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Abstract

Objectives: The mechanical property of immobilized joints is not well understood.
The present study was designed to investigate the tissue elasticity of the anterior and
posterior synovial membrane (SM) in a rat immobilized knee model using scanning
acoustic microscopy (SAM). Moreover, the structural characteristics of the SM after
immobilization were examined by transmission electron microscopy (TEM).

Methods: Thirty rats had their knee joints immobilized with a plate and metal
screws. The rats were fixed at 1, 2, 4, 8 and 16 weeks after surgery and the knee joints
were sectioned sagittally for SAM. Selected specimens were processed for TEM. A
new concept SAM using a single pulsed wave instead of continuous waves was ap-
plied to measure the sound speed of the anterior and posterior SM, comparing 1t with
the corresponding light microscopic images.

Results: The sound speed of the posterior SM increased significantly in the 8- and
16-week experimental group compared with that in the control group. The sound
speed of the anterior SM showed no statistical difference between the experimental
and the control groups at any period of immobilization. The posterior SM of the ex-
perimental group was different from that of the control group in the ultrastructural
characteristics of extracellular matrices.

Conclusions: Our data suggest that the increased elasticity and structural changes
of the posterior SM are one of the main causes of limited extension after a long period
of immobilization in flexion using SAM, which is a powerful tool for evaluating the
elasticity of targeted tissues.

Introduction

Joint contracture is defined as a decrease in both active and passive ranges of mo-
tion (ROM) after immobilization. The decreased ROM limits the activity of daily
living in various aspects. Immobilization, which is a major cause of joint contrac-
ture, is beneficial for decreasing pain caused by trauma and preventing the joint
from damage in the acute phase of arthritis such as pyogenic and rheumatoid arthri-
tis [1-3]. Even by extensive rehabilitation or surgical treatment, however, it is dif-
ficult to regain the full ROM in an established joint contracture after a long period
of immobilization [4,5].
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The components of joint contracture after immobilization are classified into ar-
throgenic and myogenic ones. The arthrogenic components are lesions of bone,
ligaments, capsule and synovial membrane (SM), while the myogenic components
are lesions of muscle, tendon and fascia [6,7]. Some investigators have attributed
contracture to myogenic causes (8), while others attributed it to arthrogenic causes
[4,7,9-13]. 1t is difficult to evaluate such contradictory reports because differ-
ent animal species and methods were used in their immobilization experiments.
Among the arthrogenic components, the stiffness of the capsule and SM through
synovial atrophy, retraction, fibrosis, and adhesion may contribute to the limited
ROM [1,7,8,10,14-17]. Though increased elasticity of the capsule or SM has been
suggested to be a cause of joint contracture [18], it is not known how the elasticity
and the structural characteristics of extracellular matrices are affected by immobi-
lization. '

A scanning acoustic microscopy (SAM) using continuous waves characterize
biological tissues by determining the elastic parameters based on the sound speed
[19]. Recent studies on infarcted myocardium [20], atherosclerosis of aorta [21]
and carotid arterial plaques [22] have shown that the acoustic properties reflect the
collagen types. In the present study, we applied a new concept SAM using single
pulsed wave, which can make total time for calculation significantly shorter, to
examine the elasticity of the anterior and posterior SM (synovial intima and subin-
tima) in the course of knee joint immobilization in a rat experimental model.

Material and Methods

Animals. The protocol for this experiment was approved by the Animal Research
Committee of Tohoku University. Adult male Sprague-Dawley rats weighing from
380 to 400 g were used. Their knee joints were immobilized at 145° in flexion
by rigid internal but extra-articular fixation for various periods (1, 2, 4, 8 and 16
weeks) according to a previously described method (1). The left and right hind legs
were immobilized alternately to avoid potential systematic side differences. The
surgery was performed under anesthesia with sodium pentobarbital (50 mg/kg) ad-
ministered intraperitoneally. A rigid plastic plate (POM-N, Senko Med. Co., Japan)
implanted subcutaneously joined the proximal femur and the distal tibia away from
the knee joint and was solidly held in place with one metal screw (Stainless Steel,
Morris, J. I, Co., USA) at each end. The knee joint capsule and the joint itself were
untouched. Postoperative analgesia with buprenorphine (0.05 mg/kg) was injected
subcutaneously. Sham operated animals had holes drilled in the femur and tibia and
screws inserted but none of them were plated. The animals were allowed unlim-
ited activity and free access to water and food. The immobilized animals and the
sham operated animals made up the experimental groups and the control groups,
respectively. Thirty rats (1, 2, 4, 8 and 16 weeks) were prepared. Each group was
composed of 6 experimental and 5 control animals.
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Figure 1. Schematic illustration of a new concept scanning acoustic microscopy (SAM). A new con-
cept SAM can make total time for calculation significantly shorter than a conventional SAM by using
a single pulsed wave instead of continuous waves.

Tissue preparation. The rats were anesthetized and fixed with 4% paraformalde-
hyde in 0.1M phosphate-buffer, pH7.4 by perfusion through the aorta. The knee
joints were resected and kept in the same fixative overnight at 4C°. The fixed speci-
mens were decalcified in 10% EDTA in 0.01M phosphate-buffer, pH7.4 for 1-2
months at 4C°. After dehydration through a graded series of ethanol solutions, the
specimens were embedded in paraffin. The embedded tissue was cut into 5-pm
thick sagittal sections from the medial to the lateral side of the joint. Standardized
serial sections of the medial midcondylar region of the knee were made.

The serial sections were prepared for hematoxylin-eosin stain to observe the
histological appearance of SM after immobilization.

Scanning acoustic microscopy. Our SAM consists of five parts: 1) ultrasonic trans-
ducer, 2) pulse generator, 3) digital oscilloscope with PC, 4) microcomputer board
and 5) display unit (Figure 1). A single pulsed ultrasound with 5 ns pulse width
was emitted and received by the same transducer above the specimen. The aperture
diameter of the transducer was 1.2 mm and the focal length was 1.5 mm. The cen-
tral frequency was 80 MHz and the pulse repetition rate was 10 kHz. Considering
the focal distance and the sectional area of the transducer, the diameter of the focal
spot was estimated as 20 um at 80 MHz. Distilled water was used as the coupling
medium between the transducer and the specimen. The reflections from the tissue
surface and from interface between the tissue and the glass were received by the
transducer and were introduced into a digital oscilloscope (Tektronics TDS 5052,
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USA). The frequency range was 300 MHz and the sampling rate was 2.5 GS/s.
Four pulse responses at the same point were averaged in the oscilloscope in order
to reduce random noise.

The transducer was mounted on an X-Y stage with a microcomputer board that
was driven by the computer installed in the digital oscilloscope through an RS-
232C. The X-scan was driven by a linear servo-motor and the Y-scan was driven by
a stepping motor. Finally, two-dimensional distributions of the ultrasonic intensity,
sound speed and thickness of the 2.4 by 2.4 mm specimen area were visualized with
300 by 300 pixels. The total scanning time was 121 sec.

Signal analysis. The reflected waveform comprises two reflections at the surface
and the interface between the tissue and the glass. The thickness and sound speed
were calculated by Fourier-transforming the waveform [19].

Image analysis. Normal light microscopic images corresponding to the stored
acoustic images were captured (DMLB 100 HC light microscope, LEICA Wetzlar,
Germany). A region of analysis by SAM was set in the anterior and posterior SM
each in each section (Figure 2). In the region, the sound speed of SM, excluding
meniscus, bone and cartilage, was calculated with a gray scale SAM images using
commercially available image analysis software (PhotoShop 6.0, Adobe Systems
Inc., San Jose, CA) (Figure 4). SAM images with a gradation color scale were also
produced for clear visualization of the sound speed. The optical and acoustic 1m-
ages were compared to ensure morphological congruence in the analysis.

Transmission electron microscopy. The posterior SM of 8-week experimental and
control groups were fixed with a mixture of 0.04% glutaraldehyde and 4.0% para-
formaldehyde in 0.1M phosphate-buffered saline, pH-7.4, at 4C° into the intra-
articular space for rapid fixation. The skin around the knee was excised and the
posterior SM was immersed with the same fixative for 1h at 4C°. After washed
thoroughly with Dulbecco’s PBS to remove the fixative, the tissue was cut with a
razor blade into pieces and post-fixed with 2% buffered osmium tetroxide. The tis-
sues were stained en bloc in aqueous uranyl acetate solution, dehydrated through a
graded series of ethanol solutions and embedded in EPON 812 resin (TAAB Labo-
ratory Equipment Ltd). Ultrathin resin sections of the specimens were mounted on
copper, counterstained with uranyl acetate and Reynold’s lead citrate solution, then
observed with a Hitachi H-9000 electron microscope [23].

Statistics. All data were expressed as the mean + SD. The statistical significance
of difference in the results was evaluated by unpaired analysis of variance, and P
values were calculated by Tukey’s method. A P value less than 0.05 was considered

statistically significant.
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Figure 2. Microphotograph of a sagittal section in the medial midcondylar region of a rat knee. Squares
indicate regions of analysis by scanning acoustic microscopy in the anterior( > ) and posterior( * %)
synovial membrane. (Original magnification x 10, hematoxylin-eosin stain)

Results

SAM examination. The gradation color images of the posterior SM in the experi-
mental group differed from those in the control group (Figure 3). The posterior
SM was composed of low sound speed areas (black to blue) in 2-week immobiliza-
tion (Figure 3A). The low sound speed area decreased and high sound speed areas
(yellow to red) gradually increased in the posterior SM of the experimental group
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Figure 3. Gradation color images of scanning acoustic microscopy in the posterior and the anterior
synovial membrane (SM). A, 2-week immobilization group (posterior). B, 16-week immobilization
group (posterior). C, a representative of the control groups (posterior, 16-week). D, a representative of
the control group (anterior, 16-week). E, gradation color table. Most low sound speed areas (black to

blue) were replaced by high sound speed area (yellow to red) over time in the posterior experimental
group. The posterior SM in the control groups remained entirely black to blue throughout the duration.
The anterior SM was similar in the experimental and control group irrespective of the immobilization
periods. Regions enclosed with a dotted line indicate the SM for calculation.

with time (Figure 3B). The posterior SM remained same in all the control groups
(Figure 3C).

The anterior SM was similar in all the experimental and control groups irrespec-
tive of immobilization periods (Figure 3D).

The sound speed of the posterior SM is shown in Figure 4. There was no statisti-
cal difference between the experimental and the control groups in 1-, 2- or 4-week
immobilization (1w: 1560 m/s=18.7 m/s vs. 1543 m/s £ 16.3 m/s; p = 0.152, 2w:
1552 m/s £26.0m/s vs. 1535 m/s£8.17 m/s; p = 0.207, 4w: 1551 m/s +4.01 m/s
vs. 1553 m/s*13.3 m/s; p = 0.698). In 8- and 16-week immobilization, however,
the sound speed in the experimental group was significantly higher than that in the
control group (8w: 1546 m/s*18.7 m/s vs. 1646 m/s*11.8 m/s; p = 6.69 x 107,
16w: 1568 m/s*26.5 m/s vs. 1677 m/s*=32.8 m/s; p = 1.06 x 107*) (Figure 4A).
There was no statistical difference in the anterior SM in all the experimental and
the control groups at any period of immobilization (1w: 1563 m/s+=22.7 m/s vs.
1556 m/s*13.8 m/s; p = 0.545, 2w: 1562 m/s*12.4 m/s vs. 1565 m/s*=11.4 m/s;
p=0.74, 4w: 1559 m/s = 10.1 m/s vs. 1554 m/s*=30.4 m/s; p = 0.745, 8w: 1550m/
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Figure 4. Sound speed changes of the posterior and the anterior synovial membrane (SM). A, the
posterior SM. B, the anterior SM. In the posterior SM, significant difference of sound speed is seen in
8- and 16-week immobilization. There was no statistical difference at any period of immobilization in
the anterior SM. solid bars = experimental groups, shaded bars = control groups. Values are the mean
+ SD. * = P<0.005 versus control, by Tukey’s method.

s+20.5m/s vs. 1564 m/s+15.3 m/s; p=0.263, 16w: 1556 m/s = 14.1 m/s vs. 1558
m/s+22.6 m/s; p = 0.846) (Figure 4B).

TEM examination. In the experimental group, the space among collagen bundles
and cells were occupied with the high density matrix, which fills the interspace of
collagen microfibrils within the collagen bundle. In contrast, the high density ma-
trix surrounding cells, collagen bundles and fibrils were scarce in the control group

(Figure 5).

Discussion

The arthrogenic component has been considered as an important factor of joint con-
tracture after immobilization (1,7,8,10,14—18). In a study using a rabbit knee con-
tracture model, the mechanical characteristics were quantified by a torque-angular
displacement diagram [18]. Knees in 9-week immobilization in flexion showed a
significantly larger torque in extension in the experimental group than in the control
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Figure 5. Structural characteristics of the posterior synovial membrane (SM). A, 8-week experimen-
tal group. B, 8-week control group. Compared with the control group, the space among collagen
bundles and cells were occupied with the high density matrix, which fills the interspace of collagen
microfibrils within the collagen bundle in the experimental group. C, cell; MF, microfibrils. (Original
magnification x 360,000, scale bar = 0.5 pm).

group even after total extra-articular myotomies. In the same rat model as ours in
the present study but immobilized up to 32 weeks, ROM in extension still remained
restricted even after total extra-articular myotomies [7]. In canine glenohumeral
joint immobilized up to 16 weeks, the intra-articular pressure rose higher by injec-
tion of Hypaque contrast medium and the filling volume was smaller compared
with the control group at a rupture of the capsule [24]. These studies suggest that
among the arthogenic components, the capsule and SM may mostly contribute to
production of joint contracture.

Connective tissue proliferation in the SM and its adhesion to articular cartilage
in the intra-articular space has been considered as pathological features of con-
tracture after immobilization [25-29]. But conflicting studies with it have been
reported. No intra-articular connective tissue proliferation occurred after immobi-
lization [1,30-32]. No contact between the connective tissue and articular cartilage
was observed [32]. In the same rat model as ours in the present study but immo-
bilized up to 32 weeks, the decrease in the synovial intima length was observed
after 4-week immobilization [1]. This study concluded that mutual adhesions of
synovial villi rather than the connective tissue proliferation were the major patho-
physiological changes leading to contracture. Further, the decrease of the synovial
intima length was reported to be greater in the posterior SM than in the anterior SM
in the same model as ours in the present study [1]. It may be explained as earlier
mutual adhesion of synovial villi in the posterior SM under less tension with the
knee immobilized in flexion.

Connective tissue response after immobilization is important to understand the
mechanism of the increased elasticity of the posterior SM. Some suggestions con-
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cern changes in the biochemical composition of periarticular fibrous connective tis-
sue (e.g. patellar tendon, ligament and joint capsule) after immobilization. The no-
table change was a reduction of water and glycosaminoglycans without decreased
collagen mass [9,18,32,33]. These changes were expected to alter plasticity and
pliability of connective tissue matrices and to reduce lubrication efficiency [32].

In the same rat model as ours in the present study but immobilized up to 32
weeks, the posterior subintimal area of the experimental groups was smaller than
that of the control groups through all the immobilization periods [1]. This result
may reflect the decreased water and glycosaminoglycans of the SM. Our TEM
observation showed that the space among collagen bundles and microfibrils was
occupied with dense matrices in the experimental group, which may reflect the
synovial atrophy due to decreased water content but not increased extracellular
matrices. Further, adhesions of collagen bundles may limit lubrication and increase
elasticity.

Previous studies analyzed the elasticity of the joint as a whole including liga-
ment, capsule and SM with or without muscles [7,15,18,24]. But it was impossible
to evaluate the elasticity of the individual arthrogenic components, especially of
capsule and SM in those studies. The present study is the first that measured the
elasticity of SM in situ by SAM in rat immobilized knees and revealed the in-
creased elasticity of the posterior SM, subsequent to the inhibition of extension to
cause the joint contracture. One reason why the elasticity is different between the
anterior and the posterior SM of 8- and 16-week experimental group may be that
compared with the posterior SM immobilized rigidly, the anterior SM keeps motion
to a larger extent after immobilization with patella while being active. The present
study suggested that the increased elasticity and structural changes of the posterior
SM are one of the main causes of limited extension after immobilized in flexion.
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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 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 X 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-

“ 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/$25.00 (© 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-
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strate. Transmitted ultrasound is reflected at both the sur-
face of the biological material (5;) 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 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
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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 um 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 @front, and the standardized phase
at the interference between the tissue and the substrate as

¢rear )

2d
2nf x c_ = Pront, (1)
1 1
27l'f X 2d (a - E) = ¢rear7 (2)

where d is the tissue thickness, ¢, 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. [: Intima; M: media; A: adventitia.

Thickness is obtained as

Ca o
d= Wﬁ.bﬁ'ont- (‘i)
Finally, sound speed is calculated as
1 ¢ .
o= | == = TR ) (4)
co 4Amfd

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 coeflicient. 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
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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 ym in
the intima, 4.8 £ 0.2 pm in the medium and 7.2 + 0.1 pm
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 18104+25 m/s in the calcified
lesion (C) in the intima. The thickness was 11.8+£0.1 ym in
the intima, 11.6 +0.2 gm in the medium and 14.84+0.1 ym
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
_ E(1-o0)
€= \/p(l +0)(1-20) (5)

where c 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], [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 ym 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 (LA) 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. Spontancous echo contrast of left atrium in transesophageal
echocardiography

that the conversion from atnal fibrillation to sinus rhythm
may be predicted by evaluating LA appendage velocities
before cardioversion [9]. Quantitative blood flow analysis in
echocardiography 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 (SONOS5500, 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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