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Wall shear stress (WSS) has been shown to be associated with
myocardial infarction (MI) and progression of atherosclerosis.
Wall elasticity is an important feature of hemodynamic modeling
affecting WSS calculations. The objective of this study was to

investigate the role of wall elasticity on WSS, and justify use of
either rigid or elastic models in future studies. Digital anatomic
models of the aorta and coronaries were created based on coro-
nary computed tomography angiography (CCTA) in four patients.
Hemodynamics was computed in rigid and elastic models using a
finite element flow solver. WSS in five timepoints in the cardiac
cycle and time averaged wall shear stress (TAWSS) were com-
pared between the models at each 3 mm subsegment and 4 arcs in
cross sections along the centerlines of coronaries. In the left main
(LM), proximal left anterior descending (LAD), left circumflex
(LCX), and proximal right coronary artery (RCA) of the elastic
model, the mean percent radial increase 5.95 6 1.25, 4.02 6 0.97,
4.08 6 0.94, and 4.84 6 1.05%, respectively. WSS at each time-
point in the cardiac cycle had slightly different values; however,
when averaged over the cardiac cycle, there were negligible dif-
ferences between the models. In both the subsegments (n¼ 704)
and subarc analysis, TAWSS in the two models were highly corre-
lated (r¼ 0.99). In investigation on the effect of coronary wall
elasticity on WSS in CCTA-based models, the results of this study
show no significant differences in TAWSS justifying using rigid
wall models for future larger studies. [DOI: 10.1115/1.4043722]

1 Introduction

Coronary artery disease is the leading cause of myocardial
infarction (MI) in both men and women [1], accounting for nearly
one-third of deaths in U.S. [2] Prevention of MI is challenging as
over 50% of patients who suffer from acute MI do so without
prior symptoms. [3] Anatomic features such as coronary plaque
volume and high-risk plaque features are predictive of MI [4,5].
However, adding physiological information such as the ratio of dis-
tal to proximal blood pressure across a coronary segment (fractional
flow reserve) [6,7] or tangential hemodynamic stress acting on the
endothelial cells in coronary arteries (wall shear stress (WSS))
[8–10] has been shown to improve prediction of patients risk of MI.

Measurements of physiological pressure and flow conditions in
coronary arteries are usually performed invasively through cathe-
terization and intravascular imaging. Advancement of coronary
computed tomography angiography (CCTA) imaging as well as
high-performance computing now allows for noninvasive image-
based patient-specific modeling and simulation of coronary blood
flow and calculation of physiological condition. Recent trials have
demonstrated the utility and promise of simulation-based assess-
ment of fractional flow reserve in the coronary arteries as an alter-
native to invasive assessment [11,12].

Accurate patient-specific computational fluid dynamics (CFD)
modeling requires accurate boundary condition (BC) specifica-
tion. Therefore, it is of critical importance that BC selection for
these models represents the patient’s physiology as close as possi-
ble. There has been considerable recent attention paid to appropri-
ate BC specification to capture unique features of coronary
physiology, including lumped parameter models that appropri-
ately mimics diastolic dominant flow, in which flow and pressure
waveforms are out of phase due to cardiac contraction. Other
recent work has proposed automated tuning methods for patient-
specific BC determination [13–15].

Coronary arteries are also characterized by dynamic vessel
motion, wall elasticity, and high vessel curvature, though fewer
studies have evaluated the impact of these on computational
hemodynamics predictions. In larger vessels, comparisons of wall
shear stress in elastic versus rigid walls have shown up to 25%
[16], 17% [17], and 4–15% [17,18] difference in the aorta, femo-
ral, and carotid arteries, respectively. Elastic wall modeling has
also been used to study hemodynamics in aortic [19], cerebral
[20,21], and coronary aneurysms [22] as well as bypass grafts
[13]. However, few studies have quantified the impact of wall
elasticity in the coronary arteries. They mainly focused on single
patient-specific models of either the right [23,24] or left coronary
artery [20,25] (with no branches) or idealized models [26,27].
Modeling coronary arteries with elastic walls is computationally
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expensive, more time-consuming, and may not be readily imple-
mented in clinical practice. Therefore, to get around this difficulty
in computational studies with larger participant populations, all
coronary walls were assumed to be rigid [10,28,29].

In addition to predicting myocardial infarction, WSS is associ-
ated with development and progression of coronary atheroscler-
otic plaque in invasive intravascular ultrasound imaging as
revealed by two large clinical trails [10,30]. Reacting to local
WSS, endothelial cells regulate vascular tone, thrombogenisis,
inflammation, and vascular growth and remodeling [31,32]. Dis-
ruption of blood flow patterns in regions such as bifurcations or
highly curved vessels causes endothelial cell response, initiating a
cascade leading to atherosclerosis formation, and vessel remodel-
ing [33,34]. To gain insight into the links between these processes
and patient outcomes, it will require future studies with large
patient cohorts. In support of those efforts, our intent here is to
provide justification for the future choice of either rigid or elastic
models of the coronary artery wall in simulations.

Therefore, the overall goal of this study is to quantify differences
in WSS predictions in simulations with rigid versus elastic walls, in
complete three-dimensional (3D) networks of multiple patient-
specific coronary models based on noninvasive coronary CTA.

2 Methods

2.1 Clinical Data, Coronary Computed Tomography
Angiography Acquisition, and Image Segmentation. Coronary
CTA images of four participants were selected from a completed
randomized controlled trial in participants living with human
immunodeficiency virus with 12 months of atorvastatin to
improve coronary atherosclerosis as measured on CTA [35]. The
selected participants all had moderate stenosis in at least one
artery and the analyses performed in this study were all based on
the coronary CTA images at baseline. electrocardiogram-gated
coronary CTA imaging was performed using a dual source 128-
slice CT scanner (Somatom Definition Flash, Siemens Medical
Solutions, Forchheim, Germany) [36]. All had 600 lg sublingual
nitroglycerin for vasodilation and up to 15 mg IV metoprolol to
achieve a heart rate <65 bpm. 60–100 ml nonionic iodinated IV
contrast (iopamidol 370 g/cm3, Isovue 370) was injected to ensure
homogeneous enhancement of the entire coronary artery tree, fol-
lowed by injection of saline. Each visible coronary artery was seg-
mented to extract the luminal surfaces for hemodynamics
calculation using a semi-automated segmentation software (QAn-
gio CT RE, Medis, Leiden, The Netherlands). Participants’ heart
rate, diastolic, systolic, and mean aortic blood pressure were col-
lected at the time of imaging, and participants’ cardiac output
were calculated retrospectively using SYNGO.VIA—Siemens Medi-
cal Solutions, Erlangen, Germany (Table 1).

2.2 Model Construction and Mesh Generation. Participant-
specific models of the ascending aorta and coronary arteries were
constructed from the segmentations described earlier and com-
bined to form a full 3D anatomic model in SIMVASCULAR, an open-
source package for cardiovascular anatomic modeling, and finite
element simulation.2 [37] An unstructured tetrahedral mesh was
constructed for each using the open source Tetgen package
included in SIMVASCULAR. Branch points and areas of constriction
were assigned to have a finer mesh resolution to capture the flow

details, and the approximate total mesh size for each model was
1.3–2.0� 106 elements. A mesh convergence study was per-
formed for one model starting from 800k elements and went up to
1.3� 106. Time averaged wall shear stress (TAWSS) along the
centerline changed only by 3.2%.

2.3 Physiologic Boundary Conditions
Inlet BC: A custom aortic flowrate waveform for each model was
generated by scaling a generic physiologic waveform obtained
from the vascular model repository [38] to match the participant’s
cardiac output and heart rate provided by the clinical data.

Outlet aortic BC: A Windkessel RCR (R: resistance, C: capaci-
tance) boundary condition was prescribed at the aortic outlet. The
three elements of the Windkessel model consist of a proximal
resistance (R) accounting for the viscous resistance of the down-
stream aorta, a capacitor (C) modeling the vessel compliance of
the downstream vasculature, and a distal resistance (R) accounting
the capillaries and venous circulation resistance.

Outlet coronary BC: A modified lumped parameter model was
used to model the out of phase nature of coronary flow and pres-
sure waveforms, which was previously described [15]. This model
includes the intramyocardial pressure, which enforces the coro-
nary circulation to be out of phase with the systemic circulation.

In all models, the coronary and aortic resistances were tuned
such that the total coronary flow was approximately 4% of total
cardiac output [39]. Resistances of the individual coronary outlets
were weighted to be inversely proportional to their outlet area. In
addition, the capacitance values were assigned to match previ-
ously reported ratios for the coronary arteries on the left and right
side [15,40]. All resistance and capacitance values were iteratively
tuned by running successive simulations until target participant
physiological measurements listed in Table 1 and coronary flow
ratios were well matched to be within 4.40 6 1.30% of the total
inlet flowrate. The resulting models successfully captured typical
physiological flow features of the coronary circulation (Fig. 1).

2.4 Numerical Methods. Blood was modeled to be a non-
Newtonian fluid with dynamic viscosity of 0.04 g/(cm s) and den-
sity of 1.06 g/cm3. Simulations were performed for six full cardiac
cycles to ensure independence from initial conditions. All the
analyses were performed over the last cardiac cycle.

Rigid wall modeling: The incompressible weak form of the
Navier–Stokes equations (Eq. (1)) were solved in the fluid domain
for rigid wall models to find v; pf g 2 Vf such that 8fw; qg 2 Wf

ð
X

w � ðqv;t þ qv � rv� fÞdX ¼
ð

X
w � �rpþrsð Þ � rq � vdX

(1)

where q is fluid density, f is the body force, superscript f denotes
the fluid domain, V is the trial solution space, W is the trial weigh-
ing space, s is the shear tensor, and w and q are the weighting
function for the momentum and continuity equations,
respectively.

The numerical solution was performed using the svSolver finite
element solver from the SIMVASCULAR project, which uses the
generalized-alpha method [41] for second-order time discretiza-
tion, linear tetrahedral elements in space, and SUPG stabilization
[42]. Backflow stabilization [43] was used to prevent divergence
due to flow reversal at the outlets, and the bipartition method [44]

Table 1 Participant information at the time of scan

Systolic blood pressure (mmHg) Diastolic blood pressure (mmHg) Stroke volume (ml) Heart rate (bpm)

Participant 1 142 88 82.9 51
Participant 2 129 73 95.0 55
Participant 3 102 68 99.9 56
Participant 4 132 78 97.0 77
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with resistance-based preconditioning was employed for solution
of the linear system resulting from finite element discretization.
Implicit 0D/3D [45] coupling was used at the outlet boundaries.

Fluid–structure interaction (FSI)-wall modeling with the
coupled momentum method (CMM-FSI): The elastic walls were
modeled using CMM-FSI designed for modeling deformation of
blood vessels in response to hemodynamic forces described in
details in Figueroa et al. [46]. Briefly, this method couples the
equation of deformation of the vessel wall at the variational level
as boundary condition for the fluid domain replacing the no-slip
boundary condition by a traction (i.e., Neuman) condition (Eq.
(2)). Cw represents the wall boundary, and the traction force is
represented by t

f

�
ð

Cw

w � tf dCw (2)

Therefore, expression for the unknown traction will be derived
through the linear elastodynamic vessel wall equations. The wall
stress is considered to be uniform through the thickness, assuming
the vessel wall is thin and hence, the hemodynamic forces from
the blood are then imposed as a body force in the linear elastody-
namics equations of the wall. Using the same Eulerian frame, the

degrees-of-freedom of the wall displacement are strongly coupled
with the degrees-of-freedom of fluid, resulting in a monolithic for-
mulation for the FSI problem on a fixed mesh. The resulting weak
form of the CMM-FSI formulation is given as

ð
X
fw � qv;t þ qv � rv� fð Þ þrw : ð�pI þ sÞ �rq � vgdX

�
ð

Ch

w � h dChþ
ð

Ch

qvn dCh þ
ð

Cg

qvndCg

þ f
ð

Cs

fqsw � v;t þrw : rsgdCs þ f
ð
@Ch

w � hs@Ch

þ
ð

Cs

qvndCs ¼ 0

(3)

where Cg represents the fraction of the boundary where the given
velocity field is represented by g as Dirichlet condition and is pre-
scribed. Ch represents Neuman boundary typically an outflow
boundary, and the traction h can be calculated. Cs represents the
lateral boundary of the fluid domain which represents the interface
with the vessel wall. The wall material properties were considered
to be uniform along all coronary 3D model with the following

Fig. 1 Coronary model with lump parameter network boundary conditions at the outlets and an inflow wave-
form at the inlet
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values which are in the range of previously reported values in the
literature [47,48]: uniform wall thickness of t ¼ 0:05 cm, a
Young’s modulus of E ¼ 106 Pa, wall density of d ¼ 1:0 g/cm2,
and Poison’s ratio of � ¼ 0:5 and a shear constant of k ¼ 0:83.

2.5 Shear Stress Calculation. Instantaneous shear stress was

calculated by sw ¼ ldv
dyjy¼0 and TAWSS by: TAWSS ¼

1=T
Ð T

0
swj jdt; where T is the cardiac cycle. Here, we calculate

TAWSS because the time scales of some pathophysiological
response to local hemodynamics such as vascular remodeling or
changes in wall composition require many cardiac cycles. Time-
averaged over cardiac cycles mimics this phenomenon.

2.6 Statistical Analysis. To compare the shear stress calcu-
lated at each vessel and to perform a point by point and accurate
comparison between the rigid and FSI wall models, each vessel
was divided into 3 mm subsegments, where area-averaged
TAWSS was calculated (Fig. S1A available in the Supplemental
Materials on the ASME Digital Collection). In addition, we calcu-
lated TAWSS for each quadrant in the arterial cross section to

investigate the role of wall elasticity at curved arteries in com-
puted TAWSS calculation (Fig. S1B available in the Supplemen-
tal Materials on the ASME Digital Collection). A linear
regression model was fit to assess the correlation between
TAWSS calculated in rigid and FSI models, and a two-sample stu-
dent t-test was used to report significance of this correlation. A
two-sided p-value< 0.05 was considered to be significant.

3 Results

3.1 Wall Displacement Patterns in Fluid–Structure
Interaction Models. Wall deformation patterns were examined
in the FSI models, as shown in a representative case in
Fig. 2(a)–2(f), where the displacement (defined as total elastic
motion of the vessel wall in response to blood flow) in the whole
coronary artery network is presented at peak left coronary flow,
midsystole, peak systole, early diastole, and mid-diastole, and time-
averaged over the last cardiac cycle. The maximum over all dis-
placement (accounting for transversal motion) was 0.97 cm in the
aorta and 0.57 cm in the left main (LM) among all the branches
including the left anterior descending (LAD), left circumflex
(LCX), and right coronary artery (RCA) branches. It is important to

Fig. 2 Displacement ((a)–(f)), wall shear stress contours in the FSI model ((g)–(l)), and rigid model ((m)–(r)) in 3D for a repre-
sentative case. The contours are shown for participant 1 at midsystole (s), peak RCA flow (t), peak aortic pressure (u), peak
LAD flow (v), and mid-diastole (w) in the cardiac cycle and time averaged through one cardiac cycle. Displacement of each cor-
onary network is shown with respect to the original form (shown in gray). LAD: left anterior descending, RCA: right coronary
artery.
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note that the displacement reported here does not account for the
coronary motion associated with the cardiac contraction. Hence,
the total displacement in the coronaries is due to rigid body motion
of the coronary ostium from radial expansion of the ascending aorta

as well as the radial change of coronary arteries. The calculated
maximum percent radial change (defined as the percent change
between the CMM-FSI radius and the reference geometry) at LM,
proximal RCA, LAD, and LCX did not exceed 5.72 6 0.92%

Fig. 3 Percent radial displacement differences in the left main (a), proximal left anterior descending (pLAD) (b), proxi-
mal left circumflex (c), and proximal right coronary artery (d). The values of % radial change in a cardiac cycle in pLAD
matches the literature value reported in Numao et al. [52] and Cho et al. [53]. The maximum percent difference (6.9%)
does not exceed the 10% limitation of CMM methodology.

Fig. 4 TAWSS in complete coronary network of four participants for rigid (upper panel) and FSI (lower panel) models

Journal of Biomechanical Engineering FEBRUARY 2020, Vol. 142 / 024503-5



during the cardiac cycle (Figs. 3(a)–3(d)). Larger coronary arteries
demonstrated higher displacement values.

3.2 Wall Shear Stress Pattern. Wall shear stress at five dif-
ferent time points (as explained above) as well as TAWSS are dis-
played for FSI (Figs. 2(g)–2(l)) and rigid (Figs. 2(m)–2(r)) models
for a representative case. TAWSS values were relatively higher in
the coronary arteries compared to the aorta in both rigid and FSI
models (Fig. 4). In the coronary arteries, sections where the lumen

narrows experienced higher TAWSS whereas low shear stress was
observed before and after the narrowing due to disruption of lami-
nar flow and formation of recirculatory regions. Similarly, low
shear stress was observed at the outer walls of branch points.
Larger vessels had higher WSS difference between the two mod-
els due to the higher displacement in larger arteries.

3.3 Comparison of Rigid Versus Fluid–Structure Interaction.
To better view the 3D shear stress distribution in all vessels

Fig. 5 2D unwrapped map of WSS in pLAD of a representative case (participant 1) at midsystole, peak RCA flow,
peak pressure, peak LAD flow, mid-diastole, and averaged through the last cardiac cycle for the rigid (left column)
and FSI (right column) models. Time points along the cardiac are shown in Figs. 2(s)–2(w). LAD: left anterior
descending, RCA: right coronary artery.

024503-6 / Vol. 142, FEBRUARY 2020 Transactions of the ASME



circumferentially, an unwrapped WSS contour from the vessel
surface are mapped onto a two-dimensional (2D) rectangle along
the vessel centerline. WSS was generally higher at each time point
at the cardiac cycle in the FSI models compared to the rigid wall
models when viewed in an unwrapped configuration (Figs. 5
(pLAD) and 6 (pRCA)). However, TAWSS had similar spatial
patterns and values in both models. A similar profile was observed
in the 3D models of coronary arteries (Fig. 2). In pLAD where the
luminal narrowing and plaque was present proximally, shear stress
was higher compared to the regions without luminal narrowing

(Fig. 5). With the lumen growing back to its natural diameter, the
higher TAWSS (� 50 dynes/cm2) regions was replaced by low
TAWSS (� 10.5 dynes/cm2). This is due to regions of recirculation
immediately after the stenosis creating flow reversal and low wall
shear stress. Within high WSS region in the luminal narrowing, the
outer wall experienced higher WSS relative to the inner wall.

When divided into 3 mm subsegments (SB), a total of 704 coro-
nary SB was analyzed to perform a head to head comparison of
TAWSS in rigid and FSI models (Fig. 7(a)), there was excellent
Pearson correlation of (r¼ 0.99) and the p-value between the two

Fig. 6 2D unwrapped map of WSS in pRCA of a representative case (participant 1) at midsystole, peak RCA
flow, peak pressure, peak LAD flow, mid-diastole, and averaged through the last cardiac cycle for the rigid (left
column) and FSI (right column) models. Time points along the cardiac are shown in Figs. 2(s)–2(w). LAD: left
anterior descending, RCA: right coronary artery.
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TAWSS calculation was found to be nonsignificant (p¼ 0.5). The
mean values of TAWSS were found to be 15.6 6 10.6 and
16 6 10.5 dyne/cm2 in the rigid and FSI models, respectively.

When divided into 90 deg arcs, in the total of 704 SB, the mean
TAWSS values were (16.3 6 11.7, 16.6 6 11.6; p¼ 0.56),
(15.7 6 10.6, 16.1 6 10.5; p¼ 0.51), (15.4 6 10.4, 15.8 6 10.4;
p¼ 0.50), and (15.7 6 10.9, 16.1 6 10.9; p¼ 0.53) dynes/cm2 for
(rigid, FSI; p-value) models at 0–90, 90–180, 180–270, and
270–360 arc angles. Similar to the SB analysis, there was excel-
lent agreement with Pearson correlations of r¼ 0.99 in all quad-
rants, with no significant differences when comparing the arch
specific values in the rigid and FSI models (Fig. 7(b)).

4 Discussion

In this study, we investigated the role of wall elasticity on
hemodynamics in patient-specific simulations based on coronary
CTA imaging in four patients. CFD patient-specific modeling was
implemented, in which boundary conditions were tuned to match
each participants’ clinical measurements taken at the time of imaging.
The effect of wall elasticity was systematically compared in complete
coronary artery networks with branches and in multiple participants.
Wall shear stress patterns matched to what previous intravascular
ultrasound imaging-based studies [9,10,33] observed where high
WSS was present at the luminal narrowing regions and low WSS was
observed immediately after relatively mild to high stenosis.

The instantaneous values of WSS (at each point of cardiac
cycle) were slightly different when comparing the FSI and rigid
wall models. This can be explained by the presence of wall

deformation, which produces flow and pressure waves which
propagate at a finite speed through the arteries, in contrast to the
rigid cases which produces instantaneous wave propagation. For
example, we saw slightly higher WSS values in the FSI model at
midsystole when the LAD flow is at its minimum (Fig. 5), at
which time the FSI wall reacts to the lack of blood supply and
recoils, resulting in higher WSS values. On the contrary, the rigid
wall catches up with the flow acceleration at peak LAD flow and
the higher WSS propagates faster along the vessel. However,
when looking at the TAWSS, the wave propagation speed effect
dissipates and results in nearly identical TAWSS values along the
vessel in the rigid and FSI models. This is evident in Fig. 7(a),
where a subsegment analysis of TAWSS along the coronary
arteries were compared, resulting an almost perfect match
(r¼ 0.99 and a y intercept of 0.99). The findings are consistent
with observations of prior studies [20,23–25] focusing on single
vessels (i.e., RCA and LAD with no branches) in which TAWSS
values had similar values with slight differences at select points in
the cardiac cycle. In a further analysis, we studied the WSS at
each quadrant in the cross section to test if wall FSI has an effect
in highly curved vessels. Although WSS was higher at the outer
walls (Fig. 7(b)) and lower at the inner walls, this trend persisted
in both rigid and FSI models. Therefore, there was no significant
difference in the arc-averaged TAWSS values in the two models
implying that wall elasticity has a negligible effect in TAWSS cal-
culation in highly curved arteries. This is also consistent with pre-
vious studies comparing WSS values at the inner and outer wall
investigating the effect of wall deformation on WSS [20,26].

Fig. 7 (a) Correlation of TAWSS at each 3 mm subsegment in all four participants with a total of 704 subseg-
ments between the rigid and FSI models. (b) Correlation of TAWSS for four quadrant at each cross section in
the rigid and FSI model. TAWSS had an excellent correlation of r 5 0.99 in both subsegment and subarc analy-
sis. (c) TAWSS comparison between the rigid wall model and an FSI model with Young’s modulus of E 5 105 Pa.
In total of 170 3 mm subsegments, the Pearson correlation between the calculated TAWSS in the rigid and FSI
models was r 5 0.99.
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Limitations: In this study, we assumed blood to be a Newtonian
fluid; this is a valid assumption in arteries larger than capillaries
where the shear rate is relatively low for blood to behave as a
Newtonian fluid.

Another limitation is the selection of CMM-FSI to model the
fluid–structure interaction. The arbitrary Lagrangian–Eulerian
(ALE) models are considered to be the “gold standard” models for
deformable wall simulations. These models are significantly more
computationally expensive, however, the CMM-FSI has been
shown to be reliable and with comparable accuracy of ALE-FSI
models for modest membrane-mode displacements (<10% of ves-
sel radius) [49]. The percent radial displacement does not exceed
6.9% (in LM) through the cardiac cycle in all the vessels which is
consistent with the CMM-FSI modeling assumption (Fig. 3). In
addition, CMM-FSI modeling has been used in other studies to
model deformable walls in coronary arteries [13,50,51]. Further-
more, with this CMM model we were able to capture the radial
change in proximal arteries (i.e., pLAD, pRCA, and pLCX) within
the range reported in literature [52,53] (Fig. 3(b)). Selection of
uniform wall thickness and material properties (homogeneous iso-
tropic) in both the aorta and coronary arteries is another limitation
of this study. Studies in aortic aneurysms [54] and atherosclerotic
coronary arteries [55] have shown that including anisotropic mate-
rial models predicted higher wall stress compared to isotropic
materials. This suggests that incorporation of anisotropic material
models is likely to make the artery less deformable and would fur-
ther accentuate the insignificance of FSI on coronary hemodynam-
ics. To test how Young’s elastic modulus effect TAWSS, an
additional sensitivity analysis was performed in participant 1. We
repeated the FSI simulation with the elastic modulus one order of
magnitude lower than what is selected in all simulations (i.e.,
E¼ 105 Pa versus E¼ 106). In total of 170 3 mm subsegments
(Fig. 7(c)), the Pearson correlation between the calculated
TAWSS in the rigid and FSI models were r¼ 0.99 (slope of 0.97
and y-intercept of 0.097). The later analysis shows that reducing
the Young’s modulus by ten times does not change TAWSS val-
ues, significantly. In addition, we chose a wall thickness of
0.05 cm for coronary arteries, which is consistent with reported
values in literature [56]. However, although the ascending aorta
has about double the wall thickness than the coronaries [57], we
assumed the aorta to have the same thickness since the target ves-
sels were coronary arteries and we only included a small portion
of the aorta in our model. Adding variable wall thickness and
material property may be implemented in future studies. In addi-
tion, the material model was considered to be a linear elastic
model; however, other more realistic nonlinear models in coro-
nary arteries have been previously [58]. Furthermore, as men-
tioned in the Results section, the wall displacement reported in all
FSI models include the rigid body motion to the aortic contraction
and does not account for cardiac contraction motion. Finally, fixed
boundary condition may have an effect of adding artificial wave
propagation effects, though this effect would be larger with larger
deformations. However, from inspection, the effects of clamping
the outlets are limited to a fairly small region near the outlets.
Future work may be done to inspect on the effect of fixed bound-
ary condition on calculation of TAWSS.

In conclusion, the focus of this study was to investigate on the
effect of coronary wall deformability in calculation of wall shear
stress in coronary CTA-based participant specific CFD modeling.
Our models show no significant differences in time-averaged wall
shear stress justifying using rigid wall models for future larger
population studies.
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