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Abstrakt

Predkladana prace je kompilaci publikaci zaméfenych na kvantitativni hodnoceni vzorki
cévni stény a na vyuziti ziskanych dat pro zakladni vyzkum aterosklerdzy i aplikace v bi-
omechanickém modelovani elastickych arterii. Uvod podavé piehled o historickém v§voji
kvantifikacnich metod v mikroskopii, a to s dlirazem na stereologii. Metodicka ¢ast popi-
suje vybrané nejcastéjsi postupy matematické morfologie a stereologie se zpiisoby vypoctu
odhadu objemu, povrchu, plochy, délky a numerické hustoty objektt v tkanovych bloc¢cich.
Pozornost je vénovana i problematice vzorkovani histologickych sérii, zdrojim variability
a designu stereologické studie s ohledem na zakladni predpoklady soucasné morfometrie.
Popséan je postup trojrozmérnych rekonstrukeci vychéazejici ze skenovani histologickych sérii.

Prokazali jsme vyznac¢nou roli zanétlivého procesu u pacientl s rupturou aneuryzmatu
abdominalni aorty (AAA), a to na trovni zanétlivych lozisek infiltrujicich neovaskularizo-
vané oblasti stény ruptur AAA ve srovnani s asymptomatickymi AAA. Histologicky obraz
zanétu odpovidal vyssim hladindm IL-6, IL-8 a TNF-a a zvyseni metabolizmu kolagenu
typu III s prevahou jeho degradace u ruptur AAA. U AAA dochazi k vyznacnému po-
klesu objemové frakce kontraktilniho fenotypu hladkych svalovych bunék v tunica media,
objemova frakce kolagenu je oproti normalni aorté zvysena a objemova frakce elastinu se
pohybuje v rozpéti od nuly az k normalnim hodnotam.

Dlouhodobé podavani cholesterolem obohacené diety je u apolipoprotein E-deficientni
(apoE-KO) mysi spojeno s masivnéjsim rozvojem aterosklerotickych zmén hrudni aorty
v disledku akcelerovaného ukladani cholesterolu do cévni stény. Studiem aterosklerotickych
1éz1 aortalniho sinu jsme zjistili, ze heterotopicka transplantace srdce u apoE-KO mysi neni
vhodnym experimentalnim modelem pro studium regrese aterosklerézy. Pti dalsim pokusu
navodit regresi aterosklerotickych 1ézi heterotopickou transplantaci aorty u juvenilni apoE-
KO mysi doslo k transplantac¢ni arteritidé s tvorbou neointimy, elastinolyzou a infiltraci
arterialni stény T- a B-lymfocyty, makrofagy a neutrofily a proto tento model nepovazujeme
za vhodny.

Stiredni vzdalenost sousednich elastinovych lamel na transverzalnim fezu aortou prasete
je vétsi u biisnich nezli u hrudnich segmentt tychz aort. Pocitacova simulace s kompozitnim
modelem stény aorty zalozena na histologické analyze ukazala, ze vyznam rezidudlniho na-
péti mezibunééné hmoty (elastinu) pfevazuje ve sténé arterie elastického typu nad tonusem
hladkych svalovych bunék.

Model s redlnou geometrii lumen a stény AAA zalozenou na CT-angiografii a s respek-
tovanim anatomickych okrajovych podminek ukazuje vliv lokalnich nepravidelnosti vyduteé,
vliv trombu, vétveni a sily aortalni stény na distribuci napéti ve sténé AAA a na rychlostni
profily proudici kapaliny béhem systolicko-diastolického cyklu.

Za hlavni prinos kvantitativnich metod v predklddané praci povazujeme hodnoceni mor-
fologickych vlastnosti tkanovych vzorkt pomoci spojitych kvantitativnich proménnych, coz
v kombinaci se systematickym a nestrannym vybérem vzorkti umoznuje aplikovat na po-
rovnavané skupiny standardni statistické postupy a testy. K dalsim problémtim, které na-
vrhujeme pomoci stereologické analyzy tesit, patii prestavba aortalni stény u modelu chro-
nického renalniho selhani potkana, hodnoceni vlivu aplikace tkanového lepidla v modelu
disekce aorty a angioarchitektonika mikrocév v normélnich a nadorové transformovanych
lymfatickych uzlinach.






Dissertation abstract

The dissertation thesis consists of seventeen papers dealing with quantitative histological
assessment of vascular wall and with application of morphometry in atherosclerosis research
as well as in biomechanics of elastic arteries. History of microscopic morphometry with an
emphasis on stereology is reviewed in the Introduction. The principles of mathematical
morphology and of stereological estimation of volume, surface area, length, and numerical
density of objects in tissue blocks are explained in the Methods. The key rules of unbiased
sampling of histological series and designing morphometric studies are summarized. The
distribution of the overall observed variance in biological experiments, its sources and ma-
nagement are discussed. Procedures necessary for three-dimensional reconstructions based
on scanned histological series are described.

We proved that inflammatory process was significant in patients with ruptured ane-
urysm of abdominal aorta (AAA). There were more pronounced inflammatory infiltrates
in areas of neovascularization in ruptured AAA than in asymptomatic AAA patients. Histo-
logical findings were in agreement with higher cytosol cytokine levels (IL-6, IL-8, TNF-«),
enhanced collagen III metabolism and degradation in ruptured AAA. We found lower vo-
lume fraction of the contractile phenotype of smooth muscle cells, higher volume fraction
of collagen, and minimal to normal elastin volume fraction within the tunica media of AAA
than in normal aorta.

Apolipoprotein E-deficient (apoE-KO) mice fed with a cholesterol-rich diet for five mon-
ths developed accelerated atherosclerosis of thoracic aorta with atherosclerotic lesions of
higher volume than the group fed for two months only. In another study, heterotopic heart
transplantation in apoE-KO mice didn’t prove itself to be a reliable experimental model
for study of atherosclerosis regression, although the lesions found in aortic sinus were more
stable in some of the transplanted than in non-transplanted animals. In another study, no
regression of initial atherosclerotic lesion was achieved by syngeneic heterotopic transplan-
tation of thoracic aorta segments of 12-week-old apoE-KO mice to wild-type recipients of
the same age. On the contrary, neointima formation, arteriosclerosis and degradation of
elastin prevailed in all transplanted specimens, even in control groups. It was suggested that
the minute and sensitive wall of juvenile aorta suffered from severe disturbance of vasa and
nervi vasorum caused by the invasive intervention in the transplanted animals, so that it
became vulnerable to inflammation and transplant arteriopathy. The reproducibility of the
promising regression model in 12-week-old mice was derogated by the striking dependence
of the results upon the operation technique. Thoracic to abdominal aorta transplantation
did not offer a method which would enable us to study atherosclerosis regression in 12-
week-old apoE-KO mice.

The mean distance between adjacent elastic lamellae was higher in paired transversal
sections through abdominal than thoracic segments of porcine aortae. Volume fraction of
elastin within tunica media did not differ between paired samples of thoracic and abdomi-
nal porcine aorta. We assessed volume fractions of collagen and smooth muscle, as well as
elastin length density in porcine aorta. Computer simulation performed with a composite
model of aortic wall and based on histomorphometry suggested that in the aorta the resi-
dual strain in the extracellular matrix (mainly in elastin fibres) was much more important
for the proper function of the arterial wall than the tone of smooth muscle cells. In ano-
ther paper, morphometric analysis succeeded mechanical uniaxial traction tests in order
to supply a two-layer composite mathematical model of the aorta with sufficient data.



A three-dimensional geometry model of canine heart ventricles considering anisotropy
of the cardiac muscle was presented. Simulation of excitation of the cardiac conducting
system and myocytes was done with cellular automata and coupled with a finite element
model of heart mechanics.

We developed a computer model of the blood flow and vascular wall mechanics in AAA.
Morphology of the model including its boundary conditions was based on real patient-
specific geometry data obtained with computer tomography. Dependence of wall stress
contours and velocity profiles upon the realistic geometry of vessel lumen, thickness of
arterial wall and intramural thrombus, and branching was simulated during the cardiac
cycle. This approach was suggested to be suitable for follow-up study of patients with high
surgical risk but smaller aneurysms observed for the aneurysm growth, where simulations
could be correlated with surgeon’s clinical experience.

Stereological quantification of microscopic structure of blood vessels was found reliable,
and reproducible. Most of the stereological methods used nowadays had been designed as
unbiased, and assumption-free. Description of morphological properties of tissue specimen
with use of continuous variables and systematic unbiased sampling permitted us to apply
standard statistical procedures and tests to morphometric data. Due to our experience,
stereological quantification might be useful for other topics of vascular research, e.g. for
describing histology of hypertensive aorta remodelling in a model of chronic renal failure
in rats, for assessment of alteration of aortic wall caused by application of biological glues
into a model of aortic dissection, or for description of angioarchitectonics of microvessels
in normal and tumourous lymph nodes.
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1 Seznam zkratek a symbola

Neni-li kodifikovan zavazny a jednoznacny cesky preklad ptivodné cizojazycéného terminu,
resp. je-li to vhodné pro pochopeni symbolu ¢i zkratky, uvadime ve vybranych ptfipadech
i ptvodni anglickou terminologii tak, jak se obvykle vyskytuje v publikacich.

0-D — bodovy, bezrozmérny
1-D — jednorozmérny

2-D - dvojrozmérny

3-D — trojrozmérny

a — konstanta bodové testovaci sité, plocha prislusejici statisticky jednomu bodu sité; u di-
sektoru odpovida plose hodnoticiho rdmecku (m?)

A — plocha (area, surface area) (m?)

A, —plosna frakce hodnocené slozky v referencni plose vzorku (area per area, area fraction)
AAA - aneuryzma abdominalni aorty

apoE-KO — apolipoprotein E-deficience (knock out)

asf — podil plochy hodnoticich rameckt vici celé plose fezii v druhém stupni vzorkovani
optického frakcionatoru (area sampling fraction)

CE - koeficient chyby (coefficient of error), pomér druhé odmocniny z rozptylu a aritme-
tického priméru vybéru

CE,(GJ) — koeficient chyby (CE) podle Gundersena a Jensenové
CT - vypocetni tomografie (computer tomography)

CV - variacni koeficient (coefficient of variation), pomér smérodatné odchylky populace
k popula¢nimu primeéru

d,d — sila histologického fezu (m)
D — rozmér (dimension)
est — odhad kvantitativniho parametru (estimate, estimation)

f — obecné oznaceni pro podil (frakci) koneéného vybéru hodnoceného objemu v celkovém
objemu vzorku

¢ — uhel rotace blocku kolem vertikalni osy u VUR fezu (°)
FFT - rychla Fourierova transformace (fast Fourier transform)
h — celkova vyska disektoru (m)

Hy — nulova hypotéza

hsf — podil vysek optickych disektort vici celé vysce Tezli ve tfetim stupni vzorkovani
optického frakcionatoru (height sampling fraction)

I; — pocet prisecikit povrchu s linearni sondou pro obrazek s indexem ¢
I;, — pocet priisecikii povrchu s linearni testovaci sondou

IL-6, IL-8 — interleukin 6 a 8

ISS — International Society for Stereology
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IUR - izotropni uniformni ndhodné fezy (isotropic uniform random)

[ — délka profilu trhliny v fezu (m)

L — celkova délka (m)

L4 — délkova hustota profilii objektii v fezu (intensity of planar fibre process) (m™1)
L, — délkovy podil (length per length)

[/p — délka testovaci linie pfipadajici na bod m¥izky (length per point) (m)

Ly — délkova hustota (length density) (m™2)

m — pocet Tezl vybranych z histologické série k hodnoceni Cavalieriho metodou
MRI - magnetickd rezonance (magnetic resonance imaging)

MVD - mikrovazalni hustota (microvessel density) (m~?)

N — celkovy poéet hodnocengch objekti ve vzorku

Ny — numerick4 hustota (numerical density) (m~3)

p — pocet bodti pomocné mrizky v disektoru

P — pocet prusecikii testovaci sité s hodnocenym objektem

P; — pocet bodi pomocné bodové mrizky zasahujicich referencéni prostor obrazku s inde-
xem 1

P, — teoreticky vypocteny pocet priisecikit profilu trhliny na fezu s profily hodnocené
slozky cévni stény

P} — skute¢né pozorovany pocet pruseciki profilu trhliny na fezu s profily hodnocené
slozky cévni stény

() — pocet objektu

()~ — pocet ¢astic zapocitanych v disektoru

Q4 — pofet profili objektt v fezu o plose A (m~2)
RAAA - ruptura aneuryzmatu abdominélni aorty

ROI - oblast zajmu, napf. definovand uzivatelem v obraze nebo v sérii obrazi (region of
interest)

> — suma

S — povrch (topologicky ttvar), jehoz kvantitu lze vyjadfit plochou povrchu (viz plocha,
surface area, m?)

SD — smérodatna odchylka vybéru (standard deviation)

ssf — podil fezit z celého vzorku v prvnim stupni vzorkovani optického frakcionatoru
(section sampling fraction)

SURS - systematicky uniformni ndhodny vybér (systematic uniform random sampling)
Sy — povrchovd hustota (surface density) (m™!)

T — vzdalenost mezi dvéma sousednimi hodnocenymi fezy [m]

6 — odklon od vertikalni osy u techniky VUR fezi (°)

TNF-a — tumor necrosis factor-a

V — objem (volume) (m?)

11



VEGF A-20 — vascular endothelial growth factor A-20
V(ref) — referen¢ni objem (m?)

Vi, — objemova frakce hodnocené slozky v referenénim objemu vzorku (volume per volume,
volume fraction)

VUR - vertikalni uniformni ndhodné fezy (vertical uniform random)

WT - zvirata bez cilené mutace s genotypem a fenotypem béznym pro dany druh, resp.
bez znamé mutace, kterd by méla vztah ke studovanému problému (wild type)

T — aritmeticky primér vybéru
XY — horizontalni osy posuvu stolku mikroskopu

7/ — vertikalni osa posuvu stolku mikroskopu

12



2 Prehled problematiky a cile prace

2.1 Historie kvantifikace v mikroskopii a prehled literatury
2.1.1 Zakladni vychodiska stereologie

Historicky vyvoj kvantitativnich metod v mikroskopickych oborech se z velké ¢asti kryje
s vyvojem stereologie [1, 17]. Tento termin vychazi z feckého otepedc, coz lze prelozit jako
ytuhy, pevny, prostorovy“. Prestoze jako obor se v mezinarodni komunité biologt, geologi
a pracovnikli v analyze materiali etabluje od pocatku 60. let 20. stoleti, jeji kofeny sahaji
hloubéji.

Stereologie vychazi z geometrie, jejiz poznatky aplikuje na analyzu vzorkid rozmanitého
ptvodu, velikosti a vnittni struktury. Zabyva se statistickjm odvozovanim geometrickych
vlastnosti hodnocenych struktur a objekti z aplikace testovacich sond na orientované fezy
vzorkem. Jednim ze zadkladnich problémi, které motivovaly rozvoj stereologie, byly diskuze
nad moznostmi kvantitativniho hodnoceni trojrozmérnych (3-D) objekt na zakladé studia
jejich dvojrozmérnych (2-D) Fezli ¢i vybrusi. Piestoze zabér moderni stereologie je v sou-
casnosti Sirsi a pochopeni jejiho teoretického zazemi vyzaduje vhled do nékterych oblasti
matematiky, zlstava jednim z nezbytnych nastroji v interpretaci informaci obsazenych
v sériich fyzickych ¢i optickych fezii potfizenych riznymi mikroskopickymi technikami.

Sedesata léta 20. stoleti jsou povazovana za prvni dekddu moderni historie stereologie.
Pri lepsi dostupnosti kvalitni a korigované optiky, s rozvojem imunocytochemie a elek-
tronové mikroskopie rostl vyznam kvantitativniho hodnoceni popisovanych mikrostruktur.
V roce 1961 byla zalozena International Society for Stereology (ISS). Své aplikace si rychle
nachézely jiz v minulosti popsané postupy:

e Bonaventura Cavalieri, student Galilea Galileiho, formuloval r. 1637 postup umoz-
nujici dostatecné ptresny odhad stfedniho objemu téles pomoci souctu ploch, ktera
télesa zaujimaji na sérii ekvidistantnich fezi. Cavalieriho princip fika, ze maji-li dvé
télesa stejnou zakladnu a stejny profil na fezech paralelnich se zakladnami v téze
vysSce u obou téles, pak je objem téchto téles totozny (dale viz oddil 3.2.1, str. 19).

e Hrabé George-Louis Leclerc Buffon popsal r. 1733 tzv. problém ,Buffonovy jehly“,
v némz popisoval vztah mezi pravdépodobnosti vzniku priiseciku nahodné hozené
jehly (htlky) se systémem paralelnich ekvidistantnich spar v podlaze, na niz jehly
dopadly, délkou jehel (htlek) a rozestupem spéar. V modifikované podobé [25] je prin-
cip uzivan k odhadu plochy a délky objekti (dale viz oddil 3.2.2, str. 19).

e Geolog Achille Delesse v r. 1847 popsal empirickou techniku pro odhad objemovych
frakci minerald v horniné na zakladé plosnych podild téchto minerald na vybrusu
horninou (déle viz oddil 3.2.1, str. 19). V r. 1898 byl Delesseho ptistup doplnén rovnéz
empirickym Rosiwalovym pravidlem usnadnujicim odhad plosnych podild pomoci
praktictéjsich podili délkovych.

2.1.2 ,,Unbiased stereology*

V 70. letech 20. stoleti piibyva stereologickych praci v Journal of Microscopy a Acta Ste-
reologica (nyni Image Analysis & Stereology). S prispénim matematiki se ukazuje, Ze
fada kvantitativnich studii v biologii obsahuje nepodlozené a obtizné ovéritelné predpo-
klady o tvarech hodnocenych objekti, resp. ze se tyto predpoklady casto neshoduji se
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skutecnosti. Strategie oprav téchto predpokladd riznymi korekénimi faktory je postupné
opousténa a nahrazovana teoreticky podlozenéjsi stochastickou geometrii a implementaci
teorie pravdépodobnosti do popisu biologickych objektt. Stereologické postupy postavené
na tomto novém zakladé a vyuzivajici nevychylené vzorkovani (unbiased sampling) déavaji
vznik skalové univerzalnéjsim kvantifika¢nim technikdm nezatizenym a priori predpoklady
o povaze studovaného materidlu (assumption-free, model-free unbiased methods). Tento
pristup je souborné v literatufe oznacovan jako ,unbiased stereology*. Terminem ,ste-
reologicky bias“ je oznacovana odchylka vysledki od skutecné hodnoty vznikla vlivem
systematické chyby. Metody ,unbiased stereology“ se vyznacuji tim, Ze nartistem poctu
hodnocenych vzorki ve studii klesa rozptyl vysledkt kolem centralni tendence, ktera neni
od ,skutecné, pravdivé“ hodnoty na rozdil od ,junbiased“ metod vychylena (toto tvrzeni
se vztahuje jen na bias stereologicky, nikoliv napt. na chybnou volbu metody a zpracovani
vzorki, vliv artefakti apod.).

V 80. letech 20. stoleti je TeSena jedna ze zadkladnich otézek stereologie — problém
spolehlivého a univerzalniho pocitani trojrozmérnych objektt z dvojrozmérnych fezt. Jak
formuloval S. D. Wicksell v r. 1925 [26], pocet profilti v jednotce plochy histologického
fezu neodpovida poctu realnych trojrozmérnych objekt v objemu tkané. Tato teze je
znama pod pojmem ,the corpuscle problem“. Podstatou problému je skutec¢nost, ze rizné
objekty maji v zavislosti na svém tvaru, velikosti a orientaci odliSnou pravdépodobnost
vyskytu v roviné fezu — konkrétné velké objekty komplexniho tvaru a s dlouhou osou
smétujici kolmo na rovinu fezu maji vyssi pravdépodobnost, ze budou ve 2-D hodnoceni
zachyceny a zapocitany, nezli odpovida jejich skutecnému podilu na celkovém poctu objektti
v 3-D vzorku. Snahy fesit tento rozpor matematickymi faktory korigujicimi heterogenitu
rozméri, orientace a asféricitu objekti vsak opét vnasely do metodiky obtizné ovéritelné
modelové predpoklady a byly tak potencidlné zdrojem systematické chyby [16]. Kriticky
rozbor hojné pouzivané Abercrombieho metody a dalsich empirickych postupt pfinési [9].
Za situace, kdy sila histologickych fezi neni vzhledem k rozmértim hodnocenych castic
zcela zanedbatelnd, se navic uplatiiuje projekce hlubsich ¢asti netransparentnich métrenych
objektt do pozorované roviny a nadhodnoceni maximéalnich rozméra profila ¢astic (tj. sila
fezu ovliviiuje pozorované rozméry objekti, tzv. Holmestuv efekt). Nejen z téchto divodi
je ve stereologii zvykem terminologicky rozliSovat ¢astecné transparentni a trojrozmérny
histologicky Tez urcité sily (slab, slice) a idealizovanou dvojrozmérnou projekei struktur do
roviny fezu (section).

Reseni problému, které je anglicky publikovano v r. 1984 jako princip disektoru [23],
je prvni robustni, modelovymi predpoklady a korekénimi faktory nezatizenou metodou
pro odhad poc¢tu objektl v objemové jednotce tkané. Princip je i s potfebnym aparatem
popsdn v oddilu 3.2.5 (str. 21). V roce 1985 je publikovana technika jiné stereologické
objemové sondy, tzv. ,unbiased brick* [11], ktera slouzi ke stejnému tcelu jako disektor,
ovsem postupuje podle odlisnych pravidel, ktera jsou 3-D rozsifenim 2-D nevychyleného
hodnotictho ramecku (unbiased counting frame) (3.2.4, str. 21) publikovaného jiz diive
[3]. Kombinace disektoru se systematickym vzorkovanim pfinesla techniku frakcionatoru
(fractionator) [4] k odhadu celkového poé¢tu mikroskopickych objekttt v makroanatomic-
kyjch vzorcich nezavisle na objemovych zménach zpiisobenych fixaci a zalévanim do médii
pro krajeni. K dalsim technikdm zavedenym v tomto obdobi patii odhad velikosti Castic
aplikaci sondy zvané nukleator (nucleator) na izotropni ¢ vertikalni uniformni fezy a od-
had objemové vazeného stfedniho objemu objektti [6]. ZkuSenost ukazala, Ze je zapotiebi
respektovat minimélni soucet dimenzi (D) testovanych objektt (bodd, linii, ploch, téles)
a pouzitych stereologickych sond tak, aby byl vétsi nebo roven tfem: ke kvantifikaci objemu
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(3-D) se tak pouziva bodova testovaci sit (0-D), ke kvantifikaci povrchi (2-D) linedrni tes-
tovaci systém (1-D), odhad délek (1-D) se provadi pomoci systému rovin (2-D) a odhad
poctu objektt (0-D) s vyuzitim objemovych testovacich systémi (3-D).

2.1.3 Variabilita vysledku a optimalizace biologickych studii

U novéjsich stereologickych metod se jiz nevyskytovala ta ¢ast variability vysledki, ktera
by byla zptisobena riznou mirou plnéni modelovych predpokladt o povaze analyzovanych
tkani, protoze vyse prezentované metody tyto predpoklady jiz neobsahovaly. Tim se ote-
viela cesta k podrobnéjsimu studiu variability dat [5, 8] a ukazalo se, Ze variabilitu dat
(posuzovanou napt. pomoci varia¢niho koeficientu, CV) lze rozdélit na slozky rozdilného
puvodu:

Biologicka variabilita zahrnuje rozdily interindividuéalni (mezi zkoumanymi jedinci), jez
mohou byt zptisobeny kombinaci evoluc¢nich faktort, genotypu, vlivu prostiedi apod.,
a obvykle pfedstavuje hlavni zdroj variability dat v biologickych studiich. S rostoucim
poctem jedinct zkoumanych v dané populaci jeji vliv klesa.

Variabilita zptusobena vybérem vzorka pochazejicich z téhoz individua (intraindivi-
duélni, sampling error) se vyjadiuje pomoci koeficientu chyby vybéru (CE). Lze ji
redukovat navySenim poctu tkanovych blockl ¢i fezi vybranych k analyze, coz je
zpravidla ekonomictéjsi nezli navysovat pocet jedincii ve studii a snizovat tak varia-
bilitu biologickou.

Samostatné posouzeni téchto dvou slozek umoznuje optimalizovat design studie a zvySovat
jeji efektivitu. Na otazku ,jaky je optimalni pocet zkoumanych jedinct a histologickych
fezil potiebny pro spolehlivou stereologickou kvantifikaci daného parametru?“ lze pak od-
povédét: ,takovy, jehoz zpusob vybéru (jedinct, fezil) nejefektivnéji snizuje celkovou vari-
abilitu vyslednych dat vztazenou na cas a naklady spotiebované na analyzu‘.

V praxi se osvédcCuje napr. tento postup: objem vzorku obsahujici kvantifikované objekty
je zpracovan do cca 10 systematickych nahodnych fezi, je provedena kvantifikace a tento
proces se zopakuje na 2-3 jedincich pro kazdou z porovnavanych skupin. Pilotni vysledky
umoznuji odhadnout prispévek biologické variability a variability zptisobené vzorkovanim.
Po nalezeni takové hodnoty CE, kdy dalsi zpfesnovani vybéru jiz nevede k vyznamnému
poklesu variability, je vhodné navysit poc¢et hodnocenych jedinct ve studii (obvykle 5 az
10 v kazdé skupiné) a hledat odpovéd napt. na otazku, zda mezi porovnavanymi skupinami
je kvantitativni rozdil v daném mikroskopickém parametru (napf. pocet bunék v orgénu
etc). Popsany piistup byva oznacovan téz jako ,Do more, less well“ [7].

Od devadesatych let do soucasnosti popularita stereologie i pocet jejich aplikaci v bio-
logickém vyzkumu stoupa a s ni i dostupnost kurzti poradanych napt. Society For Neuros-
ciences, International Brain Research Organization, International Society for Stereology,
European Molecular Biology Organization aj. Nartst stereologickych publikaci v recen-
zovanych casopisech od 60. let do konce 20. stoleti je priblizné exponencidlni. Zvysuje
se dostupnost software i hardware pro stereologii (motorizovany XY- i Z-posuv, digitalni
snimani obrazu, konfokalni mikroskopie). Dalsi literarni zdroje jsou pak citovany u kon-
krétnich sdéleni predkladanych v této dizertacni praci [29]-[45].
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2.2 Prehled otazek a hypotéz dizertacni prace

Cilem publikaci obsazenych v predkladané dizertacni praci bylo odpovédét na nasledujici
otazky a testovat dale uvedené hypotézy.

2.2.1 Metody kvantitativniho popisu cévni stény

1. Jak zavisi aplikovatelnost, reprodukovatelnost, variabilita vysledki a mozna mira au-
tomatizace metod obrazové analyzy a stereologie na strategii a technice histologického
zpracovani tkariovych blocka [29]7

2.2.2 Studium aterogeneze a jejich komplikaci

2. Které z morfometrickych postupu jsou aplikovatelné jako zptfesnéni histopatologické
klasifikace aterosklerézy podle Stary a American Heart Association [20, 21, 22] se
zaméfenim na posouzeni vulnerability aterosklerotickych 1ézi [29]?

3. Existuji rozdily v histologickém nélezu u vzorkl cévni stény symptomatického nebo
rostouciho, resp. praskajiciho aterosklerotického aneuryzmatu abdominélni aorty (AAA)
¢loveka [30, 31, 32]? Souvisi histologicky nélez s cytoplazmatickymi hodnotami za-
nétlivych cytokini a metabolizmem kolagenu typu II11?7

4. Jak se lisi objemova frakce hladkych svalovych bunék, elastinu a kolagenu v tunica
media normalni subrenélni aorty a aneuryzmatu brisni aorty ¢loveka? Je Fourierova
transformace (FFT) mikrofotografii pofizenych pii standardizovaném zvétSeni né-
strojem umoznujicim odliseni morfologie elastinu ve sténé aorty norméalni, postizené
aterosklerotickymi lézemi a postizené rozvojem aneuryzmatu [33]7?

5. Je heterotopicka transplantace srdce u apolipoprotein E-deficientni (apoE-KO) mysi
vhodnym modelem pro studium regrese ateroskler6zy aortalniho sinu a koronarnich
arterii [34]?

6. Jakd je zavislost rozsahu aterosklerotického poskozeni hrudni descendentni aorty
apoE-KO mysi na délce podévani cholesterolem obohacené diety [35]7

7. Je syngenni heterotopicka transplantace aorty u juvenilni apolipoprotein E-deficientni
my$i vhodnym modelem pro studium regrese aterosklerotickych 1ézi [36, 37|?

2.2.3 Morfometrie a 3-D rekonstrukce v biomechanice cévni stény

8. Je FFT vhodnou metodou k popisu rozdilu morfologie elastinové sité v hrudnich
a brisnich segmentech téze aorty u prasete? Existuji rozdily mezi morfologii elas-
tinu ventralni a dorzalni stény aorty prasete, které lze detekovat pomoci FFT? Je
sila lamelarni jednotky tvofené sendvicovité usporadanymi komplexy elastin-kolagen-
myocyt-elastin stejnd v hrudni a bfisni aorté tychz jedincii [38, 39]?

9. Jaka je objemova frakce hladkych svalovych bunék, elastinu a kolagenu, jaka je sila

stény a thel rozevieni vlivem predpéti ve sténé hrudni a brisni aorty prasete a jak
1ze uplatnit tato data v modelovani stény elastickych arterii [40, 41, 42]?
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10.

11.

Jaky je vhodny pristup pro vazbu mezi modelem sifeni vzruchové aktivity myokardem
a koneénéprvkovym modelem svaloviny srde¢nich komor s respektovanim anizotrop-
niho uspofadéani vrstev kardiomyocytu [43]7

Jak vhodnym zptisobem modelovat distribuci napéti cévni stény a rychlostnich profilt
proudici kapaliny v zavislosti na realné geometrii modelu vakovitého aneuryzmatu
brisni aorty s implementaci interakce mezi sténou a kapalinou? Je mozné odhadnout
vliv asymetrického intramuralniho trombu na dalsi vyvoj aneuryzmatu [44, 45]?
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3 Metody

3.1 Analyza obrazu

Pro prehled uvadime vybrané nejcastéjsi postupy spadajici pod skupinu operaci provadeé-
nych nad obrazem (image processing), kdy vstupem jsou vlastni obrazovéa data a vystupem
je modifikovany obraz nebo popis vlastnosti vstupniho obrazu. Vétsina metod pfistupuje
k obrazu jako ke dvojrozmérnym dattim, a to standardizovanymi postupy analyzy digital-
niho signalu. Problémi, jimiz se analyza obrazu zabyva, je veliké mnozZstvi, at uz se jedna
o rozliSeni, dynamicky rozsah, sitku pasma a bitovou hloubku, filtrace, Fourierovu trans-
formaci, aplikaci operatort diferencialniho poctu, detekci hran, redukci Sumu, konektivitu,
geometrické transformace, tpravy barev a konverze mezi barevnymi prostory, vzajemnou
registraci (sesazovani) vice obrazki, logické operace mezi obrazky, segmentaci, retus apod.
Kromée statickych 2-D obrazkt lze ke zpracovani obrazu fadit i jejich série porizené v case
(napf. time-lapse techniky) ¢i v rtiznych mistech zkoumaného objektu (napi. tomografie).
Ptehled i detailni informace o metodéch lze ¢erpat napt. z monografii [15, 18, 28].

3.1.1 Matematicka morfologie

Pti zpracovani obrazu je castym tikolem segmentace, tj. odliSeni oblasti ¢i objekti naseho
zajmu od nami definovaného pozadi. Takto segmentovany ¢i naprahovany obraz je mozné
napf. pomoci masek binarizovat a dale zpracovavat jako obraz binarni (tj. takovy digi-
talni obraz, jehoz kazdy pixel méa pravé dvé mozné hodnoty) pomoci metod matematické
morfologie. Zakladni pojmy matematické morfologie jsou:

eroze — ubrani Sirky objektu,
dilatace — pridani slupky objektu,

otevieni — eroze nasledovana dilataci, maze malé objekty a rozpojuje Castice spojené
tenkou siji,

zavieni — dilatace nésledovand erozi, vyhladi obrysy, zaplni malé trhliny, spoji blizké
objekty,

homotropické transformace — na rozdil od predchozich ¢tyf operaci neméni spojitost
objektl a dér; typickymi ptriklady jsou operace skeletonizace, homotypické znackovani
a zesileni.

Eroze, dilatace, otevieni a zavieni jsou definovany typem matice (kernel, tj. strukturni
element v bitmapé, s nimZ operaci provadime) a poétem iteraci (tj. idajem, kolikrat za
sebou bude operace provedena). Aplikovani transformaci matematické morfologie v analyze
pocitacovych obrazii je omezeno diskrétnim vzorkovanim spojitého analogového signalu,
k némuz dochéazi pii snimani digitalniho obrazu, a z toho vyplyvajicich vlastnosti obrazu
jako je napt. typ miizky a konektivita pixeld, blize viz [28].

3.2 Stereologie

Protoze aplikace stereologickych metod v cévni biologii jsou rozebrany i s priklady v pre-
hledném ¢lanku [29], na tomto misté uvadime pouze zptisoby vypoctu jednotlivych kvanti-
tativnich parametri. Ke studiu odvozeni nékterych vztaht a sirsich souvislosti 1ze doporucit
monografie [10, 17, 19].
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3.2.1 Odhady ploch a objemi bodovymi testovacimi mrizkami
Odhad plochy v roviné fezu pomoci bodové testovaci sondy (miizky), rovnice 1:
estA=a - P, (1)

kde est A je odhad plochy méfeného objektu, a je parametr pouzité testovaci sité
(plocha pfislusejici jednomu testovacimu bodu) a P je pocet pruseciki sité s hodno-
cenym objektem.

Delesseho princip — plosny podil A4 dava odhad objemového podilu Vi, téze slozky,
rovnice 2:
est Ay = est V. (2)

Rosiwalovo pravidlo — plosny podil A4 je roven délkovému podilu L, rovnice 3:

est Ay =estLyp. (3)
Vypocet odhadu objemu podle Cavalieriho principu, rovnice 4:
estV =T -(A1+As+ ...+ A,), (4)
kde est V' je odhadnuty objem, T je vzdalenost mezi dvéma sousednimi hodnocenymi
fezy, A; je plocha odhadnuté u i-tého fezu pri poctu m hodnocenych fezu.
3.2.2 Odhad délek pomoci rovin ve 3-D a linearnimi sondami ve 2-D

Délkova hustota je vhodnym vyjadienim délek biologickych struktur ve zndmém objemu
tkané a a lze ji vyjadiit jako Ly (Y, ref) dle rovnice 5:
L(Y)
V(ref)’
kde L(Y') je délka objekti Y v referenénim prostoru o objemu V' (ref).

LV<Y7 T@f) =

()

Dvojrozmérnym testovacim systémem pouzitelnym k tomuto odhadu je mnozina izot-
ropnich systematickych ndhodnych rovin (IUR, isotropic uniform random sections),
které zachyti hodnoceny objekt s pravdépodobnosti pfimo timérnou jeho délce. V sys-
tému téchto fezit odhadujeme délkovou hustotu dle rovnice 6:

2
€StLV:—/'QA, (6)
Sy
kde @4 je pocet profili zachycenych systémem rovin v objemu vymezeném témito
rovinami a Sj, je plosna hustota testovacich rovin.

Odhad délek linearnich struktur ve 2-D Ize s vyhodou provést pomoci modifikované
Buffonovy metody, pfi niz je délka objektti odhadovana z poc¢tu priseciki testovaciho
systému (linie ¢ kfivky) s hodnocenymi vldknitymi objekty. V ramci fez pak lze
vyjadfovat i délkovou hustotu hodnocenych profilti v fezu (intensity of planar fibre
process) L, dle rovnice 7:

Ly= Za (7)

kde L je odhad délky a A je referenc¢ni plocha fezu, v niz se dané linearni struktury
vldkna vyskytuji a v niz odhad provadime.
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3.2.3 Odhady povrchu a povrchové hustoty

Povrchova hustota je casto uzivanym kvantitativnim parametrem ploch v objemovém
elementu vzorku a je definovana podle rovnice 8:

S(Y)
V(ref)’

kde Sy (Y,ref) je povrchova hustota plochy povrchu S(Y) v referenénim objemu
V(ref).

SV(Y7 T@f) = (8)

Odhad povrchové hustoty vyzaduje aplikaci linearnich sond na izotropni uniformni na-
hodné orientované (IUR) nebo vertikalni uniformni (VUR) fezy, kdy vysledek ziskame
dle rovnice 9:

est SV = 2]L’ (9)

kde I}, je pocet prisecikti povrchu s linearni testovaci sondou.

Pri pouziti vétsiho poctu obrazka k odhadu povrchové hustoty pocitdme tento para-
metr dle rovnice 10:

2-3 4
est Sy (Y,ref) = —==10 (10)
l/ b Zz‘zl Pz
kde Sy (Y,ref) je povrchova hustota povrchu S(Y') v referenénim objemu V (ref),
I; je pocet prisecikli povrchu se sondou pro obrazek s indexem 7, P; je pocet bodi
pomocné bodové mfizky zasahujicich referenéni prostor obrazku s indexem i a /p je
délka [ testovaci linie pripadajici na bod p pomocné mrizky.

Predpokladem pro tento odhad povrchu je ndhodnost orientace fezi, tj. testovaci li-
nie prokladané vzorkem musi byt izotropni IUR ¢i VUR fezy. Z praktickych divoda
je casto vhodnéjsi namisto zcela izotropnich fezu pripravovat VUR fezy, které vsak
jiz nejsou izotropni ve 3-D, ale jen v horizontalni roviné. Izotropii zajistime v arbit-
rarné zvolené horizontalni roviné rotaci kolem zvolené vertikalni osy o nahodny thel
¢ (Obr. 1). Horizontalni rovinu si u dané série vzorkd sami volime a terminy ,ho-
rizontalni“ a ,vertikdlni“ nemaji zadny vztah k anatomickym rovinam. Vzorek pak
krajime systematickymi fezy kolmo na horizontalni rovinu. Vertikalni rovina, kterou
jsme preparat prokrajeli, zasdhne s vyssi pravdépodobnosti horizontalni plochy, nezli
vertikalné orientované plochy. Abychom toto vychyleni vyrovnali, potfebujeme pou-
zit takové testovaci linie, jejichz délkova hustota je imérna sinf, kdy 6 je odklon od
vertikaly a pribéh téchto linii je spise horizontalni nezli vertikalni. Takové vlastnosti
spliuji kiivky zvané cykloidy (Obr. 2), jsou-li orientovany svou kratsi osou paralelné
se zminénou vertikalni osou. Kombinace roviny generované VUR otocenim o thel
¢ a aplikaci sité cykloid odpovida pouziti izotropniho ¢arového testovaciho systému.
VUR fezy mizeme s vyhodou pouzit soucasné s uré¢ovanim plochy i k odhadu objemi
Cavalieriho metodou, kterd nevyzaduje nahodnou orientaci fezu.
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Obr. 1: Princip vertiklnich nahodnych fezti pro od-  Obr. 2: Geometrické vlastnosti
had povrchu a objemu (VUR). Pii abitrarné zvolené  cykloidy.

horizontalni roviné je provedena rotace blocku (cévy)

o nahodny tihel ¢ kolem vertikalni osy. Reznd rovina

pii histologickém zpracovani je pak kolmé na rovinu

horizontalni.

3.2.4 Mikrovazalni hustota

P1i kvantifikaci kapilar, pre- a postkapilar ve vétsich tkanovych bloccich je vhodné pres
trojrozmérnou povahu cév pouzit dvojrozmérné kritérium miry jejich pritomnosti, tzv.
mikrovazalni hustotu (microvessel density), kterou lze stereologicky vyjadfit jako parametr
Q4 podle rovnice 11: o

Qa= (11)
kde @) je pocet profilii mikrocév zachycenych na fezu o referenc¢ni plose A. Pravidlo k zapo-
¢itani profili objekti ve 2-D je znazornéno na Obr. 4. Plochu hodnoticiho rdmecku znédme
z kalibrace, event. ji miZzeme pii nepravidelnostech obrysu referen¢ni plochy hodnotit bo-
dovou testovaci mfizkou.

3.2.5 Odhady numerické hustoty castic disektorem

Disektor je stereologicka objemova testovaci sonda k pocitani objekti v referencni obje-
mové jednotce. Z poc¢tu objektii a znalosti referen¢niho objemu miizeme odhadnout
jejich numerickou hustotu. Dodrzeni pravidel disektoru zarucuje vysledek nevychy-
leny (unbiased) rozdily ve velikosti a orientaci pocitanych objekt (napf. bunék).
V zéavislosti na technice porizeni fezii rovinami tkanového blocku lze pouzit disektor:

fyzicky — zaloZzeny na obrazech dvou ¢i vice fyzickych fezi registrovanych v ose Z,
opticky — postupnym proostfovanim preparatu prochazime jednotlivé roviny, v nichz
pocitame jednotlivé objekty.

Vypocet odhadu hustoty provadime podle rovnice 12:

est N, (par) = iz @i (par) — (12)

Y Bi(ref) a-h’

kde est Nv(par) je odhad (estimator) poc¢tu ¢astic v objemové jednotce referenéniho
prostoru, @~ (par) je pocet Castic zapocitanych v disektoru, P;(ref) je pocet bodu
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miizky pripadajici na referen¢ni prostor, p celkovy pocet bodd pomocné mfiizky,
a plocha hodnoticitho ramecku a h je celkova vyska disektoru. Grafické znazornéni
bo¢niho pohledu na 3-D sérii fezti disektoru podava Obr. 3. V roviné jednotlivych
fezi se pak aplikuje pocitaci pravidlo shodné s 2-D hodnoticim rameckem, jak je
popséano u Obr. 4.

h & |
£

A ) /B/ |

/ O\

-
- D
T I £ o é@h

Obr. 3: Schéma disektoru pro hodnoceni hustoty bunék v objemu tkané zpra-
cované do histologickych fezt ¢i s nasnimanim fezu optickych. Bo¢ni pohled
na 11 fezli (pfi zvolené vysce fezu d), resp. 21 feztt (pfi vySce d’). Spodni
rovina je referencni, horni nahledova. Zapocitavame jen ty castice, které ne-
protinaji ndhledovou rovinu a lezi alespon ¢aste¢né uvnitt disektoru o vysce h
(buriky A, B, D, E). Vysku fezu je nutno volit s ohledem na nejmensi rozméry
hodnocenych bunék. Pi chybné volbé sily fezu d bychom objekt E nezazna-
menali.

@@=
O

A
Obr. 4: Schéma mikrofotografie s profily nékolika objektt (napf. krevnich cév)
a s projekci hodnoticiho ramecku sestavajiciho ze dvou povolenych (zelené)
a dvou zakazanych (¢ervené) linii. Kolem ramecku je jesté bezpec¢nostni pasmo
umoznujici vyhodnotit event. kontakt profild s prodlouzenim zakazanych linii
smérem vzhtru i doli do nekonec¢na. Zapocitany jsou profily vyznacené Sedé,

které plné spadaji dovnit¥ rdmecku nebo protinaji povolené linie a soucasné
neprotinaji linie zakazané.
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3.2.6 Piimy odhad poc¢tu objekta pomoci optického frakcionatoru

Technika disektoru umoznuje odhad poctu ¢astic v referenénim prostoru prepoctem z je-
jich numerické hustoty. V pripadé, Ze jedinym parametrem vyznamnym pro biologickou
otazku je prosty pocet mikroskopickych objekti, je metodou volby opticky frakcionator
jakozto kombinace optického disektoru (viz oddil 3.2.5, str. 21) a jedno- ¢ vicetroviiového
vzorkovani (oddil 3.2.7, str. 23). Aplikace frakciondtoru je obvykle trojstupriova:

1. Cely vzorek je zalit do média umoziiujiciho jeho kompletni rozkrajeni na fezy. Cést
ezl vybranych k dalsimu hodnoceni tvofi znamy podil (frakci) oznacenou ssf (section
sampling fraction) a hodnota tohoto podilu je znadma.

2. V kazdém z vybranych fezli jsou pomoci optického disektoru spocitany hodnocené
objekty. Podil ploch 2-D hodnoticich rameckt disektoru viici plose fezli je oznacen
asf (area sampling fraction) a je znam.

3. Podil vysky disektoru a sily fezu je oznacen hsf (height sampling fraction).
Celkovy pocet hodnocenych objektt ve vzorku N pak odhadujeme podle rovnice 13:

G @ Q
est N = — = , 13
f ssf-asf-hsf (13)
kde @ je celkovy pocet objektii zapocitanych v optickych disektorech, f je obecné oznaceni
pro podil kone¢ného vybéru hodnoceného objemu v celkovém objemu vzorku a hsf, asf

a ssf jsou podily rozepsané v jednotlivych stupnich vzorkovani.

3.2.7 Vzorkovani

Systematicky uniformni ndhodny vybér (SURS) je vhodné provadét na kazdé Grovni
odbéru, kdy dochazi k redukci, resp. vzorkovani odebrané tkané z makroskopického
organu, redukci po¢tu hodnocenych histologickych ez, ¢i vybéru zornych poli poti-
zovanych siln€jsim objektivem v ramci jednoho histologického tezu.

Obr. 5: Schéma piikladu systematického uniformniho ndhodného vybéru.

Pozice prvniho vzorku v sérii je ur¢ena ndhodnym ¢islem. Pozice dalsich vzorku jsou
ekvidistantni vzhledem k prvnimu. Hustota vybéru vzorkt se fidi pozadovanym ko-
eficientem chyby (viz oddil 3.2.8, str. 24). Rozptyl SURS je vidy minimélné stejny
jako u prostého ndhodného vybéru, vétsinou je vSak vyznacné nizsi.
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3.2.8 Hodnoceni koeficientu chyby

Koeficient chyby (CE) je uZitetnou mirou variability, ktera je pro zakladni soubor defi-
novana rovnici 14:

_ 5D

CE (14)

i

Posouzeni variability Cavalieriho fezu prostorové korelovanymi objekty je mozné pro-
vést hodnocenim variability zpisobené vybérem (sampling error) odhadem CE (rov-
nice 15, 16) dle Gundersena a Jensenové [5]:

1 3a+c—4b

tCE,(GJ) = . , 15
kde koeficienty a, b, ¢ jsou definovany jako:
n n—1 n—2
GZZAZAZ, b:ZAi'Ai+17 C:ZAi'Ai+2' (16)
i=1 i=1 i=1

Vyuziti délkové hustoty pro analyzu trhlin

Pri analyze pribéhu ruptury ¢i disekce cévni sténou lze s vyhodou pouzit znalosti délkové
hustoty profili jednotlivych slozek cévni stény na fezu L4 k mikroskopickému posouzeni
toho, kterou ze slozek se trhlina preferenc¢né §iri. Lze postupovat testovanim nulové hypo-
tézy Hp: Ruptura ¢i disekce probihé cévni sténou ndhodnym zpisobem, tj. bez preferenc-
niho pribéhu napfi¢ uréitymi strukturami (napf. elastinovymi vlakny).

Z odhadu referen¢ni hodnoty délkové hustoty profilii objektti v fezu lze podle rovnice 17
[24] vypocitat teoreticky pocet pruseciki trhliny s danou strukturou (napt. s elastinovymi
vlakny) pfi platnosti nulové hypotézy Hy, kterd predpokladd ndhodnou drahu trhliny ve
tkani: 5

estPL:l‘;~LA, (17)

kde P, je vypocteny pocet prusecikil profilu trhliny na fezu s hodnocenou slozkou cévni
stény (napf. s elastinovymi vldkny) a [ je délka profilu trhliny v fezu. P¥i signifikantnim
rozdilu teoretické hodnoty P a hodnoty P; skute¢né napocitané v histologickych fezech
lze zamitnout Hy. PTi signifikantnim vysledku parového porovnani P, < Pj, resp. pfi
Pp, > P} lze pak usoudit na skutecnost, zda ruptura protina slozku cévni stény vice, resp.
méné, nezli by odpovidalo nahodé.

3.3 Trojrozmérné rekonstrukce

Cévy, jejichz sténu mikroskopicky analyzujeme, jsou vétsinou soucasné anatomickymi ob-
jekty, jejichz makroskopické rozmeéry nelze vzhledem k sile histologickych fezti a délce
histologickych fezii zanedbat. Pottebujeme-li ozfejmit prostorové vztahy jednotlivych sou-
¢asti vétsiho vzorku ¢i naopak vizualizovat geometricky slozity pribéh drobnych cév (napf.
vasa varosum) se soucasnym zachovanim informace o histologické skladbé preparatu, mu-
zeme vyuzit potencial pocitacovych trojrozmérnych model zalozenych na rekonstrukci
optickych ¢i fyzickych sériovych fezti. Kromé vizualiza¢niho efektu lze z rekonstruovanych
objektt vytézit i dalsi kvantitativni trojrozmérna data jako napt. velikost povrchu a ob-
jemu (u uzavienych objekt).
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U mikroskopickych rekonstrukei zalozenych na optickych fezech dominuje v soucasné
dobé jako zdroj obrazi konfokalni mikroskopie, viz napt. [12, 14]. Alternativou ke klasickym
tuce puvodnich prostorovych vztaht jednodussi a rychlejsi nezli u klasickych histologickych
fezu [13]. Volba vhodného zdroje obrazovych dat je vSak vazana na rozméry rekonstruo-
vanych struktur, pricemz pro nékteré objekty ziistava v histologii a zejména v embryologii
rekonstrukce zalozené na fyzickych sériovych fezech doposud metodou volby, viz napf. [27].
Velkou inspiraci pro nasi praci byla monografie [2], pojednavajici podrobné jak o vhodné
pripraveé sériovych fezll pouzitelnych k rekonstrukcim, tak o restituci fezii. Piestoze tato
publikace patii ke klasickym pracim v oboru, vétsina zasad v ni popsanych ma obecnou
platnost a je vyuzitelna i v dobé pocitacovych rekonstrukci. Technika rekonstrukci ze séri-
ovych Tezi, jejiz variantu popisujeme v nasledujicim textu, je dosti pracna, ma radu tuskali
(sesazovani fezl v ose Z, odstranéni vlivu artefaktti vzniklych krajenim) a dosud skyta
prostor pro tvirci praci potifebnou k jejich prekonavani.

3.3.1 Rekonstrukce ze série histologickych rezu

1. Snimky objektt ziskdme klasickou mikrofotografickou cestou. Pokud objekty (napf.
vEtsi cévy) svou velikosti pfesahuji moznosti mikrofotografie, mohou byt proto naske-
novany béznym stolnim skenerem, kdy vhodnym rozlisenim mtize byt napt. 1200-2400
dpi.

2. Byly-li fezy skenovany, pro rychlou separaci jednotlivych fezti ze série sklicek miizeme
s vyhodou pouzit kombinaci posouvani vybéru o konstantni velikosti a automatizova-
ného snimani obrazovky pomoci volné dostupnych programi IrfanView (Irfan Skiljan)
a WinGrab (Per Skjerpe, Stavanger, Norsko). Vysledkem je neregistrovana série.

3. Hlavni pripravnou fazi je registrace obrazi, tj. snaha o restituci fezii do stavu pred
rozkrajenim. P¥i delSich sériich se nevyhneme manudlnim korekcim (translace, ro-
tace), napt. v programu ImagReg1 (Jiff Janacek, Fyziologicky tstav AV CR v Praze).
Metody elastické registrace mohou vyrovnat deformace vzniklé krajenim fezi, u dlou-
hych sérii vsak zpravidla nejsou pouzitelné. Optimalni pfekryv mezi sousednimi fezy
dobfe vynikne v negativu.

4. V registrovanych obrazech pak segmentujeme oblasti naseho zajmu (kontury vy-
znacnych struktur), napt. programem Ellipse3D (ViDiTo, Kosice, Slovensko). Volime
mezi poloautomatickymi nastroji (princip prahovani, watershed, LiveWire apod.) ¢
manualnim obkreslovanim grafickym tabletem. Rezy nepouzitelné pro rekonstrukci
(roztrzené, deformované, netiplné) ponechdme v sérii a pfi segmentaci je preskoc¢ime
a interpolujeme. Jednotlivé kontury pattici k téze struktufe sdruzujeme jako objekty
urcité tridy.

5. Pro orientaci mezi objekty a hledani chyb mtzeme pied vlastni rekonstrukei zvidi-
telnit kontury ve 3-D (napf. modulem Contours v programu Ellipse3D).

6. Rekonstrukeci povrchu zobrazime modulem Surface (Ellipse3D). V ném volime pro
kazdou tiidu nastaveni prithlednosti, stupné vyhlazeni, barvu, intenzitni prah pro
zobrazeni, kvalitu (a tim i vypocetni naro¢nost) rekonstrukce (zvlast pro XY a zvlast
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pro Z) apod. V globalnim nastaveni mizeme provést fez objektem pomoci masky. Po-
kud pozadujeme rekonstrukci jen nékterych rovin, vratime se zpét na sérii zdrojovych
obrazki s konturami a Processing Crop vymezime pozadované axialni roviny.

Obr. 6: Ukazka rekonstrukce medie Obr. 7: Totozny segment v jiném thlu po-
(modfe), arteriosklerotické 1léze (zluté) hledu.

a cévniho lumen (¢ervené) u aorty apoE-KO

mysi [37].

Obr. 8: Totozny segment v jiném dhlu po- Obr. 9: Dtto. U obrazku 6-9 dékuji za tech-
hledu a s volbou prtihlednosti vrstev. nickou pomoc kolegovi Vitu M. Matéjkovi.

. Modul Surface nejprve vytvori volumetricky model objekti ze série kontur dané tiidy.
Pak pro zobrazeni vytvaii model povrchu téchto objektii (Obr. 6-9) tim, ze v sérii ob-
razkid detekuje tzv. isosurface, coz je povrch vytvareny pfi renderingu spojenim série
2-D kontur. Je mozné nastavit citlivost propojeni téchto kontur, coz je uzitecné napf.
pokud mame u riznych orgdnt rizné odstupy mezi sousednimi konturami (u organit
s mensi nepravidelnosti nebyva nutné segmentovat kontury v kazdé roving).
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Cilem prace je shrnout dostupné metody morfometrie aterosklerotickych 1ézi a pojednat o jejich praktické pouzitelnosti pro
hodnoceni vulnerability 1ézi. Vysvétlujeme princip stereologického odhadu délek, povrchu, objemti, bunécné hustoty,
mikrovazalni hustoty, shlukovani bunék a jejich preferen¢ni distribuce v rtiznych kompartmentech vzorkti. Pozornost
je vénovana i problematice vzorkovani histologickych sérii a usporadéani stereologické studie tak, aby spliiovala zdkladni
predpoklady soucasné morfometrie. Diskutujeme o zdrojich variability v mikroskopii cév a srovnavame nékteré metody
analyzy obrazu a stereologie. Zminény jsou doporucené zasady pro odbér materialu.
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The aim of this paper is to review current methods available for quantitative morphometry of lesions in blood vessels as well
as to discuss their applicability for assessing the vulnerability of vascular lesions. The principles of stereological estimation
of the length, surface, volume, numerical density, cluster analysis, microvessel density, and relative labeling index
are explained. The key rules of unbiased sampling in histology and designing a morphometric study are discussed. The
distribution of the overall observed variance in a typical biological experiment is reviewed, and a comparison of some image
processing vs. stereological methods is provided. We discuss several common pitfalls in quantification studies and provide
practical recommendations to be followed when harvesting tissue samples for histological assessment.
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HISTOPATOLOGICKA KLASIFIKACE ATEROSKLEROZY

V histopatologické Kklasifikaci aterosklerézy je dlou-
hodobé zaveden prehledny a vyborné dokumentova-
ny systém podle Staryho, ktery se stal zdkladem pro
klasifikaci navrzenou American Heart Association
(AHA).U"% Inicialni léze typu I sestava ze zvétSeného
mnozstvi lipidai obsahujicich makrofagy (pénové
burky), které jsou izolované rozptyleny v adaptivné
zesilené intimé bohaté na proteoglykany. V 1ézi typu
II jsou pénové bunky akumulovany v souvislych vrst-
véach a kapénky lipidt se objevuji i v nékterych hlad-
kych svalovych burikach intimy. Intermediarni léze

zita lipid1i, které se uvolnily rozpadem ¢asti populace
pénovych bunék, a proto nalézame v mezibunééném
prostoru na rozhrani intimy a medie zbytky roz-
padlych bunék. Ve stadiu IV (aterom) pozorujeme
masivni narust extracelularnich lipida do podoby
lipidového jadra krytého vrstvou pénovych bunék
a intimou. Narustd mnozstvi lipidii i v hladkych
svalovych burikach, které se z ptivodniho tzv. kon-
traktilniho fenotypu postupné méni na fenotyp syn-
teticky, charakterizovany vedle obsahu tukovych
kapének i zmnozZenim granularniho endoplazma-
tického retikula, dystrofickou kalcifikaci nékterych
organel a zesilenim bazalni laminy. Od stadia IV se
léze muZe vyvijet riznym zplisobem v zavislosti na

*Angiologicka ¢ast prace byla podporena projektem MSMT CR 1M6798582302, histologické metody vyzkumngm zamérem
MSMT CR MSM0021620819 a rozvoj stereologickych technik granty AVCR A100110502 a AVOZ 50110509.
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typu cévy, lokalizaci uvnitf cévy, lipidovém profilu,
hypertenzi, reaktivité cévni stény a dalSich faktorech.
Pro stadium V je typické reparativni zmnoZeni fibro-
muskularniho krytu (¢epicky), pod nimZ vedle lipi-
dového jadra nachazime i vapenaté inkrustace.
Dochazi ke zvySeni rigidity cévni stény a vyraznéjsi-
mu uzavéru cévniho lumen. Za stadium VI povaZuje-
me pritomnost eroze, hematomu ¢i trombézy, nase-
dajici na 1ézi typu IV ¢i V a tyto komplikace mohou
(zejména v pripadé opakovani) vést k velmi rychlé
okluzi cévy. Pri vyrazném rozvoji kalcifikace ¢i do-
konce pri osteoidni metaplazii popisujeme 1ézi typu VII.
U typu VIII prevazuje reparativni fibroprodukce. Re-
grese ¢i zména v lipidovych depozitech v cévni sténé
mohou vést k remodelaci 1ézi IV-VI v typ VII-VIII. Kla-
sifikace jesté rozliSuje rtizna diléi substadia. Pro zvy-
Seni prehlednosti a zjednoduSeni byly navrzeny
i modifikace tohoto systému stadii,® ty jsou vsak
podle klasifikace AHA konzistentni.

KVANTIFIKACE PARAMETRU PRI STUDIU
VULNERABILITY ATEROSKLEROTICKYCH LEZI

K popsanému ,gradingu® aterosklerotickych zmén je
Casto zapotrebi doplnit i kvantitativni hodnoceni né-
kterych sloZek cévni stény, zejména pak pro posou-
zeni vulnerability 1ézi podle uznavanych Kritérii,©?
(tabulka I).

Kvantitativni posouzeni cévniho rec¢isté na mikro-
skopické trovni poskytuje nepostradatelné vysledky
zejména v experimentalnim vyzkumu ateroskleré6zy.
Postupy pouzivané v soucasnosti 1ze vétSinou zaradit
bud mezi metody obrazové analyzy nebo stereologie.
Zdaleka ne vSechny soucasné publikace respektuji
¢i sdileji spolecné metodické zasady kvantifikace,
a proto jsou vysledky jednotlivych pracovist jen obtiz-
né porovnatelné. Cilem tohoto prispévku je proto
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shrnout dostupné metody morfometrie cév a disku-
tovat o jejich praktické pouZzitelnosti pro jednotlivé
aplikace. Zvlastni pozornost bude dale vénovana me-
todam spadajicim do stereologie, tj. postuptim zalo-
Zenym na statistickém odvozovani geometrickych
vlastnosti hodnocenych struktur a objektt z aplikace
bodovych, linearnich, rovinnych ¢i objemovych testo-
vacich sond na orientované fezy vzorkem.®®

ROZSAH LEZi A JEJICH KOMPONENT

Plosné miry, tj. napt. plochy profilt cév, 1ézi*? (obrd-
zelc 1), hemoragii ¢i relativni pozitivitu adheznich
molekul®V na fezu, lze odhadovat z po¢tu priisecikt
hodnocené struktury s nahodnou siti bodt super-
ponovanych se snimkem. VyuzZivame skute¢nosti,
Ze pravdépodobnost zasaZeni hodnoceného objektu
(platu, kalcifikace, cévniho lumen apod.) body testo-
vaci mrizky je pfimo timérna plose této struktury
v fezu. S vyuzitim Cavalieriho principu'? lze pii zna-
losti sily fezt stanovit i objem celych 1ézi ¢i jejich slo-
Zek. Pokud jsou analyzované objekty v ramci série
histologickych fezti od sebe dostatecné vzdaleny a je-
jich prostorové korelace je mozné zanedbat, povazuje-
me je za nezavislé a variabilitu vysledkt zpracovava-
me béZnym zptusobem. Pokud se mtiZeme domnivat, Ze
sousedni vzorky mohou byt zavislé, analyzujeme napr.
celou sérii fez po fezu a zjistime zavislost koeficientu
chyby podle Gundersena a Jensenové.!?

HUSTOTA LEUKOCYTU V CEVNi STENE

K hodnoceni hustoty bunék, napt. imunohistochemic-
ky detekovanych leukocytti, v referen¢ni objemové
jednotce tkané lze pouzit techniky optického nebo
fyzického disektoru.!? Disektor je stereologicka obje-
mova testovaci sonda k pocitani objektt1 v objemové

Obr. 1

Projekce bodové
testovaci miizky

0 parametru a

Ppri urcovani objemu
aortalni neointimy

u transplanta¢niho
modelu regrese
aterosklerézy

u apoE-deficientni mysi.
Méfitko 170 pm, zeleny
trichrom a Verhoeffav
hematoxylin.
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Obr. 2

Horni pohled

na hodnotici ramecek
fyzického disektoru
zaméfeného na
neutrofilni granulocyty
(hnédé) v adventicii
aorty apoE-deficientni
mys$i po heterotopni
transplantaci.
Zapocitany jsou zelené
znacené burnky,

které jsou uvniti
disektoru ¢i protinaji
jeho povolené boéni
hranice (zelené€). Bunky
protinajici zakdzanou
hranici (Cervené)

¢i ndhledovou rovinu
se nezapocitavaji.

V adventicialnim vazivu
kolem cévniho stehu
byla hustota neutrofilti
101 000/mm3.

Méritko 70 um,
imunohistochemie proti
,anti-mouse neutrophils”
s dobarvenim Gillovym
hematoxylinem.

\k/J\\fJ\
f/\kf/\k

jednotce. Fyzicky disektor vyuziva obrazkt dvou ¢i vi-
ce fyzickych fezu registrovanych (sesazenych) v ose Z.
Opticky disektor vyuZiva silnych fezt, uvnitr kterych
postupnym zaostfovanim prochazime jednotlivé optic-
ké intervaly. Z poctu objekttt mtiZzeme pii kalibraci
referen¢niho objemu cévni stény odhadnout hustotu
oznacenych bunék. DodrZeni pravidel disektoru za-
rucuje nevychyleny vysledek (,unbiased estimation®),
v némz objekty rtizné velikosti i orientace maji stejnou
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Obr. 3

Cirkularni oblouky
pfi hodnoceni délkové
hustoty (0,083 um)
profila elastinu

v fezu tunica media
aorty my$i. Méritko
60 pum, zeleny
trichrom a Verhoeffaiv
hematoxylin.

pravdépodobnost, Ze budou do disektoru zapocitany
(obrdzelk 2). Zaroven je vylouc¢eno opakované zapocita-
ni tychz objektt1 zasahujicich do vice rezu.

DELKA VLAKEN MEZIBUNECNE HMOTY
A VASA VASORUM, MIKROVAZALNI HUSTOTA

Uvazujeme-li délku vlaken a lamel elastinové sité
nebo délku vasa vasorum ve 3D, lze definovat délko-
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Tabulka |

Mikroskopické markery vulnerability aterosklerotickych 1ézi

Kvantitativni parametr Jednotky
Stendéza lumen Objem cévniho lumina a cévni stény (mm?3)
Pomérné zuzeni lumina tepny aterosklerotickou 1ézi (%)
Velikost lipidového jadra Absolutni objem lipidovych depozit (mm?)
Relativni podil extracelularnich lipid v celé 1ézi (%)
Sila krytu lipidového jadra Tloustka fibrézni cepicky léze (um)
Pritomnost abnormalnich sloZek Relativni objemovy podil lipidi, kalcifikacti, (%)
v mezibunééném prostoru hemoragii v 1ézi (%)
a alterace mechanickych vlastnosti
cévni stény
Narus$eni zdkladni stavby Stredni interlamelarni vzdalenost mezi (um)
tepenné stény, zejména sousednimi elastickymi membranami
u elastickych tepen
Tloustka cévni stény a jejich vrstev (um)
Fragmentace elastinu ve sténé Délkova hustota elastinu (mm™)
velkych elastickych tepen
Rozvoj zanétlivé reakce Numericka hustota bunék infiltrujicich (Lm3)
referen¢ni objem cévni stény
Rozmeér bunéénych shlukt a kolokalizace (um)
jednotlivych typti leukocytta
Plocha/objem pozitivity imunohistochemického (mm?),
prukazu adheznich molekul, metaloproteinaz apod. resp.
na fezu/sérii fezt (mm?3)
Trofika cévni stény a vliv Povrch cév véetné vasa vasorum (mm?)
neoangiogeneze
Povrchova hustota cév v referenénim objemu (mm?)

cévni stény

vou hustotu jako pomér délky struktury v referenéni
ploSe, resp. objemu. K tomuto odhadu lze pouzit troj-
rozmérny testovaci systém, tj. mnoZinu izotropnich
systematickych nahodnych rovin, které zachyti hod-
noceny objekt s pravdépodobnosti pfimo tmeérnou
jeho délce. K odhadu délek linearnich struktur ve
2D (napf. obvod profilu cévy na fezu, délka profilu
vldken mezibunééné hmoty apod.) 1ze s vyhodou po-
uzit modifikované Buffonovy metody,'® pfi niz je
délka objektt odhadovana z poc¢tu prisecikt testova-
ciho systému (linie ¢i kfivky) s hodnocenymi vlakni-
tymi objekty (obrazek 3). V ramci feza pak lze vy-
jadrovat i délkovou hustotu hodnocenych profilt.*®
Pro nepfimou kvantifikaci velkého mnozstvi drobnych
vasa vasorum je zavedena metodika odhadu mikrova-
zalni hustoty (microvessel density), jako pomér poctu
profila cév na jednotku plochy fezu. Kromé kvantifi-
kace patologické angiogeneze v jednotlivych vrstvach
cévni stény je vhodnou aplikaci i mozné vysvétleni
vlivu trofiky cévni stény na predispozici nékterych
¢asti cévniho fecisté k ateroskleréze.!”

POVRCH CEV A LEZE

Pri odhadu velikosti vnitiniho povrchu cév musime
zajistit, aby vSechny stejné velké ¢asti plochy endote-
lu mély stejnou Sanci byt zasazeny linearni sondou.
Tento predpoklad plati, pouzijeme-li izotropné orien-
tovanou sondu nebo aplikujeme-li sondu na izotrop-
ni ndhodné orientované rezy. Z praktickych davodt
je ¢asto vhodné&jsi namisto zcela izotropnich fezt pri-
pravovat tzv. vertikdlni uniformni nahodné (VUR)
fezy, které vSak jiZ nejsou izotropni ve 3D, ale jen
v horizontalni rovin€. Vzorek pak krajime systematic-
kymi fezy kolmo na horizontalni rovinu a povrch je
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dan mnozstvim prusecikt s kfivkami zvanymi cyklo-
idy. Rezy VUR mutiZeme s vyhodou pouzit soucasné
s urc¢ovanim plochy i k odhadu objemt1 Cavalieriho
metodou, ktera nevyzaduje nahodnou orientaci fezu.

SHLUKY A KOLOKALIZACE BUNEK
V CEVNI STENE

Pro hodnoceni tvorby shluktt bunék v preparatech
(napf. imunohistochemicky znacenych makrofaga
v cévni sténé) je k dispozici testovani ne/nahodnosti
rozloZeni bunék v referenénim prostoru, jakozto ana-
lyza lokalnich maxim a minim denzity objektt ve
vymezené oblasti preparatu. Hodnotime,'® zda pocet
vzdalenosti mezi sousedicimi burikami v urcitém
hladiné vyznamnosti, neZ by odpovidalo mnohona-
sobné simulaci zcela ndhodného rozloZeni bunék
v analyzované oblasti. Obdobnou analyzou pro
objekty vice nez jedné tridy lze hodnotit jejich kolo-
kalizaci, naprtiklad spole¢ny vyskyt rtiznych typa
leukocytu infiltrujicich cévni sténu. Pro analyzu pre-
feren¢niho osidleni nékterych c¢asti léze, populaci
urc¢itych bunék, se pouzZiva tzv. ,relative labelling
index” (RLI)."? Lze tak odpovédét na otazku, zda je
distribuce objektt (bunék) v rtznych kompartmen-
tech (napft. jednotlivych vrstvach cévni stény ¢i v ate-
rosklerotické 1ézi a mimo ni) ndhodn4, a pokud neni
nahodna, ktery kompartment je danym typem bunék
uprednostriovan.

STRATEGIE PRIPRAVY VZORKU

Vedle samotného hodnoceni mikroskopickych para-
metrta je u kvantitativni studie velice dutlezité
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vzorkovani materidlu, jako vyznamna soucast jejiho
usporadani. V publikacich nékdy uvadény vybér ,re-
prezentativnich® vzorkt je nejednoznac¢ny, zpravidla
nereprodukovatelny a mutiZe podle preferenci autora
znamenat napf. tu ¢ast materidlu, kterd se mu jevi
jako vhodna pro publika¢ni vystup, ktera korespon-
duje s referené¢ni literaturou na dané téma, jejiz labo-
ratorni zpracovani je zdarilé, ¢i ktera se z né&jakého
jiného subjektivniho davodu jevi jako vhodna pro
analyzu. Uvedené a jim podobné metody vybéru re-
prezentativnich vzorku jsou tzv. vychylené (,biased"),
protoze byvaji vybrany na zakladé a priori znamé
informace ¢i predpokladt. Takovy vybér mutiZze byt
zdrojem systematické chyby a nedava vSem castem
zkoumaného organu ¢i histologického bloc¢ku stejnou
pravdépodobnost, Ze se stane soucasti vybéru. Prin-
cip spravedlivého vybéru je pritom zakladem sprav-
ného vzorkovani a Zadna cast vzorku, ktery chceme
zkoumat, by neméla byt upfednostniovana. Jen tak
lze zajistit, aby se struktury staly soucasti vybéru
s pravdépodobnosti pfimo zavislou na frekvenci jejich
vyskytu ve vzorku (pravé tato jejich ¢etnost je zpravi-
dla tim, co stanovujeme). Castym tkolem histologic-
kého pracovisté je vybér tkanového blocku z makro-
skopického vzorku analyzovaného organu, vybér
konkrétnich fezti hodnocenych v ramci bloc¢ku ¢i
vybér obrazovych poli v ramci daného rezu. Na kazdé
urovni odbéru ¢i redukce materialu by mél probéh-
nout systematicky nestranny nahodny vybér, kdy ce-
lek rozdélime na podjednotky (fezy), pozice prvniho
vzorku v sérii je uréena nahodnym ¢islem a pozice
dalSich vzorku (feztl) jsou vzdy ve stejné vzdalenosti
od nejblizsiho predchoziho vzoru (fezu). Rozptyl toho-
to vybéru je vzdy minimalné stejny jako u prostého
nahodného vybéru, vétSinou je vSak vyznacné nizsi.

ZDROJE VARIABILITY V MIKROSKOPII CEV

Analyza variability kvantitativnich parametra (tabul-
lca I) na jednotlivych stupnich vzorkovani vyzaduje
zpravidla pilotni studii. Pri planovani experimentti
vSak muzZeme vyuZit studii zabyvajicich se varia-
bilitou. Ukazuje se, Ze u typického biologického expe-
rimentu pri kvantifikaci morfologickych struktur
pfipada zhruba 70 %@2% z celkové variability tdaji
na interindividualni (biologickou) variabilitu, dale asi
20 % na variabilitu mezi tkanovymi blo¢ky odebrany-
mi z daného jedince, kolem 5 % na variabilitu mezi
fezy vybranymi z daného blocku, 3 % na variabilitu
mezi zornymi poli hodnocenymi v rameci téhoZ rezu
a priblizné 2 % na variabilitu pri opakovanych mére-
nich. Citované rozsahla studie nas presvédcéuje, Ze
soustredime-li se na provedeni velmi presného a opa-
kovatelného meéreni na urovni mikrofotografii (na-
priklad obrazovym analyzatorem), muize byt nasSim
vysledkem v nejlepSim pripadé zpresnéni ve vysled-
cich celého experimentu asi o 2 %. Chceme-li te-
dy zvySit kvalitu kvantitativni studie, je zapotfebi
investovat vétsi usili do analyzy vétsiho poctu zvirat
a z nich odebiranych vzorkti, resp. nakrajenych
histologickych rezt, na coZ je vhodné myslet pri pri-
pravé experimentti se zviraty. Pfi této filozofii mohou
byt kvantitativni studie dosti i¢inné, zvlasté uvazi-
me-li, Ze k dostatec¢né presnym vysledktim lze u vét-
Siny z postupti uvedenych v prehledu vyse dospét pri
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zapoc¢itani asi 200 priisecikti na sérii fezti ¢i dokonce
na jeden vzorek.?!2? Pfi analyze cév vétsich saveu Ci
vzorkti krevniho recisté ¢lovéka muZe byt vhodné
analyzovat radéji vice sérii, zvlasté kdyZ mame dtivod
se domnivat, Ze nachylnost ke vzniku 1ézi se v ruz-
nych uGsecich téZe cévy lisi napriklad vlivem vétventi,
lokalniho zakriveni apod.

SROVNANi STEREOLOGICKYCH METOD
A OBRAZOVE ANALYZY

Metody obrazové analyzy jsou ve srovnani se stereo-
logii relativné popularni a prakticky kazdé soucasné
mikroskopické pracovisté alesponn nékterymi z nich
disponuje. K jejich vyhodam pii kvantifikaci patii
moznost automatizace prostfednictvim skriptovani.
Tuto skutecnost ocenime zejména v pripadé zpraco-
vavani velkého poétu histologickych vzorkt uniform-
niho vzhledu. Pii rozlicné kvalité vzorkti v daném
experimentu se vSak setkdvame s tim, Ze reproduko-
vatelnost obrazové analyzy barevné odlisitelnych fazi
silné zavisi na kvalité preparatt; tim padem je ome-
zenda napiiklad u patologickych vzorkt ¢i tam, kde
i pfi nejlepsi snaze nelze vylouéit pritomnost artefak-
td v preparatech (prach, precipitované barvivo,
nespecifickd reakce u metod afinitni histochemie).
U stereologickych metod byva moZnost automatizace
omezena obvykle napf. na prahovani a vétSina metod
vyZaduje vyznamnou interaktivni spoluti¢ast kvalifi-
kovaného hodnotitele. Reprodukovatelnost je vSak
v tomto pripadé vysoka, nebot podkladem stereolo-
gickych metod je obvykle poc¢itani udalosti (nikoliv
meéreni geometrickych parametra), kdy o kazdé
udalosti (prusecik testovaci linie s objektem) 1ze zcela
jednozna¢né rozhodnout v ramci binarni logiky
,zapocitat” nebo ,nezapocitat”.

Prestoze muzZe byt podil interaktivni prace uzi-
vatele se software pro stereologickou analyzu v né-
kterych pripadech vyznamnéjsi, nezZ napriklad u ru-
tinné zavedenych metod automatizované obrazové
analyzy, prostor pro subjektivni chybu je minimali-
zovan jednoznacnosti rozhodovacich pravidel. Hod-
noceni uZivatelem umoZzZnuje zahrnout do studie
i preparaty s odchylkami v histologickém barveni ¢i
s nepodstatnymi artefakty. Toto hospodarnéjsi vy-
uziti materidlu patfi k nejsilnéjSim strankam stereo-
logie v mikroskopii, protoZe preparatti s odchylkami
od idealu je v rutinnim provozu mnoho. Lepsi vyuZi-
ti fez1 rozSifuje hodnocenou ¢ast makroskopickych
organti, coZ ndm umoZinuje u¢inné sniZovat variabi-
litu v experimentu (viz vySe). Jednoznacnost pra-
videl vede u stereologie samozrejmé i k nizké varia-
bilité vysledkt pri opakovanych mérenich ¢i mezi
ruznymi pozorovateli. Posledni dva typy variability
hodnotime napriklad pomoci ,intraclass correlation
coefficient.?® Obecnou vlastnosti stereologickych
metod je skute¢nost, Ze pfi jejich navrhu a testovani
byla vénovana velkd pozornost tomu, aby tyto me-
tody poskytovaly tidaje nevychylené rtiznymi vlast-
nostmi vzorkul ,unbiased methods®, a aby v sobé
zahrnovaly minimum ¢i zadné predpoklady téchto
vlastnosti (velikost, tvar, orientace, distribuce hod-
nocenych objektt1, tzv. ,assumption-free methods*).
Pokud metoda presto néjaké predpoklady ma, jsou
dobre dokumentované.
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PRAKTICKE POSTUPY PRI ODBERU MATERIALU
PRO HISTOLOGICKE VYSETRENI

PrestoZe odbér vzorku pro mikroskopické hodnoceni
muZe probihat napf. v peroperacni ¢asové tisni, vy-
plati se dodrZovat pred odeslanim materialu na histo-
logické pracovisté nékteré zasady, zejména neni-li
histolog odbéru osobné pritomen.

1. Je tfeba dokumentovat misto odbéru a orientaci
vzorku pri zalévani do bloc¢ku (je-li zalévan v misté
odbéru). Pokud se mutiZe vyskytnout nejednoznac¢nost
v jeho orientaci, je mozné dusledné oznacovat kon-
venéni stranu preparatu Cernou ¢i zelenou tusi
(napriklad k odliSeni proximalniho a distalniho konce
cévy, u velkych cév i ventralni a dorzalni strany apod.)
nebo stehem. V takovém pripadé se lze vyjadrit k otaz-
ce, zda jsou napft. léze rozmistény ndhodné nebo pre-
ferenéné na ventralni, dorzalni ¢i lateralni sténé cév-
niho lumen, nebo jaka je distribuce 1ézi vzhledem
k odstupujicim vétvim hlavniho cévniho kmene. Tim
se otevira moznost diskutovat lokalni hemodynamické
vlivy na predilekéni vyskyt 1ézi.

2. Dokumentujeme, zda byla fixace provazena pru-
plachem cévy fixa¢nim roztokem nebo jen ponofenim
do fixativa. Znalost této okolnosti mutiZe usnadnit
mikroskopické odliSeni nékterych suspektnich dosud
neorganizovanych éerstvych mikrotrombti od post-
mortéalné vzniklych koagul, zejména v malych cévach.
Pruplachem cévy fixaénim roztokem také klesne po-
¢et bunék adherujicich na endotel, se kterymi se lze
v cévach casto setkat.

3. Pouzivame dostate¢né mnozstvi fixativa — opti-
malni je asi 100nasobek objemu tkanového blocku,
jehoz rozmeéry by vzhledem k rychlosti penetrace for-
maldehydového roztoku nemeély presahovat 1 x 1 x 1 cm
u solidni tkané. Pokud je vzorek vétsi, je tfeba provést
nastrik cév, resp. jinych dutin vzorku fixativem.

4. Omezujeme preparaci tkanovych blockti pred
jejich fixaci, resp. zalitim do paraplastu na naprosté
minimum. Je vhodné vyhnout se nadbyte¢né prepa-
raci cév, pri niZ se Casto poSkodi ¢i odtrhne tunica
adventitia a nelze se pak vyjadrit napr. k jeji leukocy-
tarni infiltraci ¢i ke stavu vasa vasorum. Idedalni je
ponechat cévu v okolni tkani, kterou je zpravidla ridké
kolagenni vazivo, a zalit ji ,en bloc". jako vétsi blocek.

5. Je-li to mozné, vyhybame se deformaci hodno-
ceného useku cév instrumentariem. Po kompresi cé-
vy pinzetou, cévnimi kleStémi ¢i svorkami, nelze jiz
rekonstruovat prostorové vztahy v cévni sténé, pomeér
plat/volné lumen atd. Je-li nutné s cévou manipulo-
vat, navrhujeme ¢init tak za konec, ktery bude nako-
nec pred zalitim do bloc¢ku odstfiZen.

Respektovanim uvedenych zasad, které mohou byt
modifikovany podle zvyklosti a potfeb konkrétniho
hodnoticiho pracovisté, predchazime nejistoté v ode-
¢itani a komentari nékterych preparata a zpravidla je
mozno vytézit z mikroskopického vySetfeni vice infor-
maci. I pak je ale nutné se smifit se skutecnosti, Ze
kvantitativni tidaje ziskané mikroskopickym hodno-
cenim nelze u mékkych tkani povaZovat za absolutné
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spravna Cisla, ale spiSe lze jimi pomérovat jednotlivé
skupiny experimentu. Od odbéru tkané po vlastni
mikroskopovani prochazi vzorek totiZ radou proce-
dur, které meéni zejména objemové poméry tkani:
fixace po odbéru, dehydratace, prosycovani zalévacim
médiem, zalévani vzorku do paraplastu zhruba pfi
56 °C, chladnuti zalitého vzorku, krajeni, rozpusténi
paraplastu, hydratace vzorku, barveni, dehydratace
vzorku a montovani do trvalého preparatu. U vétSiny
deformaci, které béhem zpracovani probéhnou, navic
nelze predpokladat izotropii,?¥ zejména u kompozit-
nich vzorku s prevazujici orientaci bunék i mezi-
bunécéné hmoty, jak je tomu napiiklad u cévni stény.

ZAVER

Stereologické metody umoznuji provadét kvantita-
tivni odhady poctu objektt, délek, ploch a objemt.
Spole¢nym principem je hodnoceni interakce geome-
trickych sond, jako jsou objemové elementy, roviny
(Fezy), linie a body, s hodnocenym vzorkem histolo-
gicky zpracovanych tkanovych blo¢kti. Nedilnou sou-
¢asti kvantitativniho hodnoceni je i hospodarny vybér
¢asti makroskopickych organti i nakrajenych bloc¢kt
k hodnoceni. Pri volbé spravné strategie je tak v sou-
¢asnosti mozné ucinné kvantifikovat popis cév v nor-
malni cévni sténé i v experimentu.
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PUVODNIi PRACE

PROKOLAGEN TYPU I A IIT U NEMOCNY’CH
S ANEURYZMATY BRISNI AORTY

Tieska V., 'Topoléan O., ’Ko&ovi J., *Pecen L., *Tonar Z.
Chirurgickd klinika FN, Plzen, i, interni klinika FN, Plzen, Z'Usrav histologie a embryologie LF UK, Plzen
3Ustav informatiky - AV CR, Praha

ABSTRAKT

Vychodisko. Zikladnimi stavebnimi komponentami stény aorty jsou kolagen a elastin, V procesu vzniku aneu-
ryzmatu abdomindlni aorty (AAA) dochidzi k degradaci a remodelaci elastinu a kolagenu v mezibunééné matrix jeji
stény. Hlavnimi dvéma typy kolagenu v aori& jsou kolagen typu I a 111, Pfi syntéze kolagenu typu I je uvolfiovdn
karboxytermindlni propeptid prokolagenu I (PICP) a pii syntéze i degradaci kolagenu typu 1II pak aminotermingln{
propeptid kolagenu III (PIIINP).

Cilem price bylo zjistit do jaké miry lze oba faktory vyuZit pro sledovani metabolickych pochodi ve sténé AAA
a v plazmé v zdvislosti na velikosti a symptomatologii AAA.

Metody a vysledky. Vzorky Zilni krve a stén AAA byly vySetfeny pomoci radioimu noanalytickych metod, Hladiny
PIINP v Zilnf krvi byly vyznamné vy3si (p < 0,01) u nemoenych s AAA (N = 78) ve srovndni s kontrolni skupinou
osob (N = 15). Autofi nezjistili statisticky vyznamny rozdil mezi hladinami obou faktord v krvi nemocnych s riiznou
velikosti a symptomatologii AAA. Koncentrace PIIINP ve sténgé AAA vyznamné korelovaly s jeho velikosti
a symptomatologii (p < 0,01).

Zivery. Price prokdzala zvySeny metabolismus kolagenu typu III ve sténé AAA s pfevahou jeho degradace
u rostouciho a symptomatického AAA. K tiplnému zhodnoceni vyznamu plazmatickych hladin PICP a PIIINP bude
nutné sledovat jejich dynamiku u jedinc s rostoucim, malym (< 5 cm) AAA.

Kli¢ovi slova: aneuryzma bfi3ni aorty, prokolagen 1a II1.

ABSTRACT

Treska, V., Topoléan, 0., Koéovd, J. et al.: Procollagen Type I and I in Patients with an Aneurysm of the
Abdominal Aorta

Background. Collagen and elastin are the basic building stones of the aortal wall, During the process of
development of an aneurysm of the abdominal aorta (AAA) degradation and remodelling of elastin and collagen in
the intercellular matrix of its wall occurs. The two main types of collagen in the aorta are collagens type I and II1.
During type I collagen synthesis the carboxyterminal propeptide of procollagen (PICP) is released and during
synthesis and degradation of collagen type 11T the aminoterminal propeptide collagen I1I (PITINP).

The objective of the present work was to assess to what extent the two factors can be used to follow up metabolic
processes in the AAA wal and in plasma in relation to the extent and symptomatology of AAA.

Methods and Results. Samples of venous blood and the AAA wall were examined using radioimmunoanalytical
methods. PIIINP levels in venous blood were significantly higher (wall p < 0.01) in patients with AAA (n=78) as
compared with the control group (n = 15). The authors did not reveal a statistically significant difference between
the levels of the two faclors in the blood of patients with AAA of different extent and symplomatology. The PIIINP
concentration in the AAA wal correlated significantly with its extent and symptomatology (wall p < 0.01).

Conclusions. Evidence was provided of an enhanced metabolism of collagen type III in the AAA wal with
predominant degradation in growing and symptomatic AAA. For complete evaluation of the importance of PICP
and PITINP plasma levels it will be necessary to follow up their dynamics in subjects with growing, small (< 5 ¢m)
AAA.

Key words: aneurysm of the abdominal aorta, procollagen 1 and II1.
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lutnim 1ibytkem elastinu (10). Rovnéz se méni piivodné kon-

l; olagen a elastin jsou dva zdkladnf proteiny mezibunééné
centrické uspofiddni kolagenovych vldken v uspofddani nepra-

matrix, které uréuji mechanické vlastnosti aortalni stény.

Zatfimco elastin je bilkovinou, kierd je snadno roztazitelnd jiz
nizkymi transmurdlnimi tlaky (kolem 50-70 mm Hg), kolagen
pak uréuje pevnost aortdlni stény pfi vy$sich tlakovych zati-
zenich. ZjednoduSené to znamend, Ze kolagen je funkéng
zodpovédny za pevnost aortdlni stény pfi vysiich krevnich
tlacich. Sténa aneuryzmatu abdomindlni aorty (AAA) je cha-
rakterizovdna ztritou elastinu v mezibunééné matrix a vyso-
kym metabolismem kolagenu, kdy dochdzi na jedné strané
k jeho syntéze a na druhé k jeho destrukci. Dochdzi tak k rela-
tivnimu nadbytku kolagenu v médii, ktery je zpisoben abso-

videlné (3). Ndsledkem vSech vy3e popsanych procesti vznikd
postupnd dilatace, resp. zvétSovini AAA, jehoz koneénym
disledkem miiZe byt jeho ruptura, kterou zplisobuje predeviim
vyraznd funkéni degradace kolagenu.

Cilem naSi price bylo zjistit, zda se méni metabolismus dvou
hlavnich typl kolagenu (I a ITI) v plazmé a aortdlni sténé v zd-
vislosti na velikosti a symptomatologii AAA. Jako ukazatel syn-
tézy a degradace kolagenu ndm slouZil aminoterminalni propeptid
prokolagenu typu III (PIIINP) a karboxytermindlni propeptid prokola-
genu typu I (PICP) byl pak markerem syntézy kolagenu typu I (11).

(142)
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SOUBOR NEMOCNYCH
A POUZITE METODY

Ve tfletém obdobi (1995-1997) jsme na chirurgické klinice FN v Plzni
vySetfili celkem 78 nemocnych s AAA primémého véku 69,7 roku (47-91
let). Zastoupeni muZi a Zen bylo v poméru 5 : 1. Za AAA jsme povazovali
priimér subrendlni aorty, ktery byl alespoii 0 50 % vét3i primérnu suprare-
nilni aorty, resp. kdyZ primér subrendlni aorty presahoval 3 cm. Velikost
AAA jsme méfili pomoci ultrasonografie (USG), nebo vypocetni tomografie
(CT). Celou skupinu nemocnych jsme rozdélili podle velikosti AAA do tii
podskupin. Podskupinu A (N = 37) tvofili nemocni s AAA <5cm, B (N=
27) pak s priimérem 5-8 cm a C (N = 14) s primérem > 8 cm. Asymptoma-
tickych AAA bylo 57 (73,1 %), symptomatickych AAA vEetné ruptur pak
21 (26,9 %). Jako kontrolni skupinu jsme vy3etfili 15 nemocnych indiko-
vanych k laparoskopické cholecystektomii, ktefi byli bez klinickych proje-
vii aterosklerézy nebo jinych onemocnéni spojenych s poruchou metabo-
lismu kolagenu. Primémy vék nemocnych byl 56,9 roku (41-69 let).

U viech nemocnych jsme stanovovali plazmatické hladiny PIIINP a PICP
ze vzorkil #iln{ krve odebranych v kubitdlni jamce nemocného bez predchozi
fyzické zdtéze, tj. za bazdlnich podminek. Stanoveni obou faktor jsme
providéli pomoci radioimunoanalytickych metod kity firmy Orion Dia-
gnostica. Firemné uddvané rozmezi normdlnich hodnot pro PICP je 50-70
pg/l u muii a 38-202 pg/l u Zen. Pro PIIINP jsou normdlni hodnoty u muzd
i Zen v rozmezi 1,7-4,2 pg/l.

V roce 1997 jsme zadali rovnéZ s vySetfovdnim koncentraci PICP a PII-
INP v cytosolu stény AAA stejnou, tj. radioimunoanalytickou metodou.
Celkem jsme tak doposud vy3etfili 30 aortdlnich stén. Podle velikosti AAA
bylo 7 vzorkil z podskupiny A, 11 z B a 12 z podskupiny C. Symptomatic-
kych AAA véetng ruptur bylo 9 (30 %), asymptomatickych pak 21 (70 %).
Odbér vzorkl jsme providéli béhem operace AAA z jeho predni stény
v mist® maximalniho primé&ru AAA. Vzorek stény byl proplichnut ledovym
fyziologickym roztokem, aby se odstranily veskeré krevni sraZeniny a nd-
sledné zmraZen na teplotu -70 “C. Tkd byla poté homogenizovina pomoci
oscilaéniho mlynu a ziskany materidl pak ultracentrifugovin. Pomoci Brad-
fordovy metody jsme méfili koncentraci stanovovanych proteini ve sténé
AAA v pg/mg bilkoviny/ml.

Statistické zpracovini vysledki jsme provedli pomoci ANOVA a Wilco-
xonova testu se Spearmanovou korelaci. Hodnoty jsou dané svymi priméry,
smérodatnou odchylkou (£ SD).

VYSLEDKY

Plazmatické hladiny PICP a PIIINP u nemocnych pfijatych
k laparoskopické cholecystektomii (N = 15) byly 95,93 =
29,35, resp. 2,83 = 0,96 pg/l. U celé skupiny nemocnych
s AAA (N = 78) pak hladiny PICP a PIIINP byly 92,48 =
40,11, resp. 4,15 £ 1,85 pg/l. Korelace mezi hladinami PICP
u kontrolni skupiny a skupiny s AAA nevykazovala vyznam-
nych rozdilii ve srovndni s korelaci PIIINP (p < 0,01) (tab. 1,
graf 1).

Tab. 1. Plazmatické hladiny PICP a PIIINP u AAA

a kontroln{ skupiny
PICP (ug/l) PIINP (ug/Mm
AAA (N =T78) 92,48 = 40,11 4,15+ 1,85
Kontrolnl skupina (N = 15) 95,93 = 29,35 2,83+ 0,96
ANOVA, Wilcoxon n.s. p<0,01

Plazmatické hladiny PICP u podskupiny A, resp. B aC., byly
93,35 + 47,29; 89,95 + 33,76 a 94,86 = 31,64. Plazmatické
hladiny PIIINP byly 4,26 = 1,89; 4,10 = 2,11 a 3,95 = 1,14
pg/l. Plazmatické hladiny obou sledovanych faktori nedosa-
hovaly statistické vyznamnosti v korelaci s velikosti AAA
(tab. 2, graf 2).

Plazmatické hladiny PICP a PIIINP u asymptomatickych,
resp. symptomatickych aneuryzmat byly 93,52 = 40,82; resp.
4,22 + 1,87 a 80,12 + 30,54; resp. 3,27 + 1,39 pg/l, a rovnéz
jsme nezjistili statistickou vyznamnost (tab. 3, graf 3).
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Graf 1. Plazmatické hladiny PICP a PITINP u AAA a kontrolni skupiny

Tab. 2. Plazmatické hladiny PICP a PIIINP podle velikosti AAA

AAA (N = 78) PICP (pg/l) PUINP (ug/l)
AN=37) 93,35 = 47,29 4,26 + 1,89
B(N=27) 89,95 + 33,76 4,10+ 2,11
CiN=14) 94,86 + 31,64 3,95+1,14

ANOVA, Wilcoxon n.s. n.s.

Tab. 3. Plazmatické hladiny PICP a PIIINP podle
symptomatologie AAA

AAA (N=T78) PICP (ug/l) PIINP (ug/l)
Asymptomatické (N = 57) 93,52 = 40,82 4,22 + 1,87
Symptomatické (N = 21) 80,12 + 30,54 3,27+£1,39
ANOVA, Wilcoxon n.s. n.s.

Cytosolové hladiny PICP a PIIINP u celé skupiny aneuryz-
mat (N = 30) byly 43,74 = 38,21, resp. 42,44 + 27,06 pg/mg
proteinu/ml.

Koncentrace PICP v cytosolu skupiny A (N=7), B (N=11)
aC (N=12)byla27,50 + 13,42; resp. 32,01 +£26,48 255,12
46,36 pg/mg proteinu/ml (n.s.). U stejnych skupin se pak vy-
znamné (p < 0,01) liSily koncentrace PIIINP, ktery byly u sku-
piny A-32,40+23,84;B-3642+24aC-12;5543 £ 31,67
pg/mg proteinu/ml (tab. 4, graf 4).
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Tab. 4. Cytosolové hladiny PICP a PIIINP podle velikosti AAA

AAA (N = 30) PICP (ug/l) PIIINP (ug/1)
AN=T7) 27,50 £ 13,42 32,40 + 23,84
B(N=11) 32,01 + 26,48 36,42 + 24,12
C(N=12) 55,12 + 46,36 55,43 + 31,67
ANOVA, Wilcoxon n.s. p<0,01
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Graf 4. Cytosolové hladiny PICP a PIIINP podle velikosti AAA

U symptomatickych (N = 9) a asymptomatickych (N = 21)
aneuryzmat byly cytosolové koncentrace PICP 34,08 + 25,16;
resp. 29,12 + 28,54 pg/mg proteinu/ml (n.s.) a koncentrace
PIIINP byly u obou sledovanych skupin 59,24 + 29,14 resp.
34,65 £ 19,11 pg/g proteinu (p < 0,01) (tab. 5, graf 5).

Tab. 5. Cytosolové hladiny PICP a PITINP podle

symptomatologie AAA
AAA (N = 30) PICP (ug/) PHINP (ug/l)
Symptomatické (N = 9) 34,08 + 25,16 59,24 + 29,14
Asymptomatické (N = 21) 29,12 + 28,54 34,65 £ 19,11
ANOQVA, Wilcoxen n.s. p < 0,01
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Graf 3. Plazmatické hladiny PICP a PIINP podle
symptomatologie AAA

Graf 5. Cytosolové hladiny PICP a PIIINP podle
symplomatologie AAA

DISKUSE

Kolagen a elastin pfedstavuji dva hlavni proteiny mezibu-
nééné matrix aorty, které jsou zodpovédné za pruznost a pev-
nost jeji stény.
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Elastin je velmi stabilnim proteinem s biologickym polo¢a-
sem 70 let. Je syntetizovan bufikami hladkého svalu médie ana
aktivité tohoto procesu se podili celd fada vazoaktivnich pep-
tid a riistovych faktori, které produkuji pfedev§im endotelo-
vé buiiky. Véisina elastinu se tvofi v raném détstvi. Elastin
tvoii koncentricky uspofddané lamely ve sténé aorty, které
jsou velmi pruzné a roztahuji se piisobenim jiZ nizkych arteri-
dlnich tlakt, kdy mohou dosahovat aZ dvojnisobné délky.

Kolagen je naopak proteinem, ktery je v aortaln{ st&né zod-
povédny za udrZeni jeji pevnosti. V tunica media je syntetizo-
vin po dobu Zivota jedince buitkami hladkého svalu médie,
v adventicii pfedeviim fibroblasty. V organismu je zastoupeno
celkem 19 typi kolagenu (4). V aortdlni sténé je pfitomen
hlavné kolagen typu I a III. Kolagen typu I je tvofen z proko-
lagenu typu I plisobenim specifickych proteindz, které z pro-
kolagenu odstépuji karboxytermindln{ propeptid (PICP), ktery
je uvoliiovdn do krve. PICP je vyluéné markerem syntézy
kolagenu typu I. Souédsti prokolagenu typu III je aminotermi-
nélni propeptid (PIIINP), ktery je uvoliiovdn do krve b&hem
metabolismu tohoto typu kolagenu jak pfi jeho syntéze, tak pii
jeho degradaci.

Vznik AAA je charakterizovdn celou fadou patofyziologic-
kych procest, které se odehrivajf ve sténé postiZené aorty a ve
svém disledku vedou k jeji degradaci a remodelaci (12, 13, 18,
19). Je zndmo, Ze metabolick4 aktivita stény AAA je podstatné
vyS5i neZ aktivita stény aorty zdravého jedince (16, 17). V pro-
cesu vzniku AAA se kromé aterosklerotickych zmén uplatiiuji
i faktory jiné, predevsim zdnétlivé (7, 8, 9). Dochézi k infiltra-
ci stény aorty lymfocyty a makrofdgy, které produkuji celou
fadu proteolytickych enzymil (metaloproteindz), a dochdzi tak
ke Stépeni elastinu a kolagenu (1, 2). Ztrita elastinu vede
k dilataci a vzniku aneuryzmatické formace. Zmény ve struk-
tufe kolagenu pak vedou ke ztrdté pevnosti stény AAA, coZ
miiZe mit v koneéném disledku za nédsledek rupturu AAA. Je
napf. zndmo, Ze deficit kolagenu typu Il v tepenné sténé je
€asto spojen s rupturou intrakranidlniho aneuryzmatu. Ve sté-
né AAA v disledku vyrazné ztrity elastinu dochdzi k relativ-
nimu nadbytku kolagenu. Jeho metabolismus je zvysen a pro-
ces degradace kolagenu kolagendzou je kompenzovin do jisté
miry jeho syntézou. Rlizné prdce se odliduji tvrzenim o abso-
lutni koncentraci kolagenu ve stén& AAA, kierd je ddna pomé-
rem mezi jeho degradaci a syntézou (5, 6).

Nase préce si proto kladla za iikol objasnit jakym zpisobem
koreluje metabolismus kolagenu typu I a III s velikosti
a symplomatologii AAA. Jako marker syntézy kolagenu typu
I jsme stanovovali v krevni plazmé a sténé AAA PICP a jako
marker procesu degenerace a syntézy kolagenu typu III pak ve
stejnych prostfedich PIIINP. Zajimalo nds rovnéz, zda plazma-
tické hladiny obou faktord mohou byt ukazateli metabolismu
kolagenu ve sténé AAA.

Zajimavy byl ndlez rostoucich koncentraci PIIINP ve sténg
AAA v souvislosti se zvétSujicim se primérem AAA (p <
0,01), pfi¢emz koncentrace PICP nedosahovala statisticky sig-
nifikantnich zmén. Stejny ndlez byl, pokud jsme hodnotili
koncentraci jednotlivych faktori ve sténé AAA v souvislosti
se symptomatologii AAA. I zde koncentrace PITINP u sympto-
matickych AAA vyznamné (p < 0,01) prevySovala koncentrace
PIIINP u asymptomatickych AAA, pficemz hladiny PICP se
u obou typli aneuryzmat vyznamné nelidily. Tento vysledek
obecné sved&i pro pfevahu procesi degradaénich nad syntetic-
kymi v metabolismu kolagenu u symptomatickych a rostou-
cich aneuryzmat a potvrzuje tak obecné znimy fakt nebezpeci
ruptury symptomatického a velkého AAA,

Porovndnim plazmatickych hladin PICP a PIIINP ve vzor-
cich Ziln{ krve mezi skupinou nemocnych s AAA a kontrolni
skupinou osob jsme zjistili vyznamny rozdil mezi hladinami
PIIINP (p < 0,01), zatimco hladiny PICP nevykazovaly statis-
ticky vyznamnych rozdilii. Tento ndlez sv&dé&i pro zvySenou
metabolickou aktivitu kolagenu u nemocnych s AAA ve srov-
ndni s ostatnimi jedinci. Pokud jsme v3ak hodnotili plazmatic-
ké hladiny obou faktorii u aneuryzmat riizné velikosti a symp-
tomatologie, nenadli jsme vyznamnych rozdild. Tento nilez je
v rozporu s pracemi finskych autorti, ktefi nalezli jiston sou-
vislost mezi ristem AAA a stoupajici hladinou PIIINP v krev-
nim séru (14, 15). Odlisnost naSich vysledki bude pravdépo-
dobné ddna jinou metodikou jejich zpracovdni. NaSe prdce
nehodnotila dynamiku zmén sledovanych faktori v éasovém
intervalu s ristem AAA u kaZdého jedince, ale plazmatické
hladiny faktord charakterizovaly vZdy skupinu nemocnych
s AAA na uréitém stupni jeho vyvoje.

Zivérem miZeme konstatovat, Ze metabolismus prokolage-
nu typu III ve sténé velkych a symptomatickych AAA je vy-
znamné zvySen v porovndni s metabolismem prokolagenu
typu I. Degradace kolagenu typu III ve sténé AAA bude mit
proto zdsadni vyznam pro moZnost vzniku ruptury AAA. Aby-
chom ur¢ili do jaké miry se uplatiiuji plazmatické hladiny
PIIINP jako ukazatele riistu AAA, bude nutné sledovat jejich
hladiny v zdvislosti na ¢asovém vyvoji tzv. malych aneuryz-
mat a uréit tak jejich prognostickou hodnotu z hlediska dalsiho
osudu nemocnych s timto typem AAA. Tato studie probihd
v soucasnosti na nadi klinice.
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CELLULAR AND EXTRACELLULAR ELEMENTS
IN THE AORTIC WALL INCLUDING ANEURYSM
AND RUPTURE OF ABDOMINAL AORTA

J. Kocova, L. Boudova®, V. Treska™, V. Kfizkové, Z. Tonar, J. Molacek™

Department of Histology and Embryology, “Department of Pathology, Medical Faculty, Charles University
in Pilsen, **Department of Surgery, University Hospital in Pilsen, Czech Republic

The pathogenesis of abdominal aortic aneurysm (AAA) still needs further elucidation
(19). It deserves to be paid great attention because of its rising incidence and risk of
rupture. Inflammation is probably the main process responsible for the development of
changes in the extracellular matrix of the aortic wall leading to the destruction of elastin
and the remodeling of collagen fibres. The inflammatory cells produce matrix, metallo-
proteinases (MMP) with the ability to degrade the extracellular matrix proteins in the
aortic wall (2). The aortic wall gradually loses its elasticity and strength and an AAA
develops. The cytokines, which are produced by inflammatory cells, regulate cellular
activity and process of matrix degradation by means of paracrine and autocrine
mechanisms (3), so the cytokines are key factors in the invasion of inflammatory cells
into the aortic wall. Tumor necrosis factor and interleukins appear to be the main
cytokines important for AAA pathogenesis. Risk factors like hypertension, smoking,
gender, age etc. can accelerate this process. Increasing AAA size brings the danger of
rupture with its high mortality. Hypothetically the strongest inflammatory changes might
be expected to be most marked in the wall of ruptured aneurysms where the destructive
process has progressed to the limit.

MATERIAL AND METHODS

There were studied 43 patients undergoing operation for atherosclerotic AAA, without macroscopic
inflammatory changes, using the methodology of a prospective non-randomized study. The average age of
paticnts was 70.5 years (61-78). The whole group was divided into two sub-groups based on the presentation
of the AAA. Subgroup I (N = 11) consisted of paticnts undergoing cmergency repair for rupture. The largest
AAA diameter was 85 mm. The average age of patients in this subgroup was 68.3 (61-77). There were 7 men
and 4 women. Subgroup Il (N = 32) comprised patients undergoing clective resection of asymptomatic AAAs
with a diameter of = 50 mm measured by ultrasound or computed tomography. The largest diameter in subgroup
IT was 100 mm. The average age of patients was 68.7 (62—78). There were 25 men and 7 women.

The control group consisted of 14 cadaveric organ donors undergoing kidney retrieval for transplantation.
The average age of this group was 59.5 years (55-5) with a male to female ratio of 3:1, donors being sclected
as comparable in age and sex to those in the aneurysm group.
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A specimen of 30 x 10 mm was excised from the anterior wall of the ancurysm at its site of maximal
diameter or from the infra-renal aorta of organ donors and fixed in 10% formalin for histological or
immunohistological examination. Paraffin-embedded sections 6 um thick were stained by Harris® hematoxylin
and eosin, orcein, Verhoeff’s iron hematoxylin — van Gieson, Verhoeff’s iron hematoxylin — modified green
trichrome, and PAS reaction. For electron microscopy small sections of aneurysms were subjected to immersion
fixation in 6% glutaraldehyde in a phoshate buffer solution (PBS) and saccharose. After embedding the tissues
in EPON-resin 812, semi-thin sections were stained with 1% toluidine blue and 1% pyronine or by PAS
reaction, double contrasting of the ultra-thin sections. The proportions of smooth muscle cells, elastin and
collagen fibres in the section were assessed using the image analysis of representative specimens of normal and
aneurysmatic aortic walls (SW DIPS 5.0 and Gimp).

Immunohistochemistry was used to locate and specify leukocytes, plasma cells, smooth muscle cells and
foam cells in AAA wall. This was performed on formalin fixed 5 um thick paraffin sections rehydrated in
alcohol and washed in PBS after deparaffinization. The sections were placed on to slides coated with poly-L-
lysin and gelatin (1: 9) and digested with pepsin for 30 minutes. Sections stained with L 26 antibody were
processed without digestion. Endogenous peroxidase was blocked by incubation in 1.5% hydrogen peroxide in
methanol for 30 minutes. The slides were covered with normal sheep serum for 45 minutes at 20 °C, and
subsequently incubated overnight at 4 °C with primary monoclonal antibodies (Table 1) at appropriate dilutions.
The bound primary antibodies were visualised using the supersensitive streptavidin — biotin complex (SABC
Kit, Biogenex, San Ramon, CA). This peroxidase-labelled complex was developed with 3,3-diaminobenzidine
(Sigma, St. Louis, MO) and intensified with 5% CuSO, for 10 minutes at 20 °C, All the initial incubation steps
were followed by 3 washes in PBS for 5 minutes. Finally the slides were counterstained with Gill’s
hacmatoxylin, except the L 26-antibody-stained sections, which were counterstained with methylene green.
Positive and negative control staining was carried out at the same time.

Table 1 Monoclonal antibodics.

Antibody Clone Manufacturer

Leukocyte common antigen (LCA) PD 7/26 Dako, Glostrup, Denmark
CD45RO UCHLI1 Novocastra, Great Britain
L26 CD20  Dako

CD35 RLB25 Novocastra

CD68 KP1 Dako

Anti — neutrophil elastase NP 57 Dako

CD21 2G9 Novocastra
Rabbit-antihuman serum, light lambda Polyclonal Dako

and kappa chains

RESULTS

The typical structure of the donor aortic wall is seen in Fig. 1. The intima 80-140 um
thick consists of the endothelium and subendothelial connective tissue (Fig. 2), the latter
formed by 2-3 layers of flat mesenchymal cells, fibroblasts, smooth muscle cells (SMC),
collagen fibres, longitudinally oriented elastic fibres, and an interstitial amorphous
substance showing the same staining properties like neutral glycosaminoglycans. As
shows the Fig. 1, the intima may be hyperplastic or hypertrophic in normal healthy young
man already, which means an early onset of first atherosclerosis-like changes. The tunica
media is a 500-700 pm thick layer composed of concentrically arranged anastomosing
spiral elastic laminae, which appear as wavy membranes surrounding the 6-18 pm wide
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Fig. 1 Normal structure of an abdominal aorta  Fig.2 Electron micrograph shows endothelial cells

procured from cadaveric donors (control of the normal aorta. Beneath its basal
group). Moderate proliferation of tunica membrane is the first elastic membrane (E).
intima (1), numerous black stained wavy 10 000x.

elastic fenestrated membranes in tunica media
(M). Verhoeff’s hematoxylin-modified green
trichrome (MGT), 100x.

spaces containing fine connective tissue with fibroblasts, collagen (mostly of type III),
and SMC. The tunica adventitia is 200-500 pm thick and consists of collagenous fibres
(mainly of type I) with longitudinal elastic fibres and SMC in its inner layer. The outer
part of the adventitia is formed from collagen, circular elastic fibres, vasa vasorum,
lymphatic vessels and nervi vasorum.

In most patients operated on electively for an asymptomatic AAA, the aneurysm wall
displayed a typical pattern of degenerative atherosclerotic changes: from fatty streaks
with aggregation of foam cells, fibrolipid plaque to complicated plaques with rupture.
In large aneurysms severe disorganization of the arterial wall with atrophy and fibrosis
of the media and loss of the elastic fenestrated laminae were found . Although some of
the inflammatory cell types (fibroblasts, foam cells and plasma cells) were also present
in the walls of the asymptomatic aneurysms, they did not prevail in the histological
findings. The proportion of elastin in the AAA wall was 0-8% (compared to 25-30% in
the normal aorta), and the collagen proportion was as high as 50-95% in the AAA
(although the qualitative composition of the collagen was severely changed due to the
inflammation).
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In patients operated on for a ruptured AAA, more pronounced inflammatory changes
were found within the aneurysm wall than in the asymptomatic aneurysms. Dense
inflammatory infiltrates were present in the media with structure of secondary lymphatic
follicles. There were active lymphatic follicles formed in the adventitia also in some
patients with far gone asymptomatic AAA (Fig. 3). The presence of follicular dendritic
cells was visualized by immunohistochemical staining (Fig. 4) with CD 21 antibody.
Most of the cells within inflammatory infiltrates showed positivity for the leukocyte
common antigen (CD 45), the majority of lymphocytes being of B-cell origin. The
populations of plasma cells displayed a polyclonal pattern of immunoglobulin light
chains (staining with antibodies to lambda- and kappa chains). Plasma cells were proved
also by electron microscopy. T-lymphocytes (presence of CD 45 RO) were rare and
dispersed without any site preference. Only scare neurophil leukocytes were proved
(using the neutrophil elastase). Proliferating vasa vasorum in media were dilated and
congested with blood, often with associated hemorrhages. Even in ruptured AAA were
found SMC identified by staining against smooth muscle actin, although they appeared
to be absent according to the H&E staining. Cytoplasmic actin positivity was also found
in foam cells. Frequence of the muscle cell mitoses was not assessed, but the shift from
the contractile phenotype to the proliferative — synthetic one was obvious.

Fig. 3 The severe disorganization of all layers of the  Fig. 4 Staining with CD 21 antibody documents

wall in asymptomatic aneurysm of abdominal the presence of dendritic cells within the
aorta, Inflammatory infiltration without lym- secondary lymphoid follicle in tunica media
phoid follicle formation in tunica media (M). of reptued AAA, 400x.

Adventitia (A) contains folicle-like structures
and great lymphatics (L). MGT, 100x.
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DISCUSSION

The etiopathogenesis of AAA is a complex process (15, 16) resulting in degradation
of aortic wall. AAAs most commonly occur in the infra-renal aorta, which is
histologically and mechanically different from the thoracic aorta. The diameter of the
aorta decreases from its root to the bifurcation and the proportion of elastic lamellae is
less in the more distal aorta. As a result of these changes there is an increase in
mechanical tension. This part of the aorta is also deficient in the vasa vasorum, which
provide nutrition and oxygenation to the aortic wall, which is therefore more vulnerable
to damage. In addition there are also intercellular and biochemical interactions (18) that
result in degradation of the extracellular matrix by increased concentrations of MMP in
the aortic wall. There is a progressive depletion of elastic tissue. By contrast, collagen
fibres in the aortic wall are continually synthesised throughout life. Despite colagen
degradation by collagenases (MMP-1), the synthesis of new collagen in the wall is
increased, probably as a secondary effect of the loss of elastin.

The inflammatory changes in the aneurysm wall play an important role in the
pathogenesis of an AAA (8). The results of histological and immunohistochemical
studies, including the present study, document the presence of inflammatory cells,
namely of T- and B-lymphocytes, macrophages, and occasional neutrophils in the media
and adventitia of the aneurysm wall (6, 17). In some patients with RAA, dense
inflammatory infiltrates with lymphoid follicle formation can be seen. The cells
participation on the inflammation and SMC represent a major source of MMP, which is
responsible for degradation of the extracellular matrix.

Evidences of early atherosclerosis, as described in Fig. 1, are described also by (12).
The process of AAA formation has been related to the atherosclerotic processes (5),
which affect the aorta in patients suffering from peripheral arterial occlusive disease.
However clinical and experimental studies have shown that these are not the sole factor
in the development of AAAs. Morphological studies show that the structure of the
aneurysmal aorta differs from that of the aorta of patients suffering from lower extremity
ischaemic disease. The tunica media of the AAA is markedly thinner and the intima is
thicker when compared to the aorta of patients with occlusive disease (7). This is due to
a complex process of degenerative, reparative, and remodelling actions affecting mainly
the elastic laminae, collagen fibres, and smooth muscle cells. In the AAA wall there is a
loss of elastic membranes leading to aneurysmal dilatation of the aorta. The elastic
membranes are replaced by collagen fibres as was demonstrated in this study by electron
microscopy where multiple collagen fibres but only residual elastin fibres were seen.

Histological examination of normal aortic wall shows a scarcity of inflammatory
cells. Their numbers are markedly increased in asymptomatic AAA and reach very high
numbers in a ruptured AAA. In the tunica media and adventitia of some aneurysms, the
inflammatory cells form dense infiltrates made up mainly of B- and T-lymphocytes and
macrophages. Immunohistochemically most cells within the inflaimmatory infiltrates
were leukocytes CD45+, the majority being B lymphocytes (CD20+). T-lymphocytes
and plasma cells were scarce without particular localization. Neutrophil leukocytes were
present rarely.
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Distinct from the invasion of inflammatory cells through a deficient endothelium,
angiogenesis has a very important role in the etiopatogenesis of AAA. Recent studies
(4, 10, 13) show that neovascularisation coexists with inflammatory infiltrates (macro-
phages) in the aneurysmal wall. Marked neovascularisation was also observed in this
study.

The initial step leading to the invasion of the aortic wall by inflammatory cells is
endothelial injury by various pathological agents. These include particularly smoking,
hypertension, hyperlipidaemia, viruses, oxidized lipids, Chlamydiae, but there is also a
direct effect from cytokines, which are released from monocytes or platelets in the blood
(9) and from macrophages, lymphocytes, fibroblasts and SMC in the aortic wall.

The role of cytokines is clear in aneurysmal dilatation (15). The injured endothelium
expresses on its surfice adhesion mollecules (selections P, I, E), which belong to a family
of cytokines. Selectins are important for migration of lymphocytes, platelets and mono-
cytes into the tunica media of the AAA wall. This process is driven by chemoattractants
(e. g. IL 6 and 8), which activate integrines via G protein. Monocytes change into macro-
phages after transendothelial migration. Macrophages together with T-lymphocytes,
SMC, endothelium and platelets secrete various cytokines — transforming growth factor b,
TNF a, PDGF, monocytes chemotactic protein-1, IL. 1, 4, 6, 8 a basic fibroblast growth
factor, which further impair the endothelial function and allow further migration of
inflammatory cells into the AAA wall. They support SMC migration from tunica media
to the tunica intima of the aneurysm wall. SMC releases IL 6, in addition to other
cytokines, which stimulates B- and T-lymphocytes IL 1 and TNF a activate macrophages
to secrete MMP, which destroy elastin, collagen and other structural components of the
aortic wall (laminin, fibronectin and proteoglycan). SMC themselves are stimulated by
cytokines through the autocrine function and by degradation products of elastin and
collagen. Stimulated SMC release MMP, the production increasing with the patients of
advancing age. Another MMP are secreted by T-lymphocytes after activation of IL 1 and 6.
Cytokines do not only promote the secretion of MMP but also reduce the production of
tissue inhibitor of metalloproteinases, promoting the degradation and remodelling of the
AAA wall (14).

In the study of Tieska et al. (15), the levels of cytokines was appreciably higher in the
patients with AAA compared to donor aortas. There were high concentrations of IL 1b,
6, 8 and TNF a in patients with AAA, which may indicate an important role for cytokines
in the formation of an aneurysm. High concentration of IL 6, 8 and TNF a in the wall of
ruptured aneurysms together with the occurence of inflammatory infiltrates consisting of
B- and T-lymphocytes and macrophages, proved that inflammation played a significant
role in the process leading to aneurysm rupture. Rupture of AAA is accompanied by a
systemic inflammatory response with elevation of plasma cytokine levels. On the basis
of raised cytokine levels in asymptomatic aneurysms it seems to be probable that the
highest inflammatory response, that is present in ruptured AAAs, is the result of a long —
standing, steadily progressive inflammatory process in the wall of AAAs rather than to
acute elevation of plasma cytokines in response to rupture.

IL 6 is released mainly from macrophages and its role consists of the activation of
T- and B-lymhocytes in the area of inflammation. Brophy et al. (1) documented the high
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concentration of immunoglobulins in the AAA wall, which probably correlates directly
with IL 6 concentration. It has been questioned whether IL 6 positively influences the
autoimmune processes in the AAA wall (11).

The main source of IL 8 are monocytes, endothelium, T- lymphocytes and fibroblasts.
IL 8 is an important chemotactic factor for neutrophils, where it inhibits their migration
and so indirectly promotes their aggregation in the aneurysm wall. It has a direct effect
on the production of MMP in macrophages and is an important factor in extracellular
matrix degradation.

TNF « is released by activated lymphocytes, macrophages, granulocytes and fibro-
blasts. Apart from its proinflammatory effects it has a significant role in angiogenesis
which plays a prominent role in the etiopathogenesis of AAA. The production of MMP
seems be elevated mainly in the areas of angiogenesis in the AAA wall. The study (14),
in common with other authors, found significant elevation of TNF a levels in the walls
of asymptomatic aneurysms in comparison with donor aortas. The highest TNF
a. concentrations, like the most pronounced inflammatory changes, were in the wall of
ruptured aneurysms demonstrating the significance of inflammation in AAA sympto-
matology. Whether TNF a is a cause or result of aneurysmal dilatation remains
unresolved.

By combining our histological and immunohistochemical findings in asymptomatic
and ruptured aneurysms in this study, it is evident that the foci of dense infiltrates of
inflammatoy cells are espocially prominent in areas of neovascularization and most
pronounced in ruptured AAAs. This correlates well with referred high concentrations of
IL 6, 8, and TNF « in this type of AAA.

CONCLUSION

The results of our histological and immunohistochemical study of asymptomatic and
ruptured aneurysms prove that the inflammatory infiltrates are prominent in areas of
neovascularization and most pronounced in RAA. There was confirmed and compared
the activity of T- and B-lymphocytes, macrophages, plasmocytes, dendritic cells,
fibroblasts, and foam cells in the degenerative processes affecting all the layers of the
aortic wall.
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Abstract

Cytosol levels of cytokines [interleukins 1b, 6, 8 (IL-1b, 6,
8), tumor necrosis factor-o (TNF-a)] in aneurysm walls
were evaluated in a prospective non-randomized study of
57 patients. The group was divided into two subgroups:
Subgroup | (ruptured aneurysms, n= 11) and Subgroup Il
(asymptomatic aneurysms, n= 32). A control group con-
sisted of 14 kidney donors. Aortic walls were examined by
immunohistochemistry and microscopy to detect inflam-
matory cells. More pronounced inflammatory changes and
higher cytosol cytokine levels [IL6 (p < 0.001), IL8 (p <
0.0003) and TNFa. (p < 0.002)] were found in the walls of
ruptured aneurysms than in the asymptomatic aneurysms.
Immunohistochemically, most cells within the inflamma-

tory infiltrates stained positively with the monoclonal
antibody to the leucocyte common antigen (CD 45). The
majority were of B-cell origin, which was demonstrated by
positive staining with the monoclonal antibody L26
directed against the CD 20 antigen. These results show
that an inflammatory process plays a significant role in
patients with ruptured abdominal aortic aneurysms (AAA).
A means of modifying the inflammatory process in the wall
of AAAs might play an important role in preventing
aneurysm rupture.

Keywords:
Abdominal aortic aneurysm; symptomatology; cytokines;
inflammation

Introduction

The pathogenesis of abdominal aortic aneurysm®-%>

(AAA) still needs elucidation. Inflammation is probably
the main process responsible for the development of
changes in the extracellular matrix of the aortic wall,
which lead to the destruction of elastin and remodeling
of collagen fibers. The inflammatory cells produce
matrix metalloproteinases (MMP) with the ability to
degrade the extracellular matrix proteins in the aortic
wall.®> The aortic wall gradually loses its elasticity and
strength and an AAA develops. The process of matrix
degradation is regulated by cytokines, which are pro-
duced by various cells and are mainly inflammatory.
They regulate the cell’s activity by both paracrine and
autocrine mechanisms.*’8 Cytokines are key factors in
the invasion of inflammatory cells into the aortic wall.
Tumor necrosis factor-o (TNF-a) and interleukins (IL)
appear to be the main cytokines important for AAA
pathogenesis. Risk factors, such as hypertension, smok-
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ing, gender and age and accelerate this process. An
increase in AAA size brings an increased danger of
rupture, with its high mortality.

Hypothetically, the strongest inflammatory changes
might be expected to be most marked in the walls of
ruptured aneurysms, where the destructive process has
progressed ultimately. The aim of this study was to
identify the factors that play the leading role in the
inflammatory process, define their localization in the
AAA wall, and correlate them with the clinical presenta-
tion of the aneurysm.

Materials and methods

In a prospective non-randomized study, 43 patients
undergoing operation for atherosclerotic AAA, without
macroscopic inflammatory changes, were studied. The
average age of the patients was 70.5 years (61-78). The
group was divided into two sub-groups based on
presentation of the AAA. Subgroup I (n=11) consisted
of patients undergoing emergency repair for rupture.
The largest AAA diameter was 85 mm. The average age
of patients in this subgroup was 68.3 (61-77), and there
were seven men and four women. Subgroup II (n =32)
comprised patients undergoing elective resection of
asymptomatic AAAs with a diameter of >50 mm,
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measured by ultrasound or computed tomography. The
largest diameter of AAA in Subgroup II was 100 mm.
The average age of patients was 68.7 (62—78) years, and
there were 25 men and seven women.

The control group consisted of 14 cadaveric organ
donors undergoing kidney retrieval for transplantation.
The average age of this group was 59.5 years (55-65)
with a male to female ratio of 3:1, donors were selected
to be comparable in age and sex to those in the aneurysm
group.

A specimen, 30 x 10 mm, was excised from the
anterior wall of the aneurysm at its site of maximal
diameter, or from the infra-renal aorta of organ donors,
and fixed in 10% formalin for histological or immuno-
histological examination, or snap frozen to —70°C for
cytosol evaluation. Paraffin-embedded sections 6 pm
thick were stained by Harris’s hematoxylin and eosin,
orcein, Verhoeff's iron hematoxylin — van Gieson,
Verhoeff’s iron hematoxylin — modified green trichrome,
PAS (periodic acid-schiff) technique. Small sections of
aneurysms were subjected to immersion fixation in 6%
glutaraldehyde in a phosphate buffer solution (PBS) and
saccharose and to post-fixation using 1% osmium
tetroxide in PBS for electron microscopy. After embed-
ding the tissues in EPON- resin 812, semi-thin sections
were stained with 1% toluidine blue and 1% pyronine.
Double-staining was performed by saturated uranyl
acetate and Reynold’s lead citrate. The proportions of
smooth muscle cells, elastin and collagen fibers in the
section were assessed by image analysis of representative
specimens of normal and aneurysmal aortic walls (using
the software DIPS 5.0 and Gimp).

Immunohistochemistry was used to locate and specify
leucocytes, plasma cells, smooth muscle cells and foam
cells in AAA wall. This was performed on formalin-fixed
5 pm thick paraffin sections, rehydrated in alcohol and
washed in PBS after deparaffinization. The sections were
placed on slides coated with poly-L-lysin and gelatin
(1:9) and digested with pepsin for 30 min. Sections
stained with L. 26 antibody were processed without
digestion. Endogenous peroxidase was blocked by in-
cubation in 1.5% hydrogen peroxide in methanol for 30
min. The slides were covered with normal sheep serum
for 45 min at 20°C, and subsequently incubated over-

Table 1

Sources of monoclonal antibodies

Antibody Clone Manufacturer
Leucocyte common antigen PD 7/26 Dako, Glostrup,
(LCA) Denmark
CD45R0 UCHL1 Novocastra, UK
L26 CD20 Dako

CD35 RLB25 Novocastra
CD68 KP1 Dako
Anti-neutrophil elastase NP 57 Dako

CD21 2G9 Novocastra

Rabbit-antihuman serum light Polyclonal Dako
lambda, light kappa chains

night at 4°C with primary monoclonal antibodies (Table
1) at appropriate dilutions.

The bound primary antibodies were visualized using
the supersensitive streptavidin-biotin complex (SABC
Kit, Biogenex, San Ramon, CA, USA). This peroxidase-
labelled complex was developed with 3,3-diaminobenzi-
dine (Sigma, St Louis, MO, USA) and intensified with
5% CuSOy, for 10 min at 20°C. All the initial incubation
steps were followed by three washes in PBS for 5 min.
Finally, the slides were counterstained with Gill’s hae-
matoxylin, apart from the L 26-antibody-stained sec-
tions, which were counterstained with methylene green.
Positive and negative control staining was carried out at
the same time.

Cytosol levels of proinflammatory cytokines — TNF-
o, IL 1B, 6 and 8 — were examined in the same patients.
The wall samples were cleared of thrombus with iced
saline and immediately frozen to —70°C with liquid
nitrogen. The samples were homogenized to particles
< 0.001 mm by oscillatory mill permanent refrigeration
with liquid nitrogen. The powder was ultracentrifugated
(105 000 g/L) at 2—4°C in TRIS homogenized buffer
(pH 7.4) containing 1 mM monothioglycerol. The
protein concentration in the supernatant was examined
using the Bradford method. Cytosolic cytokine concen-
trations were assayed using the enzymoimmunoanalytic
technique (Imunotech, France). The intra-assay, or
alternatively inter-assay coeficient of variation in the
respective methods was 8%, and < 10%.

The general principle of the enzymoimmunoanalytic
method was a sandwich-type assay with two immunolo-
gical steps. The first step led to the capture of cytokines
by the monoclonal anti-cytokine-antibody bound to the
walls of a microtitre plate. In the second step, a second
monoclonal anti-cytokine-antibody linked to acetylcho-
linesterase was added. After incubation, the wells were
emptied, washed and bound enzymatic activity was
measured by adding a chromogenic substrate, the
intensity of colour produced was proportional to the
cytokine concentration in the sample or standard.

Statistical analysis was done using SAS (Statistical
Analyses Software), release 8.00, Carry, USA. Results
were calculated with means +SD, and the non-para-
metric Wilcoxon and Kruskal-Wallis tests were used for
statistical analysis, with p < 0.05 considered significant.

Results

The typical structure of the donor aortic wall is shown in
Figure 1. The intima, 80-140 pum thick, consists of
endothelium and subendothelial connective tissue, the
latter formed by 2-3 layers of flat mesenchymal cells,
fibroblasts and Langerhans cells, smooth muscle cells
(SMCQC), collagen fibers, longitudinally oriented elastic
fibers, and an interstitial amorphous substance showing
the same staining properties as glycosaminoglycanes.
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Figure 1

Normal structure of an abdominal aorta from cadaveric donor
(control group). Moderate proliferation of tunica intima, numer-
ous black-stained wavy elastic fenestrated membranes in tunica
media. Verhoeff's hematoxylin — modified green trichrome
(MGT), 100X.

The tunica media is a 500—-700 pm thick layer, com-
posed of concentrically arranged anastomosed spiral
elastic laminae, which appear as wavy membranes
surrounding the 6—18 pm wide spaces containing fine
connective tissue with fibroblasts, collagen (mostly Type
III), and smooth muscle cells (SMC). The tunica
adventitia is 200—500 um thick and consists of collage-
nous fibres (mainly of Type I) with longitudinal elastic
fibers and SMC in its inner layer. The outer part of the
adventitia is formed from collagen, circular elastic fibres,
vasa vasorum, lymphatic vessels and nervi vasorum.

In most patients operated on electively for an asymp-
tomatic AAA, the aneurysm wall displays a typical
pattern of degenerative atherosclerotic changes: from
fatty streaks with aggregation of foam cells, to fibrolipid
plaques and then to complicated plaques with rupture.
In large aneurysms, severe disorganization of the arterial
wall, with atrophy and fibrosis of the media, and loss of
the elastic fenestrated laminae were found. Although the
inflammatory cells (fibroblasts, foam cells and plasma
cells) were also present in the walls of the asymptomatic
aneurysms, they did not dominate the histological
picture (Figure 2).

In patients operated on following a ruptured AAA,
more pronounced inflammatory changes were found
within the aneurysm wall than in the asymptomatic
aneurysms. Dense inflammatory infiltrates were present
in the media, with a structure of secondary lymphatic
follicles (Figure 3). The presence of follicular dendritic
cells was visualized by immunohistochemical staining
(Figure 4) with CD 21 antibody. Most of the cells within
the inflammatory infiltrates were positive for the leuko-
cyte common antigen (CD 45), the majority of lympho-
cytes being of B-cell origin. The populations of plasma
cells displayed a polyclonal pattern of immunoglobulin

Figure 2

The severe disorganization of all layers of the wall in asymptomatic
aneurysm of abdominal aorta. Inflammatory infiltration without
lymphoid follicle formation. MGT, 100X.

Figure 3

Further stage of inflammation represented by secondary lymphoid
follicles in the tunica media of ruptured abdominal aneurysm.
MGT, 250X.

light chains (staining with antibodies to lambda- and
kappa chains). Plasma cells were also shown by electron
microscopy (Figure 5). T-lymphocytes (shown by the
presence of CD 45 RO) were rare and dispersed, without
any site of preference. Only scarce neutrophil leukocytes
were proved (using the neutrophil elastase).

Proliferating vasa vasorum in media were dilated and
congested with blood, often with associated hemor-
rhages. Even in ruptured AAA SMC were identified by
staining against smooth muscle actin, although they were
not shown by H & E staining. Cytoplasmic actin
positivity was also found in foam cells. The frequency
of muscle cell mitoses was not assessed, but the shift
from contractile phenotype to the proliferative-synthetic
type was obvious.
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Figure 4

Staining with CD 21 antibody shows the presence of dendritic cells
within the secondary lymphoid follicle in tunica media of ruptured
AAA, 400X.

Figure 5

Electron micrograph shows the plasma cells with well-developed
rough endoplamic reticulum producing antibodies. These cells
were found in tunica media of ruptured AAA and are typical for
chronic inflammatory conditions, 15 000X.

The control group of abdominal aortas had signifi-
cantly lower cytosol concentrations of IL-1b (p <
0.0001), IL-6 (p <0.0001), IL-8 (» <0.0001), TNF-«o
(p <0.004) compared with their concentrations in the
walls of asymptomatic aneurysms (Table 2). In patients
with AAA rupture, the cytosolic concentrations of IL-6,
II.-8 and TNF-a were significantly higher (p <0.0001,
p <0.003 and p <0.002 respectively), when compared
with specimens from the walls of asymptomatic aneur-
ysms (Table 3). We did not find any significant differ-

Patients (n) IL-1b IL-6
AAA 32 34.5+37.5 527.9+468.9
Controls 14 4.8+ 2.7 28.3+13.9
Wilcoxon - p< 0.0001 p< 0.0001
Kruskal-Wallis - p< 0.0001 p< 0.0001

ences in the cytosolic cytokine levels between patients
with intra- or retro-peritoneal rupture.

Discussion

The etiopathogenesis of AAA is a complex process,
resulting in degradation of the aortic wall. AAAs most
commonly occur in the infra-renal aorta, which is
histologically and mechanically different from the thor-
acic aorta. The diameter of the aorta decreases from its
root to the bifurcation, and the proportion of elastic
lamellae is less in the more distal aorta. As a result of
these changes there is an increase in mechanical tension.
This part of the aorta is also deficient in vasa vasorum,
which provide nutrition and oxygenation to the aortic
wall, and is therefore more vulnerable to damage. In
addition, there are also intercellular and biochemical
interactions’® that result in degradation of the extracel-
lular matrix as a result of increased concentrations of
MMP in the aortic wall. There is a progressive depletion
of elastic tissue. By contrast, collagen fibers in the aortic
wall are continually synthesized throughout life. Despite
collagen degradation by collagenases (MMP-1), the
synthesis of new collagen in the wall is increased,
probably as a secondary effect of the loss of elastin.
The net result of this process is that the ultimate elastin
concentration in the AAA wall is only 5-8% (compared
with 25-30% in the normal aorta), and the collagen
concentration may be as high as 95%.

The inflammatory changes in the aneurysm wall
probably play an important role in the pathogenesis of
an AAA.'%!12 The results of histological and immuno-
histochemical studies, including the present study,
document the presence of inflammatory cells, namely
T- and B-lymphocytes, macrophages and occasional
neutrophils, in the media and adventitia of the aneurysm
wall.!>1%15:16 Denge inflammatory infiltrates with lym-
phoid follicle formation are seen in some patients. The
inflammatory cells and SMC represent a major source of
MMP, which is responsible for degradation of the
extracellular matrix.

The process of AAA formation has been related to the
atherosclerotic processes, which affect the aorta in
patients suffering from peripheral arterial occlusive
disease. However, clinical and experimental studies
have shown that these are not the sole factor in the
development of AAAs.'”'®1° Morphological studies
show that the structure of the aneurysmal aorta differs
from that of the aorta of patients suffering from lower

IL-8 TNF-o Table 2

Comparison of cytosolic
217.1+443.7 15.0£22.9 cytokine concentrations
30.3+12.4 9.6+9.2 of asymptomatic AAA
p< 0.0001 p< 0.002 with controls
p< 0.0001 p< 0.002

26




Inflammation in AAA and its role in the symptomatology of aneurysm | 95

Patients (n) IL-1b IL-6

IL-8

Table 3
Correlation of cytosolic le-

TNF-a

AAA 32 34.5+37.5 527.9+468.9 217.1+443.7 15.0+22.9 vels of cytokines in patients
RUP 11 51.7+64.8 1052.74+626.9 476.6+360.3 127.1+220.6 \yjtp ruptured (RUP) and
Wilcoxon - p< 0.54 p< 0.001 p < 0.0003 p< 0.002 asymptomatic AAA
Kruskal-Wallis - p< 0.53 p< 0.001 p < 0.0003 p< 0.002

extremity ischemic disease. The tunica media of the
AAA is markedly thinner, and the intima is thicker when
compared with the aorta of patients with occlusive
disease.2%21-22 This results from a complex process of
degenerative, reparative and remodelling actions, affect-
ing mainly the elastic laminae, collagen fibers and SMCs.
In the AAA wall there is a loss of elastic membranes
leading to aneurysmal dilatation of the aorta. The elastic
membranes are replaced by collagen fibers, as was
demonstrated in this study by electron microscopy where
multiple collagen fibers but only residual elastin fibers
were seen. Our previous picture analysis study showed
the dominance of collagen fibers, amounting to 83% of
the wall mass in a cumulative histogram of an AAA. By
contrast, the elastic membranes represented only 6.7%
of the mass, compared with 29.6% in control aorta.

Histological examination of normal aortic wall shows a
scarcity of inflammatory cells. Their numbers are
markedly increased in asymptomatic AAAs and reach
very high numbers in ruptured AAAs. In the tunica
media and adventitia of some aneurysms, the inflamma-
tory cells form dense infiltrates made up mainly of B-
and T-lymphocytes and macrophages. Immunohisto-
chemically, most cells within the inflammatory infiltrates
were leucocytes CD45, the majority being B lympho-
cytes (CD20). T lymphocytes and plasma cells were rare
without particular localization. Neutrophil leukocytes
were also rarely present.

Distinct from the invasion of inflammatory cells
through a deficient endothelium, angiogenesis has a
very important role in the ethiopathogenesis of AAA.
Recent studies?®?%2>2° show that neovascularization
coexists with inflammatory infiltrates (macrophages) in
the aneurysmal wall. Marked neovascularization was also
observed in this study.

The initial step leading to invasion of the aortic wall by
inflammatory cells is endothelial injury by various
pathological agents. These include particularly smoking,
hypertension, hyperlipidemia, viruses, oxidized lipids,
and Chlamydiae, but there is also a direct effect from
cytokines, which are released from monocytes or plate-
lets in the blood?’ and from macrophages, lymphocytes,
fibroblasts and SMC in the aortic wall.

The role of cytokines is clear in aneurysmal dilata-
tion.?®293%3! The injured endothelium expresses on its
surface adhesion molecules (selectins P, I, E), which
belong to a family of cytokines. Selectins are important
for migration of lymphocytes, platelets and monocytes
into the tunica media of the AAA wall. This process is
driven by chemoattractants (e.g. IL-6 and -8), which
activate integrins via G protein. Monocytes change into

macrophages after transendothelial migration. Macro-
phages, together with T lymphocytes, SMC, endothe-
lium and platelets, secrete various cytokines, e.g.
transforming growth factor-B, TNF-a, platelet-derived
growth factor, monocytes chemotactic protein — 1, IL-1,
-4, -6, -8, a basic fibroblast growth factor — which
further impair the endothelial function and allow further
migration of inflammatory cells into the AAA wall. They
also support SMC migration from tunica media to the
tunica intima of the aneurysm wall. SMC releases IL-6,
in addition to other cytokines, which stimulate B and T
lymphocytes. IL-1 and TNF-a activate macrophages to
secrete MMP, which destroy elastin, collagen and other
structural components of the aortic wall (laminin,
fibronectin and proteoglycan).

SMUC are themselves stimulated by cytokines through
the autocrine function, and by degradation products of
elastin and collagen.??*>3%35 Stimulated SMC release
MMP, the production increasing with the patients
advancing age. MMP are secreted by T lymphocytes
after activation of IL-1 and -6. Cytokines not only
promote the secretion of MMP, but also reduce the
production of tissue inhibitor of metalloproteinases, so
promoting the degradation and remodelling of the AAA
wall.>

In this study, the level of cytokines was appreciably
higher in patients with AAA compared to donor aortas.
There were high concentrations of IL-1b, -6, -8 and
TNF-o in patients with AAA, which may indicate an
important role for cytokines in the formation of an
aneurysm. High concentration of IL.-6, -8 and TNF-a in
the wall of ruptured aneurysms, together with the
occurrence of inflammatory infiltrates consisting of B-
and T-lymphocytes and macrophages, were evidence that
inflammation played a significant role in the process
leading to aneurysm rupture. Rupture of AAA is
accompanied by a systemic inflammatory response,
with elevation of plasma cytokine levels. However, on
the basis of raised cytokine levels in asymptomatic
aneurysms, it seems probable that the highest inflam-
matory response that is present in ruptured AAAs is the
result of a long-standing, steadily progressive inflamma-
tory process in the wall of AAAs, rather than acute
elevation of plasma cytokines in response to rupture.

IL-6 is released mainly from macrophages, and its role
comprises activation of T- and B-lymphocytes in the area
of inflammation. Brophy et al.>® documented high
concentrations of immunoglobulins in the AAA wall,
which probably correlates directly with IL-6 concentra-
tion. It has been questioned whether IL-6 positively
influences the autoimmune processes in the AAA wall.>”
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The main sources of IL-8 are monocytes, endothe-
lium, T lymphocytes and fibroblasts. IL.-8 is the im-
portant chemotactic factor for neutrophils: it inhibits
their migration and so indirectly promotes their aggrega-
tion in the aneurysm wall. It has a direct effect on the
production of MMP in macrophages and is an important
factor in extracellular matrix degradation.

TNF-a is released by activated lymphocytes, macro-
phages, granulocytes and fibroblasts. Apart from its
proinflammatory effects, it has a significant role in
angiogenesis, which plays a prominent role in the
etiopathogenesis of AAA. Mignatti ez al. demonstrated
elevated production of MMP mainly in the areas of
angiogenesis in the AAA wall. This study, in common
with other authors, found significant elevation of TNF-o
levels in the walls of asymptomatic aneurysms in
comparison with donor aortas. The highest TNF-o
concentrations, like the most pronounced inflammatory
changes, were in the walls of ruptured aneurysms,
demonstrating the significance of inflammation in AAA
symptomology. Whether TNF-q is the cause or result of
aneurysmal dilatation remains unresolved.>83%:4°

By combining our histological and immunohistochem-
ical pictures of asymptomatic and ruptured aneurysms in
this study it is evident that the foci of dense infiltrates of
inflammatory cells are especially prominent in areas of
neovascularization, and most pronounced in ruptured
AAAs. This correlates well with high concentrations of
IL-6, -8, and TNF-« in this type of AAA.

Conclusion

Ruptured aneurysms show the most severe inflammatory
response. This response is responsible for the significant
degradation of the extracellular matrix and the ultimate
catastrophic event of aneurysm rupture. The results of
this study concur with data from the literature,*"*?> and
suggest that the reduction or blockade of the inflamma-
tory process within the wall of the aorta by anti-
inflammatory agents might play an important role in
preventing the growth and rupture of AAAs.
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Summary

The aim of our work was to prepare part of the input data for a computational biomechanical
model of both the active and passive elements of the tunica media of an aortic aneurysm. We
analyzed tissue samples of the anterior wall of the normal, atherosclerotic and aneurysmatic subrenal
abdominal aorta. We assessed the proportions of smooth muscle cells, elastin and collagen in
histological sections of these samples and studied the morphological characteristics of the elastin
network in the tunicamedia. Selected photomicrographs were studied, representing relatively well
preserved areas without artifacts, ruptures, corrupted integrity of the tunica media or total
elastinolysis. A new method was introduced for the assessment of structures formed by elastin
membranes and fibres, using the fast Fourier transform (FFT) technique. The image was transformed
into reciprocal (Fourier) space and the method made use of the fact that the FFT was very
sensitive to the orientation distribution of thresholded elastin morphology. The results of this
comparative study, obtained from selected samples from 24 patients, revealed that the percentage
values of the constituents of the arterial wall can not distinguish between the preserved segments of
normal, atherosclerotic or aneurysmatic aorta. The results of the Fourier analysis proved that the
FFT provided an efficient method for evauating cross sections of the elastin membranes and
fibres, reflecting their anisotropy. The shape of the power spectrum of elastin was a simple pattern,
whose description was quantified by the shape of its polar coordinates histogram. We discuss the
methodological difficulties and biomechanical implications of our work aswell compare it to other
methods of elastin anaysis.

Keywords: abdominal aortic aneurysm — elastin — image processing — biomechanics

INTRODUCTION

An aneurysm of the abdomina aorta (AAA) is a
serious pathological condition, affecting most often,
elderly men. It is defined by the diameter of the
subrenal aorta exceeding the norma value by at
least 1.5x in the antero-posterior or latero-lateral
direction. The etiology of the most common types of

abdominal aortic aneurysm has not been fully
elucidated. The pathogenesis of the AAA involves
many interconnected and complex processes such as
for example, atherosclerosis, inflammation and
immune reactions, causing remodelling and
degradation of the vessel wall (Wills et a. 1996,
Rehm et a. 1998). Prominent morphological
features of this vascular diseaseinclude changesin
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the arrangement and the proportions of the aortic
wall components, such as progressive destruction of
the elastin network. The shift in the baance
between degradation and resynthesis of  the
extracellular matrix (Curci et a. 1998) leads to a
loss of elastin and to qualitative changes in the
collagen fibres. This leads, with or without
symptoms, to mechanical inferiority of the
aneurysm, and such a weakening results in a further
dilatation or even rupture of the aneurysm.

Our am was to prepare the input data for a
computational biomechanical model of both the
active and passive elements of the tunica media of
the aortic aneurysm. These data were to be based
on morphologica analysis of the histological
samples. This would enable us to carry out in future
a numerical experiment modelling the response of
the media to intravascular pressure with varying
diameters and geometric types of aneurysm.

Microscopical analysis of the aneurysm is not
part of its routine clinical diagnostics; it is used
rather for retrospective research and is lacking at
present a widely accepted methodology. To meet
our demand for quantitative data describing the wall
of the AAA, we needed to assess the proportions of
the smooth muscle cells, elastin and collagen fibres,
in the histological sections. In our paper, we shall
introduce a procedure for the evaluation of the
micrographs of oriented structures by Fourier
analysis (Bracewell 1965). We test whether the 2D
Fourier transform could be a useful tool for the
evaluation of degradation of the elastin network in
selected images of the tunica media of the AAA,
when compared to the samples of normal and
atherosclerotic non-aneurysmatic abdominal aorta.

Fourier analysis

Conventional image processing techniques operate
within  “real” space (Russ 1990). We introduce
another, mathematical space representing spatial
frequencies of the periodic components of the
patterns observed in the rea structure. Spatia
frequency means the number of intersections of the
elastin network with an overlaid straight line per
unit length. The spatial frequency dimension is
(meter) ™, i.e. a “reciprocal” meter, and this is why
the frequency domain is said to be reciproca with
respect to rea space. The image, as observed in
real space, is coded as grey level F(x,y) at pixel
position (x,y). The function is expanded into its
harmonical components by the Fourier transform.
The image is first transformed from the spatial
domain to the frequency domain (Fourier space)
where a visual representation of the frequency
content of the image can be examined. Therefore,
the image data displayed in the frequency domain
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can reveal features not immediately apparent in the
spatial domain, where our visua system is often
distracted by bright objects and other strong
features.

MATERIAL AND METHODS

The study population encompassed 24 patients. We
analyzed tissue samples of the anterior wall of the
norma  (n=5), atherosclerotic (n=7) and
aneurysmatic (n=12) subrenal abdominal aorta. We
assessed the proportions of the smooth muscle cells
(SMC), eastin and collagen fibres in the area of
histological sections (5-7 pm) through the wall of
the normal aorta and the AAA. We used
hematoxylin and eosin; Verhoeff’s hematoxylin with
green trichrome (Kogova 1970), and aniline blue
with  Orange G  saining. The  colour
photomicrographs (3072x2035 pixels, 24bit colour
depth) were analyzed via the image processing
software IMAL developed by Weissar et a. (2001)
at the University of West Bohemiain Pilsen, Czech
Republic. We identified the components of the
tunica media due to their relevance to intervals of
RGB values or due to RGB gradient (with variable
tolerance). The photomicrographs were selected in
order to represent relatively well preserved areas
without artifacts, ruptures and without corrupted
integrity of the tunica media. We excluded
segments of the AAA, where the elastin was totally
destroyed. Constant magnification was chosen so
that the photographed area could be large enough
and free of artifacts in al the samples, and so that
the image would not be inclined to reflect local
tissue heterogenity.

Selected micrographs of normal, atherosclerotic
and aneurysmatic aorta were analyzed by means of
2D FFT (fast Fourier transform). Before the Fourier
transform, we performed a thresholding of the
elastin in the photomicrograph, using the SW Lucia®
451 (Laboratory Imaging Ltd., Prague, Czech
Republic). During this process, the use of a
selection of narrow ranges of intensity values of the
HSI colour model was found more suitable than
operating with values of the RGB model. This
selection, hopefully comprising the elastin
guantitatively, was then segmented (extracted) in
order to produce discrete objects. The results of this
image segmentation were the monochrome
micrographs of the elastin, i.e. encompassing the
structure of interest to us.

We developed two programs in the software system
MATLAB (The MathWorks, Natrick MA, USA).
The first one read an input image with a structure of
material under inspection and performed a 2D
Fourier Transform (Petrou and Bosdogianni 1999)
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on this data Then the FFT magnitude was
caculated for each point of the image and
thresholded into levels O or 1. Finally, a new image,
composed from the thresholded FFT magnitudes,
was saved on hard disk. The second program used
the image of the Fourier spectra as an input image
and applied the methods for recognition of the
degree of elagtinolysis. These methods used
calculated histograms in polar coordinates, i.e. they
summarized the number of white pixels in each
direction (0° to 360°) from the center of the image.
Then an enclosed rectangle was constructed and the
shape factor was calculated as a ratio of its sides
(Holota and Némecek 2002). A minimum of the
shape factor was 1, values near 1 meant small or no
deformation.

~

RESULTS

In the normal aorta, the tunicamediaformed a 500—
700 pum thick layer composed of concentrically
arranged anastomosing spiral elastic laminag, which
appeared as branched wavy membranes surrounding
the 6-18 um wide spaces containing the fine
connective tissue with fibroblasts, collagen (mostly
of type Ill), and smooth muscle cells. The elastin
system appeared as a network-like complex of
bundles with many sections through the branched
elastin bridges interconnecting the neighbouring
elastic membranes (Fig. 1). The Fourier transform of
these micrographs showed regularity and rotary
symmetry (Fig. 2). The paralel system of intact
elastin membranes with periodicity in the y axis
contributed to the high frequencies. The average
shape factor was 97.
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Fig. 1. Image of elastin obtained by thresholding and segmentation of the micrograph of normal aorta, tunica

media, bar = 200 um

Fig. 2. Frequency spectrum of Fig. 1
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The atherosclerotic abdominal aorta contained the spectrum, it appeared as a persistence of the
quite untouched segments comparable to the normal high frequencies in the y axis representing the
arterial wall, as well as severely atered parts with periodicity of these mainly parallel structures. The
elastin loss, where the remainder of the media was frequenciesin other directions were reduced (Fig. 4)
repressed beneath the atherosclerotic plague. In the and the average shape factor was 72.

atherosclerotic aortae, we observed a smoothing and
straightening of the elastin membranes (Fig. 3). In

Fig. 3. Image of elastin obtained by thresholding and segmentation of the micrograph of atherosclerotic aorta, well
preserved segment of tunica media, bar = 200 pm

Fig. 4. Frequency spectrum of Fig. 3
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In the samples of AAA, there was very much
in evidence the disintegration and chaotic
rearrangement of the tissue and disappearance of the
boundaries between the layers, migration of SMC
and inflammatory cells and thickening of the intima
by as much as 10x its normal thickness. The SMC
density was decreased and the medial thickness was
often reduced. In the tunica media damaged by
inflammatory changes, the number of elastin
boundaries intersecting the vertical (y) axis was
much greater than the number of elastin boundaries
intersecting the horizontal (x) axis (Fig. 5): the
spatial frequencies in the vertical direction were
greater than those in the horizontal direction. The

corresponding spectrum was stretched in the vertical
direction and squeezed in the horizontal direction
(Fig. 6). The fragmentation and absol ute diminution
of the elastin network led to a fal in the high
frequencies in the direction of the arteria

circumference (y axis). The average shape factor
was 85.

The percentage terms of SMC, elastin and
collagen are summarized in Table 1. We calculated
the histograms in polar coordinates representing the
normal, atherosclerotic and AAA samples (Fig. 7, 8
and 9).

Fig. 5. Image of elastin obtained by thresholding and segmentation of the micrograph of AAA, well preserved

segment of tunica media, bar = 200 pm

Fig. 6. Frequency spectrum of Fig. 5
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Fig. 7. Histogram in polar coordinates describing the frequency spectrum of Fig. 2; shape factor = 0.97
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Fig. 8. Histogram in polar coordinates describing the frequency spectrumof Fig. 4; shape factor = 0.75
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Fig. 9. Histogram in polar coordinates describing the frequency spectrumof Fig. 6; shape factor = 0.81

Table 1. Percentage terms [%] in the section area through the tunica media

normal_aorta AAA
range of values median range of values median

smooth muscle cells 40-45 a4 26-29 28

Elastin 40-60 43 0-50 12

collagen | and 111 12-20 18 45-51 49
DISCUSSION distinguish between the normal, atherosclerotic or
aneurysmatic samples of aorta. These data are not
Methodical difficulties specific enough for the groups under study.
As it can be seen in the results, the percentage Moreover, they can achieve considerably different
values of the constituents of the arterial wall can not vaues in the pathologic samples when analyzing
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several micrographs of the neighbouring segments of
the same artery. We found these confusing results to
be dependent neither on the varying dying properties
of the tissue (compensated by the sensitivity and
specificity of image segmentation), nor on the
magnification used. Even the samples of ruptured
AAA can contain some small-sized segments with a
minimum of pathological dteration, so that the
image processing results are extremely biased by the
way in which the photomicrographs are selected.
The proper morphological boundaries disappear in
the AAA tissue. The loss of rotary symmetry of the
wall leads to an extreme variability among the
various photomicrographs of the neighbouring
segments around the same aneurysm wall. At the
same time, we are not able to evauate these
differences by means of statistical methods, because
the selected micrographs do not cover the most
extensive typical part of the AAA. On the contrary,
they have to be rather selective, as explained above
in Material and methods. We are aware of the fact
that we evaluate some of the segments of the AAA
which are not typical for this condition. We try to
describe rather the very early changes of the elastin
network in relatively well preserved parts of the
AAA, while the history of the tissue samples is
known to us by definition. A great number of the
“typical” (considering the frequency) micrographs
on the AAA are not suitable for image processing
at al, because of the progressive damage or
frequency of the microscopical artifacts.

The Verhoeff's hematoxyline wused for
quantitative staining of the elastin, stained also the
cell nuclei, giving the same colour — from dark
violet to black — to both of these types of
structures. The formal morphological description of
the nuclei is often indistinguishable from that of the
cross sections through the elastin fibres. As aresult,
the elastin thresholding process, athough very
sensitive, was not specific enough and encompassed
aso the cross sections through the cell nuclel
(belonging mainly to the smooth muscle cells and
fibroblasts). However, the samples under study were
lacking any obvious discrepancy in nuclei size,
number of nuclei per image, and/or nuclear
arrangement, because they contained no
inflammatory infiltration, signs of angiogenesis, or
any deposits of the abnormal extracellular matrix or
its proteolysis. This problem represents a possible
bias source, but we are convinced it did not distort
the results of the FFT. The problem of varying
staining properties of the elastin required an
adaptive thresholding, i.e. the modulation of the
contrast mechanism defining the structure of
interest to us.

In order to comply with its function as a whole,
the elastin network has to maintain its degree of
cross linking, i.e. the quality and quantity of the
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interconnections among the neighbouring fenestrated
membranes of the tunica media. The disappearance
of the elastin observed with light microscopy
belongs rather to the late signs of its advanced
deterioration, when most of its function capabilities
are dready lost. Our technique sets out to evaluate
the degree of fragmentation and straightening of the
components of the elastin network, as visible on the
2D sections through the arterial wall, which should
be a better correlate of the progression of
aneurysmatic changes than the percentage of elastin
in the arterial wall. Of course, it can be disputable
asto what extent the evaluation of the individua 2D
tissue slides can predicate the elastin network as a
3D structure. Furthermore, because of the scale
factor, we always analyzed only a small part of the
whole arterial circumference.

Other methods of elastin analysis

From a pathologist’s point of view, there are severa
phenomena to be combined in order to evaluate the
ateration of the AAA wall. These can be for
example the type and morphometry of the
atherosclerotic plagues (Zarins et al. 2001) and their
cacification (Matsushita et a. 2000), erosion and
ulceration, presence and size of mural thrombi (Patel
et a. 1994, Hallingbye and Kane 2002),
angiogenesis (Satta et al. 1998, Thompson et al.
1996, Holmes et al. 1995, Kobayashi et al. 2002),
haemorrhages and dissection (Farber et al. 2002),
inflammatory infiltrates (Jones et al. 2001,
Bonamigo et al. 2002) and both local and plasma
activity of the cytokines (TieSka et al. 1998, Rohde
et a. 1999). The affection of the matrix turnover
through the modulation of the matrix
metalloproteinase expression is one of the cardinal
factors in the evolution and progression of AAA
(Davis et al. 2001), together with the failure of the
antiproteolytic system (tissue inhibitor of matrix
metalloproteinase), as demonstrated by Allaire et al.
(2002), Silence et a. (2002) and Nollendorfs et al .
(2001). The quantitative immunohistochemical
assessment of macrophages and T lymphocytes
infiltration is meaningful as well, because these cells
produce cell death-promoting proteins (Henderson et
al. 1999) contributing to the elimination of smooth
muscle cells which are the source of elastin and
collagen. With increasing age, the abundance of
elastin associated microfibrils decreases, even in the
normal aorta (Godfrey et al. 1993). However, we
suppose the degradation rate of elastin to be the
most suitable and meaningful of the potential
objects of image processing, along with the analysis
of immunohistochemically marked inflammatory
cells. Where there are various microanaytical
techniques available, it is often desirable to combine
them in a complementary way to maximize the
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information available from the specimen. Avolio et
a. (1998) characterized the structure of elastin in
terms of textural features, quantifying their
dterations by fractd parameters and other
stereological methods. The use of the confocal laser
scanning microscopy represents another effective
method for description of the three-dimensional
arrangement of arterial elastin (Carvalho and Taboga
1996). Carmo et a. (2002) confirmed a decreased
elastin content in the AAA and a concurrent
increase of collagen (as proved by HPLC and amino
acid analysis). The latter study proved the content of
desmosines and isodesmosines to be a useful marker
of elastin cross-links assessment.

The role of elastin in AAA development

We propose the following hypothesis of the
mechanical pathogenesis of the AAA, consistent
with our observation: The inflammatory changes
damage inter dia the elastin in the thickest arterial
layer, i.e. tunicamedia Thewall isno longer elastic
enough to be able to accumulate the energy of the
pressure amplitude during the systole and to return
this energy back to the blood. At the same time,
mechanical demands on the arterial wall do not
reduce. On the contrary, the pressure load of the
fibrillar extracellular matrix rises, together with the
phenotypic conversion of the smooth muscle cellsto
their metabolic type with a reduced contractile
capability. The decreased density of smooth muscle
cells causes a weakening of the paracrine
mechanisms protecting the artery wall homeostasis
(Allaire et a. 2002). Due to the reduced compliance
of the artery (together with the hypertension), the
increased integrated continual pressure causes the
long term remodellation of the wall, resulting in a
further expansion of the aneurysm.

The FFT analysis of the elastin — benefits and
prospects

Mechanical deformation of the arterial wall, as well
as biochemical processes, may result in
disintegration of the fine interconnecting elastin
fibres in one direction and in straightening of the
persistent elastic membranes in the other direction.
That is why the spatial frequencies diverge in
different directions: they are lower in the direction
in which the fibres have been relatively elongated
and higher in the direction in which they have been
“compressed”. As a consequence of this, the Fourier
transform of the micrograph becomes anisotropic
and elliptical. On the contrary, in the case of the
equiaxia elastin network, the spatial frequencies are
the same in dl directions and the Fourier transform
of the micrograph of such a structure is isotropic,
i.e. circular. The anisotropy of the Fourier transform
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F(u,v) of the micrograph under analysis reflects the
anisotropy of the structure as perceived directly on
the micrograph of the structure f(x,y). But the
Fourier spectrum F(u,v) (or the power spectrum
IF(u,v)P) is much simpler than the image f(x,y), and
therefore the evaluation of the Fourier transform of
images is easier and gives more detailed and exact
information on deformed structures than the
evaluation of the image of the micrograph (Saleh
and Teich 1991).

In order to test the applicability and universality
of the FFT for the description of elastin morphology
in further studies, we suggest a comparison of the
FFT findings in normal aorta of the adult and
infantile patients, where the effect of different
geometry and elastin  content should be
demonstrated. It could be also tested, whether the
method presented in this study is able to describe
the difference between the elastin in the thoracic and
abdominal aorta It is well known that in the
thoracic part of the aorta, the percentage terms of
elastin in the media and complexity of its network
exceeds these parameters in the abdominal part.
By comparing the longitudina and transversal
section through neighbouring segments of the same
aorta, the FFT could aso be able to describe the
anisotropy of the eastin network in the third
dimension. The method presented could also prove
whether the thickness of the elastin lamellar units
can differ in the inner and outer zones of the tunica
media, building a morphologic gradient across the
media. Concerning the AAA modelling, it would be
useful to prove whether the dilatation of the
aneurysm correlates with the length and pattern
characteristic of the section through the elastin
network and whether there are any dependencies
between the length of the fibres and their shape. In
our further work, the dependence of the result on
the magnification used should be tested, as well as
the variability of the results among different parts of
the same tissue sample and of the same
photomicrograph, the reproducibility and the intra-
and interobserver variation.

Biomechanical implications

The current methods of AAA detection and follow-
up belong to medical imaging techniques. Factors
determining whether surgery is necessary are the
size and expansion rate of the AAA as well as the
age and health of the patient. Therefore we can see
the possible benefit of our method in the field of
AAA modelling rather than in clinical practice,
athough we do not suppose the changes of
mechanical properties of the AAA to be a simple
function of the changing morphology of the elastin
structure. The computational modelling of the AAA
wall distensibility could be useful, because this
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parameter can provide (together with diastolic blood
pressure and diameter) a quite successful assessment
of the AAA rupture risk, as has been proved
recently (Wilson et a. 2003). The consequences of
our observation on the background of the
biomechanical modelling of the aortic wall are as
follows: It has to be considered that the
metabolically dtered fibres and cells are not
mechanically analogous to their physiological
equivalents. The soft tissue model should be based
on the mixture theory approach and the
microstructure of the tunica media should be
characterized by volume fractions and preferential
orientation of the basic components involved: the
active fibres representing the bundles of muscle
cells, two types of passive fibres corresponding to
the collagen/elastin fibres, and the matrix. In the
aneurysmatic and  atherosclerotic  wall  the
mechanical importance of smooth muscle cells is
suppressed, as they are minor in comparison with
other components (collagen, elastin) and mostly
transformed to the metabolic phenotype, so that their
activation can be regarded as constant. As can be
seen, the model will be focused on the mechanics
of the tunica media only. Because of insufficient
data, there will not be implemented the biological
phenomena such as  innervation, endothelial
dys/function, mediators, inflammatory remodelling,
presence of thrombi and cacification in this
mechanical model.

We can conclude that a new technigque was used
to determine the degree of degradation of elastin by
means of the 2D fast Fourier transform of its
thresholded photomicrograph. This approach proved
itself to be a useful tool when searching for a
universal method of elastin network description, but
its reliability has to be further tested. Because of the
many possible methodical pitfalls and variability of
the samples of AAA, we found this method to be
unsuitable for routine automatized image
processing. It requires a thoughtful selection of the
input photomicrographs of the arterial wall and a
careful reading of the output data. Under such
conditions it promises to enable us to differentiate
both the successive stages of progressive
elastinolysis and deformation of the arterial wall
very sensitively.
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Atherosclerosis is a long-term process of structural changes involving the vessel wall, which are characterized by potential
regression. We tested the possibility of using a model of heart transplantation to study atherosclerosis regression in mice
with spontaneous development of atherosclerosis, that is, in homozygous apolipoprotein E-deficient mice (apo E KO).
Compared with wild-type mice on chow diet (2.3 + 0.15 mmol/L), apo E KO mice show markedly higher cholesterol levels
(10.3 + 1.40 mmol/L) and the cholesterol/triglyceride ratio in VLDL fraction. After feeding a cholesterol-rich diet, choleste-
rolemia increased dramatically by a factor of 2.3 in these mice, with pronounced changes in the cholesterol/triglyceride
ratio (with wild-type mice showing only a 1.3-fold increase). Before transplantation, the apo E KO mice were fed a cholester-
ol-rich diet for 4 months in order to develop atherosclerotic lesions. The hearts of apo E KO mice and wild-type mice were
transplanted into wild-type mice and evaluated at one month post-transplant. Compared to normal hearts, the heart trans-
plants were smaller and atrophied. In all animals under study, the aortic sinus contained atherosclerotic plaques. In the
transplant apo E KO and wild-type mice, the plaques were mostly athrombogenic, containing collagen fibers and smooth
muscle cells. Compared to transplant animals, the atherosclerotic plaques of apo E KO mice without transplantation were
found to be more vulnerable. It was concluded heart transplantation in experimental model of mice is not a suitable model
for studying atherosclerosis regression.

Key words: Apolipoprotein E-deficient mice — Atherosclerosis — Heart transplantation — Regression

Bobkova D, Kocova J*, Tonar Z*, Lacha J**, Havlickova J***, Poledne R (Laboratof pro vyzkum ateroskler6zy, Institut
klinické a experimentalni mediciny, Centrum experimentalniho vyzkumu chorob srdce a cév, Praha, *Oddéleni histologie a
embryologie, Lékaiska fakulta Univerzity Karlovy, Plzen, **Nefrologicka klinika, Transplanta¢ni oddéleni, ***Laboratof pa-
tofyziologie kardiovaskularnich systému, Institut klinické a experimentalni mediciny, Centrum experimentalniho vyzkumu
chorob srdce a cév, Praha, Ceska republika). Transplantace srdce u mysi bez genu pro apolipoprotein E jako model
regrese aterosklerézy. Cor Vasa 2004;46(2):68-72.

Ateroskleré6za je dlouhodoby proces strukturalnich zmén postihujicich cévni sténu, které jsou charakterizovany pfipadnou
regresi. Ovérovali jsme moznost pouziti modelu transplantace srdce s cilem studovat regresi aterosklerézy u mysi se spon-
tannim rozvojem aterosklerézy, tedy u homozygotnich mysi bez genu pro apolipoprotein E (apo E KO). Ve srovnani s mySmi
.divokého typu“ krmenych normalni stravou (2,3 + 0,15 mmol/1), vykazovaly mysi apo E KO vyrazné vyssi koncentrace
cholesterolu (10,3 + 1,40 mmol/]) a pomér cholesterolu/triglyceridu ve frakci VLDL. Po krmeni stravou s vysokym obsahem
cholesterolu se u téchto mysi cholesterolemie radikalné zvysila (2,3nasobné) s vyraznymi zménami poméru cholesterol/
/triglyceridy, pficemz zvySeni u mysi ,divokého typu” bylo pouze 1,3nasobné. Pied transplantaci dostavaly mysi apo E KO
cholesterol v potravé po dobu 4 mésicu, aby se dosahlo rozvoje aterosklerotickych 1ézi. Srdce mysi apo E KO a mysi ,divoké-
ho typu® byla transplantovana mysim ,divokého typu” a vySetfena mésic po transplantaci. Ve srovnani s normalnimi srdci
byla transplantovana srdce mensi a atroficka. U vsech vySetfovanych zvifat obsahoval aortalni sinus aterosklerotické platy.
U transplantovanych mysi apo E KO i mysi ,divokého typu® byly platy vétsinou atrombogenni, obsahovaly kolagenova
vlakna a bunky hladkého svalu. Pfi srovnani s transplantovanymi zvifaty byly aterogenni platy mysi apo E KO, u nichz
nebyla transplantace provedena, méné stabilni. Dospéli jsme tak k zavéru, Ze transplantace srdce v mySim experimental-
nim modelu nepfedstavuje vhodny model pro studium regrese aterosklerozy.
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INTRODUCTION

Clinical manifestation of atherosclerosis belongs to
the most frequent causes of death in industrialized
populations. A variety of factors, with genetic factors
playing an important role, are involved in the onset
and development of the atherosclerotic process. Ho-
mozygous apolipoprotein E-deficient (apo E KO) mice
represent a suitable model for the study of genetically
induced atherosclerosis. Loss of the receptor ligand,
apolipoprotein E,%? in apo E KO homozygotes is as-
sociated with significantly increased basal cholester-
olemia®¥ characterized by IDL and LDL particle accu-
mulation in the circulation and, as a result of the
inability of macrophages to rid the subendothelial
space of the accumulated cholesterol through apoli-
poprotein E production,®® by the development of
atherosclerosis. Most experimental studies exploring
the relationship between apolipoprotein E and devel-
opment of the atherosclerotic process have focused
on preventing the development of atherosclerosis, with
only one study” addressing the potential for athero-
sclerosis regression. The present study was designed
to establish the possibility of using a model of heart
transplantation to study atherosclerosis regression.
The aim of our study was to determine whether trans-
plantation of the heart of an apo E KO mouse dam-
aged by atherosclerosis to an apo E-producing wild-
type mouse would result in regression of the athero-
sclerosis-related injury to the coronary arteries of the
heart transplant.

METHODS

Animals and diets

Homozygous (—/-) apolipoprotein E-deficient mice (apo
E KO mice) (C57Bl/6 strain) (48) and wild-type (+/+)
mice (55) with the same genetic background (two-
month-old females and males) were used. For trans-
plantation, only male mice weighing 25-30 g were
used.

The animals were divided into two groups: (apo E
KO transplant mice) 10 apo E KO mice used as do-
nors for transplantation to wild-type mice, (wild-type
transplant mice) and 6 wild-type mice used as donors
for transplantation to wild-type mice. The wild-type
mice (10) were used as recipients for transplants from
apo E KO mice and 4 apo E KO mice were used as
controls of atherosclerotic changes without transplan-
tation.

Before transplantation, wild-type mice were fed
standard laboratory diet (chow diet) for 3 months. Apo
E KO mice were fed a 1% cholesterol diet (chow diet
containing 5% fat and 1% cholesterol) (cholesterol rich
diet) for 4 months. After transplantation, all animals
were fed chow diet. One month after transplantation,
the animals were sacrificed, and their hearts were used
for analysis of atherosclerotic changes as identified by
heart morphology. Thirty-four apo E KO mice and
33 wild-type mice on diets without transplantation
were used for serum lipoprotein analysis.

Lipoprotein analysis

Serum was harvested by whole blood centrifugation
for 10 min at 12,000 rpm. Cholesterol and triglycer-
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ide levels were measured using colorimetric enzymatic
assay Kkits (Boehringer Mannheim Biochemicals, Ger-
many). Pooled serum was used for lipoprotein isola-
tion. Lipoprotein fractions were isolated by sequential
ultracentrifugation (VLDL [d = 1.006 g/ml] for 18 h,
IDL[d=1.019 g/ml] for 18 h, LDL [d = 1.063 g/ml] for
18 h, HDL [d = 1.210 g/ml] for 20 h) (50.3 rotor,
Beckmann, USA) at 39,000 rpm at 8 °C.

Heart transplantation

In principle, heterotopic cardiac transplantation was
performed as described by Corry,® with minor modi-
fications. Donor and recipients were anesthetized
by the administration of fentanyl, midazolam, and
droperidole. Donor hearts were perfused with chilled
heparinized saline via the inferior vena cava and were
harvested after ligation of the vena cava and pulmo-
nary veins. Harvested hearts were preserved in chilled
saline (—4 °C) while the recipient mice were being pre-
pared. The aorta and pulmonary artery of each donor
heart were anastomosed to the abdominal aorta and
inferior vena cava of the recipient animal using
a microsurgical technique: the aorta “end to side” to
the abdominal aorta, and the pulmonary artery “end
to side” to the vena cava inferior, continuous 10/0
suture. Total duration of heart ischemia was up to 55
minutes, handling time of heart transplantation was
less than 35 minutes (median, 27 minutes). The re-
cipients were not given any immunosuppressive
agents before as well as after transplantation. Cardi-
ac allograft survival was assessed by daily transab-
dominal palpation.

Histological processing

The hearts were removed from their recipients. Whole
hearts were fixed in 7% formaldehyde solution, em-
bedded in paraffin and cut transversally into 5pm-
thin cross sections, starting from the base of the heart.
Serial sections were stained with hematoxylin and
eosin, Miller’s elastin stain, Mallory trichrome and
green trichrome.®

Statistical analysis

Unpaired Student’s t-test was used to test for differ-
ences among all groups. Results are expressed as
means = SD. Differences are considered statistically
significant if p < 0.05.

RESULTS

Lipoprotein concentrations

The cholesterol levels on chow diet, i.e., basal choles-
terolemia, of apo E KO mice were higher (p > 0.001)
compared to wild-type mice (Table I). Sex differences
were found in wild-type mice whereas these differenc-
es disappeared in apo E KO mice (Table I). Although
the concentrations of VLDL, IDL and LDL fractions of
apo E KO mice were increased compared with wild-
type mice due to increased basal cholesterolemia, the
HDL levels were lower (Table II). In apo E KO mice,
cholesterol accumulation in lipoproteins resulted in
an increased cholesterol/triglyceride ratio to 6.5 in
VLDL fraction. In wild-type mice, the value of the
ratio, 0.4, in VLDL was consistent with human data
(Table II).
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After cholesterol rich diet, cholesterolemia rose in
both groups (Table I). The 2.3-fold increase in choles-
terolemia in apo E KO mice on cholesterol rich diet
led to increased lipoprotein levels. The more pro-
nounced changes, by 180%, in VLDL fraction were
associated with a rise in the cholesterol/triglyceride
ratio (Table II). In wild-type mice, cholesterolemia rose
1.3 times with differences in cholesterol levels be-
tween males and females (Table I). Compared to apo
E KO mice, only small changes in the cholesterol/
/triglyceride ratio in VLDL fraction of wild-type mice
were seen (Table II).

Transplantation

Previous studies have demonstrated the presence of
fatty streaks in the aortic tissue of apo E KO mice
after 4 months on cholesterol diet. We expected simi-
lar changes to be demonstrated in the coronary arter-
ies. Compared to aortic tissue, the coronary arteries
of apo E KO mice without transplantation were not
affected by any overt pathological condition. They were
normal-sized, the lumen was free of atherosclerotic
lesions, and all layers of the vessel wall were well
differentiated and without any infiltration. Alteration
of the aortic sinus wall was demonstrated by the pres-
ence of atherosclerotic plaques (Figure 1.1). These le-
sions contained erythrocytes adhering to the endothe-
lium, accumulation of macrophages and lipids, acel-
lular cholesterol clefts in their necrotic cores, and
intense fibrous reaction (Figure 1.2). We observed
atherosclerotic lesions formed by multilayered lipid-
filled foam cells and macrophages in both the endo-
cardium and myocardium (Figure 1.3).

Fifty percent of transplant apo E KO mice and 66%
of transplant wild-type mice died within the first three
days of transplantation. All surviving recipients ap-
peared healthy and normal.

The animals were sacrificed one month after trans-
plantation. Compared to normal healthy hearts from
animals without transplantation, the transplanted
hearts were smaller and atrophied.

In the transplant apo E KO mice, the coronary ar-
teries were affected by early graft vascular disease.
This process manifested itself by intimal thickening,
stenosing myointimal proliferation, and intraluminal
thrombosis (Figure 1.4). The aortic sinus wall was
covered by atherosclerotic plaques with local damage
and loss of elastic membranes of the media (Fig-
ure 1.5). Elastinolysis was confirmed by Miller’s elas-
tic staining. Elastin degradation was focal rather than
ubiquitous, and some segments of the tunica media
showed well-preserved elastic membranes and smooth
muscle cells (Figure 1.6). The myocardium was of nor-
mal structure and cellularity; we found only one fi-
brotic area with peripheral inflammatory infiltration.
Epicardial veins and lymph vessels were dilated by
hemo- and lymphostasis, respectively.

In wild-type transplant mice, the large coronary
arteries were normal-sized, free of atherosclerotic le-
sions, and all the layers of the vascular wall were well
differentiated and without any infiltration. Athero-
sclerotic plaques were present on the intima of the
aortic sinus and of the insertion aortic valve cusps.
The lesions did not invade the vessel wall too deep,
leaving most of the tunica media uninvolved (Fig-
ure 1.7). Severe inflammatory alteration was found in

Table |
Serum cholesterol levels in apo E KO (-/-) and wild-type mice (+/+) on different diets

Chow diet Cholesterol-rich diet
Sex n mmol/L = SD n mmol/L + SD
-/- F 10 10.46 + 1.487 ok 8 22.35 + 1.763
M 9 10.11 + 1.285 ok 8 24.52 + 2.227
+/+ F 8 2.20 + 0.097 | 8 2.62 + 0.194 m
M 8 2.39 + 0.120 ok 9 3.46 £ 0.163

F - female, M — male; results shown are means + SD of serum levels, n — number of animals, ***p < 0.001, ** p < 0.01 as
significant differences between chow and cholesterol-rich diets using the t-test, !!!p < 0.001, !p < 0.05 as significant diffe-
rences between females and males using the t-test

Table Il
Lipoprotein levels in apo E KO (-/-) and wild-type (+/+) mice on diets
Chow diet Cholesterol-rich diet
TC TG TC/TG TC TG TC/TG
F+M F+M
mmol/L
-/- VLDL (<1.006 g/cm?) 3.44 0.53 6.5 9.79 0.34 28.8
IDL (1.006-1.019 g/cm?) 1.21 0.12 10.1 2.06 0.11 18.7
LDL (1.019-1.063 g/cm?) 1.80 0.12 15.0 3.19 0.10 31.9
HDL (1.063-1.210 g/cm?) 1.34 0.17 7.9 1.50 0.30 5.0
+/+ VLDL (<1.006 g/cm?) 0.20 0.49 0.4 0.27 0.48 0.6
IDL (1.006-1.019 g/cm?) 0.11 0.15 0.7 0.17 0.11 1.5
LDL (1.019-1.063 g/cm?) 0.33 0.15 2.2 0.41 0.10 4.1
HDL (1.063-1.210 g/cm?) 1.93 0.35 5.5 1.74 0.32 5.4

TC/TG - the ratio of cholesterol/triglyceride concentrations, TC - cholesterol, TG - triglyceride, F + M — pooled sera of
females and males were used for lipoprotein isolation using ultracentrifugation
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the myocardium. We demonstrated diffuse intersti-
tial lymphocyte infiltration, necrosis of cardiac myo-
cytes, abundant and dilated blood vessels, granula-
tion and fibrotic tissue, and hemorrhages together
with intraluminal thrombosis of small blood vessels

(Figure 1.8).

DISCUSSION

We have demonstrated that total cholesterolemia as
well as VLDL, IDL and LDL fractions of apo E KO
mice on chow diet was higher compared to the levels
seen in wild-type mice.1%!) Whilst the composition
of VLDL of wild-type mice was similar to that seen
in humans, and equivalent to the cholesterol/tri-

Cor Vasa 2004;46(2):68-72

Figure 1 Mouse cardiac allo-
grafts of apo E KO and wild-type
mice 1 month after transplanta-
tion. 1-3 represent apo E KO
mice without transplantation,
4-6 represent transplant apo E
KO mice, 7-8 represent trans-
plant wild-type mice. Staining
with hematoxylin-eosin (1,2) re-
veals atherosclerotic lesions in
the aortic sinus, staining with
modified trichrome reveals endo-
and myocardial infiltration of
foam cells (3) and lymphocytes
(8), and staining with Miller’s
elastin reveals thickening of the
coronary artery intima (4) and
atherosclerotic plaque in the aor-
tic valve (5,6,7). Bar — 250 micro-
meters (1,5,7,8) and 50 micro-
meters (2,3,4,6).

glyceride ratio of 0.4, the cholesterol/triglyceride ra-
tio of apo E KO mice was 6.5 as a result of choles-
terol accumulation in VLDL particles. The HDL lev-
els of apo E KO mice were lower compared to wild-
type mice. It is therefore clear that loss of a functional
allele of the apolipoprotein E gene in apo E KO mice
leads to an inability to maintain lipoprotein levels
at values consistent with those seen in wild-type
mice.(?

When on cholesterol rich diet, cholesterolemia rose
in either group, though lipoprotein composition
changed significantly only in apo E KO mice."? The
ensuing increase in VLDL levels in apo E KO mice on
cholesterol diet was associated with increased VLDL
conversion to IDL particles as precursors to LDL par-
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ticles. Loss of apolipoprotein E synthesis in apo E KO
mice led (due to slowed rates of clearance of IDL and
LDL particles) to their increased levels in the circula-
tion, and facilitated entry to the vessel wall.®!V

The aortic sinus contained atherosclerotic plaques
in all animals under study. In transplant apo E KO
mice and transplant wild-type mice, the plaques were
mostly athrombogenic, containing collagen fibers and
smooth muscle cells while showing only scarce mac-
rophage and lymphocyte infiltration. We found nei-
ther plaque ruptures, nor intraplaque hemorrhages.
For this reason, we can evaluate these plaques as
stable rather than vulnerable according to criteria as
defined by Rekhter!® for animal models of atheroscle-
rosis. In addition to stable plaques, we noted vulner-
able lesions in the aortic sinus of the apo E KO mice
without transplantation.

The localization of inflammatory cells in early-stage
atherosclerotic lesions, as described in apo E KO mice
without transplantation, supports the recent concept
of atherosclerosis as an inflammatory disease.!415
This concept is attested to by the role of pro-inflam-
matory cytokines, since these accelerate the patho-
genesis of atherosclerosis by acting as chemoattract-
ants, inducers of adhesion molecule expression, po-
tent stimulating factors, and proliferation promoters
of many cell types, endothelial permeabilizers, trig-
gers of extracellular matrix degradation and athero-
genic lipoprotein retention, ligands of immune cells,
factors involved in inflammatory and immune cas-
cades, and so on. Inflammation plays a central role in
all stages of atherosclerosis and links dyslipidemia to
atheroma formation.® We believe this fact to be the
main reason for the results of our experiment, be-
cause there was no anti-inflammatory drug intake or
immunosuppressive therapy involved in our study.
Without such treatment, and together with non-spe-
cific post-transplant vascular affections, there would
be no regression of atherosclerotic changes once ini-
tiated. On the contrary, heart transplantation has
been shown to be an indispensable cause of immune
and inflammatory activation.

GONCLUSIONS

We can conclude that lipoprotein levels are higher in
apo E KO mice compared with wild-type mice. After
cholesterol rich diet, the lipoprotein spectrum in apo
E KO mice changes significantly and the levels of
atherogenic fractions IDL and LDL increase. Athero-
sclerotic plaques affected the aortic sinus of apo E KO
mice without any relation of whether or not the hearts
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were transplanted to wild-type mice. Atherosclerotic
plaques of apo E KO mice without transplantation
were found to be more vulnerable. Early graft vascu-
lar disease and post-transplant involvement of the
blood vessels and myocardium masked any potential
regression of atherosclerosis in the heart transplants.
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Abstract

Bobkova D., Z. Tonar: Effects of Long-term Cholesterol Diet on Cholesterol Concentration
and Development of Atherosclerosis in Homozygous Apolipoprotein E-deficient Mice. Acta Vet.
Brno 2005, 74: 501-507.

Homozygous apolipoprotein E-deficient (apo E KO) mice represent a suitable model for the
experimental study of atherosclerosis. The aim of our study was to evaluate the relationship
between the duration of a cholesterol diet and the development of atherosclerosis. Apo E KO mice
were divided into two groups. Group 1 (n = 8) received a cholesterol diet from the first day of life
after birth (through the breast milk of the mothers on a cholesterol diet), Group 2 (n = 6) received
a control diet (as well as their mothers) for the first 3 months, and a cholesterol diet from the third
month of life. The animals were euthanased by decapitation at the age of five months. Blood was
used for the measurement of cholesterol concentrations. From a series of 72 histological sections
through the descendent thoracic aorta, 8 samples were selected in a uniform systematic random
manner and used for a stereological quantification of atherosclerotic lesions.

In comparison with the mice on a cholesterol diet for 2 months (Group 2), the total cholesterol
concentration in the mice on a cholesterol diet for 5 months (Group 1) was lower (31.69 = 4.10
mmol/l and 26.75 £ 3.23 mmol/l, respectively, p< 0.05), and the volume of atherosclerotic lesions
was higher (p <0.04).

Although atherosclerotic changes were found in both Groups 1 and 2, we found the
atherosclerotic lesions to be significantly more developed in the experimental group fed
a cholesterol diet for five months (Group 1) than in the group fed the same diet for two months only
(Group 2).

It can be concluded that the lower cholesterolemia found in apo E KO mice after five months of
a cholesterol diet (Group 1) compared to the group fed the diet for two months only (Group 2),
together with accelerated atherosclerosis is probably due to the combination of an increased
excretion of cholesterol from the body via production of bile acids, and increased penetration of
cholesterol to the vessel wall.

Animal model, histology, cholesterol concentration, morphometric analysis, stereology

Apolipoprotein E (apo E), the ligand of receptors, plays an important role in the lipoprotein
metabolism (Reardon etal. 2001; Beisiegel et al. 1989). It has been found that the loss
of synthesis of apolipoprotein E in homozygous apolipoprotein E-deficient (apo E KO) mice
(Paigen et al. 1994; Smith 1998; van Dijk et al. 1999) is associated with inhibited
utilization of residual particles, increased penetration of LDL particles into the vessel wall
(Plump et al. 1992; Breslow 1993; Breslow 1996), and the development of
atherosclerotic lesions due to the affected cholesterol reverse transport, in which apo E plays
apivotal role (von Eckardstein 1996). Basal cholesterolemia of apo E KO homozygotes
is up to five times higher than that of animals of the same strain without the genetic defect,
namely about 10 mmol/l. Apo E KO homozygotes are highly sensitive to dietary
intervention due to the inability of apo E production. In these animals, administration of
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a cholesterol-containing diet leads to an increase in cholesterolemia and the development of
macroscopic atherosclerotic lesions (van Ree et al. 1994).

Stereology-based assessment of 2-D structures allows us to estimate several
3-D parameters, e.g. the volume of the object under study. Recently, the point-counting
method proved suitable for histological quantification of atherosclerotic lesions
(Nachtigal etal.2002). This can be done on various microscopic scales in an effective
and reproducible way, taking into account the precise calibration of photomicrographs.
Practical methods for biological morphometry were reviewed e.g. by Howard and
Reed (1998) and Gray (1996). Mouton (2002) gave a comprehensive description of
both principles and practices of stereology in biomedical and material research.

The aim of our work was to analyse changes in cholesterol concentrations and to quantify
differences in the volume of atherosclerotic lesions in histological sections through the
descendent thoracic aortas of apo E KO mice on a cholesterol diet for two and five months,
respectively.

Materials and Methods

Animals and diets

Homozygous (-/-) apolipoprotein E-deficient mice (apo E KO mice) (C57Bl/6 strain) (n=14) obtained from
the Jackson Laboratory in Bar Harbor, Maine (USA) were used. During the experiment, the animals were fed
standard laboratory chow (control diet) or a cholesterol diet (control diet containing 5% fat and 2%
cholesterol). After birth, all animals were divided into two groups: Group 1 (n=8) received the cholesterol
diet from the first day of life (through the breast milk of mothers on a cholesterol diet), Group 2 (n=6) received
the control diet (as well as their mothers) for the first 3 months, and the cholesterol diet from the third month
of life.

At the age of five months, non-fasted animals were sacrificed by a cervical dislocation and their blood (with
a small contamination of the lymph) was collected after euthanasia for the analysis of plasma cholesterol
concentrations, and their descendent thoracic aortas were used for the analysis of vessel morphology. At the end of
the experiment, mean weight of each group of animals was comparable (about 32 g).

During the experiment, all animals were kept in cages placed at a conventional breeding place, under standard
conditions (21°C, 45% air humidity, 12 hours daylight) with a water intake ad /ibitum. The study protocol was
approved by the local research ethical committee.

Lipoprotein analysis

Plasma was collected by centrifugation of the whole blood (containing 5 pul of 10% EDTA per 1 ml of blood) for
10 min at 12 000 rpm. Cholesterol concentrations were measured using colorimetric enzymatic assay Kkits
(Boehringer Mannheim Biochemicals, Germany).

Histology and quantitative analysis

We analyzed samples of the descendent thoracic aorta. After a formalin fixation, segments of the aortas were
processed by a common paraffin technique. Each sample was cut into 72 serial sections (thickness of 5 pm) with
a transversally oriented cutting plane, and stained with hematoxylin and eosin (HE) and green trichrome modified
according to Kocova (1970).

For an immunohistochemical detection of smooth muscle cells, the endogenous peroxidase activity was blocked
by a solution composed of hydrogen peroxide (1 volume) and methanol (50 volumes). For alpha-smooth muscle
actin detection, sections were incubated with a monoclonal mouse anti-human antibody (clone 1 A4, dilution 1:150;
Dako, CA, USA) for 12 hours at 4 °C. As stated in the manufacturer’s declaration, the antibody cross-reacts with
the alpha-smooth muscle actin-equivalent protein in the mouse as well. The secondary antibody (45 min, 37 °C)
and avidin-biotin peroxidase complex (45 min, 37 °C) were applied, using the Novostain Super ABC Universal Kit
(Novocastra Laboratories Ltd., GB). Following immunohistochemistry, the background tissue was stained with
Gill’s haematoxylin (30 s; Bio-Optica, Italy).

For a quantitative analysis, we followed the well-documented methodology of Nachtigal et al. (2002, 2004) with
respect to general principles of stereology (Howard and Reed 1998). A segment of 0.36 mm underwent
a stereological analysis with the use of the PointGrid module (Plate I, Fig. 2, 3) of the Ellipse software (ViDiTo,
Kosice, Slovakia). Within the reference volume, eight equidistant sections were selected through systematic
uniform random sampling. The position of the first tissue section in the volume was random, i.e. equal to a product
of (72*n), where n was a random number between 0 and 1. Starting with this section, every ninth section was
captured with two constant magnifications, so that the distance between the two neighbouring calibrated
photomicrographs (sampling period) was 45 pum. We assessed the area of an atherosclerotic lesion in each tissue
section according to Equation 1:

estA= axP, (1)
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where estA is the estimated area, grid parameter « is the area corresponding to one test point and P is the number
of test points hitting the atherosclerotic lesion. The Cavalieri principle (Russ and Dehoff 2001) was used for the
estimation of the volume V of the atherosclerotic lesion within the reference segment of the aorta, see Equation 2:

estV=T#(A,+ A,+ ...+ Am), 2)

where estV is the Cavalieri volume estimator, 7= 0.045 mm is the distance between the two following selected
sections, and 4; is the area of the atherosclerotic lesion in the i-th section. We evaluated eight sections as
representatives of each tissue sample, i.e. (m=3§).

The area fraction of the free vessel lumen (AFFVL) was used as a parameter that characterizes the relative
obliteration of the aortic lumen by the atherosclerotic lesion, see Equation 3:

A(lesion)
AFFVL=|(1 - ——— )| 100%, 3
A(lumen)

where A(lesion) is the area of the atherosclerotic lesion, and A(lumen) is the area of the total vessel lumen, including
the lesion. In the case of a deeper invasion of the lesion towards tunica media, where the border between
subendothelial connective tissue and tunica media was altered, the arbitrary bottom of the atherosclerotic lesion
was considered to be at the level of the innermost elastic lamina. We compared our findings to the classification of
atherosclerotic lesions recommended by the American Heart Association (Stary et al. 1994, 1995; Stary 2000).
In the lesion type I, isolated macrophage foam cells invade the intima. Multiple foam cell layers are formed in the
lesion type II. Isolated extracellular lipids pools are added in type III. In type IV, confluent extracellular lipid pools
are formed. Further progression leads to the production of fibromuscular tissue layers (type V). Surface defects,
haematoma, and thrombosis represent type VI lesions, which are very rare in the mouse aorta. Calcification or
fibrous tissue changes predominate in lesion types VII, or VIII, respectively.
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Fig. 1. Cholesterol concentrations in plasma in apo E KO mice after a cholesterol diet.
*p <0.05 vs. two months, n = number of animals
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Fig. 4. The average area fraction of the free vessel lumen in one histological section (AFFVL, mean = SD) and
estimated total volume of atherosclerotic lesion in the reference volume. The AFFVL is highly inversely correlated
with the volume (7 = -0.89). The sample No. 12 was deleted because of mechanical damage.

81




504

Statistics

The unpaired Student’s #-test was used to test for differences between the groups. Data are presented as means
+ SD. The Welch test was used to compare the stereological parameters estimated in the animal group under study.
In both cases, the differences are considered statistically significant if p < 0.05. The correlation was assessed with
the use of the Pearson correlation coefficient.

Results

The resulting cholesterol concentrations in apo E KO mice after two or five months on
a cholesterol diet are summarized in Fig. 1. In both Groups 1 and 2, total cholesterolemia
was higher than had been found in previous studies in the apo E KO mice on chow. Plump
etal. (1992) and also Breslow (1993) described in their experiments the plasma cholesterol
concentrations in apo E KO mice on chow (control diet) as being about 10 mmol/l. Total
cholesterol concentrations in the mice on the cholesterol diet for a period of five months
(Group 1) was lower in comparison with the mice after two months on a cholesterol diet
(Group 2). The differences between the groups were about 5 mmol/I.

The quantitative results are summarized in Fig. 4. Average area fraction of a free vessel
lumen in one histological section was found to be lower in Group 2 (p = 0.030) and the
estimated total volume of atherosclerotic lesions was higher (p = 0.037) in the reference
volume of animals of Group 2, when compared to Group 1. The AFFVL values were highly
inversely correlated with the volume of lesions (7 = -0.89). The sample No. 12 was deleted
because of mechanical damage.

Table 1. Presence (+) or absence (-) of intact (i.e. atherosclerosis-free) segments, atherosclerotic plaques
and branching in the reference volume of thoracic descendent aortas. The extent of atherosclerotic plaques
is indicated semiquantitatively according to subjective evaluation. The sample No. 12 was deleted (o)
because of mechanical damage.

Sample No. Intact segment Atherosclerotic plaque Branching
1 + + +
2 + - -
3 + + +
4 + + +
5 + + +
6 + - -
7 + - -
8 + - -
9 - ++ +

10 + ++ -
11 - ++ +
12 0 o 0
13 - ++ +
14 + + -

Segments of normal and atherosclerotic aortas were observed in both experimental
groups, as presented in Table 1. Lesions were situated in the regions of arterial branching
(Plate I, Fig. 5, 6, and Plate 111, Fig. 7). They expanded beyond the vessel wall and invaded
the lumen as bulge-shaped lesions (Fig. 8). No eccentric (non-diffuse) intimal thickening
was found. In both groups under study, we found lesions with isolated lipid droplet-laden
macrophages (foam cells) and with monocytes adhering to the surface of the endothelium
(Fig. 5). This type was comparable to human type I, and it prevailed in Group 1. In Group
2, lesions comparable to type II and III prevailed, the former containing macrophage foam
cells accumulated and stratified in adjacent cell layers together. The lipid-laden smooth
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muscle cells were sporadic. Type IlI-like intermediate lesions (preatheroma) were present
in samples No. 5-7, and 9 only (Fig. 6, 7, and Plate IV, Fig. 8). In these samples, small
extracellular lipid deposits and cell remains formed isolated pools below the foam cell
layers. Underneath the lesion, the interlamellar distance between the neighbouring elastic
membranes was found to have increased. The accumulations of macrophages and
extracellular lipids were separated by smooth muscle cells (Fig. 9).

Discussion

In accordance with our expectations, we found increased cholesterolemia in mice on the
cholesterol diet, compared to previous findings on animals on a control diet (Plump et al.
1992; Breslow 1993). It has been found that the loss of a functional allele of the
apolipoprotein E gene in apo E KO mice is connected with the inability to maintain
cholesterol concentration consistent with that observed in wild-type mice (van Dijk etal.
1999). Loading the lipoprotein metabolisms of these mice by feeding them the cholesterol
diet obviously led to a subsequent increase in cholesterolemia and facilitated penetration to
the vessel wall and macrophages via their scavenger receptors without a feedback regulation
(Plump et al. 1992). Under regular conditions, the vessel wall eliminates a surplus of
cholesterol caused by production of HDL lipoproteins rich in apolipoprotein E, via
a cholesterol reverse transport from macrophages (von Eckardstein 1996). Because of
the loss of synthesis of apolipoprotein E, this way of cholesterol elimination from the vessel
is impaired and the accumulation of cholesterol leads to the development of atherosclerosis.

However, we found unexpectedly lower cholesterol concentrations in the mice fed the
cholesterol diet for five months, in comparison with the mice after two months on the
cholesterol diet. The plasma total cholesterol concentration is known to result from many
factors, such as the alimentary cholesterol intake, its synthesis in the body, or its secretion
via bile acids (Carey and Hernell 1992). Especially in rodents, a high cholesterol intake
from a diet leads to stimulation of cholesterol conversion to bile acids in the liver (Peet et
al. 1998). This mechanism was found as a regulator of the total cholesterol concentration in
blood. We suppose that the long-term cholesterol feeding led in apo E KO mice to an
increase of bile acids production in the liver and their excretion into the intestine. This
mechanism together with increased penetration of lipoprotein particles into the vessel wall
seems to be the main reason of the decrease of the cholesterol concentration in plasma
observed in the apo E KO mice after five months on the cholesterol diet.

The AFFVL parameters and the estimated volume (estV) of atherosclerotic lesions are to
be considered complementary. The AFFVL parameter is relatively robust with respect to the
deviation of the section plane with regard to the transversal plane. In spite of a careful
orientation of the paraffin-embedded tissue sample, such a deviation might occur. As
AFFVL is a dimensionless ratio, it does not get biased by absolute differences in the size or
shape of the aorta among the animals. It was used as a measure of obstruction of the lumen
by the lesion. Taking into account the size of the reference volume, it becomes apparent that
in most cases we assessed the size of one lesion rather than several lesions. According to our
experience, stereological assessment proved accurate, correct and reproducible, having
a low intra- and inter-observer variability. If the bias of the results caused by the irregular
shape of the lesion were avoided, the total number of test points hitting the area of interest
should be above 60. This number was estimated according to the nomogram of Gundersen
and Jensen (1987), taking into account the irregular shape of the lesion and the coefficient
of error of the estimate lower than 0.05. In our method, this conventional limit was certainly
exceeded, ranging from 1300 to 3000 (depending on both lumen and lesion shape and size).

The quantitative results are in concordance with the subjective assessment of the samples.
An exception appeared in samples No. 7 and 8, where no lesions were found. We assume
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that this happened due to an accidental absence of branching in the aortic segment under
study. This explanation is supported by a remarkable coincidence of lesions and branching
sites (Table 1). The sites of a lesion disposition are determined in part by haemodynamic
forces acting on the endothelial cells. In the regions of arterial branching or curvature, the
flow is disturbed. The fluid shear stress increases endothelium permeability to
macromolecules, so that these regions become preferential sites for lesion formation (Lusis
2000).

We conclude that besides a qualitative description, we quantified the volume of
atherosclerotic lesions in histological sections through the descendent thoracic aortas of apo
E KO mice. This parameter was inversely correlated with the area fraction of the free vessel
lumen. We proved that atherosclerotic lesions were significantly more developed in the
experimental Group 1 (five months on the cholesterol diet) than in Group 2 (two months on
the cholesterol diet).

We assume that the lower cholesterolemia found in apo E KO mice of Group 1 compared
to Group 2, together with accelerated atherosclerosis is probably due to the combination of
increased cholesterol elimination from the body via bile acids production, and increased
penetration of cholesterol to the vessel wall.

Efekt dlouhodobého podavani cholesterolové diety na rozvoj
aterosklerotickych zmén u apolipoprotein E-deficientnich mysi

Jeden z nejpouzivanéjSich experimentalnich modelti umoZiujicich studium rozvoje ate-
rosklerotického procesu predstavuji apolipoprotein E-deficientni (apo E KO) mySi. Cilem
této studie bylo analyzovat zavislost rozsahu aterosklerotického po$kozeni u apo KO mysi
na délce dietni intervence. Skupina apo E KO mySi byla rozdélena do dvou skupin. Prvni
skupina byla od prvniho dne od narozeni (prostfednictvim diety matek) Zivena 2% choleste-
rolovou dietou (n = 8), druh4 skupina dostdvala stejnou cholesterolem obohacenou dietu a7
od 3. mésice véku (n = 6). Po skonceni dietni intervence (5. mésic véku) byla zvitata deka-
pitovéna. Vzorky krve byly pouZity pro analyzu koncentrace cholesterolu. Rozsah atero-
sklerotického poSkozeni tsekii descendentnich hrudnich aort byl kvantifikovéan stereologic-
kym vyhodnocenim nestranné€ systematicky ndhodné vybranych vzork ze série 72 histolo-
gickych fezil.

U zvitat Zivenych po dobu 5 mésict cholesterolovou dietou byla nalezena niZsi koncent-
race (p < 0,05) cholesterolu (26,75 + 3,23 mmol/l) v porovnani se zvifaty Zivenymi
cholesterolovou dietou po dobu 2 mésicti (31,69 + 4,10 mmol/l). U prvni skupiny byl objem
aterosklerotickych 1€z signifikantné vyssi (p < 0,04).

Paralelné v obou skupinéch zvitat byly nalezeny na tisecich hrudnich aort rozsahlé atero-
sklerotické 1€ze, lokalizované zejména do oblasti odstupu vétvi hrudni aorty. U zvitat Ziv-
enych cholesterolovou dietou po dobu 5 mésicli méla tato loZiska vétsi rozsah nezli
u zvifat Zivenych cholesterolovou dietou po dobu 2 mésict.

Z vysledkii vyplyva, Ze dlouhodobé podavani cholesterolové diety je u apo E KO mysi spo-
jeno s masivnéjSim rozvojem aterosklerotickych zmén v diisledku akcelerovaného ukladéani
cholesterolu do cévni stény a pravdépodobné se zvySenim exkrece cholesterolu cestou Zlu-
¢ovych kyselin.
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Plate I
Bobkova D. . et al.: Effect of Long-Term ... pp. 501-507

- - T
Fig. 2. The estimation of the total area of the aortic lumen was the first step of the AFFVL

parameter assessment. The test points hitting the lumen were highlighted (violet). Green trichrome
and Verhoeff hematoxylin staining.

=

Fig. 3. As asecond step of AFFVL assessment, we estimated the lesion area with the use of a high-
density grid of test points. Detail of Fig. 1.
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Plate IT

Fig. 5. Sample No. 1 (Group 1). A lesion comparable to human type II contains macrophages
covered by a fibrous cap. The branching of the aorta becomes obliterated.

Fig. 6. Sample No. 9 (Group 2). The branching site is occupied by a lesion comparable to human
type III which includes extracellular lipids. Note the acicular shape of the empty spaces occupied
initially by cholesterol crystals. The superficial elastic laminae are destroyed, and the deeper ones
have a dilated interlamellar space filled with lipid-laden smooth muscle cells.
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Plate III

_ . =2 .... e - Lk

Fig. 7. Sample No. 11 (Group 2). The branching site is occupied by a type I1I-like lesion with both
intra- and extracellular lipid pool.
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Fig. 8. Sample No. 10 (Group 2). A detailed view of a lesion type analogous to human type III,
bulging into the aortic lumen. It contains foam cells as well as extracellular lipid mass and cell
debris. Monocytes adhere to the endothelium.
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Plate IV

Fig. 9. Sample No. 10 (Group 2): The distribution of alpha-smooth muscle actin within a lesion
analogous to human type III. Smooth muscle cells (brown) encircle macrophages and a well
delineated accumulation of extracellular lipid (lipid core).
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involved in bile formation, however its extrabepatic expression has been
implicated in novel mechanisms of cholesterol efflux. CYP27A deficiency
is found in cerebrotendincus xanthomatosis and leads to cholesterel and
cholestanel accumulation in peripheral tissues resulting in neurological
manifestations and possibly premature atherosclerosis. We overexpressed
the human CYP274 in mice (CYP27'6) and examined whether cross-
ing these animals to apoEXC mice would reduce atherosclerosis. These
studies showed a non-significant reduction in atheresclerosis in CYP27'%
on an apoEXC background as compared to littermates withont CYP27A
overexpression.

Methods: In order to focus on the contnbution of macrephage
CYP27A to atherosclerosis we performed bone marrow transplantations
from CYP27%®, C5TBL/6], and apoEX® donors into apoER® recipients.

Results: Apo E expression levels in bone mamow derived macrophages
from CYP27'® and C57BL/6] animals was sufficient to mduce hyperc-
holesterolemia (190mg/dl and 200mg/d]l compared to 1740mg/dl). Mean
lesion area from cross sections showed reduced atherosclerosis in CYP27'8
bone marrow recipients as compared to CSTBL/6) recipients (65um? and
533um?, respectively). No Sudanophilic zottic lesions were demonstrated
in either CYP27® or CS7BL/6] recipients. ILG assays suggested a borderine
shift towards an inflammatory pattem in CYP27'8 recipients.

Conclusions: Although apoE expression levels in macrophages from
CYP27'% and C67BLAT donors were sufficient to seduce hypercholes-
terolermia and thus decrease atherosclerosis in apoE deficient mice,
preliminary measurements suggest an atheroscleorsis protective role for
CYPZTA. On the other hand, excess oxysterols in macrophages may
promote ILS secretion and contribute to inflammaticn in addition to their
putative tole in cholesterol efflux.

W05-P-023 | TELMISARTAN REDUCES ATHEROSCLEROTIC

LESION FORMATION BY DECREASING
SUPEROXIDE GENERATION IN
APOLIPOPROTEIN E-DEFICIENT MICE

T. Takaya, S. Kawashima, M. Shinohara, T. Yamashita, N. Inoue,
K. Hirata, M. Yokoyama. Div. of Cardiovascular & Respiratory Medicine,
Kobe Univ. Graduate School of Medicine, Kobe, Japan

Ohjectives: We investigated whether clinically relevant doses of telmis-
artan (TIs), an Angiotensin II type 1 receptor blecker (ARE), could
reduce athersclerotic lesion formation independently of its effect on blond
pressure, and, if sc, examined the mechanism.

Methods and Results: We chronically teated apolipoprotein E-
deficient mice with Tls dissolved in drinking water Two doses of
Tls (03mg/kgBW/day and 3mghkgRW/day) were statted at the age of
4weeks and contineed for 12weeks. Lipid contents were not changed by
Tls. Systolic blocd pressure decreased by 3mg/kgBWiday Tis (90.1 + 18
mmHg), but not by 0.3mg/kgBW/day Tls (106.9 = 2.1 mmHg) compared
with controls without Tls (1074 = 1.7 mmHg). Atherosclerotic lesion
size at the aortic sinus was significanily reduced by 0.3mg/kgBWiday Tls
compared with controls, and additional reduction in size was proved by
3mg/kgBW/day. As the mechanism, we mvealed that both doses of Tis
markedly reduced superoxide generation from in siti vessels assessed by
dihydroethidium staining and the lucigenin chemiluminescence method.
The activity of NAD(P)H oxidase in vessels was reduced by Tls without
changes in its expression. Finally we found that urinary 8-isoprostane, a
marker of systemic oxidative stress, was reduced by Tls.

Conclusion: Clinically-relevant doses of Tls suppressed atherogenesis
without changing blood pressure at least panly by decreasing oxidative
stress.

WO0S-P-024 | CIRCULATING PROGENITORS CONTRIBUTE TO

NEQINTIMAL FORMATION IN NON-IRRADIATED
BONE MARROW CHIMERIC MICE

K. Tanaka, M. Sata, Y. Hirata, R. Nagai. Cardievascular Medicine,
University of Tokya Graduate School of Medicine, Tokyo, Japan

Background: Recent reporis suggested that bone marrow derived progen-
itor cells may centribute to lesion formation after mechanical vascular
injury. In most of the studies, bone marrow chimensm was generated by
injecting rmaker-positive bone mamow cells into lothal irediated animals.
Since imadiation has tremmendous effects on recipient animals, it remains
unknown whether bone marrow-derived circulating cells really contribute
to organ remodeling under physiclegical cenditions.

Method and Resnlts: We established parabiotic model, in which two
mice were joined at subcutaneous space without any vessel anastomosis.
We joined wild-type mice with transgenic mice that expressed enhanced
green fluorescent protein (EGFP) in all tissues. 4 weeks after the cperation,
3545% of the penipheral mononuclear cells were EGFP-positive cells
as determined by flow cytometry. The femoral arteries of the wild-type
mice were mechanically injured by insestion of a large wire. At 4 weeks,
there was necintima hyperplasia that was composed of a-smooth muscle
aciin-positive cells. Significant amount of EGFP positive cells were detected
in the neointima (16.413.5%) and media(25.3+6.4%) of the lesions. (n=8)
Some of the cells expressed «-smooth muscle actin or endothelial cell
markers (CD31 or MECA-32).

Conclusion; Circulating cells contribute to re-endothelialization and
neointimal formation after mechanical vascular injury even in the absence
of imadiation.

W09-P-025 | VESSEL TRANSPLANTATION OF

APOLIPOPROTEIN E-DEFICIENT MICE AS A
MODEL OF ATHEROSCLEROQSIS REGRESSION

Z. Tonar', . Bobkova®, J. Havlickova®, R. Poledne’. {Lab. for
Atherosclerosis Research, Inst. for Clin. and Exp. Medicine, Prague, Czech
Republic; 27 gk of Pathophysiol. of Cardiovasc. System, Inst Clin. and
Exp. Medicine, Frague, Czech Republic

Objective: The possibility of using the model of heterotopic aorta trans-
plantation as an atherosclerosis regression model was tested in homozygous
apolipoprotein E-deficient (ape E KO) mice.

Methods: Apo E KO mice (n=14) and wild-type mice (C57BLS strain)
(n=1€) at age of 3 months on chow were used. The segments of theracic
aorta were transplanted from apo E KO mice to wild-type (WT) mice to
the abdomdnal acrta (subgroup 1) and examined one menth after trarsplan-
tation. Transplantations from WT to WT muce (subgroup 2) and from apo
E KO to apo E KO mice (subgroup 3) were used as controls. Stereological
methods were applied in order to quantify the volume of the atherosclerotic
lesions (estV) and the area fraction of free vessel lumen (AFFVL) in
serial equidistant histological sections stained with green trichrome and
Verhoeff’s hematoxyline.

Results: The basal cholesterolemia was 13204164 mmold and
2.1440.13 mmolA in the apo E KO mice and WT mice, respectively. The
analysis of variance proved no significant differences in parameters AFFYL
and estV ameng the subgroups 1, 2, and 3. In the samples which underwent
transplantation, the AFFVL was lower and the estV was higher than in
the neighbouring non-transplanted samples of aorta (p<<0.003), no matter
what subgroup they had originated from. Diffuse intimal thickening with
foam cells was observed in all the transplanted aortas, as well as leukocytic
infiltration and elastinclysis around the suture material. [i is suggested that
the tiny and seasitive wall of aonta suffered from severe distutbance of vasa
and nervi vasorum caused by the invasive intervention in the transplanted
animals, so that it became vulnerable to atherosclerosis progression in all
the samples. The reproducibility of the promising regression model was
dermgated by the strking dependence of the results upon the operation
technigue.

Conelusions: Thoracic to abdominal aosta transplantation did not cffer
a way whech would enable us to study atherosclerosis regression in zpo E
KO mice.

This work was supported by grant IM6798582302 awarded by the
Ministry of Education of the Czech Republic.

W09-P-026 | EXERCISE TRAINING INCREASES SKELETAL

MUSCLE LDL UFPTAKE

C. Vinagre, K. De Angelis, C. Iigoyen, R, Mamanhao, Heart Institute
{InCor), Medical School, University of Sao Paulo, Sae Paule, Brazil

Objective: The purpose of this study was to evaluate the effects of exercise
on the LDL tissue uptake.

Methods: Twenty four CS7 mice (C) and 11 LDL receptor knockout
mice {K) were studied. The C group was divided: 12 exercise-trained
(TC) and 12 umtrained (UC) mice. The K group was also divided: 5
exercise-trained (TK) and & untrained (UK) mice. The TC and TK groups
were submilted to a trining protecol. At the end of training, a atificial
lipid emulsicn similar to LDL (LDE) labeled with 3H—chnlesleryl eter
was injected intravenously, in the animals of the 4 groups. After 24 h,
the animals were sacrified and the liver, skeletal muscle and spleen were
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Abstract

Syngeneic transplantation of murine aorta sectwitts advanced atherosclerotic lesions to definetprents is
a valuable model for regression studies. So fés,todel has not been used to study the regres§imitial
atherosclerotic lesions. The aim of this study Wwasvaluate a microsurgical technique of syngeheterotopic
transplantation of the thoracic aorta of apolipdgiro E-deficient (ApoE-/-) juvenile mice to the amdinal aorta
of wild-type recipients. Stereological quantifieatimethods were tested in order to assess chamgésicture
and volume of the aortic wall including the invairent of immune cells in changes of the atherosttero
lesions. The animals were euthanized one month sftgery and histological analysis including sbévgical
quantification of changes in both the grafts an@deeht aorta segments was performed. The overaivslirate
of the recipients was 62.5%. No regression ofahatherosclerotic lesion was achieved and neoaformation
and degradation of elastin prevailed in all traasp#d specimens. The volume of the atheroscldestions was
higher (p<0.001) and elastin length density waselofp<0.001) in transplanted ApoE-/- samples coengpéo
adjacent segmentk transplanted grafts, T- and B-lymphocytes, mpbeges and neutrophilic granulocytes
formed non-random clusters within the vessel wadl they were colocalised with the sutures. The

reproducibility of the promising regression modelsaderogated in young mice by the striking depecelieffi
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the results upon the operation technique. Sterelbgssessment has proven to be accurate, carrdct
reproducible and provided us with with robust gqitative estimates which can be achieved with amealsle

effort.

K ey wor ds heterotopic transplantation; histology; stereology

Introduction

Mechanisms of regression of atherosclerotic plagaesbe readily studied using the ApoE-deficientiseo
model. Apo E-/- mice are characterized by the Gfgbe ligands for lipoprotein receptors, whictagsociated
with an increase in total cholesterol due to slowglization of remnant-like particles and with encreased risk
for the development of atherosclerosis due to LRttiple accumulation (Plump et al., 1992; Bres|@893;
Breslow, 1996). Development atherosclerotic lesions is also affected by chelestreverse transport, in which
ApoE plays a pivotal role. Excessive cholesteroklsased from the subendothelial space by means of
macrophage-derived ApoE (von Eckardstein, 1996ti€yr2000; for review see Greenow et al., 2005)ikd
mice and rats with unpertuberted cholesterol méistpthe Apo E-/- mice are characterized by insega
cholesterolemia and spontaneous development ofositierotic lesions. Basal cholesterolemia of Apb Bice
is up to five times higher than that of animaldtaf same strain without the genetic defect, i.euahO mmol/l.
Due to the inability of ApoE production, ApoE-/-eriare highly sensitive to dietary interventionthase
animals, administration of a cholesterol diet, naking increased cholesterol intake by humans ireliged
countries, leads to an increase in cholesterolamitthe development of macroscopic atherosclelegions
(van Ree et al., 1994). Sites of predilection aamdyedevelopment of atherosclerosis in the ApoEédel

include the aortic root and the curvature of theiaarch and its branches (Nakashima et al., 1994)

Lesions developing in ascendent aorta and aottit @ir ApoE-/- mice are in both localisation andidlisgical
appearance very similar to those in human (Jawiah,e2004; Ohashi et al., 2004), although lipagiro profiles
are not the same in both species (Garber et &Q)2M wild type mice, HDL represent the majoiity
lipoprotein particles. In ApoE-/- mice, a shiftadvantage of VLDL and chylomicron remnants can tbeeoved.

In contrast, human blood contains predominantly Lf2irticles (Havel et al., 1955; Gotto et al., 1986)

Development and regression of atherosclerotic fessgan be readily studied by syngeneic transpiantaf
cells or vessel segments between ApoE-/- and wid ainimals. Transplantation of macrophages exipigess

mouse or human apolipoproteins to ApoE-/- recigieatn lead to plaque regression or stabilisatidh o
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without the normalisation of the lipoprotein prefibf the animal (Shi et al., 2000; van Eck et2000, Gough
and Raines, 2003; Su et al., 2003). Syngeneicglanistion of atherosclerotic aorta segments frqpoBE/-
mice to defined recipients seems to be a partigwaiuable model for regression studies (Reid.e2801;
Rong et al., 2001; Chereshnev et al., 2003; Tregah, 2004). It was demonstrated that even addnc
atherosclerotic lesions can regress completelynarenolipidaemic environment with normal apolipojgia
levels (Reis et al., 2001) or at least stabilised prevented from progression in an environmert witreased
HDL concentration (Rong et al., 2001). For revie#mmune mechanisms in development of atherostitero

lesions, see the papers published by Hansson (20ibby (2002), Boyle (2005), and Moos et al. (2R05

So far, studies based on the transplantation dda@gments used only adult animals with fully deyed
plagues. For examination of subtle regression nméshes of atherosclerotic lesions it would be, hosvev
desirable to develop a similar transplantation rhading juvenile animals. The aim of our study waerefore
to evaluate a microsurgical technique of syngeheterotopic transplantation of the thoracic aoftaeenile
mice to the abdominal aorta of wild-type recipietsd to assess and to quantify the changes ictsteuand
volume of the aortic wall (preliminarily assessedTimnar et al., 2005) including a screening of irement of

immune cells in changes of the atherosclerotiotesi

Material and M ethods

Animals and diet

Three-month-old male mice of ApoE-/- (C57BI/6) strtn=24) and age-matched syngeneic wild type mice
(n=24) were used. All the animals were obtainedhfthe Jackson Laboratory (Bar Harbor, ME, USA).yThe
weighed 25-30 g at the start of the experimentoBe&nd after transplantation, the animals weresfaeddard
laboratory diet (chow), 8 mm pelleted diet (SEMEDague, Czech Republic) ad libitum. Tap water witramy
pre-treatment was available ad libitum. During éixperiment, all animals were kept separately iresdglaced
in conventional breeding place) on softwood grasmiake bedding and under standard conditions: floergs
lighting: aprox. 300 lux at 1 m above floor from:00@ to 18:00, room temperature was controlled at 29C
with 17 air changes per hour and a relative airilitynof 45 + 5%. The study protocol was approvedte
local research ethics committee and the animale gien care according to rules valid in the Czeepublic
as well as the European Convention for the Pratedf Vertebrate Animals used for Experimental atiter

Scientific Purposes (1986).
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Experimental design

The thoracic aorta of donor mice, which is knowtéothe site of initiation of atherosclerotic lespowas
transplanted to the abdominal aorta of age-matskirdeneic recipients as follows: from ApoE-/- too&p/-
(group 1, n=8); from ApoE-/- to wild type (groupr2;8); from wild type to wild type (group 3, n=8).
Transplanted segments, as well as the segmentmof thoracic aortae situated proximally and digtal the

transplanted area, were analysed one month adiesptantation.

Transplantation procedure

The aortic transplantation with infrarenal positivas performed as described by Koulack et al. (L998nor
and recipients were anesthetized by administratfdantanyl and droperidole i. m. (0.5 ml of comidtion/kg
body weight, Innovar-Vet Inj containing 20 mg/mbgeridol + 0.628 mg/ml fentanyl citrate; Jansseoronfto,
Canada) and midazolam (5 mg/kg body weight). THordenor aortae were removed, perfused with chilled
heparinised saline, and a 5 mm segment was takentfre midportion between the left subclavian gréerd
diaphragm. Harvested aortae were preserved iredhsthline (-4°C) while the recipient mice were bein
prepared. The recipient infrarenal aorta was exhadamped and transsected. The donor aortic segu@en
inserted as a tube graft by microsurgical anast@r{ogerrupted sutures of 11-0 nylon monofilame&T,
Neuhausen, Switzerland) as described Reis et@1)2 The handling time of the transplantation Veas than
30 minutes. After removing the aortae, the don@seveuthanized by overdose of anaesthesia. Thaesti
animals were euthanized one month post surgeryésdose of anaesthesia followed by cervical diglona

with subsequent exsanguination (suing decapitation)

Lipid analysis

After euthanasia, blood (contaminated by a smatarhof lymph) was collected in order to analysespia
cholesterol concentrations. Plasma was harvesteeyifugation of the blood sample (containingl ®f 10%
EDTA per 1 ml of blood) for 10 minutes at 12,00@ncpgCholesterol concentrations were measured using

colorimetric enzymatic assay kits (Boehringer MaginhBiochemicals, Germany)

Histology
Recipient vessel (cranial and caudal part of trdoabinal aorta) and grafted aorta were sampled iddally,
fixed with formalin and embedded in paraffin. Crgsstions (um) were stained with Verhoeff's haematoxylin

and green trichrome according to the modified metthescribed by Kocova (1970). Pathological alteratf
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the vessel wall was assessed by light microscopycnpared our findings to the classification of
atherosclerotic lesions recommended by the Amettitaart Association (Stary, 2000; Bobkova and Tonar,

2005).

Immunohistochemistry

Cross sections (fm) of the aortae were mounted on Super Frost stidated with (3-
aminopropyl)triethoxysilane (Sigma-Aldrich, Vienmaystria), deparaffinised and rehydrated. Endogsnou
peroxidase activity was blocked with 0.6%Q4 in methanol. After antigen unmasking in citratéféu(pH 6.0)
in a microwave oven, unspecific binding reactivitgts blocked with normal goat serum (DakoCytomation,
Glostrup, Denmark) or bovine serum albumin (Signidrigh, Vienna, Austria). The sections were incelolat
with the primary antibodies (Table 1) overnigh8&C. Immunoreaction of rabbit and mouse primarybeaaties
was detected using the PowerVisidrPoly-HRP anti-Rabbit IgG IHC Kit (Immunovision Trwlogies, Daly
City, CA, USA) and the Vector M.O.M. Peroxidase (kfiector Laboratories, Burlingame, CA, USA),
respectively. Immunoreaction of rat primary antilesdvas detected by rat biotinylated mouse adsorbed
secondary antibodies (Vector Laboratories, BurlingaCA, USA) and the Vectastain Peroxidase StandBi@

kit (Vector Laboratories, Burlingame, CA, USA). Timemunohistochemical reactions were visualised with

diaminobenzidine (Sigma-Aldrich, Wien, Austria)dr03% HO,. All sections were counterstained with Mayer's

haematoxylin, dehydrated and mounted with DPX (&lWiuchs, Switzerland). Sections of the small timesof
wild type and Apo E-/- mice served as a positivetaa. For negative control, unspecific rat, raldid mouse

IgG were used instead of the primary antibody.

Quantitative assessment of alterations of the vessel wall

For a quantitative analysis, we followed the waltdmented methodology of Nachtigal et al. (2004hwi
respect to general principles of stereology (Hoveard Reed, 1998). These methods allow a reliabilaatson
of lesion volume in a three dimensional space.Heurore it is possible to assess quantitativelygthér certain
structures are distributed randomly or whetherrtbeturence is related to the pathological chaonfése vessel

under study.

In order to estimate angiostenosis and size o&therosclerotic lesion, in each sample, a segnféh86 mm
underwent a stereological analysis with the ush@fointGrid module (Figure 1A) of the Ellipsetsaire

(ViDIiTo, Kosice, Slovakia). Within the referencelume, equidistant sections were selected througtesyatic
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uniform random sampling. The position of the flissue section in the volume was random, i.e. etpal
product of(72*n), wheren was a random number between 0 and 1. Startingthigtsection, every ninth section
was captured with two constant magnifications hsa the distance between the two neighbouring reeél

photomicrographs (sampling period) was 45 pm. Véessed the area of an atherosclerotic or artegimdicl

lesion in each tissue section according to Equdtion
estA=alP, 1)

whereestA was the estimated area of the arteriosclerotionesr of the vessel lumen, grid parametevas the
area corresponding to one test point Bnelas the number of test points hitting the artel@®tic lesion or
vessel lumen. The total number of points countes atdeast 200 in all sections of each series.Gdalieri
principle (Russ and Dehoff, 2001) was used foreteamation of the volum¥ of the arteriosclerotic lesion

within the reference segment of the aorta (Equajon

estV=TI(A+A +..+A), @

whereestV was the Cavalieri volume estimatdr= 0.045 mm was the distance between the two following
selected sectiongy was the area of the arteriosclerotic lesion osgklsimen in thé-th section, andn stood for
the total number of sections selected from theesefiio estimate the valuemof i.e. the variation caused by
sampling the serial sections, we used Gundersedemzbn’s (1987) method to predict the coefficadrrror
(CE). Preliminary analysis proved that the numifeseations sampled within each tissue block haokto=8 in

order to keep the CE0.05 (Figure 2).

The area fraction of the free vessel lunf@RFVL) was used as a parameter that characterizes #iweel
obliteration of the aortic lumen by the arteriosote lesion (Equation 3):
(mozna otocit: The relative obliteration of thetamlumen was characterised by the parameter.... )

A(lesion)

AFFVL = {(1—
A(lumen)

)} 100%, €)
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whereA(lesion) was the area of the arteriosclerotic lesion, Afidmen) was the area of the total vessel lumen,
including the lesion. In cases of deeper invasioth® lesion towards tunica media, where the bobatween
subendothelial connective tissue and tunica medmaitered, the outer border of the arterioscletesion was

considered to be at the level of the innermosttieléamina.

Elastinolysis was assessed by means of lengthtgerigirofiles of elastin fibres and membranes gshre
relationLa=L/A, whereL, was the length density of elastin fibres (intgneftplanar fibre process, Stoyan et al.,
1995),L was the estimated length of elastin profiles Andas the reference area the tunica media. The mhetho
(module LineSystem, software Ellipse) was basedoumting the intersections of elastin fibres ananimenes
with a system of circular arcs randomly superpasethe micrographs (Figure 1B). The results arsgted as

average values for each set of 8 micrographs gsudisample.

We tested the randomness of spatial patterns ahd-B-lymphocytes, neutrophilic granulocytes, and
macrophages in sections through the vessel waltriéng the distribution of interpoint distancesang the
centres of gravity of the profiles of the cells {frlonenko et al., 2000) at the intervals 0-§08. The method
was based on the analysis of paired correlatiars{eting) and cross-correlation (colocalisatiomctions
implemented in the module Gold of Ellipse softwdrbe vessel wall was selected as the region ofdaste
while the vessel lumen was excluded from the refegespace. The same testing procedure as for thgste
(local increase of density) was performed to tesaalisation of the leukocytes with the stitchdente Carlo
estimates of two-sided 95% confidence intervalshfstogram bar heights and one-sided 1% and 5% fizist
clustering or colocalisation were carried out u98§ simulations oN realizations Iy was equal to the number
of evaluated images) of the binomial process witmber of simulated points equal to the number stoled
points. Similarly, calculated critical values werged for verifying the clustering and/or colocdiisa of the
particles: for the one-sided tests the 50th valomfthe maximum was used at 5% confidence level tiaa 10th

value from the maximum at a 1% confidence level.

Satitics
The data were processed with the Statistica BdsgStatSoft, Inc., Tulsa, OK, USA). The Shapiro-XgilW
test was used in testing for normality. The Kruskadllis test was used to compare the groups urtddysThe

differences were considered statistically significiép<0.05. The concordance between three observers was
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quantified with the intraclass correlation coe#iai (ICC) according to Shrout and Fleiss (1979 fédsults of

lipid analysis are presented as meastandard deviation.

Results

Animals and surgery

The basal cholesterolemia was 13#20.64 mmol/l in the ApoE-/- mice and 2.34€.13 mmol/l in the wild type
mice. Three animals died during the operation othenoperation day due to non-patency of the a8itaother
animals died during the first week after transéion. The overall survival rate in the transplara@imals was

62.5%. All survivor recipients appeared to be lsattnd behaved normally.

Morphology of adjacent segments of the donor aorta

The aortic segments of wild-type mice adjacenh®ttansplanted segment contained no lesions @igAy). In
several aortae of ApoE-/- mice, foam cells werentbin small initial eccentric lesions comparablétonan
type | lesions (Figure 3B), but most of the vessase free of any lesions, even in the regionsiefrial
branching. Immunohistochemistry proved only ocaaaidymphocytes and neutrophils (but no macropheiges
the vicinity of vasa vasorum. No difference betwésnproximal (upstream) and distal (downstreanm-no

transplanted segments was found.

Morphology of aortic grafts

In all groups, transplantation led to neointimariation (Figure 3C) as well as disruption and regjogsof the
elastic lamellae (Figure 3D) in the tunica medighef grafted aorta. The neointima was rich in simootiscle

cells. In group 1, where ApoE-/- were donors ad a®Fecipients, initial type | lesions were foubdt without

any qualitative difference when compared to the-tnansplanted segments.

In all the transplanted aorta segments, i.e. inpgdasrfrom group 1, 2, and 3, endothelium was coiotirs. No
signs of neoangiogenesis within the intima was odesk In some cases, the part of the adventitiadathe
stitch was slightly thickened with increased caltitly in comparison with the other parts of the exatitia. In
this region, neutrophilic granulocytes and T-lympyies were found. In two specimens, only T-lymphesy
invaded the tunica media of the aorta (Figure 8E3ome cases, an increased amount of connecisugetivas
present in the adventitia next to the stitchesaid B-lymphocytes (Figure 3E, 3F), a few macropbd§egure

3G) and neutrophils (Figure 3H) were found in tbisation, dispersed among collagen fibres and ées.
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The stitches were usually encircled by a capsutepased of concentrically arranged fusiform cellsisT

capsule contained a large number of neutrophibmgiocytes with normal nuclei and B-lymphocytes.

Quantification of lesions after transplantation

TheestV of the lesionAFFVL and elastin length density did not differ betwéesindividual groups of this
study (Figure 4)However, in all the transplanted grafts of the aestV of the lesion was high€p<0.001), the
AFFVL was lower(p<0.001), and the elastin length density was lo®s0.001) than in neighbouring proximal
and distal non-transplanted segments. The Peasoglation coefficient betweesstV andAFFVL was -0.41,
betweerestV andL, it was 0.36, and betwed-FVL andL, it was 0.63. Seven samples were excluded from
quantification because of mechanical damage todlsel wall which did not allow reliable morphoryeffhe
variability among three independent observers iimages of lesion volume and of length densitylagn

network are presented in Figure 5 as values oiftiheclass correlation coefficient.

Spatial distribution of leukocytes
In transplanted grafts, all types of leukocytes, lymphocytes, monocytes/macrophages and neuli®phi
granulocytes, were arranged in significant non-canalusters, which were colocalised with stitchéhiww the

intervals summarized in Table 2.

Discussion

Clinical outcome

Although Chereshnev et al. (2003) reported excetiesults with a 100% recovering rate in 26-weeak-ol
animals, the findings of Reis et al. (2001) and gRehal. (2001) with 70-80% success seem much fialy
and correspond to the survival rate in our study5%). When developing a mouse aortic transplamatiodel,
Koulack et al. (1995) reported an initial 75% mbtyarate (caused mainly by thrombosis and shoakjich was
improved to a success rate of >80% after performegyly 200 operations. As our experiment was ayef
performed by a skilled technician with sufficiexiperience in microsurgery on small laboratory aranne
present results cast doubt on the reproducibifitye transplantation model of atherosclerosisessgjpn in
young mice. The surgery might have coincided withnmormal growth of aorta so the alteration ofuibssel
wall by invasive procedure and damage to the raslivasa vasorum resulted in much more pronounced
formation of concentric neointima rich in smoothsule cells than known from adult animals. Exceptaige,
we are not aware of any other factor which miglglaix the relatively high mortality and significamansplant

arteriosclerosis in young animals used in thistud
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Lesionsin the transplanted aorta sections and transplant arteriosclerosis
Structural alterations observed in transplantethas®ctions in comparison with host aorta segnmeotsded
development and/or increasing volume of the arsetérotic lesion, decrease of the free vessel lumeointima

formation, elastinolysis and accumulation of immge#s in the vessel wall.

The volume of the arteriosclerotic lesions as waelthe decrease of the free vessel lumen in thegianted
aorta segment strikingly did not differ betweenitigividual study groups (Figure 4A-D). Althoughetmedian
of estV of the lesions was higher in group 1, i.e., in Bperecipients, than in the other groups with wijge
recipients, the difference was not significanttyatreak formation did not occur or progress ig afithe
analysed samples. Since Lee et al. (2000) repatiedt the protective role of nitric oxide synth@d@©S)
induced by aortic transplantation, we speculateM@S might have inhibited adhesion of leukocyted a
further progression of initial fatty streaks in linsplanted specimens, thus compensating thellpidemia in

ApoE-/- mouse.

The lesions found in transplanted specimens hasvegty to be considered as transplant arteriopattiner
than progression of initial atherosclerotic lesiofise etiology of transplant arteriosclerosis waggested to be
multifactorial and its precise mechanism remairscabe to date (Soleimani and Shi, 2006). In thetihat
severity of age-related neointima formation in symgjc aorta transplantation (in the absence ofealtivity
and immunosuppressive drugs) is primarily deterdhiog the recipient's age rather than the donogs ymung
recipients generally being less affected (Calfalet2005). This complies with the fact that thedstAFFVL in
juvenile ApoE-/- mice was 60%, i.e. the narrowiriglee vessel lumen caused by transplant arteriostikewas
far from being occlusive, perhaps due to the knavterioprotective property of bone marrow-derived

progenitor cells in juvenile ApoE-/- mice (Rausckeal., 2003).

Neointima formation in our experiment was qualitaly the same as usually reported from allograftigts in
mice (e.g. Chow et al., 1996; Sun et al., 1998)wéler, as neointima proliferation, endothelial mgmtion
(Hu et al., 2003), and smooth muscle cells recraiithare dependent on alloimmune cellular respof@esw et
al., 1996) and involvement of hematopoietic stefts ¢8akihama et al., 2004), we have no evidenee th
mechanisms of transplant arteriosclerosis areah®esn syngeneic as in non-syngeneic transplantdbetailed

descriptions of transplant arteriosclerosis in gyr&jc aortic transplantation in mice are not atdglaWe can
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only speculate that our findings suggest that tiseeptibility to transplant arteriosclerosis migkthigher in
ApoE-/- mice than in female Fisher rats (Calfalgt2005), where neointimal lesions after syngeneic
transplantation could not be detectélb elucidate these questions, a detailed stuclysted on transplant
arteriosclerosis in syngeneic mice would be regljiigcluding quantitative immunohistochemistry dhasion
molecules (VCAM, ICAM), electron microscopy to red¢he phenotypic alteration of vascular smoothctaus
cells, assessment of kinetics of cytokine productinod MHC-matching. Such results would be comparabl

those published by Ensminger et al. (2002), whéopered their studies on partially and fully allogémmouse.

Elastin degradation is generally related to advdratherosclerotic lesions rich in macrophage-bpnoteases,
but not to initial atherosclerotic lesions (Gougtale, 2006). Since we found only slight arteriesotic lesions
(type 1), but significant elastinolysis, we conatuthat atherosclerosis itself did not contributéheodecrease of
elastin length density. Elastin destruction obseéiivetransplanted specimen corresponded to thehdison
pattern of macrophages which surrounded the sttchiethese sites, elastinolysis was also mosteswid
Degradation of elastin fibres, accumulation of inmawells and fibrous encapsulation of the stitghresably
represent rather stages of healing processes thansaver to infection during surgery, since neithesteria nor

neutrophilic granulocytes with hypersegmented riwcdeld be found.

Histological quantification in assessment of development and regression of atherosclerotic lesions

Due to our experience, stereology provided us vé@groducible quantitative estimates which were exaul
with a reasonable effort. The sampling strategyldsethe Cavalieri method was based on systeraiform
random sampling, the variability of which was lomoegh. Point counting method seemed to be moreitaim
but more robust to the staining variation thanségmentation methods used for the same purposeyeRpng
et al. (2001). As the lower limits of the 95% calefince intervals of the intraclass correlation doiefiit
exceeded 0.7 in bo#stV of atherosclerotic lesions and length densityhefelastic fibres, we consider the
interobserver variability to be low enough. The @vidonfidence intervals in the length density akéh fibres
was caused by successive branching of the maitirefdses into a fine network so that the veryaiietd
demarcation of the delicate fibres remained rashibjective. ThAFFVL parameter andstV of arteriosclerotic
lesions have to be considered complementary ARK/L parameter is relatively robust with respect to the
deviation of the section plane in regard to thadvarsal plane. In spite of carefully orienting faeaffin-
embedded tissue sample, such a deviation mighr oBsWAFFVL is a dimensionless ratio, it does not become

biased by absolute differences in the size or sbéfiee aorta among the animals. It was used absimuction
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measure of the lumen by the lesion. Taking intaaatthe size of the reference volume, it becorpgsuent
that in most cases we assessed the size of ope legher than several lesions. According to opeeence,
stereological assessment has proven to be accooatect and reproducible. If the bias of the risschused by
the irregular shape of the lesion were avoidedidted number of test points hitting the area o¢iast should be
above 80. This number was estimated accordingetmdimogram of Gundersen and Jensen (1987), taking i
account the irregular shape of the lesion a@i&0.05 for the estimate. In our method, this conventidimait
was certainly exceeded, ranging from 200 to 30€rgeictions (depending on both lumen and lesioneshag

size).

Conclusions

No regression of initial atherosclerotic lesion vaabieved by syngeneic heterotopic transplantatfdhoracic
aorta segments of juvenile ApoE-/- mice to wildéygcipients of the same age. On the contraryntieta
formation, arteriosclerosis and degradation oftelggevailed in all transplanted specimens, evecointrol
groups. It is suggested that the tiny and sensita of juvenile aorta suffered from severe dibamce of vasa
and nervi vasorum caused by the invasive intergarniti the transplanted animals, so that it becanfreevable
to inflammation and transplant arteriopathy. Tharoducibility of the promising regression modell2+week-
old mice was derogated by the striking dependehtieearesults upon the operation technique. Thortrxi
abdominal aorta transplantation did not offer ahmétwhich would enable us to study atherosclemegjsession
in 12-week-old Apo E-/- mice. Stereological assemsnhas proven to be accurate, correct and repitddwsnd

provided us with with robust quantitative estimedehieved with a reasonable effort.
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Table 1 Primary antibodies

Antibody Specifity Concentration Company

CD3 monoclonal rabbit anti human T-lymphocytes 1:500 LabVision, Fremont, CA,

(clone SP7) USA

CD20 monoclonal rabbit anti human  B-lymphocytes 00:1 LabVision, Fremont, CA,
USA

Monoclonal mouse anti human Macrophages 1:100 Serotec, Disseldorf,

monocytes/macrophages MCA 874G

(clone MAC 387)

Germany

purified anti mouse neutrophils rat Neutrophil granulocytes 1:500

monoclonal antibody (clone 7/4)

Table 2 Spatial distribution of leukocytes within the transplanted aortic grafts

Clustering in the intervalspm]

AMS Biotechnology . td

Abingdon Oxon, UK

Colocalization with stitches in the intervalgnf]

p<0.01 0.01<p<0.05 p<0.01 0.01<p<0.05
T-lymphocytes 10-150 none 100-150 80-100; 150-200
B-lymphocytes 10-80 none 10-50; 60-70 70-80
Macrophages 10-150 none 10-40 none
Neutrophilic 10-90 none 20-30; 40-50 30-40;50-60

leukocytes
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Figure 1. Counting pointsand lines. (A) Assessment of the estimated volume of the a@erotic lesion
(estV) and the area fraction of the free vessel lunidt{/L) was based on counting the test points hitting the
lesion (highlighted as yellow), or the lumen, regpely. The grid parametex corresponds to the area of one
test point. Scale bar 170n. (B) Circular arcs were used for estimating lardgnsity of elastin fibres and

membranes. Scale bar Afh. Green trichrome and Verhoeff's hematoxylin stain

0.10}
—o— avg (lumen)
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number of sections selected (m)

Figure 2. Analysis of sampling error. Average values of the Gundersen and Jensen'’s cieeffiof error
(estCE(GJ))for all sampling combinations of corsging values of m (the number of sections). Thet gtudy
was performed for volume of both vessel lumen (Bvgén)) and lesions (avg(lesion)). To keep the=<GEO5
for each of the parameters, the suitable value= mas found.
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Figure 3. Histology of aorta graftsand adjacent host aorta segments. (A) Non-transplanted lesion-free
abdominal aorta of a wild-type mouse (group 3)I&bar 100 /m. (B) Foam cells in the intima of an apoE-/-
mouse, non-transplanted segment (group 1). Scagam. (C) Aorta of a wild type to wild type
transplantation case (group 3) with nearly conéeitimal thickening. Scale bar 200m. (D) Same, detail of
elastinolysis and inflammatory cells surrounding $fitch. Scale bar 50m. A-D were stained with green
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trichrome and Verhoeff's hematoxylin. (E) T-lymplytes infiltrating the tunica media of a transplahterta
segment of a wild-type mouse (group 3), immunolkisémical detection of CD3. Scale bar(5t. (F) B-
lymphocytes surrounding the stitch in the tuniceeanditia of a transplanted aorta segment of an dpofibuse
(group 2), immunohistochemical detection of CD2€al€ bar 707m. (G) Macrophages in the tunica adventitia
of the same sample as in F, immunohistochemicakctien of MCA 874G. Scale bar 70m. (H) Neutrophilic
leukocytes encircle a stitch in the tunica adventf a transplanted segment of an apoE-/- mouseipgl),
immunohistochemical detection using an anti-mowsérnophils antibody. Scale bar 106n. (E-H)

Visualisation of the immunoreaction horseradistopetase/diaminobenzidine.
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Figure 4. Quantitative analysis of aortaein the experimental groupsand in samplestaken from different
sites. (A, B) Estimated volume of lesiones{V), (C, D) area fraction of the free vessel lun(@RFVL), and (E,
F) length densityl(,) of elastin fibres. Values are medians with 25s@8centiles; n=12 in group 1 (ApoE-/- to
ApoE-/-), n=13 in group 2 (ApoE-/- to wild-type(W)In=13 in group 3 (WT to WT); n=12 imansplanted,
n=12 inproximal, n=13 indistal. P-values of Kruskal-Wallis ANOVA are presented; — non significant.
Proximal anddistal are non-transplanted aortic segments adjacehetoansplanted graft.
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ABSTRACT

The basic architecture of the fibrous and cellular components of tunica media of large arteries
consists of repeating concentric layers of smooth muscle cells separated by collagen and elastic
fibres. The aim of this paper was to compare the morphology of elastin network in samples of
tunica media of thoracic vs. abdominal porcine aorta, and ventral vs. dorsal wall of aorta
removed from five pigs. Histological slides were stained with Verhoeff's hematoxylin and
green trichrome. The photomicrographs underwent fast Fourier transform (FFT) in Matlab, and
the elastin complexity was assessed by shape factors (SF) of circular histogram of the Fourier
spectra. In cross-sections, elastin in the wall of aorta forms a network of wavy interconnected
membranes and fibres. Both in the thoracic and abdominal aorta, the tunica media was
composed of 40-60 concentrically arranged anastomosing spiral elastic laminae, which
appeared as branched wavy membranes. We found no signifficant differences between paired
SF values of thoracic and abdominal aorta and the values were highly correlated (R=0.90).
There were no signifficant differences between samples from ventral and dorsal wall of aorta.
We presented an approach for description of regional differences of morphology of elastin
network. The FFT-based analysis provided us with reasonable and reproducible results with
satisfactory variability, therefore its further use can be recommended in case of respecting its
limitations. It is suitable for research purposes to study the effects of ageing. hypertension,
atherosclerosis, and other conditions associated with changes of elastin.

Keywords
aorta, elastin, fourier transform, morphology.

113




INTRODUCTION

Elastic fibres represent a crucial constituent of the tunica media of large arteries.
They are arranged into a complex of branching and anastomosing concentric
fenestrated membranes responsible for elasticity and resilience of large blood
vessels. The predominant component of these fibres is elastin, an extracellular
matrix protein synthesized as a precursor, tropoelastin, mostly by smooth muscle
cells and fibroblasts. Elastin itself is an insoluble, hydrophobic and extensively
cross-linked protein with considerable degree of branching and interconnections.

LAMELLAR UNIT

The basic architecture of the fibrous and cellular components of tunica media
of large arteries consists of repeating concentric layers of smooth muscle cells
(SMC) separated by collagen and elastic fibres, the latter forming interconnected
fenestrated sheets, or lamellae. The number of lamellar units in a vascular segment
is related linearly to tensional forces within the wall, with the greatest number of
elastic layers occurring in the larger, more proximal vessels that experience the
highest wall stress (Faury et al., 2003). When the vessel wall is forming, SMC
differentiation, lamellar number, and elastin content increase coordinately with the
gradual rise in blood pressure until the proper number of lamellar units are
organized.

It has been suggested that the artery wall is designed to distribute uniformly the
tensile stresses to which it is subjected. The basic morphological plan occurs in
various modifications. Larger mammals have larger arteries with proportionately
more elastin layers, as proved by morphometric studies discussed by Shadwick
(1999). Diameter and wall thickness increase in nearly constant proportion and the
lamellar thickness remains constant at approximately 15pum. The number of
lamellar units increases in direct proportion to the radius and wall thickness. This
led to the conclusion that the elastin-muscle-collagen lamella is the basic structural
and functional unit of the aorta. Further refinement of this model based on scanning
electron microscopy showed that the elastic tissue between concentric layers of
circumferentially oriented smooth muscle cells actually consists of two layers of
elastin fibres, each associated with adjacent muscle layers and containing
interposed bundles of wavy collagen fibres. While there are no apparent
connections between fibres of elastin and collagen, both appear to be linked to
the membranes of adjacent muscle cells, from which they are synthesized
(Shadwick, 1999). Abdominal aorta is more susceptible to atherosclerosis than the
thoracic aorta. In abdominal aorta of minipigs (Augier et al., 1997), medial elastic
structure was found to be altered in proximity of atherosclerotic plaques.

Research on dissecting aneurysms splitting the wall of the thoracic and abdominal
aorta suggested that the difference in propagation might be tied to the difference in
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elastin structure (Roach and Song, 1994). The elastin pattern along the whole path
of the dissection has not been compared yet. In thoracic aorta of pig. the elastin
was reported to be arranged as interconnected parallel sheets with fenestration. In
abdominal porcine aorta, the sheets of elastin were described as fused, creating
a honeycomb appearance.

Should the morphology of the elastin network be assessed, several parameters
could be measured and quantified, e.g. the interlamellar distance or the number of
the elastin membranes across the tunica media. Increase of the interlamellar
distance and microscopically apparent loss of the elastin membranes occurs e.g. in
cystic medionecrosis, atherosclerosis, aortic aneurysm and/or inammatory
infiltration of the aortic wall. However, for assessing early and inconspicuous
pathological changes of the elastin network complexity, or evaluating its regional
differences in normal aorta, these parameters may not be sensitive enough. For
the latter purpose, two-dimensional (2-D) fast Fourier transform (FFT) has been
introduced (Tonar et al., 2003). It has been used for the evaluation of degradation
of the elastin network in selected images of the tunica media of the AAA, when
compared to the samples of normal and atherosclerotic non-aneurysmatic
abdominal aorta. Although this approach proved itself to be useful when searching
for a universal method of elastin network description, it required further evaluation.
The regional differences in pattern of aortic elastin described in the above cited
references led us to decision to perform further test of the FFT analysis of elastin
morphology by comparing the thoracic and abdominal porcine aorta.

Conventional image processing techniques operate within “real” space.
We introduce another, mathematical space representing spatial frequencies of
the periodic components of the patterns observed in the real structure. Spatial
frequency means the number of intersections of the elastin network with an
overlaid straight line per unit length. The spatial frequency dimension is m, i.e.
a “reciprocal” meter, and this is why the frequency domain is said to be reciprocal
with respect to real space. The image, as observed in real space, is coded as grey
level F(x; y) at pixel position (x; ). The function is expanded into its harmonic
components by the Fourier transform. The image is first transformed from
the spatial domain to the frequency domain (Fourier space) where a visual
representation of the frequency content of the image can be examined. Therefore,
the image data displayed in the frequency domain can reveal features not
immediately apparent in the spatial domain, where our visual system is often
distracted by bright objects, other strong features or apparent structural uniformity.

Mechanical deformation of the arterial wall, as well as biochemical processes, may
result in disintegration of the fine interconnecting elastin fibres in one direction and
in straightening of the persistent elastic membranes in the other direction. That is
why the spatial frequencies diverge in different directions: they are lower in
the direction in which the fibres have been relatively elongated and higher in
the direction in which they have been “compressed™. As a consequence of this,
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the Fourier transform of the micrograph becomes anisotropic and elliptical. On the
contrary, in the case of the equiaxial elastin network, the spatial frequencies are the
same in all directions and the Fourier transform of the micrograph of such a
structure is isotropic, i.e. circular. The anisotropy of the Fourier transform F(u; v)
of the micrograph under analysis reects the anisotropy of the structure as perceived
directly on the micrograph of the structure f{x,y). But the Fourier spectrum F(u, v)
is much simpler than the image f{x; ), and therefore the evaluation of the FFT of
images is easier and gives more detailed and exact information on deformed
structures than the evaluation of the image of the micrograph. Because the Fourier
and power spectra are not easy to be understood, a shape factor of their circular
histogram may be used as a single quantitative parameter.

AIM OF THE STUDY

(A) Comparison between samples of thoracic and abdominal aorta of the same pig
based on evaluation of both transversal and longitudinal sections. Hypothesis H,:
In an individual, there are no signifcant differences between paired average shape
factor values of thoracic and abdominal aorta.

(B) Comparison between groups of transversal and longitudinal sections through
neighbouring samples of the same part of the same aorta. Hypothesis Hg: In an
individual, the results of FFT of longitudinal sections do not correlate to those of
longitudinal sections.

(C) Variability assessment in groups of transversal sections and longitudinal
sections. Hypothesis Hc: FFT results of transversal sections have the same
variability (standarddeviation) as those of longitudinal sections.

(D) Comparison between samples taken from ventral wall (micrographs a,; b)
and dorsal wall (micrographs ¢, d) of aorta. Hypothesis Hp: There are no
significant differences between average values of shape factor from ventral wall
and dorsal wall of aorta.

MATERIALS AND METHODS

We analyzed samples of the ascendent thoracic aorta (n=5) and abdominal
suprarenal aorta (n=5) removed from five pigs freshly slaughtered in butchery
Jatky Pilsen, a.s. Segments of the aortas were processed by common paraffin
technique and cut into 5-7um thick histological sections stained with Verhoeff's
hematoxylin and green trichrome. In both the thoracic and abdominal aorta, closely
neigbouring tissue samples were processed in a parallel way - one with cutting
plane oriented transversally, the other with cutting plane oriented longitudinally.
In each section, two micrographs represented ventral wall and other two images
represented dorsal wall, labelled a. b, and ¢ and d, respectively. The micrographs
were converted to greyscale and resampled to resolution of 682x512 pixels in order
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to get images suitable as an input for the FFT analysis. We used the Imagel
software (Abramoff et al., 2004) for linear morphometry of the micrographs.

We developed two programs in the software system MATLAB (The MathWorks,
Natrick MA, USA). The first one read the 512x512 pixels matrix from
the input and performed a 2-D FFT on this data (source URL
http://home.zcu.cz/~tonar/arch/2dfft.m). The second program used the image
of the Fourier spectra as an input image and applied the methods for
recognition of the degree of elastin complexity (source URL
http://home.zcu.cz/~tonar/arch/polhist.m). These methods wused calculated
histograms in polar coordinates (Fig. 2b), i.e. they summarized the number of white
pixels in each direction (0° to 360°) from the centre of the image. Then an enclosed
rectangle was constructed and the shape factor was calculated as a ratio of its sides
(Feret's ratio). A minimum of the shape factor was 0, values near 1 meant small
or no deformation of the polar histogram. The methods suppose that
the deformation of the elastin network may differ among samples under study in
the direction of the vertical axis of the micrograph, i.e. perpendicular to
the direction of the arterial circumference.

RESULTS
Table 1. Values of shape factor in abdominal and thoracic aorta with transversal

and longitudinal cutting plane; mean SF - average of four micrographs of the same
slide (*100); SD - standard deviation of group of these four micrographs (*100).

Animal No. Orientation Abdominal aorta Thoracic aorta
mean SF (*100) SD(*100) mean SF (*100) SD{*100)
1 transversal 83,65 2,09 84,85 2,09
longitudinal 96,23 2,32 95,5 422
2 transversal 9248 3,86 8938 2,06
longitudinal 82,75 343 97,50 1,33
3 transversal 8985 5,75 88,33 2,56
longitudinal 97,35 0,99 97,90 1,13
4 transversal 96,78 1,18 93,03 462
longitudinal 95,28 5,62 90,95 6,40
5 transversal 88,20 1,58 89,78 1,44
longitudinal 86,40 1,84 85,40 1,76

Both in the thoracic (Fig. 1a) and abdominal (Fig. 1b) aorta, the tunica media
formed a 550-750um thick layer composed of 40-60 concentrically arranged
anastomosing spiral elastic laminae, which appeared as branched wavy membranes
surrounding the 6-26pum wide spaces containing the fine connective tissue with
fibroblasts, collagen, and smooth muscle cells. The elastin system appeared
as a network-like complex of bundles with many sections through the branched
elastin bridges interconnecting the neighbouring elastic membranes. The Fourier
transform of most of these micrographs showed regularity and rotary symmetry.
The parallel system of intact elastin membranes with periodicity in the y axis
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contributed to the high frequencies. This was balanced also in other directions by
uniform wavy appearance of highly branched elastin network without elastin loss
or media disintegration. These features caused the circular histogram to have
a nearly circular shape, resulting in relatively high values of shape factor (Tab. 1).

N

- N

— - N

—— N ~
- = e

Fig. 1. (a) Ascendent thoracic aorta; (b) Abdominal aorta.

(a) (b)

Fig. 2. (a) FFT of the Fig. la: (b) circular histogram of Fig. 2a, SF=0.86.

(A) The results of paired t-test (@=0.05) do not allow us to reject the hypothesis
H,. In an individual, no significant differences between paired shape factor values
of thoracic and abdominal aorta were found. The results of FFT were not biased by
varying values of SF, which was verified with use of Bland-Altman graphs. The SF
values of abdominal aorta were highly correlated to those of abdominal aorta with
Pearson correlation coefficient R(thoracic; abdominal) = 0.90.

(B) Unlike the SF values of transversal sections, the values of SF of longitudinal
sections of the same part of the same aorta were far from normal distribution,
having two peaks. Although the confidence intervals overlapped, there was no
significant correlation between the groups. We are not allowed to reject
the hypothesis Hjp. Transversal sections represent a different viewpoint than
longitudinal sections and their contributions to FFT-based assessment of the elastin
network complexity is not interchangeable.
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(C) The test result does not allow us to reject the hypothesis Hc¢ and the differences
of SD in transversal and longitudinal sections should be regarded as not significant.

(D) We can not reject the hypothesis Hp. There are no significant differences
between average values from ventral wall and dorsal wall. The values of SF are
correlated R = 0.86.

DISCUSSION

The FET was not able to discriminate between thoracic and abdominal aorta (H,),
which was rather surprising (Roach and Song, 1994). However, this could be
explained by the fact the samples came from young and healthy animals having no
obvious reason for different morphology of elastin in thoracic and abdominal aorta.
The FFT helps to assess the morphology of elastin network in porcine aorta
morphology rather than different amounts of elastin.

Although this paper deals with normal aorta only, it implies several possible ways
how to contribute to clinical-related research. We suggest that 2-D FFT-based
assessment of elastin morphology could be applied to study of following problems.

There could be compared the morphology of elastin between aortas fixed under
diastolic pressure and systolic pressure-fixed aortas. Fourier transform is a suitable
tool for describing varying degrees of complexity of oriented and network-like
structures. It is quite sensitive to straightening of elastin which is known to cause
the power spectrum to become stretched in the vertical direction and squeezed in
the horizontal direction. As a result, the high frequencies in the direction of the
arterial circumference (y axis) fall down and the shape factor decreases (Tonar et
al.. 2003). When unpressurised, the elastin lamellae appear wavy and disorganized
in longitudinal and transversal sections. With increasing pressure and distention,
there is a progressive straightening of these lamellae and a decrease in
the interlamellar distances. At the low end of the physiological pressure range,
the lamellae are straight and give the appearance of regular concentric cylinders
with uniform thickness and radial spacing (Shadwick, 1999).

In vitro elasticity and residual strain measurements were performed separately on
the inner and outer half of the pig aortic media (Stergiopulos et al., 2001).
The reported possible an/isotropy of elastin morphology together with
a histomorphometric assessment of the radial distribution of elastin could be
verified. In a similar way, evaluation of rotational asymmetry of the elastin
morphology in the abdominal aortic aneurysm (Treska et al., 2002) might
contribute to the understanding of the location of preferential sites of aneurysm
rupture.

The FFT-based analysis could be used together with other microanalytical
techniques as a complementary method in a complementary way to maximize
the information available from the specimen. The structure of elastin could be
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characterized in terms of textural features, using other stereological methods for
quantitation of elastin alteration (Avolio et al., 1998).

The technique described in this investigation requires highly standardized
processing of tissue samples and hence is not readily applicable to routine use.
Nevertheless, it is suitable for research purposes to study the effects of ageing,
hypertension, atherosclerosis, and other conditions associated with changes of
elastin. We presented an approach for description of the complexity and regional
differences of morphology of elastin network in samples of thoracic and abdominal
porcine aorta. The FFT-based analysis provided us with reasonable results,
therefore its further use can be recommended in case of respecting its limitations in
elastin-related research.
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Abstract: We analyzed tissue samples of the ventral
and dorsal wall of normal thoracic and abdominal
porcine aorta. The results of the two-dimensional
Fourier analysis of micrographs of tunica media
proved that the Fourier transform provided an effi-
cient method for evaluating transversal and longitu-
dinal cross sections of the elastin membranes and fi-
bres. The shape of the power spectrum of elastin was
a simple pattern, whose description was quantified by
the shape factor of its polar coordinates histogram.
We found no significant differences between paired
shape factor values of thoracic and abdominal aorta.
There were no significant differences between samples
from ventral and dorsal wall of aorta. The FFT-based
analysis provided us with reasonable results, there-
fore its further use can be recommended being aware
of its limitations. We suggested several advisable ap-
plications of this method for elastin-related research.
Lamellar unit thickness was higher in abdominal than
in thoracic aorta, unlike the relative elastin content,
which was the same in the thoracic as in the abdomi-
nal segment.

Introduction

Elastic fibres represent a crucial constituent of the
tunica media of large arteries. They are arranged into
a complex of branching and anastomosing concentric
fenestrated membranes responsible for elasticity and re-
silience of large blood vessels. The predominant com-
ponent of these fibres is elastin, an extracellular matrix
protein synthesized as a precursor, tropoelastin, mostly
by smooth muscle cells and fibroblasts. Elastin itself is
an insoluble, hydrophobic and extensively cross-linked
protein with considerable degree of branching and inter-
connections.

Lamellar unit: The basic architecture of the fibrous
and cellular components of tunica media of large arteries
consists of repeating concentric layers of smooth mus-
cle cells (SMC) separated by collagen and elastic fibres,
the latter forming interconnected fenestrated sheets, or
lamellae. The number of lamellar units in a vascular
segment is related linearly to tensional forces within the
wall, with the greatest number of elastic layers occurring

in the larger, more proximal vessels that experience the
highest wall stress [1]. When the vessel wall is forming,
SMC differentiation, lamellar number, and elastin con-
tent increase coordinately with the gradual rise in blood
pressure until the proper number of lamellar units are
organized. It has been suggested that the artery wall
is designed to distribute uniformly the tensile stresses
to which it is subjected. The basic morphological plan
occurs in various modifications. Larger mammals have
larger arteries with proportionately more elastin layers,
as proved by morphometric studies discussed by Shad-
wick [2]. Diameter and wall thickness increase in nearly
constant proportion and the lamellar thickness remains
constant at approximately 15 mm. The number of lamel-
lar units increases in direct proportion to the radius and
wall thickness. This led to the conclusion that the elastin-
muscle-collagen lamella is the basic structural and func-
tional unit of the aorta. Further refinement of this model
based on scanning electron microscopy showed that the
elastic tissue between concentric layers of circumferen-
tially oriented smooth muscle cells actually consists of
two layers of elastin fibres, each associated with adjacent
muscle layers and containing interposed bundles of wavy
collagen fibres. While there are no apparent connections
between fibres of elastin and collagen, both appear to be
linked to the membranes of adjacent muscle cells, from
which they are synthesized [2]. Abdominal aorta is more
susceptible to atherosclerosis than the thoracic aorta. In
abdominal aorta of minipigs [3], medial elastic structure
was found to be altered in proximity of atherosclerotic
plaques. Research on dissecting aneurysms splitting the
wall of the thoracic and abdominal aorta suggested that
the difference in propagation might be tied to the differ-
ence in elastin structure [4]. The elastin pattern along
the whole path of the dissection has not been compared
yet. In thoracic aorta of pig, the elastin was reported to
be arranged as interconnected parallel sheets with fenes-
tration. In abdominal porcine aorta, the sheets of elastin
were described as fused, creating a honeycomb appear-
ance.

Should the morphology of the elastin network be as-
sessed, several parameters could be measured and quan-
tified, e.g. the interlamellar distance or the number of
the elastin membranes across the tunica media. Increase
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of the interlamellar distance and microscopically appar-
ent loss of the elastin membranes occurs e.g. in cystic
medionecrosis, atherosclerosis, aortic aneurysm and/or
inflammatory infiltration of the aortic wall. However, for
assessing early and inconspicuous pathological changes
of the elastin network complexity, or evaluating its re-
gional differences in normal aorta, these parameters may
not be sensitive enough. For the latter purpose, two-
dimensional (2-D) fast Fourier transform (FFT) has been
introduced [5]. It has been used for the evaluation of
degradation of the elastin network in selected images of
the tunica media of the AAA, when compared to the sam-
ples of normal and atherosclerotic non-aneurysmatic ab-
dominal aorta. Although this approach proved itself to be
useful when searching for a universal method of elastin
network description, it required further evaluation. The
regional differences in pattern of aortic elastin described
in the above cited references led us to the decision to per-
form a further test of the FFT analysis of elastin morphol-
ogy by comparing the thoracic and abdominal porcine
aorta.

Conventional image processing techniques operate
within a “real” space. We introduced another, mathemat-
ical space representing spatial frequencies of the periodic
components of the patterns observed in the real structure.
Spatial frequency means the number of intersections of
the elastin network with an overlaid straight line per unit
length, therefore its dimension is m~!. The image, as
observed in real space, is coded as grey level F(x;y) at
pixel position (x;y). The function is expanded into its
harmonic components by the Fourier transform. The im-
age is first transformed from the spatial domain to the
frequency domain (Fourier space) where a visual repre-
sentation of the frequency content of the image can be
examined. Therefore, the image data displayed in the fre-
quency domain can reveal features not immediately ap-
parent in the spatial domain, where our visual system is
often distracted by bright objects, other strong features
or apparent structural uniformity. Mechanical deforma-
tion of the arterial wall, as well as biochemical processes,
may result in disintegration of the fine interconnecting
elastin fibres in one direction and in straightening of the
persistent elastic membranes in the other direction. That
is why the spatial frequencies diverge in different direc-
tions: they are lower in the direction in which the fibres
have been relatively elongated and higher in the direc-
tion in which they have been compressed. As a conse-
quence of this, the Fourier transform of the micrograph
becomes anisotropic and elliptical. This contrasts with
the case of the equiaxial elastin network, where the spa-
tial frequencies are the same in all directions and the
Fourier transform of the micrograph of such a structure
is isotropic, i.e. circular. The anisotropy of the Fourier
transform F(u;v) of the micrograph under analysis re-
flects the anisotropy of the structure as perceived directly
on the micrograph of the structure f(x;y). But the Fourier
spectrum F (u;v) is much simpler than the image f(x;y),
and therefore the evaluation of the FFT of images is eas-

ier and gives more detailed and exact information on de-
formed structures than the evaluation of the image of the
micrograph. Because the Fourier and power spectra are
not easily understood, a shape factor of their circular his-
togram may be used as a single quantitative parameter.
Aim of the study was to test the following hypotheses

Hj —Inan individual, there are no significant differences
between paired average shape factor values of cir-
cular histograms of 2-D FFT (fast Fourier trans-
form) spectra in both transversal and longitudinal
sections of thoracic and abdominal aorta.

Hp — In an individual, the results of FFT of transversal
sections do not correlate to those of longitudinal sec-
tions through neighbouring samples of the same part
in the same individual.

H¢ — FFT results of transversal sections have the same
variability (standard deviation) as those of longitudi-
nal sections.

Hp — There are no significant differences between av-
erage values of shape factor in samples taken from
ventral wall and dorsal wall of aorta.

Hp — There are no significant differences in relative
elastin content between samples of thoracic and ab-
dominal aorta.

Hp — There are no significant differences in lamellar
unit thickness between samples of thoracic and ab-
dominal aorta.

Materials and Methods

We analyzed samples of the ascendent thoracic aorta
(n = 6) and abdominal suprarenal aorta (n = 6) removed
from five pigs (weighing between 100-120 kg) freshly
slaughtered in the Jatky Plzen butchery. After remov-
ing loose connective tissue, segments of the aortas were
processed by common paraffin technique and cut into 5—
7 um thick histological sections stained with Verhoeff’s
hematoxylin and green trichrome [6]. In both the thoracic
and abdominal aorta, closely neigbouring tissue samples
were processed in a parallel way — one with cutting plane
oriented transversally, the other with cutting plane ori-
ented longitudinally.

In each section, two micrographs represented ventral
wall and two images represented dorsal wall, labelled a,
b, and c, d, respectively (Fig. 1) so that the total number
of micrographs under study was n = 48 both in group of
thoracic and abdominal aorta samples. The captured ar-
eas were free of any observable lesions. The micrographs
were converted to greyscale (Fig. 2) and resampled to res-
olution of 682x512 pixels in order to get images suitable
as an input for the FFT analysis.

We developed two programs in the software system
MATLAB (The MathWorks, Natrick MA, USA). The
first one read the 512x512 pixels matrix from the input
and performed a 2-D FFT on this data [7]. The second
program [8] used the image of the Fourier spectra as an
input image and applied the methods for recognition of
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Figure 1: Location of micrographs.

Figure 2: Image converted to greyscale.

the degree of elastin complexity. These methods used
calculated histograms in polar coordinates (Fig. 2b), i.e.
they summarized the number of white pixels in each di-
rection (0 to 360) from the centre of the image. Then an
enclosed rectangle was constructed and the shape factor
was calculated as a ratio of its sides (Feret’s ratio). A min-
imum of the shape factor was 0, values near 1 meant small
or no deformation of the polar histogram. The methods
assume that the deformation of the elastin network may
differ among samples under study in the direction of the
vertical axis of the micrograph, i.e. perpendicular to the
direction of the arterial circumference.

We used the Oclass learning classifier module in Lu-
cia software (Laboratory Imaging, Prague) in order to
perform a phase segmentation of elastin, collagen and
smooth muscle pixels (Fig. 11-12) in the RGB colour
space (Fig. 13). After a visual verification, the area
proportions of individual phases of micrographs were as-
sessed (Fig. 14).

For assessment of average lamellar unit thickness we

Figure 3: FFT of the Fig. 2.

Figure 4: Histogram of the FFT, SF = 0.86.

used the Plot Profile function in software ImageJ (W.
Rasband, NIH, Bethesda, MD, USA) [9]. The testing line
was perpendicular to elastin lamellae. In each cross sec-
tion we assessed three profiles (n = 72). The lamellar
thickness was calculated as e/f, where e stood for the
length of testing line and f for the number of intersec-
tions between lines and elastin lamellae.

Results

Both in the thoracic and abdominal aorta, the tunica
media formed a 550-750 pum thick layer composed of
40-60 concentrically arranged anastomosing spiral elas-
tic laminae, which appeared as branched wavy mem-
branes surrounding the 6-26 yum wide spaces contain-
ing the fine connective tissue with fibroblasts, collagen,
and smooth muscle cells. The elastin system appeared
as a network-like complex of bundles with many sections
through the branched elastin bridges interconnecting the
neighbouring elastic membranes. The Fourier transform
of most of these micrographs showed regularity and ro-
tary symmetry. The parallel system of intact elastin mem-
branes with periodicity in the y axis contributed to the
high frequencies. This was balanced also in other di-
rections by uniform wavy appearance of highly branched
elastin network without elastin loss or media disintegra-
tion. These features caused the circular histogram to have
a nearly circular shape, resulting in relatively high values
of shape factor. An overall morphology of tunica media
of thoracic and abdominal aorta is demonstrated in Fig.
5-6, respectively.

(A) The results of paired -test do not allow us to reject
the hypothesis Hy. In an individual, no significant
differences between SF values of thoracic and ab-
dominal aorta were found. The results of FFT were
not biased by varying values of SF (see the Bland-
Altman graph, Fig. 7). The SF values of thoracic
aorta were highly correlated to those of abdominal
aorta (Fig. 8), R(thor,abdom) = 0.90.

Unlike the SF values of transversal sections, the val-
ues of SF of longitudinal sections were far from nor-
mal distribution, having two peaks (Fig. 9). Although
the confidence intervals overlapped, there was no sig-
nificant correlation between the groups (Fig. 10). We

(B

~
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Figure 6: Abdominal aorta.
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Figure 10: Bivariate scatterplot (B).

are not allowed to reject the hypothesis Hg. Transver-
sal sections represent a different viewpoint than lon-
gitudinal sections and their contributions to assess-
ment of the elastin network complexity is not inter-
changeable.

(C) The test result does not allow us to reject the hypoth-
esis He and the differences of SD in transversal and
longitudinal sections should be regarded as not sig-
nificant.

(D) We do not reject the hypothesis Hp. There are no
significant differences between mean SF values from
ventral and dorsal wall. They are correlated, R = 0.86

(E) We do not reject the hypothesis Hg. Relative pro-
portion of elastin does not differ between thoracic
(37.59% in average) and abdominal (37.41% in av-
erage) aorta.

Figure 11: Elastin (black), collagen (green), smooth mus-
cle (reddish to brown) in thoracic aorta.
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Figure 12: Pixels classified into three phases.

Figure 13: Classifier learning data in RGB space.
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Figure 14: Results of segmentation.

Figure 15: Intensity profile plot. The periodic minima of
gray value correspond to intersections of the testing line
with elastin.

(F) We reject the hypothesis Hr. The lamellar unit is
more thick (p = 0.03) in abdominal aorta (16.70 Lm
in average) than in thoracic aorta (16.10 pm in aver-
age).

Table 1: Results of morphometry of thoracic (TA) and
abdominal (AA) porcine aorta. (SD — Standard Deviation,
n — number of samples, cross sections or micrographs,
SMC — smooth muscle cells, EVD — external vessel di-
ameter, IV D — internal vessel diameter, WT — wall thick-
ness, LUT — lamellar unit thickness.)

Quantity AA TA

Mean+SD n Mean+SD n
matrix [%] 2.0+1.0 24 2.0+1.0 24
SMC [%] 38.24£594 24 25243.62 24
collagen [%] 23.0+3.77 24 3624242 24
elastin [%] 36.84592 24 36.6+1.62 24
EVD [mm] 20.2+090 6 13.0+0.68 6
IVD [mm] 13.7£0.70 6 10.0+£0.60 6
WT [mm] 2.10£0.21 6 1.40+0.15 6
LUT [um] 16.1+£1.40 72 16.8+1.48 72

Discussion

The FFT was not able to discriminate between tho-
racic and abdominal aorta (HA), which was rather sur-
prising [4]. However, this could be explained by the fact
the samples came from young and healthy animals hav-
ing no obvious reason for different morphology of elastin
in thoracic and abdominal aorta. The FFT helps to as-
sess the morphology of elastin network in porcine aorta
morphology rather than different amounts of elastin.

Although this paper deals with normal aorta only, it
implies several possible ways to contribute to clinical-
related research. We suggest that 2-D FFT-based assess-
ment of elastin morphology could be applied to study of
following problems.

There could be compared the morphology of elastin
between aortas fixed under diastolic pressure and sys-
tolic pressure-fixed aortas. Fourier transform is a suit-
able tool for describing varying degrees of complexity of
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oriented and network-like structures. It is quite sensitive
to straightening of elastin which is known to cause the
power spectrum to become stretched in the vertical direc-
tion and squeezed in the horizontal direction. As a result,
the high frequencies in the direction of the arterial cir-
cumference (y axis) decreased as did the shape factor [5].
When unpressurised, the elastin lamellae appear wavy
and disorganized in longitudinal and transversal sections.
With increasing pressure and distention, there is a pro-
gressive straightening of these lamellae and a decrease in
the interlamellar distances. At the low end of the physio-
logical pressure range, the lamellae are straight and give
the appearance of regular concentric cylinders with uni-
form thickness and radial spacing [2].

In vitro elasticity and residual strain measurements
were performed separately on the inner and outer half
of the pig aortic media [10]. The reported possible
an/isotropy of elastin morphology together with a his-
tomorphometric assessment of the radial distribution of
elastin could be verified. In a similar way, evaluation
of rotational asymmetry of the elastin morphology in
the abdominal aortic aneurysm [11] might contribute to
the understanding of the location of preferential sites of
aneurysm rupture.

The FFT-based analysis could be used together with
other microanalytical techniques as a complementary
method in to maximize the information available from
the specimen. The structure of elastin could be charac-
terized in terms of textural features, using other stereo-
logical methods for quantitation of elastin alteration [12].

The technique described in this investigation requires
highly standardized processing of tissue samples and
hence is not readily applicable to routine use. Neverthe-
less, it is suitable for research purposes to study the ef-
fects of ageing, hypertension, atherosclerosis, and other
conditions associated with changes of elastin. We pre-
sented an approach for description of the complexity and
regional differences of morphology of elastin network in
samples of thoracic and abdominal porcine aorta.

Conclusions

We presented an approach for describing the com-
plexity and regional differences of morphology of elastin
network in samples of thoracic and abdominal porcine
aorta. Using the Fourier transform of the micrographs,
we found no significant differences between paired shape
factor values of thoracic and abdominal aorta. We found
no significant differences between samples from ventral
wall and dorsal wall of aorta. The FFT-based analysis
provided us with reasonable results, therefore its further
use can be recommended in case of respecting its limita-
tions. We suggested several advisable applications of this
method for elastin-related research. We assessed lamellar
unit thickness and relative elastin content.
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INTRODUCTION

The arterial wall consists of three layers: tunica
intima, tunica media and tunica adventitia. In this
study we focus on the media, as it is the most
important of the three from the mechanical point of
view. The media of healthy elastic arteries is
formed by elastin, collagen and smooth muscle
cells which are distributed in spirals with a very
small angle. Under the normal arterial pressure, the
musle cells in the media produce only a basal tone
which assists in reducing nonuniformity of strains
and stresses in the wall. This effect is similar to
that of the residual strains associated with the
passive components. We consider three kinds of
arterial prestraining:

1)  residual strains in the isotropic “matrix”
elastin; they are characterised by an artificial
opening angle of the pseudo-arterial ring
without fibres,

prestraining, or releasing of fibres which
form circumferential elastic lamelae,

effects of the muscular tone which depends
on the local strain and on the activation.

The residual strains in healthy arteries have been
studied e.g. in Rachev et. al. (1999) and Holzaplfel
et. al. (2000) with reference to a natural
configuration; this corresponds to the open sector
(unstressed) which is obtained by cutting a thin
arterial ring radially. The opening angle depends
on the thickness and the radius of the ring (the
position of a circumferential cut).

2)

3)

COMPOSITE MODEL

Analysing micrographs of soft tissue, the volume
fractions can be determined for major tissue
components (further assigned by «), such as
collagen, elastin, or muscle fibres. These fibrous
components are responsible for anisotropy of the
tissue. Therefore, it is important to determine also
one, or more preferential directions for each
component « and the associated volume fractions.

Let N be the total number of preferential
directions for all components =1, 2,..., N..
We define the index subsets |,
L., Nppt =UN 1. By " we denote
volume fraction associated with preferential

so that
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direction v*. Denoting by @,, the volume fraction
of the amorphous matrix, we have

Nec

pn+2, 20" =1

a=1 kel,

1)

We assume that any interpenetration of the
components is negligible, so that a unique field of
displacements is considered. It possesses a unique

macroscopic strain field; denoting by Eij the
Green-Lagrange strain tensor, we define the

projected strain for each k =1, ..., Ny :

€“=E; v vi . nosumation over k.

(2
Using &* we can define tension 7" in the axis of
the k-th component. In general, the constitutive law
depends on internal variables y,, 7,,... and

activation parameters a;, a,, ... (in muscle

fibres). Thus, for the component associated with
the k-th direction the corresponding 2nd Piola-
Kirchhoff stress is given by

Tijk =y V:-( 7 where

k k k -k
=14t U (@), 3)
where t is time and & is the strain rate. If k is
associated with a collagen fibre, then £k is
introduced as a visco-elastic response, involving
one internal variable. If k is associated with a
muscle fibre, then one, or more activation
parameters a,, a, must be defined as functions of
time t. The amorphous matrix of the tissue can be
described as a hyperelastic material. The effective

part of the stress Si;" is defined using energy
function W™(E;), ie. S =0W™/0E;. The

assumed incompressibility of all tissue components
yields a unique pressure field p. By virtue of the
mixture theory the total 2nd Piola-Kirchhoff stress
in the tissue is

4 oW™ R K —k
Si=-3C; pto, oE + z Z‘/’ Ti o @
ij a=1kel,
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where C; =2E; +5, and J =(detC; )" .

ANALYTICAL MODEL OF THE MEDIA

We shall assume that the distribution of elastin,
collagen and smooth muscle is homogeneous, so
that the deformation problem for the arterial wall is

axisymmetric. The reference configuration (2, of
the media is a segment of the tube with inner R,
and outer R, radii, the angle of opening (w.r.t. the
axis) is 2z — 26, which corresponds to the first
kind of prestraining, as mentioned above. A point
position in €2, is referred by (R,®,Z ). Denoting
by r the radial position in the deformed (loaded)

configuration 2 occupied by the closed artery,
the  circumferential stretch is given as
A, =or R, and the radial one is given by (using
the incompressibility assumption) 4, = (4, 4,),
where @ =7z/60 and A,is the axial stretch. We

can find such a prestraining of the wall, that for a
given arterial pressure the circumferential Cauchy
stress is uniform. Given a @, characterising the

domain (2,, we solve an inverse problem to find

the prestraining of elastin lamelae, which in our
simplified model are represented by
circumferential and longitudinal fibres. The true
tension in these fibres is defined as (see (3))

" =max{0, S(s* - ")}, k=9, 2 , (5)
where S is a (nonlinear) elastic response function,

n* is the prestraining parameter. If & =0, then

" =0 for >0 and 7 >0 for n* <0. Here

for simplicity we do not treat the collagen. First we
assume, that the muscle cells are not activated. The
equilibrium equation

0o, O

or r

_(7¢

=0 (6)

with the constraint a¢:c7¢:c0nst can be
written as

B PO _FM) O e ()
or r or ro
f(r):¢ an ar _pw_f

— —O0,.
"0E, Xo'r? 7’
Solving (7) we obtain the pressure
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p(r)=0%+ f(r) | ®)

where C is a constant obtained by applying the

boundary condition o, (r;)=-P. Thus the
hydrostatic pressure in the matrix is
r W™ or’—p
rN=PR+ao,)++ ————=—0y,
p(r)=(R ¢)r (2 oE,, /Ifa)zl’z ¢
()

where p, =wr’—R?. From o,(r,)=-P, we
obtain the deformed inner radius

A P.t+o,
=K. >, K= — ,
1-x P.+o,

where 0<x <1 and A=(R’-R?)/@. If we

define

(8)

7 =n’(r), we can compute the
deformed radius r, using (8) noting that &, can

be written as the function of r,. Then &, is

evaluated and the desired prestraining 7?(r)
follows from (5). In the results that follow we used
A, =1and the following constitutive equations

o =-p+ L (217 -4 -1), ©)
_ H 2 2
o, = —p+§(2/1¢, -1/ 22 -1)+
. (10)
+E 2 (502 -D-n, ) ru

oz:—p+§(z—ﬂi ~12)+E(-n,), (11)

where 7,,is the tension in muscle fibres. In

physiological conditions smooth muscle fibres are
activated to generate a basal tone. For the static
stress analysis the muscular tension can be defined
in the simple form (the 2nd Piola-Kirchhoff stress)
to=af(4)4, (12)

acl

see [3], where 0< f (/1¢)s1, expresses capability
of generating force depending on the stretch of
muscle cells; a >0 is the nominal active tension.
For a given a, the “optimal” 7’ (r) can be
computed by the procedure sketched above,
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1
77¢(r) = (a)zl,_lzoa))[ract(r)"'ﬂ(w_w_i'

( ® 1
+ P, 74‘
a)l’ _p(u
da s =
(13)

Also the fibres in the longitudinal direction can be
prestrained (with 7°(r)), so that for a given

0)

uniform axial load &,

1 M 2 —
R Py
neelslega) e

(14)

-
smlianeg
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Figure 1: Left: tensions in passive and active
fiores for a=0,5,10,15 kPa. Right: the
prestraining.
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aleanss fadea
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Figure 2: Residual stresses in open arterial
sector; left: inactive, right: activated muscle.

RESULTS
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In order to illustrate effects of the complex
prestraining we consider a vessel with
R, /R =15, =13, the neo-Hookean

matrix with eff. shear modulus 20 kPa and the
linear elastic fibres with eff. modulus 28 kPa.
The arterial pressure is 13.33 kPa. In Fig. 1 we
illustrate, how the prestraining of elastic fibres
(for which &, =const) changes with

increasing activation a. The residual stresses
in the wall of the open sector are introduced in
Fig. 2 for the nominal active tension 5 kPa.
The circumferential cut at the middle of the
thickness results in further deformation and
release of the total stresses, see Fig. 3.

Figure 3: Effects of residual stresses in open
sectors with circumferential cuts; circles depict
the loaded configuration, uniform circumf.
stress.

EXPERIMENT

We collected six aortae of the young male and
female pigs and we took away 1 cm high ring-
like samples of the ascending thoracic part and
of the descending abdominal portion. Without
any fixation, the wall of the samples was cut
longitudinally. We measured the opening
angle determinated by the cutting edges and
the geometric centre of the vessel, see Figure
4. The measurement was done within 3 hours
after the slaughter of the animals, so we
suppose that the tissue was not altered by
postmortem autolysis.

From the same localization another tissue
samples were taken for the histological
analysis. They were fixed with 10% formaline
and cut to 5-7 micrometers thin slides. The
slides were stained by green trichrome method
modified with Verhoeff's hematoxylin so that
the elastin fibres appeared black, the collagen
fibres were green and the smooth muscle cells
were reddish. The colour photomicrographs
were taken at the standard magnification, then
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digitized (see Figure 5) and analyzed in an image
processing software in order to gain the
proportions of the cardinal constituents of the
arterial wall. Thus, we obtained the input data
required to tune the composite model, Table 1.

Aorta: Thoracic Abdomina
I

Inner diameter [cm] 1.3-1.6 09-10
Wall thick. [mm] 20-21 18-19
Media thick. [mm] 1.5-1.8 14-16
Opening angle [deg] 19° - 25° 25° - 23°
Elastin [%] 32-39 25-35
Collagen [%] 29-36 29-35
SMC [%] 32-40 37-48

Table 1. Exﬁérimental results.

Figure 4: Opening angle of artery.

With regard to the aim of our study, we focussed
especially on the elastin in the tunica media. The
bundles of the elastin fibers are arranged as a
system of 40-60 concentric lamellae with countless
fine interconnections. Due to this structure of the
tunica media, the aorta is regarded as an "artery of
elastic type", whose cardinal task is to absorb
partially the energy of the systolic period of
pulsatile blood flow and return it back during the
diastole. The sufficiency of the aortic wall to
perform this task depends mainly on integrity of
the elastin network; the destruction of the elastin
leads inevitably to the development of an aortic
aneurysm.

According to our microscopic observation, the
bundles of the elastin fibres do not have uniform
thickness across the whole diameter of the aorta.
The innermost elastin fibres, i.e. under the tunica
intima, are rather fine, unlike the coarse elastin
fibres near the outer tunica adventitia.

As the image analysis of the photomicrographs
shows, the thoracic part of the aorta contains more
elastin fibres than the abdominal segment. The
closer towards the periphery of the arterial
system, the lower proportion of elastin and the
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e ==
higher percentage of smooth muscle cells can be
found in the aortic wall.

e

Figure 5: The elastin fibres in thoracic (left)
and abdominal (right) porcine aortae. The
length of the scale bar is 0.3 mm.

Therefore we presume that in the aorta the
residual strain in the extracellular martix (i.e.
mainly in elastin fibers) is much more important
for the proper function of the arterial wall than the
tone of the smooth muscle cells. On the contrary,
in the periphery of the arterial system, where the
proportion of elastin decreases rapidly and the
smooth muscle prevails, the tone of the muscle
tissue plays the main role in controlling the
diameter of the artery and the peripheral arterial
resistance.

SUMMARY

The composite model can describe anisotropy and
prestraining of arterial walls. The residual strains
in the matrix can be identified using opening angle
measurements with further assumptions on residual
strains in passive and active fibres.
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Numerical and experimental aspects of arterial wall modelling
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1. Introduction

The arterial wall is a complex structure made of several
concentric layers, The middle layer, called media, is the
thickest one in elastic artenies. It consists of a complex
3D petwork of smooth muscle cells. elastin and
collagen fibrils embedded in extracellular substance.
In the present article, we use the complex macroscopic,
fibre-reinforced  one-laver 3D model of the elastic
arternial wall (Rohan and Cimrman 2004) and we
demonsirate  some  numerical examples based on
morphometric data.

2. Model

Composite macroscopic model has been  onginally
introduced by Rohan & Cimrman to describe the
macroscopic highly anisotropic mechanical properties of
smooth muscle (Rohan and Cimrman 2002, 2004), The
proposed model is homogenized, reflecting at any point in
thie material properties of the solid, the bulk behaviour of
the microstructure. We suppose that the wall of elastic
artery can be described by one-layer model representing
the media of the artenal wall. We consider the media
made of three basic components: the active fibres,
representing bundles of smooth muscle cells, embedided
in the amorphous phase called the marrix that is
reinforced by the passive fibres, ie. the collagen and
clastin fibres,

The amorphous matrix is described by the neo-
Hookean hyperelustic material. Four preferential direc-
tions are defined for the fibrous components: two
helicoidal directions with the mean angle o for the
active fibres followed by collagen fibres, and the
circumferential and longitudinal elastin fibres. Finally, a
unigque thermodynamic pressure field p = — KiJ = 1} is
included cormesponding 1o the near incompressibility of

the bulk tissue (K the bulk modulus), Then the second
Piola- Kirchhoff stress in the media tissue is given by

Sy = KJtJ = C
+ @™t "3 o )
+ iy + Ty

with the munx volume fraction ¢, the fibrous volume
fractions ¢/ (superscript a denoting active fibres and f
the passive ones), so that ¢™ + ¢” 4+ ¢’ = 1. We denote
J the Jacobian of the deformation gradient, C; the right
Cauchy-Green delormation tensor, g the shear modulus,
and 7, comprises the tensions in fibrous components.

3. Morphometry and numerical simulations

In order to identify the proportional representation of the
collagen and elastin fibres and of smooth muscle cells, as
well as the maximal diameter of the vessel and the
thickness of the wall, the specimens of thoracic and
ahdominal porcine aorta underwent both microscopic and
macroscopic morphometry,

The results of morphometry indicate that passing from
thoracic 1o abdominal segment of porcine aorta, the
percentage of collagen and smooth muscle cells changes
significantly while the proportional representation of
elastin fibres remains approximately unchangeable, see
table 1.

Table 1. Percentage of main constituents of anerial wall based on the
muorphometry
Thoracic aorta (%) Abdominal aorta {%)
matr 20 2n
smooth muscle cells 4.2 5.2
collagen 2.0 2
elustin LL¥ ] b
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Figure 1. Deformation of arery in the semse ol the norm of
displocement [[wll for the thoracic aorta data.

Due to the assumed axial symmetry, only one half of a
cylinder was used o model the anery in our numerical
simulations, see figure 1,

L. Dewjandubired et ol

4. Conclusion

MNumerical simulations of dvnamic finite deformation of
arterial wall were presented using the morphometric data.
A Turther work will be focused on validation of numencal
L'I.'ll'l'lrlll[..lt'ii'!lrlh.
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waves shows the possibility for new therapy. In our previous investigations, it
was found that all of cells are not disintegrated by high shock wave (0.5 MPa)
that has small duration time (50 ms). So it is expected that the elastic cells such
as endothelial cells, cardio cells have a potential to regenerate or growth fast
by using high pressure and shert duration time frem 1 micro s to 100ms. It is
reperted that the angiogenesis is enhanced by focused shock wave. There are
twe mechanism for this, one is effect pf shock wave and the other is effect of
cavitation bubbles. Thus, it is necessary to distinguish the effects of the plane
shock wave from the cavitation bubbles near cells appearad in focused shock
wave field. In this paper, to investigate the effects of plane shock waves on
the endothelial cells in vitro, the cells worked by shock waves are observed by
microscope and the growth rate and others are measured by image processing.
We have two boundary conditions for the shock wave tests. One is suspended
cell, the other is fixed cell on the culture dishes. The feature of the shock tube
apparatus is that (1) the propagating wave is plane and (2) the duration time
is long {several 10 ms} compared with laser shock wave and focusing shock
wave. The peak pressure in the pressure history in water at the test case is
0.4 MPa. After working shock waves on suspended cells and fixed cells, the
disintegration, shape, growth and gene were investigated.

It is concludad that once shock waves worked, some of them are disintegrated,
but the other has capacity to increase grewth rate of cell culture in vitre. The
growth of cells by plane shock waves is alse confirmed by the fact that activated
gene expression is enhanced.

14.13 Vascular Wall Mechanics

5151 Mo—Tu, no. 82 (P66}
Mechanical testing for the evaluation of arteries compressibility

8. Celi, F. Di Puccio, P Forte. Department of Mechanical, Nuclear and
Production Engincering, University of Pisa, lialy

A well-established assumption in the mechanical behaviour of arteries, as well
as of most of the biological tissues, is their incompressibility, e.g. [1,2]. Although
experitmental evidence has shown a nearly compressible behaviour in [2,3], the
incompressibility assumption is commonly accepted maybe because it simpli-
fies both the experimental and analytical description of the tissue mechanics,
having important consequences in the numerical description of its constitutive
law.

In this study the compressibility of porcine arteries is investigated by means of a
simple apparatus for pressure-diameter testing described in [4]. The apparatus
is provided with two graduated capillary tubes which detect the artery outer
and inner volume variations. The sample have been pressurized up to 1 atm by
means of an angioplasty syringe; a drop of mercury inside the inlet tube works
as a slider to measure the inner voluime variations. Preliminary calibration tests
have been carried out fo evaluate the sfiffness of the apparatus and the effect
of the air dissolved in the solution.

Seven samples of porcine renal artery were used, and the percentage volume
variation evaluated for each pressure level of the loading cycle obtaining 140
values, (scattered between —24% and 2%}, having a mean value {over the
whaole range of pressure) of 8.69% and a standard deviation of 58%, in
partial agreement with [5].
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Composite model of healthy arterial wall: material identification based
on uniaxial traction tests and morphometric analysis

L. Demjanéukové1‘2, E. Rohan', R. Cimrman, J. Po\anskftz. Z. Tonar?,
O. Boiron?. 'Department of Mechanics. Facufty of Appiied Sciences.
University of West Bohemia, Pilsen, CZech Republic, £Equipe de
Biomécanique Cardiovasculaire, IRPHE, Marseiile, France

During a cardiac cycle, the radius of an elastic artery may undergo a variation
of about 10% so that the arterial wall is subjected to relatively large defor-
mation. This deformation may change the orientation of fibrous components
included in the arterial wall and leads to interaction between the wall micro-
components. Thus the macroscopic properties of the tissue may change
entirely. Hence, in crder to describe properly the mechanical behavior of
healthy arterial wall, we employ the fibre reinforced composite macroscopic
model. According to the histelegical analysis of healthy arteries. the solid

Poster Presentaticns

mechanical properties of the arterial wall are determined primarily by the
tunica media and the tunica adventitia. Consequently, we model the slastic
artery as a two-layer thick-wall cylindrical tube where each layer is treated as a
composite of iwo constituents: the passive fibres {representing the collagen or
slastin fibres) embedded in the isotropic matrix (representing other constituents
including the extracellular substance). This mathematical model involves many
constitutive parameters which must be identified using experimental results of a
macroscopic specimen of the healthy artery. The proportional representation of
the basic components in terms of volume fractions (also the elastin length den-
sity, the diameter of the acrta and the thickness of the wall) were determined
using both micrescopic and macroscopic morphometry of the tissue samples.
In order to find the constitutive parameters, quasi-static uniaxial traction tests
of samples from porcine aorta were performed. Methods based on optimization
are adopted to the material identification. Finally, we demonstrate the resulis
of our numerical tests.
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The effect of SNP and Isoptin on viscoelastic characteristics of rat aorta
in vitro

P Antonov?, M. AntonavaZ, N. Antenova®, L. Kasakov?. T National Cardiology
Hospital, Sofia, Bulgara, ° Institute of Physiology, Bulgarian Academy of
Sciences, Scfia, Buigaria, J Institute of Mechanics, Buigarian Academy of
Sciences, Soffa, Bulgaria

The method of sinuscidal excitation of intralumenal pressure (p) [1] was
employed to study viscoelastic characteristics (VEC) of rat aorta in vitro prior
and after 50pM scdium nitroprusside (SNPY and 10, 30 and 50uM lscptin
hydrachloride {Is). The frequency of excitation (fex.) was sweeped from 3 to
30Hz up and down. The resonance curve was plotted by volume response
oscillations and used for estimation of VEC nalural frequency (fy), dynamic
maodulus of elasticity (E'} and coefficient of viscosity (3). It was found that
the resonance curves were different whenever increasing or decreasing fex
when the decreasing fu. frequency was being shifed to the right. This
contrasted our previcus data for rat aorta strips preparaticns in which both
curves coincided. VEC values were higher for cyvlindrical than for the strip
preparations. Our E' values were similar to these obtained by other authors
(buman [3,4], dog [5]). The results showed that f; decreased linearly, E'
increased nonlingarly and |3 increased linearly with p. The SNP and Is induced
relaxation led to the independence of f; from p. The values of E' increased
significantly which verified the failure of distensibility. The [i values increased
significantly only at higher pressure. The multitude of VEC might be useful
for a better understanding of the effect of vasoactive drugs on biomechanical
properties of the blood vessels wall.
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Beat to beat assessment of commen carctid artery stiffness by
noninvasive measurement

T Lyyra-Laitinen, J. Vanninen, T. Laitinen. Department of Clinical Physiology
and Nuclear Medicine, Kuopic University Hospital, Kuapio, Finfand

Noninvasive measurement of common carotid artery stiffness has been tra-
diticnally made by ultrasound imaging based measurement of pulse pressure
induced artery dilatation. Furthermore, blcod pressure has been typically mea-
sured from the upper arm by sphygmomanometer before and after ultrasound
iraging. Our aim was o develop a noninvasive beat te beat measuremsnt of
arterial stiffness.

Study population consisted of 10 subjects aged 20-21 years. We acquired by
computer simultaneously ultrasound images (25 framesfsecond) of common
carotid artery in longitudinal projection, ECG and continuous blood pressure
using velume clamp method {1000 samples/second both). An automated
neural network based edge detector was used in analysis of arterial near and
far wall positions and, thus, artery diameter frame by frame. R-peaks of ECG
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On coupling cellular automata based activation
and finite element muscle model applied to
heart ventricle modelling

R. Cimrman, J. Kroc, E. Rohan, J. Rosenb&rg. Tonar
New Technologies Research Centre, University of West Bohemia, 306 14
Plzen, Czech Republic

Abstract

The paper deals with the finite element macroscopic model of contracting myocard
ium. The constitutive model of the tissue is based on the theory of mixtures, involv-
ing a simple model of intramyocardial blood perfusion. Anisotropy of the tissue is
described in terms of preferential directions of the muscle and connective fibres
A simple Hill-type model of the muscle fibre contraction is employed. The local

value of the activation parameter is defined through the four phases of the actio
potential wave; its propagation is simulated using the cellular automaton (CA).
The approximated excitable medium, which comprises the conducting system, i
partitioned into the normal, conducting and void cells. The coupling of the CA

analysis with the FEM model of the heart mechanics is discussed. Introductory
numerical examples are included, describing contraction of the dog heart.

1 Introduction

The aim of this paper is to present a computational model of the excitable myocar
dial tissue. Although this topic has become a subject of intensive research in recer
decade, cf. [7, 1, 3], the existing models usually do not capture the complexity of
the phenomena which feature modelling of the myocardium mechanics. For real
istic simulations of heart beats it is important to treat not only the 3D geometrical
structure of the cardiac muscle fibres, but also a relevant model of the excitablé
medium. In our approach the latter is based on the cellular automaton (CA) which
is employed to describe spatial propagation of the depolarization wave. The CA ig
coupled with FE model of the deformable ventricles.
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The CA — FEM coupling is tested in a simulation of deforming dog-heart ven-
tricles. So far in our model we have considered only a static, spatially uniform
pressure load of the ventricles and computed the CA response to define activatid
of the muscle fibres in time over the 3D geometry. For a more genuine descriptior
of the heart beats the fluid flow problem inside the ventricles should be consid-
ered as well as a correct interaction of the blood with the ventricular walls. This,
however, is beyond purpose of this study which should show only viability of the
approach presented.

2 Structure and functions of the myocardium

Cardiac muscle is the striated type of muscle tissue with contractile myofibrils
regularly arranged in the form of sarcomeres, cf. [4]. The ventricular muscle is
arranged into three systems of fibres. Whereas the inner and outer layers are th
muscle membranes, the middle layer consists of locally parallel muscle fibres tha
are organized into twisted sheets immersed in the collagenous matrix. The electrg
physiological discontinuity between the atrial and ventricular myocardial masses
is ensured by the fibrous skeleton, which also serves as a stable but deformab
base for the attachments of the muscle fibres.

2.1 Excitatory and conductive system of the heart

The heart is endowed with a special system for generating rhythmical impulses an
conducting these impulses rapidly throughout the heart. Its elements are derive
from cardiac muscle cells containing few contractile fibrils and they exhibit self-

excitation with inherent rhythmicity and varying rates of conduction. The conduc-

tion velocities are shown in Table 1.

The sinus node displays self-excitation acting as a normal pacemaker. Then th
impulse is conducted to the atrioventricular (A-V) node, where the action poten-
tial (AP) wave from the atria is delayed before passing into the ventricles. This
delay allows the atria to empty their contents into the ventricles before ventric-
ular contraction begins. The A-V bundle, conducting the impulse from the atria
into the ventricles, admits only forward conduction, preventing re-entry of cardiac
impulses by this route from the ventricles to the atria. The left and right bun-

dle branches and the system of large subendocardial Purkinje fibres conduct th
impulse immediately to all portions of the ventricles, thus, preserving synchronous
contraction required for the effective pressure generation.

Cardiac muscle is refractory to restimulation during the AP wave, when a nor-
mal cardiac impulse cannot re-excite an already excited muscle area. The absolu
refractory period of the ventricle is 0.25-0.3 s, which is about the duration of the
AP. During an additional relative refractory period of about 0.05 s, the muscle is
excitable by a supranormal impulse only.
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Table 1: Conduction velocities of the action potential in the heart [4]

Part of the conducting system Velocity of conduction [m.s!]
atrial muscle and internodal pathways 0.3-1.0

A-V node and penetrating A-V bundle 0.02-0.05
left/right bundle branches and Purkinje fibres 1.5-4.0
ventricular muscle 0.3-0.5

2.2 Excitation-contraction coupling and function of calcium ions

The action potential initiates release of"Caons from the sarcoplasmic reticulum
and their diffusion from the T tubules, thus enhancing the contraction power. The
Ca* ions diffuse into the system of myofibrils and catalyze the chemical reactions
in the troponin-tropomyosin complex that promote sliding of the actin and myosin
filaments along one another; this produces the muscle contraction.

At the end of the plateau of the AP, the influx of Cao the interior of the muscle
fibre is suddenly cut off, and the €aions are rapidly pumped back from the
sarcoplasm. As a result, the contraction ceases until a new action potential occur

3 Macroscopic model of the heart tissue
3.1 Application of the mixture theory approach

A detailed description of the heart tissue mechanics from the sub-microscopic tg
macroscopic scales is beyond our capabilities; such a model would be too com
plex and, thus, expensive to be used for practical simulations. The model presentg
below reflects main anisotropic features of the tissue, which can be observed b
a standard analysis of micrographs. In this way volume fractions can be deter
mined for major heart tissue components which form the tissue fibrous skeletor
and connective tissue matrix. These fibrous components are assigredhay
are responsible for anisotropy of the tissue. Therefore, it is important to determing
also one or more preferential directions for each componenid the associated

volume fractions. LetVprp be the total number of preferential directions for all

fibrous componenta, = 1,2,--- , Npc. We define the index subsefs, so that
{1,...,Nprp} = Ufifj I1,,. By ¢* we denote a volume fraction associated with

the preferential directiom”. Denoting bye,, the volume fraction of the amor-

phous matrix, we have
Nrc

S+ > =1, (1)

a=1kel,

We assume that any interpenetration of the components is negligible, so that
unique field of displacements can be considered. It possesses a unique macr,
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scopic strain field; denoting b¥;; the Green-Lagrange strain tensor, we define
the projected strain for eaéh= 1, ..., Nppp:
* = Eyvfv), no summation ovek. (2)

Usinge® we can define tensior® in the preferential direction of the-th compo-
nent. In general, the constitutive law depends on internal variahles;, . .. and
activation parameters;, as, ... (in muscle fibres). Thus, for thie-th component
the corresponding 2nd Piola-Kirchhoff stress is given by

Ti’; = VfoTk , where 7% = f¥(t, ", % {x}, {a}), (3)
wheret is time and is the strain rate. Ik is associated with a collagen fibre, then
f* is introduced as a viscoelastic response, involving one internal variable. In out
model we employ the three parametric model of the standard solid element with &
nonlinear elastic response.
If k& is associated with a muscle fibre, then one, or more activation parameter
a1, ao depend on the local value of the excitation wave. The muscle contraction
force can be described using the sliding cross-bridge theory with approximation of
the distribution moments, cf. [10]. In this case (3) involves three internal param-
etersyo, x1, x2 Which correspond to the Oth, 1st and 2nd moments of the cross-
bridge distribution; these obey the differential equations

XZ = gl(evéaaa {X07X17X2}> ’ I = 07 172 ’ (4)

wheree is the projected strain (2). Thu$x} are associated with the particular
preferential direction.

In this study we use a model of the Hill type, which does not involve internal
variables and, thus, cannot describe fading memory effects. The generated tensiq
7 of (3) is defined as follows:

2

7(€,é, Fy) = né + FuFax €xp {— <%) } exp{x min{0;€é} }, (5)
wheres determines the sensitivity of the actin-myosin overlaps with respect to dif-
ference of deformation and the optimal deformation,,;,  relates to behaviour
while shortening ang is a viscosity coefficient. For more information about this
and similar models, see [8]. The value of the activation paramétee [0, 1]
should correspond to a propagation of an action potential in heart. This can bg¢
done using e.g. the Fitz-Hugh Nagumo equations, or using the theory of cellula
automata, see Section 4.
The amorphous matrix of the tissue can be described as a hyperelastic materig
The effective part of the stres¥” is defined using energy functid ™ (E;;), i.e.
Sy = OW™/OE;;. A unique thermodynamic pressure figlccorresponds with
(in)compressibility of the bulk tissue. In the next section we discuss the blood
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perfusion problem wherg acts as the intramyocardial pressure. By virtue of the
mixture theory the total 2nd Piola-Kirchhoff stress in the tissue is

m Nrc
Siy = —JCG P+ b YD T (6)
Y Y " OBy A
a= €la

whereC;; = 2E;; + 6;; is the right Cauchy-Green deformation tensor anek
(detCij)1/2.

The model enables that at any material point both the passive and the active fibre
can be defined in several preferential directions, as required in accordance with th
histological observation. The fibres are defined to have no stiffness opposing thei
compression, which corresponds to the buckling phenomenon of fibres disperse
in the matrix at the microstructure. It amplifies anisotropy of the composite, mak-
ing the difference between tension and compression. As another consequence
allows for describing creep and relaxation of unloaded viscoelastic fibres when the
matrix is being compressed in the direction of the fibres.

3.2 Intramyocardial blood perfusion

The blood perfusion of the myocardial muscle presents the most important sourc
of the energy which is needed for muscle fibres to contract and, thus, to pump th
blood. The perfusion is maintained thanks to the coronary arteries which form g
network branching in the epicardium and entering the deeper layers.
Neglecting the hierarchical structure of the intracoronary system, here we shal
consider only a crude approximation of the perfusion which is based on the macro
scopic Darcy’s flow, see [1]. Using this approach, however, we should be able tqg
account for the periodic changes of the bulk volume of the myocardial tissue, ag
dependent on shrinkage and distension processes during one cardiac cycle. T
local compression of the myocardium can be a measure of the blood supply. Ir
consequence, this can be used as a feedback which influences the local propag
tion of the activation wave.
The apparent perfusion velocity, depends on the gradient of the intramyocardial
pressure )

op J—1
w; = —Kj; Bz, K;; = koij ( N, +1> , @)
wherek is the permeability, andV, the porosity, [1]. The local conservation of
mass is expressed as
wheret; is the material derivative of the displacements. In order to write (8) in the
weak form, the boundary conditions fpr or 9p/0dx; must be specified. On the
epicardium the blood can be squeezed out to the coronary system (or sucked in
P = po 0N O epicard; Po Should correspond to the venous pressure. As no blood
is assumed to seep into the ventricle, or through the basemefit;; = 0 on

=0 inQ(t), (8)
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OO\ O epicard - After transformation to the reference dom&i(0) and using some
other manipulations we obtain the weak formulation

; -~ Op Oq
JqdX + Kii—— dX =0, Vq € Q(£2(0)) , 9
/Q(O) Qo) | 0X; 9X;

whereQ(Q) = {¢ € HY(Q)| ¢ = 00n0Qepicara}, J = J(C~1);;Ei; and the
transformed permeability tensor is;; = kJ(C~1);;((J — 1)/Ny + 1)2. Here
(9) replaces the usual incompressibility equation which is comprised in the mixed
formulation for computing the displacement and pressure fields.

3.3 FE discretization and the energy conserving scheme

In this scheme [2] the quantities are evaluated at a “mid-pointhetween the
time levelst — 1 (known) andt (unknown). We denote a quantity at times- 1,

t by X, Xs respectively. ThusX,, = w1 X7 + waXs, wy + wy = 1, wy €
[0,0.5]. By settingw; < 0.5 a numerical dissipation, which stabilises the solution,
is introduced into the system. The finite element approximation of displacements
and the pressure is given by~ x” - u, p ~ ¥ - p respectively, wherg andap
are the Galerkin basis functions.

In this paragraph we employ the following notatidfi:the deformation gradient,
J = detF, s the2"¢ Piola-Kirchhoff stress tensor in vector forié:. the pres-
sure gradient operatof; the right Cauchy-Green tensor in matrix for#f the
mass matrixy, E,, (u,;v,) = B,,v,, the gradient of the Green strain. Using
this notation, we can write the discrete equilibrium equation in the mid-pnint
(omitting any loading terms for brevity):

gm::/BZ;smdQ+M<u2_u1>:0, (10)
At
Qo

b= [(h = Bppan - at| [ GTRIG 2| p=0. @)

Qo 0

Above we have replaced of (9) by (J> — J;)/At and relatedy;; to stept — 1 to
simplify the tangent matrix. The tangent linear system of the Newton method then
attains this form (usinge ~ 2(us — u1)/At — 0,):

Kt,m + ALQM ) Rm ou _ —9m,old 7 (12)
Pm ) —AtD 5p _hm,old
whereK; ,, is the usual tangent stiffness matrR,,, = 9g.,,/0p2, P, = Oh,, /Ous

and D is the bracketed term of (11} 0h,,,/0p2). We Setus new = U2,01a +
du, panew = P2.01d + Op and iterate until convergence is achieved.
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4 Modelling propagation of the excitation wave
4.1 Simulation by the cellular automata (CA)

In the mathematical model of muscle fibres, the tension generated by these fibre
depends on one, or more, activation parameters (functions of space and time
which have to be specified as an input. For simulations of complex problems, sucl
as the myocardium contraction, these parameters must vary, as the “activation
propagates, reflecting the chemical and other processes in the tissue. A suitab
modelling tool fitted for this purpose seems to be provided by the theory of cellu-
lar automata (CA), cf. [6, 9].

The concept of CA was developed already by John von Neumann in 1948. In
fact, CA are discrete dynamic systems useful for simulations of complex prob-
lems, where a classical formulation in terms of (partial) differential equations is
too difficult or does not exist.

CA—model discretizes space into three—dimensional (3D) lattice of cubes. Cubes
i.e. elements of this lattice, are called cells. Every cell has defined a neighbour
hood — usually a list of nearest neighbouring cells and the cell itself — that is uni-
form through the whole lattice. Every cell contains a list of variables, e.g. state,
morphology, etc. Morphology is divided into three different classes: conducting
system, muscle, and the SA—node. The evolution of the system is driven by a tran
sition rule that computes new values of variables using values of cells laying in the
neighbourhood of given cell from the previous CA—step.

Generally, the transition rule can be split into several sequential steps that handl
the evolution of different parts of the cellular automaton belonging into different
morphological classes, i.e. the conducting system, muscle, and the SA—node. Dy
to computational reasons, one additional morphological class is defined with th¢
empty value that should be understood in the following sense. A cell having the
empty morphological state is not included into propagation of excitation events,
but is important to define the neighbourhood; every surface cell has at least on
cell with empty morphological state in its neighbourhood.

] ] ]
]
O

Figure 1: The next state in the
current cell (filled rectangle)
depends on its actual state and on
states of the cells in the local
neighbourhood.

Figure 2: Rotated body with a
selected elementt,, CA lattice.

141



32 Simulations in Biomedicine

Each cell in the CA—model has two variables, nam&tigteandmorphology Vari-
ablestateof the cell defines the level of excitation of the cell laying in the interval
of < 0,21 >. Stateequal to the value of 21 is the excited state. As the value of the
state variable decreases, first absolutely refradtaesand then relatively refrac-
tory statesare reached. The restistate i.e. the situation when the cell waits for an
excitation event, has assigned the zero value. Every cell inside the lattice belong
to one of the followingmorphology classes.e. empty, the conducting system,
muscle, and the SA—node with values of 0, 1, 2, and 3, respectively. All cells with
values between 1 and 3 define excitable medium. Cells with value equal to zerg
i.e. empty cells, do not influence the excitation process at all.

4.2 CA and FEM coupling

The results of CA simulation serve for defining the activation parameters of the
above mentioned model of muscle fibres.
Thus, modelling of muscle contraction is performed in two steps:

1. CA simulation for all required time steps.
2. FE simulation of muscle mechanics using the distribution of action poten-

tials, as computed by CA.
As the result of step 1, at any time and for each integration point of the FE mesh
the activation parametér,, see (5), is obtained by an averaging procedure which
operates on the state values of all CA cells within the particular element.
This loose coupling is possible due to the assumed independence of the state
CA cells on deformation of the tissue at the corresponding point, as computed by
FE simulation.
Clearly, the CA lattice must reflect the geometry of (undeformed) FE mesh. For
this purpose the following algorithm has been developed:

¢ Input the box which is going to contain the CA lattice.To minimize the num-
ber of CA cells it is possible to rotate the coordinate sysfénof CA box

with respect to the systelX; of the FE body. .
e Set division of CA box, i.e. cell counts in axial directiois.
e For every element of FE mesh mark (as tissue, conducting system, pace

maker, ...) the CA cellg contained within, see Fig. 2. This step involves
computing the reference element coordingtes¢(c) by the Newton method
(with 3 x 3 tangent matrix of the mapping¢) ~ x* (¢) - =, wherex are
coordinates of the element nodes). B B

5 Numerical simulation of the ventricular contraction

The numerical simulations were performed using the geometry of the dog heart
for which we obtained relevant geometrical data with a correct orientation of mus-
cle fibres, see Fig. 3. We consider a model of the heart ventricles only (i.e. beneat
the basal skeleton), which can be assumed to form a separate electro-mechanic
subsystem of the heart. The ventricles (fixed at the top) are inflated by ventricula
pressures reaching 120 mm Hg for the left and 25 mm Hg for the right ventricle,

142



Simulations in Biomedicine 33

Figure 3: Geometry of the dog heart Figure 4: Propagation of the action

with outlined network of muscle _potential. Three C_OH_Secutive
fibres. instants. 4 states indicated by

different colours.

Figure 5: Contrac-ted and inflated Figure 6: Stress distribution in active
shapes of ventricles. (muscle) fibres.

respectively. Difference between contracted and released heart geometry is demo
strated in Fig. 5. In Fig. 6 the tension in muscle fibres is displayed for an initial
period of the systolic contraction. The values of activation are obtained from the|
CA analysis of excitation. For illustration, in Fig. 4 we display results of CA anal-
ysis on the human heart, for which we have the conducting system well defined.

6 Conclusion

The model of myocardium presented in this paper allows for capturing impor-
tant nonlinear and anisotropic features of the cardiac tissue. In order to describ
behaviour of the pumping heart, a relevant model of the excitation wave propaga
tion is needed. Our approach is based on coupling the cellular automata (CA), fo
simulation of the excitation, with the finite element model of the heart mechanics.
The CA model seems to be a flexible tool, which can be adapted easily to approx|
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imate the wave propagation, influenced by various physiological effects. The sim-
ple model of muscle fibres currently used seems to be sufficient for simulation
of steady state periodic responses. For studies regarding transition phenomen
caused e.g. arrhythmia, however, more sophisticated models based on cross-brid
kinetics can be used, which also involve fading memory effects. Due to inclusion
of the myocardial intracoronary blood perfusion, its consequence on stiffening of
the ventricular wall can be analyzed. Local deficiency in intramyocardial blood
supply can decrease rapidly the speed of excitation wave; this effects can be caj
tured by the CA algorithm.

For further improvement of the heart model the dynamic blood flow inside the
ventricles will have to be pursued. Effects of the local tissue deformation on prop-
agation of the excitation wave should also be reconsidered in forthcoming studies
for this, however, the CA simulation will need to be tightly coupled with the FE
analysis of deformation.
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Abstract: Our aim was to develop a computer model
of the blood flow and vascular wall mechanics in the
descending abdominal aneurysmatic aorta. The pur-
pose was to study the relationship between the flow
structure, wall behaviour, and aneurysm morphology.
Morphology of a realistic model of the aortic lumen
was based on a data obtained from a 76-year-old male
patient undergoing computer tomography of descen-
dent aorta and pelvic arteries. The geometry was cre-
ated and covered with surface mesh in the Amira™
software. The numerical simulation was performed in
the Fluent software. The numerical model was based
on the equation of mass conservation with constant
value of density and on the system of Navier-Stokes
equations. The constitutive relations represented the
Newtonian fluid. The inlet boundary condition was
represented by the pulsatile flow. The outlet bound-
ary condition was the pressure outlet (1.107 Pa in each
of the iliac arteries). The lumen of arteries was mod-
elled as encircled by a rigid wall and the fluid-wall in-
teraction was taken into account. The discretisation
was realized by finite element method. Collections of
maps were obtained describing redistribution of the
wall stress contours and the velocity profiles.

Introduction

Numerical simulation of the flow in the aortic system
proved itself to be a promising method for better under-
standing of the development of atherosclerotic abdominal
aortic aneurysm (AAA) and its dependence on flow struc-
ture [1]. Our first task was to create a simplified finite-
element grid of the lumen of aneurysmatic aorta and its
main visceral and pelvic branches. The second aim was
to study the blood flow through this realistic geometry,
taking into consideration the interaction of the fluid with
the vessel wall.

Interaction between a fluid and a solid continuum

A loosely coupled method of interaction is useful
for the solution of the interaction between a fluid and a
solid continuum. This method is based on an alternately
separated solution of both the fluid and the solid phase.
The interface between fluid and solid part is composed of
appropriate boundary conditions shared by both phases.

The boundary is updated during each of the time steps.
The basic algorithm is built up on two steps. The first
one represents a solution of the fluid part where the vessel
wall rigidity is taken in consideration. This configuration
is signed as initial undeformed configuration and the first
step produces the pressure field on the shared boundary
condition. The second step represents a solution of elas-
tic solid phase loaded by pressure field on its shared inter-
face. Thereby the fluid channel becomes deformed and it
is necessary to repair the solution of the fluid part where
the solid wall rigidity is again taken into consideration.
These steps are being solved up to limitation of conver-
gency.

Materials and Methods

The morphology of the computational 3-D tetrahe-
dral grid was obtained from 76-year-old male patient un-
dergoing computer tomography (CT) angiography of de-
scendent aorta and pelvic arteries because of subrenal
abdominal aortic aneurysm (AAA, length of 14.5 cm,
width 8 cm, parietal thrombus 4 cm thick; inner di-
ameter of aneurysm was 57 mm X 41 mm), affecting
also both of the common iliac arteries. The data were
transferred from a 16-row CT (Somatom Sensation 16,
Siemens, Forchheim, Germany) via the DICOM format
into Amira™ 3.1.1 software (TGS Europe, Merignac
Cedex, France), see Fig. 1. Full spatial resolution of the
CT data matrix was preserved (512 pixels x 512 pixels,
nominal slice thickness (collimation) of 0.75 mm, incre-
ment of 0.75 mm). The calibrated image data set was
segmented semiautonomically with respect to the lumen
of aorta. Neither visceral nor parietal branches of aorta
were considered. The quality of the grid (23.000 tetrahe-
dral elements) was enhanced by adaptive resizing of ele-
ments according to vessel diameter and irregular regional
shape of the aneurysm (Gambit, Fluent Europe, Sheffield,
Great Britain).

Computer simulation of the fluid continuum by means of
the finite element volume (FEV) method

The numerical simulation was performed with use
of the commercial software Fluent (Fluent.Inc Europe).
The computations started with simulation of simple
steady laminar flow with constant values of density and

IFMBE Proc. 2005 11(1)

ISSN: 1727-1983 © 2005 IFMBE

145




The 3" European Medical and Biological Engineering Conference
EMBEC'05

November 20 — 25, 2005
Prague, Czech Republic

o) 3 4
Tl T ey ey — - ey Sy 77—

Figure 1: CT-angiography, four-view.

kinematic viscosity. The model was then improved,
ie. we proceeded to the modelling of an unsteady
flow, where the non-constant value of viscosity depended
on the shear rate. The power law model was used
for this purpose. For the first approach, we took into ac-
count the laminar flow of Newtonian fluid with constant
value of density p = 1050 (kg-m—3) and constant value
of the dynamic viscosity given by value of kinematic vis-
cosity v = 0.0042 (m-s2). For this purpose, we used
the equations of mass conservation

dp d B
§+37):i(pv’)_0’ (D

where p represent density and v; velocity of the fluid
stream, and the system of Navier-Stokes equations for in-
compressible continuum

g (2
dy; " dy; \dy;

The second term on the right side of equation 2 repre-
sented the material derivation of an appropriate quan-
tity. To obtain this form of Navier-Stokes equations, we
started with the equation of force conservation

Dy
Dt

)=Pfi—P @)

Dvi _ 31:,-/-
Dt =pJit ayj.

p (3

We put the the constitutive relation for the stress ten-
sor T;; into the equation 3

Tij = —p&ij + Rij, “
where p stood for the pressure, §;; for the Kronecker delta
and R;; for the dissipation tensor

Rij =2né;j+néydy, ©)
where 1) denotes dynamic viscosity and 1} the so-called
second viscosity. The tensor of strain rate é;; is given
by kinematic relation

X _1 av]‘ v;
D,j—eu—a(ayi+ayj)4 (6)

Pulsatile velocity boundary condition

The inlet boundary condition of continuum flow was
represented by the pulsatile velocity profile, which was
called velocity inlet in terminology of the software pack-
age Fluent [2]. The theory of oscillatory pulsatile flow
was described in [3]. This theory is based on the system
of Navier-Stokes equations for unsteady viscous incom-
pressible continuum

Pw, 1w, 19w, 19dp
a2 o va qo D

where the velocity boundary condition of the wall was
set to w, = 0 and the inner radius r = R was taken into
account. The evolution of the pressure gradient in time
was used as a periodic function of time and therefore it
was useful to put the development in Fourier series form

—a—p = Re i A (@t +9n) ®)
dx = ’
where base frequency was signed as @y, amplitude as A,
and n was the sequence of harmonic components. Re
stood for the real part of complex value in the square
brackets. Forn =1, ¢1 = ¢, @y = @ we wrote

d .
_%P _Re [Ae’(‘“’+¢)] . ©)
dx
Finally, using the equations above, we converted the ex-
pression 7 into the following relation
2
d*w, 10w,

10Wp 1O0Wp _ A e
a2 T or v ne ’ (10)

This form of Navier-Stokes equations lead to Bessel zero-
order equation so we were allowed to deduce the follow-
ing form

AR 1 Jo (ayi®?) | o
WpRe{nazﬁ |:1_Jo(ai3/2) e , (1D

where y = r/R denoted the relative radius, o¢ = R\/@/Vv
stood for a frequency parameter also called the Womers-
ley number, where R was the radius of the tube (i.e. vessel
wall), n was the dynamic viscosity and @ defined the an-
gular velocity.

The solution of the Bessel function was built up
on the solution of Kelvin function [4] for the equation

K2y +xy —ix’y =0. (12)

The common integral of this term was
y=cido <i3/2x) +erKo (i1/2x> . (13)

Function Jy (i3/ 2x) was developed into series

x\2 x\4 x\0
Jo (i3/2x) :H—i((i—)—@—i@m (14)
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and therefore we were allowed to put
Jo <i3/2x> = berx—+ibeix, (15)
where function 16 and 17 were referred as Kelvin

function—Bessel real berx and Bessel imaginary bei x
of the function Jj.

@6 6"
berx =1 (2!)2 + (4')2 (6’)2 (16)
B 6 B°
ST TR T a

The stationary component of the velocity was defined
by the relation

qsR?
4n

where g, was stationary component of the final pressure
gradient which was build by stationary and pulsatile com-
ponent ‘% = q = gy +qp. The final pulsatile velocity
in the tube was composed by the stationary velocity and
by the pulsatile velocity component of the flow, as shown
by the following relation

(1-3%), (18)

Wy =

W= Ws+Wwp. 19)

Figure 2 presents the development of velocity profiles
during the periodic time cycle for Womersley number
oa=21(-).

Figure 2: Pulsatile velocity inlet boundary condition dur-
ing a periodic time cycle.

Presenting the boundary condition of the fluid part
of the model, we have to mention also the outlet boundary
condition. It was simply represented by a constant pres-
sure of 1.10° Pa in each of the iliac arteries, as adopted
from expert literature [S]. This kind of conditions were
named pressure outlet in the Fluent environment.

Mathematical model of the solid continuum FEM

The mathematical simulation of solid part was based
on the finite element method (FEM). The system showed
the behaviour of a deforming body where an isotropic,
linear, homogeneous material (described by constitutive

relation well known as Hook’s theorem) was taken into
account. The real field of movements inside the mesh
of tetrahedral elements was replaced by linear base func-
tions
U=01+o0px+o3y+0osz
v=0s5+0gx+07y+ 082 (20)
W= 09+ OQjpx+ 011 y+ 0122.
The field of movements was continuous. The density
of deformation energy of the isotropic homogenous ma-
terial, where the behaviour according the Hook’s law was
expected, was given by the term

A= % (O-xsx + 0y&y + 0:& + TiyYay + Ty Yz + TZ}CYZ)C) s
2D
where ¢ defined the main tension, € was relative exten-
sion and 7 signed the shear stress. Hook’s law could be
expressed in a matrix form

oc=E-¢, (22)

and the matrix of the elastic constants E [6] was in the fol-
lowing form

__E0-p
(T +p)-(1=2u)
oA 0 00
ﬁ 1 ﬁ 0 0 0
ﬁ % 1 0 0 0
1-2 23
00 0 gy 0 0o | @
—2u
0 0 0 0 i o2
0 0 0 0 0 A2

2:(1-p)

and finally € was the vector of appropriate relative exten-
sions. The values were adopted according to [7] so the
wall Young’s modulus was set to E = 2.5M Pa and Pois-
son coefficient was set to i = 0.45 (nearly incompress-
ible material). We were allowed to express the density
of deformation energy by the equation

1
A:E-8T~E~s. (24)
The vector € was given by Cauchy’s form
1 auk Bul
=z =5+ 25
k 2 (8x, * 8xk ( )

Deformation energy of a tetrahedral element was given
by integrating the density of deformation energy through
the volume of the element. Applying the stiffness ma-
trix of the mesh element, the deformation energy was ex-
pressed.

The surface boundary condition represented a force
loading the appropriate surface. The directions
of the loading pressure vector were obtained by right-
hand rules in directions of the increasing nodes indices
(the vector of right sides in FEM terminology); in fact, it
was the vector of force component relevant to each of the
nodes

fe=1 1 A A 1, " e
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Figure 3: Anterior view on the lumen with subrenal
aneurysm. The visceral branches of aorta were not in-
volved in the simulation.

The global stiffness matrix covered the system of re-
lations among all the nodal movements represented by
vector A, and appropriate components of nodal reactions
forces. These reactions forces had to be in balance with
the outer force field.

T
Ac=| Al A AT AL | @D

This balance was expressed with the term
Ke-Ac = fe. (28)

With knowing the node movements, it was possible
to express the spatial tensions according to Von Mises
(HMH) method, as shown by the following expression

_1
Oredpyn =13
V/(0:=06y)2+(0y—06;)2+(0;—0:) 2 +6- (T3, + T+ %) (29)

Results

The developed model (Fig. 3) reflected the most sig-
nificant features of the vessel wall altered by atheroscle-
rosis and asymmetric aneurysmatic dilatation. The model
included huge and medium-sized vessels, with mesh den-
sity created adaptively according to the lumen. During
the systole, two swirls developed ventrally in the cranial
segment of aneurysm and laterally in the right junction of
aneurysm neck and sac close to the origin of right renal
artery. Both swirls persisted through the whole cardiac
cycle with maximum in end-diastolic phase. The distri-
bution pattern of stress contours according to Von Mises
HMH method was computed (Fig. 4). The highest stress
values were found in the left dorsal part of the cranial
third of the aneurysm. The velocity vectors during the
whole cardiac cycle were computed (Fig. 5).

wimmas coRtours Vom Wisss D00 (Pl
L e

Figure 4: Stress contours at systolic peak, left lateral view
and dorsal view.

l 1.3a+D4

I 1.0@=04

l [ M-k

Figure 5: Velocity vectors coloured by static pressure at
systolic peak, left lateral view.

Discussion

During the computation, we found the spatial resolu-
tion of the model to be sufficient even in the very irreg-
ular and realistic morphology of the aneurysm. The lat-
eral swirl could be caused by the effect of local irregular
bending of aneurysm neck. In our case of realistic model,
the swirls persisted through both systole and diastole. In
an idealised smooth model of AAA without branching
[1], the whirls regressed during the peak systolic flow
and (unlike in our model) other swirls originated in the
caudal segment of AAA. Our simulation of distribution
pattern of stress contours in the wall of the aneurysmatic
sac yielded heterogeneous values comparable to [7, 8],
with maximum in the dorsal part of the cranial third of the
aneurysm. As the hemodynamic parameters of the patient
under study were not included in the model, the results do
not provide the actual wall stresses of this patient — they
provide information on the stress pattern and rather char-
acterise the geometrical type of the aneurysm. Unlike Di
Martino et al. [7], we did not observe any significant ves-
sel wall displacement. The reason is that in our simula-
tion, the reference configuration of the wall model was set
after processing the very first cardiac cycle. Although the
simulation was performed for the Newtonian fluid only,
we would have expected tiny differences in flow structure
between results based on Newtonian and non-Newtonian
fluid, as our model comprised no small vessels.

The 3-D flow field in AAA depends a great deal on
the geometry of the vessel, as proved by simulations of
flow pattern in hypothetically shaped idealized and asym-
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metric models under realistic pulsatile flow conditions
[9, 10]. However, simple geometric criteria are unreli-
able in modelling AAA biomechanics and the potential
for rupture of an individual AAA can not be estimated
in simulations based on statistics from aggregate popula-
tions [11]. In realistic models involving abdominal aor-
tic branches, more information on the flow field in bifur-
cation regions can be acquired. Such information may
provide an additional insight into hemodynamic factors
involved in the predilection of atherosclerotic lesions in
AAA development [12]. When modelling vascular net-
works with multiple branches, outflow boundary condi-
tions play a great role in blood flow distribution. Also the
effect of exercise on hemodynamic conditions and flow
redistribution in aorta is considerable [13].

Patients with AAA are in danger of aneurysm rupture,
which occurs most often in dorsal or dorsolateral wall
of the aneurysmatic sac. Morphological and mechani-
cal risk factors of rupture include e.g. aneurysm diameter
and its expansion rate, loss of elastin and inflammatory
infiltrates leading to mechanical inferiority of the wall,
tensile wall stress, shear stress, flow patterns and switls,
blood pressure, etc. [14]. We did not solve the wall shear
stress problem, as under common conditions the phys-
iologic shear stress on the inner wall is of lesser effect
than the tensile stress within the wall due to pressure in
an AAA [15]. Simulation of aneurysm fluid dynamics
and its effect on aneurysm wall mechanics in realistic 3-
D models [7] served already as a guidance to assess the
risk of rupture of the aneurysm. Similar to our study, the
authors delt with the aneurysmatic sac only, omitting the
hemodynamic influence of arterial branches of precedent
and subsequent segment of the aorta. However, the effect
of the flow in aorta branches on the flow in the aneurysm
might be significant and deserves a further interest.

Fillinger [15] analysed rupture risk over time in pa-
tients with AAA under observation, performing nonlinear
hyperelastic modelling of aneurysm wall behaviour com-
pared to CT data and blood pressure observation. A non-
invasive study of 3-D tensile wall stress was found to be
superior to maximum diameter for determining rupture
risk. The simulation of wall stress provided significant
differences of clinical use for aneurysms that could be
safely observed for longer periods or needed surgical re-
pair to prevent rupture within a short time. The effect of
3-D shape appeared to dominate the effect of blood pres-
sure and the influence of diameter. Asymmetry and wall
thickness on stresses has been studied thoroughly in both
theoretical and CT-based realistic 3-D models of AAA
[16, 17].

At present, there is need for predictive models with
realistic morphology in order to gather experience with
computational simulations correlated to clinical decision
making. Our method of finite-element grid construction
enables us to consolidate the view of clinical medicine
(i.e. vascular surgery), diagnostic imaging methods and
computational simulation. It does not describe the very
important composition of atherosclerotic vessel wall and

of intraluminal thrombus, which can be extracted from
high-resolution magnetic resonance [18]. Nevertheless,
CT angiography remains the most frequent and routine
method of aneurysm diagnostics and morphometry in pa-
tients undergoing elective surgery for this condition.

Young healthy patients with large aneurysms have a
risk-benefit ratio that favours vascular or endovascular
surgery. The presented method could be useful in patients
with boundary value of aneurysm diameter and high
surgical risk or in asymptomatic patients with smaller
aneurysms (5-6 cm) without rapid expansion. In these
patients, the final decision on surgery could be ambigu-
ous because mortality and morbidity of elective surgery
are too high when compared to conservative treatment.
Also the tensile stress analysis of the aneurysm wall has
the potential to aid management in patients who are at
high risk for surgery and have aneurysms of a moderate
size [15]. Pulsatile flow assessment should help the sur-
geon to evaluate localisation and significance of swirls in
the AAA. Whether simulation of wall shear stress corre-
lates with the risk of initial dissection of AAA, remains
unsolved. Until now, we are lacking reference papers and
case-reports bringing clinical experience with comple-
mentary results of simulation of blood flow through the
AAA of the same patient. Our prospective work will be
focused on the redistribution of the wall stress on the non-
rigid wall induced by flow structure.

Conclusions

Creating mathematical models based on real mor-
phology provides a tool integrating the view of medical
diagnostics, therapy, and modelling of AAA. The numeri-
cal results obtained in this study showed the flow features
and wall stress distribution in a model of AAA with re-
alistic morphology. The approach presented was found
to be suitable e.g. for follow-up study of patients ob-
served for the aneurysm growth, where simulations could
be correlated with surgeon’s clinical experience. Then
modelling of blood flow characteristics could be consid-
ered properly when predicting the individual aneurysm
rupture potential.

Acknowledgements

This work was supported by the project MSM
4977751303 awarded by the Ministry of Education,
Youth and Sports of the Czech Republic.

References

[1] FiNoL, E. A., KEYHANI, K., and AMON, C.
H. The effect of asymmetry in abdominal aortic
aneurysms under physiologically realistic pulsatile
flow conditions. J. Biomech. Eng., 125:207-217,
2003.

[2] FLUENT INC. EUROPE Sheffield, Great Britain.
Fluent 6.1. manual, 2001.

IFMBE Proc. 2005 11(1)

ISSN: 1727-1983 © 2005 IFMBE

149




The 3" European Medical and Biological Engineering Conference
EMBEC'05

November 20 — 25, 2005
Prague, Czech Republic

(3]
(4]

[5]

(6]
(7]

[8]

[91

[10]

(11]

[12]

[13]

[14]

[15]

[16]

VALENTA, J. Biomechanics. Academia, Prague,
1985.

REKTORYS, K. Prehled uzité matematiky 1 [out-
lines of applied mathematics vol. 1]. Prometheus,
Prague, 1995.

MiLLs, C. J., GABE, I. T., GAULT, J. H., MA-
SON, D. T., Ross Jr., J., BRAUNWALD, E., and
SHILLINGFORD, J. P. Pressure-flow relationships
and vascular impedance in man. Cardiovascular
Research, 4:405-417, 1970.

BATHE, K. J. Finite element procedures. Prentice-
Hall, Inc., New Jersey, pp. 194, 1996.

D1 MARTINO, E. S., GUADAGNI, G., FUMERO,
A., BALLERINI, G., SPIRITO, R., BIGLIOLI, P.,
and REDAELLI, A. Fluid-structure interaction
within realistic three-dimensional models of the
aneurysmatic aorta as a guidance to assess the risk
of rupture of the aneurysm. Med. Eng. Phys.,
23:647-655, 2001.

LEE, D. and CHEN, J. Y. Numerical simulation
of steady flow fields in a model of abdominal aorta
with its peripheral branches. J. Biomech., 35:1115-
1122, 2002.

FINOL, E. A. and AMON, C. H. Flow-induced wall
shear stress in abdominal aortic aneurysms: Part ii
— pulsatile flow hemodynamics. Comput. Methods
Biomech. Biomed. Engin., 5:319-328, 2002.

YIp, T. H. and YU, S. C. M. Cyclic flow character-
istics in an idealized asymmetric abdominal aortic
aneurysm model. Proc. Inst. Mech. Eng., 217:27-
39, 2003.

Hua, J. and MOWER, W. R. Simple geomet-
ric characteristics fail to reliably predict abdomi-
nal aortic aneurysm wall stresses. J. Vasc. Surg.,
34:308-315, 2001.

SHIPKOWITZ, T., RODBERS, V. G. J., FRAZIN L.
J., and CHANDRAN, K. B. Numerical study on the
effect of secondary flow in the human aorta on lo-
cal shear stresses in abdominal aortic branches. J.
Biomech., 33:717-728, 2000.

TAYLOR, C. A., HUGHES, T. J. R., and ZARINS,
C. K. Effect of exercise on hemodynamic con-
ditions in the abdominal aorta. J. Vasc. Surg.,
29:1077-1089, 1999.

SONESSON, B., SANDGREN, T., and LANNE, T.
Abdominal aortic aneurysm wall mechanics and
their relation to risk of rupture. Eur J. Vasc. En-
dovasc. Surg., 18:487-493, 1999.

FILLINGER, M. F., MARRA, S. P., RAGHAVAN,
M. L., and KENNEDY, F. E. Prediction of rupture
risk in abdominal aortic aneurysm during observa-
tion: Wall stress versus diameter. J. Vasc. Surg.,
37:724-732, 2003.

RAGHAVAN, M. L., VORP, D. A., FEDERLE, M.
P., MAKAROUN, M. S., and WEBSTER, M.W.
Wall stress distribution on three-dimensionally re-
constructed models of human abdominal aortic
aneurysm. J. Vasc. Surg., 31:760-769, 2000.

[17]

[18]

THUBRIKAR, M. J., AL-SouDI, J., and ROBIC-
SEK, F. Wall stress studies of abdominal aortic
aneurysm in a clinical model. Ann. Vasc. Surg.,
15:355-366, 2001.

YANG, F., HOLZAPFEL, G., SCHULZE-BAUER,
C., Stollberger, R., THEDNS, D., BOLINGER, L.,
STOLPEN, A., and SONKA, M. Segmentation of
wall and plaque in in vitro vascular mr images. Int.
J. Cardiovasc. Imaging, 19:419-428, 2003.

IFMBE Proc. 2005 11(1)

ISSN: 1727-1983 © 2005 IFMBE

150




ANEURYSMS

tructure Interaction in

bdominal Aortic
neurysms

By JiFi Jenik'?, Zbynék Tonar'?, Vladislav Tfeska*, and Milan Novak®

' Department of Mechanics at the University of West Bohemia in Pilsen, Czech Republic
2 New Technology Research Center in West Bohemia Region within University of West Bohemia in Pilsen, Czech Republic
* Department of Histology and Embryology Faculty of Medicine in Pilsen, Charles University in Prague, Czech Republic

* Surgery Clinic University Hospital Pilsen, Charles University in Prague, Czech Republic

* Radiodiagnostic Clinic University Hospital Pilsen, Charles University in Prague, Czech Republic

Four views of a CT-angiography scan in DICOM format

of the vessel wall was computed using a
finite-element method. The vessel wall
motion was constrained on the side adjacent
to the vertebrae, and at the inlet and outlet
planes.

Interaction of the fluid and solid regions
was accounted for using an alternating calcu-
lation by FLUENT and an in-house code,
which was coupled to FLUENT through user-
defined functions (UDFs). The wall shape was
assumed to be rigid for the purpose of com-
puting the fluid flow. The resulting pressure
on the interface shared by the fluid and wall
was then used as a boundary condition for
the solution of the elastic solid phase. The
deformed wall led to a geometrically modi-
fied fluid region, which was subsequently

Texture-based direct volume rendering, reconstruction
of AAA based on the CT angiography scan in

DICOM format

updated by the CFD calculation. This so-called
uncoupled FSI calculation was repeated until
convergence was reached.

Results of the FSI calculation show that at
systole, where the flow rate is maximum, two
circulation patterns are in evidence in the
aneurysm. One is located laterally beyond the
right junction of the aneurysm neck, close to
the origin of the right renal artery. The second
one is located in the superior segment of the
aneurysm. These two circulation patterns are
also evident at diastole, the point of mini-
mum flow, but they are noticeably weaker.
Throughout the cardiac cycle, it is also possi-
ble to identify regions where there is reduced
contact time between the formed blood ele-
ments (blood platelets and corpuscles) and

the inner vessel. This situation could be the
reason why variations in the thickness of the
parietal thrombus develop.

The hemodynamic parameters of the
patient were not included in the numerical
model, and the results do not provide the
actual vessel wall stresses. The reason is that
in our simulation, the reference configuration
of the wall model was set after processing the
first cardiac cycle. Thus the AAA model pro-
vides information of the stress pattern relative
to a basal stress redistribution. The model
also successfully shows the geometrical influ-
ence of the vessel wall on the wall stress.

The behavior of the wall is such that the
rigidity increases with the thickness of the
thrombus. A general overview of the relative
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Model of the abdominal aortic aneurysm and
nearby vertebrae without the peripheral branches

stress redistribution can be illustrated in
terms of the von Mises stress. At the top of the
cardiac cycle, the maximum values of the rel-
ative stress are transferred to regions where
the local vessel wall is thin, such as in the
superior segment near the junction with the
aneurysm neck. The results also indicate an
oscillation of the second highest stress in the
right and dorsal part of the cranial third of
the aneurysm sac. The inferior segment, on
the other hand, is encased with thrombus,
which does not allow for elastic displace-
ments of the wall. During the end of the car-
diac cycle, the primary stress redistribution
features are the same, but as with the circula-
tion patterns, the values are weaker.

The results of this study support the clini-
cal observation that the danger of aneurysm
rupture is highest in the dorsal or dorsolater-
al wall of the aneurysmatic sac. The morpho-
logical and mechanical risk factors of rupture
include the aneurysm diameter and expan-
sion rate, loss of elastin and inflammatory
infiltrates leading to mechanical inferiority of
the wall, tensile wall stress, shear stress, flow
patterns such as recirculation, and blood pres-
sure. Simulation of aneurysm fluid dynamics
and their effect on aneurysm wall mechanics
in realistic 3D models [1] could serve as
guides to assess the risk of rupture. In realistic
models involving abdominal aortic branches,
more information on the flow field in the
bifurcation region is needed. Such informa-
tion may provide an additional insight into
hemodynamic factors involved in the
predilection of atherosclerotic lesions in
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Velocity circulation at the top of the cardiac cycle, or systole (left) and at
the end of the cardiac cycle, or diastole (right), plotted on the same scale

abdominal aorta aneurysm development [2].
The effect of exercise on hemodynamic condi-
tions and flow redistribution in the aorta is
also considerable [3].

Simulations such as these do not describe
the very important composition of the ather-
osclerotic vessel wall and intraluminal throm-
bus, which can be extracted from high-resolu-
tion magnetic resonance [4]. Nevertheless, CT
angiography remains the most frequent and
routine method of aneurysm diagnostics and
morphometry in patients undergoing elective
surgery for this condition. Young healthy
patients with large aneurysms have a risk-
benefit ratio that favors vascular or endovas-
cular surgery.

The presented method could be useful in
patients with aneurysms of questionable size
and high surgical risk or in asymptomatic
patients with smaller aneurysms (< 5 cm) that
are changing slowly. In these patients, the
final decision on surgery could be ambiguous
because the mortality and morbidity of elec-
tive surgery are too high when compared to
conservative treatment. Also the tensile stress
analysis of the aneurysm wall has the poten-
tial to aid management in patients who are at
high risk for surgery and have aneurysms of a
moderate size [5]. Pulsatile flow assessment
should help the surgeon to evaluate the local-
ization and significance of circulation pat-
terns in the abdominal aortic aneurysm. m
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6 Zavér
6.1 Hlavni vysledky a nalezy

Za hlavni ptinos kvantitativnich metod v predkladané praci povazujeme hodnoceni morfo-
logickych vlastnosti tkanovych vzorktt pomoci spojitych kvantitativnich proménnych, coz
v kombinaci se systematickym a nestrannym vybérem vzorkt umoznuje aplikovat na po-
rovnavané skupiny standardni statistické postupy a testy. Diky tomu poskytuji predlozené
publikace nasledujici odpovédi na otazky formulované v oddilu 2.2:

6.1.1 Metody kvantitativniho popisu cévni stény

1. K vyhoddm metod obrazové analyzy patii moznost automatizace (skriptovani) pfi
zpracovani velkého poc¢tu histologickych vzorkt uniformniho vzhledu. Velké ¢ast bio-
logického materialu, zejména patologicky zménéné vzorky a biopsie, mé pii prehled-
nych metodach i afinitni histochemii variabilni barvitelnost, resp. obsahuje artefakty,
coz ¢ini mnohdy automatické zpracovani obrazu nepouzitelnym. Stereologické po-
stupy maji vétsinou vétsi podil interaktivni prace uzivatele, avsak prostor pro sub-
jektivni chybu je minimalizovan aplikaci jednoznacnych pravidel. Pritomnost arte-
fakti a variabilita vzork® obvykle nelimituje vyuziti histologickych fezti a zpracovani
mnohdy cenného materialu je hospodarnéjsi. Vétsina stereologickych metod je velmi
dobfe dokumentovana v fadé prestiznich publikaci a poskytuje nevychylené (unbi-
ased) vysledky. Na kazdé tirovni odbéru ¢ redukce materidlu by mél probéhnout
systematicky uniformni ndhodny vybér (SURS), ktery zajisti, aby se analyzované
struktury staly soucasti mikroskopického vybéru s pravdépodobnosti piimo zavislou
na frekvenci jejich vyskytu ve vzorku. SURS pfinasi efektivni a rovnomérné pokryti
materialu vybérem, tj. stejnou Sanci pro vSechny ¢asti vzorku, aby se staly soucasti
hodnoceného vybéru, a snizeni variability zpisobené vybérem [29].

6.1.2 Studium aterogeneze a jejich komplikaci

2. Pro posouzeni vulnerability aterosklerotickych 1ézi je k doplnéni stavajici kvalitativni
klasifikace vhodné mérit pomérné zuzeni cévniho lumina 1ézi, objemovy podil lipido-
vych depozit, hemoragii, kolagenniho vaziva a hladké svaloviny v 1ézi, silu fibrézni
cepicky léze. Rozvoj zanétlivé infiltrace lze kvantifikovat jako numerickou hustotu
jednotlivych druhii leukocytti znacenych afinitni histochemii ¢i jako plosnou nebo
objemovou frakci zanétlivych cytokint, adheznich molekul a metaloproteinaz. Ne-
oangiogeneze se projevi zvySenim poctu profilti specificky znacenych endotelidlnich
shluktl na fezu tunica adventitia ¢i tunica media. Tyto parametry je vhodné doplnit
posouzenim fragmentace elastinu pomoci stfedni vzdélenosti sousednich elastickych
lamel, objemového podilu elastinu v tunica media a délkové hustoty elastinu [29)].

3. Prokézali jsme vyznac¢nou roli zanétlivého procesu u pacientti s rupturou aneury-
zmatu abdominalni aorty (AAA), a to na trovni zanétlivych lozisek [31, 32] infiltru-
jicich neovaskularizované oblasti stény ruptur AAA ve srovnani s asymptomatickymi
AAA. Histologicky obraz zanétu odpovidal vyssim hladindm IL-6, IL-8 a TNF-« [32]
a zvySeni metabolizmu kolagenu typu III s pfevahou jeho degradace [30] u ruptur

AAA.
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4.

U aneuryzmatické aorty dochazi k vyzna¢nému poklesu objemové frakce kontraktil-
niho fenotypu hladkych svalovych bunék v tunica media, zatimco objemova frakce
kolagenu je oproti normalni aorté relativné zvysSena a objemovéa frakce elastinu se
pohybuje v rozpéti od nuly az k normalnim hodnotam. Vysledky Fourierovy trans-
formace (FFT) mikrofotografii tunica media lze kvantifikovat tvarovym faktorem
cirkularniho histogramu FFT, ktery je citlivy na zmény v orientaci a fragmentaci
elastinové sit€. Metodika je citliva k rozdilim mezi normalni a patologickou sténou
aorty, avSak pro extrémni rotacni asymetrii stavby stény AAA se vysledky pro ate-
rosklerotickou aortu a AAA prekryvaji [33].

U transplantovanych srdci apolipoprotein E-deficientnich (apoE-KO) i transplantova-
nych srdci wild-type mysi byly aterosklerotické léze aortalniho sinu vétsinou atrombo-
genni a stabilnéjsi nezli platy apoE-KO mysi, u nichz transplantace nebyla provedena.
Posttransplantacni reakce cév myokardu maskovala potencialni regresi aterosklerézy
v koronarnim recisti. Transplantace srdce apoE-KO mysi nepfedstavuje vhodny ex-
perimentalni model pro studium regrese aterosklerézy [34].

Dlouhodobé podéavani cholesterolem obohacené diety je u apoE-KO mysi spojeno
s masivnéjsim rozvojem aterosklerotickych zmén hrudni aorty v disledku akcelero-
vaného ukladani cholesterolu do cévni stény [35].

P1i pokusu navodit regresi aterosklerotickych 1ézi heterotopickou transplantaci aorty
u juvenilnich jedinct apolipoprotein E-deficientni mysi doslo k transplantacni arteri-
tidé s tvorbou neointimy, elastinolyzou a infiltraci arterialni stény T- a B-lymfocyty,
makrofagy a neutrofily. Tyto zmény pfrevazily nad moznou regresi aterosklerotickych
1ézi, a to i u skupiny kontrolnich wild-type mysi. U juvenilnich zvirat povazujeme tedy
tuto techniku za prilis invazivni zasah, ktery pro poskozeni vasa vasorum transplan-
tovaného useku neni pro regresni studie vhodny [36, 37].

6.1.3 Morfometrie a 3-D rekonstrukce v biomechanice cévni stény

8.

10.

Ptinos FFT u studia norméalnich vzorki aorty prasete je pomérné omezeny. Nebyly
nalezeny rozdily v morfologii elastinové sité hrudni vs. bfisni aorty ani ventralni vs.
dorzalni stény aorty. Stiedni vzdalenost sousednich elastinovych lamel na transver-
zalnim fezu aortou prasete byla vétsi u bfisnich nezli u hrudnich segmentii tychz aort

38, 39].

Morfometrické idaje o geometrii a slozeni hrudni a brisni aorty prasete byly vyuzity
jako vstupni data pro kompozitni model aortalni stény. Pocitacova simulace zalozena
na histologické analyze ukazala, Zze vyznam rezidualniho napéti mezibunééné hmoty
(pfevazné elastinu) pfevazuje ve sténé arterie elastického typu nad tonusem hlad-
kych svalovych bunék. Naproti tomu v periferii arteridlniho systému, kde zastoupeni
hladké svaloviny v cévni sténé vyrazné prevazuje nad pritomnosti elastinu, hraje ak-
tivace myocytl pii regulaci prisvitu cév hlavni roli [40]. Upfesnénd data byla pouzita
i v navazujicich numerickych simulacich s kompozitnim jedno- [41] a dvojvrstevnym
[42] modelem arterialni stény.

V adaptovaném makroskopickém konecnéprvkovém modelu geometrie srdecnich ko-
mor psa byl definovan priibéh drah pievodniho systému srde¢niho. Sifeni vzruchové
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aktivity prevodnim systémem i jeho pfestup na pracovni myokard byl simulovan po-
moci matematické metody bunéénych automati [43].

11. Model s realnou geometrii lumen a stény AAA zalozenou na CT-angiografii a s re-
spektovanim anatomickych okrajovych podminek rekonstruovanych z CT ukazuje
detailné vliv lokalnich nepravidelnosti vyduté, vliv vétveni a redistribuce toku kapa-
liny a vliv rotac¢né asymetrického trombu a sily aortalni stény na distribuci napéti ve
sténé AAA a na rychlostni profily proudici kapaliny béhem systolicko-diastolického
cyklu. Prinos navrzené studie by mohl byt vyznamny zejména pii sledovani pacientt
s asymptomatickym AAA o rozméru pod 5 cm a s vy$§im operac¢nim rizikem [45, 44].
Bez dat ziskanych magnetickou rezonanci (MRI) ¢ endoskopickou sonografii nelze
doplnit model o tdaje o sloZeni cévni stény konkrétniho pacienta. Model vyzaduje
validaci a korekci na zakladé klinickych zkusenosti cévniho chirurga.

6.2 Mozné pokracovani vyzkumu

Na zéakladé dosavadni prace povazujeme za perspektivni nasledujici problémy, na jejichz
feseni se podilime:

1. Ve spolupraci s Ustavem fyziologie Lékaiské fakulty UK v Plzni studujeme mikrosko-
pickou strukturu subrenalni aorty u modelu chronického renélniho selhani potkant
s parcidlni nefrektomii a hypertenzi. V pfipravné studii jsme zmapovali variabilitu
objemového podilu elastinu a hladkych svalovych bunék, délkové hustoty elastinu,
stfedniho poctu elastinovych lamel a stfedni vzdalenosti mezi sousednimi elastino-
vymi lamelami v sériich histologickych fezii tunica media norméalnich kontrolnich
zvitat. Optimalizovali jsme metodiku vzorkovani histologickych fezli vybérem mik-
roskopickych zornych poli a vyhodnotili jejich potfebny pocet vzhledem k variabilité
uvedenych parametrii a rotacni asymetrii aortalni stény. V navazujici praci testujeme
nasledujici hypotézu Hy: Pti 10 tydni trvajici hypertenzi v systémovém obéhu mo-
delu chronického renélniho selhani nedochézi u potkana k remodelaci stény subrenalni
aorty, kterd by se projevila zménou vyse uvedenych parametri.

2. Ve spolupréaci s Klinikou kardiovaskularni chirurgie Institutu klinické a experimen-
talni mediciny v Praze jsme navrhli histologické hodnoceni vlivu aplikace tii druht
tkanovych lepidel do falesného lumen modelu disekce aorty u miniprasete. V probi-
hajici studii testujeme hypotézu Hy: Aplikace konkrétniho druhu lepidla (Gelatin-
resorcinol-formaldehyd, BioGlue, Tissucol) neni faktorem vysvétlujicim variabilitu
v histopatologickych nalezech po dobu 1-12 mésicti od aplikace lepidla v modelu
aortalni disekce u miniprasete.

3. Ve spolupraci s Flebologickym centrem Praha jsme provedli pilotni studii k porov-
nani objemové frakce hladké svaloviny v tunica media a tunica adventitia vzorkt
vena saphena magna et parva odebranych pacientim s chronickou insuficienci povr-
chovych zil dolnich koncetin. V soucasnosti sbirdme material k ovéfeni hypotézy Hy:
Ve skupiné pacientti Flebologického centra Praha neni vyznac¢ného rozdilu v zastou-
peni hladké svaloviny ve sténé varikéznich vzorkt vena saphena parva ve srovnani se
vzorky vena saphena magna.

4. Ve spolupréaci s Katedrou mechaniky Fakulty aplikovanych véd Zapadoceské univer-
zity v Plzni hodnotime orientaci jader hladkych svalovych bunék ve vzorku aorty
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prasete poté, co vzorek podstoupil mechanické testovani. Cilem hodnoceni je mé-
fenim dostatecného poctu jader myocytu ziskat histogramy hli mezi dlouhou osou
myocyti a radidlnim (axidlnim) smérem cévy tak, aby bylo mozno posoudit modelovy
koncept usporadani myocytt tunica media a pfilehlych vlaken mezibunééné hmoty
do systému dvojité sroubovice obtacejici tunica media aorty.

. Ve spolupréci s Institut fiir Histologie und Embryologie, Veterindrmedizinische Uni-
versitiat Wien, kvantifikujeme plosnou hustotu profili krevnich cév s endotelem zna-
¢enym kombinaci lektinové histochemie a imunohistochemie v histologickych fezech
nadorové transformovanymi a kontrolnimi vzorky lymfatickych uzlin psa (studie je
vici naSemu pracovisti zaslepena). Cilem préce je statisticky popsat vztah hustoty
mikrocirkulace uzlin vii¢i ne/piitomnosti histologického gradingu neoplazie a expresi
vaskularniho endotelialniho ristového faktoru (VEGF A-20). Druhotnym cilem je
zpresnit dosud nejasny popis angioarchitektoniky mikrocév v lymfomech prostfednic-
tvim analyzy shluki tvofenych profily cév na fezu a testovanim an/izotropie téchto
profilt pomoci Delaunayovy triangulace za tc¢elem posouzeni teorie tzv. ,hot spots*
(predpokladanych center neoangiogeneze, na jejichz hodnoceni jsou postaveny nékteré
prace zkoumajici novotvorbu cév v lymfomech). Soucasné na fezech identickou uzli-
nou porovnavame senzitivitu a specificitu péti riznych protokold imunohistochemie
a lektinové histochemie pouzitelnych pro pritkaz endotelu u psa a variabilitu kvanti-
fikace mikrocév pti opakovaném hodnoceni tymz pozorovatelem a dvéma nezavislymi
pozorovateli.
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