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Abstrakt

Zakladnim predpokladem k provedeni korondarni angioplastiky je urceni léze, ktera
zpUsobuje myokardidlni ischemii. Korondrni angiografie selhava v diagnostice
hemodynamické vyznamnosti u hranicnich lézi — stendz omezujici prlsvit tepny v
rozsahu 40-70%. Tuto limitaci je moiné prekonat zméfenim tlakového gradientu
pritomného na stendze. V soucasné klinické praxi k tomuto vyuzivdme dvé metody:
frakéni pritokovou rezervu (FFR), ktera méfi tlakovy gradient pfi hyperemii a v pribéhu
celého srde¢niho cyklu; a tzv. klidové indexy (z nichZz nejznaméjsi je index iFR —
instantaneous wave-free ratio), které hodnoti tlakovy gradient bez farmakologicky
navozené hyperemie v pribéhu diastoly. Dostupnost hyperemickych a klidovych index(
pfinasi nékteré problémy. Za zakladé provedenych studii vime, Ze korelace mezi FFR a
iFR je kolem 80% a Ze je tato korelace vyrazné nizsi v oblasti prahovych hodnot.

V nasi studii jsme analyzovali |éze a pacienty s diskordantnimi méreni FFR a iFR
na zakladé klinickych, angiografickych a laboratornich nélez(. Cilem bylo zjistit i dosud
nezkoumany vliv polymorfismu gen(l uplatnujici se v endotelidlné-vazané vazodilataci
na snizenou odpovéd endotelidlnich bunék na podani vazoaktivnich farmak. Endotelidlni
NO syntaza (ENOS) a hemoxygenaza-1 (HO-1) jsou enzymy kli¢ové pro cévni homeostazu
a porucha jejich funkce hraje roli v endotelialni dysfunkci a rozvoji aterosklerézy. Casté
varianty obou genu jsou spojené s alteraci enzymatické funkce. ProtozZe jsou k dispozici
pouze limitovana data tykajicich se genetickych determinant korondrni odpovédi na
hyperemické stimuly, rozhodli jsme se zkoumat, zda Glu298Asp polymorfismus v exonu
7 genu ENOS a (GT)n polymorfismus promotoru genu HO-1 ovliviiuji koronarni tlakové

indexy a jestli se tyto varianty podili na vyskytu FFR/iFR diskrepanci.

Klicova slova: frakéni pratokova rezerva, instantaneous wave-free ratio, koronarni
pratokova rezerva



Abstract

An essential part of an indication for coronary revascularization is recognition of the
lesion causing the myocardial ischemia. Coronary angiography fails in the diagnosis of
lesions causing ischemia, primarily in so-called “borderline” lesions (lesions with a 40%—
70% reduction in the lumen diameter). This problem is overcome by measuring the
pressure gradient across the stenosis. In contemporary practice, we use 2 methods to
measure such gradients: fractional flow reserve (FFR), which measures the pressure
gradient during hyperemia and across the entire cardiac cycle; and the so-called resting
indices (the most well-known of which is instantaneous wave-free ratio - iFR), which
measure the pressure gradient without drug-induced hyperemia during mid-diastole.
Unfortunately, having both hyperemic and resting indices also opens new problems.
Based on previous trials, it is known that the correlation between FFR and iFR is around
80% and that this correlation is much lower when we compare only measurements at
or near cutoff points.

Our trial was designed to analyze lesions and patients with discordant FFR and
iFR findings using clinical, angiographic, and laboratory examinations. Moreover, one of
the potential and so far untested reasons for the impaired reaction of endothelial cells
to vasoactive drugs could be a genetic polymorphism in genes that play a role in
endothelial-based vasodilatation. Endothelial nitric oxide synthase (ENOS) and heme
oxygenase-1(HO-1) are enzymes that are crucial for vascular homeostasis, and
alterations in their functions are implicated in endothelial dysfunction and development
of atherosclerosis. Also, common variants in both genes have been shown to alter
enzyme function. Because there are only limited data available concerning the genetic
determinants of coronary artery response to hyperemic stimuli, we sought to
investigate whether the Glu298Asp polymorphism—in exon 7 of the ENOS gene—and
the (GT)n polymorphism in the HO-1 gene promoter influence coronary pressure-
derived indexes and whether these variants contribute to the occurrence of iFR/FFR

discordance.

Key words: fractional flow reserve, instantaneous wave-free ratio, coronary flow
reserve



1. Uvod

Indikace k provedeni koronarni intervence je v soucasné dobé primarné zaloZzena na
znalosti hemodynamického dopadu té konkrétni léze, u které je angioplastika
zvazovana. Pouze osSetfeni hemodynamicky vyznamné korondrni stenézy vede ke
zlepSeni progndézy pacienta a nezatéZuje jej riziky vyplyvajicich z moZnych
periproceduralnich komplikaci, z trombdzy Ci restendzy ve stentu a z nutnosti nasledné
dualni antiagregacni |éCby (Boden et al., 2007, Pijls et al., 2007).

Selektivni koronarografie poskytuje optimalni ¢asové a prostorové rozliseni, ma
ale pouze omezenou vypovédni hodnotu v Sirokém pasmu tzv. hrani¢nich lézi —tj. stendz
omezujicich prlsvit koronarni tepny o 40-70%. Morfologicky nalez tedy nemuze byt
jedinym kritériem k provedeni angioplastiky a je nezbytné zhodnotit, zda koronarni
stenéza vede k myokardidlni ischemii (White et al., 1984). Soucasné je nutné brat
v potaz, Ze neexistuje korelace mezi klinickymi symptomy a rozsahem ischemie. Tize
symptomu, typicky v podobé stenokardii, nereflektuje nutné velikost ischemického
teritoria a jeho prognostickou zdvaznost, a ani pfi absenci obtizi nelze vyloudit tzv.
némou ischemii myokardu. Ta je pfitom spojena se stejné negativnimi dopady jako
klinicky manifestni ischemicka choroba srdecni.

Elektrokardiografie si zachovala zasadni roli v diagnostice akutnich koronarnich
syndromd, limitovany je ale prinos EKG v diagnostice chronické ischemické choroby
srdecni. Klidovy zaznam velmi ¢asto nevykazuje zndmky patologie a zatéZzové vysetreni
je zatizeno velmi nizkou senzitivitou (45-50%) (Montalescot, 2013). Presnéjsi nez
zatézova elektrokardiografie jsou metody nukledrni kardiologie. Perflzni scintigrafie
myokardu (SPECT — jednofotonova emisni vypocetni tomografie) zobrazuje bunécnou
perfuzi myokardu v klidové fazi a pfi zatézi. Senzitivita této metody dosahuje 85-90% a
specificita 75-80% (Al Moudi et al., 2011). Za fyziologickych podminek je perfuze
myokardu rovhomérna, bez loZiskovych defekt(l, intravendzné podané radiofarmakum
emitujici gama (nejcastéji Technecium-99m) zarfeni rovnomérné pronikda do
kardiomyocyt(. V pripadé vyznamné koronarni stendzy dochazi za stendzou ke snizeni
perfuze a na scintilani kamere je detekovano ischemické teritorium. SPECT srovnava

perfuzi jednotlivych segmentld myokardu, limitaci metody je tak mozné podhodnoceni



zdvazného korondarniho ndlezu, pokud je perfuze rovnomérné snizend (i distribuce
radiofarmaka je vtomto pripadé rovnomérné snizena). Jde o tzv. balancovanou
ischemii, se kterou se setkdvdme napf. u tézkého vice¢etného korondrniho postizeni.
Perfuzni defekt mlze byt pritomny pouze pfi zatézi, tj. defekt je reverzibilni nebo neni
radiofarmakum akumulovano ani v klidové fazi vySetreni. Takovy defekt oznacujeme
jako fixni a byvd nejcastéji projevem myokardidlni jizvy. V odliseni jizvy od
hibernovaného myokardu lze vyuZit nuklearni magnetickou rezonanci, pozitronovou
emisni tomografii nebo perfuzni scintigrafii s pouzitim Thalia-201. Z hlediska indikace
koronarni intervence je dllezity zejm. prikaz reverzibilni ischemie, osetreni tepny v
povodi neviabilniho myokardu neni indikovano.

Zatézovd echokardiografie je dalSi neinvazivni metodou, kterda umozZnuje
detekovat poruchy kontraktility, které se objevuji béhem zatéZe navozené
farmakologicky (infuzi dobutaminu) nebo fyzickou aktivitou. Metoda dosahuje podobné
specificity a senzitivity jako SPECT myokardu (Marwick, 2003), kvalita a vypovédni
hodnota vysetfeni je vSak vysoce dependentni na erudici vySettujiciho. Nejvyssi
senzitivita a specificita byva ve studiich opakované potvrzena u zatézového vysetreni
pomoci pozitronové emisni tomografie (PET) (Al Moudi et al., 2011), pro nizkou
dostupnost je tato metoda, v kardiologii pouzivana ale spiSe jen okrajové.

Obé, vsoucasnosti nejvice vyuZzivané, neinvazivni metody - zatéZova
echokardiografie i perfuzni scintigrafie, pres svoje nesporné vyhody a nezastupitelnost,
selhdvaji v bliz§im urceni konkrétni korondrni léze, pfesnost diagnostiky je omezeno
pouze na ischemické teritorium. Identifikace stendézy zodpovédné za myokardialni
ischemii je pritom klicové s ohledem na dlsledky zminéné v Gvodu.

Koncept koronarni fyziologie je historicky datovan do stejného obdobi jako prvni
koronarni intervence. Andreas Griintzig jiz v 70. letech zkonstruoval balonkovy katetr
vybaveny lumen pro méreni proximdlnich a distdlnich tlak( (Griintzig et al., 1979).
Vzhledem k technickym komplikacim danych zejména velikosti instrumentaria ale
metoda nenasla vétsi klinické uplatnéni a k dalSimu rozvoji doslo aZ s pfichodem
intravaskularnich manometrd v 90. letech. Tymy kolem Pijlse a de Bryuna definovali
index frakéni pritokové rezervy (FFR), simplifikovany surogdtni ukazatel koronarniho
pratoku odvozeny ze stanoveni tlakového gradientu na koronarni stendze (Pijls at al.,

1993, De Bruyne et al., 1994, Pijls at al., 1995, Pijls at al., 1996), ktery se diky vysledkiim
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klinickych studii (Bech et al., 2001, Tonino et al., 2009, De Bruyne et al., 2012) postupné
stal referenénim standardem a rutinni klinickou metodou uZivanou v hodnoceni
hemodynamické vyznamnosti koronarnich stendz. Ve stejné dobé je vyvijen i
dopplerovsky senzor umoznujici primé stanoveni koronarniho pratoku, pro horsi
reproducibiltu a technickou narocnost zUstalo ale méfeni pritoku vyhrazeno témér
vyhradné pro vyzkumné ucely a nikdy nedoslo k jeho vétSimu uplatnéni v klinické praxi.
AZ vyuziti termodiluce vedlo v poslednich letech krevizi klinickych postupl a
opétovnému, byt zatim omezenému, méreni koronarniho priatoku a z ného odvozeného

indexu mikrocirkularni rezistence (IMR) i pfi rutinnich vysetfenich.
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2. Koronarni fyziologie a jeji aplikace v klinické praxi

2.1 Koncept frakcni pratokové rezervy

Frakéni prtokova rezerva (FFR, fractional flow reserve) je definovana jako
pomér maximalniho myokardialniho pritoku krve distalné za stenézou (Q) a normalniho
pratoku ve stejném povodi pfi hypotetické absenci pritok-limitujici stendzy (Qn).
Analogicky Ohmovu zakonu je pritok roven podilu tlakového gradientu mezi stfednim
tlakem distalné za stendzou (Pd) a centrdlnim Zilnim tlakem (Pv) a myokardialni
rezistenci (R) pro Qs, a podilu tlakového gradientu mezi stfednim aortalni tlakem (Pa) a

centrdlni Zilnim tlakem (Pv) a myokardidlni rezistenci pro Qn

Q Pd — Pv Pa — Pv
1)FFR=@ 2)Q=—>—— 3HOn=—-—

Myokardidlni rezistenci nelze pouze svyuZitim tlakového senzoru, bez
kvantifikace vlastniho pratoku, stanovit a dalsi odvozeni konceptu FFR, resp. jeho
praktické vyuziti, je tak postaveno na teoretickém predpokladu minimalni a stabilni
rezistence pritomné pfi stavu maximalni korondrni hyperemie, ktera je farmakologicky
indukovana béhem vysetfeni.

Pro pochopeni problematiky maximalni korondrni hyperemie a minimalni
moykardialni rezistence, tedy stavu, jehoz dosazeni je klicové k potvrzeni platnosti
simplifikovaného vztahu (5,6) a tim k validnimu zhodnoceni hemodynamické
vyznamnosti koronarni stendzy, je vhodné blize popsat regulaéni mechanismy
koronarniho fecisté:

Koronarni recisté disponuje komplexni schopnosti regulovat vaskularni tonus
pomoci neurohumordlni a metabolické regulace, zménou myogenniho tonu a
endotelidlni bunécnou signalizaci — jednd se o mechanismy v souhrnu oznacované jako

koronarni autoregulace. Konstrikci a dilataci arteriol je zajistovan v pasmu fyziologickych
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hodnot krevniho tlaku, pfi neménné metabolické potfebé myokardu, stacionarni
koronarni pratok. Pri vyssich Ci nizsich narocich myokardu je udrZzovana za konstantniho
koronarniho perfuzniho tlaku adekvatni perfuze, tento mechanismus byva oznacovan
jako metabolickd adaptace (Van De Hoef et al., 2013, Tiefenbacher, Cilian, 1998, Mosher
etal., 1964, Spaan, 1985, Di Mario et al., 1994).

Arbitrarné ¢lenime koronarni fecisté do 3 kompartment(: 1) epikardialni tepny
o priméru > 0,5mm, 2) prearterioly o priméru 100-500um a 3) arterioly o priiméru <
100um a kapilarni fecisté (obrdzek 1). Velké tepny probihaji v epikardu, resp.
v interventrikuldrnim septu v pfipadé septalnich vétvi, a nedochazi v nich pfi absenci
obstrukce prutoku k prakticky zadnému poklesu tlaku, hovofime o nich jako o
konduktivnich cévach. Stfedni a distdlni kompartment tvofi mikrocirkulaci, ktera je
zodpovédna za koronarni rezistenci (Camici, Crea, 2007, Lanza, Crea, 2010).

Konduktivni recisté reaguje omezené na pritokem navozenou dilataci, nejvice je
ale odpovéd na pratok patrnd v proximalni casti stfedniho kompartmentu. Distalni
prearterioly jsou z celého fecisté nejvice vnimavé na zmény perfuzniho tlaku a patrné
hraji dominantni roli v koronarni autoregulaci. Distalni kompartment reaguje na zmény
intramyokardialni koncentrace metabolit( a nejvice zodpovida za metabolickou regulaci

koronarniho pritoku.
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Epikardialni tepny Prearterioly Arterioly
> 0,5 mm 0,1-0,5mm <0,1mm

Aorta

Stiedni tlak

Kapilary

Obrazek 1. Kompartmentovy model koronarniho tecisté (upraveno dle Camici et al.,

2007).

VySe uvedené ilustruje komplexnost regulace koronarniho fecisté, které je
schopno udrZovat konstantni pritok v pasmu fyziologickych hodnot tlaku, resp. pfi
konstantnim perfuznim tlaku zajistit adekvatni perfuzi myokardu. Teoretickym
podkladem konceptu FFR je linedrni vztah mezi tlakem a pritokem, ktery za béZnych
podminek nenastdva. K navozeni pfimé zavislosti tlaku na pratoku je tfeba eliminovat
koronarni regulacni mechanismy a to je dosazeno navozenim maximalni dilatace
koronarniho recisté, resp. maximalni hyperemie v ném, v klinické praxi nejcastéji
podanim adenosinu ve formé intrakoronarniho bolusu nebo kontinudlni intravendzni
infuzi.

Pi potlaceni regulacni schopnosti je korondrni pritok pfimo zavisly na perfuznim
tlaku, pouze ale v pasmu fyziologickych hodnot tlaku, pfi nizSich hodnotach nabyva

zavislost konkdvniho tvaru a kfivka neprotind osy x a y v nulovém bodé. Vztah mezi
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tlakem a prltokem pfi maximalni hyperemii je mozné nejpresnéji oznacit jako
inkrementalné-linearni (Van De Hoef et al., 2013).

Vratime-li se k odvozeni vypoCtu FFR, za predpokladu, Ze je myokardialni
rezistence po dosaZzeni maximalni hyperemie minimalni a stabilni, je mozné vztah (4)
upravit na (5). Centralni Zilni tlak je zpravidla nizky, resp. jeho hodnota vyznamnéji
neovliviiuje vyslednou hodnotu FFR, ¢imz se dostdvame k findlnimu vztahu pro vypocet
FFR (6). Vztah (6) proti (5) je simplifikovan zejména z praktickych ddvodu, kdy neni
zohledniovan centralni Zilni tlak, pro jehoz kvantifikaci by bylo nutné zavedeni centralni
Zilniho katétru - to je spojeno surCitym rizikem komplikaci, zejména se tim ale
prodluzuje délka vykonu (pozn.: komercni systémy uZivané k méfeni FFR nicméné
umoziuji hodnoty Pv zadat. Opodstatnéné je zméreni hodnot Pv a uziti vztahu (5)
v klinické situaci, ve které lze ocCekdvat hodnotu centralni Zilniho tlaku vyraznéji

zvySenou nad normu, jisté v pripadé, Ze je Pv vice nez 15mmHg).

Pd — Pv

4) FFR = —1R 5yFFR = LA =PV 4 prg = B4
) ~ Pa—Pv ) " Pa-—Pv ) " Pa

V plvodni validaéni studii byla deklarovdna frakéni pratokovd rezerva
myokardialni (FFRmyo) @ koronarni (FFRcr). Koronarni FFR je definovana jako podil
maximalniho pritoku v koronarni tepné v pfitomnosti stenézy (Qs) a normalniho
pratoku v koronarni tepné, tj. pritoku pfi hypotetické absenci stenézy (Qsn)(7). Celkovy
myokardialni pritok je roven souctu pritoku ve stenotické tepné a pritoku
z kolaterdlniho tecisté (Qc) (8). Predpokladem platnosti vztahu (7) je stav maximalni

vazodilatace.

Qs Pd—Pw
Qsn  Pa— Pw

7) FFRcor = 8)Q =0Qs+Qc
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Tlak v zaklinéni (Pw) je méfeny v obturované tepné distalné za stendzou a jeho
hodnota tak neni pfi diagnostickém vysetieni dostupna. Z klinického hlediska je
rozhodujici index FFRmyo reflektujici antegradni i kolateralni slozku maximalni
myokardialni perfuze — hodnoti, do jaké miry je maximalni myokardialni perfuze
ovlivnéna pritomnosti epikardidlni koronarni stendzy (Pijls et al., 1995). V klinické praxi,
stejné jako v tomto textu, je pod frakéni pratokovou rezervou (FFR) rozuména frakéni

myokardialni pritokova rezerva (FFRmyo).

2.2 Klinicka data, prehled randomizovanych studii

Vysledky randomizovanych studii, zejm. DEFER a FAME, upevnily klinické pouziti
metody FFR v recentnich doporuceni Evropské kardiologické spolec¢nosti na uroven IA
(Neumann et al., 2019).

325 pacient( se stabilni ischemickou chorobou srdecni a angiograficky hranic¢ni
stendzou jedné tepny ve studii DEFER (Bech et al., 2001) podstoupilo koronarni
intervenci pfi hodnoté FFR < 0,75, pfi hodnoté FFR > 0,75 byli rozdéleni do skupiny, u
které byla koronarni Iéze invazivné osSetfena, nebo do konzervativni vétve |é¢ené pouze
farmakologicky, korondrni stendza byla ponechdna u této skupiny bez angioplastiky.
Sleté sledovani prokazalo bezpecnost odlozeni koronarni intervence u hemodynamicky
nevyznamné léze, tj. pfi FFR > 0,75 (Pijls et al., 2007), shodné tak po 15letém sledovani
nebyl shleddan pfinos invazivniho pristupu u nevyznamné stendzy, mortalita
v intervenované a konzervativni vétvi dosahla 31,1 vs. 33 % (p = 0,79) (Zimmermann et
al., 2015).

Studie FAME (Tonino et al., 2009) randomizovala 1005 pacientl se stabilni
ischemickou chorobou srdecni a s postizenim vice nez jedné koronarni tepny do skupiny,
u které byly intervenovany vsechny léze s hodnotou FFR < 0,80, nebo do skupiny, kde
bylo o provedeni angioplastiky rozhodnuto pouze na zakladé angiograficky
hodnoceného morfologického nalezu. Incidence primarniho cile (Gmrti, nefatalni infarkt
myokardu, opakovand revaskularizace) v prvnim roce sledovani dosdhla 18.3%
v angiograficky vedené skupiné a 13.2% v FFR vétvi (p = 0,02). Po 5 letech jiz nebyl rozdil

mezi obéma skupinami statisticky signifikantni (vyskyt primarniho cile dosahl 31 vs. 28%;
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p = 0,31), potvrzena ale byla dlouhodobd bezpecnost pti odloZeni intervence u
hemodynamicky nevyznamné léze, ve skupiné FFR byla i vyznamné nizsi spotreba stent(
(1,9 vs. 2,7; p<0,0001) (Van Nunen et al., 2015).

Studie FAME-2 (De Bruyne et al.,, 2012) se zaméfila na pacienty se stabilni
chorobou jedné nebo vice koronarnich tepen. Celkem 888 pacientl bylo na zakladé
vysledku méreni FFR (pfitomnost minimalné jedné koronarni stendzy s FFR < 0,80)
randomizovano do invazivni vétve s oSetfenim vSech hemodynamicky vyznamnych [ézi
nebo do konzervativni vétve, kterd byla |écena pouze farmakologicky. Ndbor do studie
byl pfedéasné ukoncéen pro signifikantné vyssi incidenci primarniho kombinovaného cile,
zahrnujiciho  damrti, infarkt myokardu a nutnost urgentni revaskularizace,
v konzervativné lécené skupiné (12,7% vs. 4,3%; p < 0,001). V dalsim sledovani byly
vysledky obdobné ve prospéch invazivné lé¢ené skupiny (po 2 letech vyskyt primarniho
cile u 19,5% pacientl v konzervativni vétvi vs. 8,1% u intervenované, po 5 letech 27,0%
vs. 13,9%; p < 0,001), pricemz rozhodujicim ve vSech pfipadech byla potfeba urgentni
revaskularizace, signifikantni rozdil ve vyskytu umrti nebo infarktu myokardu mezi

obéma skupinami nebyl zaznamenan (De Bruyne et al., 2014, Xaplanteris et al., 2018).

2.3 Praktické aspekty méreni frakéni prutokové rezervy

Distalni tlak za stendzou (Pd) je snimam pres tlakovy senzor koronarniho vodice,
proximalni tlak (Pa) je méren pres vodni sloupec vodiciho katetru intubovaného v ostiu
koronarni tepny. Obé hodnoty jsou simultanné zobrazeny spolu s momentalni hodnotou
FFR (jako podil stfednich tlak( Pd/Pa z jednoho cyklu, nebo z priiméru 3-5 cykld).

Pfed zacatkem méreni je intrakorondrné aplikovan nitrat k prevenci vasospasmd.
Vodici drat s tlakovy senzorem je nasledné zaveden pres vodici katétr do koronarni
tepny a umistén distalné za stendzu. Vazodilatace mikrocirkulace je dosazeno podanim
adenosinu, a to kontinualni infuzi do centralni Zily (rychlosti 140ug/kg/min), pfip.
intrakorondrnim bolusem (80ug do levé véncité tepny, 40ug do pravé véncité tepny, dle
zvyklosti je na nékterych pracovistich poddvan i.c. bolus az 240ug do obou korondrnich
tepen). Zaznam proximalni i distalni tlakové kfivky je v redlném cCase zobrazovan. Po
aplikaci adenosinu je manualné spusténo hodnoceni FFR a systémem je automaticky

evvs
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Ustanoveni maximalni hyperemie je verifikovano konstantni stabilni hodnotou
FFR, pfi bolusovém poddni nesmi byt odchylky mezi méfenimi vétsi nez 0,02.
Z validacnich studii je za prlikaz ischemie brana hodnota FFR < 0,75, v praxi je prahovou
hodnotou pro provedeni koronarni intervence FFR < 0,80. Tato hodnota byla arbitrarné
stanovena jako indika¢ni kritérium ve studiich FAME a FAME-2 na zakladé kterych bylo
méfeni frakéni pratokové rezervy zakomponovéano do klinickych doporuéenich. Uzka
Sedd zona je v pasmu FFR 0,75-0,80. V epikardidlnim priibéhu koronarni tepny nevznika
pfi absenci stendzy tlakovy gradient a hodnota FFR bude v této tepné vidy rovna 1,0.
Vyjimkou je situace, kdy je vlastni tlakovy senzor signifikantné posunut proti pavodni
nulové hladiné, typicky toto nastdvd v distalnich segmentech ACD a RCx, a vlivem
pusobeni hydrostatickych sil dochazi k nadhodnoceni FFR. Ve zdravé tepné pak pomér

klidového P4/P, dosahuje nepfirozené hodnot vyssich nez 1.0 (v tomto pripadé jde ale o

chybu méfreni).

Obrazek 2. Intrakoronarni vodic¢ ptipraveny k zavedeni do katétru. Tlakovy senzor je
umistén 3 cm od hrotu. Snimac¢ funguje na principu piezorezistivniho jevu, zména
krevniho tlaku indukuje zménu odporu. Tato zména je pak vzapojeni pres tzv.
Wheatstonelv mustek registrovana pres tlakovy prevodnik a prevedena na hodnotu
tlaku. Nékteré novéjsi intrakoronarni vodice vyuZivaji optické senzory. U téchto zména

tlaku vede ke zméné vinové délky odrazeného paprsku svétla uvnitr optického vldakna.
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BEl T
PdfPa 0.77 PET] — T ! o o |

Pa:iPa ;
Pd:iPd 78:122

Pa-Pd(m)
HR 62

ListofRuns | iFR| FFR| *
10:18:42 AM 0.98
10:20:04 AM 0.96
10:21:11 AM 0.84
10:23:58 AM 0.78
10:24:51 AM 0.77
10:25:32 AM 0.81
10:25:56 AM 0.85

RCA Mid

10:39:00 AM 0.98
10:39:20 AM 0.98

10:39:46 AM 0.90
10:40:36 AM

Obrazek 3. Zaznam z vysetieni FFR. Cervené je vyznacena k¥ivka proximalniho tlaku (Pa),
zluté distalniho tlaku méreného za stendzou (Pd), horizontalni priibéh znaci hodnotu
stfednich tlakd. Po podani adenosinu se zvySuje pritok koronarnim recistém (stav

maximalni hyperemie), klesa perfuzni tlak distdlné za stendzou - patrny je rozestup obou

Pd/Pa 0.95
Pa:iPa 10
Pd:iPd 101: 87
Pa-Pd(m)
HR 61

12:11:55 PM 0.95
12:12:47 PM 0.95

Obrazek 4. Zdznam vysetifeni nevyznamné koronarni stendzy (hodnota FFR 0,95).
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2.4 Klidové nehyperemické indexy

Funkéni hodnoceni za poutziti frakéni pratokové rezervy bylo, az do nedavné
doby, jedinou klinicky validovanou metodou invazivni identifikace vyznamnosti
koronarnich stendz. V poslednich letech doslo k rozvoji tzv. klidovych index(, které
ackoliv vychazeji z podobného fyzikalniho principu a vyuZivaji stejné instrumentarium
jako FFR, nevyZzaduji indukci maximalni hyperemie v koronarnim recisti. Tim nejen
zjednodusuji cely proces méreni, ale teoreticky prinaseji i nékteré dalsi vyhody, zejména
ve vztahu k fyziologii koronarniho pratoku.

Zakladnim predpokladem platnosti konceptu FFR, jak jiz bylo zminéno, je
navozeni stavu maximalni vazodilatace, ve kterém dochazi k linearni zavislosti tlaku a
pratoku a pokles tlaku na stendze tak pfimo reflektuje pokles pritoku, potazmo tim
vyznamnost této stendzy. Jednd se soucasné o nejvétsi limitaci metody: 1) neexistuje
ukazatel, ktery by verifikoval, Ze bylo maximalni hyperemie dosazieno, 2) i pfi
farmakologicky indukované hyperemii neni intrakorondrni rezistence stacionarni, ale
fazicky kolisa. To je dano interakci mezi myokardem a mikrovaskularnim recistém
vrlznych fazich srdec¢niho cyklu - vysoka rezistence je pfitomna pfi kompresi
mikrovaskuldrniho recisté v systole, nizka pfi dekompresi v diastole (Sen et al., 2012).

Tym Justina Daviese navrhl v roce 2012 novy index iFR (instantaneous wave-free
ratio) zaloZeny na principu existence periody v diastole, ve které nejsou zachytitelné
dopredné ani zpétné viny (jak kompresni, tak expanzni) — odtud jeji nazev ,wave free” a
ve které je korondrni rezistence, jak bylo prokazano v jejich praci, pfirozené minimaini a
konstantni. Intrakorondrni tlak a pritok jsou v této ¢asti diastoly proporcni a tlakovy
gradient na stendze odpovida vyznamnosti této |éze (Sen et al., 2012).

Pomoci vinové analyzy ziskané simultannim meérenim dopplerovské rychlosti
toku krve a tlaku v koronarnim fecisti bylo identifikovano 6 dominujicich vin, z nichz dvé
— dopredna/kompresni vyvoland kontrakci myokardu a zpétna/expanzni (nebo téz
sukéni), kterd nasleduje po uvolnéni komprese mikrocirkulace — zodpovidaji za 94%
dopredného korondarniho pritoku. Zpétna vina, spadajici do diastolické faze, dosahuje
vétsi intenzity nez dopredna/kompresni vina generovana v systole, coZ je v souladu
s akceptovanym modelem korondrniho pritoku, ktery se z vétsi ¢asti odehrava béhem
diastoly (zhruba v poméru 2:1) (Davies et al., 2006). Dominantné diastolicky koronarni
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pratok, ktery byl potvrzen jiz v minulosti dopplerovskym mérenim (Kajiya et al., 1993),
je platny v povodi levé koronarni tepny. V pravé véncité tepné nachazime stejné jako
v levé identicky obraz 6 vin, lisi se ale amplituda a zpétna/expanzni vina dosahuje
pratoku je zde zhruba 1:1. Rozdil je vysvétlovan odliSnou elastanci a rozdilnym tlakem
generovanym v pravé a levé komore (Hadjiloizou et al,. 2008).

Hodnota myokardidlni rezistence v Casti diastoly nasledované po zpétné
dekompresni viné je minimalni a stabilni a odpovida hodnoté rezistence mérené pfri
adenosinem indukované hyperemii. Ve vztahu k FFR je iFR v tésné korelaci (r = 0.9, p <
0,001) se specificitou 91% a senzitivitou 85%, klinickd shoda pfi uziti prahovych hodnot
FFR <£0,80, iFR < 0,89 je 80% (Petraco et al., 2014).

2.5 Klinicka validace indexu iFR

Vroce 2018 byla metoda iFR uvedena diky pfiznivym vysledkim
randomizovanych studii DEFINE-FLAIR (Davies et al., 2017) a iFR-SWEDEHEART (Gétberg
et al., 2017) v aktualizovanych doporucenich evropské kardiologické spole¢nosti jako
klinicky ekvivalentni k FFR (Neumann et al., 2019).

Ve studii DEFINE-FLAIR bylo 2492 pacientl se stabilni anginou nebo akutnim
koronarnim syndromem randomizovano v poméru 1:1 k provedeni revaskularizace na
zakladé vysledku FFR nebo iFR. S ohledem na vyskyt zavaznych kardidlnich pfihod (Umrti,
nefatdlni infarkt myokardu, nepldnovana revaskularizace) potvrdila studie non-
inferioritu iFR k FFR a soucasné prokazala nizsi vyskyt vaznych periproceduralnich
symptomuU a klinickych pfiznak( u iFR-vedené PCl, celkovd doba vykonu byla u iFR
signifikantné kratsi.

Stejného vysledku bylo dosazeno i v podobné koncipované studii iFR-

SWEDEHEART. | zde byla ve skupiné 2037 pacientl prokazana non-inferiorita iFR.
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2.6 Praktické aspekty méreni iFR

Vlastni vysSetieni iFR je provadéno stejnym instrumentariem jako FFR, postup
méfeni je az na nutnost farmakologické indukce hyperemie shodny. Odlisné jsou
prahové hodnoty, za hemodynamicky vyznamnou je povazovana stendza s iFR < 0,89.
Pro potfeby vypocltu je ,wave-free” perioda definovana usekem zacinajicim uvnitf
diastoly na 25% jejiho trvani a ukon¢enym 5ms pred koncem diastolické faze srde¢niho
cyklu. Hodnota iFR je analogicky k FFR vypoctena jako pomér stfednich tlak( distdlnich

(Pd) a proximalnich (Pa)(9).

Pd (wave — free)

9) iFR =

Pa(wave — free)

IFR®
0.90

List of Runs | iIFR| FFR
12:12:55 PM 0.90
12:13:04 PM 091
12:13:45 PM 0.84
12:14:35 PM 0.84
12:16:16 PM 0.74
12:16:46 PM 0.85
|[12:16:57 PM 0.90
12:17:08 PM 0.90
12:17:35 PM 0.81
12:25:07 PM 0.97
12:25:29 PM 0.85
12:26:17 PM 0.85

Obrazek 5. Zaznam méreni iFR (instantaneous wave-free ratio). Kalkulace probiha ve
stejném softwarovém prostredi jako méreni frakéni pritokové rezervy. Zelené je
vyznacena vlastni perioda iFR, detekovdna systémem automaticky. Vysledna hodnota je

vypoctena z praméru 5 cykld.
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Pfed zahdjenim méreni iFR je nutné brat patrnost fakt, Ze i podani kontrastni
latky indukuje submaximalni vasodilataci koronarniho recisté (Johnson et al., 2016). Po
proplachu katetru fyziologickym roztokem je nutné vyckat minimalné 20 vtefin, nez
efekt odplavené kontrastni latky odezni, jinak hrozi podhodnoceni iFR, resp.

nadhodnoceni vyznamnosti koronarni stendzy.

2.7 Pfehled ostatnich klidovych indexa

Mimo iFR disponujeme nékterymi dalSimi indexy odvozenymi z teoretického konceptu

iFR, vici kterému byly vSechny numericky validované. Jedna se zejména o:

2.7.1 DFR (diastolic hyperemia-free ratio)

Index DFR je vypocten z poméru stfednich hodnot distalnich a proximalnich tlak( v ¢asti
diastoly, definované dvéma kritérii: momentalni Pa je nizsi nez stfedni hodnota Pa a
momentalni Pa se soucasné nachazi v sestupné fazi ktrivky (Johnson et al., 2019).

2.7.2 RFR (resting full cycle ratio)

Na rozdil od ostatnich zde uvedenych klidovych index( vychazi RFR z celého srde¢niho

evvs

evvzs

do prabéhu diastoly (Svanerud et al., 2018).

2.7.3 dPR (diastolic pressure ratio)

Index je pomérem stfednich hodnot Pd a Pa z priibéhu celé diastoly.
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2.7.4 dPR (diastolic pressure ratio)

Index dPR (nezaménovat s predchozim indexem, jedna se o dva rozdilné ukazatele
raznych vyrobct), je definici méreného Useku podobny iFR. Vlastni interval, ze kterého
je vypocten pomér Pd/Pa, je uréen konstantni hodnotou dP/dT (tj. plochou fazi dP/dT
krivky). Méfime tak napfimo ¢ast cyklu s minimalni a ustalenou rezistenci - ,,wave-free”
periodu, na rozdil od iFR, kde je tato cast diastoly predpokladdna v predem uréeném

fixnim ¢asovém Useku (Ligthart et al., 2018).

Jista neprehlednost na poli nehyperemickych index( je dana predevsim existenci
ochranné zndmky indexu iFR, ostatni komercni vyrobci tak byli nuceni pfijit s vlastnim
feSenim, resp. s definici a ozna¢enim vlastniho klidového indexu. Ptes zdanlivé odliSnou
metodiku vypoctu lze Cisté z praktického hlediska zkrdcené konstatovat, Ze vSechny
nehyperemické indexy jsou numericky ekvivalentni, se stejnymi prahovymi hodnotami
pro identifikaci vyznamné koronarni stendzy a tim v praxi volné zaménitelné. Zadny z
nich nepfinasi, v porovndani s ostatnimi, jakoukoliv signifikantni vyhodu (Van’t Veer et

al., 2017). Shrnuti odlisnosti jednotlivych indexl je zndzornéno na obrazku 6.
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Obrazek 6. Schéma analyzy tlakového gradientu u rlznych klidovych indexd, blizsi
rozbor je uveden v textu. Pa — proximdlni tlak méreny v aorté, Pd — distdini tlak za

stendzou, dPR - diastolic pressure ratio, DFR — diastolic hyperemia-free ratio, RFR —

resting full cycle ratio, iFR — instantaneous wave-free ratio

25



2.8 Technické aspekty ovliviiujici méreni tlakovych indexu

Pfes svoji relativni jednoduchost je méreni tlakovych indexd zatizeno fadou
potencialnich artefaktd, které, pfi nedodrzeni technického postupu, mohou ve vysledku
ovlivnit validitu méreni. Problematika technickych faktor( ovliviiujici méreni tlakovych
indextl byla podrobnéji rozebrdna vsamostatné impaktované publikaci (Jerabek,

Kovarnik, 2019), zde uvadim pouze nejc¢astéjsi z nich.

2.8.1 Posun tlakovych krivek

Posun tlakové krivky, tzv. drift, je Casto pozorovanym, ale snadno prehlédnutelnym
jevem. Dochazi pfi ném k odchyleni tlakové kfivky od realné hodnoty tlaku a to jednim
¢i druhym smérem. Distalni tlak za stendzou (Pd) je sniman pres tlakové ¢idlo umisténé
na intrakorondrnim vodici (obrazek 2). Inherentni vlastnosti takovych mikrosenzord a
jednou z hlavnich pfticin driftu, je elektrickd a termalni instabilita. Malé zmény teploty
pusobi na piezorezistivni material ¢idla, méni se mérny odpor a tim charakteristika
mikromanometru. Mimo teplotni vlivy dochazi soucasné k degradaci vystupniho signalu
v Case, ¢imZ je vnasena dalsSi nepresnost do méreni. Obé tyto vlastnosti jsou fyzikalné
dané a nelze je zcela eliminovat. Obecné je pfijiman jako maximalné tolerovany posun
snimaného tlaku 5 mmHg/10 minut. Vyrobci nejcastéji vyuzZivanych vodi¢d udavaji
hodnoty driftu pod 7 mmHg/l hodinu, jesté nizsi hodnoty, ve srovnani s
piezorezistivnimi snimaci, vykazuji optické senzory (Menon et al., 2015).

Z praktického hlediska je dobrym indikdtorem moZného driftu morfologie
tlakové krivky. FaleSné pozitivni tlakovy gradient je charakteristicky stejnym tvarem
obou kfivek, kdy na distdlné méreném tlaku (P4) pretrvava pritomny dikroticky zafez,
zatimco u vyznamné stendzy, ktera se chova jako vysokofrekvencni filtr, byva vyhlazen.
Posun vylou¢ime, pokud se po staZzeni vodice zpét do zavadéciho katetru hodnota Pd/Pa
rovna 1.0 a obé kfivky maji stejny tvar. Za maximalni tolerovanou odchylku na konci
méreni arbitrarné povazujeme posun o +2 mmHg. V pripadé vyssich hodnot nebo pfi

pochybnostech je nutné méreni opakovat.
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2.8.2 Problematika méfeni aortalniho tlaku

Méreni tlaku v aorté je zajiStovano prenosem tlakové viny pres sloupec fyziologického
roztoku (tim je vyplnén vodici katetr intubovany v ostiu koronarni tepny) do pfevodniku,
ktery konvertuje mechanicky impuls na elektricky signal, ten je zesilen, digitalizovan a
dale zpracovavan.

Méfici systém, tvofeny mimo prevodniku i katetrem a tlakovymi hadickami, ma
svou prirozenou frekvenci, pfi jejimz dosazeni za¢ina rezonovat. Za této situace dochazi
ke zkresleni pfendseného signalu a vysledna kfivka neodpovida redinym tlaklm v aorté.
Pfirozenou frekvenci méficiho systému urcuji vlastnosti jednotlivych komponent.
Vyssich frekvenci dosahujeme pouZitim kratkych, rigidnich tlakovych hadicek, s jejich
délkou a poddajnosti naopak pfirozena frekvence klesa. Stejny efekt na snizeni ma i
pfitomnost krve nebo vzduchovych bublin. Je Zadouci, aby pfirozena frekvence méfici
soustavy byla dostatecné vysoka.

V kazdém systému existuje tlumeni ("damping") dané zejména frikci a viskozitou
kapaliny obsazené v katetru. Urcitda mira tlumeni je vyhodnd, protoZe zamezuje
nechténym oscilacim. Neadekvatni tlumeni, na druhou stranu, zkresluje reprodukovany
aortdlni tlak. Nedostatecné tlumeni ("underdamping") vede k nadmérné rezonanci
sytému a tim k nadhodnoceni systolického, resp. podhodnoceni diastolického tlaku.
Opacné, pfi nadmérném tlumeni ("overdamping") dochdzi k nadhodnoceni
diastolického a podhodnoceni systolického tlaku. V obou pfipadech je v mensi mire
ovlivnén stredni tlak, takZe i za ne zcela optimdlnich podminek Ize s relativné
dostatecnou presnosti vyuZit jeho hodnotu napf. pfi monitoraci pacientl na jednotkach
intenzivni péce. Kriticka je sprdvna kalibrace pfi méreni klidového indexu iFR, ktery je
kalkulovdn pouze v ¢asti diastoly, kdy jakdkoliv nepfesnost vyznamné ovlivni vyslednou
hodnotu. Méreni frakéni pratokové rezervy, pocitané ze stiedniho tlaku, je méné zavislé
na nastaveni systému, nicméné i zde pfi nevhodném tlumeni dochazi k signifikantnimu
posunu hodnoty FFR.

Rezonanéni charakteristiku celé soustavy mUZeme ovéfit rychlym kratkym
proplachem fyziologickym roztokem a zhodnocenim poctu kmitl, které se objevi

bezprostfedné po uzavieni kohoutu. Pfi optimalnim tlumeni ndsleduji po proplachu, kdy
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intrakorondrni tlak odpovida tlaku v pretlakové manzeté (300 mmHg), 1-2 oscilace a
opétovné ustdleni. Prlbéh tlaku pfi proplachu opisuje Ctverec, odtud anglosaské
oznaCeni "square wave test". Absence oscilaci nebo viceCetné oscilace svédci pro

nadmeérné, resp. nedostatecné tlumeni.

2.9 Index koronarni pratokové rezervy

Frakéni pritokova rezerva i nehyperemické indexy jsou surogatnimi ukazateli
koronarniho pratoku, ktery jinak nelze ze samotného tlakového gradientu na stendze
stanovit. Vychdzi zteoretickych modell a experimentdlnich méfeni, z hlediska
uspésného uvedeni do praxe pak byly rozhodujici vysledky klinickych studii a zejména
relativni jednoduchost (a spolehlivost) vlastniho vySetfeni v porovnani s mérenim
pratoku.

Pfimé stanovené korondrniho pratoku je mozné dvéma metodami -
dopplerovsky a pomoci termodiluce. Dopplerovska technika vyuziva piezoelektricky
krystal, integrovany do intrakorondrniho vodice, ktery zastava roli vysilace i pfijimace
ultrazvukového signalu. Na zakladé Dopplerova jevu, je-li ultrazvukova vina emitovana
rovnobéziné s proudicimi erytrocyty, odpovida rychlost jejich pohybu pfimo umérné
velikosti dopplerovského posunu. Vyraznou slabinou dostupnych systému je nachylnost
k cetnym artefaktim a pozadavek na precizni provedeni vlastniho méreni.

Termodiluéni stanoveni koronarni priitoku je metodou, pti které je do koronarni
tepny aplikovan chlazeny fyziologicky roztok ve formé bolusu nebo kontinualni infuzi
(Candreva et al., 2021). Distalnim termistorem je registrovana zména teploty a z ¢asu
(tzv. stfedniho tranzitni ¢asu - Tmn), po ktery byla zména teploty zaznamenana,
odvozujeme pratok (Q). Cim kratdi je tato doba, tim vy$si je korondrni pritok. Pfi
bolusovém intrakoronarnim podani chlazeného fyziologického roztoku nelze presné
mnozstvi aplikovaného media kontrolovat, ¢ast z ného unika do aorty. V této situaci lze
pratok vypocitat pomoci vzorce (10), kde V je vaskularni objem v ml. Hodnota V neni
znama, lze ale predpokladat, Ze je v prlbéhu méreni konstantni a Tmn je pak inverzné

proporcni pritoku (vzorec 12).
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1 ) = ——
0) pritok r—

Timto zpUsobem tedy neni mozné stanovit absolutni pritok (na rozdil napf. od stanoveni
srde¢niho vydeje pfi pravostranné katetrizaci s pouzitim Swan-Ganzova katetru).
K méreni absolutniho koronarniho prutoku je nutné kontinudlni poddni chlazeného
fyziologického roztoku a pro vypocet musi byt zndma jeho teplota a rychlost infuze
(vzorec 11). K posouzeni korondrni prltokové rezervy, ktera bude probrana ddle, je

postacujici bolusové podani chlazeného media, pfi vypoctu vychazime ze vztahu (12).

11)Q = 1.08 [%]Qi

Q - koronarni pratok, Ti — teplota aplikovaného media, T —teplota registrovana distalnim
termistorem, Qi — rychlost infuze media, 1.08 je konstanta zohlednujici hustotu a

mérnou tepelnou kapacitu krve a fyziologického roztoku (Weisse, Regan, 1974)

Obé metody — dopplerovskou techniku i termodiluci, lze vyuZzit ke stanoveni
koronarni pritokové rezervy (CFR — coronary flow reserve). V nepostizené tepné dochazi
pfi zvySenych narocich myokardu (napf. pfi fyzické zatézi) k 4-6nasobnému navyseni
pratoku, za normalni jsou tak povazované hodnoty CFR 4,0-6,0. S naruUstajici
vyznamnosti stendzy jsou stdle vice zapojovan kompenzacni mechanismy koronarni
cirkulace, predevsim relaxace mikrocirkulace tak, aby bylo dosazeno maximalniho
snizeni periferni rezistence a tim zachovani koronarniho pritoku i pres pfitomnost
stendzy. Proto i u pomérné tésnych stendz je zachovan klidovy pratok v koronarni tepné.
Ovsem s vycerpanim kapacity regula¢nich mechanism( jiz neni mozno pfi zvySeni
metabolickych narokl pracujiciho myokardu dale koronarni priitok navysovat. Proto u
vyznamnych stendz korondrni mikrocirkulace jiz jen velmi omezené reaguje na podani
vasodilatancia a CFR se zvysuje jen minimalné. Za prikaz hemodynamicky vyznamné
stendzy se povazuje hodnota CFR mensi nez 2,0.

Pti vlastnim méreni je pratok v korondrni cévé je nejprve zhodnocen v klidovém

stavu a nasledné pfi maximalni hyperemii, stejné jako u metody FFR, indukované
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podanim adenosinu. Hodnota CFR je vypoctena jako pomér maximalniho a klidového
pritoku (Gould et al., 1990). Nizké hodnoty CFR jsou asociovany se zvySenou mortalitou

a se zavaznymi kardiovaskularnimi komplikacemi (Kelshiker et al., 2022).

2.10 Index mikrocirkularni rezistence

Index mikrocirkuldrni rezistence (IMR) je jednim z novéjsich index(l, umoZiujici invazivni
zhodnoceni koronarni mikrocirkulace. Analogicky Ohmovu zakonu je vypocten jako podil
rozdilu tlak a koronarniho pritoku. Korondrni pritok je stanoven termodiluéni
metodou (intrakoronarni vodi¢e nékterych vyrobcl jsou kromé tlakového Ccidla
vybaveny i termistorem) vypoctem ze stfedniho tranzitni ¢asu (Tmn) chlazeného
fyziologického roztoku podaného do koronarni tepny. Vlastni IMR je rovna soucinu
distalniho tlaku a Tmn. Odvozeni vztahu je patrné ze vzorcl (12-14). Pfedpokladem
platnosti vztahu (14) je stav maximalni koronarni vazodilatace (Fearon et al., 2003).

Méreni IMR probiha soucasné se stanovenim indexu FFR.

1 P
12) pritok ~ C— 13) IMR = 14) IMR = Pd x Tmn

v
1
T

Index IMR je podobné jako index koronarni priatokové rezervy (CFR) v soucasné
dobé méren predevsim v ramci vyzkumu, uZiti v klinické praxi je relativné nizké. Vlastni
klinicky pfinos metody je zejména u pacientl se symptomy ischemické choroby srdecni,
u kterych nebylo prokazano obstruktivni koronarni postizeni (Lee et al., 2015). U téchto
pacientd jsou vyssi hodnoty IMR (= 32), spolu s nizkou koronarni rezervou (CFR = 2),
spojeny s horsi progndzou (Lee et al., 2016). Dalsi oblasti je rizikova stratifikace pacientu
s akutnim infarktem myokardu s ST elevacemi, u kterych byla prokazana korelace IMR
s rozsahem infarktového loZiska na zakladé méreni sérovych kardiomarkerl (Fearon et
al. 2008) i s myokardialni viabilitou (Lim et al., 2009).

V nasi studii nebyl index IMR hodnocen.
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2.11 Korelace indext FFR, iFR, CFR

Koncepce klidové indexu byla inicialné proponovana zejména jako technické
zjednoduseni celého diagnostického procesu (Sen et al.,, 2012). Utilizace koronarni
fyziologie v rutinni praxi katetrizacni laboratofe je relativné nizka (napt. v USA bylo
meéreni FFR pouzito dle Wijnse (Wijns et al.,2010) pouze u asi 6% vsech provedenych
intervenci). Podavani adenosinu je bezpecné, pfip. prevodni poruchy, které se objevuji
nejcastéji, pri velmi kratkém polocasu léku rychle odeznivaji, vlastni podani je ale
periprocedurdlné doprovdzeno i pacientem subjektivné nepfijemné vnimanymi
symptomy, zejm. bolestmi na hrudi. Vysokd cena adenosinu a jeho nedostupnost
v nékterych zemich jsou dalSimi dlvody, které byly s nizkym vyuzitim FFR spojovany
(Kleiman, 2011). Odstranéni nutnosti indukovat adenosinem hyperemii tak dle autort
konceptu iFR mélo vést k vétSimu rozsifeni metod funkéné vedené revaskularizace
myokardu.

Uziti nového indexu iFR v rutinni praxi bylo legitimizovano na zakladé klinickych
dat, resp. prlkazem non-inferiority v(ci etablovanému indexu FFR. Vysledek klinické
studie nemusi ale nutné reflektovat koronarni fyziologii a neodpovida na otazku, jestli
jeden nebo druhy model pfesnéji popisuje vliv korondrni stendzy na ischemii myokardu.
Hlavni limitaci studii srovnavajicich FFR a iFR je pak zejména neexistence ,zlatého
standardu”, se kterym by bylo mozné obé méreni srovnat.

Indexy FFR a iFR hodnoti zavaznost epikardidlniho postiZeni, zatimco vysledek
CFR je sumaci vlivu epikardidlni stendézy a postizeni mikrocirkulace. Diskrepance mezi
FFR @ CFR (FFRpoz/CFRneg @ FFRneg/CFRp0z) dosahuje 30-40%, zejména v pdsmu hranicnich
hodnot FFR (Johnson et al., 2012, Van De Hoef, 2014). FFRpo:/CFRneg diskrepance je
vysvétlovana dominantné fokdlnim epikardidlnim postizenim, bez pfitomné
mikrovaskuldrni dysfunkce. Stendza neovliviuje pritok, soucasné neni ovlivnéna
odpovéd na vazodilatacni podnét, vysoky trans-stenoticky pratok nasledné generuje
signifikantni tlakovy gradient. FFRneg/CFRpo; diskrepance mizZe byt zplisobena: 1)
izolovanym postizenim mikrocirkulace, 2) difusnim epikardidlnim postizenim nebo 3)
kombinaci mikrovaskularni dysfunkce a epikardialni stendzy, na které ale pfi nizkém
koronarnim pritoku nedochazi ke vzniku vyznamného tlakového gradientu. Tento typ
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diskrepance je asociovan s vyznamné vyssSim vyskytem zdvazinych kardiovaskularnich
prihod (Van De Hoef, 2014).

Rovnéz diskrepance mezi FFR a iFR je Casta — vyskytuje se u 20% méreni. V této
souvislosti je zajimavé zjisténi, Ze hodnoty iFR koreluji s hodnotami CFR |épe neZ FFR
s CFR (Cook et al., 2017). Diskrepance mezi FFR a CFR byva nékterymi autory hodnocena
jako nepfesnost CFR. Nesouhlasna vysetfeni lze pfitom vysvétlit fyziologickym modelem
a obé metody tak mizeme povazovat spiSe jako komplementarni.

Ptiznivy klinicky benefit vyplyvajici z vysledkd randomizovanych studii nutné
nepotvrzuje platnost teoretického modelu FFR, ktery tak pfi sou¢asném stavu poznani
nelze povazovat za zlaty standard pro uréeni rozsahu myokardialni ischemie, prestoze je

v tomto kontextu v literature velmi ¢asto, az nekriticky, zmifovan.

2.12 Diskrepance mezi iFR a FFR

Dosud publikované prace prokazaly korelaci mezi obéma metodami v rozsahu
63-90% (Sen et al., 2012, Hennigan et al., 2016, Cook et al., 2017, Matsushita et al., 2018,
Jefdbek et al., 2019). PricCiny diskrepantnich ndlezi mezi iFR a FFR byly zkoumany
v nékolika studiich provedenych na rtznych populacich, ¢astecné s konfliktnimi zavéry
(Cook et al., 2017, Lee at al., 2017, Dérimay et al., 2018).

iFRneg/FFRpo; diskordance byla pozorovana ¢astéji u mladsich pacientl, u muza,
u pacientl bez anamnézy diabetes mellitus a u pacient s pomalejsi tepovou frekvenci,
opacné pacienti s iFRpo,/FFRneg diskrepanci byli starsi, Castéji Zeny a diabetici a typicky u
nich byl nalez difuzniho korondrniho postizeni (Cook et al., 2017, Lee et al., 2017,
Dérimay et al., 2018).

Studie zabyvajici se vztahem zavaznosti koronarniho nalezu k iFR/FFR diskordanci
pfinesly zcela kontradiktorni vysledky neumoznujici stanoveni jasného zavéru (Lee et al.,
2017, Cook et al., 2017, Derimay et al., 2018). Léze lokalizované v kmeni levé véncité
tepny a v proximalnim Useku ramus interventricularis anterior byly ¢astéji asociované s
iFRneg/FFRpo; diskordanci (Kobayashi et al., 2016, Dérimay et al., 2018), stejny typ
diskrepance byl castéjsi i u fokdlniho postizeni, zatimco difuzni forma koronarni

aterosklerdzy byla asociovana s iFRneg/FFRy0: diskordanci (Warisawa et al., 2019).
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Rada studii se =zabyvala korelaci parametrd odvozenych z nalez(
intravaskularniho ultrazvuku (IVUS) a optické koherencéni tomografie (OCT) a FFR. Kromé
postiZzeni v oblasti kmene levé véncité tepny byla korelace téchto parametr(i pouze
stfredné vyznamna, coz vedlo k suboptimalni diagnostické presnosti v detekci FFR
pozitivnich |ézi (D'Ascenzo et al., 2015). Jedna studie demonstrovala stfedni korelaci
obou fyziologickych index(i s IVUS a OCT (Matsushita et al., 2018).

Studiem parametrd ziskanych pomoci intravaskuldrnich zobrazovacich metod,
které by byly moznym prediktorem iFR/FFR diskordance, se dosud nezabyvala Zadna

prace.

2.13 Morfologie koronarniho platu ve vztahu k hemodynamice

Na stendze dochdzi pusobenim vnitfniho tfeni a vlivem akcelerace a separace
toku ke ztraté tlaku. Pokles tlaku vlivem viskdzniho tfeni je pfimo umérny pratoku pres
stendzu a vznikd jako dlsledek prekonani zvySeného tfeni uvnitf zuzZené cévy
(Poiseuilleiv zakon). Akcelerace toku, zplisobena rovnéz omezenym prusvitem tepny,
vede k pfeméné tlakové potenciadlni energie na kinetickou dle Bernoulliho rovnice.
Separace toku pfi vyusténi stendzy je pric¢inou tvorby vir( a je zodpovédna za ztratu
kinetické energie, ktera neni v Useku distalné za stendzou pIné transformovana zpét do
potencialni tlakové energie. Tlakova ztrata je charakteristicka pro kazdou danou stendzu
(Van De Hoef et al., 2012, Stegehuis et al., 2018).

Tento vztah je hypoteticky vyznamnéjsi pro méreni hyperemickych indext nez
pro méreniindext klidovych. V pribéhu hyperemie dochazi k narlstu rychlosti proudéni
krve a vySe popsany mechanismus ztraty tlakové energie je zvyraznén. Timto zplsobem
tak dochazi vyraznéjsimu poklesu tlaku za stenézou — tj. narUstu tlakového gradientu —
u hyperemickych indexd nez u klidovych (Uren et al., 1994).

To je rovnéz divodem mnohem komplikovanéjsiho vztahu pti FFR hodnoceni
dvou a vice lézi ptritomnych v jedné koronarni tepné. V pribéhu hyperemie dochazi
k vyznamnému ovliviiovani jednotlivych stendz navzajem a je poté velmi obtizné odlisSit
prispévek kazdé z nich na celkovém narastu gradientu (Kang et al., 2018). Naopak

vzhledem ktomu, Ze klidovy koronarni pritok zlistdva nezménén aZ k hranici tésné
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stendzy, mohou klidové indexy dobre odlisit prispévek jednotlivych stendz a tim velmi

pomoci pfi planovani strategie koronarni intervence.

FFR =0.76
FFR=0.70
FFR = 0.71
FFR=0.70
FFR = 0.66

Obrazek 7. Vliv morfologie koronarni |éze na frakéni pratokovou rezervu na zdkladé
simulace dynamiky kapalin (upraveno dle Kang et al., 2018).

2.14 Genetické vlivy

Jednou z potencidlnich a pouze minimdlné zkoumanych pfi¢in neadekvatni
reakce endotelidlnich bunék na podani vazoaktivnich farmak muze byt polymorfismus
gen( uplatiujicich se v endotelidlné fizené vazodilataci.

Endotelidlni NO-syntaza (eNOS) a hem oxygenaza-1 (HO-1) jsou enzymy

s dilezitou roli v cévni regulaci, u kterych alterace jejich funkce muaze vést k endotelialni
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dysfunkci a rozvoji aterosklerézy (Daiber et al., 2019, Kishimoto et al., 2019). Zména
funkce zminénych enzym je popisovana u genovych polymorfismu ¢asto zastoupenych
v populaci (Balligand at al., 2009, Kishimoto et al., 2019).

U polymorfismu ENOS G894T (substituce Glu za Asp na kodonu 298) byla
prokdzana sniZzend produkce oxidu dusnatého (NO) v endotelidlnich burikdch za
bazalniho stavu a v reakci na smykové treni (Joshi 2007). Adenosinem indukovana
vazodilatace je alespon caste¢né NO-dependentni - adenosin zvySuje uvolfiovani NO
z endotelidlnich bunék pfes adenosinovy 2A receptor (Li et al., 1998).

HO-1 je povaZzovana za jeden z hlavnich celularnich protektivnich mechanismf
proti oxidativnimu stresu, ktery hraje klicovou roli v rozvoji endotelidlni dysfunkce a
aterosklerdzy. HO-1 je inducibilni enzym a jeho stimulace je primarné fizena na Urovni
transkripce. Pocet opakovani dinukleotidu GT v promotoru HO-1 genu ovliviiuje Uroven
genové transkripce (Kishimoto et al., 2019). Alely s > 25 GT opakovanimi vedou ke
snizené inducibilité HO-1, zatimco kratké alely vykazuji adekvatni expresi HO-1 pfi
stimulaci. Studie prokazaly vyznamny vliv tohoto polymorfismu na patologické stavy
zpUsobené oxidativnim stresem vcetné aterosklerdzy (Chen et al., 2012, Kishimoto et al.,
2019).

Vaskuloprotektivni efekt HO-1 je ¢aste¢né uskutecnén jejim efektem na eNOS.
Rozpojeni eNOS, jeden z klicovych mechanism( rozvoje endotelidlni dysfunkce, je
charakterizovan snizenou tvorbou NO a zvySenou produkci superoxidovych radikald.
HO-1 zesiluje aktivaci eNOS a zamezuje rozpojeni eNOS, ¢imzZ zachovava adekvatni
produkci NO a tim i funkci endotelu (Wu et al., 2018, Daiber et al., 2019).

Mozny vliv ¢asto zastoupenych genetickych variant zminénych enzymd na
schopnost dosaZeni adekvatni koronarni hyperemie indukované adenosinem nebyl

dosud studovan.
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3. Hypotézy a cile védecké prace

3.1 Hypotézy

V koronarni tepné dochazi distalné za stendzou ke zméné laminarniho proudéni
na turbulentni. Turbulentni proudéni je akcelerovdno pfi hyperemii indukované
podanim adenosinu, tim dochazi ke ztraté energie a moznému nadhodnoceni tlakového
gradientu, ktery tak nemusi byt proporciondlni vyznamnosti stenézy — hodnota FFR

mUZe za této situace nabyvat falesné pozitivnich hodnot.

Hypotéza ¢. 1: Morfologie aterosklerotického platu ovliviuje koronarni

hemodynamiku ve vztahu k vyskytu iFR/FFR diskordanci.

Endotelidlni dysfunkce zplsobena alterovanou funkci eNOS m(iZe vést ke snizené
reakci na podani adenosinu. Nasledkem toho nedochazi v korondrnim redisti
k adekvatnimu hyperemickému priatoku nezbytnému pro validni stanoveni FFR.
Zachovald endotelidlni funkce muze byt Castéjsi u pacient(l s pozitivnim vysledkem FFR
pfi negativnim iFR. Neadekvatni vazodilatace po podani adenosinu muzZe vést

k negativnimu vysledku FFR pti pozitivnim iFR.

Hypotéza ¢. 2: Polymorfismy Glu298Asp v exonu 7 genu eNOS a (GT)n v promotoru

genu HO-1 jsou prFi¢inou neadekvatni reakce na adenosin a vedou k vyskytu

FFRneg/iFRpo: diskrepance.
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3.2 Cile védecké prace
1. Pouzitim optické koherencni tomografie identifkovat morfologické ukazatele
aterosklerotického platu (ur¢enim jeho plochy, excentricity, tvaru a objemu lumen) a

analyzovat endotelidlniho smykové treni u pacientd s diskrepantnim mérenim iFR/FFR.

2. Genetickou analyzou identifikovat polymorfismy GIu298Asp a (GT)n u pacientd

s diskrepantnim mérenim iFR/FFR.
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4, Metodika

4.1 Klinicky soubor

Do studie byli zafazeni pacienti indikovani k selektivni koronarografii pro stabilni anginu
pectoris nebo akutni koronarni syndrom a ktefi soucasné podstoupili méreni
hemodynamické vyznamnosti koronarni stenézy metodou FFR a iFR. Zarazovani
pacientd probihalo v péti Ceskych centrech (VSeobecna fakultni nemocnice v Praze,
Nemocnice Na Homolce v Praze, Fakultni nemocnice Brno, Univerzitni nemocnice
Ostrava, Nemocnice Tfinec), v jednom japonském centru (Gifu Heart Center) a v jednom
v Argentiné (Fundacion Favaloro, Buenos Aires). U pacientl s akutnim koronarnim
syndromem bylo méfeni provedeno na l|ézi nezodpovidajici za akutni ischemii.
Zodpovédna léze byla identifikovana podle pfitomnosti trombu a/nebo u tepny
zasobuijici ischemické teritorium podle EKG zmén.

U nékterych pacientl byla funkéné hodnocena vice neZ jedna léze. VSechna
FFR/iIFR mérfeni byla zahrnuta do analyzy “podle léze” (“per-lesion”) za ucelem
identifikace specifickych vlastnosti téchto lézi (lokalizace, hodnota CFR). Analyza “podle

4 (II

pacienta” (“per-patient”) byla uzita pro vlastnosti vztahujici se k pacientovi (demografie
a typ polymorfismu). Do této analyzy bylo pouZito méreni s nejvice signifikantnim
nalezem (v pripadé Ze byla vSechna méreni FFR a iFR konkordantni) nebo diskrepantni
méreni (v pfipadé Ze byla méreni FFR a iFR konkordantni i diskordantni u méreni vice
nez jedné léze). V pripadé nalezu dvou rliznych typl diskrepance (situace ktera nastala
pouze u 3 pacient(), byla zvolena diskrepance s nejvyznamnéjsim rozdilem mezi FFR a
iFR.

Kritérii vylucCujicimi zarfazeni do studie byly hemodynamickd nestabilita,
kardiopulmondlni resuscitace v den vysSetfeni, trombdza ve vySetfované koronarni
tepné, pacient po aorto-korondrnim bypassu, tézké asthma bronchiale, vyznamnd
chlopenni vada a/nebo AV blokada vyssi nez I. stupné.

Vsichni pacienti podepsali informovany souhlas se studii a studie byla schvalena

lokalni etickou komisi v kazdém participujicim centru.
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4.2 Meéreni FFR, iFR, CFR

Méreni FFR/iFR bylo provedeno systémem Philips-Volcano s koronarnim vodicem
Verrata Plus. CFR bylo analyzovano pres vodic¢ s dopplerovskym senzorem Combo Wire
a systtm Combo Map (oboji Philips-Volcano). Méfeni koronarni rezervy nebylo
mandatorni, jeho provedeni zaviselo na rozhodnuti operatéra.

Pfed zahajeném méreni byl aplikovan intrakoronarni bolus nitroglycerinu
(200ug) jako prevence vasospasmul, pro kazdé vlastni méreni byl aplikovan
intrakoronarni bolus adenosinu v davce 240ug, a to jak pro méreni FFR, tak i CFR. Index
iFR byl stanoven trikrat, index FFR dvakrat, do analyzy pak byly zahrnuty primérné
hodnoty téchto méreni. Pro uréeni hemodynamické vyznamnosti koronarni léze byly
pouzity prahové hodnoty pro iFR <0.89 a pro FFR <0.80. V pfipadé, Ze bylo provedeno

méreni CFR, hodnotila se priimérna hodnota ze tfi méfeni s prahovou hodnotou <2.0.

4.3 Opticka koherencni tomografie

U vybranych pacient( s diskrepanci byla po diagnostické angiografii a funkénim méreni
FFR/iFR provedena optickd koherenéni tomografie (OCT). Katétr Dragonfly (Abbott-
St.Jude Medical, Saint Paul, MN) byl umistén distalné za vySetfovanou lézi. Podanim
kontrastni latky (14-16ml) bylo spusténo automatické stahovani (pull-back) smérem od
distaIni casti k proximalni (v intervalu 5 snimk(/mm). VSechny OCT studie byly
analyzovany na systému llumien (Abbott-St.Jude Medical, Saint Paul, MN) nezavislym

hodnotitelem.

4.4 Geneticka analyza

DNA byla izolovdna z leukocytl periferni krve standardnim postupem. Polymerazova
fetézova reakce (PCR) byla provedena s pouzZitim oligonukleotidovych sond (primer()
navrzenych k amplifikaci exonu 7 genu pro ENOS. Amplifikace vzork( probéhla v
termalnim cykleru MJ Research DYAD 220 (Conquer Scientific, San Diego, CA) s primery
ENOS7-sense, 5'-GAG ATG AAG GCA GGA GAC AGT-3’ a reverzniENOS7-anti, 5’-TCC ATC
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CCA CCC AGT CAA T-3’. Smés o objemu 25ul byla inkubovana o teploté 94°C po dobu 3
minut, nasledovano 30 cykly (kazdy 25s na 94°C, 40s na 59°C a 40s na 72°C) s finalni
extenzi na 72°C po dobu 10 minut. Restrikéni analyza byla provedena inkubaci 3
jednotek Mbol restrikéniho enzymu (Promega, Madison, WI) s amplifikovanou DNA po
dobu 12 hodin o teploté 37°C. Produkty restrikce byly separovany elektroforézou na
3.8% agardzovém gelu, k analyze PCR produktl byl pfidan ethidium bromid.

Oblast promotoru HO-1 genu obsahujici (GT)n opakovani byla amplifikovana PCR
s fluorescenéné znacenymi primery (HMOX1_S 5-AGAGCCTGCAGCTTCTCAGA-3 a
HMOX1_AS 5-ACAAAGTCTGGCCATAGG AC-3). VSechny PCR produkty byly generovany
v 25ul objemech obsahujicich Plain Combi PP Master Mix (Top-Bio, Prague, Czech
Republic), 1.6pmol primeru, 1.6pmol reverzniho primeru a 25ng templatové DNA.
Amplifikace probéhla v termalnim cykleru (BIORAD, Hercules, CA) s nasledujicim
protokolem: 5minutovd denaturace na 95°C nasledovana 30 cykly (kazdy 30s na 95°C,
30s na 66°C a 30s na 72°C) s finalni extenzi na 72°C po dobu 5 minut. PCR produkty byly
uréeny DNA sekvencery Li-cor 4200 (LI-COR Biosciences, Lincoln, NE) a ABI PRISM 3130
Genetic Analyzer (Applied Biosystems, Carlsbad, CA). Primery znacené IR700 byly
pouzity pro Li-cor analyzu, primery znacené 6-FAM pro ABI analyzu. Urceni délky
fragment( probéhlo v SagaGT (LI-COR Biosciences) a Peak Scanner™ Software (Applied
Biosystems).

Vybrané vzorky byly sekvenovany v ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems) a poté pouzity jako velikostni standard v kazdém béhu elektroforézy. Alely
jsme rozdélili podle poc¢tu GT opakovani do dvou tfid: S (short) s méné nez 25 (GT)na L
(long) s 25 a vice GT(n). Homozygotni a heterozygotni tfidy S (protektivni varianty) byly

porovnany s homozygotni tfidou L (rizikova varianta).

4.5 Statisticka analyza

Hodnoty FFR a iFR byly analyzovany jako spojité proménné a jako kategorické proménné
(pozitivni a negativni) s ohledem na klinické prahové hodnoty obou metod.
Identifikovali jsme tfi skupiny vysetreni: 1) FFR/iFR konkordantni, 2) FFRp/iFRn

typ diskrepance a 3) FFRn/iFRp diskrepance. Analyza byla provedena ve tfech kategorii:
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1) FFR/iFR konkordance vs. FFRp/iFRn diskrepance, 2) FFR/iFR konkordance vs.
FFRn/iFRp diskrepance a 3) FFRp/iFRn diskrepance vs. FFRp/iFRn diskrepance.

Stfedni hodnoty se standardni odchylkou byly vypocteny pro vSechny spojité
proménné. Rozdily mezi spojitymi proménnymi byly testovany pomoci Studentova t-
testu. Pro kategorické proménné, kontingencni tabulky byly pouzity kzobrazeni
frekvencni distribuce. Statistickd vyznamnost byla vypocétena pomoci Fisherova
exaktniho testu. Hodnota p=0.05 urcila prah statistické vyznamnosti.

Prediktory s hodnotou p <0.2 byly zafazeny do multivariacni regresni analyzy
s cilem stanoveni nezavislych prediktord diskrepance mezi FFR a iFR na bazi
demografickych a biomedicinskych proménnych. Pokusili jsme se identifkovat nejlepsi
prediktivni model pro oba typy FFR/iFR diskrepanci.

K statistické analyze byl pouZit SPSS® software, verze 24 (SPSS Inc., Chicago, IL,

us).
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5. Vysledky

Mezi listopadem 2015 a bfeznem 2020 bylo do studie zarfazeno 1970 parQ FFR a iFR

vySetteni, které byly provedeny na ndsledujicich pracovistich:

- 1/ ll. Interni klinika kardiologie a angiologie VFN a 1. LF UK v Praze
- 2/ Gifu Heart Center, Gifu, Japonsko

- 3/ Kardiologické oddéleni nemocnice Ttinec Podlesi, Tfinec

- 4/ Kardiovaskularni oddéleni Fakultni nemocnice Ostrava

- 5/ Fakultni nemocnice Brno Bohunice, Masarykova Univerzita Brno
- 6/ Kardiologické oddéleni Méstské nemocnice Ostrava

- 7/ Fundacion Favaloro, Buenos Aires, Argentina

- 8/ Kardiologické oddéleni Nemocnice Na Homolce Praha

Do finalni analyzy bylo zarfazeno 1884 parli od 1564 pacient( (201 nemocnych —
12.9% - mélo akutni koronarni syndrom). Celkem 86 parQ vysetfeni nebylo do studie
zatazeno pro nedostatec¢nou technickou kvalitu krivek.

Pomér vySetfovanych tepen byl nasledujici: 1102 (58.5%) ramus
interventricularis anterior (RIA), 395 (21%) ramus circumflexus (RCx), 362 (19.2%) arteria
coronaria dextra (ACD) a 25 (1.3%) kmen levé véncité tepny (LM). Demografické udaje

zarazenych pacientt jsou shrnuty v tabulce 1.
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FFR/iFR shoda FFRp/iFRNn FFRn/FFRp pt P2 P3

1185 pac. 259 pac. 120 pac.
Vék [v letech] 69.0+9.7 66.8+9.9 70.9+10.5 0.001 0.05 0.0003
Zeny 346 (29.3%) 40 (15.4%) 44 (36.7%) <0.0001* | 0.08 <0.0001*
BMI [kg/m?] 29.6+5.2 29.5+5.0 28.4+4.9 0.63 0.05 0.24
Infarkt myokardu v anamn. 157 (27.7%) 30 (11.6%) 20 (16.7%) 0.28 0.93 0.48
Diabetes mellitus 451 (38.5%) 86 (33.2%) 54 (45%) 0.12 0.09 0.015
Arteridlni hypertenze 895 (76.5%) 197 (76.1%) 91 (75.8%) 0.88 0.63 0.75
Hyperlipidemie 716 (61.3%) 155 (59.8%) 67 (55.8%) 0.83 0.46 0.61
Chronickd rendlni insufic. 43 (8.7%) 4 (1.5%) 15 (12.5%) 0.44 0.0005 | 0.006
Aktiv. nikotinismus 265 (22.7%) 75 (29%) 36 (30%) 0.028 0.04 0.7
Beta-blokatory 513 (43.9%) 97 (37.5%) 58 (48.3%) 0.08 0.2 0.03
Kalciové blokatory 490 (42%) 112 (43.2%) 46 (38.3%) 0.55 0.62 0.42
Nitraty 220 (18.9%) 46 (17.8%) 15 (12.5%) 0.78 0.12 0.2
Diuretika 2175 (38.3%) 29 (11.2%) 42 (35%) 0.38 0.0007 | 0.001
ACEi / ARB 684 (58.6%) 153 (59.1%) 72 (60%) 0.63 0.47 0.74
Statiny 644 (62.3%) 142 (54.8%) 59 (49.2%) 031 0.93 0.58
Akutni koronarni syndrom 150 (13.1%) 36 (13.9%) 15 (12.5%) 0.61 0.95 0.71
Ejekeni frakce [%] 57.2% +12.2 58.4+11.8 57.2+119 0.19 0.97 0.41
Hemoglobin [g/I] 136.7 £21.8 137.0+19.7 131.3+17.7 0.82 0.01 0.009
Kreatinin [umol/I] 107.2+113.2 99.2+112.2 140.6 + 169.6 0.31 0.005 0.006
eGFR [ml/min] 64.7+21.4 67.6+19.2 60.1+25.0 0.04 0.04 0.002

Tabulka 1. Demografické parametry pacient( se shodnym FFR/iFR mérenim a FFR/iFR

diskrepancemi.

Byla pouZita Bonferroniho korekce pro ndsobné testovdni hypotézy, ¢imzZ byla snizena
hladina vyznamnosti z 0.05 na 0.00013. Vyznamné vysledky po této korekci jsou
oznaceny “*“,

FFR - frakcni prutokovd rezerva, iFR - instantaneous wave-free ratio, n — negativni, p -
pozitivni, ACEi — inhibitory angiotensin-konvertujiciho enzymu, ATR — blokdtory
receptoru pro angiotensin, BMI — body mass index, eGFR — odhad glomerularni filtrace
p 1: FFR/iFR shoda vs. FFRp/iFRn diskrepance

p 2: FFR/IFR shoda vs. FFRn/iFRp diskrepance

p 3: FFRp/iFRn vs. FFRn/iFRp
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iFR

04
R=0.81, p<0.001

Z celkového poctu 1884 pard FFR/IFR vysetieni bylo 393 (20.9%) diskrepantnich.
Z nich bylo 264 |ézi (14%) diskrepantnich typu FFRp/iFRn (FFR pozitivni a iFR negativni)
a 129 lézi (6.8%) typu FFRn/iFRp (FRR negativni a iFR pozitivni). Obé vySetreni byla
pozitivni u 683 lézi (36.3%) a obé byla negativni u 808 lézi (42.9%). Primérna hodnota
FFR byla 0.79 £ 0.12 a iFR 0.87 + 0.14. Celkova korelace mezi FFR a iFR byla vysoka:
R=0.81, p<0.001. Nicméné v oblasti blizké hrani¢ni hodnoté pro iFR (0.85-0.95) byla
korelace s FFR horsi: R=0.45, p<0.0001 a v oblasti blizké hrani¢ni hodnoté pro FFR (0.75-
0.85) byla korelace s iFR nejnizsi: R=0.33, p<0.0001. Korelace mezi FFR a iFR jsou

uvedeny v grafech na obrazku 8.

600 -
600~

S00- 00~

- 400-

00- 300-

Frequency
Frequency

200= 200~

"
wls o o Groups
N ®  Concordant Normal: 42.6%

High FFR - Low iFR: 7.1% 100-
® Low FFR - High iFR: 14.1%
@ Concordant Abnormal: 36.3%

100 -

0 L ! 0

u‘s u‘-: Ufb u!s u!? 0.8 D‘i] w‘o 1‘1 g!g UI: gfz 3‘3 qu 0‘5 Ula 0?7 U‘B a‘g 10 G‘D Dli DIE 0‘3 Gld []‘5 DIE nl? D‘B GIQ 1
FFR FFR iR
Obrazek 8. Korelace mezi hodnotami FFR a iFR and histogramy pro FFR a iFR hodnoty.

FFR - frakcni pratokova rezerva, iFR - instantaneous wave-free ratio

Hodnota FFR byla vyssi u Zen (0.8 £ 0.12) nez u muzl (0.78 + 0.12), p<0.0001.
Hodnota iFR se na druhou stranu mezi pohlavimi vyznamné nelisila (0.87 £ 0.14 u Zen
vs. 0.87 £ 0.13 u muzl), p=0.48. Pokud budeme srovndvat FFR a iFR dichotomicky
(pozitivni vs. negativni), tak FFR bylo ¢asté&ji pozitivni u muzli nez u Zen (54.8% vs. 42.4%,
p<0.0001) a iFR bylo opét bez vyznamného rozdilu mezi muzi a Zenami 42.6% vs. 43.3,

p=0.74). Rozdily v hodnotach mezi FFR a iFR jsou na obrazku 9.
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Obrazek 9. Bland-Altman(v graf pro rozdil mezi FFR a iFR.

FFR - frakcni prutokovd rezerva, iFR - instantaneous wave-free ratio
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5.1 Hypotéza €. 1

Ruptura platu, eroze na povrchu platu a nepravidelnosti v geometrii platu a lokalizace
platu v blizkosti bifurkace vedou k turbulentnimu proudéni, akcelerovanému v

prubéhu hyperemie, coZ povede k ¢astéjsimu vyskytu faleSné pozitivniho FFR nalezu.

Analyza byla provddéna z obrazu optické koherentni tomografie. Zakladnim
parametrem byla nepravidelnost v povrchu platu definovana jako vzdalenost intimy od
stfedu tepny hodnocena automatickym softwarem po celém obvodu kazdého pficného

fezu. Priklad analyzy je zobrazen na obrazku ¢. 10.

Peak

~

Obraek 10. Analyza nepravidelnosti povrchu platu.

Dalsi sledovanym parametrem byla sila platu analyzovand v celém zobrazeném

segmentu tepny. Pfiklad tohoto hodnoceni je na obrazku &islo 11.

Obrazek 11. 3D rekonstrukce tvaru lumen (vlevo) a koresponduijici sily platu (vpravo).
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Nicméné, po analyze Ctyficeti pacientl (dvaceti ve skupiné se souhlasnymi a
dvaceti s diskrepantimi FFR/iFR nalezy nebyl nalezen Zadny vyznamny rozdil. Pro jen
malou 3anci nalézt vyznamny rozdil pfi této velmi pracné a finan¢né nakladné analyze
jsme se rozhodli v hodnoceni této hypotézy dale nepokracdovat. Ddvodem pro nizké
rozdily ve sledovanych parametrech byla skute¢nost, Ze platy byly velmi podobné v obou
skupinach, coz je dano ziejmé malym zastoupenim nemocnych s akutnim koronarnim
syndromem, u kterych je mnohem vétsi cetnost nalezu nepravidelnych platud.

Ovsem zkuSenosti z tohoto typu analyzy byly vyuZity pfi tvorbé semi-
automatického softwaru pro hodnoceni OCT vySetfeni, jehoz popis byl publikovan (Chen
et al., 2018) a byl rovnéz poutzit v analyze rozsahu kalcifikaci v platech srovnavajici nalezy

pacientl s diabetem a chronickou renalni insuficienci (Weber et al., 2020).

Jedinym prediktorem vyskytu FFR/iR diskrepanci z pohledu lokalizace plat(, byla
jejich pfitomnost v pravé koronarni tepné (ACD), kde se diskrepance vyskytovaly ve
26.5%, v levé korondrni tepné bylo diskrepantni méreni zaznamenano v 19.4%, p=0.003.
Zajimavym nalezem je, Ze v ACD se Castéji vyskytovali diskrepance typu FFRp/iFRn
(23.4% vs. 13.1%, p<0.001) a naopak diskrepance typu FFRn/iFRp se v ACD vyskytovaly
méné Casto, nez v levé koronarni tepné (5% vs. 8.6%, p=0.043). Pficemz v levé koronarni
tepné Slo Castéji o ramus interventicularis anterior nez ramus circumflexus (9.9% vs
5.1%, p=0.006). Cast&jsi vyskyt FFR/iFR diskrepance v ACD byl rovné? potvrzen v

multivariacni regresni analyze (tabulka 2).
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Parametry zahrnuté do analyzy Koeficient B | SE Wald P
Proximalni lokalizace -0.09 0.183 0.23 0.63
Pramér stendzy 0.005 0.008 0.36 0.55
Lokalizace v pravé véncité tepné 0.75 0.195 14.7 0.0001
Tandemova léze 0.153 0.21 0.51 0.48

Tabulka 2. Prediktory vyskytu FFRp/iFRn diskrepance podle angiografickych parametr(.
Model pro predikci FFRp/iFRn diskrepance. Nagelkerke R Square 0.029. Hosmer-
Lemeshowdv test: chi-square 9673, P hodnota 0.289.

FFR - frakcni prutokova rezerva, iFR - instantaneous wave-free ratio, n — negativni, p -

pozitivni

Dalsim potencidlnim prediktorem pro vyskyt FFR/iFR diskrepanci je velikost
smykového tfeni, tzv. wall shear stress (WSS). Jednd se o silu, kterou proudici krev
tangencialné vyviji na endotelie. Buné¢nd membrana endotelii je vybavena fadou
mechanoreceptorl, které citlivé reaguji na charakter proudéni krve. Zména
fyziologického lamindrniho pritoku na turbulentni vede ke zmén fenotypu
vasokonstrikéni, pro agregacni a prozanétlivy. Tato zména se vyznamné podili na rozvoji
nestabilniho aterosklerotického platu (Wentzel et al., 2012). Ve vztahu k vyskytu FFR/iFR
muzZe dochazet k tomu, Ze v mistech s vysokou hodnotou WSS dochdzi ke ztraté energie
proudici krve a k vyraznéjsSimu poklesu tlaku za stendzou (tedy nardstu gradientu), nez
by odpovidalo samotnému rozméru stendzy. Déj je akcentovan pfi hyperemii a Ize tedy
hypoteticky ocekdvat, Ze mista svysokou Urovni WSS budou castéji generovat
diskrepanci typu FFRp/iFRn.

Smykové treni bylo analyzovdno pomoci dynamiky proudéni kapalin
(computational fluid dynamics - CFD), coz je technika vysoce naro¢na na matematicky
popis charakteru proudéni krve v koronarni tepné. Jednim z dllezZitych parametrd pro
jeho vypocet je znalost velikosti pritoku v koronarni tepné, ktery jsme v nasi studii
neméfili a pro ucely hodnoceni jsme pouZili v literatufe uvadénou hodnotu 100 ml/min.
Jedna se o zpUsob poufZity i v jinych studiich. DalSim parametrem nutnym pro vypocet
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WSS je viskozita krve. Zde jsme, ve shodé s jinymi studiemi, opét pouzili v literature

uvadénou hodnotu 4x10°® m?/s. Ptiklad hodnoceni smykové tieni na obrazku €. 12.

RN Y

Wall shear stress (Pa) 5-4-3-2-1012 345

Obrazek 12. Priklad analyzy smykového tfeni v koronarni tepné.

Vyznamnou limitaci moznosti hodnoceni WSS ovSsem v nasi studii byla absence
uziti dvou-rovinné angiografie, ktera umozinuje presnou prostorou informaci tvaru
tepny. Analyza dvou projekci nebyla dostatecné presna kvytvoreni spravného 3D
geometrického tvaru tepny, coZz vnasi do hodnoceni WSS nezanedbatelnou chybu.
Rovnéz se nepodafilo koregistraci OCT a angiografického vySetteni vyresit problém
orientace tepny ve smyslu spravné fluze prostorové orientace angiografického a OCT
obrazu ve smyslu 360stupriové orientace v pricném frezu. Ziskand WSS hodnota tak
nemusi byt prostorové spravna. Pro tyto limitace jsme neziskali spolehlivou hodnotu
WSS, ktera by byla s dostate¢nou presnosti pouzitelna pro vyse uvedenou analyzu.

Pfiklad hodnoceni zakfiveni tepny pfi 3D analyze je uveden na obrazku 13.
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Low Threshold

Obrazek 13. Pfiklad hodnoceni zakfiveni tepny.

High Threshold
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5.2 Hypotéza €. 2

Polymorfismy Glu298Asp v exonu 7 genu eNOS a (GT)n v promotoru genu HO-1 jsou

pFi¢inou neadekvatni reakce na adenosin a vedou k vyskytu FFRnheg/iFRp0, diskrepance.

Méreni FFR je velmi zavislé na funkci endotelu, nebot zakladnim predpokladem je
relaxace prekapildrnich sfinkterll (jedna se o endotelidlné dependentni relaxaci) a
navozeni stavu maximalni hyperemie v koronarnim fecisti, umoZnujici odhadovat
velikost korondrni perfuze na zakladé tlakové gradientu (analogie Ohmova zakona).
Metoda iFR je na endotelidlnich funkcich zavislda méné, nebot k méreni se pouziva
klidové stavu, kdy jsou na funkce endotelu kladeny mensi naroky nez na dosazeni
maximalni hyperemie po podani adenosinu pfi méreni FFR.

V prvnim kroku jsem se zaméfili na testovani, zda se endotelidlni dysfunkce
vyskytuje castéji u pacientl s nalezenou FFR/iFR diskrepanci nez u nemocnych
s konkordantnimi vysledky. Pro testovani endotelidlnich funkci jsme pouZili digitalni
pletysmografii, ktera registruje zmény periferni tlakové kfivky na prstech horni
koncetiny, na které je nejprve inflaci tlakové manzZety navozena ischemie a po jejim
uvolnéni nastava hyperemie, jejiz velikost je zavisld na funkci endotelu. Pti jejim
poruseni dochazi k mensimu rozsahu hyperemii indukované vasodilatace a tim i
k mensim zménam v amplitudé periferni tlakové kfivky. Odpovéd na reaktivni hyperemii
je vypoctena automaticky, porovnana s koncetinou, ktera nebyla vystavena ischemii, a
je vyjadrena jako tzv. reaktivni hyperemicky index (RHI).

Oproti ocekavani byl RHI index u pacient( s FFR/iFR diskrepanci vyssi, neZ u
pacientd s konkordantnimi vysledky (1.73 £ 0.79 vs. 1.48 + 0.50, p=0.025). Tento fakt je
dan tim, Ze pfevaZujicim typem diskrepance byl FFRp/iFRn, ktery je spojen s vysokym
zvySenim pratoku v koronarnich tepnach po podani adenosinu a svédci pro velmi dobré
endotelidlni funkce. Vysoky pritok vede, ale k nar(stu gradientu a tim dochazi ke vzniku
pozitivniho nalezu FFR, kdezto index iFR — méfeny za klidovych podminek — neni touto
reakci ovlivnén a zlstavad negativni. Tyto vysledky jsme publikovali v samostatné

impaktované publikaci (Jefdbek et al., 2019).
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Prostrednictvim mérenim velikosti koronarni pritokové rezervy — CFR (pomoci
introkoronarniho méreni dopplerovskou sondou), kterd se pocitd jako pomér mezi
koronarnim pritokem po podani adenosinu a klidovym priatokem jsme skutecné zjistili,
Ze u pacientl s FFRp/iFRn typem diskrepance mizeme nalézt vyssi CFR (tabulka 3).

V této podstudii jsme méfili hodnotu CFR u 343 [ézi.

Type lézi podle FFR a iFR CFR1 CFR2 p

1/ FFRp/iFRn vs. 2/ FFRp/iFRp | 2.24 +0.70 1.39+0.36 <0,0001
1/ FFRp/iFRnvs. 2/ FFRn/iFRn | 2.24 +0.70 1.8 +0.64 <0,0001
1/ FFRn/iFRp vs. 2/ FFRp/iFRp | 1.41 +0.37 1.39+0.36 0,85

1/ FFRn/iFRp vs. 2/ FFRn/iFRn | 1.41 £ 0.37 1.8+0.64 0,011

Tabulka €. 3. Hodnoty CFR podle vztahu FFR a iFR
CFR - korondrni pritokova rezerva, FFR - frakcni pritokova rezerva, iFR - instantaneous

wave-free ratio, n - negativni, p - pozitivni

Ve shodé s jiz dtive publikovanymi udaji ve studii JUSTIFY (Petraco et al., 2014) je
korelace meziiFR a CFR (R=0.56, p<0.0001) vyssi, nez mezi CFR a FFR (R=0.36, p<0.0001),

viz. obrazek 14.
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Obrazek 14. Korelace mezi CFR/FFR a CFR/iFR.
CFR — korondrni prutokovd rezerva, FFR - frakcni pritokovd rezerva, iFR - instantaneous

wave-free ratio

Vyssi hodnota CFR u lézi s FFRp/iFRn typem diskrepance muzZe byt vysvétlena
faktem, Ze k podstatnému zvySeni koronarniho pritoku po podani adenosinu mze dojit
pouze u lézi, které nejsou hemodynamicky pfiliS vyznamné. U |ézi, které vyznamné
snizuji korondrni pritok dochazi ke kompenzatorni vasodilataci, kterd snizenim
mikrovaskuldrni resistence kompenzuje snizeni perfuzniho tlaku a tim udrzuje koronarni
pratok dlouho konstantni. U vyznamnych lézi tedy uz nemUzZe dojit k podstatnému
zvysené koronarniho prltoku, nebot moZnosti této kompenzacni reakce jsou jiz
vyCerpany.

V nasi studii byla diskrepance FFRp/iFRn Castéji nalezena u mladsich pacientl a
ti maji obvykle lepsi koronarni pritokovou rezervu. Déle byla nalezena ¢astéji u muzd,
coz zfejmé souvisi s tim, Ze u Zen byla hodnota FFR v priiméru vyssi nez u muzl a
hodnota iFR pfitom byla stejnd, ztoho logicky vyplyvd vyssi pravdépodobnost
diskrepance typu FFRp/iFRn u muzu. Tyto rozdily byly potvrzeny v multivaria¢ni regresni

analyze uvedené v tabulce 4.
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Parametry zahrnuté do analyzy Koefficient B SE Wald P
Pohlavi 0.66 0.22 9.4 0.002
Vék -0.02 0.009 7.1 0.008
Uzivani betablokator( -0.21 0.17 1.43 0.23
Ejekéni frakce LK 0.01 0.008 2.27 0.13

Tabulka 4. Prediktory vyskytu FFRp/iFRn diskrepance.
Model pro predikci FFRp/iFRn diskrepance. Nagelkerke R Square 0.037. Hosmer-
Lemeshowdiv test: chi-square 14 923, P hodnota 0.061.
FFR - frakcni prutokova rezerva; iFR - instantaneous wave-free ratio, n — negativni, p -

pozitivni

Dalsim divodem castéjsiho vyskytu FFRp/iFRn u lézi s vy$sim CFR je skutecnost,
Ye tlakovy gradient na stendze je zavisly na pritoku. Cim vy$si je pritok danou tepnou,
tim vyssi je i gradient. V pfipadé, Ze dany pacient ma dobre zachovanu koronarni rezervu
a je tedy schopen vyrazné zvysit svij korondrni pritok, mlze léze, ktera generuje jen
nevyznamny gradient, po zdsadnim zvyseni prlitoku generovat jiz gradient vyznamny.

Snizeni endotelidlnich funkci zpUsobené koutenim, ¢i chronickou renalni
insuficienci (CHRI) vede ziejmé ke zhorSeni reakce na adenosin pfi jesté zachovanych
bazalnich funkcich, coz pak vede k ¢astéjsimu vyskytu FFRn/iFRp u téchto pacientd, coz
bylo v nasi praci prokazano pfi pouziti multivariacni regresni analyze uvedené v tabulce

¢. 3.
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Parametry zahrnuté do analyzy Koeficient B SE Wald p

Vaha -0.01 0.008 3.16 0.08
UZivani diuretik 0.5 0.29 2.9 0.09
Hemoglobin (g/l) -0.01 0.007 3.9 0.05
Koufeni 0.67 0.29 5.4 0.02
Chronicka renalni insuficience 0.89 0.37 5.8 0.02

Tabulka €. 3. Prediktory FFRn/iFRp typu diskrepance.
Model pro predikci FFRn/iFRp diskrepance. Nagelkerke R Square 0.098. Hosmer-
Lemeshowiiv test: chi-square 3549, P hodnota 0.895.
FFR - frakcni prutokovd rezerva, iFR - instantaneous wave-free ratio, n — negativni, p -

pozitivni

Pravé tato priciny pro FFR/iFR diskrepance, tedy nizsi schopnost odpovidat na
podani adenosinu je podstatou hypotézy ¢. 2. Tedy, Ze u nositell rizikovych
polymorfisml v genech pro endotelidlni syntdzu oxidu dusnatého (ENOS) a pro
hemoxygendzu 1 (HO-1) bude nalezen cCastéji FFRn/iFRp typ polymorfismu. Struktura

polymorfismu v genu pro ENOS je zobrazena na obrazku 15.
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Obrazek 15. Trojrozmérny obraz polymorfismu v genu pro ENOS.

Genetické vy$etfeni bylo provedeno u 224 pacientll z CR. Data od péti
nemocnych nebyla zafazena do hodnoceni pro nizkou kvalitu tlakovych kfivek. Pacienti
byli rozdéleni proto typu genového polymorfismu na skupiny nemocnych s rizikovym
(ENOSr) a protektivnim typem (ENOSp) polymorfismu v genu pro ENOS a na skupiny
srizikovym (HO-1r) a protektivni polymorfismem genu pro HO-1 (HO-1p). Mezi
skupinami srizikovy a protektivnim polymorfismem nebyl statisticky rozdil
v anamnestickych datech az na vyssi vyskyt HO-1r u Zen a nizsi vyskyt HO-1r u pacient(

s chronickou renalni insuficienci (tabulka €. 4).
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Typ genu ENOS HO-1

Polymorfismus rizikovy protektivni p rizikovy protektivni p

Vék 67.0+9.3 67.3+10.4 0.81 67.9+8.8 66.8 £ 10.2 0.48
Zeny 26 (24.4%) 31 (27.0%) 0.33 23 (38.3) 34 (21.4%) 0.01
AKS 6 (5.7%) 10 (9.7%) 0.28 4 (7.0%) 12 (8.0%) 0.82
Stav po IM 37 (33.6%) 29 (27.4%) 0.32 15 (25.4%) 51 (32.5%) 0.31
Diabetes mellitus 48 (43.6%) 43 (40.6%) 0.65 20 (33.9%) 71 (45.2%) 0.13

Arteridlni hypertenze | 82 (74.6%) 83 (78.3%) 0.52 44 (74.6%) 121 (77.1%) 0.70

Dyslipidemie 73(66.4%) | 64(60.4%) | 0.36 | 33(55.9%) | 104 (66.2%) | 0.16
CHRI 14 (12.7%) | 13(12.4%) |0.94 | 3(5.1%) 24 (15.4%) 0.03
Aktivni kouFeni 44 (40.4%) | 35(33.0%) | 0.26 | 23(39.0%) | 56 (35.9%) 0.68
Beta blokatory 79(72.5%) | 69 (65.7%) | 0.28 | 41(71.3%) | 107(68.2%) | 0.59
BVK 32(29.6%) | 31(29.5%) | 0.97 | 15(26.3%) | 48 (30.8%) 0.53

ACEIi/ATR blokatory 75 (68.8%) 72 (68.6%) 0.97 35 (61.4%) 112 (71.3%) 0.17

Nitraty 7 (6.4%) 7 (6.7%) 0.94 | 5(8.8%) 9 (5.7%) 0.44
Diuretika 46 (42.2%) | 38(36.2%) | 0.37 | 22(38.6%) | 62(39.5%) 0.91
Statiny 46 (76.7%) | 41(70.7%) | 0.46 | 28(77.8%) | 59 (72.0%) 0.5

EF LK 548+129 |545+113 |0.83 |534+13.0 |551+117 0.35

Tabulka ¢. 4: Demograficka data pacientl s genetickou analyzou.

AKS — akutni korondrni syndrom, IM — infarkt myokardu, CHRI — chronickd rendini
insuficience, BVL — blokdtory vdpnikového kandlu, ACEi — inhibitory angiotensin-
konvertujiciho enzymu, ATR — blokdtory receptoru pro angiotensin, EF LK — ejekcni frakce

levé komory srdecni, ENOS — endotelidlni NO syntdza, HO-1 — hemoxygendza-1

Rizikovy polymorfismus v genu pro ENOS byl nalezen u 112 pacientl (51.1%), u 60
nemocnych (27.4%) v genu pro HO-1. Pocet pacientli s obéma rizikovymi polymorfismy
byl 28 (12.8%) a pocet pacientll bez jakéhokoliv rizikového polymorfismu pak 75 (34.2%).
Z celkového poctu 219 pacientl zarazenych do genetické analyzy bylo u 67 (30.6%)
nalezena FFR/iFR diskrepance a to u 34 pacientd (15.5%) typu FFRp/iFRn, u 33
nemocnych (15.1%) FFRn/iFRp. U pacientd s FFRn/iFRp typem diskrepance vice nez u
pacientl s FFRp/iFRn diskrepanci byli nalezeni — oviem pouze nesignifikantné — jedinci
s rizikovym typem polymorfismu jak pro ENOS: 19 (57.6%) vs. 18 pacientl (52.9%),
p=0.7, tak pro HO-1: 12 (36.4%) vs. 9 nemocnych (26.5%), p=0.38. JiZz vyznamny rozdil
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jsme pro pacienty s FFRn/iFRp diskrepanci ve srovnani s FFRp/iFRn zanamenali pro vyssi
vyskyt rizikového polymorfismu v obou genech: 8 pacient(l (24.2%) vs. 2 pacienti (5.9%),
p=0.03.

Vyskyt rizikovych polymorfismd u pacientl s FFR/iFR diskrepanci je uveden v

tabulce 5.
FFR/iFR discrepance | FFR/iFR shoda p
ENOS; 37 (55.2%) 75 (49.3%) 0.42
HO-1, 21 (31.3%) 39 (25.6%) 0.39
ENOS; and HO-1, 10 (14.9 %) 18 (11.8%) 0.53
ENOS, and HO-1, 19 (28.4%) 56 (36.8%) 0.22

Tabulka 5. Vyskyt rizikovych polymorfism( vzhledem k FFR/iFR diskrepamnci

ENOS: endotelidlni NO syntdza; HO-1: hem oxygendza-1; FFR: frakcni pritokovd rezerva;
iFR: instantaneous wave-free ratio; r: rizikovy typ polymorfismu; p: protektivni typ

polymorfismu

Jak hodnoty pro FFR tak pro iFR se neliSily pro nemocného s ENOSr a HO-1r ve
srovnani s ENOSp a HO-1p. Pro pro FFR to byly hodnoty (ENOSr vs. ENOSp) 0.81 + 0.09
vs. 0.82 £ 0.09, p=0.23 a pro iFR 0.89 £ 0.1 vs. 0.89 + 0.09, p=0.83, FFR hodnoty pro HO-
1r vs- HO-1p 0.82 + 0.09 vs. 0.81 + 0.09, p=0.56 a pro iFR 0.89 + 0.08 vs. 0.89 + 0.1,
p=0.98. Nicméné zaznamenali jsme trend pro vyssi FFR hodnoty u pacient( s rizikovym
polymorfmismem v obou genech ve srovnani s pacienty sjednim nebo Zadnym
rizikovym polymorfismem (0.84 + 0.06 vs. 0.81 + 0.09, p=0.066). Na rozdil od FFR se
hodnoty iFR pfi tomto typu srovnani nelisily (0.90 = 0.06 vs. 0.89 £ 0.1, p=0.58).

Déle jsme analyzovali numericky rozdil mezi iFR a FFR u pacientd s FFR/iFR
diskrepanci. Dlivodem této analyzy byl predpoklad, Ze pacienti srizikovym typem

polymorfmismu nebudou schopni dosahovat vysoké vasodilatace po podani adenosinu
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a z tohoto dlivodu pak budou obtiznéji dosahovat nizSich hodnot FFR. Rozdil mezi iFR a
a FFR tak u nich bude niZzsi. Pfi hodnoceni typu polymorfismu v genu pro ENOS byl tento
rozdil nesignifikantné vyssi pro pacienty s ENOSr ve srovnani s ENOSp (0.085 + 0.07 vs.
0.072 £ 0.07, p=0.19) a prakticky bez rozdilu pro pacienty s HO-1r ve srovnani s HO-1p
(0.074 £ 0.07 vs. 0.08+ 0.07, p=0.51). Zaznamenali jsme pouze trend pro nizsi FFR/FFR
rozdil u pacientl s obéma typy rizikovych polymorfism( ve srovnani s pacienty s jednim

nebo Zzadnym rizikovym polymorfismem (0.059 £ 0.05 vs. 0.082 + 0.07, p=0.09).
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6. Diskuze

Analyzou dat z 1884 FFR/iFR méfeni u 1564 pacientl jsme shledali 79.1% shodu
v diagnostické klasifikaci obou metod, coZz je vysledek dobie korelujici se zavéry

obdobnych studii (Jeremias et al., 2014, Rosa et al., 2018).

6.1 Diskrepance typu FFRp/iFRn

Hodnota CFR u FFRp/iFRn |ézi byla vyznamné vyssi ve srovnani s FFRp/iFRp i FFRn/iFRN
Iézemi. CFR bliZze korelovalo s iFR neZ s FFR. Podobny vysledek byl zjistén v praci Cooka
(Cook et al., 2017) kde byla analyzovdna podobna skupina pacientli (301 pacientd,
pramérny vék 60 let, 4% pacientl s akutnim koronarnim syndromem). Autofi prokazali
vyssi hodnotu CFR u FFRp/iFRn lézi v porovnani s CFR u FFR/iFRp lézi. Na rozdil od nasich
vysledkd, zjistili shodnou hodnotu CFR u FFRp/iFRn a FFRn/iFRn lézi. Tento nesoulad
muzZe byt zpGsoben nizsi hodnotou CFR u FFRn/iFRn |ézi v naSem souboru ve srovnani
s praci Cooka (1.8 vs. 2.41).

Nizsi CFR u pacient( v nasi studii mGze byt vysvétleno vyssim vékem (68 vs. 60
let), vyssim vyskytem diabetu (38.9% vs. 22%) a vysSim zastoupenim pacientll s akutnim
koronarnim syndromem (13.3% vs. 4%) neZ v souboru studie Cooka at al. KdyZz jsme
porovnali pacienty s negativnim vysledkem FFR i iFR s pacienty s FFRp/iFRn typem
diskrepance, zjistili jsme nizsi vék (70.619.7 vs. 66.9+9.6, P<0.001), vyssi zastoupeni
akutniho koronarniho syndromu (127, 19.8% vs. 5, 1.9%, P<0.001) a trend k vyssi
incidenci diabetu (254, 39.6% vs. 86, 33.2%, P=0.07) v diskrepantni skupiné. VSechny
tyto faktory zvysuji mikrovaskularni rezistenci a ve vysledku snizuji CFR.

Vyssi korondrni pratok u FFRp/iFRn diskrepance byl rovnéz zjistén ve studii
JUSTIFY-CFR (Petraco et al., 2014), kde Petraco et al. demonstrovali na analyze datz 216
koronarnich |ézi blizsi korelaci iFR a CFR oproti FFR a CFR. Hwang et al. (Hwang et al.,
2019) zjistili vyssi senzitivitu a specificitu iFR proti FFR ve srovnani se ,zlatym
standardem” 13N-amonium PET CFR.

Vyssi hodnoty CFR u FFRp/iFRn Iézi mohou byt vysvétleny stavem, kdy je

koronarni pratok po podani adenosinu vyznamné zvysen pouze o stendz, které nelimituji
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pratok (Uren et al., 1994, Sen et al., 2013). CFR bere v potaz vyznamnost epikardidlni
stendzy i funkci mikrovaskularniho recisté. Dobre zachovalé mikrovaskularni funkce jsou
zasadni pro adekvatni odpovéd na vasodilatacni léky. Tlakovy gradient na stendze je
zavisly na velikosti koronarniho pratoku a i nevyznamny tlakovy gradient se mizZe stat
vyznamnym pFi velmi vysokém pratoku. Cim vy3$iho korondrniho pritoku je dosazeno,
tim vétsi tlakovy gradient na stendze je zjistén.

Vék, muzské pohlavi a lokalizace |éze v pravé véncité tepné byly spojeny
s FFRp/iFRn diskrepanci u model predikujici tento typ diskrepance. Vyssi vyskyt FFR/iFR
diskrepance v pravé koronarni tepné byl zjistén i vjinych studii (Gore et al., 2018,
Svanerud et al., 2018). Vysvétlenim m{ze byt odliSny mechanismus koronarniho pritoku
v pravé véncité tepné. Maximum koronarniho pritoku zde nastava v pozdni fazi systoly
a Casné diastole, zatimco iFR je méreno v mid-diastole. Toto zjisténi zatim nebylo blize
vysvétleno. Kobayashi et al. publikovali studii ukazujici vyssi vyskyt FFR/iFR diskrepanci
v kmeni levé véncité tepny a vproximalni ¢asti ramus interventricularis anterior
(Kobayashi et al., 2016).

Nizsi vék — v porovnani se skupinou se souhlasnymi mérenimi — u pacient(
s FFRp/iFRn typem diskrepance byl rovnéz zjistén v studiich Leeho (Lee et al., 2017) a
Derimaye (Derimay et al., 2019). Toto je pravdépodobné spojeno svyssim CFR u
mladsich jedinc(. Derimay (Derimay et al., 2019) téz prokazal ¢astéjsi vyskyt FFRp/iFRn
diskrepance u proximalnich Iézi, coZ jsme my nepotvrdili.

Diskrepace FFRp/iFRn byla ¢astéji zjisténa u muz(. Vyssi hodnoty FFR u Zen, spolu
s podobnymi hodnotami iFR a CFR u obou pohlavi, byly shledany ve studii Yonetsu et al.
(Yonetsu et al., 2020). Autofi zjistili, Ze pozitivni FFR s negativnim vysledkem méreni
diastolického gradientu (dPR) je méné ¢asté u Zen nez u muzl (dPR — diastolic pressure
gradient — je ekvivalentem iFR) (Van’t et al., 2017). Nase zjisténi castéjSiho vyskytu
FFRp/iFRn typu diskrepance u muzi téz koreluje s vysledkem studie provedené skupinou
Leeho (Lee et al., 2017). Vyssi hodnoty FFR u Zen a podobné hodnoty iFR u Zen i u muz(
byly rovnéz ukdzany i v dalich studiich (Kim CH et al., 2019, Kim HS et al., 2012, Hirata
etal., 2001).
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6.2 Diskrepance typu FFRn/iFRp

FFRn/iFRp léze vykazovaly nizsi hodnoty CFR neZ FFRn/iFRn Iéze a stejné hodnoty CFR
jako léze, které mély konkordantni méreni FFR a iFR. K podobnému zjisténi dospéli i
Cook et al. (Cook et al., 2017).

Zvysena mikrovaskuldrni rezistence, kterd muze identifikovdna nizsi hodnotou
CFR, vedla k relativné vyssimu FFR nez iFR pro niz$i odpovéd na podany adenosin. Tato
skuteénost vedla k ¢astéjsSimu ndlezu FFRn/iFRp diskrepance u téchto pacientl (Ge et al.,
2020).

Na rozdil od FFRp/iFRn typu diskrepance, FFRn/iFRp diskrepance byla méné ¢asta
v pravé koronarni tepné (18 lézi, 5.0%) nez v levé koronarni tepné (115 lézi, 8.6%),
P=0.043, a soucasné byl tento typ diskrepance castéji nalezen v povodi ramus
interventricularis anterior (RIA) ve srovndni s ostatnimi tepnami (97 1ézi, 9.9% vs. 32 |ézi,
5.1%, P=0.0006). Dominance RIA u FFRn/iFRp typu diskrepance byla zjisténa i ve studii
provedené Derimayem (Derimay et al., 2019).

Multivaria¢ni regresni analyza potvrdila asociaci mezi hladinou hemoglobinu,
koufenim a pfitomnosti chronického onemocnéni ledvin u FFRn/iFRp typu diskrepance.

MoZnym vysvétlenim FFRn/iFRp diskrepance u pacientd s nizsi hladinou
hemoglobinu je zvySeny krevni pritok, ktery byvd zaznamendn u nemocnych
s chronickou anemii. Tento zvySeny prltok zplsobuje vétsi pokles tlaku na stendze
(zejména v diastole) a vede kvice pozitivnimu iFR (Muroya et al., 2020). Ve studii
provedené Ostlund-Papadogeorgosem (Ostlund-Papadogeorgos et al., 2020), byla u
studiich publikovanych Katoem (Kato et al., 2021) a Muroyaou (Muroya et al., 2020) byl
u téchto pacientl popsan castéjsi vyskyt FFRn/RFRp diskrepance.

Zjistili jsme wvyssi vyskyt FFRn/iFRp diskrepance u pacientl s chronickym
onemocnénim ledvin. Tato skupina pacientt se vyznacuje zhorsenou endotelidlni funkci,
vys$Sim indexem mikrocirkuldarni rezistence a nizSimi hodnotami FFR ve srovnani
s pacienty s normalnimi renalnimi funkcemi (Tebaldi et al., 2016, Sumida et al., 2017).
Horsi korealce mezi FFR a myokardialni perfluzni scintigrafii byla zjiSténa u pacient(
s onemocnénim ledvin (Hirose et al., 2018). Bazalni koronarni pritok pravdépodobné
neni ovlivnén do takové miry jako hyperemicky pritok, coz maze byt jednou z pficin
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vyskytu FFRn/iFRp diskrepance u pacientl s rendlni insuficienci. Toto bylo zjisténo i
v dalsich studiich (Ostlund-Papadogeorgos et al., 2020, Arashi et al., 2019).

Nikotinismus je znamym faktorem, ktery vyznamné pfispiva k endotelidlni
dysfunkci zejména pres snizenou dostupnost oxidu dusného (NO) (Powel, Higman 1994).
Neni tedy prekvapivym zjisténim, Ze je nikotinismus asociovan s FFRn/iFRp diskrepanci,
ktera je primdrné zplisobena endotelidlni dysfunkci. Ve studiich provedenych Leem (Lee
et al., 2017) a Derimayem (Derimay et al., 2019) se nicméné zastoupeni kurak( ve
skupinach s FFR/iFR shodou a FFR/iFR diskrepanci vyznamné nelisilo. Vztah mezi
koufenim a FFRn/iFRp tedy zUstava neobjasnén.

Cetnost FFR/iFR diskrepance se neliila u pacient( s rizikovym nebo protektivnim
typem polymorfismu ENOS/HO-1 genu. Zjistili jsme ale ¢astéjsi vyskyt FFRn/iFRp typu
diskrepance ve srovnani s FFRp/iFRn typem u pacientu s rizikovym typem polymorfismu
v obou genech. Rozdil byl zptsoben vyssimi hodnotami FFR a naslednym nizsim rozdilem
iFR/FFR u pacientd s ENOS, a HO-1, ve srovndni s pacienty s protektivnim
polymorfismem jednoho ¢i obou gen(. Nizsi rozdil iFR/FFR u pacient( s rizikovym typem
polymorfismu byl pravdépodobné zplsoben zhorsenymi endotelidlnimi funkcemi v této
skupiné pacient(.

U polymorfismus ENOS G894T byla prokdzana asociace se snizenou produkci
oxidu dusného v endotelidlnich burikach za bazdalnich podminek a pfi reakci na smykové
tfreni (Joshi et al 2007). Nasi hypotézou je, Zze endotelidlni dysfunkce zplsobenad
poruchou funkce ENOS vede ke snizené odpovédi na podani adenosinu.

Adenosinem indukovana vazodilatace je, alespon ¢astecnég, zavisla na NO (Jones
et al., 1995). Adenosin podporuje uvolnéni NO zendotelidlnich bunék pres 2A
adenosinovy receptor (Li et al., 1998). Naber et al. (Naber et al., 2001) zjistili
dopplerovskym mérenim nesignifikantné nizsi bazalni a hyperemicky pritok u pacientt
s rizikovym polymorfismem genu ENOS. Nizsi hyperemicky priatok u pacientd s nizsi
aktivitou genu ENOS muZe sniZzovat endotelidIni odpovéd na podany adenosin. HO-1
podporuje aktivaci ENOS a zabranuje jeho rozpojovani, ¢imz se podili na zachovani
adekvatni produkce NO a tim i endotelialni funkce (Wu et al., 2019, Daiber et al., 2019).
Toto je moznym vysvétlenim castéjsiho vyskytu FFRn/iFRp diskrepance u pacientl

s obéma polymorfismy.
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NeZ bude mozné ucinit klinické zavéry, musi byt tato zjiSténi potvrzena dalSimi
studiemi. V pripadé potvrzeni je mozZné otevfit otdzku preference iFR pred FFR u
pacient( s rizikovym typem polymorfismu ENOS genu. Vice nez implikace pro klinickou

praxi ale tato zjisténi ukazuji komplexitu koronarni cirkulace a podilejicich se faktord.

6.3 Srovnani diskrepanci typu FFRp/iFRn a FFRn/iFRp

Pfi srovnani pacientd s diskrepanci typu FFRp/iFRn s pacienty s FFRn/iFRp diskrepanci
jsme zjistili rozdily podobné tém, které byly prokazany u srovnani skupiny s FFRn/iFRp
diskrepanci se souhlasnou skupinou. Dalsi rozdily byly: ¢astéjsi vyskyt diabetu a vyssi
pocet pacientl uZivajicich betablokator. Toto nicméné nebylo potvrzeno v multivariacni
regresni analyze.

Podle ocekavani, diabetes mellitus — znadmy faktor spojeny s mikrovaskularni
dysfunkci — byl ¢astéjsi u pacient s FFRn/iFRn typem diskrepance. Derimay (Derimay et
al., 2019) et al. i Arashi (Arashi et al., 2019) dospéli ke stejnému zjisténi.

Castéj§i uzivani betablokatord ve skupiné s FFRn/iFRp diskrepanci v porovnani
s pacienty s FFRp/iFRn diskrepanci je zajimavym nalezem. Ebihara (Ebihara et al., 2020)
ukazali ve své praci negativni korelaci mezi kardiovaskularnim produktem (vypoctenym
jako soucin systolického krevniho tlaku a srdecni frekvence) a iFR, ale nikoliv s FFR.
ve srovndani s hodnotou FFR. Toto muiZe byt nepfimym ukazatelem diskrepance typu
FFRn/iFRp. Vyssi frekvence u pacientd s FFRn/iFRp diskrepanci neZz u pacient(
s diskrepanci FFRp/iFRn byla potvrzena ve studii Arashiho (Arashi et al., 2019). Pacienti
zpravidla neuZivaji betablokator v den vykonu. Pri vysazeni betablokatoru maze dojit
k mirnému rebound fenoménu, a tak tito pacienti mohou mit vyssi relativni krevni tlak
a srde¢ni frekvenci ve srovnani s pacienty, ktefi betablokator chronicky neuZivaji.
Bohuzel, v nasi studii jsme systolicky krevni tlak a srdec¢ni frekvenci neanalyzovali, takze

tuto hypotézu nemUzZeme potvrdit.
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7. Zaveér

7.1 Zaver

Hlavnim zjisténim studie je 21% neshoda mezi FFR a iFR méfenim. Pfi¢inou téchto
neshod je zachovald endotelidlni funkce, kterd umoznuje vyznamné zvyseni pratoku
pres koronarni stenézu ve skupiné s FFRp/iFRn typem diskrepance a nedostatecna
vazodilatace po podani hyperemickych farmak ve skupiné sFFRn/iFRp typem
diskrepance. Diskrepance typu FFRp/iFRn je nachazena u lézi lokalizovanych v pravé
koronarni tepné, v koronarnim teritoriu se zachovalou koronarni pritokovou rezervou
(CFR), u mladsich pacientt a ¢astéji u muzl nez u Zen.

Diskrepance typu FFRn/iFRp je pravdépodobné zplsobena neadekvatni
odpovédi endotelu na vazodilata¢ni farmaka a je nachazena u nositell rizikového typu
polymorfismu genli ENOS a HO-1, u kufakd a u pacientd s chronickym onemocnénim
ledvin. Tyto vysledky by mély byt brany v potaz pti hodnoceni korondrni fyziologie,

zejména v pripadé nesouhlasnych méreni FFR a iFR.

7.1 Limitace

Hlavni limitaci studie je nizky pocet pacientl zahrnutych do genetické subanalyzy. Vztah
mezi FFRn/iFRp typem diskrepance a genetickym polymorfismem gen ENOS a HO-1 je
zjisténim, které musi byt potvrzeno ve vétsi studii. Relativné nizky pocet méreni
koronarniho pritoku (v porovnani s celkovym poctem meéreni FFR/iFR) je srovnatelny
s obdobnymi studiemi. Hodnota CFR byla prekvapivé nizkd ve skupiné s FFRn/iFRn
typem diskrepance. Tato skupina pacientli vykazuje pomérné ¢asto mikrovaskularni
dysfunkci a toto zjisténi pravdépodobné reflektuje klinickou realitu pacientd
s koronarnim postizenim.

Limitaci je mozny vliv tlakového posunu (,driftu”). Pfestoze testovani na posun
tlakovych kfivek bylo doporu¢eno vsem operatérlim (opakovani méreni bylo
pozadovano v pfipadé, Zze posun dosahl hodnoty 0.05 a vice), tento krok nebyl ve studii

hlasen.
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Ke zjisténi vlivQi na FFR/iFR diskrepanci byli v jedné kohorté analyzovani pacienti
jak s chronickym korondarnim postizenim, tak s akutnim koronarnim syndromem. Tento
pristup byl nicméné zvolen i u dalSich studii porovnavajicich FFR/iFR. (Davies et al., 2017,
Gotberg et al., 2017, Lee et al., 2017, Derimay et al., 2019). Dalsi limitaci je pfitomnost
2 typU FFR/iFR diskrepance u 2 odlisnych koronarnich tepen. Takovéto léze byly
analyzovany oddélené ,podle léze“ (,per-lesion”). Pro analyzu podle pacienta (,per-
patient”) jsme vtakovém pfipadé zvolili vyznamnéjsi diskrepanci, tato situace ale

nastala pouze u 3 pacient(l v celé kohorté.
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8. Souhrn

8.1 Souhrn

V nasi studii jsme zaméfili na uréeni prediktord diskrepanci u méreni frakéni pratokové
rezervy (FFR) a klidového indexu ,instantaneous wave-free ratio” (iFR).

FFR/iFR byly analyzovany systémem Verrata, koronarni pratokova rezerva byla
analyzovana systémem Combomap (oboji Philip-Volcano). Byly identifikovany rizikové
polymorfismy pro endotelidlni NO-syntazu (ENOS) a hem-oxygenazu-1 (HO-1) Celkové
bylo provedeno 1884 kombinovanych FFR/iFR méfeni u 1564 pacientl. Diskrepance
FFR/IiFR byla zjisténa u 393 méreni (20.9%): typ FFRp (pozitivni) / iFRn (negativni) — 264
lézi, 14.0%, typ FFRn/iFRp — 129 lézi, 6.8%. Koronarni prltokova rezerva byla
analyzovana u 343 |ézi a Iépe korelovala s iFR (R=0.56, P<0.0001) nez s FFR (R=0.36,
P<0.0001). Hodnoty koronarni pritokové rezervy u FFRp/iFRn lézi (2.24+0.7) byla
vyznamné vyssi v porovnani s Iézemi typu FFRp/iFRp (1.39+0.36) i FFRn/iFRn (1.8+0.64,
P<0.0001). Multivaria¢ni regresni analyza potvrdila (1) pohlavi, vék a lokalizaci |éze
v pravé véncité tepné jako prediktory diskrepance typu FFRp/iFRn; a (2) hladinu
hemoglobinu, nikotinismus a rendlni insuficienci jako prediktory diskrepance typu
FFRNn/iFRp. Diskrepance FFRn/iFRp byla vyznamné cetnéjsi u pacientll s obéma typy
rizikovych polymorfismG (ENOS,, HO-1,): 8 pacientl (24.2%) v porovnani s FFRp/iFRn
typem diskrepance: 2 pacienti (5.9%), P=0.03.

Prediktory pro FFRp/iFRn typ diskrepnace byly pohlavi, vék a lokalizace v pravé véncité
tepné. Prediktory pro FFRp/iFRp byly hladina hemoglobinu, nikotinismus a rendlni
insuficience. Rizikovy typ polymorfismu endotelialni NO-syntazy a hem-oxygenazy-1 byl

Castéji nalezen u pacientd s FFRn/iFRp typem diskrepance.
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8.2 Summary

In our trial we searched for predictors of fractional flow reserve/instantaneous wave-
free ratio (FFR/iFR) discrepancy.

FFR/IFR were analyzed using a Verrata wire, and coronary flow reserve was
analyzed using a Combomap machine (both Philips-Volcano). The risk polymorphisms
for endothelial nitric oxide synthase and for heme oxygenase-1 were analyzed. In total,
1884 FFR/iFR measurements from 1564 patients were included. The FFR/iFR
discrepancy occurred in 393 measurements (20.9%): FFRp (positive)/iFRn (negative)
type (264 lesions, 14.0%) and FFRn/iFRp (129 lesions, 6.8%) type. Coronary flow reserve
was measured in 343 lesions, correlating better with iFR (R=0.56, P<0.0001) than FFR
(R=0.36, P<0.0001). The coronary flow reserve value in FFRp/iFRn lesions (2.24+0.7) was
significantly higher compared with both FFRp/iFRp (1.39£0.36), and FFRn/iFRn lesions
(1.840.64, P<0.0001). Multivariable logistic regression analysis confirmed (1) sex, age,
and lesion location in the right coronary artery as predictors for FFRp/iFRn discrepancy;
and (2) hemoglobin level, smoking, and renal insufficiency as predictors for FFRn/iFRp
discrepancy. The FFRn/iFRp type of discrepancy was significantly more frequent in
patients with both risk types of polymorphisms (endothelial nitric oxide
synthaser+heme oxygenase-1r): 8 patients (24.2%) compared with FFRp/iFRn type of
discrepancy: 2 patients (5.9%), P=0.03.

Predictors for FFRp/iFRn discrepancy were sex, age, and location in the right coronary
artery. Predictors for FFRn/iFRp were hemoglobin level, smoking, and renal
insufficiency. The risk type of polymorphism in endothelial nitric oxide synthase and
heme oxygenase-1 genes was more frequently found in patients with FFRn/iFRp type of

discrepancy.
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BACKGROUND: The FIGARO (FFR versus iFR in Assessment of Hemodynamic Lesion Significance, and an Explanation of Their
Discrepancies) trial is a prospective registry searching for predictors of fractional flow reserve/instantaneous wave-free ratio
(FFR/IFR) discrepancy.

METHODS AND RESULTS: FFR/IFR were analyzed using a Verrata wire, and coronary flow reserve was analyzed using a
Combomap machine (both Philips-Volcano). The risk polymorphisms for endothelial nitric oxide synthase and for heme oxy-
genase-1 were analyzed. In fotal, 1884 FFR/iFR measurements from 1564 patients were included. The FFR/iFR discrepancy
occurred in 393 measurements (20.9%): FFRp (positive)/iFRn (negative) type (264 lesions, 14.0%) and FFRn/iFRp (129 lesions,
6.8%) type. Coronary flow reserve was measured in 343 lesions, correlating better with iFR (R=0.56, P<0.0001) than FFR
(R=0.36, P<0.0001). The coronary flow reserve value in FFRp/iFRn lesions (2.24+0.7) was significantly higher compared with
both FFRp/iFRp (1.39+0.36), and FFRn/iFRN lesions (1.8+0.64, P<0.0001). Multivariable logistic regression analysis confirmed
(1) sex, age, and lesion location in the right coronary artery as predictors for FFRp/iFRn discrepancy; and (2) hemoglobin level,
smoking, and renal insufficiency as predictors for FFRn/iFRp discrepancy. The FFRn/iFRp type of discrepancy was signifi-
cantly more frequent in patients with both risk types of polymorphisms (endothelial nitric oxide synthase +heme oxygenase-1):
8 patients (24.2%) compared with FFRp/iFRn type of discrepancy: 2 patients (5.9%), P=0.03.

CONCLUSIONS: Predictors for FFRp/iFRn discrepancy were sex, age, and location in the right coronary artery. Predictors for
FFRn/iFRp were hemoglobin level, smoking, and renal insufficiency. The risk type of polymorphism in endothelial nitric oxide
synthase and heme oxygenase-1 genes was more frequently found in patients with FFRn/iFRp type of discrepancy.
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CLINICAL PERSPECTIVE
What Is New?

Polymorphism in genes for endothelial synthase
and hemoglobin oxygenase can play a role in
fractional flow reserve negative/instantaneous
wave-free ratio positive (FFRn/iFRp) discrep-
ancy because of nonmaximal vasodilatation
after adenosine administration.

e Further predictors for FFRn/iFRp discrepancy
that are also related to submaximal vasodilata-
tion capacity are smoking and chronic kidney
disease; further predictors for FFRpositive/
iFRnegative discrepancy are lesions located in
the right coronary artery and coronary territory
with a preserved coronary flow.

* The FFRpositive/iFRnegative can be found in
situations with well-preserved endothelial func-
tion enabling a substantial increase of flow
across a stenosis mainly in younger patients
and more frequently in men than in women.

What Are the Clinical Implications?

e The FFR/IFR disagreement can be found in
roughly 20% of examinations.

e This disagreement can be quite confusing dur-
ing routine clinical practice.

e The aforementioned reasons for FFR/iFR dis-
crepancies can help to underline either FFR or
iFR results in the se specific circumstances.

Nonstandard Abbreviations and Acronyms

CFR coronary flow reserve

ENOS endothelial nitric oxide synthase
FFR fractional flow reserve

HO-1 heme oxygenase-1

iFR instantaneous wave-free ratio
NO nitric oxide

vascularization is recognition of the lesion causing

the myocardial ischemia. Coronary angiography
fails in the diagnosis of lesions causing ischemia, pri-
marily in so-called “borderline” lesions (lesions with
a 40%-70% reduction in the lumen diameter’). This
problem is overcome by measuring the pressure gradi-
ent across the stenosis. In contemporary practice, we
use 2 methods to measure such gradients: fractional
flow reserve (FFR), which measures the pressure gra-
dient during hyperemia and across the entire cardiac
cycle; and the so-called resting indices (the most well
known of which is instantaneous wave-free ratio—iFR),

An essential part of an indication for coronary re-

J Am Heart Assoc. 2022;11:e021480. DOI: 10.1161/JAHA.121.021490
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which measure the pressure gradient without drug-
induced hyperemia during mid-diastole. Based on 2
recently published trials comparing FFR and iFR in rou-
tine practice,” both methods are considered equal.

Unfortunately, having both hyperemic and resting
indices also opens new problems. Based on previous
trials, it is known that the correlation between FFR and
iFR is around 80% and that this correlation is much
lower when we compare only measurements at or near
cutoff points.* The FIGARO trial (FFR versus iFR in the
Assessment of Lesions of Hemodynamic Significance,
and an Explanation of Their Discrepancies) was de-
signed to analyze lesions and patients with discordant
FFR and iFR findings using clinical, angiographic, and
laboratory examinations. Moreowver, one of the poten-
tial, and, so far, untested reasons for the impaired re-
action of endothelial cells to vasoactive drugs could
be a genetic polymorphism in genes that play a role
in endothelial-based vasodilatation. Endothelial nitric
oxide synthase (ENOS) and heme oxygenase-1(HO-1)
are enzymes that are crucial for vascular homeosta-
sis, and alterations in their functions are implicated
in endothelial dysfunction and development of ath-
erosclerosis.>® Also, common variants in both genes
have been shown to alter enzyme function.®” Because
there are only limited data available concerning the
genetic determinants of coronary artery response to
hyperemic stimuli,® we sought to investigate whether
the Glu298Asp polymorphism—in exon 7 of the ENOS
gene—and the (GT)n polymorphism in the HO-1 gene
promoter influence coronary pressure-derived indexes
and whether these variants contribute to the occur-
rence of iIFR/FFR discordance.

METHODS

Anonymized data and materials have been made pub-
licly available at the web pages of Charles University
Hospital in Prague and can be accessed at follow-
ing addresses: https://int2.If1.cuni.cz/1LFIK-26-versi
onl-db_figaro_genes.xlsx; https:/int2.I1f1.cuni.cz/1LFIK
-26-version1-db_figaro_patient_based.xlsx

Patients

We included patients indicated for coronary angiogra-
phy for both chronic coronary syndromes and acute
coronary syndromes (ACS), who underwent an as-
sessment of the hemodynamic significance of coronary
stenoses by FFR and iFR in 5 Czech centers (Charles
University Hospital in Prague, Hospital Na Homolce in
Prague, Masaryk University Hospital in Brno, University
Hospital Ostrava, Hospital Trinec), 1 center from
Japan (Gifu Heart Center), and 1 center in Argentina
(Fundacion Favaloro, Buenos Aires). Patients with ACS
underwent nonculprit artery examination during either
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the primary or staged procedures. Lesions containing
a thrombus, or stenoses supplying a myocardial wall
with ECG signs of ischemia, were identified as culprit
lesions.

In some patients, we performed measurements
in more than 1 coronary artery. We used all FFR/
iFR measurements for per-lesion analysis to identify
whether lesion-specific features (lesion location, coro-
nary flow reserve [CFR] value) potentially influence iFR/
FFR analyses.

The per-patient analysis was used for patient-related
features (demography and type of polymorphism). For
such analysis, we included the vessel with the most
significant findings (in case all FFR and iFR measure-
ments were concordant) or vessels with discrepancies
in measurements (in case of discrepant and concor-
dant FFR and iFR measurements in more than 1 ex-
amined vessel). In cases with 2 different discrepancies
in 1 patient (this situation was found in only 3 patients),
we chose the type of discrepancy with the more sig-
nificant difference between FFR and iFR. Exclusion cri-
teria were:hemodynamic instability; cardiopulmonary
resuscitation in the same day, thrombosis in the target
coronary artery, patients after coronary artery bypass
grafting, severe bronchial asthma, significant valvular
disease, or an atrioventricular block higher than the
first degree.

FFR/iFR/CFR Measurements

The Philips-Volcano system with Verrata Plus wires
was used for FFR/iIFR measurements. The CFR value
was analyzed by Doppler sensor-tipped wire using the
Combo map console with Combo wire (both produced
by Philips Volcano). CFR analysis was not obligatory
and was left to the discretion of individual investigators.

Intracoronary nitroglycerin (200 pg) was routinely ad-
ministered intracoronary before the FFR and iFR mea-
surements to control vasomotor tone. Intracoronary
adenosine, in a dose of 240 g, was used in all cases
for both pressure and flow measurements. The iFR
was measured 3 times, FFR twice, and the mean mea-
sured value was used for analysis. An iFR cutoff value
of <0.89 and FFR of <0.80 were used. The CFR value
was measured 3 times, and for analysis the mean
value was used, with a cutoff value <2.0.

Genetic Analysis

Patient DNA was isolated from peripheral blood leu-
kocytes using standard techniques. Polymerase chain
reaction was used for both the Glu298Asp polymor-
phism—in exon 7 of the ENOS gene—and the (GT)n
polymorphism in the HO-1 gene promoter. The long
alleles, with = 25 GT repeats, lead to decreased HO-1
inducibility, whereas the short alleles demonstrate ad-
equate HO-1 expression upon stimulation. A detailed
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description of the genetic analysis can be found in
Data S1. A 3-dimensional picture of the ENOS gene is
shown in Figure 1.

The FIGARO trial is registered in ClinicalTrials.gov
with identifier NCTO3033810. All patients signed an in-
formed consent, and the study was approved by the
local ethics committees.

Statistical Analysis

The FFR and iFR examinations were analyzed first as
continuous variables and then as categorical variables
(positive and negative) according to cutoff point. We
identified 3 groups of examinations: FFR/iFR concord-
ant, FFRp/iFRn discrepancy, and FFRn/iFRp discrep-
ancy. We performed 3 types of comparisons: FFR/iIFR
agreement versus FFRp/iFRn discrepancy, FFR/IFR
agreement versus FFRn/iFRp type of discrepancy, and
FFRp/iFRn versus FFRn/iFRp types of discrepancy.

Mean values+SDs (or percentages) were calculated
for all continuous variables. Differences between con-
tinuous variables were examined using the Student’s
t-test. For categorical variables, contingency tables
were used to display frequency distributions. Statistical
significance was calculated by Fisher's exact test. R
environment was employed for statistical computation.
A P value of 0.05 denoted the threshold of statistical
significance.

Those predictors with a P value <0.2 were included
in multivariable logistic regression analyses. These
were performed to evaluate independent predictors of
the discrepancy between FFR and iFR results on the
basis of demographic and biomedical variables. We
tried to find the best predictive models for both types
of FFR/iFR discrepancy. All analyses used SPSS® soft-
ware, version 24 (SPSS Inc., Chicago, IL).

RESULTS

From November 2015 to March 2020, we performed
1970 pairs of FFR and iFR measurements. We included
1884 pairs from 1564 patients (201 patients—12.9% —
with ACS), with 86 pairs excluded owing to low quality
of tracings. The coronary arteries examined were as
follows: 1102 left anterior descending arteries—LAD
(58.5%); 395 left circumflex arteries (21.0%); 362 right
coronary arteries—RCA (19.2%); and, 25 left main cor-
onary arteries (1.3%). Demography parameters for per-
patient analysis are summarized in Table 1.

Per-Lesion Analysis

We analyzed 1884 lesions using FFR/iIFR. The total
number of FFR/IFR discrepancies was 393 (20.9%)
from all FFR/IFR examinations. The mean value for
FFR was 0.79+0.12, and for iFR 0.87+0.14. The overall
correlation between FFR and iFR was high: R=0.81,
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Figure 1. A 3-dimensional image of the ENOS heme domains.

Left panel: the homodimeric structure, alongside heme (pink) and the structural zinc atom (grey). Right panel: the Glu228 (blue) and
Asp298 (yellow) represent amino acid residues corresponding to the polymorphic change. ENOS indicates endothelial nitric oxide

synthase.

P<0.0001. However, in the area surrounding the cut-
off point for iFR (0.85-0.95), the correlation with FFR
was worse (R=0.45, P<0.0001). In the area close to
the cutoff point for FFR (0.75-0.85), the correlation with
iFR was even worse (R=0.33, P<0.0001). The correla-
tion between FFR and iFR values, difference between
them, and histograms for FFR and iFR are shown in
Figures 2 and 3.

Taking FFR and iFR dichotomously, the FFRp/iFRn
discrepancy was found in 264 lesions (14.0%), and the
FFRn/iFRp discrepancy in 129 (6.8%). Matched pos-
itive results were found in 683 lesions (36.3%) and
matched negative in 808 lesions (42.9%).

Correlation Between Coronary Flow
Measurement and Pressure-Based Indices

Coronary flow was measured in 343 lesions with a
mean CFR value of 1.66+0.61. CFR correlated more
closely with iIFR (R=0.56, P<0.0001) than with FFR
(R=0.36, P<0.0001) (Figure 4). The CFR values are
summarized in Table 2. The CFR value in FFRp/iFRn
lesions was significantly higher compared with both
FFRp/iFRp and FFRN/iFRn lesions. The CFR values
in FFRn/iFRp lesions did not differ from FFRp/iFRp
lesions, but it was lower compared with FFRn/iFRn
lesions.

J Am Heart Assoc. 2022;11:e021480. DOI: 10.1161/JAHA.121.021490

Correlations Between FFR/iFR Discrepancies
from Angiographic Patterns

During the analysis of angiographic features, we found
that discrepancies were more frequently located in RCA
than left coronary artery—95 (26.5%) versus 293 (19.4%),
P=0.003. This difference was caused by the FFRp/iFRn
type of discrepancy, which was located in RCA in 81
lesions (23.4%) versus 184 lesions in left coronary ar-
tery (13.1%), P<0.0001. On the contrary, the FFRn/iFRp
type of discrepancy was less frequent in RCA (18 le-
sions, 5.0%) versus left coronary artery (115 lesions,
8.6%), P=0.043, and this type of discrepancy was found
more often in LAD than in non-LAD territory—97 lesions,
(9.9%) versus 32 lesions (6.1%), P=0.0006.

We did not find any significant difference—in terms
of the proximal, mid, or distal part of the coronary ar-
tery—in the occurrence of FFR/IFR discrepancies in
lesion location. The lesion location in RCA was the only
predictor for the FFRp/iFRn type of discrepancy found
in multivariable logistic regression analysis (Table 3).

Per-Patient Analysis

Out of 1664 patients included in per-patient analysis,
we found 379 discrepant FFR/IFR pairs (24.2%). They
were FFRp/iFRN in 259 patients (16.6%), and FFRn/
iFRp in 120 patients (7.7%).
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Table 1. Demography Parameters in Patients With FFR/iFR Agreement and FFR/iFR Discrepancy

1185 pts FFRp/iFRn 259 pts FFRn/FFRp 120 pts P value' P value? P value®
Age, y 69.0£9.7 66.8£9.9 70.9+10.5 0.001t 0.05t 0.0003t
Female sex 346 (29.3%) 40 (15.4%) 44 (36.7%) <0.0001* 0.08 <0.0001*
Body mass index, kg/m? 29.6+5.2 20.5+5.0 28.4+4.9 0.63 0.05 0.24
Myocardial infarction in past 157 (27.7%) 30 (11.6%) 20 (16.7%) 0.28 0.93 0.48
Diabetes 451 (38.5%) 86 (33.2%) 54 (45%) 0142 0.09 0.015f
Arterial hypertension 805 (76.5%) 197 (76.1%) 91 (75.8%) 0.88 0.63 0.75
Hyperlipidemia 716 (61.3%) 155 (50.8%) 67 (55.8%) 0.83 0.46 0.61
Chronic kidney disease 43 (B.7%) 4 (1.5%) 15 (12.5%) 0.44 0.0005" 0.006'
Active smoking 265 (22.7%) 75 (29%) 36 (30%) 0.028f 0.041 07
Beta blockers 513 (43.9%) 97 (37.5%) 58 (48.3%) 0.08 0.2 0.03f
Calcium channel blockers 490 (42%) 112 (43.2%) 46 (38.3%) 0.55 0.62 0.42
Nitrates 220 (18.9%) 46 (17.8%) 15 (12.5%) 0.78 042 0.2
Diuretics 2175 (3B.3%) 29 (11.2%) 42 (35%) 0.38 0.0007¢ 0.001t
Angiotensin-converting 684 (58.6%) 153 (59.1%) 72 (60%) 0.63 047 0.74
enzyme inhibitors/angiotensin
receptor blockers
Statins 644 (62.3%) 142 (54.8%) 59 (49.2%) 0.31 0.93 0.58
Acute coronary syndromes 150 (13.19%) 36 (13.9%) 15 (12.5%) 0.61 0.95 0.7
Ejection fraction, % 57.2%+12.2 58.4+11.8 57.2+11.9 0149 0.97 0.4
Hemoglobin, g/L 136.7+21.8 137.0£19.7 131.3447.7 0.82 0.01t 0.0001
Creatinine, pmol/L 107.2+113.2 99.2+112.2 140.6+169.6 0.31 0.005f 0.0061
Estimated glomerular 64.7+21.4 67.6+19.2 601+25.0 0.04t 0.041 0.002f
filtration rate, mL/min

We used Bonferroni corrections for multiple comparison, which decreased the level of significance from 0.05 to 0.00013. The significant results after this

corrections are marked using a “*" symbol.

FFR indicates fractional flow reserve; iFR, instantaneous wave-free ratio; n, negative; and p, positive.

P value': FFR/iFR agreement vs FFRp/iFRn discrepancy.
P value?: FFR/iFR agreement vs FFRN/iIFRp discrepancy.
P value®: FFRp/iFRN vs FFRM/iIFRp discrepancies.

TP < 0.0001.

The FFR value was higher in female (0.8+0.12) than
in male patients (0.78+0.12), P<0.0001. The iFR, on
the contrary, did not differ according to sex: female
(0.87+0.14), male (0.87+0.13), P=0.48. Using dichoto-
mous analysis, female patients had positive FFR less
frequently than male patients (42.4% versus 54.8%,
P<0.0001), but the number of positive iFR findings was

the same for both men and women (42.6% versus 43.3,
P=0.74). There was no difference between women and
men in CFR value (1.6+0.59 versus 1.71+0.63, P=0.17).

Patients with the FFRp/iFRn type of discrep-
ancy were younger, taller (174.8 cmz/.7 versus
171.54 cm+9.5, P=0.007), less often female than male,
and had higher estimated glomerular filtration rate
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Figure 2. Correlation between FFR and iFR values and histograms for FFR and iFR values.
FFR indicates fractional flow reserve; and iFR, instantaneous wave-free ratio.

J Am Heart Assoc. 2022;11:e021480. DOI: 10.1161/JAHA.121.021490



TTOT ‘s Amr uo £q Sro-speumoleye/:dny woly papeojumoq

Kovarnik et al

The FIGARO Study

FFR vs. iFR
0.3
0.2 1
g 0.1 +2 SD:
o 0.08
P 0.0
- Mean:
g 0.1 -0.08
c
4 "
& -0.2 -2 SD:
= -0.25
0O 0.3+
-0.4
T T T T T T T T
02 03 04 05 06 07 08 09 1.0
Means
Figure 3. Bland-Altman plot of difference between FFR and iFR.

FFR indicates fractional flow reserve; and iFR, instantaneous wave-free ratio.

compared with patients without an FFR/IFR discrep-
ancy. Multivariable logistic regression analysis con-
firmed sex and age as predictors for the FFRp/iFRn
type of discrepancy (Table 4).

Patients with the FFRn/iFRp type of discrepancy
were older; had lower body mass index; more frequently
suffered from chronic kidney disease (CKD); were more

often smokers; were more frequently treated by diuret-
ics; and had lower levels of hemoglobin, higher levels
of creatinine, and lower estimated glomerular filtration
rate.

Multivariable logistic regression analysis confirmed
hemoglobin level, smoking, and CKD as predictors for
the FFRn/iFRp type of discrepancy (Table 5).

4.0 R=0.36, P<0.001 .

CFR

R=0.56, P<0.001
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Figure 4. Correlation between CFR and FFR, and between CFR and iFR.
CFR indicates coronary flow reserve; FFR, fractional flow reserve; and iFR, instantaneous wave-free ratio.
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Table 2. CFR Values in Lesions With and Without FFR/iFR
Discrepancy

Typeoflesions | CFR1 CFR2 Pvalue
1/FFRp/FRNvs 2/ | 2.24:070 1.30:0.36 <0.0001
FFRp/iFRp

1/FFRp/FRNvs 2/ | 2.24:070 1.8:064 <0.0001
FFR/iFRN

1/FFRViFRpvs 2/ | 1.41:0.37 1.30:0.36 0.85
FFRp/iFRp

1/FFRiFRpve 2/ | 1.41£037 1.8:0.64 0.011
FFR/iFRN

CFR indicates coronary flow reserve; FFR indicates fractional flow reserve;
iFR, instantaneous wave-free ratio; n, negative; and p, positive.

When comparing patients with the FFRp/iFRn dis-
crepancy to patients with the FFRn/iFRp types of dis-
crepancy, those with FFRp/iFRn were younger and
less frequently were women, diabetics, patients with
CKD, users of beta blockers, or users of diuretics.
Also, they had a higher level of hemoglobin, lower level
of creatinine, and higher glomerular filtration. Diuretics
and CKD were identified as predictors for the FFRn/
iFRp type of discrepancy using multivariable logistic
regression analysis (Table 6).

Genetic Analysis

Genetic analysis was performed for a total of 224 pa-
tients, originating only from Czech centers. Out of these,
5 patients were not included in the analysis for low qual-
ity of FFR/IFR tracings. There were no significant differ-
ences in the demographic parameters between ENOS
risk (ENOS))and protective carriers (ENOS,). Patients
with risk type of polymorphism in gene for HO-1 (HO-
1,) were more frequently women and suffered less fre-
quently from CKD compared with those with protective
phenotype (HO-1,). Demographic data of patients with
genetic analyses are listed in Table S1.

The types of polymorphism associated with risk
were found in 112 patients (51.1%) in the gene for
ENOS, and in 60 patients (27.4%) in the gene for HO-1.
The number of patients with both types of risk poly-
morphism was 28 (12.8%), and the number of patients
without any risk polymorphism was 75 (34.2%). The
occurrence of risk polymorphism in the genes for

The FIGARO Study

ENOS and HO-1 in patients with the FFR/iFR discrep-
ancy is summarized in Table 7.

Out of 219 FFR/IFR examination pairs, 67 (30.6%)
discrepancies were found: FFRp/iFRn in 34 patients
(15.5%) and FFRn/iFRp in 33 patients (15.1%). Risk
types of polymorphisms were found nonsignificantly
more frequent in patients with FFRn/iFRp compared
with those with FFRp/iFRn: for ENOS, 19 (57.6%) ver-
sus 18 (562.9%), P=0.7 and for HO-1, 12 (36.4%) versus
9 (26.5%), P=0.38. The FFRn/iFRp type of discrepancy
was significantly more frequent in patients with both
risk type of polymorphisms (ENOS+HO-1): 8 patients
(24.2%) compared with FFRp/iFRn type of discrep-
ancy: 2 patients (56.9%), P=0.03.

Patients with ENOS, and HO-1, did not differ in
FFR or iFR values compared with those with ENOS,
and HO—1P: for ENOS, FFR was 0.81+0.09 versus
0.82+0.09, P=0.23, and iFR was 0.89+0.1 versus
0.89+0.09, P=0.83; and, for HO-1 the FFR value was
0.82+0.09 versus 0.81+0.09, P=0.56, and iFR was
0.89+0.08 versus 0.89+0.1, P=0.98. However, there
was a trend for higher FFR values in patients with risk
type of polymorphism in both gene types compared
with patients with no/or one type of risk polymorphism
(0.84+0.06 versus 0.81+0.09, P=0.066). Unlike the FFR
values, the iFR values did not differ between those 2
types of patients (0.90+0.06 versus 0.89+0.1, P=0.58).

Furthermore we analyzed a numerical difference
between iFR and FFR in patients with FFR/iFR discrep-
ancy. The iFR/FFR difference was 0.085+0.07 in ENOS,
and 0.072+0.07 in ENOSD, P=019, in patients with
HO-1, 0.074+0.07 and in those with HO-1,0.08+0.07,
P=0.51. There was a trend for lower iFR/FFR difference
in patients with risk types of polymorphisms in both
genes compared with patients with either both protec-
tive polymorphisms or with only 1 type of risk polymor-
phism (0.059+0.05 versus 0.082+0.07, P=0.09).

DISCUSSION

Using data from 1884 FFR/IFR pairs of examinations
from 1564 patients, we found 79.1% agreement in di-
agnostic classification between FFR and iFR, which
correlates well with similar trials.*®

Table 3. Predictors for FFRp/iFRn According to Angiographic Parameters

Parameters included in model Unstandardized coefficient B | SE Wald P value for significance
Proximal location -0.09 0.183 0.23 0.63

Diameter stenosis 0.005 0.008 0.36 0.55

Lesion location in Right coronary 0.75 0185 147 0.0001

artery

Tandem lesion 0153 0.21 0.51 0.48

Model for prediction of FFRp/iFRn type of discrepancy. Nagelkerke R Square 0.029. Hosmer-Lemeshow test: chi-square 9673, P value 0.289.
CFR indicates coronary flow reserve; FFR indicates fractional flow reserve; iFR, instantaneous wave-free ratio; n, negative; and p, positive.

J Am Heart Assoc. 2022;11:e021480. DOI: 10.1161/JAHA.121.021490
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Table 4. Predictors for the FFRp/iFRn Type of Discrepancy

The FIGARO Study

Parameters included in model Unstandardized coefficient B | SE Wald Significance
Sex 0.66 0.22 9.4 0.002

Age -0.02 0.009 71 0.008

Using beta blockers -0.21 047 1.43 0.23

Ejection fraction of left ventricle 0.01 0.008 2.27 013

Model for prediction of FFRp/iFRn type of discrepancy. Nagelkerke R Sguare 0.037. Hosmer-Lemeshow test: chi-square 14 923, P value 0.061.
FFR indicates fractional flow reserve; iFR, instantaneous wave-free ratio; n, negative; and p, positive.

The FFRp/iFRn Type of Discrepancy
The CFR value in FFRp/iFRn lesions was significantly
higher compared with both FFRp/iFRp and FFRn/iFRn
lesions. CFR correlated more closely with iFR than with
FFR. Very similar results were found in a study done by
Cook et al, who analyzed a similar group of patients (301
patients, mean age 60 years, 4% of patients with ACS)."
They found a higher CFR value in FFRp/iFRn when com-
pared with CFR in FFRp/iFRp lesions. Unlike our results,
they found the same CFR values in FFRp/iFRn and
FFRn/iFRn. This difference can be caused by lower CFR
values in FFRn/iFRn lesions in our data set as compared
with Cook et al (1.8 versus 2.41). Reasons for lower CFR
in our population can be explained by the greater age of
patients (68 versus 60 years), the higher occurrence of
diabetes (38.9% versus 22%), and the higher proportion
of patients with ACS (13.3% versus 4%) compared with
the population in the study done by Cook et al. When
we compared patients with negative results for both
FFR and iFR with the FFRp/iFRn type of discrepancy, we
found a lower age (70.6+9.7 versus 66.949.6, P<0.001),
a higher proportion of ACS (127, 19.8% versus 5, 1.9%,
P<0.001), and a trend toward a higher occurrence of
diabetes ( 254, 39.6% versus 86, 33.2%, P=0.07) in the
discrepancy group. All of these factors increase micro-
vascular resistance and, as a result, decrease CFR.
Higher coronary flow in the FFRp/iFRNn type of dis-
crepancy was also found in the JUSTIFY-CFR (Joined
Coronary Pressure and Flow Analysis to Determine
Diagnostic Characteristics of Basal and Hyperemic Indices
of Functional Lesion Severity-Coronary Flow Reserve)
study;," where Pefraco et al demonstrated a closer cor-
relation between iFR and CFR compared with FFR and
CFR, using data from an analysis of 216 stenoses. Hwang

Table 5. Predictors for FFRn/iFRp Type of Discrepancy

et al,? found higher sensitivity and specificity of iFR over
FFR when compared with the “gold standard” of ®N-
ammonia positron emission tomography CFR.

The higher CFR values found in FFRp/iFRn lesions
can be explained by the known fact that coronary
flow can be substantially increased—during adenos-
ine administration—only in nonflow limiting lesions.’®™
CFR reflects both epicardial stenosis severity and
microvascular functions. Well-preserved microvascu-
lar functions are essential for an adequate response
to drugs causing vasodilatation. Pressure gradient
across stenosis is related to the level of coronary flow.
Even a nonsignificant pressure gradient can become
significant in a case of high flow. The higher the level of
flow achieved, the higher the pressure gradient found.

Age, sex (male), and location of a lesion in the RCA
were found to be associated with the FFRp/iFRn dis-
crepancy in models predicting this type of discrepancy.
A higher occurrence of the FFR/iFR discrepancy in the
RCA was also found in other studies.’®'® Explanation
could be a different type of coronary flow in RCA,
where maximum coronary flow can occur during late
systole or early diastole, instead of mid-diastole where
iFR is measured. However, this problem has not been
solved yet. Kobayashi et al published a study showing
a higher rate of FFR/iFR discrepancy in the left main
and proximal left anterior descending artery.'”

A younger age—compared with the agreement
group—in patients with the FFRp/iFRn type of discrep-
ancy was also found in studies by Lee'® and Derimay,'®
which is probably related to a higher CFR in younger
people. Derimay' also revealed the FFRp/iFRn dis-
crepancy to be more frequent in proximal lesions,
which we did not confirm.

Parameters included in model Unstandardized coefficientB | SE Wald Significance
Weight —-0.01 0.008 3.16 0.08
Using diuretics 0.5 0.29 29 0.09
Hemoglobin, g/L -0.01 0.007 3.9 0.05
Smoking 0.67 0.29 5.4 0.02
Chronic kidney disease 0.89 0.37 5.8 0.02

Model for prediction of FFRn/iFRp type of discrepancy. Nagelkerke R Sgquare 0.098. Hosmer-Lemeshow test: chi-square 3549, P value 0.895. FFR indicates

fractional flow reserve; iFR, instantaneous wave-free ratio; n, negative; and p, positive.

J Am Heart Assoc. 2022;11:e021480. DOI: 10.1161/JAHA.121.021490
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Table 6. Predictors for FFRp/iFRn Type Discrepancy Among Patients With any Type of Discrepancy

Parameters included in model Unstandardized coefficient B SE Wald Significance
Sex 1.033 0.44 5.4 0.07
Beta blockers -015 0.43 043 073
Diuretics -0.87 0.39 4.9 0.03
Chronic kidney disease -1.38 0.63 48 0.03

Model for prediction of FFRN/iFRp type of discrepancy. Nagelkerke R Square 0.18. Hosmer-Lemeshow test: chi-square 2517, P value 0.867. FFR indicates
fractional flow reserve; iFR, instantaneous wave-free ratio; n, negative; and p, positive.

The FFRp/iFRn type of discrepancy was found to
be more frequent in men. Higher FFR values in women,
along with similar iFR and CFR values in both sexes,
were also found in a study recently published by
Yonetsu et al.?’ They found the FFRp/diastolic pres-
sure ratio with negative finding discrepancy to be less
frequent in women than in men (diastolic pressure
ratio is equivalent to iFR?'). Our finding of a higher oc-
currence of the FFRp/iIFRn type of disagreement in
men also correlates with a study done by Lee et al.’®
Moreover, higher FFR values in women, and similar iFR
values in women and men, have also been found in
other trials.?>2*

The FFRn/iFRp Type of Discrepancy
The FFRn/iFRp lesions exhibited lower CFR values
compared with FFRn/iFRn lesions, and the same CFR
values as lesions with both positive FFR and iFR ex-
aminations. Similar results were found by Cook et al.'®

Increased microvascular resistance, which can be
identified by a lower CFR value, caused a relatively
higher FFR than iFR for lower reaction to administered
adenosine. This fact leads to more frequent finding of
FFRn/iFRp discrepancy in such patients.?®

Unlike the FFRp/iFRN type of discrepancy, the FFRn/
iFRp type was less frequent in RCA (18 lesions, 5.0%)
versus left coronary artery (115 lesions, 8.6%), P=0.043,
and this type of discrepancy was found more often in
LAD territory, compared with other coronary arteries
(97 lesions, 9.9% versus 32 lesions 5.1%, P=0.0006).
LAD dominance in the FFRn/iFRp type of discrepancy
was also found in a study done by Derimay.®

Table 7. FFR/iFR Discrepancy and Type of Polymorphism
in Genes for ENOS and HO-1

FFR/IFR FFR/iFR

discrepancy agreement | Pvalue
ENOS, 37 (55.2%) 75 (49.3%) 0.42
HOA, 21 (31.3%) 30 (25.6%) 0.39
ENOS, and HO-1, 10 (14.9%) 18 (11.8%) 0.53
ENOS, and HO-1, 19 (28.4%) 56 (36.8%) 0.22

ENOS indicates endothelial nitric oxide synthase; FFR, fractional flow
reserve; HO-1, heme oxygenase-1; and iFR, instantaneous wave-free
ratio. Indexes “r" and “p" represents risk and protective type of gene
polymorphisms.

J Am Heart Assoc. 2022;11:e021480. DOI: 10.1161/JAHA.121.021490

Muiltivariable logistic regression analysis confirmed
associations between hemoglobin level, smoking,
and the presence of CKD and the FFRn/iFRp type of
discrepancy.

One possible explanation for the lower hemoglobin
level in patients with the FFRn/iFRp type of discrepancy
may be increased blood flow in patients with chronic
anemia. This increased blood flow causes a greater
loss of translesional pressure, (especially in diastole) and
leads to more positive iFR.% In a study done by Ostlund-
Papadogeorgos et al.,?” lower intramyocardial resistance
was found in patients with lower hemoglobin levels, and
a higher occurence of the FFRn/RFRp discrepancy in
patients with lower hemoglobin level was found in stud-
ies published by Kato et al.?® and Muroya et al.?®

We found a higher occurrence of the FFRn/iFRp type
of polymorphism in patients with CKD. This type of pa-
tient is known to have a higher index of microcirculatory
resistance, worse endothelial function, and lower FFR
values compared with patients with preserved renal func-
tion.?%2% A worse correlation between FFR and myocar-
dial perfusion scintigraphy®' was found in patients with
CKD. Basal coronary flow is probably not affected as
much as hyperemic, which could be one of the reasons
for the FFRn/iFRp type of discrepancy in patients with
CKD. This finding has also been found in other trials.?’*

Itis very well known that smoking is a factor that strongly
contributes to endothelial dysfunction, mainly through a
decrease in the availability of nitric oxide (NO).** So, it is
not surprising to find that smoking is associated with the
FFRn/iFRp discrepancy, which is primarily caused by en-
dothelial dysfunction. However, the number of smokers
did not significantly differ between the FFR/iFR agreement
and the FFR/iFR discrepancy groups in studies by Lee'
and Derimay.'® Therefore, the relationship between smok-
ing and the FFRn/iFRp discrepancy remains unclear.

The rate of FFR/IFR discrepancy did not differ in pa-
tients with either risk or protective type of polymorphisms
in ENOS/HO-1 genes. However, we found significantly
more frequent FFRn/iIFRp type of discrepancy, com-
pared with FFRp/iFRn one, in patients with risk type of
polymorphism in both genes. This difference was caused
by higher FFR values and subsequently lower iFR/FFR
difference in patients with ENOS_ and HO-1. compared
with those with both protective polymorphisms or with risk
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polymorphism in only 1 gene. Lower iFR/FFR difference in
patients with risk types of polymorphisms was probably
caused by worse endothelial functions in such patients.

The ENOS G894T polymorphism has been shown
to be associated with decreased NO production in en-
dothelial cells, under basal conditions and in response
to shear stress.>* We hypothesize that endothelial dys-
function, caused by impaired ENOS function, can lead
to a decreased reaction to adenosine administration.

Adenosine-induced vasodilation is, at least partly,
NO dependent.®® Adenosine enhances the release of
NO from endothelial cells via the adenosine 2A recep-
tor.*® Naber et al.® found nonsignificant lower basal
and hyperemic flow in patients with the risk type of
polymorphism in the ENOS gene, in a study assessing
coronary flow by Doppler measurement in 97 patients.
Lower hyperemic flow in patients with a lower level of
ENOS gene activity could decrease endothelial reac-
tion to administered adenosine. HO-1 enhances ENOS
activation and prevents ENOS uncoupling, thereby
acting to preserve adequate NO production, and
thus endothelial function.®”*8 Under these conditions,
HO-1 enhances eNOS activation and prevents eNOS
uncoupling, thereby acting to preserve adequate NO
production and thus endothelial function.?” This can
be a possible explanation for the higher occurrence of
the FFRn/iFRp discrepancy among patients with both
genetic polymorphisms.

Before any clinical implications are assumed, these
results must first be confirmed in other trials. In the
event of confirmation, the possibility to prefer iFR mea-
surement over FFR, in patients with the risk type of
polymorphism in the gene for ENOS, could be opened.
But, more than implications for clinical practice, these
findings show the complexity of coronary circulation
and contributing factors.

The Comparison of FFRp/iFR and FFRn/
iFRp Type of Discrepancies

In a comparison of patients with FFRp/iFRn and patients
with FFRn/iFRp, we found differences similar to those in
comparisons between patients with FFRn/iFRp and the
agreement group. Additional differences were found: a
higher occurrence of diabetes and a higher number of
patients treated with beta blockers. However, they were
not confirmed in multivariable regression analysis.

It is not surprising that diabetes—a known factor for
impaired microvascular function—was found more fre-
quently in patients with the FFRn/iFRp type of discrep-
ancy. Both Derimay' and his group and Arashi et al.
found this difference, too.

A higher occurrence of treatment with beta blockers
in patients with the FFRn/iFRp discrepancy, compared
with patients with the FFRp/iFRn discrepancy is inter-
esting. Ebihara et al.?® showed a negative correlation
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between rate pressure product (calculated as systolic
blood pressure multiplied by heart rate) and iFR, but not
with FFR. This means that patients with a high rate pres-
sure product had relatively lower iFR compared with FFR
value. This can be an indirect marker of the FFRn/iFRp
type of discrepancy. A higher heart rate in patients with
FFRn/iIFRp compared with patients with FFRp/iIFRn was
confirmed in a study by Arashi et al. Patients usually do
not take peroral medication on the day of the procedure,
so patients who have not taken their beta blockers might
have a higher relative blood pressure and heart rate (as
a result of small rebound phenomenon), compared with
patients without this kind of medication. Unfortunately,
we did not analyze systolic blood pressure and heart rate
in our study, so we cannot prove this hypothesis.

CONCLUSIONS

The main finding of the FIGARO trial is a 21% disagree-
ment between FFR and iFR measurements. This was
caused by well-preserved endothelial function enabling
a substantial increase of flow across a stenosis in the
FFRp/iIFRn discrepancy and inadequate vasodilation
after the administration of hyperemic drugs, leading to
the FFRn/iFRp discrepancy. The FFRp/iFRn discrepancy
can be found in lesions located in the RCA, coronary
territory with a preserved CFR, in younger patients, and
more frequently in men than in women. The FFRn/iFRp
discrepancy type is probably caused by nonadeguate
endothelial reaction to vasodilatation drugs and can be
found in carriers of the risk type of polymorphism in the
gene for ENOS and HO-1, in smokers, and in patients
with CKD. These results should be taken into considera-
tion during the assessment of caronary physiology, es-
pecially in cases with FFR/IFR discrepant measurements.

Limitations
One of the main study limitations is the low number of
patients included in genetic subanalysis. Therefore, the
relationship between the FFRn/iFRp discrepancy and
genetic polymorphisms in the genes for ENOS and
HO-1 is only an interesting association, which must
be confirmed in a larger trial. The relatively low value
of flow measurements (compared with total FFR/iIFR
examinations) is comparable to other, similar trials. The
CFR value was surprisingly low in the FFRn/iFRn group,
which shows quite frequent microvascular dysfunction
in such patients, but this finding probably reflects the
clinical reality in patients with coronary artery disease.
Another limitation is the possible influence of pres-
sure drift. Although testing of pressure drift (and a re-
peat of the measurement if the pressure drift exceeds
0.05) was strongly recommended, this step was not
reported. Analysis of both patients with chronic cor-
onary syndromes and ACS in 1 cohort was used to
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analyze possible contributors for the FFR/iFR discrep-
ancy in a whole spectrum of clinical scenarios. It is one
of the study limitations. However, this approach was
also used in other trials comparing FFR/iFR.%21819
Another limitation is the presence of 2 different
types of FFR/IFR discrepancy in 2 different vessels.
Such lesions were analyzed separately in per-lesion
analysis. For per-patient analysis, we chose the more
significant of the discrepancies. However, this situation
occurred in only 3 patients out of the whole cohort.
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ABSTRACT

Background: The only indicaticn for coronary revascularization is elimination of ischaemia.
Invasive hemeodynamic methods (fractional flow reserve — FFR and instantanecus wave-free ratio
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{(iFR) are superior to coronary angicgraphy in detection of lesions causing myocardial ischaamia.

Current Eurcpean guidelines for myocardial revascularization recernmend using of FFR for detec-
tion of functional assessment of lesions severity in category |A and number of these procedures
increases. However, routine usage of these methods requires knowledge of technical require-

ments and limitations.
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Aim: The aim of the study is te summarise goed dinical practice for FFR and iFR measurements
with explanation of possible technical challenges, that are necessary for increasing of measure-

ment accuracy.

Conclusions: Authors describe frequent technical mistakes and malpractice during invasive

assessment of lesion severity in corcnary arteries.

“Everything should be made as simple as possible, but
not simpler” A. Eistein

Background

Fractional flow reserve received category A in current
European guidelines [1] for identification of hemo-
dynamically relevant coronary lesions in stable patients
when evidence of ischaemia is not available. Althcugh
this technique locks simple, it can be affected by
many technical aspects, which must be fully under-
stood and respected to cbtain correct results.
Surprisingly, it was Andreas Gruntzig - the father of
coronary angioplasty — who first performed a hemo-
dynamic assessment of lesion severity, in the early
1970s. He demonstrated a decrease in the pressure
gradient across the stenosis, both before and after bal-
loon dilation [2]. This method fell into oblivion
because of technical difficulties with the transmission
of intracoronary blood pressure. It was re-discovered
by teams lead by Bernard de Bruyne and Nico Pijls,
who together developed the concept of fractional flow
reserve in 1993 [3-5]. Technical improvements in intra-
coronary pressure conductors, together with results
from many studies, helped the fractional flow reserve
become the gold standard for invasive evaluation of
the functional significance of coronary stenosis [6-10].

This was confirmed in the 2014 European guidelines
for myocardial revascularization, where the FFR assess-
ment of coronary stenosis received a ‘IA" level of evi-
dence, and FFR guidance of PCl, a lIA level of evidence
[1]. In recent years, the iFR {instantaneous wave-free
ratio} method has begun to be used together with
FFR. This type of examination uses measurement of a
static gradient during the stage of physiclogically pre-
sent low level microvascular resistance. Therefore it
does not require the administration of a hyperaemic
stimulus. The iFR examination evaluates the difference
between proximal and distal pressures in only the
middle part of the diastole, and not the mean pressure
throughout the course of the heart cycle, as in the
FFR. Recently, two large studies have been published
demonstrating identical patient outcomes from the
use of both FFR and iFR [11,12]. The aim of this paper
is to highlight some of the technical aspects of the
FFR/IFR methods, and the most common errors that
can cccur during their routine clinical use.

Measurement methodology

The measurement of pressure gradients is performed
using an intracoronary wire, equipped with a pressure
sensor located 3cm proximal to the end of the wire.
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This wire is introduced into the coronary artery
through a guiding catheter.

At the beginning of the measurement, anticoagu-
lants (Heparin iv. at 1001U/kg) and nitrate - to pre-
vent spasms of the epicardial vessel (Isosorbid
dinitrate 200-300ug ic) - are given. Prior to the
introduction of the wire, the guiding catheter and the
pressure transducer are reset to atmospheric pressure.
A pressure wire is then introduced into the guiding
catheter with the sensor of pressure wire located at its
distal end. After removing the introduction needle and
flushing the catheter with a sufficient quantity of
saline, the values of the proximal pressure P, and the
distal pressure Py are equalised. The pressure wire sen-
sor is advanced distally to the stenosis and, prior to
the start of the measurement, the insertion needle is
carefully removed and flushed with normal saline.

The proximal (intra-aortic) pressure must be care-
fully checked, to avoid dumping pressure by introduc-
ing the guiding catheter to the ostial stenosis. In such
cases, both proximal and distal (intracoronary) pressure
may be significantly reduced and lead to an incorrect
interpretation of the stenosis. In the event an ostial
lesion is present, the guiding catheter must be placed
outside the ostium, and hyperaemia must be induced
by intravenous adenosine [13].

Hyperaemia is induced by intracoronary adminis-
tered adenosine. Originally recommended ic. bolus
doses are 80 ug administered to the left coronary artery,
40-801g to the right coronary artery, or continuous
intravenous infusion (140 pg/kg/min i.v.). Today, higher
doses are often administered, up to 240 g to both the
coronary arteries. Maximum hyperaemia is indicated by
achievement of a steady state by the FFR value, and,
when the bolus is administered, by the deviation
between the individual measurements not being
greater than 0.01. Higher deviations may mean either a
technical measurement error or, more frequently, non-
uniform vasodilation of microcirculation.

At the end of the measurement, the operator
should check for the presence of pressure drift by
withdrawing the pressure wire back to the guiding
catheter. In the absence of pressure drift, both pres-
sure readings are equal, i.e. resting Py/P, equal to 1.0,
whereby a maximum deviation of £2mmHg is toler-
ated. The individual steps of the measurement are
summarised in Table 1.

Problems associated with arterial pressure
measurement

Some basic physical principles need to be elucidated
to better understand possible artefacts and errors in

Table 1. FFR methodology.

Measurement methodology

1. Calibrate the pressure transducer and FFR wire, zero to atmospheric
prassure.

2. Administer heparin 1001Wka Lv., Isosorbide dinitrate 200-300 pg T.c.

3. Insert the pressure wire into the guide catheter.

4. Remove the insertion needle, tighten the Y-conmector and flush cath-
eter with saline.

. Match the zortic and distal pressure, confirm that Pu/P, equals 1.0

. Advance the wire across the lesion so its tip is 3 cm distal to the
lesion.

. Induce hyperaemia with i.c. or iv. adenosine.

. Repeated FFR/FR measurements.

. Withdraw the pressure wite back into the catheter and check for pres-
sure drift.

w1

el

oo

the measurement of aortic pressure (P,). The aortic
pressure wave is transferred through a saline column
to the converter, which changes the mechanical
energy into an electrical signal, which is ampilified,
digitised and further processed.

The complex course of the arterial waveform can
be decomposed into a series of sinusoidal waves using
the Fourier transformation. The sinus wave, with basic
frequency, corresponds to the heart rate; other waves
are its multiple and are referred to as harmonic ones.
At a heart rate of 60/min, the base frequency is THz,
and the frequency of the harmonic waves 2Hz, 3Hz,
4 Hz, etc. (Figure 1).

The measuring system - comprising a converter,
catheter and pressure tubing - has a natural frequency
at which it begins to resonate. In this situation, the
transmitted signal is distorted and results in a wave-
form that does not correspond to the real aortic pres-
sure. For this reason, the natural frequency of the
measuring system must sufficiently exceed the har-
monic frequency to maintain accuracy at higher heart
rates. The pressure waveform is usually reproduced
from six to eight harmonic waves. For example, in
case of heart rate 180/min, the natural frequency must
be at least (180/min x 8 harmonic waves)/60s—=24Hz.
The natural frequency of the measuring system is
determined by the properties of each component.
Higher frequencies are achieved by using short, rigid,
pressure tubing. On the other hand, the natural fre-
quency is decreased by using compliant tubing of
higher length, or by presence of blood clots and air
bubbles within the system.

Wave damping is caused by the friction and viscos-
ity of the liquid contained in the catheter. A certain
amount of damping is advantageous, as it prevents
unwanted oscillations. Inadequate damping, on the
other hand, distorts the reproduced aortic pressure.
Underdamping leads to excessive system resonance
which, in turn, results in overestimation of the systolic,
and underestimation of the diastolic, pressures



Figure 1. Fach complex waveform, for example, a course of
aortic pressure, can be composed of a series of sinusoidal
waves.

Figure 2. (A) Excessive damping of the aortic pressure wave-
form due to the presence of a contrast agent in the intro-
duced catheter. P, achieves unrealistic values lower than Py
(B) Insufficiently damped waveform with an overstated systolic
pressure; opposite, diastolic pressure is underestimated.

In contrast, excessive overdamping leads to the over-
estimation of the diasteolic, and underestimation of the
systolic, pressures {Figure 2). In both cases, the mean
pressure is influenced to a lesser extent. The critical
point is represented by the correct calibration when
measuring the iFR rest index, which is calculated only
in part of the diastcle, where any inaccuracy will have
a significant impact on the resulting value
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The fractional flow reserve measurement, calculated
from the mean pressure, is less dependent on the sys-
tem setting, but even here a significant shift in the
FFR value appears when the damping is inadequate.

The rescnance characteristics of the whole system
can be verified by a rapid, short flush with saline and
a subsequent evaluation of the number of vibrations
that occur immediately after closing the tap. The level
of damping is optimal when 1-2 oscillation(s} are seen
after a flush from overpressure cuff {300 mmHg}. The
flush pressure pattern can be described as a square,
hence the designation “square wave fest”. The absence
of oscillations or presence of multiple oscillations is
indicative of either excessive or insufficient damping
{Figure 3).

As throughout the whole process, it is important
here to systematically follow the individual steps of
the protocol. Before calibration, it is necessary to rinse
the system with saline and perform a visual inspection
for the presence of air bubbles. Then to open a tap
for zeroing to atmospheric pressure. Due to the differ-
ent physical properties, it is not acceptable to calibrate
the system filled by contrast medium.

The pressure transducer should be placed 5cm
below the sternoclavicular joint. The use of automatic
injectors {e.g. Acist CVi} with integrated pressure trans-
ducer leads to inappropriate pressure measurement,
because this system is placed in a fixed position relative
to the table. This means that, for a stand-alone conscle,
the position of the converter must be adjusted manu-
ally for every wvertical movement of the table.
Otherwise, a significant measurement error will occur
{Figure 4). For a better understanding, 1cm of the
water column is equivalent to about 0.8 mm of a mer-
cury column. This implies, on the basis of a rough con-
version, that a 1cm change in the reference level {the
mutual change of table and pressure transducer} will
induce a change in the FFR/IFR of approximately 0.01.

A similar phenomencn may occur in the distal seq-
ments of ACD and LCx due to the effects of hydro-
static forces. The position of the pressure sensor
changes significantly relative to the heart and FFR is
overestimated. In the healthy artery, the ratio of rest-
ing Py4/P, reaches theoretical values higher than 1.0.

Pressure drift

The displacement of the pressure waveform, the so-
called pressure drift, is another frequent cbservation,
which has the potential to be easily overlooked.
Inherent instabilities in the electrical and thermal prop-
erties of the pressure sensors are two main causes of
pressure drift. Small temperature changes affect the



4 @ S. JERABEK AND T. KOVARNIK

(A) (B)

|R i

(C) |
(
||l‘.,.‘
118
'R

Figure 3. (A} Optimally damped waveform. After opening and immediate closure of the tap, 1-2 osdllation(s) follow before stabil-
isation. (B) Overdamped waveform. (C) Multiple oscillations indicate insufficient damping.

Figure 4. When using stand-alone (i.e. not mounted to the table) contrast medium injector, such as Acist CVI, pressure transducer
must be recalibrated each time the patient is moved up or down so the transducer stays at the level of patient’s heart.

resistivity of the piezo-resistive sensor, and therefore
the characteristics of the micromanometer. Similar
effect has electrical instability of the pressure sensor.
Both these properties are physically defined and can-
not be eliminated completely. According to US FDA
requirements, the inherent drifting of the pressures

must not be more than 5mmHg/10 min. The most
commenly used wire manufacturers {Certus - Abbott,
Verrata - Philips-Volcano} report drift values below
7mmHg/1h, with optical sensors {eg. Nawvvus
Microcatheter by Acist company or Comet Conductor
by Boston Scientific) providing even lower values



compared to piezo-resistive sensors [14]. Another rea-
son for pressure drift is the accumulation of micro-
scopic air bubbles in the sensor cavity. For this reascn
it is recommended to wait for 20 to 30s after pressure
equalisation until the bubbles are washed out and
re-equalize in case the signal changes [15].

Not removing the insertion needle, or leaving the
Y connector copen, can alse cause an inappropriate
pressure measurement. These situations artificially
reduce P, by 5-10 mmHg [16]. The aortic pressure can
also be underestimated if the guiding catheter is
wedged in the coronary ostium. A higher than real
aortic pressure, on the other hand, can be obtained
using a side-hole catheter. This is a consequence of
the pressure gradient that occurs under certain condi-
tions between the lateral openings and the end of the
catheter [17]. The presence of a contrast medium in
the catheter leads to significant damping. Therefore, in
each phase of calibration or measurement the catheter
should be flushed thoroughly with saline. It is also
important to ensure that the level of the pressure
transducer in relation to the patient does not change
during the test.

From a practical point of view, the morphology of
the pressure waveform is always a good indicator of
the pressure drift. The false positive pressure gradient
is characterised by both waveforms having the same
shape. The dicrotic notch persists at the distally meas-
ured pressure {Py}, whereas it is erased at the signifi-
cant stenosis, which acts as a high frequency filter
{Figure 5).

The displacement can be excluded if the Py/P,
value, following the withdrawal of the pressure wire
back into the guiding catheter, is 1.0 and both wave-
forms are of the same shape. The drift by 2 mmHg is
arbitrarily considered as the maximum deviation toler-
ance at the end of the measurement. In case of
higher values, or doubts, it is necessary to perform
re-equalisation and repeat the measurement.

Effect of contrast medium on hyperaemia

Fractional flow reserve requires maximum coronary
hyperaemia, which is reached by decreasing micre-
vascular resistance. This situation is induced pharmaco-
logically, most often by adenosine. It is also possible
to use a small volume of contrast medium, which
induces only submaximal coronary hyperaemia [18].
This must be taken inte account when evaluating the
iFR resting index. Therefore, after flushing the catheter
with saline — to remove all contrast medium - it is
necessary to wait for at least 20s until the effect
of the flushed contrast medium fully disappears
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Figure 5. Similar morphology of both waveforms at a pressure
drif; the dicrotic notch persists on the distal pressure
waveform.

{Figure 6). Similarly, at the end of the measurement,
while checking for possible displacement of the
pressure waveforms, it is necessary to wait until the
potential pressure gradient induced by contrast
hyperaemia — which could be mistakenly assessed as
drift — disappears.

Setting of mean pressure calculation

The iFR value is calculated using the mean pressure
gradient in the middle part of the diastole of five car-
diac cycles. The FFR is calculated from the mean pres-
sure difference. The number of cycles is variable, and
can be customised in the control software, most fre-
quently at one, three or five. The displayed result is
the lowest measured value. In other words, it is the
average if a calculation is made from more than cne
complex.

If hyperaemia is induced by a short-acting agent
such as an intra-coronary bolus of adenosine, the
mean distal pressure waveform may be delayed when
calculating mean pressures of five or more cycles. The
P4 value will falsely be low, and the significance of
stenosis overestimated. At an average value of three
complexes, this effect is not so striking. Calculation
errors from mean Py delay do not occur under the
continuous administration of adenosine because
steady hyperaemia is achieved.

From our view it is optimal to set the lowest Py/P,
value for one cycle. However, it remains necessary to
perform an inspection of the pressure waveforms,
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(A) (B)

(C)

Figure 6. (A} Aortic pressure waveform damped by the contrast agent in the guiding catheter. (B} The iFR value measured in the
same patient shortly after flushing the catheter with saline. As a result of contrast hyperaemia, the stenosis is considered to be
falsely significant. (C) The iFR 0.90 value, measured after another 305, indicates an insignificant lesion.

Figure 7. Delay in the course of the mean distal pressure waveform (indicated by the dashed amow) that does not correspond to
the real distal pressure (full arrow); the Py value will be falsely low and the significance of stenosis overestimated. This phenom-
enon can ocaur when the mean pressure values calculation is based on five or more cydes.

especially the mean pressure course, and to check
whether, for example, an ectopic contraction has been
evaluated.

Examples of artefacts and measurement errors in
various settings are shown in Figures 7 and 8.

The influence of systemic hemodynamics

Myocardial fractional flow reserve {FFRyyo) 1s defined
as the ratio of maximal blood flow, distal to the sten-
osis, to resting flow in the same area in the hypothet-
ical absence of stenosis. The more frequently used
fractional flow reserve {FFR} is defined as the ratic of
maximum blood flow to resting flow n a given artery
with a stenosis. In a state of maximum hyperaemia,

the flow rate is directly proportional to the difference
between mean arterial pressure and central venous
pressure, and inversely proportional to resistance. In
practice, the FFR value is calculated according to the
simplified formula Py/P., which corresponds to FFRumy
only if the central venous pressure approaches zero
{Figure 9).

The real impact of the increased pressure in the
right atrium was dealt with in the work of the Belgian
authors, who analysed the data of 1235 patients who
underwent both right-sided cardiac catheterisation
and FFR measurement in at least one coronary sten-
osis. The overall classification of the significance of the
lesion was changed in 9% of the patients, but values
of FFR above 0.80 never yielded FFR,,, values <0.75.
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Figure 8. Visual inspection of the average pressure and visual-
isation of the lowest FFR value is always required. The course
of the Py and P, waveforms is adequate. However, the mean
pressures calculation still remains influenced by the artefact
following the administration of adenosine. This was misidenti-
fied by the system as the lowest FFR, the real value was 0.91.

1) Fractional flow reserve is defined as the ratio of maximal
hyperemic flow across a stenosis (Qs) compared to maximal
hyperemic flow in the same artery without the stenosis (Qn)

Qs

FFR =
Qn

2) Flow equals the perfusion pressure across the mocardium,
divided by myocardial resistance

Pd -Pv Pa -Pv
Qs=——— Qs ———

R R

Pa..mean arterial pressure  Pd...distal coronary pressure  Pv...central venous pressure
3) In state of maximal hyperemia the resistance is minimal and
constat
Qs Pd - Pv
Qn Pa - Pv

FFR =

4) Central venous pressure is usually negligible:

Figure 9. The simplified theoretical derivation of the coronal
artery flow calculated from the pressure gradient across the
lesion. Maximal hyperaemia must be achieved.

The mean right ventricular pressure in this group was
9mmHg [19]. For example, in a patient with a central
venous pressure of 15 mmHg and a mean arterial pres-
sure P, of 115mmHg the value of FFR 0.83 {95/
115mmHg) overestimates the real FFR.,,, value 0.80
{80/100 mmHg}.

The study showed that the influence of increased
central venous pressure on the resulting FFR is not
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dramatic, but that the risk of underestimation is not
negligible either. This is especially true for values close
to the FFR cut-off in patients with increased pressure
in the right atrium. In this situation, it is necessary to
optimally complement right-sided cardiac catheterisa-
tion and assess the significance of coronary stenosis
according to FFRmyo.

Conclusions

Functional examination has become a routine part of
invasive coronary artery assessment. [t increases the
accuracy of detection of myoccardial ischaemia, which
is essential information, as only the elimination of
ischaemia will lead to an improvement in a patient's
prognosis [20]. However, in order to comectly detect
ischaemia, it is necessary tc ensure the correct tech-
nical implementation of the diagnostic test. FFR meas-
urement is a simple technique that is subject to the
limitations described above. The fact that the incorrect
evaluation of this examination method is not rare has
been demonstrated in a recently published study,
which invelved the strict evaluation of FFR tracings by
an independently referenced workplace. The authors
showed that up to 10% of the measurements were
influenced by transfer waveform artefacts, and that in
ancther 17% of cases the pressure waveforms had
drifted [21].

Adhering to all the technical recommendations,
makes the invasive assessment safe and beneficial for
the patients. It is very precise tool for detection of
unfavourable ischaemia. Routine use of FFR leads 1o a
change in the treatment strategy in 40-50% of the
cases [22]. This method should be used more fre-
quently than 7t has been used in the past.
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ABSTRACT

Background: We tested whether the level of endothelial dysfunction assessed by digital tonom-
etry, and expressed as reactive hyperemia index (RHI), is related to occurrences of a discrepancy
between fractional flow reserve (FFR) and the instantaneous wave free ratio (iFR)
(ClinicalTrials.gov identifier: NCT03033810).
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Methods: We examined patients with coronary stenosis in the range of 40-70%, assessed by 'c(::)ﬁ';ongiease_ fractional
both FFR and iFR {system Philips-Volcano) for stable angina. We included consecutive patients e re?;.rve' !

with FFR and iFR in one native coronary artery, and who had had no previous intervention.
Results: We included 138 patients. Out of those, 24 patients (17.4%) had a negative FFR (with
an FFR value >0.8) and positive iFR {with a iFR value <0.89) - designated the FFRn/iFRp discrep-
ancy group, and 22 patients (15.9%) had a positive FFR (<0.8) and negative iFR (>0.89) - desig-
nated the FFRp/iFRn discrepancy. RHI was higher in the discrepancy groups compared the
group without discrepancy (1.73 £0.79 vs. 1.48 £0.50, p=0.025). However, this finding was not
confirmed in multivariant logistic regression analyses. Patients with any type of discrepancy dif-
fered from the agreement group by having a higher occurrence of diabetes mellitus [9 patients
(21.4%) vs. 36 patients (39.6%), p=0.029], active smoking (23 patients or 54.8% vs. 26 patients
or 28.6%, p=0.003) and lower use of calcium channel blockers (9 patients, 21.4%, vs. 43
patients, 46.7%, p = 0.004).

Conclusion: The presence of endothelial dysfunction can be associated with a discrepancy in
FFR/iFR. However, RHI correlated with risk factors of atherosclerosis, not with FFR or iFR.

endothelial cells

Introduction
Pressure-based measurements were developed as

surrogate method for measuring flow [5].
Hemodynamic assessment of a coronary stenosis using

Fractional flow reserve (FFR) and instantaneous wave a
free ratio (iFR) are methods for determining of the

hemodynamic significance of a coronary stenosis,
which are labeled as IA in current guidelines for revas-
cularization [1]. Both indexes measure the pressure
gradient across the stenosis. FFR represents the
hyperemic index, because it measures the pressure
gradient across the stenosis during hyperemia [2].
Instantaneous wave free ratio is called a resting index
and measures the pressure gradient during the resting
condition in the middle part of the diastoly [3]. The
correlation between FFR and iFR was found to be
around 80% [4]. However, this correlation is much
worse when we compare only measurements close to
cut-off points for FFR and iFR examinations [4].

flow measurement is known as coronary flow reserve
(CFR). CFR is calculated as the ratio of maximal to rest-
ing flow in the analyzed vessel. However, the measure-
ment of flow (using either the thermodilution
technigue or Doppler measurement) is not a trivial pro-
cedure, and is therefore not suitable for daily practice.
According to Ohm’s law, pressure is equal to flow
when microvascular resistance is low and constant [2].
The pressure gradient is further influenced by friction
and separation forces [5]. These conditions are sub-
stantially different during basal and hyperemic condi-
tions. FFR uses the ratio between the mean coronary
pressure behind a stenosis and the mean arterial
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pressure in the aorta, during a pharmacologically
induced lowering of microvascular resistance. Drugs
like adencsin, papaverin, and regadenoson are used
for this purpose. The iFR analyzes the pressure gradi-
ent during mean diastole [3], where microvascular
resistance is naturally low and stable.

Petrace et al. showed that there was a closer correl-
ation of CFR to iFR than to FFR [6] in the JUSTIFY trial.
The correlation between flow and pressure in a given
artery is represented by a line sloping up from left to
right. This means that during high flow in the coron-
ary arteries the pressure gradient is increased, even in
normal coronary arteries. So, in a situation of high cor-
onary flow reserve, it is possible to measure a signifi-
cant pressure gradient, which is not present during
resting condition, across a non-significant lesion where
iIFR is taken. Moreover, a study published by Cook
et al. [7] found increased CFR in both FFRp/iFRn
lesions, and in FFRn/iFRn lesions, and decreased CFR
in FFRn/iFRp and FFRp/iFRp lesions.

We aimed to test the hypothesis that preserved
endothelial function {measured non-invasively by digital
pletysmography) can be associated with an FFR/iFR dis-
crepancy as a marker of high capacity for coronary
vasodilatation, and thereby high flow across a stenosis.

Methods

We investigated patients with stable angina who
underwent an assessment of the hemodynamic signifi-
cance of borderline coronary stenoses (40-70% by vis-
ual estimation of angiography) by both FFR and iFR
(Philips-Volcano system). We included all consecutive
patients with stable angina pectoris, who underwent
both FFR and iFR examinations to our analysis. In
some patients, we performed measurements in more
than one coronary arteries. In such situations, we
incdude to our analysis the vessel with the most sig-
nificant findings (in case of cencordant FFR and iFR
measurements) or with discrepant measurements (in
case of discrepant FFR and iFR measurements).
Intracoronary adenosine in a dose of 240pg as
used in all cases. We measured iFR three times, and
FFR twice, and used mean values. This study is a part
of the FGARQC trial (ClinicalTrials.gov identifier:
NCT03033810), searching for an explanation of the dis-
agreement between FFR and iFR measurements. All
patients signed an informed consent, and the study
was approved by the local ethics committee.
Endothelial dysfunction was tested non-invasively
using digital pletysmography (EndoPAT®, ltamar
Medical Ltd, Caesarea, Israel). EndoPAT uses a

peripheral artery tone signal (PAT) to non-invasively
measure arterial tone changes in peripheral arterial
beds. The PAT signal is measured from the fingertip
by recording finger arterial pulsatile volume changes
[8]. The change in finger pulse amplitude (measured
by plethysmography) in response to five minutes of
ischemia is called a reactive hyperemic index (RHI). To
exclude the influence of cardiac catheterization,
patients were asked to come for the EndoPAT examin-
ation six weeks after hospital discharge, because
Serafino et al. showed that endothelial dysfunction
after transradial catheterization is completely restored
after 30 days [9].

Changes in the PAT signal are measured after ische-
mia caused by five minutes of compression of the bra-
chial artery by a cuff inflated to 60 mm Hg above the
systolic pressure—or 200mm Hg for 5 min—and then
deflated te induce reactive hyperemia. The result is
expressed as a ratio between the capillary perfusion in
a finger of the compressed arm, over the capillary per-
fusion in a finger of the non-compressed arm. This
ratio is known as the RHI, and a value of <1.67 is usu-
ally used as a criterion suggesting endothelial dysfunc-
tion. All subjects rested in bed in a quiet room for
15 min before the examination and they were asked
to refrain from smoking, alcohol and caffeine intake
for 12 h before the procedure.

Statistical analysis

Mean valueststandard deviations (or percentages)
were calculated for all numerical variables. Differences
between numerical datasets were examined using the
Student’s ttest. For categorical variables, contingency
tables were used to display frequency distributions.
Statistical significance was calculated by Fisher's exact
test. R environment was employed for statistical com-
putation. A ‘p’ value of 0.05 dencted the threshold of
statistical significance. Multivariate logistic regression
analyses on the basis of demographic and biomedical
variables were performed to evaluate independent pre-
dictors of disagreement between FFR and iFR results.

Results

Between June, 2015, and November, 2017, 138
patients underwent both FFR and iFR measurements
in our department. We analyzed 165 vessels, but we
used conly one stenosis per patient for analysis, as
described in the ‘Methods’ section. Out of those, 24
patients (17.4%) had a negative FFR with an FFR value
>0.8 and positive iFR with an iFR value <0.89 (FFRn/
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Figure 1. Correlation between FFR and iFR with histograms of measurements.

iFRp discrepancy), and 22 patients (15.9%) had a posi-
tive FFR with an FFR value <0.8 and negative iFR with
an iFR value >0.89 (FFRp/iFRn discrepancy). No patient
experienced both types of discrepancy. This means
that the rate of disagreement between FFR and iFR
was found in 33.8% of measurements. We examined
LAD in 80 cases (58%), LCx in 32 cases (23.2%), and
RCA in 26 cases (18.8%). Mean values for the whole
group of patients were as follows: FFR 0.83+0.09
(median 0.83), iFR 0.90+0.11 (median 0.93), which
shows that we focused mainly on borderline lesions.
The correlation coefficient between FFR and iFR was
0.74, with a ‘p’ value <0.0001 (details are shown in
Figure 1). Demography and hemodynamic measure-
ment are summarized in Table 1.

The mean value of RHI was 1.54+ 0.6 (median 1.47)
expressing a high occurrence of endothelial dysfunc-
tion, which is not surprising in patients with coronary
artery disease. RHI was found to be higher in patients
with discrepancies than in patients with concordant
measurements (1.73+0.79 vs. 1.48+0.50, p=0.025).
Furthermore, patients in the discrepancy groups were
more frequently diabetics, active smokers and were
less treated by calcium channel blockers compared to
the agreement group.

However, this finding was not confirmed in multi-
variate logistic regression analyses for predictors of
disagreement between FFR and iFR results (Table 2).

We did not find a significant difference in RHI
between the FFRn/iFRp discrepancy group and
patients with concordant FFR/iIFR measurements
(1.61£0.62 vs. 1.45+£0.49, p=0.2), nor between FFRp/
iFRn and the agreement group (1.63+0.76 vs.
1.48 £0.5, p=0.27). Among patients with any type of
discrepancy, RHI was only slightly higher in the FFRp/

iFRn group compared to the FFRn/iFRp
(1.63+0.76 vs. 1.54+£0.68, p=0.71).

Mean RHI in patients with both FFR and iFR positive
findings were significantly lower than in patients with
both indexes being negative (1331052 vs.
1.59+0.59, p=0.028). The reason for this finding is
probably more advanced coronary atherosclerosis
together with endothelial dysfunction in patients with
both hemodynamic indexes being positive.

We found no correlation between FFR and RHI
(R=0.04, p=0.66), nor between iFR and RHI (R=0.04,
p=0.64). RHI correlated with the ejection fraction of
the left ventricle (R=0.18, p=0.036), the level of cre-
atinine (R=—0.21, p=0.015), and the body mass index
(BMI; R=—-0.25, p=0.005). RHI was lower in men
(1.5+£052 wvs. 1.86+0.7, p=0.003), DM patients
(1.38+0.09 vs. 1.67+£0.06, p=0.007), patients with
dyslipidemia (1.7 £0.06 vs. 1.77 £0.1, p = 0.016), patients
with  chronic renal insufficiency 1.27+058 vs.
1.61+0.58, p=0.037), and active smokers (1.42+04 vs.
1.66+0.66, p=0.023). RHI was also lower in patients
who were treated by calcium channels blockers
(1.4+03vs. 1.68+0.68, p=0.006) and beta blockers
(1.48+0.54 vs. 1.75£0.63, p=0.014).

group

Discussion

The main findings of our study are:

1. The endothelial function — measured by digital
pletysmography — is higher in patients with dis-
crepant FFR and iFR measurements in patients
with stable angina pectoris.

2. Patients with any type of discrepancy differed from
the agreement group by a higher occurrence of
diabetes mellitus, active smoking, and a lower
using of calcium channel blockers.



326 @ S. JERABEK ET AL

Table 1. Demography and hemodynamic measurements.

Discrepancy groups (46 patients) Agreement group (92 patients}) p Value
Age [vears] 635.3+11.6 66.9+83 0.3¢
Male 32 (69.6%) 72 {78.3%) 0.46
BMI [kgfmz] TB+45 2924 +43 0.045
Revascularization in past 20 {43.5%) 51 {55.4%) 0.4
Ml in past 17 (37%) 33 (35.9%) 0.61
DM 9 (19.6%) 36 (39,19 0.029
AH 31 (67.4%) 75 {81.59) 0.32
Dyslipidemia 30 {65.2%) 68 {73.9%) ors
CHRI 6 {13%} 9 {9.8%) 0.4¢
Active smoking 23 (50%) 26 (28.3) 0.003
Beta blackers 24 (52.2%) 66 {71.7%) 0.1
CaCh blockers < (19.6%) 43 {46.7%) 0.004
ACEl/sartans 27 (58.9%) 68 {73.9%) 0.26
Nitrates 2 (4.3%) 9 {9.8%) 0.3
Aminophylline 2 (4.3%) 6 {6.5%) 0.56
Ejection fraction 592.5% + 104 535.7%=*11.2 0.06
Hemoglobin [g/l] 135.1£16.6 1408 £18.6 0.09
Creatinine [umol/[] 86.6+22.2 88.1+253 0.75
FFR 07e+0.06 0B84+ 011 0.013
iFR 088+ 0.06 09+012 014
RHI 1.73+£079 148+ 0.50 0.025
RHI = 1.67 28 (60.9%) 70 {76.1%) 0.07

ACEl: inhibitors of angiotensin-converting enzyme; AH: arterigl hypertension; BMI: body mass index; CaCh: calcium channel;
CHRI: chronic renal insufficiency; DM: diabetes mellitus, MI: myocardial infarction; RHI: reactive hyperemia index.

Statistically significant values are highlighted in bold.

Table 2. Multivariate logistic regression analyses for predic-
tors of disagreement between FFR and iFR results.

Estimate Std. deviation 7 Value » Value
Intercept s S 1.51 =211 0.03
Diabetes mellitus —0.41 0.54 —-0.76 0.45
Active smoking 1.5 044 343 0.0006
Beta blockers —016 0.51 —032 075
CCB treatment —0.96 0.5 1.2 0.06
CKD 0.93 0.68 137 0.17
RHI 0.18 0.3¢9 047 0.64
EF 003 002 1.54 012

CCB: calcium channel blockers; CKD: chronic kidney disease; EF: ejection
fraction of left ventricle; RHI: reactive hyperemia index.

The pressure gradient across a coronary stenosis is
equivalent to flew only under conditions of minimal
and constant microvascular resistance. Preserved
endothelial function is essential to allowing an
increased flow during vascdilatation induced by
administration of adenosine, or during mid-diastole.
One of the methods for quantifying endothelial dys-
function is ischemia-induced vasodilatation. To meas-
ure this reaction, we chose the method of digital
pletysmography, expressed in the RHIL. The finding of
higher RHI in patients with FFR/iFR discrepancy, com-
pared to those with concordant measurements seems
to confirm our hypotheses. However, we did not find
a correlation between FFR or iFR with RHI index.

Endothelial dysfunction decreases the ability of
endothelial cells to appropriately react to the signal
for vasodilatation [10]. We presumed that preserved
endothelial dysfunction could lead higher
respense to adenosine, and thereby to a higher value
of FFR compared to iFR, which does not depend on

o a

endothelial reaction to adenosine. We confirmed a
higher RHI in patients with FFR/IFR disagreement.
However, there was no difference between FFRp/iFRn
and FFRn/iFRp groups in the level of RHI. This finding
is contrary to our primary hypothesis of an inappropri-
ate pressure gradient caused by supra-normal high
flow during hyperemia in patients with well-preserved
endothelial function. We cannot exclude the possibility
that the number of examined of patients was tco low
to recognise this difference, since we found RHI in the
FFRp/iFRn group that was higher than in the FFRn/
iFRp group, although the value was insignificant.

It is known that many factors influence reactive
hyperemia. These factors are mainly: nitric oxide,
prostacyclin, and endothelial-derived hyperpolarizating
factor (EDHF) [11]. The contribution of EDHF to
flow-mediated dilatation is greatest at the level of
small arteries, and this is particularly evident when NO
production is compromised [12]. Furthermore, the
other known method for detection of endothelial
dysfunction—flow-mediated vasodilatation (FMD)—did
not correlate, in some studies, with the measurement
of digital hyperemia [13]. This complexity of endothe-
lial functions could be a reason we did not find any
difference between the FFRp/iFRn and FFRn/iFRp
discrepancy groups.

The reactive hyperemic index correlated with the
ejection fraction of the left ventricle, the level of cre-
atinine, and the BMI. RHI was lower in men, DM
patients, patients with dyslipidemia, patients with
chronic renal insufficiency, and active smokers. These
findings are not surprising. Similar results were found



in a study done by Hamburg et al. [14]. A discrepancy
between FFR and iFR was more frequently found in
active smekers, and patients with diabetes, and less fre-
quently in patients treated by calcium channel blockers.

Smoking is a well-known risk for endothelial dys-
function, mainly through a decrease in the availability
of nitric oxide. Smoking increases vascular stiffness
and lowers RHI [15]. Interestingly, smokers were more
frequently feund in both FFR/IFR disagreement groups
than in the agreement group. This suggests complex
changes at the microcirculatory level play a role in
both basal and hyperemic flow.

Higher glucose concentration reduces endothelial-
dependent vasodilatation, and compensatory hyperin-
sulinemia increases production of vasoconstrictors such
as endothelin-1 and angiotensin Il [16]. These factors
can lead to impaired reaction to hyperemic stimuli and
increase the chance for FFR/IFR disagreement.

A lower occurrence of FFR/iFR disagreement in
patients using calcium channel blockers could be
caused by the improvement of endothelial function
through the relaxation effect that calcdium channel
blockers have on smooth muscle cells [17], which
improves both basal and hyperemic flow. From these
results, we can speculate that risk factors leading to
endothelial dysfunction are better predictors for FFR/
iFR discrepancy than RHI.

The correlation coefficient between FFR and iFR
was 0.74 in our cohort of examinations. This number
is lower {but still comparable) than in trials comparing
both methods (Lee [18] found R=0.8, in RESOLVE trial
[4] was R value 0.81). Knowing that iFR correlates with
coronary flow reserve better than FFR does [6], and
that CFR is strongly related to microvascular resist-
ance, we can presume that a discrepancy between
FFR and iFR reflects, to some extent, microvascular
dysfunction leading to a lower reaction to hyperemic
stimuli [18]. This hypothesis can be supported by our
findings of a higher number of active smokers and
patients with diabetes in the discrepancy groups.

Conclusion

Ischemia-guided coronary revascularization is strongly
recommended as a treatment strategy in patients with
ischemic heart disease. Many catheterization laborato-
ries have the possibility to measure both FFR and iFR
during one examination. Concordant results of both
measurements may assure investigators of the accur-
acy of these results. On the other hand, FFR/iFR dis-
crepancies can be confusing, and lead to uncertainty
during indication fer coronary revascularization. It
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must be emphasized that corenary physiolegy is more
than just a pressure gradient across stenosis. In the
field of coronary physiology, we are faced with a very
complex system, where all indices are related to each
other. FFR/iFR disagreement does not automatically
mean that cne of those results is wrong. This finding
prevides deeper information about the microvascular
function, and forces us to think more about each indi-
vidual patient. We tried to explain this FFR/iIFR dis-
agreement by the presence of endothelial dysfunction
(assessed by digital pletysmography). We found endo-
thelial function te be in better shape in patients with
discrepant FFR/IFR measurements compared to the
group with agreement in these two indexes. This find-
ing highlights the crucial role of endothelial function
in coronary physiology. However, RHI was only negli-
gibly higher in FFRp/iIFRn group compared to the
FFRn/iFRp group. We would probably need to include
a substantially higher number of patients in our study
to prove the hypothesis of better endothelial function
in patients with the FFRp/iFRn type of disagreement.

The second important finding is the higher rate of
FFR/IFR discrepancy in active smokers and diabetic
patients—who also possess worse endothelial func-
tion—and the lower rate of discrepancy in patients
using calcium channel blockers, which can improve
endothelial functions. These findings underline the
rcle of endothelial function in disagreements between
FFR and iFR measurements. Further studies are
needed to clarify reasens for FFR/iFR discrepancies,
and to find the best approach for establishing the clin-
ical relevance of discordant lesions, and clinical out-
comes of such findings.

Limitation

The primary limitation was the low number patients in
the study, which was probably a reason why we did
not prove statistical significance of difference in RHI
between discrepancy and agreements groups. On the
other hand, this was the first study to try to explain
the discrepancy between FFR and iFR by an examin-
ation of endothelial dysfunction. A further limitation is
the absence of data from coronary flow measure-
ments, which could nicely help to explain the relation-
ship between RHI and FFR/IiFR discrepancy. On the
other hand, these statistically borderline findings fol-
low rational expectations, and are in close agreement
with previous trials.

Yet another limitation was the use of only one
measurement of endothelial function per patient. If
we had used all possible measurements, the statistical
methodology would have been very complicated, with
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very little chance for any meaningful result from this
small cohort of patients.
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