigs
(n = 9) were aged 14.6-2.7 weeks and weighed 39.247.2 kg. The
animals were part of other research projects on experimental liver
surgery and projects approved for training on surgical skills. All the
projects numbers (MSMT-42178/2015-4, MSMT-29543/2015-6,
MSMT-32067/2015-5) were approved by the local ethical author-
ities and by the Faculty Committee for the Prevention of Cruelty

to Animals. All the animals received humane care in compliance
with the European Convention on Animal Careat the Experimental
Surgery Facility, Biomedical Center, Faculty of Medicine in Pilsen,
Charles University. As described previously (Junatas et al., 2017),
the animals were premedicated (with atropine, ketamine and aza-
perone), anaesthetized (with propofol and fentanyl), relaxed (with
pancuronium), intubated, and mechanically ventilated. Fluid infu-
sion and volume restoration were provided (Plasmalyte solution
and Gelofusine solution; B-Braun AG, Melsungen, Germany). The
animals were sacrificed under anesthesia by administration of car-
dioplegic potassium chloride solution. Immediately after sacrifice,
both left and right CCAs were dissected as shown in Fig. 1A. This
resulted in 21 left CCAsand 20 right CCAs (i.e., 20 pairs of right and
left CCAs plus one additional left CCA, because the preparation of
the right side resulted in a damaged sample in one animal). After
dissection, the arteries were photographed and then rinsed, per-
fused, and immersed in 10 % neutral buffered formalin solution. For
further histological analyses, each CCA was exhaustively cut into
a series of 1-cm long segments, which were consecutively num-
bered in the proximodistal direction (Fig. 1A). As the length of the
CCA varied between 8-13 cm, also the number of segments ranged
between 8 and 13 (Supplement 1); each of these segments was
examined separately using histology.

2.2. Collecting segments of coronary arteries from human
cadavers

Vascular segments representing three human coronary arteries
were obtained from 21 human cadavers aged 57-78 years (n = 14
females aged 64.845.6 years; n = 7 males aged 71.6+6.5 years) dis-
sected during 2017 at the Department of Forensic Medicine, Second
Faculty of Medicine, Charles University. The male-to-female ratio
was 2:1 as common in patients undergoing CABG. Collection of
samples of organs routinely reviewed during a forensic autopsy
is permitted according to the Czech law for educational and sci-
entific purposes. The postmortem interval ranged from 9 to 59 h
(29.4 16.3 h). If there was any apparent autolysis detected dur-ing
the autopsy, the sample was excluded. The immediate cause of
death was not taken into account. Although there were no macro-
scopically injured coronary arteries, all hearts damaged by trauma
were excluded.

From the hearts dissected from the thoracic cavities, segments
of coronary arteries were taken according to the sampling scheme
shown in Fig. 1B-E. From the human left coronary artery (LCA),
samples were taken and labeled from the circumflex branch (A1),
from the left marginal branch (A2), from the anterior interventricu-
lar branch (B1), and from the diagonal branch (B2). From the human
right coronary artery (RCA), samples were taken on the right bor-
der of the heart (C1), from the posterior interventricular branch
(C2), and from the right posterolateral branch (C3). In most of the
deceasedindividuals, circular samples were cut off perpendicularly
to the long axis, but if it was necessary (for operational reasons) to
collect the samples after the autopsy, the transversal cuts from lon-
gitudinally cut coronary arteries were taken perpendicularly to the
longitudinal axis of the artery. The arterial segments were fixed
inneutral 10% formaldehyde. Only hearts with typical anatomical
arrangements of coronary arteries were examined, while the hearts
of several individuals with undeveloped posterolateral branches
were omitted.

2.3. Collecting segments of ITA from human cadavers

From every individual from whom the samples of coronary
arteries were collected, either the whole left ITA was dissected out
with the adjacent part of subclavian artery or a stitch mark was made
to unambiguously identify the proximal end of the artery for
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A: porcine carotid arterie

B: hurnan heart, anterior surface

C: human heart, left border

E: human heart, inferior surface |

F: human internal thoracic artery

Fig. 1. Position and sampling of the arterial segments under study. (A) Porcine carotid arteries, ventral view. The proximodistal segments were labeled 1-11 (shown in the

right carotid artery only). (B) From the human left coronary artery (h-LCA), samples were taken and labeled from the circumflex branch (A1), from the left marginal branch
(A2), from the anterior interventricular branch (B1) and from the diagonal branch (B2). (C) The position of the sample taken from the diagonal branch of the anterior
interventricular branch is shown from another view as the diagonal branch runs across the left ventricle towards the apex of the heart. (D) From the human right coronary
artery (h-RCA), labeled samples (C1) were taken from the right border of the heart. (E) More samples representing the h-RCA came from the posterior interventricular branch
(C2) and from the right posterolateral branch (C3). (F) The human left internal thoracic artery was represented by three arterial segments: the middle of the proximal third

(D1), middle third (D2), and the distal third (D3).

sampling. Three segments were taken for histological examination
(Fig. 1F), representing the proximal third (D1), the middle third
(D2), and the distal third (D3) of theartery.

2.4. Histological sectioning and staining

Each arterial segment was and processed in the Leica TP1020
tissue processor (Leica Biosystems GmbH, Nussloch, Germany)
and embedded into paraffin. Fourteen serial histological sections
per arterial segment were cut (section thickness of 5 um, Leica
RM2255 microtome) perpendicular to the longitudinal axis of each
artery. The sections were mounted on histological slides, deparaf-
finized, and rehydrated. Sections were stained using a set of five
staining methods for assessment of overall morphology and wall
thickness (hematoxylin-eosin; Verhoeff’s hematoxylin and green
trichrome), and analysis of main tissue components (orcein stain

for elastin; picrosirius red stain for collagen; immunohistochemi-
cal detection of a-smooth muscle actin a vascular smooth muscle
marker). The number of sections per stain as well as the details
on the staining methods, including the manufacturers, are summa-
rized in Table 1. For immunohistochemical detection of actin, the
slides were incubated at 4 °C overnight with Monoclonal Mouse
Anti-Human Smooth Muscle Actin antibody, Clone 1A4 DakoCy-
tomation (Glostrup, Denmark), using a1:500 dilution. This reaction
was preceded by a heat-induced epitope retrieval process using
Epitope Retrieval Solution pH 9 (Novocastra Leica, Leica Biosystems
GmbH, Nussloch, Germany) for five minutes. Visualization of the
immunohistochemical reaction was based on diaminobenzidine
(DAB+, Liquid; DakoCytomation). Immunohistochemical sections
were counterstained with Gill’s hematoxylin. All sections were
dehydrated in graded ethanol solutions and mounted with a
xylene-soluble medium.
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Table 1
Histological staining methods used in the study.

Staining Purpose and visualization of aortic wall Number of sections
components stained

Hematoxylin-eosin (Bancroft and Stevens, 1996) Overall morphology of the arterial wall 4

Verhoeff’s hematoxylin and green trichrome (Kochova, 1970) Overall morphology, differentiating connective 4

Picrosirius red (Direct Red 80, Sigma Aldrich, Munich, Germany) (Rich
and Whittaker, 2005)

Orcein (Tanzer’s orcein, Bowley Biochemical Inc., Danvers, MA, USA)
Immunohistochemical detection of alpha-smooth muscle actin

tissue, smooth muscle, measurement of the

intima-media and wall thicknesses

Type I and type III collagen when observed 2
under circularly polarized light

Elastic membranes, elastic fibers 2
Vascular smooth muscle cells 2

2.5. Micrographs

For quantification of elastin, collagen, and actin, four micro-
graphs were taken in a systematic, uniform, random manner per
staining method using a 40 objective mounted on an Olym- pus
BX51 microscope (Olympus Optical Co., Ltd., Tokyo, Japan)
(Table 2). In this way, representative samples of the intima and
media region were further evaluated (Fig. 2A), similar to Tonar et
al. (2015). Measurement of the thicknesses was based on two
micrographs captured under a 4 objective, where two opposite
micrographs were sufficient to represent the whole arterial pro-
file. As the identical sampling of photographs was performed for
each of the 614 vascular segments under study, the total number
of micrographs used for quantification exceeded11,000.

2.6. Morphometry of the arterial wall

The areafractions of elastin, collagen, and actin within the tunica
intima and tunica media were assessed using a stereological point
gridasimplemented inthe PointGrid module of the Ellipse software
(ViDito, Slovak Republic), cf. Howard and Reed (1998) as described
and thoroughly tested in vascular research previously (Witter etal.,
2010; Eberlova et al., 2013; Tonar et al., 2015; Kubikova et al.,
2017). For each staining method and arterial segment, a set of four
images (Fig. 2A) was loaded, and the point grid was randomly
superposed on the set of micrographs. The number of points hit-
ting the highlighted tissue component (Fig. 2B-D) was counted
semiautomatically. Preliminary counting was performed using the
Threshold function of the PointGrid module, and the status of each
point (i.e., counted in or not counted in) was then visually checked
and manually corrected, if necessary. The point grid method also
allowed for individual corrections of the tunica intima and media
for microcracks, folds or any other possible artifacts. At least 150
intersections of the point grid per section and method (Tschanz
et al.,, 2014) were always used for estimating the area fractions.
The precision of the point grid estimates was tested and calibrated
on standardized image data sets generated with the TeiGen soft-
ware (Jifik et al., 2018). The area fraction of elastin, collagen, and
actin was then calculated for each staining method by dividing
the number of points hitting the tissue component of interest by
the number of points hitting the reference space. The reference
space was the profile area of the tunica intima and media within
the image field. The values from the four micrographs per staining
method and vascular segment were averaged. The quantification
was performed blindly by two operators (P.T. and Z.T.) whohad
no knowledge on the biological status of the specimens that were
labelled by laboratory codes only. Each of the two observers was
trained to achieve low intraobserver variability with a mean intr-
aclass correlation coefficient for repeated estimations above 0.92
according to Shroutand Fleiss (1979). The interobserver variability
had a mean intraclass correlation coefficient 0.90.

The combined thickness of the intima and media was measured.
Using the linear probes of the Fiji software (Schindelin et al., 2012),

the distance between the intimal surface profile and the media-
adventitia border profile was measured four times in each sample
and then averaged (Fig. 2E). Similarly, the wall thickness was mea-
sured as the distance between the intimal surface profile and the
outermost layer of the compact connective tissue of the vascular
tunica externa. To avoid bias, the outer layer of adjacent loose con-
nective tissue was not considered, as this is known to be greatly
affected by anatomical dissection (Kim et al., 2015; Witter et al.,
2017).

Additionally, a pilot study of the distribution of collagen within
the adventitia was done. It was based on three randomly selected
porcine CCAs (n=30 segments) that were compared to three pairs
of randomly selected human coronary arteries (n = 21 segments)
and three human ITAs (n=9 segments).

The complete overview of all the quantitative parameters used
in this study for morphometry of the arterial segments is provided
in Table 2.

2.7. Assessing the atherosclerotic changes in human coronary
arteries

To provide a better characterization of the human coronary
arteries and ITAs, any findings of atherosclerotic lesions were clas-
sified according to Stary et al. (1994) and Stary (2000). Briefly, this
protocol included the following stages: 0 — no atherosclerosis or
only adaptive thickening of the intima present; I — initial lesions
with isolated macrophage foam cells; I — multiple foam cell lay-
ers formed; III — isolated extracellular lipid pools; IV — confluent
extracellular lipid core formed; V — fibromuscular tissue layers
produced; VI — surfacedefects, thrombosis; VII — predominantcal-
cification; VIII — predominant fibrous tissue changes. The data will
be discussed in the context or regarding more realistic expecta-
tions when testing vascular grafts with prospective application to
coronary arteries.

2.8. Statistics

In total, 404 segments of porcine CCAs, 147 segments of human
coronary arteries, and 63 segments of human ITAs were analyzed.
For each vascular segment, the values from each set of micrographs
(Table 2) were averaged. As Shapiro-Wilk’s test showed aberrations
from the normal distribution in some of the variables, nonparamet-
ric statistics were applied. The Wilcoxon matched pairs test was used
to compare the data on the left vs. right CCA of the same porcine
individuals. No comparison was possible between male vs. female
pigs, as the female individuals were older and had a higher body
weight than the male ones. Kruskal-Wallis ANOVA was used to
assess the differences between the porcine CCAs, human coronary
arterial segments, and human ITA segments. Correlations among the
quantitative variables were evaluated using the Spear- man
correlation coefficient. These tests were used as available in the
Statistica Base 11 package (StatSoft, Inc., Tulsa, OK, USA). Apower
analysis according to Chow et al. (2008) was performed to
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Table 2

Quantitative parameters used in this study for morphometry of the arterial segments. The magnification of the microscope objective that was used for quantification of each

parameter is provided. The number of micrographs that were sampled is shown as well. See also the Section 2. The Aa (collagen, adventitia) was quantified in 30 segments of

CCAs and 30 segments of human arteries as a pilot study only.

Quantitative parameter
abbreviation and units

Definition, reference area, interpretation and units

Objective used Micrographs taken

An (elastin, int + med) (—)
reference area.

Aa (collagen, int + med) (—)

The area fraction of elastin stained with orcein within the tunica intima and media 40% 4

The area fraction of collagen stained with picrosirius red and observed under 40% 4

polarized light within the tunica intima and media reference area.

Aa (collagen, adventitia) (—)

The area fraction of collagen stained with picrosirius red and observed under 20 4

polarized light within the tunica adventitia reference area.

Aa (actin, int + med) (—)

The area fraction of a-smooth muscle actin stained immunohistochemically 40% 4

within the tunica intima and media reference area.

Int + media thickness (IMT) (um)

The combined thickness of the intima and media, measured as the mean distance 4x 2

between the intimal surface profile and the media-adventitia border profile.

Wall thickness (WT) (um)

The wall thickness, measured as the mean distance between the intimal surface 4x 2

profile and the outermost layer of the compact connective tissue of the vascular

tunica externa.

calculate the sample size needed to detect the expected increase or
decrease in the fractions of the tunica intima and media in porcine
CCAs.

3. Results

3.1. Gross anatomical findings and variations of porcine carotid
and adjacent arteries in the present study

The most common branching pattern is shown in Fig. 3A-C.
Three out of 21 cases exhibited anatomical asymmetry between the
right and left sides. The findings included an aberrant artery
branching from the right subclavian artery (Fig. 3D), an aberrant
branch (supplying the thyroid gland) originating from the right CCA
(Fig. 3E), and doubled right external carotid arteries (Fig. 3F).

3.2. Right side vs. left side and segmental differences in the
microscopic structure of porcine CCAs

The complete morphometric data for all the vascular segments
under study are provided in Supplement 1. Comparison of paired
right vs. left porcine carotids (Supplement 2) revealed no differ-
encesintheareafractions of collagen and actin. No differences were
found in the intima media thickness, wall thickness, and IMT/WT
ratio. The right porcine CCA showed a greater fraction of elastin
than theleft CCA (Wilcoxon matched pairs p=0.043). After exclud-
ing three animals with gross anatomical variations on the right side
from the statistical analysis, there was no difference between the
right vs. left side atall.

Comparison along the proximodistal direction revealed con-
siderable differences in the composition of the tunica intima and
media among the porcine carotid arterial segments (Fig. 4A). The
area fraction of elastin within the media decreased in the
proximodistal direction (Kruskal-Wallis ANOVA p < 0.001). At the
same time, the area fraction of actin increased in the proxi- modistal
direction (p < 0.001). The fraction of collagen remained
approximately the same along the whole length. The intima-media
thickness (Fig. 4B) showed a decrease in the proximodistal direc- tion
(p < 0.001), but the total wall thickness varied and tended to increase
in the distal segments (p < 0.001). Thus, the proportion of the intima-
media thickness to the total wall thickness decreased in the
proximodistal direction (p <0.001).

Table 3 presents descriptive statistics for calculating the min-
imum number of samples needed to compare two means when
performing a power analysis as part of designing future exper-
iments involving porcine carotid arteries. For this purpose, data
from the left and right four proximal segments (1-4 cm from the

bifurcation), four middle segments (5-8 cm), and four distal seg-
ments (9-12 cm) were pooled.

3.3. Differences between porcine CCAs, human coronary arteries
and ITAs

An overall comparison shown in Fig. 5 revealed that neither
the mean fractions of actin, elastin, and collagen (Fig. 5A) nor the
thicknesses of intima + media and the whole wall (Fig. 5B) can be
generally considered equivalent between porcine carotids and
human coronary or ITAs.

The morphometric findings are also illustrated histologically in
Figs. 6-8. While proximal segments of porcine CCAs (Fig. 6A) con-
tained repeating elasticlamellae as the prevailing component of the
tunicamedia, itsmiddlesegments showed approximately balanced
proportions of elastinand smooth muscle (Fig. 6B). Distal segments
consisted mostly of vascular smooth muscle cells (Fig. 6C). Elastin
decreased in the proximodistal direction, while actin increased
(Fig. 8A-C). The fraction of collagen oscillated around approxi-
mately the same values (Fig. 8A-C) along the whole CCA. The human
coronary arteries (Fig. 7A-B) very often lacked rotational symme-
try; they contained very often eccentric atherosclerotic lesions (see
Supplement 2 for detailed scoring of atherosclerosis). The amounts
of elastin and actin were lower than those in porcine CCAs, often
reduced only to fragments of the inner and outer elastic laminae
(Fig. 8D-E). Either the positivity for actin was diffusely lost, or there
were larger actin-negative foci. The ITA (Fig. 7C) was mostly free
of atherosclerosis or showed not only adaptive thickening of the
intima but also retained a regular pattern of elastic lamellae and
actin positivity (Fig. 8F). The elastin was well preserved, occurring
in the form of repeating concentric lamellae that alternated with
smooth muscle cells.

A detailed visualization of the morphometric results in all the
vascular segments under study is shown in Fig. 9. Porcine CCAs had
a tendency towards containing more elastin (Fig. 9A) and actin (Fig.
9C) than the other vascular segments under study. Unlike the case in
human arteries, actin and elastin were the dominant con- stituents of
the intima and media in porcine CCAs (Fig. 9C-E). The thickness of
the intima-media, the wall thickness, and the IMT/WT ratio partially
overlapped between porcine CCAs and the human LCA, RCA, and
ITA arterial segments under study (Fig. 9F-H). The complete data
set with all the morphometric results for all of the samples of all
arterial segments is provided in Supplement 3.

3.4. Fraction of collagen within Tunica adventitia

The outcome of the pilot study is shown in Fig. 10 (see Supple-
ment 4 for complete primary data) and Supplement 5. The fraction
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Fig. 2. Histological sampling and quantification of the components and thickness of the arterial segments. (A) Rectangles demonstrate the four micrographs sampled from
the reference space of the tunica intima and media for each tissue sample and staining method. The (x,y) distances between the micrographs were uniform in a particular
section to cover the entire cross-sectional area of the tunica intima and media, including the image fields bordering either the adventitia or the lumen. The size of the uniform
sampling step (x,y) was modified proportionally to the size of any particular vascular segment. (B) A stereological point grid was projected on the micrographs, and the
number of points hitting the elastin (highlighted in yellow) was counted. The area associated statistically with each point is labeled as (a/p). The reference area of the tunica
intima and media was quantified using the same point grid. (C) The number of points hitting the collagen (highlighted in yellow) was counted as well. (D) The number of
points hitting the elastin (highlighted in red) was counted accordingly. (E) The intima-media thickness was measured as the mean distance between the intimal surface profile
and the media-adventitia border profile (four equidistant measurements per image, line probes highlighted in yellow). An example is given in the proximal porcine carotid
segment. (F) The wall thickness was measured as the mean distance between the intimal surface profile and the outermost layer of the compact connective tissue of the
tunica externa. An example is given in the circumflex branch of the human left coronary artery. Immunohistochemical detection of alpha-smooth muscle actin, visualization
horseradish peroxidase/diaminobenzidine, and counterstaining with hematoxylin (A, D) orcein stain (B), picrosirius red stain observed under circularly polarized light (C),
Verhoeff’s hematoxylin and green trichrome (E, F). Scale bar: 1000 um (A, E), 50 um (B-D), and 500 um (F).

of collagen varied within the range of 0.4-0.7 along the whole
length of CCA (meam SD 0.5740.08). Human coronary arteries
(collagen fraction 0.32 @.12) as well as human ITAs (0.33 0.13) had
a tendency towards lower fractions and a greater variability of
collagenwithinadventitiathanporcine CCA. Theareasoccupied by
larger vasa vasorumwere mostly negativeincollagen (Supplement
5).

3.5. Correlation between the quantitative histological parameters

In porcine carotids, the amounts of elastin correlated negatively
with collagen (Spearman R =0.156; p < 0.05), actin (R = 0.760),
and positively with the intima-media thickness (R = 0.302). In
human coronary arteries, elastin correlated positively with actin
(R=0.230), but it was statistically independent of actin or intima-
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Fig. 3. Gross anatomical findings and variations of porcine common carotid arteries (CCA) and adjacent arteries in the present study. (A) The most common branching
pattern, clockwise: aortic arch (1), brachiocephalic trunk (2), right subclavian artery (3), bicarotid trunk (4), right CCA (5), right external carotid artery (6), right internal
carotid artery (7), left internal carotid artery (8), left external carotid artery (9), left CCA (10). (B) The same regular branching pattern. (C) The same branching pattern with
shorter carotid arteries in a younger individual. (D) Branching pattern with a very short right CCA (5) and a very long right external carotid (6) and right internal carotid (7).
Additionally, there was an aberrant artery (11), most likely the residual right aortic arch branching from the right subclavian artery (3). On the left side, the CCA (10) had a
regular proportion. (E) An aberrant branch (12, branching site within the blue rectangle) for the thyroid gland originated from the right CCA (5). (F) There were two right
external carotid arteries (6a, 6b) branching from the right common carotid (5). One of the right external carotid arteries (6b) originated proximally to the branching of the

right internal carotid artery (7).

media thickness. The complete list of correlations for each type of
arterial segment is shown in Table 4.

4. Discussion

4.1. Variations in gross anatomy have to be anticipated and
considered during experiments

Allgrossanatomical variations of theregular branching patterns
were found on the right side (three animals out of 21, Fig. 3D-F). In
particular, the short right common carotid (Fig. 3D) might bias any
evaluation of surgical experiments. When testing vascular grafts, a
complete anatomical preparation comparable to our study would
probably not be performed. Thus, either the external or the internal
carotid arteries might be mistaken for the right common carotid,
but there would be significant asymmetry when compared to a

thicker common carotid on the left side. Another variation that
mighthave animplication for using the common carotid asa model
organ would be aberrant branches of the common carotid, such
as additional branches supplying the thyroid gland (Fig. 3E). The
presence of unexpected extra branching sites might bias any con-
sequent histological morphometric analyses.

The sum of the area fractions of elastin, collagen, and actin was
considerably greater in the porcine CCAs than in the human
coronary arteries and ITAs. This finding was primarily due to the
additional tissue components present in arterial segments of human
individuals aged 55-80 years, such as lipid-laden foam cells,
extracellular lipids, and cholesterol crystals. Another possible
explanation that needs to be confirmed in the future is the poten-
tially larger fraction of glycosaminoglycans in human arteries than
in CCAs of relatively young pigs.
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Fig. 4. Comparison among the proximal, middle, and distal segments of the porcine common carotid arteries (CCAs). The x-axis shows the proximodistal position of each
segment in centimeters. Samples (n =404) from right and left CCAs (n=41) from all the animals (n =21) were pooled in this graph. (A) The area fraction of elastin within the
media decreased in the proximodistal direction (Kruskal-Wallis ANOVA p <0.001). The area fraction of actin increased in the proximodistal direction (p <0.001). The fraction
of collagen remained approximately the same along the whole length. (B) The intima-media thickness, the wall thickness (left y-axis), and their mutual ratio (right y-axis)
changed considerably along the CCAs (p < 0.001 in all three parameters). Data are displayed as the means + standard error of the means. See Supplement 1 for complete
primary data.

4.2. Segmental differences in the porcine CCAs — from elastic to Interestingly, some long blood vessels show a considerable uni-
muscular type formity of their microscopic structure along macroscopically long
segments, such as vasa vasorum density (Tonar et al., 2012) or

Within a range of 2-3 cm, porcine CCAs dramatically changed smooth muscle distribution (Kochova et al., 2014) along human

their phenotype from mostly elastic to mostly muscular (Fig. 4A). saphenous veins. Some blood vessels, such as the aorta, show con-



10 P. Tomdsek et al. / Annals of Anatomy 228 (2020) 151434

Table 3

Descriptive statistics for calculating the minimum number of samples needed to compare two means when performing a power analysis as part of designing future experiments

involving porcine common carotid arteries (CCAs). For this purpose, data from the left and right four proximal segments (1-4 cm from the bifurcation), four middle segments

(5-8 cm), and four distal segments (9-12 cm) were pooled. The means and standard deviations are rounded. The number of arterial segments (n) used for calculation of each

part is shown in the first column. AA (component) represents the area fraction of the respective component within the tunica intima and media reference spaces; IMT, the

intima-media thickness; and WT, the wall thickness. See Supplement 3 for the complete set of primary data.

Segments of porcine CCAs Quantitative parameter Mean Standard deviation
A (elastin) (—) 0.512 0.130
Proximal segments (1-4 cm) Aa (collagen) (=) 0.042 0.023
(n = 164 segments) An (actin) (—) 0.372 0.082
& IMT (um) 634 157
WT (um) 862 201
An (elastin) (—) 0.235 0.131
Middle segments (5-8 cm) (n = 164 An (collagen) (=) 0.049 0.027
segments) An (actin) (—) 0.543 0.099
& IMT (um) 549 104
WT (um) 871 182
An (elastin) (—) 0.172 0.066
Distal segments (9-12 cm) (n =76 A (coll-agen} =) 0.049 0.027
segments) An (actin) (—) 0.650 0.086
& IMT (um) 572 92
WT (um) 944 169
Table 4
Spearman rank order correlations between the quantitative parameters.
An (collagen) An (actin) IMT wT IMT/WT ratio
Porcine CCA segments Aa (elastin) —0.156* —0.760* 0.302* —0.083 0.623*
(n=404) Aa (collagen) - 0.095 0.191* 0.253* —0.105*
Aa (actin) - - -0.218* 0.139* —0.564*
IMT - - - 0.772* 0.252*
WwWT - - - - —-0.363*
Human coronary artery segments (n=147) Aa (elastin) 0.230* 0.058 —0.029 —0.038 0.080
Aa (collagen) - 0.053 0.322* 0.318* 0.232*
AA (actin) - - -0.321* -0.331* —0.063
IMT - - - 0.963* 0.529*
WwWT - - - - 0.302*
Human ITA segments Aa (elastin) —0.059 —0.145 0.300* 0.255* 0.083
(n=63) Aa (collagen) - 0.162 —0.159 —0.276* 0.182
Aa (actin) - - 0.114 0.028 0.145
IMT - - - 0.912* 0.200
wWT - - - - -0.171

The data are shown for each type of arterial segment. Aa(component) represents the area fraction of the respective component within the tunica intima and media reference

spaces; IMT, the intima-media thickness; and WT, the wall thickness. All correlations significant at p <0.05 are marked (*) and typed in bold face. The remaining correlations

were not statistically significant (p > 0.05). Autocorrelations and repeating values are replaced by the (-) sign. CCA — common carotid artery. ITA — internal thoracic artery.

siderable changes in their histological and mechanical properties
(Sokolis, 2007; Sokolis et al., 2008; Tonar et al., 2016). A regional
difference in the composition of blood vessels has consequences on
their mechanical properties (Avril et al., 2015). Garcia et al. (2011)
suggested that this shift from the elastic to muscular phenotype in
a short course determines the biomechanical properties of indi-
vidual arterial segments in the proximodistal direction, which can
significantly affect the results of experiments targeting the biome-
chanics of these arteries. We believe that the data on the segmental
variability of elastin, collagen, and actin content provided in the
present study might also partially explain the mechanical prop-
erties of various segments of porcine CCAs. The contribution of the
three components quantified in the present study to the pas- sive
mechanics of porcine CCAs has been experimentally estimated by
Kochova et al. (2012). Selective destruction of elastin, collagen, and
smooth muscle while measuring the deformation of the outer
diameter of pressurized porcine CCAs revealed the range of stresses
in which these constituents are responsible for maintaining the
pressure/diameter ratio. Destruction of elastin resulted in enlarge-
ment of the carotid diameter but not stiffening or softening of the
wall as elastic fiber integrity is known for maintaining CCA integrity
(Ferruzzi et al., 2016). Destruction of collagen led to loss of stiffness
of the carotid wall. Eliminating smooth muscle cells led to enlarge-

ment of the diameter at pressures up to 120 mm Hg and mechanical
stiffening at higher pressures.

Most of the numerical results in the present study are in good
agreement with other publications that applied similar methods
and well-documented anatomical sampling of proximodistal posi-
tion of the CCA samples. Wyattetal. (2016) reported the CCA wall
thickness of 0.86 0417 mm which matches the 0.87 0.18 mm found
in the middle segment in our study (Table 3). The frac- tion of
elastin in the middle segment 26.3 11.5% found by Wyatt et al.
(2016) and the values 22 9% published by Kochova et al. (2012) are
also very close to our findings (23.5 13.1%). Simi- larly, the
differences in the elastin fraction found in our study between the
proximal (51.2 13%) and distal (17.2 7%) CCA seg+ ments are in
agreement with the values published by Garcia et al. (2011),
namely 52.6 6.7% for the proximal segments and
19.6 4.1 for the distal segments. Our results on smooth mus- cle
fraction in proximal CCA (37.2 8.2%) are very close to those found
by Garcia et al. (2011) (31.0 3.3%); however, the frac- tion of
smooth muscle in distal CCA was greater in our study (65.0 8.6%)
than in the paper by Garcia et al. (2011) (44.3 4.2%). The fraction
of elastin within human coronary arteries in our study (Fig. 9A)
overlaps with the range reported by Ozolanta et al. (1998) (7.5-
10.02%).
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Fig. 5. Overall visualization of fractions of actin, collagen, and elastin within the tunica intima and media of porcine carotid arteries (left), human coronary arteries (middle),
and human internal thoracic arteries (right). The segments from all the individuals were pooled for the purpose of this comparison. (A) The mean fractions of neither actin,
elastin, nor collagen can be considered equivalent among the three groups of arterial segments (Kruskal-Wallis ANOVA p <0.001 in all three variables). Data are displayed
as cumulations of mean fractions. (B) There were considerable differences in the intima-media thickness, wall thickness, and their ratio when comparing the three groups of
arterial segments under study (p < 0.001). Data are displayed as median values with boxes spanning the upper limits of the first and third quartiles and with whiskers
spanning the minimum and maximum values. See Supplement 1 for complete primary data.

4.3. Challenges for manufacturing artificial CABG grafts when Rotmans et al., 2005; Ueberrueck et al., 2005; Quint et al., 2011;
proceeding from animal models to human patients Mrowczynski et al., 2014; Koens et al., 2015; Rothuizen et al., 2016;
Dahan et al., 2017). Rather than age, their weight is commonly

Young porcine animal models are typically used for testing of recorded. Implantation period also varies. The majority of stud-
novel vascular prosthesis as stated in Zilla et al. (2007). In most of ies are short term with final prosthesis assessment after about one

studies, 3-6months old pigs are used (Teebken et al., 2001; month (Rotmans etal., 2005; Quint etal., 2011; Mrowczynski et al.,
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Fig. 6. Comparison of the overall morphology of the proximal, middle, and distal segments of porcine carotid arteries. (A) In proximal segments (1 cm from the bicarotid

trunk), repeating elastic lamellae prevailed in the tunica media. (B) In the middle segments (5 cm from the bicarotid trunk), the proportion of elastin and smooth muscle was

approximately balanced. (C) In the distal segments (10 cm from the bicarotid trunk), vascular smooth muscle was the prevailing component of the media. Verhoeff’s green
trichrome (left), orcein stain for elastin (middle), immunohistochemical detection of alpha-smooth muscle actin (right). Scale bar: 1 mm.

2014; Koens et al., 2015; Rothuizen et al., 2016). Long term evalu-
ation was assessed for example for four months (Teebken et al.,,
2001), or three and six months (Ueberrueck et al., 2005). Inter-
estingly, sex is specified only in some of the cited papers, namely
Mrowczynski et al. (2014) used male pigs, whereas Rotmans et al.
(2005); Ueberrueck et al. (2005); Koens et al. (2015), and Rothuizen
et al. (2016) used female pigs.

Even before the present study, it was obvious that one of the
limitations of using porcine CCAs as models for testing vascular
grafts intended for human coronary arteries was the discrepancy
inage of human patients undergoing CABGvs. relatively low age of
animalsused asexperimental models. The porcine CCAslacked the
histopathological alterations and degenerative changes typical for
atherosclerosis common in human patients. The most important
challenges to which the bioengineered grafts have to be adapted
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Fig. 7. Examples of the overall morphology of human arteries: arterial segments representing the left coronary artery (LCA), right human coronary artery (RCA), and internal
thoracic artery. (A and B) The human coronary arteries often lacked rotational symmetry and often contained eccentric atherosclerotic lesions (see Supplement 2 for detailed

scoring of atherosclerosis). The amounts of elastin and actin were lower than those in porcine carotid arteries. Either the positivity for actin was diffusely lost, or there were

larger actin-negative foci. (C) The internal thoracic artery was mostly free of atherosclerosis or showed only adaptive thickening of intima. The elastin was well preserved,
occurring in the form of repeating concentric lamellae that alternated with smooth muscle cells. Verhoeff’s green trichrome (left), orcein stain for elastin (middle),

immunohistochemical detection of alpha-smooth muscle actin (right). Scale bar: 1Tmm.

even after being successfully tested in porcine carotids are the fol-
lowing: (i) lack of rotational symmetry, which cannot be assumed
in human coronary arteries; (ii) focal or diffuse loss of elastin and
smooth muscle actin; (iii) the presence of atherosclerotic plaques;
(iv) additional presence of other substances that do not occur in
model animals, such as deposits of lipids or accumulation of

glycosaminoglycans. Additionally, the correlations between the
composition and thickness of the arterial wall, which are usually
found in healthy arteries (Table 4), are not to be expected in human
coronary arteries. However, with the present data mapping the
segmental variability, we demonstrated that at least some of the
segments of porcinecarotids partially overlap with thenatural vari-
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Fig. 8. Elastin, collagen, and actin content in examples of the tunica media of the proximal, middle, and distal segments of porcine carotid arteries (A-C) and in samples of
the left human coronary arterial segments (D), right human coronary arterial segments (E), and human internal thoracic arterial segments (F). See Fig. 6 for a detailed
quantitative comparison. In carotid arteries (A-C), the arrangement of the tunica media was regular. Elastin (left) decreased in the proximodistal direction, while actin (right)
increased. The fraction of collagen (middle) oscillated around approximately the same values. In human coronary arteries (D, E), only fragments of the inner and the outer
elastic laminae were found (left), while the internal thoracic arteries showed regular patterns of elastic lamellae (F). Variable areas of the media of the coronary arteries (D,
E) contained no smooth muscle (right) but atherosclerotic plaques of various stages (see Supplement 2 for detailed scoring). The internal thoracic artery (F) had a regular
pattern of actin positivity. Although the immunohistochemistry provided reliable and unambiguous identification of all the positive areas, it can be noted that porcine CCAs
(A-C) that were fixed immediately after harvesting had no background staining at all, while samples of human arteries showed weakly positive counterstaining also in the
cytoplasm and extracellular matrix (E-F). Elastin stained with orcein (left); collagen stained with picrosirius red and observed under circularly polarized light (middle);
immunohistochemical detection of alpha-smooth muscle actin (right). Scale bar: 30 um.
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Fig. 9. Detailed visualization of the morphometric results in all the vascular segments under study: Fractions of actin, collagen, and elastin and their sums within the tunica
intima and media (A-E); Intima-media thickness (F), wall thickness (G), and their ratio (H). The arterial segments are presented under the following abbreviations: p-LCA —
porcine left coronary artery; p-RCA — porcine right carotid artery; h-CxB — (human) circumflex branch; h-LMB - (human) left marginal branch; h-AIVB — (human) anterior
interventricular branch; h-LB — (human) lateral branch; h-RCA — (human) right coronary artery; h-RMB — (human) right marginal branch; h-PIVB — (human) posterior
interventricular branch; h-RPLB — (human) right posterolateral branch; ITA — (human) internal thoracic artery. Porcine carotid arteries had a tendency towards containing
more elastin (A) and actin (C) than the other vascular segments under study. Actin and elastin were the dominant constituents of the intima and media in porcine carotid
arteries (C-D), unlike the case in human arteries. The thickness of the intima-media, the wall thickness, and the IMT/WT ratio overlapped between porcine carotid arteries
and the remaining arterial segments under study (F-H). Data are displayed as median values with boxes spanning the upper limits of the first and third quartiles and with
whiskers spanning the minimum and maximum values. See Supplement 1 for complete primary data. The p-values of the Kruskal-Wallis ANOVA are shown.

ability of human coronary arteries and with the ITA in the fraction these limitations, porcine CCAs remain the most widely used and
of collagen (Fig. 9B), in the intima-media thickness (Fig. 9F), in the best characterized realistic animal model in studies testing new
wall thickness (Fig. 9H), and in theIMT/WT ratio (Fig. 9H). Despite generations of CABG conduits.
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Fig. 10. Visualization of the pilot study on the fraction of collagen within the adventitia based on three randomly selected porcine common carotid arteries (CCAs) (A) and
compared to three pairs of randomly selected human coronary arteries and three human internal thoracic arteries (ITAs) (B). (A) Samples (n = 30 segments) from porcine
CCAs (n =3 animals) are displayed. The x-axis shows the proximodistal position of each segment in centimeters. The fraction of collagen varied between the range of 0.4-0.7
along the whole length, the mean values + SD were 0.61 = 0.08 (mean + SD; artery #1), 0.54 + 0.06 (artery #2), and 0.55 + 0.09 (artery #3). (B) Comparison between pooled
segments of porcine CCAs (left, n=30 segments), human coronary arteries (middle, n=21 segments of LCA, CxB, LMB, AIVB, LB, RCA, RMB, PIVB, and RPLB), and humanITAs
(n=9 segments). There was a tendency towards lower fractions and a greater variability of collagen within the adventitia in human coronary arteries (0.32 + 0.12) and ITAs
(0.33 £ 0.13) than in porcine arteries (0.57 = 0.08). Data are displayed as median values with boxes spanning the upper limits of the first and third quartiles and with whiskers
spanning the minimum and maximum values. See Supplement 4 for complete primary data and Supplement 5 for histological findings.

To reflect the requirements listed above, mimicking the nat- Valence et al., 2012a,b). In the inner or outer side of the prosthesis,
ural layered architecture of blood vessels seems to be a solution a barrier layer composed of densely packed small diameter fibers
for the construction of an ideal vascular graft. For example, bilay- can be added. Vascular prostheses with inner barriers may lead to

ered grafts have been manufactured by electrospinning of PCL (de reduced blood leakage and allow cell invasion from the adventi-
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tial side (de Valence et al., 2012a,b). Another recent study reported
the fabrication of trilayered grafts (Wu et al., 2018) simulating the
structure of native blood vessels. The inner layer was composed
of axially aligned fibers made from poly(l-lactide-cocaprolactone)
and collagen, the middle layer consisted of circumferentially ori-
ented poly(lactide-coglycolide) and silk fibroin yarns, and the outer
layer was created by random fibers made from polymersusedinthe
luminalside.Suchstructuresexhibited good mechanical properties
and promoted endothelial and smooth muscle cell proliferation in
vitro.

Designing artificial vascular grafts requires a basic knowledge
of target-tissue anatomical structure. Especially in the case of a
tissue engineering approach when mimicking of native morphol-
ogy is the aim, we believe that even though the data provided in
our study possibly do not represent the whole range of findings in
patients undergoing CABG, the primary data provided in Supple-
ment 3 might inspire the manufacturing of bioengineered grafts.
For example, the data on the intima-media and the total wall thick-
ness areready to be used for designing multilayered grafts with the
benefits described above. Unfortunately, studiesmapping thenatu-
ralvariability of variousblood vessels of human potential recipients
are generally missing and so is their critical comparison with the
animal models used for preliminary testing.

4.4. Practical study implications

Thehistologicalstructureoftheleftandrightporcine CCAs (Sup-
plement 1) might be considered to be equivalent provided that
gross anatomical variations of the regular branching patterns are
excluded. Therefore, one of these arteries can be used as a healthy
or sham-operated control in the same animal. This approach of
using the contralateral CCA as a control was already applied e.g.
by Kritharis et al. (2012). However, proximal, middle, and distal
segments are definitely not mutually interchangeable, and data
acquired from either of these segments cannot be extrapolated to
the remaining segments, not even in the same animal.

For further studies that involve assessment of elastin, collagen,
or smooth muscle actin content and the thickness of the carotid
wall, the minimum number of samples per group compared can be
calculatedfromTable3. Forexample, whenplanninganexperiment
and expecting the mean fraction of actin to be decreased by 20% in
the middle carotid segments (i.e., from 0.543 to 0.427), the mini-
mum number of samples required per group would be nine, using
the typical test power ~ =0.8 (the type Il error) and , =0.05 (type I
error) (Chow etal., 2008). Similarly, detecting a 25% increase of the
intima-media thickness in proximal segments (i.e., thickening from
634 um to 792 um) would require 13 samples. This consideration
is important, especially in pigs, as in a large animal model, where
experiments are usually planned with a relatively small number
of animals. Calculating the expected number of samples to prove a
scientific hypothesisis also an ethical issue as itis essential for justi-
fying the sacrifice of the animals — see also the principles of the‘3Rs’
(replacement, reduction, and refinement; Emerson, 2010). More-
over, the data provided are available for computer modeling and
biomechanical phenotyping of regional variations in the structural
and mechanical properties of CCA (Bersi et al., 2016; Bellini et al.,
2017).

Although the pilot study on collagen in adventitia showed a
tendency towards its greater fraction in CCA than in human coro-
nary arteries and ITA (Fig. 10, Supplement 4), it appeared that the
quantification was influenced by the size and quantity of larger
collagen-negative areas occupied by vasa vasorum and nervi vaso-
rum (see Supplement5). We suggest thata biologically meaningful
assessment of adventitia should contain also quantification of the
density and size of vasa vasorum (Tonar etal., 2012) and nervi vaso-
rum (Nedorostetal., 2013). Itshowed that the analysis of adventitia

would deserveamore complexstudy that goesfarbeyondaimsand
ambitions of the present paper. Moreover, the “no-touch” harvest-
ing technique that preserves most of the adventitia (Dreifaldt etal.,
2011) is strongly recommended. This would also make possible to
quantify the total content of the wall constituents, including the
adventitia.

4.5. Study limitations and remarks on the methods

Although the present study presents, to our knowledge, the
largestcollection mapping the biological variability of porcine CCA
published so far, age groups in both sexes are not represented in
a way allowing for testing how these variables are affecting the
structure of porcine CCA. The morphometric data come from
formalin-fixed paraffin sections. While the fractions of elastin, col-
lagen, and actin are not biased by tissue shrinkage, the data on the
intima-media and wall thickness are biased by at least two factors:
(i) tissue shrinkage during processing and (ii) postmortem spasm
of the arteries. Theoretically, this could be partially avoided using
perfusion fixation under mean arterial pressure in the future.

Anotherlimitation appears whenlooking at the sums of the frac-
tions of elastin, collagen, and actin within the tunica media of the
porcine carotids (Fig. 9E) and the primary data in Supplement 3.
The summed fractions of the three components exceeded the the-
oretical maximum value of 1.00 by 0.003-0.049 in 46 out of 614
measurements. This finding suggests that the fraction of some of
the components was rather overestimated than underestimated.
However, thisrelativeerrorrangingbetween 0.3-4.9% probably did
not bias the whole study, as none of the conclusions were drawn
from the borderline of statistical significance.

The present literature (including our paper) mostly lacks data on
glycosaminoglycans as a part of testing vascular grafts. Anal- yses of
glycosaminoglycans seem to be underestimated despite their
relevance to manufacturing of decelluarized arterial grafts (Liao et
al., 2009), neointimal formation (Tang et al., 2010), promot- ing of
hemocompatibility and endothelization (Lu et al., 2013), or
intravascular metabolism of antithrombogenic molecules (Klement
et al,, 2010). At least the following types of glycosaminoglycans
should be analyzed in the future: hyaluronic acid, heparan sulphate,
dermatan sulphate, and chondroitin sulphate (Stevens et al., 1976;
Malfait, 2018).

5. Conclusion

Segmental differences and the biological variability in the frac-
tions of elastin, collagen, actin, and in the intima-media thickness
and wall thickness were mapped histologically in porcine CCAs.
Left and right porcine CCAs can be considered equivalent, but the
proximal elastic carotid transitions in the range of 2-3 cm to more
muscular middle and distal segments, which are not interchange-
able. The resulting morphometric data set shows the biological
variability of the artery and is made available for biomechanical
modeling and for performing a power analysis and calculating the
minimum number of samples per group when planning further
experiments with this widely used large animal model.

Comparison of porcine carotids with human coronary arteries
and one of the preferred arterial autologous conduits for CABG,
namely, the ITA, revealed the limitations of using porcine CCAs as
avalid model for testing bioengineered small-diameter CABG vas-
cular conduits. Morphometry of human coronary arteries and ITA
provided morerealistic datafortailoringmultilayered artificial vas-
cular prostheses and theranges of values within which the conduits
should be tested in the future. Despite their limitations, porcine
CCAsremainawidely used, well-characterized large animal model
available for a variety of experiments in vascular surgery.
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mean $D). All the animals were part of other research projects on
experimental liver surgery and projects approved for training on
surgical skills. All the projects numbers (MSMT-42178/2015- 4,
MSMT-29543/2015-6, MSMT-32067/2015-5) were approved by
the local ethical authorities and by the Faculty Committee for the
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care in compliance with the European Convention on Animal Care
at the Experimental Surgery Facility, Biomedical Center, Faculty of
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Referring to samples of coronary and internal thoracic arteries
obtained from human cadavers

Vascular segments representing three human coronary arteries
were obtained from 21 human cadavers aged 57-78 years (n = 14
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dissected during 2017 at the Department of Forensic Medicine, Sec-
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of organsroutinely reviewed duringaforensicautopsyispermitted
according to the Czechlaw for educational and scientific purposes.
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ABSTRACT

Background: Coronary artery bypass grafting (CABG) is a common cardiac surgery. Manufacturing small-
diameter (2-5 mm) vascular grafts for CABG is important for patients who lack first-choice autologous
arterial, or venous conduits. Ovine and porcine common carotid arteries (CCAs) are used as large animal
models for in vivo testing of newly developed tissue-engineered arterial grafts. It is unknown to what extent
these models are interchangeable and whether the left and right arteries of the same subjects can be used
as experimental controls. Therefore, we compared the microscopic structure of paired left and right ovine
and porcine CCAs in the proximodistal direction and compared these animal model samples to samples of
human coronary arteries (CAs) and human internal thoracic arteries (ITAs).
Methods: We compared the histological composition of whole CCAs of sheep (n = 22 animals) with whole
porcine CCAs (n = 21), segments of human CAs (n = 21), and human ITAs (n = 21). Using unbiased sampling
and stereological methods, we quantified the fractions of elastin, total collagen, type I collagen, type III
collagen, smooth muscle actin (SMA) and chondroitin sulfate (CS) A, B, and C. We also quantified the
densities and distributions of nuclear profiles, nervi vasorum and vasa vasorum as well as the thickness of
the intima-media and total wall thickness.
Results: The differences between the paired samples of left and right CCAs in sheep were substantially greater
than the differences in laterality in porcine CCAs. The right ovine CCAs had a smaller fraction of elastin (p < 0.001),
greater fraction of SMA (p < 0.01), and greater intima-media thickness (p < 0.001) than the paired left side CCAs. In
pigs, the right CCAs had a greater fraction of elastin (p < 0.05) and a greater density of vasa vasorum in the media
(p < 0.001) than the left-side CCAs. The fractions of elastin and CS decreased and the fraction of SMA increased in
the proximodistal direction in both the ovine (p < 0.001) and porcine (p < 0.001) CCAs. Ovine CCAs had a muscular
phenotype along their entire length, but porcine CCAs were elastic-type arteries in the proximal segments but
muscular type arteries in middle and distal segments. The CCAs of both animals differed from the human CAs and
ITAs in most parameters, but the ovine CCAs had a comparable fraction of elastin and CS to human ITAs.
Conclusions: From a histological point of view, ovine and porcine CCAs were not equivalent in most quantitative
parameters to human CAs and ITAs. Left and right ovine CCAs did not have the same histological composition,
which is limiting for their mutual equivalence as sham-operated controls in experiments. These differences
should be taken into account when designing and interpreting experiments using these models in cardiac
surgery. The complete morphometric data obtained by quantitative evaluation of arterial segments were pro-
vided to facilitate the power analysis necessary for justification of the minimum number of samples when
planning further experiments. The middle or distal segments of ovine and porcine CCAs remain the most
realistic and the best characterized large animal models for testing artificial arterial CABG conduits.

© 2022 Elsevier GmbH. All rights reserved.
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1. Introduction
1.1. Coronary artery bypass grafting

Coronary artery bypass grafting (CABG) is a common cardiac surgery
method used worldwide. Despite the frequent use of this surgical tech-
nique, the CABG procedure continues to evolve. One of the first opera-
tions of the coronary circulation was the surgery of cardiac anastomoses
in a dog in 1910 (Carrel, 1910). In 1951, the left internal thoracic artery
(ITA) was successfully implanted in the wall of the left ventricle of the
myocardium (Vineberg and Miller, 1951). The first CABG in humans was
performed using the tantalum ring method, in which the right ITA was
used as an anastomosis (Goetz et al., 1961). The gold standard of CABG is
the method that was first used by Green et al. (Green et al., 1968).

Among the most commonly used autologous blood vessel conduits
for CAGB are arteries (the left and right ITA, the radial artery, and the
less common right gastroepiploic artery) and veins (namely, the great
saphenous veins) (Bawany et al., 2014; Desai and Fremes, 2007; Ji et al.,
2018; Nicolini et al., 2017; Taggart, 2013). ITAs have better long-term
patency and greater resistance to atherosclerosis than saphenous veins
(Goldman et al.,, 2004; Otsuka et al.,, 2013). Arteries are more resistant
to vasoactive substances and contain a higher pressure than veins (He
et al,, 1988; He, 2013). He et al. divided arterial grafts into three types:
type I - somatic arteries (ITA, subscapular artery), type II - splanchnic
arteries (gastroepiploic artery, splenic artery), and type IIl - limb ar-
teries (radial artery, ulnar artery) (He, 2013).
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1.2. Sheep and pigs as large animal models

Commonly used large animal models in vascular surgery are
sheep and pigs because of their comparable size to humans and
similarity of the cardiovascular system (Garcia et al., 2011;
Schleimer et al., 2018), reflecting the principles of translational
research (Lossi et al., 2016). Ovine and porcine CCAs are paired
arteries with relatively easy accessibility for both surgery and
sonography. However, their length is a source of considerable
variability in their microscopic structure along the proximodistal
gradient, as they quickly change from an elastic phenotype in
proximal segments to a more distally positioned muscular arterial
phenotype (Garcia et al., 2011; Sokolis et al., 2011; Weizsdcker
et al., 2014). Ovine and porcine common carotid arteries (CCAs)
stem from the bicarotid trunk, which originates in the common
brachiocephalic trunk (Popesko, 1978; Rao et al., 2016). The ovine
CCA has 7 branches, and the porcine CCA has 5 branches. The CCA
consists of the following branches: caudal thyroid artery (pig only
on left side, sheep on both sides), nonconstant muscle branches
(sternocleidomastoid branches (only in sheep, absent in pigs),
pharyngeal branches, laryngeal branches), cranial thyroid artery,
cranial laryngeal artery, pharyngeal ascending artery (only in
sheep), palatine ascending artery (only in sheep), and internal
carotid artery (Konig and Liebich, 2009; Popesko, 1978). CCAs
continue directly as external carotid arteries in both species
(Popesko, 1978).

Fig. 1. Sampling of the ovine arterial segments. A - The left and right ovine common carotid arteries (CCAs) were surgically removed from the brachiocephalic trunk to the
branching site of the internal and external carotid arteries. B - The CCAs were cut into 1 cm long segments in the proximodistal direction. Scale bar 1cm (A, B).
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Histological staining methods. The sections were stained using a combination of six histological staining methods and four immunohistochemical reactions to visualize

microscopic structures of the artery wall.

Staining

Purpose

Hematoxylin-eosin (Bancroft, 2008)

Verhoeff's hematoxylin and green trichrome (Kocova, 1970)

Gill’s hematoxylin

Orcein (Tanzer’s orcein, Bowley Biochemical Inc., Danvers, MA, USA)
Picrosirius red (Rich and Whittaker, 2005; Calderon et al., 2019)

Alcian blue (Mulisch and Welsch, 2015)

Immunohistochemistry with antibody anti-alpha smooth actin (Clone 1A4, 1:500 dilution,

DakoCytomation, Glostrup, Denmark)

Immunohistochemistry with antibody anti-neurofilament protein (Clone 2F11, 1:500 dilution,

DakoCytomation, Glostrup, Denmark)

Immunohistochemistry with antibody anti-CD31 (Clone JC70A, 1:100 dilution, DakoCytomation,

Glostrup, Denmark)

Immunohistochemistry with antibody anti-von Willebrand factor (1:1000 dilution, DakoCytomation,

Glostrup, Denmark)

Overall morphology

Overall morphology, connective tissue and smooth muscle
The nuclei of cells

Elastin fibers and membranes

Type I (yellow-red color) and type III collagen (green color) in
polarized light

Chondroitin sulfate A, B, C

Contractile phenotype of vascular smooth muscle

Nervi vasorum
Endothelium of the vasa vasorum in human arteries

Endothelium of the vasa vasorum in ovine and porcine
arteries

1.3. Testing of small-diameter vascular grafts on ovine and porcine CCAs

The production and testing of bioengineered small-diameter
(2-5 mm) vascular grafts is one of the main tasks in experimental
vascular surgery that would be beneficial to patients who lack first-
choice autologous vascular conduits (Cai et al., 2019). Unfortunately,
small-diameter vascular grafts usually lose their function due to
intimal hyperplasia and the formation of thrombi (Walpoth et al.,

C —_—

2007), therefore requiring more optimization (Szafron et al., 2019).
Newly manufactured bioartificial vascular grafts are often tested on
the CCAs of sheep and pigs because of the similar diameter to that of
human CAs (Bastijanic et al., 2016; Stewart et al., 2017). Porcine and
ovine CCAs were used as animal models for designing various types
of intravascular grafts, such as electrospun poly-e-caprolactone na-
nofibers (PCL), polytetrafluoroethylene (ePTEE), and CorMartrix
(CMX) (Kritharis et al., 2012; Eghbalzadeh et al., 2019; Fallon et al.,

Fig. 2. Uniform sampling of microphotographs, which is demonstrated by rectangles. A - Four microphotographs were used to evaluate the fractions of elastin, type I and type
I collagen, smooth muscle actin, chondroitin sulfate and vasa vasorum in the tunica media and tunica adventitia using a 40x objective. B - Four microphotographs were used to
quantify the density of the nervi vasorum in tunica adventitia using a 20x objective. C - Two microphotographs were taken to evaluate the density of nuclear profiles in the tunica
media using a 20x objective. D - Two microphotographs were taken to evaluate the intima-media thickness and wall thickness using a 4x objective. Scale bars 500 um (A-D).
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Quantitative histological parameters. Microphotographs were taken in a systematic, uniform and random manner.

Quantitative parameter (unit) Biological significance

Objective used Micrographs taken

Ap (elastin, int+media) (-) The area fraction of elastin fibers and membranes within the tunica intima and 40x 4
media.

Ap (type I collagen, int+media) (-) The area fraction of type I collagen (yellow-red color) within the tunica intima and  40x 4
media

Aa (type 1II collagen, int+media) (-) The area fraction of type III collagen (green color) within the tunica intima and 40x 4
media

A (actin, int+media) (-) The area fraction of actin within the tunica intima and media 40x 4

Ax (chondroitin sulfate, int+media) (-) The area fraction of chondroitin sulfate A, B, C within the tunica intima and media 40x 4

Qa (nuclear profiles, int+media) (mm2) The quantity of nuclear profiles within the tunica intima and media 20x 2

Qa (nervi vasorum, int+media) (mm2) The quantity of nervi profiles within the tunica intima and media 20x 4

Qa (vasa vasorum, int+media) (mm™) The quantity of vascular profiles within the tunica intima and media 40x 4

Qa (vasa vasorum, adventitia) (mm2) The quantity of vascular profiles within the tunica adventitia 40x 4

Intima-media thickness (IMT) (um) The thickness of tunica intima and media 4x 2

Wall thickness (WT) (um) The thickness of tunica intima, media and adventitia 4x 2

2012; Fukunishi et al., 2016; Li et al., 2014; Mréwczynski et al., 2014;
Stowell et al., 2020; Tzchori et al., 2018; Verbrugghe et al., 2013;
Wulff et al., 2017). Synthetic grafts such as ePTEE had good results
after implantation to arteries with diameters larger than 6 mm,
while usage of smaller diameters always failed, and thrombosis and
intimal hyperplasia resulted in occlusion (Walpoth et al., 1998; Zhao
and Zhu, 2013). This requires more data for making the size of the
grafts more proportional to the native vessels (Best et al., 2018).

1.4. Aims of the study

Recently, we performed extensive mapping of the histological
structure of all segments of porcine CCAs (Tomasek et al., 2020) and
discussed the benefits and limitations of their use as artificial conduits
suitable for coronary bypass grafting in humans. However, we found
neither such critical morphological analysis of the ovine CCAs nor their
comparison to porcine CCAs or human CAs and the most common type
of arterial conduits, such as the ITA. This knowledge gap prevents us
from comparing and interpreting results obtained in these two large
animal models, as well as from a reasonable planning of further studies
on both models that would reflect the biological variability of the vas-
cular segments to navigate the experimental surgical procedures. As
recent work on porcine CCAs revealed (Tomasek et al., 2020), respecting
the variability of the histological phenotype of proximodistal CCA seg-
ments can substantially help researchers obtain more consistent results.
The data on interindividual and intraindividual histological variability of
animal CCAs can be used to justify the minimum number of samples
per group when planning further experiments from both ethical and
scientific viewpoints. Obtaining these descriptive data, namely, the
means and standard deviations, could eliminate the present methodo-
logical gaps and facilitate the design of experiments based on power
sample analysis. Another practical output of mapping the inter-
individual and regional anatomical differences among CCA vascular
segments is to provide realistic data for tailoring multilayered artificial
vascular prostheses. To bridge this gap in the case of ovine CCAs, the
aims of the present study were to test the following null hypotheses:

Ho(A): There are no differences between the paired left and right
ovine CCAs, such that these can be used interchangeably as controls
during the experiment.

Ho(B): There are no proximodistal segmental differences of ovine
CCAs, such that the variable position of the surgical anastomoses
during the experiments is not a possible source of bias.

Ho(C): There are no differences among ovine CCAs, porcine CCAs,
human CAs, and human ITAs, such that sheep and pigs can be

regarded as equivalent large animal models with a good fit to the
modeled problem (i.e., CABG in humans).

Ho(D): The histological parameters under study do not correlate
with each other.

Additionally, our next aim was to provide descriptive statistics
suitable for a power sample analysis for estimating the minimum
number of samples necessary for detecting a presumed difference in
all the parameters under study.

2. Material and methods
2.1. Collecting ovine carotid arteries

Left and right paired ovine CCAs (n = 44) were collected from
Suffolk sheep (n = 22) aged 24-144 weeks and weighing 48.9 + 11.1 kg
(mean+ SD). The female sheep (n = 11) were aged 57.1 + 51.1 weeks
and weighed 45.8 + 11.7 kg; the male sheep (n = 11) were aged
36.9 + 18.7 weeks and weighed 52 + 10 kg. The samples were ob-
tained from animals involved in research projects on testing bioengi-
neered artificial tubular grafts in the arterial system of sheep, and all
the relevant projects funded by the Ministry of Health of the Czech
Republic (Projects No. MZDR-52084/2018-4/0VZ, and MZDR 40987/
2019-4/0VZ) were approved by the local ethical authorities and the
Faculty Committee for the Prevention of Cruelty to Animals. All animals
received humane care in compliance with the European Convention on
Animal Care at the Experimental Medicine Centre of the Institute for
Clinical and Experimental Medicine in Prague, Czech Republic. The
animals were premedicated (with ketamine and domitor), anesthe-
tized intravenously (with propofol, and midazolam), and intubated.
Following myorelaxation with rocuronium, the animals were in-
tubated, mechanically ventilated and anesthetized using inhalation
agent (isoflurane). Analgesia was achieved with opioids (Sufentanyl).
The animals were euthanized with anesthetics overdose. In all animals,
the left and right CCAs were surgically removed from the brachioce-
phalic trunk to the branching site of the internal and external carotid
arteries (Fig. 1A). Immediately after removal, the CCAs were stored in
10% neutral buffered formalin solution. The CCAs were cut into 1-cm
long segments in the proximodistal direction (Fig. 1B), which resulted
in 11-17 segments with a median value of 14 + 1.5 segments per artery
(see Supplement 1 for the numbering of samples and further details).

2.2. Porcine CCAs

All archived paraffin tissue blocks of porcine CCAs were obtained
from a previous study (Tomasek et al., 2020). Briefly, 41 CCAs were
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Fig. 3. Quantification of the microscopic structures and thickness of arterial segments. A stereological point grid and the Cavalieri principle were used to evaluate the
fractions of elastin (A), smooth muscle actin (B), collagen (C) and chondroitin sulfate (D). The unbiased counting frames were used to quantify the density of nuclear profiles (E),
nervi vasorum (F) and vasa vasorum (F). Intima-media thickness and wall thickness were quantified as a value of measurements by linear probes (yellow- intima-media thickness;

red- wall thickness) (H). Scale bars 50 pm (A-G) and 500 um (H).

collected from 12 female (aged 17.3 +3 weeks and weighed
40.7 + 14.5kg) and 9 male (aged 14.6 + 2.7 weeks and weighed
39.2 + 7.2 kg) Prestice Black-Pied pigs. The animals participated in
projects on experimental surgery and training projects for surgical

skills (MSMT-42178/2015-4, MSMT-29543/2015-6, MSMT-32067/
2015-5). The total number of 1-cm long segments from one CCA
ranged between 8 and 13, with a median value of 10 + 1.2 per artery
(Supplement 1).
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Left vs. right differences in common carotid arteries (CCAs). The left ovine CCAs had a greater fraction of elastin than the right CCAs (Wilcoxon matched pairs test p < 0.001). In
contrast, the right ovine CCAs had a greater fraction of smooth muscle actin (p < 0.01) and greater intima-media thickness (p < 0.001). The right porcine CCAs had a higher
fraction of elastin (p < 0.05) and density of the vasa vasorum in the media (p < 0.001) than the left CCAs. Data are displayed as the means and standard deviations (SD). The p
values of the Wilcoxon matched pairs tests are shown * for p < 0.05, ** for p < 0.01, *** for p < 0.001, not statistically significant (n.s.) for p > 0.05.

Quantitative parameter (unit) Ovine CCAs

Porcine CCAs

Left (mean + SD)

Right (mean £ SD)

Left (mean +SD) Right (mean +SD)

An (elastin, int+media) (-) greater (***) 0.15 £ 0.11

smaller (***) 0.13 £ 0.11

smaller (*) 0.30 + 0.16 greater (*) 0.33 + 0.17

Ax (type I collagen, int+media) (-) n.s. 0.01 £ 0.01 n.s. 0.01 = 0.01 n.s. 0.05 * 0.03 n.s. 0.05 * 0.03

A (type III collagen, int+media) (-) n.s. 0.0002 + 0.0006 n.s. 0.0002 + 0.0004 n.s. 0.003 + 0.004 n.s. 0.003 + 0.004

Aa (actin, int+media) (-) smaller (**) 0.575 + 0.11 greater (**) 0.583 + 0.11 n.s. 040 + 0.11 n.s. 0.39 + 0.12

Aa (chondroitin sulfate, int+media) (-) n.s. 0.10 + 0.03 n.s. 0.10 + 0.03 n.s. 0.09 + 0.04 n.s. 0.09 + 0.04

Qa (nuclear profiles, int+media) (mm?) n.s. 1448 + 253 n.s. 1473 + 256 n.s. 2448 + 369 n.s. 2403 + 366

Qa (nervi vasorum, int+media) (mm?) n.s. 8.09 + 5.02 n.s. 8.08 + 5.07 n.s. 3.96 + 3.71 n.s. 3.78 £ 3.45

Qa (vasa vasorum, int+media) (mm?) n.s. 0.52 + 2.36 n.s. 049 + 1.74 smaller (***) 0.99 + 3.09 greater (***) 2.61 £ 7.13

n.s. 45.76 + 21.40
thinner (***) 604 + 154
n.s. 875 + 180

Qa (vasa vasorum, adventitia) (mm?)
Intima-media thickness (IMT) (um)
Wall thickness (WT) (um)

n.s. 45.05 + 20.76
thicker (***) 623 + 167
n.s. 890 + 196

n.s. 64.73 + 29.60
n.s. 607 + 116
n.s. 907 + 172

n.s. 66.56 + 26.49
n.s. 618 + 136
n.s. 926 + 184

2.3. Segments of human CAs and ITAs

Human CAs and ITAs were obtained in the form of paraffin-em-
bedded archive tissue blocks from a previous study (Tomasek et al.,
2020). Briefly, 7 female cadavers (aged 64.8 + 5.6 years) and 14 male
cadavers (aged 71.6 + 6.5 years) were dissected at the Department of
Forensic Medicine, Second Faculty of Medicine, Charles University.
Coronary arteries were dissected, specifically the left coronary artery
(samples were taken from the circumflex branch (A1), left marginal
branch (A2), anterior interventricular branch (B1) and diagonal
branch (B2)) and the right coronary artery (samples were taken from
the right border of the heart (C1), the posterior interventricular
branch (C2) and the right posterolateral branch (C3)). Three seg-
ments were obtained from the left ITAs (the proximal third (D1), the
middle third (D2) and the distal third (D3) of the ITA).

2.4. Histological processing and microphotographs

All ovine, porcine, and human arterial samples were processed in
a uniform way as follows: Samples were fixed in 10% formalin so-
lution, dehydrated in ethanol, embedded in paraffin blocks and cut
into 5pum-thick sections (Leica RM2255 microtome). The sections
were deparaffinized, dehydrated and stained using a combination of
six histological staining methods and four immunohistochemical
reactions to visualize microscopic structures of the artery wall. The
methods and their purpose in the present study are listed in Table 1.
Microphotographs were taken based on systematic uniform sam-
pling of the arterial wall (Fig. 2), as summarized in Table 2, and more
deeply explained previously by Kolinko et al. (2022). Sampling was
used for each of the 1235 vascular segments under study, and the
total number of microphotographs was 30,924.

2.5. Stereological quantification

The fractions of elastin, type I and type III collagen, SMA and CS
were evaluated using a stereological point grid and the Cavalieri
principle (Fig. 3A-D) (Howard and Reed, 2004) as previously described
in vascular research (Witter et al., 2010; Eberlova et al., 2013; Tonar
et al,, 2015). These fractions were calculated as the ratio of structures of
interest and reference area. The ratio between the most common types
of arterial collagen, i.e., the type III to type I ratio, was assessed. The
results of fractions of elastin and SMA in porcine CCAs from the

previous study were assessed again to precisely correct their over-
estimation. The overestimation (approximately 3% for elastin, 10% for
SMA) in the results previously published on porcine CCAs (Tomasek
et al,, 2020) became obvious after adding CS staining to the present
study. At least 150 intersections of the point grid with the structure of
interest were used, as recommended by Tschanz et al. (2014). In a
preliminary study, the precision of the point grid estimates was tested
and calibrated using TeiGen software (Jirik et al., 2018). The two den-
sities of the nuclear profiles in the media and nervi vasorum and vasa
vasorum in the media and adventitia were estimated using the un-
biased counting frame (Fig. 3E-G) (Gundersen, 1977). The intima-media
thickness and wall thickness were quantified as a value of eight mea-
surements from linear probes (Fig. 3H). As the outer layer of adventitial
loose connective tissue is known to be affected by anatomical pre-
paration (Witter et al., 2017), we considered only the dense connective
tissue of the adventitia for the purpose of these measurements. All
stereological counting and measurement procedures were performed
using Ellipse software (ViDito, KoSice, Slovak republic). The operator
(M.G.) was blinded to the biological status of the specimens, which
were labeled by numeric codes only.

2.6. Statistics

Statistical analysis was performed for ovine CCAs (621 seg-
ments), porcine CCAs (404 segments), human CAs (147 segments),
and human ITAs (63 segments) using the software Statistica Base
11 package (StatSoft, Inc., Tulsa, OK, USA). Some data did not pass
the Shapiro-Wilk test for normality; thus, nonparametric
methods were used. The left and right CCAs were compared using
the Wilcoxon matched pairs test, testing the Ho(A) hypothesis. The
Kruskal-Wallis ANOVA test was used to compare ovine and por-
cine CCAs in proximodistal segments when testing the Ho(B) hy-
pothesis and to analyze the differences among ovine CCAs, porcine
CCAs, human CAs and human ITAs when testing the Hg(C) hy-
pothesis. The Mann-Whitney U test was used to compare ovine
CCAs with porcine CCAs in the proximal, middle and distal seg-
ments. The Spearman correlation coefficient was used for analysis
of the correlation Ho(D) hypothesis. According to Chow et al.
(2008), power analysis was used to calculate the sample size
needed to detect the expected change in fractions and densities in
the ovine and porcine CCAs.
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Fig. 4. Proximodistal segmental differences of ovine and porcine common carotid arteries (CCAs). A - In both CCAs, the fractions of elastin and chondroitin sulfate decreased
in the proximodistal direction (Kruskal-Wallis ANOVA p < 0.001). The fraction of total collagen decreased in ovine CCAs (p < 0.001) in the proximodistal direction, but in the
porcine CCAs, the fraction of total collagen was the same along the entire length. The fraction of actin in both CCAs increased in the proximodistal direction (p < 0.001). B - In
ovine CCAs, the fractions of total collagen, type I collagen, and type III collagen (p < 0.001) decreased in the proximodistal direction. The fractions of total collagen, type I collagen,
type III collagen and the ratio of type III to type I collagen in porcine CCAs were the same throughout the entire length. C - The density of nuclear profiles in ovine (p < 0.001) and
porcine CCAs (p < 0.05) decreased in the proximodistal direction. In both CCAs, the density of the nervi vasorum increased in the proximodistal direction (p < 0.001). In ovine
CCAs, the densities of the vasa vasorum in the media (p < 0.001) and adventitia (p < 0.05) decreased for the first three centimeters but increased in the last five centimeters. In
porcine CCAs, the densities of the vasa vasorum in the media decreased but increased in the adventitia in the proximodistal direction (p < 0.001). D - In both CCAs, the intima-
media thickness and ratio of intima-media thickness to wall thickness decreased in the proximodistal direction (p < 0.001). Data are displayed as the means # standard error of
the means. The p values of the Kruskal-Wallis ANOVA tests are shown *for p < 0.05, ** for p < 0.01, ***for p < 0.001.

3. Results

All primary morphometric data obtained from the quantitative
histology of the samples are provided in Supplement 1.

3.1. Left- vs. right-side differences of CCAs

Complete data of the comparison of left and right CCAs are
shown in Table 3. The right ovine CCAs had a smaller fraction of
elastin (Wilcoxon matched pairs p < 0.001, Supplement 2A), a
greater fraction of SMA (p < 0.01, Supplement 2), and a greater in-
tima-media thickness (p < 0.001, Supplement 5 A) than the paired
left-side ovine CCAs. In pigs, the right CCAs had a greater fraction of
elastin (p < 0.05, Supplement 2A) and a greater density of the vasa
vasorum in the media (p < 0.001, Supplement 4C) than the left CCAs.
There were no statistically significant differences in the fractions of
collagen between the paired samples of the left and right CCAs in
either animal model (Supplement 3).

3.2. Proximodistal segmental differences of CCAs

All the differences among the segments along the CCAs are
summarized in Fig. 4 for ovine and porcine CCAs separately. The
ovine CCA was mostly a muscular type of artery along its entire
length (Fig. 4A, Fig. 5). Proximal segments of porcine CCA were
mostly elastic; the middle and distal segments were mostly mus-
cular (Figs. 4A, 5). The fractions of elastin and CS decreased, and the
fraction of SMA increased in the proximodistal direction in the ovine
and porcine CCAs (Kruskal-Wallis ANOVA p < 0.001, Fig. 4A). In
ovine CCAs, the fractions of total collagen, type I collagen and type III
collagen decreased in the proximodistal direction (p < 0.001), but
these fractions were similar across the entire length of porcine CCAs
(Fig. 4B). Densities of nuclear profiles (ovine CCAs p < 0.001, porcine
CCAs p < 0.05) and vasa vasorum in media (p < 0.001, Fig. 4C) de-
creased in the proximodistal direction. In contrast, the densities of
the nervi vasorum (p < 0.001) and vasa vasorum in the adventitia
(ovine CCAs p < 0.05, porcine CCAs p < 0.001, Fig. 4C) increased in
the proximodistal direction. The intima-media thickness (p < 0.001,
Fig. 4D) decreased in the proximodistal direction in both animal
models.

3.3. Comparison among ovine CCAs, porcine CCAs, human CAs and
human ITAs

Table 4 shows differences among CCAs, human CAs and human
ITAs. Porcine CCAs had the greatest fraction of elastin compared to
ovine CCAs, human CAs and ITAs (Kruskal-Wallis ANOVA p < 0.001,
Fig. 6A). However, ovine CCAs had a comparable fraction of elastin
(Fig. 6A) and CS (Fig. 6F) to human ITAs. The fraction of actin was
greatest in ovine CCAs (p < 0.001, Fig. 6E). The fraction of CS was
similar in porcine CCAs, human CAs and ITAs (Fig. 6F). Porcine CCAs

had the greatest density of nuclear profiles (Fig. 7A, p <0.001). Ovine
CCAs had the greatest density of nervi vasorum (Fig. 7B, p<0.001).
Human CAs had greater densities of vasa vasorum in the media and
adventitia than CCAs (Fig. 7C,D, p <0.001).Intima-media thickness
and wall thickness were the same in both CCAs, but these thick-
nesses were greater than those in human CAs and ITAs (p < 0.001,
Fig. 8A, B) .

3.4. Correlation between histological parameters

In ovine CCA segments, the fraction of elastin correlated posi-
tively with collagen (Spearman r=0.576; p < 0.05), CS (r=0.596),
densities of nuclear profiles (r =0.387), vasa vasorum density in the
media (r=0.125), intima-media thickness (r=0.513), and wall
thickness (r=0.425). The fraction of elastin correlated negatively
with the fraction of SMA (r=-0.580) and density of the nervi va-
sorum (r=-0.368). These correlations in ovine CCAs were the same
as the correlations found previously in porcine CCAs (Tomasek et al.,
2020). The complete correlation matrix is summarized in
Supplement 6.

3.5. Descriptive statistics for the purpose of the power sample analysis

Table 5 shows the mean and standard deviation of four proximal,
four middle and four distal segments of ovine and porcine CCAs.
These data are ready to use for facilitating the calculation of the
minimum number of samples when planning experiments on ovine
CCAs and porcine CCAs. For example, 8 samples would be needed to
detect a 20% decrease in SMA content in the middle segments of
ovine CCAs with known biological variability (SD), test strength 0.8
and type I error of 5%. A similar analysis can be performed for any
parameter according to Chow et al. (2008).

4. Discussion
4.1. Left and right CCAs are interchangeable in pigs but not in sheep

In some studies, cardiac surgeons tested synthetic grafts for
CAGB only on the right side (Carmen Calles et al., 2002; Weber et al.,
2018), the left side (Ahmed et al., 2014) or both sides of ovine or
porcine CCAs (Hawthorne et al,, 2002). One side of the CCAs is
usually used as a sham-operated control (Carmen Calles et al., 2002).
In our study, the left and right porcine CCAs were mostly inter-
changeable. In contrast, considerable differences were found be-
tween the left and right ovine CCAs. We found a greater fraction of
elastin on the left side and SMA on the right side of the ovine carotid
artery. The intima-media of the left ovine CCA was thinner, as was
found in the study using human CCAs (Willekes et al., 1999). Despite
a literature search, we found no straightforward anatomical ex-
planation for the histological differences detected in left vs. right
ovine CCAs. In other studies, the CCAs on the left side in humans was
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Fig. 5. Proximodistal segmental differences of ovine and porcine common carotid arteries (CCAs). In both CCAs, fractions of elastin and chondroitin sulfate (CS) decreased in
the proximodistal direction (Kruskal-Wallis ANOVA p < 0.001). The fraction of total collagen decreased in ovine CCAs (p < 0.001) in the proximodistal direction. The fraction of
actin increased in the proximodistal direction in both CCAs (p < 0.001). Scale bar 50 pm.
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Comparison of ovine and porcine common carotid arteries (CCAs) with human coronary arteries (CAs) and human internal thoracic arteries (ITAs). Data are displayed as
the means and standard deviations (SD)The p values of the Kruskal-Wallis ANOVA tests are shown *for p < 0.05, ** for p < 0.01, *** for p < 0.001, not statistically significant (n.s.)

Ovine CCAs

Porcine CCAs

for p > 0.05.

Quantitative parameter (unit) Human CAs Human ITAs
A (elastin, int+media) (-) 0.06 + 0.04

0.13 £ 0.07
Aa (type I collagen, int+media) (-) 0.02 + 0.03

0.005 + 0.01
Ax (type III collagen, int+media) (-) 0.003 + 0.004

0.001 + 0.002
Ap (actin, int+media) (-) 0.33 + 0.08

0.35 £ 0.08
Aa (chondroitin sulfate, int+media) (-) 0.09 + 0.03

0.10 + 0.04
Qa (nuclear profiles, int+media) (mm?) 1175 + 388

1331 + 508
Qa (nervi vasorum, int+media) (mm?) 194 + 1.85

1.26 + 143
Qa (vasa vasorum, int+media) (mm?) 3.92 +5.19

193 £ 3.11
Qa (vasa vasorum, adventitia) (mm?) 90.72 + 32.30

58.94 + 26.89
Intima-media thickness (IMT) (um) 442 + 183

297 + 83
Wall thickness (WT) (um) 612 + 223

428 + 118

greater (***) 0.14 £ 0.11
n.s. 0.14 + 0.11

smaller (***) 0.01 + 0.01
greater (***) 0.01 + 0.01

smaller (***) 0.0002 + 0.0005
smaller (***) 0.0002 + 0.0005

greater (***) 0.58 + 0.11
greater (***) 0.58 + 0.11
greater (***) 0.10 + 0.03
n.s. 0.10 = 0.03

greater (***) 1460 + 254
greater (**) 1460 + 254
greater (***) 8.18 + 5.04
greater (***) 8.18 + 5.04
smaller (**) 0.52 + 2.09
smaller (*) 0.52 + 2.09

smaller (***) 45.78 + 21.34
smaller (***) 45.78 + 21.34

thicker (***) 612 + 160
thicker (***) 612 + 160
thicker (***) 881 + 188
thicker (***) 881 + 188

greater (***) 0.30 + 0.17
greater (***) 0.30 + 0.17
greater (***) 0.04 + 0.02
greater (***) 0.04 + 0.02
n.s. 0.003 + 0.004

greater (***) 0.003 + 0.004

greater (***) 0.40 + 0.11
greater (**) 0.40 + 0.11
n.s. 0.10 = 0.04

n.s. 0.10 = 0.04

greater (***) 2486 + 394
greater (***) 2486 + 394
greater (***) 3.89 + 3.64
greater (***) 3.89 + 3.64
smaller (***) 1.76 + 5.37
smaller (***) 1.76 + 5.37

smaller (***) 64.55 + 28.39

n.s. 64.55 + 28.39

thicker (***) 588 + 132
thicker (***) 588 + 132
thicker (***) 881 + 190
thicker (***) 881 + 190

thicker than the right-side CCAs (Bots et al., 1997; Loizou et al., 2015;
Luo et al.,, 2011; Rodriguez Hernandez et al., 2003; Schmidt and
Wendelhag, 1999; Sun et al,, 2002). The intima-media thickness
represents the endothelial response to physiological and patholo-
gical processes in the artery (Willekes et al., 1999).

4.2. Ovine CCAs were mostly muscular; porcine CCAs were elastic to
muscular in nature

The microscopic composition of ovine and porcine CCAs differed
along their macroscopic length. The entire length of the ovine CCAs
had a mostly muscular phenotype. This was in contrast to porcine
CCAs, which were elastic in the proximal segments but gradually
switched to the muscle type at approx. 3-4 cm from their origin. Our
results are consistent with those of other studies, which found that
elastin in porcine CCAs decreased and smooth muscle cells increased
in the proximodistal direction (Garcia et al., 2011; Sokolis et al.,
2011; Weizsdcker et al., 2014). The muscular phenotype of proximal
ovine CCA was also reported by Bia et al. (2014). In our study, frac-
tions of elastin and CS decreased in ovine and porcine CCAs in the
proximodistal direction. This can be partially explained by the
binding sites between CS and elastic fibers (Dubey and Deng, 2018;
Humphrey, 2013; Reinboth et al, 2002). The density of nuclear
profiles in ovine CCAs in our study decreased in proximodistal seg-
ments. However, in another study, the density was not statistically
significant, and the nuclei of smooth muscle cells were distributed
evenly along the length of the ovine CCA (Parchami et al., 2009). The
general problem of how the microscopic composition of arteries
differs along their gross anatomical structure (Sokolis, 2007; Sokolis
et al., 2008; Tonar et al.,, 2016) and how these regional differences
affect, e.g., their mechanical properties (Avril et al., 2015; Bersi et al.,
2016), will surely receive further attention. We believe our com-
parison may at least partially explain the mechanical similarities and
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differences reported among ovine and porcine CCAs by Prim et al.
(2018). However, it remains unclear how the data on wall thickness
and composition of these arteries based on histologically processed
samples relate to their in vivo dimensions, and hemodynamic
parameters such as volumetric flow rate or local changes in blood
pressure.

4.3. Ovine and porcine CCAs mostly do not reflect the structure of
human CAs and human ITAs

From the point of view of the surgical approach, the middle
segment of animal CCAs is the most suitable for testing pros-
theses. The wall thickness of CCAs is also important, which was
similar in sheep and pigs. The wall thickness of CAs and ITAs were
thinner than those of CCAs, with the middle segment of both
carotid arteries being the most suitable for prosthesis testing. The
main components of the extracellular matrix of arteries are elastin
fibers, collagen and glycosaminoglycans (GAGs) (Bartolini et al.,
2013; Mattson et al., 2017). Both CCAs had greater fractions of
elastin and SMA than human CAs and ITAs but were closest in
value to the middle segment of ovine CCAs and distal segment of
porcine CCAs.

4.4. Practical recommendations

Based on the extensive morphometric data analyzed in the pre-
sent study, the following recommendations can be formulated: (i)
Although we are currently lacking an explanation for the observed
left-to right differences in ovine CCAs, these differences should be
considered when selecting sham-operated controls, e.g., by alter-
nating the side of the surgery; (ii) The different proximodistal phe-
notypes of ovine and porcine CCAs should be considered, as these
phenotypes prevent both animal models from being used



M. Grajciarovd, D. Turek, A. Maleckovd et al.

Annals of Anatomy 242 (2022) 151910

1.0 1.0
*HE
%% X33
£33
£33 *k
0.8 e 0.8 FEE
*kk *RE
= s
3 3
Q
g 0.6 E 0.6
= £
[ ©
< 04 S 04
) L
2 ©
<
u}
0.2 0.2
2 1 2
. i = I in
: " 0.0
A ovine CCA porcine CCA human CA human ITA B ovine CCA porcine CCA human CA human ITA
1.0 1.0
T —
0.8 F 0.8 T —
[T £33
T £33 ) TEE
K £33 3 EZ33
E 0.6 *hk 3E; 0.6 Fekede
£ £
F F
2 @
g g
3 04 = 04
3 g
< g
0.2 I 0.2
0.0 T ; = —'['_ 0.0 —_— i p—
C ovine CCA porcine CCA human CA human ITA D ovine CCA porcine CCA human CA human ITA
1.0 1.0
*%
*hE
*RE
0.8 Lidd 0.8 EZ33
. —_ %% Che —
B
@
£
) = &
5 c
E 0.6 o S 0.6
i s
c 3
= »
£ £
804 o S 04
© °
E=
CA
©
0.2 —_ 1 <02
s} | [=]
.
0.0 0.0 J_
E ovine CCA porcine CCA human CA human ITA F ovine CCA porcine CCA human CA human ITA

Fig. 6. Comparison of the fractions of elastin, total collagen, type I collagen, type III collagen, smooth muscle actin (SMA), and chondroitin sulfate (CS) between common
carotid arteries (CCAs), human coronary arteries (CAs) and internal thoracic arteries (ITAs). A - Porcine CCAs had the greatest fraction of elastin (Kruskal-Wallis ANOVA
p < 0.001). Ovine CCAs had the same fraction of elastin as ITAs. B, C - Porcine CCAs had the greatest fractions of collagen and type I collagen (p < 0.001). D - Porcine CCAs and
human CAs had the same fraction of type III collagen. E - Ovine CCAs had the greatest fraction of SMA (p < 0.001). E - Neither CCA showed statistically significant differences in
the fraction of CS. Data are displayed as median values with boxes that span the limits of the first and third quartiles and whiskers that span the minimum and maximum values
for each group. The p values of the Kruskal-Wallis ANOVA tests are shown * for p < 0.05, ** for p < 0.01, *** for p < 0.001.
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Fig. 7. Comparison of densities of nuclear profiles, nervi vasorum, vasa vasorum between common carotid arteries (CCAs), human coronary arteries (CAs) and internal
thoracic arteries (ITAs). A - Porcine CCAs had the greatest density of nuclear profiles (Kruskal-Wallis ANOVA p < 0.001). B - Ovine CCAs had the greatest density of nervi
vasorum (p < 0.001). C, D - Human CAs had greater densities of vasa vasorum in the media and adventitia than CCAs (p < 0.001). Data are displayed as median values with boxes
that span the limits of the first and third quartiles and whiskers that span the minimum and maximum values for each group. The p values of the Kruskal-Wallis ANOVA tests are

shown *for p < 0.05, ** for p < 0.01, ***for p < 0.001.

interchangeably. Additionally, the histological evaluation of experi-
ments performed in both species is comparable only to a limited
extent, as their natural differences might be a source of comparative
bias; (iii) The histological differences between the CCAs of healthy
and relatively young animals and the CAs and the most commonly
used ITA conduits of human patients at the age of typical CABG
surgery are understandable and should be considered to avoid any
overinterpretation of data gathered in these models; and (iv) Both
ethical and scientific viewpoints require performing a power sample
analysis of ovine and porcine CCAs when designing experiments
involving these models, which is now feasible. The present data fa-
cilitate such a power analysis. However, the minimum number of
samples per study group should be evaluated also with respect to
the biological hypotheses and variables used in any future studies
testing the efficacy of potential graft tissues in these animals.
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4.5. Limitations of the type III collagen quantification

The fractions of type Il collagen found in our study were almost
neglectable and no major conclusions were drawn from these data in
healthy arterial walls of the animals under study. However, quanti-
fication of type III collagen may become more important in future
studies that would include processes such as arterial healing or fi-
brosis. Quantification of the type III collagen combining the picro-
sirius red (PSR) and circularly polarized light used in our study
seems to be controversial. On the one hand, Rich and Whittaker
(2005) discouraged from using collagen fiber hue for discriminating
the type I and type III collagen even under the circularly polarized
light. The main objection was that green, thin fibers, may represent
not only type III collagen fibrils, but also some of the immature thin
type I fibers (especially in healing tissues), or incomplete sectional
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Fig. 8. Comparison of the intima-media thickness, wall thickness, and intima media and wall thickness ratio among carotid arteries (CCAs), human coronary
arteries (CAs) and internal thoracic arteries (ITAs). A - The intima-media thickness was the same for ovine and porcine CCAs. Both CCAs had thicker intima-media than
CAs and ITAs (Kruskal-Wallis ANOVA p < 0.001). B - The wall thickness is the same for ovine and porcine CCAs. Both CCAs had thicker walls than the CAs and ITAs
(p < 0.001). C - CAs and ITAs had the same intima-media to wall thickness ratio. Data are displayed as median values with boxes that span the limits of the first and third
quartiles and whiskers that span the minimum and maximum values for each group. The p values of the Kruskal-Wallis ANOVA tests are shown *for p < 0.05, ** for

p < 0.01, ***for p < 0.001.

profiles belonging originally to type I fibers. On the other hand, this
method is still in use (e.g., Richards et al., 2021; Zeng et al., 2019).
Calderon et al. (2019) combined the PSR/polarized light approach
with immunohistochemical detection of the amounts of type I and
Il collagen and reported on a positive correlation between PSR and
type immunohistochemically detected type I collagen (R=0.82;
p=0.05) as well as between PSR and immunohistochemically de-
tected type III collagen (R=0.78; p=0.05). Calderon et al. (2019)
consider the PSR as a less sensitive, but cheaper method that can be
a good choice in some laboratories. Unlike immunohistochemistry,
the PRS/polarized light technique has no issues with different anti-
bodies and immunohistochemical protocols and visualization
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systems used in different species, and the staining procedure seems
to have an excellent repeatability (Calderén et al., 2019; Coleman,
2011). Similarly, Lattouf et al. (2014) compared both PRS/polarized
light with immunohistochemical detection of type III collagen,
concluding with a positive recommendation on using the PSR/po-
larized light for measuring the collagen content in normal or pa-
thological tissues qualitatively. However, the most convincing and
critical comparison we found in the literature was the study by Farris
et al. (2011), concluding that PSR stain was more robust and less
dependent on fixation than immunohistochemistry, however,
quantification of type III collagen in PSR did not provide satisfactory
efficiency, and reproducibility.
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Descriptive statistics suitable for calculating the minimum number of samples for planning experiments on ovine and porcine common carotid arteries (CCAs). The means
and standard deviations of four proximal, four middle and four distal segments of ovine and porcine CCAs are shown. The p values of the Mann-Whitney U tests comparing the
values of ovine vs. porcine CCAs are shown: * for p < 0.05, ** for p < 0.01, *** for p < 0.001, not statistically significant (n.s.) for p > 0.05.

Segments of porcine and ovine CCAs Quantitative parameter Ovine CCAs Porcine CCAs p value
Mean Standard deviation Mean Standard deviation
proximal Aa (elastin) (-) 0.249 0.116 0.460 0.117 o
A (collagen) (-) 0.011 0.011 0.042 0.023 o
A (type I collagen) (-) 0.011 0.011 0.039 0.022 e
A (type III collagen) (-) 0.000 0.001 0.003 0.004 e
A (actin) (-) 0.495 0.093 0.298 0.066 o
Aa (chondroitin sulfate) (-) 0.132 0.033 0.132 0.032 n.s
Qa (nuclear profiles) (mm2) 1580 280 2560 405 ok
Qa (nervi vasorum) (mm™) 6.317 3.761 2.426 2.585 ok
Qa (vasa vasorum within media) (mm2) 0.864 2.996 3.592 7.798 o
Qa (vasa vasorum within adventitia) (mm2) 46.426 21.629 55.378 25.419 o
IMT (pm) 743 182 634 157 o
WT (pm) 1013 215 862 201 o
middle An (elastin) (-) 0.092 0.047 0.211 0.117 o
An (collagen) (-) 0.005 0.005 0.049 0.027 o
Ax (type I collagen) (-) 0.005 0.005 0.046 0.026 o
Ap (type 1II collagen) (-) 0.000 0.000 0.003 0.004 e
A (actin) (-) 0.619 0.088 0.434 0.079 o
Aa (chondroitin sulfate) (-) 0.085 0.017 0.075 0.022 o
Qa (nuclear profiles) (mm2) 1403 225 2456 389 o
Qa (nervi vasorum) (mm™) 7.649 4.816 4,084 3.446 ok
Qa (vasa vasorum within media) (mm2) 0.148 0.816 0.622 2.089 *
Qa (vasa vasorum within adventitia) (mm) 42.441 18.921 70.424 29.597 e
IMT (pm) 548 87 549 104 n.s
WT (pm) 808 121 871 182 o
distal An (elastin) (-) 0.064 0.034 0.154 0.059 o
A (collagen) (-) 0.004 0.005 0.050 0.027 o
Ax (type I collagen) (-) 0.004 0.005 0.047 0.027 o
A (type III collagen) (-) 0.000 0.000 0.002 0.003 e
A (actin) (-) 0.643 0.093 0.521 0.069 o
Aa (chondroitin sulfate) (-) 0.080 0.015 0.062 0.023 o
Qa (nuclear profiles) (mm™) 1382 195 2389 359.009 o
Qa (nervi vasorum) (mm™) 10.969 5.447 6.628 4.320 o
Qa (vasa vasorum within media) (mm2) 0.518 1.707 0.247 1.049 n.s
Qa (vasa vasorum within adventitia) (mm™) 48.621 23.436 71.802 26.823 o
IMT (pm) 528 80 573 92 o
WT (pm) 804 120 943 170 o

5. Conclusion

A detailed comparison of 11 morphometric parameters in the
samples of ovine and porcine CCAs and human CAs and ITAs revealed
the following: (i) From a histological point of view, the left and right
CCAs were interchangeable in pigs but not in sheep; (ii) Ovine CCAs
were mostly of a muscular phenotype, but porcine CCAs changed their
phenotype in the proximodistal direction; (iii) Similar to porcine CCAs,
ovine CCAs had a thickness comparable to that of human CAs and
human ITAs, but the histological composition of both porcine and ovine
CCAS was different from that of human CAs and ITAs; and (iv) The
correlation patterns among the histological constituents within ovine
CCAs were identical to the pattern found in porcine CCAs.

The differences between the histological composition of ovine
and porcine CCAs detected in our study set some limitations to be
used as completely equivalent to that of large animal models in
cardiac surgery. These differences shall be considered when de-
signing and interpreting such experiments. The complete morpho-
metric data obtained by quantitative evaluation of arterial segments
were provided to facilitate the power analysis necessary for justifi-
cation of the minimum number of samples when planning further
experiments. The middle or distal segments of ovine and porcine
CCAs remain the most realistic and probably the best characterized
large animal models for testing artificial arterial CABG conduits. We
formulated practical recommendations on how to design experi-
ments on ovine CCAs and how to use these large animal models in a
way that maximizes the validity of their histological evaluation.
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Abstract—Tumor oxygenation and vascularization are important parameters that determine the aggressiveness
of the tumor and its resistance to cancer therapies. We introduce dual-modality ultrasound and photoacoustic
imaging (US-PAI) for the direct, non-invasive real-time in vivo evaluation of oxygenation and vascularization of
patient-derived xenografts (PDXs) of B-cell mantle cell lymphomas. The different optical properties of oxyhemo-
globin and deoxyhemoglobin make it possible to determine oxygen saturation (sO2) in tissues using PAIL. High-
frequency color Doppler imaging enables the visualization of blood flow with high resolution. Tumor oxygenation
and vascularization were studied in vivo during the growth of three different subcutaneously implanted patient-
derived xenograft (PDX) lymphomas (VFN-M1, VFN-M2 and VFN-MS5 R1). Similar values of sO2 (sO2z Vital),
determined from US-PAI volumetric analysis, were obtained in small and large VFN-M1 tumors ranging from
37.98.2 to 40.5 .0 sO2 Vital (%) and 37.5 &.0 to 35.7 &.6 sO2 Vital (%) for small and large VFN-M2
PDXs. In contrast, the higher sO2 Vital values ranging from 57.184.8 to 40.8 §5.7 sO2 Vital (%) (small to large)
of VFN-MS5 R1 tumors corresponds with the higher aggressiveness of that PDX model. The different tumor per-
centage vascularization (assessed as micro-vessel areas) of VEN-M1, VFN-M2 and VFN-M5 R1 obtained by color
Doppler (2.88.1%, 3.8 8.8% and 10.3 §.7%) in large-stage tumors clearly corresponds with their diverse
growth and aggressiveness. The data obtained by color Doppler were validated by histology. In conclusion, US-
PAI rapidly and accurately provided relevant and reproducible information on tissue oxygenation in PDX
tumors in real time without the need for a contrast agent. (E-mail: peter.kesa@]Ifl.cuni.cz) © 2020 The Author
(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Photoacoustic imaging, Tumor hypoxia, Tumor vascularization, Patient-derived xenograft, Mantle
cell lymphoma.

INTRODUCTION vascularization are associated with the local distribution
of metabolites and oxygen saturation (sO2) in cancer tis-
sues (Liao and Johnson 2007). Cellular hypoxia is char-
acterized by an insufficient supply of oxygen and can be
detected by means of fluorescent probes (Kiyose et al.
2010; Takahashi et al. 2012), matrix assisted laser

Tumor oxygenation and vascularization are important
parameters for monitoring tumor growth and can be used
to detect changes within the tumor micro-environment in
pre-clinical research (Fukumura and Jain 2007; Jing
et al. 2019). The density and functionality of tumor

desorption/ionization - mass spectrometry imaging
(MALDI-MSI)/immunohistology staining (Jiang et al.
Address correspondence to: Peter Ke sa, Center for Advanced 2015) or computed tomography/positron emission
Preclinical Imaging (CAPI), First Faculty of Medicine, Charles Univer- tomography (Sun et al. 2011; Fleming et al. 2015; Pee-
lsity, STlrlnovsk a 3, 120 00 Prague 2, Czech Republic. E-mail: peter. ters et al. 2015). While these techniques are effective
kesa@If1.cuni.cz ’ ’
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tools, they are unable to provide anatomic and molecular
insight into the tumor core without the use of exogenous
contrast agents in real time, which causes limitations (e.
g., side effects of ionizing radiation and interactions
between fluorophores and potential cancer therapies) for
their routine use for the dynamic in vivo monitoring of
lymphoma-bearing mice.

Photoacoustic imaging (PAI) is a biomedical non-
invasive, non-ionizing, low-cost and real-time imaging
modality that allows in vivo diagnostics. A photoacoustic
signal is generated by a light beam from a nanosecond-
pulsed laser of appropriate wavelength, which is
absorbed by endogenous or exogenous agents, thereby
producing localized heating. Because the optical absorp-
tion of the photoacoustic agent is followed by localized
thermal expansion, the electromagnetic radiation is
transformed into pressure waves that can be detected
using an ultrasound (US) transducer. The signals origi-
nating from tissues are spatially localized and can be
interpreted as a photoacoustic response (Xu and Wang
2006; Emelianov et al. 2009).

The use of PAI has been increased for pre-clinical
imaging of small animals because of the sufficient penetra-
tion depth and excellent spatial resolution down to several
tens of micrometers (Zhang et al. 2019). PAI also offers
monitoring and subsequent quantification of multiple
metabolites simultaneously by scanning two or more wave-
lengths for each tissue slice (Xia et al. 2014; Lavaud et al.
2017). The acquired data can be used to generate a final 3-
D volume with a spatial localization of chromophores,
thereby providing anatomic, molecular and functional
imaging in real time (Toumia et al. 2018; Lavaud et al.
2020). In addition, US imaging can also detect tumor vas-
cularization using color Doppler or power Doppler modes,
which are widely used in pre-clinical and clinical diagnos-
tics (Chen et al. 2013). Compared with optical fluorescence
imaging, in vivo ultrasound and photoacoustic imaging
(US-PAI) allows the detection of fine inner organ structure
and endogenous metabolites such as deoxyhemoglobin and
oxyhemoglobin using dual-wavelength (750/850 nm) scan-
ning (Xia et al. 2014). The combined use of US-PAI is
therefore a unique tool for monitoring tissue oxygenation
and vascularization in subcutaneous tumors.

Mantle cell lymphoma (MCL) is a rare, usually
aggressive type of B-cell non-Hodgkin lymphoma
(Klener 2019). Micro-vessel density (MVD) in pre-ther-
apeutic extra-medullary MCL samples of 177 patients
negatively correlated with their survival (Vesel a et al.
2014). Several of the anti-lymphoma agents approved
for the therapy of relapsed/refractory (R/R) MCL (e.g.,
temsirolimus, lenalidomide or bortezomib) have at least
partial anti-angiogenic activity (Oikawa et al. 1998;
Dredge et al. 2005; Bufalo et al. 2006; Lane et al. 2009;
Lu et al. 2009; Guo et al. 2018; Zarfati et al. 2019).
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Patient-derived lymphoma xenografts (PDXs) are
derived by the xenotransplantation of primary lymphoma
cells into immunodeficient mice. It was repeatedly dem-
onstrated that PDXs are relevant pre-clinical models for
the study of the biology and pre-clinical evaluation of
experimental treatment approaches (Ghapuy et al. 2016;
Towsend et al. 2016; Prukova et al. 2019). The extent of
vascularization (MVD and micro-vessel area [MVA])
and level of patient-derived xenograft (PDX) oxygen-
ation during lymphoma PDX growth has not been sys-
temically studied.

In this study, we analyzed the levels of oxygenation
and vascularization percentage (as an MVA) of three dif-
ferent PDX models derived from patients with relapsed/
refractory MCL during their growth in immunodeficient
mice. The goal of this study was to examine the use of
US-PAI for the anatomical and molecular imaging of
tumors in the murine body, which is beyond the reach of
the commonly used fluorescence-based imaging modali-
ties. In addition, this work is the first study of PDXs of
MCL using multi-modal US-PAL

MATERIAL AND METHODS

PDX and immunodeficient mice

The PDX models used in this study (VFN-MI,
VFN-M2 and VFN-MS5 R1) were established at the Insti-
tute of Pathological Physiology, First Faculty of Medi-
cine, Charles University (Prague, Czech Republic) as
previously described (Klanova et al. 2014). We repeat-
edly demonstrated that PDX cells kept the majority of
the somatic mutations found in the primary lymphoma
cells from which they were derived (Prukova et al. 2019;
Lemm et al. 2020).

Adult female NOD.Cg-Prkdc*® 112 rg™' Wi%/SzJ mice
(referred to as NSG mice) were purchased from The Jackson
Laboratory (Bar Harbor, Maine, USA). The mice were
maintained in individually ventilated cages (Tecniplast S.p.
A., Buguggiate Italy) (12/12 h light/dark cycle, 22°§ 1°C,
60% &% humidity) and were supplied with food (standard
breeding diet for mice and rats; 10 mm pellets, Altromin
Spezialfutter GmbH & Co. KG, Lage, Germany) and water
ad libitum. The experimental design was approved by the
Institutional Animal Care and Use Committee (MSMT-
7025/2018-2). On day 0 (D), PDX cells were subcutaneously
injected into the right side of the abdomen of the NodCg
mice (10 million cells per animal). A tumor growth curve
was measured using a digital caliper in three perpendicular
tumor dimensions for each animal.

Before imaging, the mice were anesthetized using
an intraperitoneal application of ketamine/xylazine
saline solution (80/10 mg/kg=!; both ketamine and xyla-
zine were purchased from Bioveta Inc., Ivanovice na
Han e, Czech Republic) and were shaved using hair
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remover shaving gel (Strep, Milan, Italy). The animals
were placed on a heated table (FUJIFILM VisualSonics,
Inc., Toronto, Ontario, Canada), maintaining a stable
temperature (37.7°C), in a supine position and connected
to four electrodes using highly conductive US gel.

High-frequency US-PAI and data post-processing

Anatomic and molecular imaging were carried out
using Vevo 3100/LAZR-X (US/photoacoustic) imaging
multi-modality (FUJIFILM VisualSonics, Inc.). A high-fre-
quency US MO0 transducer (256 clements linear array,
50 zzm axial resolution) (FUJIFILM VisualSonics, Inc.)
working at 30 MHz center frequency (OxyHemo mode)
and 24 MHz (color mode) equipped with an original jacket
for inserting the narrow optical fiber bundle (14 mm) opti-
cal cable (FUJIFILM VisualSonics, Inc.) was chosen to
perform the US-PAI of tumors in B-mode, OxyHemo
mode and color Doppler mode using mouse large abdomi-
nal preset. The total photoacoustic gain for all patterns was
adjusted to 40 dB in all records. The time gain compensa-
tion settings have been optimized to see deep within tumor
tissues by increasing the photoacoustic gain of each pattern
(20-62-65-72-75 dB), beginning with the upper distance
from the transducer surface (7 mm) and proceeding to the
bottom tumor layer (US/photoacoustic field of view
748 mm for small and medium tumors and 7-20 mm for
large tumors). The tumor skin line was positioned to
10 mm from the transducer surface to achieve the best light
penetration. These parameters were kept constant during
tumor growth. A bubble-free transparent US gel (OXD,
Barcelona, Spain) was applied to facilitate US transmission
in all US scans. Color Doppler images were acquired using
the following settings: Pulse Repetition Frequency (PRF):
3; gate: 2 and 3; Doppler gain: 36 dB; beam angle: 0; sensi-
tivity: 3 and 4; persistence: off; wall filter: medium; and
priority: 80%. Different settings were used for small and
large tumors (small tumors: sensitivity: 3, gain: 2; middle
and large tumors: sensitivity: 4, gain: 3) to correlate the
influence of blood flow to method sensitivity. During all
acquisitions, the electrocardiogram activity of the patients
was monitored, and respiratory gating was enabled to pre-
vent artifacts from breathing. All 3-D US records were
acquired using an 80 zzm step size on a motorized Vevo
Rail system (FUJIFILM VisualSonics, Inc.). The anaesthe-
tized mice were heated on a plate heater with adjusted tem-
perature (37.7°C) until they woke up.

The US-PAI data obtained during the procedures
were post-processed using Vevo LAB V.3.2.5. software
(FUJIFILM VisualSonics, Inc.). Values for tumor vol-
ume in mm?® were determined by volumetric analysis in
software Vevo LAB. Values for sO; in tissues (sO;
Vital: average sO» of the color pixels that contain a sig-
nal within the photoacoustic region [%]) and tumor vas-
culature area (%) were obtained from tumor volumetric

analysis at four time points. The total value of sO, (sO>
Total) in each tumor type was investigated using a differ-
ent approach of the Vevo LAB V.3.2.5. software to pro-
cess the results; all of the pixels in the photoacoustic
region were examined, including the black pixels (black
pixels have a value of 0%), and therefore the final results
also include necrotic areas on the tumors (the hemoglo-
bin threshold[HbT] was set to 20%). Thus, the areas in
the tumor with oxygenation of less than 20% (black pix-
els) were assessed to be necrotic.

Specimens and histologic processing

Three pairs of PDX tissue blocks (obtained from lym-
phoma-bearing mice) were investigated by immunohis-
tochemistry (IHC). In each pair, two of the PDX blocks
were small subcutaneous tumors (approximately 1 cm in
the largest diameter), while the other two represented large
subcutaneous tumors (approximately 2 c¢cm in the largest
diameter). Five randomly oriented slides were processed
from each PDX block. The endothelium was visualized
using [HC rabbit anti-mouse CD31 monoclonal IgG, clone
SP38 (Thermo Fisher Scientific, Rockford, IL, USA).

Quantification of MVD and MVA

Using a 40fmicroscope lens, 10 micrographs were
taken from each slide (i.e., 50 micrographs per tissue
block) using systematic uniform random sampling (Fig.
S1; for details, see Tonar et al. 2008 and Vesel a et al.
2014). Two parameters were used to quantify the intra-
tumoral micro-vessels (Supplementary Table S1, online
only). First, the MVD ( Fig. S2A) was quantified as the
number of CD31-positive micro-vessel profiles per area
of the section. Using a method similar to those described
in previous publications (Vesel a et al. 2014; Petrakis
etal. 2019), a countable vessel was defined as any profile
of CD31-positive endothelial cells or endothelial cell
clusters that was separate from adjacent micro-vessels.
Vessel profiles located fully inside the un-biased count-
ing frame (Gundersen 1977) or those intersecting the
acceptance line, but not the rejection line, was counted.
Second, the MVA (Fig. S2B) was estimated as the sum
of the area profiles of CD31-positive micro-vessels
divided by the total area of the tissue (Petrakis et al.
2019). The histologic quantification was performed
using the CountingFrame and PointGrid modules in
Ellipse stereological software (ViDiTo, Ko sice, Slovak
Republic).

Statistical analysis

All numerical data were analyzed using OriginPro 8
(OriginLab Corporation, Northampton, MA, USA) soft-
ware and are presented as mean §standard error of
mean (mean §EM). One-way analysis of variance was
used for comparison of the vascularization percentage
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(MVA), percentage rate of sO, vital and sO, Total of the
three tumors (VFN-M1, VFN-M2 and VFN-M5 R1).
The tumors were compared at the same timepoint. A

p -value of <0.05 was considered significant.

RESULTS

Anatomic and molecular imaging of PDXs derived from
patients with MCL: from hypoxia to necrosis

The combined approach of photoacoustic monitor-
ing of sO; in tissues and US Doppler imaging allows the
non-invasive spatial determination of oxygenated and
necrotic areas together with tumor perfusion in real time.
Three different lymphoma PDXs, namely VFN-MI
(n = 3 mice), VFN-M2 (n = 3 mice) and VFN-M5 R1
(n =3 mice) were used in this study.

In all three PDX models, levels of sO, Total
(p = 0.04134) and MVA (percentage of vascularization
obtained from color Doppler measurements) decreased
significantly with increasing tumor volumes (Fig. 1).

The average sO; Vital (p = 0.80459) values (mean §
SEM) (from small to large tumor size) in the VFN-M1
and VFN-M2 models were similar and ranged from 37.9
§ 2.2t040.5 § 6.0 sO; Vital (%) for VEN-M1 (Fig. 1a)
and from 37.5 €0 to 35.7 4.6 §0, Vital (%) for VFN-
M2 (Fig. 1b). In contrast, the values for VFN-MS5 R1
were higher and ranged from 57.1 § 4.8 to 40.8 §

5.7 sO; Vital (%) (Fig. 1c). VFN-M5 R1 engrafted and
reached a tumor size of approximately 250 mm? signifi-
cantly earlier (D+13) than VFN-M1 (D+21) and VFN-
M2 (D+20). Compared to VFN-M5 R1 (Fig. 2), both
VEN-M1 and VFN-M2 tumors were markedly less oxy-
genated and had several clearly discernible necrotic
areas already at small tumor sizes (Fig. 3 and 4). Because
of increasing necrotic areas, increasing differences
between sO; Vital (%) and sO, Total (%) were observed
between the small and large tumors across all three PDX
models (Table 1).

The vascularization of the analyzed PDX tumors is
shown as a 3-D visualization in Figure 3. A steady
decrease in the extent of vascularization was observed in
VFN-M1 and VFN-M2 with increasing tumor size
(Fig. 1; p = 0.00329). In contrast, the development of
vascularization in VFN-MS5 R1 was more complex, with
an initial decrease (at the stage of middle-sized tumors)
followed by a terminal increase (at the stage of large
tumors).

Comparison of vascularization between histology and
US data

An external evaluation of the vascularization of the
analyzed PDX tumors was performed by examining
CD31-positive endothelial cells to verify the results pro-
vided by the US color Doppler mode.
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Fig. 1. Graphical representation of tumor hypoxia, vasculari-
zation and tumor volume versus time after cell xenotrans-
plantation. Tumor hypoxia was determined by saturated

oxygen (sO2 Vital) (full black squares), tumor oxygenation
including necrotic areas (sO2 Total, empty black squares)
and the percentage of tumor micro-vessel area in the tumor

obtained by color Doppler (red circles). Tumor volume in
was determined by ultrasound (US) volumetric analysis
(blue triangles), and tumor growth curves were calculated
from three perpendicular tumor dimensions measured by
digital caliper (blue empty triangles) plotted versus time (d)
after cells xenotransplantation for VFN-M1 (a), VEN-M2 (b)

mm

and VFN-M5 R1 (c) tumors. Oxygen saturation (sO2 Vital;

p = 0.80459), sO2 Total (p = 0.04134) and micro-vessel area
(percentage of vascularization; p = 0.00329) were evaluated

for the entire tumor volume.
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Fig. 2. Representative set of anatomic images of VFN-M5 R1
tumor recorded in B-mode and OxyHemo mode. Different tis-
sue architecture (brighter shade vs. darker areas) clearly corre-
sponds to photoacoustic slides (b, d, f) of small, medium and
large tumors and depicts vital areas (brighter pixels in a B-
mode and more oxygenated places in photoacoustic OxyHemo
mode observed as blue and red pixels, respectively) and less
oxygenated and thus, necrotic areas inside tumors. Because of
the necrotic areas, increasing differences between sO2 Vital
and Total sO2 (%) were obtained between the medium1 tumors
(50.1 § 7.9 and 21.7 § 1.0) and large tumors (40.8 § 5.7 and
16.7 § 2.0). Scale bar 1 mm.

The values of quantified CD31 positive micro-ves-
sel profiles (MVA) were found to be lower in all small
PDX models (i.e., VFN-M1, VFN-M2 and VFN-M5 R1
[6.8% § 0.2%, 8.0% & 0.7% and 6.9% § 0.5%]) com-
pared with the data obtained by the color Doppler
(18.4% § 2.3%,15.8% § 1.0% and 16.5% § 2.7%). In
contrast, at the stage of large PDX models, MVAs by
IHC were significantly higher than those measured by
color Doppler in VEN-M1 (4.8% 08§% and 2.8% 8
0.1%) and VFN-M2 (8.6% 0§% and 3.8% 0.8%§
and were comparable in VFN-MS5 R1 (10.79§ 0.8%
and 10.3% &.7%). The MVA sectional profiles in the
VFN-M1 PDX model are shown in Figure 4. The results
of the histologic analysis of the small and large tumors
are shown in Table 2.

Comparison of MVD and MVA between small and large
lymphomas in individual PDX models

According to the histology, there were no signifi-
cant differences in either MVD or MV A between small
and large VFN-M1 and VFN-M2 PDX tumors. In con-
trast, differences in MVD and MVA were observed
between small and large VFN-MS5 R1 tumors.

DISCUSSION

General findings of MCL PDX oxygenation and
vascularization

PDX models enable the study of the biology of
aggressive lymphomas in vivo, including the complex
process of neo-vascularization and its impact on the
engraftment, growth and spread of lymphoma cells. In
this study, we described a highly relevant, non-invasive
and reproducible method that provides dynamic imaging
of sO, and MVA during lymphoma growth in immuno-
deficient mice.

Our results demonstrated that sO, Vital levels (mea-
sured from the viable tumor areas) of VFN-MI1 and
VFN-M2 models remained virtually unchanged from the
stage of small (approximately 250 mm?®) to large
(approximately 1500 mm?®) tumors. In VFN-MS5 R1 a
moderate decrease in sO, Vital levels was observed at
the stage of large tumors. In sharp contrast, sO, Total
(which included necrotic areas) showed a significant
decrease with increasing tumor size across all PDX mod-
els. The observed difference between sO, Vital and sO»
Total values clearly corresponds to the presence of vital
and necrotic areas inside the tumors (Rich and Seshadri
2016). The areas inside the tumor core with a total sO,
of less than 20% can be assessed as necrotic tissues
(Gerling et al. 2014). The presence of early necrotic
areas found in VFN-M1 and VFN-M2 tumors resulted in
a decrease in sO, Total of around 10%, while VFN-M5
R1 tumors exhibited a minimal change between sO,
Vital and sO, Total at small tumor sizes because of a
lack of discernible necrotic areas.

Analogously, the vascularization evaluated by color
Doppler from the total tumor decreased with increasing
tumor size in VFN-M1 and VFN-M2 PDX models. We
suggest that the decrease is caused by increasing num-
bers of necrotic areas. The vascularization of viable
tumor areas in VFN-M1 and VFN-M2 PDX models eval-
uated by histology remain comparable. In contrast, VFN-
MS5 R1 exhibited increased vascularization at the stage of
large tumors, which was confirmed by increased MVD
by IHC. We can speculate that the increased MVD and
MVA at the stage of large VFN-MS5 R1 tumors might be
at least partially caused by decreased sO,.

Both the shortest engraftment time (13 d in VFN-M5
R1 compared with 21 and 20 d in VFN-M1 and VFN-M2,
respectively), and the highest MVA and MVD, both by
IHC analysis and US-PAI, suggest that VFN-M5 R1 pos-
sesses the highest biological aggressiveness, probably as a
result of more effective pro-angiogenic activity. Medium
VFN-M5 R1 $»500-1000 mm?®) tumors were also sup-
ported by a large number of detectable narrow blood ves-
sels, especially in the upper section of the tumor, which
supplied increased levels of oxygen (Fig. 2d). We
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VFN-M1 mediumsize

VFN-M2 medium size

VFN-M5R1 medium-size
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VFN-ML1 large size

VFEN-M5R1 large size

Fig. 3. Sets of 3-D color Doppler models of tumor vascularization visualized in a render mode. Different stages of
patient-derived xenograft (PDX) tumors in tumor vascularization of medium1 (left column) and large (right column)
tumors of VEN-M1 (top), VFN-M2 (middle) and VFN-M5 R1 (bottom). Blue color represents blood flow away from the
transducer, and red depicts blood flow toward the transducer. Scale bar 1 mm.

hypothesize that the observed early tumor formation may
be at least partially supported by these narrow micro-ves-
sels. In contrast, regions in which no micro-vascularization
was detected were characterized by high level of necrosis,
while vital areas alone were supplied through neo-vascular-
ization and showed measurable levels of sO,. Compared to
VFN-MI1 and VFN-M2, VFN-M5 R1 xenografts main-
tained rich and chaotic vascularization at the stage of large
tumors, a feature which facilitates survival and growth.

Comparison between US and IHC: advantages and
disadvantages of both methods

The main advantages of US-PAI and color Doppler are
that they eliminate the need for exogenous contrasts, thus
offering the possibility of non-invasive in vivo monitoring,

ST
b.f",”

Fig. 4. Representative example of VFN-M1 xenograft CD31
immunohistochemistry. Sample of tumor larger micro-vessels
(a) and smaller micro-vessels (b) found in different tissue slides
of VFN-M1. These examples illustrate the presence of areas
without smaller (a) and larger (b) micro-vessels in the tumor
(for more details, see Fig. 1). The heterogeneity of distribution
of micro-vessel densities and areas underlines the importance
of extensive histologic sampling. CD31-positive endothelial
cells are labelled in brown. Scale bar 20 zzm.
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Table 1. Mean values and standard errors of mean values (mean § SEM) of sO> Vital (%), sO2 Total (%) and MVA (%) obtained
from US-PAI for VFN-M1, VFN-M2 and VFN-MS5 R1 at four time points

PDX model VFN-M1 VFN-M2 VFN-M5 R1

Parameter/ sO, Vital sO, Total MVA sO, Vital sO, Total MVA sO, Vital sO, Total MVA
timepoint (%) (%) (%) (%) (%) (%) (%) (%) (%)

First (small) 379822 279862 184823 375840 309821 15881.0 57.18§48 554842 165827
Second (mediuml) 39.8§1.4 284836 13.18§4.1 414823 199834 8081.0 514837 37.1807 112821
Third (medium 2) 36.88§62 182823 72807 365833 139805 69825 50.1879 21.78§1.0 9.08§24
Fourth (large) 405860 115823 2.88§0.1 357846 132825 38§08 408857 167820 10.38§2.7

Computed p values: 0.80459 (sO, Vital); 0.04134 (sO; Total); 0.00329 (MVA).
MVA, micro-vessel areas; PDX, patient-derived xenograft; US-PAI ultrasound and photoacoustic imaging.

in contrast to the usually used procedures such as IHC analy-
sis. On the other hand, the impact of anesthesia during the in
vivo imaging is also important. Greening et al. (2018) have
reported that isoflurane concentrations greater than 2% can
affect tissue hemoglobin (HbO,) concentration, thereby
requiring the use of ketamine/xylazine solutions. Another
method that can be used for the measurement of sO; in tissue
instead of PAI, diffuse reflectance spectroscopy, does not
provide anatomic imaging (Awan et al. 2011; Dadgar et al.
2018). Diffuse optical tomography (DOT) can also provide
oxygenation information capability concurrently with ana-
tomic imaging using MRI or US as an anatomic co-register-
ing imaging modality (Merritt et al. 2003; Durduran et al.
2010), but the feasibility and spatial resolution is not compa-
rable (Bauer et al. 2011; Li et al. 2018) to low-cost US-PAI
in which both anatomic and molecular information is obtain-
able in real-time and in one step.

The observed discrepancies between MV A obtained
by IHC and color Doppler could be caused by several
factors. First, formaldehyde fixation, paraffin embedding
and histologic sectioning leads to tissue shrinkage. In
this situation, micro-vessel profiles have a strong ten-
dency toward post-mortem collapse, which can result in
artificial diminishing of the tumor MVA on slides (West
2013). This may be the main reason for the observed
lower values of MV A obtained by IHC compared with
PAI with small tumors. Second, while IHC analysis was
evaluated from viable tumor areas, vascularization
assessed by PAI was measured from the whole tumor,
including necrotic areas. As a result, vascularization by
color Doppler was significantly lower than MVA
obtained by THC at the stage of large PDX tumors, which
exhibited the largest areas of necrotic tissue in the VFN-
M1 and VFN-M2 PDX models. In addition, higher color
Doppler settings (of sensitivity and gate) were used to
provide uniform conditions for small (less than 500
mm?®) and medium (approximately 1000 mm?) tumors.
In contrast, large VFN-M1 and VFN-M2 xenografts
were defined by a vascular profile formed by a wider
individual venous system without any significant pres-
ence of small vessels, and this can explain why the

Table 2. Histologic analysis of small and large PDX tumors by
immunohistochemistry analysis of murine CD31.

PDX model Tumor Micro-vessel density Micro-vessel
size (MVD) (vascular area (MVA)
profiles/mm?) (%)
VEN-M1 Small 88§33 6.88§0.2
VEN-M1 Large 878§6.5 48803
VEN-M2 Small 101.4§8.8 8.08§0.7
VFN-M2 Large 98.183.6 8.6 8§0.6
VFN-M5 R1 Small 66.38§3.6 69805
VFN-M5 R1 Large 1102877 10.7§ 0.8

Mean values and standard error of mean (mean § SEM) for each
individual tumor were calculated from ten samples.
PDX, patient-derived xenograft.

values obtained for VFN-M1 and VFN-M2 from the in
vivo color Doppler measurements are lower than those
of the histologic analysis. Using these settings, color
Doppler was not sensitive enough to detect lower levels
of blood flow in capillaries with a diameter measured in
several tens of microns. The similar MV A obtained from
IHC analysis and color Doppler measurement for the
VFN-MS5 R1 xenograft is related to the rich and chaoti-
cally organized vascularization of these tumors and sug-
gests that the VFN-M5 R1 tumors lack a significant
network of narrow vessels. We speculate that the
observed higher aggressivity and faster growth of VFN-
MS5 R1 are results of the high extent of tumor perfusion
together with the increased levels of sO; in the vital sec-
tions of the tumor.

Insufficient sensitivity of color Doppler in detection of
tiny capillaries: current and future situation

The results of this study show that the color Doppler
method is unable to detect capillaries with a diameter of
less than approximately 50 z»m because of the low level of
blood flow in tiny vessels. The Doppler effect is used to
measure differences in movement. The color Doppler
mode is not sensitive enough to detect blood motion in tiny
capillaries and, of course, the color Doppler sensitivity
depends on the transducer frequency. It must be
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emphasized that this method does not require any exoge-
nous contrast agents. Although exogenous contrast agents
are not the topic of our study, a dynamic contrast-enhanced
ultrasound imaging technique does exist, which uses
micrometer-sized micro-bubbles based on a gas core and
lipid shell for the dynamic detection of fine blood flow in
capillaries with a diameter down to 10 zzm. (Pysz et al.
2011; Bar-Zion et al. 2016; Toumia et al. 2018).

Potential future refinements of US-PAI as a tool for
the direct assessment of tumor oxygenation and micro-
vascularization include the possibility of developing
nanoplatforms for the oxygen-enhanced diagnosis of
hypoxia, vascularization and necrosis (Tomaszewski
et al. 2018). Trimodal US-PAI/MRI oxygenated therag-
nostic nanoplatforms alleviating tumor hypoxia in com-
bination with oxygen-enhanced chemotherapy may also
have a positive effect on tumor growth (Zhou et al.
2019). The early detection of tumor aggressiveness by
US-PAI measurements of tumor oxygenation and vascu-
larization and subsequent oxygen-enhanced treatment of
PDX MCL tumors, together with appropriately adjusted
conventional therapy, could be the next step in PDX
treatment.

CONCLUSIONS

The level of sO, and extent of neo-vascularization
are critical factors that impact tumor aggressivity. Multi-
modal US-PAI offer a new approach for rapid, reliable
and direct assessment of sO> in PDX tumors of various
origins with no need for an exogenous contrast agent.
This high-resolution anatomic imaging method, with
detail as fine as 50 =m, supported by the detection of
blood flow, can be used for the dynamic in vivo assess-
ment of tumor vascularization and oxygenation or for
evaluating the impact of anti-angiogenic, or nano-scale
treatment approaches that rely on the enhanced perme-
ability and retention effect on tumor vascularization and
oxygenation.
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Non-Hodgkin lymphomas (NHL) represent the most common hematologic malignancies. Patient-derived xenografts (PDXs) are
used for various aspects of translational research including preclinical in vivo validation of experimental treatment approaches.
While it was repeatedly demonstrated that PDXs keep majority of somatic mutations with the primary lymphoma samples, from
which they were derived, the composition of PDX tumor microenvironment (TME) has not been extensively studied. We carried out
a comparative genetic and histopathological study of 15 PDX models derived from patients with various types of NHL including
diffuse large B-cell lymphoma (DLBCL; n = 7), Burkitt lymphoma (BL; n = 1), mantle cell lymphoma (MCL; n = 2), and peripheral
T-cell lymphomas (PTCL; n = 5). Whole exome sequencing (WES) of the PDXs and primary lymphoma cells was implemented in 13
out of 15 cases with available DNA samples. Standard immunohistochemistry (IHC) was used to analyze the composition of PDX
TME. WES data confirmed that PDXs maintained the genetic heterogeneity with the original primary lymphoma cells. In contrast,
IHC analysis revealed the following recurrently observed alterations in the composition of PDX tumors: more blastoid lymphoma
cell morphology, increased proliferation rate, lack of non-malignant cellular components including T cells and (human or murine)
macrophages, and significantly lower intratumoral microvessel density and microvessel area composed of murine vessels. In
addition, PDX tumors derived from T-NHL displayed additional differences compared to the primary lymphoma samples including
markedly lower desmoplasia (i.e., the extent of both reticular and collagen fibrosis), loss of expression of cytotoxic granules (i.e.,
perforin, TIA, granzyme B), or loss of expression of T-cell specific antigens (i.e.,, CD3, CD4, CD8). Our data suggest that despite
keeping the same genetic profiles, PDX models of aggressive NHL do not recapitulate the microenvironmental heterogeneity of the
original lymphomas. These findings have implications on the relevance of PDX models in the context of preclinical research.

Laboratory Investigation; https://doi.org/10.1038/s41374-022-00784-w

INTRODUCTION

Non-Hodgkin lymphomas (NHL) represent the most common
hematologic malignancies'?. Murine patient-derived xenograft
(PDX) models of human malignancies represent relevant tools for
various aspects of preclinical and translational research in
(hemato)oncology including the study of lymphoma biology,
prediction of personalized treatment, or exploration of mechan-
isms of drug resistance®?. It has been repeatedly demonstrated
that PDXs share genetic mutational landscapes with the primary
lymphoma cells, from which they were derived®®. In contrast, the
composition of the PDX TME and its relevance compared to the
original primary TME has been less extensively investigated’.
Several studies have reported that PDXs maintain the same
histopathologic and immunophenotypic features compared to the
original lymphoma cells. However, they have largely focused on
the expression of lymphoma surface antigens (CD20), disease
markers (PAX5, cyclin D1) and proliferation rate by Ki-67%.

Pathogenesis of cancer, survival of malignant cells, as well as
mode-of-activity (MoA) of many types of anti-cancer therapies,
however, can be both directly and indirectly impacted by non-
malignant cells of the TME (e.g., T-lymphocytes, macrophages,
natural killer (NK) cells), or the extent of neovascularization and
desmoplasia®'®. MoA of T-cell engaging therapies, immunomo-
dulatory agents, therapeutic monoclonal antibodies, antiangio-
genic drugs, or liposome-encapsulated cytostatics all depend not
only on the biology of the lymphoma cells, but also on the TME
factors'".

In this study we analyzed 15 newly derived PDX models of NHL
and provide their complex genetic and histopathological analysis
compared to their respective primary lymphoma tumors (i.e.,
infiltrated lymph nodes, or extranodal lymphoma masses). Besides
whole exome sequencing (WES)-based analysis of landscapes of
somatic mutations and predicted copy number variants (CNVs),
we provide a comprehensive IHC-based study of the composition
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of the PDX TME that address not only the PDX lymphoma cells,
but also the non-malignant TME components.

MATERIALS AND METHODS

Patients and samples

Informed consent to donation of lymphoma samples for the derivation of
murine PDXs was obtained from all patients according to the Declaration
of Helsinki. The study was approved by the institutional Ethics Committee
(48/18). For the purpose of whole exome sequencing, B-NHL and T-NHL
samples were sorted for CD19-positive B-cells using CD19 microBeads
(Miltenyi Biotec), and CD45-positive cells using CD45 microBeads (Miltenyi
Biotec), respectively. Lymphoma cell infiltration of each sample was
verified by flow cytometry.

Establishment of PDXs

The study was approved by the Animal Care and Use Committee (MSMT-
21527/2017-8). Female immunodeficient NOD.Cg-Prkdc™ 112rg™""/Sz)
mice (purchased from the Jackson Laboratory, Bar Harbor, Maine, USA,
commonly referred to as NSG mice) were maintained in individually
ventilated cages at the Center of Experimental Biomodels of the First
Faculty of Medicine, Charles University, Prague, Czech Republic. The
donated primary lymphoma specimens were cut into small pieces and
homogenized through 45-microM nylon mesh, suspended in phosphate
buffered saline (PBS), and subcutaneously injected (10-30x 10° cells/
mouse) into the left abdominal flank of adult female NSG mice.
Alternatively, small pieces of lymphoma (approx. 2x2x2mm) and/or
homogenized lymphoma cells suspended in BD Matrigel Matrix (BD
Biosciences) were surgically inserted into sub-renal capsules of mice under
anesthesia. When tumors of the SC-injected mice reached 2cm in the
largest dimension or when engraftment of tumors in the sub-renal region
became discernible by ultrasound examination (Vevo 3100/LAZR-X), the
animals were euthanized, and tumors excised and used for subsequent
analyses.

Next generation exome sequencing and copy number variant
analyses

Genomic DNA was extracted using DNeasy Blood & Tissue Kit (QIAGEN,
Germany) according to the manufacturer's protocol. Samples were
sequenced by our facility (CLIP, Prague, Czech Republic) on the NextSeq
500 instrument (lllumina, San Diego, CA) according to manufacturer’s
protocols with sequencing libraries prepared using the SureSelectXT
Human All Exon V6 + UTR kit (Agilent Technologies, Santa Clara, CA).
Primary lymphoma samples and PDX samples were analyzed as described
previously'2. Only nonsynonymous variants in the gene coding regions
with coverage of at least 10 reads with mapping quality and base quality
higher than 20 in all related samples were compared together based on
their frequency. Variants present in patient’s germline DNA at frequency
higher than 0.05 were excluded from analysis in all cases. We compared
variants with an allele fraction >0.1 in at least one of the compared
samples that were present in at least 3 reads in both the primary sample
and the corresponding PDX sample. All variant filtering was done in
RStudio and frequencies and counts of variants were plotted using the
ggplot2 library. These variants were then manually reviewed in Integrative
Genomics Viewer (http://www.broadinstitute.org/igv) to clear sequencing
artefacts or variants present but not called in the germline sample. Curated
gene lists for each lymphoma subtype among our PDX models (diffuse
large B-cell lymphoma, DLBCL, mantle cell lymphoma, MCL, peripheral
T-cell lymphomas, PTCL, Burkitt lymphoma, BL) were created based on
recent publications of frequently and recurrently mutated genes in the
respective diseases and variants present in these genes were selected and
marked in resulting diagrams and tables'>™*2, These lists are provided in
the Supplementary Table 4 (sheet S1D).

Copy number variants (CNVs) were predicted using CNVkit and a pooled
reference from normal control samples***4. Variants with copy numbers
higher or lower than 2 were plotted for each patient and PDX sample using
the circlize package for R*. To generate color-coded tables, CNVs were
filtered by a list of genes of interest for CNV (Supplementary Table 4, sheet
S1E) and the most prominent changes were plotted.

Immunohistochemical analysis of patient lymphoma biopsies and their

respective PDX models. The immunohistochemical (IHC) analysis was
performed using 4 um thick sections of formalin-fixed and paraffine-
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embedded (FFPE) tissue blocks (involved lymph nodes or infiltrated
extranodal tissue) obtained from patients with newly diagnosed or
treatment-refractory lymphomas, as well as from PDX tissue blocks
obtained from lymphoma-bearing mice. The expression of the following
antigens was examined: CD45, Ki-67, MYC, human CD31, mouse CD31,
human CD68, mouse CD68, CD3, CD4, CD8, CD56, CD20, bcl2, bcl6, CD10,
IRF4/MUM1, cyclin D1, SOX11, CD5, ALK, CD23, PD-1, CD7, granzyme B,
perforin, TIA-1. The clones, manufacturers, dilution, and staining instru-
ments for all antibodies are summarized in Supplementary Table 1. The
immunohistochemical results were assessed semi-quantitatively according
to the overall percentage of positive cells (0-100%). For Ki67 scoring, any
brown staining of the nucleus above the background was regarded as
positive. Global assessment of the whole tumor tissue area was performed.
The scoring was based on estimation of areas with high, medium and low
Ki-67 index. From each area, at least 100 nuclei were counted. The global
score was then calculated for each sample and the results were reported in
10% cut-offs. The presence of Epstein-Barr virus (EBV) infected cells was
detected by INFORM EBER (Epstein-Barr virus early RNA) probe on a
BenchMark ULTRA automated platform followed manufacturer’s protocol
(Ventana Benchmark, Roche, Basel, Switzerland). Reticular and collagen
fibers on the tumor background were visualized by Gordon-Sweet and van
Gieson staining. Grading of fibrosis was assessed semi-quantitatively as GO
(no fibrosis — scattered fine reticular fibers), G1 (mild fibrosis - loose
network of intersecting reticular fibers), G2 (severe fibrosis — dense
network of intersecting thick reticular and collagen fibers), or G3 (sclerosis
- compact areas of hyalinized collagen).

Quantification of microvessel density (MVD) and microvessel
area (MVA)

Four pairs of tissue blocks were evaluated. In each pair, one tissue block
represented a patient’s bioptic sample, the other one represented the
corresponding PDX tumor. Five randomly oriented sections from each
tissue block were stained immunohistochemically using human and
murine CD31 antibodies binding to endothelium of the microvessels
(Supplementary Table 1). The histological quantification of microvessels
was done as described previously and with sampling optimized according
to Kolinko et al.*®*’. Briefly, 10 fields of view were captured in a systematic
uniform way from each section using a 40x objective (Olympus Optical Co.,
Ltd., Tokyo, Japan) (Supplementary Fig. 1)*3*°, The intratumoral micro-
vessels were evaluated using MVD and MVA (Supplementary Table 2). MVD
of CD31-positive microvessel profiles was estimated using the unbiased
CountingFrame®®>°. MVA was evaluated using a stereological PointGrid
and the Cavalieri principle (Supplementary Fig. 2)°%°".

These two quantitative parameters are considered as complementary:
MVD gives the 2-D density of microvessel profiles per sectional area of the
tumor, while the MVA provides information on the fraction occupied by
microvessel profiles within the tumor. The histological quantification was
done on 4 randomly selected PDX models (VFN-D1, VFN-D5, VFN-M5R1,
VFN-R4) and the respective primary lymphoma samples (P3, P5, P9 and
P15) using the Ellipse software (ViDiTo, KoSice, the Slovak Republic)
(Supplementary Table 3).

RESULTS

Establishment of PDX tumors

In total, 15 PDXs were derived from 15 patients (9 males, 6
females) with diverse types of NHL at diagnosis (n=15) or at
disease relapse (n=10). The PDXs included DLBCL (n=7)
including one transformed DLBCL (tDLBCL) from marginal zone
lymphoma, and one double-hit lymphoma (with MYC and BCL2
gene rearrangements), BL (n = 1), MCL (n = 2), angioimmunoblas-
tic T-cell lymphoma (AITL, n = 2), peripheral T-cell lymphoma, not
otherwise specified (PTCL, NOS, n=1), anaplastic large cell
lymphoma (ALCL), anaplastic lymphoma kinase (ALK)-positive (n
=1), and ALCL, ALK-negative (n=1). Baseline characteristics of
the lymphoma subtypes, disease stage and previous therapies
(where applicable) are summarized in Table 1.

PDXs retained most somatic mutations and copy number

variants found in the respective primary lymphoma biopsies
WES was implemented in 13 out of 15 cases with available DNA.
Non-malignant patients” DNA was used to filter out gene
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Table 1. Baseline characteristics of the analyzed samples.

Pt Gender Dg Subtype Disease status
1 F DLBCL non-GC Dg
2 M DLBCL non-GC Dg
3 M DLBCL non-GC R/R
4 M DLBCL GC R/R
5 F DLBCL non-GC R/R
6 M tDLBCL GC, transformed Dg

from MZL

7 F DLBCL double-hit R/R
8 M Burkitt R/R
9 M MCL R/R
10 IF MCL R/R
11 M AITL R/R
12 F AITL R/R
13 [F PTCL, NOS R/R
14 M ALCL ALK-negative Dg
15 M ALCL ALK-positive Dg

Sample origin WES Therapy PDX

LN Yes Untreated VFN-D3

LN Yes Untreated VFN-D6

LN Yes G-CHOP VFN-D1

EN (soft tissues) Yes R-CHOP + venetoclax; R- VFN-D4
ESHAP; R-GIFOX; RT

LN Yes R-CHOP; R-ESHAP; R- VFN-D5
GIFOX; RT

LN No R-COP VFN-D12

LN Yes R-CHOP / R-ESHAP VFN-D20

EN (stomach) Yes R-Hyper-CVAD, R-MTX-HD- VFN-B3
araC

LN Yes Nordic protocol VFN-M5R1

LN Yes Nordic protocol VFN-M1

LN Yes CHOEP VFN-T3

LN No Untreated VFN-T7

LN Yes CHOEP VFN-T6

LN Yes Untreated VFN-T5

LN Yes Untreated VFN-T4

AITL angioimmunoblastic T-cell lymphoma, ALCL anaplastic large cell lymphoma, ALK anaplastic lymphoma kinase, araC cytarabine, COP cyclophosphamide;
vincristine; prednisone, CHOP COP + doxorubicin, CHOEP CHOP + etoposide, Dg diagnosis, DLBCL diffuse large B-cell lymphoma, EN extra-nodal, ESHAP
etoposide; solumedrole; high-dose araC; cisplatin, FL follicular lymphoma, G-CHOP obinutuzumab plus CHOP, GC germinal center, GIFOX gemcitabine;
ifosfamide; oxaliplatin, HD-araC high dose araC, hyperCVAD hyperfractionated cyclophosphamide; doxorubicin, vincristine; dexamethasone, LN lymph node,
MCL mantle cell lymphoma, MZL marginal zone lymphoma, MTX methotrexate, Pt patient, PTCL peripheral T-cell lymphoma, R rituximab, RM rituximab

maintenance, R/R relapsed, RT radiotherapy, tDLBCL transformed DLBCL.

polymorphisms. WES data confirmed that the established PDX
models kept majority of somatic mutations of the original
lymphoma cells, from which they were derived (“shared”
mutations, Figs. 1, 2, Supplementary Figs. 4-17). A list of all
relevant variants detected by WES is shown in Supplementary
Table 4 (https://doi.org/10.5281/zenodo.6035345). Median allele
frequencies of the shared mutations were comparable between
the PDXs and the respective primary lymphoma samples
(Supplementary Table 5).

Somatic mutations that were not detected in the PDX cells but
that were present in the primary lymphoma samples (labeled as
“newly undetected” [N/U] in PDX, Fig. 2) comprised predominantly
low-frequency mutations (median allele frequency 0.15 in primary
lymphoma samples, Table 2). These N/U mutations rarely comprised
genes from the positive gene list (Supplementary Table 2C).

Somatic mutations that were detected in the PDX cells but not
in the primary lymphoma samples (labeled as “newly detected”
[N/D] in PDX, Fig. 2) were observed more frequently than the N/U
mutations, but also comprised predominantly low-frequency
mutations (median allele frequency 0.18 in the PDXs, Table 2).
The N/D mutations often included genes from the positive gene
lists (Supplementary Table 2C). The majority of N/D mutations
were not detectable in the corresponding primary lymphoma
samples (i.e., their allele frequency in the primary lymphoma
samples were 0), and mostly consisted of nucleotide transitions
(Supplementary Figs. 18 and 19). Some N/D mutations were
detected in the primary lymphoma samples, but their allele
frequency was below the pre-defined detection threshold (i.e., >0,
but <10%).

Consistently observed phenotypic differences between the
primary lymphoma biopsies and the respective PDXs

To investigate the composition of the TME, all PDX tumors were
analyzed by standard IHC methods and compared to their
respective primary samples (Supplementary Table 1, Supplemen-
tary Figs. 4-17). Several PDXs were characterized by more
aggressive (blastoid) morphology and accelerated proliferation
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rate measured via Ki-67 expression (Fig. 3A, B). Absence of
T-lymphocytes and macrophages was observed in all analyzed
PDX tumors (Fig. 3C, D). Moreover, no murine macrophages were
detected in the PDX tumors despite their presence in murine
spleen, liver, and bone marrow (Fig. 3D). The vasculature of the
PDX tumors was composed of vessels of murine origin, and both
MVA and MVD were significantly decreased compared to the
primary lymph node biopsies (Fig. 3E, F).

Phenotypic differences between PDX tumors of T-NHL and the
primary lymphoma biopsies

Significantly lower extent of desmoplasia (reticular and collagen
fibrosis) was found in the majority of T-NHL and several B-NHL
models (Fig. 4A, Supplementary Figs. 3-17). Additionally, loss of
expression of CD3 and other T-cell-specific markers (CD4, CD8),
as well as loss of expression of cytotoxic granules (perforin, T-
cell-restricted intracellular antigen [TIA], granzyme B) was
observed in PDX cells derived from T-NHL (Fig. 4B, C,
Supplementary Figs. 15-17). The PDX tumors derived from the
two patients with AITL had discrepant expression of CD20
(Fig. 4D). While VFN-T7 had no detectable CD20-positive cells
compared to the significant proportion of CD20 positive cells in
the parental P12 biopsy, virtually all PDX cells of VFN-T3 (derived
from P11) stained CD20-positive. Despite expressing CD20, the
genetic profile of VFN-T3 cells was similar to that of primary
lymphoma cells (Fig. 2, Supplementary Fig. 13).

DISCUSSION

We implemented a complex genetic and histopathological
screening approach to compare 15 newly derived PDX models
of aggressive lymphomas with their respective primary lymphoma
biopsies. The established PDX models comprised all major
aggressive NHL subtypes, including DLBCL of the germinal center
(GQ) and non-GC immunophenotypes, double-hit DLBCL, trans-
formed DLBCL, MCL, Burkitt lymphoma, PTCL, AITL, ALCL, ALK-
positive, and ALCL, ALK-negative. The genetic comparison by WES
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confirmed that the PDXs retained most somatic mutations and
copy number variants present in the primary lymphoma cells. This
finding is in agreement with previously published data®®°%°3,
Moreover, the PDXs shared not only similar numbers of somatic
mutations, but also similar allele frequencies of these mutations.
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Besides comparable mutational landscapes, similar profiles of
predicted CNVs were found in PDXs compared to the respective
primary lymphoma samples. The WES data thus confirmed that,
from the genetic perspective, the majority of the established PDXs
did not represent mere subclones of the original, more
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Fig. 1 Whole exome sequencing of the original lymphoma cells obtained from patient P1 and the derived PDX model VFN-D3. A A
circular ideogram showing the predicted copy number variants (CNVs) for the patient’s sample (P1) and the corresponding PDX model (D3).
Outer track represents chromosomal positions of the predicted CNVs. Gene deletions are marked in shades of blue (“1”: predicted monoallelic
deletion, “0": predicted biallelic deletion). Gene amplifications are marked in shades of red (“3": gain of 1 allele, “>3": gain of more than 1
allele). Graphical table at the center is showing CNV of genes of special interest. B Scatter plot showing the allele frequency of shared, newly-
detected (N/D), and newly-undetected (N/U) variants in the PDX model sample compared to the sample from which it was derived. Labels
show variants found in genes of special interest for the analyzed lymphoma subtype, described in the methods. C Stacked bar plot showing
numbers of shared, N/D and N/U variants in the patient and the PDX sample. P patient sample, CN copy number, CTRL germline control DNA

from patient, N number.
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Fig. 2 Number of somatic mutations shared, newly detected (N/
D), and newly undetected (N/U) in the PDXs compared to the
primary lymphoma samples according to WES analysis. A stacked
bar plot showing numbers of shared, N/D and N/U variants in all
analyzed PDX models (VFN-D3, D6, D1, D4, D5, B3, M5R1, M1, T3, T6,
T5, and T4) compared to the primary patient (P) samples.

Table 2. Median allele frequencies and types of somatic mutations
newly detected or undetected in PDX models.

A. Median AF of N/D Median AF of N/U

mutations in PDXs mutations in patient
samples

All PDX models 0.18 0.15

DLBCL 0.27 0.14

McCL 0.18 0.36

T-NHL 0.15 0.14

BL* 0.17 0.1

B. N/D from the Gene-list N/U from the Gene-list

VFN-D1 vs P3 ETV6 RUNX1

VEN-D3 vs P1 PDGFRA 0

VFN-D4 vs P4 NF1, HIPK3 0

VFN-D5 vs P5 ITPKB, ENAM 0

VFN-D6 vs P2 IRF4, RNF213, MYC, FOXO1, 0
KLHL14, KLHL14, OSBPL10

VFN-D20 vs P7 0 0

VFN-M1 vs P10 0 0

VFEN-M5R1 vs P9 0 0

VEN-T3 vs P11 STATI1, ZNF708, RHOA 0

VFN-T4 vs P15 SPEN, FSIP2, DCC, ZNF532 0

VFEN-T5 vs P14 AIRD1B, VPS13A, MYD88 0

VFN-T6 vs P13 IRF2BP2, VAVI, TCF20 BIRC6

VFN-B3 vs P8 0 0

A Median allele frequencies (AF) of newly detected (N/D) mutations in PDX
models and newly undetected (N/U) mutations in primary lymphoma
samples, B N/D and N/U variants from the list of genes of special interest
(Gene-list), 0 no gene list variant, BL Burkitt lymphoma, DLBCL diffuse large
B-cell lymphoma, MCL mantle cell lymphoma, P1-P15 patient primary
lymphoma samples, T-NHL T-cell non-Hodgkin lymphomas, VFN PDX
models derived from primary lymphoma samples P1-P15.

ZOnly 1 PDX model.
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heterogeneous tumors, but maintained their genetic diversity. In
most of the analyzed PDXs, the numbers of shared mutations
were higher than the sums of N/D and N/U mutations. Higher
proportions of N/D and N/U mutations were observed only in 3
(out of 13) analyzed PDXs, namely in the PDX tumors VFN-D6 (P2),
VFN-M1 (P10), and VFN-T6 (P13). Across all analyzed PDX models
(except for VFN-T6), the numbers of N/D mutations were markedly
higher than the numbers of N/U mutations. Notably, most N/D
mutations were not found in the primary lymphoma samples (i.e.,
allele frequency 0) and comprised nucleotide transitions. These
observations suggest that the vast majority of N/D mutations were
de novo acquired during sustained cell divisions of PDX cells in
the murine organism, e.g., by the operating somatic hypermuta-
tion process, which is also consistent with previously published
data>**°. On the other hand, most N/U mutations were plausibly
“lost” because of relative underrepresentation of disease sub-
clones with low-frequency bystander mutations during the
propagation of the PDX tumors in murine organism>.

In contrast to the generally shared genetic profiles, the
histopathologic analysis revealed several consistently observed
phenotypic alterations of the PDX cells and PDX TME compared to
the original lymphoma cells and original lymphoma TME,
respectively. The morphology of most PDX models displayed
more aggressive features than the original lymphoma cells. Higher
proliferation rates by Ki-67 were observed in several PDX models
compared to the corresponding primary lymphoma biopsies.
These observations suggest more aggressive phenotypes of the
engrafted PDX tumors compared to the respective primary
lymphoma samples. Considering the overall genetic similarity
between the PDXs and the original lymphoma cells, these
differences might be explained by differences in the composition
of the PDX TME.

Indeed, we confirmed absence of any human non-malignant
cells (lymphocytes, macrophages) within the PDX tumors, even
though unsorted primary samples (containing both lymphoma
cells and non-malignant cells of the TME) were injected into NSG
mice. Curiously, murine macrophages were not detected in the
PDX TME either, even though they could be found in the murine
spleen, liver, and bone marrow. Moreover, the PDX tumors had
significantly lower MVD and MVA compared to the original lymph
node biopsies. Importantly, only murine, not human vessels were
detected in the PDX tumors. The lower MVD/MVA profiles might
be a consequence of suboptimal stimulation of the murine
sprouting angiogenesis with human vascular endothelial growth
factor (VEGF) produced by lymphoma cells under hypoxia. The
significantly lower MVD/MVA of murine origin may have large-
scale implications for the results of preclinical studies with anti-
angiogenic agents, or drugs based on passive accumulation in the
tumor tissue, e.g., liposome-encapsulated formulations of
cytostatics.

In addition to changes in the composition of the TME,
immunophenotypic alterations of PDX cells were observed as
well, including low expression of SOX11 (and to a lesser extent of
cyclin D1) in both PDX models of MCL; a lack of expression of
cytotoxic granules and changed expression of lymphoma-
associated markers (CD20, CD3) in several T-NHL PDX models.
Curiously, the expression of cyclin D1 appeared weaker (compared
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Fig. 3 Consistently observed phenotypic alterations between primary lymphoma biopsies and the derived PDX tumors. A More blastoid
morphology of PDX cells compared to patients” primary lymphoma cells; B Increased proliferation rate by Ki-67 in PDX cells compared to
patients” original lymphoma cells; C Lack of T-lymphocytes in the PDX TME; D Lack of both human and murine macrophages in PDX TME;
presence of murine macrophages in murine spleen; E Lack of vessels of human origin; presence of vessels of murine origin in the PDX TME;
F Slgnlﬁcantly lower microvessel density (MVD) and microvessel area (MVA) in PDX tumors compared to original patients” lymph node
biopsies; Y axis in MVD displays number of vascular profiles per 1 mm? of the tumor; Y axis in MVA displays microvessel area as area fraction
(per mill, %o) of the total area of CD31-positive microvessel profiles within the tumor; the data are displayed as means, bars show the standard
deviations.”. For more detailed information, see also Supplementary Tables 2 and 3.
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PERFORIN 5

Fig. 4 Phenotypic differences between PDX tumors of T-NHL and original lymphoma biopsies. A Lower extent of desmoplasia in PDX
tumors VFN-T3 and VFN-T7 compared to their respective lymphoma samples, P11 and P12; B Loss of expression of the CD3 T-cell marker, but
maintained expression of PD-1 and ALK in PDX cells VFN-T7 and VFN-T4 compared to primary T-NHL cells P12 and P15 respectively; C Loss of
expression of cytotoxic granules (perforin, T-cell intracytoplasmic antigen [TIA], granzyme B) in PDX cells VFN-T6, VFN-T5, and VFN-T4
compared to primary T-NHL cells P13, P14, and P15 respectively; D Aberrant expression of CD20 in VFN-T3 PDX cells; absence of CD20-positive
B-cells in VFN-T7 PDX tumor compared to the primary lymphoma sample P12.
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to the original lymphoma samples) in both PDX tumors of MCL in
the manuscript by Zhang et al 2.

In general, PDX models are established upon engraftment of
primary lymphoma samples in immunodeficient mice. Several
techniques have been developed, including subrenal capsule
implantation and intravenous, subcutaneous or intraperitoneal
injections>®®”. The omental tumor xenograft (OTM) model,
developed by Burack et al, enabled xenotransplantation and
study of some non-malignant cell populations including CD4 + T-
cells’. It is, however, not clear, whether the OTM model enables
effective serial retransplantations of the engrafted PDX cells.

The PDX models described in this study maintained the genetic
profiles, but clearly lost the TME heterogeneity observed in the
primary lymphoma samples from which they had been derived. It
might be speculated that PDX models described in this study
represent a selection of PDX models with the lowest dependence
on human TME. Indeed, during the 10 years of our sustained effort
to develop PDX models of various NHLs, the engraftment rates of
primary lymphoma samples into NSG mice were ~25-30% (data
not shown). It might be hypothesized that the primary lymphoma
samples that depended on the non-malignant lymphoma TME
components for their survival and proliferation did not engraft. On
the other hand, even the established PDX cells could not be
expanded ex vivo/in vitro (data not shown) thereby indirectly
confirming their dependence on the in vivo type of growth. It can
only be speculated, which of the in vivo factors contributed to the
survival, engraftment, and growth of the successfully established
PDX tumors. These might include cell-to-cell contact, hypoxia,
metabolic requirements, or other factors.

In conclusion, PDX models do represent the most relevant tools
currently available for various aspects of translational research
including preclinical assessment of experimental treatment
approaches. However, to avoid unwanted biases, the experiments
conducted on murine PDX models of aggressive lymphomas
should always take into consideration potential histopathological
discrepancies between PDX models and primary lymphoma
samples, as described in detail in this study.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
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Summary

Diabetic foot ulcer (DFU) is a serious complication of diabetes
and hyperbaric oxygen therapy (HBOT) is also considered in
comprehensive treatment. The evidence supporting the use of
HBOT in DFU treatment is controversial. The aim of this work
was to introduce a DFU model in ZDF rat by creating a wound on
the back of an animal and to investigate the effect of HBOT on
the defect by macroscopic evaluation, quantitative histological
evaluation of collagen (types I and III), evaluation of
angiogenesis and determination of interleukin 6 (IL6) levels in
the plasma. The study included 10 rats in the control group
(CONT) and 10 in the HBOT group, who underwent HBOT in
standard clinical regimen. Histological evaluation was performed
on the 18" day after induction of defect. The results show that
HBOT did not affect the macroscopic size of the defect nor IL6
plasma levels. A volume fraction of type I collagen was slightly
increased by HBOT without reaching statistical significance
(1.35£0.49 and 1.94+0.67 %, CONT and HBOT, respectively). In
contrast, the collagen type III volume fraction was ~120 %
higher in HBOT wounds (1.41£0.81 %) than in CONT ones
(0.63£0.37 %; p=0.046). In addition, the ratio of the volume
fraction of both collagens in the wound ((I+III),) to the volume
fraction of both collagens in the adjacent healthy skin ((I+III),)
was ~65 % higher in rats subjected to HBOT (8.9+3.07 vs.
5.38+1.86 %, HBOT and CONT, respectively; p=0.028). Vessels
density (number per 1 mm?) was found to be higher in CONT vs.
HBOT (206.5+41.8 and 124+28.2, respectively, p<0.001). Our

study suggests that HBOT promotes collagen III formation and
decreases the number of newly formed vessels at the early
phases of healing.

Key words
Hyperbaric oxygen e ZDF rat « Wound healing e Collagen type
Angiogenesis
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Introduction

Diabetic  foot clinical

manifestation in chronic defect — diabetic foot ulcer

syndrome and its

(DFU) remains a serious medical issue. It affects up to
34 % of patients suffering from diabetes and it is the most
common cause of non-traumatic amputation of the lower
limb, where amputation is in 85 % of cases preceded by
DFU. The prevalence of DFU is about 4 to 10 %.
(Jirkovska 2011, Apelquist 2008).

DFU has two
mechanisms that frequently overlap and potentiate each

principal  pathophysiologic

other: vasculopathy and neuropathy. Macroangiopathy
typically affects infrapopliteal vessels, which leads to
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peripheral arterial disease of the lower extremities
(Hobizal and Wukich 2012).
associated with a loss of the elasticity of arterioles and

Microangiopathy is

capillaries due to lipid deposition and thickening of the
basement membrane that results in altered nutrient
exchange, tissue hypoxia and microcirculation ischemia.
Diabetic neuropathy damages autonomic, sensory and
motor nerves predisposing diabetic patients to trauma due
to decreased protective sensation, impaired stability of
joints due to muscle weakness and further impairment of
microvascular blood flow due to direct damage to
autonomic neurons caused by sorbitol accumulation,
in the NAD:NADH ratio, and
oxidative and nitrosative stress (Vinik et al. 2003, Packer
etal 2021).

Treatment of DFU must be complex, consisting

changes increased

of local and systemic approaches and adjunct methods if
applicable in the given specific case (Waniczek et al
2013). The basic principles of standard care are described
in the International Working Group on the Diabetic Foot
(IWGDF) guidelines (Lipsky et al. 2019). Standard
treatment of the defect consists of assessment for
infection, debridement, cleaning and proper dressings in
addition to systemic glucose control and maintenance of
adequate perfusion to the wound and lower extremities
(Dreitke et al. 2015). In addition, 13 adjunct therapies
were evaluated by IWGDF in 2019 and only 6 of them
were recommended to be used in addition to the best
standard of care (Rayman et al. 2020). Among them, the
judicious use of hyperbaric oxygen therapy (HBOT) in
certain non-healing ischemic ulcers was recommended
(Rayman et al. 2020, Wu 2018).

Although the rationale for using HBOT in the
treatment of DFU is well supported by the idea that
overcoming wound hypoxia could expedite the healing
process and promote epithelialisation (Aydin ef al. 2013),
many clinical and experimental studies on the putative
beneficial effects of HBOT on wound healing brought
about inconsistent results. Meta-analyses of clinical
studies dealing with the impact of HBOT on the outcome
of DFU concluded both beneficial and neutral effects of
hyperbaric oxygen on the healing process of the defect
and the risk of above-the-knee amputation (Brouwer et al.
2020, Kranke et al. 2015, Elraiyah et al. 2016, Margolis
et al. 2013) pointing out the relatively high risk of bias
and methodological limitations of some clinical studies
taken into analyses. In addition, some recent clinical
studies have suggested that HBOT may be used as
a useful adjuvant to conservative standard therapy in the

healing of DFU (Kumar et al. 2020, Teguh et al. 2020).
Animal studies dealing with the analyses of the
efficiency of HBOT in the treatment of DFU also brought
about controversial results. In an extensive study of
HBOT effect on both non-ischemic and ischemic defects
induced on the dorsal aspect of the hind feet of diabetic
vs. normoglycemic rats, HBOT sped up the healing of
ischemic and diabetic defects, but had no effect on non-
ischemic and normoglycemic defects (André-Lévigne
2016).
streptozotocin-diabetic mice, HBOT facilitated wound

et al In a recent study performed on
healing in DFU, promoted angiogenic activities of
endothelial cells, activated HIF-la (hypoxia inducible
factor) signaling, and promoted the expression of
VEGF/SDF-1 (vascular endothelial growth factor/stromal
cell derived factor) in fibroblast and the expression of the
VEGF-R/CXCR4 receptor in endothelial cells (Huang et
al. 2020). In contrast, other studies focused on HBOT
effects in diabetic rodents did not show any improvement
in macroscopic nor microscopic structure of the defect,
perfusion of tissue in defect, long-term capillary-venous
oxygen saturation, level of hemoglobin nor flow in
microcirculation or formation of granulation tissue
(or neo-dermis) after HBOT (van Neck et al. 2017, Tuk
et al. 2014).

It should be noted that all the above mentioned
experimental studies used animal model diabetes induced
by streptozotocin, which corresponds more with Type 1
diabetes. Although DFU occurs in both Type 1 and
Type 2 diabetes mellitus, Type 2 diabetes accounts for 90
to 95 % of cases worldwide (Packer et al. 2021). As an
animal model suitable for studying wound repair in
Type 2 diabetes, Zucker Diabetic Fatty (ZDF) rat has
been suggested (Slavkovsky et al. 2011). To our best
knowledge, no study focusing on the effect of HBOT on
DFU in ZDF rat has been performed so far.

The aim of the present study was to analyse the
effect of HBOT on wound repair in ZDF rats. Standard
square wounds were induced on the back of the
experimental animals randomly assigned to control (ZDF
rats) and experimental groups (ZDF rats subjected to
HBOT in a clinically relevant protocol). The wounds
were macroscopically evaluated twice per week in the
course of 18 days. In addition, quantitative histological
evaluation of collagens I and III was performed on day 18
of the experiment, along with microscopical evaluation of
angiogenesis. The results of our study revealed
a moderate beneficial effect of adjunct HBOT on the skin
defect repair that should be further explored.



2021

Hyperbaric Oxygen in ZDF Rat 789

Methods

The model of type 2 diabetes mellitus

Zucker Diabetic Fatty rats (ZDF rats) with
a congenital mutation of the leptin receptor were used to
develop the DFU model. ZDF rats were obtained from
the Department of Toxicology and Laboratory Animals
Breeding at the Institute of Experimental Pharmacology
& Toxicology of the Slovak Academy of Sciences. The
experimental animals, homozygous (fa/fa) males, were
subsequently obtained by reproduction and selection at
the author’s workplace. The rats were housed
individually throughout the experiment and received
standard care according to EU directive 2010/63/EU
including a 12/12 light schedule and free access to food
and water.

Two months after birth rats were fed with high-
fat diet type 5008 (Purina 5008, Charles River, USA).
After 4 months, the animals developed Type 2 diabetes
mellitus with confirmed values of glycaemia higher than
15 mmol/l MediTouch 2, Medisana,

Germany) and possessed an obese phenotype. Twenty

(glucometer

rats were randomly assigned to control (CONT; ZDF rats,
n=10) and experimental groups (HBOT; ZDF rats
subjected to HBOT, n=10). The study was approved by
the Animal Welfare Advisory Committee at the Faculty
of Medicine in Pilsen and by the Ministry of Education,
Youth and Sports of the Czech Republic (approval ID:
MSMT 26570/2017-3). All experiments were performed
in the Central Animal Facility of the Biomedical Centre
at the Faculty of Medicine in Pilsen.

Induction of wounds and evaluation of the wound size
Wounds were induced in male diabetic rats at
the average age of 140+12 days and the average weight
of 392449 g. The animals were premedicated with
(10  mg/kg; Latvia)
administered intraperitoneally in 4 ml of tempered sterile

tramadol Tramadol, Kalcex,
saline and anaesthetized by inhalation of 2-3 % isoflurane
(Aerrane, Baxter, Belgium) in oxygen using a face mask.
Two square full-thickness 1.5x1.5 cm wounds were made
in the skin of the dorsal area of the rat, with the upper
edge of the first wound reaching the scapula (Fig. 1).
Tramadol in drinking water (100 mg/l; Tramal, oral
solution, Stada Pharma, Germany) was then administered
for the following 3 days. Pictures of wounds were taken
(day 0) and wounds were covered with non-adhering
dressing Cosmopor® E (Hartmann, Germany) and fixed
by medical adhesive tape. The fourth day after induction

of the wounds, the HBOT group began treatment in
a hyperbaric chamber.

Twice per week the wounds in both CONT and
HBOT groups were re-bandaged and pictures of them
were taken until complete recovery or tissue sampling.
Isoflurane anesthesia was used during the replacement of
wound dressings and the documentation of wounds.
Samples of wounds were taken at day 18 after wound
induction followed by animal sacrifice and blood
collection.

detrus

L

ni

Fig. 1. Example of wounds created on the back of rat. (A) day 0,
(B) day 7, (C) day 18 of experiment.

Hyperbaric oxygen therapy (HBOT)
Standard animal cage (3H "800 cm?, Bioscape,
Germany, EU directive 2010/63/EU) was technically
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improved to administer pure oxygen and to get air
samples from the inner part. Our air pressurized
hyperbaric chamber (CKD Prague, Czech Republic) was
adapted to house this animal cage and equipped with
connectors to supply gas into the cage and to take gas
samples. On the day of treatment, animals were placed
into this adapted cage. The cage in the chamber was
Each

isocompression phase during the HBOT session lasted for

washed with pure oxygen continuously.
90 min at a pressure of 0.25 MPa, 5 times per week. This
protocol is similar to the one used in clinical practice
(Teguh et al. 2020, Kumar et al. 2020). During the whole
treatment gas samples from the cage were taken in
10 min intervals to check if more than 95 % oxygen

levels were maintained.

Macroscopic evaluation of wound area

Pictures of skin defects were taken twice a week
after the wound induction, i.e. on days 0, 4, 7, 11, 14, and
18. The wound area (mm?) was measured using ImageJ
software (NIH, Bethesda, USA; Schneider et al. 2012).
Wound size at each experimental animal was expressed
in %, calculated as wound area at a particular time point
divided by wound area at day 4 (i.e. the day of initiation
of HBOT). The exactness of measurements was raised by
multiple evaluations (10 times) of one wound area.

Quantitative histological evaluation of collagen
The skin
formaldehyde, dehydrated in ethanol and embedded in

samples were fixed in 10 %
paraffin blocks. Two 5 um-thick sections were stained
using the haematoxylin-eosin (HE) to visualize the
overall morphology. Other two sections were stained
using picrosirius red (PSR, Merck Millipore, Darmstadt,
Germany) to visualize type I collagen (yellow-red color
when observed under polarized light) and type III
collagen (green color under polarized light). The
advantages of this method were well described (Rich and
Whittaker 2005) and recently demonstrated in tissue
engineering and in detail in the healing of skin wounds
(East et al. 2018).
Briefly, the picrosirius red enhances the
birefringence of co-aligned type I collagen fibrils and
fibres. This phenomenon can be used for reproducible
morphological quantification of the type I collagen
content with high specificity and sensitivity (Junqueira
et al. 1979). According to the thickness, type I collagen
fibres appear in yellow (thinner fibres), orange, and red
color (thick bundles of fibres). The green color and

a weak birefringence represents type III collagen with
loosely packed fibrils or very thin sections of the type I
collaged fibres. The green color is not completely specific
for the immature collagen, because the color and intensity
of birefringence depends also on the section thickness
(Junqueira et al. 1982). Linear polarization does not
visualize all collagen fibres — those aligned parallel to the
transmission axis remain dark, which results in
underestimation of the total collagen content. To
eliminate this orientation-mediated drawback, we applied
circularly polarized illumination by using a circular
polarizer (Hama, Monheim, Germany), while the analyser
was constructed from a combination of a quarter-wave
lambda plate placed below a linear polarizer (U-GAN,
Olympus, Tokyo, Japan). Both filters were aligned in the
crossed position using an Olympus CX41 microscope.
The samples stained with PSR were observed
under circularly polarized light using the 20x objective.
From each sample, two micrographs were captured
representing the healthy skin adjacent to the healing
lesion. Other two micrographs were sampled from the
healing lesion. The amounts of the type I and the type 111
collagen were quantified as their volume fractions (Vv)
within the two regions of interest, i.e. within the healthy
skin, and within the healing lesion (Fig. 2). The volumes
were quantified using the stereological grid point and the
Cavalieri principle. This method of quantification of
collagen has been previously established, extensively
tested and proved as reliable and reroducible in several
studies (Tonar et al. 2015, Horakova et al. 2018, Buzgo
et al. 2019). The values are further presented as
arithmetic mean values calculated from the micrographs
per each animal and reference space. Moreover, the ratio
of type III to type I collagen was calculated to investigate
a possible reduction of type III collagen. This ratio is
used as a measure of ongoing fibrillogenesis in early
stages of wound healing (Mohammadzadeh et al. 2014).

Quantitative histological evaluation of angiogenesis
The skin
formaldehyde, dehydrated in ethanol and embedded in

samples were fixed in 10 %
paraffin blocks. Two 5 pm-thick histological sections

were cut from each sample. The sections were
deparaffinized and rehydrated. The blood vessels in the
detected
polyclonal rabbit anti-human von Willebrand factor
antibody (dilution 1:1000; DakoCytomation, Glostrup,
Denmark). The

diaminobenzidine as a part of the BOND polymer refine

skin  were immunohistochemically using

reaction was visualized using
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detection (Leica Biosystems Division of Leica

Microsystems Inc., Buffalo Grove, United States).
Using  40x%
micrographs were taken from each slide using systematic

microscope  objective,  four

uniform random sampling (Tonar et al. 2008). The two-

dimensional density of the microvessels profiles were
quantified using the unbiased counting frame (Gundersen
1977) (Fig. 2). Stereological counting procedure was

done using the Ellipse software (ViDiTo, KoSice, Slovak
Republic) (Witter ef al. 2010).

Fig. 2. Examples of histological evaluation. (A) skin without defect, Picrosirius red staining using polarized light to visualize type I
collagen (yellow-red) and type III collagen (green), scale bar 50 pm. (B) healing skin defect, the same staining like A. (C) quantification
of the microvessel density of the von Willebrand factor — positive vascular profiles (stained brown) in healing skin defect, red and green

bars delimit area of interest, scale bar 50 pm.

IL6 concentrations in the plasma

Blood samples were taken from animals after
their
collection tubes. Samples were immediately centrifuged

sacrifice by cardiac puncture to Li-heparin

at 2000x g 10 min at 4 °C and plasma was collected and
stored at -80 °C until analysis. IL6 concentration in
plasma was determined by the Enzyme-Linked
ImmunoSorbent Assay (ELISA) method using the
RayBio® Rat IL6 ELISA Kit (RayBiotech, Peachtree
Corners, Georgia, USA) according to the manufacturer’s
protocol.

Data presentation and statistics

Data are presented as means = standard
deviation. Statistical inference was performed using R
statistical software (R Development Core Team 2020).
Residuals of all models were visually checked to detect
potential heteroscedasticity and biased predictions. All
statistical models were extended by a permutational
approach (5000 which

statistical significances reliably even if sample sizes are

randomizations), estimates
small and assumptions of the fully parametric methods
are not met (Good 2005).

The effect of HBOT on the volume fractions of
collagen (types I and III) in the scar were modelled via
beta regression with logit-link function using the ‘mgcv’
R package (Wood 2011). The ratio between collagen I
and III in the scar (log2-transformed to eliminate
heteroscedasticity) and the relative volume fraction of

both collagens in the wound compared to the volume
fraction in the adjacent healthy skin were modelled with
a general linear model. As the volume fractions of
collagen III and the ratio between the collagen types I and
II within wound correlated with the values from the
adjacent healthy skin (within-subject correlation), and
inclusion of the out-of-scar measurements into models
improved parsimony of the models (reflected by the
[BIC],
Burnham and Anderson 1998), the measurements from

decrease of ‘Bayesian Information Criterion’

the healthy skin were included as covariates. In these
cases, only the factor ‘treatment’” was randomized in
a permutation test whereas the response variable and the
covariate were unchanged.

Similarly to analysis of collagen, angiogenesis
was evaluated in wounds of both groups and in adjacent
healthy tissue.

To evaluate the effect of HBOT on the speed of
wound area shrinking (from day 4 to day 18), we
employed a linear mixed-effects model (using the ‘nlme’
R package; Pinheiro et al. 2018) with animal identity
representing a random-effect factor (random intercept)
and ‘day’, ‘treatment’ and ‘day X treatment’ interaction
representing fixed-effects predictors. We used the square
root transformation of the wound size to eliminate
heteroscedasticity in residuals. As categorization of the
‘day’ led to increased BIC and the wound size decreased
approximately linearly with time, the ‘day’ was treated as
a numerical (non-categorical) variable. Only ‘treatment’
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was randomized (between the individuals) during the
permutation test of the model.

Results

In the course of the first week after operation,
2 HBOT and 4 CONT rats died; these animals were
excluded from the study that continued with 8 and 6 rats
in the HBOT and CONT groups, respectively.

Macroscopic evaluation of wound area

The results of macroscopic evaluation are
presented in Fig. 3 as a relative change in the defect size
compared to the size on day 4, when HBOT was initiated
(i.e. relative to the day 4 defect area). The data indicated
that the rats subjected to the HBOT group had no
tendency to heal faster than the CONT rats. The
difference did not reach statistical significance at any
time point evaluated.

107 = —=—HBOT
—e— CONT
0.84
(0]
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: !
0.6
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L0.44
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(14
0.2+ \
0.0 +=="'"-n

4 7 i 14 18
Day of experiment
Fig. 3. Macroscopic evaluation of the wound. Wound area is

relative to the area just before the first HBOT session (day 4 of
the experiment). Data are means % SD.

Quantitative histological evaluation of collagen

The results of histological analyses of the defects
are shown in Fig. 4A-D. HBOT had no significant effect
on the volume fraction of collagens in the skin outside the
defect. As expected, the volume fractions of both
collagen subtypes were substantially smaller in the
defects than in the surrounding skin. The fraction of
type I collagen was ~40 % higher in the HBOT wounds
than in the control ones, but the values did not reach
statistical significance (1.35£0.49 and 1.94+0.67 %,
CONT and HBOT, respectively; p=0.1). In contrast,

collagen type III fraction was ~120 % higher in HBOT
wounds (1.41+0.81 %) than in CONT ones (0.63+0.37 %;
p=0.046). In addition, the ratio of the volume fraction of
both collagens in the wound ((I+IIl)y) to the volume
fraction of both collagens in the adjacent healthy skin
((I+III)n) was ~65 % higher in rats subjected to HBOT
(8.9£3.07 vs. 5.38+1.86 %, HBOT and CONT,
respectively; p=0.028). The collagen I/collagen III ratios
did not differ significantly between the two groups
(2.49+0.83 and 1.63£1.22 in CONT and HBOT groups,
respectively; p=0.2) in the defects and reached the values
5.63+4.18 and 4.52+3.17 in the adjacent healthy skin of
CONT and HBOT rats.
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Fig. 4. Type I and type III collagen in the wound of control
animals (CONT) and animals receiving hyperbaric
oxygenotherapy (HBOT) after 18 days of healing. The volume
fraction of type I collagen (A) and type III collagen (B) within
the healing wound. The ratio between type I/type III collagens
(C). The ratio between the volume fractions of both types of
collagens within the wound to the volume fractions of both types
of collagens within the adjacent healthy skin ((I+III),/(I+III),)
(D). Values are means £ SD, r.u.=relative units; * p<0.05.

Quantitative histological evaluation of angiogenesis
Results are expressed as microvessel density
(MVD), e.g. number of vessel profiles per 1 mm?2 As
expected, MVD was much higher in the wounds
compared to adjacent healthy tissue (206.5+41.8 in the
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wound of CONT, 78.1£20.8 in the healthy skin,
p<0.001). On the contrary, HBOT did not enhance vessel
generation, our results show rather opposite effect (MVD
124+28.2 in HBOT vs. 206.5+41.8 in CONT, p<0.001).

IL6 concentrations in the plasma

IL6 levels in the plasma of both CONT and
HBOT rats did not exceed the detection limit of the kit,
i.e. 30 pg/ml.

Discussion

The present study analyses the effects of HBOT
on several parameters of wound healing in ZDF rats. The
selected animal model is widely used in experimental
practice to study the pathophysiology and secondary
complications of Type 2 diabetes (Siwy ef al. 2012). The
ZDF model has also proven to be useful in evaluating the
impact of diabetes on wound healing and neuropathy
(Otto et al. 2011, Slavkovsky et al. 2011). Nevertheless,
the effect of HBOT on the skin repair processes has been
analyzed so far only in streptozotocin-induced diabetic
rats with conflicting results (see Introduction).

Our study focused not only on the speed of
reduction of the wound area, but also on the quantitative
analysis of collagens I and III in the wound tissue and
surrounding intact skin since the new production of
collagen, its spatial distribution and metabolism play
a major role in the restoration of homeostasis during the
(Wynn 2008).
evaluation of healing wounds often includes the rating of

repair of skin defects Histological
type 1 and type IIl collagens expressed as volume
fractions (Clore et al. 1979, Dale et al. 1996, Wang et al.
2017).

Although macroscopic evaluation of the wound
area did not show any trend to faster skin repair after
HBOT, histological analysis brought about interesting
outcomes. HBOT had a significant impact on collagen
formation in the injured tissue leading to an increased
volume fraction of collagen III at day 18 of the
experiment, i.e. after 10 completed sessions of HBOT. In
the study performed on B6.BKS(D)-Lepr db/db adult
diabetic mice (spontaneous Type 2 diabetic mouse model
with a low capacity to regenerate skin), the skin defect
was created on the dorsal surface of the animal and
a silicone O-ring was placed surrounding the wound and
attached to the skin to prevent wound-healing by
contraction. In this setting, the authors documented
accelerated healing in animals subjected to HBOT (Pena-

Villalobos et al. 2018); however, no such ring was used
in our study. The authors hypothesized that faster skin
repair in hyperbaric oxygen conditions might improve
collagen synthesis and epithelization in the wound bed. In
our experiments, contraction of the wounds was not
prevented, which might overlay the potential beneficial
effect of HBOT on other repair processes. Nevertheless,
the wound skin area of rats subjected to HBOT displayed
a~120 % higher volume fraction of collagen III and
a ~65 % higher ratio of both collagens in the healing
wound to intact surrounding skin, suggesting that the
repair process was indeed accelerated by HBOT.

Wound healing is a complex sophisticated series
of events resulting in the replacement of injured or
missing tissue. The process of skin repair is usually
described in three overlapping stages: inflammation,
proliferation and tissue remodelling (Guo and DiPietro
2010, Velnar et al. 2009, Young and McNaught 2011).
The inflammatory response to injury is mediated by
damaged cells, resident immune cells and neutrophils and
recruited

macrophages in response to chemokines

released from the tissue. The proliferative stage

comprises  angiogenesis,  reepithelialisation,  and
fibroplasia aiming to decrease the area of lesioned tissue
and create a new efficient barrier against the external
environment. Fibroblasts recruited from the dermis of the
adjacent skin proliferate in response to a number of
cytokines, e.g. transforming growth factor-f (TGF-B) or
platelet-derived growth factor (PDGF) (Guo and DiPietro
2010, Velnar et al. 2009, Young and McNaught 2011)
and participate in collagen synthesis in the proliferative
and remodeling phases of wound healing. The highest
amounts of type III collagen appear five days after injury
and contribute to the scar formation. During later phases
of healing, i.e. remodelling, type I collagen is formed
from the precursor type III collagen. The resulting new
type I collagen, made of thicker and longer fibrils than
the type III collagen, provides strength and mechanical
stability (Campelo et al. 2018, Wang et al. 2015, Young
and McNaught 2011).

We have not found any positive effect of HBOT
on angiogenesis, on the contrary HBOT seemed to inhibit
new vessel formation. This controversial result might be
explained by complex reasons. Our evaluation (18" day
after operation) was performed relatively late, when
defects were almost healed. It should be noted that
angiogenesis is rapid in the early phase of healing,
supported by inflammation and in the later phases of
healing, number of vessels decreases again (Di Pietro
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2016). Other studies suggest that angiogenesis 1is
supported by HBOT only in hypoxic tissues like in
defects on leg after arterial ligation, skin grafts, contused
mussels etc. (Huang et al. 2020, Yamamoto et al. 2020,
Buckley and Cooper 2021, Yu et al. 2019). It is thus
HBOT
angiogenetic processes and at the time of evaluation, we

possible that in our setting, accelerated
did not detect the peak value of the density of newly
formed vessels. In addition, our defects on rat back
probably did not suffer from hypoxia.

In our study, we have not revealed any trend to
general inflammation as documented by IL6 levels in the
plasma that barely exceeded the detection limit of the
assay with no difference between CONT and HBOT rats.
Collagen I volume fraction in the healing skin of HBOT
rats was ~40 % higher than in CONT animals, however
this difference did not reach statistical significance
(p=0.09). Taken together, our study suggests that HBOT
promotes collagen III formation at least in the early
phases of healing of uncomplicated skin defects in
ZDF rats as documented by its increased volume fraction
and elevated ratio of collagen I+III content in the wound

area to intact surrounding skin.
Study limitations

Increased collagen III content in the wound area
after HBOT does not necessarily mean that the healing
process was really improved as this type collagen
formation is typical for the initial phase of healing and
final mechanical stability of the scar is mainly dependent
on the conversion of type IIl to type I collagen. The
collagen I/III ratio in healthy rat skin ranges between 4.6
and 8.5 and it is taken as an indicator of the quality of the
collagen fibres network (Clore et al. 1979, Dale et al.
1996, Wang et al. 2017). In our analysis of the skin
outside the wound this ratio reached the values 5.63+4.18
and 4.52+3.17 in CONT and HBOT rats, respectively.
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