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ARTICLE INFO ABSTRACT

An ultrasound simulation model incorporating incident and reflected wave propagations is proposed to provide a
realistic data source for validation of transit time (TT)-based local pulse wave velocity (PWV) estimation al-
gorithms. First, the incident wave (IW) and reflected wave (RW) at a certain position over a common carotid
artery (CCA) are estimated. Then, the propagating pulse waves (PWs) along the CCA are modelled with the
synthesizations of the estimated IWs and RWs, whose occurrences are delayed in opposite sequences according
to a preset PWV. In ultrasound simulation, a geometric model of a CCA is built, and the dynamic scatterer models
are constructed by moving the scatterer positions according to the synthesized PWs. The RF signals are generated
using Field II. To characterize the PW propagations of different arterial stiffnesses consistent with clinical ones in
the model, 30 healthy subjects from young, middle-aged, and elderly groups are recruited for extractions of IWs
and RWs. To quantitatively verify the effectiveness of the simulation model, the normalized root-mean-squared
errors (NRMSEs) are used to compare the estimated and preset PWs, time delays (TDs), and PWVs. Results show
that for the three age groups, the estimated PWs, TDs, and PWVs conform to the preset ones with the mean
NRMSEs of 0.92%, 18.47%, and 8.55%, respectively. Moreover, the model can characterize the effect of the
wave reflection on the local PW propagation as its clinical manifestation. Therefore, the proposed model can be
effective as a data source for the validation of TT-based local PWV estimation algorithms, particularly the effects
of RWs on the estimation performance.
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phase of the loops formed with variations of flow-area and diameter-
velocity [9]. The TT methods determine the local PWV from the time

1. Introduction

Arterial stiffness is significantly associated with cardiovascular
events in the general population [1], patients with coronary artery
disease [2], hypertension [3-5], end stage renal disease [6], and im-
paired glucose tolerance [7]. Non-invasive quantifications of the ar-
terial stiffness for the early diagnosis and effective prevention of car-
diovascular events and related diseases are clinically important. The
pulse wave velocity (PWV) is an important index for quantifying the
artery stiffness because of its direct link to the elastic modulus of the
artery [8]. Since the carotid artery is a frequent site of atheroma for-
mation, the local carotid PWV could be considered a surrogate marker
of carotid stiffness [8].

Owing to noninvasion and high frame rate, ultrasound-based tech-
niques including loop [9-11] and transit time (TT) methods [12-14]
have been developed for measuring the regional PWV. In loop methods,
the PWVs are estimated from a linear segment in the early systolic

delay (TD) between the pulse waves (PWs) at two sites over a known
distance along a segment of a common carotid artery (CCA). Owing to a
simple principle, and the development of the ultrafast ultrasound
imaging based on the plane wave technique, the TT method is prefer-
able for the detection of the local PWV of a CCA with high temporal
resolution and scan line density [15-19].

Fig. 1 shows the schematic diagram of the PW propagation from the
left to right along a segment of a CCA scanned by an ultrasound probe.
Owing to the superimposition of pressures, the PW is considered as the
synthesization of the incident wave (IW) and reflected wave (RW)
transmitting in opposite directions [20]. The IW is caused by the for-
ward pressure wave deriving from heart constriction, while the RW is
caused by the backward pressure waves reflected at any discontinuity
along the arterial tree, such as carotid bifurcations, cerebral capillary,
and area changes in arterial distensibility [21]. The RW of a CCA is
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Fig. 1. Schematic diagram of the PW propagation from the left to right along a
CCA scanned by an ultrasound probe. The PWs at different beam locations are
the synthesizations of the IWs and RWs transmitting in opposite directions.

therefore a mixed component with the backward travelling waves oc-
curring from systole to diastole periods of the IW [22]. In the TT
method, the arterial segment is scanned by a linear-array transducer
with n beams. The PWs at each beam is estimated from RF echo signal,
and then the PWV is obtained based on the time fiduciary points (TFPs)
in the PWs [17]. However, the RW is liable to change with the arterial
elasticity, which leads to various PW deformations at different beam
positions along the arterial segment. This obscures the TDs between
PWs, and worsens the accuracy of the TT-based PWV estimation [23].
Additionally, the PW transmission distance along the CCA is short, and
the accurate estimation of TDs is also difficult. Therefore, the in-
vestigation of ultrasonic TT method performance for the local PWV
estimation under the influence of wave reflection is still a challenge and
a research focus [13,17,23-26].

Ideally, studies on ultrasound scanning configurations and detection
algorithms for the local PWV estimation of a CCA could be directly
based on clinical data. However, it is limited since the true values (such
as the RW, TD and PWV) are not known in clinics. Hence, flexible and
realistic phantoms or simulation models are required to objectively and
systematically investigate and evaluate the influence factors and algo-
rithm performance. Several physical phantoms have been established to
perform related evaluation studies. Meinders et al. [13] performed
phantom experiments to verify a gradient method for the local PWV
estimation. The phantom was set up in a water bath with a straight
horizontal elastic tube. A hydraulic load and a half-filled buffer tank
were connected with the two ends of the tube to reduce the reflections,
and create a realistic pressure waveform, respectively. A pneumatic
valve on the top of the buffer tank was used to generate a pulsatile
increase in pressure. With changing the diameter of the tube, the dif-
ferent preset PWVs were yielded, and used to validate those estimated
with an ultrasound system in experiments. In Hermeling et al.’s study
[23], a phantom was built and scaled according to the realistic in vivo
conditions to compare the performance of three TFP detection methods
for the PWV estimation. The phantom setup consisted of a pulse gen-
erator, a water tank, and a water bath. A wave produced from the pulse
generator propagated and ended in the elongated water bath. To
measure the PWV, the propagating waves were simultaneously mea-
sured by an ultrasound probe facing upward at a small opening filled
with silicone in the middle of the water bath. Results show that these
physical phantoms can mimic the PW propagation under physiological
conditions; however, they are limited to accurately characterize the
local PW propagation of a CCA because of the inflexible configurations
and unrealistic mimicking of the RW.

Computerized ultrasound models for PW propagation have also
been applied in recent studies to investigate the effects of the ultrasonic
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scan parameters on the accuracy of the PWV estimation systematically.
Huang et al. [27] performed PW propagation simulations to investigate
the fundamental effects of several key parameters (i.e., the frame rate,
motion estimation rate, number of scan lines, image width, PWV, and
sonographic signal-to-noise ratio) on the performance of the local ul-
trasound-based PWV measurement. In the simulation, a PW obtained
from a CCA of a healthy subject was assumed to propagate along the
arterial wall from left to right. The convolution based image formation
model was used to simulate the ultrasound RF signals with different
preset parameters [28]. Then, the PWVs under the different parameter
configurations were estimated by a PW imaging technique, and the
performance of the PWV estimation was evaluated by measuring the
relative errors and coefficients of variation and determination. In a
previous study [29], an ultrasound simulation model was setup to in-
vestigate the effects of frame rate on the PWV estimation of a CCA. In
the simulation, the Field II toolbox was used to calculate the pulsed
ultrasound fields for RF signals by setting related parameters, such as
frame rate, line density, excitations, etc. [30]. The B-scan ultrasonic
sequence images of carotid artery with 16 scanning beams within an
imaging width of 38 mm at the frame rates of 226 Hz, 376 Hz, 564 Hz
and 1127 Hz were simulated. The performance was evaluated with a
comparison between the estimated and preset values. In these compu-
terized ultrasound models, the theoretical PWV and the values of the
parameters related to the various influence factors can be preset. Ex-
periments with these models are flexible and controllable through
configuring model parameters, so evaluation studies can be conducted
systematically. However, RW during the PW propagation along a CCA
has not yet been considered in these computer ultrasound models.

To provide a realistic data source for the systematic study on the TT-
based local PWV estimation of a CCA, particularly the effects of the RWs
on the estimation performance, an ultrasound simulation model in-
corporating incident and reflected wave propagations is proposed in
this study. The modelling process is as follow: first, the IW and RW are
separated with the simultaneously measured PW and blood flow velo-
city of a CCA. Then, the propagating PWs at different beam positions
along the CCA are modelled with the synthesizations of the IWs and
RWs, whose occurrences are delayed in opposite sequences according to
the preset PWV, respectively. To create a realistic ultrasound simula-
tion, a geometric model of a CCA with a length of 39 mm is built, and
the corresponding dynamic scatterer model is constructed by moving
the scatterer according to the synthesized PWs at 13 beam positions.
Then, the RF signals are generated in a dynamic scanning mode with a
frame rate of 1333 Hz using the Field II platform. In order to char-
acterize the PW propagations of different arterial stiffnesses, and si-
mulate the PW propagations consistent with the clinical ones in the
model, 30 healthy subjects from young, middle-aged, and elderly
groups are recruited for the extraction of the IWs and RWs at a certain
position over CCAs with an ultrasound diagnosis system. Accordingly,
the PWVs of the three age groups are preset to 4.5, 6.0, and 7.0 m/s,
respectively [10]. To quantitatively verify the effectiveness of the
proposed simulation model, the PWs at 13 beam positions are estimated
from the simulated RF signals with an echo tracking algorithm. The TDs
are estimated based on the TFPs of maximum values of the second
derivative (M2D) and the 20% threshold (TH20) in the estimated PWs
[31]. The PWVs are estimated by a linear regression fit applied on the
time-distance plot. Then, the normalized root-mean-squared errors
(NRMSEs) between the estimated and preset PWs, time delays (TDs),
and PWVs are calculated, respectively. The performance of the pre-
sented model is assessed with the mean values and standard deviations
(SDs) for the NRMSEs of these three indexes.

2. Modelling methods
In this study, an ultrasound simulation model for PW propagation

along a CCA with a synthesization of IW and RW transmitting in op-
posite directions is proposed. A block diagram for illustrating the
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Fig. 2. Block diagram illustrating the establishment procedure of the ultrasound simulation model for the PW propagation along a CCA based on the Field II.

establishment procedure of the model is shown in Fig. 2. In order to
obtain the IWs and RWs with propagating characteristics conforming to
clinical ones in modelling, the pulse-echo RF signals at a certain posi-
tion of the human CCA are first measured using a SonixTOUCH system
(Ultrasonix Medical Corporation, Richmond, B.C., Canada). Then, the
PW and blood flow velocity of the axial centerline are estimated from
the pulse-echo RF signals of the vessel wall and blood flow, respec-
tively. Next, the IW and RW are obtained using the estimated PW and
blood flow velocity. To model a realistic local PW propagation, the PW
at each beam position is synthesized by the IW and RW, whose occur-
rences are delayed in the opposite sequences with a given PWV. Finally,
the ultrasound simulation of the PW propagation is performed by the
Field II platform used for scanning the dynamic scatterer models con-
structed based on the synthesized PWs.

2.1. Estimations of PW and blood flow velocity from human subject

To estimate simultaneous PW and blood flow velocity, the
SonixTouch RP ultrasonic system is used to acquire the pulse-echo RF
signals at a certain position of human CCAs. The PW is estimated from
the pulse-echo RF signals of the vessel wall using a 1-D normalized
cross-correlation (NCC) algorithm based on echo tracking. A reference
RF signal is defined in one frame, and subsequently contrasted with the
comparison RF signals from another frame within a pre-specified search
range. The reference and comparison RF signals in the different frames
(time) are f(n) and g(n), respectively. The similarity or matching be-
tween the reference and comparison signals is quantified by the NCC
coefficient [32].

T g (n + 1)
[T 2 () T )

The parameter u is the origin of the reference window, and w is the
window size. The parameter T is the shift between the comparison and
reference windows, and [5, 5] is the search range determined by the
maximum range of the radial distensions of the vessel wall. The signal
f(n), which represents the vessel wall in the frame farthest from the
probe, is selected manually within the interval of [u, u + w — 1]. The
wall motion for the nth frame (time) is estimated from the spatial shift
between the f(n) and the best-matched g(n) at the nth frame in terms
of the maximum value of Rycc(7) in the research region of [g, %]. Based
on the wall motion at each frame, the PW during a cardiac cycle is
obtained. To reduce the quantization noise, the estimated PW is filtered
with a Savitzky-Golay digital smoother [33]. The blood flow velocity of
the axial centerline is estimated from the K samples of the blood flow
pulse-echo RF signals using an autocorrelation estimator. In this

Ryce(7) = <7<

gn+1)
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process, the quadrature demodulation of the RF signals is performed to
determine their envelopes with the Hilbert transform.

R=r(k)+jxik) 1<k<K 2)

The parameter j is equal to ~/—1, and k is the sampling time. r (k)
and i(k) denote the in-phase and quadrature components of the en-
velopes at time k, respectively. Then, the phase shift ¢ of the demo-
dulated pulse-echo RF signal caused by the flowing blood cells is esti-
mated by the autocorrelation algorithm [34].

K iork = 1) = r()itk - 1)
T r@ork — 1) + i(k)itk — 1)

¢ = arctan

3)

The corresponding blood flow velocity is calculated by the equation
below.

_ Forf
4fy C))

The parameter ¢ is the ultrasound velocity. The terms f,, and f, are
the pulse repetition frequency and the center frequency, respectively.
Finally, the blood flow velocity waveform during a cardiac cycle is
obtained with the estimated velocity at the time corresponding to the
frame (time) for the detection of the wall motion.

v= 1%

2.2. Extractions of IW and RW

With measured pressure, or wall diameter, or wall distension, and
blood flow velocity waves, several methods have been introduced to
separate forward and backward waves [22,35-37]. In the present study,
a simple velocity- and distension-based upstroke fitting method [37] is
used to extract the IW and RW of a CCA. The procedure for this method
consists of three steps.

Step 1: The blood flow velocity and PW are simultaneously mea-
sured as a function of time.
Step 2: The pressure wave is calculated using an estimated varying
cross-section of the blood vessel. First, the cross-section of the blood
vessel is obtained by solving the equation of the 1-D transformed
conservation of mass [38].

0A _158(Auw) _

ERE

)

The parameters ¢t and c are time and average aortic PWV, respec-
tively. The terms A and u are the cross section of the blood vessel and
the normalized blood flow velocity at the central position, respectively.
Then, the elastic model [38] is used to convert the changes in the cross
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section of the blood vessel into the pressure.

1
Pt)—FB=—[A()—-A
()= Ry = —[A®) - Aol ©
The constant Cs is the compliance of the vessel wall. The parameters
Ao and P, are the initial values of the cross section and pressure, re-
spectively.

Step 3: The RW is extracted by subtracting the estimated normalized
IW from the normalized PW. The distension waveform at each re-
laxation time caused by the estimated pressure wave is estimated
using the Kelvin-Voigt model [37]:

o) = gew 1) J @o- mes( 5o @)
0

The parameter ¢(¢) is the distension component, and 8 and t are the
viscosity constant and relaxation time, respectively. The term 1/7 is
used to optimize the fitting of the increasing portion of the calculated
distension waveforms. Because the upstroke of the PW is composed of
the significant IW and little RW, whereas the upstroke of the blood flow
velocity of the axial centerline is caused by the IW [39], the IW is de-
termined with the most similarity in the upstrokes of the calculated
distension waves to the PW. Then, the RW is the difference between the
normalized PW and IW.

2.3. Modelling the propagation of the PW

The PW at each beam position is the synthesization of the IW and
RW propagating in opposite directions along a segment of the CCA. As
shown in Fig. 1, assuming that the measured PW and blood flow ve-
locity waveform are generated at the first beam position along a seg-
ment of the CCA with a length of d mm, which is scanned by a linear-
array transducer with N beams, then the IW and RW at this position can
be estimated by the algorithm introduced in Section 2.2. Based on a
preset PWV, the TD for the IW propagating from left to right, (or the
RW propagating in the opposite direction) between the adjacent beam
positions is given by the equation below.

d

At= ————
(N =1) * PWV,

(3

The term PWV,, is the preset value of the PWV. Then, the IW and
RW at the i th beam position are expressed as shown below.

g=gt+ A4t ({i—-1)), (i=12, 9

g=o0(t—-A4t*({-1)), (=12, (10)

The parameters g (t) and o (¢) are the normalized IW and RW at the
first beam position, respectively. Finally, the normalized PW at the i th
beam position is calculated by the following equation.

v=ea+g an

Thus, the propagation of the PW from left to right along a segment
of the CCA is modelled.

In practice, the RW has the varying amplitude and PWV depending
on the different degree of the arterial stiffness. Moreover, different
amplitudes and PWVs of RW result in various deformations in the PWs
at different beam positions. In order to describe these characteristics in
modelling, healthy subjects from young, middle-aged, and elderly
groups are recruited for the extraction of the IWs and RWs from CCAs
because the artery stiffness increases with aging. The preset PWVs for
these three groups are given according to a relationship between the
age and PWV [10]. Based on these clinical data, the ultrasound simu-
lation model incorporating IW and RW propagations with the char-
acteristics conforming to clinical versions is established.
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2.4. Ultrasound simulation of PW propagation

To create a realistic simulation, the ultrasound simulation software
platform Field II running within the MATLAB (The Mathworks Inc.,
Natick, Massachusetts, USA) environment is used to simulate the PW
propagation along a CCA scanned by the ultrasound. Then, the ultra-
sound RF signals are generated by temporal and spatial convolutions of
the excitation, acoustic fields, and point scatterers [40].

Ve () = Vpe (07 £, (R hpe (T, 1) (12)

*

The parameter ; denotes the temporal convolution, and | re-
presents the spatial convolution. The parameter 7 expresses the posi-
tion of the point scatterer, and v, (t) is the transducer excitation and the
electro-mechanical impulse response during the emission and reception
of the pulse. The parameter f,, is the spatial position function of the
point scatterers that accounts for the inhomogeneities in the tissue, and
hy is the pulse-echo spatial impulse response.

The ultrasound simulation for the PW propagation involves building
the geometric model, creating the dynamic tissue scatterer model, and
generating the RF signals. First, a pair of concentric cylinders with a
length of L is constructed to model the CCA with internal and external
diameters of D; and D,, and placed in the center of a cuboid phantom
with a size of L X W X H. Then, the scatterers with the intensity, which
follows a normal distribution, but has different strengths for the vessel
wall and surrounding tissue, are randomly and uniformly placed in the
phantom. By applying the amplitudes of PWs at each scan frame on the
corresponding scatterers based on the PW propagation model according
to Eq. (11), the dynamic tissue scatterer model is established by up-
dating the scatterer positions dynamically. Finally, the ultrasound RF
echo signals for the PW propagation are simulated based on Field II. For
the realistic purpose, white Gaussian noise is added to the simulated RF
signals with a prespecified signal-to-noise ratio (SNR) of 10 dB.

3. Results
3.1. Estimations of the PW and blood flow velocity from the human subject

In order to simulate the PW propagations of different arterial stiff-
nesses consistent with the clinical ones, the PWs and blood flow velo-
cities are first estimated with the pulse-echo RF signals measured from
human CCAs. 30 sets of signals are measured using the SonixTOUCH
system with a L14-5w/60 linear-array transducer from CCAs of 30
healthy human subjects: 10 young (age 24 + 3 years), 10 middle-aged
(age 45 + 5 years), and 10 elderly (age 63 + 4 years) volunteers. The
measurements are performed after 10 min of rest in a supine position.
To observe the motions of the wall vessel and blood flow in real-time,
the system runs a pulse wave Doppler (PWD) duplex sequence that is
displayed by adjusting the sampling gate in real-time on the B-mode
image. Fig. 3 shows a Doppler spectrum for the PWD duplex sequence
sampled with a gate marked by green lines covering the CCA on the B-
mode image. Table 1 lists the imaging parameters of the PWD and B-
mode used in the SonixTOUCH system. The size of the PWD gate ranges
from 11 to 14mm for the different CCA diameters to meet the re-
quirement of simultaneous measurements of the PW and blood flow
velocity of the vessel. The RF echo signals are digitized at a sampling
frequency of 40 MHz. Then, the PWs are estimated from the pulsed-
echo RF signals of the vessel walls by Eq. (1), and the blood flow ve-
locities are calculated from 64 samples of the blood flow pulse-echo RF
signals by Egs. (2)—(4).

Fig. 4 (a), (b), and (c) show the normalized PWs (solid line) and
blood flow velocity waveforms (dashed line) measured from the CCAs
of three healthy subjects 24, 45, and 63 years old, respectively. In these
figures, there are significant differences in the PWs and blood flow
waveforms from the different ages. For all three PWs, there are three
peaks caused by the IW, RW, and dicrotic notch. However, although the
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Fig. 3. Clinical Doppler spectrum image combined with a B-mode image from
the CCA of a 63-year-old subject.

Table 1
Imaging parameters of the PWD and B-mode used in the SonixTOUCH system.

Type Parameter name Parameter value
PWD Gain 70%
PRF 5KHz
The center frequency 5 MHz
The cutoff frequency of wall filter 175Hz
Sampling angle 00
Steer angle 450
Gate 11-14mm
B-mode image The center frequency 10 MHz
Depth 45 mm
Width 60 mm
Frame rate 166 Hz
Gain 62%
Dynamic range 70dB
Ultrasound velocity 1540 m/s

first peak observed in the PW of the 24-year-old is distinct, the others
are vague and broad for the elder subjects. In addition, the second peak
is smaller for the young subject than those of the elder subjects, espe-
cially for the 63-year-old subject. This is because the second peak in the
PW is caused by the RW, whose amplitude and PWV increase with the
increased arterial stiffness of the elder subjects. The blood flow velocity
waveforms consist of two phases: systole and diastole. In general, the
arrival time of the blood flow is earlier than that of the PW because of
the viscous property of the blood vessel. The first peaks caused by the
ejection of the blood flow are located between the upstroke and
downstroke of the systole phase and are observed for all ages. The
second peaks caused by the RWs must, theoretically, appear in the
systolic downstroke of the flow waveforms. However, this peak is not
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apparent for the 24-year-old subject owing to the minimal effect of the
RW.

3.2. Extractions of IW and RW

With the measured PWs and blood flow velocity waveforms, the IWs
are extracted from the PWs by the velocity- and distension-based up-
stroke fitting method, and then the RWs are obtained by the differences
between the PWs and calculated IWs. Fig. 5 (a), (b), and (c) show the
IWs (dash-dotted lines) and RWs (dashed lines) separated from the PWs
(solid lines) for the same 24-, 45- and 63-year-old subjects as those in
Fig. 4. The shapes of the IWs during the systolic upstroke are similar to
those of the PWs because the upstroke of the PW is mainly caused by
the blood flow from heart contraction [41]. However, the amplitudes of
the RWs are small at the beginning of the upstroke, and last to the end
of the diastole. The maximum amplitudes of the RWs for the elder
subjects are greater than those of the young subjects, which is the main
reason influencing the deformations in the peak of the pulse wave.
These characteristics are in agreement with previous studies, where the
amplitude of the RW increases with the age-related stiffening of the
arterial elasticity [22,36,37].

3.3. Modelling the propagation of the PW

Based on the relationship between the PWV and age reported in
previous studies [10,42], the PWVs for healthy human subjects range
from 4.3 to 4.7 m/s for the young group, 5.5-6.2m/s for the middle-
aged group, and 6.8-7.3m/s for the elderly group. Thus, the PWVs of
4.5m/s, 6.0 m/s, and 7.0 m/s are preset to the ten young, middle-aged,
and elderly volunteers for modelling the PW propagation, respectively.
Ideally, the high frame rate and high line density in ultrasound scan-
ning meet the requirement of a high temporal and spatial resolution for
wall motion tracking, and thus, an accurate TT-based local PWV esti-
mation is produced [18,19]. As a reasonable tradeoff, a L14-5w/60
linear-array transducer used in this study can create a frame rate of
1333 Hz with 13 scan lines. For a realistic simulation, a configuration of
the PWs from 13 beam positions along a 39 mm CCA using ultrasound
scanning at the frame rate of 1333 Hz is considered in the modelling.
Thus, the TDs between the adjacent beams calculated by Eq. (8) are
0.72ms, 0.54 ms, and 0.46 ms for the PWVs of 4.5m/s, 6.0 m/s, and
7.0 m/s, respectively. Based on these TDs, the corresponding IWs and
RWs (which are travelling in opposite directions) at different beam
positions are estimated by Egs. (9) and (10), and then summed to yield
the PW at each beam position. With the maximum radial distension of
0.4mm [13] for the CCA during a cardiac cycle, the PW propagations
for these three age groups are modelled. Fig. 6 (a), (b), and (c) show the
PW propagations at 13 different beam positions during a cardiac cycle
with preset PWVs of 4.5m/s, 6.0 m/s, and 7.0 m/s synthesized with the
IWs and RWs of the 24-year-old, 45-year-old, and 63-year-old subjects
shown in Fig. 5. The insets show the magnified first peaks (red circles)
of PWs indicated by the dotted rectangles in (a), (b) and (c). The linear
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Fig. 4. Normalized PWs (solid line) and blood flow velocity waveforms (dashed line) measured from the CCAs of the 24-year-old (a), 45-year-old (b), and 63-year-old

(c) subjects.
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Fig. 5. IWs (dash-dotted line), RWs (dashed line), and PWs (solid line) for the 24-year-old (a), 45-year-old (b), and 63-year-old (c) subjects, respectively. They are

estimated from the PWs and blood flow velocity waveforms shown in Fig. 4.

fitting lines with the red circles show the TDs between the PWs at
different beam positions. It can be observed that the slopes of the linear
fitting lines gradually get bigger from (a) to (c). This demonstrates that
the PWVs increase gradually from (a) to (c), which is consistent with
the PWVs preset to the 24-year-old (a), 45-year-old (b), and 63-year-old
(c) subjects in Fig. 5. Moreover, the variations in the locations of red
circles deviating from the fitting lines become gradually larger from (a)
to (c). This is because the deformation in the upstroke of the PW for the
elder subject is larger than that for the young subject.

3.4. Ultrasound simulation based on the Field II program

In the ultrasound simulation, a geometric model of a CCA with a
length of 39 mm is created, as shown in Fig. 7. In this model, the
concentric cylinder represents a blood vessel with the length of 39 mm

and the thickness of 1.25 mm, and the remaining portion of the cuboid
phantom with the dimensions of 39 X 12 X 25mm is for the sur-
rounding tissue. The tissue scatterer model is generated by a total of
6 x 10° point scatterers with a density of 5 scatterers/A3> (A is the wa-
velength) randomly and uniformly placed in the geometric model, in
which the positions and amplitudes are uniform and Gaussian in dis-
tributions, respectively. The intensity of the scatterers of the vessel
walls is set to five times the intensity of the surrounding tissue, and the
amplitude of the blood flow is set to zero for its minimal effect on the
model. By moving the scatterer positions according to the amplitude of
PW at each beam and frame from the PW propagation models, the
dynamic sequence scatterer models for the different age groups are
constructed. Finally, based on the series of B-mode imaging and ultra-
sonic probe parameter settings listed in Table 2, the RF echo signals
corresponding to the dynamic sequence scatterer models are generated
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Fig. 6. Synthesized PWs at 13 beam positions within a cardiac cycle propagating with different PWVs based on the IWs and RWs shown in Fig. 5. The preset PWVs of
4.5m/s (a), 6.0m/s (b), and 7.0m/s (c) are given for the 24-year-old (a), 45-year-old (b), and 63-year-old (c) subjects, respectively. The insets represent the
magnifications of the first peaks (red circles) of PWs indicated by the dotted rectangles in (a)~ (c). The linear fitting lines indicate the delays due to the PW

propagations.
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Fig. 7. Geometric model of a segment of the CCA.

Table 2
Parameters of the B-mode imaging and ultrasonic probe used in the ultrasound
simulation based on the Field II program.

Type Parameter name Parameter value
B-mode imaging The center frequency 10 MHz
The sampling frequency 100 MHz
Depth 25mm
Width 39mm
Frame rate 1333 Hz
Line density 13
Wavelength 154 X 104 m
Ultrasound velocity 1540 m/s
Ultrasonic probe The width of element 0.77 X 1074 m
The height of element 0.005m
Distance between elements 1.54 X 10~ m
Number of physical elements 256
Number of active elements 64
Fixed focal point [000.03] m

Focal zones for reception [0.03:0.02:2] m

by Eq. (12). Fig. 8 (a)-(f) show the simulated ultrasound RF signals with
SNR = 10dB for the 24-year-old ((a), (d)), 45-year-old ((b), (e)), and
63-year-old ((c), (f)) subjects, whose PW propagation models are shown
in Fig. 6. The amplitudes of the RF signals of the arterial walls are
greater than those of the surrounding tissue. The signals in Fig. 8 (a)-(c)
are produced in the time of the first frame (green signals) and the frame
corresponding to the maximum radial distension (red signals) for the
first beam position. The spaces between the red RF signals of the ar-
terial walls are larger than those of the green ones, which indicate that
the vessel is expanding with time. Fig. 8 (d)-(f) are generated from the
first (green signals) and the 13th (red signals) beam positions at the
time of the 125th frame which corresponds to the scanning time in the
early systole. The red RF signals of the arterial wall shift slightly to the
right of the green signals, which means the radial distension at the 13th
(red signals) beam position lags behind that at the first beam position
when the scanning time is the 125th frame. This indicates that the
propagation of the PW is from left to right along the segment of the
artery. Thus, the motions of the RF signals of the vessel wall agree with
those of the dynamic pulsation in the PW propagation model shown in
Fig. 6.

3.5. Quantitative evaluation of the ultrasound simulation model

To evaluate the performance of the established ultrasound simula-
tion model for a PW incorporating IW and RW propagating along a
CCA, three indexes of PW, TD and PWV are estimated based on the
simulated RF signals. Quantitative evaluations are performed by the
mean values and SDs for NRMSEs of the three indexes between the
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estimated results and preset values. The PWs at the 13 beam positions
for each simulation are tracked from the simulated RF signals by Eq. (1)
and are filtered by the Savitzky-Golay digital smoother [33]. Then, the
TDs of the PWs between two adjacent beam positions are estimated
with the TH20 and M2D methods, respectively. Finally, the PWVs are
calculated by a linear regression fit applied on the time-distance plot.
The PWs in Fig. 9 (a), (b), and (c) are estimated from the simulated RF
signals in Fig. 8, which corresponding to the dynamic sequence scat-
terer models with the preset PWVs of 4.5m/s (a), 6.0m/s (b), and
7.0m/s (c) for the 24-year-old (a), 45-year-old (b), and 63-year-old (c)
subjects, respectively. Fig. 10 (a), (b), and (c) show the PWs filtered
from those in Fig. 9 (a), (b), and (c), respectively. Table 3 lists the mean
values and SDs for the NRMSEs between the estimated and theoretical
PWs for different beam positions and age groups over 10 simulations.
The measurement of PWs at the 13 beam positions can be estimated
accurately with lower NRMSEs of 1.07 + 0.01 %, 0.86 + 0.01 %, and
0.83 + 0.01 %, for the young, middle-aged, and elderly groups, respec-
tively. These errors are caused by the randomness of the ultrasonic RF
echo signals from the vessel wall and the performance of the echo
tracking algorithm. The means and SDs of the NRMSEs between the
preset and estimated TDs for the young, middle-aged, and elderly
groups are listed in Table 4. They are 10.37 + 0.55 %, 9.12 + 0.58 %, and
20.99 + 0.59 % for the TH20 method, and 12.89 + 0.51 %, 28.90 + 0.70 %,
and 28.52 + 0.95 % for the M2D method, respectively. The errors of el-
derly group are both larger than those of the younger groups. This is
because that the amplitudes and PWVs of RWs for elderly group are
greater than those of the younger groups. Larger and faster RWs cause
more different deformations in the PWs, which affect the locations of
the TFPs in different PWs. Moreover, the TH20-based errors are smaller
than those based on M2D. This indicates that under the influence of the
RWs, the performance of TD detection based on different TFPs is dif-
ferent. Therefore, the proposed model can characterize the effect of
RWs on PWs propagation along a CCA. This model can be used to
evaluate the performance of TD detections with different TFPs.

The PWVs are estimated by a linear regression fit applied on the
time-distance plot. As shown in Fig. 11, the inverse of the slopes of the
fitted lines based on the TDs for the filtered PWs shown in Fig. 10 are
the PWV estimates: 4.48 m/s (a), 5.76 m/s (b), and 6.74 m/s (c) and the
corresponding coefficient correlations of 0.996, 0.981, and 0.976 for
TH20; 4.56m/s (d), 5.02m/s (e), and 5.89m/s (f) and the corre-
sponding coefficient correlations of 0.956, 0.952, and 0.947 for M2D.
The estimated PWVs are generally in accordance with the preset ones.
Based on 30 human subjects, the means and SDs of the NRMSEs be-
tween the estimated and preset PWVs for the three age groups are
computed and shown in Fig. 12. For the young, middle-aged, and el-
derly groups, they are 1.36 + 2.52 %, 3.70 + 2.39 %, and 13.88 + 3.74 %
for the TH20 method and 4.90 + 3.01 %, 11.44 +4.21%, and
16.01 + 3.63 % for the M2D method, respectively. In general, the PWV
errors estimated with the two methods for the three age groups are
different. Their variations are in accordance with those in TDs. How-
ever, with linear fitting, the PWV errors are all reduced in different
extent compared with those of TDs. In addition, the estimated PWVs for
the young group exhibit a higher precision with errors less than 8%.
With an increase of the age (increases preset PWV and RW amplitude),
the errors of the estimated PWVs by the two methods increase. The
increments for the middle-aged and elderly groups are 2.34 % and
12.52 % for the TH20 method and 6.54 % and 11.11 % for the M2D
method, respectively. This is because the increased RW amplitude and
PWV caused by aging obscure the time-shift between the waveforms
and then affect the accuracy of the TT-based PWV estimation. By con-
trast, as a simple and ideal model [27,29], in which only the IW is
involved as the PW propagating along the artery, the error of the esti-
mated PWV is approximate 2%-7%. Therefore, the model can char-
acterize the effect of the wave reflection on the local PW propagation as
its clinical manifestation.
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Fig. 10. Filtered PWs with the Savitzky-Golay digital smoother from the results in Fig. 9. The preset PWVs are 4.5m/s (a), 6.0 m/s (b), and 7.0 m/s (c) for the 24-
year-old (a), 45-year-old (b), and 63-year-old (c) subjects, respectively.

4. Discussions realistic simulation model is required as a data source for the evaluation
of processing algorithms and effect factors systematically. Owing to the
As a non-invasive technique, the ultrasonic TT method for regional short transmission distance and special structures such as the carotid

PWV measurement of CCAs has been intensively studied [17]. A bifurcation, high resistance of cerebral capillary, etc., the RW of a CCA

274



L. Deng et al.

Table 3
Mean + SD for the NRMSEs between the estimated and theoretical PWs for the
different beam positions and age groups over the 10 simulations.

Beam No. Mean + SD of NRMSEs (%)
Young group Middle-aged group Elderly group
1 1.07 + 0.01 0.87 + 0.03 0.83 + 0.01
2 1.08 + 0.01 0.84 + 0.02 0.86 + 0.01
3 1.08 + 0.01 0.83 + 0.01 0.85 + 0.01
4 1.08 + 0.01 0.84 + 0.01 0.82 + 0.02
5 1.08 + 0.01 0.86 + 0.01 0.83 + 0.01
6 1.07 + 0.02 0.88 + 0.01 0.83 + 0.01
7 1.06 + 0.01 0.88 + 0.01 0.82 + 0.01
8 1.05 £ 0.01 0.86 + 0.01 0.82 + 0.01
9 1.04 + 0.01 0.85 + 0.01 0.82 + 0.01
10 1.04 £ 0.01 0.84 + 0.01 0.82 + 0.01
11 1.05 £ 0.01 0.85 + 0.02 0.83 + 0.03
12 1.09 + 0.03 0.89 + 0.02 0.82 + 0.01
13 1.08 + 0.01 0.84 + 0.01 0.82 + 0.01
Table 4

Mean + SD for the NRMSEs between the TDs estimated using the TH20 and
M2D methods over the 10 simulations for the three age groups.

Age groups Mean + SD for NRMSEs (%)

TH20 M2D
Young group 10.37 £+ 0.55 12.89 + 0.51
Middle-aged group 9.12 + 0.58 28.90 + 0.70
Elderly group 20.99 + 0.59 28.52 + 0.95

is significant and varying in amplitude and transmitting velocity. It
influences the accuracy of the TT-based local PWV estimation because
the varying amplitude and PWV with the arterial stiffness result in
various variations in the PWs at different beam positions. However, RW
has not yet been taken account into the computer ultrasound simulation
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Computers in Biology and Medicine 104 (2019) 267-277

N
o

-
(3]

-
o

3]

Mean of NRMSE (%)

0

Young group Middle-aged group Elderly group

Fig. 12. Mean and SD bars of the NRMSEs between the PWVs estimated using
the TH20 and M2D methods based on the simulations with the 30 human
subjects. The preset PWVs are 4.5m/s, 6.0m/s, and 7.0 m/s for the young,
middle-aged, and elderly groups, respectively.

models for PW propagation proposed in our previous study [29] and the
convolution-based method [27]. In the present study, an ultrasound
simulation model incorporating incident and reflected wave propaga-
tions is proposed to provide a realistic data source for validation of TT-
based local PWV estimation algorithms. For the first time, a synthesi-
zation of the IW and RW transmitting along a CCA is proposed to model
the PW propagation. The experimental results demonstrate that the
proposed model can characterize the effect of wave reflection on the
local PW propagation along CCAs. In present modelling, a velocity- and
distension-based upstroke fitting method proposed by Masashi Saito
et al. is used for IW and RW extractions based on the simultaneous PW
and blood flow velocity. According to an elastic model, the pressure
wave is estimated from the blood flow velocity. A Kelvin-Voigt model is
used to calculate the displacement waves at different relaxation times
caused by the pressure wave. Then, the IW is determined with the most
similarity in the fitting of the upstrokes of the calculated displacement
waves to the PW. The RW is the difference between the PW and
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Fig. 11. Beam position dots plotted as function of the TD for the PW propagation as well as the linear regression fitted line for the TH20 (a, b, ¢) and M2D (d, e, f).
The preset PWVs are 4.5m/s (a, d), 6.0 m/s (b, e), and 7.0 m/s (c, f) for the 24-year-old (a, d), 45-year-old (b, e), and 63-year-old (c, f) subjects, respectively.
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estimated IW. The separation performance of the IWs and RWs from the
PWs of CCAs has been validated by the correlations between amplitudes
of RW and PWV, and cardio-ankle vascular index, respectively [37]. In
this method, it is assumed that the upstroke of the blood flow velocity
of the axial centerline is caused by the IW. However, the RW might
propagate back in the early systolic phase from where there is tapering
or stenosis, and thus augment the upstroke blood pressure [43]. In this
case, the assumption is invalid, and the accuracy of the extraction of IW
and RW could be worsened. This case is not taken into account in this
modelling at present. Moreover, the blood vessel is supposed to be
elastic to estimate the IW in the Kelvin-Voigt model in spite of the
viscoelastic properties of vessel walls. However, it has been demon-
strated that the elastic model is acceptable and useful for estimating the
IW because the effects of viscous properties of vessel walls are small,
particularly for the upstroke period. This enables the simple evaluation
of the viscoelastic properties of vessel walls [44].

Attention should be paid that several influence factors encountered
in vivo conditions, such as the PW baseline drift induced by respiration
or probe movements have been eliminated in the simulation model.
Additionally, the parameter settings in present model are based on the
conventional focused ultrasound scanning. Through altering simulation
setting in Field II, ultrafast ultrasound imaging based on plane wave
transmission could be easy generated with the PW propagation model
presented in this study. Moreover, the changes in the waveform, am-
plitude and PWV of the RW are continuous depending on the degree of
the arterial stiffness. However, in this study, a limited condition: preset
PWVs of 4.5, 6.0, and 7.0m/s for the clinical data measured from
young, middle-aged, and elderly human groups [10], respectively, is set
for modelling. An improved model based on a continuous relationship
between the PW and arterial stiffness could be useful to perform a
precision evaluation study.

5. Conclusions

An ultrasound simulation model incorporating incident and re-
flected wave propagations along a CCA is proposed to provide a realistic
data source for validation of TT-based local PWV estimation algorithms.
First, 30 sets of PWs of the vessel walls and blood flow velocities of the
axial centerline during a cardiac cycle are estimated on 30 healthy
subjects from young, middle-aged, and elderly groups. Then, the cor-
responding IW and RW are obtained with a velocity- and distension-
based upstroke fitting method. The PWs at 13 beam positions along the
segment of the CCA of 39 mm are modelled with the preset PWVs of
4.5m/s, 6.0m/s, and 7.0 m/s for these three age groups, respectively.
With a geometric model of the 39 mm CCA, the dynamic scatterer
models for the three age groups are constructed. Finally, the corre-
sponding RF signals are generated in a dynamic scanning mode with a
frame rate of 1333 Hz using the Field II platform. To quantitatively
evaluate the effectiveness of the proposed simulation model, mean
values and SDs for NRMSEs of the three indexes of estimated PW, TD
and PWV are calculated. The estimated PWs, TDs, and PWVs are in
accordance with the preset ones under different influences of wave
reflections. Moreover, the proposed model can characterize the effect of
wave reflection on the local PW propagating along CCAs as its clinical
manifestation. In conclusion, the proposed ultrasound simulation model
can be effective as a realistic data source for the validation of TT-based
local PWV estimation algorithms, particularly the effects of RWs on the
estimation performance.

Declarations of interest
None.
Conflicts of interest

The work ‘Ultrasound simulation model incorporating incident and

Computers in Biology and Medicine 104 (2019) 267-277

reflected wave propagations along a common carotid artery’ is sup-
ported by the Grants (81771928 and 61561049) from the National
Natural Science Foundation of China, and University Key Lab of
Electronic Information Processing of High Altitude Medicine, Yunnan
Province. However, such supports do not influence the research work
presented here. We certify here that we do not have any financial and
personal relationships with other people or organizations that could
inappropriately influence our work presented in this manuscript.

Acknowledgements

This work was supported by the Grants (81771928 and 61561049)
from the National Natural Science Foundation of China, and University
Key Lab of Electronic Information Processing of High Altitude
Medicine, Yunnan Province.

Appendix A. Supplementary data

A video containing simulated B-mode scanning images, and a file in
.mat format containing the simulated ultrasonic RF echo data for the
proposed simulation model are provided, and could be free download at
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