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3 Seznam zkratek

AHC arteria hepatica communis

AHP arteria hepatica propria

AJCC American Joint Committee on Cancer

AL arteria lienalis

AMS arteria mesenterica superior

ANOVA analyza rozptylu (analysis of variance)

BMI body mass index

CA 19-9 karbohydratovy antigen 19-9

CT vypocetni tomografie (computed tomography)
DFI bezpfiznakové preziti (disease-free survival)
DUSG dopplerovska ultrasonografie

ECOG Eastern Cooperative Oncology Group

EUS endoskopicka ultrasonografie

FR fyziologicky roztok

IGF inzulinu podobny rastovy faktor (insulin like growth factor)
IOPN intraduktalni onkocyticka papilarni neoplazie
IPMN intraduktalni papilarni mucindézni neoplazie
ISGPS International Study Group of Pancreatic Surgery
ITPN intraduktalni tubulopapilarni neoplazie

MCN mucindzni cysticka neoplazie

MR magneticka rezonance

0S celkové preziti (overall survival)

PanIN pankreaticka intraepitelialni neoplazie

PARP inhibitor inhibitor poly(ADP-rib6za)polymerazy

PET/CT pozitronova emisni tomografie v kombinacis CT

PTFE polytetrafluorethylen

RRT relativni ¢as setrvani ¢astic (relative residence time)

RTc Cas setrvani Castic (residence time)

TAVM Casové zprumérovany rozsah rychlosti (time-averaged velocity
magnitude)



TAWSS

TC
UICC
VCI
VCS
VEGF

VL
VMS
VP
5-FU

Casoveé zprumérované smykoveé napéti na sténé
(time-averaged wall shear stress)
truncus coeliacus

Union for International Cancer Control
vena cava inferior

vena cava superior

vaskularni endotelialni ristovy faktor
(vascular endothelial growth factor)
vena lienalis

vena mesenterica superior

vena portae

5-fluorouracil



4 Uvod

Karcinom pankreatu je agresivni nadorové onemocneéeni, které je v rozvinutych
zemich jednou z nejCastéjSich pfiCin umrti na maligni choroby (1). Do této pozice
se fadi nejen z duvodu rostouci incidence, ale i vzhledem k pokrokim v lécbé
ostatnich nadorovych onemocnéni (2). Pro prognézu pacientl je zasadni, zda je tumor
v dobé diagndzy resekabilni. Radikalni resekce totiz zustava jedinou potencialné
kurativni IéCbou. Vzhledem k absenci ¢asnych symptoml je bohuZel u 80-90 %
pacientl diagnéza stanovena az ve stadiu lokalné pokrocCilého nebo metastatického
onemocnéni (3,4). Nadéji pro zvySeni podilu pacientl indikovanych k chirurgické lé¢bé
je neoadjuvantni chemoterapie, jejiz uplatnéni v poslednich letech stoupa (5).

Vzhledem k anatomickym pomérim karcinom pankreatu c¢asto invaduje
do okolnich cévnich struktur, zejména do vena portae (VP) a vena mesenterica
superior (VMS). Odstranéni tumoru i za cenu Zilni resekce je ve specializovanych
pracovistich v sou¢asné dobé& doporuc¢enym postupem (6). V nékterych pfipadech
musi byt postizena €ast Zily nahrazena interponovanym stépem. Existuje nékolik typU
téchto Stépd, pfiCemz zatim nejCastéji jsou vyuzivany autologni zZilni Stépy. Jejich
odbér vSak dale zatéZuje pacienta pfi i tak narocném operacnim vykonu. Vyhodné
se zda vyuziti alogennich Zilnich $tépl, které jiz publikovalo nékolik zahrani¢nich
center (7-9). Neni vSak jasné, jakého anatomického pivodu by mély tyto alogenni zilni
Stépy byt. V ramci klinické praxe se nabizi vyuziti $tépl ze systémového fecisté, tedy
panevnich zil, nebo samotné VP, které Ize ziskat pfi odbéru organd k transplantaci.
Systémové fecisté a recisté VP se v8ak funkéné odliSuji a je pravdépodobné,
Ze odliSné budou i jejich biomechanické vlastnosti, které by mohly vysledky
rekonstrukce ovlivnit (10,11). Cilem prezentovaného experimentu bylo v ramci
zvifeciho modelu hemipankreatoduodenektomie vyhodnotit, ktery ze zminénych
puvodu alogennich Zilnich $tépu je v této indikaci vhodnéjsi.

Vyznam optimalni metodiky rekonstrukce VP/VMS s minimalizaci rizika
trombotizace muze v budoucnu rast, a to vhledem k uspéchim modernich rezimu
adjuvantni chemoterapie a jiz zminénému potencialu neoadjuvantni 1éEby na zvySeni

mnozstvi pacientl indikovanych k radikalni resekci (5).



5 Teoreticka cast

5.1 Anatomie pankreatu

Pankreas je organ ulozeny v retroperitoneu v urovni prvniho a druhého
lumbalniho obratle mezi duodenalnim ohbim a hilem sleziny. U dospélého Clovéka
je 15-20 cm dlouhy a vazi 75-100 gramu. Z chirurgického pohledu Ize rozlisit hlavu,
krcek, télo a ocas pankreatu.

Hlava pankreatu je lokalizovana v ohbi duodena dorzalné za uponem mesocolon
transversum. Za hlavou pankreatu se nachazi dolni duta Zila (vena cava inferior, VCI),
obé renalni zily a prava renalni tepna. KrCek pankreatu je kratky, pfiblizné
dvoucentimetrovy segment. Pfimo za krCkem pankreatu pak prochazi VP, ktera zde
vznika soutokem VMS a lienalni zily (vena lienalis, VL). PobliZ tohoto soutoku se také
pfipojuje dolni mezentericka Zila do VL. Nékdy je pfritomen spolecny soutok obou
mezenterickych zil a VL, ktery pak dava vznik VP. Vlevo od VMS probiha paralelné
horni mezentericka tepna (arteria mesenterica superior, AMS). Z hlavy pankreatu
pokracuje processus uncinatus, ktery se obtaci kolem pravého lateralniho okraje VMS
a koné&i pfiblizné na drovni mezi touto Zilou a AMS. Zilni drenaz z oblasti hlavy
pankreatu zajistuji drobné ZzZilni vétve, které vstupuji do VP a VMS na pravé lateralni
a zadni strané. Predni strana portalni zily je vétSinou bez Zilnich vstupd. V prubéhu
resekce pankreatu Ize tedy vétSinou proniknout mezi VP a kréek pankreatu. Tento krok
vSak neni mozny, pokud v tomto misté tumor pankreatu invaduje do VP. Na zadni
hrané hlavy pankreatu a dale skrz ni probiha ductus choledochus, ustici do duodena
v oblasti Vaterské papily.

Télo a ocas pankreatu lezi pfed VL a lienalni tepnou. Do VL vstupuje velké
mnozstvi drobnych Zilnich vétvi z pankreatu. V pfipadé provedeni slezinu Setfici
distalni pankreatektomie musi byt tyto Zilni vétve bezpecné preruseny. Pfedni strana
pankreatu je kryta peritoneem a je soucasti zadni stény omentalni burzy.

Pro pochopeni anatomie pankreatického vyvodu (ductus pancreaticus) je nutna
znalost embryonalniho vyvoje pankreatu. Pankreas vznika splynutim ventralniho
a dorzalniho pupenu. Vyvod z mensiho ventralniho pupenu se pfipojuje do ductus
choledochus, vyvod vétSiho dorzalniho pupenu je drénovan do duodena. Ventralni

pupen po rotaci smérem doprava a kolem zadni strany duodena splyva s dorzalnim



pupenem. Ventralni pupen se tak stava spodni ¢asti hlavy pankreatu a tvofi processus
uncinatus, dorzalni pupen tvofi télo a ocas pankreatu. VétSinou se vyvody obou
pupenl v pankreatu spojuji a ventralni vyvod Usti jako hlavni pankreaticky vyvod
(ductus pancreaticus Wirsungi) s ductus choledochus na papilla duodeni major
(Vateri). Vyvod z dorzalniho pupenu neboli akcesorni pankreaticky vyvod navic
vétSinou usti na papilla duodeni minor (Santorini) asi 2 cm proximalné od Vaterské
papily. Naopak asi ve tretiné pfipadu tento vyvod samostatné vyusténi do duodena
nema. Asi u 10 % pfipadd nedojde ke spojeni obou pankreatickych vyvodu,
pak je vétSina pankreatické tkané drénovana pres papilla Santorini a pouze ¢ast hlavy
pankreatu pres Vaterskou papilu. Tento stav je oznaCovan jako pancreas divisum
(12-15).

5.1.1 Cévni zasobeni pankreatu

Tepenné zasobeni pankreatu je zajisténo tepennymi vétvemi odstupujicimi
z truncus coeliacus (TC) a z AMS. Arteria gastroduodenalis vydava vétve zvané
arteriae pancreaticoduodenales superiores anteriores et posteriores. Z AMS
pak odstupuji arteriae pancreaticoduodenales inferiores anteriores et posteriores.
Zminéné skupiny vétvi se spojuji a tvofi arkady ze kterych odstupuji Cetné cévy
vyzivujici hlavu pankreatu a duodenum. Z tohoto didvodu neni mozné resekovat hlavu
pankreatu a nezpusobit devaskularizaci duodena. Pokud ma byt duodenum
zachovano, musi byt ponechan alespon lem pankreatu obsahujici zminéné arkady.
Télo a ocas pankreatu jsou zasobeny vétvemi z arteria lienalis (AL), ktera probiha
na zadnim hornim okraji pankreatu, a arteria pancreatica inferior. Druha jmenovana
probiha rovnobézné s AL o néco nizZe, a je vétvi AMS. Obé zminéné tepny jsou
pak spojeny tfemi vétvemi a vznikaji tak arkady v téle pankreatu, zodpovédné za jeho
bohaté cévni zasobeni. Zilni Fedisté do jisté miry kopiruje tepenné zasobeni.
Zily vétSinou probihaiji blize povrchu pankreatu. Drenaz z horni &asti hlavy pankreatu
sméfuje pfimo do VP, z dolni ¢asti pak do VMS. Z téla a ocasu pankreatu pak krev
odtéka do VL (12,15).
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5.1.2 Lymfaticka drenaz pankreatu

Lymfaticka drenaz je zajiSténa hustou siti lymfatickych cév a uzlin. | proto je kar-
cinom pankreatu Casto spojen s pozitivitou lymfatickych uzlin a Castou lokalni
rekurenci. Bylo navrzeno nékolik klasifikaci lymfatickych uzlin pankreatu. Napf. Cubilla
rozdélil uzliny do péti skupin podle jejich lokalizace v okoli pankreatu (16). Jedna se
o horni, dolni, pfedni, zadni a lienalni skupinu uzlin. Do uzlin horni skupiny se dostava
lymfa z pfedni i zadni strany horni Casti hlavy a téla pankreatu. Uzliny dolni skupiny
pak sbiraji lymfu z pfedni i zadni strany kaudalni ¢asti pankreatu. Lienalni skupina
uzlin dostava lymfu z oblasti ocasu pankreatu. Pfedni a zadni skupina uzlin pak drénu-
je predni, respektive zadni stranu hlavy pankreatu. Standring pak zjednodusSila tuto
klasifikaci a uzliny rozdélila pouze na skupinu drénujici hlavu a kréek pankreatu
a skupinu drénujici télo a ocas (17). V oblasti hlavy pankreatu je lymfaticky systém
komplexnégjsi, coz odpovida jejimu tepennému zasobeni. Lymfa z této oblasti odtéka
cestou uzlin uloZzenych podél arteriae pancreaticoduodenales, podél AMS a podél
arteria hepatica communis (AHC). Nékteré lymfatické cévy z této oblasti také vedou
do uzlin ulozenych paraaortalné a podél TC (17). Studie potvrzuji, Ze by neméla
existovat komunikace mezi pankreatem a lymfatickymi uzlinami Zaludku. Nebyvaiji totiz
pfitomné metastazy karcinomu pankreatu do lymfatickych uzlin podél malé €i velké
kurvatury Zaludku. Dale bylo zjisténo, Ze lymfatické cévy z oblasti hlavy a téla
pankreatu nevstupuji do oblasti ocasu pankreatu a do linealnich uzlin. Naopak lymfa
z oblasti ocasu ale muze byt drénovana do uzlin pro télo pankreatu. Nékteré lymfatické
cévy se dokonce vlévaji pfimo do ductus thoracicus, nebo do né&j vstupuji
prostfednictvim paraaortalnich uzlin. Lymfatika pankreatu dale komunikuji s uzlinami
v mesocolon transversum a v mezenteriu. Tumory téla a ocasu pankreatu pak ¢asto
metastazuji do téchto uzlin a v pfipadé ocasu pankreatu také do hilu sleziny (18).

Znalost lymfatické drenaze pankreatu je dulezita pro porozuméni doporuc¢enim
ohledné rozsahu lymfadenektomie pfi chirurgickém feSeni karcinomu pankreatu.
V soucCasnosti doporuena chirurgickd nomenklatura a doporuCovany rozsah
lymfadenektomie je uveden v ¢asti lymfadenektomie. Lymfaticky systém muze byt dale
dalezity i u akutni a chronické pankreatitidy, kdy jeho obstrukce mize zhorSovat

zavaznost a zvySovat sklon k rekurencim (12,19).
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51.3 Inervace pankreatu

Na inervaci pankreatu se podileji vlakna sympatiku a parasympatiku, ktera
reguluji sekreci jeho endokrinni i exokrinni ¢asti. Sympatikus sekreci obou ¢asti
stimuluje a parasympatikus ji naopak tlumi (20). Dale se uplatriuji i neurony produkujici
somatostatin, vazoaktivni intestinalni peptid nebo jiné aminy a peptidy. Funkce téchto
neurond neni zcela jasna, ale pravdépodobné maiji také vliv na endokrinni i exokrinni
Cast. Pankreas je také bohaté zasoben senzitivnimi nervy zodpovédnymi za silnou
bolest v pfipadé akutni &i chronické pankreatitidy a pokroc€ilych nadort pankreatu (12).
Intervencni blokady senzitivnich vlaken na urovni plexus coeliacus pak mohou byt
vyuzity k ulevé od silné chronické bolesti (21). V souvislosti s karcinomem pankreatu
umoznuje bohata inervace Sifeni tumoru podél nervovych viaken. Jedna se o tzv. peri-
neuralni invazi. Karcinom pankreatu ma ze vSech solidnich tumorl nejvyssi prevalenci
perineuralni invaze, ktera je spojena s vysSSim rizikem rekurence a kratSim celkovym

prezitim (overall survival, OS) (22).

5.2 Fyziologie pankreatu

Z funk&niho hlediska se pankreas déli na exokrinni a endokrinni ¢ast. Exokrinni
¢ast pankreatu v podobé acinarnich bunék tvofi 75-90 % objemu celého organu.
Endokrinni ¢ast, tedy hormonalné aktivni buriky uspofadané do Langerhansovych
ostrivku, pak u dospélého Clovéka zabiraji kolem 2 % objemu pankreatu. Zbytek
pankreatu tvofi extracelularni matrix, cévy a pankreatické vyvody. Exokrinni i endo-
krinni ¢ast pankreatu je fizena komplexnim neurohumoralnim systémem, ktery navic

koordinuje soucinnost obou ¢asti (23,24).

5.2.1 Exokrinni pankreas

Exokrinni ¢ast pankreatu produkuje pankreatickou Stavu, které vytvofi kolem
2 litr denné. Jedna se o sekret acinarnich (serdznich) bunék a bunék pankreatickych
vyvodU, ktery je bezbarvy, izotonicky, alkalicky a obsahuje fadu pfevazné inaktivnich
travicich enzym. Jednotlivé aciny jsou formovany hroznovité seskupenymi acinarnimi
bunkami, které jsou polarizované a pfi své apikalni strané, kterou naléhaji na lumen
acinu, obsahuji ¢etna zymogenni granula. Na rozdil od bunék endokrinni Casti

pankreatu nejsou acinarni bunky specializované a kazda acinarni burika tak produkuje
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vSechny typy enzymud. Pomér enzymu v pankreatickém sekretu je regulovan podle
slozeni stravy. Duktalni ¢ast exokrinniho pankreatu tvofi vsunuté (interkalarni) vyvody,
které jsou napojené na lumina acinu a vystylaji je centroacinarni burky, nasledné
pak intralobularni vyvody (vystlané kubickym epitelem), interlobularni vyvody (vystlané
cylindrickym epitelem) a slinivkové vyvody (ductus pancreaticus Wirsungii a ductus
pancreaticus accessorius, vystlané cylindrickym epitelem) (24,25).

RozliSuji se amylolytické, proteolytické, lipolytické a nukleolytické enzymy.

Pankreaticka amylaza je uvolfiovana v aktivni formé, jeji ulohou je Stépeni
Skrobu a glykogenu na jednoduché cukry (napf. glukéza, maltéza, dextriny).
Tyto jednoduché cukry pak jiz mohou byt vstfebavany aktivnim transportem
pres kartaCovy lem enterocytu.

Proteolytické enzymy jsou uvolfiovany ve formé proenzymu, jejichz aktivaci
zajistuji dalSi enzymy. Trypsinogen je aktivovan na trypsin enterokinazou, kterou
produkuji bunky duodenalni sliznice. K aktivaci tedy dochazi az mimo pankreas
v tenkém stfevé. Trypsin je pak zodpovédny za aktivaci ostatnich proteolytickych
enzymu pankreatu (chymotrypsin, elastaza, karboxypeptidaza A a B) a také nékterych
lipolytickych (kolipaza, fosfolipaza). Proteolytické enzymy S§tépi vazby mezi amino-
kyselinami tvoficimi travené proteiny. Jednotlivé aminokyseliny nebo dipeptidy jsou
pak vstiebavany enterocyty.

Mezi lipolytické enzymy se radi pankreaticka lipaza, ktera Stépi neutralni tuky
na monoacylglyceroly a volné mastné kyseliny. Pro zvySeni jeji aktivity je vSak
nezbytna kolipaza, ktera je také uvolfiovana z pankreatu. DalSi lipolytické enzymy jsou
pak fosfolipaza Stépici fosfolipidy, a cholesterolesteraza podilejici se na Stépeni
cholesterolu. Hydrolyzované tuky jsou pak vlumen tenkého stfeva zabudovany
do micel a v této formé transportovany k povrchu enterocytl. K traveni tukd jsou
nezbytné ZluCové kyseliny, které jednak zajistuji emulgaci tukd a jednak tvofi povrch
samotnych micel.

Nukleolytické enzymy jsou deoxyribonukleaza a ribonukleaza, stépici DNA,
respektive RNA, na jednotlivé nukleotidy (26,27).

Centroacinarni burfiky a dalSi buriky pankreatickych vyvodu pfFidavaji
do pankreatické stavy vodu a elektrolyty v€etné bikarbonatu, ktery je zodpovédny

za zvySeni pH pankreatické stavy. Pankreaticka stava tak neutralizuje kysely chymus
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ze Zaludku, coz chrani sténu tenkého stfeva a vznika optimalni pH pro funkci
pankreatickych enzymu (12,26).

Pankreaticka sekrece je regulovana podle pfijimané potravy neurohumoralnég,
a to ve tfech fazich. Cefalicka faze je spousténa Cichovymi a vizualnimi podnéty
a je zodpovédna za 10-20 % pankreatické sekrece stimulované pfijmem potravy.
Vstupem traveniny do Zaludku a jeho roztazenim je spusténa faze gastricka, ktera
se poji s 15-25 % sekrece pankreatu pfi jidle. NejvétSi vliv ma faze intestinalni,
ktera je stimulovana traveninou vstupujici do duodena a proximalniho jejuna, odpovida
za 60-70 % pankreatické sekrece. Cefalicka a gastricka faze jsou zprostfedkovany
cestou parasympatiku a ovliviuji zejména sekreci travicich enzymd, méné sekreci
bikarbonatu. Intestinalni faze je regulovana jak neuralng, tak humoralné, a stimuluje
sekreci pankreatické stavy bohaté na enzymy i bikarbonat. Sekretin a cholecystokinin
jsou hlavni hormony humoralni regulace. Sekretin produkuji buriky proximalniho jejuna
v reakci na pfichod kyselého chymu ze Zaludku. PUsobi hlavné na buriky vyvodu
a zvySuje tak sekreci pankreatické Stavy s vysokou koncentraci bikarbonatu.
Cholecystokinin vznika v epitelovych bunkach duodena a proximalniho jejuna
stimulovanych pfitomnosti peptidi a mastnych kyselin. Je zodpovédny za stimulaci
acinarnich bunék. Oba zminéné hormony navic potencuji svou sekreci navzajem (24).
Na regulaci se podileji i dalsi hormony, jako gastrin produkovany G burnkami sliznice
Zalude¢niho antra a vazoaktivni intestinalni peptid, ktery ma pleiotropni efekt
a uplatiiuje se i jako neurotransmiter (28,29). Pankreatickou sekreci tlumi somatostatin
pfimym puUsobenim na tkan pankreatu a nepfimo inhibici sekrece vy$e zminénych
hormond. Inhibi¢ni efekt ma i glukagon a pankreaticky polypeptid. Tyto hormony
vznikaji v endokrinni Casti pankreatu a budou bliZze popsany dale. Exokrinni ¢ast
pankreatu je tak ovliviiovana i bunkami endokrinni ¢asti (24).

Pankreaticka Stava odchazi z oblasti acinl skrze vsunuté vyvody spojujici se
do intralobularnich vyvodu, ve kterych je dosazeno finalni koncentrace elektrolytd
a Stava pak pokracuje pres interlobularni pankreatické vyvody do slinivkovych vyvodu.
V pfipadé opakovanych zanétl, jizveni Ci obstrukce pankreatikolity muze dojit
k poskozeni vyvodného systému, a tim i k destrukci exokrinni ¢asti pankreatu a jeji
insuficienci. Insuficience exokrinniho pankreatu se muze objevit i po chirurgickych
vykonech (24,30). LehCi a stfedné téZka insuficience byvaji kompenzovany, nebo

se projevi snizenym vstfebavanim vitamin( rozpustnych v tucich. Tézkou insuficienci
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pak doprovazi steatorea, ke které vétSinou dochazi az pfi poklesu sekrece

pankreatické lipazy pod 10 % normaini produkce (31).

5.2.2 Endokrinni pankreas

Pankreas obsahuje dohromady kolem jednoho milionu Langerhansovych
ostrivkl. Kazdy ostrivek se sklada z tfi az Ctyf tisic endokrinné aktivnich bunék. Lze
rozlisit pét zakladnich typu téchto bunék: alfa buriky produkujici glukagon, beta buriky
produkujici inzulin, delta bunky produkujici somatostatin, epsilon buriky produkujici
ghrelin a PP buriky, které tvofi pankreaticky polypeptid. Kazdy z téchto typd bunék
je specializovany na produkci zminénych hormont, ktera dominuje, v menSim
mnozstvi vSak produkuji i dalsi hormony (12).

Inzulin je nejvice prozkoumanym hormonem pankreatu. Ve formé proinzulinu
vznika v endoplazmatickém retikulu beta bunék, sklada se z alfa a beta fetézce, které
jsou navzajem spojeny dvéma disulfidickymi mustky a spojovacim C-peptidem.
Proinzulin je skladovan v Golgiho aparatu ve formé granul. Odstépenim C-peptidu
vznika samotny inzulin. Sekreci inzulinu Ize rozdélit na dvé faze. V prvni fazi je z beta
bunék pfechodné uvolhovan uskladnény inzulin. K této fazi dochazi pouhych nékolik
minut po vzestupu glykemie a trva pfiblizné deset minut. Pokud je stimul k sekreci
inzulinu dostate¢né intenzivni nebo pokud trva dostatec¢né dlouho, nastava druha faze.
V této fazi se jedna o postupné uvoliovani nové syntetizovaného inzulinu (12,32).
K vrcholu uvolfiovani inzulinu v ramci druhé faze dochazi po dvou az tfech hodinach
a sekrece trva, dokud neni dosazeno normoglykemie (33,34). Na regulaci beta bunék
se kromé glykémie podili i neuralni podnéty, ostatni hormony pankreatu a intestinalni
hormony zvané inkretiny. Peroralni podani glukézy je tak silnéjSim podnétem k sekreci
inzulinu nez intravendzni aplikace. Z tohoto divodu je k diagnostice diabetes mellitus
vyuzivan oralni glukézovy tolerancni test. Kromé jiz uvedenych mechanismu
je sekrece inzulinu ovliviiovana i plazmatickou hladinou nékterych aminokyselin (32).
Ulohou inzulinu je snizeni glykemie, k éemuZ dochéazi inhibici glukoneogeneze
a usnadnénim transportu glukézy do bunék. Inzulin dale inhibuje glykogenolyzu a beta
oxidaci mastnych kyselin a stimuluje proteosyntézu. Pankreas vykazuje pomérné
velkou funkéni rezervu pro produkci inzulinu. V normalnim stavu tak lze resekovat

az 80% tkané pankreatu bez rizika rozvoje diabetu. V pfipadé postizeni tkané
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pankreatu, napf. chronickou pankreatitidou, mize byt rizikova i resekce mensi Casti
organu (12).

Glukagon produkovany v alfa burfikach ma opacny efekt nez inzulin. Podporuje
glykogenolyzu a glukoneogenezi v jatrech a vede tedy k hyperglykemii. Hlavnim
regulatorem je opét hladina glukoézy, ktera pfi vysokych hodnotach blokuje syntézu
glukagonu a pfi nizkych hodnotach naopak stimuluje. V pfipadé diabetu zpusobeného
insuficienci pankreatu tedy hrozi rozvoj hypoglykemie v dusledku nedostatku
glukagonu (32).

Somatostatin, produkovany delta burnkami, je kromé& pankreatu tvoren
ve stfevé, v hypotalamu a i jinde v centralni nervové soustavé (35). Ma vyznamnou
regulaéni funkci jako inhibitor endokrinni a exokrinni sekrece, motility
gastrointestinalniho traktu a je regulatorem neurotransmise. Bylo objeveno pét typl
receptorll pro somatostatin. Analog somatostatinu octreotid se vaze jen na nékteré
z téchto receptort a ma delsi biologicky polo€as nez somatostatin. Je proto vyuzivan
k prevenci vzniku a |éCbé pankreatickych a enteralnich pistéli (12,36).

Ghrelin je kromé epsilon bunék pankreatu produkovan ve velkém mnozstvi
v oblasti fundu Zzaludku. Tento hormon stimuluje sekreci ristového hormonu. Jeho
hladina byva zvySena u obéznich jedincl a je oznaCovan jako orexigenni. Ghrelin dale
inhibuje plsobeni inzulinu na hepatocyty a odpovéd beta bunék na inkretiny a glukézu.
Je tedy schopny regulovat odpovéd bunék Langerhansovych ostrivkd na hormonalni
a nutricni stimuly (37).

Sekrece pankreatického polypeptidu PP burkami pankreatu je ovliviiovana
jednak slozenim traveniny a jednak neuralné. Travenina vede ke zvySeni sekrece
sekretinu a cholecystokininu, které pak maji pfimo vliv na PP buriky. Vyznamnéjsi
spoustéC sekrece pankreatického polypeptidu je vSak stimulace prostfednictvim
nervus vagus. Sledovani plazmatické hladiny pankreatického polypeptidu tak maze byt
vyuzita jako ovéfeni uspésSné provedené vagotomie Ci pritomnosti diabeticke
autonomni neuropatie (12). Dale pankreaticky polypeptid pozitivné reguluje expresi
inzulinovych receptorl na hepatocytech a tim metabolismus glukézy. V pfipadé
pankreatické insuficience v dusledku rozsahlé resekce &i chronické pankreatitidy pak
muze dojit kromé snizeni sekrece inzulinu i k oslabeni citlivosti hepatocytd k inzulinu
z divodu nedostatku inzulinovych receptort. Mize se tak rozvinout tzv. pankreato-

genni diabetes mellitus, také oznacovany jako typ 3c (38,39). U pacientl s timto typem
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diabetu pak vede aplikace pankreatického polypeptidu ke sniZzeni spotfeby inzulinu
(38).

Kromé zminénych péti zékladnich hormond pankreatu vznika v burikach
Langerhansovych ostrivki mnozstvi dalSich proteinu. Pfikladem muze byt amylin
a pankreastatin, nebo neuropeptidy serotonin a vazoaktivni intestinalni peptid.
Podileji se zejména na regulaci endokrinni i exokrinni ¢asti pankreatu a dalSich Casti
gastrointestinalniho traktu.

Zastoupeni jednotlivych typl bunék v Langerhansovych ostravcich zavisi
na lokalizaci v ramci pankreatu. Ostrlvky v oblasti hlavy pankreatu obsahuji vétsi
pomér PP bunék a méné alfa bunék. V oblasti téla a ocasu pankreatu je pomér opacny.
PFfi hemipankreatoduodenektomii tak muze byt odstranéno az 95 % PP bunék.
Toto mize byt dlivodem pro¢ je po hemipankreatoduodenektomii vysSi incidence
intolerance glukozy v porovnani s resekci stejného objemu ocasu a téla pankreatu
pfi distalni pankreatektomii. Pomér typu endokrinnich bunék v ostrivcich vysvétluje

i typickou lokalizaci nékterych endokrinnich tumort pankreatu (12,40).

5.3 Tumory pankreatu

Nadory pankreatu se déli podle jejich puvodu na tumory vychazejici z bunék
exokrinni, nebo endokrinni &asti. Vzacnéji se pak objevuji sekundarni tumory,
mezenchymalni tumory, nebo lymfomy. Tumory odvozené z endokrinnich bunék jsou
méné Casté, jedna se pouze pfiblizné o 5 % v8ech malignit pankreatu. Jsou to méné
agresivni nadory v porovnani s duktalnim adenokarcinomem pankreatu a pétileté OS
pacientd s touto diagnézou se udava kolem 42 % (41-43). Naopak duktalni
adenokarcinom tvofi kolem 90 % vSech malignit pankreatu (43,44). Tento tumor

je typicky svym agresivnim chovanim, pétileté OS je pouze kolem 6 % (43,45).

5.3.1 Tumory endokrinni €asti pankreatu

Endokrinni neboli neuroendokrinni tumory pankreatu Ize rozdélit na dobfe
diferencované s nizkou proliferacni aktivitou, které se chovaji benigné a dale na tumory
Spatné diferencované s vysokou proliferaéni aktivitou, chovajici se maligné (46).
Endokrinni tumory se také déli podle produkce hormonu na tumory funkéni

a nefunkéni. Funkéni tumory se manifestuji klinickymi syndromy, u vétSiny tumort vSak
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tyto symptomy chybi a jsou tedy oznacovany jako nefunkcni. Vétsina nefunk&nich
tumorl této skupiny ma maligni potencial, mohou nekontrolované rlist a metastazovat.
Nefunkéni neuroendokrinni tumory jsou nejCastéji nahodnym nalezem, nebo se
v pokrocilejSich stadiich manifestuji podobné jako adenokarcinom pankreatu bolestmi
a ubytkem na vaze. Endokrinni tumory pankreatu se vétSinou vyskytuji pouze
sporadicky. U 10-30 % pacientl jsou pak soucasti jinych onemocnéni. Nejcastéji
se jedna o MEN | syndrom, kdy jsou diagnostikovany u 40-80 % pacientu s timto
onemocnénim (12). Jedna se o hereditarni syndrom charakterizovany vyskytem
endokrinnich tumoru pfistitnych télisek, duodena, pankreatu a hypofyzy (47).
Dale se endokrinni tumory pankreatu objevuji u 10-15 % pacientll se syndromem
von Hippel Lindau (48). Ktomuto syndromu dochazi v disledku mutace tumor
supresoroveho genu VHL a jsou pro néj typické tumory sitnice, centralniho nervového
systému, ledvin, nadledvin a pankreatu (49).

NejcastéjSim funk&nim endokrinnim tumorem pankreatu je inzulinom, tumor
odvozeny z beta bunék pankreatu. Bunky tohoto tumoru produkuji inzulin a dochazi
tak k manifestaci v podobé hypoglykemii. Pouze kolem 10% inzulinomu jsou malignimi
tumory (12,50).

Gastrinom je dalSi z endokrinnich tumord, bunky tohoto tumoru produkuji gastrin
a dochazi ke klinické manifestaci v podobé Zollinger-Ellisonova syndromu. Pacienti
jsou postizeni vyskytem mnohocCetnych peptickych viedld v disledku nadmérné
produkce kyselé Zalude¢ni Stavy. Gastrinom s malignim chovanim, kdy dochazi
k metastazovani do lymfatickych uzlin a jater, se vyskytuje ve zhruba 50 % pFipadu.

VIPom je tumor z bunék produkujicich vazoaktivni intestinalni peptid. Klinickym
projevem jsou tézké prujmy, které vedou k dehydrataci a iontovému rozvratu. Tumor
je vétSinou lokalizovany v distalni €asti pankreatu a Casto je v dobé& diagndzy
jiz rozSifen mimo pankreas.

DalSim tumorem endokrinniho puvodu je glukagonom zpusobujici v dusledku
nadmérné produkce glukagonu diabetes v kombinaci s nekrolytickym migrujicim
erytémem.

Somatostatinom se manifestuje rozvojem zlu€ovych konkrementl v dusledku
cholestazy, diabetem kvali snizené produkci inzulinu a steatoreou z ddvodu snizené

sekrece pankreatickych enzyma a Zludi (12).
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5.3.2 Tumory exokrinni ¢asti pankreatu

Nadory s pavodem v exokrinnich burikach pankreatu jsou dle WHO klasifikace
aktualizované v roce 2019 rozdéleny na skupinu tumora benignich a premalignich lézi
a na skupinu malignich nadoru (51).

Mezi benigni tumory je fazen serézni cystadenom. Léze premaligni, nebo také
Iéze s malignim potencialem, jsou: pankreaticka intraepitelialni neoplazie (PanIN),
intraduktalni papilarni mucinézni neoplazie (IPMN), intraduktalni tubulopapilarni
neoplazie (ITPN), intraduktalni onkocyticka papilarni neoplazie (IOPN)
a mucinoézni cysticka neoplazie (MCN). Tyto |éze se mohou chovat benigné,
ale mohou i progredovat v maligni tumor (51).

NejCastéjSim malignim tumorem exokrinni ¢asti je duktalni adenokarcinom
pankreatu, ktery tvofi kolem 90 % vSech malignit pankreatu (43,44). Existuje nékolik
podtypu duktalniho adenokarcinomu pankreatu jako napf. adenoskvamozni, koloidni
Ci medularni karcinom. Dale se mezi maligni tumory fadi karcinomy z acinarnich
bunék. Jedna se o cystadenokarcinom z acinarnich bunék a smisSené karcinomy,
jako je napf. smiSeny acinarni duktalni karcinom nebo smiSeny acinarni
neuroendokrinni karcinom. Pankreatoblastom je malignim nadorem vyskytujicim
se dominantné u déti, u dospélych je velmi vzacny (52). Poslednim malignim tumorem
exokrinni ¢asti je pak solidni pseudopapilarni neoplazie (také znamym jako solidni
pseudopapilarni tumor Ci papilarni cysticka neoplazie). Tento tumor se vyskytuje
Castéji v oblasti téla a ocasu pankreatu a nejCastéji postihuje mladé Zeny ve 3. a 4.
dekadé zivota. Pokud se vyskytne u muzu, je to ve vy$Sim véku a chova se agresivnéji
(53).

5.3.3 Ostatni tumory pankreatu

Kromé zminénych tumort se mohou v pankreatu vyskytnout i mezenchymalni
tumory jako lymfangiom, lipom nebo solitarni fibrézni tumor. Dale jsou v pankreatu
popisovany lymfomy (difuzni velkobunéény B-lymfom, folikularni lymfom, MALT
lymfom a T-buné&cné lymfomy) a samoziejmé sekundarni nadory (54). Sekundarni
nadory Ize délit na ty, které do pankreatu prorustaji (nap¥. karcinom zaludku, duodena,
Zlu€ovych cest Ci pficného tracniku) a ty které do pankreatu hematogenné metastazuji

(pf. karcinomy plic, gastrointestinalniho traktu, ledvin, prst & maligni melanom) (55).

19



Metastazy pankreatu jsou vSak v porovnani s primarnimi tumory pankreatu vzacnéjsi
(56).

54 Karcinom pankreatu

5.4.1 Patogeneze karcinomu pankreatu — prekurzorové léze

Duktalni adenokarcinom pankreatu vznika z epitelialnich bunék pankreatickych
vyvodl. Ke vzniku karcinomu dochazi pravdépodobné postupnym procesem
hromadéni bunécnych zmeén. Pfedpoklada se, ze karcinom vznika z prekurzorovych
|ézi, kterych je v souCasnosti udavano celkem pét typl a byly jiz vySe zminény (PanlN,
IPMN, ITPN, IOPN, MCN). Kromé PanIN lézi, které |ze diagnostikovat pouze
mikroskopicky, je mozné vSechny ostatni zminéné I|éze pozorovat pomoci
zobrazovacich metod (57).

PanIN je léze ne vétSi nez 0,5 cm, charakterizovana bunécnymi a architekto-
nickymi atypiemi epitelu pankreatickych vyvoda. Podle stupné atypii se PanIN déli
na low-grade (dfive oznaCovany jako PanIN-1 a PanIN-2) a na high-grade (dfive
PanIN-3) (58). Low-grade PanIN |éze jsou Casto nahodné diagnostikovany u osob
starSich padesati let, naopak high-grade PanIN Iéze jsou Casto spojeny s duktalnim
adenokarcinomem. Pfres 92 % low-grade Iézi jizZ obsahuje mutaci KRAS a pocet KRAS
mutovanych alel pak stoupa smérem k high-grade 1ézim (59). Poji se i s dalSimi
mutacemi a od IPMN se mikroskopicky liSi velikosti a kratSimi papilami, kterych
je iméné (57).

IPMN léze jsou cysticke, velikosti alesporn 1 cm a nachazeji se v hlavnim
pankreatickém vyvodu ¢Ci vjeho vétvich. VétSinou se jedna o solitarni léze,
ale az ve 40 % pfipadd mohou byt vice€etné. IPMN se déli na podtypy podle rizika
malignizace, podle lokalizace a podle typu obsazenych bunék. RozliSuje se low-grade
IPMN s nizkym stupném dysplazie a high-grade IPMN s vysokym stupném dysplazie.
IPMN z hlavniho vyvodu pankreatu (main duct-type IPMN) vychazi z jeho epitelu
a Casto zpusobuje jeho dilataci. Tato |éze obsahuje bunky s vysokym stupném
dysplazie a Casto doprovazi duktalni adenokarcinom. Druhym typem dle lokalizace
je IPMN vedlejSiho vyvodu (branch duct-type IPMN), ktery nezpusobuje dilataci vyvodu

a poji se s menSim rizikem malignizace. Podle typu bunék, které v lézi dominuiji,
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pak Ize odliSit gastricky, intestinalni a pankreatobiliarni typ IPMN (60,61). Intestinalni
a pankreatobiliarni typ IPMN je Casto u |ézi z hlavniho vyvodu a je vice rizikovy oproti
gastrickému, ktery je CastéjSi u IPMN vedlejSiho vyvodu (62). Také IPMN je spojena
s mutaci KRAS, ktera je pfitomna u 30-80 % lézi a frekvence mutovanych alele opét
stoupa smérem k vice rizikovym IPMN (63). VyS&Si riziko progrese v karcinom je také
u lézi vétSich nez 3 cm a v pfipadé klinickych symptomud v podobé bolesti a hubnuti
(64).

ITPN ma charakter solidniho utvaru bez cystické slozky, vétSinou je v dobé
diagndzy vési nez 1 cm a obturuje pankreaticky vyvod. Jedna se o vzacnou lézi, ktera
doprovazi méné nez 1 % nadord exokrinniho pankreatu (65,66). OvSem vice
nez polovina téchto Iézi je spojena s adenokarcinomem pankreatu (65).

IOPN je samostatna jednotka, dfive spadajici pod IPMN. Jedna se o cystickou
lézi, Casto vétSi nez 1 cm a Casto lokalizovanou v hlavnim pankreatickém vyvodu (67).
VétSinou jsou tyto léze kategorizovany jako high-grade a 60 % jich je spojeno
s adenokarcinomem pankreatu (68). IOPN obsahuje bunky s onkocytickymi znaky,
které jsou pak pfitomné i v samotném adenokarcinomu spojeném s touto lézi (67).

MCN je cysticka léze obsahujici epitelialni buriky produkujici mucin. Typicky se
jedna o solitarni loziska, ktera mohou byt unilokularni nebo multilokularni (69).
Tato léze je obtizné odliSitelna od IPMN a to pouze diky pfitomnosti ovarialniho
stromatu, které je pro MCN charakteristické (70). Na rozdil od IPMN nebyva MCN
spojena s pankreatickym vyvodem. Pomoci pouhé cytologie nelze MCN od IPMN
odlisit. Az dvacetkrat Castéji je MCN diagnostikovana u zen oproti muzim, a Castéji
je lokalizovana v oblasti téla nebo ocasu pankreatu (69). Maximalné 16 % téchto lézi
je spojenych s invazivnim karcinomem a méné ¢asto malignizuji v porovnani s IPMN.
Pokud dojde k progresi vinvazivni karcinom jedna se nejCastéji o tubularni
adenokarcinom (71). Mohou se ale objevit i jiné typy jako napf. adenoskvamozni,
koloidni €i nediferencovany karcinom (72).

Bliz8i zkoumani téchto prekurzorovych lézi a znalost jejich chovani ma potencial
RozliSeni uvedenych prekurzorl je rovnéz podstatné vzhledem k jejich spoijitosti
s ruznymi histologickymi typy karcinomu pankreatu (57).
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5.4.2 Patogeneze karcinomu pankreatu — molekularni patologie

Akumulaci genetickych Ci epigenetickych alteraci mize dochazet k progresi
vySe uvedenych premalignich lézi v karcinom pankreatu (43). Ve vétSiné pfipadu
dochazi k postupnému rozvoji karcinomu zlézi low-grade PanIN progredujicich
v high-grade PanIN a nasledné v samotny karcinom. Méné Casty je pak vznik
karcinomu v terénu cystickych neoplazii, jako je napf. IPMN. IPMN vSak karcinom
pankreatu mdze jen doprovazet a mit odliSny geneticky profil poukazujici na rozdilny
vyvoj (73). Patogeneze karcinomu pankreatu neni zatim zcela objasnéna a vyzaduje
dalsi detailn&jSi zkoumani (74).

U 10 % pacientu s karcinomem pankreatu se jedna o hereditarni vyskyt. Zbylych
90 % jsou pak tumory sporadické (43). Hereditarni karcinom se vyskytuje u pacient,
ktefi maji néktery z vrozenych syndromu spojenych s vy3Sim rizikem vzniku karcinomu
pankreatu. S vySSim rizikem se poji Peutz-deghersiv syndrom, familiarni
adenomatdzni polypdza, syndrom familiarniho melanomu, hereditarni nepolypdzni
kolorektalni karcinom a hereditarni karcinom prsu a ovaria (75). Tyto syndromy
se tykaji 15-20 % pacientd s hereditarnim karcinomem pankreatu (76).
Napf. u pacientd s Peutz-Jeghersovym syndromem je riziko vzniku karcinomu
pankreatu az 132krat vysSi oproti normalni populaci (77). Dal§i moznosti hereditarniho
karcinomu pankreatu je zvySené riziko u pacientd s hereditarni pankreatitidou
a cystickou fibrézou. U téchto onemocnéni dochazi k chronickému zanétu a fibrotické
prestavbé tkané pankreatu a nasledné ke zvySenému riziku vzniku malignity (75).
Posledni a nejpocetnéjSi skupinou pacientl s hereditarnim vyskytem jsou pacienti
s familiarnim karcinomem pankreatu. Definici familiarniho karcinomu pankreatu splfiuji
pacienti, ktefi maji dva nebo vice pfibuznych prvniho stupné s timto onemocnénim
a nemaji zadny z vySe uvedenych hereditarnich syndromu (75). Pokud ma pacient
2 takovéto prfibuzné, je u né&j 6,4krat vysSSi riziko rozvoje karcinomu pankreatu
oproti ostatni populaci. Pokud ma pacient takové pfibuzné 3, je riziko dokonce
32krat vyssi (78).

Hereditarni karcinomy pankreatu se poji napf. s mutacemi genu BRCAT1,
BRCA2, PALB2, APC a DNA mismatch repair gent (MLH1, MSH2), které jsou
charakteristické pro jednotlivé hereditarni syndromy a onemocnéni (43). Familiarni
karcinom zatim nebyl definovan stran pfitomnych genetickych aberaci. Nej¢astéji

pozorovanou mutaci je vSak mutace genu BRCA2, ktera je pozorovana u 15-17 %
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pacientl s familiarnim karcinomem pankreatu (79,80). Mutace genu PALB2 je druhou
nejCastéjSi znamou mutaci s vyskytem u 3,1-3,7 % pacientt (81,82). Zbyva tak odhalit
genetickou podstatu familiarniho karcinomu pankreatu asi u 80 % postizenych rodin
(75). Jsou znamé i nékteré mutace podilejici se na patogenezi jak hereditarnich,
tak i sporadickych karcinomu (KRAS, CDKN2A, TP53 a SMAD4) (83). Mutace v genu
KRAS je pfitomna téméf u vSech prekurzorovych lézi a také karcinomu pankreatu.
CKDN2A, TP53 a SMAD4 jsou tumor supresorove geny u kterych byla prokazana role
v progresi lézi PanIN. Méné Casto mutované geny u karcinomu pankreatu jsou pak
napf. MLL3, TGFBR2 a ATM. Prdmérné je u karcinomu pankreatu pfitomno 50-80
non-silent mutaci, Casté jsou i strukturni chromozomalni aberace a epigenetické
alterace (43).

Znalost téchto genetickych charakteristik a dédi¢nych predispozic muze byt
kliCova pro €asnou diagnostiku. Pacienti se znamym vySSim rizikem by totiz mohli
byt v€as zafazeni do screeningu. Vyznam v8ak mize mit geneticka charakteristika
karcinomu pankreatu i pro |éCbu a prognoézu. Napf. nékteré maligni tumory
s prokazanou mikrosatelitni nestabilitou v dusledku defektnich DNA mismatch repair
genl vykazuji vyrazné lepSi odpovéd na imunologickou léCbu (84). U karcinomu
pankreatu jsou sice mutace mismatch repair genu vzacné, ale i tak je doporuceno
testovani jejich pritomnosti u pacientl s pokroCilym onemocnénim. Jako potencialni
|éCba se pak nabizi protilatka pembrolizumab, ktera je schvalena pro Ié€bu malignit
s pfitomnosti téchto mutaci (85). DalSim pfikladem mozZného vyuZiti genetické
charakteristiky je pfitomnost mutaci BRCA a PALB2 u karcinomu pankreatu. Takové
tumory jsou senzitivni k PARP inhibitordm (inhibitory poly(ADP-rib6za)polymerazy),
které inhibici reparacnich mechanismu buriky zvysuji u€innost alkylaéni chemoterapie
(86,87). Mutace v genech pro regulatory chromatinu (napf. MLL, MLL2, MLLS3,
ARID1A) jsou spojeny s delSim OS, zatimco ztrata supresorového genu SMAD4
vykazuje kratSi OS. Pres velky poCet znamych mutaci u karcinomu pankreatu
se pravdépodobné mutované geny podileji na nékolika zasadnich signalnich drahach
jako jsou napf.: Wnt/Notch, TGF-p a systémy reparace DNA (88). Cileni na tyto drahy
vramci lécby by mélo byt efektivngjSi nez cileni na jednotlivé mutace. Dikazem
je napf. jiz zminéna efektivita PARP inhibitord u tumord s BRCA mutacemi. | znalosti
méné Castych mutaci u karcinomu pankreatu pak muze pomoci v identifikaci téchto

drah. Velky vyznam ma celogenomové sekvenovani, diky kterému bylo prokazano
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mnozstvi mutaci u karcinomu pankreatu, a které by mélo pomoci dalSimu hlubSimu
porozumeéni patogenezi tohoto onemocnéni (89). Potencialni terapeutické cile byly
identifikovany u vice nez tfetiny karcinoml pankreatu. V pfipadé zahrnuti i KRAS
a TP53 mutaci, se jedna az o 97 % karcinoml (90). Personalizovana l|écba
by tak mohla v budoucnu vyrazné ovlivnit prognézu pacient s karcinomem pankreatu
(43).

54.3 Etiologie karcinomu pankreatu

Karcinom pankreatu vznika jednak v disledku vy$e uvedenych dédi¢nych
predispozic a jednak v dusledku genetickych alteraci ziskanych v prabéhu Zivota.
Patogeneze tohoto onemocnéni je komplexni a mnozstvi riznych vySe popisovanych
genetickych alteraci podporuje pfedpoklad, Zze pro vznik karcinomu pankreatu
je potfeba vice faktort plsobicich v navazujicich krocich. U nékterych pacientl napf.
chronicky zanét pankreatu v kombinaci s environmentalnimi faktory, jako je abusus
alkoholu a koufeni, vede k somatickym mutacim a dediferenciaci bunék pankreatu
v maligni bufky. U pacientl s dédi¢nymi predpoklady je pak potfeba méné kritickych
kroku pfi patogenezi karcinomu pankreatu a riziko vzniku malignity je tak vysSi (91).

Bylo identifikovano nékolik rizikovych faktoru, které Ize rozdélit jako ovlivnitelné
a neovlivnitelné. Je mozné i rozdéleni na faktory environmentalni (vétSinou

ovlivnitelné) a osobni charakteristiky (neovlivnitelné) (92).

5.5 Ovlivnitelné rizikové faktory

Mezi ovlivnitelné rizikové faktory se fadi koufeni tabaku, konzumace alkoholu,
obezita, dietni faktory, infekce a expozice toxinim.

NejvyznamnéjSim ovlivnitelnym faktorem je koufeni tabaku. Jeho kauzalni
spojitost s karcinomem pankreatu je oficialné uznavana i spole€nosti International
Agency for Research on Cancer (93). U kufaku je obecné riziko vzniku karcinomu
pankreatu témeér dvakrat vysSi oproti nekurfakim. Riziko pak roste s dobou koufeni
a s mnozstvim vykourenych cigaret za den (94). U exkufraku se riziko postupné snizuje,
ale dle studie na evropské populaci ztstava zvySené po dobu alespon 5 let od zane-
chani koufeni (95). Jina studie na nizozemské populaci udava srovnani rizika

po vynechani koufeni s rizikem u nekufakl az po 20 a vice letech (96). Podle britské
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studie z roku 2011 bylo u muzu 26,2 % karcinomu pankreatu spojenych s koufenim,
u Zzen tomu tak bylo v 31 % pfipadu (96). Karcinogeny uvolfiované pfi koufeni tabaku
se dostavaji do kontaktu s bufkami pankreatu nepfimo krevni cestou a pravdé-
podobné také expozici tkané pankreatu duodenalnimu obsahu a Zluci. K této expozici
mulZze dochazet v oblasti hlavy pankreatu, kde jé také nejcastéjsi vyskyt karcinomu
(97). Studie na skupiné pacientu s hereditarni pankreatitidou poukazuje na mozné
interakce mezi genetickou vybavou jedince a environmentalnimi faktory, kdy u kufakud
vznikl karcinom pankreatu dvakrat ¢astéji a ve vyrazné nizSim véku oproti nekufakim
(98).

Z mnohych studii vyplyva, Ze riziko vzniku karcinomu pankreatu je vysSi u osob,
které ve velké mife konzumuiji alkohol (99-101). MozZnym vysvétlenim je role alkoholu
pfi rozvoji chronické pankreatitidy. Metabolizovanim alkoholu vznikaji pro buriky
toxické latky jako je acetaldehyd a reaktivni kyslikové radikaly. Tyto metabolity kromé
ovlivnéni exokrinni i endokrinni funkce pankreatu aktivuji hvézdicovité bunky
nachazejici se v pankreatu. Jedna se o bunky typu myofibroblastu, které jsou takto
nazyvany vzhledem ke svému tvaru. Mohou se vyskytovat v klidové nebo aktivované
formé. Pravé po jejich aktivaci jsou nasledné zodpovédné za fibrotizaci pankreatu
a navic indukuji uvolnéni prozanétlivych mediatort. Mize tak dochazet k poskozeni
bunéénych organel a ke genetickym alteracim vedoucim ke karcinogenezi (94).
Monocentrické studie i velké meta-analyzy se shoduji v zavéru, Ze niZsi az stfedni mira
konzumace alkoholu neni spojena s vySSim rizikem, ale je tomu tak az u silnych
konzumentt (100). Jako davka, u které jiz je riziko zvySené, byva udavana konzumace
vice nez 45 nebo 60 gramu etanolu za den. NejvySsi riziko bylo prokazano u osob
konzumujicich destilaty (102,103). Rahman v dalSi studii poukazuje na zvySené riziko
i u slabych a stfednich konzumentt alkoholu, ktefi jsou zaroven kuraky (104).

DalSim z ovlivnitelnych environmentalnich faktor( je obezita. Pfedpoklada se
nékolik moznych mechanismda, kterymi se obezita podili na zvySovani rizika vyskytu
karcinomu pankreatu. Obezita je €asto spojena s nedostateénou télesnou aktivitou,
nezdravym stravovanim a Zzivotnim stylem a pravdépodobné také se zatim
neobjasnénymi genetickymi faktory. Adipocyty mohou uvolfovat potencialni
karcinogeny, jako jsou adipokiny, inzulinu podobny rustovy faktor (insulin like growth
factor, IGF) a vaskularni endotelovy rastovy faktor (vascular endothelial growth factor,

VEGF) (105). Obezita je spojena s chronickym zanétem, ktery se také podili
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na karcinogenezi (106). Vliv obezity &i vy$Si hodnoty body mass indexu (BMI)
na zvySeni rizika vzniku karcinomu pankreatu dokazuje nékolik meta-analyz.
U obéznich Zen i muzu je toto riziko signifikantné vy3si (107,108) a byla prokazana
i vy88i mortalita obéznich pacientd s karcinomem pankreatu (109). Studie
na 110 jedincich pak doklada vztah mezi prekancerézami pankreatu, steatozou
pankreatu, podkoznim a visceralnim tukem a BMI. Dle této studie existuje navic
korelace mezi poCtem lézi PanIN a procentem visceralniho tuku (110).

Dietni faktory maji prokazany, jak vliv na zvySeni rizika vzniku karcinomu
pankreatu, ale zaroven i naopak maji prokazany vliv protektivni. Mezi rizikova jidla
se fadi Cervené maso (zejména upravované pfi vysokych teplotach), konzervované
maso, potraviny bohaté na cholesterol, smazena jidla a dalSi potraviny obsahujici
nitrosaminy. Konzumace ¢erveného masa muze dle provedené meta-analyzy zvySovat
riziko rozvoje karcinomu pankreatu o 48 %. Naopak potraviny bohaté na antioxidanty
jako zejména ovoce a zelenina snizuji riziko o 38 % (111). Vjedné ze studii
na evropské populaci vSak vliv konzumace Cerveného nebo konzervovaného masa
na riziko vzniku karcinomu pankreatu nebyl prokazan, naopak bylo identifikovano jako
rizikové drubezi maso (112). Britska studie z roku 2016 pak dokazuje nizSi mortalitu
na karcinom pankreatu u pacientu, ktefi jedi malo masa nebo jsou vegetariani i vegani
(113).

Déle je také zmifilovana asociace mezi infek¢nimi onemocnénimi a vySSim
rizikem karcinomu pankreatu. VyS$Si riziko bylo pozorovano u pacientt s hepatitidou C
a zejména pak s hepatitidou B (114,115). Ve studiich zohledriujicich i ostatni rizikové
faktory jako diabetes Ci obezita je v3ak zvySené riziko méné vyrazné nebo nebylo
prokazano vibec (116,117). Role virové hepatitidy pfi vzniku karcinomu pankreatu
neni zcela jasna a dle nékterych autor( se tak jedna pouze o koincidenci (117). Je tedy
potifeba dalSich studii, které by vliv hepatitidy B a C na vznik karcinomu pankreatu
detailngji objasnily. Z dalSich infek&nich agens je udavano vysSi riziko u pacientl
s CagA (cytotoxin asociovany gen A) negativnim kmenem Helicobacter pylori
(118,119). Rovnéz je zkouman vliv Enterococcus faecalis na progresi chronické
pankreatitidy a vzniku karcinomu pankreatu (120).

Profesni vystaveni nékterym latkam, jako je napf. nikl, kadmium &i arzen, ma
dle publikovanych studii vliv na vySSi riziko karcinomu pankreatu, a to cestou

zvySovani nestability DNA. Naopak selen by mél riziko sniZzovat vzhledem k moznosti
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zvySeni aktivity proteinu p53 a roli selenoproteini v neutralizaci reaktivnich
kyslikovych radikalt (94).

5.5.1.1 Neovlivnitelné rizikové faktory

Mezi neovlivnitelné faktory se fadi: pohlavi, vék, pfisluSnost k etnické skupiné,
krevni skupina, diabetes mellitus a jiZ zminéna rodinna historie a genetické faktory.

Karcinom pankreatu je onemocnéni Castéji se vyskytujici v muzské populaci.
U muzd je udavana incidence celosvétove 5,5 pfipadt na 100 000, u Zzen pak 4 pfipady
na 100 000 (121). Rozdil vincidenci podle pohlavi se liSi mezi rozvojovymi staty
a vyspélymi zemémi. Ve vyspélych zemich je incidence karcinomu pankreatu u muz
8,5 pfipadu na 100 000, zatimco u Zzen pouze 5,6 na 100 000. V pfipadé rozvojovych
zemi je rozdil vyrazné mensi, a to 3,3 pfipadd na 100 000 u muzd, a 2,4 na 100 000
u zen (92). Vliv reprodukénich faktort u zen vSak nebyl prokazan jako pfiCina téchto
rozdilt (122,123). Jako nejpravdépodobnéjsi pficina se tak udava odliSny Zivotni styl,
a to konkrétné Castéjsi koufeni a konzumace alkoholu u muzu. Neni v§ak vylouceno,
Ze existuji i doposud neobjevené genetické faktory vysvétlujici odliSnou incidenci
u muzu a zen (94).

Karcinom pankreatu je onemocnéni zejména starSi populace, vétSina pacient(
je starSich 50 let, vyskyt pfed 40. rokem véku je vzacny (124). Riziko vyskytu
je nejvyssi mezi 60 a 80 lety s medianem véku v dobé diagnézy 71 let (121).
Dlvod vyskytu hlavné ve vysokém véku neni zcela jasny, ale je mozné, Ze od vzniku
premaligni éze Ci zanétu pankreatu trva pomérné dlouho, nez dojde k malignizaci (94).
Dle studie na vice nez 13 000 pacientech s karcinomem pankreatu pak byl prokazan
o 13-14 mésicl vysSi prumérny vék pacientld s lokalné pokrocilym karcinomem
pankreatu (stadia T3, T4) v dobé diagndzy oproti pacientlim s T1 tumory, coz naopak
poukazuje na rychlou progresi jiz malignich lézi (125).

Rozdilna incidence karcinomu pankreatu u rlznych etnickych skupin byla
doloZzena mnoha studiemi (126—128). Afroameri¢ané maji vySsi riziko vzniku oproti
kavkazskeé rase. Nejnizsi riziko je pak u Asiatt (94). Rozdilnou incidenci nelze vysvétlit
pouze ovlivnitelnymi faktory, jako je jiz zminéné koufeni, konzumace alkoholu
a stravovaci navyky (129). Vliv maji zfejmé genetické odliSnosti, které mohou vést
k vysSimu riziku vzniku ziskanych mutaci. Pfikladem je rozdilna schopnost detoxikace

tabakovych produktti (130,131). Studie porovnavajici onkogenni mutace mezi Cinany,
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Japonci a obyvateli zapadnich zemi prokazaly rozdilné exprese gend KRAS a p53
(132). Genetické odliSnosti mohou pravdépodobné vysvétlit i odlisné preziti podle rasy,
kdy u Asiatl je pozorovano delSi OS oproti ostatnim etnikim (94).

Mnoha studiemi byla prokazana souvislost mezi krevnimi skupinami a nékterymi
typy malignit v€etné karcinomu pankreatu. Antigeny ABO sytému se totiz nenachazeji
pouze na povrchu erytrocytu, ale také na nékterych dalSich normalnich i patologickych
burikach (133,134). Studie se shoduji, Ze niZ8i riziko vzniku karcinomu pankreatu maji
lidé se skupinou O oproti ostatnim skupinam (A, B, AB) (135,136). Stran prognozy
a vyznamu Kkrevni skupiny nejsou vysledky jednoznacné, pouze podle nékterych studii
existuje korelace mezi krevni skupinou 0 a delSim OS (137,138). Jiné studie tuto
souvislost neprokazaly (139,140). Neni v8ak znam patofyziologicky proces, ktery by
dostate¢né vysvétloval vliv krevnich skupin na vznik a chovani karcinomu pankreatu.
Provedena meta-analyza dokumentuje asociaci rizika vzniku karcinomu pankreatu
se séropozitivitou Helicobacter pylori u pacientd s krevnimi skupinami A, B a AB.
Tato spojitost naopak nebyla pozorovana u pacientl s krevni skupinou 0. Hypotézou
je, Zze by krevni skupina mohla ovliviiovat chovani Helicobacter pylori pfitomnosti
antigenu v mucinu gastrointestinalniho traktu (141).

V poslednich dekadach bylo prokazano, ze dlouhotrvajici chronicka
pankreatitida je rizikovym faktorem vzniku karcinomu pankreatu (142). Tato asociace
byla potvrzena nehledé na etiologii samotné chronické pankreatitidy, tedy jak u osob
s alkoholickou, tak i hereditarni pankreatitidou (142). Vyznamné vySSi riziko
je v8ak az u pacientl s chronickym zanétem trvajicim 30—40 let. U pacientu
s chronickou pankreatitidou trvajici 10 nebo 20 let je riziko vysSi pouze o 1,8 %,
respektive 0 4 % (143).

Dalsim znamym faktorem je diabetes mellitus 2. typu, ktery po delSi dobé trvani
zvySuije riziko vzniku karcinomu pankreatu (144,145). Bylo vSak zjisténo, ze u 74—-88 %
pacientl s karcinomem pankreatu, ktefi maji rovnéz diabetes, byl diagnostikovan
diabetes maximalné o 2 roky dfive nez k diagn6ze karcinomu (146). Vysvétlenim je,
Ze mezi obéma onemocnénimi existuje oboustranna zavislost. Nejenze je diabetes
mellitus je rizikovym faktorem pro vznik karcinomu pankreatu, ale i karcinom pankreatu
muaze byt pfiCinou diabetu. Pfesné mechanismy tohoto ovliviiovani nejsou zatim

znamé. Diabetes mellitus je tak zaroven rizikovym faktorem i potencialnim
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diagnostickym markerem. Rozvoj diabetu ve vySSim véku totiz mlize upozornit

na mozné riziko rozvoje karcinomu (147).

5.5.2 Epidemiologie karcinomu pankreatu

5.5.21 Incidence

Celosvétové je karcinom pankreatu 14. nejCastéjSim malignim onemocnénim
ale zaroven je 7. nejCastéjsi pficinou umrti na malignitu (45). Rozdil mezi jeho incidenci
a mortalitou je bohuzel minimalni. V ekonomicky rozvinutych zemich je v soucasnosti
dokonce 4. nejCastéjsi prFiCinou umrti ze vSech malignit (1). Dle odhadl databaze
GLOBOCAN bylo ve svété za rok 2018 diagnostikovano pfes 450 000 novych pfipadu
(121). Nejvyssi incidence karcinomu pankreatu je v Evropé (7,7 pfipadd na 100 000
obyvatel) a v Severni Americe (7,6 pfipadd na 100 000 obyvatel). Naopak nejméné
pfripadl v pfepoc¢tu na obyvatele pak vykazuje Afrika (2,2 na 100 000). Incidence
tohoto onemocnéni se zvySuje, coz doklada studie na datech z USA (2). Mezi lety
1973 a 2014 rostla incidence ro¢né o 1,03 %. V roce 2030 by tak karcinom pankreatu
mohl byt az 2. nejCast&jSi pfiCinou umrti na maligni nadorova onemocnéni,

a to i vzhledem k pokrokum v 1éEbé ostatnich malignit a ke starnuti populace (2).

5.5.2.2 Mortalita

Mortalita se takeé liSi podle geografickych oblasti. Nejvice umrti odpovida zemim
s nejvySsi incidenci, tedy napf. 7,6 umrti na 100 000 obyvatel v zapadni Evropé
a 6,5 na 100 000 v Severni Americe, zatimco v zapadni Africe to bylo ve stejném
obdobi pouze 2,1 umrti na 100 000 obyvatel. PoCty umrti jen o malo nizsi
nez je incidence dokladaji, ze se jedna o velmi agresivni maligni onemocnéni (45).
Karcinom pankreatu je navic v dusledku absence €asnych symptomd u 80-90 %
pacientl diagnostikovan az ve stadiu neresekabilniho tumoru (4). Pokrocilost tumoru
v dobé diagndzy je zcela zasadnim faktorem, ktery ovliviiuje pFezivani pacientu
s karcinomem pankreatu. Pétileté OS je kolem pouhych 6 %, jednotlivé studie uvadéji
hodnoty mezi 2-9 % (4,45). Délka pfFeZiti se prodluzuje v pfipadé, Ze rozsah tumoru
umoznuje radikalni chirurgickou IéCbu. V tomto pfipadé se pak pétileté OS udava mezi

7-27 % (45). Specializovana centra udavaji pétileté OS po provedeni radikalni
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chirurgické resekce mezi 20-25 % (148,149). Vliv na prodlouZeni OS ma v takovych
pfipadech i adjuvantni chemoterapie (5). Naopak pacienti s lokalné pokro€ilymi tumory
2—6 mésicu (45).

Pro porovnani — neuroendokrinni tumory pankreatu vykazuji vyrazné lepsi OS,
a to i v pfipadé neoperabilnich stadii (150). Srovnani pétiletého OS u karcinomu

pankreatu a neuroendokrinnich tumoru je prezentovano v tabulce €. 1 dle Rawla (94).

Tabulka ¢. 1: Pétileté OS pacientl s diagnézou karcinomu pankreatu nebo neuroendokrinniho
tumoru, pfevzato z Rawla et al. (94).

Klinické stadium Karcinom pankreatu | Neuroendokrinni
tumory pankreatu
A 14 % 61 %
IB 12 % 61 %
Il 7% 52 %
I 3% 41 %
\Y 1% 16 %
5.5.3 Diagnostika karcinomu pankreatu

Klinické symptomy u pacientd s karcinomem pankreatu byvaji jednak
nespecifické a jednak se vétSinou rozvijeji az v pokrocilych stadiich onemocnéni (151).
Ikterus je ze vS8ech znamych Kklinickych pfFiznakd spojeny s nejvySSim rizikem,
i tak ale zGstava jeho specificita velmi nizka. Dle studie na britské populaci je riziko
pfitomnosti karcinomu pankreatu u pacientd nad 40 let s nové vzniklym ikterem
4 % (152). Pouze u 30 % pacientl s karcinomem pankreatu byl vSak dle uvedené
studie ikterus zaznamenan (152). Ostatni uvadéné pfiznaky jsou jeSté méné
specifické, 1ze uvést napf. hubnuti, bolesti bficha, bolesti zad, dyspepsii, nechutenstvi

a noveé vznikly diabetes mellitus (151).
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5.5.3.1 Zobrazovaci metody

KliCovou roli v diagnostice karcinomu pankreatu hraji zobrazovaci metody.
Vypocetni tomografie (CT) je nejCastéji vyuzivanou modalitou u pacientll s podezienim
na toto onemocnéni. Vzhledem k nizSi cené a lepSi dostupnosti oproti magnetické
rezonanci (MR) je dvoufazové CT doporu¢enou metodou prvni volby (153).

Dvoufazové kontrastni CT bficha je vySetfeni umoznujici posoudit jak samotny
parenchym pankreatu a pfipadny tumor, tak okolni tepny a portalni fecisté,
coz umoznuje zhodnotit lokoregionalni rozsah a vyjadfit se k resekabilité tumoru.
CT je zaroven schopno odhalit pfipadné jaterni metastazy (153). Senzitivita CT
v detekci karcinomu pankreatu se uvadi mezi 76-96 % (154-156). NejCastéji
je karcinom pankreatu na CT patrny jako hypodenzni masa navazujici na parenchym
pankreatu. Sekundarnimi znaky jsou pak dilatace pankreatického vyvodu nebo jeho
nepravidelny priimér a atrofie pankreatu periferné od prekazky pusobici obstrukci
vyvodu. Pokud je tumor lokalizovan v hlavé pankreatu, muze puUsobit obstrukci
hlavniho pankreatického vyvodu i zluCovodu. V takovém pfipadé se hovofi o tzv. pfi-
znaku dvou vyvodu (double duct sign) (157). Sekundarni znaky jsou ¢astéjsi u vétSich
tumorl (nad 2 cm). Méné €asto muze byt tumor i izodenzni s parenchymem pankreatu,
a to zejména u tumorl mensich (méné nez 2 cm). Podle CT izodenzni tumory byvaji
vétSinou dobfe diferencované a maji mensi podil nekrézy (157,158). | samotné
sekundarni znaky na CT by mély vzbudit podezifeni a mélo by byt doplnéno dalsi
vySetfeni jako napf. MR nebo pozitronova emisni tomografie v kombinaci s CT
(PET/CT), které mohou detekovat i dle CT izodenzni tumory (151).

MR je oproti CT pfinosnéjsi pfi zobrazeni vlastni tkané pankreatu. Pfi vyuziti
difuzné vazenych obrazi se dostava senzitivita detekce karcinomu pankreatu
na 96-98 % (159). Své uplatnéni ma tedy MR v zobrazovani tumord pankreatu,
které nejsou patrné na CT, dale v charakterizaci nejasnych jaternich lozZisek,
ktera byvaji Casto detekovana na CT a neni jasné, zda se jedna o benigni léze
¢i metastazy karcinomu pankreatu. Samoziejmé ma pak MR uplatnéni u pacientq,
u kterych je kontrastni CT kontraindikovano, jako jsou téZké alergie na kontrastni latku
nebo renalni insuficience. Pfedmétem zkoumani zlstava potencialni schopnost MR
rozliSit karcinom pankreatu od nékterych forem chronické ¢i autoimunitni pankreatitidy
(151).
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PET/CT s vyuzitim fluorodeoxyglukézy ma pfinos zejména v detekci
vzdalenych metastaz. Je schopné detekovat metastazy, které nebyly rozpoznany
na CT ¢i MR vySetfeni (160). Pfi posouzeni lokoregionalniho rozsahu tumoru
je PET/CT stejné jako MR méné pfesné a metodou prvni volby pro staging karcinomu
pankreatu je tedy dvoufazové kontrastni CT (151).

Endoskopicka ultrasonografie (EUS) ma vyhodu v kombinaci detailniho
zobrazeni s moznosti odbéru bioptického nebo cytologického vzorku. EUS vSak musi
byt provadéno zkuSenym endoskopistou a i pfesto mohou byt nalezy vice ovlivnény
vySetfujicim v porovnani s vySe zminénymi zobrazovacimi metodami. Pfinosna
je moznost detekce malych Iézi pankreatu, které nejsou patrné ani pfi MR vySetfeni.
EUS muize také pomoci pfi stagingu karcinomu pankreatu. Zejména metastatické
postiZzeni lymfatickych uzlin je pomoci EUS dobfe vySetfitelné (161). Vyuziti samotné
EUS ke stagingu v3ak neni podloZeno dostatkem dat (162). Pokrocilé metodiky EUS,
jako je kontrastni EUS, elastografie Ci konfokalni laserova endomikroskopie mohou

pomoci ve vySetfovani solidnich €i cystickych Iézi pankreatu (163).

5.5.3.2 Biomarkery

Byla zkoumana fada biomarkerQ, zejména v krevnim séru, ale i v pankreatické
stavé nebo dokonce v dechu, které by mohly pomoci v diagnostice karcinomu
pankreatu (45). Markerem s nejvy$Si specificitou je CA 19-9 (karbohydratovy antigen
19-9). Sérova hladina CA 19-9 vykazuje pro karcinom pankreatu senzitivitu 79-81 %
a specificitu 82—90 % (164). CA 19-9 se uplatiuje zejména v monitorovani efektu
systémové |éCby v neoadjuvantnim rezimu, nebo u pacientl s metastatickym
onemocnénim. Dale mulze tento marker poukazovat na rekurenci karcinomu
pankreatu. Pfedoperacné zvySena hladina pfedoperacné je pak také spojena s vySSim
rizikem R1 resekce a mlze predikovat kratSi OS. Vyuziti v ramci primarni diagnostiky
je v8ak limitovano zvySenim hladiny tohoto markeru pfi biliarni obstrukci obecné (165).
Z ostatnich  potencialné vyuzitelnych markerd lze jmenovat napf. CEA
(karcinoembryonalni antigen) nebo CA 125 (karbohydratovy antigen 125),
které mohou byt u karcinomu pankreatu zvySené, ale jsou vyrazné méné specifické
(45).
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5.5.3.3 Screening

Vzhledem ktomu, Ze je karcinom pankreatu v 80-90 % pfipadu v dobé
diagnozy jiz neresekabilni, nabizi se otazka moznosti CasnéjSi diagnozy (4).
Celozivotni riziko vzniku karcinomu pankreatu je kolem 1 %, tedy nizké na to, aby byl
opodstatnény plosny screening celé populace (166). Dle mezinarodniho konsorcia
pro screening karcinomu pankreatu jsou vSak podskupinou vhodnou ke screeningu
pacienti splnujici definici familiarniho karcinomu pankreatu (167,168). Zminéné
konsorcium doporucuje se zapocetim screeningu u téchto pacientd po 50. roce véku
nebo ve véku o 10 let nizSim, nez ve kterém byl karcinom diagnostikovan
u nejmladSiho pfibuzného. Doporucenymi zobrazovacimi metodami vhodnymi
pro screening je MR a EUS. Pokud pfi vySetfeni nejsou nalezeny zadné podezfelé
léze, mélo by byt opakovano v roCnich intervalech. V pfipadé, Ze jsou detekovana
nepodezfela cysticka loziska, je doporuc¢eno opakovani vysetfeni v 6—12mésicnich
intervalech. Pokud je nalezeno solidni lozisko, které neni indikovano k odstranéni,
nebo jsou odhaleny striktury hlavniho pankreatického vyvodu, je doporuceny interval
vySetfovani 3 mésice (167,168).

Dle provedené meta-analyzy byl skute¢né u vysoce rizikovych pacientd,
zarazenych do screeningového programu prokazan vyssSi podil kurativnich resekci
a delsi OS (169). Toto naznacuje slibny pfinos screeningu u vybranych skupin
pacientl. Zohlednéno vSak musi byt i riziko zvySeni obav a Uzkosti pacientu

zafazenych do takového programu (169).

5.5.4 Staging karcinomu pankreatu

5.5.4.1 TNM klasifikace

Posouzeni rozsahu tumoru je kromé indikace vhodné IéCby dulezité
i pro predikci progndzy a umoznuje také stratifikaci pacientd v ramci klinickych studii
(170). Staging karcinomu pankreatu vychazi z TNM klasifikace zhoubnych novotvaru
dle spole€nosti UICC (Union for International Cancer Control) a AJCC (American Joint
Committee on Cancer). Tento skoérovaci systém je zalozen na parametrech,
jako je velikost tumoru, jeho vztah k okolnim cévam a organim a pfitomnost uzlinovych

nebo vzdalenych metastaz (170). TNM klasifikace zhoubnych novotvari byla
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pro karcinom pankreatu ve svém 6. a 7. vydani shodna, ke zménam ale doslo v ramci
8. vydani zroku 2017 (171). Kategorie T1 dfive zahrnovala tumory ohranicené
na pankreas o velikosti do 2 cm v priméru. Nové je tato kategorie charakterizovana
pouze velikosti tumoru a podle tohoto parametru je dale rozdélena na podkategorie
T1a (tumory do 0,5 cm), T1b (tumory od 0,5 do 1 cm) a T1c (tumory od 1 do 2 cm).
T1 tumory jsou oznacCeny jako minimalné invazivni a mély by byt spojeny s lepsSi
prognozou. Tumory T2 byly dfive definovany jako nadory vétSi nez 2 cm a zaroven
ohrani¢ené na pankreas, tumory T3 pak jako prorustajici mimo pankreas bez postizeni
TC nebo AMS. Vzhledem k obtiznému pfedoperaénimu zhodnoceni Sifeni tumoru
mimo pankreas jsou v sou¢asnosti i stadia T2 a T3 definovana pouze velikosti. T2 jsou
tumory velikosti 2—4 cm, T3 jsou pak tumory vétSi nez 4 cm. Jako T4 byly
dle pfedchoziho vydani klasifikace hodnoceny takové tumory, které postihovaly vySe
zminéné tepny a byly tak hodnoceny jako neresekabilni. Vzhledem k nutnosti
objektivniho stagingu uz neni resekabilita v této klasifikaci posuzovana a jako T4 jsou
oznacovany vSechny tumory postihujici uvedené tepny nebo AHC nehledé na jejich
velikost. Podle postizeni regionalnich lymfatickych uzlin byly dfive tumory klasifikovany
jako NO v pfipadé, Ze nebyla postizena Zadna uzlina, nebo jako N1, pokud byla
prokazana metastaza v 1 nebo vice uzlinach. Nyni do kategorie N1 spada postizeni
1-3 lymfatickych uzlin a do nové kategorie N2 postizeni 4 nebo vice uzlin.
Pokud je pfitomna vzdalend metastaza nebo vice metastaz, je onemocnéni
kategorizovano jako M1, v opacném pfipadé jako MO (170,171). TNM klasifikace
a zmeény v ramci jejiho posledniho vydani jsou graficky znazornény v tabulce ¢. 2.
Rozdéleni do jednotlivych klinickych stadii (stadium I-1V) na zakladé 8. vydani

TNM klasifikace je uvedeno v tabulce €. 3.
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Tabulka ¢. 2: Prehled zmén ve stagingu karcinomu pankreatu mezi 7. a 8. vydanim
TNM klasifikace zhoubnych novotvart spole¢nostmi UICC a AJCC (170)

7. vydani (2009) 8. vydani (2017)
T1 tumor ohrani€eny na pankreas < | tumor <2 cm
2cm
T1a - tumor < 0,5 cm
T1b - tumor>0,5cma<1cm
T1c - tumor>1cma< 2cm
T2 tumor ohrani€eny na pankreas > | tumor>2cma<4.cm
2cm
T3 tumor prorastajici mimo tumor >4 cm
pankreas bez postiZzeni TC nebo
AMS
T4 tumor postihujici TC nebo AMS | tumor postihujici TC, AMS a /
(neresekabilni) nebo AHC
NO tez postizeni lymfatickych uzlin | bez postizeni lymfatickych uzlin
N1 postizeni lymfatickych uzlin postizeni 1-3 lymfatickych uzlin
N2 - postizeni = 4 lymfatickych uzlin
MO bez vzdalenych metastaz bez vzdalenych metastaz
M1 vzdalené metastazy vzdalené metastazy

Tabulka ¢. 3: Prehled klinickych stadii karcinomu pankreatu urCenych na zakladé
TNM klasifikace (172).

Stadium 1A Tla-T1c NO MO
Stadium 1B T2 NO MO
Stadium lI1A T3 NO NO
Stadium 1IB T1-T3 N1 MO
Stadium 1l jakékoli T N2 MO

T4 jakékoli N MO
Stadium IV jakékoli T jakékoli N M1
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5.5.4.2 Resekabilita

Vzhledem k zasadni roli chirurgické lécby, ktera v kombinaci s adjuvantni
chemoterapii miaze jako jedina vést k dlouhodobému preziti pacientd, je stézejni
rozhodnuti, zda se jedna o tumor resekabilni a zda jej tedy Ize chirurgicky radikalné
odstranit (162,170). Toto posouzeni je do jisté miry mozné jiz pfedoperacné, nejlépe
na zakladé CT vySetfeni (151). Rozhodujici je vztah tumoru k okolnim cévam
a organum a pripadné vzdalené metastazy. Tumory jsou kategorizovany jako rese-
kabilni, hrani¢né resekabilni nebo neresekabilni (173).

ZjednodusSené |ze fFici, ze resekabilni tumory jsou takové, které nejsou
v kontaktu s pfilehlymi tepnami a neovliviiuji vyrazné lumen VMS nebo VP. Hrani¢né
resekabilni tumory mohou ovliviiovat lumen zminénych Zil, ale technicky umoznuji
rekonstrukci proximalniho i distalniho konce dané zily. Dale se muze jednat o tumory,
které jsou v kontaktu s okolnimi tepnami (AMS, AHC) do poloviny jejich obvodu.
Za neresekabilni jsou povazovany tumory, které ve vétSi mife ovlivauji okolni tepny,
aortu nebo dolni dutou Zilu. Neresekabilni jsou i tumory, které postihuji VP nebo VMS
a neni technicky mozné tuto cévu zrekonstruovat (napf. kavernomatdzni prestavba
VP) (173).

Vzhledem ktomu, Ze presna kritéria resekability a zejména hranicné
resekabilnich tumorl se dle doporuceni jednotlivych spole€nosti ¢aste¢né odliSovala,
byla tato kritéria dle mezinarodniho konsenzu spole¢nosti International Association
of Pancreatology vroce 2017 sjednocena (174). Kritérium resekability karcinomu
pankreatu totiz rozhoduje jednak o IéCebnych modalitach a sou€asné i o kategorizaci
v ramci klinickych studii (174).

Podle uvedeného mezinarodniho konsenzu zroku 2017 jsou jako tumory
resekabilni povazovany takové, které nejsou v kontaktu s VMS, nebo ji pouze z jedné
strany zuzuji. Zaroven nesmi byt tumor v kontaktu s AMS, s TC ani s AHC. Hrani¢né
resekabilni tumory jsou rozdéleny na 2 podkategorie. Do prvni podkategorie patfi
tumory, které ovliviiuji pouze okolni zily. Jedna se o tumory, které jsou v kontaktu
svice nez 180 stupni obvodu VP nebo VMS nebo tuto Zilu oboustranné zuZuji
Ci okluduiji, tento kontakt vS8ak nesmi zasahovat pod uroven spodniho okraje duodena.
Do druhé podkategorie hraniéné resekabilnich tumorl jsou Ffazeny tumory,
které ovliviiuji okolni arterie a pfipadné i souCasné zily podle definice v pfedesié

podkategorii. Ovlivnénim tepen je mySlen kontakt s AMS a TC do poloviny
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jejich obvodu bez vzniku deformity nebo stendzy. Dale jsou do této druhé podkategorie
zahrnuty tumory, které jsou v kontaktu s AHC, ovSem bez pfesahu na arteria hepatica
propria (AHP) nebo TC. Tumory neresekabilni jsou potom bud tumory se vzdalenymi
metastazami, nebo tumory lokalné pokrocilé. Lokalné pokroCilymi tumory jsou takove,
které zpUsobuji oboustranné zuzeni ¢&i okluzi VP nebo VMS zasahujici pod uroven
spodniho okraje duodena, tumory v kontaktu s vice nez 180 stupni obvodu AMS a TC,
tumory v kontaktu s AHC s pfesahem i na AHP nebo TC a také tumory v kontaktu
s aortou nebo invadujici do aorty (174).

Popsana kritéria resekability jsou zalozena Cisté na anatomickych udajich.
V klinické praxi je ovSem potieba posoudit vice faktoru tykajicich se konkrétniho
pacienta a také chovani onemocnéni. Kromé anatomickych kritérii resekability
tak byla stanovena i biologickda a podminéna kritéria resekability. Tato kritéria
byla plvodné navrzena jiz vroce 2008, ale byla postupné modifikovana (175).
Podle biologickych kritérii resekability je v souCasné dobé za hrani¢né resekabilini
karcinom pankreatu oznacCovan takovy, ktery jednak spliiuje kritéria anatomicka
a soucCasné je Kklinicky nalez podezfely =z pfitomnosti vzdalenych metastaz,
které vSak nejsou potvrzené. Timto podezienim se rozumi sérova hladina CA 19-9
vy$Si nez 500 IU/ml nebo pfitomnost metastatického postizeni lymfatickych uzlin
diagnostikované biopticky nebo pomoci PET/CT (174). Hladina CA 19-9 v provede-
nych studiich korelovala se stagingem a prognézou (176,177). Bylo také prokazano,
Ze pozitivita lymfatickych uzlin zhorSuje prognézu nehledé na staging nebo
resekabilitu. Pacienti s anatomicky resekabilnim tumorem ale pozitivhimi uzlinami maji
horsi progn6zu oproti pacientiim bez postizenych uzlin (178).

Podminéna kritéria se Fidi celkovym stavem pacienta (performance status)
charakterizovanym pomoci skore spolec¢nosti Eastern Cooperative Oncology Group
(tzv. ECOG performance status). Pokud je skére 2 nebo vice, je jiz tumor hodnocen
jako hrani¢né resekabilni (174). Skére 2 je pfidéleno pacientim, ktefi nemohou
vykonavat Zadné pracovni aktivity, jsou vSak schopni ambulantniho o$etfovani,
jsou schopni se o sebe postarat, a vice nez polovinu bdélého ¢asu travi mimo lizko.
Vys8i skore je pfifazovano pacientim s vyrazné&jSim omezenim (179).

Posouzeni resekability nejen podle anatomickych kritérii je podstatné pro vybér

optimalni léCebné strategie. Biologicka kritéria umoznuji alespon z ¢asti posoudit
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chovani tumoru, podminéna kritéria pak schopnost pacienta zvladnout pfislusnou
léCbu (180).

5.6 Lécba karcinomu pankreatu

Radikalni chirurgicka resekce je v sou€asné dobé jedinou moznosti potencialné
kurativni 1é€by pacientu s karcinomem pankreatu (3). OvSem, jak jiz bylo uvedeno,
jen u minima pacientl (10-20 %) je v dobé diagnézy onemocnéni ve stadiu
resekabilniho tumoru (4). Nepochybny pfinos ma také onkologicka Iécba.
Je prokazano, Ze adjuvantni chemoterapie zlepSuje OS pacientu s touto diagn6zou.
Nedavné studie naznacuji, Ze i neoadjuvantni chemoterapie i chemo-radioterapie
muaze byt pfinosna u nékterych pacientd s primarné neresekabilnimi &i hrani¢né
resekabilnimi tumory. U pacientl s neoperabilnimi tumory nebo s relapsem

onemocnéni pak lze vyuzit chemoterapii v paliativnim rezimu (5).

5.6.1 Chirurgicka lééba

Kromé chirurgické |éCby s kurativnim zamérem se v ramci péCe o pacienty
s karcinomem pankreatu uplatiuji i paliativni operacni vykony. Jedna se zejména
0 spojkové operace u pacientd s pokro€ilymi tumory zpusobujicimi jinak nefeSitelnou
obstrukci ZluCovych cest nebo duodena (181). Tato kapitola je vS8ak zaméfena

na resekcni vykony pro karcinom pankreatu.

5.6.1.1  Chirurgické vykony

Pro indikaci chirurgické |éCby karcinomu pankreatu je nutné posouzeni
nejen resekability tumoru, ale souCasné i jeho anatomické lokalizace.
NejCastéji je karcinom pankreatu lokalizovan v oblasti hlavy, kr€ku nebo processus
uncinatus pankreatu (65 % pfipadu) (182). Tyto tumory mohou infiltrovat okolni tkané,
nejCastéji pak distalni ¢ast ductus choledochus nebo duodenum a Vaterskou papilu
(183). Takto ulozené tumory Ize technicky FeSit provedenim hemipankreato-
duodenektomie (184). Samotny vykon a jeho mozné modifikace budou popsany dale.

U asi 15 % pacientd byva karcinom lokalizovan v oblasti téla nebo ocasu
pankreatu (182). V tomto pfipadé je pak moznym FeSenim distalni pankreatektomie.
V ramci tohoto vykonu je resekovana distalni ¢ast pankreatu (t€lo a ocas) pfi protnuti
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Zlazy vlevo od osy portalni a horni mezenterické ZzZily (185). SoucCasné s télem
a ocasem pankreatu a pfilehlou lymfatickou tkani byva resekovana i slezina.
Slezinu Setfici distalni pankreatektomie je doporucena vétSinou jen v pfipadé
benignich onemocnéni pankreatu (186). Nékteré studie sice uvadéji, Ze slezina
by mohla byt ponechana i u vybranych pacientd s karcinomem pankreatu,
u kterych je tumor ohraniCeny na pankreas a neni podezieni na postizeni
lymfatickych uzlin v hilu sleziny (187). V souCasné dobé vSak neni dostatek dat,
ktera by tento koncept podpofila a splenektomie je tak standardni soucasti distalni
pankreatektomie pro karcinom pankreatu (188).

U malé skupiny pacientll mize byt pankreas postizen difuzné a jedinym feSenim
je pak totalni pankreatektomie (182,184). Tento vykon muze byt indikovan i v pfipadé
pokrocilych tumort, nebo pokud je tumor uloZzen v oblasti proximalniho téla pankreatu.
Dale v uvahu pfipadaji situace, kdy je zbyla ¢ast pankreatu vyznamné postiZzena
zanétem nebo je pankreas pfilis mékky &i atroficky a nelze bezpe&né zkonstruovat
pankreato-jejuno anastomézu (184,189). Provedenim totalni pankreatektomie
je v8ak zcela vyfazena exokrinni i endokrinni funkce pankreatu. Dochazi tak k diabetu,
ktery je obtizné kompenzovatelny a byva doprovazeny zavaznymi hypoglykemiemi.
Pacienti jsou ohrozeni i malnutrici (189). Také vzhledem k udavané vyssi pooperacni
morbidité a mortalité by méla byt indikace totalni pankreatektomie peclivé zvazena
(190).

Historicky vyvoj hemipankreatoduodenetomie

Jiz na zacatku 20. stoleti byly dokumentovany vykony v podobé excize duodena
a pankreatu pro periampularni tumory. Znamym némeckym chirurgem je Kausch, ktery
vroce 1912 provedl resekci vétSiny duodena spolu s ¢asti pankreatu (191).
Ov8em az americky chirurg Whipple v roce 1935 publikoval prvni pfipad, kdy uspésné
zresekoval celé duodenum a velkou €ast hlavy pankreatu (192). Pivodné Whipple
popisoval zakrok rozdéleny na 2 operace, kdy pfi prvnim vykonu proved| gastro-jejuno
anastomé6zu, podvaz ductus choledochus a cholecysto-gastro anastomézu.
Za 3 az 4 tydny byla v ramci druhé operace provedena resekce hlavy pankreatu
a duodena. Pankreaticky vyvod byl podvazan bez obnoveni kontinuity mezi
pankreatem a jejunem. Pankreato-jejuno anastoméza byla povazovana za pfilis

rizikovou. Whipple tedy demonstroval, Ze tok pankreatické stavy do stfeva neni
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nezbytny pro preziti pacienta, ovSem zaslepeni pankreatického vyvodu vedlo k vysoké
incidenci pankreatickych pistéli (192). Hunt pak v roce 1941 prokazal, ze pankreato-
jejuno anastomdza muze byt pomérné bezpecna a snizuje riziko vzniku pankreatickych
pistéli (193). Tento koncept byl poté prevzaty i Whipplem, ktery dale sv{j vykon
modifikoval provedenim choledocho-jejuno anastomézy namisto puvodné volené
cholecysto-gastro anastomdzy, a to z duvodu prevence ascendentni infekce Zlu€ovych
cest (194). Dale pak Whipple doporucil provedeni hemipankreatoduodendektomie
v ramci jedné operace (191). Neopomenutelnou modifikaci jesté zUstava ponechani
pyloru, které navrhli Traverso a Longmire jako prevenci dumping syndromu a refluxu
zpusobujiciho ulcerace v oblasti anastomézy (195,196). Dumping syndrom
je zpusoben pfilis rychlym posunem hyperosmolarni traveniny ze zaludku do tenkého
stfeva pfi absenci pyloru. MUze se projevit gastrointestinalnimi i vazomotorickymi
symptomy v podobé zvraceni, prajmi nebo az celkového kolapsu z nahle vzniklé
hypovolemie. S vétSim odstupem po jidle mize dochazet k rozvoji hypoglykemie
(197).

Modifikace hemipankreatoduodenektomie

V souCasné dobé se hovofi o dvou zakladnich  modifikacich
hemipankreatoduodenektomie vzhledem k ponechani Ci resekci pyloru. Klasicka
Whipleova operace znamena resekci duodena, hlavy pankreatu a cholecystektomii
nasledovanou konstrukci pankreato-jejuno anastomozy, choledocho-
jejunoanastomozy a gastro-jejuno anastomdzy. V ramci vykonu je resekovano i antrum
Zaludku s pylorem, a proto tato operace byva nazyvana i jako pylorus-resecting
pancreato-duodenectomy. Druhou variantou je pylorus Setfici hemipankreato-
duodenektomie (pylorus-preserving pancreatoduodenectomy — PPPD, nebo pylorus-
preserving Whipple — PPW), ktera se od Whippleovy operace liSi pravé ponechanim
zalude¢niho antra a pyloru (198). V pfipadé ponechani pyloru muze dochazet
ke komplikacim ve smyslu opozdéného vyprazdniovani Zaludku (delayed gastric
emptying) (199). Dle recentnich studii vSak nebyly prokazany signifikantni rozdily mezi
obéma metodami v pooperacni mortalité¢ a morbidité (198,199). Volba mezi témito
variantami tedy zalezi na zkuSenostech chirurga s tim, Ze resekce pyloru je nutna
v pfipadé jeho postizeni tumorem nebo v pfipadé infiltrace tumoru do proximalni ¢asti
duodena (184,185).
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Dalsi modifikace hemipankreatoduodenektomie jsou mozné v ramci
rekonstrukéni faze. Anastomd6za mezi pahylem pankreatu a gastrointestinalnim
traktem muUze byt zkonstruovana jako pankreato-jejuno  anastomoza,
ktera je v souCasné dobé cCastéji volenou variantou, nebo jako pankreato-gastro
anastomoéza (200). Pankreato-jejuno anastoméza pak nabizi dvé zakladni varianty
provedeni. Prvni z nich je anastoméza technikou duct-to-mucosa (201). Tento princip
prvné pospali Cattle a Warren v 50. letech minulého stoleti (202). Nejprve je k jejunu
sero-muskularnimi stehy pfiSita zadni hrana pahylu pankreatu s jeho kapsulou.
Nasledné je sdrobnym otvorem v jejunu seSit samotny pankreaticky vyvod.
Na zavér je s jejunem seSita i pfedni hrana pankreatu. Vznika tak anastomoéza
o 2 vrstvach, pficemz vnitfni vrstva spojuje samotny pankreaticky vyvod se stfevnim
lumen (202). Duct-to-mucosa anastom6éza ma mozné technické variace,
jednu z nich navrhl Blumgart, kdy pro suturu pfedni a zadni strany pahylu vyuziva
U stehy prochazejici celou tloustkou pankreatu (203). U duct-to-mucosa anastomozy
muze byt dale vyuzita drenaz ve formé ztraceného drénu, ktery se po nékolika dnech
z oblasti anastomo6zy spontanné dislokuje, nebo ve formé& zevni drenaze,
ktera je vyvedena skrze sténu jejuna a bfiSni sténu na povrch téla a odstranuje
se po nékolika tydnech. Druhou variantou pankreato-jejuno anastomozy je zanoreni
konce pahylu pankreatu do jejuna neboli tzv. invaginacni technika. Tato anastomoza
se konstruuje jako end-to-end nebo end-to-side spojka a byva vyuZivana
napr. v pripadé pankreatického vyvodu o malém priméru (200). Pankreato-gastro
anastomoéza pak muze byt konstruovana se zanofenim pahylu pankreatu, nebo jako
obdoba zminéné duct-to-mucosa anastomoézy. V pfipadé druhé varianty mohou
byt opét vyuZity i obé formy drenaze (200).

Biliodigestivni rekonstrukce je v porovnani s rekonstrukci kontinuity pankreatu
pomérné standardizovana. Provadi se hepatiko-jejuno anastomédza end-to-side.
Pro obnoveni kontinuity Zaludku se konstruuje gastro-jejuno anastomoéza,
a to v pfipadé, Ze byla provedena klasicka pankreatoduodenektomie. Pokud byl pylo-
rus ponechan, jedna se dle spravné terminologie o duodeno-jejuno anastomézu (204).
VSechny uvedené anastomozy se konstruuji postupné od proximalniho konce jejuna,
po jeho pfedchozim zaslepeni v misté resekce. Nejblize k tomuto konci jejuna
je vytvofena pankreato-jejuno anastomdza, o pfiblizné 10—20 cm dale hepatiko-jejuno

anastomo6za a v dostateCné vzdalenosti (Blumgart uvadi 50 cm) pak gastro-
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Ci duodeno-jejuno anastomdza, ktera muze byt umisténa retrokolicky ¢i antekolicky
(204). Néktera pracovisté konstruuji dale jesté tzv. Braunovu anastomozu, spojujici
stranou ke strané (side-to-side) pfivodnou a odvodnou ¢ast jejuna v blizkosti gastro-
jejuno anastomézy (205). Braunova anastoméza zabranuje postupu ZIuCi
a pankreatické stavy do zaludku pfes gastro-jejuno anastomoézu. Je diskutovan vliv
konstrukce této anastomoézy na snizeni rizika opozdéného vyprazdnovani Zaludku
(206).

Bezpecnost hemipankreatoduodenektomie

Jesté v 60. letech dosahovala mortalita po hemipankreatoduodenektomii
20-40 % a pooperacni morbidita 40—60 % (207). Diky pokroku v chirurgii a peri-
operacni péci byla postupné mortalita snizena na 3-5 %. Morbidita ovSem zlstava po
tomto technicky naroném vykonu i nadale pomérné vysoka, a to kolem 40 %
i ve specializovanych centrech (208—-210). V poslednich 2 dekadach bylo prokazano,
Ze pravé centralizace péCe do pracovist provadéjicich dostateCny pocet vykon(
pfispiva k niz8i mife mortality a ke zmirnéni fatalnich dopadu pooperacnich
komplikaci. Ve specializovanych pracovistich je kromé optimalizované chirurgické
léCby pfinosny multidisciplinarni  pfistup s adekvatni perioperacni péci,
specializovanou pooperacni lé€bou na jednotce intenzivni pée a vhodnym
managementem pooperacnich komplikaci. Zvlasté pfinosna je moznost fesit vétSinu
komplikaci radiointerven¢né misto operacné. To vSe vedlo postupné také k posunu
hranic resekability a umoznilo provadéni rozsahlych vykonl, jako jsou cévni

nebo multivisceralni resekce (173,211).

5.6.1.2 Radikalita vykonu

V ramci chirurgické 1éCby malignich tumorl je podstatnym faktorem,
zda je provedena resekce radikalni, tedy zda byl tumor odstranén kompletné.
RozliSuji se RO resekce, kdy byl nador odstranén cely a ani jeho mikroskopickeé Casti
nezasahuji do resekCniho okraje. Naopak o R1 resekci se jedna v pfipade,
kdy byl tumor odstranén pouze makroskopicky, ale zbyly pravé jeho mikroskopické
Casti. V pfipadé karcinomu pankreatu se procento provedenych RO resekci
v publikované literatufe vyrazné odliSuje, jsou udavany hodnoty v rozmezi 0-83 %

(212). Davodem takto rozdilnych hodnot byla rozdilna kritéria definujici RO resekci.
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Evropska kritéria definovala negativni resek&ni okraj jako absenci malignich bunék
ve vzdalenosti do 1 mm od okraje (milimetrovy bezpecnostni lem). Americka kritéria
se pak spokojila stim, Ze bunky nezasahovaly do samotného resekcniho okraje
(zadny bezpecnostnilem) (213). Délka OS u pacientt po RO resekci se napfi€ studiemi
vyrazneé liSila, a to pravé z davodu odlisSnych kritérii (214). Tato kritéria se vSak zacala
sjednocovat a napf. spoleCnost International Study Group of Pancreatic Surgery
(ISGPS) doporucila alesponi milimetrovy bezpecnostni lem a vySetfeni 7 okraju
(v pfipadé hemipankreatoduodenektomie), aby mohla byt splnéna kritéria RO resekce
(212). Mezi zminénych 7 vySetfovanych okrajl patfi: pfedni a zadni strana pankreatu,
medialni strana neboli oblast prichodu VMS, okraj v misté prichodu AMS,
dale pak resekcni linie pankreatu, zZluCového stromu a stfeva. Novéjsi studie
pak jiz dolozZily signifikantné delSi primérné OS u pacientd, ktefi podstoupili RO resekci
(31-41 mésica) oproti pacientim s R1 resekci (17-27 mésicu) (214). R1 resekce
je negativni prognosticky marker dlouhodobého pfeziti pacientl po resekci karcinomu
pankreatu (212). VySetfeni resek&nich okraju ma prognosticky vyznam i pro bezpfizna-
kové preziti (disease-free survival, DFI) (162). Pfi pozadavku milimetrového
bezpecnostniho lemu a vySetfeni dostateCného poctu okrajl je dle poslednich studii
Cetnost RO resekci mezi 20—-40 % (162,215). Nutno zminit, Ze v porovnani s lokalné
pokrocCilymi neresekabilnimi tumory, umoznuje i R1 resekce prodlouzeni OS (216).
Jamieson a Delpero ve svych studiich hodnotili radikalitu resekce jesté
podrobnéji. Zaméfili se na vyznam jednotlivych posuzovanych okraju u hemipnkreato-
duodenektomie (217,218). Jamieson okraje rozdéluje na mobilizani, mezi které fadi
pfedni a zadni stranu pankreatu a okraje transekéni, kam patfi zbylé z vySe
uvedenych. Prokazal, Ze pozitivita pouze mobilizacnich okrajd byla spojena s delSim
OS oproti pacientum, ktefi méli pozitivni transekéni okraj nebo okraje (217).
Delpero pak zjistil, ze pozitivita zadniho okraje (mobilizacni okraj), neméla dopad
na délku DFI (218). Je tedy patrné, ze jednotlivé okraje mohou mit odliSny prognosticky
vyznam, coz by mohly detailngji objasnit budouci studie (215). JiZ dnes je znamo,
Ze okraje v misté prGchodu VMS a AMS jsou nejCastéjSi lokalizaci zachycené
pozitivity, coz ma vyznam pro hojné diskutovanou techniku mesopankreatické excize

(219), ktera bude rozebrana v samostatné ¢asti totalni mesopankreaticka excize.
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5.6.1.3 Cévni resekce

Karcinom pankreatu se vzhledem ke své agresivité Casto Sifi v retroperitoneu
a postihuje Zilni nebo tepenné fecCisté, nervové plexy a lymfatické uzliny.
Vzhledem k anatomickym pomérim a nejCastéjSi lokalizaci karcinomu v oblasti hlavy
pankreatu byva z Zilnich struktur postizena zejména VP nebo VMS. Z tepen
pak nejCastéji tumor naléha C¢&i invaduje do AMS, AHC & TC (220,221).
Vzhledem k prabéhu AMS je pak jeji izolované postizeni bez sou¢asného postizeni
VMS nepravdépodobné. S cilem umoznit i u téchto pacientd resekci tumoru
byly navrzeny postupy kombinujici uvedené vykony na pankreatu s resekci pfilehlych

Zil Ci tepen (221).

Resekce Zilniho Fecisté

Historicky byly tumory postihujici VP a VMS povazovany za neresekabilni.
Prvnim, kdo zresekoval postizenou VMS pfi hemipankreatoduodenektomii, byl Moore
vroce 1951 a demonstroval tak technickou proveditelnost takového vykonu (222).
ZpocCatku se vSak jednalo pouze o ojedinélé operace a trvalo nékolik desetileti,
nez byla resekce karcinomu pankreatu en-bloc s infiltrovanou Zilni sténou pfijata
specializovanymi centry za standardni vykon (173). Systematicka review z poslednich
dekad potvrzuji, Ze morbidita a mortalita chirurgickych vykonu pro karcinom pankreatu
s nebo bez resekce zilniho fecCisté je ve specializovanych pracovistich srovnatelna
(220,223). Ve studiich byly zahrnuty vSechny vykony jako jsou hemipankreato-
duodenektomie, distalni pankreatektomie a totalni pankreatektomie. Zhou ve své
meta-analyze, do které bylo zafazeno 661 pacientd s vykonem na pankreatu a resekci
Zilniho FecCisté pro karcinom, neprokazuje ani rozdil v pétiletém OS oproti pacientim
bez nutnosti Zilni resekce (220). Nelze fici, ze shodné zavéry prezentuji vSechny
studie. Jedna z meta-analyz zaznamenala mirné zvySené riziko perioperacnich
komplikaci u pacienty s Zilni resekci (224). Je v8ak prokazano deldi OS u pacient,
ktefi podstoupili hemipankreatoduodenektomii s zilni resekci oproti pacientim
s paliativni Ié€bou, kterym nebyl tumor resekovan (225). Tento vysledek byl prokazan
i ve studii na japonské populaci osob starSich 70 let (226). Resekce Zilniho fecisté
vramci chirurgické 1éCby karcinomu pankreatu tak nabizi pacientim s hrani¢né

resekabilnimi tumory delSi OS (227).
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Jiz v ramci prfedoperacniho vySetfeni by méla byt pfipadna infiltrace tumoru
do portalniho fecisté zhodnocena. Proximalni Cast feCiSté ma zpravidla dostateCny
prumér, aby mohla byt provedena bezpecna rekonstrukce bez vyznamného zuzeni
lumen zily. Problematictéjsi jsou tumory ulozené distalné, které postihuji VMS nizko
pod jejim soutokem s VL. Primér VMS je zde uZsi, coz mUze byt limitaci pro provedeni
adekvatni rekonstrukce (173,212). Resekce VP/NMS by méla byt provedena,
jen pokud perioperacné nelze Zilni sténu od tumoru bezpecné oddélit. Neméla by byt
provadéna pouze za ucelem dosazeni SirSiho bezpe€nostniho lemu (228).

Samotna technika resekce a rekonstrukce Zzily zavisi na lokalizaci mista,
kde tumor adheruje &i invaduje do stény zily a na rozsahu postiZzeni. Spole¢nost ISGPS
klasifikuje Zilni resekce v této indikaci do 4 kategorii, které jsou prezentovany
na obrazku €. 1 (212).

Al

Obrazek ¢. 1: Moznosti rekonstrukce VP/VMS podle rozsahu jeji resekce. (A) Pfima sutura
po tangencialni resekci malého rozsahu. (B) Patch vyuzity k rekonstrukci v pfipadé resekce
veétsi asti zilni stény. (C) Anastomodza end-to-end po resekci celého segmentu Zily, kdy bylo
mozné volné sblizeni obou koncl se srovnatelnym primérem. (D) Rekonstrukce pomoci
interponatu v pfipadé resekce dlouhého segmentu Zzily, nebo v pfipadé koncl s vyrazné
odliSnymi priméry.
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V pfipadé Ze je postizena oblast mala, mize byt dostalujici tangencialni
resekce Zily. Pro rekonstrukci pak Ize zvolit primarni sesiti defektu nebo suturu pomoci
zaplaty (patch), ktera byva vytvofena z autologniho Zilniho Stépu (229). Rekonstrukce
musi byt provedena tak, aby nevznikla hemodynamicky vyznamna sten6za (230,231).
Dostacuijici Zilni drenaz tenkého stifeva by pak méla byt v prabéhu vykonu klinicky
zhodnocena (173). Pokud neni tangencialni resekce dostate¢na, je potfeba resekovat
cely segment zily. Aby byla umoznéna nasledna rekonstrukce pomoci end-to-end
anastomozy bez pfiliSného napéti, muze byt provedena mobilizace pravého tracniku
a mezenteria, coZz umozni sblizeni koncu VP/VMS. Dale muze sbliZzeni obou koncu
cévy dopomoci i mobilizace jater a preruSeni vstupu VL (229,232).V pfipadé,
Ze je vSak resekovany segment zily dlouhy a neni mozné bezpecné sbliZzeni obou
koncu, je potfeba k rekonstrukci vyuzit interponovany stép. Tyto Stépy jsou vyuzivany
za UuCelem prevence napéti v misté cévni anastomézy, prevence stendzy
rekonstruované zily a umoznuji adekvatni rekonstrukci v pfipadé odliSného priméru
koncl VMS a VP (7).

Podle anatomické lokalizace resekovaného Useku zily pak maze byt interponat
umistén a) mezi konec VMS a VP, b) mezi 2 konce VP, c) mezi 2 konce VMS,
d) mezi konec VMS a VP s implantaci VL (obrazek €. 2) (233).

NejCastéji jsou za timto ucelem volené autologni zilni $tépy. Ve vétsiné pfipadu
se jedna se o Stépy z vena renalis sinistra nebo vena saphena magna (233,234).
Vyhodou vena renalis sinistra je jeji prameér, ktery je blizky praiméru VP. Dalsi vyhodou
je pomérné snadna dostupnost této Zily po rozsifeni Kocherova manévru, nevyzaduijici
dalsi incizi, a dale fakt, Zze vzhledem k pfitomnosti gonadalni zily neni potfeba
rekonstrukce vena renalis sinistra po jeji resekci (234). DalSimi moznostmi jsou: vena
jugularis interna, vena femoralis superficialis, vena iliaca externa nebo vena
mesenterica inferior (229,235).

Jako interponat Ize vyuzit i syntetické cévni protézy z polytetrafluorethylenu
(PTFE), jejichz mechanické vlastnosti a Sroubovita opora na vnéjSim obvodu by mély
dopomoci udrzet dobrou prichodnost §tépu umisténého do portalniho fecisté o velkém
prutoku ale nizkém tlaku (229). PTFE Stépy jsou vSak spojeny se zvySenym rizikem
infek&nich komplikaci. V pfipadé vyskytu pooperaéni pankreatické pistéle u pacienta
se syntetickou cévni protézou v oblasti VP/VMS je vysoké riziko pooperacniho

krvaceni Ci dlouho trvajici komplikované feSitelné infekce protézy (173). Uvadi se
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i vy8Si riziko trombotickych uzavérl pfi vyuziti PTFE interponatl v porovnani
s ostatnimi moznostmi rekonstrukce (236,237). V omezeném poctu pfipadl byly
k rekonstrukci vyuZzity i Stépy z peritonea, ligamentum falciforme, bovinniho perikardu,
nebo arterialni Stépy (238—-241). Data tykajici se vysledkl téchto posledné uvedenych

Stépu jsou vSak pro maly pocet pacientl limitovana.

Obrazek ¢. 2: Umisténi interponatu pfi rekonstrukci VP/VMS. (A) mezi VMS a VP
bez implantace VL, (B) mezi 2 konce VP, (C) mezi 2 konce VMS, (D) mezi VMS a VP
s implantaci VL

| autologni zilni Stépy, které jsou k nahradé VP/VMS vyuzivany nejcastéji,
se poji s jistymi nevyhodami. Nékteré autologni $tépy nemusi mit dostatecny pramér
odpovidajici priméru VP a tento nepomér v misté anastomoézy pak mulze veést
k trombdze Stépu. Preparace autolognich $tépl pak mlze vyzadovat dalSi incizi,
prodluzuje operacni €as a pacienti jsou vystaveni riziku komplikaci v misté odbéru
Stépu, jako je vznik hematomu a infek&nich komplikaci (9,233). V pfipadé odbéru Stépu

vena femoralis nebo vena iliaca externa hrozi rozvoj otoku pfislusné dolni koncetiny
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nebo vznik hluboké Zilni trombdzy (9). Odbér Stépu levé renalni zily by pak nemél
byt provadén u pacientl s renalni dysfunkci. Po odbéru Stépu levé renalni zily
byl v pooperacnim obdobi pozorovan pfechodny vzestup kreatininu u pacientd
bez znamé renalni insuficience (242).

Alternativou k autolognim S§tépUim, by mohly byt kadaverézni alogenni Zilni
Stépy, které by mély eliminovat uvedené nedostatky a rizika. Bylo publikovano nékolik
praci, které pouziti téchto $tépt dokumentuji, jedna se v8ak zatim o vyuziti v nékolika
malo centrech. Nejvétsi soubory pacientl s rekonstrukci VP/VMS pomoci alogennich
Zilnich &tépu publikoval Zhang X. M. (42 pacientl), Kleive (42 pacientu), Meniconi
(11 pacienti) a Yamamoto (11 pacient() (7-9,243). Zhang Q. a Bacalbasa pak popisuiji
pouziti alograftll pouze u 3 a u 1 pacienta (233,244). Témérf vSichni uvedeni autofi
popisuji vyuziti alograftd vena iliaca &i vena femoralis. Vyjimkou jsou Zhang Q.,
ktery popisuje nahradu pomoci $tépu VP u 3 pacientl a Yamamoto, ktery alespon
u 1 z pacientt také vyuzil §tép VP, u dalSich pacientl neni anatomicky puvod alograft(
presné specifikovan (9,233).

Idealni moznost rekonstrukce VP/VMS pomoci interponovaného Stépu zatim
neni definovana (7). Z uvedenych typu Stépu se jevi jako slibné alogenni $tépy,
u kterych je zminovano nejméné nevyhod. Dosud vSak existuje pouze omezené
mnozstvi dat o jejich pouziti. Dale se nabizi otazka, jakého anatomického puvodu
by tyto alogenni $tépy mély byt. Portalni fecisté a fecisté VCI se fyziologicky odliSuiji,
jsou charakterizovany jinymi venéznimi tlaky a odliSnou poddajnosti cévni stény
(10,11). Neni tedy jasné, zda by mél alogenni zilni §tép pochazet z fecisté VP
nebo zfecisté VCI a zda tento plvod muze mit vliv na hemodynamiku VP/VMS
po jeji rekonstrukci.

U uvedenych Zilnich resekci a zejména v pfipadé totalni pankreatektomie musi
byt brano vpotaz =zachovani adekvatni Zzilni drenaze zaludku. V pfipadé
hemipankreatoduodenektomie mize byt VL podvazana a drenaz zaludku zlstava
zachovana cestou vena coronaria ventriculi a cestou kolateral pfes venae gastricae
breves. U totalni pankreatektomie pro karcinom je vSak Casto provedena splenektomie
a zilni drenaz zaludku tak muze byt vyrazné naruSena, zvlasté pokud je zaroven
zresekovan i vstup vena coronaria ventriculi do VP. Existuji pak 2 mozna feSeni
nedostatec¢né Zilni drenaze Zzaludku. Prvni moznosti je distalni resekce Zzaludku

¢i dokonce subtotalni gastrektomie s cilem pFedejit dlouhotrvajicim komplikacim
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charakteru pozdniho vyprazdnovani zaludku €i dokonce ischemii Zaludku vyzadujici
operacni revizi. Druhou moznosti je reimplantace vena coronaria ventriculi
do VP a vyhnuti se resekci zaludku (173,245).

Strasberg navrhl opera¢ni techniku pro karcinomy ulozené v oblasti krcku
pankreatu, které postihuji soutok VMS, VP a VL (246). V takovém pfipadé nemuize
byt pankreas protnuty v urovni krcku pankreatu, jako je tomu pfi standardni
hemipankreatoduodenektomii. Strasberg popisuje postup, kdy je nejprve izolovana
VMS pod pankreatem a VP nad pankreatem, nasledné je uvolnéna horni hrana
pankreatu tésné vpravo vedle mista, kde se k ni shora pfiklada AL. V pfipadé,
Ze lze v této urovni oddélit od zadni strany pankreatu VL, je tato zila protnuta cévnim
staplerem. Ve stejné urovni, tedy asi 2 cm vlevo od kréku pankreatu, je pak protnut
i pankreas. V pfipadé, Ze nelze v uvedené oblasti pankreas od VL bezpeéné oddélit,
jsou obejity obé struktury a Strasberg nejprve postupné od predni strany protina
pankreas a po identifikaci VL ji podvazuje a protina, pfipadné i s malym zbytkem
pankreatické tkané. Po tomto kroku je kréek pankreatu oddélen od dorzalné probihajici
AMS. Nasledné jsou pferuseny VMS pod pankreatem a VMS nad pankreatem
a resekce tumoru je dokoncCena. Rekonstrukce VP/VMS je pak provedena pfimou
end-to-end anastomo6zou nebo pomoci interponovaného Zilniho Stépu. Strasberg
v pfipadé potfeby vlozeni interponatu vyuziva S$tép vena femoralis superficialis.
Popsany vykon Strasberg nazyva Whipple at Splenic Artery (WATSA) Procedure.
Ve své publikaci z roku 2012 prezentuje provedeni u prvnich 10 pacientl s nulovou
pooperacni mortalitou (246). Metoda mimo jiné poukazuje na moznost podvazu VL
bez jeji rekonstrukce pfi ponechani sleziny. Dojde k rozvoji kolateralniho feciste,
které je vSak odliSné nez v pfipadé levostranné portalni hypertenze (246,247).

Tromboticky uzavér zrekonstruované VP/VMS je vétSinou udavan v rozmezi
7-18 % pfipadu v prabéhu prvniho roku po vykonu (228,237,248,249). Glebova ve své
studii na vice nez 170 pacientech s rekonstrukci VP/VMS pfi resekci karcinomu
pankreatu rozliSuje Casnou pooperacni trombdzu spojenou pravdépodobné
s technickymi aspekty rekonstrukce a pozdni pooperacni trombdzu spojenou
s rekurenci tumoru (237). Jednoleté OS pacientu s trombotickym uzavérem v misté
Zilni rekonstrukce bylo kratSi oproti pacientdim bez trombotického uzaveéru.
Dlouhodobé OS vsak bylo pro obé skupiny srovnatelné. Tyto vysledky naznacuiji,

Ze pfi¢inou mortality z dlouhodobého hlediska je spiSe rekurence onemocnéni
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nez tromboticky uzavér Zilni rekonstrukce. Za predpokladu prodlouzeni celkového
preziti pacientl po resekci karcinomu pankreatu diky modernim chemoterapeutickym
rezimum pak mize do budoucna stoupat vyznam technicky spravné provedené Zilni
rekonstrukce s minimalizaci rizika ¢asnych trombotickych komplikaci. Dale Glebova
poukazuje na fakt, ze postizeni VP/VMS perioperacné hodnocené jako infiltrace
tumorem muze byt pouze benigni desmoplasticka reakce cévni stény (237).
Dle publikovanych praci u Ctvrtiny az poloviny resekatu nebyla histologicky zastizena
infiltrace tumoru do stény resekované zily (250,251). Vzhledem ke kratSimu preziti
pacientl s histologicky potvrzenou infiltraci resekované zily pak mohou zejména
pacienti se zminénou benigni desmoplastickou reakci profitovat z technicky spravné
provedené Zilni rekonstrukce. Obecné by byla pfinosna moznost perioperacniho
rozliSeni tumorozniho €i benigniho postiZeni Zilni stény. Bylo by tak mozné vytipovat
pacienty, u kterych je optimalni technika rekonstrukce zvlasté dualezita (237).
Nutno také uvést, Zze Casny uzavér Zilni rekonstrukce VP/VMS je spojen se 40%
mortalitou (236).

Dle dostupné literatury neexistuje konsenzus stran indikace pooperacni
antikoagulace a jejiho typu po rekonstrukci zZilniho fecisté pfi feSeni karcinomu
pankreatu (236,249). Napf. Strasberg po vySe popsané rekonstrukci VP/VMS vyuziva
k pooperacni antikoagulaci kontinualni intraven6zni podavani heparinu v davce
500-700 IU za hodinu po dobu 7 dni (246). DalSimi autory je zmifiovano vyuZziti
nizkomolekularniho heparinu, warfarinu nebo antiagregacéni 1é¢by v podobé kyseliny
acetylsalicylové nebo klopidogrelu. Studie na vice nez 300 pacientech s karcinomem
pankreatu, u kterych byla provedena rekonstrukce zilniho fecisté, neprokazala rozdil
v mortalité ani morbidité mezi skupinou s pooperaéni antikoagulaci nebo bez ni.
| v této studii vSak bylo potvrzené vysSi riziko trombotického uzavéru pfi rekonstrukci
s vyuzitim syntetického Stépu (236). Zda bude podana pooperaéni antikoagulacni
IéCba po rekonstrukci zilniho Fecisté u pacientd s karcinomem pankreatu,
tak v souCasné dobé zalezi na rozhodnuti operatéra (252).

Kromé hemipankreatektomie s zilni resekci lze za ucCelem radikalniho
odstranéni karcinomu pankreatu provadét i multiorganové resekce. Spole¢né s resekci
pankreatu mize byt provedena napf. resekce zaludku, tlustého stfeva nebo epi-
nefrektomie Ci resekce ledviny (253). Jedna se o vykony s vysSi perioperacni

morbiditou, ale perioperacni mortalita ani OS nejsou dle nékolika publikovanych studii
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negativné ovlivnény (231,253,254). Recentni review zroku 2018 pak poukazuje
na vysSi perioperacni mortalitu (10 % pacientd po multivisceralnich resekcich oproti
4 % pacientt po standardnich resekcich) (255). Asi u 20 % takovych vykonud byva
nutna i Zilni resekce. Zilni resekce v téchto pfipadech nezvysuji vyznamné riziko
komplikaci. Multivisceralni resekce by mély byt metodou volby pouze pro vybrané
pacienty ve specializovanych centrech. Tyto vykony nabizeji Sanci kurativni resekce
u pacientl, ktefi by byli jinak 1éCeni jako pacienti s neresekabilnim nalezem (255).
U pacientl adekvatné indikovanych k multivisceralni resekcije pak doporuéeno jeji
provedeni i v pfipadé nutnosti Zilni resekce (173). Pfedpoklada se pfinos dalSich studii
u pacientd s multiorganovym postizenim, vzhledem ke zvySujicimu se uplatnéni
neoadjuvantni léCby. Ta by mohla i u pacientli s pfesahem karcinomu na okolni organy
pomoci vytipovat jedince s potencialem vétSiho pfinosu multiorganové resekce (255).

V soucasné dobé je resekce zilniho FecCisté v ramci chirurgické |éCby karcinomu
pankreatu doporuCenou metodou ve specializovanych centrech. Takové vykony
by mély byt provadény s cilem kompletniho odstranéni tumoru. Tento postoj

je mezinarodné uznavan a takto zni i doporuceni spole¢nosti ISGPS (6,256).

Resekce tepenného recisté

Prvni, kdo proved| tepennou resekci v ramci visceralni chirurgie, byl Appleby
v 50. letech minulého stoleti. Jednalo se o resekci TC spole¢né s gastrektomii
a distalni pankreatektomii pro pokrocily karcinom Zaludku. V ramci tohoto vykonu
nemusel byt TC rekonstruovan, protoze AHP dostavala krev z AMS pres arteriae
pancreaticoduodenales a arteria gastroduodenalis (257). Resekce AMS ¢&i TC v ramci
léCby karcinomu pankreatu jsou pak dokumentovany od 70. let minulého stoleti
(231,250,254). Stejné jako v pfipadé Zilniho feCisté byla i resekce tepen popsana
u hemipankreatoduodenektomie, distalni pankreatektomie i totalni pankreatektomie
(221). Nékteré resekce vyzaduji adekvatni rekonstrukci tepenného fecisté, v urcitych
pfipadech, jako je napf. distalni pankreatektomie sresekci TC, naopak neni
rekonstrukce nutna (258). Publikace jednotlivych center udavaji vysokou morbiditu
po tepennych resekcich v ramci vykonu na pankreatu, a to 30-100 % (259-261).
Mortalita se dle literatury pohybuje také v Sirokém rozpéti, konkrétné mezi 0—45 %.
Dle provedené meta-analyzy je u pacientl s karcinomem pankreatu az pétkrat vyssi

riziko periopera¢niho umrti v pfipadé vykonl kombinovanych s arterialni resekci oproti
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vykonum bez resekce tepenného fecisté (262). Z téchto duvodu byva obecné postizeni
AMS a TC (zejména pak AH) povaZovano za kontraindikaci k primarnimu resekénimu
vykonu. U vybranych pacientu vSak Ize resekci tepenného fecisté provést. Zejména
diky stale Castgji vyuzivané neoadjuvantni chemoterapii se rozSifuje okruh pacientd,
ktefi mohou podstoupit radikalni resekci i pfes puvodné lokalné pokrocCily nalez
(258,263).

Cast&jsimi vykony jsou resekce TC nebo AH oproti méné astym resekcim AMS
(6,258). Stran samotné operacni techniky je doporuCovana resekce TC az po jeho
odstup z aorty (264,265). AL a arteria gastrica sinistra mohou byt vétSinou ponechany
podvazané bez rekonstrukce, u nékterych pacientu je pak nutna splenektomie.
Nezbytna je vSak rekonstrukce AHC ¢i AHP. V pfipadé jeji nedostatecné délky,
kdy nelze zkonstruovat end-to-end anastomozu, Ize vyuzit arterialni St€p z nékteré
ztepen TC (nejcastéji AL) nebo zilni Stép (266). Zachovani arterialni perfuze jater
je v8ak zasadni a mélo by byt po vykonu kontrolovano pravidelnymi vySetfenimi
dopplerovskou ultrasonografii (DUSG). V pfipadé selhani tepenné perfuze
jater je nutné rychlé feSeni tak, aby nedoS$lo k rozvoji ischemie, nekrdz a infekénich
komplikaci spojenych s vysokou umrtnosti. Vyznamnym rizikem jsou v takovém
pfipadé i komplikace v oblasti zrekonstruovanych Zlu€ovych cest (267,268).

Od ostatnich tepennych resekci se ponékud odliSuje distalni pankreatektomie
s resekci TC, oznaCovana jako modifikovana Applebyho operace. V ramci tohoto
zakroku je resekovan distalni pankreas, slezina a TC s AHC za souasného zachovani
AHP, ktera je pak plnéna krvi z AMS cestou arteria gastroduodenalis. V pfipadé,
Ze nema cesta pres arteria gastroduodenalis dostateCny pratok, Ize prfedoperacné
provést embolizaci AHC za ucelem rozvoje dostateCného kolateralniho toku.
Modifikovana Applebyho operace tak umoznuje radikalni resekci tumorQ téla nebo
ocasu pankreatu infiltrujicich TC nebo AHC (258). Systematické review zahrnujici 240
pacientu po tomto vykonu zjistilo 90denni mortalitu 3,5 % (269). Morbidita vSak zUstava
vysoka a navic dalSi prace hodnotici pacienty z 20 center ve 12 evropskych zemich
prokazala vyrazné vysSi mortalitu 16,4 % (270). Vykon je tedy spojen s rizikem
zavaznych komplikaci a mél by byt provadén jen ve specializovanych centrech.

Pomérné vzacna je resekce AMS. V dokumentovanych pfipadech byl vétSinou
k jeji nahradé pouzit Zilni Stép zvena saphena. Jedna se o naroCny vykon,

Casto kombinovany s resekci VP/VMS. Mortalita v pribéhu hospitalizace dosahuje
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20 % a median OS 11 mésicu je srovnatelny s pfezitim pfi paliativni |é€b& modernimi
chemoterapeutickymi rezimy (271).

V pfipadé podezfeni na infiltraci tepenného fecisté by mél byt vzdy zvolen
tzv. artery first pfistup. Tato operacCni strategie umozZriuje v€asné posouzeni,
zda je postizeni tepenného fecisté skutecné pfitomno, zda je pfipadna resekce mozna
a jak dlouhy usek tepny by bylo potfeba resekovat. NejCastéji se tento pristup uplatiuje
pfi podezfeni na infiltraci AMS a umoznuje vyhodnoceni jeSté pfed provedenim
jakéhokoli nevratného kroku (258). Preparaci AMS Ize provést napf. po otevieni
retroperitonea v oblasti Treitzova ligamenta (ligamentum suspensorium duodeni),
poté Ize postupovat po tepné centralné az k jejimu odstupu z aorty. Existuji vSak i dalSi
doporucené postupy k oziejméni pfipadné infiltrace AMS, jako je preparace z jeji
pravé strany €i supramezokolicky pfistup (272-274). Obdobnou evaluaci Ize provést
i pfi podezieni na infiltraci TC ¢&i AHC, neni vSak oficialné definovana.
Pfipadné ohledani TC muze byt v nékterych pfipadech obtizné bez predchoziho
protnuti Zaludku €i duodena (258).

Nékteré nalezy s postizenim tepenného fec€isté mohou splfiovat vySe uvedenou
definici hrani¢né resekabilniho tumoru. | v téchto pfipadech by vSak méla byt nejprve
indikovana neoadjuvantni chemoterapie. V pfipadé, Zze po dokoncCeni této IéCby
nedoslo k progresi onemocnéni, méla by byt provedena explorace. Diky tomuto
postupu mize kolem 30 % pacientl s plvodné neresekabilnim tumorem podstoupit
radikalni resekci (275,276). Studie zkoumajici moderni rezimy neoadjuvantni |éCby
dokonce udava sekundarni resekabilitu az 60 % u pavodné neresekabilnich nalezl
(263). Pacienti, u kterych byla diky neoadjuvantni 1é€bé nasledna resekce mozna,
pak mohou mit srovnatelné OS s pacienty s primarné resekabilnim nalezem (275).

Resekce tepenného fecisté neni z dUvodu prokazané vyssSi pooperacni
morbidity standardné doporuCovana. Méla by byt indikovana pouze u vysoce
selektovanych pacientll po zvazeni moznych pfinosu a rizik a za predpokladu
provedeni ve specializovanych centrech. Standardné by méla byt v pfipadé postizeni
tepenného FeCisté nejprve indikovana neoadjuvantni chemoterapie (173).
Pacienti se stabilnim onemocnénim nebo s pozitivni odpovédi na neoadjuvantni [éCbu

by pak mohli z tepennych resekci profitovat (6).
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Kombinované cévni resekce

Technicky mozné jsou i vykony zahrnujici soucasné Zilni i tepenné resekce.
Téchto vykonl vSak bylo provedeno malé mnozstvi a nejsou dostupna vypovidajici
data o pfinosu pro pacienty. Stejné jako u tepennych resekci se tedy nejedna
o standardné doporuCené vykony, ale meély by byt individualné zvazeny.
Nesmi byt opomenuto vysokeé riziko dopadu na kvalitu zivota, ktera by pfipadné mohla

i limitovat adjuvantni chemoterapii (173).

5.6.1.4 Lymfadenektomie

Postizeni lymfatickych uzlin a jeho rozsah u pacientu s karcinomem pankreatu
ma dopad na jejich OS. Studie na 7685 pacientech z USA s resekovanym karcinomem
pankreatu prokazala, Ze odstranéni vice nez 20 uzlin je spojeno s delsim OS
oproti pfipadim, kdy bylo odstranéno 11-19 lymfatickych uzlin. Delsi OS bylo
u pacientl s vétSim poctem odstranénych uzlin prokazano nehledé na pozitivitu téchto
uzlin (277). DalSi dostupné studie poukazuji na klesajici OS pfi stoupajicim poctu
pozitivnich lymfatickych uzlin (278). Z tohoto duvodu jsou také v ramci 8. vydani
stagingu karcinomu pankreatu uvedeny 2 kategorie pro pozitivitu lymfatickych uzlin
(N1, N2) (170).

Adekvatni lymfadenektomie je dllezitou soucasti multimodalni IéEby karcinomu
pankreatu (279). Ve snaze definovat adekvatni lymfadenektomii porovnavalo nékolik
randomizovanych studii vysledky u pacientl s rozSifenou lymfadenektomii oproti
pacientim se standardni lymfadenektomii. Délka OS se vS§ak mezi skupinami neliSila
a pacienti podstupujici rozSifenou lymfadenektomii vykazovali v nékterych studiich
vySSi pooperacni morbiditu (280-282). RozSifena lymfadenektomie se také muze pojit
se zhorSenim kvality Zivota, kdy jsou pacienti postizeni chronickymi prijmy a s nimi
spojenym ubytkem hmotnosti (282). Pfinos rozSifené lymfadenektomie na OS nebyl
prokazan a studie doporucuji provadéni standardnich lymfadenektomii (283,284).
Nutno zminit, Ze nedostatkem uvedenych praci mohla byt odliSna definice rozSifené
a standardni lymfadenektomie v jednotlivych centrech (279).

V soucCasnosti se spole¢nost ISGPS kloni k pouzivani nomenklatury
lymfatickych uzlin pankreatu podle spole¢nosti Japan Pancreas Society (279,285).

Tato nomenklatura je prezentovana v tabulce €. 4.
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Spolec¢nost ISGPS se dale shodla na definici standardni lymfadenektomie
u hemipankreatoduodenektomie pro karcinom pankreatu (279). Standardni lymfa-
denektomie by méla postihnout skupiny uzlin suprapylorickych, v horni a predni
skupiné podél arteria hepatica communis, podél ductus choledochus a ductus cysticus,
vpravo lateralné podél AMS proximalné i distalné, na pfedni i zadni strané horni
i spodni Casti hlavy pankreatu. Byla definovana i standardni lymfadenektomie
v pfipadé distalni pankreatektomie, ktera by méla postihnout uzliny ve skupinach:
podél TC (pouze v pfipadé tumoru téla pankreatu), v hilu sleziny (ty byvaji odstranény
spolu se slezinou), podél proximalni i distalni ¢asti AL a podél spodni hrany pankreatu.
Takto definované lymfadenektomie by mély poskytnout alespon 15 lymfatickych uzlin,
coz by mélo byt dostateCné mnozstvi k adekvatnimu stagingu tumoru. Sjednocena
definice standardni lymfadenektomie by méla umoznit srovnani vysledku jednotlivych
studii. Definitivni rozhodnuti o mife lymfadenektomie vSak muize byt perioperaéné

ovlivnéno s ohledem na faktory konkrétniho pacienta (279).
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Tabulka ¢. 4: Prehled nomenklatury peripankreatickych lymfatickych uzlin podle Japan

Pancreas Society (285).

Peripankreatické lymfatické uzliny

Ciselné oznaceni skupina uzlin

5 suprapylorické uzliny

6 infrapylorické uzliny

7 uzliny podél arteria gastrica sinistra

8a uzliny v horni a pfedni skupiné podél
AHC

8p uzliny podélné za AHC

9 uzliny kolem TC

10 uzliny v hilu sleziny

11p uzliny podél proximalni ¢asti AL

11d uzliny podél distalni ¢asti AL

12a uzliny podél AHP

12p uzliny podél VP

12b uzliny podél ductus choledochus

12c uzliny podél ductus cysticus

13a uzliny na zadni strané horni ¢asti hlavy
pankreatu

13b uzliny na zadni strané dolni ¢asti hlavy
pankreatu

14p uzliny podél proximalni AMS

14d uzliny podél distalni AMS

15 uzliny podél arteria colica media

16 paraaortalni uzliny

17a uzliny na pfedni strané horni ¢asti hlavy
pankreatu

17b uzliny na pfedni strané dolni ¢asti hlavy
pankreatu

18 uzliny podél dolniho okraje pankreatu
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5.6.1.5 Optimalizace chirurgické lécby

Ve snaze o dalSi optimalizaci vysledku chirurgické IéCby pacientl s karcinomem
pankreatu bylo zkoumano mnozstvi Ié€ebnych modalit a postupu. Jiz vhodna indikace
pacientd k chirurgickému zakroku ma zasadni vyznam. Rizikové faktory u pacientl
podstupujicich resekci karcinomu pankreatu Ize stratifikovat jako faktory ve vztahu
k samotnému pacientovi (napf. vék, obezita, ostatni komorbidity apod.) a faktory
ve vztahu ktumoru (staging, biologické chovani tumoru). ZkuSenost pracovisté
vyplyvajici z mnozstvi provadénych vykonu je dalSim dualezitym faktorem (162).
Byl prokazan vztah mezi po¢tem provedenych vykonl v daném centru a perioperacni
mortalitou u rizikovych chirurgickych vykonu (286). Data jedné ze studii poukazuji
vykonl. Jedna se o studii srovnavajici némecka pracovisté, do které byli zarazeni
pacienti po resekci pankreatu operovani mezi lety 2009 a 2014 (287).

Podle nékolika monocentrickych studii neovliviiuje vys$Si vék pacientl jejich
dlouhodobé celkové preziti po hemipankreatoduodenektomii, pokud jsou k vykonu
adekvatné indikovani (288,289). Ani vétSi prospektivni randomizované studie
neprokazaly, Ze by samotny vék byl nezavislym prognostickym faktorem OS u pacientu
po resekci karcinomu pankreatu (290,291). Pouze vék pacienta bez zvazeni vyse
uvedenych rizikovych faktor( by tak nemél byt ddvodem k neindikovani chirurgické
léCby karcinomu pankreatu (162).

| pfes snizeni mortality v poslednich dekadach na jiz zminénych 3-5 % zUstava
hemipankreatoduodenektomie spojena s vysokou mirou morbidity pohybujici se kolem
40 % (208,209). Mezi typické komplikace, které se mohou vyskytnout po hemi-
pankreatoduodenektomii se fadi pankreatické piStéle, opozdéné vyprazdnovani
Zaludku, krvaceni, biliarni leak a dalSi méné specifické komplikace, jako jsou napf.
nitrobfisni €i ranné infekce (12,292). K opozdénému vyprazdfiovani zaludku dochazi
u 2040 % operovanych (293). Ve vétdiné pfipadd se tato komplikace feSi
konzervativné, musi vSak byt vylou€ena obstrukce gastrointestinalniho traktu (12).
Krvaceni Ize rozdélit na peroperacni a pooperacni. Ke krvacivym komplikacim dochazi
u méné nez 10 % pacientd, ale jsou pfiCinou pooperaéniho umrti az ve 44 % pfipadu.
V pribéhu operace muze dojit k vétSim krevnim ztratam zejména pfi preparaci VP.
PfiCinou pooperacniho krvaceni v prvnich 24 hodinach po vykonu byva technické

selhani podvazu nékteré z cév. Ke krvaceni s delSim odstupem po operaci mize dojit
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z davodu digesce cév retroperitonea, jako je napf. pahyl arteria gastroduodenalis,
v dusledku biliarniho a pankreatického leaku. OSetfeni krvaceni Ize provést
radiointerven¢né nebo chirurgicky (294). Nize bude podrobnéji rozebrana
problematika pooperacnich pankreatickych pistéli, které jsou nejCastéjSi zavaznou
komplikaci nejen po hemipankreatoduoodenektomii, ale i po ostatnich resekcnich

vykonech na pankreatu (295).

Pooperacni pankreatické pistéle

Spole¢nost ISGPS vroce 2016 aktualizovala svou pfedchozi definici
pankreatickych pistéli zroku 2005. Dle nové definice je za pankreatickou pistél
povazovan stav, kdy drenaz odvadi tekutinu s vice nez tfikrat vyssi hladinou amylazy
oproti sérové hladiné. Pistéle dfive klasifikované jako typ A jsou nyni oznacovany
vzhledem k absenci klinického dopadu jako biochemicky leak. Pistéle typu B a C
jsou takové, jejichz feSeni vyzaduje odboCeni od standardni pooperacni péce. B
pistéle vyzaduji bud ponechani drénu po dobu delSi nez 3 tydny, nebo zavedeni nové
drenaze perkutanné Ci endoskopicky. Pistéle typu C jsou takové, které je nutné resit
reoperaci nebo zpusobi selhani jednoho ¢i vice organt i umrti (296).

Pankreatické pistéle (tedy typ B a C) se po hemipankreatoduodenektomii
i distalni pankreatektomii vyskytuji u pfiblizné 20 % pfipadd. V ramci prevence
byla posuzovana technika anastomozy pankreatu na gastrointestinalni trakt i technika
transekce nebo uzavéru pankreatu pfi distalni pankreatektomii. Nebyl prokazan rozdil
v Cetnosti pistéli u anastomdz pankreatu na jejunum nebo na Zaludek (297,298).
Studie poukazuji na vySSi Cetnost intraabdominalnich kolekci v pfipadé volby
pankreato-jejuno anastomédzy (299,300). U pankreato-gastro anastomédzy jsou naopak
uvadény nevyhody v podobé vysSi incidence opozdéného vyprazdnovani Zaludku,
rizika obstrukce pankreatického vyvodu pfertstanim zaludecni sliznice, horsi exokrinni
funkce pankreatu a atrofie jeho pahylu. Vliv na ¢etnost pankreatickych pistéli nema
ani uziti stentu nebo technika konstrukce anastomézy. V souCasnosti tedy neni zadny
doporuc€eny typ pankreatické anastomoézy, ktery by byl podloZzen lepSimi vysledky.
Rozhodnuti by mélo zalezet na zkuSenostech pracovisté a chirurga a také
na perioperacnim zhodnoceni tak, aby byla anastomdza pfi Siti dobfe dostupna
a nebyla ischemizovana (162,200,301).
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V pfipadé distalni pankreatektomie nebyl prokazan rozdil v incidenci pistéli
pfi staplerové resekci nebo pfi ruéné presitém pahylu pankreatu (302). Riziko
nesnizuje ani prekryti arteficialnimi fibrinovymi materialy. Byl vSak prokazan vliv
prekryti resekéni linie autologni vaskularizovanou tkani, jako je napf. ligamentum teres
nebo omentum. V pfipadé vyuziti autolognich tkani byla snizena incidence
pankreatickych pistéli, a to zejména typu B a C, které maji klinicky dopad (303).
Dale bylo prokazano snizeni rizika pankreatickych pistéli, pokud je pfed distalni
pankreatektomii pomoci endoskopie do oblasti Oddiho svérace injikovan botulotoxin,
¢imz dojde ke snadnéjSimu odtoku pankreatické stavy do duodena. Studie vSak zatim
probéhla jen na malém poctu pacientld (304). Aplikace somatostatinovych analog
perioperacné a v ¢asném pooperacénim obdobi prokazatelné sniZuje riziko vzniku
pooperacnich pankreatickych pistéli po chirurgickych zakrocich na pankreatu.
Efekt ovSem nebyl statisticky signifikantni v pfipadé posouzeni pouze klinicky
vyznamnych pistéli a nebyla snizena celkova mortalita. Vzhledem k cenové
dostupnosti a absenci zavaznych vedlejSich ucinku je ale aplikace somatostatinovych
analog doporu¢ena (305). Ve vztahu k pankreatickym pistélim je diskutovano
i vyuzivani drénl. Predpokladalo se, ze profylakticka intraperitonealni drenaz
je pfinosna vzhledem k moznosti odvést pripadny pankreaticky leak.
Studie z poslednich let ovSem poukazaly na shodnou pooperacni morbiditu

i mortalitu v pfipadé vyuziti i nevyuZiti profylaktické drenaze (306,307).

Drenaz Zluéovych cest

Jak bylo uvedeno, vétSina karcinomU pankreatu vychazi z oblasti hlavy
pankreatu a muze se tak projevit obstrukci zluCovych cest. Predpokladalo se,
Ze cholestaza muze negativné ovlivnit jaterni funkce a zvysit perioperaéni mortalitu.
Zajisténi derivace Zluci stentazi ZluCovych cest pfi ERCP se tak stala béZnou praxi
u pacientd s obstrukci zlu€ovych cest pred planovanou resekci karcinomu pankreatu.
V Nizozemsku provedena prospektivni randomizovana studie vSak prokazala,
Ze rutinni stentaz ZluCovych cest je spojena s vysSi perioperacni morbiditou (308).
Rutinni stentaz Zlu€ovych cest tak neni doporu€ena. Do studie byli zahrnuti pacienti
se sérovou hladinou bilirubinu 40-250 pmol/l. Doporuceni tedy nelze aplikovat
na pacienty s vy$Si hodnotou bilirubinu a samoziejmé zlstava indikace k zajisténi

derivace ZIu€i u pacientl s cholangoitidou. Dale by méla byt derivace zajisténa
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i u pacientu, ktefi nemohou operaci podstoupit do 2 tydn(, coz jsou i pacienti indikovani

k neoadjuvantni chemoterapii (309).

Miniinvazivni chirurgie

Miniinvazivni chirurgické vykony (laparoskopie a roboticka chirurgie) jsou
spojeny s méné zavaznym operacnim traumatem, umoznuiji rychlejSi rekonvalescenci
a kratSi dobu hospitalizace. V ramci |éCby karcinomu pankreatu vSak v sou€asné dobé
nejsou dostupna dostateCné vypovidajici data o pfinosu miniinvazivni chirurgie.
Studie z Evropy i USA poukazuji, ze kolem 30 % distalnich pankreatektomii
pro karcinom pankreatu je indikovano k miniinvazivnimu vykonu, konvertovano
k otevienému vykonu je pak 19-27 % pripadl (310,311). Devadesatidenni mortalita
miniinvazivni distalni pankreatektomie je dle uvedenych studii mezi 2 a 3 %.
Délka hospitalizace je kratSi oproti oteviené distalni pankreatektomii a celkové preziti
se mezi obéma typy operacniho pfistupu neliSi. Miniinvazivni hemipankreato-
duodenektomie je technicky narocny vykon, ktery je provadén vyrazné méneé Casto nez
distalni pankreatektomie. Operacni ¢as je u tohoto vykonu delSi oproti otevienému
pfistupu. Byla prokazana kratSi doba hospitalizace, to vS8ak za cenu castéjSiho
znovupfijeti k hospitalizaci (312). Miniinvazivni pfistup je tak vramci chirurgie
karcinomu pankreatu u vybranych pacientd proveditelnou modalitou. Zejména
v pripadé tumord hlavy pankreatu vSak doposud nebyl prokazan signifikantni pfinos
(313).

Totalni mesopankreaticka excize

Jak bylo zminéno v ¢asti o radikalité vykonu, R1 resekce je u pacientl
s karcinomem pankreatu negativhim prognostickym markerem celkového preziti
(212). RO resekci urCenych dle soucasné doporucené definice, byva ale dosazeno
pouze u 20—-40 % vykonu (162). NejCastéjSi je pozitivita detekovana na medialnim
okraji (¢i medialni strané pankreatu) v misté prichodu VMS (314). Lokalni rekurence
je pak prvnim pfiznakem relapsu onemocnéni po pfedchozi chirurgické resekci
u 20-50 % pacienta (315). Perineuralni invaze je prokazatelné spojena s vySSim
rizikem rekurence a horsi prognézou pacientll po resekci karcinomu pankreatu (316).
Incidence perineuralni invaze je u karcinomu pankreatu jedna z nejvysSich

v porovnani s ostatnimi malignitami, studie ji udavaji u 77-79 % resekatu (316-318).

60



Za ucCelem dosazeni vySSi radikality byly navrzeny jiz zminéné rozSifené
lymfadenektomie, které v3ak neprokazaly pfinos pro dlouhodobé celkové preziti
(283,284). V poslednich letech je pak hojné diskutovana technika totalni
mesopankreatické excize. Tato technika nema za cil rozSifeni lymfadenektomie,
ale odstranéni retropankreatické tkané obsahuijici nervové plexy, a tim padem zvysSeni
procenta RO resekci (213).

Termin mesopankreas prvné definoval Gockel jako perineuralni lymfatickou
tkan lokalizovanou dorzalné za hlavou pankreatu a zasahujici az za VMS a AMS (319).
Za pankreatem a v okoli zminénych cév se nachazi tukova tkan obsahujici krevni
a lymfatické cévy, lymfatické uzliny a nervova vlakna. Z hlediska jejiho embryonalniho
pavodu se vétSina autorl shoduje na jejim oznacdeni pojmem mesopankreas.
Jednotlivi autofi se vSak v pfesné definici mesopankreatu rozchazeji (213).
Agrawal ve své anatomicko-patologické studii poukazuje na absenci peritonealnich
nebo fibréznich listl, které by struktury mesopankreatu ohraniCovaly, a termin
meso- tedy nepovazuje za spravny (320). Dale upozorfiuje na nemoznost kompletniho
odstranéni této tkang, a to pravé z dlivodu absence ohraniceni vrstvou pojivové tkané.
Retropankreaticka oblast je mistem splynuti mesoduodenum dorsale a zadniho listu
retroperitonea (Treitz’s fusion fascia), pfechazi svym obsahem, jako jsou zminéné
cévy a nervové plexy, v para-aortickou oblast. Absence anatomickych hranic této
oblasti tak mize souviset se Sifenim malignich bunék ve zminénych oblastech (320).

Bylo prokazano, Ze odstranéni mesopankreatu pfi hemipankreato-
duodenektomii pro karcinom pankreatu zvySuje procento RO resekci (321-323).
lokalni i celkové rekurence a del§i bezpfiznakové preziti u pacientd po totalni
mesopankreatické excizi oproti pacientim po konvenéni hemipankreato-
duodenemktomii (323). Rozdilné jsou ovSem publikované operacni postupy
mesopankreatické excize (213). Inoue ve své publikaci klasifikuje mesopankreatickou
excizi do 3 urovni a provadi ji u poslednich 2 udrovni spole€né s resekci Casti
proximalniho mesojejuna, coz odlvodnuje odstupem proximalnich jejunalnich arterii
z AMS ve stejné oblasti jako odstupuji arteriae pancreaticoduodenales inferiores
(324). Tzv. prvni stupenn mesopankreatické excize je definovan odstranénim tkani
lateralné a dorzalné od VMS. Prvni stuperi umozfiuje ponechat nervovy plexus kolem

AMS bez nutnosti preparace na levé strané AMS a umoZznuje ponechat mesojejunum.
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Tento stupen excize Inoue voli u diagn6éz, u kterych neni obecné indikovana
lymfadenektomie, tedy napf. u premalignich 1ézi nebo u sekundarnich tumord
pankreatu. Excize druhého stupné se odliSuje podvazem  arteriae
pancreaticoduodenales inferiores pfi jejich odstupu na dorzalni strané AMS, kde Casto
odstupuiji jako spole¢ny kmen s jejunalnimi arteriemi. Je tak nutna resekce i pfislusné
Casti mesojejuna. Druhy stupen excize autor indikuje u periampularnich malignich
tumoru, karcinomu distalnich Zlu€ovych cest a duodena. Treti stupen excize zahrnuje
navic resekci neuralniho plexu po pravé poloviné obvodu AMS, a to en-bloc
se zbytkem preparatu. Opét je resekovana i pfislusna ¢ast mesojejuna. Tento posledni
stupen je pak indikovan pravé u invazivniho karcinomu pankreatu €i u pokrocilého

karcinomu distalnich ZluCovych cest (324).

5.6.2 Onkologicka lééba

Karcinom pankreatu je v porovnani s ostatnimi malignitami, jako je napf. kolo-
rektalni karcinom nebo karcinom prsu, vuci chemoterapii pomérné refrakterni.
| tak se vSak chemoterapie uplatiuje v léCbé vSech stadii karcinomu pankreatu.
Resekce tumoru v kombinaci s adjuvantni chemoterapii je jedinou potencialné
kurativni IéCbou. VétSina pacientl ma vSak jiz v dobé diagnézy lokalné pokrodily tumor
nebo vzdalené metastazy a jedinou moznosti 1éCby je tak paliativni chemoterapie.
| po resekci tumoru vSak u velké Casti pacientd dojde k recidivé a jsou pak IéCeni
paliativni chemoterapii. Stale vice se také uplatfiuje chemoterapie neoadjuvantni,
a to zejména v pfipadé hrani¢né resekabilnich nebo lokalné pokrodilych tumord.
LepSi odpovéd na chemoterapii byla zaznamenana u modernich agresivnich rezimi
léCby, ovSem tyto mohou byt indikovany pouze u pacientl v dobrém celkovém stavu
(3,5).

5.6.2.1 Paliativni chemoterapie

U pacientd se vzdalenymi metastazami, s lokalné pokrocilymi tumory
nebo v pfipadé rekurence byva indikovana  paliativni chemoterapie.
Studie publikovana v roce 1997 porovnavala pacienty |éCené v paliativnim rezimu
gemcitabinem oproti pacientim IéCenym  5-fluorouracilem (5-FU) (325).

Bylo prokazano, Ze gemcitabin umoznil prodlouzit median celkového preziti
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z4,4 mésicl u 5-FU na 5,7 mésicu a jednoleté celkové preziti bylo prodlouzeno
ze 2 % na 18 %. Gemcitabin byl také tolerovan Iépe nez 5-FU. Vysledky naznacuiji,
Ze u nékterych pacientl je odpovéd na IéCbu gemcitabinem vyraznéjsi, ale bohuzel
nebyla nalezena cesta, jak tyto pacienty identifikovat. Gemcitabin se tak stal
standardem paliativni 1éCby (5,325). Byly zkoumany i terapeutické rezimy kombinujici
gemcitabin napf. s cisplatinou, oxaliplatinou nebo kapecitabinem. Zadné z uvedenych
kombinaci vSak nevykazovaly lepSi vysledky nez gemcitabin v monoterapii (5,326).
Az vroce 2011 byly publikovany vysledky studie srovnavajici efekt chemoterapie
FOLFIRINOX (kombinace leukovorinu, irinotekanu, oxaliplatiny a 5-FU) u pacient(
s metastatickym karcinomem pankreatu oproti gemcitabinu (327). Tato studie
prokazala vyznamné delSi celkové preZiti po aplikaci FOLFIRINOXu a to s medianem
11,1 mésicl oproti 6,8 mésiclim v pfipadé gemcitabinu (327). Dale pak byl prokazan
vyraznéjSi efekt terapie kombinujici gemcitabin s nab-paklitaxelem (nanoparticle
albumin-bound paklitaxel — nanocCastice paklitaxelu vazané na albumin) oproti
samotnému gemcitabinu (328). Nab-paklitaxel byl vyvinuty za ucelem snizeni toxicity,
ale bylo prokazano, Ze napf. vIéCbé karcinomu prsu je také ucCinngjsi (329).
| tak se vSak oba posledné zminéné chemoterapeutické rezimy pro paliativni 1éCbu
(FOLFIRINOX a nab-pakli-taxel/gemcitabin) poji s vyznamnou toxicitou a mély
by byt nabizeny pacientiim v dobrém celkovém stavu. FOLFIRINOX je pak indikovan
zejména u pacientld s hodnotou ECOG performance status 0 a 1 bez limitujicich
komorbidit, zatimco nab-paklitaxel-gemcitabin mize byt indikovan i u nékterych
pacientl s ECOG performace status 2 (3).

| pfi indikaci zminénych agresivnich protokolu Ié€by dochazi u vétsiny pacientu
jiz v pribéhu paliativni I1éEby nebo po jejim dokonceni, k progresi onemocnéni (3).
Vétsinou jsou tito pacienti v hor§im celkovém stavu, ale ¢ast z nich je schopna
podstoupit chemoterapii druhé linie (5). Doposud bylo dokonfeno jen omezené
mnozstvi studii zabyvajici se druhou linii 1éCby. Pfi jeji indikaci zalezi na chemo-
terapeutickém rezimu, ktery byl podavan v ramci prvni linie 1é¢by. U pacientu Ié€enych
v prvni linii chemoterapii na bazi gemcitabinu se jevi jako nejvyhodnéjsi irinotekan Ci
oxaliplatina, a to bud v monoterapii nebo v kombinaci s 5-FU a leukovorinem.
Naopak u pacientl, kterym byl vprvni linii podavan FOLFIRINOX,
se jevi jako vhodna terapie druhé linie 1é€ba na bazi gemcitabinu (330,331).

Chemoterapie druhé linie je tolerovana pacienty, ktefi si udrZeli dobry celkovy stav
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nehledé na progresi onemocnéni po prvni linii 1éCby. Median pfeZziti po progresi
onemocnéni po prvni linii Ié€by se v poslednich desetiletich prodlouzil z 2—3 mésicu
na 4-5 mésicl. Dle studii z poslednich let pak dokonce i na vice nez 6 mésicu
(3,332,333).

5.6.2.2 Adjuvantni chemoterapie

Bez adjuvantni chemoterapie dochazi po pFfedchozi chirurgické Iécbé
s kurativnim zamérem k relapsu onemocnéni a umrti az u 90 % pacientl (334).
Jiz studie ze 70. let prokazala benefit pro pacienty, ktefi po resekci karcinomu
pankreatu podstoupili konkomitantni chemo-radioterapii na bazi 5-FU oproti
pacientim, ktefi byli pooperatné pouze sledovani (335). Studie ESPAC-1,
do které byli randomizovani pacienti mezi lety 1994—-2000, pak sice nepotvrdila pfinos
chemo-radioterapie, ale prokazala pfinos adjuvantni chemoterapie 5-FU po RO
i R1 resekci (3,336). Pfinos oproti samotné observaci po resekci karcinomu pankreatu
byl prokazan i pfi adjuvantnim podavani gemcitabinu (337). Pfi porovnani gemcitabinu
s 5-FU v ramci studie ESPAC-3 pak nebyly prokazany vyznamné rozdily v celkovém
Gemcitabin se tak stal adjuvantni Ié€bou preferovanou vétSinou onkologu (5).

Studie ESPAC-3 dale pfinesla i vysledky tykajici se naCasovani adjuvantni
chemoterapie. Nebyl prokazan rozdil v celkovém preziti mezi pacienty, u kterych byla
zahajena adjuvantni Iécba do 8 tydnu po operaci, a pacienty, u kterych byla
chemoterapie zahajena mezi 8. a 12. tydnem. HorS$i vysledky vSak byly zaznamenany
u pacientu, ktefi nedokoncili vdechny planované chemoterapeutické cykly (339).
Adjuvantni chemoterapie by tak méla byt odloZzena az do obdobi 12 tydna po operaci,
pokud neni pacient v dostatecné dobrém stavu, aby absolvoval vSechny cykly (5).

Pfinos gemcitabinu byl dale zkouman, a to i v kombinované terapii
s capecitabinem. Recentni studie ESPAC-4 publikovana v roce 2017 srovnavala
monoterapii gemcitabinem s kombinovanou terapii gemcitabin-kapecitabin (291).
Kombinovana terapie byla prokazana jako ucinngjsi, pfi€emz pacienti vykazovali
pétileté OS 28,8 %, oproti 16,3 % v pfipadé monoterapie. Nutno podotknout,
ze do souboru byli zafazeni pacienti, z nichz 80 % bylo hodnoceno jako N1 a 60 %
jako R1 (nebyl splnény 1 mm bezpecnostni okraj). V ramci zmirnéni dopadu toxicity

podavané kombinované chemoterapie byla davka capecitabinu v pfipadé potieby
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snizovana. V pfipadé kombinované terapie tak bylo sice zaznamenano vice pfipadu
komplikaci spojenych s toxicitou oproti monoterapii gemcitabinem, ovSem tyto
komplikace byly ve vétSiné pfipadld zvladnuté pravé snizenim davky capecitabinu
(291). Kombinovana adjuvantni chemoterapie gemcitabin-capecitabin je tak od roku
2017 doporuCena spoleCnosti American Society of Clinical Oncology (ASCO)
u pacientl s potencialné kurabilnimi nadory pankretu (340).

V souCasné dobé jsou vyhodnocovany moderni chemoterapeutické rezimy
jako je napf. mFOLFIRINOX (modifikovany FOLFIRINOX — li§i se od FOLFIRINOXu
pozménénim davky jednotlivych sloZzek za ucelem snizeni toxicity). Randomizovana
prospektivni studie na 493 pacientech srovnavajici adjuvantné podavany mFOLFINOX
nebo gemcitabin prokazala del§i DFI (21,6 mésicu oproti 12,8 mésicim) a delsi OS
(median celkového preziti 54,4 mésicl oproti 35 mésiclm) pro skupinu,
které byl podan mFOLFIRINOX (341). Nutno uvést, Ze mFOLFIRINOX byl spojen
s vy$Si toxicitou (75,9 % pfipadu toxicity 3. a 4. stupné&) ve srovnani s gemcitabinem
(52,9 % pfipadu toxicity 3. a 4. stupné) (341). ASCO tak doporucuje mFOLFIRINOX
u vS8ech pacientl po resekci karcinomu pankreatu, ktefi nepodstoupili neoadjuvantni
chemoterapii a ktefi jsou v dobrém celkovém stavu bez zvySenych rizik toxicity (342).

Dalsim z modernich rezimd je gemcitabin kombinovany s nab-paklitaxelem.
Studie APACT srovnavajici adjuvantni podani nab-paklitaxelu s gemcitabinem
oproti samotnému gemcitabinu u karcinomu pankreatu poukazuje na delSi
bezpfiznakové preZiti v pfipadé kombinované léCby. K hodnoceni celkového preZiti
vSak zatim nejsou data kompletni (343).

Vzhledem k moznostem nékolika uvedenych rezim( adjuvantni chemoterapie
by mél pfi jeji indikaci hrat roli celkovy stav pacienta. Toto plati zejména pro vybér prvni
linie 1éCby (5). Springfeld ve svém review uvadi, ze pacienti s ECOG skore nula nebo
jedna by méli byt indikovani k adjuvantni terapii mFOLFIRINOX, pokud vSak maji
napf. chronické prajmy, diabetickou neuropatii nebo zavazné onemocnéni srdce
v anamnéze, mél by byt indikovan gemcitabin s capecitabinem. Pro pacienty s ECOG
skére dva je pak v prvni linii vhodny samotny gemcitabine. Druha linie 1éCby
by pak méla byt vybrana na zakladé odpovédi na |éCbu prvni linie a podle pfipadné
toxicity (5).

65



5.6.2.3 Neoadjuvantnti chemoterapie

Neoadjuvantni chemoterapie je léCbou zejména pro pacienty s hrani¢né
resekabilnimi a také lokalné pokroCilymi tumory. Jeji uplatnéni se vSak zkouma
i v pfipadé primarné resekabilnich tumord. Neoadjuvantni rezimy jsou stale vice
vyuzivany vzhledem k vysokému procentu neresekabilnich tumort v dobé diagndzy
a vzhledem ke komplikacim po resekénich vykonech na pankreatu. Oproti adjuvantnim
rezimim je také neoadjuvantni terapie lépe tolerovana. Cilem neoadjuvantni terapie
je kromé downstagingu tumoru i odstranéni cirkulujicich nadorovych bunék a mikro-
metastaz. Méla by se také zvysit pravdépodobnost RO resekce. Pacienti, u kterych
karcinom pankreatu progreduje i v pribéhu neoadjuvantni chemoterapie,
pravdépodobné nebudou profitovat ani z chirurgické 1éEby. Nevyhodou muze byt
naopak toxicita neoadjuvantni terapie, ktera muze zhorSovat vysledky chirurgické
lécby (344).

Neni ovSem stale dostatek dat z prospektivnich randomizovanych studii
hodnotici skute€ny pfinos neoadjuvantni chemoterapie (3). Prvni randomizovana
studie zkoumajici pfinos neoadjuvantni chemoterapie byla pfedCasné zastavena
vzhledem k malému mnozstvi pacientl a jeji vysledky nebyly statisticky signifikantni
(345). Probihajici studie ESPAC 5-F zkouma pfinos neoadjuvantni chemoterapie
u pacientd s hrani¢né resekabilnim karcinomem pankreatu. Dle prabéznych vysledku
bylo prokazano vyznamné delSi OS pacientl, ktefi podstoupili neoadjuvantni l1écbu
oproti pacientum indikovanych primarné k resekci (jednoleté OS 77 % oproti 40 %)
(346).

Pro neoadjuvantni terapii muze byt vyuzita napf. chemoterapie na bazi
gemcitabinu, nebo FOLFIRINOX. Nékolik center ve svych publikacich uvadi vysoka
procenta resekability i u plvodné lokalné pokroc€ilych tumord po terapii
FOLFIRINOXem (263,347). Jedno z center dokonce uvadi az 60% resekabilitu
u pacientd, kterym byl neoadjuvantné podavan FOLFIRINOX, a to i pfes to, ze 50 %
zafazenych pacientll mélo plvodné neresekabilni tumory z duvodu vzdalenych
metastaz (263). Dilezité je zminit, Zze efekt neoadjuvantni l1éCby nelze posuzovat
pouze na zakladé zobrazovacich metod, ale dullezity je multidisciplinarni pfistup
a provedeni chirurgické explorace. V pfipadé, Ze nejsou jasné znamky progrese
onemocnéni po neoadjuvantni |éCbé, méla by byt indikovana pravé chirurgicka

explorace (3).

66



V soucasnosti probihaji i studie hodnotici vliv neoadjuvantni chemoterapie
u primarné resekabilnich tumortd. Jedna se o studii NEOPAC, ktera srovnava
neoadjuvantni 1é€bu gemcitabinem s oxaliplatinou nasledovanou adjuvantnim
podanim gemcitabinu proti samotné adjuvantni terapii gemcitabinem (348).
Studie NEOPA pak srovnava neoadjuvantni chemoradioterapii s primarni chirurgickou
[éCbou (349). Je tedy mozné, Ze se prokaze pfinos neoadjuvantni 1€Cby i v terapii

primarné resekabilnich nadort.

5.6.3 Lokalni terapie

Pacientl s hrani¢né resekabilnim ¢&i s lokalné pokrocilym karcinomem
pankreatu je pomérné velké procento, studie uvadéji 30-40 % vSech
diagnostikovanych (334). V pfipadé, Ze nedojde po neoadjuvantni |éCbé k progresi
tumoru a zarover tumor neni resekabilni, existuje nékolik moznosti tzv. lokalni ablacni
terapie scilem zmenSeni tumoru, snizeni jeho viability Ci s cilem lokalni
symptomatické IéCby. Mezi metody lokalni ablacni terapie patfi napf. ireverzibilni
elektroporace, radiofrekvencni ablace, stereotakticka radioterapie (SBRT
— stereotactic body radiation) nebo silny fokusovany ultrazvuk (HIFU — high intensity
focused ultrasound). Vzhledem k absenci randomizovanych studii vSak doposud nelze
adekvatné posoudit pfinos téchto modalit. Mohlo by se ale do budoucna jednat o dalSi
moznosti terapie u pacientl s lokalné pokrocCilymi tumory (3). Nékteré z uvedenych

metod mohou byt vyuZity i u pacientl s lokalni rekurenci karcinomu pankreatu (350).
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6 Experimentalni ¢ast

6.1 Cile

Cilem dizertacni prace bylo:

1. etablovat experimentalni model hemipankreatoduodenektomie s rekonstrukci
VP na velkém zvireti

2. porovnat mikroskopickou strukturu alogennich Zilnich stépu VP a VCI pouzitych
k rekonstrukci VP v ramci tohoto modelu

3. posoudit pfipadné rozdily v chovani téchto §tépu, které by mohly ovlivnit kvalitu
rekonstrukce VP

4. pomoci matematického modelovani identifikovat technické faktory, které maji

vliv na rozvoj trombdzy VP v ramci jeji rekonstrukce
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6.2 Metodika

6.2.1 Legislativa

Experiment byl proveden dle platné legislativy a s povolenim Ministerstva
zemédélstvi Ceské republiky. Byly dodrzeny stavajici pfedpisy a smérnice pro chov
a veédecké vyuziti zvifat v souladu se zakonem ¢. 246/1992 Sb., upravenym
vyhl. €. 207/2009 Sb., s naslednym vykladem k vyhlasce ¢. 39/2009 Sb.

6.2.2 Experimentalni skupiny

Jako experimentalni zvife bylo zvoleno prase domaci (Sus scrofa domesticus),
plemeno Prestické Cernostrakaté prase pro jeho anatomickou a fyziologickou
podobnost Clovéku a dobré zkuSenosti stimto plemenem vramci prfedchozich
experimentd na naSem pracovisti. Byla vyuzita zdrava zvifata obou pohlavi
0 hmotnosti 24—-36 kg.

Zvifata byla rozdélena na dvé skupiny pfijemca allogennich Zilnich $tépu
a na jednu skupinu darct téchto $tépl. Vzhledem ke korelaci s humanni chirurgii,
byly v ramci experimentu misto termind vena cava caudalis a cranialis u prasete
pouzity terminy z humanni anatomie, tedy VCI a vena cava superior (VCS). U zvifat
ze skupin pfijemcu (skupina VP a VCI) byla provedena pylorus Setfici hemipankreato-
duodenektomie s resekci portalni Zily. Ve skupiné VP (n=13) byl k rekonstrukci VP
vyuzit alogenni stép VP, ve skupiné VCI (n=13) byl pak vyuzit §tép VCI. Kazdé zvife
ze skupiny darcl (n=13) poskytlo 1 §tép VP a 1 stép VCI.

6.2.3 Imunokompatibilita darct a prijemct Stépu

Za ucelem minimalizace dopadUl pfipadné imunologické nekompatibility zvirat
byli vzdy oba pfijemci testovani s pfislusnym darcem formou standardnich krevnich
kfizovych zkousek. Odstfedénim nesrazlivé krve byly oddéleny erytrocyty testovanych
zvifat a ty byly nasledné rozpustény jednak ve fyziologickém roztoku a jednak
v autologni krevni plazmé. Uvedené roztoky erytrocytl pfijemct pak byly smichany
s plazmou darcl. Stejnym principem byly smichany i erytrocyty darcu s plazmou

prijemcd. V pfipadé, Zze po odstfedéni téchto smési nedoSlo k aglutinaci u zadné
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kombinace, byl vysledek kfizové zkousky hodnocen jako negativni. Metodika kfizové
zkousky byla ovéfena na vzorcich humanni krve dvou nekompatibilnich skupin,
u kterych doslo k aglutinaci. VSechna experimentalni zvifata vSak pochazela z jednoho
chovu a vSechny provedené zkousky byly negativni, ¢imz byla prokazana kompatibilita
krevnich skupin. K provedeni kfizovych zkouSek bylo pfikroCeno i presto,
Ze pfi klinickém vyuziti allogennich cévnich stépu se bézné tato zkouska neprovadi.
V ramci experimentu vSak bylo vhodné eliminovat potencialni riziko i klinicky

nevyznamné nekompatibility.

6.2.4 Premedikace a celkova anestezie

Pfed wuvedenim do celkové anestezie byla zvifata premedikovana
intramuskularni aplikaci 10 mg/kg ketaminu (Narkamon; Spofa a.s., Praha,
Ceska republika), 5 mg/kg azaperonu (Stresnil; Jannssen Pharmaceutica NV,
Beerse, Belgie) a 1 mg atropinu (Atropin Biotika; Hoechst Biotika, Martin, Slovenska
republika). Po premedikaci byla kanylovana periferni zila na usnim boltci zvifete.
Nasledné byla zvifata uvedena do celkové anestezie intravendzni aplikaci bolusu
2-3 mg/kg propofolu (Propofol 1%, Fresenius Kabi Norge AS, Halden, Norsko).
Celkova anestezie pak byla udrzovana kontinualnim intraven6éznim podavanim
propofolu v davce 5-10 mg/kg/hod. K zajisténi analgezie byl kontinualné intravenézné
aplikovan fentanyl v davce 1-2 ug/kg/hod (Fentanyl Torrex, Chiesi CZ s.r.o.,
Praha, Ceska republika). Dychaci cesty byly zaji$tény pfi Uvodu do anestezie
orotrachealni intubaci a zvifata byla v pribéhu anestezie mechanicky ventilovana
smési medicinalniho vzduchu a kysliku. Celkovy stav zvifete a jeho fyziologické funkce
byly monitorovany v pribé&hu vykonu sledovanim klinického stavu pomoci elektro-
kardiografie, méfenim saturace krve kyslikem pomoci pulzni oxymetrie, méfenim
parcialniho tlaku oxidu uhli¢itého ve vydechovaném vzduchu a méfenim télesné
teploty. V prubéhu operacniho vykonu byly zvifatdm podavany krystaloidni roztoky
typu Hartmannlv roztok (B. Braun Melsungen AG, Melsungen, Némecko)
a Plasma-Lyte (Baxter Healthcare Ltd., Compton, Velka Britanie). Pfed zaCatkem
chirurgického vykonu byl zvifatim jako antibioticka profylaxe podan amoxicilin
s kyselinou klavulonovou v davce 1,2 g a tato davka byla v pribéhu vykonu opakovana
kazdé 2 hodiny (Augmentin, GlaxoSmithKline, Slovakia s.r.0., Bratislava,

Slovenska republika).
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6.2.5 Odbér cévnich stépu

Alogenni Zzilni Stépy byly odebrany z jedincl zafazenych do skupiny darcu.
Po uvodu do celkové anestezie probihal odbér $tépu za aseptickych podminek.
Byla provedena stfedni laparotomie a byl vypreparovan dostate¢né dlouhy usek VP
a VCI. Zvifatim bylo intraven6zné aplikovano 20 000 IU heparinu (Heparin, Zentiva
Group a.s., Praha, Ceska republika). Nasledné& byly vyjmuty vypreparované Useky
VP a VCI, které byly po proplachnuti ve fyziologickém roztoku (FR) s heparinem
(20 000 IU heparinu/ 11 FR) skladovany v roztoku o shodném slozZeni pfi teploté
kolem 8° C po dobu 24-48 hodin. Po odebrani cévnich stépu bylo zvife usmrceno

v hluboké celkové anestezii intravenozni aplikaci kardioplegického roztoku.

6.2.6 Hemipankreatoduodenektomie a rekonstrukce vena portae

Zvitatim ze skupin pfijemca (skupina VP a VCI) byl po uvodu do celkové
anestezie nejprve implantovan port-a-cath (ProPort Plastic Venous Access System,
Deltec, Smiths Medical Deutschland GmbH, Grasnbrunn, Némecko) do podkozi
na pravé strané krku s katétrem zavedenym cestou vena jugularis dextra do VCS.
Port-a-cath byl vyuzivan v pooperacnim obdobi k podavani infuzni terapie,
intravendzni premedikaci a odbérim krevnich vzorkd. Jeho pouziti tak umoznilo
minimalizaci stresu zvifete. Nasledné byla provedena stfedni laparotomie a samotna
pylorus Setfici hemipankreatoduodenektomie, ktera probihala podle standardniho
protokolu. Jedinou odliSnosti bylo ponechani Zlu¢niku, a tim padem protnuti ZluCovych
cest na urovni ductus choledochus. K tomuto kroku bylo pfistoupeno za ucelem
eliminace zZlu€¢ového leaku vzhledem k pomérné gracilnim Zlu¢ovym cestam u prasete
domaciho. Vykon je schematicky znazornén na obrazku €. 3A, B a C. Po protnuti
ZluGovych cest byl proveden Kocheriv manévr, tedy mobilizace duodena a hlavy
pankreatu. Byla vypreparovana a nasledné protnuta arteria gastroduodenalis.
Céast D3 a D4 duodena byla uvolnéna od VMS, AMS a také v oblasti Treitzova
ligamenta. Proximalni jejunum bylo protnuto asi 20 cm za Treitzovym ligamentem
a proximalni ¢ast duodena byla protnuta pfiblizné 1 cm distalné od pyloru. Nasledné
byl vyjmuty cely preparat obsahujici duodenum, hlavu pankreatu a proximalni jejunum.
Samotna resekce VP byla provedena az v nasledujicim kroku vzhledem k absenci

tumoru pankreatu a nutnosti dokumentace anatomie portalniho fecisté pred resekci.

71



Zviteti bylo intraven6zné podano 100 IU heparinu/kg jako prevence trombotickych
komplikaci po uzavieni VP. Po 3 minutach od podani heparinu byly uzavieny VMS
a VL tésné pred jejich soutokem. VP byla uzaviena pfed jejim vstupem do jaterniho
hilu a 2-3cm usek VP byl resekovan. Pfedem odebrany alogenni Zilni $tép VP
nebo VCI byl vyjmut z FR a upraven na vhodnou délku. Tento $tép byl pak pouzit
jako interponat k rekonstrukci resekované VP. Dvé end-to-end anastomozy
byly zkonstruovany pokracujicim cévnim stehem. Jako Sici material byl vyuZit
monofilamentni polypropylenovy steh sily 5-0 (Ethicon Inc., Johnson & Johnson s.r.o.,
Praha, Ceska republika). Jest& pfed samotnou resekci VP byl pomoci posuvného
méfidla zméreny pramér VP, VMS a VL a byla pofizena fotodokumentace portalniho
feCisté. Po provedené rekonstrukci pak byla zméfena délka $tépu, primér obou
anastomoéz a opét pramér VP, VMS a VL. Znovu byla pofizena i fotodokumentace
zrekonstruované VP, ktera umoznila pozdéjsi vytvoreni geometrického modelu.
V ramci rekonstrukce kontinuity gastrointestinalniho traktu byla zkonstruovana
pankreatiko-jejuno anastomo6za end-to-side umisténa cca 2 cm od zaslepeného konce
proximalniho jejuna. Vzhledem k mékké konzistenci pankreatu a tenkému
pankreatickému vyvodu u prasete byla zvolena invaginacni technika. Pfiblizné 10 cm
distalné od této anastomoézy byla provedena choledocho-jejuno anastomoza
end-to-side. Zaludek byl napojen na jejunum formou duodeno-jejuno anastomézy
asi 30 cm distalné od anastomdzy zluCovych cest. Jako posledni pak byla
zkonstruovana entero-entero anastomoéza side-to-side dle Brauna jako prevence
vstupu Zluc€i a pankreatické Stavy do Zaludku. Laparotomie byla nasledné uzaviena

a zvifata byla po vyvedeni z celkové anestezie extubovana.
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Obrazek ¢. 3A: Priklad lokalizace tumoru v oblasti hlavy pankreatu.

Obrazek ¢. 3B: Schematické znazornéni resekatu odebraného pfi hemipankreato-
duodenektomii. V ramci experimentu nebyla oproti standardni hemipankreatoduodenektomii
provedena cholecystektomie.
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Obrazek ¢&. 3C: Rekonstrukce VP interponovanym 3&tépem a obnoveni kontinuity
gastrointestinalniho traktu pomoci pankreatiko-jejuno anastomozy, choledocho-jejuno
anastomédzy, duodeno-jejuno anastomdzy a jejuno-jejuno anastomozy dle Brauna.

6.2.7 Pooperacni péce a sledovani

Po dokonceni vykonu a nabyti védomi byla zvifata pfesunuta do vyhfivanych
kotcu, kde meéla neomezeny pfistup k vodé. Peroralni pfijem stravy byl postupné
navySovan vzhledem krozsahu vykonu na gastrointestinalnim  traktu.
Zvifata byla denné monitorovana s cilem odhaleni pfipadnych komplikaci po vykonu.
Celkova délka sledovaciho obdobi &inila 4 tydny. Prvnich 7 dni byla zvifatiim denné
cestou port-a-cath podavana infuze 250 ml 5% glukézy a 250 ml Hartmanova roztoku
(B. Braun Melsungen AG, Melsungen, Némecko). Zvifatim bylo v prvnim tydnu
také jednou denné intravendzné aplikovano 40 mg pantoprazolu (Nolpaza, KRKA
Slovensko, s.r.o0., Bratislava, Slovenska republika). Od zagatku druhého pooperacniho
tydne do konce sledovaciho obdobi byl jiz pantoprazol ve stejné davce pfidavan
do potravy. Byly provadény pravidelné odbéry krevnich vzorkl a to pfed operaci (1),
v pribé&hu vykonu tésné pred resekci VP (2), ihned po rekonstrukci VP (3), dvé hodiny
po rekonstrukci VP (4) a déle pak 7. (5), 14. (6), 21. (7) a 28. (8) pooperacni den.
Odebrané vzorky krve byly vyuzity k biochemickému stanoveni sérové hladiny

nasledujicich jaternich a ledvinnych markerld — aspartataminotransferazy (AST),
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alaninaminotransferazy (ALT), y-glutamyltransferazy (GGT), alkalické fosfatazy (ALP),
bilirubinu, urey a kreatiniu. V perioperaChim a pooperacnim obdobi byla dale
provadéna DUSG, a to pfed operaci (1), po operaci (2) a nasledné 7. (3), 14. (4),
21. (5) a 28. (6) pooperacni den (Ultrasound Scanner BK Medical, Pro Focus 2202).
V ramci téchto vySetfeni byla méfena rychlost toku krve ve VP, VMS, VL a v misté
implantovaného Zilniho Stépu. Dale byl méfen prumér VP, VMS, VL, cévnich
anastomo6z a samotného Stépu. Na konci sledovaciho obdobi, tedy 28. pooperacni
den byla zvifata opét uvedena do celkové anestezie, byla revidovana dutina bfisni,
vypreparovana rekonstruovana VP a jeji usek vcCetné interponovaného Stépu
byl resekovan a ulozen v 10% formalinu. Zvifata byla nasledné v hluboké celkové

anestezii usmrcena intravendzni aplikaci kardioplegického roztoku.

6.2.8 Histologické vysSetieni

Histologicky vysSetfeny byly jednak useky VP s interponovanym Stépem
odebrané na konci experimentu, a jednak zbytky samotnych $tépu, které nebyly
vyuzity k rekonstrukci. Uelem vySetieni bylo charakterizovat Zilni st&nu nativni VP
a VCI prasete domaciho a dale zdokumentovat morfologické zmény, ke kterym doSlo
v prubéhu 4 tydnu po implantaci alogennich §tépU téchto cév do portalniho fecisté.

V8echny odebrané Zzilni vzorky byly rozstfizeny podélné ve sméru toku krve
a napnuty na korek tak, aby byla minimalizovana jejich deformace v pribéhu fixace
a aby byla zachovana orientace cévy ve smyslu proximalniho a distalniho konce Zily.
Vzorky byly nejprve fixovany v 10% neutralnim pufrovaném formalinu a nasledné
zpracovany do parafinovych blo¢kl. Z bloCkl pak byly pfipraveny 3 um fezy. Vzorky
byly krajeny v roviné rovnobézné k podélné ose cévy tak, aby byly na fezu zastizeny
obé anastomoézy, celd délka interponovaného Stépu a i Casti VP pfijemce.
K pfehlednému vySetfeni bylo vyuZito barveni hematoxylinem a eozinem a barveni
Verhoeffovym hematoxylinem a zelenym trichromem. Byla vySetfena pfitomnost
trombu, infiltrace lymfocyty, integrita endotelialni vrstvy a vytvofeni neointimy.
Déle byla provedena specificka barveni ke kvalitativnimu i kvantitativnimu vySetfeni
konkrétnich struktur cévni stény. Barveni pikrosiriovou Cerveni a nasledné vySetreni
v kruhoveé polarizovaném svétle umoznilo vySetfeni kolagenu typu | a Il (Direct Red 80,
Sigma Aldrich, Munich, Némecko). K vySetfeni elastickych vlaken bylo vyuzito barveni

orceinem podle Tanzera (Bowley Biochemical Inc., Danvers, MA, USA).
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Imunohistochemické barveni hladkosvalového aktinu pak bylo provedeno k rozliSeni
hladkosvalovych bunék a kontraktilnich myofibroblastl v cévni sténé (Monoclonal
Mouse Anti-Human Smooth Muscle Actin, Clone 1A4, DakoCytomation, Glostrup,
Dansko, fedéni 1 : 500). Ke kvantifikaci uvedenych struktur (kolagen typu | a Il, elastin
a kontraktilni bunky) byla provedena stereologicka analyza. Jejim principem bylo
urCeni plosného podilu danych struktur ve vySetfovaném poli histologického fezu.
PloSny podil struktury byl uren pomoci bodové testovaci mfizky v systému
Stereologer (Stereology Resource Center, Inc., Chester, MD, USA). Princip spociva
v seCteni bodu mfizky, které protinaji cilovou strukturu, jako napf. burky pozitivni
na hladkosvalovy aktin. Tento pocet je pak vydélen celkovym poctem bodu mfizky
a je ziskana hodnota ploSného podilu vyjadfena v procentech. K vySetfeni ploSného
podilu konkrétni struktury v cévni sténé je také potieba definovat oblast zajmu,
ve které se tento podil u jednotlivych vzorkd stanovuje. V pfipadé Zilnich preparat
v tomto experimentu vSak nebyly jednotlivé vrstvy Zilni stény vzdy jednoznacné
rozliSitelné. V pfipadé vzorkd nativnich stépu VP byla definovana oblast zajmu v Sifi
od luminalni strany Zily aZz po vrstvu podélné orientované hladké svaloviny v tunica
adventitia. Primérna Sife oblasti zajmu pak byla u vzork( v pfipadé nativni VP 91 um.
V pfipadé nativniho $tépu VCI v8ak byla oblast zajmu stanovena v S$ifi od luminalni
strany az po zfetelnou vrstvu elastinu v tunica adventitia. Tato vzdalenost méfila
prumérné 275 um. V pfipadé vzorkl zilnich $tépl odebranych 4 tydny po implantaci
nebylo mozné bezpe&né definovat vnéjsi hranici oblasti zajmu. Sife oblasti zajmu byla
tedy u $tépu po implantaci stanovena na 600 ym od luminalni strany. Tato vzdalenost
odpovidala vzdalenosti od luminalni strany po vrstvu elastickych viaken u Stépu,
ktery mél nejtenci sténu ze vSech vySetfovanych. V pfipadé stanoveni SirSi oblasti

zajmu by se zvySovalo riziko nepfesnosti analyzy.

6.2.9 Matematické modelovani

Pro posouzeni hemodynamiky v portalnim systému po jeho rekonstrukci
interponovanym §tépem bylo provedeno nékolik matematickych modell.
Do této analyzy bylo zafazeno 5 zvifat ze skupiny VP (VP-9 — VP-13) a 5 zvifat
ze skupiny VCI (VCI-9 — VCI-13). VSechny modely portalniho fecisté byly vytvofeny
na zakladé skuteCné geometrie zaznamenané diky perioperaCnimu méfeni

a na perioperacnich fotografiich (obrazek €. 4). Pro kazdé zvife pak byly vytvofeny
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3 modely. Jednalo se vzdy o model pfedoperacni (data z perioperacniho méreni
a z fotografii pofizenych pfed resekci VP), model pooperacni (data z perioperacniho
méfeni a z fotografii pofizenych ihned po resekci VP) a model adaptovany (data
z pooperacnich DUSG predpoklad ¢asteéné adaptace geometrie Stépu dle nalezu
na konci experimentu). Celkem tak bylo vytvofeno 30 matematickych modell
portalniho fecisté (15 pro skupinu VP a 15 pro skupinu VCI) (obrazek &. 5).
Matematicky popis toku krve v portalnim fecisti byl vytvofen na zakladé
Navier-Stokesovy rovnice charakterizujici proudéni nestlacitelné newtonovské
tekutiny. Zohlednény byly i periodické fluktuace toku krve naméfené DUSG.
PFitoky simulujici VMS a VL byly charakterizovany na zakladé dat naméfenych DUSG
u jednoho ze zvirat ze skupiny VCI (VCI-12). Tato data byla pouZita jako referen¢ni
pro vSechny modely. Rychlosti proudéni krve ve VMS a VL byly tedy vztaZeny
proporéné k rychlostem namérenym u zvifete VCI-12 tak, aby byla umoznéna korelace
jednotlivych modelt a aby celkové zhodnoceni vlivu geometrie zrekonstruovaného
feCisté na proudéni krve bylo nezavislé na hemodynamice konkrétniho zvifete.

Pro zakladni zobrazeni vlastnosti toku krve ve vytvofenych modelech byl zvolen
parametr time-averaged velocity magnitude (TAVM). Tato metodika umoznila
zobrazeni pramérnych rychlosti proudéni v jednotlivych Castech portalniho fecisté.
Vysledky jsou vyobrazeny na podélném fezu vedeném stfedem cévy.
Cilem matematického modelovani vS8ak bylo i vyhodnotit riziko vzniku trombdzy
v portalnim fecisti. Byly tedy vyuzity i dalSi parametry. Time-averaged wall shear stress
(TAWSS) je parametr umoznujici popis smykového napéti na sténé cévy. Toto napéti
puUsobi protékajici krev na endotel cévy. PFili§ vysoké i pfilis nizké hodnoty TAWSS
jsou znamkou narusené hemodynamiky a jsou €asto primarni pfi€inou poskozeni
endotelu (351). DalSim markerem naru$eni fyziologického proudéni krve je parameter
relative residence time (RRT). Tento parametr popisuje dobu setrvani ¢astic na urcitém
misté, coz v tomto pfipadé odpovida mistim s vétsi tendenci ke stagnaci krve (352).
RRT se ale vyjadfuje pouze k bezprostfedni blizkosti cévni stény. Byl tak vyuZit
i parametr, ktery popisuje dobu setrvani ¢astic v celém lumen cévy. Jedna se o metodu
virtualniho inkoustu, v ramci které je geometricky model cévy proplnén virtualnim
inkoustem o dané koncentraci C, je modelovano jeho vymyvani, tedy postupny pokles

koncentrace virtualniho inkoustu v jednotlivych ¢astech fecisté.
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Pokles pod hrani¢ni hodnotu Ccit pak umoznuje stanovit ¢as setrvani ¢astic
(residence time, RTc). Takto je mozné lépe identifikovat mista napfi¢ primérem
cévniho lumen s pomalou rychlosti toku a stagnaci, ktera jsou nachylna k agregaci

krevnich elementd, a tedy rizikova pro rozvoj trombdzy.

Obrazek ¢. 4: Porizené fotografie a perioperatné naméfené rozméry byly vyuzity k pfipravé
geometrickych modell portalniho fecisté u jednotlivych prasat.
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Obrazek ¢. 5A: Souhrn geometrickych modelt portalniho fecisté pred resekci VP
(pfedoperacni), Casné po rekonstrukci (pooperacni) a s Casovym odstupem od rekonstrukce
(adaptovany). Jedna se o rekonstrukce u zvitat ze skupiny VP.
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predoperacni pooperacni adaptovany
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Obrazek 5 B: Obdobné rekonstrukce jako na obrazku €. 6A, ale v pfipadé zvifat ze skupiny
VCI. Na obrazku €. 6A i B je patrna rizna mira odklonu osy VMS a VP. Napf. zvifata PV-13
a IVC-11 s téméf jednotnou osou VMS a VP, naopak napf. u zvifat PV-9 a IVC-10 je odklon
osy VMS a VP vyrazny.

80



6.2.10 Statisticka analyza

Vysledky biochemickych parametrd a matematického modelovani byly
analyzovany s ohledem na jednotlivé ¢asové body a na pfislusnost zvifat k dané
experimentalni skupiné (VP ¢i VCI) pomoci analyzy rozptylu (ANOVA) opakovanych
méfeni. Vzhledem k absenci nékterych hodnot priimérd cév a rychlosti krevniho toku,
které se nepodafilo pfi DUSG vySetfenich naméfit, nebyla pro tyto parametry ANOVA
opakovanych mérfeni vhodna. Byl tedy vyuzZit nasledujici postup, kdy k analyze
celkového rozdilu mezi obéma skupinami pres celé sledovaci obdobi byly namérené
hodnoty vzdy pro kazdy Casovy bod prevedeny na z-skore. Tato z-skére z jednotlivych
Casovych bodu pak byla slou¢ena (tedy brana jako nezavisla pozorovani bez ohledu
na ¢as odbéru) a rozdily v jejich hodnotach mezi jednotlivymi skupinami byly testovany
pomoci Mann-Whitney U testu. Pro vyhodnoceni ¢asového vyvoje proménnych byly
jejich hodnoty prfevedeny na z-skore pres vSechny dostupné Casové body v ramci
kazdého zvifete. Z-skore pak byla sloucena v ramci kazdého ¢asového bodu napfi¢
zvifaty a s vyuzitim Kruskal-Wallis ANOVA a Spearmanovy korelace byl hodnocen
vyvoj téchto z-skore v Case. Kruskal-Wallis ANOVA umoznila zhodnotit, zda jsou
hodnoty mezi ¢asovymi body vyznamné nestejné, zatimco Spearmanova korelace
umoznila odhalit signifikantni trendy riistu &i poklesu hodnot v ase. Casovy vyvoj
byl hodnocen jednak pro zvifata z obou skupin dohromady, ale také pro kazdou
skupinu samostatné. Rozdily ve vysledcich kvantitativni histologické analyzy
mezi skupinami byly vyhodnoceny za vyuziti Mann-Whitney U testu. K porovnani
obou skupinu ve smyslu zmén zilni stény nativniho Stépu po jeho implantaci
byla pouzita dvoufaktorova ANOVA s interakcemi. VSechny uvadéné p hodnoty
jsou pro oboustranné testy a hladina vyznamnosti byla nastavena jako a = 0.05.
Statistické zpracovani a testovani bylo provedeno s vyuzitim software STATISTICA

data analysis software system (Version 12; StatSoft, Inc, 2013; www.statsoft.com).
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6.3 Vysledky

6.3.1 Preziti zvirat

Hemipankreatoduodenektomie s rekonstrukci VP alogennim Zilnim Stépem byla
provedena u 26 prasat. Devatenact zvifat prezilo po celou dobu experimentu
(4 tydny), z toho ve skupiné VP pfeZilo 8 zvifat a ve skupiné VCI pak 11 jedinca.
Celkem 7 zvifat uhynulo pfed€asné z divodu perioperac¢nich komplikaci (5 ve skupiné
VP a 2 ve skupiné VCI). Dvé zvifata uhynula v souvislosti s trombd6zou extrahepatalni
Casti VP, ke které doSlo ¢asné po rozsahlém operacnim vykonu (zvife VP-4 uhynulo
bezprostfedné po vykonu, zvife VCI-3 pak prvni pooperaéni den). DalSi 3 z prasat
uhynula také v ¢asném pooperacnim obdobi, pfiemz u 2 zvifat se jednalo o umrti
z ddvodu obéhového selhani (VP-11 prvni poopera¢ni den, VP-5 druhy pooperacni
den) a u 1 zvifete pak o disledek krvacivych komplikaci (VCI-5 prvni pooperacni den).
Posledni 2 zvifata pak uhynula s delSim odstupem od vykonu, a to v dusledku
gastrektazie (VP-9 osmnacty pooperacni den) a v dusledku objemné pankreatické

pseudocysty (VCI-10 dvanacty pooperacni den).

6.3.2 Trombéza vena portae

K trombotizaci extrahepatalni ¢asti VP doS$lo celkem u 5 zvifat, tedy u 19,2 %
ze vSech 26 operovanych jedincl. Jednalo se o 4 zvifata ze skupiny VP a 1 zvife
ze skupiny VCI. Jak bylo zminéno vySe, celkem dvakrat se tato trombdza podilela
na Casném uhynu zvifat. Zbyla 3 zvifata prezila s trombézou VP po celou dobu
experimentu a tromboéza byla odhalena pfi DUSG vySetfenich nebo v pribéhu odbéru

Zilniho Stépu na konci experimentu.

6.3.3 Parametry portalniho recisté

DUSG vysetieni odhalilo vétsi praimér kmene VP ve skupiné VCI oproti skupiné
VP (p=0.002). Tento rozdil v8ak byl pfitomny jiz v ramci pfedoperacniho vySetfeni.
Casovy vyvoj této hodnoty nevykazoval ani stoupajici ani klesajici tendenci a mezi
skupinami se neodliSoval (p>0.05) (obrazek €. 6A). Primér v oblasti anastomédzy

mél tendenci ke zuzovani ve skupiné VCI (p=0.034) a naopak tendenci k rozsifovani
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ve skupiné VP (p=0.048) (obrazek €. 6B). Absolutni hodnoty priméru v oblasti
anastomo6zy vSak nebyly mezi skupinami signifikantné odliSné (p>0.05).
Oblast anastomozy byla z divodud limitace DUSG vySetfeni definovana jako oblast
nejuzsiho mista zrekonstruované VP. Rychlost proudéni krve v oblasti anastomédzy
byla vy$Si u skupiny VCI oproti skupiné VP (p=0.008) (obrazek &. 6D). U obou skupin
byl zaznamenan narust rychlosti proudéni krve ve VP po rekonstrukci zilnim Stépem
(méfeno distalné od implantovaného stépu ve sméru toku krve) (p=0.019) (obrazek
€. 6C). Ostatni, pomoci DUSG naméfené, prameéry Zilniho fecisté a rychlosti proudéni
nevykazovaly statisticky signifikantni rozdily mezi skupinami a nebyly pozorovany
ani statisticky signifikantni trendy ve smyslu ristu ¢i poklesu jejich hodnot v €ase.
Délka zilnich stépl vyuzitych k rekonstrukci VP se mezi jednotlivymi zvifaty
liSila, jeji hodnoty vSak byly srovnatelné mezi obéma skupinami. Byly pouzity Stépy
o délce 14—43 mm (prdmérna hodnota 25,3 mm). Ve skupiné VP se jednalo o $tépy
dlouhé 20—-43 mm (prumérna hodnota 26,2 mm) a ve skupiné VCI o $tépy dlouhé
14—40 mm (pramérna hodnota 24,4 mm) (obrazek €. 7A). Perioperaéni pfimé méreni
prokazalo vétsi primér stépl VP v porovnani se Stépy VCI (p=0.006). U stépu VP
byl naméfeny prameér po jejich nasiti 12—16 mm (primérna hodnota 14,2 mm) zatimco
u Stépd VCI byl primér 9—12 mm (prumérna hodnota 11 mm) (obrazek €. 7B).
Perioperacni priméry stépu byly méfeny v poloviné jejich délky, tedy ve stejné
vzdalenosti od obou anastomoéz. Jiné statisticky signifikantni rozdily nebyly v ramci
perioperacniho méfeni zaznamenany. Hodnoty naméfrené perioperacné poslouzily

k vytvoreni geometrickych modelu portalniho fecisté.
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Obréazek ¢. 6: Vysledky DUSG. A: Pramér portalni zily byl vétSi ve skupiné VP. B: Pramér
v oblasti anastomo6zy mél tendenci ke zuzovani ve skupiné VCI, zatimco ve skupiné VP primér
narostl v prvnim tydnu po operaci. C: U obou skupin vyznamné narostla v prvnim tydnu
po vykonu rychlost proudéni krve ve VP distalné za interponovanym S&tépem. D: Rychlost
proudéni krve v oblasti anastomdzy byla vy$Si u skupiny VCI.
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Obrazek ¢. 7: A: Délky interponovanych Zzilnich $tépl byly v obou skupinach srovnatelné.
B: Perioperatné méfeny pramér stanoveny ve stfedu délky Stépu byl vétsi u $tépl ve skupiné
VP.

6.3.4 Analyza biochemickych parametrt

Naméfené hodnoty biochemickych markerd byly vyhodnoceny za celé
perioperacni a pooperacni obdobi a byly porovnany mezi skupinami. Sérova hladina
AST stoupla 2 hodiny po rekonstrukci VP srovnatelné u obou skupin. V pribéhu
prvniho pooperaéniho tydne pak doslo k jeji normalizaci (obrazek ¢&. 8A).
Hodnoty ostatnich sledovanych markert jaterniho postizeni (ALT, GGT, ALP, bilirubin)
nevykazovaly po celou dobu experimentu vyznamné odchyleni od fyziologickych
hodnot. Sérové hladiny urey a kreatininu neprokazaly ovlivnéni renalnich funkci
v pribé&hu experimentu. Pfi srovnani hodnot vSech sledovanych markert mezi obéma
experimentalnimi skupinami nebyly prokazany zadné statisticky signifikantni rozdily
(p>0.05). Vysledky biochemické analyzy jsou prezentovany v pfilozenych
grafech (obrazek ¢. 8).
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Obréazek ¢. 8: Vysledky biochemické analyzy neprokazaly statisticky signifikantni rozdily mezi
skupinou VP a VCI.
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6.3.5 Histologické vysetreni

6.3.5.1 Struktura Zilnich stépu pred implantaci

Kvalitativni i kvantitativni histologické vySetfeni prokazalo rozdily ve stavbé zZilni
stény Stépua VP a VCI pred jejich implantaci. Nativni $tépy VP obsahovaly souvislou
vrstvu hladké svaloviny, ktera chybéla u §tépua VCI (obrazek &. 9). Toto pozorovani
bylo potvrzeno vysledkem kvantitativni analyzy, podle které byl ploSny podil bunék
pozitivnich na hladkosvalovy aktin vys$Si u stépu VP oproti $§tépim VCI (p=0.005).
Naopak nativni §tépy VCI obsahovaly vice kolagenu typu | a lll oproti $tépum VP
(p=0.006). Mnozstvi elastinu nebylo mezi obéma druhy $tépu statisticky signifikantné
odlisné (p>0.05). Vysledky kvantitavniho hodnoceni stavby nativnich Stépu jsou

prezentovany v pfiloZzené tabulce €. 5.

Obrazek ¢. 9: Sténa nativnich zilnich stépu VP (A) a VCI (B) pfed jejich implantaci.
Imunohistochemické barveni monoklonalni protilatkou proti hladkosvalovému aktinu (pozitivni
reakce hnédé). Méfitko = 100 um, lumen cévy vzdy na pravé strané. A: Ve sténé VP byla
pozorovana souvisla vrstva bunék pozitivnich na hladkosvalovy aktin (Eerna Sipka). Tyto bufky
se nachazely i subendotelialné (zluta Sipka). B: V pfipadé stépu VCI nebyla zastizena souvisla
vrstva bunék pozitivnich na hladkosvalovy aktin, ale tyto buriky se nachazely v Zilni sténé
ojedinéle a kvantitativné byl ve Stépu VCI prokazan jejich mensi plosny podil oproti $tépu VP.
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Tabulka ¢. 5: PloSné podily jednotlivych slozek stény Stépl VP a VCI pfed. a po jejich
implantaci. Procento pfed zavorkou vyjadfuje median hodnoty, v zavorce je uvedeno
mezikvartilové rozpéti.

Stépy pred implantaci

kolagen I a lll

elastin

hladkosvalovy

aktin
VP median (Q1-Q3) 7% (5-11%) | 13 % (817 %) | 41 % (38—43 %)
VCI median (Q1-Q3) [ 22 % (16—30 %) | 15 % (13—21 %) | 6 % (5—10 %)
p hodnota (Mann-Whitney U test) p=0.006 p>0.05 p=0.005
Stépy po implantaci kolagen | a lll elastin hladkosvalovy

aktin

VP

median (Q1-Q3)

13 % (12—19 %)

4 % (3-9 %)

15 % (10—19 %)

VCI

median (Q1-Q3)

15 % (14—20 %)

6 % (4—7 %)

5 % (4—12 %)

p hodnota (Mann-Whitney U test)

p>0.05

p>0.05

p>0.05
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6.3.5.2  Struktura Stépua po implantaci

Pfi vySetfeni Stépu explantovanych na konci experimentu, tedy 4 tydny po jejich
implantaci jiz nebyl ve slozZeni jejich stény pozorovan zadny signifikantni rozdil.
Tedy plosné podily kolagenu, elastinu ani hladkosvalového aktinu nebyly
mezi skupinami statisticky signifikantné odlisné (p>0.05). Data ploSnych podill
jednotlivych struktur ve Stépech na konci experiment jsou opét prezentovana
v tabulce €. 5.

Stépy tedy v prab&hu 4 tydnd po implantaci prodélaly strukturalni zmény.
Struktura stény $tépua VP a VCI odebranych na konci experimentu je prezentovana
na pfilozeném obrazku ¢. 10. Bylo provedeno srovnani charakteru stény $tépu
pfed implantaci a na konci experimentu. Vyvoj podilu jednotlivych struktur na stavbé
stény Stépl je patrny jednak ztabulky €. 5 a jednak z grafli na obrazku &. 11.
V pfipadé stépa VP doSlo v obdobi po jejich implantaci k vymizeni souvislé vrstvy
hladkosvalovych bunék a snizil se i ploSny podil bunék pozitivhich na hladkosvalovy
aktin (p=0.008). Zmény v podilu kolagenu typu | a lll a elastinu nebyly u §tépt VP
statisticky signifikantni (p>0.05).

U Stépu VCI doslo v pribéhu 4 tydnu k poklesu podilu elastinu v jejich sténé
(p=0.008). Pfi kvalitativnim vySetfeni bylo pozorovano, ze Stepy VCI obsahovaly
na konci experimentu vice bunék pozitivnich na hladkosvalovy aktin oproti stavu
pfed jejich implantaci, rozdil ploSného podilu hladkosvalového aktinu v ramci
kvantitativni analyzy vSak nebyl statisticky signifikantni (p>0.05). Také zména podilu
kolagenu typu | a lll u stépu VCI v pribéhu obdobi po jejich implantaci nebyla
statisticky signifikantni (p>0.05). Podil kolagenu se v3ak na konci experimentu,

na rozdil od vychoziho stavu, u $tépa VP a VCI statisticky signifikantné nelisil.
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Hladkosva-
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Pikrosiriova
Cerven

Obrazek ¢. 10: Sténa Zilnich $tépu VP a VCI 4 tydny po jejich implantaci. Snimky zachycuji
oblast anastomd6zy mezi Stépem a VP operovaného prasete. Otvor po stehu v misté
anastomodzy je znacCen hvézdiCkou. Sténa Stépu se nachazi vzdy vlevo od hvézdicky a sténa
VP vpravo. Mé&fitko = 500 ym. A: Barveni hematoxylinem a eosinem. V oblasti $tépu VP
je patrna neointima (Cerna Sipka) a granulacni tkan (zZluta Sipka). Ve sténé Stépu byla
pozorovana loZiska se zanétlivou infiltraci (¢erna Sipka). B: Barveni orceinem na elasticka
viakna. Cerna Sipka znali zfetelnou vrstvu elastickych vlaken, ktera se nachazela
ve vzdalenosti kolem 600 um od lumen cévy. C: Imunohistochemické barveni protilatkou proti
hladkosvalovému aktinu. Ve sténé VP je patrna souvisla vrstva hladké svaloviny (Zluta Sipka).
V samotnych S&tépech vSak doSlo k vymizeni této vrstvy a hladkosvalové burky byly
neorganizované rozmistény napfi¢ cévni sténou (Cerné Sipky). D: Barveni pikrosiriovou
Cerveni a vySetfeni v polarizovaném svétle na pfitomnost kolagenu | (Cervené az Zluté) a lll
(zelené). Mnozstvi kolagenu bylo ve Stépech VP a VCI nebylo na konci experimentu
signifikantn& odli§né. Zluta Sipka znadi artefakt v misté otvoru po stehu.
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6.3.5.3  Ostatni kvalitativni histologické zmény

U obou typt stépua (VP i VCI) doslo v prubéhu 4 tydnl po jejich implantaci
do portalniho fecisté k zesileni jejich stény. Byla pozorovana tvorba granulacni tkané
ve sténé Stépu. Tato granulacni tkan obsahovala i kontraktilni bunky pozitivni
na hladkosvalovy aktin. Dale byl v této tkani patrny vznik mikroskopickych cévnich
struktur a vyskytovaly se zde i obrovské vicejaderné bunky zcizich téles.
V oblasti intimy byla pfitomna zanétliva infiltrace a proliferace intimy s riznou
mirou intimalni hyperplazie. Ani u jednoho zobou typl Stépl nebyla na konci
experimentu pozorovana souvisla vrstva hladké svaloviny. Jedinou diferencovatelnou
souvislou vrstvou byla vrstva elastickych vlaken ve vzdalenosti kolem 600 pm
od lumen $t8pu. Stépy zvifat, u kterych doslo k trombotizaci extrahepatalni VP
a ktera se zaroven dozZila konce experimentu, obsahovaly organizované a ¢aste¢né
rekanalizované tromby. Sténa Stépu VP i VCI se tedy 4 tydny po implantaci skladala
z kolagenu typu | a lll, ze zbytku elastinu a z ¢aste€né organizované granulaéni tkané
prostoupené jednotlivymi kontraktilnimi burikami. Charakter stény $tépUu na konci

experimentu je zdokumentovan na pfilozeném obrazku (obrazek ¢. 10).

6.3.6 Matematické modelovani

Perioperacné namérené rozmeéry portalniho fecisté v kombinaci s perioperacné
porizenymi fotografiemi umoznily vytvofeni geometrickych modell u 10 z operovanych
prasat. Obrazek ¢. 4 dokumentuje vytvofeni geometrického modelu na zakladé
fotograficky zdokumentované morfologie portalniho fecisté. Vzhledem ktomu,
Zze u kazdého zvirete byly vytvorfeny celkem 3 modely pro rizné €asové body (stav
pfedoperacni, pooperacni a adaptovany), celkem bylo mozné pracovat se 30 modely.
VSechny pfipravené modely jsou souhrnné prezentovany na obrazku ¢&. 5.
Data naméfena DUSG pak umoznila realizaci samotnych matematickych modelud

proudéni krve v uvedenych geometrickych modelech.
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Obrazek ¢. 11: Zména plosného podilu hladkosvalového aktinu (A), kolagenu | a Ill (B)
a elastinu (C), ke které doSlo v obdobi 4 tydnl po implantaci $tépt VP a VCI. U stépa VP
doslo ke snizeni podilu bunék pozitivnich na hladkosvalovy aktin. U $tépl VCI doslo
ke sniZzeni podilu elastinu. Ostatni zmény nebyly signifikantni.
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Vysledky softwarovych simulaci prokazaly, Ze zména geometrie portalniho
feCisté zpusobena rekonstrukci VP pomoci Zilniho Stépu méla vyznamny vliv
na hemodynamiku v oblasti VP. Ve vSech modelech byla VMS oproti VL dominantnim
pfitokem pro VP. Pfitok z VMS tak mél zasadni vliv na tok krve v oblasti Stépu
a za nim ve sméru k jatrim. Oblasti stagnace krve a cetnych recirkulaci byly
pozorovany zejména ve Stépech o velkém pruméru, tedy tam, kde byl pramér Stépu
vétSi nez priamér samotné VP. Vysledky jednotlivych parametri matematického
modelovani jsou prezentovany na obrazku €. 12. VyraznéjSi dopad provedené
rekonstrukce na hemodynamiku VP byl také pozorovan u modelu, u kterych byla
podélna osa VP vyraznéji odklonéna od podélné osy VMS (obrazek €. 5). V pfipadé
modell s takovymto odklonem osy byl zaznamenan proud krve o vysoké rychlosti
smeéfujici proti sténé VP na strané pritoku VL (obrazek ¢. 12). V pfipadé stépu o vétsi
délce pak byla tomuto proudu vystavena sténa samotného Stépu. V pfipadé
implantace kratkého Stépu pak tento proud sméroval proti oblasti anastomdzy
mezi Stépem a VP. Oblasti anastomo6z byly obecné spojeny se zvySenim rychlosti
proudéni, tedy s vySSimi hodnotami TAVM (obrazek €. 12). Dle aplikované metodiky
virtualniho inkoustu byly vysoké hodnoty RTc odpovidajici oblastem s vétSi tendenci
ke stagnaci krve, identifikovany v oblasti interponovanych Stépu (obrazek &. 13).
VyS8Si hodnoty byly zaznamenany zejména ve Stépech s primérem presahujicim
prumér pfislusné VP (obrazek ¢. 13B). Dale byly vy$§i hodnoty RTc i pfi sténé VP
na strané proté;jsi pfitoku VL. Tedy na opacné stran&, nez ktera byla vystavena vySe
popsanému zrychlenému proudu krve. Oblasti s abnormalné zvySenymi hodnotami
TAWSS, tedy mista cévni stény, ktera byla vystavena abnormalnimu smykovému
napéti, pak odpovidaly obéma anastomézam, sténé VP nebo Stépu vystavené
popsanému zrychlenému proudu krve a také oblasti VP distalné za Stépem (obrazek
€. 12). Parametr RTc (vypocteny metodikou virtualniho inkoustu) umoznil v porovnani
s parametrem RRT i pfipravu nazornéjSich modell, a to vzhledem k moznosti
prostorového zobrazeni oblasti s delSim ¢asem setrvani ¢astic. Metodika virtualniho
inkoustu totiz umozniuje hodnotit cely vnitfni objem cévy, na rozdil od parametru RRT,

ktery popisuje pouze vnitfni povrch cévy.

93



VP-10 predoperacni pooperacni adaptovany
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Obréazek ¢. 12A: Vysledky matematického modelovani proudéni krve u jedince ze skupiny VP.
Byl vybran jedinec s delSim §tépem, kde proud rychleji proudici krve sméfuje proti sténé Stépu.
Tento proud odpovida vysokym hodnotam TAVM, tedy Cervené barvé v modelu TAVM.
Vysoké hodnoty TAWSS jsou patrné v oblasti $t€pu a obou anastoméz. Vyssi hodnoty RRT
ve VL jsou zpUsobené nizsimi rychlostmi proudéni ve VL. Vypovidajici tedy byly hodnoty RRT
ve VMS, VP a v samotném &tépu. Pro srovnani s hodnotami RRT jsou uvedeny i hodnoty RTc,

zde vSak pouze pro vnitini povrch cévy.
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VCI-9 predoperaéni pooperacni adaptovany
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Obréazek ¢. 12B: Vysledky matematického modelovani u jedince ze skupiny VCI. Byl vybran
jedinec, kterému byl implantovan kratsi §tép, proud krve o vysS8i rychlosti (opét Eervena barva
znacici vysoké hodnoty TAVM) pak sméfuje do oblasti cévni anastomodzy. Vysoké hodnoty
TAWSS byly opét pozorovany v oblastech anastomdz, v oblasti Stépu a také distalné

za Stépem ve VP.
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Obrazek ¢. 13A: Matematicky model znazorfiujici Cas setrvani ¢astic stanoveny metodikou
virtualniho inkoustu (RTc). Oblasti s vy$Simi hodnotami RTc odpovidaji mistdm nachylnym ke
stagnaci krve. Tyto oblasti byly identifikovany uvnitf samotnych Stépl, obvykle na proté;si
strané od rychlejSiho proudu krve (tedy na proté&jsi strané nez je pfitok VL). Zde prezentovano
na jedinci ze skupiny VCI (VCI-10).

96



\

1
ul
R

‘ ¢as:1,50s

€as:0,75s ‘ €as: 2,00s

7

Cas: 2,50s

f

/

¢as:1,25s ¢as:3,00s

Obrazek ¢. 13B: Hodnoty RTc byly vy$Si zejména u $tépu o vyS§Sim praméru, tedy u takovych,
jejichz pramér byl vétsi nez pramér samotné VP. Zde prezentovano na jednom ze zvifat
skupiny VP (VP-12).
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Obrazek ¢. 13C: Vysledky modelovani u zvifete ze skupiny VCI (VCI-12), kde primér Stépu
nepresahoval primér VP. Patrné jsou kratSi ¢asy setrvani ¢astic, tedy nizsi mira stagnace krve
v oblasti Stépu.

98



Kvantitativni porovnani parametrl softwarového modelovani (TAVM, TAWSS,
RRT a RTc) neprokazala zadné statisticky signifikantni rozdily mezi skupinami
v jednotlivych Casovych bodech (obrazek €. 14). Hodnota parametru RRT ovSem
ve skupiné VP po rekonstrukci pomoci §tépu stoupla, zatimco ve skupiné VCI poklesla.
VSechny uvedené parametry byly také porovnany ve vztahu k délce pouzitého stépu.
Cilem bylo zjistit, zda samotna délka pouzitého Stépu ovliviuje riziko vzniku trombdzy.
V ramci tohoto hodnoceni byl pozorovan vyraznéjsi pokles hodnoty TAWSS u delSich

Stépu mezi stavem pooperacnim a adaptovanym oproti $t€pim kratSim.
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Obrazek ¢. 14: Vysledky kvantitativni analyzy parametrd definovanych pomoci matematického
modelovani. V jednotlivych €asovych bodech nebyly statisticky signifikantni rozdily hodnot
mezi obéma skupinami. U skupiny VP v§ak doslo k naristu hodnoty RRT po implantaci §tépu,
zatimco u skupiny VCI doslo k jejimu poklesu (B).
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6.4 Diskuze

Radikalni resekce je v souCasné dobé jedinou potencialné kurativni lIéCbou
pro pacienty s karcinomem pankreatu (3). Vzhledem k absenci €asnych pfiznakd byva
toto onemocnéni diagnostikovano az v pokrocilejSich stadiich, kdy miuze byt moznost
chirurgické |éCby limitovana pritomnosti metastaz, nebo samotnym rozsahem tumoru,
zejména pak jeho proristanim do okolnich cévnich struktur (4,165). Tumory, které
postihuji sténu VP/VMS bez souCasného postizeni tepen, jsou kategorizovany jako
hrani¢né resekabilni a Ize je odstranit pfi souCasném provedeni resekce VP/VMS
(174). V pfipadé nutnosti resekce delSiho useku VP/VMS existuje nékolik moznosti
rekonstrukce téchto Zil, které se v8ak poji s jistymi riziky (9). Slibnou variantou
by mohla byt rekonstrukce pomoci alogennich Zilnich $tépd, jejichz pouziti je zatim
dokumentovano jen v omezeném poctu pfipadd (7,8). Doposud vSak nebylo
zkoumano, jakého anatomického puvodu by mély byt alogenni Stépy vyuzité za timto
ucelem a zda jejich pavod mize mit vliv na vyslednou kvalitu rekonstrukce. Za pred-
pokladu prodlouzeni OS pacientd s karcinomem pankreatu diky modernim
chemoterapeutickym rezimim |ze predpokladat rostouci dualezitost optimalné
provedené rekonstrukce VP/VMS s minimalizaci rizik trombotického uzavéru i jinych
komplikaci (237).

V ramci prezentovaného experimentu byl etablovan model hemipankreato-
duodenektomie s resekci VP a jeji rekonstrukci pomoci alogennich zilnich $tépl
rizného puvodu u prasete domaciho. Jako vhodny zdroj alogennich §tépl
pro klinickou praxi se nabizi feCisté VCI nebo fecisté VP. Tyto Zilni systémy
se ale vzajemné fyziologicky lisi (10,11). VP byva navic explantovana jako soucast
jaterniho $tépu k transplantaci (353). Byla by tak dostupna jen u darct organa, kterym
nejsou jatra odebirana. Cilem prace bylo porovnat stavbu a vlastnosti alogennich
Zilnich stépu z fecisté VP a VCI, vyhodnotit jejich vliv na vysledky provedené Zilni
rekonstrukce a ur€it tak vhodny zdroj alogennich $tépu k rekonstrukci VP pfi hemi-
pankreatoduodenektomii.

V klinické praxi by byly v pfipadé stépl z fecisté VCI pravdépodobné pouzity
Stépy panevnich Zil namisto $téplt samotné VCI, které byly pouzity vtomto
experimentu. Panevni zily byvaji bézné ziskavany vramci odbérd organl
k transplantaci a maji svym pramérem blize k VP nez ma VCI (353). V ramci tohoto

experimentu na praseti vS§ak byly vyuzity stépy samotné VCI. U prasete jsou totiz
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panevni zily vyrazné uzsi nez VP, a naopak VCI odpovida svym primérem VP
(354,355).

Dle dostupné literatury je nas experiment prvni publikovanou praci vyuzivajici
zvifeci model hemipankreatoduodenektomie se soucCasnou rekonstrukci VP.
Vykon byl proveden tak, aby co nejpfesnéji imitoval tuto operaci v humanni mediciné
za ucCelem zahrnuti co nejvice faktoru, které by mohly mit vliv na rekonstrukci VP.
Samotna hemipankreatoduodenektomie byla jiz u prasete provedena napf. v ramci
experimentu zkoumajiciho vliv resekce Ci prezervace pyloru na motilitu traviciho traktu.
Autofi vSak neprovadéli kromé rekonstrukce VP ani pankreatiko-jejuno anastomézu
(356). Dale byly publikovany prace, kde byla hemipankreatoduodenektomie u prasete
provedena laparoskopicky za ucelem hodnoceni efektivity a bezpecnosti tohoto
miniinvazivniho pfistupu. Zvifata v téchto studiich v8ak byla bezprostfedné po vykonu
usmrcena (357,358). Naopak rekonstrukce portalni Zzily bez soucCasné
hemipankreatoduodenektomie byla také predmétem nékolika experimentalnich studii.
Napf. Yoshioka pouzil zaplatu z peritonea krekonstrukci VP u prasete.
Ze vSech 7 operovanych prasat nezaznamenal u Zadného trombo6zu zrekonstruované
VP. Zvifata byla ovSem sledovana po rizné dlouha obdobi a byla usmrcena v rozpéti
2—49 dnl od vykonu (359). Starsi studie z 80. a 90. let popisuji rekonstrukci VP
u psa pomoci syntetickych PTFE $tépl za aseptickych nebo naopak septickych
podminek imitujicich pankreatickou chirurgii (360,361). Ohkuma prokazal
proveditelnost rekonstrukce VP pomoci PTFE $tépu (360). Nishibe vSak na zakladé
svych vysledkl jednoznaéné doporucuje upfednostnéni autolognich $tépl prfed PTFE
Stépy (362).

Doposud nebylo provedeno srovnani mikroskopické stavby VP a VCI u Clovéka
ani u prasete domaciho. Studii struktury téchto Zil proved| Brown u kralika a prokazal
vétsi podil kolagenu ve sténé VCI oproti sténé VP (10). Jina ze studii pak doklada
vice hladkosvalovych bunék ve sténé VP u psa v porovnani s jinymi zZilami velkého
pruméru (363,364). V pfipadé prasete pak prace porovnavajici strukturu a funkéni
vlastnosti VCI a aorty zminuje velky podil kolagenu ve sténé VCI (365). Tyto nalezy
jsou v souladu s vysledky nami provedeného experimentu, kdy byla ve sténé VP
pozorovana souvisla vrstva hladké svaloviny, zatimco ve sténé VCI se nachazely
pouze ojedinélé hladkosvalové buriky. Dale pak VCI obsahovala vétsi podil kolagenu

oproti VP.
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Ve zminéné studii se Brown zabyval kromé morfologie také biomechanickymi
vlastnostmi VP a VCI u kralika a prokazal schopnost vyraznéjsi vazokonstrikce
i vazodilatace VP oproti VCI. Jednalo se o in vitro experimenty, kde byla
vazokonstrikce indukovana pfidanim noradrenalinu do roztoku perfundujiciho cévy.
Nasledné byl vliv hladké svaloviny eliminovan perfuzi roztokem vazajicim ionty
vapniku. Poddajnost VP byla za obou podminek vy$§i nez poddajnost VCI.
Tedy i v pfipadé kontrakce hladké svaloviny se VP vice dilatovala v dusledku
zvySeného perfuzniho tlaku oproti VCI. Autor tato zjiSténi dava do souvislosti s rozdily
ve stavbé stény obou Zil. Vyraznéjs$i poddajnost VP v relaxovaném stavu oproti VCI
se vysvétluje nizSim podilem kolagenu v jeji sténé, ktery je zodpovédny za pevnost.
PriCina vétsi poddajnosti i v pfipadé kontrakce hladké svaloviny, ktera se muze zdat
paradoxni, je pfisuzovana prechodu kolagennich a elastickych viaken do nekompletné
napjaté a vice poddajné konfigurace praveé pfi vazokonstrikci (10).

Tato odliSna mikroskopicka stavba a sni spojena vysSi poddajnost VP
a vyrazneéjSi schopnost zmény sveho objemu by mohly byt zodpovédné za vétsi
prumér Stépu VP po jejich implantaci oproti $tépim VCI v nami provedeném
experimentu. Ve skupiné zvifat se §tépem VP byl navic v pribéhu prvniho tydne
po implantaci zaznamenan narust priméru anastomdzy, zatimco v pfipadé stépt VCI
se projevila tendence k zuzovani anastomézy v prubéhu sledovaciho obdobi.
Tuto hypotézu pficiny vétsiho praméru $tépu VP po jejich implantaci vSak nelze v ramci
naseho experimentu potvrdit a bylo by potfeba dalSich studii zkoumaijicich
biomechanické vlastnosti VP a VCI u prasete. Primér stépu mél vsak jednoznacny
vliv na hemodynamiku a na riziko vzniku trombozy, jak bude diskutovano dale.

V pribéhu 4 tydnu po implantaci zilnich §tépa doslo k vymizeni souvislé vrstvy
hladké svaloviny ve sténé VP a ve sténé VCI doSlo k ubytku elastinu. Oba typy stépu
si byly na konci sledovaciho obdobi svou strukturou podobné. Predpokladame,
Ze pfi srovnatelné stavbé stény obou typu $tépl by se nemély vyznamné lisit ani jejich
biomechanické vlastnosti. Pokud méla skute¢né odliSna struktura Stépu VP vliv
na jeho vétsi primér po implantaci, Ize pfedpokladat, Zze s Casovym odstupem 4 tydna
by jiz méla byt poddajnost obou §tépl srovnatelna.

Naprosta vétSina praci zkoumajicich pfestavbu stény Zilnich Stépu se tyka
pouze jejich implantace do arterialniho a nikoli Zilniho fecisté. V takovém pfipadé

se uvadi, Ze dochazi k nahradé puvodnich endotelovych bunék, k proliferaci
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hladkosvalovych bunék a intimalni hyperplazii (366,367). Endotel muze byt poSkozen
jiz pfi samotném odbéru Zilniho Stépu, k zaniku plvodnich endotelovych bunék
pak dochazi v pribéhu prvnich 3 dnd po implantaci. Sou¢asné dochazi i k postupné
obnové endotelu. Pfinejmensim v prvnim tydnu po implantaci vSak $tép postrada
kompletni souvislou vrstvu endotelii (367,368). Proliferace hladkosvalovych bunék
zacina dle experimentalnich studii v prvnich 72 hodinach a trva minimalné prvni tyden
po implantaci (366,367). Jako pfiCina se uvadi mechanické stimuly pasobici na buriky
hladké svaloviny pfi vystaveni zilni stény arterialnimu tlaku. Tento efekt byl prokazan
v in vitro podminkach, kdy periodické napinani vedlo k proliferaci hladkosvalovych
bunék z vena saphena, zatimco v pfipadé bunék ze stény arteria thoracica interna
tomu tak nebylo (369). Intimalni hyperplazie je charakterizovana abnormalni
akumulaci bunék i extracelularni matrix v oblasti tunica intima. Mechanismem vzniku
je migrace hladkosvalovych bunék ztunica media, jejich proliferace a soucCasné
zmnozeni extracelularni matrix (370,371). Na mikroskopické urovni zacina tento
jev v pfipadé implantace zilniho Stépu do tepenného fecCisté mezi 3. a 5. dnem
po implantaci a zrychluje v prabéhu druhého tydne (366,371). K zuzeni cévniho lumen
v dusledku intimalni hyperplazie pak dochazi az v fadu tydnu az mésicu. Jako pfiina
vedouci k intimalni hyperplazii u zilnich §tépl se udava zména smykového napéti
vedouci k aktivaci endotelialnich bunék a aktivaci proinflamatornich signalnich
drah (368). Pravdépodobné se jedna o multifaktorialni proces, ale pfesna patogeneze
zatim neni znama (370,371).

Vramci naSeho experimentu byla zaznamenana rdzna mira intimalni
hyperplazie u implantovanych S$tépd. Pomoci matematického modelovani byla
identifikovana i zména smykového napéti na sténé Stépu, coZ by mohlo vysvétlit
pricinu tohoto jevu i kdyZ se nejednalo o implantaci do arterialniho FecCisté. Ve sténé
stépua VCI, které po odbéru obsahovaly minimum hladké svaloviny bylo na konci
experimentu pozorovano vice hladkosvalovych bunék. Toto by mohlo byt dusledkem
mechanické stimulace stény v dusledku pulzatiiniho toku ve VP, ktery se lisi
od pulzatilniho toku ve VCI (372). Jak vSak bylo uvedeno, nedo$lo v tomto pfipadé
k narlstu ploSného podilu hladkosvalovych bunék.

Dat o prestavbé stény Zilnich $tépd implantovanych do Zilniho fecisté
je minimum. Zménu struktury $tépt VP po implantaci do portalniho fecisté zaznamenal

ve svém experimentu na mySich Yan (373). Popisuje kompletni vymizeni hladké
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svaloviny a zesileni stény Stépu mezi druhym a ¢tvrtym tydnem po implantaci. K obéma
témto zménam doslo i v pfipadé nasSeho experimentu. Yan vSak tyto strukturalni
zmeény zdlvodruje imunitni reakci, protoze k nim doslo pouze v pfipadé alogennich
Stépl a nikoli u $tépd syngennich & u mysi IéCenych imunosupresi (373). V radmci
naseho experimentu vSak nebyla pfipadna rejekce stépu specificky vyhodnocovana.

U $tépl VCI doSlo kromé vySe diskutovanych zmén i k poklesu plosného podilu
elastickych vlaken. Ubytek elastickych vlaken je v literatufe v ramci prestavby Zilniho
Stépu zmifiovan, ale jedna se opét o situace, kdy byly Stépy vystaveny arterialnimu
tlaku (374,375). Za zminku stoji pomér mezi elastinem a kolagenem, jehoz nizké
hodnoty jsou spojovany s vy8Si pevnosti cévni stény (374,376). Z obrazku
¢. 11 vramci vysledku je patrné, Ze v pfipadé $tépl VP doSlo ke snizeni tohoto
poméru. Toto podporuje vySe uvedeny pfedpoklad, Zze po pFestavbé, ktera byla
zdokumentovana v nasem experimentu by meély mit oba typy zilnich $tépu obdobné
mechanické vlastnosti. Domnivame se, Ze zminéna vySSi poddajnost Stépu VP
by se tedy mohla projevit pouze ¢asné po rekonstrukci. Vétsi pramér stépa VP oproti
Stépum VCI byl také zaznamenan ihned po jejich implantaci.

Elevace AST, ktera nastala v perioperacnim obdobi, vykazovala vrchol 2 hodiny
po rekonstrukci VP. Tento vzestup AST davame do souvislosti s uzavérem VP béhem
jeji rekonstrukce. Je znamo, ze Pringliv manévr, tedy doCasna okluze VP a AH,
vede kurcité mife ischemicko-reperfuznino poSkozeni jater, které je provazeno
vzestupem AST a ALT (377). Také v pfipadé izolovaného uzavéru pouze VP dochazi
k tomuto poSkozeni i kdyz vo néco mensi mife (378,379). Mezi obéma
experimentalnimi skupinami vSak nebyly pozorovany statisticky signifikantni rozdily
u zadného ze sledovanych biochemickych markera. Typ pouzitého Stépu tedy nemél
vliv na hemodynamiku VP v takové mife, aby doSlo k alteraci renalnich funkci
nebo k jaternimu postizeni.

Za ucCelem detailnéjSiho studia hemodynamiky a vlivu obou typa pouzitych §tép
bylo provedeno matematické modelovani proudéni krve portalnim fecistém.
Tato metodika umoznila kromé zhodnoceni zmény hemodynamiky v dasledku
implantace Stépu i posouzeni rizika vzniku trombozy, se kterym se rekonstrukce VP
poji (237,380). Na rozvoji trombdzy se obecné podili hyperkoagulabilita krve, staza
krve a poSkozeni endotelu cévni stény, tedy faktory znamé jako Virchowova trias (381).

Vysoké nebo naopak nizké hodnoty smykového napéti mohou vést k morfologickym
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zménam cévni stény a ke zvyseni rizika rozvoje trombdzy (382,383). Prikladem muze
byt prudky narust smykového napéti v oblastech sten6z. Hemodynamika charak-
terizovana stagnaci krve nebo oblastmi jejiho pomalého proudéni také vykazuje
tendenci ke vzniku tromb0 (384). Na zakladé téchto poznatkd byly vybrany uvedené
hemodynamické parametry pro nasi studii (TAVM, TAWSS a RRT).

Dle dostupné literatury je nam znamy jediny pfipad vyuZziti softwarového
modelovani v ramci rekonstrukce VP. Jedna se o studii, jejimz cilem bylo definovat
optimalni techniku vytvofeni anastomézy o dostate€ném priiméru na hypoplastické VP
u pediatrické transplantace jater (385). V ramci této prace ovSem nejsou prezentovana
data o krevnim proudéni a nebyl vyuzit Zadny z nami zvolenych parametra.
Dale existuji publikace, kde byla modelovana hemodynamika portalniho fecisté,
ne vSak po jeho rekonstrukci (386,387). Wei stanovoval hodnoty smykového napéti
na sténé VP (386). Prokazal nizSi hodnoty u pacientl s portalni hypertenzi a vyznamny
vliv uhlu mezi VL a VP na distribuci smykového napéti ve VP. Vliv pfitoku VL
na hemodynamiku VP potvrzuje ve své studii i Zhou, ktery se zabyval vlivem trombdzy
VL (387). Ponékud v rozporu jsou nase vysledky, kdy mél tok ve VL minimalni dopad
na hemodynamiku VP. Nami naméfené rychlosti proudéni ve VL byly obvykle
az desetkrat nizsi oproti rychlostem ve VP a VMS. Wei naopak doklada jen minimalni
rozdil mezi témito rychlostmi (386). V nami provedenych modelacich dominoval pfitok
krve cestou VMS. Uhel mezi VMS a VP pak ovliviioval hemodynamiku ve VP.
V pfipadé vyraznéjSiho odklonu osy VP od osy VMS sméfoval proud krve o vysoké
rychlosti proti sténé VP na strané pritoku VL a pfi protéjSi sténé vznikla zona
recirkulace. Za takovychto anatomickych podminek a pfi soucasné implantaci kratkého
Stépu, by mohla byt timto proudem ovliviiovana samotna oblast anastomézy.
Nase modely tedy umoznily sledovat vliv anatomickych variabilit a implantovanych
Stépl na charakter proudéni krve v portalnim fecisti. Na rozdil od zminénych studii
na lidském portalnim feCisti méla vSak u naSich modell VL na hemodynamiku
minimalni vliv (386,387).

Oblasti stagnace krve a jeji recirkulace byly identifikovany zejména v pfipadech,
kdy primér implantovaného $tépu prfesahoval priimér samotné VP. Vzhledem k tomu,
Ze jsou takovéto oblasti spojeny s vySSim rizikem vzniku trombdzy a souc€asné jsme
zaznamenali po implantaci vétsi pramér stépu VP oproti $tépum VCI, naznacuji nase

vysledky vysSi riziko trombotizace pfi pouziti $tépld VP. Tento predpoklad dale
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podporuji vysledky metodik urCujicich Cas setrvani Castic, tedy miru stagnace krve.
Tyto hodnoty ve skupiné se Stépy VP po jejich implantaci narostly, zatimco ve skupiné
se Stépy VCI se hodnoty Casu setrvani ¢astic snizily. V ramci samotného experimentu
pak skuteCné doSlo ke vzniku trombdzy ve skupiné VP ve 4 pfipadech, zatimco
ve skupiné VCI pouze jednou.

U delSich 3stépl doSlo mezi stavem pooperaénim a adaptovanym
k vyraznéjSimu poklesu hodnoty TAWSS oproti kratSim Stépum. Toto naznacuje,
Ze delSi $tépy by mohly vykazovat niZsi riziko rozvoje trombézy. PouZiti delSich Stépu
se zda odlvodnéné v pfipadé vyskytu vySe zminéné deviace osy VP a VMS.
V takovém pfipadé by proud krve o vysoké rychlosti sméfoval proti sténé dlouhého
Stépu, zatimco pfi pouziti Stépu kratkého by tento proud sméfoval do oblasti
anastomozy s vySSim rizikem poskozeni endotelu.

Ostatni oblasti podezielé ze stagnace krve byly identifikovany v samotnych
Stépech, zejména pak na strané protéjsi k pritoku VL. Toto zjiSténi odpovida klinickym
nalezim, kdy vSechny vzniklé tromby naléhaly alespori CasteCné na sténu
interponovaného $tépu.

Limitaci vyhodnoceni hemodynamiky portalniho fecCisté je fakt, ze vytvorené
modely byly sice prostorové ve smyslu prisvitu cévy, ale celé fecisté bylo modelovano
pouze v jedné roviné. Duvodem byla data ziskana pouze z perioperaénich fotografii
a mérfeni. CT vySetfeni by pfineslo informace o prostorovém zakfiveni vSech
modelovanych cév a vysledné modely by pak umoznily pfesnéjsi vyhodnoceni.

DalSim doposud nejmenovanym davodem cCastéjSiho vzniku trombodzy
ve skupiné VP by mohla byt i rozdilné naro€na manipulace s obéma typy Stépu.
Nejedna se o objektivni parametr, ale snadnéji se pracovalo se stépy VCI, u kterych
se zdala sténa pevnéjsi. Pfi pouziti $tépl VCI tak bylo subjektivné snazsi konstruovat
technicky spravnou anastomoézu s minimalnim rizikem prominence kolagenu z vnéjsi
strany Stépu do lumina cévy, kde mize indukovat rozvoj trombdzy.

Dle publikovanych klinickych praci je pomérné Siroké rozpéti udavané incidence
trombdzy rekonstruované VP vramci resekénich vykonl na pankreatu.
Trombodza je popisovana u 2,5 az 36,8 % pfipadu (252,388,389). V ramci naseho
experimentu byla trombdza VP zaznamenana u 19,2 % operovanych zvifat. Labori
publikoval systematické review, dle kterého dochazi k ¢asné pooperacni trombdze

po rekonstrukci VP u 7,5 % pacientl s nahradou syntetickym Stépem, u 5,6 % pacientl
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s nahradou autolognim Stépem a u 2,5 % pacientl s nahradou alogennim Stepem
(252). Z dlouhodobého hlediska se trombdza u alogennich Stépu vyskytla u 6,2 %
(u22,2 % a 11,7 % pak u syntetickych a autolognich §tépua). Za ¢asnou trombozu byla
povazovana ta, ke které doslo do 30 dnl po operaci. Obdobnou dobu, pfesné 28 dni,
byla sledovana zvifata v ramci naSeho experimentu. Ve srovnani s vysledky tohoto
review pak byla incidence trombozy u prasat zarazenych do experimentu vysSSi.
Vznik trombézy muze kromé typu Stépu a technickych faktort ovlivnit i pooperaéni
antikoagulacni Ci antiagregacni terapie (236,237,252). Jak bylo zminéno v uvodu,
podavani a forma této terapie je indikovana podle rozhodnuti operatéra. V souCasné
dobé neexistuje doporuceni ohledné indikace antikoagulaéni Ci antiagregacni terapie
po rekonstrukci VP (236). V ramci prezentovaného experimentu nebyla u prasat
pooperacné podavana Zadna medikace za ucelem prevence vzniku trombdzy VP.
Duvodem byly obavy zrizika pooperacniho krvaceni po rozsahlém vykonu, jakym
je hemipankreatoduodenektomie. Byl tak pouze jednorazové aplikovan bolus heparinu
v davce 100 mg/kg v prabéhu operace pfed samotnou resekci VP. PfiCinou vyssi
incidence trombozy VP v prezentovaném experimentu maze byt vysSi koagulabilita
prasecCi krve v porovnani s krvi lidskou. Hyperkoagulabilita u prasat byla prokazana
nékolika experimenty, z nichz vétSina vyuZzivala k hodnoceni tromboelastometrii
(390-393).

Dle dostupné literatury jsou alogenni cévni Stépy bezpeclnou alternativou
k autolognim a syntetickym Stépum (252). VySe citované systematické review
prokazalo nejniz§i incidenci trombozy VP pfi pouziti alogennich Stépu, zatimco
pooperacni mortalita byla pro autologni, syntetické i alogenni $tépy srovnatelna (252).
Nas experiment srovnavajici alogenni Stépy odebrané zfecisté VP nebo VCI
pak prokazal odliSnou strukturu obou typU Stépl a vice pfipadld trombdzy pfi pouziti
$tdpt VP. Stépy odebrané ze systémového fedisté VCI jsou navic v ramci klinické
mediciny snadnéji dostupné. Na zakladé vysledkl provedeného experimentu se tedy
jevi jako bezpec€néjsi uprfednostnéni Stépu zrfecisté VCI k rekonstrukci VP
pfi hemipankreatoduodenektomii. K verifikaci jasné pficiny odliSného chovani stépu

z feCisté VCI a VP by bylo nutné provedeni dalSich experimentu.
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6.5 Zaver

Model hemipankreatoduodenektomie s resekci VP na velkém experimentalnim
zvifeti byl uspésné etablovan. Tento model se osvédcil jako vhodny ke zkoumani
moznosti rekonstrukce VP. Byl prokazan rozdil ve stavbé stény VP a VCI u prasete
domaciho. Po implantaci alogennich $tépu téchto Zil do portalniho Fecisté v ramci jeho
rekonstrukce vSak doSlo po 4 tydnech k prfestavbé Zilni stény. Na konci tohoto obdobi
byla Zilni sténa obou typu $tépl histologicky srovnatelna. Matematické modelovani
umoznilo identifikovat rizikové oblasti a faktory pro rozvoj trombdézy v ramci
rekonstrukce VP interponovanym $tépem. Jako rizikové byly identifikovany zejména
Stépy o pruméru presahujicim primér samotné VP. U zvifat s implantovanymi $tépy
VP byl zjistén vétsSi pramér téchto $tépl Casné po implantaci oproti stépim VCI.
U téchto zvirat také doslo k Castéjsi trombotizaci VP (Ctyfikrat ve skupiné VP, jednou
ve skupiné VCI). Rozdilné vysledky by mohly byt zpusobeny odliSnymi
biomechanickymi vlastnostmi VP a VCI, které vSak nebyly specificky hodnoceny.
Tento experiment podporuje v pfipadé potfeby pouziti alogennich Zilnich Stépu
ze systémového fecisté VCI k rekonstrukci VP v ramci chirurgické 1é€by karcinomu

pankreatu v klinické mediciné.
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8 Souhrn

Uvod: Radikalni resekce je jedinou potencialné kurabilni metodou Ié&by
karcinomu pankreatu. Z dlvodu absence C¢asnych pfiznakd vSak byva toto
onemocnéni ve vétsiné pfipadd diagnostikovano az v pokrocilych stadiich. Tumor jiz
byva lokalné pokrocily nebo jsou pfitomny vzdalené metastazy. Karcinom pankreatu
Casto invaduje do vena portae (VP) nebo vena mesenterica superior (VMS).
V soucCasné dobé je v ramci chirurgické léCby karcinomu pankreatu provedeni Zilni
resekce VP/NVMS ve specializovanych centrech doporu€ovano. Existuje nékolik
moznosti rekonstrukce VP/VMS. Jako vyhodné se jevi vyuziti alogennich Zilnich §tépu,
se kterymi jsou vSak v této indikaci zatim omezené zkuSenosti. Neni jasné, jakého
anatomického plvodu by tyto alogenni stépy mély optimalné byt.

Cile: Cilem této prace bylo na velkém zvifecim modelu hemipankreato-
duodenektomie s rekonstrukci VP porovnat alogenni $tépy vena cava inferior (VCI)
(. Stépy ze systémového FeCisté) se Stépy samotné vena portae (VP) (ij. Stépy
z portalniho fecisté). Cilem bylo porovnat histologickou stavbu téchto $tépl pred
a po jejich implantaci, dale pak vyhodnotit chovani téchto $tépl v pooperacnim obdobi
a identifikovat technické faktory, které ovlivhuji miru rizika trombotizace VP po jeji
rekonstrukci.

Metodika: Hemipankreatoduodenektomie s rekonstrukci VP alogennimi Zilnimi
Stépy byla provedena u 26 prasat domacich. Zvifata byla rozdélena do dvou
experimentalnich skupin podle toho, zda byly implantovany stépy VP (n=13), nebo
Stépy VCI (n=13). Zvifata byla po vykonu sledovana po dobu ¢&tyf tydnl. Pravidelné
byla provadéna vysSetfeni dopplerovskou ultrasonografii (DUSG). Vzorky zilnich Stépu
byly histologicky vySetfeny jednak pfed jejich implantaci (nativni Stépy) a jednak
po Ctyfech tydnech po implantaci. Na zakladé ziskanych dat byly vytvoreny
matematické modely proudéni krve v portalnim fecisti po jeho rekonstrukci za ucelem
identifikace rizikovych faktor( pro rozvoj trombdzy VP.

Vysledky: Celkem 19 zvifat prezilo po celou dobu experimentu. U 5 zvifat
ze skupiny VP a u 2 zvifat ze skupiny VCI doSlo k pfed€asnému umrti z dlvodu
perioperacnich komplikaci. Kvantitativni histologické vySetfeni prokazalo vyssi podil
hladké svaloviny a méné kolagenu | a Il ve st&né $t&pa VP oproti $tépam VCI. Ctyfi
tydny po implantaci v8ak byla stavba sté&ny obou typt $t&pu srovnatelna. Stépy VP
mély C¢asné po implantaci vétSi primér nez stépy VCI. Matematické modelovani
umoznilo identifikovat oblasti rizikové pro rozvoj trombdzy. Tendence ke stagnaci krve,
jako jeden zrizikovych parametrd pro vznik trombozy, byla vysSi v pfipadé Stépu
o vétSim prdméru (zejména pokud pFfesahoval primér samotné VP). U 4 zvifat
ze skupiny VP a u 1 zvifete ze skupiny VCI doslo k trombdze extrahepatalni ¢asti VP.

Zavér: Provedeny experiment podporuje v pfipadé potfeby vyuziti alogennich
Zilnich &tépu ze systémoveého fecisté VCI pro rekonstrukci VP v ramci chirurgické 1éCby
karcinomu pankreatu v klinické mediciné.

Klicova slova: karcinom pankreatu, hemipankreatoduodenektomie,
rekonstrukce portalni zily, alogenni $tépy, experiment na velkém zvifeti
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9 Summary

Introduction: Pancreatic cancer is a fatal malignancy that is known as one
of the leading causes of cancer mortality worldwide. The only potentially curative
treatment is radical surgical resection. Because of the lack of early symptoms,
the diagnosis is usually made in advanced stages of the disease. In the majority
of patients, the tumor is already locally advanced or it has distant metastases
at the time of diagnosis. Pancreatic cancer tends to infiltrate the portal vein (PV)
or the superior mesenteric vein (SMV). Nowadays, resection of infiltrated parts
of PV/SMV is recommended in specialized centers. There are several established
techniques of PV/SMV reconstruction. The use of allogeneic venous grafts seems
to be a method with minimal risk of adverse effects but there is only limited experience
with these grafts. The optimal anatomical origin of allogeneic venous grafts for PV/SMV
reconstruction remains unknown.

Aims: The aim of this experiment was to compare two types of allogeneic
venous grafts used for PV reconstruction in a large animal model of pancreatico-
duodenectomy. These grafts were harvested from the caval system (inferior caval vein
grafts — IVC grafts) and the portal system (PV grafts). The purpose was also
to compare the microstructure of these grafts and to evaluate their possible
remodelation after implantation. The experiment was also planned with the intent
to enable monitoring of proportions of these grafts in the postoperative period and
to identify technical factors that influence the risk of PV thrombosis.

Methods: Pancreaticoduodenectomy with PV reconstruction was successfully
performed in 26 piglets. The animals were divided into two experimental groups
according to the type of implanted graft (PV group, n = 13; IVC group, n = 13).
The postoperative monitoring period was 4 weeks. Regular Doppler ultrasonography
controls were performed before the operation and throughout the postoperative period.
Specimens of venous grafts taken right after their retrieval and also 4 weeks after
implant were examined by qualitative and quantitative histology. Computer simulations
of blood flow in the reconstructed portal system were performed to identify risk factors
of PV thrombosis.

Results: Nineteen animals survived throughout the whole monitoring period.
Five animals in the PV group and two in the IVC group died prematurely due
to postoperative complications. Higher amounts of smooth muscle cells and lesser
amounts of collagen | and Il were observed in the wall of PV grafts compared to IVC
grafts right after their retrieval. However, both types of grafts had similar morphology
4 weeks after implantation. Larger graft diameters right after implantation were
documented in cases of PV grafts. Computer simulations helped to identify areas
susceptible to thrombosis. The propensity for blood stagnation as a risk factor
for thrombosis was more noticeable in cases of grafts of larger diameters (especially
when the diameter exceeded PV diameter). Thrombosis of extrahepatic PV occurred
in 4 animals from the PV group and 1 animal from the IVC group.

Conclusion: Results of this experiment support the use of allografts from
the systemic venous system for PV reconstruction in patients with pancreatic cancer
when needed.

Key words: pancreatic cancer, pancreaticoduodenectomy, portal vein
reconstruction, allogeneic grafts, large animal experiment
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Abstract. Background: In clinical medicine, little is known
about the wuse of allografts for portal vein (PV)
reconstruction after pancreaticoduodenectomy (PD). Portal
and caval systems are physiologically different, therefore the
properties of allografts from caval and portal systems were
studied here in a pig model. Materials and Methods: PD
with PV reconstruction with allogeneic venous graft from PV
or inferior vena cava (IVC) was performed in 26 pigs.
Biochemical analysis and ultrasonography measurements
were performed during a 4-week monitoring period.
Computer simulations were used to evaluate haemodynamics
in reconstructed PV and explanted allografts were
histologically examined. Results: The native PV and IVC
grafts varied in histological structure but were able to adapt
morphologically after transplantation. Computer simulation
suggested PV grafts to be more susceptible to thrombosis
development. Thrombosis of reconstructed PV occurred in
SJour out of five cases in PV group. Conclusion: This study
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supports the use of allografts from caval system for PV
reconstruction in clinical medicine when needed.

Pancreatic cancer is one of the leading causes of cancer
mortality in developed countries; its incidence has been
rising over last decades and without a breakthrough in
therapy this trend is expected to continue (1, 2). The
incidence of pancreatic cancer is almost equal to its mortality
rate and the estimated 5-year survival rate is only 5% (1, 3).

Nowadays the only potential curative therapy of this disease
is radical surgical resection, which can help to increase the 5-
year survival rate up to 25% (4). The standard surgical method
for curative resection of tumours arising in the head of the
pancreas is pylorus-preserving pancreaticoduodenectomy
(PPPD) (5). However, the resectability of pancreatic cancer is
limited by vessel infiltration. In the presence of tumour
ingrowth into adjacent arteries, surgical resection is not
generally recommended due to high postoperative morbidity
and mortality (4. 6). However, tumours infiltrating venous
structures [such as the superior mesenteric vein (SMV), and
portal vein (PV)] can be safely resected together with involved
part of the vein, resulting in morbidity and mortality
comparable with standard PPPD (4, 7).

Resection of either PV or SMV during PPPD requires a
suitable reconstruction of the involved vessel. In cases when
only a tangential resection or short segmental resection is
performed, the vein can be reconstructed by venorrhaphy,
patch plasty or primary anastomosis. When a longer venous
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segment has to be removed and a tension-free anastomosis
cannot be achieved even after the mobilization of abdominal
organs, then a reconstruction with interposition graft is
required (5, 8). For this, autologous venous grafts are used
in most cases utilizing e.g. the left renal vein, internal jugular
vein, great saphenous vein or superficial femoral vein.
Synthetic polytetrafluorethylene (PTFE) grafts are rarely
used for PV reconstruction as they are suspected of
increasing the rate of postoperative thrombosis and infection
(9). Nevertheless, the most commonly used technique using
autologous venous grafts still has some disadvantages. These
include prolonged operation time, poorly fitting diameter of
the graft which has to be adapted, a risk of complications at
the site of harvesting, and harvesting itself, which may
require an additional incision (10).

Considering the disadvantages of autologous grafts, a
reconstruction using allogeneic cadaveric grafts might be a
fast and elegant method for reducing postoperative morbidity.
Since portal and caval venous systems vary by their perfusion
pressure or by vessel capacitance (11, 12), we hypothesised
that allografts originating from the PV would be ideal for PV
reconstruction. However, PV allografts are less available
compared to easily accessible allografts from the caval
system such as the inferior vena cava (IVC) or iliac veins.
The reason for this is the harvesting of PV together with the
liver for transplantation purposes. The use of allogeneic
venous grafts from organ donors for PV reconstruction has
been described in only few studies; in all these cases, grafts
from the iliac or femoral vein from the caval venous system
were used (13-15). Moreover, to our knowledge, no study
examining potential differences between grafts originating
from the portal system and the caval system have been
reported. Due to the mentioned physiological differences
between portal and caval venous systems, a comparison of
graft types is very important for safe application and wide use
of this technique in clinical medicine.

The reconstruction of PV using venous graft is associated
with certain risk of postoperative thrombosis (16). Factors
such as composition of the blood, changes of haemodynamics
and changes of the vessel wall can trigger thrombosis (17). A
non-uniform blood flow and inadequate shear stress
stimulation of the vascular wall can cause changes observed
at the morphological as well as physiological level (18).
Moreover, haemodynamics associated with stagnation or low-
velocity zones or areas with a sudden increase in shear stress,
such as vascular stenoses, have a propensity for thrombosis
(19). Thus, in order to provide an alternative insight into the
problem of portal system haemodynamics and to assess its
role in the outcome of PV reconstruction, computer
simulations of blood flow in pre- and postoperative PV
models were carried out. To our knowledge this is the first
time this method has been used to evaluate the risk of
thrombosis in reconstructed PV.
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The aim of this study was to compare the characteristics
of cadaveric venous grafts from PV and IVC in order to
evaluate their properties and functionality in a reconstructed
portal system to verify the suitability of their utilization. For
better intelligibility and because of comparison with clinical
medicine the term IVC is used for pig caudal vena cava
throughout the article.

Materials and Methods

Animal experiment legislation. This study was conducted under the
authority of the Ministry of Agriculture of the Czech Republic. All
the procedures with the use of animals were approved by the
Commission for Work with Experimental Animals at the Charles
University, Faculty of Medicine in Pilsen, and the whole study was
conducted in accordance with the law of the Czech Republic, which
is compatible with the legislation of the European Union (number
of approval - 4891/2015-MZE-17214).

Experimental animals and testing of immunocompatibility. For the
in vivo model of PPPD, Prestice black pied pig was used. All the
animals were healthy, about 3-4 months old, with body weight
between 24 and 36 kg. Both males and females were included.
There were two recipient groups (PV and IVC) and one group of
donors. Animals in the PV group received a PV graft (n=13).
Animals in the IVC group received a graft of supra-hepatic part of
IVC (n=13).

One PV and one IVC graft were harvested from each of the
donor pigs (n=13). To avoid incompatibility among individual
donors and recipients, a standard blood cross-matching test was
performed prior to surgery,

Premedication and general anaesthesia. All animals were under
general anaesthesia during all surgical procedures and under
analgosedation during ultrasound examination and blood sample
collection. Intramuscular premedication used 10 mg/kg ketamine
(Narkamon; Spofa, a.s., Prague, Czech Republic), 5 mg/kg azaperon
(Stresnil; Jannssen Pharmaceutica NV, Beerse, Belgium) and |1 mg
atropine (Atropin Biotika; Hoechst Biotika, Martin, Slovak
Republic). General anaesthesia was induced and maintained by
intravenous administration of propofol (1% mixture 5-10 mg/kg/h
propofol; Fresenius Kabi Norges as, Halden, Norway). Intravenous
administration of fentanyl (1-2 pg/kg/h Fentanyl Torre: Chiesi cz
s.r.o, Prague, Czech Republic) was used for continuous analgesia.
Airways were secured by endotracheal intubation and pigs were
mechanically ventilated. Physiological functions were monitored
throughout the surgery. During the procedure, pigs received
infusions and volume substitution when needed: Hartmann’s
Solution (B.Braun Melsungen AG, Melsungen, Germany) and
Plasmalyte (Baxter Healthcare Ltd,, Compton, UK). Amoxicillin
and clavulanic acid (1.2 g Augmentin per pig: GlaxoSmithKline
Slovakia s.ro., Bratislava, Slovak Republic) were used as antibiotic
prophylaxis at the beginning of the procedure; the dose was
repeated after 2 hours.

Collection of venous grafts. PV and IVC grafts were harvested under
aseptic and antiseptic conditions from the pigs in donor group.
Before graft harvesting 20,000 1U of heparin (Heparin — Zentiva,
k.s., Prague, Czech Republic) was intravenously administered.
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Collected grafts were then stored in saline with 20 000 IU of
heparine per litre in fridge with temperature around 8°C. Finally, the
donor was sacrificed by intravenous administration of a potassium
chloride solution.

PPPD and transplantation of venous grafts. Firstly, ProPort Plastic
Venous Access System with PolyFlow polyurethane catheter
(Deltec, Smiths Medical Deutschland GmbH, Grasbrunn, Germany)
was implanted and introduced through the jugular vein into the
superior vena cava for intravenous premedication, administration of
crystalloids and blood sample collection. The surgery of recipients
followed a standard protocol for PPPD; there was only a small
modification involving preservation of the gallbladder, and therefore
the bile duct was divided at the level of common bile duct instead
of at the level of the common hepatic duct. This step was taken
because of easier creation of biliodigestive anastomosis at the level
of common bile duct with larger diameter, thus reducing the risk of
postoperative complications after such an extensive procedure as
PPPD. Then 100 IU/kg of heparin was administered intravenously
to prevent thrombosis during PV occlusion. The freed and encircled
PV was then clamped with two vessel clamps proximally and
distally to the liver so as to enable the part of the potentially
affected PV to be resected and removed together with the whole
specimen (the duodenum, proximal part of jejunum, the head and
the neck of the pancreas and the part of the PV).

PV reconstruction. For PV reconstruction, the PV or IVC graft was
cut into an appropriate length and two end-to-end hand sewn
anastomoses were performed to interpose the graft at the place of
resected part of the PV. Suture using 5-0 monofilament polypropylene
was used. The length of the resected part of the PV and of the graft
used for reconstruction was different for individual animals,
simulating the situation in clinical medicine when the length of
segment which has to be resected depends on the extent of tumour
invasion. However, these were equally distributed between both
experimental groups to enable the comparison of the groups.

Perioperative measurement. The diameters of the PV, SMV and
lienal vein (LV) were measured with sterile caliper prior to vessel
reconstruction. The length of the interposed graft, the diameters of
the PV, SMV, LV, interposed graft and both anastomoses were
measured right after vessel reconstruction.

Restoration of gastreintestinal continuity. The reconstruction of
gastrointestinal tract started with end-to-side pancreaticojejunostomy.
About 10 centimetres distally from the pancreaticojejunostomy, the
choledochojejunostomy was created end-to-side. The stomach was
connected with the jejunum with end-to-side pylorojejunostomy
followed by side-to-side jejunojejunostomy to avoid regurgitation of
the bile and pancreatic juice into the stomach. Then the laparotomy
was closed in anatomical layers, and the animals were extubated and
allowed to recover.

Follow-up. The animals were monitored every day for the next 4
weeks, focusing on clinical examination to be able to identify any
potential surgical complications. The animals fasted for the first 3
postoperative days after the operation and were re-alimented to
standard feed portions during the first postoperative week. Access
to water was not restricted. Throughout the first postoperative week,
40 mg of pantoprazole (Nolpaza KRKA Slovensko, sr.o.,

Bratislava, Slovak Republic), 250 ml of Hartmann’s Solution and
250 ml of Glucosa 5% (B. Braun Melsungen AG, Melsungen,
Germany) was daily administered via the ProPort system. From the
second postoperative week, only 40 mg of pantoprazole was added
into the feed every day for the rest of the experiment.

Biochemical markers. Blood samples were collected before the
operation, immediately before PV resection, immediately after PV
reconstruction, 2 hours after PV reconstruction, and then on post-
operative days 7, 14, 21 and 28. Using these samples, serum
aspartate  aminotransferase, alanine  aminotransferase, -
glutamyltransferase, alkaline phosphatase, bilirubin, urea and
creatinine levels were analyzed.

Ultrasound examination. All transplanted animals underwent
ultrasound examination before operation, right after operation and
then on postoperative days 7, 14, 21 and 28. Doppler ultrasonography
(Ultrasound Scanner Pro Focus 2202; BK Medical, Herlev, Denmark)
was performed to verify and quantify the blood flow in the graft and
in the PV system. Diameters of the PV, interposed graft, anastomoses,
SMV and LV were measured together with the maximum velocity of
blood flow in these locations. On the 28th postoperative day, the PV
was harvested together with the interposed graft under general
anaesthesia. The pigs were then sacrificed by intravenous
administration of potassium chloride solution.

Histology. All the explanted PV specimens with the interposed graft
as well as the rest of the grafts not used for PV reconstruction were
histologically examined. For comparison of the types of grafts at the
end of experiment, only the specimens from surviving animals were
used. All the tissue samples were spread and stitched to cork plates
to prevent tissue deformation and extensive shrinkage and to
preserve the orientation of the specimen. All samples were fixed in
10% buffered formalin and processed to 3 pum paraffin sections.
Samples were cut along the plane parallel to the long axis of the
original vein. The overall morphology was examined using
hematoxylin-eosin and green trichrome stains. Type I and type 111
collagen was examined in circularly polarized light using picrosirius
red staining (Direct Red 80: Sigma Aldrich, Munich, Germany).
Elastic fibres were stained with Tanzer’s orcein (Bowley
Biochemical Inc., Danvers, MA, USA). Vascular smooth muscle
cells as well as contractile myofibroblasts in the suture area were
visualized using immunohistochemical reaction against alpha-smooth
muscle actin (monoclonal mouse anti-human smooth muscle actin,
clone 1A4, dilution 1:500; DakoCytomation, Glostrup, Denmark).
The presence of thrombi, lymphatic infiltration, formation of
neointima, and integrity of the endothelial layer was also analysed.

Stereological analysis. Following the stereological principles, we
quantified the area proportion of elastin-, collagen-, and actin-
positive vascular smooth muscle cells within the venous wall. This
was achieved using the point counting method in Stereologer
software (Stereology Resource Center, Inc., Chester, MD, USA).
These methods were previously established for quantitative
histological assessment of the composition of vascular wall (20-22).
For the quantification, we firstly took systematic uniform pictures
(Nikon Eclipse Ti, obj. 20x, Nikon Instruments Inc., Melville, NY,
USA) of the region of interest of each native vein and placed a point
grid over the photographs. Then, we counted the number of points
hitting the structures of interest and divided this number with the
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number of points of the grid over the image. The result was the
percentage of a proportion of quantified parameter.

Computer simulations. For the assessment of pre- and post-operative
portal haemodynamics, vessel reconstructions from 10 experimental
animals were selected: five from the PV group (PV-9 to PV-13) and
five from the IVC group (IVC-9 to IVC-13). Note that not all
animals from the experimental group were included in the computer
simulations due to the large amount of data required and the
difficulties associated with the preparation of simulation models. All
vein models used for the computer simulation (30 in total: 10 pre-
operative, 10 post-operative, and 10 adapted) were reconstructed on
the basis of real vein geometries obtained from perioperative
measurements and photographs taken before and after the PV
reconstruction, The mathematical description of the hepatopetal
portal venous flow with small fluctuations related to cardiac activity
was based on incompressible Navier-Stokes equations, with blood
modelled as a Newtonian fluid. The flow model was numerically
solved together with appropriate initial and boundary conditions
(23) by means of the cell-centred finite-volume method (24). Fully
developed inlet flows simulated in the SMV and LV were based on
velocity values measured by Doppler ultrasonography in one of the
animals (IVC-12) and used throughout the haemodynamic study as
a reference. In other words, SMV and LV velocities prescribed in
the venous models of the other animals were proportional to the
values found in the IVC-12 animal. This step was taken with the
intent to make correlations between each venous model and also to
draw general conclusions independently of the haemodynamics of
each animal.

Haemodynamic parameters. Beside the usual visualisation of
simulated pre- and post-operative results in the form of time average
velocity magnitude (TAVM), our aim was to quantify the shear
stimulation of vascular wall and to associate its abnormal magnitude
with areas susceptible to thrombosis, For this purpose, we used the
haemodynamic parameter known as the time-averaged wall shear
stress (TAWSS) to describe the time-averaged viscous stress exerted
on the endothelium by streaming blood. Note that both low and high
TAWSS values are indicators of disturbed haemodynamics and are
often denoted as triggers of morphological changes or a primary
cause of endothelial injury (12, 25). Another marker of disturbed
blood flow, prone to thrombus formation due to enhanced blood cell
deposition and aggregation, is the relative residence time (RRT)
defined by Himburg et al. (26). Because the calculation of particle
residence time according to RRT is limited to the immediate vicinity
of vascular walls, it was appropriate to introduce another quantity
that is able to circumvent this inconvenience and provide an
aggregation indicator for the entire vessel. The principle of the
technique is to virtually inject the entire vascular model with an
‘ink’ of a given initial concentration C and to monitor its gradual
decrease with time as the ink is washed away. The residence time
(RTc) value within a certain part of the vessel then corresponds to
the time it took the ink concentration to drop below a critical value
Cerit. On this basis, it is easy to identify stagnation or low-velocity
zones, where the blood cells would show a tendency to deposit and
aggregate, thereby increasing the thrombosis risk.

Statistical analysis. Biochemical parameters and results of
computational modelling were analysed with respect to group
(factor) and measurement time point (level of repeated
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measurement) using repeated-measures ANOVA. Since the follow-
up measurements of vessel diameters and blood flow included a
substantial amount of missing data, repeated-measures ANOVA was
not suitable for these and the following approach was used instead.
Firstly, in order to assess overall differences between experimental
groups over all measurement points, the measured values of each
variable were converted into z-scores for each day, these z-scores
were then merged and the difference in z-scores between groups
was then tested using Mann—Whitney U-test. Secondly, in order to
evaluate the time progression of the variables, the variable values
were converted into z-scores for all available data points for each
pig, the z-scores were merged and their development throughout the
time points was analyzed using Kruskal-Wallis ANOVA (looking
for significantly non-uniform distribution) and Spearman correlation
(looking for consistent increasing or decreasing trends). The time
trends were assessed both in the whole sample and in the individual
groups. Differences in quantitative histological findings were
analyzed using Mann-Whitney U and Wilcoxon signed-rank tests.
To determine whether the graft types differed in the change of
quantitative histological findings between the native and adapted
states, two-way ANOVA with interactions was performed and the
significance of the interaction factor was assessed. All reported p-
values are two-tailed and the level of statistical significance was set
at a=0.05. Statistical processing and testing were performed using
STATISTICA data analysis software system (Version 12; StatSoft,
Inc, 2013; www.statsoft.com).

Results

Postoperative complications. PD with PV reconstruction
using allogeneic venous graft from PV or IVC was
performed in 26 animals in total. Nineteen animals survived
the whole experiment (eight in the PV group, 11 in the IVC
group). Seven animals died prematurely because of
perioperative or postoperative complications (five in the PV
group, two in the IVC group). Two animals died due to
thrombosis of extrahepatic part of PV (one in the PV group
immediately after the operation, one in the IVC group on the
first postoperative day). The other causes of death were as
follows: metabolic failure (two in the PV group on the first
and second postoperative days), postoperative bleeding in
retroperitoneum (one in the IVC group on the first
postoperative day), gastrectasia (one in the PV group on the
18th postoperative day), and pancreatic pseudocyst (one in
the PV group on the 12th postoperative day).

PV thrombosis. Altogether the thrombosis of the extrahepatic
part of the PV was noted in five cases (four in the PV group,
one in the IVC group, 19.2% in total) but only two cases
caused death (mentioned above).

Vessel size and biood flow. The results of parameters of
portal system measured with Doppler ultrasonography are
presented in Figure 1. Only parameters for which values
were significantly different between groups or which showed
significant trends are presented.
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Figure 1. Results of Doppler ultrasonography measurement. A: The diameter of portal vein (PV) was higher in the PV group compared to the
inferior vena caval (IVC) group throughout the experiment (p<0.05). The time course was similar for both groups. B: There was a significant trend
for narrowing of the anastomosis in the IVC group during the postoperative period (p<0.05). Note the different course in the PV group, where the
diameter increased during the first postoperative week. C: The blood flow velocity in the area of anastomosis was higher in the IVC group compared

to the PV group (p<0.05). D: Both groups showed a significant increase of blood flow velocity in PV distally to the graft after the graft interposition

(p<0.05). Data are the mean+SEM. *Immediately.

Graft length. The length of interposed graft was different
between individual animals (range=14 to 43 mm; mean=25.3
mm) but it was equally distributed throughout the experimental
groups (PV group: range=20-43 mm; mean=26.2 mm; IVC
group: range=14-40 mm; mean=24.4 mm). Perioperative
measurements revealed PV grafts to be of larger diameter

(range=12-16 mm, mean=14.2 mm) when compared to IVC
grafts (range=9-12 mm, mean 11 mm) (p<0.05) (Figure 2).

Biochemical markers. The course of levels of biochemical

markers in perioperative and postoperative period are
presented in Figure 3.
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Histology. Quantitative histological analysis showed
significant differences in the structure of the wall of native
PV graft and native IVC graft. The wall of PV grafts before
the implantation contained a continuous layer of vascular
smooth muscle cells which were absent from the wall of IVC
grafts (Figure 4). In agreement with this, the proportion of
actin-positive cells was greater in native PV grafts compared
to native IVC grafts (p<0.05; Figure SA). On the other hand,
native IVC grafts had a greater proportion of collagen I and
III fibres compared to the native PV grafts (p<0.01; Figure
5B). The proportion of elastic fibres did not significantly
vary between both types of native grafts (p=0.35; Figure
5C). We did not observe any significant histological
differences between the two types of implanted grafts after
their explantation at the end of the experiment, which
demonstrates efficient adaptation of the graft to the
implantation site (Figure 5). Related to this, a comparison of
the structure of the IVC graft before and after the
implantation revealed a significant decrease in the proportion
of elastic fibres in transplanted grafts (p<0.01; Figure 5C),
as well as a greater proportion of contractile cells;
nevertheless, the proportion of actin-positive cells was not
significantly different (Figure 5A). Transplanted PV grafts
lost stratification of smooth muscle layer and showed smaller
proportion of actin-positive cells when compared to native
PV grafts (p<0.01; Figure 5A). The decrease of the
proportion of elastic fibres in PV grafts was not significant
(p=0.13; Figure 5C).

Additional histological changes of the implanted grafts
that developed during the 4 weeks of remodelling are
shown in Figure 6. Both PV and IVC grafts developed
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thickening of the wall during the remodelling process. In
both graft groups, we observed formation of granulation
tissue pervaded with smooth-muscle actin-positive
contractile cells with formation of micro-vessels,
occasionally accompanied by foreign-bodies giant cells. We
also detected inflammatory infiltration and proliferation of
intima with neointimal hyperplasia. The endothelial layer
was preserved to a vastly variable extent, from no
endothelial cells detected to a continuous endothelial line.
At the end of the experiment, we did not observe a
homogeneous layer of contractile cells in either of the
groups. The only region-specific stratification was observed
at a distance of 600 pm from the lumen, where in most of
the grafts, a layer of thick elastic fibres was preserved. On
the top of this, we identified occlusive thrombi showing
signs of organisation and recanalization in several samples.
To sum up, for both types of the grafts, the wall was
predominantly formed of collagen type I and III, remnants
of elastin, and partially organised granulation tissue with
interposed contractile cells (smooth-muscle actin-positive
cells) (Figure 6).

Computer simulations. Numerical results of computer
simulations showing TAVM, TAWSS and RRT are depicted
in Figure 7, and show that a change in vessel geometry
caused by an interposed graft can have a significant impact
on the downstream PV haemodynamic. In all simulated
models, the inflow from SMV proved to be dominant
compared to the inflow from LV and, thus, played an
important role in the resulting blood flow in and after the
venous graft. Areas of blood stagnation or recirculation were
identified especially in the case of vessels with large-
diameter grafts, and also in models where the PV line
significantly deviated from the direction given by SMV,
resulting in a peak velocity skewed towards the wall at the
site of the LV inflow (as an example, see results of PV-10
animal in Figure 7A). This peak velocity was heading the
area of the graft when longer grafts were used (Figure 7A).
In the case of short grafts, the peak velocity was oriented to
the area of anastomosis (Figure 7B). The presence of
anastomoses was usually accompanied by an increase in
TAVM, as is apparent from the model IVC-9 (Figure 7B).
According to the “virtual ink’ technique, the highest RTc,
which can identify sites with a tendency for blood
stagnation, was observed within graft regions, usually near
the walls opposite the deflected main stream (at the site
opposite the LV inflow) and in large-diameter grafts (Figure
8). Regarding abnormally high shear stress stimulation,
which can lead to blood cell damage and trigger thrombosis,
very high TAWSS values were particularly noted in areas of
both anastomoses and partly downstream from the interposed
graft (Figure 7).
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Figure 3. Liver and renal biochemical markers in serum. A: Biochemical
analysis revealed elevation of aspartate aminotransferase (AST)
concentration in the perioperative period with peak levels at 2 hours after
PV reconstruction in both groups. This AST elevation diminished during
the postoperative period. B: Serum level of alanine aminotransferase
(ALT) slightly decreased in the postoperative period in both groups. C:
The serum level of bilirubin was negligibly higher in the PV group
perioperatively. D: The level of urea had a tendency to increase but ir
remained within the normal reference range. E-G: Serum levels of
creatinine, alkaline phosphatase (ALP) and y-glutamyitransferase (GMT)
did not show any impairment of the liver or renal functions during the
postoperative period; considering the values of these biochemical
markers there were nor any significant differences between PV group and
IVC group ar the individual time points or together for whole period of
follow-up. Data are the mean=SEM. *Immediately.

Quantification. Quantitative comparison of TAVM, TAWSS,
RRT and RTc values of both experimental groups did not
reveal any significant differences (data not presented).
However, the value of RRT in the PV group increased after
graft implantation and decreased in the IVC group. All the
aforementioned parameters were also evaluated in relation to
the length of the interposed graft to clarify whether the
length itself might influence PV haemodynamics, and thus
enhance the risk of thrombosis. According to these
evaluations, longer grafts were usually associated with more
noticeable decrease in TAWSS when comparing
postoperative and adapted states of the PV reconstructions.

Discussion

Due to a low survival rate in patients with pancreatic cancer
that is often related to late diagnosis (1, 3), there is an urgent
need to develop more efficient strategies for tumour resection
and suitable reconstruction of involved vessels, We addressed
this issue by establishing a pig model of PD followed by PV
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reconstruction using cadaveric allogeneic grafts. By choosing
a large animal model we aimed to imitate a standard clinical
PD as much as possible to include all factors which
potentially involve the PV reconstruction itself.

‘We evaluated two different types of cadaveric allogeneic
venous grafts originating from PV and IVC in terms of their
suitability for PV reconstruction.

There is no reference to usage of allogeneic grafts of PV

itself for PV reconstruction after PD, only allogeneic venous
grafts of iliac or femoral veins were mentioned (13-15).
According to the literature, this is the first report of an
established large animal surviving a model of
pancreaticoduodenectomy with PV reconstruction.
Histology and physiology. To our knowledge, no study
comparing the microscopic structure of the porcine or human
PV and IVC has been published. Brown et al. reported a higher
collagen content in the wall of IVC compared to the PV in
rabbit (12). They also demonstrated correlation between
histological findings and functional differences of PV and IVC.
PV showed greater capacitance compared to IVC, which
allows PV to adapt to the varied needs of the portal circuit. The
collagen fibres are probably responsible for greater tension of
the IVC wall compared to the more flexible PV (12). In our
study, we also observed a greater proportion of collagen in the
wall of native IVC compared to that of native PV.

Studies of canine veins showed more smooth muscle cells in
the wall of PV compared to other large veins (27, 28). In the
case of porcine IVC, only a small amount of smooth muscle
was observed (29). Our results correlate with these findings.
The smooth muscle cells were present in coherent layer in
native PV and they were practically lacking from the wall of
native IVC in our study. Brown er al. noted stronger
vasoconstriction of PV after noradrenaline administration and
more noticeable vasodilatation after removal of calcium
compared to IVC. This effect is probably caused by the different
wall structure of PV and IVC (higher content of collagen fibres
in IVC and more smooth muscle cells in PV) (12).

The ability of greater volume changes of PV according to
neurohumoral stimuli might explain the larger diameter of
PV grafts immediately after the reconstruction in comparison
with IVC grafts. This might potentially be caused by smooth
muscle relaxation due to storing of the grafts in saline after
harvesting. We also hypothesise that the structure of PV graft
wall may cause the dilation of the anastomosis during the
first postoperative week which was not observed in the IVC
group. However, for verification of this hypothesis, further
experimentation would be required.

During the 4-week postoperative period, the PV graft lost
stratification of the smooth muscle layer and the smooth
muscle actin content significantly decreased. This finding
corresponds with the experiment of Yan et al. who studied
syngeneic and allogeneic PV transplantation in mice (30),
They observed destruction and complete substitution of the
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Figure 4. Native portal vein graft (A) and inferior vena caval graft (B) before the implantation. A: Lumen is on the rvight. In the vein wall, the

individual layers were not big

sly disting

ishable. However, there was a continuous layer of smooth muscle actin (SMA)-positive cells in

the wall of portal vein graft before implantation (black arrowhead), and smooth muscle actin-positive cells were also present sub-endothelially
(yellow arrowhead). B: Lumen is on the right. In the wall of the inferior vena cava graft, the SMA-positive cells did not form a distinct layer
(arrowheads). Immunohistochemical staining (monoclonal mouse anti-human SMA), scale bar=100 yum.

muscular layer in allogeneic PV graft at 4 weeks after
implantation, He explains this change as a result of graft
rejection because these changes were not observed in
syngeneic grafts nor in the group of mice treated with
immunosuppressive agent. Yan ef al. observed increase of the
wall thickness of the PV allografts between the second and
fourth postoperative week (30). Our results also correlate with
their findings. We observed thickening of the wall of PV grafts
as well as IVC grafts in the 4 weeks after implantation.
However, we did not specifically evaluate potential rejection.

The proportion of contractile cells increased slightly in
IVC grafts after implantation in our study; however, the
proportion of actin-positive cells was not significantly
higher. In the case of vein segments grafted into arteries,
thickening of the tunica media, growth of smooth muscle,
and intimal hyperplasia are described. These changes are
caused by mechanical stimuli. According to experiments on
dogs, intimal hyperplasia is associated with low flow
velocity, and low blood-artery shear stress. The thickening
of the tunica media is associated with increased deformation
of the vein wall in the circumferential direction (31). Predel
et al. in their in vitro study noted proliferation of smooth
muscle cells from saphenous vein exposed to cyclic
mechanical stretch, whereas such proliferation did not occur
in the case of smooth muscle cells from internal mammary
artery (32). It is possible that the proliferation of contractile
cells in the IVC graft implanted in the PV in this study was
triggered by mechanical stimuli, which should be different
in caval circulation and portal circulation (11, 12).

Another of the observed differences was a significant
decrease of the elastin proportion in the IVC grafts, The
degradation of collagen and elastin during vein graft
adaptation was described in other studies and is caused by
mechanical stimuli and oxidative stress (33). We hypothesize
that the decrease in the proportion of elastin in the IVC
group is a result of changed mechanical stimuli after the
transposition of a part of the IVC in the portal system with
different haemodynamic properties.

Biochemical markers. The elevation of AST during the
perioperative period, with a peak at 2 hours after PV
reconstruction might have been caused by general anesthesia
in combination with perioperative manipulation and later
temporary occlusion of PV during the reconstruction (34).
The levels of the other markers remained within the normal
reference range. Because there were no significant
differences in the observed biochemical markers between the
PV and IVC group, it is apparent that the type of graft did
not influence liver or renal function.

Computer simulations. To the best of our knowledge, the use
of computer simulations has not been previously reported for
the study of PV haemodynamics in an experimental animal
model. In the past, values of WSS in portal circulation were
studied by Wei et al. in cirrhotic patients with PV
hypertension (35), using geometrical models of PV prepared
according to computed tomographic images. The authors
observed lower values of WSS in patients with portal
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hypertension and noted an influence of the angle between the
LV and PV or SMV (34) on the downstream distribution of
shear stress. By contrast in our study, these angles did not
have a major impact on the resulting PV haemodynamics.
This finding can be explained by the fact that in our case,
the values of blood flow velocity measured in LV were
significantly lower than those in PV and SMV (the peak
velocity in LV was usually 10-times lower) as opposed to the
values considered in the study by Wei e al. (35), where the
difference between the blood flow velocity in LV and PV
was minimal.

Influence of anatomic conditions. Furthermore, compared to
the aforementioned study and also as a consequence of the
dominant SMV flow, our results revealed an influence of the
angle between PV and SMV on the downstream
haemodynamics (both veins with comparable values of blood
flow velocity). In cases when the PV significantly deviated
from the direction given by the SMV, the downstream peak
velocity had a tendency to shift towards the wall at the site
of LV inflow, while the vicinity of the wall opposite the LV
inflow was filled with a large recirculation zone.

Influence of graft diameter. Generally speaking, areas of
blood stagnation or recirculation were observed to be more
common in PVs with interposed grafts of a larger diameter.
In our study, the diameter of PV grafts was significantly
larger compared to that of IVC grafts immediately after the
reconstruction, corresponding to the models simulating the
postoperative state. Moreover, the RRT increased in the PV
group and decreased in the IVC group after graft
implantation. Thus, it can be assumed that the use of PV
grafts would probably be associated with a higher risk of
thrombosis. This observation seems to be in agreement with
the clinical findings, namely, that four out of five thromboses
occurred in the PV group.

Influence of graft length. The more noticeable decrease of
TAWSS in longer grafts when comparing the postoperative
and adapted states might indicate lower risk of thrombosis
in these grafts. Usage of longer grafts seems to be reasonable
in the case of more noticeable deviation of the PV vein from
the direction of SMV. In such a situation, the peak velocity
is heading towards the area of the graft, while in the case of
a short graft, the peak velocity is oriented to the area of
anastomosis, with higher risk of endothelial injury induced
by mechanical stress.

Correlation with clinical finding. Other areas susceptible to
blood stagnation were identified within graft regions, mainly
near the walls opposite the LV and the deflected main
stream. This is also in accordance with the clinical findings.
The thrombi which developed in reconstructed PVs were
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Portal vein graft

Inferior vena cava graft
A L

H&E

Orcein

SM actin -d‘/"'"

Figure 6. Portal vein (PV) graft and inferior vena caval (IVC) graft 4 weeks after implantation. The graft is on the left and the native vein is on the
right of the sritch hole (asterisk). A: Hemaroxylin and eosin (H&E) staining. On the left of the stitch hole (asterisk), proliferation of intima (black
arrowhead) and granulation tissue (yellow arrowhead) are visible in the PV graft. Large inflammatory foci (black arrowhead) were visible in the
wall of the IVC graft. B: Left: Orcein staining of elastic fibres. Forming of the elastic layer of thick elastic bundles (black arrowhead) is visible at
approximately 600 pm from the lumen. C: Left: Smooth muscle actin (SMA). Note the remodelling of the original smooth-muscle layer of vena
portae (yellow arrowhead) in the PV graft (black arrowhead). In the vein graft, the smooth-muscle actin-positive structures (black arrowheads)
were scattered among other components of the graft wall. Large inflammatory foci (black arrowhead) were visible in the wall of the vein graft. D:
Under fluorescence microscopy, compare the proportion of collagen type I and Il between the specimens. There was no statistically significant
difference. Yellow arrowhead in D indicates an artefact within the stitch hole. Scale bar=500 pm.
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Figure 7. Continued

always located, at least by part of their volume, in the area  Thrombosis in the PV group. Another reason for a higher
of the interposed graft. incidence of thrombosis in the PV group might be a

difference in mechanical properties of the grafts. It was
Possible limitation of computer simulations. The weak point  subjectively easier to work with the graft of IVC, which had
of the haemodynamic evaluation in this experiment may be  tougher wall and, as such, it was effortless to perform a
the planar three-dimensional geometrical model reconstructed  technically correct anastomosis with minimal risk of folding
on the basis of perioperative measurements and photographs.  of the graft wall that would cause exposure of adhesive
Computed tomography can provide data for out-of-plane  molecules of the outer part of vessel wall into the vessel

three-dimensional geometrical models in future experiments.  lumen and, consequently, trigger thrombosis (36).
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Figure 7. Vessel geometries and computer simulation results for portal vein (PV) reconstruction animal PV-10 from the PV group (A) and IVC-9
from the inferior vena caval group (B). For detailed description please see the text.

PV thrombosis in clinical medicine. The thrombosis rate of
19.2% in this study concurs with the incidence of thrombosis
after PV reconstruction after PD using interposition
autologous venous grafts in clinical medicine, which varied
between 9.1% and 36.8% (37, 38).

Conclusion

To the best of our knowledge, this is the first publication
on a large animal experiment studying PV reconstruction

after PD using allogeneic venous grafts and the first
concerning computer simulation of haemodynamics in
reconstructed PV. Histological analysis showed differences
in the wall morphology of PV and IVC in the Pig.
However, both types of grafts (PV and IVC) developed
morphological changes during the 4 weeks after
implantation, as they seem to adapt, showing comparable
structure at the end of the experiment. Computer
simulations based on Doppler ultrasound data demonstrated
a significant impact of PV reconstruction on PV
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Figure 8. Computer visualization of blood stagnation in the vessel system obtained by ‘virtual ink’ technigue. Calculation of the residence times
(RTc) is shown for three animals: IVC-10 from the inferior vena caval group (A), PV-12 from the portal vein (PV) group (B), and IVC-12 from the
inferior vena caval group (C). Areas with the tendency for blood retention (i.e. with the highest RTc values) were observed within graft regions,
usually near the walls opposite the deflected main stream (at the opposite site to the lineal vein (LV) inflow) (A). The RTc was higher within grafts
with larger diameter (B) compared to grafts with smaller diameter corresponding to the PV diameter (C). Note that higher RTe values observed in
the LV were a result of blood flow simulated in this vein (i.e. compared to PV and superior mesenteric vein (SMV) flows, the peak velocity in LV
was usually 10-times lower, and thus a longer time was required for the virtual ink to completely leave the vein).
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haemodynamics and demonstrated a higher risk of PV
thrombosis in animals with implanted PV graft compared
to those with IVC graft. PV thrombosis really occurred
more often in the PV group (four cases) compared to the
IVC group (one case). This study supports the use of
allogeneic venous grafts from the caval system for PV
reconstruction in clinical medicine when needed. If
possible, individual vessel geometries and appropriate graft
lengths should be considered during PV reconstruction with
interposition graft.
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Abstract. Background: In patients with colorectal liver
metastases, the possibility for radical liver resection can be
limited by oxaliplatin-induced sinusoidal obstruction syndrome
(SOS). This study investigates the potential of mesenchymal stem
cells (MSC) to improve the outcome of liver resections in pigs
with SOS. Materials and Methods: SOS was induced in all
animals (n=20) on day 0. Animals in the experimental group
(n=38) received allogeneic MSC on day 7. Liver resection was
performed in all animals on day 14 and the animals were
observed until day 28. Ultrasound volumetry, biochemical
analysis and histological examination of liver parenchyma was
performed during the follow-up period. Results: Six animals
from the control group died prematurely, while all animals
survived in the experimental group. According to histology,
biochemical analysis and ultrasound volumetry, there were no
significant differences between the groups documenting the effect
of MSC. Conclusion: Single dose allogeneic MSC administration
improved survival of animals with SOS undergoing partial liver
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resection. Further experiments with different timing of liver
resection and MSC administration should be performed to
investigate the effect of MSC in more detail.

More than 50% of patients with colorectal cancer develop
liver metastases (1, 2) and the only potentially curative therapy
for these patients is radical liver resection (3). However, the
extent of resection is limited by the future liver remnant (FLR)
volume as well as the FLR functional and regenerative
capacity (2, 4, 5). The quality of liver parenchyma may be
compromised by pre-existent liver diseases such as liver
steatosis, cirrhosis or chemotherapy-associated hepatotoxicity
(4, 6). Irinotecan is responsible for an increased risk of
steatohepatitis, and oxaliplatin-based chemotherapy can cause
sinusoidal obstruction syndrome (SOS) (7-9).

SOS, also known as hepatic veno-occlusive disease, is
caused by toxic injury to the endothelium of liver sinusoids
by certain exogenous toxins and can be a life-threatening
condition (10). Typical clinical symptoms of SOS are painful
hepatomegaly, jaundice, fluid retention with ascites and in
severe cases even multiorgan dysfunction or failure (11, 12).
SOS can present in acute, subacute or chronic forms (13). The
first-identified agents of SOS were pyrrolizidine alkaloids
synthesized by certain plants and even today, ingestion of
herbal teas and herbal medicine preparations containing these
alkaloids can be a cause of SOS (10, 14). Most often,
however, SOS is reported in patients after hematopoietic stem
cell transplantation (HSCT) due to preconditioning by high-
dose chemotherapy or hepatic irradiation (10, 11, 15).
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Experiments on rats have confirmed that SOS is a risk
factor increasing morbidity and mortality after liver resection
(16). A similar impact of SOS has been documented in the
clinical setting. Patients with SOS had decreased long-term
survival and earlier intrahepatic recurrence compared to
patients without SOS. Therefore, it is apparent that the
presence of SOS can have a major impact on the outcome of
patients with colorectal liver metastases, and strategies to
prevent or treat this disease are needed (17).

Many animal models of SOS have been established to study
the pathophysiology, diagnostic markers and potential
prevention or treatment of this syndrome. We have analyzed
these studies in more detail in our review (18). Rat models of
S0S induced by pyrrolizidine alkaloid monocrotaline helped
to characterize the pathophysiology in detail (19-21). A reactive
metabolite of monocrotaline binds to F-actin in sinusoidal
endothelial cells (SEC) and causes its depolymerization, which
results in a change of the shape of SEC and formation of gaps
between them. Red blood cells, leucocytes and cellular debris
then penetrate through the gaps into the space of Disse, thus
causing subsequent dissection of whole sinusoidal lining and
embolization of SEC with obstruction of liver sinusoids (19-
21). Moreover, the F-actin depolymerization increases the
expression and activity of matrix metalloproteinase-9 (MMP-
9) in SEC. Increased MMP- 9 activity is responsible for
breakdown of the extracellular matrix in the space of Disse and
facilitates the dissection of SEC (22).

De Leve et al. described the development of histological
changes of liver parenchyma in their rat model during the
first 10 days after monocrotaline administration. Based on
this, they defined early stage changes (typically days 3-5,
characterized by coagulative necrosis) and late stage changes
(typically days 6-7, characterized by subendothelial and
adventitial fibrosis) (22).

Harb et al. showed in an experiment with monocrotaline-
induced SOS in rats that bone marrow-derived endothelial
cell progenitors are able to replace SEC and central venous
endothelial cells after injury (23). Furthermore, this study
demonstrated the ability of monocrotaline to suppress
endothelial cell progenitors in bone marrow as well as in
circulation, indicating that the SOS is probably caused by 2
mechanisms, i.e. the toxic injury to SES and toxic injury to
bone marrow progenitors. This finding is in accordance with
the fact that the most severe acute cases of SOS are caused
by HSCT. High-dose chemotherapy preconditioning before
HSCT involves the bone marrow as well as SEC (11).

SOS therapy is limited and includes both preventive
strategies and treatment of already- present disease. Prevention
is focused on consideration of patient-related or transplant-
related risk factors before HSCT as well as on pharmacologic
prophylaxis (24). Many agents have been tested to verify their
prophylactic effect in animal and also clinical studies, but the
evidence is limited and none of them has been assigned
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indication criteria for clinical use (18, 25). Most of them
prevent hemocoagulation and obstruction of sinusoids (e.g.
heparine, prostaglandin EI, soluble thrombomoduline,
cilostazol, etc.) (26-29) or inhibit MMP-9 (sesame oil,
doxycycline, sorafenib, regorafenib, ezc.) (20, 21, 30).

Some of the agents tested for their treatment effect act
through the same mechanisms as pharmacologic prophylaxis
(MMP-9 inhibition and anti-inflammatory effect) (31, 32) or
as anticoagulants (33). However, the only treatment of SOS
with approved indications in clinical medicine is defibrotide,
which protects endothelial cells and causes hydrolysis of
fibrin clots (34).

Harb et al. used bone marrow-derived endothelial cell
progenitors and proposed another mechanism of potential
treatment: the replacement of injured SEC by bone marrow-
derived cells (23). This method probably corresponds to the
mechanism by which the organism itself reverses SEC injury in
normal conditions when the bone marrow is not injured. His
study demonstrated a therapeutic effect of whole bone marrow
administration in rats with monocrotaline-induced SOS (23). In
another experiment on mice, infusion of endothelial progenitor
cells successfully prevented SOS development after HSCT (35).
As it was shown that the disruption of hepatic endothelial
barrier during SOS facilitates transplanted cell engraftment, the
principle of cell treatment sounds reasonable (36).

In this study we decided to focus on the enhancement of
liver regenerative capacity in SOS and the potential
treatment of this disease. According to the results of our
previous studies, mesenchymal stem cells (MSC) augment
liver regeneration in pigs and humans (37, 38). A promising
role of MSC in the treatment of liver failure has been shown
in animal experiments as well as in clinical settings (39). The
aim of this study was to evaluate whether administration of
MSC can improve the outcome of animals after partial liver
resection in SOS. The effect of MSC administration on the
course of monocrotaline-induced SOS was also evaluated.

Materials and Methods

This study was conducted under the oversight of the Ministry of
Agriculture of the Czech Republic. All the procedures using animals
were approved by the Commission for Work with Experimental
Animals at the Charles University, Faculty of Medicine in Pilsen,
and the whole study was conducted in accordance with the laws of
the Czech Republic, which are compatible with the legislation of
the European Union.

Experimental animal and structure of the experiment. The Prestice
black-pied pig was chosen as the experimental animal. All pigs were
obtained from the agriculture company Mladotice (Mladotice, Czech
Republic). Both males and females were included (16 females, 5
males) aged 3-4 months, with an average weight of 34.2 kg
(range=23-44 kg, median 34 kg). In all 21 animals, monocrotaline
was administered to induce SOS on day 0. The animals were sorted
into the experimental (n=8) and control (n=12) groups on day 7.
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Animals in the experimental group received MSC intravenously on
day 7. No treatment was administered to animals in the control
group. All the surviving animals underwent partial liver resection
on day 14 and were sacrificed on day 28. One of the animals was
not included in the analysis because of its premature death during
the first week of the experiment.

Premedication and general anaesthesia. All invasive procedures were
performed under general anaesthesia, while blood draws and ultrasound
examinations under analgosedation. Intramuscular premedication before
the first induction of general anaesthesia was done with 10 mg/kg of
ketamine (Narkamon — Spofa, Prague, Czech Republic), 5 mg/kg
azaperone (Stresnil — Jannssen Pharmaceutica NV, Beerse, Belgium)
and | mg of atropine (Atropin Biotika — Hoechst Biotika, Martin,
Slovak Republic). The same mixture in lower doses (1-2 mg/kg
ketamine, 0.5-1 mg/kg azaperone, | mg atropine) was administered
intravenously via the ProPort system to provide analgosedation during
ultrasound examinations and blood draws and as premedication before
the second general anaesthesia. General anaesthesia was induced and
maintained by intravenous (IV) administration of propofol (1% mixture
5-10 mg/kg/h Propofol, Fresenius Kabi Norges, Halden, Norway). IV
administration of fentanyl (1-2 pg/kg/h Fentanyl Torrex, Chiesi cz,
Prague, Czech Republic) was used for continuous analgesia. Airways
were secured by endotracheal intubation and pigs were mechanically
ventilated. Physiological functions were monitored throughout the
surgery. During the procedure pigs received infusions and volume
substitution when needed: Hartmann’s Solution (B.Braun Melsungen
AG, Melsungen, Germany) and Plasmalyte (Baxter Healthcare Lid.,
Compton, UK). Amoxicillin and Clavulanic acid (Augmentin 1.2 g per
pig. GlaxoSmithKline Slovakia., Bratislava, Slovak Republic) were
used as antibiotic prophylaxis at the beginning of the procedure: the
dose was repeated after 2 hours.

SOS induction. The ProPort Plastic Venous Access System with a
PolyFlow polyurethane catheter (Deltec, Smiths Medical, USA) was
implanted and introduced through the jugular vein into the superior
vena cava in all animals on day O of experiment. This venous access
simplified the drug and fluid administration in the postoperative period
as well as premedication and blood drawing. Subsequently, a midline
minilaparotomy was performed and a biopsy from the periphery of left
lateral liver lobe was taken; the portal vein was cannulated and a
solution with 36 mg of monocrotaline per 1 kg of animal weight was
administered over a period of 20 min. The dosage of monocrotaline
was established in our previous pilot study (40). To prepare the
solution of monocrotaline, the crystals of monocrotaline (Oakwood
Products, Inc., SC, USA) were dissolved in 3-4 ml of 1M hydrochloric
acid in a warm water bath (40°C). Sterile PBS was added in a
sufficient amount to neutralize the pH (approximately 20 ml) and
finally distilled water was added to decrease the osmolarity of the
solution. The final volume of the solution was approximately 70 ml,
depending on the absolute dose of monocrotaline. After monocrotaline
administration the minilaparotomy was closed in anatomical layers,
animals were extubated, recovered and each pig was placed in a
separate pen. They were monitored daily to evaluate their clinical
status and detect any surgical complications. During the first
postoperative days the doses of granular feed were reduced but the
access to water was not limited. Ten ml of Hartmann’s Solution per |
kg of animal weight, the same volume of 5% glucose (B. Braun
Melsungen AG, Melsungen, Germany) and 40 mg of pantoprazole
(Nolpaza KRKA Slovensko, Bratislava, Slovak Republic) was

administered daily via the ProPort system during the first postoperative
days. Blood samples were drawn regularly according to the follow-up
scheme described below.

MSC cultivation and administration. Bone marrow was harvested by
aspiration from the tibia of healthy pigs, matched in age and weight
with the animals included in this experiment. Following a puncture with
a sterile needle, 15-25 ml of bone marrow was aspirated into a solution
of 2 ml saline and 2,500 IU of heparine (Heparine - Zentiva, Prague,
Czech Republic). To isolate MSCs, gradient centrifugation (440 x g,
30 min) was performed on Ficoll-Paque Plus (GE Healthcare, North
Richland Hills, TX, USA). The layer of mononucleated cells was
washed with phosphate buffer saline and plated on a culture flask (75
cm?; TPP, Troy, NY, USA). The culture media consisted of a-MEM
cell culture media (Thermo Fisher Scientific, Waltham, MA, USA) with
10 % fetal bovine serum (Thermo Fisher Scientific), | mM L-glutamine
(Biochrom, Cambridge, UK), 6.0 mg/ml penicillin, 10 mg/ml
streptomycin (Biosera, Nuaille, France), and 0.25 mg/ml gentamicin
(Biosera). The culture media were changed every other day. After 10
days, MSCs were harvested by EDTA/Trypsin Ix (Biosera) and
separated into three culture flasks (75 cm?; TPP). Culture media were
again changed every other day and after 10 days, MSCs were harvested
by the same method and cryopreserved in liquid nitrogen (1x106
cells/eryotube). MSCs were thawed 4 weeks before transplantation and
plated on flasks (150 cm?; TPP) in 20 ml of the same culture media
and cultured for 4 weeks to get ~50 million cells with one passage
cycle, maintaining their stem cell properties. The stem cell phenotype
of transplanted cells was identified by flow cytometric detection of
CDY90, CD73, and CD44. Differentiation ability of MSC was evaluated
by their differentiation into adipo-, chondro- and osteo-genic lineages.
On the day of administration, MSC were harvested as described above,
counted, and re-suspended in 100 ml of physiological solution (B
Braun) (37°C, 109 cells/kg of pig weight) per pig. The solution was
administered through the ProPort system by slow infusion (30 min) on
day 7 of the experiment in all animals from the experimental group
(n=8). Infusion of 5ml/kg of Hartmann’s Solution and the same volume
of 5% glucose followed the MSC administration. Subsequently, animals
were monitored according to the follow-up scheme.

Liver resection. On day 14 of the experiment, a midline laparotomy
was performed partly at the location of the previous incision but
prolonged cranially and caudally, and the left lateral liver lobe was
resected using electrocautery. Blood loss was minimized by the
Pringle manoeuvre. The vessels and bile ducts for the left lateral
liver lobe were ligated and bipolar forceps were used to eliminate
bleeding from the parenchyma at the resection area. Samples of the
resected left lateral liver lobe were taken and stored in 10%
formaldehyde for subsequent histological examination. The
laparotomy was closed, animals were extubated, recovered and
monitored during a postoperative period of 2 weeks. The food
restriction and intravenous administration of crystalloids followed
the same scheme as post-monocrotaline administration.

Follow-up (biochemistry and wltrasound examination). Throughout the
experiment, regular blood samples were taken in all animals, on day
0 before monocrotaline administration (1), day 3 (2) and day 7 (for
the animals in the experimental group, blood was drawn before MSC
administration) (3), day 10 (4), day 14 before (5) and right after (6)
liver resection, day 14 (2 hours after liver resection) (7), day 15 (8),
17 (9), 21 (10), 24 (11) and day 28 before sacrifice (12). B-mode and
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Figure 1. Examples of histological staining, healthy porcine liver. (A, B) Hematoxylin and eosin, (C, D) anilin blue with nuclear fast red used for
collagenous connective tissue detection. Scale bars: A and C=500 um, B and D=100 um.

Doppler ultrasound examination (Ultrasound Scanner Pro Focus 2202,
BK Medical, Herlev, Denmark) was regularly performed in order to
assess the toxic liver injury and to follow potential regeneration after
the resection. The diameter of the extrahepatic part of the portal vein,
maximal blood flow velocity at this area, thickness of the gallbladder
wall and liver volume were also measured. For liver volumetry, the
liver was measured in B-mode in the axial, sagittal and coronal planes
and the volume was calculated using an ultrasonographic formula
(axial x sagittal x coronal/2) according to our previous publication
(41). Ultrasound examination followed this scheme in all animals: day
0 before monocrotaline administration (1), day 7 (for animals in the
experimental group, ultrasound was performed before MSC
administration) (2), day 14 before (3) and after liver resection (4), day
17 (5), 21 (6), 24 (7) and day 28 before sacrifice (8). Samples of liver
parenchyma for histology examination were also taken on day 28 at
the end of the experiment or during autopsy, in the case of premature
death. The animals were then sacrificed by intravenous administration
of T 61 solution (MSD Animal Health, Kenilworth, NJ, USA) under
general anaesthesia.

Histology. Liver tissue blocks were fixed with 10% formalin,
embedded in paraffin wax and cut into 4 pm-thick sections using
an automatic microtome (RM2255, Leica Biosystems, Germany).
After dewaxing and rehydration, one randomly selected section per
tissue block was stained by hematoxylin-eosin and another
randomly selected section was stained with 0.5% aniline blue
(Merck KGaA, Darmstadt, Germany) and nuclear fast red (Waldeck
GmbH, Miinster, Germany) (Figure 1).
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Evaluation of histopathological changes of liver tissue was based
on a semi-quantitative scoring system previously published by
DeLeve et al. (19) and Schiffer et al. (42). The histopathological
evaluation included a qualitative description of changes in liver
architecture, namely the presence of haemorrhagic necrosis, blood
congestion within sinusoids, presence of inflammatory infiltration
of lobules and interlobular septa, presence of reactive fibrotic
changes and presence of steatosis (Figure 2). In order to
quantitatively describe the severity of liver injury, we quantified two
further parameters: volume density of centrilobular haemorrhagic
necrosis Vy, (necrosis, liver) and volume density of viable liver
parenchyma Vy, (parenchyma, liver).

The Vy (necrosis, liver) and the Vy (parenchyma. liver) were
quantified in 6 necrosis and 8 parencyhma microphotographs per
section stained with hematoxylin and eosin, captured with 10x (the
necrosis quantification), and 40x objectives (the parenchyma
quantification) on an Olympus BX41 microscope (Olympus,
Hamburg, Germany). Each of the photomicrographs was taken in a
systematic uniform random manner. All quantitative estimates were
calculated using well established stereological methods, specifically
the point-counting method (43). Ellipse software (ViDiTo, Kosice,
Slovakia) was used for the quantification (Figure 3).

Statistical analysis. Standard frequency tables and descriptive
statistics were used to characterize the sample data set. Quantitative
histological parameters were evaluated using repeated measures
ANOVA (with the ‘Group’ factor at two measurement levels of
“Time point” and their interaction). In order to isolate the differences
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Figure 2. Histopathological changes in liver parenchyma found 14 days (A, B) and 28 days (C, D) after monocrotaline administration. (A)
Centrilobular hemorrhagic necrosis in liver sample 14 days after monocrotaline administration. The necrosis represents one of the most important
histopathological hallmarks of sinusoidal obstruction syndrome. (B) Congestion of blood causing dilation of hepatic sinusoids. (C) Reactive fibrotic
changes that distort normal hepatic architecture. (D) Steatosis in the center of hepatic lobules. Hematoxylin and eosin, scale bars=100 um.

in the progression of biochemical variables and ultrasound
measurements caused by the application of MSCs from the baseline
values that varied randomly among the pigs, the following
normalization procedure was carried out. For each variable, the
average value before the point of MSC application (or non-
application in the case of the control group, i.e. the first 3 time
points for biochemistry and the first 2 time points for ultrasound
measurements) was subtracted from all the subsequent variable
values for each pig. These normalized values from the time points
after the separation of the groups were subsequently statistically
compared using two-way ANOVA (with factors of ‘Group’, “Time
point” and their interaction). Raw, non-normalized data from all time
points were also analysed (using repeated measures ANOVA) and
are also shown. Only the pigs that survived the whole duration of
the experiment were included in the statistical analysis. All reported
p-values are two-tailed and the level of statistical significance was
set at a=0.05. Statistical processing and testing were performed
using the STATISTICA data analysis software (Version 12; StatSoft,
Inc., Tulsa, OK, USA).

Results

Survival. Six out of the 12 pigs in the control group died
prematurely during the experiment. The deaths occurred before
the liver resection in 3 cases (day 10 and in two instances on day
13) and after the liver resection in 3 cases (day 22, 24 and 27).
One out of the 6 deaths was not directly caused by liver
parenchyma injury but by peritonitis due to fasciitis of the
wound after laparotomy. This animal died on day 22. However,
in this case the liver injury also undoubtedly had an impact on
the overall condition of the animal. The pathological findings in
the other 3 animals revealed not only liver injury but also signs
of pneumonia, One animal presented with hemopericardium and
because the possibility of traumatic or iatrogenic injury was
ruled out, the cause was classified as coagulopathy due to the
severe liver injury. Only 1 pig showed signs of liver injury
without any other pathological findings.
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Figure 3. Quantitative analysis of volume density of centrilobular hemorrhagic necrosis Vy (necrosis, liver) and of volume density of viable liver
parenchyma Vy, (parenchyma, liver). (A) Stereological point grid used for quantification of hemorrhagic necrosis. Points hitting the necrosis are
highlighted in yellow. (B) Stercological point grid used for quantification of viable liver parenchyma. The viable parenchyma was defined as
hepatocytes organized into one cell thick plate. The hepatocytes had undamaged cytoplasmatic membrane and clear, eosinophilic eytoplasm. Points
hitring the viable liver parenchyma are highlighted in yellow. Scale bars=100 pm.

Figure 4. (A) Appearance of resected liver parenchyma on day 14. The dark lesions inside liver lobules correspond to centrilobular necrosis
documented by histology. (B) Liver parenchyma at the end of experiment on day 28 when the lesions were smaller but still present.

During autopsy or liver resection, the macroscopic
appearance of the liver parenchyma was altered. This is
documented in Figure 4. All the animals that died
prematurely were discarded from the biochemical analysis,
evaluation of the ultrasonography data and from quantitative
histological analysis. However, all the liver parenchyma
samples underwent qualitative histological analysis.

Evaluation of MSC phenotype and differentiation ability. The
stem cell phenotype of transplanted MSC was evaluated by
flow cytometry. MSC were transplanted after the third
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passage to ensure both minimal loss of stem cell
characteristics and minimal differences between MSC groups.
Transplanted MSC were positive for CD44P% (99.1%),
CD73P% (96.2%), and CD90P®® (99.1%), and negative for
CD45P° (0.44%) (Figure 5A). The differentiation ability of
transplanted MSC was evaluated by differentiation into
adipo-, chondro- and osteo-genic lineages. After 21 days of
differentiation, MSC were able to accumulate lipid droplets,
detected by oil red staining (Figure 5C) as a marker of
adipogenic lineage differentiation. They could produce
glycosaminoglycans, detected by alcian blue staining (Figure
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Figure 5. Evaluation of MSC phenotype by flow cytometry and examination of differentiation potential. (A) Representative histograms show that
MSCs were negative for CD45 and positive for CD90, CD73 and CD44. Differentiation potential of transplanted MSCs was evaluated by their
differentiation in to adipogenic (C), chondrogenic (D) and osteogenic (E) lineages, compared with untreated controls (B). Scale bars=100 ym.

5D) as a marker of chondrogenic lineage differentiation, and  Histology. At the time of liver resection (day 14), we found
deposits of calcium cations could be identified detected by  extensive centrilobular haemorrhagic necrosis in most of the
alizarin red staining (Figure 5E), as a marker of osteogenic  pigs, which is typical of SOS. In two pigs there were no signs
lineage differentiation (Figure 5B). of necrosis [one pig from the control group (pig C7) and one
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Control group

Experimental group (MSC)

Figure 6. Comparison of liver injury in control and experimental groups 14 and 28 days after monocrotaline administration. 14 days after monocrotaline
administration, the liver injury was characterized by denudation of sinusoidal lining, obstruction of the sinusoidal lumina and hemorrhage into the liver
parenchyma, leading to extensive centrilobular hemorrhagic necrosis (arrows). After 28 days, the samples showed parenchymal extinction lesions with fibrotic
and stenosed hepatic veins (asterisks). Control and experimental groups did not show any significant differences regarding the character and extent of liver
injury. Hematoxylin and eosin (1! and 3 column) and anilin blue with nuclear fast red (2" and 4 column) were used for staining. Scale bars=200 yum.

from the experimental group (pig E4)]. The liver parenchyma in
these two pigs showed changes which were also observed in the
other animals — denudation of SEC and obstruction of the lumen
of sinusoids leading to their dilation, as well as inflammatory
infiltration. Figure 6 shows the histological changes at the time
of liver resection. All the results of qualitative histology for this
time point are summarized in Table I.

At the end of the experiment (day 28), haemorrhagic
necrosis was no longer present in the majority of animals and
was replaced by centrilobular fibrotic lesions. Steatosis was
found in the centre of the hepatic lobules. Figure 6 shows
the histological findings and Table IT the qualitative results.

The most severe change, nodular transformation of the
parenchyma, occurred in two animals from the control group
that did not survive the experiment. The overview of the liver
histology of the animals with premature death is summarized
in Table III. The quantitative analyses did not show significant
differences in the volume density of haemorrhagic necrosis and
viable liver parenchyma between the experimental and control
group at the time of liver resection or at the end of the
experiment (Figure 7, for more details see Table IV). The
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morphology of liver injury was comparable in both groups for
both time points. The viable liver parenchyma was chosen as
a marker for evaluation of the functional capacity of the liver
because the volume of parenchyma was influenced not only by
the extent of necrosis but by reactive fibrotic changes, dilation
of hepatic sinusoids and by inflammatory infiltration as well.

Biochemistry. The observed levels of biochemical markers
of liver and renal functions correspond to severe toxic liver
injury (Figure 8). Elevation of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), bilirubin and
ammonium were observed in both groups. The first peak was
observed after monocrotaline administration and the second
peak after liver resection. The level of AST returned to the
normal range by the end of the experiment. The level of ALT
also dropped during the last week of follow-up and was even
lower than the initial value, but still within the normal range.
The level of ammonium and bilirubin remained elevated
until the end of experiment. The level of urea dropped during
the first three days after monocrotaline administration and
elevation was observed one day after liver resection.
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Table 1. Overview of qualitative histological findings at the time of liver resection (day 14). E, Animals from the experimental group; C, animals
from the control group.

Control group Experimental group
Animal  Hemorrhagic  Inflammatory Other Animal Hemorrhagic  Inflammatory Other
necrosis infiltration findings necrosis infiltration findings
Liver resection el Yes Yes Steatosis in El Yes Yes
centre of lobules
C5 Yes No E2 Yes Yes
c7 No Yes Without E3 Yes No
hemorrhagic

necroses, almost
normal appearance
of liver parenchyma

Clio Yes Yes E4 No Yes Without
hemorrhagic
necroses, dilated
sinusoids
Cll Yes Yes Small E5 Yes Yes
centrilobular
hemorrhagic
necroses
Cl12 Yes Yes E6 Yes Yes Severe
inflammation
E7 Yes Yes Severe
inflammation
E8 Yes Yes

Table II. Overview of qualitative histological findings ar the end of the experiment (day 28). Animals from the experimental group are labeled E,
animals from the control group are labeled C.

Control group Experimental group
Animal Hemorrhagic Inflammatory Fibrotic Other Animal Hemorrhagic Inflammatory  Fibrotic Other
necrosis infiltration  centrilobular  findings necrosis infiltration centrilobular findings
reactive reactive
lesions lesions
End of Cl No Yes Yes El No Yes Yes Steatosis
experiment C5 No Yes Yes Severe E2 No Yes Yes
inflammation
Cc7 No No No Almost normal ~ E3 No Yes Yes
appearance
of liver
parenchyma
Clo Yes Yes Yes Severe E4 No Yes Yes Severe
(minimally) inflammation inflammation
Cll1 Yes Yes Yes Severe ES5 No Yes Yes
inflammation
Cl2 No Yes Yes E6 No Yes Yes Steatosis
E7 No Yes Yes
E8 Yes Yes No Centres of
lobules with
bleeding
surrounded
by fibrotic
tissue
6825
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Figure 7. Results of quantitative histological analysis in the experimental (MSC) and control group (control). Neither the volume density of necrosis
(A) nor the densiry of viable parenchyma (B) differed bewween experimental (MSC) and control groups. The volume density of necrosis was smaller

at day 28 than at day 14 (resection). The volume density of viable parenchyma was greater at day 28 than at day 14 (resection). Repeated measures

ANOVA was used for quantitative histological analysis.

Table I11. Histological findings in samples of liver parenchyma taken during autopsy in animals that died prematurely.

Death during the experiment

Animal Sample taken Hemorrhagic  Inflammatory Other findings
necrosis infiltration

c2 Death (Day 10) Yes Yes
Cc3 Resection Yes Yes

Death (Day 24) No Yes Almost normal appearance of liver parenchyma
C4 Death (Day 13) Yes No
C6 Resection Yes Yes

Death (Day 22) Yes Yes Nodular transformation of liver parenchyma, sporadic centrilobular necroses
Cc8 Resection Yes Yes

Death (Day 27) Yes Yes Nodular transformation of liver parenchyma, sporadic centrilobular necroses
c9 Death (Day 13) Yes Yes

To compare the levels of biochemical markers in the two
groups the values were normalized according to the average
value before day 7. The comparison of the course of
biochemical markers after the day of administration of MSC
seemed to be more accurate than comparison of absolute values.
However, the analysis of the results for the whole period of
follow up without any data normalization was also performed.

The level of ALT and creatinine was significantly higher in
the control group during the period after day 7 (p=0.001 for
both markers). In contrast, the level of bilirubin and
ammonium was significantly higher in the experimental group
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during the same time period (p=0.040 and 0.0001,
respectively). The values of the other markers were comparable
between the experimental and the control group.

The analysis for the whole follow-up period did not show
any significant differences in biochemical markers between
the two groups.

Ultrasound. For the ultrasonography analysis the same data
normalization was performed and the groups were compared for
the period after day 7. There was no significant difference in
the diameter of portal vein or in the blood flow velocity in the
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Table IV. Results of quantitative histological analysis of samples taken at the time of liver resection and at the end of the experiment. Volume density

of necrosis - V\, (necrosis, liver). Volume density of viable liver parenchyma - Vy (parenchyma, liver).

Control group

Experimental group

Animal Vv
(necrosis, liver) %

Vv
(parenchyma, liver) %

Animal Vy Vv
(necrosis, liver) %  (parenchyma, liver) %

Liver resection C1 300 292
C5 228 46.1
C7 03 731
Cl10 200 354
c1 45 56.7
Cl2 334 382
End of experiment Cl 00 475
C5 00 61.6
c7 00 74.5
Cl10 00 76.2
Cll 2.1 60.9
Cl2 00 574

El 233 493
E2 382 278
E3 23.7 45.60
E4 00 Th5
ES 194 40.7
E6 17.7 456
E7 10.2 574
E8 352 266
El 00 727
E2 00 60.6
E3 00 500
E4 00 678
ES 00 634
E6 00 419
E7 00 64.8
E§ 50 58.8

portal vein during the follow-up period between the different
groups (Figure 9A, B). The time course of these parameters was
not significantly influenced by the SOS induction and by the
liver resection. The diameter of the gallbladder wall had a
significant tendency to increase throughout the follow-up period
(p=0.004) and did not differ between the groups (Figure 9C).
The volume of liver parenchyma increased during the first week
after the monocrotaline administration and dropped after day 7
and after the liver resection (Figure 9D). A smaller increase in
liver volume occurred during the first days after the resection
and was followed by another period of volume loss. For the
period after day 7, the relative liver volume was significantly
higher in the control group (p=0.023). The ultrasonography
detected hyperechogenicity of the liver parenchyma in all
animals after day 7 compared to normal echogenicity on day 0.
In some animals, reversed flow in the portal vein was observed
on day 7 onwards.

Discussion

The study aimed to assess the potential of MSC administration
to enhance liver regeneration in SOS and/or its potential to
attenuate it. The SOS was induced by intraportal monocrotaline
administration in pigs which were then divided into two
groups. One of the groups was treated with one intravenous
dose of MSC one week after monocrotaline administration,
while the second group was a control without any treatment.
The survival of animals, levels of biochemical markers,

ultrasonography data and histology of liver parenchyma were
compared between the groups to verify the severity of SOS and
thus the treatment effect. The capability of liver regeneration
after partial liver resection in animals with SOS was also
compared to evaluate the effect of MSC.

Induction of SOS. Data from biochemistry, histology and
ultrasonography show that SOS was successfully induced in
pigs by intraportal monocrotaline administration in a single
dose of 36 mg monocrotaline per 1 kg of body weight.

Hepatomegaly and hyperbilirubinemia are mentioned in
all diagnostic criteria for SOS used in clinical medicine (44).
In this study, the animals showed an increase of liver volume
and elevation of bilirubin in the first days after
monocrotaline administration. Liver enzymes are also
usually elevated in patients with SOS, which corresponds
with the finding of elevated AST and ALT during the first
days after SOS induction in this study (13, 44). The decrease
in the level of urea after monocrotaline administration can
correspond with attenuation of liver functions (45, 46). The
induction of SOS was also confirmed by histological
findings. The denudation of SEC, obstruction of the lumen
of sinusoids and hemorrhagic necrosis observed in this study
correspond to changes described in rodent models of SOS
and in humans (19, 47, 48).

Ultrasonography helped to not only to detect hepatomegaly
but also revealed a changed echogenicity of the liver
parenchyma, altered flow in the portal vein and increasing

6827

176



ANTICANCER RESEARCH 40: 6817-6833 (2020)

AST (ukat/l)

ALP (pkat/l)

bilirubin (umol/1)

6828

20
18 mean, SEM:
16 - control
14 —<4-MSC
12
10
8
6
4
2
Oﬁqq a"a"’\‘\ﬂr\ﬂ?"ﬁ’
PPy o@ o (@\ o o B B
"I:“
3.0
mean, SEM:
25 - control
=-MSC
2.0
1.5
1.0
..m___m
0.5
0.0
& A .-L\ ‘],b‘ .13)
6’5‘ b"* 6’5\ eﬂ eﬂ“(@x gs* ga* gs\ B
’05 rL‘(\
40
35
30
25
20
15
10
5
° O & g @@ 0 X AN QP P
'\ N
6'5\ 6'5‘ 60* '5§ G @‘ e,\ b’b“‘ b'b‘\ b@'\
‘o?' q}\?’

B
16

1.4
1.2
1.0
0.8
06
0.4
0.2
0.0

ALT (ukat/l)

5’6“6’5‘6‘0 6\0@ P o
'i,“

D
0.9
08
0.7
0.6
=05
0.4
0.3
0.2
0.1
0.0

GMT (pkat/l

o & & AD N gk D
S EEEN 4';@\";@*1@{"

mean, SEM:
T- control
<-MSC

’\,L'\ b”la%

%
6")7\ 66‘ 66\ ‘5‘ 6 6“ & 6’5‘ b’b“ 6'27‘ 6@\ 66‘
QEI

120

100

ammonium (pmol/l)
» O o
c © ©

n
o

b‘b“ & &?7‘ fs\
,00

'!7“

mean, SEM:

i control
“-MSC

| e e de e

F & F PN D PP
@ éi‘e"‘@"o@“b@‘bﬁ*
&

Figure 8. Continued

177



Palek et al: Mesenchymal Stem Cell Administration in a Porcine Model of Sinusoidal Obstruction Syndrome

mean, SEM:
5 - control
—4-MsC

urea (mmol/l)

g g 2 8 g gk b

6‘3\ o@" 6’5‘ fb“\ e r,‘ 5 Cadd o B o o
“e 0@0 o o T N Y

H
140
120
100
3 80
g
= 60
o
£
£ 40 mean, SEM:
3 - control
6 20 —+-MSC
0

@‘-’ " o K Qe kR

6‘5* 6’5\ 66\ @* 0 Q‘ $0‘ 5’5\ 6'3‘ b@\ 6‘5\ b@‘
*c.w0
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thickness of the gallbladder wall. Imaging methods such as
ultrasonography, computed tomography and magnetic
resonance imaging are now starting to be used for the
diagnosis of SOS in clinical medicine (44). The thickening of
the gallbladder wall is a typical finding in patients with SOS
(14, 49, 50), and retrograde flow in the portal vein is also
mentioned (51). According to our results, ultrasonography
seems to be a suitable method to help confirm the diagnosis
of SOS in large animal models.

Finally, the macroscopic appearance of the liver
parenchyma 2 weeks after monocrotaline administration (or
earlier in case of premature death) with apparent hemorrhagic
necrosis also supports the diagnosis of SOS. It is important
to mention that two animals showed only minimal alterations
in the levels of biochemical markers and negligible
histological changes of liver parenchyma compared to the
other pigs. Because one of these animals was from the
experimental and one from control group, we decided not to
exclude these animals with less severe injury.

Evaluation of the effect of MSC. Data from the control and
experimental groups were compared to verify the effect of
MSC administration on the course of SOS and on liver
regeneration after resection in animals with SOS.

To avoid the confounding effect of potentially different
values between the groups before day 7, we decided to focus
on the course of biochemical markers after the day of
treatment. The same step was taken in evaluation of
ultrasonography data to control for differences in body weight.

According to the biochemical analysis, the experimental
group had significantly higher levels of bilirubin and
ammonium compared to the control group; in contrast, ALT
and creatinine were higher. In this experimental setting the
level of bilirubin and ammonium reflects liver function (13,
52). ALT indicates injury of hepatocytes and the elevation of
creatinine levels is a mark of worse overall status of the animal
and can suggest development of hepatorenal syndrome (57,
58). This suggests deteriorating liver functions in animals from
the experimental group compared to the surviving animals
from the control group. It is important to mention that in the
latter, 5 animals with the most severe liver injury died
prematurely due to liver failure and were not included in the
statistical analysis. In contrast, all animals survived in the
experimental group. Therefore, for the statistical evaluation, the
animals with most severe liver injury from the experimental
group were included. This suggests a positive effect of MSC
administration. However, the effect was limited, as the data
show significantly better survival in the experimental group but
not improved liver function and histological parameters.

MSC have been used in several animal experiments to
verify their ability to treat liver failure of different etiologies.
They have been shown to have a positive effect on acute
liver injuries in rodents. The bone marrow derived MSC
acted through reduction of fibrosis and improvement of
immunoregulatory mechanisms (55, 56). We assume that
these mechanisms probably do not play a dominant role in
the early phase of SOS. which may explain the limited effect
of MSC administration in our study.
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Moreover, the antifibrotic effect of MSC is probably caused
by induction of MMP-9 expression (57). As increased MMP-
9 activity plays a role in the pathogenesis of SOS, it is possible
that the MSCs could also have a partially negative effect on
the course of SOS, at least in the early phases of the disease.

Because liver fibrosis and inflammatory infiltration was
apparent in later phases, it is possible that MSC administration
later than day 7 would have a major effect.

However, we also chose this treatment timing according
to other functions of MSCs. MSCs are able to reduce
hepatocyte apoptosis and promote hepatocyte proliferation.
Cytokines and growth factors (e.g. epidermal growth factor)
secreted by MSC are responsible for this effect (58). The
idea was to attenuate liver failure by promotion of liver
regeneration and therefore enable the animals to undergo

6830

liver resection with a better outcome. That is why day 7 was
chosen as the most appropriate for MSC administration.
The ability of MSC to alleviate liver failure after resection
by promotion of regeneration was confirmed by Ding et al.
(59). They found improved survival after 90% hepatectomy in
rats with a healthy liver after MSC administration via portal
vein. They also observed a major increase in liver volume after
MSC administration. The impact on survival of animals is in
accordance with our results. However, the liver volume results
are opposite to those in our experiment. In our study,
ultrasonography showed smaller liver volume in MSC-treated
animals. This finding cannot be simply explained as attenuated
liver regeneration because animals in our study did not have a
healthy liver parenchyma. In studies of resection of healthy liver
parenchyma, the subsequent regeneration of liver functions
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correlates with increasing liver volume (60). This relationship
is not present in cases of acute SOS where the liver volume is
increasing because of developing hepatomegaly while liver
functions are decreasing (11). The liver volume after resection
in this experiment was undoubtedly influenced by decreasing
hepatomegaly. The liver volume increased only over the first
three days after resection and then decreased until the end of
the follow-up. The gradual remission of hepatomegaly started
after day 7 and was not completed before the liver resection.
The smaller liver volume in the experimental group therefore
does not have a clear interpretation and can be even a sign of
earlier remission of acute SOS in MSC-treated animals.

A model of the chronic or subacute type of SOS would be
more accurate for correlation with clinical patients who
develop SOS during chemotherapy and require liver
resection because of liver metastases. Therefore, further
experiments with liver resection postponed to later phases of
monocrotaline-induced SOS should be performed to verify
the effect of MSCs. In such an experimental setting, repeated
administration of MSCs with the second dose at the time of
resection would be informative. MSCs are usually
administered right after liver resection, which enables them
to act more effectively and support liver regeneration (59).

Conclusion

SOS was successfully induced in the pig by intraportal
monocrotaline  administration. Biochemical analysis,
histological findings and ultrasonography confirmed the
development of SOS. Intravenous administration of
allogeneic MSC one week after induction of SOS improved
animal survival. The liver volume after partial resection has
to be evaluated with consideration of the hepatomegaly
induced by acute SOS. Further experiments with different
timing of liver resection and MSC administration should be
performed to verify the positive effect of MSC.
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Currently, there are at least 70 pure domestic pig breeds, but only certain breeds are
used in biomedical research. The domestic pig liver is suitable for preclinical research
because its size, physiology, and anatomy are similar to that of the human liver; in
addition, there is a high degree of genetic similarity between the two species. For
planning experiments and identifying improvements in both invasive and noninvasive
methods of liver disease management, the morphological similarities and dissimilar-
ities of the pig liver to its human counterpart must be taken into consideration along
with sexual dimorphism and interindividual and interspecific variability. Recent his-
tological evaluations based on stereclogical methods enable precise quantitative
morphological estimates and guarantee their unbiased accuracy. The results thereof
are crucial for revealing and assessing histological changes and can contribute to the
optimization of study designs. New trends in computed tomography data processing
have also been introduced. This review article summarizes the newest trends and
findings in the field of porcine liver anatomy and histology as applicable to preclinical
research.
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Introduction

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

The small pigs used in BMR, from an anatomical and
physiological perspective, are similar to the domestic swine.
The advantages of their small size are obvious: these pigs are
easy to handle and house, and they require less food and test
substances than larger pigs. Therefore, certain small breeds
are predominantly used in pharmacology and toxicology
studies for the testing of new drugs and medical devices™
(Table 1). Nevertheless, the availability of small breeds is
limited.

Porcine liver gross anatomy

In terms of gross anatomy, from four to six liver lobes have
been described in pigs (Table 2), and the right and left hemi-
livers are separated by a deep notch for the round ligament
(Fig- 1A and B). The number and size of the lobes (segments)
reported varies and thus may be breed-specific. Only the
following five lobes are invariably present: the left lateral, left
medial, right lateral, right medial, and the caudate lobe. From
our experience with the Prestice Black-Pied pig breed,*” which
is in agreement with the veterinary anatomical textbooks,"’
the quadrate lobe is present occasionally (Fig. 1B and D).
There also seems to be interbreed variability in the lobe pro-
portions. Court et al.”” found the left lateral lobe to be the
largest, whereas Bekheit et al.,”” based on computed tomog-
raphy (CT) volumetry, assessed the right medial lobe to be the
most voluminous.

Table 1 — Porcine liver applications in biomedical
research.

Objects of References Breed
research
Ablation, resection ? Guangxi Bama minipig
! ‘Wuzhishan pig
" Not mentioned
Biomechanics i Not mentioned
v Ecologically bred animals
of various origins
Gene therapy 4 HSD11B1-transgenic pig
Imaging techniques, <L Duroc, Pietrain, Landrace,
diagnostics large white pig
= Bama miniature pig
Innovation of i Landrace pig
surgical
techniques
= Landrace pig
& Bama miniature pig
Liver = Micromini pigs (Fuji Micra
transplantation Inc., Shizuoka, Japan)
= Landrace pig
= GalT-KO pig
Liver traumatology & Yorkshire-Landrace pig
German domestic pig
e Not mentioned
Material testing AT Chinese experimental
hybrid pigs
20 German Landrace pigs
Mathematical & Not mentioned
modeling,
quantification
24 Prestice Black-Pied pig
= Prestice Black-Pied pig
Morphology, e Prestice Black-Pied pig

physiology

= White pig
Prestice Black-Pied pig
Prestice Black-Pied pig

Pathogenesis, liver
failure

Specific pathogen-free
piglet
Bama experimental
miniature pig
el Bama experimental
miniature pig
Pharmacology,
toxicology

Prestice Black-Pied pig

Minipig, review
Landrace x large white pig
Regeneration Not mentioned
Polish white pig

Prestice Black-Pied pig

In the pig, eight segments roughly similar to those in the
human liver have been described®**® (Tables 2 and 3; Fig. 1A
and B). However, both the differences between pigs and
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Table 2 — Liver segmental anatomy, literature review.

Breed No of Name of the lobes No of Reference
lobes segments

Not mentioned 5 Right lateral, right medial, left lateral, left medial, caudate 8 3=

Not mentioned 5 Right, left, right medial, left medial, caudate 8 &

Prestice Black-Pied pig 5 (6) Right lateral, right medial, left lateral, left medial, caudate, Not 4

quadrate occasionally mentioned

Not mentioned 4 Right, left, right paramedian, left paramedian 8 b

Prestice Black-Pied pig 6 Right lateral, right medial, left lateral, left medial, caudate, quadrate o

Not mentioned 3 Not named 8 P

Not mentioned 5 Right, left, right middle, left middle, caudate 8 =

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

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

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

Fig. 1 — Porcine liver gross anatomy and corrosion casts, Prestice Black-Pied breed. (A, B) Segmental anatomy, diaphragmatic
(A) and visceral surface (B). Interlobal notches (red arrowheads), notch for the ligamentum teres (yellow-red arrowheads),
Rex-Cantlie line (yellow lines), coronary ligament (yellow arrowhead), caudal vena cava (blue arrowhead), portal vein (white
arrowhead), hepatoduodenal ligament (black asterisk), caudate lobe (yellow asterisk), and quadrate lobe (green asterisk). (C,
D) Vascular corrosion cast, filling with colored Biodur E20 Plus (Heidelberg, Germany) via the hepatic portal vein (blue),
hepatic artery (red) and bile duct (green). Caudate lobe (yellow asterisk), quadrate lobe (green asterisk), cystic artery (blue
arrowhead), capillary network of the cystic duct (green arrowheads), bile ductules (white asterisk), caudal vena cava course
(yellow line), and orifice (yellow-blue arrowhead.) Scale bars 5 cm. (Color version of figure is available online.)
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Table 3 — Porcine liver lobes and segments according to
Court et al.*® and Zanchet and Monteiro.>*

Corresponding parenchyma Segment
Caudate lobe SI
Left lateral lobe SII, 11
Left medial lobe SIV
Right medial lobe SV, VoL
Right lateral lobe S VI, VII

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

ments have been designed.a"gﬁ’rﬁ

Porcine liver microanatomy

For studies of human liver diseases using the porcine liver
model, detailed knowledge of liver microanatomy is neces-
sary. The tissue structure of the porcine liver is similar to that

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

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

The morphometry and distribution of HEPs within the
porcine liver was assessed by Junatas et al.”® In healthy pigs of
the Prestice Black-Pied breed,"® each lobe contained HEPs of a
comparable size, nuclearity, and density. However, the size
and density were not uniformly distributed when comparing
the different regions of the liver in relation to the hepatic
vasculature (peripheral, paracaval, and periportal regions.)
The reported fraction of binuclear HEPs, possibly linked to
liver regeneration, was 4%. Interestingly, the number of nuclei

Fig. 2 — Vascular corrosion casts of pig liver, Prestice Black-Pied breed. Filling with colored Biodur E20 via the hepatic artery
(A-C) and portal vein (B-D). (A) Classical hepatic lobule (white arrowhead) before corrosion. (B) Macro-CT, volume rendering
technique. Syntopic view of portal and hepatic venous systems; hepatic vein (yellow arrowhead), portal vein (white

arrowhead), hepatic duct (green arrowhead), and caudal vena cava (blue arrowhead). (C) Classical hepatic lobule in scanning
electron microscopy. Portal triad in portal space (red arrowhead), sinusoids (red asterisk), and central vein (blue arrowhead).
(D) Micro-CT, 3-D reconstruction, cast filled via the portal vein. Scale bars: 1 cm (A, D), 5 cm (B), 200 pm (C). (Color version of

figure is available online.)
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Fig. 3 — Porcine liver microanatomy in various histological staining methods. Hematoxylin and eosin staining (A), anilin
blue staining counterstained with nuclear fast red:detection of collagen (B), Gomori reticulin staining:detection of reticular
fibers (G, E), picrosirius red staining in polarized light:detection of collagen I and III (D), Periodic acid-Shiff staining (G, H),
lectin histochemistry staining using Ricinus communis Agglutinin lectin (I). (A-C) Demonstration of hepatic lobules clearly
demarcated by connective tissue. (D, E) Detail of portal space containing bile ducts and branches of hepatic artery and portal
vein surrounded by connective tissue. (F) Hepatic stellate cells (arrow). (G) Binuclear hepatocyte (arrow). (H) Cluster of
Kuppfer cells after phagocytosing cellular debris (arrow), a typical hallmark of hepatitis. (I) Discontinuous endothelium of
hepatic sinusoids (arrow) and bile canaliculi formed by apical membranes of adjacent hepatocytes (circles). Scale bars:
100 pm (A-C), 50 pm (D-I). (Color version of figure is available online.)

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

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

thus presumably plays a role in liver r(-)gemeration.66 A recent
study on the rat liver revealed that female rats have a greater
number of HEPs and KCs and a larger fraction of binuclear
cells than males.®” These findings indicate a higher regener-
ative potential of the female liver. The stellate cells (Fig. 3F),
which are also called Ito cells or fat-storing cells, are located in
the perisinusoidal space (of Disse) between the HEPs and the
sinusoids. They contain lipids that are involved in vitamin A
metabolism and also play a leading role in fibrogenesis.””

In the pig, design-based stereology®"*® (Fig. 4) has been
demonstrated to be a powerful tool for assessing numerous
morphological characteristics, namely, the number of HEPs
and the amount of connective tissue within the porcine
liver."” Generating data on the morphometry and distribu-
tion of liver cells, together with the 3-D architecture of the
vascular and biliary systems, could be the next step in un-
derstanding of liver function and pathophysiology and could
increase the potential of successful xenotransplantation.””
The evidence indicating that the liver is a sexually
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Fig. 4 — Demonstration of stereological methods for quantitative assessment in porcine liver. Point grid®® used for the
quantification of the connective tissue fraction, aniline blue with nuclear fast red staining. Points over the connective tissue
within the predetermined area are highlighted in yellow (A). (B) Estimating the surface of microvessels in a series of i-CT
scans of vascular corrosion cast using the fakir probe consisting of an isotropic grid with three differently oriented,
perpendicular sets of probes with random initial orientation. Length of the probe intersections with the microvessel profiles
is proportional to their surface (B). Demonstration of optical dissector for estimating the numerical density of hepatocytes in
two optical sections (C, D). The cell profiles with nuclei in focus in the bottom reference plane (C) and absent or out of focus in
the look-up plane (D) that lie inside the counting frame or touch the green allowance borders but do not cross the red
forbidden borders are counted (black arrow). The hepatocyte in focus in the look-up plane is not counted (marked with
asterisk.) Scale bars: 50 pm (A), 100 pm (B); 20 um (C, D). (Color version of figure is available online.)

dimorphic organ warrants consideration in the planning of
experiments.”’** Sufficient and systematic sampling is crucial
for detecting the biological differences in liver tissue when
studying liver regeneration, the pathophysiological mecha-
nisms of liver diseases or the toxicity of drugs.®*

Liver connective tissue

Most types of chronic liver diseases lead to liver fibrosis and/or
eventually to cirrhosis, that is, to the excessive accumulation
of extracellular matrix, including fibrillar collagen. Staging
and grading of liver fibrosis is a significant histopathological
evaluation.””’” In the human, six specific foci of liver fibro-
genesis have been proposed for scoring. Namely, the portal,
pericellular (perisinusoidal), pericentral (perivenular), cen-
trilobular, ductal (periductal), and ductular fibrosis can be
distinguished.”* The type and extent of fibrosis describes both
the architecture of connective tissue and its amount and

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

For the study of the mechanisms of origin and spread of
fibrosis, and also to assess the liver regenerative capacity,
both small and large animals are widely used. However, small
animal models have limitations due to their size and differ-
ential susceptibility to toxic agents or pathngen&” 7% A chal-
lenge in evaluating fibrosis using this modelis that the normal
porcine liver microscopically resembles fibrosis in the human;
porcine liver lobules are clearly demarcated by the interlob-
ular connective tissue septa that meet in the portal area
(Fig. 3A—D). Moreover, according to the quantitative studies,
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the distribution of intralobular and interlobular connective
tissue in the healthy domestic pig varies with respect to sex
and location within the liver.”’ In addition, the mean area
fraction of the interlobular connective tissue is greater in male
pigs; significant differences have also been found among in-
dividuals and liver lobes. Owing to the quantitative methods
that provide us with objective and reproducible data, when
both the sex of specimen and the position of the harvested
tissue block are taken into account, more precise quantitative

7,64,76

estimates can be achieved.’

Corrosion casting

Perfusion is a key element to understand the physiology and
regeneration of any organ. Because of having two blood in-
puts, liver perfusion is very complicated, and research is
based on the analysis of the geometrical model of the vascular
tree. To obtain the highest authenticity model of the 3-D
vascular bed, vascular corrosion casts (VCCs) have been
used for many decades.””*”**’” Current casting materials are
able to fill the entire vascular bed, which needs to be preserved
free from gas and blood clots. As it is almost impossible to
obtain a human liver with these characteristics,” the porcine
liver model is irreplaceable.”” The gap between 2-D histolog-
ical studies and 3-D microarchitecture can be bridged using X-
ray micmmr:m)g]'al':ohyumicro—CT.""‘b‘n Micro-CT data of liver
VCC represent another source to provide microvascular
morphometry.”* Using differently colored resins in the VCC
(Figs. 1C and D, 2A) is also useful for teaching anatomy, as it
enables the student to distinguish the vascular (biliary) beds
and differentiates fine structures that cannot otherwise be
demonstrated.”""

Computer vision algorithms in pig liver research

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

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

To extract the shape of the liver parenchyma and the
macroscopic model of the vascular system, macro-CT with a
resolution of ~1 mm was performed using pig liver corrosion
casts (Fig. 2B). Segmentation of the liver parenchyma by the
macro-CT was performed interactively by the modified graph-
cut algnrithm“ available in the Lisa application. 782 The pre-
processing was carried out by resampling to a voxel size of
2 mm. Voxels representing the subject of interest (e.g., liver
parenchyma) and background (other tissues) were selected. Of
these, an intense Gaussian mixture model with three fore-
ground and background components was created. Vascular
bed segmentation was performed by a modified connected
threshold algorithm. In postprocessing, binary morphological
operations were applied. Extraction of the microvascular bed
geometry was performed using the image data acquired from
micro-CT with a resolution of ~2 pm (Fig. 2D). For the flow
modeling and the vascular bed quantitative description, the
software Quantan can be used” to estimate the radius, length,
tortuosity, and branching angles. The application also enables
the evaluation of the number of microvessel segments, the
volume fraction, as well as the surface and length densities.
Semiautomatic subtraction facilitates the evaluator’s work
and allows for more precise estimates.

Challenges and pitfalls of pig liver utilization in
biomedical research

The domestic pig as an experimental animal was critical to
many of the key shifts in research on serious human diseases.
Although the detailed knowledge of (micro) anatomy is crucial
both for designing and evaluation of most experiments, it is
interesting that very few breed-related and/or gender-
sensitive studies have been published on the anatomy of
porcine organs yet. For this reason, we found useful to sum-
marize the current knowledge of (micro) anatomy of the
porcine liver to point out critical points in planning and
assessment of studies conducted in this animal model
(Table 4). Given the size of porcine organs and vast biological

Table 4 — Morphological differences between the normal porcine and human liver, based on Prestice Black-Pied pig breed.*®

Gross anatomy

Histology

Pig: Deep fissures marking well-marked lobation, right and left
hemiliver divided by the notch for ligamentum teres.™”*
Human: External lobation does not correspond to the functional (i.e.
surgical) anatomy: three main fissures are not visible on the surface
and contain three main hepatic veins; they divide the liver into four
portal sectors; right and left hemiliver divided by Cantlie’s line.**

Pig: Superficial, extraparenchymal portal vein (PV) lobar branching
visible from the visceral surface (Fig. 1D), the caudal caval vein runs
through the left lateral lobe.*"*"

Human: PV divides into the right and left branches at the hilum; only
the left PV invariably gives extraparenchymal branches to segment 1
and sometimes IV.*

Pig: Irregular, rather pentagonal hepatic lobules (Fig. 2A)
clearly demarcated by connective tissue septa (Fig. 3A—C).
Caution, normal porcine liver microscopically resembles
fibrosis in the human; more connective tissue in males.”’
Human: Roughly hexagonal hepatic lobules,”* no
interlobular septa, connective tissue found in interlobular

space.””

190



LADA ET AL o PIG I

IN

77

BIOMEDICAL RESEARCH

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

In experimental medicine, the pig liver is preferably used
as a large animal model of acute liver disease and/or liver
failure as it is suitable for extracorporeal circulation, repetitive
blood sampling, and training of surgical techniques applicable
to humans, for example, partial hepatectomies, orthotopic
liver transplantation, or PV arterialization.”” Unlike small
animals, experiments on pigs and other large animal models
are limited because of technically demanding treatment and
higher financial costs that result in smaller cohorts, which due
to considerable interindividual variability makes statistical
evaluation and interpretation of results difficult.

Conclusions

A variety of modern pig breeds are available today, and they
have been increasingly used in biomedical research. Despite
recent efforts to obtain detailed knowledge of pig liver mac-
roanatomy and microanatomy, very little is still known in
accordance with biological variability, and certain issues need
to be addressed for the appropriate translation of animal ob-
servations to clinical testing. Quantitative results based on
stereology guarantee unbiased estimates that are able to
reveal even subtle histological changes, and it is also possible
to optimize the algorithm for study designs in accordance
with sex, breed, or position of the harvested tissue block.
Newly developed software is able to process data obtained
from (micro)CT for 3-D reconstructions, quantitative estima-
tions, and morphometrics, which is highly consistent with
manual counting techniques. Volumetric data extracted from
computer imaging methods can be used to model liver
perfusion and optimal liver resection.
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ATP-binding cassette (ABC) and solute carrier (SLC) transporters translocate diverse substances
across cellular membranes and their deregulation may cause drug resistance of cancers. This study
investigated significance of protein expression and cellular localization of the previously suggested
putative prognostic markers ABCC2 and SLC22A3 in pancreatic cancer patients. Protein localization
and brush border staining intensity of ABCC2 and SLC22A3 was assessed in tumor tissue blocks of 65
pancreatic cancer patients and associated with clinical data and survival of patients with regard to
therapy. Negative SLC22A3 brush border staining in pancreatic tumors significantly increased the risk
of both disease progression and patient’s death in univariate analyses. Multivariate analyses confirmed
the association of SLC22A3 expression with progression-free survival of patients. A subgroup analysis
of patients treated with regimens based on nucleoside analogs suggested that patients with negative
brush border staining or apical localization of SLC22A3 in tumor cells have worse overall survival.

The combination of positive ABCC2 and negative SLC22A3 brush border staining predicted worst
overall survival and patients with positive brush border staining of both proteins had best overall and
progression-free survival. The present study shows for the first time that the protein presence and to
some extent also localization of SLC22A3 significantly associate with prognosis of pancreatic cancer in
both unstratified and chemotherapy-treated patients. The combination of ABCC2 and SLC22A3 brush
border staining also needs further attention in this regard.

Pancreatic ductal adenocarcinoma (PDAC, OMIM: 260350) incidence ranks 12 among cancer diagnoses world-
wide, but its mortality is predicted to become the second leading cause of cancer death in the USA within the next
decade’. PDAC clinically manifests by late diagnosis, poor prognosis and overall lack of long term response to
the systemic chemotherapy.

Overexpression of ATP-binding cassette (ABC) transporters and downregulation of solute carrier (SLC) trans-
porters is suspected to influence effective intracellular concentration of anticancer chemotherapeutics including
some targeted agents™*, There are numerous examples of such effects demonstrated in various in vitre model sys-
tems”®. The resulting chemoresistance of tumor cells leads to progression of the disease to more advanced stages.
Thus, discovery of prognostic factors indicating a high risk of such scenarios and development of tools decreasing
the chance of chemoresistance or re-sensitizing chemoresistant cells are urgently needed.

In previous studies, we have found dysregulation of transcript levels of several ABC and SLC transporters in
tumor tissues of PDAC patients compared to paired adjacent non-tumorous control tissues. Moreover, intratu-
moral levels of a number of transporters significantly associated with clinical characteristics of patients™. Most
interestingly, combination of high transcript level of ABCC2 (OMIM: 601107) with low SLC22A3 (OMIM:
604842) level significantly predicted worse overall survival (OS) of patients’.

Main goal of the present study was to validate on the protein level the previously suggested putative prognostic
role of this combination in independent series of PDAC patients. Thus, we determined protein content of these
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Oncology and Institute of Molecular and Translational Medicine, Faculty of Medicine and Dentistry, Palacky
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Age (median £5.D.) 6618
Gender

Female 32
Male 33
UICC stage

Stage A 4
Stage IB 14
Stage ITA 8
Stage I1B 32
Stage I 6
Unknown 1
Tumor size (pT)

pTL 10
pT2 27
pT3 23
pT4 4
pTx 1
Lymph node metastasis (pN)

pND 28
pN1-2 28
pNx 9
Distant metastasis (cM)

MO 60
cMx 8
Grade

Gl 28
G2 29
G3 4
Gx 4
Resection margins (R)

RO 54
R1 11
Chemotherapy

None 27
Adjuvant 27
Unknown 1

Table 1. Clinical data of patients included in this study.

biomarkers in a larger cohort of PDAC patients and compared it with the patient” survival in order to substantiate
further mechanistic studies behind this association.

Materials and Methods
Patients. In total, 65 surgically treated patients with histologically confirmed diagnosis of PDAC and availa-
ble clinical follow up were included into the study. All patients were recruited and underwent surgery and onco-
logical treatment at the Department of Surgery and Oncology, Teaching Hospital and Medical School in Pilsen,
between years 2002 and 2016.

The following data on patients were retrieved from medical records: age, sex, date of diagnosis, date of sur-
gery, resection margins, tumor size (pT), lymph node metastasis (pN), distant metastasis (cM), clinical stage,
histological grade, adjuvant treatment regimen, and survival. Clinical characteristics of patients are described in
Table 1. None of the patients had received neoadjuvant chemotherapy. The progression-free survival (PFS) served
as a measure of the treatment outcome. The PFS was defined as the time elapsed between surgical resection and
disease recurrence or death. The OS was defined as the time elapsed between surgical resection and death of any
cause.

All procedures performed in this study were in accordance with the ethical standards of the Ethical
Commission of the Medical Faculty and Teaching Hospital in Pilsen, Czech Republic (approval reference no.
301/2019) and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Experimental protocol of this study was also approved by the Ethical Commission of the Medical Faculty and
Teaching Hospital in Pilsen, Czech Republic (approval reference no. 301/2019). Informed consent was obtained
from all individual participants included in the study.
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Immunohistochemical analysis. Tissue for light microscopy was fixed in 4% formaldehyde and embed-
ded in paraffin using routine procedures. Five micrometer-thick sections were cut from the tissue blocks and
stained with hematoxylin and eosin. For the immunohistochemical (IHC) study samples were first processed
by Heat Induced Epitope Retrieval (HIER) using Novocastra™ Epitope Retrieval Solutions pH 6 for ABCC2
and pH 9 for SLC22A3 (Leica Biosystems Inc., Buffalo Grove, IL, USA). Then, endogenous peroxidase activ-
ity was blocked using Dako REAL Peroxidase-Blocking Solution (Agilent Technologies, Inc., Santa Clara, CA,
USA), 5% normal goat serum was used for background blocking (slides for SLC22A3) and slides were incu-
bated with the following primary antibodies: ABCC2 (dilution 1:100, cat. no. ab3373, Abcam, Cambridge, UK)
and SLC22A3 (1:100, cat. no. ab124826, Abcam). The polymerized reporter enzyme staining system (Universal
Immuno-peroxidase Polymer) with Anti-Mouse and Rabbit N-Histofine® Simple Stain MAX PO (MULTT)
(Cosmo Bio USA, Carlsbad, CA, USA) were used for visualization. Slides were counterstained by Gill's hematox-
ylin. Appropriate positive and negative controls were employed. First, predominant localization was evaluated
as basal or apical. Then staining in brush border was evaluated as negative or positive. Ambiguous samples were
excluded from further statistical analysis (n=5).

Data analysis. All statistical analyses were performed using SPSS v16.0 Software (SPSS Inc., Chicago, IL).
Differences between groups of patients stratified by clinical data were assessed by the ANOVA and the Pearson
tests. Survival function was plotted by the Kaplan-Meier method and the Log Rank and Breslow tests were used
for evaluation of the compared groups of patients. Multivariate analysis adjusted to clinical factors which signifi-
cantly modified survival of patients, i.e. resection margins and lymph node metastasis was performed by the Cox
regression.

All P-values were calculated from two-sided tests. P-values lower than 0.05 were considered statistically
significant.

Results

ABCC2 and SLC22A3 proteins were stained by IHC in formalin-fixed paraffin-embedded sections of 65 PDAC
patients (clinical data in Table 1). The representative IHC slides are presented on Fig. 1. ABCC2 and SLC22A3
were predominantly localized in basal side of plasma membrane in 49% and 45% samples, respectively. Positive
THC brush border staining was observed in 45% and 29% of patients for ABCC2 and SLC22A3, respectively. Both
followed characteristics were then combined.

No significant associations of ABCC2 and SLC22A3 IHC brush border staining or localization with gender
and age of the patients, stage, tumor size, presence of local and distant metastasis, tumor grade and resection
margins have been observed. The median PFS and OS of all patients were 14+ 7 and 28 = 9 months, respectively.
Five patients were lost to follow up and were not further evaluated. Patients with R1 resection had significantly
worse PFS (P=0.038, Log Rank) and OS (P=0.001) than completely resected (R0) ones. Patients with regional
Iymph nodes invaded by tumor cells (pN1-2) had significantly worse PFS (P =0.039, Log Rank), but not OS than
patients without such invasion (pN0). Therefore, subsequent multivariate analyses were adjusted to lymph node
metastasis and resection margins.

We then performed univariate analysis of survival functions in groups of patients divided by localization or
IHC brush border staining. PDAC patients with negative IHC brush border staining of SLC22A3 had significantly
shorter PFS (P=0.041, Log Rank and P = 0.024, Breslow; Fig. 2A) and OS (P=0.007, Log Rank and P=0.020,
Breslow; Fig. 2B) than patients with positive staining in tumor cells. ABCC2 brush border staining or localization
and SLC22A3 localization did not associate with survival of the patients.

Multivariate analysis adjusted to resection margins and lymph node metastasis confirmed that the negative
SLC22A3 IHC brush border staining presents high risk factor for disease progression (PES) (P = 0.049, hazard
ratio = 2.3, 95% confidence interval = 1.0-5.1), but not for death (OS).

The analysis of combinations of IHC characteristics of both proteins has shown that patients with positive
ABCC2 and SLC22A3 brush border staining had the best PFS, but the effect of other combinations was equal
(P=0.035, Log Rank and P=0.092, Breslow; Fig. 3A). The combination of positive ABCC2 and SLC22A3 brush
border staining was also predictive of best OS, but additionally, patients with combination of positive ABCC2 and
negative SLC22A3 intratumoral brush border staining had apparently the worst OS (P= 0.048, Log Rank and
P=0.013, Breslow; Fig. 3B). The combination of localizations did not influence OS as well as PFS. Multivariate
analysis was not performed due to too small numbers of observations in compared subgroups of patients.

Stratified analyses of patients treated with regimens based on nucleoside analogs (gemcitabine and
5-fluorouracil, N =27) again demonstrated that patients with negative IHC brush border staining of SLC22A3
have signiﬁcantly worse PFES (P=0.010, Log Rank and P=0.013, Breslow; Fig. 4A) and OS (P=0.030, Log Rank
and P=0.040, Breslow; Fig. 4B). Moreover, patients with apical SLC22A3 localization had significantly worse
OS than those with basal localization (P=0.021, Log Rank and P = 0.029, Breslow; Fig. 4C). Analyses of com-
binations and multivariate analyses were not performed due to too small numbers of observations in compared
subgroups of patients.

Discussion
Based on the previously observed associations of transcript levels of two less frequently studied membrane trans-
porters with survival of PDAC patients™, we analyzed prognostic significance of their protein staining intensity
and cellular localization by ITHC in a larger study. Our data clearly show that presence of SLC22A3 protein asso-
ciates with prognosis of PDAC patients.

Role of protein expression of SLC22A3 in pancreatic cancer was not addressed to date. Present study demon-
strates that patients with detectable SLC22A3 brush border IHC staining in their tumor cells have significantly
longer OS and PFS than those without it. SLC22A3 is expressed across a broad spectrum of human tissues mostly
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Figure 1. Immunohistochemistry of the ABCC2 and SLC22A3 transporters. (A) Examples of ABCC2 negative
and positive brush border staining, apical and basal staining, and negative and positive controls. Negative
control: tumor tissue stained without primary antibody. Positive control: human kidney cortex. (B) Examples of
SLC22A3 negative and positive brush border IHC staining, apical and basal staining, and positive and negative
controls. Negative control: tumor tissue stained without primary antibody. Positive control: human liver.
Arrows allow easier visual control of results. Scale bar 50 pm.

in cellular plasma membrane where it actively uptakes a high number of both endogenous substrates and xeno-
biotics including antineoplastic drugs. Gene expression of SLC22A3 is both genetically and epigenetically regu-
lated'”. The current view about role of SLC22A3 in cancer has two aspects.

First, SLC22A3 expression was previously connected with onset and progression of several cancers.
Specifically, genetic variability of SLC22A3 predisposes to colorectal and prostate cancer''~"*. Association of
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Figure 2. Associations between SLC22A3 brush border staining and the survival of all patients. Kaplan-Meier
survival curves were plotted for the PES or the OS of patients divided into negative and positive staining groups.
Dashed line represents the group with negative staining and solid line the group with positive staining. Plot (A)
shows results of PFS analysis and plot (B) of OS analysis.

genetic variant rs2504938 in SLC22A 3 with overall survival of pancreatic cancer patients was recently published'*.
Hepatocellular carcinomas express lower SLC22A3 protein levels than non-tumor tissues'” and larger size and
number of chemically-induced liver tumors were observed in SLC22A3 knock-out mice model compared to
wild type mice'®. In line with these observations, SLC22A3 was reported as metastasis suppressor in familial
esophageal squamous cell carcinoma where it directly inhibits ACTN4 (alpha actin 4, OMIM: 604638)"". More
recently, a correlation between SLC22A3 promoter hypermethylation and a higher risk for developing familial
esophageal squamous cell carcinoma in Chinese was described, together with a new function of SLC22A3 in heat
stress-induced oxidative DNA damage'®. On the other hand, SLC22A3 overexpression promoted cell proliferation
and stimulated migration and invasion of colorectal carcinoma cell line models, while repression of the expres-
sion reversed these effects'”. Taken together previous studies suggested that genetic, epigenetic or phenotypic
nature of SLC22A3 can serve as putative risk predictive or prognostic biomarker in cancer.

Second, SLC22A3 function as uptake transporter of number of chemicals including antineoplastic drugs was
implicated in cancer treatment efficacy and individualization. Higher pre-treatment intratumoral SLC22A3 pro-
tein expression was observed in colorectal cancer patients responding to adjuvant chemotherapy with FOLFOX
(combination of 5-fluorouracil, folinic acid and oxaliplatin) regimen than in non-responders'’ suggesting a
potential predictive character of this biomarker. In agreement with our findings, patients with head and neck
squamous cell carcinoma classified as having high SLC22A3 protein level had improved overall survival after
cisplatin therapy and correspondingly, the in vitro sensitivity of cell line models to this compound correlated with
SLC22A3 expression™, Besides frequently used platinum compounds, SLC22A3 also plays a role in the therapeu-
tic action of metformin*'. High SLC22A3 expression is being tested as a potential surrogate biomarker predicting

1nA

response of several cancers to metformin®*
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Figure 3. Survival analysis of combinations of SLC22A3 and ABCC2 brush border staining in all patients.
Kaplan-Meier survival curves were plotted for the PFS or the OS of patients divided into ABCC2-negative/
SLC22A3-negative (dashed lines), ABCC2-negative/SLC22A3-positive (hatched lines), ABCC2-positive/
SLC22A3-negative (dotted lines), and ABCC2-positive/SLC22A3-positive (solid lines). Plot (A) shows results of
PFS analysis and plot (B) of OS analysis.

Collectively, the present study and previous reports suggest that SLC22A3 may serve as a putative prognostic
and predictive biomarker for follow up validation and functional studies aimed at personalized therapy of PDAC
and several other, mostly gastrointestinal, cancers. IHC is routine method established in all pathology depart-
ments of larger medical centers worldwide and thus quick application of verified biomarker(s) is envisaged.

Recent genetic study reported that several polymorphisms in the ABCC2 gene (rs3740067, rs3740073 and
15717620) significantly associate with OS of PDAC patients in an early disease stage and may become prognostic
biomarkers®, This observation complements previous studies suggesting that ABCC2 polymorphism rs2273697
associates with poor OS and response to chemoradiotherapy of PDAC patients® and upregulated ABCC2 protein
expression leads to an altered sensitivity to gemcitabine and irinotecan in vitro®. Another study recently pointed
out that silencing ABCC2 protein expression increases oxaliplatin accumulation and cytotoxicity in PANC-1
pancreatic cell line model in vitro”. Although the relation between ABCC2 and PDAC therapy response and
prognosis was already well demonstrated in various experimental settings, the present study did not prove asso-
ciation of ABCC2 protein expression alone with survival of PDAC patients.

Prognostic potential of ABCC2 and SLC22A3 combination detected in the present study represents com-
pletely new area. Combinations of efflux and uptake transporters by definition of their major functions, i.e. export
of drugs outside cells or cellar compartments by ABCs and import of drugs inside by SLCs may have much
stronger effect than single biomarker-based predictions. Thus we hypothesized that negative ABCC2 and positive
SLC22A3 protein expression should associate with long survival and opposite combination with poor survival of
patients. In fact, combination of positive ABCC2 and positive SLC22A3 predicted longest survival (both PFS and
0OS) suggesting that the extent of overall protein expression dysregulation is prognostic in this case. On the other
hand, combination of pesitive ABCC2 and negative SLC22A3 protein expression indeed predicted shortest over-
all survival of patients and complied with the function-based hypothesis. However, the breaking up the cohort to
very small subgroups poses a problem with statistical power especially in rarely studied diseases and thus, these
observations must be replicated.
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Figure 4. Associations of SLC22A3 brush border staining and localization with the survival of chemotherapy-
treated patients. Kaplan-Meier survival curves were plotted for the PES or the OS of patients divided into
negative and positive or apical and basal localization groups. Dashed line represents the group with negative
staining, solid line the group with positive staining. Plot A shows results of PFS analysis and plot (B) of OS
analysis. In the plot (C), the solid line represents the group with basal localization and dashed line the group
with apical localization of SLC22A3 protein in plasma membrane compared with OS of patients.

We are aware of some limitations of our study. First, the modest sample size may be seen as rather low.
However, the incidence of PDAC, although quickly rising, is still quite low and mainly the percentage of its resect-
ability is very limited (10-15%). Thus, it is rather difficult to put together larger series of patients with available
clinical follow up. The rate of drop-out of patients from the follow up due to very dismal character of the disease is
also quite high. Second, numerous systems of evaluation of protein appearance in tumor cells were published and
especially in experimental and less studied proteins it is complicated to decide which of the reported approaches
should be used. Therefore, we have chosen both semi-quantitative and qualitative measures to robustly assess
relevance of proteins of interest. It is necessary to conduct next studies to validate present results.

On the other hand, this study has also certain advantages. All patients were recruited and followed in one
regional center and thus represent homogeneous group of patients treated and surveyed in uniform way.
Moreover, the present study was driven by previous observations on different patient group (also single center
cohort) at the transcript level and thus congruent results obtained now cannot be attributed to the chance as in
the case of hypothesis-generating screens.

Taken together, our results confirm the prognostic role of SLC22A3 protein in PDAC previously suggested by
targeted transcriptomic study. ABCC2 transporter seems to play rather marginal role in this regard, but the effect
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of combinations of both biomarkers observed in a small scale subgroup analysis should be further validated by
independent studies.
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