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Abstract— Acoustic microscopy is expected to be a powerful tool
for observing biological matters without chemical staining. We
have proposed a new method for two-dimensional acoustic im-
pedance imaging for biological tissue that can perform micro-
scale observation without preparing a sliced specimen. A tissue
was attached on a 0.5 mm-thick plastic substrate. An acoustic
pulse was transmitted from the rear side of the substrate. The
reflection intensity was interpreted into local acoustic impedance
of the target tissue. In the previous report, we demonstrated the
outline of the system and the result of preliminary observation,
showing its feasibility. This report deals with the optimization of
the observation method, and characterization of the tissue of
developing cerebellum. The result shows that change in acoustic
impedance of each cerebellar layer depending on postnatal day
was correspond to change of structure with growth.

Keywords: biological tissue; acoustic impedanc; micro-scale
imaging.

L INTRODUCTION

Optical microscopy of biological tissue is generally taken
after slicing and staining the tissue. This is destructive both
mechanically and chemically. In addition, it needs relatively
long time for staining process. On the contrary, acoustic imag-
ing can be performed without staining process; i.e., it is chemi-
cally non-destructive. The observation can be finished in a very
short time, as it does not need staining process. The idea of
ultrasonic microscopy for biological tissue is based on this ad-
vantage, and it is considered to become a powerful tool for
tissue characterization that can image elastic parameters.

Most of ultrasonic microscopes are scanning type, in which
the response to a focused acoustic signal is successively ac-
quired as the beam is mechanically scanned[1,2].The authors
previously proposed a pulse driven ultrasonic sound speed mi-
croscopy that can obtain sound speed image in a short time
[3.4]. Although a small roughness of the specimen was ap-
proved in this type of microscope, slicing the specimen into
several micrometers was still required for the observation.
However it is often required that the observation can be per-
formed without slicing process, as slicing may damage some
functions of a tissue.

Based on the above background, the authors have proposed
the acoustic impedance microscopy that can image the local
distribution of cross-sectional acoustic impedance of tissue[5].
As acoustic impedance is given as a product of sound speed
and density, it would have a good correlation with sound speed,
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when the variance in density was not significant. In the previ-
ous report, the methodology of micro-scale imaging of cross-
sectional acoustic impedance and its accuracy was described,
showing its feasibility. In this report, the efforts to upgrade the
image quality are dealt with. Thanks to these effort, a satisfac-
tory clearness and precision of the image was realized. As an
example, the change in postnatal day of each layer of cerebel-
lum tissue of a rat was quantitatively characterized.

II.  SAMPLE PREPARATION

The cerebellum tissue of a rat was employed as the speci-
men to be observed. Rats were dissected and removed their
whole brains. To role out the effects of cross linker on the iden-
tification of neuronal structures by their acoustic impedance,
we observed fresh cerebella organs without any chemical fixa-
tion. A sagittal cross section was exposed by a rotor slicer (Do-
han EM, Kyoto, Japan). The specimen was rinsed and pre-
served in the same phosphate buffer solution (PBS). For optical
observation, some adjacent slices were subjected to immuno-
histochemical staining against calbindin D-28k.

1. EXPERIMENTAL SETUP

Figure 1 illustrates the outline of the acoustic impedance
microscope [5,6]. The tissue was attached on a 0.5 mm-thick
plastic substrate. Distilled water was used as a coupling me-
dium between the substrate and transducer. A sharp electric
pulse of about 40 V in peak voltage and 2 ns in width was gen-
erated by the pulse generator (AVTEC, AVP-AV-HV3-C). The
transducer was PVDF-TrFE type. An acoustic wave with a
wide frequency range was generated by applying the voltage
pulse. The acoustic wave, being focused on the interface be-
tween the substrate and tissue, was transmitted and received by
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Fig.1 Schematic diagram of the system
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the same transducer. Considering the focal distance and the
sectional area of the transducer, the diameter of the focal spot
was estimated as about 40 pm at 80 MHz.

The substrate was a flat plastic plate made of polymethyl-
metacrylate (PMMA), its thickness being 0.5 mm. In order to
retain hydrophilic property of the substrate, the surface was
subjected to a plasma treatment using Keyence ST-7000. A
reference material, of which acoustic impedance was known,
was also placed on the same substrate. In many cases, the target
tissue was observed together with the reference, by including it
in the same field of view. In this series of experiment, we used
pure water or a silicone rubber as the reference material. The
substrate pasted with the rubber was preserved more than 12
hours after the rubber had been cured.

The reflection was detected and digitized by the oscillo-
scope (Tektronix, TDS-7145B). Two-dimensional profile of
acoustic impedance was obtained by mechanically scanning the
transducer. A typical field of view of 4 mm x 4 mm was cov-
ered with 200 x 200 pixels. It took typically 2 - 3 minutes for
one observation. All the measurements were performed at
room temperature.

The target signal is compared with the reference signal and
interpreted into acoustic impedance as
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where Sp is the transmitted signal, Sare and S, are reflections
from the target and reference, Ziamer, Zrer and Zg,, are the acous-
tic impedances of the target, reference and substrate, respec-
tively [5.6].

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.

[V. RESULTS AND DISCUSSION

A.  Observation of cerebellar cortex of a rat

Figure 2 illustrates the development of cerebellar cortex. In
immature cerebellum, structure of layer is not clear, but in ma-
ture cerebellum, 4 layers are visible; molecular layer (ML),
Purkinje layer (PL), internal granular layer (IGL) and white
matter (WM). Parallel fibers in ML are axon of granule cells
and play an important role in cerebella neural connection. Mi-
grating granule cells elongate them horizontally and form a lot
of excitatory synapses to dendrite of Purkinje cells. These are
major neuronal circuits of cerebellum so that parallel fibers are
expected to construct rich ML with development.
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Fig. 2 Illustration of development of cerebellar cortex.

In order to upgrade the clearness and precision of the
acoustic impedance image, we took following two countermea-
sures;

(1) Surface of the substrate was treated with plasma to up-
grade hydrophilic property.

(2) The specimen was kept in humid condition during the
measurement, using a protection cover mounted on the
substrate.

B. Plasma treatment

The PMMA substrate was chosen, as it has a good accuracy
of dimension and acoustic transmittance. However, its hydro-
philic property is not sufficient, leading to a poor contact be-
tween the substrate and tissue. Figure 3 shows the images with
and without plasma treatment for the substrate surface. The
images were taken from the rats of the same postnatal day.

In image (a), although the layers close to the boundary be-
tween the tissue and outside (the part that looks black in the
image) are clearly seen, those inside the tissue are not clear.
This would be due to a coupled water layer to the tissue on the
substrate. In order to improve the contact by upgrading hydro-
philic property, a plasma treatment was performed prior to the
observation. After plasma treatment, a contact angle to water
reduced from 55 degrees to 39 degrees. Surface energy after
plasma treatment would be increased, bringing about a better
hydrophilic property. As its good hydrophilic property is kept
for about one hour, the observation was completed within one
hour after the treatment. As shown in image (b), the internal
structure is clearly seen when the treatment was performed.

In order to quantitatively assess the effect of plasma treat-
ment, the acoustic impedance through the same layer was
traced. Figure 4 shows the examples. Each trace was per-
formed along the white line indicated in Figure 3. The acoustic
impedance of ML, as its fine structure made with a fat sheath

L
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Fig.3 Effect of plasma treatment
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Fig. 5 Acoustic impedance of each layer with and without plasma
treatment

of myelin is far less than the scale of focal spot, should be uni-
formly observed. However as shown in the figure, a significant
difference in dispersion is seen depending on the surface condi-
tion of the substrate. It is obvious that the ML is observed with
more uniform acoustic impedance by treating with plasma.

Figure 5 shows the acoustic impedance of each layer with
and without plasma treatment. Each bar represents the average
of 400 points, the length of error bar indicating twice the stan-
dard deviation. Plasma treatment does not seem to affect the
acoustic impedance of IGL and WM, both in average and stan-
dard deviation.

On the other hand, in case of ML, there is a difference of
0.022 x 10° Ns/m’ in average acoustic impedance, as well as a
significant difference in standard deviation. This would result
from the structure of each layer. A lot of fine fibers are assem-
bled in ML, whereas both WM and IGL are formed from co-
herent large cells. An ML fiber, 0.2 micrometers in diameter, is
much smaller than the cell scale of WM and IGL ranging from
ten to a few tens of micrometers. Cell surface shows both hy-
drophilic and hydrophobic properties, though it is coupled with
hydrating water molecules in solution. Most cells could contact
with the hydrophobic substrate without hydrating water. Even
if the substrate gets more hydrophilic property by plasma
treatment, large cells composing WM and IGL could exclude
surface water, leading to a relatively firm contact with the sub-
strate. Therefore acoustic impedance of these layers did not
show a significant variation depending on the plasma treatment.

However, in the case of ML, the fine fibers might be too
small to tightly contact with the substrate. When the substrate
acquires hydrophilic property, water could move thorough the
ML and form a water-rich layer in contact with the substrate.
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Therefore the ML on the substrate after plasma treatment
would indicate a lower acoustic impedance, reflecting the low
acoustic impedance of water. Furthermore, this water-rich
layer would bring about relatively low standard deviation in
acoustic impedance compared with the case without the plasma
treatment.

C.  Prevention from dry out

The tissue specimen tend to dry out, leading to higher
acoustic impedance. Figure 6 (a) shows this problem. The im-
ages of the tissue observed shortly after the preparation is
shown in the left side. When the specimen had been exposed to
the air with 22 % of relative humidity at 38 C for 20 minutes,
the image was significantly changed as shown in the left side
image. In order to prevent the dry out, a protection cover, as
shown in Fig. 7, was mounted on the substrate after sample
preparation. As shown in image (b), the change of image due to
dry out was sufficiently prevented by applying the protection
cover.

In order to confirm its effectiveness, a droplet of 2 wt% sa-
line solution was subjected to the observation at 23 C in 56 %
of ambient relative humidity, using pure water as the reference.

-

(b) with cover

(a) without cover

Fig.6 Acoustic impedance images shortly after mounting the tissue on

the substrate (left) and 20 minutes later (right).

Protection
cover

Transducer

Fig.7 A protection cover mounted on the substrate.
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Figure 8 shows the result. Each plot represents the average of
900 points, the length of error bar indicating twice the standard
deviation. The dotted line represents the acoustic impedance
calculated from the handbook data. In case without the cover,
due to concentration, the change of impedance is not negligible
at 10 minutes, and it reaches as high as 1.75 x 10° Ns/m’ at
40minuites. This change is not erroneous, as the precision of
this measurement is proved to be as small as 0.006 x 10°
Ns/m’[5]. On the contrary, in case with the protection cover,
the acoustic impedance is measured as a constant value not
depending on time. It is supposed that the saturated humidity
inside the cover successfully protected from dry out.

D.  Acoustic impedance of each layer of cerebellum
depending on its development

Figure 9 shows the observed images of cerebellar cortex of
rat at immature (P1: postnatal 1 day), transient (P7 and P14),
and mature (p21) stages. In the immature cerebellar cortex (P1),
the external granular layer (EGL), the outer layer of the cortex,
showed higher impedance than the inner layers. At this stage,
many stiff granule cells compose EGL. In the inner layers,
myelination is not yet progressed, and the existence of white

lmm
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Fig.9 Two-dimensional profiles of acoustic impedance of cerebellar
cortex.
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Fig 10 Change of acoustic impedance of each layer as a function
of postnatal day
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matter is not clearly observed.

Over transient stage, four different layers are clearly ob-
served. As shown in Fig. 10, acoustic impedance of ML indi-
cated higher value once in P7, but it decayed through the
growth up to P14. The IGL is kept at high impedance, and the
WM is kept at low. It is suggested that migrating granule cells
in ML lead to a high impedance in P7, and relatively stable
impedances of IGL and WM would be reflected from the stable
properties of these layers.

V. CONCLUSIONS

Acoustic impedance microscope for biological tissue char-
acterization was proposed. It can perform the observation nei-
ther staining nor slicing the specimen. Two measures to up-
grade the image quality were taken. Plasma treatment im-
proved the hydrophilic property of the substrate surface. Pro-
tection cover was proved to keep the specimen in good condi-
tion for observation. A quantitative assessment of acoustic im-
pedance of each layer of cerebellar tissue in the development
process of a rat was performed without chemical fixation. IGL
and WM showed relatively stable value, whereas a significant
change as a function of postnatal day was seen with ML. The
change in acoustic impedance of ML would be reflecting the
development of parallel fiber structure.
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Abstract— Background: Virtual Histology- intravascular
ultrasound (VH-IVUS) has the ability to help us distinguish
between stable and unstable coronary plaques, but provides a

limited definition of vulnerability on a size scale less than 100 m.

The purpose of this study is to identify the acoustic properties of
flow-limiting thrombus responsible for acute coronary
syndromes(ACS) at the microscopic level. Methods: Acoustic
microscopy operating in the high frequency range was used to
display the two-dimensional distributions of color-coded images
of attenuation and sound speed. A total of 26 cases of ACS
patients were investigated. The tissues were sectioned at 5 mm
thickness and mounted onto glass slides, were neither covered by
slips nor stained. Results: The values of attenuation constant and
sound speed for the red-thrombus were significantly higher than
those for the platelets-rich thrombus. Both acoustic parameters
for old red-thrombus were significantly lower than those for the
organized thrombus. Conclusions: The acoustic properties of the
flow-limiting thrombus at different stages of pathology can be
classified by high-frequency acoustic microscopy. These criteria
will hopefully provide a information regarding the development
of a new IVUS.

acoustic

Keywords-acute coronary syndrome; thrombus;

microscopy; attenuation; sound speed

L INTRODUCTION

Virtual Histology- intravascular ultrasound (VH-IVUS) can
distinguish stable and unstable coronary plaques, but it
provides limited information on thrombus in coronary
atherosclerosis. The purpose of this study is to clarify the
acoustic properties of coronary thrombi at the microscopic
level.

II.  METHOD

A. Sound Speed Acoustic Microscopy

A SAM system specially developed in Tohoku University,
operating in the frequency range of 50-150 MHz, was used for
this study [1-6]. The sections for SAM measurements were
mounted on glass slides but not covered by cover slips. The
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paraffin was removed from the sections by the graded alcohol
method prior to the ultrasonic measurement. Distilled water
was used as the coupling medium, which maintained the
specimen at 20°C during the measurement procedure. A single
ultrasound pulse of 5 ns width was emitted and received by the
same transducer above the specimen. The reflection from the
tissue surface and that from the interface between the tissue
and glass were introduced into a personal computer using a
high-speed A/D converter (DP210, Acqiris, Switzerland). The
sampling speed was 2 GSa/s and the resolution was 8-bit. Eight
values of the time taken for a pulse response at the same point
were averaged in order to reduce the noise in the measurement.
The transducer was mounted on an X-Y stage with a
microcomputer board that was controlled by the personal
computer. Both X-scan and Y-scan were driven by linear servo
motors. The area of measurement was 2.4x2.4 mm with
300x300 pixels.

Figure 1 is the block diagram of the sound speed

microscopy.

(Acaitis DI
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X-scan Motot
Driver

Stage Control
Circuit

Stage Control

Figure 1. Block diagram of the sound speed microscopy
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B.  Sample for Measurement

Thirty-nine patients with coronary artery disease who
received percutaneous coronary intervention were investigated.
Tissues were retrieved from the coronary artery by aspiration
catheter system (Thrombuster®) or directional coronary
atherectomy procedures. The tissues for acoustic microscopy
were fixed by 10% formalin, sectioned at 4 um thickness and
mounted onto glass slides without cover slips or staining. A
neighboring section of the specimen was stained with Elastica-
masson staining and observed by light microscopy. Figure 2
shows the appearance of the thrombus aspiration catheter
system. Figure 3 shows the aspirated thrombus by the system.

Figure 3. Aspirated thrombus

I, RESULTS

Figure 4 is the optical (upper), attenuation (middle) and
sound speed (lower) images of the thrombus 50 hours after
AMI onset.

Figure 4. Optical (upper), attenuation (middle) and sound speed (lower)
images of the thrombus 50 hours after AMI onset.

30
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Figure S is the optical (upper), attenuation (middle) and
sound speed (lower) images of the thrombus 19 hours after
AMI onset.

%1

Figure 5. Optical (upper). attenuation (middle) and sound speed (lower)
images of the thrombus 19 hours after AMI onset.

The values of attenuation constant and sound speed of the
fresh red-thrombus were significantly higher than those of the
fresh white-thrombus. Both parameters of red-thrombus
decreased gradually after thrombus formation, and both
parameters increased again with the organization with collagen
fibers. Both parameters were high in the lesion of infiltration of
inflammatory cells.

IV. CONCLUSION

The acoustic properties of thrombus at different stages of
pathology can be classified by scanning acoustic microscopy.
These criteria will provide a basis for the interpretation of
conventional and VH-IVUS.
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Abstract— To elucidate the pathogenetic roles of
estrogen in the rupture of anterior cruciate ligament
(ACL), the hormonal effects of estrogen on the
material properties of ACL tissue should be fully
clarified.

In 40 ovariectomized Japanese white
rabbits, serum estrogen level was controlled by the
intramuscular injection of estradiol. They were
divided into 4 groups according to the dose of
administered estradiol (Groups L, M, H and C).
Intramuscular  injection of 17p-estradiol was
performed 1, 2, 3 and 4 weeks after surgery with the
doses in Groups L, M, and H were 50, 100, and 500
pug/kg. For Group C, which served as control, no
estradiol was administered. After 5 weeks from the
overiectomy, lateral portion of ACL was harvested
and fixed with 10% neutralized formalin and
embedded in paraffin. The specimens were cut
perpendicularly to the ligament fibers in the thickness
of 10 um both for routine histologic staining and
SAM measurement.

In the measurement of SAM, Group M
indicated the lowest value of tissue sound speed
among 4 groups, which could be interpreted as the
lowest Young’s modulus. A statistically significant
difference was found in the tissue sound speed
between Groups C and M (p=0.028). We assumed
that estrogen might constitute one of the pathogenetic
factors of the ACL ruptures in the female athletes.

Keywords- anterior cruciate ligament, rupture,
female, sound speed, scanning acoustic microscope

[. INTRODUCTION

Previous epidemiologic studies revealed that
the ruptures of anterior cruciate ligament (ACL) were
more frequently seen in female athletes than in male
athletes [10]. In 1997, Bjordal reported that the ACL
rupture rate in female soccer players was almost twice
as high as that in males [1]. Among high school
basketball players, the incidence of ACL rupture was
reported as more than three times higher in female
athletes than in male athletes [8].

To explain this sex difference, a number of
pathogenetic factors have been proposed including
lower limb alignment, shape of the intercondylar
notch, joint laxity, hormonal effects, ligament size
and body weight, etc [2], [3], [S], [16], [19].
However, the principal pathogenetic factor for the sex
difference still remains unclear.

Given these controversies, the authors
developed an estrogen-controlled rabbit model to
clarify the hormonal effects of estrogen on tissue
material property of ACL [4]. In this model, all
animals were ovariectomized and then divided into 4
groups according to the administrated dose of
estradiol. In the current study, we measured the tissue
sound speed of their ACL, which closely correlates to
their Young’s modulus, using a scanning acoustic
microscope (SAM). The purpose of this study was to
compare the tissue sound speed between these 4
animal groups.

II.  MATERIALS AND METHODS

Animal model
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The experimental procedures were approved by
the committee for animal experimentation, Tohoku
University School of Medicine.

Forty age-matched female Japanese white
rabbits (32 weeks old) were used for the current
project. Their average body weight was 4.3 (SD 0.43)
kg. All were ovariectomized under general anesthesia
using an intramuscular injection of ketamine
hydrochloride (0.5 mg/kg) and xylazine (1.0 mg/kg).
Each rabbit was housed in a cage individually under
the same conditions, including room temperature,
humidity, food and water. To prevent postoperative
infection, enrofloxacin (5 mg/kg) was injected once a
day into the back muscle for 3 days postoperatively.

The animals were divided into 4 groups (10 in
each group) according to the dose of administered
estradiol (low, medium, high and control: L, M, H
and C). One rabbit in Group M died due to an
anesthetic problem during surgery, thus this animal
was excluded from analysis. In the other 39 rabbits,
no postoperative infections were seen. Intramuscular
injection of 17pB-estradiol (Ovahormon depot®,
Teikoku Hormone Manufacturing Co., Ltd. Japan)
was performed 1, 2, 3 and 4 weeks after surgery. The
doses of 17p-estradiol in Groups L, M, and H were 50,
100, and 500 pg/kg. For Group C, which served as
control, neither estradiol nor any types of vehicles
were administered.

Preparation of the specimens

All rabbits were killed with an overdose of
pentobarbital sodium 5 weeks after the ovariectomy.
The right hind limb was disarticulated at the hip, and
the knees were dissected to expose the ACL. The
ACL was divided into the lateral (IACL) and the
medial portions (mMACL). The femur-mACL-tibia
complex was used for the biomechanical testing in
our previous study [4], whereas IACLs were used for
the current study. The specimens of IACL were fixed
in 10% neutralized formalin and embedded in paraffin.
Then, they were cut perpendicularly to the ligament
fibers in the thickness of 10pum. Serial sections were
made both for the SAM measurements and routine
histologic staining including haematoxylin-eosin and
elastica-Masson.
Measurement of the tissue sound speed of the [ACL

A SAM system specially developed in

Tohoku University, operating in the frequency range
of 50-150 MHz, was used for this study [11-15]. The
sections for SAM measurements were mounted on
glass slides but not covered by cover slips. The
paraffin was removed from the sections by the graded
alcohol method prior to the ultrasonic measurement.
Distilled water was used as the coupling medium,
which maintained the specimen at 20°C during the
measurement procedure. A single ultrasound pulse of
5 ns width was emitted and received by the same
transducer above the specimen. The reflections from
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the tissue surface and those from the interface
between the tissue and glass were introduced into a
digital oscilloscope. Four values of the time taken for
a pulse response at the same point were averaged in
the oscilloscope in order to reduce the noise in the
measurement. The transducer was mounted on an X-
Y stage with a microcomputer board that was driven
by the computer installed in the digital oscilloscope.
The X-scan was driven by a linear servo motor, and
the Y-scan was driven by a stepping motor. The area
of measurement was 2.4 x 2.4 mm (300 x 300 pixels).

It is known that tissue sound speed is directory
proportional to the square root of its Young’s
modulus as following equation shows,

. E(l-o)
"\ p(l+o)1-20)

(c: sound speed, E: Young’s modulus, p: density, o:
Poisson’s ratio).

To measure the tissue sound speed, SAM
system required to look up three reflection data
directory from the glass surface.  Thus, three
reference points without |ACL tissue were determined
manually on the monitor. Then, a two-dimensional
distribution of sound speed in a specimen was
displayed and saved as an image file using a color-
coded scale. A gray scale image was also saved as an
image file for further quantification of the tissue
sound speed.

Quantification of tissue sound speed of ACL

To exclude the artifacts caused during the
cutting process, the area where ligament tissue was
properly transected was determined histologically as
the region of interest (ROI). In each specimen, a
gray-scale image was imported to the commercial
software, Adobe Photoshop (version 7.0). With this
image, the average value of density (between 0 and
255) of ROI was measured 5 times using the analysis
option, “histogram”. Then, the mean value of these 5
measurements (mean density) in each specimen was
converted again to the sound speed (mean sound
speed). Then, the mean sound speed was compared
between the 4 animal groups to find out whether
estrogen altered tissue elasticity of IACL or not.
Statistical analyses

Statview 5.0 (SAS Institute Inc.) was used
for the statistical analyses in the current study. The
Dunnett T3 test was used to determine the differences
in the tissue sound speed among 4 animal groups.
Differences were considered as statistically
significant when the p-value was less than 0.05.
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ITI.  RESULTS

A two-dimensional distribution of the tissue
sound speed was successfully measured with SAM
(Figure 1). All 3 estrogen-administrated animal
groups (Groups L, M and H) indicated lower sound
speed than that of Controls (Group C). Especially,
Group M indicated the lowest value of the tissue
sound speed among 4 groups, which could be
interpreted as the lowest Young’s modulus. A
statistically significant difference was found in the
tissue sound speed between Groups C and M
(p=0.028, Table 1).

[V. DISCUSSION

The pathogenetic roles of estrogen in ACL
ruptures have not been fully clarified yet.
Controversies still continues whether estrogen alters
the mechanical properties of the ACL tissue or not.
In 1997, Liu et al. reported that the presence of
estrogen receptors was evident in the nuclei of
synoviocytes, fibroblasts and cells in the blood vessel
walls in ACL. They concluded that estrogen had
some effects on both the cell composition and the
histological structure |[7]. Slauterbeck et al.
investigated  the  relationship  between  the
administrated dose of estrogen and the mechanical
properties of the ACL using the ovariectomized rabbit
model. They concluded that estrogen might alter the
biomechanical strength of ACL [17]. More recently,
Wojtys et al. reported that the incidence of ACL
ruptures in the female athletes was closely correlated
to the menstrual cycle [20]. All these findings
supported the hypothesis that estrogen plays an
important role in the ACL ruptures of female athletes.
On the other hand, both Strickland et al. [18] and Rau
et al. [9] reported that estrogen might not alter the
material properties of ACL, especially within normal
physiological range.

Based on these controversies, the authors
tested biomechanical strength of femur-mACL-tibia
complex in the estrogen-controlled rabbit models in
our previous study. However, no significant
differences in the ultimate tensile stress were found
between any estradiol-administered group and Group
C [4]. In the conventional biomechanical testing
procedure, the femur-mACL-tibia complex was tested
as one unit. Failure was occurred at the insertion in
all specimens during the tensile testing. We assumed
that the ultimate tensile stress measured in this study
might not be directory reflected the alteration in the
collagen fibers of ACL.

Since the estrogen receptors were
localized in the ligament proper (i.e., nuclei of
synoviocytes, fibroblasts and cells in the blood vessel
walls) |6], the tissue elasticity of ligament proper

should be measured at a microscopic level to clarify
the direct effects of estrogen on ACL. Thus, in the
current study, we focused on the ligament proper of
IACLs and measured their elasticity using SAM. Our
results clearly demonstrated that all 3 estradiol-
administered groups showed lower sound speed than
that of Group C. Moreover, a significant difference in
the tissue sound speed was seen between Groups M
and C. In other words, the ligament proper of Group
M indicated the softest material property among 4
animal groups.

Based on these results, we assumed that estrogen
might constitute one of the pathogenetic factors of the
ACL ruptures in the female athletes. Further studies
with lager number of animals will be needed to clarify
the dose-dependent relationship between estrogen and
the material properties of ACL.
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Figure 1-a, b, ¢: Typical two-dimensional distribution
pattern of tissue sound speed in 1ACL (Sample No.40-2,
Group H).
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a: SAM image with a color-coded scale, b: SAM image
with a gray scale. c: haematoxylin-eosin staining (The
circular area indicates the region of interest).

Table 1: Mean tissue sound speed and SD of IACLs
in 4 animal groups

Group Group Group  Group
C L M H
Mean sound 1727 1683 1665* 1690
speed (m/s)
SD 32 53 63 56
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All three estrogen-administrated groups (Groups L, M and
H) represented lower sound speed than that of Group C
(Controls). A statistically significant difference was found
between Group C and Group M (*p=0.028).
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Image Processing for Scanning Type Biological Ultrasonic
Microscope Considering Its Beam Characteristics

K. Kobayashi T.Ishiguro Y. Saijo N.Hozumi
Honda Electronics Co., Ltd. Tohoku Univ. Aichi Inst. of Technology
Toyohashi, Japan Sendai, Japan Toyota, Japan

Abstract— We have been developing a biological ultrasonic more unclear than the actual structure, as shown in Figure-1,
microscope with a high lateral resolution. due to directional properties of the ultrasonic transducer. The
An acoustic pulse is transmitted by a scanning transducer to a unclear image is an image obtained by applying the directional
substrate on which a thin slice of a tissue is embedded. The property function of the transducer to the true structure as a
transducer has a minute curvature in order to focus an acoustic transfer function.

beam with a high frequency component. It may be fabricated by
MEMS technology; however from the point of view of engineer-
ing, it may not be easy to guarantee the reproducibility of beam
pattern as specified. In a high frequency range, a small error in
fabrication will lead to a big difference in beam pattern which
strongly affects the observed image. Using newly proposed meth-
odology to observe a well-defined pin-hole, we found that each
commercial single probe transducer with the same specification
has a unique beam pattern. In addition, the pattern was not al- s

ways concentric. Consequently, we proposed a method to com- 7 Blur
pensate the image that was obtained using an eccentric beam - =
pattern. A clearer image was successfully obtained after the
compensation.A clearer image was successfully obtained after the
compensation.

Keywords: biological tissue; beam form; micro-scale imaging,

Scan

——

- Beam profile

Figure-1 Blur under an ultrasonic microscope
I.  INTRODUCTION

Pulse excitation ultrasonic sound-speed microscopes are use- When this blur is captured one-dimensionally, it is expressed
ful as the quantitative evaluation equipment for tissue sound- as shown in Figure-2; where the true value is convolved by the
speed. They use pulse waves for measurement of tissue transfer characteristic H.

sound-speed, and therefore use polymer transducers to achieve
highly sensitive measurements with the pulse waves. To make
a focused transducer using polymer piezoelectric film, the film
is adhered to a metal bar that is processed to be concave ac-
cording to the focal length. Sometimes the ideal focus cannot
be made due to thickness of adhesive and film creases. It is
impossible to generate polymer transducers for 100 MHz or

X(n): True value Transfer Y(n): Resultant image

characteristic -
)

higher frequencies, and the current pulse excitation ultrasonic ¥(m= Z htiyxin—i)

sound-speed microscopes use transducers of 80 MHz and have Figure-2 Mechanism of blur

a resolution of 18 um. In pathology departments where tissue  When this 1s considered two-aimensionally, the relationship
observations are implemented, optical microscopes are gener-  between the true acoustic intensity image and the actually ob-
ally used. It is difficult to determine tissue structures in ultra- served acoustic intensity image is expressed as:

sonic images with a resolution of 18 pum, because the resolu-

tion differs from that of commonly used optical microscopes. actual(x, y) = ”h(u, YJidmalisen yvjdndy

To solve this, we measured directional properties of the ultra- , “h(x,y)*ideal(x,y) o (M
sonic transducer and used them for improvement of blurred ideal(x, y) : True acoustic intensity image
images. The improvement method is reported below. actual(x, y) : Actually obse:rved achustic IntEnsity image
h(x,y) : Transfer function of the observation system
II.  PRINCIPLE (* indicates convolution.)

When an image is created by sending and receiving ultrasonic
waves with an ultrasonic microscope, the resultant image is
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When a focus is made at a point on the view plane in sending
and receiving ultrasonic waves, the transfer function becomes
a delta function,

h(x,y)=8(x.y) = 1 {x =0,y =0}
0{ else }

actual(x, y) = ideal(x, y)

and the observed acoustic intensity image accords with the
true acoustic intensity image. On the other hand, when a focus
is not made at a point but spreads on the view plane, the trans-
fer function has the frequency dependency and has a charac-
teristic that signals are more attenuated as the frequency be-
comes higher. As a result, the observed image becomes
blurred and becomes different from the true image. Though
the signal components are attenuated at higher frequencies,
they will not be lost completely.

By applying the Fourier transform to equation (1), derive the
relationship in the frequency domain as follows:

ACTUAL(wx, oy)=(wx, wy) * IDEAL(wx, wy)
2)

IDEAL(wx, wy) = FT{ideal(x, y)}
ACTUAL(wx, wy) = FT{actual(x, y)}
H(ox, oy) =FT{h(x, y)}

(FT{} indicates the Fourier transform in {}.)

This transforms the convolution relationship in equation (1) to
a simple product relationship in equation (2). This way, resto-
ration of the true image from an observed image in the fre-
quency domain is expressed by the following formula, and an
image in the actual image domain can be obtained through the
inverse Fourier transform of the result.

IDEAL(0x, oy)=
{I/H(wx, oy)} * ACTUAL(wx, wy) 3)

ideal(x, y) = IFT{IDEAL(wx, wy)}
(IFT{} indicates the inverse Fourier transform in {}.)

Restoration requires the reverse characteristic of the transfer
characteristic. Using a sample from which the true image can
be assumed, determine the reverse characteristic from the as-
sumed image and the actually observed image in advance.

{1/H(wx, oy)} =
IDEAL ref(ox, my)/ACTUAL ref(ox, oy) (4

IDEAL ref(ox, oy) = FT{ideal ref(x, y)}
ACTUAL_ref(wx, wy) = FT{actual _ref(x, v)}

To be exact, it is necessary to determine equation (4) in con-
sideration of not only the amplitude information but also the
phase information (as a complex number). But the blur char-
acteristic is almost symmetric about a point, so determine
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equation (4) simply as an amplitude spectrum ratio, disre-
garding the phase information.

{I/H(wx. 0y)} = Amp{IDEAL _ref(ox.
oy)}/Amp{ACTUAL ref(ox, oy)} (5)

(Amp indicates the amplitude component in {}.)

The reverse characteristic is obtained as a scalar value, and
can be handled as a simple restoration gain table in equation

(3).

III.  SAMPLE USED FOR REFERENCE

As a reference for determining the restoration gain table, we
used a metal sample through which a pinhole of a diameter of
200 pm passes as shown in Figure-3 (a). From the data meas-
ured under an optical microscope, we assumed the true image
on the assumption that the acoustic intensity in the pinhole is
zero (0) and the acoustic intensity in parts other than the pin-
hole is uniform and equal to the average acoustic intensity in a
part sufficiently away from the pinhole in the actually ob-
served image. Figure-4 (b) shows an image actually observed
under an ultrasonic microscope.

(a) Optical image (b) Ultrasonic image

Figure-3 Optical image and ultrasonic
image of the reference of hole
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(b) Frequency characteristic
of restoration

(a) Frequency char-
acteristic of blur

Figure -4 Frequency characteristic of blur and
frequency characteristic of restoration
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IV. LIMITATION OF RESTORATION GAIN TABLE

The transfer function of blur has a characteristic that signal
components are more attenuated at higher frequencies as
shown in Figure-4 (a). On the other hand, the restoration gain
table becomes larger at higher frequencies. However, it is
impossible to completely prevent entry of noise in actual
acoustic intensity measurements, and it is necessary to limit
the restoration gain table value. Otherwise, the effort to re-
store attenuated signals has the opposite effect of emphasizing
noise components and deteriorating the image quality.

The evaluation on the observed image of the pinhole sample
used for reference indicates that the noise components are
equal to or higher than the signal components in the bands
where the signal components are reduced to 1/5 or lower due
to blur. Based on this result, we also assumed entry of more
noises, and limited the restoration gain table value to three
times as shown in Figure-4 (b).

Figure-7 Improved image of body tissue (esophagus)

V. RESULT
Figure-8 Improved image of body tissue

Figure-5 shows the result of restoring the ultrasonic observa-
tion image of a hole used for reference by utilizing the meas-
ured blur function. Figure-6 shows the restored image of a
material with a circle of about 130 pm diameter around the
same 100 pm hole. The hole and surrounding circle could be
resolved with a resolution of 18 um and observed at 100 MHz.

Figure-9 Improved image of body tissue (stomach)

VI. SUMMARY

Sharpening of images in consideration of the directional
properties of transducer has been enabled by a simple arithme-
tic process by using the 2DFFT technique. It was found that
high-resolution observation can be achieved without side-
effects in actual observation by considering the SN when a
reference image is captured and preventing noise from being
included in determination of correction value. We will apply
this method to high-frequency transducers for application in
cell observation and other fields that require high resolution.

Figure-5 Tmprovement of the reference image

Figure-6 Improved image of a hole with link

When we treated observation examples of actual body tissues,
we could eliminate blurs and obtain images close to optical
images as shown in Figure-7 (esophagus), Figure-8 (mammary
gland) and Figure-9 (stomach). These images were evaluated
to be closer to optical images and easier to be judged in clini-
cal use.
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Non-mineralized fibrocartilage shows the lowest elastic
modulus in the rabbit supraspinatus tendon insertion:
Measurement with scanning acoustic microscopy

Hirotaka Sano, MD,° Yoshifumi Saijo, MD,? and Shoichi Kokubun, MD.,® Sendai, Japan

The acoustic properties of rabbit supraspinatus tendon
insertions were measured by scanning acoustic micros-
copy. After cutting parallel to the supraspinatus tendon
fibers, specimens were fixed with 10% neutralized for-
malin, embedded in paraffin, and sectioned. Both the
sound speed and the attenuation constant were mea-
sured at the insertion site. The 2-dimensional distribu-
tion of the sound speed and that of the atfenuation
constant were displayed with color-coded scales. The
ocoustic properties reflected both the histologic archi-
tecture and the collagen type. In the tendon proper
and the non-mineralized fibrocartilage, the sound
speed and attenuation constant gradually decreased
as the predominant collagen type changed from I to Il.
In the mineralized fibrocartilage, they increased mark-
edly with the mineralization of the fibrocartilaginous
tissue. These results indicate that the non-mineralized
fibrocartilage shows the lowest elastic modulus among
4 zones at the insertion site, which could be interpreted
as an adaptation to various fypes of biomechanical
stress. {J Shoulder Elbow Surg 2006;15:743-749.)

Pevious clinical studies revealed that most of the
rotator cuff tears were seen close fo the insertion site
of the supraspinatus tendon.*2® To elucidate the
rcthogenesis of the tendon tearing, both the histo-
ogic and the biomechanical characteristics of the
insertion site should be fully clarified. Histologically,
the supraspinatus tendon insertion consists of 4
zones, including the tendon proper, non-mineralized
fibrocartilage, mineralized fibrocartilage, and bone.®
This 4-zone structure constitutes a histologic fransition
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ing and Cardiology, Institute of Development, Aging and Can-
cer, Tohoku University.
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from soft tissue (tendon) to bone. It is believed that the
histologic transition at this site is accompanied by a
change in the tissue material properties.>'? How-
ever, the actual material properties of the tendon
insertion have not been measured yet because of its
complicated histologic architecture. Recently, we de-
veloped finite element models of the supraspinatus
tendon with its insertion.?%?” Because no data was
available for the material properties of fibrocartilage,
medium values between the tendon and the cancel-
lous bone were calculated and used for the analysis.
The actual data of the material properties of fibrocar-
tilage would improve the quoﬁty of these types of
stress analyses.

Scanning acoustic microscopy (SAM) was first de-
veloped by Lemons and Quate in 1973 fo visualize
opaque materials at the microscopic level. Since then,
we have been developing SAM for medicine and
biology to measure fissue acoustic properties. It is
known that tissue acoustic properties closely correlate
to mechanical properties. Tissues representing heter-
ogeneous histologic architecture could especially be
assessed using SAM. In cardiology, SAM has already
been applied for various types of soft tissues, that is,
cardiac_ muscles, arterial plaques, vascular walls,
etc.'®!'” On the other hand, the application of this
technology in the orthopedic field has been limited to
undecalcitied bony specimens.®2> Recently, SAM
was first applied to measure the acoustic properties of
the supraspinatus tendon.?’ However, because this
study only dealt with the tendon and not the 4-zone
structure at its insertion, the transition of the tissue
material properties still remains unclear.

Therefore, we attempted to describe the transition
of the acoustic properties in the whole 4-zone struc-
ture at the insertion site of the rabbit supraspinatus
tendon. We further attempted to determine tﬁe bio-
mechanical characteristics of the supraspinatus fen-
don insertion.

MATERIALS AND METHODS

Preparation of the specimens

The supraspinatus tendon insertions of 3 Japanese white
rabbits were used for the SAM measurement. They were all
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Ultrasonic Display unit
transducers
\ Image signal

Paraffin section

Figure 1 Block diagram of the system of the scanning acoustic
microscopy.

6-month-old males, and their body weight was 3.2-3.5
kilograms. After euthanasia with an overdose of pentobar-
bital, bilateral supraspinatus tendons attached to the hu-
meral heads were removed.

The specimens were cut parallel to the supraspinatus
tendon fibers with a microcutting machine (EXAKT, Ger-
many). The anterior parts of the supraspinatus tendons were
fixecrwith 10% neutralized formalin for 12 hours. Because
decalcification might alter the acoustic properties of the soft
tissues, the humeral head was removed except for the
insertion site to avoid decalcification. After embedding in
paraffin, the specimens were cut at a thickness of 5 um
along the supraspinatus tendon fibers. Serial sections were
made to compare the fissue acoustic properties to the
histologic and the immunohistochemical characteristics.

Histologic investigations

Hematoxylin-eosin (HE) staining was routinely employed
to assess the overall histologic structure. Immunohistochem:-
ical staining was also performed to confirm the presence of
types | and Il collogen at the insertion site. The avidin-
biotinylated peroxidase complex method was employed
using the monoclonal antibodies against types | and |l
collagens (anti-hCL{l) and anti-hCL{ll), purified IgG, FUII
Chemical Industries Ltd., Toyama, Japan). Photographs
were taken under the microscopy, and these were trimmed
to create histologic images with areas identical to those of
the SAM measurements.

SAM measurements

A specially developed SAM system, operating in the
frequency range of 100-200 MHz, was employed for this
study. ' ' This system consists of 5 parts, viz. (1) ultrasonic
transducers, (2) a mechanical scanner, (3) an analogue
signal processor, (4) an image signal processor, and (5) o
display unit (Figure 1). The focusing element is mechani-
cally scanned at 60 Hz in a lateral girection (x) above the
specimen, while the sample holder is scanned in the other
lateral direction (y) for 8 seconds, thus providing 2-dimen-
sional scanning. Images of the amplitude and phase are

J Shoulder Elbow Surg
November/December 2006

obtained in a 2-mm field of view. In the current study, we
decided to focus on the articular surface of the supraspina-
tus tendon, because the entire width of the tendon could not
be included in the single SAM measurement. Moreover, it
has been known that the fibrocartilage is the most evident in
the deep part of the tendon insertion but almost absent
superficially.®

Distilled water was used as the coupling medium, which
maintained the specimen at 20°C during the measurement
procedure. The sections for SAM measurements were
mounted on glass slides but not covered by coverslips. The
paraffin was removed from the sections by the graded
alcohol method prier to the ultrasonic measurement. Then,
serial measurements were done with the SAM along the
articular surface of the tendon from the insertion site to the
musculotendinous junction. The data of the sound speed
and the aftenuation constant obtained were converted into
color signals on the computer. Two-dimensional distribution
patterns of those parameters were displayed and saved as
an image file using colorcoded scales. Then, these serial
image files were connected together to reconstruct a single
image from the insertion site to the musculotendinous junc-
tion.

The sound speed measured by SAM is defined by the
following equation:

c=\/Kp ()

where c is the sound speed, K the elastic bulk modulus, and
p the density. The relationship between the acoustics and a
solid material can be described by modifying the above

equation:
B E(1 - o)
=\ ol = alll - 20) 4

where E is the Young’s modulus and o the Poisson’s ratio.
Equation 2 shows that the tissue sound speed, measured
using SAM, is directly proportional to the square value of its
Young's modulus.

RESULTS

Routine staining

The histologic specimens successfully included the
area from the musculotendinous junction to the sub-
chondral bone with the entire 4 zones of the insertion
(Figure 2, a). In the tendon proper, the direction of the
tendon fibers was longitudinal and nuclei were spin-
dle shaped (fibroblasts). Although there was no dis-
tinct histologic border between the tendon proper and
the non-mineralized fibrocartilage, the shapes of nu-
clei gradually changed to oval or round toward the
non-mineralized fibrocartilage (chondrocytes). Be-
tween the non-mineralized and the mineralized fibro-
cartilage, there was a distinct blue line, the tidemark,
seen histologically as a calcifying front (Figure 3, a).
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Figure 2 Histologic and immunohistochemical findings of the supraspinatus tendon and its insertion (Original
magnification = x1.25). (a) Hematoxylin-eosin; (b) type | collagen; (¢] type Il collagen. Type | collagen is
positively stained in the tendon proper, whereas Type Il collagen is localized in the fibrocartilage and the arficular
cartilage of humeral head. TP = tendon proper, NF = nonmineralized fibrocartilage, MF = mineralized

fibrocartilage, HH = humeral head.

Collagen staining

Immunohistochemically, positive type | collagen
was seen in the tendon proper. Between the tendon
proper and the non-mineralized fibrocartilage, the
predominant collagen type shifted from | to Il {Figure
2, b, c). Type | collagen was not seen in the fibrocar-
tilage (Figure 3, b). Additionally, both the non-miner-
alized fibrocartilage and the mineralized fibrocarti-
lage were stained positively for type Il collagen
(Figure 3, ¢.

SAM measurements

The distribution of the sound speed and that of the
attenuation constant showed almost identical pat-
terns, which varied from zone to zone at the insertion
(Figure 4, a, b). These 2 parameters reflected both the
histologic architectures and the collagen types. In the
tendon proper and the non-minera izez fibrocarti-
lage, both the sound speed and the attenuation con-
stant gradually decreased with the change in the

predominant collagen type from | to Il. The acoustic
properties changed rapidly at the tidemark. In the
mineralized fibrocartilage, they increased rapidly
again with the mineralization of the fibrocartilaginous
tissue (Figure 5, a, b). On the other hand, there were
no differences in the acoustic properties between the
mineralized fibrocartilage uncrlhe bone (Figure 5, a,
b). The attenuation constant in both the mineralized
fibrocartilage and the bone might have been beyond
the upper ?imif of the SAM measurement. Table |
summarizes the acoustic properties assessed in each
zone.

DISCUSSION

There have been only a few reports published
concerning the material properties of the supraspinatus
tendon insertion.” ' 3?C |n these studies, the entire bone-
tendon complex was measured as one unit by conven-
tional tensile testing procedures. More recently, Llee et
al'® measured the compressive stiffness of the human
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Figure 3 Higher magnification of the supraspinatus tendon inserfion (Original magnification

Hematoxylin-eosin; (b)

x4.00). (a)

| collogen; (¢] type Il collagen. There is a distinct line (tidemark) between the

non-mineralized fibrocartilage (NF) and the mineralized fibrocartilage [MF), which is a calcifying front (arrow-
head). Both the non-mineralized and the mineralized fibrocartilage are positively stained with type Il collagen.

supraspinatus tendon. Unfortunately, the insertion site
was not included in their study. Thus, this is the first study
measuring the material properties of each zone in the
supraspinatus tendon insertion.

The advantages of applying SAM for such hetero-
geneous soft tissues are 3-fold. First, the material
properties of each type of tissue can be measured
non-destructively. Second, the preparation of speci-
mens is simple, because only formalinfixed paraffin
sections are required. Such specimens can be used
not only for routine histologic staining but also for
immunohistochemical staining. Third, the distribution
of the acoustic properties can be displayed in 2
dimensions. These 3 advantages enable a better un-
derstanding of the tissue material properties as well
as comparisons with the histologic or the immunohis-
tochemical characteristics.

The tissue sound speed measured with SAM was
directly proportional to the square value of its Young's
modulus (Equation 2). In other words, the sound
speed (c) could be used as a parameter of the tissue
material properties, especially the elasticity.'® SAM
also provides another acoustic parameter, the atten-
uation constant. Although the attenuation constant is
not a pure physical parameter, it has a close relation-
ship with the absorption of the ultrasound in the
material.'® The absorption by the tissue is known to
be affected by its mor:acular weight and viscosity.'

Moreover, the aftenuation constant has a strong cor-
relation with the sound speed. In the measurement of
atherosclerotic human aorta with SAM, both the at-
tenuation constant and the sound speed were lower in
FOHI. plague than in normal intima. On the other hand,
both of them showed higher values in calcified
plaques or fibrosis.'”

In the current study, the acoustic properties corre-
sponded well to the mineralization and the predomi-
nant collagen type. Accordingly, both the sound
speed and the aftenuation constant were the lowest in
the non-mineralized fibrocartilage (type Il collagen)
among the 4 zones of the insertion site. Histo?o i-
cally, the direction of the tendon fibers was markedly
changed ot the non-mineralized fibrocartilage.® It
was reported that the amount of non-mineralized
fibrocartilage was greatest at sites where the change
of the fiber angle was the most significant.’? More-
over, recent finite element analysis revealed that the
non-mineralized fibrocartilage is exposed not only to
tensile force but also to compressive force.?” Based
on these findings, it was assumed that the non-miner-
alized fibrocartilage dissipates stress away from the
insertion site.” We speculate that the variations in the
Young's modulus at the insertion site may represent
adaptations in response to biomechcnicorsiress.

There were several limitations in the current study.
First, the anatomy of the rabbit shoulder is different
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Figure 4 Two-dimensional distribution of the acoustic properties. {a) Sound speed; (b) attenuation constant. The
2-dimensional distribution of the sound speed and that of the attenuation constant show almost identical patterns.
In the tendon proper and the non-mineralized fibrocartilage, these values gradually decrease with the change in

the predominant collagen from type | to type II.

from that of humans.?* Although the histologic struc-
ture of the rabbit supraspinatus tendon insertion is
similar to that of humans, ® its function differs. Second,
the preparation of the tissue for SAM might alter the
acoustic properties of the specimens, for example,
formalin Exotion, dehydration, paraffin embedding,
etc. However, it has been already confirmed that such
methods do not change significantly the tissue acous-
tic properties.?? Thus, we believed that the relative
relationships of the acoustic properties in the speci-
men would be preserved in the SAM measurement.
Third, the Poisson’s ratio and the density of the tissue
should be measured at the microscopic level to deter-
mine the exact Young's modulus of the tissue.

The rabbit specimens measured in the current study
did not exhibit any degenerative changes. In the
clinical sefting, partial thickness tears are frequently
seen at the articular surface of the supraspinatus
tendon insertion.” It has been thought that intrinsic
degeneration is the primary pathogenetic factor in
such partial thickness tears.?%?¢ However, it is still

unknown why degeneration occurs at this site. In the
current study, we confirmed that the material proper-
ties of the supraspinatus tendon varied with the histo-
logic characteristics. The elasticity of the tissue dro-
matically changed at the site of the tidemark, a
calcifying front. Further investigations, including hu-
man specimens, would be needed fo clarify the e?fecrs
of the tissue material properties on the pathogenesis
of degeneration and tendon tearing at the insertion
site.

CONCLUSIONS

The acoustic properties of the supraspinatus ten-
don at the insertion were measured using SAM. Both
the sound speed and the attenuation constant were
the lowest in the non-mineralized fibrocartilage
among the 4 zones of the insertion. These variations
in the material properties at the insertion site could be
interpreted as representing an adaptation to various
types of biomechanical stress.

==



748 Sano, Saijo, and Kokubun

Attenuation
(dB/mm/MHz)
4.750

Sound speed
(m/s)
1765

1670 | 2.438

1575 0.125

J Shoulder Elbow Surg
November/December 2006

Figure 5 Acoustic properties at the supraspinatus tendon insertion. (@) Sound speed; (b) attenuation constant. The
acoustic Ero rties change dramatically af the tidemark (arrow). Both the sound speed and the attenuation constant

indicate

Table I The attenuation constant and the sound speed of each

tissue al the supraspinalus lendon insertion

Attenuation Sound
constant speed

(dB/mm/MHz) (m/sec)
Tendon proper 2.225-3.065 1661-1695
Non-mineralized fibrocartilage 0.125-0.965 1575-1609
Mineralized fibrocartilage 4.330-4.750 1731-1765
Bone 4.330-4.750 1731-1765
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