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Objectives This study sought to evaluate post-dilation strategies in bifurcation stenting.

Background In bifurcation stenting practice, it is still controversial how post-dilation should be per-
formed and whether the kissing balloon (KB) technique is mandatory when only the main vessel
(MV) receives a stent.

Methods A series of drug-eluting stents (DES) (n = 26) were deployed in a coronary bifurcation
model following a provisional approach. After the deployment of the stent in the MV, post-dilation
with the KB technique was compared with a 2-step, sequential post-dilation of the side branch (SB)
and MV without kissing.

Results The percentage of the SB lumen area free of stent struts was similar after KB (79.1 = 8.7%)
and after the 2-step sequence (74.4 + 11.6%, p = 0.25), a considerable improvement compared
with MV stenting only without dilation of the stent at the SB ostium (30.8 = 7.8%, p < 0.0001). The
rate of strut malapposition in the ostium was 21.3 £ 9.2% after KB and 24.9 = 10.4% after the
2-step sequence, respectively, a significant reduction compared with a simple SB dilation (55.3 =
16.8%, p < 0.0001) or MV stenting only (47.0 = 8.5%, p < 0.0005). KB created a significant elliptical
overexpansion of the MV lumen, inducing higher stress concentration proximal to the SB. KB also led to
a higher risk of incomplete stent apposition at the proximal stent edge (30.7 * 26.4% vs. 2.8 = 9.6% for
2-step, p = 0.0016).

Conclusions Sequential 2-step post-dilation of the SB and MV may offer a simpler and more effi-
cient alternative to final KB technique for provisional stenting of bifurcations. (J Am Coll Cardiol
Intv 2012;5:47-56) © 2012 by the American College of Cardiology Foundation
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Figure 1. Flow Chart and Representative Planar Radiographic Images

The images were taken after each step (A to D) of provisional stenting and post-dilation with kissing balloon (KB) technique and 2-step sequential approach.
(A) Deployment of the stent in the main vessel (MV) of the coronary bifurcation model and incomplete apposition proximal to the side branch (SB). (B) Dilation
of the SB with a 2.5-mm noncompliant (NC) balloon. (C) KB inflation with a 3.0-mm balloon in the MB and a 2.5-mm balloon in the SB simultaneously inflated at
10 atm. (D) 2-Step sequential post-dilation using a 3.75-mm NC balloon inflated in the MV up to the MB ostium. See also Online Video 1.

Wall stress analysis by finite element modeling. Finite el-
ement—based computer simulations were used to investigate
the stent strut deformations after each post-dilation technique
(KB and 2-step sequence). The simulation strategy described
previously was adopted (11), and a 3.0-mm Taxus Liberté stent
was virtually implanted in a hyperelastic bifurcation model,
representing the model used in the bench experiment. All
virtual balloon models were validated against their respective
compliance charts, and the simulations were performed com-
bining the finite element solver Abaqus (Dassault Systémes,
Velizy, France) with the open-source pyformex preprocessor.
After final balloon deflation, the deformations of the vessel
wall were quantified in terms of strain to assess the potential
risk of injury to the vessel wall.
Statistical analysis. Results are expressed as mean * SD. Com-
parison among the different strategies was tested by analysis of
variance and Tukey’s multiple comparison tests. Paired # tests were
used to compare results between pairs of samples. Results were
considered statistically significant for p values <<0.05.
Intraobserver variability on ostium area measurements was
evaluated with Pearson correlation and a Bland-Altman analysis.

Results

MV stenting. Expansion of a stent in a bifurcation with a
significantly large SB using a simple strategy without any
post-dilation of the SB or proximal MV results in 2 major
limitations:

1. Incomplete stent apposition in the MV, found prox-
imal to the SB as a result of the mismatch between the
stent diameter (3.0 mm), selected on the diameter of
the distal MV, and the proximal MV reference diam-
eter (3.5 mm) (Figs. 1A, 2A, and 3A). Percentage of
strut malapposition in the proximal stent edge was on
average 69.2 = 25.4% after simple MV stenting.

2. Malapposition of all the struts of the stent im-
planted in the MV facing the SB ostium (Fig. 2A).
The percent SB lumen not covered by struts,
defined as the area of the largest open stent cell, was
only 30.8 * 7.8% (Fig. 2A).

Dilation of the SB ostium. SB dilation improved the SB
luminal area (from 30.8 * 7.8% after MV deployment only
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Figure 2. 3D Reconstruction of the Bifurcation Model After Deployment of a 3.0-mm Stent (Biomatrix Flex) and Successful Post-Dilation

(A) MV stenting only without SB ostium opening. (B) SB dilation with a 2.5-mm NC balloon. (C) Simultaneous 2.5-mm + 3.0-mm balloon KB dilation. (D) 2-Step
sequence with redilation of the MV with a 3.75-mm NC balloon inflated proximal to the MB ostium. (A to D) Left: longitudinal cut-open view. Middle: ostium
view from the MV. Right: ostium view from the SB. 3D = 3-dimensional; other abbreviations as in Figure 1.

to 74.6 £ 11.3% after dilation of the SB, p < 0.0001) (Fig. 2B).
Despite the rate of strut malapposition being reduced
toward the SB, SB dilation alone without further MV
post-dilation is not recommended because of the distortion
of the stent at the MB ostium and the high risk of stent
malapposition opposite the SB (Figs. 1B and 3B). Average
rate of malapposition within the bifurcation was increased
from 47.0 £ 8.5% before SB dilation (simple MV stenting)
to 55.3 * 16.8% after only SB dilation, p = 0.25 (Fig. 4).

The 3D ostial measurements showed high intraoperator
reproducibility with a correlation between 2 successive
measurements of 0.98 (Pearson correlation) and a bias of
only 0.73 with a SD of 3.67 (Bland-Altman test). Individual
differences were observed between stent design and between
different samples of the same platform. The percentage of
ostial stenosis remaining after final post-dilation ranged
from a minimum of 9% (Taxus Liberté) to a maximum of
46% (Promus Element). The study was, however, not
statistically powered to discriminate differences among in-
dividual platform designs.

Kissing balloon. Post-dilation with KB increased significantly
the SB lumen area compared with simple MV stenting without
opening of the SB and post-dilation (79.1 = 8.7% vs. 30.8 =
7.8%, p < 0.0001).

KB restored the stent apposition opposite the SB ostium,
but the technique induced a significant asymmetrical expan-
sion of the lumen proximal to the SB (Figs. 1C, 2C, and 3C).
The increase in the stent diameter with KB is also limited
to the regions where the 2 balloons overlap, leaving a risk
of incomplete stent apposition at the proximal stent edge.
On average, 30.7 £ 26.4% of the struts at the proximal
MV stent edge remained malapposed despite KB (Fig. 4).
2-step SB-MV sequence. Sequential 2-step optimization
achieved an almost identical SB ostium opening to that of
KB: Lumen percentage area free of struts at the SB ostium
was on average 79.1 = 8.7% after KB and 74.4 = 11.6%
after the 2-step sequence (p = 0.25).

Application of sequential 2-step post-dilation restored
the stent apposition opposite the SB ostium and completed
apposition of the stent in the proximal MV (Figs. 1D and 2D,
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Online Video 1). Strut malapposition in the ostium after the
2-step sequence was similar to KB (respectively, 24.9 =
10.4% and 21.3 = 9.2% of struts malapposed, p = 0.36), a
significant reduction compared with MV stenting only (47.0 *
8.5%, p < 0.0005) and SB dilation only (55.3 *+ 16.8%, p <
0.0001) (Figs. 2D and 3).

Proximal
Stent

Edge Proximal MV Distal MB

Main Vessel Bifurcation Main Branch

Bifurcation

Figure 3. Stent Apposition in 3 Different MV Cross Sections

Cross sections are 5 mm proximal to the SB, in the bifurcation, and 5 mm
distal to the SB. (A) MV stenting. (B) SB dilation. (C) KB. (D) 2-Step SB-MV
sequence. Incomplete stent apposition proximal and at the SB ostium after
MV stenting (A). SB dilation produces a risk of malapposition opposite the
SB ostium (arrow, B). With final KB, overlapping balloons produce an
extensive distortion of the stent in the proximal MV (C). Only 2-step
sequence with redilation of the MV using a larger NC balloon inflated up
to the MB ostium achieves full circular expansion of the stent in the proxi-
mal MV (D). Abbreviations as in Figure 1.
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The risk of proximal stent malapposition was significantly
reduced with the 2-step approach compared with KB (2.8 = 9.6%
after 2-step vs. 30.7 = 26.4% after KB, p = 0.0023) (Fig. 4).
Lessons from computational fluid dynamics. Flow patterns
for the MV-only stenting, conventional KB, and 2-step
post-dilation were markedly different. Flow distribution
toward the SB shows higher velocity near the carina and
lower flow opposite the carina. This difference was more
evident for the MV-only stenting case, where flow to the SB
is impaired by the “jailing” struts: a large flow recirculation
area with low wall shear stress formed in the proximal part
of the SB on the wall opposite the carina. A large area of
high shear rate was also created around the struts covering
the SB ostium (Fig. 5).

Flow patterns observed after KB and 2-step cases are
more stable and SB flow is less disturbed after apposition of
the struts at the ostium. In the KB case, as a result of the
dilated segment proximal to the branch, the peak velocity in
the main vessel flow is shifted toward the SB while the flow
approaches the bifurcation. High-velocity stream impacts
the carina, and high shear rates are observed for malapposed
struts found near the carina (Fig. 5, Online Videos 2 and 3).
Solid stress analysis. For every balloon used in the simula-
tions, the predicted pressure/diameter relation of the virtual
balloon model was in good agreement with the compliance
chart provided by the manufacturer (difference <2%).

In addition, the simulated stent strut deformation of both
virtual post-dilation strategies corresponded well with their
experimental in vitro counterpart, confirming the experi-
mental findings. Moreover, the simulations also allowed
quantification of the mechanical stress/strain of each post-
dilation strategy, and analysis indicates that because of the
overlapping balloons, the KB approach results in much
higher strains proximal to the SB as compared with the
2-step sequence (Fig. 6).

Discussion

In this study, we used bench and computer models to
compare different post-dilation strategies after provisional
stenting. The results confirm that:

1. Provisional MV stenting without simultaneous KB or
further post-dilation generates incomplete stent appo-
sition proximal to the SB and profound abnormal flow
pattern across the jailed ostium.

2. SB dilation without simultaneous or subsequent MV
dilation pulls the stent cell opposite the SB and leads
to malapposition and stenosis at the MB ostium.

3. Despite recent stent platforms with larger cell design and
final KB optimization, complete strut apposition remains
a challenge even in simple bifurcation strategies.

4. Balloons overlapping during KB correct stent apposi-
tion opposite the SB but create an elliptical deforma-
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Figure 4. Ostial Stenosis and Strut Malapposition Measured in the Bifurcation and Proximal Stent Edge
Results from micro-computed tomography measurement analysis after deployment of the stents (n = 26) in the MV (simple), after SB opening, and with
post-dilation using KB and with the 2-step sequential SB-MV approach. Abbreviations as in Figure 1.

tion of the stent segment proximal to the SB with high
strains in the wall and increased risk of stent damage
and injury to the vessel.

5. For provisional stenting of bifurcations, the sequential
SB-MV dilation appears to offer a more effective
method of final optimization than final KB.

Strut malapposition and thrombosis risk. Accumulating ev-
idences show that malapposed drug-eluting stents (DES)
have delayed and incomplete healing (12). Reports from
pathological observations suggest that prolonged exposure
to the disturbed flow pattern around unapposed and non-
endothelialized struts in direct contact with the blood is one
of the factors leading to increased stent thrombosis (12,13).

Some clinical studies in which incomplete stent apposi-
tion was assessed with intravascular imaging also suggest a
correlation between malapposition and a higher risk of stent
thrombosis (14-16), but these observations are not yet
entirely compelling and have to be confirmed in other
studies.

In vitro models have shown that shear can activate
platelets (at a shear rate >1,000 s~ ') in a dose-dependent
manner through von Willebrand factor binding to glyco-
protein (GP) Ib and GP IIb/Illa receptors (17). Protruding
stent struts create back-facing steps that disturb the blood
flow and result in flow separation and eddies with high shear
gradient (18). Post-mortem examinations and in vitro ex-
periments have shown that such flow patterns are associated
with increased platelet adhesion (13,18).

This correlation is a particular concern in bifurcations,
considering the high rate of strut malapposition and fre-
quent incomplete stent apposition observed in vivo (1-3,13).
Conventional stents are not designed to be implanted in
bifurcations, and post-dilation is required to correct stent
geometry and improve strut apposition. As shown here,
even when following recommendations on treatment of

bifurcations, complete dilation of the ostium remains chal-
lenging in large SB without a dedicated platform. In vivo,
malapposition rates >50% have been reported at the ostium
after bifurcation stenting, despite systematic final KB dila-
tion (1). This might explain the high rate of stent thrombosis and
major adverse cardiac events still observed with percutaneous
coronary intervention in bifurcations (4-6,19).

A simple and reliable implantation strategy to limit

malapposition in bifurcations is therefore desirable.
What to do with the SB ostium: perspective from recent
trials. Dilation of the struts at the SB ostium and KB
inflation are generally recommended in 2-stent strategies to
improve outcome and prevent SB reocclusion (9,20,21).

Final post-dilation is becoming increasingly controversial
for a single-stent strategy, with initial results of a recent
clinical trial showing that despite improving angiographic
restenosis at the SB ostium, SB dilation and final KB
through the stent do not reduce hard clinical endpoints (8).

Malapposed struts at the SB ostium are not visible
angiographically, with stent malappostion becoming appar-
ent only when neointima and fibrin deposition cover the
struts left jailing the ostium. Early follow-up results in
patients treated with DES and under antiplatelet therapies
(5,8) may underestimate the risk associated with leaving
large SB jailed. A late catch-up phenomenon has been
reported several years after DES implantation in humans
(for review, see Finn et al. [22]), and it is not yet clear how
unapposed DES struts heal.

Long-term follow-up studies are therefore needed to assess the
fate of the jailed ostium and its clinical implications.

SB balloons straighten during inflation and tend to pull
the MV stent struts toward the SB. The simple strategy of
SB dilation alone is trading malapposition at the SB ostium
for malapposition at the MB ostium and does not appear
beneficial. Similar observations have been reported in bench
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‘ Figure 5. Computational Flow Simulation

Computational flow simulation of the velocity field (A) and shear rate (B) in cases representative of provisional technique with MV stenting only and post-dila-
tion with KB or the sequential 2-step SB-MV dilation. Abbreviations as in Figure 1. See also Online Videos 2 and 3.

(21,23) and model experiments (24). This was confirmed in
a recent trial on 1,318 patients receiving provisional stent-
ing: a higher rate of major adverse cardiac events and target
lesion revascularization was reported in patients treated with
just post-dilation of the SB compared with MV stenting
without SB dilation (25).
Proximal deformation with KB inflation. KB dilation is the
technique usually recommended for optimization of stent
results in bifurcations. Simultaneous inflation of a second
balloon in the main vessel appears to correct in our data
malapposition at the ostium of the distal MV.

Balloons overlapping during kissing technique lead to the
oversizing of the stent proximal to the SB. In this study, the
resulting maximal diameter of the stent in the long axis after

KB was on average 4.29 = 0.26 mm (ranging from 3.75 to

4.95 mm), a significant overexpansion compared with the
proximal reference vessel diameter (3.5 mm).

Initial bench reports of KB post-dilation results in rigid

models may have underestimated the stent oversizing in the
proximal MV during kissing (20,21,23).
Advantage of sequential SB-MV dilation. The most impor-
tant observation from this study is that a sequential 2-step
post-dilation can be an alternative to KB technique because
it provides equivalent strut apposition and avoids the detri-
mental distortion and higher wall stresses observed after
application of KB technique.

For equally sized SB balloons, we showed here that the
strut-free SB lumen area is only minimally smaller (4.7%
difference) with 2-step SB-MV post-dilation compared with
kissing, the difference remaining nonsignificant (p = 0.25).
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