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Abstract

Three models of different stent designs implanted in a cerebral aneurysm,
originating from the Virtual Intracranial Stenting Challenge 2007 (visc’07),
are meshed and the flow characteristics simulated using commercial Com-
putational Fluid Dynamics (CFD) software in order to investigate the effects
of non-Newtonian viscosity and pulsatile flow. Conventional mass inflow
and Wall Shear Stress (wWss) output are used as a means of comparing the
CFD simulations. In addition, a wss distribution is presented, which clearly
discriminates in favour of the stent design identified by other groups. We
conclude that non-Newtonian and pulsatile effects are important to include
in order to avoid underestimating wss, understand dynamic flow effects and

to discriminate more effectively between stent designs.
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1. Introduction

The Virtual Intracranial Stenting Challenge (VISC 2007), uses bench-
mark models to assess the effectiveness of state-of-the-art numerical mod-
elling of blood flow in stented cerebral aneurysms (Radaelli et al. 2008). This
international initiative provides a means of comparing new research with the
extensive work on aneurysm haemodynamic effects of stents reported in the
literature. In particular, an emphasis on considering patient-specific models
to assess stent designs has meant that differences in processing geometry and
generating meshes has made results difficult to replicate. visc’07 enabled dif-
ferences caused by grid generation and CFD implementation to be analysed
via standardised geometry, stent deployment and CFD boundary conditions.
Despite the visc’07 computational model assuming Newtonian viscosity and
steady-state conditions, Radaelli et al. highlighted the desirability of con-
sidering the effects of non-Newtonian viscosity and flow pulsatility in future
work for purposes of clinical relevance. This desirability is evident in the
light of other recent computational aneurysm studies.

Newtonian viscosity has been widely assumed, with Utter and Rossman
2007 referring back to Perktold et al. 1989, Balossino et al. 2008 omitting any
mention of it, Karmonik et al. 2008 (admittedly in extended abstract form)
not giving a justification and, recently, Shimogonya et al. 2009 citing the
views of Steinman et al. 2003 and Ishikawa et al. 1998 that non-Newtonian
rheology only has second-order effects. Fu et al. 2010 also omitted the non-

Newtonian character of blood in their numerical comparison of five stent



models in the same internal carotid aneurysm used in visc’07, and in this
paper. Their assumption was supported by previous findings by Cebral et al.
2005 who had compared Newtonian and non-Newtonian fluids on the same
geometry, and concluded that the rheological model adopted did not affect
substantially the main flow features. Stent performances were compared at
steady-state by Fu et al. 2010. In that case, however, the simplification
was adopted for computational, rather than physical, reasons. Pulsatility is
included in the papers by Utter and Rossman 2007, Karmonik et al. 2008,
Shimogonya et al. 2009 and Fu et al. 2010.

Accommodating non-Newtonian viscosity and pulsatility, therefore, could
both check the former’s previously assumed lack of significance and con-
firm the latter’s importance, which was briefly outlined in a recent report
(Cavazzuti et al. 2010). The importance of flow pulsatility had actually been
considered minor by Kim et al. 2008, while performing a comparison study
of the steady-state and pulsatile flow in an aneurismal cavity. They found
that the main flow features (vortex patterns and velocity distributions) were
essentially the same at three selected time points in the pulse cycle, even
if differences were noted in the velocity and pressure magnitudes. In con-
trast, Valencia et al. 2006 investigated the effects of aneurysm geometry and
non-Newtonian blood properties on the flow characteristics, wall pressure
and wall shear stress, for a basilar artery, on account of a pulsatile load.
Two models representative of a terminal aneurysm of the basilar artery were
investigated, either adopting the Newtonian or the Herschel-Bulkley non-

Newtonian rheological model. Results were also compared with predictions



for a healthy basilar artery. A main finding was that the influence of the
rheological model (Newtonian or non-Newtonian) is highly sensitive to the
aneurysm geometry, in particular when a free jet is created at the sac inlet.
Newtonian jets were actually found to be much less stable that their non-
Newtonian counterparts, giving rise to oscillatory flows along the pulse cycle.
Even if no stent analysis was included in the study, the work of Valencia et al.
2006 is of great importance in the present context, since it emphasizes that
the pulsatile and non-Newtonian characters of blood should both be consid-
ered in the analysis of saccular aneurysms. As far as the choice of the most
appropriate non-Newtonian model is concerned, recent work due to Fisher
and Rossman 2006 compares four alternative non-Newtonian models, includ-
ing the Casson, the generalized power law, and two forms of the Carreau
model, all with appropriate values of the constants so as to fit the rheologi-
cal properties of blood. A range of four different aneurysm morphologies was
explored. The main conclusions were that: i) in spite of the huge amount of
computational work performed, the importance of non-Newtonian effects is
not evident, ii) different rheological models give different results, but, over-
all, the morphological aspects of the aneurysm are more influential than the
choice of the rheological model on results such as wss distribution, iii) such
effects are more pronounced within aneurysms than in the parent vessels,
and, iv) non-Newtonian effects are more influential at bifurcations than for
sidewall aneurysms. The latter conclusion tends to validate the observa-
tions of Valencia et al. 2006. Finally, the importance of pulsatility in the

prediction of aneurysm formation is stressed further by the recent proposal



of a novel haemodynamic index, designated Gradient Oscillatory Number
(GON), based on cycle-averaged spatial gradients of wss (Shimogonya et al.
2009).

Cerebral stents are one of several treatment options for restoring healthy
blood flow through a cranial artery with a sac-like dilated wall at risk of
rupture, known as an Intracranial Aneurysm (1A). Stents have often been
used as an assist device in the deployment of coils. However, when employed
as a flow diverter in an 1A, a stent serves to occlude the entrance thus diverting
flow away from the aneurysm. An additional effect of the stent mesh design
is that its porosity can encourage a coagulating flow condition within the
aneurysm that will stabilise the fragile sac and isolate it from the parent
artery flow. This means that the blood flow characteristics through the stent
wall to the aneurysm need to be markedly different to those close to the
artery wall within the stent tube, and so by association, the stent design
should ideally promote these dual effects. This is a requirement beyond
those for stents generally, where the focus is on minimal disturbance to the
arterial flow (Atherton et al. 2002, Balossino et al. 2008).

Wall Shear Stress (Wss) is the measure commonly used in Computational
Fluid Dynamics (CFD) to indicate the frictional interaction between fluid and
wall. In clinical terms, it has been postulated since 1971 (Caro et al. 1971)
that atheroma of general arteries are prone to occur in regions of low wall
shear stress. This predisposition is increased when the flow is oscillatory and
most intimal thickening is found in regions where the average wss is less than

1 Pa. Artery cells have been observed to be very sensitive to the mechanical



stress generated by blood flow, in particular wss (Punchard et al. 2007).
Endothelial cells appear to move away from abrupt changes in wall shear
stress causing a thinning of the vessel wall. Generally for an artery, thrombi
formation in small regions of low Wss will be inhibited by the increased
amounts of nitric oxide produced in the surrounding dominant regions of
higher wss (greater than 1.5 Pa). In contrast, CFD and experimental studies
(Liou and Li 2008) of the flow inside the sac of an aneurysm show that it can
be dominated by regions of low Wss, which when below the critical value of
0.5 Pa produces an environment of extreme thrombus formation. Other CFD
studies (Utter and Rossman 2007, Boussel et al. 1971) report that low wss at
the aneurysm fundus can trigger a biological response leading to rupture and
hence to internal haemorrhage. These apparently contradictory statements
do highlight that clear information on the wss values across regions of the
aneurysm are important in assessing the effect of a stent design. We follow
the ethos of visC’07 in that the clinical significance of Wss is not the focus
of our work, rather to assess how it is influenced by stent design, arterial
geometry and flow conditions on account of the non-Newtonian character of
blood, which has been demonstrated to have a definite effect on wss and

distribution in saccular aneuryms, and the pulsatile nature of flow.

2. Methods

2.1. Simulation input
The models provided by visc’07 in Stereolithography (STL) format in-

cluded: an anatomical model of an unstented cerebral artery with an aneurysm,
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and three stent models for coupling with three anatomical models (Figure 1)
in which the unstented anatomical model was slightly modified in order to

account for the deformation of the artery caused by the stent implantation.

(b) Stent 1

(c) Stent 2

(a) Unstented aneurysm

(d) Stent 3

Figure 1: Unstented aneurysm and the three vViSC’07 stent models

The sTL file essentially consisted of an open surface mesh, which in the
case of the artery and the aneurysm duct was 59888 triangular surface ele-
ments and 30012 nodes, with finer surface meshing of the stent struts.

The fluid region of interest for the CFD simulations was obtained us-
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ing Magics software (from Materialise, Belgium) to perform the necessary
Boolean operations on the surface mesh models and remove intersecting and
overlapping triangles, and also close the open inlet and outlet sections of the

artery model.

2.2. Volume meshing

In order to assess the mesh independence of the model, the volume mesh
size was set to obtain meshes with approximately 1.15 million, 2.30 million
and 4.60 million tetrahedral elements for the whole domain. Overall, ten
different volume meshes were created: three meshes as described above for
each of the three stented arteries plus one of approximately 1.35 million
elements for the unstented artery.

The third stented artery had convergence problems with the 1.15 million
and the 4.60 million element meshes. Therefore a grid adaption process was
performed within the CFD solver on these meshes such that each tetrahedral
element touching the wall was split into 8 tetrahedral elements; increasing
the meshes from 1.15 to 2.25 million elements and from 4.60 to 8.35 million
elements, respectively. This meant that while CPU time increased, it was
possible to reach a good convergence in every CFD simulation.

The volume meshes were read into Gambit (ANSYS), where the surface
of the model was split into inlet, outlet and wall and the mesh was then

exported into Fluent (ANSYS) CFD code.



2.3. Simulation method and settings

The following boundary conditions were used as set by visc’07: uniform
velocity with 2.36 £ mass flow rate at the inlet, zero gauge pressure on the
outlet and no-slip walls.

A steady-state laminar solver was used with second order upwind mo-
mentum discretization and SIMPLE pressure-velocity coupling. The arterial
fluid was as blood with the following properties: density (p) 1060% and
viscosity () 4 cP.

A Newtonian model using a constant viscosity formulation can underes-
timate the wss in a CFD analysis at lower velocity gradients (Chen et al.
2006, Lee and Steinman 2006, Gijsen et al. 1999a,b) and so a non-Newtonian

formulation was also investigated, using the Fluent power-law option for dy-

namic viscosity (Fluent 2006):

Pomin < ft =K - "Vn_l < Hmaz (1)

where p is the dynamic viscosity in %, k is the consistency index whose
value is 0.0161 %, n the power-law index is 0.63, and * is the shear rate
in s7! (Owen et al. 2005). fmin and fimq, are lower and upper limits of the
power-law function being set to 107° % and 1% respectively. The Fluent
power-law option for dynamic viscosity (Fluent 2006) is a valid option at
lower shear rates (Johnson et al. 2004, Shibeshi and Collins 2005) and was
therefore preferred to the more sophisticated, but more complex and com-

putationally demanding, Casson and Carreau alternative models (see Fisher

and Rossman 2006).



Pulsatility was addressed through unsteady simulations configured for
the unstented and the three stented cases. A heart beat rate of 70 beats per
minute was represented using: the mass flow rate at the inlet, as specified by
VIsC’07; and a wave function whose average was set to 2.36 £ with a uniform
velocity profile of 0.179 .

Sections were traced along the artery from the inlet to the outlet and
along the aneurysm at roughly 4 mm intervals, for Fluent post-processing
purposes (Figure 2). These sections cut the artery and the aneurysm into
several segments. Overall, 11 sections were traced (plus the inlet and the out-
let sections), dividing the artery and the aneurysm into 12 segments. Three
sections (numbers 9, 10 and 11) and three segments (numbers X, X1 and X11)
were located in the aneurysm region.

Section 9 corresponds to the aneurysm inlet since it is traced approxi-
mately over the minimum section area of the aneurysm and is comparable
with that of cut-plane P2 in Radaelli et al. 2008. Sections 10 and 11 are,

respectively, roughly % and % along the aneurysm height.

2.4. WSS distribution

The aim of implanting a stent in a cerebral aneurysm is to restore a
healthy blood flow, that is, to induce the blood flow to remain inside the
artery and not to enter the aneurysm region. A lower quantity of blood en-
tering the aneurysm will produce a lower blood velocity inside the aneurysm,
which itself results in lower wss. Moreover, low mass flow rate and low Wss

encourages a coagulating blood flow condition within the aneurysm.
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Figure 2: Sections of aneurysm model for post processing

In post-processing the CFD simulations the maximum or average WSS
in Segments VII, X, XI and XII could be considered. However, as the CFD
meshing is different from case to case then the maximum quantities are not
particularly meaningful since they are easily affected by discretization. Be-
yond consideration of the maximum and average Wss, the authors believe
that wss distribution inside the aneurysm provides an indication of the pa-
tient risk that requires clinical interpretation.

This wss distribution is determined by calculating the area of the aneurysm
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where the value of wss is within defined intervals of 0.1 Pa width, starting
from 0.0 Pa up to 3.0 Pa. Where wss is above 3.0 Pa, the areas are summed.
These data are then used to determine the wss distribution and the cumu-

lative distribution in each segment of the aneurysm.

3. Results

3.1. Volume mesh size sensitivity

A grid independency procedure on the stented aneurysm models, using
three tetrahedral volume meshes, identifies a suitable meshing. Table 1 com-
pares the mass flow through Section 9 for mesh sizes of 1.15, 2.30 and 4.60
million elements in Newtonian cases. It can be noted that the largest error
is found in Stent 3 and that is where some convergence problems were en-
countered. From this comparison it was decided to continue the study using

the 2.30 million elements meshes.

Table 1: Mesh sensitivity comparison based on mass flow through Section 9

Mass Flow through Section 9 (g/s)
Mesh 1.15M | Mesh 2.30M | Mesh 4.60M | max diff.
Stent 1 0.3370 0.3391 0.3391 0.62%
Stent 2 0.3414 0.3427 0.3402 0.73%
Stent 3 0.2652 0.2738 0.2618 4.58%
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3.2. Mazximum WSS location

In all the simulations an area was found in Segment X, adjacent to Section
9, where the wss is much higher than any other place in the aneurysm region
(up to 18 Pa). This region coincides with where the blood flow impinges on
the wall when entering the aneurysm (Figure 3). Even if the wss is high in
this region, it is still near to the main artery stream where the wall of the

artery is not particularly damaged (thinned).

Figure 3: Velocity vectors show where flow impinges on aneurysm neck through Stent 3

3.8. Newtonian vs. non-Newtonian

3.3.1. Average mass flow rate
Considering the reductions in mass flow rates through the three sections
based on the non-Newtonian blood model (see Table 2), Stent 1 and Stent

2 are comparable. Stent 2 has the highest mass flow rate through Section
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9 (0.3320 & equal to a 12.8% reduction in the mass flow rate compared to
the unstented case), but it drops more quickly than Stent 1 at Sections 10
and 11. However, Stent 3 with a 26.9 % reduction is much more effective in
reducing the mass flow rate into the aneurysm (crossing Section 9), and so
is expected to be a better clinical performer than the other two stents.
These results are in line with those of Radaelli et al. 2008 both in terms
of flow rates (our Newtonian/non-Newtonian predictions are 2.4% above
Radaelli’s average) and flow rate reductions due to the stents (as shown
in Table 3 below). In this respect we observe that the non-Newtonian char-
acter of blood has a small, but detectable, influence on stent performances,

in particular for Stent 1 and Stent 2.

3.3.2. Average wall shear stress

Comparing the wss in the unstented case with the three stented models
(Figure 4 and Table 2), the use of a stent appears to be very effective in
reducing the average wss: reductions in segments X, XI and XII range between
18 % and 38 % for Stent 1 and Stent 2; and between 35 % and 50 % for Stent
3. In the context of steady-state modelling, Stent 3 is significantly and
consistently better than Stent 1 and Stent 2. Referring to the table of results
(Table 2) the average wss in the Newtonian models is underestimated by
15-20 % in the lower aneurysm area (Segment X) where the fluid velocity
is still quite high, and overestimated 13-19% in the upper aneurysm area
(Segment x11) where the fluid velocity is low.

In the upper aneurysm area, the average wsS is higher in the non-
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(a) Unstented (b) Stent 1 (c) Stent 2 (d) Stent 3

Figure 4: wWss on surface of aneurysm for steady non-Newtonian simulations

Newtonian case as a result of the increase of the dynamic viscosity and the
reduction of the mass flow rate in the aneurysm. This suggests that the New-
tonian hypothesis might not be reliable for this application, in that errors in
the prediction of wss distribution can be significant even under steady-state
conditions. Apart from this, data in Table 2 also reveal that wWss average
values are below the limit of 0.5 Pa in Segment XII (the aneurysm dome) for
the unstented and all stented cases, independent of the rheological model
adopted. However, in the non-Newtonian cases the peaks of wWss in Segment
X1 are smoothed out. This significance has two features. Table 2 shows that
the Newtonian to non-Newtonian effect is generally significant and, as im-
portantly, position dependent.

These results demonstrate that Radaelli et al. 2008. were right to suggest
the potential significance of this investigation and call into question the very
recent remarks of Fu et al. 2010 “Studies using Newtonian fluid and non-

Newtonian fluid on the same cerebral aneurysm models found that the main
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flow features are not greatly affected by the viscosity model”.

3.4. Pulsatile flow

3.4.1. Mass flow rate over pulse cycle
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Figure 5: Mass flow through Section 9

After three pulse cycles the measured pressure difference in the aneurysm
between beats was null and so the simulation was deemed to be truly periodic.
The mass flow rate entering the aneurysm, i.e. crossing Section 9, is shown
in Figure 5, together with the pulse cycle in the main artery, shown scaled to
1/6-th of its amplitude. For the unstented case, the mass flow rate entering
the aneurysm at time Os is equal to 15 % (0.3488 2) of the mass flow rate in

the main artery and remains in the range of 10 % to 20 % for all the cases
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investigated and over the pulse cycle, except at the lowest mass flow rate in
the artery.

Stent 1 and Stent 2 reduce the mass flow rate over the entire cycle,
whereas between 0.58 to 0.70 seconds Stent 3 either does not reduce or even
increases the mass flow rate. This could have significance because it is around
the peak mass flow rate in the cycle. There also appear to be phase differ-
ences around the peak for all the plots. visCc’07 operates around the time
0s value not the peak at which Stent 3 is seen in Figure 5 to perform worse
than Stent 1 and Stent 2.

Table 3 presents our results in terms of stent-dependent mass flow reduc-
tions compared with those of the constituent visc’07 research groups and
the overall average. Our comparative data are: (a) for Newtonian steady-
state mass flow from Table 2, (b) for non-Newtonian steady-state mass flow
from Table 2, (c) for non-Newtonian pulsatile mass flow, time-averaged over
the cycle. Thus comparing (a) and (b) indicates, particularly for Stent 1
and Stent 2 values, the non-Newtonian effect, as discussed in section 3.3.1.
Comparing (b) and (c) indicates the greater effect of pulsatility. It is pointed
out that the Time-Averaged flow-rate in the main artery had been set equal
to the visc’07 datum for steady-state exercises; even so, pulsed-flow pre-
dictions give a time-averaged flow-rate value in the aneurysm 9% lower than
Radaelli’s average. Finally, the column-to-column stent comparisons indicate
the general effect of stent design, which seems to be greater than the other
two parameters. In particular, under pulsatile conditions all stent models

still reduce the mass-flow in the saccular aneurysm, but their performance

18



deteriorates slightly. In particular, the Time-Averaged percentage changes
are less supportive of Stent 3 than other studies because of the poor perfor-

mance around the peak mass flow rate cycle described above (Figure 5).

3.4.2. Wall shear stress distribution over pulse cycle

Looking at the wss cumulative distribution over the pulsatile cycle, Fig-
ure 6 indicates the extent to which each design of stent affects low wss (up
to 0.5 Pa). This cumulative distribution provides an immediate comparison
between stent designs where the best design for an aneurysm is suggested
to be the one that produces the higher curve below 0.5 Pa (i.e. greater area
with low wss).

In Table 4 the cumulative area wss below 0.5 Pa is averaged for 5 different
times. Overall for Segment X, XI and XII in comparison to the unstented case,
Stent 1 increases the area experiencing low wss by 59 %, Stent 2 by 60 %
and Stent 3 by 64 %.

4. Discussion

4.1. Comparisons between models

The results do not contradict Gijsen et al. (1999a,b), who, using both ex-
periments and simulations, essentially state the importance of non-Newtonian
(shear-thinning) blood modelling since it alters significantly the velocity pro-
files. As a non-Newtonian model produces higher fluid viscosities in the
aneurysm region (where the shear rate is low) compared to the Newtonian

model, this implies that the fluid tends to reduce its speed much more quickly

19



GT- 6- 0T~ 6£€°0 61€°0 o[yes[nd poSeroay-owlL], (9) :Apnjs suy,
LT- e1- P1- 18€°0 65€°0 (g o1quL) oyejs-Apeoys weruopmoN (q) :Apnys smyg,
8- 01- 11- 18€°0 65¢°0 (¢ 9lqrL,) @reIS-Apes)s uetuojmaN (®) :Apnjs sIyJ,
ve- 0T~ IT- cLe 0 cLe 0 I 32 1[[PRPEY Ul 0FeIoAR
e 1- I1- GGe0 GCe0 DNH-14dd
05- ¢- 9- 16€°0 16£°0 adsn
V/N | TT- e1- 0S€°0 0€°0 Wd-SEV'T
V/'N 9- 01- 6LE°0 6LE0 HOHLIAI
9%- el- e1- 68¢°0 68¢°0 ddN-NIND
Gg- 91- | 'V/'N 89¢°0 89¢°0 HINL-4A
€ JUIG | g TUIS | T JU9lS pajuajsun)
(%) (s/9) (8/gu -01) Apnig

odueyD 9yl MOPU]

9)el MOY SSEIN

9JeI MO QWIN[OA

800¢ "1V 12 1)]oDPDY UL PauasaLd $aIPngs Yy puv APnis Swy) UsMIaq UOSIDAULOD D :F U0LIIAG SSOLID S2ID4 MOJ ¢ I[qR],

20



area (cmz)

area (cmz)

100 e 100
-
90 90
80 80 Fy
/,
70 70 b
/ o wlf
60 / NE 60
/ <
50 s 50
g
40 40
30 30 l,
20 — nostent @ t=0.00s |7 20 — nostent @ t=0.17s |7
— stent1 @ t=0.00s — stent1 @t=0.17s
10 — stent2 @ t=0.00s 10 — stent2 @ t=0.17s
— stent3 @ t=0.00s — stent3 @t=0.17s
0 . . 0
0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
‘WSS cumulative distribution in the aneurysm (Pa) ‘WSS cumulative distribution in the aneurysm (Pa)
(a) time 0.00s (b) time 0.17s
100 = 100
9% 9 i
80 80
70 70 //
/
—~ /
60 NE 60 V
2
50 s 50
S ol
8
40 40 I
30 30 I
20 — nostent @ (=034 || 20 — nostent @ (=051 |]
— stent1 @ t=0.34s — stent1 @ t=051s
10 — stent2 @ t=034s 10 — stent2 @ =051
— stent3 @t=0.34s — stent3 @t=0.51s
0 . . 0
0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
‘WSS cumulative distribution in the aneurysm (Pa) ‘WSS cumulative distribution in the aneurysm (Pa)
(c) time 0.34s (d) time 0.51s
100
90
_—
80
70
NE 60
;2
= 50
51
S
40
30
20 — nostent @ (=068 |
— stent1 @ t=0.68
10 _ — stent2 @ .
— stent3 @t=0.68s
0 : :
0.0 0.5 1.0 1.5 2.0 25 3.0

‘WSS cumulative distribution in the aneurysm (Pa)

(e) time 0.68s

Figure 6: Cumulative area distribution of WSS over pulsatile cycle
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inside the aneurysm, and hence the non-Newtonian model produces a smaller
mass flow rate. Also, the lower velocity gradient promotes a lower wss while
a higher viscosity promotes a higher wss.

From Table 2, it seems that the average values of the wss in very low shear
areas (upper aneurysm - Segment XII) obtained with the non-Newtonian
model are due to a balancing of the two effects of reduced velocity and in-
creased viscosity, which are much the same for Newtonian and non-Newtonian
cases. In the lower aneurysm however, the effect of the increased viscosity
is dominant and the Newtonian model significantly underestimates the av-
erage WSS. In the main artery, the models were set to have approximately
the same average velocity and viscosity however the Newtonian assumption
significantly overestimates the wss by between 28.9 % and 30.3 %. This must
be due to a smoother velocity profile with lower gradients at the wall that
is produced by the non-Newtonian assumption. Additionally, the max wss
is overestimated with the Newtonian model. Overall, it seems that the non-
Newtonian hypothesis redistributes the velocity profiles and the wss in a
more uniform and smooth way and thus peaks are smoothed out (Figure 7).
However, as the shear rate decreases the viscosity grows quickly, while the
mass flow rate decreases slowly at first and then increasingly faster. This
means that, despite the Newtonian hypothesis overestimating the wss in the
artery, it underestimates it in the aneurysm, except in those areas where the
WSS is extremely low.

Computing Reynolds and Womersley numbers it transpires, based on the

average artery dimension, on the average fluid velocity and on the average
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Figure 7: wWss and velocity vectors in aneurysm region for stent 3 steady simulation:
Newtonian versus non-Newtonian: (a) wss, Newtonian case; (b) WsS, non-Newtonian

case; (c) velocity vectors, Newtonian case; (d) velocity vectors, non-Newtonian case

blood dynamic viscosity in the artery that Re = 180, and Wo = 4.7. From
literature it is well-known that for Wo < 1 the effects of inertia are in-
significant and there is no difference between a quasi-static analysis and a
non-stationary analysis, that is, pressure and flow are perfectly in phase. For
Wo > 10 the effects of inertia cannot be ignored. As Wo = 4.7 is in be-
tween these regions, we can accept, to a first approximation, the assumption
of ignoring pulsatility but we have found that including pulsatility gives an
important result in that there is a significant region around the maximum
cyclic mass flow rate where only Stent 1 and Stent 2 reduce the mass flow
rate. VISC’'07 operates around the time 0s value of the pulsatile cycle rather
than the peak, which is where Stent 3 is seen in Figure 5 to perform worse
than Stent 1 and Stent 2. This result justifies the incorporation of pulsatility

and confirms the indication of its possible importance by Radaelli et al. 2008
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In addition, there is the very recent comment of Fu et al. 2010 who don’t
include pulsatility because it would cost too much, “Since the number of ele-
ments in the volume mesh is millions in this study, pulsatile flow simulations
would require several weeks of computational time for each model, and the six
models need to be compared. So the steady-state flow simulations in this work
were carried out to keep the CPU times reasonable.” The computational cost
is indeed very high but we have seen that the changes over the cycle are not
insignificant (10 % to 20 % of the arterial mass flow rate). While these tend
to average out over the cycle, we show that over an important part of that
cycle only Stent 1 and Stent 2 reduce the mass flow rate. Overall, if time and
computational sources allow it, a pulsatile model gives valuable additional

information.

4.2. Implications for stent design

The method presented for performing CFD simulations and post-processing
of a stented cerebral artery seems to be reliable both in view of the mesh sen-
sitivity analysis performed for testing the consistency of the results, and in
light of the good agreement with the results of visc’07 (Radaelli et al. 2008)
under steady-state conditions. The present “complete” (i.e. pulsatile and
non-Newtonian) analysis however shows that a stent geometry “best choice”
based on “simplified” conditions (steady and Newtonian) might contain some
uncertainty, since in fact Stent 3 (identified as the best in visc’07 studies)
is found to produce an increase in the flow-rate entering the aneurysm. This

does not necessarily mean that the stent choice itself is compromised, but
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could provide additional information to the clinician to be considered in the
stent selection. In more general terms, the moderate (or even negative) effect
of the stents used in visc’07 at the cycle peak could prompt a revision in
the testing conditions and, eventually, in stent design. A possible suggestion
of practical concern, in view of the present results, is to extend the numer-
ical testing of a stent at steady-state conditions to include predictions at
the cycle-peak flow-rate conditions other than the cycle-averaged flow-rate
value, as used in visc’07. Finally, the cumulative distribution performance
measures presented are intuitive and effective and could be used in future

work for assessing the performance of a stent design for a given patient.

4.3. Future work

The effect of the thin stent wires on local flow and the influence of inflow

angle to the stented zone are of interest:

- Local flow around wires because this is where low oscillatory shear flows

are associated with disease.

- Inflow angle, which depends mainly on the curvature of the main artery
and the location of the aneurysm sac, because this represents a noise
factor between patients that impinges differently upon a given stent
design and affects wss distribution. Friedman et al. (1996) propose the
planarity of the aortic bifurcation to be a geometric risk factor since
it can vary widely from individual to individual, diversely affecting the

blood flow, which means that it can play a role in predispositions to
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atherosclerosis. Aneurysm inflow depends partly on the curvature of
the parent vessel and an inflow angle of 45 degrees has been found to
produce the highest risk of aneurysm rupture Liou and Li (2008). Inflow
characteristics more generally are affected by stent position, which will

not be the same for all patients.

Uncertainties in surgical procedures include those associated with variations
in stent position, artery geometry and flow characteristics. A stent design
must generally function despite such uncertainty. Radaelli et al. (2008), state
“due to the fact that current stent designs are not optimized to act as flow
diverters and their performance may depend on a correct positioning during
intervention. Novel stent designs should aim at providing the same flow diver-
sion irrespective of the actual positioning before deployment.” In other words,
the stent design should be more robust. The variation in arterial haemody-
namics due to anatomical and other geometric variations call for modelling
to be patient-specific but apart from nominal geometry effects Nguyen et al.
(2008), little attempt has yet been made to quantify the effect of variabil-
ity in arterial geometry or stent placement on wss. A simple approach has
been proposed by the authors in Atherton and Collins (2006) and Cavazzuti
et al. (2008). Geometric variations call for patient-specific modelling but a
patient-specific stent design will still be subject to uncertainties in location
and flow characteristics etc. Thus we propose that more robust stent designs
are required that are able to better accommodate such uncertainties.

Design optimisation methods have developed to address variability, for
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example Robust Engineering Design (RED) whose significance is in its aim
to render the design insensitive to uncertainty (Atherton et al. (2002)). The
variation in WSS over the aneurysm and artery walls that is caused by ge-
ometric and flow uncertainties, as already mentioned, can form the basis of
a performance measure for comparing the effects of different stent designs,

stent position and other geometric risk factors.

4.4. Conclusions

In this paper a set of visC’07 predictions have been reported that take into
account non-Newtonian and pulsatile effects, as acknowledged by Radaelli
et al. (2008), as of potential significance. The resulting Newtonian to non-
Newtonian comparison shows that the effect is quantitatively significant and,
moreover, position dependent. The extra computational demand of the non-
Newtonian model is insignificant and we therefore conclude that there is little
justification for assuming Newtonian viscosity.

On the other hand, the pulsatility predictions were highly computation-
ally intensive and, as in our discussion of Figure 5, the relative reduction
of mass flow rate is not the same over the whole cycle. To the extent that
visC’07 challenge was meant to be able to discriminate between three stent
designs, our results consistently agree. However, we have found a significant
quantitative effect because of Stent 3 operating in a counter beneficial way
for a substantial fraction of the pulsatile cycle. Hence there is added under-
standing of stent performance in incorporating the flow pulsatility. The spirit

of these conclusions is consistent with the fact that the Womersley value of
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4.7 lies midway between the criteria for allowing steady-state (Wo < 1) and
for requiring a pulsatile model (Wo > 10). Using wss distribution as the
basis of a performance measure is meaningful. In this study, quantifying
the distribution below a target wss value (0.5Pa) was a good discrimina-
tor between stent designs, and stent 3 emerges as the best design, which is

consistent with the results published in the literature.
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