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SOUHRN

NejcastéjSim morfologickym substratem pro vznik akutniho koronarniho syndromu je
fibroaterom s tenkou fibrézni ¢epickou a vysokym obsahem lipida. Pro detekci lipidu in vivo
byla validovana invazivni zobrazovaci metoda na principu spektroskopie — near infrared
spectroscopy (NIRS), ktera je vS8ak v bézné klinické praxi omezené dostupna. Opticka
koherentni tomografie (OCT) je naopak bézné dostupna metoda, a to zejména pfi vedeni
koronarnich intervenci.

V nasi studii jsme u pacientd s akutnim koronarnim syndromem vySetfili jednu

koronarni lézi pomoci OCT i NIRS. Na zakladé OCT jsme provedli detailni morfologickou
analyzu s vyuzitim poloautomatizovaného softwaru. Pomoci NIRS jsme urcili jsme obsah
lipida v kazdé lézi. V prvni ¢asti studie jsme pomoci neinvazivni CT koronarografie zjiStovali
progresi aterosklerotickych platd v odstupu mezi prvnim a druhym rokem od vstupniho
vysSetfeni a pokusili jsme se prokazat, ze morfologické charakteristiky a lipidovy obsah plat(
jsou rizikovymi faktory jejich progrese. V druhé &asti studie jsme posuzovali schopnost
podrobné morfologické analyzy na zakladé OCT identifikovat lipidovy obsah platl s pouzitim
NIRS jako referenéni metody.
PFi hodnoceni vztahu mezi morfologickymi parametry dle OCT a progresi objemu platd jsme
nepozorovali Zadnou vyznamnou linearni korelaci. Zajimavym nalezem byla negativni
korelace télesné vysky pacienta s narastem kalcifikované slozky platu. V analyze lipidového
obsahu platd morfologické parametry silné korelovaly s lipidovym obsahem podle NIRS.
(p=0,002) a stfedni (p=0,002) uhel lipidového jadra a celkova plocha fibroateromu (p=0,012).

NaSe vysledky ukazuji, Ze podrobnou morfologickou analyzu koronarnich plati Ize

spolehlivé vyuzit k detekci lipidového obsahu.

Klicova slova: ateroskleréza, near infrared spectroscopy, opticka koherentni tomografie



SUMMARY

The most common morphological substrate for acute coronary syndrome is
fibroatheroma with a thin fibrous cap and high lipid content. An invasive spectroscopy-based
imaging method - near infrared spectroscopy (NIRS) - has been validated for in vivo lipid
detection, but has limited availability in routine clinical practice. Optical coherence tomography
(OCT), on the other hand, is a commonly available method, especially in the guidance of
coronary interventions.

In our study, we examined a single coronary lesion in patients with acute coronary
syndrome using both OCT and NIRS. Based on OCT, we performed a detailed morphological
analysis using semi-automated software. Using NIRS, we determined the lipid content of each
lesion. In the first part of the study, we used noninvasive CT coronary angiography to detect
the progression of atherosclerotic plaques between the first and second year after the initial
examination and attempted to demonstrate that morphological features and lipid content of
plaques were risk factors for plaque progression. In the second part of the study, we assessed
the ability of detailed morphological analysis based on OCT to identify the lipid content of
plaques when using NIRS as a reference method.

We did not observe any significant linear correlation between morphological
parameters and plaque volume progression. An interesting finding was the negative correlation
of the patient's body height with the increase in the calcified component of the plaque. In the
analysis of plaque lipid content, morphological parameters were strongly correlated with lipid
content by NIRS. Maximum (p=0.002) and mean (p=0.002) lipid arc and total fibroatheroma
area (p=0.012) were the strongest predictors in relation to clinically relevant lipid threshold.

Our results show that detailed morphological analysis of coronary plaques can be

reliably used to detect lipid content.

Keywords: atherosclerosis, near infrared spectroscopy, optical coherence tomography
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1 UVOD

1.1 Koronarni ateroskleréza a akutni koronarni syndrom

Ischemicka choroba srdecni je nejCastéjsi pfi¢inou umrti a nemocnosti v rozvinutych
zemich. V naprosté veétSiné pripadlt je patologickym podkladem pro ischémii myokardu
koronarni aterosklerézy, mezi které patfi nahla srde¢ni smrt a akutni koronarni syndrom
(AKS), tedy akutni infarkt myokardu (s elevacemi ST usekl, STEMI, nebo bez elevaci ST
usekl, NSTE-AKS) a nestabilni angina pectoris.

Ateroskleréza je progresivni onemocnéni charakterizované dlouhou latentni fazi, kdy
patofyziologické procesy ve sténé tepny probihaji ¢asto desitky let pfed klinickou manifestaci.
Ackoli AKS muze vzniknout v jakémkoli stadiu vyvoje aterosklerdzy, nej¢astéji dochazi k
prvnim akutnim nebo chronickym klinickym projevim v pozdéjSich fazich onemocnéni
s pfitomnosti vét§iho mnozstvi pokrogilych platli. V tomto klinickém kontextu byl v roce 2019
v ramci doporuceni Evropské kardiologické spole€nosti zaveden termin chronicky koronarni
syndrom s cilem zddraznit nutnost diagnostiky a preventivni IéCby jiz ve CasnéjSich stadii
vyvoje aterosklerozy.

Od provedeni prvni perkutanni koronarni intervence (percutaneous coronary
intervention, PCI) v r. 1970 doSlo postupnému poklesu umrtnosti na akutni infarkt myokardu.
ZlepSeni prognozy pacientd lze pfi¢ist na vrub i Cetnym pokrokim ve farmakoterapii
ischemické choroby srdecni, které byly v nasledujicich dekadach postupné zavedeny do
klinické praxe. | tak je vSak ischemicka choroba srde¢ni zUstala pFi€¢inou umrti asi jedné tretiny
lidi v populaci nad 35 let a jeji 1éEba v ramci poskytovani zdravotni pé€e vyzaduje kazdoroéné
obrovské naklady (Sanchiz-Gomar et al., 2016; Kolansky et al., 2009). V tomto smyslu je

zajimava hlavné skupina pacientd, ktefi byli v akutnim stadiu infarktu myokardu oSetfeni



perkutanni koronarni intervenci, a i pfes adekvatni farmakologickou lécbu u nich v prabéhu
dalSiho sledovani doslo k recidivé AKS v souvislosti s jinou |ézi na koronarni tepné, nez byla
puvodné oSetfena. K tomu dochazi zejména v obdobi vice nez jeden rok od prvni koronarni
pfihody (Cutlip et al., 2004). Mnoho takovych jedinct prodéla zivot ohrozujici koronarni pfihody
bez pfedchozich symptom, ackoli jsou Ié€eni moderni léEbou podle nejnovéjsich doporuceni
odbornych spolecnosti. U téchto pacientu je ziejmé, Ze i po provedeni koronarni angiografie a
nasazeni intenzivni farmakologické IéEby neni mozné dobfe eliminovat riziko recidivy
koronarni pfihody. Je to dano tim, Ze samotna angiografie nedokaze odhalit, které koronarni
platy budou mit v budoucnu tendenci k dalSi progresi ¢i destabilizaci a rozvoji AKS. V&asna
identifikace a preventivni 1éCba téchto l1ézi by hypoteticky mohla snizit riziko recidivy
koronarnich pfihod, a tak pfiznivé ovlivnit zdravi populace. V poslednich letech je proto
vynakladano velké usili k objasnéni patofyziologickych procesu, které se uplatriuji pfi vzniku a

progresi aterosklerozy a jejich komplikaci.

1.2  Vyvoj aterosklerotického koronarniho platu

Vyvoj aterosklerotického platu je dynamicky proces, ve kterém zasadni roli hraje zanét,
dysfunkce endotelu, proliferace a apoptéza makrofagt a bunék hladké svaloviny a vyvoj
kalcifikaci. V nej¢asné&jSim stadiu se objevuje zvySena propustnost endotelu pro lipoproteinové
Castice s nizkou denzitou (low-density lipoproteins, LDL). V dusledku depozice téchto ¢astic
dochazi k lokalni aktivaci zanétu. Vlivem lokalniho snizeni smykového napéti (shear stress)
dochazi ke snizeni syntézy oxidu dusnatého a zvySené expresi selektinu, vaskularnich
adehezivnich molekul (VCAM-1) a mezibunéCnych adhezivnich molekul (ICAM-1). Tyto
molekuly pak umozfuji vazbu leukocytd na sténu tepny (Mazoone et al., 1993). Migrujici
makrofagy pohlcuji lipidy, méni se na pénové buriky a vytvarii se nekrotické jadro. Buriky
hladké svaloviny v dusledku cytokinové stimulace proliferuji a migruji z medie do intimy, kde

produkuji kolagen a mohou také vychytavat LDL Castice. V této fazi jde o stabilni plat
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s nekrotickym jadrem, které je kryté silnou vrstvou fibrozni tkané. V pfipadé, ze zanét
pretrvava, zacne se uplatfiovat katabolicka aktivita makrofagl. Metaloproteinazy,
produkované makrofagy, zpusobuji degradaci kolagenu a ztenovani fibrézni vrstvy nad
nekrotickym jadrem. Ve fibrozni vrstvé kryjici nekrotické jadro se vytvareji drobné kalcifikace.
V této fazi hovofime o platu nestabilnim, protoze zminéné zmény zpusobuji vétsi nachylnost
platu ke komplikacim zplsobenym naru$enim povrchové vrstvy platu. Pfi vzniku akutniho
koronarniho syndromu se z téchto komplikaci nejcastéji uplatfuje ruptura platu, pfi které dojde
ke kontaktu nekrotickych hmot jadra platu s cirkulujici krvi a nasledné aktivaci krevnich
destiCek a koagula¢ni kaskady. Na povrchu platu se vytvafi trombus, ktery mGze narlstat a
zpusobit vyznamné zuzeni nebo i uplny uzaveér tepny (obr. 1). Méné Casto se trombus vytvari
na povrchu platu postizeném fisurou (Arbab-Zadeh et al., 2012). Pokracujici kalcifikace (s
vytvofenim makroskopickych kalcifikat) jsou charakteristické pro prfechod platu do koneéného
stabilniho stadia, kdy ve vétsi mife jiz nepokracuje zanétlivy proces a ruptura platu je vzacna

(Shioi et al., 2018).

Obrazek 1. Angiografie pravé koronarni tepny u akutniho infarktu myokardu.

Vlevo patrny stop kontrastni naplné ve stfedni ¢asti tepny zplsobeny akutni intraluminalni
trombozou nasadejici na komplikovany ateroskleroticky plat. Vpravo je patrna tepna s jiz

normalni napini po provedeni koronarni intervence s implantaci stentu.
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1.3  Vyznam lipida v procesu aterogeneze

Kumulace lipidd v pénovych burikach je kli€ovym momentem v procesu progrese
aterosklerotickych Iézi. Pro to svéd&i i pozorovani, Ze sniZzeni plazmatické hladiny cholesterolu
a snizeni podilu lipidu v aterosklerotickém platu vede i ke snizeni rizika akutniho koronarniho
syndromu (Ndrepepa G et al., 2016).

V pocatecni fazi aterogeneze dochazi v disledku narusenych mezibunéénych spoju k
priniku LDL &astic z lumen pfes endotel do stény tepny. Zde se pomoci svych proteinovych
komponent vazi na glykosaminoglykany a zuUstavaji proto v subendotelidlnim prostoru a
snadno podléhaji modifikaci, zejména oxidaénim procesum v dusledku pusobeni volnych
kyslikovych radikalu (Palinski et al., 1989). Tyto oxidované LDL ¢astice fadou rGznych
mechanismU vyrazné podporuji dalSi aterogenezi. Jsou preferenéné vychytavany makrofagy
pfes jejich tzv. scavengerové receptory. Pocet téchto receptorti na povrchu makrofagd neni
zpétnovazebné regulovan na zakladé zvySeného intracelularniho obsahu cholesterolu.
Cholesterol tak nepodléha esterifikaci a po excesivnim zvySeni obsahu cholesterolu dochazi
k pteméné makrofagu na tzv. pénovou bufku. Vysoky obsah volného cholesterolu
v endoplazmatickém retikulu Cini pénovou buriku znacné& nestabilni. Pénové buriky tak
podléhaji apoptoze a jejich rozpadem se intracelularni lipidovy obsah dostava extracelularné
a vytvari nekrotické jadro aterosklerotického platu s vysokym obsahem lipidd. Takto vytvofena
extracelularni hmota je zna¢né trombogenni a hraje dulezitou roli pfi ruptufe platu a rozvoji
koronarni trombdzy. Krystaly cholesterolu v nekrotickych hmotach platu vedou k dalsi aktivaci
zanétu a migraci leukocytu, ¢imz se vytvafi bludny kruh zanétu a nekrézy platu.

Byla popsana fada dalSich mechanismd, kterymi se oxidované LDL &astice podileji na
aterogenezi. Indukuji produkci fady cytokini a rustovych faktord, a tak podporuji zanét a
aktivaci lymfocytl. Dale v endotelovych burikach zvySuji produkci chemotaktickych faktord pro
makrofagy, které pronikaji do cévni stény a v dusledku inhibované motility zde setrvavaji a

v neposledni fadé indukuji tvorbu tkanového faktoru, ¢imz podporuji trombogenezi na povrchu
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endotelu. Nékteré slozky oxidovanych LDL €astic podporuji cestou syntézy rastovych faktor(
(napt. destickového faktoru platelet derived growth factor, PDGF) i migraci hladkych svalovych
bunék z médie do intimy a jejich proliferaci. V dusledku plsobeni rustovych faktord mize
dochazet k vychytavani LDL &astic i hladkymi svalovymi burikami, které tak pfispivaji do
populace pénovych bunék.

Hladina oxidovanych LDL &astic byla identifikovana jako rizikovy faktor pro rozvoj

infarktu myokardu, a to nezavisle na celkové hladiné LDL cholesterolu (Ehara et al., 2001).

1.4 Klasifikace aterosklerotickych lézi

Z popsanych patofyziologickych procesl vyplyva, zZe ateroskler6za je systémové
onemocnéni. Distribuce aterosklerézy v organismu se v3ak vyznamné lidi a existujici urcité
predilekéni lokalizace jejiho vyskytu. Kromé pravé a levé véncité tepny jsou nejCastéji
postizeny tepny mozkové cirkulace (vnitfni krkavice a tepny Willisova okruhu) a hrudni aorta.
Vzhledem k nejvétSimu klinickému dopadu na morbiditu a mortalitu byla ateroskler6za nejvice
zkoumana na koronarnich tepnach.

Pdvodni rozdéIni aterosklerotickych |ézi na jednotlivda stadia vyplyvalo z jejich
zakladnich makroskopickych a histologickych charakteristik. Casné Iéze jsou charakterizovany
tzv. tukovymi prouZky a vyskytuji se jiz u déti. Pro tyto 1éze je typické, Ze jsou nejCastéji
pozorovany na velkych cévach a nezpusobuji zuzeni lumen tepny. Ateromové platy jsou
charakterizovany vyS$§im obsahem lipidu a nekrotické tkané a dochazi u nich jiz k zdzeni
lumen. Od téchto plata se odlisuji platy fibrozni. Ve fibréznich platech je pfitomno vétsi
mnozstvi bunék hladké svaloviny a kolagenni matrix a jejich konzistence je tuzsi. Tzv. léze
komplikované jsou charakterizované depozity kalcia ve fibréznim platu, pfipadné dalSich
pokroc€ilych zmén jako je ulcerace nebo ruptura platu s nasedajici trombdzou.

Tato patologicka klasifikace je dnes spiSe nahrazovana rozdélenim aterosklerotickych

lézi do nékolika typd oznacenych fimskymi Cislicemi podle American Heart Association (Stary
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et al, 1995). Jako prekurzorové léze jsou oznaCovany prvni tfi typy lézi (I az lll), typy IV az VI
pak jako léze vyvinuté.

Od aterosklerotickych 1ézi je tfeba vymezit tzv. adaptivni ztlusténi. Jedna se o mirna
zesileni intimy, ktera jsou pfitomna na typickych mistech u kazdého ¢lovéka od narozeni a
predstavuji nejspiSe adaptaci na lokalni mechanické sily v jednotlivych tepnach. Objevuji se
typicky v blizkosti vétveni tepen a nedochazi u nich ke kompromitaci lumen ani k ukladani
lipida.

NejCasnéjsi ateroskleroticke 1éze (typ |) jsou charakterizovany zvySenym mnozstvim
lipidd a vyskytem pénovych bunék. Nejsou makroskopicky patrné a lze je detekovat
histologicky nebo pomoci chemického prakazu lipidu.

Léze typu Il odpovidaji v zasadé tukovym prouzkdm. Maji charakter makroskopicky
patrnych Zlutych skvrn na povrchu intimy. NezuZzuji lumen tepny a histologicky je pro né typicky
vysoky obsah intracelularnich lipidu, lokalizovanych v pénovych burnkach.

Typ lll je pfedstupen pokrocilych lézi, nékdy byva oznaCovan jako preaterom. Kromé
pénovych bunék jsou u této Iéze mikroskopicky pozorovatelné i rozptylené lipidové kapénky a
struktury extracelularni matrix, které narusuji soudrznost bunék hladké svaloviny v intimé.
Tento extracelularni lipid je bezprostfednim prekurzorem souvislého lipidového jadra, které
charakterizuje pokrocilé léze.

Léze typu IV jsou téz oznaCovany jako ateromy. U nich jsou jiz extracelularni lipidy
formovany do souvislého lipidového jadra. Lumen tepny je od lipidového jadra oddéleno tendi
vrstvou intimy s pfitomnosti makrofagl, pénovych bunék, bunék hladké svaloviny a malym
mnozstvim kolagenu.

Vétsi mnozstvi pojivové tkané nad lipidovym jadrem se vyskytuje u lézi typu V. tyto [éze
se oznaduji jako fibroateromy. Tyto léze maji tendenci se dale komplikovat rupturou a
nasedajici trombdézou. Neékteré léze typu V jsou zvelké cCasti kalcifikované, jiné jsou

dominantné sloZeny z fibrézni tkané a neobsahuiji lipidové jadro ani kalcifikace.
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Léze typu VI oznaCujeme jako komplikované léze. Vznikaji 1ézi typu IV a V a jsou
charakterizované naruSenim povrchu platu (eroze, ulcerace), hemoragii do platu pfipadné
nasedajici intraluminalni trombdzou. V dalSim vyvoji maze bud dojit k Uplnému tepennému
uzavéru, nebo ke zhojeni platu a pfeméné trombu na vazivovou tkan.

Z popisu mechanismu vyvoje jednotlivych stadii vyplyva, Ze ateroskleréza je znaéné
dynamicky proces. Identicky typ platu (typ VI) maze byt charakterizovan jen pfitomnosti
asymptomatické ulcerace s naslednym zhojeni platu, nebo naopak zpusobit akutni infarkt
myokardu. Timto zpisobem mohou v sebe navzajem opakované napf. pfechazet platy typu

VI a V. Vyvoj aterosklerotickych lézi tedy vzdy zalezi na kombinaci vnéjSich a vnitfnich faktoru.

1.5 Morfologické charakteristiky aterosklerotickych platti

Pfi vyvoji aterosklerotické léze je pfechod do platu nej¢astéji definovan objevenim
souvislého loziska lipidd. DalSi vyvoj platu je charakterizovan intenzivnim zanétlivym
procesem, zvétSovanim nekrotického jadra platu a zten€ovanim fibrézni vrstvy, oddélujici
jadro od lumen tepny (Cepicka platu). V této fazi je plat oznaCovan jako fibroaterom s tenkou
fibrézni &epickou (thin-cap fibroatheroma, TCFA). Tento typ platu byl nejc¢astéjSim nalezem,
ktery byl histologicky post mortem identifikovan u pacientd zemfelych na akutni koronarni
syndrom (Virmani et al., 2000; Virmani et al., 2006). Typicka morfologie TCFA zahrnuje velké
nekrotické jadro s vysokym obsahem lipidd, které je kryté fibrézni CepiCkou o tloustce <65 um,
s kolagenem typu I, infiltratem makrofag a s malym poctem hladkych svalovych bunék. Tato
morfologie predisponuje plat k ruptuie tenké fibrozni Eepicky a naslednému vypuzeni obsahu
platu do lumen tepny, ktery zplsobi intraluminalni trombdzu tepny, nej¢astéji s jejim uplnym
uzavérem. V této destabilizace platu hraje vyznamnou roli zanét, proto jednou ze znamek
rizikovosti platu je jeho infiltrace makrofagy. Pfi postupném narustu objemu vulnerabilniho
platu dochazi typicky nejprve k expanzi cévni stény bez vyznamnéjSiho zuzeni lumen
kompromitovano lumen tepny (tzv. pozitivni remodelace tepny). Rust objemu platu klade velké
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naroky na dodavku dostate€ného mnozstvi metabolickych substratd a bunécnych element,
nutnych pro probihajici aktivni zanétlivy proces. ZvétSovani objemu platu je proto provazeno
neovaskularizaci, tedy vyvojem novych drobnych cév zasobujicich plat. K neovaskularizaci
dochazi jak cestou vasa vasorum pies medii tepny do bazalni ¢asti platu, tak i cestou nové
vytvofenych drobnych cév z lumen tepny pfes fibrozni Cepicku. Tyto nové vytvofené cévy
nahlé zvétSeni. Tento mechanismus se pravdépodobné v nékterych pfipadech uplatfuje u
ruptury platu pfi akutnim koronarnim syndromu (Moreno et al., 2004).

Mikrokalcifikace platu jsou pravdépodobné projevem hojivé reakce v nekrotické lézi. Vznikaji
agregaci drobnych krystall hydroxyapatitu (<50 um) unvnitf tenké fibrézni Cepicky, ziejmé
v dusledku apoptdzy bunék hladkého svalstva. Nékteré mikrokalcifikace se shlukuji do vétSich
hmot o priméru 1 az 3 mm a vytvafi tzv. bodové kalcifikace, které jsou taktéz spojovany

s nestabilitou platu (Virmani et al. 2006; Falk et al. 2013).

1.6 Koncept vulnerabilniho platu

U pacientul s jiz zjisténou ICHS byla proto v posledni dobé vyvijena snaha o identifikaci
pacientt s platy s vysokym rizikem. V tomto kontextu ¢asto hovofime o tzv. vulnerabilnich
platech. Termin vulnerabilni plat byl zaveden jiz v 80. letech minulého stoleti pro koronarni plat
s vysokou pravdépodobnosti ruptury. Pozdéji bylo identifikovano pét hlavnich Kkritérii

vulnerabilniho platu (Naghavi et al., 2003):

1. Pfitomnost velkého lipidového jadra krytého tenkou fibrézni ¢epickou

2. Pritomnost aktivniho zanétu (infiltrace makrofagy)

3. NaruSeni vrstvy endotelu s povrchovou agregaci trombocytl (tzv. eroze platu)
4. Fisura platu (nejCastéji ukazujici na recentni rupturu)

5. Stendza >90 % praméru lumen tepny
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Mezi vedlejSi kritéria patfi povrchovy Kkalcifikovany nodul, leskly Zluty plat na
angioskopii, krvaceni do platu, dysfunkce endotelu a pozitivni remodelace tepny. S rozvojem
zobrazovacich metod byla pak néktera kritéria upfesfiovana: tenka fibrézni Eepicka <65 pm,
podil nekrotické tkané >10 %, vysoky obsah lipidu, excentricita a pozitivni remodelace platu a
typické hodnoty smykového napéti (Kovarnik et al., 2022). Casto se pouziva definice, kterou
navrhl Stone a podle které jsou vulnerabilnich platy léze, jejichZz pfitomnost pro pacienta

predstavuje riziko zavaznych kardialnich pfihod (Stone et al., 2011).

1.7  Zobrazeni koronarnich platu

Zobrazeni koronarnich tepen po dlouhou dobu spocivalo pouze v invazivnim
angiografickém vySetfeni, tedy v tzv. selektivni koronarografii (SKG). V poslednich letech bylo
vyvinuto nékolik metod, kterymi Ize na SKG navazat a podrobnéji vySetfit koronarni tepnu

zavedenim miniaturizovaného instrumentaria pfimo do jejiho lumen (tab. 1).

1.7.1 Angiografie

Pomoci SKG je mozné velmi dobfe zobrazit lumen tepny napinéné kontrastni latkou.
SKG tak umozniuje identifikovat zuzeni nebo uzavér koronarni tepny. Ke kvantifikaci
koronarnich sten6z pouziva angiografie nejCastéji vyjadreni v procentech zuzeni priméru
lumen. Korelace takovéto kvantifikace s hemodynamickou vyznamnosti sten6zy vSak neni
pfilis silna. Vzhledem k tomu, Ze akutni koronarni syndrom vznika ¢asto komplikaci platu
v misté zUzeni, které plvodné neni vyrazné, jsou i moznosti predikce rizikovosti konkrétniho
platu na zakladé samotné angiografie limitované (Yla-Herttuaia et al., 2011).

Ackoli z angiografie Ize nepfimo usuzovat na pfitomnost nékterych slozek platu (napf.

na pfitomnost trombu pfi nalezu projasnéni v kontrastni naplni, nebo na vyskyt kalcifikaci ve
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sténé tepny v nativnim zobrazeni), jsou jeji moznosti charakterizovat struktury pod endotelem

tepny znac¢né omezené.

IVUS OCT NIRS
Prostorové rozliSeni 100-200 pm  10-20 um -
Detekce znamek vulnerability platu.
Lipidové jadro + + ++
Tenka fibrozni Eepicka - ++ -
Ruptura + ++ -
Bodové kalcifikace + + -
Makrofagy - + -
Neovaskularizace - + -
Remodelace ++ - -

Tabulka 1. Intrakoronarni zobrazovaci metody
Uvedeno rozliSeni a moznosti detekce jednotlivych znamek vulnerabilniho platu.
IVUS - intravaskularni ultrazvuk; OCT - opticka koherentni tomografie; NIRS — near infrared

spectroscopy.

1.7.2 Intravaskularni ultrazvuk

Intravaskularni ultrazvuk (intravascular ultrasound, IVUS) byl prvni metodou, ktera
umoznila in vivo intrakoronarni zobrazeni. Spociva v principu odrazu ultrazvukovych vin od
tkané. Dle hodnoty amplitudy odrazeného signalu je vytvofen dvourozmérny obraz ve Skale
Sedi. Kalcifikace se zobrazuji jako echogenni struktury s vyraznym akustickym stinem, zatimco
pro mékky plat svédCi pfitomnost struktur se signalem slabym. Pomoci IVUS Ize velmi

spolehlivé méfit rozméry zobrazené tepny v€etné minimaini plochy lumen (minimal lumen
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area, MLA), tak jeji zevni prameér, urCit procentualni zastoupeni platu na pficném fezu tepnou
(plaque burden) a posoudit remodelaci tepny (obr. 2). Vzhledem k moznosti pfesné hodnotit
velikost a rozsah platu je IVUS rovnéz vynikajici metodou pro sledovani aterosklerotického
postizeni v €ase. Vyhodou ultrazvukového zobrazeni v Sedé Skale je vysoka tkarnova
penetrace, ktera umoznuje diky hodnotit cévni sténu v celé jeji tloustce (véetné adventicie).
Naopak limitem této metody je nizké prostorové rozliSeni (100-200 um), které neumozriuje
detailngjS§i hodnoceni slozeni platu. DalSim limitem je neschopnost IVUS prochazet pres
kalcifikace. Kalcifikace je sice mozné dobre identifikovat z hlediska cirmuferencialniho i

longitudinalniho rozsahu, nelze ale hodnotit hlubSi struktury lokalizované za kalcifikacemi.

Obrazek 2. Zobrazeni koronarni tepny intravaskularnim ultrazvukem.

Na zobrazeni v pficném Fezu tepnou je patrny pfiklad fibrézniho platu s méfenim minimalni
plochy lumen, zevniho priméru tepny a ureni procentualniho zastoupeni platu na pficném

fezu (plaque burden).

Pro pfesnéjsi hodnoceni slozeni platu byla vyvinuta radiofrekvencni analyza IVUS
signalu, ktera ziskané signaly klasifikuje podle algoritmu vytvofeného na zakladé korelace
histologie a IVUS (obr. 3). Vysledna tzv. virtualni histologie (VH-IVUS) klasifikujici tkané platu
na Ctyfi slozky: fibrézni, fibrolipidovou, nekrotickou a kalcifikovanou (Nair et al, 2007). Pfi
korelaci VH-IVUS identifikuje TCFA relativné pfesné ve srovnani s histologickymi nalezy,

ackoli pro vlastni méfeni tloustky fibrézni Cepicky rozliseni IVUS neni dostatecné (Fu;ji et al.,
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2015). Dle VH-IVUS je TCFA definovan jako plat, kde je nekrotické jadro v pfimém kontaktu s
lumen. Ve studii PROSPECT byly u pacientd s AKS pomoci IVUS a VH-IVUS identifikovany
tfi nezavislé prediktory zavaznych kardialnich pfihod, kterymi byly plocha lumen (MLA) menSi

nez 4 mmz, pritomnost TCFA a plaque burden >70 % (Stone et al., 2011).

Obrazek 3. Virtualni histologie.

Zobrazeni aterosklerotického platu na pficném fezu tepnou pomoci intravaskularniho
ultrazvuku. Vlevo standardni zobrazeni ve stupnich Sedi, vpravo pak virtualni histologie.

Dominuje fibrozni slozka platu (zelena barva).

Zatimco IVUS je nadale pouZzivan pro longitudinalni sledovani objemu platu v klinickych
studiich, vyznam VH-IVUS v detekci vulnerabilniho platu vyrazné poklesl v dusledku zavedeni

novéjSich zobrazovacich metod.

1.7.3 Opticka koherentni tomografie

Opticka koherentni tomografie (OCT) vyuziva zdroj svételného paprsku o vinové délce
blizké infraCervené Casti spektra (1 250—1 350 nm) a méfi Casovy interval signalu odrazeného
od stény tepny. Ve srovnani s IVUS disponuje OCT asi 10krat vy8§8im rozliSenim (10-20 ym),
diky kterému velmi detailné zobrazi strukturu platu v€etné lipidového jadra platu a jeho fibrézni
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Cepicky. Naopak mensi hloubka penetrace proti IVUS je limitaci v zobrazeni hlubSich vrstev a
zevni kontury tepny. OCT je proto optimalni metodou zejména na zobrazeni lumen tepny a
povrchnéjsich vrstev arterialni stény.

NejcastéjSi udavana hodnota rizikové sily Eepicky platu (definice TCFA) podle OCT je
65 um. Néktera pozorovani svédci vSak proto, ze naprosta vétsina pfipadl ruptury vznikaji na
platech s fibrézni ¢epiCkou do 85 um (Yonetsu et al., 2011). Proto je nékterymi autory TCFA
definovan touto lehce vy$8i hodnotou tloustky fibrozni Cepicky.

Oproti IVUS ma OCT i vys8i penetraci pfes kalcifikované struktury, cozZ ji umoznuje
méfit tloustku (event. i plochu a objem) kalcifikaci ve sténé. OCT je tak jedinou zobrazovaci
metodou, ktera umoznuje pfesné méfit tenkou fibrozni CepiCku platu, tak kvantifikovat krystaly
cholesterolu a infiltraci makrofagy v platu jako dalSi parametry vulnerability platu (Tearney et
al., 2003; Sinclair et al., 2015; Habara el al., 2018). Proto je mozné se na zakladé OCT
vySetieni vyjadfit nejen k detailni morfologii, ale i zanétlivé aktivité platu. Makrofagy se na OCT
zobrazuiji jako drobné hypertenzni body, coz je nalez dobre korelujici s pfitomnosti infitratu dle
histologie (Di Vito et al., 2015). Jako dalSi kritérium vulnerabilniho platu Ize pouzit ¢ast obvodu
tepny s pfitomnosti lipidového jadra — tzv. lipidovy uhel (obr. 4).

Pfitomnost morfologickych charakteristik vulnerabilniho platu dle nékterych praci
zvySuje riziko vyskytu kardiovaskularnich pfihod. Ve velké studii CLIMA zvySovala pfitomnost

vybranych morfologickych parametrt dle OCT (tloustka fibrozni EepiCky <75 um, MLA <3.5

mm2, lipidovy uhel >180° a pfitomnost infiltratu makrofagl) sedminasobné riziko umrti a
infarktu myokardu (Prati et al., 2020).

OCT byla diky vysokému rozliSeni a relativné snadné interpretaci velice rychle
zavedena do rutinni klinické praxe zejména v indikaci vedeni PCIl. Nicméné v indikaci
identifikace lipida (zejména v hlubSich vrstvach arterialni stény) pfedstavuje niZsi penetrace

OCT nadale diskutovanou limitaci této metody.
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Obrazek 4. Zobrazeni lipidového platu optickou koherentni tomografii.
Na pficném fezu pravou véncitou tepnou je parny rozsahly lipidovy plat s tenkou fibrézni
Sepickou mezi &isly 9 a 1. Uhel lipidového jadra platu v tomto pfipadé zahrnuje vice nez tretinu

obvodu tepny. Mezi €isly 6 a 9 je patrna normalni tfivrstevna struktura koronarni tepny.

1.7.4 Spektroskopie

Spektroskopické vySetfeni je jiz delSi dobu vyuzivano v rliznych odvétvich védy
ke kvantitativni a kvalitativni analyze latek. Pfi tzv. near-infrared spectroskopii (NIRS) se
vyuzivd hodnoceni absorpce elektromagnetického vinéni, které se spektrem blizi
infraervenému zafeni (o vinové délce 780-2500 nm). Tato metoda je vyuzivana i pfi
hodnoceni obsahu lipid( v aterosklerotickych platech, kdy je detekovano absorp&ni spektrum
cholesterolu. VInéni o dané vinové délce je vysilano katetrem a poté je stejnym katetrem
zachycovano vinéni odrazené. V klinické praxi se pro ziskani prostorové informace v tepné
toto vySetieni nejCastéji kombinuje v jednom katétru se sondou pro IVUS (tzv. NIRS-IVUS).
Toto tzv. hybridni zobrazeni dava informaci jak o morfologii platu, tak o jeho chemickém
slozeni. Vysledek skenovani tepny pomoci NIRS ma podobu &ervenoZlutého chemogramu,
kde Zluta barva znamena vysokou pravdépodobnost lipidového jadra (cholesterolu a jeho

esterll) a Cervena barva nizkou pravdépodobnost jeho vyskytu (obr. 5). V definované oblasti
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je tuto pravdépodobnost kvantifikujeme pomoci tzv. lipid-core burden indexu (LCBI). Nej¢astéji

je pouzivan LCBI na 4 mm useku tepny s nejvyssim vyskytem lipidu (maxLCBI, ).

50 40 30 20 10
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Obrazek 5. Vysetieni koronarni tepny pomoci NIRS (near infrared spectroscopy).
Vlevo je patrné zobrazeni na pficném fezu pomoci intravaskularniho ultrazvuku, vpravo pak

chemogram, kde Zluta barva oznacuje oblasti s vysokou pravdépodobnosti vyskytu lipidu.

Spolehlivost NIRS v detekci aterosklerotickych platd byla ovéfena koreleaci
s histologickymi nalezy ve studii provedené post mortem (Gardner et al., 2008). Poté byla
ovéfena i proveditelnost a reproducibilita této metody in vivo (Waxman et al., 2009).

Nasledné byla v fadé studii zkoumana schopnost NIRS predikovat vyskyt koronarni
pfihody v souvislosti s konkrétni koronarni 1ézi. Hodnota LCBI nad medianem byla
identifikovana jako vyznamny prediktor akutniho koronarniho syndromu pfi ro¢nim sledovani
(Oemrawsingh et al. 2014). Na souboru pacientl s provedenym NIRS u akutniho infarktu

myokardu hodnota maxLCBI, > 400 spolehlivé odlisovala platy zpusobuijici infarkt myokardu

od ostatnich (Madder et al., 2013). Prognosticky vyznam obsahu lipid(, stanoveny dle NIRS,
potvrdily dvé velké studie. Ve studii LRP byl u 1 562 pacientd na nerevaskularizovanych

tepnach proveden NIRS-IVUS. Po dvou letech byl u pacientd se zaznamenanou hodnotou
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maxLCBlsmm> 400 pozorovan vyssi vyskyt koronarnich pfihod. Vyskyt pfihod byl navic ¢astéjsi
s narGstajici hodnotou maxLCBI, _ (Waksman et al., 2019). Do studie PROSPECT Il byli
zarazeni pacienti s akutnim koronarnim syndromem, kterym bylo provedeno vySetfeni NIRS-
IVUS ve vSech povodich koronarnich tepen. Platy s vy$§im obsahem lipidd dle NIRS byly
spojeny s vy§8im rizikem koronarni pfihody v budoucnu (Erlinge et al., 2021).

NIRS je v souasné dobé povazovan za zlaty standard detekce lipidd v koronarnich
tepnach in vivo. Pfes tento pfinos je pouZivani NIRS-IVUS v klinické praxi dodnes velmi
limitované. Ve srovnani s OCT jsou zkuSenosti s NIRS na velké vétSiné klinickych pracovist

nesrovnatelné nizsi.

1.7.5 Vypocetni tomografie

Vyznam vypocetni tomografie (CT) v zobrazeni srde€nich struktur v poslednich letech
nesmirné vzrostl. Je to dano vétsim rozliSenim diky zapojeni vice fad detektor(i a dale diky
synchronizaci skenovani se srde¢nim rytmem pfi sou¢asném zaznamu EKG kfivky (EKG-
gating). SouCasna generace skeneru vyuziva 64 az 320 fad detektorld a pracuje tak s
prostorovym rozliSenim udavanym v rozmezi 230 az 625 um. P¥i pouziti tzv. retrospektivniho
EKG-gatingu se dafi i limitovat expozici zafeni. CT koronarografie se osvédcila v indikaci
detekce koronarni aterosklerézy jako metoda s vysokou senzitivitou a negativni prediktivni

hodnotou (Raff et al. 2005; obr. 6).
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Obrazek 6. CT koronarografie.

Zobrazeny obé& hlavni vétve levé vénéité tepny. Sipka oznaduje misto priichodného stentu
v RCx. RIA — ramus interventricularis anterior; ACD — arteria coronaria dextra; RCx — ramus

circumflexus.

Pomoci CT koronarografie Ize hodnotit kromé rozmérd tepny i strukturu
aterosklerotickych platd. Hodnoceni denzity pomoci Hounsfieldovych jednotek koresponduje
dobfe s diferenciaci typu platu dle IVUS (Matoyama et al., 2007). Na zakladé CT je mozné
dobfe idenfitikovat mékké slozky platu a kalcifikace. Proto se nej¢astéji podle CT rozliSuji platy
kalcifikované, nekalcifikované, event. smiSené.

V nékolika studiich byly korelovany nékteré nalezy na CT koronarografii s parametry
vulnerabilniho platu dle intravaskularnich zobrazovacich metod. Platy s nizkou denzitou
koreluji s pfitomnosti platd s lipidovym jadrem dle VH-IVUS (Marwan et al., 2011; Voros et al.
2011) i s pritomnosti TCFA a infiltrace makrofagy dle OCT (Nakazato et al., 2015). Platy s tzv.
bodovymi kalcifikacemi na CT vySetfeni koreluji s pfitomnosti platd s velkym nekrotickym
jadrem na IVUS a jsou povazovany za znamku vulnerability (van Velzen et al., 2011). Jednim
z morfologickych parametrt vulnerabilniho platu popisovanym pfi CT vySefeni je tzv. napkin-
ring sign. Jde vlastné o plat s velkym nekrotickym jadrem s nizkou denzitou obklopeny

prstencovitou vnéjsi oblasti s vy$Si denzitou (Maurovich-Horvat et al., 2010).
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Hlavni vyhodou CT proti intravaskularnim zobrazovacim metodam je neinvazivni
charakter (obr. 7). Proto se nabizi jeji vyuziti mimo jiné i ve sledovani progrese a regrese

koronarnich platd (Lehman et al., 2009, Liu et al., 2017).

Obrazek 7. Srovnani invazivni koronarografie a CT koronarografie.

Vlevo je zobrazeni pravé véncité tepny invazivni koronarografii, vpravo rekonstrukce

koronarniho fecisté na zakladé CT koronarografie.

1.8 Progrese koronarni aterosklerézy

V poslednich tfech dekadach bylo vSeobecné akceptovano, Ze akutni koronarni
pfihody nej¢astéji nevznikaji v terénu primarné tésné koronarni stendzy, ale v dusledku ruptury
platu na plvodné jen mirném zuzeni pfislusné tepny (Falk et al., 1995). Nevyznamna sten6za
je ovSem jen angiografickym popisem pro Iézi s objemnym aterosklerotickym platem, ktery je
provazen pozitivni cévni remodelaci. Ta narlstem celkového objemu tepny kompenzuje
progresi platu. Tento jev je mozno detekovat pouze intravaskularnim ultrazvukem. To

znamena, ze prechod od chronické formy ICHS do akutniho koronarniho syndromu neni
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charakterizovan kontinualnim postupnym nartustem objemu platu az do uplného uzavéru
tepny, ale spiSe rychlym spusténim patofyziologickych procesu v platu, které vedou k nahlé
kompromitaci arteridlniho lumen. Tato pfedstava vychazi z angiografickych studii, které
hodnotily vyznamnost stenézy prislusné véncité tepny mésice az roky pfed vznikem koronarni
pfihody. Nicméné ve studiich s pacienty s akutnim infarktem myokardu Uspédné lé€enymi
trombolyzou a vySetfenymi angiograficky v akutni fazi infarktu byla na platech zpusobujicich
pfihodu pozorovana primérna stenéza lumen pouze 60 % (Chan et al., 2010; Manoharan et
al., 2009). V post mortem studii s pacienty zemfelymi nahlou srde¢ni smrti ve vétsiné pripadu
zUZeni lumen tepny zpusobujici infarkt pfesahovalo 70 % (Narula et al., 2013). Zminéné
diskrepance byly vysvétleny studiemi, ve kterych byla v pribéhu sledovani opakované
provedena koronarni angiografie. Tyto studie prokazaly, ze plivodné neobstruktivni koronarni
platy progredovaly v pribéhu tydn( az mésicl pred tim, nez doslo k jejich ruptufe zpusobuijici
akutni koronarni pfihodu. V ramci patofyziologického vyvoje koronarniho platu tedy jeho
progrese Casto pfedchazi ruptury, ktera mize zpusobit tromboticky uzavér koronarni tepny a
tim i akutni infarkt myokardu. Ve studii PROSPECT provedené na populaci pacientl s akutnim
koronarnim syndromem |éCenymi perkutanni koronarni intervenci, byly pomoci
intravaskularniho ultrazvuku (IVUS) zkoumany platy, které nebyly zodpovédné za vznik
koronarni pfihody - tzv. non-culprit 1éze. U platl, které mély dle morfologie rizikovy charakter
(pfitomnost TCFA, mala MLA, a vysoky plaque burden) doSlo ke dvojnasobeni velikosti platu
v pribéhu sledovani. Studie PROSPECT zaroven prokazala, ze zvétSovani platu predstavuje
Ctyfnasobné vétsi pravdépodobnost vzniku koronarni pfihody v souvislosti s konkrétni lézi
(Stone et al., 2011).

Ve velkém multicentrickém registru pacientll po infarktu myokardu a koronarni
intervenci bylo zaznamenano 6% pacientd, ktefi byli v pribéhu jednoho roku indikovani
z klinickych dlvodl k opakované koronarni intervenci na jiné lézi (Glaser et al., 2005). Na
téchto lézich byla pozorovana progrese vyznamnosti zuzeni z pavodnich 37 + 21% v dobé

vice nez tfi mésice pfed koronarni pfihodou na 84 + 14% v dobé nasledné prihody.
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Pdvodné byla ateroskler6za chapana jako postupny pomaly proces, jejimz podkladem
je proliferace bunék hladkého svalstva ve sténé tepny (Ross, 1986). Tento koncept byl vSak v
poslednich tfech desetiletich pfehodnocen a byla pospana i rychla ,skokovité“ progrese platu
(Puri et al., 2014, Jang et al., 2017). Ve jedné prospektivni studii japonskych autort (Yokoya
et al., 1999) byla sledovana progrese koronarni ateroskler6zy pomoci opakovanych
angiografickych vysSetfeni provadénych v ¢tyfmésicnich intervalech prdbéhu jednoho roku. U
dvou ftfetin platd s progresi Slo o progresi pomalou a postupnou, zatimco jedna tfetina
vykazovala nahlou rychlou progresi. V podskupiné pacientu, u kterych byla pozorovana rychla
progrese mezi dvéma angiografickymi vySetfenimi, doslo u vice nez 70% z nich v pribéhu
sledovani i k akutni koronarni pfihodé&, zatimco pacienti bez progrese byli klinicky stabilni. Tato
studie dobfe demonstrovala, ze faze rychlé progrese platu je dulezitym stadiem vyvoje mezi
¢asnou aterosklerézou a vznikem ruptury platu a AKS.

Tato data maji potencialné zasadni vyznam pro klinickou praxi. V nékolika studiich byla
na velkém podtu pacientl pozorovana pfesvédCiva souvislost mezi progresi koronarni
aterosklerézy a vyskytem kardiovaskularnich pfihod (Nicholls et al., 2016). Vzhledem k tomu,
Ze progrese platu je nutnym stadiem vyvoje platu pfed jeho destabilizaci a vznikem koronarni
pfihody, mohou terapeuticka opatfeni cilena na zpomaleni progrese platu (nebo dokonce na
jeho regresi) vést k redukci rizika jeho ruptury a infarktu myokardu.

To, Ze progresi aterosklerdzy Ize pomoci farmakoterapie ovlivnit prokazala fada studii.
V kontextu medikamentozni [€Cby aterosklerdzy bylo vzdy za zakladni cil povaZzovano snizeni
faktor destabilizace platu.

Prvni klinické studie zkoumajici vliv hypolipidemické IéEby na vyvoj aterosklerotickych
platd byly provedeny se statiny. Statiny jsou kompetitivnimi inhibitory hydroxy-methylglutaryl-
koenzym A-reduktazy, coz je enzym katalyzujici kliCovou reakci pfi intrahepatalni syntéze
cholesterelu. Prvni z téchto studii hodnotily objem aterosklerotickych platd pomoci IVUS

(Nissen et al., 2006; Nicholls et al., 2011; Otagiri et al. 2011). Tyto studie pfinesly zjisténi, Ze
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pfi intenzivni farmakoterapii statiny dochazi k regresi objemu aterosklerotickych platd o zhruba
1-2 % na rok IéCby. Tato zména se zdad pomérné mald na to, aby beze zbytku vysvétlila
pozitivni klinicky dopad intenzivni statinové 1éCby. Proto byly v dalSich studiich sledovany i
dal$i morfologické parametry platli nez jen jejich celkovy objem, k ¢emuz bylo nutné pouzit i
noveéjsi zobrazovaci metody jako je OCT, NIRS nebo CT.

Zaroven byla do klinické praxe zavadéna dal8i hypolipidemika, coZ umoznilo testovat
vliv jesté intenzivnéjSich farmakoterapeutickych rezimd nez jen samotné IéCby statiny. Nékteré
studie prokazaly pozitivni vliv hypolipidemické 1éEby na morfologii aterosklerotickych plata, a
to zejména efekt terapie statiny na snizeni objemu jadra platu a ztlusténi jeho fibrézni Cepicky
(Inoue et al., 2010; Hattori et al., 2012). Tyto zmény morfologie platu jsou projevem jeho
stabilizace, coz znamena, Ze snizuji pravdépodobnost ruptury, a to i v situaci, kdy stupen
kalcifikaci platu a sten6za lumen tepny zlstavaji nezménény, nebo se dokonce zhorsi. To plati
zejména pro kalcifikace platu, jejichz narGst byl v pribéhu statinové léCby pozorovan
(Alexopoulos et al., 2013). Ve studii PRECISE-IVUS byla pozorovana vyraznéjsi regrese plata
pfi dualni hypolipidemické |éCbé, kdy ke statinu bylo pfidano dal3i hypolipidemikum, ezetimib
(Tsujita et al., 2015). Pfed nékolika lety byla do klinické praxe zavedena nejmodernéjsi skupina
hypolipidemickych preparatd — monoklonalni protilatky proti proproteinu konvertaze subitilizin-
kexin typu 9 (PCSK9). Ve studii ATHEROMO-IVUS byla pozorovana korelace hladiny PCSK9
s obsahem nekrotické tkané v platu, a to bez zavislosti na hladiné LDL-cholesterolu (Cheng et
al., 2016). | proto se na novou lékovou skupinu inhibitorll PCSK9 okamzité upnula pozornost
s predpokladem, Zze dramaticky efekt této IéEby na hladiny LDL-cholesterolu v krvi by mohl byt
provazen i vyznamnym ovlivnénim velikosti a sloZzeni aterosklerotickych platu.

V roce 2016 byla publikovana studie GLAGOV. Byla to prvni velkd randomizovana
studie hodnotici efekt PCSK9 inhibitoru evolokumabu na velikost a slozeni platu pfi jeho
pridani ke statinové lé¢bé. Do studie bylo zafazeno témér tisic pacientl s akutnim koronarnim
syndromem a dokumentovanou ateroskler6zou. Ve skupiné 1é€ené PCSK9 inhibitorem doslo

vyznamné Castéji k regresi procentualniho objemu platu (Nicholls et al., 2016). Nicméné tento
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pokles byl pouze 1%, coz bylo vyrazné méné, nez bylo oekavano pfi dramatickému rozdilu
v dosazenych plasmatickych hladinach LDL-cholesterolu a vyraznému benefitu v klinickych
ukazatelich z jinych studii dosahujicich obdobnych hodnot krevnich lipidG (Schwartz et al.,
2018; Sabatine et al., 2017).

Vysvétleni velkého efektu na klinické pfihody pfi malé redukci objemu platu bylo opét
nutno hledat ve vlivu na sloZzeni koronarnich platd a jeho strukturu, a to diky studiim
vyuzivajicim novéjSi zobrazovaci metody jako je NIRS a OCT. Ve studii YELLOW bylo
s pomoci NIRS-IVUS prokazano, ze intenzivni |éCba statiny vede jiz po 7 tydnech
k vyznamnému snizeni obsahu lipidd v platu (Kini et al., 2013).

Obdobné ve studii EASY-FIT vedla intenzivnéjsi statinova lé¢ba v populaci pacient(
s akutnim koronarnim syndromem ke zvySeni tloustky fibrézni Cepi¢ky detekované pomoci
OCT (Komukai et al., 2014).

Nékolik dalSich menSich studii doSlo vesmés k obdobnym vysledkiim, tedy zZe
hypolipidemicka lécba (intenzivni 1éCba statinem, popfipadé jeho kombinace s ezetimibem
nebo PCSKS9 inhibitorem) vede k morfologickym znamkam stabilizace. Kromé pfiznivého vlivu
na tloustku fibrozni Eepicky platu a snizeni lipidového obsahu jeho jadra byla popisovana i
redukce infiltrace makrofagy (Raber et al., 2019; Sugizaki et al., 2020; Hougard et al., 2020).
Praveé snizeni infiltratu makrofagy maze predstavovat jeden z patofyziologickych mechanismd,
které vysvétluji velky klinicky benefit intenzivni hypolipidemicka l1é&by. Tuto hypotézu podporuji
pozorovani, ze pfitomnost vétSiho mnozstvi makrofagu v povrchové vrstvé platu je spojena
s vysSi incidenci koronarnich pfihod (Budassi et al., 2022).

Zasadni bylo provedeni dvou randomizovanych studii, které shodné& hodnotily vliv
PCSK9 inhibitoru na stabilizaci platu. Prvni z nich je HUYGENS, ve které byl pomoci
opakovanych OCT vySetfeni hodnocen efekt PCSK9 inhibitoru evolocumabu na objem a
slozeni platu. Ve skupiné s evolocumabem byla pozorovana vyznamné vétsi regrese objemu
platu, redukce lipidového jadra, vétsi narust tloustky fibrézni €epiCky a zmenseni infiltrace
makrofagy v lipidovych platech (Nicholls et al., 2022).
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Druhou vyznamnou studii byla studie PACMAN-AMI, ktera sledovala vliv Ié€by PCSK9
inhibitorem alirocumabem pomoci nékolika zobrazovacich metod (IVUS, NIRS i OCT) po dobu
jednoho roku. Studie prokazala pozitivni vliv alirocumabu na velikost a slozeni platu ve smyslu
vyraznéj$i redukce objemu platu, obsahu lipidu i infiltratu makrofagy a vétsi narlst tloustky
fibrozni CepiCky (Raber et al., 2022). Konzistentni snizeni lipidové slozky platu a zvétSeni
tloustky fibrozni Cepicky Ize tedy na zakladé téchto vysledkl interpretovat jako projevy
stabilizace platu. V souladu s tim byl v nedavno publikovanych studiich pozorovan castéjsi
vyskyt tenkeé fibrézni Cepicky u platd s velkym obsahem lipid ve srovnani s platy chudymi na
lipidy (Biccire et al., 2022).

Obsah lipidu v platu hodnoceny pomoci dle NIRS i pfitomnost tenké fibrézni Cepicky
byly identifikovany jako prediktory progrese platu (Tomaniak et al. 2022; Uemura et al. 2012).
Vzhledem k tomu, ze tato progrese predstavuje vyznamny rizikovy faktor pro vznik AKS, nabizi
se otazka, které morfologické parametry aterosklerotického platu jsou pfi hodnoceni rizikového
v jednom bodé, platy s nejvétsi plochou tenké fibrézni Cepicky, anebo platy, kde lipidové jadro
zabira nejvétsi ¢ast obvodu tepny. VSechny tyto a fadu dalSich morfologickych parametru Ize
technicky pomoci OCT identifikovat. Nicméné vztah takto detailnich morfologickych parametru

k dalsi k progresi aterosklerdzy nebyl zatim podrobnéji studovan.

1.9 Hodnoceni obsahu lipida v aterosklerotickych platech

Z vysledu fady studii tedy vyplyva, Ze obsah lipidu v aterosklerotickém platu je
zasadnim prognostickym faktorem pro vznik akutniho koronarniho syndromu. Zlatym
standardem in vivo detekce a kvantifikace lipidu v koronarnich platech je pfitom NIRS. Tato
metoda byla validovana na studii s histologickymi nalezy (Gardner et al. 2008), ale kvuli
omezené dostupnosti neni v klinické praxi bézné vyuzivana. OCT je naopak metoda Siroce

rozSifena v klinicka praxi, zejména ve vedeni koronarnich intervenci. Kromé této hlavni
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klinické indikace maze byt OCT vyuZita k detailnimu hodnoceni morfologie platu. Ackoli
pomoci OCT nelze pfimo hodnotit chemické slozeni platu, je mozné morfologicky identifikovat
lipidové jadro. Nabizi se proto vyuzit k detekci a kvantifikaci koronarnich lipidu spiSe OCT
misto NIRS.

Yabushita jiz pfed vice neZ dvéma dekadami popsal velkou pfesnost OCT v identifikaci
lipidovych platu (Yabushita et al. 2002). Co se tyCe in vivo srovnani detekce lipid(i pomoci OCT
a NIRS jakozto zlatého standardu, byly zatim udaje omezené a rozporuplné. V jedné mensi
studii na 17 pacientech byla pozorovana jen slaba korelace obou metod v detekci lipidu
(Yonetsu et al., 2014). To bylo autory Caste¢né vysvétlovano limitaci OCT v hodnoceni
kalcifikovanych platl, protoze u platd nekalcifikovanych byla korelace mezi obéma metodami
dobra. V nékterych dalSich studiich byla pozorovana dobra korelace mezi NIRS-IVUS a OCT
ve stanoveni TCFA, a to jak v populaci pacientd s akutni koronarnim syndromem, tak u
chronickych forem ischemické choroby srde¢ni (Roleder et al., 2014; Zanchin et al., 2021).

| kdyz pfibyva dukazl o schopnosti OCT detekovat lipidy v aterosklerotickych platech
s podobnou pfesnosti jako u NIRS, zavéry nejsou zcela jednoznacné a diskutuji se i technické
limitace OCT v této indikaci, mezi které patfi napfiklad horSi dosah zobrazeni v hlubSich
vrstvach arterialni stény. Ur€itym problémem pro pouziti OCT k analyze lipidového obsahu v
klinické praxi navic mOze byt slozitost jejiho vyhodnoceni. Systém totiz neprovadi
automatickou analyzu lipidd a manualni hodnoceni je ¢asové naro¢né a stejné jako u jinych
zobrazovacich metod se objevuji snahy o vyvoj systéml s CasteCné nebo plné
automatizovanym vyhodnocenim (Isodori et al. 2021). Detailni analyza morfologie platu
pomoci OCT s identifikaci konkrétnich parametrtl, které dobfe koreluji s obsahem lipidQ
stanovenym dle NIRS, by potencialné mohla vyznamné zpfesnit rizikovou stratifikaci pacientu

v klinické praxi.
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2 HYPOTEZY A CILE VEDECKE PRACE

2.1 Hypotézy

V praci byly testovany nasledujici hypotézy:

Hypotéza €. 1:

Morfologické charakteristiky a vysoky obsah lipidu v aterosklerotickych platech jsou

rizikovymi faktory progrese aterosklerézy.

Hypotéza €. 2:

Obsah lipidli v aterosklerotickych platech Ize spolehlivé detekovat na zakladé detailni

morfologické analyzy.

2.2 Cile védecké prace

1. Vyhodnotit progresi aterosklerdzy a identifikovat prediktory této progrese

pomoci detailni analyzy aterosklerotickych platd s vyuzitim OCT a NIRS.

2. Analyzovat korelaci morfologickych parametrt pfitomnosti lipidu

v aterosklerotickych platech s lipidovym obsahem stanovenym podle NIRS.
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3 METODIKA

3.1 Studijni soubor

Do studie byli zafazeni dospéli pacienti s akutnim koronarnim syndromem, ktefi byli
z klinickych davod( indikovani k akutni koronarografii. Studie probihala v jednom komplexnim
kardiovaskularnim centru (Nemocnice Na Homolce, Praha, Ceska republika). Podminkou
k zafazeni pacienta byla pfitomnost alespori jedné aterosklerotické l|éze, kterd nebyla
zodpovédna za akutni ischémii myokardu (tzv. non-culprit 1éze), nebyla indikovana k
revaskularizaci a zaroven byla vhodna k vySetfeni pomoci intrakoronarniho zobrazeni.
VyluCovacimi kritérii byla hemodynamicka nestabilita, zavazna renalni insuficience
(odhadovana glomerularni filtrace niz8i nez 30 ml/min), t&hotenstvi a oCekavana délka Zivota
pod dva roky. VSichni pacienti podstoupili intravaskularni vysetfeni zvolené non-culprit 1éze
pomoci kombinovaného vySetifeni katetrem pro NIRS-IVUS a katetrem pro OCT. VSichni
pacienti poskytli pfi zakroku pisemny informovany souhlas a studie byla schvalena mistni

etickou komisi.

3.2 Intrakoronarni zobrazeni

Po provedeni SKG a pfipadné PCl v misté akutni léze byla dle uvahy operatéra
vybrana jedna non-culprit 1éze, ktera nebyla na zakladé angiografie nebo méfeni frakéni
pratokové rezervy indikovana k revaskularizaci. Tato |éze musela byt lokalizovana na nativni
koronarni tepné bez pfedchozi intervence. Nebyly vySetfovany tepny s excesivnimi

kalcifikacemi, extrémnim vinutim a prdmeérem pod 2.5 mm. S pouzitim OCT a NIRS-IVUS byl
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nasledné vySetien identicky segment tepny. Systémové byl aplikovan nefrakcionovany
heparin, jehoz podavani bylo fizeno podle hodnot aktivovaného koagula¢niho ¢asu s cilovou
hodnotou >250 sekund. Pfed zavedenim instrumentaria byl intrakoronarné podan nitrat pfes
vodici katetr.

Nejprve byla provedena OCT pomoci katetru Dragonfly™ (St. Jude Medical, St. Paul,
MN, USA) a komeréné dostupnym zobrazovacim systémem Illumien (St. Jude Medical, St.
Paul, MN, USA). Katetr byl umistén distalné za vySetfovanou lézi a byl proveden zaznam
obrazu za kontinualniho automatického posunu katetru (pullback) rychlosti 20 mm/s. B&éhem
zaznamu byla krev vymyta kontrastni latkou s pouzitim automatického injektoru rychlosti 3
mi/s. Nasledné byl proveden NIRS-IVUS pomoci komeréné dostupného zobrazovaciho
systému TVC Imaging system™ a katetru TVC Insight ™ Catheter (Infraredex, Inc., Burlington,
MA, USA). Zaznam NIRS a IVUS byl proveden v pribéhu motorizovaného posunu katetru
rychlosti 0,5 mm/s. Oblasti se Spatnou kvalitou zobrazeni byly vyfazeny z analyzy.

Obrazové zaznamy z OCT i NIRS-IVUS byly ulozeny v digitalni formé. Na zaznamech
z obou modalit byly identifikovany identické anatomické orientaéni body (napf. odstupujici
postranni vétve nebo misto s minimalni plochou lumen). Pfi pouziti odstupu boéni vétve k
uréeni koronarniho segmentu jsme poufZili distalné sténu proximalni bo¢ni vétve a proximalné
sténu distalni bocni vétve. Anatomické orientaéni body byly pouZity k identifikaci

odpovidajicich koronarnich segmentd na zaznamech z obou modalit (obr. 8).
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Obrazek 8. Identifikace identickych oblasti pfi vySetieni OCT a NIRS-IVUS.

Pfiklady snimku tepny na pfi€ném fezu optické koherentni tomografie (levy sloupec) a NIRS-
IVUS (pravy sloupec). (A, B) Odsup bo¢ni vétve (Sipka). (C, D) Lipidové jadro (pferuSovana
¢ara). (E, F) Kalcifikace (hvézdicka).

IVUS - intravaskularni ultrazvuk; NIRS - near infrared spectroscopy; OCT — opticka koherentni

tomografie.
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3.3 CT koronarografie

CT vySetfeni koronarnich tepen bylo provadéno parové s odstupem jednoho a dvou
rokl od probéhlého akutniho koronarniho syndromu a vstupniho vySetfeni. VySetfeni byla
provedena na multidetektorovém pfistroji Siemens Somatom Defition Flash, postkontrastné v
rezimu CT koronarografie s prospektivnim gatingem. VySetfované 1éze pro hodnoceni na CT
byla pfedem definovana na zakladé angiografie koronarniho fecisté. Samotné hodnoceni
potom probéhlo v postprocessingovém programu Intellispace Portal, Philips Healthcare
Engineering, Netherlands. Pro hodnoceni byly vybrany série s nejvétsi kontrastni napini v
koronarnim fecisti a nejméné artefakty. Nejprve byl v multiplanarnim rezimu identifikovan
vySetfovany segment, samotna volumetrie prob&hla v komponenté Tumor Tracking se
semiautomatickou 3D segmentaci umoziujici méfeni objemu s presnosti na 0,001 cm?. Byla
zvlast mérena kalcifikovana a “mékka” komponenta platu a celkovy objem platu dané léze ve
vyznacené &asti tepny (obr. 9). Data byla hodnocena paroveé tak, aby sou¢asnym hodnocenim
parovych vysSetfeni bylo pfi porovnani objemu lézi dosazeno maximalni pfesnosti. Néktera

vySetfeni byla oznacena jako nehodnotitelna z divodu malé napiné v koronarnich tepnach ¢i

pro artefakty.

Obrazek 9. Priklad hodnoceni objemu koronarniho platu pomoci CT vySetreni.
Zobrazena prava véncita tepna, v jejichz stfednim useku je pfitomen excentricky koronarni

plat. Barevné jsou znazornény hmoty platu ve dvourozmérném zobrazeni.
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3.4 Vyhodnoceni OCT

Vsechny OCT zaznamy OCT byly analyzovany pomoci softwaru ICWA-OCT vyvinutém
na The University of lowa, lowa City, lowa, USA. Jde o semiautomaticky sofware vyuzivajici
umélé intelligence, model hlubokého uceni a optimalizaéni techniku zalozenou na grafech
(Sun et al., 2013; Chen et al., 2018; Jensen et al., 2023). Tento software byl v nasi studii pouZit
k analyze zastoupeni lipidQ v platu a stanoveni sily fibrézni Cepicky.

U kazdého OCT snimku byly na pficném fezu tepnou systematicky segmentovany
kontury lumen tepny a fibrézni €epi¢ky nad lipidovym jadrem pomoci trojrozmérné metodiky

(obr. 10). VSechny automaticky identifikované kontury byly jesté verifikovany a podle potieby

manualné korigovany (obr. 11).

Obrazek 10. Segmentace lumen koronarni tepny pomoci softwaru ICWA-OCT.

Jedna se o semiautomaticky software, ktery zpracovava zaznam pofizeny pomoci optické
koherentni tomografie. Vlevo jsou zobrazeni tepny na pfi€ném fezu, vpravo pak v dlouhé ose.
Na obou dolnich obrazcich je patrna €ervena linie, ktera odpovida kontufe lumen tepny po jeji

automatické segmentaci.
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Obrazek 11. Méreni sily tenké fibrozni ¢epicky fibroateromu.

Je zobrazen fez koronarni tepnou pomoci optické koherentni tomografie pomoci
semiautomatického softwaru ICWA-OCT. V rozsahu vyse€e mezi Cislicemi 9 a 1 na
pomysiném ciferniku hodin a je lipidovy plat. Cervena linie vymezuje hranici mezi lumen
tepny a fibrézni Cepickou, zelena linie pak okraj fibrézni epi¢ky. Prostor mezi obéma linkami
zobrazuje silu fibrozni Cepicky. V tomto pfipadé jde fibroaterom s velmi tenkou fibrézni

Cepickou. Na obrazku jeji sila zméfena na 56 pm.

Casti cévni stény, které byly nehodnotitelné kvilli artefaktim nebo stinu vodiciho dratu,
byly z dalSi analyzy vylou€eny. Segmenty obsahujici lipidovy plat byly definovany manualné
stejné jako cirkumferencialni rozsah lipidového jadra a fibrézni Cepicky (lipidovy uhel). To
umoznilo vyhodnotit celkovy rozsah fibrézni ¢epicky v ramci kazdého snimku pfi€ného fezu i
v ramci celého segmentu v dlouhé ose tepny (obr. 12). Nasledna kvantitativni volumetricka
analyza celého Useku poskytla udaje o primérné a minimalni tloustce fibrézni ¢epicky, délce
a procentu snimku vykazujicich konkrétni tloustku fibrézni Cepicky, celkové a procentualni
plose povrchu fibrézni Cepi¢ky, objemu fibrézni Cepicky a hodnotach primérného,
maximalniho a celkového lipidového uhlu vyjadfeného jako vysec€ s vyskytem lipidového jadra.
Na zakladé volumetrické analyzy OCT nalezd bylo takto identifikovano celkem 24

morfologickych parametra.
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Obrazek 12. Dvourozmérna rekonstrukce sily fibrézni ¢epicky.

Analyza vychazi ze zpracovani dat z vySetfeni optickou koherentni tomografii pomoci
semiautomatického softwaru ICWA-OCT. Koronarni tepna je zobrazena jako ,rozbaleny
koberec®, na ose ,y“ je cirkumferencialni informace (0-360°) a na ose ,x“ longitudinalni
informace (distalné - proximalné&). Analyza pomoci barevného kodovani poskytuje informaci

o sile fibrézni CepiCky v celém vySetfeném segmentu tepny a po celém jejim obvodu.

3.5 Vyhodnoceni NIRS

Pfitomnost lipidového jadra byla ze zaznamu NIRS hodnocena pomoci tzv. blokového
chemogramu. V kazdém analyzovaném segmentu koronarni tepny, kde byl lipid detekovan,
byl pro kvantifikaci lipidového obsahu pouzit maxLCBlsnm). Ten pfedstavuje maximalni LCBI
(podil pixeld s pravépodobnou pFitomnosti lipidi vynasobeny 1000) pro 4mm podélny usek

tepny s nejvys$Sim zjisténym mnozstvim lipidda (obr. 13).
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Obrazek 13. Kvantifikace obsahu lipid(i podle spektroskopie.

Zobrazen tzv. chemogram ziskany pfi vySetfeni NIRS (near infrared spectroscopy), kde Zluta
barva oznaCuje oblasti s vysokou pravdépodobnosti vyskytu lipidu. Ke kvantifikaci lipidového
obsahu je pouzivan index ozna¢ovany jako maxLCBlsmm (lipid-core burden index), ktery
predstavuje 4 mm podélny usek tepny s nejvyssSim zjist€énym mnozstvim lipida. Na obrazku
je chemogram platu s extrémni hodnotou maxLCBlsmm 932 vzhledem k tomu, Ze lipidova

slozka zabira témér cely obvod tepny.

3.6 Statisticka analyza

Do analyzy bylo zahrnuto 24 morfologickych parametrt z volumetrické analyzy OCT,
hodnota maxLCBlsmm ziskana pfi vySetifeni NIRS a 25 demografickych parametru.

Spojité proménné byly vyjadfeny jako primér a standardni odchylka. Hodnoty
maxLCBlsmm byly analyzovany jednak jako spojité proménné, jednak jako kategorické
proménné (nizka versus vysoka hodota) se zohlednénim klinicky relevantni prahové hodnoty
(400). Ke zkoumani vztahu mezi proménnymi (demograficka data, parametry z méfeni OCT,
NIRS a vyvoje objemu platu podle CT) byl podle potfeby pouzit Pearsonlv korela¢ni test. K
posouzeni rozdili v morfologickych parametrech podle OCT mezi skupinami
charaterizovanymi nizkymi a vysokymi hodnotami maxLCBlsmm byl pak pouzit neparovy t-test.
K analyze predikéni schopnosti kvantititivnich proménnych z OCT analyzy ve vztahu k vyskytu
prahové hodnoty maxLCBlsmm byla provedena ROC analyza. Zavislosti mezi proménnymi

vztahujicimi se k analyze OCT a NIRS, stejné jako mezi parametry z OCT a objemy platu podle
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CT byly zkoumany pomoci parového Wilcoxonova testu. Kategorialni data byla porovnavana
pomoci McNemarova testu.
K predikci hodnot maxLCBlsmm na zakladé demografickych udaja a vySetfeni OCT byla

X

pouzit vybér parametri zaloZzeny na metodé “random forest”. K vyhodnoceni vyznamnosti
predikce byla u kazdého pacienta provedena kfiZova validace s vynechanim jednoho
parametru (leave-one-out). Porovnanim modell s konkrétnim parametrem a bez néj byl pak
uréen vyznam jednotlivych parametri. Nasledné byla provedena multivariaéni analyza k
posouzeni maxLCBlsmm pomoci linearniho modelu vyuZivajiciho vybrané parametry. Obdobné
byl vytvofen prediktivni model pro binarni predikci vyvoje objemu platu (progrese versus
absence progrese) na zakladé vybranych morfologickych parametrti z OCT vySetfeni.

Za statisticky vyznamnou byla povaZzovana hodnota p <0,05. VSechna statisticka

vyhodnoceni vysledku byla provedena pomoci programu R 3.5.1.

4  VYSLEDKY

4.1 Soubor pacienttl

V obdobi od ledna 2015 do ledna 2018 bylo do studie zafazeno celkem 40 pacientd, ktefi
spinili vstupni kritéria (tab. 2). Pramérny vék byl 60 let a vétSinu pacientd (85%) tvorili muzi.
Primérna hodnota LDL cholesterolu byla 3,5 mmol/l. U dvou tfetin pacientl (27) se jednalo o
STEMI a u zbyvajicich 13 pacientl o AKS bez ST elevace (NSTE-AKS). U vSech 40 pacientu
se podafilo bez komplikaci provést vySetfeni pomoci intrakoronarniho zobrazeni identické
non-culprit Iéze vybrané tepny pomoci NIRS-IVUS i OCT. VSichni pacienti byli zafazeni do
analyzy hodnoceni obsahu lipidd pomoci obou zobrazovacich metod. Primérna hodnota

maxLCBlsmm byla 319 £ 213.
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Pacienti (n=40)

Vék (roky) 60+ 8,9
Zeny 6 (15,0)
Rodinna anamnéza ICHS 12 (30,0)
Aktivni nikotinismus 28 (70,0)
Arterialni hypertenze 17 (42,5)
Hyperlipidémie 13 (32,5)
Diabetes mellitus 6 (15,0)
Lécba statinem 10 (25,0)
Lécba ACEl/sartanem 14 (35,0)
Lécba betablokatorem 5(12,5)
Lipidogram

Cholesterol (mmol/l) 52+11
LDL-cholesterol (mmol/) 3,5+1,0

Klinicka manifestace

STEMI 27 (67.5)
NSTE-AKS 13 (32,5)
EF levé komory (%) 55+ 10,2

Hodnocena tepna

Ramus interventricularis anterior 14 (35,0)
Ramus circumflexus 11 (27,5)
Arteria coronaria dextra 15 (37,5)
MLA vySetfované léze (mm?) 45+23
MLD vySetfované léze (mm) 2,4 +0,6)

Tabulka 2 Demografické parametry pacientu.

Data vyjadiena jako primér se smérodatnou odchylkou, resp. pocet a procentualni vyskyt.
ACEI - inhibitory angiotenzin kovertujiciho enzymu; ICHS - ischemicka choroba srdecni; EF -
ejekcni frakce; MLA - minimal lumen area; MLD - minimal lumen diameter; NSTE-AKS -

akutni koronarni syndrom bez ST elevaci; STEMI - infarkt myokardu s elevacemi ST.

Prvni vySetfeni CT koronarografii podstoupilo celkem 36 pacientd. Z toho u 30

pacientl bylo provedeno i druhé CT vysSetfeni s odstupem jednoho roku. Z téchto 30
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pacientl bylo u Sesti z nich jedno z parovych vysSetfeni horSi kvalitu zobrazeni, coz
znemoznilo hodnotit objemy koronarnich plati. Celkem 24 pacientu, u kterych byla ziskana
kvalitni data z obou CT vy3etfeni, bylo zafazeno do hodnoceni progrese objemu

aterosklerotického platu dané léze.

4.2 Predikce progrese plati na zakladé morfologickych charakteristik a lipidového

obsahu

K hodnoceni progrese aterosklerotickych platd byla pouzita data z volumetrické
analyzy CT koronarografie. Byla hodnocena zména objemu platu mezi obéma CT vySetfenimi
v odstupu jednoho roku, a to zména celkového objemu platu a zvladt zmeéna kalcifikované a
nekalcifikované ¢asti platu. Cilem analyzy bylo predikovat na zakladé vstupnich dat ziskanych
z intrakoronarniho zobrazeni pomoci OCT a NIRS progresi aterosklerotickych plata v prabéhu
jednoho roku hodnocenou CT koronarografii.

Z celkového poctu 24 hodnocenych Iézi doSlo k progresi u 14 (58%) nich, zatimco u 10
(42%) lézi zGstaval objem platu bez progrese, tj. byl bud stacionarni, nebo mensi (obr. 14).
Primérny celkovy objem platu byl pfi prvnim vySetfeni 65,1 + 54,1 mm?, pfi kontrolnim
vySetieni s odstupem roku pak 68,9 + 55,8 mm?.

Nepozorovali jsme Zadnou vyznamnou linearni korelaci mezi morfologickymi
parametry dle OCT ani lipidovym obsahem dle NIRS a progresi platu. Jedinym parametrem,
kde byla zjisténa pozitivni linearni korelace se zménou celkového objemu platu byla sérova
hladina kreatininu (p = 0,017, R = 0,48). Zajimavym nélezem byla negativni korelace télesné

vySky pacienta s narustem kalcifikované slozky platu (p = 0,016, R = 0,49).
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Obrazek 14. Piiklady vyvoje objemu aterosklerotického platu na CT zobrazeni.

Parova zobrazeni stejné tepny s volumetrickou analyzou u dvou vySetfeni v rozmezi jednoho
roku. Na horni a dolni ¢asti obrazku jsou pfiklady Iézi, u kterych doSlo k progresi v prubéhu
sledovani. V prostfedni ¢asti je pfiklad stacionarniho koronarniho platu.

RIA — ramus interventricularis anterior; ACD — arteria coronaria dextra; RCx — ramus

circumflexus.
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Obrazek 15. Binarni predikce zmény celkového objemu platu.

Zména objemu byla hodnocena jako progrese versus absence progrese (stacionarni objem
platu ¢i regrese) na zakladé zminénych morfologickych OCT parametr(.

FT — fibrous cap thickness (sila fibrozni ¢epicky); FA — fibroaterom; FV — fibrous cap volume

(objem fibrozni Cepicky).

Parametr p

Podil snimkd s FCT <200 um (%) 0,11
FCT <200 pm (% plochy FA) 0,89
FCT <100 pm (% plochy FA) 0,17
FCT <65 pm (% plochy FA) 0,43
MLA (mm?2) 0,93
Maximalni lipidovy uhel (°) 0,27
Primérny lipidovy uhel (°) 0,21
Celkova plocha FA (mm?) 0,23
Plat s FCT < 100um (mm?) 0,79
Objem fibrézni ¢epicky (mms3) 0,23

Tabulka 3. Binarni predikce vyvoje platu na zakladé jednotlivych morfologickych
parametri odvozenych z OCT.
FCT — fibrous cap thickness (sila fibrozni ¢epicky),; FA — fibroaterom; MLA — minimal lumen
area (minimalni plocha lumen); OCT — opticka koherentni tomografie.
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Dale jsme se pokousSeli o binarni predikci zmény celkového objemu platu ve smyslu
progrese versus absence progrese (stacionarni objem platu ¢i regrese) na zakladé zminénych
morfologickych OCT parametr( (obr. 15). Zadny z parametrd nebyl v této predikci statisticky
vyznamny (tbl. 3). Stejné tak nebyl zadny samostatny parametr vyznamnym prediktorem
progrese ani jedné ze sloZek platu (jeho kalcifikovana, resp. nekalcifikovana slozka).

Pfi selekci nejdllezitéjSich parametrd jsme identifikovali tfi z nich, jejichz kombinace
predikovala progresi platu se pfesnosti 70,8 % (tbl. 4). Témito parametry byly minimalni plocha
lumen (MLA), relativni zastoupeni snimkl se zachycenou FCT (fibrous cap thickness, sila
fibrézni Cepicky) <200 um a pramérna hodnota uhlu lipidového jadra platu. Pomoci kombinace
téchto tfi morfologickych parametrd bylo mozné predikovat progresi konkrétni léze se
senzitivitou 85,7 %. Nicméné hodnoty specificity (50%) a celkové presnosti (70,8%) pfi predikci

progrese objemu platu timto zpusobem nesvédcily pro spolehlivost takového pfistupu (tbl. 5).

Vyvoj platu Celkem
Progrese Bez progrese
Predikce Progrese 12 (50 %) 5(21 %) 17
(OCT) Bez progrese 2 (8 %) 5(21 %) 7
Celkem 14 10 24

Tabulka 4. Binarni predikce vyvoje platu na zakladé kombinace morfologickych

parametri odvozenych z optické koherentni tomografie.

Uvedené hodnoty plati pro kombinaci tfi parametrd (minimalni plocha lumen, podil snimkl se

silou fibrézni Eepicky <200 um, primérny lipidovy uhel).

OCT - opticka koherentni tomografie.
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Parametr Hodnota

Senzitivita 85,7 %
Specificita 50,0 %
Pozitivni prediktivni hodnota 70,6 %

Negativni prediktivni hodnota 71,4 %

Celkova presnost 70,8 %

Tabulka 5. Pfesnost binarni predikce progrese platu na zakladé kombinace
morfologickych parametrii odvozenych z optické koherentni tomografie.
Uvedené hodnoty plati pro kombinaci tfi parametrt (minimalni plocha lumen, podil snimki se

silou fibrozni Eepicky <200 uym, primérny lipidovy uhel).

4.3 Hodnoceni lipidového obsahu na zakladé morfologické analyzy

Morfologické parametry lipidového platu hodnocené pomoci OCT korelovaly s
maxLCBlsmm vV porovnani jako spojité proménné (tab. 6). Silna korelace byla pozorovana i pfi
srovnani vysledku NIRS jako kategorické proménné se zohlednénim Klinicky relevantni

prahové hodnoty maxLCBIlsmm 400 (tab. 7).
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Parametr Hodnota R p
Prdmérna FCT (um) 160.5 + 84 0.39 0.012
Minimalni FCT (um) 63 + 50 0.05 0.738
Délka platu s FCT <65 ym (mm) 1.5+£3.5 0.66 <0.001
Celkova plocha FA (mm?) 11.9 £ 19.1 0.74 <0.001
Celkova plocha FA <65 pm (mm?2) 0.05+0.2 0.56 <0.001
Plat s FCT <65 ym (% plochy FA) 0.24+0.5 0.31 0.048
Objem fibrozni ¢epicky (mm3) 24+3.8 0.74 <0.001
Maximal lipidovy thel(®) 96.9+91.3 0.85 <0.001
Prdmérny lipidovy thel (°) 55.4 + 48.4 0.81 <0.001
Celkovy lipidovy uhel (°) 3179 £ 5351 0.74 <0.001

Tabulka 6. Korelace mezi jednotlivymi morfologickymi parametry volumetrické analyzy

OCT a maxLCBlsnm jako spojitych proménnych.

FCT - fibrous cap thickness (sila fibrozni ¢epicky); FA - fibroaterom; OCT — opticka

koherentni tomografie; maxLCBlsmm — 4mm lipid-core burden index.

Parametr maxLCBlsmm 2400 maxLCBlsmm <400 p
Prdmérna FCT (um) 183.0 £ 31.0 149.6 + 98.7 0.12
Minimalni FCT (um) 55.2+ 294 66.8 + 57.5 0.41
Celkova plocha FA (mm?2) 27.0+27.2 46+59 0.012
Plat s FCT <65 ym (mm?2) 0.1+0.3 0.0+£0.0 0.16
Plocha platu s FCT <65 pm (%) 0.3+0.3 0.2+0.5 0.60
Objem fibrozni ¢epicky (mms3) 54+54 09+1.2 0.012
Maximal lipidovy thel (°) 178.3 £ 107.2 57.7 £47.9 0.002
Pramérny lipidovy thel (°) 958 +57.4 36.0 £ 28.1 0.003
Celkovy lipidovy uhel (°) 74235+ 7717.6 1134.6 + 1454.7 0.013

Tabulka 7. Korelace mezi morfologickymi parametry volumetrické analyzy OCT a

maxLCBlisnwm jako kategorickych proménnych. Zkratky viz tab. 6.
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Pomoci metody ,random forest® bylo jako potencialni prediktory hodnoty maxLCBlsmm
identifikovano 18 morfologickych parametrti odvozenych z vySetfeni OCT (FCT, plocha lumen
a lipidovy uhel). Na zakladé multivariaéni analyzy téchto parametr( byly jako nejvyznamnéjsi
prediktory identifikovany primérna FCT s $=0,99 (95% CI: 0,88, 1,10, p=0,002) a maximalni

lipidovy Ghel s B=1,56 (95% Cl: 1,46, 1,66, p <0,001; tab. 8).

Parametr Beta SE T p
Intercept 43.75 40.28 1.09 0.29
Maximalni lipidovy uhel (°) 1.56 0.26 6.08 <0.001
Plat s FCT <65 um (mm?2) 162.24 117.14 1.39 0.18
MLA (mm?2) -8.67 7.36 -1.18 | 0.25
Pramérna FCT (um) 0.99 0.2923 | 3.39 0.002

Tabulka 8. Prediktory maxLCBIlsmm z multivariaéni analyzy.
FCT - fibrous cap thickness (sila fibrézni ¢epicky; MLA — minimal lumen area (minimaini

plocha lumen); SE — standard error (standardni chyba).

Pfi srovnani hodnot skuteénych hodnot maxLCBIlsmm ziskanych z méfeni pomoci NIRS
a predikovanych podle udaji z volumetrické analyzy OCT byly mezi obéma hodnotami jen
zanedbatelné rozdily (obr. 15 a 16). K posouzeni nejpfesnéjSich prediktord maxLCBlsmm >400

na OCT byla provedena ROC (receiver operating characteristic) analyza (obr. 17).

4.3.1 Pacienti s negativnimi nalezy

U pacientd s absenci lipida v platu vySetfované léze jsme pozorovali shodu mezi
ob&ma metodami. Ctyfi pacienti ze 40 méli nulovou hodnotu plochy fibroateromu. TFi z nich
meéli rovnéz nulovou hodnotu LCBI a zbyvajici pacient mél pouze minimalni hodnotu LCBI

(2,0). Naopak ¢tyfi dalSi pacienti méli nulovou hodnotu LCBI. Tfi z nich odpovidali prvni
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skupiné s nulovou plochou fibroateromu a posledni mél plochu fibroateromu blizkou nule (5,2
mm?).
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Obrazek 15. Rozdil mezi predikovanym a skuteénym maxLCBIl4mm.

Srovnani predikovaného maxLCBlsmm (4mm lipid-core burden index) s pouZitim vybranych

morfologickych parametrt z analyzy optické koherentni tomografie a skute€ného
maxLCBlsmm méfeného pomoci NIRS.
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Obrazek 16. Srovnani hodnoceni lipidového obsahu pomoci NIRS a OCT.

Priklady chemogramu near infrared spectroscopy (NIRS) a odpovidajicich 2D-rekonstrukci
sily fibrozni Eepicky (fibrous cap thickness, FCT) na zakladé optické koherentni tomografie
(OCT) od ¢&tyr pacientl (A-D). Osa "x" pfedstavuje podélnou polohu a osa "y" obvodovou
polohu. Zluté oblasti chemogramt NIRS (levy sloupec) oznaduiji vysokou pravdépodobnost
vyskytu lipidového jadra, zatimco ¢ervené oblasti znac¢i nepfitomnost lipidt. Odpovidajici 2D-
rekonstrukce odvozena z analyzy OCT (pravy sloupec) ukazuji fibroateromy s barevné
odliSenym rozsahem FCT zobrazené podélné (osa "x") a cirkuferencialné (osa "y") na
,rozbalené® cévni sténé. Zluta barva oznaduje FCT <300 um, oranzova FCT <200 pym a
&ervena FCT <100 um. Sedé oblasti pfedstavuji oblasti bez lipidového obsahu nebo

nemeéfitelné oblasti zplsobené artefakty vodiciho dratu nebo krve.
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= AUC=0.89,95% CI: [0.77,0.99]

AUC=0.87,95% Cl: [0.73,0.98] AUC= 0.89,95% Cl: [0.77,0.98]

Specificita ' Specificita Specificita

Obrazek 17. ROC (receiver operating characteristic) analyza pro morfologické
parametry detekované optickou koherentni tomografii.
KFivky vyjadtuji predikéni schopnost jednotlivych morfologickych parametrd fibroateromu

detekovat lipidovy plat s hodnotou lipidového indexu maxLCBIl4mm>400.

5 DISKUZE

5.1 Predikce progrese aterosklerotickych platt

Morfologické charakteristiky lipidového platu zvySuji riziko rozvoje akutniho
koronarniho syndromu. Na studiich s IVUS bylo prokazano, ze TCFA je prediktorem klinickych
pfihod (Stone et al., 2011; Cheng et al. 2014). Vysledky nékterych menSich studii vyuzivajicich
intrakoronarni zobrazovaci metody svédcily pro to, Ze léze s platy bohatymi na lipidy, resp.
TCFA, pfi sledovani pomoci invazivnich metod ¢astéji progreduji (Uemura et al., 2012; Kassis
et al.,, 2022). Tendenci k progresi lipidovych plati jsme se v na$i studii pokusili prokazat
pomoci neinvazivni CT koronarografie. Nicméné v naSem souboru mezi jednotlivymi
morfologickymi parametry fibroateromu a progresi platd podle CT zadny vyznamny vztah

pozorovan nebyl.
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PFicin, pro€ se v nasi studii pfi pouziti CT koronarografie nepodafilo potvrdit pozorovani
ze studii vyuzivajicich intrakoronarni zobrazeni mize byt vice a vyplyvaji z nékterych limitaci
této prace. Pfedevsim je to maly vzorek pacientu, ktery omezuje statistickou silu pfi testovani
hypotézy. Dalsi limitaci je fakt, ze v ramci studie byly hodnoceny jen Iéze, které byly na zakladé
klinického stavu a provedenych vysetfeni vyhodnoceny jako hemodynamicky nevyznamné a
neindikované k intervenéni 1ébé. Slo tedy o |éze spiSe s mensim objemem platu, pfedstavujici
CasnéjSi stadia aterosklerozy a prognosticky nevyznamné, zatimco pokrocilejsi a prognosticky
vyznamné léze na proximalnich usecich hlavnich vétvich byli Castéji indikovany k intervenci a
nebyly zafazeny do studie. Pfitom pravé léze s velkym objemem platu mohou byt ty
s nejvétsim potencialem k progresi a destabilizaci. Z hlediska rozvoje akutniho koronarniho
syndromu jsou nejrizikovéjsi vyrazné metabolicky aktivni platy, u kterych dochazi k vyrazné
progresi objemu v fadu tydnd az mésicl. Do finalniho hodnoceni nebyli zafazeni pacienti, u
kterych doSlo ke zméné klinického stavu vyZadujicimu intervenci sledované léze (Ctyfi
pacienti). Pravé u téchto pacientl by vSak bylo mozné predpokladat rychlejSi progresi
aterosklerézy.

DalSi limitaci muze byt zvolené hodnoceni progrese. Léze byla v nasi studii
hodnocena jako progredujici pfi jakémkoli zvétSeni celkového objemu platu o vice nez 1%.
Tuto hranici jsme zvolili na zakladé poznatku studii, kde i takto nepatrné zmény objemu platu
v fadu jednoho nebo nékolika malo procent byly spojeny s vyznamnym klinickym efektem
(Nicholls et al., 2016). Pfi takto zvolenych kritériich doSlo v nasi studii k alespon né&jaké
progresi u prekvapivé velké Casti vySetfovanych 1ézi (58%). Ani pfi takto Castém vyskytu
progrese nekoreloval jeji vyskyt s jednotlivymi morfologickymi charakteristikami platu.
Celkovou presnost 70,8% pro predikci progrese na zakladé kombinace tfi parametri nelze
vzhledem kK jejimu vyskytu v souboru povazovat za dostateCnou pro potvrzeni hypotézy ani
pouzitelnou pro klinickou praxi. Pfi hodnoceni velmi malych objem0( platu v fadu nékolika
procent celkového objemu se jiZ pohybujeme na hranici rozliSeni pouzité metody a je mozné,

Ze v nékterych pripadech Slo de facto o platy stacionarni. Kdybychom v§ak zaradili do analyzy
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pouze léze s vyraznéjsi progresi (>20%), jednalo by se pouze o tfi Iéze, coz by znemoznilo
jakékoli statistické hodnoceni vysledkd. Presnégjsi kvantifikace objemud platu bychom jisté
dosahli pouze s pouzitim metod intrakoronarniho zobrazeni (IVUS nebo OCT). OvSem
primarnim cilem nasi studie bylo vyuziti CT angiografie.

Dalsi limitaci je Casové schéma sledovani. Progrese objemu platd byla v nasi praci
hodnocena s ro¢nim odstupem od zafazeni a poté odstupem daldiho roku od prvniho
vySetieni. Je otazkou, jak velka Cast epizod progrese konkrétnich lézi byla v tomto asovém
intervalu zachycena. Je znamo, Ze vyvoj aterosklerotického platu je dynamicky proces, pfi
kterém muze dochazet i opakované k epizodam progrese, ruptufe platu, nasténné trombdze a
poté zhojeni této ruptury a organizaci trombu. Progrese platu mize v takovém pfipadé
probéhnout v relativné kratkém obdobi nékolika tydnd & mésicl a pripadna klinicka
manifestace ma v taktovém pripadé nejéasnéji podobu akutniho koronarniho syndromu.
Naproti tomu postupna pomala progrese je podminéna zejména proliferaci bunék hladkého
svalstva a dalSich elementu ve sténé tepny a je charakteristicka pro stabilni formy ischemické
choroby srde¢ni (Yokoya et al., 1999; Puri et al., 2014; Jang et al., 2017). Patofyziologicky je
epizoda rychlé progrese platu vysvétlovana jeho rupturou s naslednou organizaci nasedajiciho
trombu. Organizovany trombus s depozity kolagenu muize byt pak detekovan pomoci OCT
jako nova vrstva ve sténé tepny s odliSnou optickou denzitou (Shimokado et al., 2018). Ve
studii s vySetfenim 248 lézi pomoci IVUS ffikrat v intervalech po Sesti mésicich doSlo
k progresi u 23% lézi (Xie et al. 2016). U |ézi s progresi byla rozliSovana progrese postupna a
rychla. Krychlé progresi dochazelo vyznamné c&astéji u lézi s pfitomnosti TCFA,
neovaskularizace nebo pozitivni remodelace. V jiné studii bylo 517 1ézi vySetfeno OCT a jejich
vyvoj byl hodnocen po Sesti mésicich angiograficky (Araki et al. 2021). V této studii byly
lipidové platy, tenka fibrézni Cepitka a vicevrstvé platy byly prediktory rychlé progrese platu.

V nasi studii rychla a pomala progrese nebyla rozliSovana vzhledem k tomu, ze obé CT
vySetfeni byla provedena s odstupem jednoho, resp. dvou let od vstupniho intrakoronarniho

zobrazeni. Je tedy hypoteticky mozné, Ze k progresi platu doslo v obdobi mezi invazivnim

55



vySetfenim (provadénym v dobé akutniho koronarniho syndromu) a prvnim CT vySetfenim
(provadéném rok po atace AKS). Stejné tak nemohl byt vyhodnocen patofyziologicky
mechanismus u progredujicich platd, jehoz identifikace by vyzadovala opét invazivni
intrakoronarni zobrazeni. Tyto aspekty mohou ¢aste¢né vysvétlovat, pro¢ se nam nepodafrilo
identifikovat zadny parametr lipidoveho platu jako prediktor jeho progrese. Vliv lipidového
obsahu platu na jeho rychlou progresi by bylo idealni zkoumat pomoci vySetfeni nejlépe
opakovanych v intervalu ¢ty az Sesti mésicli, a to s vyuzitim intrakoronarni zobrazovaci
metody. Takové sledovani by umoznilo identifikovat nejen vlastni progresi a jeji dynamiku
(rychla versus pomala progrese) ale vzhledem k moznosti detekce detailnéjSi morfologie
(zhojena ulcerace, organizovany trombus, resp. vrstvena struktury platu) i jeji patofyziologicky
mechanismus. Organizace studie s opakovanym invazivnim vySetfenim by vSak vzhledem
k souCasné klinické praxi bylo zna¢né problematickeé.

Pfi hodnoceni vyvoje objemu platu jsme sledovali i vyvoj jeho jednotlivych slozek
(kalcifikovana a nekalcifikovana slozka). Vychazeli jsme z pfedpokladu, ze platy bohaté na
lipidy budou vykazovat vétsi dynamiku ve zméné objemu ,mékké* (nekalcifikované) slozky,
nez slozky kalcifikované. V minulosti bylo jiz prokazano, Ze regrese objemu platt v dasledku
hypolipidemické terapie je dana pravé zmenSenim jejich nekalcifikované slozky (Lo et al.,
2015). Nicméné v nasi studii jsme neprokazali Zadny vyznamny vztah mezi morfologickymi
parametry platu a vyvojem objemu jak nekalcifikované, tak ani kalcifikované ¢asti. Z hlediska
hodnoceni jednotlivych slozek platu je vSak v naSem souboru zajimavé pozorovani negativni
korelace télesné vySky pacienta s narustem kalcifikované slozky platu (p = 0,016, R = 0,49).
Nékteré prace v minulosti jiz prokazaly inverzni vztah mezi vySkou dospélych a vyskytem
ICHS, ktery byl v8ak limitovan na pacienty s vyS$Sim socioekonomickym postavenim
(Langenberg et al., 2005). Naproti tomu velka studie na vice nez 2000 pacientd prokazala
inverzni souvislost mezi télesnou vySkou a koronarnimi kalcifikacemi, a to zcela nezavisle na
dalSich faktorech jako je socioekonomické postaveni, pohlavi nebo rasa (Miedema et al.,

2014). Jako specificky patofyziologicky mechanismus tohoto fenoménu byl na zakladé
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nékterych studii diskutovan vliv gravitaéni sily pusobici na kardiovaskularni systém a
aterogenezi, zejména niz8i hodnota afterloadu a pulzniho tlaku a méné C&asty vyskyt

hypertenze u vy$Si télesné vysky (Martin-Du Pan et al., 2004; Silventoinen et al., 2006).

5.2  Vztah morfologickych parametru a lipidového obsahu platt

Ve vztahu k druhé hypotéze je hlavnim zjisténim nasi prace silna korelace mezi
predpovidanym maxLCBlsmm na zakladé morfologickych parametrl odvozenych z OCT a
skute€nym maxLCBlsmm z méfeni NIRS.

Jiz pfed vice nez 20 lety Yabushita popsal vice nez 90% presnost OCT v detekci
lipidovych platd v porovnani s histologickymi nalezy ex vivo (Yabushita et al., 2002). V malé
studii na 17 pacientech pak Yonetsu porovnaval detekci lipidli pomoci OCT nalezy podle NIRS-
IVUS (Yonetsu et al., 2014). Autofi zjistili, ze OCT znamky vulnerability platu (lipidovy uhel,
longitudinalni rozmeér lipidového jadra a tenka fibrézni Cepicka) byly vyraznéjSi u platl se
Zlutymi bloky na chemogramu NIRS. Shoda pfitomnosti lipidd mezi NIRS-IVUS a OCT vsak
byla popsana jako slaba, a to v€etné negativnich nalez(i u obou metod. Autofi to astec¢né
vysvétlovali limitacemi OCT pfi charakterizaci zejména kalcifikovanych plata. Nekalcifikované
platy vykazovaly totiz relativné dobrou shodu mezi obéma modalitami. Na rozdil od studie
Yonetsu jsme u pacientl s nulovou plochou fibroateromu pozorovali nulovou nebo minimalni
hodnotu maxLCBlsnm a nulové hodnoty maxLCBlsmm byly provazeny absenci fibroateromu.
Muzeme spekulovat, Ze naSe poloautomaticka analyza s vyuzitim umélé inteligence by mohla
byt v oznaCovani fibroateromu ve srovnani s vysSe uvedenou studii pfesnéjsi.

Roleder et al. zkoumali schopnost NIRS-IVUS detekovat TCFA definované OCT u
pacientl se stabilni ischemickou chorobou srdecni. Zjistili vysokou pfesnost mezi detekci
TCFA na zakladé OCT a NIRS-IVUS (Roleder et al., 2014). Tato zjisténi jsou v souladu
s naSimi zjisténimi, ziskanymi na skupiné pacientu s AKS. Taktéz Zanchin zkoumal vztah

obsahu lipidu zjisténého pomoci NIRS s morfologickymi parametry z OCT, a to ve ve studii se
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104 pacienty pfijatymi pro AKS (Zanchin et al., 2021). Tito autofi pozorovali korelaci mezi OCT
parametry (FCT a lipidovy Uhel) s maxLCBlsmm, c0Z je v souladu s nasimi zjisténimi.

V noveéjsi studii popsal Isidori et al. vysokou korelaci mezi OCT detekci lipidovych platd
a LCBI. Tato skupina navic vyvinula automatizovany software pro analyzu OCT, ktery
zobrazuje i longitudinaini extenzi lipidového jadra a vypoéitava maxLCBlsmm na zakladé OCT.
Autofi nalezli tésnou korelaci mezi maxLCBIlsmm odvozenym z OCT a naméfenym maxLCBlsmm
podle NIRS-IVUS (Isidori et al. 2021). V naSi studii jsme pouzili k OCT analyze
poloautomaticky software, ktery pro vypocet kvantitativnich parametru fibroateromu vyzaduje
manualni korekci. Pfi pouziti tohoto postupu jsme takeé zjistili vysokou pfesnost OCT pfi detekci
lipida.

Ve velkych studiich bylo prokazano, ze vysoky lipidovy obsah zjistény pfi NIRS zvysuje
riziko klinickych pfihod (Waksman et al., 2019; Erlinge et al., 2021). Pfi vysoké korelaci mezi
NIRS-IVUS a OCT v analyze obsahu lipid, potvrzené i v nasSi praci, se proto nabizi
pfedpoklad, ze i morfologické parametry lipidového platu zjisténé pfi OCT by mély
predstavovat riziko koronarnich pfihod. Tento pfedpoklad byl potvrzen mimo jiné ve velké
studii CLIMA (Prati et al., 2020). V této studii bylo zjis§téno, ze FCT <75 ym spolu s lipidovym
Ghlem >180°, MLA <3,5 mm? a pfitomnosti makrofagd jsou prediktory umrti a infarktu
myokardu. V recentni post hoc analyze studie CLIMA, byl na zakladé OCT vySetieni vytvoren
automaticky odhad prognostického vlivu vysokého obsahu lipidd. Maximalni hodnota
maxLCBlsmm odvozeného z OCT >400 identifikovala pacienty s nejvySSim rizikem (Biccire et
al., 2022) Ve shodé s na$i studii autofi rovnéz pozorovali vyznamnou korelaci mezi
morfologickymi parametry platu (lipidovy uhel, FCT) a obsahem lipidu podle NIRS.

Nase zjisténi maji nékteré mozné vystupy pro klinickou praxi. Vzhledem k Siroké
dostupnosti a mnohostranné vyuzitelnosti OCT muze identifikace rizikovych platu pravé touto

vvvvvv

klinickych aplikaci.
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Jiz delSi dobu je potvrzeno, Ze agresivni hypolipidemicka farmakoterapie stabilizuje
platy na podkladé snizeni jeho lipidového obsahu a zvySeni mnozstvi fibrézni tkané (Kini et
al., 2013). Podrobna kvantitativni analyza rizikovych parametrt platu pomoci OCT by proto
mohla byt vyuzita nejen k vybéru nejlepsi moznosti léCby pro jednotlivé pacienty, ale
potencialné také k monitorovani IéCby. Je tfeba dale zkoumat, zda by pacienti se specifickymi
fenotypy platu méli prospéch z intenzivnéjsi medikamentozni 1&Eby (hypolipidemické nebo

Rutinni manualni hodnoceni obsahu lipidu na zakladé OCT je pfitom ¢asové narocné.
Proto nami pouzity automaticky software mlze vyznamné zkratit dobu analyzy a zvysSit
presnost vySetieni. Pfinos takové automatizace pomoci dedikovaného softwaru ma oproti
standardné vyuzivanym metodam méfeni vyhodu i v tom, Ze se jedna o geometricky spravnou
3D analyzu, pfi které je mozné vyhodnocovat parametry nedosazitelné pfi manualnim
hodnoceni. Zejména se jedna o hodnoceni prostorového rozsahu sledovanych charakteristik
(TCFA, FCT <65 um, uhel lipidového jadra mnoho jinych parametr(). Na jejich zakladé je pak
skuteéné zodpov&dnych za nasledny vznik akutniho koronarniho syndromu. Uginnost a

pouzitelnost tohoto pfistupu v klinické praxi by méla byt ovéfena ve vétSich studiich.

6 ZAVERY

V prvni &asti nasi prace jsme se zabyvali vztahem morfologickych charakteristik a
lipidového obsahu aterosklerotickych plata k jejich progresi. Pfi sledovani objemu platu
neinvazivni CT koronarografii jsme nepotvrdili nasi hypotézu, zZe tyto parametry jsou rizikovym
faktorem progrese ateroskler6zy. Nepozorovali jsme Zadnou vyznamnou linearni korelaci mezi
morfologickymi parametry a zvétSenim objemu platu, a to ani v objemu celkovém, ani v jeho
jednotlivych slozkach. Davodem pro tento negativni nalez jsou nejspiSe jen malé zmény platu

ve sledovaném obdobi, pro které bylo (v kombinaci s pomérné nizkym poctem sledovanych
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jedincu) velmi obtizné nalézt vyznamné korelace mezi vstupnimi daty z invazivnich vySetfeni
a progresi plati na CT vySetreni.

V druhé casti prace jsme provedli detailni morfologickou analyzu aterosklerotickych
platd pomoci OCT vySetfeni za pouziti poloautomatizovaného softwaru. Nasledné jsme se
pokusili s vyuzitim vysledku této analyzy identifikovat obsah lipidi v aterosklerotickych platech
a vysledky jsme srovnali s hodnocenim obsahu lipidd detekovanych spektroskopickou
metodou (NIRS). Potvrdili jsme hypotézu, ze pomoci detailni morfologické analyzy s vyuzitim
OCT Ize lipidovy obsah aterosklerotickych plati spolehlivé detekovat. Pozorovali jsme linearni
korelaci mezi morfologickymi parametry fibroateromu s hodnotami lipidového indexu
maxLCBlsmm 0dvozeného z NIRS. Prokazali jsme, Ze i pfes odliSny fyzikalni princip metody |ze
OCT pouzit jako spolehlivy nastroj pro detekci platl bohatych na lipidy bez nutnosti pouzit
NIRS.

Nase zjisténi naznaduji, ze detailni morfologické hodnoceni aterosklerotickych platd na
zakladé OCT a s vyuzitim automatizované volumetrické analyzy, by mohlo v klinické praxi vést

k presnéjsi identifikaci lipidovych platu a stratifikaci rizika koronarnich pfihod.

6.1 Souhrn originalnich vysledkd prace

NaSe prace pfinasi nasledujici vysledky:

1. Pfi sledovani objemu aterosklerotickych platd pomoci CT koronarografie
v odstupu jednoho roku od akutniho koronarniho syndromu nebyl pozorovan vyznamny
vztah mezi morfologickymi parametry lipidovych platu a jejich progresi.

2. V analyze lipidového obsahu aterosklerotickych platl morfologické parametry
silné korelovaly s lipidovym obsahem stanovenym podle NIRS. Na$e vysledky ukazuji, ze
podrobnou morfologickou analyzu koronarnich platl Ize spolehlivé vyuzit k detekci

lipidoveho obsahu.
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8 SEZNAM POUZITYCH ZKRATEK

ACEI
AKS
CT
EF
FA
FCT
ICHS
IVUS
LCBI
LDL
MLA
NIRS
OoCT
PB
PCI
PCSK9
SKG
STEMI
TCFA

VH

inhibitory angiotenzin konvertujiciho enzymu

akutni koronarni syndrom

computed tomography (vypocetni tomografie)

ejekeni frakce

fibroaterom

fibrous cap thickness (sila fibrézni Eepicky)

ischemicka choroba srdecni

intravascular ultrasound (intravaskularni ultrazvuk)

lipid-core burden index

lipoproteiny s nizkou denzitou (low-density lipoproteins)
minimal lumen area (minimalni plocha lumen)

near-infrared spectroscopy

optical coherence tomography (opticka kohernetni tomografie)
plaque burden

perkutanni koronarni intervence

proprotein konvertadza subtilizin-kexin typu 9

selektivni koronarografie

infarkt myokardu s elevacemi ST
fibroaterom s tenkou fibrézni €epickou (thin-cap fibroatheroma)

virtualni histologie
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Abstract

Background: Coronary atherosclerosis progresses faster in patients with diabetes mellitus (DM) and causes higher
morbidity and mortality in such patients compared to non-diabetics ones (non-DM). We quantify changes in plaque
volume and plaque phenotype during lipid-lowering therapy in DM versus non-DM patients using advanced intrac-
oronary imaging.

Methods: We analyzed data from 61 patients with stable angina pectoris included to the PREDICT trial searching
for prediction of plaque changes during intensive lipid-lowering therapy (40 mg rosuvastatin daily). Geometrically
correct, fully 3-D representation of the vascular wall surfaces and intravascular ultrasound virtual histology (IVUS-VH)
defined tissue characterization was obtained via fusion of two-plane angiography and IVUS-VH. Frame-based indices
of plague morphology and virtual histology analyses were computed and averaged in 5 mm long baseline/follow-up
registered vessel segments covering the entire length of the two sequential pullbacks (baseline, 1-year). We analyzed
698 5-mm-long segments and calculated the Liverpool active plaque score (LAPS).

Results: Despite reaching similar levels of LDL cholesterol (DM 2.12 4+ 091 mmol/l, non-DM 1.8 &+ 0.66 mmol/I,

p =0.21), DM patients experienced, compared to non-DM ones, higher progression of mean plaque area

(047 £1.15mm?vs.0.21 + 097, p = 0.001), percent atheroma volume (0.7 & 2.8% vs. — 1.4 4 2.5%, p = 0.007),
increase of LAPS (0.23 & 1.66 vs. 0.13 &= 1.79, p = 0.018), and exhibited more locations with TCFA (Thin-Cap Fibro-
Atheroma) plaque phenotype in 5 mm vessel segments (203% vs. 12.5%, p = 0.01). However, only non-DM patients
reached significant decrease of LDL cholesterol. Plague changes were more pronounced in PIT (pathologic intimal
thickening) compared to TCFA with increased plaque area in both phenactypes in DM patients.

Conclusion: Based on detailed 3D analysis, we found advanced plague phenotype and further atherosclerosis pro-
gression in DM patients despite the same reached levels of LDLc as in non-DM patients.
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Background

Studies with intravascular ultrasound (IVUS) have shown
that atherosclerosis progression can be stopped [1, 2] or
reversed [3-5] by using aggressive lipid-lowering therapy.
However, these changes are less pronounced in diabetic
patients compared to non-diabetic patients despite the
same reduction of LDL cholesterol (LDLc) [6, 7]. Further-
more, poor glycemic control in diabetic patients is asso-
ciated with plaque progression [8, 9] and the presence
of diabetes is found as a predictor of plaque progression
despite achieving very low levels of LDLc [10].

Atherosclerosis occurs earlier in diabetic patients [11]
and shortens their life expectancy [12]. Impaired glyce-
mic homeostasis has a direct influence on the formation
and propagation of atherosclerotic plaque [13], and dia-
betic patients are at risk for a first myocardial infarction
that is comparable to non-diabetic patients who have
already experienced at least one myocardial infarction
[14]. As a consequence, diabetic patients with coronary
artery disease have a higher morbidity and mortality
compared to non-diabetics [15].

Plaque composition is an important factor related to
future clinical presentation [16]. Using IVUS-virtual
histology (IVUS-VH), six plaque phenotypes can be
distinguished corresponding to those described in the
American Heart Association’s Committee on Vascular
Lesions [17]. These phenotypes are as follows:

+ no lesion—NL (plaque burden less than 40%)
«+ pathologic intimal thickening—PIT

« fibrous plague—FP

« fibro-calcified plaque—FcP

+ thick cap fibro-atheroma—ThCFA

« thin cap fibro-atheroma—TCFA.

Fibro-atheromas (ThCFA and TCFA) are risk factors
for future cardiac events (TCFA more so than ThCFA)
[18, 19]. The aim of this study was to compare changes
in plaque phenotype during lipid-lowering therapy using
3D reconstruction of coronary arteries based on fusion of
IVUS-VH with coronary angiography in diabetic patients
(DM group) versus patients without diabetes mellitus
(non-DM group). Image data were obtained at baseline
and at 1-year follow-up, covering the entire length of
IVUS-VH pullback and allowing us to follow changes of
plaque phenotypes in a systematic, representative fash-
ion. Unlike the frame-based analysis that is the most
common approach in similar trials [1-5], we divided the
imaged vessels into 5 mm segments after geometrically

correct, 3-D vessel reconstruction via fusion of two-plane
angiography and [VUS-VH.

Page 2 of 15

Methods
Study population, catheterization and IVUS imaging
Patient data were taken from the database of the PRE-
DICT trial assessing the ability to predict plaque
behavior during intensive lipid-lowering therapy (rosu-
vastatin 40 mg daily) (ClinicalTrials.gov identifier:
NCT01773512). DM-patients were identified as those
receiving treatment with either oral antidiabetics or insu-
lin and also based on patient’s history of DM treated by
diet. There were no patients with DM type 1 in the study.
All patients signed an informed consent, and the study
was approved by the local ethics committee.

In all cases only one coronary artery was examined per
patient. From the acquired data, only those patients who
fulfilled all the following criteria were enrolled:

1. IVUS-VH of a native coronary artery with stenosis
< 50% of lumen diameter determined by angiogra-
phy with no indication for either percutaneous coro-
nary intervention (PCI) or coronary artery bypass
grafting (CABG).

2. Good-quality baseline and follow up IVUS-VH pull-
backs (i.e., without noticeable pullback speed discon-
tinuity).

3. Imaged vessels free of severe calcification to avoid
inconsistency of IVUS-VH plaque type determina-
tion in areas of acoustic shadowing.

4. Baseline and follow up pullbacks that were least
30 mm long and that had at least 25 mm long seg-
ments that were imaged both at baseline and at fol-
low-up.

One segment from each patient was chosen for the
study. The lesion located in the proximal coronary seg-
ment or located in a non-angulated segment was selected
in cases when several similar stenoses were present in the
imaged vessel.

IVUS was performed according to the standard proto-
col using a phased-array [VUS probe (Eagle Eye 20 MHz
2,9F monorail, Volcano Corporation, Rancho Cor-
dova, California), with automatic pullback at 0.5 mm/s
(research pullback, model R-100, Volcano Corporation,
Rancho Cordova, California). After administration of
200 pg of intracoronary nitroglycerin, the IVUS cath-
eter was inserted into the target vessel beyond a distal
fiduciary point, and then pulled back to the aorto-ostial
junction. The proximal fiduciary point was either the left
main bifurcation in the left coronary artery or the first
branch or well-defined calcification in the right coronary
artery. The distal fiduciary point was determined by the
presence of a reproducible side branch.
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Original B-mode IVUS pullback image data were
acquired at the Charles University Hospital in Prague,
Czech Republic, archived onto DVDs, and transferred to
the lowa Institute for Biomedical Imaging, The University
of lowa, lowa City, lowa, USA for quantitative analysis.
For each IVUS frame, luminal and external elastic mem-
brane (EEM) surfaces were automatically segmented
using fully three-dimensional LOGISMOS graph-based
approach [20, 21]. This system has been developed at The
University of lowa for simultaneous, optimality-guar-
anteeing segmentation of multiple mutually-interacting
surfaces and 3D/4D analysis of serial IVUS images of cor-
onary atherosclerosis.

Automatically determined surfaces were reviewed
and algorithmically refined by one expert cardiologist
(TK) using an operator-guided computer-aided interface
[22]. EEM and lumen surfaces/contours served as the
input for off-line IVUS-VH computation using Volcano'’s
research software that is identical to that available on the
IVUS console, but allows VH computations based on
user-supplied segmentation (Volcano Corp.). Employing
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our previously reported approach [23], a geometrically
correct, full 3-D representation of the vascular wall sur-
faces and IVUS-VH-defined tissue characterization was
obtained via fusion of two-plane angiography and IVUS-
VH. This geometrically correct 3-D model served as a
basis for quantitative morphologic analyses and quantita-
tive assessment of plaque composition in every frame of
the imaged vessel [24]. Using this approach, vessel mod-
els were obtained for both the baseline and follow-up
pullbacks. After identification of corresponding vascular
landmarks in the two 3-D vessel models, the patient-spe-
cific model pairs were co-registered. Frame-based indices
of plaque morphology and IVUS-VH analyses were com-
puted and averaged in 5 mm long baseline/follow-up reg-
istered vessel segments (Fig. 1).

Vessel and plaque measurement morphologic indices
included:

» external elastic membrane (EEM) cross-sectional
area (CSA),
« Jumen CSA,

&

%

#

Fig. 1 3D model of coronary artery done by fusion of CAG and VUS and marked 5 mm vessel segment
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« percent atheroma volume (PAV) calculated as:
PAV = 100 x X (EEM,, — Lumen, )/Z EEM__,
where EEM_ . is the cross-sectional area of the
external elastic membrane and Lumen is the

cross-sectional area of the lumen.

area

Phenotype definitions

IVUS-VH data classifies plaque into four components:
fibrous (F), fibro-fatty (FF), dense calcification (DC), and
necrotic core (NC). Phenotypes of all 5 mm-long ves-
sel segments were classified into six categories (NL, FcP,
FP, PIT, ThCFA, and TCFA) according to the flowchart
given in Fig. 2 and as previously published [25]. Each ves-
sel segment was labeled according to the most advanced
plaque phenotype found in each frame (in the following
ascending order from least to most advanced phenotype:

NL, PIT, FP, FcP, ThCFA, TCFA).
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In addition, we calculated the Liverpool Active Plague
Score (LAPS) as adapted from Murray et al. [26]:
— 2149 + 0.68 x NC/DC + 3.39 x MLA + 51 (if
remodeling index was > 1.05) + 3.7 x VH-TCFA. LAPS
was calculated for each frame. LAPS for 5 mm vessel seg-
ments was the highest LAPS found in this segment, and
LAPS for baseline/follow-up examination was the mean
risk score from all analyzed 5 mm vessel segments.

Statistical analysis

Mean values + standard deviations (or percentages) were
calculated for all numerical variables. Differences of two
numerical datasets were examined by Student’s ¢ test.
Mann—Whitney U test was used instead if the sample
could not be assumed to be normally distributed. For cat-
egorical variables like diabetes status, contingency tables
were used to display frequency distributions. Statistical

New Frame

N
N

TCFA

ThCFA

A

FcP

Y
N

PIT

-4"%HH%HH’EH’.D-
N

A 4

FP

Fig. 2 Determination of plaque phenotype in frame-based analysis
-
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significance was subsequently calculated by Fisher’s exact
test. To investigate segmental plaque morphological
changes, mixed-effect analysis with “patient” as random
effect is used to correct the clustering of multiple seg-
ments within patients. The R statistical-computing envi-
ronment was employed for analysis. A p-value of 0.05
denoted statistical significance.

Results

The analysis was performed in 698 5-mm-long vessel seg-
ments from 61 patients. Total number of DM patients
was 17 and they were treated as follows: 2 patients with
insulin, 3 patients with diet only, 12 patients with met-
formin. Patient demographic information is presented in
Table 1. Analyzed vessel sections were 70.5 = 15.8 mm

Table 1 Patient demographics

DM (17 pts.) Non-DM (44 pts.) p

Aqge (years) 622471 620 £109 096
Men 12(70.6%) 35 (79.5%) 051
Arterial hypertension 17 (100%) 39 (88.6%) 031
Current smoking 4 (23.5%) 15 (34.1%) 054
Ml in past 7 (50%) 20 (54.1%) 08
Statin naive 3 (17.6%) 10 (22.7%) 098
Beta blockers 16(94.1%) 28 (63.6%) 0.02
ACEH 15 (88.2%) 36 (81.8%) 071
Baseline Ch (mmol/1) 421+£075 431+£122 069
Follow-up Ch (mmol/1) 379+ 099 335+099 013
Change of Ch {(mmol/l) —042+£089 —097+£145 0.09
Baseline LDLc (mmol/1) 2424053 246+ 104 086
Follow-up LDLc (mmol/1)  2.12 £ 0.91 1.8 +066 0.21
Change of LDLc (mmal/l) —03+052 —066=+1.09 0.18
Baseline HDLc (mmol/l) 1.08+038 123+03 0.14
Follow-up HDLc (mmol/l)  1.09 £ 0.38 123+ 027 019
Change of HDLc (mmol/l)  0.02 £ 0.52 —001+024 028
Baseline TAG (mmaol/l) 159 +£0.74 1.50+ 0488 04
Follow-up TAG (mmol/1) 152 +£095 121+052 022
Change TAG (mmol/1) — 007096 —-029+084 042
apo A (mmol/l) 008 £015 136+ 032 0.16
apo B (mmol/) —008+£022 —-013£033 0.54
Baseline hs-CRP (mg/l} 228+ 253 314+ 431 049
Follow-up hs-CRP (mg/l)  4.87 £55 343+ 40 03
Change of hs-CRP (mg/l)  26+424 029451 013
Baseline glycemia 7.04 £ 241 5594078 0.0009

{mmol/l)
Fellow-up glycemia 751+ 21 567+£078 < 0.0001

(mmol/l)
Change of glycemia 0.04 £ 283 — 0181145 0.69

(mmol/l)

M myocardial infarction, ACE/ angiotensin-converting enzyme inhibitors,
Ch cholesterol, LDLc low density lipoprotein cholesterol, HDLc high density
lipoprotein cholesterol, TAG triacyl glyceroles, apo A apolipoprotein A, apo B
apolipoprotien B, hs-CRP high sensitive C reactive protein

Page 50f 15

long on average in the DM group and 72.9 £+ 18.6 mm
long in the non-DM group (p = 0.63). Changes of plaque
volumes are summarized in Table 2, and changes in
plaque composition in Table 3. Liverpool active risk score
and its changes are summarized in Table 4.

Despite reaching similar levels of LDL cholesterol
compared to non-DM patients (DM 2.12 £ 0.91 mmol/],
non-DM 1.8 £ 0.66 mmol/l, p = 0.21), DM patients
experienced progression of both plaque area (0.21 £ 0.97
vs. — 0.47 £+ 1.15, p = 0.001) and percent atheroma vol-
ume (0.7% =+ 2.8% vs. — 1.4% + 2.5%, p = 0.007). While
the change of LDLc from baseline to follow-up was sig-
nificant in the non-DM group (p < 0.001), it was non-
significant in the DM group (p = 0.15). Distribution of
LDLc changes is shown in Fig. 3. We found a significant
correlation between the change of LDLc and the change
of mean plaque area for non-DM patients (R = 0.47,
p = 0.002). No significant correlation was found in DM
patients.

The only significant difference in plaque composi-
tion was an increase of fibrous tissue in DM patients
(0.21 + 0.75 mm?) compare to a decrease in non-DM
patients (— 0.12 + 0.60 mm?, p = 0.001). Interestingly,
both NC tissue and DC decreased in both group (differ-
ences between DM and non-DM groups were not sig-
nificant). One of the most indicative markers for plaque
composition risk—NC abutting lumen—increased in
DM patients (1.27° £ 50.23") and decreased in non-DM
patients (— 3.27° & 41.79°). However, this difference was
not significant (p = 0.47). Plaque components responsi-
ble for increase or decrease of plaque area are summa-
rized in Fig. 4. No change of plaque composition was
significant when the DM and non-DM groups were com-
pared. Plaque progression in DM patients was caused by
an increase of fibrous and fibro-fatty tissue mean area.
Progression in non-DM patients was negligible. Plaque
regression was caused by decrease of necrotic tissue and
calcified tissue mean area in both groups.

Changes of the pro-inflammatory status were related
to changes of plaque composition in the DM patients.
The change of hs-CRP level correlated well with the
increase of DC mean area (R = 0.57, p = 0.03), decrease
of fibrous tissue mean area (R = — 0.69, p = 0.01) and
there was a trend for increase of NC mean area (R = 0.46,
p = 0.09). All these changes were not significant in non-
DM patients: correlation coefficients were much smaller
(0.22 for NC, 0.21 for DC and — 0.27 for fibrous tissue,
with non-significant “p” values). However, the change of
hs-CRP level correlated better with change of the TCFA
number in non-DM patients (R = 0.36, p = 0.02).

Glycemia levels correlated well in both the baseline
(R = 0.55, p = 0.02) and the follow-up plaque burden
(R = 0.57, p = 0.02) in DM patients. Glycemia changes
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Table 2 IVUS analysis of plaque morphology expressed as mean values per 5 mm vessel segments
DM (17 pts, 192 segments) Non-DM (44 pts, 506 segments) p
Lumen area BL (mm?) 853+38 9.27 + 389 0.44
Lumen area FU (mm?) 854+ 381 919+ 379 053
A Lumen area (mm?) 002+1.1 — 00812 0.54
p value for change between BL and FU 096 064
Vessel area BL (mm?) 1579+ 567 1666 +£562 05
Vessel area FU (mm?) 160157 161 +537 094
AVessel area (mm?) 022+14 —056x18 0.04
p value for change between BL and FU 054 a01
Plaque area BL (mm?) 726+ 299 739+ 331 07
Plague area FU (mm?) 747+ 308 691 +308 042
A Plague area (mm?) 021+097 — 047 £1.15 0.001
p value for change between BL and FU 034 0001
Plaque atheroma volume BL 457+ 5.0% 446 + 80% 0.60
Plaque atheroma volume FU 464+ 42% 432 +78% 0.14
A Plague atheroma volume 0.7 +28% —14+25% 0.007
p value for change between BL and FU 056 04

Plaque burden is expressed as a relative number
Italic values indicate significant differences

correlated well with changes of the necrotic tissue
(R=0.41, p =0.01) and the fibro-fatty tissue (R = — 0.33,
p = 0.04), but only in the non-DM patients. Baseline gly-
cemia or change of glycemia did not correlate with num-
ber of TCFA locations during baseline examination or
change of TCFA number during the study.

Figures 5 and 6 show the direction of changes in plaque
phenotypes between baseline and follow-up in DM and
non-DM patients. It can be clearly seen that changes of
plaque phenotypes from early lesions (NL, FP, PIT) into
advanced plaque phenotypes (ThCFA, TCFA) were more
frequent in DM compared to non-DM patients. However,
TCFA plaque phenotype was found in 94 of 192 (48.9%)
vessel segments in DM patients and in 228 of 506 vessel
segments (45.1%) in non-DM patients (p = 0.96), in part
because we labeled each vessel segment according to the
most advance identifiable plaque phenotype. In fact the
total number of “TCFA frames” was lower, but still with-
out a significant difference between the DM and non-DM
groups (24.8% vs, 23.4%, p = 0.29). Figure 7 is showing
and example of new TCFA in DM patient.

The TCFA plaque phenotype can experience two types
of behavior. It can remain as TCFA (persistent TCFA), or
it can change into another plaque phenotypes (suggest-
ing a healed TCFA). An TCFA can also develop from
another plaque phenotype during the follow-up period
(new TCFA). DM patients experienced more new TCFA
plaque phenotype compared to non-DM patients (20.3%
vs. 12.6%, p = 0.01). Persistent TCFA plaque phenotype
was more frequent in DM patients, but this trend was not
statistically significant (82.1% vs. 71.3%, p = 0.12).

We also focused on differences between the DM and
non-DM groups in morphological and plaque com-
position changes in early plaque phenotype (PIT) and
advanced plaque phenotype (TCFA). Both PIT and TCFA
types of plaques experienced plaque regression together
with negative vessel remodeling in non-DM patients and
plaque progression together with positive (TCFA) or
neutral (PIT) vessel remodeling in DM patients.

We found interesting differences between PIT and
TCFA plaque phenotypes according to change of plaque
composition. Plaque progression in PIT plaque phe-
notype was caused by increases of NC and DC plaque
composition, but plaque progression in TCFA plaque
phenotype was caused by increases of fibrous and fibro-
fatty tissue. Results are summarized in Figs. 8 and 9.
Figure 10 shows a typical 3D analysis of coronary IVUS
pullbacks in DM and non-DM patients. Note the visible
differences in plaque area and plaque composition.

Discussion
The main findings of this study are:

1. The coronary plaques in DM patients increased their
plaque area and risk profile from baseline to 1-year
follow up despite treatment with lipid lowering ther-
apy and despite reaching a similar level of LDLc com-
pared to non-DM patients. In comparison, plaques
in non-DM patients experienced a decrease of the
LAPS risk score.

2. The plaque phenotype with the highest risk of future
cardiac events (TCFA) developed more frequently
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Table 3 Changes of plaque composition in relative and absolute values
DM (17 pts, 192 segments) non-DM (44 pts, 506 segments) p

Fibrous tissue BL % 055+£0.15 055+£0.19 069

Fibrous tissue FU % 057 £0.12 0564019 07

A Fibrous tissue % 003 £0.14 001+£0.14 032
p value for change between BL and FU Q02 0.78

Fibrous tissue BL (mm?) 180 £1.31 201+£14 026

Fibrous tissue FU (mm?) 200 +1.51 1894141 092

A Fibrous tissue (mm?) 021 +0.75 —0.12+060 0.001
p value for change between BL and FU 0.037 0.05

Fibrous-fatty tissue BL % 0154012 0.14+0.11 0.81

Fibrous-fatty tissue FU % 015+008 014+ 011 084

A Fibrous-fatty tissue % 004013 004012 071
p value for change between BL and FU 083 042

Fibrous-fatty tissue BL (mm?) 041 £045 0524055 012

Fibrous-fatty tissue FU (mm?) 056 £ 062 0514058 086

A Fibrous-fatty tissue (mm?) 015 +050 —0.00+ 049 017
p value for change between BL and FU 0.002 087

NCBL % 018+0.12 015+ 0.15 043

NCFU % 016+ 0.07 0.14 +0.09 017

A NC% — 002012 —002x01 0.94
p value for change between BL and FU 0.03 0.003

NCBL (mm?) 083 +1.02 068+ 086 066

NCFU (mm?) 063 +£055 0534059 051

A NC (mm?) —020£ 0865 —0.15 £ 049 09
p value for change between BL and FU 0.001 < 0.001

NC abutting lumen BL () 6136 + 5865 5432 + 5743 0.75

NC abutting lumen FU (7) 6263+ 5389 5105 +£51.02 0.26

A NC abutting lumen (%) 127+ 5023 —327+41.79 041
p value for change between BL and FU 079 024

DCBL % 0.1 £ 009 0.08 £ 0.09 0.26

DCFU % 0.09+ 0.07 0.08 £ 0.08 0.11

ADC % 0.0 £009 0.0+ 007 0.93
p value for change between BL and FU 0.95 099

DCBL (mm?) 043 +£055 0334050 037

DCFU (mm?) 037 +£039 0294040 0.26

A DC (mm?) —006+£034 —004+£024 082
p value for change between BL and FU 0.1 0.06

‘We found higher LAPS at follow-up in diabetics compared to non-diabetics (0.13 + 1.89 vs. — 0.38 + 1.8, p = 0.002). DM patients also experienced an increase of LAPS
during the study, unlike non-DM patients for which LAPS decreased (0.13 £ 1.79vs. — 0.23 + 1.66, p = 0.018)

Italic values indicate significant differences

Table 4 Liverpool active plaque score and its changes

DM (17 pts.) Non-DM (44 pts.) p
Baseline LAPS 00+187 — 015+ 206 036
Follow-up LAPS 013 £189 —038+18 0.002
Change of LAPS 013 £179 — 0231166 0018
p value (BL ws. FU) 05

3.
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during the study in DM patients compared to non-
DM patients.

Coronary plaques continue to progress in both early
and advanced plaque in DM patients compared to
plaque regression on these two plaque phenotypes in
non-DM patients.

. Morphological and plaque composition changes

were more pronounced in the early lesions type (PIT)
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than in the advanced lesion type (TCFA), and these
changes transitioned toward higher risk plaque types
(increased mean plaque area and necrotic core con-
tent) in DM patients.

The atherosclerotic process in diabetic patients seems
to be different compared to non-diabetics. Larger
plaques, with higher necrotic core content, were con-
firmed in DM patients during postmortem studies [27].
These findings were confirmed in vivo by studies using
IVUS in plaques from both stable and acute patients
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[28-30]. Studies assessing plaque phenotypes describe
more-developed lesions in DM patients [31, 32]. We
found accelerated progression in DM patients of both
plaque burden and plaque risk profiles in our study. These
findings are supported by the study published by Bay-
turan et al. [10] with data from 7 clinical trials involving
3437 patients, where the presence of diabetes was found
as one of the predictors of plaque progression despite
the achievement of very low levels of LDLc. The impact
of the presence of diabetes on clinical events was tested
in a study done by Kennedy et al. Lesions not causing
ischemia (with fraction flow reserve > 0.8) led to clinical
events in DM patients in 18.1% compared to 7.5% in non-
DM patients (p < 0.01), with hazard ratio for the presence
of DM of 3.3 [33]. The same author published a provoca-
tive study where he suggests to routinely perform PCI of
FFR negative lesions for poor outcome of such lesions for
fast atherosclerosis progression in DM patients [34].

Factors that can play an important role in faster pro-
gression in DM patients are: inflammation, neovascu-
larization, and intra-plaque hemorrhage [35]. Neovessels
provide access for inflammatory cells, and thus correlate
with plaque inflammation [36]. Cytokines coming from
leucocytes decrease collagen production by vascular
smooth muscle cells, and enhance production of matrix
metalloproteinases, which further weaken the plaque
stability through fibrous cap breakdown [37]. Metallo-
proteases are also important factor for development of
positive vessel remodeling that is also known risk factor
for plaque instability. Insulin resistance was shown as a
factor related to positive vessel remodeling [38]. Neoves-
sels are more fragile and therefore more prone to rupture,
thus causing intra-plaque hemorrhage [39]. These pro-
cesses are augmented in the diabetic plaques [35]. These
studies give us the pathological background for our find-
ing of the accelerated progression of plaque phenotype in
DM patients, which now look more like expected results
than merely accidental findings.

These data are in agreement with our findings of
plaque area, remodeling index (marker of positive ves-
sel remodeling) and LAPS score progression contribut-
ing to disease progression in DM patients. Interestingly,
the amount of NC significantly decreased in both groups
of patients. Only the amount of NC abutting lumen
increased in DM patient and decreased in non-DM ones,
but this difference did not reach statistical significance.

Plaque progression and increased necrotic core in DM
patients was previously reported in the TRUTH study®.
Inaba et al. [40] performed a serial IVUS study using inte-
grated back scatter analysis (IB IVUS) for examination
of plaque composition. They compared 20 mm of non-
culprit coronary artery from DM and non-DM patients
and found higher total plaque volume and lipid content
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in DM patients at baseline. Both plaque volume and lipid
content continued to progress only in the DM patients.
However, comparison of plaque composition changes is
difficult using their approach, because IB-IVUS uses a
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different technique for analysis of plaque composition
and cannot distinguish necrotic tissue [41].

The possible explanations for differences in plaque-type
and plaque-composition transition frequencies in DM
and non-DM patients during the 12-month follow-up
period can be attributed to a lower efficacy of lipid-low-
ering treatment in DM patients, which was documented
by observing a significant reduction of LDLc levels only
in the non-DM patients. Another factor contributing to
the unfavorable plaque changes is a higher inflamma-
tory status biomarker in DM patients. Levels of hs-CRP
during baseline and their changes during the study dura-
tion were significantly higher only in the non-DM group.
However, the change of hs-CRP levels correlated with an
increase of the necrotic core percentage and calcifica-
tion, and the decrease of fibrous tissue more strongly in
the DM patients. These findings are in a good agreement
with a study performed by Kwon et al. [42], who found
a decrease of necrotic tissue inside coronary plaque in
statin-treated patients with decreased levels of hs-CRE
This can also be seen as an indirect marker of the more
important role of inflammation in DM patients com-
pared to the non DM ones. Surprisingly, the increase of
TCFA plaque phenotype correlated with increase of hs-
CRP level only in the non-DM patients, despite the fact
that the DM patients developed more new TCFA plaque
phenotypes.

Additional differences between the DM and non-DM
patients included a higher glucose variability in DM
patients leading to an increase of plaque burden and
lipid content and a decrease of fibrous tissue in their ath-
erosclerotic plaques [43]. Yoshida et al. [44] described
an increase of necrotic core in plaque with DM patients
with higher glucose fluctuations. We found a notable cor-
relation of both baseline and follow-up glycemia with
plaque burden in the DM patients. According to plaque
composition, we found good correlation of he change of
glycemia with the decrease of fibro-fatty tissue and the
increase of necrotic tissue. Surprisingly these correla-
tions were significant only in the non-DM patients (prob-
ably due to a negligible change of glycemia in the DM
patients). These findings may explain the reported rela-
tionships between an increase of hs-CRP and an increase
of TCFA plaques in the non-DM patients.

TCFA is a plaque phenotype, defined as a confluent
NC with a thin fibrous cap (less than 65 pm). Because
this distance cannot be measured by intravascular ultra-
sound, TCFA plaque phenotype is sometimes named
VH-TCFA (TCFA based on virtual histology) or ID-
TCFA (IVUS-derived TCFA) in studies using virtual his-
tology, where the main criterion for this phenotype is the
lack of a visible fibrous cap over the necrotic core. This
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Fig. 7 Longitudinal and cross section views of one baseline and follow-up pullbacks showing development of new TCFA in DM patients. Orange
line shows location of cross sectional frames. It can been seen significant progression of plaque together with increase of necrotic core

type of plaque is known as a risk factor for future devel-
opment of coronary events [45]. We find similar numbers
of such plaque phenotypes in both patients’ groups. The
same occurrence of TCFA in DM and non-DM patients
is a surprising finding. But it is similar to a study done
by Pundziute et al. [46], who did not find a higher occur-
rence of TCFA in DM patients. However, they found
a substantially smaller number of TCFA type plaques
(7% in DM and 10% in non-DM patients, p = 0.4), but
they reported number of TCFAs per whole plaque, not
per vessel segment or frame. Other trials [31, 47] found
TCFA more frequent in DM patients (21.6% vs. 13.6%
and 75% vs. 41%). Based on these numbers, it is obvious
that TCFA definition based on IVUS-VH vyields differ-
ent values the absolute numbers of which are generally
incomparable.

83

Because the determining part of the TCFA definition
is fibrous cap thickness, studies using optical coher-
ence tomography (OCT) seem to offer a better tool for
its diagnosis. Kato et al. [48] published a study of OCT
examinations of all three coronary arteries, and found
only non-significantly higher numbers of TCFA plaque
phenotype in DM patients than in non-DM ones (18.8%
vs. 11%, p = 0.22). Niccoli [49] found the same number
of TCFA in DM and non-DM patients (41% vs. 44%,
p = 1). It seems that even OCT based TCFA definition
is not ideal for discrimination of risk plaque phenotype
in DM patients. The best approach may be a dual source
of information composed of IVUS-VH for necrotic core
detection and OCT for fibrous cap measurement [50] or
even better near-infrared spectroscopy IVUS (for highly
sensitive lipid pool detection) and OCT [51].
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The behavior of TCFA over the period of 1 year has
been studied by IVUS-VH in patients with stable coro-
nary artery disease [52], and using non-culprit plaques
in patients with acute myocardial infarction [53]. During
these studies (over a period of 12 months in Kubo et al.
[52] and 13 months in Zhiao et al. [53]), 75% of VH-TCFA
healed, whereas 25% remained unchanged in stable
patients. Completely different results were found in acute
patients: 78% of VH-TCFA plaques remained unchanged
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and 22% healed. We found an increased number of new
TCFA plaque phenotypes during our study. From all
TCFA plaque types found during baseline examination,
82.1% remained as TCFA in DM patients and 71.3%,
(p = 0.12) in non-DM ones, despite dealing with stable
patients only. The main difference between our study and
the aforementioned studies is lesion definition. Kubo [52]
defined lesions as an area of plaque with at least three
consecutive frames with plaque burden > 40%, and ana-
lyzed all such frames as one lesion. The same definition
was used in the study by Zhiao [53] (where new lesions
were separated by at least a 5 mm long segment with
plaque burden < 40%). Unlike these two studies, we ana-
lyzed vessel segments of coronary arteries of uniform size
(5 mm). This method allows more precise spatial accu-
racy for comparison from baseline to follow up. Acute
cardiac events are not caused by changes taking place
inside the whole plaque: the development of plaque rup-
ture is a very focal event, and only detailed plaque anal-
ysis can help us understand why some regions behave
differently than others.

Vessel segments with new TCFA plaque phenotype
were found in higher numbers in DM compared to
non-DM patients in our study. This finding of higher
incidence of new TCFA in DM patients despite lipid-
lowering treatment correlates well with the study done by
Lindsey et al. [54], who also reported correlation between
prevalence of TCFA lesions and duration of diabetes.

This is important, because DM patients with TCFA
have higher occurrence of MACE within 3 years, com-
pared to DM ones without TCFA. Plaque progression in
DM patients without TCFA led to similar occurrence of
MACE like in non-DM patients [55].

An interesting finding is the different plaque behavior
in early plaque phenotype (PIT) and advanced plaque
phenotype (TCFA) in DM patients compared to non-DM
patients. Changes in plaque volume and plaque composi-
tion are more pronounced in PIT than in TCFA. Plaque
regression was found only in non-DM patients in both
plaque phenotypes. The relative amount of necrotic core
in plaque between baseline and follow-up increased in
the PIT phenotype but decreased in the TCFA plaque
phenotype. A similar behavior of NC was described by
Hwang et al. [56], who found an increase of NC in non-
TCFA plaques and a decrease in TCFA plaques during
statin therapy in patients with acute coronary syndrome.
Increase of NC closely correlated with changes of hs-CRP
in that study. Unfortunately, we do not have data from our
patients for this type of correlation. It seems that early
lesion phenotype is much more active and it may be the
main precursor of fibroatheromas despite statin therapy.
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Conclusions
Atherosclerotic plaques in DM patients have more
advanced risk profiles than plaques form non-DM
patients, and these differences continue to progress
despite lipid lowering therapy and despite reaching sim-
ilar LDLc levels in both groups of patients. In contrary
to the group of non-DM patients, the DM patients did
not reach significant reduction of LDLc, which shows a
decreased efficacy of the lipid lowering treatment in the
DM patients. This finding can explain some differences
that were observed in our study. The TCFA plaque phe-
notype detected by virtual histology is probably not the
best discriminator for detection of high-risk plaques,
because it was found in both groups of patients with the
same frequency.

Changes in a plaque morphology and plaque com-
position are more pronounced in early types of lesions
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such as PIT. Our findings result from a novel method
for detailed analysis of coronary arteries, which divides
plaques into 5 mm vessel segments based on 3-D vessel
reconstructions. This was done by fusion of IVUS-VH
and angiography. This type of analysis allows us to com-
pare corresponding vessel segments of coronary arteries
between baseline and follow-up, and to focus on changes
of plaque phenotypes, which play a critical role in the
development of acute coronary events,

These findings should lead to further examination of
plaque progression in DM patients and to development
of new therapeutic strategies, which would increase the
efficacy of lowering LDLc and slow the progression of
atherosclerosis in DM patients. First recommendations
come from the IMPROVE IT trial [57], where a combined
lipid lowering therapy (statin + ezetimibe) was more effi-
cient in preventing cardiac events in DM patients then
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in non-DM ones. The most potent lipid-lowering drug
(inhibitors of the PCSK-9 protein) was shown as poten-
tially causing a higher plaque regression in DM patients
in GLAGOV trial. However this finding did not reach
statistical significance (p = 0.39) in a trial with only 20%
occurrence of DM patients [58].

Limitations

The main limitation of our study was the low number of
patients, which was the result of strict inclusion criteria
for high image quality of both baseline and follow-up
IVUS examinations, with reliable and consistent pull-
backs, and with unquestionably identified corresponding
frames. On the other hand, the comparison of almost 600
corresponding 5 mm vessel segments of coronary arter-
ies compensates for this disadvantage. A further limita-
tion is the unequal number of patients with and without
diabetes (17 vs. 44 patients). However, the roughly 38%
presence of diabetes in our group corresponds well with
the occurrence of diabetic patients among individuals
with established coronary artery disease.

According to our results, the TCFA plaque phenotype
was the most frequent plaque phenotype found in both
DM and non-DM patients. This finding is a result of
our TCFA definition. We divided all examined segment
of each coronary artery into 5 mm segments that were
labeled according to the worst plaque phenotype they
contained. So, every time TCFA was part of 5 mm exam-
ined vessel this segment was labeled as TCFA. Moreo-
ver, it is necessary to find three consecutive frames with
TCFA features to satisfy our TCFA definition. In situa-
tions where those three frames belonged into two differ-
ent 5-mm vessel sections, both were labeled as “TCFA”.
One of the most important parts of TCFA definition
is the required presence of a thin fibrous cap. It means
fibrous cap thinner than 65 pm. This value is below the
resolution of intravascular ultrasound and therefore can-
not be used in an IVUS-based trial. These are all facts,
which may lead to an overestimation of the number of
identified locations with the TCFA plaque phenotype.
However, our main goal was to compare plaque phe-
notypes present in DM and non-DM patients using the
same approach for both groups. Based on our findings,
our fundamental results are in general agreement with
similar studies, despite using slightly different methods
and our detailed analysis brings new knowledge about
local behavior of DM and non-DM plaque transitions.
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ABSTRACT KEYWORDS
Background: Lipid-rich plague covered by a thin fibrous cap (FC) has been identified as a

frequent morphological substrate for the development of acute coronary syndrome. Optical Coronary artery
coherence tomography (OCT) permits the identification and measurement of the FC. Near disease; lipid-rich

infrared spectroscopy (NIRS) has been approved for detection of coronary lipids.

Aims: We aimed to assess the ability of detailed OCT analysis to identify coronary lipids,
using NIRS as the reference method.

Methods: In total, 40 patients with acute coronary syndrome underwent imaging of an- optical coherence
culprit lesion by both NIRS and OCT. For each segment, the NIRS-derived 4mm segment tomography.

plaque; near-infrared

Spectroscopy;

with maximal lipid core burden index (maxLCBlsmm) was assessed. OCT analysis was
performed using a semi-automated method including measurement of the fibrous cap
thickness (FCT) of all detected fibroatheromas. Subsequent quantitative volumetric
evaluation furnished, FC surface area (FC SA), lipid arc, and FC (fibrous cap) volume data.
OCT features of lipid plaques were compared with maxLCBlsmm. Predictors of maxLCBlamm
>400 were assessed by using univariable and multivariable analysis.

Results: OCT features (mean FCT, total FC SA, FC volume, maximal, mean, and total
lipid arcs) strongly correlated with the maxLCBlsmm (p=0.012 for the mean FCT,
respectively p<0.001 for all other aforementioned features). The strongest predictors of
maxLCBlsmm >400 were the maximal (p=0.002) and mean (p=0.002) lipid arc, and total FC
SA (p=0.012).

Conclusions: We found a strong correlation between the OCT-derived features and NIRS
findings. Detailed OCT analysis may be reliably used for detection of the presence of
coronary lipids.

INTRODUCTION fibroatheroma (TCFA) [1]. TCFA detection has its

greatest impact in the identification of a culprit lesion,

The morphological substrate for the development which can serve as an indication for percutaneous

of acute coronary syndrome (ACS) is, in most cases, coronary intervention (PCl) or aggressive
a lipid-rich plaque covered by a thin fibrous cap (<65 pharmacotherapy.

um). This type of plaque is known as thin-cap
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Several imaging techniques have been
introduced into clinical practice to assess plaque
characteristics. The best assessment of the coronary
arteries is achieved by combining of several
modalities [2].

The imaging techniques which are used for TCFA
detection are optical coherence tomography (OCT)
and near infrared spectroscopy (NIRS). OCT is a
light-based intravascular imaging technology. Owing
to its high resolution (10- 20 uym), OCT enables the
identification of many structural plaque features (lipid
pool, macrophages, calcifications), and the
measurement of the fibrous cap thickness (FCT).
However, the low depth penetration of OCT limits the
accurate assessment of the lipid core in plaques
without superficial lipid accumulation. In fact, several
studies have already shown limitations of the use of
OCT for such plaques [3, 4].

The NIRS system is the most sensitive imaging
tool for detection of lipids located inside coronary
plaques. This system provides gray-scale
intravascular ultrasound (IVUS) images co-registered
with color-coded NIRS spectral data. Areas
representing the high probability of a lipid core are
depicted in yellow on a NIRS block chemogram. The
four-millimeter segments with the highest amount of
lipid tissue, is called the maximal lipid core burden
index (maxLCBlamm) [5]. Several studies have
demonstrated the prognostic value of this index in
both ACS patients and patients with stable coronary
artery disease. The majority of ST-elevation
myocardial infarction (STEMI) culprit lesions contain
plaques with a maxLCBlsmm 2 400 [6]. Patients with
non-culprit lesions with higher maxLCBlsmm are at
higher risk of cardiac events in the future [7, 8].

Therefore, our aim was to evaluate the accuracy
of OCT in the detection of lipid plaque content, using
NIRS as the reference method, because it allows
direct detection of lipid content, and it has also been
validated histopathologically in human coronary
arteries.

METHODS
Study population

This was a single-center study, performed in a
high-volume center (Na Homolce Hospital, Prague,
Czech Republic). The study subjects were recruited
from patients presenting with ACS, scheduled for
acute coronary angiography, and suitable for
intracoronary imaging of a non-culprit lesion. The
inclusion criteria were: age >18 years; and, the
presence of at least one non-culprit lesion not
indicated for revascularization. The exclusion criteria
were: hemodynamic instability; severe renal
insufficiency (estimated glomerular filtration less than
30 ml/min); pregnancy; and, poor life expectancy. All
patients underwent intravascular assessment of the
non-culprit lesion using both combined NIRS-IVUS
and OCT examinations during the index procedure.

This study was part of the Prediction of
Atherosclerotic Plaque Progression (PPP) trial,
assessing the ability of intracoronary imaging
methods to predict atherosclerosis progression in
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patients  with acute  coronary  syndrome
(ClinicalTrials.gov identifier: NCT05424705).

All patients signed a written informed consent at
the time of the procedure, and the study was
approved by the local ethics committee.

Image acquisition

After coronary angiography and PCI of the culprit
lesion were performed, one non-culprit lesion (not
indicated for revascularization) was selected for
imaging with OCT and NIRS. This lesion had to be
located in a native vessel without previous
intervention, without severe calcification and
tortuosity, and with a vessel diameter of at least 2.5
mm. The identical segment was then examined by
OCT and NIRS-IVUS. Unfractionated heparin with a
target activated clotting time > 250 seconds was
administered prior to the insertion of the imaging
catheters. OCT was performed with the OCT
Dragonfly™ (St. Jude Medical, St. Paul, MN, USA), a
commercially available imaging system. During
image acquisition at a pullback speed of 20 mm/s,
blood was replaced with a contrast medium that was
continuously flushed through the coronary artery at a
rate of 3 mL/s using an automated injector. NIRS-
IVUS was then performed using the commercially
available TVC Imaging System™ and TVC Insight ™
Catheter (Infraredex, Inc., Burlington, MA, USA).
NIRS-IVUS images were acquired using a motorized
pullback at a speed of 0.5 mm/s. Regions with poor
image quality were excluded.

After having digitally stored both OCT and NIRS-
IVUS images, we identified anatomical landmarks
(i.e. side branches and minimal cross-section area)
in the IVUS and OCT pullbacks. When using a side
branch take-off to select a coronary segment, we
used the distal wall of the proximal side branch, and
the proximal wall of the distal side branch. The
adequate alignment between the two pullbacks
allowed simultaneous analysis of the corresponding
coronary segments (Figure 1).



Figure 1. Examples of corresponding cross-sections
of optical coherence tomography (left column) and
NIRS-IVUS (right column) images. (A, B) Side-
branch take-off (arrow). (C, D) Lipid core (dashed
line). (E, F) Calcification (asterisk)

Abbreviations: IVUS, intravascular ultrasound; NIRS,
near-infrared spectroscopy.

OCT analysis

The entirety of all OCT pullbacks underwent
analysis, utilizing the ICWA-OCT software, a product
of the University of lowa, which employs both a deep
learning model and a graph-based optimization
technique [9, 10, 11, 12]. For each OCT image frame,
luminal and fibrous cap borders were systematically
segmented using a fully three-dimensional graph-
based methodology. All automatically identified
surfaces were subsequently reviewed and properly
edited (as required), employing a computer-aided
refinement technique [9, 10]. Portions of the vessel
wall rendered unanalyzable - due to factors such as
guidewire shadow or blood artifacts - were excluded
from further analysis. Segments containing lipid
plaque with overlying fibrous cap and lipid angular
range were specified manually. The angular range of
the fibrous cap within each OCT cross-sectional
frame was manually determined, ascertaining the
comprehensive extension of the fibrous cap overlying
lipid plaque throughout the 540-frame pullback.
Subsequent quantitative volumetric evaluations of
the entire pullback furnished data on average and
minimal FCT, length and percentage of frames
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exhibiting FCT <65 um, aggregate and percentage of
total fibrous cap surface area, mean and maximal
total lipid arcs, and fibrous cap volume.

NIRS analysis

The presence of a lipid core was assessed on the
NIRS bloc chemogram. For each segment where
lipid was detected, the lipid core burden index (LCBI)
was assessed. This is a quantitative parameter of
lipid presence in a given longitudinal region of the
vessel, and it is calculated as the fraction of pixels
indicating lipid presence, multiplied by 1000 [13]. In
each analyzed segment, the presence of lipid was
quantified by assessing the maximal LCBI for the 4
mm longitudinal region with the highest amount of
lipid detected (maxLCBIlamm).

Statistical analysis

Al OCT and NIRS measurements are
represented as averages with standard deviations.
When appropriate, we employed the Pearson
correlation test to investigate the relationships
between OCT and NIRS variables. An unpaired t-test
was used to examine differences in OCT
measurements between groups characterized by low
and high maxLCBl4mm values.

To  predict maxLCBlsmm values using
demographic and OCT data, we used a feature
selection method based on a random forest. A
multivariable analysis was performed to examine
maxLCBlsmm using a generalized linear model, which
incorporated the most significant features identified
during feature selection. A leave-one-out cross-
validation strategy was implemented to evaluate the
predictive accuracy for each individual
patient. Furthermore, by contrasting models with,
and without, a specific feature, we were able to
determine the importance of individual features.

The statistical importance of each patient feature
was noted. We considered a p-value of less than 0.05
to indicate statistical significance. All the statistical
evaluations were executed using R 3.5.1.

RESULTS
Patient features

Between January, 2015, and January, 2018, a total
of 40 patients were included in the study, and
underwent both combined NIRS-IVUS and OCT
assessment of an identical non-culprit lesion. The
mean age was 60 years, and most of the patients
(85%) were men. The mean low-density lipoprotein
(LDL) was 3.5 mmol/l. Two thirds of the patients (27)
presented with STEMI, and the remaining 13 patients
presented with non-ST-elevation ACS (NSTE- ACS).
The mean maxLCBlsmm was 319 (SD 213). Patient
characteristics are listed in Table 1.

Table 1. Patient characteristics



Patients (n=40)
Age, mean (SD), years 60 (8.9)
Male, n (%) 34 (85.0)
Family history, n (%) 12 (30.0)
Current smoker, n (%) 28 (70.0)
Hypertension, n (%) 17 (42.5)
Hyperlipidemia, n (%) 13 (32.5)
Diabetes mellitus, n (%) 6(15.0)
Statin, n (%) 10 (25.0)
ACEVsartan, n (%) 14 (35.0)
Betablocker, n (%) 5(12.5)
Laboratory
Cholesterol, mean (SD), mmol/]1 52(L.1)
LDL-C, mean (SD), mmol/l 3.5(1.0)
Clinical presentation
STEMI, n (%) 27 (67.5)
NSTE-ACS, n (%) 13 (32.5)
Left ventricular EF, %, mean (SD) 55(10.2)
Imaged vessel
Left anterior descending artery, n (%) 14 (35.0)
Left circumflex artery, n (%) 11(27.5)
Right coronary artery, n (%) 15 (37.5)
Minimal lumen area (SD), mm? 4.5(2.3)
Minimal lumen diameter (SD), mm 2.4 (0.6)

ACEI, angiotensin-converting enzyme inhibitors; EF,
gjection fraction; LDL-C, low density lipoprotein
cholesterol; NSTE-ACS, non-ST-elevation acute
coronary syndrome; STEMI, SD, standard deviation;
ST-elevation myocardial infarction

Correlation of OCT features of lipid plaque with
NIRS findings

OCT features of lipid plaque strongly correlated
with the maxLCBlsmm, when we compared them as
continuous variables, and also as a categorical
variable (maxLCBIlsmm>400) by thresholding (Tables
2 and 3).

Table 2. Correlation between plaque features
based on optical coherence tomography and
maxLCBlsmm (4mm segment with maximal lipid
core burden) as continuous variable
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R p-Value
Mean FCT (SD), pm 160.5 (84) 0.39 0.012
Minimal FCT (SD), pm 63 (50) -0.05 0.738
Frames with FCT <65 pm (SD), pm (%) 6.0(9.7) 0.62 | <0.001
Plaque length with FCT <65 pm (SD), mm 1.5(3.5) 0.66 | <0.001
Total FC SA (SD), mm? 11.9(19.1) 0.74 | <0.001
Total FCT <65 pm SA (8D), mm? 0.05 (0.2) 0.56 <0.001
Total FCT <65 pm SA (SD), mm? (%) 0.24 (0.5) 0.31 0.048
FC volume (SD), mm? 2.4(3.8) 0.74 | <0.001
Maximal lipid arc (SD), ° 96. 9 (91.3) 0.85 | <0.001
Mean lipid arc (SD), ° 55.4 (48.4) 0.81 <0.001
Total lipid arc (SD), ® 3178.5(5351) | 0.74 | <0.001

Abbreviations: FC, fibrous cap; SA, surface area;
FCT, fibrous cap thickness; SD, standard deviation

In the process of feature selection, using random
forests, 18 OCT measurements were identified as
potential  predictors. These  measurements
encompassed clinically relevant metrics such as
FCT, lumen area, and lipid extension, among others.
Following  multivariate  analysis of these
measurements, "mean FCT" with f=0.99 (95% CI:
0.88, 1.10, p=0.002) and "maximal lipid arc" with
B=1.56 (95% CI: 1.46, 1.66, p<0.001) stood out as
significant predictors. Specifically, "mean FCT" refers
to the average thickness of the fibrous cap at every
lipid-overlying location within a single pullback.
Meanwhile, "maximal lipid arc" describes the most
extensive lipid arc - relative to the lumen center -
present in all lipid-containing frames in one pullback.
Using the OCT data, we compared the OCT-based
maxLCBlsmm with the NIRS-derived maxLCBlamm.
There were only negligible differences between the
OCT-based and real maxLCBIlsmm values (Figures 2
and 3). A receiver operating characteristic analysis
was performed to assess the most accurate OCT
predictors of maxLCBlsmm>400 (Figure 4).

Table 3. Correlation between plaque features
based on optical coherence tomography and
maxLCBlsmm (4mm segment with maximal lipid
core burden) as a categorical variable

maxLCBlamm 2400 | maxLCBlimm <400 | p-Value
Mean FCT (um) 183.0 (31.0) 149.6 (98.7) 0.12
Minimal FCT (um) 55.2 (29.4) 66.8 (57.5) 0.41
Frames with FCT <65 um (%) 10.9 (11.9) 3.6 (7.6) 0.06
Total FC SA (mm?) 27.0(27.2) 4.6(5.9) 0.012
Total FC SA <65 um (mm?) 0.1(0.3) 0.0 (0.0) 0.16
Total FC SA <65 um (%) 0.3(0.3) 0.2(0.5) 0.60
FC volume (mm?) 5.4 (5.4) 0.9(1.2) 0.012
Maximal lipid arc (%) 178.3 (107.2) 57.7 (47.9) 0.002
Mean lipid arc (%) 958 (57.4) 36.0 (28.1) 0.003
Total lipid arc (°) 7423.5 (7717.6) 1134.6 (1454.7) 0.013




Abbreviations: FC, fibrous cap; SA, surface area;
FCT, fibrous cap thickness; maxLCBlsymm, 4mm
segment with maximal lipid core burden

Patients with negative findings

There were four patients (out of 40) with zero
fibroatheroma area. Of those, three also had a LCBI
value of zero, and the remaining patient had only a
minimal LCBI value (2.0). On the other hand, four
other patients had a zero LCBI index. Three of those
matched the first group with zero fibroatheroma area,
and the last one had a fibroatheroma area close to
zero (5.2 mm3).

Figure 2. Difference between predicted and real
maxLCBlsmm (4mm segment with maximal lipid
core burden)
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Comparison of the predicted maxLCBlsmm using all
analyzed data based on optical coherence
tomography and real maxLCBlsmm measured by near
infrared spectroscopy.

DISCUSSION

The main finding of this study is the strong
correlation between the predicted maxLCBlsmm,
based on OCT derived features, and the real
maxLCBlsmm from NIRS-IVUS measurements.

Figure 3. Examples of NIRS (near infrared
spectroscopy) chemograms and corresponding
based on optical coherence tomography (OCT)
2D-reconstructions of the fibrous cap thickness
(FCT) from four patients (A-D).
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The ,x“ axis represents longitudinal location, and the
Ly“ axis the circumferential location. The yellow
regions of the NIRS chemograms (left column)
indicate the high probability of a lipid core, whereas

red regions indicate the absence of lipids.
Corresponding OCT-based 2D-reconstructions (right
column) demonstrate fibroatheromas with color-
coded range of FCT displayed longitudinally (x-axis)
and circumferentially (y-axis) on an unwrapped
vessel wall. The yellow stands for FCT <300 pm,
orange for FCT <200 um, and red for FCT <100 um.
The shadowed areas represent regions without lipid
pools, or non-measurable regions caused by
guidewire or blood artifacts.

20 years ago, Yabushita and his colleagues
described a more than 90% accuracy for OCT,
compared to histological examinations, in finding
lipids [14]. In a study of Yonetsu et al., the detection
of lipids by OCT was compared to that by NIRS-
IVUS. The authors found that the OCT features of
plaque vulnerability (lipid arc, lipid length and thin
fibrous cap) were more prominent in plaques with
yellow blocks on the NIRS-IVUS chemogram.
However, the concordance of the lipid presence
between NIRS-IVUS and OCT was described as
poor. They found two plaques out of 25 which were
diagnosed as lipid plaques based on OCT, but with
no lipid detected by NIRS-IVUS. Furthermore, two
plaques with a lipid core on NIRS-IVUS were
diagnosed as lipid free by OCT. The authors partly
explained these discrepancies by the limitations of
OCT in plaque characterization, especially in
calcified plaques. Non-calcified plaques showed
relatively good concordance for lipid presence
between the two modalities [15].

Figure 4. Receiver operating characteristic
curves for features based on optical coherence
tomography for detection of maxLCBIlsmm >400



In contrast to the study of Yonetsu, we observed
a zero or minimal level of LCBI in patients with zero
area of fibroatheroma, and the absence of
fibroatheroma was confirmed by zero values of LCBI.
We can speculate that our semi-automated analysis,
using artificial intelligence, could be more accurate in
the labeling of fibroatheroma, compared to the
aforementioned trial.

Roleder et al. investigated the ability of NIRS-
IVUS to detect OCT-defined TCFA in patients with
stable coronary artery disease. They found a high
accuracy between OCT-based TCFA detection and
NIRS-IVUS [16]. These findings are in line with data
resulting from a study we performed on a group of
patients with ACS, and also with the data of Zanchin,
et al. who investigated the relation of NIRS-derived
lipid content with OCT-derived plaque features in a
study with 104 patients admitted for ACS [17]. These
authors observed an association between FCT and
lipid angle with maxLCBlsmm, which is consistent with
our findings.

Isidori et al. described the high correlation
between OCT detection of lipid-rich plaques and
NIRS-IVUS derived LCBI. In addition, this group
developed automated OCT analysis software to
display the longitudinal extension of the lipid core and
calculate an OCT-based LCBI. They found a close
correlation between OCT-based LCBI and measured
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NIRS-IVUS-based LCBI [18]. In the present study,
we used a semiautomated software for OCT
analysis, which requires manual corrections to
calculate quantitative parameters of fibroatheroma.
Even so, we found high accuracy in spatial findings
of OCT-based and NIRS-based lipid detection.

The presence of lipid accumulation and a thin
fibrous cap are important also as predictors of plaque
progression. Lipid plaque content, assessed by
NIRS-IVUS, is related to plaque progression [19].
FCT itself - or TCFA with microchannels - found by
OCT, have been identified as predictors of plaque
progression as well [20, 21].

From a clinical perspective, the presence of lipid-
rich plaques is important, and is significantly related
to clinical events. The Lipid-rich Plaque study
confirmed that a maxLCBlsmm of more than 400 is a
predictor of major cardiac events [8]. In the
PROSPECT Il trial, maxLCBlsmm >3 25 was shown to
be one of the predictors of future cardiac events
(although for clinical purposes, the authors
recommend maxLCBIlsmm 400 as a cut-off point) [22].

A high correlation between NIRS-IVUS-based
LCBI and OCT-derived features of lipid accumulation
— together with FCT — can therefore explain why
those OCT-derived plaque features are related to
cardiac ischemic events. FCT was shown to be an
important feature of culprit lesions in ACS patients
[23]. FCT <75 um, together with a lipid arc >180 °, a
minimal lumen area <3.5 mm?2, and the presence of
macrophages, were found to be a predictor of death
and myocardial infarction in the CLIMA trial [24].
More recently, in a post hoc analysis of the CLIMA
trial that included 1003 patients, an OCT-derived
automated assessment was used to demonstrate the
prognostic impact of a high lipid content. A maximal
OCT-derived maxLCBlamm >400 was related to poor
clinical outcome. The authors found that the
simultaneous presence of FCT <75 ym and OCT-
derived maxLCBlsmm >400 identified patients at the
highest risk [25]. In agreement with our findings, the
authors also observed a significant correlation
between morphological plaque features (lipid arc,
FCT) and lipid content.

The CLIMA trial proved that several OCT-derived
plaque features were able to identify patients with a
high risk of cardiovascular events [24]. NIRS offers
automated, and easier, detection of lipid content, and
correlates well with histopathology examinations [26].
NIRS -working with IVUS - can also predict coronary
events [7]. On the other hand, IVUS does not have
the resolution to visualize important microstructures,
such as thin fibrous caps and macrophage
accumulations that are relevant to vulnerable plaque.
Moreover, the penetration of NIRS-IVUS into clinical
practice is low. OCT combines assessment of lipid
content  with  other  morphological plaque
characteristics. However, such a detailed analysis of
OCT examination is time-consuming and requires a
well-trained person. The use of automated systems
for lipid content detection can significantly decrease
the analysis time, and increase the accuracy of the
examination.

Our findings are of importance to clinical practice
for several reasons. The ability to identify vulnerable
plaques without using NIRS-IVUS imaging can



represent one of the most important potential
applications of OCT.

Furthermore, there are some data which show
that aggressive lipid-lowering therapy decreases lipid
plaque content, increases the amount of fibrous
plaque tissue, and reduces plaque vulnerability [27].
Therefore, a detailed quantitative OCT analysis of
plaque risk features could be used not only to select
the best treatment option for individual patients (PCI
versus medical therapy), but also, potentially, to
monitor therapy. Further investigation is warranted to
show whether patients with specific plaque
phenotypes would benefit from more intensive
medical therapy (hypolipidemic or anti-inflammatory).

Our study has several limitations. First, a
relatively low number of patients from a single center
may have affected the statistical analysis. Second,
only non-significant lesions were included. Therefore,
the early stages of atherosclerosis were primarily
represented, and our findings may not apply to
advanced coronary artery disease. Third, we used
only NIRS analysis, and IVUS-based volume plaque
analysis was not performed, so, plaque volume and
plaque burden were not determined. However, this is
irrelevant, as, in this study, we focused only on OCT
analysis versus lipid detection by NIRS.

CONCLUSIONS

In our study we tested the ability of detailed OCT
analysis to identify coronary lipids assessed by NIRS.
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