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ABSTRAKT

Mechanické srdecni podpory jsou Cerpadla krve schopnd casteéné nebo uplné nahradit
funkci srdce k dosazeni adekvatniho srde¢niho vydeje. Dlouhodobé implantabilni
levostranné mechanické srde¢ni podpory jsou zlatym standartem v terapii termindlnich fazi
srde¢niho selhdni. ZlepSuji prezivani i kvalitu Zivota jak pacienti na Cekaci listing
k transplantaci srdce, tak i téch, u nichz se jedna o trvalou doZivotni terapii. Zaroven je vSak
tato skupina pacientli ohroZena specifickymi komplikacemi souvisejicimi s terapii. Mezi ty
nejzavazné€jsi s vyznamnym vlivem na morbiditu a mortalitu patii nezadouci udalosti
spojené s hemokompatibilitou, tedy krvéaceni, trombotické komplikace a cévni mozkové
prihody. Jednou z pficin téchto stavli mize byt skute¢nost, ze sou¢asné mechanické srde¢ni
podpory generuji ptfevazné nepulsatilni tok krve. Tato prace se proto zabyva posouzenim
vlivu dlouhodobych implantabilnich mechanickych srdecnich podpor s kontinudlnim
krevnim tokem na cévy a cévni systém. Ve studii byly posuzovany funkéni a morfologické
zmény cév a a taktéz zmény v oblasti biomarkert vaskularniho poskozeni. Vysledky studie
potvrdily hypotézu, Ze nepulsatilni krevni tok ovlivituje hladiny sledovanych markertii a vede
ke zménam vaskularniho systému jak morfologickym a funk¢nim, tak na urovni genové
exprese. Ziskané poznatky mohou piispet k predikci a vcasnéjSimu feSeni komplikaci a

mohou byt také ptinosné pro vyvoj dalSich generaci mechanickych srdecnich podpor.

Klic¢ova slova: Mechanickéd srde¢ni podpora, srde¢ni selhani, hemokompatibilita, pulsatilita,

vaskularni poSkozeni



ABSTRACT

Ventricular assist devices are blood pumps capable of partially or completely replacing the
function of the heart to achieve adequate cardiac output. Long-term fully implantable left-
ventricular assist devices became the gold standard in the treatment of terminal stages of
heart failure. They improve survival and quality of life of the patients on the waiting list for
heart transplantation and those implanted as destination therapy. At the same time, this
specific group of patients is at risk of a number of complications specific to this therapeutic
modality. Among the most serious belong haemocompatibility related adverse events with a
significant impact on morbidity and mortality. One of the aspects influencing the occurrence
of these complications may be the non-physiological, non-pulsatile blood flow generated by
current generation of devices. Therefore, the aim of this study was to assess the impact of
long-term implantable mechanical circulatory support with continuous blood flow on the
vasculature and vascular system. The functional and morphological changes in blood vessels
as well as changes in biomarkers of vascular injury were analyzed. The results of our study
supported the hypothesis that non-pulsatile blood flow affects the vascular system at
morphological and functional level, as well as at the level of gene expression. The findings
may contribute to the prediction and more timely management of serious complications and

could be also essential for the development of the next generations of the devices.

Key words: mechanical circulatory support, heart failure, hemocompatibility, pulsatility,

vascular damage
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1 UVOD

Implantace mechanickych srde¢nich podpor (MSP) se stala standartni terapeutickou
modalitou pro pacienty se srde¢nim selhanim, u nichz i pfes maximalizovanou konzervativni
terapii nemoc progredovala do terminalni fdze. Doneddvna byla jedinou moznosti 1é¢by u
téchto pacientll transplantace srdce, avSak vzhledem k nartstajicimu po¢tu nemocnych se
srde¢nim selhdanim je zdsadnim limitem nedostatek vhodnych darci. Dalsi velmi pocetnou
skupinou jsou pacienti, ktefi zriznych divodi (nejcastéji pokrocily vek spolu
s pfidruZenymi nemocemi) jiZ nejsou k transplantaci srdce indikovani. Pro obé¢ tyto skupiny

jsou mechanické srde¢ni podpory cestou k vyraznému zlepseni kvality Zivota i piezivani.

V soucasnosti pouzivané MSP generuji pievazné nepulsatilni, kontinualni tok krve.
Historicky sice vyvoj ¢erpadel nahrazujicich funkci srdce smétoval k pulsatilnim systémtim,
tyto vSak byly vysoce poruchové vzhledem k mnozstvi pohyblivych elementh a dalsi vyvoj
proto smétoval k nepulsatilnim pumpam. I pies absenci pulsatility maji dnesni Cerpadla

velmi positivni vysledky v klinické praxi.

Terapie pomoci MSP je vSak také spojena s vyskytem mnoha komplikaci, znichz
nejzavaznéjsi jsou nezadouci udalosti spojené s hemokompatibilitou. Je stale pfedmétem
studii, jak moc jsou tyto komplikace ovlivnény nebo piimo zptisobeny dlouhodobou absenci
pulsové viny se snizenym cyklickym namdhanim cévni stény, zvySenych smykovym

zatizenim a naslednymi zménami endotelu.

Tato prace se proto vénovala posouzeni vlivu absence pulsatility na cévni fecisté
dlouhodobym sledovanim morfologie a funkce cévni stény a posouzenim zmén biomarkert
vaskularniho poskozeni. Vysledky prace by mély pomoci porozumét problematice
specifickych komplikaci u pacienti s MSP a pomoci optimalnimu nastaveni stavajicich

podpor a vyvoji novych generaci MSP.



2 PREHLED PROBLEMATIKY

2.1 Srdecni selhani
2.1.1 Definice srde¢niho selhani

Srde¢ni selhani je charakterizovano jako stav, kdy srdce neni schopno plnit svou zakladni
funkci a zajistit adekvatni perfuzi tkani potifebnou k pokryti energetickych narokd.
Typickymi ptiznaky jsou dusnost, nevykonnost, nechutenstvi, kachektizace, otoky a zndmky
hypoperfuze organovych systémi. Jedna se o onemocnéni s rostouci prevalenci vice nez 64
milionti pacientli na svété (Lippi et al, 2020). Nartst vyskytu tohoto onemocnéni je zplisoben
starnutim populace (vyskyt u 10% populace nad 75 let) a zlepSujicimi se moznostmi terapie
akutnich 1 chronickych kardiovaskuldrnich onemocnéni (Metra, Teerlink, 2017). Jedna se
vSak o onemocnéni s pretrvavajici vysokou mortalitou 1 pfes vSechny pokroky moderni

mediciny, kdy 5-leté piezivani se pohybuje pouze kolem 50% (Braunwald, 2013).

Srde¢ni selhani miZeme rozdélit dle dynamiky na akutni a chronické, déle dle selhavajiciho

useku srdce na levostranng, pravostranné nebo oboustranné.
2.1.2 Priciny srde¢niho selhani

Pfi¢iny srde¢niho selhani jsou ve vétSiné piipadti multifaktoridlni. Zasadni roli hraje

genetickd dispozice ve spojeni s rizikovymi faktory ze strany nemocného.

Nejcastéjsi pri¢inou srde¢niho selhani je nelécena nebo nefeSitelnd ischemickd choroba
srde¢ni, mnohdy v koincidenci s dilata¢ni kardiomyopatii. Druhou nej¢astéjsi pfi¢inou jsou
kardiomyopatie — dilata¢ni (familiarni, idiopatickd, toxonutritivni), restriktivni (napft. stavy
po radioterapii), hypertrofickd nebo arytmogenni. Z dalSich vyvolavajicich onemocnéni
muzou vést k srde¢nimu selhdni hypertenze, nemoci srdecnich chlopni, zanéty srdecniho
svalu nebo vrozené srdecni vady. Etiologicky se mohou na srde¢nim selhani podilet i
celkovd onemocnéni jako diabetes mellitus, HIV, amyloidoza, nemoci §titné Zlazy,

hemochromato6zy a dalsi (Pirk et al 2019).

Vznik srde¢niho selhani déale potencuji mnohé rizikové faktory. Mezi nejcastéjSi patii
koufeni a dale duasledky metabolického syndromu, jako obezita, diabetes mellitus,

hypertenze nebo dyslipidémie. Ovlivnéni téchto rizikovych faktorti ma vSak vliv pouze na
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pocatecni faze srdecniho selhani a je velmi zavislé na spolupraci pacienta s léCbou a

rezimovymi opatfenimi.
2.2 Moznosti terapie srdeéniho selhani

Terapie srde¢niho selhdni zavisi na tom, jak dalece je odstranitelna primarni ptic¢ina kardidlni
insuficience a také jaka je tize srdeniho selhani v dobé diagnézy. Zakladem terapie jsou
rezimova a dietni opatfeni spolu s farmakologickou 1é¢bou. V této oblasti se medicina
neustale vyviji a naléza stale u€inngjsi latky ovliviiujici nejen symptomatologii, ale také
progndzu pacienta (napft. sacubitril/valsartan). Dal$im pilifem v terapii, potazmo v primarni
prevenci nahlé srde¢ni smrti je implantace ICD (implantailni kardioverter-defibrilator) a
resynchromizacni terapie. Pokud lze odstranit primarni pfi¢inu onemocnéni (nejCastcji
v ramci ischemické choroby srde¢ni nebo chlopennich vad), pfichazi na fadu invazivni
kardiologické intervence (PCI - perkutanni koronarni intervence, TAVI — transkutdnni
implantace aortalni chlopné apod.) nebo chirurgické tfeseni. Chirurgickd 1écba srdecniho
selhani zahrnuje revaskularizacni operace, vykony na chlopnich a v pfipadech jinak
nefesitelného onemocnéni v termindlni fazi potom  transplantaci srdce, zavedeni

mechanické srdecni podpory nebo uplnou nahradu srdce srdcem umélym.

2.2.1 Transplantace srdce

Myslenka nahradit selhavajici srdce zdravym organem od jin¢ho pacienta se datuje jiz do
pocatku 20. stoleti, kdy byly ucinény prvni pokusné vymény organi v experimentu na
zvifecim modelu. Prvni takovyto pokus byl proveden jiz v roce 1905, kdy se jednalo o
heterotopickou auxiliarni transplantaci — srdce ze psa bylo implantovano jako pomocné do
oblasti krku jiného psa. Postupné vyvoj smetoval az k prvni ortotopické transplantaci srdce
u ¢loveka, ktera byla provedena v roce 1967 Christiaanem Barnardem. V nasledujicim roce
bylo provedeno hned 102 transplantaci v 52 centrech po celém svéte. Prvotni nadSeni vSak
brzy vymizelo vzhledem k velmi vysoké mortalité¢ téchto pacientii vlivem Casné rejekce.
Tato situace positivné piispivala k rozvoji programu mechanickych srdecnich podpor
v tomto obdobi. V 70. letech 20. stoleti byl aktivni transplanta¢ni program pouze v nékolika
malo centrech na svété. Az objev cyklosporinu v roce 1978 umoznil renesanci této zasadni
terapeutické modality. V soucasné dobé€ se provadi vice nez 6000 transplantaci srdce ro¢né

po celém svét& (Kiran et al, 2021). V Ceské republice se kazdy rok transplantuje 70-90 srdci.
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Jednoleté prezivani pacientd se pohybuje kolem 80-90 % v zavislosti na véku pacienta,

pétileté prezivani pak cini ptes 70% (Kiran et al, 2021).

Vyznamnou limitaci této terapie je vSak nedostateCny pocet vhodnych darcu. I ptesto, ze je
celosvétoveé vyvijena vyznamna aktivita pro zvyseni poctu darcovskych srdei, naptiklad
pomoci systémil pro ex-vivo perfuzi srdce, je stile pocet organi nedostacujici stale se

zvétsujici poptavee. Zde proto maji svou vyznamnou ulohu mechanické srde¢ni podpory.
2.2.2 Mechanické srdecni podpory
2.2.2.1 Historie MSP

Prvni néstin teorie mechanické srde¢ni podpory docasné i dlouhodobé piredstavil jiz v 19.
stoleti Le Gallois (Frasier et al, 1997). Zasadnim krokem v moderni éfe mechanickych
srde¢nich podpor bylo predstaveni mimotélniho obéhu v klinické praxi Gibbonem v roce
1953 (Gibbon, 1954). Pivodni mysSlenkou bylo sice pouzit tento koncept k 1é¢bé plicni
embolie, nakonec vSak vysledkem byl pocatek nové éry kardiovaskularni chirurgie i vyvoje
mechanickych srdecnich podpor (Helman et al, 2000). Prvni a dosud stale klinicky
vyuzivanou mechanickou srde¢ni podporou byla intraaortdlni balénkova kontrapulsace
(IABK), pfedstavena vroce 1962 Moulopoulosem a poprvé vyuzitd v klinické praxi
Kantrowitzem v roce 1968 (Kantrowitz et al, 1968). Tato vSak byla nedostatecna pro tplnou
nahradu funkce selhavajiciho srdce a vzhledem ke stagnaci programu srde¢nich transplantaci
v tomto obdobi z dlivodu neznalosti imunosupresivni terapie byla velké snaha o vyvoj tplné
mechanické nahrady srde¢niho svalu. Prvni tplna nédhrada srdce (total arteficial heart) byla
implantovana v roce 1969, pacient byl nasledné po 64 hodinach transplantovan (DeBakey,
2005). Koncem 70. let 20. stoleti vyvoj smefoval postupné k dlouhodobym levostrannym
srde¢nim podporam. Prvni pouziti LVAD jako pfemosténi k transplantaci bylo ptedstaveno
v roce 1980 Normanem (Norman et al, 1978). Prvni Uplna srde¢ni nahrada pro dlouhodobé
pouziti Jarvik-7 byla implantovéana v roce 1982 DeVriesem a pacient ji mél nasledné po dobu
112 dni (DeVries et al, 1984). Od druhé poloviny osmdesatych let jsou jiz k dispozici

komeréné vyrabéné systémy.

S vyvojem dalSich, modernéjSich srde¢nich podpor se k pivodni indikaci pfemosténi
k transplantaci srdce pridala jeSt¢ indikace destinacni terapie, kdy je pfistroj implantovan
pacientovi nespliyjicimu kritéria k transplantaci srdce a ponechan jako trvalé feSeni

onemocnéni.
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V priibéhu postupného vyvoje srdecnich podpor se vystiidalo né€kolik generaci téchto
ptistroji. Prvni generace byla vyvinuta v souladu se snahou o co nejvice fyziologickou
nahradu srdce, tedy na pulzatilnim principu. Tento typ srde¢nich podpor vSak obsahoval
velké mnozstvi pohyblivych komponent, coz velice omezovalo dlouhodobou funkci
Cerpadla (Pasque a Rogers, 2002). Druhou generaci MSP byly pumpy axialniho typu
(pracujici na principu Archimedova Sroubu), které generovaly nepulsatilni, kontinualni tok
krve. Bylo také mozno pfistroj minimalizovat a tim zlepsit jeho implantabilitu a také byla
redukovana plocha, kterd ptichazela do kontaktu s krevnimi elementy, coZ mélo positivni
vliv zejména na komplikace spojené s trombosou Cerpadla (John et al, 2008). Prozatim
posledni a nejnovejsi generace MSP jsou cCerpadla centrifugalniho typu s pouzitim
elektromagnetického nebo hydrodynamického zavésu rotoru, coz umoznilo dalsi sniZeni
kontaktu s krevnimi elementy a také dal$i zmenSeni velikosti pumpy. Diky tomu ji je mozZno
umistit pfimo v perikardu, zatimco ptfedchozi generace bylo nutné umistit do specialné
vytvorené preperitonedlni kapsy. Nejnovejsi pumpa (a prakticky jedind pouzivana v
soucasné klinické praxi) je HeartMate 3 (HM3, Abbott, Abbott Park, Illinois, USA). Toto
Cerpadlo ma tfi zdsadni charakteristiky, diky nimZ je maximalizovdna jeho
hemokompatibilita — elektromagneticky zavés rotoru bez lozisek a pohyblivych ¢asti, Siroké
krevni cesty a arteficidlni pulsatilitu zptisobenou periodickym zvySovanim a sniZovanim
rychlosti ¢erpadla, umoznujici lepsi promyvani pumpy. I diky tomuto principu se u tohoto

typu téméf nevyskytuje de-novo tromboza pumpy.

2.2.2.2 Typy MSP

MSP je mozné rozd¢lit podle nékolika raznych kritérii. Dle pfedpokladané délky terapie je
rozd€lujeme na kratkodobé, se kterymi pacienti zpravidla zlistavaji v nemocnici a doba
terapie trva fadoveé dny nebo tydny, nebo dlouhodobé, s nimiz pacienti odchazeji do domaci
péce. Podle srde¢niho oddilu, ktery nahrazuji, se srdecni podpory rozdéluji na levostranné,
pravostranné, biventrikularni nebo Uplnou nahradu srdce (total arteficial heart — TAH).
Rozdil mezi poslednimi dvéma zminénymi podporami je ten, Ze u biventrikularni MSP je
srdce ponechano in situ, pouze jsou na jeho oddily naSity kanyly jednotlivych podpor,
zatimco u TAH je srdce nebo jeho vétsi ¢ast odstranéno a plné€ nahrazeno piistrojem. Dle
charakteru toku krve generovaného podporami je dale rozd€lujeme na pulsatilni a

nepulsatilni. Co se ty€e zplsobu implantace MSP, historicky byly vSechny zavadény
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chirurgickou cestou a i dnes zatim tato metoda prevazuje, nicméné nékteré docasné srdecni

podpory lze zavést také perkutanné.

Vsechny typy mechanickych srdecnich podpor je mozno implantovat v téchto zakladnich
indikacich: ,,bridge to transplant* (most k transplantaci srdce, BTT), destinac¢ni terapie (DT),
,oridge to recovery* (most k zotaveni, BTC), ,,bridge to decision“ (most k rozhodnuti, BTD)
a ,,bridge to bridge” (pfemosténi k dlouhodobé MSP pomoci kratkodobé podpory). U
dlouhodobych implantabilnich levostrannych MSP v souasnosti nejvice nartistaji pocty
pacientii implantovanych v indikaci destina¢ni terapie, kdy je MSP pacientliim implantovana
jako permanentni terapie srdeéniho slehani. V Ceské republice stale pievazuje indikace
BTT, ale napiiklad v USA jsou dlouhodobé MSP implantovany jako destinacni terapie jiZ

v nadpolovi¢ni vétSin€ ptipada (Molina et al, 2021).

2.2.2.3 Chirurgicka technika implantace MSP

Implantace dlouhodobé mechanické srde¢ni podpory je mozna z n€kolika riznych ptistupt.
Nejcastéji pouzivanym chirurgickym pfistupem je podélna stiedni sternotomie, z méné
invazivnich pfistupt je to bud’ kombinace levostranné anterolateralni minitorakotomie a
horni parcidlni sternotomie nebo pouziti levostranné a pravostranné minitorakotomie.
Implantace se nejcastéji provadi za pouziti mimotélniho ob¢hu, u selektovanych rizikovych
pacientli indikovanych ¢isté k implantaci LVAD je tato mozna i bez jeho pouziti (tzv. off-
pump), piipadné za vyuziti jiz pfedtim implantované kratkodobé MSP (napi. ECMO apod.).
Na srdci je nasledné nejprve za pomoci peroperacni jicnové echokardiografie lokalizovan
hrot levé komory srdecni a nasledn¢ je na néj naSita objimka. Do hrotu je poté vyfiznut
dedikovanym néastrojem otvor a po aspekci vnitiku levé komory a pfipadné extrakci bud’
trombu nebo obturujicich papilarnich svali je do objimky zasunut samotny piistroj a
zafixovan fixaénim mechanismem. V menSim procentu piipadii 1ze postup obratit — tedy
nejprve udélat otvor do hrotu levé komory a poté nasit prstenec. Tento zptsob byl pouzivan
spiSe dfive, v soucasné dobé¢ jiz pouze v n€kterych indikacich (napf. aneurysma hrotu LK).
V ptipadé velmi limitované velikosti perikardidlniho vaku je nutné provést takzvanou V-
incizi v dlouhé ose levé komory tak, aby bylo moZno pfistroj do perikardidlni dutiny uloZit
(Netuka, 2018). Vytokova kanyla (cévni protéza) je nasledné vedena paralelné s branici a
kolem pravé komory tak, aby jednak nedochazelo k utlaku PK a také aby nelezela ptimo pod
sternem (minimalizace rizika poranéni pfi resternotomii napt. béhem transplantace srdce) a

naSita na vzestupnou aortu. V piipadé, Ze se jednd v dob¢é implantace jiZ o reoperaci, je
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s vyhodou vést vytokovou kanylu pleurdlnim prostorem a nemuset tak preparovat ze sristi
celé srdce (Netuka 2018). U vSech pacientll je aplikovana goretexova membrana kolem
ptistroje LVAD tak, aby se minimalizoval vznik srstd pro ptipadné dalsi operace. U
pacientii implantovanych jako ,,BTT, bridge to transplant™ je do této membrany obaleno i
srdce a prekryta vytokova kanyla MSP. Tento mechanismus vyrazn¢ urychluje naslednou
transplantaci srdce a zejména je pak zasadn€ snizeno difuzni krvaceni ze sristi. Napajeci
kabel LVAD je veden v bfisni stén¢ metodou ,,C-shape* — nejprve se kabel vyvede ven
v pfedem pfipraveném fezu v pravém hornim kvadrantu biicha, aby byl nasledn¢ opét
vnofen do bfisni stény a vyveden v definitivnim misté v levém hornim kvadrantu. Tato
metoda se ukazala jako velmi efektivni v blokadé prenosu piipadné infekce okoli vyusténi
perkutanniho vodice aZ do oblasti mediastina a samotné pumpy. Zasadni je nasledné pecliva
péce o vyusténi kabelu a spravna fixace k zamezeni pohybu kabelu (Yarboro 2014,

Schibilsky 2012)
2.2.2.4 Komplikace terapie pomoci MSP

Mechanické srde¢ni podpory vyznamné zlepSuji kvalitu zivota 1 piezivani jak pacientl
¢ekajicich na transplantaci srdce, tak indikovanych k destina¢ni terapii. Tito pacienti jsou
vSak ohrozeni fadou komplikaci. Nej€astejsi jsou komplikace infekéni, které postihuji vice
neZ polovinu pacientll v prvnich 2 letech od implantace MSP (Mehra 2019). Zde se vedle
klasickych lokalizaci infekce (plicni infekce, infekce urogenitdlniho traktu, infekce
operaCnich ran atd.) setkdvame 1 s lokalitami vylu¢né souvisejicimi s implantovanym
pristrojem. Je to bud’ Castéjsi a 1épe fesitelna infekce vyusténi napdjeciho kabelu srdecni
podpory z podkozi v oblasti epigastria, nebo vyrazné zavaznéjsi infekce okoli piistroje
v perikardu (pump pocket infection), mnohdy feSitelna pouze explantaci systému nebo

urgentni transplantaci srdce.

Neméné€ zavaznou komplikaci je pravostranné srdecni selhani, které vyplyva z podstaty
primarniho onemocnéni. MozZnosti terapie jsou od rezimovych opatfeni pifes inotropni

medikaci po implantaci do¢asné nebo i dlouhodobé pravostranné srde¢ni podpory.

Velmi specifickou kapitolou pro pacienty s MSP jsou nezddouci udalosti spojené
s hemokompatibilitou. Mezi né¢ se fadi krvaceni, cévni mozkové piihody a trombotické
komplikace v€etné trombozy Cerpadla. Cévni mozkové piihody (CMP), at’ jiz ischemické
nebo hemoragické, jsou zavaznou komplikaci vyskytujici se aZz u 10% pacientl (Mehra

2019, Molina 2020). Zvlasté hemoragické CMP maji vyrazny vliv na prognézu a kvalitu
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zivota nemocnych, proto v soucasné dob¢ probiha celosveétove nékolik studii s cilem zajistit

optimalni nastaveni antikoagulacni a antiagregacni terapie po implantaci MSP.

Dalsi ¢astou komplikaci u této skupiny pacientt je krvaceni. Pomineme-li krvaceni spojené
s vlastni implantaci ¢erpadla, pacienti trpi zejména pozdnéjsSimi krvacivymi komplikacemi
nejcastéji v podobé krvaceni do traviciho traktu, epistaxe, hematurie nebo silného
gynekologického krvaceni. Tato problematika z¢asti souvisi s uzivanou antikoagulacni a
antiagregaCni terapii, ale urcity a dost moznd vyznamny vliv maji pravé cévni zmény

souvisejici s kontinualnim, nepulsatilnim tokem krve. (Mehra 2019, Netuka 2018).

NeZadouci piihoda pfimo spojend s MSP je trombdza pumpy. Tato komplikace byla
relativné Casta u predchozich generaci ¢erpadel, kdy se miize vyskytovat u 12-14% pacienti
(Mehra 2019). U nyni pouzivan¢ho typu podpory s magnetickym levitujicim rotorem

HeartMate3 je vyskyt de-novo trombozy cerpadla prakticky eliminovan.

2.2.2.5 MSP a hemokompatibilita

V soucasnosti je prakticky jedinou klinicky pouzivanou dlouhodobou mechanickou srdecni
podporou centrifugalni cerpadlo HeartMate3. Dle vysledka dosud nejvetsi randomizované
studie tykajici se MSP (MOMENTUM 3 - Multicenter Study of MaglLev Technology in
Patients Undergoing Mechanical Circulatory Support Therapy with HeartMate 3) je patrné
jednozna¢né  snizeni nezddoucich udalosti spojenych s  hemokompatibilitou
(hemocompatibility related adverse events, HRAEs) u centrifugalni MSP HM3 v porovnani
s pfedchozi generaci Cerpadla s axialnim pohonem HeartMate II. Dalsi typ centrifugélniho
cerpadla tfeti generace, HeartWare HVAD (Medtronic Inc., Minnesota, MN, USA), byl na
zaklad¢€ nerandomizovanych studii a klinickych vysledki stazen z trhu vyrobcem praveé pro

zvySeny vyskyt HRAEs (Uriel et al, 2017).

Pokles vyskytu HRAEs u HM3 je podminén zejména sniZzenou incidenci trombozy pumpy
a cévnich mozkovych piihod, vyskyt krvéacivych komplikaci vSak zlstava pomérné vysoky
v obou skupinach (Uriel et al, 2017). SniZeni vyskytu zejména trombotickych komplikaci
poukazuje na tromborezistenci cerpadla HM3, podminénou jeho konstrukénimi
charakteristikami. K dal§imu sniZeni vyskytu komplikaci, zejména krvacivych, by mohla
pfispét optimalizace a antikoagulacni a antiagregacni terapie, ktera se na téchto
komplikacich zcela jisté podili. Standardni terapie zahrnuje warfarinizaci s cilovym INR 2,0-

3,0 a podavani kyseliny acetylicylové v davce 100mg/den. Studie MAGENTUM 1
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(prospektivni monocentricka studie se snizenym antikoagulacnim protokolem u pacientl s
HM3) (Netuka et al, 2018) provedena na pracovisti autorky s jejim pfispénim prokazala, ze
u vybranych pacienti je bezpecné snizeni cilového rozmezi INR z ptivodniho 2,0-3,0 na 1,5-
1,9, kdy 93% pacienti dosahlo primarniho endpointu pieziti bez trombozy pumpy,
devastujici cévni mozkové piihody nebo krvaceni 6 mésici po implantaci. Recentné
publikované vysledky studie ARIES, mezindrodni, randomizované, dvojité zaslepené,
placebem kontrolované studie porovnavajici efekt aspirinu u pacientii s MSP ukézaly, ze
absence aspirinu nezvysuje trombotické komplikace a naopak je sniZeno riziko krvaceni

(Mehra et al, 2023).

V soucasné dobé probiha celosvétove vice studii zaméfenych na optimalizaci antikoagulacni
a antiagregacni terapie u pacientd s MSP (Mehra 2021). Cilem vSech téchto studii je

dosazeni rovnovahy mezi krvacivymi a trombotickymi komplikacemi.

2.3 Patofyziologie cévni stény
2.3.1 Vliv pulsatility krevniho toku na cévni sténu

Pulsatilitu nebo také pulsni vinu mizeme definovat jako fyziologicky jev detekovatelny
v tepenném ftecisti. Pulzni vina vznika pii srdecni revoluci tokem krve vypuzené v systole
z levé komory do aorty a dale do perifernich tepen. Rychlost pulsni viny je mnohem vétsi
neZz rychlost toku krve. Pulsni vina mé dvé hlavni soucasti. Prvni z nich je systolicka tlakova
vlna, tvoiena vypuzenou krvi z levé komory pies aortalni chlopent do aorty, druhou tvoii
tlakova vlna odrazena zpét do aorty ze spodni poloviny téla pokracujici do hornich koncetin.
Tvar pulsové viny je ur¢en mnoha vlivy vcetné véku, pohlavi, télesné vysky, télesné
zdatnosti a srde¢niho pulsu. Buiiky cévni stény a zejména pak endotelidlni bunky jsou
adaptovany na opakujici se zmény tlaku a pritoku v arteridlnim fecisti. Pulsatilita mize byt
definovana pulsnim tlakem a pulsnim indexem (indexem pulsatility, PI). Pulsni tlak je
rozdilem nejvys$siho systolického a nejnizSiho diastolického tlaku, pulsni index urcuje
pulsatilitu dle pritoku a je dan rozdilem mezi nejvyssi a nejniz$i rychlosti proudéni krve

v systole (ev. v diastole).

Soucasné implantabilni levostranné dlouhodobé mechanické srde¢ni podpory generuji

pratok krve bud’ pln€é nepulsatilni (HM II), nebo kontinuélni s arteficidlni pulsatilitou

zpiisobenou periodickym zvySovanim a sniZovanim otacek pumpy s cilem promyvani

Cerpadla a prevenci trombozy (HM3). Vysledny krevni tok je u vétSiny pacientli prevazné,
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nektefi pacienti vSak maji jasn€ patrnou systolicko-diastolickou diferenci (pokud se
napiiklad otevira aortalni chlopen a pacient generuje sviij vlastni ptispévek krevnimu

pratoku).

Pulsatilit¢ jako takové se vénovalo jiz nespocet studii poCinaje Aristotelem ¢i Avicennou.
Jiz vroce 1954 Burton prokazal, ze prutok kapildarnim fecistém ustavd po poklesu
arteridlniho tlaku pod kriticky uzaviraci tlak a ze pulz prodluzuje dobu otevieni kapilar
(Burton et al, 1954). V roce 1960 Tekeda prokazal na zvifecim experimentu, ze nepulsatilni
tok krve vede ke kolapsu kapilarni struktury, snizeni krevniho pritoku a zvyseni kapilarnich
zkratil bez ohledu na stfedni arteridlni tlak (Tekeda et al, 1960). Pozdé&ji Prior predstavil
hypotézu, ze profil pulzniho tlaku na kapilarni trovni je spolu se sttednim krevnim tlakem a
extracelularnim osmotickym tlakem hlavnim faktorem odpovédnym za udrZovani

rovnovahy tekutin a vymeénu Zivin na bunécné urovni (Prior et al, 1995).

I recentni studie zaméfené na mechanické srde¢ni podpory naznacuji, ze vlivem ztraty
pulsatility dochazi k mnohym morfologickym a funkénim zménam stény cév (Ambardekar
etal, 2018, , Ivak et al, 2016), coz nasledn¢ muze vést k endotelidlni dysfunkci a dysregulaci.
Ptesny popis patofyziologickych procest je vSak stale predmétem mnoha studii, stejné jako
teoreticky positivni vliv zachované residudlni pulsatility na riziko vzniku a vyvoje

komplikaci. (Wever-Pinzon et al. 2013)
2.3.2 Moznosti neinvazivniho posouzeni stavu vaskulatury

Zmény cévniho systému lze posuzovat jak na morfologické, tak na funkEni urovni.
Nejjednodussim zpiisobem je nezatézujici ultrazvukové vysSetieni arterialniho fecisté. Pro
posouzeni stavu velkych cév se velmi dobie hodi dobie dostupné karotické nebo femoralni
tepny. Na morfologické trovni lze sledovat zejména stupenn preklinické aterosklerozy
pomoci ultrasonografickych kritérii zvanych Belcaro skore, kdy stupen I je normalni vzhled
a tloustka intimy 1 médie a nejvyssi stupenl IV je ateroskleroticky plat podmitujici stendsu
nad 50%. Belcaro ve své publikaci z roku 1996 uvadi, Zze béhem 6ti leté¢ho sledovani
nezaznamenal zddnou kardiovaskuldrni piihodu u pacientii s Belcaro skore I, zato ji

zaznamenal u 17% populace se skore II-IV (Belcaro et al, 1996).

Funk¢ni sonografické vysSetfeni velkych tepen zahrnuje zejména stanoveni maximalni
systolické (peak systolick velocity, PSV), end-diastolické (end-diastolic velocity, EDV) a
pramérné rychlosti (mean velocity, MV) a nasledné stanoveni pulsatilniho indexu (PI) dle

vzorce PI= (PSV-EDV)/MV k posouzeni pulsatility arteridlniho fecisté. Dal§im parametrem
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je rezistencni index (RI), definovany jako RI= (PSV-EDV)/PSV. Tento tidaj vypovida o
pruznosti a odporu cévni stény. Obecné je vyssi v tepnach zasobujicich svalovou hmotu nez

v téch zasobujicich mozek a parenchymové orgény.

Studii vénujicich se posouzeni téchto parametrii u pacientli s mechanickymi srde¢nimi
podporami je velmi méalo. Stohr naptiklad publikoval, ze arteficidlni pulsatilita LVAD HM3
je detekovatelnd v makro- i mikrocirkulaci, ale bez vyznamnych zmén pulsatilniho indexu
oproti pacientiim s plné kontinualnim tokem HM II (Stohr et al, 2023). Dalsi prace poukézala
na to, ze preexistujici ateroskler6za v kombinaci s LVAD muze vést ke zvySenému riziku
nezadoucich komplikaci (Kyiatkin et al, 2021). K plnému pochopeni dané problematiky je

vSak jeste tteba vyckat vysledku dalSich studii.

Neméné ditllezitym parametrem, ktery je mozné neinvazivné monitorovat, je tuhost (rigidita)
cévni stény. SniZzend poddajnost cév ma negativni vliv na krevni tlak a perfuzi cilovych
organt. Tuhost cévni st€ény obecné zvySuji onemocnéni jako hypertenze, diabetes mellitus
¢i chronické onemocnéni ledvin nebo obecné rostouci veék. Etiologie zvysSené tuhosti cév u
pacientli s mechanickou srde¢ni podporou neni jasné vysvétlena, pfedpoklada se ale vliv

absence pulsni viny a tim zplisobené ztraty elasticity cév.

Tuhost cévni stény spolecné s endotelidlni dysfunkci je mozno neinvazivné monitorovat
pomoci systému EndoPat 2000 (Endo-PAT 2000®, Itamar Medical, Israel). V této metodice
je pomoci sondy lokalizované na prstu horni koncetiny mozné méfit zmeény v perifernim
cevnim systému doprovazejici pulsni vlnu. Pomoci software je néasledné dopocitan tzv.
augmentacni index (Al), pfi¢emz nizsi hodnota tohoto indexu znaci lepsi elasticitu a mensi
tuhost cévni stény. Dale je touto metodou mozno urcit tzv. reaktivni hyperemicky index
(RHI), ktery je ukazatelem endotelidlni funkce. Méteni se provadi v klidném prostiedi za
stabilni teploty 21-25 st. Celsia, kdy jsou provadéna méfeni systémem EndoPat nejprve
v uplném klidu, poté po 5-minutové okluzi pfitoku krve brachialni tepnou a nasledné po 5
minutdch reperfuze. Jedna se o neinvazivni, na vySetfujicim nezavislé méteni velmi dobte

pouzitelné k posouzeni funkce endotelu a stavu periferniho cévniho feciste.
2.3.3 Biomarkery vaskularniho poskozeni

Biomarkery vaskularniho poskozeni jsou dal$imi z moZnych ukazateli stavu cévniho
systétmu a zejména endotelu. Jak jiZ bylo zminéno, ztrata pulsni viny a periodického
namahani stény cév mize mit negativni vliv na funkci endotelu a tuhost cévni stény.

Cirkulujici biomarkery vaskularniho poSkozeni, mezi které patii cirkulujici mikrocastice,
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endotelidlni progenitorové bunky nebo cirkulujici mikroRNA, je mozné detekovat ve
vzorcich krevni plasmy a dle zmény jejich hladin pted a v riznych ¢asovych intervalech po

implantaci LVAD poté posuzovat pfitomnost endotelidlniho poskozeni.

Cirkulujici mikroc¢astice jsou fragmenty bunécné membrany uvolhované pii zvySeném
namahani nebo poskozeni bun¢k. Jsou uvoliiovany ze Sirokého spektra bunék, nejvice vsak
z endotelu a trombocytl. Zvysena detekce mikrocastic je popisovana u kardiovaskularnich
onemocnéni, metabolickych onemocnéni, preeklampsie a Sokovych stavii (VanWijk et al,
2003, Burnier et al 2009). Zvyseni smykového napéti pti kontinudlnim toku krve muze
ovlivitovat hladinu cirkulujicich mikro¢astic (McGinn et al, 2016). Dosavadni studie
prokazaly, ze hladiny cirkulujicich mikrocastic jsou vy$$i u pacientl, u nichz byly
zaznamenany nezadouci komplikace (Nascimbene et al., 2014). Dale bylo prokazéano, Ze
hladiny mikrocastic nejprve tésné po implantaci mechanické srde¢ni podpory klesnou, coz
muize odpovidat zlepSené perfuzi organi nez v predchozi fazi srde¢niho selhani, aby
nasledné¢ hladiny opét stoupaly v ¢ase od implantace MSP (Ivak et al., 2016). Tento jev je
dan patrné narlstajicim poSkozenim endotelu vlivem nefyziologického, kontinudlniho toku

krve.

Endotelialni progenitorové buiiky (EPC) se fadi mezi subpopulaci CD34+ mononuklearnich
kmenovych bun¢k. Maji schopnost endotelidlni reparace a Castni se angiogeneze, plisobi
proti endotelialni dysfunkci (Recchioni et al, 2016). Zarovenn se podileji na rtznych
fyziologickych procesech, jako je vazomotoricky tonus, pohyb bunék nebo vrozena a
adaptivni imunita (Yan F. et al, 2021). Mnoh¢ studie se v poslednim desetileti vénovaly
moznostem terapeutického vyuziti EPC u riznych kardiovaskuldrnich onemocnéni, jako
akutni infarkt myokardu nebo srde¢ni selhani (Prasad et al, 2020). Vysledky téchto studii
jsou vsak zatim velmi limitovany omezenym poctem vysoce selektovanych pacientli. Dalsi
studie vénujici se vyuziti EPC jako biomarkerti vaskuldrniho poSkozeni ukézaly jejich
zvySeny pocet u nemoci spojenych s endotelidlni dysfunkei jako je ischemickéd choroba
srde¢ni, srde¢ni selhani, diabetes mellitus, fibrilace sini nebo hypertenze. Byla prokazana i
asociace zvySenych hladin EPC s onemocnénim mozkovych tepen (Huang ZX. Et al, 2021).
Hladiny EPC jsou proto studovany jako dalS$i moZzné ukazatele miry poSkozeni endotelu
plisobenim MSP. Dle zatim dostupnych studii je jejich dynamika po implantaci srde¢ni
podpory podobnad, jako u cirkulujicich mikrocastic (Ivak et al., 2016), tedy nejprve dochézi
k poklesu hladin diky vyfeSeni stavu téZkého srde¢niho selhani a poté opét k elevaci

pusobenim MSP na endotel cév.
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Cirkulujici mikroRNA jsou jednovldknové fetézce nekodujici RNA o délce 21-23
nukleotidt, kterd vznikd z dlouhého primarniho transkriptu (pri-miRNA) a vlasenkové
prekurzorové struktury (pre-miRNA) ucinkem ribonukleaz v jadie a cytoplazmé a jejiz
hlavni funkci je post-transkripcni regulace genové exprese. MiRNA vznikaji transkripci
genl v DNA, kdy poté nedochazi k jejich translaci na bilkovinu. Jsou to vysoce stabilni
molekuly, jejichz polocas dosahuje mnoho hodin, a dokonce i dnll. Zmény v expresi miRNA
mohou potenciondlné ovliviiovat funkci endotelidlnich bunék a hladkych svalovych bunék
cév, coz muze ndsledn¢ vést k zanétu a progresi aterosklerotickych zmén. Mnohé typy
miRNA jsou exprimovany nespecificky riznymi typy bunck. Avsak nékteré podtypy jsou
exprimovany pouze béhem patologickych procesii, naptiklad pii nadorovém bujeni nebo
pravé v pripadé poskozeni endotelu. Jejich pritomnost v krevni plasmé pak muiize plnit funkci
biomarkert vaskularniho poskozeni. V dfive publikovanych studiich byl prokazana moznost
pouziti specifickych subtypi miRNA (miR-30a-5p, miR-654-5p) v ramci diagnostiky
pokrocilych fazi srde¢niho selhani a positivniho efektu terapie (Quian Lu et al, 2022). V jiné
studii byla porovnavana exprese rozdilnych typti miRNA u mechanickych srde¢nich podpor
s kontinualnim a pulsatilnim tokem krve (Lok et al, 2015). Efekt a vyuziti tohoto velmi
specifického biomarkeru k posouzeni vlivu mechanickych srde¢nich podpor na cévni systém

je vsak v soucasnosti stale ne zcela jasny a je predméetem dalSich studii a publikaci.
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3. CILE PRACE A HYPOTEZY

3.1 Hypotézy

V praci byla testovana hypotéza, ze vliv kontinualniho, nepulsatilniho toku krve
generovaného mechanickou srde¢ni podporou lze pozorovat piimo na cévnim fecisti
neinvazivné jak pomoci sonografického vySetieni karotickych tepen, tak sledovanim
cirkulujicich biomarkerti vaskuldrniho poskozeni. Dale byla testovana hypotéza, zZe
posouzenim disledki téchto zmén 1ze predikovat u konkrétniho pacienta miru rizika tmrti

a vzniku zavaznych neZadoucich piihod.
3.2 Cile prace

I. Definovat jednotlivé parametry krevniho toku a strukturdlni zmény cévniho fecisté, které
vznikaji v disledku terapie pomoci mechanickych srde¢nich podpor a posoudit vliv zmén

téchto parametri na nasledné riziko nezadoucich piihod.

I1. Posoudit vliv arteficialni pulsatility nejnovéjsiho typu MSP — HeartMate 3 - na periferni

vaskulaturu.

III. Posoudit vliv terapie dlouhodobou mechanickou srdecni podporou na hladiny

mikroRNA.

IV. Zhodnotit dlouhodobé zmény mRNA/mikroRNA u pacienti s implantovanou

dlouhodobou mechanickou srde¢ni podporou.

V. Poskytnout souhrn soucasnych poznatki o vlivu sou¢asnych MSP na endotel a cévni

systém.
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4. METODIKA

Detailni popis metodiky je uveden v jednotlivych publikac¢nich vystupech.

Sonografické vysetfeni karotického fecisté bylo provadéno pomoci pristroje Toshiba APLIO
50bXV (Tochibi, Japan). Pacienti byli vySetfovani v supinacni poloze s krkem rotovanym
45% na kontralateralni stranu. Pfitomnost ateroskler6zy byla posuzovéana dle Belcaro score

(Belcaro et al, 1996).

Tuhost cévni stény byla meéfena pomoci systétmu Endo-PAT 2000 (Endo-PAT
2000®software, Itamar Medical, Israel). Tento systém je nezavisly na vySetfujicim a méfi
tuhost cévni stény za pouziti augmentacniho indexu (Al) (Yang et al, 2011). Pacienti byli
vySetfovani za standartnich podminek v rannich hodinach v tiché mistnosti o stalé teplot¢.
Vysetteni probihalo u vSech pacient po pétiminutové fazi odpoc¢inku v supinaéni pozici.
Nasledné byla pomoci sondy systému Endo-PAT umisténé na jeden prst kazdé ruky zmétena
uvodni pulsova amplituda. Nasledné po dalSich péti minutach byla nastolena ischemie levé
horni koncetiny pomoci tlakové manzety, zatimco prava horni koncetina slouzila jako
kontrola. Periferni arteridlni tonus byl hodnocen na jednom prstu kazdé koncetiny. Po péti
minutach tlaku v manzeté¢ 200mmHg byla manzeta povolena k nastoleni reaktivni hyperémie
dané koncetiny. Pomoci automatického algorytmu byl nédsledn¢ zméfen augmentacni index
s pomoci periferniho arterialniho tonu zméteného pred zadatkem testovani. Cim je vysledny

augmentacni index nizsi, tim je vyssi elasticita cévni stény.

RNA, vcetné¢ mikroRNA byla extrahovana z krevni plasmy nebo tkan¢ aortalni st€ény pomoci
miRCURY™ RNA isola¢niho kitu (pro plasmu Exiqon, Vedbaek, Denmark, pro tkané
Qiagen GmBH Strasse 1, Hilden, Germany). Dale bylo provedeno kvantitativni PCR pomoci
systému ABI 7300 v ptipad€ krevni plasmy a pomoci miRNome Panelti (Qiagen GmBH
Strasse 1, Hilden, Germany) v piipadé aortalni tkang. Pasivni reference Dye (ROX™) byla

zahrnuta ve vSech PCR reakcich.

Principy statistickych analyz jsou podrobné popsany v jednotlivych publikacich. Data jsou
vyjadiena jako primér +/- smérodatnd odchylka, median (interquartile range) nebo ¢etnost
(procenta). Priibézné zmény hemodynamickych parametrit byly analyzovany pomoci
parového T-testu. Rozdily mezi jednotlivymi typy mechanickych srde¢nich podpor (HMII a
HM3) byly porovnany za pouziti T-testu pro nezavislé vybery, Mann-Whitney test nebo Chi-

kvadrat test. K zobrazeni ptfezivani bez cévni mozkové piihody a rozdilii mezi jednotlivymi
23



skupinami byl pouzit Kaplan-Meiertiv graf. Pro vymezeni faktori souvisejicich
s prezivanim bez cévnich mozkovych piihod bylo vyuzito Coxovy regresni analyzy.
Proporcionalni ptedpoklad rizika byl testovan a splnén u vsech regresnich modeli. VSechny
statistické testy a intervaly spolehlivosti byly oboustranné s pouzitim hladiny vyznamnosti

0,05.
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PRACE A je monocentrickou prospektivni studii sledujici vliv mechanickych srde¢nich
podpor na cévni systém. Hlavni naplni této studie bylo posoudit vliv nepulsatilniho toku
krve na cévni sténu pomoci sonografického vySetteni karotickych tepen a posouzeni tuhosti
cévni stény. V praci byla testovana hypotéza o vztahu mezi pulsatilnim indexem méfenym
v karotickych tepnach pied implantaci mechanické srde¢ni podpory a 3 a 6 mésicti poté a
rizikem vzniku zdvaznych nezadoucich udélosti v prabéhu terapie. V dobé vzniku této prace
nebyla publikovdna zadna prace vénujici se stejné problematice. Cilem této studie bylo
posoudit moznost prediktivniho posouzeni rizika cévni mozkové piihody nebo umrti
pacienta na zaklad¢é neinvazivniho sonografického vySetfeni karotickych tepen. Zaroven

prace méla za cil pomoci objasnit disledky nepulsatilniho toku krve na cévni systém.

Do studie bylo zatazeno 83 pacientli (12 Zen, primérny veék 54 £ 15 let) v terminalni fazi
srde¢niho selhani indikovanych k implantaci levostranné dlouhodobé mechanické srdecni
podpory s kontinualnim tokem krve jak v indikaci most k transplantaci (BTT, 73.5%), tak
destinacni terapie (DT, 26.5%). V zavislosti na obdobi implantace byla pacientim
implantovana bud’ star$i pumpa axialniho typu HeartMate II (34 pacientti), nebo nov¢jsi
(pozdé€ji implantovana) centrifugalni pumpa splné magnetickym levitujicim rotorem
HeartMate 3 (49 pacientil). Pacienti s novéjSim typem HM3 byli typicky starsi, méli vyssi
prevalenci hypertenze a fibrilace sini a vyssi hodnoty BNP pted implantaci. Pacienti byli
implantovani na Klinice kardiovaskuldrni chirurgie IKEM mezi lety 2014 a 2018 dle
standartnich postupi naseho pracovisté. VSichni pacienti byli vstupné antikoagulovani
heparinem do doby dosazeni cilového INR mezi 2.0 a 3.0, pacienti s implantovanym HM3
navic dostavali denné¢ 100mg kyseliny acetylsalicylové. Patnact pacientii bylo zafazeno
soucasné do studie s redukovanym antikoagula¢nim profilem na cilové INR 1.5-1.9 (Netuka
et al, 2018). Ischemicka etiologie srde¢niho selhani se vyskytovala u 38 (45.8%) z nich.
Pacientim bylo pfed implantaci srdecni podpory a v pravidelnych tfimési¢nich intervalech
po ni provadéno sonografické vysSetfeni karotickych tepen pomoci piistroje Toshiba APLIO
50bXV (Tochibi, Japan). Pfitomnost ateroskler6zy byla posuzovana dle Belcaro score
(Belcaro et al, 1996). Posouzeni tuhosti cévni stény bylo provedeno za pouziti systému
Endo-PAT 2000 (Itamar Medical, Israel). Tato technika obnaSi pouziti prstni sondy

k digitadlnimu méfeni objemovych zmén doprovazejicich pulsni vinu.

Vysledky studie ukédzaly, Ze u pacientl, u nichz byl pulsatilni index méfeny v karotickych
tepnach 3 mésice po implantaci srdecni podpory vySsi neZ median, maji vyssi riziko cévni

mozkové piihody nebo umrti. Pacienti se studijni skupiny, ktefi utrpéli cévni mozkovou
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ptihodu, m¢li vyssi pulsatilni index ve 3 mésicich néz pacienti bez ptihody. Za pouziti
Coxovy regrese a ptidani veku, pohlavi, fibrilace sini a typu MSP do analyzy byl pulsatilni
index oznacen za jesté siln¢jsi prediktor cévni mozkové piihody, zatimco HeartMate 3 byl
spojen s protektivnim efektem. Po pfidani tuhosti cévni stény do analyzy byl popsan jesté

robustnéjsi efekt vyssiho pulsatilniho indexu na riziko umrti a cévni mozkové piihody.
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Increased pulsatility index is associated with adverse
outcomes in left ventricular assist device recipients
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Abstract

Aims  Recipients of left ventricular assist devices (LVAD) are exposed to increased risk of adverse clinical events. One of the
potential contributing factors is non-pulsatile flow generated by LVAD. We evaluated the association of flow patterns in ca-
rotid arteries and of increased arterial stiffness with death and cerebrovascular events in LVAD recipients.

Methods and results We analysed data from 83 patients [mean age 54 + 15 years; 12 women; HeartMate Il (HMII), n = 34;
HeartMate 3 (HM3), n = 49]. Pulsatile and resistive indexes, atherosclerotic changes in carotid arteries (measured by duplex
ultrasound), and arterial stiffness [measured by Endo-PAT 2000 as the augmentation index standardized for heart rate
(AI@75)] were evaluated 3 and 6 months after LVAD implantation. Sixteen patients died during follow-up (27.3 months; inter-
quartile range 15.7-44.3). After adjusting for the main variables examined, the pulsatility index measured at 3 months was
positively associated with increased hazard ratios (HR) for death and cerebrovascular events [HR 9.8, 95% confidence interval
(CI) 1.62-59.42], with HR increasing after adding AI@75 to the model (HR 18.8, 95% Cl 2.44-145.50). In HM3 recipients, HR
was significantly lower than in HMII recipients (HR 0.31, 95% ClI 0.11-0.91), but the significance disappeared after adding
Al@75 to the model (HR 0.33, 95% CI 0.09-1.18).

Conclusions  The risk of death and cerebrovascular events in LVAD recipients is associated with increased pulsatility index in
carotid arteries and potentiated by increased arterial stiffness. The same risk is attenuated by HM3 LVAD implantation, but this
effect is weakened by increased arterial stiffness.

Keywords Mechanical circulatory support; Pulsatility index; Clinical events
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Introduction

Use of the left ventricular assist device (LVAD) in patients
with end-stage heart failure is considered a standard treat-
ment in routine care.® Although it undoubtedly results in
improved survival and life quality, LVAD recipients
are nonetheless exposed to particular adverse clinical
events,>™

Therefore, early identification of patients at high risk of se-
rious clinical events is of great importance. The pathophysiol-
ogy of vascular changes in LVAD recipients has been the

subject of intensive research®® but is still not fully under-
stood. The data are surprisingly sparse on the role of struc-
tural changes and blood flow patterns detectable in the
peripherally located arteries of LVAD recipients. One poten-
tial method for assessing risk of future vascular and other
complications in LVAD recipients is simple, non-invasive du-
plex ultrasound examination of the carotid arteries. Accord-
ing to several studies, LVAD has definitive impacts on
carotid arterial structure and blood flow.*'® However, im-
pacts on clinical outcomes have yet to be evaluated and, as
one parallel study has revealed, factors closely associated

© 2021 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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with flow pulsatility such as arterial stiffness may in fact con-
tribute to increased risk.™*

On the basis of these assumptions, we conducted a pro-
spective single-centre study to examine the association of
morphological changes and flow patterns in carotid arteries
with death and cerebrovascular events after LVAD implanta-
tion. In the present study, we analysed potential association
of pulsatile and resistive indexes in carotid arteries with
stroke-free survival. In addition to that, we analysed if these
associations are modified by atherosclerotic changes and ar-
terial stiffness.

Methods

This single-centre prospective observational study was con-
ducted in compliance with the Declaration of Helsinki, the In-
ternational Conference on Harmonization/Good Clinical
Practices, and the International Organization for Standardiza-
tion (ISO 14155:2020, Clinical Investigation of Medical De-
vices for Human Subjects — Good Clinical Practice). The
study protocol was approved by the regulatory boards and
ethics committees of the participating institutions. All pa-
tients were required to provide their written informed con-
sent prior to inclusion in the study.

From 2014 to 2018, a total of 83 patients were enrolled in
the study (mean age 54 + 15 years; 12 women). All patients
were diagnosed with end-stage heart failure and met the in-
stitutional criteria for LVAD implantation performed using the
HeartMate Il (HMI1) axial continuous-flow LVAD (Abbott, Ab-
bott Park, lllinois, USA & St. Jude Medical, Pleasanton, Califor-
nia, USA) (n = 34) or the HeartMate 3 (HM3) fully
magnetically levitated centrifugal-flow LVAD (Abbott, Abbott
Park, lllinois, USA) (n = 49) for an indicated bridge to heart
transplantation or destination therapy. HMIl was implanted
via the subcostal approach in 7 patients and via sternotomy
in 27 patients. HM3 was implanted via left anterolateral
mini-thoracotomy and via upper J mini-sternotomy in 12 pa-
tients and via full median sternotomy in 37 patients. A short-
term mechanical circulatory support was administered in
seven patients (six HMII and one HM3) preceding implanta-
tion of the durable LVAD.

Heparin was continuously and intravenously applied as a
bridge until reaching the international normalized ratio
(INR) target anticoagulation range for warfarin. The INR
anticoagulation therapy target post-implantation was 2-2.5
for HMII and 2.0-2.7 for HM3. Aspirin (100 mg per day)
was administered only in HM3 recipients. In 15 HM3 recipi-
ents who had taken part in a previous study, the INR
anticoagulation therapy target was adjusted to 1.5-1.9."?

Baseline characteristics, medical history, laboratory mea-
surements, and medications were collected. Ultrasound and
arterial stiffness measurements were performed at pre-

29

specified time-points 3 and 6 months after implantation
(£15 days). The median follow-up time was 27.3 months [in-
terquartile range 15.7-44.3]. Examiners (JP and PW) were
blinded to the clinical and laboratory data, including the type
of LVAD used.

Carotid parameters including pulsatility and
resistive indexes

Carotid arteries were examined using the Toshiba APLIO 50
XV (Tochigi, Japan) ultrasound system with a 7.5-10 MHz lin-
ear array transducer. Patients were examined in the supine
position. With the neck rotated 45° in the direction opposite
to the site being examined, a transducer was placed just
above the right clavicle.

The presence of atherosclerosis was classified using the
Belcaro score,** which evaluates the degree of pre-clinical
atherosclerosis based on ultrasound criteria, graded from
the normal appearance of intima-media thickness (Class 1)
to plaque with stenosis >50% (Class 1V). The mean Belcaro
score for the sites of the left and right carotid arteries was
used for subsequent analysis. More detailed description of
the carotid examination procedure is described at supporting
information.

Ultrasound examinations of the right carotid artery were
completed in 83 individuals, with a Belcaro score established
for both sites in all participants. To assess potential differ-
ences between the right and left carotid arteries, in 39
(at 3 months) and 21 (at 6 months) individuals, flow patterns
were established on both sides.

Establishment of arterial stiffness

Arterial stiffness was measured using Endo-PAT 2000 soft-
ware (Endo-PAT 2000°%, Itamar Medical, Israel) as the aug-
mentation index (Al).***® This technique involves the use of
a finger probe to assess digital volume changes accompany-
ing pulse waves. Al was calculated using a computerized au-
tomated algorithm (software version 3.1.2) from peripheral
arterial tone pulses recorded during the baseline period.
Lower Al values (including negative values) reflect better ar-
terial elasticity. The Al result is used to indicate sex-matched,
non-selective populations. For subsequent analysis, we used
Al values normalized to a heart rate of 75 bpm (AI@75). De-
tailed description of the entire procedure is described at
supporting information.

Diagnosis of clinical events and stroke

Causes of death and cerebrovascular events were
established by clinical assessment and/or autopsies

ESC Heart Failure 2021; 8: 4288-4295
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according to standard procedures, with the exception of
two cases of sudden death. Presence and type of stroke
were confirmed by clinical assessment and positive com-
puted tomography (CT) scans. In two patients, discrepan-
cies between positive clinical signs and negative CT scans
were detected, with data on these patients added to the
clinically assessed analysis. In addition, one fatal
haemorrhagic stroke was established post-mortem during
autopsy.

Statistical methods

Data are expressed as mean * standard deviation, median
(interquartile range), or frequency (percentage). Longitudi-
nal changes in carotid haemodynamics and the lumen were
analysed using a paired t-test. Differences between HMII
and HM3 patients were compared using the independent-
samples t-test, Mann-Whitney U-test, or »* test as appro-
priate. The Kaplan—Meier plot was used to visualize
stroke-free survival, with differences between groups
analysed using the log-rank test. Cox regression was used
to determine factors associated with stroke-free survival.
The proportional hazard assumption was tested and fulfilled
for all regression models. All statistical tests and confidence
intervals (Cl) were two-sided using a significance level of
0.05. The Kolmogorov-Smirnov test and the Shapiro-Wilk
test were used to test the normality of the data.

Results

Study parameters and changes during follow-up

All 83 patients were Caucasian (mean age 54 + 15 years; 12
female patients) and indicated for implantation of HMII
(n = 34) or HM3 (n = 49). Ischaemic aetiology of heart failure
was present in 38 patients (45.8%), with a bridge to trans-
plant the predominant indication for implantation (73.5%).
In the majority (78.3%) of patients, INTERMACS (Interagency
Registry for Mechanically Assisted Circulatory Support) pro-
files were 2—4 (Table 1). HM3 recipients were typically older,
displayed increased prevalence of hypertension and atrial fi-
brillation, and had higher brain natriuretic peptide concentra-
tions compared with patients implanted with HMII (Table 1).
Three months after implantation when duplex ultrasound of
the carotid arteries and Al measurements were performed,
patients with HM3 had more advanced carotid atherosclero-
sis, a moderately higher diameter of the lumen of the carotid
arteries, moderately higher Pl and Rl and significantly lower
Al@75 (Table 2).

Between 3 and 6 months, no significant changes in PI, RI,
or lumen diameter (mean changes) were observed. None of
the other study parameters changed significantly during this
period. No differences between the HMII and HM3 groups
were observed for the above parameters. We observed no
differences between the right and left carotid arteries (mea-
sured in 39 patients at 3 months) regarding main parameters
under study (Pl and RI), and no haemodynamically significant

Table 1 Characteristics of patients prior to implantation according to the type of left ventricular assist device used

Variable All patients, n = 83

HeartMate Il, n = 34

HeartMate 3, n = 49 HMIl vs. HM3, P

Women, n (%) 12 (14.5)
Age (years) 54.4 + 14.9
Body mass index (kglmz) 26.5 + 4.8
Arterial hypertension, n (%) 37 (44.6)
Ischaemic aetiology of heart 38 (45.8)

failure, n (%)
History of thromboembolic 6(7.2)
disease (%)

History of atrial fibrillation (%) 42 (50.6)
Diabetes mellitus, n (%) 18 (21.7)
Active smoking, n (%) 10 (12.0)
INTERMACS 1/2/3/4/5, n (%) 4/15/35/15/14
(5/18/42/18/17)
Systolic blood pressure (mmHg) 106.1 = 13.4
Ejection fraction of left 18.7 £ 5.9

ventricle assessed by
echocardiography (%)
Brain natriuretic peptide
factors (BNP) (ng/L)

1610 (791-2845)

Lactate dehydrogenase (LDH) units 4.0(3.3-5.9)
Glycaemia (mmol/L) 58+ 1.7
LDL cholesterol (mmol/L) 2.09 £ 0.76

5(14.7) 7(14.3) 0.99
483 +15.6 58.6 +12.9 0.002
263 +49 26.6 +4.7 0.78
12 (35.3) 25 (51.0) 0.08
14 (41.2) 24 (50.0) 0.43
2 (5.9) 4(8.2) 0.99
12 (35.3) 30(61.2) 0.02
7 (20.6) 11(22.4) 0.84
6(17.6) 4(8.3) 0.30
3/10/13/4/4 1/5/22/11/10 0.1
(9/29/38/12/12) (2/10/45/22/20)
106.5 £ 11.7 105.8 £ 14.5 0.81
19.2 + 8.1 184 + 3.7 0.53
2080 (1003-2964) 1436 (682-2291) 0.06
4.6 (3.7-7.8) 3.7 (3.2-5.1) 0.78
58+18 5.9.% 1.7 0.69
2.06 = 0.86 2.11 £ 0.68 0.81

INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support.

Data expressed as mean = SD.
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Table 2 Characteristics of patients 3 months after implantation according to the type of left ventricular assist device used

Variable All patients, n = 83 HeartMate Il, n = 34 HeartMate 3, n = 49 HMII vs. HM3, P
Aortic valve: open/partly 60/12/11 (72.3/14.5/13.3)  26/6/2 (76.5/17.6/5.9)  34/6/9 (69.4/12.2/18.4) 0.23
closed/closed (%)
Belcaro score 2.5(1.5-3.0) 2(1-3) 2.5 (2-3) 0.04
Lumen of carotid arteries 6.02 = 0.78 5.81 = 0.74 6.11 = 0.80 0.09
Pulsatility index of carotid arteries 0.50 = 0.24 0.44 = 0.18 0.54 = 0.26 0.05
Resistive index of carotid arteries 0.36 £ 0.12 0.33 £ 0.09 0.38 = 0.13 0.04
Augmentation index (Al@75) 22.5(2-39.0) 31(22-43) 11 (-12-29) 0.001
Data expressed as mean + 5D
Figure 1 Flow chart of patients under study according to the type of left ventricular assist device.

HeartMatell HeartMate 3

n=34 n=49

Transplanted n= 0
— Expiredn=0

3-months follow up
n=34

Transp!an:ed n=0
Expired n=0

6-months follow up
n=34

Transpllanled n=6
Expired n= 2

1year follow up
n=26

Transplanted n= 11
— Expired n=7

Ongoing
n=8

Transplanted n= 0
Expired n=0

l_..

3-months follow up
n=49

1
6-months follow up
n=49

Transplanted n= 4
—l Expiredn=3

1year follow up
n=42

Transplanted n= 13
w— Expired n= 4

Ongoing
n=25

Transplanted n= 0
Expiredn=0

carotid stenosis was detected over the whole course of the
study.

Incidence and characteristics of clinical events

Out of the 83 patients enrolled in the study, 16 died (HMII
n =9, HM3 n = 7). Regarding cause of death, 4 patients died
due to stroke: 1 ischaemic and 3 haemorrhagic (HMIl n = 1/
haemorrhagic, HM3 n = 3/1 ischaemic, 2 haemorrhagic). Five
patients died due to sepsis (HMII n = 3, HM3 n = 2), 3 died
due to multiorgan failure (HMIl n = 2, HM3 n = 1), 2 died
due to right heart failure (HMIl n = 1, HM3 n = 1), and 2
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due to sudden death of unknown cause (all implanted with
HMII). The first fatal event occurred 233 days after implanta-
tion of LVAD (HM3). In total, 34 patients were transplanted
(HMII n = 17, HM3 n = 17) (Figure 1).

Four patients (HMIl n = 2, HM3 n = 2) suffered from non-
fatal ischaemic strokes (Modified Rankin Scores at the time
of stroke: 2, 4, 4, and 5). Fifteen patients experienced adverse
events related to non-surgical bleeding: seven in the gastroin-
testinal tract (HMIl n = 1, HM3 n = 6), three in the urinary
tract (HMIl n = 2, HM3 n = 1), two in the respiratory tract
(all HM3), and three in other locations (all implanted with
HM3). In four patients, LVAD was replaced due to thrombosis
(HMIl n = 3, HM3 n = 1). One patient with HMII and six
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patients with HM3 were transiently treated by RVAD (mean
duration of 30.6 days) shortly after implantation of LVAD,
which was successfully removed in all patients. In two pa-
tients, HMIl was replaced by HM3: in one patient due to a
technical fault with pump stop alarms, and in the other pa-
tient due to pump thrombosis.

Association between carotid artery
haemodynamic/atherosclerotic parameters and
death and strokes

In patients with Pl above the median at 3 months, the
Kaplan-Meier curve indicated lower stroke-free survival.
However, using the log-rank test, this difference was not sta-
tistically significant (log-rank P = 0.19, Figure 2). Additionally,
in patients who developed stroke, the mean Pl at 3 months
was higher than in those free of stroke (0.82 + 0.45 wvs.

Figure 2 Impact of pulsatile index measured in the right carotid artery on
stroke-free survival in patients treated by left ventricular assist device
(Kaplan Meyer).
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Figure 3 Impact of left ventricular assist device type (HeartMate Il vs.
HeartMate 3) on stroke-free survival (Kaplan Meyer).
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0.46 + 0.18), albeit of borderline statistical significance
(P = 0.06). In patients with HMII, stroke-free survival was
lower than in patients with HM3 as indicated by the
Kaplan—Meier curve, but again the difference was not statis-
tically significant (log-rank P = 0.14, Figure 3).

Nevertheless, when using Cox regression and considering
age, sex, atrial fibrillation, and HM type, Pl was a strong pre-
dictor of stroke [hazard ratio (HR) 9.81, 95% Cl 1.62-59.42]
and HM3 implantation was associated with a protective ef-
fect (HR 0.31, 95% CI 0.11-0.91). When arterial stiffness
(Al@75) was added to the statistical model, we detected a
more robust effect of higher Pl on the risk of death and cere-
brovascular events (HR 18.80, 95% Cl 2.44-145.50) and a
weakening of the protective effect of HM3 (HR 0.33, 95% CI
0.09-1.18) (Table 3).

Discussion

Our main finding is that a higher pulsatility index measured in
carotid arteries 3 months after LVAD implantation was inde-
pendently and strongly associated with increased incidence
of death and cerebrovascular events. This association became
even stronger when arterial stiffness was taken into account.
Moreover, we found no association between morphological
atherosclerotic changes in the carotid arteries and incidence
of clinical events or the pulsatility index, the latter parameter
being mutually independent of arterial stiffness.

The effect of particular blood flow patterns in carotid ar-
teries on clinical events including strokes in LVAD recipients
were to our best knowledge not studied or published. For this
reason, we discuss data from studies of vasculature including
carotid arteries after LVAD implantation and from experimen-
tal studies of LVAD.

Few studies have focused on vascular changes, including
the carotid arteries, after LVAD implantation. In a
cross-sectional study of 16 chronic LVAD patients,

Table 3 Multivariate Cox regression of factors associated with
stroke-free survival including (Model 1) and excluding (Model 2)
arterial stiffness

Variable HR 95% Cl P
Model 1
Age 0.99 0.96-1.04 0.97
Sex (female) 0.50 0.09-2.70 0.42
Pulsatility index 9.81 1.62-59.42 0.01
HeartMate 3 vs. HeartMate Il 0.31  0.11-0.91 0.03
Atrial fibrillation 2.03 0.66-6.25 0.22
Model 2
Age 0.99 0.96-1.03 0.78
Sex (female) 0.43 0.08-2.38 0.33
Pulsatility index 18.8 2.44-145.50 0.005
HeartMate 3 vs. HeartMate Il 0.33 0.09-1.18 0.09
Atrial fibrillation 196 0.59-6.55 0.27

Augmentation index (AI@75) 1.02 0.98-1.05 0.25

Cl, confidence interval; HR, hazard ratio.

ESC Heart Failure 2021; 8: 4288-4295
DOI: 10.1002/ehf2.13537

5 "ITOT TTRSESOT

fo

sdny) suompaary pur susa g 2 aas EZ0g/z0ve 1] vo Aegry sunug £apa angnday yoaz)) surigaon) Aq LESETTWTO0LT

asuaory sumo awnear ajqeordde o A paumand arm sapre o 0 o sas oy Aeigr] s A (s



Increased pulsatility index in LVAD recipients

4293

continuous-flow LVAD support was associated with lower ca-
rotid artery compliance, distensibility, and incremental elastic
modulus.*® Another study focused on carotid arteries in 13
patients revealed that while peak systolic velocity was dimin-
ished after LVAD placement in both the internal and common
carotid arteries, mean flow velocities in the same arteries
remained stable.!” Moreover, further piece of evidence of
vascular changes after LVAD implantation stems from our
study describing changes in circulating endothelial progenitor
cells and stem cells, which are both considered markers of
vascular impairment in LVAD recipients.>”’ In these studies,
changes in these markers indicated that improvements in
haemodynamic parameters may have negated the deleteri-
ous effects of non-pulsatile flow during the first 3 months,
but pathological activation of the vasculature and endothe-
lium was detected 6 months. These findings are consistent
with another study on 83 LVAD patients, where patients with
optimized haemodynamics had greater freedom from
haemocompatibility-related adverse events.’® Several other
human studies have described the unfavourable effects of
LVAD on the aortic wall*®*’? and peripheral vasculature.”®
In addition, an experimental study of 23 calves, comprising
a detailed analysis of vascular changes caused by a novel
partial-support circulation pump, demonstrated arterial re-
modelling with subsequent altered haemodynamics in pe-
ripheral vessels.?*

All of the above findings strongly indicate that vascular im-
pairment after LVAD implantation makes LVAD recipients
sensitive to clinical events and this risk could be strongly in-
fluenced also by pulsatility patterns, even in the presence
of non-pulsatile or low-pulsatile flow.

Alternative explanation for our findings is that increased Pl
only reflected LVAD function and/or just pre-existing patho-
logical changes in the vasculature. Another potential cause is
that LVAD with non-pulsatile flow may have triggered further
changes in a pre-existing imbalance between the microcircula-
tion of the heart and peripheral and cerebral circulation.??
Consequently, Pl values may have solely reflected these pro-
cesses responsible for subsequent clinical events.

Additional interesting finding was that HM3 was indepen-
dently associated with a significantly decreased risk of death
and cerebrovascular events compared with HMII. In agree-
ment with the results of the Final Report of the MOMENTUM
3 Study (Multicenter Study of Maglev Technology in Patients
Undergoing Mechanical Circulatory Support Therapy with
HeartMate 3),%® this protective effect was moderately atten-
uated after accounting for arterial stiffness. One possible ex-
planation is that the novel features of HM3, especially
enhanced haemocompatibility,®* serve to suppress the dele-
terious effect of relative increased pulsatility index despite
being attenuated by higher arterial stiffness (Table 3). In
our study, therefore, the potential advantages of HM3 im-
plantation may have been counterbalanced by the presence
of increased arterial stiffness.
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Our study is limited by its observational character (reverse
causation cannot be excluded) and the relatively low inci-
dence of fatal events. The incidence of stroke, in particular,
was lower than that reported in other publications, including
MOMENTUM 3, the largest of these studies.”® Stroke inci-
dence was 6% during the first year after implantation and
9.6% across the whole study, a reduction perhaps attributable
to the younger age profile and lower representation of
women compared with previous larger studies.®** In our
group, the mean age was 54.4 + 14,9 years compared with
60.0 + 12.0 years in the HMII group and 59.0 + 12.0 years
in the HM3 group of the MOMENTUM study.?® In addition,
the representation of women was only 14.5% compared with
19.2% in the MOMENTUM study”® and even to 21.5% in the
INTERMACS study.> On the other hand, we observed no
differences in the main clinical risk factors such as primary
cardiac diagnosis, heparin-induced thrombocytopenia,
nutritional status, severe diabetes mellitus, dialysis, and
anaemia.

Another important possible explanation for some differ-
ent findings compared with other studies is the specific
anticoagulation and antiplatelet therapy strategy, especially
in patients with HMIl. Compared with the final report of
the MOMENTUM study,”® we found lower incidence of
stroke in the HMII group (11.7% compared with 19%), which
is perhaps attributable to differences in antithrombotic
treatment strategies. While in the MOMENTUM study all
HMII patients received warfarin with an INR target of 2.0-
3.0 together with a daily dose of aspirin (81-325 mg), our
HMII patients only received warfarin with a target range of
2.0-2.5 without aspirin. It should also be noted that 15 of
our HM3 recipients were on a reduced anticoagulant regi-
men due to involvement in studies focused on this kind of
therapy.*?

It should be also noted that the absolute Pl value was
lower in patients with LVAD than in individuals with physio-
logical pulsatile flow.?® However, even relatively small change
of low Pl might be sufficient to trigger clinical events in pre-
existing anatomical and/or functional impairment of (micro)
vasculature including cerebral vessels. In addition, AI@75
can be modified by a different pattern of pulsatility in LVAD
recipients. However, despite Al@75 values are not fully com-
parable between LVAD recipients and patients presenting
with physiological pulsatility, we can reasonably assume that
analyses comparing differences between groups of LVAD re-
cipients are quite reliable.

Despite the above mentioned limitations, this study is, to
our knowledge, one of the first to describe the impact of
the pulsatility index on deaths and cerebrovascular events
in a relatively high number of LVAD recipients combined with
a parallel study of arterial stiffness. Our data show the poten-
tial of an available and easily applicable imaging method for
assessing the risk of death and cerebrovascular events in
LVAD recipients.
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According to our observations, carotid pulsatility measured

by duplex ultrasound may be a strong predictor of death

and cerebrovascular events in LVAD recipients. Fundlng
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PRACE B je zamé&iena na posouzeni vlivu pulsatility krevniho toku na periferni vaskularni
systém. Jednd se o monocentrickou prospektivni observacni studii, ktera testovala hypotézu,
ze arteficidlni pulsatilita produkovand mechanickou srde¢ni podporou HeartMate3 by mohla

mit protektivni efekt na vaskularni systém.

Do studie bylo zafazeno 32 pacientl (5 Zen, prumérny vék 55 let) simplantovanou
mechanickou srdeéni podporou HeartMate3. Kontrolni skupinu tvofilo 30 pacientt
simplantovanou MSP HeartMate II (bez arteficidlni pulzatility), 25 pacientll s pokro¢ilym
srdeCnim selhanim bez implantované mechanické srdecni podpory (NYHA III-IV) a 13
zdravych kontrol. VSem pacientim byla méfena periferni endotelidlni funkce pomoci
systému EndoPAT 2000. Tento systém umoziiuje jednak méfeni endotelidlni responzivity
pomoci stanoveni reaktivniho hyperemického indexu (RHI) a dale stanoveni tuhosti cévni
stény pomoci augmentacniho indexu (Al). Tato méfeni byla provadéna u vSech pacienti po
zatazeni do studie pred implantaci mechanické srde¢ni podpory a dale 3 a 6 mésicli po

implantaci.

Pted implantaci srdecni podpory byl reaktivni hyperemicky index (RHI) u skupiny HM3
nizsi, nez je prumérem ve zdravé populaci a taktéz nizsi nez u zdravych studijnich kontrol.
Po implantaci MSP RHI nadale klesal — mezi nultym a tfetim mésicem je pokles statisticky
vyznamny, mezi tfetim a Sestym meésicem jiz nikoli. Zaroven byl RHI niz§i u mladsich
pacientli pod 60 let. V ptipad¢ augmentacniho indexu (Al) byl trend opacny — po implantaci
MSP byl patrny nartist augmentacniho indexu jak ve 3. tak v 6. mésici. Al byl signifikantné
vysSi u kufakil a pacientli s ischemickou etiologii srdecniho selhani. U skupiny pacient
s HM II byla dynamika RHI i Al v ¢ase podobna jako u HM 3, celkové hodnoty vsak byly
VySSi.

Prace pfindsi dal$i evidenci o zhorSeni vaskuldrni funkce po implantaci jakékoliv
mechanické podpory s kontinualnim priitokem, stejné tak jako o ptitomnosti endotelialni
dysfunkce u pacientll se srdeCnim selhanim. Zjisténi popisuji pravdépodobné zhorSeni
endotelialni funkce u pacientll po implantaci LVAD HM3, coz je v rozporu s primarni
hypotézou, Ze arteficialni pulsatilita této mechanické srdecni podpory mé na cévni systém

protektivni vliv.

Tato zjiSténi mohou do budoucna podporovat vyvoj srde¢nich podpor kompatibilnich
s vlastni srde¢ni pulsatilitou namisto cerpadel generujicich kontinualni tok krve bez ohledu

na srde¢ni revoluci. Nicméné arteficialni pulzatilita ziistdva dileZitou soucésti systému
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HM3, kterda umoziiuje pravidelné promyti Cerpadla a tim zabranuje stdze krve a snizuje riziko

trombozy. S timto cilem byla pulzatilita do systému aplikovana.

37



Check for
updates

Buc

Canadian _qum.d nl’('.m\iwlug_\ 37 (2021) 1578—1585
Clinical Research

The Effect of Artificial Pulsatility on the Peripheral
Vasculature in Patients With Continuous-Flow Ventricular
Assist Devices
Peter Ivak, MD, PhD,*" Ivan Netuka, MD, PhD,*¢ Zuzana Tucanova, MD,"

Peter Wohlfahrt, MD, PhD," Miroslav Konarik, MD,"* Ondrej Szarszoi, MD, PhD,"
Sarka Novakova,” Milos Kubanek, MD, PhD,' Vera Lanska, DSc,® and Jan Pitha, MD"

“ Department of Cardiovascular Surgery, Institute for Clinical and Experimental Medicine, Prague, Czech Republic

¥ Department of Physiology, Third Faculty of Medicine, Charles University, Prague, Czech Republic

“ Second Department of Surgery, Department of Cardiovascular Surgery, First Faculty of Medicine, Charles University, Prague, Czech Republic

4 Laboratory for Atherosclerosis Research, Institute for Clinical and Experimental Medicine, Prague, Czech Republic

¢ Institute of Physiology, First Faculty of Medicine, Charles University, Prague, Czech Republic

1 Department of Cardiology, Institute for Clinical and Experimental Medicine, Prague, Czech Republic

& Medical Statistics Unit, Institute for Clinical and Experimental Medicine, Prague, Czech Republic

ABSTRACT

Background: Implantation of left-ventricular assist systems (LVASs)
has become the standard of care for advanced heart failure (HF). The
absence of pulsatility in previous devices contributes to vascular and
endothelial dysfunction related to atherosclerotic or vascular compli-
cations. We hypothesized that the artificial pulsatility provided by the
HeartMate 3 (HM3) (Abbott, Chicago, IL) LVAS would exert a favour-
able effect on the vasculature.

Methods: In 32 patients implanted with HM3 (5 female patients,
mean age 55 + 13.6 years), the reactive hyperemia index (RHI) and
peripheral augmentation index (Al), markers of endothelial function
and arterial stiffness, were measured with an EndoPAT2000 before
and in the third and sixth month after implantation. RHI and Al data
from 30 HeartMate 11 (HM II) (Abbott) recipients in the third and sixth
month after implantation, from 15 patients with advanced HF without
LVASs and from 13 healthy volunteers were also analyzed.

Results: In HM3 recipients, the mean RHI significantly decreased at
3 and 6 months after implantation. The RHI was substantially lower at

Implantation of left-ventricular assist systems (LVASs) has
become a part of the standard of care for advanced heart
failure."” The nearly complete transition to continuous-flow
LVASs has enabled both reduced size and improved durability
of the devices but at the cost of attenuated pulsatility, with a
potential for negative impact on end-organ function and vas-
culature. The nonpulsatile flow produced by these systems
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RESUME

Contexte : L'implantation de dispositifs d'assistance ventriculaire
gauche (DAVG) est devenue un standard des soins pour une
insuffisance cardiaque (IC) avancée. L'absence de pulsatilité dans les
dispositifs précédents contribue a la dysfonction vasculaire et
endothéliale liée aux complications athérosclérotiques ou vasculaires.
Nous avons émis I'hypothese que la pulsatilité artificielle fournie par
le DAVG HeartMate 3 (HM3) (Abbott, Chicago, IL) entrainerait un effet
bénéfique sur le systeme vasculaire.

Méthodes : Chez 32 patients implantés avec le HM3 (5 femmes,
age moyen 55 + 13,6 ans), I'indice d’hyperémie réactive (IHR) et I'in-
dice d’amplification périphérique (IAP), marqueurs de la fonction
endotheliale et de la rigidité artérielle, ont été mesurés par un Endo-
PAT2000 avant puis trois et six mois aprés implantation. Les données
IHR et IAP de 30 patients porteurs de HeartMate Il (HM II) (Abbott) au
troisieme et sixiéme mois post-implantation, de 15 patients atteints
d'une IC avancée sans DAVG et de 13 volontaires sains ont également
été analysées.

could contribute to the compromise of vascular functional
pmpcrties.% 2 Mechanistically, unfavourable vascular effects
could occur through dysfunction of the endothelium exposed
to a diminished pulsatile pattern. The endothelial dysfunction
aggravates thrombotic, proinflammarory, and proliferative
mechanisms, resulting in vasospasm, thrombosis, and athero-
sclerosis, in gcneral.{“ﬁ Therefore, endothelial dysfunctiun
potentiated by continuous flow could contribute to LVAS-
associated clinical complications such as gastrointestinal bleed-
ing, hypertension and stroke.””” To mitigate these unfavour-
able effects, rotor-speed modulation to provide more normal
pulsatile perfusion has been introduced."”

The HeartMarte 3 (HM3) (Abbott, Chicago, IL) LVAS is a
recent compact, fully magnetically levitated centrifugal-flow

0828-282X/© 2021 Canadian Cardiovascular Society. Published by Elsevier Inc. All rights reserved.
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baseline than that of healthy or the HF reference group. Increasing Al
values, indicating worsening arterial stiffness, were also observed.
Similar trends were observed in HM Il recipients between the third and
sixth months but with higher absolute values of RHI and Al.
Conclusions: We detected impaired vascular function in HM3
patients and provided additional evidence on the negative effect of
low pulsatility on vascular function after LVAS implantation. The
results suggest that the artificial pulsatility of the HM3 does not avert
the progression of endothelial dysfunction.

continuous ventricular-assist device. The key novel features of
the device—including a magnetically levitated rotor, wide
blood-flow path gaps, and artificial pulsatility that allows peri-
odic washour of the device—may lead to decreased rates of
major adverse events. Indeed, in a largc' clinical srudy, a
favourable clinical effect of HM3 was observed compared
with a completely nonpulsatile device.'” The pathophysiologi-
cal mechanisms responsible for these findings are not fully
understood. Hence, the programmed fixed artificial pulsatility
in HM3 generated by rapid rotor-speed modulation has
artracted additional interest as a potential modifier of the
pump fow—microvasculature interaction. Therefore, we
hypothesized that the detrimental impact of deficiency of pul-
satility on the vasculature might potentially be mitigated by
the artificial pulsatility provided by the HM3. To analyze
endothelial function, peripheral arterial tonometry was per-
formed with an operator-independent proprietary analyzer
EndoPAT2000 (Itamar Medical Ltd, Caesarea, Israel) to eval-
uate pulsatile arterial volume changes. i

Materials and Methods

The study was a single-centre prospective observational
study. Institutional ethics committee approval of the protocol
was obtained before initiation of the study. All patients pro-
vided written informed consent before enrollment in the
study.

Study group

The study was designed to assess peripheral vascular func-
tion in the HeartMate 3 LVAS recipients before implantation
and in the third and sixth month after the procedure. Conse-
cutive patients eligible for long-term LVAS support between
April 2016 and January 2018 were assessed for participation
in the study. The exclusion criteria included age < 18 or >
75 years and acute hemodynamic instability requiring high
doses of inotropes or short-term mechanical circulatory sup-
port before LVAS implantation.

Baseline characteristics, medical history, laboratory assess-
ments, and medications were collected before and ar prespeci-
fied time points after implantation. Laboratory parameters
were assessed by standard certified institutional laboratory
methods.

After implantation, heparin was continuously administered
intravenously as a bridge until the targer anticoagulation range
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Résultats : Chez les receveurs du HM3, I'lHR moyen a significative-
ment diminué trois et six mois aprés implantation. L'IHR basal était
sensiblement plus faible que celui des personnes en bonne santé ou
du groupe IC de référence. Des valeurs croissantes de I'lAP, indiquant
une exacerbation de la rigidité artérielle, ont également été observées.
Des tendances similaires ont été cor chez les receveurs du
HM [l entre le troisieme et le sixieme mois, mais avec des valeurs
absolues de I'IHR et de I'IAP plus élevées.

Conclusions : Nous avons décelé une fonction vasculaire altérée
chez les patients porteurs du HM3 et fourni des éléments supplémen-
taires de I'effet négatif d'une faible pulsatilité sur la fonction vascu-
laire aprés I'implantation d’'un DAVG. Les résultats suggérent que la
pulsatilité artificielle du HM3 n'empéche pas la progression de la dys-
fonction endothéliale.

was reached with warfarin. The aim of anticoagulation therapy
was to reach an international normalized ratio (INR) of 2 to
2.5 for the HeartMate IT (HM II) (Abbort) and 2.0 to 2.7 for
the HM3. Acetylsalicylic acid was administered at a dose of
100 mg per day as a part of an antithrombotic regimen in
patients implanted with HM3.

Reference groups

For reference groups, we included patients implanted with
the HeartMate II and examined at the third and sixth month
after implantation (HM II reference group); patients with
advanced HF (New York Heart Association [NYHA] III-IV)
who were not (yet) indicated for implantation of LVAS (HF
reference group) and group of healthy subjects without any
clinically manifested disease (healthy reference group). All par-
ticipants were examined by an identical protocol, described as
follows; advanced HF and healthy reference groups were
examined once each.

Examination of vascular function

For the assessment of vascular function, peripheral arterial
tonometry was performed with a proprietary analyzer-periph-
eral arterial tonometry (EndoPAT2000) that evaluated
pulsatile arterial volume changes.'”'® This is an operator-
independent, FDA-approved device designed to assess endo-
thelial function by examining the reactive hyperemia index
(RHI, a measure of endothelial responsiveness) and peripheral
augmentation index (Al, a measure of arterial stiffness).’ ™"’
RHI and Al were assessed before LVAS implantation and in
the third and sixth month after the procedure (+ 15 days).
The third month for the first follow-up visit was chosen to
avoid the effect of complex hemodynamic changes present
immediately after implantation.”’ The method has been
described in derail previously.'”'® Briefly, the system uses a
finger probe to assess digital volume changes accompanying
pulse waves. The examination was performed in all patients in
the morning hours in a quiet, rcmperamrc-controllcd room.
All subjects were examined after 5 minutes of rest in the
supine position. The baseline pulse amplitude was recorded
over a period of 5 minutes before the induction of ischemia.
Ischemia was induced by placing a blood-pressure cuff on the
upper arm, whereas the opposite arm served as a control. The
peripheral arterial tone probes were placed on 1 finger of each
hand. After 5 minutes, the blood pressure cuff was inflated to
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200 mm Hg for 5 minutes and then deflated to induce reac-
tive hyperemia. RHI and Al were calculated using a comput-
erized automated algorithm (software version 3.1.2) provided
with the device. RHI is the ratio of postocclusion to preocclu-
sion PAT signals on the occluded side, normalized to the con-
trol side and further corrected for baseline vascular tone. Al is
calculated from PAT pulses recorded during the baseline
period. Lower Al values (including values below zero) reflect
better arterial elasticity.'”

Statistical analysis

Continuous data with a normal distribution are presented
as the mean =+ standard deviation, and non-normally distrib-
uted variables are presented as the median (interquartile range
[IQR]). Categorical data are presented as frequencies (per-
cent). The Spearman correlation coefficient was used to evalu-
ate the association among variables. Differences among
groups were tested using the Mann-Whitney test. To account
for correlation in the same patients, we used generalized linear
mixed models to study the longitudinal trajectories of study
variables. In these models, time, age group, and the interac-
tion between time and age group were analyzed as fixed
effects, whereas the intercept was treated as a random effect.
Gamma regression was used for right-skewed data. The
model-derived estimated marginal means with 95% confi-
dence intervals (Cls) are reported, whereas the estimated

Patient eligible for study enrollment
(LVAS candidate)(n=51)

Canadian Journal of Cardiology
Volume 37 2021

marginal means and standard error of the mean are shown in
graphs. The Bonferroni correction was applied for multiple
comparisons. A 2-sided £ value < 0.05 was considered statisti-
cally significant. Calculations were performed using SPSS ver-
sion 21 (IBM SPSS Statistics, IBM Corporation, Armonk,
NY).

Results

Patients

Fifty-one LVAD candidates were assessed for study enroll-
ment and underwent screening examination. A total of 32
patients (all white, 5 women), aged 19 to 71 years (mean age
55 £ 13.6 years), were enrolled and completed the study
(Fig. 1). Patients were implanted with the HM3 between
April 2016 and January 2018, via either sternotomy (n = 27;
849%) or left- lateral thoracotomy, combined with upper par-
tial hemisternotomy (n = 5; 16%), both using cardiopulmo-
nary bypass. In the HM3 group, the subjects were
predominantly male (n = 27, 84 %) and had a high prevalence
of smoking before implantation; ischemic etiology of heart
failure was present in less than one-half of the patients (44%);
the predominant indication for implantation was bridge to
transplant (n = 21; 66%), and Interagency Registry for
Mechanically Assisted Circulatory Support (INTERMACS)

Exclusion
o

LVAS not implanted (n=5)

HTx (n=1)
—> Non-compliance (n=2)
Death before implantation (n=2)

| Included subjects (n=46)

| LVAS implantation ]

Exclusion

Missed visit window (n=3)
Death before 1* scheduled follow-up (n=9)
HTx before 1% scheduled follow-up (n=2)

EndoPAT assessment at 3' month post-
implant(n=32)

EndoPAT assessment at 6" month post-
implant(n=32)

Figure 1. Consolidated Standards of Reporting Trials (CONSORT) diagram of the study. HTx, heart transplantation; LVAS, leftventricular assist

system.
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Table 1. Demographics and baseline characteristics of the HM3 group

Age 554136
Male 27 (84)
BSA, m’ 2402
BMI, kg/m* 265+ 4.6
Ischemic etiology 14 (44)
Indication
Bridge to wransplant 21
Destination therapy 11
INTERMACS profile
Profile 2 5 (16)
Profile 3 16 (50)
Profile 4 8(25)
Profile 5 3(9)
Cardiac index, L/min/m* 1.7+ 06
Left ventricular ejection fraction, % 22+4
Medications
ACE inhibitor 12 (38)
Angiotensin [T antagonist 39
B blocker 22 (69)
Anticoagulant/antiplatelet drug 27 (84)
Antiarthythmic drug 12 (38)
Statins 18 (56)
Diuretics 32 (100)
Inotropes
1 15 (47)
2 5 (16)
Hypertension 16 (50)
Diabetes 7 (22)
Previous sternotomy 39
Minimally invasive approach 5(16)
Cardiomyopathy for more than 2 years 26 (81)
Severe COPD 2(6)
TIA 2(6)
Stroke 2 (6)
Renal dysfunction 7(22)
Atrial fibrillation 15 (47)
Pacemaker/defibrillator 24 (75)
Valve disease 16 (50)
Peripheral vascular disease 1(3)
Smoking within the past 3 months 6(19)

Values are expressed as the number (%) or mean =+ standard deviation.

ACE, angiotensin-converting enzyme; BMI, body mass index; BSA, body
surface area; COPD, chronic obstructive pulmonary disease; INR, interna-
tional normalized ratio; INTERMACS, Interagency Registry for Mechani-
cally Assisted Circulatory Support; TIA, transient ischemic atrack.

profiles were indicative of advanced heart failure, with the
majority in profiles 2 to 4 (91%) (Table 1).

Routine biomarkers, such as brain natriuretic pcptidc,
plasma creatinine, urea, total bilirubin, and ALT or AST,
decreased significantly after LVAS implantation; mean pump
flow and speed, pulse index and pump power were stable
throughout the study (Table 2).

HM3 patients were older than HM II reference but similar
in age to the HF reference group. No intergroup differences
were found in the proportion of women or in smoking his-
tory, diabetes mellitus status, or renal function. In the healthy
reference group, less smoking and no diabetes mellitus were
reported (Table 3).

Peripheral vascular function and stiffness

At baseline, the mean RHI of HM3 group was below nor-
mal values for a healthy population (RHI = 1.36; 95% CI,
1.21-1.52; cutoff < 1.67 indicative of endothelial dysfunc-
tion) and lower than that of healthy reference group (Table 3);
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RHI further decreased in the third month (RHI = 0.89; 95%
CI, 0.80-1.00) as well as in the sixth month after implantation
(RHI = 0.94; 95% CI, 0.84-1.06) compared with baseline
(both P < 0.0001) (Fig. 2, Table 3). The difference between
the third and sixth month after implantation was not signifi-
cant (P = 0.44). Significant interaction between age and RHI
(£ =0.023) in the HM3 group was observed. RHI was higher
in subjects < 60 years of age (group median) than in those >
60 years both at baseline (P = 0.030) and in the third month
(P = 0.034). The difference became nonsignificant in the sixth
month after implantation (P = 0.60) (Fig. 3). In the sixth
month, higher pump flow was associated with lower RHI in a
cross-sectional analysis (£ = 0.021). Higher baseline body
mass index (BMI) was predictive of a greater RHI decrease in
the sixth month (= 0.043). No association was found among
the ctio]ogy of cardiomyopathy, history of smoking, and
endothelial dysfunction (2 > 0.05 for all interactions). In the
HM 1I reference group, a similar pattern of changes in RHI
was observed berween the third and sixth month, with RHI
values higher than those of the HM3 group. No associations
between pump parameters and RHI/AI were observed in the
HM 1I reference group.

In HM3 group, Al significantly increased relative to the
baseline value (—32.28; 95% CI, —42.49 to —22.07) at the
third (—3.56; 95% CI, —15.34 to 8.23) and the sixth month
(—0.62; 95% CI, —11.94 to 10.70) (both P < 0.001)
(Fig. 4). Differences between the third and sixth month were
not significant (P = 0.72). At baseline, Al was significantly
higher in patients with histories of smoking and ischemic eti-
ology of heart failure (2 = 0.012 and P = 0.046, respectively).
Al had no interactions with age or pump parameters.

No significant association between aortic valve opening
and RHI (in the third and sixth month) or Al (in the third
month) was observed. In the sixth month, aortic-valve open-
ing was associated with a lower (improved) Al in patients with
aortic-valve opening within each cardiac cycle than in patients
withour aortic-valve opening (P = 0.03).

In the third month, patients in HM3 group had signifi-
cantly lower RHI values than in HM 1II, HF, or the
healthy reference groups. The Al in HM3 group was sig-
nificantly lower than that of HM II or healthy reference
groups but higher than that of the HF reference group
(Fig. 3). In the HM II reference group, similar longitudi-
nal changes in Al were found, but Al was signiﬁcamly
higher than in the HM3 group. The HF reference group
had a higher Al than HM3 group at baseline but a lower
Al after 3 and 6 months. The Al of the healthy reference
group was higher than that of the HF reference group or
the HM3 group but lower than that of the HM II refer-
ence group.

Clinical events

In the 6 months after implantation, the HM3 group expe-
rienced no fatal clinical events (Fig. 1). Nonfatal events
(hemocompatibility adverse events including hemorrhage,
thrombosis, ischemic stroke, and hemorrhagic stroke) were
observed as follows: 2 ischemic strokes and 1 gastrointestinal
bleeding. The low incidence of clinical adverse events pre-
cluded analysis relating to RHI and AL
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Table 2. Changes in laboratory and pump characteristics in HM3 group during the course of the study

Canadian Journal of Cardiology

Volume 37 2021

Baseline Third month Sixth month P1 P2 %]

Reactive hyperemia index 1.36 (1.21-1.52) 0.89 (0.80-1.00) 0.94 (0.84-1.06) < 0.0001 0.44 < 0.0001
Augmentation index —32.28 (—42.4910 —22.07) —3.56(—15.34108.23) —0.62(—11.94 t0 10.70) < 0.001 0.72 < 0.001
Brain narriuretic peptide (ng/L) 1655 (1232-2223) 428 (318-574) 378 (286-500) <0.0001 038 <0.0001
Lactate dehydrogenase (pkat/L) 4.24 (3.68-4.90) 3.69 (3.22-4.23) 3.66(3.19-4.19) 0.04 0.86 0.04
Hemoglubin (g/L] 117.7 (110.9-124.5) 116.3 (109.5-123.0) 123.7 (116.9-130.5) 0.74 0.28
Creartinine (pmol/l) 107.9 (96.4-120.8) 84.3 (75.3-94.4) 94.5 (84.4-105.8) <0.0001 0.03 0.03
Urea (mmol/L) 10.0 (8.4-12.0) 7.1(6.0-8.4) 7.5(6.3-8.9) 0.001 0.54 0.005
Total bilirubin (ptmol/L) 31.1 (24.4-37.8) 13.8 (10.3-17.3) 15.7 (12-19.5) < 0001 0.16 <0001
Alanine aminotransferase (jtkat/L) 1.63 (1.09-2.45) 0.50 (0.34-0.75) 0.56 (0.37-0.83) 0.003 0.71 0.004
Aspartate aminotransferase (pekat/L) 1.03 (0.75-1.40) 0.50 (0.37-0.68) 0.52 (0.38-0.71) 0.003 0.84 0.003
Total cholesterol (mmol/L) 3.4 (3.0-3.8) 4.6 (3.8-5.3) 4.4 (3.8-5.1) 0.03 0.77 0.03
C-reactive protein (mg/L) 32.7 (14.7-50.7) 20.2 (6.9-33.4) 15.88.1-23.6) 0.96 0.51 0.12
White blood cell counts (x 1029/L) 8.2(7.39.4) 8.3(7.3-9.4) 7.9 (6.9-8.9) 1.00 1.00 1.00
Pump parameters

Pump speed (RPM) NA 5284 (5220-5349) 5291 (5224-5357) NA 0.79 NA

Pump flow (LPM) NA 4.1(3.9-4.3) 4.1 (3.94.3) NA 0.43 NA

Pulse index NA 4.2(3.7-4.6) 4.4 (3.9-4.9) NA 0.27 NA

Pump power (W) NA 3.8(3.7-4.0) 3.8 (3.7-4.0) NA 0.75 NA

Estimated marginal means and 95% confidence intervals are presented. P1 difference between baseline and third month; P2 difference between third and sixch
month; P3 difference between baseline and sixth month.

NA, nor applicable.

Table 3. Clinical characteristics of the HM3 group and reference groups

HM 11 reference group(n = 30)

Healthy reference group

HM3 (n = 32)(Third month) (Third month) HEF reference group(n = 15) (n=13)
Age, years 55.1%£13.8 48.4+15.38 51.2£9.17 50.1 £ 13.52
Sex (male), n (%) 27 (84) 25(83) 12 (80) 8 (61.5)
(Past) smokers, n (%) 24 (75) 22(73) 9 (60) 3(23)*
Diabetes mellitus n (%) 7 (22) 8(27) 5(33) 0
Ischemic cardiomyopathy n (%) 14 (44) 12 (40) 8 (53) 0
Creatinine, pemol/L 84.3 (75.3-94.4) 97.4 (71.9-123.0) 103.6 (89.2-118.1)" NA
Urea, mmol/L 7.1 (6.0-8.4) 7.7 (5.4-10.0) 8.7 (7.0-10.4) NA
Hﬂmoglobin, g/L 116.3 (109.5-123.0) 125 (118.1-131.9)° 139.8 (129.0-150.6) 143.1 (138.6—147.6)"
Reactive hyperemia index 0.89 £ 0.34 1.50 & 0.68' 1.6 £+ 0.30° 1.77 £ 0.54*
Augmentation index —3.56+27.12 23.5 +22.48 —16.53 + 26.77 6.9+ 1145

HF, heart failure; HM3, HeartMate 3 (Abbott, Chicago, 1L); HM 11, HeartMate 11 (Abbott); NA, not available.
P<0.05.

'P < 0.005.

1P < 0.0001 vs HM3.

2.0
1.84 Healthy controls
1.6
HF controls
1.4+ Py T
T —n
£ 1.2 1
1.0 _i
0.8
@ HM 3
9.81 B HM Il
Baseline 3 months 6 months

Figure 2. Longitudinal changes in the reactive hyperemia index (RHI) during the study period in HeartMate 3 (HM3) (Abbott, Chicago, IL) group (blue
line). Longitudinal changes in RHI in HeartMate Il (HM II) (Abbott) reference group between the third and sixth months (red). Data are presented as
estimated marginal means and standard error. *P < 0.05 vs baseline. Solid orange line, estimated marginal mean for heart failure (HF) reference
group; solid green line, estimated marginal mean for healthy reference group. Dashed lines represent 95% confidence intervals.

42



Ivak et al.
Peripheral Vascular Function in LVAS Patients

1.5 *

0.0

1583

Age group
® <60
# >60

T
Baseline

3 months

6 months

Figure 3. Longitudinal changes in the reactive hyperemia index (RHI) by age group: < 60 vs > 60 years of age. Data are presented as estimated
marginal means and standard errors. Statistically significant differences in RHI at baseline and 3 months at the P < 0.05 level are marked by

asterisks.

Discussion

We describe worsened vascular function in patients after
HM3 implantation during the 6- month follow-up. The
observations do not support our primary hypothesis about the
potentially favourable effect of the artificial pulsatility of the
HM3 on vascular function measured as the RHI. RHI signifi-
cantly decreased after HM3 implantation and remained low
in the sixth month. RHI was below physiological values at
baseline, reflecting the endothelial dysfunction associated with
advanced heart failure.” Increased arterial stiffness (decreased
Al) in the HM3 group after implantation further supports
presence of unfavourable vascular changes. Previous reports
indicated that continuous-flow LVAS implantation could
impair vascular function.**"*" An association between
impaired vascular function and occurrence of cardiovascular
adverse events was also observed.””” Mechanistic explanations
come from experimental studies demonstrating that endothe-
lial function is dependent on mechanical stimulation.”*
In this context, our results do not support the hypothesis that
the artificial pulsatility produced by the HM3 attenuates

407 )
4
301 P ’
20
104 Healthy controls
01 i

Al

10 /; *
HFcontrols /

-20

-30 ./

404 o & HM3
- = HMI
- Baséline 3 molnths 6 mc;nths

Figure 4. Longitudinal changes in the augmentation index (Al) in
HeartMate 3 (HM3) (Abbott, Chicago, IL) group (blue). Longitudinal
changes in Al in HeartMate |1 (HM I1) (Abbott) reference group between
the third and sixth months (red). Data are presented as estimated
marginal means and standard error. *P < 0.05 vs baseline. Solid
orange line, estimated marginal mean for heart failure (HF) reference
group; solid green line, estimated marginal mean for healthy refer-
ence group. Dashed lines represent 95% confidence intervals.
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unfavourable vascular processes. Instead, these findings con-
firm that the favourable clinical outcomes of HM3 are medi-
ated by original purpose of artificial pulsatility: to avert blood
stasis and enable pump washout.

In the HM II reference group, identical trends for RHI and
Al were observed, but with higher values of RHI, indicating
less severe vascular dysfunction. This finding could be
explained by the younger age of HM II recipients (Table 3).
As expected, the RHI in HF reference group (measured once)
was similar to the baseline values of HM3 group. In the
hcalthy reference group, the RHI was in the physiological
range ﬂﬂd Ihus Subsfﬂ.ﬂtiﬂ]ly hlgh::r than fhﬂ[ Df any DF thc
other groups. On the other hand, we detected increased arte-
rial stiffness in the HM II reference group compared with the
HM3 group. Al was even higher in the healthy reference
group than in the HM3 group or the HF reference group,
indicating higher arterial stiffness. We suppose that these
results were modified by technical limits reflecting the com-
bined effect of abnormal pulsatility and abnormal cardiac out-
put, the latter supported by Al increase in the HM3 group
early after implantation. Indirect evidence for potential modi-
fication of measurements of arterial stiffness comes from a
study of cardiac patients and healthy subjects, in which the Al
was determined by chronotropic rather than inotropic effects,
thus by factors other than wave reflection.”

Therefore, interpretation of the Al data needs to be made
with caution. Nevertheless, in our study, the baseline values
of the HM3 group were similar to that of the HF reference
group. Increase of arterial stiffness in the HM3 group during
study period reached higher values than that observed in HF
reference group. This finding supports the concept, that
HM3 pulsadility does not modify the vascular properties
favourably.

Further subanalysis showed that the alterations in RHI
were negatively affected by age, BMI, and pump flow in the
SiX[h month. ThCSC ﬁ:ldings may indicatﬁ rolc Df[hcsﬁ param-
eters in the progression of peripheral vascular dysfunction after
LVAS implantation. Through the course of the study, the
RHI values at baseline and in the third month were influenced
by the median age of the patients. The differences were not
present in the sixth month after implantation, probably
caused by the prolonged influence of the low pulsatility, possi-
bly linked to accelerated processes associated with vascular
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aging, even in younger patients.”” A subanalysis of factors
related to pulsatilicy showed that aortic-valve opening with
each heartbeat favourably influenced arterial stiffness in the
sixth month. This observation may indicate a favourable effect
of pu]satility, in gem:ral; this is further supportcd by a study
by Patel et al., describing the difference in aortic strain, disten-
sibility, and stiffness between pulsartile and continuous flow
LVASs, favouring the LVASs with pulse.””

Limitations

Limitations of this single-centre prospective observational
study include moderate number of patients and use of Endo-
PAT 2000 to measure arterial stiffness. The measurement of
arterial stiffness using the EndoPAT2000 is currently used
mostly for research purposes. Nevertheless, although Al could
be altered also by nonvascular factors, making this parameter
less reliable for arterial stiffness assessment, cspecially in LVAS
recipients, RHI was a reliable method to measure vascular
function in a broad range of subjects in the study. Also, the
data from early postoperative period were not collected and
analyzed to avoid the effect of complex hemodynamic changes
present immediately after implantation.” In addition, only
the devices from 1 manufacturer were analyzed, as the devices
form other manufacturers (eg, Medtronic HeartWare
HVAD) are rarely implanted at our site.

We are well aware of some limitations of our study dis-
CUSSCd hcrc. NCVC['IhClCSS, to thC bESt Df our knowlcdge, Oﬂ]y
sparse data are available from the longitudinal assessment of
endothelial function in LVAS patients. This is the first study
in a relatively large population of LVAS recipients that ana-
lyzed effects of artificial pulsatility of HM3 on vascular prop-
erties. Therefore, this study provides additional evidence that
suppressed pulsatility exerts unfavourable effects on peripheral
vascular function. Further research focused on a pulse ampli-
tude augmentation and synchronization with native cardiac
cycle, and its potential implementation in future devices could
provide positive effect on vascular function and thus positively
influence the clinical outcomes.

Conclusions

Despite the restoration of central hemodynamics, periph-
eral vascular function was further compromised 6 months
after HM3 implantation. The feature of artificial pulsatility,
which enhances blood flow washout, may contribute to a sig-
nificant improvement in clinical outcomes in HM3 recipients
than in other clinically available LVASs.'* Nonetheless, our
observations suggest that the intensity of the artificial pulse
wave may not represent a physiologically relevant stimulus
that averts endothelial dysregulation in continuous-flow
LVAD circulation.
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PRACE C je vénovana posouzeni vlivu kontinualniho toku krve generovaného soudasnymi
levostrannymi mechanickymi srde¢nimi podporami na hladiny mikro RNA (miRNA)

v krevni plasmé.

Ztrata pulsatility v disledku terapie LVAD ma potenciondlné negativni vliv na vaskularni
systém a konkrétné na funkci endotelu, coz miize vést k endotelialni dysregulaci a dysfunkci.
Tyto zmény mohou vést ke zménam hladin cirkulujicich biomarkeri s poskozenim, nebo
reparaci endotelu. MiRNA jsou kratké nekodujici useky RNA zahrnuté do post-transkripéni
regulace genové exprese. Zmeny v expresi miRNA mohou potenciondlné ovliviiovat funkci
endotelidlnich bun€k a hladkych svalovych bun¢k cév, coz mize nasledné vést k zanétu a
progresi aterosklerotickych zmén. Pfitomnost miRNA v krevni plasmé naznacuje, Ze

miRNA muze plnit funkci biomarkert vaskularniho poskozeni.

Do této monocentrické prospektivni studie bylo zafazeno 33 pacientil (5 Zen, primérny vék
55.7 let) s implantovanou levostrannou mechanickou srde¢ni podporou v indikaci jak most
k transplantaci, tak destinacni terapie. 14 pacientl mélo implantovanou star§i srdecni
podporu axidlniho typu HeartMatell a 19 pacientll novéjsi centrifugalni pumpu HeartMate3
(oba typy Abbott, Abbott Park, Illionois, USA). VSichni pacienti byli implantovani mezi lety
2015 a 2018 v prazském Institutu klinické a experimentalni mediciny. Pacientim byly
odebirany vzorky krevni plasmy pted implantaci a dale 3, 6, 9 a 12 mésicli po implantaci
MSP. RNA byla nésledné extrahovana ze vzorkl krevni plasmy pomoci miRKURY ™ RNA
isolacniho kitu (Exiqon, Vedbaek, Denmark), nasledné kvantitativni PCR bylo provedeno

za pouziti systému ABI 7300.

Vysledky méfeni ukazaly, ze hladiny miRNA v krevni plasmé postupné vzriistaji mezi
jednotlivymi kontrolami. Dale byla pozorovana positivni asociace mezi specifickym typem
miRNA (miR-126) a Belcaro score (skore urcujici stupeni aterosklerdzy) a naopak inverzni
korelace mezi podtypem miR-126 a endotelidlni funkci. Pozorovéani tedy naznacuji, Ze
nepulsatilni tok krve v cévnim feCisti je provdzen zvySenim hladin miRNA v krvi ve
spojitosti s endotelidlni dysfunkci a remodelaci cév. Dalsi fyziologicky nebo klinicky dopad

bude mozné posoudit v navazujicich studiich.
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Backgmund: Implantation of current generation left ventricular assist devices | IVADs) in the treatment of end-
stage heart failure (HF), not only improves HF symptoms and end-organ perfusion, but also leads to cellular
and molecular responses, presumably in response to the continuous flow generated by these devices. MicroRNAs

mm;ﬂ}m (miRNAS] are important post-transcriptional regulators of gene expression in multiple bick gical processes, in-
cluding the pathogenesis of HF. In our study, we examined the influence of long-term LVAD support on changes

= I in flow-sensitive miFMAs in plasma

miRNA Materials and methods: Blood samples from patients with end-stage heart failure (N = 33; age = 557 4+ 116

Aasma years) were collected before LVAD implantation and 3, 6,9, and 12 months alter implantation. Plasma lewvels of

Left ventricular assist device the flow-sensitive miRNA<; miR-10a, miR-10b, miR-146a, miR-146b, miR-563a, miR-663b, miR-2 1, miR-155,

Endothel bl dysfunction and miR-126 were measured using quantitative PCR.

Resuls: Increasing quantitiesof miR-126 (P < 0003) and miR-146a [ P < 0.02) was observed at each fol low-up visit
after LVAD implantation. A positive association between miR-155 and Belcam score (P < (004) and an inverse
correlation between miR-126 and endothelial function, measured as the reactive hyperemia index (P < 005),
was observed

Conclusions: Our observations suggest that after LVAD implantation, low pulsatile flow up-regulates plasma
levels of cirulating flow-sensitive miRMAs, contributing to endo thelial dysfunction and vascular emodeling.

© 2021 Elsevier BV, All rights reserved.
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1. Intro duction

Left ventricular assist devices [ LWVADs ) have become routine in the
treatment of end-stage heart failure [1]. Technical developments intro-
duced in the past decades have led to an almost camplete transition to-
wards continuous flow (CF) devices, with improved durability and
smaller size. The cost of these improvements lies in the reduction of
pulsatility and its potential negative impact on end-organ fundion, vas-
culature, and in particular endothelial cells (ECs). Artenuation of physi-
ological pulsatile flow in CF-LVAD patients was previously revealed as
an additive factor in the progression of endothelial dysregulation and
dysfunction. [2,3]. Additionally, increased stress on the vascular wall
may lead to changes in the levels of circulating endothelial progenitor
cells and particles, which reflects vascular damage [4,5]. Moreover, as
vascular ECs are exposed to non-physiological hermodynamic forces,
their function may become modulated and could lead to damage of
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the arterial wall which could be critical if, for example, is present in the
coronary arteries [6].

MicroRNAs (miRMAs) are short non-coding RNAs (18-24 nt) in-
volved in sequence-specific post-transcriptional regulation of gene ex-
pression. MiRMAs have emerged as key players in a wide array of
biological processes [7-11). Changes in tissue miRMA expression levels
due toblood flow have the potentialto affect networks of genes regulat-
ingendothelial and vascular smooth muscle cell (SMC) function, inflam-
mation, and atherosclerosis [12].

The presence of miRNAs inblood suggests that circulating miRMAs
may function as important biomarkers of various disease development
and progression. MiRNAs are released from cells either through active
transport via extracellular vesicles or as part of protein-miRNA com-
plexes. Maoreover, passive release from damaged cells, e.g. after injury
ar during inflammatory, apoptotic or necrotic processes, may occur, Cir-
culating miRNAs predominantly serve as signaling molecules [ 13].

The exact pathop hysiological mechanisms and impact of flow gener-
ated by LVADs on blood and vasculature are not clear but should be bet-
ter understood in order to manage or even prevent potential future
clinical adverse events. The use of LVADs offers a great opportunity for
acomplex understanding of vascular changes in patients with different
blood flow patterns. The key signaling pathways that are targeted by
mechano-miRMAs indude the endothelial cell cycle, inflam mation, apo-
ptosis, and nitric oxide signaling. Emerging evidence indicates that al-
teration of flow conditions regulates the expression of miRMAs in
endothelial cells both in vitro and in vivo [12].

This study aimed to investigate the influence of long-term left ven-
tricular assist devices on circulating flow-sensitive miRNAs. We selected
nine flow-sensitive miRMAs believed to participate in vascular remodel-
ing ( miR-146a, miR-146b, miR-155 miR-21)or endothelialdysfunction
(miR- 126, miR-10a, miR-10b, miR-663a, miR-663b). Additonally, to
detect possible alterations in éndothelial function andjor atherogenic
changes and correlate them with miRMA changes, the subjects also
underwentboth carotid artery ultrasonogra phy and pulse amplitude to-
nometry in the measurement of endothelial dysfundion

2 Materials and methods

The protoa] of this study was camed out acmeding to the principles of the Declara-
thon of Helsindd. The study was designed as a single-center, prospective obse rvatonal
study. el o i tiee approval of the protocol was obixined All patents
provided written informed consent before ennollment in the sty

21, Denggn and siudy populadon

Atotal of 13 pﬂerls{l‘emdu Siage =57+ lljpusjinﬂaiﬂlwlhal.\fﬂl
irrespective of the i d goal of ([ bridge to lantation or destinaik
therapy], from May 2005 to]uly 2018 at the Institwe for Clindcal and Experimental Med-
lcine in Prague were enrolled in the study. All pati ents were dignmsed with end-sage
st fdiure, met institutional ol terla for LVAD implantation, and were implanted wit
thee covntinnones flowe axial ventricular a2l st devl g HeantMate 1 {n = 14) ar withthe cen-
trifugal, fislly magnetically levitated ventrioular assist device HeantMate 3 (n = 19) (both
destgned by Abbot, Abbot Park, Dlinals, USA or 5t Jude Medical, Pleasa nton, Caliiomda).

Blpod samples were collected before LVAD | mplantation and at follow-up (F) time
paints 3, 6,9, and Hmﬁrhhﬂaﬂmmhmnmﬂmnﬂﬂﬁb
tary, ibaraory and were colleded before LVAD i mplantation.
Laboratory assessme s, medicat ons_ device parameters_and clindeal outcomes wene cap-
iwred over the comerse of the study at the defined AU tmes. Gontrol subjeds comprised
healthy valunteers (N = 13; females = 38.5%; age = 50,1 + 135 years) and NYHA 11
heart filure patlents (N = 12 age =523 + 7.2 years) who were an optimal medical
treatment (OMT). Blood samples were ool lected and analyzed anly one from antrol sub-
Jects, Morphalogical and functional properties of the vascular system were also assessed
(see below ]

22 Plagma S arrples and miRNA meos wrements

Blood samples (10 ml ) were collected in BEDTA tubes and e ntrifiged st 1500 xg for
15 min at room temperature. Plsma samples were then proesed within 30 min of
blood collection, aliquoted into BN ase-free tubes, and stored at —80°C before RNA
extraction.

Total RNA was extracie d from 200 pl of plasma wsing the miRORY™ RNA ol ad on kit
for bloflulds (Exiqon, Vedbaek Denmark) a5 previously reparted [1415] SYBR green-
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Ihacse d real-time quantitative POR wa s performed wsing an ABI 7300 ystem. Passive Refer-
ence Dye (ROX™ 500 nm) was included for 2l PORs. interpl ate calibrators and splke-in
contrals were included in each analysis to ensure the quality of RNA | solation, the cDNA
synthesls reacion, and the PO

23, endothellal! fimetion and ath dhangs et

Peripheeral vasculsr fenotion and arterisl soffnes were e sed wsing the EndaPAT
2000 (Itamar Medical Lid., Caesarea, Isrzel), which ks an operator-independent, FDA-
approved proprietary analyzer designed to xsess endothellal fnction by examining the
readtive hyperemia index [FH, a2 ofendathellal responsi 1. The method
of digital mexsurement of peripheral vascular finct on using readive hyperemia and pe-
ripheral anterial tonometry has been desoribed in detail previowsty [ 16] Briefly, the system
comprises of afinger probe to xses digital volume changes accompanded by pul se waves,
with the react ve hyperemia indes | RHI) being auomatically caloulated

Amsesment of stherosderotic changes was performed by bilateral ulirasownd asse -
ment of the carstid anteries by a Toshdba APLID 50XV | Tochigi, Japan) wirasound system
wilth a 7.5-10 MHz line ar array transducer. The presence of pre- clindcal athersclermsis
wans defined by a semiquantitative classl fieation, the Bel caro soore [17], which evahuates
the degree of pre-clindcal atherssdlerosls based on utrasound criterls in four classes,
14V, where Class | conta ins normal findings, Class W contalns findings with pla ques-
casing =50% stendsis, and classes 11H0 contalning | ntermediate findings The mean
value of the Belcno smre fond in the canotid arterl es bilaterally was used for further
analyses

24, Smis el analysis

Marmally distributed data are presented x5 mean + standard devistion. Data which
were dl y distributed are p d s mreeddan: { M) The Shapdno-Wi Ik noomal -
Iqm!wmﬁumaﬂmﬂﬂemh”nkmhdym\Mlmmn
matdhed-palred signed-rank tests were wsed for bdodvemical and dindcal p com-
wmmhmhnwmmhmmmwmm!ﬂmlmk_
Partial lation and |inear b d for the comparkson of BHIand Belcar
muhﬁhmmmmamm{uﬁdmwmcmmj
was wed for miRNA expression analysls Data was onverted to relstive quantithes and
o the log2 tramsformations of values To analyze | changes in miENA levels
after LVAD impl antdon, we uilized the general ied linear mixed model with random in-
teree pt with ad justnent for storage time. The One-way analysls of varlanoe was wed to
cofmipane LVAD miRNAs leveks fram levels seen in healthy controls and patl ents with
et faflure. Bonferrond ad justment was used to acoount for multiple Caleu-
lations were perf: d using SPEE 21 software (Chicago, IL, USA)L A p-value <0.05 was

idered statistically signif

@

3. Results
3.1. Main characteristics

The demogr aphics of patients are presented in Table 1. In summary,
men were represented more than women, patients were on average
overweight. As expected, patients were on average hypotensive, with
a low ejection fraction of the left ventricle, low cardiac index, and corre-
sponding NYHAclassificarion. Also, INTERMACS profiles were indicative
of advanced heart failure, with the majority of patients in profiles 2-4
(64%). Ischemic etiology of heart failure was present in approximately
half of the patients. Moreover, a relatively high proportion (15%) of pa-
tients suffered from soke before the beginning of the study. Further,
hypertension, diabetes mellitus, dyslipidemia, and smoking were highly
prevalent and extensive medical treatment covering the conditions was
recorded.

Cardiac damage biomarkers, inflammation, and renal function
markers were steadily improving during the FU (Table 2). Hemody-
namic and LVAD parameters were captured during follow up visits
(Supplementary material, Table 3). Mo significant interactions between
miRNA levels and hemodynamic parameters were obser ved.

Major post-implant adverse events related to hemocompatibility oc-
curred in 12 patients, of whom 5 suffered a stroke (one hemorrhagic,
four ischemic), 3 had pump thrombeosis, and one had a thromboe mbalic
event. Bleeding events were ohserved in6 patients. Individual clinical
events had no reliable associations to miRMA levels.
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Talde 1
Bassel ine characierkstics of LVAD patients.

LVAD
Gender Male Female (N) 285
Age (years) 557 + 116
BMI (kg/m™) 277+ 43
Current smokers and kers/ kers () 20¥13 (E0/40)
Hypertensian (%) 17(515)
Diabetes Mellitus (%) 8(343)
Dyalipide mia (%) 12 (34.4)
Ischemic heart disease () 16 (48.5)
Histary of Stroke (%) 5(15)
Type of LVAD

Heart Mate I 14

Hieart Mate 3 18
Atrial fibeillation (%) 6(18.2)
SEP, mimHg 1078 + 115
DEP, mmHg FL -]
Heart rate, b.pm 85415
[Ej ection fraction, & 189+ 32
ACE-YARE (%) 18 (54.5)
Beta-blocker () 13 (58.7)
Anticoagulants (%) 28 (B4.8)
Diuretic (%) 33 (100)
Antithrambodtic drugs (%) 2(8)
Callcium channel Hocker (%) i
INTERMACS prafiles, n (¥) 7/M4/7)5 (21/43/21/15)
(2/3/4/5)
WY HA I/ NYHA IV (%) 9/ 24(27/73)
a 1.58 + 0.4

Dam are expressed x5 mean + S0 or f00r propartion.
Mnﬂxdmhﬂmm-hudymaslmmlmkbhdpﬂsm DeP-dixstolic
Ibond p ACH- ming enzyme ARE- ang 2l 1. re-
ceptor blocker, Imnﬁ-ﬁmngmmwfwmmdyukm clroul story
SUPPO, NYHA-New York Heart Assoclation funcional dass, O-cardiac index.

3.2 Changes in miRNA quantity with left ventricular assist device support

All selected miRNAs were successfully measured. We identified a
correlation between the plasma levels of miRMAs and ST (Suppl. mate-
rial). After ST adjustment, the levels of miR-126 (between baseline and
6th, and 9th months FU; P < 0.03) and the levels of miR-146a [ between
baseline and Sth, and 12th months FU; P < 0.02) were significantly
increased in plasma after LVAD implantation (Fig. 1). However, miR-
10a, miR-10b, miR-663a, miRG63b, mik-155, miR-146b, and miR-21
remained stable or oscillated at the FU time

Regarding other findings, at baseline, higher quantities of miR-
663a/b (P < 0.02), miR-155 (P < 0.02), miR-21(P < 0.001) and miR-
146b (P = 0.04) were found in LVAD patients compared to healthy
controls (Suppl. material). At 6th and 9th month FU, we identified in-
creased levels of miR-126 (P < 0.003) in LVAD patients compared to
baoth control groups. Similarly, at the 3rd month FU, we detected higher

ingernational jourmal of Cardiology 339 (2027 ) 138-143

plasma quantities of miR-1486a (P < 0.02) compared to healthy and HF
subjects. During the FU time points, we found significant decrease of
miR-10a and miR-10b in LVAD patients compared to HF patients on
OMT (P < 002)

Finally, we detected differences in particular miRNA concentrations
in patients with ischemic vs non-ischemic HF etiology during FU
(Suppl. material). Briefly, miR-155 was seen in higher levelsin patients
with ischemic heart failure at the 3rd month (P < 0.05), as did miR-10h,
miR-146a, miR-146b, and miR-21 at the 12th month post-implantation
follow-up (all P < 0.04).

33, MiRNAs, endothelial function, and athemsderotic changes

The Belcaro score was measured in 29 patients at FU time points.
Partial correlation analysis revealed a positive association between
miR-155 and Belcaro score (P < 0L04; Fig. 24).

The RHI was successfully measured in 30 LVAD patients. The mean
RHI was below normal values for healthy populations already during
the whole follow-up (cutoff < 1.67 indicative of endaothelial dysfunc-
tion). The RHI did not significantly decrease within 12-months after
LVAD implantation. Moreover, the concentration of miR-126 was in-
versely assoclated with RHI (P < 0.05; Fig. 2B).

4. Discussion

This prospective observational study was focused on dynamic
changes in plasma drculating flow-sensitive miRNAs in patients with
end-stage heart failure reated by a durable left ventricular assistdevice.
The main finding was that the concentrations of miR-126 and miR-146a
increased during CF-IVAD suppart with attenuated pulsarility. A poten-
tialexplanation,alsobasedon theresults fram our previous study, is that
the main affected tissue is most likely ECs [18]. Thiscould explain the in-
crease of miR-126, which is highly abundant in ECs and regulates vascu-
lar integrity, angiogenesis [19], and inflammation [20]. Moreover, Zhou
etal. [21] reported that the secretion of miR-126 into conditioned
media, but not its intracellular expression, was decreased by laminar
shear stress and increased by osdllatory shear stress in HUVECs.
Endothelial-derived miR-126 regulated SMC turnover in an EC-SMC
coculture system. Genetic knockout of miR-126 inhibited neointimal
formation in a complete carotid ligation model, whereas local rein-
troduction of miR-126 in the knockout mice enhanced neointimal
formation [22]. MiR- 126 is also abundantly expressed in platelets, sug-
gesting a role for miR-126 in the interplay between drculating blood
and the vascular wall. It was also proved, thatthe usage of platelet inhib-
itars, such as aspirin, could influence the quantity of circulating miR-126
[23]). Other pieces of evidence come from the findings that CF- LVADs
significantly elevate shear stress [24] and even overexpression of miR-
126 induced by long-termshear stress demonstrated in another study

Table2
Biamarkers of LVAD patlents during FUL
Based ine 3 months & manths 9 months 12 months P value

CRP {mg/L) 22 5(4015) 134(21.4) 7.6(93) 78(115) 72(113) 0.0
Glycemia (mmal/L) 65(1.7) 51(14) 5.6(1.0) 55(11) 5.4(12) [iT::]
Total prateln {giL) 660+ 7.7 727 + 54 736+ 67 726 {B5) TL6 + 53 0.0006
BNP (nglL) 1992 + 1189 229(265) 279(342) 253(207) 220(238) <000
LI {pikatiL) 4.0(2.0) 36(18) 38(13) 38{15) 394+ 1.1 0.6
Urea (mmolL) 105 8.4) 73(37) T.5(4.7) TA(49) 7.1{33) (il
Creatinine | pmal /L) 1142(58.4) S0E(24.9) 1031 + 292 129 (33.7) 100.7 {45.6) 0.14
Edlirubln {pmol/L) 25.7(21) 1L6(6d) 12.1{118) 1L6{8E) 118{112) <000
ALT (pikat/L) 06(2.5) a4(03) 0.5(0.2) 05{02) 05+ (02) (1]
AST (jplatL) 05(0.7) 04+ 01 05 (01) 04 £ 01 05+ 01 004
INR (5) 12(03) 26(11) 2508) 25{0g) 254+ 06 <000
APTT (3) 41.59(8.5) 498 + 91 470+ 70 473(10.4) 474+ 78 0.005

D are shown a5 mean + SDor 2 medlan and (IR)_P-value ttpmdi‘fuamhmwmhadh{o]m umMNMammmmmmucwﬁg

+H

LDH- st i dehydrogenase, ALT-alanine ami notransferze, AST-aspartste ami
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il mormalized ratio, APTT-acivated partial thromboplestin §me.
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[25). Mareaver, we observed decreasing trend in the RHI as a measure of
endothelial function in LWVAD patients afier implantation. A lower RHIin-
dicates more severe endothelial dysfunction |26,27]. Our finding of an
inverse assodation between RHI and miR-126 could reflect the vascular
dysfunction caused by LVAD implantatian.

Our secand main finding, the increase of plasma miR-146a, could be
caused by its potential role in the regulaton of inflammation and immu-
nological responses; this premise is supported by findings, that miR-
146a is up-regulated by inflammatory factors such as interleukin 1
and tumaor necrosis factor-alpha (TNF alpha) [28] Mechanistically,
miR-146a represses the nuclear factor kappa B and mitogen-activated
protein kinase pathways through down-regulation of human antgen
R which promotes endothelial activation in the vessel wall [29]. It was
previously shown that inflammatory markers such as THF alpha are &l-
evated after LVAD implantation [ 30,31). Therefore, increased miR-146a
levels inour study population could be a marker of the pro-inflamma-
tory post-implant status and this is in concordance with previously pub-
lished studies [32].

Regarding othér interesting findings, we obseérved higher baseline
levels of plasmatic miR-663a, miR-663b, miR-155, miR-21, and
miRk146h in LVAD patents compared to healthy controls, These findings
could be explained by the severity of heart failure with low cardiac out-
put and therefore the overall low flow status, reflected by endothelial
dysfunction, which was previously shown to be associated with HF
[33). In agreement with detected miRMAs dynamics during FU, we
found higher levels of miR-126 compared to both control groups,
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which could reflectthe e ndothelial changes seen in LVAD patients. Sim-
ilarly, miR-146a as an inflammatory marker was detectéd higher in
LVAD during FU, but not before the LVAD implantation. On the contrary,
a decreasing trend in miR-21 compared to healthy controls could dem-
OnStrate a ventricular regenerative response to MCS. A cardiac enriched
miR-21 is essental for cardiac homeostasis and has been demonstrated
toad asa cell tocell messenger with diverse functions. MiR-21 activates
the ERK-MAPK pathway via the inhibiton of SPRY1 and mediates the
structural and functional deterioration of cardiac function [34]. The ad-
ministration of antagomir, which acts against miR-21 in mice with left
ventricular pressure overload attenuated the endothelial-to-mese nchy-
mal transition in ECs in vivo [35].

The trend towards stable, lower levels of plasma miR-10aand miR-
10b in LVAD patients over 12 months could be intérpreted as a respanse
to higher shear stress in order o modulate and pote ntially regulate pro-
tective anti-inflammatory and anti-atherogenic processes.

Our findings of higher concentrations of plasma miR-21, miR-10k,
miR-146a, and miR-146b at the 12th FU time point in ischemic versus
non-ischemic LVAD patients could reflect warsening of e ndothelial dys-
function, andthe severity of atherosclerosis influenced by LVAD support.

MiR-21 resolves inflammation and down-regulates pro-inflamma-
tory responses. MiR-21 is the most abundant miRMA in macrophages,
and its absence could result in accelerated atherosclerosis, plaque ne-
crosis, and vascular inflammation [36). It was also previously reported
that circulating miR-21 was strongly associated with significant coro-
nary stenosis [37].
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MiR-10b is the crudal downsiream mediator of the quality degrada-
tion of ECs. It was reported that miR-10b expression in aortic blood
plasma was elevated in patients with coronary artery disease with low
collateral capacity. A lack of miR-10b expression effectively attenuates
the development of atherosclerosis even in the presence of hypercho-
lesterolemia [38].

Overexpression of miR-146a and miR146b negatively regulates in-
flammation and blunts endothelial activation|29]. Based on the findings
thatmiR- 146a is highly up-regulated in atherosclerotic plaques [39] and
becaise it was préeviously reported that circulating miR-146a positively
correlate with the Gensini score severity of coranary artery d isease, (40]
we could assume that increased levels of miR-146a could reflect a com-
pensatory response o advanced atherosderotic changes.

Regarding miR-155, Li et al [41] reported elevated expression of
miR-155 in the plasma and plaques of patients with atherosderosis
The flow-sensitive miR-135 has been associated with the occurrence
and development of atherosclerosis by regulating the functions of CD4
+ T lymphocytes, manocytes,/macrophages, endothelial cells, and vas-
cular smooth muscle [42,43). We found a nonsignificant increase in
the miR-155 plasma level in LVAD patients after im ion, There-
fore, it may be hypothesized that these changes mirror the dysregula-
tion of angiogenesis and inflammation, which may be observed to be
aberrant in LVAD patients [44,45]. In this respect, miR-155 has been re-
cently shown to play a fundame ntal role in the axis between inflamma-
tion and the formation of collateral arteries [46], but also miR-155
expression was found to be abund antly expressed in the intima of the
thoracic aorta, which is naturally exposed to stable flow in vivo [42].
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Furthermore, we observed a positive assodation with a semiquantita-
tive classification the presence of preclinical atherosderosis - Belcaro
scare, further underlining the possible effect of continuous flow on
vascular changes.

The limitations of this single-center prospective observational study
include the relatvely small number of patents, low plasma concentra-
tion of some miRMAs, and the need for storage time correction. We
identified an influence of long storage time on plasma samples,
although constant conditions { —80 "C) and uniform protocols were in
place. This factor should be taken into an account in clinical trials
using long-term-stored samples for miRNA analysis. Furthermaore,
miRMNAs could be markers of vascular disease and not a causative factor,
but despite this, the reflection of endothelial and/or wessel changes
is also of importance in understanding physiological and clinical
processes.

Despite these limitations, this study could provide valuable insight
into the pathophysiology of vascular and inflammatory changesin a
spedific group of CF-LVAD patients during a long-term follow-up period.
The research of epigenetic changes in the drculatory system as well as
in vascular biology could clarify the molecular pathways influenced by
LVAD suppart. The occurrence of dinical adverse events and their pre-
diction has become a new challenge in long-term therapy in patients
with mechanical circulatory support. Accumulating evidence has sug-
gested that multiple miRNAs may serve as novel biomarkers and new
therapeutic targets through their important roles in many biological
processes, Relatvely non-invasive measurement of circulating miRMAs
could be beneficial in the care of patients with LVAD.

In condusion, the results of the current study suggest that after
LVAD implantation, low pulsatile flow upregulates plasma levels of cir-
culating flow-sensitive miRMAs, contributing toendothelial dysfunction
and vascular remodeling. Future investigations focused on the explana-
tion of dynamic changes in miRNAs as potential markers or active sub-
stances offin adverse events or even as tools for therapeutic
interventions to prevent vascular changes in pathological flow condi-
tionsare warranted.
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PRACE D je zaméfena na vliv kontinualniho, nefyziologického toku krve na cévni systém
z pohledu procest detekovanych ptimo ve stén€ aorty pomoci uréeni zmén v expresi mRNA

a miRNA.

Vlivem implantace mechanické srde¢ni podpory s kontinualnim tokem krve dochazi
k zdsadnim histologickym zménam ve sténé aorty, zejména k degeneraci hladkych
svalovych bun¢k a elastickych vldken. Nepulsatilni tok krve miize vést ke zhorSovani
funk¢nich parametrii stény aorty (jako tuhost cévni stény), k morfologickym zménam nebo
dynamické remodelaci aorty. Jak jiz bylo uvedeno vySe, miRNA jsou kratké nekodujici
useky RNA, které reguluji expresi cilovych genti a ovliviiuji mnozstvi bunéénych procest a
biologickych jevi. MiRNA jsou za normalnich podminek pfitomny pouze v malém
mnozstvi, které se ale zvySuje pfi mnohych patologickych stavech. Hladiny cirkulujicich
miRNA mohou potencionalné ovlivnit geny regulujici endotelidlni a hladké svalové buiky,

zanét nebo sterosklerdozu.

Do této monocentrické, prospektivni studie bylo zatazeno 16 pacienti s implantovanou
mechanickou srde¢ni podporou s kontinualnim tokem krve (4 HMII a 12HM3). Primérny
vek ve studijni skupin€ byl 57let (18-65). Pacienti byli implantovani v Institutu klinické a
experimentalni mediciny v Praze mezi lety 2015 a 2018. Etiologie srde¢niho selhani byla
pievazné neischemickd a primérnd doba trvani byla 382 dni (162-887). Studovany byly
parované vzorky stény aorty odebrané pfi implantaci LVAD a nésledné pii transplantaci

srdce. Detailni popis odbéru vzorkt a nasledné analyzy je uveden v ptilozeném ¢lanku.

Vysledky studie naznacuji, ze vlivem implantace MSP dochéazi k vyznamnym zménam
mRNA zavzatych do extracelularni matrix a organizace kolagennich vldken. Tato skutecnost
muze zpusobovat poruchu homeostazy extracelularni matrix vedouci ke zmén¢ morfologie
cévni stény a jeji tuhosti. Zarovenl bylo nalezeno mnoZstvi deregulovanych miRNA
souvisejicich s remodelaci cévni stény a progresi endotelialni dysfunkce. Tato studie jasné
ukézala, ze zména charakteru krevniho toku ovliviluje cévy a cévni systém jiz na genetické

urovni.
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Abstract: Studying the long-term impact of continuous-flow left ventricular assist device (CF-LVAD)
offers an opportunity for a complex understanding of the pathophysiology of vascular changes in
aortic tissue in response to a nonphysiological blood flow pattern. Our study aimed to analyze aortic
mRNA/miRNA expression changes in response to long-term LVAD support. Paired aortic samples
obtained at the time of LVAD implantation and at the time of heart transplantation were examined
for mRNA /miRNA profiling. The number of differentially expressed genes (Pcorr < 0.05) shared
between samples before and after LVAD support was 277. The whole miRNome profile revealed 69
differentially expressed miRNAs (Pcorr < 0.05). Gene ontology (GO) analysis identified that LVAD
predominantly influenced genes involved in the extracellular matrix and collagen fibril organization.
Integrated mRNA /miRNA a_nalysis revealed that potential targets of miRNAs dysregu_lated in
explanted samples are mainly involved in GO biological process terms related to dendritic spine
organization, neuron projection organization, and cell junction assembly and organization. We found
differentially expressed genes participating in vascular tissue engineering as a consequence of LVAD
duration. Changes in aortic miRNA levels demonstrated an effect on molecular processes involved
in angiogenesis.

Keywords: mRNA; microRNA; aorta; mechanical circulatory support; left ventricular assist device

1. Introduction

The use of continuous-flow left ventricular assist devices (CF-LVADs) in patients with
end-stage heart failure has become a widely used and sustainable treatment strategy, both
as a bridge to transplant (BTT) and as destination therapy (DT). CF-LVAD may induce
pathological changes to the aortic wall and aortic valve [1]. Important histologic changes
in the aortic wall, before and after CF-LVAD implantation, with degeneration of smooth
muscle cells and elastic fibers, were previously reported [2]. CF-LVADs may contribute
to the deterioration of aortic functional parameters (e.g., aortic stiffness) or structural
changes (e.g., increase of wall thickness or collagen content) through adverse effects of
the nonphysiological flow [3]. The nonpulsatile flow of CE-LVAD generates dynamic
remodeling within the aorta. Remodeling within the aortic root and proximal ascending
aorta may also contribute to the pathophysiology of aortic regurgitation with CF-LVAD.

Int. J. Mol. Sci. 2021, 22,7414 https:/ /doi.org/10.3390/ijms22147414
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Studies have demonstrated that the proximal aorta dilates after chronic CE-LVAD support,
and that an increasing aortic diameter was associated with the development of aortic
regurgitation [4].

MiRNAs are endogenous small noncoding RNAs that regulate mRNA translation of
target genes through the RNA interference pathway, strongly influencing a wide range
of cellular processes and biological pathways [5]. As such, miRNAs are fine-tuners of
gene expression patterns in response to pathophysiological stimuli. Most miRNAs are
more ubiquitously expressed and are not cell-type specific. Thus, many miRNAs are
expressed at relatively low levels under basal conditions, but during pathological stress,
are strongly upregulated [6]. Changes in tissue miRNA expression levels due to blood
flow can potentially affect networks of genes regulating endothelial and vascular smooth
muscle cell (SMC) function, inflammation, and atherosclerosis [7].

Alteration in gene expression reflects changes in cellular function and behavior, in
development, and disease states. The major cardiovascular diseases, including coronary
artery disease, myocardial infarction, congestive heart failure and common congenital
heart disease, are caused by multiple genetic and environmental factors, as well as the
interactions between them. The underlying molecular pathogenic mechanisms for these
disorders are still largely unknown, but gene expression may play a central role in the
development and progression of cardiovascular disease [8]. Gene expression analysis
can also contribute to understanding and discovering novel and sensitive biomarkers of
cardiovascular disease. Over the past two decades, methods of measuring gene expression
have improved dramatically with a plethora of hybridization arrays available, followed by
RNA-Seq, the sequencing of short or long RNA reads using massively parallel sequencing
technology [9].

Studying the long-term use of LVADs offers an opportunity for a complex understand-
ing of the pathophysiology of vascular changes in patients with mechanical circulatory
support, which produce nonphysiological blood flow patterns. The aim of the present
study was therefore to detect accurate mRNA /miRNA associations in the aorta in response
to long-term LVAD.

2. Results

The principal component analysis of expression profiles segregated samples before
and after LVAD support (Supplementary Figure S1). The mRNAs profile (Figure 1A)
demonstrated differentially expressed genes (DEGs). We identified a total of 277 DEGs
(Pcorr < 0.05) after long-term LVAD support. 141 DEGs were upregulated in aortic tis-
sue after LVAD support. Between twenty DEGs, we identified Collagen Type [ Alpha 2
Chain (COL1A2); Chemokine-like receptor 1 (CMKLRT); S100 calcium-binding protein A4
(5100A4); Elastin (ELN); and Collagen Type III Alpha 1 Chain (COL3A1) to be upregulated
(all Pcorr < 0.0001). Solute Carrier Family 12 Member 2 (SLC12A2); Pyruvate Dehydroge-
nase Kinase 4 (PDK4); Inhibitor of DNA Binding 1 (ID1); Arginine and Glutamate Rich 1
(ARGLUT) and noncoding RNA metastasis-associated lung adenocarcinoma transcript 1
(MALATT) were downregulated (all Pcorr < 0.0001, Supplementary Figures S2 and S3). The
Wald test performed on samples after support to assess the effect of HeartMate II (HM 1I),
and HeartMate 3 (HM 3) devices did not show any significantly differentially expressed
genes (Supplementary Data S1).

Gene ontology (GO) analysis identified 31 biological processes in GO terms enriched
in explanted tissue (false discovery rate (FDR) g-value < 0.001), predominantly involved in
extracellular matrix organization and collagen fibril organization. Moreover, 17 molecular
functions of GO terms, and 10 cellular components of GO terms were also enriched
(Supplementary Data S1).
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The whole miRNome profile revealed 69 DE miRNAs (Pcorr<0.05, after Bonferroni
correction (BFC), Figure 1B). A total of 30 miRNAs were upregulated (Supplementary
Data 51), and the most increased expression was detected for let-7a/d/e/f; miR-181a/b;
miR-29b; miR-149 and miR-99b (all Pcorr < 0.01). The opposite effect of LVAD was found
on miR-19a/b; miR-654; miR-664a; miR-885; and -511 (all Pcorr < 0.01).

With the usage of miRWalk and miRDB, 170 DEGs were identified as potential targets
of upregulated miRNAs and 159 DEGs as potential targets of downregulated miRNAs. From
these, 138 DEGs were possible targets of both group miRNAs (Supplementary Data S1).
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Figure 1. Expression profiles in aortic tissue. Volcano plot of comparative mRNA resp. miRNAs expression profiles in
samples before and after LVAD support; x-axis indicates difference in expression level on a log2 scale; y-axis represents
corresponding P-values on a negative log scale. (A) mRNA profile: yellow points indicate mRNAs with Pcorr < 0.001; red
points indicate mRNAs with Pcorr < 0.05, & Pcorr > 0.001, & llogfc| > 3.5.; (B) miRNA profile: yellow points indicate
miRNAs with Pcorr < 0.001; red points indicate miRNAs with Pcorr < 0.05, & Pcorr > 0.001.

In order to discover the relationship between deregulated miRNAs and mRNAs, Pear-
son correlation between differentially expressed miRNAs and all potential target mRNAs
was assessed (Figure 2). This integrated mRNA/miRNA analysis revealed that potential
targets of miRNAs upregulated in explanted samples are mainly involved in GO biolog-
ical process terms related to cell junction assembly and cell junction organization (FDR
q-value < 0.05, Supplementary Data S1). Enriched GO terms in targets of downregulated
miRNAs were related to dendritic spine organization and neuron projection organization
(FDR g-value < 0.05, Supplementary Data S1). Moreover, an enriched Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway related to endocytosis was found (FDR
g-value < 0.05, Supplementary Data S1).
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Figure 2. MiRNAs regulatory network. Examples of flexible and selective regulatory networks between miRNAs and
mRNAs in samples after LVAD support. Selected overexpressed miRNAs are highlighted in pink circles, and underexpressed
miRNAs are highlighted in pink octagons. The targets are highlighted in blue circles. The full line indicates a positive
correlation, and the discontinued line indicates a negative correlation with target mRNAs.

3. Discussion

Our multiple regression analysis is, to our best knowledge, the first study focused
on changes in mRNA /miRNA expression in paired aortic samples collected before LVAD
implantation and at the time of LVAD explantation, during heart transplantation (HTx).

We compared gene expression profiles using a robust and simple mRNA sequencing
method. We found the significant DEGs were predominantly involved in extracellular
matrix (ECM) and collagen fibril organization in aortic tissue after LVAD explantation.
ECM is an active and dynamic structure with a fundamental role in regulating vascular
function in normal and pathological conditions. Homeostasis of the vascular ECM may
affect intrinsic properties of the arterial wall and arterial stiffness [10]. The ECM is a key
component of the local cellular microenvironment. It comprises structural proteins (e.g.,
elastin and collagen), proteoglycans, and glycosaminoglycans. Among the different cell
types, smooth muscle cells (SMCs) and fibroblasts are examples of cells that produce signif-
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icant ECM. Interestingly, Coffey et al. [11], using analysis of the integrated miRNA/mRNA
network, identified pathways predominantly involved in extracellular matrix function in
patients affected by aortic stenosis.

The previously reported histologic analysis showed significant degenerative changes
in the aortic wall, SMCs disorientation and depletion, elastic fiber fragmentation and
depletion, medial fibrosis, and atherosclerosis changes in ascending aortic tissue at the
follow-up than at device implantation [2]. Furthermore, there was evidence of structural
remodeling within the aortas of CF-LVAD patients, including an increase in total wall
thickness, an increase in collagen content, and reduced elastin content that may explain
the increase in vessel stiffness [12]. We identified elevated expression of collagens COL1AT
and COL3A1. Collagen and elastin are the most abundant ECM proteins of the aortic wall,
and they are responsible for characteristic mechanical properties—tensile strength and elas-
ticity. Over-accumulated collagen in the aorta may lead to medial fibrosis, hypothetically
resulting in decreased arterial distensibility [13]. Surprisingly, we also detected elevated
expression of ELN, which is usually lowered in processes related to atherosclerosis, such as
pathological flow. We may only hypothesize whether this phenomenon can be attributed
to compensatory mechanisms reacting on the non-physiological flow pattern or should be
a subject for further research, as the reason for this observation is unclear at this stage of
research.

We found overexpressed 510044, a member of the large family of S100 proteins,
under LVAD support. S100A4 controls different cellular pathways, exerting numerous
effects on processes that are cell- and tissue-type dependent. In activated fibroblasts, en-
dothelial, dendritic, and mast cells, as well as in macrophages, monocytes, neutrophils,
and T-lymphocytes, S100A4 has a significant role in stimulating invasion and migra-
tion, cytoskeletal dynamics and in promoting proinflammatory phenotypes [14]. S100A4
represents a well-known marker that characterizes a complex biological process where
endothelial cells assume a mesenchymal phenotype, known as the “endothelial-to mes-
enchymal transition”, changing morphology and functions, acquiring accentuated motility
and contractile properties, typical of fibrotic processes [15]. Furthermore, upregulated
CMKLR1 is currently the only chemerin receptor. CMKLR1 receptor, and the proposed pro-
and anti-inflammatory properties of chemerin, suggest a role of this adipokine in inflamma-
tory states and possibly atherosclerosis. It was reported that foam cell CMKLR1 expression
strongly and positively correlates with aortic atherosclerosis, but only marginally with
coronary atherosclerosis [16]. Our findings of aortic increased expression levels of COLIAZ;
CMKLR1; 5100A4; and COL3A1 may support previously mentioned morphological changes
in the aorta under CF-LVAD.

Changes in aortic wall functional properties as the possible consequence of a pulsatility
decrement caused by implantation of CF-LVAD were described [3]. Patel et al. reported
that patients with CE-LVADs before heart transplant had an increase in proximal aortic
stiffness compared with patients without an LVAD or with pulsatile flow LVADs before
transplant [3,17]. DEGs involved in ECM organization could also suggest a potential link
with the development of acquired aortic insufficiency (Al), a significant complication that
develops following the implantation of CF-LVAD [18,19]. We detected downregulated
MALATI, a gene coding stiffness-sensitive long non-coding RNA. This non-coding RNA
regulates stiffness-dependent VSMC proliferation and migration [20], which may influence
aortic functional properties.

Despite the advantages and improving results of the CF-LVAD therapy, the loss of
pulsatility may lead to different complications on the micro and macrovascular levels.
Vascular changes may be linked with the occurrence of clinically adverse events related to
CF-LVAD therapy, such as non-surgical bleeding, e.g., gastrointestinal bleeding related to
arteriovenous malformations [21] or von Willebrand factor (vWF) deficiency [22], or other
clinical complications such as cerebrovascular events [23,24], device thrombosis [25,26] or
development of aortic insufficiency [27,28].
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One of the pathogenetic mechanisms of cardiovascular complications with CF-LVADs
may be endothelial dysfunction. Endothelial dysfunction is related to heart failure in
general. After the implantation of the device, the endothelial dysfunction does not im-
prove and may even deteriorate [29]. In our miRNAs profile, we identified deregulated
multiple miRNAs involved in vascular remodeling (Table 1) which potentially involved
endothelial dysfunction progression. Several miRNAs have been shown to control the
varying mechanisms which govern SMC plasticity [30]. In response to LVAD, we found
upregulated miRNAs that influence SMC dynamics and downregulated miRNAs known to
stimulate apoptosis during atherosclerosis plaque development. Leeper et al. reported that
chronic SMC apoptosis accelerates vascular disease progression, promotes calcification,
and induces features of medial degeneration, like atrophy, elastin fragmentation, and
enhanced glycosaminoglycan deposition, thus worsening endothelial dysfunction [30].

Table 1. miRNAs participated in vascular remodeling in aortic tissue.

miRNA Expression Target (s) Function
miR-23b - TLP3, FOXO4, CHI3L1, SMAD3 SMCs proliferation, diffe_rent'iation, cytokine
production
MmiR-29b COL1A1, COL3A1, COL5A1, ELN, MMP2, MMP9,  ECM production, SMCs proliferation, arterial
up PTEN, ADAMTS7 calcification, cell apoptosis
miR-155 i SMAD, BCL6, CTLA4, MMP1, MMP3, SOCS, SMCs differentiation, regulation of
P NF-xB signaling transcription factor inflammation
miR-206 up ARF6, SLC8A1 SMCs differentiation
miR-34a down SIRT1, NOTCH SMCs proliferation, differentiation
SMCs differentiation, proliferation
miR-145 up KLF4/5, MYOCD, ELK1, SRF, SOX9 Inhibits TGF-§3 signaling, ECM production,
regulation of fibrosis
ECs proliferation, differentiation,
miR-19a/b down FZD4, LRP6, TLR2, TGFBRI/TGFBRII angiogenesis, WNT signaling pathway,
regulation of fibrosis
miR-20a down MKK3, TLR4 e
angiogenesis, TXNIP signaling, inflammation
miR-149 up FGFR1, GPC1 Regulation of angiogenic functions of ECs
Let-7a/c/e/f up TGFBR3, TBX5, ADRB1, EDN1, FGF5, IL6, IkBS Dgiantns et ppenig 0t an
inflammation
miR-100 up mTOR, NOX4 Regulation of neovascularization
miR-99b up NOX4, TGFB Differentiation of ECs
: Promotion of the synthesis of ECM and
miRalele L i 0t collagen, regulation of fibrosis
miR-142-3p down ADAMSY, HMGB1, AZIN1, JNK1 Regulation of fibrosis
miR-15b/16 divven TGF-BR1, p38, SMAD3, SMAD7, ENDOGLIN, Regulation of f1br1?51s, ce]l_ apoptosis, and
AKT3 angiogenesis
miR-885 down ULK2 Cell autophagic processes
miR-511 down FOXC1 Regulation of angiogenesis
iR GG dowii TGFBR2, AKT Inhibits TGF-p 51g.na]1ng, .ECM production,
regulation of fibrosis
miR-654 down PTEN, ATM, ADAM10, RAB22A Regulation of fibrosis and inflammation

For more details see [30-44].
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Several authors, including Morgan et al., observed worsened endothelial function in
long-term CF-LVAD patients [31]. In our study, we observed dysregulation in miRNAs
participating in the regulation of vascular development, growth, and differentiation [32],
which may indicate the role of these miRNAs in the further development of endothelial
dysfunction. Interestingly, we also identified upregulated miRNAs that regulate mRNAs
encoded by genes in human endothelial cells related to vascular function and blood
pressure regulation [33].

Correlation analysis revealed that miR-409-3p (upregulated in explanted tissue), one
of the most potent fibrinogen downregulating miRs [45], potentially affects the expression
of the highest number of genes (10 genes with a correlation coefficient higher than 171).
However, only two genes correlated negatively, suggesting they may be direct targets
(ZEBI and RAP1A). ZEB1 gene is associated with the regulation of vasculogenesis [46],
whereas RAP1A promotes angiogenesis and dynamic regulation of endothelial barrier [47].

It should be mentioned that in our study, patients with two types of LVAD were
studied—an axial-flow LVAD HeartMate Il and the HeartMate 3, a centrifugal-flow pump
with intrinsic artificial pulsatility. Nevertheless, this intrinsic pulsatility was originally
designed to enhance pump washout and prevent blood stasis and thrombosis. Our previous
work found that this pulsatility does not avert endothelial dysfunction [29,48]. Therefore,
the HeartMate 3 should also be considered as CF-LVAD. We are aware that our population
of patients is not exceedingly large; nevertheless, we did not observe any differences
between the pump types.

The vasculature is one of the most dynamic tissues that encounter numerous me-
chanical cues derived from pulsatile blood flow, blood pressure, the activity of smooth
muscle cells in the vessel wall, and the transmigration of immune cells [49]. Endothelial
cell junction assembly and cell junction organization play pivotal roles in tissue integrity,
barrier function, and cell-cell communication, respectively [50]. In this study, a multistep
approach combining mRNA and miRNA expression profiles and bioinformatics analysis
was adopted to identify the mRNA /miRNA regulatory network. Enriched GO terms in
targets of upregulated miRNAs were related to cell junction assembly and cell junction
organization.

4. Materials and Methods
4.1. Subjects

All examined individuals provided their informed consent, which the institution’s
ethics committee approved together with the study protocol. The protocol of this study
was conducted according to the principles of the Declaration of Helsinki [51].

A total of 16 patients (median age 57 years, range 18-65) who required mechanical
circulatory support from HeartMate II (N = 4) and HeartMate 3 (N = 12) as a bridge to
transplantation or destination therapy from July 2015 to March 2018 at the Institute for
Clinical and Experimental Medicine in Prague, were enrolled in our study. The etiology
of heart failure was predominantly nonischemic dilated cardiomyopathy (N = 13). The
median LVAD support duration was 382 days (ranging from 162 to 887 days). The basic
characteristics of the patients are summarized in Table 2.
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Table 2. Demographics of the patients selected for mRNA /miRNA analysis.

N (female %) 16 (18.8%)
Age (vears) 49.6 £ 16.8
BMI (kg/m?) 25.6 £ 55
Diabetes mellitus (%) 1(6.3%)
Hypertension (%) 8 (50%)
Hyperlipidemia (%) 5(31.3%)
CVA/TIA (%) 0
NYHA classification IV (%) 11 (68.8%)
Etiology of nonischemic DCM (N) 13
Idiopathic 11
Familial 1
Toxic 1
Etiology of hypertrophic cardiomyopathy 1
Etiology of ischemic DCM (N) 1
Etiology of noncompact DCM (N) 1
CRTD/ICD before LVAD implant, % 12 (75%)
Type of LVAD
Heart Mate II 4
Heart Mate 3 12
Days of LVAD support (days) 382 (325.5)

HF, heart failure; CVA, cerebrovascular accident; TTA, transient ischemic attack; NYHA, New York Heart Associa-
tion; DCM, dilated cardiomyopathy; CRTD, cardiac resynchronization therapy defibrillator; ICD, implantable
cardioverter-defibrillator. Categorical data are presented as number (%), continuous data as mean + SD or median
(IQR), respectively. Familial DCM is only defined if the patient has one or more family members diagnosed with
idiopathic DCM or has a first-degree relative who experienced sudden unexplained death under 35 years. Days
of LVAD support are based on patients who already underwent HTx.

4.2. Sampling

Paired aortic tissue was obtained at the time of LVAD implantation and at the time
of HTx from CF-LVAD patients. Approximately 30 mg of tissue was immediately after
exclusion from aorta inserted into RNase /DNase-free tubes pre-filled with All Protect
Tissue Reagent (Qiagen GmBH Strasse 1, Hilden, Germany). Samples were stored for
24 weeks at 4 °C and then at —80 °C before RNA extraction. The storage time of tissue
ranged from 33 to 876 days.

4.3. mRNA and miRNA Analysis

Total RNA, including miRNA, was extracted from 10 mg of aortic tissue according
to protocol using the miRCURY™ RNA isolation kit for tissue (Qiagen GmBH Strasse 1,
Hilden, Germany). RNA quality and quantity were assessed using a Fragment Analyzer
system (Agilent technologies, 301 Stevens Creek Blvd., Santa Clara, CA, USA).

Gene expression was measured in paired samples from 10 patients. QuantSeq 3’
mRNA sequencing for RNA quantification was performed using a high-throughput tech-
nique using 3'mRNA-Seq Library Prep Kit FWD and 3'mRNA-Seq Library Prep Kit REV
(https:/ /www.lexogen.com/quantseq-3mrna-sequencing /; accessed on 20 March 2020)
at Lexogen (Campus Vienna Biocenter 5, 1030 Vienna, Austria). QuantSeq. 3’ mRNA
library preparation predominantly produces fragments for sequencing close to the 3’ end
of polyadenylated mRNA, generally from the last exon and the 3’ untranslated region
(3 UTR) [52]. The total RNA input was 20 ng. There was no prior poly(A) enrichment
or rRNA depletion. The QuantSeq Forward kit has an oligo (dT) primer containing the
llumina-specific Read 2 linker (P7), which is annealed to the 3’ end of the mRNA fragment
to synthesize the first cDNA strand via reverse transcriptase. The second strand synthesis
is commenced by random priming and DNA polymerase extension. The random primer
contains the lllumina-specific Read 1 linker sequence (P5). Sequencing commences from
the Read 1 sequencing primer and goes toward the poly(A) tail with only one fragment
produced per transcript [9].
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SYBR green-based real-time quantitative PCR (RT-PCR) for miRNA profiling (in a total
of 16 patients) was performed using miRNome Panels (Qiagen GmBH Strasse 1, Hilden,
Germany). Passive Reference Dye (ROX™ 30 nm) was included for all PCR reactions.
Measurement was performed using the QuantStudio6 Flex instrument (ThermoFisher
Scientific, 81 Wyman Street, Waltham, MA, USA). Inter-plate calibrators (IPC) for calibration
between PCR plate runs, and spike-in controls to ensure the quality of RNA isolation, cDNA
synthesis reaction, and PCR was included in each measurement [53].

4.4. Processing of mRNA Sequencing Data

QuantSeq 3' mRNA sequencing produced 140 million reads with 35-76 bp length. Raw
reads were trimmed of bases with Phred 33 quality lower than 30 using Cutadapt software
v2.9 [54]. Reads mapping to rRNA and UniVec (common vector contaminations in RNA
sequencing) databases were discarded. Mapping was performed using a bowtie aligner [55],
with one mismatch allowed. The remaining reads were mapped with STAR aligner to the
human genome (GRCh 38.95), with one mismatch allowed [56]. Only uniquely mapping
reads were assigned to individual genes using featureCounts software [57].

4.5. DESeq2 Analysis of mRNA Expression

Genes with less than 10 counts per all samples were removed before further analysis.
Raw counts were normalized using the median ratio method built in DESeq2 software [58].
To account for paired samples, parameters included in the DESeq2 model were patient
IDs and conditions before (implant) and after (explant) LVAD. Differential expression
between implant and explant samples was tested with one parameter Wald test built in
DESeq2; p values were adjusted for multiple testing with Bonferroni correction (BFC). A
p-value < 0.05 was considered statistically significant.

4.6. Gene Ontology Analysis

Gene ontology was performed using Gene Ontology enRIchment analysis and visu-
aLizAtion tool (Gorilla), a web-based tool [59]. All genes expressed in measured samples
(threshold > 10 raw counts per all samples) were ranked using the following formula -log
(p-value) * log2FC; the resulting list was used as input for calculating the p-value of the
minimum hypergeometric score, as described in detail by [60]. KEGG pathway analysis
was performed with clusterProfiler tool using 10,000 permutations and a gene set size
between 3-800 genes. As input for KEGG pathway analysis, the same ranked list of genes
was used for GO analysis [61,62].

4.7. miRNA Profile Analysis

Gene Expression software (GenEx SW, Multid Analysis AB, Goteborg, Sweden) was
used for miRNA expression analysis. Ct values higher than 35 were replaced by 35. A
total of 330 miRNAs with a call rate <40% (i.e., more than 60% data are invalid of that
miRNA) were removed from further analysis. The missing data, exceedingly low miRNA
levels, were replaced by deltaCt + 2 (representing at least 1/4 of the detectable miRNAs
amount). Data were normalized with the mean expression of all miRNAs and converted
to relative quantities and Log2. P values were corrected for multiple testing with BFC. A
p-value < 0.05 was considered statistically significant.

4.8. Integrated mRNA/miRNA Analysis

Differentially expressed miRNAs were used to predict mRNA targets in miRWalk (hitp:
/ /mirwalk.umm.uni-heidelberg.de/search_mirnas/; accessed on 18 October 2020) and
miRDB (http://www.mirdb.org/; accessed on 18 October 2020) databases. miRDB target
prediction was restricted to gene targets with prediction scores less than 60, and miRNAs
with more than 2000 genes in the genome were excluded. For prediction in the miRWalk
database, no restrictions were used. All genes expressed in our samples, which appeared
in the predicted targets in either of the databases, were used for correlation analysis.
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Pearson correlation was used to correlate logy transformed normalized expression values
of differentially expressed miRNAs with log;( transformed normalized expression values
of expressed genes. Only pairs with a correlation better than —0.7/0.7 were considered for
further GO analysis and KEGG pathway. GO analysis and KEGG pathway were performed
using clusterProfiler with the same parameters described in Section 4.6.

5. Conclusions

The study provides additional insight into the pathophysiology of vascular changes
observed in patients after LVAD implantation. Significant regulation of mRNAs involved
in ECM and collagen fiber organization in response to the implantation of LVAD was
observed, which may suggest infliction of ECM homeostasis resulting in changes of intrinsic
properties of the vascular wall and arterial stiffness.
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PRACE E predstavuje souhrn sou¢asnych poznatk( tykajicich se vlivu MSP na cévni systém.
V Uvodu popisuje jednotlivé typy nynéjsi srdec¢nich podpor a jejich vliv na fyziologii cévniho
pratoku. Levostranné srde¢ni podpory béhem svého vyvoje byly nejprve pulsatilni ve snaze
co nejvice napodobit fyziologicky tok krve. MnoZstvi soucasti a jejich kontakt s krvi pacienta
se vSak odrazil v nizsi spolehlivosti a Zivotnosti ¢erpadel, zejména v porovnani se soucasnou
generaci. Vyvoj poté sméroval k podporam generujicim kontinudlni tok krve. To umoznilo
zmenseni velikosti i prodlouZeni Zivotnosti, avSak za cenu ztraty pulsatility. A pravé vliv
nepulsatilniho toku krve na cévni systém a vznik komplikaci je v sou¢asné dobé stdle velmi
malo prozkoumanou oblasti. Prace dale popisuje nej¢astéjsi komplikace spojené s timto

typem terapie terminalniho srdec¢niho selhani.

Prace se podrobnéji vénuje studiim vénujicim se zméndm v karotickém recisti vliivem MSP.
Tyto zmény jsou dobre detekovatelné prostym sonografickym vySetienim. VSechny studie
se shoduji na tom, Ze ke zménam v karotickych tepnach dochazi, a dokonce je mozno na
zakladé téchto zmén urcit mozné riziko zavaznych komplikaci pro konkrétniho pacienta.
Dale se prace zaméfuje na zmény cirkulujicich biomarker( vaskularniho poskozeni,
konkrétné cirkulujicich mikroc¢astic, endoteliadlnich progenitorovych bunék a kmenovych
bunék a cirkulujicich mikroRNA. U vsech téchto marker(i dochazi ke zméné hladin po
implantaci MSP, at uZ ve srovnani s kontrolami, nebo postupné v ¢ase od implantace. Je
tedy ziejmé, Ze kontinualni tok levostrannych mechanickych srdecnich podpor cévni
systém ovliviiuje. Nékteré vysledky dokonce naznaduji, Ze bude potenciondlné moziné
vyuzit dané poznatky k predikci rizika nezadoucich udalosti. Zavér studie potvrzuje jasné
zfetelny vliv kontinualniho toku MSP na cévy a cévni systém. Zaroven se jedna o velmi
dllezité poznatky pro vyvoj dalSich a stale dokonalejsich generaci mechanickych srdec¢nich

podpor.
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Abstrakt

Implantace mechanickych srde€nich podpor je spolu s transplantaci srdce zakladni modalitou terapie konzervativné nefesi-
telného srdecniho selhani. Dnes nejéastéji vyuzivané levostranné srdecni podpory s kontinudlnim tokem krve svym pfijem-
cim zlep3uji preZivani i kvalitu Zivota, zaroveri je ale ohroZuji mnozstvim specifickych komplikaci. Jednim z faktord, které
k tomuto jevu pfispivaji, miZe byt vliv kontinudiniho toku krve na cévni systém. K posouzeni tohoto jevu lze pouZit mnoz-
stvi metod, nejéastéji zobrazovacich, reprezentovanych pfedevsim ultrasonografickym vySetfenim cévniho systému, ale
i metod laboratornich reprezentovanych napiiklad kvantitativnim méfenim cirkulujicich mikro¢astic, endotelidlnich proge-
nitorovych bunék, pfipadné mikroRNA. Cilem této préce je shrnout naSe dosavadni vysledky a zkuSenosti v této oblasti.

Kli¢ova slova: cévni systém - mechanické srdecni podpory - srdeéni selhani

Abstract

The implantation of mechanical circulatory supports is, together with heart transplantation, the basic modality of therapy for
the end-stage heart failure. The most frequent left ventricular assist devices with continuous flow improve survival and
quality of life of their recipients, but they also put them at risk through a number of specific complications. One of the po-
tential side effects under intensive discussion is unfavorable impact of continuous blood flow on the vascular system.
A number of methods are used to study this phenomenon; among the most frequently used are imaging methods, includ-
ing vascular ultrasound, but also laboratory methods including circulating microparticles, endothelial progenitor cells, mi-
croRNA etc. In this article we would like to summarize our previous findings and experiences in this field.

Key words: heart failure - mechanical circulatory support - vascular system

Uvod

Dlouhodobé mechanické srde¢ni podpory (MSP) jsou v sou-
tasné dobé jiz zlatym standardem terapie terminaini faze sr-
de€niho selhdni [1]. Jednd se o implantabilni pumpy nasité
nejéastéji na levou, vzacné pak na pravou komoru srdeé¢ni, na-
hrazujici jeji funkci. Vné téla pacienta je patrny pouze napéjeci
kabel Ustici v oblasti epigastria, ktery je napojeny na fidici jed-
notku a baterie (obr. 1). Nejéastéjsi indikaci implantace MSP
celosvétové je tzv. destinaéni terapie (DT - Destination The-
rapy) [2], druhou nejéasté&jsi je ,most k transplantaci® (BTT -
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Bridge To Transplant,). Doba trvani MSP je u obou skupin paci-
entd v rdmci mésict a let.

Ackoliv prvni mechanické srdeéni podpory fungovaly na
principu pulzatilniho toku krve [3], ale brzy se u nich ukazalo
vy33§i riziko selhani pumpy pro mnoZstvi sloZitych komponent
a také vyS3i vyskyt infekce [4].

Proto se vyvoj posunul smérem ke 2. generaci MSP,
u nichZ je pumpou axialniho typu generovan kontinualni, ne-
pulzatilni tok krve (napf. HeartMate Il - HM Il, Abbott, Abbott
Park, lllinois, USA). Zatim nejdokonalejsi 3. generace MSP
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je zaloZena na principu elektromagnetického nebo hydrody-
namickeého zavésného rotoru bez pfitomnosti loZisek (obr.).
Tim je umoznéno zmens$eni velikosti ¢erpadla a omezeni
kontaktu s krevnimi elementy, coZ sniZuje riziko trombdzy
a dal$ich komplikaci a zvy3uje Zivotnost pfistroje. Pfikladem
tohoto nejnovéjsiho typu MSP je HeartMate3 (HM Ill, Abbott,
Abbott Park, lllinois, USA), u kterého elektromagneticky levi-
tujici rotor v pravidelnych intervalech sniZuje a zvySuje rych-
lost pumpy, ¢imzZ vytvafi arteficidlni pulzatilitu slouZici ze-
jména k zamezeni stdzy krve uvnitf pfistroje, ¢imz je dale
sniZeno riziko trombézy pumpy. Av3ak riziko trombotickych
komplikaci je pFitomno i nadéle, proto je u obou vySe zminé-
nych typt MSP nutné trvalé antikoagulagni terapie, nejéas-
téji warfarinem, spojend s antitrombotickou terapii kyselinou
acetylsalicylovou. Nastaveni spravné trovné a sily antikoa-
gulace a vyvaZeni trombotickych a krvacivych neZzadoucich
udélosti u pacientd s MSP je v soucasné dobé pfedmétem
nékolika mezinarodnich studii [5,6].

Levostranné mechanické srdecni podpory s kontinuél-
nim tokem krve (CF-LVADs - Continuous Flow Left Vent-
ricuar Assist Devices) vyrazné zlepsuji kvalitu Zivota a sni-
Zuji dmrtnost pacient( v terminalni fazi srdeéniho selhéni,
ale tito pacienti jsou zaroven ohroZeni nékterymi zavaznymi
komplikacemi [7,8,9]. Mezi nejzavaZnéjsi patfi vyznamné
krvaceni a tromboembolické komplikace postihujici i cen-
tralni nervovou soustavu [10]. Rizikovym faktorem pro tyto
komplikace by mohl mit i nepulzatilni charakter pritoku. | dle
nasich zkusenosti je mozné vliv srde¢ni podpory zjistit ultra-
sonografickym cévnim vySetfenim, kvantitativnim stanove-
nim cirkulujicich biomarker( endotelidlniho poskozeni, pfi-
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padné dal&imi metodami. Cilem této prace je shrnout nade
dosavadni vysledky a zkugenosti v této oblasti.

Zmény v karotickém fecisti u pacientd

s mechanickou srdeéni podporou detekované
ultrasonograficky

Patofyziologie cévnich zmén u pacientd s mechanickou sr-
deénf podporou je pfedmétem mnoha studii [11-14]. Zadna
ze studii v8ak zatim tyto zmény pIné nevysvétlila ani nepo-
soudila jejich vliv na progndzu pacientd. Jednou z moznosti,
jak predikovat riziko zejména vaskularnich komplikaci, mize
byt prosté sonografické vySetfeni karotickych tepen doplnéné
posouzenim tuhosti cévni stény a endotelialni (dys)funkce.
V naSem piipadé jsme uréili index hyperemie a augmentaéni
index systémem EndoPAT2000 a v pfedchozi préci jsme zjistili,
Ze po implantaci MSP doslo k poklesu indexu hyperemie mezi
3. a 6. mésicem po implantaci a zaroven ke zvySeni augmen-
taéniho indexu, a tedy ke zhorSeni tuhosti cévni stény [14].
Kombinaci ultrasonografického vySetieni karotickych tepen
doplnénou o méfeni arteriadlni tuhosti jsme vyuZili v mono-
centrické, prospektivni studii k ureni vztahu morfologic-
kych a hemodynamickych zmén v karotickém fecisti u pa-
cientl s CF-LVAD k riziku Gmrti nebo cerebrovaskularnich
pfihod [15]. Do studie bylo zafazeno 83 pacientd indikova-
nych k implantaci (provedené mezi lety 2014 a 2018). Bylo
provedeno neinvazivni vy$etieni karotickych tepen pomoci
sonografie a byly posuzovany jak morfologické, tak hemo-
dynamické parametry (Belcaro score, pulzatilni index, rezi-
stivni index). Zaroven byla pomoci systému Endopat 2000
méfena tuhost cévni stény jako augmentacni index. VySetfeni

pfeiiti bez
mozkové piihody

=

ovliviiujici faktory

1 pulzatilni

index
implantace
HeartMate 1|
nebo T
pulzatilni tuhost
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probihalo pfed implantaci a 3 a 6 mésicl po implantaci, median
doby sledovani byl 27 mésict. Béhem sledovani 16 pacient( ze-
mielo a 4 pacienti prodélali nefataini ischemickou cévni mozko-
vou pithodu. Hlavnim nélezem bylo, Ze zvySeny pulzatilni index
v karotickych tepnach méfeny 3 mésice po implantaci MSP byl
silnym prediktorem rizika dmrti a cévni mozkové pfihody; tato
asociace byla jesté silngjsi, pokud byla do analyzy pridéna tuhost
cévni stény vyjadiend jako augmentacni index. Dal$im ndlezem
bylo, Ze implantace HM IIl (Heart Mate) méla protektivni efekt
(schémay). Vyznam stanoveni parametrd pratokd v karotickych
tepnéch podporuji i mensi studie. Napfiklad studie u 13 pa-
cientl ukézala, Ze vrcholova systolicka rychlost se sniZila po
implantaci levostranné MSP ve vnitfnich i spoleénych karo-
tickych tepnach, zatimco stfedni rychlosti v téchto tepnach
zistaly stabilni [16]. Dalsi prifezova studie se 16 pacienty
s CF-LVAD poukazuje na niZ$i poddajnost a roztaznost ka-
rotickych tepen po implantaci [17].

Je v8ak tieba zminit, Ze vzhledem ke kontinudlnimu charak-
teru toku krve je absolutni hodnota pulzatilniho indexu v ka-
rotickych tepnach nizsi neZ u pacientd bez MSP. Na ultra-
sonografii detekovatelna pulzni vina mize byt disledkem
otevirani aortalni chlopné pfi nelpiném unloadingu levé
komory pfi zachovalé kontraktilité obou komor nebo i roz-
dilu tlaku mezi levou komorou a aortou z dlvodu senzitivity
terpadla k preloadu. MSP 3. generace HM Il m4 arteficiani
pulzatilitu zptsobenou periodickym zvy$ovanim a sniZova-
nim rychlosti pumpy. Ta v§ak nemé za cil nahradit fyziolo-
gicky pulz, nybrZ zajistit adekvétni proplach pumpy.
Cirkulujici biomarkery vaskularniho
poskozeni
Dalsi ukazatele stavu cévniho systému u pacient( s MSP jsou
cirkulujici biomarkery, zahrnujici i cirkulujici mikro¢astice, cir-
kulujici endotelialni progenitorové a kmenové buriky a vasku-
larni mikroRNA (MiRNA).

Cirkulujici mikroGastice
Cirkulujici mikrocastice jsou drobné ¢astice vznikajici v obého-
vém systému a v burikdch cévni stény pfi jejich aktivaci nebo

poskozeni [18]. Mikro&astice jsou jednim z kone&nych pro-
duktl apoptdzy a jejich mnozstvi byva zvyseno u fady chorob-
nych stavil véetné srdecniho selhani a cévnich chorob. Nej-
¢ast&jsf misto produkce mikroéastic jsou endotelidini buiiky
a trombocyty. Nepulzatilni tok krve generovany MSP zpiiso-
buje zvySené zatiZzeni a nasledné poskozeni bunék cévniho sys-
tému. Studie provedend na 30 pacientech s LVAD HM Il pro-
kazala signifikantni pokles cirkulujicich mikro¢éstic 3 mésice
po implantaci srde¢ni podpory [12]. Tyto vysledky mohou na-
znacovat, Ze minimalné prvni 3 mésice od implantace pre-
vlada pozitivni efekt MSP na kardiovaskularni systém, tedy
véetné cévnich struktur.

Endotelidlni progenitorové buriky a kmenové
buriky

Cirkulujici endotelidlni progenitorové (EPC - Endothelial
Progenitor Cells) a kmenové buiiky (SC - Stem Cells) jsou
zejména ukazatelem reparace bunék, jsou tvoreny v kostni
dieni pfi akutnim vaskularnim poskozeni a nutnosti obno-
veni endotelu. Studie ¢itajici 14 pacientd s LVAD posuzovala
mnozstvi EPC a SC pfed implantaci podpory a dale ve 3., 6.,
9. a 12. mésici po implantaci a srovnavala tato data s daty
pacient( se srdeénim selhanim bez MSP a se zdravymi kon-
trolami. Po implantaci MSP do3lo ke sniZeni hladiny SC po
3 mésicich, jejich navySeni 9 mésicl po implantaci a jejich
mirny pokles ve 12 mésici (graf). MnoZstvi EPC vyznamné
kleslo 3 mésice po implantaci a nevyznamné se zvysilo
mezi 3. a 9. mésicem [14]. Tyto vysledky mohou poukazovat
na ¢asné zlep$eni stavu cévniho systému korekci disledkl
téZkého srdecniho selhdni implantaci MSP, ale i na nasled-
nou endotelidini dysfunkci spojenou s timto postupem.

Cirkulujici mikro RNA

MiIRNA jsou krétké, nekddujici Gastice RNA zapojené do sek-
venéné specifické posttranskripéni regulace genové exprese.
Nékteré MiRNA jsou uvolfiovany z poskozenych endotelidinich
bunék a aktivné se podileji na dysregulaci cévniho systému
mechanizmem podobnym hormonalnimu pisobeni [19]. Hla-
diny ,cévné aktivnich® MiRNA u pacientd jiZ pred implantaci

Graf | Vyvoj poctu kmenovych bunék po implantaci srdecni podpory (Heart Mate 11)
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LVAD a déle 3, 6, 9 a 12 mésicd po implantaci narGstaly [20].
Z tohoto vysledku Ize usoudit, Ze po implantaci LVAD s kon-
tinudlni tokem krve skute¢né dochézi k endotelidni dys-
funkci a prestavbé cévni stény.

Shrnuti

MSP jsou zasadnim milnikem v terapii dfive nefeSitelnych
stadii srde¢niho selhani. Nicméné, kromé jasné pozitivniho
kratkodobého i stfednédobého pfinosu je vzhledem k vzris-
tajicimu poétu pacientl na destinaéni terapii nutné podrob-
né&ji zkoumat i jejich dlouhodoby vliv na cévni systém. Jednou
z hlavnich otazek v této oblasti je vliv (absence/sniZeni) pul-
zatility na cévni systém po implantaci MSP. Nage studie po-
suzujici zmény v karotickych tepnach prokézala, Ze relativné
vy38i pulzatilni index i pFi jeho absolutné nizsich hodnotach
mdZe byt prediktorem umrti a mozkovych pfihod u pacientd
po implantaci MSP. Tento efekt je navic zfetelny i pfi porov-
nani HM 11 s novéjsi HM IlI: novéjsi pumpa md vyrazné nizsi
incidenci trombdzy [21]. VySe uvedené poznatky poukazuji
na vyznamny vliv mechanickych srdecnich podpor na cévni
systém a tento faktor by mél byt bran v Gvahu pfi vyvoji dal-
Sich generaci MSP.

Tento projekt byl podporen MZ CR - RVO {,institut klinické
a experimentaini mediciny - IKEM, IC 00023001%)
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6. DISKUSE

Mechanické srdecni podpory jsou v dnesni dobé standardem v terapii terminalnich fazi
srde¢niho selhani. Dlouhodobé vysledky této terapie se pii pouziti nejnovéjsich Cerpadel a
pfi pecClivém vybéru optimalniho pacienta mizou piiblizovat vysledkim ptezivani po
transplantaci srdce. Vyznamnym problémem vsSak zlstavaji specifické komplikace této
terapeutické modality, zejména ty souvisejici s hemokompatibilitou (cévni mozkové piihody
ischemické i hemoragické, krvaceni, trombotické komplikace). V soucasnosti implantovana
cerpadla generuji pievazné kontinudlni, nepulsatilni tok krve. Dusledky této nefyziologické
cirkulace na cévni systém nejsou stale podrobné objasnéné a jsou pretrvavajicim predmétem
vyzkumu. Jejich posouzeni muze byt zdsadni jak pro spravné nastaveni terapie jiz
implantovanych pacientti, tak pro sméfovani vyvoje novych typii mechanickych srde¢nich

podpor.

Hlavnim tématem predkladané prace byl vliv pulsatility krevniho toku na cévni sténu a cévni
systém. Byla testovana hypotéza, ze vliv kontinualniho krevniho proudu Ize monitorovat
v cévnim feCiSti neinvazivné jak pomoci sonografického vySetfeni, tak sledovanim
cirkulujicich biomarkerti vaskularniho poskozeni. Dale byl posuzovan mozny vztah mezi

zménami v cévnim fecisti a rizikem tmrti a vzniku nezddoucich piihod.

Vysledky studie ukdzaly, ze u pacientl, u nichz byl pulsatilni index (PI) méfeny
v karotickych tepnach 3 mésice po implantaci srde¢ni podpory vys$si nez median, méli vyssi
riziko cévni mozkové ptihody nebo imrti. Ve shod¢ s timto pacienti, kteti v dob¢ sledovani
utrpéli cévni mozkovou piihodu, méli vyssi pulsatilni index. Tato asociace se ukazala jeste
siln€j$i, kdyz se do analyzy piidala tuhost cévni stény. Zaroven vSak nebyl nalezen vztah
mezi morfologickymi aterosklerotickymi zménami v karotickych tepnach a rizikem
nezadoucich pfihod. Recentné publikovand préce Citajici 141 pacientii s HMII, kterym byly
vySetfovany karotické tepny pied a po implantaci MSP, naopak prokazala vztah mezi sttedni
az vyznamnou stenosou karorickych tepen na podklad¢ ateroskler6zy pied implantaci
srde¢ni podpory a nédslednym vznikem nezadoucich udélosti (Kiyatkin et al, 2021). Zde se
vSak jednalo pouze o pacienty se star§im typem MSP axialniho typu (HMII), zatimco v nasi

studijni skupiné jsou zastoupeny jak HMII, tak HM3.

Implantace HM3 m¢la v nasi studii protektivni vliv oproti pacientim s HMII. Recentné
publikované prace zahrnujici celkem 148 pacientt (41 HM3, 32 HMII, 43 srde¢ni selhani a

32 zdravych kontrol) prokazala, ze arteficidlni pulsatilita generovand HM3 (pravidelné
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zrychlovéni a zpomalovani pumpy slouzici zejména k jejimu lepSimu promyvani a prevenci
trombdzy) je patrna az po uroven mikrocirkulace, avSak neovlivituje hodnotu pulsatilniho
indexu (Stohr et al, 2023). Protektivni vliv HM3 miize byt tedy spiSe vysvétlen lepsi

hemokompatibilitou této srdecni podpory.

Dalsi cast studie se vénovala posouzeni vlivu pulsatility krevniho toku na periferni
vaskularni systém za pomoci méfeni periferni endotelidlni funkce systémem EndoPAT
2000. Vysledné meteni ukazalo, ze jiz pted implantaci srde¢ni podpory HM3 byl relativni
hyperemicky index (RHI) niZ$i, neZ u zdravé populace (v ramci endotelialni dysregulace ve
fazi pokrocilého srde¢niho selhani), a po implantaci systému nadale klesal. V ptipadé
augmentacniho indexu (AI) byl trend opacny, coz svéd¢i o nartstu tuhosti cévni stény. Je
vSak patrné, Ze u pacientd po implantaci HM3 nedochézi k takovému zlepSeni vaskularni
funkce, jaké pii arteficidlni pulzatilité a zejména ve srovnani s predchozi generaci bylo
ocekavano. Zajimavym zjisténim bylo, ze pokud se u pacientli otevirala aortalni chlopeni
kazdy stah a byla tedy zachovana alesponi Caste¢nd pulsatilita krevniho toku, byl patrny
positivni vliv na tuhost cévni stény. Tento vysledek potvrzuje i studie provedena Patelem a
kolektivem (Patel et al, 2017, Wever-Pinzon et al, 2013) srovndvajici zmény stény aorty
mezi pulsatilnimi a nepulsatilnimi srdec¢nimi podporami s jasnym positivnim efektem u

pulsatilni varianty.

Dalsi sledovanou velicinou ve vztahu k vlivu MSP na cévni sténu byly miRNA v krevni
plasmé. Tyto kratké nekddujici useky RNA jsou povazovany za biomarkery poskozeni a
dysfunkce endotelu. V souladu snasim ocekdvanim hladiny miRNA v krevni plasmé
postupné vzriistaly s ¢asem od implantace MSP, coZ opét naznacuje postupujici endotelialni
dysfunkci a zmény v cévni sténé spojené s nepulsalitou krevniho toku. Vyssi hladiny
miRNA byly patrny ve skupiné s MSP jiz pfed implantaci ve srovnani se zdravymi
kontrolami, coz podporuje hypotézu endotelidlni dysfunkce ptitomné v pokrocilych fazich

srde¢niho selhani ve shodé¢ s diive publikovanou literaturou (Giannitsi et al., 2019).

Néavaznym krokem bylo studium miRNA piimo ve sténé aorty v parovanych vzorcich
odebranych pted implantaci MSP a poté pii explantaci systému béhem transplantace srdce.
Z nich je jasné patrné, Ze dochazi k vyznamnym zméndm miRNA ovliviiujicich expresi
extracelularni matrix a organizaci kolagennich vlaken vedouci ke zméné morfologie cévni
stény a jeji tuhosti. Tato zjiSténi jasn€ dokumentuji, Ze nefyziologicky charakter krevniho

toku ovliviiuje cévy a cévni systém jiZ na genetické urovni.
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Vsechny vySe zmiilované ndlezy potvrzuji silny vliv mechanickych srde¢nich podpor na
vaskularni systém a s tim spojenou nachylnost ke komplikacim. Tato asociace se zda byt
siln¢ ovlivnéna parametry pulsatility, a to i piesto, Ze se u téchto pacientli jedna o nepulsatilni

nebo minimaln¢ pulsatilni krevni tok.
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7. ZAVERY

IL.

I1I.

IV.

Vyssi pulsatilni index v karotickych tepnach méteny 3 mésice po implantaci LVAD
je asociovan s vysSim rizikem vzniku zavaznych cerebrovaskuldrnich komplikaci
nebo umrti. Zaroven nebyla potvrzena asociace mezi aterosklerotickymi sménami
karotid a vyskytem nezddoucich udélosti. Implantace MSP HM3 m¢éla protektivni
vliv.

Implantace MSP, nezdvisle na jejim typu, souvisi s prohloubenim endotelidlni
dysfunkce, ktera je pritomna jiz u pacientii se srde¢nim selhanim pied implantaci
MSP. Progrese endotelidlni dysfunkce neni zmirnéna ve spojitosti s arteficialni
pulzatilitou u HeartMate 3.

Vyrazné vyssi vyskyt nékterych podtypt cirkulujicich miRNA (miR-126 a miR-
146a) u pacientii s LVAD ve srovnani se zdravymi kontrolami velmi pravdépodobné
potvrzuje zmény cévniho systému pii zavedeni terapie pomoci MSP, které se odrazi
1 na arovni genové exprese. Zmeény v téchto tzv. flow-senzitivnich miRNA jsou
odrazem endotelialni dysfunkce a vaskularni remodelace.

Vlivem implantace levostranné mechanické srde¢ni podpory dochézi k vyznamnym
zménam mRNA podilejicich se na tvorbé extracelularni matrix a organizaci
kolagennich vldken. Tim muze nastat porucha homeostdzy extracelularni matrix
vedouci ke zméné¢ morfologie cévni stény a jeji tuhosti. Dalsi detekované
deregulované miRNA souvisi s s remodelaci cévni stény a endotelialni dysfunkci.
Zména charakteru krevniho toku tedy ovliviiuje cévy a cévni systém jiz na trovni

genove exprese a proteinogeneze.

Dizertaéni prace poskytuje souhrn sou€asnych poznatkii o jednotlivych typech MSP
a o jejich vlivu na endotel a cévni systém a to od piistrojového vysetieni velkych cév
az po vySetfeni na trovni genové exprese. Vysledky ukazuji vliv MSP na cévni
systém na vSech vySetfovanych trovnich, dokonce s potencidlem predikce nékterych
komplikaci. BliZsi studium jednotlivych procesti miize byt ndpomocné pii v€asné
detekci komplikaci, pfi selekci vhodnych kandidati k implantaci LVAD a také pii

vyvoji novych generaci mechanickych srde¢nich podpor.
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8. SOUHRN

Stoupajici prevalence srde¢niho selhani v soucasné populaci a zvétSujici se pocet pacientli
vyzadujicich terapeutickou intervenci vede ke znacnému rozvoji novych metod v tomto
odvétvi. Své zasadni misto maji vedle farmakologické 1é¢by a transplantace srdce i
mechanické srde¢ni podpory. Ty se postupné vyvinuly od velkych stroji neumoziujicich
propusténi pacienta z nemocnice po dneSni nové koncepty pln€ implantabilnich zatizeni.
Cilem této terapeutické modality je zlepSeni piezivani pacientd a kvality jejich Zivota, at’ uz
¢ekaji na transplantaci srdce, nebo maji srde¢ni podporu v rezimu destina¢ni terapie do
konce Zivota. K tomuto je nutné snaZit se maximalné omezit neZadouci udélosti souvisejici
s implantaci a naslednym provozem pumpy a idedlné¢ se jim snazit predejit. VéEtSina
soucasnych mechanickych srde¢nich podpor generuje nepulsatilni, kontinudlni tok krve,
ktery je vSak pro Clovéka nefyziologicky. A praveé jeho vlivu na cévni systém a nasledny
vnik nezadoucich komplikaci se vénovala tato disertacni prace. Zavér vSech pozorovani
jasné ukazuje, ze disledky ztraty pulsatility jsou v krevnim fecisti patrny jak na funkéni, tak
na makro- a mikroskopické a dokonce 1 na genetické urovni. Cévy ztraci poddajnost a
dochazi ke zménam ve stavbé jejich stény, endotel je patologicky aktivovan. Dusledkem
mohou byt jak mnohé krvacivé i trombotické komplikace béhem terapie mechanickou
srde¢ni podporou, tak tfeba 1 té¢zkéa a leckdy fatalni vasoplegie po nasledné transplantaci
srdce. K objasnéni dalsich mechanismt budou potiebné dalsi studie, ale jiz ted’ tyto vysledky
pomahaji urcovat dalsi sméfovani vyvoje mechanickych srdecnich podpor smérem
k pumpam pracujicim v souladu se srde¢ni revoluci, u kterych bude fyziologicka pulsatilita

zachovana.
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9. SUMMARY

The rising prevalence of heart failure in the current population and the increasing number of
patients requiring therapeutic intervention has led to a significant development of new
methods in this field. Mechanical circulatory support has its essential place alongside
pharmacological treatment and heart transplantation. These have gradually evolved from
large machines that do not allow the patient to be discharged from hospital to today's new
concepts of fully implantable devices. The goal of this therapeutic modality is to improve
patient survival and quality of life, whether they are waiting for a heart transplant or have
cardiac support in destination therapy mode for the rest of their lives. To achieve this, efforts
must be made to minimize and ideally prevent adverse events related to the MCS. Most
current mechanical cardiac supports generate a non-pulsatile, continuous blood flow, but this
is unphysiological for humans. The effect of this non-pulsatile flow on the vascular system
and the subsequent onset of adverse events is the focus of this study. In conclusion, all
observations clearly show that the consequences of loss of pulsatility are evident in the
bloodstream at the functional, macro- and microscopic, and even genetic levels. Blood
vessels lose elasticity and their wall structure changes, the endothelium is pathologically
activated. The consequence may be many bleeding and thrombotic complications during
MCS therapy, as well as severe and often fatal vasoplegia after subsequent heart
transplantation. Further studies will be needed to elucidate other mechanisms, but these
results already help to guide the future direction of mechanical circulatory supports towards
pumps that work in accordance with the cardiac revolution and in which physiological

pulsatility is preserved.
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Non-standard Abbreviations and Acronyms

LVAD = Left Ventricular Assist Device

HM 3 = HeartMate 3

VKA = Vitamin K Antagonist

DOAC = Direct Oral Anticoagulants

DOT-HM3 = Direct Oral Anticoagulant Therapy with the HeartMate 3 LVAD
LDH = Lactate Dehydrogenase

TTR = Time in Therapeutic Range

HTx = Heart Transplant
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The fully magnetically levitated HeartMate 3 (HM3) LVAD (Abbott) is superior in reducing pump thrombosis
and stroke but use of anti-thrombotic therapy with a Vitamin-K Antagonist (VKA) remains suboptimal and
resource intensive.! Whether direct oral anticoagulants (DOAC) that inhibit Factor Xa are safe and preserve
hemocompatibility-related adverse event outcomes with the HM3 pump remains unknown. Importantly, a
small study with Dabigatran in patients with the HeartWare HVAD (Medtronic) demonstrated an increase in
thrombotic complications.?

In the Direct Oral Anticoagulant Therapy With the HeartMate 3 LVAD (DOT-HM3) study we enrolled
patients receiving the HM3 LVAD > 3 months post-implant, free of a bleeding episode or stroke, who tolerated

a VKA targeted to an INR of 2-3 (protocol details available at https:/clinicaltrials.gov/study/NCT04974684).

Participants were randomized by a non-study scientist (using a computer derived scheme with study team
blinded to allocation) to either apixaban 5Smg twice daily or continued therapy with VKA (2:1), with those
allocated to apixaban further randomized (1:1) to either continued use of 100 mg aspirin once daily or
withdrawal. All patients provided informed consent and the single-center study was approved by the
institutional Ethics Review Board. All data and materials will be made available for any reasonable request to
the first author once the study is fully concluded. At trial initiation, the ARIES-HM3 study results (which
showed reduced bleeding rates with elimination of aspirin) were unknown.! Pump thrombosis surveillance was
mandated by assessment of Lactate dehydrogenase (LDH) once weekly for 4-weeks, then once every 2-weeks
for the next month and monthly thereafter; Echocardiography was performed at baseline, 1, 3 and 6-months.

The primary safety endpoint was survival-free of pump thrombosis, disabling stroke, or major
bleeding at 3 months post-randomization, with clinical outcomes ascertained at completion of 6-month follow-
up (if no safety concerns). Heart transplantation was considered success and other withdrawals, a failure. No
study power was assigned in this exploratory study and intent to treat principles were used in describing
outcomes.

We enrolled 45 patients at a median of 630 (range 90-2291) days after LVAD implantation (warfarin
plus aspirin n=14, apixaban plus aspirin n=15 and apixaban alone n=16).(Figure 1) The enrolled population
included 40 males (100% Caucasian), mean age 62 years (range 24-77), 51% ischemic etiology, 67% NYHA

TV (69% on inotropic therapy), 75% atrial fibrillation, 33% diabetes and 55% bridge to transplant goal.
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Characteristics were balanced with no significant differences among groups. All patients reached 6 months
unless withdrawn or transplanted since safety at 3 months was determined. No thromboembolism (pump
thrombosis, stroke, or arterial thromboembolism) occurred in either arm at 6-months of follow-up. Tn the VKA
group, 2 uterine bleeds (day 21 and 54) and 1 epistaxis (day 2) occurred (Time in Therapeutic Range (TTR)
achieved was 74.4%). | patient in the apixaban plus aspirin arm experienced a gastrointestinal bleed (day 20).
Six heart transplants were performed in apixaban treated patients and 1 among the warfarin group, without
excessive post-operative bleeding. Apixaban doses were held for at least 24 hours prior to transplant surgery,
prothrombin complex concentrates were used in all patients and a cytokine adsorption system employed on
cardiopulmonary bypass. Reversal antidotes to apixaban were not required. Four patients were withdrawn for
reasons other than a transplant procedure (1 in the VKA arm for palliative care on day 85; 3 patients in the
apixaban groups for a gastrointestinal bleed, mediastinitis, and medical non-adherence).(Figurel)

The DOT-HM3 study has demonstrated a) feasibility of using a DOAC (with or without aspirin) in
chronically supported HM3 LVAD patients for a duration of 6-months b) No thromboembolism was noted in
the DOAC groups, ¢) heart transplantation while on apixaban was not accompanied by excessive bleeding
post-surgery, In contrast to adverse outcomes with prior LVADs that used dabigatran, the fully magnetically
levitated rotor and wider blood flow pathways of the HM3 pump may confer hemocompatibility with
improved risk-benefit ratio of the balance between thrombosis and bleeding to support continued assessment of
DOAC:s in this situation. Whether mechanism of dabigatran (direct thrombin inhibition) compared with factor
Xa inhibition (proximal in the contact activation pathway) contributes to observed differences remains
uncertain. A retrospective study evaluated apixaban to warfarin and suggested no adverse thromboembolic
complications with the FTM3 pump at 6-months.> Another single-center study that intended to enroll 40 patients
but only randomized 30 patients (15 each to Apixaban or Warfarin) with HM3 pumps demonstrated similar
findings.* That study randomized more black persons to warfarin than apixaban (79% versus 20%), a group
known to experience more hemocompatibility related adverse events and achieved a TTR of 46% with
warfarin.® Our study is limited by its single-center design, small numbers and short follow-up but includes a

larger DOAC treated cohort and optimal warfarin management.
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We conclude that in carefully selected stable patients after HM3 LVAD implantation, a strategy of
switching a VKA to apixaban is feasible for either bridge to transplantation or destination therapy patients.

These findings require study in large-scale and long-term trials before adoption in clinical practice.
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Figure 1. Study Flow and Clinical Outcomes Depicting the Enrolled Patients, Withdrawals For Reasons
of Either Heart Transplantation (considered success for the clinical outcome endpoint) or Another Cause
(considered failure of the clinical outcome endpoint).

The 3-month time point was a safety end point achieving which 6 months of follow-up was mandated. Note
that 2 uterine bleed events occurred in the same patient in the warfarin arm (accounted for as a single patient

event in the primary endpoint). HTx = Heart Transplant
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Figure 1: Study Flow and Clinical Outcomes
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LVAD; implanted with the HeartMate 3 pump After standard warfarin anti-coagulation (international
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The use of anti-platelet and anti-thrombotic therapy is a
mainstay in left ventricular assist systems (LVAS) to
mitigate complications such as pump thrombosis or
systemic thromboembolism.'™ Typically, an anti-platelet
agent, such as acetylalicylic acid, and a vitamin K
antagonist are used in therapeutic doses with the interna-
tional normalized ratio (INR) targeted to 2.0 to 3.0. This
approach, although effective, tilts the adverse effect profile
toward swrgical and non-surgical bleeding-related compli-
cations. As elderly patients are implanted with such devices
for destination therapy with increasing frequency, bleeding
complications have risen, largely due to coexisting morbid-
ity.* Any attempt at reduction in anti-coagulation intensity is
usually met with clinical concern for an increased risk of
pump thrombosis and stroke with current devices, although
this has not been systematically investigated.

The HeartMate 3 (HM3) LVAS (Abbott, Chicago, IL) is
a continuous centrifugal-flow device with a fully magneti-
cally levitated rotor, engineered with wide blood-flow paths
and intrinsic pulsatility facilitated by speed changes of the
rotor at fixed programmed intervals. In a series of
experiences from Europe and the United States, this LVAS
has shown absence of pump thrombosis (de novo; occurring
within the pump) in the short term at 6 months,™ However,
these benefits have been observed i the setting of
therapeutic use of aspirin and standard vitamin K antagonist
anti-coagulation targeting an INR. of 2.0 to 3.0. Encouraged
by this early experience, we hypothesized that a lower
intensity anti-coagulation range than that used cumrently may
be employed with the HM3 LVAS, and this may reduce
bleeding-related adverse events, without increasing throm-
boembolic complications. Thus, the Minimal Anti-coaGu-
lation EvaluatioN To aUgment heMocompatibility
(MAGENTUM 1) study was designed as a pilot trial to
study feasibility and safety of a strategy to rednce anti-
coagulation goals (INR 15 to 19) in stable patients
supported with the HM3 LVAS, with closely monitored
clinical surveillince and a structured anti-coagulation
management protocol.

Methods
Study design

MAGENTUM 1 is a prospective, single-center, single-arm tdal to
evaluate safety and feasibility of a Jow-intensity anti-coagulation
regimen in patients implanted with the HM3 LVAS. Low-intensity
anti-coagulation was defined as a target INR of 1.5 to 1.9 (reduced
from the standard target of 2.0 to 3.0 for HM3) starting at 6 weeks
post-implant. The primary end-point of the study was survival fiee
of pump thrombosis, disabling stroke (modified Rankin score
[MRS] >3), and major bleeding with at least 6 months of
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post-implant  follow-up, measured during the low-intensity
anti-coagulation phase. All adverse events, principally those in
the hemocompatibility (thrombosis and bleeding) domain, were
collected as secondary end-points. Adequacy of anti-coagulation
during the low-intensity phase was ascertained by calculating the
tirne in therapeutic range (TTR) using the Rosendaal method. The
trial is registered on ClinicalTrials. gov number NCTO3078374,

Patients receiving the HM3 LVAS, irrespective of intended
goal of therapy (either bridge to transplantation or destination
therapy), were enrolled. The institutional ethics commitiee
approved the pratocol for a 6-month follow-up. Once patients
reached the 6-month pre-specified goal of follow-up, the steering
committes extended the follow-up to 12 months, with a conditional
extension within the cohort for the entire duration of support on the
HM3 (institutional ethics committes approval was also obtained).
This stategy facilitated a safety measure in case futility of the
approach was demonstated during the initial phase of low-
intensity anti-coagulation.

The trial was conducted at the Instinute for Clinical and
Experimental Medicine (IKEM), Prague, after design input from
collsborators at Brigham and Women's Hospital/ Harvard Medical
School and Abboit. All adverse events were reviewed by the
steering committee (TKEM and Brigham and Women’'s Hospitald
Harvard Medical School) of the trial during weekly review of the
trial. Data were collected and maintained by the study team at
IKEM; the Brigham and Women’s team reviewed and analyzed the
data to calculate anti-coagulation efficacy, per protocol, The
authors had access to the data and vouch for the completeness and
accuracy of the data and the analyses,

Study conduct

Consecutive patients surgically implanted with the HM3 were
managed based on institutional standard-ofcare procedures and
soreened for study enrollment. Individuals who met study criterda
and provided informed consent were enrolled. The reduced anti-
coagulation regimen was commenced 6 weeks post-implant (on
post-operative day [POD] 43). For details see the CONSORT
diagram (Figure 1),

Study enrollment

The observation period of 6-week post-HM3 implantation was
chosen to ensure clinical stability with anticipated discharge to the
ambulatory setting. In addition, anti-coagulation management
compliance was evaluated to ensure that patients could adhere to
the: rigorous follow-up, as judged by the principal investigator.
Exclusion criteria were a pre-implant history of major
thrombotic event (e.g., deep vein thrombosis, pulmonary embo-
lism); presence of any artificial valve prosthesis, except biological
aortic valve, persistent atrial fibrillation or atrial fluter not
amenable to left arial appendage resection/exclusion; and
hemodynamically significant or symptomatic carotid artery
stenosis. All patients were tested before enrollment for such major
hypercoagulable disorders by assessing Factor V Leiden, Pro-
thrombin G20210A, anti-phospholipid syndrome, and Jupus anti-
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HM3 patients implanted at [
IKEM from NOV 30, 2016
to SEPT 4, 2017 screened
far baseline enroliment
criteria (n=30)

—_—

Patients eliminated from study consideration
due to baseline characteristics:

- Presence of mechanical valve prosthesis in the
mitral position (n=1}
- A-Fib or flutter not addressed by LAA

resection/exclusion {n=1)

Patients considered for low-
intensity anticoagulation
within 6-weeks post-implant
{n=28)

INR Target: 2.0-3.0
Aspirin: 100-200 mg/day

Enrolled into study and
entered into low-intensity
anticoagulation phase at 6-
weeks (n=15)

Patients eliminated from study consideration
due to clinical course:

= Unstable post-operative course (n=1)

- Perioperative ischemic stroke [n=1)

- Inadeguate patient compliance (n=2)

- Ancillary RVAD within 7 days of low-intensity
anticoagulation initiation {n=3)

- Refusal to provide Informed consent (n=2)

- Clinician preference (n=1}*

= Expired within first & weeks post implant
{n=3]

Heparin Bridge
INR Target: 1.5-1.9
Aspirin 100-200 mg/day

Figure 1

coagulant, OF note, presence of known hypercoagulable disorder
did not affect enrollment nor the therapeutic strategy (unless a

previous thromboembolic event history was identified).

Anti-coagulation management

Primary endpoint {composite of survival free of
pump thrombosis, disabling stroke (MRS>3) or
major bleeding (excluding perioperative
bleeding]) evaluated at least 6 months post-
implant

Patients followed for duration of support
Median [range] follow up: 342 [182 - 410] days

|

- Primary endpoint met in 9316%

Outeomes:

- Ongoing low-intensity anticoagulation (n=13)
- Study outcome {n=2)

Study CONSORT diagram. *One BTT not enrolled due to clinician preference.

calculated using the Rosendaal method® as a measure of the
efficacy of this anti-coagulation management strategy. INR testing
was performed using venipuncture samples in a certified laboratory
facility at least once per week throughout follow-up. Home INR
point-of-care testing was not allowed in this study.

Safety measures

Post-implant, all patients were bridged with unfractionated heparin
until target anti-coagulation with warfarin was reached. Based on
the standard anti-thrombaotic regimen, all patients were maintained
with a target INR of 2.0 to 3.0 for the first 6 weeks. Each patient
received anti-platelet therapy (acetylsalicylic acid 100 to 200 mg)
beginning on POD 3. If INR dropped below the therapeutic range,
low-molecul ar-weight heparin was used until therapeutic range was
restored.

Standardized warfarin management was based on a protocal
established at Brigham and Women's HospitalHarvand Medical
School (refer to sections S1 to 53 in Supplementary Material
available online at www jhltonline.org). A dedicated inter-institn
tional expert team, which included the swdy site’s clinical
pharmacist responsible for anti-coagulant dosing, was established
to provide protocol-based INR management. The TTR was
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A safety algocithm to detect and manage pump thrombosis based
on the patient’s individual lactate dehydrogenase (LDH) profile
and device log files analysis was developed and implemented as
depicted in section 54 (refer to Supplementary Material online).

Adverse event definitions

Standand Ewemgency Registry for Mechanically Assisted Circu-
latory Support (INTERMACS) definitions (vemion 3.0, www.
intermacs org) for adverse events were utilized. Pump thrombosis
and stroke events were subject to immediate reporting and
adjudication by the steering committee to determine safety of
continuation of the study,



582 The Journal of Heart and Lung Transplantation, Vol 37, Mo 5, May 2018

Statistical analysis

Categorical data are presented as both number and percent (%),
whereas continuous variables are presented as mean + standard
deviation (SD). Time in therapeutic range was calculated using the
Rosendaal interpolation method, presented as a percentage of days
within mange for each patient and as mean + standard deviation
(SD) for individual patients. The center TTR was calculated as the
TTR for all values. TTR was calculated in the early 6-week post-
implant phase for the target range 2.0 to 3.0, and then during the
low-intensity anti-coagulation period. We excluded INRs from the
TTR calculation during initial hepadn bridging and during
transition to the lower INR target per convention to allow clear
distinction and separation of the switch in target INR rnges.”
The second INR measurement that was within the INR range
after discontinuing heparin and after transitioning to the lower
target range were used as the starting point for TTR caleulations for
the different INR target ranges. Mo other INR values wem
excluded from the individual or center TTR calculations, including
INE values when patients required outpatient low-molecular-
weight heparin (LMWH) bridging for sub-therapeutic INR.
Uncensored TTR results are also calculated and reported in
Table 55 (refer to Supplementary Material online). Actuarial
analysis was conducted using the Kaplan-Meijer plot estimate
method to evaluate clinical outcomes after reduction in anti-
coagulation. All outcomes and adverse events were evaluated
through at least 6 months post-implant or last available follow-up.

Results
Patients’ characteristics
Fifieen (n = 15) patients were implanted between

November 30, 2016 and September 4, 2017, which included
13 men, all Caucasian, with a mean age of 573 + 133
(range 18 to 72) years. Patients were distributed equally
among bridge to transplantation, bridge to candidacy, and
destination therapy (5 patients each); had INTERMACS
Profiles of 2 or 3 (67%); and a mean cardiac index 1.6 +
0.4 liters/min/m”. Heterozygous Factor V Leiden mutation
was found in 1 patient without a history of thromboembolic
events. Patients were implanted via the sternotomy approach
in 12 of 15 (80%) cases and via left thoracotomy in 3 of 15
(20%) cases. Left atrial appendage exclusion was performed
in 5 patients (33%) using the Awiclip device (Atricure,
Mason, OH). Detailed baseline characteristics and pre-
operative risk factors are summarized in Table 1. All
patients provided informed consent and completed a
minimum of & months of post-implant follow-up.

Trial experience

The median primary hospitalization was 29 (range 11 to 62)
days. Rehospitalizations, for any reason, occurred in 7 of the
15 (47%) patients for a median of 20 (range 6 to 54) days
within the first & months of follow-up. The median follow-
up duration for all patients was 342 (range 182 to 410) days.
Patients spent a median of 133 (range 83 to 162) days out of
the hospital within the first 6 months post-implant. For
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Table 1  Demographics and Baseline Characteristics
Age [median (range)], years 61 (18 to 72)
Male sex 13 (87)
BMI (kg/m?) 26.6 £ 2.7
Ischemic etiology 8 {53)
Indication
Bridge to transplant 5 {33)
Bridge to candidacy 5 (33)
Destination therapy 5 (33)
INTERMACS profile
Profile 2 3 (20)
Profile 3 7 (47)
Profile 4 3 {20)
Profile 5 2 (13)
Cardiac index (liters/min/m?) 1.6 + 0.4
LVEF (%) 22+ 4
Atrial fibrillation 5 (33)
TIA or stroke 2{13)
Pre-existing aortic biopmsthesis 1{7)
Prior sternotomy 3 {20)

Values expressed as number (%) or mean &+ standard deviation,
unless otherwise stated, BMI, body mass index; INTERMACS, Inter-
agency Registry for Mechamically Assisted Cirulatory Support; LVEF, left

additional details see Table 56 (refer to Supplementary
Material online).

Bridging for a sub-therapeutic INR was performed on 14
of 15 (93%) patients within the low-intensity anti-coagu-
lation phase of the trial. Further details regarding LMWH
bridging are presented in Table 2. Supra-therapeutic INR
readings were found in all patients and accounted for 130 of
the 930 (14%) INR readings.

Two patients had high baseline LDH: 1 patient (M1-04),
with a baseline LDH 707 Ulliter, had a partially dehisced
mitral valvuloplasty ring resulting in hemolysis, and the
second patient (M1-08), with an LDH 701 Ulliter, had a
confirmed history of Danon disease, which results in elevated
LDH. LDH profiles excluding these 2 outliers are shown in
Figure 57 (refer to Supplementary Material online).

The primary end-point of survival free of pump
thrombosis, disabling stroke, and major bleeding was
reached in 93 + 6% of the patients (Figure 2A). No patients
died, underwent transplant, or were explanted due to
myocardial recovery within 6 months of implant. No (0%)
neumlogic complications (transient ischemic attack, seizure,
or disabling stroke) were observed wi@in 6 months of
implant. Both hemocompatibility-related’ and overall ad-
verse events are presented in Table 3,

Hemocompatibility-related adverse events

No (0%) episodes of clinically relevant hemolysis were
noted. In 1 patient (M1-09), an episode of suspected
gastrointestinal bleeding with a drop in bemoglobin was
encountered on POD 119 with a recurrent event on POD
210, In the first event, the patient presented with anemia
(hemoglobin 4.9 g/dl) and an elevated INR of 334, The
patient was transfused with 3 units of packed red blood
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Table 2

Details of Anticoagulation Management: TTR and Bridging for Low INR

INR Range: 1.5 - 1.9

& weeks - 6 months Bridging with LMWH for Low INR
Magentum Ip Sex Age Indication IR % Time Above 1.8 Instances of Bridging {total days)
M1-01 M 60 BTC 56.4% 58.7% 2(11)
M1-02 M 60 BTT 80.5% 18,5% 3(4)
M1-03 M 50 BT 80.6% 8.8% 4(15)
M1-04 M 61 BTC 86.5% 26.9% 1(2)
M1-05 F 51 BTT 67.2% 30.8% 3(5)
M1-06 M 69 DT 81.9% 19,0% 1(3)
M1-07 M 67 DT 77.2% 20.7% 3(11)
M1-08 M 18 BT 76.4% 23.1% 1(3)
M1-09 M 64 BTT 65.4% 42.3% 2 (10)
M1-10 F 41 BTC 76.2% 22.2% 1(4)
Mi-11 M 64 DT 74.0% 21.6% 1(5)
Mi1-12 M 72 DT 80.1% 12,1% 2(14)
M1-13 M 50 BTC 77.8% 8.0% 3(15)
M1-14 M 65 BTC 88.4% 20.3% 0(0)
M1-15 M 67 DT 62.0% 45.6% 2(8)
Mean 75.3% 25.2%

cells, aspirin therapy was reduced from 200 to 100 mg/day,
and the INR target reduced to a target close to 1.5. No
source of active bleeding was found on gastroscopy,
colonascopy, or capsule enteroscopy, although internal
hemomhoids were observed. Upon re-admission for recur-
rent bleeding, the patient was treated with further reduction
in anti-coagulation and use of octrectide, and subsequently
underwent a successful transplant (refer to section 58 in the
Supplementary Material online).

Anti-coagulation management

The center TTR. in the reduced anti-coagulation phase from
6 weeks post-implant through Month 6 was 753 + 9.0%
(56.4% to 88.4%); individual patient TTR results are shown
in Figure 2B and Table 2, Ability to achieve and maintain
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the INR target range of 1.5 to 1.9 throughout the full follow-
up is depicted in Figure 3. Over 67% of all INR. values in the
low-mtensity INR range fell between 1.5 and 1.9 for full
patients follow-up. The uncensored center TTR vale and
uncensored individual TTR results are presented in Table 55
in the Supplementary Material online.

Safety monitoring—pump thrombosis and LDH
algorithm

The safety algorithm was activated a total of 3 times in
2 patients, both presenting with elevated baseline LDH
within the first 6 months, Beyond 6 months, safety
monitoring was performed in 2 patients (once each). The
first patient (M 1-08) was among the 2 patients with elevated
baseline LDH. The second patient (M1-02) presented at
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Primary end-point: event-free survival and patient TTRs.
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Table 3  Adverse Events

Patient Sex Age Indication Hemocompatibility Related Adverse Events Al Other Adverse Events
1 M 60  BIC none none
2 M 60  BIT none Ventricular Arrhythmia (66, 283 POD)
3 M 50  BIT none Driveline Infection (28, 126 POD)
& M 61 BTC none Urinary Tract Infection (49 POD)
5 F 51 BTT none none
[ M 69 0T none Hematoma in Urinary Bladder (17 POD)
7 M 67 ot none Revision for Cardiac Tamponade (13 POD)
Infection - Sternotomy (102, 147, 239, 341 POD)
8 M 18 BT none none
9 M 64  BIT Suspacted GI Bleeding (119, 210 POD) none
10 F 41  BIC none none
11 M 64 DT none Ventricular Tachycandia, Cardioversion (2 POD)
12 M 72 o7 none Respiratory Failure (8 POD)
Urinary Tract Infection (29, 106 POD)
13 M 50  BIC none none
14 M 65  BIC none Urinary Tract Infection (3 POD)
Gout {37 POD)
Enlarged prostate resulting in TURP (49 POD)
15 M 67 OT none Driveline Infection {135 POD)

POD 229 with INR of 1.49 and LDH 341 Uliter, which was
elevated relative to the postclinical course (between 174
and 252 Ulliter), but not relative to baseline (341 U/liter).
Transthoracic echocardiography was normal and log-file
interrogation was negative. The patient was bridged with
LMWH according to the study protocol. Control LDH level
at 2 days after was 294 Ulliter. No additional complications
were noted through POD 413. Safety monitoring detected
no thrombosis-related adverse events.

Discussion

The MAGENTUM 1 pilot trial with the HM3 LVAS
suggests that low-intensity anti-coapulation is feasible
within a narrow INR range (1.5 to 1.9), and is not associated
with an increase in thromboembolic complications, espe-
cially pump thromboss, in a group of closely monitored and
managed patients.

Reported rates of pump thrombosis at 12 months for
patients implanted with commonly used LVASs are 6% to
12% for axialflow pumps™? (HeartMate I LVAS) and 8%

Percent of INR Readings

b

Figure 3
representing 0.42% of measurements).
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with hydrodynamic centrifugal-flow devices'™' (Heart-
Ware HVAD, Medtronic, Minneapolis, MN). In contrast,
recent observations from both a single-arm study at 2 years'”
and a randomized trial at 6 months® with the HM3 LVAS, a
magnetically levitated centrifugal-flow assist device, re-
ported absence of de nove pump thrombosis. Similarly, an
observational study showed greater preservation of wvon
Willebrand high-molecular-weight multimers with the HM3
LVAS as compared with the HeartMate IT device’
However, these attributes have not translated into decreased
incidence of non-surgical bleeding during LVAD support,
and the incidence of gastrointestinal bleeding at 6 months
was similar and unchanged in a randomized trial experience
comparing the centrifogal-flow HM3 and axial-low Heart-
Mate II LVAS (15.9% for both devices). Thus, a clinical
rationale to reduce anti-coagulation targets exists for the
HM3 LVAS; however, there is concern that the observed
benefit of a low rate of pump thrombosis may be attenuated
if such an approach were adopted.

Anti-platelet agents are used to provide not only
theologic but also anti-inflammatory effects.'* Controversy

I o

INR Intervals

Proportion of INR valuves at various levels, with target INR 1.50to 1.90 (INR. measurements > 3.0 were excluded in 4 instances,
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reigns with their use and whether they represent a critical
component of therapy.”” However, knowledge of their
mechanistic utility remains incomplete in the context of
LVAS and recent studies have suggested that platelets
activate differentially in various clinical contexts and such
activation, as assessed by the platelet activity assay, may
correlate with thrombotic outcomes.'® Furthermore, in the
centrifugal-flow HeartWare HVAD pump, comrelations with
reduced anti-platelet therapy and heightened risk of
ischemic stroke have emerged.'” Thus, we chose to maintain
anti-platelet therapy so that we could reliably investigate
one component of the anti-thrombotic regimen, decreasing
the INR target range.

Management of anti-coagulation and maintenance of the
INR in a therapentic range remains challenging. Poor INR
control (TTR <60%) is typically the norm in patients with
LVAS and there is emerging evidence that better control (as
adjudicated by TTR >60%) is associated with a reduced
risk of thromboembolic and bleeding complications.'® A
multidisciplinary initiative to optimize anti-coagulation
practice, by establishing a standardized anti-coagulation
management protocol, standardizing INR target ranges, and
imtegrating a clinical pharmacist as a consultant into the care
team, improves the TTR achieved in patients implanted with
an LVAS." In MAGENTUM 1, we adopted protocol-
based, centralized management, developed at Brigham and
Women's HospitallHarvard Medical School. This INR
management protocol was implemented at the study center
in Prague, with patient warfarin management by a dedicated
anti-coagulation—trained clinical pharmacist, to ensure a
strictly controlled multidisciplinary initiative. In this study,
we measured INR weekly exclusively with venipuncture
samples at a certified laboratory and adjusted the warfarin
dose according to the INR management protocol. To ensure
safety, we did not allow use of point-of-care testing at home
due to the reported imaccuracy of such systems, where a
difference of 0.4 to 0.8 in INR for home monitoring is
commonly reported.”” We addressed 2 other potential safety
concerns within the study. First, in patients with baseline
atrial fibrillation, we uniformly performed left atrial
appendage exclusion and patent foramen ovale closure, if
detected. Second, we established a structured algorithm for
biomarker surveillance of LDH and an early alert system
using clinical and advanced LVAS interrogation parameters,
as we reported in a previous study.”’

Limitations to this single-center, prospective feasibility
study include the small number of patients and the tightly
monitored and controlled anti-coagulation management
algorithm that achieved a high center TTR. We encountered
a greater frequency of supra-therapeutic INRs that required
adjustment as compared with sub-therapeutic range INRs.
This may reflect: (a) the lower limit INR being closer to
what would be considered a “normal” INR; (b) the inherent
variability in pharmacokinetics and pharmacodynamics of
warfarin dosing; (c) the impact of lifestyle changes such as
exercise and dietary patterns; and (d) interceding illnesses
(such as an infection) or dug-drug interactions. We were
unable to discern a clear pattern in the time-curves for supra-
therapeutic INRs; however, we did find that this occumred

103

only 14% of time. A center TTR of >66% is considered
excellent and has served as a benchmark for warfarin
management in ftrials of atrial fibrillation with direct
thrombin inhibitors or direct factor Xa inhibitors compared
with vitamin K antagonists, A meta-analysis of all such
trials™ demonstrated that, once TTR increases, the advan-
tages of direct thrombin inhibitors or direct factor Xa
mhibitors compared with vitamin K antagonists decreases
significantly. Furthermore, there are concerns about general-
izability outside the controlled wial environment and it
would be unwise to translate these preliminary pilot findings
into routine clinical practice. Reproducibility and safety
within larger patient cohorts will be required before these
early findings can be adopted.

In conclusion, the results of this pilot study demonstrate
feasibility and short-term safety at 6 months for use of
closely monitored low-intensity anti-coagulation with a
target INR range of 1.5 to 1.9 in patients implanted with the
HM3 LVAS. We believe that this investigation has
established the rationale for a large-scale, randomized,
controlled clinical frial to test the clinical utility of low-
intensity anti-coagulation with the HM3 LVAS on hemo-
compatibility-related adverse effects.
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Abstract

Introduction: Inherited thrombophilias represent a concerning risk factor due to a proclivity to an aberrant clot
formation. However, in patients with left ventricular assist device (LVAD), their impact on bleeding and thrombotic
complications remains still poorly understood. The aim of the present study was to evaluate the effect of thrombophilic
mutation directed anticoagulation therapy on adverse clinical outcomes in LVAD patients.

Materials and methods: About |38 consecutive patients indicated for LVAD implant (HeartMate Il, Abbott, Plymouth,
USA) were prospectively screened for three major thrombophilic mutations: factor Il (prothrombin), factor V Leiden,
and homozygous methylenetetrahydrofolate reductase (MTHFR). Subsequently, discordant individualized anticoagulation
targets of INR 2.5-3.0 in thrombophilia positive and INR 1.8-2.2 in negative patients were established; notably without
anti-platelet agents given the center standard of care.

Results: Mean age was 50 == 2.7 years, 83% male. Mean duration of support was 464.5days (SD 482.9; SEM 41.1)
and median of 310days (IQR 162; 546). Full thrombophilia positive cohort analysis has not revealed any significant
impact on event free survival. In contrast, detailed analysis of specific thrombophilias subsets has revealed Factor Il
prothrombin mutation as a significant predisposition for the pump thrombosis risk (SHR 10.48; p=0.001) despite more
aggressive prespecified anticoagulation target. Moreover, the incidence of bleeding events in prothrombin group was also
significantly increased (SHR 6.0; p=0.03).

Conclusions: Our observations suggest that specific thrombophilias in LVAD patients may pose different intensity
predisposition for thrombotic complications. Factor Il (prothrombin) positive mutation was identified as significant risk
factor associated with the pump thrombosis.
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Introduction

Left ventricular assist devices (LVADs) have emerged as a
mainstay lifesaving treatment option for end-stage heart
failure patients. Current actuarial survival rates at - and
2-years are reported as high as 81% and 70%, respec-
tively.! In selected patient cohorts implanted with a fully
magnetically levitated left ventricular assist device, the
2-year survival might reach up to 77%? and 83%,’ respec-
tively. Notwithstanding this undebatable progress continu-
ous-flow LVADs are not free of caveats. Significant
numbers of adverse events have been reported, in particu-
lar bleeding complications, cerebrovascular accidents and
in most devices also the pump thrombosis.*”’

Previous reports of unexpected uptick in the incidence
of pump thrombosis with axial flow pumps,® albeit highly
variable among the centers,” shed interest in this topic, and
has stimulated a detailed root cause assessment.'™!! Much
of this effort aims at developing patient and device-spe-
cific predictors of thrombus formation. Besides surgical
implant technique and pump migration aspects, a huge
effort has been devoted to analysis of bioreactive pump
surfaces properties,'” aberrant pump flow shear stress-
induced platelet activation, hemolysis, and stasis.
Likewise, relentless effort has been aimed at optimization
of unloading algorithms and its use in early pump throm-
bus detection.!® Consequently, a need for pump speed
adjustments, an intensity and a frequency of aortic valve
opening might play important role in a prevention of
thromboembolism.'?

Results of such clinical initiatives may indeed contrib-
ute to further outcomes improvement. However, other
important factors, such as comprehensive analyses and
understanding of systemic, in fact, inherent predisposi-
tions for thrombotic events known as thrombophilia still
remain largely overlooked. LVADs related literature cov-
ering this topic is sparse. Carboni'* and subsequently our
group (Szarszoi et al.)"* described a high-risk prothrom-
botic nature of these abnormalities and suggested their
prospective identification. These observations were fur-
ther supported by a retrospective analysis of the associa-
tion of LVAD outcomes and pre-existing hematological
conditions.'® Current European expert consensus (2019)
based on this limited evidence recommends “Evaluation of
all long-term mechanical circulatory support candidates
for coagulopathies and hypercoagulable states (e.g.,
thrombophilia; class I, level of evidence C).”!7

Notably, prospective thrombophilias detection approach
reflected by individualized anticoagulation regimen has
not yet been published. In brief, consecutive axial-flow
LVAD patients were screened prior to the implant on a
presence of prespecified inherited thrombophilias.
Positively screened patients were considered as potentially
at higher risk of thrombotic complications and as such
were subject to higher target range anticoagulation
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strategy. Conversely, those at presumably lower risk were
maintained on considerably less intense anticoagulation.

Materials and methods

The study conducted between May 2009 and February
2015 encompassed all consecutive patients receiving axial
continuous-flow device LVAD HeartMate 11 (Abbott,
Plymouth, USA) uniformly as a bridge to heart transplan-
tation. Procedure was performed via median sternotomy in
standard fashion on cardiopulmonary bypass. Heparin
bridge has been applied in all individuals until target anti-
coagulation with warfarin has been reached. Based on
institutional expert consensus, three types of hereditary
thrombophilias were identified as potentially high risk in
respect to thrombotic events (homo/heterozygotic muta-
tion in factor V Leiden, factor II prothrombin G20210A,
and homozygous MTHFR gene variants C677T and
Al1298C). All the patients enrolled in the study were
screened for the gene mutations mentioned above and sub-
divided mnto two arms based on thrombophilia presence.
Method of Real-Time PCR was used to detect thrombo-
philia mutations in the study population (utilizing the
GeneProof Factor II Prohtrombin PCR Kit, Factor V
Leiden PCR Kit, MTHFR C677T PCR Kit and MTHFR
A1298C PCR Kit; Gene Proof Ple., Brno, Czech Republic).
An informed consent was a prerequisite for the mutation
detection, in the other words, for participation in the study.

Comprehensive counsel of our expert hematologists
proposed two differential target ranges with international
normalized ratio (INR) of 1.8-2.2 in thrombophilia nega-
tive patients whereas 2.5-3.0 in those exhibiting positive
screening.

Prior to procedure, patients with ischemic heart disease
were treated with acetylsalicylic acid and statins in con-
trast to patients with non-ischemic etiology of heart fail-
ure. Notably, antiplatelet therapy has been discontinued
prior to surgery and has not been further resumed through
a course of LVAD support reflective of the institutional
standard of care regarding antithrombotic regimen.

Patient follow-up ended in January 2019, was 100%
complete and totaled 175.6 patient-years.

Collected data included patient characteristics, medical
history, laboratory assessments, anticoagulation/antiplatelet
medications, re-hospitalizations, and patient outcome (as
and when they occur) over the course of LVAD support.

Post-discharge adverse events were collected (as and
when they occur) and INTERMACS adverse event defini-
tions (Version 2.2) were used for stroke, transient ischemic
attack (TIA), pump thrombosis, and bleeding.

Baseline data are presented as percentage of the sample
or mean with standard deviation, Chi-square test was used
for comparison of categorical variables. Multiple groups
analysis of continuous variables was performed with
Kruskal-Wallis one-way analysis of variance test.
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Table |. Baseline characteristics in breakdown for each individual thrombophilia positive and thrombophilia negative subgroups.

Factor V Leidenn=16  Prothrombinn=8  MTHFR homozygote n=14  Thrombophilia p-Value
negative n=100

Age (years) 53£105 55123 45+ 140 50+ 126 0.830
Male (n/%) 14 (87.5) 5(62.5) 10 (71.4) 85 (83) 0.229
INTERMACS profile 294+ 1.09 275+ 1.09 293+096 256094 0.05

I (n/%) 2(12.5) 2(25) 1 (7.1) 12 (12) N/A
2 (n/%) 3(l18s8) 0 4 (28.6) 36 (36)

3 (n/%) 6(37.5) 4 (50) 4(28.6) 39 (39)

4-6 (n/%) 5(313) 2(25) 5(35.7) 13 (13)

Hypertension (n/%) I (6.3) 1 (12.5) 0(0) 6 (6) 0.869
DM (n/%) 5(313) 3(37.5 4 (28.6) 18 (18) 0.084
Smoking (n/%) 6 (37.5) 2(25) 4(28.6) 34 (34) 0.788
Stroke or TIA (n/%) 0(0) 0(0) 0(0) 4(4) 0.211
COPD (n/%) 2(12.5) 2(25) 1(7.1) 10 (10) 0.595

COPD: chronic obstructive pulmonary disease; DM: diabetes mellitus; INTERMACS: interagency registry for mechanically assisted circulatory sup-
port; MTHFR: methylenetetrahydrofolate reductase; N/A: not available; TIA: transient ischemic attack.

The linearized rate for each adverse event was calcu-
lated as total number of observed events divided by total
patient-months of follow-up and expressed as episodes per
one patient—year (EPPY). Kaplan-Meier analysis was
used to visualize the differences in outcomes by prothrom-
botic mutation presence. Because Cox regression is not
able to correctly estimate marginal probability of an event
in the presence of a competing event, competing risk fac-
tors model was used to analyze freedom from from pump
thrombosis and freedom from bleeding, with death ana-
lysed as a competing event. Sub-hazard ratios with the level
of significance are shown in the figures, with the group
without a thrombophilic mutation considered as the refer-
ence. Calculations were performed using SPSS 21 software
(Chicago, IL, USA). Two-tailed tests were used in analy-
ses. A p value of <<0.05 was considered significant.

Results

The cohort comprised 138 patients; 114 were males
(82.6%). Mean age of the group was 50 = 12.7 years, with
a total time of follow-up 64,098 days. All of the patients
received the LVAD in a bridge to transplant designation,
INTERMACS profiles were reflective of severe advanced
heart failure with 82% of patients being in profiles 1, 2, or
3. Detailed baseline characteristics including cardiovascu-
lar risk factors for individual subsets are described in Table
1. Strikingly, the prevalence of pre-defined thrombophilias
was 27.5%. Of a note, no interaction was revealed between
thrombophilias positivity and actuarial survival, censored
at the time of transplant, explant, and at | year after device
implantation (Figure 1). Mean duration of support was
464.5days (SD 482.9; SEM 41.1) and median of 310 days
(IQR 162; 546). For the patients still being on device,
mean duration of support was 1677.5days (SD 373.8;
SEM 112.7) and median of 1546 days (IQR 1452; 1779).
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About 96 (70%) of the patients were transplanted, 28
(20%) expired, 3 (2%) had the device explanted due to suf-
ficient degree of myocardial recovery while 11 (8%)
patients were still ongoing on device support at the time of
this analysis.

Overall thrombotic and bleeding events are depicted in
Figure 2 as an incidence of adverse events per patient years
divided between thrombophilias positive and negative
subgroups. Among all the patients, 5.8% (0.046 EPPY) of
the patients experienced a bleeding event, 5.8% (0.046
EPPY) experienced a hemorrhagic stroke, 5.8% (0.046
EPPY) experienced an ischemic stroke, and 8.7% (0.068
EPPY) had pump thrombosis. Pump thrombosis subgroup
encountered for 12 patients in total. All but one patient
(deceased shortly before surgery) of the thrombosis-
affected patients underwent successful pump exchange.

Statistical comparison has not revealed any significant
impact of thrombophilias positivity on event free survival
as documented at Figure 1. However, more detailed analy-
sis for particular thrombophilias subsets has revealed strik-
ing increase of pump thrombosis in patients positively
screened for factor 1T mutation (SHR 10.48; p=0.001) as
shown at Figure 3 albeit increased anticoagulation target
has been adopted. Surprisingly, incidence of bleeding
events in prothrombin group was also significantly
increased (SHR 6.0; p=0.03) as demonstrated by Figure 4.
None of thrombophilia positive subgroups have been tend-
ing to higher incidence of hemorrhagic or ischemic stroke.

Discussion

In our prospective study we have observed that patients
with different thrombophilias do not have the same sus-
ceptibility to thromboembolic complications. We have
seen that positive mutation for factor II represents serious
risk factor for pump thrombosis despite increased
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Figure 2. Adverse events in thrombophilia positive/negative subgroups defined as episode per patient year (EPPY).

anticoagulation target and moreover, these patients experi-
enced increased hemorrhagic events.

Thrombophilia can be defined as a predisposition to
excessive clot formation. Likewise, in other areas of
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medicine, in cardiac surgical patients, it can cause severe
complications. Previous studies reported a high incidence
of perioperative and postoperative thromboembolic events
in patients with heterozygous Factor V (Leiden) mutation
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who had undergone coronary artery bypass grafting.'*!?

Moreover, the presence of artificial materials in the circu-
latory system may render prothrombotic disease even
more dangerous. Compelling data assessing this putative
risk factor in patients implanted with mechanical circula-
tory support devices are missing.

A prevalence of thrombophilias, for example, Factor V
(Leiden) mutation, exhibit clear dependence based on eth-
nical origin with highest rates in Caucasians—2%—15% in
general population. To demonstrate a magnitude of an
issue, recent study of random sample of over 1500 indi-
viduals at our referral metropolitan area confirmed rela-
tively high prevalence of two abnormalities tested in our
study alike—factor V Leiden and factor II of 4.5% and
1.3% respectively.? Importantly, in our cohort these
abnormalities together accounted for up to 17%, thus sug-
gesting potential clustering of these hereditary prothrom-
botic milieu individuals in end-stage heart failure
population. However, as there are no strong data in current
literature supporting this thesis, we do talk about an
assumption. Randomized multicentric trials would be war-
ranted to clarify this topic.

Based on results from the HM II clinical trial, the
antithrombotic recommendation for the HM II requires
aspirin (81-325 mg) daily associated with Warfarin aiming
at an International Normalized Ratio (INR) of 1.5-2.5.2
However, given the aforementioned facts, it seems intui-
tive, that more individualized approach may additionally
contribute to optimizing outcomes.

In the setting of a non-randomized study, it is very chal-
lenging to identify an appropriate comparator to a single-
arm cohort. In comparison to Boyle et al.,” who summarizes
post-discharge patients’ outcomes of the same type of
device, our overall cohort analysis (Figure 2) revealed
favorable bleeding rates and the similar rate of ischemic
stroke, while pump thrombosis was twice higher but still
in acceptable levels. Compared to recent report of Starling
et al.,* adverse events probability of our study group was
clearly lower.

Comparison of thrombophilias positive and negative
subsets outcomes have not shown any statistical signifi-
cance. That is in contrast to recent retrospective analysis
which clearly demonstrated prominent increase in throm-
botic complications in patients with prior hematological
disorders (0.57 thrombotic EPPY).'® A potential explana-
tion might be that those patients have been treated with
more relaxed antithrombotic protocol. The authors con-
clude, that based on the results of these high-risk patients,
more aggressive protocol, apparently similar to ours, has
been introduced.

By reviewing in a detailed breakout of each individual
thrombophilia subset, in prothrombin group we have iden-
tified highly significant increase in pump thrombosis
accounting for 37.5% of cases (0.668 EPPY) (Figure 2),
which closely corresponds to the rates reported by Uriel
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et al.'" It suggests high risk nature of this inherited abnor-
mality. Conversely, Factor V Leiden and MTHFR appear
relatively benign while managing patients with increased
anticoagulation protocol (Figure 3). Moreover, homozy-
gotic MTHFR mutation exhibits its potential thrombo-
genicity rather indirectly by hyperhomocysteinemia,
which if detected, can be effectively normalized by folic
acid administration. Thus, it may not be necessarily con-
sidered as a risk factor in LVAD patients.

On the other side, there have been other abnormalities
which were not encountered in hematological workup, in
particular antibody-mediated anti-phospholipid syndrome
or vitamin K dependent proteins C and S deficiency.™*
However, hypercoagulable potential of latter two over the
initial phase of vitamin-K antagonist therapy can be miti-
gated by our routine use of Heparin bridge.

A deleterious effect of bleedings on LVAD patients is
mirrored at elevated blood requirements and the subse-
quent risk of infection and immunosensitization.
Importantly, it has been documented, that alterations of
anti-thrombotic therapy in response to bleeding, either
reversal or cessation of anticoagulation, are associated
with an increased risk of subsequent thromboembolic
events.” The authors concluded that prevention of bleed-
ing may ultimately contribute also to lower thromboem-
bolic events rate, particularly in an elderly LVAD
population,

In our observations, we have demonstrated evenly low
rates of bleeding events compared to previously published
multicentric series.” Interestingly, rates were not elevated
by increased anticoagulation target in the overall thrombo-
philias positive subsets. However, the aforementioned
paper identified a positive correlation of DT strategy, older
age (>>65years) and female sex with an increased risk of
bleeding post discharge. Thus, it is possible that reduced
incidence of bleeding in our cohort is at least in part due to
the characteristics of our study cohort, considered rela-
tively lower risk in view of these findings.

Supplementary factor to explain more favorable free-
dom from bleeding may be our routine use of anti-platelet
free protocol. Data from single center reports indicate that
many HM II patients have been maintained on reduced
anti-coagulation. Experience on the cost-benefit associ-
ated with anti-platelet free antithrombotic therapy in
patients with CF-LVADs remains limited. Typically, these
modified regimens are in response to a bleeding event,
albeit some European centers, including ours, have insti-
tuted a reduced anti-thrombotic monotherapy as standard
of care with encouraging results.”

A rational behind this strategy posits that the impact of
LVAD implantation on platelet activation is at least some-
what offset by the presence of a von Willebrand’s syn-
drome due to the deficiency of high-molecular von
Willebrand multimers, one of key players in platelet adhe-
sion and aggregation.* ** Reflexively, in the setting of von
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Willebrand’s syndrome, antiplatelet therapy may addition-
ally suppress platelet function and thus lead to an incre-
mental risk of bleeding complications. Thus, avoiding
antiplatelet agents may reduce bleeding complications,
while appropriately targeted anti-vitamin K agents” ther-
apy might still protect against thrombotic events.
Furthermore, LVAD bleeding events are not confined to
hematological aspects only. Interestingly, as reported by
Wever-Pinzon et al.,*” there is a clear correlation between
a decrease of residual pulsatility indicated by HeartMate 11
pulsatility index and a rise of non-surgical bleeding.

Limitations

There are obvious limitations to this single-center prospec-
tive observational study. There was no randomization or
blinding, and therefore, caution should be used in inter-
preting the results. There was not any head-to-head com-
parator for solely arbitrary set anticoagulation target for
presumably high and low risk subgroups based on intra-
institutional experts’ consensus and only a subset of throm-
bophilias have been screened.

Our data were limited to a sample size of 138 patients
with uneven subgroup size distribution and relatively low
occurrence of adverse events, which limits statistical
power of our findings. Notably, the study population may
not be fully representative of the overall LVAD landscape
while encompassing a cohort of younger and exclusively
bridge-to-transplant population in contrast to a majority of
recently published papers including elderly DT therapy
individuals. Further, one major limitation in the follow-up
may have been deviations from targeted INR levels and a
limited evidence of INR levels course due to standard
twice a week check-up. Additionally, it is possible that
unmeasured confounders may have influenced outcomes.
Lastly, it is of critical importance to note that bleeding and
thrombotic complications in LVAD patients are truly mul-
tifactorial phenomenon and that contributors such as resid-
ual pulsatility and mean blood pressure have not been
systematically analyzed.

Conclusions

To the best of our knowledge, we believe that our study is
quite unique. It is the first prospective thrombophilias
detection study in patients prior to continuous-flow LVAD
implantation. We observed that various thrombophilias
exhibit differential impact on thrombotic complications.
Positive screening for factor I1 mutation represents serious
risk factor of pump thrombosis whereas factor V Leiden
and homozygous mutation for MTHFR remain insignifi-
cant while maintained on proposed increased INR target.
Nevertheless, overall thrombophilia positive  group
patients, considered as high-risk population in regard to
thrombosis, did not tend to bleed more despite a higher
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level of therapeutic anticoagulation. However, the factor IT
mutation subgroup showed a higher bleeding rate com-
pared to the other groups.

This momentous observation urges for further clarifi-
cation. If confirmed on broader based observations, it
may cventually arise a question of changing recommen-
dation on eligibility of this subgroup for device therapy
and provocatively, even prioritization on waiting list for
heart transplantation. However, i1t should also be taken
into consideration that recent generations of centrifugal
pumps may have a different proportion of adverse
events.

Notwithstanding aforementioned limitations, it is clear
that these findings warrant further data collection of this
predisposing factors in LVAD patients as a prospective
registry. Such an approach would ensure definition of risk
profiles to define more stringent recommendation on the
suitability of these, assumingly high-risk patients, for
device therapy and subsequently broader based individual-
ized anticoagulation strategy alike. Consequently, pro-
spective randomized studies are warranted to determine
whether a targeted anticoagulation reflective of inherent
ambient proclivity to thrombosis might further optimize
the balance between bleeding and thrombosis.

Author contributions

Miroslav Konarik: Data collection, data analysis/interpretation,
drafting article. Ivan Netuka: Concept/design, critical revision of
article. Peter Ivak: Data collection, data analysis/interpretation.
Hynek Riha: Critical revision of article. Zuzana Tucanova: Data
collection. Peter Wohlfahrt: Statistics, data analysis/interpreta-
tion. Jiri Maly: Critical revision of article. Ondrej Szarszoi:
Concept/design, critical revision of article.

Declaration of conflicting interests

The author(s) declared the following potential conflicts of inter-
est with respect to the research, authorship, and/or publication of
this article: Ivan Netuka is a consultant, has received grant funds
(outside of the submitled work) and is on advisory boards for
Abbott, CARMAT SA and LeviticusCadio Ltd. P. Ivak is a con-
sultant for Abbott. J. Maly is a consultant for Abbott. The other
authors declare no conflict of interest.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

ORCID iD

Miroslav Konarik 127 https://orcid.org/0000-0002-3416-3671

References

1. Kirklin JK, Pagani FD, Kormos RL, et al. Eight annual
INTERMACS report: special focus on framing the impact
of adverse events. J Heart Lung Transplant 2017; 36(10):
1080-1086.



Konarik et al.

Mehra MR, Uriel N, Naka Y, et al. A fully magnetically
levitated left ventricular assist device — final report. ¥ Eng/
J Med 2019; 380: 1618-1627.

Zimpfer D, Gustafsson F, Potapov E, et al. Two-year out-
come after implantation of a full magnetically levitated left
ventricular assist device: results from the ELEVATE regis-
try. Eur Heart J 2020; 41(39): 3801-3809.

Starling RC, Naka Y, Boyle AJ, ctal. Results of the post-U.S.
Food and Drug Administration-approval study with a con-
tinuous flow left ventricular assist device as a bridge to heart
transplantation: a prospective study using the INTERMACS
(Interagency Registry for Mechanically Assisted Circulatory
Support). J Am Coll Cardiol 2011; 57: 1890-1898.

Backes D, van den Bergh WM, van Duijn AL, et al.
Cerebrovascular complications of left ventricular assist
devices. Eur J Cardiothorac Surg 2012; 42: 612-620.
Kirklin JK, Naftel DC, Pagani FD, et al. Sixth INTERMACS
annual report: a 10,000-patient database. J Heart Lung
Transplant 2014; 33: 555-564.

Boyle AJ, Jorde UP, Sun B, et al. Pre-operative risk factors
of bleeding and stroke during left ventricular assist device
support: an analysis of more than 900 HeartMate II outpa-
tients. J Am Coll Cardiol 2014; 63: 880-888.

Starling RC, Moazami N, Silvestry SC, et al. Unexpected
abrupt increase in left ventricular assist device thrombosis.
N Engl J Med 2014; 370(1): 33-40.

. Klodell CT, Massey HT, Adamson R, et al. Factors related

to pump thrombosis at selected medium to high volume
centers. J Heart Lung Transplant 2014; 33(4): S131.
Mehra MR, Stewart GC and Uber PA. The vexing problem
of thrombosis in long-term mechanical circulatory support.
J Heart Lung Transplant 2014; 33(1): 1-11.

. Uriel N, Han J, Morrison KA, et al. Device thrombosis in

HeartMate I1 continuous-flow left ventricular assist devices:
a multifactorial phenomenon. J Heart Lung Transplant
2014; 33(1): 51-59.

Soltani S, Kaufmann F, Vierecke J, et al. Design changes
in continuous-flow left ventricular assist devices and life-
threatening pump malfunctions. Eur J Cardiothorac Surg
2015; 47(6): 984-989.

. Uriel N, Morrison KA, Garan AR, et al. Development of

a novel echocardiography ramp test for speed optimization
and diagnosis of device thrombosis in continuous-flow left
ventricular assist devices: the Columbia ramp study. J/ Am
Coll Cardiol 2012; 60(18): 1764-1775.

Carboni AF. Inherited thrombophilic syndromes and the
use of ventricular assist devices. Am J Crit Care 1999; 8(2):
127-129.

112

20.

21.

22.

23.

24,

25,

26.

27

845

Szarszoi O, Maly J, Turek D, et al. Implantation of left ven-
tricular assist device complicated by undiagnosed thrombo-
philia. Tex Heart Inst J 2012; 39(5): 615-617.

. Fried J, Levin AP, Mody KM, et al. Prior hematologic con-

ditions carry a high morbidity and mortality in patients sup-
ported with continuous-flow left ventricular assist devices.
J Heart Lung Transplant 2014; 33(11): 1119-1125.

Potapov EV, Antonides C, Crespo-Leiro MG, et al. 2019
EACTS expert consensus on long-term mechanical circula-
tory support. EurJ Cardiothorac Surg 2019; 56(2): 230-270.

. Massoudy P, Thielmann M, Miiller-Beissenhirtz H, et al.

Thrombophilia in cardiac surgery-patients with sympto-
matic factor V Leiden. J Card Surg 2009; 24(4): 379-382.

. Moor E, Silveira A, van’t Hooft F, et al. Coagulation factor

V (Arg506 — Gln) mutation and early saphenous vein graft
occlusion after coronary artery bypass grafting. Thromb
Haemost 1998; 80(2): 220-224.

Kvasnicka T, Hajkova J, Bob¢ikova P, et al. The frequencies
of six important thrombophilic mutations in a population of
the Czech Republic. Physiol Res 2014, 63(2): 245-253.
Slaughter MS, Pagani FD, Rogers JG, et al. Clinical man-
agement of continuous-flow left ventricular assist devices in
advanced heart failure. J Heart Lung Transplant 2010; 29:
51-839.

Stulak JM, Lee D, Haft JW, et al. Gastrointestinal bleed-
ing and subsequent risk of thromboembolic events during
support with a left ventricular assist device. J Heart Lung
Transplant 2014; 33: 60-64.

Litzler PY, Smail H, Barbay V, et al. Is anti-platelet ther-
apy needed in continuous flow left ventricular assist device
patients? A single-centre experience. Eur J Cardiothorac
Surg 2014; 45(1): 55-59.

Crow S, John R, Boyle A, et al. Gastrointestinal bleeding
rates in recipients of nonpulsatile and pulsatile left ventric-
ular assist devices. J Thorac Cardiovasc Surg 2009; 137:
208-215.

Meyer AL, Malchsa D, Bara C, et al. Acquired von
Willebrand syndrome in patients with an axial flow left ven-
tricular assist device. Circ Heart Fail 2010; 3: 675-681.
Uriel N, Pak SW, Jorde UP, et al. Acquired von Willebrand
syndrome after continuous-flow mechanical device support
contributes to a high prevalence of bleeding during long-
term support and at the time of transplantation. J 4m Coll
Cardiol 2010; 56: 1207-1213.

Wever-Pinzon O, Selzman CH, Drakos SG, et al. Pulsatility
and the risk of nonsurgical bleeding in patients supported
with the continuous-flow left ventricular assist device
HeartMate I1. Circ Heart Fail 2013; 6(3): 517-526.



Wert et al

Mechanical Circulatory Support

A multicenter evaluation of external outflow grafi
obstruction with a fully magnetically levitated left

ventricular assist device

Leonhard Wert, MD," Garrick C. Stewart, MD," Mandeep R. Mehra, MD." Assi Milwidsky, MD,"
Ulrich P. Jorde, MD,* Daniel J. Goldstein, MD," Craig H. Selzman, MD." Josef Stehlik, MD,"
Faisal D. Alshamdin, MD,® Feras H. Khaliel, MD.® Finn Gustafsson, MD,' Silvia Boschi, BSc,?
Antonio Loforte, MD,? Silvia Ajello, MD," Anna M. Scandroglio, MD," Zuzana Tu¢anovd, MD,’
Ivan Netuka, MD,' Thomas Schléglhofer, MSc,' Daniel Zimpfer, MD, Casper F. Zijderhand, MSc,*
Kadir Caliskan, MD," Giines Dogan, MD,' Jan D. Schmitto, MD,' Sven Maier, MSc,"™"

David Schibilsky, MD,™" Khalil Jawad, MD,” Diyar Saeed, MD,” Gloria Faerber, MD,”

Michiel Morshuis, MD," Maja Hanuna, MD," Christoph S. Miiller, MD," Johanna Mulzer, MD,"
Jorg Kempfert, MD,™" Volkmar Falk, MD,**"*" and Evgenij V. Potapov, MD"*

ABSTRACT

Background: The HeartMate 3 (HM 3; Abbott) left ventricular assist device (LVAD)
has improved hemocompatibility-related adverse outcomes. In sporadic cases,
external compression of the outflow graft causing obstruction (eOGO) can result
from substance accumulation between the outflow graft and its bend relief. We
sought to evaluate the prevalence, course, and clinical implications of eOGO in
an international study.

Methods: A multicenter retrospective analysis of HM 3 LVADs implanted between
November 2014 and April 2021 (n = 2108) was conducted across 17 cardiac centers
in 8 countries. We defined eOGO as obstruction >25% in the cross-sectional area
in imaging (percutaneous angiography, computed tomography, or intravascular ul-
trasound). The prevalence and annual incidence were calculated. Serious adverse
events and outcomes (death, transplantation, or device exchange) were analyzed
for eOGO cases.

Results: Of 2108 patients, 62 were diagnosed with eOGO at a median LVAD support
duration of 953 (interquartile range, 600-1267) days. The prevalence of eOGO was
3.0% and the incidence at 1, 2, 3, 4, and 5 years of support was 0.6%, 28%, 4.0%,
5.2%, and 9.1%, respectively. Of 62 patients, g were observed, 27 underwent surgical
revision, 15 underwent percutaneous stent implantation, 8 received a heart transplant,
and 2 died before intervention. One patient underwent surgical revision and later stent
implantation. The mortality with therapeutic intervention was g/53 (17.0%).

Conclusions: Although uncommon, HM 3 LVAD-supported patients might develop
eOGO with an increasing incidence after 1 year of support. Although engineering
efforts to reduce this complication are under way, clinicians must maintain a focus
on early detection and remain vigilant. (J Thorac Cardiovasc Surg 2022;l:1-9)

Split bend relief with gelatinous substance. Gelati-
nous substance is marked with arrows.
CENTRAL MESSAGE

External outflow graft obstruc-
tion is an uncommon postoper-
ative adverse event in patients
with a HeartMate 3 (Abbott). Our
analysis of 2108 patients revealed
an increasing incidence after

1 year of support.

PERSPECTIVE

Qur findings suggest that centers should develop
a standardized strategy of surveillance to screen
patients with HM 3 LVADs for e0GO and that im-
aging should be performed without delay when

this complication is suspected

See Commentary on page XXX.
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LVAD = left ventricular assist device
PA = percutancous angiography

mj Scanning this QR code will take

you to the table of contents to

access supplementary informa-
tion.

The incidence of pump thrombosis for the HeartMate 3
(HM 3; Abbott) left ventricular assist device (LVAD) is
lower than for the HeartMate II (Abbott) or the HeartWare
HVAD (Medtronic) LVADs.'™ However, obstruction of the
outflow graft due to twisting,” intraluminal thrombus for-
mation,® and extraluminal compression might occur with
the HM 3 system.”” The twist problem was solved by
improved outflow graft attachment designs. Kinking or
anastomotic stenosis is caused by suboptimal surgical
techniques. External outflow graft obstruction (eOGO) is
specific to the pump design and it remains unclear
whether this can be avoided by modifying the bend relief
during implantation. Therefore, our study focused on
extraluminal compression by a gelatinous substance
between the outflow graft and the bend relief, which
might result in severe, life-threatening hemodynamic
impairment. In this study we study aimed to determine
the prevalence, incidence, clinical implications, treatment,
and outcomes of eOGO.

METHODS
Study Design

This was a multicenter, retrospective study for which we collected data
from patients supported with a fully magnetically levitated centrifugal-
flow HM 3 LVAD. The study was approved by the institutional review board
of each of the 17 participating centers in Austria, the Czech Republic,
Denmark, Germany, Italy. Saudi Arabia, the Netherlands, and the United
States. The authors vouch for the complete and accurate acquisition of all
the data, the validity of the results, and the conclusion. The institutional re-
view board or equivalent ethics committee of the authors’ institutions
approved the study protocol and publication of data. The study was

Bochum, Bad Oeynhausen, Germany; ‘Department of Cardiac Surgery, Ludwig
Maximilian University of Munich, Munich, Germany: “DZHK (German Centre
for Cardiovascular Research), partner site Berlin, Berlin, Germany: ‘Department
of Cardiothoracic Surgery, Charité—Universitdtsmedizin Berlin, corporate mem-
ber of Freie Universitit Berlin, Humboldt-Universitit zu Berlin, and Berlin Institute
of Health, Berlin, Germany; and "Department of Health Sciences and Technology,
ETH Ziirich, Zurich, Switzerland.

approved by the institutional review board at the Charité—Universititsme-
dizin Berlin (approval number: EA1/120/21) on May 20, 2021. The patients
provided informed written consent for the publication of the study data.

Study Population

We analyzed data of patients with a reliable diagnosis of ¢OGO,
confirmed using imaging, and defined as outflow graft obstruction by
external compression due to an accumulation of gelatinous substance be-
tween the outflow graft and the bend relief. Patients with a thrombus inside
the outflow graft, a twisted or kinked outflow graft, stenosis of the distal
part of the outflow graft or aortic anastomosis, and patients supported
with two HM 3 pumps for biventricular support or with a total artificial
heart configuration were excluded from the analysis.

During the course of the study, 2 modifications were made to the outflow
graft system of the HM 3. This resulted in 3 different outflow graft attach-
ment designs, which eliminated the twist: no clip/no nut lock, ¢lip, and nut
lock. These changes do not affect the build-up of gelatinous substance be-
tween the bend relief and the outflow graft and therefore they were not re-
corded and evaluated in the present study.

Data Acquisition

We included all patients with cOGO who underwent HM 3 LVAD im-
plantation between November 2014 and March 2021. The outcomes of in-
terest were pump replacement or removal for heart transplantation,
weaning, or death. Data were collected by means of a review of electronic
medical records. Microsoft Excel was used for data collection.

Statistical Analysis

Categorical and continuous variables are summarized as frequencies,
percentages, and mean/median with interquartile range, respectively. A
Kaplan—Meier analysis and cumulative incidence function is presented
for patients diagnosed with eOGO. The analysis was conducted in R
version 4.02 (R Foundation for Statistical Computing).

RESULTS
Patients

Seventeen centers participated in this study. From June
2014 through March 2021, a total of 2108 patients received
an implanted HM 3 LVAD, and of these, 62 patients (2.9%)
were diagnosed with eOGO during the course of the study
period. The mean support time until the eOGO diagnosis
was 953.4 + 462.5 days, and baseline characteristics and
detailed surgical techniques used are described in Table
E1l and Table 1. A full sternotomy was performed in most
of the patients (83.87%). In 56 patients the outflow graft
was connected to the ascending aorta. In 33 patients the sur-
geon had chosen a long run of the outflow graft (eg, around
the right atrium and the right ventricle). Twenty-two pa-
tients (36%) had at least 1 additional concomitant surgical
procedure with the HM 3 implantation. In many of these
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TABLE 1. Baseline characteristics of patients (N = 62)

Characteristic Value

Sex

Male 54

Female 8
Age. y 59 + 14
Cardiac pathology

Dilated cardiomyopathy 26

Ischemic cardiomyopathy 25

Nonischemic cardiomyopathy 6

Valvular cardiomyopathy 2

Combined ischemic/valvular 1
cardiomyopathy

Combined ischemic/dilated 1
cardiomyopathy

Chemotherapy-induced cardiomyopathy

Intended goal of pump support

Destination therapy 33
Bridge to transplantation 26
Bridge to candidacy for transplantation 2
Bridge to decision 1

Data are presented as mean + SD or n.

cases (n = 10), the tricuspid valve was repaired concomi-
tantly. Four patients required postoperative surgical revision
due to outflow graft kinking, bend relief dislocation, or car-
diac tamponade. Five patients underwent a secondary trans-
catheter aortic valve replacement procedure and 1 patient
subsequently underwent coronary artery bypass graft sur-
gery (Table El, Table 1).

Clinical Presentation

One-third of the patients (32.79%) presented with a low-
flow alert when admitted to the hospital. Six other patients
(9.84% ) had a combination of low-flow alert and associated
symptoms (eg, dyspnea, anemia, or cardiac decompensa-
tion). Thirteen patients (20.97%) reported dyspnea as the
main symptom and 9 other patients (14.75%) had dyspnea
and another symptom like arrthythmia or angina pectoris.
Three patients (4.92%) reported nonspecific symptoms
like abdominal pain, fatigue, or epistaxis. In 6 patients
(9.84%), eOGO was asymptomatic and was diagnosed inci-
dentally (Table EZ2). Anticoagulation at admission,
LVAD parameters, and laboratory parameters at admission
and discharge are provided in Tables E3 through ES.

Computed tomography (CT) or percutaneous angiog-
raphy (PA) was performed for the eOGO diagnosis in 50
and 19 patients, respectively. In most cases the imaging re-
sults contained only a qualitative statement, for example,
“(severe) external stenosis,” “filling defect,” “compres-
sion,” or simply “(proof of) obstruction.” In case of a qual-
itative statement, the eOGO was defined as being equivalent
to a degree of obstruction of 25%. Seventeen of 50 patients
underwent PA and CT imaging. For 20 CT studies a

quantitative estimation of the degree of eOGO was re-
ported. Two patients showed obstruction <50%, 14 patients
had obstruction with 51% to 74% stenosis, and 4 patients
showed an eOGO >75%. For 30 CT reports a qualitative
diagnosis of eOGO was made. Two PA reports described
an eOGO <50%; 1 of these patients underwent intravas-
cular ultrasound. Three PA reports described an eOGO
>75%. The 2 patients whose CT scan showed <50% steno-
sis were symptomatic: 1 exhibited dyspnea and the other a
low-flow alert. The first patient died before treatment and
the second underwent successful transplantation. The 2 pa-
tients with <50% stenosis in the PA were symptomatic and
successfully stented. One of these patients exhibited severe
stenosis (with a residual diameter of 7 mm) in the CT scan
(Table E6). We did not find a correlation between the degree
of stenosis and presenting symptoms at admission (Table
E7). Echocardiography was performed in 51 patients at
admission. The data are provided in Table ES.

The annual incidence of developing eOGO was 0.6% at
| year, 2.8% at 2 years, 4.0% at 3 years, 5.2% at 4 years,
and 9.1% at 5 years of HM 3 support. The incidence range
across participating centers was 0% to 1.7% at 1 year, 0%
to 7.7% at 2 years, 0% to 25% at 3 years, 0% to 20% at
4 years, and 0% to 100% at 5 years. The 100% result is
because in this particular center only 1 patient was sup-
ported for 5 years, and stenting of eOGO was successful
in this patient (Figure 1),

Treatment

Twenty-four patients underwent re-thoracotomy with
removal of gelatinous substance and consequent relief of
eO0GO. As a consequence of eOGO, 8 patients underwent
urgent heart transplantation. Three patients underwent
pump exchange, whereas 15 patients had a percutaneous
intervention with dilatation and/or stenting of the outflow
graft. One additional patient underwent re-thoracotomy
with removal of gelatinous substance; this patient later
needed a percutaneous intervention with stenting of the
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outflow graft. For 9 patients a watchful waiting strategy
without invasive treatment was chosen (Table E9).

Overall, 14 patients died after the eOGO diagnosis. Nine
patients died in the hospital where the eOGO was first diag-
nosed on admission. Two patients died in-hospital after
stenting. Five patients died in-hospital after surgery. Two
patients died before percutaneous intervention or surgical
intervention could be performed. There was no in-hospital
death after heart transplantation. Five patients died during
the follow-up due to noncardiac reasons (Table E10). The
Kaplan—-Meier survival curve of our 62 patients after their
LVAD implantation is shown in Figure 2.

L8

FIGURE 3. Computed tomography images of external outflow graft obstruction in longitudinal (A) and axial (B) views. Arrows point directly at external

outflow graft stenosis (A).

DISCUSSION

The principal findings of this international collaborative
analysis suggest that eOGO occurs sporadically, varies in
prevalence and incidence according to center, and has an
overall prevalence of 3.0%. Importantly, this complication
has an increasing incidence as time of LVAD support grows.
We confirm that the overall incidence is comparable with
that previously reported.'” Recently published data from
large registries show that the overall survival of eOGO pa-
tients is similar to that of all patients supported with the HM
3. Patients (n = 516) enrolled in the Multicenter Study of
Maglev Technology in Patients Undergoing Mechanical
Circulatory Support Therapy with HeartMate 3 (MO-
MENTUM 3) trial were followed-up for 2 years or until
death. The 2-year survival was 0.75.° The third report of
the European Registry for Patients with Mechanical Circu-
latory Support (EUROMACS) showed similar results for
1254 patients. The cumulative incidence of mortality after
5 years of follow-up was 0.35."

We note that the emergence of low-flow alarms, espe-
cially when coupled with de novo symptoms suggestive
of heart failure, should raise immediate suspicion for this
potential complication, particularly in the later duration of
LVAD support. After excluding other diagnoses, imaging
should be undertaken via intravascular ultrasound, PA, or
contrast CT with 3D volume rendering (Figures 3 and 4).
The finding of eOGO appears to commonly require inter-
vention, and the initial approach in most centers was re-
thoracotomy with opening of the bend relief and removal
of the compressing gelatinous substance (Figure 5).

Because of the small number of eOGO patients we were
unable to determine a statistical difference between the cen-
ters regarding the surgical technique at initial LVAD im-
plantation (Table E1). We had 3 patients who underwent a
lateral approach with splitting of the bend relief and
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FIGURE 4. Three-dimensional volume rendering of computed tomogra-
phy image showing external outflow graft stenosis. The arrow points
directly at the external outflow graft stenosis.

removal of gelatinous substance. In these patients, an
outflow graft connection to the descending aorta was per-
formed during the initial LVAD implantation. The lateral
approach might be preferable to re-sternotomy.

Patients with internal outflow graft obstruction due to
thrombus formation visible on the CT scan or PA were
excluded from our analysis. Internal or external obstruction
is analyzed using different imaging modalities and can be
recognized and differentiated with CT imaging or PA."”

A twisted outflow graft is suspected of being a cause of
e0GO. It is conceivable that eOGO can be provoked by
enlargement of the free space between the bend relief and
the outflow graft and the increased pressure before the twist.
These 2 changes inside the bend relief might lead to more
oozing and accumulation of the gelatinous substance, but
this is an epiphenomenon of the twist. In our study all cases
with a twisted outflow graft were excluded from the anal-
ysis. In October 2018 the manufacturer Abbott modified
the technical design of the system by adding an outflow
graft clip."” Since this modification there have been no re-
ported cases of a twisted outflow graft, but in our study 8 pa-
tients with eOGO underwent implantation after October
2018. In this study no patient with eOGO had a twisted
outflow graft after the initial LVAD implantation. One pa-
tient with eOGO postoperatively underwent revision
because of a kinked outflow graft. This patient developed
e0GO with dyspnea after 1143 days of LVAD support
(Table El).

Over time, minimally invasive percutaneous stenting of
the outflow graft was performed at some centers with
good results.''"” In this regard, successful stenting refers
only to the elimination of stenosis. In our study 2 patients
died after successful intervention with stenting due to mul-
tiple organ failure. Urgent heart transplantation might be a
desirable option in selected cases at centers with a short
waiting time for an organ donor. However, in an unstable

hemodynamic situation, surgical or percutaneous interven-
tion is the best immediately available option.

Not all eOGO cases require immediate intervention. In
our series, clinicians observed patients in whom no overt
device alarms or symptoms prompted a diagnosis, and
e0GO was mostly diagnosed coincidentally during imaging
for other reasons. Although it is less common (15% in our
series), asymptomatic eOGO obstructing <50% of the
cross-sectional area might be closely observed with a serial
CT imaging follow-up strategy. However, in symptomatic
patients, if an improvement in filling pressures cannot be
achieved without markedly increasing the pump speed,
and in patients who are asymptomatic but with obstruction
>50% of the cross-sectional area, caution is advised
because rapid progression of heart failure is a threat. Natu-
rally, such a recommendation requires further investigation
to determine the rate of progression, and a strategy of serial
surveillance imaging (ideally with CT scans) of all patients
supported with the HM 3 might be an option to detect eOGO
at an early stage and to study the natural history of early le-
sions. However, this kind of strategy is resource-intensive,
associated with radiation exposure, and might not be
feasible if clinical contraindications (such as kidney dis-
ease) exist. In the course of this study 1 participating center
began to screen all supported patients using serial CT scans
once and discovered that 3 of 29 patients exhibited eOGO
with 60% to 70% stenosis; these patients might have
been otherwise overlooked clinically. However, such a strat-
egy cannot be advocated at this time and must be considered
anecdotal.

Interestingly, we noted marked intercenter variability in
the development of this complication. One of our largest
centers (according to implantation volume) reported no
cases of eOGO (Table 2). The shorter duration of support
because of the high frequency of heart transplantation might
explain this phenomenon. At another center with a high
incidence of eOGO, we noted a longer run of the outflow
graft requiring gelatinous substance removal and shortening
of the outflow graft during reoperation with cardiopulmo-
nary bypass.

The outflow graft of the HM 3 is made of gelatin-
impregnated, woven polyester. The bend relief is made of
polytetrafluoroethylene and is impermeable (Figure El).
In all patients in our study, the gelatinous substance accu-
mulated in the space between the outflow graft and the
bend relief. However, some cases have been reported in
which surgeons covered the distal part of the outflow graft
with a Gore-Tex membrane to prevent adhesions. The
Gore-Tex membrane is also made of polytetrafluoroethy-
lene. This resulted in development of eOGO in the distal
part. In our study there was no case of eOGO when a
Gore-Tex membrane was used. The gelatinous substance
is completely different from a thrombus and similar to an
“organized seroma.”'® Gelatinous substance accumulation
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TABLE 2. Participating centers

Total Mean

implanted support time
Center HM 3 e0GO e0GO,d Prevalence, %
1 290 0 - -
2 236 12 1240.6 + 433.3 501
3 32 1 1238 313
4 90 2 677.5 + 161.9 223
5} 55 1 1802 1.82
6 147 10 919 + 490.9 6.8
7 170 4 1236 + 832.4 2.36
8 110 2 1855 + 108.9 1.82
9 218 ] 908 + 461.1 229
10 41 5 909 £ 243.8 12.12
11 41 1 809 244
12 105 6 908.8 £ 438.5 571
13 202 1 1299 0.5
14 60 3 701 £ 736.4 5
15 94 1 1143 0.01
16 7t 4 796 + 493.1 5.20
17 140 4 042 + 3784 2.86
Total 2108 62 9534 + 462.5 3.0

Data are presented as mean £ SD orn. HM 3, HeartMate 3: eOGO, external outflow
graft obstruction

is not a new phenomenon. It has been reported with the
HeartWare HVAD'” and with HeartMate I1.'® The more
pronounced clinical presentation and low-flow alert in pa-
tients with HM 3 might be on the basis of the different

behavior of the pressure flow curves of the HM 3 compared
with the HeartMate TT.'"” The etiology of perigraft seroma
through a vascular polyester graft is not well understood.””
Some centers have begun to modify the bend relief by lon-
gitudinal splitting or by adding multiple perforations to pre-
vent accumulation of this gelatinous material.'™'"*!
However, 1 center in our series reported some degree of
outflow graft obstruction (<50%) in 2 patients even after
such a modification of the bend relief. Furthermore, modi-
fications of the bend relief have only been made in a few
cases thus far. If we eliminate the outflow bend relief graft,
the eOGO problem might be avoided, but it might create
other problems. Splitting the outflow bend relief might
solve this; however, the currently available insights do not
allow us to draw any conclusions.

The last European Association for Cardio-Thoracic Sur-
gery expert consensus mentions the possibility of stenting
outflow graft stenosis. There is no recommendation for
early detection of e0GO.” In our opinion, one way to
recognize an impending eOGO early on would be to
decrease the threshold for a low-flow alarm (so that it
emerges even when a mild reduction in flow is consistently
noted). Subtle changes to power consumption over time
could also aid in early detection. This would require a
comprehensive collection of all log files. We do not
currently have sufficient information to make a recommen-
dation to modify the bend relief.

Because of the retrospective design of this study we
cannot conclude a correlation between early development
of e0GO and mortality. However, we note that mortality
among patients who required therapeutic intervention was

FIGURE 5. Split bend relief with gelatinous substance. Arrows point directly at the gelatinous substance (A). B and C, Exposition of the gelatinous

substance.
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FIGURE 6. Graphical abstract. eOGO, External outflow graft obstruction.

high despite the experience of high-volume centers special-
ized in mechanical circulatory support. This underlines the
need for early recognition and to monitor such patients
closely before their symptoms or condition deteriorates
and decreases their eligibility as a surgical candidate.

This study has several limitations. The detection of
e0GO and the variable imaging modalities by which
e0GO is identified was not standardized across centers so
we cannot be certain whether the prevalence of this compli-
cation is underestimated. In addition, we present only the
reported prevalence. Our study shows only the cumulative
incidence and not the incidence rate. We calculated the pro-
portion of HM 3 patients who developed eOGO during a
specific period. There are no analyses of survival data or
other detailed data of the patients without diagnosed
e¢0GO. More granular data can be collected in large regis-
tries or in a prospective manner. Observer bias due to recog-
nition and diagnostic challenges might also underestimate
the actual detection of this complication. We do not believe
that the surgical technique—full sternotomy, left lateral
anterior thoracotomy, or left anterior thoracotomy

combined with partial sternotomy—would change the
development of the gelatinous substance between the
woven polyester graft and the polytetrafluoroethylene
bend relief. Therefore, we kept the nonsternotomy patients
in the analysis. However, an upcoming follow-up study with
more OGO patients will include a subgroup analysis. We
are also limited in determining the predictors of eOGO
and only structured studies that are prospective in design
with close attention to surgical techniques and medical
management would answer such a question. We also cannot
be certain on advocating the best approach for an interven-
tion, which we believe will require structured evaluations
over time and in a standardized manner across centers.

CONCLUSIONS

e¢0GO caused by compression of gelatinous substance
between the outflow graft and the bend relief is an uncom-
mon but potentially life-threatening complication in HM 3
LVAD patients who require prolonged support (Figure 6).
These findings suggest that centers should develop a stan-
dardized strategy of surveillance to screen HM 3 LVAD
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patients for eOGO and that imaging should be performed
without delay when this complication is suspected.
Although engineering efforts to reduce this complication
are under way, clinicians must maintain a focus on early
detection and remain vigilant. A low-flow alarm should be
interpreted as an early warning sign that something is pro-
gressing in the background. We noted that mortality among
patients requiring (surgical) therapy is high. This shows the
need to diagnose the complications early on. It is our duty as
a group of experts to find an adequate screening protocol.
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FIGURE E1. Outflow graft with bend relief before implantation (A). The arrow points at space between outflow graft and bend relief (B).
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TABLE El. Technical baseline characteristics TABLE E2. Patients’ main clinical symp at ad
Characteristic n Sympiom n
Surgical access for VAD implantation Heart failure symptoms
Full sternotomy 52 Low-flow alert 20
Lateral thoracotomy 8 Low-flow alert and dyspnea and hydropic 2
Partial sternotomy with lateral thoracotomy 2 decompensation
Aortic outflow graft connection Low-flow alert and cardiogenic shock 2
Outflow graft connection to ascending aorta 56 Low-flow alert and dyspnea and cardiac 1
Outflow graft connection to descending aorta 6 decompensation
¥ Low-flow alert anemiz 1
Anatomical course of outflow graft™ e n'w 2etand dTIL.ITIl.i
Short run of graft to descending aorta 6 gydroplc s e lj
Short run of graft (eg, from apex to ascending aorta 18 Sl
Dyspnea and low-flow alert 5]
under sternum) - d right heart Fail :
Long run of graft (eg. around right atrium and right 33 FEpach AN s l ALl u“’:
o Dyspnea and cardiac arrhythmia 1
ventricle) D g X ) 1
3 . spnea and angina pectoris
Very long run of graft (eg, s-shape or kinked) 2 il E flp i .
Pulmonary congestion and peripheral 1
Modification of bend relief at initial LVAD implantation - _
iy edema and dyspepsia
No medification 60 Pulmonary edema and low cardiac output 1
Perforation of bend relief
X X i Other
C(lnLlll"I'll[ill'li cardiac surgery or mtervention ARDS 1
Aortic v.alvc rclpla.ccmcnt and PFO/ASD closure 1 Abdominal pain and nausea and vomiting 1
Prosthetic aortic valve replacement 1 e ;
_ 2 . Reduced vigilance and hyperglycemia 1
Aortic valve replacement and tricuspid valve 2 Eiristixs
pistaxis 1
reconstruction A : incidental findi G
Tricuspid valve repair 5 symptomatic or incidental finding
Tricuspid valve repair and temporary RVAD 1 ARDS, Acute respiratory distress syndrome.
Tricuspid valve repair and PFO/ASD closure 3
Tricuspid valve repair, temporary RVAD, PFO/ASD 1
closure
Left ventricular reduction 1
Temporary RVAD 4
PFO/ASD closure 3
Later cardiac surgeries or interventions
Revision, outflow graft 1
Revision, bend relief 1
Revision, cardiac tamponade, open chest il
Revision, cardiac tamponade and temporary RVAD, 1
open chest
Transposition of driveline and reposition of greater 1
omentum
TAVR 5
Temporary RVAD and TAVR 1
CABG 1
VAD, Ventricular assist device; LVAD, left ventricular assist device; PFO/ASD, patent
foramen ovale/atrial septal defect; RVAD, right ventricular assist device; TAVR, trans-
catheter aortic valve replacement: CABG, coronary artery bypass grafting. “Imaging
was nol available for 3 palients.
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TABLE E3. Anticoagulation at admission

TABLE E3. VAD parameters at admission and discharge
VAD parameter Admission Discharge Medication n
Speed, rpm 5556.9 + 898.4* 5455.8 + 683.5{ Warfarin 22
Flow, L/min 38 £ 1.1% 4.6 £ 0.6 Warfarin and aspirin 37
Motor power, W 4007 4.2 £ 0.64 ‘Warfarin and clopidogrel 2

Data are presented as mean + SD. VAD, Ventricular assist device. *Data collected
from 52 patients. {Data collected from 43 patients. IData collected from 52 patients.
§Data collected from 44 patients. || Data collected from 51 patients. Data collected

from 42 patients.

TABLE E6. Judgement of the degree of stenosis at admission on the
basis of CT and PA

n
CT
Total 50%
Quantitative statement
<49% 2
TABLE E4. Laboratory parameters at admission and discharge 50%-74% L
>75% 4
Laboratory parameter Admission Discharge Qualitative statement 30
Serum lactate P S i 268.8 = 74.07 CT not performed or not defined 12
dehydrogenase, U/L PA
Plasma-free 119.6 = 313.0¢ 103.2 &+ 318.4% Total 19+
hemoglobin, mg/L. Quantitative statement
INR 2.4 = 046| 2.1 £ 069 <49% 2f
aPTT, s 46.7 + 10.6% 52.4 £ 20.3%* SRy u
- - >75% 3
Data are presented as mean + standard deviation (SD). /NR, International normalized aker
ratio: aPTT, activated partial thromboplastin time, *Data collected from 55 patients, Qualitative statement 14
PA not performed or not defined 42

iData collected from 44 patients. fData collected from 38 patients. §Data collected
Ifrom 28 patients. | Data collected from 60 patients. §Data collected from 48 patients.
#Data collected from 52 patients. **Data collected from 46 patients

CT. Computed tomography; PA, percutaneous angiography. *17 Patients received CT
and PA imaging. 1 Patient received intravascular ultrasound.
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TABLE E7. Patients’ symptoms, degree of stenosis at admission, therapy, and outcome

Survival after

Degree of i Pr ting symp e0GO Survival after

Patient at admission at time of di i di is, d Therapy therapy, d Outcome
1 Qualitative evaluation ~ Asymptomatic 669 Intervention, stenting 494 Ongoing
2 Qualitative evaluation ~ Asymptomatic 2 Surgery, decompression 2 Deceased
3 Qualitative evaluation Asymptomatic 32 Surgery, decompression 30 Ongoing
4 50% Asymplomatic 1047 Watchful waiting - Ongoing
5 Qualitative evaluation  Asymptomatic 679 ‘Watchful waiting - Ongoing
6 50% Asymptomatic 402 ‘Watchful waiting - Ongoing
7 50% Low-flow alert 200 Surgery, decompression 200 Ongoing
8 Qualitative evaluation ~ Low-flow alert 232, Surgery, decompression 229 Deceased
9 70% Low-flow alert 42 Intervention, stenting 42 Ongoing
10 Qualitative evaluation  Low-flow alert 78 Conservative 64 Ongoing
11 Qualitative evaluation ~ Low-flow alert 551 Surgery, pump exchange 551 Deceased
12 Qualitative evaluation ~ Low-flow alert 1075 Surgery, decompression 1069 Ongoing
13 Qualitative evaluation  Low-flow alert 848 Surgery, decompression 847 Ongoing
14 70% Low-flow alert 239 Surgery, transplantation 135 Ongoing
15 30% Low-flow alert 229 Surgery, transplantation 30 Ongoing
16 50% Low-flow alert 6065 Surgery, transplantation 3 Ongoing
17 Qualitative evaluation  Low-flow alert 0 Not possible 0 Deceased
18 Qualitative evaluation  Low-flow alert 488 Surgery, pump exchange 488 Ongoing
19 Qualitative evaluation ~ Low-flow alert 362 Surgery, decompression 358 Ongoing
20 Qualitative evaluation  Low-flow alert 132 Intervention, stenting 131 Ongoing
21 50% Low-flow alert 962 Surgery, transplantation 923 Ongoing
22 Qualitative evaluation ~ Low-flow alert 3 Surgery, decompression 2 Deceased
23 Qualitative evaluation ~ Low-flow alert 5 Surgery, decompression 5 Deceased
24 50% Low-flow alert 612 Intervention, stenting 609 Ongoing
25 Qualitative evaluation  Low-flow alert 1018 Surgery, decompression 1011 Ongoing
26 Qualitative evaluation  Low-flow alert 2 Surgery, decompression 2. Deceased
2 Qualitative evaluation  Low-flow alert and 36 Surgery, decompression, 18 Ongoing

dyspnea and hydropic intervention, stenting

decompensation
28 Qualitative evaluation  Low-flow alert and 375 Intervention, stenting 368 Ongoing

dyspnea and hydropic

decompensation
29 Qualitative evaluation  Low-flow alert and 14 Surgery, pump exchange 14 Deceased

cardiogenic shock
30 Qualitative evaluation  Low-flow alert and 755 Surgery, decompression 755 Deceased

cardiogenic shock
31 Qualitative evaluation  Low-flow alert and 770 Surgery, decompression 747 Ongoing

dyspnea and cardiac

decompensation
32 T0% Low-flow alert and anemia 85 Intervention, stenting 85 Deceased
48 75% Hydropic decompensation 72 Intervention, stenting 66 Ongoing
34 Qualitative evaluation ~ Hydropic decompensation 427 ‘Watchful waiting - Ongoing
35 50% Dyspnea 494 Surgery, transplantation 14 Ongoing
36 Qualitative evaluation ~ Dyspnea 841 Conservative 838 Ongoing

(Continued)
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TABLE E7. Continued

Survival after

Degree of stenosis Presenting symptoms e0GO Survival after

Patient at admission at time of diagnosis diagnosis, d Therapy therapy, d Outcome

37 Qualitative evaluation ~ Dyspnea 589 Surgery, decompression 568 Ongoing

38 Qualitative evaluation ~ Dyspnea 39 Surgery, transplantation 39 Ongoing

39 Qualitative evaluation ~ Dyspnea 177 Surgery, transplantation 175 Ongoing

40 25% Dyspnea 219 Not possible 0 Deceased

41 50% Dyspnea 301 Surgery, transplantation 250 Ongoing

42 50% Dyspnea 134 Intervention, stenting 130 Ongoing

43 Qualitative evaluation ~ Dyspnea 18 Intervention, stenting 18 Deceased

44 Qualitative evaluation ~ Dyspnea 342 Surgery. decompression 320 Ongoing

45 Qualitative evaluation ~ Dyspnea 319 Intervention, stenting 317 Ongoing

46 Qualitative evaluation ~ Dyspnea 593 Surgery, decompression 592 Ongoing

47 Qualitative evaluation ~ Dyspnea 173 Intervention, stenting 173 Ongoing

48 Qualitative evaluation ~ Dyspnea and low-flow alert 575 Surgery, decompression 573 Ongoing

49 Qualitative evaluation ~ Dyspnea and low-flow alert 42 Surgery, decompression 26 Ongoing

50 85% Dyspnea and low-flow alert 14 Surgery, decompression 13 Ongoing

51 80% Dyspnea and low-flow alert 978 Surgery, decompression 978 Ongoing

Gps Qualitative evaluation ~ Dyspnea and low-flow alert 282 Surgery, decompression 282 Ongoing

o3 60% Dyspnea and right heart 48 Watchful waiting - Ongoing
failure

54 70% Dyspnea and right heart 124 Surgery, transplantation 6 Ongoing
failure

55 Qualitative evaluation  Dyspnea and cardiac 677 Surgery, decompression 677 Ongoing
arrhythmia

56 75% Dyspnea and angina pectoris 1100 Intervention, stenting 744 Ongoing

57 60% Pulmonary edema and low 317 Intervention, stenting 210 Ongoing
cardiac output

58 Qualitative evaluation  Pulmonary congestion and 109 Watchful waiting - Ongoing
peripheral edema and
dyspepsia

59 Qualitative evaluation  Abdominal pain and nausea 145 Watchful waiting 145 Ongoing
and vomiting

60 Qualitative evaluation ~ ARDS 630 Surgery, decompression 629 Deceased

61 50% Reduced vigilance and 149 Intervention, stenting 127 Ongoing
hyperglycemia

62 80% Epistaxis 750 Intervention, stenting 733 Ongoing

£0GO, External compression of the outflow gralt causing obstruction; ARDS, acute espiratory distress syndrome.
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TABLE E8. Echocardiography parameters at admission

TABLE E10. Outcomes

Parameter n Outcome Value
Left ventricular ejection fraction Death, overall 14
>50% 1 Cause of death, overall
40%-49% 7 Cardiac 3
<d0% 10 Noncardiac 11
No data 49 In-hospital death 0
Left ventricular end-diastolic diameter Survival after eOGO diagnosis, overall, d 382 + 347
42-5.8 cm., men 12 Survival after eQGO therapy, overall, d 330 =323
3.8-5.2 cm, women 1 Stenting
>5.9 cm, men 23 Stenting, OGO therapy 16
>5.3 cm, women & Survival, stenting, after OGO therapy, d 269 + 251
No data 21 In-hospital death, after stenting 9;
Right ventricular ejection fraction Surgery
>32% 3 Surgery, OGO therapy 28
Normal, measured quantitatively 14 Survival, surgery, after OGO therapy, d 399 &£ 346
25%-31% % In-hospital death, after surgery 5
Mild, measured quantitatively 7 Heart transplantation
18%-24% 0 Heart transplantation, OGO therapy 8
Moderate, measured quantitatively 13 Survival, heart transplantation, after 0GO 9555 2180
£17% 0 therapy, d
Severe, measured quantitatively ) In-hospital death, after heart 0
No data 20 transplantation
Right ventricular end diastolic diameter Data are presented as mean + SD or n. ¢OGO, External compression of the outflow
2.7-33cm i) graft causing obstruction; OGQ, obstruction of the outflow graft.
Normal, measured quantitatively 7
>3.4cm 11
<2.6cm 0
Dilated, measured quantitatively 10
No data 51
TABLE E9. Consequence of outflow graft obstruction diagnosis
Consequence n
Surgery
Re-thoracotomy with removal of 24
gelatinous substance
Pump exchange 2!
Heart transplantation 8
Intervention
Dilatation and/or stenting 15
Re-thoracotomy with removal of gelatinous 1
substance and secondary intervention with
stenting
Conservative therapy/watchful waiting 9
Death before possibility of therapy 2
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