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Abstract: Numerous studies have shown a correlation between WallrStesss (WSS) and atherosclerosis, but
few have evaluated the reliability of estimation methods mreasures used to assess WSS, which is the subject of
this work. A subject specific vessel model of the aortic ansti thoracic aorta is created from MRI images and
used for CFD simulations with MRI velocity measurementsnéet iboundary condition. WSS is computed from
the simulation results. Aortic WSS shows significant spatsawell as temporal variation during a cardiac cycle,
which makes circumferential values very uninformatived approximate estimates using Hagen-Poiseuille fails
predict the average WSS. Highly asymmetric flow, especialthe arch, causes the spatial WSS variations.
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1 Introduction

Wall Shear Stress (WSS), the frictional load from the

blood on the vessel wall, and its role in the genesis and
progression of atherosclerosis have been subject for

numerous studies since the late 1960's [1, 2, 3, 4, 5]. It
is believed to influence the function of the endothelial
cells [6]; a functional endothelium is of crucial im-

portance to maintain hemodynamic stability, and dys-
functional endothelial cells may for example enhance
uptake of lipoproteins and leukocyte adhesion [7],
thus promoting initiation of an atherosclerotic plaque.
Several studies have found regions with low and/or
oscillating WSS to be more prone to the development
of disease [1, 3, 5]. Recent findings also suggest dif-
ferent properties of atherosclerotic lesions depending
on whether WSS is low or oscillating [8]. Further-

more, if an atherosclerotic plaque ruptures or erosion
injures the covering endothelial cell layer, a coagula-
tion process initiates to heal the damaged wall. High

shear stress now stimulates thrombosis at the site of have hampered a direct use of Eq.

the injury [9], and the growing thrombus may eventu-

ease. According to the definition, Eq. (1), WSS is
obtained as the viscosity times the velocity gradient
normal to the wall at the wall (wall shear rate, WSR).

ov

wall

WSS is, however, frequently computed with Eq. (2)
(or some equivalent equation) [10, 11, 12, 13, 14,
15, 16, 17]; the formula is derived for fully devel-
oped, stationary, laminar flow of a Newtonian fluid
with constant viscosity, in a straight, circular pipe
with constant radiug, and provides a circumferen-
tial average in a cross section with volume flow rate
Q. This particular flow is known as Hagen-Poiseuille
flow [18, 19].

4pQ

w3

WSSip =

(2)

Difficulties to accurately and easily compute WSR
(1) for a long
time, but with increased computer capacity and so-

ally occlude the entire vessel causing severe ischemic phisticated numerical techniques it is now possible to

disease or infarction. Different levels of WSS may
thus be dangerous during different stages of the dis-
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compute a sufficiently detailed flow field, which gives
the necessary WSR.
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Limitations of WSS;» have been addressed ear-
lier [20] but the authors have not found any study con-
trasting circumferential average values in general with
local, subject specific WSS. The aim of this work is to
investigate the information contained in circumferen-
tial average values.

2 Method

Patient specific anatomy and flow data of a 23-year-
old healthy male volunteer (184cm, 83kg) were ac-
quired under resting conditions at the Center for Med-
ical Image Science and Visualization (CMIV) [21]
using a 1.5T MRI scanner (Philip's Achieva, Philips
Medical Systems, Best, the Netherlands). Geometri-
cal information of the aorta was extracted as sagittal
images (in-plane resolution 0.78x0.78mm, slice thick-
ness 1 mm) from a contrast enhanced magnetic reso-
nance angiography and used to construct a geometri-
cal model of the vessel Fig. 1 (Left).

Inlet Velocity

A3

[m/s]

A4

0 0.2 0.4

Time [s]

0.6 0.8

Figure 1. Left: Subject specific model of a human
thoracic aorta. Al, A2, A3, and A4 are planes where
WSS is studied. Right: Average inflow velocity dur-

ing a hear beat.

The procedure followed a semi-automatic work flow
described in [22]. In short, a fast level set segmenta-
tion located the inside of the vessel wall in the images
resulting in a cloud of points approximating the lumi-

nal boundary. The points were smoothed using a 3D
Gaussian smoothing filter of radius 2mm and there-
after joined by a surface mesh [23]. The computa-
tional mesh was constructed with ICEM 10.0 (AN-

SYS, Inc., Canonsburg, Pennsylvania, USA). It con-
sisted of unstructured tetrahedral cells with a maxi-
mum size of 1.2mm. Five layers of prism elements
were inserted at the wall to increase the resolution
in this region. The volume of the vessel model was
67.7cnt and it contained about 1.04 million cells in-

cluding the prism layers. To ensure reliable results,
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grid independence for the WSS [24] was verified by
simulations with finer meshes where the maximum
cell size was decreased to 1mm and 0.8mm without
any effect on the WSS.

CFD simulations of the flow through the ves-
sel were performed using Fluent 6.1.18 (Fluent Inc.,
Lebanon, New Hampshire, USA). Fluent uses a finite
volume method to solve the Navier-Stokes’ equations
that govern the flow. Neglecting body forces, these
equations can be written as

V-V=0 )
a(gtv) +V-(pVV)=-Vp+V-7 (4

whereV is the velocity vectorp the pressurep the
density, andr the stress tensor with components de-
8ui 8uj

termined as
Tij = H (83?] 8951) (5)

The fluid was assumed incompressible, with density
1060kg/nt, and Newtonian, with dynamic viscosity
1=0.00345Ns/rh. All simulations were performed at
National Supercomputer Center [25], on the 400-CPU
Linux cluster Monolith.

Time resolved velocity distribution at the model
inlet (in the ascending aorta) was measured by a
through-plane 2D velocity MRI acquisition (in-plane
resolution 1.73x1.73mm, slice thickness 10mm), also
described in [22], and used as inlet boundary con-
dition. 40 time frames covering one heart beat of
0.92s were extracted from the measurements and cor-
responded to a time step of about 0.024s. To avoid
numerical instability the number of time frames was
doubled (using linear interpolation), reducing the time
step size to 0.012s. Fig. 1 (Right) shows the average
velocity normal to the inlet boundary during a heart
beat.

The measured velocity distribution does in no
way form a fully developed profile, but showed large
spatial and temporal variations. For this reason, a sec-
ond simulation with the same mass flow rate, but with
a fully developed laminar velocity profile at the inlet,
was run for comparison. Rigid walls were assumed
together with a no-slip boundary condition; at the out-
flows the boundary condition ensured conservation of
mass, and specified the fraction of fluid leaving each
outlet: 10% in the brachiosephalic trunk, 5% in each
of the left common carotid artery and the left sub-
clavian artery, while 80% of the fluid continued to
the abdominal part. During the first simulated car-
diac cycle, especially before peak systole, WSS was
affected by the initial condition of zero velocity in the

Issue 10, Volume 3, October 2006



WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE

entire computational domain, while no significant dif-
ferences were found between the second and third cy-
cle; all values for the analysis were taken from the

second cardiac cycle. Four cross sections were se-

lected for the analyses, and they were denoted Al, A2,
A3, and A4, respectively, see Fig. 1 (Left). Al, A2,
and A3 were chosen in accordance with suggestions
in [26] (Al: aortic arch entrance, A2: mid aortic arch,
and A3: descending aorta). Plane A4 was chosen
as a location where the flow might show best resem-
blance to Hagen-Poiseuille flow. To assess W5S
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developing flow.

WSSyp, often used as a measure of circumferen-
tial average WSS, in Al, A2, A3, and A4 is shown in
Fig. 2 (Upper) and corresponding values of WS&e
seen in Fig. 2 (Lower). Both measures show largest
values during systole (0-0.3s), as expected, since this
is when the blood is pumped into the aorta, and hence
the velocity is high with large gradients at the wall.
WSSyp is, however, much lower than WSSin all
the studied cross sections during the entire pulse, and
does not predict the relative order between the planes.

as a measure of the circumferential average WSS a WSSyp is almost identical in A2 and A3 since vol-

corresponding value denoted WSSvas computed
as the average of WSS in all cells on the circumfer-
ence of a cross section. Both WS%nd WSS» are
computed at every time step. The volume flow rate re-
quired for WS$;p was obtained as the mass flow rate
divided by the density. Since the aortic cross section
is not perfectly circular, there is no trivial choice of
radius,r, of a cross section. To obtain a reasonable
estimate we applied an approach described in [16],
where the radiug: of a (non-circular) cross section
with areaA is taken as the radius of a circle with area
A (rap = 10.6mm, r4o = 8.7mm, r43 = 8.8mm,
andrays = 9.3mm). Four time points were chosen
for the analysis: maximum acceleratian,{,..), max-
imum velocity (/;,,42), Minimum acceleration (max-
imum deceleration) d;,,;»), and minimum velocity
(lowest magnitude)V(.....), see Fig. 1 (Right)a,qz,
Vinaz» @nda,,;, Were chosen in accordance with [26].

3 Result and Discussion

As a vector quantity WSS has a magnitude as well as
a direction. Both of these properties are shown to be
of crucial importance for the genesis and pathogene-
sis of atherosclerosis, as low magnitude and frequent
changes of direction are correlated with increased
intima media thickness [3, 4, 5], an early stage of

ume flow rates and area are equal, while the slightly
larger area of A4 causes its lower WS Maximum
difference (WSS, ~ 13- WSSgp) and minimum dif-
ference (WS, ~ 5 - WSSyp) are found in A2 and
A4, respectively.

[s]
wss
av

0 s

0.4 0.6

[s]

0.8

atherosclerosis. In several studies WSS is assessed by _
means of circumferential average values of the mag- Figure 2: Upper: WSgp in A1, A2, A3, and A4 dur-

nitude [10, 11, 12, 13, 14, 15, 16, 17], and in this
work we have investigated the information contained
in such values. This was done using a subject spe-
cific model of a human aorta with a physiologic flow
based on time resolved velocity measurements, which
served as inlet boundary condition in the ascending
aorta.

An atherosclerotic lesion will affect the flow sig-
nificantly wherever it occurs; it acts as a throttling
causing increased pressure (and work for the hart) dis-
tally and lowered pressure in proximal vessels. Apart
from this clinical aspect plane Al to A4 are relevant
for the study as they represent different positions of a
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ing a cardiac cycle. Lower: WSSin Al, A2, A3,
and A4 during a cardiac cycle.

Systole lasts approximately one third of the car-
diac cycle, during which the endothelial cells are sub-
jected to a relatively high WSS; during the rest of the
pulse persisting motion still causes a WS9f al-
most 0.5Pa. However, since the net volume flow rate
through any cross section is essentially zero after 0.3s,
so is WSS;p. This highlights a severe lack; low net
volume flow rate might very well be the result of a par-
tial flow reversal. A situation when WSS not only may
be high, but also changes direction within the cross
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section. WS$, has a similar limitation and might be
canceled if WSS changes direction within the cross
section.

The reason to the total failure of Wgp to es-
timate the circumferential average WSS is found in
Fig. 3 showing the velocity magnitude in Al, A2,
A3, and A4 when the inflow velocity is maximal,
i.e. at peak systole. In the ascending aorta the pro-
file is rather blunt, but when passing through the arch
it distorts to a skew profile with higher velocity on
the inner side, Fig. 3 (Upper right). After the arch
the high-velocity region moves toward the opposite
side of the vessel and the highest velocity in A3 is
found posterior. A fully developed flow would im-
ply concentric circles, and something resembling that
is only found in A4, where, accordingly, the differ-
ence betweenWSS and WSSp is smallest. The
profile is, however, still more blunt than parabolic.
Large velocity gradients at the wall otherwise cause
much more friction than in the case of fully developed
flow. The flow was assumed laminar, and studies of
the Reynolds number indicated that it mostly was be-
low the critical value of 2300, in addition, the transi-
tion in pulsatile flows has been shown to occur at even
higher Reynolds numbers [27].

250 MIs A
2.00

1.50

1.00

Figure 3: Velocity contours av,,., in Al (Upper
left), A2 (Upper right), A3 (Lower left), and A4
(Lower right). A: anterior, P: posterior, S: superior,
I: inferior, L: left, R: right.

To assess WSS as a measure of WSS the lat-
ter was studied in detail and is shown in Fig. 4 (Up-
per left) Al, (Upper right) A2, (Lower left) A3, and
(Lower right) A4. WSS is maximal at peak systole,
i.e. atV,,..., as is the spatial variation, a direct con-
sequence of the complex flow field, and correlations
between Fig. 3 and Fig. 4 are easy to find. The small
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region with low velocity inferior in A2 coincides with

a minimum in Fig. 4 (Upper right), while high veloc-
ity in the right/posterior region of A3 causes a region
of high WSS as seen in Fig. 4 (Lower left). The tem-
poral variation was large in Al, A2, and A3 but more
moderate in A4, which might indicate that the flow in
the lower thoracic aorta is more developed and that re-
circulation and retrograde flow mainly exist near the
arch. This is supported by Fig. 3 (Lower right), which
shows very moderate circumferential velocity gradi-
ents in A4. Hence, the flow field itself does not solely
cause the WSS fluctuations in Fig. 4 (Lower right),
instead that variation is mainly caused by the geom-
etry since the cross section is not perfectly circular.
Neither is on the other hand A2 and A3, but the ve-
locity field does apparently cause significantly greater
changes of WSS, that dominate over geometry related
variations. Thus, whereas the velocity field causes
changes in WSS with as much as 40-50Pa, normal ir-
regularities of the vessel wall only causes changes of
about 5-10Pa under resting conditions.

WSS in Al - MRI Inflow
80, 80

WSS in A2 - MRI Inflow
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Figure 4: WSS in A2 when the inlet velocity is (Left)
subject specific and (Right) fully developed laminar.

The influence of the inflow velocity profile was
investigated by a simulation with equal mass flow rate
entering the vessel but with the flow specified as fully
developed laminar. Fig. 5 shows WSS in A2 (Left)
and A3 (Right) at peak systole with a laminar veloc-
ity profile at the inlet. The inflow profile is seen to
influence the flow and WSS in the arch whereas more
distal flow appears to be unaffected. The spatial vari-
ation and average WSS in A2 were still high and con-
sequently WSgp did not reasonably estimate WSS
despite the favorable inflow profile. In fact, since the
volume flow rate (mass flow rate divided by density)
is the same, WSg&p is identical in these two cases.
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The adjustment of the flow indicates that each vessel
"forms” its own flow, which emphasizes the need for
subject specific geometries, and therefore an accurate
reconstruction of the vessel is of crucial importance.

WSS in A2 - Laminar Inflow WSS in A3 - Laminar Inflow

P R P R
Circumferential position Circumferential position

Figure 5: WSS in A3 when the inlet velocity is (Left)
subject specific and (Right) fully developed laminar.

Since WSS changes this much even within a cross
section, it is obvious that a circumferential average
value offers limited information about the actual con-
dition. This is important since the correlation with
increased intima media thickness and atherosclerosis
is the primary reason to the intense studies of WSS.
The lesions are normally concentrated to one region
of a cross section, see photos in e.g. [28] or [29],
rather than being uniformly distributed around the cir-
cumference. Hence, the irregular aortic WSS pattern
does probably influence the pathogenesis and should
be evaluated locally, and not on cross sectional basis.
This argues strongly against average values as a mea-
sure of aortic WSS, and idealized measures based on
Hagen-Poiseuille or even Womersley flow should be
avoided. Womersley flow does take pulsatile effects
into account, but is still a model of an axisymmetric
flow with constant WSS in the entire cross section.

Assumptions of Newtonian and laminar flow in a
rigid vessel were made in the study, and the greatest
violation of reality is probably the rigid walls since the
aorta is an elastic artery. The Windkessel effect damps
the pulsatility by buffering flow in the distal aorta dur-
ing systole that continues during diastole. With Fig. 2
in mind it seems reasonable to expect systolic WSS
to decrease and diastolic WSS to increase slightly.
Blood flow is found to behave Newtonian for shear
rates above 1003 and we have seen that this is the
case except during parts of diastole, hence the largest
differences are clearly not affected by this assump-
tion and due to the limited time and regions where the
shear rate is less than 100sit seems reasonable to
assume that the assumption of Newtonian flow does
not harm the results.
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4 Conclusion

We conclude that cross sectional average values like
WSS,, are too vague measures of WSS in the hu-
man aorta, and yet more simplified approaches like
WSSyp do not estimate WSS accurately. Subject spe-
cific models are of crucial importance for correct esti-
mation, as each vessel seems to form its own flow.
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