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Arterial geometry, ﬂow pattern, wall shear
and mass transport: potential
physiological signiﬁcance
G. Coppola* and C. Caro
Department of Bioengineering, Imperial College, London SW7 2AZ, UK
We have studied numerically steady and unsteady ﬂow in a straight and a helically stented
common carotid artery, in order to model porcine experimental results that show reduced
intimal hyperplasia (IH) in the helical case. The combination of ﬂow pulsatility and threedimensionality generates a sweeping motion of the Dean vortices, which overall reduced
extremes of both oxygen ﬂux to the vessel wall and wall shear stress (WSS). Since IH and
atherosclerosis affect preferentially low WSS regions, these ﬁndings imply that vessel threedimensionality and ﬂow pulsatility can play important protective roles in respect of these
diseases. The amplitude and frequency of the velocity waveform are important parameters of
the system. Increase in amplitude increases WSS and oxygen ﬂux to the vessel wall. Increase
in frequency has a small effect; it increases WSS but has no effect on the oxygen ﬂux to the
vessel wall.
Keywords: endovascular stent; carotid artery; ﬂow waveform; pulsatile ﬂow; mass transport;
wall shear stress

stent-related IH is that it results from mechanical
injury to the vessel, inﬂicted by implantation of the
device. The stent restenosis problem is being
addressed by a variety of measures, including drug
elution. However, the cost of drug-eluting stents
exceeds that of conventional stents and problems
have emerged with their use. The patency of drugeluting stented femoral arteries was not superior to
that of bare metal stented vessels at 24 months, when
the drug can be presumed to have been eluted (Duda
et al. 2006). In addition, there were with drug-eluting
stents inhibition of in-stent healing and instances of
late stent thrombosis in coronary arteries, leading to
sudden death ( Nakazawa et al. 2007).
IH is also the principal cause of failure of arteriovenous vascular access grafts and arterial bypass grafts;
it appears to develop preferentially in regions of such
grafts characterized by low or oscillatory WSS
(Sottiurai et al. 1989; Bassiouny et al. 1992) and
hypoxia (Lee et al. 2000). Interestingly, it is reported
that IH can be reversed by enhanced oxygen supply
(Lee et al. 2001).
A self-expanding small amplitude helical (SMAHT)
stent (Shinke et al. 2007) has been developed, which
causes the centreline of the vessel in which it is
implanted to follow a helical path. As a consequence,
mixing is promoted within and downstream of the stent
section, which could be expected, through geometryinduced secondary ﬂows, to modify the distribution of
WSS (Coppola & Caro 2008) and enhance oxygen
supply to the vessel walls. In a recent pilot study
(Shinke et al. 2007), two pigs were implanted with

1. INTRODUCTION
It is widely accepted that the local ﬂow ﬁeld in
arteries strongly inﬂuences their biology and development of pathology (Davies 1995; Gimbrone 1999;
Malek et al. 1999). In particular, atherosclerosis
occurs preferentially where wall shear stress (WSS)
is low and there is ﬂow stagnation (Caro et al. 1971;
Davies 1995; Giddens 1995; Gimbrone 1999; Malek
et al. 1999). It is also widely accepted that arterial
geometry is commonly three-dimensional, or nonplanar, with signiﬁcant effects on the local ﬂow ﬁeld
(Caro et al. 1996). In vivo and model studies in
idealized and realistic non-planar geometries show
strong secondary motion, in-plane mixing, a relatively uniform distribution of wall shear, and suppression of ﬂow separation, ﬂow instability and ﬂow
stagnation (Caro et al. 1998, 2006; Wood et al. 2006).
They show, moreover, that, compared with planar
geometry, there can be secondary-motion-enhanced
ﬂux of low molecular weight species between the
blood and vessel walls ( Tarbell 2003; Caro et al. 2006;
Coppola & Caro 2008).
Endovascular stents are widely used, but a major
problem associated with their use is restenosis. This is
primarily caused by the development of intimal
hyperplasia (IH), typically within or downstream
of the stent. The main prevailing explanation for
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Figure 1. Histology of stented common carotid arteries ((a) straight stent, (b) helical stent) at one month post-implantation
((i) proximal, (ii) middle, (iii) distal). Reproduced with permission from Shinke et al. (2007). Copyright q Veryan Medical
Limited.

a conventional stent in one common carotid artery
(CCA) and a helical stent in the contralateral artery,
and the animals were euthanized one month postimplantation. The stented carotid segments were
embedded in methyl methacrylate and transverse
histological sections were prepared, using a precision
saw-and-grinding method (ﬁgure 1). The extent of IH in
the helical stent was far less than that in the
conventional one, consistent with the changes brought
about by the helical geometry, including higher oxygen
transport rates and WSS levels (Coppola & Caro 2008)
limiting the development of IH. Interestingly, as also
reported previously, sections of the helical stent showed
a region of thin neointima approximately opposed to a
region where the struts were covered by a thicker
neointima. These two regions were rotated about the
centre by some angle, which suggests that their spatial
distribution along the stent was possibly helical.
Stimulated by these ﬁndings (a larger trial in 10 pigs
giving conﬁrmatory results has been reported (Shinke
et al. 2008)), we have investigated numerically the
inﬂuence of the local ﬂow ﬁeld on both the supply of
oxygen to the arterial wall and the distribution of WSS,
in idealized representations of the CCA, stented with a
straight and a helical stent. There has been extensive
study of pulsatile ﬂow in arteries (Nichols & O’Rourke
1990; Davies et al. 2007) but relatively little investigation of the interaction between these phenomena
and the biology of vessels and their development of
disease. The investigation has therefore been performed with both steady and pulsatile ﬂow, including
an examination of the possible inﬂuence of frequency
and amplitude.
J. R. Soc. Interface (2009)
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Figure 2. Computational model.

2. METHODS
2.1. Computational domain and model
The computational domain (ﬁgure 2) is represented by
a CAD-generated idealized representation of the
stented pigs’ CCA. The stent struts are assumed to
have negligible thickness and the surrounding vessel is
assumed to have the shape imposed by the stent. The
ﬁrst assumption may not be fully justiﬁed immediately
after implant, but it is a reasonable assumption after
some time (ﬁgure 1). The second assumption is justiﬁed
by experimental observations (ﬁgure 3).
The internal diameter of the vessel DiZ6 mm and the
geometry has been extended by cylindrical sections
placed upstream (approx. 6.5Di long) and downstream
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Figure 3. Carotid/stent shape one month post-implantation.
Reproduced with permission from Shinke et al. (2007).
Copyright q Veryan Medical Limited.

(a)

(b)

Ph
Rh

Figure 4. Deﬁnition of (a) helix pitch, Ph, and (b) helix
radius, R h.

(approx. 16Di long) of the stent, to guarantee domainindependent solutions. The helical section is deﬁned by
the helix pitch, PhZ8Di, and radius, R h Z0.5Di (ﬁgure 4)
and extends for a length Lw9.5Di. The commercial code
FLUENT v. 6.0 (Fluent Inc.) was used to solve the threedimensional steady/unsteady incompressible Navier–
Stokes equations for the ﬂow and the three-dimensional
steady/unsteady advection–diffusion equation for the
mass transport. The equations were discretized on a
structured set of ﬁnite volumes. The SIMPLE formulation (Patankar & Spalding 1972) was used for
pressure–velocity coupling, and the second-order upwind
discretization scheme was used for the momentum and
species transport equations. Convergence was achieved
when the maximum mass, momentum and species
residuals fell below 10K9 in the steady case, and 10K5,
each time step, in the unsteady case.
Newtonian behaviour was assumed for the blood,
with density rZ1050 kg m K3 and viscosity mZ
0.0035 kg mK1 s. Oxygen was assumed to be present
J. R. Soc. Interface (2009)
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only in dissolved form in the plasma (Qiu & Tarbell
2000; Ethier 2002; Perktold et al. 2002; Coppola & Caro
2008), with diffusivity DO2 Z1.2!10K9 m2 s, giving a
Schmidt number ScZn/DO2 w2800.
Fully developed ﬂow and uniform inlet oxygen mass
fraction, yiZ0.002125, were imposed at the inlet. At the
outﬂow, a stress-free condition was assumed for the ﬂow
and zero ﬂux condition for the species. No-slip
conditions for the ﬂow and ﬁxed oxygen concentration,
ywZ0.0015, were assumed at the walls for simplicity
(Tarbell 2003; Coppola & Caro 2008). While this is a
ﬁrst-order approximation, equivalent to decoupling the
wall side from the blood side mass transfer, it will not
affect qualitatively the distribution of oxygen ﬂux to
the walls, although it may affect the absolute values.
Nevertheless, since the purpose of this work is to
compare two models in relative terms, we believe that
our conclusions will not be altered by this approximation. For comparison with the experimental data,
represented by slices taken at the proximal, middle and
distal ends of the stent, all the results are presented at
sections taken at axial locations, zZ45 mm (approx.
4.5 mm downstream of the stent entry section),
zZ69 mm (half-way through the stent) and 92 mm
(approx. 5.5 mm upstream of the stent end section),
representative of the proximal, medial and distal
sections of ﬁgure 1. To describe the behaviour of the
wall-related quantities, a local polar coordinate system
(r, q) has been adopted, with its origin coincident with
the centre of each section and the qZ0 line corresponding to the horizontal (qO0 counterclockwise). The mass
transport boundary layer was resolved by placing the
ﬁrst three grid nodes at approximately 7.6, 9 and
10.8 mm away from the wall. The results were checked
for grid independence by running steady simulations at
the peak Re number, on three grids with increasing
number of elements, 325 008, 628 383 and 1 299 030.
Convergence was assessed on the WSS and nondimensional oxygen ﬂux proﬁles around the sections
at zZ45, 69 and 92 mm (ﬁgure 5). The WSS proﬁles are
almost indistinguishable for the two most reﬁned grids,
with the largest difference of approximately 3 per cent
at zZ69 mm. The difference in the Sh proﬁles is more
relevant, reaching approximately 17 and approximately 43 per cent at the minima, respectively, at
zZ92 and 69 mm, for the two most reﬁned meshes. This
relatively large error does not alter the qualitative
behaviour of the quantity of interest and will not affect
our conclusions, and given the high computational load
and storage requirements demanded by the most
reﬁned mesh, all the simulations were performed with
the intermediate mesh (628 383 elements). The results
are presented in terms of oxygen mass fraction, helicity,
WSS and Sh. Helicity is deﬁned as the dot product of
vorticity and the velocity vectors and is used to
underline vortex structures. Sh is deﬁned as the
concentration gradient normal to the wall normalized
by the concentration difference between the inlet and
the wall divided by the vessel diameter:

Sh Z

vy
K vn
Di
;
yi K y w
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Figure 6. Three-harmonics approximation of the CCA ﬂow
waveform. Indicated is the centreline velocity.

400
350
300
250
200
150
100
50
0

100

200

300

Figure 5. (a) WSS and (b) Sh steady-state distributions along
the circumference of the cross sections at different axial
locations. Squares, zZ45 mm; diamonds, zZ69 mm; circles,
zZ92 mm; solid lines, 325 008 elements; dashed lines, 628 383
elements; dotted lines, 1 299 030 elements.

where y is the oxygen mass fraction in the blood; yi is
the oxygen mass fraction at the inlet; yw is the oxygen
mass fraction at the wall; n is the local normal to the
vessel wall; and Di is the vessel diameter.

correspond to TZ0.8 s, AZ1 and U rZ0 Z0.4 m sK1,
equivalent to a time-averaged Reynolds number,
ReZ rU r Z 0Di =2mZ 720, and a Womersley number,
WoZ0.5Di (u/y) 0.5Z4.6, where uZ2P/T is the
angular frequency and yZm/r is the kinematic
viscosity. For the steady-state case, the velocity was
set to the time-averaged condition counterpart, U rZ0 Z
0.4 m sK1, equivalent to ReZ720. We implemented a
parabolic proﬁle in the ﬁrst instance for simplicity, but
subsequently adopted a Womersley proﬁle in the high
Wo, high amplitude factor cases. In fact, under the
present conditions, the instantaneous inlet proﬁle is not
really parabolic, although it has been used by other
authors in the same range of Womersley number
(Finol & Amon 2001; Mittal et al. 2001; Khanafer
et al. 2006). We veriﬁed that the error associated with
the use of a parabolic proﬁle is non-relevant at TZ0.5 s
and TZ0.8 s and AZ1.33, for the purpose of this work.
Also, the use of an analytic expression for the ﬂow
waveform does not affect the results, while it simpliﬁes
the interaction with FLUENT.

2.2. Flow conditions and waveform

3. RESULTS AND DISCUSSION

The ﬂow waveform (ﬁgure 6) used at the inlet to
modulate the fully developed proﬁle is a three-harmonic
reconstruction of the CCA waveform, given by




 r 2 
2Pt

1 C A 0:5 sin
U ðr; tÞ Z U r Z 0 1K
R
T


2Pt
K0:5236
C0:45 sin 2
T


2Pt
ð2:1Þ
C0:1 sin 3
C 2:618
;
T

3.1. Physiological conditions

where U(r,t) is the local axial velocity at time t; U rZ0 is
the time-averaged velocity at rZ0; A is the amplitude
factor; and T is the period. The effect of changing the
pulse rate and pulsation amplitude has also been
investigated, with Th[0.5,0.8,1.333] s, and Ah[0.667,
1,1.333], for a total of nine ﬂow conditions. Physiological conditions, considered here as the base case,
J. R. Soc. Interface (2009)

The steady-state and time-averaged iso-contours of
oxygen mass fraction (ﬁgure 7) show rotation of the
low-concentration area about the centre of symmetry,
induced by developing helical ﬂow causing a spiral
pattern in the Sh number distribution (Coppola &
Caro 2008). The oxygen distribution at the proximal
section is not much different in the two cases,
probably because the ﬂow is not developed. The
middle and distal section steady-ﬂow contours
(ﬁgure 7a) show a more localized area of poor
oxygenation than the corresponding time-averaged
ones. In the case of the time-averaged contours
(ﬁgure 7b), the oxygen-depleted ﬂuid is spread across
a wider area. This spreading can be explained by the
motion of the Dean vortices (ﬁgure 8b), oriented, with
respect to the horizontal, at approximately K508 at
t/TZ0, at approximately 08 at t/TZ0.45 and back at
approximately K508 at t/TZ0.575. This sweeping
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Figure 7. Oxygen iso-contours at three cross sections, for (a) steady and (b) time-averaged. (i) Proximal section, (ii) middle
section, (iii) distal section.

effect is a consequence of the combination of threedimensionality and pulsatility; it does not exist if the
geometry is two-dimensional, as in a planar bend.
The vortices develop, acquire strength and rotate,
affecting to some extent the oxygen boundary
J. R. Soc. Interface (2009)

layer (ﬁgure 8a), offering the oxygen-depleted ﬂuid
to a larger surface than that in the steady case.
Papaharilaou et al. (2002) reported oscillation of the
Dean vortices and WSS with pulsatile ﬂow in an
asymmetric end-to-side anastomosis.
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Figure 8. Oxygen mass fraction iso-contours (a) and corresponding helicity iso-contours (b) for the middle section. (i) t/TZ0;
(ii) t/TZ0.45; (iii) t/TZ0.575.

If we now refer to the local polar coordinate system,
this discussion can be translated in terms of wall
quantities, by looking at the proﬁles of WSS and Sh
along the circumference of each section, as measured by
q (ﬁgure 9). Here, the three horizontal dot-dashed lines
represent the Sh value in the straight case at the same
axial positions, as indicated by the colour coding. The
J. R. Soc. Interface (2009)

time-averaged circumferential proﬁles of WSS
(ﬁgure 9a) show that the middle and distal sections’
minima are above the value of WSS (approx. 0.94 Pa)
of the straight case, and at each section, the minimum
WSS is anyway above 0.4 Pa, the proposed threshold
value for disease development (Malek et al. 1999;
Palumbo et al. 2002). In the case of the Sh number,
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development of IH is inhibited to the extent of the stent
struts being covered by just a thin layer of neointima.
These regions are characterized by signiﬁcantly high
values of Sh and WSS.
The steady-state proﬁles (ﬁgure 9b) show overall
trends qualitatively similar to the time-averaged
proﬁles, but with deﬁnitely lower minima. The relative
differences between the time-averaged and the steadystate WSS proﬁles are noticeable especially at the
location of the minima, with differences up to approximately 30 per cent of the time-averaged value at the
middle and distal sections. At the same locations, the
relative differences for the Sh proﬁles reach approximately 50 per cent of the time-averaged value. This
suggests on the one hand that steady-state simulations
may be sufﬁcient to capture only the qualitative trends
of WSS and Sh number and on the other hand that ﬂow
pulsatility may be protective against atherosclerosis
and IH, at least under the conditions studied.

2.0
1.5

100

1.0
50
0.5
0

100

200

300

0

Figure 9. WSS and Sh proﬁles along the circumference of the
cross sections for the steady-state case at peak velocity. Solid
line, proximal section; dashed line, middle section; dotted line,
distal section. Lines with symbols, WSS; plain lines: Sh
number. The three dot-dashed lines represent the Sh value in
the straight case at the same axial positions, as indicated by the
colours. (a) Time-averaged state; (b) steady state.

approximately 1008 of arc length for the proximal
section and up to approximately 408 for the other
sections show values lower than the corresponding
straight case. Also, each of these regions appears to be
shifted on average by approximately 1608 with respect to
the high Sh number region and seems to correlate with
the experimental observations (ﬁgure 1). Given the ‘safe’
range of WSS and the lower localized Sh minima in the
helical case (compared with the straight case), it could
be expected that IH would be locally more developed in
the helical than straight stent. We do not know why this
is not so. However, it may be assumed that the
deployment of a self-expanding stent in an artery causes
compression of at least part of the wall, as a result of the
outward-directed force of the stent acting against the
elastic recoil of the vessel. Such compression could
interfere with the mass transport properties of the wall
(Caro & Lever 1983) and we speculate that compression
of the vessel wall by the stent interferes with the mass
ﬂux at the wall, that the compression is lower at inner
curvature locations in the helical geometry, and that this
lower compression coupled with the higher WSS values
may be counterbalancing the lower mass ﬂux. In support
of that idea is that in the outer curvature regions of the
helical stent, where higher compression is expected, the
J. R. Soc. Interface (2009)

3.2. Effect of waveform amplitude and frequency
It was reported (Caro et al. 1987) that cigarette smoking,
a risk factor for atherosclerosis, transiently reduces
,
the arterial pulsatility index, PIZ ðUmax K Umin Þ=U
deﬁned as the ratio of the pulsation amplitude,
 , at a
UmaxKUmin, and the time-averaged velocity, U
speciﬁc point. Also, clinical evidence shows that
increased heart rate may contribute to the development
of atherosclerosis (Laperche et al. 1999; Chatzizisis &
Giannoglou 2006; Himburg et al. 2007; Giannoglou
et al. 2008; Hall & Palmer 2008). We speculated that
alteration of the PI will alter the amplitude of the
vortex oscillation and consequently we modiﬁed the
waveform to evaluate its effect on the vortex motion.
The pulsatility index was modiﬁed by modifying the
waveform amplitude factor, A, by G30 per cent with
respect to its physiological value, AZ1, which resulted
in a PIZ1.08 at the lower amplitude, PIZ1.63 at
physiological amplitude and PIZ2.17 at the larger
amplitude. We also investigated the effect of pulse
frequency at the different amplitudes, in the context of
WSS and Sh number distributions, to determine the
effect in the geometry under investigation. It should be
pointed out that we assumed a shape-preserving waveform under the different conditions, while in reality a
change in the heart rate alters the relative contribution
of the diastolic phase with respect to the systolic phase
(Chatzizisis & Giannoglou 2006; Giannoglou et al.
2008), resulting in a change in the shape of the
waveform. For simplicity, only the results for the distal
section are presented here. We expect the clinical
results to be most repeatable at the distal section,
where the ﬂow will be more developed and less affected
by entry conditions or stent deployment, and limit our
discussion to this section, leaving the results for the
proximal and middle sections to the electronic supplementary material. The WSS proﬁles shift upwards with
an increasing amplitude factor (ﬁgure 10). The
minimum of the Sh proﬁles (ﬁgure 10) increases as
well, although to a limited extent. The effect of
increasing amplitude tends to saturate as the pulsation
period is increased. At a ﬁxed period, an increase in
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Figure 10. Time-averaged WSS (ﬁlled symbols) and Sh (open
symbols) number proﬁles along the circumference of the distal
section and (a) TZ0.5 s, (b) TZ0.8 s and (c) TZ1.33 s.
Squares, AZ0.66; triangles, AZ1; circles, AZ1.33.

Figure 11. Time-averaged WSS (ﬁlled symbols) and Sh (open
symbols) number proﬁles along the circumference of the distal
section and (a) AZ0.66, (b) AZ1 and (c) AZ1.33. Squares,
TZ0.5 s; triangles, TZ0.8 s; circles, TZ1.33 s.

amplitude implies steeper, positive or negative, acceleration, to accommodate larger velocity changes within
the same time interval. This, in turn, will result in
stronger inertia effects, enhancing ﬂow reversal at the
walls, in the decelerating phase and possible ﬂow
detachment during the accelerating phase at the inner
side of the curved domain. Near-wall ﬂow reversal
conditions may explain the increasing values of WSS
with amplitude, while the slight increase in Sh is probably
a consequence of the acceleration. The saturation effect is
a consequence of the lower acceleration at larger
pulsation amplitude. The waveform period (ﬁgure 11)
has a negligible effect on the Sh minima. There is also
some effect on the maxima, in the sense of an upward shift

with decreasing period. The WSS proﬁles are affected in a
similar fashion, showing an upward shift with decreasing
period. This upward shift is more pronounced at higher
amplitude factors. At ﬁxed amplitude, the effect of
increasing the period (or decreasing the frequency) is
similar to the effect of decreasing the amplitude, resulting
in lower temporal velocity gradients, which are the
parameters controlling the system.
We are therefore led to conclude that larger
amplitude favours generally higher time-averaged
WSS and Sh, but the effect is reduced at lower pulsation
period. Also, the results suggest that higher frequency
would be advantageous, by increasing WSS, in contrast
to the clinically observed correlation between heart rate

J. R. Soc. Interface (2009)

Downloaded from rsif.royalsocietypublishing.org on 1 June 2009

Physiological importance of arterial geometry
and atherosclerosis (Laperche et al. 1999; Chatzizisis &
Giannoglou 2006; Himburg et al. 2007; Giannoglou
et al. 2008). The contradiction between the clinical and
numerical ﬁndings can possibly be explained by noting
that an increase in heart rate is generally accompanied
by a reduction in the duration of the diastolic phase
(Chatzizisis & Giannoglou 2006; Giannoglou et al.
2008), not accounted for here.

4. CONCLUSIONS
A pilot study showed markedly less IH in the pig CCA
after the implantation of a helical stent, as compared
with a conventional stent (Shinke et al. 2007).
A numerical study in comparable idealized models
revealed that the better ‘performance’ of the helical
stent could be partially explained by geometry-induced
higher Sh and WSS values. In fact, the inner curvature
regions of the helical model are exposed to lower oxygen
ﬂux than in the corresponding straight stent case, and
yet the development of IH is lower in these regions. We
are unsure concerning the explanation for this result
and speculate as to its origin. It is plausible that
the outward acting force, exerted by a stent against the
recoil of an artery, compresses the wall compromising
its mass transport properties (Caro & Lever 1983). It is
plausible, moreover, that such compression and compromise of wall mass transport contribute to the
occurrence of IH after stenting, and that the changes
are less severe at the inner curvature regions with a
helical stent than generally with a straight stent.
The IH pattern found in histological sections can only
be partially described by steady ﬂow models (steadystate simulations qualitatively capture the timeaveraged WSS and Sh number trends) and can be
related to the pulsatility-induced vortex dynamics. In
particular, the sweeping motion of the vortices exposes
the wall to a range of oxygen concentrations and WSS,
providing, on average, higher levels of WSS and Sh
numbers than under steady-ﬂow conditions. These
characteristics imply that vessel three-dimensionality
and ﬂow pulsatility play important protective roles in
respect of IH and atherosclerosis. A sensitivity analysis
suggests that large amplitude pulsation is beneﬁcial,
increasing the values of the minima in WSS and Sh and
enhancing the ‘sweeping’ motion. In contrast to the
clinically derived experimental evidence, higher frequencies seem to have a beneﬁcial effect in increasing WSS
minima. An increase in heart rate mainly reduces the
duration of diastole, and the relative contributions of the
systolic and diastolic phases should be taken into
account in trying to reconcile the numerical ﬁndings
and patient-derived experimental evidence.
The work was supported by the Clothworkers’ Foundation, the
Henry Smith Charity and the Garﬁeld Weston Foundation.
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