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1 Einleitung

1.1 Epidemiologie und Relevanz der koronaren
Herzerkrankung

Herz-Kreislauf-Erkrankungen gehoren zu den hdufigsten Todesursachen in Deutsch-
land (1). Sie haben einen Anteil von 35 % (siche Abbildung 1). Die geschétzte Lebenser-
wartung steigt weiter an, sodass unter rein epidemiologischer Betrachtung zukiinftig mit

einer Zunahme der Patienten mit Herz-Kreislauf-Erkrankungen zu erwarten ist (1,2).

Sterbefalle in Deutschland 2019

nach Todesursachen in Prozent

Sonstige

27

Krankheiten des

Kreislaufsystems
Insgesamt

940000

Psychische und v
Verhaltensstorungen

Krankheiten des

Atmungssystems

Bésartige Neubildungen (Krebs)

Abbildung 1: Todesursachen in Deutschland nach Krankheitsarten 2019
Quelle: Statistisches Bundesamt (Destatis), 2021

Der GroBteil der Todesfille, die sich durch Herz-Kreislauf-Erkrankungen begriinden, er-
eignete sich im Rahmen einer chronisch ischdmischen Herzerkrankung oder eines akuten
Myokardinfarktes (siche Abbildung 2). Im Jahr 2019 entsprach dies in Deutschland 7,9 %
fir die chronische und 4,7 % fiir die akute Form der koronaren Herzerkrankung
(KHK) (1). Die Lebenszeitpravalenz — auf der anderen Seite — fiir einen akuten
Myokardinfarkt bei 40- bis 79-Jahrigen liegt bei 4,7 % und die der KHK (ohne Myokar-
dinfarkt) bei 9,3 % (3).
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Héufigste Todesursachen 2019

Chronische ischamische Herzkrankheit

Nicht n&her bezeichnete Demenz

Bosartige Neubildung der Bronchien und der Lunge (Lungen- und Bronchialkrebs)

Akuter Myokardinfarkt (Herzinfarkt)

Herzinsuffizienz (Her ache, Herzmu \wache)

Sonstige chronische obstruktive Lungenkrankheit

Sonstige ungenau oder nicht ndher bezeichnete Todesursachen

Hypertensive Herzkrankheit

Vorhofflimmern und Vorhofflattern

Bosartige Neubildung des Pankreas

I I I I
20.000 Gestorbene 40.000 Gestorbene 60.000 Gestorbene 80.000 Gestorbene

Abbildung 2: Haufigste Todesursachen in Deutschland 2019
Quelle: eigene Abbildung nach (1)

Epidemiologische Untersuchungen konnten Risikofaktoren fiir die Entwicklung einer ko-
ronaren Herzerkrankung identifizieren (4). Hierzu zihlen unter anderem die arterielle Hy-
pertonie, die Hypercholesterindmie, der Diabetes mellitus und das Rauchen (Nikotinabu-
sus). Diese Risikofaktoren lassen sich positiv beeinflussen, sodass die KHK nach Mog-
lichkeit nicht auftritt (Primérpravention) oder in ihrem Voranschreiten (Sekundérpraven-
tion) verlangsamt werden kann (sieche Abbildung 3) (5). Die Fortschritte in der Risikomo-
difikation durch Privention und Akutbehandlung tragen wesentlich zu einer Reduktion
der Sterblichkeit durch Herz-Kreislauf-Erkrankungen bei. Dennoch bleiben sie weiterhin
die hdufigste Tordesursache (6). Hieraus ergibt sich die gesellschafts- und gesundheitspo-
litische Relevanz der Herz-Kreislauf-Erkrankungen, auch vor dem Hintergrund des de-

mographischen Wandels.
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1.2 Pathophysiologie der koronaren Herzerkrankung

Die koronare Herzerkrankung stellt eine klinische Manifestation der Atherosklerose in
den epikardialen GefiaBen des Herzens dar. Hierbei kommt es zur Reduktion des Gefal-
lumens und im Verlauf gegebenenfalls zu einer sich konsekutiv entwickelnden Minder-
perfusion. Die Erkrankung verlduft in aller Regel chronisch und hiufig mit klinischem
Progress durch Zunahme der Atherosklerose. Der stabile Verlauf kann jederzeit durch ein
Akutereignis wie eine Plaqueruptur oder -erosion unterbrochen werden (,,ASCVD event*,
siche Abbildung 3). Die Erkrankung kann damit eine ausgepriagte Dynamik aufweisen,
sodass die Europdische Gesellschaft fiir Kardiologie (ESC) die beiden Hauptmanifestati-
onen der koronaren Herzerkrankung inzwischen als chronisches (CCS) oder akutes Ko-
ronarsyndrom (ACS) betitelt. Mit dieser Formulierung versucht die ESC insbesondere

den Stellenwert der Chronizitit hervorzuheben (7).

Natural History
of Coronary Artery
Disease

Abbildung 3: Atherosklerose als voranschreitender Progress
ASCVD: Atherosclerotic cardiovascular disease
Quelle: Ahmadi et al. (8)

Die Entwicklung der Atherosklerose ist multifaktoriell. Die Weltgesundheitsorganisation
(WHO) definiert den Begriff als variable Kombination aus Intimaverdanderungen mit fo-
kaler Anreicherung von Lipiden, Kohlenhydraten, Blut/-produkten, fibrosem Gewebe
und Kalziumablagerungen (9). Sie ist das Ergebnis verdnderter GefdBwandabnormitéten

und einer komplexen Interaktion der Blutbestandteile.

Es lassen sich sechs Stufen beschreiben (10,11). In der ersten Entwicklungsstufe (Typ-I-
Liasion) zeigen sich anfangliche Lipideinlagerungen, die Low-density-Lipoproteine
(LDL), in der Intima. Sie finden sich insbesondere im jungen Alter und im Bereich von
Gefidflabgédngen und -bifurkationen (12). Die histologischen Verédnderungen sind zunichst
gering. Oxidiertes LDL vermittelt die Expression von Adhdsionsmolekiilen und Aus-

schiittung von Chemokinen. Hierdurch kommt es zu einer Einwanderung von
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Leukozyten. Makrophagen formieren sich unter Einschluss der Lipide vor allem in Be-
reichen verdickter Intima zu kleinen Zellverbédnden (Schaumzellen) (13). Dies wird dann
als Typ-II-Lision beschrieben und ldsst sich auch durch eine gelbliche Streifung (,,fatty
streaks®) mikroskopisch erkennen. Es wurde beobachtet, dass sich die gelblichen Strei-
fungen in den Koronararterien bereits ab etwa dem 15. Lebensjahr entwickeln kon-
nen (14). Bei einem Voranschreiten zeigen sich extrazelluldre Lipidablagerungen als
Kennzeichen der Typ-IlI-Lésion, dem Prdatherom. Sie differenziert sich im Weiteren mit
zunehmender Einwanderung von glatten Muskelzellen und durch das Konfluieren der Li-
pidpools zu einem Atherom mit lipidreichem Kern (Typ-IV-Lision) (11,12). Im folgenden
Stadium (Typ-V-Lésion) kommt es zur Ausbildung einer fibrosen Kappe. In Verbindung
mit dem Lipidkern (Typ-IV-Lésion) wird dann von einem Fibroatherom gesprochen. Es
kann zu einer zunehmenden Einengung des Gefdfllumens kommen. Die Typ-V-Lision ist
die hdufigste Ausgangsldsion fiir Komplikationen (12), die in der Regel durch einen Ein-
riss der fibrosen Kappe entstehen. Auch die Typ-IV-Lésion gilt als kompliziert und wird
durch eine dominierende Kalzifikation im Atheromkern gelegener nekrotischer Areale

charakterisiert.

Lisionen mit vergleichbarer Grof3e konnen morphologisch unterschiedlich zusammenge-
setzt sein. Ihre Zusammensetzung definiert das Risiko fiir GefaBkomplikationen. Wéh-
rend hartes, kollagenreiches Bindegewebe den grofiten Anteil darstellt und als stabilisie-
rend gilt, geht von einem weichen, lipidreichen (sog. atheromatdsen) Kern ein destabili-
sierender Effekt aus. Hieraus ergibt sich, dass die Instabilitét einer Lasion oder Plaque
mafgeblich von dem Vorhandensein und der Grofle des Atheromkerns definiert wird und
ausgeht (15,16). In einem Gefdl3, das einen thrombotischen Verschluss aufzeigt, ldsst sich

demnach héufiger ein Nekrosekern finden (17).
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1.3 Diagnostik der koronaren Herzerkrankung

1.3.1 Chronisches Koronarsyndrom

Das klinische Beschwerdebild des chronischen Koronarsyndroms (CCS) ist variabel.
Man fasst hierunter zunéchst folgende typische Szenarien zusammen: i) Patienten mit
vermuteter koronarer Herzerkrankung und stabiler pektangindser Beschwerden oder
Luftnot; ii) Patienten mit neu aufgetretener Herzinsuffizienz oder Dysfunktion des linken
Ventrikels und vermuteter koronarer Herzerkrankung; iii) asymptomatisch oder sympto-
matische Patienten mit stabiler Beschwerdesymptomatik < 1 Jahr nach einem akuten Ko-
ronarsyndrom oder kurz zuriickliegender Revaskularisation; iv) asymptomatisch oder
symptomatische Patienten > 1 Jahr nach initialer Diagnose oder Revaskularisation; v) Pa-
tienten mit pektanginésen Beschwerden, vermuteter vasospastischer oder mikrovaskula-
rer Erkrankung; vi) asymptomatische Patienten, bei denen eine koronare Herzerkrankung
im Rahmen einer Screeninguntersuchung aufgefallen ist (7). Die Diagnostik baut auf einer

inkrementellen Evaluation auf (7):

Schritt 1: Zunichst muss eine gewissenhafte Erhebung der Patientenanamnese erfolgen.
Sie sollte auch das Erfragen extrakardialer atherosklerotischer Erkrankungen und bekann-
ter Risikofaktoren (z. B. familidre Prédisposition hinsichtlich einer Herz-Kreislauf-Er-
krankung, Hypercholesterindmie, Diabetes mellitus, arterielle Hypertonie, Rauchen) ein-
schlieBen. Insbesondere das Kardinalssymptom der Angina pectoris (AP) muss kritisch
hinterfragt werden, allerdings kann sich ein chronisches Koronarsyndrom auch durch
Dyspnoe dulern. Von typischen pektangindsen Beschwerden spricht man beim Auftreten
eines retrosternalen Drucks (ggf. mit Ausstrahlung in den Arm, die Schulter oder den
Hals) unter Belastung, der durch korperliche Ruhe oder Nitrateinnahme innerhalb von
fiinf Minuten vergeht. Nicht immer werden die Beschwerden klassisch als belastungsab-
héngiger Druck beschrieben, auch ein Schweregefiihl, eine thorakale Einengung, ein ret-
rosternales (Sod-)Brennen oder Luftnot werden angegeben. Von atypischen pektanging-
sen Beschwerden spricht man daher, wenn zwei der drei Kriterien, die zur typischen AP
zdhlen, vorhanden sind. Ein nicht angindser Brustschmerz liegt bei einem oder keinem
der Kriterien vor. Gemeinhin halten die Beschwerden durch Beenden der kdrperlichen
Anstrengung insgesamt nicht langer als zehn Minuten an. Auf der anderen Seite sind nur
sehr kurze Beschwerden ebenfalls untypisch fiir AP. Ein wichtiger Aspekt ist der Zusam-
menhang zwischen Auftreten der Beschwerden und korperlicher Belastung; dies sollte in
der Anamnese herausgearbeitet werden. Die Mehrheit der Patienten stellt sich mit atypi-

schen oder nicht angindsen Beschwerden vor (ca. 85-90 %) (18-20).



1 Einleitung 17

Schritt 2: Vor Anschluss eines klinischen Tests werden die Begleiterkrankungen und
Komorbiditdten evaluiert. Dies schlieft auch die kritische Priifung der Indikation zur wei-
terfiilhrenden kardiologischen Diagnostik bei Verdacht auf das Vorliegen einer nicht kar-
dialen Ursache ein. Dariiber hinaus sollte in Abhéngigkeit des Gesamtzustandes des Pa-

tienten auch gepriift werden, ob eine Revaskularisation tiberhaupt in Frage kommt.

Schritt 3: Die Basisdiagnostik umfasst im Weiteren eine Blutentnahme. Sie dient zum
Ausschluss internistischer Differentialdiagnosen (z. B. Anidmie), aber auch zur Priifung
etwaiger Risikofaktoren (z. B. HbAlc, LDL). Nur bei klinischer Instabilitit, Unsicherheit
oder begriindetem Verdacht sollte die Blutentnahme myokardialen Nekrosemarker wie
Troponin beinhalten. In Ergénzung erfolgt das Schreiben eines Ruhe-Elektrokardiograms
(EKG) mit zwolf Ableitungen. Im EKG koénnen beim beschwerdefreien Patienten wo-
moglich Hinweise fiir einen abgelaufenen Herzinfarkt gefunden werden (Pardée-Q, R-
Verlust). ST-Streckenverdanderungen unter supraventrikuldrer Tachykardie haben keinen
pradiktiven Wert flir die KHK (21). Es schlief3t sich eine transthorakale Echokardiogra-
phie mit der Frage nach der linksventrikuldren Ejektionsfraktion und dem Vorliegen re-
gionaler Wandbewegungsstorungen an. Auch ein Vitium cordis sollte ausgeschlossen

werden.

Schritt 4: Unter Beriicksichtigung der klinischen Beschwerden, dem Alter, dem Ge-
schlecht und der Komorbiditéten erfolgt die Abschitzung der Vortestwahrscheinlichkeit
(PTP) fiir das Vorliegen einer KHK. Bei einer PTP unter 15 % gilt die Prognose gemein-

hin als gut, eine weiterfiihrende Diagnostik ist iiblicherweise nicht notwendig.

Schritt 5: Bei hoher Vortestwahrscheinlichkeit und hohem kardiovaskuldrem Risiko, re-
fraktdrer Beschwerden unter optimierter medikamentdser Therapie oder typischen Be-
schwerden bereits bei geringer korperlicher Belastung kann eine invasive Koronardiag-
nostik mit der Moglichkeit einer Funktionsmessung erfolgen (7). Anderenfalls eignen sich
insbesondere funktionelle Tests in der weiteren Abklarung (22,23). Hierzu zihlt die Stress-
Echokardiographie (ggf. mit Perfusionsanalyse), Stress-Magnetresonanztomographie

oder Myokardszintigraphie.

1.3.2 Akutes Koronarsyndrom

Bei Patienten mit anhaltenden, akuten Beschwerden spricht man von einem akuten Ko-
ronarsyndrom (24). Zeigen sich im Ruhe-EKG signifikante ST-Streckenhebungen, erfolgt
eine unmittelbare Zuweisung in ein Herzkatheterlabor zur invasiven Koronarangiogra-
phie unter dem Verdacht eines akuten Myokardinfarktes mit ST-Streckenhebungen

(STEMI). Im anderen Fall entscheidet das Ergebnis der sequenziellen Bestimmung des
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myokardialen Nekrosemarkers Troponin tiber das weitere Vorgehen (Nicht-ST-Strecken-
hebungsinfarkt, NSTEMI).



1 Einleitung 19

1.4 Therapieoptionen der koronaren Herzerkrankung

Hinsichtlich der moglichen Therapieoptionen bei der Behandlung der koronaren Herzer-
krankung kénnen zwei Ansétze unterschieden werden, die jedoch im Sinne eines perso-
nalisierten und individualisierten Ansatzes auch komplementir Anwendung finden kon-

nen.

Man unterscheidet die konservative und medikamentose Strategie von der Moglichkeit
einer interventionellen oder chirurgischen Revaskularisation. Hierbei verfolgt man in
beiden Fillen auf der einen Seite das Ziel einer groBtmdglichen Reduktion der Symptom-
last zur Verbesserung der krankheitsbezogenen Lebensqualitét. Dies umfasst die Vermin-
derung der Angina-pectoris-Haufigkeit und ihre Intensitdt. Auf der anderen Seite soll mit-
tel- und langfristig eine Reduktion der Sterblichkeit und Verbesserung der Prognose er-

zielt werden (7,25).

1.4.1 Konservative Behandlungsstrategie

Die konservative Therapie der koronaren Herzerkrankung umfasst zunéchst die Verdnde-
rung des Lebensstils. Hierunter versteht man den Verzicht auf Rauchen, die Aufnahme
einer regelméBigen korperlichen sportlichen Aktivitdt, eine gesunde Erndhrung und Kon-
trolle eines Normalgewichts (26,27). Eine Verbesserung der Prognose kann nach circa

sechs Monaten gemessen werden (28).

Die konservative Strategie schlie8t auch die medikamentdse Therapie mit ein. Diese um-
fasst als wesentlichen Baustein Medikamente mit anti-angindser Wirkung. Als optimal
wird in diesem Zusammenhang das Verhéltnis aus bester Therapieadhérenz, groBtmogli-
cher korperlicher Belastbarkeit und geringster Nebenwirkungen bezeichnet. Hierfiir ist
stets eine Individualisierung notwendig. Medikamente der ersten Wahl sind Betablocker
oder Kalziumkanalblocker (29,30). Der Betablocker reduzierte den myokardialen Sauer-
stoffverbrauch und 6konomisiert den Herzzyklus durch Verlidngerung der Diastole. Fiir
Patienten mit vorausgegangenem Herzinfarkt oder Vorliegen einer Herzinsuffizienz
konnte fiir den Beta-Blocker eine signifikante Reduktion der Mortalitdt und Rate kardi-
ovaskulérer Ereignisse nachgewiesen werden (31). Patienten mit chronischem Koronar-
syndrom ohne Myokardinfarkt oder Herzinsuffizienz scheinen nicht in gleichem Umfang
von der Einnahme des Beta-Blockers zu profitieren (32). Bei unzureichendem Ansprechen
kann eine Kombination der beiden Wirkstoffe erwogen werden (33). Zu den anti-angind-
sen Medikamenten gehoren auch Nitrate. Als weitere Substanzgruppen stehen Ivabra-
din (34) oder auch Ranolazin (35) zur Verfiigung. Zur Vermeidung von kardiovaskuldren

Ereignissen, welche die Prognose beeintrachtigen, erfolgt die Empfehlung zur Einnahme
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eines Thrombozytenaggregationshemmers. In aller Regel erfolgt dies mit Acetylsalicyl-
sdure (ASS), was eine irreversible Hemmung der Cyclooxygenase-1 und hierdurch
Thromboxan-Produktion bedingt (36). ASS kann hierdurch Ereignisse bei Patienten mit
und ohne vorausgegangenem Myokardinfarkt verhindern (37). Eine intensivere Throm-
bozytenaggregation mittels P2Y12-Inhibitoren (Prasugrel, Ticagrelor, Clopidogrel) iiber
das ASS hinaus erfolgt zeitlich begrenzt tiblicherweise nur nach Implantation eines Stents
oder ACS (38-40). Als weitere Substanzgruppe kommen Statine zum Einsatz. Patienten
mit koronarer Herzerkrankung gelten als Hochrisikokollektiv fiir kardiovaskuldre Ereig-
nisse, sodass ein LDL-Cholesterin von <55 mg/dl, aber mindestens eine Reduktion um
50 % vom Basiswert angestrebt werden sollte (41). Kann das durch Statine allein nicht
erreicht werden, konnen Ezetimib, PCSK9-Hemmer (Proproteinkonvertase Subtili-
sin/Kexin Typ 9) oder Bempedoinsdure erginzt werden. Aullerdem findet sich die Gruppe
der ACE (Angiotensin-Converting-Enzym)-Hemmer. Sie konnen die Mortalitdt reduzie-
ren, beeinflussen die Myokardinfarkt- und Schlaganfallrate und haben einen positiven
Effekt auf den Verlauf der Herzinsuffizienz. Sie sollten bei Patienten mit chronischem
Koronarsyndrom und begleitender arterieller Hypertonie, eingeschrankter systolischer
Funktion (LVEF unter 40 %), nach Myokardinfarkt und hohem kardiovaskuldren Risi-
koprofil (z. B. Diabetes mellitus) eingesetzt werden (42,43).

1.4.2 Myokardiale Revaskularisation

Eine myokardiale Revaskularisation kann chirurgisch oder interventionell erfolgen. Sie
hat — in Erginzung zur medikamentdsen Therapie — die Reduktion der klinischen Be-

schwerden und vor allem Verbesserung der Prognose zum Ziel (25).

Die kardiovaskuldre Mortalitdt konnte erheblich reduziert werden. Wahrend 1950 noch
mehr als 400 Todesfille auf 100 000 Menschen durch kardiovaskulédre Erkrankungen fie-
len, liegt diese Zahl zwanzig Jahre spiter bei nur noch einem Viertel (44). Diese dramati-
sche Verbesserung liegt unter anderem in den Entwicklungsspriingen der koronaren By-
pass-Chirurgie durch die Herz- und GefdB3chirurgen und perkutanen Interventionen durch

die Kardiologen begriindet.

Beide Methoden konnen die Angina pectoris effektiv reduzieren. Hierdurch kommt es zu
einer Verbesserung der Lebensqualitdt und korperlichen Belastbarkeit. Dies konnte bei-
spielsweise in den fiinf Jahresdaten der FAME-2 (Fractional Flow Reserve versus Angi-
ography for Multivessel Evaluation 2)-Studie gezeigt werden. Wahrend im Rahmen eines
akuten Koronarsyndroms eine frithe Revaskularisation indiziert ist (25), zeigten Meta-
Analysen fiir Patienten mit CCS bisher nicht, dass die PCI im Vergleich zur optimalen

medikamentdsen Therapie das Uberleben oder die Herzinfarktrate grundsitzlich positiv
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beeinflusst (45-49). Es findet sich in den Leitlinien eine Indikation zur Revaskularisation
— nach Ischidmietestung — bei Vorliegen einer mindestens 50%igen Hauptstammstenose,
einer mindestens 50%igen Stenose der proximalen Vorderwandarterie (LAD), einer
MehrgefaBerkrankung mit mindestens 50%iger Stenosierung und reduzierter systolischer
LV-Funktion, Ischdmiearealen von grofer 10% (25). Im Folgenden wird vor dem Hinter-

grund des Schwerpunkts der Arbeit der Fokus auf die PCI gelegt.

1.4.2.1 Perkutane koronare Revaskularisation

Die perkutane koronare Intervention (PCI) ist im Laufe ihrer Entwicklung zu einer der
héufigsten Prozeduren weltweit geworden (siche Abbildung 4). Die Anzahl von Links-
herzkatheter-Untersuchungen im Rahmen einer stationidren Behandlung in Deutschland
im Jahr 2018 lag bei 867 137. Zu einer Intervention kam es bei 366 840 Patienten (1).

Die erstmalige Katheterisierung des Herzens wurde 1929 von Forssmann vorgenommen.
Hierbei diente er selbst als Proband (50). Der Versuch wurde aufgrund zu grof3er Beden-
ken seiner Kollegen nach 35 cm abgebrochen. Forssmann erhielt spéter im Jahr 1956 zu-
sammen mit Cournand und Richards fiir die Standardisierung der Herzkatheterisierung
zur Ableitung der intrakardialen Driicke den Nobelpreis. Im Jahr 1953 beschrieb Seldin-
ger die spéter nach ihm benannte perkutane Technik zur Katheterisierung (51). Eine se-
lektive Darstellung der Koronargefdfle gelang Sones fiinf Jahre spéter (52). Die ersten
Schritte der Geféal3behandlung, also der Aufdehnung im Sinne einer Angioplastie, wurden
im Bereich peripherer Gefdfle von Dotter und Judkins unter Verwendung unterschiedlich
groBBer Katheter zunehmender Grée unternommen (53). Die Kardiologie wurde 1978 von
Griintzig durch eine Ballonangioplastie einer Koronararterie revolutioniert (54). Es fand
ein — aus heutiger Sicht einfacher — Ballon Anwendung. Doch diese Ballonangioplastie —
heute als plain old balloon angioplasty (POBA) bezeichnet — war der wegweisende

Schritt auf dem Weg zur modernen interventionellen Kardiologie.

Die POBA wurde mit viel Enthusiasmus und gesellschaftlichem Interesse verfolgt und
von Kritik begleitet. So wurden etwa zeitgleich die ersten Over-the-wire-Techniken und
Monorail-Systeme entwickelt (55,56). Allerdings wurde die erste Begeisterung fiir die
neue Technik schnell getriibt, denn Limitationen wurden offensichtlich. Dazu gehorten
die akuten Komplikationen, wie ein kompletter Gefa3verschluss als Folge einer direkten
Verletzung durch Dissektionen, Bildung von Thrombus in immerhin 3-8 % der
Félle (57,58) und ein frithes Recoil durch elastisches Gewebe in 5-10 % innerhalb von
wenigen Stunden (59). Es waren hdufig eine erneute Angioplastie oder gar eine notfall-

méfBige Bypassoperation notwendig. Im mittel- bis langfristigen Verlauf zeigten sich mit
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immerhin 33 % der Fille hohe Raten von Restenosierungen, die auf eine neointimale

Proliferation als inflammatorische Antwort auf die Dilatation zuriickzufiihren sind (60,61).

Die Limitationen der POBA haben die technologische Entwicklung zur Stabilisierung des
primiren Lumengewinns und die Behandlung der auftretenden Akut- oder Spéatkompli-
kationen vorangetrieben. Bei der Entwicklung der ersten Koronarstents handelte es sich
um eine gemeinsame Weiterentwicklung und Forschungsarbeit von Palmaz und Schatz,
die 1985 einen ersten aus Metall bestehenden Koronarstent (bare metal stent, BMS) in
das Herzkranzgefdf3system eines Hundes implantierten (62). Ihr ging eine erfolgreiche
Stentbehandlung im Bereich eines peripheren Gefdlles voraus (63). Die Implantation bei
einem Menschen erfolgte 1986 durch Jaques Puel in Frankreich und kurz hierauf durch
die Kollegen um Ulrich Sigwart in der Schweiz (64). Der Stainless-steel-self-expanding-
mesh-Stent (Medinvent SA, Lausanne, Schweiz) wurde aufgrund einer Akutkomplika-
tion mit drohendem GefaBBkomplettverschluss nach POBA notfallmifig angewendet. Das
Konzept der Stentimplantation riickte hierauthin in den Fokus des Interesses und sorgte
erfreulicherweise fiir einen Riickgang der notfallmidBigen Bypass-Chirurgie. Schatz und
seine Kollegen konnten im Verlauf die Beobachtung machen, dass es unter der Hinzu-
nahme von Thrombozytenaggregationshemmern zu einer deutlichen Abnahme der suba-
kuten Thrombosen kam (65). Hieraus begriindeten sich zwei abgeleitete Studien zu BMS:
der European Belgium-Netherlands Stent Trial (BENESTENT) (66) und die American
Stent Restenosis Study (STRESS) (67). In den Untersuchungen konnte bei iiber 900 ein-
geschlossenen Patienten die Rate von Zweiteingriffen nach einer Stentimplantation redu-
ziert werden. Ebenfalls zeigte sich eine signifikante Reduktion der Restenoseraten (22 %
vs. 32 %; p=0,02 bzw. 31,6 % vs. 42,1 %; p=10,046). In Bezug auf den kombinierten
Endpunkt aus Tod, Myokardinfarkt, Bypassoperation, Gefaf3verschluss und Stentthrom-
bose zeigte sich zwischen der Stent- und POBA-Gruppe kein signifikanter Unterschied
(80,5 % vs. 76,25 %; p=0,16). Dies driickt sich auch in der Abnahme einer neuerlichen
Intervention im Bereich der Zielldsion (target lesion) durch Myokardinfarkt aus (10,2 %
vs. 15,4 %; p=0,06). Die Ergebnisse dieser beiden Landmarkenstudien sorgten 1994 fiir
die Zulassung durch die US-Behorde fiir Lebens- und Arzneimittel. Nur flinf Jahre spater
erfolgte bei ungefdhr 84 % der Koronareingriffe die Implantation eines Metallstents (68).
Wenngleich durch die Metallstents eine deutliche Verbesserung der Patientenversorgung
erreicht werden konnte, trat beispielsweise weiterhin eine tiberméfige Hyperplasie der
Neointima mit Ausbildung einer In-Stent-Restenose (ISR) in bis zu 30 % der Fille oder
eine akute Stentthrombose (ST) auf. Die wiederholten Eingriffe waren insbesondere bei
Patienten mit erh6htem kardiovaskuldarem Risiko, wie Diabetes mellitus oder Bifurkati-

onsldsionen, notwendig (69-71). Es wurden daher Versuche unternommen, das



1 Einleitung 23

Therapiekonzept weiter zu verbessern. In erster Linie betrifft dies das mechanistische
Design des Stents. Nach Versuchen mit verschiedener Konfiguration (,,tubular®, ,,coil®,
,rng®, . multi-design®) zeigte sich ein gekerbter oder geschlitzter (,,slotted”) Aufbau
iiberlegen, da hierdurch zum einen die Intimahyperplasie positiv beeinflusst werden
konnte und zum anderen der Stent eine hohere Radialkraft zur Vermeidung des Recoils
aufwies (72,73). Es wurden ferner erste Versuche zur Beschichtung der Stentstreben mit
Gold, Karbon oder Phosphorylcholine als auch zum Aufbau aus Tantal oder Nitinol un-
ternommen. Hinsichtlich des Implantationsprozesses stellten sich Stents, die auf einem
Ballon montiert implantiert wurden, denen gegentiber iiberlegen, die selbstexpandierend
konzipiert waren. Hier spielte vor allem die bessere Handhabbarkeit eine entscheidende
Rolle. Ein Problem, dass beispielsweise in schwer verkalkten oder torquierten Gefaf3ver-
ldufen die Platzierung und den Einsatz der verfligbaren Stents mafigeblich einschrinkte.
Uber die Weiterentwicklung des Stents selbst hinaus zeigte sich in Anschluss an die Be-
obachtung des besseren klinischen Verlaufs unter Thrombozytenaggregation von Schatz
eine wachsende Evidenz fiir eine Reduktion der ST unter dualer Thrombozytenaggrega-
tion (DAPT) (74). Da sich hierdurch allerdings die ISR nicht signifikant reduzieren lie§3,
erfolgte die Entwicklung von Stents, die eine antiproliferative Beschichtung aufwiesen.
Konzeptionell sollte die Beschichtung den Wirkstoff unmittelbar in das GefaBendothel
abgeben.

Grlintzig flhrt erste
Ballonangioplastie im
Menschen durch

Erste selektive
Koronarangiographie

Erste randomisierte
Studie zwischen DES
und BVS

Judkins und Amplatz Erste
beschreiben Stentimplantation im
spezifische Menschen

Diagnostikkatheter

Forssman kathetert
sich selbst

Abbildung 4: Zeitleiste der wesentlichen Meilensteine des Herzkatheters

Quelle: eigene Abbildung

Die medikamentenfreisetzenden Stents (DES) bestanden in ihrer ersten Generation aus
drei Komponenten: dem Metallgeriist (metal stent scaffold), dem Medikament und einem
Polymer, das auf dem Stent aufgetragen fiir die langsame Abgabe im Sinne eines Wirk-
stoffreservoirs verantwortlich war. Die beiden 2003 durch die US-Behorde fiir Lebens-
und Arzneimittel zugelassenen DES waren Taxus (Boston Scientific Corporation, USA)
und Cypher (Cordis Corporation, USA). Der jeweilige Stent basierte auf dem Grund-

BMS-Modell und war im Falle von Taxus mit Paclitaxel beschichtet. Diese antimitotisch
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wirkende Substanz inhibiert die Proliferation und Migration von glatten Muskel- und En-
dothelzellen (75). Cypher auf der anderen Seite nutzte Sirolimus, ein mTOR-Inhi-
bitor (76,77). Beiden Stents war gemein, dass fiir sie eine Uberlegenheit hinsichtlich des
Auftretens von ISR und einer wiederholten Revaskularisierung des Zielgefdles (TVR)
nachgewiesen werden konnte (61,75,78-81). Im direkten Vergleich zwischen Paclitaxel-
freisetzenden Stents (PES) und Sirolimus-freisetzenden Stents (SES) konnte kein signi-
fikanter Vorteil flir eine der beiden Plattformen gezeigt werden (78). Trotz der beschrie-
benen Uberlegenheit gelang im klinischen Verlauf kein Nachweis einer Mortalititsreduk-
tion (79,82). Der Grund hierfiir liegt unter anderem in der Rate spéter ST (83,84). In histo-
pathologischen Untersuchungen lieB3 sich zeigen, dass eine chronische Inflammation, die
sich durch Lymphozyten, Makrophagen und Infiltration eosinophiler Zellen in die Intima
und Media charakterisiert, beteiligt sein muss. Die Genese der spédten ST ist insgesamt

aber sicher multifaktoriell, komplex und nicht vollstindig verstanden (85,86).

Hieraus entwickelte sich im Verlauf die zweite Generation der medikamentenfreisetzen-
den Stents. Eine der Grundlagen hierfiir war die Beobachtung, dass die Medikamente ihre
Wirkung in der GefdBwand besser entfalten konnen, wenn sie lipophiler sind (87). Dieses
Kriterium wird von Everolimus (z. B. Xience von Abbott Vascular) oder Zotarolimus
(z. B. Resolute von Medtronic) erfiillt. Im Weiteren wechselte man Edelstahl (stainless
steel) gegen eine chrombasierende Plattform aus. Die Legierung ermdglichte eine erleich-
terte Platzierung im Gefdll durch verbesserte Beweglichkeit (88). Platinum-Chrom kom-
binierte die elastische Eigenschaft von Edelstahl mit erhdhter Stabilitét, Sichtbarkeit (89)
und geringerer Materialdicke (80—90 um vs. 130—140 um) (90). In einem dritten Punkt
unterscheidet sich die zweite DES-Generation auch in der Zusammensetzung des Poly-
mers, das durch eine bessere Biokompatibilitdt die Hypersensitivitétsreaktion positiv be-
einflusst und so die Rate an spdten ST reduzieren sollte (91). In einer Meta-Analyse von
Dangas et al. wurden 4989 Patienten nachverfolgt, die prospektiv randomisiert entweder
mit einem Everolimus(EES)- oder Paclitaxel(PES)-Stent behandelt wurden. Es konnte
unter anderem gezeigt werden, dass es bei EES zu einer geringeren Rate von Zielldsion-
versagen (target lesion failure, TLF), ST und dem kombinierten kardialen Endpunkt
MACE (Schlaganfall, Myokardinfarkt und kardiovaskulirer Tod) kommt (92). Ahnliche
Ergebnisse wurden von Wijns et al. beschrieben, die Zotarolimus-freisetzende
Stents (ZES) untersuchten. Im Zeitraum der klinischen Nachverfolgung von vier Jahren
zeigte sich durch ZES eine Risikoreduktion fiir eine ST und dem kombinierten Endpunkt
aus Tod und Myokardinfarkt (93). ZES und EES scheinen sich in Hinblick auf ihre Si-
cherheit in Studien und Meta-Analysen nicht signifikant zu unterscheiden (94,95). Die

Zweitgeneration der verfiigbaren DES zeigte sich demnach in der Zusammenfassung der
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Erstgeneration iiberlegen (96). Diese Uberlegenheit der neu entwickelten Plattformen
driickt sich allerdings nicht nur {iber die genannten Komplikationen aus, sondern betraf
auch und im Besonderen die Mdglichkeit einer verkiirzten DAPT (97). Wéhrend die Emp-
fehlung zur DAPT anfénglich noch bei 12 Monaten lag, wird mittlerweile empfohlen dies
im chronischen Koronarsyndrom nach Implantation der neueren Generation von DES {ib-
licherweise auf 3 Monate zu beschrénken (98). Hierdurch konnten auch die Blutungskom-

plikationen signifikant reduziert werden (99,100).

Bereits bei der Zweitgeneration der DES war der beobachtete chronische Inflammations-
prozess, der bei der Entstehung spéter ST beteiligt ist, Antrieb zur Weiterentwicklung der
Plattform. In einem weiteren, sich anschlieBenden Schritt wurde versucht, auf das Poly-
mer zu verzichten. Die so entstandene Plattform dhnelt im langfristigen Verlauf den BMS.
Bei sogenannten polymerfreien Stents ist das freizusetzende Medikament in der Legie-
rung eingelagert und reduziert so den Inflammationsprozess auf lange Sicht. Hierdurch
konnte insbesondere die Dauer der DAPT und das damit einhergehende Blutungsrisiko
minimiert werden. Die sogenannte LEADERS-FREE-Studie (101) untersuchte bei 2466
Patienten mit erhohtem Blutungsrisiko die Sicherheit (BioFreedom) im Vergleich zu
BMS. In der polymerfreien Stentgruppe wurde nach 390 Tagen der primidre Endpunkt
(kombinierter Endpunkt aus kardialem Tod, Myokardinfarkt oder ST) von 9,4 % der Pa-
tienten erreicht und von 12,9 % in der BMS-Gruppe (p < 0,001 fiir nicht unterlegen bzw.
p=0,005 fiir tiberlegen). Im selben Zeitraum fand sich eine TLR von 5,1 % bzw. 9,8 %
(p<0.001).

Im Unterschied zu den polymerfreien Stents wird das Polymer bei bioabsorbierbaren
Polymer-DES in einem Zeitraum von 6 bis 12 Monaten absorbiert. Auch hierdurch soll
die Gefahr einer spédten ST reduziert werden, da das Polymer den chronischen Inflamma-
tionsprozess nicht dauerhaft unterhalten soll. In der LEADERS-Studie (102) konnten Ser-
ruys et al. mit der Unterstiitzung von zehn Zentren insgesamt 1707 Patienten einschlieen.
In dieser ,,all-comers*“-Studie sollte die Nichtunterlegenheit im Vergleich zu konventio-
nellen Polymer-Stents gezeigt werden. Hierfiir wurden die Patienten in eine der beiden
Gruppen randomisiert. Nach flinf Jahren konnte gezeigt werden, dass es zu einer signifi-
kanten Reduktion der spiaten ST (n=15 [0,7 %] vs. n=19 [2,5%]; RR: 0,26 [95 % CI:
0,10-0,68]; p=0,003) und Abnahme des primidren Endpunktes, der als kardialer Tod,
Myokardinfarkt und klinisch motivierte TVR innerhalb von neun Monaten definiert
wurde, kommt (n=3 aus 749 vs. n=14 aus 738; RR: 0,20 [95% CI: 0,06-0,71];
p=0,005). In einer Meta-Analyse, die 16 randomisierte Studien und insgesamt 19886
Patienten umfasste, zeigte sich keine signifikante Verbesserung in Hinblick auf TVR,

kardialen Tod, Myokardinfarkt oder Stentthrombose (103).
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1.5 Bioresorbierbare Scaffolds: Eine neue Stenttechnologie

Die existierenden Stentplattformen vereint das Persistieren eines Metallgeflechts. Dieses
bleibt nach endgiiltiger Freisetzung des Medikamentes und ggf. der Resorption des Poly-
mers im Gefdll dauerhaft liegen. Im Idealfall ist es vollstdndig endothelialisiert. Der Ver-
bleib birgt iiber die Akutphase und den Heilungsprozess des erkrankten Abschnittes hin-
aus allerdings die Gefahr fiir Interaktionen und Komplikationen. Hinweise hierfiir leiten
sich beispielsweise aus Autopsiestudien ab, welche die Entstehung von Neoatheroskle-
rose im Stent beschreiben (104). Das Metallgeflecht behindert ferner die vasomotorische
Funktion und kann auch im langfristigen Verlauf zu mechanischen Problemen durch bei-
spielsweise Frakturen fithren (105). Die treibende konzeptionelle Idee hinter der Entwick-
lung einer neuen Generation von Stents beruht also auf dem Wunsch einer transienten —
ergo zeitlich begrenzten — Stabilisierung des Gefédlles, aber rechtzeitigen Resorption
(siche Abbildung 5). So sollen anfénglich ein Recoil vermieden und die Gefalintegritit
unterstiitzt werden, und auf der anderen Seite die Ausbildung von Neoatherosklerose, ein
negatives Remodelling und dauerhafter Verbleib von Fremdmaterial mit Chronifizierung
eines Inflammationsprozesses sinnvoll abgewogen werden. Man spricht von bioresorbier-
baren Scaffolds (BRS), um den temporéren Ansatz der sich im Verlauf auflosenden Stents

hervorzuheben.
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Abbildung 5: Abbau der bioresorbierbaren Struts (oben) im Schweinemodell im Vergleich zu einem DE-
Stent (Xience)
Quelle: Wiebe et al. (106)

Es gibt verschiedene Materialien, die bei der Entwicklung der BRS Anwendung finden
(siche Tabelle 1). Das hiufigste genutzte Material ist Poly-L-Laktid (PLLA). Das PLLA-

Polymer hat gegeniiber Polycaprolacton und Polycarbonate zum einen eine bessere
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longitudinale Kraft und weist zum anderen durch eine zusitzliche Methylgruppe eine
langsamere Absorptionsgeschwindigkeit auf, sodass es insgesamt hydrophober und we-
niger anfillig fiir die Hydrolyse ist (107,108). Die longitudinale Kraft erklart sich unter
anderem durch das teilkristaline Polymer mit hoher Glasiibergangstemperatur (glass tran-
sition temperature, Tg) (109). Die Radialkraft auf der anderen Seite ist im Vergleich zu
den aktuellen DES geringer, sodass ein hoherer Materialeinsatz und Dicke der Struts ge-
wihlt werden muss, um dies zu kompensieren (110). Die Strutdicke betrdgt iiblicherweise

150 pm.

Die Bioresorption durch Degradation durchlduft drei Schritte. In einem ersten Schritt
kommt es zur Hydrolyse des amorphen Anteils des Polymers. Dieser ist weniger kompakt
und wegen der endstindigen Carbonsiure-Gruppe anfilliger. Die Molekularmasse redu-
ziert sich, die mechanischen Eigenschaften zunéchst jedoch nicht (111). Im zweiten Schritt
kommt es durch Aufspaltung der amorphen Verbindungen zu einem Verlust der Poly-
merstruktur und damit zu struktureller Diskontinuitit (111). Hieran schlieft sich eine
Transformation von L-Lactat in Pyruvat an, was dann in den Citratzyklus eingespeist und
schlieBlich in diesem zu Wasser und Kohlenstoffdioxid umgewandelt wird. Das Endpro-

dukt wird tiber Niere und Lunge ausgeschieden (112).

Absorb BVS DESolve DESolve CX
Strebendicke 150 um 150 um 120 um
Design PLLA PLLA PLLA
Medikament Everolimus Myolimus Novolimus
Konzentration 10 pg/cm? 5 ug/mm? k. A
Degradierung ca. 3 Jahre 1 Jahr 6 Monate
Resorption ca. 3 Jahre ca. 1-2 Jahre ca. 2 Jahre
Hersteller Abbott Vascular, USA Elixir Medical Corp., USA

Tabelle 1: Ubersicht iiber PLLA-basierte Scaffolds

Folgende PLLA-basierte BRS konnten eine CE (Conformité Européenne)-Zertifizierung
erlangen: der Absorb BVS von Abbott Vascular (Abott Vascular Inc, Santa Clara, CA,
USA) und der DESolve-Scaffold von Elixir (Elixir Medical Corporation, Milpitas, USA).
Fiir den Absorb BVS (siehe Abbildung 6) liegen die meisten klinischen Daten vor (113).
Der Absorb-Scaffold ist mit Everolimus beschichtet und wurde in den ABSORB-Studien
untersucht. In der ,.first-in human“-ABSORB-Cohort-A-Studie, angelegt mit einem
open-label Design, wurden insgesamt 30 Patienten mit einer singuldren De-novo-Stenose

behandelt. Der prozedurale Erfolg lag bei 100 % (114). Im Nachbeobachtungszeitraum
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von fiinf Jahren berechnete sich die MACE-Rate auf 3,4 % (115). Man fand zwar einen
Hinweis flir die Erholung der vasomotorischen Funktion (116), jedoch zeigte sich eine
Abnahme der minimalen Lumenfliche (MLA) innerhalb von zwei Jahren und — mittels
intravaskuldrem Ultraschall (IVUS) — ein Verlust der Radialkraft durch Recoil (117,118).
Hieraufthin wurde der Absorb BVS 1.1 entwickelt, der eine erhdhte und verlingerte Ra-
dialkraft bei unverdnderter Strutdicke aufweist. In der ABSORB-II-Studie wurde der
BVS mit EES verglichen und zeigte vergleichbare 1-Jahresdaten, wenngleich sich fiir den
BVS in der quantitativen Auswertung ein etwas geringerer akuter Lumengewinn dar-
stellte (119). Hierauf folgte die ABSORB-III-Studie, eine randomisierte Studie bei 1322
Patienten zwischen BVS und EES, die nach einem Jahr eine Nichtunterlegenheit mit
TLF-Raten von 7,8 % in der BVS-Gruppe und 6,1 % in der EES-Gruppe zeigen konnte
(p=0,007) (120). Auch die Rate an kardialem Tod, Myokardinfarkt oder ischimiegetrig-
gerter TLR waren vergleichbar. Es fanden sich jedoch erste Hinweise auf eine erhohte
Rate an ST (1,5 % BVS vs. 0,7 % EES; p=0,13). Uber die ABSORB-Studien hinaus hat
auch die Amsterdam Investigator-initiateD Absorb (AIDA)-Studie BVS gegeniiber DES
untersucht (121). Thr Stellenwert ergibt sich unter anderem aus den weniger streng defi-
nierten Einschlusskriterien fiir die Patienten, die im Durchschnitt zwei Jahre lang nach-
verfolgt werden sollten. Die Studie wurde jedoch aufgrund von Sicherheitsbedenken vor-
zeitig veroffentlicht, da sich bereits vor Abschluss der Nachverfolgung eine signifikant
erhohte Rate an ST abzeichnete. Diese Beobachtung wurde in den Meta-Analysen um
Cassese et al. (122) und Lipinski et al. (123) bestétigt. Sie zeigten eine Verdoppelung der
ST- (OR 2,06; 95 % CI: 1,07-3,98) und MI-Raten (OR 2,06; 95 % CI: 1,31-3,22). Als
mogliche Ursachen wurden die dickeren Struts im Vergleich zum DES und die Implan-
tationstechnik genannt. Letztere kann durch Postdilatation beispielsweise zu Frakturen
oder Malapposition fithren, sodass der Implantationsprozess sich an das Device adaptie-

ren musste (124).

Abbildung 6: Absorb BVS (A) und DESolve-Scaffold (B)
Quelle: Mattesini et al. (125)
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Der DESolve-BRS (siehe Abbildung 6) baut ebenfalls auf einer PLLA-Plattform auf. Er
setzt Novolimus frei und seine Struts sind in der ersten Generation ebenfalls 150 um dick.
Der sogenannte DESolve CX in der zweiten Generation zeigt eine Strutdicke von 120 pum.
Schitzungsweise 95 % des Devices sind nach ungefihr einem Jahr resorbiert (126). Eine
Uberexpansion bei der Implantation wird nicht empfohlen, auch wenn der DESolve gro-
Bere Sicherheitsmargen fiir die Expansion zur Vermeidung von Frakturen im Vergleich
zum Absorb ausweist (127). Als weiteres Alleinstellungsmerkmal kann der DESolve ge-
ringe Malappositionen durch Selbstkorrektur kompensieren (126,128). In einer Beobach-
tungsstudie wurden 102 Patienten eingeschlossen. Nach zwolf Monaten wurde bei 1,0 %
eine Scaffoldthrombose (ScT) beobachtet und es kam in 3,0 % zu einem Myokardinfarkt
mit TLR (129).
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1.6 Intravaskulare Bildgebung: optische
Koharenztomographie

Die optische Kohédrenztomographie (OCT) geht auf die urspriinglichen Untersuchungen
um 1990 von David Huang zuriick, der im Rahmen seiner Teilnahme am Postgraduierten-
Programm am Massachusetts Institute of Technology (MIT) die Kohdrenztomographie
(Optische Frequenzbereichsreflektometrie) und ihren Einsatz als bildgebende Modalitét
im Bereich des Auges erforschte. Die ersten Aufnahmen erfolgten in Wellenform und
waren fiir das menschliche Auge und Gehirn schwer zu interpretieren, sodass ergénzende
transversale Aufnahmen in Kombination mit einer intelligenten Software notwendig wa-
ren, um — in Analogie zu der Ultraschalltechnik — eine rdumliche Auflésung und damit
Beriicksichtigung der Gewebetiefe mdglich zu machen (130). Die Arbeitsgruppe am MIT
fokussierte ihr Interesse zunéchst auf die Anwendung im augenérztlichen Bereich, da sie
grof3es Potential im Einsatz als In-vivo-Mikroskop sahen, ohne dass eine Gewebeprobe
entnommen werden musste. Bereits 1996 wurde von Brezinski jedoch der In-vitro-Ein-
satz im KoronargefaBsystem als erfolgsversprechende Erweiterung in der Diagnostik der
koronaren Herzerkrankung berichtet (131), sodass diese ihren Weg in die klinische Rou-

tine gefunden hat (132-134).

OCT kann mit dem gepulsten Ultraschallverfahren der Echokardiographie verglichen
werden, verwendet allerdings im Gegensatz hierzu keine Schallwellen, sondern beruht
auf einer Licht-basierenden Technologie. Ultraschall nutzt die reflektierten Schallwellen,
um hieraus ein Bild zu generieren. OCT dahingegen verwendet Infrarotlichtwellen, die
von den Mikrostrukturen innerhalb des Gewebes reflektiert werden. Die Wellenldnge des
verwendeten Lichts liegt um 1,3 um. Im Gegensatz dazu liegt die Wellenlidnge beim in-
travaskuldren Ultraschall (IVUS) im Megahertz-Bereich (siche Tabelle 2). Damit erreicht
die OCT eine zehnfach hohere Auflosung im Vergleich zu intravaskuldrem Ultraschall
(IVUS).

Die Auflosungskapazitit der OCT wird durch die Lichtwellengeschwindigkeit definiert.
Damit wird der minimale Abstand zweier Punkte beschrieben, die als solche individuell
abgebildet werden konnen. Die axiale Auflosung beschreibt die Diskriminierung zweier
Punkte parallel zum Lichtstrahl und liegt um 10-20 pum. Das Licht wird durch eine Linse
am Katheter-Ende fokussiert und in Richtung der GefdBBwand gerichtet. Dieser Fokus
(,,minimum diameter spot®) liegt tiblicherweise 1-3 mm hinter dem Katheter-Ende und
definiert sich unter Beriicksichtigung der Rayleigh-Streuung als axialer Abstand vom Fo-
kus, wo sich der Diameter des Spots um den Faktor /2 vergroBert. Die laterale Auflosung
wiederum diskriminiert zwei Punkte perpendikular zum Lichtstrahl und liegt um 25—

30 um (siehe Abbildung 7). Sie ist im Bereich des Fokus am hochsten. Je weiter der Punkt
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von der Linse entfernt ist, desto ungenauer kann seine Abbildung sein. Die hohe Ortsauf-
16sung geht aus technischen Aspekten zu Lasten der Eindringtiefe (,,penetration depth®).
Die maximale Eindringtiefe liegt bei etwa 1,5-2 mm und wird durch die Schallschwi-
chung des Lichts beeinflusst. Der vordergriindige Aspekt bei der Dadmpfung stellt die
Zerstreuung des Lichts im Gewebe dar. So zeigt lipidreiches Gewebe beispielsweise ein
vergleichsweise hohes Mafl an Dampfung, sodass die Eindringtiefe in betroffenen Ab-
schnitten geringer ausfillt. Gewebe mit hohem Anteil an Kollagen und Calcium wiede-
rum schrinken die Ausbreitung durch Ddmpfung in geringerem Umfang ein, sodass die
Eindringtiefe hier grofer ausfillt. Hinsichtlich der Eindringtiefe muss im Rahmen der
Akquisition — dem sogenannten ,,Pullback® — auch der Aspekt beriicksichtigt werden,
dass das GefaB3 durch Kontrastmittelinjektion blutleer gemacht werden muss, da es ande-

renfalls insbesondere durch Erythrozyten zu Signalartefakten kommt.
[\ */\
* Abbildung als

Abbildung 7: Schematische Darstellung divergenter lateraler Auflosungen: die beiden blauen Herzen im
linken Teil kdnnen im Gegensatz zum rechten Beispiel aufgrund der niedrigeren Aufldsung nicht als zwei
separate Objekte dargestellt werden.

Quelle: eigene Abbildung

Das der OCT zugrunde liegende Licht hat eine hohere Geschwindigkeit als Ultraschall-
wellen, sodass ein Interferometer benutzt wird (135). Das Interferometer spaltet das (An-
regungs)Licht in zwei Anteile (,,Arme*) — ein sogenanntes Referenzlicht (,,reference
arm‘‘) und ein Probenlicht (,,sample arm®). Letzterer Anteil wird in das zu untersuchende
Gewebe gesendet, ersterer legt eine vordefinierte Strecke zuriick. Beide Arme werden im
Detektor registriert und zum Interferogramm zusammengefasst (136,137). Hierdurch ent-
steht ein Interferenzmuster mit hoher und niedriger Intensitdt, das durch das OCT-System

analysiert wird, um eine Funktion aus Verzogerungszeit bzw. Eindringtiefe aus dem
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zuriickgestreuten Licht zu erstellen (A-Linie). Der Brechungsindex oder Wellenwider-
stand (,,optical impedance*‘) zwischen zwei Schichten oder Geweben beeinflusst den An-
teil des zuriickgestreuten Lichts und definiert hieriiber die Intensitit des OCT-Bildes. Fiir
eine planare Struktur mit Dimensionen oberhalb der Lichtwellenlénge, beispielsweise den
Struts von Stents, ist das reflektierte Licht demnach bei moglichst perpendikularem Auf-
treffen am hochsten. Die einzelnen Querschnittsbilder (,,cross-sectional image*) werden

durch eine Rotation der Linse beim Riickzug (,,Pullback®) erstellt.

OCT IVUS
Wellenlénge 1,3 um 20-45 MHz
Axiale Auflosung 1020 pm 100-150 pm
Laterale Auflosung 25-30 pm 150-300 pm
Bildfrequenz 100 Bilder/Sekunde 30 Bilder/Sekunde
Eindringtiefe 1,5-2 mm 4-8 mm
GroBe 2,7 Fr 2,9-3,2 Fr
Blutleere Ja Nein
GefaBokklusion Nein Nein

Tabelle 2: Gegeniiberstellung von optischer Kohérenztomographie (OCT) und Intravaskuldrem
Ultraschall (IVUS)

Es existieren grundsitzliche zwei OCT-Systeme. Bei dem fritheren 7Time-Domain-OCT
(TD-OCT) findet kurzkohirentes, breitbandiges Licht Anwendung. Es entsteht nur dann
ein Interferenzsignal, wenn die Langen des Referenz- und Probenlichts im Interferometer
vergleichbar sind. Hierfiir muss eine mechanische Spiegelbewegung erfolgen, um die
Riickstreuamplitude in den korrespondierenden Tiefenpositionen der Probe zu bestim-
men. Benachbarte Lichtstrahlen ergeben durch die Rotation des Systems schlie8lich ein
Querschnittsbild. Dies hat zur Folge, dass sich die TD-OCT nicht fiir schnelle Bildgebung
eignet (138,139). Im klinischen Alltag finden sich daher tiberwiegend OCT-Systeme, die
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auf dem Prinzip der Frequency-Domain-OCT (FD-OCT) basieren. Das interferierte Licht
wird spektral zerlegt und ermdoglicht so die Detektion des Interferenzspektrums, das mit
den zu den Wegdifferenzen zwischen Proben- und Referenzlicht proportionalen Frequen-
zen moduliert ist. Durch Aufnahme der gesamten Tiefeninformation wird eine wesentli-
che Verbesserung des Signal-zu-Rausch-Verhiltnisses erreicht. Mit Hilfe der Fourier-
Transformation berechnet sich die Tiefeninformation, ohne dass eine Spiegelbewegung
notwendig ist. Aufgrund der fehlenden Mechanik erreicht das auf FD-OCT basierende
System damit eine deutlich erhohte Auslesegeschwindigkeit. Dies geht einher mit einer
erhohten Sensitivitit, mit groBerer Abtastrate und Scantiefe (140-142). Es konnen so etwa
10> A-Linien pro Sekunde generiert werden. Die Eindringtiefe mit akzeptabler Qualitit

erhoht sich etwa um den Faktor 3 (139).

In der klinischen Routine wird die OCT sowohl zur Darstellung von Strukturen als auch
fiir die Beurteilung des Schweregrads der Koronarerkrankung in groBem Detailreichtum
genutzt. Die beispiellose Aufldsung erlaubt dabei die Charakterisierung des Gewebes und
Darstellung der Zusammensetzung von Plaques. So konnen diese aus kalzifizierenden,
fibrosen oder lipidreichen Anteilen zusammengesetzt sein. Gleichermallen erlaubt die
OCT die Beurteilung der Stentimplantation bzw. unterstiitzt den Implantationsprozess.
Unter methodischen Aspekten wird der angefertigte ,,OCT-Pullback® in einzelne Quer-
schnittsbilder ,,geschnitten* (siche Abbildung 8). Diese werden fiir die Berechnung fol-

gender beispielhafter Kennparameter herangezogen:

e Anteil inkomplett appositionierter Struts (ISA): prozentualer Anteil der Struts mit
Malapposition im 1-mm-Intervall/Gesamtanzahl Struts

e ISA Flidche (in mm?)

e prolabierende Gewebefliche (in mm?): Differenz zwischen der abluminalen Scaf-
foldfldche und der Querschnittsfliche des Gefilles

e verbliebende residuale Flichenstenose (RAS, in %): (1-[minimale Lumenfla-
che/Referenz GefdB3flache]) x 100

e ReferenzgefdBfliche (in mm?): Summe aus proximaler und distaler Referenzfli-
che durch 2

o Exzentrizititsindex: Verhiltnis aus minimalem und maximalem Diameter. Fiir je-
den Scaffold wurde der Index querschnittsweise (Intervall 1 mm) berechnet und
so hieraus der mittlere und minimale Exzentrizititsindex berechnet.

e Symmetrieindex: Verhiltnis aus der Differenz aus maximalem und minimalem

Scaffold-Diameter und dem maximalen Scaffold-Diameter.
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A: Distal Reference Vessel Area (DRVA) = 3.37cm?

B: Distal edge dissection as indicated by asterisk

C: Cross section with minimum eccentricity index
(minimum diameter/maximum diameter)=
(2.29/3.96)=0.57

D: Proximal reference Area (PRVA) = 11.59mm?

Reference Vessel Area =
(PRVA + DRVA) / 2 = (11.59mm? + 3.37mm?)/2 = 7.48mm?

Abbildung 8: Longitudinaler ,,Pullback® und exemplarische Querschnitte zur Berechnung der

Kennparameter
DRVA: distale Referenzfliche; PRVA: proximale Referenzfliche
Quelle: Boeder et al. (143)

Insbesondere bei unklaren Situationen oder Lasionen hilft die OCT aber auch in der Be-

urteilung, um hieraus therapeutische Schritte abzuleiten.
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2 Zielsetzung der kumulativen Habilitationsschrift

Der vorliegenden Habilitationsschrift liegt die Fragestellung zu Grunde, wie das akute
mechanische Implantationsergebnis in einem unselektierten Patientenkollektiv ist, das
mit bioresorbierbaren GefdBstiitzen (BRS) behandelt wurde — unter Beriicksichtigung und
Verwendung der optischen Kohdrenztomographie als intravaskuldre Bildgebungsmoda-
litit. Im Weiteren sollen Aspekte der prozeduralen Implantationsstrategie auf das
Primirergebnis und die Abhéngigkeit von der vorliegenden Plaquelast, -Morphologie und
-Zusammensetzung untersucht werden. In Hinblick auf klinische Endpunkte und Sicher-
heit soll insbesondere der Stellenwert der oralen Antikoagulation im Kontext der anti-
thrombotischen Therapie unter Beriicksichtigung der bisher gemachten klinischen Er-
kenntnisse bewertet werden. Ferner soll das zentrale Problem des Scaffold-Versagens
adressiert und die Frage nach dem prospektiven Stellenwert der Malapposition fiir das

zukiinftige Auftreten von Scaffoldthrombosen untersucht werden.
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3 Eigene Arbeiten

3.1 Akutes mechanisches Ergebnis

Der technologische Fortschritt der BRS soll im Besonderen in der zeitlich beschrankten
Stabilisierung des behandelten GefdBabschnittes liegen, denn langfristig 16st sich die
Scaffoldstruktur iiber verschiedene Abbauwege auf. In Verbindung mit ihrem klinischen
Einsatz entstanden Bedenken hinsichtlich der Sicherheit, u. a. bedingt durch eine erhéhte
Thrombogenitét. So untersuchte das GHOST-EU-Register knapp 1200 Patienten, die mit
einem Absorb BVS behandelt worden sind. Die Rate der Scaffoldthrombosen (ScT) lag
nach 30 Tagen bei 1,5 % und nach sechs Monaten bei 2,1 % (144). Diese Rate wurde in
groflen Registerstudien sogar bereits nach 30 Tagen erreicht (145). Die Rate an Thrombo-
sen bei Patienten, die mit DES behandelt wurden, liegt demgegeniiber auch nach zwolf
Monaten noch unter 1 % (146). Der Mechanismus der Thrombosierung ist multifaktoriell.
Bekannte Aspekte sind die Stentlédnge, die reduzierte systolische Ejektionsfraktion und
ein kleiner Stentdiameter (147,148). Da die ScT-Rate bereits friih erhoht ist, leitet sich hie-
raus die Hypothese ab, dass auch deviceassoziierte Faktoren eine Rolle spielen. Stent-
struts modulieren hierbei in Abhéngigkeit ihrer Gro3e und Position in relativem Verhilt-
nis zur GefdBBwand die Thrombogenitét (149). Aufgrund der Strutdicke kann es zu einer
verstirkten Aktivierung des Gerinnungssystems u. a. durch Flussturbulenzen kommen.
Dies kann das Auftreten einer ScT begiinstigen oder aber die Reendothelialisierung ver-
langsamen (150). Die im Folgenden aufgefiihrten Publikationen untersuchen vor dem be-
schriebenen Hintergrund das akute Implantationsergebnis nach Implantation eines
DESolve-BRS mit entweder 100 um bzw. 150 pum Strutdicke mit Hilfe der OCT (151).
Ferner untersuchen sie das akute mechanische Ergebnis nach Implantation der BRS in

Gefédflen mit groem Diameter und die Abhéngigkeit von der zugrundeliegenden Plaque.
Publikation #1:

Boeder, N.F.; Dorr, O.; Bauer, T.; Mattesini, A.; Elsdsser, A.; Liebetrau, C.;
Achenbach, S.; Hamm, C.W.; Nef, H.M. Impact of strut thickness on acute mechani-
cal performance: A comparison study using optical coherence tomography between
DESolve 150 and DESolve 100. Int J Cardiol 2017, 246, 74-79.

Publikation #2:

Boeder, N.F.; Koepp, T.; Dorr, O.; Bauer, T.; Mattesini, A.; Elsdsser, A.; Mollmann,
H.; Blachutzik, F.; Achenbach, S.; Ghanem, A., et al. A new novolimus-eluting
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bioresorbable scaffold for large coronary arteries: an OCT study of acute mechanical
performance. Int J Cardiol 2016, 220, 706-710.

Publikation #3:

Boeder, N.F.; Dorr, O.; Bauer, T.; Elsidsser, A.; Mollmann, H.; Achenbach, S.;
Hamm, C.W.; Nef, H.M. Effect of Plaque Composition, Morphology, and Burden on
DESolve Novolimus-Eluting Bioresorbable Vascular Scaffold Expansion and
Eccentricity - An Optical Coherence Tomography Analysis. Cardiovasc Revasc Med
2019, 20(6), 480-484.

3.1.1 Einfluss der Strutdicke auf das akute mechanische Ergebnis

Es wurden 57 Patienten mit vergleichbaren Basischarakteristika zwischen Januar 2014
und Oktober 2015 untersucht. Jeder Querschnitt in einem Intervall von 1 mm des ab-
schlieBenden ,,OCT-Pullbacks* wurde manuell und offline analysiert. Circa die Hailfte
der Patienten wurde im Rahmen eines chronischen Koronarsyndroms behandelt. Ein
GroBteil wies eine MehrgefaBerkrankung auf und wurde im Bereich des Ramus inter-
ventricularis anterior behandelt. Der dominierende Lasionstyp war ,,de-novo* und die La-
sionen wurden tiberwiegend nach AHA/ACC als Typ A oder B1 eingestuft (152). Es fand
sich kein signifikanter Unterschied bzgl. der QCA(,,quantitative coronary angiography*)-
Analyse zwischen den beiden Gruppen. Die Lasionspraparation unterschied sich insofern,
als die gewdhlte Linge des Ballons zur Vordilatation in der DESolve-100-Gruppe etwas
langer ausfiel (15,0 3,5 mm vs. 17,4 + 3,3 mm; p=0,02). Dafiir war der gewahlte Scaf-
fold in der DESolve-150-Gruppe etwas grofler (3,2 + 0,3 mm vs. 2,9 = 0,4 mm; p=0,01).
Die iibrigen Aspekte und Parameter der Implantation waren zwischen beiden Gruppen
vergleichbar. Die OCT-Analyse zeigt hinsichtlich des mittleren und maximalen Scaffold-
Diameters keinen statistisch signifikanten Unterschied (3,0 £ 0,4 mm vs. 2,9+ 0,4 mm,;
p=0,09). Dahingegen zeigt sich beziiglich der finalen Lumenflidche ein Trend hin zu ei-
ner kleineren Flidche bei der DESolve-100-Gruppe (7,7 +2,2 mm? vs. 6,7 + 1,8 mm?;
p=0,06). Bei vergleichbarem Implantationsdruck (13,1+2,7atm vs. 13,8+ 1,7 atm;
p=0,44) zeigt sich in der DESolve-100-Gruppe ebenfalls ein Trend hin zu einer héheren
Rate an verbliebener Stenose tiber 20 % (45,2 % vs. 52,9 %; p =0,22). Beziiglich der ge-
ometrischen Entfaltung wurden mit Hilfe eines Symmetrie- und Exzentrizititsindex ein
vergleichbares Ergebnis zwischen den beiden Gruppen dokumentiert. Die OCT zeigte
dariiber hinaus fiinf Kantendissektionen, die ausschlieBlich in der DESolve-150-Gruppe
auftraten (8 % vs. 0 %; p = 0,28). Dahingegen fanden sich gehduft Frakturen der Struts in
der DESolve-100-Gruppe (12,9 % vs. 23,5 %; p = 0,30). Malapposition der Struts fanden
sich bei 2,5 % bzw. 1,7 % der Patienten (p = 0,70). Die Patienten wurden im Median 356
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Tage nachverfolgt. In diesem Nachverfolgungszeitrum trat kein Ereignis — und insbeson-

dere keine ScT — ein.

In dieser Untersuchung konnte erstmalig das akute mechanische Ergebnis nach Implan-
tation zweier BRS mit unterschiedlichen Strutdicken in einer unselektionierten Patienten-
kohorte verglichen werden. In der OCT-Analyse finden sich &dhnliche
Scaffold-Geometrien und -Kennparameter, sodass ein vergleichbares und zufriedenstel-
lendes Akutergebnis angenommen werden kann. So konnte die Reduktion der Strut-Di-
cke also in der Folge zu einer Reduktion des Thrombosrisikos beitragen. Auf der anderen
Seite zeigte sich ein Trend hin zu erhdhten Frakturen und geringerer MLA als Hinweise
fiir eine unzureichende Radialkraft, was diesen Vorteil in groeren Studien womoglich
aufhebt. Eine wesentliche Limitation ergibt sich durch die kleine Studienpopulation, so-

dass zum einen klinisch seltene Ereignisse sicherlich unterschétzt werden.

3.1.2 Akutes mechanisches Ergebnis bei Implantation von Scaffolds in
GefaBen mit groBem Diameter

BRS sollten langfristige Limitationen der bestehenden Stentplattformen, wie z. B. die
Wiederherstellung der vasomotorischen Funktion als auch ein positives Remodelling,
iiberwinden (153,154). Der Everolimus-freisetzende BRS Absorb wird hinsichtlich der Im-
plantation in Gefdle mit einem Referenzdiameter groBer als 4,0 mm insofern einge-
schriinkt, als das eine Expansionsbegrenzung auf 0,5 mm vorgegeben ist. Eine Uberex-
pansion hieriiber hinaus kann zu Diskontinuitét der Struts oder gar ihrer Fraktur fiihren.
Es ist dann mit einem Verlust der mechanischen (Radial-)Kréfte und Zunahme von Mal-
appositionen zu rechnen. Dies schrinkt BRS in bestimmten Szenarien ein, z. B. im Haupt-
stamm oder in hauptstammnahen Abschnitten (127,155). Hieraus ableitend wurde ein
Everolimus-freisetzender BRS, der DESolve XL, mit einem nominalen Diameter von
4,0 mm zugelassen. Sein priméires mechanisches Ergebnis nach Implantation wurde mit
Hilfe der OCT untersucht (143).

Es wurden insgesamt zehn Patienten eingeschlossen. Die Patienten wiesen ein typisches
kardiovaskuléres Risikoprofil auf, befanden sich aber allesamt zuvor wegen eines akuten
Koronarsyndroms noch nicht in Behandlung. Dennoch fanden sich bei 44,4 % der Pati-
enten MehrgefaBerkrankungen. Insgesamt waren alle drei Gefdlle gleichermalen bei der
Behandlung betroffen. Hinsichtlich der ACC/AHA-Klassifikation lagen iiberwiegend
Typ B1- oder B2-Lidsionen vor (152). In Hinblick auf den Implantationsprozess fand in
allen Fallen eine Vor- und Nachdilatation statt. Erstere unter Verwendung eines Ballons
mit einem Diameter von 3,75+ 0,29 mm, der mit 14,7 +5,0 atm inflatiert wurde. Die

Nachdilatation erfolgte durch Inflation eines durchschnittlich 4,8 + 0,3 mm grof3en NC-
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Ballons mit 14,7 =4,2 atm. Der Léngsschnitt des ,,OCT-Pullbacks* wurde hierfiir in Ab-
stainden von nur einem Millimeter unterteilt. Die jeweiligen Querschnitte wurden manuell
und offline ausgewertet. Es zeigte sich ein maximaler BRS-Diameter von 4,2 & 0,39 mm,
der minimale Diameter lag bei 3,4 + 0,24 mm. Die MLA betrug 8,7 +2,0 mm?. Der Ex-
zentrizititsindex im Kollektiv lag bei 0,81 £0,05, der Symmetrieindex bei 0,39 £ 0,25.
Der Anteil malappositionierter Struts lag bei 0,09 + 0,26 %. Hieraus errechnete sich eine
Fliche durch inkomplette Apposition von durchschnittlich 0,1 +0,2 mm?. Die Integritét
der Stents war erhalten, sodass sich weder Frakturen der Struts noch Kantendissektionen
finden lieBen. Im kurzfristigen Nachbeobachtungszeitrum von 30 Tagen fand sich kein

kardiales Ereignis.

In der Untersuchung wurde erstmalig das akute mechanische Ergebnis nach Implantation
von Novolimus-freisetzenden BRS in Gefdflen mit groBem Diameter untersucht. Die
Analyse der Querschnitte zeigt ein gutes Primérergebnis inklusive der geometrischen Im-
plantationsaspekte und unter Beriicksichtigung niedriger Raten von Frakturen und

Dissektionen.

3.1.3 Einfluss der Plaque auf das akute mechanische Ergebnis

Die Expansion eines Metallstents beeinflusst signifikant das Auftreten klinischer End-
punkte. Hierzu zéhlen beispielsweise der Exzentrizitits- und Symmetrieindex. Die opti-
sche Kohdrenztomographie hat in der klinischen Routine unter anderem wegen der auf-
16sungsstarken Beurteilbarkeit eben dieser Expansionsparameter an Relevanz gewinnen
konnen. Fiir den Everolimus-freisetzenden Absorb BVS (Absorb, Abbott Vascular, Santa
Clara, CA, USA) konnte durch Shaw et al. mit Hilfe der intravaskuldren Bildgebung ge-
zeigt werden, dass das Expansionsergebnis von der Plaquelast, ihrer -Morphologie und
-Zusammensetzung abhingt (156). Uber den Absorb BVS hinaus wurde ein Novolimus-
freisetzender BRS, der DESolve (DESolve, Elixir Medical Corporation, Sunnyvalve, CA,
USA), zugelassen. Er weist als Alleinstellungsmerkmal {iber den Aufbau hinaus eine
Selbstkorrekturfunktion auf (157). In diesem Zusammenhang wurde untersucht, ob und
inwiefern das akute Implantationsergebnis des DESolve-BRS von Plaquelast, Plaque-

Morphologie und -Zusammensetzung abhingt (158).

Es wurden insgesamt 15 Patienten zwischen April 2014 und Mérz 2015 in die Untersu-
chung eingeschlossen. Der longitudinale ,,Pullback* der OCT-Untersuchung wurde in In-
tervalle von 200 pm unterteilt. Die hieraus resultierten Querschnitte wurden von zwei
unabhingigen Untersuchern manuell ausgewertet. Es zeigte sich, dass eine grofere
Plaquelast — ausgedriickt in Form der gemessenen Fliche, Dicke, Winkel des die Plaque

einschlieBenden Kreisbogens und Tiefe als Ausdruck der Entfernung vom dufleren Rand
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der GefiaBwand — nicht zu einer statistisch signifikanten Verdnderung des Scaffold Ex-
pansion Index (SEI) fiihrt. Der Scaffold Excentricity Index (SEC) als MaB fiir die Exzent-
rizitit zeigte eine weniger runde Form in Abhéngigkeit einer groBeren Plaquelast an,
wenn eine fibros-dominierte Plaque mit groBerer Flache, Dicke oder Winkel des die
Plaque einschlieBenden Kreisbogens vorlag. Diese Beobachtung konnte bei dominierend

kalzifizierter Plaque in der Kohorte nicht gemacht werden.

In der Untersuchung wurde erstmalig das akute mechanische Ergebnis nach Implantation
von Novolimus-freisetzenden BRS in Abhédngigkeit der Plaquelast untersucht. Es konnte
gezeigt werden, dass im untersuchten Kollektiv das Primérergebnis im Gegensatz zu den
vorangegangenen Ergebnissen mit dem Absorb BVS ausschlieBlich von der Last einer

Plaque mit dominierend fibroser Zusammensetzung abhing.
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3.2 Prozedurale Aspekte im Rahmen der PCI

Experten empfehlen nach Implantation eines BRS eine Nachdilatation, um klinische Er-
eignisraten positiv zu beeinflussen (159,160). Der Einfluss der Nachdilatation auf das Im-
plantationsergebnis wurde bisher nicht mit intravaskuldrer Bildgebung untersucht. Hin-
sichtlich prozeduraler Aspekte wurde im Weiteren ein Zusammenhang zwischen der
iiberlappenden Implantation von DES der ersten Generation und erhohter Mortalitit und
Myokardinfarktrisiko beobachtet. Fiir die zweite Generation der DES wurde gezeigt, dass
eine iiberlappende Implantation nicht mit einer erhohten Rate an Gefalrevaskularisation
(TVR) verbunden ist. Randomisierte Studien schlossen die Implantation {iberlappender

BRS jedoch aus, sodass hier wissenschaftliche Erkenntnisse fehlen.

Folgende der Habilitationsschrift zugrunde liegende Studien beschéftigen sich mit dem
akuten mechanischen Ergebnis nach Implantation und Nachdilatation PLLA-basierter

BRS bzw. dem Ergebnis nach iiberlappender BRS-Implantation (161,162):
Publikation #4 (geteilte Erstautorenschaft):

Blachutzik, F.; Boeder, N."; Wiebe, J.; Mattesini, A.; Dorr, O.; Most, A.; Bauer, T.;
Réther, J.; Trobs, M.; Schlundt, C., et al. Post-dilatation after implantation of
bioresorbable everolimus- and novolimus-eluting scaffolds: an observational optical

coherence tomography study of acute mechanical effects. Clin Res Cardiol 2017,
106(4), 271-279.

Publikation #5 (geteilte Erstautorenschaft):

Blachutzik, F.; Boeder, N.; Wiebe, J.; Mattesini, A.; Dorr, O.; Most, A.; Bauer, T.;
Trobs, M.; Rother, J.; Schlundt, C., et al. Overlapping implantation of bioresorbable

novolimus-eluting scaffolds: an observational optical coherence tomography study.
Heart Vessels 2017, 32(7), 781-789.

3.2.1 Einfluss der Nachdilatation auf das Implantationsergebnis

Klinische Ereignisse nach Implantation eines BRS kdnnen durch eine Nachdilatation po-
sitiv beeinflusst werden (159,160). Studien unter Verwendung von intravaskulédrer Bildge-
bung lagen hierzu bisher nicht vor. In der folgenden Arbeit wurde daher der Einfluss der
Nachdilatation auf das mechanische Implantationsergebnis mit Hilfe der OCT unter-
sucht (161).

Es wurden insgesamt 47 Patienten eingeschlossen, die mit 51 BRS behandelt worden
sind. Die Patienten wurden in Abhéngigkeit der Durchfithrung einer Nachdilatation in

zwei Gruppen unterteilt, die sich in ihren Basischarakteristika nicht signifikant
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voneinander unterschieden. Eine Vordilatation wurde bei allen Patienten vorgenommen.
Der mittlere Druck fiir die Vordilatation lag in der Gruppe ohne Nachdilatation bei
16 £ 5 bar, respektive in der Gruppe mit Nachdilatation bei 14 £ 5 atm (p =0,25). Auch
die librigen Aspekte, wie Ballonldnge und -diameter, waren ohne signifikanten Unter-
schied. Der implantierte BRS hatte in beiden Gruppen vergleichbare Parameter. In beiden
Gruppen fand sich jeweils ein Patient, bei dem zwei Lésionen behandelt bzw. aufgrund
der Lasionsldnge zwei BRS implantiert wurden. In der Patientengruppe, bei der die Nach-
dilatation durchgefiihrt wurde, war der Ballon im Mittel 3,3 = 1,8 mm grof3 und ein Druck
von 16,0+ 9,0 bar wurde angewendet. Der gewihlte Ballon fiir die Nachdilatation war
also im addquaten Verhiltnis zum BRS und Gefdl3 gewéhlt. Im finalen ,,OCT-Pullback*
wurden die Querschnitte in Abstdnden von einem Millimeter analysiert. Insgesamt wur-
den 1654 Querschnitte manuell ausgewertet. Die Fliche, die sich durch eine inadidquate
Apposition der Struts ergibt, war in der Gruppe mit abschlieBender Nachdilatation signi-
fikant kleiner (0,16 +0,49 mm? vs. 2,65 +2,78 mm?; p <0,001). Entsprechend fand sich
eine deutlich kleinere Anzahl malappositionierter Struts. Bei Vorliegen einer Malapposi-
tion konnte der mittlere orthogonale Abstand zur GefaBBinnenwand durch die Nachdilata-
tion reduziert werden. Der erreichte Scaffold-Diameter in Bezug zu ihrem Minimum und
Maximum unterschied sich nicht signifikant zwischen den beiden Gruppen, ebenso wie
der erreichte Exzentrizitits- und Symmetrieindex. Die Nachdilatation fiihrte zu keinem
hoheren Auftreten von Strut-Frakturen oder Kantendissektionen in der untersuchten Ko-
horte. Im untersuchten Patientenkollektiv ging die zusétzliche Nachdilatation ferner nicht
mit einer statistisch erhohten Durchleuchtungszeit (15+9 min vs. 16 = 8 min; p=0,74)
oder Kontrastmittelmenge (169 + 77 ml vs. 175 = 80 ml; p=0,58) einher.

In dieser Untersuchung konnte erstmalig der Einfluss der Nachdilatation auf das primére
Implantationsergebnis mit Hilfe der optischen Kohédrenztomographie untersucht und ihr
wesentlicher Beitrag zur addquaten Entfaltung und Apposition, ohne dass es zu einer

messbaren Zunahme der mechanischen Komplikationen gekommen ist, gezeigt werden.

3.2.2 Effekt der uberlappenden Implantation von bioresorbierbaren
Scaffolds

Wegen erhohter klinischer Ereignisraten wurde von einer iiberlappenden Implantation der
ersten nicht beschichteten Metallstents (BMS) abgeraten (163). Auch fiir die erste Gene-
ration der medikamentenfreisetzenden Stents blieb ein Zusammenhang zu erhohter Mor-
talitdt und Myokardinfarkt erkennbar (164,165). Fiir die zweite Generation der DES konnte
gezeigt werden, dass eine iiberlappende Implantation nicht mit einer erhéhten Rate an

GefédBrevaskularisation (TVR) verbunden ist (165,166). Randomisierte Studien schlossen
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die Implantation iiberlappender BRS aus. In der folgenden Studie wurde das akute me-

chanische Ergebnis nach iiberlappender Implantation von BRS untersucht (162).

Insgesamt konnten 46 Patienten in die Untersuchung eingeschlossen werden. Sie wurden
mit Novolimus-freisetzenden BRS behandelt. Die Kohorte wurde in Abhingigkeit von
der Implantation mindestens zweier BRS unterteilt. Die Kontrollgruppe bestand aus 23
Patienten. Die ,,OCT-Pullbacks® wurden manuell ausgewertet und fiir die Analyse in
Querschnitte im Abstand von einem Millimeter unterteilt. Die Patientengruppen unter-
schieden sich in ihren Basischarakteristika nicht, wenn man von der Lasionslénge absieht
(Uberlappungsgruppe 16,8 £ 5,9 mm vs. 10,8 + 5,2 mm; p <0,001). In der Uberlappungs-
gruppe bemisst sich die Strecke der Uberlappung im Mittel mit 3,8 +2,9 mm. Die Dop-
pellage der Struts im Bereich der Uberlappung zweier BRS fiihrte zu einer messbaren
Dickenzunahme der Strutschicht — also der MessgroB3e zwischen innerer Strutkante und
GefdlBinnenwand (349 £27 um vs. 182 +£21 pm; p<0,001). Es lie sich jedoch hieraus
keine statistisch signifikante Reduktion der minimalen GefaBfliche (MLA) oder OCT-
Scaffold-Flache im Vergleich zu den proximal oder distal angrenzenden Abschnitten mit
nur einer Strutschicht messen (6,83 +2,71 mm? vs. 6,62 + 2,44 mm?; p=0,54). Hiermit
einhergehend fand sich keine Zunahme der verbliebenen Stenose. Ferner zeigte sich
durch die iiberlappende Implantation und nachfolgende Nachdilatation in diesem Bereich
keine statistisch signifikante Haufung von Strut-Frakturen. In dem medianen Nachverfol-

gungszeitraum von neun Monaten trat kein klinisches, unerwiinschtes Ereignis ein.

In dieser Untersuchung konnte erstmalig der Einfluss der iiberlappenden Implantation
von BRS wegen langer Lésionen auf das priméire Implantationsergebnis untersucht und
dabei gezeigt werden, dass es zu keiner relevanten Reduktion der MLA oder Scaffold-
Flache sowie zu keiner mechanischen Diskontinuitit kommt, sodass eine sichere Implan-

tation hintereinander liegender BRS angenommen werden kann.
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3.3 Antithrombotische Behandlung nach Implantation von
bioresorbierbaren Scaffolds

Nach Implantation eines Stents wird eine duale Thrombozytenaggregation (DAPT) emp-
fohlen, die neben Aspirin aus einem P2Y 12-Inhibitor besteht (167). In Ergédnzung haben
schiatzungsweise 5—10 % der behandelten Patienten hieriiber hinaus eine Indikation zur
dauerhaften oralen Antikoagulation (OAK) (168). Patienten mit Indikation zur dauerhaf-
ten OAK sind in Hinblick auf die Behandlung mit BRS unzureichend untersucht, unter
anderem durch ihren Ausschluss in den randomisierten Studien (169,170). In der folgenden
Studie wurde daher diese Patientenpopulation in Hinblick auf unerwiinschte, klinische
Ereignisse (,,Outcome*) untersucht und mit einer Gruppe von Patienten verglichen, die

aufgrund fehlender Indikation lediglich mit DAPT behandelt werden mussten (171).
Publikation #6:

Boeder, N.F.; Johnson, V.; Dorr, O.; Wiebe, J.; Elsédsser, A.; M6llmann, H.; Hamm,
C.W.; Nef, H.M.; Bauer, T. Bioresorbable scaffold implantation in patients with
indication for oral anticoagulation: A propensity matched analysis. Int J Cardiol
2017, 231, 73-77.

Patienten, die mit einem BRS behandelt worden sind und eine begleitende Indikation zur
OAK hatten, wurden Patienten ohne OAK in einem Verhiltnis von 1:3 zugeordnet. Die
fiir die Propensity-Score-Matching-Analyse herangezogenen Parameter waren das Alter,
Vorliegen einer Mehrgefdferkrankung, Einschriankung in der systolischen Ejektionsfrak-
tion, Scaffold-Lénge und die klinische Prasentation. Die beiden Kohorten wiesen sowohl
rechnerisch ein vergleichbares Blutungsrisiko (HAS-BLED-Score 1,78 +0,53 wvs.
1,78 £0,52; p=0,89) als auch Thrombembolierisiko (CHA>DS>-VASc-Score 3,45+ 1,12
vs. 3,47+ 1,22; p=0,91) auf. Im Median wurden die Patienten 361,5 Tage nachverfolgt.
Beide Gruppen zeigten keinen Unterschied in Hinblick auf die Sterblichkeit (,,all-cause
mortality*). Die Héufigkeit der erneuten Revaskularisierung im Bereich der behandelten
Lision (TLF) erreichte keinen signifikanten Unterschied (TAT 7,3 % vs. DAPT 2,5 %;
p=0,11). Auch der kombinierte Endpunkt MACE unterschied sich zwischen den beiden
Gruppen nicht relevant (y2(1)=1,567; p=0,21). Es wurden, unter Verwendung der
BARC-Klassifikation, keine schwerwiegenden Blutungskomplikationen dokumentiert.
Der GroBteil der Patienten wurde mit einem NOAK behandelt, sofern eine Indikation zur
OAK bestand. Die Dauer der TAT wurde iiberwiegend auf einen Monat beschrénkt.

In dieser Untersuchung konnte erstmalig gezeigt werden, dass es durch die begleitende
Indikation zur dauerhaften oralen Antikoagulation zu keiner Zunahme der schwerwiegen-

den Blutungskomplikationen kommt. In dem untersuchten Patientenkollektiv konnte
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ebenso gezeigt werden, dass es zu keiner relevanten Zunahme der ischdmischen Ereig-
nisse kommt. Dennoch bleibt die hohe Rate an ScT und MACE auffillig. Eine Limitie-

rung ergibt sich durch die GroBe der untersuchten Patientenpopulation.
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3.4 Spate und sehr spate Scaffoldthrombosen

In Registerstudien fiel nach Implantation eines Absorb BVS eine erhdhte Rate an Scaf-
foldthrombosen (ScT) auf, die sowohl friih als auch spét nach der Implantation auftra-
ten (172,173). Aus Beobachtungsstudien ergab sich die Hypothese, dass Malappositionen
und die hierdurch bedingte Zunahme der Blutflussturbulenzen diese begiinstigen (174), da
sie ein hdufig beobachtetes Phinomen zum Zeitpunkt des Ereignisses darstellten. Die fol-
gende Studie untersucht daher den prospektiven Stellenwert von Malappositionen als Pri-

diktor fiir spite oder sehr spéte ScT (175).
Publikation #7:

Boeder, N.F.; Weissner, M.; Blachutzik, F.; Ullrich, H.; Anadol, R.; Trobs, M.;
Miinzel, T.; Hamm, C.W.; Dijkstra, J.; Achenbach, S., et al. Incidental Finding of
Strut Malapposition Is a Predictor of Late and Very Late Thrombosis in Coronary
Bioresorbable Scaffolds. J Clin Med 2019, 8(5), 580.

Es wurden 197 Patienten in die Untersuchung eingeschlossen. Es lag ein elektives Kon-
troll-OCT nach PCI im Median nach 353 Tagen vor. Die beobachteten Malappositionen
wurden zum Zeitpunkt der Aufnahme von zwei erfahrenen, interventionell tatigen Kardi-
ologen als nicht akut behandlungsbediirftig eingestuft. Eine vollstindige Nachbeobach-
tung (,,Follow-Up*) lag im Median bis 1059 Tage nach der Prozedur vor. Innerhalb dieses
Nachverfolgungszeitraums erlitten sieben Patienten eine spéte oder sehr spite ScT. Sie
trat 579 (341-623) Tage nach der PCI bzw. 293 (38-579) Tage nach der OCT auf. Ob-
wohl die elektive OCT zu keinem vordefinierten Zeitpunkt nach der PCI durchgefiihrt
wurde, zeigte sich in Hinblick auf die Diagnose der Malapposition und der folgenden ScT
kein signifikanter Unterschied in Abhingigkeit des Zeitpunktes der OCT (p =0,871). Die
Basischarakteristika zwischen den beiden Gruppen waren dhnlich und zeigten mit Aus-
nahme fritherer Revaskularisationen (ScT 71,4 % vs. No ScT 34,7 %; p = 0,04) keine we-
sentlichen Unterschiede. Mit Hilfe einer Kaplan-Meier-Kurve wurde der zeitliche Zu-
sammenhang zwischen dem Auftreten einer spéten oder sehr spaten ScT in Abhingigkeit
der Beobachtung von einer Malapposition im Rahmen der elektiven OCT dargestellt. Bei
Patienten mit vorbeschriebener Malapposition trat die ScT statistisch signifikant hiufiger
auf (Log-Rank-Test p <0,001). In einer multivariablen Cox-Regression konnte unabhén-
gig vom Zeitpunkt (frithe oder spite Diagnose) die Malapposition als unabhéngiger Pri-
diktor fiir die ScT bestétigt werden.

In einem separaten Register wurden 16 Patienten gefiihrt, fiir die ein OCT zum Zeitpunkt
der ScT vorlag. Fiinf dieser Patienten wurden in der prospektiven Nachverfolgung einge-

schlossen. In neun der 16 Fille handelt es sich um eine spéte oder sehr spdte ScT. Da bei
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allen Patienten ein OCT vorlag, wurde die ScT als definitiv eingestuft. Es konnte beo-
bachtet werden, dass spdte und sehr spate ScT hiufiger Frauen und solche Patienten be-
trafen, die zuvor bereits behandelt worden sind. Es fand sich im iiberwiegenden Anteil
der untersuchten OCT-Querschnitte Thrombus (78 £37 % vs. 55+12,4%; p=0,18).
Wihrend eine inkomplette Expansion in den Féllen der frithen ScT hiufiger zu sehen war,
findet sich eine Malapposition oder Strut-Diskontinuitdt eher bei den Patienten mit spater
oder sehr spéter ScT. Die Parameter, welche die Scaffold-Geometrie beurteilen, unter-

schieden sich in den beiden untersuchten Gruppen nicht.

In dieser Untersuchung konnte erstmalig gezeigt werden, dass die Beobachtung von
Malappositionen bei Patienten, die mit einem BRS behandelt worden sind, ein Pridiktor
fiir das zukiinftige Auftreten von spiten und sehr spéten ScT ist. Ferner fand sich in der
retrospektiven Auswertung ein Zusammenhang zwischen Thrombus und dem Auftreten

von ScT insbesondere bei groBeren Gefdllen bzw. Scaffolds.
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4 Diskussion

Seit der ersten Eigenkatheterisierung im Jahr 1929 und der darauf aufbauenden Idee zur
perkutanen Behandlung von Patienten mit stenosierenden GefdBerkrankungen des Her-
zens bis zur Entwicklung und zum klinischen Einsatz bioresorbierbarer GeféBstiitzen
(BRS) sind acht Jahrzehnte vergangen. Die Entwicklung dieser neuen Stentplattform be-
griindet sich in Limitationen der bestehenden Plattformen. So ist mit dem Einsatz von
Stentplattformen mit Metallgeflecht dessen dauerhaftes Verbleiben nach Abschluss der
Freisetzung der Medikamente und ggf. der Resorption des Polymers verbunden. Das Me-
tallgeflecht stellt damit beispielsweise Grundlage fiir chronische Inflammationsprozesse
dar. Die konzeptionelle Idee der Entwicklung einer neuen Stentgeneration beruhte also
auf der Vorstellung einer transienten Stabilisierung und dessen langfristiger Resorption.
BRS wurden daher in Analogie zu medikamentenfreisetzenden Metallstents (DES) als

neuer Entwicklungssprung beschrieben.

In Verbindung mit dem klinischen Einsatz der BRS entstanden unter anderem durch Er-
gebnisse des GHOST-EU-Registers hinsichtlich ihrer Sicherheit Bedenken. Hier fand
sich bei den 1200 untersuchten Patienten nach sechs Monaten eine Scaffoldthromboserate
von 2,1 % (144). In einer von Brugaletta et al. untersuchten Patientenkohorte, bei denen
der BRS im Rahmen eines ST-Streckenhebungsinfarktes implantiert wurde, wird diese
sogar bereits nach 30 Tagen erreicht (145). Der Mechanismus einer Scaffoldthrombose ist
sicher multifaktoriell und neben bekannten Risikofaktoren wie etwa der Stentldnge (147)
entstand aus den bereits frith auftretenden ScT die Hypothese, dass es auch device- oder
prozedurassoziierte Faktoren geben muss, die zum Auftreten des klinischen Ereignisses
pradisponieren. So kann die Strutdicke, die zum Erhalt der Radialkraft grofer ausfillt,
Flussturbulenzen hervorrufen und damit einhergehend eine iberméBige Aktivierung des

Gerinnungssystems begiinstigen.

In der vorliegenden Arbeit wurde daher das akute mechanische Implantationsergebnis
nach Behandlung mit einem BRS mit verringerter Strutdicke (151) und eines solchen, der
fiir Gefdlle mit groBerem Diameter (143) entwickelt worden ist, untersucht. Im Grundsatz
ergibt sich in beiden Fillen aus der Auswertung der ,,OCT-Pullbacks* der Hinweis auf
ein positives Primédrergebnis. Die Aspekte, die fiir ein gutes mechanisches Ergebnis spre-
chen, stammen aus fritheren Bildgebungsstudien. Hierbei wurden vor allem BMS und
DES der ersten Generation mit Hilfe von IVUS untersucht (176-178). Es zeigte sich, dass
eine abschlieBende minimale Querschnittsfliche (MLA) von kleiner als 5,5 cm? bzw.
6 cm? oder aber eine verbliebene residuale Stenose im Bereich des Scaffolds von groBer

als 20 % mit einem erhohten Risiko fiir Stentthrombosen verbunden war. Die Kriterien
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wurden anhand von Patienten entwickelt, die eine simple Lasionskomplexitdt aufwiesen.
Hier findet sich eine weite Ubereinstimmung mit unseren Patientencharakteristika, sodass
ein Vergleich moglich erscheint, wenngleich gezeigt werden konnte, dass Messungen im
OCT sowohl in vivo als auch in vitro verglichen mit IVUS geringer ausfallen kon-
nen (179). In den eigenen Studien zeigten sich die Messwerte im vorbeschriebenen Be-
reich, wiesen aber aufgrund der erreichten MLA auf eine verringerte Expansionskapazitit
und Radialkraft fiir den BRS mit diinneren Struts hin. Der MLA-Referenzwert aus der
Literatur wird bei Patienten, die mit einem DESolve XL behandelt worden sind, deutlich
iiberschritten. Es zeigt sich jedoch ein heterogenes Bild, denn die verbliebene Stenose ist
im Durchschnitt knapp oberhalb der 20 %. Als integrativer Ansatz zur Beurteilung eines
positiven Primédrergebnisses konnen auch geometrische Parameter, die sich durch die
Stentplattform definieren, herangezogen werden (180,181). So konnte gezeigt werden, dass
der DESolve-BRS aufgrund eines geringeren Exzentrizititsindex anfélliger fiir eine
asymmetrische Expansion sein konnte (125). Unter klinisch-angiographischen Gesichts-
punkten findet sich mit der MUSIC-Studie verbunden ein Hinweis fiir ein gutes Prima-
rergebnis bei einem Exzentrizitdtsindex von 0,70 (182). Dies wird ergénzt von Symmet-
rieindizes nahe null, um eine gleichméfBige und symmetrische Expansion entlang des
Scaffolds zu beschreiben. Dieser Teilaspekt findet sich in den erreichten geometrischen
Parametern in den beiden vorliegenden Untersuchungen deutlich abgebildet, die so das
positive Primérergebnis unterstiitzen.

In den durchgefiihrten Studien wurde hieriiber hinaus der Umfang des prolabierenden
Gewebes beurteilt. Hierbei handelt es sich um das Gewebe, das durch die Streben in das
GefdB ragt. Die Flache zeigte sich in den Untersuchungen statistisch unabhéngig von der
verwendeten Strutdicke und besonders klein in der Kohorte, in denen der BRS fiir grof3e
Gefédfldiameter untersucht wurde. Letzteres kann an der Lasionspréparation gelegen ha-
ben oder aber an dem Verhéltnis aus Strutmaterial zur Scaffoldzelle, die bei groBeren
Scaffolds, wie dem DESolve XL, kleiner ausfallen und so die Gefialwand besser abde-
cken. Sugiyama et al. (183) haben gezeigt, dass es abhéngig von der Prolapsflidche zu ei-
nem Anstieg der postprozeduralen CK-MB als Hinweis fiir ein eine Post-PCI-Myokard-
verletzung (,,myocardial injury*) kommt. Im kurzfristigen Verlauf von neun Monaten re-
sultierte dies jedoch nicht in einem Anstieg der kardialen Ereignisse. Der Trend zu einer
grofBeren Prolapsflidche bei Patienten, die mit dem Scaffold mit geringerer Strutdicke be-
handelt worden sind, kdnnte in diesem Zusammenhang nicht nur durch das Device, son-
dern auch mit dem zumindest numerisch groBeren Anteil an akuten Koronarsyndromen
erklirbar sein.

Einen weiteren Aspekt in der Beurteilung des mechanischen Akutergebnisses sind Frak-

turen und Dissektionen. In der Beobachtung des DESolve XL fiir grole Gefd3diameter
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zeigten sich keine solche mechanischen Komplikationen. In der Untersuchung, die Scaf-
folds mit einer Strutdicke von 150 pm und 100 um vergleicht, findet sich ein Trend zu
einer hoheren Anzahl von Frakturen in letzterer Gruppe (12,9 % vs. 23,5 %; p=0,30).
Dies scheint in direktem ortlichem Zusammenhang mit einer erhdhten Anzahl von Fib-
roatheromen in den korrespondierenden GefaBBquerschnitten zu sein (10 % vs. 50 %,
p=0,50). Wenngleich diese Beobachtung aufgrund der kleinen Fallzahl mit Einschrén-
kungen beurteilt werden muss, so kann der Trend zu hoheren Frakturraten auch durch die
mechanischen Eigenschaften des DESolve 100 um erklart werden, was wiederum gut zu
dem Eindruck der geringeren Expansions- und Radialkraft passt. Auch die Dissektionen
zeigten einen Ortlichen Bezug zu Plaquestrukturen. Dies ist gut vereinbar mit den Ergeb-
nissen von Chamié et al., die verbunden mit Plaque und Thin-cap Fibroatheromen
(TCFA) im Bereich der Platzierungszone einen signifikanten Anstieg des Risikos fiir
Stentkantendissektion beschrieben (184). In unserer Kohorte lieB sich diesbeziiglich er-
génzen, dass die Dissektionen zumeist nicht in Zusammenhang mit der Vordilatation ste-
hen, da das hiernach angefertigte OCT im Rahmen der Implantationsplanung diese noch
nicht zeigte. Es muss also die Implantation des Scaffolds selbst oder aber die nachge-
schaltete Nachdilatation ursidchlich gewesen sein. Fiir die Nachdilatation spricht, dass
hierbei iiblicherweise der hochste Inflationsdruck Anwendung fand. Die vorliegenden Er-
gebnisse miissen auch vor dem Hintergrund des kleinen Patientenkollektivs bewertet wer-

den.

In einer weiteren Studie wurde aufgrund der gezeigten Abhéngigkeit der Scaffoldexpan-
sion des Absorb BVS von Plaquelast, -Morphologie und -Zusammensetzung (156) unter-
sucht, ob der Novolimus-freisetzende DESolve diese Abhéngigkeit ebenfalls auf-
weist (158). Dieser Aspekt hat fiir die Frage des optimalen Implantationsergebnisses einen
hohen Stellenwert. Im Ergebnis zeigt sich in der untersuchten Kohorte unter Beriicksich-
tigung der zuvor beschriebenen IVUS-Kriterien ein gutes mechanisches Ergebnis. So-
wohl die residuale Reststenose (RAS) als auch die erreichte Lumenfliche (MLA) sind
innerhalb der beschriebenen Grenzwerte. Es konnte damit gezeigt werden, dass diese Pa-
rameter nicht in gleichem Maf3e von der Plaquelast negativ beeinflusst werden, und damit
anders als in der Untersuchung von Shaw et al. (156) beobachtet. Dies konnte durch die
Lasionspraparation bzw. das prozedurale Management der Scaffoldimplantation begiins-
tigt worden sein, denn es konnte gezeigt werden, dass eine 1:1-Vordilatation zu einer
besseren MLA fiithren kann (185). In der durchgefiihrten Studie fand diese immerhin in
87 % der Fille statt. Die Nachdilatation scheint keine Verbesserung der Expansion zu
bewirken (185), allerdings liegen dafiir keine bekannten randomisierten Studien vor. In

der Studie von Shaw at al. zur Expansion des Absorb BVS werden keine genauen
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Angaben zum periprozeduralen Vorgehen berichtet. Insofern bleibt offen, ob eine sorg-
féltige Léasionsvor- und Nachbearbeitung die in der Studie beschriebene Expansionsein-
schrankung durch die Plaquelast hitte giinstig beeinflussen kdnnen. Einschrankend muss
man in diesem Zusammenhang hierbei sicher beriicksichtigen, dass sich beim direkten
Vergleich der beiden Studien eine Limitation dadurch ergibt, dass die kalzifizierte
Plaquelast in unserer Kohorte etwas geringer ausfiel. Ein weiterer Aspekt, der die bessere
Expansion womoglich mit beeinflusst hat, ist die Selbstkorrekturfunktion der DESolve-
Plattform. Uber die Expansion hinaus lisst sich das geometrische Ergebnis untersuchen
und vergleichen. Legt man die Referenzwerte aus der MUSIC-Studie zugrunde, zeigte
sich ein positives Ergebnis. Allerdings haben fibrés dominierte Plaques — ausgedriickt als
Flache, Dicke, Winkel des die Plaque einschlieBenden Kreisbogens — einen negativen
Einfluss auf die Exzentrizitit. Dies konnte fiir kalzifiziert dominierte Plaque nicht gezeigt
werden. Die fibrés dominierten Plaques in unserer Kohorte sind, anders als bei Shaw et
al., typischerweise zirkumferentiell aufgetreten. Lipidreichere Plaques gelten als emp-
findlicher fiir die Dilatation, aber womoglich hat gerade der hohe zirkumferentielle Anteil
einen besseren Exzentrizititsindex behindert. Es muss beriicksichtigt werden, dass die
Beurteilung der Plaquezusammensetzung im direkten In-vivo-Vergleich anhand der OCT
Limitationen aufweist und die Gewebecharakterisierung gegenwértig an ihre technischen
Grenzen stof3t. Die Plaque ist typischerweise nie uniform von einem Typ, sodass es bei

der Beurteilung des vorherrschenden Typs bleibt.

Bisher durchgefiihrte Studien zeigten regelméfig das Vorhandensein von Malappositio-
nen in den finalen ,,OCT-Pullbacks* (143,151,158). In randomisierten Studien wurde die
Nachdilatation anfanglich nicht ausdriicklich empfohlen, da eine Beschadigung der In-
tegritdt und Diskontinuitét der Struts beflirchtet wurde. Brown et al. zeigten zunéchst kei-
nen Effekt der Nachdilatation mit einem NC-Ballon mit Diameter + 0,25 mm und Nomi-
naldruck auf die Apposition (185). Aufgrund der anfanglich zuriickhaltenden Durchfiih-
rung der Nachdilatation und dem Ausschluss in randomisierten Studien wurde erstmalig
das akute Implantationsergebnis in Abhéngigkeit der prozeduralen Strategie mit der Hilfe
der OCT beurteilt. Die Behandlung fand entweder mit einem Novolimus- oder
Everolimus-freisetzenden BRS statt. Hierbei wurde eine Reduktion der durch die Malap-
position entstandenen Flache (ISA) und Malappositionshaufigkeit durch die Nachdilata-
tion festgestellt. Der NC-Ballon fiir die Nachdilatation war mit 3,3 + 1,8 mm etwas groBer
als der Scaffold (3,1 £0,3 mm). Der maximale Inflationsdruck lag bei 16 +9,0 atm im
Bereich der Hochdruckdilatation. Die mechanische Integritit des Scaffolds wurde hier-
durch — anders als befiirchtet — nicht relevant beeinflusst, da im Vergleich zur ausblei-

benden Nachdilatation keine Anzahl erhohter Kantendissektionen oder Strut-Frakturen
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beobachtet werden konnte. Die Nachdilatation mit Hochdruckballons erscheint im unter-
suchten Kollektiv demnach als sicher. Hierdurch konnte die Rate unerwiinschter klini-
scher Ereignisse (,,Outcome®) perspektivisch positiv beeinflusst werden, denn eine ho-
here Anzahl von Struts erreicht die GefdBwand und entzieht sich somit nicht einer feh-
lenden neointimalen Endothelialisierung (186), wenngleich die Malapposition durch den
Verbleib im Gefd3 plattformbedingt nur transient sein sollte. Eine Transformation des
verbesserten mechanischen Ergebnisses, der im untersuchten Kollektiv gezeigt werden
konnte, in eine Verbesserung harter klinischer Endpunkte muss Aufgabe zukiinftiger Un-
tersuchungen sein. De Ribamar Costa et al. berichten, dass das Uberleben nach einem
Jahr bei mit Absorb BVS behandelten Patienten nicht beeinflusst wird (187). Weitere ran-

domisierte Untersuchungen sind zur Beantwortung dieser Frage folglich notwendig.

Uber den Effekt der Nachdilatation bei Patienten, die mit einem BRS behandelt worden
sind, hinaus, stellt sich die Frage, ob in Bezug auf das periprozedurale Management auch
lingere Stenosen durch Uberlappung zweier Devices mit BRS behandelt werden kdnnen.
Nicht zuletzt bestand die Sorge, dass die Uberlappung zu der in der Literatur beschriebe-
nen Erhohung der Scaffoldthrombosen durch spédten Lumenverlust und Aktivierung von
Flussturbulenzen durch Doppellagen beitrégt. Hierzu wurde eine vergleichende Beobach-
tungsstudie durchgefiihrt. Im Grundsatz konnte dabei festgestellt werden, dass die iiber-
lappende Implantation zweier BRS sowohl hinsichtlich des akuten Implantationsergeb-
nisses als auch im mittelfristigen Follow-Up von im Median neun Monaten ein zuftie-
denstellendes Ergebnis zeigt. Dies konnte durch eine fehlende substantielle Reduktion
der MLA beeinflusst worden sein. Die Uberlagerung zweier Scaffolds fiihrt in dem be-
troffenen Abschnitt zu einer Duplikatur der Scaffoldstreben. Hiermit einher geht theore-
tisch eine Reduktion der Gefal3fliche, wenn auch nur zeitlich begrenzt. In der Untersu-
chung konnte gezeigt werden, dass in unserem Kollektiv die Stentexpansion und Lumen-
fliche in den Abschnitten der Uberlagerung keine signifikante Reduktion im Vergleich
zu den unmittelbar proximal und distal dazu liegenden Abschnitten aufweist. Damit wer-
den tierexperimentelle Beobachtung von Farooq et al. unterstiitzt (188). Es zeigte sich fer-
ner keine Zunahme der mechanischen Komplikationen wie Frakturen im Bereich der
Uberlappung. Dies kdnnte durch die groBere Uberexpansionskapazitit erklirbar sein. Im
zur Verfiigung stehenden Nachverfolgungszeitraum kommt es nicht zu einem signifikan-
ten Anstieg der klinischen Ereignisse und damit unterstiitzen unsere Daten die Ergeb-
nisse, die Ortega-Paz et al. (189) oder Costa Jr et al. (190) fiir den Absorb BVS demonst-
rieren konnten. Weitere multizentrische, randomisierte Untersuchungen sind fiir die lang-

fristige Beurteilung der Sicherheit notwendig. Ferner ergibt sich auch durch die geringe
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Komplexitit der behandelten Lasionen eine Einschridnkung, sodass die Erkenntnisse sich

nicht verallgemeinern lassen.

Nach Implantation eines Stents besteht die Indikation zur dualen Thrombozytenaggrega-
tion mit Aspirin und einem P2Y 12-Inhibitor. Die Auswahl aus einem der drei oral verfiig-
baren P2Y 12-Inhibitoren hdngt unter anderem davon ab, ob es sich um ein akutes Koro-
narsyndrom handelt, und ist zeitlich beschrinkt (25). Schatzungsweise 5-10 % der Pati-
enten, die mit einem Stent behandelt werden, haben allerdings eine ergéinzende Indikation
zur oralen Antikoagulation (OAK) (168). Wahrend die Thrombozytenaggregation das Ziel
verfolgt Ischdmieereignisse zu reduzieren, soll die OAK das thrombembolische Risiko
bei z. B. Patienten mit Vorhofflimmern reduzieren. Hierbei zeigt sich konkret die OAK
der DAPT bei Vorhofflimmerpatienten hinsichtlich der Vermeidung der Schlaganfille
iiberlegen, jedoch beziiglich einer relevanten Reduktion der Stentthromboseraten im Ver-
gleich zur DAPT unterlegen (25,191). Nach PCI in dieser Patientengruppe muss jedoch
beides adressiert werden, denn eine frithzeitige Beendigung der Thrombozytenaggrega-
tion kann das Risiko fiir eine Stentthrombose erh6hen und ein Pausieren der Antikoagu-
lation birgt die Gefahr des thrombembolischen Ereignisses, sodass zumeist eine dreifache
antithrombotische Therapiekombination (TAT) angewendet wird. Durch die Verfiigbar-
keit von drei P2Y 12-Inhibitoren und vier NOAKSs ergibt sich eine Vielzahl von Kombina-
tionsmdoglichkeiten. Patienten mit Indikation zur dauerhaften OAK sind allerdings in Hin-
blick auf die Behandlung mit BRS unzureichend untersucht, unter anderem durch den
Ausschluss in den randomisierten Studien (169,170). Es wurde daher diese Patientenpopu-
lation in Hinblick auf das Auftreten unerwiinschter klinischer Ereignisse (,,Outcome*)
untersucht (171). Als Vergleichsgruppe wurden Patienten ausgewihlt, die lediglich mit
einer DAPT behandelt werden mussten. Im Grundsatz zeigte sich, dass es in dem zur
Verfiigung stehenden Nachverfolgungszeitraum keine signifikante Zunahme von schwer-
wiegenden Blutungskomplikationen (BARC > 3 (192)) kam.

Grundsitzlich ist anzunehmen, dass eine Dreifachtherapie das Risiko fiir schwerwiegende
Blutungen erhoht. Blutungen stellen einen unabhéngigen Risikofaktor fiir die Langzeit-
prognose von Patienten mit koronarer Herzerkrankung dar. Das damit verbundene Mor-
talitatsrisiko steigt mit Schwere der auftretenden Blutung an (193). In dem untersuchten
Kollektiv mit TAT fanden sich lediglich Blutungen mit niedriger klinischer Relevanz.
Die zum Zeitpunkt der Untersuchung giiltigen Empfehlungen der Europdischen Gesell-
schaft flir Kardiologie empfahlen eine Dreifachtherapie mit angepasstem INR bei Mar-
cumartherapie oder ein NOAK in Verbindung mit Aspirin und Clopidogrel einzuset-
zen (167). Das beziiglich der Ereignisrate schwerer Blutungen positiv ausfallende Studien-

ergebnis konnte durch die Limitierung der dreifachen antithrombotischen Therapie fiir
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einen Monat begiinstigt worden sein,. Allerdings wurde in etwa 10 % die TAT auf zwolf
Monate ausgeweitet. In der ISAR-Triple-Studie, einer randomisierten Open-Label-Stu-
die, wurde beobachtet, dass eine sechswdchige Dreifachtherapie mit Clopidogrel einer
sechsmonatigen nicht {iberlegen ist. Die Reduzierung der TAT auf lediglich sechs Wo-
chen war weder mit einer Reduzierung der Ischdmie- noch der Blutungskomplikationen
verbunden (194). Neben Clopidogrel finden die weiteren oralen P2Y 1>-Inhibitoren Ticag-
relor und Prasugrel wegen statistisch signifikanter Uberlegenheit bei Patienten mit aku-
tem Koronarsyndrom standardméfige Anwendung (25,167). Sarafoff et al. untersuchte
Prasugrel anstelle von Clopidogrel als Kombinationspartner im TAT-Regime nach DES-
Implantation (195). Durch Kombination mit Prasugrel kam es zu einem Anstieg der TIMI-
major- und -minor-Blutungen etwa um den Faktor vier, ohne dass dabei gleichzeitig eine
Reduktion der Ischdmieereignisse einherging. Eine weitere Arbeitsgruppe nutzte Ticag-
relor als Kombinationspartner mit einem Vitamin-K-Antagonisten und konnte ebenfalls
keine Abnahme der Ischdmieereignisse im Vergleich zur TAT mit Clopidogrel, ASS und
Vitamin-K-Antagonisten bei gleichbleibenden Blutungskomplikationen zeigen (196).
Auch im untersuchten Kollektiv der durchgefiihrten Studien fanden sich TAT-Kombina-
tionen mit Prasugrel oder Ticagrelor. Zum Zeitpunkt der Untersuchung war die Empfeh-
lung beziiglich des Kombinationspartners noch weicher bzw. unklarer. Die Blutungsrate
insgesamt zeigte keinen signifikanten Unterschied zur DAPT-Gruppe. Dies kann an dem
giinstigen Blutungsrisiko der Kohorte, abgeschitzt mit HAS-BLAD-Score, gelegen ha-
ben. Auf der anderen Seite erfolgte die Antikoagulation bei der Mehrheit der Patienten
mit Hilfe eines NOAKSs, die im Vergleich zu den Vitamin-K-Antagonisten ein gilinstige-
res Risikoprofil aufweisen (197-200). Die verfiigbaren Studien beriicksichtigten jedoch Pa-
tienten mit gleichzeitiger Indikation zur DAPT nicht; solche Patienten waren von den
Studien ausgeschlossen. Zuletzt konnte mit der PIONEER-AF-PCI-Studie fiir Rivarox-
aban(201), der AUGUSTUS-Studie fiir Apixaban (202) und der REDUAL-PCI-Studie fiir
Dabigatran (203) gezeigt werden, dass diese NOAKSs hinsichtlich der Endpunkte gegen-
iiber dem konventionellen Vitamin-K-Antagonisten als Kombinationspartner vorteilhaft
sind.

Nach PCI gilt es neben dem individuellen Blutungsrisiko auch das Risiko fiir ischdmie-
mediierte klinische Ereignisse abzuschdtzen und durch die Auswahl der antithromboti-
schen Therapie zu reduzieren. Zwischen den beiden Gruppen konnte kein signifikanter
Unterschied hinsichtlich der MACE-Rate festgestellt werden, jedoch fillt die Rate im
Vergleich zu Literaturangaben {iberraschend hoch aus. In der Kaplan-Meier-Kurve zur
zeitlichen Abbildung der MACE-Ereignisse in Abhingigkeit der postprozeduralen Medi-
kationsempfehlung zeigt sich ein frithes Auftreten der Ereignisse nach BRS-Implantation,

insbesondere in der TAT-Gruppe. Diese Ereignisse unterstiitzen die Hypothese, dass
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prozedurale Aspekte die Ereignisse begiinstigen. Die Rate bleibt trotz des deutlich hohe-
ren Einsatzes von optischer Kohdrenztomographie im Vergleich mit den Ergebnissen des
GHOST-EU-Registers (144) als auftéllig hoch einzustufen. Die fehlende statistische Sig-
nifikanz konnte am Studiendesign, der kleinen Studienpopulation und der Hohe der ten-
denziell krinkeren Patienten und hoheren Lisionskomplexitit liegen, sodass abschlie-
Bend vor dem Hintergrund der erhdhten Gesamtsterblichkeit (,,all-cause mortality*) im
Vergleich zu anderen BRS-Studien (144) — wenngleich sie einen kiirzeren Nachverfol-
gungszeitrum iiberblicken — weiterfithrende randomisierte Studien notwendig sind, um
diesen komplexen Aspekt weiter zu untersuchen. Hierbei sollte der Aspekt der chroni-
schen Niereninsuffizienz und ihr Stellenwert berticksichtigt werden. Eine grofere Studi-
enpopulation kénnte Uberlegenheit- oder Nachteil der gewihlten antithrombotischen

Therapie besser abbilden.

Der Everolimus-freisetzende BRS, Abbott Absorb BVS, zeigte eine unerwartet hohe An-
zahl an Scaffoldthrombosen. Es finden sich in der Literatur mono- und multizentrische
Beobachtungsstudien, die von ihrem Auftreten sowohl friih als auch spit nach der initia-
len Implantation berichten (121,173). Der Absorb ist in der Folge der Sicherheitsbedenken
vom Markt genommen worden. Studien, die auf quantitativen Aspekten der Koronaran-
giographie beruhen, sehen zwischen einem ,,Undersizing™ — gemeint ist ein zu kleiner
BRS in Relation zum Referenzgefadiameter — und dem Auftreten spiter klinischer Er-
eignisse einen starken Zusammenhang (204,205). Der zugrundeliegende Mechanismus
hierfiir ist nicht gekldrt, aber angenommen werden kann, dass Malapposition durch die
Aktivierung der Gerinnung und ihr Auslésen von Flussturbulenzen hierbei eine Rolle
spielt. Der mechanistische Hintergrund hierfiir erscheint solide (206,207), allerdings fuf3t
der Zusammenhang dariiber hinaus auf Beobachtungsstudien, die Malappositionen zum
Zeitpunkt der ScT héufig beschreiben (174,208). Es wurde daher der Stellenwert der Mal-
apposition — diagnostiziert im Rahmen einer elektiven OCT-Untersuchung — mit Hinblick
auf das Auftreten von spéten und sehr spiten ScT hin untersucht. Im Grundsatz konnte
der pradiktive Wert der Malapposition gezeigt werden. Dariiber hinaus fand sich in der
OCT-Analyse zum Zeitpunkt der ScT héufiger Thrombus im Bereich einer Malapposi-
tion, als dies bei friihen ScT beobachtet werden konnte. Friihere Studien konnten zeigen,
dass die friih auftretenden ScT in vielen Fillen mit der Implantation assoziiert sind und
sich durch eine angepasste Implantationsstrategie vermeiden lassen (209). Die spiten und
sehr spéten ScT iiberraschten, denn zu diesem Zeitpunkt sollte die neue Stentplattform
durch Resorption ihren groB3ten Vorteil gegeniiber den konventionellen Metallstents aus-
spielen. OCT-Fallserien beschrieben darauthin Malapposition und die damit verbundenen

Phédnomene der nicht endothelialisierten Struts oder ihre Diskontinuitit zum Zeitpunkt
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der ScT. Die Atiologie und der genaue Mechanismus des hiermit verbundenen Verlustes
der Scaffoldgeometrie ist ungekldrt. Sowohl das Verbleiben von Malapposition nach der
Implantation als auch ihre Ausbildung im Rahmen von beobachteter Evagination fiihrten
zu einem Verlust der Integritit und addquaten Apposition an der GefaBBinnenwand. Zu
dhnlichen Beobachtungen kamen die Autoren des Bern- und PESTO-Registers bei Me-
tallstents (210). Im PRESTIGE-Register fand sich Malapposition unter den ersten drei
Hauptgriinden, die mit einem ST-Ereignis verbunden waren (211). Die beobachtete
Nichtendothelialisierung der Scaffoldstruts ist in hohem Maf3e vereinbar mit Flussturbu-
lenzen, die sich durch die inaddquate Apposition ergeben. So finden sich an der adlumi-
nalen und abluminalen Seite der Struts unterschiedlich hohe Scherspannungen, welche
die lokale Blutviskositét beeinflussen und somit iiber die Aktivierung von Thrombozyten
und Anregung zur Bildung von Neointima die Thrombogenitét der Scaffolds begiinsti-
gen (212). Trotz dieser mechanistisch-rationalen und retrospektiven Beschreibung des Zu-
sammenhangs zwischen erhohtem Risiko fiir die spédte und sehr spidte ScT und
Malappositionen finden sich in der Literatur prospektive Daten lediglich fiir die erste Ge-
neration DES. Hassan et al. errechneten in ihrer Meta-Analyse fiir das Auftreten von
Stentthrombosen nach spét entwickelter Malapposition eine Odds-Ratio von 6,51 (1,34—
34,91) (213). Die eingeschlossenen Studien sind in ihrem Ergebnis heterogen und ihre Be-
riicksichtigung ist insofern eingeschrinkt, als BRS mit der Resorption ihrer Struts die
Thrombogenitét mit zeitlichem Abstand zur Implantation eigentlich verkleinern sollten.
Die vorliegende Arbeit konnte erstmalig der Zusammenhang zwischen Malapposition
und dem Auftreten von spdten und sehr spaten ScT im Rahmen der klinischen Nachbe-
obachtung gezeigt werden. Der Zusammenhang bestand unabhéngig vom Zeitpunkt, zu
dem die Malapposition im Rahmen einer elektiven OCT-Untersuchung beobachtet
wurde. Aus diesem Ergebnis kann beispielsweise die Hypothese aufgestellt werden, dass
die Patienten von einer verldngerten DAPT profitieren. Die Studie weist jedoch zahlrei-
che Limitationen auf. So ist die ScT kein uniformes Ereignis. Ferner handelt es sich um
eine kleine Patientenkohorte, in der der Zeitpunkt der Durchfiihrung der OCTs nicht vor-
gegeben worden war. Weitere Studien sind demnach notwendig, auch um beispielsweise
zu untersuchen, ob womdglich Plattformen mit diinneren Struts einen positiven Effekt

auf die Ereignisraten haben.

Die hohe Rate unerwiinschter klinischer Ereignisse im Vergleich zu DES fiihrte schlief3-
lich im Verlauf dazu, dass der PLLA-basierte Absorb BVS und DESolve-BRS nicht mehr
in der klinischen Routine verwendet wird. Das Konzept der transienten GefaBstiitze wird

jedoch weiterverfolgt. Neue, bioresorbierbare Plattformen, wie der Magmaris-
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(BIOTRONIK SE & Co. KG, Berlin, Deutschland) und Fantom-BRS (REVA Medical
GmbH, Frankfurt am Main, Deutschland) sind derzeit Gegenstand klinischer Stu-
dien (214,215).
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5 Zusammenfassung

Die perkutane Behandlung von Stenosen der Koronargefif3e durch Implantation von Ge-
faBstiitzen (,,Stents*) ist durch ihre voranschreitende Entwicklung eine wesentliche The-
rapiemoglichkeit der koronaren Herzerkrankung. Bioresorbierbare Scaffolds (BRS) wer-
den als eine neue Stentgeneration — in Analogie zum Entwicklungssprung, der mit der
Einflihrung der medikamentenfreisetzenden Metallstents einherging — beschrieben. Die
BRS der vorliegenden Habilitationsschrift sind Poly-L-Laktid (PLLA) basierend. Die in-
travaskuldre Bildgebung erlaubt die Darstellung und Charakterisierung untersuchter und
behandelter GefdBabschnitte. Die optische Kohdrenztomographie hat aufgrund ihrer ho-
hen Aufldsung — insbesondere im Zusammenhang mit BRS — einen besonderen Stellen-

wert.

Registerstudien beobachten im Vergleich zu DES eine frithe und hohe Rate an Scaffold-
Thrombosen (ScT). Stentstruts modulieren in Abhingigkeit ihrer Grofe und Position die
Thrombogenitét. Es kann aufgrund der Strutdicke daher zu einer verstirkten Aktivierung
des Gerinnungssystems kommen und dies kann ScT begiinstigen. Vor diesem Hinter-
grund wurde der Novolimus-freisetzende DESolve-BRS mit reduzierter Strutdicke von
100 um zugelassen. Mit Hilfe der optischen Kohédrenztomographie konnte gezeigt wer-
den, dass dieser BRS im Vergleich zu einem BRS mit 150 um nach Implantation eine
dhnliche Scaffold-Geometrie und Kennparameter aufweist. Es kann ein vergleichbares
und zufriedenstellendes mechanisches Akutergebnis angenommen werden. Allerdings
zeigte sich fiir den BRS mit geringerer Strutdicke ein Trend hin zu erhohten Stentfraktu-
ren und einer geringeren MLA als Hinweis auf eine unzureichende Radialkraft. Es muss
Gegenstand langfristiger klinischer Verlaufsuntersuchungen sein, ob diese Beobachtung

zugunsten der verringerten Thrombogenitdt akzeptiert werden kann.

Aus Beobachtungsstudien leitete sich die Hypothese ab, dass Malappositionen und die
hierdurch bedingte Zunahme der Blutflussturbulenzen die Rate an Scaffold-Thrombosen
begiinstigen. Es wurde daher der prospektive Stellenwert von Malappositionen fiir das
Auftreten von ScT untersucht. Die durchgefiihrte Studie konnte erstmalig zeigen, dass
die Beobachtung von Malappositionen bei Patienten ein Préadiktor fiir das zukiinftige Auf-
treten von spéten und sehr spéten ScT ist. Ferner fand sich ein Zusammenhang zwischen
Thrombus und dem Auftreten von ScT insbesondere bei groferen Gefdflen bzw. Scaf-
folds. Es konnte im Weiteren beobachtet werden, dass spate und sehr spéte ScT hdufiger

Frauen betrafen und solche Patienten, die zuvor bereits behandelt worden sind.

Der Everolimus-freisetzende, PLLA-basierte BRS Absorb BVS ist hinsichtlich der Im-

plantation in Gefide mit einem Referenzdiameter groBer als 4,0 mm insofern
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eingeschrinkt, als das eine Expansionsbegrenzung auf 0,5 mm vorgegeben ist. Die Uber-
expansion kann zu Diskontinuitét der Struts oder Frakturen fiihren. Der Einsatz der BRS
wird somit in bestimmten Szenarien, wie z. B. im Hauptstamm oder in hauptstammnahen
Abschnitten, limitiert. Hieraus ableitend wurde der Everolimus-freisetzender BRS
DESolve XL zugelassen. Durch Analyse des abschlieBenden ,,OCT-Pullbacks* konnte
erstmalig das akute mechanische Ergebnis nach Implantation von Novolimus-freisetzen-
den BRS in Gefdflen mit groem Diameter dokumentiert werden. Die Analyse der OCT-
Querschnitte zeigte ein positives Primdrergebnis inklusive der geometrischen Implantati-
onsaspekte und unter Berlicksichtigung niedriger Raten von Frakturen und Dissektionen.
Hieraus kann abgeleitet werden, dass die PLLA-basierte BRS-Plattform grundsétzlich fiir

die Verwendung in Gefdflen mit groBem Diameter geeignet scheint.

Fiir den Everolimus-freisetzenden Absorb BVS konnte mit Hilfe der intravaskuldren
Bildgebung gezeigt werden, dass das Expansionsergebnis von der Plaquelast, ihrer -Mor-
phologie und -Zusammensetzung abhingt. Uber den Absorb BVS hinaus wurde ein
Novolimus-freisetzender, PLLA-basierter BRS zugelassen. Der DESolve weist als Al-
leinstellungsmerkmal iiber den Aufbau hinaus eine Selbstkorrekturfunktion auf. Es
konnte erstmalig gezeigt werden, dass das mechanische Ergebnis unmittelbar nach Im-
plantation von Novolimus-freisetzenden DESolve-BRS im Gegensatz zu den vorange-
gangenen Ergebnissen mit dem Absorb BVS nicht in gleichem Maf3e von der zu Grunde
liegenden Lasion abhingig ist. Das Primérergebnis zeigte sich ausschlielich von der Last
einer Plaque mit dominierend fibroser Zusammensetzung signifikant abhéngig. Der
DESolve-BRS konnte demnach dem Absorb BVS in Abhéngigkeit der Plaque hinsicht-

lich des priméiren Implantationsresultates iiberlegen sein.

In weiteren Studien wurden prozedurale Aspekte im Rahmen der Implantation der BRS
untersucht. Es konnte erstmalig der Einfluss der Nachdilatation auf das primare Implan-
tationsergebnis mit Hilfe der OCT untersucht und ihr wesentlicher Beitrag zur addquaten
Entfaltung und Apposition gezeigt werden. Durch die Nachdilatation kam es zu keiner
messbaren Zunahme der mechanischen Komplikationen. Im Weiteren wurde der Einfluss
der iiberlappenden Implantation von BRS wegen langer Lisionen auf das primére Im-
plantationsergebnis untersucht. Mit Hilfe der OCT zeigte sich keine relevante Reduktion
der MLA und Scaffold-Flache oder Zunahme der mechanischen Diskontinuitit. Es kann
daher mit Hinblick auf das Akutergebnis eine sichere Implantation hintereinander liegen-

der BRS angenommen werden.

Nach Implantation eines Stents wird eine duale Thrombozytenaggregation empfohlen.
Circa 5-10 % der behandelten Patienten haben jedoch auch eine Indikation zur dauerhaf-

ten oralen Antikoagulation (OAK). Sie sind mit Hinblick auf die Behandlung mit BRS
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unzureichend untersucht. Es wurde daher eine Studie durchgefiihrt, in der diese Popula-
tion mit Patienten verglichen wurde, die keine begleitende Indikation zur OAK haben. Es
konnte gezeigt werden, dass der Grofteil der Patienten mit Indikation zur OAK mit einem
NOAK behandelt wurde. Die Dauer der begleitenden Thrombozytenaggregation wurde
iiberwiegend auf einen Monat beschrinkt. Es kam zu keiner Zunahme schwerwiegender
Blutungskomplikationen in der Gruppe mit Indikation zur OAK. In dem untersuchten
Patientenkollektiv konnte ebenso gezeigt werden, dass es zu keiner relevanten Zunahme
der ischdmischen Ereignisse kommt. Dennoch blieb die hohe Rate an ScT und MACE
auftallig.

Die hohe Rate unerwiinschter klinischer Ereignisse im Vergleich zu DES fiihrte schlief3-
lich im Verlauf dazu, dass PLLA-basierte Absorb BVS und DESolve-BRS nicht mehr in
der klinischen Routine verwendet werden. Neue bioresorbierbare Plattformen, wie der

Magmaris- und Fantom-BRS, sind derzeit Gegenstand klinischer Studien.
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ARTICLE INFO ABSTRACT
Article history: Objective: To evaluate the acute performance of a novolimus-eluting bioresorbable scaffold (BRS) with different
Received 17 December 2016 strut thickness (DESolve system 150 and 100) using optical coherence tomography (OCT) in terms of appropriate
Received in revised form 17 April 2017 scaffold deployment.
Accepted 22 May 2017 Background: Outcome after BRS implantation seen in registries and meta-analyses continue to show a higher rate

Available online 24 May 2017 of scaffold thrombosis than those reported with DES. Thus, second scaffold generations with lower strut thickness

might have potential advantages in terms of flow disturbance. However, whether mechanical properties are
Bioresorbable scaffold comparable has to be evaluated.

Novolimus-eluting scaffold Methods and results: Fifty-seven patients undergoing OCT-guided scaffold implantation were enrolled consecu-
strut thickness tively in this retrospective study. The final pullback after DESolve 150 (n = 42) and DESolve 100 (n = 15)
Optical coherence tomography were compared. The following indices were calculated: mean and minimum area, residual area stenosis, incom-
plete strut apposition, tissue prolapse, eccentricity and symmetry indexes, strut fracture, and edge dissection.
Most patients suffered a multi vessel disease. Maximum pre-dilatation balloon inflation pressure was 13.5 4+
3.2 vs 14.5 + 2.5 atm. OCT analysis showed a minimal lumen area of 6.1 & 1.9 vs 5.2 + 1.6 mm?, p = 0.06.
Mean residual area stenosis was 15.3% vs 21.3, p = 0.22. Mean eccentricity index did not differ significantly
(0.8 & 0.1vs 0.6 & 0.1, p = 0.61). Prolapse area was 4.5 + 8.8 vs 5.6 + 9.8 mm?.

Conclusion: OCT showed similar post-procedural scaffold geometry and outcome indicating that both BRS may be
implanted with good acute performance. However, the trend towards a smaller MLA and a higher percentage
of RAS suggest a decreased radial strength for the 100 pm BRS. The attempt to reduce strut thickness should
not result in loss of radial strength.

Condensed abstract: Rates of scaffold thrombosis after bioresorbable scaffold (BRS) implantation are reported to
be higher than after metallic stent (DES) implantation. Thus, second scaffold generations with lower strut thick-
ness might have potential advantages in terms of flow disturbance. We aimed to evaluate the acute performance
of a novolimus-eluting BRS with different strut thickness (DESolve system 150 and 100) using optical coherence
tomography (OCT) in terms of appropriate scaffold deployment. OCT showed similar post-procedural scaffold
geometry and outcome indicating that both BRS may be implanted with good acute performance. However,
the data suggest a decreased radial strength for the 100 um BRS.

Keywords:
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[2]. Moreover restoration of vasomotoric function [3] as well as vascular
restoration [4] has been reported.

Currently available studies have raised the concern of increased
early thrombogenicity of BRS as compared to DES. The GHOST-EU regis-
try evaluated almost 1200 patients treated with Absorb BRS [5]. Rates of
scaffold thrombosis were 1.5% after 30 days, and 2.1% after 6 months re-
spectively. Incidence was 2.1% even after 30 days in another large regis-
try including patients with ST-elevation myocardial infarction [6]. In
contrary, incidence of scaffold thrombosis in patients treated with DES
is reported to be <1% after 12 months [7,8]. Mechanisms of thrombosis
are multifactorial, including e.g. stent length, decreased left ventricular
function, and small stent size [9,10]. However, high rates of early scaf-
fold thrombosis in BRS patients suggest that procedural- and device-
related factors may play an important role. Strut dimensions and posi-
tioning relative to the vessel wall are critical factors in modulating
stent thrombogenicity [11]. Flow disturbance due to larger BRS struts
as compared to DES, and the activation of coagulation may therefore
significantly induce thrombosis. In addition, re-endothelialisation may
be slowed due to size of scaffold struts [12].

Recently, a second generation novolimus-eluting BRS (DESolve 100,
Elixir Medical Corporation, Sunnyvale, California, USA) with a strut
thickness of 100 pm was approved for clinical use. The aim of this
study was to evaluate the mechanical properties of this second genera-
tion device in comparison to DESolve 150 BRS using optical coherence
tomography (OCT).

2. Methods

Consecutive patients undergoing percutaneous coronary intervention (PCI) with a
novolimus-eluting BRS either DESolve 150 or 100 under OCT guidance with a final pull-
back were enrolled in this retrospective study. Patients were treated between January
2014 and October 2015.

PCI was performed in accordance with standard clinical practice using the radial
approach if technically feasible, or the femoral approach, using a 6 French guiding catheter.
All patients received unfractionated heparin at 70 U/kg body weight immediately prior to

the procedure. Nitroglycerine was administered to start lesion preparation. Pre-dilatation
was carried out with non-compliant balloons. The pre-dilatation balloon corresponded
to the vessel and BRS size in a 1:1 ratio. The use of a debulking device was left to the
operator's discretion. Deployment of the BRS was accomplished using slow balloon infla-
tion (1 atm over 10's, 2 atm over 10 s, then 2 s per atm). Maximum pressure was main-
tained for 20-30 s resulting in a total implantation time of 60 s. Post-dilatation was also
performed with non-compliant balloons respecting the maximum expansion limits.

Frequency domain-OCT was performed using the [lumen Optis system (St. Jude
Medical, Inc., Minneapolis, MN, USA). Manual pullbacks were performed at 18 mm/s
during contrast injection at a rate of 4 ml/s. OCT imaging catheters were inserted distally
to the treated segments. Two sequential pullbacks were combined to image the whole
lesion, if necessary. Pullbacks were typically recorded before scaffold deployment to
guide the implantation procedure. Data from the final pullback were used for the analysis
in this study.

OCT measurements were performed offline using the LightLab Imaging workstation
(St. Jude Medical, Inc.). All images were recorded digitally, and stored within a Picture
Archiving and Communication System (PACS). Longitudinal cross-sections were analysed
at 1-mm intervals within the stented lesion and 5 mm proximally and distally to the
scaffold. The following quantitative parameters were determined: the percentage of
incomplete strut apposition (ISA) at 1-mm intervals calculated as a percentage of the
total number of malapposed struts divided by the total number of struts; the ISA area;
the tissue prolapse area defined as the projection of tissue into the lumen between struts
[13]; residual area stenosis (RAS) calculated as [1-MLA/RVA]; the eccentricity index [14]
computed as the ratio between the minimum and maximum diameters; the symmetry
index [14] defined as the difference between maximum scaffold diameter and minimum
scaffold diameter divided by the maximum scaffold diameter (see Fig. 1). An edge dissec-
tion was defined as any disruption of the vessel luminal surface at the edges of the scaffold
with a visible flap (>300 pum). If isolated struts were seen unopposed within the scaffold
lumen or if struts were stacked, a scaffold fracture was assumed. Struts were stated
malapposed in case of distance larger than polymer thickness plus minimal axial resolu-
tion of OCT (20 pm) between of the outer strut edge and vessel wall larger.

Quantitative coronary angiography (QCA) analysis was performed with an offline QCA
software (CAAS QCA, Pie Medical Imaging BV, The Netherlands). The following parameters
were assessed during post-hoc analysis: reference vessel diameter (RVD) through auto-
matic interpolation, minimum lumen diameter (MLD), percentage area stenosis (AS),
and lesion length.

All patients gave written informed consent. The investigation conforms to the princi-
ples outlined in the declaration of Helsinki and was approved by the local ethics commit-
tee of the University of Giessen (AZ 203/14).

Statistical analysis was performed using IBM SPSS Statistics (SPSS Statistics 23, IBM
Deutschland GmbH, Ehningen, Germany). Continuous variables with normal distribution

A: Distal Reference Vessel Area (DRVA) = 6.25mm’

B: Cross section with minimum eccentricity index
(minimum/maximum diameter) =
(2.66mm/3.44mm)= 0.77

C: Strut width of 100 pm

D: Asterisk indicating a proximal edge dissection

Reference Vessel Area (RVA) =
(PRVA+ DRVA)/2=
(5.31mm2+6.25mm?)/2 =5.78mm?

Fig. 1. Longitudinal and cross-section of OCT pullback showing calculation of minimum eccentricity index and reference vessel area.
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are expressed as means and standard deviations; categorical variables are given as num-
ber and percent. Chi-square and Fisher's exact test were used for comparison of categorical
variables, and Student's t-test or the Wilcoxon rank-sum test was applied for continuous
variables. p values < 0.05 were considered statistically significant.

Patients were followed up via telephone after 30 days, 6 and 12 months, and hereafter
yearly.

3. Results

A total of 57 patients were enrolled in this study. All patients were
treated with a novolimus-eluting BRS: forty-two patients received a
BRS with strut thickness of 150 um (group A), and fifteen patients a
BRS with a thickness of 100 um (group B). Baseline characteristics are
shown in Table 1. Patients in group A were aged 62.7 4 9.5 years and
59.8 + 8.5 years in group B (p = 0.23). Patients showed similar charac-
teristics with respect to age, sex, and cardiovascular risk profile. The ma-
jority suffered from an arterial hypertension (90.5 vs. 80.0%, p = 0.29).
Patients in group A were more likely diabetic in comparison to group B
(19.0% vs. 6.7%, p = 0.24); however there was no significant difference.
Patients in group A showed the tendency for less frequent prior PCI
(26.2% vs. 40.0%, p = 0.31) and myocardial infarction (21.4% vs. 40.0%,
p = 0.61).

Approximately half of the patients in both groups presented
with stable angina as an indication for coronary angiography. The ma-
jority suffered from multi-vessel disease (group A: 73.8% vs. group B:
66.6%). Predominant lesion site was the LAD in group A and the RCA
in group B (Table 2). Overall lesion sites differed not significantly be-
tween the groups (p = 0.22). Lesions were of de novo-type in most
of the cases (88.1% vs. 86.7%, p = 0.90). Following the criteria by
the American College of Cardiology/American Heart Association [15]
lesions were classified as Type A and B1 predominantly (Table 2).
Chi-square indicated no significant difference with respect to lesion
type: x>(3) = 1.78, p = 0.61.

Pre-dilatation prior to scaffold deployment was performed in all
cases. The balloon for pre-dilatation had a maximum size of 3.0 +
0.5 mmin group A and 2.9 4 0.4 mm in group B (p = 0.19). The balloon
was inflated to a maximum of 13.5 £ 3.2 atm and 14.5 + 2.5 atm
respectively (p = 0.15). Scaffolds were 3.2 £ 0.30 mm and 2.9 +
0.4 mm in diameter (p = 0.01). Consequently, size of balloon
for post-dilatation differed significantly (3.7 + 0.7 mm vs. 3.3 +
0.4 mm, p = 0.01). However, the post-dilatation/scaffold ratio did
not differ significantly (1.14 4= 0.2 vs 1.15 4 0.1, p = 0.80). Maximum
deployment pressure did not differ significantly between the two

Table 1
Baseline characteristics (n = 57).

Group A: DESolve  Group B: DESolve p-Value

150 (n = 42) 100 (n = 15)

Age (years) 62.7 £ 9.5 598 £ 85 0.23
Male sex (%) 61.9 60.0 0.89
Hypertension (%) 90.5 80.0 0.29
Hyperlipoproteinaemia (%) 69.0 733 0.76
Diabetes mellitus (%) 19.0 6.7 0.24
Current smoker (%) 54.8 80.0 0.09
Family history (%) 38.1 533 0.31
Prior percutaneous intervention (%) 26.2 40.0 0.31
Prior myocardial infarction (%) 214 40.0 0.61
Left ventricular ejection fraction 55,5410 572+ 83 0.6

(mean + SD, %)
Clinical indication 0.88

Stable angina (%) 51.1 60.0

ST-elevation myocardial 214 6.7

infarction (%)

Non-ST-elevation myocardial 9.5 0

infarction (%)

Unstable angina (%) 11.9 333
Number of vessels diseased 0.58

1(%) 26.2 333

2 (%) 26.2 133

3 (%) 47.6 533

Table 2
Angiographic, QCA lesions and procedural characteristics.

Group A: DESolve  Group B: DESolve p-Value

150 (n = 42) 100 (n = 15)
Target vessel 0.22
LAD (%) 45.2 20.0
RCX (%) 214 333
RCA (%) 333 46.7
De novo lesion (%) 88.1 86.7 0.90
Total occlusion 119 133 0.90
AHA/ACC lesion classification 0.62
A (%) 31.7 20.0
B1 (%) 36.6 40.0
B1 (%) 19.5 333
C (%) 122 6.7
QCA analysis
RVD (mm) 2.58 4+ 0.65 2.34 £ 0.51 0.31
MLD (mm) 1.21 4+ 048 1.18 £ 0.37 0.80
AS (%) 751 73.12 0.60
Lesion length (mm) 10.66 + 4.91 943 £+ 4.20 0.47
OCT lesion characterisation
Calcific plaque volume (mm?3) 1.5 + 0.7 1.8+ 16 0.40
Calcific plaque arc (°) 418 +83 51.9 + 38.8 0.80
Fibrous plaque volume (mm®) 6.4 & 0.8 1.3+03 0.32
Fibrous plaque arc (°) 547 + 104 97.7 £ 26.8 033
TCFA (%) 10 50 0.05
Max. pre-dilatation balloon 3.0+ 0.5 29404 0.19
diameter (mm)
Max. pre-dilatation balloon 15.0 £ 3.5 174 £33 0.02*
length (mm)
Max. pre-dilatation balloon 1354+ 3.2 145+ 25 0.15
inflation (atm)
User of debulking device (%) 24 0 0.59
Scaffold diameter (mm) 32403 29+04 0.01*
Scaffold length (mm) 19.8 £5.8 196 £ 5.8 0.94
Scaffold deployment 13.1 £ 27 138 £ 1.7 0.44
pressure (atm)
Post-dilatation/BRS ratio 1.14 £ 0.2 1.15 £ 0.1 0.80
Max. post-dilatation balloon 3.74+0.7 33+04 0.01*
diameter (mm)
Max. post-dilatation balloon 154 4+ 3.7 149 + 4.2 0.78
length (mm)
Max. post-dilatation balloon 163 £ 3.7 175+ 28 0.13
inflation (atm)
Post-dilatation with NC (%) 96.0 100.0 0.42

Abbreviations: ACC, American College of Cardiology; AHA, American Heart Association; AS,
area stenosis; LAD, left anterior descending; MLD, minimum lumen diameter; QCA, quanti-
tative coronary angiography; RCA, right coronary artery; RCX, circumflex artery; RVD, refer-
ence vessel diameter; TCFA, thin cap fibroatheroma; * statistically significant, if < 0.05.

groups (13.1 £ 2.7 atm vs. 13.8 4 1.7 atm, p = 0.44). Post-dilatation
was performed with a non-compliant balloon in the majority of the
cases. Further procedural characteristics and QCA parameters are listed
in Table 2.

Optical coherence tomography findings are summarised in Table 3.
A total of 1593 cross-sections and 20.0008 struts were analysed. Mean
and maximum scaffold diameter were similar for both groups (mean
scaffold diameter: 3.1 4+ 0.4 mmvs. 2.9 4+ 0.4 mm, p = 0.09; maximum
scaffold diameter 3.5 £ 0.5 mmvs. 3.3 4 0.4 mm, p = 0.12). Lumen area
in group B showed a trend towards smaller mean and minimal area
(mean lumen area: 7.7 + 2.2 mm? vs. 6.7 & 1.8 mm?, p = 0.07; minimal
lumen area: 6.1 & 1.9 mm? vs. 5.2 + 1.6 mm?, p = 0.06).

The incidence of RAS > 20% was slightly higher in the group that was
treated with 100 um BRS (45.2% vs. 52.9%, p = 0.57) compared with
those in group A. In accordance, the mean percentage of RAS was not
significantly higher for group B (15.3% vs. 21.3%, p = 0.22).

The symmetry index, and the mean and minimal eccentricity index
were similar in the two groups (Table 3).

OCT showed five edge dissections that solely occurred in patients of
group A (8.0% vs. 0%, p = 0.28). On the other hand, strut fractures were
seen predominantly in those who were treated in group B (12.9% vs.
23.5%, p = 0.30). The percentage of malapposed struts was 2.5% in
group A, and 1.7% in group A respectively (p = 0.70). Prolapse area
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Table 3
Optical coherence tomography findings.

Group A: DESolve  Group B: DESolve p-Value

150 (n = 62) 100 (n = 17)

Mean scaffold area (mm?) 78 £2.1 74 +£25 0.36
Mean scaffold diameter (mm) 31+04 29+04 0.09
Minimum scaffold diameter (mm) 2.8 4+ 0.4 26+ 04 0.21
Maximum scaffold diameter (mm) 3.5 4+ 0.5 33+04 0.12
Mean lumen area (mm?) 77 £22 6.7+ 1.8 0.07
Minimal lumen area (mm?) 6.1+19 52+1.6 0.06
Percentage RAS (%) 153 213 0.22
Scaffold with RAS > 20% (%) 452 52.9 0.57
Mean eccentricity index 0.8 £ 0.1 08 +£04 0.53
Minimum eccentricity index 0.6 + 0.1 0.6 £ 0.1 0.61
Symmetry index 044+ 0.1 04+ 0.1 0.98
ISA

ISA area (mm?) 1.1+25 08+13 0.93

Percentage of malapposed 25 1.7 0.70

struts (%)
Prolapse area (mm?) 45488 5.6+ 9.8 041
Strut fracture 12.9 235 0.30
Edge dissection 8.0 0 0.28

Proximal edge 4.8 0

Distal edge 32 0

Abbreviations: ISA, incomplete strut apposition; RAS, residual area stenosis.

computed 4.5 + 8.8 mm? vs. 5.6 + 9.8 mm? and showed no disparity
(p = 041).

Median follow-up was 356 days (IQ 132.5 days). Three patients were
lost to follow-up. No adverse cardiac events occurred within the ensu-
ing post-procedural period. Explicitly to note, no scaffold thrombosis
was documented.

4. Discussion

This is the first OCT study to investigate the acute mechanical perfor-
mance and mid-term outcome of everolimus-eluting BRS with a strut
thickness of 150 pm and 100 um.

The patient population selected for the study fulfilled the typical
criteria for the implantation of BRS. They were relatively young (62 +
9.5y vs 59.8 4+ 8.5, p = 0.23) and had a short history of coronary
heart disease. This included a prior myocardial infarction and percuta-
neous coronary intervention in approximately one third of the patients.
Lesion complexity as assessed with the criteria of the American College
of Cardiology/American Heart Association [ 15] was predominantly sim-
ple and did not involve a bifurcation in any of the interventions.

In principle, the study shows that both BRS can be implanted with
good acute mechanistic results. This is according to parameters derived
from imaging studies that addressed the success of stent deployment
[13,16]. The studies predominantly made use of intravascular ultra-
sound (IVUS) to assess the acute procedural and long-term clinical out-
comes [17,18]. A residual area stenosis (RAS) > 20% or a final minimum
cross-sectional area < 5 mm? were identified to increase the risk of stent
thrombosis [19]. Patients treated with a BVS built with a strut thickness
of 150 um tended to show slightly less frequent a RAS > 20%. Mean
percentage RAS was 15.3% for group A and 21.3% for group B. These
results are very close to the cut off levels and reached no significance
(p = 0.22). The expansion of the scaffolds may be further addressed
by final MLA. Here, a trend towards a larger MLA in group A was ob-
served. MLA in group B was beneath the reported lumen area and there-
by indicating non-optimal deployment. These results suggest a better
expansion and radial strength of the novolimus-eluting BRS with a
strut thickness of 150 pm.

Concerning the geometrical parameters assessed by OCT analysis,
final pullbacks depicted a mean eccentricity index of 0.8 + 0.1 in
group A and 0.8 4+ 0.4 in group B (p = 0.53). It has been shown
that an eccentricity value above 0.7 is associated with a favourable
angiographic result at six-month follow-up [20]. The symmetry index

provides an additional insight into and gives supplemental information
about the shape of the BRS. If the index is near zero, the scaffold is sym-
metric throughout the entire scaffold length [21]. Both, the eccentricity
and symmetry index of both groups illustrate a good geometrical shape
and results go well along with those reported in the literature [21,22].

Tissue may prolapse through the scaffold struts after the deploy-
ment of BRS. Prolapse area in group A was 4.5 + 8.8 mm? and 5.6 +
9.8 mm? in group B respectively. It did not differ significantly depending
on strut thickness, however, the amount of prolapse area is directly cor-
related with short-term outcome, which is also reflected in a significant
increase in procedural CK-MB [23]. Patients in group B may have shown
larger prolaps area due to the fact that more patients presented with
ACS and had more thin-cap fibroatheroma. It was shown that it is
more likely to find a significant tissue prolapse in patients with thin
cap fibroatheroma (OR 2.43) [22,24].

The clinical relevance of ISA is unclear [25,26]. However, it is as-
sumed that malapposition can lead to stent-related effects and increase
the rate of major adverse cardiac events [27]. Malapposed struts may
disrupt the laminar flow and activate platelets due to high shear stress
and ultimately promote thrombotic events due to the presence of un-
covered struts and intraluminal masses [28]. Previous IVUS and OCT
studies using DES were able to show a reduction of adverse events if
the procedure was guided by either OCT or IVUS [29,30]. Recent data
showed a percentage of malapposed struts after BRS implantation in
around 2% [22]. Taking this into account, the result in the presented
study did not differ significantly. However, lower rates were reported
when larger scaffold diameter were used and when BRS implantation
was guided by an invasive imaging modality [31].

We found a trend towards a higher incidence of strut fractures in
group B. The difference between the two groups did not show signifi-
cance (12.9 vs 23.5%, p = 0.30). Interestingly, all patients in group B
showed evidence of fibroatheroma in the cross-sections near to the frac-
tures. Patients in group A, however, did only show plaques in 20% of the
cases. The small sample size of the study population clearly limits the abil-
ity to draw general conclusions, though, the higher strut fractures may be
related to mechanical properties of the DESolve 100 scaffold. On the other
hand, edge dissections were only seen in group A. OCT pullbacks were
typically recorded before scaffold deployment to guide implantation pro-
cedure. We did not find any evidence for the occurrence of the dissection
before the scaffold implantation. The edge dissections must therefore typ-
ically have occurred during BRS deployment or post-dilatation — as the in-
flation pressure was measured highest during this step. Interestingly, we
found that 60% of the dissections were associated with the presence of a
fibrous or calcific plaque. Chamié et al. investigated the incidence and
predictors of stent edge dissections [32]. They found that plaques (odds
ratio 6.15[2.09,18,11]) and TCFA (odds ratio 6.16[1.42,26.69]) at the
stent landing region significantly increase the risk for edge dissections.
Furthermore, vessel overstretching by the stent was an independent
predictor. Both factors may have played a role in the studied cohort, how-
ever, further investigations will be needed due to the small sample size.

The impact of strut width on periprocedural myocardial infarction has
been studied by Kawamoto et al. [33]. They found a significant increase
frequency of periprocedural myocardial infarction when comparing BRS
with first-generation sirolimus-eluting stents. While both share the
same strut width, they differ in strut thickness. On the long term run,
however, MACE at 30 days and 1 year were not significantly different.
The most probable pathophysiological mechanism for periprocedural
myocardial infarction is a side branch occlusion. Given the results of
this study, clinical outcome did not differ significantly between the
groups. Nevertheless, further studies are needed to investigate the long-
term outcome of scaffolds with reduced strut thickness in larger cohorts.

4.1. Limitations

The findings must be seen in context of significant limitations in
study design, including a small sample size, lack of randomization or
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blinding, no angiographic or other imaging follow-up beyond post-
procedural QCA analysis, and only midterm patient follow-up of
12 months. Larger RCTs with longer follow-up duration are necessary
to confirm the preliminary findings. All operators used the same proto-
cols for lesion preparation, scaffold deployment, and post-dilation.
However, whether the operator's decisions may have affected the final
acute mechanical result cannot be excluded.

5. Conclusions

This is the first study to compare acute mechanical performance of
two BRS with different strut thickness. Although the strut thickness of
the second generation BRS device was reduced providing theoretically
better blood flow characteristics. OCT showed similar post-procedural
scaffold geometry and outcome indicating a satisfactory acute mechan-
ical result and comparable mid-term outcome. However, the trend
towards a smaller MLA, increased incidence of strut fractures and a
higher percentage of RAS suggest a decreased radial strength for the
100 pm BRS. Further studies are required to assess the longer-term
clinical outcome.
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ARTICLE INFO ABSTRACT

Article history: Aims: To evaluate the acute performance of a novolimus-eluting bioresorbable scaffold (BRS) with a nominal di-
Received 27 April 2016 ameter of 4.0 mm (DESolve® XL) using optical coherence tomography (OCT) in terms of appropriate scaffold de-
Accepted 24 June 2016 ployment.

Available online 26 June 2016 Methods and results: Ten patients (55.6% male, mean age 60.0 y) undergoing OCT-guided scaffold implantation

were enrolled consecutively in this retrospective study. Using data from the final pullback, the following indexes
were calculated: mean and minimum area, residual area stenosis, incomplete strut apposition, tissue prolapse,
eccentricity and symmetry indexes, strut fracture, and edge dissection. The clinical indication for the procedure
was acute coronary syndrome in roughly half (55.5%) of the cases. All three main vessels were affected equally.
The maximum post-dilatation balloon inflation pressure was 14.7 4+ 4.2 atm. OCT analysis showed a lumen area
of 11.4 + 1.9 mm? and a scaffold area of 11.5 & 2.1 mm?. Mean residual area stenosis was 28.6%. No strut frac-
tures or edge dissections were apparent. The mean eccentricity index was 0.65 £ 0.16 and the mean symmetry
index 0.39 £ 0.25.
Conclusion: The size of large vessels does not adversely influence acute mechanical performance as assessed by
the eccentricity and symmetry indexes. No adverse cardiac event occurred during the hospital stay or the 30-
day follow-up. It is feasible to treat large vessels with the DESolve® XL BRS.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction implantation, this includes the restoration of vasomotoric function [2]

as well as vascular healing and positive remodelling [3].

New techniques for the interventional treatment of coronary artery
disease are continuously being developed. The bioresorbable scaffolds
(BRS) have recently emerged as a potentially major breakthrough [1].
BRS offer transient vessel support to resist acute recoil but are fully re-
sorbed within two to three years and thereby potentially overcome
long-term limitations of metallic drug-eluting stents (DES). Following

Abbreviations: AS, Area stenosis; BRS, Bioresorbable scaffold; DES, Metallic drug-
eluting stent; ISA, Incomplete strut apposition; IVUS, Intravascular ultrasound; MACE,
Major adverse cardiac events; MLA, Minimal Lumen area; MLD, Minimum lumen diame-
ter; OCT, Optical coherence tomography; PCI, Percutaneous coronary intervention; QCA,
Quantitative coronary angiography; RAS, Residual area stenosis; RVA, Reference vessel
area; RVD, Reference vessel diameter.
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Currently available everolimus-eluting BRS (Absorb, Abbott Vascu-
lar, Santa Clara, CA, USA) are limited to vessels with a reference vessel
diameter not larger than 4.0 mm as the expansion limit of the largest
commercially available Absorb BVS is restricted to 0.5 mm. Overexpan-
sion beyond this limit can lead to strut disconnection or fracture,
resulting in focal loss of mechanical support. Furthermore, there is a
high risk of malapposition of BRS in large coronaries [4]. This can affect
all lesions larger than 3.8 mm, especially the left main stem. Thus, due to
the distensibility limitation of BRS some patients have remained ineligi-
ble for treatment with the scaffolds.

Recently, a new novolimus-eluting BRS (DESolve® XL, Elixir Medical
Corporation, Sunnyvale, California, USA) was approved for clinical use
in coronary arteries larger than 3.5 mm. It is a poly-lactic acid-based de-
vice with a nominal diameter of 4.0 mm and a strut thickness of 150 um.
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The aim of this study was to evaluate the deployment of the DESolve®
XL BRS using optical coherence tomography (OCT).

2. Methods

Ten consecutive patients undergoing percutaneous coronary intervention (PCI) with a
novolimus-eluting BRS under OCT guidance with a final pullback were enrolled in this ret-
rospective study. All patients gave written informed consent. The investigation conforms
to the principles outlined in the declaration of Helsinki and was approved by the ethics
committee of the University of Giessen (203/14).

Patients were treated at four high-volume centres in Germany (Department of
Cardiology, University of Giessen; Department of Cardiology, University of Erlangen;
Department of Cardiology, Klinikum Oldenburg; Department of Cardiology, Asklepios
Klinik Hamburg). Patients were treated between May and September 2015.

PCI was performed in accordance with standard clinical practice using the radial ap-
proach when technically feasible or the femoral approach. Unfractionated heparin at
70 U/kg body weight was administered immediately prior to the procedure. Lesion prep-
aration was initiated with intracoronary application of nitroglycerine. Pre-dilatation was
carried out with non-compliant balloons. The pre-dilatation balloon corresponded to the
vessel and BRS size in a 1:1 ratio. Deployment of the BRS (DESolve® XL, Elixir Medical
Corporation, Sunnyvale, California, USA) was accomplished using slow balloon inflation
(1 atm over 10 s, 2 atm over 10 s, then 2 s per atm). The recommended pressure was
not exceeded and was maintained for an additional 20-30 s. Post-dilatation was also per-
formed with non-compliant balloons. The use a debulking device was left to the operator's
discretion.

Frequency domain-OCT was performed using the Ilumen Optis system (St. Jude
Medical, Inc., Minneapolis, MN, USA). Automatic pullbacks were performed at 36 mm/s
during contrast injection at a rate of 3 to 5 ml/s. OCT imaging catheters were inserted dis-
tally to the treated segments and the pullback was recorded until either the guiding cath-
eter was reached or the maximum pullback length was completed. If necessary, two
sequential pullbacks were combined to image the whole lesion. Pullbacks were typically
carried out before scaffold deployment to guide the implantation procedure. Data from
the final pullback just before the end of the procedure were used for the analysis in this
study.

OCT measurements were performed offline using the LightLab Imaging workstation
(St.Jude Medical, Inc.). Longitudinal cross-sections were analysed at 1-mm intervals with-
in the stented lesion and 5 mm proximally and distally to the scaffold (see Figs. 1 and 2).
The following quantitative parameters were determined: the percentage of incomplete
strut apposition (ISA) at 1-mm intervals calculated as a percentage of the total number
of malapposed struts divided by the total number of struts; the ISA area; the tissue pro-
lapse area defined as the projection of tissue into the lumen between struts [5]; residual
area stenosis (RAS) calculated as [1-MLA/RVA]; the eccentricity index computed as the
ratio between the minimum and maximum diameters; the symmetry index defined as
the difference between maximum scaffold diameter and minimum scaffold diameter di-
vided by the maximum scaffold diameter. If no meaningful value for proximal or distal ref-
erence vessel area (RVA) was obtained, the largest luminal cross-sectional area at the
distal or proximal end of the scaffold was used. An edge dissection was defined as any dis-
ruption of the vessel luminal surface at the edges of the scaffold with a visible flap
(>300 pm). A scaffold fracture was assumed if isolated struts were seen unopposed within
the scaffold lumen or if struts were stacked.

Quantitative coronary angiography (QCA) analysis was performed with the help of
offline QCA software (CAAS QCA, Pie Medical Imaging BV, The Netherlands). The following

parameters were assessed during post-hoc analysis: reference vessel diameter (RVD)
through automatic interpolation, minimum lumen diameter (MLD), percentage area ste-
nosis (AS), and lesion length.

Statistical analysis was performed using IBM SPSS Statistics (SPSS Statistics 23, IBM
Deutschland GmbH, Ehningen, Germany). Continuous variables with normal distribution
are expressed as means and standard deviations; categorical variables are given as num-
ber and percent.

3. Results

A total of 10 patients were enrolled in this study. Baseline character-
istics are shown in Table 1. Patients were aged 60.0 + 16.1 y and 55.6%
were male. They comprised a typical risk profile for coronary heart dis-
ease, including diabetes in approximately one third of the cases. None of
the enrolled patients had suffered a prior myocardial infarction, but ap-
proximately half presented with acute coronary syndrome as an indica-
tion for coronary angiography. Stable angina was the indication in
44.4%. Single-vessel disease was present in 55.6%. Although severe
multi-vessel disease was diagnosed in 44.4%, patients enrolled in this
study were treated only with a single scaffold in a single lesion. The le-
sions were equally distributed between left descending, right coronary,
and left circumflex arteries (Table 2). None of the lesions included a bi-
furcation or had ostial involvement. The majority of patients had de
novo lesions. Only one patient presented with a chronic total occlusion
that was older than 3 months. All lesions met the American College of
Cardiology/American Heart Association classification criteria for B1 or
B2 lesions [6].

QCA parameters are shown in Table 2. Pre-dilatation was performed
prior to scaffold deployment in all cases. The balloon for pre-dilatation
had a maximum size of 3.75 4 0.29 mm and was inflated to a maximum
of 14.7 4+ 5.0 atm (Table 3). Scaffolds were 4.0 mm in diameter, 21.8 +
5.2 mm in length, and were deployed with a maximum pressure of
13.0 £+ 1.4 atm. Post-dilatation, as with pre-dilatation, was performed
with non-compliant balloons in all cases. The balloons for post-
dilatation had a maximum diameter of 4.8 + 0.3 mm and the maximum
inflation pressure was 14.7 + 4.2 atm.

Optical coherence tomography findings are summarised in Table 4.
A total of 192 cross-sections and 2396 struts were analysed. Maximum
scaffold diameter was 4.2 4- 0.39 mm. The lumen area was calculated to
be 11.4 4 1.9 mm?2. The percentage of malapposed struts was 0.09 =+
0.26 and the prolapse area was 0.25 + 0.7 mm?. OCT did not reveal
any strut fractures or edge dissections at distal or proximal ends.

No adverse cardiac events occurred during the hospital stay or with-
in the ensuing 30-day post-procedural period.

A: Distal Reference Vessel Area (DRVA) = 3.37cm?

B: Distal edge dissection as indicated by asterisk

C: Cross section with minimum eccentricity index
(minimum diameter/maximum diameter)=
(2.29/3.96) = 0.57

D: Proximal reference Area (PRVA) = 11.59mm?

Reference Vessel Area =
(PRVA + DRVA) / 2 = (11.59mm? + 3.37mm?)/2 = 7.48mm?

Fig. 1. Longitudinal and cross-sections of OCT pullback showing calculation of minimum eccentricity index and reference vessel area.
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A: Malapposition
(lumen area — scaffold area) =
(6.73mm? - 6.45mm?)=0.28mm?

B: Prolaps area
(scaffold area — lumen area)
(4.95cm?—3.38mm?) = 1.57mm?

Fig. 2. Longitudinal and cross-sections of OCT pullback showing calculation of ISA and tissue prolapse area.

4. Discussion

This is the first OCT study to investigate the acute mechanical perfor-
mance and short-term outcome of DESolve® XL, a novolimus-eluting
BRS for large coronary arteries. The patient population selected for the
study fulfilled the criteria for the implantation of BRS. They were rela-
tively young (60 + 16.1y) and had a short history of coronary heart dis-
ease, with none having suffered a prior myocardial infarction and only a
minority having undergone prior PCI. As the mechanical requirements
for BRS implantation in large coronaries are unknown, we undertook
this investigation of the acute performance of the DESolve® XL.

In general, the study shows that DESolve® XL BRS can be implanted
into large coronary arteries with good acute results, according to imag-
ing parameters that address the success of scaffold deployment [5,7].

These parameters were derived from previously published studies
that mainly made use of intravascular ultrasound (IVUS) to evaluate
acute procedural results and long-term outcomes [8,9]. It was shown
that residual area stenosis (RAS) >20% or a final minimum cross-
sectional area < 5 mm? increases the risk of stent thrombosis [10].
More than half of the patients in this study had a RAS >20%; the mean
value of 28.6% is close to the calculated cut-off derived from the afore-
mentioned studies. In particular, the MLA indicates an appropriate ex-
pansion. The expansion of BRS can be improved by aggressive plaque
modification with 1:1 pre-dilatation [11]. Pre-dilatation was performed
in all lesions in all of our patients; this might be due to the fact that
pullbacks were typically performed after pre-dilatation had already
been carried out. OCT was not routinely used for sizing the balloon.
Post-dilatation, on the other hand, does not seem to improve the
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Table 1
Baseline characteristics.

Table 3
Procedural characteristics.

DESolve XL (n = 10)

DESolve XL (n = 10)

Age (years) 60.0 + 16.1
Male sex (%) 55.6
Hypertension (%) 66.7
Hyperlipoproteinaemia (%) 55.6
Diabetes (%) 333
Current smoker (%) 444
Family history (%) 11.1
Prior percutaneous intervention (%) 11.1
Prior myocardial infarction (%) 0
Left ventricular ejection fraction (mean =+ SD, %) 55.1+78
Clinical indication
Stable angina (%) 444
ST-elevation myocardial infarction (%) 333
Non-ST-elevation myocardial infarction (%) 222
Unstable angina (%) 0
Number of diseased vessels
1(%) 55.6
2 (%) 0
3 (%) 444

expansion as reported by Brown et al. [11]; however, no randomised
data supporting this are available. Therefore, post-dilatation is strongly
recommended whenever further optimisation is required.

In the assessment of geometrical parameters by OCT analysis, final
pullbacks revealed a mean eccentricity index of 0.81 4 0.05. An eccen-
tricity value of 0.70 has been associated with a favourable angiographic
result at the six-month follow-up in the Multicentre Ultrasound
Stenting in Coronaries Study (MUSIC study) [12]. Brugaletta et al. [13]
compared the eccentricity and symmetry of everolimus-eluting BRS
vs. DES and reported an eccentricity index of 0.85 4+ 0.08 for the BRS
group. Of note, only BRS with a diameter of 3.0 mm were implanted.
Mattesini et al. [ 14], who studied patients treated with BRS sized up to
3.5 mm, reported an eccentricity index of 0.85 + 0.08. Therefore, our
own results agree well with values in the literature. This holds true as
well for the symmetry index (0.39 4 0.25). The symmetry index gives
additional insight into the shape of the scaffolds. If it is near zero, the
scaffold is thought to be similar throughout the entire scaffold length
[13].

After the deployment of BRS tissue may prolapse through the struts.
In our population, the prolapse area was not clinically significant as
mean and minimum lumen diameter were not affected. In fact, com-
pared with the work of Mattesini et al. [14] the prolapse area was
small. It remains unclear whether this is caused by lesion preparation

Table 2
Angiographic and QCA lesion characteristics.

DESolve XL (n = 10)

Target vessel
LAD (%) 333
RCX (%) 333
RCA (%) 333

De novo lesion (%) 88.9

Total occlusion (%) 11.1

Ostial involvement (%) 0

AHA/ACC lesion classification
B1 (%) 88.9
B2 (%) 111

QCA analysis
RVD (mm) 317 £ 06
MLD (mm) 1.314+0.77
AS (%) 60.59
Lesion length (mm) 11.01 + 4.62

Abbreviations: ACC, American College of Cardiology; AHA, American Heart Association;
AS, area stenosis; LAD, left anterior descending; MLD, minimum lumen diameter; QCA,
quantitative coronary angiography; RCA, right coronary artery; RCX, circumflex artery;
RVD, reference vessel diameter.

Pre-dilatation (%) 100

Max. pre-dilatation balloon diameter (mm) 3.75 £ 0.29
Max. pre-dilatation balloon length (mm) 13.0 £ 5.03
Max. pre-dilatation balloon inflation (atm) 14.7 + 5.0
Scaffold diameter (mm) 40+0
Scaffold length (mm) 218 +£5.2
Scaffold deployment pressure (atm) 13.0+ 14

Post-dilatation (%) 100

Max. post-dilatation balloon diameter (mm) 48 +0.3
Max. post-dilatation balloon length (mm) 158 £ 4.0
Max. post-dilatation balloon inflation (atm) 14.7 + 4.2
Post-dilatation with non-compliant balloon (%) 100.0

or the fact that scaffold cells are expected to be smaller in the patients
who have been treated with larger scaffolds such as DESolve® XL.

The clinical relevance of ISA is unclear [15,16]. It is assumed that
malapposition can lead to stent-related effects and increase the rate of
major adverse cardiac events (MACE) [17]. Malapposed struts may dis-
rupt the laminar flow and activate platelets due to high shear stress and
ultimately promote thrombotic events. Previous IVUS and OCT studies
using DES were able to show a reduction of adverse events if the
procedure was guided by either OCT or IVUS [18,19]. Gomez-Lara et al.
[7] performed an OCT sub-study of the ABSORB trial Cohort B in which
only BRS devices having a 3-mm diameter were deployed. The inci-
dence of malapposed struts in vessels with a maximum diameter >
3.3 mm was higher. The percentage of malapposed struts in our cohort
was almost negligible. This may indicate a negative effect of overexpan-
sion, although within the limits of the product, upon malapposition. The
clinical relevance of procedural OCT findings needs further investiga-
tion. Until then, the procedure should include an invasive imaging mo-
dality, e.g. OCT, to optimise deployment when treating patients with
BRS [20].

Interventional treatment of large coronaries has been studied by
Kaiser et al. [21]: in patients requiring stenting of large coronary arter-
ies, no significant differences were found between sirolimus-eluting,
everolimus-eluting, and bare-metal stents with respect to the rate of
myocardial infarction or death. Hsieh et al. [22], however, reported a
significant reduction of MACE in 3.0-3.75-mm vessels if DES were
used. The benefit was not seen for patients who had lesions in vessels
that were >3.75 mm in diameter. As BRS have shown promise as a
new generation of stenting technology, it will be important to gather

Table 4
Optical coherence tomography findings.

DESolve XL (n = 10)

Mean scaffold area (mm?) 11.5 4+ 2.1
Mean scaffold diameter (mm) 3.79 £ 035
Minimum scaffold diameter (mm) 344034
Maximum scaffold diameter (mm) 4.2 +0.39
Mean lumen area (mm?) 114+ 19
Minimum lumen area (mm?) 87+20
Percentage RAS (%) 28.6
Scaffold with RAS > 20% (%) 66.7
Mean eccentricity index 0.81 £ 0.05
Minimum eccentricity index 0.65 £+ 0.16
Symmetry index 0.39 £ 0.25
ISA

ISA area (mm?) 0.1+0.2

Percentage of malapposed struts (%) 0.09 + 0.26
Prolapse area (mm?) 0.25 + 0.7
Strut fracture (%) 0
Edge dissection

Proximal edge (%) 0

Distal edge (%) 0

Abbreviations: ISA, incomplete strut apposition; RAS, residual area stenosis.
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data on their use in large vessels. Currently, literature describing treat-
ment with BRS in large coronaries is rare because so far BRS use has
been limited by the distensibility problem. It should be noted, however,
that the newly available DESolve® XL will not only allow the treatment
of large coronaries but will also potentially increase the percentage of
indications for treatment of other lesions, e.g. ostial. Gori et al. [23] ret-
rospectively investigated the outcome of patients with ostial involve-
ment treated with BRS (BRS diameter for ostial involvement 3.19 +
0.37 vs. 3.06 4 0.38 mm in the non-ostial group). They found a signifi-
cantly higher rate of scaffold thrombosis and a device-oriented compos-
ite endpoint. The treatment of ostial lesions was an independent
predictor of this endpoint.

4.1. Study Limitations

There are several limitations inherent to this study. The protocols
used for lesion preparation, scaffold deployment, and post-dilation
were the same for all operators contributing to the study; however, po-
tential discrepancies in operator decisions that may have affected the
final acute mechanical result cannot be excluded. Furthermore, the
sample size of the study was small.

5. Conclusions

This is the first study to investigate a novolimus-eluting BRS
(DESolve® XL) for large coronaries. Data from final OCT pullbacks
were analysed and showed good acute results. Implantation of
DESolve® XL with the use of an invasive imaging modality demon-
strated good apposition and a low incidence of strut fractures and
dissections. The size of large lesions does not adversely influence
acute mechanical performance as assessed by the eccentricity
index. Further studies are required to assess the longer-term clinical
outcome.
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ARTICLE INFO ABSTRACT

Objective: This study of patients treated with novolimus-eluting bioresorbable scaffold (BRS) investigated the im-
pact of plaque burden on the acute mechanical performance of the BRS and the short-term outcome.

Methods: A total of 15 patients were enrolled. The following parameters were derived from optical coherence to-
mography (OCT) during the final pullback: mean and minimum area, residual area stenosis, incomplete strut ap-
position, tissue prolapse, scaffold expansion index (SEI), scaffold eccentricity index (SEC), symmetry index, strut
fracture, and edge dissection. Fibrous plaque (FP) and calcific plaque (CP) characteristics were measured at each
200 pum longitudinal cross-section. The patients were divided into two groups based on their medians of the re-
spective plaque characteristics.

Results: OCT analysis showed a lumen area of 11.4 + 1.9 mm? and a scaffold area of 11.5 & 2.1 mm?. The mean
eccentricity index overall was 0.65 + 0.16 and mean symmetry index 0.39 + 0.25. Statistically, scaffold expan-
sion was not significantly influenced by a greater plaque burden as represented by greater CP area (SEI in
group with CP area <0.52 mm? 84.1% vs. SEI of 86.6% in group with CP area >0.52 mm?, p = 0.06), thicker CP
(85.7% vs. 85.1%, p = 0.06), greater CP arc angle (88.0% vs. 81.7%, p = 0.08), and CP being closer to the lumen
(84.2% vs. 86.5%, p = 0.08). Scaffold expansion was also not significantly influenced by FP burden. The eccentric-
ity of the implanted scaffolds was not dependent on the CP burden. On the other hand, a greater FP burden
favoured a lower eccentricity index, indicating less circular expansion. Thus, greater FP area, FP thickness, and
FP arc angle resulted in a more eccentric scaffold expansion.

Conclusion: In contrast to previously studied BRS, the expansion and eccentricity characteristics of the novolimus-
eluting scaffold did not show the strong dependency of plaque composition, morphology, and burden. As
assessed by OCT, only eccentricity was significantly affected by the FP burden. A greater FP plaque arc in our co-
hort and device-specific properties, e.g. self-correction, may explain the lack of a relationship between plaque,
expansion, and eccentricity.
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1. Introduction

The bioresorbable scaffolds (BRS) are considered to be the next rev-
olution in coronary stent technology for the treatment of patients with
coronary heart disease [1]. BRS are made up of a bioresorbable polymer

Abbreviations: AS, Area stenosis; BRS, Bioresorbable scaffold; CP, Calcific plaque; DES,
Metallic drug-eluting stent; FP, Fibrous plaque; ISA, Incomplete strut apposition; MLA,
Minimum lumen area; MLD, Minimum lumen diameter; OCT, Optical coherence tomogra-
phy; PCI, Percutaneous coronary intervention; QCA, Quantitative coronary angiography;
RAS, Residual area stenosis; RVA, Reference vessel area; RVD, Reference vessel diameter.
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E-mail address: holger.nef@me.com (H.M. Nef).
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1553-8389/© 2018 Elsevier Inc. All rights reserved.

(poly-L-lactide) backbone coated with an anti-proliferative agent. They
offer transient vessel support and are fully resorbed within 24 to
32 months [2]. Following implantation, BRS support the restoration of
vasomotor function [3], vascular healing, and positive remodelling [4],
thereby potentially overcoming long-term limitations of metallic
drug-eluting stents (DES).

The clinical outcome of stent implantation was shown to depend on
expansion parameters such as eccentricity and symmetry in the metallic
stent era [5,6]. Optical coherence tomography (OCT), a light-based im-
aging modality with high cross-sectional resolution [7], has gained im-
portance in the daily clinical routine and has been used to assess the
expansion characteristics of the Absorb everolimus-eluting BRS
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(Absorb, Abbott Vascular, Santa Clara, CA, USA). Shaw et al. were able to
demonstrate a dependence of expansion and eccentricity on plaque
composition, morphology, and burden [8].

Recently, a new novolimus-eluting BRS (DESolve®, Elixir Medical
Corporation, Sunnyvale, CA, USA) was approved for clinical use. Given
the unique features of the DESolve BRS, including self-correction, the
aim of this study was to use OCT to evaluate coronary plaque composi-
tion and its influence on the deployment of the DESolve BRS [9-11].

2. Methods

Fifteen consecutive patients undergoing percutaneous coronary in-
tervention (PCI) with a novolimus-eluting BRS under OCT guidance
with a final pullback were enrolled in this study. They were treated be-
tween April 2014 and March 2015.

The investigation was approved by the ethics committee of the Uni-
versity of Giessen (203/14) and conforms to the principles outlined in
the declaration of Helsinki. All patients gave written informed consent.

PCl was performed in accordance with standard clinical practice. The
radial approach was pursued when technically feasible. The patients
were given unfractionated heparin at 70 U/kg body weight immediately
prior to the procedure. Preparation of lesions was commenced with
intracoronary application of nitroglycerine. Lesions were then pre-
dilated with a non-compliant balloon. BRS and pre-dilatation balloon
corresponded in a 1:1 ratio. The novolimus-eluting BRS device
(DESolve®, Elixir Medical Corporation, Sunnyvale, CA, USA) was de-
ployed using slow balloon inflation (1 atm over 10 s, 2 atm over 10 s,
then 2 s per atm). The recommended pressure was not exceeded and
was held for an additional 20-30 s. Post-dilatation following BRS place-
ment was also performed with non-compliant balloons. It was left to the
operator's discretion whether or not to use a debulking device.

Frequency domain-OCT was performed using a C7 Dragonfly®
intracoronary imaging catheter and the [lumien Optis system (St. Jude
Medical, Inc., Minneapolis, MN, USA). Automatic pullbacks were

performed at 36 mm/s during contrast injection at a rate of 3 to
5 ml/s. The pullback was recorded after placing the imaging catheters
distally to the treated segments; the recording was continued until ei-
ther the guiding catheter was reached or the maximum pullback length
was completed. Data from the final pullback just before the end of the
procedure were used for the analysis in this study.

OCT analysis was performed offline using the LightLab Imaging
workstation (St. Jude Medical, Inc.). Longitudinal cross-sections were
analysed at 200 um intervals within the stented lesion and 5 mm prox-
imally and distally to the scaffold (Fig. 1). Measurements were carried
out by two independent observers. The following quantitative parame-
ters were determined:

« the scaffold expansion index (SEI), defined as each cross-sectional
area divided by the maximal scaffold area

the scaffold eccentricity index (SEC), computed as the ratio between
the minimum and maximum diameters [2,6]

the symmetry index, defined as the difference between maximum
scaffold diameter and minimum scaffold diameter divided by the
maximum scaffold diameter

the percentage of incomplete strut apposition (ISA) at cross-
sections, calculated as a percentage of the total number of
malapposed struts divided by the total number of struts and the
ISA area

the tissue prolapse area, defined as the projection of tissue into the
lumen between struts [12]

the residual area stenosis (RAS), calculated as [1 - MLA / RVA] were
MLA is the minimum lumen area and RVA is the reference vessel
area

Plaque characteristics were assessed as previously defined [13]. Cal-
cific plaque (CP) and fibrous plaque (FP) cross-sectional area was mea-
sured by tracing the plaque contour (Fig. 2). None of the lesions in the

A: Distal Reference Vessel Area (DRVA) = 8.87mm?

C: Cross section with minimum eccentricity index
(minimum/maximum diameter) =
(2.41mm/4.15mm)=0.58

D: Proximal Reference Vessel Area (DRVA)=9.76mm?

Reference Vessel Area (RVA)=
(PRVA +DRVA)/2=
(9.76mm?2+8.87mm?)/2 =9.3mm?

Fig. 1. Longitudinal and cross-sections of OCT pullback showing calculation of minimum eccentricity index and reference vessel area.
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A Area: 6.35mm?
Mean Diameter: 2.83mm
Min: 244mm Max: 3.26mm
C Angle: 32.0°
D Length: 0.10mm

Fig. 2. Example of calcific plaque outlined in pink. CP thickness is indicated in pink. CP arc
angle measurement indicated in white. CP depth indicated in aqua.

cohort were homogeneous, lipid-rich plaques, so plaques were either
classified as fibrous or calcific based on their major characteristic. CP
and FP thickness were measured at the thickest width of plaque. CP
and FP arc angles were measured with a protractor and correlated
with the angle subtended by the plaque. CP depth is the distance be-
tween the adluminal border of the plaque and the lumen border [14].
Any disruption of the vessel luminal surface at the edges of the scaffold
with a visible flap (>300 um) was defined as edge dissection. The pa-
tients were divided into two groups based on their medians (Table 1)
and analysed with respect to each plaque morphology as previously
described [8].

Quantitative coronary angiography (QCA) analysis was performed
using offline QCA software (CAAS QCA, Pie Medical Imaging BV, The
Netherlands). The analysis was performed post hoc: reference vessel di-
ameter (RVD) was obtained by automatic interpolation as were mini-
mum lumen diameter (MLD), percentage area stenosis (AS), percentage
diameter stenosis and lesion length.

Statistical analysis was carried out using IBM SPSS Statistics (SPSS
Statistics 23, IBM Deutschland GmbH, Ehningen, Germany). Continuous
variables with normal distribution are expressed as means and standard
deviations; categorical variables are given as number and percent. Chi-
square and Fisher's exact tests were used for comparison of categorical
variables, and Student's t-test or the Wilcoxon rank-sum test was ap-
plied for continuous variables. p values <0.05 were considered statisti-
cally significant.

3. Results

A total of 15 patients were enrolled in this study. Baseline character-
istics are shown in Table 2. Patients were aged 59.4 4+ 8.1 years and
66.7% male. They had a risk profile that is typical for coronary heart dis-
ease, including diabetes in 54.3% of the cases. Two-thirds (66.7%) of the
enrolled patients had been treated by prior percutaneous coronary

Table 1

Medians of each plaque characteristic measured.
Plaque characteristic Median
Fibrous plaque area (mm?) 2.21
Fibrous plaque thickness (mm) 0.52
Fibrous plaque arc angle (°) 2449
Calcific plaque area (mm?) 0.55
Calcific plaque thickness (mm) 0.58
Calcific plaque arc angle (°) 343
Calcific plaque depth (mm) 0.21

Table 2
Baseline characteristics.

DESolve (n = 15)

Age (years) 594 + 8.1
Male sex (%) 66.7
Hypertension (%) 100.0
Hyperlipoproteinaemia (%) 100.0
Diabetes (%) 543
Current smoker (%) 66.7
Family history (%) 333
Prior PCI (%) 66.7
Prior MI (%) 40.0
Left ventricular ejection fraction (%) 52.7 + 158
Clinical indication

Stable angina (%) 46.7

ACS (%) 53.3
Number of vessels diseased

1(%) 20.0

2 (%) 133

3 (%) 66.7

intervention (PCI); 40.0% had suffered a myocardial infarction before-
hand. Clinical indications were stable angina in 46.7% and acute coro-
nary syndrome in 53.3%. Multiple-vessel disease was present in 80.0%;
however, patients enrolled in this study were treated only with a single
scaffold in a single lesion. The lesions were predominantly in the left de-
scending arteries (Table 3). None of the lesions included a bifurcation or
had ostial involvement. The majority of patients had de novo lesions.
QCA parameters are shown in Table 3.

Pre-dilatation was performed prior to scaffold deployment in 86.7%.
The balloon for pre-dilatation had a maximum size of 2.9 + 0.2 mm and
was inflated to a maximum of 12.9 4 3.7 atm (Table 4). Scaffolds were
3.0 mm in diameter and were deployed with a maximum pressure of
17.2 + 1.6 atm. Non-compliant balloons were used in all cases for
post- and pre-dilatation. The balloons for post-dilatation had a maxi-
mum diameter of 3.1 £ 0.2 mm and the maximum inflation pressure
was 18.3 & 5.3 atm.

Table 3
Angiographic and QCA lesions characteristics.

DESolve (n = 15)

Target vessel
LAD (%) 733
RCX (%) 6.7
RCA (%) 20.0

De novo lesion (%) 100.0

Total occlusion 0

QCA analysis
RVD (mm) 22403
MLD (mm) 1.1+04
AS (%) 70.9
Diameter stenosis (%) 46.8
Lesion length (mm) 9.7+ 1.7

Table 4

Procedural characteristics.

DESolve (n = 15)

Pre-dilatation (%)

Pre-dilatation with NC balloon

Max. diameter balloon pre-dilatation (mm)
Max. pre-dilatation balloon length (mm)
Max. pre-dilatation balloon inflation (atm)
Scaffold deployment pressure (atm)
Post-dilatation (%)

Post-dilatation with NC balloon

Max. post-dilatation balloon diameter (mm)
Max. post-dilatation balloon length (mm)
Max. post-dilatation balloon inflation (atm)

86.7

100.0
29+02
143 £ 25
129 + 3.7
172+ 1.6
86.7

100.0
31+02
142 + 2.6
183 +53
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Table 5
Optical coherence tomography findings.

DESolve (n = 15)

Mean scaffold area (mm?) 6.17 + 0.64
Mean scaffold diameter (mm) 2.80 4+ 0.17
Minimum scaffold diameter (mm) 252 +0.15
Maximum scaffold diameter (mm) 3.08 +£0.16
Minimal lumen area (mm?) 6.05 + 0.80
Percentage RAS (%) 20.0 + 4.9

Scaffold with RAS >30% (%) 133

Mean eccentricity index 0.83 + 0.06
Minimum eccentricity index 0.66 4+ 0.09
Symmetry index 0.37 &+ 0.08
ISA

ISA area (mm?) 0.76 + 2.71

Percentage of malapposed struts (%) 143
Prolapse area (mm?) 2.63 +5.20
Strut fracture (%) 6.7
Edge dissection

Proximal edge (%) 6.7

Distal edge (%) 0

OCT findings are summarized in Table 5. A total of 270 cross-sections
and 2979 struts were analysed. The mean scaffold diameter was 2.80 +
0.17 mm, and the lumen area was calculated to be 6.05 4- 0.80 mm?. The
mean RAS was 20.0%. The mean eccentricity index was computed to be
0.83 + 0.06. The percentage of malapposed struts was 1.43 4+ 0.76%, and
the prolapse area was 2.63 & 5.20 mm?. OCT revealed strut fractures in
6.7%. Edge dissections were only found at the proximal end (6.7%).

Greater plaque burden, expressed by greater CP area is statistically not
associated with a significant increase in scaffold expansion. SEI in group
with CP area <0.52 mm? computes to be 84.1% vs. 86.6% in the group
with SEI 20.52 mm? (p = 0.06). This association holds true for thicker CP
(85.7% vs. 85.1%, p = 0.06), greater CP arc angle (88.0% vs. 81.7%, p =
0.08), and CP being closer to the lumen (84.2% vs. 86.5%, p = 0.08). Scaffold
expansion was also not significantly influenced by FP burden, expressed as
greater FP area. SEI in the group with FP area <1.95 mm? computed to be
88.4% vs. 87.6% in the group with FP area >1.95 mm? (p = 0.07). There
was, furthermore, no statistically significance in scaffold expansion in de-
pendence of thicker FP (85.6% vs. 89.6%, p = 0.06), and greater FP arc
angle (90.5% vs. 844, p = 0.05).

Eccentricity showed no statistically dependency on greater plaque
burden expressed by greater CP area. SEC in group with CP area
<0.52 mm? computes to be 0.82 vs. 0.79 in the group with SEC
>0.52 mm? (p = 0.08). This holds true for CP thickness (0.80 vs. 0.81,
p = 0.08), the CP arc angle (0.82 vs. 0.78, p = 0.08), and the distance
to the lumen (0.77 vs. 0.84, p = 0.09). On the other hand, lower eccen-
tricity index - indicating a less circular expansion — were associated by
greater FP burden (Table S1). FP area, expressing FP burden, showed a
SEC of 0.86 in group with FP area <1.95 mm? and of 0.84 in the group
with FP area >1.95 mm?. This difference was statistically significant (p
= 0.03). This effect was subsequently seen for FP thickness (p = 0.04)
and FP arc angle (p = 0.03). Results are summarized in Table S1.

No adverse cardiac events (scaffold thrombosis, death, target lesion
revascularization, target lesion failure) occurred during the hospital
stay or within the ensuing 30-day post-procedural period.

4. Discussion and limitations

It has been shown that BRS expansion and eccentricity in patients
who are treated with Absorb® BRS are significantly impacted by the
coronary artery plaque composition, morphology, and burden [8]. How-
ever, it is unclear whether these observations apply to patients im-
planted with a novolimus-eluting BRS (DESolve® BRS). To obtain
optimal BRS implantation, it is crucial to understand aspects of underly-
ing plaque morphologies, particularly how individual lesion characteris-
tics may play a role. Our study is the first OCT study to investigate the

impact of plaque burden on the acute mechanical performance and
short-term outcome in patients treated with DESolve® BRS.

The patient population selected for the study fulfilled the criteria for
the implantation of BRS: they were relatively young (59 + 8.1 years),
had a short history of coronary heart disease, and 40% had suffered a
prior myocardial infarction. Approximately two-thirds had had a prior
PCI. They comprised the typical cardiovascular risk profile, including
the presence of diabetes (54%) and smoking (66.7%).

In our study, DESolve® BRS were implanted with good acute results,
as demonstrated by imaging parameters [12,15]. These imaging param-
eters address the deployment of the scaffolds, and are derived from in-
travascular ultrasound methods that evaluate acute procedural results
and long-term outcomes [16,17]. They demonstrate here that a MLA
in the final OCT pullback smaller than 5 mm? or a RAS >20% increase
the risk of stent thrombosis [5]. The mean residual stenosis in our pop-
ulation was 20%, which therefore met this criterion. Furthermore, our
data show that the expansion was not significantly limited by CP area,
thickness, arc angle, and distance from the lumen. On the other hand,
a greater FP burden led to a lower eccentricity index, indicating less cir-
cular expansion. Thus, greater FP area, FP thickness, and FP arc angle re-
sulted in a more eccentric scaffold expansion. This is in contrast with the
results of Shaw et al. [8], who showed a dependence of expansion on the
CP and FP plaque burden after Absorb® deployment. Whereas the ex-
pansion inversely correlated with CP burden, a greater FP burden re-
sulted in a greater BRS expansion. In particular, the MLA indicates
appropriate expansion. It was shown that the MLA be improved by ag-
gressive plaque modification with 1:1 pre-dilatation [18]. Pre-
dilatation was performed during 87% of the interventions in our cohort.
Post-dilatation, on the other hand, does not seem to improve the expan-
sion [18]; however, no randomised data are available supporting this
observation. Currently, post-dilatation is strongly recommended when-
ever further optimisation is required. In our cohort, post-dilatation was
performed in 87% of the cases. The preparation and post-BRS-
deployment management in the aforementioned study by Shaw et al.
[8] was not detailed; therefore, the diverging results could be explained
by different methods of lesion preparation. This would indicate that a
careful pre-dilatation can overcome the negative impact of CP plaque
burden on the BRS implantation result, taking into consideration that
only the median CP arc angle but not CP area, CP thickness, or CP
depth is slightly smaller in our cohort compared with the patients stud-
ied by Shaw et al. [8]. A second aspect that might account for the differ-
ent results may be the different BRS device used. The DESolve® has a
self-expanding property that might have positively contributed to the
result in our study cohort. Overall, our results indicate that scaffold ex-
pansion is reasonable, with an average SEI of 86.5%.

The assessment of geometrical parameters by OCT during final pull-
back revealed a mean eccentricity index of 0.83 + 0.06. The MUSIC
study demonstrated a favourable angiographic result at six-month
follow-up for an eccentricity value of 0.70 [19]. Brugaletta et al. [2],
who also examined only patients treated with a 3.0 mm BRS, docu-
mented an eccentricity index of 0.85 4 0.08. Therefore, our own results
agree well with values in the literature. This also holds true for the sym-
metry index measured in our study (0.37 4 0.08). The symmetry index
gives additional insight into the shape of the scaffolds: if it is near zero,
the scaffold is thought to be similar throughout the entire scaffold
length [2]. In our cohort, CP area, CP thickness, arc angle, and less dis-
tance to the lumen did not adversely influence the eccentricity of the
implanted scaffolds. However, greater fibrous plaque burden was asso-
ciated with a lower eccentricity index. Greater FP area, FP thickness, and
FP arc angle resulted in a more eccentric and less circular scaffold ex-
pansion. FP was typically found as circumferential clasps. The median
FP arc angle in our cohort was calculated to be 250°, which was larger
than that in the study conducted by Shaw et al. [6]. Median FP area
and thickness, which were smaller in our cohort, still significantly influ-
enced the BRS eccentricity. Softer, lipid-rich plaques exhibit lower dila-
tion resistance during stenting in PCI patients [20]; thus, both the
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greater circumferential extent of FP as well as a slightly different plaque
composition may have influenced the deployment behaviour of the
DESolve® compared to the Absorb®.

After the deployment of BRS, tissue can prolapse through the struts.
In our population, the prolapse area was not clinically significant, as
mean and minimum lumen diameters were not affected. The percent-
age of malapposed struts and the area of incomplete strut apposition
were also negligible. While the clinical relevance of ISA is unclear
[21,22], it is assumed that it can lead to stent-related effects and in-
crease the rate of major adverse cardiac events [23]. Malapposed struts
may disrupt laminar flow and activate platelets due to high shear stress,
ultimately promoting thrombotic events. The clinical relevance of pro-
cedural OCT findings needs further investigation. Until then, BRS im-
plantation should include an invasive imaging modality, e.g. OCT, to
optimise deployment [24].

There are several limitations inherent to this study. The protocols
used for lesion preparation, scaffold deployment, and post-dilation
were the same for all operators contributing to the study; however, po-
tential discrepancies in operator decisions that may have affected the
final acute mechanical result cannot be excluded. Furthermore, the
sample size of the study was small and OCT pullbacks prior to scaffold
deployment were not available.

5. Conclusions

This is the first OCT study to investigate the impact of plaque compo-
sition, morphology, and burden on acute mechanical performance and
short-term outcome in patients who were treated with DESolve® BRS.
In general, DESolve® BRS were implanted with good acute results. In con-
trast to previously studied BRS, the expansion and eccentricity character-
istics of the novolimus-eluting scaffold did not show the strong
dependency of plaque composition, morphology, and burden. As assessed
by OCT, only eccentricity was significantly affected by the FP burden. A
greater FP plaque burden and device-specific properties such as self-
correction may explain the effects on eccentricity and the lack of a corre-
lation between CP or FP plaque burden and the scaffold expansion index.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carrev.2018.07.030.
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Table S1: SEI and SEC depending on plaque morphology and burden

SEI (%) SEC

CP area < 0.52mm? 84.1 0.82

p=0.06 p=0.08
CP area > 0.52mm? 86.6 0.79
CP thickness < 0.58mm 85.7 0.80

p=0.06 p=0.08
CP thickness >0.58mm 85.1 0.81
CP arc angle < 34.5° 88.9 0.82

p=0.08 p=0.08
CP arc angle > 34.5° 81.7 0.78
CP plaque depth < 0.21mm 84.2 0.77

p=0.08 p=0.09
CP plaque depth > 0.21mm 86.5 0.84
FP area < 1.95mm? 88.4 0.86

p=0.07 p=0.03
FP area > 1.95mm? 87.6 0.84
FP thickness < 0.5mm 85.6 0.86

p=0.06 p=0.04
FP thickness > 0.5mm 89.6 0.84
FP arc angle < 250.5° 90.5 0.86

p=0.05 p=0.03
FP arc angle > 250.5° 84.4 0.85

CP=calcific plaque; FP=fibrous plaque
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Abstract

Objectives The objective was to investigate the acute
mechanical effects of post-dilatation on bioresorbable
scaffolds (BRS) as determined by optical coherence
tomography (OCT).

Background Post-dilatation with high-pressure balloons is
regarded as a key component of BRS implantation for
treatment of coronary artery stenoses. However, the impact
of post-dilatation on BRS in vivo has not been thoroughly
investigated.

Methods OCT was performed after the implantation pro-
cedure of 51 everolimus-eluting or novolimus-eluting
polylactic acid-based BRS with (n = 27) or without non-
compliant balloon post-dilatation (n = 24). The number of
malapposed struts, strut fractures, edge dissections, resid-
ual in-scaffold area stenosis, and incomplete scaffold
apposition area was analyzed over the complete length of
each BRS with a spacing of 1 mm.

Results OCT revealed a significantly lower incomplete
scaffold apposition area if post-dilatation was performed
(0.16 + 0.49 mm? with post-dilatation vs. 2.65 & 2.78 mm?
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without post-dilatation, p < 0.001), as well as a significantly
lower absolute number of malapposed struts (1 &= 2 with post-
dilatation vs. 13 & 13 without post-dilatation, p < 0.001). No
significant differences regarding residual in-scaffold area
stenosis, strut fracture, edge dissection, symmetry index, or
eccentricity index were observed in patients with vs. without
post-dilatation.

Conclusion Post-dilatation of BRS with non-compliant
balloons significantly reduces the number of malapposed
struts and incomplete scaffold apposition area without
inducing higher rates of edge dissection or strut fracture.

Keywords Bioresorbable vascular scaffolds - Coronary
artery disease - Optical coherence tomography -
Percutaneous coronary intervention (PCI)

Introduction

The implantation of bioresorbable scaffolds (BRS) is a new
concept for the treatment of coronary artery disease. Sim-
ilar to metal stents, BRS initially provide mechanical
scaffolding that prevents acute occlusion and early recoil
after percutaneous transluminal coronary angioplasty
(PTCA) and release everolimus or novolimus to prevent
neointima proliferation. In contrast to metallic stents,
which indefinitely impair physiological vascular biome-
chanics, future percutaneous coronary interventions (PCI),
or grafting of the stented segment, BRS are subsequently
resorbed, thus restoring pulsatility, cyclical strain, physio-
logical shear stress, and mechanotransduction [1, 2].
Post-dilatation with an appropriately sized non-compli-
ant (NC) balloon is considered essential for successful BRS
implantation [3, 4], since underexpansion and strut
malapposition might result in an increased rate of BRS
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restenosis and thrombosis [5-7]. The impact of post-di-
latation, however, has not been thoroughly investigated in a
clinical patient cohort. Thus, the aim of this study was to
analyze the acute mechanical effects of post-dilatation on
BRS expansion, geometry, and apposition as determined by
optical coherence tomography (OCT), which enables cross-
sectional visualization of endothelial and intraluminal
structures with high spatial resolution [8-11].

Materials and methods
Study design and population

We retrospectively analyzed the data of all patients
undergoing implantation of everolimus-eluting Absorb
BVS™ (Abbott Vascular, Santa Clara, California, USA)
between March 2013 and June 2015 or of novolimus-
eluting DESolve™ (Elixir Medical Corporation, Sunny-
vale, California, USA) between January 2014 and June
2015 in a single center. All consecutive patients in whom
OCT was performed after completion of the implantation
procedure were included. The final OCT pullbacks were
digitally stored and used for offline analysis. Exclusion
criteria for BRS implantation were severe lesion calcifi-
cation, ostial involvement, left main stem lesion, and vessel
diameters for which appropriate BRS sizes are not avail-
able. OCT was not performed in the case of hemodynamic
instability or renal impairment (creatinine >1.5 mg/dl). A
total of 73 patients were identified to meet these criteria
(Absorb 33 patients, DESolve 40 patients). Cases were
excluded from this analysis if OCT quality was inadequate
as assessed by two independent experienced interventional
cardiologists. OCT quality was inadequate if parts of the
vessel wall were invisible due to remaining blood streaks.
There were no significant differences regarding baseline
characteristics or procedural data between the patients
excluded due to inadequate OCT quality and the patients
included. The final study included 47 patients receiving 51
BRS (24 Absorb and 27 DESolve). Twenty-seven BRS
were treated with post-dilatation, while in 24 BRS, no post-
dilatation was performed (see Table 1).

Baseline patient characteristics, including medical his-
tory as well as clinical, angiographic, and procedural data,
were collected in a standardized fashion. All patients gave
written informed consent for evaluation of clinical,
angiographic, procedural, and OCT data. The study was
performed in accordance with the Declaration of Helsinki.
The Ethics Committee of the Justus Liebig University
Hospital (Giessen, Germany) approved the study protocol
(reference number 203/14).
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Percutaneous coronary intervention

PCI was performed via the radial or femoral approach
using a 6 French guiding catheter and standard coronary
guidewire (RunthroughTM, Terumo Europe NV, Leuven,
Belgium). Patients received intravenous heparin and
intracoronary nitrates. Pre-dilatation with an NC balloon
was performed in all lesions. Balloon size was selected
based on visual estimation of the angiogram to achieve
a 1:1 ratio of vessel and balloon diameter. Lesions were
treated with either an everolimus-eluting BRS (Absorb
BVS™ Abbott Vascular, Santa Clara, CA, USA) or a
novolimus-eluting BRS (DESolveTM, Elixir Medical
Corporation, Sunnyvale, CA, USA). Absorb BRS were
implanted with an initial pressure of 2 bar and
increasing pressure in increments of 2 bar every 5 s
until fully deployed (minimum 8 bar), and maximum
pressure was maintained for 30 s. DESolve BRS were
implanted starting at 1 bar for 10 s, continuing at 2 bar
for 10s, and subsequently increasing pressure in
increments of 1 bar every 2 s until fully deployed, and
maximum pressure was maintained for 20-30 s (mini-
mum pressure 10 bar). Further medication, techniques,
and equipment for PCI were used in accordance with the
current clinical guidelines and were left to the respon-
sible physician’s discretion. If post-dilatation was per-
formed, a non-compliant (NC) balloon (NC Trek™,
Abbott Vascular, Santa Clara, CA, USA) was used at a
pressure of 16 £ 9 bar (minimum pressure 10 bar;
maximum pressure 26 bar). Post-dilatation was at the
discretion of the operator.

Optical coherence tomography image acquisition

OCT was performed after the last step of the implantation
procedure using a 2.7 French Dragonfly™ intravascular
imaging catheter (St. Jude Medical, Saint Paul, MN, USA)
at a mechanical pullback speed of 18 or 36 mm/s over a
distance of 54 or 75 mm. Injection of 20 ml standard
contrast agent (UltravistTM 370, Bayer AG, Leverkusen,
Germany) was performed at 4 ml/s with a maximum
pressure of 600 psi (ACIST CVi'™, ACIST Medical Sys-
tems, Eden Prairie, MN, USA). The OCT catheter was
inserted distally to the treated segment and the pullback
continued until either the guiding catheter was reached or
the maximal pullback length (75 mm) was completed. In
25 patients (11 without and 14 with post-dilatation), pre-
PCI OCT had been performed. In three patients with post-
dilatation, an additional OCT pullback had been performed
immediately after BRS deployment and before post-
dilatation.
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CT};faal;Li tlerilzt?ssllne All patients No post-dilatation Post-dilatation p value

Number of patients 47 22 25 0.77
Number of scaffolds 51 24 27 0.78
Number of lesions 49 23 26 0.78
Age (years) 63 £ 8 63 £ 8 62 +7 0.66
Male gender (%) 79 78 80 0.58
BMI (kg/m?) 293+ 59 292 £ 35 28.1 £ 3.6 0.15
Previous MI (%) 12 (26) 6 (27) 6 (24) 0.80
Previous PCI (%) 22 (47) 13 (59) 9 (36) 0.12
Previous CABG (%) 24 1(5) 14 0.93
LVEF (%) 56 + 12 57+ 12 56 + 12 0.74
Presentation

STEMI 8 (17) 3 (14) 5 (20) 0.58

NSTEMI 4 (9) 1(5) 3 (12)

Unstable AP 51 2 (10) 3 (12)

Stable AP 21 (44) 10 (45) 11 (44)

No complaints/atypical complaints 9 (19) 6 (27) 3(12)
NC pre-dilatation

Performed (%) 100 100 100 >0.99

Pressure (bar) I5£5 16 £5 14+£5 0.25

Diameter (mm) 29+ 04 28 £04 3.0+ 04 0.31

Length (mm) 15+3 16 +£5 16 £3 0.45
Scaffold

Diameter (mm) 3.1 +£03 3.1 +£03 3.1 +£03 0.89

Length (mm) 22+ 6 23+ 6 21+ 6 0.21

Implantation pressure (bar) 13+4 13£3 13£3 0.77
NC post-dilatation

Diameter (mm) 33+£1.8 33+£1.8

Pressure (bar) 16.0 £ 9.0 16.0 £ 9.0
Number of NC balloons 22+ 14 1.3+04 28+ 1.0 <0.001
Fluoroscopy time (min) 16 £9 1I5£9 16 £ 8 0.74
Contrast volume (ml) 173 + 82 169 + 77 175 + 80 0.58

Values are mean =+ standard deviation or n

AP angina pectoris, BMI body mass index, CABG coronary artery bypass graft surgery, LVEF left ven-
tricular ejection fraction, NC non-compliant balloon, MI myocardial infarction, PCI percutaneous coronary

intervention

Optical coherence tomography image analysis

OCT image analysis was performed offline using the
LightLab Imaging workstation (St. Jude Medical, Saint
Paul, MN, USA) with manual calibration before each
measurement. All images were digitally recorded, stored,
and analyzed by two independent experienced investigators
blinded to clinical characteristics and procedural data. OCT
cross sections were analyzed over the complete length of
implanted BRS with a spacing of 1 mm, starting 5 mm
distal to the BRS, and ending 5 mm proximally. Malap-
position was defined as the distance between the abluminal
strut edge and the vessel wall being greater than 170 pm,

which is the sum of strut and polymer thickness (150 pum)
and the minimal axial resolution of the OCT (20 pum).
Proximal and distal lumen reference areas were defined as
the maximum area with physiological vessel structure
visible at more than 180° of circumference within 5 mm
proximal and distal to the BRS. In the cases without
appropriate reference on both proximal and distal ends due
to a large sidebranch, only a proximal or a distal reference
was used.

The following parameters were manually contoured and
measured for each cross section:

e Lumen area (mmz) (see Fig. 1d).
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Fig. 1 Evaluation of OCT
parameters in a cross section of
an Absorb BRS implanted into

the left anterior descending
coronary artery. a Four
malapposed struts and a total of
13 visible struts. b Distance
between abluminal strut edge
and vessel wall (white line) was
measured. In this example, the
maximum length of stent
malapposition was 310 pum.

¢ Measurement of incomplete
scaffold apposition area (white
contour). d Scaffold area (white
contour) and total lumen area
(green contour) are shown

Scaffold area (mm?): measured at abluminal strut edge
(see Fig. 1d).

Maximum/minimum/mean scaffold diameter (mm).
Number of struts.

Number of malapposed struts (see Fig. 1a).

Maximum distance of malapposition (mm?): maximum
orthogonal distance between abluminal BRS strut and
vessel wall (see Fig. 1b).

Incomplete scaffold apposition area (mm?): area
between abluminal edge of BRS struts and vessel wall
(see Fig. Ic¢).

Tissue prolapse area (mm?): the presence of tissue
protruding between struts into the lumen as a circular
arc connecting adjacent struts (see Fig. 2a and [12]).
Overlapping scaffolds: defined as the visibility of more
than one BRS.

Strut fracture: struts lying isolated in the lumen or the
presence of one strut on another.

Proximal edge dissection: flap visible within 5 mm
proximal to BRS.

Distal edge dissection: flap visible within 5 mm distal
to BRS.

Bifurcation.

@ Springer

The following parameters were calculated (adapted from

[13, 14]):

Increment = (proximal lumen reference area — distal
lumen reference area)/length in mm.

Reference area (mm?) = distal lumen reference
area + (x x incremental), where x is the distance
between distal end of BRS and actual cross section in
mm.

In-scaffold residual area stenosis (%) = 100 — (scaf-
fold area/reference area) x 100; calculated for each
cross section.

Incomplete strut apposition (ISA) (%) = (number of
malapposed struts per cross section/total number of
visible struts per cross section) x 100.

BRS eccentricity index = (minimum scaffold diame-
ter/maximum scaffold diameter); calculated for each
cross section analyzed (see Fig. 2).

BRS symmetry index = (largest maximum scaffold
diameter — smallest minimum scaffold diameter)/lar-
gest scaffold diameter; calculated for each cross section
analyzed.

Mean lumen area (mm?).

Minimal lumen area (mm?).
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Fig. 2 DESolve BRS with low
versus high eccentricity index.
a Eccentricity index of 0.73.

b Eccentricity index of 0.88. A
lower eccentricity index is the
result of greater differences
between minimum and
maximum scaffold diameter. In
a, tissue protrusion is visible
(white arrow)

Statistical analysis

Continuous variables are summarized as mean + standard
deviation; categorical variables are quoted as n (%). The
Kolmogorov—Smirnov test was performed to test for
parametric distribution. To test for statistical differences
between two groups for comparison of continuous vari-
ables, either a ¢ test for unpaired samples (parametric dis-
tribution) or a Mann—-Whitney U test (non-parametric
distribution) was performed. For categorical variables, a
Chi-squared or Fischer’s exact test was carried out to test
for significant differences. Statistical analysis was per-
formed using SPSS version 21.0 (IBM SPSS Statistics,
IBM Corporation, Armonk, New York, USA). A two-sided
p < 0.05 was considered significant.

Results
Patients

A total of 51 BRS implanted in 49 lesions of 47 patients
(37 male, 10 female) who were treated with either Absorb
or DESolve BRS with or without post-dilatation were
analyzed. Four patients were treated with two BRS,
whereas 43 patients were treated with only one. Of those
patients receiving more than one BRS, two received two
Absorb BRS and two were treated with two DESolve BRS.
In two of the patients (1 Absorb, 1 DESolve), two different
lesions were treated, whereas in the other two patients (1
Absorb, 1 DESolve), lesion length required sequential
overlapping implantation of BRS.

24 BRS were implanted without post-dilatation, and 27
BRS were treated with post-dilatation. There were no
significant differences in baseline characteristics between
the groups with and without post-dilatation performed
(Table 1). Most of the patients presented with stable angina

(44 %). The target lesion was located in the left anterior
descending coronary artery (LAD) in 38 % of cases, in the
circumflex artery (Cx) in 19 %, and in the right coronary
artery (RCA) in 43 %.

Percutaneous coronary intervention

Pre-dilatation with an NC balloon was performed in all the
cases. The mean inflation pressure was 15 £ 5 bar (max-
imum pressure used: 22 bar), the mean balloon diameter
was 2.9 £ 0.4 mm, and the mean balloon length was
15 £ 3 mm. As shown in Table 1, there were no signifi-
cant differences in BRS length, diameter, or implantation
pressure between the groups with or without post-dilatation
(mean post-dilatation pressure: 16 + 9 bar; maximum
pressure: 20 bar; mean diameter of NC balloon:
3.3 £ 1.8 mm).

Optical coherence tomography: post-dilatation vs.
no post-dilatation

A total of 1654 OCT cross sections were analyzed to obtain
the data, as shown in Table 2. Incomplete scaffold appo-
sition area was significantly smaller with post-dilatation
than  without  post-dilatation  (0.16 & 0.49  wvs.
2.65 + 2.78 mmz; p < 0.001). In addition, the absolute
number of malapposed struts per scaffold was significantly
lower with post-dilatation (1 & 2 vs. 13 + 13; p < 0.001).
The malapposed struts’ mean orthogonal distance to the
vessel wall was significantly larger without post-dilatation
(0.36 £ 0.23 mm vs. 0.09 = 0.17 mm; p < 0.001). Mean,
minimum, and maximum scaffold diameters as well as
mean and minimal lumen areas were similar between the
groups with and without post-dilatation. In addition, there
were no significant differences in terms of eccentricity
index or symmetry index. While mean tissue prolapse area

@ Springer



276

Clin Res Cardiol (2017) 106:271-279

Table 2 OCT findings with vs. without post-dilatation

All patients (n = 51) No post-dilatation (n = 24) Post-dilatation (n = 27) p value
OCT scaffold area (mm?) 747 £ 1.70 7.38 £+ 1.63 7.55 £ 1.79 0.68
Residual in-scaffold area stenosis (%) 20.7 £ 15.5 252 £ 14.0 185 £ 124 0.14
Reference area (mmz) 7.69 + 1.97 8.02 £ 2.14 7.40 £ 1.79 0.35
Mean lumen area (mmz) 735+ 1.74 7.40 + 1.78 7.30 &+ 1.73 0.90
Minimal lumen area (mm?) 5.81 £ 1.57 5.77 £ 141 5.84 £ 1.73 0.96
OCT ISAA (mm?) 1.33 £2.30 2.65 £ 2.78 0.16 £ 0.49 <0.001
OCT tissue prolapse area (mm?) 5.05 + 8.49 344 + 6.84 6.47 + 9.63 0.16
Sum of malapposed struts (1) 6+ 11 13 £ 13 1+2 <0.001
Sum of struts (n) 227 £+ 66 228 + 66 226 + 66 0.95
ISA (%) 0.04 £ 0.07 0.06 £ 0.06 0.02 £+ 0.07 <0.001
Distance® (mm) 0.22 + 0.24 0.36 + 0.23 0.09 £+ 0.17 <0.001
Mean stent diameter (mm) 3.05 £ 0.35 3.03 £ 0.33 3.06 £ 0.37 0.72
Minimum stent diameter (mm) 2.73 £0.32 2.72 + 0.31 2.74 £ 0.32 0.79
Maximum stent diameter (mm) 3.39 £ 0.43 3.37 £0.39 341 £ 047 0.85
Minimum eccentricity index 0.66 £+ 0.10 0.65 £ 0.09 0.67 £+ 0.11 0.50
Overlapping 0.75 £ 1.70 0.88 + 1.94 0.63 £+ 1.47 0.62
Fracture 0.078 £ 0.28 0.13 £ 0.34 0.04 £ 0.19 0.25
Bifurcation 0.94 + 1.03 0.75 £ 0.99 1.11 £ 1.05 0.19
Mean eccentricity index 0.81 £ 0.06 0.81 £ 0.06 0.79 £ 0.07 0.94
Symmetry index 041 £ 0.11 043 £0.11 0.39 £ 0.10 0.20
Proximal edge dissection 0 0 0 >0.99
Distal edge dissection 0 0 0 >0.99

Values are mean + standard deviation

ISA incomplete strut apposition (ratio of number of malapposed struts per BRS to total number of struts per BRS), ISAA incomplete scaffold
apposition area (area between abluminal edge of malapposed struts and vessel wall)

 Distance: orthogonal distance between malapposed scaffold and vessel wall

was larger with post-dilatation, this difference was not
significant (6.47 + 9.63 vs. 3.44 + 6.84 mm?*; p = 0.16).
Residual in-scaffold area stenosis was lower with post-di-
latation, but also in this case, not significantly (18.5 &+ 12.4
vs. 25.2 £ 14.0 %; p = 0.14). Post-dilatation used with
BRS was not associated with a higher frequency of prox-
imal or distal edge dissections or strut fractures.

When comparing all everolimus-eluting BRS (with and
without post-dilatation) and all novolimus-eluting BRS
(with and without post-dilatation), there were no significant
differences regarding incomplete scaffold apposition area
(1.17 £ 1.85 vs. 1.47 +2.66 mm?*; p = 0.63) or the
absolute number of malapposed struts per scaffold (5 & 9
vs. 8 £ 13; p = 0.33). Nevertheless, mean tissue prolapse
area (8.53 &= 10.44 vs. 1.13 4+ 1.81 mmz; p = 0.005) was
significantly larger and eccentricity was significantly
higher, as displayed in a lower eccentricity index (mean
eccentricity index: 0.78 £ 0.07 vs. 0.85 £ 0.04) in novo-
limus-eluting BRS as compared to everolimus-eluting
BRS.
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Discussion

Post-dilatation vs. no post-dilatation

The principal finding of this study is that post-dilatation
after implantation of contemporary bioresorbable vascular
scaffolds significantly reduces the incomplete scaffold
apposition area and the number of malapposed struts
without inducing more edge dissections or strut fractures.
Previous studies have demonstrated that malapposed struts
are associated with very late thrombosis of DES, most
likely due to disruption of laminar flow [6, 15]. Stent
thrombosis leads to myocardial infarction and has an
extremely high mortality rate [16, 17]. Similar to the
conventional stents, available data suggest an association
of BRS underexpansion and malapposition with BRS
thrombosis [5, 18]. Malapposed BRS struts do not suffi-
ciently supply the vessel wall with novolimus or ever-
olimus, and lumen loss due to intima proliferation is likely
to occur. Furthermore, only approximately 61 % of
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malapposed BRS struts are covered with neointima after
6 months [17]. On the other hand, one must keep in mind
that malapposition is theoretically limited in time with BRS
due to their eventual dissolution.

Clinical implications

Our data suggest that post-dilatation after implantation of
Absorb or DESolve with an adequately sized NC balloon
significantly improves acute deployment as evidenced by
the reduced number of malapposed struts and reduced
incomplete scaffold apposition area without higher rates of
strut fractures or edge dissections. This may result in
improved clinical outcome. Common and accepted criteria
for appropriate BRS deployment were used to define the
quality of the acute mechanical results [19-21]. Never-
theless, a correlation between these criteria and long-term
outcome is mainly derived from previous studies compar-
ing outcome after bare metal stents or first-generation DES
using intravascular ultrasound [22-24]. Data regarding
long-term outcome with BRS are very limited. De Ribamar
Costa et al. reported that using post-dilatation with the
Absorb device did not influence 1-year clinical outcome
and concluded that post-dilatation should be performed
whenever possible; however, no routine intravascular
assessment was performed to evaluate the acute mechani-
cal effects of post-dilatation and, in contrast to our study,
only lesions with low-to-moderate complexity were inclu-
ded [25].

Whether the improvement in acute performance of BRS
achieved by post-dilatation that we observed is really
associated with a better clinical outcome still needs to be
evaluated in controlled, randomized studies with the long-
term follow-up to confirm the value of post-dilatation after
BRS implantation and establish it as standard of care.

Interestingly, tissue prolapse area was significantly lar-
ger and eccentricity was significantly higher in novolimus-
eluting scaffolds as compared to everolimus-eluting scaf-
folds. This could be due to structural differences between
those two BRS, especially due to the larger scaffold cells of
novolimus-eluting BRS [26]. Higher BRS eccentricity and
larger tissue prolapse area have been reported to be asso-
ciated with an impaired clinical outcome [27, 28].

Limitations

This is a non-randomized, retrospective, single-center
study that compared acute mechanical effects of post-di-
latation for two types of BRS. With 47 patients and 51
scaffolds, the sample size is relatively small. Therefore,
results may have been influenced by differences in baseline
characteristics, although no significant differences could be
observed. A paired analysis with OCT performed

immediately after BRS deployment, and then, again, after
NC balloon, post-dilatation would have been superior to
our study design. Furthermore, PCI procedures were not all
performed by the same operator, and therefore, we cannot
exclude the possibility that individual differences in pro-
cedural approach may have influenced the results. In three
patients, OCT was performed after BRS implantation and
before post-dilatation. It is possible that post-implantation
OCT influenced the decision to perform post-dilatation.
This, however, would emphasize our results, since the
effect would be to mitigate the difference between BRS
with and without post-dilatation (no post-dilatation done if
OCT shows a good implantation result, yet we can still
demonstrate significantly more malapposition if post-di-
latation is not performed).

It should also be noted that our results are not generally
applicable to all PCI procedures performed with BRS
implantation. The selection of cases that included the use
of OCT for clinical reasons likely resulted in a cohort of
more complex lesions than those typically treated with
BRS. In addition, the lack of clinical outcome data is an
important limitation of our study.

Conclusion

Post-dilatation of either Absorb or DESolve BRS with non-
compliant balloons significantly reduces the number of
malapposed struts as well as the area of incomplete scaf-
fold apposition without inducing higher rates of edge dis-
section or strut fracture.
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Abstract Overlapping implantation of bioresorbable vas-
cular scaffolds is frequently necessary, but its influence
on vessel and scaffold structure has not been thoroughly
analyzed previously. The aim of this study was to ana-
lyze the acute effects of overlapping implantation on BRS
as determined by optical coherence tomography (OCT).
A total of 38 patients with de novo coronary artery sten-
oses who underwent OCT in the context of implantation
of novolimus-eluting BRS (DESolve, Elixir Medical Cor-
poration, Sunnyvale, California, USA) were investigated.
In 15 patients, overlapping implantation of two BRS was
performed, while 23 patients with implantation of one sin-
gle BRS served as the control group. OCT data were ret-
rospectively analyzed regarding acute scaffold implantation
results. There were no significant differences between the
overlap and control group in terms of residual in-scaffold
area stenosis, scaffold area, mean or minimal lumen area,
eccentricity index, incomplete scaffold apposition area or
malapposition. While strut fracture was slightly more fre-
quent in BRS with overlap its incidence was low overall.
In patients with overlapping BRS, overlap segments did not
display smaller lumen areas than segments without overlap
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(mean lumen area overlap: 8.16 & 2.97 mm? vs. no over-
lap: 7.70 + 2.55 mm?; p = 0.71; minimal lumen area over-
lap: 6.83 £ 2.71 mm? vs. no overlap: 6.17 & 2.58 mm?;
p = 0.37). Acute mechanical performance of novolimus-
eluting BRS is not impaired by overlapping implantation.
It can be assumed that vessel expansion compensates for
the double scaffold layer in the overlap area resulting in a
similar lumen area in overlap areas and in those with a sin-
gle strut layer.

Keywords Percutaneous coronary intervention - Optical
coherence tomography - Bioresorbable Scaffold

Introduction

While overlapping implantation of coronary stents was
usually avoided for bare metal stents (BMS), given a higher
frequency of target vessel revascularization and impaired
clinical outcome [1], stent overlap has been used more
liberally with drug eluting stents (DES). Overlapping
implantation of first-generation DES remained associated
with impaired angiographic and clinical outcome [2, 3],
but data for second-generation DES revealed that overlap-
ping implantation of these devices is safe without increased
rates of target vessel revascularization or impaired clinical
outcome [2, 4]. Bioresorbable vascular scaffolds (BRS)
are a novel approach for treatment of coronary artery sten-
oses. They promise to overcome some limitations of DES,
mainly because of their biodegradation within a period of
2-4 years. Several studies have reported non-inferiority
as compared to DES [5-9], with the potential exception
of very small vessels [10]. All the same, research regard-
ing optimal use of BRS is still under progress. Notably,
all randomized trials published to date have excluded the
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implantation of overlapping BRS. Hence, only limited
data exist regarding the performance and outcome of BRS
in long lesions with overlapping device implantation. We
analyzed the acute mechanical effects of overlapping BRS
implantation as well as the differences between overlap
areas and areas with a single BRS layer by optical coher-
ence tomography (OCT) in vivo.

Materials and methods
Study design and population

Between July 2014 and August 2015, 46 patients were
treated using novolimus-eluting BRS at the University
Hospital of Giessen. Post-procedural OCT was pre-spec-
ified to be performed in case of a difficult implantation
process due to lesion calcification, fibrosis or tortuosity in
40 patients. Two of these 40 patients displayed inadequate
OCT image quality as assessed by two independent experi-
enced interventional cardiologists. Out of the remaining 38
patients, 15 patients received two overlapping novolimus-
eluting BRS and formed the study group, while 23 patients
received one single novolimus-eluting BRS and constitute
the control group. Overlapping BRS implantation was
performed if one BRS was insufficient to cover the entire
lesion length. A priori exclusion criteria for BRS implanta-
tion included severe lesion calcification, ostial involvement,
lesion location in the left main coronary artery, and a refer-
ence vessel diameter exceeding 4.0 mm. OCT was not per-
formed in case of hemodynamic instability, known contrast
agent allergy or renal impairment (creatinine > 1.5 mg/dl).

Baseline characteristics of the patients including medi-
cal history, clinical, angiographic and procedural data were
prospectively collected in a standardized form. Our aim
was to analyze whether overlapping of novolimus-eluting
BRS is associated with acute mechanical alterations in BRS
structure that are different from those implanted without
overlap and whether the overlap of two BRS layers results
in a significantly smaller vessel lumen area compared to
lesion segments without BRS overlap. The study complied
with the Declaration of Helsinki. The Ethics Committee of
the Justus-Liebig-University Hospital (Giessen, Germany)
approved the study protocol (Reference number 203/14).
Written informed consent for evaluation of clinical, proce-
dural and OCT data was obtained from each patient before
inclusion.

Percutaneous coronary intervention
Percutaneous coronary intervention (PCI) was performed

via a radial or femoral approach, using 6 French guiding
catheters and standard coronary guidewires (Runthrough™,

@ Springer

Terumo Europe NV, Leuven, Belgium). All patients
received intravenous heparin and intracoronary nitrates.
Pre-dilatation with an appropriately sized NC (non-com-
pliant) balloon was performed in all lesions applying a
maximal implantation pressure of 20 bar. While lesions in
the control group were treated with one single novolimus-
eluting BRS (DESolve™ or DESolve XL™, Elixir Medical
Corporation, Sunnyvale, California, USA), lesions in the
15 patients with overlap were treated by sequential implan-
tation of two novolimus-eluting BRS using the “marker-to-
marker” method. Novolimus-eluting BRS were available
with a length of 14, 18 or 28 mm and a diameter of 2.5,
3.0, 3.5 or 4.0 mm. BRS were deployed with slow balloon
implantation (2 bar each 5 s keeping the delivery balloon
inflated at least 30 s, if possible). Post-dilatation with an
appropriately sized NC balloon (NC Trek™, Abbott Vas-
cular, Santa Clara, California, USA) was mandatory (mean
pressure: 17 & 5 bar; mean diameter: 3.5 £ 0.6 mm). Fur-
ther medication, technique and equipment for percutaneous
coronary intervention were according to clinical require-
ments and at the discretion of the operator.

Optical coherence tomography image acquisition

After completion of the implantation procedure (including
post-dilatation), OCT was performed using a 2.7 F Drag-
onfly™ intravascular imaging catheter (St. Jude Medical,
Saint Paul, MN, USA) at a mechanical pullback speed of
18 mm/s over a distance of 54 or 36 mm/s over 75 mm.
Contrast agent (20 ml, Ultravist™ 370, Bayer AG, Lev-
erkusen, Germany) was injected through the guiding cath-
eter at 4 ml/s with a maximum pressure of 600 psi using
machine injection (ACIST CVi™, ACIST Medical Sys-
tems, Eden Prairie, MN, USA). The OCT catheter was
positioned distally to the treated segment before starting
the pullback. Additional OCT runs were performed in eight
cases because the treated segment was not completely cap-
tured by one single pullback.

Optical coherence tomography image analysis

Offline OCT image analysis was performed using the
LightLab Imaging workstation (St. Jude Medical, Saint
Paul, MN, US) with manual calibration before each meas-
urement. All images were recorded digitally, stored and
analyzed by two experienced investigators blinded to clini-
cal and procedural data. OCT cross sections were analyzed
starting 5 mm distal to the BRS and ending 5 mm proximal
to the BRS with a spacing of 1 mm between consecutive
images. Struts were defined as malapposed if the distance
between the outer strut edge and vessel wall was larger
than 170 um [equal to the sum of strut and polymer thick-
ness (150 pm) plus the minimal axial resolution of OCT
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(20 pm)]. Proximal and distal lumen reference areas were
defined as maximum area with a three-layered vessel wall
visible at more than 180° of circumference within 5 mm
proximal and distal to the BRS. In case of absence of any
appropriate proximal or distal lumen reference because of
ostial location or a large side branch, only one reference
was used.

The following parameters were manually traced and
measured for each OCT cross section:

— Lumen area (mm?): contoured by following the area
filled with contrast media (Fig. 1: green mark)

— Scaffold area (mm?): measured at the outer strut edge of
each scaffold (Fig. 1: white mark).

—  Maximum/minimum/mean scaffold diameter (mm).

— Number of struts.

— Number of malapposed struts (Fig. 2).

— Maximum malapposition distance (mm): maximum
orthogonal distance between outer BRS strut and vessel
wall (Fig. 3).

— Incomplete scaffold apposition area (mm?): area
between outer edge of BRS struts and vessel wall
(Fig. 4: white mark).

— Tissue prolapse area (mm?): presence of tissue protrud-
ing between struts into the lumen as a circular arc con-
necting adjacent struts [11].

— Overlapping (Yes/No): struts of more than one BRS vis-
ible in one cross section (Fig. 1).

— Strut fracture (Yes/No): isolated struts in the vessel
lumen or visible discontinuity of a strut edge (Fig. 5).

— Maximum distance inner strut edge to vessel wall for
overlapping BRS.

Fig. 1 Overlapping BRS OCT cross section showing two overlap-
ping DESolve BRS. Lumen area (green mark) and scaffold area of
the outer BRS (white mark) are contoured (color figure online)

Fig. 2 BRS malapposition. OCT cross section showing six malap-
posed BRS struts

Fig. 3 Distance of malapposition. This figure shows a malapposed
DESolve BRS with six malapposed struts. The malapposition dis-
tance is marked as maximum orthogonal distance between outer BRS
strut and vessel wall (white mark)

— Proximal edge dissection (Yes/No): visible flap within
5 mm proximal of BRS.

— Distal edge dissection (Yes/No): visible flap within
5 mm distal of BRS.

— Bifurcation (Yes/No).

The following parameters were calculated (adopted from
[12, 13]:
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Fig. 4 Incomplete scaffold apposition area. Malapposed DESolve
BRS with contoured lumen profile (green mark) and incomplete scaf-
fold apposition area (green mark) (color figure online)

Fig. 5 Strut fracture. A strut fractures located in an overlap segment
of two DESolve BRS is visible (white arrow). On the left side of the
broken strut, no coating polymer is visible

— Increment = (proximal lumen reference area — distal
lumen reference area)/length (mm).

— Reference area (mm?) = distal lumen reference
area + (x x Increment) x = distance between distal end
of BRS and actual cross section in mm.

@ Springer

— In-scaffold residual area stenosis (%) = 100 — (Lumen
area/Reference area) x 100 calculated for each cross
section.

— Incomplete strut apposition (ISA) (%) = (number of
malapposed struts per cross section/total number of vis-
ible struts per cross section) x 100.

— Eccentricity index = (minimum scaffold diameter/max-
imum scaffold diameter); calculated for each cross sec-
tion analyzed.

— Mean lumen area.

— Minimal lumen area.

Follow-up

Clinical follow-up was obtained at 1, 6 and 12 months
using a standardized protocol by direct clinical examination
or by phone.

Statistical analysis

Continuous variables were summarized as mean =+ stand-
ard deviation; categorical variables are quoted as n (%).Test
for binomial distribution was used to measure deviations
of expected frequencies. Kolmogorov—Smirnov test was
performed to test for parametric distribution. To test for
statistical differences between two groups for comparison
of continuous variables either ¢ test for unpaired samples
(parametric distribution) or Mann—Whitney U test (non-
parametric distribution) was performed. For categorical
variables, Chi-square or Fischer exact tests were carried out
to test for significant differences. Statistical analysis was
performed using SPSS version 21.0 (IBM SPSS Statistics,
IBM Corporation, Armonk, New York, USA) and a two-
sided p < 0.05 was considered significant.

Results
Patients and procedure

A total of 38 patients (26 male, 12 female) were included.
23 patients received one novolimus-eluting BRS for treat-
ing a single native lesion, 15 patients with 17 native lesions
were treated with two overlapping novolimus-eluting BRS.
In two cases, overlapping implantation was performed to
cover two sequential lesions. In four cases, proximal BRS
diameter was 0.5 mm larger than the diameter of the distal
scaffold. Except for lesion length, which was significantly
larger in the overlap group (16.8 £ 5.9 vs. 10.8 £ 5.2 mm;
p < 0.001), no significant differences regarding baseline
characteristics existed between the groups. Most patients
presented with stable angina (no overlap: 52%, overlap:
60%). Pre-procedural OCT was performed in 27 patients
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[control group: 15 patients (65%) vs. overlap group: 12
patients (80%); p = 0.46], additional intra-procedural
OCT was performed in 9 patients [control group: 5 patients
(22%) vs. overlap group: 4 patients (27%); p = 0.46]. Pre-
dilatation was conducted in all cases and the length of the
NC balloon applied was significantly larger in the overlap
group as compared to the control group (14 + 3 mm vs.
16 £ 3 mm; p = 0.007). A cutting balloon was used for
lesion preparation in three cases [control group: 2 patients
(9%) vs. overlap group: 1 patient (7%); p = 0.93]. NC bal-
loon post-dilatation was performed in all cases, mean pres-
sure was 17 bar. Mean BRS diameter was significantly
smaller than the diameter of the NC balloon for post-dilata-
tion (3.2 & 0.3 vs. 3.6 & 0.6 mm; p < 0.001). For detailed
information regarding baseline characteristics and proce-
dural data see Table 1.

OCT findings

Total BRS length was significantly longer in the over-
lap group as compared to the control group (36 £ 6
vs. 20 = 6 mm; p < 0.001) and the mean overlap length
determined by OCT was 3.8 = 2.9 mm. Mean lumen
area (overlap group: 7.70 & 2.55 mm? vs. control group:
7.36 + 2.16 mm?; p = 0.79) and mean residual in-scaf-
fold area stenosis (overlap group: 10.0 £ 6.8% vs. control
group: 11.5 £ 10.1%; p = 0.70) were not different between
lesions treated with and without overlapping BRS. Fur-
thermore, there were no significant differences in terms
of minimal lumen area, incomplete scaffold apposition
area (ISAA), ISA, tissue prolapse area, sum of malap-
posed struts and stent diameters. There was a trend towards
higher eccentricity in the control group compared to the
overlap group (0.77 £ 0.07 vs. 0.81 £ 0.03; p = 0.07). The
frequency of strut fractures (mean number of visible strut
fractures per cross section along the entire scaffold length)
was higher in cases of overlapping implantation, even
though the difference failed to reach statistical significance
(overlap group: 0.36 = 0.49 vs. control group: 0.02 £ 0.08;
p = 0.09) (for detailed results see Table 2).

OCT findings within novolimus-eluting BRS implanted
with overlap

Mean and minimal lumen area was not smaller in the over-
lapping segment as compared to the BRS segments with-
out overlap (mean lumen area overlap: 8.16 + 2.97 mm?
vs. no overlap: 7.70 £+ 2.55 mm?% p = 0.71; minimal
lumen area overlap: 6.83 4 2.71 mm? vs. no overlap:
6.17 £ 2.58 mm?; p = 0.37). Due to the double stent layer,
the maximum distance between the inner strut edge to the
vessel wall was significantly higher in the overlap area
compared to the BRS area with single layer (349 &+ 27 vs.

182 £ 21 um; p < 0.001; see Table 3) Additionally, there
were no significant differences between the overlap and
the adjacent scaffold area (3 mm proximal and distal to the
overlap area; see Table 4).

Clinical follow-up

Median follow-up time was 9 months. One patient (3%) out
of the overlap group was lost to follow-up. One rehospitali-
zation in the overlap group was observed. The patient pre-
sented with atypical thoracic complaints. Coronary angiog-
raphy revealed no progress of coronary artery disease. No
events were observed in the control group.

Discussion

The main finding of this study is that overlapping implanta-
tion of novolimus-eluting BRS does not result in a reduced
luminal area. Much rather the double strut layer seems to
be compensated for by outward overexpansion of the ves-
sel. Hence, we were able to confirm in atherosclerotic coro-
nary artery lesions what Farooq et al. [14] observed after
implantation of overlapping everolimus-eluting BRS in
porcine coronary arteries. The “overexpansion” capabili-
ties of the DESolve novolimus-eluting BRS [15] may be
advantageous in this context. In fact, a double strut layer
may increase radial force and may to some extent prevent
recoil. At the same time, neither was disintegrity of the
BRS observed significantly more frequently, nor was ves-
sel wall injury (dissection) observed more often in lesions
treated with overlapping BRS. However, it has to be kept in
mind that overlap areas in most cases will be located out-
side the most severely obstructed and calcified parts of a
lesion by intention of the operator.

Clinical implications

Although clinical safety and efficacy of everolimus-elut-
ing BRS have been reported to be comparable with those
of second-generation DES [6, 13], a non-negligible rate of
BRS thrombosis occurs and several authors have hypoth-
esized that BRS overlap may contribute to a higher risk of
scaffold thrombosis, especially because of large lumen loss
due to the double layer of BRS struts [16—18]. Accordingly,
trying to minimize BRS overlap length is widely recom-
mended and standard in clinical practice [14, 19, 20].

On the one hand, data from Ishibashi et al. suggest
that overlapping implantation of BRS is an independent
risk factor for peri-procedural myocardial infarction [21].
On the other hand, Ortega-Paz et al. recently reported in
a retrospective analysis that there were no significant dif-
ferences in 1-year clinical outcome if comparing overlap
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Table 1 Baseline

BRS without overlap

BRS with overlap

p value

characteristics
Number of patients 23 15 0.26
Number of scaffolds 23 30 0.41
Number of treated lesions 23 15 0.26
Age (years) 62+9 62+ 10 0.86
Male gender 19 (83%) 7 (47%) 0.14
BMI' (kg/m?) 25.6 £10.8 28.0 £ 3.8 0.84
Previous MI* (%) 5 (22%) 6 (40%) 0.36
Previous PCI'" (%) 7 (30%) 8 (53%) 0.25
Previous CABG® (%) 2 (9%) 1(7) 0.93
LVEF! (%) 57+10 55+ 11 0.62
Presentation
STEMI 5 (22%) 2 (13%) 0.63
NSTEMI 3 (13%) 1 (7%)
Unstable AP* 2 (9%) 3 (20%)
Stable AP* 12 (52%) 9 (60%)
No complaints/atypical complaints 1 (4%) 0 (0%)
Vessel
LAD' 12 (52%) 3 (20%) 0.09
Cx* 4 (17%) 4 (27%)
RCAH 7 (31%) 8 (53%)
Lesion length (mm) 10.8 £5.2 16.8 +£5.9 <0.001
NC** pre-dilatation
Performed (%) 100 100 >0.99
Cutting balloon (%) 2 (9%) 1 (7%) 0.93
Pressure (bar) 14+4 15+4 0.59
Diameter (mm) 3.1+04 29+04 0.36
Length (mm) 14+3 16 £3 0.007
Scaffold
Diameter (mm) 32+03 32+03 0.43
Length (mm) 20+ 6 20+ 6 0.94
Implantation pressure (bar) 14+3 13+2 0.17
NC** post-dilatation
Performed (%) 100 100 >0.99
Diameter (mm) 3.7+0.6 34+0.5 0.12
Pressure (bar) 17+4 17+£6 0.22

Values are mean =+ standard deviation or n (%)
* Angina pectoris

¥ Body mass index

¥ Circumflex artery

$ Coronary artery bypass graft surgery

I Left anterior descending artery

T Left ventricular ejection fraction

# Myocardial infarction

** Non-compliant balloon

7 Percutaneous coronary intervention

¥ Right coronary artery

and non-overlap everolimus-eluting BRS [22]. In fact, we  for a higher event rate. Especially, there were no significant
found no mechanical or geometric differences in novoli-  differences regarding lumen area, stent diameter, residual
mus-eluting BRS overlap areas that might be responsible  area stenosis, eccentricity, malapposition and rate of strut

@ Springer



Heart Vessels (2017) 32:781-789

787

Table 2 OCT findings

Table 3 OCT findings inside

BRS with overlap

BRS without overlap (n = 23)

BRS with overlap (n = 15) p value

Total BRS length (mm)
Overlap length (mm)

OCT scaffold area (mm?)
Residual area stenosis (%)
Reference area (mm?)

Mean lumen area (mm?)
Minimal lumen area (mm?)
OCT ISAAT (mm?)

OCT tissue prolapse area (mm?)
Sum of malapposed struts (1)
Sum of struts (1)

ISA* (%)

Distance of malapposition* (mm)
Mean stent diameter (mm)
Minimum stent diameter (mm)
Maximum stent diameter (mm)
Minimum eccentricity index
Overlapping

Fracture

Bifurcation

Mean eccentricity index
Proximal edge dissection

Distal edge dissection

20+6

7.57£2.18
11.5+10.1
7.95+£2.79
7.36 £2.16
577+1.72
0.83 +1.85
7.74 £9.53
5+11

246 £ 77
0.03 £0.08
0.18 £0.20
3.06 = 0.42
2.68 +0.38
3.50 +0.51
0.61 =0.11
0

0.02 +0.08
0.96 +10.95
0.77 £ 0.07
0

0

36 6
38+£29
7.90 £2.41
10.0 £ 6.8
8.02 £2.49
7.70 £ 2.55
6.41 +£2.63
1.62 £3.25
7.41 + 8.68
7+13

234 + 85
0.04 £0.07
0.27 £0.32
3.03 +£0.37
2.71 £0.31
338 £0.44
0.66 = 0.06
3.33+2.23
0.36 £ 0.49
0.42 £ 0.67
0.81 +£0.03
0

1

<0.001

0.72
0.70
0.88
0.79
0.71
0.72
0.95
0.72
0.72
0.79
0.58
0.70
0.29
0.88
0.08
<0.001
0.09
0.20
0.07
>0.99
0.87

Values are mean =+ standard deviation

* Incomplete strut apposition (ratio number of malapposed struts per BRS to total number of struts per

BRS)

T Incomplete scaffold apposition area

 Orthogonal distance between malapposed scaffold and vessel wall

Area without overlap ~ Overlap area  p value
Minimal lumen area (mm?) 6.17 + 2.58 6.83 +2.71 0.37
Location of minimal lumen area 11 (73%) 4 (27%) 0.12
Fracture 0.28 £ 0.44 0.40 £ 0.31 0.33
Maximum distance inner strut edge to vessel wall (um) 182 + 21 349 £+ 27 <0.001
Residual area stenosis (%) 10.56 + 6.63 9.31 £5.28 0.60
Mean lumen area (mm?) 7.70 £ 2.55 8.16 £ 2.97 0.71

Values are mean + standard deviation or n (%)

Table 4 OCT findings: comparison of overlap and adjacent area

(3 mm on each side)

Adjacent area Overlap area p value
Minimal lumen area (mm?) 6.62+244 683+271 054
Fracture 048 £038 040+£0.31 0.58
Residual area stenosis (%) 10.26 £5.81 9.31£5.28 0.67
Mean lumen area (mm?) 7.68+3.11 8.16+£297 047

Values are mean + standard deviation or n (%)

fractures when comparing BRS implanted with overlap
to those without. Nevertheless, due to the longer distance
between the vessel wall and the inner struts in overlap
areas, endothelialization of these struts will hardly be suf-
ficient leading to an increased risk for an impaired clini-
cal outcome [14, 22]. One aspect we could not analyze in
our study was the presence of turbulent flow or shear stress
which may be increased in areas with particularly inho-
mogeneous surface patterns caused by thick BRS struts
[23, 24]. Especially the double scaffold layer in overlap
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segments can possibly interrupt laminar flow. This might be
an explanation for the higher frequency of scaffold throm-
bosis if overlapping implantation of BRS is performed [21].

Our results suggest that overlapping implantation of
BRS can be safely performed in terms of acute mechanical
outcome. Nevertheless, reliable data regarding long-term
clinical outcome after overlapping implantation of BRS are
very limited so far. Hence, randomized controlled studies
on long-term clinical outcome are required to analyze the
effect of overlap implantation of BRS. Additionally, we
have to mention that results for everolimus-eluting BRS are
not completely adaptable to novolimus-eluting BRS since
mechanical specifications are somewhat different. It has to
be kept in mind that effects of overlap might be influenced
by overlap length. However, the number of analyzed cases
for this study was too low to perform a reliable sub-analy-
sis for effect of different overlap lengths.

Limitations

This was a single-center, non-randomized retrospective
observational analysis with all its limitations. Clearly there
may be bias in lesion selection. However, OCT was prefer-
entially used in complex lesions so that even more benign
effects of overlapping BRS implantation should be expected
in less complex lesion subsets. It has to be emphasized that
BRS implantation was performed carefully, with thorough
lesion preparation and mandatory post-dilatation using
appropriately sized NC balloons, so that results may not be
comparable when less standardized implantation protocols
are used. Finally, patient numbers were small, and the lack of
observed differences may be attributable to a lack of statis-
tical power. Especially the systematic evaluation of clinical
outcome would require substantially larger patient numbers.

Conclusion

Acute mechanical performance of novolimus-eluting BRS
is not impaired by overlapping implantation. In particu-
lar, overlapping BRS segments do not display a smaller
lumen area as compared to segments with a single layer.
This would suggest that overlap implantation can be safely
performed, but long-term clinical outcome remains to be
investigated in future trials.
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Objectives: To examine ischemic and bleeding outcomes in patients on triple antithrombotic therapy (TAT) com-
pared with dual antiplatelet therapy (DAPT) after the implantation of bioresorbable scaffolds (BRS).
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Background: The optimal antithrombotic regimen in patients undergoing percutaneous coronary intervention that
Available online 24 November 2016

have an indication for oral anticoagulation is unclear, in particular among those undergoing BRS implantation.

Methods: Consecutive patients of a single-center, all-comers BRS registry were included. Patients were followed up
after 30 days, 6 and 12 months, and thereafter yearly. Outcome parameters were target vessel failure (TVF), major
adverse cardiac events (MACE) including target lesion revascularization (TLR), scaffold thrombosis (ST), death,
myocardial infarction, and any bleeding as defined by BARC. Patients on TAT were matched to patients on DAPT.

Keywords:
Bioresorbable scaffold
Oral anticoagulation

Triple therapy
Dual antiplatelet therapy Results: A total of 607 patients were included. Fifty-five patients receiving TAT were matched with 165 patients
Antithrombotic therapy treated with DAPT. Acute coronary syndrome was an indication for coronary angiography in 50.9% vs 50.4% groups

(p = 0.97). Major adverse cardiac events occurred in 16.4% of TAT patients vs. 8.9% DAPT patients (p = 0.12), TLR
in5.5%vs.1.9% (p = 0.17),STin 3.6% vs. 1.9% (p = 0.46), and TVF in 3.6 vs. 1.9% (p = 0.46). Patients died in 7.3% in
the TAT group vs. 5.1% in the DAPT group (p = 0.26). No severe bleeding was recorded in either of the groups.

Conclusion: There was no difference in bleeding or ischemic events between the patients on TAT and those on DAPT

after BRS implantation. The high rate of scaffold thrombosis in all of these patients, however, is not negligible.

© 2016 Published by Elsevier Ireland Ltd.

1. Introduction

Patients undergoing percutaneous coronary intervention (PCI) with
stent implantation require dual antiplatelet therapy (DAPT) consisting
of aspirin and a P2Y, inhibitor [1]. This antithrombotic treatment is
temporary and necessary to reduce ischemic events [2]. Approximately
5-10% of these patients are also on oral anticoagulation (OAC) for indi-
cations such as atrial fibrillation or a prosthetic valve [3].

It has been shown that DAPT after stenting reduces the incidence
of stent thrombosis (ST) better than conventional anticoagulant
therapy [4]. On the other hand, OAC therapy is superior to
clopidogrel plus aspirin for prevention of vascular events in patients

Abbreviations: BRS, bioresorbable scaffold; DAPT, dual antiplatelet therapy; MACE,
major adverse cardiac event; ST, stent or scaffold thrombosis; TAT, triple antithrombotic
therapy; TLF, target lesion failure; TLR, target lesion revascularization; TVF, target vessel
failure; TVR, target vessel revascularization.
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with atrial fibrillation at high risk of stroke [5]. Therefore, patients
who undergo stent implantation and have an indication for OAC
are treated with triple antithrombotic therapy (TAT) [1,6]. Multiple
combinations are possible. TAT, however, has a higher bleeding risk
[7], and ultimately hemorrhagic complications might offset all ische-
mic benefits [8]. To make the issue even more complex, potent P2Y;,
inhibitors (prasugrel and ticagrelor) have become the standard of
care in patients with acute coronary syndrome, and new oral antico-
agulants are now available. Of note, the current guideline on myocar-
dial revascularization does not recommend the combination of a
potent P2Y;, inhibitors as part of triple therapy [1].

The bioresorbable scaffolds (BRS) have recently emerged as a poten-
tially major breakthrough [9]. BRS offer a transient vessel support to re-
sist acute recoil but are fully resorbed within approximately three years,
thereby potentially overcoming long-term limitations of metallic drug-
eluting stents. Patients treated with BRS who have an indication for
OAC have not been well examined, as chronic treatment with anticoagu-
lants has been an exclusion criterion for most BRS studies [10,11]. Recent
investigations have shown that BRS implantation is associated with an
increased risk of ST [12].
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Accordingly, we aimed to examine ischemic and bleeding outcomes
in patients undergoing BRS implantation who were on TAT and com-
pare results with those on DAPT.

2. Methods
2.1. Study design and population

All consecutive patients of a single-center, all-comers BRS registry at the Medizinische
Klinik I, University of Giessen, Giessen, Germany, were included in this study. Patients
were enrolled irrespective of their clinical presentation. Exclusion criteria were
age < 18 years and lesions that appeared unsuitable for BRS implantation. All patients
gave written informed consent. If patients were not competent to give consent, it was ob-
tained from their legal guardians. The investigation conforms to the principles outlined in
the Declaration of Helsinki and was approved by the Ethics Committee of the University of
Giessen (AZ 264/12).

2.2. Percutaneous coronary intervention

PCI was performed in accordance with standard clinical practice using the radial ap-
proach, if technically feasible, or the femoral approach. Unfractionated heparin (70 U/kg
body weight) was administered immediately prior to the procedure. Lesion preparation
was initiated with intracoronary application of nitroglycerine. Deployment of the
novolimus-eluting BRS (DESolve, Elixir Medical Corporation, Sunnyvale, California, USA)
was accomplished using slow balloon inflation: 1 atm over 10 s, 2 atm over 10 s, then
2 s per atm. Deployment of everolimus-eluting BRS (Absorb BVS, Abbott Vascular, Santa
Clara, CA, USA) was performed with an initial pressure of 2 atm and increasing pressure
in increments of 2 atm every 5 s until fully deployed. The recommended pressure was
not exceeded, and maximum pressure was maintained for 20-30 s. The use of a debulking
device or intravascular imaging modalities was left to the operator's discretion.

Patients received a loading dose of aspirin 250-500 mg before PCI, unless the patients
were already on chronic aspirin therapy, and thereafter 100 mg oral daily. A loading dose
of clopidogrel (600 mg), prasugrel (60 mg), or ticagrelor (180 mg) was followed by a
maintenance dose of clopidogrel (75 mg/day), prasugrel (10 mg/day), or ticagrelor
(90 mg twice/day). The duration of DAPT and TAT was left to the operator’s discretion.

2.3. Follow-up

Patients who had been successfully treated qualified for the entry in the study. They
were followed up via telephone according to a standardized interview after 30 days and
6 and 12 months, and thereafter yearly. Major adverse cardiac events (MACE) included
death, any myocardial infarction, emergency coronary artery bypass surgery, and
ischemia-driven percutaneous or surgical target lesion revascularization (TLR). Target ves-
sel failure (TVF) was defined as death from myocardial infarction, re-occlusion of the tar-
get vessel, and revascularization of the target vessel (TVR). Target lesion failure (TLF)
comprised the combination of target vessel myocardial infarction, death from known car-
diac cause, TLR, and any unexplained death within the first 30 days (probable scaffold
thrombosis). The Academic Research Consortium (ARC) criteria were applied for the def-
inition of scaffold thrombosis [13]. The standardized bleeding definitions of the Bleeding
Academic Research Consortium (BARC) were used to characterize bleeding events [14].

2.4. Statistical analysis

Given the differences in baseline characteristics in eligible patients in the registry
treated with either DAPT or TAT, propensity-score matching was used to identify a cohort
with similar characteristics. Matching was performed with the following parameters: age
(265 years or <65 years), multi-vessel disease, left ventricular ejection fraction (>40% or
<65%), scaffold length (equality accepted 45 mm), and clinical presentation (ACS or sta-
ble angina). Patients treated with TAT were matched in a 1:3 ratio to the DAPT patients.
Categorical variables are given as absolute values and percentages. Continuous variables
are expressed as means and standard deviations. Chi-square and Fisher's exact test were
used for comparison of categorical variables, and Student's t-test or the Wilcoxon rank-
sum test was applied for continuous variables. p values < 0.05 were considered statistically
significant. Kaplan-Meier methods were used to derive the event rates at follow-up and to
plot time-to-event curves. Statistical difference between the survival curves was assessed
by a log-rank test. Statistical analysis was performed using IBM SPSS Statistics (SPSS Sta-
tistics 23.0.0.2, IBM Deutschland GmbH, Ehningen, Germany).

3. Results
3.1. Patient characteristics

A total of 607 patients were enrolled in the BRS registry. After
propensity-score matching, 55 patients treated with TAT were compared
with 165 patients treated with DAPT. Patients were treated between De-
cember 2012 and July 2015. Patients in the TAT group were aged 67.7 +
8.2 years and in the DAPT group 66.0 + 9.1 years (Table 1). The two

Table 1
Baseline characteristics.
TAT DAPT p
(n =55) (n = 165)

Age (years) 676 £ 82 66.0+9.1 0.09
Male sex (%) 83.6 75.9 0.23
Body mass index (kg/m?) 284 +46 283 +46 089
Hypertension (%) 90.9 88.6 0.64
Hyperlipoproteinemia (%) 67.3 67.1 0.98
Diabetes (%) 34.5 354 0.90
IDDM (%) 222 38.0 0.16
Current smoker (%) 21.8 31.0 0.19
Family history (%) 273 29.7 0.73
Chronic kidney disease (%) 23.6 12.0 0.04"
Dialysis (%) 1.8 0.6 043
History of POAD (%) 7.3 8.9 0.72
Prior percutaneous intervention (%) 45.5 45.2 0.97
Prior myocardial infarction (%) 20.0 27.8 0.25
Prior coronary artery bypass graft (%) 14.5 8.2 0.18
Prior stroke/transient ischemic attack (%) 5.0 7.0 0.70
History of chronic obstructive pulmonary ~ 14.5 10.8 0.45

disease (%)
Atrial fibrillation (%) 87.3 0 <0.001"
CHA,DS,-VASc score 35+ 1.1 35+ 1.2 0.91
HAS-BLED score 1.8 +£ 0.5 1.8 £ 05 0.89
Left ventricular ejection fraction (%) 543 + 10.1 555 + 11.3 041
Clinical indication

Stable angina (%) 45.6 45.6 0.98

ST-elevation myocardial infarction (%) 12.7 19.0 0.29

Non-ST-elevation myocardial infarction (%) 18.2 20.9 0.67

Unstable angina (%) 20.0 10.8 0.08
Number of diseased vessels 0.94

1(%) 16.4 17.1

2 (%) 43.6 411

3(%) 40.0 41.8

Abbreviations: TAT, triple antithrombotic therapy; DAPT, dual antiplatelet therapy; IDDM,
insulin dependent diabetes mellitus; POAD, peripheral occlusive arterial disease.
* Significant difference between DAPT und TAT groups.

groups did not differ significantly with respect to age, sex, and cardiovas-
cular risk profile. Approximately one third had diabetes mellitus (34.5%
vs. 35.4%, p = 0.90) that was not treated with insulin in most of the
cases (22.2% vs. 38.0%, p = 0.16). Significantly more patients with chronic
kidney disease were found in the TAT group (23.6% vs. 12.0%, p < 0.04);
however, patients with TAT were on dialysis no more frequently than pa-
tients in the DAPT group (1.8% vs. 0.6%, p = 0.43).

3.2. Indications for anticoagulation therapy

The indication for OAC in the TAT group was in 87.3% atrial fibrillation,
3.6% apex aneurysm, 3.6% pulmonary embolism/venous thrombosis, 1.3%
antiphospholipid syndrome, and 4.2% other reasons. The estimated risk of
stroke as assessed by the CHA;DS,-VASc-score [15] was the same for the
two groups (3.45 £ 1.12 vs. 3.47 £+ 1.22, p = 0.91) and bleeding risk as
estimated by the HAS-BLED-score was also not different (1.78 + 0.53
vs. 1.78 4 0.53, p = 0.89).

3.3. Coronary lesions

Approximately half of the patients presented with acute coronary
syndrome as an indication for coronary angiography (50.9% in TAT
group vs 50.4% in DAPT group, p = 0.97). Single-vessel disease was
present in only 16.4% in the TAT group vs. 17.1% in the DAPT group. The
predominant lesion site was the LAD in 40.0% vs. 43.7% (Table 2). Lesions
were of de novo-type in the majority (89.1% vs. 91.8%, p = 0.55). The
treated segments typically did not include bifurcations (0% vs. 3.8%,
p = 0.14). Lesions were classified using the criteria advocated by the
American College of Cardiology/American Heart Association [16] and
tended to be more complex in the TAT group (Table 2).
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Table 2
Angiographic and QCA lesion characteristics.
TAT DAPT
(n =55) (n = 165)

Target vessel 0.06
Left anterior descending (%) 40.0 437
Right circumflex artery (%) 21.8 323
Right coronary artery (%) 34.5 24.1
Bypass graft (%) 3.6 0
De novo lesion (%) 89.1 91.8 0.55
Total occlusion (%) 9.1 7.0 0.61
In-stent restenosis (%) 1.8 1.2 0.29
Bifurcation treatment (%) 0 3.8 0.14
Medina 1,1,0 (%) 0 25
Medina 1,1,1 (%) 0 75
ACC/AHA lesion classification 0.03"

A (%) 10.7 13

B1 (%) 21.4 447

B2 (%) 39.3 26.3

C (%) 28.6 27.6
QCA analysis (mean + SD)

Reference vessel diameter proximal (mm) 2.9 4 0.7 29 + 0.6 0.77

26 + 08
18.4 + 158

2.6 £ 0.6 0.90
171 £ 113 0.64

Reference vessel diameter distal (mm)
Length (mm)

Abbreviations: TAT, triple antithrombotic therapy; DAPT, dual antiplatelet therapy; ACC,
American College of Cardiology; AHA, American Heart Association; QCA, quantitative cor-
onary analysis.

* Significant difference between DAPT und TAT groups.

3.4. Procedural characteristics and post-procedural therapy

Pre-dilatation prior to scaffold deployment was performed in almost
all cases (98.2% vs. 95.6%, p = 0.80). The balloon for pre-dilatation had
a maximum size of 2.82 4+ 0.44 mm in the TAT group and 2.79 +
0.44 mm in DAPT group (Table 3). Implanted scaffolds were of compara-
ble diameter (3.04 + 0.38 mm vs. 3.07 4= 0.51 mm, p = 0.77) and length

Table 3
Procedural characteristics.
TAT DAPT p
(n = 55) (n = 165)
Pre-dilatation (%) 98.2 95.6 0.80

Frequency of pre-dilatation per patient (mean) 1.5 + 0.7 1.5+ 09 0.40
Max. pre-dilatation balloon diameter 282 + 044 279 + 044 034
(mm, mean + SD)

Max. pre-dilatation balloon length 169 £ 44 161 +£35 0.65
(mm, mean + SD)

Max. pre-dilatation balloon pressure 152 +40 145 +33 049
(atm, mean 4+ SD)

Pre-dilatation with non-compliant balloon (%) 69.1 77.2 0.13

Pre-dilatation with scoring device (%) 12.7 9.5 0.53

Number of scaffolds per patient 14 + 0.7 1.3+ 06 0.44

(n, mean + SD)
Scaffold length (mm, mean + SD)
Scaffold diameter (mm, mean + SD)

267 £ 156 286 + 174 0.58
3.04 + 038 3.07 + 0.51 0.77

Post-dilatation (%) 67.0 66.5 0.78
Use of optical coherence tomography (%) 31.0 36.7 0.44
Use of intravascular ultrasound (%) 9.1 7.0 0.61
Post-implantation P,Y;; inhibitors

Clopidogrel (%) 61.8 424 0.01

Ticagrelor (%) 273 31.0 0.60

Prasugrel (%) 109 26.6 0.01
Duration of TAT

1 month (%) 76.4

3 months (%) 73

6 months (%) 3.6

12 months (%) 10.9
Post-implantation oral anticoagulation

NOAC (%) 60.0

Phenprocoumon (%) 40.0

(26.7 + 15.6 mm vs. 28.6 + 17.4 mm, p = 0.58) in the two groups. Fur-
ther procedural details are listed in Table 3.

Post-procedural medical treatment included aspirin in all cases. It was
combined with clopidogrel in 42.4%, ticagrelor in 31.0%, and prasugrel in
26.6% if no additional indication for OAC existed (Table 3). For patients on
concomitant OAC therapy (TAT patients), most were treated with
clopidogrel (61.8%); however, ticagrelor was prescribed in 27.3% and
prasugrel in 10.9%. DAPT was combined with new oral anticoagulants
in 60.0% of patients on TAT; the other 40.0% were combined with
phenprocoumon. The duration of TAT varied: it was limited to 1 month
in most of the cases (76.4%) and was extended to 3 months in 7.3%,
6 months in 3.6%, and 12 months in 10.9%. Hereafter, the treatment
with aspirin in the TAT group was stopped. The OAC in combination
with the P2Y12 inhibitor was continued until month 12 after the BRS im-
plantation. Duration of dual antithrombotic therapy in the DAPT group
was 12 months; hereafter therapy was reduced to aspirin only.

Patients were followed up for a median period of 361.5 days. All-
cause mortality was 7.3% for patients in the TAT group and 3.2% in pa-
tients in the DAPT group. TLF was recorded in 8 of 220 patients (TAT
7.3% vs. DAPT 2.5%, p = 0.11) and occurred most frequently during
the first 6 months (3 cases each for TAT and DAPT). No severe bleeding
occurred. Table 4 summarizes the outcome and further results. Fig. 1 il-
lustrates a Kaplan-Meier curve for MACE. A log-rank test indicated no
significant difference between the two groups: ¥*(1) = 1.567, p = 0.21.

4. Discussion

Optimization of antithrombotic therapy in patients undergoing stent
implantation with concomitant indication for OAC represents a com-
mon clinical problem. Clinicians have to find the optimum balance be-
tween too much and too little anticoagulant and antiplatelet therapy
in patients who require both forms of treatment: discontinuation of an-
tiplatelet therapy increases the risk of ST [5], and even temporary inter-
ruption of anticoagulation increases the risk of thromboembolic events
[4]. This study sought to examine ischemic and bleeding outcomes in
patients implanted with BRS who were on triple therapy compared
with those on dual antiplatelet therapy. The patient population selected
for the study fulfilled the criteria for the implantation of BRS. They were
relatively young and therefore may benefit from the temporary vessel
caging of BRS. It should be noted that patients enrolled in this study re-
flect the high-risk features of an unselected population rather than the
poorly generalizable setting of a trial. Patients possessed characteristics
that would constitute exclusion criteria for a variety of BRS studies. To
our knowledge this is the first study of BRS implantation in patients
treated with OAC. The principle finding of this study is that BRS implan-
tation in patients on DAPT additionally indicated for OAC is safe and has
a long-term outcome comparable to that of patients on DAPT alone.

It is common practice to combine DAPT and OAC (known as triple
therapy or TAT) to temporarily treat patients at high risk for

Table 4
Outcome.
TAT (n = 55) DAPT (n = 165) p
Major adverse cardiac event (%) 16.4 8.9 0.12
Scaffold thrombosis according to ARC (%) 3.6 1.9 0.46
Target lesion revascularization (%) 55 1.9 0.17
Target lesion failure (%) 73 2.5 0.11
Target vessel failure (%) 3.6 1.9 0.46
All-cause mortality (%) 7.3 51 0.26
Bleeding (%) 22.0 25.7 0.90
BARC bleeding Type 0 (%) 75.6 74.3
BARC bleeding Type 1 (%) 220 21.6
BARC bleeding Type 2 (%) 24 4.1
BARC bleeding Type >3 (%) 0 0

Median follow up 361.5 days

Abbreviations: TAT, triple antithrombotic therapy; DAPT, dual antiplatelet therapy; NOAC,
new oral anticoagulants.

Abbreviations: ARC, Academic Research Consortium; BARC, Bleeding Academic Research
Consortium; TAT, triple antithrombotic therapy; DAPT, dual antiplatelet therapy.
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Fig. 1. Kaplan-Meier curve of MACE during follow-up.

thromboembolic and ischemic events after stent implantation. TAT po-
tentially carries a higher risk of bleeding. Bleeding events are indepen-
dently associated with a worse long-term prognosis in patients with
coronary artery disease, and the mortality risk progresses with increas-
ing severity of bleeding [8]. The patients in our cohort reported skin he-
matoma in most cases. Nose bleeding occurred as well but rarely led to
hospitalization. Such bleeding is therefore classified as minor. We did
not find a significant difference in clinically relevant and severe bleed-
ing, as defined by BARC > 3, during follow-up between patients who re-
ceived triple therapy and those who were treated with DAPT.

The latest guidelines on revascularization of the European Society of
Cardiology recommend triple therapy for patients on OAC with either
an adjusted-dose vitamin K antagonist or a new OAC along with aspirin
and clopidogrel. The duration of TAT should be as short as possible. The
ISAR-TRIPLE trial evaluated the clinical outcomes of therapy duration of
6 weeks clopidogrel versus 6 months clopidogrel after implantation of
metallic drug-eluting stents [3]. The main finding was that shortening of
the duration of TAT neither reduced the incidence of major bleeding nor
increased the incidence of ischemic events. The majority of the patients
in our cohort were on TAT for 1 month; however, therapy was extended
to up to 12 months in 10.9%. TAT was conducted with clopidogrel in most
cases, although ticagrelor or prasugrel were prescribed in almost one
third. The stronger P2Y12 inhibitors ticagrelor and prasugrel, in combina-
tion with low-dose acetylsalicylic acid, are currently recommended as
standard treatment in patients with acute coronary syndrome [1]. Sarafoff
et al. compared prasugrel with clopidogrel as part of triple therapy in pa-
tients undergoing drug-eluting stent implantation [17]. Prasugrel in-
creased TIMI major and minor bleeding fourfold, while the incidence of
thrombotic events was similar. Another study compared ticagrelor as
part of triple therapy with ticagrelor combined with a vitamin K antago-
nist in a dual therapy [18]. Major bleeding was not less with dual therapy,
while ischemic events were similar. Our results indicate that major bleed-
ing was not increased due to prasugrel or ticagrelor after BRS implanta-
tion; this, however, may be due to the low risk of bleeding in our cohort
per se as assessed by the HAS-BLED score. In addition, the majority of

the patients received new OACs, which may be associated with less
major bleeding than vitamin K antagonists [19]. New OACs, such as
dabigatran, rivaroxaban, apixiban, and edoxaban have been shown to be
alternatives to warfarin for stroke prevention in various studies [20-23].
Of note, DAPT was an exclusion criterion in most of these studies. The
beneficial effect with respect to their use in TAT strategy remains unclear
and is currently under investigation (PIONEER AF-PCI, REDUAL-PCI).

The fact that potent P2Y12 inhibitors were used in the present study
as a component of TAT reflects that the registry was initiated when ear-
lier versions of guideline recommendations were even more vague.
Multiple antithrombotic regimens varying in duration, drug combina-
tion, and drug dosage are possible. A treatment plan must take the
patient's individual risk of bleeding and thromboembolic events into ac-
count. Antithrombotic therapy must not offset ischemic benefits by
causing hemorrhagic complications [24].

The GHOST-EU registry evaluated almost 1200 patients treated with
Absorb BRS [25]. Rates of TLR and ST were 2.2% and 1.5% after 30 days,
and 4.4% and 2.1% after 6 months, respectively. The cumulative inci-
dence of TLF and ST was larger than anticipated, and rates of ST with Ab-
sorb BRS were comparable to those of first-generation drug-eluting
stents. Patients in our cohort showed a slightly lower ST (3.6% vs 1.9%,
p = 0.46) and TLR (5.5% vs 1.9%, p = 0.17) frequency. In GHOST-EU as
well as in our study, ST typically occurred early after the implantation
of BRS. Therefore, periprocedural aspects, including dissection, incom-
plete stent apposition, incomplete stent expansion or strut fractures,
may have played a role. Such procedural issues can be identified and ad-
dressed by the use of intravascular imaging. Patients in this study may
have benefited more from application of optical coherence tomography
compared with those in GHOST-EU. Nevertheless, MACE rates (16.4% in
TAT patients and 8.9% in DAPT patients) were high. The Kaplan-Meier
curve shows that MACE, in accordance with ST, in our study population
typically occurred early after the procedure. While TAT patients tended
to experience higher event rates, we were not able to show a significant
difference between the two patient groups in the long-term follow-up.
Of note, the lack of significance in ischemic events may be driven by the
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study design and small sample size. Other parameters, however, suggest
that patients with indication for OAC are more severely ill: they had a
significantly higher incidence of chronic kidney disease and their le-
sions, as assessed by the ACC/AHA classification, tended to be more se-
vere. This may have finally influenced the all-cause mortality (7.3% vs.
5.1%), which was found be higher than in other BRS studies [25,26], es-
pecially when patients had a concomitant indication for OAC. The
follow-up period in these studies, however, was limited to six months
and thus the further course of event rates remains speculative.

4.1. Study limitations

There are several limitations inherent to this study. The present
analysis is not a randomized, controlled study but rather a single-
center registry. The sample size of the study was small. This may have
led to an underestimation of bleeding events. The treatment strategy
was left to the discretion of the physician. This could result in selection
bias that cannot be fully eliminated by using a propensity score. Further-
more, patients on dual antithrombotic therapy were not considered in
this study and patients were suffering a chronic kidney disease more
frequently in the TAT group.

5. Conclusions

There was no significant difference in bleeding events between the
groups. The rate of adverse events, on the other side, was not different
between the two groups either. The high rate of scaffold thrombosis in
both groups, however, is not negligible.
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Abstract: Malapposition is a common finding in stent and scaffold thrombosis (ScT). Evidence from
studies with prospective follow-up, however, is scarce. We hypothesized that incidental observations
of strut malapposition might be predictive of late ScT during subsequent follow-up. One hundred
ninety-seven patients were enrolled in a multicentre registry with prospective follow-up. Optical
coherence tomography (OCT), performed in an elective setting, was available in all at 353 (0-376) days
after bioresorbable scaffold (BRS) implantation. Forty-four patients showed evidence of malapposition
that was deemed not worthy of intervention. Malapposition was not associated with any clinical
or procedural parameter except for a higher implantation pressure (p = 0.0008). OCT revealed
that malapposition was associated with larger vessel size, less eccentricity (all p < 0.01), and a
tendency for more uncovered struts (p = 0.06). Late or very late ScT was recorded in seven of these
patients 293 (38-579) days after OCT. OCT-diagnosed malapposition was a predictor of late and very
late scaffold thrombosis (p < 0.001) that was independent of the timing of diagnosis. We provide
evidence that an incidental finding of malapposition—regardless of the timing of diagnosis of the
malapposition—during an elective exam is a predictor of late and very late ScT. Our data provide a
rationale to consider prolonged dual antiplatelet therapy if strut malapposition is observed.

Keywords: stent thrombosis; bioresorbable scaffold; optical coherence tomography

1. Introduction

Bioresorbable scaffolds (BRS) were introduced to offer transient vessel support after coronary
angioplasty while avoiding long-term risks associated with permanent metallic stents [1]. However,
the BRS with by far the most clinical experience, the everolimus-eluting Absorb BRS (Abbott Vascular,
Santa Clara, CA, USA), showed an unexpectedly high incidence of scaffold thrombosis (ScT) both early
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and late after implantation in a number of single- and multicentre observational studies [2-6] and
was ultimately removed from the market. Incomplete expansion of the BRS is believed to convey the
highest risk of early ScT and implantation techniques aimed to achieve full expansion of the device
were shown to reduce the incidence of early ScT [7]. In contrast, studies based on quantitative coronary
angiography provided evidence that undersizing (i.e., choice of a BRS smaller than the reference vessel)
is strongly associated with late adverse events [8,9]. The mechanism(s) of this association remain
speculative, however, it can be hypothesized that malapposition and the resulting disturbances in
blood flow dynamics might play a role.

While the mechanistic rationale for the association of malapposition and late stent/scaffold
thrombosis is solid [10,11], evidence to date is limited to observational studies in which malapposition
was frequently found in cases of ScT [12-16]. Therefore, the aim of this study was to investigate
whether incidental observation of scaffold malapposition would predict subsequent late and very
late ScT.

2. Methods

2.1. Objective of the Study

The hypothesis of the study was that incidental optical coherence tomography (OCT) evidence of
scaffold malapposition (observed in an elective setting and not deemed worthy of intervention at the
time of OCT) might predict the occurrence of ScT during subsequent follow-up.

2.2. Patients

Consecutive patients treated at three high-volume centres in Germany (University of Mainz;
University of Giessen; University of Erlangen) with Absorb BRS between April 2012 and March 2016
who satisfied the following criteria were included in this multicentre registry:

e  Patients had undergone elective OCT at the end of the implantation procedure, during non-target
vessel-staged procedures, or in the setting of elective invasive exams.

e In none of these patients was there evidence of ischemia in the region perfused by the vessel
treated with BRS and OCTs had been performed as elective controls after implantation of these
novel devices.

e  An experienced interventionalist (based on current experts” recommendations [17]) reviewed the
OCT and saw no clinical indication for the re-treatment of these lesions.

Patient and procedural data were entered retrospectively after inclusion in the study. Follow-up
data were acquired prospectively by trained medical staff during clinical visits and telephone interviews.
Referring cardiologists, general practitioners, and patients were contacted whenever necessary for
further information. All data were internally audited at each centre by trained local staff and were
entered retrospectively into the multicentre database in an anonymized way according to national
privacy policies and laws and following the requirements of the local ethics committees. Data were
audited centrally for consistency and plausibility and queries were generated when necessary.

2.3. Definitions

Frequency domain-OCT was performed using the [lumien Optis system (St. Jude Medical, Inc.,
Minneapolis, MN, USA). OCT imaging catheters were inserted distally to the treated segments and the
pullback was recorded until either the guiding catheter was reached or the maximum pullback length
was completed. If necessary, two sequential pullbacks were acquired to image the scaffolded segment.

OCT measurements were made offline using the QCU-CMS software (Medis, Leiden, Netherlands)
by trained staff using standardized operating procedures. Longitudinal cross-sections were analysed
at 1 mm intervals within the stented lesion and 5 mm proximally and distally to the scaffold. Among
others, the following quantitative parameters were determined: The percentage of incomplete strut
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apposition (ISA) at 1 mm intervals calculated as a percentage of the total number of malapposed
struts divided by the total number of struts; malapposition distance, length, and area; the eccentricity
index computed as the ratio between the minimum and maximum diameters; the symmetry index
defined as the difference between maximum scaffold diameter and minimum scaffold diameter divided
by the maximum scaffold diameter; presence of evaginations, peri-strut low intensity areas (PSLIA),
and microvessels. Evaginations were defined as any outwards protrusion in the luminal vessel contour
beyond the struts” abluminal surface between well-apposed struts. Strut discontinuity/disruptions
were diagnosed if there was evidence of isolated (malapposed) struts or groups of struts that did not
fit the normal circular geometry of the scaffold in one or more than one cross section by more than 33%
of the distance between the centre of gravity and the lumen. Further, cases where there was evidence
of a clear gap (frames without any strut) were also diagnosed as strut discontinuity [18].

Definitions are described in detail in [19]. Briefly, malapposition was defined as a lack of contact
of at least 1 strut with the underlying vessel wall (at least 150 um, in the absence of a side branch)
with evidence of blood flow behind the strut. It was classified as “major” malapposition if there was
evidence of at least 30% of the struts in one frame. Neovessels were defined as sharply delimitated,
signal-poor lacunae that extended over multiple contiguous frames. Peri-strut low intensity areas
(PSLIAs) were defined as homogeneous, non-signal-attenuating zones around struts that were of lower
intensity than the surrounding tissue. Peri-strut intensity was measured at the mid-strut at a depth
of 150 um from the lumen and at equal distance between two contiguous struts based on intensity
of the “key” component of the CMYK (cyan, magenta, yellow, and key) colour model based on raw
cross-sectional images. Quantitative assessment was obtained at 5 mm proximal and distal to the BRS
to measure the proximal and distal reference vessel area (RVA). RVA was calculated as the mean of
the 2 largest luminal areas 5 mm proximal and distal to the BRS edge [20]. If no meaningful value for
proximal or distal RVA was obtained, the largest luminal cross-sectional area at either end was used.
Incomplete expansion was defined as a minimum scaffold area of at least 90% in both the proximal
and distal halves of the scaffold relative to the closest reference segment.

ScT was centrally adjudicated and classified as definite, probable, and possible according to the
Academic Research Consortium criteria based on the analysis of original documents [21]. Definite ScT
required angiographic or autopsy confirmation with thrombus originating in the BRS or in the segment
5mm proximal or distal to the BRS. Probable ScT was considered to have occurred after intracoronary
stenting in the following cases: any unexplained death within the first 30 days or any myocardial
infarction—irrespective of the time after the index procedure—that is related to documented acute
ischemia in the region of the implanted BRS without angiographic confirmation, in the absence of any
other obvious cause. Possible ScT was considered to have occurred with any unexplained death from
30 days after intracoronary stenting until the end of trial follow-up.

2.4. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics (SPSS Statistics 23, IBM Deutschland
GmbH, Ehningen, Germany). Categorical data are presented as absolute numbers and percentages.
Continuous variables are given as mean (SD) or median (IQR). The frequencies of categorical variables
were compared by the Pearson chi-square test and the distribution of continuous variables was
compared by the Mann—-Whitney-Wilcoxon test. No imputation was performed. A Kaplan-Meier
curve was used to plot time-to-event curves and the hypothesis that malapposition could be associated
with incident ScT was tested using a log-rank test. Exploratory univariate and multivariable Cox
regression analysis was performed to evaluate the impact of each of the above parameters on the
occurrence of ScT. Potential covariates were prioritized for data analysis (a list of the covariates is
presented in Supplementary Tables 54-56). To address the impact of the timing of the OCT diagnosis
on the association between malapposition and ScT, the period until diagnosis of malapposition was
grouped into early (diagnosis within 48 h after implantation of BRS), mid (diagnosis from day 3 but
not later than 30 days after implantation of BRS), and late (later than 30 days after the implantation of



J. Clin. Med. 2019, 8, 580 40f12

BRS). This variable was also entered into the Cox model. The threshold for statistical significance was
p < 0.05.

3. Results

3.1. Patient Characteristics

A total of 197 patients (219 lesions) who underwent elective OCT within 353 (0-376) days after
BRS implantation were enrolled in the study (Table 1). One hundred and thirty-two patients were
treated in Mainz, 36 in Giessen, and 29 in Erlangen. Follow-up was complete (100%) at a median of
1059 (1009-1110) days, during which 7 patients presented with late or very late ScT 579 [341-623] days
after implantation and 293 (38-579) days after OCT. Diagnosis of ScT was supported by OCT-imaging
in 5 cases and was based on angiography alone in two patients.

Table 1. Baseline characteristics of the cohort.

Late or Very Late

Baseline Characteristic Scaffold Thrombosis No ScT (1 = 190) P
ScT(n=7)
Age (years) 583 +9.1 61.8 +11.9 0.37
Male Sex (%) 85.7 81.6 0.78
Hypertension (%) 100 77.9 0.16
Diabetes mellitus (%) 14.3 20.5 0.69
Current smoker (%) 439 36.8 0.74
Family history (%) 14.3 30.0 0.37
Hyperlipoproteinaemia (%) 439 47.4 0.81
Prior revascularization (%) 714 34.7 0.04 *
Prior bypass surgery (%) 0 3.7 0.06
Prior percutaneous intervention (%) 714 33.2 0.04 *
Prior stroke/TTA (%) 0 3.2 0.63
eGFR (mean + SD, ml/min) 91.4 +30.8 85.4 +20.2 0.74
Left ventricular ejection fraction (mean + SD, %) 543 +79 54 +8.2 0.96
Acute coronary syndrome (%) 714 51.4 0.30
Clinical indication
- Stable angina (%) 28.6 374 0.57
- ST-elevation myocardial infarction (%) 429 22.1 0.29
- Non-ST-elevation myocardial infarction (%) 28.6 249 0.82
- Unstable angina (%) 0 13.8 0.20
Number of vessels treated 1.6 +0.8 1.1+04 0.01*
Number of scaffolds per lesion 1.0+0 1.2+05 0.25
Number of scaffolds per patient 1.7+11 1.3+0.7 0.23
Chronic total occlusion (%) 0 6.8 047
Lesion type AHA/ACC classification B/C2 (%) 85.7 63.5 0.22
Dual antiplatelet therapy (DAPT) 0.58
- Clopidogrel (%) 14.3 31.2
- Prasugrel (%) 14.3 52.4
- Ticagrelor (%) 714 16.4

* = statistically significant; eGFR = estimated Glomerular filtration rate; AHA/ACC = American Heart
Association/American College of Cardiology.

Patients with late or very late ScT showed similar characteristics with respect to age, sex, and
cardiovascular risk profile. A history of prior revascularization was more frequent in ScT patients
(71.4% vs. 34.7%; p = 0.04). The majority of BRS were implanted in the setting of an acute coronary
syndrome (71.4% vs. 51.4%; p = 0.30) with no difference between the groups. While control patients
tended to have a higher number of scaffolds per lesion (1.0 + 0 vs. 1.2 + 0.5; p = 0.25), the number
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of treated vessels (1.6 + 0.8 vs. 1.1 + 0.4; p = 0.01) was higher in the ScT group. Parameters of lesion
complexity were comparable between the groups.

Procedural characteristics divided by the incidence of ScT are shown in Table S1. The strategy
used for implantation was not different between ScT patients and reference patients; pre-dilatation was
performed in almost all cases (100% vs. 99.5%; p = 0.85) with comparable inflation pressures (13.4 + 1.9
vs. 13.2 + 2.3 atm; p = 0.75). All ScTs (except for one, occurring during clopidogrel therapy at 38 days
after index) were observed after scheduled cessation of dual antiplatelet therapy (DAPT).

3.2. Optical Coherence Tomography (OCT) Characteristics

The timing of OCT from the index procedure is presented in Figure 1. OCT characteristics are
shown in Table 2. Total scaffold length did not differ significantly between ScT patients and reference
patients (35.4 + 29.2 vs. 27.4 + 16.5 mm; p = 0.96). At the patient level, there was no difference in
scaffold nominal diameter, however, at lesion level, scaffolds that displayed an ScT during follow-up
had a greater minimum (3.2 £ 0.22 vs. 3.0 = 0.35 mm; p = 0.01) and maximum scaffold diameter
(3.4 £0.24 vs. 3.1 + 0.34 mm; p = 0.04). In line with this, the maximum (12.3 + 2.5 vs. 9.1 £ 3.1 mm?;
p = 0.005) and minimum (6.3 + 1.0 vs. 4.8 £ 1.9 mm?; p = 0.82) lumen areas were significantly larger
in ScT patients. The incidence of PSLIA and neovessels as well as BRS asymmetry and eccentricity
were similar between ScT and reference patients (Table 2). Strut discontinuities were more frequently
observed in the ScT patients (42.9% vs. 5.9%; p < 0.001). Furthermore, uncovered (42.9% vs. 5.9%;
p <0.001) and malapposed struts (85.7% vs. 20.1%; p < 0.001) were observed significantly more
frequently in BRS that later developed ScT. Malapposition area, distance, and length were not different
in patients with compared with those without ScT.
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Figure 1. Timing of OCT from index procedure. There was no difference between patients with or
without malapposition (p = 0.871).

Baseline characteristics and procedure-related parameters of patients with and without
malapposition can be found in Tables S2 and S3 (supplementary materials). The presence of
malapposition was not associated with any of the other OCT characteristics. Patients with malapposition,
however, showed a larger lumen area (8.4 + 2.5 vs. 11.6 + 3.8 mm; p < 0.001) and more eccentricity
(0.68 + 0.09 vs. 0.61 + 0.12; p < 0.001) and tended to have uncovered struts more frequently (p = 0.06,
Table S8, supplementary materials).



J. Clin. Med. 2019, 8, 580 60of 12

Table 2. Optical coherence tomography (OCT) findings.

Late or Very Late ScT  No ScT

Optical Coherence Finding n="7 (n =190) P
Number of struts 1080 + 485 1059 + 837 0.38
Number of frames 116.1 + 84 120.4 + 49 0.24
Pullback length (mm) 19.1+8.1 211+54 0.35
Maximum lumen area (mm?) 123 +25 9.1+3.1 0.005 *
Minimum lumen area (mm?) 6.3 +1.0 48+19 0.02 *
Average lumen area (mm?) 8.96 + 1.03 6.6 +2.20 0.003 *
Maximum lumen asymmetry 0.28 £0.10 0.27 £0.11 0.82
Maximum scaffold asymmetry 0.24 £0.012 0.24 £0.09 0.91
Maximum lumen eccentricity 0.62+0.11 0.66 + 0.10 0.29
Maximum scaffold eccentricity 0.66 + 0.10 0.72 +0.08 0.07
Peri-strut low intensity area (PSLIA) (%) 20.0 54 0.18
Microvessels (%) 429 31.0 0.51
Fractures (%) 57.1 33.5 0.20
Uncovered scaffold struts (%) 429 5.8 <0.001 *
Malapposition (>30% in one frame, without side) (%) 714 15.3 <0.001 *
Any malapposition per patient (%) 85.7 20.1 <0.001 *
Malapposition length (mm) 233+15 276 £1.8 0.67
Malapposition maximum area (mm?) 1.56 + 0.69 23+19 0.64
Number of malapposed segments 1.83 £1.17 1.7 £ 0.99 0.88
Malapposition distance (mm) 0.52 +0.25 0.89 +0.77 0.22
Evagination (%) 57.1 27.5 0.08

* = statistically significant.

3.3. Analysis of the OCT Predictors of Scaffold Thrombosis

Figure 2 illustrates the relationship between OCT evidence of malapposition and subsequent ScT.
The log rank test p was <0.001.

Malapposition as predictor for scaffold thrombosis (ScT) —— No malapposition at OCT-follow up == Malapposition at OCT-follow up

1

]

Freedom from late and very late ScT

Number at risk Time from index implantation till late or very late ScT (days)
152 131 96 17
- 43 17 28 6

Figure 2. Kaplan-Meier curve illustrating the association between incidental finding of malapposition
during elective follow-up OCT and incidence of late and very late ScT.
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Multivariable Cox regression identified both malapposition diagnosed early (within 48 hours)
after the index procedure (HR = 24.1, 95% CI = 1.5-387.6, p = 0.03) and later than day 30 (HR =
20.9, 95% CI = 2.5-179.7, p < 0.001) as independent predictors of ScT. Further exploratory univariate
and multivariable Cox regression analysis (Tables S4-57, supplementary materials) showed that the
presence of malapposition (p = 0.049, hazard ratio (HR) 10.56 (1.0-110.68)) was the only independent
predictor of ScT. The presence of uncovered struts and the number of vessels treated showed a threshold
association (p = 0.05).

3.4. OCT Evidence at the Time of ScT

OCT observations at the time of ScT were collected in a separate retrospective registry. These data
are presented in Appendix A.

4. Discussion

The principal findings of this study are: (1) Malapposition was identified as predictor of late
and very late ScT in patients treated with BRS; this association was demonstrated for both “major”
malapposition (defined as evidence of at least 30% of the struts in one frame) and for any degree of
malapposition. This association was valid when malapposition was diagnosed either at implantation
or >30 days thereafter. (2) The presence of uncovered struts showed a threshold association with the
incidence of ScT during follow-up in multivariate analysis. (3) In an analysis of thrombi detected by
OCT (see supplementary materials), evidence of malapposition was more frequent in late/very late ScT
than in early ScT. This evidence was associated with larger vessel and scaffold sizes.

BRS were introduced to overcome long-term limitations of metallic stents; however, evidence from
a number of registries and randomized controlled studies showed BRS to be associated with increased
risk of both early and late ScT [2,4,22]. Importantly, early ScT was often shown to be associated with
procedural issues (including suboptimal vessel sizing and incomplete scaffold/vessel expansion) [23].
In line with this, improvement in implantation techniques proved to be associated with reduced
rates of such events [24,25]. Later, evidence was reported of late and very late ScT, i.e., at a time
when the benefits of the resorbable device over metallic stents were supposed to be realized [2,4,22].
Importantly, malapposition, often associated with strut discontinuity and uncovered struts, emerged
as the strongest association of very late ScT in OCT case series [13,15,16]. Although the mechanisms of
this form of disruption in the geometry of the scaffold remain unknown and are probably different
from case to case, the persistence of early malapposed (often uncovered) struts, or the development
of late malapposition/evaginations, both resulting in struts not being embedded in the vascular wall,
appear to be a prerequisite for evolution of adverse scaffold geometry. Similar data are also available
for metallic stents; malapposition was the leading finding in the Bern and PESTO registries of stent
thrombosis and among the three leading mechanisms in the PRESTIGE registry [26,27].

Stent malapposition results in disturbances in blood flow dynamics, adluminal areas of high shear
stress, and abluminal areas of low shear stress and recirculation [10,11]. These disturbances are in turn
associated with impaired strut coverage by endothelial cells (“strut healing”), strongly influence the
local levels of blood viscosity, and stimulate platelet activation and neointima formation [28,29] that
might amplify the supposedly higher thrombogenicity of scaffolds [30].

Despite this rationale and retrospective evidence, prospective follow-up data on the role
of malapposition in determining an increased risk of late thrombosis in BRS remain limited to
first-generation drug-eluting stents, in which the occurrence of late acquired malapposition at any time
between imaging assessment and stent thrombosis complicates any assessment. In a meta-analysis by
Hassan et al, the odds ratio for the risk of stent thrombosis in patients with diagnosed late acquired
malapposition was 6.51 (1.34-34.91); however, the data were heterogeneous, with three trials supporting
this conclusion and the other two leaning in the other direction. These considerations have a further
level of complexity with respect to BRS use, where it would be expected that the resorption of the
malapposed struts would limit their thrombogenic potential. Gomez-Lara et al. [31] performed an
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OCT sub-study of the ABSORB trial Cohort B, in which BRS having a 3 mm diameter were deployed.
The incidence of malapposed struts in vessels with a final distal maximal lumen diameter >3.3 mm
was higher than in cases in which the final lumen diameter was smaller. In addition, we previously
reported that undersizing at the time of implantation and BRS implantation in vessels larger than
3.5 mm are predictors of late/very late ScT. In contrast, oversizing and small reference vessel diameters
(RVDs) were predictors of early ScT [18]. The current data provide a possible mechanism related to
this observation, suggesting that malapposition, even when it is diagnosed incidentally and regardless
of the length of time from implantation, is a predictor of late and very late ScT and should therefore
trigger mechanical/pharmacological intervention.

In our database, total scaffold length, uncovered struts, minimum lumen area, and the number of
vessels treated did not affect the chances of ScT in our cohort, although the regression model should be
analyzed with caution as the covariate/case ratio may have led to overmodeling [32].

5. Limitations

There are several limitations associated with this study. First, its registry nature, with retrospective
collection of patients” data and prospective follow-up, has clear inherent limitations, and the evidence
provided here (particularly given the small sample size and event rate) should be seen as hypothesis
generating, particularly with regard to the exploratory multivariate analysis. A strictly prospective
study design to investigate malapposition as a causal factor of scaffold thrombosis would be complex
from an ethical perspective. OCT follow-up was not performed at fixed time points and was not
repeated, so any conclusion on the nature (early versus late acquired) of malapposition was impossible.
Further, the Bern registry emphasized the importance of the longitudinal extent of malapposition
(>1 mm) and suggested a cut-off >300 um for the strut-vessel wall distance [33]. These cases are
usually treated in the clinical routine and were not included in the present database. The present study
expands this evidence to suggest that findings of scaffold malapposition, even those that appear as
“minor” and not worthy of intervention, are indeed associated with ScT. Importantly, fluid dynamic
models demonstrate that, particularly for thick struts with quadratic profile, a smaller malapposition
distance might actually have the largest hemodynamic effect [28,29]. ScT is a complex phenomenon
in which vessel, scaffold architecture, structure, and a number of patient characteristics play a role
and it is likely that larger cohorts would have allowed identification of other clinical or procedural
parameters and possible causes and mechanisms. For our analysis, late and very late ScT were pooled.
However, all late ScT occurred at a time at which resorption would have already started and the two
groups of patients did not differ in any of the key features. The definition of strut fracture has not
yet been validated and an analysis of different types of fractures goes beyond the scope of this study:.
We therefore limited the definition of fracture to cases where discontinuity, altered geometry (see
example in the supplement data), and/or a gap within the scaffold was evident. Our data apply to
“thick strut” scaffolds; no conclusion on the importance of malapposition in (thin-strut) metallic stents
can be inferred. Finally, the cross-sectional nature of our observation does not allow mechanistic insight.
The (non-significantly) higher incidence of ST-segment elevation myocardial infarctions (STEMIs) at
index in the patients presenting with malapposition points out the importance (and complexity) of
vessel sizing in this setting.

6. Conclusions

We provide the first evidence that an incidental finding of malapposition—regardless of the timing
of diagnosis of the malapposition—during an elective exam is a predictor of late and very late ScT.
Whether mechanical correction of this finding also reduces events is unknown and will require further
studies. However, this evidence suggests that prolonging dual antiplatelet therapy in these cases
would be a prudent strategy.
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Appendix A

A.1. Retrospective Cohort: Malapposition at the Time of Scaffold Thrombosis (ScT)

Optical coherence tomography (OCT) recordings of consecutive patients with ScT were collected
in an additional retrospective registry study (Figure A1). Observations in cases of late/very late ScT
were compared with those in patients with early ScT.

Figure A1. Representative images of cases of late/very late scaffold thrombosis (ScT) (n = 9). The panels
are numbered according to the patient number. Case 1: ScT 563 days after index. The patient presented
with ST-segment elevation myocardial infarction (STEMI). Optical coherence tomography (OCT) shows
a homogeneous layer within the bioresorbable scaffold (BRS), suggestive of neointima, evidence of
white thrombus (7 o’clock), and a large signal-poor, peri-strut, low intensity area (from 1 to 5 o’clock)
with increased attenuation compatible with oedema/immature neointima. The architecture of the struts
appears to be disrupted, but no gap was evident. Case 2: ScT 349 days after index. The patient presented
with non-ST-segment elevation myocardial infarction (NSTEMI). OCT revealed malapposition (2a)
immediately contiguous to white-red thrombus (2b). In this case, the strut architecture was also altered
(2b; 1 o’clock) and there was evidence of incompletely covered struts (2a).

A.2. Results: OCT Evidence at the Time of ScT

All patients presenting with ScT in whom an OCT was performed at the three institutions were
included in a separate retrospective registry. A total of 16 patients with OCT acquisition at the time
of the ScT were identified. Five of these patients were also included in the prospective follow-up
observational group (31.3%). Seven patients of the retrospective cohort were classified as acute or
subacute and nine as late or very late ScT (563 (49) days after implantation). Representative images of


http://www.mdpi.com/2077-0383/8/5/580/s1

J. Clin. Med. 2019, 8, 580 10 of 12

the thrombi are presented in Figure A1. All ScTs were classified as definite. Patients with late or very late
ScT were more frequently female and more frequently had a history of prior revascularization. Further
baseline and procedural characteristics were similar (Tables S9 and S10, supplementary materials).

OCT findings are listed in Table S11 (supplementary materials). The majority of frames showed
evidence of thrombus (78 + 37 vs. 55% =+ 66%; p = 0.18). Incomplete expansion was seen predominantly
in cases of early ScT (83.3% vs. 12.4%; p = 0.008). Scaffold discontinuities (0% vs. 50%; p = 0.04) and
malapposition (16.7% vs. 87.5%; p = 0.008) were features of late or very late ScT. OCT parameters
expressing vessel and scaffold geometry did not differ between early and late ScT (Table S11,
supplementary materials). The initial dual antiplatelet therapy (DAPT) regimen in use when implanting
bioresorbable scaffold (BRS) was also not different (p = 0.66); however, 83% of patients developed late
or very late ScT while not on DAPT (p = 0.006 compared to early ScT cases, Table 512, supplementary
materials).
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Incidental Finding of Strut Malapposition is a Predictor of Late and Very Late Thrombosis in
Coronary Bioresorbable Scaffolds

Table S1: Procedural characteristics of the prospective follow-up observational cohort.

Late or very late ScT No ScT p
n=7) n=212)
Pre-dilatation (%) 100 99.5 0.85
Pre-dilatation: Balloon diameter (mm) 2.9+0.19 2.8+0.35 0.19
Minimum scaffold diameter per lesion (mm) 32+0.22 3.0+£0.35 0.01*
Minimum scaffold diameter per patient (mm) 3.0£0.45 3.0+£0.35 0.70
Maximum scaffold diameter per lesion (mm) 34+£0.24 3.1+£0.34 0.04*
Total scaffold length (mm) 3544292 27.4+16.5 0.96
Maximum inflation pressure scaffold deployment (atm) 13.4+£1.9 13.2+£23 0.75
Post-dilatation in all scaffolds (%) 42.9 39.5 0.86
Post-dilatation: Balloon diameter (mm) 35+0.5 331£04 0.48
Post-dilatation: Maximum inflation pressure (atm) 127+1.2 126125 0.59
Overlap (%) 0 14.2 0.28




Incidental Finding of Strut Malapposition is a Predictor of Late and Very Late Thrombosis in
Coronary Bioresorbable Scaffolds

Table S2: Baseline characteristics of patients depending on presence of malapposition.

No Malapposition Malapposition p
(n=153) (n=44)

Age (years) 61.4+11.3 62.3+12.8 0.45
Male sex (%) 78.9 90.9 0.07
Hypertension (%) 78.3 79.5 0.80
Diabetes mellitus (%) 18.4 25.0 0.34
Current smoker (%) 37.5 36.4 0.89
Family history (%) 29.6 273 0.74
Hyperlipoproteinaemia (%) 493 38.6 0.12
Prior revascularization (%) 355 38.6 0.71

Prior percutaneous intervention (%) 342 36.4 0.79
Prior stroke/TIA (%) 2.6 4.5 0.51
eGFR (mean + SD, ml/min) 84.9 +20.1 87.7+21.7 0.42
Left ventricular ejection fraction (meantSD, %) 54.1+8.7 53.6£6.0 0.27
Acute coronary syndrome (%) 50.0 58.1 0.35
Clinical indication

Stable angina (%) 38.9 39.5 0.94

ST-elevation myocardial infarction (%) 22.2 25.6 0.65

Non-ST-elevation myocardial infarction (%) 27.1 18.6 0.26

Unstable angina (%) 11.8 16.3 0.44
Number of vessels treated 1.1£0.34 1.3£05 0.07
Number of scaffolds per lesion 1.2+£0.5 12104 0.93
Number of scaffolds per patient 1.3+0.7 1.5+0.8 0.19
Chronic total occlusion (%) 7.9 2.3 0.19
Lesion type 1.9 1.8 0.42
Dual antiplatelet therapy (DAPT) 0.58

Clopidogrel (%) 30.5 31.8

Prasugrel (%) 51.7 56.8

Ticagrelor (%) 17.9 114




Incidental Finding of Strut Malapposition is a Predictor of Late and Very Late Thrombosis in
Coronary Bioresorbable Scaffolds

Table S3: Procedural characteristics depending on presence of malapposition.

No malapposition (n= | Malapposition p
153) (n=44)
Pre-dilatation (%) 99.3 100 0.58
Pre-dilatation: Balloon diameter (mm) 2.8+0.36 2.8+0.30 0.23
Minimum scaffold diameter per lesion (mm) 3.0+0.34 3.1+0.37 0.27
Minimum scaffold diameter per patient (mm) 3.0+0.34 3.0+ 0.40 0.99
Maximum scaffold diameter per lesion (mm) 3.1+0.33 3.1+0.37 0.30
Total scaffold length (mm) 26.8+16.2 30.1+19.4 0.40
Maximum inflation pressure scaffold deployment (atm) 129422 141+£2.1 0.008
Post-dilatation in all scaffolds (%) 40.1 38.6 0.85
Post-dilatation: Balloon diameter (mm) 33+0.3 33£0.5 0.31
Post-dilatation: Maximum inflation pressure (atm) 12.7+£2.7 123+0.7 0.97
Overlap (%) 12.5 15.9 0.56
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Coronary Bioresorbable Scaffolds

Table S4: Univariate analysis of baseline characteristics for primary endpoint (late or very

late ScT).
p Hazard ratio [95% CI]

Age (years) 0.43 0.98 [0.9-1.0]
Male sex (%) 0.72 1.5[0.2-12.2]
Diabetes mellitus (%) 0.68 0.64[0.1-5.3]
Current smoker (%) 0.70 1.3[0.3-6.0]
Family history (%) 0.39 0.40 [0.04-3.3]
Hyperlipoproteinaemia (%) 0.90 0.91[0.2-4.0]
Prior revascularization (%) 0.06 4.6 [0.9-24.5]
e¢GFR (meanSD, ml/min) 0.50 1.0 [0.97-1.0]
Left ventricular ejection fraction (mean £ SD, %) 0.89 1.0 [0.91-1.1]
Acute coronary syndrome (%) 0.39 2,1[0.4-10.7]
Clinical indication

Stable angina (%) 0.60 0.65[0.16-3.3]

ST-elevation myocardial infarction (%) 0.21 2.6 [0.6-11.6]

Non-ST-elevation myocardial infarction (%) 0.8 1.1 [0.2-6.2]
Number of vessels treated per patient 0.01* 3.6[1.3-9.9]
Number of scaffolds per lesion 0.46 0.07 [0-73.9]
Number of scaffolds per patient 0.25 1.4710.77-2.8]
Lesion type 0.68 1.2 [0.6-2.3]
Dual antiplatelet therapy (DAPT) 0.56 1.3 [0.5-4.0]

Table S5: Univariate analysis of procedural characteristics for primary endpoint (late or very

late ScT).

p Hazard ratio
Pre-dilatation: Balloon diameter (mm) 0.24 3.510.43-27.9]
Minimum scaffold diameter per patient (mm) 0.68 1.6 [0.19-12.8]
Total scaffold length (mm) 0.25 1.0 [0.98-1.0]
Maximum inflation pressure scaffold deployment (atm) 0.89 1.0 [0.71-1.5]
Post-dilatation in all scaffolds (%) 0.72 1.3[2.9]
Post-dilatation: Balloon diameter (mm) 0.38 3.6 [0.2-67]
Post-dilatation: Maximum inflation pressure (atm) 0.87 1.0 [0.5-1.9]
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Coronary Bioresorbable Scaffolds

Table S6: Univariate analyse of OCT findings for primary endpoint (late or very late ScT).

p Hazard ratio
Number of struts 0.88 1.0 [0.99-1.0]
Number of frames 0.95 1.0 [0.98-1.0]
Pullback length (mm) 0.33 0.90.80-1.1]
Maximum lumen area (mm?) 0.009 1.2 [1.1-1.5]
Minimum lumen area (mm?) 0.53 1.4 [1.0-2.1]
Average lumen area (mm?) 0.008 1.5[1.1-1.9]
Maximum scaffold eccentricity 0.03 0[0-0.4]
PSLIA (%) 0.21 4.0 [0.45-36.2]
Microvessels (%) 0.42 1.9 [0.42-8.3]
Fractures with gap (%) 0.003 9.7 [2.2-43.6]
Uncovered scaffold struts (%) 0.003 9.8 [2.244.0]
Malapposition (>30% of the struts in at least one frame, %) 0.004 11.4 [2.2-58.8]
Any malapposition (%) 0.005 21.3[2.6-177.1]
Malapposition length (mm) 0.47 0.8 [0.5-1.4]
Malapposition max area (mm?) 0.28 0.73 [0.4-1.3]
Number of malapposed segments 0.94 1.03 [0.5-2.2]
Malapposition distance (mm) 0.21 0.26 [0.03-2.1]
Evaginations (%) 0.16 2.910.65-13.1]

Table S7: Multivariable Cox regression analysis for primary endpoint (late or very late ScT).

P Odds ratio (95% CI)
Total scaffold length (mm) 0.67 1.0 [0.9-1.0]
Any malapposition (per patient) 0.02 13.7[1.5-124.9]
Uncovered struts 0.05 4.9[1.0-23.7]
Minimum lumen area (mm?) 0.42 1.2 [0.8-1.8]
Fractures with gap 0.99 0[0]
Number of vessels treated 0.06 17.8 [0.9-345.9]
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Coronary Bioresorbable Scaffolds
Table S8: OCT findings depending on presence of malapposition.

No malapposition (n = Malapposition p
153) (n=44)

Number of struts 1105 £ 497 991 + 499 0.15
Number of frames 121.8 £51.5 114.9+48.4 0.64
Pullback length (mm) 209+5.5 21.8+5.9 0.25
Maximum lumen area (mm?) 84+25 11.6 +3.8 <0.001*
Minimum lumen area (mm?) 46+1.8 56+2.1 0.008*
Average lumen area (mm?) 63+19 8.1+25 <0.001*
Maximum lumen asymmetry 0.27+0.11 0.30+0.12 0.069
Maximum scaffold asymmetry 0.23 +0.09 0.26+0.11 0.14
Maximum lumen eccentricity 0.73 £0.08 0.71£0.09 0.17
Maximum scaffold eccentricity 0.68 £ 0.09 0.61+£0.12 <0.001*
PSLIA (%) 6.2 6.1 0.98
Microvessels (%) 313 31.8 0.95
Fractures (%) 33.8 36.4 0.75
Uncovered scaffold struts (%) 53 13.6 0.06
Evagination (%) 23.7 45.5 0.005
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Coronary Bioresorbable Scaffolds

Table S9: Baseline characteristics of patients with ScT.

Acute or subacute ScT Late og:;ry late p
n=7) (n=9)

Age (years) 59.1£9.1 61.6+7.4 0.68
Male sex (%) 57.1 0 0.03*
Hypertension (%) 71.4 88.9 0.38
Diabetes mellitus (%) 14.3 333 0.38
Current smoker (%) 28.6 333 0.83
Family history (%) 429 333 0.70
Hyperlipoproteinaemia (%) 57.1 22.2 0.15
Prior revascularization (%) 0 66.7 0.006*

Prior percutaneous intervention (%) 0 66.7 0.006*

Prior bypass surgery (%) 0 0 n.a
Prior stroke/TIA (%) 0 0 n.a
eGFR (meantSD, ml/min) 63.1 £22.2 87.2+24.9 0.09
Left ventricular ejection fraction (meantSD, %) 475+13.7 47.7+11.8 0.95
Acute coronary syndrome (%) 85.7 77.8 0.69
Clinical indication

Stable angina (%) 14.3 222 0.68

ST-elevation myocardial infarction (%) 28.6 333 0.84

Non-ST-elevation myocardial infarction (%) 28.6 44.4 0.52

Unstable angina (%) 28.6 0 0.09
Number of vessels treated per patient 1.0+0 1.4+0.7 0.30
Number of scaffolds per lesion 1.1£0.38 1.6+1.3 0.76
Number of scaffolds per patient 1.1+£04 2115 0.14
Chronic total occlusion (%) 0 11.1 0.36
Lesion type B2/C, % 57.1 77.8 0.37
Dual antiplatelet therapy (DAPT) 0.66

Clopidogrel (%) 28.6 11.1

Prasugrel (%) 57.1 66.7

Ticagrelor (%) 14.3 222
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Table S10: Procedural characteristics in the retrospective cohort of patients with ScT.

Acute or subacute ScT Late or very late ScT p
(n=7) n=9)
Pre-dilatation (%) 85.7 100 0.24
Pre-dilatation: Balloon diameter (mm) 2.8+0.3 29+0.2 0.29
Minimum scaffold diameter per lesion (mm) 3.0+0.3 3.1+05 0.54
Minimum scaffold diameter per patient (mm) 3.0+£0.3 29+0.5 0.46
Total scaffold length (mm) 21.3+5.7 46.0 +38.8 0.41
Maximum inflation pressure scaffold deployment (atm) 146+1.5 13.8+1.2 0.29
Post-dilatation in all scaffolds (%) 57.1 55.6 0.95
Post-dilatation: Maximum inflation pressure (atm) 151+£1.9 143+£1.2 0.35
Overlap (%) 0 222 0.18
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Coronary Bioresorbable Scaffolds

Table S11: OCT findings in the retrospective cohort (OCT at the time of ScT).

Acute or subacute ScT Late og;f;ry late p
n=7) (n=9)
Number of struts 116.2 £43.0 147.5+103.1 0.66
Frames with thrombus, n 78.0 +36.6 55.0 + 66.0 0.18
Malapposed struts, n 10.0 +24.5 9.6+£9.0 0.18
Malapposed frames, n 1134277 20.1+17.9 0.18
Uncovered struts, n 186.8 +415.5 0.13+0.35 0.006*
PSLIA (% of patients) 16.7 50 0.20
Evagination (% of patients) 0 25.0 0.19
Malapposition (% of patients) 16.7 87.5 0.008*
Incomplete stent apposition area (mm?) 1.5+2.1 35£19 0.67
ISA at maximum lumen (mm?) 1550 10.9+4.9 0.67
Fractures (% of patients) 16.7 75.0 0.03*
Minimum lumen area (mm?) 2.6x2.1 44+£3.6 0.35
Maximum lumen area (mm?) 62+33 95+4.4 0.14
Maximum scaffold area (mm?) 6.7+2.7 11.1+34 0.06
Minimum scaffold area (mm?) 45428 58+£29 0.35
Incomplete expansion (% of patients) 83.3 11.1 0.008*
Length (mm) 20.2+3.7 240+ 19.1 0.54
Reference lumen area (mm?) 7.1+34 102+2.6 0.05
Minimum diameter (mm) 2.1%0.6 23+0.8 0.66
Maximum diameter (mm) 3.0+£0.8 3.7£0.9 0.14
Asymmetry index 0.3+0.1 04+0.2 0.49
Minimum eccentricity index 0.7+0.1 0.7+0.1 1.0
Neointima (% of patients) 0 37.5 0.09
Dismantling (% of patients) 0 44.4 0.04*

Percentages are expressed as % of the patients/scaffolds (some of the analyses were not possible in all segments due to the

presence of thrombus).
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Table S12: Dual antiplatelet regime in the cases in which OCT was diagnosed at the time of

ScT.
N=16 Acute or subacute scaffold Late or very late scaffold
thrombosis thrombosis
Clopidogrel 28.6 11.1
Prasugrel 57.1 66.7
Ticagrelor 14.3 222




