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Abstract
We compared first-generation and second-generation drug-eluting stent (DES) with respect to neoatherosclerosis using optical 
coherence tomography or optical frequency domain imaging. In-stent restenoses in 102 first-generation and 114 second-
generation DES were retrospectively assessed. Neoatherosclerosis, which was defined as the presence of lipid-laden neointima 
or calcification inside a stent, was observed in 33 (27.2%) and 31 (32.4%) lesions in the first-generation and second-generation 
DES respectively. In the first-generation DES group, the lipid length was significantly longer (5.5 ± 3.8 vs. 3.1 ± 2.1 mm, 
P = 0.0007), the lipid arc was significantly larger (324 ± 70° vs. 250 ± 94°, P = 0.002), the prevalence of a 360° lipid arc was 
significantly greater (58 vs. 31%, P = 0.03), and the fibrous cap was significantly thinner (153 ± 85 vs. 211 ± 95 µm, P = 0.02) 
compared with those in the second-generation DES group. These differences remained significant after adjusting for the age 
of the stent (lipid length: P < 0.001; lipid arc: P = 0.019; and fibrous cap thickness: P < 0.001). The proliferation course and 
stability of neoatherosclerosis over time might be superior in second-generation DES.
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Introduction

Although first-generation drug-eluting stent (DES) dra-
matically reduced the in-stent restenosis (ISR) and repeat 
revascularization rates compared with those associated with 
bare metal stents, [1] the cumulative incidence of late and 
very late stent thrombosis beyond 1 year was more widely 
acknowledged during the first-generation DES era [2, 3]. 
Many causes of stent thrombosis have been described, 
[4–6] and neoatherosclerosis is one trigger that may be 
associated with late stent failure after DES implantation 

[7–10]. Nakazawa et al. undertook a histopathology study 
and reported that while neoatherosclerosis occurred in bare 
metal stent and first-generation DES, it occurred more rap-
idly and more frequently in first-generation DES than that 
observed in bare metal stent [11]. In addition, the findings 
from recent studies have demonstrated that the frequency 
of neoatherosclerosis in second-generation DES was not 
lower than its frequency in first-generation DES [12, 13]. 
However, it is well established that second-generation DES 
are associated with fewer late stent failures, including stent 
thrombosis, compared with first-generation DES [14]. We 
aimed to evaluate the differences between first-generation 
and second-generation DES with respect to the morphol-
ogy of neoatherosclerosis plaques using optical coherence 
tomography (OCT) or optical frequency domain imaging 
(OFDI).
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Methods

Study design and patients

ISR (n = 297) that had undergone repeat percutaneous cor-
onary interventions under OCT or OFDI guidance from 
October 2011 until December 2016, were retrospectively 
identified in our institute’s database. ISR was defined as 
a stenosis that occupied > 50% of the angiographic diam-
eter with ischemic symptoms or a positive stress test, 
which was determined using quantitative coronary angio-
graphic analysis, or a stenosis that occupied > 70% of the 
angiographic diameter without ischemic symptoms or a 
positive stress test. Of the 297 ISR, 81 were excluded, 
because they were bare metal stent restenoses (n = 35), 
ISR with poor OCT or OFDI results (n = 18), and they 
were not first-time ISR (n = 28). Finally, 102 ISR in first-
generation DES and 114 ISR in second-generation DES 
were enrolled in the present study. The first-generation 
and second-generation DES were compared in relation to 
the incidence and characteristics of neoatherosclerosis. 
The first-generation DES included sirolimus-eluting stent 
(Cypher®; Cordis Corporation/Johnson & Johnson Inc, 
Warren, NJ, USA) and paclitaxel-eluting stent (Taxus®; 
Boston Scientific Corporation, Natick, MA, USA), and the 
second-generation DES included everolimus-eluting stent 
(Xience V®/Xience Prime®; Abbot Vascular, Santa Clara, 
CA, USA, and Promus®/Promus Element®; Boston Scien-
tific Corporation), zotarolimus-eluting stent (Endeavor® 
and Resolute Integrity®; Medtronic Inc., Minneapolis, MI, 
USA), and biolimus A9-eluting stent (Nobori®; Terumo 
Medical Corporation, Tokyo, Japan).

The study’s protocol complied with the principles of 
the Declaration of Helsinki and it was approved by the 

hospital’s institutional review board. Written informed 
consent to participate in the study was obtained from all 
patients.

Optical coherence tomography and optical 
frequency domain image acquisition

All of the ISR were evaluated using a frequency-domain 
OCT system (C7-XR™, Ilumien™, or Ilumien Optis™; 
St. Jude Medical, St. Paul, MN, USA) or an OFDI system 
(Lunawave™; Terumo Corporation, Tokyo, Japan). After 
manual calibration, the OCT catheter (C7 Dragonfly™ or 
Dragonfly Duo™; St. Jude Medical) or the OFDI catheter 
(Fast View™; Terumo Corporation, Tokyo, Japan) was 
advanced distally towards the treated lesion over a 0.014-
inch conventional guidewire. Contrast medium was continu-
ously injected at 2–4 mL/s using an injection pump to obtain 
a blood-free image. The acquisition of the OCT and OFDI 
images was automatically pulled-back at a rate of 20 mm/s.

Optical coherence tomography and optical 
frequency domain image analysis

Two independent investigators who were blinded to the 
patients’ information, analyzed the images using an offline 
review workstation (LightLab Imaging, Inc, St. Jude Medical) 
or offline OFDI analysis software (Lunawave Offline Viewer; 
Terumo Corporation). Neoatherosclerosis was defined as an 
ISR that had a lipid-laden neointima or a neointima with calci-
fication (Fig. 1) [15]. A lipid-laden neointima was defined as a 
signal-poor, high-attenuation lesion with a diffuse border [16]. 
To distinguish between a layered neointima and a lipid-laden 
neointima, we postulated that a signal-poor region that com-
pletely masked the stent struts behind the neointima should be 
considered a lipid-laden neointima. Calcification was defined 

Fig. 1   A representative image 
of lipid-laden neointima (a). A 
representative image of neoin-
tima including calcification 
inside a stent (b)
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as a clearly delineated signal-poor region with a low level of 
backscatter [17]. For a lipid-laden neointima, we measured the 
angle of the lipid arc at the widest part of the lipid core and the 
length of the lipid on the frames that showed the lipid core. 
Qualitative analyses were performed on the cross-sectional 
area of the entire stented segment. A thin-cap fibroatheroma 
was defined as a lipid-rich neointima with a fibrous cap of 
≤ 65 µm and a lipid tissue angle of ≥ 180° [18]. We also com-
pared the groups with respect to the presence of peri-strut low-
intensity areas, peri-strut ulcer-like appearances, neovasculari-
zation, intraluminal material, and the presence of neointimal 
ruptures in the neoatherosclerotic plaques between the peri-
strut low-intensity areas, which were defined as regions around 
the stent struts that had homogenous lower intensities than 
the surrounding tissue without signal attenuation on the OCT 
images [19]. A peri-strut ulcer-like appearance was defined as 
a hollow shape (> 90°/frame) in the vessel wall that was adja-
cent to the stent struts [20]. Neovascularization was defined 
as a small vesicular or tubular structure with a diameter of 
< 200 µm [21]. Intraluminal material was defined as visible 
material inside the vessel’s lumen [22]. A neointimal rupture 
was defined as fibrous cap discontinuity with cavity forma-
tion [16]. When there was discord between the investigators, 
a consensus assessment was obtained from a third independent 
investigator. We randomly selected 30 lesions to assess the two 
independent investigators’ interobserver reproducibility and 
the intraobserver reproducibility at two separate time points. 
We calculated the κ coefficients and the intraclass correlation 
coefficients for the qualitative and quantitative analyses of the 
OCT and OFDI images, respectively.

Statistical analysis

The categorical variables are presented as counts and per-
centages, and were compared using Fisher’s exact test or the 
Chi square test. The continuous variables are presented as 
the means and the standard deviations, and they were com-
pared using unpaired t tests. Multivariable linear regression 
analyses were used to adjust for the baseline differences, in 
which non-normally distributed data were log-transformed. 
A two-sided P value of < 0.05 was considered to indicate a 
statistically significant difference. All of the statistical analy-
ses were performed using PASW software, version 19 (IBM 
Corporation, Armonk, NY, USA).

Results

Baseline and angiographic characteristics

This study included 102 ISR associated with first-generation 
DES and 114 ISR associated with second-generation DES. 
The incidence of neoatherosclerosis was 32.4% (33 lesions) 

in the restenoses associated with the first-generation DES 
and 27.2% (31 lesions) in the restenoses associated with the 
second-generation DES. Table 1 shows the patients’ base-
line characteristics. The patients in the second-generation 
DES group were younger (69 ± 11 years) than those in the 
first-generation DES group (75 ± 9 years) (P = 0.03). The 
groups did not differ with respect to the laboratory data 
and the medications used, and they were similar in rela-
tion to the clinical presentation at the initial percutaneous 
coronary intervention. Table 2 presents the patients’ angio-
graphic characteristics. There were no significant differences 
between the groups in relation to the target coronary arteries 
or the findings from the quantitative coronary angiographic 
assessments undertaken before and after the initial percu-
taneous coronary interventions. The first-generation DES 
comprised sirolimus—(64%) and paclitaxel—(36%) eluting 
stents, and the second-generation DES comprised zotaroli-
mus—(6%), everolimus- (50%), and biolimus A9—(44%) 
eluting stents. The groups were similar with respect to the 
stent diameters, total stent lengths, and the number of stents. 
The age of the stents was significantly higher in first-genera-
tion DES group (55 ± 27 months) compared with that in the 
second-generation DES group (32 ± 19 months) (P = 0.001). 
The groups did not differ regarding the angiographic reste-
nosis patterns.

Optical coherence tomography and optical 
frequency domain imaging

In the first-generation DES group, the lipid length was sig-
nificantly longer (5.5 ± 3.8 vs. 3.1 ± 2.1 mm, P = 0.0007), the 
lipid arc was significantly larger (324 ± 70° vs. 250 ± 94°, 
P = 0.002), the prevalence of a 360° lipid arc was signifi-
cantly higher (58 vs. 31%, P = 0.03), and the fibrous cap was 
significantly thinner (153 ± 85 vs. 211 ± 95 µm, P = 0.02) 
compared with those in the second-generation DES group 
(Fig. 2). These differences remained significant after adjust-
ing for the age of the stent (lipid length: P < 0.001; lipid 
arc: P = 0.019; and fibrous cap thickness: P < 0.001). The 
thin-cap fibroatheroma and neointimal rupture rates tended 
to be higher in the first-generation DES group compared 
with those in the second-generation DES group, but these 
differences were not significant (Table 3).

Reproducibility of the optical coherence 
tomography and optical frequency domain image 
analyses

The interobserver reproducibility for the qualitative OCT 
and OFDI analyses for 360° lipid arcs, thin-cap fibroath-
eromas, the presence of intraluminal material, the presence 
of neointimal ruptures, the presence of neovascularization, 
the presence of peri-strut low-intensity areas, and peri-strut 
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ulcer-like appearances were κ = 0.93 and 0.80, 0.84 and 0.82, 
0.87 and 0.81, 0.86 and 0.85, 0.92 and 0.88, 0.88 and 0.88, 
and 0.84 and 0.82, respectively. The intraclass correlation 
coefficients for the measurements of the lipid lengths, lipid 
arcs, and fibrous cap thicknesses by the same observer were 
[1,1] = 0.84, [1,1] = 0.82, and [1,1] = 0.84, respectively. The 
intraclass correlation coefficients for the measurements of 
the lipid lengths, lipid arcs, and fibrous cap thicknesses by 
two different observers were [2,1] = 0.82, [2,1] = 0.81, and 
[2,1] = 0.81, respectively.

Discussion

This study’s findings show that the total lipid length of the 
neoatherosclerosis was significantly longer, the lipid arc of 
the neoatherosclerosis was significantly larger, the frequency 
of a 360° lipid arc was significantly higher, and that the 
fibrous cap was significantly thinner in the first-generation 
DES group compared with those in the second-generation 
DES group.

Stent thrombosis is a serious complication that follows 
coronary stenting, and it is caused by strut malapposition, 
uncovered struts, underexpansion, stent fractures, and neo-
atherosclerosis [7, 8, 10, 23]. Stent thrombosis rates have 
improved in association with the use of second-generation 
DES compared with those associated with the use of first-
generation DES, and the findings from many large-scale 
studies have demonstrated the superiority of second-gener-
ation DES at reducing stent thrombosis. While several OCT 
studies’ findings have shown improvements in strut cover-
age and apposition at follow-up in association with the use 
of second-generation DES, [24] the findings from autopsy 
studies demonstrated that the use of second-generation DES 
did not reduce neoatherosclerosis and that the prevalence of 
neoatherosclerosis increased with longer follow-up times of 
up to 7 years in first-generation and second-generation DES 
[11–13, 25]. More importantly, Adriaenssens et al. recently 
reported the findings from an OCT study of stent thrombo-
sis in 215 cases, comprising 62 early stent thromboses and 
155 late or very late stent thromboses, and they showed that 
neoatherosclerosis was associated with 31.3% of the very 

Table 1   Patients’ characteristics

The data presented are the means and standard deviations or n (%)
GFR glomerular filtration rate, ACE angiotensin-converting enzyme inhibitor, ARB angiotensin-receptor 
blocker, LDL low-density lipoprotein, HDL high-density lipoprotein

First-generation drug-
eluting stent (n = 29)

Second-generation 
drug-eluting stent 
(n = 31)

P value

Age (years) 75 ± 9 69 ± 11 0.03
Male, n (%) 23 (79) 26 (84) 0.65
Hypertension, n (%) 20 (69) 25 (81) 0.30
Dyslipidemia, n (%) 15 (52) 17 (55) 0.81
Diabetes mellitus, n (%) 13 (45) 12 (39) 0.63
Hemodialysis, n (%) 3 (10) 5 (16) 0.51
Current smoker, n (%) 2 (7) 5 (16) 0.27
Laboratory data
 Total cholesterol (mg/dL) 176 ± 26 190 ± 53 0.64
 LDL cholesterol (mg/dL) 108 ± 24 99 ± 26 0.08
 HDL cholesterol (mg/dL) 56 ± 17 50 ± 22 0.29
 Triglycerides (mg/dL) 134 ± 71 190 ± 86 0.56
 Glycated hemoglobin (%) 6.2 ± 0.7 6.5 ± 0.9 0.30
 Estimated GFR, mL/min per 1.73 m2 54 ± 21 60 ± 33 0.45

Medications, n (%)
 Aspirin 27 (93) 30 (97) 0.51
 Thienopyridine 27 (93) 25 (81) 0.16
 Prasugrel 0 (0) 1 (3) 0.33
 Statins 17 (59) 22 (71) 0.32
 ACE/ARB 13 (45) 19 (61) 0.20
 Βeta-blockers 11 (38) 18 (58) 0.12

Clinical presentation at initial procedure, n (%) 0.19
 Acute coronary syndrome 1 (3) 4 (13)
 Stable angina 28 (97) 27 (87)
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late stent thromboses, but it was not observed in acute, suba-
cute, and late stent thromboses [23]. Lee et al. also reported 
that patients with delayed very late stent thromboses (onset 
time > 55.1 months) had a significantly higher frequency 
of neoatherosclerosis compared with patients who had 
earlier very late stent thromboses (onset time > 12 months 
and < 55.1 months) [10]. On the other hand, Kang et al. 
suggested that the unstable features associated with neo-
atherosclerosis increased as the follow-up time increased. 
They showed that the fibrous cap thickness was negatively 

correlated with the follow-up time (r = − 0.318, P = 0.024) 
and that thin-cap fibroatheroma-containing neointima 
increased over time following drug-eluting stent implanta-
tion [26]. As the findings from these studies suggest, the 
incidence of neoatherosclerosis continues to increase and 
the neoatherosclerosis becomes more unstable as the age of 
the drug-eluting stent increases; however, all of these studies 
included both first-generation and second-generation DES, 
and the reports do not discuss differences in the progression 
of neoatherosclerosis in the context of the stent generation. 

Table 2   Angiographic 
characteristics

The data presented are the means and standard deviations or n (%)
QCA quantitative coronary angiography, SES sirolimus-eluting stent, PES paclitaxel-eluting stent, ZES 
zotarolimus-eluting stent, EES everolimus-eluting stent, BES biolimus A9-eluting stent

First-generation drug-
eluting stent (n = 33)

Second-generation drug-
eluting stent (n = 32)

P value

Target coronary artery, n (%) 0.82
 Right coronary artery 9 (27) 10 (31)
 Left anterior descending artery 17 (52) 14 (44)
 Left circumflex artery 7 (21) 8 (25)

Lesion type
 Bifurcation lesion (%) 9 (27) 6 (19) 0.42
 Chronic total occlusion (%) 3 (9) 4 (13) 0.66
 Calcified lesion (%) 4 (12) 3 (9) 0.72
 Ostial lesion (%) 1 (3) 4 (13) 0.15

QCA (before stenting)
 Minimum lumen diameter (mm) 1.0 ± 0.4 0.8 ± 0.5 0.26
 Diameter stenosis (%) 63 ± 14 66 ± 20 0.29
 Reference diameter (mm) 2.6 ± 0.4 2.7 ± 0.5 0.42
 Lesion length (mm) 17 ± 8 19 ± 7 0.30

QCA (after stenting)
 Minimum lumen diameter (mm) 2.4 ± 0.4 2.4 ± 0.5 0.44
 Diameter stenosis (%) 12 ± 11 9 ± 7 0.69

Type of stent, n (%) –
 SES 21 (64) –
 PES 12 (36) –
 ZES – 2 (6)
 EES – 16 (50)
 BES – 14 (44)

Stent diameter (mm) 2.9 ± 0.4 2.9 ± 0.4 0.97
Total stent length/lesion (mm) 26 ± 12 25 ± 12 0.46
No. of stents/lesions 1.2 ± 0.4 1.3 ± 0.5 0.67
Stent age (months) 55 ± 27 32 ± 19 0.001
Angiographic restenosis pattern, n (%) 0.35
 Articulation or gap (IA) 2 (6) 1 (3)
 Margin (IB) 6 (18) 13 (41)
 Focal body (IC) 12 (37) 12 (37)
 Multifocal (ID) 2 (6) 1 (3)
 Intrastent (II) 8 (24) 4 (13)
 Proliferative (III) 3 (9) 1 (3)

Stent fracture, n (%) 1 (3) 0 (0) 0.32
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Most of the previous studies lacked adequate sample sizes 
to enable the investigators to examine neoatherosclerosis in 
second-generation drug-eluting stents; therefore, the differ-
ences between first-generation and second-generation DES 
in relation to the time-dependent characteristics of neoath-
erosclerosis remain unclear.

To the best of our knowledge, this is the first study to 
evaluate the differences between first-generation and sec-
ond-generation DES in relation to the characteristics of 

neoatherosclerosis. The proliferation of neoatherosclerosis 
with respect to its length and arc was significantly greater in 
the first-generation drug-eluting stents compared with that 
in the second-generation drug-eluting stents. In addition, 
the fibrous cap was significantly thinner in the first-genera-
tion DES. Hence, these differences might contribute to the 
reduced frequency of late stent thrombosis in second-gener-
ation DES. Indeed, Otsuka et al. reported from their histo-
pathological study that the unstable features associated with 

Fig. 2   Comparisons of the 
first-generation and second-
generation DES using OCT and 
OFDI. a Total lipid lengths in 
the first-generation and second-
generation DES. b Lipid arc 
angles in the first-generation 
and second-generation DES. c 
Prevalence of 360° lipid arc in 
the first-generation and second-
generation DES. d Fibrous cap 
thicknesses in the first-genera-
tion and second-generation DES

Table 3   Optical coherence 
tomography and optical 
frequency domain imaging 
findings

The data presented are the means and standard deviations or n (%)

First-generation drug-
eluting stent (n = 33)

Second-generation drug-
eluting stent (n = 32)

P value

Quantitative findings
 Lipid length (mm) 5.5 ± 3.8 3.1 ± 2.1 0.0007
 Lipid arc (°) 324 ± 70 250 ± 94 0.002
 Fibrous cap thickness (µm) 153 ± 85 211 ± 95 0.02

Qualitative findings, n (%)
 Lipid-laden 25 (76) 28 (88) 0.22
 Calcification 8 (24) 3 (12) 0.22
 360° lipid arc 19 (58) 10 (31) 0.03
 Thin-cap fibroatheroma 9 (27) 4 (13) 0.14
 Intraluminal material 4 (12) 3 (9) 0.72
 Neointimal rupture 6 (18) 2 (6) 0.14
 Neovascularization 11 (33) 7 (22) 0.30
 Peri-strut low intensity area 1 (3) 0 (0) 0.32
 Peri-strut ulcer-like appearance 2 (6) 2 (6) 0.98
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neoatherosclerosis, including thin-cap fibroatheromas and 
plaque ruptures, were not observed following the implanta-
tion of cobalt-chromium everolimus-eluting stents, which 
were representative of second-generation drug-eluting stents 
[12]. The first-generation drug-eluting stents strongly inhibit 
endothelialization and delay vascular healing. In addition, 
allergic reactions to the polymer and persistent inflamma-
tion seem to be stronger in first-generation DES. These are 
considered to be associated with the occurrence and strong 
proliferation of neoatherosclerosis. On the other hand, sec-
ond-generation DES provided a better vascular response 
and less inflammation, caused by antiproliferative drugs and 
polymers. Therefore, we believe that the proliferation and 
stability of neoatherosclerosis associated with second-gen-
eration DES over time might be more acceptable compared 
with those associated with first-generation DES, but we do 
not consider that second-generation DES can reduce the fre-
quency of neoatherosclerosis. This study had several limi-
tations. First, this was a retrospective observational study, 
and the study population was relatively small. Therefore, the 
characteristics with low rates, including thin-cap fibroather-
omas, tended not to show statistically significant differences 
between the groups. To confirm this study’s findings, a study 
with a large sample size should be undertaken. Second, this 
study only included patients who had undergone repeat 
interventions under optical coherence tomography or opti-
cal frequency domain imaging guidance; therefore, a patient 
selection bias must be considered. Third, although there was 
no statistical significance, LDL level tended to be higher 
in the first-generation DES group, which may affect lipid 
accumulation in the NA in first-generation DES. Unfortu-
nately, this study was retrospectively performed with a small 
sample size, due to which we could not adjust the LDL level. 
Finally, an absolute consensus does not exist regarding the 
OCT criteria for in-stent neoatherosclerosis, so the assess-
ment of this study’s results may change. Comparisons of the 
histopathology features and the OCT findings must continue.

Conclusions

The current study’s findings suggest that compared with 
second-generation DES, the proliferation of neoatheroscle-
rosis in terms of its length and arc was significantly greater 
and the fibrous cap was significantly thinner in first-gener-
ation DES. Even if we adjusted stent age using multivari-
able linear regression analyses, our study sample size is very 
small; more importantly, the adjustment could be insuffi-
cient. Longer stent age is an important factor influencing the 
growth of in-stent neoatherosclerosis. Therefore, the pos-
sibility that our results may be explained by the differences 
in stent age cannot be ruled out. Future large sample studies 
adjusting stent age and dealing with newer generation DES 

with biodegradable polymer will be required to investigate 
this issue.
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