presence of SEC was confirmed by decreasing the gain
settings to exclude background noise artifact. The SEC video
image was recorded as unarchived avi file into PC. The image
size was 640x480 pixels (VGA) and frame rate was 30 fps.

B. Image Processing

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

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

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

ul +vI +1,=0 (1)

where I, I, and I/, represent the intensity gradients. (u, v)
represents motion. The simplest method for computing the
optical flow (u, v) is to integrate the image measurements in a
neighborhood Q of (x, ¥) and solve the following 2 > 2 linear
equation using the least-squares estimation.
5! 10 11 [u]_ ¥ L 2)
a|ld, [|2 v 0 Z‘{J.
After calculation of each motion vector, motion vectors
ware imposed on B-mode image.

III. RESULT

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

It is observed that the blood in LA propagates from LA to
mitral valve. Optical flow is calculated at all grid points, but
the accuracy of vectors at the area where SEC 1s not observed
or the intensity are low, e.g., part of aorta and left ventricle.
Fig. 3 is the blood flow vectors of LA 60 msec (2 frames)
after Fig.2. The blood flow vectors at mitral valve are very
low and the propagation of blood toward into left ventricle is
diminished. Optical flow represents not only SEC flow but
also LA wall motion. Hence, Fig. 3 also indicates that the LA
wall Besides, it is also indicate Fig. 4 shows the 2-D blood
flow vectors at systole. Mitral valve is closed and the blood
whiling is shown.

IV. DISCUSSION

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

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

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

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

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

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

One of the limitations of the proposed method is that the
method cannot detect the SEC flowing in three-dimensional
space. This limitation may be overcome by deducing the
velocity component orthogonal to the Doppler velocity with
taking the law of conservation of mass (the equation of
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Abstract— The authors have been developing a
mechano-electric artificial myocardial assist system (artificial
myocardium) which is capable of supporting natural contractile
functions from the outside of the ventricle without blood
contacting surface. In this study, a nano-tech covalent type
shape memory alloy fibre (Biometal, Toki Corp, Japan) was
employed and the parallel-link structured myocardial assist
device was developed. And basic characteristics of the system
were examined in a mechanical circulatory system as well as in
animal experiments using goats. The contractile functions were
evaluated with the mock circulatory system that simulated
systemic circulation with a silicone left ventricular model and an
aortic afterload. Hemodynamic performance was also examined
in goats. Prior to the measurement, the artificial myocardial
assist device was installed into the goat’s thoracic cavity and
attached onto the ventricular wall. As a result, the system could
be installed successfully without severe complications related to
the heating, and the aortic flow rate was increased by 15% and
the systolic left ventricular pressure was elevated by 7% under
the cardiac output condition of 3L/min in a goat. And those
values were elevated by the improvement of the design which
was capable of the natural morphological myocardial tissue
streamlines. Therefore it was indicated that the effective
assistance might be achieved by the contraction by the
newly-designed artificial myocardial assist system using
Biometal. Moreover it was suggested that the assistance gain
might be obtained by the optimised configuration design along
with the natural anatomical myocardial stream line.
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[. INTRODUCTION

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

Aortic arch

Left
ventricle

Right

ventricle
Artificial

» myocardium

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

II. MATERIALS AND METHODS

A.  Artificial Myvocardium using Shape Memory Alloy
Fibres

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

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

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

B. Mock Circulatory Evaluation and Animal Experiments

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

Hemodyamic data were also obtained from normal adult

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

(b) Whole view of the myocardial assist device developed

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

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

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

III. RESULTS AND DISCUSSION

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

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

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

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

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

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

T h -
Fig.3: A goat's heart showing the ventricular myocardial band dissection
which was unfolded by Torrent-Guasp's procedure

Oblique Type

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

Conventional Angular Oblique

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

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

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

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

IV. CONCLUSION

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

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

I. INTRODUCTION

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

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

II. METHODS

A. Instruments

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

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

tion
Ultrasonic Reflectio
transducer +
Pulse Digital Personal
generator oscilloscope computer
* Trigger A
Micro- 2
computer Displav <4
board
Fig. 1. Block diagram of ultrasonic speed and impedance
Microscopy
[ ]
v

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

The ultrasonic speed and impedance microscopy has two
different modes for observation. Fig. 2 shows the schematic
illustration of the relation between the beam propagation and
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the tissue. The left figure shows the sound speed mode for
precise imaging (classical acoustic microscopy). The
ultrasound propagates through the thinly sliced specimen or
cultured cells and reflects at the interface between the
specimen and substrate. The rnight figure shows the
impedance mode (acoustic impedance imaging). The
ultrasound propagates through the thin plastic plate and 1s
reflected at the interface between plastic and tissue.

B. Tissue Preparation

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

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

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

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

Fig. 5 shows the response to a singlet. The left black wave
i1s the reflection from the tissue surface and the right red wave
is the reflection from the substrate. These signal processing
enables the calculation of tissue thickness and speed of
sound.

Extracted
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Fig. 5. Response to a singlet. Reflection from he tissue surface
(black) and from the substrate (red).

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

- Slarger - slarge: . éubi_ Zref
AY Sre Z sub + Zre
Zlargﬂ': . Zsu.b = S 4 7 7 4 Zsub"'(l)
1+ target 1+ target sub ref
Sy Sy Zuw+Z,y

where §; is the transmitted signal, Sy and S, are
reflections from the target and reference, Zuger Zrer and Zyyp
are the acoustic impedances of the target, reference and
substrate, respectively’.

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

III. RESULTS

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

Fig. 7 shows the brain of rat by impedance mode. Four
layers are visible; molecular layer (ML), Purkinje layer (PL),
internal granular layer (IGL) and white matter (WM) in
mature cerebellum. Parallel fibers in ML are axon of granule
cells and play an important role in cerebella neural
connection. Migrating granule cells clongate 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. 7. Rat brain image obtained with impedance mode.

IV. DISCUSSIONS

Histology has remained the acknowledged "gold standard"
for cancer diagnosis or rejection diagnosis in heart
transplantation because no other method has been shown to
fulfill this requirement consistently. However, biopsy has

some limitations and bears a small risk for the patient. For the
better quality of life of patients and reducing medical cost for
follow up, the method that rapidly, non-invasively and
reliably identifies malignant cells or rejection-induced
myocardial changes is desired. The final goal of the present
study is to realize ultrasonic in vivo nano-imaging system that
can visualize nano-scale structure of the living organ during
the surgical procedure.

In order to achieve the goal, ultrasonic speed and
impedance microscopy with two measurement modes was
developed. Sound speed mode has been also used in the
conventional scanning acoustic microscopy. An ultrasonic
transducer with the frequency range up to 380 MHz was
fabricated and scanning width was 100 nm to realize 800 nm
resolution imaging. This imaging mode however requires the
thin objects such as thinly sliced tissue or single layered
cultured cells. Impedance mode was developed to break these
limitations of conventional acoustic microscopy. The thin
plastic plate was set upon the transducer and the image if the
surface of the tissue is visualized by contacting the tissue.
This mode can be applied for intra-operative histological
examination at microscopic level in case the pre-operative
examination cannot be performed, for example, brain surgery
for treatment of epilepsy or left ventricular reduction surgery.
This mechanism may also be applied for endoscopic
ultrasound by miniaturizing the parts for mechanical scan.

V. CONCLUSIONS

Ultrasonic speed and impedance microscopy with two
measurement modes was developed in order to develop in
vivo imaging. The system realized high precision imaging of
cells by sound speed mode and direct visualization of tissue
by impedance mode. The combination of the two
measurement mode would enable to measure in vivo density
and other parameters useful in studies of biomechanics.
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Biochemical evaluation of an artificial anal sphincter made from shape

memory alloys

Abstract Severe anal incontinence is a socially incapacitat-
ing disorder and a major unresolved clinical problem that
has a considerable negative impact on quality of life. In this
study, we developed a new artificial anal sphincter using
shape memory alloys (SMAs) in order to improve the
quality of life of such patients and evaluated the influence
of this sphincter on blood serum chemistry in animal experi-
ments. The artificial anal sphincter was driven by two Ti-Ni
SMA actuators sandwiching the intestine and was implanted
in three female goats. Blood was collected from the juguiar
vein on days 1 and 4; at weeks 1 and 2; and at months 1, 2,
and 3, postoperatively. Biochemical parameters including
total protein, albumin, total bilirubin, aspartate amino-
transferase, blood urea nitrogen, creatinine, and C-reactive
protein were examined. The time courses of total bilirubin
and aspartate amino transferase of the three goats were
within the baseline levels after 1 week of implantation and
remained normal, demonstrating no liver function compli-
cations. The blood urea nitrogen and creatinine levels
remained within the normal range, indicating no renal func-
tion complications. The total protein and albumin fluctuated
within the normal range throughout the duration of this
study. In these goats, it was also found that the level of C-
reactive protein did not increase and that there was no
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stricture of the intestine where the artificial sphincter was
attached. Our findings indicate that the artificial sphincter
SMA demonstrated no adverse influence on blood serum
chemistry and exhibited an effective system performance.

Key words Shape memory alloys Artificial anal
sphincter - Biochemical evaluations - Implantation - Goat

Introduction

Severe anal incontinence (incontinence for gas, feces, or
both) is a socially incapacitating disorder and a major unre-
solved clinical problem that has a considerable negative
impact on quality of life. This condition is caused by colos-
tomy or ileostomy, neuromuscular disorders, congenital
anorectal malformation, and obstetric injury.! As a treat-
ment for such patients, an artificial anal sphincter (AMSS800,
American Medical Systems, Minneapolis, MN, USA) was
developed and has been implanted in animal models and
patients. However, it has been indicated that the artificial
sphincter may not withstand prolonged use because of
mechanical failure and structures using a liquid drive
mechanism.'?

Nickel-titanium (Ni-Ti) shape memory alloys (SMAs)
have many unique mechanical and material characteristics
combined with good biocompatibility. SMAs are attracting
considerable attention as core materials in medical applica-
tions because of their high ratio of recovery force to weight
and large recoverable strains. SMAs are durable and can
endure up to 50000 cycles of heating and cooling.** We have
previously reported the development of artificial anal
sphincters using SMAs for treating patients with neuromus-
cular disorders, severe congenital anomalies, or colostomy.”
The artificial anal sphincter has only one deformable part
and therefore has a simple structure with good durability
and is expected to reduce the possibility of mechanical
failure. In this study, we evaluated the influence of the arti-
ficial anal sphincter on blood serum chemistry in animal
experiments.
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Materials and methods
Animals

Three female goats weighing 50-60kg were used. The animal
experiments were performed after approval by the Research
Animal Resource Committee of the Institute of Experi-
mental Animals, Tohoku University School of Medicine,
Japan.

Artificial anal sphincter device

The artificial sphincter (AS) is driven by two Ti-Ni SMA
actuators sandwiching the intestine. The composition of
SMA used in this study was Ti51at%Ni on an atomic basis.
The actuator consists of two SMA plates (70x 18.5x0.7mm)
jointed by hinges at their ends and foil type heaters attached
on the SMA plates. Silicone pillows were placed on the
surfaces of the SMA plates to prevent pressure concentra-
tion on the intestines, which may cause ischemia. The bilat-
eral ends of two SMA plates of circumferential shape were
fixed with latches, and the alimentary tract was placed
between the two SMA actuators.

To control the opening and closing of the anal canal, two
meander winding 0.2-mm wires were attached on the surface
of each SMA plate as heaters. On heating, the reverse R-
phase transformation occurred in the SMA plates, accom-
panied by shape changes from a flat shape to an arc shape.
The shape change resulted in a lumen between the two
SMA plates, which allowed bowel movement to take
place.

The power to heat the SMA plates can be provided per-
cutaneously by a DC/AC external power supply. A transcu-
taneous energy transmission system (TETS) was used to
supply power to the AS. This system consisted of two coils,
one outside the body (primary coil) and the other inside the
body (secondary coil). A temperature-responsive reed
switch (TRS, TDK, TR-55B50, Tokyo, Japan) was used to
prevent overheating of the AS. When an electric current of
4 A at 4V was supplied, the temperature of the SMA plates
immediately started to rise, and the two plates bent to form
an almond shape at a temperature of 55°C with a maximal
gap of 33 mm between the plates. When the electric current
was removed, the SMA plates recovered their initial shapes
on natural cooling, resulting in closure of the intestines once
again (Fig. 1).

Implantation of the artificial anal sphincter

The animals were placed on a surgical table in the lateral
position under general anesthesia and were prepped and
draped in sterile fashion. Anesthesia applied by halothane
inhalation via a respirator was maintained throughout the
procedure.

The creation of end-colostomy on the abdomen through
the oblique muscles and the implantation of the artificial
SMA anal sphincter were performed. The artificial anal
sphincter and overheating protector were implanted
between the peritoneum and abdominal wall. The colos-
tomy was reached via an extraperitoneal approach and a
space around it was created. The artificial anal sphincter was
attached to the intestine with latches. The secondary coil

Fig. 1. Implantable components
and transcutaneous energy e
transmission system of a shape
memory alloy (SMA) artificial
sphincter (AS). Top left,
implanted components; botrom
left, extracorporeal components;
top right, closed state; bottom
right, open state
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was placed in the subcutaneous space near the colostomy,
and the primary coil was attached to the skin, aligned with
the secondary coil (Fig. 2). The lines to supply electric
current to the device were led outside through a subcutane-
ous tunnel. An antibiotic was administrated intravenously
for 3 days after surgery, and feeding was started on the day
after the surgery. The bowels of the goats were moved 10
times a day by supplying electricity to the primary coil for
10min.

Test of biocompatibility

Blood was collected from the jugular vein on days | and 4;
at weeks 1 and 2; and at months 1, 2, and 3, postoperatively.
The blood was centrifuged at 3000rpm for 10min to obtain
the blood components from the supernatant for hemato-
logical examinations. Biochemical parameters including
total protein, albumin, total bilirubin, aspartate amino-
transferase (AST), blood urea nitrogen, creatinine, and C-
reactive protein (CRP) were examined. The animals were
killed 3 months after surgery under ancsthesia, and tissue
samples were collected from the intestine, liver, and kidneys
and were preserved in 10% formalin.

Portable high frequency
Power supply system

Fig. 2. Chronic animal experiment of a goat implanted with the
AS-SMA

Results

In this study, the duration of the three long-term implants
of the artificial anal sphincter (i.e., more than 1 week)
ranged from 30 to 90 days. The data at 3 months from two
of the goats could be recorded; however. the third goat was
eliminated from the trial one month after the procedure due
to failure of the electrodes.

The device was operated 300 times in 1 month; bowel
movements were observed and the stools appeared the
same as those seen before implantation. The stoma was
always continent in the resting position of the AS, and the
goats had a good appetite with no abdominal distension.
Macroscopically, the stoma had a ruddy complexion and
exhibited elasticity; there was no stricture of the intestine
where the AS was attached.

Throughout the study period. the major biochemistry
parameters were almost always within the normal ranges.
The time courses of total bilirubin and AST of the three
goats were within the baseline levels after 1 week of implan-
tation and remained normal, indicating that there were no
liver function complications (Fig. 3). The blood urea nitro-
gen and creatinine levels of the three goats remained within
the normal range, demonstrating no renal function compli-
cations (Fig. 4). The total protein and albumin levels fluctu-
ated within the normal ranges throughout the study period
(Fig. 5), and in these goats, we also found that the level of
CRP had not increased during the study.

The developed SMA artificial sphincter (AS-SMA) was
implanted in animal models for chronic experiments of up
to 3 months duration and exhibited good performance in
maintaining fecal continence.

Discussion

The normal biochemistry results observed throughout this
study bodes well for the future clinical use of the AS-SMA.
Different hematological parameters were evaluated for in
vivo assessment of biochemistry. The effects of the AS-SMA
on renal and liver functions were evaluated by changes in
total creatinine, blood urea nitrogen, bilirubin, and AST. In
one goat, abnormal AST and bilirubin levels were evident
on postoperative day 4, but these had returned to the normal
range by postoperative day 7. The use of halothane anes-
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thesia can induce an elevation of serum activities of liver
enzymes, often around 2 to 7 days after anesthesia, and the
leakage of enzyme into the serum may have come from
muscle damage at the time of surgery.

Chronic in vivo studies of the AS-SMA in three goats
demonstrated little influence on blood serum chemistry and
showed the reliability and effective performance of the
system. There were no incidences of bleeding, systemic
organ dysfunction, or mechanical failure in any of the goats.
Of the three long-term implanted goats, one goat was ter-
minated after 30 days because of electrode-related issues,
and two goats were terminated after 90 days. The failure of
the electrodes was consistent with moisture permeation;
device-related difficulties were limited to just two cable-
related issues.”"”

Use of this AS-SMA will minimize the surgical invasive-
ness and compression of the surrounding tissues such as the
skin and gastrointestinal system, resulting in a rapid recov-
ery from the surgery and reduced risks of pocket bleeding,
wound infection, and malnutrition. Ni-Ti alloys have been
reported to exhibit good biocompatibility due to their high
corrosion resistance and Ni-Ti alloys have gained popularity
in the biomedical field because of their appealing
mechanical properties.""">"* The SMA was covered with a
silicone pillow and exhibited conformity with the living
body in the contact point with the anal canal. The soft sili-
cone pillow covering material reduces the pressure concen-
tration on the contacting area of the intestines and allows
good circulation.

In this study, the small loss of power by the TETS resulted
in sufficient capability for energy transmission. During the
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experiment, the AS opened each time energy was transmit-
ted; however, if the efficiency were improved, less AC power
would be required. The AS was kept open for 10min,
although the surface temperature was lower than 43°C
because the allowable body temperature was around 42°C.
The overheating protector was able to prevent burns around
the AS and extended the duration of AS opening.'*’

The AS was opened for a long enough period (10 min)
to allow controlled fecal continence. Fecal movements were
regularly observed when the artificial anal sphincter was
activated, and the evacuated feces were confirmed as being
normal.

These biochemistry studies support the concept and
design of this implantable artificial anal sphincter. In
conclusion, this artificial anal sphincter demonstrated no
adverse influence on blood serum chemistry and exhibited
an effective system performance.
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B-mode and C-mode Imaging of Regenerated
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Abstract—Regenerated skin with 3D structure is desired for the
treatment of large burn and for the plastic surgery. High
frequency ultrasound is suitable for non-destructive testing of the
skin model because it provides information on morphology and
mechanical properties. An acoustic microscope system capable of
imaging B-mode and C-mode was developed for analysis of 3D
skin model. C-mode imaging provided quantitative values of
attenuation and sound speed. B-mode imaging showed fine
structure of the model. Sound speed in C-mode and intensity in
B-mode imaging showed higher values at the area of dense
fibroblasts. The system can be used as the nondestructive
evaluation tool in the process of producing 3D skin model and as
the in vivo imaging system after transplantation.

Keywords-component; 3D skin model; acoustic microscopy; B-
mode; C-mode

L. INTRODUCTION

A.  Current Status of Regenerated Skin

Three-dimensionally regenerated skin with epidermis,
dermis, hair follicle, lipid gland and capillary is desired for the
treatment of large burn or for plastic surgery. Not only the
structure, should the skin model be flexible as normal skin.

Artificial dermis, Pelnac® (Gunze, Kyoto, Japan) was
commercialized in Japan in 1996 [1]. Pelnac consisted of
collagen sponge covered with silicon film. As it needed
autologous epidermis coverage, repeated operation was
required.

Cultured epidermis was approved in Japan on October 3,
2007 for orphan use of severe skin burn. Skin biopsy from the
patient is performed to obtain autologous epidermis and
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keratinocytes are isolated from the tissue. Cells are cultured to
form sheet structure and finally the sheeted epidermis is
transplanted to the patient. As the epidermis is autologous, risk
of rejection is avoided {2]. However, the cultured epidermis is
only grown in the skin with dermis. Then it cannot be used in
the case of severe burn without dermis.

Cultured dermis has the same structure as artificial dermis.
Fibroblasts are cultured in the collagen sponge layer of the
artificial dermis. The model was slightly advanced from the
artificial dermis but it still needed autologous epidermis
coverage.

Apligraf® (Organogenesis Inc., Canton, MA, USA) is bi-
layered skin substitute consisting of living cells and structural
proteins. The lower dermal layer combines bovine type 1
collagen and human fibroblasts (dermal cells), which produce
additional matrix proteins. The upper epidermal layer is formed
by promoting human keratinocytes (epidermal cells) first to
multiply and then to differentiate to replicate the architecture of
the human epidermis [3].

Another cultured 3D skin model, Vitrolife-Skin® (Gunze,
Kyoto, Japan) is 3D human skin model used as an alternative
for animal skin during irritation test. Keratinocytes are cultured
to cover cultured epidermis to form two-layered structure [4].

Fig. 1 shows the schematic illustration of each regenerated
skin model.
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Fig. 1 Schematic illustrations of regenerated skin models

Although these cultured skins have bi-layered structure,
they do mnot contain melanocytes, Langerhans' cells,
macrophages, and lymphocytes, or other structures such as
blood vessels, hair follicles or sweat glands. As they don’t have
vasculature, barrier function against bacterial infection 1s very
weak. Their elastic property is different from normal skin
because they are lacking elastic fiber.

B. Research and Development of Three-dimensional
Complex Organ Structures

The three-dimensional molding methods and noninvasive
evaluation techniques are fully employed to realize structures
that are morphologically and functionally similar to those of a
living body. This will enable the realization of large-size
structures, regeneration of organ structures suitable to
anatomical morphology, and functional reconstruction by
applying various engineering techniques that are difficult to
produce with present tissue engineering. At the same time,
revascularization in the host site, which is necessary for
achieving graft adhesion and self-organization of the three-
dimensional complex organ structures, will be realized.

As a part of this research project, 3D skin model with bi-
layer structure, elastic fiber and vasculature is aimed and non-
invasive repetitive evaluation method is desired. High
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frequency ultrasound is suitable for non-destructive testing of
the skin model because it provides information on morphology
and mechanical properties. In the present study, the same plane,
which was perpendicular to the skin surface, of the skin model
with 3D structure was investigated with both B-mode and C-
mode ultrasound imaging using 100 MHz ultrasound.

II. METHOD

A. System Setup

Fig. 2 shows the schematic illustration of the B-mode and
C-mode imaging system. An electric impulse was generated by
a high speed switching semiconductor. The start of the pulse
was within 400 ps, the pulse width was 2 ns, and the pulse
voltage was 40 V. The frequency of the impulse covered up to
500 MHz. The electric pulse was used to excite a PVDF
transducer with the central frequency of 100 MHz. The
ultrasound spectrum of the reflected ultrasound was broad
enough to cover 50-160 MHz (-6dB). The reflections from the
tissue was received by the transducer and were introduced into
a Windows-based PC (Pentium D, 3.0 GHz, 2GB RAM,
250GB HDD) via a high-speed A/D converter (Acqiris DP210,
Geneva, Switzerland). The frequency range was 500 MHz, and
the sampling rate was 2 GS/s. Eight pulse echo sequences were
averaged for each scan point in order to increase the signal-to-
noise-ratio. The transducer was mounted on an X-Y stage with
a microcomputer board that was driven by the PC through
RS232C. The Both X-scan and Y-scan were driven by linear
servo motors.

Puiser/
receiver

Fig. 2 Schematic illustrations of the B-mode and C-mode imaging system

B.  Ultrasonic Transducers

B-mode imaging was obtained with a PVDF transducer
with the diameter of 2.4 mm and the focal length of 3.2 mm. C-
mode imaging was obtained with a different PVDF transducer
with the diameter of 1.8 mm and the focal length of 1.5 mm.

C. Signal Processing

RF signal of each scanning line was converted to B-mode
image by a conventional image processing algorithm. The scan
area was 2.4 mm x 3.0 mm with 300 x 4000 pixels. Y scan
width was available 8 / 16 / 24 / 64 microns step to obtain 3D
data set.
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The transfer function of the pulsed response at tissue region
and glass region was calculated in a frequency domain to
calculate the tissue thickness, attenuation and sound speed in
C-mode imaging [5-7].

D. Tissue Preparation

Fibroblasts in Vitrolife-Skin were cultured with the
Dulbecco’s modified Eagle’s medium and 10% heat-incubated
bovine serum. The incubator was maintained at 37 °C and
filled with 95% air and 5% CO,.

First, B-mode images were obtained by using the saline as
the coupling medium. After B-mode evaluation, the sample
was frozen and sliced at 5 micron in thickness as to make the
same observation plane for C-mode imaging. The neighboring
sections of C-mode image were stained with Elastica-Masson
staining for optical microscopic observation.
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Fig. 3 shows (a) optical microscopic and (b) B-mode
images of Vitrolife-Skin. Epidermis (E) was observed as a
relatively high echoic band by B-mode imaging. Dermis
consisted of collagen sponge and fibroblasts had heterogenic
echo pattern.

RESULTS

800 micron

(b)

Fig. 3 (a) optical microscopic and (b) B-mode images of Vitrolife-Skin
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Fig. 4 shows the (a) optical microscopic and C-mode
images ((b): attenuation, (c): sound speed) of Vitrolife-Skin.
The sound speed of the epidermis was approximately 1580
m/sand the sound speed of dermis was ranged 1530 to 1560
m/s corresponding to the density of fibroblasts in the dermis.

(c)

Fig. 4 (a) optical microscopic and C-mode ((b): attenuation, (c): sound
speed) images of Vitrolife-Skin

The density of fibroblast (number / 0.2x0.2 mm) and the
sound speed of the corresponding region were measured in 12
regions from 6 specimens. Fig. 5 shows the relationship
between tow parameters. The result suggests there is a strong
relationship between cellularities and sound speed.
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Fig. 5 Relationship between cell count and sound speed

IV. DISCUSSION

Compared with conventional high frequency B-mode
imaging modalities, this system is unique because it can be
used as C-mode acoustic microscopy. C-mode quantitative
values are important for understanding in vivo B-mode images.
As the spatial resolution of the system is 15 micron, it is
enough to visualize epidermis with 50-100 micron thickness.
However, dermis consisting of collagen sponge and fibroblasts
was hard to visualize in case the cellularties was very sparse.

One of the future directions of this imaging modality is
nondestructive testing of the regenerated skin during tissue
culture because it can clearly visualize the cellular density in
the dermis and because non-invasive, non-contact, non-
infectious method is desired for evaluation of skins. It also has
a promising future as a medical imaging device. Continuous
evaluation during culture and after transplantation can be
performed by the same imaging system in the regenerative
medicine. It can be used as a diagnostic device in dermatology.
As the system clearly shows the thickness of epidermis and
mechanical properties represented acoustic parameters, the
system is applicable in cosmetic care of skin.

V. CONCLUSION

Regenerated skin with 3D structure is desired for the
treatment of large burn and for the plastic surgery. High
frequency ultrasound is suitable for non-destructive testing of
the skin model because it provides information on morphology
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and mechanical properties. An acoustic microscope system
capable of imaging B-mode and C-mode was developed for
analysis of 3D skin model. C-mode imaging provided
quantitative values of attenuation and sound speed. B-mode
imaging showed fine structure of the model. Sound speed in C-
mode and intensity in B-mode imaging showed higher values
at the area of dense fibroblasts. The system can be used as the
nondestructive evaluation tool in the process of producing 3D
skin model and as the in vivo imaging system after
transplantation.
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