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Abstract Interventional cardiologists still rely heavily on an-
giography for the evaluation of coronary lesion severity, de-
spite its poor correlation with the presence of ischemia. In
order to improve the accuracy of the current diagnostic proce-
dures, an understanding of the relative influence of geometric
characteristics on the induction of ischemia is required. This
idea is especially important for coronary bifurcation lesions
(CBLs), whose treatment is complex and is associated with
high rates of peri- and post-procedural clinical events. Overall,
it is unclear which geometric andmorphological parameters of
CBLs influence the onset of ischemia. More specifically, the
effect of stenosis eccentricity is unknown. Computational flu-
id dynamic simulations, under a geometric multiscale frame-
work, were executed for seven CBL configurations within the
left main coronary artery bifurcation. Both concentric and
eccentric stenosis profiles of mild to severe constriction were
considered. By using a geometric multiscale framework, the
fractional flow reserve, which is the gold-standard clinical
diagnostic index, could be calculated and was compared be-
tween the eccentric and concentric profiles for each case. The

results suggested that for configurations where the supplying
vessel is stenosed, eccentricity could have a notable effect on
and therefore be an important factor that influences configu-
ration functionality.
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1 Introduction

Coronary bifurcation lesions (CBLs), defined as luminal
narrowings that are in the vicinity of and/or include a signif-
icant side branch, constitute up to 20% of all percutaneous
coronary interventions (PCIs) [48]. Their intervention is asso-
ciated with higher rates of peri- and post-procedural clinical
events, restenosis, and thrombosis as compared to their isolat-
ed counterparts [19, 42, 98]. Interventional cardiologists still
rely heavily on angiography for the evaluation of coronary
lesion severity, despite its poor correlation with the presence
of ischemia [26, 29, 90]. In order to improve the accuracy of
the current diagnostic procedures, an understanding of the
relative influence of geometric characteristics on the induction
of ischemia is required.

For isolated lesions, the onset of ischemia is influenced by
various factors including lesion morphology and location, the
size and the dynamics of the distal myocardial bed being per-
fused, and the extent of collateral circulation [62, 67, 68, 100].
The fractional flow reserve (FFR), a dimensionless diagnostic
index that quantifies the percent of healthy hyperemic myo-
cardial blood flow that is preserved when the supplying artery
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is diseased, is a measure of the hemodynamic (functional)
impact of coronary stenoses [83, 100]:

FFR ¼ Qd

Qn
≈
Pd

Pao
ð1Þ

where Qd and Qn are the diseased and theoretical normal flow
in the myocardium respectively and Pd and Pao are the distal
stenosis pressure and aortic pressure respectively (all at max-
imum hyperemia, in the absence of microvascular differences
between the healthy and diseased states). Clinical studies have
shown that pressure-based FFR values between 0.75 and 0.8
correspond to the threshold for the onset of ischemia, and by
using FFR to assess the functional impact of coronary lesions,
interventions can be safely deferred for physiologically non-
significant but angiographically significant lesions [21, 47, 69,
71, 90].

Conversely, the development of ischemia in CBLs is more
involved than that of isolated lesions because they are subject
to hemodynamic interactions, both on the local level (within
the diseased bifurcation) and on the global level (between the
different myocardial beds), which render the overall dynamics
of the system more complex [20, 28, 29, 45, 48, 70, 99, 104].
To the best of the authors’ knowledge, only a recent study by
the authors [64], which numerically characterized and com-
pared the FFR between different multilesional configurations
at diameter reductions ranging frommild to severe cases using
geometric multiscale modelling, considered these hemody-
namic interactions and provided an initial clinical perspective
into CBLs. In other previous works of CBLs [7, 8, 10–12,
14–16, 27, 103], due to the use of conventional computational
fluid dynamics (CFD) simulations, emphasis was put on dis-
ease progression rather than functionality.

Furthermore, to date, the effect of anatomical and morpho-
logical characteristics of the stenoses and of the arterial bifur-
cations on CBL hemodynamics has not been systematically
investigated. In the aforementioned works, stenoses were
modelled by a concentric and axisymmetric profile whereas
many studies have shown that an important proportion of
coronary bifurcation lesions have eccentric morphology [3,
9, 49, 63, 77, 89], wherein the flow divider is spared of disease
[53, 63, 77]. In addition, investigations have demonstrated
that a notable percentage of stenoses in the supplying artery
display luminal eccentricity; for example, within left main
coronary artery (LMCA) bifurcation lesions, Oviedo et al.
[63] found that approximately 35% of supplying vessel steno-
ses were eccentric.

Lesion eccentricity could be an important consideration in
CBL functionality as several previous numerical studies have
demonstrated the presence of hemodynamic differences,
namely regarding the pressure losses, the size of the recircu-
lation zone, and the fluid jet strength and directionality, be-
tween eccentric and concentric stenosis profiles for isolated

stenoses [37, 38, 72, 101, 102]. However, a functional per-
spective on the effect of eccentricity, relating to clinical man-
ifestation of the disease, was not provided.

From a clinical perspective, conclusions regarding the ef-
fect of eccentricity on the FFR are conflicting. Using in vivo
porcine models, Huo et al. [36] demonstrated that isolated
lesion eccentricity had a minimal effect on myocardial FFR.
Opolski et al. [62] correlated patient-specific plaque morpho-
logical parameters to FFR measurements and determined that
there was no difference in the average lumen eccentricity be-
tween the positive and negative FFR group. Conversely, in a
study similar to Opolski et al. [62], Takashima et al. [88] found
that FFR was significantly lower, statistically, for eccentric
stenosis cases compared to non-eccentric ones.

These studies demonstrate that the effect of lesion eccen-
tricity on the functionality of coronary stenoses is still not well
understood. Although clinical studies suggest that eccentricity
may not have a dominant effect of coronary lesion function-
ality compared to other morphological characteristics, isolated
stenoses have only been considered to date. As such, the effect
of eccentricity on CBL functionality, wherein stenoses are in
close proximity to one another and to the flow divider, re-
mains unknown and has not been systematically investigated.

In the current study, it is hypothesized that lesion eccentric-
ity could influence the functionality of CBLs. Thus, the ob-
jective was to compare the functional impact, as quantified by
the flow-based and pressure-based FFR, between different
CBL configurations with eccentric and concentric stenoses.
In order to take into account the dynamics of the distal myo-
cardium and to obtain physiologically relevant flow reduc-
tions and pressure drops so as to characterize the functionality
of the different cases without making any a priori assump-
tions, CFD simulations are executed under a geometric
multiscale framework wherein the truncated 3D vascular do-
main is numerically coupled to a 0Dmodel of the surrounding
cardiovascular structures. This idea allows for flow and pres-
sure fields to develop through the interaction of the two
subdomains.

2 Methods

A closed-loop geometric multiscale model consisting of a 3D
idealized representation of the bifurcation of the LMCA into
the left anterior descending artery (LAD) and the left circum-
flex artery (LCX) coupled to a 0Dmodel or lumped-parameter
model (LPM) of the rest of the cardiovascular system was
developed previously [64], as is displayed in Fig. 1. In the
current study, the model in Fig. 1 was used as a tool to sys-
tematically and comprehensively investigate a clinically mea-
surable parameter that can have clinical consequence and can
influence current diagnostic practice. Details pertaining to the
individual models are provided in the sections to follow.
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2.1 3D model of the diseased bifurcation

Eight different bifurcation lesion configurations as denoted by
the Medina classification [52] were modelled in the study.
Clinically, the Medina classification has become widely
adopted due to its simplicity [65, 98]. It constitutes a binary
system that denotes either the presence (1) or the absence (0)
of a stenosis with a diameter reduction greater than 50% in
each vessel of the bifurcation as follows: (proximal main ves-
sel, distal main vessel, side branch).

For each modelled case, both eccentric and concentric ste-
nosis profiles were considered and represented using the same
cosine curve [101] and circular luminal cross sections. The
length of the stenosis was kept constant at 10 mm [64].
Mild, intermediate and severe lesions, with diameter reduc-
tions of 41, 50, 61, and 68% were simulated for each config-
uration. All stenoses within a given configuration had the
same severity. As such, including the healthy bifurcation, a
total of 57 cases were simulated in the study. Figure 2 provides
examples of all the configurations and diameter reductions
with both eccentric and concentric stenosis profiles. The di-
mensions of the native bifurcation were based on average
values from the literature [13, 23, 27, 76, 78, 95, 103].

The fluid domain, denoted by Ω, was modelled using the
transient, incompressible, and Newtonian Navier-Stokes
equations (NSE, Eq. (2)):

∇⋅ u!¼ 0

ρ
∂ u!
∂t

þ u!⋅∇ u!
 !

þ ∇p−μ∇2 u!¼ 0

8><
>: onΩ� 0; Tð Þ ð2Þ

where ρ and μ are the fluid density (1060 kg m−3) and viscos-
ity (0.0035 Pa s) [103], respectively, u! and p are the fluid
velocity and pressure, respectively, and T is the length of one
cardiac cycle (0.8 s).

Studies have shown that blood flow can transition from a
laminar to turbulent regime at low Reynolds numbers in ste-
nosed vessels [57, 86, 92]; specifically a threshold Reynolds

number of approximately 500 has been suggested for the onset
of a transition flow regime, although several studies have dem-
onstrated its initiation at both lower and higher Reynolds num-
bers [17, 25, 50].

Table 1 displays the instantaneous peak inlet Reynolds
number within the LMCA, for all configurations with a steno-
sis in the supplying artery. The presented Reynolds numbers
were calculated based on the native LMCA vessel diameter
and the peak instantaneous volumetric flow, for each percent
diameter reduction with both eccentric and concentric profiles.
Table 2 presents the instantaneous peak inlet Reynolds num-
ber within the LMCA for all (0,0,0) configurations with diam-
eter reduction of 41%.

The tables show that the suggested threshold for the tran-
sition to turbulence was only significantly surpassed in cases
exhibiting up to a 50% diameter reduction; for the concentric
stenosis profiles with a 61% diameter reduction, the (1,0,0)
and (1,1,0) configurations resulted in Reynolds number just
above the threshold (508 and 503, respectively), whereas for

Fig. 2 Eccentric (E) and concentric (C) bifurcation lesion configurations
based on the Medina classification that were modelled in the study

Fig. 1 Multiscale model of the
bifurcation of the LMCA into the
LAD and LCX [64]
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the rest of the cases with diameter reductions of 61 and 68%,
the Reynolds number was less than 500. The instantaneous
peak inlet Reynolds number within the LMCA decreased with
increasing stenosis severity due to the fact that the total flow to
the left coronary tree was correspondingly decreasing with an
increase in the epicardial resistance. Since the suggested
threshold for the onset of a transitional flow regime was
surpassed for mild-moderate diameter reductions, a laminar
flow regime was assumed within the study. The incorporation
of a turbulent regime would require a significant refinement of
the spatial discretization, thus resulting in an increase in com-
putational time [4, 93]. This assumption was therefore impor-
tant due to the parametric nature of the work, as well as the
increase in computational time resulting from the multiscale
algorithm. Furthermore, studies have shown that many turbu-
lence schemes available in commercial software packages,
such as ANSYS Fluent, are still unable to accurately capture
low Reynolds number transition to turbulence characteristics
in post-stenotic regions [39, 93]; as such, due to the uncertain-
ty in turbulence modelling for such applications, the increased
computational time and the retrospective quantification of the
Reynolds number, the application of a laminar flow regime
was justified for the scope of the work.

The mathematical model was initialized with conditions
at time t = 0 on the velocity, namely u!¼ u!0. The initial
conditions were obtained from a steady-state solution
wherein average pressures, obtained from the solution of
the full LPM of the healthy case, were applied as boundary
conditions (BCs). As studies have shown that diseased

coronary vessels are subjected to peak circumferential
strains less than 5% [40, 85], the vessel walls were modelled
as being rigid and a no-slip condition was applied. Details
regarding the boundary conditions on ΓLMCA, ΓLAD, and
ΓLCX are provided in subsequent sections; these boundaries
serve as interfaces between the 3D and 0Dmodel, and there-
fore, their conditions are dependent on the mathematical
formulation of the 0D model.

2.2 0D model of the rest of the cardiovascular system

0D models allow for the global dynamics of large and com-
plex vascular domains to be modelled in a computationally
efficient manner through the use of electrical analogue com-
ponents. The electrical analogue employed in the study can be
found in [64], which was developed based on existing models
in the literature. It consists of models of the heart, systemic
and pulmonic circulations, and the epicardial, myocardial, and
venous left coronary circulations.

The coronary model was based primarily on the coronary
map provided in PCI guidelines [80] and the models of
Pietrabissa et al. [66] and Wang et al. [95]. Each epicardial
artery was represented by a three-element Windkessel (WK)
model consisting of a resistance (R), inductance (L), and ca-
pacitance (C). Expressions for the calculation of the RLC
parameters are provided in Eq. (3), as derived by linearizing
and spatially averaging the NSE:

R ¼ 128μl
πD4 L ¼ 4ρl

πD2 C ¼ πD2

4
Cnorm ð3Þ

where l is the vessel length [cm] and D the vessel diameter
[cm]. In order to eliminate assumptions regarding the material
model and the thickness of the vessel wall, the volumetric
arterial compliance (C) was calculated based on an average
in vivo distensibility, Cnorm [mmHg−1], which was assigned a
value of 0.002 mmHg−1 from the literature [1, 40, 85, 97].
Epicardial geometric data and the corresponding parameter
values utilized in the model can be found in [64].

Since the microcirculation provides the majority of the re-
sistance to flow in the coronary arteries, the circulation down-
stream each of the terminal epicardial arteries was modelled
using a single simple terminal resistance through which hy-
peremic conditions were implemented. Specifically, the total

Table 2 Peak Reynolds number at the inlet of the LMCA for the (0,0,0) configurations with stenoses of 41% diameter reduction. The values are
computed based on the peak inlet LMCA velocity and the native (healthy) LMCA diameter.

Reynolds number [−]

(41%, 0, 0) (41%, 0, 41%) (41%, 41%, 0) (41%, 41%, 41%)

Concentric 596 591 594 586

Eccentric 591 587 587 583

Table 1 Peak Reynolds number at the inlet of the LMCA, for each
configuration with a supplying vessel stenosis at each and percent
diameter reduction, as computed based on the peak inlet LMCA
velocity and the native (healthy) LMCA diameter

Reynolds number [−]

Concentric Eccentric

50% 61% 68% 50% 61% 68%

(1,0,0) 573 508 427 563 488 405

(1,0,1) 565 487 406 555 473 390

(1,1,0) 568 503 423 556 472 387

(1,1,1) 560 472 388 546 450 357
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hyperemic myocardial resistance of the left coronary tree was
estimated by assuming a linear relationship between the pres-
sure drop and the flow:

ΔPmyo ¼ RtotQtot ð4Þ

where ΔPmyo is the total average myocardial pressure drop and
Rtot andQtot are the total average hyperemicmyocardial resistance
and flow, respectively.Qtot was taken to be 5 ml s

−1 (assuming an
average resting flow of 1 ml s−1 [16, 103] and a coronary flow
reserve (CFR) of 5.0 [29]) and ΔPmyo was assigned a value of
91 mmHg (based on average aortic and venous pressures of 96
and 5 mmHg, respectively). Therefore, Rtot was calculated to be
18 mmHg s ml−1. The value of each terminal resistance was
estimated by scaling Rtot based on the diameter of the terminal
epicardial artery Dterm and the supplying artery DLMCA, using
allometric scaling laws developed by Huo et al. [34, 35].

Left coronary flow is out of phase with aortic flow due to
systolic left ventricular contraction wherein intramyocardial
pressure is high, endocardial coronary vessels are compressed,
and thus perfusion is hindered. Consequently, the majority of
left myocardial perfusion occurs during diastole. In order to
globally model this phenomenon, a single myocardial compli-
ance was coupled to a pressure generator with equal magni-
tude and phase as left ventricular pressure.

The systemic circulation was subdivided into models of the
aortic sinus and aorta (four-element WK) and the peripheral
arterial system (three-element WK) based on [2, 51]. A simple
three-element WK model based on [41] was implemented for
the pulmonic circulation. Left and right ventricular contraction
were modelled using time-varying elastance functions. Time-
varying elastance is defined as the ventricular pressure-volume
ratio; when the curve is normalized with respect to the maxi-
mum elastance (Emax) and the time at which the maximum
elastance occurs (tEmax), it is constant between patients [81,
84]. Therefore, in the heart models of the current study, the
normalized curve was scaled using average Emax and tEmax

from the literature [41, 81] for both the left and right ventricles.
A passive model for the atria, consisting of constant elastances,
and linear models of the heart valves were implemented in
order to simplify numerics [41, 46, 81]. Details about the pa-
rameter values for the heart, systemic, and pulmonic models
that were implemented in the model can be found in [64].

Mathematically, each basic vascular compartment of the
0D model (consisting of a single RCL unit, as is displayed
in Fig. 1 for each epicardial coronary artery) is represented by
the linearized and spatially averaged NSE (Eq. (5)) [56]:

C
dpout
dt

¼ Qin−Qout

L
dQin

dt
¼ −RQin þ pin−pout

ð5Þ

where Qin and Qout are the time-dependent average inlet and
outlet flow rates, respectively, and pin and pout are the time-

dependent average inlet and outlet pressures, respectively.
When several basic compartmental units are combined, the
complete system is modelled by a differential-algebraic equa-
tion, which with the appropriate algebraic substitutions con-
verts to the system of ordinary differential equations (ODEs)
given in Eq. (6):

dy
dt

¼ Αyþ b ð6Þ

where y is a vector of unknown nodal flows and pressures
(state variables), A is a square matrix of parameter values,

and b is a column vector of forcing terms obtained from the
3D model. Details regarding the column vector of forcing
terms, which serves as the interface between the 0D and 3D
models, are provided in subsequent sections.

2.3 Multiscale algorithm for 3D-0D model coupling

Numerical coupling between heterogeneously dimensioned
models can be accomplished through either monolithic [94]
or partitioned [74, 75] approaches. The monolithic approach
requires significant changes to the flow solver [24], whereas
the partitioned approach allows relatively complex 0Dmodels
to be implemented and commercial software to be used.
Therefore, a partitioned approach based on the work of
Quarteroni et al. [74, 75] was selected for the coupling be-
tween the 3D and 0D models. Fundamentally, the coupling
consists of the enforcement of stress and flux continuity at
each of the interfaces between the two models, which there-
fore governs the forcing terms in the 0Dmodel (column vector

b, Eq. (6)) and the boundary conditions applied in the 3D
model. However, this formulation results in defective bound-
ary conditions due to the fact that the NSE require point-wise
boundary data to ensure well-posedness whereas the 0D mod-
el only provides spatially averaged data. The treatment of
defective boundary conditions was addressed in the work of
Heywood et al. [32] who demonstrated that such BCs are
treated implicitly with an extended variational formulation of
the NSE, specifically, through the weak fulfillment of the
Neumann BC. Proof of well-posedness as well as a more
detailed mathematical description of the geometric multiscale
formulation can be found in [32, 74, 75].

The boundaries ΓLMCA, ΓLAD, and ΓLCX of the 3D model
were interfaced with the 0D model through capacitances;
therefore, Neumann stress BCs were applied as BCs in the
3D bifurcation lesion models:

pin̂i−μ∇ u!i⋅n ̂i ¼ pj tð Þn̂i ð7Þ

for any cell face i on boundary j = LMCA, LAD, and LCX and
where n̂i is the surface normal, u!i is the velocity, and pj(t) is
the time-dependent average pressure. However, it can be

Med Biol Eng Comput (2017) 55:2079–2095 2083



shown that when a given planar boundary j is perpendicular to
a cylindrical segment, the boundary condition given by Eq. (7)
reduces to the following [32]:

pin̂i ¼ pj tð Þnî ð8Þ

Therefore, average, uniform, time-dependent pressures (or
conversely normal stresses) were applied at each of the bound-
aries of the 3D geometry and the solution of the 0Dmodel was
forced by average flows obtained from the 3D model, at each

of the boundaries, such that the column vector b in Eq. (6) was
given by:

b ¼ … QLMCA … QLAD … QLCX …½ �T ð9Þ

where

Qj ¼ ∫Γ j u
!⋅n̂dγ ð10Þ

for j = LMCA, LAD, and LCX and u! obtained from the 3D
model.

2.4 Numerical implementation of the multiscale model

The transient 3D flow simulations were solved using the com-
mercial software package ANSYS Fluent (Canonsburg, PA,
USA). A fourth-order Runge-Kutta method within an in-
house subroutine written in C++ was employed for the solu-
tion of the nonlinear system of ODEs describing the dynamics
of the 0D model. Its solution was coupled to the NSE within
ANSYS at each timestep using a fully automated external
user-defined function written in C.

An explicit, staggered approach over the cardiac cycle (0,T)
was used for the coupling; at each time step (tn, tn + 1) with tn +

1 = tn + Δt, the boundary pressures at time tn + 1 were initially
solved for by forcing the solution of the ODE system with the
average boundary flow rates obtained from the 3D model at
the previous timestep:

Qtnþ1
i ¼ ∫Γi u

!tn
⋅n̂dγ ð11Þ

The calculated boundary pressures were then applied to the
3D model in order calculate the 3D velocity and pressure
fields, as well as the average flow rate at each of the bound-
aries at time tn + 1. The average flow rates in turn forced the
solution of the ODE system at the next time step.

The 3D geometries were meshed within ANSYS. A mesh
sensitivity analysis was executed for the (1,1,1) and (1,1,0)
configurations with a 68% diameter reduction. More specifi-
cally, three mesh densities were considered: ∼135,000 ele-
ments (coarse), ∼250,000 elements (medium), and ∼520,000
elements (fine). Six cycles were executed for each simulation
to ensure that transient effects had been eliminated. The pa-
rameters used to assess mesh convergence were the average

boundary pressures and the average boundary flows, based on
similar studies employing geometric multiscale models [4, 5,
33, 44, 79]. Details regarding the mesh sensitivity analysis can
be found in [64]. The final meshes had an approximate mesh
density of 170,000 elements.

3 Results

CFD simulations of different CBL configurations with concen-
tric and eccentric stenosis profiles of varying severity were
executed under a multiscale framework. Spatially and tempo-
rally averaged pressures and flows at each of the boundaries of
the bifurcation were computed and employed in the calculation
of the flow-based and pressure-based FFR, which allowed for a
functional perspective on the effect of lesion eccentricity on
CBLs to be obtained. The findings are reported in regard to the
effect of luminal eccentricity in the clinical manifestation of the
disease, rather than in the context of the validity of the model
developed previously in [64].

3.1 Flow and pressure profiles

Figure 3a, b displays the flow and pressure, respectively, at the
boundaries of the healthy 3D model. The average LMCA,
LAD, and LCX flows were 4.39, 2.15, and 2.23 ml s−1,
respectively.

The average aortic, distal LAD, and distal LCX pressures
were 98.7, 97.5, and 96.9 mmHg, respectively, which yielded
a healthy pressure-based FFR of 0.99 and 0.98 for the LAD
and the LCX, respectively.

Figure 3c, e displays the time-dependent flow in the LAD
and LCX, respectively, for the (1,0,0) configuration with ec-
centric stenosis profiles for varying diameter reduction. As the
stenosis severity increases, the amplitude and therefore the
cycle-averaged flow rates decrease within each of the vessels.
The amplitude of the time-dependent LAD and LCX pressure
curves (subpanels d and f, Fig. 3, respectively) also decrease
as the percent diameter stenosis increases. Similar curves are
obtained for all diseased cases.

3.2 Flow-based FFR

Figure 4 compares the flow-based FFR in the LAD and LCX
between the eccentric and concentric stenosis profiles within
the single-lesion configurations. The left-hand panel displays
the computed FFR values, while the right-hand panel presents
the corresponding percent differences in FFR between the two
profiles relative to the concentric case at each diameter reduc-
tion. In the (1,0,0) configuration, a decrease in LAD FFR is
observed for the eccentric case relative to the concentric one.
Themaximum decrease, occurring at the most severe diameter
reduction, is 10.5%. Conversely, in the LCX, the eccentric
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profile displays an increase in FFR relative to the concentric
case; the corresponding maximum difference is below 5%.
For the (0,1,0) and (0,0,1) configurations, within the LAD
and LCX, respectively, the FFR is lower for the eccentric case
compared to the concentric profile. In both configurations, the
maximum difference remains below 4%. The maximum per-
cent differences between the eccentric and concentric profiles
for the single-lesion configurations are summarized in Table 3.

Figure 5 compares the flow-based FFR in the LAD and
LCX between eccentric and concentric stenosis profiles for
the multilesional configurations. A lower FFR is observed for
the eccentric case compared to its concentric counterpart in
both the LAD and LCX in the (0,1,1) configuration (Fig. 5a,
b). This configuration is the only multilesional case without a
stenosis in the supplying artery; similarly to the single daughter
vessel lesion configurations (Fig. 5c–f), the maximum percent
difference between the two cases is small (less than 2.0% with-
in both daughter vessels). Conversely, for all multilesional

cases with a stenosis in the LMCA, a substantial decrease in
LAD FFR is computed; in the LCX, the FFR for the eccentric
case is higher than that of the concentric profile. Themaximum
differences in FFR between the eccentric and concentric cases
for the (1,0,1), (1,1,0) and (1,1,1) configurations occur within
the LAD and are 10, 16, and 14%, respectively. The corre-
sponding increase in FFR within the LCX was 8.1, 6.9, and
8.0% for the same configurations, respectively. The maximum
percent differences between the eccentric and concentric pro-
files for the multilesional cases are summarized in Table 3.

Figure 6 displays the velocity contours near the bifurcation
carina in the (1,0,0) configuration with a stenosis of 50% for
both the concentric and eccentric stenosis profiles at time
t = 0.7 s. It can be observed that for the concentric case, the
emerging jet is centered at the axis of the vessel, whereas for
the eccentric case, it shifted towards the wall of the vessel
opposite the stenosis. Furthermore, in the concentric case,
the velocity in the LAD is higher than it is in the LCX.

Fig. 3 a Flow and b pressure in
the healthy bifurcation. Dotted
lines correspond to the cycle-
averaged values. Flow in the c
LAD and e LCX and pressure in
the d LAD and f LCX for the
(1,0,0) configuration with eccen-
tric stenosis profiles and varying
severity
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Conversely, in the eccentric case, the flow appears to be dis-
tributed more equally between the two daughter vessels, with
a noticeably weaker jet being observed in the LAD.

3.3 Pressure-based FFR

Figure 7 displays the pressure-based FFR in the LAD and the
LCX for each multilesional configuration for both the eccentric
and concentric cases. The trends observed for the pressure-
derived FFR are similar to those observed for the flow-derived
FFR. Specifically, for the multilesional cases with a stenosis in
the supplying artery, a decrease in LAD FFR and an increase in
the corresponding LCX FFR are observed for the eccentric ste-
nosis profiles relative to the concentric cases. However, the
magnitude of the differences in the pressure-based FFR is small-
er than those computed for the flow-based FFR. Specifically, in

the (1,0,1), (1,1,0), and (1,1,1) configurations, the maximum
differences are 7.3, 11, and 10%, respectively. The maximum
percent difference in the pressure-based FFR between the eccen-
tric and concentric stenosis profiles within the LAD and LCX
for all configurations is provided in Table 3.

4 Discussion

Clinical studies have shown that coronary stenoses tend to be
eccentric; yet, to the best of the authors’ knowledge, the effect
of eccentricity on stenosis functionality, specifically in the
case of CBLs, has not been systematically investigated.
Therefore, CFD simulations of different CBL configurations
with both eccentric and concentric stenosis profiles were exe-
cuted under a geometric multiscale framework using a model

Fig. 4 Comparison of the flow-
derived FFR in the LAD and
LCX for the a (1,0,0), c (0,1,0),
and e (0,0,1) configurations be-
tween concentric (C) and eccen-
tric (E) stenosis profiles. Percent
differences (Diff) between the
concentric and eccentric flow-
based FFR in the LAD and LCX
for the corresponding configura-
tions are shown in b, d, and f
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developed in a previous study [64]. With the use of a
multiscale model, it was possible to investigate the effect of
lesion eccentricity from a functional perspective based on the
gold-standard clinical index (FFR). More specifically, by cou-
pling the 3D model to a 0D model of the rest of the cardio-
vascular system, the need to assume and apply arbitrary
boundary conditions was eliminated and flow and pressure
within the 3D model were allowed to develop for the different
configurations through the interaction between the two
models such that the resulting profiles were physiologically
realistic.

4.1 Flow and pressure profiles

A justification of the computed flow and pressure curves for the
healthy case has been provided in [64] but is described briefly
here based on the corresponding values of FFR. More specifi-
cally, the computed FFR values in the simulated configurations
are in good accordance with values reported in the literature for
similar stenosis severity ranges. With reference to Figs. 4 and 5,
for diameter reductions between 61 and 68%, the FFR in the
LAD ranged between 0.64 and 0.95 while the FFR in the LCX
ranged between 0.61 and 0.90. More specifically, 50% of the
investigated cases within the aforementioned stenosis severity
range had FFR values below 0.8, with 41% of these cases
having an FFR below 0.75. Takagi et al. [87] reported FFR
values ranging between 0.35 and 0.75 for diameter reductions
between 60 and 80%. Hamilos et al. [31] measured FFR values
between 0.68 and 0.97 for stenoses with severities between 60
and 70%, and Meimoun et al. [54] determined a range of FFR
values between 0.68 and 0.76 for stenoses with diameter reduc-
tions of about 70%. Furthermore, Fischer et al. [26] reported
that of all stenoses with diameter reductions greater than 60%,
only 38% had FFR values less than 0.75 while Koo et al. [43]
found that for an average diameter reduction of 79 ± 11% the
average FFR was 0.81 ± 0.12 with only 31% of lesions having

an FFR below 0.75. Consequently, the FFR values computed in
this study agree well with clinical measurements.

4.2 Comparison of FFR between eccentric and concentric
stenoses

The numerical simulations yielded differences in flow- and
pressure-derived FFR between the eccentric and concentric
stenosis profiles up to 3.8% for the configurations comprising
of lesions only within the daughter vessel ((0,1,1), (0,1,0), and
(0,0,1)). These configurations are the most representative of
isolated lesion cases as there are no proximal or distal stenoses
with which they immediately interact; for all these aforemen-
tioned cases, the FFR was lower in the eccentric cases com-
pared to the concentric ones which signifies that eccentric ste-
noses are associated with higher pressure losses. Higher pres-
sure losses for eccentric stenosis profiles relative to concentric
ones have been suggested previously in the literature, for ex-
ample through in vitro methods by Young and Tsai [101, 102]
in isolated straight vessels and by Poepping et al. [72] within
carotid bifurcation models. Similarly, in idealized numerical
models of isolated concentric and eccentric constrictions with-
in the right coronary artery andLAD,Guleren [55] demonstrat-
ed a consistently greater pressure drop during both systole and
diastole for lesions with eccentric lumens. Clinically,
Takashima et al. [88] demonstrated that FFR values were ap-
proximately 6% lower for eccentric cases compared to non-
eccentric ones. Therefore, the decrease in FFR recorded in the
present study is in good accordance with other literature works.

However, the magnitude of both the computed percent and
absolute differences in FFR between the eccentric and concen-
tric cases must be noted; the recorded maximum 3.8% differ-
ence corresponded to a maximum absolute difference of 0.03
in the FFR values. In clinic, De Bruyne et al. [22] recorded a
coefficient of variance (95%) of 4.8% (mean absolute differ-
ence of 0.01 ± 0.04) between successive FFR measurements,
which correlated well with differences observed by Berry et al.
[6] (absolute differences of 0 ± 0.04). Consequently, the FFR
differences between eccentric and concentric profiles present-
ed in the current study for isolated lesions fall within the re-
ported clinical variance. Interestingly, these observations are in
line with several clinical studies that have shown that lesion
eccentricity does not play a dominant role in the isolated cor-
onary lesion functionality [36, 62].

Configurations with a supplying vessel stenosis showed
markedly different behavior from those with a healthy
LMCA. More specifically, a decrease in LAD FFR and an
increase in LCX FFR were observed for the eccentric profiles
relative to the concentric ones. In the LAD, the maximum
decrease in flow- and pressure-based FFR ranged between
10 and 16% and between 7 and 11%, respectively; in the
LCX, the maximum increase in FFR ranged between 4 and
9% and between 1.5 and 4.1%, respectively. The smaller

Table 3 Maximum percent difference in the flow- and pressure-based
FFR within the LAD and LCX between the eccentric and concentric
stenosis profiles, relative to the concentric case

Maximum difference [%]

Flow-based FFR Pressure-based FFR

LAD LCX LAD LCX

Single-lesion (1,0,0) 10.5 4.2 7.7 1.5

(0,1,0) 3.3 0.46 2.4 1.5

(0,0,1) 0.61 3.8 0.0026 2.7

Multi-lesion (0,1,1) 2.0 1.5 1.8 1.5

(1,0,1) 10.1 8.1 7.3 4.1

(1,1,0) 15.8 6.9 11.1 2.9

(1,1,1) 14.3 8.0 10.3 3.2
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differences for the pressure-based FFR compared to the flow-
based on can be attributed to the fact that zero compliance is
assumed in the derivation of pressure-based FFR, whereas the
present model did not disregard compliance. Furthermore, the
magnitude of the decrease in LAD FFR was greater than the

corresponding increase in LCX FFR, suggesting that eccentric-
ity has a nonlinear effect on the daughter vessel functionality.
The corresponding maximum absolute changes in flow-based
FFR within the LAD and LCX were 0.09–0.12 and 0.03–0.05,
respectively. Consequently, in particular within the LAD, the

Fig. 5 Comparison of the flow-
derived FFR in the LAD and
LCX for the a (0,1,1), c (1,0,1), e
(1,1,0), and g (1,1,1) configura-
tions between concentric (C) and
eccentric (E) stenosis profiles.
Percent differences (Diff) between
the concentric and eccentric flow-
based FFR in the LAD and LCX
for the corresponding configura-
tions are shown in b, d, f, and h
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absolute changes in FFR computed in the current study notably
surpassed the reported variance associated with clinical FFR
measurements [6, 22]; for severe diameter reductions, the dif-
ferences in LCX were also above clinical variance ranges.

The decrease in LAD FFR in conjunction with the increase
of the LCX FFR between the concentric and eccentric stenosis
profiles can be attributed to the offset of the supplying vessel
stenosis jet in the eccentric case relative to the concentric one.
In the case of the eccentric profile, the high momentum jet
emerging from the neck of the supplying vessel stenosis was
shifted towards the bifurcation carina which permitted more
flow to be diverted to the LCX compared to the concentric
profile case where the emerging jet was directed towards the
lumen of the LAD. Jet skewness in eccentric constrictions has
been previously reported in numerical and in vitro studies for
various eccentricity indices in both straight [30, 37, 55, 92]

and bifurcating vessels [72]. Therefore, the results presented
in this study are in accordance with literature.

The results of the study suggest that the altered hemody-
namics, including emerging jet skewness, induced distal to
stenoses with luminal eccentricity may have a minor impact
on the translesional pressure drop and thus the functionality of
lesions that are not in close proximity to and not proximal to
other lesions and vessel bifurcations, for example in the
(0,1,0), (0,0,1), and (0,1,1) configurations. Conversely, when
a stenosis is located near and proximal to a bifurcation carina,
as was the case for the supplying vessel stenosis in the (1,0,0),
(1,0,1), (1,1,0), and (1,1,1) configurations presented in the
current study, the flow patterns distal to the lesions overlap
and therefore closely interact with the flow divider. As such,
altered hemodynamics induced by eccentricity of the stenosed
proximal lumen could have a substantial influence on the flow

Fig. 6 Velocity contours in the (1,0,0) configuration with a 50% diameter reduction for the a concentric and b eccentric profiles at t = 0.7 s

Fig. 7 Comparison of pressure-
derived FFR between concentric
(C) and eccentric (E) stenosis
profiles in the LAD and LCX for
the a (0,1,1), b (1,1,1), c (1,1,0),
and d (1,0,1) configurations
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within the individual daughter vessels and thus have an effect
of the functionality of the configuration.

4.3 Potential clinical implications

The results discussed have potentially significant clinical im-
plications, which are stated within the limitations of the study,
as provided below. The findings suggest that for isolated ste-
noses, in particular cases that are not proximal to a bifurcation,
the effect of eccentricity on lesion functionality is within clin-
ical measurement error and therefore could be negligible; con-
sequently, for isolated lesions, eccentricity may not be an
independent/dominant determinant of hemodynamic impact.
This idea has been suggested in clinical studies [62], although,
to the best of the authors’ knowledge, a systematic numerical
investigation demonstrating this behavior had not been exe-
cuted to date. Conversely, for CBL configurations wherein the
mother vessel is diseased, the directionality of the supplying
vessel stenosis jet, as is influenced by the eccentricity of the
corresponding stenosis lumen, could have a notable effect on
the distribution of blood between the daughter vessels and
thus influence the clinical manifestation of the disease.

An understanding of the geometric factors that influence
the functionality of CBLs, such as luminal eccentricity, could
ultimately improve diagnostic procedures and thus help re-
duce treatment risk. More specifically, despite the designation
of FFR as the gold-standard in clinical diagnosis for coronary
lesions, it is utilized in less than 10% of all catheterization labs
prior to intervention [47, 58, 59]. The computation of FFR
using multiscale numerical methods (HeartFlow Inc., etc.
[61]) is increasing in popularity, yet there is much uncertainty
and reservation in its clinical use. As such, interventional car-
diologists still heavily rely on an angiographic evaluation of
the severity of coronary lesions, which has been shown to
have a poor correlation with ischemic considerations [96].
Angiographic evaluations are particularly hindering in the
case of bifurcation lesions, where, due to complex geometry,
accurate visualization is rendered difficult [48]. There are at-
tempts to derive non-invasive diagnostic indices that could
predict, using angiographic parameters, the presence of a he-
modynamically critical stenosis; however, such indices re-
quire an evaluation of morphological and geometric parame-
ters of both the stenoses and the arteries and an understanding
of their relative contribution to the induction of ischemic con-
ditions [60]. The findings of the current study imply that, in
close proximity to a bifurcation carina, lumen eccentricity of
the supplying vessel could be an influencing factor in CBL
functionality.

4.4 Limitations

In vivo, coronary geometry is curved and tortuous [91, 105];
in the current study, linear and planar geometries of the

LMCA bifurcation were utilized. While a more realistic
(patient-specific) geometry could potentially provide a more
accurate representation of the in vivo flow environment, cor-
onary vascular geometry varies significantly from patient to
patient; as such, by using a controlled and simplified
computer-generated geometry, it was possible to isolate the
effect of stenosis profile (eccentric versus concentric) on the
functional impact of CBLs, without influencing the results by
patient-specific flow patterns. In addition, inertial pressure
losses rather than viscous effects (which are most significantly
influenced by vessel curvature) are expected to dominate in
the translesional pressure drop as a result of the substantial
diameter reductions and the hyperemic flow conditions.
Consequently, as the resulting flow and pressure profiles were
in good accordance with clinical reports, the use of simplified
geometries was justified for the scope of the current work.
Moreover, coronary arteries are subjected to dynamic motion
as a result of the ventricular contraction. This phenomenon
was not considered in order to reduce computational costs.
Its exclusion from the current model was justified by the fact
that in the proximal epicardial coronary arteries, as were
modelled in the current study, regions of small curvature
changes have been shown to exist [18]; furthermore, flow
disturbances induced by bifurcations have been shown to have
a dominant effect on flow patterns compared to disturbances
generated by dynamic curvature changes [73]. In addition, all
stenoses in a given configuration were modelled to be equal in
severity. While future works will consider relative stenosis
severities, this simplification was employed in the current
study so as to isolate the effect of lesion eccentricity on CBL
functionality. Finally, with respect to biophysical phenomena,
the current study did not incorporate collateral flow. The over-
all configuration, extent, and response of collaterals to maxi-
mum vasodilation vary significantly between patients and are
still not fully understood. Moreover, studies have shown that
collateral circulation is only present in approximately 30% of
patients that have functionally significant coronary lesions
[82]. Therefore, the disregard of collateral circulation was
deemed acceptable for the scope of the current study.
Furthermore, both the downstream epicardial arteries and the
microvasculature were assumed to be free of disease. Disease
of the downstream epicardial arteries would impose additional
resistance in the epicardial tree, thus contributing to the overall
flow reduction and ultimately masking the true hemodynamic
severity of the upstream bifurcation lesion configuration.
Microvascular disease increases the overall myocardial resis-
tance; not only does this signify that under induced hyperemic
conditions, total microvascular vasodilation is inhibited, but
also that the increased resistance of the microvasculature itself
reduces perfusion. Therefore, the true functionality of an epi-
cardial stenosis is underestimated. The presence of peripheral
coronary artery disease was disregarded in order to elucidate
the true hemodynamic severity of the bifurcation lesion
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configurations and to isolate the effect of each of the investi-
gated geometric parameters on the corresponding FFR.

5 Conclusion

CFD simulations employing a geometric multiscale algorithm
were executed for single-, double-, and triple-lesion CBL con-
figurations within the LMCA bifurcation. Under the geomet-
ric multiscale framework, flow- and pressure-derived FFR
could be computed and used to characterize the functionality
of the different cases. Both concentric and eccentric profiles
for stenoses ranging between mild and severe diameter reduc-
tions were considered in order to investigate the effect of le-
sion eccentricity on the functional impact of the CBLs. To the
best of the authors’ knowledge, the current study was the first
to systematically investigate the effect of lesion eccentricity
from a functional perspective. Overall, the results were in
good accordance with clinical observations.More specifically,
the study found that eccentricity had a negligible effect on the
functionality of isolated lesions. Conversely, for CBLs where-
in the supplying vessel is stenosed, eccentricity was found to
have a notable effect on the FFR of the two daughter vessels;
these findings were attributed to the change in directionality of
the jet emerging from the supplying vessel stenosis between
the concentric and eccentric cases in conjunction with the
close proximity of the lesions to the carina. Therefore, from
a clinical perspective, these results suggest that luminal eccen-
tricity could be geometric parameter that influences the func-
tionality of CBLs.
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