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Abstract—The purpose of the present study was to determine
whether in vivo bifurcation geometric factors would permit
prediction of the risk of atherosclerosis. It is worldwide
accepted that low or oscillatory wall shear stress (WSS) is a
robust hemodynamic factor in the development of athero-
sclerotic plaque and has a strong correlation with the local
site of plaque deposition. However, it still remains unclear
how coronary bifurcation geometries are correlated with
such hemodynamic forces. Computational fluid dynamics
simulations were performed on left main (LM) coronary
bifurcation geometries derived from CT of eight patients
without significant atherosclerosis. WSS amplitudes were

rosis could be clinically performed, but also showed that
tortuosity of LM-LAD coronary branch could be used as a
surrogate marker for the onset of atherosclerosis.

Keywords—CFD, Wall shear stress, Hemodynamics, Tortu-

osity, Coronary bifurcation, Atherosclerosis.

ABBREVIATIONS

accurately quantified at two high risk zones of atherosclero- AR AD/LM Area ratio = LAD?2 section area
sis, namely at proximal left anterior descending artery (LAD) divided by LM2 section area

and at proximal left circumflex artery (LCx), and also at AR A tio = LCX2 .

three high WSS concentration sites near the bifurcation. LCx/LM rea ratio X~ section area
Statistical analysis was used to highlight relationships divided by LM2 section area
between WSS amplitudes calculated at these five zones of CFD Computational fluid dynamics
interest and various geometric factors. The tortuosity index WSS Wall shear stress

of the LM-LAD segment appears to be an emergent
geometric factor in determining the low WSS amplitude at
proximal LAD. Strong correlations were found between the
high WSS amplitudes calculated at the endothelial regions
close to the flow divider. This study not only demonstrated
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Pyir Coronary bifurcation point

PLS Percentage luminal stenosis

Tortuosity; ap.r.cx Tortuosity of the LAD + LCx
arterial segment near the
bifurcation

Tortuosity; m.pap Tortuosity of the LM + LAD

arterial segment near the

bifurcation

Tortuosity of the LM + LCx

arterial segment near the

bifurcation

Tortuosity; m-r.cx

oL M—LCx Angle between LM and LCx
branches (unit: °)
ULM—LAD Angle between LM and LAD

branches (unit: °)

it Bifurcation angle defined as the
angle between LAD and LCx
branches (unit: °)

INTRODUCTION

Wall shear stress (WSS) is a potent hemodynamic
factor in the development of atherosclerotic plaque.
Several existing techniques—including intravascular
ultrasound (IVUS),?*** optical coherence tomography
(OCT),* magnetic resonance imaging (MRI),***’
and computer tomography (CT)’ are routinely used to
image coronary plaques. New emerging techniques are
now capable of measuring coronary artery blood flow
in vivo. This was successfully demonstrated by Oshin-
ski’s group,'” as they were able to measure velocity
profiles of blood flow in the right, left anterior
descending, and left circumflex coronary arteries using
phase contrast magnetic resonance imaging (PC-MRI).
Such non-invasive measurements provide a powerful
tool to initiate computational fluid dynamics (CFD)
simulations and permit the quantification of wall shear
stress (WSS) amplitude, which has been shown to
correlate with the local site of plaque deposition.* The
development of atherosclerotic plaques near coronary
artery bifurcations and more specifically, at sites of low
wall shear stress (low-WSS) (i.e., zones where WSS is
smaller than approximately 1 Pa), has been well
established in literature."*%!"'7* Endothelial shear
stress plays an important role in the initiation, growth,
and progression of the atheroma lesion.>?” Moreover,
WSS spatial distribution has been proposed in clinics
as robust surrogate marker of arterial regions vulner-
able for atherosclerosis.'' The coronary artery geom-
etry (vessel tortuosity, curvature, lumen area, radius,

etc.) also plays a direct role in WSS spatial distribu-
tion, which can alter the occurrence of plaque forma-
tion.”® Several CFD studies have explored the effects
of arterial geometry on shear stress measurements by
generating either idealized models®******* or imaged-
based coronary geometries reconstructed from various
imaging modalities including CT,”> MRI,'* and IVUS
coupled to biplane coronary angiography.''*%%’
However, these are normally focused only on hemo-
dynamic aspects, evaluating the WSS and trying to
correlate it with atheromatous pathologies.''*'% Al-
though idealized geometry studies of arterial bifurca-
tion models were used initially to provide valuable
insight to the distribution of shear stress, the need for
realistic arterial geometry in predicting sites of ath-
erosclerosis (in a clinical setting) remains neces-
sary.**® Stone er al. demonstrated the potential
benefit of 3D reconstruction of patient arterial geom-
etry, as they were able to correlate regions of low WSS
to the progression of atherosclerosis and outward
remodeling.*” Vessel tortuosity has been associated to
abnormal development or vascular disease.'> With the
advance of imaging technology, tortuous vessels can be
easily detected and various forms have been reported
in clinical researches, most commonly curving/curling,
angulation, twisting, looping and kinking vessels.***
While mild tortuosity is a common anomaly without
clinical symptoms,'® severe tortuosity can lead to var-
ious serious symptoms. Clinical observations have
linked tortuous arteries and veins to aging, athero-
sclerosis and hypertension among other diseases.”'®
However, the mechanisms of tortuous vessel formation
and development are still poorly understood.'® In
addition, no studies have been conducted regarding the
relationship between physiological tortuosity and ath-
erosclerosis exposure. Only few studies have success-
fully correlated geometrical factors to hemodynamic
quantities. In particular the group of Steinman and
coworkers has realized an extensive work in this sense
for carotid artery.®?%*'*?> Therefore, the mechanisms
of vessel tortuosity and its relationship with cardio-
vascular diseae need careful investigation. While many
biological, animal and clinical studies have explored
the relationship between low-WSS, plaque initiation
and lesion location.>*”*? to our knowledge no clinical
or numerical study has investigated the relationship
between WSS amplitude and coronary bifurcation
geometric factors—specifically, the relationship of
patient-specific left main (LM) coronary bifurcation
geometry and hemodynamic forces. Therefore, the
goal of the present study is to determine whether
in vivo arterial geometric factors could be used in
clinics to predict the risk of atherosclerosis in distinct

sites of coronary bifurcations.
% QEDICAL E&EE§NG SOCIETY™

www.bmes.org



84 MALVE et al.

MATERIALS AND METHODS

Study Population, 3D Reconstructions and Geometric
Indexes

From a population of coronary disease patients
examined by CT (Philips CT 16-channel scanner),
subjects with minimal luminal coronary stenosis were
identified and were subsequently enrolled for this
study. In particular, coronary bifurcation of eight
subjects (n = 8) were identified. These subjects (6 males
and 2 females, mean age 48.8 £9 years, range 40—
67 years) were patients with percentage of vessel
remodeling lower than 40%. Table 1 mentions the
presence of plaques at the LM, LAD and LCx bran-
ches. Figure 1 presents the 3D reconstructions of the
eight coronary bifurcations analyzed in this study.
Their geometric features were summarized on Table 1.
Our measurements shown that for each patient the
sum of the three bifurcation angles remains almost
constant and close to 360° (mean =+ SD equal to
357.4 + 3.24°) indicating that at the level of the bifur-
cation site the three coronary branches LM, LAD and
LCx were quasi-coplanar. Therefore, statistical
regression analyses were conducted with two angles
only, namely o;r and o v—cx. Based on the findings of
Glagov et al.,"? coronaries enlarge in response to lesion
growth while atherosclerotic lesion lumen area, on the
other hand, remains almost constant until the per-
centage of vessel remodeling exceeds approximately
40%. Patients with higher vessel remodeling were dis-
carded. Thus, using this set of bifurcations we recon-
structed the associated idealized healthy Iuminal
coronary bifurcation geometry for each patient. CFD
simulations were then performed on these hemody-
namically idealized nonpathological bifurcations (i.e.,

with normal luminal geometries). This research pro-
tocol was approved by the Internal Review Board of
NIH Clinical Center and patient consent.

CT Image Analysis: 3D Coronary Bifurcation
Reconstruction and Plaque Detection

From each patient’s CT images, presence of ather-
omatous plaque in the LM, LAD and LCx branches
was analyzed using imaging Aze software (Aze, Ltd,
Tokyo, Japan). From the CT sequence of each patient,
the centerlines of the left main (LM), left anterior
descending (LAD), and the left circumflex (LCx)
arteries, as well as the spatial distribution of the
luminal radius, were automatically digitized using Aze
software. The centerline of a vessel was defined as the
line which connects the luminal centroids of each 2D
vascular cross-section (Fig. 2a). Polynomial interpo-
lations were made on each centerlines to extract the
bifurcation point (i.e the intersection point of these
three centerlines) needed for the 3D reconstruction
process (Fig. 2b). Based on both, diastolic CT images
and the results presented by Nissen er al.*> showing
that at coronary sites of normal subjects the lumen was
nearly circular, 3D reconstructions of the coronary
bifurcations were numerically modeled by assuming
circular cross-sectional lumen area (Fig. 2b). To avoid
all potential computational singularities for our CFD
calculations which could be induced by a non uniform
surface reconstruction, a b-spline surface was created
using the 3D CAD software SolidWorks (Dassault
Systemes SolidWorks Corp., Waltham, MA, USA)
(Fig. 2c¢). Such reconstructed surfaces exhibit better
continuity between adjacent cross-sections.

TABLE 1. Measured geometric indexes and plaque locations of the eight studied coronary bifurcations explored by CT scans.

Patient # 1 2 3 4 5 6 7 8 Mean + SD
Diameter;y (mm) 4.7 4.76 4.28 4.53 3.94 4.21 5.5 6 -

Diameter ap (mm) 3.765 3.378 3.48 4.8 2.9 3.66 4.76 3.5 -

Diameter cx (mm) 3.24 3.05 3.45 2.72 3.587 3.8 3.64 34 —

Tortuosity; m-Lap (%) 3.91 0.42 4.75 0.28 6.17 1.95 0.48 7.39 3.17 £ 2.79
Tortuosity; m_Lcx (%) 30 31.62 51.31 44.45 35.86 16.74 6.83 16.78 29.20 + 15.03
Tortuosity; ap—Lcx (%) 52.45 49.26 35.80 28.41 39.70 60.35 135.49 35.42 54.61 £+ 34.31
AR AD_1m (%) 97.32 82.65 72.95 92.57 119.11 105.29 97.10 83.19 93.77 + 14.49
AR cx_Lm (%) 60.11 61.06 69.38 63.33 83.49 88.03 58.74 75.54 69.96 + 11.26
i (°) 88.50 84.39 93.50 101.01 79.81 75.22 44.07 87.29 81.72 £ 17.15
oum-Lex (°) 96.54 96.38 83.70 81.66 106.83 110.35 140.27 117.25 104.12 +£ 19.14
o m-tap (°) 172.31 175.91 172.69 177.24 171.87 173.69 175.39 153.39 171.56 + 7.58
Plague at LM, LAD, LCx (1,1,1) (0,1,1) (1,1,0) [*] (1,1,1) (1,1,1) (1,0,0) (1,1,1)

AR ap/m and AR ¢y are the area ratios LAD/LM and LCx/LM, respectively. oy is the bifurcation angle (i.e., the angle between LCx and
LAD segments). o m-1cx and o v-1ap are the angles between the LM and LCx segments and LM and LAD segments, respectively. The
symbol * indicates that clinical plaque location examination was not performed for this patient. The Medina classification of bifurcation lesions
was used®® (where 1 and 0 indicate the presence and absence of plaque, respectively).
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FIGURE 1.

Quantification of Geometric Indexes

Each 3D coronary bifurcation was subjected to a
geometric identification by using similar definitions
and approach as described by Lee ef al.’® and Thomas
et al*" As illustrated in Fig. 3b, starting from the
bifurcation point (Ppy) and following the luminal
centerlines, the three first circular cross-sections LMO,
LADO and LCxO0 inscribed in each branch LM, LAD
and LCx, respectively were drawn. While the geometric
indexes were defined on the restricted bifurcation
geometry (limited by the cross-sections LM2, LAD?2
and LCx2, Fig. 3b), the CFD analysis was performed
on the entire coronary bifurcation (Fig. 3a). The length
of each arterial branch of the restricted geometry was
assigned to be twice the diameter of their first inscribed
cross-sections LM0, LADO and LCx0 of center CLMO,
CLADO and CLCx0, respectively. Two angles, the
bifurcation angle oy; (i.€., angle between the segments
Prir—Crcxo and Ppi—Cpapo) and the angle between the
segments Ppi—Crmo and PuiCrexo (dLm-Lcx) were
then measured (Fig. 3b). Tortuosity was computed for
each branch separately and for couples of arterial
segments as computed for idealized cerebral arteries by
Zakaria et al.*® In particular, two tortuosities namely
Tortuosity; m.pap and Tortuosity; m.pcx Were also
measured for the arterial segments LM2 + LAD?2 and
LM2 + LCx2, respectively. Tortuosity index (in %)
was defined as the percent ratio 100 - (d/L — 1), where
d is the total length of the coronary artery segment and
L is the shortest distance (Fig. 3c). Two proximal area
ratio indexes ARy ap;im and AR cxm (in %) were
also calculated which corresponded to the ratios
(100 - LCx2 section area/LM2 section area) and
(100 - LCx2 section area/LM?2 section area), respec-
tively. Finally, luminal centerlines were used to calcu-
late the radius of curvature of each branch of the

LM

LCx
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Patient # 3

M Patient # 4

LAD

Patient # 7 Patient # 8

LM

3D reconstructed geometries of the left main coronary bifurcations based on CT scans of eight patients.

coronary bifurcation. This computation was per-
formed using the aforementioned CAD software Sol-
idWorks selecting in the software tool three
consecutive centerline points and selecting the middle
one as center of the arch.

Computational Fluid Dynamics

Steady state blood flow was simulated for each
coronary bifurcation geometries. The mesh generation
was performed using the commercial software Ansys
Icem CFD v.14.0 (ANSYS Inc., Canonsburg, PA,
USA). All coronary bifurcation geometries were me-
shed with quadratic tetrahedral finite elements (FE).
For each case, approximately 400,000 tetrahedral FE
were considered with special refinement near the sites
of interests, i.e., around the bifurcation point (Fig. 2d).
To find the optimal tetrahedral FE sizes, a sensitivity
analysis was initially performed to evaluate different
grid refinements. Velocity profiles at the three coronary
branches were computed for different grids and for the
geometry of patient #1 in order to get a relation
between discretization error and element size, and
hence, an estimation of the required element size.
Velocity profiles showed to differ less than 3% when
computed by means of grids bigger than 400,000 ele-
ments so that, for reason of computational time the
aforementioned grid was selected for the rest of
geometries. The optimal FE sizes obtained were
approximately 0.6 and 0.12 mm for the internal volume
and sub-endothelial layer, respectively. For the sub-
endothelial layer next to the bifurcation zones the FE
size was close to 0.2 mm (Fig. 2d). The CFD simula-
tion was performed using a commercially available
finite element analysis software ADINA (ADINA
R&D Inc., Watertown, MA, USA). The blood rheology
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FIGURE 2. 3D reconstruction of the coronary bifurcation. (a) CT view of the left main coronary bifurcation. The square indicates
the studied region. (b) lllustrations of the circular cross-sectional lumen areas and centerlines of the LM, LAD and LCx branches
used for the 3D reconstruction. (c) Resulting b-spline surface used for the CFD. (d) Numerical grid used for CFD simulations

performed on the left main coronary bifurcation of the Patient #1.

was assumed Newtonian for this study.?®?! Johnston
et al*® demonstrated in fact that the effect of non-
Newtonian rheology is important only at small veloc-
ities. From literature, a blood density of 1008 kg/m***
and blood viscosity of 3.5 x 1072 Pa's was imple-
mented in the model.> As no patient specific coronary
flow rate measurements were available, the inlet
velocity of the LM branch was computed starting from
the coronary flow measured by Sankaranarayanan
et al.>® The blood flow velocity was obtained at each
branch for each bifurcation using the inlet diameter
obtained from of the eight patients and the average
measured flow. To estimate the flow-rate in each outlet
(LAD and LCx) branch, Murray’s law was utilized.”'
The velocity at each outlet was computed using the
outlets diameters for each bifurcation. Finally, in order
to provide fully developed flow inside each coronary
model, a 5-inlet and 15-outlet extensions were added to
the three model extremities.”> Although straight, the
extensions facilitate the flow dynamic solution and
their influence on the flow and on the WSS would be
appreciable only in the regions near the reconstructed
model inlet and outlets. In the region of interest, i.e., at
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the restricted bifurcations, less influence is expected on
the hemodynamics variables due to the several diam-
eters which separate the location where the boundary
condition are imposed from the location of the bifur-
cation. Five zones of interest were explored specifi-
cally, as they represent areas of low and high shear
stress values. From each site of interest five WSS
amplitudes were collected: two minima at proximal
LAD (region #5, Fig. 3c) and proximal LCx (region
#2, Fig. 3c) corresponding to low WSS amplitudes
(labeled low-WSSy op and low-WSS; ¢, respectively)
and three maxima at proximal LAD (region #4, Fig.
3c¢), proximal LCx (region #3, Fig. 3¢) and LM branch
(region #1, Fig. 3c) corresponding to high WSS
amplitudes (labeled high-WSS; \r , high-WSS; op and
high-WSS; ¢, respectively).

Statistical Analysis

To test predictability of WSS amplitude, a linear
regression analysis was conducted between sites of
interest. Similar regression analysis was then per-
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®) LAD2
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LM-LCx

LCx2

(©) LAD2

LCx2

FIGURE 3. Definition of geometric parameters. (a) Reconstructed coronary bifurcation of Patient #1 used for the CFD simulations.
(b) Associated restricted geometry used to define the geometric indexes. (c) Locations of the five regions of interest (region #1-5)
in which the WSS amplitudes were obtained. Regions #1, 3 and 4 are sites of high WSS while region #2 and 5 are sites of low WSS.
The tortuosity of the LM2+LCx2 coronary artery segment is given by the ratio 100 x (d — L)/L, where d = d1 + d2 is the total length

of the coronary artery segment and L is the shortest distance.

formed for prediction of WSS amplitude based on
geometrical indexes. Finally, multiple regression ana-
lysis was conducted to estimate the simultaneous
effects of all geometrical indexes on WSS amplitude
obtained at each site of interest. Only results high-
lighting relevant predictor variables were presented for
the multiple regression study. A commercially avail-
able software package (SigmaStat 3.5, Systat Software,
Inc., Point Richmond, CA, USA) was used to perform
the statistical analysis. Regressions with probability
values p<0.05 and correlation coefficient R> > 0.70
were considered statistically significant.

RESULTS

Wall Shear Stress Distribution

Figure 4 illustrates the WSS spatial distributions
found near the bifurcation for the eight coronary geom-
etries. Since the CFD results near the bifurcations were
similar for all patients, we illustrated in detail the results
obtained for Patient #1 (Fig. 5). Figure 5 shows clearly

the five distinct regions of low and high WSS concen-
trations mentioned previously as illustrated on Fig. 3c.
These regions are produced by changes in velocity field
(compare Figs. 5b and 5¢). From each of these five sites,
the lowest (in regions #2 and 5, see Figs. 3c and 5¢) and
the highest (in regions #1, 3 and 4, see Figs. 3c and 5c)
values of WSS were extracted. As expected, the ana-
tomical sites predisposed for atherosclerotic develop-
ment—i.e., at the level of the bifurcation in the LM region
#2 and LCx region #5 (Fig. 5) displayed low values of
WSS (i.e., WSS values in the range 0-0.6 Pa). Moreover,
three high WSS regions (i.e., WSS values in the range 1.5
to 2.57 Pa) were observed at the level of the bifurcation: in
the LM, proximal LCx and proximal LAD segments (i.c.,
regions #1, 3 and 4 on Fig. 3c).

Correlation Between WSS and Anatomical Coronary
Bifurcation Features

The performed statistical analysis revealed a signif-
icant correlation (R*> = 0.719 and p = 0.008) between
the amplitude of the low WSS at the proximal LAD
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3D view Front view

Patient #3 Patient #2

Patient #4

Patient #5

Patient #7 Patient #6

Patient #8

FIGURE 4. Front views showing the spatial distributions of the computed WSS (unit: Pa) at the level of the restricted left main
coronary bifurcation model of each patient. The 3D views of the coronary bifurcations highlighting both the tortuosities of the
arterial branches and the spatial distributions of the WSS are visible in the first column.

region (low-WSS; ap) and the tortuosity of the LM-
LAD segment (Tortuosity LM-LAD) (Fig. 6), but not
with branch angles, cross-sectional area ratios, vessel
radius and radius curvature. A weak correlation
(R*> = 0.421 and p = 0.082) was found between the low
WSS amplitude computed at the proximal LCx (low-
WSS; ¢«x) and the tortuosity of the LM-LCx segment
(Tortuosity; pm.r.cx). No correlation was highlighted
between the low-WSS;c, and the other geometric
bifurcation indexes defined in this study. Strong cor-
relations (R”>>0.9 and p <0.0002) were found between
the amplitudes of the WSS computed at high WSS
regions (i.e., between high-WSS; \s, high-WSS; op and
high-WSS; ¢x) (Table 2). Moreover, the performed
multiple regressions indicated significant correlations
(R*>*>0.7 and p < 0.01) between these three high WSS
amplitudes and the two angles of the bifurcation,
namely: the bifurcation angle oy and the LM-LCx
segment angle oy v_rcx (Table 3).

DISCUSSION

Studies performed by Fry,'” Caro er al.,” and more re-
cently Malek er al.* highlighting the role of WSS, a deci-
sive hemodynamic factor in the development of
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atherosclerotic plaque, has prompted several CFD simu-
lations, animal experiments, clinical investigations, and
biomechanical studies to investigate the role of WSS dis-
tributions in coronary branch disease.”''’*3 CFD is by
now a recognized tool for improving our understanding of
vascular flow. Quantifying WSS in normal and patholog-
ical disease arteries is a crucial step in predicting the risk of
atherosclerosis and plaque progression.* Although low
WSS has historically been viewed as among the factors that
are determinants of atherosclerosis,”*'**"* no study
hitherto has determined the role of coronary geometric
factors—at the level of the main left coronary bifurca-
tion—in the risk of atherosclerosis. The present study,
based on a combined clinical and computational approach,
investigated the biomechanical interaction between several
geometric bifurcation indexes and WSS amplitudes in five
specific endothelial regions close to the flow divider. One
important question was addressed by this investigation:
What are the key geometric determinants of local risk
factor for atherosclerosis in left main coronary bifurcations
that might be measured by clinicians?

Tortuosity of the LM-LAD Segment an Emergent
Geometric Factor

The minima of the WSS amplitudes computed in the
low WSS concentration site of the proximal LAD of all
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patients (region #5, Fig. 5) were found in the range
0.001 Pa < low-WSS; op <0.6 Pa. The tortuosity in-
dex of the LM + LAD arterial segment, rather than
area ratio or bifurcation angles, has emerged from the
statistical study as the main parameter affecting the

(a)
t 1.78 LM (
= e Patient #1
Z 0.89 Wall
- shear stress
- (Pa) LAD
F 0 LCx
(b)
t 1.78
a LM '
} 0.89
[ Wall LAD
F 0 shear stress
(Pa)

LCx

~
]
~

=
)
=
o]

0.09

Blood \
velocity ikt
0 (m/s) LCx

T

FIGURE 5. Results highlighting the spatial distributions of
WSS (unit: Pa) (a, b) and blood velocity field (unit: m/s) (c) at
the level of the left main coronary bifurcation of Patient #1.
The circles indicate the five sites of interest where WSS
amplitudes where collected (regions #1-5, illustrated also in
Fig. 3c). Regions #1, 3 and 4 are sites of high WSS while
region #2 and 5 are sites of low WSS.

WSS amplitude at the proximal LAD region opposite
to the flow divider (low-WSS; Ap). More importantly,
the statistical analysis performed suggested that low-
WSS ap amplitude (unit: Pa) seemed to be predictable
by the following simple relationship (R? =0.719,
p = 0.008, Fig. 6a):

low-WSSyap = 4 - Tortuosity; y_pap + B (1)

where A and B are two constants equal to —0.064 and
0.404 Pa, respectively. In other words, this result indi-
cates that larger vessel tortuosity, result in smaller
amplitude of the low-WSSy op (Fig. 6a). Interestingly,
vessel tortuosity was also found by Steinman’s group®® as
an emergent geometric index that can be used to predict
disturbed flow in human carotid bifurcations. Previous
works had also suggested an important role for area
ratios,?®*® which is contrary to our finding here. Indeed,
we did not find any correlation between low-WSS; ap
and the measured area ratio indexes AR ap;m and
ARpcxm. This may be due to the fact that all our
patients had similar area ratio amplitudes (means £ SD
equal to 93.77 & 14.49% for area ratio ARy ap;Lm and
69.96 = 11.26% for area ratio AR ¢y m, Table 1).

WSS Amplitude in the Proximal LCx

Although the statistical analysis revealed no corre-
lation between low-WSS; -, amplitude and the mea-
sured bifurcation branch angles (Table 3), we found
that, for all the patients, the low WSS amplitudes
computed in the high risk site for atherosclerosis of the
proximal LCx (region #2, Fig. 3c) ranged from 0.001
to 0.04 Pa. These WSS amplitudes were found always
smaller than those computed in the proximal LAD
(region #5, Fig. 3c). These results agree with the
observation and measurements of Cheruvu er al.®
indicating clearly that the proximal LCx along with the
proximal LAD were the two main zones for athero-
sclerosis.

TABLE 2. Correlations between WSS amplitudes.

Pearson product moment correlation

LOW'WSSLAD HIgh-WSSLM High'WSSLCX High-WSSLAD
Low-WSS| o« 0.123 0.044 0.025 0.0125
NS (0.394) NS (0.618) NS (0.707) NS (0.391)
Low-WSS, ap 0.202 0.213 0.119
NS (0.264) NS (0.251) NS (0.402)
Low-WSS, 0.920 0.939
<0.0002 <0.0002
Low-WSS| o« 0.931
<0.0002

Pearson product moment correlation between the amplitudes of the WSS calculated at the five sites of interest illustrated in Fig. 3c (namely
the low-WSS, ap, low-WSS, ¢4, high-WSS, \y, high-WSS| ap and high-WSS, ¢, amplitudes). Each cell contains first the correlation coefficient

R? and second the p value. NS = Non Significant.
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TABLE 3. Correlations between WSS amplitudes and bifurcation angles.

Model coefficient of the multiple linear regression

R p Opif 1Y LM-LCx p
Low-WSS, ¢y 0.437 NS (0.238) —5.77 x 104 NS (0.302) —7.73 x 1074 NS (0.146)
Low-WSS| ap 0.189 NS (0.593) —1.25x 1072 NS (0.332) —1.06 x 1072 NS (0.356)
High-WSS 0.803 0.017 0.150 0.007 0.134 0.007
High-WSS, cx 0.732 0.037 0.124 0.015 0.111 0.016
High-WSS, ap 0.851 0.009 0.095 0.003 0.086 0.003

Multiple regressions of WSS amplitudes calculated at the five sites of interest illustrated in Fig. 3c (namely the low- WSS, p, low-WSS ¢y,
high-WSS s , high-WSS_sp and high-WSS, ¢, amplitudes), with the bifurcation angles as geometric factors predictors. oy cx is the angle
between the LM and LCx segments. ayj is the bifurcation angle (i.e., the angle between the LAD and LCx segments).

0.8

R2=0.719
p=10.008

o
=N
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~
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o
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o

Low ESS at proximal LAD (Pa)
)
(Y]
/

S
~

S
=N

0 2 4 6 8
Tortuosity of the LM+LAD segment (%)

FIGURE 6. Strong linear correlations found between the low
amplitude of the WSS at the proximal LAD region opposite to
the flow divider (low-WSS, 5p) and the tortuosity index of the
LM+LAD arterial segment (Tortuosity, y_ap).- The confidence
and prediction intervals (area between the internal and
external dashed lines, respectively) were also plotted.

Importance of Coronary Branch Angles in Predicting
WSS Amplitude

Our data demonstrated that the two bifurcation
branch angles oy and opm_pcx Were not particularly
strong predictors of low WSS amplitudes located at
sensitive regions #2 and 5, which was consistent with
the geometric risk study of Lee er al.® While the vessel
tortuosity appears to be a determinant geometric index
for predicting low WSS at proximal LAD region, the
bifurcation branch angles emerged as the main factors
affecting the high WSS amplitudes high-WSS; s, high-
WSS ¢« and high-WSS; sp. All correlation coefficients
were found to be positive, indicating that the larger oy;¢
and oy m.Lcx angles (or smaller angle between the LM
and LAD branches), result in higher values of WSS at
concentration sites #1, 3 and 4 (Table 3). Such finding
agrees with previous computational models suggesting
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the important role for LM-LAD branch angle in WSS
distribution.”! Plaque occurs also at LM sites where
WSS amplitude was found significant [CT images re-
vealed the presence of small plaques in the LM branch
on almost all analyzed subjects (Table 1)]. Since the
amplitude of the WSS are high (>1.5Pa) at such
locations (Figs. 4 and 5), it is legitimate to think that
other factors could be involved in the atherosclerosic
process. In other words, low WSS may not be the only
unique factor responsible for atherosclerosis. A recent
in vivo study has demonstrated the possible role of
strain distribution, as they were able to show that low
intimal strain distribution colocalize with regions of
low WSS.'? Such a study highlights the importance of
simultaneous modeling of strain and shear stress in
studying arterial disease, and predicting sites of the
complex biological process of atherosclerosis.?’

Study Limitations

Although this study presents original and poten-
tially promising concepts for identification of athero-
sclerosis sites, several limitations exists. First, all CFD
simulations were performed under steady and not
pulsatile flow conditions. Although the physics of
pulsatile flow differs from steady flow, the study by
Soulis er al.*® demonstrated that steady flow assump-
tion did not significantly alter the general flow pattern
of their CFD results, and thus will not affect the sen-
sitivity of identified emergent geometric factors to WSS
amplitude highlighted in this study. While the spatial
distribution of the WSS is essentially not affected by
the consideration of steady state simulations, it has to
be noted that the computed values may differ from
those computed through an unsteady state analysis.
These differences are especially important for the
maximal WSS which strongly depends on the coronary
peak flow of the cardiac cycle. Finally, steady state
simulations do not allow the evaluation of indexes such
as time average wall shear stress (TAWSS) or oscilla-
tory shear index (OSI) which nowadays are progres-



Tortuosity of Coronary Bifurcation and Wall Shear Stress 91

sively taken importance for coronary hemodynamics.
Correlation between these indexes and atherosclerotic
plaque locations are out of the aim of this work and
are left for further investigations. Second, although our
simulations were based on real coronary bifurcations
derived in vivo from CT scans, the arterial wall was
simplified to be rigid and the effects of cardiac motion
on the coronary artery hemodynamics was neglected.*
Finally, a small number of patients were considered in
this work. Further studies are needed to extend and
strengthen the current finding. Especially the mathe-
matical relation between the low WSS and the tortu-
osity of the segment WSS;op we found has to
be carefully considered due to the aforementioned
aspects.

Relevance for other Clinical Applications

Identification of high risk zones for atherosclerosis
will lead to future advances in vulnerable plaque
detection technology and potentially to locally ori-
ented preventive strategies. Although, further studies
are needed to extend the current work, our results
could explain why subjects with more pronounced
coronary tortuosity, which is the case for pathophysi-
ology of chronic pressure and volume overload, are
more sensitive to atherosclerosis diseases.'®

CONCLUSIONS

CFD simulation coupled with computer tomogra-
phy were used to investigate the influence of some
geometrical factors of the coronary hemodynamics.
The influence of the curvature ratio, area ratio, tortu-
osity of separated and coupled coronary branches and
bifurcation angles on the WSS amplitude was ana-
lyzed. Statistical analysis for the eight bifurcations was
carried out in order to determine whether these bifur-
cation geometric factors would allow the prediction of
atherosclerosis risk. Tha main finding is that the tor-
tuosity index of the LM-LAD segment appears to be
an emergent geometric factor in determining the low
WSS amplitude at proximal LAD. In fact, we found
strong correlation between the high WSS amplitudes
calculated at the endothelial regions close to the flow
divider. On the contrary, other factors which have been
considered relevant in other studies could not be re-
lated with prediction of atherosclerosis risk. This work
showed that the tortuosity of the LM-LAD coronary
branch could be used as a surrogate marker for the
onset of atherosclerosis.
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