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1. Introduction

Cardiovascular diseases (CVDs) are responsible for over 17.3 million deaths yearly and are the leading causes of the death in the world.” Since the
atherosclerosis is considered to be the main cause of the CVDs, it is important to diagnose the early-stage atherosclerosis. Intima-media thickness
(IMT) correlates very well with pathohistologic measurements which evaluated by microscopic examination, for assessing cardiovascular risk,? where
the IMT is commonly defined by the distance between the lumen-intima boundary (LIB) and the media-adventitia boundary (MAB) of the posterior
carotid artery wall. Thus, the IMT measurement is essential for diagnosis of early-stage atherosclerosis. Number of methods are capable to detect the
LIB and MAB of the posterior carotid arterial wall. The intensity gradient” method is frequently misdetects the MAB owing to the effect of echoes
from intima-media complex (IMC). Golemati et al. used another approach by using the segmentation of specific shape in an ultrasonic image so that
the lines of the LIB and MAB could be detected.? However, the method can be applied to only the straight carotid arterial wall. For the measurement of
the IMT using a dynamic programming method, Liang et al. were able to detect the boundaries precisely.” However, their method requires retraining
when the image characteristics change which is time consuming. To overcome and/or reduce the drawback of these methods, previous efforts have
been done to automatically assess the LIB and MAB positions using template matching between the echo models (LIB and MAB echo models) and
measured in vivo RF echo (using RF signal®” and envelope®). The positions of the models, which give the minimum difference between the measured
and model signals, are determined as the boundaries. However, the difference between the echo model and the measured i vivo RF echo and even that
between the echo model and the reference RF signal are significant. Furthermore, the results obtained are insufficient since the center frequencies of the
echo models that need to be fitted with the measured in vivo RF echoes are fixed. A model with a fixed center frequency is not suitable because the
center frequency of the echo signal from an arterial wall differs from person to person due to frequency dependent attenuation. In the present study, the
echo model is improved from the previous one™® by creating the echo model from the transmitted wave measured with a hydrophone. Moreover, the
center frequency and the phase of the echo model are changed gradually to find the best fit between the echo models and the measured in vivo RF
echoes. As aresult, the proposed method shows the better result than the previous one which lead to the accurate boundary detection.

2. Principle Convert X(f) to trnsmit Convert US reflected
. onvert ‘wave
2.1 Measurement of Received Echo Model G toreeive G
In this study, an echo model z( fy, 1, Ti2, a1, 42,77, ) is matched ' j
with the measured in vivo RF echo x(nT;) from the posterior Electrical pulse Probe Receive wave

carotid arterial wall by evaluating the difference (input signal X(f) =impulse) [~ (Piezoelements) [ (outputsignal 1))

a(fo,Ta,Taz,a1,82;71,7,) between them using the mean US transmitted wave ?US,eﬂemdwave

squared error (MSE) method. The echo model is sum of two (one-way propagation time 7) (round-trip propegation time 2)
received echo models z:(f;,7,,a;nT,), which correspond to a Measured with hydmphone4------.§

received wave y'( fo,T;,a;nT;) calculated from a transmitted wave XANGLS) A ;

measured with a hydrophone. The transmitted wave g7 (¢) was Rs:eﬂam&tle reonscf?)ct:erf

emitted in a water tank with a linear-array transducer at 10 MHz . . -

(UST-5410, ALOKA), which is comectod o a modified Clguco 1 Praqueny-dormain block digsam of o process it ocears wien o

ultrasonic diagnosis equipment (SSD-6500, ALOKA), and was

measured with a hydrophone (MHA9-150, FORCE) placed at the distance d of 13.7 mm, associated with the focal distance. The wave was averaged
for 64 times, recorded by a digital oscilloscope (TDS 2014, Tektronix) at a sampling frequency of 1 GHz at 8-bit resolution. Figure 1 shows the block
diagram of the process that motivates to obtain a received wave from a transmitted wave. The transmitted wave is assumed as the one-way propagation
wave with the delay 7 and the reflected wave as the round-trip propagation wave with the propagation time of 2. The process starts with the electrical
signal x(¢) that excites the piezo elements. The signal is apparently very short in time as could be assumed to be an impulse. The piezo elements

transform it to the transmitted wave gr(¢). At this stage, the transmitted wave is measured with the hydrophone. Note that the wave encounters the
scatterer and turn back to the transducer as the reflected wave Ag;(¢) with reflection factor S(f) = A (4: real constant) when a scatterer is placed
along the way of the propagation of the transmitted wave. In this process, the reflection factor S(f) is assumed not to change with frequency. The
reflected wave Agr(¢) that turn back to the same transducer is transformed again by piezo elements, whose response is gz(¢) , to the received wave
¥(t) = Agr(t)* gr(2), where * denotes convolution. Since the transmitting and receiving elements are same, gr(¢)=gz(¢) is appropriate. Thus, the
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received wave (output) y(¢) of the overall process can be written as
Y(N =G (e xnGHsin =AY, ()

where Y(f),Gr(f),Gr(f),and X(f) are frequency spectra of
¥(f),gr(f),gr(f), and x(t), respectively. In this work, the time
delay due to round-trip propagation of the received wave is modified
to be same with the time delay due to one-way propagation of the
transmitted wave of 7 so that the difference between the transmitted
wave and the received wave could be observed at the same time.

YN ={GDXNG(NS(} = AN, @)
In order to account for the received ultrasonic pulse y'(¢) in the time

domain, the inverse Fourier transform S7'[e]is applied to the
output Y'(f), which is expressed as

yo=5'rul=-slaany|,  ©
where g(r)=3"[G(f)] is measured with a hydrophone.

Therefore, the received wave y'(¢) , is obtained as
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Figure 2 (a) Transmitted wave g7 (¢) and estimated received wave y'(¢). (b) Received echo model Zz(f5,7,,a;nT;) obtained from
(c) thereceived wave y'(fo, 74 ,a;nT5) .
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As shown in Fig. 2(a), the blue line is the transmitted wave g7 (¢) measured with a hydrophone and the pink line is the estimated received
wave y'(£). For the purpose of boundary detection of the carotid arterial wall, the leading edge of the z;(f,Ts,a;nT,) (i=1:LIB,2: MAB)hastobe
determined, thus, as shown in Figs. 2(b) and 2(c), the leading edge of z(fy,7.,a;nT,) is determined at zero phase of y'(fo,T4,a;nT;) with the
prior length of . In addition, the variables 7, and T, are defined as T, =m7, and T;=7+T,. The received echo model z(fy,Ts,a;nT;),
which is the received wave y'(fo,Ty,a;nTy) calculated from the transmitted wave gr(¢) measured with a hydrophone, is sampled at £ =1 GHz
(T} =1/ f! = 1 ns). Meanwhile, the measured in vivo RF echo is sampled at f, = 40 MHz (sample spacing: 25 ns). The center frequency f. of the
received echo model is 7.4 MHz determined at the peak frequency of power spectrum of the received echo model.

2.2 Implementation of the Optimum Echo Model

To find the best fit between the echo model z(f;,Tu1,Ty2,a1,a2;nT,) and the measured in vivo RF echo x(nT;), the optimum echo model is
implemented by changing the center frequency f and T, 7,, corresponding the initial phases of the echo model gradually. To obtain the same
sampling interval (1/f; = 25 ns) of those echo signals, even though the frequency f of the received echo model Zz(f,,Ts,a;nT,) is changed, the
sampling rate 7, of the downsampled received echo model is set to be same to the sampling rate of the measured in vivo RF echo  x(nT;) of 40 MHz.
By performing this procedure, the center frequency f; of the received echo model is changed gradually from 6 MHz to 8 MHz at the interval of 0.3
MHz, which corresponds to one sampling interval 7,= 1 ns to a cycle of f,= 7.4 MHz (T,/T; * f. ). The downsampling factor D is defined
as D = f,/ f. * T{/T.. For the purpose to change T,;;, T, of the echo model, the beginning point 7, (corresponding to initial phase) of the echo model is
changed by a pitch of 1 ns. The combinations of all the center frequencies {fo} and the initial phases {I,} of the received echo model

2(fy,Ts,a;nT,) could be considered to implement the optimum received echo model, thus be able to obtain the best fit with the measured in vivo RF
echo.

2.3 Procedure of Fitting Echo Model to Measured In Vivo RF Echo
The proposed automated template matching method for the detection of the carotid arterial wall boundaries is realized by calculating the MSE
a(fo,Tar,Taz,a1,a2;71,7,) between the measured in vivo RF echo x(nT;) and the echo model z( £y, 71,72, a1,a2;nT,) expressed as

1 ¥ N 2
a(fo, T, Tz, 01, 42371,72) = —]V Z']x(rﬂ;) - Z(ﬁ),7}1,7:12,511,02;7!7;,71,72)| +5,

n=0

1 ¥ " &
= 2T~ iU T asnT =) +22(fo, TopsarinTs ~2))f +5,
n=0

1] 2 x 2 o X
=_{ lx(nTs)_Z](anTd],al;nT;—Tl)| + ) |x("Ts)—Zz(fo,sz,az;n7§ —Tz)‘2
N nTs=1 nTs=T3

& 3 L)~ G o T anT, ~5) 422 fo T, —rz)}|2}+ﬂ, @

nT=Ty
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where {7,,} (m=1,2,3,4) s the periods illustrated in Fig. 3(a) and the 0.3 -
variance f estimated in the L; and L regions is defined as 3 :j :
B,72) =nTS‘;La{L3[x(n7})], ®) % B
where L =7,-T, and L, =r, -7, —L, . Figure 3(a) shows an example of w2 | |
echo models when 2(fy,Tu,a;nT,) and z,(fy,Tua,a2;nT,) do not (a) 3
overlap, which is described by the first and second subterms on the right o es t;me [uls~]5 2 25
hand-side of eq. (4). Figure 3(b) shows an example when z,(fy, T, a1;nT) BTl Wl
and 2,(f,,Ty2,a2;nT,) overlap. The overlapped echoes from the LIB and 0st! ﬂ—m—m—»
MAB is automatically taken into consideration because the MSE . 0
a(fo,Ti,Taz,a1,a2;71,7,) between the measured in vivo RF echoes 'E oar
x(nT,) and the echo model 2(fy,Ts,Ts2,a1,a2;nT,) is obtained using the 'é-o(;
sum of 2 (fo,Tu,a;nT,) and z,(fy,Tu2,a2;nT;). The evaluation of the 02
difference between the measured in vivo RF echo  x(nT,) and the sum of the O Lo : clo o
echo models 2, ( fy,Tu1,a1;nT,) and z,(fy,Ta2,a2;nT,) is shown by the third 0 0.5 1 15 2 25

subterm in eq. (4). For the robust detection of LIB and MAB, the variance ~ Figure 3 Measured signal and echo rtrllln;ldeel(kll;]cas&s of (a) separated and
B(nT, € L) is calculated as shown by the second term on the right hand-side ~ (b) overlapped 2 (fo,Zar,a1;nTy) and 25(fo,Tu2,a2;nT,).

of eq. (4), defined in eq. (5). For the calculation of variance B(nT; € L;) in the region above the LIB echo (from T, to T ), since the magnitude of
the echoes from the lumen is small, B(nT, € L,) is nearly zero. On the other hand, A(nT, e L;) increases when LIB echo model
#(fo,Ta,ai;nT,) is fitted to the MAB echo. Note that theT, is the starting point of the fitting process that is manually set. The variance
B(nT, € Ly) of the measured signals from 7, toT;is added (eq. (4)) when the echo models, z(fo,Tu,ai;nT,) and z,(fo,Tu2,a2;nT;), do not
overlap. The variance B(nT, € L;) increases when the echo models are fitted with the echo from the tissue below the adventitia layer that is false
detection. Therefore, the estimation of S(nT, e Ls) could prevent the echo below the adventitia layer from being detected. Overall, the misdetection of
the LIB and MAB can be reduced by calculating such variances. Thereafter, the positions of the LIB and MAB echo models, z,(fy,71,a1;17,) and
52(fo,Tuz,a2;nT,), which give the minimum difference min {a( fy,741,Ts2,a1,a2;71,7,) } between the measured in vivo RF echo x(nT,)and echo
model Z(fy,Tu1,Ts2,a1,a2;nT,) are determined as the optimum positions of the LIB and MAB.

3. Accuracy Evaluation by Phantom Experiment

To evaluate the accuracy of the proposed method, a phantom experiment using a rubber sheet which mimics the carotid arterial wall and using a
rubber sheet with a silicone board which mimics the carotid arterial wall and scatterrers below the adventitia layer were conducted. In the experiment,
the modified ultrasonic diagnostic equipment (SSD-6500, ALOKA) was used. The scanning of the rubber sheet in water is performed using a
10-MHz linear array transducer (UST-5410, ALOKA), and the RF signals were sampled at 40 MHz at a 16-bit resolution. The acoustic focus was set
at 20 mm and the electronic focus was set at 13.7 mm, associated with the distance between the transducer and the rubber sheet. The thickness of the
rubber sheet was separately measured by a digital micrometer (MCD 191-30WD) for 10 times at difference position and the estimated average
thickness was 449 pum. For mimicking scatterrers below the adventitia layer, silicone contained 2% of graphite and was covered by the rubber sheet.
The sound velocity ¢, of the rubber sheet is estimated at 1561 nvs. In this research, the proposed method was validated to be better than the previous
method.*” The results of estimated rubber sheet thickness obtained from the proposed and previous methods for the experiments using a rubber sheet
and using a rubber sheet with silicone board are concluded as shown in Table 1. It could be summarized that for both of the experiments in the 4
measurements, the results obtained from the proposed method have small percentage of differences from the true value, thus, the proposed method
was verified to be more accurate than the previous method in detecting the boundaries. Figures 4(a) and 4(b) show the B-mode images with the
detected boundaries obtained from the proposed method for the experiments using a rubber sheet and a rubber sheet with silicone board, respectively.

Table 1 Estimated rubber sheet thickness obtained by proposed and previous methods for the experiment using a rubber
sheet and a rubber sheet with silicone board.

Experiment using a rubber sheet Experiment using a rubber sheet with silicone
Measurement . . .
times Proposed Method Previous Method Previous Method Previous Method

Average measured thicknesststd (diff. between measured and true thicknesses)

1 473.0£8.5 pm 529.6+93.0 um 497.2469.7 um 635.0+£81.1 pm
(5:3%) (17.8%) (10.7%) (41.4%)

2 468.1+10 pm 493.3+66.4 pm 462.8+40.5 pm 624.0£90.4 pm
(4.2%) 9.9%) (3.1%) (38.9%)

3 468.6+9.2 pm 545.3+103 um 485.5+80.3 um 599.3+103.3 um
4.3%) (21.4%) (13.1%) (33.4%)

4 472248.1 pm 522.7495 ym 475.8+77.1 um 625.3+75 um
(5.1%) (164%) (5.9%) (39.2%)
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Figure 4 B-mode images with detected boundaries obtained by the proposed method for the experiment using
(@) a rubber sheet and (b) a rubber sheet with silicone board below the sheet.

4. Boundary Detection in I Vivo Measurement

In the in vivo measurement, the same modified ultrasonic diagnostic equipment (SSD-6500, ALOKA) and 10-MHz linear array transducer
(UST-5410, ALOKA) were used. The right carotid artery of healthy males at the ages of 23 and 36 were scanned and the RF signals were sampled at
40 MHz at a 16-bit resolution. By applying the MSE method as shown in eq. (4), two restrictions were set in this detection procedure. First, the
amplitude of detected MAB echo should be larger than the amplitude of detected LIB echo. Second, since the average IMT is ranged from 0.39 mm to
0.62 mm for a healthy male of age between 17 and 63% and the IMT varies from person to person, in this work, the range of 0.5¢,(z-;) was scaled

from 0.35 mm to 1 mm (c,: sound velocity in tissue). Figure S shows the B-mode images of posterior carotid arterial walls with detected boundaries.
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Figure 5 B-mode images of  posterior carotid arterial wall of a healthy 23-year old male with detected boundaries obtained from the (a) proposed ,
(b) previous and (c) manual methods.
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From these results, at some beam positions (marked by arrows with yellow lines in Fig. 5(b)), the boundaries estimated by the improved technique
differ from those by the previous one. For all analyzed beams, only [4.8% - 27.5%] of min{a( /o, Ts1, 742, @,a2;71,72)} convinces that the echo model
used in this study is very good agreement with the measured in vivo RF echo. However, there are still small distortions appeared (around the beam
indicated by green line in Fig. 5(a)) which desired to be improved. In the future work, to improve the detection of MAB by considering the multiple
interfaces produced in the adventitia layer, multiple
echo models should be employed to fit with the echo
from the MAB instead of an echo model. As shown in

Table 2 Average IMTs obtained from the proposed, previous and manual methods and the
differences between the one obtained from the proposed and that from the manual methods.

Table 2, for the three healthy subjects, the average Differences | Differences
IMTs obtained from the proposed method showing the IMTs IMTs between the | between the
decrease of the standard deviations from those obtained obtained MS obtained MTS MS
from the previous method. Thus, the boundaries were from the obtained from from the abienied obtained
detected with good reproducibility using the method proposed the previous — from from
proposed in this research which yields the better results ool method method | Proposed | proposed
than the previous method. and manual | and manual
method method
5. Conclusion Subject1 | 502461 pm | 558120 um | 504+65pm |  040% 10.70%
In this study, using the proposed template matching -
technique, the boundary positions of IMT in the Subject2 | 507£96 pm | 550+120 pm | 444455 pm 14.10% 23.80%
posterior wall of the carotid artery are estimated | Subject3 | 468+57pm | 512+69pm | 435:45um | 7.60% 17.70%
realizing the better MAB detection. Moreover, for the

accurate detection of the LIB and MAB, the frequency and initial phase of the echo model were considered to fit with the measured echo. In a nutshell,
the results obtained from the improved proposed method showed advantage for the automatic detection of the IMT of the carotid arterial wall, and it
would be useful for the diagnosis of early-stage atherosclerosis.
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