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ABSTRACT

Background and Objectives: Lesions of vascular bifurcation and their treatment outcomes have been evaluated by ana-
tomical and physiological methods, such as intravascular ultrasound and fractional flow reserve (FFR). However, local
changes in flow dynamics in lesions of bifurcation have not been well evaluated. This study aimed at evaluating changes in
the local flow patterns of bifurcation lesions. Materials and Methods: Eight (n=8) representative simulation-models were
constructed: 1 normal bifurcation, 5 main-branch (MB) stenting models with various side-branch (SB) stenoses (ostial or
non-ostial 75% diameter stenosis with 1- or 2-cm lesion lengths, ostial 75% diameter stenosis caused by carina shift), and 2
post-kissing models (no or 50% SB residual stenosis). Pressure, velocity, and wall shear stress (WSS) profiles around the bi-
furcation sites were investigated using computational fluid dynamics. Results: Post-stenting models revealed significant
pressure drop in the SB (FFR <0.75), excluding the carina shift model (FFR=0.89). In the post-kissing models, there was no
significant pressure drop. All post-stenting models revealed eccentric low velocity flow patterns and areas of low WSS, pri-
marily in the lateral wall on distal MB. Post-kissing angioplasty improved pressure drop in the SB but resulted in alteration
of flow distribution in the MB. In the carina shift model, kissing ballooning resulted in deteriorated local flow conditions
due to increased area of low velocity and WSS. Conclusion: This study suggests that the most commonly used bifurcation
intervention strategy may cause local flow disturbances, which may partially explain high restenosis and event rates in pa-
tients with bifurcation lesions. (Korean Circ J 2011;41:91-96)
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Introduction

Percutaneous coronary interventions using stents are the
most widely used techniques for the treatment of coronary
arterial disease, and 15-20% of treated coronary lesions in-

volve bifurcation.”? Clinical trials designed to evaluate treat-
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ment options for coronary bifurcated lesions with multiple
stents have failed to prove the benefit of systematic 2-stenting
techniques,”” and study results for dedicated bifurcation stents
are still forthcoming, although they appear promising.”® As
such, side-branch (SB) intervention remains the most com-
mon strategy to treat coronary bifurcated lesions.

Local hemodynamics, including low or oscillatory shear
stress, are known to be associated with cellular proliferation,
inflammation and thrombosis.” Coronary atheromatous pla-
ques and neointimal hyperplasia following coronary inter-
vention tend to form in coronary artery bifurcation, where nor-
mal blood flow patterns are disturbed.®” Altered coronary
vascular geometry and associated blood flow hemodynamic
disturbances occurring after stent implantation have been
reported as possible restenosis mechanisms.'”"” However, th-
ere exist a few reports on the impact of commonly used provi-
sional SB intervention techniques on local blood flow hemo-
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dynamics. Computational fluid dynamics (CFD) is an advanc-
ed simulation technique that analyzes hemodynamic data, and
is well suited for this purpose.

The aim of in this study was to conduct CFD analysis to ev-
aluate local hemodynamic alterations following main branch
(MB) stenting and/or subsequent SB angioplasty by using re-
presentative computational models.

Materials and Methods

Computational domains for 8 models of bifurcated lesions
were constructed using a commercial numerical package (FL-
UENT 6.2, Fluent Inc., NH, USA) for the investigation of he-
modynamics (pressure, velocity, and WSS profiles) around
coronary bifurcation. MB and SB configurations were derived
by Finet’s law with a fractal ratio of 0.678." The angle of MB
and SB was assumed to be 45°, to represent the most preva-
lent site of bifurcated lesion between the left anterior descend-
ing coronary artery and the first diagonal branch.'¥'¥ The ge-
ometry of stenosis generated was based on an ellipse, with as-
pect ratio defined as the length of the lesion to the diameter of
the lesion. By applying symmetrical condition to the yz-plane
shown in Fig. 1, we solved the governing equations (continui-
ty and momentum) of steady-state fluid flow. To consider myo-
cardial physiology, micro-vessels were assumed to be porous
media that mimicked pressure drop from arterial pressure
to venous pressure (10 mmHg).” As a boundary condition, the
inlet pressure of the MB was defined as 110 mmHg, and a ven-
ous pressure of 10 mmHg was applied to the outlet of the mi-
cro-vessels. The rheological property of blood was assumed
to be Newtonian fluid, with a density of 1,060 kg/m® and vis-
cosity of 0.004 Pa-s (Fig. 1).

The models used in this study are illustrated in Fig. 2. Model
A is a normal bifurcation model, and models B to F are post-
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Fig. 1. Bifurcation lesion modeling with computational fluid dynam-
ics. A normal bifurcation model was created using Finet's law and a
typical bifurcation angle. As the boundary condition, inlet pressure
of the main branche was defined as 110 mmHg, and venous pres-
sure of 10 mmHg was applied to the outlet of the micro-vessels. To
consider the physiology of the myocardium, micro-vessels were as-
sumed as porous media that mimicked the pressure drop from arte-
rial pressure to venous pressure (10 mmHg). The rheological proper-
ty of blood was assumed as Newtonian fluid with a density of 1,060
kg/m?® and viscosity of 0.004 Pa-s.

MB stenting models. Fig. 2B and C show post-MB stenting
models with native ostial SB lesions due to circular plaques
with 75% diameter stenosis and lesion lengths of 1 and 2 cm.
Fig. 2D and F illustrate the post-MB stenting models with
non-ostial SB lesions of 1 and 2 ¢m lesion lengths. Model F
represents ostial stenosis mainly due to carina shift with 75%
diameter stenosis and 50% area stenosis.'® Fig. 2G and F il-
lustrate the post-kissing models. In Fig. 2G, the SB ostium
does not have residual stenosis, and in Fig. 2H, the SB ostium
has a 50% residual stenosis.

The pressure profiles were calculated by CFD simulation
for assessment of pressure drop after the bifurcation. The frac-
tional flow reserve (FFR) is a quantitative physiologic parame-
ter representing the fraction of maximal myocardial flow.'”*®
In practice, FFR can be obtained by calculating the ratio of
distal coronary pressure to proximal aortic pressure.”*” In
this study, FFR was defined as the ratio of the pressure 1 cm
distal to the SB from the site of bifurcation to the pressure 1 cm
proximal to the MB. Coronary flow velocity and WSS were
calculated by CFD simulations as qualitative coronary flow
parameters.

Results

Static pressure profiles are shown in Fig. 3. In the normal bi-
furcation model, there was no pressure drop in the bifurcation
(Fig. 3A). Models with 75% diameter stenosis due to circular
plaques exhibited significant pressure drop across the steno-
ses (Fig. 3B-E). Larger pressure drops were observed in non-
ostial SB stenotic lesions than in ostial SB lesions, even in those
with the same extent of luminal stenosis. Moreover, the im-
pact of lesion length on pressure drop was much less in ostial
lesions than in non-ostial lesions. In contrast to circular ste-
notic models, the carina shift model revealed no significant
pressure drop, despite 75% diameter stenosis.

L L

Fig. 2. Representative computational fluid dynamics models. A:
normal bifurcation. B and C: post-MB stenting models with various
SB stenoses. F: post-MB stenting model with carina shift. G and H:

post-kissing balloon angioplasty models with or without SB residu-
al stenosis. MB: main branch, SB: side branch.
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Fig. 3. Static pressure profiles in the 8-computational bifurcation models. There was no significant pressure drop in the normal bifurcation mo-
del (A). The post-MB stenting models are shown in (B) to (E). Post-MB stenting models with native ostial (B and C) and, non-ostial (D and E)
SB stenosis revealed significant pressure drops in the SB. Regarding the carina shift model (F), the pressure drop was lower than those in the
native SB stenosis models (B-E). After the kissing ballooning in the SB lesion, the pressure of SB was restored to the level of the distal MB
pressure (G). Regarding residual stenosis after kissing ballooning (H), the pressure of SB was higher than that in the models with post-stent-
ing SB lesions (B-E). *FFR is defined as the ratio of Pss/Pws. FFR: fractional flow reserve, MB: main branch, SB: side branch.

Flow velocity profiles and WSS distributions of each bifur-
cation model are shown in Figs. 4 and 5. Fig. 4A shows a typi-
cal pattern of velocity distribution in a bifurcating vascula-
ture. Velocity profiles in the normal bifurcation model are sk-
ewed toward the carina, resulting in higher velocity along the
medial side walls (yellow and red) and lower velocity along
the lateral side walls (green and blue). Post-stenting models
with SB ostial stenosis (model B and C) introduced a more
heterogeneous velocity distribution in MB and SB. In the SB,
high velocity jet was created in the lateral walls, and low ve-
locity flow was created along the medial sidewalls. In the dis-
tal MB, low velocity flow became more profound due to over-
expansion caused by stent implantation. In the post-kissing
ballooning angioplasty model without residual stenosis (mo-
del G), the SB velocity profile was similar to that of the normal
bifurcation model. However, low velocity flow was demon-
strated in both proximal and distal over-expanded segments.

Images of WSS profiles in the 8-CFD models are shown in
Fig. 5, and areas of low WSS, defined as WSS less than 4 Pa,
are described in Table 1. The total area of low WSS was mini-
mal in the normal bifurcation model (green and blue areas
in Fig. 5A, 8.02 mm?, 1.8%). In post-stenting bifurcation mo-
dels with ostial SB stenosis (Fig. 5B and C), the total area of low
WSS was increased, particularly at the MB lateral wall and SB
medial wall, with values of 119.4 mm? (26.6%) and 108.6 mm?
(24.8%), respectively. Post-stenting models with non-ostial
SB stenosis exhibited low WSS areas in the SB ostial region
before SB stenosis, and at the MB lateral wall. In models with
SB stenosis (Fig. 5B-E), low WSS areas were pronounced in
the SB. In the carina shift model (Fig. 5F), the total area of low
WSS was smaller than that of other SB stenosis models (39.3
mm’, 8.6%). Total area of low WSS in the post-kissing models
was smaller than that of the SB stenosis models, but larger than
that of the normal bifurcation model: 56.8 mm? (12.4%) in
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model G and 92.7 mm? (20.5%) in model H.

Discussion

Coronary bifurcation lesion remains one of the most chal-
lenging lesions to manage in the field of percutaneous coro-

*21-29 The reported restenosis and target

nary intervention.
vessel revascularization rates are still high.”*” Provisional SB
angioplasty and/or restenting after MB stenting are the most
common strategies to treat bifurcation lesions,”” but this te-
chnique may alter vascular geometry and local hemodynam-
ic profiles. Low or abnormal WSS is reported to be associat-
ed with atherosclerosis progression.”

In this study, we evaluated the hemodynamic profiles in
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Fig. 4. Velocity profiles in computational bifurcation models. Velocity
patterns in the bifurcation site were typical in the normal bifurcation
model (A). Velocity profiles were skewed toward the carina, result-
ing in high velocity along the medial walls (yellow and red) and low
velocity along the outer lateral walls (green and blue). In post-MB
stenting models with significant SB stenosis, high velocity jet flows
were observed at the site of stenosis, and low velocity areas were
located in the lateral MB walls and medial SB walls (B-F). In post-
kissing models (G and H), the low velocity area in SB was smaller
than that in post-MB stenting models, but a larger low velocity area
in the MB lateral wall was still observed relative to the area in the
normal bifurcation model. MB: main branch, SB: side branch.

terms of pressure, velocity, and WSS in various representative
bifurcation models by using CFD simulation. The represen-
tative bifurcation lesion models used in this study included a
normal bifurcation, 5 post-MB stenting models, and 2 post-
kissing balloon angioplasty models. We thought that these
models represent situations commonly encountered during
percutaneous interventions of coronary bifurcation lesions.
In post-MB stenting models, the carina shift model (Mo-
del F) revealed relatively small pressure drop, although this
lesion exhibited similar angiographic stenosis as other post-
MB stenting models with SB stenosis (Models B to E). This
finding can be explained by the fact that the carina shift mo-
del had a larger lumen area than native atherosclerotic pla-
que models, as previously reported by Koo et al.' Interesting-
ly, this study revealed different pressure drop patterns by le-
sion location. When the lesion length was doubled, the pres-
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Fig. 5. Wall shear stresses in the 8-computational bifurcation models.
In the normal bifurcation model (A), a small low WSS area was observ-
ed along the lateral side walls (green and blue). In post-MB stenting
models with significant SB stenosis (B-E), low WSS areas were ob-
served in the SB and lateral side MB wall. Low WSS areas in the la-
teral side MB were also more exaggerated in the post-kissing bal-
loon angioplasty models (G and H) and carina shift model (F). MB:
main branch, SB: side branch, WSS: wall shear stress.
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Table 1. Area of low WSS (<4 Pa) in the 8-computational bifurcation models

Area of low wall shear stress (mm?) (%)*

K Whole segments (%)  Proximal MB (%)  Distal MB (%) SB (%)
Normal bifurcation (Model A) 8.0(1.8) 0 7.0 (1.6) 1.0 (0.2)
Post-MB stenting models with
SB ostial stenosis; 75%, lesion length; 1 cm (Model B) 119.4 (26.6) 4.2(0.9) 37.8(8.4) 77.4(17.2)
SB ostial stenosis; 75%, lesion length; 2 cm (Model C) 108.6 (24.8) 4.0 (0.9) 37.9(8.7) 66.6 (15.2)
SB non-ostial stenosis; 75%, lesion length; 1 cm (Model D) 122.5(27.8) 3.1(0.7) 45.5(10.3) 73.9 (16.8)
SB non-ostial stenosis; 75%, lesion length; 2 cm (Model E) 97.9 (23.2) 4.1(1.0) 46.8 (11.1) 47.0 (11.1)
SB ostial stenosis by Carina Shift (Model F) 39.3(8.6) 2.4 (0.5) 33.0(7.2) 3.9(0.9)
Post-Kissing ballooning models
Without residual SB stenosis (Model G) 56.8 (12.4) 13.0 (2.8) 43.8 (9.6) 0(0)
With 50 % residual SB stenosis (Model H) 92.7 (20.5) 19.5 (4.3) 43.4(9.6) 29.8 (6.6)

*Percentage area of low WSS (<4 Pa) in the total vessel area of the model. MB: main branch, SB: side-branch



sure drop was more prominent in non-ostial SB lesions than
in ostial lesions (Fig. 3D and E). This finding implies that a
lesion’s functional significance is influenced by its morphol-
ogy, which cannot be fully assessed by quantitative coronary
angiographic parameters. Thus, SB lesion location should be
regarded as a determinant of functional significance.

The distribution of flow velocity and WSS was similar to
that reported previously.® However, this study included more
types of bifurcation lesion models that simulated diverse cli-
nical situations. In our study, 3 different types of SB lesions
(native ostial or non-ostial SB lesions and ostial SB lesion
caused by carina shift) were evaluated. In all models, low
WSS areas were mainly located in an over-expanded segment
of distal MB. Thus, when a natural bifurcation vascular geome-
try was altered by MB stenting, additional intervention for
SB stenosis did not improve local hemodynamic derangement.
Therefore, avoidance of over-expansion and performance of
proximal optimization may be required to minimize local flow
disturbances.

This study has limitations. First, the inlet condition applied
in this study was static pressure flow. However, the result of
CFD simulation in this study was similar to that reported pre-
viously using pulsatile flow models.?¥ Second, the models used
in this study were simplified and not patient-specific. This
problem can be solved in the near future by incorporating com-
puted tomographic findings into CFD simulations.

In our study, the area of low WSS was minimal in the carina
shift model. This finding suggests that additional interven-
tion for functionally insignificant jailed SB lesions caused by
carina shift may worsen local hemodynamic conditions and
clinical outcomes. This result may partially explain why kiss-
ing ballooning to SB did not improve, or alternatively, may have
even worsened the outcomes of recent clinical trials.””*”
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