Healthy and diseased coronary bifurcation geometries influence
near-wall and intravascular flow: A computational exploration
of the hemodynamic risk
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Local hemodynamics has been identified as one main determinant in the onset and progression of atherosclerotic lesions at coronary
bifurcations. Starting from the observation that atherosensitive hemodynamic conditions in arterial bifurcation are majorly determined by
the underlying anatomy, the aim of the present study is to investigate how peculiar coronary bifurcation anatomical features influ-ence near-
wall and intravascular flow patterns. Different bifurcation angles and cardiac curvatures were varied in population-based, idealized models
of both stenosed and unstenosed bifurcations, representing the left anterior descending (LAD) coronary artery with its diagonal branch.
Local hemodynamics was analyzed in terms of helical flow and exposure to low/oscillatory shear stress by performing computa-tional fluid
dynamics simulations.

Results show that bifurcation angle impacts lowly hemodynamics in both stenosed and unstenosed cases. Instead, curvature radius
influences the generation and transport of helical flow structures, with smaller cardiac curvature radius associated to higher helicity
intensity. Stenosed bifurcation models exhibit helicity intensity values one order of magnitude higher than the corresponding unstenosed
cases. Cardiac curvature radius moderately affects near-wall hemodynamics of the stenosed cases, with smaller curvature radius leading to
higher exposure to low shear stress and lower exposure to oscillatory shear stress. In conclusion, the proposed controlled benchmark allows
investigating the effect of various geometrical features on local hemodynamics at the LAD/diagonal bifurcation, highlighting that cardiac

cur-vature influences near wall and intravascular hemodynamics, while bifurcation angle has a minor effect.
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1. Introduction

Atherosclerosis is a chronic inflammatory disease of the arterial
wall that progressively reduces the lumen size because of plaque
formation. It is widely recognized that atherosclerotic lesions
develop at preferential anatomic locations such as coronary bifur-
cations (Antoniadis et al., 2015), accounting for 15-20% of the
lesions present in the coronary arteries (Lassen et al., 2016).

The so-called “hemodynamic hypothesis” suggests that local
hemodynamics is a main factor of the onset and progression of
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lesions at coronary bifurcations (Morbiducci et al., 2016). In partic-
ular, low and oscillatory wall shear stress (WSS) phenotypes have
been identified as a key factor in plaque formation and progression
(Kwak et al., 2014).

Local hemodynamics is mainly determined by the underlying
anatomical features of an arterial bifurcation. In carotid arteries,
computational fluid dynamics (CFD) studies have demonstrated a
correlation between geometry and disturbed shear (Bijari et al.,
2012; Lee et al., 2008). Accordingly, geometrical features showed
to be associated with the presence of atherosclerotic plaques
(Bijari et al,, 2014; Morbiducci et al., 2016). Furthermore, local
geometry of carotid bifurcation has been reported to be signifi-
cantly correlated with peculiar intravascular flow features, in par-
ticular helical flow structures (Gallo et al., 2015), which in turn
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Fig. 1. Parametric model of the healthy left anterior descending - first diagonal coronary bifurcation: (A) top view; (B) lateral view. Details of the diseased model are shown in
the boxes. Diameters are in millimeters. The different colors in the top view indicate the three regions, i.e. proximal main branch (P-MB), distal main branch (D-MB), and side
branch (SB), in which the model was divided for the analyses of the near-wall and bulk flow quantities.
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Fig. 2. Investigated coronary bifurcation models: (A) healthy and (B) diseased geometries.

the bifurcation (Gallo et al., 2012).

While the interplay between geometry, near-wall and intravas-
cular flow features has been widely studied in carotid bifurcations,
less is known about the diseased coronary bifurcations. Indeed, sev-

eral studies focused on the influence on near-wall descriptors
ascribable to anatomical features, such as the presence of stenosis
at varying locations and with different severity/extension
(Frattolin et al., 2015; Pagiatakis et al., 2015; Peng et al., 2016;
Pinto and Campos, 2016), bifurcation angle (Beier et al., 2016;
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Fig. 3. Intravascular hemodynamics of a representative bifurcation model without (A) and with (B) stenosis (case with 55° bifurcation angle and curvature radius of
56.3 mm): time-averaged velocity streamlines (left), velocity profiles on selected cross-section normal to the vessel centerline (center), and velocity contours with in-plane
velocity vectors at a cross-section of the distal main branch and side branch, respectively (right).

Chaichana et al., 2011; Dong et al., 2015; Liu et al., 2015), curvature
(Liuetal., 2015; Penget al.,2016), and tortuosity (Malve et al., 2014;
Pengetal.,2016). For example, Vorobtsova et al. (2016) investigated
the effect of tortuosity on coronary flow features, including WSS-
based descriptors and helical flow intensity, though only in the
non-bifurcated segments of patient-specific coronary trees.

The aim of the present study is to investigate the influence of
peculiar coronary bifurcation anatomical features on both near-
wall and intravascular flow features. In particular, the impact of
stenosis presence, bifurcation angle, and curvature on local hemo-
dynamics is analyzed by performing CFD simulations on a
population-based, idealized model of coronary bifurcation. Such
an idealized model-based approach will enable, by varying one
specific geometrical feature at a time while keeping the others con-
stant, to clearly identify if and to which extent anatomic features
promote atheroprotective or atherosusceptible hemodynamic
phenotypes.

2. Material and methods
2.1. Coronary bifurcation models

A parametric model of a coronary bifurcation representing the left anterior
descending (LAD) coronary artery with its diagonal branch was created using the
open-source software PyFormex (http://www.nongnu.org/pyformex/) (Fig. 1), as
detailed elsewhere (Chiastra et al., 2016; [annaccone et al., 2016). Briefly, the diam-
eter of the proximal main branch (MB) is 3.30 mm (Medrano-Gracia et al., 2016)
while the diameters of the distal MB and the side branch (SB) are 2.77 mm and
2.10 mm, respectively, in agreement with the Finet's law (Finet et al., 2008). The
angle between the proximal MB and the SB was set to 150° (Medrano-Gracia
et al., 2016) while the distal bifurcation angle ‘o’ was varied within the physiolog-
ical range (Godino et al., 2010; Onuma et al., 2008). In particular, models with
bifurcation angles of 40°, 55°, and 70° were created. The curvature of the coronary
bifurcation due to the presence of the heart was taken into account by bending the
model on a sphere of radius ‘R’. A physiological curvature radius was considered
(R=56.3 mm) (Pivkin et al., 2005) as well as two extreme values (R = oo, i.e. absence
of curvature, and R=16.5 mm). Both healthy (i.e. without stenosis) and diseased
(i.e. with stenosis) bifurcation models were analyzed. The diseased models are char-
acterized by 60% diameter stenosis in each branch, thus representing a (1, 1, 1)
lesion according to Medina classification (Medina et al., 2006), a widely accepted
clinical classification for coronary bifurcations that assigns a binary value (0, 1) to
each branch depending on whether they have less than (0) or more than (1) 50%
lesion. Here a (1, 1, 1) Medina classification lesion was examined as it is considered
the most critical geometry. The lesion is 12 mm long and eccentric, with plaque
located at the inner arc of the vessel (Fig. 1B).
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Fig. 4. Isosurfaces of local normalized helicity (LNH) for cases with (A) different
distal bifurcation angle and 56.3 mm radius of curvature, and (B) different radius of
curvature and bifurcation angle equal to 55°. In both panels healthy (top) and
diseased (bottom) bifurcation models are shown. Positive (red color) and negative
(blue color) LNH values indicate right-handed and left-handed rotating fluid
structures along the main flow direction, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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In summary, 10 coronary bifurcation models were investigated (Fig. 2) by com-
bining 3 distal angles and 3 curvature radii, both for the healthy and the diseased
coronary bifurcation models.

The bifurcation models were discretized using ICEM CFD (ANSYS Inc., Canons-
burg, PA, USA). A tetrahedral grid with a prism layer and finer elements at the
stenosis region was generated. The mesh cardinality was ~2,500,000 after a mesh
independence study (Chiastra et al., 2016).

2.2. Computational hemodynamics

For all cases under study, the governing equations of unsteady, incompressible
fluid motion were solved by using the finite volume method-based commercial
software Fluent (ANSYS Inc.). A typical human LAD flow waveform (Davies et al.,
2006) was imposed at the inlet as a plug velocity profile. The mean flow rate was
43.2 ml/min, in agreement with in vivo flow measurements in the human LAD
(Kessler et al., 1998). A flow-split of 65%:35% for the distal MB and SB, respectively,
was applied at the outlets. This value was calculated using the relation between the
diameter ratio and the flow ratio of daughter branches under the assumption of

was assumed as rigid, subjected to the no-slip condition. Blood was modelled as
a non-Newtonian fluid using the Carreau model with a density of 1060 kg/m>
(Caputo et al.,, 2013). The flow was assumed as laminar (maximum Reynolds
number = ~330 at the PMB stenosis of the diseased cases).

Details about the solver settings are reported in the Supplementary Materials.

2.3. Analysis of the results

Intravascular fluid structures were investigated in terms of helical flow
topology and content. Helicity intensity h, and helical rotation balance h, were
calculated in the entire model, in the proximal MB, in the distal MB, and in the
SB (Fig. 1). According to (Gallo et al., 2015, 2012; Morbiducci et al., 2013), these
helical-based bulk flow descriptors are defined as:
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Fig. 5. Quantitative analysis of intravascular flow. Helicity intensity (h;) and helical rotation balance (h4) values in healthy (left panel) and diseased (right panel) models with
(A) different distal bifurcation angle value and (B) different curvature radius value. The analysis was performed on the entire domain (WHOLE), proximal main branch (P-MB),
distal main branch (D-MB), and side branch (SB).



where 7 is the velocity vector, @ is the vorticity vector, V is the volumetric fluid
domain of interest, and T is the cardiac cycle. Helicity intensity is an indicator of
the total amount of helical flow while the helical rotation balance measures the
strength of relative rotations of helical flow structures. Furthermore, the local
normalized helicity (LNH) was calculated to visualize the spiral flow patterns that
develop inside the bifurcation models (Morbiducci et al., 2007). LNH is defined as:

51
St

where 7y is the angle between the velocity and the vorticity vectors. Positive (nega-
tive) values of LNH indicate right-handed (left-handed) rotating structures.

Near-wall hemodynamics was evaluated in terms of time-averaged WSS
(TAWSS), oscillatory shear index (OSI), and relative residence time (RRT), a hemo-
dynamic descriptor able to identify regions of low and oscillatory WSS (Himburg
et al., 2004). In particular, the fraction of the luminal area exposed to TAWS-
$<0.4Pa, 0SI>0.2, and RRT > 4.17 Pa~! (as a consequence of threshold values set
for TAWSS and OSI) was calculated in the entire model, in the proximal MB, in
the distal MB, and in the SB (Fig. 1). Low TAWSS and high OSI values are known
to stimulate a proatherogenic endothelial phenotype (He and Ku, 1996; Malek
et al.,, 1999). Definitions of near-wall descriptors are reported in the Supplementary
Materials.

LNH =

=cosy (3)
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S

3. Results
3.1. Intravascular flow

The stenosis presence in the bifurcation region strongly affects
the intravascular hemodynamics, where jet-like structures are vis-
ible in the distal MB and SB, respectively (Fig. 3). Recirculation
regions are also evident in the daughter branches downstream of
the stenosis.

The complexity of the hemodynamics establishing within the
coronary bifurcation can be appreciated by visualizing LNH isosur-
faces (Fig. 4). Well-distinguished counter-rotating helical flow
structures are the emerging hemodynamic feature at the bifurca-
tion in all investigated models. In the healthy cases, mild differ-
ences can be appreciated in helical flow structures in the SB
because of different bifurcation angles (Fig. 4A-top). The presence
of the lesion alters the intravascular flow topology (Fig. 4A-
bottom), resulting in helical flow structures that originate in the
bifurcation region and develop into the daughter branches, elon-
gating more downstream into the distal MB than the SB. The differ-
ences between the cases with increasing bifurcation angle are
attenuated compared to the healthy geometries (Fig. 4A-bottom).

The effect of curvature radius on helical flow structures is
shown in Fig. 4B. The analysis of the healthy cases highlights that
increasing curvature plays a role in promoting helical fluid struc-
tures transported to the bifurcation. In particular, the helical flow
establishing by the curved proximal MB enters the bifurcation with
an inertial contribution that amplifies the helicity intensity in that
region (Gallo et al., 2015). A further source to helical flow genera-
tion is given by the local curvature all along the bifurcation region
and downstream of it, leading to the onset of Dean-like effects
(Morbiducci et al., 2011) affecting the intravascular fluid
structures.

The quantitative analysis of the helicity confirms the qualitative
observations (Fig. 5). In general, the bifurcation angle moderately
affects helical flow features. In healthy cases, helicity intensity
shows a negligible increase in the whole domain and in the daugh-
ter branches with the bifurcation angle (Fig. 5A-top). Diseased
cases exhibit helicity intensity h, one order of magnitude higher
than healthy cases, with a not monotonic trend for increasing
bifurcation angles (Fig. 5A-top). Globally, helical flow structures
are symmetrical, as demonstrated by the nearly O values of the
helical rotation balance in the entire model (Fig. 5A-bottom). How-
ever, the values of h, in the distal MB and SB indicate that helical
flow structures are asymmetric in those segments, in particular
in the SB of the 40° bifurcation angle model (Fig. 5A-bottom).
The helical rotation balance values (Fig. 5A-bottom) suggest that
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Fig. 6. Contour maps of near-wall quantities for cases with different distal
bifurcation angle: A) time-averaged wall shear stress (TAWSS); B) oscillatory shear
index (OSI); C) relative residence time (RRT). For each quantity, both healthy (top
row) and diseased (bottom row) bifurcation models are shown. The position of the
proximal main branch (P-MB), distal main branch (D-MB), and the side branch (SB)
is indicated in (A).

the presence of the lesion makes helical flow structures more sym-
metrical in the distal MB and SB, when compared to the corre-
sponding healthy cases. The most asymmetric helical flow
structures are present in the SB of the 40° bifurcation angle also
in the diseased cases.



Table 1

Relative luminal surface area exposed to time-averaged wall shear stress (TAWSS) lower than 0.4 Pa, oscillatory shear index (OSI) higher than 0.2, and relative residence time
(RRT) higher than 4.17 Pa~! for healthy cases with different bifurcation angle and radius of curvature.

Relative surface area [%]

TAWSS < 0.4 Pa 0SI>0.2 RRT >4.17 Pa™!

WHOLE P-MB D-MB SB WHOLE P-MB D-MB SB WHOLE P-MB D-MB SB
Bifurcation angle [°]
40° 0.42 0.00 0.47 1.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
55° 0.07 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
70° 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Curvature radius [mm]
[ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
56.3 0.07 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16.5 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

WHOLE - entire lumen; P-MB - proximal main branch; D-MB - distal main branch; SB - side branch.
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Fig. 7. Bar diagrams of relative luminal area exposed to time-averaged wall shear stress (TAWSS) lower than 0.4 Pa, oscillatory shear index (OSI) higher than 0.2, and relative
residence time (RRT) higher than 4.17 Pa~"! for diseased cases with different (A) distal bifurcation angle and (B) radius of curvature. The analysis was performed on the entire

lumen (WHOLE), distal main branch (D-MB), and side branch (SB).

Data in Fig. 5B-top confirm the role of the decreasing curvature
radius in amplifying helicity intensity h, in all bifurcation branches
with a monotonic trend for both healthy and diseased cases. The
decreasing curvature radius markedly modifies also flow topology,
breaking the symmetry of the helical structures in the distal MB
(Fig. 5B-bottom), which is less so the case for the SB.

3.2. Near-wall hemodynamics

In the healthy models with different bifurcation angle, low
TAWSS is located at the ostium of the daughter branches, opposite
to the carina (Fig. 6A), due to the presence of flow separation
regions (Fig. 3A). Although the observed differences are very small,
the fraction of the entire lumen surface area exposed to low TAWSS
slightly decreases with increasing bifurcation angle (Table 1). As
expected, the presence of the lesion leads to different patterns of
low TAWSS distribution at the luminal surface (Fig. 6A). In partic-
ular, in the diseased cases with different bifurcation angle, the sur-
face area exposed to low TAWSS is mainly located at the distal MB
(Fig. 6A). However, the surface area exposed to low TAWSS

increased only to ~3.3% in diseased cases, as compared to healthy
ones (Fig. 7A).

Considering OSI and RRT, in all healthy cases with different
bifurcation angle the surface area exposed to high OSI is negligible
(Fig. 6B, Table 1) and RRT is always lower than 3 Pa~' (Fig. 6C,
Table 1). Conversely, surface areas exposed to atherosusceptible
OSI and RRT values can be observed in diseased cases at the distal
MB and at the SB (Fig. 6B and C), close to the reattachment point of
the recirculation regions. Quantitatively, surface areas exposed to
high OSI and RRT values are similar among the investigated dis-
eased cases, showing a poor dependence on the bifurcation angle
(Fig. 7A).

The curvature radius has negligible impact on the distributions
of WSS-based descriptors at the lumen of the healthy bifurcations
(Fig. 8). Qualitatively, areas exposed to low TAWSS slightly
increase with lowering curvature radius. However, the relative
area with TAWSS lower than 0.4 Pa is ~0% in the three investigated
healthy cases (Table 1). Additionally, the surface area exposed to
atherosusceptible OSI values is almost null while RRT is lower than
3 Pa~! everywhere (Fig. 8B and C, Table 1). Distributions of WSS-
based descriptors of the diseased cases are moderately affected
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Fig. 8. Contour maps of near-wall quantities for cases with different radius of
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and diseased (bottom row) bifurcation models are shown. The position of the
proximal main branch (P-MB), distal main branch (D-MB), and side branch (SB) is
indicated in (A).

by the curvature radius (Fig. 8). In detail, a smaller curvature radius
(i) increases the surface area exposed to low TAWSS, in particular
in the distal MB (Fig. 7B); (ii) decreases the surface area exposed
to high OSI and RRT values (Fig. 7B).

4. Discussion

Geometry has long been recognized as possible risk factor for
plaque localization, by virtue of its influence on intra-vascular
and near-wall flow patterns (Ding et al., 1997; Morbiducci et al.,
2016). The present study contributes to identify if and to which
extent anatomic features promote atheroprotective or atherosus-
ceptible hemodynamic phenotypes at the LAD/diagonal bifurca-
tion. The endeavor to link geometry and atherosusceptibility is
based on a strong clinical motivation, as geometric features can
be easily and reliably measured using standard clinical imaging
facilities. On the other hand, the studied hemodynamic phenotypes
are hard to access in clinical practice (Morbiducci et al., 2016).
Therefore, the identification of practical measurable geometric fea-
tures able to predict hemodynamic phenotypes represents a first
step toward the identification of geometry-based local risk factors
for risk stratification in the population, identifying subjects with
greater susceptibility for atherosclerosis in the considered region.
For coronary arteries, several investigations focused at the left
main bifurcation, i.e. where the LAD and the left circumflex artery
(LCx) stem from the left main coronary artery (Morbiducci et al.,
2016). For instance, at this bifurcation the presence of plaques in
the LAD segment correlated with both the planarity of the bifurca-
tion and the bifurcation angle between LAD and LCx (Ding et al.,
1997). Conversely, the LAD/diagonal bifurcation has been less
explored. In this study, inspired by the approach recently applied
to the carotid bifurcation (Gallo et al.,, 2012), we considered
healthy and diseased population-based, idealized models of coro-
nary LAD/diagonal bifurcation with varying bifurcation angle and
curvature. In detail, helicity-based description was adopted to
characterize intravascular flow features. Such a description has
the purpose of extending and complementing the WSS-based anal-
ysis of hemodynamics and its well-known relationship with plaque
initiation (Wentzel et al., 2012). It is motivated by recent findings
demonstrating (i) an atheroprotective role of specific helical flow
structures, although in the carotid bifurcation (Gallo et al., 2015,
2012), and (ii) that helical flow significantly reduces the flow insta-
bility caused by a stenosis (Linge et al., 2014; Stonebridge et al.,
2004). Although the role of helical flow in plaque genesis and pro-
gression at LAD/diagonal bifurcation is still not fully elucidated
(Morbiducci et al., 2016), recent observations in the LAD coronary
artery showed a helical layout of roughness ridges (Burton et al.,
2016), which can be linked to the establishment of coronary helical
flow patterns (Van Langenhove et al., 2000). Additionally, the here
presented WSS-based analysis considers low and oscillatory WSS
in light of atherosclerosis initiation and early progression.

A sketch summarizing the present findings is shown in Fig. 9.
While the effect of different bifurcation angles and curvature radii
on the considered hemodynamic parameters is negligible for
healthy cases, greater variations are shown by diseased cases. Both
vessel curvature and stenosis presence influence the generation
and transport of helical flow structures. Mechanistically, an
increasing vessel curvature promotes secondary flows, ultimately
influencing the composition of blood translational and rotational
motions (Gallo et al., 2015). In healthy cases, helical flow topology
results mainly from the curvature of the vessel (Fig. 4B-top). In dis-
eased cases, the impact of curvature on helical flow structures piles
up with the helicity generated as a consequence of the lumen
reduction (Grigioni et al., 2005). This latter plays the main role in
helical flow generation, as it is responsible of the highest variations
in helicity intensity: in the diseased cases, h, is one of order of
magnitude higher than in the corresponding healthy geometries
(Fig. 5D). Furthermore, while helical flow structures are symmetri-
cal in the planar bifurcation (hyq ~ 0), they are asymmetric in the
curved cases (i.e. higher helical rotation balance hy) (Fig. 5D). It is
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worth noting that 10 out the 18 possible coronary bifurcation mod-
els were examined (Fig. 2). The remaining geometrical combina-
tions were not examined because bifurcation angle is shown to
have a minor effect on local hemodynamics (Figs. 4 and 5).

Previous analyses of intravascular flow in coronary bifurcations
are limited. While some studies focused on non-bifurcated
segments of coronary arteries (Van Langenhove et al., 2000;
Vorobtsova et al., 2016), Chiastra et al. (2016) investigated ste-
nosed LAD coronary bifurcation models with different bifurcation
angles, though under steady-state, hyperemia condition. Unlike
our findings, the researchers observed that helicity intensity mod-
erately increases as the bifurcation angle becomes wider in Medina
(1, 1, 1) bifurcations with 60% stenosis. However, this monotoni-
cally increasing trend was found under steady hyperemic flow
conditions, which are characterized by a mean flow-rate at least
three-times higher than at rest. That is to say, a higher Reynolds
number exacerbates the influence of geometry on helical flow,
through the reduction of the relative influence of viscous forces
with respect to centrifugal and inertial forces.

Regarding the near-wall hemodynamics, our results shows that
low TAWSS, high OSI, and high RRT are located at the lateral walls
opposite to the carina in healthy bifurcations and at the daughter
branches downstream of the stenosis in diseased cases, in agree-
ment with previous studies (Chaichana et al., 2011; Huo et al,,
2012; Liu et al., 2015; Malvé et al., 2014; Peng et al., 2016; Pinto
and Campos, 2016). Quantitative comparison of surface area
exposed to adverse near-wall descriptors cannot be performed as
previous works investigated the left main coronary bifurcation,
which is characterized by larger diameter and higher flow rates
than the LAD. In this study, limited exposure to oscillatory shear
is observed in healthy bifurcations because of hemodynamics char-
acterized by low Reynolds and Womersley numbers (Reqpax = 136,

Wo = 2.4, respectively). Conversely, larger lumen areas with
adverse WSS-based descriptors are found in the diseased cases.

In general, our results show that the bifurcation angle has a
minor impact on surface areas exposed to adverse near-wall
descriptors (Fig. 9), confirming previous investigations (Beier
et al., 2016; Dong et al., 2015). Regions with low TAWSS are found
to moderately reduce only in healthy bifurcations with higher
angle, as previously reported (Beier et al., 2016; Chaichana et al.,
2011; Liu et al., 2015; Malvé et al., 2014). In agreement with our
finding of a moderate increase in area exposed to low and oscilla-
tory WSS at the SB of diseased models with different bifurcation
angles, it has been observed that wider angle may induce plaque
proliferation and lead to more severe stenosis at the SB ostium,
with a consequent higher risk of SB occlusion (Zhang and Dou,
2015).

Additionally, this study highlights that the cardiac curvature
radius moderately affects the distributions of WSS-based descrip-
tors of the diseased cases (Fig. 9). In accordance with previous find-
ings (Liu et al., 2015), a lower curvature radius is associated with
larger areas exposed to low TAWSS, in particular at the inner side
of the curvature, and smaller areas exposed to high OSI and RRT. It
is worth noting that in carotid bifurcation an increase of helicity
intensity corresponded to a decrease in the exposure to both low
and oscillatory WSS (Gallo et al., 2012). While the relationship
between helicity intensity and oscillatory WSS is echoed here, this
is not the case for the exposure to low TAWSS. This may be
ascribed to the fact that in bifurcation models considered here heli-
cal flow is generated by the out-of-plane curvature with respect to
the bifurcation plane, while in carotid bifurcation helical flow is
promoted primarily by planar curvature (Bijari et al., 2014, 2012).

This study suffers from some limitations. In stenosed coronary
bifurcations, blood flow division between daughter branches is



governed by local resistances, which depend on stenosis severity,
and downstream resistances, which are related to the patient-
specific myocardium condition. This may lead to a possible differ-
ent flow-split than the healthy bifurcations. However, in our anal-
yses the same flow split was applied as outlet boundary condition
in both healthy and diseased models, in order to investigate exclu-
sively the impact of coronary bifurcation geometric features on
intravascular and near-wall hemodynamics. In principle, inflow
boundary condition is affected by the local resistance at the steno-
sis: however, previous studies demonstrated that a variation in the
inflow occurs for stenosis severity greater that 70% (Pietrabissa
et al., 1996). Moreover, the vessel wall was assumed as rigid. This
assumption may lead to an overestimation of the TAWSS (Dong
etal., 2015; Malvé et al., 2012), even though the TAWSS spatial dis-
tribution remains substantially similar between rigid-wall and
fluid-structure interaction approaches (Malve et al., 2012). Finally,
the cardiac-induced motion of the coronary bifurcation was
neglected, as previous investigations reported it as only moder-
ately influencing near-wall coronary hemodynamics (Hasan et al.,
2013; Prosi et al., 2004; Theodorakakos et al., 2008; Zeng et al.,
2003).

5. Conclusions

In this study, CFD simulations were performed on a population-
based, idealized model of stenosed and unstenosed coronary bifur-
cations to evaluate the impact of peculiar anatomic features (bifur-
cation angle and curvature) on local hemodynamics. Results show
that bifurcation angle has a minor effect on the calculated hemody-
namic variables in both healthy and diseased cases. Instead, curva-
ture radius influences the generation and transport of helical flow
structures. Smaller curvature radius is associated with higher
helicity intensity in both healthy and diseased cases, with the dis-
eased bifurcation models exhibiting helicity intensity values one
order of magnitude higher than the corresponding healthy cases
due to the stenosis presence. Furthermore, curvature radius mod-
erately affects the near-wall hemodynamics of the diseased cases.
In detail, smaller curvature radius leads to larger lumen area
exposed to low TAWSS and smaller lumen area exposed to high
OSI and RRT.

In conclusion, the proposed controlled benchmark allows inves-
tigating the effect of various geometrical features on local hemody-
namics, highlighting that cardiac curvature influences near wall
and intravascular hemodynamics, while bifurcation angle has a
minor effect.
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