UNIVERZITA KARLOVA
Lékarska fakulta v Plzni

Dizertacni prace

2019 Jiri POUSKA






Univerzita Karlova
Lékarska fakulta v Plzni

Endotelialni glykokalyx — moZnosti diagnostiky a intervence

Endothelial glycocalyx — diagnostic approach and intervention assessment

Dizertacni prace

Skolitel: doc.MUDr.Jan Benes, PhD.

Plzen, 2019 MUDr. Jifi Pouska



Pouska J.: Endotelialni glykokalyx — moznosti diagnostiky a intervence

ABSTRAKT

Endotelidlni glykokalyx (EG) je tenkd vrstvicka na povrchu endotelu. Jeji studium
v poslednich letech vedlo k formulaci Revidovaného Starlingova principu, zptesiujiciho
popis chovani tekutin v kapilarnim fecisti. EG ma zasadni vliv na polopropustnost endotelu
a tedy pro udrzeni tekutiny v krevnim fecisti a snizeni miry filtrace na kapilafe. Stanovit
integritu EG je klinicky in vivo obtizné, v souasné dobé¢ jsou dostupné laboratorni a
zobrazovaci metody stanoveni. Do dnesni doby bylo prokazano nékolik patologickych stavi,
které¢ vedou k poskozeni EG (napft. sepse). U mnoha téchto stavii hraje nedilnou soucast
1é¢by tekutinova terapie. V ramci naseho vyzkumu jsem se zaméfili na stanoveni zmén EG
v zé&vislosti na rizném zplsobu podani tekutiny a jejim rdzném slozeni a zmén EG

zpusobenych riiznymi patologickymi stavy jako sepse nebo celkové anestezie.
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ABSTRACT

Endothelial glycocalyx (EG) is fine structure on the surface of endothelium. After extensive
research in past years, revisited Starling principle was finally formulated. It describes fluid
physiology in capillaries precisely. EG has pivotal role in keeping endothelium
semipermeable and thus avoiding extensive filtration of fluids to interstitium. Assessment
of EG is clinically difficult. Many pathological conditions lead to damage of EG (sepsis
etc.). Intravenous fluid therapy is mainstay of treatment of such conditions. Our aim was to
determine the changes of EG integrity depending on the choice of intravenous fluid and its

infusion time in physiological and pathological conditions.
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PREHLED POUZITYCH ZKRATEK
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DIC
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ANP
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PVI
FR

NR

JIP
GDT

Endotelialni glykokalyx

z angl. Enzyme-Linked ImmunoSorbent Assay
Sidestream dark field

Incident dark field

Endothelial surface layer; endotelidlni povrchova vrstva
Antitrombin 111

Oxid dusny

Low-density lipoprotein

Shock induced endotheliopathy; Sokem indukovand endotelinopatie
Syndrom systémové zanétlivé odpovédi

Injury Severity Score

Traumatem indukovana koagulopatie
Ischemicko/reperfuzni

Infarkt myokardu s ST elevacemi

Sequential Organ Failure Assessment score
Diseminovana intravaskularni koagulopatie
Mrazena lidska plasma

Atrialni natriureticky peptid

Perfused boundary region

Pleth variability index

Fluidresponder

Nonresponder

Jednotka intenzivni péce

Goal-directed therapy
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1 UVOD

Endothelidlni glykokalyx (EG) je tenka jemna struktura na vnitinim povrchu
endotelu. Ackoli jeji existence byla potvrzena za pomoci elektronového mikroskopu jiz
v roce 1966, predevsim kvili jeji kiehké struktuie a mikroskopickému charakteru unikala
po n¢kolik dalSich desetileti pfed zajmem fyziologl, patofyziologli a v neposledni tade
klinik. Jednim ze zasadnich zlomt vedoucich ke zvySenému zdjmu o EG byla prace
Chappella et.al?, ktery byl schopny na zikladé nékolika dat z experimentti modifikovat do
té doby jeden z platnych a minimalné zpochybnovanych fyziologickych zdkonl — Starlingtiv
princip. Tato modifikace, znama téz jako ,,Modifikovany Starlingtiv princip* ptisoudila EG
naprosto kli¢ovou roli ve fyziologii a patofyziologii chovani kapaliny na endothelidlni
membrang, konkrétnéji krevni plasmy na trovni krevnich kapilar. Od tohoto okamziku se
studium EG v mnoha medicinsky definovanych problémech (napi. trauma, sepse) stalo
vysoce aktudlnim. Potencial ovlivnéni EG béhem 1é¢by a tim dosdhnout zlepseni vysledka
1é¢by je nyni zajmem intenzivniho preklinického 1 klinického vyzkumu.

EG je vrstva latek rozdilné biochemické povahy, predevS§im proteoglykanli a
glykoproteint (napf. heparan sulfat, chondroitin sulfat, hyaluronan aj.), které k sobé vazi
rozpustné fragmenty plasmy v lumen kapilary. K endotelidlni buiice je kotvena z luminalni
strany kotevnimi molekulami. EG je vysoce dynamicka struktura. Neustale je dosahovano
rovnovahy mezi vrstvou fragmentl plasmy a krevnim tokem ve stfedu kapilary. S ohledem
na soucasny stav cirkulace v kapilafe se méni sloZeni i tloustka EG®. Za bé&znych okolnosti
EG u zdravého ¢lovéka obsahuje 1-1,71 takzvané necirkulujici krevni plasmy. Jeji negativni
naboj interaguje s krevnimi elementy a tim se vyrazné podili na udrZeni rheologickych
vlastnosti krve a zabraniuje vzniku mikrotrombd. Pfitomnost EG na povrchu endotelu
limituje pfistup nékterych krevnich makromolekul k jeho povrchu, ¢imz plni bariérovou
funkci, udrzuje koloidn€ osmoticky gradient mezi lumen a intersticidlnim prostorem a brani
nepiiméfené adhezi molekul (pfedev§im leukocytli) k povrchu endotelu. Na téchto
poznatcich je vystavén jiz zminény ,,Revidovany Frank-Starlingliv princip® — tenka
vrstvicka mezi bazalni stranou EG a sténou endotelu je pojmenovana jako subglykokalyx a
je teoreticky zcela bez obsahu albuminu, ktery je kvili elektrickému naboji aktivné€ udrzovan
v lumen. Nékteré jeho molekuly, které ptesto difundovaly ptes EG, jsou ze subglykokalyx
aktivné odstraiiovany fagocytézou. Protoze tedy takto nikdy nevznika onkoticky gradient

mezi intersticiem a luminalni stranou (kde se koloidni tlak u povrchu buiky blizi nule),
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na kapilafe neexistuje reabsorpce tekutiny, pouze filtrace — tedy rozdil filtracnich tlaki. Tato
filtrace je ovSem zpomalovana onkotickym rozdilem mezi plasmou a subglykokalyx. To je
naprosto klicové a zasadni pozorovani, které pomohlo vysvétlit nékolik interakci znamych
v akutni klinick¢ medicin¢; napfiklad rozdilny potencial substituovat krevni objem u
ruznych objemovych ndhrad, pficemz tento potencial se dokonce méni za rozdilnych
patologickych stavii. Soucasny klinicky vyzkum se do zna¢né miry soustfedi pravé timto
smérem a zda se, ze mnoha klinickd pozorovani, pfredevsim ohledn¢ infuzni terapie, jsou
takto dobfe vysvétlitelna. Zhodnoceni funkce EG by tak mohlo byt do budoucna soucasti
klinickych algoritmii. Dalsi funkci EG je poskytovani vazebnych mist pro nékteré vyznamné
makromolekuly — namatkou antitrombin III (ATIII), lipoproteinova lipaza, protein C,
nckteré¢ rlstové faktory. Zaroven md funkci do jist¢é miry mechanoreceptoru
s pravdépodobné moznym fyzikalnim ovlivnénim prostupnosti mikrocirkulace. Bohuzel
klinické vyuziti v téchto oblastech je zatim otazkou budoucnosti. Mize pisobit jako
fyzikalni detektor st¥iznych sil*, jeho konformaéni zmény vedou k lokalnimu uvolnéni oxidu
dusného, ktery plisobi vasodilatacné. Na zdklad& n€kolika experimentt.

Ohledn¢ stanoveni integrity a funkce EG, v klinice pfedev§im ,,in vivo®, neni
v sou¢asné dobé& dosazeno uspokojivé shody. Jsou vypracovana evropska doporudeni °, ktera
sice poskytuji zdkladni definice a informace o vyuZitelnosti riznych analytickych metod pro
kvalitativni stanoveni EG, ovSem superiorita konkrétni metody nad jinou neni doposud
stanovena. V zdsadé¢ mizZeme rozli$it 2 metody stanoveni integrity EG in vivo — totiz
laboratorni stanoveni degradacnich (rozpadovych) produkti a jeho pfimé hodnoceni
metodami mikro-zobrazovacimi. ProtoZe je EG dynamicka struktura v jisté rovnovaze mezi
vlivy degradacnimi a restituujicimi, je mozna detekce téchto rozpadovych produkti
v cirkulaci. Pfi zvySené mife poSkozeni EG a jeho ztenceni je jeho dynamické ekvilibrium
poruseno a tudiZ mnoZstvi degradacnich produktii v plasmé roste. Nejvice literarnich
zkuSenosti je s molekulou syndecan-1, dale se stanovuji dal§i molekuly jako napf.
hyaluronan, heparan sulfat apod. Tyto latky maji ve vztahu k stanoveni EG nékolik nevyhod.
Nejsou EG specifické, a tudiz jejich zvySenou koncentraci nemusi zptisobovat selektivné
rozpad EG. Maji vysoky metabolicky obrat, jejich odbouravéani je zavislé na jaternich
funkcich. V absolutnich ¢islech nejsou jejich koncentrace porovnatelné, protoZe chybi
standardizace jejich imunochemického stanoveni (ELISA). Zobrazovaci metody vyuZitelné
ke stanoveni EG in vivo jsou vesmeés zalozené na analyze sublingudlni cirkulace pomoci

videomikroskopie. V soucasné dob¢ jsou dostupné dvé technologie — Sidestream dark field
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(SDF) a Incident dark field (IDF). V klinickych pracich dominuje analyza sublingualni
cirkulace, pfedevsim pro jeji snadnou dostupnost, ackoli je titeba vzdy mit na mysli fakt, ze
jde pouze o jisté priblizeni stavu kapilarnich feCist’ vitalnich organd, jejichz funkcni stav je
zaznamu EG je nutno tento dale zhodnotit. Jsou dvé moznosti — zhodnoceni manudlni a
automatizované. Manualni zhodnoceni je podrobn¢ rozpracovano v doporucenich, nejde jen
o jeden konkrétni zplisob. Obecné se da fici, ze je zatizeno vysokou pracnosti a ¢asovou
naro¢nosti. Proto byl v poslednich letech kladen diiraz na vznik automatickych software,
které by bylo schopné generovat vysledky s mnohonasobnou rychlosti. Jednim z téchto
software je GlykoCheck (GlykoCheck BV, Maastricht, Holandsko), ktery byl vyuzit
v nasem vyzkumu.

Do dnesni doby bylo prokdzdno nckolik patologickych stavi, které vedou
k poskozeni EG — systémovy zanét, ischemicko — reperfuzni (I/R) poskozeni, sepse, Sok,
trauma, anestezie aj. Patofyziologie poskozeni EG za téchto stavii je podobnd, ackoli ne
totoZna.

U mnoha téchto stavil je nedilnou soucasti 1écby tekutinova terapie. Pochopenti jeji
patofyziologie dostalo v poslednich desetiletich mnoha zmén — dnes je uziti striktn€ vazano
na ocekavany piinos a jista benevolence v aplikaci intravenoznich tekutin v minulosti neni
na misté. V tomto kontextu se vyrazné rozvinul vyzkum, kdy, jakou, v jakém mnozstvi a
jakou rychlosti intraven6zni tekutinu podat. Vzhledem k zaméteni naseho pracovisté jsme
si tedy pro klinicky vyzkum zmén EG béhem patologickych stavii vybrali porovnani riznych
zptisobu znecitlivéni na EG, rizny zplsob intravendzniho podani tekutiny v patologickych
stavech jako anestezie nebo sepse a vliv sloZeni intraven6zné podaného infuzniho roztoku
na EG. Ukdézalo se, ze ackoli je v naSich podminkach slozité v rdmci vyzkumu malych
odchylek jemné struktury EG dosdhnout dostatecné robustnosti studii, je vliv zminénych

1écebnych intervenci na EG nezanedbatelny.
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2 PUVODNI{ PRACE
Tato dizertacni prace vychazi z komentovaného souboru ptivodnich védeckych praci
v praktické ¢asti jsou soucasti disertacni prace jako ptiloha 1-3.

2.1 Endothelidlni glykokalyx — moznosti diagnostiky a intervence

POUSKA, Jiti; TEGL, Vaclav; ASTAPENKO, David; CERNY, Vladimir; LEHMANN,
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ASTAPENKO, David; POUSKA, Jiri; BENES, Jan; SKULEC, Roman; LEHMANN,
Christian; VINK, Hans; CERNY, V. Neuroaxial anesthesia is less harmful to the endothelial
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intenziv Med. 2018; 29; 322-327
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2.2 Ptehledové ¢lanky
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2.3 Prace navazujici na danou tématiku
BENES, Jan; POUSKA, Jiii. Zaklady racionalni tekutinové terapie. Postgradualni medicina
2016, rocnik 18, ¢€.5
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3 SOUCASNY STAV VEDECKEHO POZNANI PROBLEMATIKY

3.1 Anatomie a biochemicka struktura EG

Ackoli je EG jedna z nejrozsahlejsich struktur naseho téla — dle n¢kterych autort je
pii celkové hmotnosti 1kg jeho plocha 5000m? ©, byla EG poprvé vizualizovana teprve pied
vice nez 50 lety za pouziti elektronové mikroskopie. Jeji skladba a funkce doposud nebyla
kompletné objasnéna. V poslednich nékolika desetiletich se EG vice stala predmétem zajmu
pro jeho roli v cévni fyziologii a patologii. Na pocatku bylo pozorovani nizkych a
variabilnich hodnot hematokritu v kapildfe za rlznych okolnosti — jako napftiklad pii
farmakologické aktivaci endotelu’. Tyto zmény byly odbouratelné podanim heparinazy.
Pozd¢ji tato pozorovani dala vzniknout teorii, ktera ptredpovidala 1,2pm silnou vrstvu
pomalu se pohybujici vrstvy plasmy na povrchu endotelu. Pozd€ji bylo dalSimi
pozorovanimi zjiSténo, ze Sitka EG je v kapilarach kosterniho svalu 0,5png, ve vétSich
arteriich mize jeji tloustka dosahovat ale az 4,5ug®.

EG je tenka vrstvicka bohatd na rozvétvené cukerné molekuly na povrchu luminalni
strany endotelu. K endotelu je pfipojend tzv. kotvicimi molekulami - pievazné
proteoglykany a glykoproteiny. Tyto tvoii pevnou mikroskopickou sit’, do které jsou zavzaty
volné molekuly, at’ uz plivodem plasmatické ¢i syntetizované buiikami endotelu. Vice
smérem do stfedu lumen je EG formovan sloZkami plasmy — plasmatickymi proteiny, které
jsou spojené mezi sebou piimo, piipadné pomoci solubilnich proteoglykani a
glykosaminoglykant. Mezi touto vrstvou solubilnich komponent a tekouci krvi je neustale
udrZzovano dynamické ekvilibrium, ¢imz dochazi k neustalym zméndm v aktualnim sloZeni
a tloust’ce EG. Zejména enzymatické a/nebo mechanické ztenovani EG (angl. shedding)
ma vyznam v mnoha patologickych stavech. Cela vySe popsana sit’ makromolekul je tedy
vysoce dynamicka struktura s molekulami vazanymi k membrané endotelidlnich bunék,
pfi¢emz tyto molekuly jsou neustdle odbourdvany a nahrazovany novymi. Délka téchto
sloucenin mize byt extrémni — napiiklad v pfipad€ hyaluronanu az 1pum. Hranice mezi
lokalné syntetizovanymi elementy a vnéj§imi prvky z plasmy neni ostra. Celé uskupeni
makromolekul se nazyva ESL (Endothelial surface layer). Je vnitiné homogenni bez
mikroskopicky prokazatelného rozdilu mezi stranou pfivracenou k endotelu a stranou

smérem do lumen®. Laboratorni enzymaticka degradace kterékoli jednotlivé slozky EG vede
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k dramatické zméné charakteristiky celé vrstvy, coz vypovida o synergickych interakcich
vSech makromolekul EG jako celku.
Daéle uvadime nékolik strucnych charakteristik jednotlivych soucésti EG.
struktury. Jak nédzev napovida, skladaji se z proteinového jadra a k nému pfipojenych
glykosaminoglykant. Proteinova jadra vykazuji velkou variabilitu ve velikosti a
schopnosti vazat se k endotelialnimu povrchu, pfipadné u solubilnich ve schopnosti
vazat se do sit¢ EG. Jedno proteinové jadro mize vazat promiskuitné glykosamino-
glykanové fetézce rizného ptivodu. Do skupiny proteoglykant patii napiiklad dnes
Jiz rutinn¢ stanovitelné syndecany (jmenovité syndecan-1).

- Glykosaminoglykanii je 5 typl, mezi nimi napiiklad heparan sulfat a hyaluronan.
Jsou to linearni polymery z disacharidi. Nesou vazebna mista pro proteiny plasmy,
jako naptiklad AT III. Konfigurace téchto vazebnych mist je velmi variabilni, coz
odpovida mnozstvi riiznych biologickych funkei téchto sloucenin.

- Glykoproteiny hraji dileZitou tlohu v pfipojeni EG k membrané endotelu, stejné
jako nékteré proteoglykany. Na rozdil od nich ale obsahuji relativné malé cukerné
zbytky (2-15 jednotek). Patfi sem endotelidlni adhezivni molekuly, coZ jsou
glykoproteiny hrajici klicovou tlohu v interakci krevnich elementli a endotelu a
v bunééné signalizaci. DéEli se do tfech skupin — selektiny, integriny a superrodina
immunoglobulinu.

o Selektiny jsou odpovédné za interakci mezi leukocyty a endotelem. Jsou
skladovany ve Weibel-Paladeho téliscich, jejichZ exocytéza je naptiklad
indukovéna trombinem — coz je d¢j vyznamny v akutni traumatické
koagulopatii.

o Integriny jsou integralni transmembranové proteiny. Jejich vyznam je
v interakci endotelu s krevnimi destickami, dale vazou latky jako kolagen a
fibronectin.

o Vedle adhezivnich glykoproteinii obsahuje EG glykoproteiny s vyznamem
v kaskadach koagulacnich, fibrinolytickych a hemostatickych. Sem patii
naptiklad glykoprotein Ib-1X-V, ktery vaze von Willebranduv faktor. Mezi
solubilni komponenty EG patii rizné druhy proteinti pivodem z plasmy nebo

syntetizované endotelem. Sem patii naptiklad albumin, jehoZ pfitomnost ma
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zasadni roli na udrzeni elektrického naboje semipermeabilni EG, dale
thrombomodulin, superoxid dismutasa, ATIIIL.

Zavérem muzeme fici, ze pravdépodobné nejzasadnéjSi misto ve struktuie EG

zastavaji dlouhé makromolekuly hyaluronanu spojujici se v komplexy, které tvoii kostru pro

dalsi molekuly. Odstranéni kterékoli jednotlivé slozky EG obvykle vede ke ztraté¢ funkce EG

jako celku.

3.2 Fyziologie EG

EG ma nékolik fyziologickych funkci. Spoluzodpovidd za mechanické vlastnosti
kapilary jako polopropustné membrany, ale je také vazebnym mistem diilezitym v signélnich

cestach zodpovédnych za spravnou funkci homeostazy. :

3.2.1. EG jako zaklad fyziologie semipermeabilniho bariéry endotelu

Lidsky organismus je tvofen z 60% vodou. Z tohoto mnozstvi je 1/3 extracelularni.
Tu déle délime na intersticidlni (80%) a krevni plasmu (20%, tedy cca. 31). Dilezité je si
uvédomit, Ze v lidském organismu neexistuje bariéra pro vodu zcela nepropustnd. V roce
1896 Ernest Starling publikoval model chovani tekutiny v kapilafe’. Tento model byl pfijat
anejméng dalSich 100 let uznavan jako platny a je ¢asto dodnes vyu¢ovan. MnozZstvi filtrace
tekutiny v kapiladfe bylo ddno jako rozdil dvou protismérnych sil. Prvni je rozdil
hydrostatickych tlakli mezi lumen kapilary a interstitiem, druhy je rozdil koloidné
onkotickych tlakli mezi intersticiem (uvazovan jako blizky nule) a lumen. Dilezitou
premisou bylo, Ze ve venularni ¢asti kapilary, kde je rozdil hydrostatickych tlakl prakticky
nulovy, dochézi ke zpétné reabsorpci tekutiny do lumen. Pribéh tekutiny kapilarou je tedy
dan jistym ,,bypassem* tekutiny pfes interstitium.

V poslednich 20 letech byla ovSem ucinéna nékterd pozorovani, kterym tento
jednoduchy princip dostate¢né neodpovidal. Prvni kontroverzi se stal Starlingtiv predpoklad,
ze je intersticium koloidn¢ takika negativni. Vyzkumnici ménili koloidni tlak intersticia na
kapiléfe, aniz by se vyznamné ménilo mnozstvi zpétné filtrace'?. Tedy sila limitujici miru
filtrace danou rozdilnymi hydrostatickymi tlaky nebyla déna koloidnim tlakem v interstitiu.
Druhou nesrovnalosti s piivodni teorii bylo pozorovani, kdy se zvySoval onkoticky tlak

uvnitf  kapilary roztoky albuminu; bylo zjiSténo, ze arteficielni zvySeni koncentrace

- 14 -



Pouska J.: Endotelialni glykokalyx — moznosti diagnostiky a intervence

albuminu (a tedy onkotického tlaku) nevede k vyssi reabsorpci, ale snizuje vyznam rozdilu
hydrostatickych tlakti (tzv. COP paradox)!!. Zatteti bylo zjisténo, Ze tkatiovy faktor, aktivni
inicidtor koagulace, pfitomny ve vysoké koncentraci na povrchu endotelu, je za
fyziologickych okolnosti separovany od tekouci plasmy. Pokud by dochéazelo k tzv.
Hintersticidlnimu bypassu* tekutiny vcetné koagulacnich faktord (napft.fibrin), muselo by
dochazet k neustalé aktivaci enzymatické koagulacni kaskady (reakce tkanovy faktor —
fibrin).

Starlingiiv princip se tedy nadale nezdal jako vhodny koncept a byl nahrazen
komplexnéjsi teorii znamou jako Revidovany Starlinguv princip. Jako vlastni vaskularni
bariéru neuvazujeme jen struktury endotelu, ale predevsim ESL. AZ tato komplexni struktura
je biologicky aktivni. EG funguje jako houba, kterd oddé€luje koloidné& aktivni proteiny
plasmy od ultrafiltratu. Tak vznikd takzvany ,.chranény“ region (synonymné
subglykokalyx), zaujimajici nékolik nanometr, ktery je prakticky s nulovou koncentraci
proteint, a tedy nulovym onkotickym tlakem. Tento region je ovSem lokalizovan na
lumindlni stran¢ endotelu. Na proteiny chudy ultrafiltrait v subglykokalyx je neustéle
pfesouvan pfes membrany endotelu do intersticia. Tim se ,,¢isti* chrdnény region a zabraiiuje
se zpétné difuzi proteint do subglykokalyx.

Pti zvySeni koloidniho tlaku plasmy se pouze zvySuje gradient mezi plasmou a
subglykokalyx, ¢imz se zpomaluje mira filtrace, ale nedochézi ke zpétné resorpci tekutiny
z intersticia vné kapilary. Tekutina filtrovana kdekoli v obéhovém systému muize byt zpétné
vstfebana lymfatickou cestou. Pokud je kapacita lymfatické drendze piekrocena, vznika
intersticialni edém. Vyjimku ztohoto pravidla tvofi situace, kdy nédhle poklesne
hydrostaticky tlak — nej€astéji pti ndhlé krevni ztraté. V tomto piipad¢ na zéklade rozdilnych
hodnot onkotickych tlaki je mozné do feciSt€ mobilizovat tekutinu v objemu pfiblizné
500ml, ovSem tento efekt trva pouze po n€kolik minut a je ukoncen v situaci, kdy proteiny
difunduji do subglykokalyx a vyrovnaji tak rozdil onkotickych tlakii pasobicich proti

filtraci.'?

3.2.2.EG jako mechanotransducer

Endotel je exponovany mechanickym silam zptsobenych krevnim tokem. Je znamo,
ze tyto sily modifikuji funkci a morfologii endotelu. Endotel produkuje oxid dusny (NO),

ktery je dilezitym faktorem vaskularniho tonu. Bylo dok4zano'?, Ze odbourani EG vede ke
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snizenému uvolnéni NO. Zaroven se zda, ze by mohla byt zpétnd vazba mezi mechanickym
naméahanim cévy a rychlosti rekompozice EG'#. Na druhou stranu se ukazuje, e krevni tok
je ziejm¢ podminkou pro vznik EG. Peclivym studiem vyvojovych zarodkl kiepelek
Henderson-Toth a kol. prokazali, Ze EG se zaCina objevovat jiz ve velmi rané fazi vyvoje
tedy v okamziku zahajeni proudéni krve embryem!®. Naopak jeho enzymatick4 degradace

v této rané fazi vyvoje vedla k zastaveni vyvoje cévniho systému.

3.2.3.EG jako vazebné misto

EG funguje jako vazebné misto pro mnoho molekul, ¢imZ zprostiedkovava interakci
mezi imunnim, koagulaénim a metabolickym systémem. Vysoka sulfatace komponent EG a
navazany albumin davaji vrstvé negativni naboj, ktery odpuzuje cirkulujici krevni elementy
a zaroveil mize véazat vysoké mnozstvi kationtl, napf. sodiku (napf. pfi chronickém
srde¢nim selhavani)!S. V ptipadg, ze n&jaka latka ma vazebné misto na EG, je mozno lokalné
takto vyrazné zvysit jeji koncentraci — napt. fibroblastovy rustovy faktor nebo low-density
lipoprotein (LDL). Tyto latky maji potencial bud’ lokalné meénit signdlni drahy piipadné
enzymovou aktivitu, nebo ménit transkripci gent. Velky vyznam ma vazba antikoagulacnich
latek na EG — ATIII, trombomodulin aj., které zodpovidaji za koagulaéni ekvilibrium.

i17

Zdravy endotel je povazovan za tromborezistentni'’. EG je déale schopny vazat enzymy

s antioxida¢ni tilohou, ¢imZ sniZuje oxidativni stres.'®

3.3 Moznosti monitorace

EG lze monitorovat v principu dvéma odliSnymi zplUsoby — laboratorné a

zobrazovacimi metodami.

3.3.1 Laboratorni monitorace

Vlastnosti EG se nepiimo stanovuji z jejich komponent detekovatelnych v krevni
plasmé, jde o tyto latky: syndecan-1, hyaluronan, heparan sulfat, chondroitin sulfat. EG je
vysoce dynamicka gelova struktura, kterd se nachazi v rovnovaze, pficemz jeji prvky jsou

neustale odbouravany a zarovei tvoreny — tedy jeji sloZeni v Case neni identické. Neni zcela
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objasnéna rychlost ani druh metabolismu téchto latek — naptiklad hyaluronan ma extrémné
kratky polo¢as (T1/2 2-5min)!® a metabolizuje se hepatalng, u ostatnich latek ale &asto tyto
udaje chybi. Kvuli t€émto faktorim a dynamickému ekvilibriu s krevni plasmou (za
normalnich podminek vaze EG asi 11 krevni plasmy) je velmi obtizné pouzit humoralni
markery ztenCeni EG in vivo. DalSim problémem téchto latek je, Ze ani jedna z nich neni
specificka pro endotel, tedy na zménach koncentrace se mohou podilet i zmény v jinych
tkdnich. V neposledni tad¢ je problematickd piimo laboratorni diagnostika — nejsou
k dispozici spolehlivé a standardizované ELISA testy, tedy porovnatelnost vysledkt riiznych
praci je obtizna. Pfesto vSechna uvedend omezeni se stanoveni syndecanu-1 stalo relativné

Cast&j$im v klinickém vyzkumu EG.?

3.3.2 Vyuiiti zobrazovacich metod

Ptimé zobrazeni EG je mozné pomoci elektronové mikroskopie. Takto 1ze zkoumat
libovolnou tkén, ale samoziejmé nikoli in vivo. Pfima vizualizace EG in vivo je extrémné
obtizna kvili kiehké povaze struktury. Nastésti 1ze EG monitorovat neptimo — z urceni
charakteru proudéni cervenych krvinek na luminalni strané€ kapilary. Jde o metody takzvané
intravitalni mikroskopie zaloZené na rtznych fyzikalnich metodach (SDF, novéji IDF).
Obvykle se jako vzorek pouziva sublingualni cirkulace pro jeji snadnou prosvititelnost. Ve
zvifecim experimentu je ale jeji uziti mozné 1 na napf. sttevni sliznici u stomovanych zvifat.
Potizeni obrazu neni zcela jednoduché a je zatizeno vysokym mnoZstvim artefakti, které je
treba pfi méfeni a ziskavani reprezentativni obrazové smycky eliminovat. Takto vznikly
obraz lze dale hodnotit manudln¢ nebo automaticky. Manualnich metod hodnoceni je celéd
fada, ale spiSe nez samotnou EG charakterizuji prostupnost krevnich elementl kapilarni siti
jako celkem. Nejcastéji byva hodnocena kapilarni denzita a charakter pratoku - MFI
(microvascular flow index) a skore podle De Backera. Nékteré z téchto parametrii jdou
stanovovat také automaticky, pficemz ale nejsou specifické pro EG.

Automatickym softwarem, ktery analyzuje smycku potizenou mikrokamerou, lze
ziskat hodnotu vychylky proudéni erytrocytli od stfedu kapilary — veli¢ina je nazyvana PBR
(perfused boundary region). Je specificka pro EG, takto 1ze nepiimo studovat tloustku vrstvy

EG. (viz dale kap.6.1.3)
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3.4.Faktory poskozujici EG

Poskozeni endotelu je univerzalni proménou mnoha kritickych stavli. Spolecnym
jmenovatelem Sokovych stavi je aktivace sympatoadrenalniho systému. Katecholaminy
indukované poskozeni EG je zodpovédné za zvysenou degradaci (angl. shedding) EG,
rozvolnéni vazeb mezi buitkami endotelu a naslednou zvySenou kapilarni propustnosti,
prokoagula¢nim prostfedim v kapilaie s tvorbou mikrotromba a nasledné tedy snizenou
perfuzi organt se snizenou dodavkou kysliku. V tomto kontextu je brzkd odpovéd
organismu na $ok (at’ uz na tézké trauma, endotoxémii nebo I/R poskozeni) velmi podobna
anabizi se uvazovat, ze EG a jeho poSkozeni je praveé timto spoleCnym jmenovatelem. Diive
pouzivany termin SIRS (syndrom systémové zanétlivé odpovédi) ziejmé oznacoval stejnou
skutecnost, ackoli ndhled do mikrocirkulace v dobé& jeho vzniku chybél. Johansson navrhuje

tento spolecny patofyziologicky d&j nazvat SHINE (shock-induced endothelinopathy) 2!

3.4.1 Endotelinopatie traumatického Soku

PoSkozeni endotelu pfi traumatickém Soku je dano rozvinutim systémové odpovédi
na mnohodetnad poranéni. Johansson publikoval observa¢ni studii **, kde v kohort&
traumatizovanych pacientli byla silna asociace mezi zdvaZznosti traumatu (ISS skore),
hladinou plasmatického adrenalinu, hypokoagulatnim stavem a vysokou hladinou
cirkulujiciho syndecanu-1 a solubilniho trombomodulinu. Zajimavosti bylo, Ze u pacientl
se stejné zavaznym traumatem vysokd hladina syndecanu-1 byla spojena s vyznamnym
naristem mortality. To nepfimo ukazuje na vyznamnost funkcniho stavu endotelu na
vysledek 1€€by téchto pacientd. Vyznamnym klinickym problémem u zavazného traumatu
je vznik traumatem indukované koagulopatie (TIC). Podle soucasnych nazort se zda, ze jeji
vznik je patofyziologicky spojen s akutni traumatickou endotelinopatii minimalné dvéma
mechanismy.

Prvnim z nich je d&j zvany autoheparinizace, kdy pii vétSim poruseni EG do krevniho
ob¢hu dochézi k uvolnéni slouc¢enin jako heparan sulfat, ktery miize mit stejnou funkci jako
heparin. Toto bylo prokdzdno pouzitim rotaéni tromboelastografie.>. Druhym
mechanismem je uvolnéni solubilniho trombomodulinu, ktery ma antikoagulaéni funkci a je
na prednim mist€ patofyziologické kaskady TIC vedouci k hypofibrinogenémii a predevsim

k hyperfibrinolyze.
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3.4.2 Poskozeni EG u ischemie — reperfuze

Zakladem vzniku poSkozeni endotelu a EG u I/R stavl je pfechodny nedostatek
kysliku a nutri¢nich substrati (ischemie). Pravdépodobné se na ném podili i ndsledny rozvoj
volnych kyslikovych radikdli po obnoveni krevniho proudu (reperfuze). Ackoli mira
poskozeni ruznych tkdni je rGznd, klicovou roli zde hraje mikrocirkulace. Dochazi k
mechanickému poskozeni endotelidlnich bunék, intenzita oxidac¢niho stresu poskozuje EG,
ktery nasledné exponuje adhezivni receptory pro leukocyty. Vysledkem je porucha funkce
kapilarni membréany a vznik intersticialniho edému.?*. Rehm et al prokéazali %, Zze u I/R
poskozeni byla globalni (kardiochirurgicti pacienti v hluboké hypotermii) i regiondlni
(operace abdomindlni aorty) ischemie spojend s nariistem hladiny syndecanu-1 i heparan
sulfatu. V populaci pacientli s akutnim infarktem myokardu s ST elevacemi (STEMI)
ptijatych na jednotku intenzivni péce byla hladina syndecanu-1 nezavislym prediktorem

srde¢niho selhani a zvy$ené mortality?®.

3.4.3 Poskozeni EG u sepse

U sepse je endotelinopatie vzhledem k patofyziologii systémového zanétu
ocekavanym a predvidatelnym stavem, pfi¢emz o mikrocirkula¢ni dysfunkci jako hlavnim
faktoru rozvoje sepse je uvazovano desitky let. EG je velmi rychle degradovan mediatory
zanétu (TNF alfa, bakterialni lipopolysacharid), oxida¢nim stresem a specifickymi enzymy
(napf.heparinasa) z extrudovanych lipozomid — vysledkem je ztrita ochranné funkce
endotelu a predevSim unik tekutiny extravaskuldrné. Septickd koagulopatie (Casto
oznacovana 1 v této souvislosti jako diseminovand intravaskularni koagulopatie — DIC) byla
v minulosti opakované udéavana jako prediktor nasobného zvySeni mortality. Hladina
syndecanu-1 koreluje s hodnocenim zavaznosti organové dysfunkce (SOFA)?’, a zarovei do
jisté miry predikuje vznik jaterniho a renalniho selhani. Nezodpovézenou otazkou ziistava,

zdali infuze vazopresord v rdmci 1é€by sepse nevede sama o sob¢ k dal§imu poskozeni EG.
3.4.4 Ostatni faktory a stavy
Poskozeni EG béhem anestezie je dano rozsahem opera¢niho vykonu a stavem

pacienta. N¢které anestetika sama o sobé maji potencial ovliviiovat EG (viz dale). Svoji roli
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na poskozeni EG mutize sehrat i zptisob provedené anestezie, coz bylo v jedné z klinickych
praci nasi hypotézou. Samostatny vyznam ma perioperacné vznikla — a ¢astd hypervolémie,
ktera vede k vyznamnému sekundarnimu poskozeni EG?.

Z dalsich onemocnéni, které se tykaji akutni mediciny okrajove, u nichz je dobie
zdokumentovan vyznam EG a jejiho poskozeni, jmenujme ateroskler6zu, chronické
rendlni selhani, diabetes mellitus a onkologickd onemocnéni — posledni ptipad je
zajimavy v tom, Ze se vyvijeji nova antitumordzni 1é¢iva, kterd maji naopak aktivné EG

tumordznich tkani degradovat %°.

3.5 Protektivni faktory a mozZznosti reparace

Z ptedchoziho textu plyne, Ze integrita a spravna funkce EG je klicové pro spravnou
funkci organismu. Proto se v posledni dob€ ve zvySené mife objevuji experimentdlni a
klinick4 data, jejichZ autofi se snaZi identifikovat latky protektivni na EG a ptipadné, které
by vedly k reparaci EG. Na izolovanych prasecich kardiomyocytech prokazali Chappell et
al., ze EG muze byt pfi I/R poskozeni ochranén preemptivnim podanim hydrocortisonu nebo
ATIIP® 3! 32 Stejny model ukdzal téZ moznosti ochrany EG podani externiho oxidu
dusného®’. V animélnim experimentu podavany aktivovany protein C u modelu sepse
vyvolaného podani lipopolysacharidu krysdm vedl k ochrané EG **. V my$im modelu
diabetu mellitu vedlo podani metforminu k zleps$eni bariérové funkce EG *°. V klinickych
studiich je zdokumentovano podani sulodexidu u pacientti s diabetem 2.typu, toto vedlo ke
zvyseni tloustky EG — bohuzel po podavani v fadech mésicii. Navic bylo prokazano, ze
zlepSend kontrola hladiny krevnich lipidii a cholesterolu vede k protekci EG *°. Zajimava je
préce, kdy u kardiochirurgickych nemocnych vedlo pouZiti pulsatilniho mimotélniho ob&éhu
k rychlejsi regeneraci EG nez pouziti nepulsatilniho *’.

Pokud odhlédneme od konkrétnich farmak, je mozné uvést nékteré postupy
pouzivané rutiné v akutni medicin€, jez nékteré vedou k protekci EG ve vétsi miie nez
postupy jiné. Nutno dodat, Ze v soucasné dob¢ jsou ale tyto tivahy zaloZzené mnohem vice
na preklinickych pracich nez na klinickych datech.

Alterace EG podanim celkovych anestetik byla popsana v minulosti*®. V nasi praci
jsme srovnavali podani celkové anestezii a anestezie svodné, kterou je mozné poskytnout u
limitovaného spektra operacnich vykonu. Po uziti svodné anestezie méli pacienti EG

v signifikantné lepsi kondici’.
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Dalsi samostatnou otazkou je pouZiti parenteralni nutrice. Zda se, ze n¢které jeji
bézng& pouzivané soudasti (fosfolipidy) hraji d@lezitou roli v zachovani EG™.
Fosfatidylcholin a sfingosin 1 fosfat brani degradaci EG metaloproteinazami. Do budoucna
se da oc¢ekavat vyvoj novych formuli parenteralni nutrice specificky zaméfenych na ochranu
EG.

Nejvétsi a pravdépodobné nejkontroverznéjsi otazkou je uziti infuzni 1é€by ve
vztahu k EG. Je moZno tvrdit, Ze tento vztah je ambivalentni — chovani intravendzni tekutiny
v fecisti je determinovano kvalitou EG a zaroven kvalita EG je ovlivnéna intravaskularné
podanou tekutinou. Vyhnuti se akutni hypervolémii je zédkladni podminkou protekce EG.
Hypervolémie vede k uvolnéni atridlniho natriuretického peptidu (ANP), ktery degraduje
EG?®. Vsituaci intaktni EG je klinicky vyrazné vy$$i objemovy efekt koloidii nex
krystaloidii, zatimco pii poskozené EG je tento efekt pouze mirny*!. Do jaké miry je mozno
vybérem typu krystaloidniho roztoku ménit miru funkce EG, neni doposud znamo.

Zajimavy z hlediska kvality dikazl je vliv podani mrazen¢ lidské plazmy (MLP) na
EG. Haywood-Watson et al.*? zjistili ve své praci protektivni vliv podani MLP na EG u
pacientll po traumatu. Tyto Udaje byly pfedpokladany na zékladé vice animalnich
experimentl. Dodnes neni vyfeSena otazka, kterd ¢ast MLP se podili na reparaci EG — je
uvazovano mnoho mechanismi (lepSi volumexpanze, ptitomnost konkrétnich protektivnich
proteini apod.), ale zadny z nich neni dostatecné literarn€ obhdjen. V nedavno publikované
praci VIPER-OCTA vykazovala skupina pacienti po urgentni operaci hrudni aorty
s cilenym podanim smésné solvent-detergent oSetfené lidské plazmy lepsi vysledky ve
smyslu klinického vystupu a reparace EG neZ kontrolni skupina, u které byly pouZzity

krystaloidy a klasickd mrazena plazma®.

3.6. Hemodynamicka koherence

Pojem ,hemodynamické koherence* popisuje vztah makrohemodynamiky a
mikrohemodynamiky v konkrétni situaci. Je definovana jako situace, kdy normalizace
makrohemodynamickych veli¢in vede ke zlepSeni parametri mikrocirkulace.

Je znamo, ze poskozeni ¢i ztrata této koherence predevSim pii Sokovych stavech je
spojena s horsimi vysledky nemocnych*. Zavedeni tohoto pojmu mé vyznam piedevsim
z toho divodu, Ze primarnim cilem spravné funkce krevniho ob¢hu je dodavka kysliku do

tkani. Pokud dojde ke ztraté koherence, miize nastat situace, kdy i pfi normalizaci obéhovych
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makroparametrt pii nedostate¢né funkci mikrocirkulace (véetné EG) k adekvatni dodavce

nedochazi.
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4 LEGALNI A ETICKE ASPEKTY STUDI{

Vsechny experimentdlni prace byly fadné schvaleny Etickymi komisemi pfi
Lékarske fakult¢ UK v Plzni a Lékarské fakult¢ UK v Hradci Kralové. Byl vypracovan
informovany souhlas, se kterym byly vSichni pacienti a dobrovolnici zatazeni do studie
pfedem sezndmeni. Pacienti, ktefi nemohli v okamziku zatazeni souhlas vyjadrit (naptiklad
sedovani pacienti), byli pozadani o souhlas pied dimisi, pfed zafazenim do studie byl ziskan
souhlas nezavislého odbornika a vyrozuméni nejblizsi piibuzni pacienta. Samotny vyzkum
probéhl na klinickych a experimentalnich pracovistich LF UK v Plzni a LF UK v Hradci

Kralové.

_23 -



Pouska J.: Endotelialni glykokalyx — moznosti diagnostiky a intervence

5 CiLE STUDII

Cilem naSich praci bylo zdokumentovat moznost analyzy EG pomoci intravitalni
mikroskopie s ¢asteCné¢ automatizovanou analyzou softwarem Glykocheck (Glykocheck
BV, Maastricht, Holandsko) pouzitelnou v redlném case na lécenych pacientech a zaroven
touto diagnostikou prokazat moznost ovlivnéni integrity a funkce EG pfi pouziti vybranych
intervenci rutinné vyuzivanych v anesteziologii a intenzivni mediciné a to jmenovite:

-V zavislosti na zptisobu podéani tekutinovych ndhrad (mnozstvi a charakter

infuzniho roztoku a rychlost jeho podani)

-V souvislosti s uzitym zptisobem znecitlivéni pti velkém chirurgickém vykonu —

regionalni anestezie oproti celkové anestezii

-V neposledni fadé¢ urcit, zdali tato pfipadné stanovend zména EG po intervenci

ma vliv na bezprostfedni a/nebo opozdénou morbiditu a mortalitu pacientl

Zaroven paraleln¢ byla stanovena ptislusnd hemodynamicka odpovéd’ pacienta na
danou intervenci. Bylo analyzovano, zdali pfipadné zmény mikrocirkula¢nich parametrti
odrazeji zmény parametrii makrocirkulacnich piipadné zdali se tyto dva aspekty obehového

systému chovaji nezavisle.
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6 METODICKE ASPEKTY

6.1 UZité metody stanoveni EG

6.1.1 Zaklady intravitalni mikroskopie

Prvni intravitalni mikroskopy byly uvedeny v devadesatych letech minulého stoleti
— prvni generace pracovala na principu OPS (orthogonal polarization spectral imaging) a
prvni pouZiti je zmifiovano v neurochirurgii *°. Brzy nato se pozornost vyzkumnikti zaméfila
do intenzivni péce, kde bylo prokazéano, ze zhorSeni n€kterych parametri mikrocirkulace
vede k zhorSeni progndzy kriticky nemocnych 4. Nejcastgji se stejné jako dnes hodnotila
sublingudlni mikrocirkulace, ackoli nékolik literarnich udaji je 1 2z hodnoceni
mikrocirkulace jinych organii pti chirurgickych vykonech. Se zvySenym zajmem vyzkumu
o charakteristiku mikrocirkulace $el ruku v ruce vyvoj intravitdlnich mikroskopi — technicky
bylo nutné vyvinout pfistroje, které svételnosti a prichodnosti svétla umoznovaly pozorovat
mikrocirkulaci pod povrchem sliznice, pficemz v optickém systému musela byt pfitomna
sestava cocek s dostateCnym zvétSenim.

Druhéd generace toto splitovala — byla zalozena na technologii SDF. Komeréné
dostupna je od roku 2007. V principu jde o trubici, po jejimZ obvodu jsou umistény diody
(celkem 6) emitujici svétlo, pfi¢emz tak vznika ve stfedu tmavé pole pasivné zafici svételné
paprsky do zvétSovaci soustavy umisténé v trubici. V naSem konkrétnim ptipadé bylo
diodami emitované svétlo zelené o vinové délce 540 nm, aby bylo mozné detekovat
hemoglobin prochazejicich cervenych krvinek. ZvétSeni se obvykle udava 325x pii 23
snimcich za vtefinu. Plocha, které je méfena v jednom okamziku, je 692 um x 442um.

Ttreti generace pfistrojii se oznacuje jak IDF. PouZziva 12 diod s vyssi frekvenci
svételnych pulst. Je vylepSen zpiisob a smér vyzafovani svétla, ¢imz je dosazeno vyssiho
optického rozliSeni a vizualizace vétsiho mnozstvi kapilar.

Obecné se da fici, ze kvalita pofizeného obrazu je zasadni pro dalsi analyzu. Kvalitu
obrazu determinuje pét proménnych:

1. Svétlost obrazku — u pfistroje, ktery byl vyuzit v naSich analyzach, byl tento

parametr nastavovan automaticky
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2. Zaostreni (focus) — spravné zaostfeni umoznuje piesnou analyzu Sitky kapilar a
rychlosti krevniho toku. Spatné zaostieni vede ke ztratd kontrastu, kapilary jsou
potom htfe viditelné

3. Doba zaznamu — v jednom misté¢ se doporuCuje setrvat 3-10s v klidu, ¢imz se
eliminuje mnozstvi artefaktl (pfedevsim tlakovych — viz.dale)

4. Misto zaznamu — zahrnuje architektoniku konkrétni oblasti mikrocirkulace,
mnozstvi slin, bublin, krve. Doporucuje se najit optimalni misto, kde jsou piiblizné
ve stejné hloubce (tj. ve stejném zaostfeni) cévy rtznych velikosti — stiednich a
malych. Sublinguélni sliznice je vzhledem k architektufe cévni sit€¢ trojrozmérny
prostor, kdy arterioly lezi hloubé&ji nez venuly, u povrchu se vyskytuji do klicek
stocené drobné¢ arterioly, které nejsou vhodné k analyze. Pokud je sliznice pokryta
mnozstvim slin a bublin, tyto ldmou paprsky svétla a znemoziuji analyzu.

5. Stabilita obrazu — artefakty vznikaji nespravnym drzenim kamery vyzkumnikem
pripadné pohybem pacienta. N¢kdy se doporucuje drzeni jazyka proti tvrdému patru,
do ,,rulicky*.

6. Tlak vyvinuty na tkan — pokud je na kameru vyvijen pfili§ velky tlak, dochazi
k mechanické okluzi prutoku krvinek mikrocirkulaci. Jako nejlepsi indikator slouzi
vetsi venuly — maji velmi tenkou poddajnou sténu. Tento artefakt je problematicky
pfedevsim tim, Ze jeho pfitomnost nemusi byt snadné odhalit, a¢koli pravdépodobné

vyrazné méni vysledky méfeni.

6.1.2 Praktické ziskani reprezentativniho vzorku

Prakticky sbér reprezentativnich vzorku se 1iSil u pacientti pti védomi a pacientl ve
farmakologicky navozeném bezvédomi (anestezie na opera¢nim sale, sedace na lazku
intenzivni péce). Spolupracujici pacienti byli nejprve pozadani, aby vypili nékolik douski
¢iré tekutiny a disledné polkly obsah dutiny ustni. Nasledn€ jim v poloze v sed¢ byla
pfilozena SDF mikrokamera do dutiny ustni tak, ze jeji Spicka smétovala sublingualné
lateraln€. Pokud nebylo dosazeno dostatecné kvalitniho obrazu, byl pacient pozadéan, aby
stocil jazyk smérem vzhtiru, poté byl kamera pfilozena na kaudélni ¢ast jeho spodni sliznice.
Nasledn¢ druhé meéteni probéhlo na protilehlé strané, vzdy bylo ziskano jedno méfeni vlevo

a jedno vpravo.
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U pacientli v bezvédomi na jednotce intenzivni péce byl ziskavan obraz stejnou
metodikou, pouze volni spoluprace byla ze ziejmych diivodi vyloucena. Pokud z néjakého
divodu (poloha tracheéalni rourky apod.) nebylo moZzné ziskat reprezentativni vzorek ze dvou
stranovych oblastni sublingualni sliznice, spokojili jsme se s jednim vzorkem u jednoho
pacienta. Skupina pacientll anestezovanych tvofila zvlastni skupiny vzhledem k faktu, ze
vSichni byli operovani v poloze vleze. Vzorek byl ziskan tak, Zze byl hrot mikrokamery
zasouvan do dutiny ustni podél trachealni rourky pacienta, nasledn€ mirnym sklopenim byl
ziskan reprezentativni vzorek. Ukdzalo se, Ze takto ziskat optimalni zobrazeni bylo dokonce
jednodussi. Dalsi vyhodu jsme spatfovali v tom, ze pokud jsme u pacientii méfili kvalitu EG
ve vice Casovych bodech, vétSinou bylo mozné ponechat mikrokameru in situ a tim
eliminovat pfipadnou rozdilnost kvality sublingualni cirkulace v riznych mistech dutiny
ustni. Vzdy v kazdém Casovém bodé¢ jsme ziskdvali dv€ méfeni, jejichz vysledky jsme

prameérovali.

6.1.3 Zpracovani obrazu pomoci software

Pro zpracovani obrazu byl vyuZit software Glykocheck. Detekuje lateralni odchylku

pohybu Cervenych krvinek od stfedu kapilary a numericky ji vyjadiuje jako parametr

Perfused boundary region (PBR), jednotkou jsou mikrometry (Obrazek ¢.1).

Obrazek 1 - Schéma vyznamu PBR v perfundované kapilare. (A) — normalni EG. (B) — ztencena EG. Modre vyplit — EG.
Oranzove teckované — PBR. Pri ztencujici se vrstvé EG migruji erytrocyty laterdlné od stredni cary, hodnory PBR roste

(Cernd Sipka). Volné zpracovano dle [Rovas et al. 2018]
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Cim je vrstva EG tenéi pii jeho poskozeni, tim se mohou erytrocyty dostivat blize
k luminalni strané endotelu a v tomto ptipad¢ tedy hodnota PBR roste. Metoda hodnoceni
PBR byla pouzita ve vice publikacich*”*%° Hodnoceni mikrocirkulace softwarem je
rad¢ software detekuje vSechny hodnotitelné kapilary v obraze — ty o priméru mensim nez
30 pm. Poté kazdou kapildru rozd¢li longitudinalné na Gseky dlouhé 10 um (obrazek ¢.2).
Pro spravné vyhodnoceni je tfeba ziskat alespont 3000 takovych segmenti, rychlost zavisi
na mnozstvi perfundovanych kapilar a také kvalité¢ obrazu. Nésledné prob&hne nové
zhodnoceni kvality jednotlivych segment. Pokud jsou segmenty shledany kvalitnimi,
postupuje se k analyze pozice erytrocytu uvniti kapilary — kalkuluje se kumulativni
distribuce. Nasledné linearni regresi vznikne zprimérovany graf distribuce erytrocytl a
Sitky jejich sloupce v kapilafe — z néj 1ze odecist hodnotu PBR. V praxi je uzivatelské
rozhrani velmi zjednoduSené a software pouze informuje uzivatele o kvalit¢ méfeni (pocet

validnich usekt), nasledné po zpracovani dat udava konkrétni hodnotu PBR.

Obrazek 2 — Analyza kapilar softwarem GlykoCheck
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6.2. Stanoveni makrohemodynamiky

Ackoli nasim primarnim cilem bylo stanoveni poSkozeni EG rliznymi intervencemi,
snazili jsme se monitoraci subjekt rozsifit o dostupné stanoveni makrohemodynamiky.
Toto vedlo k pfesnéni pfedstavy o chovani intraven6zni bolusu tekutiny v casové ose po
podani a zarovein bylo mozno dale posuzovat vztah makro a mikrohemodynamiky —
hemodynamickou koherenci.

Z etickych a technickych divoda byl rozsah monitorace makrohemodynamickych
parametrii mezi skupinami rozdilny. U pacientii podstupujicich operaci patere, kterym byl
EG hodnocen periproceduralné, bylo vedle standartnich parametrti (krevni tlak, puls) méten
parametr PVI (Pleth variability index) pfistrojem Masimo (Masimo Corporation, Irvine,
USA), ato hlavné vzhledem k jeho neinvazivité a dobré¢ kvalité zhodnoceni reakce na podéni
tekutiny. U pacientll na jednotce intenzivni péfe byla pouzita jiz zavedena invazivni
monitorace hemodynamiky kalibrovanou termodiluéni metodou (PiCCO, Gentinge,
Sweden) — takto byla maximalizovina moznost detailn¢ posoudit zmény
makrohemodynamiky po podani intravaskularniho bolusu tekutin, bohuzel tito pacienti
v naSem vyzkumu tvofili nejmensi kohortu. Cilem bylo mit u obou skupin moznost posoudit
reakci na podani intraven6zni tekutiny z hlediska konceptu tekutinové reaktivity. Tento
koncept je v soucasné dobé& Siroce piijaty™® a zda se, Ze identifikuje jedinou spravnou
indikaci podéni intravenozni tekutiny. To je za situace, kdy krevni ob¢h po podani tekutiny
reaguje zvySenim pfedtiZzeni myokardu, coz na vzestupné ¢asti Frank-Starlingovy kiivky
vede ke zvySeni srde¢niho vydeje. Pokud po infuzi tekutiny k tomuto nedochazi, nema jeji

podani vyznam a naopak miiZe vést k ob&hovému pietizeni se viemi negativnimi dtisledky?!'.

6.3 Protokoly studii, experimentalni skupiny, randomizace

Probéhlé studie jsme pro ucely disertaéni prace oznacili takto, pod pfislusnym cislem
jsou uvedeny in extenso jako ptilohy.
Studie I — Podani bolusu 500ml fyziologického roztoku nevede k bezprostfednimu
poSkozeni  endotelidlni  glykokalyx  stanovitelnému  hodnocenim  sublingvalni

mikrocirkulace. (PIné znéni prace viz ptiloha ¢.1)
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Studie II — Impact of Intravenous Fluid Challenge Infusion Time on Macrocirculation and
Endothelial Glycocalyx in Surgical and Critically Ill Patients. (PIné znéni prace viz ptiloha
¢.2)

Studie III — Neuraxial Anesthesia Reduces Endothelial Glycocalyx Injury In Adult Patients
Undergoing Elective Hip Or Knee Replacement — a Prospective Observational Study. (PIné

znéni prace viz piiloha ¢.3)

6.3.1 Studie |

Cilem této prospektivni observacni studie bylo ovéfit, zda citlivost métfeného
parametru PBR mutize zhodnotit zmény EG ihned po podani bolusu fyziologického roztoku
(FR) zdravym dobrovolnikiim. VSem dobrovolnikiim byla zmétena hodnota PBR na dvou
mistech sublingualni oblasti a tyto hodnoty byly zprimérovany, zarovei byly zaznamenany
zakladni hemodynamické veli¢iny (krevni tlak, puls) v tvodu. Nasledné byla podana velmi
rychld infuze 500ml FR. Thned po aplikaci bylo zopakovano méieni PBR a zékladnich
hemodynamickych veli¢in. Cilem bylo ziskat data, zdali dochazi takto ¢asné k poskozeni
EG detekovatelnému touto metodou.

Do studie bylo zafazeno celkem 12 zdravych dobrovolnikli (vyzkumny tym a

studenti mediciny).

6.3.2 Studie Il

V této prospektivni stratifikované randomizované studii zabyvajici se zménami
mikrocirkulace v zavislosti na rychlosti podani bolusu intraven6zni tekutiny jsme pracovali
s dvéma kohortami pacientli. Prvni kohorta byla tvofena pacienty podstupujicimi operacni
vykon na bederni pateii (OR). Tyto pacienty jsme randomizovali obalkovou metodou do
dvou skupin ,,Fast“ a ,, Slow “ po 25 pacientech, pticemz kazdy pacient obdrzel praveé jeden
tekutinovy bolus. Slo o otevieny zptisob randomizace bez zaslepeni. Druhou kohortou (SEP)
byly pacienti v septickém Soku 1éceni na jednotce intenzivni péce. Te€chto pacientli bylo
celkem 16. Randomizaci byly rozdéleny stejné¢ jako predchozi kohorta na skupiny ,,Fast (7
bolusit) a ,,Slow* (9 bolusti). Ve skupinach ,,Fast doslo k podani 500ml balancovaného

krystaloidu béhem 5-10 minut, zatimco ve skupinach ,, Slow “ to bylo béhem 25-30 minut.
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Protokol studie byl zamétfeni na sledovani zmén mikrocirkulace stanovenych
videomikroskopem s odpovidajicim software (SDF kamera, Glykocheck) a nékterych
vybranych hemodynamickych parametrii v zavislosti na rychlosti podani tekutinového
bolusu u pacienti, kteti vykazovali znamky akutni hypovolémie. Po podani tekutinového
bolusu 5ml/kg predikované vahy bylo stanoveno nékolik ¢asovych bodu, ve kterych jsme
stanovovali hodnotu PBR a ostatni hemodynamické parametry. Tyto ¢asové body se liSily
v obou kohortach — u OR pacientl byly stanovovany pted podanim, ihned po podani a déle
ve 20minutovych intervalech do konce opera¢niho vykonu (pfipadné¢ maximalné 5 krat). U
SEP pacientd byly ¢asové body uréeny pied podanim, ihned po podéni, za 60 a 120 minut
po podani. Vyhodou tohoto schématu byl fakt, ze ¢asovy bod 60 minut po podéani byl totozny
v obou kohortdich a umozZnil tedy spole¢nou analyzu kohort. Vedle podani tekutiny u
pacientll probihala standartni 1écba, at’ uz zvykle vedena dopliiovana celkova anestezie u OR
¢1 odpovidajici 1é¢ba sepse u SEP. V ptipad¢ nutnosti podat dal$si mnozstvi tekutiny krom
udrzovaci infuze (napf. v situaci akutniho krvéaceni), pfipadné zménit davky 1ékh
ovliviiyjicich hemodynamiku, bylo toto vZzdy zaznamendno a ziskana data vyloucena z
analyzy. Primarni cil studie bylo posoudit zménu PBR u jednotlivych skupin pacientt.
Sekundarnim cilem bylo posoudit zmény makrohemodynamickych parametrii ve vztahu
k podéani tekutiny (pozitivni tekutinova odpovéd’), na zaklad¢ této informace rozdélit
pacienty obou kohort na FR (fluidresponders) a NR (nonresponders) a analyzovat zmény
PBR v té€chto podskupinach, s cilem ziskat informaci o dodrZeni ¢i ztrat€ hemodynamické
koherence. Reaktivita na tekutinu byla arbitrarn¢ definovana jako nérast srde€niho vydeje o

nejméné 15% a/nebo pokles PVI o 5 a vice procent.

6.4.3. Studie Ill

Tato prace se zabyvala ovlivnénim EG v zavislosti na zplisobu podéani anestezie
(celkova vs. regiondlni) u operaci aloplastik dolnich koncetin. Celkem bylo zafazeno 60
pacientd, 30 v kazdé skupiné. Slo o prospektivni observaéni studii bez potfeby randomizace.

Zména EG byla opét stanovovana parametrem PBR. Pfislusny examinator navstivil
pacienta jeden den pied pldnovanym ortopedickym vykonem, kdy naméfil dva validni
vzorky sublingudlni cirkulace. Druhé méfeni probehlo piiblizné za 2 hodiny po chirurgickém
vykonu, vétSinou v prostfedi jednotky intenzivni péce (JIP). Primarnim cilem studie byla

zména PBR pied a po operacnim vykonu v zavislosti na zpisobu anestezie.
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7 SOUHRN NEJDULEZITEJSICH VYSLEDKU A DISKUZE

7.1 Studie |

Po podani tekutinového bolusu 500ml fyziologického roztoku nedoslo
k signifikatnimu zvySeni hodnoty PBR, jakkoli byl pozorovatelny trend k nariistu hodnoty
(graf €.1). Po podani tekutinového bolusu se signifikantné snizila srdecni frekvence.
Hodnoty krevniho tlaku se signifikantné neliSily pfed a po podéni tekutiny. VSechny

pozorované vysledky jsou dostupné v in extenso publikaci — ptiloha 1.

=

| P8R pred podénim [N PBR po podani |

1.5

Graf'1 — PBR hodnoty pred podanim a po podant tekutiny. PBR — perfused boundary region

Diskuze

Diivodt, pro¢ se nepodatilo prokéazat zvySeni hodnoty PBR na nasem vzorku mtize
byt nékolik. Zaprvé tekutinovou vyzvu jsme se rozhodli podévat v co nejrychlejsim Case (u
vSech dobrovolniki méné nez 10 min), coz bylo nasledovano méfenim PBR. Z dostupnych
literarnich tdajt nelze stanovit rychlost nastupu poskozeni EG, tudiz by mohlo byt v prvnich
minutach podhodnoceno. Vyznam fyziologického roztoku je v soucasné dobé upozadeén
balancovanymi roztoky, které maji lepsi vysledky na 1é¢bu’2. Jeho potencial na poskozeni
EG se zda také pon€kud vétsi — tranzientni nebo kumulativni hypernatrémie miize
ptesahovat pufrovaci schopnost EG na Na' ionty, coZ je nasledovano konformaé&nimi

zménami heparansulfitu EG*.
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Pouzita metoda stanoveni poSkozeni EG pomoci PBR ma své limitace (tyto jsou
spole¢né a platné pro vSechny tii studie). Stanovuje integritu EG pouze nepiimo. Ackoliv je
vypocet automaticky, nelze vyloucit vliv techniky méfeni prislusného vzorku. Automaticka
analyza neni bezvyhradné pfijata v doporucenych postupech. Bohuzel jiny zplisob stanoveni
EG (napt. humoralni rozpadové produkty) nebyl dostupny. Zaroveinn nebylo mozné ziskat
kontrolni vzorek s vétsim odstupem od experimentu. Posledni limitaci byla velikost skupiny,
ktera vylucovala prokdzani malého efektu na EG, pficemz ocekavany efekt nebyl fadove

vEtsi nez je populacni variabilita.

7.2 Studie |l

V celkové populaci byla vstupni hodnota PBR u obou skupin, tedy Fast and Slow,
porovnatelna. Podani tekutinového bolusu vedlo ke statisticky signifikantnimu navySeni
hodnoty PBR u populace vSech zatazenych pacientli a zaroveit oddélen¢ u obou kohort.
Zvysena hodnota PBR pfetrvavala také v ¢asovém bodé 60 minut po aplikaci tekutiny.
V ramci dal$i analyzy jsme zjiStovali zmény mezi kohortami SEP a OR. U kohorty SEP byly
vstupni hodnoty PBR signifikantné vyssi. U pacientti OR bylo podanim tekutinového bolusu
dosazeno zvySeni PBR, zatimco u SEP byly hodnoty PBR po podani tekutiny stacionarni

(graf ¢.2).

TPO TP 1 TP 20 TP 40 TP 60 TPO TP 1 TP 60 TP 120
STRATA="0OR" STRATA="SEP"

RANDOMIZATION RANDOMIZATION
o—a [ o—a [

¥ 5 ¥ 5

(a) {b)

Graf 2 — Zmeny PBR po podani tekutinového bolusu. (a) kohorta OR. (b) kohorta SEP. TP 0, 1, 20, 40, 60, 120 — jednotlivé
casové body pred bolusem, ihned po bolusu, v case 20, 40, 60 a 120 minut po podani bolusu. PBR- perfused boundary

region
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V ramci sekundarni analyzy bylo zhodnoceno procento pozitivnich tekutinovych
vyzev v celé populaci nemocnych — téch bylo 49%, prakticky rovnomémné rozdélenych
v obou kohortach. Zaroven nebyl rozdil v mnoZstvi pacientll s pozitivni reakci na podani
tekutiny (responderil) v zavislosti na zafazeni do skupiny Fast nebo Slow. Déle jsme
hodnotily hemodynamické zmény — po podani tekutiny v rychlém rezimu se signifikantné
zvysila hodnota krevniho tlaku, coz nebylo pozorovano ve skupiné Slow. Tento efekt ve
skupiné Fast vymizel do ¢asového bodu 60 minut po aplikaci. V ramci kohorty SEP se lepsi
makrohemodynamicky efekt rychlého podani tekutiny odrazil ve snizeni davky vazopresoru.
Pti analyze mikrocirkulace u skupin FR a NR byly vstupni hodnoty PBR bez signifikantniho
rozdilu. U FR pacientii po podani tekutiny doslo k navyseni hodnoty PBR, zatimco u NR
zlstala stacionarni. FR méli pred podanim bolusu tekutiny vys$i hodnoty dynamickych
prediktort tekutinové reaktivity (pulse pressure variation, stroke volume variation), pti¢emz
statické hemodynamické hodnoty se mezi skupinami FR a NR nelisily. VSechny pozorované

vysledky jsou dostupné v in extenso publikaci — ptiloha 2.

Diskuze:

Studie ukézala, Ze podani tekutinového bolusu balancovaného krystaloidu vede
ke zvySeni hodnoty PBR a tedy ke ztenCeni vrstvy EG. Toto poSkozeni v zasad¢ neni
rozdilné, pokud podavame tekutinu velmi rychle (5-10min) anebo pomaleji (25-30min).
Hodnoty PBR se vraceji k normalu do 60 minut od ukonceni aplikace. Jednou z limitaci je
zajisté fakt, Ze poSkozeni EG bylo stanovovano pouze jednou z metod. V literatuie je tento
efekt zdokumentovan také za pomoci humoralnich markerti degradace EG?*°*°°, Pomérné
dilezitym nalezem byl rozdil hodnot PBR vstupné u pacientt jinak zdravych (OR) a v sepsi
(SEP), to potvrzuje nalezy poSkozeni EG v sepsi *°. Toto potazmo zvysuje legitimitu
klinického poZadavku na monitoraci mikrocirkulace a/nebo PBR k posouzeni miry
poskozeni. Na druhou stranu je nutno uvést, Ze nejvyssi nariist PBR v nasem experimentu
byl 8%, pficemz uvadéna variabilita v populaci pod 10%°’. U septickych nemocnych
dochazi k vyraznému zvySeni hodnot PBR u FR. Tento fakt by mohl naznacovat
komplexnéjsi patofyziologicky mechanismus — ackoli jde o pouhou hypotézu, je mozné
uvazovat, Ze toto zvyseni je na vrub prokrveni dosud neperfundovanych kapilar a lokalni
I/R. Zjiného uhlu pohledu by pravé tento efekt mohl byt zodpovédny na ztratu
hemodynamické koherence. Znovu je nutno uvést, ze jde o hypotézy cekajici na presvédcivé

klinické dikazy.
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V nasi praci nevedla rychlost bolusového podani tekutiny ke zvySeni poctu FR, jejich
pomér k NR je mezi skupinami stejny. Vyjimkou byla reakce krevniho tlaku u chirurgickych
pacientl, kdy rozdil v rychlosti podani tekutiny byl vyznamny — jeho hodnota se doc¢asn¢
zvedla signifikantné po podani pouze rychlého tekutinového bolusu. Tento efekt byl ale
pouze docasny. Zajimavosti a zaroven i z literatury dolozenym faktem je skutecnost, Ze
ackoli byl protokol navrzen na podani tekutiny pouze pii klinickych znamkach tekutinové
reaktivity, 51%  pacienti ~na  podadni  tekutiny nereagovalo  zlepSenim
makrohemodynamickych parametrii. Hernandez v recentni praci uvadi podobné procento>®.
V nasem piipad¢ tedy vice nez polovina pacientl dostala tekutinu neindikované. Navic, u
této skupiny NR se po podani tekutinového bolusu zvysila hodnota PBR. Jde tedy o ztratu
hemodynamické koherence, kdy pfestoze makroparametry zlstavaji stejné, kvalita
mikrocirkulace se zhorSuje.

Studie méla nekolik limitaci. Jednou z nich byl fakt, ze u skupiny OR jsme
tekutinovou reaktivitu stanovovali parametrem PVI. Pokrocilejsi stanoveni hemodynamiky
jsme vtomto piipadé nepouzili vzhledem k jeho vys§i invazivité, v této skupiné byli
zatazeni pacienti v dobrém fyzickém stavu, podstupovali standartni chirurgicky vykon —
proto jsme je nechtéli vystavovat vysSimu riziku komplikaci pfi uziti invazivnéjSiho
monitoru. Dalsi limitaci je skuteCnost, Ze pacienti OR byly indikovany ke specifické
chirurgii — patetni vykon v poloze na btiSe — zdali jsou vysledky zcela pienositelné do
ostatnich chirurgickych populaci (hrudni, cévni chirurgie apod.) neni zndmo. Poslednim
limitem je nizky pocet pacientli zatfazenych do skupiny SEP. Bohuzel v dobé, kdy byl
k dispozici méfici pfistroj, neméli jsme moznost na naSem pracovisti zaradit vice nemocnych

s diagnozou septicky Sok.
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7.3 Studie Il

Z vysledkl prace plyne, Ze elektivni ndhrada kycelniho nebo kolenniho kloubu vede
v obou ptipadech k zvyseni hodnoty PBR. V celkové anestezii je po vykonu hodnota PBR
signifikantn€ vyssi nez v anestezii svodné. (tabulka ¢.1). VSechny pozorované vysledky jsou

dostupné v in extenso publikaci — ptiloha 3.

PBR [pm] Celkova anestezie Svodna anestezie p
Pied vykonem 2,02 (0,26) 1,95 (0,24) 0,098
Po vykonu 2,20 (0,25) 2,09 (0,19) 0,006
p <0,001 <0,001

Tabulka 1. PBR — perfused boundary region

Diskuze

Mnoho praci zabyvajicich se zménami EG u chirurgickych nemocnych uvadi
zhorSené¢ parametry EG u pacienti po chirurgickém zdkroku ve srovnani pied
zakrokem.>-2%6° Mezi patofyziologické mechanismy jsou uvazovany ty obdobné u pacienti
s traumatem. Kontrolni skupiny, kdy by byla pacientim podavana anestezie bez
chirurgického vykonu a zaroven stanovovan jeji vliv na EG dosud nebyly provedeny. Volba
optimalniho znecitlivéni pro velké ortopedické vykony na dolnich koncetinach je dosud
nezodpovézenou otazkou, ackoli v posledni dobé ptibyvaji sdéleni mirné favorizujici svodné
techniky®'. Mtzeme spekulovat o vlivech, které vedli v nasi studii k lepsim vysledkiim
svodné anestezie s ohledem na vliv na EG: jsou lépe zablokovany eferentni signaly
z operovaného mista, coz vede k niz8i sympatické aktivaci (faktor pravidelné uvadény u
endotelinopatie traumatu — viz vyse), nepodavani intravendznich anestetik, které¢ moduluji
vaskulérni tonus; nelze ale vyloucit ani vliv dalSich (dosud neobjasnénych) mechanismi —
napft. vliv napojeni na umélou plicni ventilaci, uziti jinych farmak spojenych s podanim
anestezie (svalova relaxancia, analgetika) jejichz vliv na EG dosud nebyl studovan. Tato
studie méla né€kolik limitaci. EG mohl byt poskozovéan jinymi faktory neZ samotnym
vybérem anestezie — druh, mnoZstvi a charakter podanych tekutin, pfedopera¢nim laénénim,
zpusobem rekonvalescence po vykonu, kde jsou drobné rozdily podle zptsobu anestezie

(diuréza, vertikalizace, bolestivost).
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8 SOUHRN NEJDULEZITEJSICH POZNANT, ZAVERY PRO PRAXI

Béhem naSi vyzkumné prace na téma Endotelidlni glykokalyx — moznosti
diagnostiky a intervence jsme ziskali mnoho cennych poznatk( aplikovatelnych do
kazdodenni klinické péce.

Teoreticky jde predev§im o ndhled do komplexni fyziologie kapilarniho fecisté, kdy
stard paradigmata (Starlingiiv princip) byla nahrazena novymi. To je jeden z diivodu, jak
zptesnit indikace podavani objemovych nahrad. Nyni se zda teoreticky dobfe vysvétlitelny
ruzny objemovy efekt koloidii a krystaloidii, kdy v situaci intaktni EG (napf. izolované
bodné trauma) je objemovy efekt koloidli vyraznéjs$i®, kdezto pii poskozeni EG (sepse) je
tento rozdil nepatrny. Tedy podavani koloidnich roztokli v sepsi nema vyznam, oproti
roztoktm krystaloidnim je pouze zatiZeno vétSim mnoZzstvim nezadoucich t€inkid. Podavani
krystaloidi pfi poskozené EG je spojeno s vysSim rizikem vzniku hypervolémie,
s extravazaci a naslednym tkanovym edémem zvySujicim diftzni vzdalenost a tedy
snizujicim dodavku kysliku k buiikam. Zvratit tento stav zvySenim koloidniho tlaku plasmy
(napf. roztoky albuminu) neni mozné, narist koloidniho tlaku uvniti kapildry neumoznuje
zvysit miru reabsorbce tekutiny. Tekutinova 1é¢ba je kazdodenni soucasti 1€cby nemocnych
v kritickych stavech a kazdé zptesnéni jejiho uziti vede nepochybné k lep$Sim vysledkiim
pacientd.

Vlastni méfeni EG pomoci SDF se pro svoji rychlost, ¢aste¢nou automatizovatelnost,
niz8i miru zévislosti na osobé examindtora a moznost provadet ji bedside jevi do budoucna
jako dobtfe pouzitelné, za piedpokladu jeho dalSiho zptfesnéni. V soucasné dobé je
problematickd jeho nizsi diskriminaéni hodnota mezi riznymi patologickymi stavy, kdy se
Casto dostavame do hodnot v mezich popula¢ni variability. Na zakladé nemnohych
literarnich daji nelze rozhodnout, zdali je pouzitelné u vSech pacienti u vsech
patologickych stavli. Hodnoti pouze sublingudlni mikrocirkulaci, pficemz zatim nemame
vysledky, které by hodnotily vztah mikrocirkulace sublingualni a kapilarnich fecist’ vitalnich
organt. Pokud v sublingudlni mikrocirkulaci nedoslo k poSkozeni EG, neméme jistotu, Ze
k tomuto nedo$lo v jinych, komplexnéjSich kapilarnich feciStich (napf. v ledving).
Budoucnost ukaze, zdali ke klinickému hodnoceni mikrocirkula¢nich parametrii a
predevsim funkci a integrity EG se stane metoda videomikroskopie metodou prvni volby, €1
ji nahradi jiné, napt. dosud nepopsané humoralni markery. V kazdém ptipad€ jiz dnes si

dovolime tvrdit, Ze stanoveni mikrocirkulace bude v budoucnu rutinnim opatfenim u
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pacientt v kritickych stavech. Ince hovofi o tzv. hemodynamické koherenci, coz je koncept
dosud ne pevné mezi kliniky zavedeny, nicméné¢ do budoucna dle naseho soudu extrémné
vyuzitelny. Dnesni medicina kritickych stavii se snazi o individualizaci vSech 1écebnych
parametrii véetné¢ makrohemodynamiky. Piesto pii jeji optimalizaci jsou vysledky pacient

ree
1

rtizné a ne u viech plati, ze ,,zlepSeni* konkrétniho makroparametru vede k niz$i morbidit&®.
Tim, co rozhoduje o efektivité 1écby mtize byt integrita mikrocirkula¢nich pochodl véetné
kvality EG pfi ztraté¢ hemodynamické koherence. Lécba kritickych stavi s diirazem na
optimalizaci validnich cilovych parametrti mikrocirkulace se miize v budoucnu ukazat jako
lep$i nez stavajici postupy zaméfené na parametry makrocirkulace. Piestoze si
uvédomujeme, o jak odvazné tvrzeni se jednd, je presto zaloZzeno na konkrétni premise —
totiz ze krevni obéh slouzi primarné k dodévce kysliku do tkani na Grovni mikrocirkulace.
Tuto hypotézu ¢astecné potvrzuje neddvno publikovand Hernandezova prace, kdy sledovani
klinicky zhodnotitelnych parametri mikrocirkulace (kapilarni navrat atd.) vedlo ke stejnym
nebo dokonce lepsim vysledkiim nez stavajici 1écba zaméfena na sérové hladiny laktatu a
makrohemodynamické parametry>®.

Zajimavym vysledkem bylo hodnoceni nemocnych zatazenych do Studie I z hlediska
reakce jejich krevniho ob&hu na podani bolusu intravendzni tekutiny. Jako v ostatnich
pracech®® se ukazalo, Ze i pfes maximalni snahu indikovat podani intravenézni tekutiny
presné (tedy s cilem u vétSiny pacientll zvysit preload a nasledné srde¢ni vydej), je pomér
téchto pacientli kolem 50%. Podle soucasnych znalosti az na vyjimky (korekce vnitiniho
prostfedi apod.) ale nemd smysl tekutinu podévat, pokud ke zvySeni srdecniho vydeje po
jejim podani nedojde. V tomto piipad¢ je pii znalosti nezddoucich uCinkli volumoterapie
(predevsim hypervolémie s vlivem na funkci nékterych organi — ledviny, plice aj.)
intravendzni tekutina kontraindikovdna. Sami jsme se presvédcili, Ze koncept tekutinové
reaktivity (a s tim souvisejici goal-directed therapy, GDT), ackoli teoreticky jisté spravny a
literarn€¢ nadmiru podlozeny, v rutinni praxi selhdva a bude nutné jeho aplikaci vyrazné
zptesnit — naptiklad cilenym vyuzitim mikrocirkulaénich parametri.

Na zéklad¢ vysledk tieti studie zlstava otazkou, zdali jsme v soucasné dobé schopni
zvolit typ anestezie k chirurgickym vykoniim na zaklad€ jejiho vztahu k mikrocirkulaci a
EG. Vtomto okamziku spiSe nikoli. Zaprvé dosud neni dostatek literarnich tdaji
ospravedlnujicich takovy ptistup a zadruhé je volba anestezie natolik komplexni rozhodnuti,
ze neni mozné takto akcentovat jedno konkrétni hledisko. V budoucnu, pokud ptibydou

literarni diikazy, vidime spiSe moZnost potencovat ¢i stabilizovat funkci EG pomoci tzv.
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preconditioningu naptiklad pouzitim volatilnich anestetik nebo jinych latek s protektivnim

vlivem na EG.
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11.1 Priloha ¢.1

CELKOVA ANESTEZIE

POVODNI ELANEK

Podani bolusu 500 ml fyziologického roztoku
nevede k bezprostrednimu poskozeni
endotelialni glykokalyx stanovitelnému
hodnocenim sublingvalni mikrocirkulace
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SOUHRN

Cil studie: Zhodnoceni podéni 500 ml fyziologického roztoku zdravym dobrovolnik(m na alteraci endotelidlni glyko-
kalyx pomoci perfused boundary region (PBR) parametru

Hypotéza: Podani 500 ml fyziologického roztoku vede k signifikantnimu poskozeni endotelidini glykokalyx

Typ studie: Nerandomizovana prospektivni dvojcentricka.

Typ pracovisté: JIP fakultni nemocnice.

Materidl ametoda: Soubor tvofila skupina 12 zdravych dobrovolnikd bez akutniho onemocnéni. Kazdému dobrovolnikovi
byla podana infuze 500 ml fyziologického roztoku (FR). Pfed podanim a po podani infuze byla zaznamenana zakladni
hemodynamicka data a stanoven perfused boundary region (PBR) parametr jako marker integrity endotelialni glyko-
kalyx. Hodnoty pred podanim a po podani tekutiny byly vyhodnoceny parovym t-testem s hladinou vyznamnosti 0,05.
Vysledky: Podani 500 ml fyziologického roztoku nevedlo ke statisticky signifikantnimu zvyseni hodnoty PBR
(200+0,21vs. 2,21+ 0,36, p = 0,089). Z hlediska makrohemodynamiky doslo k signifikantnimu snizeni tepove frekvence.
Zavér: Nase studie nevedla k priikazu poskozeni EG stanovitelnému hodnocenim PBR parametru bezprostiedné
po podani tekutinového bolusu 500 ml FR u zdravych dobrovolnikt. Z hlediska makrohemodynamiky vedlo podani
infuzniho roztoku k signifikantnimu snizeni tepové frekvence, jiné zmény nebyly pozorovany.

KLICOVA SLOVA

mikrocirkulace - intravenézni infuze - endotelidlni glykokalyx

ABSTRACT

Pouska J., Astapenko D., Tegl V., Benes J., Cerny V.: Administration of 500 ml of normal saline does not result in im-
mediate damage to the endothelial glycocalyx determinable by sublingual microcirculation assessment

Objective: Assessment of endothelial glycocalyx alteration after infusion of 500 ml of normal saline by perfused
boundary region (PBR) parameter in twelve healthy volunteers

Hypothesis: Endothelial glycocalyx will be significantly altered by infusion of 500 ml of normal saline

Design: Non-randomized, prospective, double-centre study.

Settings: Two ICUs in University Hospitals.

Materials and methods: Twelve healthy volunteers without acute illness were recruited. 500 ml of normal saline was
infused to each participant. We collected basic haemodynamic data as well as perfused boundary region as a marker
of endothelial glycocalyx integrity before and after the fluid administration. Student T-test (paired) with p-value of
0.05 was used for the statistical analysis.
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Results: After administration of 500 ml of normal saline there was non-significant change in PBR (2.00+0.21 vs.
2.21£0.36, p = 0.089). Concerning the macrohaemodynamics, there was a significant drop in the heart rate after the

infusion (7410 vs. 6810, p = 0.003).

Conclusion: Our study did not confirm alteration of the endothelial glycocalyx after intravenous administration of
500 ml of normal saline to healthy volunteers. There was a significant decrease of heart rate after the infusion but no

other changes were observed.

KEYWORDS

microcirculation = i infusion =

helial glycocalyx

uvop

Endotelidlni glykokalyx (EC) je tenka jemna
struktura tvofena makromolekulami riizného bio-
chemického charakteru a biologické povahy na
povrchu endotelu. V poslednich letech je uvadén
jeji zasadni podil na fyziologické regulaci endo-
telidlnich funkci, jako je aktivni polopropustny
charakter membrany (znamo téZ jako revidovany
Starlingtv princip) nebo souéinnost (at uZ humo-
ralni, receptorova ¢i mechanicka) s koagulaénim
a imunitnim systémem [1, 2]. V soucasné dobé je
popsano mnoho patologickych nox, které maji
potencial EG po§kozovat. Tento fakt pravdépodobné
hraje diilezitou, ne-li klicovou roli pro patofyzi-
ologii mnoha stavii projevujicich se organovou
dysfunkci na trovni mikrocirkulace (napf. sepse,
anestezie, ischemicko-reperfuzni poskozeni aj.)
[3]. V soucasné dobé je snaha tyto noxy vyhleda-
vat, definovat a snazit se kvantifikovat miru jejich
pilisobeni na EG. Na zakladé literdrnich udaj z po-
slednich let a zna8ich pfedchozich pracije mozné
se domnivat, Ze jednou z téchto nox potencidlné
poskozujicich integritu EG miZe byt intravenoz-
ni podani tekutin, jez ma své nezadouci uc¢inky
podobné jako podani jakychkoli jinych farmak
[4]. Otazka spravné indikace a vybéru infuzniho
roztoku i s ohledem na interakci s mikrocirkulaci je
vysoce aktualni. Zmény koncentrace sodiku v krev-
ni plazmé (hypernatremie) vedou po navazani Na*
iontil do struktury EGC k narudeni makromolekul
heparansulfatu, a tim ke ztenceni a malfunkci EC
po podani takového roztoku [5]. V literatute je po-
psano, Ze rychla intravendzni infuze ndhradniho
roztoku zplisobujici byt kratkodobou hypervolemii
vede k degradaci EG -uvadénymi mechanismy jsou
ischemicko-reperfuzni poskozeni, mechanické
namahdani endotelidlnich bunék kapilar a zvyse-
nd produkce atridlniho natriuretického peptidu
(ANP), ktery EG degraduje [6]. Vzhledem k vyse
uvedenému by mélo byt mozné po podani rychlé
infuze fyziologického roztoku (FR) zjistit a kvanti-
fikovat poskozeni EG témito mechanismy.

V soucasné dobé je nékolik zpiisobll, jak hod-
notit integritu EC [7]. Vredlném case jde o metody
zaloZené na intravitalni mikroskopii - v humanni
fyziologii méfeni sublingvalni cirkulace - metodou

side-stream dark field imaging (SDF). Nase praco-
visté uzivaji tuto metodu v kombinaci s automatic-
kym zhodnocenim pomoci softwaru GlykoCheck
(ClykoCheck, Maastricht, Nizozemsko). Hlavnim
parametrem hodnoceni je hodnota perfused boun-
dary region (PBR). Cilem nasi prace bylozhodnotit
vlivintravenézné podané infuze na EG. Hypotézou
nasi prace bylo, Ze rychlé podani 500 mililitrii FR
povede ke zméné hodnoty PBR u zdravych dobro-
volnika.

SOUBOR A METODY

Nase prospektivni nerandomizovana studie
probihala ve dvou fakultnich nemocnicich (FN); FN
Hradec Kralové a FN Plzeri, po souhlasném vyjad-
feni etické komise. Kohortu tvofili zdravi dospéli
dobrovolnici (muzi a Zeny), ktefi podepsali infor-
movany souhlas se studii. Vyfazovaci kritéria byla:
pritomnost systémového nebo jiného chronického
onemocnéni, poZiti jakékoli systémové medikace
72 hodin pfed provedenim studie, nadmérny fy-
zicky nebo psychicky stres nejméné 48 hodin pred
provedenim studie, koufeni a akutni onemocnéni.

Dobrovolnikiim byla zavedena intravendz-
ni kanyla o kalibru 20 G (B. Braun, Melsungen,
Némecko) na horni koncetiné (strana dle prefe-
rence dobrovolnika) a maximalni rychlosti byla
bolusové poddna 500ml infuze fyziologického roz-
toku (NaCl 0,9%, B. Braun, Melsungen, Némecko)
o pokojové teploté za pouziti pfetlakové manzety
s tlakem 300 mmHg. Pfed podanim infuze (¢as T1)
byla odebrana zékladni demograficka data, zméfen
neinvazivni krevni tlak, pulz a natofen zaznam
sublingvalni mikrocirkulace pro automatizované
stanoveni parametru PBR. Hodnota tlaku a pulzu
azaznam mikrocirkulace byly provedeny v case T2
bezprostfedné po ukonceni podavani infuze.

Vyhodnoceni parametru PBR bylo automatic-
ké za pouziti software GlykoCheck (ClykoCheck,
Maastricht, Nizozemsko) [8]. Zdznam sublingval-
ni mikrocirkulace byl pofizen plné podle naviga-
ce programu. KK kamera (Research Technology
Limited, Alliance Court, Honiton, Velkd Britanie)
fungujici na principu SDF imaging byla prtiloze-
na volné pod jazyk dobrovolnika a po stabilizaci
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obrazu, optimalni intenzité a zaostfeni zacal au-
tomaticky zaznam, ktery byl ukoncen po uloZeni
nejméné 3 000 kapilarnich segmentii o délce 10
mm a priméru 5-25 mm (obr. 1). Program déle
automaticky vypoé¢ital primeér stfedniho proudu
erytrocytll v kapildrnich segmentech a jejich roz-
ptyl odectenim primeéru kapilary od primérné
hodnoty stfedového sloupce erytrocytil. Vysledny
numericky udaj v mm pfedstavuje PBR, tedy per-
fundovanou hrani¢ni zénu, a udiava miru pene-
trace erytrocytii do EG. Cim je vy$§i, tim se vice
erytrocyty priblizuji endotelidlnim bunikdm, coZz
demonstruje ztenceni vrstvy EG. Pro zhodnoceni
PBR v kazdém casovém bodé byl pouzit prameér
vzdy dvou méfeni z kazdé strany jazyka.

Pro statistické zhodnoceni dat byl pouZit pro-
gram Graph Pad Prism 6.0 (GraphPad Software,
Inc., CA, USA). Velikost souboru byla kalkuloviana
na 12 dobrovolniki (sila testu 0,9; rozdil mezi mé-
fenimi 0,5 jednotky; smérodatnd odchylka 0,22;
hladina vyznamnosti 0,05). Normalita dat byla
hodnocena D’Agostinovym a Pearsonovym om-
nibus testem. Vysledky po zpriimérovani hodnot
obou méfeni byly vyhodnoceny parovym t-testem
na hladiné vyznamnosti testu 0,05.

©Obr.1 Vyhodnocovani parametru PBR programem
GlycoCheck. Cervené linky znazorfuji cévy o priméru 5-25
mm, zelené linky oddéluji hodnocené vaskularni segmenty,
Zluté linky oddéluji neplatné segmenty. (Autor: MUDr. David
Astapenko)

VYSLEDKY

Do studie bylo zafazeno celkem dvandact dob-
rovolniki spliiujicich vstupni kritéria. Primérny
vék dobrovolnikil byl 34 let (28-64), bylo zastoupe-
no celkem 9 muzh (75 %) a 3 Zeny (25 %). Kazdému
dobrovolnikovi byl podan pravé jeden tekutinovy
bolus 500 ml FR1/1 pokojové teploty pfetlakovou
infuzi do Zilni kanyly zavedené na paZi. Doba in-
fuze neptesdhla v Zadném z pfipadd 10 minut.
Kazdému dobrovolnikovi byla stanovena hodnota
PBR 2x v kazdém ¢asovém bodé, viechna méfeni
byla ispésna. Podani bolusu FR nevedlo k signi-
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fikantnimu zvySeni hodnoty PBR ihned po podani
tekutinového bolusu (2,00 £ 0,21 vs. 2,21 + 0,36,
p =0,089, obr. 2). Po podani tekutinového bolusu
se signifikantné sniZila srde¢ni frekvence (74 +
10 vs. 68 + 10, p = 0,003). V pfipadé méfeni ne-
invazivniho arteridlniho tlaku nebyl zaznamenan
signifikantni rozdil v hodnotich pfed podanim
a po podani tekutinového bolusu (tab. 1).

Tab.1 PBR a obéhové parametry pfed poddnim bolusu 500 ml
FR1/1a po ném

Parametr Pred bolusem Po bolusu P value
()] (T2)

PBR [mg] 2,00 +0,.21 221+0.36 0,089

SAP [mmHg] 131£ 14 e 1k 0,135

MAP [mmHg] 78 10 74+8 033

DAP [mmHg] 915 8713 0,082

HR [1/min] 74 £10 68210 0,003

PBR - perfused boundary region, SAP - systolicky arteridlni tlak,
MAP - stfedni arteridini tlak, DAP - diastolicky arteridini tlak, HR -
tepova frekvence

wJ .
=

(D P st i D PR o o |

Obr. 2 PBR hodnoty pfed podanim a po podani tekutiny
PBR - perfused boundary region

DISKUSE

Navzorku zdravych dobrovolniki v nasi studii
se nepodafilo prokazat, Ze rychlé podani teku-
tinového bolusu vede k signifikantnimu zvyse-
ni hodnoty PBR jako markeru ztenceni, a tedy
poskozeni EG. S ohledem na riznorodost udajit
o optimalni rychlosti podani tekutinového bolusu
[9] a zaroven ne zcela jasnému vyznamu rychlosti
podani tekutiny na poSkozeni EC jsme se v expe-
rimentu rozhodli pro maximalni rychlost podani
tekutiny (tj. 60 ml/min pfi uziti kanyly G20),
kterd byla limitovana pouze primérem pouZité
nitroZilni kanyly, U vSech pozorovanych objek-
th byl fas podani nizsi ne? deset minut, ackoli
v klinické praxi se uvadi primérna doba podani
500 ml krystaloidu 24 minut [9]. Nelze zobecnit,
jestli by byl pozorovany efekt podani tekutinového
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bolusu zesilen ¢i zeslaben pii volbé jiné rychlosti
podani bolusu [4]. Ukor et al. [10] prokazali, Ze
podani 11 fyziologického roztoku za 30 minut
oproti 120 minutam vede k méné stabilni makro-
hemodynamické odpovédi, coz by mohlo do jisté
miry ukazovat na dynamictéjsi patofyziologické
zmény rychlej§iho podani roztoku.

Z hlediska patofyziologie je mozné pfedpo-
kladat nékolik mechanismi, které by mély vést
ke zméné tloustky EG po podani intravendzni
tekutiny. Po podani tekutinového bolusu mizZe
dojit ke kratkodobému zvyseni srdecniho vydeje
na zakladé Frankova-Starlingova mechanismu,
toto zvy$eni pratoku muze vést v mikrocirkulaci
k recruitmentu dosud neperfundovanych kapilar,
a tim k lokalni reperfuzi. Po§kozeni EG reperfuzi
je dobfe popsano v literatufe [11]. Dalsim vysvét-
lenim by mohlo byt zvySeni srdecniho vydeje,
a tim zvy$eni krevniho tlaku na prekapilarnim
konci kapilarniho fecisté, ¢imz dochdazi ke zvyseni
mechanického namahani (shear stress) kapilary
a nasledné k jejimu poskozeni [12]. Roli také muize
mit pfipadné uvolnéni atridlni natriuretické-
ho peptidu (ANP) pfi tranzientni hypervolemii.
Ackoli mechanismus degradace EG piisobenim
ANP neni zcela jasny, byl v literatufe dobfe zdo-
kumentovan [6]. Na zakladé mnoha praci lze
tvrdit, Ze podani intravaskularni tekutiny ma vliv
na EG [13]. Puskarich et al. [14] zdokumentovali
poskozeni EG po podani tekutiny na zakladé meé-
feni hladiny syndecanu-1, a to pfestoZe stanoveni
dostupnych humordlnich markert po$kozeni EG
neni zcela specifické pro poskozeni EG a miiZe byt
falesné pozitivni v nékterych situacich (trauma,
zanét) [3]. BohuZel neni v Zadném z téchto pa-
tofyziologickych konceptil znam presny casovy
pribéh od pocatku plisobeni patologické noxy
k detekovatelnému poskozeni EG pfipadné k po-
$kozeni EC jinak kvantifikovatelnému (napi.
maximalnimu). Biochemicky proces degradace je
pravdépodobné dynamicky, a tudiz zachytitelny
az po del$im case piisobeni noxy, kdyz se degra-
dace EG dostane na rozliSovaci schopnost metody.
BohuZel, hodnoceni s vét§im ¢asovym odstupem
nebylo v nasi praci provadéno.

V soucasné dobé je ve vétsiné klinickych situaci
preferovano podani balancovanych roztoki pred
roztokem 0,9% NacCl, tradi¢né pojmenovanym
jako fyziologicky. Aktudlné byla publikovana
multicentrickd SMART trial, kde Self et al.[15]
na velkém poctu pacientl (n > 13 000) prokaza-
li kladny efekt podini balancovanych roztokil
oproti FR na vysledek 1é¢by. McCluskey et al. [16]
prokazali, Ze kumulativni vy$si hladina chloridi
piipodani FR perioperac¢né (autofi uvadéji termin
,akutni postopera¢ni hyperchloridemie®) vede
u pacientil ke zhor§enému vysledku, pficemz ve-
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likost hyperchloridemie je imérna tomuto zhor-
Seni. Nicméné v nékterych klinickych situacich je
podani FR raciondlni - napf. u traumatu mozku
s potfebou podani vysoceosmolarnich nahrad, pii-
padné v situaci hypochloremické alkalézy, O po-
§kozeni EC vlivem hyperchloridemie nejsou pfimé
dtikazy. Podani vétsiho mnoZstvi FR vede oviem
také k tranzientni nebo kumulativni hypernat-
remii. Kusche-Vihrog et al. [17] ukazuji bioche-
mickou molekuldrni podstatu poskozeni endotelu
vysokymi davkami NacCl. EG ze své biochemické
podstaty sloZeni funguje jako efektivni pufr Na*
iontd - tyto jsou pfitahovany negativnimi na-
boji makromolekul EG a akumulovany v sitovité
struktufe EG. Pfi expozici vyznamnému mnozstvi
Na‘* tato pufrovaci schopnost nestaci, coz vede
ke konformacnim zménam negativné nabitych
rezidui heparansulfitu v EG, Zména komformace
makrokomolekul zptisobuje insuficienci biosig-
nalnich drah na povrchu endotelu s jeho dalsim
poskozenim [5]. Bolus pravé fyziologického rozto-
ku tedy mél hypoteticky simulovat po§kozeni EG
jak tranzientni hypervolemii, tak hypernatremii,
nicméné mnozstvi podaného roztoku bylo oproti
zminénym pracim pravdépodobné prili§ malé,
aby doslo k vjznamnym zménam ve struktufe EG.

Jako metodu stanoveni podkozeni EC jsme
v experimentu stanovovali hodnotu PBR v sub-
lingvalni mikrocirkulaci, jejiz zmény odrazeji
zmény tloustky EG [8, 18]. Vyhodou byla snad-
nost manipulace s méficim zafizenim, moZnost
provést méieni bezprostiedné po podani teku-
tinového bolusu, jeji neinvazivita a reproduko-
vatelnost bez interindividualni variability dané
lidskym faktorem na kvalitu méfeni. K limitim
prace patii fakt, Ze stanoveni PBR bylo jedinou
metodou uzitou ke stanoveni poskozeni GCX. Ke
komplexnéj$imu posouzeni alterace EG by bylo
tfeba pouzit nékterou z dalsich metod soubé&ziné
(napf. hladinu degradacnich produktii EC ¢i elek-
tronmikroskopické vysetfeni EG erytrocytil). PBR
hodnota stanovuje miru penetrace erytrocytd ze
stfedu kapilary smérem k endotelidlnim bunikam.
Poskozeni EG riznorodymi vlivy tuto odchylku
pohybu erytrocytl zvétsuje, pfi nepfitomnosti
nebo ztenceni (angl. sheding) vrstvy makromo-
lekul EC se erytrocyty pii priichodu kapilarou
dostdvaji bliZe k vlastnimu povrchu endotelidlni
burniky, vzdaluji se v primeéru vice od proudu ve
stfedu lumen kapilary a nartstd tak hodnota
PBR. Nutno oviem uvést, Ze tato hodnota je zcela
automaticky vypoétena na zikladé softwarového
zpracovani obrazu ziskaného mikroskopickou
kamerou. V soucasné dobé toto zcela automatic-
ké zpracovani neni vieobecné pfijato a zda se, Ze
vnékterych situacich miiZze ptinaset kontroverzni
vysledky.
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Podle soucasnych evropskych doporuceni je
softwarova analyza EG ,slibna*“, ackoli je tfeba
ji ,validovat v klinické praxi“ a z tohoto diivodu
nemuze byt zatim klinicky pfijata [19]. Stanoveni
morfologie mikrocirkulace vyhradné v sublingval-
ni oblasti je dnes v humanni mediciné brano jako
dostatecné k zobecnéné predstavé o morfologii EG
ve vétSiné tkani. V principu by bylo mozné stanovit
integritu EG béhem experimentu jinymi metoda-
mi (napf. hodnocenim mikroskopického obrazu
podle skére podle De Backera nebo MFI indexem,
stanovenim humordlnich markerd degradace EG
z krve - viz vyse), ale s ohledem na soucasnou
dostupnost a proveditelnost téchto metod bylo
pro nase ticely stanoveni hodnoty PBR vhodnéjsi.
Lze uvést, Ze zlaty standard stanoveni integrity
a funkce EC nebyl dosud jasné definovan.

Ackoli pfi stanovovani PBR jde o softwarové
zpracovani obrazu a nejsme si védomi faktu, Ze by
bylo mozZné toto zpracovani examindtorem ovliv-
nit, studie nebyla randomizovana ani zaslepena.
Dobrovolnici byli instruovani pred experimentem
dodrZet miru ,,bézné“ hydratace, ackoli tato nebyla
pfimo definovana. Byli Zidani, aby se v pfedcho-
zich 48 hodinach pied métenim vyvarovali zvySené
namahy a stresu, coz je do jisté miry subjektivni.
Dalsi limitaci prace byl fakt, Ze nebyla méfena
kontrolni skupina, ackoli je prakticky nerealné
ocekavat bias vedouci k ,,samovolnému* zlepseni
EG béhem pokusu, které by faleiné sniZovalo vy-
znam intervence v poskozeni EG.

ZAVER

Vnasi studii jsme neprokdzali poSkozeni EG sta-
novitelné hodnocenim PBR parametru sublingvalni
mikrocirkulace bezprostfedné po podani tekutinové-
ho bolusu FR 500 ml v co nejkrat$im mozném Case
u skupiny dvanacti zdravych dobrovolnikii. Z hle-
diska makrohemodynamiky vedlo podani infuzni-
ho roztoku k signifikantnimu sniZeni tepové frek-
vence, jiné zmény nebyly pozorovany. Ackoli jsme
nebyli v naSem experimentu schopni zaznamenat
vyznamnou zménu tloustky PBR, a tedy poSkozeni
EG u zdravych dobrovolniki, nelze zcela vyloucit, Ze
k témto zménam nemtize dojit pii expozici vétsimu
mnozstvi intravenéznich tekutin na bazi fyziologic-
kého roztoku nebo v del$im ¢asovém okné.

SEZNAM ZKRATEK

EG - endotelidlni glykokalyx

ANP - atridlni natriureticky peptid
SDF - sidestream dark-field

FR - fyziologicky roztok

PBR - perfused boundary region
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(i) Purpose. The fluid challenge (FC) is a well-established test of preload reserve. Only limited data exist in regard to the FC efficacy
based on infusion time. Slow administration may be associated with lack of effect based on fluid redistribution and external
conditions changes. On the contrary, fast administration may lead to brisk fluid overload and damage to the endothelium and
endothelial glycocalyx (EG). The aim of this trial was to compare the FC infusion time on its hemodynamic effects and EG. (ii)
Methods. Prospective randomized single-center trial of fast (5-10 minutes) versus slow (20-30 minutes) administration of 500ml
balanced crystalloid FC in spinal surgery (cohort OR) and septic shock (cohort SEP) patients. Hemodynamic response was assessed
using standard monitoring and blood flow measurements; damage to EG was assessed using the perfused boundary region (PBR)
via intravital microscopy monitoring in the sublingual region within relevant time points ranging up to 120 minutes. (iii) Results.
Overall, 66 FCs in 50 surgical and 16 septic patients were assessed. Fluid administration was associated with increase of PBR in
general (1.9 (1.8-2.1) vs. 2.0 (1.8-2.2); p= 0.008). These changes were transient in OR cohort whereas they were long-lasting in septic
fluid responders. The rate of fluid responsiveness after fast versus slow administration was comparable in global population (15 (47%)
vs. 17 (50%); p=0.801) as well as in both cohorts. (iv) Conclusions. Fluid challenge administration was associated with increased PBR
(and presumable EG volume changes) which normalized within the next 60 minutes in surgical patients but remained impeded
in septic fluid responders. The fluid responsiveness rate after fast and slow FC was comparable, but fast administration tended to
induce higher, though transient, response in blood pressure.

1. Introduction been increasingly acknowledged [1]; therefore the current

view stresses the use of fluid responsiveness prediction and
Fluid resuscitation is considered standard of care in intensive rational use of intravenous infusions [2]. The fluid challenge
care medicine and the operating room (OR), respectively.  (FC) is a widely accepted test of preload reserve. However,
Over the years, adverse effects of fluid administration have given the data from the recent FENICE study [3], the FC
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may differ significantly in several ways (volume, time, type
of fluid, variables used for assessment, etc.). Whereas long
term effects [4], volume [5], and several other variables have
been studied, the rate of administration and its impact on the
circulation, and hence test results, remain largely unrevealed.
If the administration of crystalloid FC is longer than 10
minutes, the expected time of volume redistribution based
on Hahn volume-kinetic studies [6], one can expect to lose
some of the FC volume hence making it more prone to false
negative assessment. Besides patient’s conditions may change
dramatically (especially in the OR) debasing the evaluation of
fluid response.

Based on the effectivity of mini-FC tests [7] the impact
of rapid bolus administration on the central hemodynamic
compartment may induce larger increase in venous return
and hence test the preload reserve to a larger extent. On the
other side, such rush increase in venous return may overcome
the reserve in patients on the Frank-Starling curve plateau
and may unnecessarily increase the risk of brisk and tem-
porary fluid overload. Hypothetically, such brisk overload
may affect the patient’s conditions, for instance, by release
of natriuretic peptides and endothelial glycocalyx disruption
[8]. These conditions may then impact the fluid redistribution
and hence final volume effect. In other words, infusion time of
FC may significantly alter its macro- and microhemodynamic
effects.

Endothelial glycocalyx (EG) is a thin gel-like layer on
the outer surface of endothelial cells within the human body.
It consists of sugar-based macromolecules such as heparan
sulfate or proteoglycan. This structure has been considered as
a crucial regulator of endothelial functions such as endothe-
lial permeability or interaction with circulating cells [9].
It is supposed that this layer may get easily harmed by
various stimuli and during different disease conditions. The
interaction between EG and fluids seems to be bilateral; on
one side EG may get disrupted by alterations in circulation
volume and pressure and on the other EG is the principal
regulator of permeability and fluid extravascular leakage [10,
11]. From this point of view the knowledge of EG behavior
during FC and/or fluid therapy is of the upmost importance.
However, up until recently only laboratory indirect measures
of EG damage (i.e., plasma levels of heparan sulfate or syn-
decan-1) were available for EG assessment. Monitoring of
the sublingual mucosa microcirculation via side-stream dark
field (SDF) imaging has been improved over the last decade
enabling real-time computation of several characteristics. The
perfused boundary region (PBR) has been used by some to
inspect the microvascular EG layer thickness hence enabling
real-time EG assessment [12, 13]. It describes the extent of
penetration of the flowing red blood cells (RBC) in ym
into the luminal surface of the EG by measuring the radial
motion of RBC away from the central flow towards the
endothelial cells. The more the EG is injured, the deeper the
RBC penetrate into the glycocalyx and the higher the PBR is.

The aim of this study was to assess the influence of fluid
challenge infusion time on macrohemodynamic variables
and PBR in surgical and septic patients. Our hypothesis was
that faster fluid challenge leads to bigger macrohemodynamic
effects but harms EG more than the slower one.
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2. Materials and Methods

This was a prospective open randomized trial performed at
the Department of Anesthesiology and Intensive Care Medi-
cine in Plzen (Charles University Hospital, Czech Republic)
in two three-month periods between January and December
2016. The study was approved by the local ethical committee,
registered under the ACTRN12618000385246, and financially
supported by the Ministry of Health grant no. 15-31881A.
Informed consent was obtained from all individual partici-
pants (or their legal representatives/next of kin) included in
the study.

2.1. Patients’ Selection. Patients undergoing scheduled opera-
tive intervention (cohort OR) or admitted to the ICU for sep-
sis/septic shock (cohort SEP) in the suspected need for fluid
administration/response test based on clinical assessment
were recruited into the trial.

The first cohort (OR) consisted of patients scheduled
for major spinal surgery under general anesthesia of more
than one-hour expected length. Inclusion criteria were age
over 18 years, ASA physical status I-11I, and signed informed
consent. Patients with pathology in the oral cavity (bleeding,
neoplasia), previously diagnosed systemic microangiopathy,
and atrial fibrillation were excluded from the trial. General
anesthesia for the operative procedure was induced using
propofol, sufentanil, and atracurium; sevoflurane in O2/Air
mixture was used for maintenance. The patients were orotra-
cheally intubated and proned after induction. Ringerfundin
(B Braun Melsungen, Germany) at rate of Iml/kg/hour was
administered throughout the procedure. Standard monitor-
ing of noninvasive blood pressure, pulse oximetry, and elec-
trocardiography was commenced; Massimo rainbow plethys-
mograph with PVI assessment was used in addition to moni-
tor fluid responsiveness. All patients were mechanically venti-
lated in volume-controlled mode (tidal volume 8 ml/kg of
predicted body weight, PEEP 5 cmH,0).

The second cohort (SEP) consisted of patients with sepsis
or septic shock admitted to the intensive care within 48
hours from ICU admission (mostly within first 24 hours, i.e.,
during the fluid-optimization phase). Patients younger than
18 years and those with intraoral bleeding and/or diathesis
were excluded. Informed consent of the patients was obtained
prior to inclusion. In case of patient’s diminished conscious-
ness either next of kin or independent physician was asked
for consent; patient’s agreement was obtained retrospec-
tively if possible. All patients were initially fluid-resuscitated
and monitored using the transpulmonary thermodilution
(PiCCO2 device, Pulsion-Gettinge, Munich, Germany) in
addition to standard ICU monitoring. If needed vasoactive
drugs (norepinephrine, dobutamine) were used to reach gen-
erally accepted targets of global perfusion parameters (MAP
at least 65 mmHg adapted according to individual baseline
characteristics and cardiac performance). Analgesia, seda-
tion, and/or mechanical ventilation were used as appropriate.

2.2. Randomization and Study Intervention. Patients were
randomized by the research staff using the sealed envelope
block randomization scheme (https://sealedenvelope.com/)
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with predefined stratification (OR and SEP). A fluid challenge
of 5 ml/kg predicted body weight of crystalloid (Ringer-
fundin, B Braun Melsungen GmbH) was used as a test of fluid
response. Patients were randomly separated into two groups:
fast administration (group F; bolus within 5-10min using
an infusion cuff pressured at 300mmHg) and slow (group S;
25-30 minutes infusion using an infusion pump at calculated
appropriate rate). The study was designed as open so neither
blinding of the operator nor outcome assessment was pro-
vided.

Based on different time course in the OR and SEP cohort
the study time points differed slightly. However, T0O (imme-
diately before FC), T1 (immediately after FC), and T60 (60
minutes after FC) time points measurements were performed
in both cohorts. In addition, T20 and T40 (20 and 40 minutes
after FC) were made in OR cohortand T120 (120 minutes after
FC) was performed in SEP patients.

In case of sudden circulating blood volume change (i..,
blood loss) or need for other fluid administration the moni-
toring was discontinued and following time points were omit-
ted. Relevant cointerventions within the study period were
screened (i.e., change in maintenance infusion rate, adminis-
tration of other fluid volumes for intravenous medication).
However, we have tried to restrict such interfering factors to
the minimum by postponing them unless vitally important.
The change of vasoactive medication in septic patients (SEP
cohort) was allowed during the study period to maintain
the blood pressure within predefined range (65-75 mmHg
in patients without chronic hypertension and 70-80 in those
with chronic hypertension).

2.3. Study Outcomes. Primary objective was to assess the in-
fluence of balanced crystalloid fluid challenge infusion time
on the PBR as a marker of endothelial glycocalyx thickness
using the SDF imaging in the sublingual circulation.

Secondary outcomes were to assess its effect on macro-
circulation (i.e., rate of positive response) and the temporary
differences of the hemodynamic and PBR response in differ-
ent subgroups (fluid responders=FR, nonresponders= NR,
cohort OR and SEP).

2.4. Microcirculation and Fluid Response Assessment. The
perfused boundary region parameter was used to monitor the
possible EG damage induced by FC. This parameter (PBR)
was designated to determine the extent of penetration of the
flowing red blood cells in capillary to its luminal border by
calculating the radial motion of red blood cell away from
central flow in capillary. In the situation of EG damage
through various pathologic stimuli, this spreading closer to
endothelial cells is more obvious and thus the PBR value
becomes higher. An intravital real-time microscopy of sublin-
gual circulation by specialized hand-held video microscope
(KK camera, Research Technology Limited, Alliance Court,
Honiton, UK) was performed at each time point. Acquired
data were processed with GlycoCheck software version
1.2.5.7211 (GlycoCheck, Maastricht, Netherlands). The soft-
ware automatically measures PBR in vessels of diameter from
5 to 25 yum and the resulting number stands for an average of
PBR that is corrected for the potential changes in the distri-
bution of vessel diameters. The software identifies all available
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vessels and places 10 gm long vascular segments along them.
Next, a sequence of 40 frames on this spot is recorded with
approximately 300 segments in the field. Afterwards, the
operator should reposition camera slightly allowing for re-
cording of the next 40-frame sequence. Automated signal
quality assessment is performed by the software itself display-
ing a direct user friendly feedback enabling gathering only
valid data. The maximal data-sampling period is 5 minutes
making the monitoring less prone to interobserver variability.
However, the recording stops automatically when 3000 seg-
ments in focus and without movement are acquired; hence
under normal conditions much shorter periods (i.e., 1-2 min-
utes) are needed. Then the software selects segments with suf-
ficient contrast with the background and counts the median
RBC column width and its distribution from the intensity
profile. From this intensity profile, the perfused diameter of
the vessel is calculated by a linear regression analysis. The
PBR stands for the distance between RBC column width and
perfused diameter according to the equation: (perfused dia-
meter - median RBC column width)/2.

Besides the PBR, automated parameters based on two
quality checks, which indirectly align to microvascular per-
fusion, were assessed in each time point. During first check
the so-called “valid vascular segments” are reported (those
with more than 60% contrast in vessel segments) making
the parameter of valid vessel density. During a second check
phase red blood cells (RBC) column is monitored allowing for
the calculation of percentage of vascular segments with RBC
present in all 40 frames of the monitoring session. Results of
the monitoring are available within several minutes after the
monitoring period had finished. Detailed description of auto-
matic calculation of PBR, valid and total vascular density, and
RBC filling parameters can be found elsewhere [12]. Excellent
interobserver validity has been demonstrated by Rovas et al.
[14]. In our study, two monitoring procedures were per-
formed (both sides of the sublingual region) and averaged at
each time point. JP performed all microcirculatory measure-
ments in the surgical population, whereas JB and VT were
responsible for the septic cohort monitoring.

Macrohemodynamic changes were assessed using stan-
dard hemodynamic variables based on cohort-defined mon-
itoring. In the OR cohort heart rate, noninvasive blood pres-
sure, pulse pressure, and PVI parameters were used. A drop
in PVI of 5% and more between T0 and T1 was measure of a
positive fluid response.

In the SEP cohort heart rate, invasive blood pressure (sys-
tolic, mean, and pulse pressure values), cardiac output/stroke
volume values, stroke volume variation, and thermodilution
derived global end-diastolic volume index (GEDI) were
assessed. A stroke volume increase of 15% (T1 versus TO) was
used to define positive fluid response.

2.5. Statistical Analysis. The study was designed as a pilot
study, because no baseline data existed regarding both study
outcomes (ie., difference in macrohemodynamic and EG
data). A sample of 50 patients in the cohort OR was deemed
sufficient to ascertain a 10% difference in the PBR value with
alpha error 1=0.05 and study power = 0.9. The length of the
study limited recruitment into the septic cohort and number
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of admitted septic patients therefore underwent no prior sam-
ple size calculation.

The usual descriptive statistics was used to compare
patients between F and S groups; Kolmogorov-Smirnov test
was used for assessing normality. Student’s t-test (unpaired)
or Mann-Whitney rank sum tests were used to compare inter-
group differences; the time-based changes within groups were
tested using RM ANOVA or RM ANOVA of Ranks (Fried-
man) appropriately. Chi square test was used to compare fre-
quency distribution, p<0.05 was deemed statistically signif-
icant. MedCalc Statistical Software version 18.2.1 (MedCalc
Software bvba, Ostend, Belgium; http://www.medcalc.org;
2018) was used for statistical analysis.

3. Results

In total 66 patients have been included and 66 FCs have been
studied during the run of the study; there were no drop-offs.
In the OR cohort 50 fluid challenges were performed in 50
patients equally randomized to receive either fast (group F-
OR: 25 FCs) or slow (group S-OR: 25 FCs) FC administration.
In the SEP cohort in 16 patients, 16 fluid challenges were
performed, randomized to fast (group F-SEP: 7 FCs) and
slow (group S-SEP: 9 FCs) FC administration; the median
time from sepsis onset (or hospital admission for sepsis) and
intervention was 16 (7-33) hours. There were no dropouts; the
flow of participants through the trial is displayed in e-Figure 1.
Baseline demographic and disease characteristics are given in
Table 1; no significance has been observed in any of screened
parameters.

The perfused boundary region was comparable at the
baseline between F and S group (1.8 (1.72-2.05) vs. 1.89 (1.76-
2.08); p= 0.176). The PBR increased after FC in general (1.88
(1.76-2.08) vs. 1.95 (1.79-2.20); p= 0.008) and in both groups
in parallel (T1in F group 1.91 (1.75-2.13) vs. 1.96 (1.85-2.26)
in §; p=0.256). The PBR remained increased throughout the
next course in both groups (T60 values in F were 1.89 (1.77-
2.08) vs. 2.02 (1.72-2.16) in S; p=0.576); see Table 2 for more
details. No differences in other microcirculatory parameters
(i.e., number of valid vessel density and RBC filling) were ob-
served (see ESM Table 1).

Based on the responsiveness criteria in global 32 FCs
(49%) were assessed as positive: 24 (48%) in the OR and eight
(50%) in the SEP cohort. No difference in the FC outcome
was identified between fast and slow administration neither
in global population nor in any of the cohorts (Table 3).

No differences in screened hemodynamic variables were
observed at the baseline between F and S groups in any of
the cohorts studied (Table 4). However, the blood pressure in-
crease induced directly by fluid infusion occurred in the F
group only (78 + 11 mmHg in TO vs. 86 + 12 mmHg in T1;
p=0.004) leading to higher MAP in the F group at T1 (86
+ 12 mmHg vs. 77 + 12 mmHg; p=0.003). Interestingly, this
increase equalized in the 60 minutes time point (84 + 11
mmHg in the F group vs. 84 + 12 mmHg in the S group;
p=0.086). The dynamic variation of stroke volume or plethys-
mography variability index (PVI) decreased in both groups
after the FC and tended to increase back after 60 minutes, but
these changes went in parallel in both groups. Pulse pressure
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(PP) increased after the fluid challenge in the F group only (37
(32-56) mmHg in TO vs. 43 (36-61) mmHg in T1; p=0.019), but
decreased afterwards in the T60 time point. On the contrary,
inthe S group the PP increase was prolonged reaching its peak
at T60. No major differences were observed in heart rate and
other hemodynamic parameters; see Table 4 for more details.

3.1 Differences between Anesthetized and Septic Patients. In
septic patients, the PBR values were significantly higher (2.08
(1.90-2.22) in SEP vs. 1.81 (1.73-2.00) in OR cohort; p<0.001)
at the baseline. In the S-OR subgroup there was an increase
of the PBR after FC with later return to initial values (Table 2,
Figure 1(a)). In the F-OR subgroup the PBR values increased
in T1 as well, but without reaching statistical significance.
However, no intergroup differences were observed between
F-OR and S-OR groups at any time point. In the septic
patients both the PBR remained stable without intergroup
(i.e., F-SEP vs. S-SEP) or temporary changes (Figure 1(b)). No
important variations were observed in number of valid vessel
density and RBC filling among study groups within the study
period (ESM Table 1).

As mentioned previously in global FC response, there
were no differences among any subgroup studied (i.e., OR,
SEP; Table 3). The pressure response to FC was apparently
faster in the F-OR group than S-OR (87 + 14 mmHg in T1
vs. 75 £ 13 mmHg; p=0.003), but equalized within the next 20
minutes (91 + 13 mmHg in T20 vs. 88 + 11 mmHg; p=0.52)
and remained comparable throughout the next time points
(T40 and T60) (ESM Table 1). A similar pattern was observed
in the pulse pressure. The T1 values were higher in the F-OR
subgroup (37 (34-43) mmHg vs. 32 (28-41) mmHg in S-OR;
p=0,048), but equalized during T20, T40, and T60 time
points (ESM Table 1). A nonsignificant drop in the value of
PVI was observed in both F-OR and S-OR subgroups, with-
out any intergroup differences.

In the SEP cohort there were differences neither in MAP
at the T1 (77 + 10 mmHg in F-SEP vs. 82 + 9 mmHg in $-
SEP; p=0.404), nor at any other time point afterwards (T60
and T120; ESM Table 1) between F-SEP and S-SEP subgroups.
However, the dose of norepinephrine dropped in F-SEP
group in Tl and remained decreased until T60 presuming
a better pressure response. No important changes in neither
the pulse pressure, stroke volume variation, and flow (stroke
volume (SV) or cardiac index (CI)) nor the volumetric (global
end-diastolic volume index (GEDI) and extravascular lung
water index (ELWI)) parameters were observed between F-
SEP and S-SEP groups (ESM Table 1).

3.2. Analysis Based on Fluid Response. The PBR values were
comparable at the baseline between FR and NR patients. In
FR patients the PBR increased after FC (1.85 (1.74 - 2.08)
vs. 210 (1.86 - 2.78); p=0.014), but remained stable in NR
patients. This PBR increase occurred in fluid responders of
both OR (1.76 (1.73-2.02) vs. 1.96 (1.79-2.26); p=0.016) and
SEP cohort (1.96 (1.85-2.18) vs. 2.28 (2.04-2.52); p=0.039), but
in SEP fluid responders the PBR not only increased against
baseline value, but rose significantly even in comparison with
fluid nonresponders (see Figure 2, panels (a) and (b)).

The fluid nonresponders (NR) tended to have lower
baseline value of the PVT in the OR cohort (10 % (6-16) vs.
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TasLE I: Baseline characteristics.
Group F Group S
All Cohort OR Cohort SEP All Cohort OR Cohort SEP
(N=32) (N=25) (N=7) (N=34) (N=25) (N=9)
Age (years) 60.1 +14.7 59.5 +12.9 61.1+18.1 60 +16.6 61.7 +15.2 56.7+19.3
Sex (Female/male) 18/14 14/11 4/3 18/16 15/10 3/6
Height (cm) 167.8 + 12.5 169.3 +11.2 165 + 26 1673 + 111 168 + 8.8 165.9 + 26.1
Weight (kg) 88.8 £ 26.3 85.6 £17.3 95.7 £ 39.3 872 £ 26.2 829151 95.8 +39.8
Predicted body weight (kg) 64.0 +11.1 64.0 +11.3 64.2 +11.5 64.0 + 9.8 62.3+8.9 65.9 +11.2
Fluid challenge infusion rate (ml/min) 46 (39-54) 44 (39-54) 47 (40-52) 11 (9-12) 10 (9-12) 11 (10-13)
Chronic conditions
ASA grade (1/2/3) - 5/9/11 - - 5/13/6 -
APACHEII score = - 26.6 £7.2 = 5 272+ 9.6
SOFA score - - 10 (73 - 14.3) - - 8(7.8-12.3)
Hypertension (no.) 21 15 3 17 12 4
Smoking (no.) 10 6 3 9 4 2
Diabetes (no.) 10 9 1 6 5 1
Operative procedure
Laminectomy - 9 - - 6 2
Discectomy - 5 - - 14 -
Fixation - 11 - 5 -
Intraoperative blood loss (ml) 175 o -
(100 - 300) (188-400)
Sepsis origin and nature
Lungs = - 2 - % 5
Abdomen - - 5 - - 2
Bloodstream - - 0 - - 1
Orofacial - - 0 - - 1
Vasopressor use (no (%)) - - 6 (86%) - = 8(89%)
Noradrenalin dose (ug/kg/min) - O:ds - - 0:28
(0.13-0.50) (0.24-0.71)
Septic shock - - 4(57%) - - 8 (89%)
Baseline biochemistry
Hematocrit (%) 39.6 + 6.3 42.6 +3.3 33.6+6.6 398+5.9 42.5+3.4 342+6.2
Sodium (mmol/l) 140.9 + 3.6 140.7 £ 2.7 141 £5.0 140.7 + 4.2 140.4 £2.9 141.3 £ 6.3
Protein (g/l) 63.7 £9.8 68.4+74 55.6 +19.3 66.3 +9.7 714 +11.3 55.6 + 8.2
Creatinine (umol/l) 103.6 + 674 75+£19.2 160.7 + 91.4 95.54 595 719+ 41 1457 + 85.2
C-reactive protein (mg/l) - - 266.6 £ 30.0 - - 265.2 £ 29.9
Procalcitonin (ug/l) - - 16.0 + 8.5 - - 161+ 85
Serum lactate (mmol/1) = g 2,18 £1.27 = £ 2.66+0.73

Data are displayed as mean + standard deviation, median (25th-75th percentile), or number (proportion).
Abbreviations: APACHE 1I: Acute Physiology and Chronic Health Evaluation score-second version; ASA: American Society of Anesthesiology physiological status;

SOFA: Sequential Organ Failure Assessment.

19 % (13-22) in the FR; p= 0.001) and SVV (9 % (6-12) vs.
10 % (3-15) in NR; p=0.87). The initial values of MAP, PP,
HR, SV, CI, GEDI, and ELWT were all comparable between
fluid responders and nonresponders at the baseline; for full
results, see ESM Table 2. In septic fluid responders the
norepinephrine dose was lower in FR already at the baseline
(0.23 (0.09-0.45) vs. 0.5 (0.39-1.03) in NR; p= 0.049) and
dropped further after FC (0.23 (0.09-0.46) pg/kg/min in TO
to 0.19 (0.05-0.32) in T1) and remained decreased until T120.

No such change occurred in nonresponding patients. On
the contrary, the central venous pressure value rose in non-
responding septic patients only (ESM Table 2).

4. Discussion

In our trial, fluid administration in form of fluid challenge
increased the PBR value independently of the infusion time.
However, there may be a weak signal that septic fluid
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TasLE 3: Fluid challenge outcome.
Fluid responsive
Population YES NO p (chi sqr)
Group F Group S Group F Group $

falchal 15 17 17 17 0.801
(N=66)

Colork DR 1 13 14 12 0575
(N=50)

Cohort SEP 4 4 3 5 0.626
(N=16)

Abbreviations: Group F: fast administration; Group §: slow administration; Cohort OR: surgical patients; Cohort SEP: patients with sepsis/septic shock.

TaBLE 4: Macrohemodynamic changes induced by fluid challenge in the whole population.

Variable Time-point Group & Grodp S P value (between groups)
(N=32) (N=34)
To 7711 78 +11 0.800
MAP (mmHg) Tl 85 £ 13 78+12 0.024
T60 85+ 11# 85+ 12% 0.986
p value 0.027 0.025
To 37 (30-43) 35(30-55) 0.893
Pulse pressure (mmHg) i 40 (35-45) 39 (30-51) 0.338
Té60 38 (31-48) 40 (31-61)+ 0.496
p value 0.205 0.017
To 69 (60-79) 70 (63-81) 0.603
Heart rate (per minute) Tl 64 (59-75) 68 (58-82) 0.812
Te0 68 (63-87) 74 (65-88) 0.481
0.174 0.209
To 13 (7-20) 15 (12-21) 0.281
Plethysmography Variability index (%) (OR cohort) 11 10,(7:11) 10,(7:14) 0.226
Teo 13(8-17) 11(10-15) 0.879
p value 0.086 0.087
To 12 (10-19) 5(2-9) 0.016
Stroke volume variation (%) (SEP cohort) i 6(s-1) 6 (4-10) Q208
Te0 4(4-14) 7 (3-12) 0.936
p value 0.621 0.013
To 33+14 40 + 20 0.515
Tl 32+14 44 + 20 0.320
Stroke volume index (ml/ mz) (SEP cohort) 2
Te0 33413 44 + 16 0.281
p value 0.750 0.563

Values are displayed as either median (interquartile range) or mean + standard deviation; #: significant difference towards baseline (RM ANOVA or Friedman

test), significance marked in bold letters.

Abbreviations: Group F: fast administration; Group S: slow administration; MAP: mean arterial pressure; PVI: plethysmography variability index; SV'V: stroke
volume variation; PBR: perfused boundary region; SEP cohort: patients with sepsis/septic shock.

responders seem to be more affected. Secondly, the 5-10
minutes” or 20-30 minutes infusion time of fluid challenge
seems not to play an important role regarding rate of positive
fluid response. However, a transient increase of mean arterial
pressure and/or decrease in norepinephrine needs was more
pronounced after fast administration.

To ascertain the impact of different infusion time on the
microcirculation we have used the perfused boundary region
parameter. Based on previous observations the PBR may be

linked to the endothelial glycocalyx thickness [12, 13] and
hence point to its disruption by the fluids administration.
This unwanted effect of fluid boluses has been demonstrated
using serum markers of EG damage by several authors
[8, 15, 16]. In our trial, the PBR increased after almost
any fluid administration. In patients with presumably intact
endothelial surface layer (i.e., OR cohort), the increase after
slow administration reached statistical significance against
baseline. However, in the F-OR the increase went in parallel,
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FIGURE 1: Perfused boundary region changes induced by fluid administration. Legend: Panel (a) PBR changes in surgical patients (Cohort
OR); Panel (b) PBR changes in patients with sepsis/septic shock (Cohort SEP). Abbreviations: Group F (white): fast administration; Group S
(grey): slow administration; PBR: perfused boundary region; TP 0, 1, 20, 40, 60, 120: measurement point immediately before, i diately after,
and at 20, 40, 60, and 120 minutes after fluid challenge; #: significant difference against baseline in the slow group; +: significant difference between

fast and slow group.
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FIGURE 2: Perfused boundary region changes based on fluid challenge response. Legend: Panel (a) PBR changes in surgical patients (Cohort
OR); Panel (b) PBR changes in patients with sepsis/septic shock (Cohort SEP). Abbreviations: Responder FR (white): patients with positive
hemodynamic response to fluid challenge; NON-Responder NR (grey): patients with negative hemodynamic response to fluid challenge; PBR:
perfused boundary region; TP 0, 1, 20, 40, 60, 120: measurement point immediately before, immediately after, and at 20, 40, 60, and 120 minutes

after fluid challenge; +: significant difference between responders and non-reposnders.

making this finding difficult to address the FC infusion time.
Also, the PBR returned to initial values within 60 minutes
in both groups. Such fast changes in the PBR parameter,
especially the return to initial value, actually point towards
a significant EG disruption. Possibly other forms of volume
change within the structure (i.e., shrinkage or dilution) may
occur explaining this effect.

On the contrary, in the septic patients the PBR pointed
towards existing EG damage induced by sepsis and/or previ-
ous fluid boluses. Higher PBR values after FC were observed
in septic fluid responders than nonresponders, but infusion

time does not seem to play any role. Whether this PBR
increase is due to recruitment of capillaries and hence local
ischemia/reperfusion remains undetermined. The slightly
lower density of valid microvessels and trend towards lower
RBC filling support the hypothesis of capillary recruitment
associated with hemodilution. Another important fact is that,
unlike in OR patients in whom the PBR returned to prein-
fusion values within 60 minutes, in septic fluid responders
the PBR remained increased for the next 2 hours. Therefore,
another explanation could be that the increased systemic flow
and precapillary pressure induces higher shear stress [17] to
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the already damaged endothelia promoting existing damage.
In a recent retrospective evaluation Puskarich et al [15] have
demonstrated that higher volumes of resuscitation fluids in
septic patients were associated with intubation and increased
syndecan-1 levels, observations pointing to the promoted EG
damage by fluids in septic patients. Hypothetically, those
patients who do respond to initial fluid bolus tend to receive
more fluids and based on our observations they are actually
more endangered by the EG shedding. However, our findings
in septic population are based on very small patient cohort;
hence these findings have to be proven on much larger patient
population.

The impact of fluids on EG has been studied previously.
Mentioned studies by Chappell et al. [8], Powell et al. [16],
and Puskarich et al. [15] have demonstrated that fluid admin-
istration may induce damage to the EG. Most recently a Slove-
nian group has demonstrated that intraoperative liberal fluid
administration may be associated with EG disruption [18].
Biochemical EG shedding markers (i.e., syndecan-1, hyaluro-
nan, etc.) were used in these studies to demonstrate the
unwanted effect of fluids administration. Such markers were
not available for our study for technical reasons (unavailabil-
ity of such analysis in our institution). This may be regarded
as an important drawback. However, EG shedding markers
are not only endothelium specific. Divergent inflammatory
conditions (especially in the SEP cohort) would probably
interfere with their levels independently of fluid administra-
tion [19, 20]. Also the kinetics of these markers seem to be
rather prolonged: in the Slovenian study [18] an increase of
syndecan-1 level increased after the surgery, but remained
high for the next six hours. Besides, to which extent the
plasma increase of such shedding markers mirrors a real
decrease in EG thickness or is a sigh of increase turnover has
never been demonstrated. Described prolonged kinetics and
need for off-site analysis preclude the use of such markers
as bed-side EG-disruption marker. For this reason, we deem
the PBR to be more clinically relevant as a possible marker
of endothelial damage. However, amount of data regarding
the PBR s still too low to allow us for separation of clinically
relevant changes. In our study the highest increase observed
among septic responders was 8% which lies on the borderline
of the coefficient of variation measured on our population
(8%) or mentioned by other authors (less than 10%) [21]. The
normal values in population have also not been evaluated yet.
In the Netherlands Epidemiology of Obesity study the mean
values in the total population (42% lean, 42% overweight,
and 16% obese) were 2.14+/-0.25 [12]. In the GlycoNurse
study [14] the median value and interquartile range of PBR in
patients admitted into the emergency department for various
reasons including sepsis (40%) or acute heart failure (16%)
were 2.41 (2.26-2.61). Values measured in our population
(both “healthy” surgical and septic patients) were much low-
er. Interestingly, in recently published Russian population
study [21] the PBR values corresponded much more with our
own measurements; median and interquartile values were 1.9
(1.75-2.04) with values above 2 pointing towards increased
cardiovascular risk. To which extent these differences in abso-
lute values are affected by different SDF camera device (KK
Research technology Ltd., UK, in ours and Russian study [21]
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vs. MicroVision Medical Inc., Wallingford, PA, in the Dutch
study [12]) version of monitoring software (mostly not given)
or population is to be further elucidated.

Fluid challenge is a well-established test of preload re-
serve. Interestingly, the number of fluid responders and non-
responders is stable throughout different studies and patients’
populations. The fact that rate of fluid challenge should affect
its outcome has been postulated already by Weil and Vincent
in the original TROL acronym (Type-Rate-Objectives-Limits
of safety) [22]. In general, the 20-30 minutes seems to be
the right choice. Based on the FENICE trial data the median
time of FC administration of 500 ml (median volume) was 24
minutes [3]. However, a wide variety existed. In a recent meta-
analysis concerning FC technique [23] the effect of FC was
similar among studies with administration lasting <15 and 15-
29 minutes (59.2% vs. 57.7% of fluid responders) whereas in
those with prolonged infusion, i.e., >30 minutes, the positive
response was less frequent (49.9%; p=0.045 for <15min vs.
>30 min). However, these data are an indirect comparison
only and based on studies included into the meta-analysis
(table 1 in Toscani et al. [23]) in the <15 minutes group there
was a high predominance of operating theatre studies (70%
out of 27 trials) whereas both the other groups (15-29
minutes and >30 minutes) were ICU studies only. Hence, the
observed difference may be attributed to the population
under study as well. In another recent meta-analysis concern-
ing the FC, none of screened variables (infusion time, sepsis,
hypotension, oliguria, and use of colloids) correlated with the
FC hemodynamic outcome [24]. Our results do not contra-
dict these observations supporting the fact that FC adminis-
tered within 30 minutes does not lead to different outcomes
in terms of responsive positivity rate. One important fact
remains largely underrecognized by a portion of these stud-
ies: the FC'’s volume mostly administered is 500 ml, which is
administered in a dedicated time period making the admin-
istration rate fixed and comparable between different sub-
jects. However, based on the body size the circulating blood
volume may significantly differ among subjects making the
actual blood volume expansion and hence hemodynamic
response different in comparable time points (i.e., after 15 or
30 minutes). Therefore, in our study, we have used a FC's
volume based on patients predicted body weight. This led
to different administration rates, but fixed circulating blood
volume expansions in the study time points.

The longevity and delayed response to the FC were a sec-
ondary measure of our trial. In this regard, both short and
prolonged infusions seem to have similar characteristics. In
the fast infusion groups, a more pronounced pressure re-
sponse was observed, but within the next 20-60 minutes, the
blood pressure was equal in both groups. Unlike in the study
by Aya et al. [4] the effect of crystalloid FC lasted till the
end of observation (60 minutes in surgical and 120 minutes
in septic patients). Different volume of FC may partially
explain this observed difference; in Aya et al’s study a 5
minutes’ bolus FC of 250 ml was used; this corresponds with
a relative volume of 3ml/kg (whereas 5ml/kg was used in
our study). The same group (Aya et al.) has clearly demon-
strated that at least 4ml/kg has to be used in the 5 minutes’ FC
to induce a clear-cut hemodynamic response [5]. The delayed,
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but comparable, hemodynamic effect of slow vs. fast infusion
further supports the data observed by Hahn et al. [25] and
Ukor et al. [26]. In multiple studies, Hahn et al. postulated
based on hemoglobin dilution measurements that the expan-
sion of circulating volume after crystalloid administration
(especially after prolonged infusion) is far bigger that theo-
rized. They have also demonstrated a significant context sen-
sitivity of the phenomenon [6]. Ukor et al. compared an infu-
sion of one-liter saline to 6 healthy volunteers over 30 minutes
and 2 hours [26]. The 2 hours’ infusion produced more stable
hemodynamic response as measured via noninvasive tech-
nology. Hemoglobin values were not consistently monitored
in our patients, but the PICCO cardiac output device demon-
strated a stable profile in hemodynamic in the later course
especially after slow FC administration. However, one has
to bear in mind that studying one simple intervention (as
fluid administration) in a dynamic system (as any clinical
situation) for a prolonged times is extremely difficult. Not
only does redistribution occur which may be studied on
relatively stable conditions of volunteers, but also other influ-
ences may contribute to the results (in our case surgery and
anesthesia depth in surgical patients, change in vasoactive
medications in septic patients). Still, the answer may be of
upmost clinical relevance, namely, in the case of fluids admin-
istration whose adverse effects coupled with accumulation
are nowadays well known. In our trial, we have attempted to
minimize the confounders throughout the study period to the
minimum: by choosing a relatively stable surgical procedure
or by postponing all other medical interventions not vitally
indicated (literally, only vasoactive drugs were adapted based
on predefined protocol to reach generally accepted MAP
targets).

Our study has several important limitations, which need
to be accounted for. Firstly, in the OR cohort fluid respon-
siveness was assessed based on clinically available parameter
usually coupled with positive response to fluid administration
(decrease in PVI). Use of advanced hemodynamic monitor-
ing would possibly define the secondary outcome more pre-
cisely. The reason to use the readily available noninvasive
monitoring tools was based on the ethical request not to
increase the invasivity of the monitoring used and nonin-
vasive hemodynamic monitor was not technically available
at the time of the study. Therefore, we have used parameter,
which isroutinely available and possibly acceptable for defini-
tion of positive fluid response. In addition, the conditions in
spinal surgery are rather speciﬁc (prone position, no exposure
of the body cavities, limited blood loss) limiting the gene-
ralizability of our results into other populations (i.e., intra-
abdominal, vascular, thoracic surgery, etc.). Secondly, the
number of septic patients recruited into the study is low and
could influence observed results. As mentioned in the meth-
ods section the inclusion of these patients was limited by the
time of device availability and we have recruited the whole
cohort of septic patients admitted to the ICU throughout the
study period. Besides, the negative finding on the influence
of fluid challenge infusion time goes in line with previous
observations as reviewed by Toscani et al. [23] and Messina
etal. [24].

In conclusion, in our trial fluid challenge administration
was associated with increased perfused boundary region (and
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presumable volume changes of the endothelial glycocalyx)
which normalized within the next 60 minutes in surgical pa-
tients but remained impeded in septic fluid responders.

The fluid responsiveness rate after fast (5-10 minutes)
and slow (20-30 minutes) fluid challenge administration was
comparable in our patients. Fast administration tended to
induce higher, but transient, response in blood pressure.
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Abstract.

BACKGROUND: Damage of the endothelial glycocalyx (EG) has been described during surgery, but the effect of different
anesthesia techniques remains unknown. Perfused boundary region (PBR) evaluated by side-stream dark field (SDF) imaging
of the sublingual microcirculation enables in vivo EG assessment. PBR values are inversely related to the EG thickness.
OBJECTIVE: The aim of the observational study was to evaluate the changes of PBR in patients undergoing elective joint
surgery under general (GA) vs. neuraxial anesthesia (NA). Our hypothesis was that PBR will be lower in patients in NA.
METHODS: Sixty consecutive patients (ASA 1-3) undergoing elective total knee or hip replacement under GA or NA were
included in this prospective observational cohort study. PBR in the sublingual microcirculation was recorded in each patient
using SDF at two time points - before surgery and 2 hours after surgery.

RESULTS: Before surgery, there was no significant difference in baseline PBR between groups (NA: 1.95 pm (£0.24); GA:
2.02 wm (+0.26); p=0.098). Postoperatively (2 hours after surgery) PBR was significantly increased in both groups with
respect to baseline values (NA: 2.09 pm (£0.19), GA: 2.20 pum (£0.25); p <0.001). In the GA group, postoperative PBR
values were significantly higher than in the NA group (p=0.006).
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CONCLUSION: Joint surgery led to significant increases of PBR. Patients in the GA group had significantly higher PBR
values 2 hours after surgery compared to NA group. This might implicate that NA is associated with less EG damage then
GA in elective hip/knee surgery.

Keywords: Endothelial glycocalyx, neuraxial anesthesia, joint surgery

List of abbreviations

EG endothelial glycocalyx
GA  general anesthesia

ICU intensive care unit

NA  neuraxial anesthesia
PBR perfused boundary region
RBC red blood cells.

1. Background

Endothelial glycocalyx (EG) is a gel-like sugar-based structure, lining the apical surface of endothe-
lial cells [1, 2]. It has been considered as a major regulator of endothelial functions [3-5]. The key
role of EG is to modulate extravascular fluid shifts and prevent a direct contact between endothe-
lial cells and circulating inflammatory or pro-coagulant triggers [6]. Importantly, EG represents not
only a passive barrier between intravascular compartment and the endothelial surface, but it plays
an important role in the regulation of inflammatory processes, ischemia and reperfusion injury, and
modulation of endothelial production of nitric oxide by mechanotransduction of fluid shear stress [7,
8]. The delicate nature of its carbohydrate-based structure predisposes EG to be fragile and to respond
rapidly to noxious stimulation of various origins and to date, the role of EG in clinical medicine
is being increasingly appreciated [3]. In addition the composition and dimensions of EG fluctuates
even in a physiological condition mainly due to the shear stress from the flowing blood elements and
it is continuously regenerated by the synthesis from the endothelial cells [9]. The current evidence
suggests that under virtually all critical conditions (e.g. sepsis, trauma, hypoxia) a distortion of the
structure and function of EG may eccur which in turn can contribute to the distortion of the micro-
circulation, thrombosis [10] and the subsequent development of organ dysfunction and organ failure
[11, 12].

Visualization of the EG in humans is extremely difficult, mainly because of its microscopic dimension
and fragility. Until recently, direct in vive visualization of EG in humans has been unsuccessful. The
EG is partially accessible to flowing red blood cells at its luminal side, a portion called the Perfused
Boundary Region (PBR). The EG forms a mechanical, protective barrier that limits radial motion of
flowing red blood cells towards the endothelial surface. Damage to glycocalyx results in increased
PBR, which can be measured in human sublingual microvasculature recordings obtained by one of the
imaging techniques currently available, e.g. Sidestream Dark Field (SDF) or just recently introduced
Incident Dark Field (IDF) imaging technology [13, 14].

Changes in EG related to anesthesia and perioperative medicine are lacking detailed exploration
so far [15] and more information about the effect of different treatment strategies [16] may signifi-
cantly affect the way we look at anesthesia and related interventions in terms of their possible impact
on EG.
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2. Objective

The aim of this study was to evaluate PBR value changes as in vive marker of EG thickness in
patients undergoing elective hip/knee surgery under general (GA) and neuraxial anesthesia (NA). Our
primary hypothesis was that NA affects EG less than GA due to the omission of oxidative stress from
general anesthetics.

3. Methods
3.1. Study design and setting

A prospective observational study that has been approved by a local ethical committeeand reg-
istered at Clinical Trials.gov (https://clinicaltrials.gov, ClinicalTrials.gov Identifier: NCT02783443).
The study was performed at the University Hospitals Hradec Kralove and Plzen (Czech Republic).

3.2. Participants

Adult patients scheduled for elective total knee/hip replacement under GA and NA (either epidural
or spinal) were included in this prospective observational study conducted at two university hospi-
tals. Patients were recruited consecutively during a pre-admission clinic visit from October 2015 to
December 2016. Inclusion criteria were: age above 18 years, American Society of Anesthesiologists
Physical Status (ASA) 1-3, no history of any oncological disease, and not an active smoker. Patients
were investigated after obtaining informed consent. Patients were excluded in the case of surgery
cancellation or refusal of the second recording of the microcirculation. After enrolment to the study
a designated physician followed patients until hospital discharge. GA group of patients were pre-
medicated with morphine 0.1 mg/kg (Morphine, BB Pharma, Prague, Czech Republic) intramuscular
injection. Induction of anesthesia by propofol 2 mg/kg (Propofol, Fresenius Kabi, Bad Homburg, Ger-
many), sufentanil 0.2 pg/kg (Sufentanil Torrex, Chiesi CZ, Prague, Czech Republic) and atracurium
0.4 mg/kg (Tracrium, Aspen Pharma, Dublin, Ireland). The airway was secured by orotracheal intuba-
tion. Anesthesia and analgesia was maintained by sevoflurane 0.7-1 MAC (Sevorane, AbbVie, Prague,
Czech Republic) in a fresh gas mixture with air and 0.4 F;O; and sufentanil 0.1 pg/kg. Balanced crys-
talloid solution was used for fluid therapy (Ringerfundin, BBraun, Melsungen, Germany) at basal
rate 2 ml/kg/hour with additional boluses as required during surgery according to the blood loss. NA
group of patients were premedicated with oral bromazepam 1.5 mg (Lexaurin, Kabu Pharma, Prague,
Czech Republic). Subarachnoid anesthesia was done by lumbar pucture (Quinke needle, 25 G, BBraun,
Melsungen, Germany) and injection of 2ml of 0.5% levobupivacaine (Chirocaine, AbbVie, Prague,
Czech Republic) and 2.5 pg of sufentanil intrathecally. Balanced crystalloid solution was used for
fluid therapy (Ringerfundin, BBraun, Melsungen, Germany) at basal rate 2 ml/kg/hour with additional
boluses as required during surgery according to the blood loss and blood pressure drop after subarach-
noid blockade. Intraoperative sedation was induced and maintained by midazolam 1 mg intravenously
(Accord Healthcare, North Harrow, UK) and sufentanil 5 g intravenously. Supplementary oxygen
was provided by face mask with flow of 5 L/minute. In both groups the blood pressure was kept in a
range + 20% from baseline. If vasopressor was required, an intravenous dose of 10mg of ephedrine
(Ephedrin biotika, BB Pharma, Prague, Czech Republic) was used. The tourniquet was used only in
knee replacement in patients in NA group on the thigh of the operated leg with pressure of 220 mmHg.
The bone cement was used according to the type of alloplastic.
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Fig. 1. The original image of the sublingual microcirculation. Surface area: 915x686 pm. Magnification: 325x. Recorded by
SDF camera.

The primary outcome of the study was the change in PBR values 2 hours after surgery. Selected
clinical and laboratory variables were also recorded preoperatively (age, gender, patient’s history -
any type of vascular disease, hypertensive on medication, diabetes mellitus (on insulin, oral antidia-
betic agents or diet), concomitant medication - beta-blockers, statins, insulin, ACE inhibitors, calcium
channel blockers, steroids or immunosuppressing drugs taken longer than one week prior the surgery,
routinely ordered laboratory values), during and after anesthesia/surgery (heart rate, blood pressure,
pulse oximetry, body temperature, type of anesthesia, type and length of surgery, major and minor intra-
operative adverse events (a major adverse event was defined as a complication leading to unplanned
admission to intensive care unit (ICU) within 48 hours, a minor adverse event was defined as a compli-
cation in the patient documentation that needed therapeutic intervention without admission to ICU),
estimated blood loss, amount of fluids/colloids given, amount of transfusion units given during the
surgery and up to 2 hours after the surgery.

3.3. Perfused boundary region

For each patient, we scheduled two successive visits at the bedside to obtain recordings of the
capillary web of the sublingual microcirculation. The first visit was before surgery (T1) and the second
2 hours after surgery (T2). Patients were given a glass of lukewarm water to rinse the saliva off
the sublingual mucosa. On each visit, we performed two recordings from one side of the sublingual
area. Microcirculation videos were recorded by specialized hand-held video microscope (KK camera,
Research Technology Limited, Alliance Court, Honiton, UK; Fig. 1) connected to a laptop computer
with specialized recording and analysis software (GlycoCheck, Maastricht, the Netherlands).

Perfused boundary region (PBR) describes the extent of penetration of the flowing red blood cells
(RBC) in pm into the luminal surface of the EG by measuring the radial motion of RBC away from
the central flow towards the endothelial cells. The more the EG is injured, the deeper RBC penetrates
into the glycocalyx and the higher the PBR is. The software automatically measures PBR in vessels
of diameter ranging from 5 to 25 wm (capillaries exclusively) and the resulting number stands for
an average of PBR that is corrected for the potential changes in the distribution of vessel diameters.
A detailed description of PBR calculation has already been described elsewhere [17]. Briefly, the
software identifies all available vessels and places 10 pm long vascular segments along them (Fig. 2).
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Fig. 2. Image of the software processing of the Flg 1. Image processing by GlyooCheck analysis software. Red lines trace
all available vessels with diameters from 5 to 25 Aum. Green lines are dcmark:ng vascular segments selected for the analysis.
Yellow lines are bordering invalid segments.

The recording is stopped when 3000 segments are acquired in focus and without movement. Then the
software selects segments with sufficient contrast with the background and counts the median RBC
column width and its distribution from the intensity profile. From this intensity profile, the perfused
diameter of the vessel is calculated by a linear regression analysis. The PBR stands for the distance
between RBC column width and perfused dlameter‘ accordmg to the equation: (Perfused diameter —
median RBC column width)/2. \

3.4. Statistical analysis

Based on the expected difference in PBR between patients under GA and NA, the alpha error [=0.05
and study power =0.99, sample size calculation was 52 patients. We aimed to enrol 60 consecutive
patients to reach 30 patients with each type of anesthesia, either general anesthesia or neuraxial.

For statistical analysis, we used Gmiih’ Pad Prism v6.0c (GraphPad Software, Inc., CA, USA). All
data were tested for normality prior testing by D’ Agostino-Pearson omnibus normality test. Data are
expressed as mean (and standard deviation) or median (and interquartile range), a value of p < 0.05 was
considered as statistically mgmﬁcam.far paired and unpaired t-tests. Z-test we used for two populations
proportion analysis.

4. Results

Sixty-three patients were initially enrolled; one patient was canceled before surgery due to amyocar-
dial infarction and two patients refused to have their microcirculation be recorded again due to the
irritating sensation in the mouth and nausea during the first recording. Thirty patients underwent
hip/knee replacement surgery under general anesthesia (GA group) and thirty patients under neuraxial
anesthesia (NA group). Baseline clinical characteristics of both groups are summarized in Table 1,
except for bodyweight (significantly higher weight in GA group) there were no significant differ-
ences. There were also no significant differences in selected preoperative and postoperative variables
- glycemia, natremia, creatinine and hemoglobin levels, and blood loss or fluid balance response.
(Table 2).
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Table 1

Basic demographic and surgery data

Patients’ data GA NA p value
Age [years] 66.63 (7.08) 67.13 (9.81) 0.82
Gender [%] F53,M47 F 47, M 53 0.19
Weight [kg] 91.46(17.29) 81.30 (19.87) 0.04
Height [cm] 172.10 (8.42)  168.60 (10.92) 0.17
ASA

I 2 0 0.07

Il 21 19 0.54

111 7 11 0.13
Tvpe of sugery
Hip replacement 18 21 0.21
Knee replacement 12 9 0.21
Prime - implantation (hip or knee) 27 24 0.14
Revision surgery (hip or knee) 5 6 0.14

Baseline clinical characterictics of both groups. GA - general anesthesia, NA - neu-
raxial anesthesia. ASA - American Society of Anesthesiologists physical status. M -
male, F - female. Data are presented as mean (standard deviation).

Table 2
Selected laboratory and intraoperative course data

Patients’ data GA NA p value
Glycemia [mmol/l] 5.40 (5-6) 5.55 (4.88-6.43) 0.53
Natremia [mmol/1] 140 (2.42) 139.50 (2.35) 0.42
Creatinine [mmol/l] 73 (62.70-77.00) 77 (67.50-86.50) 0.17
Hemoglobin [g/1] 140.90(13.72) 139.30 (15.97) 0.68
Hematoerit [%] 41,23 (3.72) 42.03 (4.46) 0.45
Blood loss [ml] 400 (237.50-600) 300 (300-300) (.68
Fluid balance [ml] 1175(910-1638) 1550 (975-1800) 0.22

Variables related to the intraoperative course. GA - general anesthesia, NA - neuraxial
anesthesia. Data are presented as mean (standard deviation) or median (interquartile
range).

Patients’” medical history is summarised in Table 3. The tourniquet was used in knee replacement
surgery in patients in NA (9 patients) as well as bone cement. Before surgery, there was no significant
difference in PBR between groups (1.95 pm (£0.24) in NA vs. 2.02 pm (£0.26) in GA, p=0.098).
Two hours after surgery PBR significantly increased in both groups with respect to baseline values
(NA: 2.09 um (£0.19), p<0.001; GA: 2.20 pm (£0.25), p<0.001). Moreover, PBR significantly
differed between NA and GA group 2 hours after surgery (p=0.006) (Table 4, Fig. 3). In NA group, 3
patients (10%) were reported to have a postoperative adverse event. In GA group 14 patients (47 %),
the difference reached statistical significance (p<0.001). Major adverse events were a pulmonary
embolism (one patient in NA group), myocardial infarction (one patient in NA group), deep venous
thrombosis (one patient in GA group) and supraventricular arrhythmia (one patient in GA group).
Table 5 summarizes minor postoperative adverse events in both groups.
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Table 3
Summarisation of patients’ medical history

Patients’ history GA NA p value
Hypertension 21 18 042
Antihypertensive drugs 21 18 042
Diabetes mellitus 5 9 0.22
PAD/insulin 3 7 0.16
Dyslipidaemia 9 10 0.78
Statins 9 10 0.78

GA — general anesthesia, NA — neuraxial anesthesia, PAD — per oral
antidiabetic drugs.

Table 4
The endothelial glycocalyx analysis data

PBR [ pm] GA NA p value
PBR 2.02 (0.26) 1.95(0.24) 0.098
PBR 2 2.20(0.25) 2.09 (0.19) 0.006
PBR - PBR2 <0.001

PBR - PBR_2 <0.001

Results of the endothelial glycocalyx measurement. PBR - perfused
boundary region, PBR 2 — perfoused boundary region in 2 hours after
the surgery, GA - general anesthesia, NA - neuraxial anesthesia. Data
are presented as mean (standard deviation).

2.5

L

1.5
Before After Before After
General anesthesia Neuraxial anesthesia

Fig. 3. Graph of the endothelial glycocalyx analysis data. PBR results in both groups. PBR - perfused boundary region. Data
are presented as mean (columns) and standard deviation (error bars).

5. Discussion
Our study showed that elective joint surgery led to increased PBR dimensions and that patients in

GA group had higher PBR 2 hours after surgery compared to NA group. We have chosen this interval
of 2 hours after surgery because patients had entirely recovered from both types of anesthesia, and
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Table 5
Postoperative adverse events

Minor postoperative GA NA pvalue
adverse events

Anemia 2 0 0.07

Obstipation 0 | 0.15

PONV 8 0 0.001

Delirium 2 0 0.07

Total 12 1 <0.001

Summary of minor postoperative adverse events.
PONV - postoperative nausea and vomiting.

in addition EG regenerates in days back to full thickness. Therefore, 2 hours after the surgery, the
presumed damage would be best detectable [2]. Since PBR is an indicator of endothelial glycocalyx
thickness, obtained data supports the hypothesis that neuraxial anesthesia techniques are associated
with a lower extent of EG damage compared to general anesthesia for the given surgical procedure.
Different types of surgery under general anesthesiahave been associated with glycocalyx injury [18, 19]
and a term “endotheliopathy™ has been just recently introduced in order to describe changes of vascular
endothelium with regard to trauma, which has many common features with elective surgery [20]. There
is ongoing discussion whether or not the choice of the anesthetic may affect the outcome after total hip
replacement [21-24] and there is limited evidence favouring neuraxial anesthesia techniques in term of
better postoperative outcome as shown in a recent systematic review by Johnson et al. [24]. The vascular
endothelium is one of the earliest sites of injury during inflammation [25, 26], ischemia-reperfusion
injury [25, 27] and trauma [12, 15, 28] - all those events are present during surgery to some extent.
Attenuating endothelial injury could be the result of better blocking afferent inputs from the surgical
field, reduced systemic inflammatory response to surgery and more efficient sympathetic blockade
attributed to neuraxial blockade [29]. However, further mechanisms may play a role - less amount of
intravenous anaesthetics given, modulating vascular tone or modulating cell to cell interaction by local
anaesthetic agents [29, 30].

Our study has several limitations. Firstly, we used PBR as the only method for the evaluation of EG
damage. PBR describes the extent of penetration of the flowing RBC in pm into the EG by measuring
the deviation of RBC from the central flow towards the endothelial cells. EG damage results in deeper
penetration of RBC and is reflected by increased PBR value. Despite the fact that PBR was used
as an indicator reflecting glycocalyx thickness in various clinical scenarios [9, 31-38], the current
report of peri-operative glycocalyx changes would benefit from combining PBR with measuring other
humoral markers (e.g. syndecan—1, hyaluronan, heparan sulfate) to estimate glycocalyx shedding in
vivo. However, none of these circulating glycobiological markers are specific to endothelia. Moreover,
they are strongly affected by extravascular tissue damage and changes in hepatic function which is a
major obstacle to their use in clinical medicine [26, 35]. Secondly, alterations of EG by factors other
than the choice of the anesthetics cannot be ruled out - e.g. preoperative fluid status, the fluid amount
given during surgery, types of fluids given, blood loss (in our study none of the patients required
transfusion in the first two hours after the surgery), chronic diseases, usage of tourniquet and bone
cement (in our study 9 patients out of 60) [30, 36, 37]. We presumed hip and knee surgery were
comparable in the severity of surgerical trauma. Thirdly, our study was not randomized, and patients
entered the study in consecutive fashion at two different departments that may cause bias in patient
selection and therefore affect study results.
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Due to the key role of EG in humans in protecting the vascular endothelium against capillary
leakage, inflammation, and coagulation, the injury of glycocalyx is expected to lead to an increased
capillary permeability resulting in tissue edema, a proinflammatory environment, hypercoagulability
and loss of vascular reactivity. Any of these mechanisms may contribute to the development of various
postoperative non-surgical complications [3, 6, 38]. Limiting damage to the EG by using neuraxial
blockade instead of general anesthesia may, therefore, serve as another piece of the puzzle in searching
for an explanation why some authors report better outcome after the use of neuraxial anesthesia [26,
39, 40]. In our opinion, our findings support the idea that EG and its damage/dysfunction may play a
nonnegligible role in the clinical outcome of surgical patients. Searching for the “glycocalyx-friendly”
anesthesia techniques in order to mitigate EG damage caused by surgery might, therefore, represent
an important research area. Preconditioning the EG (e.g. pharmacologically) before major elective
surgery may serve as a future target in perioperative medicine.

6. Conclusion

Elective joint replacement surgery led to significant changes of PBR dimensions indicating EG
damage during the procedure. Undergoing the procedure under neuraxial blockade was associated
with less EG damage compared to general anesthesia as measured by PBR. Preservation of the EG
may be associated with a decreased rate of postoperative complications.
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