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1. Introduction

Pulsatility of the circulatory system had been believed to be essential in the living
body before Nose et al. succeeded in keeping a calf alive for 90 days under the con-
tinuous flow condition with the centrifugal blood pump in 1978. Moreover, many
kinds of continuous flow ventricular assist devices (VAD), the axial flow pump and
the centrifugal pump have begun to be used clinically as a bridge to heart transplan-
tation since 2000. Although many patients with the implanted continuous flow VAD
can survive for more than a few years, their aortic flow has pulsatility by their own
residual heart beat. So it is still an important controversial issue whether the pulsatil-
ity is essential or not for the living body in normal survival.

It would be very important to observe the micro-circulation to evaluate the
necessity of pulsatility. However, there is no way to continuously observe the mi-
crocirculation without anesthesia in the animal model. We have been developing an
implantable probe for a long-term observation of microcirculation since 1987. In this
article, the authors would like to introduce the historic and the present status of the
probe.

2. Materials and Methods
2.1. CCD Probe for the Contact Observation of Microcirculation [2-5]

The first idea to develop a probe was based on the following principle. As the integra-
tion of the CCD (charge coupled device) has been increasing due to the development
of micro- and nano-technology, the authors thought that microcirculation could be
observed without the lens like a contact photograph by direct contacting the living
tissue with the CCD surface and lighting it from the back side of the tissue (Fig. I).
The micro-vasculature was projected on the TV screen by putting the rat mesentery
on the CCD enveloped with a thin transparent film for electrical insulation. Then the
first probe was developed in the following manner. A 0.5-inch CCD with 250 K or
400 K pixels was used in this study. As the CCD surface is 1.5 mm below the edge
of the ceramic package after removal of its cover glass, a fiber optic plate (FOP),
which is a 2 mm long integrated hexagonal core glass rod that could conduct an image
from one end to another without distortion, was adhered onto the CCD surface to
ensure a good contact between the tissue and the CCD surface. The residual gap in
the ceramic package was filled up with room temperature vulcanized (RTV) silicone
adhesive or epoxy resin, and the outside of the package, including the lead wires,
was molded with epoxy resin to provide electrical insulation. A LED was fixed into
the center of the CCD, 10 mm above the FOP with a specially designed micro-stand.
Figure 2 shows a scheme of the probe. Figure 3 shows a photograph of subcutane-
ous connective tissue of a rabbit taken by this probe. An arteriole and venule with
a diameter as small as 20-30 pm could be observed.
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Fig. 1. The principle of the implanted prebe to observe the microcirculation
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Fig. 3. Microvasculature of connective tissue in rabbit
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A higher degree of magnification was required to observe the capillary circulation.
A new probe used the tapered FOP, which could magnify the image 3 times, was
designed as shown in Fig. 4. The tissue on the probe was magnified 165 times on the
14 inches TV screen. Figure 6 1s a photograph of rat mesentery taken by this probe
The capillary vessels could be recognized with their circulation.

Tapered fiber

optic 1\1-115
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Fig. 4. Probe with a tapered FOP having 3 times magnification

2.2. Implantable Probe with a Micro-lens

One of the problems of the contact observation probe using the tapered FOP was a
difficulty in getting a finely focused image in the case of the thickened tissue, such
as omentum and fascia. A micro-lens system with a focus mechanism was required
to be developed.

A single micro-lens with 4 mm in diameter and 4.2 mm long was made from
acrylic resin. It is aspheric and has 3 times magnification. The lens was fabricated
with the CCD camera as shown in Fig. 5. The distance between the objective and
the lens and the lens and the CCD surface was 3 and 9 mm, respectively. The real
magnification on the 14 inch TV screen was 165 times in the in-virro experiment
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Fig. 5. The micro-lens and the CCD camera
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Three types of focusing mechanisms, the screw type, the gear and cam type and
the air bag type were tested. Figure 6 shows the screw type probe, in which the focus
was adjusted by turning the stage [t was implanted into a goat as shown in Fig. 7.
This goat was the first animal observing its own microcirculation. However, in this
system, the focus could not be adjusted from outside the body after implantation.
A gear train and a cam f{ocus adjust system, in which the revolution number of the

Fig. 7. The firsl goat observed ils own microcirculation
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micro-motor was reduced by the gear train and the cam control the focus position,
was difficult to precisely adjust to the focus, and the size of the probe became big
The air bag type focus adjust system, in which the focus could move precisely by
inflation and deflation of the air in the bag from outside the body, was the best from
the view points of its accuracy and dimensions. The CCD with a driver and micro-
lens was packed into an acrylic resin case (37x37x38 mm) with a thin transparent
stage to put a living tissue on it. The air bag placed at the back side of the CCD
unit, could inflate and deflate from the outer side and precisely change the distance
between the lens and the stage for focusing. The probe was implanted into a rabbit,
and subcutaneous connective tissue and/or fascia was fixed on the stage A weak
light from LED was projected from the backside of the tissue. The CCD image was
sent out to the TV by a transmitter fixed on the skin. The flow of erythrocytes and
leukocytes in the capillaries as well as in the arteriole and venula could be observed
on the TV screen as shown in Fig. 8.

Fig. 8. Microcirculation in the fascia of the rabbit

2.3. Development of an Implantable Probe with a High Degree of Magnification

Although the capillary flow could be observed in the last model, its magnification
and resolution were insufficient to analyze the erythrocyte speed, the diameter change
in the arteriole. The size reduction of the probe is another important problem to be
addressed in the long-term implantation in the animal model. A new probe with
high magnification and of a smaller size was designed. A micro-lens having 2 mm
in diameter, 2 mm long and 6 times magnification was designed, and it was made
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of acrylic resin. The lens was installed into a CCD camera with 8 mm in diameter
and 60 mm long (Fig. 9). The probe could magnity the image on the stage about 650
times on the 14 inch TV screen. An acute experiment was performed with a rabbit,
The probe could be easily inserted. A distinct microcirculation image including the
capillary flow could be observed when the camera was inserted into the subcutane-
ous connective tissue (Fig. 10)
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Fig. 9. The newly developed micro-lens (arrow) and the probe
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3. Discussion

It would be very important to clarify whether pulsatility of the blood flow is essential
for the hiving body or not, because it would be the keypoint to develop the future
artificial heart. One of the effective methods to prove it is to observe the microcir-
culation chronically and continuously without restriction of the behavior such as
anesthesia. The authors have been developing an implantable probe to observe the
microcirculation using a CCD camera. However, many obstacles such as pixel number
of CCD, magnification and resolution of the micro-lens, focusing mechanism, light
source and the total size of the probe had to be overcome. Magnification and the
probe size were almost satisfactory to be implanted. The problems are associated
with development of the micro focus mechanism and the illumination method. The
micro-focus mechanism is being developed using a shape memory alloy. Our final
goal is to observe the microcirculation not only at the thin and soft tissue like connec-
tive tissue but also at the parenchymatous organs such as the lung, kidney, liver, etc.
For this purpose, it would be important to find out what kind of light (wave length,
brightness, transmission or reflect, etc) should be projected.

4. Conclusions

Many types of implantable probes to observe the microcirculation were designed
and evaluated. Although several problems such as the micro focus mechanism, light
source and the resolution remain unsolved, its possibility to be completed n the
nearest future has been proved.
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Space in the human body is so limited that nanotechnology and micremachining technology
are important for development of the internal artificial organs. Based on nanotechnology,
development of various kinds of artificial organ has been conducted in Tohoku University,
including artificial myocardium, artificial heart, rotary blood pump, artificial esophagus
and artificial sphincler. Furthermore, automatic control algorithm for the artificial heart
and assisted circulation was applied in the invention of the new diagnosis methodology for
the baroreflex sensitivity of patients with hypertension. A successful clinical application of
this new invention was made. Technical application of the large range of the developments
is expectable in artificial internal-organs development.

Keywords: nanotechnology, artificial myocardium, rotary blood pump, baroreflex
sensitivity, hypertension

1. Introduction

From the historical point of view, miniaturization of artificial internal organs has been
one of the most important factors until now. Space in the human body 1s so limited
that nanotechnology and micromachining technology are important in development
of the internal artificial organs. Based on nanotechnology, various artificial organs
have been p developed in Tohoku University, the including artificial myocardium, the
artificial heart, the rotary blood pump, the artificial esophagus and artificial sphincter.
These various artificial internal organs are based on the common base technology.
Biocompatible nano materials are important. Transcutaneous energy transmission
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yambe@idac tohoku.ac.jp

= 103=



66 T. Yambe et al.

systems using nanotechnology are also an important factor. In this paper, the recent
progress of the artificial internal organ development 15 reported. Furthermore, auto-
matic control algorithm for the artificial heart and assisted circulation was applied
to the invention of the new diagnosis methodology for the baroreflex sensitivity of
patients with hypertension. A successful clinical application of this new invention
was performed. Technical application of the artificial internal-organ developments
is expectable.

2. Artificial Internal Organs Using Nanotechnology

Based on nanotechnology, development various artificial organs has been performed
in Tohoku University, the including artificial myocardium, the artificial heart, the
rotary blood pump, the artificial esophagus and artificial sphincter.

2.1. Artificial Esophagus

Everybody knows that surgery of esophageal cancer 1s difficult because of the re-
construction of the esophagus after the resection of the carcinoma tissue. If there
is an artificial esophagus, surgery will be simple and easy. Surgery with artificial
esophagus will be feasible with only fiberscope.

In Tohoku University, the project on the artificial esophagus is ongoing [1].
Based on the achievements of the project, invention of the therapeutic stent, which
has a therapeutic effect on the carcinoma tissue and the drinking tunction, is now
under development. This therapeutic and drinking stent is casily inserted into the
esophagus without any invasion. So this therapeutic and drinking stent was easily
used for patients with the end stage esophageal cancer, which is not respectable.

Hyperthemia therapy
to cancer lissue

Drinking function -
with Nano SMA actuator i

2nd coil in
Stomach

g / (implanted by FBS)

1st coil
for transcutaneous
energy transmission system

Contral unit

Fig. 1. Therapeutic and drinking stent for the end slage esophageal cancer
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2.2. Artificial Myocardium

The final place which should be assisted is the myocardial contraction after a complete
surgical repair. Even after complete revasculanization of the coronary artery and a
complete repair of the heart valve, cardiac output cannot be maintained when the
contraction power is insufficient. An artificial myocardium system was invented in
Tohoku University by the use of nanotechnology [2]. This system consists of various
kinds of nanotechnology units, including the surface finishing technology, several
kinds of nano sensors, .nano mictotip PC, and TETS with nano tech.
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Fig. 2. Artificial myocardium

2.3. Artificial Heart

By the use of nanotechnology, an artificial heart system using the Undulation Pump
system has been developed in Tohoku University. This system consists of various kinds
of nanotechnology items, the including surface finishing technology, several kinds of
nano sensors, .nano mictotip PC, and TETS with nano tech. The control logic for the
artificial heart and the artificial myocardium needed the system 1dentification, so this
logic might be useful for the diagnosis of the circulatory condition of the patients.

3. Baroreflex Sensitivity of the Artery in the Patients
with Hypertension
A system identification is required for the automatic control of the artificial heart

and the artificial myocardium. The system identification 1s useful for the diagnosis

of patients with circulatory diseases
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Metabolic syndrome attracts attention as an important pathophysiology item in
Japan [3]. Hypertension is one of the important elements which constitute the Metabolic
syndrome. In a healthy human body, even if the blood pressure rises, the heartbeat de-
creases reflectively, the blood vessel relaxes and the blood pressure is lowered. However,
this reflective function fails in the hypertensive patient [4-5]. It is known that the baroreflex
function 1s insufficient or weak especially in the case of youth hypertension [6-7].

In order to diagnose the function of baroreflex, there are some diagnostic methods.
For example, there 1s the method of calculating from the reaction of the heartbeat to
blood-pressure change. No method of diagnosing the baroreflex function of a blood
vessel existed at all.

We invented the first method of diagnosing the baroreflex function of a blood
vessel. This new diagnostic method is outlined in this paper. The equipment which
diagnoses the baroreflex function of a blood vessel does not exist in all in the world.
This is because the method of measuring the elasticity of'a blood vessel by the nonin-
vasive method is difficult. Then, we paid our attention to the pulse wave transmission
time (PTT) and the pulse wave velocity (PWV),

PTT and PWYV are dependent on the elasticity of the arterial wall. According
to the increase of the arterial wall elasticity, PWV will become increased. This phe-
nomenon was applied, and the methodology which measures the barorefiex function
of a blood vessel was invented from PWV information. The conceptual diagram of
the system is shown below.

ECG and Pulse wave -
| Pulse wave transmission time ‘
LA T

i)
-1

R e |

. ECG : ‘

ECG  Pulsa wave

Pulse |
Sensor ™,

Fig. 3. Baroreflex sensitivity evaluating system

In this system, the measurement parts are only the pulse wave and the electrocar-
diogram. Cardiophonogram may be used for substitution of the electrocardiogram. The
arm, the wrist, or the ankle are sufficient as the measurement part of the pulse wave.
The data will become exact if loads, such as conversion of the posture and mjection of
the medicine, are added. Diagnostic measurement is possible even if there is no load.
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The acquired time series infonmation is input into a personal computer through an
AD converter. Quantification and statistics processing are calculated. The time series
of the cardiac contraction is measured from the R wave of the electrocardiogram or
two sound of the cardiophonogram. The RR interval is changed into the Y-axis. The
wave by which the smoothing was carried out by the Spline interpolation is re-sampled
in 200 ms. As for the digital data, by which the discrete sampling was carried out, the
frequency analysis is performed. Fluctuation of each time series curve is calculated.
The delay time with the greatest correlation is calculated from the cross-correlation of
the obtained time series. By this means, the influence that a change of blood pressure
produces on the elasticity of the blood vessel will be calculated. The X axis is set as
the change of the blood pressure, and the Y-axis is set as PWV or PTT after the delay
time with the greatest correlation. The regression straight line is computed using the
method of the least square. The methodology which adds a band pass filter to the time
series curve and enables to observe the Mayer wave around 0.1 Hz is sufficient.

An example of the cross-correlation of the systolic blood pressure time series
and the pulse wave transmission time series is shown in Fig.4.
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Fig. 4. Cross corrclation of the SBP and PTT

In this example, the greatest cross-correlation in the delay time around about 6.0
seconds is observed. Then the pulse wave transmission time after the blood-pressure
change and the delay time of the maximum correlation was plotted.
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Fig. 5. Baroreflex sensitivity of the artery
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The result by which a significant correlation was observed showed that blood-
pressure change changed the blood vessel elasticity, reflectively. The regression
straight line was calculated by the method of the least square. The sensitivity of
the baroreflex function of the blood vessel can be calculated from this result. In the
case in which the blood pressure is high, the baroreflex function of the blood vessel
showed a falling tendency.

Previously the method of calculation of the baroreflex function of a blood vessel
did not exist. We invented the method of calculation of the baroreflex function of the
blood vessel from information processing of the blood pressure and the pulse-wave
propagation time. The correlation analysis showed a changing PTT according to the
blood-pressure change after several seconds.

From the regression straight line, it is expected that the sensitivity of the reflective
function of the blood pressure is calculable. From now on, collection of cases can be
performed after their examination by the Ethics Committee of the appropriate hospital.
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Background and objectives

Recently, the ventricular assist devices are widely applied for a surgical treatment of the final stage of
severe heart failure as the bridge to heart transplantation or the destination therapy. However, it was
anticipated that the artificial components in the ventricular assist devices might cause the problems
concerning thrombosis and infection. As heart failure involves the decrease in myocardial contractile
function, the mechanical assistance by using an artificial myocardium might be effective. The authors
have been developing a mechano-electric artificial myocardial assist system (artificial myocardium),
which is capable of supporting natural contractile function from the outside of the ventricle. The system
was originally designed by using sophisticated covalent shape memory alloy fibres (Toki Corp,,
Biometal®), and no special surface modification of the device was not applied for enhancing blood
compatibility. The purpose of the project on the development of an ‘intelligent artificial myocardium’ was
to design a sophisticated myocardial assist device, which could represent direct mechanical

myocardial assistance in response to physiological demand.

Structural design for functional improvement

Some methodologies using novel devices other than the artificial hearts are proposed so far with severe
heart disease. However, it was also anticipated that the decrease in cardiac functions owing to the
diastolic disability might be caused by using those ‘static’ devices. Then, this study was focused on an
artificial myocardium using shape memory alloy fibres with a diameter of 100 um, and moreover the
structural design was examined for its functional improvement. The authors investigated the myocardial
structure in native hearts, and fabricated several types of myocardial assist device based on these results;
the circumferential type, and the oblique types which were three-dimensionally constructed. Their
hydrodynamic or hemodynamic functions were also examined in a mock circulatory system as well as in
animal experiments using goats.

Results

The structure of myocardial fibers of a goat’s heart could be represented by a single muscular band [1].
The oblique design of the myocardial assist device was made to form the contractile streamlines from the
apex to ascending aorta. Basic characteristics and hemodynamic effects of the circumferential or oblique
types were examined in goat experiments (n=4) as well as in the mock circulatory system. The results
were as follows:

a) In the hydrodynamic test using the mock circulatory system, the volume assisted which was elevated
by 39% by morphological design.

b) Hemodynamic data obtained in goats indicated the more effective volumetric assistance by the oblique
design, and on the other hand there was no significant difference in systolic assisted pressure.

Therefore, it was suggested that the morphological design of artificial myocardial support system could
be more effective for the functional improvement of artificial myocardium as well as its control system
design.

Figure: Oblique type of artificial myocardium (bottom night), which was girdling the goat’s ventricle
designed from the native myocardial structure (bottom left), might be more effective,

Reference:

[1] Torrent-Guasp F, et al, J Thorac Cardiovasc Surg. 2001 Aug;122(2):389-92
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Abstract

The authors have been developing a mechanoelectric artificial myocardial assist system (artificial
myocardium), which is capable of supporting natural contractile function from the outside of the ventricle. Some
methodologies using novel devices other than the artificial hearts are proposed so far with severe heart disease
However, it was also anticipated that the decrease in cardiac functions owing to the diastolic disability might be
caused by using those ‘static’ devices. Then, this study was focused on an artificial myocardium using shape

memory alloy fibres with a diameter of 100 um, and moreover the structural design was examined for its

functional improvement. The authors investigated the myocardial structure in native hearts, and fabricated

several types of myocardial assist device based on these results; the circumferential type, and the oblique types

which were three-dimensionally constructed. Their hydrodynamic or hemodynamic functions were also

examined in a mock circulatory system as well as in animal experiments using goats.
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artificial myocardial support, which were attached on

the silicone left ventricular model.
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