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Abstract Stent struts protruding into ostial side branch

called ‘‘jailed strut’’ at bifurcation lesions is a likely cause

of thrombus formation. We aimed to investigate the

influences of multiple kissing balloon inflation (KBI) for

stent expansion, and stent platform design, respectively, on

the reduction of incomplete stent apposition area (ISA

area) caused by jailed struts at a side-branch ostium, using

a three-dimensional elastic left main (LM) bifurcated

coronary artery model. The referenced LM bifurcation

angle data of 209 patients were stratified by tertiles

focusing on the angle between the LM trunk (LMT) and

left anterior descending artery (LAD). A bifurcation model

was fabricated with angles of 129�, 122.2�, and 76.4� for

LMT–LAD, LMT–left circumflex (LCx), and LAD–LCx,

respectively, and with diameters of 5, 3.75, and 3.5 mm for

LMT, LAD, and LCx, respectively; these diameters fulfill

Murray’s law. A 75 % stenosis was included along the

LMT. One-time and three-time KBIs were conducted using

two-link Nobori and three-link Xience Xpedition (n = 6

each). The ISA area was quantified using micro-CT. Three-

time KBI was effective in reducing the ISA area compared

with one-time KBI for both the Nobori (p = 0.05) and

Xience Xpedition (p = 0.07). The ISA area was smaller in

the Nobori than in the Xience Xpedition, both in one-time

and three-time KBI (one-time KBI: p = 0.003; three-time

KBI: p = 0.001). Our findings of this study on reducing the

ISA area by focusing on an interventional technique and

stent design may help to improve coronary bifurcation

intervention for a possibly better long-term clinical

outcome.
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Introduction

Drug eluting stents (DESs) have been shown to reduce

the rate of restenosis considerably, and have widely

expanded treatments for various types of severe lesions

and indications of percutaneous coronary intervention

(PCI) [1, 2]. However, coronary bifurcation lesions,

which account for 15–20 % of all PCIs, still represent a

challenging lesion subset for interventional cardiologists

[3, 4]. Several studies have reported that a two-stent

(complex stent) strategy does not offer any advantage

over a single-stent (simple stent) strategy in bifurcation

lesions [5, 6]. Therefore, single-stent implantation might

be the first line strategy in bifurcation lesions. Although

coronary artery bypass graft surgery (CABG) has been

considered the standard method for treating unprotected

left main coronary artery (ULMCA) bifurcation disease

according to the current guidelines [7, 8], DESs have

been used with increasing frequency for the PCI of

ULMCA bifurcation diseases [9, 10]. A recent

intravascular ultrasound (IVUS) study indicated that the

presence of incomplete stent apposition (ISA),
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confirmed 8 months after DES implantation, was asso-

ciated with a higher rate of myocardial infarction and

very late stent thrombosis (VLST) at a 5-year follow-up.

[11]. An optical coherence tomography (OCT) study of

bifurcation lesions treated with a single DES showed

that the frequency of thrombus attachment at side-

branch orifices was lower with kissing balloon inflation

(KBI) as compared to the frequency of thrombus

attachment without KBI, possibly because of the

reduction in jailed struts [12]. The Korean multicenter

registry trial demonstrated that the single DES strategy

with KBI was associated with a lower rate of major

adverse cardiac events (MACE) and target lesion

revascularization (TLR) than the single DES strategy

without KBI [13]. Some reports suggested the impor-

tance of KBI from the in vitro and in vivo findings of

the optimization of bifurcation treatments [14, 15].

However, little is known about the effects of the stent

expansion method and stent platform design on the

clinical outcome. We hypothesized that stent thrombosis

after single DES stenting may occur even after KBI

owing to residual stent struts protruding into the ostial

side branch called ‘‘jailed strut’’ in bifurcation lesions.

Here, we investigated the influences of stent implanta-

tion methods and stent platform design on the ISA area

caused by jailed struts at the side-branch ostium, using a

bifurcated elastic coronary artery model to gain insights

into more sophisticated single stenting strategies.

Methods

Left main bifurcation model

Left main (LM) bifurcation angle data from 209 de novo

patients who underwent 64 multi-slice computed tomog-

raphy, reported by Kawasaki et al. [16], were used to

construct the LM coronary artery bifurcation model. The

angles between the left main trunk (LMT) and the left

anterior descending artery (LAD) were focused on in this

study, and the angle data from the 209 patients were

stratified by tertiles. Based on each mean value, the nar-

row-angled three-dimensional LM bifurcation model with

LMT–LAD, LMT–left circumflex (LCx), and LAD–LCx

angles of 129.0�, 122.2�, and 76.4�, respectively, was

fabricated (Fig. 1a, b). The LM bifurcation model had

75 % stenosis along the LMT, and 80 % stenosis at the

LAD ostium. The model was constructed with reference

vessel diameters of 5.0 mm for LMT, 3.75 mm for LAD,

and 3.5 mm for LCx. These diameters followed Murray’s

law [17]. The tract from the LMT to the two distal bifur-

cated arteries was curved by 120�.

Effect of stent expansion times on ISA caused

by jailed struts

We speculated that repeating KBI after single stenting

might reduce ISA caused by jailed struts at the LCx ostium.

In this study, the effect of three-time KBI on ISA was

compared with that of one-time KBI (n = 6 each).

Effect of stent platform design on ISA caused

by jailed struts

We speculated that stent platform design might influence the

ISA caused by jailed struts at the LCx ostium. In this study,

the two-link stainless steel Nobori stent (diameter and length

of 3.5 and 24 mm, respectively; Terumo, Tokyo, Japan) and

three-link cobalt chromium Xience Xpedition (Xience) stent

(diameter and length of 3.5 and 23 mm, respectively; Abbott

Vascular, Illinois, USA) were used to investigate the effect

of stent platform design on the ISA caused by jailed struts at

the LCx ostium (n = 6 each). The 3.5-mm-diameter Nobori

stent with 10 crowns and two links is only available in Japan;

the 3.5-mm-diameter Nobori stent with 9 crowns and three

links is available in the US and EU.

Stent deployment procedure

All procedures were conducted under X-rays under the

same conditions as those employed in clinical practice

(Fig. 2). The Nobori stent and Xience stent were deployed

along LMT–LAD with balloon inflation pressures of 14

and 16 atm, respectively (Fig. 2a). The stent delivery bal-

loon was inflated three times, each time for 20 s. Then, the

proximal optimization technique was conducted using a

balloon with a diameter and length of 5.0 mm and 8 mm

(Fig. 2b, c). A guidewire was then advanced through a

Fig. 1 Three-dimensional elastic left main bifurcated coronary artery

model. a The dimensions of the left main bifurcation model. b The

elastic left main bifurcation models employed in the bench test
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distal stent cell accessing the LCx (Fig. 2d). Then, KBI

was conducted one time and three times, 20 s each, for the

two stents (Fig. 2e). Semi-compliant balloons with diam-

eters and lengths of 3.5 and 15 mm, respectively, were

used, and expanded at the balloon inflation pressures based

on the compliance chart in accordance with 3.75-mm-di-

ameter LAD and 3.5-mm-diameter LCx ostium.

Quantification of ISA caused by jailed struts

The ISA caused by jailed struts was quantified using a

micro-CT (TDM 1300-IS, Yamato Scientific Co., Ltd.,

Japan). The lumen of the bifurcated models was filled with

a 70 wt% radiopaque contrast medium (Baritop Sol 150,

Sakai Chemical Industry Co., Ltd., Japan) for the micro-CT

analysis. The three-dimensional structure of the stents was

reconstructed using 512 CT slices with a spatial resolution

of 0.048 mm (Fig. 3a, b). The ISA area was defined as the

area between jailed stent struts and the vessel wall of the

LCx ostium. The ISA area was then measured at the cross

section in perpendicular with the LCx flow tract based on

the LMT-LCx angle.

Statistical analysis

Continuous data are presented as the medium and quarter

tile. For primary analysis of the ISA area caused by jailed

struts, the continuous data were compared using Levene’s

test. Comparisons of continuous data with not-normal

distribution were conducted using the Welch test. The

student-t test was used to compare continuous data with

normal distribution. The SPSS software version 21 (IBM

Corporation, Armonk, New York) was used for these

analyses. A value of p\ 0.05 was considered statistically

significant.

Results

One-time KBI versus three-time KBI

The ISA areas detected by the micro-CT analysis were

summarized in Fig. 4. The ISA area caused by jailed struts

at the LCx ostium was lower with the three-time KBI than

the ISA area caused by jailed struts at the LCx ostium with

the one-time KBI for the Nobori stent (Nobori:

1.00 ± 0.28 mm2 vs. 2.49 ± 1.44 mm2, p = 0.05; Xience:

4. 07 ± 1.04 mm2 vs. 5.21 ± 0.93 mm2, p = 0.07)

(Fig. 5a, b). For the Nobori stents, the variance in the ISA

caused by jailed struts became distinctly smaller with

three-time KBI compared to the variance with one-time

Fig. 2 Stent deployment

procedures. a Stent deployment

along LMT–LAD. b, c Proximal

optimization technique.

d Advancement of guidewire

through a distal stent cell

accessing the LCx. e Kissing

balloon inflation

Fig. 3 Micro-CT analysis of the incomplete stent apposition (ISA)

area caused by jailed struts at the LCx ostium. a The two-link Nobori

stent deployed in the bifurcation model. b The three-link Xience

Xpedition stent deployed in the bifurcation model

Fig. 4 Incomplete stent apposition areas detected by the micro-CT

analysis. For each condition, six stents were tested
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KBI. As for the Xience stents, the three-time KBI had

showed a positive effect with regard to reducing the ISA

compared with the one-time KBI.

Impact of stent platform design

The ISA area caused by jailed struts at the LCx ostium using

the Nobori stent was distinctly lower than that using the

Xience stent, both with one-time KBI and three-time KBI

(one-time KBI: 2.49 ± 1.44 mm2 vs. 5.21 ± 0.93 mm2,

p = 0.003; three-time KBI: 1.00 ± 0.28 mm2 vs. 4.

07 ± 1.04 mm2, p = 0.001) (Fig. 5c, d).

Discussion

The main findings of this study are as follows.

(1) The three-time KBI in single stenting was effective

in reducing the ISA area caused by jailed struts at the LCx

ostium, compared with the one-time KBI, for the two-link

Nobori stent. (2) The two-link Nobori stent exhibited a

distinctly lower ISA area caused by jailed struts at the LCx

ostium than the three-link Xience stent, both with three-

time KBI and one-time KBI.

Bifurcation treatment is recognized as a strong predictor

of stent thrombosis [18]. ISA was defined as one or more

struts clearly separated from the vessel wall with evidence

of blood speckles behind the strut [19]. The ISA is rec-

ognized to pose certain risks for LST and VLST [20–23].

Recent IVUS and OCT studies in patients with LST or

VLST confirmed that the ISA is associated with LST and

VLST [21, 23, 24]. Hariki et al. reported that the KBI

significantly reduced the jailed struts at the side-branch

ostium and the frequency of thrombus attachment, possibly

because of the reduction in the number of jailed struts [12].

In this study, we demonstrated that three-time KBI with

single stenting in LMT to the LAD at LM bifurcation was

effective in reducing ISA area caused by jailed struts at the

LCx ostium. Moreover, the two-link Nobori considerably

reduced the ISA compared with the three-link Xience stent

irrespective of one-time KBI or three-time KBI, indicating

the importance of selecting the stent platform at LM

bifurcations.

Limitations

The bifurcation model remains motionless during the

stenting procedure, whereas the in vivo coronary artery

moves owing to cardiac contraction and relaxation.

Therefore, data deviations resulting from the produce in

this study may be underestimated compared with in vivo

situations. Nevertheless, a sophisticated bench test system

would help to gain an understanding of better stent

implantation strategies at bifurcation lesions.

Conclusion

This bench study using a three-dimensional elastic bifur-

cated coronary artery model revealed that three-time KBI

in single stenting is effective in reducing the ISA area

Fig. 5 Effects of multiple kissing balloon inflation (KBI) and stent

platform design on the incomplete stent apposition (ISA) area caused

by jailed struts at the LCx ostium. a Comparison between one-time

KBI and three-time KBI using the two-link Nobori stent. b Compar-

ison between one-time KBI and three-time KBI using the three-link

Xience Xpedition stent. c Comparison between the two-link Nobori

stent and the three-link Xience Xpedition stent with one-time KBI.

d Comparison between the two-link Nobori stent and the three-link

Xience Xpedition stent with three-time KBI
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caused by jailed struts at the LCx ostium in comparison

with the general one-time KBI. Moreover, the choice of

stent platform with a larger expansion capacity of stent cell

has a considerable effect on the reduction of the ISA both

with one-time KBI and three-time KBI. Our findings may

help to improve the coronary bifurcation intervention for

better clinical outcomes.

Acknowledgments We thank Mr. Xiaodong Zhu, Hirotsugu

Tokutake, and Kouhei Izumi for assistance in the experimental setup.

We thank the suppliers of the stents and balloons that were used in

this work.

Compliance with ethical standards

Human rights statement This study was approved by the ethics

committee of Shin-Koga Hospital, and all patients provided written

informed consent.

Conflict of interest This study was supported by a Health Science

Research Grant (H20–IKOU-IPAN-001) from the Ministry of Health,

Labour and Welfare, Japan. All authors have no conflict of interest.

Funding source Health Science Research Grant from Ministry of

Health, Labour and Welfare, Japan.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

1. Stone GW, Ellis SG, Cox DA, Hermiller J, O’Shaughnessy C, Mann

JT, et al. A polymer-based, paclitaxel-eluting stent in patients with

coronary artery disease. N Engl J Med. 2004;350:221–31.

2. Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR,

O’Shaughnessy C, et al. Sirolimus-eluting stents versus standard

stents in patients with stenosis in a native coronary artery. N Engl

J Med. 2003;349:1315–23.

3. Latib A, Colombo A. Bifurcation disease: what do we know,

what should we do? JACC Cardiovasc Interv. 2008;1:218–26.

4. Steigen TK, Maeng M, Wiseth R, Erglis A, Kumsars I, Narbute I,

et al. Randomized study on simple versus complex stenting of

coronary artery bifurcation lesions: the Nordic bifurcation study.

Circulation. 2006;114:1955–61.

5. Hildick-Smith D, de Belder AJ, Cooter N, Curzen NP, Clayton

TC, Oldroyd KG, et al. Randomized trial of simple versus

complex drug-eluting stenting for bifurcation lesions: the British

Bifurcation Coronary Study: old, new, and evolving strategies.

Circulation. 2010;121:1235–43.

6. Niemela M, Kervinen K, Erglis A, Holm NR, Maeng M, Chris-

tiansen EH, et al. Randomized comparison of final kissing bal-

loon dilatation versus no final kissing balloon dilatation in

patients with coronary bifurcation lesions treated with main

vessel stenting: the Nordic-Baltic Bifurcation Study III. Circu-

lation. 2011;123:79–86.

7. Levine GN, Bates ER, Blankenship JC, Bailey SR, Bittl JA,

Cercek B, et al. 2011 ACCF/AHA/SCAI guideline for

percutaneous coronary intervention: a report of the American

College of Cardiology Foundation/American Heart Association

Task Force on Practice Guidelines and the Society for Cardio-

vascular Angiography and Interventions. Catheter Cardiovasc

Interv. 2013;82:E266–355.

8. Windecker S, Kolh P, Alfonso F, Collet JP, Cremer J, Falk V,

et al. ESC/EACTS guidelines on myocardial revascularization.

EuroIntervention. 2014;2015(10):1024–94.

9. Kim YH, Dangas GD, Solinas E, Aoki J, Parise H, Kimura M,

et al. Effectiveness of drug-eluting stent implantation for patients

with unprotected left main coronary artery stenosis. Am J Car-

diol. 2008;101:801–6.

10. Chieffo A, Stankovic G, Bonizzoni E, Tsagalou E, Iakovou I,

Montorfano M, et al. Early and mid-term results of drug-eluting

stent implantation in unprotected left main. Circulation.

2005;111:791–5.

11. Cook S, Eshtehardi P, Kalesan B, Raber L, Wenaweser P, Togni

M, et al. Impact of incomplete stent apposition on long-term

clinical outcome after drug-eluting stent implantation. Eur Heart

J. 2012;33:1334–43.

12. Hariki H, Shinke T, Otake H, Shite J, Nakagawa M, Inoue T,

et al. Potential benefit of final kissing balloon inflation after single

stenting for the treatment of bifurcation lesions–insights from

optical coherence tomography observations. Circ J.

2013;77:1193–201.

13. Yu CW, Yang JH, Song YB, Hahn JY, Choi SH, Choi JH, et al.

Long-term clinical outcomes of final kissing ballooning in

coronary bifurcation lesions treated with the 1-stent technique:

results from the COBIS II registry (Korean Coronary Bifurca-

tion Stenting Registry). JACC Cardiovasc Interv. 2015;8:

1297–307.

14. Sgueglia GA, Chevalier B. Kissing balloon inflation in percuta-

neous coronary interventions. JACC Cardiovasc Interv.

2012;5:803–11.

15. Foin N, Torii R, Alegria E, Sen S, Petraco R, Nijjer S, et al.

Location of side branch access critically affects results in bifur-

cation stenting: insights from bench modeling and computational

flow simulation. Int J Cardiol. 2013;168:3623–8.

16. Kawasaki T, Koga H, Serikawa T, Orita Y, Ikeda S, Mito T, et al.

The bifurcation study using 64 multislice computed tomography.

Catheter Cardiovasc Interv. 2009;73:653–8.

17. Murray CD. The physiological principle of minimum work: I.

The vascular system and the cost of blood volume. Proc Natl

Acad Sci USA. 1926;12:207–14.

18. Iakovou I, Schmidt T, Bonizzoni E, Ge L, Sangiorgi GM, Stan-

kovic G, et al. Incidence, predictors, and outcome of thrombosis

after successful implantation of drug-eluting stents. JAMA.

2005;293:2126–30.

19. Kobayashi Y, Honda Y, Christie GL, Teirstein PS, Bailey SR,

Brown CL 3rd, et al. Long-term vessel response to a self-ex-

panding coronary stent: a serial volumetric intravascular ultra-

sound analysis from the ASSURE trial. A stent vs. stent

ultrasound remodeling evaluation. J Am Coll Cardiol.

2001;37:1329–34.

20. Finn AV, Nakazawa G, Joner M, Kolodgie FD, Mont EK, Gold

HK, et al. Vascular responses to drug eluting stents: importance

of delayed healing. Arterioscler Thromb Vasc Biol.

2007;27:1500–10.

21. Guagliumi G, Sirbu V, Musumeci G, Gerber R, Biondi-Zoccai G,

Ikejima H, et al. Examination of the in vivo mechanisms of late

drug-eluting stent thrombosis: findings from optical coherence

tomography and intravascular ultrasound imaging. JACC Car-

diovasc Interv. 2012;5:12–20.

22. Gutierrez-Chico JL, Regar E, Nuesch E, Okamura T, Wykrzy-

kowska J, di Mario C, et al. Delayed coverage in malapposed and

side-branch struts with respect to well-apposed struts in drug-

16 Y. Hikichi et al.

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


eluting stents: in vivo assessment with optical coherence

tomography. Circulation. 2011;124:612–23.

23. Cook S, Wenaweser P, Togni M, Billinger M, Morger C, Seiler C,

et al. Incomplete stent apposition and very late stent thrombosis after

drug-eluting stent implantation. Circulation. 2007;115:2426–34.

24. Holme PA, Orvim U, Hamers MJ, Solum NO, Brosstad FR, Barstad

RM, et al. Shear-induced platelet activation and platelet

microparticle formation at blood flow conditions as in arteries with

a severe stenosis. Arterioscler Thromb Vasc Biol. 1997;17:646–53.

Reduction in incomplete stent apposition area caused by jailed struts after single stenting… 17

123


	Reduction in incomplete stent apposition area caused by jailed struts after single stenting at left main bifurcation lesions: micro-CT analysis using a three-dimensional elastic bifurcated coronary artery model
	Abstract
	Introduction
	Methods
	Left main bifurcation model
	Effect of stent expansion times on ISA caused by jailed struts
	Effect of stent platform design on ISA caused by jailed struts
	Stent deployment procedure
	Quantification of ISA caused by jailed struts
	Statistical analysis

	Results
	One-time KBI versus three-time KBI
	Impact of stent platform design

	Discussion
	Limitations
	Conclusion
	Acknowledgments
	References




