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Abstract

Atherosclerotic disease, and the subsequent complications of thrombosis and plaque rupture, has been associated with
local shear stress. In the diseased carotid artery, local variations in shear stress are induced by various geometrical features
of the stenotic plaque. Greater stenosis severity, plaque eccentricity (symmetry) and plaque ulceration have been associated
with increased risk of cerebrovascular events based on clinical trial studies. Using particle image velocimetry, the levels and
patterns of shear stress (derived from both laminar and turbulent phases) were studied for a family of eight matched-
geometry models incorporating independently varied plaque features – i.e. stenosis severity up to 70%, one of two forms of
plaque eccentricity, and the presence of plaque ulceration). The level of laminar (ensemble-averaged) shear stress increased
with increasing stenosis severity resulting in 2–16 Pa for free shear stress (FSS) and approximately double (4–36 Pa) for wall
shear stress (WSS). Independent of stenosis severity, marked differences were found in the distribution and extent of shear
stress between the concentric and eccentric plaque formations. The maximum WSS, found at the apex of the stenosis,
decayed significantly steeper along the outer wall of an eccentric model compared to the concentric counterpart, with a
70% eccentric stenosis having 249% steeper decay coinciding with the large outer-wall recirculation zone. The presence of
ulceration (in a 50% eccentric plaque) resulted in both elevated FSS and WSS levels that were sustained longer (,20 ms)
through the systolic phase compared to the non-ulcerated counterpart model, among other notable differences. Reynolds
(turbulent) shear stress, elevated around the point of distal jet detachment, became prominent during the systolic
deceleration phase and was widely distributed over the large recirculation zone in the eccentric stenoses.
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Introduction

The association between shear stress and atherosclerosis-related

complications is well established [1,2]. Early stages of atherogen-

esis and plaque localization in the carotid artery are associated

with regions of low or highly oscillatory wall shear stress (WSS),

while initially the regions with moderate to high shear stress are

protected. Once stenotic plaque has formed and matured, shear

stress forces – now altered due to the changed vessel geometry –

play a role in plaque instability [3,4]. With regard to plaque

rupture and flow-induced shear stress forces, conflicting results

have been reported. For instance, Groen et al. [5] reported that

the site of plaque rupture coincided with the region of elevated

WSS. In contrast, Leach et al. [6] showed that the region of plaque

rupture is in fact associated with a local minimum WSS. In

addition to flow-induced WSS, several studies [7,8] have shown

the possible association between plaque rupture and increased

biomechanical structural stresses on the plaque. For example,

Teng et al. [9] suggested that plaque maximum wall stress (i.e.

maximum principal stress) is a better indicator of plaque rupture

than maximum WSS at the site of plaque. The study of high WSS,

as well as high spatial WSS gradient, has gained much attention

due to its known association not only with plaque destabilization

and thrombosis in stenosed arteries, but also with outward

remodeling of vessels and development of saccular intracranial

aneurysms [10].

Atherosclerotic plaques are particularly predisposed to throm-

bogenicity, which also can be promoted further by pathological

shear stresses. Thrombosis is a complicated multi-step process that,

under certain conditions, can occur either at the site of plaque or

the vicinity of the vessel wall. Since the late 1970s, numerous

investigations have been conducted, mainly under controlled

conditions, to identify the underlying mechanism of shear-induced

thrombus formation and mobilization. In an intriguing study by

Nesbitt et al. [11], it was found that pathological WSS at the site of

stenosis spatially regulates thrombus growth; when a shear-

acceleration zone is followed by a shear-deceleration zone (labelled

as a shear microgradient), platelet aggregation forms at the post-
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stenotic expansion zone starting from the stenosis apex. This

mechanism of aggregation – in which soluble agonists merely play

a secondary role – is rheology dependent with platelets only at a

low level of activation. The intrinsic instability of these post-

stenotic aggregates can contribute to thromboembolism and

consequent cerebrovascular events [12].

For moderate and severe stenosis, turbulent (Reynolds) shear

stress is expected distal to the stenosis throat where the jet flow

becomes disturbed and turbulent. While RSS does not directly

relate to a force seen by the platelets in the same way as laminar

shear stress, the significance of Reynolds shear stresses should not

be dismissed. Reynolds stresses and blood cell damage are well

correlated [13] and thus play a significant role in the prediction of

mechanical hemolysis. In fact, RSS may reflect effective shear

stresses due to viscous cell-cell interactions during the dissipation

of turbulent eddies as proposed by Antiga and Steinman [14] who

showed that, under turbulent conditions and considering the high

concentration of red blood cells in vivo, viscous cell-cell

interactions may give rise to increased shear-stress forces on the

same order as Reynolds shear stresses.

An often-cited threshold of 400 Pa [13] is considered sufficient

for lysis of red blood cells (and arguably considered to be an

underestimation [15]). Platelets, however, are much more sensitive

to shear, and their deformation starts at shear stress levels as low as

10–16.5 Pa [16]. It also has been established that shear-induced

platelet activation has a cumulative effect, meaning it depends not

only on the shear level, but also on the duration of exposure time

[17–19]; at higher shear-stress levels, shorter exposure time is

required. Turbulent stress levels of 10–100 Pa are considered to

trigger platelet activation [20].

Through flow alteration, the dynamics of shear stress are

influenced by local geometrical features of the plaque. Greater

stenosis severity, plaque eccentricity (symmetry) and plaque

ulceration are among the plaque features that have been

associated with more frequent cerebrovascular events based on

clinical trial studies [21–23]. From a hemodynamic perspective,

this may be due to an increased level of shear stress, such as seen

with more severe stenosis, resulting in an increased probability of

plaque rupture and larger formation of unstable thrombi formed

at the post-stenotic region. However, independent of stenosis

severity, plaque eccentricity also can impact the local hemody-

namics of the carotid artery. In a study conducted in two matched

models of mild stenosis with symmetric and asymmetric form,

Kaazempur-Mofrad et al. [24] showed that stenosis asymmetry is

associated with the development of secondary flows that effect the

mass transfer. In a previous computational simulation study by

Tambasco and Steinman [25], path-dependent hemodynamic

factors associated with thrombotic activity were investigated in

30% concentrically and eccentrically stenosed models of the

carotid bifurcation with identical geometries as used in the present

work. Using the trajectory scheme, the dynamic path histories of

simulated blood elements (e.g. platelets) were derived from which

the coupled effect of particle transit time and shear stress was

obtained. Compared to the concentric model, the eccentric

counterpart was found to be suggestive of a higher level of

thrombotic activity owing to the larger percentage of particles

experiencing maximum shear-stress exposure, threshold activa-

tion, and mural deposition.

The widely recognized significance of hemodynamic factors of

the carotid artery bifurcation with respect to stroke risk has

encouraged numerous studies, mainly performed using computa-

tional techniques [26–28], with fewer in vitro studies [29,30].

Regardless of the applied technique, the majority of these

investigations have been conducted each in a different patient-

specific or idealized model of the carotid artery, and only a few

computational fluid dynamics (CFD) studies have reported the

effects due to changes in geometrical features of the stenotic

plaques [25,31,32]. Assessment of the individual effect of each

geometrical feature by performing a pooled comparison across

these studies is difficult due to variation in geometries, modalities,

and flow conditions.

The objective of the present work was to conduct a

comprehensive matched-model study to assess the shear stress

(both laminar and turbulent) affected by three independent

geometrical stenosis features (stenosis severity, plaque eccentricity,

and plaque ulceration) that are each associated with increased

cerebrovascular events. Flow was characterized experimentally

using particle image velocimetry (PIV) in a set of physiologically

relevant carotid artery models covering a wide range of disease

progression.

Methods

Experimental set-up
A family of eight carotid artery phantoms was examined

consisting of six models with 30%, 50%, and 70% stenosis severity

(based on NASCET criteria) each in either form of the extreme

plaque symmetry (concentric or eccentric), as well as a 50%

eccentrically stenosed plaque with an ulceration incorporated and

a normal (disease-free) model. The PIV-compatible life-sized

phantoms [33] each incorporated the physiologically relevant

geometry [34] based on an 8-mm inner diameter common carotid

artery (CCA), 5.5-mm internal carotid artery (ICA), and 4.5-mm

external carotid artery (ECA). The flow loop included a phantom,

downstream flow resistors (generating ,60:40 ICA:ECA flow

division), and a programmable positive-displacement pump

(CompuFlow 1000, Shelley Medical Imaging, London CAN)

[35] equipped with synchronization signal thus enabling gated

data acquisition. Figure 1 shows the experimental set-up including

one of the carotid phantoms. The pump was programmed with an

idealized carotid waveform [36] with a maximum flow rate at peak

systole of 27.13 (60.30) mL/s and a mean of 6.29 (60.09) mL/s,

as measured at the inlet of the CCA. Figure 2 shows the measured

flow-rate waveforms at the CCA inlet and the ICA and ECA

outlets. Local maximum and mean Reynolds numbers derived

from the narrowest diameter of the ICA stenosis were 1162 and

312 in the 30% models, 1627 and 473 in the 50% models, and

2712 and 789 in the 70% stenosed models. The phantoms were

perfused with a blood-mimicking fluid [37], specifically developed

to match the refractive index (n = 1.414060.0008) of the silicone

PIV phantoms for reduced optical distortion and with corre-

sponding dynamic viscosity (m = 4.3160.03 mPa s) within the

average range of healthy human blood (4.460.5 mPa s) as cited by

Yousif et al, which also aligns with the viscosity of standard

ultrasound blood-mimicking fluid [38]. The fluid was seeded with

polymer fluorescent microspheres with 15-mm mean diameter

(FLUOSTAR, EBM Corp., Tokyo, Japan). The density of the

particles was in close proximity to the density of the blood-

mimicking fluid (r = 1.244 g/ml).

Velocity maps were obtained using a stereoscopic PIV system

(LaVision Inc., Ipsilanti MI, USA), as previously described in

detail [39] and summarized in Table 1. Briefly, the system

consisted of a 5.5-W, 532-nm Nd:YAG laser creating a 1.5-mm

thick horizontal illumination sheet through the phantom, which

was viewed stereoscopically from above using CMOS cameras

fitted with Scheimpflug adapters and 550-nm filters suitable for the

fluorescent microspheres. An overlying silicone prism was used to

reduce astigmatism and was placed on top of the silicone phantom
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symmetrically between the two cameras with an oblique viewing

angle of ,35u.

Data acquisition and analysis
A summary of PIV data acquisition and analysis parameters is

provided in Table 1. For each model, the initial 870-ms portion of

the cardiac cycle was captured from the full 920-ms cycle, as

limited by the on-board camera memory. For volumetric

acquisitions, 15 measurement planes throughout the lumen

volume were acquired with elevation increments of 0.5 mm. For

each plane, double-frame images were recorded at 100 Hz (10-ms

temporal resolution).

PIV data processing was performed using DaVis 7.2 (LaVision).

The calibration procedure and velocity-evaluation algorithm have

previously been described in detail [40]. Before the velocity

processing, a root-mean-square (RMS) mask, created specifically

for each plane of measurement from a full set of images, was

applied on each particle image in order to eliminate the non-flow

regions. The velocity-evaluation algorithm was a fast-Fourier-

transform based cross-correlation analysis, which was employed in

an adaptive multi-pass scheme with decreasing interrogation-

window size ranging from 64664 pixels down to 16616 with 50%

overlap throughout. The calibrated particle images had a scaling

factor of ,38 mm per pixel resulting in vector maps with a grid

resolution of ,0.30 mm. The final planar three-component (2D-

3C) vector fields were post-processed once with a 363-smoothing

kernel.

As noted in the study by Kähler et al. [41], when using a

window correlation algorithm for PIV, displacements estimated

within half of an interrogation window (in our case less than 8

pixels) normal to the wall are biased and overestimated. Thus, for

our velocity fields, the last row of vectors located within half of the

interrogation window (i.e. 8 pixels) in the wall-normal direction

were eliminated and assumed to be zero (which is reasonable as

the potentially overestimated velocities were already close to zero).

All further processing on the velocity maps was performed using

custom MATLAB programs. Shear stress parameters were

estimated for a 180-ms window corresponding to the systolic

phase, starting 20 ms before peak systole and continuing into the

deceleration phase of post peak-systole.

The 2D-3C velocity maps obtained from 15 repeated cardiac

cycles were used to calculate an ensemble (phase)-averaged

velocity field, which was subtracted from the instantaneous

velocity to yield components of velocity fluctuation based on

Reynolds decomposition (v0~v{V ) [42]. The phase-averaged

flow represents the coherent (i.e. deterministic) part of the flow,

and any deviation (i.e. fluctuation) from it can be associated with

the turbulent (i.e. incoherent) characteristics. In the present study,

the required phase correlation was facilitated through synchro-

nized data acquisition triggered by a pump synchronization signal.

At each time point (t) of the cardiac cycle, the ensemble-averaged

velocity maps were used to represent laminar flow behavior

applied to the calculation of laminar shear stress defined based on

the strain tensor composed of averaged velocity components as

follows:

tij(t)~m(
LVi(t)

Lxj

z
LVj(t)

Lxi

),

Vi(t)~
1

N

XN{1

n~0

vi(tznT),

i,j~1,2,3

ð1Þ

where m is the dynamic viscosity (4.3160.03 cP) of the blood-

mimicking fluid, T is the period of the cardiac cycle (920 ms), and

N is the number of collected cardiac cycles (15). The selection of 15

cardiac cycles was based on a previous statistical analysis [40] that

identified the minimum number of cycles for which turbulence

intensity (standard deviation) did not differ significantly from the

convergence value seen with a greater number of cycles. V1, V2,

and V3 correspond respectively to the ensemble (phase)-averaged

velocity means (U, V, W) of the instantaneous velocity components

u, v, and w in the x, y, and z direction (i.e. x1, x2, x3). Over the entire

velocity map, including the points adjacent to the wall, velocity

gradients were calculated using a central difference scheme. For

the first non-zero value adjacent to the wall, the value of zero

representing the wall was applied in central differencing. By

assessing the line-extracted velocity profiles [40], it can be found

that velocities near the wall in the ICA do not follow a linear decay

(to zero) and thus, employing the forward (or backward) difference

scheme for near-wall velocity gradients results in faulty values and

misestimation of wall position. After velocity gradients were

calculated, the shear stress tensor was solved for eigenvalues,

which yields three values representing principal stresses (i.e.

normal stresses in principal directions). By definition, the half

Figure 1. Example of one of the carotid-artery bifurcation
phantoms incorporating a 50% eccentric stenosis (a), and a
picture of the experimental set-up depicting the flow circuit
and PIV components (b).
doi:10.1371/journal.pone.0098209.g001 Figure 2. Volumetric flow-rate waveforms, measured using

electromagnetic flow meters, at the inlet of the CCA and
outlets of the ICA and ECA.
doi:10.1371/journal.pone.0098209.g002
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difference between the maximum and minimum eigenvalue is used

to represent the maximum shear stress [43]. Maximum shear stress

values at the wall boundaries were then used to represent wall

shear stress (WSS). For improved visualization of WSS, a

smoothed-wall model and processing operations were carried out

in the open-source Visualization Toolkit software (VTK version

5.10, Clifton Park, NY, USA). Shear stress values greater than

zero were retained via thresholding. Extraction of the outer

polygonal surface produced a coarse wall model. Linear surface

subdivision was used to increase triangle vertex density and to aid

in smoothing during a volume-preserving geometric smoothing

step that followed. Volumetric PIV data were then resampled onto

the smoothed wall model producing surface maps of the data for

visualization.

The turbulent shear tress tensor, composed of Reynolds shear

stress (RSS) components, was formed from the covariance of the

velocity fluctuations (u’,v’,w’) calculated using multiple repeats of

the cardiac cycle (i.e. N = 15):

tturb(t)~{r(v’i (t)v’j(t)), v’i (t)v’j(t)~

PN

n~1

v’i(t,n):v’j (t,n)

N{1
,

v’i (t,n)~vi(t,n){Vi(t) , i,j~ 1,2,3f g

ð2Þ

where r is the density (1244 kg/m3) of the blood-mimicking fluid,

v’1,v’2,v’3 represent u’,v’,w’ respectively, and V1, V2, V3 correspond

respectively to the ensemble-averaged velocity components (U, V,

W). The normal components of the covariance tensor (i.e. velocity

variances) are commonly referred to as the turbulence intensity

(TI) components [40].

The total of laminar (Eqn. 1) and turbulent (Eqn. 2) shear stress

were used to compose the tensor of the total shear stress (TSS), and

similarly half of the difference between the largest and smallest

eigenvalues was used to represent the TSS principal values.

Results

Laminar shear stress
Figure 3 shows the ensemble-averaged velocity magnitude for

the time point of maximum flow rate (i.e. peak systole at

t = 180 ms on Fig. 2) in the eight models. Additionally, central-

plane velocity maps of all eight models over the course of the entire

cardiac cycle are shown in synchrony in the Movie S1, and CCA

velocity profiles from eight selected time points are shown in

Figure S1. In the normal model, low-velocity recirculating flow

occurs in the ICA bulb, while in the ECA branch, higher velocity

laminar flow is seen; ECA flow was similar in all the other models.

In the stenosed models, the jet follows a different path in the

eccentric versus concentric models, thus creating distinct recircu-

lation areas. In the concentric models, the Dean-type vortices seen

in the second cross-sectional slices represent a helical swirling

motion in the jet-free region – located distal to the stenosis throat,

medial to the jet, and along the inner (flow-divider) wall – as well

as reversed flow along the inner wall forming an ‘‘inner-

recirculation zone’’. In the eccentric models, a large ‘‘outer-

recirculation zone’’ and a smaller inner one are created on

opposite sides of the jet as it crosses over from the inner wall to the

outer (non-flow-divider) wall. Also, with an eccentric stenosis, the

jet enters the bifurcation at a straighter angle, and therefore due to

preservation of the path trajectory, the distal jet is narrower and

thus has a higher maximum velocity (by ,10%, 3%, and 8% in

Table 1. PIV data acquisition and analysis parameters.

Laser & illumination 5.5 W, 532-nm continuous wave Nd:YAG,

Time interval: min. 110 ms (70% stenosed), max. 400 ms (normal model)

Illumination width: min. 100 ms

Camera & acquisition 102461024 pixels, 10-bit CMOS

Sensor pitch size: 17 mm

Acquisition rate: 1 kHz (500 Hz double frame)

Image properties Viewing angle: 635u

Lens focal length: 60 mm

Lens focal aperture: 2.8

Filters: 550-nm long-pass

Field of view: ,45641 mm2

Magnification: ,38 mm per pixel

Image pre-processing Sliding background subtraction

RMS mask to eliminate non-flow regions

Particles & image density 15-mm Rhodamine-B infused polystyrene 2.5 pixels mean

2.5 pixels mean image particle size

Average of ,9 particles per 16616 px2 window

Vector analysis No. of measurement planes per model: ,15 No. of velocity

No. of velocity vectors per model: ,21,000

Type: adaptive multi-pass processing with decreasing window size from 64664 to 16616, using 3 refinement passes

Final grid spacing: 8 pixels (,0.3 mm)

Vector validation Median filter (remove and replace)

Single pass smoothing (363)

doi:10.1371/journal.pone.0098209.t001
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Figure 3. Color maps of ensemble-averaged velocity magnitudes shown for peak systole in a family of eight carotid bifurcation
models. Three cross-sectional slices are shown alongside the ICA lumen, for each stenosed model, at the locations indicated by the black horizontal
lines at approximately 1, 2, and 3 CCA diameters (i.e. ,8, 16, 24 mm) downstream of the bifurcation apex. For scale, note the downstream ICA
diameter is 5.5 mm. Note the range-appropriate color bar for each row of models.
doi:10.1371/journal.pone.0098209.g003

In Vitro Shear Stress in Carotid Artery Models

PLOS ONE | www.plosone.org 5 July 2014 | Volume 9 | Issue 7 | e98209



the 30%, 50%, and 70% eccentrically stenosed models respec-

tively) compared to their counterpart concentric model. Regard-

less of the plaque symmetry, flow relaminarizes but increasingly

further downstream with increasing stenosis severity, resulting in a

larger extent of the recirculation zones.

The addition of ulceration to the 50% eccentric model resulted

in an even narrower jet (Fig. 3), and thus slightly faster (by ,5%),

compared to its counterpart non-ulcerated eccentric model. As a

result, a slightly larger recirculation zone is created alongside the

jet, extending further upstream into the stenosis throat. In the

ulcer itself, very low velocities are present, which also present a risk

for thrombosis, particularly when in contact with the potentially

thrombogenic inner-plaque components.

Laminar shear stress profiles are shown in Fig. 4 for the time

point of peak systole. Intraluminal laminar shear stress, herein

referred to as free shear stress (FSS) (i.e. not wall related, not to be

confused with FSS, flow shear stress, in the literature [9]), is

governed by the pattern of the high-velocity jet. In the concentric

models, immediately distal to the stenosis throat, a cylindrical

lamina of FSS is evident in the lower cross-sectional slice, which

can also be seen in the central-plane map as two parallel elevated-

FSS streams. In the eccentric models, the shear-stress laminae are

bounded on one side by the inner wall, leading to an extended

region of elevated WSS along the inner wall, parallel to an

extended elevated-FSS layer alongside the large outer-wall

recirculation zone.

In the ulcerated model, the FSS layer starts further upstream

compared to the non-ulcerated counterpart, forming ,2 mm

upstream of the stenosis throat at the mouth of the ulceration, due

to the low circulating flow in the ulcer crater adjacent to the high-

velocity jet.

To assess the spatial and temporal distribution of the FSS,

maximum FSS values were extracted over the systolic phase

(corresponding to t = 160–340 ms in Fig. 2) in the ICA central

plane extending 25 mm distal to the bifurcation apex, as shown in

Fig. 5. The apparent spatial discontinuities mark the detachment

of the jet from the wall, with elevated WSS thus converting to

elevated FSS, and vice versa. In the normal (disease-free) model,

maximum FSS just exceeds 2 Pa. Prior to peak systole, the

maximum FSS values appear outside the bulb in the straight part

of ICA lumen; however, post peak systole, the bulb area exhibits a

higher level of maximum FSS due to the instability of the

recirculation zone in the bulb. In all of the examined stenosed

models, the maximum FSS peaks around peak systole. Overall, the

maximum-FSS ranges were found to be similar in each pair of

models with equal stenosis severity, reaching a peak value of 4–

5 Pa in the 30% models, 7–8 Pa in 50% models (non-ulcerated),

and 16–17 Pa in the 70% models. In each eccentric model,

compared to the matched concentric one, the FSS layer extends

shorter distally, but also forms more proximal to the stenosis (Fig. 4)

resulting in similar extents of the FSS layer. This is due to the fact

that the detachment of the jet from the plaque wall occurs more

distally in the concentric models. The ulcerated model shows

greater temporal extension later into the cardiac cycle by about

20 ms (e.g. compare 3-Pa contour level) and a higher overall peak

value (9 Pa compared to 7–8 Pa).

Figure 6 illustrates laminar WSS at the time point of maximum

shear stress (i.e. peak systole), showing the models from two

viewing angles in order to visualize both the inner and outer ICA

walls. The normal model exhibits very low WSS ranging from

0 Pa, (i.e. stagnant fluid) at the outer wall of the ICA bulb and less

than 4 Pa along the inner ICA wall, up to a maximum of 6.5 Pa

arising at the bend of the inner ECA wall; similar values were

consistent in the ECA of all the examined models. Overall, the

maximum-WSS ranges were found to be similar in each pair of

models with equal stenosis severity, reaching a peak value of 8–

10 Pa in the 30% models, 18 Pa in 50% models (non-ulcerated),

and 30–36 Pa in the 70% models. Consistently, in all the

concentric models, elevated WSS appears at two disjointed

regions: within the stenosis throat and distally at the outer ICA

wall where the high-velocity jet impinges. In the eccentric

geometries (including ulcerated), an elevated-WSS region forms

within the stenosis throat and continues distally along the inner

wall, along with two regions of slightly elevated WSS on the

downstream outer wall due to the jet impingement and the

reversed flow that creates the outer recirculation zone.

Figure 7 illustrates both the spatial and temporal distribution of

WSS along the inner (flow-divider wall) (Fig. 7a) and outer wall

(Fig. 7b) derived for the same region of the ICA and same window

of the cardiac cycle as used for FSS in Fig. 5. In the concentric

models, elevated WSS within the stenosis throat (i.e. ,0–5 mm

from bifurcation apex) appears equally along the inner (Fig 7a, left

column) and outer wall (Fig 7b, left column). Values do not exceed

10 Pa in the 30%-stenosed models, but increasingly extend from

4–5 mm for up to 100 ms in the 50%-concentric model to a 7 mm

region lasting over 180 ms in the 70% concentric at the 10-Pa

level. In each eccentric model, the extent of the inner-wall WSS

elevation is about twice the extension in the counterpart

concentric models. At the 10-Pa level, values extend approxi-

mately 7 mm for up to 50 ms in the 30%-stenosed models,

increasing to 13 mm for up to 100 ms in the 50%-concentric

model, and a 20 mm region lasting beyond the 180-ms window in

the 70% concentric.

In the ulcerated model, the WSS region associated with the

recirculation zone is larger and sustained longer compared to the

non-ulcerated counterpart, but WSS levels do not exceed 8 Pa.

Similar to FSS, both inner- and outer-wall WSS levels (Fig. 7 a and

b) are sustained ,20 ms longer for the ulcerated model compared

to its non-ulcerated counterpart.

Of particular interest is the slope of decay from the maximum

WSS at the apex of the stenosis, as previous studies have shown the

association of this decay gradient with the growth of unstable

thrombus immediately downstream of the stenosis [11]. Rates of

decay were quantified from Fig. 8, which shows the values of WSS

extracted from a 25-mm wall length starting at the bifurcation

apex. For both groups of plaque symmetry, the maximum WSS

and subsequent decay from the maximum WSS (along both inner

and outer wall) increases with increasing stenosis severity. For the

outer-wall WSS, the slope of decay in the concentric models with

30%, 50%, and 70% stenosis were approximately 22, 26, and 2

9 Pa/mm respectively. The slope of decay in the eccentric models

was significantly higher with decays of 25, 212, and 233 in the

30%, 50%, and 70% stenosis respectively, corresponding to

increases of 150%, 100%, and 270% over their concentric

counterparts.

While the spatial shear gradient in the study by Nesbitt et al.

[11] was significantly higher, as it corresponds to a micro-scale

spatial zone, spatial shear gradients have also been implicated in

previous studies with regional correlation to endothelial cell

morphology and the attachment of leukocytes in regions with high

spatial WSS gradients over a scale comparable to carotid stenosis

[44].

Reynolds shear stress (RSS)
Figure 9 shows the distribution in the RSS component of

({ru’v’) in the 50%-stenosed models at three different time points

of the systolic phase: approaching peak systole (systolic accelera-

tion), post peak systole (early deceleration), and near the dicrotic

In Vitro Shear Stress in Carotid Artery Models
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notch (late systolic phase). Prior to peak systole, RSS is

concentrated along the jet path. In the concentric model, RSS is

skewed toward the outer wall, whereas in the two eccentric

models, it is more uniformly distributed over the ICA lumen.

During deceleration in the eccentric (both non-ulcerated and

ulcerated) models, RSS distribution expands into the large outer-

wall recirculation zone reaching a maximum RSS ({ru’v’) value

of about 25 Pa. The RSS distribution in the large recirculation

zone persists during the entire deceleration phase, as evident by

the third time point shown, although covering a lower range

(,5 Pa maximum RSS). In the concentric model, spotted regions

of elevated RSS are observed downstream during the deceleration

phase, unlike the large distribution seen in the eccentric

counterparts.

Figure 4. Color maps of the laminar (ensemble-averaged) shear stress shown for peak systole in the eight models. Three cross-
sectional slices are shown alongside the ICA lumen for the locations indicated (as described in Fig. 3). Note the bottom right color bar represents the
seven stenosed models, and a separate color bar is used for the normal model as indicated in the enclosed box.
doi:10.1371/journal.pone.0098209.g004
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As expected, RSS is governed by flow instabilities and coincides

with the presence of vortices. Figure 10 shows central-plane

vortices identified using swirling strength [39] in the three 50%-

stenosed models derived from either an ensemble-averaged

velocity map (left panel of each pair) or an instantaneous velocity

map (right panel of each pair) for the same three cardiac phases

shown in Fig. 9. During the acceleration phase (top row), flow is

well organized, with vortex shedding appearing along each side of

the jet in all three models. Due to increasing flow instabilities

during systolic deceleration (middle row), vortices also form in the

post-stenotic region, particularly as the large outer recirculation

zone breaks down into small vortices in the eccentric models.

Destabilization of the helical flow in the concentric model can also

be seen as small instabilities in the jet-free region. At the late

systolic phase (bottom row), the coherent vortex shedding along

the jet disappears, but flow instabilities are still present in the

recirculation zones.

Figure 11 shows total shear stress (TSS) maps at the time point

of maximum value for each model, which occurs early within

systolic deceleration for all the examined models, with the

exception of the normal model. The elevated TSS regions are

primarily contributed by elevated RSS, while minor contributions

from FSS (Fig. 5) appear in lower values along the jet. In the 30%

concentric model, TSS seems to follow the FSS pattern due to a

minimal level of flow instabilities. The elevated region of TSS

expands starting from the point of jet impingement located at the

post-stenotic outer wall in the concentric models and from the

downstream detachment point located at the inner wall in the

eccentric models. Overall, the maximum TSS value increases

rapidly with increasing stenosis severity as seen in the concentric

Figure 5. Spatial and temporal distribution of the maximum free (i.e. non wall) shear stress in the eight models shown for a 180-ms
window, incorporating peak systole (PS), as indicated on the reference flow-rate waveform at the bottom right. For each time point,
maximum FSS values were extracted across the entire ICA lumen along 25 mm of analyzed length starting at the bifurcation apex (0 mm). Note the
range-appropriate color bar associated with each row of models and the 1-Pa isocontour increments used for all maps.
doi:10.1371/journal.pone.0098209.g005

In Vitro Shear Stress in Carotid Artery Models

PLOS ONE | www.plosone.org 8 July 2014 | Volume 9 | Issue 7 | e98209



models, with maximum TSS values of 32, 122, and 298 Pa for

30%, 50%, and 70% stenosis severity respectively, and similarly in

the eccentric models, with values of 99, 158, and 303 Pa. Notable

from the cross-sectional slices, the elevated-TSS volume is mainly

bounded to the outer wall in the concentric models, and more fully

distributed in the eccentric models due to the larger distribution of

flow instabilities when the tail of the jet crosses from the inner to

outer wall. These patterns of elevated TSS also correspond to

elevated turbulence intensity distributions previously illustrated

using PIV [40].

Figure 12 demonstrates the relative distribution of TSS values

(i.e. combined laminar and turbulent shear stress) for spatial and

temporal accumulation over a systolic 180-ms time window (as

depicted in Fig. 5) for a downstream region extending laterally

wall-to-wall and 35 mm distal to the apex in the ICA branch.

Distributions are compared for the central plane alone and for the

volumetric data (based on 15 planes). In the 30% stenosed models,

higher levels are seen across all TSS values in the eccentric model.

In the 50% and, more pronouncedly, in the 70% eccentrically

stenosed models, this increase was found for higher-level shear

Figure 6. Ensemble-averaged wall shear stress shown for peak systole in the eight carotid models. For optimal display, the ICA is shown
from two different perspectives as indicated by the orientation schematic in the bottom right corner. The color bar represents all the models
including the normal geometry. For improved accommodation, the dynamic range of the color bar is reduced to a maximum of 30 Pa, although
maximum values of 36 Pa were observed in the 70%-stenosed models.
doi:10.1371/journal.pone.0098209.g006
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stress (i.e. elevated wall and turbulent shear stress) as observed for

values above 15 Pa in the 70% models. The ulcerated and non-

ulcerated 50%-stenosed models were similar, in general, with

greater accumulation found for low-level shear stress (below 8 Pa)

in the ulcerated model, as similarly shown for low levels of

turbulence intensity based on PIV [40].

Discussion

We have provided a detailed analysis of shear-stress spatial

distribution and time evolution for varying carotid plaque

geometries. Two factors were observed that can potentially

contribute to a higher level of thrombosis due to increasing

stenosis severity: 1) increased shear-stress levels (both free and wall)

for each examined time point (Figs 5 and 7) and 2) a steeper slope

of decay descending from the maximum shear stress at the stenosis

apex (Fig. 8).

While the effects associated with increasing stenosis severity can

intuitively be expected, our findings also demonstrated marked

differences between concentric and eccentric plaque symmetry. In

the eccentric models, four notable issues arise, compared to the

concentric symmetry, that may contribute to increased risk of

thrombosis: 1) significantly extended WSS formed along the inner

wall (Fig. 7a); 2) significantly steeper decay of WSS just beyond the

stenosis apex along the outer wall at the leading edge of the large

recirculation zone, which has been shown in vivo to contribute to

larger growth of unstable thrombus [11] (Fig. 7b); 3) elevated and

dispersed levels of RSS in the post-stenotic recirculation zone

(Fig. 9); and 4) a larger expansion of turbulent shear stress

associated with jet instabilities (Fig. 9 and 11).

The high level of intraluminal total shear stress in all the

stenosed models, which increased ten-fold (from ,30 Pa to

300 Pa) with increasing stenosis severity, is suggestive of increased

potential for thrombosis. Reports by Holmes et al. [45] showed

that a shear-stress level of at least 30 Pa (corresponding to shear

rate of 10500 s21), when present even for a very short time

(0.075 s), resulted in platelet activation and formation of platelet

micro-particles. Additionally, our results showed that plaque

eccentricity resulted in either higher levels or larger expanses (or

both) of turbulent shear stress compared to concentric geometry,

thus also suggesting potential for increased thrombosis activity.

Plaque ulceration has shown association with the presence of

thrombus [46]. Based on our findings in an ulcerated 50%

eccentric model, ulceration potentially contributes to a higher level

of thrombosis activity due to: the longer sustention (,20 ms) of

elevated FSS and WSS (Fig. 5 and 7) during systole, larger

expansion of RSS due to a larger recirculation zone (Fig. 3), and

the adjacency of the shear stress lamina to the low circulating flow

of the ulcer crater.

We introduced a new metric of assessing shear stress separately

via laminar and unsteady conditions. The ensemble-averaged

(referred to here as laminar) shear stress represents the dominant

levels of shear stress under which the thrombotic activity occurs.

The high-level turbulent shear stress, in which cycle-to-cycle

variability is included, occurs less often, as was shown in Fig 12.

Using instantaneous peak WSS can be a misleading metric since

Figure 7. Spatial and temporal distribution of the wall shear stress along (a) the inner wall and (b) the outer wall in the eight carotid
models. For each time point, wall-bounded values were extracted along the 25-mm analyzed length starting at the bifurcation apex. The analyzed
180-ms window (with peak systole denoted as PS) is highlighted on the reference flow waveform. Note the range-appropriate color bar associated
with each row of models and the 4-Pa contour increments used for all maps.
doi:10.1371/journal.pone.0098209.g007

Figure 8. Spatial distribution of inner WSS (upper row) and outer WSS (lower row) associated with an interval during peak systole.
Values are mean and standard deviation (whiskers) over five WSS values covering five time points straddling (620 ms) peak systole.
doi:10.1371/journal.pone.0098209.g008
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Figure 9. In-plane RSS component ({ru’v’) as a function of time for the three 50%-stenosed models. Maps are shown at three time
points: 20 ms before peak systole (top row), 20 ms after peak systole (middle), and 20 ms before the dicrotic notch (bottom), as indicated by the
respective flow-rate waveforms on the right. Three cross-sectional slices are shown alongside the ICA lumen at the locations indicated by the black
lines at approximately 2, 2.5, and 3 CCA diameters downstream (i.e. ,16, 20, 24 mm). Note the separate color bar used for the bottom row with the
same zero-value color as for the upper rows.
doi:10.1371/journal.pone.0098209.g009
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the cycle-to-cycle variability is not taken into account – potentially

explaining the variation in peak WSS found between studies.

Moreover, in the literature, almost no attention is given to

intraluminal free shear stress as evaluated in the present study.

Free shear layers are generated at the interface of the jet and

separated flow regions (e.g. recirculation zones); during the systolic

phase, when this sheared interface became unstable, vortex

shedding appeared along the sides of the shear layers, as seen in

Figure 10. Color-encoded maps of orientation-dependent swirling strength (lci) shown for the ICA central plane in each of the set
of three 50%-stenosed models at time points identical to those applied to Fig. 9. Swirling strength maps were obtained from x and y
components of the ensemble-averaged (left panel in each column pair) and instantaneous (right panel in each column pair) velocity maps. Note the
different limits of the color bar used for the bottom row. Positive (e.g. yellow to red) and negative values (e.g. green to violet) represent counter
clock-wise and clock-wise swirling rotation, respectively.
doi:10.1371/journal.pone.0098209.g010
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Figure 11. Color-encoded maps of total shear stress for the time point of maximum TSS in each of the eight carotid models. For each
model, a map demonstrating maximum TSS is shown, where the time point corresponding to the maximum value varied only slightly (20610 ms
beyond peak systole) for the eight models. Note the bottom right color bar (set to the maximum of 150 Pa) represents the seven stenosed models;
the time and color bar associated with the normal model are shown in the enclosed box.
doi:10.1371/journal.pone.0098209.g011
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Fig. 10. The significance of vortex shedding in the thrombosis

mechanism has been demonstrated previously [47], where particle

paths showed that platelets, after being exposed to high-level shear

stress layers, were entrapped within the vortices shed beyond

heart-valve leaflets.

Besides shear stress, certain flow patterns can also play a

significant role in thrombosis; for example, the presence of

recirculation results in longer residence times and thus higher

platelet activation level [25]. During the systolic deceleration

phase, when flow becomes most disturbed [27,39,48], additional

vortices appear due to the break down of the large recirculation

zone (Fig. 9) that was prominent in the eccentric models. It has

been shown [49] that these post-stenotic vortices can enhance the

local deposition and convection of the platelets near the wall (i.e.

potentially near the site of plaque rupture). This region also was

associated with the presence of elevated RSS during the

deceleration phase (Fig. 9), and thus of potential significance for

platelet activation and RBC hemolysis. Turbulent flow conditions

Figure 12. Histogram of normalized distribution of TSS ($2 Pa) for the ICA branch (0–35 mm distal to bifurcation apex) and over
the systolic phase (same 180 ms window depicted in Fig. 5). Plots represent the number of voxels accumulated over time and space for each
TSS value (1-Pa bins) normalized by the total number of non-zero voxels accumulated for the same time frame in each model. Central plane (left
column) includes ,2000–2500 voxels and volumetric data (right column) includes ,21000–32000 non-zero voxels, depending on geometry. Note,
horizontal axes are presented in log-2 form, all values exceeding 200 Pa fall within the 200-Pa bin, and the normal model uses a different range for
the vertical axis.
doi:10.1371/journal.pone.0098209.g012
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promote high pathological shear-stress levels, thus suggesting that

shorter exposure times should be required for platelet activation.

Although platelets can survive damage from extremely short

exposure time (in the order of 1025 s) [19], it has been shown that

a high level of shear stress can sensitize the platelets and prime

them for activation under steadier flow conditions [50]. However,

it has also been suggested that thrombosis under turbulent

conditions may imply a different mechanism, as platelets would

need to form bonds very rapidly [51].

Shear stress is extremely difficult to estimate experimentally.

PIV provides spatial and temporal resolution that is sufficiently

high to allow adequate estimation of velocity gradients. However,

PIV has a known challenge in shear estimation, imposed by the

standard cross-correlation algorithm, that results in biasing the

velocity estimation near walls (e.g. due to high velocity gradients

and lower concentration of particles) [41]. The biased uncertainty

in velocity estimation near the wall can be significantly reduced by

employing advanced PIV algorithms, such as the one applied here,

that include window and image deformation to account for lost

particle pairs and velocity gradients [52]. Moreover, the accuracy

of PIV velocity estimation can be increased by enhancing the

quality of the particle images by applying recommended

precautions, as applied here, such as reducing wall reflections by

using a well-matched fluid, use of fluorescent particles to

significantly improve the image intensity compared to the standard

silver-coated particles, and the use of an appropriate optical filter

to reduce the unwanted background illumination.

As discussed in the Methods section, the mask applied to

separate flow from the non-flow region was an RMS-intensity

mask created from a cardiac-cycle series of particle images (created

individually for each plane of measurement). The benefit of our

RMS mask, as opposed to the commonly used manual masking, is

that it specifically eliminates the regions with a constant intensity

through out all the images. As a result, the areas outside the lumen

and a narrow line along the inner wall, where some particles are

stuck to the wall, were eliminated, and only flow regions were kept

(Fig. S2). From the inner wall, it is estimated that a maximum of 4

pixels have been eliminated along the flow-region boundary. Due

to this elimination, as well as elimination of vectors located within

half of an interrogation window from the wall-normal, and having

a vector spacing of 8 pixels (minimum 16616 interrogation

window with 50% overlap), it is estimated that the effective

location of the wall (i.e. true zero-value velocity vector), must lie

within 8–16 pixels from the last captured non-zero vector.

Therefore the two zeros beside the last valid vector, with 8-pixel

vector spacing (corresponding to ,0.3 mm), were included in the

central differencing, and WSS was calculated at the location of the

first zero-velocity vector adjacent to the last non-zero vector. It

should be noted that this estimation conservatively results in an

underestimation of WSS, rather than an overestimation. However,

if the effect of the mask in eliminating part of the wall is ignored

and only the first zero adjacent to the last non-zero vector

accounts for the wall location, then a three-point forward-

backward differencing can be applied along the wall. In this case,

WSS values will be overestimated and significantly higher

compared to the central differencing method (Fig. S3). Thus, in

the present work, the central differencing method has been applied

to account for the wall location and to avoid overestimating the

WSS values. The uncertainty in the estimation of laminar WSS is

also related to the size of the sample used for averaging and the

level standard deviation (i.e. turbulence). The regions with highest

expected WSS uncertainty are thus the regions that contain

elevated turbulence coinciding with the distal jet detachment (Fig.

S4). It can be observed that for the reported regions of elevated

WSS, which includes the stenosis throat and immediate post-

stenotic region, the level of expected noise is a minimum.

The presented work is the first PIV-based shear-stress estima-

tions in a comparative set of carotid artery models. Very few

experimental carotid shear-stress estimations are reported, with

most based on clinical modalities, including phase-contrast

magnetic resonance imaging (pcMRI), [53] and echo-PIV

(ultrasound-based PIV), which has recently shown potential for

in vivo full-field velocimetry [54,55]. The majority of the shear-

stress studies in the literature have employed numerical simulation

methods in a wide variety of study-specific geometries and

including primarily laminar flow models [32,56,57] plus a few

turbulent models [27,31,58]. Depending on the type of the

simulation model, inlet flows, and examined geometries, various

values of shear stress have been reported; for instance, for a 50%

stenosis at peak systole, the two turbulent-model studies by Birchall

et al. [31] and Xue et al. [58] reported a peak instantaneous WSS

of 120 Pa and 180 Pa, respectively. This can be considered

consistent with our findings of TSS rising up to 130 Pa in the wall

of the 50%-stenosis throat. Employing a laminar flow model,

Schirmer and Malek [59] reported a peak WSS of 87 Pa at the

throat of an axisymmetric 50%-stenosed model. For a 75%

stenosis (based on NASCET criteria), however, their reported

value reached 424 Pa, which is in close proximity to the value

reported by Birchall et al. for a 90% stenosis (also based on

NASCET criteria).

The PIV-measured WSS results in this study matched well

qualitatively with CFD-predicted results shown previously by

Steinman et al. [32] in the identical 30% models, despite a twofold

higher peak WSS compared to our PIV results (20 Pa vs. 10 Pa,

respectively). Besides differences in flow rates, fluid viscosity, and

effective lumen geometries, this discrepancy can be attributed to

the fact that PIV-measured WSS, as discussed earlier, may be

underestimated due to uncertainty in the exact location of the wall.

However, it is important to note that even when using closely

matched PIV experimental parameters for CFD input conditions,

previous CFD-PIV comparison studies have reported discrepancy

between the two methods, as seen in two CFD-PIV aneurysm

studies by Ford et al. [60] and Raschi et al. [61]. Both studies

showed matched flow patterns between CFD and PIV, but

interestingly both also reported higher near-wall velocities

predicted by CFD compared to PIV measurements, which

translates to higher CFD-based WSS.

The emphasis of our study was to investigate the comparative

patterns and levels of shear stress within carotid models with

varying plaque geometries. In order to investigate the direct

association between shear stress and the resulting level of

thrombosis activity, further understanding of platelet interactions

within flow dynamics is required, which has inspired trajectory-

based studies [25,47,62–65] with many interesting reported

findings. For instance, the numerical study by Massai et al. [65]

showed that the presence of helical flow in the stenosed ICA results

in moderation of shear-induced activation for the transported

platelets, with a larger helical flow index being associated with less

activation of platelets.

As mentioned earlier, thrombosis at the plaque site can be

induced by high pathological shear stress in different ways, such as

by promoting plaque rupture, thus exposing the lipid core, or by

spatially regulating superimposed thrombus on the plaque surface.

Thus, the differences in shear stress levels and patterns reported in

the present work may explain how certain geometrical features of

the plaque can be correlated with more frequent cerebrovascular

events. However, it is important to note that, besides altering the

local hemodynamics, geometrical features of the plaque are
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interlinked with plaque composition; eccentric plaques have been

reported to be strongly associated with higher content of lipid [66],

and plaque composition changes to more soft and haemorrhagic

plaque with increasing stenosis severity [67]. These findings

suggest that a combination of physiological and hemodynamic

factors contribute to an increased risk of cerebrovascular events.

Albeit this may be via an inherent feedback mechanism where

geometry effects hemodynamics, which effect plaque build up and

evolution, thus further changing geometry and hemodynamics.

Potential limitations of the present work lie in the idealized

models and Newtonian blood-mimicking fluid implemented here.

The use of a Newtonian blood-mimicking fluid can be considered

valid under the well-established and common assumption of

Newtonian behavior of blood in large arteries [68]. The idealized

carotid phantoms do not include vessel tortuosity or physiological

compliance and can be considered essentially rigid. Velocity

profiles, and consequently the shear stress patterns, can also be

impacted by the vessel compliance and wave reflection [69], as

compliance is known to provide a buffering capacity to provide

sufficient steady blood supply throughout the cardiac cycle.

Several matched-model studies have compared between a rigid

and compliant model demonstrating flow differences associated

with the compliance, although typically in the context of early

development of atherosclerosis in healthy (non-stenosed) geome-

tries. In a numerical study with fluid-structure interaction in a

normal carotid artery, a 25% decrease in WSS was seen in the

compliant model compared to rigid [70], however, the global

structure in the flow and shear patterns were unchanged.

Reflection of a pressure wave generally occurs due to impedance

mismatch attributed to geometrical variation in the arterial tree,

such as branching or narrowing of the lumen, as well as due to the

reduced arterial compliance. Besides the impact of altering the

flow-rate amplitude, wave reflection results in phase angle

variations [71] where the level of WSS has been shown to be

sensitive to the phase relations between pressure, flow rate,

diameter, and WSS, which were altered due to wave reflections

that in turn were mediated by the magnitude of wall motion in an

elastic tube. However, an advantage of the current matched-model

study is that it allows us to independently studying the effects of

stenosis severity, plaque eccentricity, and ulceration, before

introducing the additional variable of compliance. Our work in

progress includes investigating the impact of compliance through

matched-model studies in identical diseased carotid geometries

incorporated in compliant phantoms.

While the significance of stenosis severity is undeniable, alone

and (especially for moderate cases), it is not a sensitive predictor of

stroke risk [72]. In the quest for more sensitive risk assessments,

additional factors that increase the possibility of thrombosis, such

as plaque vulnerability, have been suggested for consideration as

stroke-risk factors, [73]. The notable differences in shear-stress

levels and patterns found in the present work, as well as the

marked differences in flow-disturbance levels previously reported

[40], would reasonably be expected to translate to different levels

of thrombosis activity, thus suggesting the potential diagnostic

benefit of considering plaque eccentricity and ulceration, in

addition to the stenosis severity. With the experimental knowledge

and validation base provided here for the first time in a

comprehensive series of carotid models, clinical shear-stress

estimations, which have shown promising results [74], and further

trajectory-based studies are encouraged for enabling clinically

relevant estimation of the thrombosis risk levels based on

geometrical features of the stenosis.

Supporting Information

Figure S1 Velocity profiles (a) across that CCA at 2 CCA
diameters (16 mm) upstream of the bifurcation apex in
the normal carotid artery model for the eight time
points (with corresponding colors) indicated on the flow-
rate waveform (b).

(TIFF)

Figure S2 Example of an unmasked particle image
subtracted from the corresponding masked image. The

inner area with zero intensity (black) is the area that has been

included in evaluation of valid velocity vectors.

(JPG)

Figure S3 Comparison of shear stress in the 50%
concentric model as calculated from the two differenc-
ing schemes: a) forward differencing and b) central
differencing; the more conservative central differencing
scheme was used elsewhere for all other figures.

(TIF)

Figure S4 Expected regions of elevated WSS uncertain-
ty. For each component of mean velocity (such as Ū), the

measurement noise is estimated by �UU+
zcSDffiffiffiffiffi

N
p , which for our

measurements, the confidence coefficient (zc = 2.145), is deter-

mined from the t-distribution table for a sample size of N = 15. For

each point, the laminar strain tensor has been calculated once with

the maximum range of mean velocities (calculated as explained

above) and once with the minimum range of velocities; the

difference between these corresponding WSS values (b) is shown

compared to the WSS based on the reported mean values (a).

(TIF)

Movie S1 Comparison of ensemble-averaged velocity
magnitude over the cardiac cycle for the eight examined
carotid artery bifurcation models. For optimal visualization

of the broad range of velocities across the models, a common color

bar is used with the maximum representing all velocities $2 m/s;

the actual maximums reach 3.2 and 3.4 m/s in the 70%

concentric and eccentric models, respectively, as seen in Fig. 3.

(MP4)

Acknowledgments

The authors would like to acknowledge Hristo Nikolov for the phantom

fabrication, and Brian Dalrymple and Frank Van Sas for machining and

technical help.

Author Contributions

Conceived and designed the experiments: SK DWH TLP. Performed the

experiments: SK. Analyzed the data: SK JSM. Contributed reagents/

materials/analysis tools: SK JSM DWH TLP. Wrote the paper: SK JSM

DWH TLP.

References

1. Malek AM, Alper SL, Izumo S (1999) Hemodynamic shear stress and its role in

atherosclerosis. JAMA 282: 2035–2042.

2. Wentzel JJ, Chatzizisis YS, Gijsen FJH, Giannoglou GD, Feldman CL, et al.

(2012) Endothelial shear stress in the evolution of coronary atherosclerotic

plaque and vascular remodelling: Current understanding and remaining

questions. Cardiovasc Res 96: 234–243.

In Vitro Shear Stress in Carotid Artery Models

PLOS ONE | www.plosone.org 17 July 2014 | Volume 9 | Issue 7 | e98209



3. Slager CJ, Wentzel JJ, Gijsen FJH, Thury A, van der Wal AC, et al. (2005) The

role of shear stress in the destabilization of vulnerable plaques and related

therapeutic implications. Nat Clin Pract Cardiovasc Med 2: 456–464.

4. Gijsen FJH, Wentzel JJ, Thury A, Mastik F, Schaar JA, et al. (2008) Strain

distribution over plaques in human coronary arteries relates to shear stress.

Am J Physiol Heart Circ Physiol 295: H1608–H1614.

5. Groen HC, Gijsen FJH, van der Lugt A, Ferguson MS, Hatsukami TS, et al.

(2007) Plaque rupture in the carotid artery is localized at the high shear stress

region - a case report. Stroke 38: 2379–2381.

6. Leach JR, Rayz VL, Soares B, Wintermark M, Mofrad MRK, et al. (2010)

Carotid atheroma rupture observed in vivo and FSI-predicted stress distribution

based on pre-rupture imaging. Ann Biomed Eng 38: 2748–2765.

7. Sadat U, Teng Z, Young VE, Walsh SR, Li ZY, et al. (2010) Association

between biomechanical structural stresses of atherosclerotic carotid plaques and

subsequent ischaemic cerebrovascular events - a longitudinal in vivo magnetic

resonance imaging-based finite element study. Eur J Vasc Endovasc Surg 40:

485–491.

8. Vengrenyuk Y, Carlier S, Xanthos S, Cardoso L, Ganatos P, et al. (2006) A

hypothesis for vulnerable plaque rupture due to stress-induced debonding

around cellular microcalcifications in thin fibrous caps. Proc Natl Acad Sci U S A

103: 14678–14683.

9. Teng Z, Canton G, Yuan C, Ferguson M, Yang C, et al. (2010) 3D critical

plaque wall stress is a better predictor of carotid plaque rupture sites than flow

shear stress: An in vivo MRI-based 3D FSI study. J Biomech Eng-Transactions

of the ASME 132.

10. Dolan JM, Kolega J, Meng H (2013) High wall shear stress and spatial gradients

in vascular pathology: A review. Ann Biomed Eng 41: 1411–1427.

11. Nesbitt WS, Westein E, Tovar-Lopez FJ, Tolouei E, Mitchell A, et al. (2009) A

shear gradient-dependent platelet aggregation mechanism drives thrombus

formation. Nat Med 15: 665–U146.

12. Jackson SP, Nesbitt WS, Westein E (2009) Dynamics of platelet thrombus

formation. J Thromb Haemost 7: 17–20.

13. Sallam AM, Hwang NHC (1984) Human red blood-cell hemolysis in a turbulent

shear-flow - contribution of Reynolds shear stresses. Biorheology 21: 783–797.

14. Antiga L, Steinman DA (2009) Rethinking turbulence in blood. Biorheology 46:

77–81.

15. Lu PC, Lai HC, Liu JS (2001) A reevaluation and discussion on the threshold

limit for hemolysis in a turbulent shear flow. J Biomech 34: 1361–1364.

16. Hung TC, Hochmuth RM, Joist JH, Sutera SP (1976) Shear-induced

aggregation and lysis of platelets. Trans Am Soc Artif Intern Organs 22: 285–

291.

17. Ramstack JM, Zuckerman L, Mockros LF (1979) Shear-induced activation of

platelets. J Biomech 12: 113–125.

18. Colantuoni G, Hellums JD, Moake JL, Alfrey CP (1977) Response of human

platelets to shear-stress at short exposure times. Trans Am Soc Artif Intern

Organs 23: 626–631.

19. Hellums JD (1994) 1993 Whitaker lecture- biology in thrombosis research. Ann

Biomed Eng 22: 445–455.

20. Wurzinger LJ, Opitz R, Blasberg P, Schmidschonbein H (1985) Platelet and

coagulation parameters following millisecond exposure to laminar shear-stress.

Thromb Haemost 54: 381–386.

21. North American Symptomatic Carotid Endarterectomy Trial (NASCET)

Investigators (1991) Clinical alert: Benefit of carotid endarterectomy for patients

with high-grade stenosis of the internal carotid artery. Stroke 22: 816–817.

22. Ohara T, Toyoda K, Otsubo R, Nagatsuka K, Kubota Y, et al. (2008) Eccentric

stenosis of the carotid artery associated with ipsilateral cerebrovascular events.

Am J Neuroradiol 29: 1200–1203.

23. Rothwell PM, Gibson R, Warlow CP (2000) Interrelation between plaque

surface morphology and degree of stenosis on carotid angiograms and the risk of

ischemic stroke in patients with symptomatic carotid stenosis. Stroke 31: 615–

621.

24. Kaazempur-Mofrad MR, Wada S, Myers JG, Ethier CR (2005) Mass transport

and fluid flow in stenotic arteries: Axisymmetric and asymmetric models.

Int J Heat Mass Transf 48: 4510–4517.

25. Tambasco M, Steinman DA (2003) Path-dependent hemodynamics of the

stenosed carotid bifurcation. Ann Biomed Eng 31: 1054–1065.

26. Stroud JS, Berger SA, Saloner D (2002) Numerical analysis of flow through a

severely stenotic carotid artery bifurcation. J Biomech Eng-Transactions of the

ASME 124: 9–20.

27. Lee SE, Lee S-W, Fischer PF, Bassiouny HS, Loth F (2008) Direct numerical

simulation of transitional flow in a stenosed carotid bifurcation. J Biomech 41:

2551–2561.

28. Grinberg L, Yakhot A, Karniadakis GE (2009) Analyzing transient turbulence in

a stenosed carotid artery by proper orthogonal decomposition. Ann Biomed Eng

37: 2200–2217.

29. Buchmann NA, Atkinson C, Jeremy MC, Soria J (2011) Tomographic particle

image velocimetry investigation of the flow in a modeled human carotid artery

bifurcation. Exp Fluids 50: 1131–1151.

30. Vetel J, Garon A, Pelletier D (2009) Lagrangian coherent structures in the

human carotid artery bifurcation. Exp Fluids 46: 1067–1079.

31. Birchall D, Zaman A, Hacker J, Davies G, Mendelow D (2006) Analysis of

haemodynamic disturbance in the atherosclerotic carotid artery using compu-

tational fluid dynamics. Eur Radiol 16: 1074–1083.

32. Steinman DA, Poepping TL, Tambasco M, Rankin RN, Holdsworth DW (2000)

Flow patterns at the stenosed carotid bifurcation: Effect of concentric versus

eccentric stenosis. Ann Biomed Eng 28: 415–423.

33. Poepping TL, Rankin RN, Holdsworth DW (2010) Flow patterns in carotid

bifurcation models using pulsed Doppler ultrasound: Effect of concentric vs.

Eccentric stenosis on turbulence and recirculation. Ultrasound Med Biol 36:

1125–1134.

34. Smith RF, Rutt BK, Holdsworth DW (1999) Anthropomorphic carotid

bifurcation phantom for MRI applications. J Magn Reson Imaging 10: 533–544.

35. Holdsworth DW, Rickey DW, Drangova M, Miller DJM, Fenster A (1991)

Computer-controlled positive displacement pump for physiological flow

simulation. Med Biol Eng Comput 29: 565–570.

36. Holdsworth DW, Norley CJD, Frayne R, Steinman DA, Rutt BK (1999)

Characterization of common carotid artery blood-flow waveforms in normal

human subjects. Physiol Meas 20: 219–240.

37. Yousif MY, Holdsworth DW, Poepping TL (2011) A blood-mimicking fluid for

particle image velocimetry with silicone vascular models. Exp Fluids 50: 769–

774.

38. Ramnarine KV, Nassiri DK, Hoskins PR, Lubbers J (1998) Validation of a new

blood-mimicking fluid for use in Doppler flow test objects. Ultrasound Med Biol

24: 451–459.

39. Kefayati S, Poepping TL (2013) Transitional flow analysis in the carotid artery

bifurcation by proper orthogonal decomposition and particle image velocimetry.

Med Eng Phys 35: 898–909.

40. Kefayati S, Holdsworth DW, Poepping TL (2014) Turbulence intensity

measurements using particle image velocimetry in diseased carotid artery

models: Effect of stenosis severity, plaque eccentricity, and ulceration. J Biomech

47: 253–263.

41. Kaehler CJ, Scharnowski S, Cierpka C (2012) On the uncertainty of digital PIV

and PTV near walls. Exp Fluids 52: 1641–1656.

42. Reynolds WC, Hussain AKMF (1972) The mechanics of an organized wave in

turbulent shear flow. Part 3. Theoretical models and comparisons with

experiments. J Fluid Mech 54: 263–288.

43. Spencer AJM (2004) Continuum mechanics. New York: Dover Publications.

44. Rouleau L, Farcas M, Tardif J-C, Mongrain R, Leask RL (2010) Endothelial cell

morphologic response to asymmetric stenosis hemodynamics: Effects of spatial

wall shear stress gradients. J Biomech Eng 132.

45. Holme PA, Orvim U, Hamers M, Solum NO, Brosstad FR, et al. (1997) Shear-

induced platelet activation and platelet microparticle formation at blood flow

conditions as in arteries with a severe stenosis. Arterioscler Thromb Vasc Biol

17: 646–653.

46. Fisher M, Paganini-Hill A, Martin A, Cosgrove M, Toole JF, et al. (2005)

Carotid plaque pathology - thrombosis, ulceration, and stroke pathogenesis.

Stroke 36: 253–257.

47. Bluestein D, Rambod E, Gharib M (2000) Vortex shedding as a mechanism for

free emboli formation in mechanical heart valves. J Biomech Eng-Transactions

of the ASME 122: 125–134.

48. Bascom PAJ, Johnston KW, Cobbold RSC, Ojha M (1997) Relation of the flow

field distal to a moderate stenosis to the Doppler power. Ultrasound Med Biol

23: 25–39.

49. Bluestein D, Gutierrez C, Londono M, Schoephoerster RT (1999) Vortex

shedding in steady flow through a model of an arterial stenosis and its relevance

to mural platelet deposition. Ann Biomed Eng 27: 763–773.

50. Sheriff J, Bluestein D, Girdhar G, Jesty J (2010) High-shear stress sensitizes

platelets to subsequent low-shear conditions. Ann Biomed Eng 38: 1442–1450.

51. Bark DL, Jr., Ku DN (2010) Wall shear over high degree stenoses pertinent to

atherothrombosis. J Biomech 43: 2970–2977.

52. Raffel M, Willert CE, Wereley ST, Kompenhans J (2007) Particle image

velocimetry: A practical guide: Springer-Verlag Berlin Heidelberg.

53. Harloff A, Berg S, Barker Aj, Schollhorn J, Schumacher M, et al. (2013) Wall

shear stress distribution at the carotid bifurcation: Influence of eversion carotid

endarterectomy. Eur Radiol.

54. Niu L, Qian M, Song R, Meng L, Liu X, et al. (2012) A 2D non-invasive

ultrasonic method for simultaneous measurement of arterial strain and flow

pattern. Clin Physiol Func Imaging 32: 323–329.

55. Zheng HR, Liu LL, Williams L, Hertzberg JR, Lanning C, et al. (2006) Real

time multicomponent echo particle image velocimetry technique for opaque flow

imaging. App Phys Lett 88.

56. Schirmer CM, Malek AM (2012) Computational fluid dynamic characterization

of carotid bifurcation stenosis in patient-based geometries. Brain and behavior 2:

42–52.

57. Schirmer CM, Malek AM, Nozaki K, Kassell NF (2008) Estimation of wall shear

stress dynamic fluctuations in intracranial atherosclerotic lesions using

computational fluid dynamics. Neurosurgery 63: 326–335.

58. Xue YJ, Gao PY, Duan Q, Lin Y, Dai CB (2008) Preliminary study of

hemodynamic distribution in patient-specific stenotic carotid bifurcation by

image-based computational fluid dynamics. Acta Radiol 49: 558–565.

59. Schirmer CM, Malek AM (2007) Wall shear stress gradient analysis within an

idealized stenosis using non-Newtonian flow. Neurosurgery 61: 853–863.

60. Ford MD, Nikolov HN, Milner JS, Lownie SP, DeMont EM, et al. (2008) PIV-

measured versus CFD-predicted flow dynamics in anatomically realistic cerebral

aneurysm models. J Biomech Eng-Transactions of the ASME 130.

In Vitro Shear Stress in Carotid Artery Models

PLOS ONE | www.plosone.org 18 July 2014 | Volume 9 | Issue 7 | e98209



61. Raschi M, Mut F, Byrne G, Putman CM, Tateshima S, et al. (2012) CFD and

PIV analysis of hemodynamics in a growing intracranial Aneurysm. Int J Numer
Method in Biomed Eng 28: 214–228.

62. Alemu Y, Bluestein D (2007) Flow-induced platelet activation and damage

accumulation in a mechanical heart valve: Numerical studies. Artif Organs 31:
677–688.

63. Raz S, Einav S, Alemu Y, Bluestein D (2007) DPIV prediction of flow induced
platelet activation - comparison to numerical predictions. Ann Biomed Eng 35:

493–504.

64. Shadden S, Hendabadi S (2012) Potential fluid mechanic pathways of platelet
activation. Biomech Model Mechanobiol 10.1007/s10237-012-0417-4: 1–8.

65. Massai D, Soloperto G, Gallo D, Xu XY, Morbiducci U (2012) Shear-induced
platelet activation and its relationship with blood flow topology in a numerical

model of stenosed carotid bifurcation. Eur J Mech B Fluids 35: 92–101.
66. Li F, McDermott MM, Li D, Carroll TJ, Hippe DS, et al. (2010) The association

of lesion eccentricity with plaque morphology and components in the superficial

femoral artery: A high-spatial-resolution, multi-contrast weighted CMR study.
J Cardiovasc Magn Reson 12.

67. Holdsworth RJ, McCollum PT, Bryce JS, Harrison DK (1995) Symptoms,
stenosis and carotid plaque morphology. Is plaque morphology relevant?

Eur J Vasc Endovasc Surg 9(1): 80–85.

68. Pedley TJ (1980) The fluid mechanics of large blood vessels. Cambridge:

Cambridge University Press.

69. Heffernan KS, Lefferts WK, Kasprowicz AG, Tarzia BJ, Thijssen DH, et al.

(2013) Manipulation of arterial stiffness, wave reflections, and retrograde shear

rate in the femoral artery using lower limb external compression. Physiol Rep

DOI: 10.1002/phy2.22.

70. Perktold K, Rappitsch G (1995) Computer-simulation of local blood-flow and

vessel mechanics in a compliant carotid-artery bifurcation model. J Biomech 28:

845–856.

71. Klanchar M, Tarbell JM, Wang DM (1990) In vitro study of the influence of

radial wall motion on wall shear-stress in an elastic tube model of the aorta. Circ

Res 66: 1624–1635.

72. Goldstein LB (2003) Extracranial carotid artery stenosis. Stroke 34: 2767–2773.

73. Spagnoli LG, Mauriello A, Sangiorgi G, Fratoni S, Bonanno E, et al. (2004)

Extracranial thrombotically active carotid plaque as a risk factor for ischemic

stroke. JAMA 292: 1845–1852.

74. Poelma C, van der Mijle RME, Mari JM, Tang MX, Weinberg PD, et al. (2012)

Ultrasound imaging velocimetry: Toward reliable wall shear stress measure-

ments. Eur J Mech B Fluids 35: 70–75.

In Vitro Shear Stress in Carotid Artery Models

PLOS ONE | www.plosone.org 19 July 2014 | Volume 9 | Issue 7 | e98209


