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Abstract
Aims: This study aimed to evaluate the morphologic characteristics of double kissing (DK) mini-culotte 
and mini-culotte stenting through imaging of bench testing.

Methods and results: DK mini-culotte and mini-culotte stenting were performed in two silicone bifur-

mini-culotte group. The results of factorial analysis showed that maximum distance of malapposed struts 
F

Conclusions: Compared with mini-culotte stenting, DK mini-culotte stenting was associated with shorter 
metal carina length, shorter maximum distance of malapposed struts, and smaller SBO area stenosis. Thus, 
DK mini-culotte stenting may obtain better morphologic characteristics.

KEYWORDS

• balloon inflation

• bifurcation

• drug-eluting stent

• stent enhancement

SUBMITTED ON 03/07/2018 - REVISION RECEIVED ON 1st 30/10/2018 / 2nd 28/11/2018 - ACCEPTED ON 05/12/2018

https://eurointervention.pcronline.com/doi/10.4244/EIJ-D-18-00688
mailto:lianglongchenxh@163.com


466

E
u
roIn

te
rve

n
tio

n
 2

0
1
9

;1
5

:4
6

5
-4

7
2

Abbreviations
DK double kissing
DMV distal main vessel
micro-CT micro-computed tomography
MLA minimum lumen area
MLD  minimum lumen diameter
PMV proximal main vessel
RLA reference lumen area
RLD reference lumen diameter
SBO side branch ostium

Introduction
Coronary bifurcation lesions are an important aspect of coronary 

-
nary intervention (PCI) in the treatment of coronary artery disease. 
Moreover, PCI for bifurcation lesions is still considered a com-
plex and challenging procedure . Selecting the appropriate one-
stent or two-stent technique is very important for the treatment of 
bifurcation lesions. When dealing with bifurcation lesions, current 
guidelines and expert consensuses recommend provisional stenting 
and this stenting can usually end up with a two-stent technique . 

with anticipated difficulty in accessing after main branch stenting, 
or true left main bifurcation lesions, up-front two-stent strategies 
should be considered; sometimes, the side branch stent should be 
implanted first to avoid loss of the side branch3.

Culotte stenting is one of the commonly used two-stent tech-
niques, which has been shown to have acceptable clinical out-
comes . In the Nordic study, culotte stenting was associated 
with significantly better clinical results than crush stenting for 
the treatment of left main bifurcation lesions . However, in the 
DKCRUSH-III study , the incidence rates of both major adverse 
cardiovascular events and side branch restenosis after DK-crush 
stenting were lower than those in classic culotte stenting. 
Therefore, innovation and improvement in correcting the technical 
defects of classic culotte stenting are necessary.

Recently, we proposed modified mini-culotte stenting (mini-
culotte stenting) and DK mini-culotte stenting as new stenting 
techniques . Although the results of clinical studies have shown 
that these two stenting methods could bring good clinical out-
comes , the morphological effects of DK balloon dilatation in the 
mini-culotte stenting technique are still unclear.

In this study, we constructed vascular models of left main bifurca-
tions, conducted bench testing of DK mini-culotte and mini-culotte 
stenting in the above bifurcation models in vitro, and then used high-
resolution micro-computed tomography (micro-CT) to evaluate the 
morphological characteristics of these two stenting techniques.

Materials and methods
BIFURCATION PHANTOM MODELS

Coronary bifurcation models with hyperelastic properties and 
allowed overexpansion were made from medical silicone (Patent 

no lesions and were smooth. Left main bifurcation models with 
-

STENTING PROCEDURES

models. DK mini-culotte and mini-culotte stenting (single-kiss-
ing balloon dilatation) were performed in two silicone bifurca-

-

around the models were excluded. A high-resolution digital 

record the procedures. The main procedures of these two stent-
ing techniques in vitro are shown in Supplementary Figure 1 
and Supplementary Figure 2. 

MICRO-CT IMAGING

The bifurcation models of DK mini-culotte and mini-culotte stent-

images were reconstructed from the acquired cross-section images 
by the NRecon software (SkyScan). Image-processing operations 
such as rotation, electronic dissection, and measuring quantitative 
parameters were conducted by proprietary software (Dataview, 
CTVox and CTan; SkyScan).

ANALYSIS METHODS OF BIFURCATION MODELS

As shown in Figure 1, the two-dimensional radiographic image of 
each bifurcation stenting model was divided into four distinct seg-

side branch, and polygon of confluence. Polygon of confluence 
was the confluence site of the PMV and two branch vessels, the 
intersection of the two branch vessels formed the carina, and the 
distal angle between DMV and side branch named the distal bifur-
cation angle . As the vessel walls were eliminated in the micro-
CT imaging analysis, actual measurements were performed only 
for the stent images.

MEASUREMENT INDICES

The main measurement indices included reference lumen dia-
meter (RLD), minimum lumen diameter (MLD), reference lumen 
area (RLA), minimum lumen area (MLA), metal carina length, 
side branch ostium (SBO) total area, SBO free of strut cover-
age area, and maximum distance of malapposed struts for the 
wall facing the SBO . The measurement methods are shown in 
Figure 1 and Figure 2
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the SBO area stenosis was equal to (SBO total area - SBO free of 
.

Moreover, the maximal lumen diameter (MaxLD) and minimal 
lumen diameter (MinLD) of the cross-section in the asymmetric 
stent lumen (Figure 1) were measured to calculate the symmetry 

.

STATISTICAL ANALYSIS

All statistical tests were performed using SPSS software, Version 

two groups were performed by t-test. If there was a significant dif-
ference for the t-test, we performed a factorial analysis to observe 

was considered significant, and all tests were two-tailed.

Results
In this study, both DK mini-culotte and mini-culotte bifurcation 

were successfully completed, and all bifurcation stenting models 
were scanned by micro-CT.

We observed that the mini-culotte stenting was associated with 
obvious strut malapposition, deformation and misdistribution, 
large blank space (gap), and severe circular stent underexpansion 
compared to the DK mini-culotte stenting. The underexpansion of 

Vessel wall

Stent struts

Polygon of confluence (POC)

Proximal main vessel

Si
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Distal main vessel
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Figure 1. Schematic diagram for the analysis of bifurcation stenting models. The lengths of a and b represent the metal carina length and 
maximum distance of malapposed struts for the wall facing the side branch ostium, respectively. Measurement methods of reference lumen 
diameter (RLD) (A), minimum lumen diameter (MLD) (B), and maximal lumen diameter (MaxLD) and minimal lumen diameter (MinLD) (C) 
for the proximal main vessel. D) & E) Measurement methods of reference lumen area (RLA) and minimum lumen area (MLA) for the distal 
main vessel. 

Figure 2. Measurement methods of side branch ostium area stenosis. 
The area stenosis was calculated by (area of yellow A – area of 
red B)/area of yellow A×100%.
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the circular stent at the main vessel stents facing the SBO was 
(Figure 3).

When we rotated and dissected the images electronically, stent 
morphological characteristics such as strut malapposition, deforma-
tion and misdistribution, gap, and severe circular stent underexpan-
sion in mini-culotte stenting were more clearly observed (Figure 4).

Furthermore, when the main struts opposite the SBO were elec-
tronically removed, we observed that the SBO had more resid-
ual strut coverage in the mini-culotte stenting model than in the 

(Figure 5).
To verify our preliminary observational results, quantitative 

comparisons of the two bifurcation stenting techniques were con-
ducted. We did not find any significant differences in RLD, MLD, 
RLA, MLA, diameter stenosis, area stenosis, and symmetry index 
between the two groups at the PMV, DMV or side branch (all 

(Table 1).
In the polygon of confluence of the bifurcated vascular models, 

-
imum distance of malapposed struts for the wall facing the SBO 

stenting models were lower than those in the mini-culotte stenting 

culotte stenting models were also lower than those in the mini-
(Table 1).

To analyse the effects of different bifurcation models on stent-
ing techniques, we performed factorial analysis for metal carina 
length, SBO area stenosis, and maximum distance of malapposed 
struts (which had significant differences between the two stenting 
techniques). As for metal carina length and SBO area stenosis, the 
difference between the two stenting techniques was statistically 
significant (F F -
tively), while there was no significant difference between the 
two kinds of bifurcation model (F F

-
posed struts, the DK mini-culotte stenting technique had better stent 
apposition than mini-culotte stenting (F
maximum distance of malapposed struts tended to be shorter in 

F -
ficant interactions between bifurcation stenting models and stenting 

Discussion
In the present study, we performed bench testing of DK mini-
culotte stenting and mini-culotte stenting in a silicone phantom 
model, and micro-CT was used to evaluate the effects of DK 

Figure 3. Micro-computed tomographic images for the double kissing (DK) mini-culotte and mini-culotte stenting phantoms. A) & A*) DK 
mini-culotte in Model 1. B) & B*) Mini-culotte in Model 1. a) & a*) DK mini-culotte in Model 2. b) & b*) Mini-culotte in Model 2. A, B, a, 
and b are two-dimensional images by digital processing. Dark blue represents the walls of bifurcated models, light blue represents the 
phantom lumens, and gold represents the metal struts. A*, B*, a*, and b* are three-dimensional reconstruction images of the stents. Compared 
with DK mini-culotte stenting, mini-culotte stenting had circular stent underexpansion (vertical arrow) and strut malapposition, deformation, 
and misdistribution at the side branch ostium (horizontal arrows).
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shorten the metal carina length in the polygon of confluence, 
improve the circular stent underexpansion at the main vessel stents 
facing the SBO, enlarge the area of SBO which was free of strut 
coverage, promote the uniform distribution of struts, and diminish 
the gap between struts. This evidence showed that the DK mini-
culotte stenting technique may be better than mini-culotte stenting. 

The mini technique was an important improvement to the clas-
sic double stenting technique. Following the classic crush stent-
ing proposed by Colombo, Galassi et al proposed the mini-crush 
two-stent technique. They found that mini-crush stenting was sim-
ple and associated with lower incidence rates of major adverse 
cardiovascular events and restenosis
the modified mini-culotte stenting technique , the main features of 

-
ing that the protruding part of the side branch stent in the main 

and embedding a protection balloon in the main branch to reduce 
the risk of intraoperative vascular occlusion if necessary. The pilot 
study found that the modified culotte stenting technique had low 
rates of major adverse cardiovascular events and intravascular 
restenosis at one-year follow-up.

Although a previous study showed that SBO area stenosis was 
lower in mini-crush stenting than in crush stenting, the SBO area 

. The 
overlapping part of the side branch stent and the main vessel 
stent in the main vessel was reduced by the mini technique, but 
the poor morphologic characteristics of the two-stent technique 
in the polygon of confluence could not be corrected completely. 
Thus, further improvement of the double stenting technique was 
necessary.

Figure 4. Cutaway views of the bifurcation stenting phantoms. A), B) & C) Double kissing (DK) mini-culotte in Model 1. D), E) & F) 
Mini-culotte in Model 1. a), b) & c) DK mini-culotte in Model 2. d), e) & f) Mini-culotte in Model 2. We electronically cut the 3D stenting 
images along the middle planes of B, E, b, and e. Their left lateral parts produced A, D, a, and d, while C, F, c, and f were their right lateral 
parts. From the PMV to DMV, underexpanded struts were observed in the mini-culotte stenting models (E and e, arrow). Compared with DK 
mini-culotte stenting, mini-culotte stenting had circular stent underexpansion (vertical downward arrow), and strut malapposition, 
deformation and misdistribution at the side branch ostium (horizontal arrows).

Figure 5. Morphological features of the side branch ostium (SBO). 
A) Struts at the opposite side of the SBO were removed digitally. 
B) Enlarged image from the SBO to side branch. C) DK mini-culotte 
in Model 1. D) Mini-culotte in Model 1. c) DK mini-culotte in Model 
2. d) Mini-culotte in Model 2. When compared with DK mini-culotte 
stenting models (C and c), mini-culotte stenting (D and d) might 
have more residual struts across the SBO (arrows).

balloon inflation in mini-culotte stenting for the morphologic 
characteristics of implanted stents. We found that the application 
of the DK balloon dilation technique in mini-culotte stenting could 
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The kissing balloon dilation technique was another important 
improvement in the interventional treatment of bifurcation lesions, 
especially for two-stent techniques. Different studies have shown 
that final kissing balloon dilatation could reduce strut deforma-
tion, correct stent malapposition, optimise the SBO, and improve 
bifurcated vascular haemodynamic characteristics . However, the 
final kissing balloon dilatation was not always successfully com-

-
loon dilatation was performed, stent malapposition still existed .

In DK-crush stenting, an increased kissing balloon dilatation 
was performed after the side branch stent implantation to squeeze 
the protruding part of the side branch stent fully into the main ves-
sel and effectively clear the struts that covered across the SBO. 
This procedure reduced the difficulty of rewiring the side branch, 
increased the success rate and quality of the final kissing balloon 
dilatation, and improved the haemodynamic characteristics of the 

vessel lumen . A series of clinical studies on DK-crush stenting 
has shown that DK-crush stenting has better short-term and long-
term efficacy, which is superior to the classic crush, culotte and 
provisional stenting methods in the treatment of true bifurcation 
lesions .

Based on the above studies, we proposed the DK mini-culotte 
stenting technique (kissing balloon dilatation was increased before 
the main branch stent implantation), and the preliminary clinical 
trial for true bifurcation lesions has been conducted. The results 
of this trial showed that DK mini-culotte stenting was associated 
with a lower incidence rate of major adverse cardiovascular events 
and restenosis than provisional T stenting at one-year follow-up8. 

After stenting, abnormal morphological characteristics such as 
carina shifting and remodelling, the incomplete stent coverage of 
the lesions, incomplete stent expansion, stent malapposition and 
lumen deformation were important reasons for vascular in-stent 
restenosis and major cardiovascular events .

Table 1. Comparisons of stent morphologic characteristics in DK mini-culotte and mini-culotte stenting phantoms.

Variable
Model 1

p-value
Model 2

p-value
DK Non-DK DK Non-DK

Proximal main vessel

RLD, mm 4.16±0.05 4.14±0.06 0.629 4.17±0.06 4.13±0.04 0.280

MLD, mm 4.03±0.04 3.95±0.06 0.061 4.02±0.05 3.91±0.12 0.127

Diameter stenosis, % 3.16±0.88 4.67±1.58 0.147 3.43±1.37 5.32±2.13 0.187

RLA, mm2 13.36±0.34 13.24±0.36 0.642 13.43±0.38 13.16±0.27 0.283

MLA, mm2 12.78±0.12 12.45±0.33 0.107 12.77±0.36 12.31±0.46 0.166

Area stenosis, % 4.32±1.63 5.95±1.07 0.146 4.91±1.57 6.45±1.65 0.225

Symmetry index 1.03±0.02 1.04±0.02 0.261 1.04±0.02 1.05±0.03 0.360

Distal main vessel

RLD, mm 4.04±0.04 4.02±0.04 0.586 4.03±0.04 4.03±0.03 0.922

MLD, mm 3.94±0.06 3.90±0.10 0.532 3.94±0.06 3.89±0.09 0.355

Diameter stenosis, % 2.56±1.04 3.12±1.34 0.533 2.19±1.25 3.38±1.58 0.284

RLA, mm2 12.58±0.27 12.52±0.27 0.763 12.56±0.23 12.55±0.21 0.938

MLA, mm2 12.04±0.31 11.88±0.45 0.573 12.07±0.31 11.81±0.44 0.378

Area stenosis, % 4.29±1.44 5.14±1.75 0.481 3.91±1.94 5.86±2.32 0.246

Symmetry index 1.03±0.01 1.04±0.02 0.287 1.03±0.02 1.04±0.01 0.510

Side branch

RLD, mm 3.54±0.06 3.51±0.04 0.473 2.76±0.04 2.75±0.03 0.746

MLD, mm 3.39±0.09 3.32±0.11 0.332 2.64±0.06 2.57±0.03 0.095

Diameter stenosis, % 4.18±1.35 5.68±2.43 0.319 4.39±1.89 6.71±1.93 0.135

RLA, mm2 9.62±0.26 9.59±0.23 0.848 5.89±0.15 5.86±0.11 0.125

MLA, mm2 8.97±0.42 8.68±0.52 0.427 5.51±0.20 5.26±0.10 0.067

Area stenosis, % 6.84±2.16 9.48±3.78 0.270 6.59±2.08 10.17±3.45 0.125

Symmetry index 1.03±0.02 1.05±0.13 0.114 1.04±0.02 1.05±0.02 0.325

Polygon of confluence

Metal carina length, mm 0.25±0.13 0.55±0.15 0.023 0.21±0.47 0.47±0.12 0.020

SBO area stenosis, % 4.65±3.24 12.5±3.93 0.022 5.13±3.37 15.00±6.18 0.031

Max distance of malapposed struts, mm 0.27±0.08 0.49±0.15 0.041 0.32±0.13 0.68±0.10 0.004

Values are mean±SD. DK: double kissing; MLA: minimum lumen area; MLD: minimum lumen diameter; RLA: reference lumen area; RLD: reference 
lumen diameter; SBO: side branch ostium 
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In this bench study, we found that mini-culotte bifurcation 

the main branch stent expanded (Supplementary Figure 2G), 
the cell of the side branch stent formed an annular limitation, 
so that the main branch stent was underexpanded and part of its 
struts protruded into the main branch lumen, which might lead 
to thrombus formation within the main vessel and in-stent reste-
nosis. This was the main reason for the limited application of 

(Supplementary Figure 2G), the struts of the side branch stent 
at the bifurcation carina and ilium were pulled and deformed, 
causing malapposition, maldistribution and gap. This feature 
might be an important cause of restenosis and thrombus in the 
side branch vessel. From the results of the micro-CT analysis, 
malapposition and maldistribution could not be fully corrected 
by the subsequent balloon dilation (including the final kissing 
balloon dilatation). Thus, it was clear that avoiding these prob-
lems might be the key to further improvement of culotte stent-
ing. In the current study, we found that in the DK mini-culotte 
stenting models the side branch stents and their cells were more 
fully expanded, the side branch stents had better apposition, and 
the above-mentioned underexpansion, malapposition and mal-
distribution in mini-culotte stenting were significantly improved. 
Although this bench testing could not imitate real-world clinical 
circumstances, DK mini-culotte stenting might have the capacity 
to improve the technical shortcomings of classic culotte stenting 
according to the above results. 

Of note, the anatomical features of the blood vessel itself such 
as vessel diameter and coronary bifurcation angle might affect the 
outcomes of double stenting . The present study shows that the 
extent of malapposition of the struts in the main vessel opposite the 
SBO might be more serious when the diameter difference between 
the main and side branches is larger. This occurs because of the 
limited expansion of the main branch stent which was constrained 
by the rewired side branch stent cell and its proximal stent rings 
(the small diameter stent might have a small-sized stent cell and 
rings) . Thus, the application of culotte stenting requires caution 
when there is a bifurcation lesion with large mismatch between the 
main vessel and side branch diameters. The coronary bifurcation 
angle should also be considered in these two stenting procedures 
even though we only used a designated angle in this study. When 

-
ing into the main branch should not be long, and T stenting could 
be done well in this situation (without a big gap and superfluous 
struts); however, if the bifurcation angle is smaller, the side branch 
stent struts protruding into the main branch should be longer in 
order to cover the SBO completely. 

Limitations
There were several limitations in our study. First, our bifurca-
tion models differed from true vessels in terms of shape, texture, 
and expansibility, and we did not have the ability to simulate nar-
row plaques in these models. Furthermore, patients usually have 

complicated lesions, including severe calcification with circumfer-
ential coverage; thus, it was very difficult to reflect fully the real 
situation of bifurcation lesions in the human body, and the results 
of the present study are still far from the clinical situation. Lastly, 
the bifurcation angle and vessel diameter in a true coronary bifur-
cation are changeable and difficult to imitate. Thus, our results 
have certain limitations, and the results of this study need to be 
carefully interpreted.

Conclusions 
DK mini-culotte stenting with four technological features (implant-
ing the side branch stent first, embedding a protection balloon if 
necessary, the mini technique and DK balloon dilatation) was 
associated with better morphologic characteristics in stent phan-
toms compared with mini-culotte stenting. It might be associated 
with better clinical outcomes for patients with true coronary bifur-
cation lesions. 

Impact on daily practice
Compared with mini-culotte stenting, DK mini-culotte stent-
ing was associated with shorter metal carina length, shorter 
maximum distance of malapposed struts, and smaller SBO area 
stenosis; therefore, DK mini-culotte stenting may obtain bet-
ter morphologic characteristics at vascular bifurcation and also 
lead to good clinical outcome in clinical practice.
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Supplementary Figure 1. The main steps of double kissing (DK) 
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Supplementary Figure 2. The main steps of mini-culotte stenting 
in a silicone phantom.
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Supplementary Figure 1. The main steps of DK mini-culotte stenting in a silicone phantom.  
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A) Positioning the side branch (SB) stent with 1-3 mm struts protruding into the main branch (MB) after wiring both branches with two different 

guidewires.  
B) The first stent was deployed at 9 atm (nominal pressure).  
C) Balloon dilatation at 12 atm after slightly retracting (2-3 mm) the deflated SB stent balloon.  
D) After removing the stent balloon, a third guidewire was used to recross the struts of the first stent (through the distal cell which was adjacent 

to the carina) into the distal vessel bed of the MB.  
E) Pre-expanding the cell of the SB stent with a small-sized balloon after removing the previous jailed MB guidewire.  
F) Positioning two short and 1:1 diameter-matched non-compliant (NC) balloons to the SB and MB. After inflating the two balloons at 16 atm, 

the first kissing balloon inflation was performed in a sequential manner, both at 10 atm (MB post-dilation was performed after SB dilation), to 

open the cell adequately and prepare the passage of the MB stent.  
G) Removing the balloons and SB guidewire (preventing metal-to-metal jail).  
H) MB stent diameter was selected according to the distal MB diameter. Positioning the MB stent through the SB stent cell, and deploying this 

stent at 9 atm.  
I) Guiding a U-shaped wire into the MB stent (proximal optimisation technique was recommended to facilitate SB access after the second stent 

implantation).  
J) Rewiring the SB through the distal cell adjacent to the carina.  
K) Pre-expansion of the strut cell at the SB ostium with a small-sized balloon.  
L) After inflating each branch balloon at 16 atm, final kissing balloon inflation was performed with the two matched NC balloons in a sequential 

manner, both at 12 atm.  
M) Proximal optimisation technique by inflating the MB short NC balloon (this balloon should be sufficiently short to avoid inflation outside the 

stent) at 20 atm.  
N) Final results after removal of the balloons and guidewires. 
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Supplementary Figure 2. The main steps of mini-culotte stenting in a silicone phantom.  
A) Positioning the side branch (SB) stent with 1-3 mm struts protruding into the main branch (MB) after wiring both branches with two different 

guidewires.  
B) The first stent was deployed at 9 atm (nominal pressure).  
C) Balloon dilatation at 12 atm after slightly retracting (2-3 mm) the deflated SB stent balloon.  
D) After removing the stent balloon, a guidewire was used to recross the struts of the first stent (through the distal cell adjacent to the carina) into 

the distal vessel bed of the MB.  
E) Pre-expanding the cell of the SB stent with a small-sized balloon.  
F) Positioning the MB stent through the SB stent cell (MB stent diameter was selected according to the distal MB diameter).  
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G) The MB stent was deployed at 9 atm.  
H) Rewiring the SB through the distal cell adjacent to the carina.  
I) Pre-expansion of the strut cell at the SB ostium with a small-sized balloon.  
J) Final kissing balloon inflation was performed with the two matched NC balloons in a sequential manner, both at 12 atm after inflating each 

branch balloon at 16 atm.  
K) Proximal optimisation technique by inflating the MB short NC balloon at 20 atm.  
L) Final results after removal of the balloons and guidewires. 

 




