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Podékovani

Rad bych podékoval své rodin€ a zejména mé manzelce Téani za jeji podporu, bez které by nejen tato
prace nemohla vzniknout. Byla a je mi cennou kazdodenni podporou v mé praci, ktera je naro¢na na cas
straveny mimo rodinu, ale i energii, ktera je zapotiebi ke zlepSovani péce nejen o pacienty na mimotélni
podpofte. Dékuji rovnéz svym rodiclim, 1€kaiim, kteti mé k tomuto povolani ptivedli a mému otci, ktery
je lékatem stejného oboru. Dékuji vedeni FNO a KARIM FN Ostrava, ze rozvoj ECMO programu
v Ostravé vzdy podporovali. Zvlastni podékovani patii mému piedchidci ve vedeni ECMO Centra a
kamaradovi Honzovi Macovi. Velice dékuji svym kolegiim z KARIMu, ktefi se podileji na kazdodenni
péci o ECMO pacienty, kdy by bez jejich entuziazmu, ochoty, zru¢nosti a znalosti nemohl ECMO
program fungovat a zejména se dale tak dynamicky rozvijet. Stejné tak dekuji vSem, ktefi se na ECMO
programu podileji, protoze se jednd o komplexni a tymovou praci. Na zavér bych chtél podékovat
predstavitelim Zdravotnické zachranné sluzby, kdy bez dokonalé spoluprace by nemohly fungovat
transporty komplikovanych pacientll a uz viilbec ne program mimonemocni¢ni resuscitace s vyuzitim

ECMO.
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1 Uvod

Mimotélni membranova oxygenace (ECMO) piedstavuje pokrocilou metodu podpory Zivotnich
funkci. Jde zejména o podporu ¢i ndhradu funkce plic se zajisténim vymeény krevnich plynl anebo
obéhovou podporu, zajisténim mimotélniho krevniho ob&hu okyslicené krve. Ob¢ metody se mohou

vzajemné kombinovat podle stavu pacienta a vstupni indikace.

ECMO se zacalo vyuzivat v 70. letech minulého stoleti a je spojeno zejména s profesorem chirurgie
Robertem Bartlettem, ktery ptisobil na univerzité v Michaganu [1]. Poprvé byl mimoté€lni obéh pouzit u
kardiochirurgického vykonu v roce 1954, nicméné tuto technologii bylo mozno pro vyznamnou
interakci krve se vzduchem pouzit jen v fadu n€kolika hodin, a del$i pouziti bylo letalni [2]. Technologie
ECMO byla nejprve vyvinuta pro neonatologické pacienty s reverzibilnim postizenim srdce a plic, a
prvnim pacientem na ECMO se stala Esperanza, ktera v roce 1976 stravila na ECMO 3 dny pro plicni
postiZeni po aspiraci mekonia. Metoda byla postupné rozvijena i na dalSich pracovistich a v roce 1989
byla zalozena mezinarodni organizace ELSO (Extracorporeal Life Support Organization), ktera dnes
spojuje jednotliva pracovisté, je platformou pro tvorbu doporuc¢enych postupil, organizaci kongrest a

spolupraci jednotlivych center. Bartlett zemiel v rodném Ann Arbornu, 20. 10. 2025 ve veéku 86 let.

Indikace k ECMO se ¢asem znacné rozsitily, kdy nyni pfevazuji implantace u dospélych pacienti se
srdecnim selhdnim z nejriznéjSich pficin, perioperaéni nebo periproceduralni podpora beéhem
operacnich vykonti nebo kardiologickych intervenci, nebo v posledni dobé stoupajici vyuziti ECMO
béhem resuscitace. Dal$i velkou skupinou jsou pacienti s plicnim postizenim a vyuzitim ECMO
k zajisténi vymény krevnich plynli. Vyznamnou c¢ast predstavuji pacienti, u kterych nelze ocekavat
zotaveni, jsou Cekatelé na transplantaci organit a ECMO poskytuje ¢as do nalezeni vhodného dérce.
Jednad se nejen o pacienty se srde¢nim selhanim cekajici na transplantaci srdce ¢i dlouhodobou
mechanickou srde¢ni podporu, ale i pacienty ¢ekajici na transplantaci plic. V posledni dobé stoupa pocet
ECMO vyuzitych  jako bridge béhem resuscitace (CPR, Kardiopulmonarni
resuscitace/Cardiopulmonary resuscitation). Jedna se o tzv. extrakorporalni resuscitaci (ECPR), kdy
postupy konvenéni CPR nevedou k navratu spontanniho ob&hu (ROSC, Return of spontaneous
circulation) a ECMO je jedinou metodou, jak zajistit dostate¢nou organovou perfuzi. Jedna se o velmi
komplikovany management naro¢ny jak na diagnostiku a indikaci, tak na samotnou implantaci ECMO.
ECPR je efektivni pouze pro specifickou, velmi peclivé selektovanou populaci pacientil s potencialné
reverzibilni pfi¢inou zastavy ob&hu, kvalitn¢ provadénou CPR, kratkym prodlenim mezi zastavou ob&hu

a zahajenim CPR ¢i implantaci ECMO.



Bezpecnost ECMO podpory je vyznamnym imperativem jiz od poc¢atku, protoze metoda byla spojena
s fadou technickych komplikaci a problémy s biokompatibilitou, kdy vétSina pfedstavuje, i pfes znacné
pokroky, komplikace a limity metody i dnes. Vyplyva to zejména z intenzity podpory, protoZze mimotélni
pritok mize dosahovat az k 6 1 krve/minutu a jedna se proto o vyznamny kontakt krve s cizorodym
materialem okruhu. Kontakt krve vracejici se z mimoté€lniho okruhu s organismem pacienta je mnohem
vetsi, neZ u jinych organovych podpor jako je tomu napfiklad u nahrady funkce ledvin, u které se jedna
o nékolik set mililitri za minutu. Komplikace mtize pfinést i samotna implantace ECMO, protoze se
jedna o zavedeni velkych cévnich kanyl pro mimotélni ob&éh. Kanylace mize byt komplikovana
krvacenim, nemoznosti zavést tuhé vodi¢e, nebo malpozici kanyly. Implantace ECMO béhem
resuscitace mize probihat pod zna¢nym ¢asovym stresem a rovnéz v prostredi, které je samo o sobé

nestandardni. Jedna se tedy stale o velmi invazivni vykon.

ECMO podporu mtze komplikovat koagulopatie vznikajici v dasledku aktivace koagulace, krevnich
desticek a zanétlivé odpoveédi. Zasadni roli hraje biokompatibilita mimotélniho okruhu, hadic, pumpy a
oxygenatoru. Obvykle jsou proto pacienti cilen¢ farmakologicky antikoagulovani, aby tolerance ECMO
umoznila zotaveni organti. Jednim z velkych témat je proto nastaveni antikoagulace, protoze nalezeni
vhodného poméru mezi riziky krvaceni a trombotickymi komplikacemi je velmi obtizné [3]. Kromé
farmakologického ovlivnéni plazmatické koagulace maji pacienti na ECMO obvykle urcitou miru
poruchy funkce krevnich desti¢ek, a dale poruchu koagulace v ramci zakladniho onemocnéni (septicti
pacienti, diseminovana intravaskuldrni koagulopatie atd.). Krvaceni mulze proto nastat nejen
v souvislosti s intervencemi (implantace ECMO), ale muze dochazet k rozvoji spontanniho difuzniho
krvaceni do plic ¢i jinde. Na druhé strané stoji trombotické piihody, pficemz nejcastéjsi trombozy
v mimotélnim okruhu vznikaji v oxygenatoru, kde krev protéka velkou plochou, a tedy relativné
pomalu. Vysledkem je tak porucha funkce oxygenatoru, ktera miize mit i akutni charakter s nutnosti
vymény okruhu. Neméné vyznamné jsou také Zilni trombozy v okoli kanyl naptiklad s rizikem plicni
embolizace pfi explantacich ECMO. Zivot ohrozujici a technicky nefesitelné jsou pak nitrosrde¢ni
trombdzy u pacientd s minimdlnim srde¢nim vydejem, kde stagnuje v srdci krev. Dal§i vyznamnou
komplikaci mze byt u pacientd po koronarni intervenci trombdza ve stentu s dal§i destabilizaci
pacienta. Heparin je nejcastéji pouzivanou antikoagulaci, ale s fadou znamych komplikaci (rezistence,
trombocytopenie atd.) [4]. Najit jind vhodna farmaka s bezpecnym profilem, predikovatelnym efektem

a klinicky jednoduchym monitoringem je proto velmi diilezitym tématem v klinickém vyzkumu.

Stejné jako je kladen diraz na samotny béh ECMO, je velmi dilezity i management zakladniho
onemocnéni. U pacientl se selhanim plic je stéZejni management umélé plicni ventilace. Jakkoli se
bezpeénost UPV za posledni dekady zlepsila, zejména po zavedeni tzv. protektivniho nastaveni UPV do

praxe [5,6], predstavuje UPV mechanickou energii (ME), kterou pfistroj ptisobi na plicni parenchym s



rizikem dalSiho plicniho postizeni [7]. Ventilace nizkymi dechovymi objemy (Vt) a tlaky, oteviraci
manévry, nastaveni vhodného pozitivniho pietlaku na konci expiria (PEEP) nebo pronac¢ni poloha jsou
doporuenymi a zavedenymi intervencemi vedouci ke snizeni plicniho postizeni zptsobeného
ventilatorem (VILI) [8]. V pfipadé€, ze jsou parametry UPV agresivni, je ECMO metodou, jak zajistit
vyménu plyn mimo pacienta a UPV nastavit do bezpe¢ného pasma. Vyznamnym problémem z pohledu
kontroly agresivity ventilace mtize byt spontanni dychani pacienta, protoze monitorovani ventilacnich
tlakl a objemil je u téchto pacientii znacné komplikované. K napojeni na ECMO jsou indikovani nejen
pacienti na UPV v hlubokém spanku, ale i pacienti bez mechanické ventila¢ni podpory, plné pii védomi

(tzv. ,,awake* ECMO), kdy ndro¢nost oSetfovani a celkovy management je velkou vyzvou pro cely tym.

Tématem habilitani prace je management pacienti na ECMO se zaméfenim na bezpecnost a
efektivitu ECMO podpory, coz je v soucasné dob¢ stézejni téma pfi rozsifujicich se indikacich a
nartistu poctu ECMO. Habilita¢ni prace je souborem komentovanych praci podle § 72 odst. 3 pismene
b) zakona o vysokych Skolach. Prvni ¢ast prace je vénovana rozvoji a efektivit¢ managementu ECPR.
Zavedeni ECPR v dané lokalit¢ a nastaveni jednotlivych systémti ECPR musi respektovat fadu
individualnich parametri, aby systém dosahoval dobrych neurologickych vysledk pacientti po ECPR.
Jedna se jak o samotny vybér vhodnych pacientli, management transportli pacientti s mimonemocni¢ni
srde¢ni zastavou do nemocnice za probihajici resuscitace, transportu tymu ke kanylaci ECMO na misto
srde¢ni zastavy, ¢i samotnou organizaci indikujicich a kanylujicich tymi a jednotlivych procedur. Prace
se rovnéz vénuje kvalité Zivota po ECPR a definuje nejvétsi problémy téchto pacientti v dlouhodobém
horizontu po ECPR. Dalsi ¢ast habilita¢ni prace se tyka antikoagula¢ni 1é¢by u pacientd na ECMO a
alternativé k heparinu vzhledem k riziku krvacivych komplikaci, ale i monitorovanim ucinnosti
argatrobanu. Nasi snahou bylo nalezeni bezpecného a zaroven efektivniho rozmezi antikoagulace
argatrobanem k minimalizaci krvacivych a trombotickych komplikaci. Posledni ¢ast prace predstavuje
koncept méfeni mechanické energie ventilace pacientii na UPV jako dal§iho parametru pro zajiSténi
protektivni plicni ventilace. Vénuje se implementaci ME jako parametru dostupného v realném case u
lizka béhem nastavovani jednotlivych parametrd UPYV, a nalezeni limitu ME spojené s vys§imi riziky
komplikaci UPV, kdy ME muze slouzit jako jeden z parametrt signalizujici neprotektivni ventilaci a

podpofit indikaci k ECMO.



2 Systém mimotélni membranové oxygenace (ECMO) a

zakladni indikace

2.1 Zakladni komponenty ECMO
Systém ECMO se sklada z nékolika zakladnich komponent [9]:

e ECMO konzole

e  Okruhu - systému hadic, napojeného prostrednictvim kanyl do cév pacienta
e systému ¢idel a méficich prvki

e oxygenatoru (ndhrada plic, vymeéna krevnich plynt)

e krevni pumpy (néhrada srdce, resp. pohonu krve v okruhu)

e pfivodu Cerstvé smési plynil se sméSovacem do oxygenatoru

rrrrrr

ovladacimi prvky pfistroje. Zakladni nastaveni pfedstavuje voli¢ otdcek pumpy nebo pritoku (podle
toho, jak je systém nastaven, a ktery parametr je v fizeni upfednostnén), voli¢ vybéru zobrazeni
(rozvrzeni jednotlivych parametrt na displeji), management alarmi a limitt, ptipadné nekteré specialni
funkce dle konkrétniho vyrobce konzole. Moderni pfistroje maji i rozhrani pro vzdalenou spravu dat a

zapojeni do nemocnicnich systémt na jednotkach intenzivni péce (JIP).

Obrazek 2-1 ECMO konzole

Krevni pumpa je zafizeni umoziujici pohyb krve mimotélnim okruhem. V ECMO systémech dnes

prevazuji centrifugalni pumpy, u kterych neni ptimy kontakt krevnich elementd s okluznim systémem



¢i jinym mechanismem, a krev je pohanéna na zaklad¢ odstiedivé sily, ktera je generovana otackami
hlavy pumpy. Krev vstupuje do stfedu rotoru (impelleru) a rotujici lopatky (nebo magneticky levitovany
disk) krev urychli. Odstiediva sila ji tlaci ven, ¢imz vznikd tlakovy gradient a pritok krve. Pritok je
funkeci gradientt tlaki (afterload + odpor okruhu), otacek pumpy a celkového odporu (kanyly, viskozita
krve, odpor oxygenatoru, apod.) [10]. Centrifugalni pumpy negeneruji prutok, ale tlakovy gradient.
Pritok krve proto neni stacionarni, ale zavisi na Zilnim névratu (preloadu) a odporech, proti kterym
pumpa krev vypuzuje. Klinicky pfi hypovolemii ¢i vysokém afterloadu miize dojit ke zméné prutoku,

aniz by se zménily otacky pumpy.

Obecné dnes prevazuji systémy jednopumpové s kontinualnim tokem krve. Na trhu jsou i vyrobci, ktefi
dodavaji systtmy ECMO se dvéma pumpami s moznosti pulzatilniho toku krve fizeného bud’ ¢asem
(fixni pulz bez ovlivnéni ¢innosti nativnim srdecnim vydejem) [11], nebo fizeného podle EKG
s moznosti pfesné upravy nacasovani a intenzity pulzu [12,13]. Potencialni vyhody téchto systému
(celkové vyssi pritoky, unloading levé komory, vyssi energie krevniho toku s vlivem na mikrocirkulaci)

jsou stale pfedmétem mnoha diskuzi, a nadale pievazuji systémy s kontinualnim tokem [14].

Oxygenator je mistem, kde dochazi k vymeén¢ krevnich plynt mezi krvi a Cerstvou smési plyni. Krevni
kompartment je od plynného oddélen specidlni membranou, kterou plyny prostupuji podle
koncentracnich gradientd. NejCastéji jsou membrany tvofeny dutymi vlakny z polymethylpentenu (PMP,
poly-4-methyl-1-penten) [15]. Oproti star§Sim membranam z polypropylenu (PP) maji moderni
konstrukce vyss$i biokompatibilitu, vyznamné nizsi ,,plasma leak™ a maji delsi trvanlivost. Zatimco PP
membrany fungovaly na principu pfimého kontaktu plyn—krev ptfes pory v membrané, PMP jsou
neporézni, difuzni membrany a jsou tvoreny plynovymi vyménnymi vlakny (gas fibres). Uvnitf vlaken
proudi plyn (sweep gas nastaveny na sméSovaci plynti) a vn¢ vlaken krev. Krevni plyny tak neprochazeji
pres pory, ale difunduji rozpusténim v polymeru a naslednou difuzi skrz sténu se dostavaji do krve.

Vlastni difuze je urcena podle Fickova zakona:
J=D-A-Ap/T

J = priitok plynu (napr. O: nebo CO:), D = difuzni koeficient (zavisi na plynu a materialu), A =

plocha membrany, Ap = rozdil parcialnich tlaku, T = tloustka membrany.

Zatimco parametry membrany ménit nelze, je hlavni hnaci silou gradient parcialnich tlakt plyni, které

lze nastavenim ovlivnit.

Oxygenatory riznych vyrobcl se lisi zejména konstrukci, povrchovou upravou (antitrombogenni
povrchy) ¢i rezistenci krevnimu toku. Oxygenatory maji diky své konstrukci velky povrch pro vyménu
plynti, ktery se obvykle pohybuje okolo 1,8 m?[9]. Oxygenator je proto mistem, kde krev proudi

relativn€ nejpomaleji a mize zde dochazet ke tvorbé krevnich srazenin. SraZzenim krve v oxygenatoru



se jednak snizuje jeho Uc¢innost a jednak dochazi ke zvySovani odporu krevnimu toku, coz v meznim

pfipadé muze vést i k ndhlé zastaveé pritoku krve mimotélnim systémem s ohroZenim Zivota pacienta.

Prikon Cerstvé smési plyni do oxygenatoru je regulovan sméSovacem plyni. Jedna se obvykle o

mechanicky sméSovac urcujici celkovy priitok smési a jeji slozeni, tedy frakci kysliku. Nékteré moderni

oy e

l

Obrazek 2-2 Hadice ECMO
okruhu se senzory a
priitokomérem.

Systém je propojen plastovymi hadicemi, kterymi proudi krev. Pro systémy ECMO se obvykle
pouzivaji hadice z polyvinylchloridu (PVC) o rozméru 3/8 palce (cca 9,5 mm), coz je standardni rozmér
pro dospélé pacienty. Hadice jsou obvykle pro zvyseni biokompatibility potazené tzv. coatingem, ktery
napodobuje endotel kapilary a ktery zdsadné prodluzuje trvanlivost okruhu. Coating je obvykle pfitomen
i na povrchu oxygenatoru a systému krevni pumpy. Diky coatingu dochazi ke snizeni aktivace
koagulace, snizeni aktivace komplementu, omezeni adheze trombocyti a sniZzeni prozanétlivé odpoveédi
[16]. Nejcastéji jde o heparinovy coating, kdy je heparin kovalentn€ vazan na povrch okruhu (naptiklad
Bioline, Getinge) [17]. Nevyhodou systému je, ze heparinovy coating v ¢ase ztraci svou ti€innost a mtize
se stat vice trombogenni. Omezenim mohou byt pacienti s heparinem indukovanou trombocytopenit,
protoze heparin v coatingu muze tuto patologii dale zhorSovat. Déle se muze jednat o polymerni
biokompatibilni coating (Biosurface, Fresenius) bez heparinu, obsahujici negativné nabité sulfonované
polymery [18]. Phosphorylcholin (PC) je dalsi variantou upravy okruhu s nizkou aktivaci zanétu a
snizenim aktivace trombocytl, oproti coatingu s heparinem. Jedna se o vrstvu napodobujici bunécné

membrany v podobé pasivniho, hydrofilniho antitrombogenniho povrchu (Eurosets) [15].
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Do okruhu ECMO jsou viazena ¢idla a senzory, které monitoruji chod systému. Jedna se o priitokomeér,
sledovanymi tlaky jsou nasavaci tlak, kterym je krev nasdvana do mimotélniho okruhu. Déle tlak za
krevni pumpou a tlak za oxygenatorem. Podle téchto tlakli 1ze nastavovat pritok systémem tak, aby byl
efektivni, a dale tyto tlaky umoziuji terapeuticky reagovat pfi jejich vyznamnych odchylkach

(dopliiovani intravaskularniho objemu, vyvoj transmembranového tlaku na oxygenatoru, apod.).

Systém ECMO se zapojuje do krevniho ob&hu pacienta pomoci kanyl, urCenych pro nasavani krve
z Zilni strany krevniho fecisté a pro vraceni krve zpét do krevniho ob&hu pacienta. Velikost kanyl se
udava ve French (F, 1 F = 0,33 mm). Jedna se o zevni primér kanyly, ktery musi byt zohlednén pti
vybéru vhodného materialu podle rozméru cév pacienta. Pro nasavaci kanyly se obvykle voli velikost
21-29 F a pro vypuzovaci kanyly 15-19 F u dospélych pacientd. Nasavaci kanyly jsou obvykle delsi
(dosahuji z oblasti tfisla do dolni duté zily, pfiblizn€ 55 cm) a nejcastéji se pouzivaji tzv. multistage
kanyly s vice otvory pro nasavani krve na distalnim konci kanyly (otvory jsou rozmistény pfiblizn¢ na
poslednich 15 cm kanyly). Multistage konstrukce umoziuje lepsi distribuci sani, navic jsou obvykle
kanyly vybaveny kovovou spirdlovou vyztuhou zabranujici kolapsu kanyly pii vyznamném sani.
Névratové kanyly maji obvykle jeden otvor na konci kanyly (single stage) a jsou kratsi (ptiblizn€ 15
cm). Zasadné dtlezita je velikost kanyl, tedy vnitini pramér, ktery je kritickou determinantou pratoku.

Pro laminarni proudéni plati Poiseuilleova rovnice:
Q= m*r**AP/8nL
Q = priitok, r = polomeér kanyly, AP = tlakovy gradient, n = viskozita krve, L = delka kanyly.

Prutok je ptfimo umérny ¢tvrté mocniné pruméru kanyly, a proto ma velikost kanyly exponencialni vliv
na prutok. Pokud naptiklad uvazujeme stejnou délku kanyl ve velikosti 21 F a 25 F, je pritok krve o
stejné viskozité, teploté a stejném tlakovém gradientu Cisté teoreticky v 25 F kanyle 2x vétsi. Pritok
mensi nasavaci kanylou mutze byt limitovan nizkym negativnim nasavacim tlakem a klinicky
»prisavanim* s poklesem pritoku ECMO systémem. Mensi navratova kanyla pak bude potfebovat vyssi
tlak generovany pumpou k dosaZeni stejného prutoku. Klinicky je pritok ovlivnén i viskozitou krve,

hematokritem a nelaminarnim proudénim okolo otvort ¢i spojek.

Krome téchto zakladnich kanyl existuji kanyly biluminalni. Jedna se o kanylu, ktera ma nasavaci otvor
v hrotu a proximalné a vyvrhovaci otvor mezi nimi. Pokud je kanyla vhodn¢ zavedena pies jugularni
zilu, dokéze nasavat krev z dolni a horni duté zily a vypuzovat krev do pravé siné. Predstavuje tak
podporu plicnich funkei (VV ECMO). Vyhodou je snazsi rehabilitace, pokud pacient nema nasavaci
kanylu v tfisle [19]. Pritok je ale limitovan niz$i kapacitou kanyly a je proto vhodna pro odpojovani od
VV ECMO. Dalsi specidlni kanylou mtze byt kanyla pro pravostrannou srde¢ni podporu. Jedna se

rovnéz o biluminalni kanylu s proximalnim sanim a distalnim vypuzovacim otvorem. Kanyla ma

11



specidlni tvar vhodny pro zavedeni do pravostrannych srde¢nich oddild, kdy hrot kanyly je umistén za
pulmondlni chlopeii [20]. Jedna se o pravostrannou srde¢ni podporu, kdy do okruhu mtize a nemusi byt

viazen oxygenator, podle stavu nativnich plic.

2.2 Zakladni patofyziologie vymeény plyn( ve vztahu k nastaveni ECMO
Systémy ECMO jsou konfigurovany tak, aby zajistily adekvatni vyménu plynti u dospélého pacienta.
80 kg clovek spotiebuje zhruba 240-320 ml O»/min a vyprodukuje asi 160-240 ml CO»/min. Kyslik je
relativné malo rozpustny, a proto je jeho hlavni ¢ast pfenaSena ve vazbe na hemoglobin, jak vyplyva

z rovnice pro obsah kysliku v krvi:
Ca0,=(1.34-Hb-Sa0,) + (0.003-Pa0,)

CaO2 = obsah kysliku v arterialni krvi, Hb = koncentrace hemoglobinu v krvi, SaO2 = saturace krve

kyslikem, PaO2 = parcialni tlak kysliku.

Z rovnice vyplyva, ze pii 100 g hemoglobinu/litr krve a 97 % saturaci je mozné v jednom litru krve
prenést asi 130 ml O,. K pokryti zakladni spotieby O, je proto potieba okyslic¢it alespon 2 litry krve/min
a vice (pfi vyse uvedenych hodnotach hemoglobinu a saturace). Naproti tomu je CO, velmi dobie
rozpustny plyn, a kromé rozpusténé formy je transportovan v plazmée pfeménény pies bikarbonat a
karbamino slouceniny. Jeden litr krve obsahuje celkové asi 500 ml CO; a proto k eliminaci CO;

vyprodukovaného metabolismem za minutu je potfeba ocistit jen asi 0,5 1 krve.

Z téchto patofyziologickych predpokladii vyplyva podstata nastaveni systému ECMO. Pokud
uvazujeme VV podpory, je pro oxygenaci pacienta, respektive dosazeni urcité dodavky O, zasadné
dilezity pritok krve systémem. Oxygenacni porucha proto vyzaduje vyssi prutok krve, kdy je nutno
dale kalkulovat s ur¢itou mirou recirkulace oxygenované krve zpét do systému ECMO a dale miseni
okyslicené krve z ECMO s krvi pritékajici z zilniho systému pacienta. Pritok systémem ECMO by m¢l
byt vyssi nez 60 % srde¢niho vydeje, pokud chceme dosdhnout normalnich hodnot saturace
hemoglobinu kyslikem p#i minimalnim ¢i nulovém vlivu nativnich plic na oxygenaci. V praxi tak u
pacienta se srde¢nim vydejem okolo 6 1/min a spotfebou okolo 250 ml O»/min casto potiebujeme
dosahovat ECMO prutokid vice nez 4 1/min. Sweep gas je pak nastaven podle kontrolnich hodnot
krevnich plynt v arterialni krvi. Pfi nizkém pritoku systémem ECMO vsak nelze zajistit oxygenaci jen
pouhym navysSenim sweep gas, protoze krev v oxygenatoru bude dosahovat plné saturace kyslikem a
pro jeho celkoveé vyssi dodavku je zapotiebi vysSich pritokil (oxygenovat plné vice litrd krve). U
izolovaného hyperkapnického respiracniho selhani je situace jina. Obsah CO- v krvi je vzhledem k jeho
produkci relativné vysoky, a proto k eliminaci minutové produkce CO» dostacuje ocistit jen asi 0,5 1
krve za minutu. Syst¢ém ECMO tak mutze byt nastaven na niz$i pritoky okolo 1 1/min a sweep gas

(nastaveny opét podle hodnot krevnich plynti) je pak dostatecny k eliminaci CO,. Pokud pfedpokladame
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jen potfebu dekarbonizace krve muze byt ECMO zajisténo mensimi kanylami s celkové nizkymi

pratoky (ECCO2R, extracorporeal CO; removal).

Dosahovani zcela normalnich hodnot krevnich plynit nemusi byt nutn€ cilem ECMO podpory. Urcita
tolerance hypoxemie ¢i hyperkapnie (koncept permisivni hyperkapnie/hypoxemie) muze byt
kompromisem mezi agresivitou ECMO podpory (vysoké prutoky, kapacitni kanyly ¢i pfidavani dalsi
nasavaci kanyly apod.) a konsekvencemi, které odchylky krevnich plynti v organismu zptsobuji.
Korelatem tkanové dysoxie mize byt dysfunkce dalSich organti, kdy jejich pecliva kontrola umoziuje
nalézt hranici tolerance hypoxemie a hyperkapnie. Napiiklad hodnoty PaO okolo 6-7 kPa mohou byt
velmi dobie tolerovany, a dosazeni hodnot nad 10 kPa by znamenalo napiiklad dalsi invaze v podobé

zajisténi kapacitnéjsi drendze pro ECMO systém nebo nékdy nesnadné feSeni recirkulace systému.

V ptipadé VA podpor je stézejni zajisténi systémové perfuze organismu. Obvykle je snahou dosahovat
celkového CI nad 1,5 aZ 2 1/m?*/min a stfedniho arterialniho tlaku nad 60 mmHg [9]. Nastaveni ECMO
pratoku je nutné konfrontovat s levokomorovym vydejem a vasopresorickou potiebou. Pokud je kromée
nizkého srde¢niho vydeje navic pfitomen i distribucni Sok, je potfeba vyrazné vyssiho ECMO pritoku,
nez u izolovaného $oku kardiogenniho. Krevni tlak je funkci pritoku a systémové cévni rezistence.
Vysoky ECMO pritok ma tak pfimy hemodynamicky vliv na udrzeni krevniho tlaku a snizeni spotieby
vasopresort. Kombinace kardiogenniho Soku a distribu¢niho je typicka pro pacienty po srdecni zastave,
kdy celotélova ischemie a ischemicko-reperfuzni postizeni vede k poklesu systémové rezistence
s vysokou potfebou vasopresorii. Piikon ¢erstvé smeési plyni je nastavovan podle hodnot krevnich plynt
a u VA podpor ¢asto neni potieba vysokych pritokt plynt ¢i pritoku Cisté smési kysliku (neni zde
recirkulace a krev z levé komory je oxygenovana z nativnich plic). Naopak miize byt problémem
hyperoxie [21], a proto je zapotiebi i béhem transportl pacientii ¢i Casné po napojeni na ECMO nastavit

prikon Cerstvé smési plyntl na nizsi frakei O.

2.3 Zakladni konfigurace ECMO

Existuje fada moznosti zapojeni ECMO okruhu do cévniho systému pacienta, ale v zasadé rozdélujeme
zapojeni podle typu podpory, respektive podle selhavajicich organd. Zapojeni okruhu s nasavanim i
vydejem do Zilniho systému pacienta oznacujeme jako tzv. VV (veno-vendzni) ECMO a ptedstavuje
plicni podporu, kdy se krev drénuje obvykle z dolni duté Zily pacienta cestou femoralni Zily, a vraci se
zpét do zilniho systému obvykle cestou jugularni a horni duté zily. Pokud je ECMO indikovano jako
ob&hova podpora, je mimotelni okruh zapojen do cévniho systému pacienta zpravidla pies drenaz z dolni
duté zily femoralni Zilou a nasledné je okysli¢end krev navracena do tepenné¢ho systému obvykle
femoralni tepnou, tedy VA (veno-arterialni) ECMO. Existuje mnoho riznych, tzv. hybridnich kombinaci
tohoto zapojeni, kdy vybér vhodné konfigurace musi respektovat aktualni situaci a potfeby pacienta. Pti

nedostatecné drendzi do systtmu ECMO muze byt pfidana dal$i zilni nasavaci kanyla (VV-V
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konfigurace), nebo miize byt krev z ECMO do ob¢hu pacienta ptivadéna jak do zilniho systému pied

pravé srdce, tak do fecisteé tepenného cestou femoralni tepny (V-AV, obrazek 2-4).

Obrazek 2-3. V-AV konfigurace
ECMO

2.3.1 VV konfigurace

Pti selhani vymény krevnich plynti je obvykle indikovano VV ECMO. Tato konfigurace nemé ptimy
hemodynamicky ucinek, protoze do systémového ob&hu pacienta dodava veskerou krev leva komora
[9]. Okyslicena krev zbavena CO; je vracena ze systému ECMO pied pravostranné srdecni oddily, kdy
do plicnicové tepny se dostava ,,nefyziologicky* oxygenovana krev. Timto zptisobem je oslabena c¢i
ptimo eliminovana hypoxicka plicni vasokonstrikce (HPV), které patofyziologicky omezuje plicni zkrat
v pripad¢ alveolarni hypoventilace a hypoxie. Snizeni HPV pomoci VV ECMO mize vyznamné snizit
afterload pro pravou komoru a tim klinicky vyznamné zlepsit pravostranny srde¢ni vydej, preload pro
levostranné srde¢ni oddily a tim padem i systémovy srdecni vydej. Klinickym korelatem mize pak byt
zna¢ny pokles vasopresorické podpory po spusténi VV ECMO. Pacienti na VV ECMO jsou obvykle
pripojeni nékolik tydnl. Je snahou, aby i v pribéhu ECMO podpory pacienti rehabilitovali a
spolupracovali pti védomi [22]. Ne vzdy vsak toho lze dosdhnout a nékdy jsou pacienti analgosedovani

fadu tydnd. Proto se obvykle voli vétsi prumér ECMO kanyl, aby drenaz, ale i navrat krve byl zajistén
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nizkymi tlaky, mohly se nastavit nizsi otacky pumpy ve snaze o nizsi traumatizaci krevnich elementt a
snizeni vyskytu dalsich komplikaci. Pro dosazeni normoxemie a normokapnie je nutné, aby byl zajistén
urc¢ity ECMO pritok vici systémovému srde¢nimu vydeji. Toto je obvykle zajisténo, pokud ECMO
pritok dosahuje alesponi 60 % systémového vydeje. Problémem to mize byt zejména, pokud srdecni
vydej pacienta je vysoky, napiiklad pti hyperkinetické cirkulaci, a nékdy je zapotiebi farmakologicky
nativni srde¢ni vydej snizovat, abychom dosahli uvedené¢ho poméru k pritoku ECMO systémem, ktery

1ze ztfidka dlouhodobé udrzet nad 5 a vice litra za minutu.

2.3.2 VA konfigurace
Pii obéhovém selhani a nizkém srde¢nim vydeji je indikovano VA ECMO. Tato konfigurace dodava
ECMO vydej do systémového ob&hu pacienta a celkovy vydej okysli¢ené krve do tepenného systému

pacienta je tak sou¢tem nativniho srde¢niho vydeje a mimot¢lniho vydeje [9]. VA ECMO ma piimy

Obrazek 2-4. Typicka kanylace VA ECMO v trisle se
zavedenou progradni odbockou

hemodynamicky efekt. Proud krve ze syst¢tmu ECMO je v této konfiguraci nejcastéji dodavan do
femoralni tepny proti fyziologickému proudu krve vypuzené do aorty z levé komory. ECMO muze vést
ke zvySeni afterloadu, proti kterému leva komora pracuje a miize timto zptisobem dokonce nativni
srdecni vydej snizit a zhorsit efektivitu ¢innosti levé komory [23]. Jedna se ale o situace velmi nizkého
levokomorového vykonu, ktery by nebyl schopen zajistit potfebny systémovy vydej. Trvani VA podpory
je obvykle krat$i nez VV ECMO podpory, ale i tak miize byt pacient na VA ECMO fadu tydnti. Obvykle
volime kanyly o men$im priiméru nez v ptipadé VV ECMO. Tepenna femoralni kanyla mize zpisobit
omezeni perfuze koncetiny distaln€. Z tohoto diivodu se pouzivaji mensi kanyly, které tak vyznamné
neobturuji praimér tepny, nebo musi byt zajisténa dalsi progradni kanyla napojena do systému ECMO,
zajistujici perfuzi distaln¢ od hlavni navratové kanyly (tzv. odbocka, obvykle velikosti 6-8 F, obrazek
2-3). Diky nefyziologickému obracenému toku z ECMO ,,proti“ levé komote mize dochazet k jeji
distenzi a ke zhorSeni jeji funkce, resp. nejsou zajistény optimalni podminky pro obnovu levokomorové
funkce. Leva komora mize byt dilatovana zvySenymi tlaky, mize dojit ke zhorSeni regurgitacnich

chlopennich vad. Komora miize mit tak maly vykon a srde¢ni vydej, ze mize dojit ke ztraté pulzatilniho
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toku se stazou krve v srdecnich oddilech s trombogennim potencidlem. Jedna se o zavaznou situaci, kdy
je vhodné komoru odlehcit (unloadovat), abychom zvysili potencidl na névrat srdecnich funkci
(recovery) ¢i snizili riziko malignich arytmii (dilatovana komora mé vétSi potencial k fibrilaci,
respektive pokud fibriluje, obtizné 1ze maligni elektrickou aktivitu zvratit) [24]. Unloading lze do urcité
miry provést farmakologicky pomoci inotropik. Dal$imi moznostmi jsou mechanické metody
unloadingu jako napfiklad odsdvani krve z levé sin€ (venting), ptidani levokomorové mechanické
podpory (dnes casto systémem Impella), nebo pulzatilnimi ECMO systémy, piipadn€ intraaortalni
baléonkovou kontrapulzaci (IABP) [23]. Zalezi na individualnim stavu pacienta a zkuSenostech a

moznostech ECMO centra.

2.4 Cile ECMO podpory

Cile ECMO mutzeme fundamentalné rozdé¢lit do nékolika zakladnich skupin. Nejcastéji se jednd o
indikaci pfi patologii, kterou se snazime odstranit ¢i vylécit. Jedna se o tzv. ,,bridge to recovery* [25].
Ptikladem mohou byt implantace VV podpor u syndromu dechové tisn¢ dospélych (acute respiratory
distress syndrome, ARDS) ¢i zapalu plic, kdy predpokladame, ze ECMO umozni pieklenout obdobi,
kdy plice nedokazou pti zachovani protektivni ventilace zajistit adekvatni vyménu plynti a ze specificka
1écba ¢i jiné intervence muzou plice zreparovat. V ptipadé VA podpor je typickou indikaci akutni
koronarni syndrom, kdy ECMO pieklene obdobi kardiogenniho Soku pied navratem nebo zlepSenim
srde¢niho vydeje po reperfuzni intervenci. V piipadé, kdy béhem nebo nékdy dokonce uz pred samotnou
implantaci ECMO mame informace o mozném zafazeni do transplanta¢niho programu, at’ uz se jedna o
plice ¢i srdce, je indikaci k ECMO podpofe tzv. ,,bridge to transplantation® [26]. Pacienti zistavaji na
podpoie a Cekaji na darovany organ. V ptipadé urgentniho organového selhani ¢i kardiopulmonalni
resuscitace (konvenéni kardiopulmonalni resuscitace, CCPR), kdy neni mozné v ¢asové tisni provést
paraklinicka vySetieni, patrat po anamnéze a dalSich okolnostech, je mozné implantovat ECMO jako
tzv. ,.bridge to decision“ s védomim, ze se v dal§im prabéhu mohou zjistit skutecnosti, které na
prognoézu a dal$i management pacienta mohou mit zasadni vliv [27]. V této limitované situaci bud’

pacient bez ECMO podpory zemte nebo bude implantovan a okolnosti budou zjistovany nasledné.
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3 Nejdulezitéjsi rizika ECMO podpory

Jak jiz bylo zminéno v uvodu, ECMO je podpora spojend i dnes s fadou rizik. Metoda je nejen invazivni
intervenci, ale i jeji béh je spojen s vyznamnymi interakcemi s jednotlivymi organy, imunitnim
systémem, systémem zanctu ¢i koagulace. Pfi roz$ifujicich se indikacich, a tim padem i poctu
implantovanych ECMO je imperativem bezpecnost, prevence komplikaci a efektivita jednotlivych

podpor.

3.1 Rizika plynouci z implantace ECMO

Vzhledem k tomu, Ze jiz samotna kanylace ECMO pfinasi nemala rizika, je nutné peclivé zhodnoceni
indikace. Rozhodnuti o implantaci ECMO musi byt provedeno erudovanym tymem vedenym Iékafem
s velkou klinickou zkusenosti. Paraklinické vySetfovaci metody indikaci oziejmi, pokud je na né cas,
nicmén¢ minimaln¢ echokardiografie, plicni sonografie, resp. ultrazvukové vysetieni bficha (u
rizikovych pacientti za probihajici CCPR) je obvykle zakladem i v pfednemocnicni péci nebo v jinych

limitujicich situacich.

V souCasné dobé je standardem implantace ECMO, resp. kanylace cév pod sonografickou
(ultrazvukovou, UZ) kontrolou, piipadné pod skiaskopickou kontrolou napiiklad na angiolince,
Seldingerovou technikou (zavedeni vodice ptes punkcni jehlu a poté dal§iho instrumentdria jiz po tomto
vodi¢i). Pod UZ lze jednak zhodnotit cévni systém pifed samotnou punkci, tak pod pfimou kontrolou
provést punkci a zavedeni vodict, kontrolu ptipadného krvaceni v okoli ¢i ovéfit pozici kanyly v dolni
duté zile. Bezprostfedné po kanylaci je vhodné opét zkontrolovat rizikova mista pro vznik
periproceduralniho krvaceni jako kontrola perikardu, nova separace pleury apod. Dal$imi moznostmi
jsou chirurgicka implantace pod ptimou kontrolou zraku, ¢i hybridni techniky kombinujici postupy
Seldingerovy techniky a chirurgického pfistupu. Tyto postupy obvykle vyzaduji delsi ¢as k implantaci

a mohou byt komplikovany protrahovanym hojenim operacni rany.

Mezi nejcastéjsi komplikace béhem implantace ECMO patfi periproceduralni krviceni v misté
implantace, nebo krvaceni pii poranéni cév ¢i organti vodici nebo dal$im instrumentariem. Muaze dojit
k perforaci a disekci cévy. Dalsi komplikaci miize byt krvaceni do dutiny biisni, do hrudniku ¢i
perikardu, kdy se mtize jednat o komplikaci s fatalnimi nasledky. Obtizna identifikace cévnich struktur
s ptipadnou malpozici kanyly do jin€, nez pivodné zamyslené cévy, musi byt rychle identifikovana a
rekanylovana. MiZe se jednat o dvojitou punkci Zil ¢i tepen, pfipadné se zavedenim kanyly mimo cévy
s neefektivnim mimotélnim obéhem. Pneumothorax s deterioraci ventilace i ob¢hu mulze rovnéz

vzniknout béhem komplikované implantace ECMO.

Uspésnost kanylaci je obvykle vysoka a méla by se pohybovat nad 90 % &i 95 % ve vysokoobjemovych

centrech s velkou zkuSenosti personalu [28].
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3.2 Rizika interakce s ECMO okruhem a ovlivnéni ECMO priitokem

Vysoky pritok krve mimotélnim okruhem predstavuje vyznamny kontakt krve s cizorodym
materialem, a organismus na toto zpravidla vice ¢i mén¢ negativné reaguje. Dochazi k poruse primarni
hemostazy, k dysfunkci a aktivaci krevnich desticek. Nékdy dochdzi v ramci koagulopatie i k tézkym
trombocytopeniim (vyssi spotfeba a diluce). Typickym mechanickym disledkem mimotélniho obéhu je
ziskana forma von Willebrandova syndromu. Centrifugalni pumpa vytvari dle vyse otacek stfizné napéti
na krevnich elementech (shear stress), rozvinuti multimert von Willebrandova faktoru (vWF), jeho
Stépeni protedzou ADAMTS13 a proteolyzou vysokomolekularnich multimert. Ztrata téchto multimert
vede k poruse vazby krevnich desticek na subendotel. Projevem je porucha trombocytarni adhese,
prodlouzeni testu PFA a sniZzeni poméru aktivity/antigen VWF (vWF:Ag je normalni / lehce

snizeny) [29].

Dale dochazi k aktivaci plazmatické koagulace, tvorbé aktivniho trombinu a ke spotfebovani
koagula¢nich faktorti. Dochazi k zanétlivé odpovédi a v neposledni fadé¢ k mechanické hemolyze.
Klinicky pak mitze dojit kcelé skale situaci od tézkych krvaceni az po trombotizaci, jak

v okruhu/oxygenatoru, tak v krevnim obé&hu pacienta.

ECMO pritok neni fyziologicky a miize sdm o sobé¢ vést k negativnimu ovlivnéni organii. Typicky se
jedné o interakce pratoku z periferniho VA ECMO s fyziologickym tokem z levé komory. ECMO priitok
obvykle zvysuje afterload levé komory (LK) a zhorSuje tak efektivitu jeji funkce, Casto v dobé jeji
tézké dysfunkce dané primarni pfi¢inou selhani, resp. indikaci k VA ECMO. Mize tak dojit
k levokomorové distenzi, snizeni fibrilacniho prahu s moznosti protrahované a obtizn€ ovlivnitelné
komorové fibrilace. Vykon LK muzZe byt tak maly, Ze dojde ke sniZeni az ke ztrat€ tepového objemu a
vymizeni pulzatilniho toku v systémové cirkulaci. Disledkem je velmi nebezpecna staza krve
v srde¢nich oddilech s riziky trombotizace s fatalnimi disledky a pozadavky na vyssi antikoagulaci. VA
ECMO na druhé stran¢ nasava krev z pravostrannych srde¢nich oddilt ¢i velkych cév bezprosttedne
pred nimi a snizuje tak napli srdecnich oddilti a preload. Vliv na plnici tlaky levé komory je proto velmi
komplexni a bez pfimého méfeni je obtizné ho odhadnout. Pivodni dogma, ze VA ECMO vyznamné
zvysuje levokomorové plnici tlaky nemusi platit a tyto tlaky jsou vyznamné zvysené jen u nékterych
pacientt [30,31]. Pokud ale vznikne distenze LK s vysokymi plnicimi tlaky, se stazou krve a nizkou
pulzatilitou je tento stav vaznou komplikaci, a vyzaduje nejen rychlou diagnostiku, ale pfedevsim ¢asny
unloading LK [32]. Dal§im hemodynamickym problémem u VA ECMO mize byt obstrukce tepny

distalné od navratové kanyly s nutnosti zavedeni perfuzni spojky zminéné vyse.
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3.3 Rizika antikoagulace a krvacivé ¢i trombotické komplikace

Antikoagulace je integralni sou¢asti ECMO podpory, jejim cilem je zamezit nadmérnému sraZeni
krve a udrzet syst¢ém ECMO v béhu. Umély povrch mimotélniho okruhu je ve své podstaté trombogenni
jakkoli se moderni Uiprava povrchti okruhti snazi tuto trombogenicitu snizit. Heparin (nefrakcionovany
heparin, unfractionated heparin, UFH) je dosud nejcastéji pouzivany antikoagulacni preparat. Je levny,
pracovisté s nim obvykle maji bohaté zkusSenosti, ma antidotum, a je mozné ho podavat jak kontinualné¢,
tak v bolusech intravenézné pii implantaci ECMO [3]. Vedlej$im a snad i prospéSnym ucinkem u
nékterych pacientti mize byt jeho protizanétlivy ¢i antiviroticky efekt [33]. Jeho antikoagula¢ni efekt je
zprostiedkovan antitrombinem (AT), ktery pak inaktivuje trombin a faktor X. Proto je zcela z4sadni
nejen kontrolovat hladinu AT, ale udrzovat ji ve fyziologickém rozmezi. AT ale méni svou hladinu
v prubehu prozanétlivych stavii, kdy jeho nizka hladina vede k rezistenci na UFH s rizikem trombdzy a
nutnosti navySovani davek UFH k danému terapeutickému cili. Suplementace AT pak znamena vykyv
v antikoagula¢nim efektu UFH s rizikem krvaceni. UFH neptisobi na trombin jiz navazany v krevnim
koagulu a ptisobi jen na volny trombin. UFH se vyznamné vaze na reaktanty akutni faze, ale u¢inkuje
jen jeho volna frakce. Zména hladiny reaktant akutni fize béhem rezoluce sepse nebo naopak jejiho
nastupu muze rovnéz ovlivnit volnou frakci UFH a dale znesnadiiuje predikci jeho efektu. Vyznamnou
komplikaci je pak heparinem indukovana trombocytopenie (HIT), kdy dochazi k aktivaci trombocyti
s tvorbou trombti [34]. HIT vznika vazbou UFH na PF4 (platelet factor 4) na povrchu desticek, a pokud
nasledn¢ vzniknou protilatky proti tomuto komplexu, dojde jimi k aktivaci desti¢ek. Trombocyty se
spotfebovavaji a zbylé jsou hyperaktivni. Dochazi tak k trombocytopenii s vysokym rizikem trombdz.
Efekt antikoagulace UFH muze byt proto Spatné predikovatelny s riziky krvaceni i trombozy.
K monitorovani uc¢inku UFH se pouzivaji nespecifické testy, predevSim aktivovany parcialni
tromboplastinovy ¢as (aPTT) a Groven inhibice faktoru Xa. Dfive pouzivany aktivovany koagulacni ¢as
(activated clotting time, ACT) se dnes pouziva jiz mén¢ Casto [4]. Tyto testy odrazeji Sirsi koagulaéni
poruchy nez jen pusobeni UFH. K posouzeni koagulace je rovnéz mozné vyuzit viskoelastické

metody [35-37].

DalSimi latkami, které je mozné pouzit béhem ECMO jsou nizkomolekularni heparin (LMWH) a
zejména skupina pFimych inhibitord trombinu (direct thrombin inhibitors, DTI). Jejich efekt se zda
1épe predikovatelny se srovnatelnou a mozna i lepsi ucinnosti a bezpe¢nosti. Podrobnéji jsou probrany

v kapitole 6.

Krvacivé komplikace jsou bohuzel béhem ECMO ¢asté a mohou byt i zivot ohrozujici [38,39]. MuzZe se
jednat o krvaceni v souvislosti s vlastni implantaci ECMO, dale krvaceni okolo cévnich vstupti ¢i drént.
Vyjimkou nejsou ani krvaceni do dychacich cest a plic s obtiznou bronchoskopickou toaletou. U
pacientl po traumatu nebo po chirurgickych vykonech se miize jednat o krvaceni do operované oblasti.

Zvlastni skupinou jsou pacienti po kardiopulmonalni resuscitaci (CPR, cardiopulmonary resuscitation),
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u kterych jednak dochazi ke koagulopatii v ramci ischemicko-reperfuzniho postizeni, a jednak ke

krvaceni z poresuscitacnich poranéni zptsobenych nepiimou srde¢ni masdzi. Neni vyjimkou lacerace

organt dutiny bfi$ni, zejména sleziny a jater ¢i krvaceni do hrudniku po zlomenindch zeber. Ke

kvantifikaci krvaceni se obvykle pouzivd BARC skore (Bleeding Academic Research Consortium,
BARC), zobrazené v tabulce 3-1 [40].

Typ
BARC

Typ 0

Typ 1

Typ 2

Typ 3a

Typ 3b

Typ 3¢

Typ 4

Typ 5a

Typ 5b

Popis a Kkritéria

Zadné znamky krvaceni.

Mal¢ krvaceni, které nevyzaduje 1ékaiské osetfeni ani hospitalizaci (napt. modfina).

Klinicky ztejmé krvaceni, které vyzaduje vysetfeni, ale nesplituje kritéria pro Typ 3, 4 nebo 5.

Zavazné: Pokles hemoglobinu o 3 az <5 g/dl nebo vyzaduje transfuzi krve.

Velmi zavazné: Pokles hemoglobinu o >5 g/dl, krvaceni vyzadujici chirurgicky zakrok nebo

nitrozilni vazoaktivni latky.

Kritické: Nitrolebni krvaceni (v€etn€ michy) nebo nitroo¢ni krvaceni ohrozujici zrak.

Krvaceni souvisejici s operaci srde¢niho bypassu (CABG) — definovano specifickymi objemy krve

nebo reoperaci.

Pravdépodobné fatalni krvaceni (smrtelny nasledek).

Definitivni fatalni krvaceni (smrt pifimo potvrzena jako nasledek krvacent).

Tabulka 3-1 - BARC skore
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Trombotické komplikace jsou obvykle méné zavazné nez krvaceni, i kdyz i ty mohou byt zZivot
ohrozujici s fatalnimi nasledky [41,42]. Nejcastéji se trombdzy vyskytuji v oxygenatoru mimotélniho
okruhu. Jedn4 se o misto nejpomalejSiho krevniho toku, kdy plocha béznych oxygenator byva okolo
1,8 m?, a proto zde mé krev ke srazeni vétsi tendenci. Mikrotrombotizace oxygenatoru znamena pokles
jeho funkce (vymeéna krevnich plynii) a nariist odporu proudici krve. Obvykle se jedna o poruchu, kterou
je mozné vcas zachytit pfi vzestupu transmembranovych tlaki nebo poklesu tenze kysliku z krve
odebrané za oxygenatorem z okruhu ECMO. Podle toho je vhodné okruh v€as vyménit. Muze se ale
(méné Casto) jednat o urgentni pokles funkce oxygenatoru a v extrémnich pifipadech i zastaveni ECMO
pfi vysokych transmembranovych tlacich s ohrozenim zivota pacienta a nutnosti urgentni vymény
okruhu. K trombézam mize dochazet i u pacientdl. Zivot ohrozujici a &asto obtizné fegitelné jsou
trombozy v implantovanych stentech u pacient po koronarni intervenci v ramci managementu akutniho
koronarniho syndromu, miize se jednat o plicni embolie ¢i nitrosrde¢ni trombdzy. Okolo Zilnich kanyl,
které mohou naléhat na sténu cév se Casto tvoii tromby, které pti manipulaci s kanylou nejcasteji behem
explantace ECMO mohou vést k plicni embolizaci. Jedna se o kritickou situaci, ktera v extrémnim
pfipadé musi byt feSena dal$i urgentni kanylaci a napojenim na dalsi VA ECMO. Staza krve
v nitrosrde¢nich oddilech béhem VA ECMO s minimalni funkci levé komory je velmi rizikova
z pohledu vzniku trombu. Pokud by k takové trombdze doslo, je zpravidla pro pacienta fatalni, kdy

chirurgické feseni je extrémné komplikované a farmakologicka trombolyza rizikova.

3.4 Davky antikoagulace béhem ECMO a jejich nastaveni

Podle doporucenych postupii organizace ELSO je davkovani UFH pti kanylaci 50-100 [U/kg i.v. bolus,
a dale podavani kontinualni infuze priblizné¢ 20-50 1U/kg/h [4]. Toto standardni neboli terapeutické
davkovani UFH je stale Cast&ji nahrazeno nizko davkovanou antikoagulaci [43,44]. Nizce davkovany
k niz§im nezli standardnim cilim (pozn.: v citované praci aPTT 50-70 s jako standardni davkovani). Pro
aPTT je dle ELSO doporucena cilova hodnota 1,5-2,5nasobek vychozi hodnoty, ale toto je mozné
vypocitat jen pokud zname hodnoty aPTT pied onemocnénim a pfed napojenim na ECMO, coZ je v praxi

znaén€ komplikované a ¢asto nemozné. Jako standardni aPTT je v doporuceni ELSO uvedena hodnota

cilové antiXa 0,3-0,7 IU/ml pro plnou antikoagulaci. Data ze studie EOLIA, ktera zahrnovala dosp¢lé
na VV ECMO, vsak ukazuji, Ze cileni na aPTT 40-55 s nebo hladinu anti-Xa 0,2-0,3 IU/ml vedlo k
niz§imu poctu krvacivych ptihod pii zachovéni pfijatelné frekvence vymeény okruhu [47]. Efektivitu

nizsiho cilového anti-Xa potvrzuji i dalsi studie [48].

aPTT je antikoagulacni test, ktery se nejcastéji pouziva pro nastaveni davky UFH, LMWH ale i
DTI [49]. Ackoli je aPTT velmi dobife v praxi zavedeno, nejedna se o specificky test a odrazi
kombinovanou koagulacni aktivitu na nékolika urovnich. aPTT ma nékteré laboratorni

interference [50,51] a jeho realna hodnota je zkreslena u prozanétlivych stavii [52]. Testy hodnotici
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pfimo silu blokady dan¢ho koagula¢niho faktoru mohou byt piesnéjsi a nejsou ovlivnény jinymi
koagula¢nimi poruchami. Metoda pro UFH je hodnoceni blokady faktoru Xa a pro DTTI faktoru anti-Ila,
kdy se ukazuje, ze je tento pfistup pro DTI vhodné&jsi nez aPTT [53]. Rovnéz u DTI maze byt
odvozeny od praci na pacientech s HIT (heparinem indukovanou trombocytopenii). Alberio a kol.
doporudili argatroban jako jednu z moznych nahrad UFH u pacient s HIT, s cilovym testem anti-lla
0,4-1,5 pg/ml [55]. Stejné cilové rozmezi bylo jiz dfive doporuceno v praci Kleinschmidt a kol. [56]
jako hodnota pro terapeutickou antikoagulaci. Pro DTI je mozné pouzit i dalsi specifické testy jako
dilutovany trombinovy ¢as (dTT, diluted trombin time) nebo ECT (Ecarin Clotting Time), ale robustni
data pro jednoznacné nastaveni antikoagulace béhem ECMO zatim chybégji [57—60]. Nastaveni
antikoagulace LMWH u pacienti bez ECMO podle anti-Xa je zavedenym standardem, ale antikoagulace
pomoci LMWH u ECMO je vyuzivéana celkove velmi malo [61-63].

Dalsi strategii miize byt koncept ECMO bez antikoagulace (heparin free koncept), kdy béhem ECMO
podpory neni podavdna zadna systémova antikoagulace [64]. Jedna se o postup, ktery je mozné pouzit
u pacientl s aktivnim krvacenim nebo s vysokym rizikem takového krvaceni (naptiklad po traumatech
¢i operacich). Udrzeni vysokych pratokil v systému ECMO miiZze trombotizaci mirnit stejn¢ jako novy
okruh s dostateCnym coatingem. Zde je jesté vice diilezité peclivé sledovani tlaka v systému ECMO a
zvazovat neustale rizika krvéaceni s riziky trombdz a individualné ptehodnocovat antikoagulacni strategii

u daného pacienta.
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4 Typy organoveho selhavani fesitelné pomoci ECMO

4.1 Srdecni selhani

VA ECMO podpora zajisti dodate¢ny systémovy vydej okysli¢ené krve v fadu nékolika litrd za minutu.
Timto miiZze byt feSeno srdecni selhani, jehoz disledkem je nizky nativni srde¢ni vydej. ECMO pritok
pti femoro-femoralni konfiguraci obvykle zvysuje afterload LV a miiZze nativni srde¢ni vydej (cardiac
output, CO) jesté snizit. Celkovy CO je proto vzdy souctem aktualniho CO levé komory a ECMO.
Kardiogenni Sok na podklad¢ srde¢niho selhani s nizkou ejekeni frakei levé komory (ejection fraction
left ventricle, EFLV) a s nizkym CO je proto typickou indikaci k VA ECMO. Prikladem takového
srde¢niho selhani je akutni infarkt myokardu. Dale to mohou byt posttachykardické selhani nebo
kardiomyopatie ¢i myokarditidy. Mlize se jednat i o intoxikaci kardiotoxickymi léky ¢i arytmogenni
boufe nereagujici na konzervativni terapii. V klinickém obraze srde¢niho selhani se zachovalou EFLV
dominuje méstnani v malém obéhu s pfipadnou poruchou vymeény plyna v plicich, hypervolemie a

zhorSeni chlopennich vad. V tomto ptipadé neni ECMO obvykle indikovano.

U srde¢ni tamponady, at’ jiz vznikne z jakéhokoli diivodu, je nutné velmi expertni posouzeni situace
zaméfené na jeji kauzalni feSeni. Perikardidlni drendz je v kritickych situacich hemodynamického
selhani pln¢ indikovana, ale pokud tento vykon nevede k uspokojivému CO, je pacient ohrozen na
zivoté. Nizky systémovy srde¢ni vydej je zde kvili Spatnému pInéni a nizkému preloadu komor.
V urcitych specifickych situacich mize byt VA ECMO indikovano, kdy drendz zilni krve pted srdcem
do mimotélniho okruhu vede ke snizeni mnozstvi krve, ktera se pak dostava do perikardialniho prostoru.
Vraceni krve z ECMO do aorty pak zajisti perfuzi organi a ECMO systém muze umoznit dalsi

management, organizaci operacniho vykonu, zajisténi krevnich transfuzi apod.

Dalsi typickou indikaci je obstrukéni Sok nejcastéji pii plicni trombembolii. Drenaz zilni krve a perfuze
systémového tepenného fecisteé pomoci ECMO obejde obturovanou plicnici a umozni intervencni 1é€bu

tromboaspiraci, lokalni trombolyzou (catheter-directed thrombolysis, CDT) ¢i dal§imi postupy.

U Soku septického miiZe dojit k septické kardiomyopatii s nizkym CO a zde je ECMO pln¢ indikovano.
Castgji se ale u septického Soku setkavame s hyperkinetickou kompenzatorni cirkulaci (kompenzuje
hypotenzi v disledku nizké vaskularni rezistence) s CO v fadu mnoha litrd, nékdy az 15 I/minutu. Zde
obvykle neni mozné pomoci ECMO navysit celkovy CO tak, aby zlepsil systémovou perfuzi, zvysit
krevni tlak a umoznit zasadné redukovat vasopresorickou podporu, kdy podstatou je nizka systémova

vaskularni rezistence pii sepsi.

Indikaci k VA ECMO mohou byt i pacienti po kardiochirurgickych vykonech nebo zajisténi pacientt

b&hem intervenénich kardiologickych vykont.
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4.2 SrdecCni zastava

Urcitym specifickym srdecnim selhdnim je srdecni zastava a napojeni ECMO za probihajici CPR ¢iu
pacientli bezprostfedné po navratu spontanni cirkulace (return of spontaneous circulation, ROSC) a
nizkym CO. Celotélova ischemie, kdy byla cirkulace zastavena, vede ke zna¢nému ischemicko-
reperfuznimu postiZzeni po ROSC nebo po napojeni na ECMO. Systémova zanétliva odpoved’, porucha
koagulace s krvacivym stavem a dalsi patologie souvisejici s CPR jsou znaéné odlisné od pacientii
s prostym kardiogennim Sokem a ,,jen* nizkym srde¢nim vydejem. Pacienti jsou mnohem vice ohrozeni
sepsi, organovym selhavanim pii jaterni nedostate¢nosti &i ledvinném selhani. Castymi komplikacemi
jsou i poresuscita¢ni poranéni, jakkoli je snahou co nejbezpecnéjsi transport s probihajici ptistrojovou
mechanickou srdecni masdzi. Zasadni je pak mira postizeni mozku, kterd je obvykle pro prognézu

pacienta stézejni.
4.3 Selhaniplic

Selhani ventilace a oxygenace je typickou indikaci pro VV ECMO. MiuzZe se jednat o Sirokou skalu
patologii, ve které dominuji plicni zanéty, postizeni pfi fibrotizujicich plicnich procesech,
revmatologickych diagnoézach, ale mize se jednat i o pacienty s astmatickym statem nereagujici na
konvenéni terapii. Casto se jednd o pacienty s preexistujicim plicnim postizenim, napiiklad pfi
chronické bronchopulmonalni nemoci. Mize se jednat i o pacienty s traumatickou laceraci plice a
syndrom dechové tisné dospélych, ARDS (adult respiratory distress syndrome). Pro VV ECMO je
typicky sezénni ¢i epidemicky vyskyt, kdy bézna frekvence vyskytu je prekonana nejcastéji pii virovych
epidemiich a pandemiich. Posledni pandemie virové pneumonie zptisobend virem SARS-CoV-2 vedla
k dal§imu vyznamnému rozsifeni metody a potvrdila jeji pevné misto, které si ECMO ziskalo jiz po

epidemiich chtipky z roku 2011 (obrazek 4-1) [65].
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5 Mimotélni kardiopulmonarni resuscitace (ECPR)

ECPR je specialni podpora ¢i vtomto ptipadé dokonce nahrada cirkulace, pokud se nedafi
konvenénimi resuscitacnimi postupy obnovit srdecni ¢innost. Jedna se o periresuscitacni napojeni na
ECMO za probihajici srde¢ni masaze. Timto je cely management, indikace a samotné napojeni ve zcela
vyjimecném postaveni vici ostatnim indikacim k ECMO. Jedna se o zna¢né¢ stresujici situace, praci pod
casovym tlakem a omezenim plynoucim z prostiedi a polohy pacienta pti kanylaci. Obvykle tym pracuje
s omezenymi informacemi pro fadné zvazeni indikaci, a rozhodnuti by méla probihat podle piedem
stanovenych protokold, aby proces usnadnila [66]. Za téchto podminek je provedena diagnostika

(transthorakalni echokardiografie, TTE) a samotna implantace ECMO v co nejkrat$im case.

Pouziti kardiopulmonalniho bypassu bylo prvnim pionyrskym pokusem o ECPR. John Gibbon navrhl
tento koncept pro 1écbu tézké plicni embolie v roce 1937 [67]. Systémy ale musely piekonat fadu
problémti ve vyvoji a az koncem minulého stoleti se postupné prosadily systémy s centrifugalnimi
pumpami a coatingem okruhu. Prvni ECPR programy zacaly vznikat na konci minulého stoleti
zejména v Japonsku, kdy Morimura a kol. zhodnotil tyto prace v systematickém review z roku 2010
zahrnujici reporty od 1983 do 2008 [68]. Soubor zahrnoval 1285 OHCA ECPR pacientli s propusténim
z nemocnice ve 26,7 = 1,4 % a dobrym zotavenim ve 48,2 %. ECPR se rozvijelo i ve Francii s dal§imi
slibnymi reporty a studiemi [69,70]. Mezindrodni koordina¢ni vybor pro resuscitaci (International
Liaison Committee on Resuscitation) v roce 2005 uvedl, ze ECPR mize zlepsit vysledky po srde¢ni
zastaveé ve srovnani se standardni CPR v pfipadech kardiogenniho Soku a spatiené zastavy svédky u
potencialné reversibilnich pfi¢in kolapsu [71]. Ve stejnou dobu vydala kladné doporuceni i AHA
(American Heart Association) v tom smyslu, Zze ECPR by mélo byt zvaZeno u pacienti s nemocni¢ni

zéstavou a potencialni reverzibilitou kardidlni pfic¢iny [72].

Postupné se rozvijely systémy ve Spojenych statech, Evrop¢€ a dalich zemich, ale silnéjsi evidenci
pfinesly aZ randomizované prospektivni kontrolované studie ARREST, OHCA Prague a Inception a
jejich spolecné zhodnoceni [73—-76]. ARREST trial Yannopoulose a kol. z univerzity v Minnesoté byla
prvni randomizovana studie srovnavajici implantaci ECMO jako ECPR ve srovnani s konzervativnim
CPR u pacientu s fibrilaci komor (ventricular fibrillation, VF) nebo bezpulzovou elektrickou aktivitou
(pulseless electrical activity, PEA), kdy na malém vzorku 30 pacientd byla statisticky prokazana
prospésnost ECPR [75]. V intervenéni skupin€ byli pacienti s OHCA vezeni do centra a pokud splnili
indikacni kritéria, byli napojeni na VA ECMO. V konzervativnim rameni bylo postupovano standardné
bez ECMO. Propusténi z nemocnice jako primarni vysledek studie byl dosazen v ECMO skupiné versus
skupiné bez ECMO 6/14 (43 %) vs. 1/15 (7 %). 6m¢si¢ni pieziti bylo 43 % ve skupin¢ ECMO oproti 0

% v konvenéni skupiné. Studie byla pfedcasné ukoncena pro superioritu intervenéniho postupu. Ve
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studii OHCA Prague byli pacienti randomizovani na misté udalosti do konven¢niho ramene s konvencni
CPR anebo do intervencni skupiny, ktefi byli za kontinudlni resuscitace vezeni do centra k implantaci
ECMO, pokud dojeli do 60 minut od zavolani na linku zdchranné sluzby a neméli ROSC nebo méli
ROSC a soucasné tézky kardiogenni Sok (systolicky tlak <90 mmHg se stiedni az vysokou potiebou
vazopresortl). Primdrnim cilem bylo pfeziti s minimalnim nebo zddnym neurologickym poskozenim
(CPC 1 nebo 2, Cerebral Performance Category) po 180 dnech. Dobry neurologicky vysledek
v invazivnim vs. standardnim rameni byl 31,5 % vs. 22,0 % (95 % CI -1,3 az 20,1, p = 0,09), ale nebylo
dosazeno statistické vyznamnosti. Sekundarnim cilem byl neurologicky vysledek ve 30. dni, kdy pieziti
s minimalnim nebo Zadnym neurologickym poskozenim byl 30,6 % vs. 18,2 % (95 % CI 1,9 — 22,7 %,
p = 0,02). Souhrnné udaje ze studii ARREST a Prague OHCA prokdzaly lepsi pteziti s pfiznivymi
neurologickymi vysledky po 180 dnech ve skupiné ECPR ve srovnani s kontrolni skupinou (32,4 % vs.
19,7 %; p = 0,015; 47,1 % vs. 28,3 % v analyze pouze u pacientl s defibrilovatelnym rytmem; p =
0,01) [74]. Inception trial byla multicentricka studie, kdy pacienti byli vezeni za kontinualni resuscitace
do centra se zaslepenou randomizaci pro zdchranny tym béhem transportu a dle randomizace k ECPR
v nemocnici nebo konvenénim postupu [76]. Primarnim vysledkem byl neurologicky stav ve 30. dni od
zastavy, kdy nebyl prokazan statisticky vyznamny rozdil (ECPR vs konvencni CPR 14/70 (20 %) vs
10/62 (16 %), p = 0,52). Ve studii byl delsi ,,low flow* ¢as 74 minut, delsi ¢as kanylaci a managementu

ve srovnani s vyse jmenovanymi studiemi, a zapojena byla i nizkoobjemova ECPR centra.

Dnes je benefit ECPR potvrzen v mnoha studiich [77,78] jakkoli je velmi komplikované systém v fadé
regiontil zavést a nemuze byt proto pouzitelny univerzalne€. Navic mtize byt efektivni jen u velmi presné

vybrané kohorty pacientti.

5.1 Indikace ECPR a efektivita managementu

ECPR miize byt prospéSna jen pro piesné definovanou skupinu pacienti [79]. Parametry ECPR
programu by mély byt nastaveny tak, aby bylo efektivné vyuzito vzacnych zdroji nejen v podobé
technického vybaveni, ale pfedev§im expertii v tymu, bez kterych se tyto systémy nedaji budovat.
V obecné roving jsou k ECPR indikovani pacienti, u kterych je minimalni ,,no flow* ¢as (interval od
kolapsu do zahdajeni zakladni resuscitace) a tedy kolaps spatieny svédky, adekvatné provadéna zakladni
resuscitace, obvykle asistovana telefonicky dispeCerem zachranné sluzby, a dale korelat nejen kvalitné
provadéné, ale predevsim efektivni CPR s pfedpokladem feSitelné pri¢iny srdecni zastavy (naptiklad
koronarni intervence nebo 1é¢ba plicni embolie) [66,80]. U nemocniénich zastav jsou obvykle intervaly
kratké a CPR kvalitni. V indikaci u OHCA se jedna A) o zhodnoceni dostupnych vstupnich dat
dispec¢inkem zachranné sluzby na jehoz zaklad¢ se provede primarni indikace/kontraindikace B)
posouzeni expertnim tymem s piihlédnutim ke vstupnimu elektrickému rytmu, diagnostice pomoci TTE,
UZ plic a dal$iho monitoringu. Celkové by pak mél byt systém vyladén tak, aby kolaps — ECMO interval

nepfesahoval 60 minut ve snaze o co nejlepsi neurologicky vysledek [81,82].
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Indikacnimi Kkritérii na zaklad¢ volani od svédku jsou obvykle[80]:

Kolaps spatfeny svédky, zndmy ¢as kolapsu.

Ihned zapocata zakladni resuscitace, telefonicky/video asistovana resuscitace dispe¢erem
ptedpokladand reverzibilni/léCitelnd pficina zéastavy (akutni korondrni syndrom, hypotermie,
intoxikace kardiotoxickymi léky apod.).

Vék pacienta (maximalni obvykle okolo 65-75 let).

Misto udalosti/doba dojezdu do ECMO centra (v piipad¢ systému s nemocni¢ni kanylaci) /doba

dojezdu ECMO tymu na misto udalosti; obvykle okolo 30 minut.

Kontraindikace na zaklad¢ volani od svédku jsou obvykle:

Znamy terminalni stav maligniho nebo chronického onemocnéni.
Vék/véaha; nékdy jsou systémy nastaveny od 18 let véku nebo od vahové hranice okolo 20 kg,
tak aby byla vlastni kanylace proveditelnd pomoci setl pro dospélé pacienty. Néktera centra

kontraindikuji pfi morbidni obezité.

Dopliiujici indikaé¢ni kritéria na zaklad¢é diagnostiky a monitoringu:

Vstupni EKG rytmus. VF je vyznamny parametr, ktery je obvykle pfitomen u reverzibilni
kardialni pfi¢iny zastavy, krat§Simu intervalu od kolapsu a lepSimu neurologickému vysledku.
Néktera centra indikuji i pacienty s PEA pfi podezieni na reverzibilni/léCitelnou pticinu
v podobé plicni embolie. Informaci o vstupnim rytmu lze obdrzet i z automatizovanych
externich defibrilatortt (AED) pokud tento doporuci ¢i nedoporuci vyboj.

Echokardiografie — TTE. Posouzeni/vyvraceni koordinované srdecni cinnosti, diagnostika
srdecni tamponady, hodnoceni spontanniho echokontrastu v srde¢nich oddilech.

UZ hrudniku. Vylou€eni hemothoraxu jako poresuscitacniho poranéni (jiny piistup
k antikoagulaci v pfipad€ krvaceni), pneumothoraxu. Pfipadné UZ bticha k vylouceni krvaceni
Vv ramci resuscitace.

Hodnoceni efektivity CPR. Stazeni zornic béhem CPR, pfetrvavajici gasping, intermitentni
ROSC, ETCO2>15 mmHg, NIRS (Near-Infrared Spectroscopy) snimany z hlavy nad 40 %. Tyto
jsou korelaty efektivni CPR ve smyslu generovani alespoii n€jakého srde¢niho vydeje béhem
CPR. Jedna se o parametry, které jsou obvykle individualn¢ posouzeny.

Viditelnost a velikost cév na UZ pted zahajenim pfipravy ke kanylaci.

Dopliiujici kontraindikaéni kritéria na zakladé diagnostiky a monitoringu:
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Vstupni EKG rytmus. Asystolie je ve vétSin€ protokolt kontraindikaci k ECPR. Je spojena se
Spatnym neurologickym vysledkem, obvykle na podkladé dlouhého no flow intervalu,

asfyktické zastavy, ¢i vykrvaceni po traumatu.



Nastaveni a vybér vhodného ECPR modelu pro dany region a ECMO centrum musi respektovat fadu
okolnosti. Zakladni fundament je zajistit co nejrychleji vysoce kvalitni CPR sco nejvetsi
pravdépodobnosti ROSC. Pokud ale k ROSC nedochazi, vyznamné se snizuje pravdépodobnost pteziti
s dobrym neurologickym vysledkem pfiblizné po 20. minuté od kolapsu [83]. V této dob¢ je proto
imperativem co nejrychlejsi implantace ECMO. Systém tedy musi umoznit pacientovi vyuzit vysokou
pravdépodobnost dobrého neurologického vysledku diky CCPR, pokud dojde k ROSC do 20 minut. A

dale umoznit pacientovi bez ROSC ¢asnou ECPR.

Ve Svédsku se podle studie Olandera a kol. odhaduje roéni vyskyt 46267 potencialnich kandidatti na
10,5 milionu obyvatel, coz odpovida 1,4 %—7,8 % vSech spattfenych piipadi OHCA [84]. ECPR systémy
je vhodné implementovat, pokud v pfiblizné 30minutovém dosahu ECMO centra je ptiblizn€¢ 500 000 —
1 000 000 obyvatel, a aby tim padem byl pocet ECPR pftiblizné 10-30/rok [85-90]. Musi se tedy jednat
o zdravotnické zafizeni schopné poskytnout vysoce specializovanou péci v celém spektru
kardiovaskularni problematiky s vysoce specializovanou resuscitacni péci v oblasti, kde je mozny
rychly transport vozidel s tymem ¢i pacientem, a dostatecné vysokou hustotou obyvatel. Kvalita a
robustnost systému je pak ruku v ruce s objemem ECPR/rok, kdy centra s nizkymi pocty podpor obvykle
nedosahuji takové rutiny a c¢astéji se mohou vyskytovat komplikace [91]. Analyza ELSO registru

potvrzuje, Ze centra s vice nez 30 piipady ECMO ro¢n¢ maji signifikantné niz§i mortalitu [92].

5.2 Mimonemocni¢ni srdecCni zastava stransportem za probihajici
resuscitace do nemocnice k ECPR

VétSina systémi ECPR pro OHCA jsou nastaveny jako nemocni¢ni implantace ECMO pacientiim,
ktefi jsou do nemocnice za probihajici resuscitace vezeni zachrannou sluzbou. Systém je mozné
implementovat v prostfedi dobfe pokrytém piednemocnic¢ni zachrannou sluzbou s kratkymi dojezdy
sanitek v husté zalidnéné oblasti [93]. V urcitych specifickych situacich mlze byt vyuzita i letecka

zachranna sluzba (helicopter emergency medical service, HEMS) [94].
Systémy mohou byt nastaveny rtzng.

e Miuze se jednat o systém, kde po ivodni CPR, pokud nedochazi k ROSC (obvykle po ptiblizn¢
10 minutach CPR, 3 defibrila¢nich vybojich apod.) je konzultovano ECMO centrum nebo
dispe¢ink zachranné sluzby, a pokud splni indikacni kritéria je pacient vezen za kontinualni
resuscitace do ECMO centra ke zvazeni ECPR. Vyhodou systému je dostatek Casu pro
nemocni¢ni tym k pfiprav€é, mohou se vyhledat data o pacientovi z pfipadné nemocni¢ni

historie, je ptfichystan systém ECMO a lze upiesnit ptipadné role ¢lenti tymu pied piijezdem
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pacienta. Obvyklou nevyhodou systému je dlouhy dojezdovy ¢as a dlouha prednemocni¢ni
péce. Po konzultaci ECMO z mista udalosti a indikaci k transportu za kontinualni resuscitace je
tento transport obvykle velmi komplikovany. Technika vyzaduje pfistrojovou mechanickou
srdecni masaz, kdy je urCité riziko dislokace pfistroje béhem manipulace a transportu
s moznymi zavaznymi periresuscitacnimi poranénimi (fisura jater, sleziny, hemothorax
atd.) [95,96]. Dilezité je dokonalé sladéni vSech slozek pfednemocniéni péce pro rychly a
efektivni transport, nicméné malokdy tento systém umozni kratky interval kolaps-ECMO okolo

40 minut a ¢astéji se jedna o ¢asy nad 60 minut. Systém je znazornén na obrazku 5-1.

_ Posadka ZZS na misté udalosti ECMO tym

3 10 20 40 60 minuta
L (| [ 1 L 1 »
r T T T L] ] =
- LOW FLOW
BYSTANDER
CPR BLS
TANR

ECMO KONZULTACE PREDANI v
nemocnici

Obrazek 5-1 Predpokladana idedlni ¢asova osa ECPR pro OHCA s napojenim v nemocnici. ZZS-zdravotnicka zachranna

sluzba, ECMO — extracorporeal membrane oxygenation, No Flow — interval od kolapsu po zahdjeni laické resuscitace,

Bystander CPR — resuscitace svédky, TANR — telefonicky asistovand neodkladna resuscitace, ALS — rozSirend resuscitace,
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ROSC — navrat spontanni cirkulace

Muze byt vyuzit i letecky transport (HEMS)[94,97]. K tomu, aby byl tento transport
smysluplny, a tedy rychly je zapotfebi obvykle simultdnni vysldni HEMS spolu s primarni
pozemni posadkou, pfipadné jen HEMS. V dobé, kdy jsou znamy indikace, vstupni rytmus a
efekt CPR muze byt vrtulnik jiz po pfistani blizko mista udalosti schopen zajistit transport do
nemocnice. Problémem je, pokud vrtulnik neni schopen pristat v blizkosti udalosti a musela by
byt pouzita sanita k transportu do vrtulniku. Zde obvykle neni mozné pacienta dopravit do
centra véas okolo 40 minuty, tak aby ECMO mohlo byt spusténo do 60 minuty. Simultanni
vyslani s pozemni posadkou do perimetru pfiblizné¢ 15 minut od zakladny mize byt velice
efektivni a rychlé, na druhou stranu miiZze vést k naduzivani HEMS, pokud dojde pted piistanim
k ROSC nebo z né&jakych jinych divodi je ECMO kontraindikovano. Muze se s vyslanim
HEMS vyc¢kat nékolik minut CPR a pokud dispecink vyhodnoti, Ze se skute¢né jedna o CPR



(fada hlasenych resuscitaci se muze ukazat jako epilepticky zachvat apod.), vysle vrtulnik

s minimalnim prodlenim nékolika minut. Systém je znazornén na obrazku 5-2.

Posadka Z2zS
na misté
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CPR BLS
TANR

Vyslani LZS
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Obrazek 5-2 Predpokladana idealni casova osa ECPR pro OHCA s napojenim v nemocnici a vyuzitim LZS. ZZS-zdravotnickad
zachranna sluzba, ECMO — extracorporeal membrane oxygenation, No Flow — interval od kolapsu po zahdjeni laické
resuscitace, Low flow — interval probihajici srdecni masaze, Bystander CPR — resuscitace svedky, TANR — telefonicky

asistovand neodkladna resuscitace, ALS — rozsirend resuscitace, ROSC — navrat spontanni cirkulace, LZS — letecka
zachranna sluzba, UP — urgentni prijem nemocnice, Post CA Care — poresuscitacni péce

e Dale mohou existovat rendez-vous systémy [75,98]. Indikovany pacient je vezen do nejblizsi
nemocnice, kde se sejde s ECMO tymem, ktery tam dorazi z centra. Po kanylaci v této
nemocnici je pak vezen tymem do ECMO centra k dal§imu managementu. Modifikaci systému

je kanylace ve velkém sanitnim voze v systému rendez-vous [75].

5.3 Nemocnic¢ni srdecni zastava indikovana k ECPR

4

Systém ECPR pro nemocni¢ni srdecni zastavu je obvykle jednodussi zavést [99]. Management muze
byt navazan na jiz zavedeny postup resuscitaci v nemocnici, na urgentni piijem nebo resuscitacni
oddéleni. Proto se implementace ECPR nabizi jako nadstavba konvencni resuscitace. Obvykle se jedna

o relativné malé resuscita¢ni tymy, kde je implementace ECPR protokolil jednodussi nez zavadéni

programt pro OHCA.

V zasad¢ jsou vyuzita podobna indikacni kritéria jako pro OHCA. Lze ptedpokladat kvalitni CPR
provadénou zdravotniky, velmi rychlou analyzu vstupniho rytmu s pfipadnou defibrilaci, znalost
okolnosti zastavy a komorbidit pacienta. Indikace ¢i kontraindikace ECPR by méla byt proto ptesnéjsi

N 24

s VEtsi jistotou pii znalosti kvalitnéjSich informaci. Indikace pro ECPR mohou byt méné striktni, protoze
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se predpoklada kvalitngjsi CPR. Muze se jednat o vyssi v€kovy limit resuscitovanych, Castéji se jedna
o indikaci i pfi PEA jako vstupnim rytmu, kdy lze obvykle 1épe odhadnout, zdali se jednd o PE, ptipadné
je diagnostika velmi rychle dostupnd. Pacienti maji obvykle i lepsi prognézu nez OHCA ECPR [100].

Mista, kde je mozné ocekavat CPR je vhodné se na ECPR pfipravit. Je tedy mozné mit technické

prostiedky trvale ptfipravené napiiklad na urgentnim piijmu ¢i koronarni angiolince [101].

5.4 Mimonemocni¢ni ECPR pacientu se srde¢ni zastavou

ECPR v terénu piedstavuje velmi komplikovany systém, extrémné ndrocny na logistiku indikaci,
transportu materidlu a personalu i vlastni implantaci ECMO [89,102]. Obvykle je mobilni ECPR evoluci
nemocni¢nich ECPR programil, jejichz hlavnim problémem jsou dlouhé pfednemocni¢ni intervaly.
Zakladem systému musi byt velmi zkuSeny persondl, a tym schopen samostatného provedeni

diagnostiky, indikace a implantace v limitovanych podminkach.

Systémy jsou obvykle budovany jako spoluprace memocni¢niho ECMO centra se zachrannou
sluzbou (ZS). Je vhodné, aby existovala jasna protokolizovana pravidla kdy, pro koho a v jaké lokalité
je systém vyuzitelny. Musi se jednat o tym dispecCera ZS, ktery dokaze co nejlépe situaci analyzovat a
vyslat vyzvu pro ECPR tym. V ECMO centru musi existovat propracovany systém definujici presné
¢innosti jednotlivych ¢lent tymu v piipadé aktivace vyzvy k ECPR. Technické vybaveni musi byt
ptipraveno a kazdy ¢len musi znat své tikoly a povinnosti. Tymy pro ECPR mohou byt slozeny z 1ékate
nebo ze dvou Iékaitl, instrumentujici sestry (pfipadné jeji roli piebira jeden z 1ékait), perfuziologa a

posadky sanity [90,102].

Zakladem je vytvofeni perimetru, kde ma mobilni ECPR vyznam z pohledu dojezdovych ¢ast. Je nutné
zohlednit rychlost a kvalitu pozemnich komunikaci. Na pocatku je rozhodujici prace dispecert ZS. Tito
jsou v prvnim kontaktu s volajicim a mohou ziskat cenné informace pro posouzeni vyuzitelnosti ECPR.
Zasadni je informace o spatfeném, piesné znamém okamziku kolapsu, bezprosttednim zahajeni laické
CPR a volani na linku ZS. Dilezité jsou okolnosti kolapsu. Nemélo by se jednat o kolaps pro asfyxii,
tonuti (vyjimkou mohou byt tonuti ve velmi chladné vod¢), ¢i po traumatu. Je vhodné zjistit, zdali se
nejedna o terminalni stavy chronickych onemocnéni, a vék pacienta, ale ne vzdy jsou tyto informace
k dispozici. Dispecer ZS vysila nejblizsi posadku na misto a koordinuje CPR (telefonicky asistovana
resuscitace, TANR). Pokud uréi, Ze pacient by mohl profitovat z ECPR, aktivuje ECPR tym (textova
zprava na mobilni telefon, pager, piimy hovor atd.). Vyjezd se mize realizovat jiz v této fazi, coZ piinasi
vyznamné zkraceni dojezdové doby. Miize se ale stat, Ze se objevi skute¢nosti kontraindikujici vyjezd,
nebo se primarni informace ukazi jako mylné. Je rovnéz mozné iniciovat ECPR az po n¢kolika minutach
TANR, piipadné az po zjisténi vstupniho elektrického rytmu. ECPR tym by mé¢l byt na misté idealné
okolo 30 minuty od kolapsu a po oveteni dostupnych dat, efektivity CPR a obvykle echokardiografické
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diagnostice pfipadn¢ indikovat ECPR tak, aby bylo ECMO implantovano idealné okolo 40 minuty od

kolapsu [103]. Schéma mozného mobilniho ECPR je znazornéno na obrazku 5-3.
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Obrazek 5-3 Priklad predpokladaného casového priitbéhu mobilniho ECPR. ZZS-zdravotnicka zachranna sluzba, ECMO —
extracorporeal membrane oxygenation, No Flow — interval od kolapsu po zahdjeni laické resuscitace, Low flow — interval
probihajici srdecni masadze, Bystander CPR — resuscitace svedky, TANR — telefonicky asistovana neodkladna resuscitace, ALS
— rozsirena resuscitace, ROSC — navrat spontanni cirkulace, UP — urgentni piijem nemocnice, Post CA Care — poresuscitacni

péce

Po spusténi ECMO je potieba zajistit stabilni mimotélni pritok nad 2,5 1/min a az poté podat pokyn
k ukonceni srde¢ni masaze, protoZe pacient je jiz perfundovan krvi ze syst¢ému ECMO [104]. Obvykle
je snahou dosahnout vyssich pritokd 4-6 1/min. Opatrnost je nutna k nastaveni pfikonu Cerstvé smesi
plynti do oxygenatoru, aby nedoslo rychle k poklesu CO; s hemodynamickymi konsekvencemi zejména
pro mozek. Obvykle se voli smés 50 % O, se vzduchem, abychom se vyvarovali hyperoxie. Dale by
mélo pokracovat zajisténi pacienta tak, aby mél dostatecny cévni vstup, obvykle monitoring invazivniho

krevniho tlaku, ale mize to byt i NIRS k hodnoceni perfuze a oxygenace CNS, ¢i EEG.
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5.5 Efektivita ECPR a dlouhodobé vysledky

ECPR muze byt efektivni, pokud je dodrzeno nékolik zdkladnich ptedpokladi:

e Systém je budovan ve vysokoobjemovém ECMO centru s dostateéné zkuSenym tymem a
zazemim centrové/univerzitni nemocnice s odpovidajicim technickym vybavenim. Mélo by se
jednat o centra s vy$$im poctem nez 30 ECMO/rok [89,104].

e Region umoznuje implementaci ECPR, pokud je husté pokryt stanicemi ZS, ma odpovidajici
kvalitu silnic (rychlost pozemniho transportu) a hustotu obyvatel v blizkosti ECMO centra.
Obvykle se jedna o systémy, kdy do 30 minut od centra je ptiblizn¢ 500 000 az 1 000 000
obyvatel [88,91,103].

e Systém je budovan v té€sné spolupraci ECMO centra a ZS

e Podminky aktivace a pribéhu ECPR jsou jasné protokolarné definované a dodrzované [102]

e Pravidelné se konaji aktivity k udrzeni erudice tymu. Jedna se o nacviky ECPR, simulace,
trénink kanylaci, vyjezdd. Soucasti ECPR jsou i zhodnoceni po konci vyjezdu, definovani

silnych a slabych stranek zasahu [104].

Je vhodné vedeni databaze, pomoci které je mozné analyzovat data nejen o ECPR. Sledovani a
ovefovani indikaci, ¢asovych intervall, komplikaci a vysledki po ECPR, véetné téch dlouhodobych, by
melo patfit k zakladnim sledovanym parametrim. ECMO centra mohou byt soucasti mezinarodnich
databazi [105], nebo si mohou sva data analyzovat sami. Je potieba dodrzet veSkera pravidla pro

uchovavani pacientskych dat definovanych legislativou a pravidly organizace.

ECPR program je mozné hodnotit jako efektivni, pokud dosahuje vysledkli srovnatelnych s vyspélymi
ECPR centry. Zakladnimi parametry hodnoticimi kvalitu ECPR programu mohou pak byt preZiti
pacientd, ¢i jest¢ 1épe neurologické nasledky po ECPR a dlouhodoba kvalita zivota. Jako kvalitni
ECPR se povazuji vysledky CPC skore 1-2 alesponi u 25-30 % pacientt [73,74,78,106]. Po zavedeni
mobilniho ECPR v Paiizi doslo ke zkraceni intervalu kolaps-ECMO o 20 minut, kdy tento parametr je
asociovan s neurologickym vysledkem po ECPR. Rovnéz zptisnéni protokolu indikace ptineslo zlepseni
outcome, kdy se potvrdil ptinos piesné definovanych protokoll a pe€livy vybér vhodnych pacienti pro
ECPR[78]. Métitkem uspésnosti ECPR mohou byt i dlouhodobé vysledky a stav pacientti naptiklad za
6 mésict od kolapsu. Ve spole¢né analyze studii Prague OHCA a ARREST trial bylo dosazeno CPC 1-
2 ve 180. dni od zastavy u 32,4 % v ECPR skupiné a 19,7 % v CCPR (p = 0,015) [74]. Pfesto pacienti
mohou trpét urcitymi omezenimi jako jsou naptiklad poruchy spanku, depresivni poruchy, poruchy

vitality ¢i fyzické vykonnosti [107].
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6 Vybrané aspekty managementu pacient(

6.1 Antikoagulace a jeji bezpecCnost

Mimotélni okruh, jakkoliv se pouzivaji moderni materialy, je cizorody a ke zvySeni biokompatibility se
tradicné béhem ECMO pouziva antikoagulace. Nalézt bezpe¢nou miru antikoagulace s minimalizaci
rizik je extrémné obtizné. Jak jiz bylo uvedeno vyse, krvacivé komplikace predstavuji pii 1€cbé pacientii
na ECMO zasadni problém a mohou byt Zivot ohrozujici [4]. Trombo6za oxygenatoru, coZ je nejcastejsi
misto vzniku trombil, obvykle nepfedstavuje tak vysoké riziko, protoze funkce oxygenatoru se obvykle
zhorSuje postupné, coz umoziuje jeho vcasnou elektivni vymeénu, jakkoli pfipadna systémova

problémem neZz trombotické komplikace a trendem je snizovani antikoagulace [39].

Dtivodem k antikoagulaci je interakce krve s mimotélnim okruhem. Kontakt krve s umélymi povrchy
ECMO systému aktivuje koagulacni kaskddu a vyvolava prokoagulacni odpovéd’ organismu [108].
Cilem antikoagulace je prevence trombotickych komplikaci, zejména tromboézy oxygenatoru, selhani
okruhu nebo systémové embolizace. Soucasné¢ vSak antikoagulacni 1é¢ba vyznamné zvySuje riziko
véetné intrakranialniho krvaceni, a jsou spojeny s nepiiznivymi klinickymi vysledky [39]. Udrzeni
optimalni rovnovahy mezi prevenci trombotickych komplikaci a minimalizaci rizika krvaceni proto

predstavuje zasadni terapeutickou vyzvu pti vedeni ECMO podpory.

6.1.1 Heparin, nové antikoagulancia, nov¢ strategie

Historicky je standardni antikoagulac¢ni strategii béhem ECMO podpory pouziti nefrakcionovaného
heparinu (UFH), ktery je také nejcastéji uvadén v doporucenych postupech a lokalnich protokolech
ECMO center [4]. Pouziti UFH je v8ak u kriticky nemocnych pacientl spojeno s n€kolika vyznamnymi
limitacemi. Patfi mezi n€¢ zejména variabilni farmakokinetika, zavislost i¢inku na hlading antitrombinu
a riziko heparinem indukované trombocytopenie [3]. V dusledku téchto limitaci roste zijem o
alternativni antikoagulacni strategie, které by mohly nabidnout stabiln€jsi a lépe predikovatelny
antikoagula¢ni G¢inek. Mezi potencialni alternativy patii zejména ptimé inhibitory trombinu, jako je
argatroban ¢i bivalirudin. Maji ptiznivéjsi farmakodynamické vlastnosti a mohou potenciadlné umoznit
centrech jiz pouzivany, dostupna klinicka data srovnavajici jejich ucinnost a bezpecnost v kontextu
ECMO podpory jsou stale omezena, a vétSinou pochazeji z observacnich studii nebo mensich souborii

pacientt s heterogennimi vystupy [111-113].

Argatroban je pfimy inhibitor trombinu, ktery blokuje trombin bez vazby na antitrombin. Krvacivé

ptipadné trombotické komplikace nejsou castéj$i nez s UFH [113,114] a krevni desticky mohou byt
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dokonce méné¢ postizené ve srovnani s UFH [115]. Argatroban na rozdil od UFH neni ovlivnén reaktanty
akutni faze, coz znamena, ze zména hladiny reaktantl akutni faze nerozkolis4 antikoagulaci jako je tomu
u UFH. Diky svému ucinku neni argatroban zavisly na substituci AT. Argatroban blokuje i trombin
vazany v koagulu a nezptisobuje HIT. Jeho efekt je tak predvidatelnéjsi nez u UFH [116] a nékteré prace
naznacuji celkové mensi spotfebu krevnich transfuzi [117]. Nevyhodou je nutnost kontinudlniho podani
bez moznosti bolusového podani (respektive pro toto chybégji data a doporuceni), a je proto obtizné
vyuzit argatroban u akutnich implantaci ECMO, kdy je zapotiebi rychle navodit antikoagulaci.
Argatroban je metabolizovan v jatrech a je velmi citlivy na hepatalni funkci. I pfi lehké jaterni dysfunkci
je nutné snizit davkovani, kdy u kriticky nemocnych pacientd se pouzivaji 100-1000krat nizsi
davky [118]. Renalni selhdvani antikoagulaci argatrobanem neovliviiuje [119]. Rovnéz neexistuje
specifické antidotum jako protamin v piipadé UFH. Argatroban je drazs$i nez UFH, ale pokud se pocitaji
naklady na testovani HIT, kontroly a suplementace AT ¢i mens$i spotfeba transfuzi muze byt

antikoagula¢ni management méné nakladny [117].

Bivalirudin ma podobné vlastnosti a jeho pouziti u ECMO je rovnéz bezpecné. Jeho nevyhodou mize
byt velmi kratky polocas, ktery mtze zvysit riziko tromb6z v mistech stagnace krve (leva komora pfi
jeji minimalni funkci béhem VA ECMO ¢i oxygenator) s nefeSitelnym stavem [120]. Bivalirudin je
schvélen k pouziti béhem koronarnich intervenci a je indikovan v piipadé HIT ¢&i heparinové
rezistence [121]. Rozklada se piedevsim plasmatickou proteolyzou a jeho metabolity jsou eliminovany
ledvinami [122]. Pfi rendlnim selh&vani je proto nutné snizit jeho davky. V fad¢ praci byly potvrzeny
krvacivé a trombotické komplikace srovnatelné s UFH [123,124] a n€které prace dokladaji rovnéz nizsi

mortalitu [125].

Dulezitou otazkou je optimalni intenzita antikoagulace béhem ECMO podpory. Tradi¢ni pfistup
vychazel z konceptu plné terapeutické antikoagulace. V poslednich letech vSak ptibyva dikazi
naznacujicich, ze niZ§i cilové hodnoty antikoagulace mohou byt spojeny s nizSim vyskytem
krvacivych komplikaci pti zachovani pfijatelné miry trombotického rizika [44,45,126,127]. Naptiklad
ve studii EOLIA byly pouzivany nizsi cilové hodnoty antikoagulace (aPTT 40-55 s nebo anti-Xa 0,2—
0,3 IU/ml), které byly spojeny s niz§im vyskytem krvacivych komplikaci, pficemz frekvence vymény
ECMO okruhu dosahovala ptiblizné 28 % [47]. Objevuji se rovnéz prace hodnotici ECMO podporu bez
antikoagulace, které ukazuji akceptovatelnou miru trombotickych komplikaci a tento postup je vhodny

zejména u pacientli po traumatech ¢i s koagulopatii z nejriiznéjsich pticin [128].

Tyto poznatky podporuji koncept individualizovaného piistupu k antikoagulaci béhem ECMO terapie,

jehoz cilem je optimalizace rovnovahy mezi bezpe¢nosti a G¢innosti 1é¢by.

6.1.2  Monitorace antikoagulace
Klic¢ovou roli v bezpecném fizeni antikoagulacni terapie hraje spolehliva laboratorni monitorace. V

soucasné klinické praxi je nejcastéji vyuzivan aktivovany parcialni tromboplastinovy ¢as (aPTT) [4]. U
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kriticky nemocnych pacienti vSak muze byt jeho interpretace vyznamné ovlivnéna systémovou
zénétlivou odpovédi, zménami koncentraci koagulaénich faktori nebo laboratorni variabilitou [33,52].
aPTT nereaguje linearn€ na zmény davky DTI a mize byt falesn€ prodlouzen pii hemodiluci, vysokych
fibrin degradac¢nich produktech, deficitu vitaminu K, polycytémii ¢i systémovém lupu a jemu podobnym

jednotkam [54,129].

Alternativni pfistup predstavuje monitorace zalozena na pfimém méfeni blokady koagulacnich faktort.
U DTI se jedna o testy reflektujici inhibici trombinu (test anti-lla, pfipadn¢ ECT pomoci
viskoelastickych metod), zatimco u LMWH a UFH zistava standardem anti-Xa [4,53,114]. Anti-Xa
vykazuje nizsi variabilitu nez aPTT, ale mtize byt zkreslen nizkou hladinou AT pfi heparinové resistenci.
Dale miize byt zkreslen vysokym bilirubinem, volnym hemoglobinem pii hemolyze ¢i vysokym
fibrinogenem. Antilla méfi aktivitu trombinu v pfitomnosti jeho inhibitoru (argatrobanu). Test mtize byt
zalozen na modifikaci trombinového Gasu, ktery je velmi citlivy na piitomnost DTI. Redénim vzorki
muzeme ziskat dTT (diluted trombin time), ktery reflektuje trombinovou blokadu. Dal$im zptisobem je
ECT (ecarin clotting time), kdy ecarin aktivuje protrombin, ktery je pak inhibovan DTI. Testy vykazuji

linearni z&vislost na koncentraci DTI a jsou dostupné jako komer¢ni sety pro testovani DTI.

N

umoznit presnéjsi titraci davky antikoagulancia. Dosavadni praxe je vSak charakterizovana znacnou
heterogenitou cilovych laboratornich hodnot napfti¢ jednotlivymi centry a omezenou moznosti pievést

vysledky observacnich studii do jednotnych doporuceni.

6.2 Bezpecnostumélé plicniventilace podle mechanické energie nejen

béhem VV ECMO

Uméla plicni ventilace (UPV) u pacientli s akutnim respiracnim selhdnim (ARF, acute respiratory
failure) je jednim z nejcastéjSich diivodii hospitalizace na JIP (jednotka intenzivni péce). Divodem ARF
muze byt jak priméarni postizeni plic, tak nutnost analgosedace a UPV z mimoplicnich divodi, naptiklad
po velkych chirurgickych vykonech, u pacientd s poruchou védomi nebo po velkych traumatech. ARF
muze byt spojeno s tézkymi formami poskozeni plic, tzv. ARDS (adult respiratory distress syndrome,
syndrom dechové tisn¢ dospélych). ARDS je syndrom, jehoz pri¢inou mohou byt plicni zanéty, ale i jiné
formy plicniho postiZeni a je v soucasnosti definovan podle tzv. Berlinské definice [130]. I pfes zna¢ny
pokrok v managementu pacienti s ARDS zlstava mortalita téchto pacientl stale vysoka [131] a
dosahuje az 45 %. Tito pacienti jsou proto ¢astymi kandidaty na VV ECMO. Pokud je ECMO

indikovano, je stézejni, aby byla UPV bezpecna a umozZnila zotaveni plic.
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UPV je pfistrojova metoda, ktera pomoci definovaného pretlaku v dychacich cestach zajisti vyménu
plyntt mezi zevnim prostiedim a plicemi, a pfevezme tak za pacienta ¢ast nebo celou dechovou préci.
UPV je metodou invazivni, kdy dochazi k ptisobeni zevnich sil generovanych pfistrojem na plicni
parenchym. Setrné nastaveni UPV nejen u pacientti s ARDS, tzv. protektivni ventilace [132] je dobie
znamy koncept zlepsujici prognézu pacientii [ 133,134]. Nicméné ani protektivni nastaveni UPV nemusi
byt pro kazdého pacienta dostatecné bezpecné. Ventilovatelny rozsah plice mize byt maly a v této
souvislosti se hovoii o tzv. ,,baby lung* konceptu [135], kdy je zapottebi dale snizit invazivitu UPV
k zamezeni plicniho poskozovéani. U pacientii stézkym stupném ARDS, tak UPV muze plicni
parenchym déle poskozovat a zptsobovat tzv. VILI (ventilator induced lung injury, ventilatorem

indukované plicni postizeni) [136], které pak déle zhorSuje progndzu pacienta.

6.2.1 Mechanicka energie UPV

Vysledkem nastaveni jednotlivych parametri UPV je energie, kterou pfistroj plisobi na plicni
parenchym a ktera zajist'uje rozepnuti plic a zménu jejich objemu souvisejici s vyménou plynii béhem
dychani. Celkova energie putsobici na plicni parenchym souvisi s mirou VILI [137]. Koncept
»mechanické energie“ [138] popisuje vliv jednotlivych proménnych na velikost této energie a
experimentalng byly stanoveny limity energie pro rozvoj VILI [139]. PGvodni rovnice byla vyvinuta pro
objemovou ventilaci, ale postupné byly nalezeny vypocty i pro tlakove fizenou UPV [140] a ¢éastecné
zjednodusené rovnice, které se daji vyuzit ke sledovani mechanické energie (ME) u lazka
pacienta [141,142]. ME ma vliv na mortalitu a prognézu pacientt, jak bylo zjisténo v observacni studii

na vice nez 8 000 pacientech [143].

Pokud zminujeme ME, obvykle se jedna o ME pro cely respiracni systém (tedy pro plice, dychaci cesty
a hrudni sténu) zohlednujici elastické i resistencni komponenty, stejn¢ jako energii, kterou predstavuje
aplikace pozitivniho pretlaku na konci expiria (PEEP). VILI je zptisobena energii pisobici na plicni
parenchym (MEue, mechanicka energie plic), ale pro extrakci této porce energie (z celkové MEy) je
zapotiebi monitorovani transpulmonalniho tlaku (Py). Méfeni Py, nepfedstavuje bézné sledovany
parametr, mize byt zatizen chybami meéteni[144] a pro jeho méfeni je zapotiebi specialni sonda
zavadéna do jicnu. Vztah mezi ME.s a MEjuy, je obvykle linearni a byly odvozeny limity pro vznik VILI
jak pro MEu, tak pro ME [145]. MEs vyssi nez 17 J/min byla spojena s vyssi hospitaliza¢ni
mortalitou[ 146].

6.2.1.1 Vypocty mechanické energie a jeji vyuziti k indikaci ECMO

ME se da pfesné stanovit z P-V kfivky tzv. geometrickou metodou, kdy ME odpovida plose pod
ktivkou. Tato metoda predstavuje jakysi zlaty standard pro hodnoceni ME [147]. Pro bézné pouziti je
ale nepraktickd, protoze vyzaduje pfistroj k jejimu stanoveni. Existuji ale zjednoduSené vzorce,
umoznujici vypocet ME u liizka pacienta z bézn¢ dostupnych parametrit UPV [140]. Musi se zohlednit

typ ventilaéniho rezimu a pouzit adekvatni vzorec. V kazdém piipad¢ je vypocet pfesny jen u plné fizené
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ventilace, kdy asistované rezimy nedovoluji do kalkulace vnést dechovou praci konanou pacientem,

takze u téchto rezimti metoda spolehlivé pouzit nelze.

Znalost ME u lizka pacienta mtize byt dalSim parametrem, podle kterého je mozné sumarné hodnotit
vliv UPV. Pokud je urc¢ita mez ME ptekrocena, mohou byt provedeny urcité postupy ke snizeni této ME.
Témito mohou byt prohloubeni sedace ¢i svalova relaxace, pronacni poloha, pfenastaveni UPV, ¢i
postupy tolerujici urcitou patologickou miru hyperkapnie ¢i hypoxemie, pokud tyto nezptsobuji dalsi
organové selhavani. Pti vyCerpani téchto postupli je na misté zvazeni ECMO, protoze jinak vystavujeme
pacienta vysokému riziku rozvoje VILI a neposkytujeme plicim podminky na reparaci. ME tak miize
byt jednim z indika¢nich kritérii pro napojeni na VV ECMO a nésledné umoziuje upravit energii UPV

do bezpecného pasma, protoze cast vymeny plynti jiz zajistuje ECMO.
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7 Komentované publikace

7.1 Komentované publikace tykajici se ECPR

7.1.1 Extracorporeal cardiopulmonary resuscitation in a large tertiary center in
the Czech Republic: three years' experience and future directions

Publikovany c¢lanek shrnuje zkusenosti ECMO Centra FNO s prvnimi tfemi roky ECPR pro OHCA
v Moravskoslezském kraji. ECPR program je evoluci vice nez 15 let zkuSenosti s mimotélnimi
podporami v Ostravé, kdy od jednotek podpor rocné nyni centrum implantuje bezmala 100 podpor za
rok. Tato progrese byla nezbytnou podminkou spusténi ECPR programu, protoze zakladem musi byt
zkuseny personal pfitomny na pracovisti nepfetrzit€¢ v rezimu 24/7. Rozsiteni IHCA ECPR na OHCA
ECPR umoznila velmi tésna spoluprace se ZS a spole¢né vybudovani robustniho systému indikaci,
managementu transportl a piedavani informaci tak, aby systém fungoval efektivné. Byly vyuzity nejen
doporucené postupy odbornych spolecnosti, ale i zkuSenosti jinych ECMO center k tomu, abychom

vybudovali vysokoobjemové ECPR centrum.

Nase prace prokazala, ze jsme schopni dosahovat srovnatelné kvality a vysledkt jako svétova centra.
Samotny poc¢et ECPR okolo 25/rok dokazuje, Ze systém indikaci je efektivni, a ze centrum dosahuje
vysokych objemil. Median intervalu kolaps — ECMO byl 75 minut, kdy zasadni vliv m¢lo piedani
v nemocnici az v 55.minuté od kolapsu. Pfednemocnicni management a transport pacientti s kontinualné
probihajici resuscitaci jakkoli je region dobie pokryt ZS je zna¢né komplikovany a pies veskerou snahu
a vycvik protrahovany. Nemocni¢ni kanylace pacienti s OHCA byla rychla diky nacvi¢ené souhie
jednotlivych ¢lenti tymu, obvykle okolo 10-15 minut a GspéSnost kanylace okolo 93 %, coZ snese
srovnani s tradicnimi ECPR centry. Poresuscitacni péce a postupy byly protokolizovany a rovnéz
dosahuji nejvysSich standardl. Prokazali jsme, Ze ECPR je v naSem regionu piinosna i pii téchto
relativné dlouhych low-flow ¢asech. Propusténi z JIP ptezilo 39,1 % pacientd, 27,5 % bylo propusténo

domu a preziti pil roku po ECPR bylo dosazeno v 33,3 % ptipada.

Nase prace se zam¢fila nejen na preziti s dobrym neurologickym vysledkem (CPC skore 1-2) tficaty den
po CPR, ktery byl dosazen u 29,0 % pacientt. Prace podrobné zkoumala i kvalitu Zivota pacientd ptl
roku po CPR, na kterou je v souvislosti s rozvojem ECPR kladen mnohem vétsi diraz. 1 v tomto
parametru bylo dosazeno velmi dobrych vysledkt, kdy kvalita zivota po CPR byla srovnatelna s kvalitou
zivota bézné populace. Ackoli spolupraci v dlouhodobém sledovani odmitla fada pacientd, zbyli

vykazovali obvykle jen lehké fyzické a mentalni potize.

Vysledky prace jsou rovnéz podkladem k dalsimu zlepSovani ECPR programu. Zmény jsou zaméfeny
zejména na zkraceni intervalii kolaps - ECMO implementaci mobilniho ECPR v terénu na misté

kolapsu, které probiha od pocatku roku 2026.

Prace byla citovana v ¢asopise Resuscitation, ktery je pfednim periodikem v tomto oboru.
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Abstract

Background Extracorporeal resuscitation (ECPR) has been shown to improve outcomes in out-of-hospital car-
diac arrest (OHCA). It is, however, not the standard of care. The establishment of new ECPR centers is challenging,
even though valuable lessons can be learned from more experienced centers. The primary objective of this study
was to assess survival rates and neurological outcomes after ECPR. The secondary objective is to evaluate peri-ECPR
parameters in relation to neurological outcomes, and to describe the long-term quality of life six months after ECPR.

Methods This monocentric study involves patients with refractory OHCA transported to the hospital with ongoing
mechanical cardiopulmonary resuscitation (CPR) for ECPR implementation at the extracorporeal membrane oxygena-
tion (ECMO) Center of the University Hospital Ostrava, Czech Republic, from 1 January 2022 until the end of 2024. Out-
come was assessed through analysis of data from the Ostrava ECMO Centre registry and long-term outcomes were
evaluated using the SF36, EQ-5D-5L, and HADS questionnaires as retrospective study. The indication criteria and care
standards were followed according to a local protocol.

Results Over three years, 74 patients met the inclusion criteria for ECPR, with a cannulation success rate exceed-
ing 93%. The median collapse-to-ECMO interval was 75 min. The survival to discharge from the intensive care unit
was 39.1%, with 27.5% of patients discharged home and 33.3% survival after 6 months. Good neurologic outcome
(cerebral performance category, CPC 1-2) on Day 30 post-arrest was observed in 29%. Overall, patients reported
only low levels of pain, anxiety, and depression at 6 months post-arrest. The majority were completely self-sufficient,
experiencing only minor problems with mobility or usual activities, with a median Quality-Adjusted Life Year/year
of 0.90.

Conclusion The outcomes of the ECPR program in Ostrava are comparable with long-standing ECPR centers. Consid-
ering the interval collapse to ECMO was 75 min, the results were favorable, with good overall quality of life.
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Background

Patients undergoing conventional cardiopulmonary
resuscitation (CCPR) due to out-of-hospital cardiac
arrest (OHCA) have a poor prognosis, with favorable
long-term neurologic outcome achieved in only approxi-
mately 10% of cases [1-3]. CPR using extracorporeal
membrane oxygenation (ECMO), extracorporeal car-
diopulmonary resuscitation (ECPR), has been shown to
improve these outcomes for selected patients with refrac-
tory cardiac arrest (CA) [4, 5], achieving hospital dis-
charge rate of up to 30%, with good neurologic outcomes
[6, 7]. ECPR is, however, not yet universally considered
the standard of care, and it is available only in a lim-
ited number of highly specialized centers. This is largely
caused by the challenges associated with implementing
the ECPR program in larger regions due to the techno-
logical demands, need for highly experienced personnel,
substantial costs, and, last but not least, because current
evidence from randomized controlled trials (ARREST
trial, Prague OHCA and Inception trial) shows slightly
conflicting results [8-10].

The ECPR program cannot be implemented univer-
sally and the following must be considered: high popu-
lation density (ensuring sufficient case volume), quality
and type of roads (ensuring favorable transport speed),
regional coverage by emergency service centers, and the
logistics of the actual ECMO cannulation in the hospital
or on scene. All this very much depends on the quality
of the chain of survival, including the willingness of the
bystanders to provide first aid and resuscitate if they see
a collapse. Crucially, the coordination of the dispatch
and emergency services personnel as well as the experi-
ence of the ECPR team must be at a very high level. The
clear definition of indication and exclusion criteria is also
important [11].

The primary objective of this study is to describe overall
survival after ECPR. The secondary objective is to evalu-
ate peri-ECPR parameters (e.g. time interval between
pre-hospital and hospital management, initial rhythm)
in relation to neurological outcomes, and to describe the
long-term quality of life six months after ECPR.

Methods

This observational study was conducted in Ostrava and
the Moravian-Silesian Region of the Czech Republic,
comprising nearly 300,000 inhabitants in Ostrava and
almost 1.2 million in the region. The ECPR program
was launched at the ECMO Center of the Univer-
sity Hospital Ostrava (UHO) in collaboration with the
Moravian-Silesian Emergency medical service (EMS)
on January 1, 2022. An analysis of prospectively col-
lected data from the registry of the Ostrava ECMO
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Center was conducted in accordance with the STROBE
guidelines, covering the period from the launch of the
OHCA ECPR program (January 1, 2022) to December
31, 2024. ICU and 6 months survival, neurologic out-
comes on day 30 and quality of life at 6 months post-
CA were analyzed. Long-term outcomes were evaluated
using a questionnaire (see below) completed by patients
who agreed to participate and signed an informed con-
sent form.

The ECPR protocol was made available to all ground
ambulance and helicopter emergency medical service
(HEMS) staff and staff training was conducted (see Sup-
plement 1). Ten minutes after the initiation of advanced
CPR, typically following the third defibrillation attempt,
the on-scene physician contacted the 24/7 operating
ECMO center in Ostrava.

Inclusion criteria for ECPR in OHCA:

+ Presumed cardiac etiology of the cardiac arrest
+ Witnessed collapse

+ Bystander CPR

«+ Estimated age <70 years

+ Body weight> 15 kg

+ Transport time to UHO <30 min

Exclusion criteria for ECPR for OHCA:

+ Known terminal malignant disease
+ Known terminal chronic disease

If both the attending physician and the ECMO center
agreed that the particular patient could benefit from
ECPR, the patient was promptly transferred to the emer-
gency department (ED) for further evaluation under con-
tinuous mechanical chest compression (LUCAS, Lund
University Cardiac Arrest System; Physio-Control Inc/
Jolife AB, Lund, Sweden). Upon arrival, the resuscita-
tion team (consisting of emergency department person-
nel, typically comprising three nurses and one physician)
and the ECMO team (consisting of an ECMO physician,
a nurse, a perfusionist, a cardiologist, or if necessary, car-
diac surgeon) were already prepared with the required
equipment and all available information about the CCPR
was shared.

Immediate diagnostic procedures were conducted,
including echocardiography focusing on the presence or
absence of the return of spontaneous circulation (ROSC),
of coordinated cardiac activity, and potential revers-
ible causes of cardiac arrest, excluding cardiac tampon-
ade. Chest ultrasound was performed to exclude fluid or
pneumothorax, and the abdominal cavity was examined
to exclude hemoperitoneum. Based on the consultation,
the ED team and the ECMO team reached a consensus
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on the suitability of the indication for ECMO cannula-
tion, which usually required approximately 3 min.

The cannulation was guided by real-time ultrasound
using the Seldinger technique and the GE Vivid S70N
with 3Msc probe (General Electric, 1 Neumann Way,
Cincinnati, OH 45215, USA). The Cardiohelp device
(Getinge AB, Cardiohelp, HLS circuit) was used for
ECMO support. Subsequently, a decision was made
regarding the need for coronary angiography and, if
indicated, the procedure was performed with ongoing
ECMO support. The patient’s management was guided
by the post-resuscitation care protocol, which included
the administration of anticoagulation therapy with arga-
troban, management of sedation, antimicrobials, moni-
toring, anticoagulation targets, etc. (see Supplement 2A
and 2B).

Recorded data included basic demographics (age,
sex, height, weight, comorbidities), times of collapse,
ED admission, ECMO start, ECMO canulation suc-
cess, ECMO support duration, ICU and 6-month sur-
vival, Cerebral Performance Category (CPC; values of
1-2 were considered indicative of good neurologic out-
come), discharge home, and return to work. Long-term
quality of life assessment was evaluated using the Short
Form 36 Health Survey (SF36), questionnaire EQ-5D-5L
(EuroQol 5 Dimensions 5 Levels) with Quality-Adjusted
Life Year (QALY), and the Hospital Anxiety and Depres-
sion Scale (HADS) at least 6 months after the arrest via
patient interview. SF36 is a standardized questionnaire
measuring the quality of life in 8 domains, each rated 0
(worst) to 100 (best), with scores <40 indicating reduced
quality of life compared to the general population. EQ-
5D-5L is based on self-assessment of health on a visual
analog scale (VAS) from 1-5 (1 is best). It is a descriptive
system that classifies five domains: mobility, self-care,
usual activities, pain and anxiety. The results can be used
to calculate overall VAS score (0-100, 100 is best) and
Quality-Adjusted Life Years (QALYs), an indicator that
combines life expectancy and quality of life into a single
value. Values above 70 indicate a maximum of slightly
reduced health. The HADS is a screening questionnaire
for anxiety and depression. It is based on a scale ranging
from 0 to 21 and comprises seven items for anxiety (A)
and seven for depression (D). Each item is rated from 0
to 3 (where 0 is best). Values greater than 11 may indicate
anxiety or depression. The HADS assessment was per-
formed after being granted the Master User License.

Statistics

The level of statistical significance was set at 0.05. Cat-
egorical variables were characterized by the absolute
count and the relative frequency (in %). Fisher’s exact test
was employed to assess the statistical difference between
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groups. Numeric variables were described with medians
and IQR (25-75%) and statistically tested with a non-par-
ametric two-sample Wilcoxon rank-sum test. Resulting
p-values were adjusted for multiple comparisons using
the Holm method. All statistical analyses were performed
in R version 4.1.3. R Core Team [12]. To calculate long-
term outcomes, the average and median scores were
determined for each domain.

Besides descriptive statistics, Physical Component
Summary (PCS) and Mental Component Summary
(MCS) were calculated from SF36 according to the origi-
nal scoring algorithm described by Ware et al. [13]. Raw
domain scores (Physical Functioning, Role Physical, Bod-
ily Pain, General Health, Vitality, Social Functioning,
Role Emotional, and Mental Health) were first standard-
ized into z-scores using the U.S. population normative
means and standard deviations. Z scores were calculated
for each of the eight domains using the formula: z= (raw
score —US mean)/US standard deviation. Next, conver-
sion using factor coefficients for PSC and MCS accord-
ing to Ware et al. (this gave us the Z value) [13]. Finally,
T=50+(10xZ) was calculated, which represents PCS
and MCS.

The EQ-5D-5L digit code was converted to utility value
(range from 1-full health to 0-death) according to the
formula: U=1-(C+M+SC+UA+PD+AD), where
C=constant for deviation from full health (C=0,047); M,
SC, UA, PD, AD=price penalties for individual dimen-
sions (M — mobility, SC—Self-Care, UA—Usual Activi-
ties, PD—Pain/Discomfort, AD — Anxiety/Depression).
German EQ-5D-5L value set was use as the most appro-
priate for the Czech population [14]. Therefore, the cal-
culated utilities and QALYs reflect the preferences of the
German general population (see Limitations). Simply,
utility=1-total sum of penalties. QALYs were subse-
quently calculated as the product of survival time and the
corresponding utility value.

The study was registered on the public database Clini-
calTrials.gov on 20th June 2025 (NCT07031466) and
approved by the Ethics Committee of UHO (reference
number 139/2025).

Results

Over the three years, 227 patients were considered for
ECPR, and ultimately, 74 OHCA patients received ECPR,
with cannulation success rate 93.2% (69/74). On total,
227 patients were consulted, 162 of whom were trans-
ported to the ED and 85 (37.4%; 85/227) cannulated after
considering all available information and contraindica-
tions. Some of these patients had ROSC (n=11) and are
therefore not included in the final evaluation (see Fig. 1).
Cannulation-related complications included the inabil-
ity to find or cannulate the vessels (3 cases), inability
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cansulted
227

[——— 65 contraindicated on scene

transported to ED
162

[———— 77 contraindicated in ED

cannulated
85

[————— 11 ROSC before ECMO start

inclusion in the study
74

|—— 5 unsuccessful cannulation

successful cannulation
69

f———————— 42 ICU death

survival to ICU
discharge
27
Fig. 1 Flow chart showing the study and patient inclusion process.
ICU - intensive care unit, ED—emergency department, ROSC - retour of
spontaneous circulation, ECMO - extracorporeal membrane oxygenation

to insert the guidewires (1 case), and perforation of the
cannula into the free abdominal cavity (1 case). Patients
who were initially indicated for transport to the ECMO
center but developed ROSC during transport with per-
sisting signs of cardiogenic shock were often connected
to ECMO but were not included in this study (only those
cannulated under continuous mechanical CPR were
included). Basic demographics and patients’ comorbidi-
ties are shown in Table 1.

Opverall survival to intensive care unit (ICU) discharge
of successfully cannulated patients was 39.1% (27/69),
and 27.5% (19/69) were discharged directly to home care
(see Table 2). The 30-day survival rate with good neuro-
logical outcomes (CPC 1-2) and full self-sufficiency was
recorded as 29.0% (20/69), (see Table 3). At six months,
survival decreased to 33.3% (23/69), and 10.1% (7/69)
of patients returned to work. Cerebral edema was the
most common cause of ICU death (54.8%; 23/42), fol-
lowed by multiorgan failure (21.4%; 9/42) and with-
drawal of therapy for futility (14.3%; 6/42). Refractory
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Table 1 Basic demographic data and patients’ comorbidities.
IQR - interquartile range, APACHE—Acute Physiology and Chronic

Health Evaluation
Parameter N (%)
total number of patients 74 (100.0%)
female 12 (16.2%)
male 62 (83.8%)
diabetes mellitus 5 (6.9%)
hypertension 18 (24.7%)
chronic lung disease 1(1.4%)
chronic heart failure 5 (6.9%)
history of coronary artery disease 15 (20.6%)
median (IQR 25-75%)
age 51(42-58)
weight (kg) 80 (75-98)
body mass index (kg/m?) 27 (24-30)
APACHE Il score 38(34-42)

cardiac arrest despite ECMO support and intervention to
achieve ROSC (such as stellate ganglion blocade, double
sequence defibrillation, high esmolol bolus, or invasive
left ventricle unloading techniques using Impella CP or
intra-aortic balloon pump) was cause of death in 4.8%
(2/42). Two of the deceased patients were indicated for
organ donation by the transplantation team (donor after
brain death), resulting in six successfully transplanted
organs, see Table 2.

The median total time from collapse to arrival to
the ED was 55 min (IQR 45-67 min), and the overall
median time collapse-to-ECMO time was 75 min (IQR
65-90 min), (see Table 4 and Fig. 2). The median interval

Table 2 Outcome parameters and causes of death. Numbers
and relative frequencies in % are reported./CU - intensive care
unit, CPC - cerebral performance category, ECMO - extracorporeal
membrane oxygenation

Parameter N (%)

Outcome of successfully cannulated patients:

Survival to ICU discharge 27/69 (39.1%)
19/69 (27.5%)
23/69 (33.3%)
7/69 (10.1%)
Total number of ICU death of successfully cannulated  42/69 (60.9%)
Cause of ICU death:

brain oedema

Discharge to home
Survival at 6 months
Return to work at 6 months

23/42 (54.8%)

hemorrhagic diathesis 2/42 (4.8%)
multiorgan failure 9/42 (21.4%)
refractory cardiac arrest 2/42 (4.8%)
withdrawal of therapy for futility 6/42 (14.3%)
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Table 3 Neurologic outcomes in individual subgroups
according to the CPC score on day 30. Numbers and relative
frequencies in % are reported. CPC - cerebral performance
category, ICU - intensive care unit, ECMO - extracorporeal
membrane oxygenation

Neurologic outcomes

CPC1-2 CPC3-5

all cannulated patients (N=69) 20(29.0%) 49 (71.0%)
consider only survivals to ICU discharge (N=27) 20 (74.1%) 7 (25.9%)
with collapse-to-ECMO = 60 min (N=9) 4(444%)  5(55.6%)
with collapse-to-ECMO > 60 min (N=60) 16 (26.7%) 44 (73.3%)
in patients < 50 years (N=35) 13(37.1%) 22 (62.9%)
in patients = 50 years (N=34) 7(206%) 27 (79.4%)

Table 4 Time intervals relevant to ECPR. Medians and
interquartile range (IQR i.e,, 25-75%) are reported. ECMO —
extracorporeal membrane oxygenation, IQR - interquartile range

Parameter median (IQR)
Intervals: collapse to emergency room (minutes) 55 (45-67)

emergency to ECMO (minutes) 19(15-24)

collapse to ECMO (minutes) 75 (65-90)

from ambulance arrival at the hospital to starting ECMO
was 19 min (IQR 15-24 min). The median of duration of
ECMO support was 39.6 h (IQR 12.7-72.8).

Ventricular fibrillation (VF) was the most common
initial rhythm (64.7%; 48/74). Of patients with VF, 85.4%
(41/48) of patients underwent mechanical CPR with
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signs of efficient flow (gasping, miosis or ETCO, over
15 mm Hg) before ED arrival, survival to ICU discharge
was 41.7% (20/48), and good neurologic outcome (CPC
1-2 on Day 30) was 35.4% (17/48). Pulseless electrical
activity (PEA) was present as the initial rhythm in 8.1%
(6/74), all with PE (pulmonary embolism). All of them
had signs of efficient flow. Their survival to ICU dis-
charge was 66.7% (4/6) and good neurologic outcome
was 33.3% (2/6) in this group. Asystole was the initial
rhythm in 27.0% (20/74) patients, with 50.0% (10/20)
of them showing signs of efficient flow. Survival to ICU
discharge was 15.0% (3/20) and good neurologic out-
come was 5.0% (1/20) in this subgroup (see Table 5).

Numbers and relative frequencies in % are reported.
Signs of efficient flow are gasping, miosis or ETCO,
over 15 mm Hg. CPC - cerebral performance category,
ICU - intensive care unit, VF — ventricular fibrillation,
PEA — pulseless electrical activity.

Good neurologic outcome was observed in 44.4%
(CPC 1-2, 4/9 patients) of patients with collapse-to-
ECMO period under 60 min, and 26.7% (CPC 1-2,
16/60 patients, considering only the successfully can-
nulated) if the pre-ECMO interval was longer (see
Table 3 and Fig. 2). At Day 30, CPC 1-2 was achieved
in 37.1% of patients younger than 50 years (13/35);
in patients>50 years, this score was achieved only in
20.6% (7/34). In our cohort, we did not observe a statis-
tically significant association between the collapse-to-
ECMO interval and outcome (p =0.47).

Quality of life after ECPR was assessed only in
patients who agreed to participate to the study and pro-
vided informed consent (52.2% of survivors; 12/23), see

Intervals and CPC score on Day 30
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Fig. 2 Intervals of prehospital and in-hospital pre-ECMO care and CPC scores on Day 30 for individual patients. Blue columns indicate the duration
of prehospital management in minutes, red columns of in-hospital management in minutes, dots indicate the CPC score (right axis). Overall, each column

represents one patient
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Table 5 Initial rhythm of patients included in the study,
proportion with a sign of efficacy flow, their ICU survival and the
proportion of patients with CPC 1-2 on Day 30

VF PEA asystole

N (of all patientsincluded ~ 48/74 (64.7%) 6/74(8.1%)  20/74 (27.0%)
in the study, n=74)

with a sign of efficacy flow  41/48 (854%) 6/6 (100.0%) 10/20 (50.0%)
survival to ICU discharge  20/48 (41.7%) 4/6 (66.7%)  3/20 (15.0%)
CPC 1-2 on Day 30 17/48 (35.4%) 2/6(33.3%)  1/20 (5.0%)

Fig. 3 and Supplement 3. The remaining patients did
not contribute information about their condition.

According to SF36 results (see Fig. 3A), the aver-
age value in bodily pain was 89.1. Similarly, high scores
were reported in the emotional role and mental health
domains (means of 91.8 and 82.3, respectively). Vital-
ity showed the lowest average of 67.5. The mean global
health score was 68.8, mean PCS and MCS scores
were 49.2+7.7 and 54.7 £4.9, respectively (the norm is
between 40 and 60).

The EQ-5D-5L questionnaire yielded an average VAS
score of 76 (range 25-100, scale 0-100, 100 is best) and

100

®
8

Score (0-100, 100 = best)
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median score of 90 (see Fig. 3B). The average mobility
score was 1.8 (scale 1-5, 1 is best), 25% reported more
serious limitations. The average self-care score was 1.3
(only one person reported a severe disability). The aver-
age score for usual activities was 1.5 (although several
participants reported experiencing mild to moderate
limitations). The average score for pain/discomfort was
1.6 and the average anxiety/depression score was 1.3.
QALY values were calculated based on these results
adjusted to a one-year period (in our surveillance, only
six months were evaluated). The median QALY per year
was 0.90 (ranging 0.25—1.00). The estimate of>0.58
QALY/year (indicating favorable health status) was
reported by three-quarters of the respondents.

Median HADS scores were 2.5 for anxiety and 2.5
for depression (scale 0-21, 0 is best; see Fig. 3C). In all,
normal range of anxiety and depression was observed
in 83% of participants, while a critical level of depres-
sion was reported by 8% of patients. No patient
reported a critical level of anxiety.

EQ-5D-5L
1

1 1 3 45

~
Score (1-5, 1 = best)

Fig. 3 Quality of life assessment using the SF36, EQ-5D-5L and HADS questionnaires. The range of the scale and the best value are explained
in the legend on the right. Yellow indicates the best value. PF-Physical Functioning, RP-Role Physical, BP-Bodily Pain, GH-General Health, VT-Vitality,
SF-Social Functioning, RE-Role Emotional, MH-Mental Health, HT-Health Transition
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Discussion

In 74 patients over three years, we observed the results
of our ECPR program in this study. We confirmed the
effectiveness and feasibility of ECPR program in our
region. Although the median collapse-to-ECMO inter-
val (the most critical period) was 75 min, the ICU sur-
vival rate was 39.1% (27/69), with 27.5% (19/69) patients
discharged directly home, with 33.3% (23/69) surviving
at six months. Good neurologic outcome with full self-
sufficiency was 29.0% (20/69) at 30 days (in the surviving
group 74.0%; 20/27).

Our data are comparable with centers with long-
standing ECPR program. Lamhaut et al. reported data
from Paris, where the ECPR program began in 2011
(first period). The best survival rate of 38% was achieved
in their study in the second period (after 2015, charac-
terized by prehospital cannulation and a stricter pro-
tocol) among 27 ECPR patients. In their study, the
duration of no-flow plus low-flow time (i.e., collapse-
to-ECMO) was 73.4 min and ECMO implementation
time was 19.3 min [15]. Bélohldvek et al. reported in
their OHCA Prague study a mean collapse-to-hospital
arrival time to be 49 min the in invasive strategy group
(which is early intra-arrest transport and ECPR) and
60 min in the standard strategy group (which is on-site
CCPR). Collapse-to-ECMO time was 61 and 62 min,
respectively with ECMO implantation times of 12 and
16 min. Survival with CPC 1-2 on Day 30 was reported
for 30.6% in the invasive strategy vs 18.2% in the stand-
ard strategy group (p=0.02) [9]. Suverein et al. reported
in their INCEPTION trial the arrest-to-start of cannula-
tion time of 58+ 13 min and arrest-to-ECMO interval of
74 min (IQR 63 to 87; n=70). The median cannulation
time was almost double (20 min). This could have influ-
enced the hospital discharge rate, which was only 20%
[8]. In the ARREST trial, the time from EMS call (so not
exactly collapse) to ECMO was 59 min, with both sur-
vival to hospital discharge and 6-month survival rates
of 43% [10]. Secondary analyses of the above-mentioned
RCTs showed association of ECPR with improved neuro-
logic outcomes [16, 17] and pooled data from ARREST
and Prague OHCA studies showed better survival with
favorable neurologic outcomes at 180 days in the ECPR
vs control group (32.4% vs 19.7%; p=0.015; 47.1% vs
28.3% in the shockable rhythm-only analysis; p=0.01)
[18]. ECPR is beneficial only for a narrowly defined
group. Although late ROSC is possible, the selection of
the most suitable candidates for ECPR after 8—24 min of
CCPR (with an optimal time of 16 min) should be con-
sidered in order to avoid a long interval between collapse
and ECMO and thus a worsening of the outcome [19].

The optimal system configuration should aim to
start ECMO within 60 min of patient collapse which
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maximizes the likelihood of good outcomes [4, 7]. The
pre-hospital care time, which was 55 min in our study, is
likely one of the critical factors affecting the outcomes.
Although we did not confirm a statistically significant
association between the collapse-to-ECMO interval
and good neurologic outcome, we observed a good neu-
rologic outcome in 4/9 of patients with a collapse-to-
ECMO interval under 60 min compared to 16/60 of
patients with an interval above 60 min. Where logistically
justified, HEMS was used for transport to shorten the
pre-hospital interval in our study.

Hospital management and cannulation process should
be very fast, as this can also influence the outcome. In the
INCEPTION trial, cannulation was delayed compared
to ARREST or OHCA Prague trials, and the neurologic
outcome was poorer than in the other two studies (CPC
1-2 was only 15%) [16]. Hospital management in Ostrava
seems to be highly efficient because the interval between
the ambulance arrival and functional ECMO run is
19 min. This interval involves parking in front of the ED,
transport of the patient to the emergency bed, informa-
tion handover, echocardiography, chest and abdominal
ultrasound, and ECMO cannulation and initiation itself
(which usually takes approx. 10 min). We, therefore,
believe that in our system, the efforts for time shortening
should be rather focused on optimizing the pre-hospital
processes than in-hospital management as in the latter,
not much room is left for improvement.

The long collapse-to-ECMO interval, which averaged
75 min in our study, is the primary limitation to the
ECPR approach. One strategy to significantly speed up
the process is to implement mobile ECPR, i.e., to dispatch
ECMO team to the patient on the scene. Based on the
data from France, it appears that this system can reduce
the collapse-to-ECMO interval by approx. 20 min, which
is associated with a survival rate improvement to 38%
[15].

The initial rhythm is also related to the neurological
outcome. Ventricular fibrillation (VF) is considered the
most favorable initial rhythm as it can be a surrogate for
treatable ischemic heart disease [20]. In ECPR patients
with VF, Rob et al. demonstrated an overall CPC 1-2
at discharge in more than 30% of patients, compared to
3% in patients presenting with asystole [21]. Their study
also demonstrated the importance of the rhythm at the
time of hospital admission. Of patients with VF both as
the initial and on-admission rhythm, 43% had a CPC
1-2 at discharge, compared to 12% of asystolic patients
on admission. Our findings are consistent with theirs;
30 days after arrest, 35.4% (17/48) of VF patients had a
CPC 1-2. In the same study, only one out of six patients
(17%) presenting with asystole followed by VF achieved
CPC 1-2. In our data, only 5% (1/20) of patients with a
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CPC 1-2 were asystolic. Patients with PEA should be
considered for ECPR, especially in cases with high sus-
picion of the etiology of pulmonary embolism (PE) rep-
resenting a treatable pathology, unlike patients with
trauma-induced bleeding, asphyxia etc. Ultrasound
examination can be quite crucial in these cases, capable
of confirming the PE etiology or ruling out severe bleed-
ing. In patients with PEA, Rob et al. reported overall
outcome of CPC 1-2 in 13%, increasing to 25% in the
subgroup with PEA as both the initial and admission
rhythm. In our dataset, favourable neurological outcomes
on day 30 were reported in 33.3% (2/6) of patients with
PEA due to PE.

Long-term outcomes and quality of life were assessed
in our patients using standardized tests, namely SF36,
EQ-5D-5L and HADS questionnaires. According to
SF-36, the PCS was 49.2 +7.7, which is close to the popu-
lation average and the MCS was 54.7+4.9 even above
average. Yonis et al. describe the long-term outcomes of
2,552 cardiac arrest survivors (without ECMQ) in Den-
mark according to SF-12 [22]. The calculation of PCS
and MCS scores is the same for both questionnaires (SF-
36 and SF-12). Fifty-six per cent of respondents com-
pleted the survey in their study, which is similar to our
recruitment rate of 52.2% (12/23). PCS was 43.3+12.3
and MCS was 52.9 8.3, which was slightly less than in
our cohort of patients after ECPR (note that in our data,
6-month follow-up is reported, compared to the one year
and more in the study by Yonis). Overall, pain was pre-
sent but, in most cases, it was not severe or influencing
the quality of life. Mental health and emotional state out-
comes were also favorable, with low incidence of anxiety
and depression. In the vitality and fatigue domains, how-
ever, poorer outcomes were observed. The average global
health score was 68.8, indicating slightly negative subjec-
tive perception of health.

According to EQ-5D-5L, the self-assessment of
health was in the highest quartile in our study (mean
76; median 90) and most surviving patients were com-
pletely self-sufficient, having only minor problems with
mobility or usual activities. In a retrospective study by
Haskins et al. on OHCA (without ECMO) with initial
shockable rhythms, the highest score>80 was observed
in bystander-shocked survivors compared with those
shocked by first responders and paramedics [23]. The
median QALY/year in our study was 0.90, which is
almost normal value. The patients generally reported
good results in terms of pain and mental health or anxi-
ety. The domains of vitality (energy), subjective percep-
tion of health, and physical functioning showed the
greatest need for improvement.

In a 1-year follow up, Yonis et al. reported anxiety
in 73.0% and depression in 79.7% of CCPR survivors
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according to the HADS score [22]. Our results showed
HADS anxiety scores of 83.3 and depression scores of
86.1, suggesting comparable outcomes.

Limitations

The presented study has several limitations. First, it is a
monocentric study, inherently leading to a limited num-
ber of eligible patients. Outdated U.S. datasets were used
to calculate the PCS and MCS, since Czech and other
European datasets do not permit the direct calculation
of these parameters according to the original methodol-
ogy. The German EQ-5D-5L value set was used, despite
certain socioeconomic differences between the Czech
and German populations. The calculated utilities and
QALYs therefore reflect the preferences of the German
general population. In the context of the ECPR, this bias
is towards underestimating an already relatively good
result. In many cases (almost half), we were unable to
obtain patient consent to complete the six-month quality
of life questionnaire, which might have introduced selec-
tion bias and limited the generalizability of the long-term
outcome analysis.

Conclusion

The results of the ECPR program for OHCA in Ostrava,
launched in 2022, seem comparable with those of long-
standing ECPR centers, with a survival rate of 39.1%,
despite a collapse-ECMO interval of 75 min. A good
neurologic outcome (CPC 1-2) was observed in 29.0% of
patients at 30 days after CA. In the quality-of-life assess-
ment six months after the arrest, survivors reported low
levels of pain, anxiety, and depression. The majority of
survivors were completely self-sufficient and experienced
only minor problems with mobility or usual activities,
with a median QALY /year of 0.90.
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7.1.2 Dalsi prace tykajici se ECPR

7.1.2.1  Successful extracorporeal cardiopulmonary resuscitation in a refractory out-of-hospital
cardiac arrest after ethylene glycol poisoning

Tato kazuistika ptfedstavuje intoxikaci pfi suicididlnim pokusu, kdy 49lety muz pozil za nejasnych
okolnosti letdlni davku etylenglykolu. ZZS byla voldna k pacientovi v bezvédomi s bilaterdlni
mydriazou a hypoventilaci. V pfitomnosti ZZS doslo pfi zaji§tovani pacienta k srde¢ni zastaveé a po 8
minutach CCPR bylo kontaktovano ECMO centrum FNO s indikaci k transportu do FNO za probihajici
resuscitace. VA ECMO bylo spusténo v 59. minuté od srdecni zastavy. Byla nalezena extrémni hladina
etylenglykolu. Pacient byl i po napojeni na VA ECMO nestabilni s perzistujici komorovou fibrilaci,
byla provedena blokada ganglion stellatum a ROSC byl dosazen 149 minut od zastavy. Pacient byl dale
na kontinualni hemodialyze pro selhani ledvin, lé¢en intravenoznim ethanolem a fomepizolem.

Intoxikaci ptezil se zcela minimalnim postizenim.

Tato préace je vyznamna tim, Ze rozSifuje indikace k napojeni na VA ECMO v pfipad¢ intoxikaci, a to
mimo léky s primarné kardiodepresivnim ucinkem (beta blokatory, kalciové blokatory apod.). Tézka
metabolickd acidéza a rozvrat vnitiniho prostfedi by bez ECMO podpory byly zcela neslucitelné se
zivotem. Jedna se o prvni publikovany pfipad refrakterni VF pfi otravé ethylenglykolem, kdy diky
ECMO bylo preklenuto obdobi tézké intoxikace a srdecni fibrilace s ndvratem pacienta do norméalniho

Zivota.

Peter Sklienka, Jan Neiser, Juraj Rodina, Filip Bursa, Jan Maca, Michal Frelich, Tomas Jonszta.
Successful extracorporeal cardiopulmonary resuscitation in a refractory out-of-hospital cardiac arrest

after ethylene glycol poisoning. Signa Vitae. 2024. 20(12):131-135.
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7.1.2.2  Indikacni kritéria pro extrakorporalni kardiopulmonalni resuscitaci: pro koho je a pro koho
neni vhodna?

Ptehledovy ¢lanek se vénuje zejména indikacim ECPR, kdy bylo vhodné, aby tato problematika byla
diskutovana jednoduse v ¢eském jazyce pro Sirokou odbornou vefejnost. ECPR je metoda vyhrazena
pouze pro zkuSend centra s odpovidajicim zazemim, ale s vhodnymi kandidaty pro ECPR se muze
v pfednemocni¢nim prostiedi setkat Sirokd odborna vetejnost. Kritickym bodem je proto identifikace
vhodnych pacientt jiz pii prvnim kontaktu se zdravotniky. Cilem tohoto ¢lanku je rozsitit povédomi o
indika¢nich kritériich v §ir§i odborné vetejnosti, ktera poskytuje neodkladnou prednemocnicni, ale i

nemocni¢ni péci.

WALACHOVA, Nela, Juraj RODINA, Tereza ROMANOVA, Peter SKLIENKA, David HOLES, Ondrej
JOR, Jan MACA, Michal FRELICH a Filip BURSA. Indikacni kritéria pro extrakorpordlni

kardiopulmonalni resuscitaci: pro koho je a pro koho neni vhodna? Urgentni medicina: casopis pro

neodkladnou lékarskou peci. 2024, 27(4), s. 7—14. ISSN 1212-1924.
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7.2 Komentované publikace tykajici se antikoagulace béhem ECMO

7.2.1 A safety comparison of heparin and argatroban anticoagulation in veno-
venous extracorporeal membrane oxygenation with a focus on bleeding

V této ptivodni praci jsme se zamétili na krvaceni u pacientii na VV ECMO s respira¢nim selhanim
na podkladé virové pneumonie zptisobené virem SARS-CoV-2. Jednalo se 0 monocentrickou observacni
studii, kdy v prvni etapé byli pacienti antikoagulovani heparinem k aPTT 45-60 s, a ve druhé etapé
argatrobanem k témuZz cili. Na 63 pacientech jsme zaznamenali statisticky vyznamny rozdil mezi
skupinami UFH a argatrobanu ve spotiebé krevnich transfuzi. Ve skupin¢ UFH byla spotieba 4,2
krevnich transfuzi prepoc¢tena na tyden ECMO podpory a ve skupiné s argatrobanem 2,7 (p = 0,011).
Rovnéz zivot ohroZujicich krvaceni bylo vice ve skupiné s UFH (35,7 % vs. 10,2 %, p = 0.035) stejné
jako krvaceni, kter¢ vedly ke smrti pacienta, bylo vice ve skupiné s UFH (21,4 % vs. 2,0 %, p = 0,032).
Pacienti antikoagulovani argatrobanem byli ¢ast&ji v cileném terapeutickém rozmezi (61,0 % vs 46,5

%; p = 0,027) a rozkolisanost aPTT byla signifikantné niz§i ve skupin€ s argatrobanem (p = 0,026).

4

spotieby transfuzi. Dale i to, ze se snadngji titruje a jednoduse;ji se s nim pracuje. Tato prace muze slouzit
jako vychodisko k multicentrické prospektivni studii, ktera by bezpe¢nost argatrobanu jednoznaéné

potvrdila. Timto by mohlo dojit k zasadni zmén¢é dosavadni praxe v antikoagulaci pacientti na ECMO.

Ptinos tohoto ¢lanku pro klinickou praxi odrazi jedna z citaci ¢lanku v ¢asopise JOURNAL OF HEART
AND LUNG TRANSPLANTATION, ktery je oficialnim periodikem mezinarodni spolec¢nosti pro

transplantaci srdce a plic.
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Abstract

Background: Anticoagulation during extracorporeal membrane oxygenation (ECMO)
might still lead to severe bleeding complications. Heparin is the most frequently used
anticoagulant, but novel drugs could be promising. Argatroban is a new alternative to
heparin. To date, no robust studies have confirmed the clear superiority of argatro-
ban (AG) over heparin, although it has some advantages and may be safer.

Study Design and Methods: An observational study was conducted in all adult veno-
venous ECMO patients with COVID-19-associated acute respiratory distress syn-
drome admitted to the University Hospital Ostrava (n = 63). They were anticoagu-
lated with heparin in the first period and with AG in the second period, targeting the
same activated partial thromboplastin time (aPTT; 45-60 s). Bleeding complications
requiring transfusion and life-threatening bleeding events were evaluated. The pri-
mary objective was to compare heparin and AG in terms of bleeding, transfusion
requirements and mortality-related bleeding.

Results: The total time on ECMO per patient was 16 days with an in-hospital mortal-
ity of 55.6%. The red blood cell consumption in the AG group (median 2.7 transfu-
sions/week) was significantly lower than in the heparin group (median 4.2
transfusions/week, p = 0.011). Life-threatening bleeding complications were higher
in the heparin group compared to the AG group (35.7% vs. 10.2%, p = 0.035) , and
mortality-related bleeding complications were also higher in the heparin group
(21.4% vs. 2.0%, p = 0.032).

Discussion: Argatroban is an interesting alternative to heparin with less bleeding, less
need for red blood cell transfusions and improved safety of ECMO with less
mortality-related bleeding.

KEYWORDS
anticoagulation, argatroban, bleeding, extracorporeal membrane oxygenation (ECMO), heparin
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1 | INTRODUCTION

Veno-venous extracorporeal membrane oxygenation (VV ECMO) is a
life-saving support method for patients with respiratory failure.? It is,
however, still associated with significant risks, and mortality of ECMO
patients is high.? While bleeding complications constitute a major
challenge in patient management and can be life-threatening, oxygen-
ator thrombosis usually does not pose such a high risk as the oxygena-
tor function typically deteriorates gradually, which allows timely
elective oxygenator exchange®* Therefore, bleeding complications
are a more serious problem than thrombotic complications and the
trend is to reduce anticoagulation.” In addition, bleeding complications
are a challenge in terms of care and management and increase the
cost of treatment. Unfractionated heparin (UFH) is the most com-
monly used ECMO anticoagulant®; many ECMO centers, however,
have introduced the use of novel drugs potentially offering improved
anticoagulation management. Of these drugs, argatroban (AG), a direct
thrombin inhibitor (DTI), is one of the most promising ones, with many
possible advantages over UFH.”

In this study, we aimed to evaluate the safety of anticoagulation
with UFH versus AG from the perspective, of (i) bleeding complica-
tions requiring transfusion (ii) life-threatening bleeding events, and
(iii) bleeding-related mortality in VV ECMO patients with COVID-
19-associated acute respiratory distress syndrome (CARDS).

2 | STUDY DESIGN AND METHODS

This observation monocentric study was performed in the Intensive
Care Department of the University Hospital Ostrava, Czech Republic.
The study was approved by the Ethics Committee of the University
Hospital Ostrava. Informed consent was not needed. The trial has
been registered on ClinicalTrials.gov, NCT06038682, registered
15 August 2023-retrospectively  registered, https://classic.
clinicaltrials.gov/ct2/show/NCT06038682. Adult patients with acute
respiratory distress syndrome (ARDS), defined according to the Berlin
definition,® infected with SARS-CoV-2 and hospitalised in the inten-
sive care unit using VV-ECMO between April 2020 and July 2023
were enrolled. All ECMO support was provided by systems using cen-
trifugal pumps and coated tubing according to the manufacturer. X
lung (Xenios, Fresenius Medical Care), PLS (Rotaflow, Getinge) and
HLS (Cardiohelp, Getinge) systems were used. Individual systems
were used according to their availability at the time of cannulation.
The patients were anticoagulated with UFH from April 2020 to
February 2021; from February 2021 onwards, anticoagulation was
switched to AG. There was no other difference in the general manage-
ment of CARDS patients between the two groups. ECMO started
with a bolus of heparin (50-70 U/kg plus 5000 U in priming volume),
which was followed by UFH (5-10 U/kg/hour) or AG (5-10 pg/kg/
hour) anticoagulation with targets of aPTT 45-60s. aPTT was mea-
sured four times per day (6, 12, 18 and 24 o'clock). Anticoagulation
dosage was adjusted according to aPTT levels and selected clinical sit-
uations such as the presence of coagulopathy, thrombocytopenia,
post-operative status and so forth. The number of blood transfusions,

plasma and platelets administered was monitored. Life-threatening
bleeding was defined as the administration of more than six blood
transfusions in 24 h. Mortality-related bleeding was defined as clini-
cally refractory profuse bleeding with hemodynamic failure or bleed-
ing leading directly to death, such as intracranial haemorrhage.
Demographic data, aPTT levels, oxygenator changes and life-
threatening oxygenator thromboses (critical sudden drop in VV ECMO
efficacy leading to hypoxemia and patient instability) were compared
between the groups. The first 12 h of treatment were not included in
the analysis because of the initial heparin exposure and its potential
effects on coagulation test results. Pathromtin® SL (Siemens Health-
care Diagnostics; Sysmex CS-5100 analyser) was used for aPTT mea-
surement. Tests were performed according to the manufacturers
instructions. During the bleeding event, best clinical practice was fol-
lowed and treatment was administered according to the treating phy-
sician and the patient continued to be monitored. Oxygenator
function and laboratory coagulation parameters were monitored daily
according to protocol. If, during the oxygenation test, the post-
oxygenator PO, dropped below approximately 25 kPa, or if low fibrin-
ogen levels were repeatedly measured (below 2 g/L) despite initial
fibrinogen supplementation, an elective oxygenator exchange was
performed.

Numerical variables are presented as medians, minimums and
maximums; categorical variables are presented as absolute and rela-
tive frequencies (%). Between-group differences were assessed using
the Mann-Whitney test, the Chi-square test of independence for con-
tingency tables, or Fisher's exact test as appropriate. Intra-individual
variability of patients in aPTT was evaluated using the robust coeffi-
cient of variation (RBV). Multiple boxplots or multiple boxplots com-
bined with the kernel density plots were used to visualise the
comparison of groups in selected variables. The significance level was
set to 0.05 and the statistical analysis was performed in the R soft-
ware (version 4.3.1).

3 | RESULTS

Description of the study group and outcomes are described in
Table 1.

Table 1: Description of the study group and outcomes.

Both groups were similar in terms of the initial severity of the ill-
ness (APACHE Il score). In the AG group, patients stayed on ECMO
longer with higher weaning success and lower in-hospital mortality,
but these results did not reach statistical significance. In the UFH
group, only the alpha variant of COVID-19 was present. In the AG
group, the alpha variant was present in 53%, the delta variant in 43%
and the omicron variant in 4%. Life-threatening bleeding complica-
tions were significantly higher in the UFH group compared to the AG
group (35.7% vs. 10.2%, p = 0.035) and also mortality-related bleed-
ing complications were higher in the UFH group (21.4% vs. 2.0%,
p =0.032).

Distributions of all aPTT measurements for the AG group and
UFH group are compared in Figure 1 (left panel). The AG group
showed a significantly lower median aPTT than the UFH group (50.1
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TABLE 1 Description of the study group and outcomes.
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Median (Min; Max) or n (%)
Total (n = 63) AG group (n = 49) UFH group (n = 14) P
Demographic data -
Sex (male) 38(60.3) 32(65.3) 6(42.9) 0.228
Age (years) 50 (27; 69) 48 (27; 65) 53(31; 69) 0267
Weight (kg) 93 (70; 158) 93 (70; 145) 95 (72; 158) 0.813
Body-mass index (kg/m?) 31.2(20.9; 58.1) 31.3(20.9; 50.3) 310 (24.3; 58.1) 0953
COVID-19 variant 0.002
Alpha 40 (64) 26(53) 14 (100)
Delta 21(33) 21(43) 0(0)
Omicron 2(3) 2(4) 0(0)
APACHE Il Score 32(14; 44) 33(14; 44) 30 (26; 43) 0557
Treatment and outcomes
Circuit type 0.891
Xlung 36(57) 29 (59) 7 (50)
PLS 4(6) 3(6) 1(7)
HLS 23(37) 17(35) 6(43)
Time on ECMO per patient (days) 16 (1; 124) 18 (1; 124) 12 (5; 28) 0.030
Successful weaning from ECMO 30 (47.6) 26(53.1) 4(28.6) 0.189
Life-threatening bleeding complications 10 (15.9) 5(10.2) 5(35.7) 0.035
Mortality-related bleeding complications 4(6.3) 1(2.0) 3(21.4) 0.032
Hospital mortality 35 (55.6) 25(51.0) 10(71.4) 0.294

Note: The values represent medians, minimums and maximums or absolute and relative frequencies (%). The p-value was obtained using the Mann-

Whitney test, the Chi-square test of independence for contingency tables or the Fisher's exact test.
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FIGURE 1

Visualisation of the distribution of all aPTT measurements (left; grey dashed lines show the aPTT therapeutic range) and the

distributions of the proportion of time spent in the aPTT therapeutic range in individual patients (right) for the and UFH groups. AG, argatroban;

UFH, unfractionated heparin.

vs. 57.7s; Mann-Whitney test, p <0.001); nevertheless, both
medians were within the therapeutic range. The AG group also
appeared to show significantly higher variability of aPTT values than

the UFH group (Levene test, p < 0.001). However, when analysing
intra-individual variability of aPTT (i.e., the variability of aPTT in indi-
vidual patients; right panel of Figure 1) using the robust coefficient of



57

78 B4 Y TRANSFUSION
2_LwiLEy— %}

BURSA e7 AL.

S
o
.

60
351
50
30
2 x
3 40 ]
= 225
3 3
g i g
%30 %20
5 5
& & 5
8 515
o)) = 0 .
e , 2 , -
S . 10
10 =l © T .
S o o S, "
LSOV S 1 a3 g
0 o 0 . - .
AG UFH AG UFH

FIGURE 2 Distribution of the number of transfusions administered per week in individual patients in the AG and UFH groups. Left-
insignificant difference for total transfusions (p = 0.275); right-significant difference in RBC transfusions (p = 0.011). AG, argatroban; UFH,

unfractionated heparin.

variation (RCV), patients in the AG group showed significantly lower
RCVs (Median, Min-Max: 8.1%, 2.4%-20.3%) than patients in the
UFH group (10.9%, 5.6%-36.4%; Mann-Whitney test, p = 0.026),
indicating that the intra-individual variability of aPTT was lower in
patients in the AG group. Furthermore, patients in the AG group
showed a significantly higher proportion of time spent in the aPTT
therapeutic range (61.0%, 5.0%-100.0%) compared to the UFH group
(46.5%, 9.0%-80.0%); (Mann-Whitney test, p = 0.027).

The transfusions administered per week in each patient were
determined, and the groups were compared. At least one transfusion
of any type (red blood cell (RBC), platelets, and plasma) was adminis-
tered to 89.8% (median total transfusions 4.4/week; min-max 0.0-
33.5/week) of patients in the AG group and 100% of patients in the
UFH group (median 4.8/week; 1.4-56.0/week). This difference was
not statistically significant (p = 0.275). The RBC consumption in the
AG group (median 2.7 RBC/week; 0.0-13.5 RBC/week) was signifi-
cantly lower than in the UFH group (median 4.2 RBC/week; 1.4-39.2
RBC/week, Mann-Whitney test, p = 0.011), see Figure 2. RBCs were
administered to 87.8% of the AG group and 100% of the UFH group.
No statistically significant difference was detected either in platelets
transfusions that were administered to 57.1% (median 0.5
platelets unit/week; 0.0-8.5 platelets unit/week) of patients in the
AG group and 50.0% of those in the UFH group (median 0.3 platelets
unit/week; 0.0-9.8 platelets unit/week) or in plasma transfusions,
which were administered to 46.9% (0.0-14.0 plasma unit/week) of
patients in the AG group and 21.4% of those in the UFH group (0.0-
7.0 plasma unit/week).

Two life-threatening oxygenator thromboses occurred in the
UFH group, while none were observed in the AG group. Over
the 31788 h of ECMO support (26 980 h in the AG group and

4808 h in the UFH group), 35 elective oxygenator changes were per-
formed, of which 34 were in the AG group and one in the UFH group.

4 | DISCUSSION

In our study, there was significantly less bleeding and ERD adminis-
tered in the AG group compared to the UFH group. Also, life-
threatening bleeding occurred less in the AG group and this group also
had fewer mortality-related bleedings. Overall mortality was lower in
the AG group, but not statistically significant. Overall, the mean time
on ECMO was 16 days, which is comparable to data from the ELSO
(Extracorporeal Life Support Organisation) registry, where the median
time on ECMO for COVID-19 was 14 days’ and review by Rama-
nathan et al. that is, 15 days.*°

Anticoagulation with heparin is by far the most common antico-
agulant used in ECMO. Despite some advantages, it can lead to spe-
cific complications in many cases. Martucci et al. describe
anticoagulation management in a multicentre study of more than
600 patients? In 77%, UFH was the initial anticoagulant and aPTT
was the most common test for monitoring (86%) with a median of
52s. More than half experienced at least one bleeding event and
1.6% were fatal. UFH could be adjusted to lower anticoagulation tar-
gets to minimise the risk of bleeding.” UFH is fundamentally involved
in the homeostasis of coagulation by blocking free thrombin through
interaction with antithrombin (AT). Besides, it also blocks other fac-
tors, such as fXa, fiXa, fXla, the tissue factor/factor Vlla complex,
induces tissue factor pathway inhibitor and is involved in several regu-
latory mechanisms in the organism.**~*® Heparin resistance (i.e., a sit-
uation when standard doses of UFH do not result in the expected
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values of the appropriate test) is caused by nonspecific binding of
UFH to plasma proteins, high fibrinogen, and factor V levels or most
commonly, by low levels of AT.** Given the key role of the AT path-
way in UFH action,’® it is obvious that a decrease in AT blood levels
can reduce the UFH anticoagulation activity, thus increasing the risk
of thrombotic events. On the other hand, supplementation of AT
could lead to an unpredictable increase in the UFH effect, causing
bleeding complications. Although high AT (>80%) demonstrated a
higher platelet count and lower rate of platelets transfusions,*® in our
cohort, the groups did not differ significantly in the number of plate-
lets or plasma transfused. AT activity above 80% had higher survival
rates.'® However, it is not clear whether this is related to the AT level
itself or to the overall level of UFH anticoagulation. Therefore, there
are no data on whether AT supplementation alone improves progno-
sis, for example in patients on anticoagulation other than UFH. It is
also necessary to point out that heparin-AT complexes are also inef-
fective when thrombin is already bound to fibrin. These factors, along
with a high degree of UFH binding to plasma proteins, endothelial
cells, and macrophages result in a lower predictability of UFH. This is
particularly important from the perspective of binding to acute phase
proteins as the change in their levels (e.g. during sepsis) affects the
UFH action.® UFH could also cause heparin-induced thrombocytope-
nia’” with an up to 17% incidence in ECMO.® The main advantage of
UFH lies in the existence of its antagonist, protamine, which can
completely reverse the anticoagulant effect of heparin. UFH was also
reported to have an antiviral effect,’? including activity against
COVID-19.%°

Unlike UFH, DTls bind directly to thrombin and do not need any
cofactors (no AT) for their effect. Their binding to plasma proteins is
low, which eliminates the risk of HIT. Their effect is, therefore, more
easily predicted than that of UFH.22?? Argatroban could be used in
patients with a risk of HIT but also as a standard anticoagulant,
depending on the particular center protocols.? It binds reversibly to
the catalytic site of both free thrombin and thrombin in the coagulum,
thus inhibiting both soluble and fibrin-bound thrombin. It has an
approximately linearly dose-dependent effect and a short circulating
half-life of about 40 min, making it relatively easy to control>* AG is
eliminated by the liver, so doses have to be reduced in patients with
hepatic dysfunction.?” The advantages of AG over bivalirudin (another
promising DTI) lie in its independence from renal dysfunction and pre-
vention of thrombotic events even in circuit parts with low blood flow
(cardiac chambers, oxygenator, etc.). aPTT is the most widely used
method of anticoagulation monitoring in UFH as well as of AG use.?®

In our study, the UFH and AG groups were in different time
periods and therefore the groups differed in the COVID-19 variant
(see Table 1). Also, the coagulopathy associated with COVID-19 may
have changed due to immunity from natural infection and vaccination
and the emergence of new COVID-19 variants.?” The COVID-19 vari-
ant differs in the degree of hypercoagulation and trombotic events,
but our study mainly concerned with bleeding caused by anticoagula-
tion. The delta variant had a higher risk of thrombotic complications
compared to other variants (OR 1.36),%% but in our study, no life-
threatening oxygenator thrombosis occurred in the AG group, where

the delta variant was present in 43% of patients. Elective circuit
change was performed more frequently in the AG group, which may
be related to the longer duration of patients on ECMO (12 vs.
18 days, p = 0.03).

According to ELSO 2021 anticoagulation guidelines,?? anticoagu-
lation should be individualised according to a specific center protocol
and no general standard exists. Physicians are very familiar with UFH
use. So far, no data unanimously demonstrating the superiority of
another anticoagulant over UFH in ECMO is available. Still, DTls
appear to be a promising alternative, especially thanks to the fact that
their direct effect on thrombin is not influenced by other factors and
that they appear to possess no clinically significant undesirable side
effects. The aPTT is the most commonly used method of monitoring
anticoagulation in both UFH and DTls, although its value may be
biased especially in proinfllmmatory states. In the study of Rad et al.
COVID-19 was associated with hyperinflammatory state in 67%, but
only 19% of patients had concurrent coagulopathy.*® Some centers
use for example antiXa or ROTEM, but in our protocol we used aPTT.
Fisser et al. evaluated the outcomes of AG versus heparin anticoagula-
tion in 117 ECMO patients without heparin-induced thrombocytope-
nia. The rates of major bleeding and thrombotic complications in their
study were comparable, with AG possibly having a smaller impact on
the platelet decrease.** Direct drug costs were higher for AG; how-
ever, when accounting for HIT testing and transfusions, the costs for
UFH and AG were comparable. Cho et al. found similar results in the
overall costs of patients treated with AG compared to those treated
with UFH.*2 In patients on ECMO due to respiratory failure caused by
SARS-CoV-2 infection, Sattler et al. found a high prevalence of hepa-
rin resistance, making AG anticoagulation in these patients more man-
ageable, without compromising safety.>® However, Stammers et al.
reported that hepatic failure, renal failure and mortality were more
common in DTl patients than in UFH patients.>*

In our study, AG-coagulated patients were relatively more often
in the target aPTT range than UFH patients, which suggests that
titrating the AG dose to the aPTT target range was more successful
than in the case of UFH. The median aPTT in the UFH group was sig-
nificantly higher than in the AG group, which might have led to a
greater incidence of bleeding in the UFH group. Still, the median value
of 57.7 s in the UFH group is within the target range considered safe
(below 60s). The greater incidence of bleeding (Life-threatening
bleeding complications and mortality-related bleeding complications)
in the UFH group is further confirmed by the overall greater need for
transfusions in this group compared to the AG group. The difference
between groups in all-cause hospital mortality is not statistically sig-
nificant. It should be noted that the higher incidence of bleeding com-
plications in the UFH group not only results in a greater risk of
potentially life-threatening complications, but also in greater costs,
greater consumption of valuable resources such as the ERD, and, last
but not least, also in more demanding care for the patient. In the AG
group, we have recorded no oxygenator thrombosis requiring an
urgent oxygenator exchange, while in the UFH group, two such
events were recorded (even though the total time on ECMO was
more than six times higher in the AG group than in the UFH group).
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5 | LIMITATIONS

The main limitation of our study is the small sample size in both
groups and uneven group sizes. Moreover, the UFH group and AG
group were recruited in different periods, implying that different pre-
dominant SARS-CoV-2 strains in the respective group might influence
the severity and course of the disease, as well as the hemostatic sta-
tus of the patients. Despite this, the two groups were comparable in
APACHE Il score and there was no difference in treatment manage-
ment between the two groups. During the bleeding event, no single
treatment protocol was used and the patient continued to be moni-
tored. This could theoretically affect any further bleeding.

6 | CONCLUSIONS

Our results suggest that AG has more stable aPTT levels and fewer
bleeding complications compared to UFH, including significantly
fewer life-threatening and mortality-related bleeds. ECMO support
with AG anticoagulation was also feasible and safe concerning oxy-
genator thrombotic complications.
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7.2.2 Activated Partial Thromboplastin Time and Anti-Ila Monitoring in
Argatroban Anticoagulation in COVID-19 Patients on Venovenous
Extracorporeal Membrane Oxygenation

V dalsi ptvodni praci jsme se zaméfili na hodnoceni krvacivych komplikaci ve vztahu k hodnoté
aPTT, respektive anti-Ila u pacientii na VV ECMO pro virovou pneumonii zptisobenou virem SARS-
CoV-2. Jednalo se o prospektivni observacni studii, jejimz cilem bylo nalezeni mezni hodnoty aPTT a
anti-Ila pro zvySeni rizika krvéacivych komplikaci a predikci krvacivych komplikaci podle koagulacnich
parametri. Pacienti na VV ECMO (n = 44) byli antikoagulovani argatrobanem k cili aPTT 45-60 s a
anti-1la 0,4-0,6 pg/ml. Jakakoli epizoda krvaceni se vyskytla béhem ECMO podpory u 88,6 % pacientt,
kdy Zivot ohrozujici krvaceni (BARC 3a) bylo zaznamenano u 9,1 %. Nebyla zaznamenana zadna Zivot
ohrozujici tromboza okruhu/oxygenatoru. Zvysené riziko krvacivych komplikaci bylo zjisténo pro
hodnoty aPTT nad 52,7 s a anti-Ila 0,78 pug/ml. Pokud se oba parametry hodnotily spolec¢né, bylo
dosazeno 89,8 % negativni prediktivni hodnoty pro krvacivé komplikace (pii aPTT nizs$i nez 52,7 s a

soucasné anti-Ila niz$i nez 0,78 pg/ml).

Studie naznacila dobrou efektivitu ECMO podpory i pii niz$ich cilovych hodnotach antikoagulace, nez
se doposud uvadélo. Rovnéz naznacila snizeni krvacivych komplikaci pfi nizSich hodnotach anti-Ila,
pri¢emz tato data dosud nebyla publikovana a pro antikoagulaci argatrobanem platila diive publikovana

rozmezi 0,5-1,5 pg/ml.
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Abstract

Unfractionated heparin has long been considered the standard anticoagulation in ECMO, despite some pitfalls such as
heparin resistance, heparin induced thrombocytopenia (HIT), etc Recently, some centres started to increasingly use
argatroban for this purpose, typically using activated partial thromboplastin time (aPTT) for its monitoring. Direct
monitoring of the efficacy of argatroban using Anti-lla is not yet an established method, although it might be more
appropriate as it targets the same pathway.An observational study was performed in adult veno-venous ECMO pa-
tients hospitalized with SARS-CoV-2 infection anticoagulated with argatroban to an aPTT target of 40-60 s and
Anti-lla target of 0.4-0.6 pg/mL. Bleeding and thrombotic complications were monitored.Forty-four VV ECMO pa-
tients were included, with an overall hospital mortality of approx. 50%. No life-threatening thrombotic events were
recorded. The risk of bleeding complications significantly increased with aPTT above 52.7 s and with Anti-lla values
over 0.78 pg/mL. Using the above cut-offs for both the aPTT and Anti-lla and their combination, the negative predictive
value for bleeding was approximately 90%.It seems that the generally recommended limits for Anti-lla of 1.5 ug/mL may
be high. However, further data are needed to confirm lower limits.

Trial Registration: retrospectively registered in ClinicalTrials.gov, NCT06038682.
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Background

Extracorporeal membrane oxygenation (ECMO) is a life-
saving method for patients with lung and/or heart failure.
Nevertheless, ECMO is associated with significant risks,
and the mortality of patients needing this support remains
relatively high.l Blood in the extracorporeal circuit is in
contact with foreign surfaces, which necessitates anticoa-
gulation during the ECMO run. Bleeding greatly compli-
cates patient management and can be life-threatening;
however, the same can be said of thrombotic events, of
which oxygenator thrombosis is the most serious.’
Nevertheless, bleeding events are more strongly associated
with in-hospital mortality than thrombotic events.?
Maintaining optimal effective anticoagulation without
bleeding complications is a challenging task, and the ideal
range of anticoagulation doses can be very narrow.
Although unfractionated heparin (UFH) remains the
most popular anticoagulant drug, many ECMO centres
use novel drugs with potentially better anticoagulation
management.* Among these drugs, low molecular weight
heparin (LMWH) and argatroban (a representative of dir-
ect thrombin inhibitors, DTIs) appear to be among the
most promising agents for ECMO anticoagulation.”

Monitoring of anticoagulant activity is crucial for ad-
equate drug dosage. The activated partial thromboplastin
time (aPTT) test is most widely used for the evaluation of
anticoagulation (and, therefore, for adjusting the argatroban
dose).® Although physicians are very familiar with its use,
aPTT is not specific for DTIs, reflecting a combined coagu-
lation activity at multiple levels. Besides, it suffers from la-
boratory interference’ "’ and the results can be distorted in
proinflammatory states,'® outliers of fVIII or fXII or lupus
anticoagu]ant.5 The Anti-Ila, on the other hand, directly re-
flects the strength of thrombin blockade, is not influenced
by other coagulation disorders'' and might be more suitable
for monitoring DTIs action.'?

The latest ELSO (extracorporeal life support organiza-
tion) anticoagulation guidelines were published in 2021."
However, it does not specify exactly how to set up and
monitor anticoagulation with DTIs. Therefore, DTI antic-
oagulation needs to be individualized and controlled by a
local, center-specific protocol. According to the ISTH
(Intemational Society on Thrombosis and Haemostasis),
argatroban has some advantages over UFH, but UFH is
still considered the first-line anticoagulant in ECMO (in
particular due to the lack of robust data for argatroban).
The guidelines also suggest many problems with aPTT
monitoring of argatroban anticoagulation. ISTH suggests
that the Anti-Ila could resolve these issues.'*

We hypothesise that the Anti-Ila may be a better indi-
cator of argatroban anticoagulant activity than aPTT.
However, to our knowledge, there is no study comparing
aPTT and Anti-Ila in ECMO patients anticoagulated
with argatroban in terms of bleeding/thrombotic risk.

The presented study aimed to: (a) determine the ranges
of aPTT and Anti-Ila values indicating lower/higher risk
of bleeding complications and, therefore, cut-off values
for each of the tests, (b) evaluate the performance of these
cut-off values in predicting the occurrence of bleeding
events in VVECMO patients.

Methods

Study Site and Characteristics

A prospective observational monocentric study was per-
formed at the Intensive Care Department of the University
Hospital Ostrava, Czech Republic. The study was approved
by the Ethics Committee of the University Hospital Ostrava
(reference Number 416/2021), which also waived the need
for informed consent. The trial was retrospectively registered
in ClinicalTrials.gov, NCT06038682 on September 15,
2023, and complies with The Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)
Statement: guidelines for reporting observational studies.

Inclusion and Exclusion Criteria, Protocol of
Anticoagulation

Only adult patients hospitalized in the intensive care unit
with SARS-CoV-2 infection on veno-venous extracorpor-
eal membrane oxygenation (VV-ECMO) from April 2020
to July 2023 were included. The exclusionary criteria en-
compassed individuals under the age of 18 and patients
not indicated to ECMO support. The patients were antic-
oagulated with argatroban according to the local ECMO
protocol (see the Supplement). ECMO was initiated with
a heparin bolus (50-70 U/kg intravenous, plus 5000 U
in the priming volume) followed by argatroban (0.3 pg/
kg/hour) anticoagulation with aPTT target of 40-60 s
and Anti-Ila target of 0.4 to 0.6 pug/mL. The primary
goal was to adjust the argatroban dose according to the
Anti-Ila level if the patient did not experience bleeding
events. If bleeding complications occurred, the anticoagu-
lant dose could be adjusted by the treating physician, tak-
ing into account the clinical condition, state of the ECMO
circuit, flow rate through the ECMO system and aPTT. If
the aPTT was too high and the patient was not bleeding,
efforts were made to titrate argatroban to Anti-Ila while
diagnosing a plasma coagulopathy disorder, with possible
administration of haemostatic agents according to the indi-
vidual patient’s risk to target aPTT values.

Sample and Data Collection

aPTT was measured four times per day (6, 12, 18, and 24
o’clock), and Anti-Ila was measured twice per day (6 AM
and 6 PM). In heavily bleeding patients, coagulation tests
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were performed more frequently than every 12h.
Considering each such measurement separately would in-
correctly inflate the number of measurements associated
with bleeding events. For this reason, we used only the
highest test value within each 12-h period.

To determine argatroban dose, Anti-Ila was used as
primary guidance; however, aPTT values and the clinical
situation (coagulopathy, thrombocytopenia, postoperative
status, etc) were taken into account. Demographic data,
Anti-Ila and aPTT results, and the presence of bleeding
complications and life-threatening oxygenator thromboses
were registered. Bleeding complications were evaluated ac-
cording to the BARC score (Bleeding Academic Research
Consortium)." The first 12 h of treatment were not included
in the study because of the initial heparin exposure. ECMO
parameters and circuit blood gases were monitored regularly
according to best clinical practice and local ECMO protocol.
If, during the oxygenation test, the post-oxygenator PO,
dropped below approximately 25 kPa, or if low fibrinogen
levels were repeatedly measured (below 2 g/L) despite initial
fibrinogen supplementation, elective oxygenator exchange
was performed. During the bleeding event, best clinical prac-
tice was followed by the treating physician and the patient
continued to be monitored.

Laboratory Assays

A chromogenic test INNOVANCE™ DTI Assay (Siemens
Healthcare Diagnostics; Sysmex CS-5100 analyser) was
used for Anti-Ila determination. For aPTT measurement,
Pathromtin® SL (Siemens Healthcare Diagnostics;
Sysmex CS-5100 analyser) was used.

Data Analysis

R software (version 4.2.3) was used for all statistical ana-
lyses. Data are presented as medians and interquartile
ranges, and demographic variables are presented as absolute
and relative frequencies (%). Multiple box plots combined
with kemel density plots were used to analyse the associa-
tions between aPTT/Anti-Ila and bleeding complications.
Further, to the identify safety thresholds of both methods,
aPTT/Anti-Ila decile categories were constructed and bleed-
ing events assigned to each decile category. The absolute
risk (%) and risk ratios of bleeding were calculated. The
risk ratios were calculated relative to the category with the
lowest absolute risk of bleeding complications. Finally, a
combined criterion considering both aPTT and Anti-Ila
was created and its diagnostic accuracy in predicting bleed-
ing complications was evaluated.

Results

Forty-four patients were enrolled in the study. Table 1 de-
scribes the basic demographic and outcome parameters of

Table I. Basic and Outcome Parameters of the Study Group.

Median (IQR) or

n (%)
Total number of patients 44
APACHE Il Score 33 (14, 44)
Total time on ECMO (h) 24,528
Total number of aPTT measurements 5104
Total number of Anti-lla Assay 2012
measurements
Total number of bleeding events 731
Total number of non-bleeding periods 4415
Age (years) 48 (43, 54)
Sex (male) 29 (65.9)
BMI (kg/m?) 31.1 (26.8, 35.9)
Time on ECMO (days) 19 (14, 28)
Hospital mortality (yes) 21 (47.7)
Bleeding-associated mortality (BARC 5b) 1(23)
Any occurrence of bleeding complications 39 (88.6)
Life-threatening bleeding (BARC 3a) 4 (9.1)
Total elective circuit exchanges 35
Hours of ECMO run per elective circuit 7008
exchange
Life-threatening oxygenator thromboses 0
(total)

The values represent the median and the interquartile range (lower and
upper quartile) or absolute and relative frequencies (%).

the study group. Despite the relatively low age of these pa-
tients (median 48 years) and ECMO support, 47.7% of
them died. The majority of the patients were overweight
or obese.

In all, 39 (88.6%) patients developed at least one bleed-
ing event. Life-threatening bleeding occurred in 4 (9.1%)
patients (BARC 3b), of which one patient (2.3% of all pa-
tients) died in direct relation to bleeding complications
(BARC 5b). The remaining bleedings were classified as
BARC 2 and BARC 3a (external bleeding around the in-
lets, into the lungs, into the soft tissues around the inlets,
etc). In total, there were 4415 bleeding-free periods (ie,
12-h intervals) and 731 bleeding events (Table 2, bleeding
event totals), ie, approximately 19 events per patient who
experienced bleeding. The first and simplest view on the
differences between the occurrence of bleeding complica-
tions and Anti-Ila/aPTT results is provided in Figure 1.

The next analysis showed the percentage (absolute risk)
of bleeding complications in each aPTT/Anti-Ila category
(Figure 2), which gives a clearer picture and allows the cal-
culation of risk ratios be calculated. Here, we can observe
a slow but steady increase in the occurrence of bleeding
complications in the higher aPTT deciles, while a
U-shaped distribution is observed in the case of the
Anti-ITa.

These values were used for the calculation of risk ratios
depicted in the forest plot (Figure 3). The risk ratios are
calculated relative to the category with the lowest absolute
risk of bleeding complications in the given target for
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Table 2. Diagnostic Performance of aPTT >52.7 s and Anti-lla Assay>0.78 pg/mL.

aPTT>527s Anti-lla Assay >0.78 pg/mL Combined Criterion
Positive Negative Positive Negative Positive Negative
Bleeding complications
Yes 447 284 228 503 487 244
No 1961 2454 971 3444 2258 2157
Measures of diagnostic accuracy (%)
Accuracy 56.4 (55.0, 57.7) 71.4 (70.1,72.6) 51.4 (50.0, 52.8)
Sensitivity 61.1 (57.5, 64.7) 31.2 (27.8,347) 66.6 (63.1, 70.0)
Specificity 55.6 (54.1, 57.1) 78.0 (76.8,79.2) 48.9 (47.4, 50.3)
Positive predictive value 18.6 (17.0, 20.2) 19.0 (16.8,21.4) 17.7 (16.3, 19.2)
Negative predictive value 89.6 (884, 90.7) 87.3 (86.2, 88.3) 89.8 (88.6, 91.0)
Measures are reported with 95% confidence intervals.
Predicting the occurrence of bleeding complications within the next 12 h.
200
2.5
175+
150 2.0
1254 1.5
E =
n 100+ b=
© @
1.0
751
i = 051
25+
T T 0.0+ v T
Yes No Yes No
Bleeding complications Bleeding complications

Figure 1. aPTT and Anti-lla Distribution According to Bleeding Complications. The Distribution of aPTT (Seconds, Left) and

Anti-lla (ug/mL, Right) Values According to Bleeding events.

anticoagulation, ie, the third decile for aPTT (42.8-45.3 s)
and Anti-Ila (0.40-0.44 pg/ml).

In the case of aPTT, the upper four deciles (ie, values
above 52.7 s) were associated with a significantly in-
creased risk of bleeding complications. In the case of
Anti-Ila, the situation is somewhat more complicated, as
a U-shaped trend can be observed (bleeding in the first
two deciles is very likely due to other causes of bleeding,
not argatroban; see comments in the Discussion).

Contingency tables and measures of diagnostic per-
formance of both tests separately and in combination
with the given detected cut-off values are presented in
Table 2. The sensitivity of both aPTT and Anti-Ila using

these cut-offs is low, and the same is true for their combin-
ation. The only value that can be considered clinically rele-
vant is the negative predictive value of approx. 90% for all
these tests. This result indicates that (at a bleeding preva-
lence of 14.2%), we can predict that if Anti-Ila, aPTT or
both are outside these high-risk deciles, the likelihood
that the patient will be free of bleeding complications in
the next 12 h is almost 90%.

Discussion

This study aimed to find the safest range (and, therefore,
cut-off values) of aPTT and Anti-Ila in argatroban
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Figure 2. The Absolute risks of the Occurrence of Bleeding Complications in Individual Categories. Dediles are Shown for aPTT
(Seconds, Top) and Anti-lla (pg/mL, bottom). The Whiskers Indicate the 95% Confidence Intervals of the Absolute Risks Determined Using the

Clopper-Pearson Method.

anticoagulation during ECMO and the predictive perform-
ance of thus identified cut-off values for the risk of bleed-
ing complications. To achieve a homogeneous study
population, only patients with SARS-CoV-2 were in-
cluded in the study, as this disease affects (among other
processes) coagulation. The risk of bleeding increases
with aPTT above 52.7 s, indicating that the target for
aPTT should be closer to 50 s than 60 s as recommended
in the guidelines. Similarly, the guideline-recommended
Anti-Ila target of up to 1.5 pg/mL also appears very
high as we observed an increase in bleeding risk above
0.78 pg/mL.

Clinically, the goal of anticoagulant treatment and mon-
itoring is not to achieve an extra strong blockade of a par-
ticular coagulation factor but to achieve an uncomplicated
ECMO run. If a patient has a thrombophilic condition or
has been diagnosed with venous thrombosis, it is essential
to take an individualized approach to anticoagulation treat-
ment and, for example, target a higher anticoagulation le-
vel than typically used in standard ECMO procedures. At
present, although there are recommendations for ECMO
anticoagulation,'* no strict formal guidelines on monitor-
ing anticoagulation in ECMO patients are in place and
the practice is usually guided by centre-specific protocols.
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Figure 3. Forest Plots Indicating the Risk Ratios of Bleeding Complications. Deciles were Used for aPTT (Seconds, Top) and Anti-lla
(ug/mL, Bottom) Containing the Low Cut-off of the Target Range as a Reference.

aPTT was originally developed to monitor UFH but,
due to its wide availability, it has also become a standard
monitoring method for DTIs."® Values of approximately
60 to 80 s were previously recommended for ECMO; how-
ever, lower values of approximately 40 to 60 s were sug-
gested to be safer.!” aPTT is affected by multiple
factors, particularly in proinflammatory conditions; they
can be also inaccurate when levels of fibrinogen or fVIII
drop.'” False aPTT prolongation could be caused by hem-
olysis, hepatic failure, high plasma triacylglycerides, he-
modilution, high levels of fibrin degradation products,
antiphospholipid syndrome, etc.® On the other hand, false
aPTT shortening can be caused by complicated venepunc-
ture and in vivo activation of the external pathway with hy-
percoagulation.” In DTI monitoring, aPTT reaches a
plateau at a certain level, not responding to a further

dose increase.” aPTT was also reported to be inferior to
DTlI-specific Anti-Ila when evaluating anticoagulation
with argatroban.'®™ In addition, aPTT monitoring is
based on the assumption that the patient’s baseline aPTT
is comparable to normal controls. In critically ill patients,
however, the baseline aPTT often differs from normal con-
trols, making target values questionable."> Conversely, it
is important to note that aPTT is a widely affordable test
that does not increase the cost of anticoagulation monitor-
ing, even if performed multiple times a day. It is widely ac-
cessible in medical facilities and is straightforward to
perform. However, in light of the aforementioned pitfalls,
it is imperative to exercise caution when interpreting its
results.

Direct monitoring of the thrombin blockade with the
Anti-Ila (which specifically measures the degree of
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thrombin inhibition) is a drug-calibrated method for DTI
anticoagulation.'o Higher doses of argatroban, however,
result in the flattening of the concentration-response rela-
tionship, making detection of overdose by aPTT diffi-
cult?® On the other hand, Anti-Ila measurement is not
widely utilized in most clinical laboratories and in many
laboratories it would have to be introduced first. Its cost
is approximately four times higher than that of aPTT (at
our institution). However, based on our observations, the
interpretation of values is significantly more straightfor-
ward due to the test’s independence from non-specific
errors commonly encountered in aPTT tests. This inde-
pendence enables a more direct assessment of thrombin
inhibition. Consequently, it may be clinically more
straightforward to ascertain whether a bleeding complica-
tion is attributable to direct anticoagulation or if it is indi-
cative of a coagulation disorder elsewhere.

Vu et al compared aPTT with Anti-Ila for monitoring
argatroban anticoagulation in 93 adult (non-ECMO) pa-
tients.?! The argatroban dose was significantly lower in
the Anti-Ila group (median 0.78 pg/kg/min, IQR 0.49—
1.45) than in the aPTT group (median 1.96 pg/kg/min,
IQR 0.73-2.79, p<0.001). There were fewer severe bleed-
ing complications in the Anti-Ila group (3 vs 7), but the re-
sults did not reach statistical significance. Guy et al
compared the aPTT with different Anti-Ila in 25 samples
from 8 patients and concluded that the Anti-Ila was more
suitable for controlling DTI dosage than aPTT."" Still, how-
ever, there is a lack of robust data comparing Anti-Ila ther-
apy with aPTT, especially in critically ill ECMO patients.

Patients with COVID-19 show a number of differences
in coagulation and are particularly at risk for thrombotic
complications. A number of papers have addressed this to-
pic in detail?>*; the analysis of this coagulopathy is be-
yond the scope of this text.

Our local ECMO aPTT protocol target was 40-60 s.
ELSO guidelines discuss targeting aPTT to 1.5 to 2.5
times the patient’s pretreatment baseline aPTT; in clinical
practice, however, this is difficult to apply as pretreatment
aPTT is almost never known."® It appears that it may be
safer to use low-dose anticoagulation instead of the stand-
ard dose from the perspective of bleeding complications,
as it could be sufficient to ensure a safe ECMO run without
an increase in thrombotic complications.?*™** The target
range for Anti-Ila is more difficult to determine in view
of the lack of robust data on ECMO anticoagulation.
Alberio et al recommended argatroban as one of the pos-
sible substitutes for heparin anticoagulation in patients
with heparin-induced thrombocytopenia (HIT),?’ with an
Anti-Ila target of 0.4-1.5 pg/mL. The same target range
was recommended by Kleinschmidt®® as well. Our local
guidelines based on pharmacology recommendations
took these results into account, while aiming for the lowest
risk target range of 0.4-0.6 pg/mL. Despite this, almost
90% of our patients developed at least one bleeding event.

No life-threatening oxygenator thrombosis (ie, circuit
thrombosis that would lead to a sudden pump failure
necessitating immediate circuit exchange) occurred in
our patient group despite this low range. Nevertheless, it
is necessary to say that if transmembrane circuit pressure
started to increase, preventive circuit exchange was per-
formed where needed; in all, only 35 such preventive
circuit exchanges were performed in our study group of 44
patients over 24,528 h of ECMO support. Anticoagulation
in our group was, therefore, sufficient to prevent serious
thrombotic complications.

The mortality in our study group comprising 44 VV
ECMO patients with COVID-19-associated ARDS
(CARDS) anticoagulated with argatroban was approxi-
mately 50%, which is similar to other ECMO centres.>
The absolute risk of bleeding significantly increased
once the aPTT value of 52.7 s was reached — a 93% in-
crease in the relative risk of a bleeding event was observed
in the 52.7 s-55.5 s decile (relative risk of 1.93, 95% con-
fidence interval 1.41-2.65, see Figure 3). It is important to
note that this decile was still within the target range in our
study as well as in most recommendations.'*!7 This indi-
cates that in COVID-19 patients on ECMO support, the
target range reaching up to 60 s could be revised towards
lower values.

A U-shaped distribution of the risk of bleeding compli-
cations was observed in the Anti-Ila, with the lowest two
(<0.40 pg/mL) and highest two (>0.78 pg/mL) deciles
being associated with a much higher risk of bleeding com-
plications than the “mid-range” deciles from 0.40 to 0.78
pg/mL. The increased rate of bleeding complications in
the two lowest deciles is likely not associated with throm-
bin blockade (patients in this range often have no anticoa-
gulation at the time) but rather, it might be caused by a
possible general anticoagulation cascade disruption in
their serious condition. The target range of 0.4-1.5 pug/mL
recommended for patients with HIT by Alberio et al*® or
by Kleinschmidt et al® is, in our opinion, too wide, as
the ninth decile of 0.78-0.99 pg/mL was already associated
with a significant increase in the occurrence of bleeding
complications by 62%, (relative risk of 1.62, 95% confi-
dence interval 1.19-2.20, see Figure 3).

The performance of aPTT and Anti-Ila in predicting
bleeding complications within the next 12 h (Table 2) in-
dicated poor predictive performance of both of these tests.
We also made an attempt to account for the fact that the
lowest two deciles of Anti-Ila were associated with a sig-
nificantly increased rate of bleeding complications by cre-
ating a combined endpoint, assuming that the occurrences
of bleeding at low Anti-Ila values would be due to reasons
not associated with thrombin blockade and that such
events would be to a large degree covered by aPTT. For
this reason, we also created a combined endpoint of
aPTT>52.7 s and Anti-Ila>0.78 pg/mL. Unfortunately,
no notable improvement was recorded, with a negative
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predictive value of aPTT alone being approximately the
same as that of Anti-Ila or the combined endpoint —
slightly under 90%. From a practical clinical perspective,
therefore, supplementing aPTT with Anti-Ila for the gen-
eral prediction of bleeding occurrence is, despite our ex-
pectations, not beneficial. In general, aPTT alone
showed a higher sensitivity for bleeding complications in
our group than Anti-IIa alone. However, if the intention
is solely to adjust argatroban dose, Anti-Ila could still be
a better choice, as it directly evaluates the intensity of
argatroban-induced thrombin blockade.

No oxygenator thrombosis occurred in our study — only
elective/preventive oxygenator exchanges were performed
based on routine checks of the ECMO circuit (35 ex-
changes in total per 24,528 h of ECMO support). For
this reason, we consider argatroban anticoagulation in
our study group to have been sufficient despite aiming
for lower Anti-Ila/aPTT targets.

Limitations

This is a single-centre trial with only 44 participants. In our
study, we performed no intervention based solely on one
or the other test — the dose of argatroban was adjusted
based on a combination of results of both tests and the clin-
ical situation (bleeding or risk of thrombosis), with
Anti-Ila being prioritised. Therefore, it is difficult to
draw any firm conclusions to establish specific thresholds.
Also, the absolute dose of argatroban was not measured, so
we could not describe the correlation between aPTT/
Anti-Ila levels and argatroban dose.

Conclusion

Increased risk of bleeding complications was observed
from aPTT value of 52.7 s and Anti-Ila value of 0.78
pg/mL, indicating that the target range for the Anti-Ila
up to 1.5 pg/mL may be too high. Neither aPTT nor
Anti-Ila testing were able to reliably predict the develop-
ment of bleeding complications within the next 12 h in
ECMO patients with SARS-CoV2. On the other hand,
aPTT values of <52.7 s and Anti-Ila values of 0.4-0.78
pg/mL were capable of relatively good prediction (90%)
of the absence of bleeding complications.
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7.2.3 Dalsi prace tykajici se antikoagulace béhem ECMO

7.2.3.1  Anticoagulation Management during Extracorporeal Membrane Oxygenation-A Mini-
Review
V piehledovém c¢lanku byla shrnuta problematika antikoagulace béhem ECMO. Strucné je

diskutovana moderni strategie antikoagulace béhem ECMO podpory a jsou probrana jednotliva
farmaka, respektive farmakologické skupiny. Jsou zminény piednosti a uskali kazdého z nich s jasnym
klinickym doporu¢enim. Ve vyc¢tu jsou zminény i moznosti a limity monitorace antikoagulace
s nejéast&j$imi doporuéovanymi cilovymi hodnotami jednotlivych testt. Clanek je tak praktickym

priavodcem antikoagulace béhem ECMO a zdtraziuje vyhody a rizika jednotlivych 1éciv a testa.

Z nejvyznamngjsich citaci bylo review citovano v RESEARCH AND PRACTICE IN THROMBOSIS
AND HAEMOSTASIS, THROMBOSIS RESEARCH, ASAIO JOURNAL ¢i PERFUSION.

Bursa F, Sklienka P, Frelich M, Jor O, Ekrtova T, Maca J. Anticoagulation Management during
Extracorporeal Membrane Oxygenation-A Mini-Review. Medicina (Kaunas). 2022 Dec 3;58(12):1783.
doi: 10.3390/medicina58121783. PMID: 36556985, PMCID: PMC9782867.
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7.3 Komentované publikace tykajici se mechanické energie umeélé
plicni ventilace

7.3.1 Protective mechanical ventilation controlled by the real-time mechanical
power measurement

Jedna se o ptivodni praci, ktera je vysledkem grantového projektu institucionalni podpory FN Ostrava
ve spolupraci s Vysokou Skolou bainskou - Technickou Univerzitou Ostrava. V prospektivni
randomizované intervencni studii jsme chtéli ovérit vyuzitelnost mechanické energie umélé plicni
ventilace jako parametru, podle kterého je v realném ¢ase upraveno nastaveni umélé plicni ventilace.
Byl vyvinut pfistroj, ktery v redlném ¢ase zaznamenaval data z piistroje umélé plicni ventilace a ukladal
je pseudoanonymizované na vzdaleny server. Déle byla vyvinuta webova aplikace, ktera z téchto dat
v realném Case pocitala mechanickou energii. Aplikace slouzila rovnéz pro zafazovani pacientd do
studie, jejich randomizaci a samotné méteni mechanické energie. Dospéli pacienti s plicnim postizenim
na plné fizené umélé plicni ventilaci, piipadné na VV ECMO podpote byli v aplikaci randomizovani na
intervenCni a neintervencni rameno. V intervenénim rameni mél oSetfujici 1ékaf v redlném cCase
k dispozici hodnotu mechanické energie. Mohl pifenastavit plicni ventilator a v aplikaci na mobilnim
telefonu, tabletu ¢i jakémkoli zafizeni se zabezpecenym piistupem na web vidét redlnou zménu hodnoty
mechanické energie. V neinterven¢nim rameni byla hodnota mechanické energie skryta a Iékar
nastavoval plicni ventilator podle béZné praxe. Studie probihala na JIP, kde jsou koncentrovani pacienti
s ECMO podporou a oSetiujici 1ékati maji bohaté zkuSenosti s protektivni umélou plicni ventilaci. Je

béznou praxi, ze pokud se zda ventilace neprotektivni, jsou pacienti napojeni na ECMO.

Ze 494 pacienttl bylo nakonec do studie zafazeno 33 pacienti. Rada pacientii byla vyfazena pro
asistované¢ metody umélé plicni ventilace, kdy u jinych nezli plné fizenych reziml jsou vypocty
mechanické energie zcela nepfesné. Nebyl nalezen statisticky vyznamny rozdil mezi intervencni a
neintervencni skupinou. Mechanickad energie, kterou byli pacienti ventilovani, byla velmi nizké (okolo
3 J/min), coz je zfejm¢ divod nevyznamného rozdilu mezi skupinami. Plicni poskozeni plynouci
z agresivni umélé plicni ventilace je popisovano az od hodnoty mechanické energie okolo 17 J/min. Je
mozné, ze expertni tym lékatt ECMO Centra pti znamkach vys§i ventilacni podpory a Spatnych
parametrech plicniho parenchymu ¢asné indikoval VV ECMO a ventilace byla stale udrZzovana na nizké
urovni energie. Byl zaznamenan statisticky vyznamny rozdil mezi denni sménou mezi 6:00-18:00 a mezi
noci, tj. 18:00-6:00. V noci byli pacienti ventilovani lehce vy$$i mechanickou energii. Béhem dne miize
byt Castejsi kontrola ventilaénich parametrii personalem neZ v noci, coZ mize byt z tohoto pohledu

rizikové obdobi pro vzestup mechanické energie umélé plicni ventilace.
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Abstract

Background Despite the substantial advancements in mechanical ventilation (MV), mortality remains high. Mechanical
power (MP), MV forces are associated with outcomes. Real-time monitoring of MP and the adjustment of MV according to
MP may result in ventilation with lower MP.

Methods Randomized controled trial conducted at the ECMO Centre Ostrava, Czech Republic, from March 2023 to March
2024 enrolled adult patients on MV (with or without extracorporeal membrane oxygenation, ECMO) with acute respiratory
failure. A system for real-time MP monitoring (geometric method and simplified Becher’s formula) has been developed. In
the intervention arm, the physician was able to observe the MP in real time and adjust the MV parameters accordingly. In the
control group, the MP was concealed.

Results A total of 494 subjects were screened and 33 patients were randomized (further 7 ECMO patients). There was no
significant difference between the control and intervention groups. Median MP,, was 3.22 J/min (maximum 15.2 J/min)
and MPg, ... of 5.94 J/min (maximum 18.4 J/min). Only a weak (but significant, p=0.0001) correlation between MP, ..
and MPyg, .., was observed. A highly significant difference was observed in MP between day and night (6 a.m. —6 p.m.) with
higher MP at night.

Conclusion Although real-time MP measurement is feasible, there was no significant difference in MP between the control
and intervention groups with low MP in both groups. Experience physicians was capable of safe MV, even if they do not
know the exact MP value. The night shift was a high-risk period for developing lung damage due to elevated MP.

Trial registration ClinicalTrials NCT06035146.

Keywords Mechanical power - Mechanical energy - Protective ventilation - ARDS

— : 1 Background

P4 Michal Frelich
michal.frelich@fno.cz 5 . s 5 4

Acute respiratory failure (ARF) requiring mechanical venti-

lation (MV) is one of the most common reasons for admis-
sion to the intensive care unit (ICU). Despite considerable
progress in the management of patients with ARF, mortality
rates remain high, reaching up to 45% [1]. MV is a non-
physiological method of repetitive application of pressure to
the lung parenchyma, therefore may contribute to mortality

Department of Anaesthetics, Resuscitation and Intensive
Care Medicine, University Hospital Ostrava, 17. listopadu
1790, Ostrava 708 00, Czech Republic

Institute of Physiology and Pathophysiology, Faculty of
Medicine, University of Ostrava, Syllabova 19,
Ostrava 703 00, Czech Republic

Department of cybernetics and biomedical engineering,

Faculty of electric engineering and computer science, Vysoka
skola banska - Technical unversity of Ostrava, 17. listopadu
2172/15, Ostrava, Poruba 708 00, Czech Republic

Department of Infectious Diseases, University Hospital
Ostrava, 17. listopadu 1790, Ostrava 708 00, Czech Republic

Institute for Research and Applications of Fuzzy Modeling,
University of Ostrava, CE IT4Innovations, 30. dubna 22,
Ostrava 701 03, Czech Republic

Published online: 11 October 2025

by development of ventilatory induced lung injury (VILI)
[2, 3]. Applying “lung protective ventilation” (LPV) set-
tings are able to reduce VILI and thereby improve outcome
[4]. However, even LPV setting may not be safe enough for
every patient, it seems advisable to individualize the MV
to prevent lung damage [5]. Injurious MV with high total
energy applied to the lung parenchyma can further damage

@ Springer
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the lung parenchyma [6, 7]. The concept of mechanical
power (MP) [8] is based on describing the contribution of
individual MV parameters to the total energy applied to the
lung parenchyma. MP is, therefore, a summary parameter
characterizing the cumulative action of all ventilator-exerted
forces on the lungs. Thresholds of MP associated with the
development of VILI have been established, suggesting that
maintaining MP below these thresholds can be safer [9].

Although the measurement of MP was introduced as early
as the 1960s [10], it has not been implemented in routine
clinical practice so far. The modern MP concept was first
described by Gattinoni et al. [8], who introduced an equa-
tion for volume-controlled ventilation. Over time, formulas
for pressure-controlled modes of MV were also developed
[11] and simplified equations for bedside MP monitor-
ing introduced, such as the Becher’s method for pressure-
controlled MV [12, 13]. Recently, the geometric method of
MP calculation (i.e., determining the area under the pres-
sure—volume ventilation curve) [14] has been proposed and
is regarded as the “gold standard” for accurate MP deter-
mination; however, this method requires machine-based
calculation. Nevertheless, the comparison of MP calculated
using the Becher’s method and geometric method has been
performed only in a few studies, with only a simplified geo-
metric method used in these studies [11]. A comparison of
the Becher’s method with a computerized, real-time, highly
accurate geometric method considering both inspiration and
expiration phases and a high-frequency curve record has
not been performed yet. An overview of the possibilities of
MP calculation and application as (not only) a prognostic
parameter was published previously [15, 16]. Still, the com-
plexity and variability of MP calculations are among the key
reasons of why MP is not routinely used in clinical practice.
It is, therefore, imperative to determine whether MP is a
suitable instrument for the individualization of care.

The objective of this pragmatic study is to evaluate the
impact of the availability of real-time MP measurement
in routine clinical practice and the feasibility of MV set-
tings. The primary objective of the study was to determine
whether displaying MP alongside the common MV param-
eters could lead to reducing MP values during ventilation.
The secondary objectives were (a) to compare MP values
obtained using a simplified Becher’s formula and the geo-
metrical method, (b) to compare MP values during the day
and night shifts, and (c) to evaluate the differences between
patients with MV on ECMO and without ECMO.

@ Springer

2 Methods
2.1 Study site and characteristics

A monocentric prospective randomized clinical trial was
conducted at the ECMO Centre, Intensive Care Department
of the University Hospital Ostrava, Czech Republic, from
March 2023 to March 2024. The study was approved by the
Ethics Committee of the University Hospital Ostrava (refer-
ence Number 517/2022; 25/RVO-FNOs/2022). For uncon-
scious patients, informed consent was signed by two health
professionals not involved in the study and/or by a close
relative of the patient. The trial was registered at Clinical-
Trials.gov on February 15,2023, NCT06035146.

2.2 Inclusion and exclusion criteria

The study included (1) patients (both non-ECMO and veno-
venous ECMO) with fully pressure-controlled MV, (2)
older than 18 years, (3) with primary pulmonary involve-
ment (pneumonia, ARDS), and (4) expected duration of
MV longer than 48 h. Exclusion criteria were (1) patients
on assisted or spontaneous ventilation, (2) pregnant women
(pregnancy status based on the admission protocol), (3) ICU
admission within more than 24 h of the start of MV, and (4)
MYV less than 2 days.

2.3 Data measurement and collection

A system for real-time MP calculation and data archiving
has been developed. Ventilator data were encrypted and
archived on a server at the VSB — Technical University
Ostrava. The system was run on a web interface “Vente-
nApp” serving to: (1) randomize patients and assign them to
the interventional or control arms, (2) enter their parameters
(demographic data, ventilator mode, ECMO support, etc.),
and (3) monitor MP in real time.

Ventilator data were acquired using a custom-designed
device developed specifically for this study. The device is
based on an ESP32 microcontroller and includes two RS232
interfaces, enabling simultaneous connection to two ports
on a ventilator (Hamilton G5, Hamilton Medical AG, Via
Crusch 8, 7402 Bonaduz, Switzerland)—one for parameter
data and the other for waveform data. The collected data
were transmitted via Wi-Fi to an IoT server, where they
were aggregated and visualized through a web-based inter-
face showing ventilatory parameters and MP values com-
puted using both Becher’s approximation (MPg,.,) and a
geometric method based on the trapezoidal rule (MPg.).
Subsequently, all data were exported and processed into
minute-level averages of all recorded parameters. Data arti-
facts, such as those caused by ventilator holds or unexpected
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events, were identified electronically and excluded during
the data cleaning phase.

In the intervention arm, the physicians were able to
observe the MP in real time and adjust the MV parameters
accordingly. This pragmatic study observed standard prac-
tices; consequently, the setting of the MV was not strictly
dictated by the protocol. Typically, the physician examined
the patient several (at least three) times a day. The MP value
was displayed alongside other parameters on a tablet at the
patient’s bedside, and the medical staff was able to conduct
continuous monitoring. At the beginning of the study, all
attending physicians were instructed that MP values above
17 J/min should be prevented as such values have been
reported to be associated with adverse outcomes [17]. In the
control group, the MP values were hidden, and the physi-
cians adjusted MV parameters following the best clinical
practice to ensure a protective MV setting. The data were
collected every 130ms and minute averages of MP values
were stored. MP values were calculated using two methods,
namely a) according to the formula presented by Becher et
al. [13]:

MP= 0.098 x respiratory rate x Vt x (PEEP + DP),

and b) using the geometric method [8] as the area under
the pressure-volume curve plotted at 20 ms intervals and then
converted into minute averages. It is necessary to emphasize
that this study evaluated MP for the entire respiratory sys-
tem (not MP exclusively for the lung, which would require
esophageal pressure monitoring). In addition, MP values
normalized to BMI (MPgeometric M1 @0d MPgeqer gavp) and
lung compliance (MPgeomenic ¢ aNd MPpoaer ¢) Were also
calculated. - -

Subsequently, differences in MP between ECMO and
non-ECMO patients were also analyzed. Besides, MP dur-
ing day (6AM-6PM) and night shifts were compared to find
out if the lower personnel availability during night shifts
affects the MP values, with additional anylse of patients
with comliance under 20 cm H,O.

2.4 Data analysis

The level of statistical significance was set at a=0.05.
Categorical variables were characterized by the absolute
counts and relative frequencies (in %). Fisher’s exact test
was employed to assess the statistical differences between
groups. Numeric variables were reported as medians with
25-75% quantiles (interquartile range, IQR) and statisti-
cally tested with a non-parametric two-sample Wilcoxon
rank-sum test. Resulting p-values were adjusted for mul-
tiple comparisons using the Holm method.

Associations between repeatedly measured variables
(e.g., MPger V8. MPgeoneiic) Were assessed using linear
mixed-effects models. The significance of the fixed effect

coefficients was tested using the Satterthwaite’s method. The
mixed models accounted for per-subject intercept as a ran-
dom effect. Linear mixed models were fitted with numerical
variables normalized with non-linear transformations. The
best transformation was selected by the five times repeated
out-of-sample 10-fold cross-validation method with Pear-
son P statistic as the selection criterion. The MPy_ .., values
were standardized using the Yeo-Johnson transformation,
the MPgometric Values using the Box Cox transformation.

All statistical analyses were performed in R version
4.1.3. R Core Team (2022). R: A language and environment
for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria [18].

3 Results

In all, 40 patients met the inclusion and exclusion criteria.
Unfortunately, only seven patients who met the inclusion
and exclusion criteria were on ECMO at the time of MV
patients (two patients in the intervention group and five in
the control group), which precluded their meaningful statis-
tical comparison in the primary endpoint. As a significant
portion of the gas exchange in these patients is facilitated
by ECMO and a more lung-protective ventilation can be
applied, they were also removed from the primary analy-
sis, which therefore, only considered non-ECMO patients
on MV (Fig. ).

In all, 222,462 measurements were taken in the non-
ECMO group. The control and intervention groups did not
differ in baseline parameters (Table 1). ARDS was slightly
more common in the intervention group (52% vs. 31%),
which also had a slightly higher APACHE II score; these
differences were, however, not statistically significant. The
only significant difference between the control and inter-
vention groups was observed in the SpO,/FiO, ratio, with
a more severe oxygenation failure found in the intervention
group (p=0.0014).

No statistically significant difference in MP was detected
between the control and intervention groups (see Fig. 2.,
Supplement 1.), regardless of whether absolute MP values
or MP values normalized to BMI or lung compliance were
used for the comparisons. The median MPg, . calculated
over all measurements in all 33 patients included in the pri-
mary analysis was as low as 3.22 J/min, with a maximum of
15.2 J/min and the Becher method of calculation (median of
5.94 J/min and a maximum of 18.4 J/min).

The fact that the non-ECMO control and intervention
groups were comparable both in baseline parameters (Table
1) and in MP values allowed us to combine these groups for
an additional comparison of MP values between the non-
ECMO group as a whole and the combined ECMO group in
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overall patients admitted to ICU

494

b

195

Exclude patients on spontaneous ventilation

y Exclude patients without primary pulmonary involvement

(pneumonia, ARDS) and MV less than 2 days

54

E Exclude patients without fully pressure-controlled MV

40

non ECMO support I \ ECMO support
Control Intervention Control Intervention
16 17 5 2
Fig. 1 Patient selection and randomization
Table 1 Basic data and outcomes
Non BECMO Non BCMO

Parameter control group intervention group p-value  adj. p-value ECMO
N 16 17 7
height 175.00(163.75-178.50)  180.00(170.00—-180.00) NS NS 175.00(171.50-180.00)
weight 80.00(65.00—86.25) 90.00(75.00~110.00) NS NS 85.00(68.50-90.00)
BM (kg/m?) 25.84(23.53-27.04) 27.78(24.22-35.16) NS NS 25.42(22.49-30.41)
PBW 69.68(65.83—73.75) 75.12(66.02—75.12) NS NS 70.57(62.88-75.12)
ARDS 5(31.25%) 9(52.94%) 0.0915 NS 1(14.29%)
initial PaO2/R02 169.50(143.00-286.75)  160.00(122.00—225.00) NS NS 102.00(67.50-233.50)
initial YO/ FIO2 242.50(224.75-313.00)  194.00(160.00—248.00) 0.0014 0.0187 98.00 (92.50-155.00)
APACHEI 25.00(20.75-28.00) 29.00(22.00-32.00) NS NS 25.00(24.50-31.00)
MV hours 121.50(93.25-193.75) 188.00(108.00-293.00) 0.0188 NS 236.00(202.50-599.00)
ICUdays 8.00(5.75-13.50) 9.00(6.00-14.00) 0.0293 NS 17.00(10.00-27.50)
mortality 5(31.25%) 6(35.29%) NS NS 1(14.29%)

The values are presented as medians with interquartile ranges, or as absolute values accompanied by percentages. N — number of patients, BMI
—body mass index; PBW — predicted body weight; ARDS — adult respiratory distress syndrome; APACHE — Acute Physiologic Assessment and

Chronic Health Evaluation, MV - mechanical ventilation; ICU - intensive care unit; NS - not significant

whom higher level of lung protective ventilation was applied
[19, 20]. The ECMO group had significantly worse initial
oxygenation (initial SpO2/FiO2, p = 0.014), longer MV (p
= 0.01), and longer ICU stay (p = 0.02), see Table 1. The
prevalence of ARDS was notably high in the ECMO group
(85% of patients). In all, 90,895 measurements were taken
in the ECMO group. Lower MPg, ., values (median 4.99;
IQR 3.96-5.31; B = —0.93) were observed in the ECMO
group than in the non-ECMO group (6.20; 5.71-8.03; p =

@ Springer

0.0102). The same was true after normalization to BMI —
median MPg_ .., 0.20 (0.16-0.22) in the ECMO group vs.
0.23 (0.20-0.27; p = 0.0316) in the non-ECMO group.
When the geometric method was used for MP calculation,
significant differences between the ECMO and non-ECMO
groups were detected only in MPg o eic ¢ (2 =0.01).

A highly significant difference in MP was observed when
comparing day (6AM —6 PM) and night (6 PM —6 AM)
in the combined group of non-ECMO patients, see Fig. 3.
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The results were significant both when using the geometric
method (median MPGemegic-day OF 3-15 (2.07-5.24) J/min
vS. MPGeometricnigh OF 3.48 (2.48-6.24) J/min; p<0.001)
and the Becher calculation (median day MPg_ ooy Of 5.76
(4.36-7.56) J/min vs. median MPp e pign OF 6.44 (5.39-
8.32) J/min; p<0.001). This was true both for absolute val-
ues and specific MP normalized to BMI or lung compliance.
The difference was even more pronounced in patients with
lung compliance below 20 cm H,O/mL (Fig. 3).
Interestingly, although the correlation between MP cal-
culated using the geometric method and the Becher formula
was statistically significant (»<0.0001), practically no clini-
cally meaningful correlation (= —0.08), was detected.

4 Discussion

The study demonstrated that the real-time monitoring of MP
is a feasible approach. Our main findings are: (1) The venti-
lation of patients in both the intervention and control groups
occurred with very low MP, with the analysis revealing no
statistical difference between these groups, (2) lower MP
was found in patients on ECMO support, and (3) MP was
lower during a day than at night.

MP is a global parameter assessing the composite effect
of individual MV parameters on the lung parenchyma [8]. It
is, however, not all-powerful — the idea that the risk of VILI
can be fully avoided simply by complying with some MP

@ Springer



79

Journal of Clinical Monitoring and Computing

s )
5 1 o =
g 2l z
2 10~ 203- ; . (3
w 3 m
= [ [T
Wo2- E =02
a1-
T :
125- . . .
. 05 . .
100- * — 08 H
= 0.
£ = ‘,_),' H
2 7s- 203 ]
8 > EOG 3
8 $o g
50- §o02- o
= 2 o
= 03
. N 0D Sy - 00- .
day night day night day night
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limit is (albeit attractive) naive [21]. Even if MP is low, the
lung may be damaged by low PEEP and too much lung col-
lapse (and, consequently, higher driving pressure necessary
to ensure gas exchange), overdistension from high ventila-
tory support, etc. The MP concept does not take into account
the influence of the O, fraction at all, although high FiO,
can cause hyperoxia-induced lung damage [22]. Still, it is
reasonable to assume that ventilation with MP exceeding
a certain limit increases the risk of VILI and is associated
with higher mortality; this risk increases with the higher
degree of lung damage [23]. MP is therefore dependent of
disease severity and could thus serve as an indicator of the
severity of lung damage [24].

It should be noted that VILI arises as a result of the
energy applied to the lung parenchyma (MP),,,, mechanical
power of the lung), but monitoring of transpulmonary pres-
sure (P,,) is required to extract this portion of energy (from
the total MP_; MP_, mechanical power of the respiratory
system-lungs, airways, chest wall). Measurement of P‘p is,
however, not a routinely monitored parameter and may be
burdened by measurement errors [25]. Moreover, a special
probe inserted into the esophagus is needed to measure it.
Still, the relationship between MP and MP,, is usually
linear; therefore, limits for the development of VILI have
been derived for both MPy,,, and MP, and measurement
of MP; can be considered as a reasonable surrogate for the
MPy,, [26]. MP, higher than 17 J/min was associated with
higher in-hospital mortality, as found in an observational
study of more than 8,000 patients as well as in other studies
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[17, 21, 27-29]. MP above 8.5 J/min was associated with
general anesthesia-related pulmonary complications, espe-
cially in unilateral lung ventilation during thoracic surgery.
It depends not only on the MP itself but also on the duration
of the MV with excessive MP [30] and on the accumulation
and regenerative capacity of the lung [31].

The present study did not demonstrate the benefit of
adjusting the MV parameters according to MP measured in
real time as the differences between the intervention and
control groups were not statistically significant (although
the absolute value MP ..o tended to be lower in the inter-
vention group). This may, however, be influenced by the
fact that the presented study was performed at an ICU that
specializes in ARDS patients and ECMO support and MP
was so low even in the control group (below MP tresholds).
It is a common practice at our department that if we are not
able to provide protective MV, the patient is indicated for
ECMO support. MP can be a useful aid for less experienced
physicians, particularly in ICUs, where patients on MV are
not monitored as frequently by physicians. In such cases, an
automated, real-time MP measurement system can provide
an carly warning of non-protective ventilation.

Increased mortality was observed in a study by Serpa-
Neto et al. [17] only when the value of 17 J/min was
exceeded. In the study by Parhar et al., higher value of 22
J/min was found to be the threshold for increased mortal-
ity [28]. The fact that the recommended threshold was set
at 17 J/min in our study might be an additional reason for
not finding any benefits of MP measurement — as ventilation
was typically already set protectively, and the shown MP
values were very low, there was no need to intervene and
change the settings to further reducing MP.

One of the most striking results of our study was the
observation of the diurnal variation in MP. This may be
explained by multiple factors. Firstly, interventions and
examinations are performed during the day, which is associ-
ated with the handling of patients and their transport and
potentially patient-ventilator interference. On the other
hand, daytime is a period of more frequent MV parameters
checking, deepening of sedation if interfering, as more staff’
are present at the ICU than at night. Conversely, during noc-
turnal hours, our objective is to facilitate sleep and promote
a state of tranquility in patients. This approach involves
a reduction in the frequency of disturbances compared to
those that occur during daytime hours. For the purposes of
this study, daytime was set from 6 a.m. to 6 p.m., corre-
sponding to the ICU shift change, and also when the patients
get bed bath (usually between 8 and 9 a.m. and p.m.). Dur-
ing the day, MP was statistically significantly lower than
during the night in all measurements, and the difference was
particularly pronounced in patients with lower lung compli-
ance and more severe lung involvement. The higher MP at



80

Journal of Clinical Monitoring and Computing

night may be due to physicians checking the MV settings
less frequently. Therefore, if there is an increase in MP, the
MYV may not be readjusted as quickly as it would be during
the day. It is, therefore, important that in times of fewer staff’
and less frequent checks, mechanisms to control dangerous
ventilation are still in place for patients.

In our data, only a weak correlation was found between
MP measured by the geometric method and the Becher
calculation. The high statistical significance of such a
small correlation was likely caused by the large number of
repeated measurements. This finding is highly interesting,
considering that the geometric method should be an exact
method, with MP corresponding to the area under the pres-
sure-volume curve. The curve was rendered very accurately
with 20 ms intervals, so the distortion should be minimal.
From that perspective, the fact that the correlation with
Becher’s method of calculation is very weak indicates that
simplified equations, despite their undeniable advantage
of simple bedside calculation, can introduce inaccuracies.
One of the reasons for this may lie in the fact that Becher’s
calculation is a simplification of Van Der Meijden’s equa-
tion [32], assuming constant airway resistance. However,
airway resistance is a function of the airflow and changes
during inspiration, which reduces the accuracy of results
obtained using this equation. Moreover, Becher’s simplifi-
cation assumes that the pressure wave is ideally squared.
The equations do not take into account the inspiratory rise
time, although this parameter should not be essential [13].
Despite this, in the work of Chiumello et al. [11] high accu-
racy of the Becher formula with a bias of —0.81 J/min was
determined (> = 0.94, p < 0.001).

5 Limitations

The main limitation of the study is the small sample size
of patients. Usually, patients at our department are venti-
lated with some degree of assisted ventilation as this helps,
among other things, to reduce the risks of respiratory mus-
cle atrophy, and we try to keep sedation as low as possible.
However, such patients (i.e., the majority of all patients at
the department) had to be excluded from the analyses as
MP calculations are accurate only in patients with fully con-
trolled MV.

6 Conclusion

The implementation of real-time MP measurement as a tool
for the adjustment of MV parameters is feasible. We found
that in an ICU of a tertiary centre with good experience with
ARDS management and principles of protective ventilation,

ventilation settings without the knowledge of MP were com-
parable to MP guided settings and in both groups aligned to
protective ventilation principles. Significantly higher MP
was observed during the night shift, which indicates this
period to be more risky in terms of the development ventila-
tion-induced lung damage.
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7.3.2 Dalsi prace tykajici se mechanické energie umélé plicni ventilace

7.3.2.1  The Impact of Mechanical Energy Assessment on Mechanical Ventilation: A Comprehensive
Review and Practical Application

Prehledovy c¢lanek shrnuje praktické mozZnosti vypo¢tu a hodnoceni mechanické energie umélé
plicni ventilace. Komentuje pozici parametru mechanické energie v kontextu soucasné literatury a jeho
mozné vyuziti v klinické praxi. Nejedna se jen o prognosticky parametr, ale i o parametr, ktery je mozné
zohlednit pfi managementu pacientd na umélé plicni ventilaci. Dilezitou ¢asti review jsou moznosti
vypoctu pro jednotlivé ventilacni rezimy a vyhody a limitace jednotlivych vzorcli. Rovnice jsou
rozdéleny ptehledné podle typu ventilaéniho rezimu. Dalsi ¢ast se vénuje hodnotdm mechanické energie
asociované s vyS$§im vyskytem komplikaci mechanické ventilace zejména v podobé ventildtorem

indukovaného plicniho postizeni.

Praktickym piinosem je doporuceni zptisobu vypoctu mechanické energie u lizka pro tlakovou a

objemovou ventilaci.

Clanek byl citovan v Critical Care & v BMC Pediatrics.

Bursa F, Oczka D, Jor O, Sklienka P, Frelich M, Stigler J, Vodicka V, Ekrtova T, Penhaker M, Maca J.
The Impact of Mechanical Energy Assessment on Mechanical Ventilation: A Comprehensive Review and
Practical Application. Med Sci Monit. 2023 Sep 5;29:e941287. doi: 10.12659/MSM.941287. PMID:
37669252; PMCID: PMC10492505.

7.3.2.2  Mechanicka energie umélé plicni ventilace: zbytecny nebo nezbytny parametr?

Clanek se vénuje mechanické energii umélé plicni ventilace z pohledu praktické vyuZitelnosti u
lizka. Zminuje jednotlivé parametry umélé plicni ventilace a jejich vliv na koneénou hodnotu
mechanické energie. Podle toho Ize pfipadné upravit nastaveni ventilatoru a volit takovou kombinaci
parametrd, které maji na vzestup mechanické energie nejmensi vliv. Zaméfuje se na zjednodusené
rovnice, které je mozné vypocitat na bézné kalkulacce nebo odhadem i z paméti, ale pfi respektovani
limitaci téchto jednodusSich vzorcid. Je diskutovana i mezni mechanicka energie pro zvyseni rizika

komplikaci umélé plicni ventilace. V zavéru je souhrn vyuziti mechanické energie v klinické praxi.

Bursa F, Frelich M, Sklienka P, Jor O, Maca J. Mechanicka energie umélé plicni ventilace: zbytecny
nebo nezbytny parametr? Anest. intenziv. Med. 2023,;34(4):165-171. doi: 10.36290/aim.2023.065.
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7.3.2.3  Dalsi prace tykajici se ventilacniho managementu pacientii

Problematika managementu pacientii na VV ECMO byla pfedmétem i dalSich praci naseho tymu. Tyto
prace se tykaly spontanné ventilujicich pacienti pii védomi bez zajisténych dychacich cest
s respiracnim selhanim, které bylo feSeno primarné¢ VV ECMO podporou. Vyhody tohoto postupu jsou
vyznamné. Pacienti mohou rehabilitovat, maji plny peroralni pfijem, nemuseji byt hluboce sedovani. Na
druhou stranu je postup velmi narocny na samotnou implantaci ECMO pacientim s respiracnim
distressem v lokalni anestezii. Pacienti dale vyzaduji intenzivni dohled zdravotnického personalu, pii
zvySeném polohovani je vyssi riziko dislokace kanyl ¢i variabilitu ECMO prttoku. Pokud je celkovy

management dobfe nastaven, je postup velkym benefitem pro pacienta.

Sklienka P. Bursa F, Frelich M, Maca J, Vodicka V, Strakova H, Bilena M, Romanova T, Tomaskova H.
Optimizing the safety and efficacy of the awake venovenous extracorporeal membrane oxygenation in
patients with COVID-19-related ARDS. Ther Adv Respir Dis. 2024 Jan-Dec;18:17534666241282590.
doi: 10.1177/17534666241282590. PMID. 39418135; PMCID: PMC11489919.

Sklienka P. Bursa F, Frelich M, Maca J, Romanova T, Vodicka V, Strakova H, Bilena M, Jor O, Neiser
J, Tomdskova H. Lessons Learned From Awake ECMO Approach in Covid-19-Related Acute
Respiratory Distress Syndrome - a Scoping Review. Ther Clin Risk Manag. 2025;21:655-668
https://doi.org/10.2147/TCRM.S507120
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7.4 Dlouhodobé vysledky pacientt po ECMO a dalsi komentované
prace

Meritkem dobrého vysledku pacientti by nemély byt jen kratkodobé horizonty, jako jsou nemocni¢ni
mortalita a morbidita, ¢i propusténi z JIP. Cilem intenzivni péce nejen o ECMO pacienty by mé¢la byt
snaha je navratit do béZného Zivota v co nejlepSim fyzickém a psychickém stavu. K tomuto cili vede
nejen samotna péce o organove selhavajiciho pacienta v kritickém stavu, ale i péce nasledna v podobé
rehabilitace Ci realimentace. Protoze tato komplexni péce je celkoveé zna¢né nakladna, méla by byt

alokovana vhodnym zptsobem, k ¢emuz mohou pomoci prediktivni skorovaci systémy.

7.4.1 Long-Term Outcomes of Extracorporeal Life Support in Respiratory
Failure

V systematickém review jsme se zabyvali dlouhodobymi vysledky pacienti po VV ECMO podporte.
Byla prohledana databaze Medline a do kone¢né analyzy bylo vybrano 37 ¢lanki. Pfiblizné tfi Ctvrtiny
pacientt preziji VV ECMO, mohou vs$ak pretrvavat rizné zdravotni potize (jak fyzické, tak psychické).
Navzdory tomu se velka ¢ast téchto pacientti nakonec dokaze vratit do bézného Zivota s relativné malym
omezenim, kdy navrat do zaméstnani mtze dosahovat vice nez 80 %. Velka Cast pacienti mize trpét

uzkosti a asi ¢tvrtina pacientii depresemi. Vice nez 60 % pacientt bylo sob&stacnych.

Reziduélni plicni postizeni mize perzistovat i déle nez pil roku. Pacienti trpi dyspnoe, maji omezeni
fyzické vykonnosti a asi 30 % pacienti je nastaveno na chronickou plicni medikaci. Tti ¢tvrtiny pacientti

maji pretrvavajici zmény na CT plic a asi Ctvrtina plicni pfestavbu v podobé¢ fibrozy.

Vyznamny vliv na kone¢ny vysledek ma management pacientii ve vysokoobjemovych ECMO centrech
s dlouhodobymi zkusenostmi, komplexni navazujici rehabilitace, fyzioterapie, ptipadné psychosocialni

pomoc, aby se podafilo pacienty vratit zpét do bézného zivota.

Tento ¢lanek byl citovan v Critical Care, INJURY, JOURNAL OF INTENSIVE CARE MEDICINE,
BREATHE, EUROPEAN JOURNAL OF HEART FAILURE a Critical Care Medicine.
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Abstract: Although extracorporeal life support is an expensive method with serious risks of complica-
tions, it is nowadays a well-established and generally accepted method of organ support. In patients
with severe respiratory failure, when conventional mechanical ventilation cannot ensure adequate
blood gas exchange, veno-venous extracorporeal membrane oxygenation (ECMO) is the method of
choice. An improvement in oxygenation or normalization of acid-base balance by itself does not
necessarily mean an improvement in the outcome but allows us to prevent potential negative effects
of mechanical ventilation, which can be considered a crucial part of complex care leading potentially
to an improvement in the outcome. The disconnection from ECMO or discharge from the intensive
care unit should not be viewed as the main goal, and the long-term outcome of the ECMO-surviving
patients should also be considered. Approximately three-quarters of patients survive the veno-venous
ECMO, but various (both physical and psychological) health problems may persist. Despite these,
a large proportion of these patients are eventually able to return to everyday life with relatively
little limitation of respiratory function. In this review, we summarize the available knowledge on
long-term mortality and quality of life of ECMO patients with respiratory failure.
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Long-Term Outcomes of

Extracorporeal Life Support in

Respiratory Failure. ]. Clin. Med. 1. Introduction
2023, 12,5196. https://doi.org/ Extracorporeal life support (ECLS) is an established method of organ support in critical
10.3390/jcm12165196 care patients. In cases of severe acute respiratory failure (ARF) or acute respiratory distress

syndrome (ARDS), the use of veno-venous extracorporeal membrane oxygenation (VV
ECMO) is usually considered [1]. Although the effectiveness and usefulness of the method
have been confirmed, especially after the epidemics of respiratory viral diseases [2,3], the
method is still associated with a high risk of complications. ECMO-supported patients
with severe AREF still have a high mortality rate [4]. When assessing ECMO mortality,
it is necessary to take into account that without the use of VV ECMO, the majority of

these patients are at a high risk of death and that without ECMO support, their outcome
would likely be worse—after all, the general mortality rate of ARDS patients is around
40% [5]. The costs of ECMO support in patients with a severe course of the disease are high,
especially when ECMO support lasts many weeks or even months. Moreover, technical,
This article is an open access article  financial, and /or personnel resources may not always be available. Hence, it is necessary to
distributed under the terms and  Use the system effectively and identify patients who might benefit from this support. The
conditions of the Creative Commons  Clinical outcomes of the treatment of ECMO patients are the best parameters for assessing
Attribution (CC BY) license (https://  the treatment effectiveness. Ultimately, the goal of ECMO support should, therefore, not
creativecommons.org/ licenses/by / just be the survival of the patients but their return to normal life, to their work and families.
40/). Good long-term outcomes count among the most important goals of ECMO support. We
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should evaluate the success of the ECMO program using not only basic parameters such as
mortality (i.e., ICU mortality, 30-day mortality) and the length of hospitalization or weaning
from ECMO support, but also parameters including long-term survival or neurological,
psychological, and social outcomes. This review aims to describe the clinical results of
patients who underwent VV ECMO support for severe ARF or ARDS with an emphasis on
long-term outcomes.

2. Methods

The search of the Medline database was performed on 25 May 2023 using the advanced
search option and the following search keywords: (((extracorporeal) AND (veno-venous))
AND ((longterm) or (long-term)) AND (outcome). The search was limited to the last
10 years; only human studies written in English were included. In total, 37 results were
identified for retrieval and full evaluation (Figure 1). All search results, including abstracts,
were exported into an external file for further analysis (Supplementary Materials). Two
researchers independently read all the identified papers. Only papers containing significant
information on the topic are referred to in this review.

=
=]
£
E Medline database - search string : (((extracorporeal) AND (veno-venous))
B AND ((longterm) or (long-term)) AND (outcome)
2

> ‘ limitation to the last 10 years

|

o0
]
§ n = 52 studies ’ limitation to human studies
’ |

— ‘ limitation to studies in English only
E articles suitable
= for reading
E n =37 studies

Figure 1. A flowchart of the search strategy.

Particular attention was paid to the long-term (months or years) outcomes of VV
ECMO patients after ARF or ARDS. Mortality, fitness, respiratory complaints, neurological
complaints, self-sufficiency, quality of life, and the capability to return to work were
considered important outcomes.

3. Mortality in VV ECMO Patients

Mortality rates are usually the main outcome of ECMO studies. Still, only two ran-
domized control trials in adult ARDS tested the effectiveness of VV ECMO support and
mortality rates in patients on ECMO [2,6]. In the CESAR trial, mortality rates (defined
as death at <6 months or before discharge) for ARDS patients treated with ECMO were
37% compared to 53% in conventionally managed patients (RR 0.69; 0.05-0.97, p = 0.03) [2].
In that study, only 76% of patients meeting the criteria for ECMO support in regional
hospitals who were subsequently transferred to an ECMO center met the same criteria after
an initial assessment in the center, which points to the beneficial effect of treatment in ARDS
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centers experienced with high volumes rather than to the effect of ECMO support. Another
limitation of that study was the lack of a standardized protocol for mechanical ventilation
in the control group; moreover, the study did not distinguish between deaths caused by
the disease that led to the need for ECMO support and deaths directly related to ECMO
cannulation or other ECMO-related complications. The ECMO to Rescue Lung Injury
in Severe ARDS (EOLIA) trial compared conventional low VT ventilation to VV ECMO
combined with ventilation using an even lower VT (decreased to maintain plateau pressure
of 24 cm H,O) and lower airway pressures (positive-end expiratory pressure, PEEP, of
10 cm HyO and driving pressure of <14 cm H,0). Rescue ECMO was, however, applied to
28% of the control group patients who had developed refractory hypoxemia. The study
was stopped by the safety monitoring board because of futility after 75% of the maximal
sample size (reaching the target of 20% absolute risk reduction in mortality was unlikely).
Although the decrease in 60-day mortality in the ECMO arm (35% vs. 46%, p = 0.09) was
not statistically significant [6], a post hoc analysis found that very severe ARDS patients
(Pa0,/Fio; < 50 mm Hg for >3 h; Pa0,/Fi0; < 80 mm Hg for >6 h) had a high probability
of benefiting from ECMO in the 60-day mortality [7]. The authors concluded that using
ECMO in patients with severe respiratory failure appears to be safer than mechanical
ventilation, even if protective lung ventilation is used [7]. A meta-analysis by Munshu et al.
pooled mortality data from 429 patients enrolled in CESAR [2] and EOLIA [6] trials and
found significantly lower 60-day mortality in the ECMO group compared with the control
group (34% vs. 47%; p = 0.008) [8]. Another meta-analysis of the results from CESAR [2]
and EOLIA [6] focusing on patients with severe ARDS favored the use of ECMO thanks
to the improvement in 90-day mortality compared with conventional management (36%
vs. 48%; p = 5 0.013) [9]. The indication criteria for ECMO in the EOLIA trial were more
stringent (a detailed protocol of ventilation optimization prior to indication for ECMO
support) than in CESAR, so the same severity of the illness was managed differently. The
baseline characteristic of the patients was comparable in both studies. The advantage of this
meta-analysis lies in the proper assignment of patients to the given groups (only patients
in whom ECMO had been initiated were present in the ECMO arm, and only patients
without ECMO support in the control arm). Friedrichson et al. performed a retrospective
analysis from a German registry (Federal Statistical Office of Germany) on 45,647 patients
in 231 hospitals between 2007 and 2018 [4]. The highest hospital mortality was recorded in
2008: 70.1% among all VV ECMO (n = 649) patients and 70.4% among VV ECMO patients
with ARDS (n = 138). In 2018, hospital mortality decreased in VV ECMO patients with
and without ARDS to 53.9% (n = 1493) and 54.4% (1 = 926), respectively. The annual case
volume in many of these ECMO centers was low, with a median of four cases for VV ECMO
and nine for VA ECMO in 2018, which could have influenced the results due to the lesser
experience of the ECMO personnel (note that the median annual number of cases in the
centers contributing to the Extracorporeal Life Support Organization (ELSO) registry was
much higher, namely 18 cases per center and year [10]). The decrease in mortality over
time may be due to the greater experience of the centers and the simultaneous increase in
the number of patients with ECMO support. Muguruma et al. also showed a significantly
lower mortality rate in patients treated in high-volume ECMO centers (50.4%) than in those
treated in low-volume centers (62.5%) [11]. According to the ELSO registry, mortality in
adult ARDS patients receiving ECMO from 2015 to 2020 was only 39% [10].

At the beginning of the COVID-19 epidemic, extreme mortality rates of VV ECMO
COVID-19-associated ARDS (CARDS) patients of up to 94% were reported in some hospi-
tals [12]. On the other hand, data from the ELSO registry from 2020 were more optimistic,
reporting an in-hospital 90-day mortality of 37.4% in a large study with 1035 ECMO pa-
tients [13]. Karagiannidis et al. reported an in-hospital mortality of 73% in a group of
768 ECMO-supported patients with CARDS from multiple centers in Germany [14]. This
result could be, however, associated with the characteristics of their study group (higher
age, prolonged median time from the onset of mechanical ventilation to the initiation of
ECMO), increased proportion of patients needing dialysis compared to the ELSO group)
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or heterogeneous experience with ECMO treatment among the personnel of participating
ICUs. Moreover, especially during the COVID-19 pandemic (certainly not only in Ger-
many), indications for the initiation of ECMO were influenced by individual attitudes,
emotions, and the healthcare system’s strategies (resources and reimbursement), often
driven to a large degree by media expectations. It is possible that ill-considered indica-
tions for ECMO support, especially in combination with lower experience with ECMO
in smaller centers, could have contributed to the high mortality reported in some stud-
ies [12,14]. The majority of patients with CARDS were obese, but the 90-day mortalities
(48.5% obese vs. 45.5% non-obese, p = 0.603) were not significantly influenced by BMI
(p=0.47,p =0.771, respectively) [15]. Age < 50 (RR 2.14) and history of chronic immuno-
suppressant therapy (RR 2.11, p = 0.009) were the obesity-associated risk factors for adverse
outcomes. Higher doses of corticosteroids (RR 0.57, p = 0.05) were associated with a bet-
ter outcome. Urner et al. demonstrated the association of ECMO support with reduced
60-day mortality in CARDS patients compared to conventional mechanical ventilation in a
large multicentric observational study in patients with PaO, /FiO, ratio < 80 mmHg [16].
Mortality in the ECMO group was 26% compared to 33% without ECMO (risk difference
—7.1%; risk ratio 0.78). ECMO was most effective in patients under 65 years with driving
pressure > 15 cmH,0 or with PaO, /FiO, ratio < 80 mmHg. However, some patients were
lost to follow-up in that study as they were transferred to a long-term ICU because of the
lack of self-sufficiency. The long-term outcome of these patients was, therefore, not known,
and their long-term mortality could be higher than stated. Another large observational
study was performed in the United States by Shaefi et al. in severe CARDS cases (patients
with PaO, /FiO; ratio < 100 mmHg), with a combined endpoint of 60-day survival or hos-
pital discharge [17]. Of 5122 critically ill patients, 1297 patients were eligible for the target
trial (meeting the inclusion criterion of PaO,/FiO, ratio < 100 mmHg in the first 7 days
of ICU admission). At 60 days, 35% died in the ECMO group compared to 47% in the
non-ECMO group (hazard ratio 0.55; 95% CI 0.41-0.74).

Enger et al. prospectively followed up on 553 VV ECMO patients from the Regensburg
ECMO Centre from 2007 to 2016 [18]. The overall mortality was 52%, with 12% dying after
discharge within the follow-up period (mean follow-up of 4.8 years). Survival rates of
discharged patients at 30-day, 90-day, 1-year, and 5-year follow-ups were 99%, 95%, 86%,
and 76%, respectively. Multivariate analysis showed that higher age, immunocompromised
status, higher pre-ECMO SOFA scores (the Sequential Organ Failure Assessment score), and
longer duration of ECMO support were associated with higher long-term mortality, whereas
out-of-center ECMO cannulation was associated with improved survival, which highlights
the importance of avoiding the transport of such patients without ECMO. Another study
reported a 6-month mortality of about 40% [19].

Provaznik et al. investigated the effect of age on long- and short-term outcomes in
a 14-year-long retrospective study including 755 VV ECMO patients. Duration of the
ECMO support (median of 8-10 days, p = 0.256) and weaning rate (68.2-76.5%; (p = 0.354))
were comparable in all age groups, i.e., the higher age was not a risk factor [20]. In-
hospital mortality was, however, significantly higher with increasing age (<50 years—30.1%;
50-59.9 years—37.1%; 60-69.9 years—45.6%; >70 years—51.8%; p < 0.001), increasing
age was also associated with worse neurological outcomes. Bacterial pneumonia was
generally the most common cause of respiratory failure, although, in the age group of
>60 years, aspiration was the most common cause for the need for ECMO. Multi-organ
failure was the most common cause of death in the younger age groups, while in the
older age groups, secondary respiratory failure (without renewing ECMO support) was
the most common cause of death. Interestingly, C-reactive protein (CRP) on Day 1 of ICU
hospitalization was inversely associated with mortality, which could have been caused by
the exhaustion of a patient’s immune reaction. Risk factors for death during the follow-up
also included coronary artery disease, primary lung disease, malignancy, hemodialysis
(chronic hemodialysis was a stronger risk factor for in-hospital mortality than acute kidney
failure requiring hemodialysis), immunosuppression, and bilirubin levels. Higher bilirubin
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levels were associated with worse outcomes by Masha et al. [21], too. The association of
lower CRP with higher mortality in ECMO patients was also reported in another study [22].

In complex ECMO centers, the ability to transport patients on ECMO support is
an inherent part of care. This is because conventional transport of patients with severe
respiratory failure on mechanical ventilation could lead to profound hypoxemia, acidosis,
or severe complications of aggressive ventilation, which is likely to occur during transfer
without ECMO (e.g., pneumothorax, right ventricular failure, etc.). Burrell et al. compared
the 6-month mortality in patients who were ECMO-cannulated in referral hospitals with
those who were primarily admitted to an ECMO center [23]. There was no overall difference
in survival at 6 months between the retrieved and ECMO center patients (75 vs. 70%,
p = 0.690), which indicates that transport on ECMO is safe.

In all, the 60-day mortality of VV ECMO patients is approximately 35% in most studies,
and the mortality in the horizon of several years approx. 50%, with some exceptions
reporting both superior and inferior results. The comparison of mortality reported in ARDS
patients with and without ECMO support in multiple studies is shown in Table 1.

Table 1. Mortality of ARDS patients with and without ECMO in selected studies.

Study Characteristic Follow-Up ECMO Conventional 14
CESAR trial [2] ARDS-HIN1 6 months 37% 53% 0.03
EOLIA trial [6] ARDS 60 days 35% 46% 0.09

Munshu et al. [8] ARDS 60 days 34% 47% 0.008
Combes et al. [9] ARDS 90 days 36% 48% 0.013
Urner et al. [16] CARDS 60 days 26% 33% NR *
Shaefi et al. [17] CARDS 60 days 35% 47% <0.001

* NR—Not reported; however, as confidence intervals of risk ratios do not include 1, the results were likely
statistically significant.

4. Functional and Psychological Impairment in Survivors of VV ECMO and Return
to Work

After the initial stabilization of critically ill patients undergoing VV ECMO support,
their ability to recover and their overall condition in the horizon of months and years
is a critical question. It is, of course, necessary to keep the patients in the best possible
condition, including active rehabilitation. Prevention of the failure of other organs and
maintaining an adequate nutritional status are challenges in everyday practice. At the same
time, a number of technical ECMO complications can occur. Bleeding complications or the
necessity to frequently change ECMO circuits are not exceptional.

McDonald et al. investigated the quality of life by interviewing ECMO survivors in
whom ECMO was needed due to respiratory failure [24]. Forty-two patients completed
the interview, with a median period after weaning from ECMO of 14.6 months. A total of
62% of patients were highly self-sufficient (according to the Katz Index of Independence
of Activities of Daily Living). Nevertheless, anxiety was present in 48% and depression
in 26% of these patients. A systematic follow-up of survivors to identify patients with
problems could help prevent further deterioration of their problems, which are not only
psychological, and should ideally constitute a part of the center’s care.

Wilcox et al. examined in their meta-analysis the long-term morbidity, specifically the
health-related quality of life (HRQL) [25]. They reported greater decrements in HRQL in
ARDS survivors managed with ECMO compared with survivors of mechanical ventilation.
Interestingly, ECMO survivors suffered significantly less from depression and anxiety
than those managed solely using mechanical ventilation. HRQL assessment was also
investigated in a study by Rilinger, who retrospectively analyzed 289 VV ECMO patients
in the Freiburg ECMO Centre in Germany hospitalized between 10/2010 and 06/2019 [26].
Hospital survivors (hospital mortality 55.4%) showed a high 6- and 12-month survival rate
(89% and 85%, respectively); moreover, the estimated survival rate of those discharged
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alive from ICU after 9.7 years was 68.5% (95%-CI 56.9-80.1%). Underlying pulmonary
disease, long-term oxygen therapy, mechanical ventilation of more than 7 days before
ECMO initiation, and the duration of ECMO support itself were associated with lower
6-month survival. In a logistic regression analysis, the duration of ECMO support was
the only independent predictor of 6-month mortality. Overall, high levels of HRQL were
reported in survivors (the median total score of the 36-Item Short-Form Health Survey
was 73), with limitations predominantly in the questionnaire categories physical, role
limitations, physical health, and general health. There were no limitations in the domains
of emotional situation and social functioning. No association between HRQL and the
duration of ECMO support was detected. Mental limitations were low (Hospital Anxiety
and Depression Scale; HAD-D score of 2 and HAD-A score of 3). Overall, 82% of these
ECMO survivors returned to work; 61% continued in their previous jobs, 21% had to
change their jobs, 8% were permanently disabled, and 10% were already without work
before ECMO support.

In their retrospective study covering a period from 2005 to 2019, Gray et al. reported
data from 125 VV ECMO patients from a Sydney ECMO center [27]. Survival to discharge
was 70%, and in more than half of patients, regular follow-up was completed (median
of 11.8 months). Most problems (especially weakness and breathlessness) were resolved
within six months, and 60% of patients returned to work within that period. Of patients
who were previously employed, 83% had returned to any work within 6 months. Symptoms
of depression, anxiety, or post-traumatic stress disorder (PTSD) persisted longest, up to
36 months in 33%; it is, however, necessary to say that 14% of the patients had psychological
problems already before ECMO. Another French study compared a 1-year outcome in
ECMO vs. non-ECMO survivors of ARDS associated with 2009 influenza A (HIN1) [28].
Surprisingly, mortality in the ECMO group was 36% compared with 28% in the non-ECMO
group; however, the severity of ARDS was not mentioned in their study, so it could be
speculated that the study was burdened with a selection bias—patients in the ECMO group
might have suffered from more serious ARDS. A total of 50% of the ECMO group and
40% of the non-ECMO group reported significant exertion dyspnea, 83% and 64% had
returned to work, and 75% and 64% had decreased DLco (diffusing capacity of the lung for
carbon monoxide), despite their near-normal and similar lung function test results. HRQL
assessed by the SF 36 did not find any differences between groups. The same can be said of
anxiety (50% and 56%) and depression (28% and 28%) as well as a risk for post-traumatic
stress disorder (41% and 44%, respectively). More than half of the survivors returned to
work; this finding is also consistent with other studies reporting similar findings about
anxiety or PTSD [29-31].

It could be, therefore, concluded that the majority of patients who were disconnected
from VV-ECMO and discharged from the ICU are self-sufficient in the long term, and more
than three-quarters of them return to work (Figure 2).

Return to work Anxiety Depression Self-sufficiency

P*D

Figure 2. Functional and psychological impairment in survivors reported in [24,26-28].

5. Pulmonary Recovery

Pulmonary function was normal to near-normal [32] in a 5-year follow-up study of
ARDS ECMO survivors by Herridge et al. Similarly, pulmonary limitations (measured by
St. Georges Respiratory Questionnaire; SGRQ) were reported to be very low in the above-
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discussed study by Rilinger et al. [26] and were comparable to the limitations prevalent in
the general population. ECMO survivors showed significantly lower levels of limitation in
the SGRQ categories Impacts, Symptoms, and Activity than the COPD (chronic obstructive
pulmonary disease) cohort but higher levels of limitation compared to the general popu-
lation. In the PRESERVE study, 36% of patients after ECMO reported persistent dyspnea
at the 6-month follow-up (e.g., shortness of breath even during light exercise), which is
comparable to overall results in ARDS patients [33]. In addition, 30% of patients were
still on pulmonary medication (long-acting b2-agonists, inhaled corticosteroids, home
oxygen therapy). The SGRQ scores indicated that patients with longer ECMO support had
more pulmonary symptoms. In the study by Gray et al., the resolution of lung function
abnormalities took up to 12 months [27].

Linden et al. performed high-resolution computed tomography (HRCT) of the lungs
in 21 ARDS ECMO patients [34]. The majority of these patients (76%) had residual lung
parenchymal changes on HRCT, namely reticular patterns in combination with parenchy-
mal distortion, representing together interstitial fibrosis. Ground-glass opacities with
architectural distortion similar to that found in fine fibrosis were found in 24% of subjects.
According to the pulmonary function and the exercise test, 43% of subjects had signs of a
mild obstructive disorder (FEV1 < 80%), a mild restrictive pattern (TLC < 80%) was found
in 14% of patients, and a lower normal interval was found in 43% of patients. Of those who
failed to complete the test, 76% interrupted the exercise due to leg fatigue and 24% due
to dyspnea. DLco was reduced in 65% of patients. Other studies, however, indicate very
good lung repair with minimal long-term changes in CT scans [28,35].

In all, the limitation of pulmonary function diminishes or disappears over several
months or within a year after the patients are discharged. Although the limitation to lung
function is typically mild after a year, complaints comparable to those in COPD patients
may persist in some patients.

6. Long-Term Outcomes in Children

VV ECMO can be used also in pediatric cases of severe respiratory failure. Mallory
et al. described the outcomes of 202 VV ECMO patients in highly experienced pediatric
centers from 2011 to 2016 [36]. A total of 67% of patients survived until discharge from the
ICU; tracheostomy was performed after ECMO decannulation in 14% of survivors, and 9%
of survivors were discharged on long-term mechanical ventilation or home ventilation.

Immunocompromised and non-immunocompromised children up to 18 years old
with ARDS were evaluated in a French study with 111 participants [37]. The survival rate at
6 months after the intensive care discharge was significantly lower in immunocompromised
patients compared to non-immunocompromised ones (41.7% vs. 62.8%; p = 0.04). ARDS
severity was similar between the two groups.

7. Prediction of the Outcome

Schmidt et al. created the PRESERVE score to identify factors associated with death
within 6 months after ICU discharge and to develop a practical mortality risk score in
ARDS patients on VV ECMO. Their study was based on data from 140 patients treated
with ECMO from a French ICU in 2008-2012 [33]. A total of 60% of them were still alive
after 6 months; the median overall follow-up was 17 months (11-28). The score analyzed
pre-ECMO parameters for providing a risk estimate, namely the age, body mass index, im-
munocompromised status, prone positioning, days of mechanical ventilation, sepsis-related
organ failure assessment, plateau pressure, and positive end-expiratory pressure. The PRE-
SERVE classes 0-2, 3-4, 5-6, and >7 correspond to cumulative probabilities of 6-month
survival of 97, 79, 54, and 16% (p < 0.001). HRQL evaluation of the 6-month survivors
revealed satisfactory mental health in 80%, but persistent physical and emotional-related
difficulties, especially anxiety and depression, were relatively common. Of these 67 patients
with satisfactory mental health, 7 were retired, 3 were unemployed, and 57 were working
full-time before their critical illness. A total of 72% of the latter had returned to work (52%



93

J. Clin. Med. 2023, 12, 5196

8of12

to their previous work), and most reported normal functions. These patients, however, still
had substandard SF-36 physical domain scores, particularly in the emotional component
(p < 0.001). Patients with longer follow-ups (503 days) had significantly improved scores in
the domains of role limitations due to physical health and role limitations due to emotional
health. The patients were at an increased risk of anxiety, depression, and post-traumatic
stress disease (34%, 25%, and 16%, respectively), which is similar to those reported in other
post-ICU studies [33].

Scoring systems for ECMO mortality prediction in ARDS patients were compared
in a retrospective study in patients with and without influenza A [38]. PRESERVE, RESP,
PRESET, ECMOnet, Roch, and APACHE Il scores were included to predict patient outcome
(mortality). Regarding ECMO support success predictions, the area under the receiver
operating characteristic curve (AUC) was 0.62 for PRESERVE, 0.44 for RESP, 0.57 for PRE-
SET, 0.67 for ECMOnet, and 0.62 for Roch, respectively, with score calculations performed
according to the original papers. APACHE II score was found to have the best predictive
capabilities (highest AUC values) of all these scores, which was true for ARDS patients
both with and without influenza. The cut-off value for mortality prediction in the APACHE
1T score was 32 points. To the best of our knowledge, however, there is currently no score
predicting long-term outcomes from the perspective of neurological or physical limitations
in patients after VV ECMO.

8. Discussion

Limited information is available about the long-term outcome of patients suffering
from acute ARDS or ARF on VV ECMO. Most available studies focused on mortality and
short- to mid-term follow-up.

The Extracorporeal Life Support Organisation (ELSO) database provides valuable
information about patients on ECMO. However, the data may be biased. It is a paid-
membership organization bringing together predominantly high-volume centers. Mem-
bership includes entering detailed information on patients into the database, which is,
therefore, one of the best data resources in this respect worldwide. ELSO data, statistics,
and guidelines thus have a great impact on everyday practice. On the other hand, a major-
ity of minor ECMO centers do not contribute to this database, and, therefore, the success
parameters found in the ELSO database records might be biased by the fact that data
from ECMO centers with low experience are largely missing in this database. According
to the ELSO live registry dashboard (www.elso.org accessed on 19 May 2023), survival
to discharge of adult patients with pulmonary ECLS (extracorporeal life support) in all
locations (including Europe, North America, Asia, etc.) was 58% (66% survived ECLS,
more than 50,000 ECMO runs). When limiting the results to Europe, the survival was 63%.
Overall outcomes from 2018 to 2022 in the international summary for adult pulmonary
ECLS is 69% (77% survived ECLS). Rather, ELSO data represent the best achievable result
when ECMO is performed in experienced centers; however, the results might be burdened
with a selection bias—in larger centers with multiple ECMO machines, it is possible that
even patients who would not have qualified for ECMO support in a smaller center (i.e.,
are in better condition) are treated with ECMO. Moreover, in 2018, only 81 centers with
2233 cases were reported in the European ELSO Registry, while in Germany alone, there
were 231 centers with 7317 cases reported, which indicates the high level of underreporting
in the ELSO registry.

Critically ill patients treated without the use of ECMO also suffer from a number of
more or less serious disorders after their discharge from the hospital. Post-intensive care
syndrome (PICS) encompasses physical, cognitive, and mental impairments persisting
after intensive care unit (ICU) discharge [39]. Pandharipande et al. show in a prospective
study that regardless of the reason for ICU admission, the global cognition scores of 40% of
ICU patients were 1.5 SD below the population means at 3 months post-discharge and that
26% had scored even 2 SD below the population mean (equivalent to mild Alzheimer’s
disease). This impairment persists for more than 12 months and significantly influences
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patients” quality of life [40]. Of patients after ECMO support who were transferred to a
long-term ICU and after discharge from the long-term ICU, 30% were transferred to a
rehabilitation unit, 20% to a skilled nursing facility, 23% to an acute care hospital, and 27%
of these patients were discharged home as self-sufficient [41].

The long-term outcome of ECMO patients may be influenced by many factors, some
of which may be unrelated to the disease itself, such as the patient’s management in the
ECMO center or even in the pre-ECMO period. In ARDS patients, ECMO is typically
used primarily as a “bridge to recovery”. The timely recognition of the severity of the
disease by the ICU personnel and contacting an ECMO center is one of the key factors
of good outcomes. This is particularly important as aggressive ventilation with high
mechanical energy may cause further damage to the lungs (so-called ventilator-induced
lung injury, VILI) [42-44]. Such lung injury may take longer to resolve or cause even lung
fibrosis, which could be prevented by the timely initiation of ECMO support. In addition,
it might be beneficial to perform ECMO cannulation in the primary hospital rather than
in the ECMO center to avoid patient transport on aggressive ventilation and associated
risks. In larger ECMO centers with higher numbers of patients (such as larger university
hospitals), the patients can benefit from the greater experience of the center personnel, the
often also better equipment, or the presence of specialists from other fields, allowing the
resolution of potential complications (including demanding surgical procedures). Long-
term outcomes are influenced not only by specific management in an ECMO center but
also by the management in the referral hospital. An ECMO center should, therefore, also
strive to implement the strategy of ECMO indication in the cooperating referral hospitals.
The outcome of ECMO patients may be, of course, also influenced by post-ECMO care, for
which the patient is often transferred to the original referral hospital.

Long-lasting pulmonary dysfunction after ARDS without ECMO support is also com-
mon in patients after the discharge and affects both the structural and functional properties
of the lungs. However, a complete resolution of parenchymal infiltrates may occur within
the first 12 months after ARDS. However, persistent abnormalities, mainly reticular patterns
and ground-glass opacities, are observed in more than half of the survivors [45]. Patients
with pulmonary ARDS showed more severe abnormalities on thin-section computed to-
mography (CT), including ground-glass opacity or reticular density [44], than patients with
extrapulmonary ARDS. There was, however, no difference in the quality of life between
these two groups. Orme et al. reported improvement in pulmonary function (but without
reaching normal levels) with DLco of about 70% of the norm at 12 months after ARDS [46].
Herridge et al. reported the 6 min walking distance in the 5-year follow-up of the ARDS
patients to be 76% of the predicted distance and the physical functioning component of the
SF-36 questionnaire to be 82% of the predicted score matched for age and sex [32]. These
findings were also confirmed by Masclans et al. [47].

Data on pediatric patients are limited, but ICU-acquired weakness occurs in 1.7-4.7%
of survivors in the general ICU population, which is lower than in adults [48]. Cognitive
dysfunction is also much rarer, occurring only in 3.4% of pediatric ICU survivors [49]. As
data on ARDS ECMO pediatric long-term outcomes are lacking, we could infer from the
above that the outcomes of pediatric ECMO patients will also be better than those of adults.

9. Conclusions

Although the long-term mortality and morbidity of patients with severe respiratory
failure requiring ECMO support is still significant, both survival and post-ECMO quality
of life have improved, especially in recent years. The majority of the weaned patients
are discharged from the hospital and return not only to their homes but also to work.
However, although the standard of care improves, these patients may suffer for many
months and years from anxiety, sleep disorders, or depression as the most common long-
term neurological disorders after ECMO support. Slight pulmonary limitations also often
persist, although they tend to resolve over the course of years.
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10. Future Directions

VV ECMO is a well-established method with great success and good overall outcomes,
preventing death in many of these patients. ECMO is not a treatment but organ support
for the most severe illness, which implies that the mortality rate can still be expected to
be high. This, however, does not mean that the method should not be further improved.
More high-quality data from more or all ECMO providers should help to identify factors
that could influence overall long-term outcomes. A global high-quality free register of
ECMO patients would be ideal. High-quality, high-volume randomized control trials
should also be performed to better identify patients who would benefit most from ECMO
support. The indication process is now rather center-dependent, based on local experience.
Management in high-volume ECMO centers is overall at a very high level, but the pre-
and post-ECMO management is also crucial for good outcomes. National guidance on
the distribution of ECMO centers, resource allocation, and coordination of collaboration
between the centers and regional hospitals should improve the overall quality of ECMO
care in given regions. Only adequate pre-ECMO care with timely identification of patients
suitable for ECMO support, safe transport to the ECMO center, care in an ECMO center
experienced in high volumes, and high-quality post-ECMO care could improve the all-
important long-term outcomes.
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7.4.2 Extracorporeal membrane oxygenation survival: External validation of
current predictive scoring systems focusing on influenza A etiology

V nasledujici praci nas tym validoval na naSich datech skoérovaci systémy pro predikei mortality u
pacienti na VV ECMO ve skupiné s ARDS na podkladé¢ virové pneumonie zptsobené virem chtipky a
pacienty s jinou etiologii ARDS. Byly validovany zavedené skorovaci systémy PRESERVE, RESP,
PRESET, ECMOnet, Roch a APACHE II. Pacienti s chfipkou méli signifikantné niz§i mortalitu nez
pacienti s ARDS z jiného divodu. Ze vsSech systémil hodnoceni mortality u pacienti na ECMO mél
APACHE 1I skore nejlepsi prediktivni hodnotu u pacientd s pneumonii souvisejici s chfipkou typu A,
pficemz hrani¢ni hodnota Cinila ptiblizné 32 bodu. I pro ostatni ARDS pacienty s jinou etiologii mélo

APACHE II skore nejlepsi prediktivni vysledky.

Clanek byl citovan napiiklad v INTENSIVE CARE MEDICINE EXPERIMENTAL nebo PERFUSION.

MACA, Jan, V. MATOUSEK, Filip BURSA, O. KLEMENTOVA, R. HANAK, M. BURDA, Pavel SEVCIK
a J. RULISEK. Extracorporeal membrane oxygenation survival: External validation of current

predictive scoring systems focusing on influenza A etiology. Artificial organs. 2021, vol. 45, no. 8, p.

881-892. ISSN 0160-564.X. eISSN 1525-1594.

7.4.3 ECMO-Assisted In-Situ Normothermic Perfusion for Donation After
Circulatory Determination of Death Kidney Transplantation

Technika ECMO muZe byt pouzita i v transplanta¢nich programech. Muze se jednat o periopera¢ni
orgénovou podporu po transplantacich plic ¢i srdce, ale své misto ma ECMO 1 v zajisténi kvalitnich
orgénil po smrti pacienta. U pacientl s mozkovou smrti se jedna zejména o pacienty napojené na ECMO
z jiné primarni pficiny (po kardiopulmonarni resuscitaci apod.), kdy se nepodarilo pacienty zachranit.
U pacientd se smrti kardiovaskuldrni se mize ECMO uplatnit jako metoda normotermni regionalni

perfuze pro uchovani darovanych organt.

V piehledovém ¢lanku jsme podrobné probrali problematiku normotermni regionalni perfuze u pacientd
s kardiovaskularni smrti a transplantaci ledvin. Jsou diskutovany jak technické metody provedeni, tak
vyhody ECMO pro zlepseni kvality darovanych organt, ale i limitace metody a moznosti vyuziti ve

specifickych legislativnich prostfedich jednotlivych statd.
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ROSC return of spontaneous circulation

FNO Fakultni nemocnice Ostrava

VV ECMO veno-venozni ECMO

VA ECMO veno-arterialni ECMO

IHCA intrahospital cardiac arrest

OHCA out of hospital cardiac arrest

ECPR extracorporeal cardiopulmonary resuscitation
CCPR Konvenéni kardiopulmonalni resuscitace
UP Urgentni pfijem

EKG Elektrokardiogram
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ARDS syndrom dechové tisné¢ dospélych
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nefrakcionovany heparin

Antitrombin

heparinem indukovand trombocytopenie
platelet factor 4

aktivovany clotting time
nizkomolekularni heparin

direct thrombin inhibitors

Bleeding Academic Research Consortium
cardiac output

ejection fraction left ventricle
catheter-directed thrombolysis
transthorakalni echokardiografie
American Heart Association

ventricular fibrillation

pulseless electrical activity
automatizovany externi defibrilator
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