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ABSTRACT Mechanical factors, especially wall shear stress (WSS) and circumferential strain (CS), play an
important role in the progression and rupture of atherosclerotic plaques. Previous studies have shown that the
temporal phase angle between WSS and CS, referred to as the stress phase angle (SPA) may be a biomarker
for plaque development and vulnerability. Since the SPA is influenced by the severity and length of the
stenosis, a multifactorial relationship between local hemodynamic variables and plaque morphology can be
hypothesized. However, due to ethical restrictions and the difficulty of developing animal models, there is
little experimental data to support such a hypothesis about the biomarker function of SPA. In this study, a
novel non-invasive ultrasound-based method for investigating the relationship between local hemodynamics
and plaque morphology is developed and investigated in-vitro and in-vivo with an apolipoprotein deficient
mouse model. In the in-vitro experiments, using polyvinyl alcohol cryogel (PVA-c) phantoms, we have
observed that the SPA becomes more negative and the wall shear rate (WSR) rises, as the severity of the
stenosis increases. Conversely, SPA becomes more positive and WSR falls with increasing plaque length.
These changes in plaque morphology have little effect on CS. The in-vivo experiments show that, as the
severity of the plaque increases, the SPA becomes more negative and WSR tends to more positive values;
whereas, the CS drops. We conclude that these local hemodynamic parameters such as SPA, WSR and CS,
as suggested by others, can be regarded as prognostic markers for the assessment of plaque vulnerability.

INDEX TERMS Local hemodynamic parameters, wall shear stress (WSS), circumferential strain (CS), stress
phase angle (SPA), wall shear rate (WSR), vulnerable plaque.

I. INTRODUCTION

Cardiovascular disease (CVD) is the commonest cause of
death world-wide [1]. Atherosclerosis is a major underlying
cause or sequela of most CVD, including acute events such as
stroke [2]. Indeed, it has been shown that acute cardiovascular
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events are largely due to rupture of silent, yet vulnerable,
atherosclerotic plaques [3], [4]. Consequently, to detect vul-
nerable plaques and distinguish them from stable plaques has
become increasingly important.

Arterial calcification is a powerful marker for atheroscle-
rotic disease especially in the coronary circulation [5].
However, atherosclerosis is a highly complex disease marked
by progressive endothelial injury, arterial inflammation,
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altered hemodynamics, and vascular remodeling, leading to
plaque formation, progression and frequently rupture.

It is well known that hemodynamic forces have an
important role in atherosclerosis, and, in particular at the
macroscopic and cellular level, in atherogenesis [6], [7]. In
2004, Dancu et al. [8] found the production of NO and
PGI2 (vasodilators) in bovine aortic endothelial cells, in vitro,
was strongly suppressed by asynchronous hemodynamics
(i.e. where WSS and CS were in anti-phase, SPA = —180°),
when compared with synchronous hemodynamics (SPA = 0°);
whereas the production of ET-1, a potent vasoconstrictor, was
increased. At the gene expression level, quantitative com-
petitive RT-PCR analysis showed that highly asynchronous
mechanical force patterns (SPA = 180°) could elicit pro-
atherogenic vasoactive responses in endothelial cells. Given
the diverse atheroprotective effects of NO [9] and the effect of
SPA on its production, it is clear that the combined effect of
WSS and CS has a strong influence on the atherosclerotic pro-
cess. At the clinical level, Reriani et al. [10] have shown that
prolonged treatment with an ET-1 agonist improves coronary
endothelial function, at least in patients with early atheroscle-
rosis. Whether improving the hemodynamic environment has
a similar long-term effect remains to be determined [11].

The plaque experiences two predominant forces, wall shear
stress (WSS) due to blood flow and circumferential stress due
to blood pressure, and these two forces have already been
recognized as an effective means of predicting plaque vulner-
ability [12]-[15]. More than two decades ago, Qiu and Tarbell
(1996) introduced a new hemodynamic parameter, which
they termed the stress phase angle (SPA). It was defined as
the local temporal phase angle between the dynamic CS and
WSS. In a numerical simulation of flow through anastomoses,
they observed a large difference in the SPA between the
proximal and distal ends of their models [16]. In a later study,
they also mimicked pulsatile flow in a curved tube model of
a coronary artery and demonstrated that the SPA was more
negative than in other straight vessels [17]. Based on these
observations, they proposed that the SPA probably played an
essential role in the remodeling of the vessel wall and the
development of atherosclerosis. Dalin Tang, et al. pointed out
that computational mechanical analysis had the potential to
improve accuracy in the assessment of plaque vulnerability
[18]. In 2005, Tada and Tarbell published a simulation study
of a carotid bifurcation to observe the relationship between
the SPA and plaque occurrence and found that the location
of the plaque was frequently associated with regions of large
negative SPA [19]. Two years later, Tada et al. (2007) pro-
vided a theoretical model to examine the effect of the SPA by
using the strain energy density of the endothelial cell plasma
membrane. Their study showed a significant role of the SPA
at the upstream and downstream ends of the cell, which are
the regions where mechano-transduction is likely to occur
[20]. Meanwhile, studies with stenosis models proved that
the SPA could be a crucial indicator of plaque vulnerability
[21], [22]. In Sadeghi’s study [22], physical and computa-
tional models were used to better understand the effects of
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increasing stenosis severity on hemodynamics, specifically to
assess the correlation between SPA and WSS. It was found
that an increase in stenosis severity is associated with higher
WSS and larger negative SPA, and the subsequent increasing
complexity of hemodynamic patterns affects the correlation
between WSS and SPA such that at low WSS the correlation
is strong. However, when WSS > 1, this was not the case. The
study also investigated the correlation between the low mean
WSS, high oscillatory shear index and the large negative SPA
at the distal shoulder and post-stenotic areas.

In 2012, Belzacq et al. presented a numerical parametric
study of the mechanical interaction of pulsatile blood flow
with axisymmetrically stenosed arteries [23]. The effect of
changes in stenosis length and severity were investigated.
Lengths varied from 5 mm to 20 mm (in 5 mm steps),
and the severities varied from 20% to 70% (20%, 35%,
45%, 55% and 70%). They observed different types of shear
stress distribution in the fibrous, corresponding to differ-
ent lengths and severities of stenosis. They found that the
stress distribution was dependent on stenosis length (L) and
severity. Whereas long plaques (L >= 10 mm) are mostly
deformed under the action of blood pressure, it appeared
that shorter plaques (L < 10 mm) were significantly affected
by the shear stresses. Specifically, high stresses were local-
ized to the upstream of stenoses of moderate severity and
length >= 10 mm; whereas in shorter lesions they tended to
occur downstream. It was suggested that shear stresses might
distort the plaque by squeezing it, thus causing the lumen
of the affected artery to become narrower. This phenomenon
was termed ‘“‘the pinching effect”. These findings offer some
new perspectives for the detection of plaque vulnerability
[23]. However, only computational simulations were used in
these studies, so for further verification, a reliable method to
measure WSS and CS simultaneously is needed to facilitate
the study of the relationship between the SPA and other
hemodynamic variables.

In the last fifteen years, several techniques have been
developed to measure both vessel motion and blood flow
velocity. For instance, Wise et al. (2005) measured blood
flow velocity in mouse hearts from phase contrast cine MRI
images [24]. Later, an MRI technique was described by
Sampath et al. (2008) in which myocardial motion and ven-
tricular blood flow were measured both in healthy humans
and pigs with mitral regurgitation [25]. However, for MRI
the low temporal resolution is a critical limitation, result-
ing in the need for long-duration imaging sequences. These
temporal constraints do not apply to intravascular ultra-
sound (IVUS) and a number of such studies on patients
suffering from cardiovascular disease have been published.
Ge et al. (1999) screened ruptured plaques in patients with
coronary artery disease by intravascular ultrasound [26] and
in 2000, Yamagishi et al. studied the morphology of vulner-
able coronary plaques using the same technique [27]. At this
time a clinical expert consensus document on standards for
acquisition, measurement and reporting on IVUS was pub-
lished [28]. In this document, morphological descriptors of
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atheromata such as the length of stenosis, calcium con-
tent, plaque echo-lucency, degree of fibrosis, thrombus, inti-
mal hyperplasia and so on, were listed. Any combination
of these factors might be used as a diagnostic standard.
Beulen er al. developed a new cross correlation-based method
for measuring local pressure waveforms in large arteries
by using ultrasound [29]. The pressure values were pre-
dicted with a precision of 1.5 mmHg, demonstrating that a
noninvasive pressure assessment in large arteries by means
of ultrasound is feasible [29]. Furthermore, Sethuraman et al.
(2008) showed that the different components of atheroscle-
rotic plaques could be identified with spectroscopic intravas-
cular photo-acoustic imaging [30]. And several studies have
provided histological evidence that the volume of the indi-
vidual components in an atherosclerotic plaque can be deter-
mined with ultrasound on the basis of the image texture
and wave speed of the various materials within the plaque
[31], [32]. However, IVUS is invasive and thus not recom-
mended for superficial arteries such as the carotid, because
duplex ultrasound, which is non-invasive, can be used instead.
Hence, a non-invasive ultrasonic method that can measure
the arterial wall displacement and blood flow pattern simul-
taneously with ultrasonic B-mode contrast images has been
developed [33]. This method is particularly suitable for esti-
mating vessel diameter and blood flow velocity and then for
calculating local derived hemodynamic parameters. Here, it is
applied to measure WSS, CS and SPA both in vitro and in
vivo. With this technique, we wish to determine accurately
the relationship between these hemodynamic parameters and,
in future work, hope to use the technique in clinical studies
of patients with a variety of cardiovascular pathologies. Our
aim is to assess the relationship between these local hemo-
dynamic parameters and the size and severity of the plaque
by carrying out measurements in-vitro and in-vivo, with an
apolipoprotein deficient mouse model.

Il. METHODS

A. LOCAL HEMODYNAMIC PARAMETERS

WSS results from the shearing force of blood flow, CS
is a cyclic strain driven by the pressure wave, and SPA
(A¢g (Ve, Ty)) is defined as the temporal phase angle between
CS (y.) and WSS (z,,) [34].

av (t)
w () =p 5 (D
n
yc(t) = D(t)/Dmean (2)
Aps (Yo, Tw) = @ (Ye) — @(Tw) 3)

where p is dynamic viscosity of the fluid, % denotes the
gradient of the tangential velocity in a direction normal to the
wall, D is the diameter of the vessel and ¢, the phase angle
between circumferential strain and wall shear stress. To be
more specific, in equation 2, Dy, is the average of D,,,, and
D,yin which are the diameters measured at the end of systole
and diastole, respectively. Given the difficulty of measuring
arterial CS directly, it is represented by the variation of arterial
diameter, on the basis that it is almost synchronous with the
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FIGURE 1. Schematic diagram of PIV processing.

change of transmural pressure [35]. Thus, equation 3 can be
replaced by

Ags = ¢ (D)) — ¢(Ty) “)

Blood flow velocity can be measured ultrasonically. Since the
WSS is defined as the viscosity (u = constant) times the wall
shear rate (WSR), the phase of the WSS can be replaced by
the phase of the WSR, i.e.:

Ags = ¢ (D(1) — ¢(yw) &)

B. ULTRASONIC MEASUREMENT TECHNIQUES

To determine Ags, two measurements must be performed,
namely the displacement of the vessel wall and the velocity of
blood flow. In this study, the ultrasonic method proposed by
Niu et al. was used [36]. Briefly, microbubbles were injected
into the flow and the flow field was determined by echo par-
ticle image velocimetry (EPIV), using a sampling frequency
of 175 Hz. Fig. 1 summarizes the process. The diameter of
each particle was between 1 and 5 um, the interrogation
window size was around 200 x 90 pixels and the percentage of
window overlap was 50%. For the PIV calculation, we used
the algorithms in references [36], [37]. Their performance
was assessed by analyzing simulated images with known
displacements, and ultrasonic B-mode images of in vitro lam-
inar pipe flow, rotational flow and in vivo rat carotid arterial
flow [36]. For laminar flow, the new algorithm gave a 1.1%
deviation from the analytically derived value. The vector
quality evaluation for the rotational flow imaging showed
that this algorithm could produce much smaller bias from the
known velocity vectors. For in vivo rat carotid arterial flow
imaging, the results from the new algorithm deviated by an
average of 6.6% from the Doppler-measured peak velocities,
compared to 15% from those of the conventional algorithm.
Therefore, we conclude that the Echo PIV algorithm is able
to effectively improve the measurement accuracy in imaging
flow fields with high velocity gradients.

For each frame captured by the ultrasound system, a region
of interest (ROI) was selected and then the ROI was divided
into nine windows, from which a vector map was drawn,
as shown in Figure 1. The CS can be calculated from the dis-
placement of the arterial wall, and the WSR can be estimated
from the gradient of the local flow velocity.
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FIGURE 2. (a) The components of the phantom-molds. (b)-(d), three
stenoses with fixed length of 8 mm and diameter ratios of 30%, 50%, and
70%, respectively. (e)-(g), three stenoses of length of 8 mm, 10 mm and
15 mm with a fixed 50% severity. (h)-(i), longitudinal and cross-sectional
view of the stenosed artery.

C. STATISTICAL ANALYSIS

To assess the significance of the relationship between the
haemodynamic variables and those describing the plaque
morphology, one-way ANOVA was used. Statistical
significance was specified by a p value <0.05.

D. EXPERIMENTAL SET-UP: POLYVINYL ALCOHOL (PVA)
ARTERIAL PHANTOM IN VITRO

PVA cryogel, a water-soluble synthetic polymer derived from
the hydrolysis of polyvinyl acetate was used as the phantom
soft tissue-mimicking material because of its acoustic and
physical properties. The mechanical properties of PVA can be
modified by repeated freeze-thaw cycles, such that it becomes
stiffer with each cycle. The elasticity of the phantom is also
affected by the PVA/water ratio. King et al. (2011) reported
that in a 10% PVA cryogel vessel phantom made with five
freeze-thaw cycles, the speed of sound and Young’s modulus
were 1550 m/s and 160 kPa, respectively [38]. In the work of
Fromageau et al. (2003), the PVA cryogel solution was also
composed of 10% polyvinyl alcohol dissolved in water, but
powdered silica (1% by weight) was added to enhance U/S
scattering during the initial preparation of the gel [39].

In the current study, the PVA vessel phantom consisted
of (by weight) 87% de-ionized water, 10% PVA
powder (SIGMA-ALDRICH) and 3% silica powder
(SIGMA-ALDRICH). After being agitated at 100 rpm and
95°C for 1h, the viscous mixture was put in an ultrasonic
cleaner (Shenzhen Mengjie Ultrasonic Cleaner Ltd, mini-
size) for a minimum of 15 minutes to ensure no air bubbles
remained. Then the mixture was poured into a metal mold at
room temperature. All molds consisted of four common parts
(Fig. 2(a)-left): top-cap, bottom-cap, solid rod with diameter
of 5 mm (to simulate the inner diameter of the artery), and
shell with diameter of 7 mm. Thus, in this case, the wall
thickness of the arterial phantom was fixed at 1 mm, and the
outer diameter of the arterial phantom, at 7 mm. The only
difference in the models was the shape of the depression on
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FIGURE 3. Schematic overview of the in-vitro experimental set-up. The
micro-bubbles are injected into the partitioned tank by a 1 mL syringe,
and for the volume of the whole system and the concentration of the
microbubble solution, one drop was sufficient for visualization.

the rod, as shown in Fig. 2(a)-right, so that specifically shaped
plaques could be created within the vessels. All phantoms
were prepared using seven sequential freeze-thaw cycles,
each cycle consisting of 12h freezing at —20°C and 12h
thawing in water at around 20°C. After that, the top-cap
and bottom-cap could be pulled apart, and the solid rod
then removed from both ends without damaging the stenosis,
leaving the phantom with a stenotic plaque. One group of
phantoms each contained a single stenotic plaque of diameter
ratio 30%, 50%, or 70% (fixed length of 8 mm), as shown
in Figs. 2(b)-(d). A second group comprised three PVA-c
phantoms with plaques of different lengths, i.e 8 mm, 10 mm
and 15 mm, with the same diameter ratio (50%), as shown
in Figs. 2(e)-(g). All the plaques are spherical segments.
Figs. 2 (h)-(i) are longitudinal and cross-sectional views of
the stenosed arteries.

E. EXPERIMENTAL PERFUSION SYSTEM

To simulate the blood circulation, a perfusion system was
built, as shown in Fig. 3. A pulsatile pump (Model 55-3305;
Harvard Apparatus, Holliston, MA, USA) was used to gen-
erate pulsatile flow (at a rate of 40 beats/min). De-ionized
water was pumped through a damping chamber, to avoid
over-expansion of the phantom and thence through the PVA
arterial phantom immersed in a water tank. Degassed water
was used to avoid image degradation by ultrasound scattering
from air bubbles. In the imaging section, a scanning ultra-
sound probe (MS250, frequency 21 MHz), was positioned
parallel to the long axis of the artery, centered over the point
of maximum lumen reduction, perpendicular to the outer sur-
face of the stenosis and connected to an ultrasound imaging
system (Vevo 2100, Visual Sonics, Toronto, ON, Canada).
A sequence of 2D ultrasound B-mode images was acquired at
a frame rate of 175 Hz. To assess the flow velocity with echo
PIV, ultrasound contrast micro-bubbles at a concentration of
5.0 x 108 micro-bubbles m/~! were used as the scattering
medium [40]. The Reynolds number of the de-ionized water
with micro-bubbles is 15.93, therefore, the blood flow in the
artery phantom is assumed to be laminar.

F. IN-VIVO EXPERIMENT: MODEL ESTABLISHMENT
Twenty apolipoprotein E-deficient (ApoE-/-) mice aged five
to six-weeks were purchased from Vital River Laboratory
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Animal Technology Co. Ltd. (Beijing, China). All proce-
dures were approved by the Medical Ethical Committee of
The Shenzhen Institutes of Advanced Technology. A steno-
sis model was established by feeding the animals a hyper-
cholesterolemic diet (HCD, containing 21% fat and 0.15%
cholesterol by weight) for almost 10 months [9]. After that,
the mice were divided into two groups based on the plaque’s
size, one group with a severity < 50% and the other with a
severity > 50%. All plaques were assessed by a cardiologist,
specialized in ultrasonic diagnosis. During this process, not
all mice presented with a clearly defined plaque in their
common carotid arteries (CCA). Furthermore, some mice
died unexpectedly during the experiment. The cause of death
is not only due to old age (10 months), but also the blood
volume of mice is less. If more microbubbles are injected,
the effective ejection volume of mice will be insufficient, and
the mice will die due to heart failure. As a result, only four
mice from each group were measured.

G. IN-VIVO EXPERIMENTAL PROTOCOL

Mice were anesthetized with isoflurane gas at a dose of 1%
in pure oxygen and a flow rate of 1 L min~!. The necks
were shaved to ensure that the fur would have no effect on
image quality. Body temperature was maintained close to
36.2°C by a heating pad. The left CCA was imaged by the
same Vevo 2100 system (and MS250) as used in the in-vitro
experiments. The frame rate was 175 Hz. Ultrasound contrast
microbubbles (concentration 2.0 x 10°mi~! in 0.1 ml saline)
were injected via a tail vein, as the tracker. After the animal
experiments were completed, the mice were perfused with
0.9% saline and then underwent perfusion fixation with 4%
paraformaldehyde introduced to the left ventricle through the
apex of the heart. The left common carotid arteries were
excised and fixed in 4% paraformaldehyde for 48 hours.
Finally, serial cryosections of 6 pm thickness were cut and
stained with hematoxylin and eosin (H&E) to confirm plaque
morphology.

IIl. RESULTS

A. IN VITRO

In this study, we have focused primarily on the WSS (WSR)
around the stenosis. Although, deformation of the plaque is
expected to occur [23], [41], our calculations showed that the
deformation due to the blood flow and the movement of the
arterial wall were small. Experimentally, we did not observe
any deformation of the plaque and since the resolution of the
Vevo®) 2100 is 30 um, we conclude that the deformation was
less than this. Thus, we did not account for the effect of plaque
deformation when calculating WSS and CS, focusing instead
on the WSS (WSR) around the stenosis.

The results from the three constant length phantoms
with 30%, 50% and 70% diameter reduction are shown in
Figs. 4, 5 and 6, respectively. Some details of the related algo-
rithm are described in [36]. The corresponding WSR, CS and
the SPA are shown in subfigure (a). In subfigure (b), the upper
panel is the US image and the lower panel indicates the spatial
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FIGURE 4. Results for the phantoms with fixed length of 8 mm and
stenosis severity of 30%. (a) WSR, CS and the SPA. (b) Upper panel is the
US image and the lower panel indicates the spatial distribution of flow
velocity and WSR. (Data for three pump cycles.)
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FIGURE 5. Results for the phantoms with fixed length of 8 mm and
stenosis severity of 50%. (a) WSR, CS and the SPA. (b) Upper panel is the
US image and the lower panel indicates the spatial distribution of flow
velocity and WSR. (Data for three pump cycles.)
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FIGURE 6. Results for the phantoms with fixed length of 8 mm and
stenosis severity of 70%. (a) WSR, CS and the SPA. (b) Upper panel is the
US image and the lower panel indicates the spatial distribution of flow
velocity and WSR. (Data for three pump cycles.)

distribution of flow velocity and WSR. The WSR, and CS
shown in subfigure (a) are corresponding to the narrowest
position along the white dash line in subfigure (b). As men-
tioned above, the resolution of the ultrasound scanner used for
the arterial phantom measurements (Vevo® 2100), is about
30 um. Thus, in this study, more highly-resolved velocity
fields cannot be observed, unless the window size is reduced.
If the resolution is increased beyond this, the window size
becomes too small to observe enough cycles. We need to
acquire at least two or three cycles which implies that, cur-
rently, the US imaging device cannot achieve the accuracy
of an optical device. However, current optical devices are
invasive whereas our ultrasound approach is not.

With increasing plaque severity, the WSR and hence WSS
increased. The panels in the middle row of Figs, 4-6 show,
for each stenosis severity, the variation with time of diameter
(blue dashed line) and WSR (green) at the narrowest position
of the arterial phantom. The vertical red lines indicate the
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TABLE 1. Mean values + standard deviations of SPA, WSR and CS for
different stenosis severities.

Stenosis 30% 50% 70% »
severity
SPA (%) 1774651172 207.50£1090  227.68+21.54  0.020
WSR (I/s) 3324045 9.59+4.50 13.8143.19 0019
CS (%) 8.2241.86 7.8542.59 6.4243.03 0.674
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FIGURE 7. Results for the phantoms with stenosis severity of 50% and
length 8 mm. (a) WSR, CS and the SPA. (b) Upper panel is the US image
and the lower panel indicates the spatial distribution of flow velocity and
WSR. (Data for three pump cycles.)
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FIGURE 8. Results for the phantoms with stenosis severity of 50% and
length 10 mm. (a) WSR, CS and the SPA. (b) Upper panel is the US image
and the lower panel indicates the spatial distribution of flow velocity and
WSR. (Data for three pump cycles.)

local maxima of the diameter and WSS signals. The SPA is
then derived from the time difference between each pair of
maxima as shown by the horizontal arrowed lines. Note that
data are shown for three pump cycles. In addition, the spatial
distribution of flow velocity is shown in the bottom row
where higher velocity implies a greater WSS. In this study,
all the WSRs are shown at the moment when blood flow was
maximal and thus exposing the plaque to maximal wall shear
stress or rate.

The relationships between the hemodynamic parameters
and stenosis severity are listed in Table 1, which supports
previous findings that plaque stability is associated with
WSS [12]-[14], demonstrating that SPA and WSR increase
significantly with increasing stenosis severity (p = 0.02 and
0.019 respectively, one-way ANOVA). On the other hand,
the CS decreases with increasing diameter ratio, although
this association was not statistically significant, presumably
because the stiffness of all three phantoms was similar, having
been made from the same PVA gel subjected to the same
number of freeze/thaw cycles.

The results from the three constant diameter ratio
phantoms with length 8, 10 and 15 mm are shown in
Figs. 7, 8 and 9, respectively. Figs. 7(a), 8(a), 9(a), show the
variation with time of diameter (blue line), WSR in green

145154

(a)
SPA(Shear Rate and Diameter)

@ o

Diameter(mm)

5
S
Axial Distance(mm)

2 3 4 5 [ 8 10 12 14
Times(s) Lateral Distance(mm) WSR(S)

FIGURE 9. Results for the phantoms with stenosis severity of 50% and
length 15 mm. (a) WSR, CS and the SPA. (b) Upper panel is the US image
and the lower panel indicates the spatial distribution of flow velocity and
WSR. (Data for three pump cycles.)

TABLE 2. Mean values + standard deviation (data for three pump cycles)
of SPA, WSR and CS for different stenosis lengths.

The length
of the 8 mm 10 mm 15 mm P
stenosis
SPA (°) 207.50£10.90  182.594£32.28  -174.98+2.57 0.464
WSR (1/s) 9.59+4.50 4.60+0.40 2.023£0.35 0.032
CS (%) 7.8542.59 7.35+£1.22 6.98+2.31 0.882

and SPA, horizontal red lines. The mean values of each
variable are listed in Table 2. For SPA and CS, the effect
of different stenosis lengths was less pronounced than that
due to the severity, (p = 0.464 and p = 0.882, respec-
tively). However, the strongly decreasing value of WSR
with increasing stenosis length is notable and statistically
significant, (p = 0.032). The negative correlation between
WSR and length implies that shorter stenoses cause more
flow disturbance, a result in keeping with the simulations of
Belzacq et al. [23]. This is implied by the WSR distribution
(lower panels) too. In addition to CS, longitudinal stretch is
also of importance when studying the effect of mechanical
factors in atherogenesis [41]. In this study, the phantom was
assumed to be isotropic. CS is represented by the variation of
arterial diameter, on the basis that it is almost synchronous
with the change of transmural pressure [36]. Given the
assumption of isotropy, the variation of longitudinal stretch
and the variation of CS would also be synchronous. Here,
the SPA is the phase difference between CS and WSR. The
influence of longitudinal stretch will be investigated in future
work.

B. IN VIVO

Figs. 10 and 11 show the variation of diameter and WSR
profiles with time for the four mice in the small plaque group
and the other four in the large plaque group, respectively.
Animals were assigned to either group on the basis of steno-
sis severity (greater or less than 50% diameter stenosis) as
assessed by a clinician with extensive experience of vascular
ultrasonic diagnosis. As before, the blue dashed line denotes
the diameter, the green curve shows the shear rate and the
phase angle differences are marked by the red lines. Typical
tissue sections, having been stained with Hematoxylin-Eosin
(HE), are depicted at the right and demonstrate the size of
the plaques in the CCA. The values of the hemodynamic
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TABLE 3. SPA, WSR and CS in both small and large plaque groups. Values for each animal (1-4) are shown with mean and standard deviation (SD) for
each group. P value indicates the significance of difference between the two groups.

Small plaque group

1 2 3 4 Mean + SD

Large plaque group

1 2 3 4 Mean + SD

SPA
)
WSR
(1/s)
CS

-146.25 -175.14 -130.00 -130.91 -145.57+21.07

2.07 0.30 0.62 1.56 1.13+0.82

15.17 18.81 20.79 15.10 17.47+2.81

-246.86

-240.00 -220.35 -216.13 -230.84+14.91 0.001

1.48 5.51 5.00 1.29 3.3242.25 0.080

3.38 9.42 14.02 9.69 9.13+4.37 0.018
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FIGURE 10. Variation of diameter, shear rate and shear phase angle in the
common carotid artery of the small plaque group. (Data for one cardiac
cycle.) Results for each of the four animals are shown in (a)-(d).
Representative plaque cross sections are seen in (e). Hematoxylin-Eosin
(HE)-stained CCA section.
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FIGURE 11. Variation of diameter, shear rate and shear phase angle in the
common carotid artery of the large plaque group. (Data for one cardiac
cycle.) Results for each of the four animals are shown in (a)-(d).
Representative plaque cross sections are seen in (e). Hematoxylin-Eosin
(HE)-stained CCA section.

variables in both groups are listed in Table 3. One-way
ANOVA shows that SPA was significantly greater in the large
plaque group when compared to the small plaque group.
Mean CS was also increased although this difference was
not significant at the 5% level. In contrast to the in-vitro
experiments there is also a significant association (p = 0.018)
between CS and plaque severity such that circumferential
strain was reduced in the large plaque group.
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IV. DISCUSSION

In this study we have investigated the relationship between
plaque morphology and hemodynamic variables by using
ultrasound. The phantom experiments reveal that, as plaque
severity increases, SPA attains a larger absolute value while
WSR increases and CS is reduced. On the other hand,
as plaque length increases (and severity remains constant)
the opposite trend is seen. The animal experiments support
these findings regarding degree of stenosis (as judged by an
expert in ultrasound imaging), although the plaque length
was not measured. These experimental results agree with the
findings of Qiu and Tarbell (2007) [17], Tada and Tarbell
[19], Tada et al. [20], and those of Sadeghi et al. [22]. They
are also consistent with Belzacq’s numerical results [23].
It was found that an increase in stenosis severity (diameter
ratio) is associated with higher WSS and a larger negative
SPA. Before trying our assessment on patients, our intention
was to establish an experimental animal model, such as the
mouse, and to find out whether this relationship exists or not.
Gratifyingly, we detected the same phenomenon in mice
(cardiac cycle approximately 0.2s). In a future study,
we intend, subject to ethical approval, to try it on patients.

In addition, one of the main reasons for undertaking this
study was to investigate the effectiveness of the ultrasonic
measurements. This is illustrated in Fig. 12 which shows
vortex velocity profiles downstream of the stenosis with
30%, 50% and 70% plaque. When the stenosis severity
increases, the velocity grows, and the vorticity becomes more
pronounced.

This work supports the view that hemodynamic variables
are becoming more widely accepted as a prognostic tool for
predicting potentially vulnerable plaques. However, as most
of the work on this topic has been based on fluid-structure
interaction simulations, there remains a need for in-vivo
studies to test the effectiveness of such a prognostic approach.

This study has some experimental limitations which need
to be addressed in future work. First, the pulsatile flow rate
of 40 beats/min is not representative of the typical human
heart rate of around 70. We acknowledge this disparity and
that neither of these rates are comparable with that of the
mouse (heart interval 0.2s, corresponding to a heart rate
of 300 beats/min). The phantom used in the in-vitro exper-
iments is extremely fragile and is more easily damaged at
higher heart rates, due to the increased mean pressure in
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FIGURE 12. Vorticity profiles downstream from stenoses with different
severities, (a) 30%, (b) 50%, (c) 70%.

the perfusion system. Previous experience had shown that
40 bpm was a feasible maximum, so we chose this as the
closest approximation to a realistic human heart rate we
could reasonably achieve [42]. In future, a layered arterial
phantom will be developed for the in-vitro experiment, and
the effect of different heart rates will to be investigated,
to properly illustrate the influence of heart rate. Second, due
to the limited video length of the Vevo 2100, the maximum
recording duration that could be achieved in the phantom
experiments was 3 cycles. The lower number of cycles in the
in-vivo study was due to the higher imaging resolution needed
in this experiment. The spatial resolution of the ultrasound
scanner limited the accuracy with which velocity could be
measured, especially near the stenosis. In principle, higher
resolution can be achieved if the window size is reduced.
However, it then becomes too small to observe enough cycles
and it is better to acquire at least two or three cycles. This
implies that, currently, the US imaging device cannot achieve
the accuracy of an optical device. However, the advantage
of using our US technique is that it has a large penetration
depth and is non-invasive. To achieve higher resolution in
the animal study, we recorded fewer cycles but repeated the
measurements 3 times to obtain an average value. Third, in
atherosclerotic arteries, longitudinal stretch may also be as
important as CS. However, as the motivation of this study was
to assess the relationship between these local hemodynamic
parameters (WSS, CS and SPA) and the size and severity of
the plaque through in-vitro and in-vivo studies, we chose not
to investigate the effect of longitudinal stretch here. In future
work, we plan to measure and investigate the effects of this
variable.

V. CONCLUSION

To sum up: in the in-vitro experiments, SPA becomes
increasingly negative and WSS rises with increasing stenosis
severity, while the converse is seen as the length of the steno-
sis increases. However, for all stenosis dimensions, the CS
changes little, presumably because all the PVA arterial phan-
toms have a similar stiffness. For the animal experiments,

145156

as for the phantoms, increasing plaque size is associated
with increased WSR and more negative values of SPA. Many
previous studies have regarded WSS or CS as indicators of
plaque vulnerability. However, in keeping with others which
provide evidence that SPA is a marker of plaque vulnerability
[21], [22], this study adds weight to that evidence and sup-
ports the idea that ultrasonic detection of plaques and analysis
of the associated flow disturbances is a valuable prognostic
technique with many advantages over the more invasive meth-
ods currently in use. The next step is to extend the measure-
ments to patients with occlusive vascular disease in whom
the vulnerability of various types of plaque in susceptible
arteries and the measurement of their mechanical properties
can be detected or predicted using this non-invasive ultrasonic
biomechanical approach.
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