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ABSTRACT 

Background and Objectives：Intravascular ultrasound (IVUS) can be useful for assessing the causes of in-stent 
restenosis (ISR) after sirolimus-eluting stent (SES) implantation. We used IVUS to evaluate the causes of ISR 
after SES implantation. Subjects and Methods：SES implantation was performed in 502 patients with 670 
coronary lesions. Of these patients, 27 patients had angiographic ISR in 28 lesions. We evaluated the patterns of 
ISR and we wanted to elucidate the possible mechanism of ISR after SES implantation with using IVUS analysis. 
Results：The ISR pattern was focal in 26 lesions, and diffuse in 2 lesions, including 1 total occlusion. When 
analyzing the 21 IVUS-applicable lesions, stent underexpansion [the minimal stent cross-sectional area (CSA) was 
<5 mm2 and it was <4.5 mm2 in the cases of small coronary arteries (reference vessel diameter <2.8 mm)] was 
observed in 10 lesions (48%). Stent fracture (defined as non-visualization of the struts on IVUS at the restenotic 
segments) and edge restenosis was identified in the 3 (14%) and 3 lesions (14%), respectively. Except for edge 
stenosis, stent underexpansion was observed in 55% of the intra-stent restenotic lesions and it was more pro-
minent in the small coronary arteries (7/8 small coronary artery lesions). Stent underexpansion, stent fracture or 
edge restenosis were not related to the 7 ISR lesions (33%) in which profound intimal hyperplasia within the 
stent occurred. Conclusion：Our observation of ISR after SES implantation with using IVUS showed that most 
ISR lesions have mechanical problems, especially stent underexpansion. However, one third of the ISR lesions 
were associated with profound intimal hyperplasia within the stent. (Korean Circulation J 2007;37:58-63) 
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Introduction 

 
Several studies have demonstrated that Sirolimus-

eluting stents(SES, Cypher, Cordis/Johnson and John-
son, Miami, FL) strongly suppress neointimal hyper-
plasia and effectively reduce in-stent restenosis(ISR).1-4) 
However, ISR after SES implantation does occur in some 
cases and restenosis is still a major problem in the era 
of drug-eluting stent(DES).5)6) Although attempts have 
been made to find the causes of ISR after SES implan-
tation and some risk factors have been suggested as the 
predictors of ISR,4)6-8) the predictors of ISR in de novo 
lesion after SES implantation, as assessed by intravas-
cular ultrasound(IVUS), have not been widely establi-

shed. The aims of present study were to summarize the 
clinical, angiographic and IVUS findings of patients 
with ISR after SES implantation and to elucidate the 
possible mechanism of ISR after SES implantation by 
using IVUS.  

 
Subjects and Methods 

 
Study patients 

Between March 2003 and April 2005, SES implan-
tation was performed in 502 patients with 670 lesions 
at the National Health Insurance Corporation Ilsan 
Hospital(Goyang-si, Korea), and we performed 8-month 
follow-up angiography with radial artery access in 356 
patients(71%) with 495 lesions(74%) at several out-
patient clinics. Of these patients, 27 patients had ISR 
in 28 lesions(5.6%). When ISR presented on the fol-
low-up angiography, we performed IVUS as possible. 
All the patients received aspirin(100-200 mg/day) and 
clopidogrel as an immediate 300 mg loading dose, fol-
lowed by 75 mg/day for at least 6 months. The prespeci-
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fied clinical and laboratory data were obtained from 
the hospital charts and coronary database. 

 
Quantitative Coronary Angiographic(QCA) analysis 

Angiographic analysis was performed with a computer-
assisted automated edge-detection algorithm(Phillip IN-
TEGRIS BH 5000, Phillips medical systems, Nether-
lands) by an independent observer who was unaware 
of the clinical and IVUS findings. Using the guiding 
catheter for magnification-calibration, the minimal 
luminal diameter(MLD) and the diameters of the refer-
ence segments were measured before and after stenting 
and at follow-up from the diastolic frames in a single, 
matched view that showed the smallest MLD. The in-
lesion MLD included the stent as well as the 5 mm 
margins proximal and distal to the stent. The reference 
vessel diameter(RVD) was the average of the proximal 
and distal reference lumen diameters. Angiographic 
restenosis was defined as a diameter stenosis >50% and 
this was classified as in-stent restenosis if it was inside 
the stent, or as edge restenosis if it was located within 
the 5 mm segments distal or proximal to the stent mar-
gins.6) The patterns of angiographic instent restenosis 
were classified as suggested by Mehran et al.9) 

 
Follow-up IVUS imaging 

Follow-up IVUS imaging was performed after admi-
nistrating intracoronary nitroglycerin(150-200 μg) 
with a motorized automatic transducer pullback system, 
a commercially available scanner(Boston Scientific/SC-
IMED, Minneapolis, MN) and incorporating a 30 or 
40 MHz rotating transducer. The ultrasound catheter 
was advanced >10 mm beyond the stented segment 
into the distal vessel. The transducer was withdrawn at a 
pullback speed of 0.5 mm/s to a point >10 mm proximal 
to the stent. The ultrasound studies were recorded on 
1/2-in high resolution s-VHS tape or compact disk for 
both on- and off-line analysis. 

 
Quantitative IVUS measurements 

Quantitative analyses were performed according to 
the criteria of the clinical expert consensus document 
on IVUS, and with using computerized planimetry.10) 
Quantitative measurements at the stented segment and 
at the proximal and distal reference segments included 
the external elastic membrane(EEM), lumen, stent CSA 
and intimal hyperplasia CSA(stent CSA - lumen CSA). 
Reference segments were defined as the most normal-
looking cross-sections within 10 mm proximal and distal 
to the lesions. Stent underexpansion was defined as 
the minimum stent CSA at the ISR site <5.0 mm2 and 
<4.5 mm2 in the cases of small coronary artery(RVD 
<2.8 mm).11) Stent fracture was defined as non-visuali-
zation of the struts on IVUS at the restenotic segments.6) 

 

Statistics 
The continuous variables are expressed as means± 

standard deviations and the categorical variables are pre-
sented as counts and percentages.  

 
Results 

 
The mean duration of angiographic follow-up was 

221±58 days. The overall clinical characteristics of the 
27 enrolled patients with restenosis are shown in Table 
1. The mean lesion length was 36.7±19.0 mm. In 12 
lesions(43%), implantation of multiple overlapping 
stents was required for achieving full coverage of the 
diffuse long lesion on the index procedure. The other 
angiographic and procedural findings are shown in 
Table 2. The follow-up angiographic findings are shown 
in Table 3. The ISR pattern was focal in 26 lesions and 
diffuse ISR was noted in 2 lesions. 

The follow-up IVUS data was obtained for 21 of 28 
ISR lesions. Follow-up IVUS study was not performed 
for the other 7 lesions at the follow-up angiogram be-
cause of vasospasm that was due to radial artery access 
(n=3), inability to pass the guide-wire in the totally 
occluded restenotic lesion(n=1), and refusal of the test 
(n=3). Table 4 shows the IVUS measurements of the 
stented segments with ISR. For the 21 IVUS-applica-
ble lesions, the stent CSA at the ISR site was <5.0 
mm2 in 11(52%) lesions. Of the subset of small cor-
onary arteries(RVD <2.8 mm, a total of 8 lesions), the 
stent CSA at the ISR site was <4.5 mm2 in 7(88%) 
lesions. Overall stent underexpansion was observed in 
10(48%) of the 21 IVUS applicable ISR lesions. Edge 
stenosis that was located in the proximal edge was 
noted in 3 lesions(14%) on the follow-up IVUS. Re-

Table 1. Baseline clinical characteristics of 27 patients with in-stent
restenosis after sirolimus-eluting stents implantation 

Age (years) 66±9 

Male, n (%) 15 (53) 

Hypertension, n (%) 19 (70) 

Diabetes mellitus, n (%) 09 (33) 

Cigarette smoking, n (%) 05 (19) 

Hypercholesterolemia, n (%) 05 (19) 

Prior myocardial infarction, n (%) 02 (07) 

Prior percutaneous coronary intervention, n (%) 03 (11) 

Clinical manifestations, n (%)  

Stable angina 09 (33) 

Unstable angina 11 (41) 

Acute myocardial infarction 07 (26) 

Number of diseased vessel, n (%)  

1 07 (26) 

2 05 (19) 

3 15 (55) 
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viewing the index procedural angiogram, one lesion was 
related to residual dissection after the procedure, and 
the others were related to balloon trauma outside the 
stent. Stent fracture was observed in 3 ISR lesions 
(14%). De nole lesions of 2 ISR lesions were severely 
angulated lesions, and one ISR lesion was located in 
the gap between two overlapped stents and this lesion 
was not fully covered by the stents. The examples of 
stent underexpansion and stent fracture in the patients 

with ISR are shown in Fig. 1, 2., respectively. 
 

Categorical causes of restenosis after SES implantation 
by IVUS analysis 

To examine the possible mechanical causes, we sum-
marized the 21 IVUS-applicable patients with ISR after 
SES implantation in Table 5. Stent underexpansion 
was the most common IVUS findings, and this was 
observed in about half of the ISR cases [10(48%) out 
of 21 ISR lesions]. Except for edge stenosis, stent un-
derexpansion was observed in 55% of the intra-stent 
restenotic lesions. Stent underexpansion was the more 
prominent finding in the small coronary arteries, and 
this was observed in 7 out of 8 small coronary arteries. 
There were 7 lesions(33%) in which profound intimal 
hyperplasia within the stent occurred that was not related 
to stent underexpansion, stent fracture or edge stenosis. 
Five of these 7 lesions were diffuse long lesions that re-
quired implanting 2 stents. 

 
Discussion 

 
The main findings of our observational study were: 

(1) the common IVUS findings of the patients with 
ISR after SES implantation were stent underexpansion, 
edge stenosis and stent fracture; (2) stent underexpan-
sion was the most prominent finding, especially in the 
intra-stent ISR and small coronary arteries; and (3) 
profound intimal hyperplasia within the stent was ob-
served in one third of the lesions. 

In the SIRIUS2) and TAXUS-II trials,12) the resteno-
tic lesions were frequently located near the stent mar-
gins or at the site of a gap between stents. Thereafter, 

Table 4. Quantitative IVUS measurements of the IVUS-applicable
21 in-stent restenotic lesions 

Proximal reference segment  

EEM CSA (mm2) 12.5±3.6 

Lumen CSA (mm2) 06.7±2.1 

Stented segment  

Stent CSA (mm2) 05.8±1.9 

Lumen CSA (mm2) 02.9±0.9 

Intimal hyperplasia CSA (mm2) 02.9±2.0 

Distal reference segment  

EEM CSA (mm2) 09.2±3.3 

Lumen CSA (mm2) 05.9±2.1 

Stent CSA at ISR site <5.0 mm2, n (%) 11 (52) 
In small vessel diseases (RVD <2.8 mm; n=8), 

stent CSA at ISR site <4.5 mm2, n (%) 
07 (88) 

Stent underexpansion at ISR site, n (%) 10 (48) 

Edge stenosis, n (%) 03 (14) 

Stent fracture or gap, n (%) 03 (14) 
EEM: external elastic membrane, CSA: cross-sectional area, ISR: in-
stent restenosis, RVD: reference vessel diameter, SES: sirolimus-elut-
ing stent 

 

Table 3. Angiographic analysis of 28 lesions with in-stent restenosis
after sirolimus-eluting stents implantation on the follow-up angiogram

Follow-up MLD (mm) 0.9±0.3 

Late loss (mm) 1.7±0.5 
In-stent restenosis pattern by mehran classification,  

n (%) 
 

Pattern I: focal 26 (93) 

Type IA (unscaffolded) 01 

Type IB (Margin) 03 

Type IC (focal body) 19 

Type ID (multi-focal) 03 

Pattern II: diffuse 02 (7) 

Pattern II (intrastent) 01 

Pattern III (proliferative) 00 

Pattern IV (occlusion) 01 
MLD: minimum lumen diameter 
 

Table 2. Baseline angiographic and procedural characteristics of 28
lesions with in-stent restenosis after sirolimus-eluting stents implan-
tation at the index procedure 

Treated vessel, n (%)  

Left anterior descending artery 15 (53) 

Left circumflex artery 01 (04) 

Right coronary artery 12 (43) 

Lesion morphology, n (%)  

A 0 

B1 0 

B2 05 (18) 

C 23 (82) 

Ostial lesion, n (%) 03 (11) 

Chronic total occlusion, n (%) 03 (11) 

In-stent restenotic lesion, n (%) 01 (04) 

Bifurcation, n (%) 03 (11) 

Calcification, n (%) 05 (18) 

Lesion length (mm) 36.7±19.0 (12.1-97.0) 

Reference vessel diameter(mm) 2.8±0.4 

Pre-procedural MLD (mm) 0.7±0.4 

Post-procedural MLD(mm) 2.6±0.4 

Residual stenosis (%) 12±5 

Use of IVUS at index procedure, n (%) 05 (18) 

Stent diameter ≤2.75 mm, n (%) 11 (39) 

Multiple overlapping stents, n (%) 12 (43) 

Maximum inflation pressure, atm 15.3±2.9 

Adjunct post-stent dilation, n (%) 13 (46) 
MLD: minimum lumen diameter, IVUS: intravascular ultrasound 
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the new concept, “the longer, the better” became a 
widespread strategy for coronary intervention in the 
DES era. However, recent studies have suggested that 
the mechanical factors, especially minimal stent CSA, 
still remain the important predictors of ISR.11)13)14) So-
noda et al.11) reported that the optimal minimum stent 
CSA threshold for SES to predict ISR was 5.0 mm. In 
addition, Takebayashi et al.13) have reported that stent 
underexpansion was observed in 67% of ISR. Hong et 
al.14) have recently reported that the post-procedural mi-
nimum stent CSA(<5.5 mm2), as determined by IV-

US, was the independent predictor of ISR after SES 
implantation.14) In our study, the most common IVUS 
finding in the restenotic lesions was stent underex-
pansion. Since stent underexpansion usually occurred 
in the intra-stent and small coronary arteries, we can 
speculate that stent underexpansion may be the main 
cause of ISR, especially in the small coronary arteries 
and intra-stent lesion. 

SES fractures have also been recently reported in 
cases of focal ISR.15-19) The clinical significance of these 
findings are currently unknown. In our ISR cases, stent 

D
E F

Fig. 1. In-stent restenosis caused by stent underexpansion after sirolimus-eluting stent implantation (SES). The pre-stenting (A) and post-stenting
angiogram (B) are shown [overlapped with a SES 3.5×33 mm (dashed line) and a SES 2.75×33 mm (dotted line)]. Follow-up angiography (C)
demonstrates 90% stenosis in mid-portion of the distal stent of the mid-left anterior descending artery (LAD). IVUS images are from 10 mm
proximally (D), the minimal lumen site (E), and 10 mm distally (F) at follow-up. IVUS demonstrated stent underexpansion (minimal stent CSA=
4.0 mm2 ) at the minimum lumen site. 
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Fig. 2. In-stent restenosis caused by stent fracture after implantation of sirolimus-eluting stent. Pre-stenting (A: left anterior oblique view. B: right
anterior oblique view) and the poststenting angiogram (C) after implanting a 2.75×33 mm sirolimus-eluting stent are shown. Follow-up
angiography (D) demonstrates 85% stenosis in the proximal portion of the right coronary artery: an arrow indicates the image slice of intravascular
ultrasound (IVUS). Stent separation (arrowhead) of mid-portion of the sirolimus-eluting stent was noted on fluoroscopy (lower box in D). The
follow-up IVUS images are 5 mm (E) and 2mm (F) proximal to the minimal lumen site (G), and 2 mm (H) and 5 mm (I) distal to the minimal
lumen site. An IVUS investigation at the spot of the in-stent restenosis represents non-visualization of struts (G). 



 
 
62·Korean Circulation J 2007;37:58-63 

 

fracture associated with ISR was noted in a minority of 
ISR lesions(3 out of 21 lesions). The mechanism and 
clinical significance of SES fracture should be inves-
tigated in the future.  

The mechanism of edge stenosis is different from 
those of stent underexpansion and fracture.20) The re-
sults of the SIRIUS study and observations by other 
authors have suggested that ISR, especially edge stenosis, 
were associated with insufficient lesion coverage and 
edge damage.5)6) In our study, there were three cases 
(14%) of edge stenosis on the follow-up angiograms, 
and they were associated with what was previously men-
tioned. With employing the stent placement strategy 
to cover the treated segment “from healthy tissue to 
healthy tissue”, the incidence of this phenomenon has 
decreased, from 5.7% in the SIRIUS study2) to 3.4% 
in the E-SIRIUS study,3) and 1.6% in the RESEARCH 
study.4) 

Stent underexpansion, stent fracture or edge restenosis 
were not related to 7 ISR lesions(33%) in this study. 
The clinical characteristics of these patients were not 
very much different from those of the other patients 
with restenosis; there were 3 cases of diabetes, 3 cases 
of hyperlipidemia and 3 males among these patients. 
In addition, there were no small coronary arteries in 
this subset. Notably, implantation of multiple overlap-
ping stents was required in 5 of 7 patients. Because 
this subset had no definite risk factors in this analysis, 

except for long lesion, further evaluation of this subset 
will be required to understand the ISR of SES. 

This study has several limitations. This was a small 
observational study and pre-intervention IVUS was 
not performed in all patients. Follow-up IVUS was not 
performed in all the patients with ISR after SES im-
plantation. Because there was no control group to com-
pare with the ISR group, it was difficult to definitely ex-
plain the possible causes of ISR after SES implantation. 

IVUS is a useful tool for evaluating the lesions of 
intra-stent(e. g., a precise description of stent mor-
phology), stent expansion and the relationship of the 
stent and the vessel wall. The mechanical factors on 
IVUS, such as stent expansion, stent fracture or non 
uniform strut distribution, have been in the spotlight 
more often during the DES era than the systemic factors 
and they will be investigated in future studies. However, 
all the ISR lesions were not explained by the mechanical 
factors. To reduce the incidence of ISR after SES im-
plantation and to understand it, further studies about 
mechanical factors together with the other systemic 
factors will be required.  
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