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Abstract 

 

ABSTRACT 

Ville Varho 
HEALING RESPONSE TO CORONARY STENTING IN ACUTE CORO-
NARY SYNDROME – Early Anatomical and Functional Healing Assessed by 
Optical Coherence Tomography and Flow Reserve 

University of Turku, Faculty of Medicine, Department of Cardiology and Cardio-
vascular Medicine, Doctoral Programme of Clinical Investigation 
Heart Center, Satakunta Central Hospital 
Heart Center, Turku University Hospital 

Annales Universitatis Turkuensis, Turku, Finland 2017 

Drug-eluting stents are associated with delayed vascular healing. Anatomical and 
functional healing of coronary arteries after balloon angioplasty with stenting was 
investigated in patients presenting with acute coronary syndrome. Bioactive stents, 
sirolimus-, zotarolimus-, and everolimus-eluting stents were compared in two ran-
domized trials with optical coherence tomography and coronary flow reserve 
measurement at 2- or 3-month follow-up after stenting. Coronary flow reserve 
measurements were obtained by invasive thermodilution and transthoracic echo-
cardiography. Variability of optical coherence tomography data was assessed be-
tween observers and sampling intervals. 

Uncovered stent struts and impaired coronary flow reserve values were detected in 
all stent groups, and a link between anatomical and functional healing was discov-
ered. Bioactive stents showed earlier and more comprehensive neointimal cover-
age, which happened at the expense of luminal narrowing. Strut malapposition oc-
curred frequently despite post-dilatation. 

Measurement of coronary flow reserve by transthoracic echocardiography was fea-
sible after stenting in the left anterior descending artery of non-diabetic patients, 
and agreement with the invasive method was good. The results confirm that non-
invasive measurement of coronary flow reserve by echocardiography can be con-
sidered for follow-up after stenting. 

The sampling interval of optical coherence tomography cross-sections had a sig-
nificant effect on the observed percentage of uncovered and malapposed struts. 
The shorter sampling interval of 0.6 mm can be used to reduce variability and 
overestimation of strut level data. 

Keywords: optical coherence tomography, stent, vascular healing, neointimal 
coverage, coronary flow reserve 



Tiivistelmä 

TIIVISTELMÄ 

Ville Varho 
SEPELVALTIMOSTENTTIEN PARANEMISVASTE SEPELVALTIMO-
TAUTIKOHTAUKSEN HOIDOSSA – varhainen anatominen ja toiminnal-
linen paraneminen valokerroskuvauksella ja virtausreservillä tarkasteltuna 

Turun yliopisto, Lääketieteellinen tiedekunta, Kardiologian ja kardiovaskulaari-
lääketieteen oppiaine, Turun yliopiston kliininen tohtoriohjelma 
Sydänkeskus, Satakunnan keskussairaala 
Sydänkeskus, Turun yliopistollinen keskussairaala 

Annales Universitatis Turkuensis, Turku, Suomi 2017 

Lääkestentteihin liittyy viivästynyttä verisuonen seinämän paranemista. Sepelval-
timoiden anatomista ja toiminnallista paranemista pallolaajennuksen jälkeen sel-
vitettiin akuutin sepelvaltimotautikohtauksen saaneilla potilailla. Bioaktiivisia 
sekä sirolimuusia, everolimuusia ja tsotarolimuusia vapauttavia stenttejä vertailtiin 
kahdessa satunnaistetussa tutkimuksessa valokerroskuvantamisella ja virtausreser-
vimittauksella 2 tai 3 kuukauden kuluttua stenttauksesta. Virtausreservimittaukset 
suoritettiin sekä kajoavalla termodiluutiomenetelmällä että kajoamattomalla kai-
kututkimuksella rintakehän päältä. Valokerroskuvantamismittausten hajontaa ver-
tailtiin havainnoijien ja otantatiheyksien välillä. 

Peittymättömiä stentin osia ja heikentyneitä virtausreserviarvoja havaittiin kai-
kissa stenttiryhmissä ja anatomisen ja toiminnallisen paranemisen välillä havaittiin 
yhteys. Bioaktiiviset stentit osoittautuivat peittyneen endoteelilla aikaisemmin ja 
kattavammin, mikä puolestaan johti suonen kaventumiseen. Huono kontakti suo-
nen seinämään oli yleistä jälkilaajennuksesta riippumatta. 

Kaikututkimus mahdollisti virtausreservin mittauksen kajoamattomasti vasemman 
laskevan haaran stenttauksen jälkitilassa diabetesta sairastamattomilla ja mittaus-
arvot korreloivat hyvin kajoavalla menetelmällä mitattujen arvojen kanssa. Tulok-
set vahvistavat, että kajoamatonta virtausreservin mittausta kaikututkimuksella 
voidaan hyödyntää stenttauksen jälkeisessä seurannassa. 

Valokerroskuvauksen otantatiheys vaikutti merkitsevästi stenttien havaittuun peit-
tymättömyyden ja malapposition osuuteen. Tiheämmällä 0,6 mm otantavälillä voi-
daan vähentää hajontaa ja peittymättömyyden yliarviointia. 

Avainsanat: valokerroskuvaus, stentti, verisuonen paraneminen, endotelisaatio, 
virtausreservi
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ACS  Acute coronary syndrome 
ASA  Acetylsalicylic acid 
AUC  Area under receiver operating characteristic curve 
BAS B ioactive stent 
BMS  Bare metal stent 
BP-BES  Biodegradable polymer biolimus-eluting stent 
BP-SES  Biodegradable polymer sirolimus-eluting stent 
CAD  Coronary artery disease 
CFR  Coronary flow reserve 
CI  Confidence interval 
CoCr-BAS  Cobalt-chromium bioactive stent 
DAPT  Dual anti-platelet therapy 
DEB  Drug-eluting balloon 
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iFR  Instantaneous wave-free ratio 
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ISA  Incomplete stent apposition 
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LAD  Left anterior descending artery 
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MLD  Minimal lumen diameter 
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OCT  Optical coherence tomography 
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1 INTRODUCTION 

Ever since the first percutaneous coronary intervention (PCI) performed by Grünt-
zig in 1977 (Grüntzig 1978), much of research in cardiology has focused on im-
proving the treatment outcomes of PCI, with drug-eluting stent (DES) currently 
being the most widely studied product in the entire medical field. 

In the early stages of PCI, procedure-related vessel occlusion due to wall dissec-
tion, elastic recoil, and vasospasm presented a major limitation to the method. The 
first coronary stent was implanted in 1987 by Sigwart (Sigwart et al. 1987) in an 
attempt to circumvent these obstacles. The method was later proven efficient in 
reducing vessel occlusion. By achieving greater immediate gain of lumen diame-
ter, stenting also resulted in fewer cases of restenosis than angioplasty alone 
(Fischman et al. 1994). The widespread use of bare metal stents (BMS) led to a 
reduction in the need for target lesion revascularization (TLR) after PCI (Farshid 
et al. 1998). 

Neointimal hyperplasia caused by the post-PCI vessel healing process and leading 
to in-stent restenosis remained a limitation to successful treatment (Hoffmann et 
al. 1996). Sirolimus- and paclitaxel-eluting stents were introduced and success-
fully employed to avoid TLR (Stone et al. 2004; Morice et al. 2002). Concerns 
over safety of DES were raised when higher rates of late and very late stent throm-
bosis (ST) were reported, leading to increased mortality (Lagerqvist et al. 2007; G. 
W. Stone et al. 2007). Pathological studies revealed, that ST was driven by incom-
plete neointimal coverage of stent struts and chronic inflammation of the vessel 
wall (Finn et al. 2007; Joner et al. 2006; Virmani et al. 2004). Discontinued dual 
anti-platelet therapy (DAPT) correlated strongly with the onset of late ST (Iakovou 
et al. 2005; Eisenstein et al. 2007), and therefore DAPT was recommended for 12 
months after DES implantation despite the scarcity of clinical evidence. 

Since then, numerous improvements to stent design have been made, and modern 
DES with biodegradable polymers, thin struts, and safer drug kinetics using evero-
limus or zotarolimus offer safety profiles similar to BMS, with lower rates of TLR 
and ST (Sarno, Lagerqvist, Fröbert, Nilsson, Olivecrona, Omerovic, et al. 2012; 
Sabate, Cequier, Iñiguez, Serra, Hernandez-Antolin, Mainar, et al. 2012; Sabaté, 
Brugaletta, Cequier, Iñiguez, Serra, Hernádez-Antolín, et al. 2014; Bønaa, 
Mannsverk, Wiseth, Aaberge, Myreng, Nygård, et al. 2016). The question of opti-
mal duration of DAPT arose again, as studies on new-generation DES have shown 
little or no association between ST and DAPT discontinuation after 1-6 months 
(Valgimigli et al. 2012; Silber et al. 2014). 
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With the arrival of novel imaging techniques, work in the catheterisation labora-
tory routinely performed under angiographic guidance is increasingly profiting 
from adjunct imaging modalities, most universally fractional flow reserve (FFR) 
(Pijls et al. 1996). Functional assessment of lesion severity by FFR helps in select-
ing the patients who benefit from stent implantation, and reduces TLR in a manner 
that is cost-efficient (Tonino et al. 2009; Layland et al. 2014; Fearon et al. 2010). 
Intravascular ultrasound (IVUS) should be used to define lesion characteristics 
prior to PCI, to assess stent expansion and apposition post-PCI, and to detect pos-
sible procedure-related complications (Hong, Mintz, Lee, Park, Choi, et al. 2006; 
Fujii et al. 2005). 

Optical coherence tomography (OCT) is an intravascular imaging modality that 
offers a resolution far superior to IVUS, and possesses higher sensitivity in detect-
ing small degrees of neointimal hyperplasia (NIH) and procedure-related compli-
cations after PCI (Suzuki et al. 2008; Kawamori et al. 2010). Despite the lower 
tissue penetrance compared to IVUS, OCT is advantageous in the analysis of strut 
coverage, as it can visualise endothelial layers of 10 µm in thickness (Tearney et 
al. 2012). Therefore, it is a valuable tool for stent follow-up to quantify the degree 
of strut coverage. The percentage of uncovered struts is a strong predictor of ST, 
and should be used as a surrogate endpoint (Giulio Guagliumi et al. 2012). 

These novel imaging modalities allow real time surveillance of procedural success 
in PCI, and can be used to investigate vascular healing in vivo. However, data on 
modern stent devices are lacking and vascular healing patterns in the early time 
frame after PCI are largely unknown. The current thesis was solicited by the need 
to address this void of clinical evidence. 
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2 REVIEW OF LITERATURE 

2.1 Devices in percutaneous coronary intervention  

2.1.1 Bare metal stents 

Early on in the history of PCI, BMSs quickly proved to be an efficient treatment 
for the acute vessel occlusion caused by intimal dissection flaps or elastic recoil 
after angioplasty (Serruys et al. 1994; Fischman et al. 1994). The obtained minimal 
lumen area (MLA) immediately after stent implantation is significantly larger than 
that after angioplasty alone, which results in a lower degree of restenosis during 
follow-up, although this result is offset in part by greater late lumen loss (LLL) 
due to NIH (Fischman et al. 1994). When comparing different DES and BMS co-
horts, LLL by quantitative coronary angiography is a more consistent marker for 
restenosis propensity than TLR, and is therefore an appropriate surrogate endpoint 
for restenosis in the research setting, although TLR is more relevant to the clinician  
(Mauri et al. 2005). 

The post-PCI intimal healing process has been described extensively (Komatsu et 
al. 1998). Thrombus formation near stent struts leads to recruitment of macro-
phages and spindle cells. Medial dissection triggers an increased inflammatory re-
sponse (Farb et al. 1999). Through a platelet derived growth factor –mediated 
mechanism, the tissue composition gradually shifts towards fibrocellular tissue 
and smooth muscle cells (Ueda et al. 1991; Tanizawa et al. 1996; Farb et al. 
1999).The resulting NIH is distributed uniformly across the length of the stent, and 
accounts for most of the LLL, as opposed to stent recoil or negative remodelling 
(Hoffmann et al. 1996). 

The stainless steel used in early BMS has given way to cobalt-chromium and plat-
inum-chromium alloys, that allow the development of stent platforms with thinner 
struts, without compromising radial strength or radiopacity, improving delivera-
bility and outcomes (Iqbal et al. 2013). Issues with biocompatibility of the stent 
alloys have provoked research into coating materials that offer lower thrombo-
genicity and tissue interaction. Gold coated BMS proved inferior to non-coated 
BMS in the inhibition of NIH (Kastrati et al. 2000). Silicon carbide coating showed 
low thrombogenicity due to reduced deposition of platelets, but these properties 
were not shown to improve clinical or angiographic outcome (Unverdorben et al. 
2003). Likewise, heparin-coated stents showed no difference in clinical outcome 
compared to BMS (Haude et al. 2003; Wöhrle et al. 2001). Titanium-nitride-oxide 
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coating of stainless steel BMS reduced platelet adhesion and NIH significantly in 
porcine models (Windecker et al. 2001). 

The TiNOX trial was initiated to evaluate the safety and efficacy of titanium-ni-
tride-oxide–coated stents, later termed bioactive stents (BAS), compared with 
BMS in humans (Windecker et al. 2005). Early results at 6 months were promising 
with a significant reduction in major adverse cardiac events (MACE) in the BAS 
group compared to the BMS group (7% vs. 27%, p=0.02) mainly driven by the 
reduced need for TLR. This result persisted up to 5 years after stent implantation 
(16% vs. 39%, p=0.03) (Moschovitis et al. 2010). IVUS at 6-month follow-up re-
vealed a significantly smaller NIH volume (18±21 vs. 48±28 mm3, p<0.0001) in 
keeping with the hypothesis of tissue interaction. 

The performance of the first BAS based on a stainless steel platform was confirmed 
against first-generation DES in trials comparing BAS with paclitaxel-eluting stent 
(PES), which showed equal rates of MACE (10.9% vs. 13.7%; p=0.40) and a lower 
incidence of myocardial infarction (MI) in the BAS group (4.5% vs. 10.3%, 
p=0.025) at one year (Karjalainen et al. 2006). The reduction in the incidence of 
recurrent MI was accentuated in patients presenting with acute coronary syndrome 
(ACS): the 2-year rate of MI was 5.1% in the BAS group versus 15.6% in the PES 
group (p<0.001) (Karjalainen et al. 2009). 

New-generation BAS make use of the cobalt-chromium alloy that allows thinner 
struts. Initial findings suggest a very low rate of MACE: target lesion failure 
(TLF), defined as a composite of cardiac death, target vessel MI, or ischemia-
driven TLR, occurred in 6.3% at 1 year (Karjalainen, Mikkelsson, et al. 2016). 

2.1.2 Drug-eluting stents 

The first-generation DES based on stainless steel platforms coated with a thick 
layer of durable polymer, offering slow release of anti-proliferative drugs, siroli-
mus and paclitaxel (Stone et al. 2004; Morice et al. 2002). Compared to BMS, they 
were extremely successful in terms of LLL, which was reflected in decreased need 
for TLR. 

The efficacy of first-generation DES was demonstrated in a large meta-analysis 
comprising 18,023 patients from 38 trials comparing sirolimus-eluting stents 
(SES) and PES against BMS; the number needed to treat with SES or PES to pre-
vent TLR were 7 and 8, respectively, compared to BMS. No difference in mortality 
was observed, although the risk of late ST was significantly greater with PES when 
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compared to BMS or SES (hazard ratio (HR) 2.11, 1.19-4.23, p=0.017). (Stettler 
et al. 2007) 

The HORIZONS-AMI trial was conducted to elucidate optimal treatment strate-
gies in ST-segment elevation myocardial infarction (STEMI) (Stone et al. 2009). 
In 3006 patients presenting with STEMI treated with PES or BMS, TLR was sig-
nificantly reduced in the PES arm (5.8% vs. 8.7%, p=0.006), with equal rates of 
death (3.5% vs. 3.5%) at 1-year follow-up. The study also acknowledged the lim-
itation of previous trials that routine follow-up angiography increases the diagnosis 
of in-stent restenosis and the rate of TLR; completing clinical follow-up before 
scheduled angiography resulted in a lower overall rate of TLR. 

DES implantation showed greatest advantage in reducing TLR in high-risk patient 
groups with long lesions (Applegate et al. 2009). Early DES were associated with 
a high incidence of incomplete stent apposition (ISA) on IVUS, which in serial 
follow-ups was primarily attributed to late acquired ISA due to positive remodel-
ling, as opposed to underexpansion of the stent (Cook et al. 2007; Hong, Mintz, 
Lee, Park, Park, et al. 2006). Arterial remodelling can be readily appreciated in 
serial IVUS by measuring the cross-sectional area of the external elastic mem-
brane, which is visualised clearly at the echolucent media-adventitia border 
(Nissen & Yock 2001). Positive remodelling leading to ISA was also observed in 
patients treated with BMS (Tanabe et al. 2005). 

Concerns arose in 2007 over the safety of DES due to the reports on late acquired 
ISA, which was linked to very late ST (Cook et al. 2007). Studies based on large 
databases, notably the SCAAR registry, revealed higher rates of late and very late 
ST after 3–4 years of follow-up, leading to increased mortality rates, which was 
partly offset by the reduction in in-stent restenosis  (Lagerqvist et al. 2007; G. W. 
Stone et al. 2007; G. G. W. Stone et al. 2007). The difference in the incidence of 
ST became statistically significant only after the first year: while there were no 
reported cases of very late ST from 1 to 4 years in patients treated with BMS, five 
events occurred in patients treated with SES (p=0.025 compared to BMS) and nine 
events in patients treated with PES (p=0.028) (G. W. Stone et al. 2007). The BAS-
KET trial observed similarly increased rates of ST in DES vs. BMS (2.6% vs. 
1.3%) associated with discontinuation of clopidogrel between months 7 and 18 
(Pfisterer et al. 2006). 

Interest in neointimal coverage of DES was aroused by OCT, which for the first 
time allowed the visualisation of thin neointimal layers covering stent struts. Serial 
OCT follow-up after PES implantation showed that most of the neointimal cover-
age develops during the most proliferative first 3 months of the healing response, 
after which little or no further NIH developed, and no difference was seen in the 
percentage of uncovered struts (3.77% vs 3.02% at 3 and 9 months, respectively) 
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(G. Guagliumi et al. 2012). In contrast, the resolution and development of ISA 
continued up to 9 months (G. Guagliumi et al. 2012). 

2.1.3 New generation drug-eluting stents 

Further iterations of early DES and BMS have spawned new generations of DES, 
employing more durable and biocompatible metal alloys, thin-strut platforms, bi-
odegradable drug polymers, and safer drugs. Additionally, directional drug deliv-
ery to the vessel wall using abluminal drug polymer coating has been suggested to 
attenuate NIH proliferation without compromising early endothelial coverage of 
the adluminal strut surface (de la Torre Hernández, Tejedor, Camarero, Duran, 
Lee, Monedero, et al. 2016). Development in the regulation of drug delivery strives 
to reconcile inhibition of NIH thickening and facilitation of strut coverage. 

Biodegradable polymer everolimus-eluting stents (EES) have been proven effi-
cient in progressive reductions in the incidence of TLR (2.1% vs. 5.0%) at 1-year, 
definite or probable ST (1.3% vs. 2.8%) at 2-year, and mortality (9% vs. 12%) at 
5-year follow-up compared to cobalt-chromium BMS (Sabate, Cequier, Iñiguez, 
Serra, Hernandez-Antolin, Mainar, et al. 2012; Sabaté, Brugaletta, Cequier, 
Iñiguez, Serra, Hernádez-Antolín, et al. 2014; Sabaté, Brugaletta, Cequier, 
Iñiguez, Serra, Jiménez-Quevedo, et al. 2016). 

An observational study of the SCAAR registry reported decreased rates of TLR, 
definite ST, and mortality compared to first-generation DES and BMS (Sarno, 
Lagerqvist, Fröbert, Nilsson, Olivecrona, Omerovic, et al. 2012). In a large meta-
analysis of randomized controlled trials (RCT) comparing BMS, first-generation, 
and second-generation DES, cobalt-chromium EES were the only DES with a risk 
of ST lower than BMS (Palmerini et al. 2012). The NORSTENT trial, a RCT com-
paring 9013 patients treated with second-generation DES vs. BMS, reported de-
creases in the incidence of ST at 6-year follow-up (0.8% vs. 1.2%, respectively, 
p=0.0498) as well as TLR (16.5% vs. 19.8%, respectively, p<0.001) (Bønaa et al. 
2016). The number needed to treat with DES instead of BMS to prevent one TLR 
was 30 in 6-year follow-up. 

2.1.4 Stent polymers 

Coating materials of coronary stents are subject to demanding conditions in a dy-
namic environment. In addition to the required mechanical properties and blood 
compatibility (i.e. low thrombogenicity), long-term safety is dependent on the ab-
sence of rejection and toxicity. (van der Giessen et al. 1996) 
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Local hypersensitivity reaction and chronic inflammation have been identified as 
the cause for aneurysmal vessel dilatation and late acquired ISA occurring in pa-
tients with very late ST after SES implantation (Virmani et al. 2004). The inflam-
matory response with eosinophil involvement around DES struts gave reason to 
suggest that the persisting polymer plays a role in the multifactorial causality re-
lated to ST (Joner et al. 2006). The same histopathological findings were present 
with several polymer coatings, both durable and biodegradable, in the absence of 
eluted drug (van der Giessen et al. 1996). 

The LEADERS trial, a large RCT on 2472 lesions in 1707 patients comparing bi-
odegradable polymer biolimus-eluting stents (BP-BES) with first-generation SES, 
showed identical rates of ST during the first year, but a significantly lower risk of 
very late definite ST in the BP-BES group (HR 0.20, 95% confidence interval (CI) 
0.06–0.67, p=0.004) (Stefanini et al. 2011). The OCT substudy of 46 patients at 9-
month follow-up revealed significantly fewer uncovered struts in the group treated 
with BP-BES (0.6% vs. 2.1%, p=0.04) (Barlis, Regar, et al. 2010). In contrast, 
recent data from 3490 patients in the BIO-RESORT trial showed no difference in 
the incidence of target lesion failure or ST between BP-BES, biodegradable poly-
mer zotarolimus-eluting stents (BP-SES) and durable polymer zotarolimus-eluting 
stents (DP-ZES) at 12 months (von Birgelen, Kok, van der Heijden, Danse, 
Schotborgh, Scholte, et al. 2016). 

Abluminal drug coating has been used to achieve unilateral drug delivery and ear-
lier neointimal coverage (de la Torre Hernández, Tejedor, Camarero, Duran, Lee, 
Monedero, et al. 2016). Implantation of 60 platinum-chromium everolimus-eluting 
stents (PtCr-EES) revealed a low percentage of uncovered struts by OCT (5.5% at 
3 months and 3.4% at 6 months), with most of the uncovered struts occurring at 
sites of malapposition (de la Torre Hernández, Tejedor, Camarero, Duran, Lee, 
Monedero, et al. 2016).  

2.1.5 Drug-eluting balloons 

Drug-eluting balloons (DEB) have been used effectively to treat in-stent restenosis 
after DES or BMS implantation, which is reflected in the ESC guidelines as a class 
IA recommendation (Table 1) (Kolh, Windecker, Alfonso, Collet, Cremer, Falk, 
et al. 2014). In a large meta-analysis of trials comparing DEB, DES and angio-
plasty alone, DEB and DES prevented TLR (Lee et al. 2015). DEB also showed a 
trend towards preventing MI compared to DES and angioplasty alone, but the dif-
ference did not reach statistical significance (Lee et al. 2015). 
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Observational studies have shown the feasibility of DEB for the treatment of de 
novo lesions in small vessels (2.5mm reference diameter), resulting in TLR rates 
ranging from 1% at 9 months to 3.4% at 6 months (Wöhrle, Zadura, Möbius-
Winkler, Leschke, Opitz, Ahmed, et al. 2012; Bondesson, Lagerqvist, James, 
Olivecrona, Venetsanos & Harnek 2012). Treatment of small vessels with DEB 
alone was proven non-inferior to PES in a RCT with 2-year follow-up (Naganuma, 
Latib, Sgueglia, Menozzi, Castriota, Micari, et al. 2015). DEB can also be used in 
conjunction with DES implantation as a hybrid approach in long lesions 
(Costopoulos, Latib, Naganuma, Sticchi, Figini, Basavarajaiah, et al. 2013). Treat-
ment with DEB alone brings the advantage of a short DAPT duration of 1 month. 

Due to the chronic inflammation and uncovered struts exhibited by DES, it was 
hypothesised that DEB before BMS implantation might improve the outcome after 
STEMI, as drug polymer would be absent and drug distribution more homogenous. 
However, DEB before BMS implantation resulted in a rate of uncovered struts and 
endothelial dysfunction higher than BMS alone and comparable to DES implanta-
tion. Furthermore, DEB failed to decrease the amount of NIH or LLL compared to 
BMS alone, and both clinical and angiographic results were inferior to DES. 
(Belkacemi et al. 2012)  

Table 1 Relevant ESC guidelines for PCI.  

Recommendation Class Level 
Drug-coated balloons for the treatment of in-stent restenosis (with BMS or 
DES) 

I A 

FFR to identify hemodynamically relevant coronary lesions when evidence 
of ischemia is not available 

I A 

FFR to guide PCI in patients with multivessel disease IIa B 
IVUS in selected patients to optimize stent implantation  IIa B 
IVUS to assess severity and optimize treatment of unprotected left main 
lesions 

IIa B 

IVUS or OCT to detect stent-related mechanical problems IIa C 
OCT in selected patients to optimize stent implantation IIb C 

(Kolh, Windecker, Alfonso, Collet, Cremer, Falk, et al. 2014) 

2.1.6 Bioresorbable vascular scaffolds 

BVS have been designed to prevent vessel closure by scaffolding the vessel wall 
throughout the acute and subacute phase. After this, as neointimal healing is com-
plete and positive remodelling begins to take place, the device serves no further 
purpose and deliberate bioresorption occurs, hypothetically eliminating the risk of 
chronic inflammation and late ST (Iqbal et al. 2014). 
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The ABSORB trials have given critical information on a novel everolimus-eluting 
polymer-based BVS designed to support the vessel wall for the first year after im-
plantation, after which complete bioresorption of the device takes place over the 
following years (Ellis et al. 2015; Serruys et al. 2014). 2008 BVS implanted in a 
randomised fashion in patients with stable or unstable coronary artery disease 
(CAD) were non-inferior to EES for TLF, the lesion-specific composite endpoint 
of cardiac death, target vessel MI, or ischemia-driven TLR (7.8% vs. 6.1% respec-
tively) at 1-year follow-up (Ellis et al. 2015). IVUS showed enlargement of mean 
lumen, scaffold, plaque and vessel area up to two years, implying positive remod-
elling. Recent 3-year results in 468 patients revealed increased TLF in the BVS 
group compared to EES (10% vs. 5%, respectively), higher LLL (0.37mm vs. 
0.25mm, respectively), and no improvement in vasodilatory response to nitrates 
(Serruys, Chevalier, Sotomi, Cequier, Carri??, Piek, et al. 2016). Eight patients 
with BVS had definite ST and one had probable ST, of which 6 occurred between 
1–3 years; incidence of ST was 3% in contrast to none in EES, making the poly-
mer-based BVS highly unappealing (Serruys, Chevalier, Sotomi, Cequier, Carri??, 
Piek, et al. 2016). Considering the promising 1-year clinical results, it appears that 
the long resorption time of the scaffold material with 150µm strut thickness plays 
a key role in the poor vascular healing. 

BVS based on a second generation magnesium platform and covered with a siro-
limus-eluting poly-L-lactide drug polymer were studied in the BIOSOLVE-II 
study (Haude, Huseyin Ince, et al. 2016; Haude, Hüseyin Ince, et al. 2016). In 
contrast to polymeric BVS, the magnesium scaffold was shown to dissolve rapidly 
through oxidation and absorption of the magnesium ions, with only 5% of the mag-
nesium left at 1 year (Haude, Hüseyin Ince, et al. 2016). The 12-month clinical 
outcome was excellent, with 3.4% incidence of TLF (95% CI 0.9–8.4) and no ST 
(Haude, Huseyin Ince, et al. 2016). No progress in LLL was seen from 6 to 12 
months, although a decrease in MLA from 4.58 mm2 to 4.19 mm2 was seen in an 
OCT substudy of 11 patients, (p=0.032) (Haude, Huseyin Ince, et al. 2016). Fur-
ther improvements in radial strength and strut thickness could make BVS the future 
PCI treatment of choice, but this requires large RCT data to verify clinical out-
comes. 
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2.2 Stent thrombosis 

2.2.1 Pathogenesis and risk factors 

According to ARC consensus standardised definitions, ST should be identified 
based on different levels of evidence and timing of the event (Cutlip et al. 2007). 
Definite ST requires evidence on angiography, thrombectomy, or autopsy and can 
be occlusive or non-occlusive. This category is highly specific, but may not be 
sufficient to capture the rare occurrences of ST in the setting of clinical trials. Any 
unexplained death within 30 days of stenting, or MI of the stented vessel territory 
at any time point in the absence of a known cause is categorised as probable ST. 
Any unexplained death >30 days after stenting is a possible ST for the purposes of 
clinical follow-up. Reporting of both definite and probable ST is recommended in 
studies on stent safety. (Cutlip et al. 2007) 

ST can be termed acute (within the first 24 hours), subacute (1 to 30 days), late (1 
to 12 months), or very late (>1 year) (Cutlip et al. 2007). The temporal classifica-
tion of ST also correlates with the pathophysiology: the majority of ST occur early 
(acute or subacute) and are invariably related to procedure-related factors or inad-
equate antiplatelet therapy (Cutlip et al. 2001; Iakovou et al. 2005; Uren et al. 2002; 
Andrew T.L. Ong et al. 2005). The most consistently documented risk factors of 
late ST are DAPT interruption, delayed neointimal coverage, and ISA (Andrew T 
L Ong et al. 2005; Parodi et al. 2013). The factors leading to very late ST are poorly 
known (Cutlip et al. 2007). 

Acute or subacute ST is nearly always the consequence of a procedure-related 
complication (Cutlip et al. 2001). Patients who suffered an acute or subacute ST 
after BMS implantation had underexpansion, ISA, plaque prolapse, dissection, or 
thrombus detectable on post-PCI IVUS in 94% of cases, which was visible on an-
giography in only 32% of the cases (Uren et al. 2002). Localized medial dissection 
is a procedure-related adverse event leading to high rates of subacute stent throm-
bosis (Komatsu et al. 1998). In-stent dissection was present in 98% of patients with 
ACS immediately after treatment with DES, and edge dissection in 27-37% (De 
Cock et al. 2014). Eight percent of detected in-stent dissections are visible by OCT 
at 9 months, and edge dissection persists in 27-30% of lesions (De Cock et al. 
2014). Whereas subacute ST was related to underexpansion, late and very late ST 
are more often associated with ISA and uncovered struts (Parodi et al. 2013). ISA 
and complex vessel morphology cause disturbances in flow and shear stress, which 
induces downregulation of native anticoagulants and stagnation of activated plate-
lets (Chatzizisis, Coskun, Jonas, Edelman, Feldman & Stone 2007). 



 Review of literature 21 

Early DES were characterized by high rates of late acquired ISA, which is a well-
recognized substrate for very late ST (Cook et al. 2007). Post-mortem studies have 
pointed towards local hypersensitivity and chronic inflammation as the cause for 
positive remodelling and late acquired ISA occurring in patients with very late ST 
after SES implantation (Virmani et al. 2004). However, prospective IVUS studies 
have not been able to demonstrate a correlation between the rare occurrences of 
ISA and late or very late ST (Steinberg et al. 2010). 

2.2.2 Antiplatelet therapy 

Early clinical trials on BMS implantation were complicated by alarmingly high 
rates of early stent occlusion due to acute of subacute ST (23%), which led to the 
adoption of various anticoagulation strategies involving heparin, acetylsalicylic 
acid (ASA), dipyridamole, and vitamin K antagonists (Serruys et al. 1991). Sub-
sequent RCT data on drug regimens showed that a combination of ticlopidine and 
ASA prevented ST more efficiently than ASA alone or a combination of ASA and 
anticoagulation with heparin or vitamin K antagonists (Leon et al. 1998; Schömig 
et al. 1996; Bertrand et al. 1998; Urban et al. 1998). Clopidogrel in combination 
with ASA resulted in fewer bleeding complications than the combination of 
ticlopidine and ASA, which led to the widespread use of DAPT with a 1-month 
regimen of clopidogrel and ASA (Bertrand et al. 2000). The incidence of ST was 
thus reduced to a level <1.0%, although it was associated with a 64.4% rate of 
death or MI, making it a rare but serious complication (Cutlip et al. 2001). The 
median time to ST after PCI was 1 day (Cutlip et al. 2001). 

Later investigation into the effects of clopidogrel on platelet reactivity revealed 
considerable variability after standard clopidogrel treatment in patients undergoing 
elective PCI, and high pre-treatment platelet reactivity was identified as the most 
important factor leading to impaired antithrombotic protection (Gurbel, Bliden, 
Hiatt & O’Connor 2003). High platelet reactivity defined as >208 P2Y12 reaction 
units in VerifyNow point-of-care assays was observed in 42.7% of patients under 
DAPT with clopidogrel and ASA. This group of patients was at a significantly 
higher risk of ST at 1-year follow-up compared to patients without high platelet 
reactivity (1.3% vs. 0.5%, HR 2.54 [95% CI 1.55–4.16], p=0.0002) despite unin-
terrupted DAPT. High platelet reactivity was inversely related to bleeding (HR 
0.65 [0.43–0.99], p=0.04) (Stone et al. 2013). 

Prasugrel and ticagrelol were derived from further iterations on P2Y12 inhibitor 
drug design with better anti-ischemic efficiency. The PLATO study was a large 
RCT comparing ticagrelol with clopidogrel in 18624 patients with ACS, where 
ticagrelol reduced the rate of MI, stroke or death from vascular causes at one year 
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from 11.7% to 9.8%, albeit with an increase in major bleeding unrelated to bypass 
surgery (Wallentin, Becker, Budaj, Cannon, Emanuelsson, Held, et al. 2009). A 
similar study on prasugrel yielded comparable results, with a reduction from 
12.1% to 9.9% in the composite endpoint, and an increase in major bleeding 
(Wiviott, Braunwald, McCabe, Montalescot, Ruzyllo, Gottlieb, et al. 2007). Alt-
hough this effect is mainly produced by faster onset of action and reversible P2Y12 
binding, recent findings suggest, that ticagrelol also has adenosine-mediated car-
dioprotective properties (Vilahur, Gutiérrez, Casani, Varela, Capdevila, Pons-
Lladó, et al. 2016). 

The rate of ST was deemed acceptable, until frequent cases of late and very late 
ST were reported in patients treated with DES exhibiting incomplete neointimal 
coverage and chronic inflammation (Finn et al. 2007; Joner et al. 2006; Virmani et 
al. 2004). Prospective cohort studies from the first-generation DES era showed 
evidence of a 1.3–1.7% cumulative incidence of definite or probable ST, mainly 
augmented by late ST at a rate ranging from 0.35% (95% CI 0.17%-0.72%) 
(Andrew T L Ong et al. 2005) to 0.5–0.8% (Iakovou et al. 2005). Late ST was 
strongly associated with premature DAPT discontinuation, but occurred also in 
patients who were clinically stable on long-term aspirin therapy.  

Studies on new generation DES have reported ST rates that were lower compared 
to BMS and first-generation DES, and caused a paradigm shift in ST risk reduction 
(Palmerini et al. 2012; Stefanini et al. 2011; Baber et al. 2011). In a post hoc anal-
ysis of the pooled RESOLUTE dataset, DAPT discontinuation during the first 
month after DP-ZES implantation led to a 3.61% incidence of ST (compared to 
0.84% with uninterrupted 12-month DAPT), but no correlation was observed be-
tween ST and DAPT discontinuation between 1 and 12 months (Silber et al. 2014). 
Comparison between a polymer-free biolimus-coated stent and a modern BMS in 
LEADERS FREE, a RCT on 2432 patients at high bleeding risk on 1-month 
DAPT, showed similar rates of definite or probable ST in 1-year follow-up (2.0 % 
vs. 2.2%, respectively) (Urban, Meredith, Abizaid, Pocock, Carrié, Naber, et al. 
2015). RCT have shown no difference in the incidence of ST between 6-month 
and 12-month (Schulz-Schüpke et al. 2015), 6-month and 24-month (Valgimigli et 
al. 2012), 12-month and 24-month (Lee, Ahn, Park, Kang, Lee, Kim, et al. 2014) 
or 3-month and 12-month (Feres et al. 2013) DAPT; however prolonged DAPT 
beyond 1 year up to 30 months significantly reduced the risks of ST and MI, but 
was associated with an increased risk of bleeding and all-cause mortality (Mauri, 
Kereiakes, Yeh, Driscoll-Shempp, Cutlip, Steg, et al. 2014). These findings were 
confirmed in meta-analysis, where DAPT discontinuation caused no increase in 
the risks of ST or MI, until after the first 12 months, where prolonged DAPT was 
associated with a reduction in non-stent-related MI and a minor effect on ST 
(D’Ascenzo, Moretti, Bianco, Bernardi, Taha, Cerrato, et al. 2016). Any possible 
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effect on mortality may have been offset by the increase in major bleeding. With 
modern DES, the benefits of DAPT beyond 3 months appear not to surpass the 
risks in patients at high risk of bleeding. 

The PARIS registry is an observational all-comers study of 5018 patients, where 
adherence to DAPT after PCI with stenting was linked to MACE and ST in 2-year 
follow-up (Mehran et al. 2013). Recommended, physician-directed DAPT discon-
tinuation was associated with a lower risk of MACE (0.63, 95% CI 0.46–0.86, 
p=0.004) with no difference in the risk of definite or probable ST (0.92, 95% CI 
0.53–1.58, p=0.748) compared to patients under uninterrupted DAPT for 2 years. 
Most of the ST (80%) occurred during DAPT. Temporary interruption of DAPT 
due to surgery did not increase the risk of MACE or ST. Permanent cessation of 
DAPT due to bleeding complication or non-compliance increased the risk of 
MACE significantly; the effect was highest for the first 7 days, but attenuated over 
30 days. Interruption or cessation of DAPT was associated with an increase in the 
risk of MACE from 5.7% to 8.4% and ST from 0.5% to 1.1% in 2-year follow-up 
(Mehran et al. 2013). An individualized approach to risk assessment remains cru-
cial to the optimization of DAPT duration after stenting. 

2.3 Invasive imaging of coronary arteries 

2.3.1 Intravascular ultrasound 

2.3.1.1 Introduction 

IVUS was first successfully employed in 1990 to give additional information on 
coronary morphology and luminal dimensions (Davidson et al. 1990). In addition 
to good agreement with digital subtraction angiography, it revealed atherosclerotic 
plaques that were undetectable in angiography. Compared to histology IVUS ac-
curately identifies plaque characteristics, luminal dimensions and intimal dissec-
tions, whereas assessment by angiography frequently underestimates percent area 
stenosis (Tobis et al. 1991). In reference segments where the vessel wall appeared 
normal on angiography, atheroma occupied 35% of cross-sectional lumen area on 
average on IVUS. Despite the independent value of IVUS, it should be considered 
supplemental to angiography rather than an alternative, as angiography is still the 
most important imaging method to quickly assess coronary anatomy and to guide 
therapy (Nissen & Yock 2001). 
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IVUS is performed by introducing an imaging catheter ranging from 2.6 to 3.5 
French past the coronary lesion of interest and performing a motorised pullback to 
scan the segment. Imaging catheters exist in two types: mechanically rotated sys-
tems utilise a single-element ultrasound transducer at the tip of the catheter rotated 
at 1800 rpm and achieve greater resolution due to frequency of 40-45 MHz (Nissen 
& Yock 2001). Electronic solid-state systems use a multi-element annular array of 
64 transducers around the catheter activated sequentially at 20 MHz, resulting in 
inferior image quality, but lacking the rotational distortion artefacts of the single-
element catheter (McDaniel et al. 2011). The axial resolution of IVUS is dependent 
on the frequency used, and varies between 100-150 µm (Waksman et al. 2013). 

Intravascular imaging has been suggested as a tool providing useful information 
to guide PCI. IVUS may be used prior to PCI to define lesion characteristics, and 
in post-PCI assessment to detect stent underexpansion, malapposition, and possi-
ble procedure-related complications (Hong, Mintz, Lee, Park, Choi, et al. 2006; 
Fujii et al. 2005). IVUS-guided new-generation DES implantation reduces the 
need for target lesion revascularization in long, complex lesions by detecting un-
derexpansion (Hong et al. 2015). Percent atheroma volume measured by IVUS and 
the increase thereof were both strong predictors of MACE and TLR at 2-year fol-
low-up, and should therefore be useful surrogate endpoints in research of anti-ath-
erosclerotic therapies (Nicholls et al. 2010). 

2.3.1.2 Assessment of stenosis severity 

Area stenosis is defined on IVUS as the difference between the reference luminal 
area and MLA, expressed as a percentage of the reference area (McDaniel et al. 
2011). The external elastic membrane can be visualised easily at the echolucent 
media-adventitia border, and is therefore used in preference to the echo-silent me-
dia as a reference for the assessment of plaque burden (Nissen & Yock 2001). The 
external elastic membrane, however, is subject to arterial remodelling, thus making 
plaque burden unreliable for the assessment of stenosis severity (McDaniel et al. 
2011). 

Briguori et al. performed a study comparing IVUS to FFR in the assessment of the 
functional severity of intermediate lesions (Briguori et al. 2001). In regression 
analysis, percent area stenosis (r = −0.58, p <0.001), minimal lumen diameter 
(MLD) (r = 0.51, p <0.001), and MLA (r = 0.41, p <0.004) showed a significant 
correlation with FFR. Areas stenosis >70% (sensitivity 100%, specificity 68%), 
MLD ≤1.8 mm (sensitivity 100%, specificity 66%), and MLA ≤4.0 mm2 (sensitiv-
ity 92%, specificity 56%) were established as the best cut-off values to fit with a 
FFR <0.75. Combining the criteria of both percent area stenosis and MLD made 
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the IVUS examination more specific (sensitivity 100%, specificity 76%) (Briguori 
et al. 2001). A more recent study with a similar research setting reported that MLA 
≥2.4 mm2 excludes abnormal FFR (<0.80) with great certainty (negative predictive 
value 96%), but when MLA <2.4mm2, poor specificity limits its usefulness for 
physiological assessment of stenosis severity (Kang et al. 2011). 

Deferral of revascularisation of intermediate lesions gave excellent results when 
MLA was ≥4.0 mm2 (Abizaid et al. 1999), which was also highly predictive of 
coronary flow reserve (CFR) ≥2.0 (accuracy 89%) (Abizaid et al. 1998). For the 
assessment of lesion severity FFR remains the gold standard, and current ESC 
guidelines recommend IVUS only for optimization of PCI (Table 1).  

2.3.1.3 Intravascular ultrasound in the left main coronary artery 

The assessment of stenosis severity is challenging particularly in left main coro-
nary artery stenoses, where hemodynamically significant stenoses may manifest in 
a wide range of angiographic findings, even <30% diameter stenosis on quantita-
tive coronary angiography (Hamilos et al. 2009; de la Torre Hernandez et al. 2011). 
Functionally significant stenoses (FFR<0.75) can be detected accurately using 
IVUS-derived MLD of 2.8mm (93% sensitivity and 98% specificity) or MLA of 
5.9mm2 (93% sensitivity and 95% specificity) (Jasti et al. 2004). MLD and MLA 
seem to be more reliable parameters than percent stenosis, as the measurement of 
reference vessel diameter in the left main is afflicted by numerous sources of error 
(de la Torre Hernandez et al. 2011). Deferral of revascularisation in left main ste-
nosis with MLA ≥7.5mm2 resulted in favourable outcomes (Fassa et al. 2005). 
Following a larger study using MLA of 6 mm2 as the cut-off (de la Torre 
Hernandez et al. 2011), the lower cut-off of 6 mm2 was established; however FFR 
remains the best parameter for functional assessment of left main stenosis severity, 
and IVUS is recommended only after the indication for revascularisation is estab-
lished, as it is far superior to FFR in the characterisation of lesion and reference 
vessel data (Montalescot et al. 2013). The benefit of IVUS in the treatment of left 
main stenoses is in the guidance of DES implantation, as evidenced by the de-
creased mortality rate compared to angiography guidance in the MAIN-COM-
PARE registry (Park et al. 2009). 

2.3.1.4 Intravascular ultrasound guidance in stenting 

In a meta-analysis of 7 RCT comparing IVUS-guided against angiography-guided 
BMS implantation in the pre-DES era, the use of IVUS to accurately measure the 
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lumen calibre and detect ISA requiring post-dilatation resulted in a significantly 
greater post-PCI MLA. At 6-month follow-up, in-stent restenosis was reduced sig-
nificantly (22% vs 29%, odds ratio 0.64, 95% CI 0.42 to 0.96, p=0.02), as was 
TRL (13% vs 18%, odds ratio 0.66, 95% CI 0.48 to 0.91, p = 0.004) with no dif-
ference in the incidence of MI or mortality at a follow-up ranging from 6 months 
to 2.5 years (Parise et al. 2011). In a more recent RCT of DES implantation in 
complex lesions, improvement was seen in MLA, but not in the 2-year clinical 
outcome (Chieffo et al. 2013). In agreement with these findings, another study with 
a similar protocol showed no difference in 18-month clinical outcome between 
DES implantation with IVUS guidance or standard high-pressure post-dilatation 
(Jakabčin et al. 2010). It appears that the reduction of LLL achieved by the emer-
gence of DES has eliminated the need for MLA maximization using IVUS guid-
ance (Gerber & Colombo 2008). 

Along with increased concern over late and very late ST after DES implantation, 
studies on large propensity score matched populations have suggested that IVUS 
guidance reduces the incidence of ST (Roy et al. 2008; Witzenbichler et al. 2014). 
A substudy from the ADAPT-DES registry reported lower 1-year rates of definite 
or probable ST associated with IVUS guidance compared with angiography alone 
(0.6% versus 1.0%, HR 0.40, p =0.003) (Witzenbichler et al. 2014). The composite 
endpoint of cardiac death, MI, or ST was also significantly reduced (3.1% versus 
4.7%; HR 0.70; p=0.002). This reduction was stronger in high-risk patients with 
ACS or complex lesion morphology such as three-vessel disease, calcification, bi-
furcation, in-stent restenosis, or left main disease, but was present in all patient 
subgroups (Witzenbichler et al. 2014). A smaller study with very similar patient 
characteristics also found a decrease in ST (0.7% vs. 2.0%; P = 0.014) but not in 
MACE (Roy et al. 2008). IVUS guidance for stent implantation in long lesions 
(>27 mm), compared to angiography guidance, caused a more robust risk reduction 
(2.9% vs. 5.8%) in the composite endpoint of TLF at 1 year (Hong et al. 2015). 
The number needed to treat to prevent one MACE was 34 patients. 

A meta-analysis of 3 randomized trials and 12 observational studies from the DES 
era showed evidence that IVUS guidance reduced the incidence of death, MI and 
ST (Jang et al. 2014). However, it is still controversial whether improved clinical 
outcomes can be achieved using routine IVUS guidance, so risk profiles and lesion 
subsets need to be further characterized to identify patients who benefit from 
IVUS. 
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2.3.2 Optical coherence tomography 

2.3.2.1 Introduction 

Analogous to the IVUS, intravascular OCT requires a catheter that both emits 
beams of light and records the reflections from the vessel wall. As light travels at 
a much higher speed, it is necessary to use interferometry techniques to quantify 
the echo time delay and the distance travelled. This is achieved by using a rotating 
reference arm at a calibrated distance from the detector. In time-domain OCT sys-
tems broadband light in the visible spectrum is used, and specified depths are 
scanned and coupled to the beam reflected from the reference arm. Each axial scan 
can be performed in 100-200ns, enabling pullback at a speed of 3mm/s. Frequency-
domain OCT utilises a swept laser with variable frequencies to scan all depths of 
the axial scan simultaneously, allowing higher lateral resolution and faster image 
acquisition. (Bezerra, Costa, et al. 2009) 

Blood in the coronary segment of interest must be voided, as red blood cells cause 
considerable signal attenuation. In time-domain OCT systems this is achieved by 
closing off the distal vessel with a highly compliant low-pressure balloon, and sa-
line is infused to displace the blood. Newer frequency-domain OCT systems ena-
ble non-occlusive imaging of coronary vessels (Chinn et al. 1997); using a variable 
frequency light source it can acquire 100 frames/s, which allows pullback speeds 
up to 20 mm/s. Consequently, epicardial vessels 4 to 6 cm in length can be flushed 
with viscous contrast and scanned in less than 5 seconds (Tearney et al. 2008). The 
tissue penetration of an OCT beam of 1300 nm wavelength is limited to 1-3 mm, 
compared to 4-8 mm achieved by IVUS, although ultrasound penetrates poorly in 
calcified lesions (Bezerra, Costa, et al. 2009). 

2.3.2.2 Assessment of stenosis severity 

Despite its accuracy in the measurement of luminal dimensions, OCT has sparked 
little interest in deriving a marker of stenosis severity in the era of FFR. OCT-
derived criteria of lumen narrowing showed good agreement with FFR in interme-
diate lesions (40-70% diameter stenosis): the best cut-offs to identify FFR<0.80 
were MLA <2.05 mm2 (sensitivity 75%, specificity 90%, area under receiver op-
erating characteristic curve (AUC) 0.91) and MLD <1.28 mm (sensitivity 71%, 
specificity 84%, AUC 0.90) (Pawlowski, Prati, Kulawik, Ficarra, Bil & Gil 2013). 
The optimal cut-off for MLA differed by 1.11 mm2 depending on reference vessel 
diameter (</≥3mm) (Pawlowski, Prati, Kulawik, Ficarra, Bil & Gil 2013). 
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Similar studies have shown comparable results: MLA <1.62 mm2 (sensitivity 70%, 
specificity 97%, AUC 0.80) and MLD <1.23 mm (sensitivity 70%, specificity 
87%, AUC 0.76) for FFR<0.80 (Zafar, Ullah, Dinneen, Matiullah, Hanley, Leahy, 
et al. 2014); and MLA <1.91 mm2 (sensitivity 93.5%, specificity 77.4%, AUC 
0.90) and MLD <1.35 mm (sensitivity 90.3%, specificity 80.6%, AUC 0.92) for 
FFR<0.75 (Shiono, Kitabata, Kubo, Masuno, Ohta, Ozaki, et al. 2012). Cut-offs 
varied between studies depending on patient selection and vessel diameter. A high 
association was seen between FFR<0.75 and >70% area stenosis by OCT (sensi-
tivity 96.8%, specificity 83.9%, AUC 0.94) (Shiono, Kitabata, Kubo, Masuno, 
Ohta, Ozaki, et al. 2012), but not with FFR<0.80 (AUC 0.63) (Zafar, Ullah, 
Dinneen, Matiullah, Hanley, Leahy, et al. 2014). 

In a comparison between OCT and IVUS to assess functional severity in interme-
diate lesions the OCT-derived cut-off of MLA 1.95 mm2 identified FFR<0.80 with 
82% sensitivity and 63% specificity, which was superior to IVUS (67% sensitivity, 
65% specificity, p=0.04) (Gonzalo et al. 2012). Surprisingly, the OCT-derived per-
centage of area stenosis yielded an inferior diagnostic accuracy. The accuracy of 
OCT-derived MLA was improved in vessels <3.0 mm2 (Gonzalo, Escaned, 
Alfonso, Nolte, Rodriguez, Jimenez-Quevedo, et al. 2012; Zafar, Ullah, Dinneen, 
Matiullah, Hanley, Leahy, et al. 2014), but overall the poor specificity limits its 
use as an alternative for FFR in functional stenosis assessment (Gonzalo et al. 
2012).  

2.3.2.3 Assessment of coronary stents 

OCT and IVUS may be used to detect stent-related mechanical problems during 
PCI (Table 1). One of the great advantages of OCT over IVUS is that, in addition 
to cross-sectional analysis of NIH and luminal dimensions, it allows strut-level 
analysis of neointimal coverage of coronary stents, owing to its high axial resolu-
tion and capacity to visualise 10-µm layers of tissue (Mehanna et al. 2011). Struts 
embedded in the vessel wall can easily be detected in OCT cross-sections (Figure 
1). A comprehensive study of 622 OCT cross-sections acquired at 1–3 months after 
DES implantation, matched with histology in a porcine model, showed excellent 
agreement in measurements of NIH thickness and area; luminal and stent area 
measurements were higher by OCT due to the cutting artefact of histology sections 
(Murata et al. 2010). Detection of binary strut coverage had high agreement; NIH 
thickness measurements matched consistently in the range of 0–20 µm, spread be-
tween 20–80 µm, and converged again at thicknesses >80 µm (Murata et al. 2010). 
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Another histopathological study has also shown that heterogeneous NIH appear-
ance is associated with fibrin deposition and peri-strut inflammation (Kim et al. 
2014). 

 
Figure 1 OCT cross-sections of stents depicting different patterns of vascular healing. A: 
good anatomical healing with comprehensive neointima; B: thick neointimal hyperplasia; C: 
poor neointimal coverage with uncovered struts (asterisk); D: incomplete stent apposition 
with malapposed struts (asterisk). 

Strut coverage assessed in 16 patients at a mean follow-up 4.7±2.8 months after 
stent implantation, performed at 1-mm sampling interval revealed high intra- and 
inter-observer agreement; mean NIH thickness was 169.6 μm vs. 175.5 μm be-
tween observers. In Bland-Altman analysis intra-observer repeatability coefficient 
was 26.7 µm, with an intraclass correlation (ICC) of 98.6%. Inter-observer repeat-
ability coefficient was 24.1 µm and ICC between observers was high (99.6%). 
(Barlis, Dimopoulos, et al. 2010) 
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Modern frequency-domain OCT systems generally acquire 10 cross-sections per 
1mm (Gutiérrez-Chico et al. 2012). Due to the overwhelming amount of data and 
cumbersome manual analysis, it is common practice to sample a prespecified quan-
tity of the cross-sections, and to perform the analysis at 1-mm or, less commonly, 
0.6-mm intervals. Whereas cross-sectional analysis of area measurements can be 
performed at sampling intervals as long as 2.4 mm with low variability, strut-level 
analysis of binary strut coverage may be subject to high variability even at 1-mm 
sampling interval (Bezerra, Guagliumi, et al. 2009). Brugaletta et al. determined 
inter- and intra-observer agreements for binary strut coverage, and showed that the 
categorisation of struts as covered or uncovered varied significantly between ob-
servers depending on the zoom setting used in the analysis (Brugaletta et al. 2013). 
Significant discrepancy has been discovered between quantitative measurements 
of NIH by OCT and histology for layers of NIH between 20 and 80 µm in thick-
ness, which is the most commonly reported range of NIH thickness in modern DES 
(Murata et al. 2010). 

2.4 Functional measurements in coronary artery disease 

2.4.1 Physiology of coronary circulation 

The hemodynamics in a coronary vessel can be simplified using a hydraulic anal-
ogy of Ohm’s law:  

ܳ ൌ ∆௉
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where Q is the blood flow across a segment of a coronary artery, ∆p is the change 
in pressure across that segment, and R is the flow resistance across that segment. 
The resistances of successive stenoses are cumulative and directly proportional to 
their corresponding pressure gradients, since flow remains constant (Bernoulli’s 
principle for incompressible flows). Thus, ∆p and R can be measured from steno-
ses in series. (Gould & Lipscomb 1974) 

To measure this pressure gradient more accurately, coronary flow is increased us-
ing a vasodilating stimulus that reduces microcirculatory resistance, most com-
monly adenosine. This is demonstrated in Figure 2, where Pa is the aortic pressure, 
Pd is the pressure distal to the epicardial stenosis, and Pv is the right atrial pressure. 
Under resting conditions, most of the flow resistance arises from the microcircu-
lation and the myocardial pressure gradient (Pd – Pv) is high. Under hyperemia 
microcirculatory resistance is minimal and flow increases, the stenosis becomes 



 Review of literature 31 

flow limiting and Pd drops. Since the hyperemic microcirculatory resistance is in-
dependent of epicardial stenosis, FFR can be calculated as Pd/Pa, and it is not in-
fluenced by baseline flow. This is one of the main advantages of FFR in the as-
sessment of functional severity compared to CFR, which is defined as the ratio 
between hyperemic to baseline blood flow. CFR does not leave the microcircula-
tion out of the equation, but is rather a measure of reserve in the entire coronary 
bed (Figure 2). 

As the induction of hyperemia may be problematic in some patients and produces 
a source of error, alternative ways of assessing the functional severity of a stenosis 
without hyperemia have been developed, most notably the instantaneous wave-
free ratio (iFR). iFR is based on the theory that end-diastolic microcirculatory re-
sistance is constant and negligible (Sen et al. 2012). However, studies have shown 
that iFR correlates poorly with FFR as it is not independent of hyperemia, and can 
only be used as a screening method in the extremes of the scale (Berry et al. 2013; 
Escaned et al. 2015). iFR has better diagnostic agreement with CFR, and can there-
fore give additional information when an abnormal FFR is caused by abnormally 
high hyperemic flow and CFR (Petraco et al. 2014). The performance of iFR-
guided PCI compared to FFR remains to be clarified in DEFINE-FLAIR and iFR-
SWEDEHEART. 

Hyperemic stenosis resistance (HSR) is an index derived from the pressure gradi-
ent and flow that corresponds to R in the previous equation. It is defined as the 
mean pressure gradient across the stenosis divided by the average peak flow ve-
locity distal to the stenosis during hyperemia. HSR identified reversible perfusion 
defects in SPECT with 79% sensitivity and 90% specificity using a cut-off value 
of >0.8 mmHg/cm/sec. This biomarker achieved superior predictive accuracy 
(87%) compared to CFR (75%, p=0.005) or FFR (75%, p=0.007). (Meuwissen, 
Siebes, Chamuleau, van Eck-Smit, Koch, de Winter, et al. 2002) 

In patients who had intermediate coronary lesions (40-70% diameter stenosis by 
visual estimation), but no perfusion defects on non-invasive stress testing, the 
quantification of FFR, CFR, and HSR revealed that MACE at 1-year follow-up 
was significantly more frequent in patients who had concordant abnormal FFR and 
CFR results (33.3%), and in patients who had discordant FFR and CFR results 
(19.7%), compared to those who had concordant normal values (5.4%, p=0.008). 
HSR abnormality had a higher prognostic value (rate of MACE 7% vs. 54%, p < 
0.001) than FFR or CFR alone, and there was a trend towards a higher MACE rate 
in case of an abnormal HSR when FFR and CFR were discordant (40% vs. 14%, 
p=0.070). This suggests, that abnormal FFR and CFR values are frequently present 
in intermediate lesions, and bear independent prognostic value, since they may 
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occur discordantly. Furthermore, HSR appears to give additional prognostic value 
when the results are discordant. (Meuwissen et al. 2008)  

2.4.2 Coronary flow reserve as a prognostic factor 

The distal left anterior descending artery (LAD) can be visualised by transthoracic 
echocardiography (TTE) in the apical short-axis view using a high-frequency 
transducer with low focal zone to circumvent the near-field artefacts (Ross et al. 
1990). Colour Doppler flow mapping is used to locate the vessel lumen and the 
transducer is aligned parallel to the distal LAD flow, which can be then measured 
accurately with pulsed-wave Doppler at rest and monitored continuously during 
pharmacologically induced hyperemia (Hozumi, Yoshida, Akasaka, et al. 1998). 
TTE-derived flow measurements have excellent correlation with simultaneous 
Doppler guidewire measurement (Hozumi, Yoshida, Akasaka, et al. 1998). 

Caiati et al. did pioneering work in 1999 to establish TTE as a method for meas-
uring CFR non-invasively. Using intravenous contrast agent increased the feasi-
bility of pulsed-wave Doppler recording in the LAD from 55% to 98-100%. CFR 
cut-off value <2.0 had 86% sensitivity and 90% specificity for detecting angio-
graphic LAD stenosis >70%. CFR was compared to intravascular Doppler flow 
wire as a gold standard and Bland-Altman analysis yielded 95% limits of agree-
ment -0.69−0.72. The non-invasive method had low intra-observer variability, 
with 95% limits of agreement -0.32−0.32. (C Caiati et al. 1999; Carlo Caiati, 
Zedda, et al. 1999; Carlo Caiati, Montaldo, et al. 1999) 

In a prospective multicenter study of 4313 patients with known or suspected CAD, 
Cortigiani et al. demonstrated how TTE-derived CFR measurement performed ad-
junctly with wall motion assessment can give additional prognostic information 
(Cortigiani et al. 2012). Impaired CFR (≤2.0) was a strong predictor of death or 
MI at 4-year follow-up (HR 3.31; 95% CI 2.29–4.78; p<0.0001) (Cortigiani et al. 
2012), especially in high-risk patients with ischemia at stress echocardiography, 
left bundle branch block, or diabetes (Cortigiani et al. 2013; Cortigiani et al. 2007). 

The DEBATE study enrolled patients with stable CAD treated with angioplasty 
alone in a single vessel, and suggested that neither anatomical (>35% residual di-
ameter stenosis) nor functional (CFR ≤2.5 using intracoronary Doppler wire) pa-
rameters alone measured immediately after PCI can predict restenosis or TLR 
(Serruys et al. 1997). Patients treated successfully with angioplasty (<35% residual 
diameter stenosis) had impaired CFR (≤2.5) immediately after the procedure in 
50% of the cases, which was caused by elevated baseline coronary flow that was 
normalised at 6 month follow-up (Piek et al. 2001). In these patients CFR was 
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lower already before angioplasty, suggesting disturbed autoregulation as the cause 
of impaired CFR rather that distal microembolisation (Piek et al. 2001). Elevated 
baseline coronary flow is an important source of error in the assessment of coro-
nary pathophysiology after PCI and MI, as distal microembolisation may cause 
adenosine-mediated hyperemia of the non-occluded microcirculation (Hori et al. 
1986). 

Ruscazio et al. demonstrated the ability of impaired CFR to predict epicardial cor-
onary restenosis by studying 124 patients treated for stable CAD with PCI of the 
LAD with or without stenting. At 1 month, impaired CFR (≤2.5) measured by TTE 
predicted subsequent restenosis with 67% sensitivity and 87% specificity. Rusca-
zio et al. speculated that at this time point in the post-PCI healing, the transient 
microvascular impairment has subsided, and impaired CFR is, rather, a manifesta-
tion of epicardial coronary stenosis. (Ruscazio et al. 2012)  

2.4.3 Fractional flow reserve 

In contemporary clinical practice, the most important tool in the functional assess-
ment of coronary circulation is FFR (Montalescot et al. 2013; Hannawi et al. 2014). 
Pijls et al. first described the catheter-based method of measuring FFR in human 
coronaries that yielded good agreement with non-invasive tests of reversible ische-
mia using a cut-off value of <0.75 (Pijls et al. 1996). The FAME study showed 
that FFR-guided PCI in multivessel disease reduces MACE from 18.3% to 13.2% 
(p=0.02) compared to angiography-guided PCI (Tonino et al. 2009). This benefit 
occurs with less stenting in a manner that is cost-effective (Fearon et al. 2010). The 
superiority of FFR-guided PCI for clinical outcome persisted up to 2 years; but 
from 2 to 5 years outcome remained comparable between the 2 groups, although a 
noteworthy proportion of patient was lost to follow-up (van Nunen et al. 2015). 
The 5-year results of the DEFER study, with a similar protocol of patients with a 
single intermediate coronary stenosis using <0.75 as cut-off, accordingly demon-
strated non-inferiority of deferral up to 5-years, with only 2% drop-outs (Pijls et 
al. 2007). Equal mortality persisted up to 15 years, with a decrease in the rate of 
MI from 10.0% to 2.2% associated with deferral (Zimmermann, Ferrara, Johnson, 
van Nunen, Escaned, Albertsson, et al. 2015). 

In contrast, in the all-comers FAME 2 study (patients with stable CAD, diagnosed 
based on typical angina pectoris or documented ischemia in non-invasive stress 
test), all patients with at least 1 significant lesion (≥50% diameter stenosis) suitable 
for PCI were assessed for functional severity by FFR. Patients with FFR ≤0.80 
were randomised to receive either PCI and medical therapy or medical therapy 
alone; functionally insignificant stenoses were excluded. Recruitment was halted 
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prematurely because of a significantly higher need for urgent revascularisation in 
the group receiving medical therapy alone compared to patients treated with PCI 
(16.3% vs. 4.0% at 2-year follow-up, p<0.001). Urgent revascularisation was 
driven by MI in 28 patients (31%), by unstable angina with ischemic changes on 
electrocardiography in 18 patients (20%), and by clinical features only in the re-
maining 44 patients (49%). However, there was no significant difference in the 
overall rate of death or MI between the study groups. (De Bruyne et al. 2014) 

The utility of FFR as a predictor of PCI success has also been demonstrated in 
studies linking good clinical outcome to the normalisation of FFR immediately 
after stent implantation (Hanekamp et al. 1999; N. H. J. Pijls et al. 2002) or angi-
oplasty alone (Bech et al. 1999). Post-PCI FFR may remain impaired (<0.80) de-
spite good angiographic appearance in 1 out of 5 patients treated with DES 
(Hakeem et al. 2015). FFR can also be used for follow-up after stenting to detect 
restenosis, since impaired FFR is strongly associated with LLL and wall shear 
stress (Van’t Veer et al. 2006). 

2.4.4 Vasodilator dysfunction after stenting 

Microvascular obstruction caused by capillary swelling, distal embolisation, and 
vasoconstriction is commonly observed after MI, which is also reflected on de-
creased CFR and increased index of microcirculatory resistance (IMR) immedi-
ately after PCI (Figure 2)  (Cuculi et al. 2014). The stagnant microcirculation be-
gins to recover within 24 hours, and the improvement of CFR and IMR continues 
up to 6 months after primary PCI (Cuculi et al. 2014). This in turn may cause 
impairment of an initially adequate FFR as the coronary bed subtended by the tar-
get lesion expands, causing an effect that is indistinguishable from restenosis 
(Cuculi et al. 2014). This post-PCI increase in microvascular resistance has also 
been reported in the setting of stable CAD, where peri-procedural microembolisa-
tion is the likely cause (Cuisset et al. 2008). 
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Figure 2 A: FFR is used to assess epicardial stenosis, and IMR to assess microcirculation, 
while CFR evaluates hemodynamic capacity in both. B: Microvascular obstruction after my-
ocardial infarction or percutaneous coronary angioplasty causes a decrease in CFR, and an 
increase in IMR, possibly masking epicardial stenoses. CFR indicates coronary flow reserve; 
FFR, fractional flow reserve; IMR, index of microcirculatory resistance; Pa, aortic pressure; 
Pd, pressure distal to stenosis; Pv, right atrial pressure.   

Studies on first-generation DES reported impaired endothelial function after DES 
implantation, as exhibited by paradoxical vasoconstriction in response to intracor-
onary acetylcholine infusion, rapid atrial pacing, physical exercise, and adenosine 
as vasodilator stimuli (Togni et al. 2005; Togni et al. 2007; Hofma et al. 2006; 
Hamilos et al. 2008). Despite normal endothelium-independent vasomotor re-
sponse to intracoronary nitrates, PES and SES have consistently been shown to 
cause vasodilator dysfunction proximal and distal to the stented segment, for as 
long as 1 year after coronary stenting, as compared to BMS (Togni et al. 2005; 
Togni et al. 2007; Hofma et al. 2006; Hamilos et al. 2008). Second-generation BP-
BES showed little or no impairment of endothelial function when compared to SES 
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(Hamilos et al. 2008). Preserved vasodilator function at 9 months has also been 
observed with titanium-nitride-oxide–coated BAS compared to EES (Karjalainen 
et al. 2013), and with BP-SES and DP-ZES compared to first-generation SES 
(Rusinaru et al. 2015). 

Impaired CFR has been shown to predict the occurrence of restenosis after stenting 
(cut-off <2 for significant and <2.5 intermediate) with high specificity at long-term 
follow-up after stenting (Pizzuto et al. 2003), although serial measurements can 
improve sensitivity (Hung & Cherng 2011; Ruscazio et al. 2012). CFR measure-
ment in follow-up after stenting can give additional information to detect target 
lesion failure. 
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3 AIMS OF THE STUDY 

The purpose of the present study was to compare early neointimal coverage of 
stent struts, and recovery of vasodilator function after treatment with select state-
of-the-art stent devices, and to improve upon the methodology of such research. 
To achieve this goal, the following specific aims were conceived: 

1) To compare early vascular healing between BP-SES and DP-ZES in patients 
presenting with ACS 

2) To validate the use of TTE-derived CFR for non-invasive assessment of vaso-
dilator function after PCI with DES implantation 

3) To compare early vascular healing between cobalt-chromium bioactive stents 
(CoCr-BAS) and PtCr-EES in patients presenting with ACS 

4) To determine the effect of sampling frequency on OCT-derived indices of vas-
cular healing 
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4 MATERIALS AND METHODS 

4.1 Study patients 

The Healing AT ThRee months after percutaneous coronary Intervention for ACS 
– HATTRICK-OCT trial (studies I and II) was a prospective multicenter study 
enrolling 46 patients in 4 study centers (Turku University Hospital, Turku; Sa-
takunta Central Cospital, Pori; Central Ostrobothnia Central Hospital, Kokkola; 
Central Finland Central Hospital, Jyväskylä). Patients above 18 years with a de 
novo lesion in the LAD ≥50% stenosis on angiography, presenting with ACS were 
included. ACS comprised STEMI, non-ST-segment elevation myocardial infarc-
tion, and unstable angina, as defined by the European Society of Cardiology guide-
lines (Steg et al. 2012; Roffi et al. 2016). The main exclusion criteria were diabetes, 
unprotected left main stenosis, ostial lesions, stenting over a side branch >2 mm in 
diameter, multi-vessel disease, another de novo stenosis of ≥30% in the stented 
vessel, or bleeding disorder or other contraindication to DAPT. 

The study patients underwent PCI of the target lesion and were randomised in a 
1:1 ratio to receive either BP-SES (n=23) or DP-ZES (n=23). Computer-generated 
randomisation was implemented using a closed-envelope system and stratified by 
study center. Two patients withdrew consent (one in each group) and were lost to 
follow-up. Investigators involved in data analysis and the study patients were 
blinded to stent group. 

At 3-month follow-up the patients underwent repeat angiography, after which in-
tracoronary OCT and pressure wire measurements were performed on the stented 
vessel. TTE examination including non-invasive CFR measurement in LAD on 
adenosine-induced hyperemia was performed on all patients, excluding one of the 
study centers (Central Finland Central Hospital, Jyväskylä), before invasive meas-
urements. Analysis of acquired images was performed offline blinded to patient 
characteristics and study group. 

The TIDES-OCT trial was a prospective study conducted similarly in 4 study cen-
ters (studies III and IV). 40 patients presenting with ACS were enrolled using the 
same inclusion and exclusion criteria as above, excepting that diabetics and culprit 
lesions in any coronary branch were permitted. Patients were randomized in a 1:1 
ratio to receive either CoCr-BAS (n=19) or PtCr-EES (n=21). 

Follow-up was scheduled at 2 months after the index procedure. OCT image ac-
quisition and pressure wire measurements of the stented vessel were attained im-
mediately after follow-up angiography. Two patients in the PtCr-EES group were 
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excluded from analysis due to follow-up completion past the intended time frame. 
OCT analysis was performed offline by two observers blinded to stent type and 
patient characteristics. Observer 1 then repeated the OCT image analysis at a sam-
pling interval of 0.6 mm. This was done in order to evaluate inter-observer varia-
bility and for direct comparison of accustomed sampling intervals. 

Informed written consent was obtained from all study patients after full explana-
tion of the study protocol. The study protocols were approved by the Ethics Com-
mittee of the Hospital District of Southwest Finland before enrolment of patients. 
The study was initiated and designed by the investigators, and conducted in ac-
cordance with the ethical guidelines of the 1964 Declaration of Helsinki, as revised 
in 2013. No industry representatives were involved in the study design, data col-
lection, analysis, or writing of the manuscripts.  

4.2 Antiplatelet therapy 

Patients already taking ASA before PCI received no additional loading dose of 
ASA. Patients not previously on ASA received a loading dose of 250 mg orally or 
250-500 mg intravenously, and all patients continued ASA at a daily dose of 75-
150 mg. Oral clopidogrel was initiated to all patients at a loading dose of 300-600 
mg before or immediately after the primary PCI. Low molecular weight heparin or 
unfractionated heparin was administered intravenously in the standard dosage dur-
ing the procedure. Glycoprotein IIb/IIIa inhibitor or bivalirudin administration dur-
ing the procedure, was left to the physician’s discretion. Clopidogrel was contin-
ued at a daily dose of 75 mg for a minimum of 6 months, after which therapy could 
be extended to a maximum of 12 months on the physician’s recommendation. 

4.3 Stent devices 

4.3.1 Biodegradable polymer sirolimus-eluting stent 

BP-SES (Orsiro, Biotronik AG, Bülach, Switzerland) was devised on a stent plat-
form based on the PRO-Kinetic Energy BMS with a hybrid coating of passive and 
active layers. The platform is a tubular thin-strut balloon-expandable stent with a 
helicoid strut design, made of L-605 cobalt-chromium alloy. The stent surface is 
coated with a layer of silicon carbide (proBIO®) that, as a semiconductor, acts in 
an effort to reduce the release of allergenic metallic ions. The active coating layer 
(BIOlute) is a matrix composed of high-molecular-weight poly-L-lactic acid 
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(PLLA) that completely degenerates into carbon dioxide and water. It covers the 
whole stent surface with an abluminal thickness of 7.5 µm, and a luminal thickness 
of 3.5 µm. The matrix is infused with sirolimus at a concentration of 1.4 µg per 
mm2 of the stent surface area. Complete drug release is achieved in approximately 
100 days. The thickness of the coated strut of stents with a nominal diameter of ≤3 
mm is 71 µm, and 91 µm for sizes 3.5–4.0 mm. 

4.3.2 Durable polymer zotarolimus-eluting stent 

DP-ZES (Resolute Integrity, Medtronic Cardiovascular, Santa Rosa, CA, USA) 
was built on the Integrity™ BMS platform, which is a new iteration of the Driver™ 
BMS design. It is formed of a single cobalt-chromium wire with a thickness of 91 
µm wrapped helicoidally to form a continuous sinusoidal pattern. It is coated with 
the BioLinx™ tripolymer, composed of 3 different polymers: the hydrophobic C10 
acts as a drug reservoir for slow and sustained release, the hydrophilic polyvinyl-
pyrrolidinone enhances biocompatibility, and C19 contains both hydrophilic and 
hydrophobic components. The BioLinx matrix contains zotarolimus at a dose of 
1.6 µg per mm2 of stent surface area; nearly 85% of the drug is eluted by the end 
of 60 days, and it is completely eluted at 180 days. The thickness of the coated 
strut is 97 µm. The stent is CE marked for low risk of ST after discontinuation of 
DAPT at 1 month. 

4.3.3 Cobalt-chromium bioactive stent 

CoCr-BAS (TiTAN Optimax™, Hexacath, Paris, France) is a third-generation bi-
oactive stent employing an L-605 cobalt-chromium alloy platform to achieve 
greater radial strength and thinner struts compared to the stainless steel platform. 
The stent is coated with titanium nitride oxide to reduce platelet and fibrin deposi-
tion and minimize inflammation. The coated strut thickness is 75 µm. 

4.3.4 Platinum-chromium everolimus-eluting stent 

PtCr-EES (PROMUS Element™ Plus, Boston Scientific, Marlborough, MA, 
USA) was built on the laser-cut Element platinum-chromium platform, which pos-
sesses greater radial strength in spite of thin struts (81 µm). Serial serpentine seg-
ments are joined by two connectors in a double helix configuration. The platform 
is covered with 7 µm of durable polymer in two layers: a poly n-butyl methacrylate 
primer and a drug matrix composed of a copolymer of polyvinylidene fluoride and 
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hexafluoropropylen. The drug matrix contains everolimus at a drug density of 1.0 
µg/mm2; 80% of the drug is eluted within 30 days, with complete drug elution at 
120 days. The thickness of the coated strut is 88 µm. The stent is CE marked for 
low risk of ST after discontinuation of DAPT at 3 month. 

4.4 Optical coherence tomography measurements 

4.4.1 Optical coherence tomography image acquisition 

OCT imaging was performed using the C7-XR frequency-domain system (St. Jude 
Medical Inc., Saint Paul, MN, USA) employing the non-occlusive technique as 
previously described (Prati et al. 2007). A 0.014-inch guide-wire was positioned 
into the distal vessel using a 6 F guiding catheter via radial or femoral approach. 
After intracoronary administration of nitrates, an imaging catheter (Dragonfly, St. 
Jude Medical Inc.) was advanced distal to the stent, and the vessel was flushed 
with 4-6 mL/s of iso-osmolar contrast to replace blood flow and permit visualiza-
tion of the stented segment. The motorized pullback at 20 mm/s was initiated au-
tomatically by the contrast flush. During image acquisition, a coronary segment of 
54 mm was visualized and images were stored digitally for subsequent offline anal-
ysis. 

4.4.2 Optical coherence tomography data analysis 

Offline OCT analysis was performed by two independent observers blinded to pa-
tient characteristics and stent group using proprietary software (St. Jude Medical 
Inc.). All cross-sections from 5 mm proximal to the stent to 5 mm distal to the stent 
were screened for image quality, dissection, thrombosis and other abnormalities. 
Cross-sections where >25% of the lumen perimeter was unanalysable due to resid-
ual blood, shadow from the guidewire, or other artefact, were discarded from anal-
ysis and an adjacent cross-section was used instead. The first distal cross-section 
with struts encompassing the lumen was established as the ‘starting cross-section’. 
Repeated measurements to derive intra- and inter-observer comparison were all 
started from the same starting cross-section. Quantitative analysis was performed 
on cross-sections at 5-frame intervals for the 1-mm interval analysis. The analysis 
of images from the TIDES-OCT trial was repeated by observer 1 at 3-frame inter-
vals for the 0.6-mm analysis, and by observer 2 at 1-mm intervals. 
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In cross-sectional analysis, stent area and lumen area were delineated semi-auto-
matically, and NIH area was defined as stent area - lumen area. Percent NIH area 
was calculated as the proportion between NIH area and stent area. 

In strut-level analysis each strut was identified by its blooming artefact and shadow 
and categorised as covered, if a layer of neointima was visible on all reflecting 
surfaces of the strut, or uncovered if any part of the strut surface was exposed to 
the lumen. NIH thickness of covered struts was measured from the blooming arte-
fact to the endoluminal edge of covering tissue in a straight line perpendicular to 
the vessel wall towards the center of gravity of the vessel. Struts not embedded in 
the vessel wall were assessed for apposition by measuring the distance from the 
endoluminal edge of the blooming to the underlying lumen contour in a straight 
line away from the center of gravity of the vessel. A malapposition threshold was 
determined for each stent by summation of strut thickness, polymer thickness, and 
18 µm as a correction for half the blooming (Table 2). If this threshold was ex-
ceeded, the strut was defined as malapposed and the exceeding distance as the 
malapposed distance. Struts fully embedded in the vessel wall and identified by 
their shadow, but lacking a recognisable blooming, were labelled ‘shadow only’-
struts (SOS) and considered covered and apposed for the purposes of categorical 
strut level analysis. Struts over side branches were labelled non-apposed side 
branch struts and excluded from all analyses. 

Table 2 Malapposition thresholds by stent group in micrometers.  

Stent group Strut Polymer Blooming Total 
BP-SES ≤3 mm diameter 60 11 18 90 
BP-SES >3 mm diameter 80 11 18 110 
DP-ZES 91 6 18 115 
CoCr-BAS 75  18 100 
PtCr-EES 81 7 18 110 

BP-SES indicates biodegradable polymer sirolimus-eluting stent; CoCr-BAS, cobalt-chro-
mium bioactive stent; DP-ZES, durable polymer zotarolimus-eluting stent; PtCr-EES, plati-
num-chromium everolimus-eluting stent. 

4.5 Functional measurements 

4.5.1 Invasive pressure wire and thermodilution 

Patients were instructed to avoid heavy meals, caffeine, alcohol, and tobacco for 
12 hours prior to the study. Immediately after follow-up angiography, intracoro-
nary pressure wire measurements were obtained as previously described (N. N. H. 
J. Pijls et al. 2002). After a bolus injection of intracoronary nitroglycerin (0.2 mg), 
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a pressure-temperature sensor-tipped 0.014-inch guidewire (Certus®, St. Jude 
Medical Inc.) was introduced into the coronary ostium and, after equalization of 
pressure wire and guide pressures, advanced across the stented segment. Pa and Pd 
at baseline were recorded. Thermodilution curves at the ostium and at the distal 
sensor were obtained using manual 3 ml bolus injections of saline at room temper-
ature, and the measurement was repeated 3 times at baseline. A thermodilution 
curve was deemed inadequate if >20% variability from the mean transit time was 
observed, and the measurement was repeated. 

Hyperemia was induced by intravenous infusion of adenosine (140 μg/kg/min). 
The electrocardiogram and blood pressure of the patient were monitored and care 
was taken to maintain the sensor in position throughout the investigation. Meas-
urement were taken after a minimum of 1 minute of infusion at steady-state maxi-
mal hyperemia, confirmed by a drop of the aortic pressure and subjective sensation 
of adenosine effects. 

Hyperemic thermodilution curves were measured 3 times as described above. CFR 
was calculated as a ratio of baseline to hyperemic mean transit times. Hyperemic 
Pa and Pd were recorded simultaneously and FFR was calculated as Pd / Pa and IMR 
as Pd divided by the inverse of the hyperemic mean transit time. 

4.5.2 Transthoracic flow measurement 

Echocardiography including coronary flow velocity measurements was performed 
on patients enrolled in the HATTRICK-OCT study using an Acuson Sequoia C 
512 mainframe (Acuson Inc., Mountain View, CA) with a 4.0 MHz transducer. 
Echocardiographic dimensions, wall motion abnormalities and valvular function 
were assessed using standard methods. 

B-mode and colour Doppler flow mapping were used to identify the distal LAD as 
previously described (Hyodo et al. 2010; Hozumi, Yoshida, Ogata, et al. 1998). 
Baseline flow velocity curves were acquired with pulsed-wave Doppler over a 
minimum of three cardiac cycles. Hyperemia was induced by intravenous adeno-
sine as described above. Pulsed-wave Doppler flow velocity profiles in the distal 
LAD were monitored throughout the adenosine infusion to confirm that the highest 
flow velocity steady-state hyperemic response was achieved, at which point hy-
peremic flow velocity curves were measured over three cardiac cycles. In offline 
analysis, mean diastolic flow velocities were measured and averages for baseline 
and hyperemia were determined. CFR was calculated as the ratio of hyperemic to 
baseline mean diastolic flow velocity. Angle correction of flow measurements was 
deemed unnecessary, since derived ratios would be unaffected. 
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4.6 Statistical methods 

Sample size calculations for both HATTRICK-OCT and TIDES-OCT were made 
to detect a 5% mean difference with expected SD of 5% in stent-level analysis of 
the primary endpoint, binary strut coverage, i.e. percent of uncovered struts aver-
aged per stent (power of 80%, two-sided type I error of 0.05). An average of 150 
analysed struts per patient was assumed. Therefore, 22 patients per stent group was 
considered adequate. Categorical variables were reported as counts and percent-
ages, and within-study comparison was performed using Fisher’s exact test. Con-
tinuous variables were tested against normal distribution using Kolmogorov-
Smirnov and Shapiro-Wilk tests. When normal distribution could be assumed, var-
iables were expressed as mean ± SD and compared using Student’s t-test and Pear-
son correlation coefficient. When significant skewness was observed, variables 
were expressed as median and interquartile range [IQR], and compared using 
Mann-Whitney U test and Spearman’s rank correlation coefficient. Inter-observer 
variability was assessed using the coefficient of variation and the intraclass corre-
lation coefficient. 

Bland-Altman analysis was used to estimate TTE-derived against invasive CFR 
and the inter-observer variability of strut-level measurements, namely: the percent-
age of uncovered struts, the mean NIH thickness, the percentage of malapposed 
struts and the mean malapposition distance. Measurements were compared pair-
wise using t-test for CFR and Wilcoxon signed-rank sum for strut level measure-
ments with skewed distribution. The coefficient of variation (within which 95% of 
all differences are included) was calculated as twice the SD of the differences be-
tween paired measurements, as described by Bland and Altman (Martin Bland & 
Altman 1986). 

Pooled analysis was performed on strut-level measurements in order to account for 
clustering of data due to the large number of measurements obtained by OCT. 
Pooled analysis was performed using random effects model (DerSimonian−Laird), 
as heterogeneity is expected. Meta-regression was used for comparison between 
the study groups. All statistical analyses were performed two-sided at the 5% sig-
nificance level using SPSS statistical software (SPSS v. 16.0.1 or newer, SPSS 
Inc., Chicago, Ill., USA) and Open Meta-analyst software 
(http://www.cebm.brown.edu/openmeta) 
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5 RESULTS 

5.1 Clinical and procedural patient characteristics 

The baseline clinical characteristics of the patients are shown in Table 3 and the 
procedural characteristics in Table 4 stratified with respect to study and stent 
group. Post-dilation after the index procedure was performed more frequently in 
BP-SES than DP-ZES (40.9% vs. 78.3%, respectively, p=0.016). Pre-dilatation 
was performed in 68.4% of patients in the CoCr-BAS group versus 100% in the 
PtCr-EES group (p=0.020). Due to chance and small sample size, age differed be-
tween CoCr-BAS (59.5 ± 9.47) and PtCr-EES (68.2 ± 7.24) (p=0.003), and age 
adjustment was not deemed feasible. The stent groups were balanced in all other 
aspects. One patient in CoCr-BAS had in-stent restenosis and one patient in DP-
ZES had in-segment restenosis at follow-up angiography, and both underwent 
TLR. 
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5.2 Anatomical healing 

5.2.1 Optical coherence tomography outcomes between stent groups (I and 
III) 

OCT image acquisition was performed successfully to all patients, and no OCT 
procedure-related complications were observed in either trial. All OCT measure-
ments are shown in Table 5. Thrombus formation was detected in 2 stents in BP-
SES vs. 1 stent in DP-ZES (p=1.000), but not in CoCr-BAS or PtCr-EES. 

The percent of uncovered struts was significantly lower in BP-SES compared with 
DP-ZES in strut-level analysis (3.9% vs. 8.9%, respectively, p<0.001) and in stent-
level analysis (3.9 ± 3.2% vs. 8.9 ± 6.9%, respectively, p=0.019). The frequency 
of malapposed struts was also significantly lower in BP-SES in strut-level analysis 
(2.1% vs. 5.3%, respectively, p<0.001), but not in stent-level analysis (2.2 ± 3.7% 
vs. 4.3 ± 9.5%, respectively, p=0.33). 

A significantly lower percent of uncovered struts was seen in CoCr-BAS compared 
with PtCr-EES (1.2% [2.8%] versus 11.3% [17.7%], respectively, p<0.001). The 
percent of malapposed struts was also lower in CoCr-BAS compared with PtCr-
EES in strut-level analysis (0.8% vs. 1.8%, p<0.001) and in stent-level analysis (0 
[1.20] vs. 0.68 [3.59], p=0.026). 

These strut-level findings were confirmed by pooled analysis, as shown in Figure 
3. CoCr-BAS exhibited the lowest rate of uncovered struts (1.0%, 95% CI 0.5–
1.5%); the second lowest rate was seen in BP-SES (3.3%, 95% CI 2.3–4.2%); the 
second highest rate occurred in DP-ZES (8.2%, 95% CI 6.4–9.9%) and the highest 
rate was seen in PtCr-EES (14.3%, 95% CI 10.9–17.8%). The differences in the 
incidence of malapposition demonstrated in strut level analysis did not reach sta-
tistical significance (Figure 4). It should be appreciated that the follow-up OCT 
was performed in different time frames between studies I and III.
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Figure 3 Pooled analysis of binary strut coverage. BP-SES indicates biodegradable polymer 
sirolimus-eluting stent; CoCr-BAS indicates cobalt-chromium bioactive stent; DP-ZES, du-
rable polymer zotarolimus-eluting stent; PtCr-EES, platinum-chromium everolimus-eluting 
stent. Modified from Varho et al, Int J Cardiovasc Imaging 2016;32:1031-9 (III). 
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Figure 4 Pooled analysis of binary strut malapposition. BP-SES indicates biodegradable pol-
ymer sirolimus-eluting stent; CoCr-BAS indicates cobalt-chromium bioactive stent; DP-ZES, 
durable polymer zotarolimus-eluting stent; PtCr-EES, platinum-chromium everolimus-elut-
ing stent 
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5.2.2 Effect of sampling interval on optical coherence tomography outcomes 
(IV) 

For direct comparison of sampling frequencies (1-mm and 0.6-mm) 6128 struts in 
533 cross-sections were analysed in the CoCr-BAS group and 6203 struts in 605 
cross-sections in the PtCr-EES group by observer 1 at the 0.6-mm sampling inter-
val. Stent-level analysis of binary strut coverage and apposition are compared strat-
ified by stent group in medians (Table 6) and in means (Table 7). The overall per-
cent uncovered and malapposed struts were significantly lower in 0.6-mm sam-
pling in all analyses (p<0.05); the difference in the primarily low rate of uncovered 
struts in CoCr-BAS remained statistically insignificant. 

Table 6 Median [IQR] percentage of uncovered and malapposed struts in the two sampling 
intervals stratified by stent group.  

Stent group 1-mm interval 0.6-mm interval p value 
Percent uncovered struts 
 CoCr-BAS 0.77 [2.0] 0.45 [1.6] 0.273 
 PtCr-EES 10.6 [9.1] 9.8 [6.7] 0.002 
 Overall 3.27 [11.1] 3.38 [9.76] 0.001 
Percent malapposed struts 
 CoCr-BAS 0 [1.45] 0 [1.09] 0.031 
 PtCr-EES 0.59 [3.85] 0.55 [2.77] 0.151 
 Overall 0.42 [2.04] 0.12 [1.63] 0.003 

Pairwise Wilcoxon signed-rank sum was used to calculate the p-values. CoCr-BAS indicates 
cobalt-chromium bioactive stent; PtCr-EES, platinum-chromium everolimus-eluting stent. 
Modified from study IV. 

Table 7 Mean ±SD percentage of uncovered and malapposed struts in the two sampling in-
tervals stratified by stent group.  

Stent group 1-mm interval 0.6-mm interval p value 
Percent uncovered struts 
 CoCr-BAS 1.77 ± 3.16 1.24 ± 1.63 0.261 
 PtCr-EES 13.6 ± 11.0 11.3 ± 8.97 0.007 
 Overall 7.69 ± 9.99 6.27 ± 8.14 0.004 
Percent malapposed struts 
 CoCr-BAS 1.08 ± 2.40 0.73 ± 1.70 0.053 
 PtCr-EES 2.16 ± 2.68 1.55 ± 2.02 0.085 
 Overall 1.62 ± 2.57 1.14 ± 1.88 0.014 

Pairwise t-test was used to calculate the p-values. CoCr-BAS indicates cobalt-chromium bi-
oactive stent; PtCr-EES, platinum-chromium everolimus-eluting stent. Modified from study 
IV.  

These findings were confirmed in pooled analysis, where the ratio of percent un-
covered struts between 1-mm and 0.6-mm sampling intervals was 1.34 (95% CI 
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0.947–1.89, p=0.098) for CoCr-BAS, 1.26 (95% CI 1.11–1.43, p<0.001) for PtCr-
EES, and 1.27 (95% CI 1.13–1.43, p<0.001) for the cohort overall (Figure 5). 
 

 
Figure 5 Pooled comparison of sampling intervals. CoCr-BAS indicates cobalt-chromium 
bioactive stent; PtCr-EES, platinum-chromium everolimus-eluting stent. Modified from 
study IV. 

In 1-mm sampling, 299 struts without blooming in CoCr-BAS and 236 struts in 
PtCr-EES were labelled as covered SOS. When SOS were excluded from the anal-
ysis, a total of 3417 struts remained in the BAS group, and 3651 struts in the EES 
group. This led to an increase in the mean percent of uncovered struts from 1.77% 
to 1.90% in CoCr-BAS (p=0.020), and from 13.6% to 14.6% in PtCr-EES 
(p=0.001). In 0.6-mm sampling, 540 SOS were detected in CoCr-BAS and 352 in 
PtCr-EES, and a similar increase in mean percent uncovered struts was seen after 
exclusion (1.24% to 1.32% in CoCr-BAS, p=0.002; and 11.3 to 11.9% in PtCr-
EES, p<0.001). 
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5.2.3 Inter-observer variability of OCT measurements (IV) 

In cross-sectional analysis all morphometric measurements showed high ICC and 
acceptable levels of variation between the two observers (Table 8). For strut-level 
measurements ICC was high for all, except the malapposition distance (Table 8). 

Table 8 Coefficient of variation and intraclass correlation coefficient of the two observers for 
the morphometric measurements. 

Variable Observer 1 Observer 2 CV% ICC 
 Mean SD Mean SD   
Cross-sectional       
 Frames 18.26 5.290 16.47 4.285 7.29 0.933 
 Struts 200.08 57.337 180.84 49.118 7.61 0.939 
 Struts per frame 11.0344 1.15326 11.0176 1.05975 2.94 0.931 
 Lumen area mm2 5.8105 1.75811 5.7528 1.71192 1.61 0.997 
 Stent area mm2 6.8973 1.88095 6.8351 1.86441 1.66 0.996 
 NIH area mm2 1.2558 1.08588 1.1819 1.13430 6.84 0.995 
 NIH area % 17.52 14.25 16.27 15.02 7.45 0.994 
Strut-level       
 Malapposition µm 60 80 81 136  0.806 
 NIH thickness µm 163 136 152 132  0.997 
 Uncovered n 15.13 19.137 15.16 19.095  0.970 
 Uncovered % 7.69 9.99 8.68 11.85  0.956 
 Malapposed n 3.08 4.652 2.37 3.879  0.932 
 Malapposed % 1.64 2.56 1.42 2.29  0.952 

Continuous variables are presented as mean ± SD. CV indicates coefficient of variance; ICC, 
intraclass correlation coefficient; NIH, neointimal hyperplasia. Modified from study IV. 

Bland-Altman analysis of strut-level measurements showed low inter-observer 
variability, as expressed by the limits of agreement in Figure 6. No systematic dif-
ference was found between the two observers in cross-sectional or strut-level 
measurements in 2-sided test (p>0.05) except for the NIH thickness with a mean 
difference of 11 µm (95% CI 7.5–14.5, p<0.001). 
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Figure 6 Bland-Altman plots of strut level measurements between the two observers. Modi-
fied from study IV. 

5.3 Functional healing 

5.3.1 Invasive assessment of functional healing (I and III) 

4 patients in BP-SES, 3 patients in DP-ZES, and 2 patients in CoCr-BAS had func-
tional restenosis (FFR ≤0.80) at follow-up, and were excluded from CFR and IMR 
analysis (Table 9). CFR measurement by thermodilution was unsuccessful in 3 
patients in CoCr-BAS due to technical difficulties. No statistically significant dif-
ferences were observed in mean FFR, CFR, or IMR between stent groups; how-
ever, abnormal CFR values were observed frequently in patients treated with BP-
SES (44.4%) or PtCr-EES (47.4%), and there was a trend towards a higher pro-
portion of patients with CFR <2.5 in BP-SES compared to DP-ZES (p=0.06). No 
statistically significant correlation between FFR, CFR, or IMR was found in either 
study (p>0.05 for all). 
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Table 9 Invasive hemodynamic measurements of the study groups. 

 HATTRICK-OCT  TIDES-OCT 

Variable BP-SES 
(n=18) 

DP-ZES 
(n=16) 

p  CoCr-BAS 
(n=15) 

PtCr-EES 
(n=19) 

p 

FFR 0.87 ± 0.07 0.87 ± 0.06 0.93  0.86 ± 0.13 0.90 ± 0.06 0.276 
CFR 3.0 ± 1.3 3.2 ± 1.0 0.56  2.56 ± 1.16 2.58 ± 1.36 0.981 
FFR ≤0.80 4 (19.0) 3 (15.8) 1.00  1 (5.3) 0 1.000 
CFR <2.5 8 (44.4) 2 (12.5) 0.06     
CFR <2.0     4 (28.6) 9 (47.4) 0.310 
IMR 19.2 ± 8.1 22.7 ± 13.0 0.32  14.3 ± 5.7 23.1± 10.6 0.116 

Continuous variables are presented as mean ± SD, whereas categorical variables are presented 
as frequency (percentage). BP-SES indicates biodegradable polymer sirolimus-eluting stent; 
CoCr-BAS indicates cobalt-chromium bioactive stent; DP-ZES, durable polymer zotaroli-
mus-eluting stent; PtCr-EES, platinum-chromium everolimus-eluting stent; FFR, fractional 
flow reserve; CFR, coronary flow reserve; IMR, index of microcirculatory resistance. Modi-
fied from Karjalainen et al, Circ J 2015;79:360-7 (I) and Varho et al, Int J Cardiovasc Imaging 
2016;32:1031-9 (III). 

Hemodynamic measurements did not correlate significantly with OCT outcomes 
in either study. However, an inverse relation was observed when data from the two 
studies was pooled and CFR was plotted against percent uncovered struts (Figure 
7). Inverse transformation of CFR resulted in significant correlation between the 
variables (r=0.305, p=0.011). After data pooling significant correlation was also 
found between CFR and mean NIH area (r=0.313, p=0.009). 

 
Figure 7 Coronary flow reserve against percent uncovered struts (n=68). 
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5.3.2 Validation of transthoracic coronary flow reserve measurement after 
stenting (II) 

Paired measurements of CFR by TTE and invasive thermodilution were obtained 
in 25 patients enrolled in HATTRICK-OCT. CFR measurement by TTE was un-
successful in one patient, where the distal LAD could not be visualised adequately 
(feasibility 97%). CFR measurement by thermodilution was unsuccessful in five 
patients due to unreliable (>20% variability) baseline thermodilution curves (fea-
sibility 84%). One patient was excluded from CFR comparison due to functionally 
significant epicardial stenosis (FFR<0.75). CFR values in the remaining 24 pa-
tients demonstrated strong correlation (r=0.71, p<0.001, Figure 8), with mean dif-
ference 0.29, (95% CI -0.06–0.59, p=0.054, Table 10). Figure 9 shows the Bland-
Altman plot of the two methods with 95% limits of agreement. 

Table 10 Invasive hemodynamic measurements of the study groups 

Variable Invasive TTE-derived Mean difference p  
Mean	CFR 3.2	±	1.0 2.9	±	0.72 0.29	±	0.71 0.054  
CFR <2.5 6 (25) 8 (33)  0.001  

Continuous variables are presented as mean ± SD, whereas categorical variables are presented 
as frequency (percentage). CFR, coronary flow reserve; TTE, transthoracic echocardiog-
raphy. Modified from Varho et al, Eur Heart J Cardiovasc Imaging 2014;15:1029-34 (II). 

TTE successfully identified moderately impaired CFR (<2.5) (p<0.001) with 
100% sensitivity (95% CI 54.05–100.00 %) and 89% specificity (95% CI 65.25–
98.30%) as compared to invasive method. The positive and negative predictive 
values were 75% and 100%, respectively and accuracy was 92%. 
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Figure 8 Correlation between measurements of coronary flow reserve (n=24). CFR indicates 
coronary flow reserve, TTE, transthoracic echocardiography. Modified from Varho et al, Eur 
Heart J Cardiovasc Imaging 2014;15:1029-34 (II). 

 
Figure 9 Bland-Altman plot of coronary flow reserve measured by transthoracic echocardi-
ography or thermodilution (n=24). Modified from Varho et al, Eur Heart J Cardiovasc Imag-
ing 2014;15:1029-34 (II).
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6 DISCUSSION 

6.1 Anatomical healing 

6.1.1 Optical coherence tomography outcomes between stent groups (I and 
III) 

The primary endpoint, percent uncovered struts, varied significantly between stent 
groups, as illustrated by the 95% CI of each stent group with no overlap in Figure 
3. Incomplete neointimal coverage at the early follow-up was detected in all stent 
groups, indicating that healing was not complete at 2–3 months. Similar rates of 
uncovered struts have been reported with BP-SES (3.9% at 4 months) (Qian et al. 
2012), ZES (6.2% at 3 months) (Kim, Kim, Shin, Kim, Ko, Choi, et al. 2013), and 
PtCr-EES (8.46% at 6 months) (Guagliumi et al. 2013). The exceptionally early 
time frame of the current study distinguished it from previous research. The 2-
month follow-up OCT in study III was appropriately timed for verification of the 
high rate of strut coverage in CoCr-BAS, which was anticipated due to the absence 
of drug coating. Early neointimal healing is crucial to patients at high risk of bleed-
ing, who require cessation of DAPT. 

A first-in-man report on a BP-SES designed on a cobalt-chromium stent platform 
with abluminal grooves for the biodegradable drug polymer, implanted for patients 
with ACS or stable CAD, revealed a comparable percentage of uncovered struts at 
4 months (3.8%, vs. 3.9% in study I at 3 months); however, the percentage of mal-
apposed struts was much lower (0.1% vs. 2.1% in our study) (Qian et al. 2012). 
DP-ZES also exhibited a high rate of malapposed struts (5.3%). The high incidence 
of malapposition at 3 months is partly explained by the exclusive enrolment of 
patients with ACS and the high proportions of STEMI and thrombus aspiration in 
study I, although no significant difference in these risk factors was seen between 
the stent groups. Notably, malapposition was more frequent in DP-ZES despite a 
higher rate of post-dilatation, suggesting late acquired ISA due to positive remod-
elling rather that underexpansion, as supported by the statistically insignificant in-
crease in cross-sectional lumen area. This may have been caused by the dissolution 
of jailed thrombus, which has been hypothesised as a cause for ISA after stenting 
in ACS (Hong, Mintz, Lee, Park, Park, et al. 2006; Cook et al. 2007). However, 
the lack of baseline OCT data precludes drawing such conclusions. Very low rates 
of uncovered and malapposed struts (0.5% and 0.2%, respectively) have been re-
ported with DP-ZES at 9-month follow up in patients with stable CAD (Wijns et 
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al. 2015). The cause of this malapposition in patients with ACS remains to be re-
vealed in serial OCT studies. 

CoCr-BAS performed best regarding comprehensiveness of neointimal coverage 
with a mean of 1.0% uncovered struts in pooled analysis at 2 months, which can 
be largely accredited to the absence of antiproliferative drug and polymer. This 
early neointimal coverage was achieved at the expense of thicker NIH, as demon-
strated by the decreased lumen area and increased NIH area, percent NIH area, and 
strut-level NIH thickness compared to PtCr-EES, and one case of functionally sig-
nificant restenosis. Preliminary results of CoCr-BAS in 1-year follow-up showed 
adequate clinical safety, with low rates of cardiac death (1.3%), non-fatal MI 
(3.1%), ischemia-driven TLR (3.1%), and the composite endpoint of MACE 
(6.3%) (Karjalainen, Mikkelsson, et al. 2016). 

Reports from BASE-ACS, a prospective RCT powered for comparison of clinical 
outcomes between a stainless steel platform BAS and a second-generation EES in 
ACS, both MACE and the stent-oriented composite endpoint of cardiac death, tar-
get vessel-related MI or ischaemia-driven TLR occurred at a similar rate between 
the two stent in 2-year follow-up (Romppanen et al. 2013). Recently, the final re-
port from BASE-ACS confirmed non-inferiority of BAS in 5-year follow-up, with 
a lower incidence of non-fatal MI compared to EES (5.9% vs. 9.7%, respectively, 
p = 0.028) (Karjalainen, Nammas, et al. 2016). Successive OCT studies on stain-
less steel platform BAS have revealed early NIH formation averaging 109.7 µm at 
30 days, with only moderate increase in long-term follow-up (274.2 µm at 9 
months and 265.8 µm at 4 years) (Annala et al. 2013; Karjalainen et al. 2013; 
Lehtinen et al. 2012). The current findings with CoCr-BAS (203 µm NIH thickness 
at 2 months) are in agreement with this pattern of early healing. In light of these 
assuring data, CoCr-BAS may be considered for the treatment of patients with 
ACS. The optimal duration of DAPT cannot be deduced from these OCT results 
alone, as there is no consensus for a universally acceptable rate of binary strut 
coverage for DAPT discontinuation, and the present study was underpowered to 
correlate the OCT findings with clinical endpoints. 

6.1.2 Effect of sampling interval on OCT outcomes (IV) 

The percentage of uncovered and malapposed struts, as evaluated by OCT at 2 
months, differed significantly between the conventional 1-mm sampling interval 
and the more comprehensive 0.6-mm sampling interval. Such comparison between 
sampling methods has not been reported previously. Cross-sectional area measure-
ments show very little variability even at 2.4-mm sampling intervals (Bezerra, 
Guagliumi, et al. 2009); strut-level analysis of binary strut coverage, however, 
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shows high variability from cross-section to cross-section. Binary strut-level data 
are highly clustered by nature: the majority of uncovered struts (85%) appear in 
clusters averaging 21.1 ± 14.7 uncovered struts, and the same applies to malap-
posed struts (78% in clusters of 19.7 ± 11.8) (Adriaenssens et al. 2014). This makes 
the data susceptible to sampling bias. The hierarchical nesting of strut-level data 
within cross-sections, lesions, and patients should be accounted for in pooled anal-
ysis. 

Like most diagnostic classifiers, the binary strut-level data is subject to class im-
balance, since the percentage of uncovered struts and malapposed struts in stent 
follow-up tends to be in the order of <10%. When the sample size is increased by 
one strut, it is more probable that the strut is classified as covered, which increases 
the chances of identifying the majority class, i.e. the pool of covered struts. The 
cost of misclassification of the minority class (uncovered struts) is increased in 
such datasets, where over-sampling of the minority class and under-sampling the 
majority class have been suggested as methods for improving the performance of 
the classifier (Chawla & Bowyer 2002). This has certain limitations when meas-
uring percent uncovered struts, where the response of each particular stent is clin-
ically relevant; whereas the response of an individual strut is negligible. According 
to Finn et al., the strongest predictor of ST is the proportion of uncovered to total 
struts (Finn et al. 2007). 

Automatic algorithms are in trial for rapid analysis of the extensive bulk of data 
acquired from OCT pullbacks of stented vessels (Ughi et al. 2012; Adriaenssens 
et al. 2014). This tool would enable the express analysis of all cross-sections ef-
fortlessly extending the clinical applications of OCT. Inclusive analysis of all OCT 
cross-sections would circumvent the dilemma of sampling intervals. However, bi-
nary strut coverage thus far remains dependent on human interpretation. When 
faced with challenging classification of binary strut coverage, higher intra-ob-
server agreement can be achieved by Core Lab analysts, compared with interven-
tional cardiologists with experience in OCT (Brugaletta et al. 2013). 

Proportions of uncovered struts derived after exclusion of SOS differed signifi-
cantly from values obtained when including SOS into the pool of covered struts. 
The difference, albeit clinically insignificant, was demonstrated consistently 
across both stent groups and sampling intervals. This observation supports the 
proposition that SOS should be systematically included in the analysis of binary 
strut coverage. 

The difference in the primary endpoints of percent uncovered struts and percent 
malapposed struts between 1-mm and 0.6-mm sampling intervals suggests, that the 
sporadic sampling at the arbitrary 1-mm interval may cause bias in the inclusion 
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of strut level data resulting in overestimated levels of uncoverage and malapposi-
tion. Further investigation relating the findings to histopathological data is war-
ranted to ascertain the optimal sampling interval. 

6.1.3 Inter-observer variability of OCT measurements (IV) 

The inter-observer variability assessed at the 1-mm sampling interval was compa-
rable to previous studies (Barlis, Dimopoulos, et al. 2010; Gonzalo & Garcia-
Garcia 2009; Heeger et al. 2016). Inter-observer variability of percent uncovered 
and malapposed struts, the primary OCT endpoints in the current investigation, are 
seldom reported, and the reproducibility of categorical strut level-data has been 
questioned: Brugaletta et al. demonstrated that binary strut coverage assessment 
by OCT is highly dependent on the zoom setting used in the analysis, and suffers 
from wide inter- and intra-observer variability (Brugaletta et al. 2013). Neverthe-
less, the current analysis exhibited high agreement with ICC 0.956, in contrast to 
a recent study reporting binary strut coverage using 0.6-mm sampling with inter-
observer ICC at 0.91 (Heeger et al. 2016). Strut-level measurements of NIH thick-
ness were also in concordance, although a small but consistent difference of 11 µm 
was perceived. The difference is clinically irrelevant and can be attributed to the 
visual acuity of the OCT images (14 µm) and the blooming thickness (36 µm). 
Residual blood has been shown in vitro to increase the thickness of blooming ar-
tefacts (Mancuso et al. 2014); blooming remains a limitation to the detection of 
thin layers of endothelial coverage on stent struts. 

Strut-level measurement of malapposed distance showed weaker agreement. The 
high variability of the stent-level averages is caused by the rare occurrence of mal-
apposed struts: only 2–3 malapposed struts were detected on average in each stent, 
and malapposed struts tend to coincide in clusters heterogeneously across the stent 
(Adriaenssens et al. 2014). This generates high variability from cross-section to 
cross-section, and makes the results highly dependent on the reading frame of the 
analysis. Variability could undoubtedly be reduced by shortening the sampling in-
terval and prespecifying a minimum number of cross-sections to include in the 
analysis. On a further note, it remains controversial whether the malapposed dis-
tance has clinical relevance, or only the percentage of malapposed struts; the risk 
of ST associated with large cross-sectional areas of malapposition appears to at-
tenuate in stents with only a modest degree of ISA (Lindsey & Marso 2010). 
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6.2 Functional healing 

6.2.1 Invasive hemodynamic measurements (I and III) 

The incidence of impaired CFR was relatively high in all stent groups, possibly 
implying that vasodilator function has not fully recovered at 2–3 months after stent 
implantation. Study I yielded CFR values that were comparable to previous studies 
on DES follow-up (Hofma et al. 2006; Ruscazio et al. 2012). Mean CFR was lower 
and impaired CFR was more frequent in CoCr-BAS and PtCr-EES, which is par-
tially attributable to earlier follow-up and diabetic patients in study III. No statis-
tically significant differences in CFR were detected between stent groups in either 
study, although a tendency to lower CFR was seen in BP-SES. The incidence of 
culprit lesion thrombus and aspiration was high in BP-SES, and pre-dilation was 
performed more frequently in PtCr-EES, which are factors predisposing to distal 
microembolisation and impairment of CFR (Heusch et al. 2009; Hori et al. 1986; 
Cuisset et al. 2008). Additionally, MI reduces CFR by decreasing the myocardial 
mass subtended by the occluded artery. Thus a higher rate of impaired CFR can be 
anticipated in this ACS setting compared to patients with stable CAD. 

Previous studies have shown an inverse correlation between CFR and IMR devel-
opment after PCI (Murai et al. 2016; Cuisset et al. 2008). CFR measurements in 
either study did not correlate with invasive IMR measurements, which may be due 
to the small study sample. It is noteworthy, that even in the absence of epicardial 
stenosis, there was no significant correlation between CFR and IMR, and patients 
with impaired CFR (<2.5) had IMR levels that were normal and comparable to 
patients with normal CFR. This verifies that CFR is not contingent on microvas-
cular resistance alone, but rather reflects global atherosclerotic burden, endothelial 
dysfunction, and microvascular damage, as suggested by previous studies on im-
paired CFR in the absence of epicardial stenosis (Ascione et al. 2013). 

Modest, yet statistically significant correlations were shown between functional 
and anatomical healing. The direct correlation of mean cross-sectional NIH area 
and the inverse correlation of percent uncovered struts with CFR at 2-3 months 
suggest that preserved CFR after stent implantation is linked to complete endothe-
lial coverage of the stent. Several confounding factors need to be acknowledged: 
lesion length, vessel size, and stent underexpansion influence neointimal growth 
(Serruys et al. 1999; Hoffmann et al. 1998; Kastrati et al. 1999), and may affect 
the epicardial physiology, even after exclusion of significant stenoses. The corre-
lation may have been weakened by the various error sources in CFR measurement 
discussed earlier. However, it is reasonable to infer that delayed neointimal cover-
age provokes poor functional healing, the causes of which are multifactorial. 
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6.2.2 Validation of transthoracic coronary flow reserve measurement after 
stenting (II) 

The present study showed a good agreement between TTE-derived CFR and inva-
sive thermodilution, despite a trend towards higher values with the invasive 
method. TTE was proven to be reliable in the lower end of the scale and performed 
with high sensitivity and specificity in identifying impaired CFR values using ther-
modilution as the gold standard. Conjectures about the effect of impaired endothe-
lial function on adverse outcomes such as TLR or ST cannot be made since the 
study is underpowered to link findings to clinical endpoints. Nevertheless, meas-
urement of CFR by TTE displayed excellent feasibility, and should be considered 
for assessment of vasodilator function as a low-cost, non-invasive, accessory test 
during echocardiographic follow-up. 

Owing to simultaneous invasive measurement of FFR, CFR, and IMR, patients 
with functionally significant restenosis were successfully excluded from the anal-
ysis. This allowed evaluation of vasodilator dysfunction in the healing period after 
DES implantation without the confounding factor of epicardial stenosis, and im-
proved the efficiency of the experimental design with relatively few patients. Ther-
modilution overestimated CFR in select cases, as shown by the difference between 
the methods in Figure 6. This may be explained by epicardial vasodilation leading 
to an increase in flow but not velocity, or coronary steal during hyperaemia, where 
flow to proximal side branches is increased. 

6.3 Clinical implications and future research 

The results from studies I and III show that early vascular healing is not complete 
2 months after the implantation of CoCr-BAS or PtCr-EES, or 3 months after the 
implantation of BP-SES or DP-ZES. Premature discontinuation of DAPT cannot 
be recommended at these time points. All stent devices displayed reassuring out-
comes, suggesting safe use in the setting of ACS. Treatment with CoCr-BAS al-
lowed early and comprehensive neointimal healing. Whether this facilitates shorter 
duration of DAPT remains to be verified in prospective studies powered for com-
parison of clinical endpoints. Serial OCT studies are warranted to uncover mech-
anisms of malapposition and delayed neointimal coverage.  

The sound agreement between CFR values derived from invasive thermodilution 
and non-invasive TTE in study II validate the use of TTE-derived CFR measure-
ment in patients with ACS treated with DES. Current ESC guidelines recommend 
CFR measurement by TTE using adenosine-induced hyperemia to assess epicar-
dial stenosis or microvascular disease non-invasively (Montalescot et al. 2013). As 
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vasodilator dysfunction is common after DES implantation, particularly in the set-
ting of ACS, it is convenient to have a tool for prognostic stratification in follow-
up after PCI. The described method enables CFR measurement during TTE eval-
uation in a manner that is non-invasive and repeatable at different time points. 

The critical results from study IV on OCT methodology suggests that the reliability 
of OCT data may be compromised by inadequate sampling and struts lacking a 
blooming effect, and that standardization is needed. Currently, assessment of strut 
coverage is dependent on analyst interpretation. Automated algorithms are needed 
to analyse the large amount of data and turn it into a tool for the clinician.  

6.4 Study limitations 

Studies I and III were limited in sample size, as they were designed for comparison 
of OCT- and pressure wire-derived surrogate endpoints of vascular healing. The 
studies were underpowered for direct comparison of clinical endpoints, hence con-
clusion regarding post-PCI clinical outcome should be drawn cautiously. Detailed 
hypotheses on the aetiology of ISA and impaired CFR cannot be made due to the 
lack of baseline OCT and CFR data. OCT data analysis was not performed in an 
independent core lab, potentially weakening the statistical power of OCT compar-
ison. 

The omission of contrast agent for the measurement of CFR by TTE may have 
limited the feasibility and repeatability of the method in study II. The study was 
performed on a highly select population of non-diabetic patients with single-vessel 
disease in the LAD presenting with ACS. The results are therefore not readily gen-
eralizable to wider populations. 

Study IV was performed on patients treated with two different stents displaying 
distinct healing patterns. This may have reduced the statistical power of the study 
despite data stratification. Even though the change of sampling interval had similar 
effects in both stent groups, extrapolations to different healing patterns and time 
frames should be made cautiously. 
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7 CONCLUSIONS 

The main findings of the present investigation were: 

1. Neointimal coverage by OCT was incomplete in BP-SES and DP-ZES at 3 
months after treatment for ACS; the percentage of uncovered struts was 
lower in BP-SES. Malapposition occurred frequently irrespective of post-
dilatation. Vasodilator dysfunction was present in both groups. 

2. CFR measurement by TTE is feasible after DES implantation and shows 
good agreement with invasive thermodilution. 

3. CoCr-BAS demonstrated rapid and comprehensive neointimal coverage at 
2 months after treatment for ACS compared with PtCr-EES. Vasodilator 
dysfunction was present in both groups. 

4. The sampling interval has significant effect on OCT-derived binary strut 
coverage and apposition, and the 0.6-mm interval can be used to reduce 
variation.
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