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Abstract Compared with the bare metal stent (BMS),

suppression of neointimal growth in the sirolimus-eluting

stent (SES) reduced restenosis at the cost of more exposed

struts that could impose the risk of stent thrombosis. The

present study was conducted to analyze neointimal cover-

age patterns of stents at a strut-level after implantation of

BMS or SES with the use of optical coherence tomography

(OCT). We enrolled 35 patients and analyzed neointimal

coverage of every strut from 41 stents (BMS: n = 8, SES:

n = 33) by using OCT at follow-up of the stent implan-

tation. All of the 371 struts from eight BMSs were covered

with C100 lm of neointima, while 19.8 and 3.5 % of 3,478

struts from 33 SESs were uncovered (neointimal thickness

of \10 lm) and malapposed, respectively. The histogram

of neointimal thickness showed basically normal distribu-

tion in BMS but skewed in SES. No regional difference in

neointimal thickness was observed in BMS (proximal,

535.7 ± 25.2 lm; body, 532.4 ± 17.0 lm; distal,

485.8 ± 27.0 lm). In SES, however, the body segment

showed thinner neointima [median 40 lm (interquartile

range (IQR) 10–90 lm)] than proximal [60 lm (IQR

10–140 lm), p \ 0.001] or distal [50 lm (IQR

10–110 lm), p \ 0.001] segment, while uncovered and

malapposed struts were more frequent in the proximal and

body segments. In conclusion, SES, compared with BMS,

showed more suppressed neointimal growth with regional

variation: neointimal thickness was the least in the body

part while the ratio of exposed and malapposed struts was

minimal in the distal segment. OCT was useful for a strut-

level analysis of neointimal coverage over the whole stent.
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Introduction

The advent of Sirolimus-eluting stents (SES) greatly

reduced the rate of restenosis in comparison to bare metal

stents (BMS) [1]. The process of neointimal coverage of

SES, however, has not been well elucidated, leaving a new

problem of stent thrombosis caused by delayed or incom-

plete neointimal stent strut coverage [2, 3]. Recent avail-

ability in the clinical practice of optical coherence

tomography (OCT), which has a resolution of 12–15 lm

[4], has enabled detailed measurement of neointimal

thickness over stent struts [5, 6], but the way of analysis

over the entire stent has not been established. We con-

ducted OCT-based measurement of neointimal thickness

over the stents at the chronic stage of their implantation,

and here report a difference in longitudinal patterns of

neointimal coverage between SES and BMS.

Materials and methods

Between September 2005 and February 2008, 259 patients

underwent follow-up coronary angiography at the chronic

stage after the placement of BMS or SES in our hospital.

Because of availability of catheterization laboratory sche-

dule and personnel, we could conduct OCT examination

once a week on a specified weekday, which made 107

patients as study candidates. After excluding patients with

S. Ikuta � K. Kobuke � Y. Iwanaga � Y. Nakauchi � K. Yamaji �
S. Miyazaki (&)

Division of Cardiology, Department of Medicine, Faculty

of Medicine, Kinki University, 377-2 Ohono-higashi,

Osakasayama, Osaka 589-8511, Japan

e-mail: smiyazak@med.kindai.ac.jp

123

Heart Vessels (2014) 29:320–327

DOI 10.1007/s00380-013-0376-4



an ostial lesion of left or right coronary artery for technical

difficulty of OCT image acquisition and requesting sub-

mission of written informed consent for the OCT exami-

nation, 35 patients agreed for enrollment in this study. This

study was approved by the Ethics Committee of Kinki

University Faculty of Medicine.

The OCT images were obtained with the Model M2

Cardiology Imaging System (LightLab Imaging Inc.,

Westford, MA, USA) and ImageWire (LightLab Imaging

Inc.). Using a guiding catheter of 6 Fr or larger, a guide-

wire was inserted through a target stent beyond its distal

margin, which was followed by an occlusion balloon to be

advanced through the target stent. After the guidewire was

replaced with the ImageWire, the occlusion balloon was

pulled back proximal to the stent, where it was inflated to

0.4–0.6 atm to cut off the blood supply. Under infusion of

lactated Ringer’s solution at a rate of 0.5–1.0 ml/s, OCT

images were acquired for the entire length of the stent with

an automated pullback at a rate of 1.0 mm/s.

Placement of two stents at a single lesion, with their

edges overlapped, was counted as a single stent with its

length and diameter substituted with the sum and the

average of these two stents, respectively. Cross-sectional

OCT images were analyzed every 2-mm from a distal end

of stents. When the quality of image was poor, replacement

with a nearby image of sufficient quality that was apart

\1 mm from the original section was allowed. We

assigned three sections located within 7 mm from the

proximal and distal edges of the stent as image data of

proximal and distal parts of the stent, respectively, and all

the other sections as image data of the body part of the

stent. In our analysis, we defined neointima as tissue

material that was clearly distinguished from the stent as

well as was located over the entire width of each strut

(Fig. 1). The measurement of neointimal thickness, which

was defined as a distance from the neointimal surface to the

center reflection of a stent strut surface, was performed on

an OCT screen that has the smallest measurement resolu-

tion of 10 lm.

According to overlying neointimal thickness and to its

apposition to the vessel wall, each stent strut, except those

over side branches, was classified into one of four cate-

gories (Fig. 2): THK (a group of thick covering), the ne-

ointimal thickness was C100 lm; THN (a group of thin

covering), the neointimal thickness was between 10 lm

and 100 lm; NON (a group of incomplete covering), the

neointima was too thin to be detected (\10 lm); MAL (a

group of malapposition), the strut was not attached to a

vessel wall regardless of its neointimal thickness, with the

distance between inner surface reflection of the strut and

the vessel wall being C160 lm [5]. THK and THN were

discriminated as a lesion that can be detected both by OCT

and by IVUS (THK), or a lesion that can be detected by

OCT but not by IVUS (THN).

The results of coronary angiography were categorized

for each stent according to the following criteria: when

X-ray non-transparency of C2 mm in length was recog-

nized at the stented segment before implantation, it was

classified as calcification-positive; when a branch with a

diameter of C2.0 mm arouse from the stented segment, it

was regarded as side-branch positive; stent restenosis was

defined when[50 % of stenosis, in comparison to mean of

diameters of vessels proximal to and distal to the stent, was

confirmed in coronary angiography.

The statistical analysis was carried out using R version

2.13.1 [7]. Categorical data was presented as counts and

The vessel lumen 
boundary surface

Neointimal thickness

The center of the stent strut

Fig. 1 An example of neointimal thickness measurement
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percentages, and compared by the Fisher’s exact test.

Continuous variables were expressed as mean ± standard

deviation (SD) or median [interquartile range (IQR): first

quartile–third quartile], as indicated. Overall group com-

parisons of paired and unpaired continuous variables

among three groups that were not normally distributed

were analyzed with the Friedman test and the Kruskal–

Wallis test, respectively. Their between-group comparisons

were assessed by the Steel–Dwass test [8]. The other

continuous variables in two-group comparisons were tested

with Student’s t test or the Mann–Whitney test, as appro-

priate. All reported p values are two-sided.

Results

Groups of BMS and SES consisted of eight stents from

seven patients and 33 stents from 28 patients, respectively.

The clinical features of enrolled patients are shown in

Table 1. There were no significant differences in patient

background between the two groups as for age, gender, and

coronary risk factors. The patient ratio of acute coronary

syndrome (ACS) as clinical diagnosis at stent implantation

was 71.4 % (5/7) and 7.1 % (2/28) in the BMS and SES

groups, respectively (p = 0.002). All patients in both

groups were under dual antiplatelet therapy of aspirin as

well as ticlopidine or clopidogrel, and no significant group

difference was observed in statin or angiotensin-converting

enzyme inhibitor (ACEI)/angiotensin II receptor blocker

(ARB) medications.

The procedural and stented-lesion characteristics are

shown in Table 2. The interval from stent placement to

OCT was 244.6 ± 50.6 days in the SES group, which was

significantly longer than the 192.9 ± 28.4 days in the BMS

group (p = 0.010). The stent diameter was larger in the

BMS group than in the SES group (3.28 ± 0.42 vs.

2.77 ± 0.37 lm, p = 0.003), but there was no statistical

group difference in stent length. Overlapping placement of

stents were performed in 2 patients in the BMS group while

no case was observed in the SES group (p = 0.035). A lack

of malapposition was confirmed in all the cases where

IVUS was used after the stent placement procedure. No

occluded stent was observed in either group at follow-up

coronary angiography, but angiographic restenosis was

found significantly more in the BMS group (p = 0.019).

NON: MAL:THN:

THK :

The neointima at the
strut was less than 10μm.

The neointima at the 
strut was 60μm.

The neointima at the 
strut was 200μm.

Malapposition

Fig. 2 Representative images

of neointimal thickness patterns.

THN, THK, NON, and MAL

are described in the ‘‘Materials

and methods’’ section

Table 1 Clinical characteristics of patients

BMS (n = 7) SES (n = 28) p

Age (years) 69.7 ± 6.4 66.6 ± 8.4 0.543

Male 6 (85.7 %) 27 (96.4 %) 0.365

State of disease

Acute coronary syndrome 5 (71.4 %) 2 (7.1 %) 0.002

Coronary risk factors

Hypertension 5 (71.4 %) 18 (64.3 %) 1.0

Hyperlipidemia 7 (100 %) 25 (89.3 %) 1.0

Diabetes mellitus 3 (42.9 %) 14 (50.0 %) 1.0

Current smoker 1 (14.3 %) 5 (17.9 %) 1.0

Medication

Aspirin 7 (100 %) 28 (100 %) 1.0

Ticlopidine/clopidogrel 7 (100 %) 28 (100 %) 1.0

Statins 7 (100 %) 20 (71.4 %) 0.166

ACEI/ARB 5 (71.4 %) 13 (46.4 %) 0.402

ACEI angiotensin-converting enzyme inhibitor, ARB angiotensin II

receptor blocker, BMS bare metal stent, SES sirolimus-eluting stent
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Median neointimal thickness in the SES group was

50 lm (IQR 10–110 lm), which was significantly thinner

than 490 lm (IQR 335–660 lm) in the BMS group

(p \ 0.001). The distribution of neointimal thickness over

stent struts for proximal, body and distal segments are

presented in Fig. 3. In the BMS group, the Kolmogorov–

Smirnov test confirmed the normality in data sets of any

portions of the stents, but the Shapiro–Wilk test detected

deviation from normality only in the data set of the body

portion. Analysis with Bartlett’s test showed equality of

variances among three data sets. Therefore, the Kruskal–

Wallis test for nonparametric data as well as one-way

ANOVA for parametric data was conducted to compare

them. Neither statistical method detected any significant

difference in neointimal thickness among 3 portions of the

BMS. In the SES group, histograms of the overall distri-

butions of neointimal thickness in each stent portion were

consistently upward-skewed and indicated the need of

nonparametric testing for comparison. The Kruskal–Wallis

test showed significant differences in neointimal thickness

among three portions of stents, and multiple testing by the

Steel–Dwass method demonstrated that neointimal thick-

ness at the body of the stent [40 lm (IQR 10–90 lm)] was

significantly thinner than those of proximal [60 lm (IQR

10–140 lm), p \ 0.001] and distal [50 lm (IQR

10–110 lm), p \ 0.001] parts.

In a strut-level analysis, the ratio of neointimal thickness

pattern over struts in the SES group was as follows: THK

24.9 %, THN 51.8 %, NON 19.8 %, and MAL 3.5 %. In

the BMS group, the ratios of THK and THN were 97.8 and

2.2 %, respectively, while no strut was classified as NON

or MAL (Fig. 4). In a stent-level analysis of the SES group,

covering of all the struts were observed only in two out of

33 stents (6.1 %), \5 % of NON struts were found in five

stents (15.2 %), and C5 % of NON struts were found in 26

stents (78.8 %). Because malapposed as well as uncovered

struts were considered to be risk factors for stent throm-

bosis [9], the distribution of NON and MAL strut ratio in

three segments of each stent is compared and presented in

Fig. 5. It showed clear difference that was statistically

significant with the Friedman test. Multiple testing by the

Steel–Dwass method showed that the distal segment

[median 4.3 % (IQR 0.0–19.0 %)] had a significantly lower

ratio of NON ? MAL struts compared with the proximal

[median 14.3 % (IQR 5.6–34.3 %), p = 0.002] and the

body [median 18.4 % (IQR 5.9–33.3 %), p = 0.003]

segments.

Discussion

The rate of restenosis, the unresolved problem in percuta-

neous coronary intervention treatment, was greatly reduced

by the advent of drug-eluting stent [1]. On the other hand,

the risk of stent thrombosis caused by incomplete neoin-

timal coverage of stent struts has emerged as a new prob-

lem [10, 11]. Previous reports, which observed neointima

formation over the BMS with angioscopy, showed that no

covering occurred in 2–4 weeks, but most of the stents

were buried under a white neointima in 3 months [12]. This

neointimal coverage is considered to prevent stent throm-

bosis by keeping blood from the metal of stent as well as

from vulnerable plaques under the stent.

Several intravascular ultrasound (IVUS) studies of stent

struts revealed that neointimal thickness over drug-eluting

stent at the chronic stage was mostly too thin to be mea-

sured with IVUS because of its resolution of about 100 lm

[13]. However, OCT, which has ten-times higher resolution

than IVUS [14], could enable such analysis [15]. In our

study, we could detect neointimal coverage of\100 lm in

51.8 % of stent struts in the SES group, which could not

have been identified by IVUS. Our result is consistent with

a report by Matsumoto et al. [5] where the OCT analysis

revealed that 64 % of neointimal thickness was \100 lm

after 6 months of SES placement.

Comparison of neointimal thickness between SES and

BMS groups showed that the thickness in the SES group was

significantly thinner than that in the BMS group. Takano

et al. [16] reported that neointimal thickness after 3 months

of SES placement was 29 ± 41 lm, and Goto et al. [17]

reported that it was 80 ± 30 lm after 8 months. Our data

was consistent with the latter study where mean ± SD of

SES neointimal thickness was 77.5 ± 99.5 lm in the mean

Table 2 Procedural and stented-lesion characteristics

BMS

(n = 8)

SES

(n = 33)

p

Follow-up days (days) 192.9 ± 28.4 244.6 ± 50.6 0.010

Stent diameter (mm) 3.28 ± 0.42 2.77 ± 0.37 0.003

Stent length (mm) 22.4 ± 8.7 22.1 ± 5.4 0.911

Overlapping stents 2 (6.1 %) 0 (0 %) 0.035

Lesion location 0.880

Left anterior descending 4 (50.0 %) 16 (48.5 %)

Left circumflex 3 (37.5 %) 9 (27.3 %)

Right coronary artery 1 (12.5 %) 8 (24.2 %)

Lesion type

CTO 0 (0 %) 6 (18.2 %) 0.323

Restenosed lesion 0 (0 %) 7 (21.2 %) 0.311

Calcification 3 (37.5 %) 14 (42.4 %) 1.0

Side branch of C2.0 mm 3 (37.5 %) 9 (27.3 %) 0.672

IVUS-guidance at stent

placement

7 (87.5 %) 25 (75.8 %) 0.659

Stent outcome of restenosis 3 (37.5 %) 1 (3.0 %) 0.019

BMS bare metal stent, CTO chronic total occlusion, IVUS intravas-

cular ultrasound, SES sirolimus-eluting stent
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observation period from stent placement to OCT examina-

tion of 263.2 ± 93.0 days, that is, about 8.8 months.

In the present study, we succeeded in measuring and

classifying neointimal coverage over each stent strut, and

in analyzing the difference between BMS and SES as well

as among the proximal, body, and distal segments. After

the application of OCT in clinical practice, several studies

classified struts according to existence or non-existence of

vessel wall-attachment and neointimal coverage [5, 6, 16,

17], but there seems no consensus for expressing the status

of neointimal stent coverage. Grouping of widely varied

neointimal thickness among struts into a single entity of

neointimal coverage would not correctly represent the stent

status.

Therefore, we started with histographic expression of

neointimal thickness data at a strut-level with subgrouping

into proximal, body and distal segments of stent. BMS and

SES showed clear contrast in measured values of neointi-

mal thickness and their distribution: neointimal thickness

of BMS was several hundred micrometers thick and basi-

cally normally distributed, while that of SES showed

skewed distribution with 0 lm as the most frequent mea-

surement value. Neointimal thickness showed no regional

difference in BMS, while it was thinner in the body part in

SES. The lack of NON or MAL struts was another char-

acteristic of BMS. Analysis of the ratio of NON and MAL

struts in each segment of SES revealed a lower ratio of

those struts in the distal portion. Therefore, the SES group
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Fig. 3 Distribution of neointimal thickness over each strut among

three stent segments of BMS (a) and SES (b). No statistical difference

was observed in BMS. In SES, however, the struts in the body part

had thinner neointima than those in the proximal or distal parts. BMS

bare metal stent, SES sirolimus-eluting stent
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showed not only thinner mean neointimal thickness but

also wider regional variability in the neointimal coverage

pattern than the BMS group.

Takano et al. [16], in their neointima analysis using OCT

3 months after the SES placement, reported that 15 % of

struts had no covering and its ratio was higher in patients with

a diagnosis of ACS at the stent placement (ACS 18 % vs.

non-ACS 13 %). Goto et al. [17] reported that 16 % of struts

had no covering in their OCT examination 6–10 months after

the SES placement. Compared with those reports, our result

(19.8 %) showed a higher ratio of incompletely covered

struts in the SES group, which consisted mostly of non-ACS

patients. One possible explanation would be in our definition

of neointimal coverage: complete covering of a strut with

continuity from a vessel wall was required. Even if an amount

of tissue image was recognized over a strut, a lack of conti-

nuity from the vessel wall on either side was judged as

incomplete covering and classified as NON.
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THN, 51.8% 

NON, 19.8% 

MAL, 3.5% 

SES
3478 struts from 33 stents

THK, 97.8%
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Fig. 4 Distribution of strut

ratio of neointimal thickness

patterns in BMS and SES. BMS

bare metal stent, SES sirolimus-

eluting stent. THN, THK, NON,

and MAL are described in the

‘‘Materials and methods’’

section
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rials and methods’’ section

Heart Vessels (2014) 29:320–327 325

123



Currently, OCT assessment of neointimal stent coverage

has no universal criteria for the amount of tissue over a

strut or for the % ratio of covered struts in each stent to

judge the stent as sufficiently covered by neointima. As

observed, NON and MAL struts were not observed in the

BMS group and the ratio of those struts in a single stent

varied in the SES group. The proper definition of sufficient

neointimal coverage of a strut and a stent would await

further discussion.

In an analysis of neointimal stent strut coverage pattern

among different parts within stents, no significant regional

difference in the neointimal thickness was observed in the

BMS group while an interesting finding was observed in

the SES group. Thicker neointimal thickness in the proxi-

mal and distal parts than in the body part was consistent

with the previous report [18], which demonstrated that the

in-stent restenosis pattern of focal margin restenosis was

more frequent in the SES-treated than in the BMS-treated

patients with restenosis. Higher and lower ratio of

NON ? MAL struts in the body part with thinner neoin-

tima and in the distal part with thicker neointima, respec-

tively, of SES were also self-explanatory. However, higher

ratio of NON ? MAL struts in the proximal part of SES

with thicker neointima was a counter-intuitive finding. In

the previous report [18], 61.3 % of the SES patients who

developed restenosis had the intimal hyperplasia localized

to the margin of the stent despite the actually larger edge

lumen dimensions at follow-up in the SES-treated patients.

In addition, comparison of regional differences in the rate

of restenosis between SES and BMS showed that signifi-

cantly lower rate of restenosis was observed within and at

the distal edge of SES than those of BMS, while no dif-

ference was observed in the proximal edge [18]. Our

finding of unexpected higher ratio of NON ? MAL struts

despite thicker neointima may explain the less favorable

result in the proximal edge of SES-treated lesion [18–20].

This study had several limitations. First, the number of

enrolled stents in the BMS group was small (n = 8).

Second, the ratio of ACS was different, 71.4 % in the BMS

group vs. 7.1 % in the SES group. In the approval by the

Ministry of Health, Labor and Welfare in Japan, the use of

SES had been contraindicated until 2012 in AMI patients

within 72 h from its onset and in patients where critical

thrombus was detected at the target coronary lesion. On the

other hand, the restenosis rate was much less with SES than

with BMS [1]. This made us choose BMS and SES pref-

erentially in ACS and non-ACS patients, respectively,

which resulted in the small sample size of the BMS group.

Third, the stent diameter was larger in the BMS than in the

SES group. Expected lower rate of restenosis with SES

made us preferentially select SES for a lesion with smaller

diameter in non-ACS patients. Despite this limitation, we

think that our data was worth being presented as

representing data of more actual cases in clinical practice.

Finally, the follow-up period was significantly different

between the BMS and SES groups. Readmission schedule

of repeat coronary angiography was on discretion of

attending physicians, and they followed the evidence that

neointimal tissue volume peaks at 6 months after BMS

implantation [21]. For SES implantation, no such evidence

existed but they shared the idea that the peak of restenosis

would be delayed for up to 60 days for the period sirolimus

is released [22, 23]. In that sense, our study lacked rigor for

proving the difference between BMS and SES. However,

statistically significant neointimal regression in BMS was

detected from 6 months to 3 years, but not from 6 months

to 1 year, after stent implantation [21], suggesting that the

effect of 2 months’ difference between 6 months and

1 year after stent implantation in our analyzed data would

be minimal. Therefore, we think that our data still had

value in showing different behavior of neointimal forma-

tion according to the types of stents, with special emphasis

on regional difference within SES-treated lesion.

Compared with extensive analysis on clinical outcome

with different types of drug-eluting stents [24, 25], quantita-

tive regional analysis of neointimal thickness at a strut-level

has been quite limited [26]. Despite the discontinuation of

SES production announced in 2011, we believe that our

approach, combining strut-level and stent regional analyses

with vigorous application of non-parametric statistical

methods, could be effective to unravel specific characteristics

of neointimal formation in other types of drug-eluting stents.

In conclusion, SES showed more heterogeneity than

BMS in neointimal stent coverage: strut-level neointimal

coverage patterns; distribution of neointimal thickness

along stent regions (proximal, body, and distal parts);

occurrence rates of NON and MAL struts in each stent.

Therefore, in the assessment of neointimal coverage of

SES, neither evaluation of a part of stent, nor a single value

of mean neointimal thickness would sufficiently represent

the neointimal coverage status of a whole stent. Instead, a

better index based on measurements at multiple sites and

their integration for each stent would be required, and we

hope that our approach would serve as one solution.
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