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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, IEEE, 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 �m in thickness. They were
mounted on glass slides without cover slips. The scanning
time of a frame with 300 � 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.

I. Introduction

We have been developing a scanning acoustic mi-
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
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Fig. 1. Frequency-dependent characteristics of amplitude (a) and
phase (b) obtained with our previous SAM system.

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-

strate. Transmitted ultrasound is reflected at both the sur-
face of the biological material (Ss) and the interface be-
tween the biological material and the substrate (Sd). 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 (x-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 frequency-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 electric pulse was input to
a transducer with a sapphire rod as an acoustic lens and
with a central frequency 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 enough 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 from 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 functions.
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. 4 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
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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).

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 µm 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 × 2.4 mm were visualized using 300 × 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 φfront, and the standardized phase
at the interference between the tissue and the substrate as
φrear,

2πf × 2d

co
= φfront, (1)

2πf × 2d

(
1
co

− 1
c

)
= φrear, (2)

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

d =
co

4πf
φfront. (3)

Finally, sound speed is calculated as

c =
(

1
co

− φrear

4πfd

)−1

. (4)

After determination of the thickness, attenuation of ul-
trasound 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.

III. 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 attenuation 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

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 µm in
the intima, 4.8 ± 0.2 µm in the medium and 7.2 ± 0.1 µm
in the adventitia. In qualitative analysis, the attenuation
of 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 (I) with
collagen fiber, 1520 ± 8 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 11.8±0.1 µm in
the intima, 11.6±0.2 µm in the medium and 14.8±0.1 µm
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 medium, 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 IVUS
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 − σ)

ρ(1 + σ)(1 − 2σ)
· · · , (5)

where c is the speed of sound, E is the Young’s elastic
modulus, ρ is the density, and σ 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], [13]. 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 µm 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-

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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