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Abstract
Early-generation drug-eluting stents (DES) have been demonstrated to delay vascular healing. Limited optical coherence 
tomography (OCT) data on the very long-term neointimal response after DES implantation are available. The aim of this 
study was a serial OCT assessment of neointimal thickness, stent strut coverage, malapposition, and protrusion as markers of 
neointimal response at 3 and 9 years after implantation of sirolimus-eluting stents (SES) and paclitaxel-eluting stents (PES). 
In this single-centre, longitudinal study consecutive patients undergoing elective PCI with SES or PES were included. OCT 
analysis was performed after 3 and 9 years by the independent core laboratory. A total of 22 subjects (8 SES and 14 PES) 
underwent an OCT assessment at 3 and 9 years post index procedure. The lumen, neointimal and malapposition area and the 
neointimal thickness (SES ∆50 µm, p = 0.195, PES ∆10 µm, p = 0.951) did not change significantly over the 6 year follow-
up. No differences in the incidence of uncovered, malapposed or protruding struts were found in each type of stent. At 3 and 
9 years after PCI, implantation of early-generation SES and PES may be associated with similar neointimal thickness, strut 
coverage, malapposition and protrusion, as assessed by serial OCT examination among patients with uneventful follow-up 
at 3 years post procedure. The small size of the study warrants judicious interpretation of our results and confirmation in 
larger multimodality imaging studies, including patients treated with contemporary stent platforms.
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Introduction

Late adverse events such as stent thrombosis and in-stent 
restenosis have been recognized as major concerns after 
early-generation drug-eluting stents (DES) implantation 
[1–6]. Among the varied factors related to these compli-
cations, the most important encompass delayed vascular 

healing with impaired strut coverage and strut malapposi-
tion [1, 2, 5, 7–9].

Incomplete neointimal coverage of stent struts leading 
to their direct exposition to the blood flow was identified 
as a strong surrogate indicator of endothelialization and a 
significant morphometric predictor of late stent thrombosis 
(ST) [10, 11]. On the other hand, autopsy studies of early 
generation DES demonstrated features of continuous neoin-
timal growth at the extended follow-up, referred to as late 
catch-up phenomenon [2, 7, 12, 13], thus prompting the 
need for long-term evaluation of vessel healing response to 
this polymer-coated metallic devices. The longest systematic 
follow-ups in autopsy studies evaluating neointimal growth 
after DES implantation reached up to maximally 6 years 
after PCI [2, 13].

At present, optical coherence tomography (OCT) appears 
the most precise intravascular diagnostic method enabling 
in vivo identification of incomplete stent strut coverage, 
strut malapposition, protrusion and presence of intraluminal 
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thrombi [14, 15]. Still, limited OCT data are available on 
the very long-term neointimal response after DES implan-
tation, with the longest follow-ups reported up to 5 years 
[9, 16–19]. Within this time frames, both sirolimus eluting 
stents (SES) and paclitaxel-eluting stents (PES) incidentally 
presented delayed arterial healing, including unfavourable 
strut outcome in terms of neointimal coverage and interac-
tion with the vessel wall [12, 16, 20].

Notably, although the early generation DES are no longer 
widely used in clinical practice, they have been already 
implanted in millions of patients over the past decades. We 
hypothesized that despite uneventful early- and mid-term 
follow up, the vessel wall may be subject to dynamic mor-
phometric changes at the extended observation, resultant 
from prosthesis-related inflammatory processes and toxicity.

Given this background, we performed a serial, very long-
term 3- and 9-year OCT assessment of stent strut coverage, 
malapposition and protrusion as markers of vascular healing 
response to SES and PES implanted in patients with stable 
coronary artery disease (SCAD).

Methods

Study population

This is a single-centre, non-randomized, longitudinal study 
that analysed consecutive patients presenting with SCAD 
patients who underwent elective PCI with implantation of 
either SES (Cypher, Cordis) or PES (Taxus, Boston Scien-
tific) between January 2003 and December 2004 and under-
went the long-term OCT evaluation.

The inclusion criteria involved: single DES implanta-
tion in clinically and angiographically relevant stenosis of 
a native vessel, implantation of a stent within 2.5–3.5 mm 
in diameter, at least 36 months of uneventful follow-up 
after the index PCI, informed consent to participate in the 
intravascular imaging follow-up, adherent dual antiplatelet 
therapy continuation for the 12 months following the index 
procedure, according to the recommendations applicable at 
the time when the study was conducted.

Exclusion criteria comprised a history of target ves-
sel revascularization (TVR), myocardial infarction (MI) 
and stroke in a period between index PCI and planned 
OCT examination; left main as a culprit vessel, lesions 
located < 10 mm from the native vessel ostium due to lack of 
possibility to perform OCT measurement with proximal bal-
loon occlusion, PCI of a chronic total occlusion of a native 
artery, chronic kidney disease with baseline estimated glo-
merular filtration rate (GFR) < 30 mL/min/1.73 m2. All index 
procedures were performed using routine interventional 

cardiology techniques, with performance of predilatation 
and post-dilatation left to the operator’s discretion.

After inclusion, OCT examination was perfomed at 
≥ 3 years following the initial procedure. Thereafter, patients 
were clinically followed-up for up to 9 years and underwent 
second OCT evaluation at the end of the observation period.

Optical coherence tomography imaging

OCT images at 3 year follow-up were acquired using a time-
domain OCT imaging system (M2 system, LightLab Imagin-
ing Inc., Westford, Massachusetts, US) in accordance with 
manufacturer recommendations. Briefly, the occlusive over-
the-wire balloon (Helios) was advanced in the target vessel 
proximally to the lesion. An optic fibre probe (ImageWire, 
LightLab Imaging Inc.) was inserted through the balloon to 
the distal part of the vessel. After proximal balloon occlu-
sion an automatic OCT pullback was performed with a con-
tinuous Ringer lactate solution infusion.

At 9 years, OCT images were obtained with a commer-
cially available frequency domain OCT imaging system 
(C7XRsystem) with  Dragonfly® image catheters, (Light-
Lab Imaging Inc., Westford, Massachusetts, US) using the 
non-occlusive flushing technique. Following the diagnostic 
coronary angiography, the ImageWire (Lightlab Imaging) 
was carefully placed distal to the stenosis. After adminis-
tration of 200 mg of intra-coronary nitroglycerin, the target 
vessel was flushed via the guiding catheter with isomolar, 
nonionic contrast liquid.

All OCT imaging analyses have been performed offline 
by the same independent core laboratory [Krakow Cardio-
vascular Research Institute (KCRI), Krakow, Poland] using 
the proprietary software from LightLab Imaging by two ana-
lysts blinded to the angiographic data and patients’ clinical 
characteristics. Stent analyses for strut coverage, apposition 
and protrusion at frames were conducted at 1 mm longitu-
dinal intervals, based on the methodology applied in previ-
ous studies using OCT evaluation of DES [9, 14, 15, 19, 
21, 22]. The landmarks such as stent edge, side branches 
and calcifications were used to match the corresponding 
cross sections between the 3- and 9-year examinations for 
evaluation of changes in lumen area, minimal lumen area 
(MLA), neointimal thickness as well as the percentage of 
uncovered, malapposed and protruding struts. Struts located 
at the ostium of side branches, with no vessel wall behind, 
were excluded from the analysis of apposition. In case more 
than one-quarter of the analysed frame circumference was 
not visible due to insufficient flush or out of zoom, it was 
considered not analyzable and excluded. Likewise, if above 
one-third of the total stent length was not analyzable, pull-
backs were excluded.
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OCT definitions

The OCT struts analyses applied previously reported defini-
tions [14, 21, 23]. In brief, neointima area was defined as 
the tissue between the luminal border and the endoluminal 
border of the struts.

Strut coverage thickness was defined as the distance 
between the endoluminal side of the strut in the midpoint 
of its long axis and the intersection of the lumen contour 
with the straight line between the endoluminal side of the 
strut and the centre of gravity of the vessel. These measure-
ments of the strut coverage, presented as a mean neointimal 
thickness, were performed on every visible stent strut twice. 
Struts were considered uncovered in case of a partial or com-
plete absence of tissue coverage.

Strut apposition was evaluated strut by strut by measur-
ing the distance between the center of the endoluminal strut 
border and the intersection between lumen contour and the 
line connecting the center of the endoluminal strut side and 
the gravitational center of the vessel. Strut malapposition 
was defined as a distance > 160 µm based on the consensus 
derived from the strut thickness of SES (153 m) and PES 
(148 m) plus the minimal axial resolution of OCT. Such an 
approach allowed for a blinded assessment. Strut protrusion 
was characterized by strut extension into the lumen for more 
than 160 µm, however, without clear separation from the 
vessel wall.

To account for a potential clustering of unfavourable strut 
outcome within the lesion, we also performed a lesion-level 
analysis for identification of stents with at least 5 or 10% of 
uncovered, malapposed and/or protruding struts.

In addition, the exploratory analysis of patterns of 
neointima thickness and strut coverage changes was per-
formed. Neointima thickness was considered stable if the 
difference of neointima thickness between 3- and 9-year 
assessment was below 10 µm. The incidence of stents with 
increased, decreased and stable neointima thickness as well 
as increased, decreased and stable number of uncovered 
struts was reported.

Quantitative coronary angiography

The 3- and 9-year coronary angiography was performed with 
the same angiographic projections as the baseline procedure. 
Off-line qualitative and quantitative coronary angiography 
(QCA) analysis was performed using the Cardiovascular 
Angiography Analysis System 5.11.1 (Pie Medical Imag-
ing Systems, Maastricht, Netherlands), by an independent 
core laboratory [KCRI, Krakow, Poland].

The following angiographic parameters were calculated: 
minimum luminal diameter (MLD), percent diameter ste-
nosis (%DS), reference vessel diameter (RVD), and a late 

lumen loss was defined as the difference between the 3- and 
9-year MLD.

Study endpoints

The primary study endpoint was defined as a change in 
the neointimal thickness evaluated by OCT between 3 and 
9 years of follow-up. Secondary endpoints involved change 
in the percentage of uncovered, mallaposed and protruding 
struts, malapposition distance between the two OCT time-
points. In addition, the standard areas and volumes were 
reported. Finally, all-cause mortality and rates of target 
lesions revascularization (TLR) and ST classified according 
to the Academic Research Consortium (ARC) were reported 
until 9 years after the index procedure [24].

Ethics

The study was approved by the local research ethics com-
mittee and was conducted in accordance with Declaration of 
Helsinki. All patients provided a written informed consent. 
At 9 years, patients were asked for a re-consent.

Statistical analysis

Categorical variables are presented as counts and percent-
ages, continuous variables as mean ± standard deviation. The 
unpaired and paired (serial analysis) t test, the chi square test 
(or Fishers’ exact test) and the Wilcoxon test were used for 
comparison of means and percentages. OCT intra- and inter-
observer variability in the analysis of lumen area and stent 
area were assessed calculating the mean relative differences 
(as a percentage) with the standard deviation. All statistical 
tests were two-sided and the p value of 0.05 was considered 
statistically significant. Statistical analyses were performed 
using SPSS, version 21 (IL, US).

Results

Of 156 consecutive SCAD patients who underwent PCI 
with implantation of the first-generation DES, 47 patients 
(22 SES and 25 PES) met the inclusion criteria and were 
assessed with OCT at 3 years post index procedure. Eight 
patients were excluded (insufficient pullback quality in six 
patients, OCT not feasible in two patients). Over the 6-year 
observation four patients died (two subjects due to cancer, 
one subject due to stroke, and one subject due to unknown 
reason, classified as probable ST according to ARC defini-
tion), six refused to participate in OCT follow-up and a con-
tact was lost for five individuals. Two patients were excluded 
due to TLR with implantation of the second-generation DES.
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Finally, a total of 22 sets of OCT pullback (8 SES and 14 
PES) were evaluated in a paired OCT analysis between 3 and 
9 years post procedure (Fig. 1).

Baseline clinical characteristics were well balanced 
between the SES and PES group (Table 1). In the PES 
arm a trend towards larger stent diameter (3.02 ± 0.27 vs. 
3.12 ± 0.38 mm, p = 0.061) implanted in coronary arteries 
with larger RVD (2.57 ± 0.35 vs. 2.95 ± 0.44 mm, p = 0.006) 
was observed. The procedural and angiographic data have 
been presented in Tables 1, 2 and Suppl. Table 1.

Between 3 and 9 years following the index procedure 
a paired QCA analysis revealed similar MLD decrease 
in both subgroups (p = 0.561), with a late lumen loss of 
− 0.27 ± 0.52 mm in SES (p = 0.109) and − 0.10 ± 0.30 mm 
in PES (p = 0.224) (Table 2).

OCT analysis

In a paired analysis 1608 and 1615 SES struts (p = 0.742) 
and 2912 and 2929 PES struts (p = 0.856) were assessed at 
3 and 9 years, respectively.

Neointimal thickness and area

Between 3 and 9 years following stent implantation in a 
paired quantitative OCT analysis the neointimal thickness 
did not change significantly within SES [∆0.05 mm (− 0.03 
to 0.14), p = 0.195] and PES group [∆0.01 mm (− 0.04 

to 0.05), p = 0.951], which was also similar between both 
groups (p = 0.890) (Table 2). At 9 years some heterogene-
ity of neointimal response has been still observed in both 
SES and PES groups with the median neointimal thick-
ness of 0.13 ± 0.10 mm in SES and 0.14 ± 0.12 mm in PES 
(p = 0.952) (Fig. 2). Detailed OCT measurements in SES 
and PES group at 3 and 9 years are presented in the Suppl. 
Table 2.

Over the six years of follow-up, the mean and minimal 
lumen and neointimal area did not change significantly with 
only numerical decrease of the lumen area [− 0.19 (− 0.55 to 
0.17) mm vs. to 0.40 (− 0.87 to 0.08) mm, p = 0.460].

Strut coverage apposition and protrusion

There were no significant differences in terms of percent-
age of uncovered struts in either SES or PES over the 6 year 
observation period, with a stable median ratio of 2.5 at 
3 years and 1.6% at 9 years in the SES (p = 0.688) and 0.6% 
at 3 years and 0.2% at 9 years in the PES (p = 0.791). The 
malapposition rates were low and remained stable (SES 
0.002 vs. 0.6%, p = 0.125; PES: 0.0% vs. 0.01%, p = 0.625) 
(Table 2, Fig. 3). Likewise, protruding struts were rare in 
both SES- (1.2 vs. 0.0%, p = 0.250) and PES-treated (0.001 
vs. 0.0%, p = 0.250) lesions.

Additionally, lesion-level analysis showed no differ-
ence in the proportion of lesions with > 5% (SES 25.0 vs 
12.5%, p = 0.564; PES 21.4 vs. 14.3%, p = 1.000) and > 10% 
uncovered struts (SES 25.0 vs 12.5%, p = 0. 564; PES 7.1 
vs. 7.1%, p = 1.000) in either SES or PES group between 3 
and 9 years.

In the paired analysis, more than 5% of malaposed struts 
within the stent were noted in 7.1% of PES group at 3 years 
that were cured after 9 years from index procedure. No clus-
tering effect of co-existing both > 5% malaposed and > 5% 
uncovered struts was noted within this study population 
(Table 2).

Neointimal thickness and strut coverage change 
patterns

A paired analysis at the stent level revealed that 25.0 and 
7.1% of SES and PES, respectively, demonstrated a sta-
ble neointima thickness over 6 year observation. In half of 
the cases in each group an increase exceeding 10 µm was 
reported, whereas 25.0% of patients in SES and 42.9% in 
PES presented with a redistribution of neointimal thickness 
and its decrease of more than 10 µm (Table 2).

Likewise, various types of strut coverage changes were 
observed in both SES and PES cases at the strut-to-strut 
analysis between 3 and 9 years, with stable number of 
uncovered struts observed among 25.0 and 21.4% of SES 
and PES patients respectively, and 35.5% of SES and 42.9% 

Fig. 1  The flow chart of the study. SES sirolimus-eluting stent, PES 
paclitaxel-eluting stent, CAD coronary artery disease, OCT optical 
coherence tomography
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of PES presented with any decrease in the number of uncov-
ered struts. Interestingly, in more than a third of patients 
(SES 37.5 vs. PES 35.7%) at least one additional strut per 
stent was identified as uncovered at 9 years compared to 
3-year assessment (Suppl. Figures 1–4).

Inter‑ and intraobserver variability

The quality of the measurements was confirmed by a low 
inter- and intraobserver variability, calculated for lumen and 
stent area. For inter-observer variability, the mean relative 

Table 1  Baseline clinical 
characteristics

MI myocardial infarction, LVEF left ventricle ejection fraction, SES sirolimus-eluting stent, PES paclitaxel-
eluting stent, atm. atmospheres. Data are presented as mean ± standard deviation or count and proportion
a Body mass index (BMI) > 30
b Family history including of stroke, coronary artery disease and peripheral artery disease

SES (n = 22) PES (n = 25) p

Age (years) 60.4 ± 10.1 62.4 ± 9.6 0.802
Gender (male) 13 (59.1) 20 (80.0) 0.766
Previous MI 6 (27.3) 7 (28.0) 0.788
Hypertension 12 (54.5) 15 (60.0) 0.578
Hyperlipidemia 13 (59.1) 21 (84.0) 0.345
Diabetes mellitus 6 (27.3) 8 (32.0) 0.588
Obesitya 5 (22.7) 5 (25.0) 0.797
BMI (kg/m2) 27.3 ± 3.44 27.1 ± 3.24 0.732
Metabolic syndrome 4 (18.2) 5 (20.0) 0.874
Waist circumference 90 ± 11 76 ± 13 0.798
Total cholesterol (mg/dL) 163.0 ± 48.0 152.0 ± 41.7 0.743
LDL (mg/dL) 91.7 ± 44.8 86.0 ± 36.5 0.712
Smoker 3 (13.6) 3 (12.0) 0.674
Chronic kidney disease 3 (13.6) 3 (12.0) 0.654
Family history of cardiovascular  diseaseb 9 (40.9) 11 (44.0) 0.831
LVEF (%) 52.2 ± 6.1 55.4 ± 7.3 0.537
DAPT for complete 12 months post PCI 20 (90.1) 22 (88.0) 0.732
Statin therapy 19 (86.4) 21 (84.0) 0.673
Treated vessel
 LAD 13 (59.1) 13 (52.0) 0.761
 LCX 5 (22.7) 5 (20.0) 0.442
 RCA 4 (18.2) 7 (28.0) 0.553

Lesion type (AHA/ACC)
 A 3 (13.6)3 0 (0.0) 0.432
 B1 (13.6) 4 (16.0) 0.861
 B2 7 (31.8) 8 (36.0) 0.891
 C 9 (41.0) 13 (52.0) 0.522

Procedural characteristics
 Mean stent diameter (mm) 3.02 ± 0.27 3.12 ± 0.38 0.061
 Mean stent length (mm) 24.47 ± 9.68 23.37 ± 7.11 0.781
 Direct stenting 2 (9.1) 3 (12.0) 0.782
 Post-dilatation 18 (81.8) 21 (84.0) 0.721
 Max. inflation press. (atm.) 16.8 ± 2.6 16.2 ± 3.5 0.653
 Obesity* (5 22.7) (5 25.0) 0.797
 Smoker (3 13.6) (3 12.0) 0.674
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difference was 0.16 ± 4.65% for lumen area and 0.27 ± 5.11% 
for stent area; for intra-observer variability, the mean relative 
difference was 0.51 ± 1.35% for lumen area and 0.23 ± 2.10% 
for stent area.

Discussion

To our knowledge, this is the longest, serial OCT follow-up 
of patients treated with DES published to date. The princi-
pal findings of this vascular healing response analysis per-
formed among stable CAD patients treated with PCI with 
early-generation SES or PES that were event-free at 3 years 
post index procedure, could be summarized as follows: (1) 
at 3 and 9 years a similar neointimal thickness was observed, 
potentially suggesting lack of the ‘very late catch-up’ phe-
nomenon after either SES or PES implantation; (2) the 
lumen, neointimal and malapposition areas remained stable 
over the 6-year follow up both in SES and PES patients; (3) 
a similarly low, though still persistent, rates of strut malap-
position, protrusion and uncoverage were observed at 3 and 
9 years in both groups; (4) some stents presented a clustering 
of uncovered struts at 3 and 9 years.

Neointimal growth

Despite a growing body of OCT-derived evidence on the 
early and mid-term vessel healing and strut endotheliali-
sation after implantation of vast array of continuously 

Fig. 2  Cumulative distribution curves for neointima thickness (NIT) 
at 9 years post implantation. Data presented as median and interquar-
tile range. SES sirolimus-eluting stent, PES paclitaxel-eluting stent

Fig. 3  Cumulative distribution 
of uncovered struts (A) and 
mallaposed struts (B) at 3 and 
9years postimplantation. SES 
sirolimus-eluting stent, PES 
paclitaxel-eluting stent

(A)

(B)
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developed durable or biodegradable polymer drug eluting 
stent platforms [25–29], the patterns of very long-term 
vessel healing after coronary angioplasty remains vastly 
underexplored in in vivo investigations. The longest OCT 
follow-up of the first-generation DES implantation pub-
lished so far reached 5 years, while the studies with serial 
OCT imaging reported data up to 4 years post procedure 
[9, 12, 15, 16, 20], of which some suggested a continu-
ous neointimal growth following first-generation DES 
implantation, referred to as late catch up phenomenon. 
The neointimal thickness in the late phase ranged between 
110 and 136 µm by OCT [12, 16, 20]. The late neointimal 
response has been related to the continuous inflammatory 
stimuli from the non-degradable polymer, in the absence 
of antiproliferative drug elution [30].

Some long-term observations suggest an independent-
of-age decrease in the annual risk of TLF and ST risk 
beyond 5  years after implantation of early generation 
DES [31]. Nevertheless, whether the ongoing neointimal 
growth persists beyond 4–5 years (very late phase) cannot 
be concluded based on the currently available evidence.

The present study suggests no late augmentation of 
tissue growth up to 9 years after early-generation DES 
implantation. This may indicate that neointimal growth 
reaches plateau after extensive proliferation in the mid-
phase after the procedure. However, the ‘two-points’ 
assessment does not allow to draw firm conclusions.

Our findings, limited to highly pre-selected event-free 
population of small sample size, still demand confirmation 
in a larger study, preferably with a multimodality approach 
and adequate statistical power to conclude on the impact of 
late intravascular imaging findings on clinical outcomes, 
thus contributing to amendment of current clinical practice 
and more tailored secondary prevention algorithms.

It should be also underlined that the direct clinical 
applicability of our findings is restricted given that both 
first-generation SES and PES are no longer used in clini-
cal practice. Nevertheless, we are obliged to continue to 
follow-up all patients in whom first generation DES have 
been placed, which may have a substantial impact on the 
schemes of secondary prevention in these groups, includ-
ing dual antiplatelet therapy.

Importantly, it still remains to be established whether 
the currently best-in-class DES may be subject to the late 
catch up phenomenon or accelerated neoatherosclerosis 
at the very long-term post implantation. A better current 
DES performance would be promising given technological 
improvements including enhanced polymer biocompatibil-
ity, bioresorbable polymers, thinner strut platforms with 
less blood flow and endothelial shear stress disturbances 
with subsequent more rapid and complete endothelializa-
tion, as well as a reduced propensity to strut fracture, all 
of which may have reduced their thrombogenicity [32]. 

Nevertheless, the multimodality imaging studies on the 
long-term safety of stent platforms currently deemed as 
best-in-class coronary systems are highly anticipated, as 
all current devices still encounter some problems of per-
sistent inflammation, inappropriate neointima formation, 
and neoatherosclerosis observed in the reports with up to 
5 years of follow-up [9, 33–35]. Hence, the studies on the 
very long-term imaging follow up should be encouraged, 
especially in the context of relatively young age and long 
life expectancy of patients undergoing PCI with contem-
porary DES [31].

Strut coverage apposition and protrusion

The so far pathologic studies in metallic stents demonstrated 
that impaired endothelialisation, with the surrogate of ratio 
of uncovered to total stent struts per histological section, 
constitutes the best predictor of ST [11]. Accrued over time 
rate of struts covered with neointima, especially in the early 
phase after angioplasty, has been reported for both SES and 
PES, though with a lesser evidence for the latter [12, 30]. 
In the study by Räber et al. the rate of uncovered struts after 
first-generation DES was estimated at 1–2% at 5 year follow-
up [16]. Despite some methodologic differences in the previ-
ous OCT studies and different time frames of the analysis, 
precluding direct comparisons, the present study confirmed 
a comparable rate of struts without neointimal coverage with 
a numerical improvement over next 6 years, in both SES and 
PES treated patients. Interestingly, the rates of uncovered 
struts in present study seem somewhat smaller compared 
to the 4.1% of uncovered struts in everolimus-eluting stents 
(EES) at 5 years posti-implantation in the EXAMINATION 
study, though the EES were implanted in the setting of 
STEMI into the lesion with substantial necrotic core dem-
onstrated to substantially affect strut endothelialization [9].

The majority of previous OCT studies to date assessed 
the overall incidence of uncovered struts without accounting 
for the potential accumulation of unfavourable strut outcome 
within a single stent. To address this issue, we performed a 
lesion-level analysis that indicated some clustering of uncov-
ered struts at 3 and 9 years. Importantly, we did not identify 
any cases with a rate of uncovered struts > 30% that were 
associated with a ninefold increase of ST in the post-mortem 
studies [2, 11, 30]. A significant clustering of uncovered 
struts accounting for > 10% was revealed only in 2 SES and 
1 PES at 3 years, which is comparable to previously reported 
rates by Räber [16]. Given the overall low rate of uncovered 
struts in the total population at both 3- and 9-year assess-
ment, our data confirm heterogenous neointimal healing 
reposne, in line with previously published observations [2, 
12, 16, 20].

Apart from impaired strut coverage with neointima, 
DES-associated inflammation and toxicity may lead to late 
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positive (outward) remodelling causing a late-acquired 
malapposition, reported to increase the risk of late ST [20].

In the present analysis, a very low overall rate of mal-
laposed struts (< 1 strut per stent) and minor incomplete 
stent area was noted in both study groups, that remained 
stable all over the 9-year follow-up. This may suggest that 
in the very long-term follow-up the very late quired malap-
position is not that prevalent concern after implantation of 
early-generation DES.

Likewise, the phenomenon of strut protrusion, revealed in 
only 1.2 and 0.0% of SES and PES stents at 3 years, respec-
tively, was practically absent at 9 year evaluation.

Our findings are in line with previous studies that also 
suggested very low, though numerically higher malappo-
sition rates for SES (1.2%) compared to PES (0.7%) [16]. 
Due to the lack of baseline OCT we could not differentiate 
whether the malapposed struts at 3 year follow-up were pre-
sent at the time of the baseline angioplasty and persistent 
over time or malapposition was aquiered during follow-up. 
Nevertheless, an important value of the present investigation 
is a double OCT evaluation, bringing the first insights into 
the very late apposition patterns of DES.

Finally, while interpreting the results of the present 
investigation it also relevant to recall the previous studies 
employing angioscopy for evaluation of healing response 
after metallic stent implantation. Angioscopic observation 
through a decade revealed that neointima thickness at the 
SES-implanted segments varied from no coverage to full 
coverage even at 3 years after the implantation [36]. Occa-
sionally stent struts were still barely exposed into vascular 
lumen even at 3 years after angioplasty with SES implanta-
tion [36, 37]. However, the neointima structure appeared 
more homogenous, compared to PES treated lesions [36, 
38].

Limitations

Although the current study provides novel informa-
tion regarding the longitudinal very late vascular healing 
response up to 9 years after implantation of early generation 
DES, it has to be viewed at in the light of several limita-
tions. First, given a small sample size and observed losses 
in follow up, the presented results need to be interpreted 
with caution and demand confirmation in larger clinical tri-
als. Despite relatively large number of struts included in 
the analysis, the limited number of stents, small size of the 
study population, non-randomized character of the study 
and potential selection bias, do not allow for drawing solid 
conclusions. Second, the evaluated in the present investiga-
tion SES and PES platforms are no longer used in present 
clinical practice. Third, there were two different types of 
OCT utilized at 3- and 9-year follow-up, which could affect 

the evaluation of the corresponding frames, given the lower 
resolution of the first-generation TD-OCT. Fourth, com-
plete strut malapposition differentiation as either persistent 
(already present at time of the index procedure) or acquired 
later during follow-up period was hampered due to absence 
of the OCT examination at baseline. Fifth, in the present 
investigation no qualitative assessment of neointima was 
performed. Finally, the two time-point assessment does not 
ensure conclusive description of the dynamics of neointimal 
response—whether it stabilizes at long term reaching plateau 
after 3 years post PCI or rather it is a sequence of neointimal 
hyperplasia and regression.

Future directions

Although the current findings, once confirmed in larger 
trial, bring relevant mechanistic insight into the very long 
term response after early-generation DES, which may have 
impact for secondary prevention of patients after PCI with 
SES and PES implantation, the present findings cannot be 
extrapolated to the novel DES platforms. In particular EES 
were shown to provide reportedly better intermediate-term 
strut apposition and coverage than first-generation DES, 
bioresorbable vascular scaffolds, and BMS, constituting at 
present overall best available combination of healing with 
suppression of neointimal hyperplasia at 6–12 months 
[39]. However, given the paucity of reports on vessel 
response beyond 5 years post-implantation, the multimo-
dality imaging studies providing data on the long-term 
safety of the stent platforms currently deemed as best-in-
class coronary stent systems may be expected as a subject 
of further research.

The present study did not aim to elaborate on the long-
term clinical outcomes after PCI with early generation 
DES implantation. Further studies emploing multimodal-
ity imaging approach, concentrated more on correlation 
between the surrogate imaging parameters, including 
those derived also from newly developed techniques such 
as polarization sensitive OCT, OCT tissue characteriza-
tion, photoacoustic imaging or near infrared fluorescence 
molecular imaging, and adverse clinical endpoints, are 
warranted to potentially ameliorate the current clinical 
practice and further improve the outcomes of patients 
undergoing PCI [40, 41].

Conclusions

At 3 and 9 years after PCI, implantation of early-gen-
eration SES and PES may be associated with similar 
neointimal thickness, strut coverage, malapposition and 
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protrusion, as assessed by serial OCT examination among 
patients with uneventful follow-up at 3 years post proce-
dure. Given the small size of the presented study, a judi-
cious interpretation of our results is necessary. Further 
larger multimodality imaging studies with clinical out-
come correlation and inclusion of patients treated with 
contemporary stent platforms are warranted to evaluate the 
very long-term vessel response after PCI with DES and its 
clinical implications.
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