Fig.2 Division proposed for regional surface of the heart

IIT. RESULTS

A. Displacements of local points

Fig.4 shows the movement at five specific anatomical
points under the cases of the normal pulsatile and of the
vasopressor injection. In the normal state, each point varied
periodically at a constant frequency. On the other hand, in the
state of vasopressor injection, the movement of each point
was nonperiodic. It was found that the arrhythmia was
provoked. The distance between the apex and A1 was getting
closer, however, the positions of Bl and B2, both of which
are located on left ventricle, did not change much from left
atrium.

B. Regional mvocardial contractile performance on
surface
Fig.5 shows a distribution of myocardial strain of the
heart surface. The strain changed from — 0.2 to 0.2
periodically. The apex was approaching towards the septum
and the left atrium was popping up against to the septum. The
difference of strain was shown by colors. It enables us to
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Fig.3 Regional strain and three-dimensional expression

visually understand the contraction of cardiac muscle of the
surface.

C. Comparison between displacement changes measure
by a new approach and conventional hemodynamic data

Fig.6 shows following waveforms under the normal
pulsatile condition: Displacements  of five specific
anatomical points, Calculated strain rate of cach area, ECG,
Aortic pressure and flow. It was found that all displacement
and strain changes varied synchronously with ECG. It is
known that apex, papillary muscle and tendinous chord move
coordinativelly and concentrically around the septum. This
twisting motion accords to the anatomical images taken by
ultrasonography. The largest movement of apex was noticed
at the extent of strain, which exhibiting an actual movement
of apex.
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Fig.4 Sequential movement at five anatomical specific points: Septula is tentatively determined as a reference point
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Fig.5 Visualization of distribution of myocardial strain of heart surface
with colors

V.

Throughout the study, it was indicated that current optical
location sensor could track the same specific points only to
attach markers on the heart surface. This might be a
promising method, but future work will be required to

DISCUSSION

optimize the size, the number and the arrangement of markers.

[n the present system, markers were stitched onto the
pericardium directly, but there is a possibility to eliminate
markers to evaluate the heart function without physical
contact, if a tendency of some relative changes between
specific points can be quantified [6]. Of course, accumulation
of present data using our new method must be required.
Current method has not been able to measure the thickness of
cardiac muscle, it will be possible based on the analysis of
regional contractile data combined with anatomical, and
ECHO data.

Nonetheless, the newly method will allow us to quantify

the surgeons' skill and to support in the practical surgical field.

For instance, it will provide effective dynamic parameters for
the optimal control of the heart function externally in case of
the usage of the ventricular assist device.

M.
It is concluded that preliminary trials for the development
of a surface measuring system were achieved as follows: 1)
Heart surface deformation was obtained quantitatively by
measuring the displacements of the anatomical points of
cardiac muscular surface. 2) The differences of the
displacements and phases were also observed among
segments of heart surface under wvarious circulatory
conditions. 3) Strain changes in regional areas were
calculated based on displacement changing data. 4) Strain
change data was superimposed onto the video images of
natural heart. It was helpful to understand a cardiac function
visually.

CONCLUSION
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Fig.6 Comparison between displacement changes and hemodynamic
data in goat
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Development of a totally-implantable artificial myocardium using a shape memory alloy fiber
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Fig.1 Schematic illustration of a concept of a
totally-implantable artificial myocardium using a shape
memory alloy fiber

Tablel An example of the specifications of artificial
myocardium

Items Values
Number of fibers 10
Diameter of each fiber mm | 0.10
Length of each fiber mm | 280
Weight of each fiber mg | 1.4

Fig.2 The artificial myocardium, which consisted of shape
memory alloy fibers, and a silicone left ventricular model.
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Abstract: The authors have been developing a new
evaluation method on cardiac function, which is
based on surface measurement of the heart. With this
system, an animal study was performed to examine
heart function under a normal pulsating state and
arrhythmic conditions. The physical data such as
electrocardiogram, blood flow and pressure were
simultaneously obtained and compared with this
approach. It was found that there was a difference in
displacements and phases from control to
arrhythmia. With the physical data, it was confirmed
that strain change in regional area was coincident
with a contraction of natural heart. Moreover, the
fusion images allowed wus to understand the
superficial strain of regional areas differs among the
various heart functions visually. In the near future,
this method will widely contribute to the clinical
diagnosis of the patient.

Introduction

Generally, surgeons visualize the behaviour of the
whole heart in their mind, by integrating the information
of superficial and internal heart movement. Although
the internal information of the heart can be captured as
the structure and the movement by the echocardiography
and as the pump function by the blood flow and pressure,
the sequential changes of the surface configuration are
qualitatively obtained as the surgeon’s recognition.
Therefore, the authors have attempted to measure the
surface movement as the quantitative data. Besides, by
corresponding it to the contractile patterns of the
superficial myocardium, it is proposed that it may be
considered as the evaluation indicators of the cardiac
function [1].

This paper discusses the changes of the cardiac
behaviours under the states from normal to arrhythmia
by using the surface approach.

Materials and Methods
I. Preparation of animals

An anesthetized open-chest goat (weight: 51kg) was
used for this experiment. Changes of the cardiac function

were examined under the state from normal to
arrhythmia.  Arrhythmia was  provoked by the
administration of an overdose of epinephrine
(0.002mg/kg) for a goat.

2. Measurement System of Superficial Cardiac Function

Figure.] shows the system overview. Figure l-a
shows the experimental setup. An optical 3D location
sensor (Stereo Labeling Camera, CyvVerse Inc.) was
utilized to measure the sequential displacement of the
anatomically specific position of the cardiac surface.
Simultaneously, the operative field was shot by a digital
video camera.

3. Marker Settings

This study aimed at measuring the contractile
function on the left atrium (LA) and the left ventricle
(LV). Cardiac surface was divided into regional arcas
based on the anatomical structure. Anatomical points
were specified to track the individual movement. Figure
1-b shows the location of the reflective ball markers on
the operative field.

4. Calculation of Cardiac Function of the Regional
Areas on the Surface

The cardiac surface was divided into twelve triangle
areas by selecting three points from all specific points
(Figure. 1-¢). The cardiac function was induced by the
calculation of the area changes on each regional area.

According to previous work [2], the integral of wall
tension with respect to the area of a specific wall region
during one cardiac cycle, which is equal to the area with
a wall tension regional area (TA) loop, gives mechanical
work performed by the region

. (dA
RW:—[ T[—(;Jdr (1

where gw is regional work, ¢, is onset of systole, 7, is
end of diastole, 7is wall tension per unit length in the
thin wall model, q4/dr 1s rate of change in regional area.

Assuming that the wall tension T is constant in one
cardiac cycle, 7 will be expressed as follows:
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Figure 1. Data process of the evaluation system of cardiac function based on surface measurement

Twelve points were selected and reflective ball markers (diameter: 6mm) were stitched onto the myocardium as
follows: one point of the first part of the aorta (AO), one point of the LA level (LA) , two points of the mitral valve
level (MVa, MVp), three points of the papirally muscle level (PMa, PMm, PMp), three points of the tendinous chord
level (TCa, TCm, TCp), two points of the apex (Aa, Ap). It was successfully identified that these levels move
concentrically around the septum by images obtained from echocardiography.

=T @
Thus the expression (1) is lead to the expression (3).

dA

art (3]
dt

RW =-T J’

The equation (3) is applied to this surface
measurement system. Here, 44/4r means rate of change
in regional area. In order to eliminate the differences
between the sizes of the regional areas, the following
steps were adopted.

When §, is the area of a regional triangle for any time,

S is the average of the §, in one cardiac cycle, and

AS, is the difference between §, and 5.

AS, =8, -§ @

If the cardiac muscular surface doesn’t change
drastically, A S will be described as AS < S . Therefore,
the strain of regional surface arca £ is define as,
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g =AS8/S (5)

5. Visualization of Cardiac Function of the Regional
Areas on the Surface

In this system, there are two coordinate systems such
as the optical 3D location sensor and the video camera.
Fusion images were produced by these coordinates were
integrated. The contractile patterns were shown in
colours with a reasonable degree of transparency. It can
be extremely helpful to understand a cardiac function
visually.

Results

Figure 2 shows the movement at twelve specific
points from the baseline (the origin of the optical 3D
location sensor) during changing states from normal to
arrhythmia. It was found that there were three phases
from normal to arrhythmia as follows: control, transition,
and arrhythmia. About twenty second later than the
administration of an overdose of epinephrine for a goat,
the blood pressure was risen sharply, arrhythmia was
provoked. It was concurrently observed that the heart
moved strongly.
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Figure 3. Sequential changes in the regional strain rate
The numbers (1 - 12) shown in Figure 3 correspond to the ones of the areas in Figure 1-(c).

Figure 3 shows the strain rate and ECG in the three
phases. In a normal state, each point varied periodically
at a constant frequency in relation to pulsatile movement.
It was considered that changes in the phase were
transmitted from the septum to the whole heart. The
results coincide with the conducting system of the heart.

Discussion

As regards to the evaluation of the myocardial
contractile function in the regional area, there is an
attempt to observe the regional wall motion by the
sonomicrometry[8].  In this method, it nceds that



ultrasound crystals were embedded into the inner heart,
although the crystals were small enough. Therefore, it is
hard to utilise for a clinical application. On the other
hand, only with our method, it is unable to obtain inner
information of the heart. However, it can be overcome by
using conventional method such as echocardiography.

In this experiment, the intervals between markers
were specified twice longer than the diameter of the
markers to distinct them even if markers move closer
cach other. For twelve specific points, it was appropriate
that the diameter of sphere marker was defined as 6 mm.
If the surface is segmentalized in more detail,
downsizing of the markers is needed; however, it is not
practical method due to the changes of cardiac function.
For clinical use, marker less measurement is expected. In
particular, anatomically specific points such as branches
of coronary are marked in colors and the contrast is
enhanced against the background, the difference of
colors is used instead of markers’. Although the
improvement in spatial and time resolution are current
issues, they may be achiveable in near future by the
adavancement of the resolution of image devices and /or
the processing capacity of the computer.

Conclusions

It is found that there is a positive relationship between
the cardiac function based on the surface measurement
and the conventional understanding of the physiology.
This method can provide the quantitative information
during surgery. In the near future, it will widely
contribute to the clinical diagnosis of the patient, when
surgeons try to improve safety of the surgery.
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Abstract: As for a surgical treatment of coronary
diseases Off-Pump Coronary Artery Bypass
Grafting (Off-Pump CAB) has been adopted in
recent years because of its less-invasive effect as
compared with conventional CABG. However,
sophisticated skill is required for Off-Pump CAB
during on-beating condition. Although this technique
has many advantages, a major problem is how to
establish a training program for young surgeons.

To improve the situation, our group has been
proposed a new concept: a “Patient Robot” which is
an in-vitro mock circulatory system that provides
various types of coronary disease as a training
machine for cardiac surgeons. The “Patient Robot™
consists of four parts. 1) Coronary vascular model,
2) Graft model, 3) Scoring System for self-evaluation
and 4) Pulsation Unit. A general procedure is as
follows: Firstly, trainee sets the “Coronary model”
onto the Pulsation Unit”. Next, the trainee makes an
anastomosis between Coronary model and Graft
model under pulsatile condition. Then, the
anastomosis outcome is hydrodynamically evaluated
by “Scoring System™ from the view points of a
relation between blood pressure and flow. As the
first stage of the study, thin silicone tubes, which
simulate a mechanical property and touch for real
coronary and graft have been fabricated.

Introduction

As for a surgical treatment of coronary artery
disease, Off-Pump Coronary Artery Bypass Grafting
(Off-Pump CAB) has been adopted in recent years
because of its less invasive effect as compared with
conventional CABG. A major advantage of Off-Pump
CAB is that patient has been able to avoid the invasion
by extracorporeal circulation. Therefore Off-Pump CAB
is usually employed for high-risk patients (: hepatic
insufficiency, aged, etc). However, the Off-Pump CAB
operation is much more difficult than conventional
CABG because of the on-beating condition. Thus,
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Stabilizer is used to make the operative field stable for
accurate anastomosis(Fig.1)[1]. Fig.2 shows that human
heart cardiac muscle, which has been stabilized by
Donut Stabilizer. There still exists a small pulsation on
the operative field, even if the stabilizer has been
installed. This small pulsation becomes one of the
causes of critical damage to the recipient coronary
artery by surgical needle. Generally, wall of coronary
artery of Off-Pump CAB patients is very weak. Thus,
sophisticated skill is required for the anastomosis.
Accumulation of the surgeon’s experience is very
important for junior surgeons towards a well trained
practical surgeons. However, there are not enough cases
for each surgeon to brush up their skill at present
situation. According to statistical survey, there are 2,937
cardiac surgeons in Japan.

Fig.2 Anastomosis of operative field on human heart
surface stabilized by Donut Stabilizer



And 20,095 CABG cases in 2002 were conducted in
Japan[2]. A major problem is how to establish an
effective program for young surgeons. To overcome the
situation, our group has originally proposed a new
concept: a “Patient Robot™ which is an in-vitro mock
circulatory system that provides various types of
coronary discase as a training machine for cardiac
surgeons. There are several design concepts for the
development of the Patient Robot as below,

) Real tactual feeling for anastomosis
2)  Reproduction of various cardiac diseases
3) Quantitative evaluation for the outcome of

anastomosis between coronary vascular model and
graft model

Materials and Methods

The *“Patient Robot™ consists of four parts. 1)
Coronary vascular model, 2) Graft model, 3) Scoring
System for self-evaluation and 4) Pulsation Unit. A
general procedure 1s as follows: Firstly, trainee sets the
“Coronary model”, which has desired clinical condition
onto the “Pulsation Unit”. The “Pulsation Unit”
generates desired pulsatile motion as like stabilized
cardiac muscle surface. Next, the trainee makes an
anastomosis between coronary vascular model and graft
model under pulsatile condition. Then, the anastomosis
outcome is hydrodynamically evaluated by “Scoring
System” from the view points of a relation between
blood pressure and blood flow. Details about the
components of the Patient Robot has been described as
below.

1. Coronary vascular model and Graft model
Fig.3 shows an anatomy of coronary arteries. Lefl
anterior descending artery (LAD) is a branch of the left
coronary artery that runs to the apex of the heart in the
anterior interventricular sulcus, supplying the ventricles,
and most of the interventricular septum. Thus, stenosis
of LAD often induces a severe ischemia. An
anastomosis between recipient coronary artery (LAD),
and graft artery: Left Internal Thoracic Artery (LITA),
1s the most common combination for CABG. As the
mitiation of this project, ligation was focused aimed on
the area of LAD and LITA as a surgical training model.
Silicone rubber (KE1603A/B, Shin-Etsu chemical co.
Itd.) was chosen as a material for vascular models
because of a feeling similarity of the touch. Fig.4 shows
a schematic representation of coronary vascular model.
Internal diameter of the model was 2mm. Coronary
vascular model and graft model were fabricated by
dipping method. Theretfore, thickness of the models was
adjustable.  Moreover,  Young’s modulus  was
controllable by the ratio of silicone oil, which was
compounded to the silicone. Followings are general
procedure to develop vascular models, which satisfy the
surgeons’ tactile feeling reasonably.

)  An interview to cardiac surgeons who operates at
least 100 cases per year: about the touch with
several types of silicone tubes, that compound
different oil ratio. Then determine a favourable
parameter for oil ratio,
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Measurements of the silicone models quantitatively.
Defined the engineering parameter for the
appropriate surgical training models such as
effective Young's modulus through tensile test, and
coefficient of visco-elasticity through visco-elastic
test.

Measurements of the properties of native porcine
organs, including myocardium around LAD, LAD,
and LITA. The measurement procedure is the same
as above 2). The sample organs must be fresh: less
than 5 hours after pick up.
Fabrication of silicone
optimal oil ratio.
Interview to the surgeons with several silicone
models, which compounded different oil ratio.
Fig.5 is a photograph during examination of various
silicone models by cardiac surgeons. The examination
had been taken under real operative condition. For
example, the use of latex groves, forceps and a cardiac
needle holder.

vascular models  with

Lh

Right Atrium (RA) Cx
Left auricle

RCA __/
LAD

Right Ventricle (RV) 7 .4/ -LeH Ventricle (LV)

Fig.3 Anatomy of Coronary Arteries

Graft model

Coronary model

Fatty tissue

—~

Myocardial tissue

<
T~

70
Fig.4 Schematic drawing of coronary vascular model

and, graft model

Fig.5 Testing the silicone vascular models with forceps
and needle-holder during real cardiac surgery



2. Scoring system

Fig.6 shows the “Scoring System”, which includes a
mock circulatory system for coronary circulation
developed by Umezu lab.,, Waseda University[3].
Pneumatic controlled artificial heart, SV pump, also
developed by Umezu lab., generates the human
systemic circulation with the compliance and reservoir
tank[4]. The PC controlled linear actuator generates
coronary circulatory flow with full-wave rectification
circuit, which consists of four check valves. The
advantage of this system is that, coronary circulatory
blood pressure and blood flow can be adjusted,
independently. Desired waveforms, for example
arteriosclerosis, are able to be entered to the PC by a
trainee. The anastomosed silicone vascular model will
be set in the test section. Then end of recipient and graft
model must be connected to the “Scoring System”.
Trainees can evaluate their technique by monitoring
pressure and flow waveform.

3. Pulsation unit
During Off-Pump CAB operation, Stabilizer is used to
stabilize the operating field for anastomosis. It was
confirmed that "Pulsation Unit” produced a practical
on-beating situation. To obtain the design specification,
acute animal experiment was performed to obtain
suitable parameters to design “Pulsation Unit”. In the
experiment, 3D motion on goat’s myocardial surface
was captured by Stereo Labeling Camera (SLC)[5].
Fig.7 shows a goat's myocardial surface measured by
SLC at Tohoku Univ. The reflective spheres were sewn
on pericardium by polypropelene surgical strings.
Absolute displacements of these markers had been
measured in real time. “Pulsation Unit” is design based
on such in-vivo myocardial motion data. Actual
procedure in training operation is that, traince sets any
coronary model onto “Pulsation Unit”, and input the
several parameters for myocardial surface motion.

Prieumatic driver

Compliance Resevoir

Fig.6 Evaluation system of anastomosis methods for
CABG with the location of flow and pressure measured.
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Results

Thin silicone tubes for “Coronary model” and “Graft
model” have been fabricated based on quantitative data
which was analysed by the comparison between the
feeling of distinguished surgeons and tensile test of the
silicone model. As a result of the interview to
distinguished surgeons, it was found that there was
optimal ratio of compounded oil for the silicone
vascular models. Silicone tubes, contained silicone oil
(silicone/oil <1.0 [g/g]), was the most favourable model.
Through the tensile test of dumbbell shaped silicone
specimen , the Young’s modulus (where ¢ =1, n=5)
was less than 0.1 Nf‘mm:(Figﬂ), Fig.8 shows basic
waveforms of coronary blood pressure and flow,
generated by “Scoring System”. The arrows express
typical two-staged flow pattern, indicated a simulation.
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Fig.10 Acute animal experiment using goat’s heart, SLC
system with reflection spheres had been employed for a

measurement of myocardial surface motion.

Fig.9 shows the reflective sphere motion on LAD
measured in goat. The position of LAD is shown by an
arrow in fig.10.

Discussion

1.  Coronary vascular model and Graft model

Fig.7 shows a relation between oil ratio and Young's
modulus. The Young’s modulus had been employed
where ¢ =1, because generally elasticity of native
arteries drastically changed at this point. The result
shows that there is an optimal range of Young’s
modulus (0. IN/mm?) to develop a favourable vascular
model for surgical training (Fig.7). However, Young’s
modulus of polymer has non-linear character subject to
strain. In future experiment, the non-linearity should be
considered to determine effective Young’s modulus for
development of surgical training vascular model.

2. Scoring System

The waveforms of blood pressure and flow, which has
been shown by Fig.8, well simulated the real coronary
circulation. Arrows in the figure show unique waveform
of coronary. quantitative evaluation of an anastomosis
will be expected in future experiments.
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3. Pulsation Unit

Fig.9 shows that, native cardiac motion of goat’s heart
with in 0.5cm in each coordinate. It has been confirmed
that, the design specification for Pulsation Unit. In
future experiment, it is expected that, stabilized cardiac
motion around LAD will be measured.

Conclusions

Development of “Patient Robot” had been started.
Three components, vascular silicone model, Scoring
System, and Pulsation Unit were designed in parallel.
There was favourable range of Young's modulus for
distinguished cardiac surgeons. Using Scoring System,
human coronary circulation had been reproduced.
Moreover, pressure and flow had been controlled
independently. As a result of acute animal experiment,
motion of cardiac surface had been quantitatively
defined by SLC.
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Fundamental Study on the Development of a Diagnostic System
for Left Ventricular Plastic Surgery of the Abscission Area

Miyuki UemaTsy,* Yasuyuki SHIRAISHL ™™ Kazumitsu SEKINE,** Tomoyuki YAMBE,**
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Yoshifumi Sajo,** Hayato Anpo,” Young-Kwang PARK,* Sunao TAKEDA,
Kiyotaka Iwasaky, > 71 Mitsuo Umezu*

Abstract Ventricular aneurysm is one of the complications that follow a myocardial infarction. Left ventricu-
lar (LV) plastic and reconstructive surgery, Dor procedure, is widely performed in order to improve patients’ car-
diac functions. However, it is anticipated that the abscission region of the ventricle might cause some
complications, such as mitral valve regurgitation. Therefore, the decision of what to be done with that area might
affect therapeutic consequences. In this study, the authors have developed a measurement system for surface
movement and a display system to demonstrate decreased LV systolic function during surgery. This system is ca-
pable of evaluating the cardiac function using displacement data obtained from superficial motion of the specific
regions. Prior to measurement, the reflective ball markers were sutured on the surface of the heart without any
complications or infarctions. The point of the markers indicated the anatomically specific points, such as apex, sep-
tum, mitral valve, and papillary muscles. The location of points was sequentially measured by an optical three-di-
mensional location sensor. The superficial area of the left ventricle from the left thoracotomy view was divided
into 12 triangular regions each composed of three markers. As the contraction of the regional area corresponds to
the cardiac systolic function, the changes in each area were examined. The contraction rate of the heart was su-
perimposed onto the video images of a natural heart, which were obtained simultaneously. An animal study was
performed to compare heart functions under a normal pulsating state and during the time of a myocardial
infarction. The physical data such as electrocardiogram, blood flow and pressure were simultaneously obtained
and compared using this approach. With the physical data, it was confirmed that strain change in the regional
area was coincident with a contraction of the actual heart. It was also found that this method is simple enough to
set up in the operation theater. In the near future, this method will contribute widely to the clinical diagnoses of
patients, when advanced surgery such as robot surgery and/or organ transplant become popular. -

Keywords : cardiac function, left ventricular surgery, myocardial infarction, surface measurement, regional strain.
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