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Ultrasonic Tissue Characterization of
Atherosclerosis by a Speed-of-Sound

Microscanning System

Yoshifumi Saijo, Esmeraldo Santos Filho, Hidehiko Sasaki, Tomoyuki Yambe, Motonao Tanaka,
Naohiro Hozumi, Member, IEEFE, Kazuto Kobayashi, and Nagaya Okada

Abstract—We have been developing a scanning acoustic
microscope (SAM) system for medicine and biology featur-
ing quantitative measurement of ultrasonic parameters of
soft tissues. In the present study, we propose a new concept
sound speed microscopy that can measure the thickness and
speed of sound in the tissue using fast Fourier transform of
a single pulsed wave instead of burst waves used in con-
ventional SAM systems. Two coronary arteries were frozen
and sectioned approximately 10 um in thickness. They were
mounted on glass slides without cover slips. The scanning
time of a frame with 300 X 300 pixels was 90 s and two-
dimensional distribution of speed of sound was obtained.
The speed of sound was 1680 + 30 m/s in the thickened
intima with collagen fiber, 1520 &+ 8 m/s in the lipid de-
position underlying the fibrous cap, and 1810 £ 25 m/s in
a calcified lesion in the intima. These basic measurements
will help in the understanding of echo intensity and pattern
in intravascular ultrasound images.

1. INTRODUCTION

E have been developing a scanning acoustic mi-

U V croscopy (SAM) system for biomedical use since the
1980s [1]-[10]. We have been investigating the acoustic
properties of various organs and disease states by using
this SAM system. In the areas of medicine and biology,
SAM has three main objectives. First, SAM is useful for in-
traoperative pathological examination because it does not
require special staining. Second, SAM provides basic data
for understanding lower-frequency medical ultrasound im-
ages such as in echocardiography or intravascular ultra-
sound. Third, SAM can be used to assess the biomechanics
of tissues and cells at a microscopic level. The originality
of the previous SAM system of Tohoku University lies in
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providing quantitative values of attenuation and speed of
sound in thin slices of soft tissue. Although the system
may still be in use, it was constructed using precise hand-
crafted technologies and analog signal acquisition circuits.
In addition, the previous system needed repeated acquisi-
tions for calculation of quantitative values because it used
burst waves of different frequencies.

Recently, we proposed a prototype of a speed-of-sound
microscanning system using a single pulsed wave instead
of the burst waves used in conventional SAM systems [11].
In the present study, we constructed a compact speed-
of-sound microscanning system and evaluated the sys-
tem performance by measuring normal and atherosclerotic
coronary arteries.

II. METHODS
A. Principle of Acoustic Microscopy

In order to realize high-resolution imaging, the speed-
of-sound microscanning system was designed to transmit
and receive wide-frequency ultrasound up to 500 MHz.
In our previous SAM system with burst waves, the cen-
tral frequency was changed in 10-MHz steps between 100
and 200 MHz to obtain frequency-dependent characteris-
tics of the amplitude and phase of the received signal. The
spectrum for calculation of the thickness and sound speed
of the material was approximated with the frequency-
dependent characteristics. Fig. 1 shows an example of the
frequency-dependent characteristics of the amplitude (a)
and the phase (b).

Our previous SAM system was able to visualize quan-
titative acoustic properties of stable materials but it was
not suitable for living biological materials because it re-
quired several measurements with different frequencies on
the same position. Besides, the frequency range was not
suitable for visualization of living cells because the spatial
resolution was approximately 10 microns.

In the present method, a pulsed ultrasound with broad-
band frequency is captured in a time domain and the fre-
quency domain analysis is performed by software. The data
acquisition of each sampling point takes longer than with
the conventional SAM, but only a single measurement on
the observation plane is required in the proposed method.

First, considering the frequency characteristics of the
high-frequency ultrasound transducer, the appropriate

0885-3010/825.00 © 2007 IEEE
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Fig. 1. Frequency-dependent characteristics of amplitude (a) and
phase (b) obtained with our previous SAM system.
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Fig. 2. Principle of quantitative measurement of acoustic properties
by SAM.

pulse waveform and measurement system was designed.
In order to analyze the signal in a frequency domain, the
pulse width should be as short as possible and the pulse
waveform should not contain many reverbs. Second, for re-
alization of a compact system. integration of the scanner
and signal acquisition was considered to design the whole
acoustic microscope system.

Fig. 2 shows the principle of a scanning acoustic micro-
scope. The soft biological material is attached to a sub-
strate. Normal glass slides or high-molecular polymer ma-
terials used in dishes for cell culture can be used as the
substrates. The biological material is sectioned at an ap-
propriate thickness to separate the reflections from the tis-
sue surface and from the interface between tissue and sub-
strate. Single-layered cultured cells are also appropriate
objects for SAM. The ultrasound is transmitted through
a coupling medium and focused on the surface of the sub-

TEFF. TRANSACTIONS ON ULTRASONICS. FERROFLECTRICS, AND FREQUENCY CONTROL. VOL. 54. NO. 8. AUGUST 2007

strate. Transmitted ultrasound is reflected at both the sur-
face of the biological material (S) and the interface be-
tween the biological material and the substrate (Sg). The
transducer receives the sum of these two reflections. The
interference of these two reflections is determined by the
acoustic properties of the biological material. The deter-
minants of the interference in the frequency (r-axis) are
thickness and sound speed of the sample. The determinant
of the interference of the intensity (y-axis) is the amplitude
of the surface reflection and the attenuation of ultrasound
propagating through the tissue. The concept of quantita-
tive measurement of sound speed is based on the analysis
of the interference {requency-dependent characteristics. In
our previous SAM system, the frequency-dependent char-
acteristics were obtained by serial measurements. The pro-
posed sound speed SAM obtains the frequency-dependent
characteristics by fast Fourier transform of a single broad-
band pulse.

B. Design of the Speed of Sound Microscanning System

An electric impulse was generated by a high-speed
switching semiconductor. The start of the electric pulse
was within 400 ps, the pulse width was 2 ns, and the pulse
voltage was 40 V. Fig. 3(a) is the waveform of the electric
pulse and Fig. 3(b) is the spectrum of the pulse. The spec-
trum extends to 500 MHz. The clectric pulse was input to
a transducer with a sapphire rod as an acoustic lens and
with a central [requency of 300 MHz. Fig. 3(c) is the re-
flected wave form from the surface of the substrate. The
ultrasonic pulse was changed from the electric pulse due to
the frequency-dependent characteristics of the transducer,
and it contained some oscillation components. The ultra-
sound spectrum is broad cnough to cover 100-500 MHz
[Fig. 3(d)].

The original electric pulse was almost an impulse, but
the transmitted ultrasound contained oscillation compo-
nents because of the thickness of the piezoelectric mate-
rial of the transducer. The reflected wave also contained
two components of reflections from the surface of the tis-
sue and the interface between the tissue and the substrate.
The waveform [rom the tissue and the glass was standard-
ized by a reflection from the glass.

Fig. 3(e) shows the response to a singlet after this com-
pensation. The reflections from the surface (front) and the
interface (rear) are clearly seen in the waveform. These two
peaks were separated by using proper window f[unctions.
The window function was originally a Gaussian function
with 1 as its peak value, but the peak was flattened by
splitting it at the peak point and inserting 1 with an ap-
propriate length. Intensity and phase spectra of these sep-
arated waveforms were then calculated by Fourier trans-
form.

Fig. 1 shows a block diagram of the speed-of-sound mi-
croscanning system for biological tissue characterization.
A single ultrasound pulse with a pulse width of 2 ns was
emitted and received by the same transducer above the
specimen. The aperture diameter of the transducer was

— 93—



SAIJO et al.: TISSUF. CHARACTERIZATION BY A SPFED-OF-SOUND MICROSCANNING SYSTEM

(@) 30
20
1.0 J
0.0
-1.0" t 1 ' +
0 100 200 300 400 500
Time (x0.1 ns
(b)
1.0‘\
05 S \
0.0- \—~
. T T i |
0 100 200 300 400 500 600
Frequency (MHz)
© L9
1.0 \
0.0 ~
-1.0
-2.0" v v T r
0 100 200 300 400 500
(d) Time (x 0.1 ns)
1.0
0.5 / \
0.0-.—-—-—-—v-.—-~—'/. + r\%
0 100 200 300 400 500 600
Frequency (MHz)
(e)
1.0
reat
0.0 e j
front ’
-1.0- . - . -
0 100 200 300 400 500

Time (x 0.1 ns)

Fig. 3. (a) Waveform of the electric pulse; (b) the spectrum of the
pulse; (c) the reflected wave form from the surface of the substrate;
(d) ultrasound spectrum of the transducer; and (e) response to a
singlet after standardization by a reflection from the glass. The re-
flections from the tissue surface (front) and the interface between
the tissue and glass (rear) were separated in (e). The y-axis of each
figure is normalized intensity (arbitrary units).
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Fig. 4. Block diagram of sound speed microscopy.

1.2 mm, and the focal length was 1.5 mm. The central fre-
quency was 300 MHz, the bandwidth was 100-500 MHz,
and the pulse repetition rate was 10 kHz. The diameter
of the focal spot was estimated to be 6.5 ym at 500 MHz
by taking into account the focal distance and the sectional
area of the transducer. Saline was used as the coupling
medium between the transducer and the specimen. The
reflections from the tissue surface and those from the in-
terface between the tissue and glass were received by the
transducer and were introduced into a Windows-based PC
(Pentium D, 3.0 GHz, 2GB RAM, 250GB HDD) via a dig-
ital oscilloscope (Tektronix TDS7154B, Beaverton, OR).
The frequency range was 1 GHz, and the sampling rate
was 20 GS/s. Four consecutive values of the time taken
for a pulse response were averaged in order to reduce ran-
dom noise.

The transducer was mounted on an X-Y stage with a
microcomputer board that was driven by the PC through
an RS-232C interface. Both the X-scan and the Y-scan
were driven by linear servo motors and the position was
detected by an encoder. The scan was controlled to re-
duce the effects of acceleration at the start and deceler-
ation at the end of the X-scan. Finally, two-dimensional
distributions of ultrasonic intensity, speed of sound, atten-
uation coefficient, and thickness of a specimen measuring
2.4 x 2.4 mm were visualized using 300 x 300 pixels. The
total scanning time was 90 s.

C. Signal Analysis
Denoting the standardized phase of the reflection wave

at the tissue surface as ¢gont, and the standardized phase
at the interference between the tissue and the substrate as

¢rean
(1)
(2)

2d
2nf x C_ = Ptront,

0

27Tf x 2d (l - %) = ¢rear7

Co

where d is the tissue thickness, ¢, is the sound speed in
coupling medium, and c¢ is the sound speed in the tissue.



1574

Fig. 5. PC window of speed of sound microscopy showing a normal
coronary artery. Upper left: amplitude image; upper right: speed of
sound image; lower left: attenuation image; and lower right: thick-
ness. I: Intima; M: media; A: adventitia.

Thickness is obtained as

e
d - — ront -
inf Dfront (3)
Finally, sound speed is calculated as
-1
1
c= B o ¢1‘an ) (4)
co Anfd

After determination of the thickness, attenuation of ul-
trasoind was then calculated by dividing the amplitude
by the thickness and the frequency.

D. Tissue Preparation

Normal and atherosclerotic human coronary arteries
were obtained from autopsy. The specimens were rinsed
in phosphate buffer saline (PBS) and immersed in 10% to
30% sucrose solutions. Then the specimens were embed-
ded in optimal cutting temperature (OCT) compound and
rapidly frozen by liquid nitrogen at —20°C. The specimens
were sliced at approximately 10 microns by a cryostat and
mounted on silane-coated glass slides.

ITI. RESuLTS

Fig. 5 shows a PC window of the speed-of-sound mi-
croscanning system. The upper left is an intensity image,
the upper right is a sound speed image, the lower left is
an attenuation image, and the lower right is the thickness
distribution of the normal coronary artery. In the present
case, the attennation image of the system means the in-
tensity divided by the thickness. It is not quantitatively
calculated as the attenuation coefficient. The intima was
thin, and the sound speed was 1600+ 20 m/s in the intima
(I), 1560+ 18 m/s in the medium (M), and 1590 + 22 m/s

IFFF. TRANSACTIONS ON ULTRASONICS. FERROFLECTRICS, AND) FREQUENCY CONTROL, VOL. 54, NO. 8. AUGUST 2007

Fig. 6. PC window of speed-of-sound microscopy showing an
atherosclerotic coronary artery. Upper left: amplitude image; upper
right: speed of sound image; lower left: attenuation image; and lower
right: thickness. I: intima; C: calcified lesion; F: fibrous cap; L: lipid.

in the adventitia (A). The thickness was 7.2 + 0.1 pm in
the intima, 4.8 + 0.2 ym in the medium and 7.2 £ 0.1 pm
in the adventitia. In qualitative analysis, the attenuation
ol the medium was slightly lower than that of either the
intima or the adventitia.

Fig. 6 is an atherosclerotic coronary artery. The sound
speed was 1680 & 30 m/s in the thickened intima (T) with
collagen fiber, 1520 = & m/s in lipid deposition (L) under-
lying the fibrous cap (F), and 1810+25 m/s in the calcified
lesion (C) in the intima. The thickness was 11.840.1 um in
the intima, 11.6+0.2 gm in the medium and 14.8+0.1 pm
in the lipid deposition. In qualitative analysis, the attenu-
ation of the calcified lesion was high and the attenuation
in lipid deposition was low.

IV. DiscussioN

In the present study, speed of sound in the excised hu-
man coronary arteries was measured with the specially
developed microscanning system. The results showed that
the speed of sound in the intima and the adventitia, mainly
consisting of collagen fiber, had higher values than that of
the medinm, mainly consisting of vascular smooth muscle.
The difference of acoustic properties may lead to the clas-
sical three-layered appearance of a normal coronary artery
in clinical intravascular ultrasound (IVUS) imaging. The
findings indicate that the echo intensity is determined by
the difference of acoustic impedance between neighboring
layers because the specific acoustic impedance is the prod-
uct of the speed of sound and the density. The distribu-
tion and the structure of materials with different acoustic
properties may also contribute to the echo pattern in TVUS
imaging.

The thick fibrous cap, consisting of collagen fiber in an
atherosclerotic plaque, showed higher values of speed of
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sound and attenuation than did normal medium. Gener-
ally, absorption and scattering are the two main factors
of attenuation of ultrasound. Thus, the high scattering
within the thickened intima or calcified lesion may lead
to the high intensity echo in the clinical IVUS imaging.
The region of lipid deposition showed low values of speed
of sound. These values explain the low echo in the same
manner as for renal cysts containing water-like fluid. Be-
sides the absolute low values, the homogeneity of acoustic
properties within the lipid pool may lead to the low scat-
tering and consequently a lipid pool shows a low-intensity
echo.

As ultrasound has the character of an elastic wave, ul-
trasound itself is closely related to the mechanical proper-
ties of tissues. The sound speed in a solid medium may be
taken as

c—\/ E(1-o0)
" Vpll4+o)(1-20)

where ¢ is the speed of sound, E is the Young's elastic
modulus, p is the density, and ¢ is the Poisson’s ratio. The
Poisson’s ratio in biological soft materials is assumed to be
nearly 0.5 and the density of these vary 3% [4]. Although
these simple assumptions are not to be applied precisely,
the information on the relative two-dimensional elastic-
ity distribution can be assessed by sound speed image. A
high value of sound speed means high elasticity of colla-
gen which is the main component of the intimal thickening.
Lipid is the main component of the lucent echogeneicity
plaque, and the elasticity is low. The present study proved
that the tissue component in the “hard plaque” was really
hard and the component of “soft plaque” was really soft.
Also, the intima mainly consisting of fibrotic tissues was
harder than the normal intima-medium complex. The dif-
ference in the elasticity may explain why intimal tear often
occurred at the junction of the thinnest plaque and adja-
cent normal arterial wall [12], [L3]. Acoustic microscopy
imaging, especially the sound speed image, is the inter-
pretation of elasticity mapping, and it may also help in
the understanding of the “elastography” [14] imaging of
atherosclerotic plaques from a mechanical point of view.

There have been some time-resolved acoustic micro-
scope systems {15], [16]. The most important feature of
our sound speed microscope is that the system calculates
the speed of sound and the thickness by frequency-domain
analysis of the interference between the reflections from
the tissue surface and from the interface between the tis-
sue and glass. However, the error of the sound speed value
is 15 m/s by the algorithm [17]. Besides, the system is not
able to measure the speed of sound when the surface reflec-
tion is weak or the thickness is thinner than 3 2m because
the two reflections cannot be separated.

V. CONCLUSIONS

An acoustic microscope system that can measure the
sound speed of thin slices of biological material was devel-
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oped. It is a unique acoustic microscope because it uses
a single pulse and the Fourier transform to calculate the
sound speed and the thickness at all measuring points.
Although the data acquisition time of a single frame was
greater than that in conventional SAM, the total time re-
quired for calculation was significantly shorter. The acous-
tic microscope system can be applied to intraoperative
pathological examination, basic data for understanding
lower-frequency medical ultrasound images, and assess-
ment of biomechanics of tissues and cells at a microscopic
level.
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Blood Flow Visualization of Left Atrial Spontaneous Echo Contrast
(SEC) Using gradient based optical flow estimation

Akira Tanaka, Member, IEEE, Yoshifumi Saijo, Member, IEEE

Abstract— Left atrial spontaneous echo contrast (SEC) is a
dynamic smoke-like signal caused by an increased ultrasonic
backscatter from aggregation of the cellular components of

blood in the conditions of blood stases or low-velocity blood flow.

SEC can be detected by transesophageal echocardiography
(TEE). SEC has been proposed as an important cadioembolic
source in patients with nonrheumatic arial fibrillation. Previous
clinical investigations have shown that the presence of SEC is
associated with a greater incidence of left atrial thrombi.
Usually, the blood flow velocity is slower than lower limit of
Doppler method in SEC. In order to diagnose SEC
quantitatively, blood flow visualization in left atrium was
performed using gradient based optical flow estimation.

A movie of left atrium (LLA) with SEC in a patient with atrial
fibrillation was recorded by TEE with the frequency range of
4-7.5 MHz. Serial still frames were made from the movie. The
2-D flow vector map was calculated from consecutive frame
images using gradient based optical flow estimation.

In the result of 2-D blood flow vector map, the low and
swirling flow in LA were successfully visualized.

[. INTRODUCTION

LEFT atrial spontaneous echo contrast (SEC) is a dynamic
smoke-like signal (Fig. 1). It caused by an increased
ultrasonic backscatter from aggregation of the cellular
components of blood in the conditions of blood stases or
low-velocity blood flow [1][2]. SEC can be detected by
transesophageal echocardiography (TEE). The most common
condition predisposing to left atrial SEC are atrial fibrillation
(AF) and mitral stenosis. Hence, SEC has been proposed as
an important cardioembolic source in patients with
nonrheumatic atrial fibrillation [1]-[3]. Previous clinical
investigations have shown that the presence of SEC is

associated with a greater incidence of left atrial thrombi [4][5].

Therefore, it is very important to diagnosis SEC in order to
reduce the risk of thromboembolism. However, SEC is still
described qualitatively [6][7].

The assessment of thromboembolic risk by measurement
of left atrium (LA) appendage velocities using pulsed
Doppler imaging during TEE in atrial fibrillation has become
accepted [8]. LA appendage velocity may also represent LA
appendage contractile function. Some studies have suggested
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Fig. 1. Spontaneous echo contrast of left atrium in transesophageal
cchocardiography

that the conversion from atrial fibrillation to sinus rhythm
may be predicted by evaluating LA appendage velocities
before cardioversion [9]. Quantitative blood flow analysis in
cchocardiography has been mainly addressed using Doppler
method. This approach, however, have disadvantages for
SEC analysis. It has angle dependency because it only
measures the velocity throughout the ultrasound beam
direction. Besides, it cannot measure the low blood flow
velocity which is slower than lower limit of Doppler method.
Hence, it is difficult to visualize the swirling blood flow in
left atrium (LA).

The aim of this study is visualization of retardant flow
vector in LA,

II. METHODS

A. Clinical Data Acquisition

Transesophageal echocardiography was performed in a
70-year-old man with atrial fibrillation using a color Doppler
system (SONOSS5500, Philips, USA) and a 4-7.5MHz
multiplane transducer (Omniplane 2, Hewlett Packerd, USA)
under stable general anesthesia.

SEC was identified as a dynamic smokelike signal that
swirled slowly in a circular pattern in the left atrium. The
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presence of SEC was confirmed by decreasing the gain
settings to exclude background noise artifact. The SEC video
image was recorded as unarchived avi file into PC. The image
size was 640x480 pixels (VGA) and frame rate was 30 fps.

B. Image Processing

The consecutive still frames in BMP format were made
from the video file. As the preprocessing, the each frame
denoised by Wiener filter [11].

In this study, to estimate blood flow vector of SEC,
gradient-based optical flow estimation is used.

The Lucas-Kanade method [12] was applied as
gradient-based optical flow estimation algorithm. This
method is a simple yet powerful algorithm which has the
advantage of less computational costs. The basic assumption
in this algorithm is that the pixel intensities are constant along
the motion trajectory. Hence, the displacement is calculated
by computing a least squares estimate of the brightness
constraint following equations for the pixels in the
neighborhood.

ul +vi,+1,=0 (h

where I, I, and /, represent the intensity gradients. (u, v)
represents motion. The simplest method for computing the
optical flow (u, v) is to integrate the image measurements in a
neighborhood Q of (x, y) and solve the following 2 * 2 linear
equation using the least-squares estimation.

3 1o fu] AL )
[3) [,I.- 1.-2 ¥ 0 ZI.J:
After calculation of cach motion vector, motion vectors

ware imposed on B-mode image.

III. RESULT

Fig. 2 shows the blood flow vectors at mitral valve opening.

It is observed that the blood in LA propagates from LA to
mitral valve. Optical flow is calculated at all grid points, but
the accuracy of vectors at the area where SEC is not observed
or the intensity are low, e.g., part of aorta and left ventricle.
Fig. 3 is the blood flow vectors of LA 60 msec (2 frames)
after Fig.2. The blood flow vectors at mitral valve are very
low and the propagation of blood toward into left ventricle is
diminished. Optical flow represents not only SEC flow but
also LA wall motion. Hence, Fig. 3 also indicates that the LA
wall Besides, it is also indicate Fig. 4 shows the 2-D blood
flow vectors at systole. Mitral valve is closed and the blood
whiling is shown.

IV. DiscuUssiON

The LA appendage is known to be a principal site ob
thrombus formation in AF. The blood flow is usually very
slow and the flow pattern is complex like swirling flow in the
LA appendage. In previous reports, immunoreactive von

Fig. 2 2-D blood flow vectors at mitral valve opening

Fig. 3 2-D blood flow vectors at 60msec after Fig. 2

Willebrand factor (vWF) in LA was correlated to wall shear
stress caused by slow blood flow [13] and was correlated with
the extent of platelet adhesion/aggregation leading to stroke
[14],[15]. Thus, understanding LA flow state is important to
predict and prevent atrial thrombus formation leading to
stroke.

2-D velocity distribution in LA was successfully obtained
with proposed method. the proposed flow distribution
method has two major advantages. One is that the method
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can detect very slow blood flow which cannot be detected by
conventional Doppler method. In this study, the resolution of
flow vector is 5.3 m/sec in case that the frame rate is 30 fps
and image resolution is VGA and the resolution depends on
the resolution of echo image and. Hence, it is easy to improve
the flow resolution by using RF signal directly. The other
advantage is that the method can visualize any directions of
flow vectors in image plane while conventional Doppler
method can only detect the flow along the ultrasonic beam.

The Lucas-Kanade method which is applied for the
proposed flow distribution has a brightness constancy
assumption. Usually, this assumption is almost satisfied
because SEC consists mainly of very low flow components.
This means, on the other hand, the proposed method cannot
detect fast flow. Besides, the flow vector is not accurate in
case that the dynamically change in the texture of SEC caused
by the fast blood flow in vertical direction for the image plane.
Hence, the accuracy of flow vector should be evaluated and
visualized in each calculation of optical flow.

One of the limitations of the proposed method is that the
method cannot detect the SEC flowing in three-dimensional
space. This limitation may be overcome by deducing the
velocity component orthogonal to the Doppler velocity with
taking the law of conservation of mass (the equation of
continuity) into consideration [16].

V. CONCLUSION

Because the presence of SEC is one of high risk signs of
thrombosis leading to stroke, it is very important to diagnose
the slow blood flow in LA with SEC. We applied the
conventional gradient based optical flow estimation method
to the flow distribution of SEC. The results indicate that the
proposed method can represent low blood flow vector that
cannot be detected by conventional Doppler method.

Optical flow vectors represent not only the slow blood flow
in SEC but also the motion of heart muscle including atrial
wall. Therefore, the proposed method may be able to
contribute a specific diagnosis of AF or a risk evaluation for
heat disease and stroke.

In future study, in order to solve the problem of a
brightness constancy assumption, the evaluation and

visualization of accuracy of each vector should be considered.

Besides, another optical flow estimation method which does
not need the assumption [17] should also be appled and
compared with the proposed method.
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Artificial Myocardial Assist Device using Shape Memory Alloy
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Abstract— The authors have been developing a
mechano-electric artificial myocardial assist system (artificial
myocardium) which is capable of supporting natural contractile
functions from the outside of the ventricle without blood
contacting surface. In this study, a nano-tech covalent type
shape memory alloy fibre (Biometal, Toki Corp, Japan) was
employed and the parallel-link structured myocardial assist
device was developed. And basic characteristics of the system
were examined in a mechanical circulatory system as well as in
animal experiments using goats. The contractile functions were
evaluated with the mock circulatory system that simulated
systemic circulation with a silicone left ventricular model and an
aortic afterload. Hemodynamic performance was also examined
in goats. Prior to the measurement, the artificial myocardial
assist device was installed into the goat’s thoracic cavity and
attached onto the ventricular wall. As a result, the system could
be installed successfully without severe complications related to
the heating, and the aortic flow rate was increased by 15% and
the systolic left ventricular pressure was elevated by 7% under
the cardiac output condition of 3L/min in a goat. And those
values were elevated by the improvement of the design which
was capable of the natural morphological myocardial tissue
streamlines. Therefore it was indicated that the effective
assistance might be achieved by the contraction by the
newly-designed artificial myocardial assist system using
Biometal. Moreover it was suggested that the assistance gain
might be obtained by the optimised configuration design along
with the natural anatomical myocardial stream line.
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I. INTRODUCTION

In general, the artificial ventricular assist systems, such as
artificial hearts, were employed for the treatment of the
severe heart failure in order to increase the circulation
volume. However the complications caused by the hemolysis
or thrombosis on the surface of the artificial materials are still
outstanding problems in the application of those de-vices to
patients. Heart transplantation has also been widely
performed as destination therapy for the severe heart failure.
But it is limited by donor organ shortages, selection criteria,
as well as the cost [1]. And recently, cell transplantation to
repair or supplement impaired heart tissue has been reported
as an alternative therapy for that [2]. The authors assumed
that the essence of the pathophysiological development of
severe heart failure was in the decrease in the cardiac
contractility. Then an artificial myocardium has been
developed using a covalent nano-tech shape memory alloy
fibre, which is capable of assisting natural cardiac contraction
from out-side of the ventricular wall as shown in Figure 1 [3].
The purpose of this study was to develop a sophisticated
artificial myocardium unit, and also to have examined the
hemodynamic effects of the myocardial assist system on
cardiac function.

Aortic arch

Left
ventricle
Right
ventricle
Artificial

» myocardium

Fig. 1. Schematic illustration of an artificial myocardium attached on the
ventricular wall, the synchronous contraction can be achieved according to
the natural physiological demand.
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The authors have been developing a totally-implantable
artificial myocardial assist device [4]-[6]. The methodologies
of the direct ventricular support systems were already
reported as direct mechanical ventricular assistance (DVMA)
by Anstadt’s or other groups, as well as the right ventricular
assist device which was invented and reported at IDAC,
Tohoku University [7]-[9]. In this study, a design to surround
the total heart has been established in order to refrain from the
stress concentration by the mechanical assistance, and the
hemodynamic performance of the artificial myocardial assist
system were examined in a mock circulatory system as well
as on animal experiments using goats. And also
morphological design approach has been conducted and basic
characteristics of the three types of myocardial assist device
were examined so that the representation of the anatomical
structure of natural myocardial tissue for more sophisticated
mechanical assistance from the outside could be achieved.

IT. MATERIALS AND METHODS

A.  Artificial Myocardium using Shape Memory Alloy

Fibres

The myocardial assist system, as shown in Figure 2,
consists of a covalent type shape memory alloy fibre
(Biometal®). The diameter of the fibre is 100 microns, and it
is contracted by the Joule heating. In general, Ti-Ni alloy is
well known as a material with the shape-memory
effect[10]-[12]. The fibre material is able to be covered with a
silicone —tubing (diameter: 150um). The configuration of the
mate-rial was basically constructed by covalent bond, so that
it indicated a big strain change by 5 to 10% in length. The
linearity of the recovery strain and the changes in electric
resistance could be adjusted through the fabrication process,
so that the strain of the fibre could be easily controlled by
using the digital-servo system without potentiometers.

The layered structures are formed in the ventricular wall
from the anatomical point of view as shown in Figure 3, and
the effective mechanical blood flow output is achieved by the
integrative anisotropic contraction from epi- to endocardium
[13].

In this study, the authors developed a prototype artificial
myocardium by using the shape memory alloy fibres for the
simulation of such natural complicated myocardial tissue
stream as shown in Figure 4. And the representation of the
myocardial stream on the ventricular wall was performed by
the oblique-shaped myocardial assist device.

B. Mock Circulatory Evaluation and Animal Experimenis

Contractile function of the device developed was examined
onto the originally-designed silicone mock left ventricle
(Figure 3). Hydrodynamic evaluation was conducted against
the afterload of 80 to 100mmHg without mock ventricular
contraction.

Hemodyamic data were also obtained from normal adult

(a) Shape memory alloy fibre (D=100pum) covered with the silicone tubing

(b) Whole view of the myocardial assist device developed

Fig. 2: The mechanical component of the artificial myocardial actuator (a),
and the myocardial assist device of parallel-link structure which was
designed to be an active girdle for the ventricular contraction

Fig. 3 Hydrodynamic examination of the artificial myocardium (top); the
device was attached onto the silicone mock left ventricular model (bottom)
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healthy goats, the mean weight of which was 50kg under the
normal intubation and general anesthetizing process by 2.5%
Fluothane. Prior to the measurement, the artificial myocardial
assist device with parallel-linked shape memory alloy fibres
was covered with silicone rubber, and it was attached onto the
ventricular wall. Left ventricular (LV) pressure was measured
by a catheter tip transducer (Millar, SVPC-664A), The sensor
was inserted at the left atrial portion through the mitral valve.
These hemodynamic data were recorded by a digital
recording unit (TEAC, LX-10) and the sampling frequency
was 0.5 - 1.5 kHz.

All the animal experiments related to this study were
scrutinized and approved by the ethical committee on the
animal experiment of the Department of Medicine, Tohoku
University, and also the Institute of Development, Aging and
Cancer, Tohoku University, 2004-2006.

ITT. RESULTS AND DISCUSSION

A.  Effects of the displacement on the ventricular
contraction and design improvement hy morphological
representation

Basic contraction was achieved to be 5% shortening in
each fibre module. Therefore the actual displacement for
ventricular assistance together with the acrylic adjustment
component was estimated to be over 7%, which was similar
to the displacement change obtained from the goat’s
ventricular surface by using our 3D measurement [14].

As shown in Figure 5, the oblique type which was able to
represent the natural morphological myocardial streamline
indicated the bigger output of around 5L/min against the after
load of 100mmHg in the mock circulatory system.

B.  Surgical procedure and hemodynamic effects on the
goat’s cardiovascular system

In order to achieve the effective reduction of the volume
inside of the heart during the systolic phase, the changes of
the ventricular wall thickness might be inevitable. Though the
concept of supporting cardiac function from outside by using
this artificial myocardial assist system does not involve those
native thickening function of the heart, the controllable
displacement of this device might be useful for more
sophisticated cardiac assist.

The myocardial assist device developed was successfully
installed into the goat’s thoracic cavity without any
complications. Hemodynamic waveforms were changed by
the mechanical assistance. It was not necessary to remove any
costae to install the whole actuator into the thoracic cavity,
whereas one rib should be taken away during the surgical
procedure of the other electrohydraulic myocardial assist
system which had been developed [6]. As the actuator
employed for the artificial myocardium itself was so small,
the less room in the thoracic cavity might be needed.
Moreover,

W

Fig. 3: A goat’s heart showing hc ventricular myocardial band dissection
which was unfolded by Torrent-Guasp’s procedure

S

=

-

B -

v-
Circumferential Type

Fig 4 Three different types of the myocardial assist device developed: the
oblique type at the bottom could represent the natural oblique stream of
myocardial tissue around the lefl ventricle.
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Mean Aortic Flow L/min
w

Conventional Angular Oblique

Fig 5 Changes in mean aortic flow (ventricular model output) obtained
from the mechanical circulatory system by using three different
configuration types of myocardial assist device

the surgical procedure might be simpler compared with other
ventricular assist systems. And also the complications, such
as thrombosis or hemolysis, would not be caused by this
myocardial assist device.

The aortic flow rate was increased by 15% and the systolic
left ventricular pressure was elevated by 7% under the cardiac
output condition of 3L/min by using the conventional
circumferential type. And consequently, the incremental ratio
of the left ventricular output was elevated to 18% by using the
newly-designed oblique type as showin in Figure 6.

However, any other complications which might have been
caused by the operation, such as the disorder of natural
autonomic nervous system, were not confirmed in goats yet.
As the remarkable increase of the hemodynamic data could be
obtained, it was suggested that the effective assistance might
be achieved by using this artificial myocardium.

1V. CONCLUSION

The improvement of an artificial myocardium using the
sophisticated covalent shape memory alloy fibres was
achieved, which was capable of being installed into the
thoracic cavity as the epicardial actuator. As the load of this
myocardial system, which was generated by the natural
cardiac function, could be estimated by measuring the
electrical resistance of the shape-memory alloy fiber, the
mechanical myocardial assistance might be effective for heart
failure conditions according to the cardiovascular
physiological demand.

As our system could assist natural ventricular functions
with physiological demand, it might be applied in patients
with exertional heart stroke, as well as the cardiac massage at
lifesaving emergency for the recovery from ventricular
fibrillation.
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Abstract— Ultrasound speed and impedance microscopy was
developed in order to develop in vivo imaging system. The sound
speed mode realized non-contact high resolution imaging of
cultured cells. This mode can be applied for assessment of
biomechanics of the cells and thinly sliced tissues. The
impedance mode visualized fine structures of the surface of the
rat’s brain. This mode can be applied for intra-operative
pathological examination because it does not require slicing or
staining.

I. INTRODUCTION

Acoustic microscopy for medicine and biology has been
developed for more than twenty years at Tohoku University
[1-10]. Application of acoustic microscopy in medicine and
biology has three major features and objectives. First, it is
useful for intra-operative pathological examination because
staining is not required. Second, it provides basic acoustic
propertics to assess the origin of lower frequency ultrasonic
images. Third, it provides information on biomechanics at a
microscopic level.

In the present study, ultrasonic microscopy that has two
measurement modes, sound speed mode for visualization of
single-layered cells and impedance mode for visualization of
tissue surface, is proposed.

1I. METHODS

A. Instruments

Fig. 1 shows the block diagram of the ultrasonic speed and
impedance microscopy. An electric impulse was generated by
a high speed switching semiconductor. The start of the pulse
was within 400 ps, the pulse width was 2 ns, and the pulse
voltage was 40 V. The frequency of the impulse covered up to
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380 MHz. The electric pulse was used to excite a transducer
that had a central frequency of 300 MHz and a sapphire rod as
an acoustic lens. The ultrasound spectrum of the reflected
ultrasound was broad enough to cover 220-380 MHz (-6dB).
The reflections from the tissue was received by the transducer
and were introduced into a Windows-based PC (Pentium D,
3.0 GHz, 2GB RAM, 250GB HDD) via a digital oscilloscope
(Tektronix TDS7154B, Beaverton, USA). The frequency
range was | GHz, and the sampling rate was 20 GS/s. Four
pulse echo sequences were averaged for each scan point in
order to increase the signal-to-noisc-ratio.

The transducer was mounted on an X-Y stage with a
microcomputer board that was driven by the PC through
RS232C. The Both X-scan and Y-scan were driven by linear
servo motors.

Reflection
Ultrasonic
transducer +
Pulse Digital Personal
generator oscilloscope computer

A Trigger

Fig. 1. Block diagram of ultrasonic speed and impedance
MICToscopy

v

Fig. 2. Schematic illustration of two measurement modes in
ultrasonic speed and impedance microscopy. Left: sound speed
mode, right: impedance mode

The ultrasonic speed and impedance microscopy has two
different modes for observation. Fig. 2 shows the schematic
illustration of the relation between the beam propagation and
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the tissue. The left figure shows the sound speed mode for
precise imaging (classical acoustic microscopy). The
ultrasound propagates through the thinly sliced specimen or
cultured cells and reflects at the interface between the
specimen and substrate, The right figure shows the
impedance mode (acoustic impedance imaging). The
ultrasound propagates through the thin plastic plate and is
reflected at the interface between plastic and tissue.

B. Tissue Preparation

Sound speed mode is mainly used for visualization of
thinly sliced tissues or monolayered cultured cells. In the
present study, cultured fibroblast cells were observed by the
transmission mode of the ultrasonic imaging system.
Fibroblasts were cultured on 35 mm diameter dishes with the
Dulbecco’s modified Eagle’s medium and 10%
heat-incubated bovine serum. The incubator was maintained
at 37 °C and filled with 95% air and 5% CO,. After 4days of
culture, cells were found to be in the confluent state by
inverted microscopy.

Impedance mode can be applied for visualization of tissue
surface without thinly slicing the biological tissue. Rats were
dissected and the whole brain was removed. A sagittal section
of the brain was prepared by a rotor slicer. The specimen was
rinsed and preserved in phosphate buffered saline. For optical
observation, some adjacent slices were subjected to
immuno-histochemical staining against calbindin D-28k.

C. Signal Processing

1) Sound speed Mode
Reflected waveforms are shown in Fig. 3. The waveform at
the tissue area is shown in red line and that from substrate is
shown in black line. Both signals were captured on the same
line in x-scanning.

Sig
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Fig. 3. The waveform at the tissue area (red line) and substrate
(black linc).

The power spectrum of the reflection at the tissue area is
shown in Fig. 4. The spectrum covers the frequency up to 500
MHz. The reflection from the tissue arca contains two
components. One is from the tissue surface and another from
the interface between the tissue and substrate. Frequency
domain analysis of the reflection enables the separation of
two components [11].
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Fig. 4. The power spectrum of the reflection at the tissue area.

Fig. 5 shows the response to a singlet. The left black wave
is the reflection from the tissuc surface and the right red wave
is the reflection from the substrate. These signal processing
enables the calculation of tissue thickness and speed of
sound.
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Fig. 5. Response to a singlet. Reflection from he tissue surface
(black) and from the substrate (red).

2) Impedance Mode [12]
The target signal is compared with the reference signal and
interpreted into acoustic impedance as

1= S.l'ﬂrge.r {e Smmef ) Z.vnb -Z ref
RY Srer Zont Lo
Zlﬂl'gﬂ - !m(;e.r Zsuh - Sg:;q ZZ:.& = Z:f Z“b ol
1+ 1+ .
S(l Srzf Z,mh T Zn]

where 8, is the transmitted signal, S, and S, are
reflections from the target and reference, Zyper, Zrep and Zg,,
arc the acoustic impedances of the target, reference and
substrate, respectively’.

In case of using water as the reference, its acoustic
impedance was assumed to be 1.5 x 10° Ns/m’. On the other
hand, in case of using silicon rubber, the acoustic impedance
of itself was calibrated, by using water as the standard
reference material. In this report, 0.965 x 10° Ns/m’ was used.
The acoustic impedance of the substrate was calculated to be
3.22 x 10° Ns/m’, considering its sound speed and density.

I1I. RESULTS

Fig. 6 and Fig. 7 show the images obtained with the
ultrasonic speed and impedance microscopy. Fig. 6 shows the
cultured fibroblasts by sound speed mode. The high intensity
area at the central part of the cell corresponds to the nucleus
(N) and the high intensity area at the peripheral zone
corresponds to the cytoskeleton (C) mainly consisted of actin
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