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Abstract This paper aims to develop a technique to
assess velocity flow profile and wall shear stress (WSS)
spatial distribution across a vessel phantom representing an
artery. Upon confirming the reliability of the technique, it
was then used on a set of carotid arteries from a cohort of
human subjects. We implemented color Doppler flow
imaging (CDFI) for measurement of velocity profile in the
artery cross section. Two dimensional instantaneous and
time-dependent flow velocity and WSS vector fields were
measured and their waveforms of peak velocities based on
the technique were compared with WSS values generated
by Hagen—Poiseuille equation. Seventy-five patients with
intima-media thickening were prospectively enrolled and
were divided into an IMT group. At the same time, another
75 healthy volunteers were enrolled as the control group.
All the subjects were scanned and the DICOM files were
imported into our in-house program. Next, we determine
the velocity profile of carotid arteries in a set of 150 human
subjects and compared them again. The peak velocities by
the CDFI and Hagen—Poiseuille equation techniques were
compared and statistically evaluated. The amounts of
deviation for the two measured WSS profiles were per-
formed and we demonstrated that they are not significantly
different. At two different flow settings with peak flow
velocity of 0.1, 0.5 (x10™"") m/s, the obtained WSS were
0.021 £+ 0.04, 0.038 £ 0.05 m/s, respectively. For the
patient population study, the mean WSS value calculated
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by Hagen—Poiseuille equation was 2.98 & 0.15 dyne/cm?,
while it was 2.31 + 0.14 dyne/cm? by our CDFI analysis
program. The difference was not statistically significant
(t = —1.057, P = 0.259). Similar to the Hagen—Poiseuille
equation, a negative linear correlation was also found
between the calculated WSS and intima-media thickness
(P = 0.000). Using CDFI analysis, we found that the WSS
distribution at the middle of the proximal plaque shoulder
was larger than the top of the shoulder. CDFI can assess the
velocity and WSS profile accurately and efficiently and
may be used for clinical diagnosis of cardiovascular
conditions.

Keywords Velocity flow profile - Intima-media
thickening - Color Doppler flow imaging - Hagen—
Poiseuille equation

Introduction

Carotid atherosclerosis and advanced plaque rupture are
the main contributors of ischemic strokes [1-3]. In-vitro
and in vivo studies have shown that a low average level,
but large gradients and high oscillation of wall shear stress
(WSS) enhance intima-media thickening and carotid
atherosclerosis [4-8]. In the past, the Hagen—Poiseuille
equation is the most commonly-used calculation method
for WSS assessment with reasonable accuracy [9—11]. This
technique is limited as it is unable to assess the localized
WSS, especially near the plaque for irregular vessel
geometry. As such, the Hagen—Poiseuille equation is not
feasible as a clinical method to obtain steady vessel
diameter and blood velocity in order to assess the regional
WSS surrounding plaque in vivo [12]. With the advance-
ment of modern ultrasound technology such as color
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Doppler flow imaging (CDFI) and contrast ultrasound, not
just the mean WSS can be derived, but the hemodynamics
flow distribution across the artery may be measured and
visualized for clinical examination. This can give rise to
modern modes of characterization of plaques and diagnosis
of atherosclerosis.

Evidence increasingly suggests that localized high WSS
may trigger the rupture of the fibrous cap of plaque. Studies
have reported that the ruptures of vulnerable plaques are
often observed at plaque shoulder, where the WSS was
considered to be the highest [13-16]. Hence, the assess-
ment of the hemodynamic parameters such as localized
WSS change is critical because it is useful in predicting the
plaque rupture position.

Among the existing medical imaging modalities, the
Doppler ultrasound is the most preferred for non-invasive
imaging and analysis of anatomical structure in the human
body. It is widely used in clinics and hospitals with good
visualization of the structures. In addition to the many
other types of other measurement in the body, Doppler
ultrasound may be used for blood flow velocity measure-
ment especially in blood vessels. This may then be used to
determine shear stress based on the shear rate multiplied by
the blood viscosity [17].

Pulsed wave Doppler technique is an alternative ultra-
sound technique routinely used to determine one-dimen-
sional (1D) pulsatile blood flow velocity [18, 19]
effectively and has been in practice for decades. However,
the imaging modality is limited by its angle dependence.
There are several two dimensional (2D) blood flow
velocity profiling ultrasound-based imaging modalities,
including: ultrasonic speckle velocimetry [20], vector flow
imaging using plane wave excitation [21], ultrasonic per-
pendicular velocimetry [22], ultrasonic particle image
velocimetry or commonly known as Echo PIV [23, 24],
and CDFI [25]. Then from the velocity profiles, the WSS
on the arterial wall can be characterized [26, 27]. It is well
known that pulsate blood resulting in oscillatory WSS
affects the innermost intima vessel layer and endothelium
resulting in plaque aggravation and atherosclerosis [28].

Other ultrasound techniques pertain to the contrast-en-
hanced ultrasound (CEUS), which is the application of
ultrasound contrast medium to traditional medical sonog-
raphy. Ultrasound contrast agents come in the form of
microscale gas-filled bubbles that are coated with a special
material to reflect ultrasound waves and allow the pick-up of
signals depicting the fluid motional characteristics. We note
that such agents may come in different sizes and structures.
Clinically, contrast agents pertain to gas-filled bubbles that
are immersed in the blood stream after being introduced
intravenously in the human. Typical contrast agents sus-
pended in deionized water (up to 1 x 10° bubbles/ml) are
based on aqueous solution of air microbubbles created using
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an agitation mechanism [29]. The higher the bubble con-
centration, the higher is the accuracy of the flow measure-
ments [30]. Due to the excellent degree of echogenicity by
the contrast media to reflect ultrasound waves back to the
signal detector, the contrast of vessel tissue and blood can be
differentiated. The velocity of the blood can also be deter-
mined. This can allow us to gain an inside view of the blood
stream noninvasively. The contrast agent backscatter cre-
ates a ultrasound sonogram with such high resolution that
velocity of flow can be visualized and even quantified.
Relying on this concept of imaging blood flow, contrast
ultrasound is commonly used to quantitatively and qualita-
tively visualize blood streams in the cardiovascular system.
In principle, contrast ultrasonography works because of the
contrast-enhancing agents that resonate at a sufficiently high
frequency to serve as ultrasonic reflectors in diagnostic
ultrasound. We also note that in some cases, the micro-air
bubbles immersed in the blood may wear off under the
combined effects of excessive blood pressure and exposure
to ultrasound energy acting on them.

To profile the WSS distribution of an artery, CDFI is
used to assess localized velocity profile across various
section of the artery and thereby determine the WSS along
plaques in the artery [17]. Other methods involving the
technique are able to clinically measure the mean WSS
values in arterial blood flow and in arteries with irregular
geometry effectively and efficiently [31, 32].

We evaluate feasibility of using CDFI to assess the WSS
spatial distribution at the plaque. In order to ensure the
correctness of the data, the medical imaging modality is
applied to assess the association between low WSS and
intima-media thickening CCA and we then compare the
measured velocity profiles with those by contrast ultrasound.

Methods

Flow circulatory test rig and ultrasound imaging
system

The flow circulatory test rig consists of the ultrasound
system Philips IE33 system (Philips Medical Systems,
Andover, MA, USA) and Toshiba SSA-790A system
(Toshiba Medical Systems, Japan) equipped with a linear
transducer (L14-5W/60, transmit frequency 10 MHz) for
data acquisition. It is able to generate pulsatile flow
through our vessel phantom (Fig. 1). Synthetic tissue was
used to surround the vessel with radius 4 mm in order to
simulate the common carotid artery embedded within the
human tissue, and then it was immersed in degassed water
to enhance ultrasound transmission. The flow in the vessel
was then imaged by color Doppler and evaluated using
Hagen—Poiseuille equation.
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Fig. 1 Flow circulatory rig
setup in our experiment. A
pump is used to induce the
working fluid to flow through
the vessel phantom with a
pulsatile flow. The fluid
pressure was continuously
recorded with a pressure sensor.

| |
Degased water / Straight vessel
Ultrasound beam

Ultrasound
transducer ——

Synthetic tissue

PREEEEEES

5 [

Color Doppler flow images
were acquired using the Philips
Medical Systems

Velocity profile assessment using color Doppler flow
imaging

High resolution imaging of arteries may be achieved by
high frequency ultrasound within range of 10-12 MHz.
Via nominal sound velocity of approximately 1540 m/s,
the wavelength of sound transmitted into tissue by the high
frequency sound wave can be obtained from the wave
relationship, which implies that biological structures in the
scale of this wavelength magnitude can be imaged accu-
rately, i.e. up to 0.3 mm. Blood flow velocity profile can be
measured accurately via the color Doppler effect. The
principle works by reflecting ultrasound and detecting its
frequency shift from the original source frequency. Such a
frequency shift can be accurately obtained via the beat
frequency between the incident and reflected sound waves,
which is directly proportional to the velocity of flow.
Therefore, continuous recording of the beat frequencies
across a section of an artery generates the image of the
time-dependent blood flow velocity profile (Fig. 2).

Wall shear stress assessment from CDFI

Based on Newtonian flow, the Hagen—Poiseuille equation
determines the WSS simply by multiplying the gradient of
velocity u,, at the artery wall with respect to the arterial
radius r and the blood viscosity u (Eq 1).
Uy

Tw = (1)

Our WSS mapping was designed on the basis of such a
WSS definition equation by using the rate of change of
velocity u with respect to r.

r
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In this equation, t,, refers to the WSS, u is blood vis-
cosity, % is velocity gradient (or shear rate), r = wall is
defined as r that is near the boundary of the artery. The
CDFI in ultrasonic images was utilized to measure the
spatial distribution of WSS. Because CDFI is able to
indicate the level of blood flow velocity at each color pixel
by an RGB value, the shear rate % can be calculated using
Eq 3.

— Vfast :i Vslow ) (3)

Here, Vo is the velocity of the first blood flow pixel close
to the vessel wall in the direction that is perpendicular to
blood flow, and Vg is the velocity of the second pixel. The
dr in Eq. 2 is represented by d because the distance
between the two adjacent pixels is constant. The velocity
gradient at the vessel wall is calculated based on multiple
values of Vi, and Vyow. Therefore, the shear rate could be
calculated from the velocity profile by using Eq. 3. Shear
stress can be obtained from shear rate calculated by mul-
tiplying blood viscosity, which was 3.0 cp in this study.
The detailed algorithm has been presented in a previous
report [17].

For our in-house program, three types of images can be
designed to show the WSS distribution. They are two- and
three- dimensional WSS maps, and also a fused WSS
image. The two-dimensional WSS map is designed to
quantitatively analyze the localized WSS at the vessel wall.
The blue pixels indicate lower WSS values, while the red
ones indicate the higher ones. The three-dimensional WSS
map can be rotated freely to show the WSS distribution as
it is a recommended procedure to observe the spatial dis-
tribution of blood shear stress directly via this technique.
The fused WSS image illustrates the fusion of WSS dis-
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Fig. 2 Blood velocity profiling
based on color Doppler flow
imaging. Based on the intensity
modulated power spectrum, the
beat frequency is correlated to
the speed of the blood via
frequency shift detection. Note
that a considerable range of
velocities may be present in the
flow at any time based on a
color bar scale from red to blue.
Here, the red range of the color
image pertains to a wide range
of low velocities. The time-
dependent velocity profile is
expected to have a peak velocity
value at the center line (blue)
and dropping toward zero
values at the walls (red)

uniform in velocity
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tribution and ultrasound image, and has been a suggested
tool to observe the association between the vessel wall and
WSS, thereby assisting physicians to analyze the associa-
tion between IMT, plaque, blood velocity, vessel diameter
and abnormal WSS in clinical practice.

Study population

The Ethics Committee of the Shanghai East Hospital
approved the study. Written informed consent was obtained
from all subjects. Seventy-five patients with intima-media
thickening, abbreviated as IMT for (U/S detected:
0.9 mm < IMT < 1.2 mm) were prospectively enrolled in
the study (mean age 6647 £ 13.47 years, range
46-83 years; 25 males) and were assigned as the IMT
group. In addition, five patients with serious carotid artery
plaques were enrolled (mean age 69.14 £ 6.23 years,
range 58-79 years; 3 males). Also, another 75 healthy
volunteers (U/S detected: IMT < 0.9 mm) were enrolled
(mean age 26.4 &+ 3.47 years, range 19-32 years; 25
males) and assigned as the control group. None of the
healthy volunteers had any history of cardiovascular dis-
ease, hypertension, diabetes or long-term smoking.

Experimental methods

Before the ultrasound examination, all subjects were
allowed to rest in a supine position for 10 min. The sub-
jects were studied in the supine position using a Philips
IE33 system (Philips Medical Systems, Andover, MA,
USA) and Toshiba SSA-790A system (Toshiba Medical
Systems, Japan) by an experienced sonographer in our
hospital. When scanning vessels in the longitudinal section,
the scan depth was set just below the visualization of the
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CCA. In the CDFI mode, the scale was adjusted to make
the Doppler blood flow fill in the lumen without aliasing.
Then, CDFI was acquired at the 2 cm below the CCA
bifurcation in all subjects. For the five patients with plaque,
CDFI was acquired near the plaque. Detailed ultrasound
scanning methods were reported in the previous report
[17]. Then, a smooth and uniform CDFI image was
obtained. The DICOM files were imported into the pro-
gram to perform WSS analyses and deliver graphic outputs
such as three-dimensional WSS maps and fused WSS
images.

Data analysis

All WSS data were analyzed by Microsoft Excel and SPSS
17.0 software (SPSS Inc., Chicago, IL, USA). The mean
values of WSS distribution from the one hundred subjects
were compared with the simulated results using a ¢ test
method. Correlation analyses were performed to explore
the association between the intima-media thickness and
WSS that were assessed by the CDFI and CFD for these
subjects. We note that p value of less than 0.05 was con-
sidered statistically significant.

Results

Velocity and WSS distribution by color Doppler flow
imaging

We developed a phantom model whereby the radius of the
vessel is set at 0.001 m. All measurements were performed
successfully and the simulated artery was studied in the
transverse planes. The pressure profile and volumetric flow
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rates were implemented as shown in Fig. 3. The CDFI
DICOM images were then recorded. After importing the
DICOM image, the WSS was assessed by Eq. (2). A

Fig. 3 Pressure and volume
flow rate waveform profile used
in our circulatory test rig. We
implement a smaller and a
larger peak at the pressure
waveform to monitor a
fluctuating velocity profile
generated by them. This allows
us to study if the color Doppler
flow imaging can map the
velocity waveform accurately
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Fig. 4 Flow results computed by color Doppler flow imaging. The
velocity flow profiles for time steps of 0.05-1.0, which were
presented from (a) to (t), was derived from a set of flow images
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which accounts for the irregular profile due to randomness during the
pulsatile flow for every of the time step. The red curve represents the
first measurement without averaging, whereas the blue curve repre-
sents the averaged results for all 20 trials
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Fig. 5 Wall shear stress results comparison by Doppler flow imaging
and Hagen—Poiseuille equation. The wall shear stress values can be
determined from the velocity flow profiles imaged by Doppler
ultrasound for one periodic cycle. The WSS that was derived from
Hagen—Poiseuille equation under-predicts the true value

difference with the blue curve, which is based on averaging
20 trials of cyclic measurements at every same time step.
Therefore since the fluctuations in values are not signifi-
cant, we can use the flow measurement output at a par-
ticular time instance instead of averaging a series of
measurements.

It is illustrated that the flow direction was changed as
shown by the change in peak flow in the negative direction
for t = 0.05-0.15 s in Fig. 4a—c, and from ¢t = 0.55-0.75 s
in Fig. 4k-o0, and has been influenced by the reversal of
flow caused by fluctuating pressure. Based on the velocity
profile, we obtained the measured WSS values and pro-
duced the waveform as in Fig. 5.

The WSS derived from Hagen—Poiseuille equation
deviates from the true value from the velocity profile that is
imaged by both Doppler ultrasound methods as the linear
approximation of the velocity gradient at the arterial wall
tends to under-predict the real second-order degree of
curvature of this gradient. There exists almost negligible
difference between the CDFI and Hagen—Poiseuille equa-
tion techniques.

WSS assessment by color Doppler flow
and evaluation using Hagen—Poiseuille equation

In order to evaluate the feasibility of the mean WSS
value assessed by CDFI and Hagen—Poiseuille equation
for irregular arterial geometries, the mean WSS values
in intima-media thickening CCA in the IMT group were
calculated by both methods and compared using an
independent ¢ test, which was shown in Fig. 6. We used
dyne/cm? as the units for WSS in our paper, and we
note that 1 dyne/cm? is the equivalent of 0.1 Pa in SI
units.
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Figure 6a showed that the mean WSS values in intima-
media thickening CCA from both methods varies in the
range 2—4 dyne/cm”. The mean WSS value calculated by
contrast ultrasound was 2.98 &+ 0.15 dyne/cmZ, while it
was 2.31 £ 0.14 dyne/cm?® using our program. The dif-
ference between them was not statistically significant
(t = —1.057, P = 0.259).

It has been widely known that WSS was negatively
related to intima-media thickness. In our study, a negative
linear correlation was also found between CDFI calcu-
lated WSS and intima-media thickness in our one hundred
and fifty subjects (r = —0.825, P = 0.000, Fig. 6b).
Meanwhile, the same correlation analysis was also per-
formed using contrast ultrasound. It found that the nega-
tive liner correlation also exists between the WSS and
intima-media thickness (r = —0.813, P = 0.000, Fig. 6c¢).
It demonstrated that the WSS assessed by both ultrasound
techniques can be applied to assess WSS and to evaluate
the relationship of WSS and intima-media thickness as
well.

Application of Doppler ultrasound in WSS
assessment around plaque

The WSS assessment of a normal patient artery and a
vessel with serious carotid artery plaques in a patient
diagnosed with cardiovascular disease was generated from
color Doppler ultrasound. Then, we implemented the
CDFI method to verify this. The detailed flow profile was
plotted at various cross-sectional planes of the artery
(Fig. 7). In Fig. 7a, the pulsatile flow profile is seen to
vary by observing the color intensity variation as mea-
sured by the color Doppler imaging for the normal healthy
vessel. In Fig. 7b, we saw reduced blood flow peak
velocities for the patients with serious plaque condition,
which means a reduction in WSS for patients with intima-
media thickening.

A representative fused image of the WSS regional dis-
tribution at the plaque shoulder was shown by Fig. 8 at a
particular time step. It is well known that regions of low
WSS followed by high oscillatory WSS influenced plaque
growth significantly. In order to analyze the detailed WSS
distribution at the plaque shoulder, two regions were set to
analyze the WSS near the proximal plaque shoulder, which
we defined as regions A and B. Interestingly, the two
regions in the fused image were significantly different. The
WSS distribution in region A was much brighter than that
in region B. Data analysis showed that the mean WSS in
region A was 13.67 dyne/cm?® while it was 6.45 dyne/cm?
in region B. It implies that the WSS values in region A
were significantly larger than region B. However, the
diameter (0.2 cm) and blood velocity (34 cm/s) in region A
and B were similar. This new finding revealed by the
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Fig. 6 The scatter diagram of
mean WSS values and negative
linear correlation were found
between intima-media thickness
(IMT) and WSS from color

(a)

~—a—Color Doppler Flow Imaging

~—&—Hagen-Poiseuille Equation

Doppler flow imaging. a These
were values taken from our
CDFlI-based program and
Hagen—Poiseuille equation in
seventy-five patients with
intima-media thickening CCA.
The results show that the mean
WSS values were similar for the
two different methods. b WSS

WSS (dyne/cm?)

calculated by color Doppler, 0 10
and the negative liner

correlation was r = —0.825,

P = 0.000; ¢ WSS calculated (b)

by Hagen—Poiseuille equation,

Number of measurement.

(]
~

[
0N

and the negative linear 15 Y ¥
correlation was r = —0.813,
P = 0.000

-
<>

wn

WSS of HagenePoiseuille equation

>

-
>
v

n
v

WSS of HagenePoiseuille equation

3

o
=
o
St
'S
=3
a

program implied the regional WSS distributions were
vastly different even at the proximal plaque shoulder. The
mechanism and reason was still unknown. It suggested
more detailed regional WSS distribution analysis may be
applied to surrounding plaque in order to predict the
position of plaque ruptures.

Discussion

In our present study, CDFI has been introduced to explore
the velocity and WSS distribution in carotid artery in vivo.
The time-dependent cross-sectional flow velocity profiles
from pulsatile flow velocity recordings can be obtained
equally well with both the CDFI and Hagen—Poiseuille
equation.

Traditional WSS assessment in CCA
Previously, Hagen—Poiseuille equation is the most com-

monly performed WSS assessment method because the
vessel diameter and the maximum flow velocity are easy to
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obtain in vivo [33-35]. When the direction of blood flow is
steady in intima-media thickening CCA, and the lumen is
relatively coarse and uniform, the blood flow in intima-
media thickening CCA approximates the Poiseuille flow.
Therefore the WSS in intima-media thickening CCA that is
calculated from the Hagen—Poiseuille equation is approxi-
mately accurate. It has been widely applied and many
studies reported that the mean WSS values estimated by
Hagen—Poiseuille equation are negatively correlated with
the intima-media thickness [36, 37]. However, this tech-
nique fails for irregular geometries and computational fluid
dynamics simulation can serve as an alternative to deter-
mining the WSS distribution instead.

The advantages of the Doppler-based methods

The CDFI can be used to construct the WSS distribution
noninvasively based on a first order differential equation of
velocity with respect to radial distance with good accuracy
and feasibility [17]. Based on the velocities pertaining to
CDFI blood pixels, we are able to calculate WSS, and plot
the distribution for analysis.
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Fig. 7 Color Doppler flow (a) 0
imaging of a normal and an
atherosclerotic artery. Flow cm/s

images of the arteries are shown
at various time steps for (a) a
normal artery, and (b) an artery
that is stenosed. The peak
velocity used to determine the
WSS is measured at green
sectional line of measurement
upstream of the normal artery
and then at another line of
measurement at the stenosed
region of the diseased artery
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Fig. 8 A representative example of WSS regional distribution at
plaque shoulder. Two regions were set to analyze the WSS near the
proximal plaque shoulder which called region A and region B. The
WSS values in region A were significantly larger than region B

In our study, the localized WSS distribution near the
intima-media thickening carotid artery was displayed by a
two-dimensional WSS map, a three-dimensional WSS
map, and a fused image obtained from the program as
shown in Fig. 9. The two-dimensional WSS map can be
used for numerical analysis because it removed all factors
unrelated to the shear stress distribution. It can analyze
localized WSS quantitatively, which was more realistic and
accurate due to the precise quantitative analysis calculated
between each pixel. The three-dimensional WSS map can
be rotated 360° for good visualization of the data land-
scape. It provided a more intuitive method to observe the
spatial distribution of shear stress values. In this study, the
three-dimensional WSS map shows that the anterior and
posterior WSS distribution at intima-media thickening
CCA is not the same although the algorithm is the same for
every pixel. It implied that when change of velocity and
lumen diameter was small, the variation of WSS near the
intima-media thickening CCA still exists. Once the
increased or decreased abnormal WSS is found, the three-
dimensional WSS map can sensitively display the location
coordinates for observation. The fused image combines the
advantage of an ultrasound image together with shear stress
distribution. It can be used to observe the lumen diameter,
intima-media thickness and changes of vessel geometry at
different abnormal WSS regions. It is a convenient tool to
observe the relation between the localized WSS distribu-
tion and corresponding intima-media membrane and lumen
diameter. In this study, Fig. 9a shows the fused WSS image

at the intima-media thickening region. Two bright bands,
which were WSS spatial distribution, can be found (as
marked by arrows in Fig. 9b) at the anterior and posterior
wall in CCA. Compared with the healthy WSS at CCA, the
brightness of WSS distribution at intima-media thickening
portion was darker, and the width was narrowed and uni-
form. It suggests that the WSS values at the intima-media
thickness portion were lower than the normal range. The
WSS spatial distribution obtained by fused images can
display local WSS changes at different locations accurately
(Fig. 9c, d). This fused image is able to help physicians to
observe the WSS distribution and its relationship with
vessel walls intuitively. The situation such that WSS can-
not be visualized by the Hagen—Poiseuille equation may
now be reversed because of our CDFI program. In addition,
our program can help researchers to quantitatively analyze
the regional WSS values at intima-media thickening por-
tions. Compared with the Hagen—Poiseuille equation, it can
be used to observe detailed WSS values at localized posi-
tions. In our study, Fig. 6 shows that around 90 % of WSS
varied between 2 and 6 dyne/cm?, and the other 10 % of
WSS varied between 6 and 8 dyne/cmz. Furthermore, it
found that most WSS values were among 2—4 dyne/cm?.
With the value increasing, the number of pixels decreased
dramatically. The speed of the decrease was faster than a
normal vessel. It implies that compared with the normal
WSS at CCA, the variation of WSS near the intima-media
thickness portion was lower, but high WSS values can also
be found at intima-media thickness portions.

Accuracy evaluation of our CDFI-based program

In order to evaluate the correctness of our CDFI-based
program that calculated the WSS in intima-media thick-
ening CCA, the mean value was compared to the result
calculated by the Hagen—Poiseuille equation. In this study,
it showed that the difference between the mean WSS val-
ues from the program and the Hagen—Poiseuille approach
were not statistically significant (r = —0.864, p = 0.604).
In addition, negative linear correlations were found
between WSS values and intima-media thickness by the
two methods. It suggests that the mean WSS value calcu-
lated from the program is also feasible to assess the asso-
ciation between WSS and intima-media thickness just like
Hagen—Poiseuille approach.

Regional WSS distribution surrounding plaque
shoulder

CDFI can be utilized to profile flow velocity in the arteries.

Flow in a region of obstruction results in a higher velocity
peak to maintain the flowrate, and therefore, velocity
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Fig. 9 Wall shear stress spatial distribution in intima-media thick-
ening carotid artery generated by color Doppler flow imaging. a CDFI
of intima-media thickening carotid artery; b the fused image of WSS
spatial distribution, which was a convenient tool to observe the
relation between the localized WSS distribution and corresponding
intima-media membrane and lumen diameter; ¢ two-dimensional

profiling of arteries can be used to detect narrowing of the
vessel.

Although it has been well-accepted that atherosclerosis
initiation and early progression correlate negatively with
WSS, increasing evidence suggests that when lesions
continue to grow and eventually intrude into the lumen and
form plaque, the WSS surrounding it increases substan-
tially. Some studies have demonstrated that high shear
stress may be related to plaque rupture [38—40]. It is hoped
that the research on assessing this WSS distribution near
the plaque will accurately discover plaque rupture posi-
tions. Unfortunately, in vivo evidence of such a relation is
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10

Wall Shear Stress Spatial Distribution

distribution of WSS in the intima-media thickening carotid artery,
which can analyze localized WSS quantitatively; and d Three-
dimensional distribution of WSS intima-media thickening carotid
artery, which provided a more intuitive method to observe the spatial
distribution of shear stress

limited because the Hagen—Poiseuille equation cannot be
applied to assess WSS near plaque as the geometry of
vessels with plaque is irregular and the blood flow direction
may change. However, the flow velocity gradient near the
plaque remains relatively constant. Hence, the program can
measure the WSS near plaque sensitively, which we aim to
introduce it as one of the well-established methods for
estimating the WSS near plaques in vivo.

In our study, the WSS values near the plaque shoulder
do not decrease. On the contrary, they increased signifi-
cantly. The WSS values at regions A and B of the proximal
plaque shoulder were significantly higher than the normal
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WSS range. It demonstrated that the WSS values near
carotid plaque were larger than those at normal carotid
arteries, which may explain why the plaque usually rup-
tures at plaque shoulders. Moreover, the WSS values at
region A were significantly greater than those at region B.
One possible reason was that the vessel wall at region A
directly withstands the impact of high speed blood flow,
resulting in most of the direction change of blood flow
occurring around them. Hence the friction there becomes
greater than the other regions of the plaque. Some studies
have reported the association between increased WSS at
the plaque shoulder and plaque ruptures. Dirksen et al. [41]
reported that the WSS near the plaque was associated with
the plaque ruptures. Plaque ruptures always occur at the
shoulder of plaque, where the WSS was larger than normal
value range. Slager et al. [42] reported that local biologic
effects induced by high shear stress can destabilize the cap
and turn it into a rupture-prone vulnerable plaque. Groen
et al. [43] found that the ruptures of vulnerable plaques are
often observed at the upstream region of the plaque, where
the WSS is considered to be highest. Fukumoto et al. [31]
proposed that localized high shear stress may be a trigger
of fibrous cap ruptures.

Limitations and future developments

The observed WSS distribution can only represent WSS for
longitudinal vessels. The WSS data from CDFI are not
three-dimensional data as compared to magnetic resonance
imaging. However, ultrasound scanning is simple, time-
saving and relatively economical compared with nuclear
imaging, which makes WSS assessment easier to apply. In
addition, our CDFI-based program cannot be applied for
the WSS detection of the coronary artery because coronary
blood vessels cannot be observed by regular ultrasound.
Fortunately, the research of WSS assessment by angiog-
raphy, and intravascular ultrasound make up this limitation.

Our study found that the WSS values are different for
different regions of plaque shoulders. However until now,
there have been no serial studies to find the accurate
position of plaque ruptures. The in vivo relationship
between WSS and plaque ruptures remains unclear. The
approximate WSS estimation is not sufficient to explore the
position of fibrous cap destruction. Therefore, our group
plans to increase the volume of patients with plaque in a
follow-up study. Plaques are planned to be divided into the
following five regions: bottom of proximal plaque, the
shoulder of proximal plaque, the top of plaque, the shoul-
der of distal plaque and the bottom of distal plaque, in
order to further observe the distribution of WSS at different
regions. Then, patients were followed up and the position
of plaque rupture will be recorded to explore the associa-
tion between plaque ruptures and increased WSS aiming at

providing valuable references for predicting the location of
plaque ruptures.

Conclusions

This study demonstrated that color Doppler flow can be
utilized to assess the velocity profile of blood flow in
carotid arteries and predict WSS near plaque shoulders.
Moreover, the spatial WSS distribution makes the WSS
visualization easier, which could accurately and quickly
observe the localized WSS modifications. Since CDFI is
easy to obtain during routine ultrasound scanning, we can
harness ultrasound to be able to serve as a convenient tool
to predict the position of plaque rupture in clinical practice.
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