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Fig. 6. Comparison of space-averaged error norms of (a) Doppler velocity
and (b) of velocity vector among the standard solution affected by Gaussian
noise, the ordinary simulation without feedback, and UMI simulations at each
optimum feedback gain.

reduces error derived from inaccurate boundary conditions for
the sake of feedback. More importantly, the value of ey (V, t)
of the UMI simulation (a dashed line in Fig. 6(a)) was smaller
than that of the standard solution with noise itself (a gray line
in Fig. 6(a)). This indicates the possibility that the UMI simu-
lation provides a result close to the true Doppler velocity more
precisely than the ultrasonic measurement affected by noise.
Variations of space-averaged error norm of the velocity vector,
ém(u, t), are shown in Fig. 6(b). At every time moment, the
results of the UMI simulations are much smaller than that of the
ordinary simulation, implying that the effect of noise included
in the standard solution is minute.

The reason why the UMI simulation using the standard so-
lution with Gaussian noise makes the computational result ap-
proach the true standard solution without deterioration of the
computational accuracy is that the method calculates the veloc-
ity and pressure fields to satisfy the governing equations. The
divergence of the feedback signals in the pressure equation of
Eq. (2) does not become zero because of the noise included
in the standard solution. However, components of the standard
solution buried in the noise approach the above term zero and
the result of the UMI simulation approaches the true standard
solution. Therefore, even if noise included in the standard solu-
tion is applied for the feedback in the UMI simulation, it hardly
influences the computational result.

As an example of visualization of the blood flow field, con-
tours of Doppler velocity on multiple cross sections of the

aneurysm and the parent artery at the timing of the maximum
flow rate (¢/T* = 0.13 (0.13s)) are represented in Fig. 7. Because
of the existence of a vortex in the aneurysm, velocity compo-
nents of blood flow approaching and leaving an ultrasound probe
exist, resulting in a mosaic pattern with warm and cold colors.
Compared with the color Doppler image of the standard solu-
tion without measurement errors in Fig. 7(a), mottling can be
observed in Fig. 7(b) under the influence of the noise (oy =
0.087). On the other hand, the color Doppler image of the UMI
simulation in Fig. 7(c) has no mottling and resembles Fig. 7(a),
though the standard solution with noise (see Fig. 7(b)) was used
in the process of feedback.

B. Effect of Aliasing

This subsection discusses effect and treatment of aliasing
in the UMI simulation. In Fig. 8(a), variations of time-space-
averaged and space-averaged error norms of velocity vector,
ey (u) and ey (u, t), with feedback gain (left figure) and with
time (right figure) are compared between the UMI simulations
using the standard solution with/without aliasing (| Vijye| = 0.22,
0.44, 0.87 and 1.09) and the ordinary simulation without feed-
back (K¥ = 0). In the case of |Vip| = 0.22, the error norm,
ey (), of the UMI simulation monotonically increases as the
feedback gain increases (see the left figure in Fig. 8(a)). In cases
that the measurable Doppler velocity range is relatively large
(|Vinre] > 0.44), the error norm of the UMI simulation in the
proper condition is smaller than that of the ordinary simula-
tion, even if aliasing occurs in the standard solution. Note that
enr-(u) evaluates the error of velocity vector by averaging in
one cardiac cycle. Evaluation of the error at each time moment
with the error norm of &y;(u, t) shows that there are timings
when the computational accuracy of the UMI simulation be-
comes worse than that of the ordinary simulation by using an
aliased standard solution for feedback (see the right figure in
Fig. 8(a)). As seen in the result of the case of |Viyre| = 1.09,
even though the duration of aliasing is short with a small per-
centage of aliased points in the feedback points (see Fig. 4(a)),
instantaneous deterioration of the computational accuracy oc-
curs in systole and the effect remains after that. Thus, the UMI
simulation works to reproduce the aliasing included in the stan-
dard solution, and the computational accuracy becomes worse.

When aliased data is applied for feedback, the magnitude of
feedback signal at the feedback point becomes abnormally large
since the Doppler velocity drastically changes compared with
those around the point. The authors have previously proposed
a treatment method for aliasing in a study concerning two-
dimensional UMI simulation of the blood flow field [20]. In
this study, the treatment method was also examined in the 3-D
UMI simulation, i.e., by detecting the cases of |®; (u. — uy)| >
[Vinre|» application of a feedback signal was cancelled at the
feedback point. Error norms, éyr-(u) and &y (u, t), of the UMI
simulation with the above treatment for aliasing are shown in
Fig. 8(b). Compared with Fig. 8(a), the error norms decrease in
all the cases, implying that the aliasing is successfully detected
and canceled. The values of UMI simulations are almost the
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same as that of the UMI simulation using the nonaliased standard
solution except for the case of |Viye| = 0.22.

The contours of Doppler velocity on multiple cross sections
of the aneurysm and the parent artery of the standard solution
with aliasing (|Vine| = 0.87) at the timing of the maximum
flow rate are represented in Fig. 9(a). Different from Fig. 7(a),
displays with a reversal of colors are visible at locations where
the Doppler velocity exceeds the threshold | V), |: a region with
cold color in the parent artery mainly on the leftmost vertical
cross section (see a white arrow in Fig. 9(a)) and in a region
with warm color at the neck of the aneurysm on the lowest
horizontal cross section (see a black arrow). Using the standard
solution with aliasing in the UMI simulation, feedback signals
work in incorrect directions at the aliased points, resulting in
a dark display, as shown in Fig. 9(b). In contrast, as shown in
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Fig. 9(c), a color Doppler image of the UMI simulation with
the treatment for aliasing well reproduces the standard solution
without measurement error of Fig. 7(a).

C. Effect of Wall Filter

In this subsection, the effect of wall filter, which forces
small Doppler velocity to zero in the ultrasonic measurement, is
evaluated.

Fig. 10(a) represents the relationship between the time-space-
averaged error norm of velocity vector, &7+ (u), and the feed-
back gain, K7, of the UMI simulations using the standard so-
lutions in which small Doppler velocities are zeroed with wall
filters (|Vayr| = 0.022 or 0.087). Similar to the effect by Gaus-
sian noise (see Fig. 5), the value of é\rr+(u) increases with K
in UMI simulation with the feedback of the standard solution
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being processed by a wall filter with a relatively large value of
|Vivr| = 0.087. In this study, the effect of a wall filter on the UMI
simulation was negligible in |Viyp| < 0.044. This means that
Doppler velocities reset to zero are originally slow, so that they
do not much affect the whole flow field through the feedback
process.

The computational accuracy of the UMI simulation (K =
11) using the standard solution with the wall filter with |Viyr| =
0.087 is evaluated at each time moment by the space-averaged
error norm of the velocity vector, é\(u, t) (see a dotted line
in Fig. 10(b)). Enlargement of the error norm from the UMI
simulation using the standard solution without the wall filter
(black line) is observed, especially in diastole. This is because

the information of Doppler velocity of the standard solution at
many feedback points tends to be lost in diastole, being reset to
zero (see Fig. 4(b)).

To prevent the feedback of filtered zero Doppler velocity in the
UMI simulation, application of feedback signals was skipped at
feedback points whose Doppler velocities of standard solution
processed by a wall filter were zero. In Fig. 10, the error norms
of the UMI simulation with treatment are also shown. With the
treatment, the maximum value of feedback gain, with which nu-
merical solution can be obtained without divergence, increases
up to K7 = 13 in the UMI simulation using the standard solution
with the wall filter with |Viyg| = 0.087 (see Fig. 10(a)). The
value of éy;7- (1) is repressed so as not to increase with the feed-
back gain by the treatment for the wall filter, though it is larger
than that without the treatment in the range of small feedback
gain. In the space-averaged error norm of the velocity vector
in Fig. 10(b), a decrease of the error by the treatment is visible
in diastole, showing a result equivalent to the UMI simulation
using the standard solution without a wall filter (|Viyr| = 0).

Contours of Doppler velocity of the standard solution on
multiple cross sections in the aneurysm and the parent artery
at t/T = 0.61 (0.60 s, dimensionally) in diastole are shown in
Fig. 11(a). Applying the wall filter with |Viyp| = 0.087 to the
standard solution, the velocity adjacent to the blood vessel wall
becomes zero, resulting in enlargement of the black region, as
shown in Fig. 11(b). The UMI simulation (see Fig. 11(c)) using
the data of Fig. 11(b), but not applying the feedback signals at
feedback points whose Doppler velocities are zero, is similar to
the standard solution without measurement errors of Fig. 11(a)
for the sake of feedback. In contrast, the ordinary simulation
without the feedback provides different patterns of contours as
shown in Fig. 11(d).

Actually, more complicated MTI filters developed by various
manufacturers are installed in ultrasonic measurement equip-
ment to visualize only blood flow in color Doppler imaging.
However, the basic concept of such filters is to regard regions
with small velocity as tissue, ignoring the slow velocities. There-
fore, though the above investigation with regard to the wall fil-
ter, by which all slow velocities less than a threshold value were
changed to zero, may not be complete, it gives us fundamen-
tal insights for repressing the effect of MTI filters on the UMI
simulation.
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D. Effect of Lack of Data

The time-space-averaged and space-averaged error norms of
the velocity vector of the UMI simulation using the standard
solution, whose Doppler velocities are randomly zeroed, are
shown in Fig. 12. The error norms become large as the degree
of the lack of data increases (see Fig. 12(a)). Especially in the
cases with much lack of data (N1, p/Nrp > 10%), error sharply
decreases and then gradually increases with the feedback gain.
Additionally, there are timings when the computational accu-
racy of the UMI simulation becomes worse than the ordinary
simulation (see Fig. 12(b)).

Lack of data and wall filter are similar in terms of incor-
rect output of measured Doppler velocities as zero. Average
percentages of feedback points whose Doppler velocities were
processed by wall filters with |Viyg| = 0.011, 0.022, 0.044, and
0.087 in one cardiac cycle were Nywg/Npg = 6.9%, 13.5%,
25.5%, and 45.2%, respectively (see Fig. 4). Comparison of the
space-averaged error norms of Doppler velocity between UMI
simulations using the standard solution with those having al-
most the same percentages of Nywr/Npp by a wall filter and
Nip/Nrp by alack of data (see Figs. 10(b) and 12(b)), showed
that error derived from the lack of data was more significant in
the whole period. Accordingly, lack of measurement data has
a greater influence on the UMI simulation than the wall filter
since the fast Doppler velocity is reset as zero.

The same investigation as that for treatment of the wall filter
was carried out for the lack of data; feedback was not applied
at the feedback points whose Doppler velocities were zero. In
Fig. 12, time-space-averaged and space-averaged error norms
of the velocity vector of the UMI simulation with treatment for
the lack of data (Ny,p/Nrp = 20%) are also shown. Only in the
case of a lack of 20% of the data, a numerical solution without
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and (b) UMI simulation using the data “(a)” for feedback except for zero velocity
at Kf =11.

divergence is obtained even with the feedback gain of K} = 12
in the UMI simulation. Owing to the treatment for a lack of data,
the UMI simulation becomes able to provide almost the same
result as that using the standard solution without measurement
erTors.

The result of Doppler velocities of the standard solution with
a lack of 20% of the data at the same timing (t/T* = 0.61) in
Fig. 11 is visualized in Fig. 13(a). Since the Doppler velocities
are randomly zeroed, the contour has many black dots, being
different from Fig. 11(a). On the other hand, in Fig. 13(b), the
UMI simulation using the standard solution of Fig. 13(a) but
not applying the feedback at feedback points whose Doppler
velocities are zero well reproduces the standard solution without
lack of data of Fig. 11(a).
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In ultrasonic measurement, there are two cases by which
Doppler velocity becomes zero: blood flow velocity is actu-
ally zero, and the velocity is affected by measurement errors.
Although it is difficult to distinguish them, it is possible to
make the computational result approach the true blood flow
field and to improve the computational accuracy by not applying
feedback signals in cases in which the measured Doppler veloc-
ities are zero in the UMI simulation.

In the above discussion, effects of four measurement errors
were investigated independently. But in a real situation, these
errors appear simultaneously, and Gaussian noise may lead
Doppler velocity to aliasing or zero velocity by increasing or de-
creasing the velocity magnitude. A combination of the present
treatments is probably a solution in such a case, but it remains
as a future work. In addition, scanning sequence and time in
ultrasonic measurement were neglected. In order to more realis-
tically mimic ultrasonic Doppler measurement, a sophisticated
way has been proposed by Swillens et al. [21], [22], including
the dynamics of scan sequencing and the statistics of velocity
estimation process in ultrasound color Doppler imaging. In con-
trast, this study aimed at clarifying how each error in ultrasonic
measurement influenced the blood flow field, especially in the
3-D velocity vectors, obtained by UMI simulation in detail. The
results indicate the possibility that UMI simulation with treat-
ments for aliasing and zero Doppler velocity at an appropriate
feedback gain (/X < 12) reproduces the blood flow field.

IV. CONCLUSION

Among measurement errors included in ultrasound Doppler
measurement, effects of four major measurement errors, namely,
those due to Gaussian noise, aliasing, wall filter, and lack of data,
on UMI simulation were examined by a numerical experiment
dealing with the same objective of blood flow field in the de-
scending aorta with an aneurysm as that in our previous study.
While solving the governing equations in a UMI simulation,
Gaussian noise did not prevent the UMI simulation from ef-
fectively reproducing the blood flow field. In contrast, aliasing
caused significant errors in the UMI simulation. Effects of wall
filter and lack of data appeared in diastole and in the whole
period, respectively. By detecting significantly large feedback
signals as a sign of aliasing and by not adding feedback sig-
nals where measured Doppler velocities were aliasing or zero,
the computational accuracy substantially improved, alleviating
the effects of measurement errors. Based on these consider-
ations, UMI simulation can be performed with suppression of
four major measurement errors, and accurately provides detailed
information on hemodynamics.
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Abstract— This paper addresses a diagnostic palpation system
based on the measurement of nonlinear elasticity. An
indentation probe is used to press against breast tissue. Then,
the measured reaction force is used to estimate the parameters
of nonlinear elasticity, which enables the identification of tissue
type, such as fat, muscle, mammary gland or tumor. Here, we
present the basic concept of our study and preliminary
experimental and simulation results from pilot studies. More
specifically, we measured the nonlinear response of reaction
force using the breast of a goat. In addition, we also simulated
the reaction force using nonlinear biomechanical simulation
with several tissue types. Large differences in reaction force
occur only in the nonlinear range in both experimental and
simulation situations. Our results confirmed the feasibility of
our concept.

I. INTRODUCTION

REST cancer accounts for more than 1 million of the

estimated 10 million malignancies diagnosed worldwide
each year. In recent years, early detection of breast cancer has
been possible because of advances in imaging technology.
However, it is difficult to locate the exact position of a tumor
and to make a definite diagnosis by palpation or imaging. In
addition, invasive examinations such as biopsy are needed to
diagnose whether a breast tumor is benign or malignant.
Non-invasive and accurate diagnostic techniques are,
therefore, desired to achieve accurate diagnosis and to
alleviate the patient’s mental burden.

The stiffness of malignant tumors has traditionally been
qualitatively measured based on palpation by doctors. Many
studies have reported systems for tissue characterization and
for locating exact tumor position based on palpation. In
particular, elastography imaging technologies have been
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explored. Elastography requires the induction of motion
within the target tissue by an external force and conventional
medical imaging modalities are used to measure tissue
deformation, from which mechanical properties can be
reconstructed.

There are limitations in the present elastography protocols.
Elastography imaging typically provides contrast in linear
stiffness under the assumption of very small deformations. It
is actually very difficult to measure nonlinear properties
using large deformations. On the other hand, tissues generally
exhibit homogeneous, nonlinear, anisotropic elastic and
viscous behaviors [1]. Krouskop et al. [2], Wellman et al. [3]
and Samani et al. [4] measured the stiffness properties of
breast tissues. These papers reported that breast tissue
exhibits strong nonlinear properties. More specifically,
tissues under low stress exhibit linear properties, but stiffness
increased in tissues under high stress. The authors have also
reported the measurement of nonlinear elastic properties of
breast soft tissues, such as fatty tissue, muscles and mammary
glands [5]. They reported that there are large differences in
the magnitude of nonlinear elasticity among breast tissues,
while differences in elastic properties in the linear range are
small.

The goal of this study is to develop a diagnostic palpation
system to identify the location of each tissue based on the
measurement of nonlinear elasticity. Figure 1 shows our
system concept. The indentation probe presses against breast
tissue to the extent that the strains of breast tissue become
large and such that nonlinear properties are exhibited. Then,
the measured reaction force is used to estimate the parameters
of nonlinear elasticity. The type of tissue, such as fat, muscle,
mammary grand or tumor is identified by the estimated
parameters of nonlinear elasticity. In addition, we consider
that nonlinear elasticity measurement can be an effective
method for the identification of tumor type because Krouskop
et al. [2] have shown that nonlinear elasticity of malignant
tumor is larger than that of benign tumor.

Forced /- . Measured
Displacement ; .L Reaction force
Boundary P aa Fonn e I
Conditions > = 5  Deviation |
Palpation Robot & Breast

— minimization

Computed
Reaction force
Nonlinear

_ Parameter

Finite Element Model —

Fig.1. The conceptual scheme of our palpation method.
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It should be noted that there are some studies in the field of
elastography addressing nonlinear elasticity. For example,
Hall et al. present a system for nonlinearity imaging by 1%
incremental strain [6]. Nitta et al. have described nonlinear
elasticity parameter estimations for kidney phantom [7].
Wang et al. present an elastography method for
reconstruction of nonlinear breast tissue properties and for
simulation investigation [8]. These papers propose methods
to identify nonlinear parameters but experimental evaluation
with actual animal tissues were not conducted [7] [8]. Hall et
al. [6] reported experiments and evaluation with actual tissue,
although the experiment was conducted with only small
displacements. In short, tissue characterization using analysis
of nonlinear reaction force with large deformation has not
been conducted.

The objective of the present paper is to investigate the basic
concept of our study using preliminary experimental and
simulation studies. More specifically, we used goat breast to
measure the reaction force in response to large deformation.
In addition, we also simulated the reaction force using
nonlinear biomechanical simulation in several tissue types.
The feasibility of our concept, tissue identification based on
nonlinear properties of tissues, is discussed.

[I. METHOD

A. Experiment

In this section, we describe the conditions under which the
in vivo experiment was conducted. The method was
performed using a test apparatus implanted in the breast of a
goat. We intended to measure the reaction force from two
indentation points in which the ratio of tissues (fats and
mammary gland) are different under each point. The
experimental details are described below (Fig. 2).

1) Ethical issues: All animals received humane care in
accordance with “The Guidelines for the Care and Use of
Laboratory Animals™ published by the National Institute of
Health (NIH publication 85-23, revised 1985), “The
Guidelines for Proper Conduct of Animal Experiments”
formulated by the Science Council of Japan (2006), and the
guidelines determined by the Institutional Animal Care and
Use Committee of Tohoku University.

2) Experimental setup: A goat breast was used for in vivo
experiments. The goat was placed supine as shown in Fig. 2.
In humans, the sternum is located under the breast, which acts
as a stiff boundary (refer to Fig. 3). Unlike humans, goats
have no sternum under their breast. As a boundary condition,
considering the effect of the sternum in humans, we set the
dorsal area of the goat breast as the fixed boundary by
inserting a metal plate as shown in Fig. 3.

3) Experimental apparatus: The experimental manipulator
has one degree of freedom of linear movement by an actuator.
A force sensor (NANO 1.2/1, BL AUTOTEC) and a 7 mm
diameter indentation probe were attached to the manipulator
as shown in Fig. 2. We calculated the moving distance of the
probe from the value of the encoder attached to the motor.
The reactive forces exerted on the probe were sampled by the
force sensor.

Holding
arm

Force
sensor

Indentation
probe

Fig.2. The arrangement of the goat breast and apparatus.

Metal
plate

Structure of
human breast

’ 'ﬁ:‘ —~
N

4

Simulated experimental
condition

Fixed boundary

Fig.3. The boundary conditions of the breast in vivo.

10mm
Mammary gland *
. 70%

(a) Point A

Indentation

10mm

Mammary gland *

(b) Point B
Fig.4. Ultrasound images of hog breast at each point

4) Imaging modality: Ultrasound equipment (SONOS
5500, Hewlett Packard) was used for imaging because of its
compatibility with the robot and for its ability to show
real-time visualization.
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5) Experimental conditions and procedures: First, we
searched for an indentation point using an ultrasound probe.
We judged the ratio of fats to mammary gland under the
search point from the contrast of ultrasound images. We
determined two points in which the ratio of fat and mammary
grand are different: under point A, the tissue ratio was 70%
mammary gland to 30% fat and at point B the tissue ratio was
100% mammary gland to 0% fat. The ultrasound images at
each point are shown in Fig.4. For each point we positioned
the experimental apparatus and fixed it in place using a
laparoscope positioning device that can be changed between
a free state and a locked state. The indentation was then
carried out at constant velocity 3.0 mm/s and the force and
displacement of the probe were recorded. Three indentations
were performed at each point. We performed the experiment
at point A and B.

B. Simulation

We have developed and reported mechanical liver and
breast models in previous papers, in which we also gave
specific descriptions of the material properties of the liver and
of finite element based modeling (FEM) and of FEM
validation [9]-[10]. The nonlinear force analysis was carried
out using this modeling method. An overview of this
modeling is presented as follows:

1) Material nonlinearity: We have previously reported the
nonlinear elastic model of a pig liver [9] and breast [5]. This
model was constructed by the torsional creep test using a
rheometer (AR-G2, TA-Instrument). A creep test was carried
out for various stresses to investigate material nonlinear
properties. In our previous work, the steady state of the step
response following sufficient elapsed time exhibits the
low-frequency characteristics described in (1). Nonlinear
properties can be modeled using the quadric function of strain
described in equation (2). The parameters of these equations,
measured by the experiment, are shown in Table I.

dk
G—d—t%/-:r (1)
G, (r<n)
G=
{Gu(1+a(7_7())2) (7 2 }/0) @

where G is the magnitude of stiffness, G, is the viscoelastic
modulus of the linear range, a, is the coefficient when the
change of yis the shear strain and y, is the strain in which the
characteristics of soft tissue change show nonlinearity.

2) Finite element modeling: We have previously reported
our solution for the finite element model and have also
provided specific descriptions of the development of this
model [9]-[10]. As shown in Fig. 5, a model was constructed
with a breast shape similar to that of the breast used in the
experiment, which is explained in section A. The shape of the
breast model was assumed to be 40 mm square. As a
boundary condition, we set the dorsal side of the model as the
fixed end simulating the effect of the sternum (we used a
metal plate in the experiment). The mesh was developed
using the Delaunay method, which involves dividing the
object automatically into triangular elements, based on the
outline of the target object. This is one of the most accepted

methods because of the uniquely high reliability resulting
from its geometric division. We created the two models with
the same shape and mesh but having different material
properties: one consisted of 70% mammary gland and 30%
fat; the other consisted of 100% mammary gland and 0% fat.
The configuration of mesh and each tissue is presented in Fig.
5.

3) Material properties: The stiffness parameter of the
model was decided based on our previous work to measure
the nonlinear elasticity of breast tissues [5]. Our previous
work [9] revealed that there are large differences between the
stiffness parameters of in vitro tissue and in vivo tissue.
Considering the above, linear elasticity G, was manually set
to correspond with the experimental results shown in Fig.6.
Meanwhile, the nonlinear elastic parameters a, and y,were
not changed for the evaluation by difference in nonlinear
elasticity. Table I shows the parameters of each tissue.

4) Simulation conditions: Nodes at probe contact at the
center of the upper surface were displaced along the Y-axis at
a rate of 3.0 mm/s. Time-series data for probe displacement
and the external force were collected during the simulation.
The simulations were carried out for both models.

III. RESULTS

Figure 6 presents the experimental results of the reaction
force during the indentations. Both reaction forces at point A
and B increased linearly in response to small displacements of
the indentation probe. The slopes of force increase were at
similar magnitudes. The reaction force at point B exhibits a
nonlinear increase after 4 mm of probe displacement.
Meanwhile the force at point A remained linear after
approximately 8 mm of displacement.

Figure 6 also presents the simulation results of the reaction
force. The tendency was the same as in the experimental
results; a small difference in reaction force in the linear range
in response to small displacement and a large difference in the
reaction force in the nonlinear range in response to large

/lndentatiOII point

(.
AV — Element

= | — Node

£

E o
QF Mammary

J gland

>
A 1 Fat
=38 7
-

20 10 0 10 20
X mm

Fig.5. Boundary conditions of breast model mesh. The rear side of the
model was set to be the fixed end.

TABLE1
PARAMETER OF EACH TISSUE OF THE BREAST MODEL
Tissue type G,Pa % a,
Fat 3.0x10° 0.87 2.1
Mammary gland 4.8x10° 0.44 2.1x10"
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displacement. The reaction force in the simulation was small
in both nonlinear and linear ranges compared with the
experimental result. The magnitude of nonlinearity in the
simulation was also small compared with the experimental
results.

IV. DISCUSSION

1) Feasibility of our concept: There were small differences
in the linear range in the reaction force during small
displacements between the experimental and simulation
results. On the other hand, this difference became large when
the probe displacement became large and the reaction force
became nonlinear. A small difference of reaction force may
result in mischaracterization of tissue. Therefore, we suggest
that it is preferable to identify tissue type by evaluating
nonlinear elasticity rather than linear elasticity. These results
support the feasibility of our concept to evaluate the nonlinear
reaction force following large deformation of the breast.

2) Two dimensional analysis and model shape: we
developed a 2D liver model and provided a 2D deformation
simulation. It is acknowledged that a 3D model would
provide more accurate results. However, an assumption,
supported by related studies [11], was made that 2D
simulation and manipulator movement would be sufficiently
effective to enable accurate needle insertion. A comparative
evaluation of 2D and 3D simulation will be undertaken in
future work. The other limitation in our investigation is the
shape of the model. We simulated the reaction force with a
simplified structure.

4 ——Experiment (Point A)

3.5 | = - Experiment (Point B) [~ ,‘l T

3= =Simulation (Model A) | ‘ .
----- Simulation (Model B) t}

Reactio n force N

0 3 0 9 12 15
Probe displacement mm

Fig.6. Experimental and simulation results of the reaction force (Average
value of three experiments).

40

20

-20 0 20

Fig.7. An example of model deformation. The color of each element
represents the strain of the element.

The actual shape of the breast used in square breast model as
the experiment was not square but a more complex structure.
It is likely that the limitations of dimension and shape of the
model result in the difference between the simulation and
experimental results.

3) Tissue limitation: This article only covered mammary
gland and fat as target tissues. The goal of our research is to
characterize all the constituent breast tissues. Tissues such as
muscle and tumor will be addressed in future work.

V.SUMMARY AND FUTURE WORK

We propose the palpation diagnosis system based on the
measurement of nonlinear elasticity to identify the location of
each breast tissue. Here, we have presented the basic concept
of our study with preliminary experiment and simulation.
More specifically, we performed an experiment to measure
the nonlinear response of reaction force using the breast of a
goat. In addition, we also simulated the reaction force using a
nonlinear biomechanical simulation with several tissue types.
Large differences in reaction force occur only in the nonlinear
range in both experimental and simulation situations. Our
results confirmed the feasibility of our concept.

In future work, we will examine the reaction force with a
3D breast model. We will perform an investigation that will
include breast muscle and tumor. From these results, we will
develop a palpation system for tissue characterization.
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Aim The arrhythmogenic relationship between the presence of J-waves during sinus rhythm and idiopathic ventricular
tachycardia (VT) or pre-mature ventricular contractions (PVCs) originating from the right ventricular outflow
tract (RYOT) has not been reported. The aim of this study was to investigate the prevalence and characteristics
of idiopathic RVOT—-VT/PVCs associated with |-waves.

Methods The study enrolled 138 consecutive idiopathic RVOT-VT/PVC patients undergoing radiofrequency catheter ablation

and results (RFCA) and 276 age- and gender-matched control subjects. The prevalence of J-waves was assessed in each cohort,
and the clinical and electrophysiological data were compared between the RVOT-VT/PVC patients with J-waves
(-RYOT-VT/PVC group) and those without (non-]-RVOT-VT/PVC group). J-waves were more common among
patients with idiopathic RVOT-VT/PVCs than among the matched control subjects (40 vs. 16% P < 0.001). The
J-RVOT-VT/PVC group had a higher incidence of sustained VT (25 vs. 5%, P < 0.01), shorter VT cycle length
(302 £ 57 vs. 351 £ 58 ms, P < 0.001), and more episodes of syncope (25 vs. 2%, P < 0.001) than did the non-J-
RVOT-VT/PVC group. However, no patients demonstrated any ventricular fibrillation (VF) or cardiac sudden
death in either group.
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Conclusions There was a high prevalence of J-waves in the idiopathic RVOT-VT/PVC patients referred for RFCA. Although
patients with idiopathic RVOT arrhythmias associated with J-waves might have a more enhanced arrhythmogenicity
than those without J-waves, the significance of those J-waves was limited in terms of the prognosis and VF.

Keywords J-waves e Pre-mature ventricular contraction e Right ventricular outflow tract e Ventricular tachycardia

Eﬁt?’@di&ﬁté@ﬁ from the area of the J-waves and it was considered as a strong argu-

Recently, the presence of J-waves (notching or slurring after the QRS
complex during sinus rhythm) in the inferior-lateral leads of the
12-lead electrocardiogram (ECG) has been reported to be associ-
ated with ventricular arrhythmias."™® In the initial case-control
study describing an idiopathic ventricular fibrillation (VF) associated
with J-waves (J-wave syndrome) published by Halssaguerre et al'
when pre-mature ventricular contractions (PVCs) were present
and documented in a J-wave syndrome patient, their origin was

ment to link idiopathic VF and J-waves in the inferior-lateral region.
To the best of our knowledge the arrhythmogenic relationship
between idiopathic ventricular tachycardia (VT)/PVCs arising from
the right ventricular outflow tract (RVOT), which are the most
common type of ventricular arrhythmias in structurally normal
hearts,”'® and J-waves has not been previously reported.
However, we actually encountered a case of unexpected sudden
death due to VF while observing for |-waves and suspected idiopathic
RVOT-PVCs (Figure 1)."" Another case report also described an

* Corresponding author. Tel: +81 022 266 7111; fax: +81 022 211 8972, Email: tetsuo.yagi@nifty.com
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2011. For permissions please email: journals.permissions@oup.com.
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exercise-induced sustained RVOT-type VT associated with | point
elevation in the inferior leads in a patient without apparent heart
disease.’ It is unknown as to whether or not the presence of
J-waves affects the arrhythmogenicity of idiopathic RVOT—-VT/
PVCs. The purpose of this study was to investigate the prevalence
and characteristics of idiopathic RVOT—VT/PVCs associated with
J-waves.

Methods

Study population

The study was approved by the institutional review board. We reviewed
the database of 138 consecutive patients (mean age 44 + 15 years, 45
males) in whom radiofrequency catheter ablation (RFCA) was con-
ducted for the treatment of idiopathic RVOT—-VT/PVCs at our institute.
No patients had any structural heart disease. Patients with coronary
artery disease, any cardiomyopathies including arrhythmogenic right
ventricular cardiomyopathy/dysplasia (ARVC/D),13 Brugada syn-
drome,™ catecholaminergic polymorphic ventricular tachycardia,”® or
long or short QT syndrome™'® were excluded. The control group

consisted of 276 age- and gender-matched healthy subjects who were
selected from among 7110 subjects who had routine health care exam-
inations (12-leads ECG, blood test, chest X-ray film, and physical exam-
inations) at our hospital health care centre between 2007 and 2009. The
subjects with an abnormal 12-lead ECG (i.e. any arrhythmias, wide QRS
complex, ST-segment elevation, T-wave inversion, QT interval abnorm-
ality, or Brugada-type ECG), blood test results, chest X-ray films, and
physical examinations were excluded.

Definition of J-waves and analysis
of the electrocardiogram parameters

The presence of J-waves during sinus rhythm (SR) was investigated in
all the patients and control subjects. In the study patients, a 12-lead
ECG was recorded after withdrawal of all antiarrhythmic drugs for
at least five half-lives both 1-3 days before and 1-3 days after the
RFCA. To blind the ECG interpreters to the patierit grouping and
patient information, all tracings were scanned and coded. Segments
showing extra-systoles were not used. All scanned ECGs were ana-
lysed by two independent cardiologists in a random order and any
controversial interpretations were re-discussed with a third observer.
As previously described,” """ the |-waves were defined as an
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elevation of the ] point noted as either a QRS slurring or notching of
>0.1 mV in =2 contiguous leads in the inferior leads (Il, lll, aVF), or a
lateral (I, avVL, V4-Vé) distribution (Figures 1-3). Other ECG par-
ameters, including the PR interval, QRS duration, and QT interval cor-
rected for the heart rate (QTc) during stable SR at baseline were
measured in lead V2. The QTc interval was calculated after a correc-
tion for the heart rate with Bazett’s formula.

Clinically, documented ventricular arrhythmias recorded by Holter
recordings or ECG monitoring in the idiopathic RVOT-VT/PVC
patients were analysed in terms of the coupling interval of the
VT/PVCs (ms), tachycardia CL (ms), and form of the ventricular arrhyth-
mias. The form of the ventricular arrhythmias was divided into the fol-
lowing criteria: (i) PVCs were defined as isolated or two consecutive
ectopic ventricular beats, (ii) non-sustained VT was defined as >3 con-
secutive beats and which terminated spontaneously within 30 s, (iii) sus-
tained VT was defined as VT lasting >30's, and (iv) VF was defined as a
polymorphic ventricular tachyarrhythmia with haemodynamic decom-
pensation requiring direct cardioversion for termination.

Comparison between idiopathic right
ventricular outflow tract-ventricular
tachycardia/pre-mature ventricular
contractions patients with

and without j-waves

Based on the presence or absence of J-waves during SR in the 12-lead
ECG before the RFCA, the idiopathic RVOT-VT/PVC patients were
divided into two groups: the J-RVOT-VT/PVC group and
non-]-RVOT-VT/PVC group. The patients’ clinical characteristics,
ECG parameters during both SR and RVOT-VT/PVCs, data from
electro-physiological study, outcome of the RFCA, |-waves’ appearance
after the RFCA, and the follow-up data were compared between the
WO groups.

Statistical analysis

Continuous variables were expressed as the mean + SD, and categori-
cal variables were presented as the number and percent in each group.
The prevalence of J-waves between the idiopathic RVOT~VT/PVC
patients and control subjects was assessed by a conditional logistic
regression analysis. A comparison of the continuous variables
between the J-RVOT-VT/PVC group and non-f-RVOT-VT/PVC
group was drawn by means of a Student’s t-test. Categorical variables
were compared using a y* analysis with a Yates' correction if necess-
ary. A P value <0.05 was considered significant (two-tailed).

Results

Prevalence of J-waves

Among the total of 138 RVOT-VT/PVC patients, six patients (four
males) were excluded from the following analysis because of other
coexisting ECG abnormalities [atrial fibrillation (1), second-degree
atrio-ventricular block (1), sick sinus syndrome (1), and right bundle
branch block (3)]. Another four patients (three males) demonstrated
a ] point elevation in the right pre-cordial leads (V1-3). Those four
patients were also excluded from the following analysis in order to
avoid any potential Brugada syndrome or ARVC/D.

J-waves were more common in the idiopathic RVOT-VT/PVC
patients than among the matched control subjects [n = 56 (40)
vs. n =46 (16%), the odds ratio (OR) = 3.32, 95% confidence
interval (Cl) = 2.09-5.28, P < 0.001].

Comparison of the clinical,
electrocardiographic, and
electrophysiological characteristics
between the J-right ventricular outflow
tract-ventricular tachycardia/pre-mature
ventricular contractions group

and non-j-right ventricular outflow
tract-ventricular tachycardia/pre-mature
ventricular contractions group

Table 1 shows the comparison of the clinical parameters between
the J-RVOT-VT/PVC group and non-J-RVOT-VT/PVC group.
The patients in the two groups were of a similar age and gender.
Prior episodes of syncope were more frequent in the |-RVOT—
VT/PVC group than in the Non-]-RVOT-VT/PVC group (25 vs.
2% P < 0.001). The comparisons of the clinical ECG characteristics
between the two groups are shown in Table 2. Isolated PVCs were
a more common finding in the non-]-RVOT-VT/PVC group (23 vs.
47% P < 0.01). On the other hand, sustained VT was documented
more frequently in the J-RVOT-VT/PVC group than in the
non--RVOT-VT/PVC group (25 vs. 5% P < 0.01) (Figure 2). We
could not document any VF in any of the patients. The coupling
intervals of the initiating VT or PVCs did not differ between the
two groups. However, the CL of the spontaneous VT was much
shorter in the ]-RVOT—VT/PVC group than in the non-J-RVOT—
VT/PVC group (302 & 57 vs. 351 4 58 ms, P << 0.001) (Figure 3).
The heart rate, PR interval, QRS duration, and QTc during SR
did not differ statistically.

Inall patients, no VF was induced by programmed electrical stimu-
lation, and endocardial mapping represented no local abnormal elec-
trograms, including fragmented or delayed potentials. Although four
patients in the ]-RVOT-VT/PVC group required rapid ventricular
electrical stimulation to induce their clinical RVOT-VT/PVCs
(Figure 2A), we could not demonstrate any electro-physiological evi-
dence of a reentrant VT mechanism. No one in the non-J-RVOT~
VT/PVC group needed any electrical ventricular stimulation to
induce their clinical VT/PVCs during the electrophysiological
study. No significant difference was observed regarding the
success rate of the RFCA between the two groups (Table 2). After
the RFCA, no J-waves were recorded in five patients in the
J-RVOT-VT/PVC group. No one in the non-]-RVOT-VT/PVC
group developed any J-waves after the RFCA.

The follow-up data were obtained in all patients in the ]-RVOT~
VT/PVC group and in 69 (95%) in the non-]-RVOT-VT/PVC group
at our outpatient clinic. Three patients in the non-}-RVOT-VT/
PVC group were referred to other institutions. No deaths were
observed in any of the patients during the follow-up period
(median of 12 months, interquartile range 4~25 months).

Discussion

To the best of our knowledge this is the first report showing the
relationship between J-waves and idiopathic RVOT-VT/PVCs. The
main findings in this study were as follows: (i) The prevalence of
J-waves was 40% in the idiopathic RVOT-VT/PVC patients
referred for RFCA in our institution, which was higher compared
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Figure Z Two representatlve male patients with |d|opathlc right ventrlcular outﬂow tract—ventrlcular tachycardla assoc1ated with J-waves..

o (A) The 12-lead electrocardlograms ina 53-year- ld male. (A1) The 12- lead electrocardxogram demonstrates. the |- waves (QRS notchmg) in
the inferior leads (arrow) during sinus rhythm. (A2) The 12-lead electrocardxogram during an electrophystologlcal study. The sustained ventri-
cular tachycardra was induced by rapid ventricular pacing. (B) The 12-lead electrocardiograms in a 56-year-old male who stffered from repeti-
tive syncopal episodes (B1) The 12-lead electrocard[ogram demonstrates the J-waves (QRS notchmcI in the inferior:leads and QRS slurring in
V5=6: arrow), and non-sustained ventricular tachycardia with a left bundle branch block and inferior-axis deviation. (B2) The 12-lead electro-
cardiogram durmg an electrophysiological study. The sustained ventricular tachycardia appeared spontaneously with rapid lowering of the blood
pressure. Radlofrequency catheter ablation of the ventricular tachycard|a origin located.in the right ventricular outflow tract completely elimi-
nated the ventricular tachycardla in both patlents :
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the j—waves (QRS notchmg) in the mfenor leads and in V5-6 (arrow) durmg inus- rhythm (B3) The’holter electrocardmgram in the same
‘patlent shows a very rapid non- -sustained ventricular tachycardla (cycle length = 190 ms) Radlofrequency catheter ablation of the ventricular
““tachycardia origin-in the r!ght ventrtcular outﬂow tract completely eltmmated the ventncular tachycardla in both patlents :

J-RYOT-VT/
PVC group
(n = 56)

- Age (year) 44 + 15

- Male gender  35% (n = 20)
FH 5% (n=3)

 Syncope  25% (n = 14)

v Pre-syncope  14% (n = 8)

Non--RVOT-VT/ P

PVC group value
(n=172) b
43 + 15 032
25% (n = 18) 018
1% (n=1) 044
2% (n=12) <0.001 =
13% (n = 10) 084

FH, family history of sudden death.

with that in the healthy matched control subjects, (i) idiopathic
RVOT~VT/PVC patients associated with J-waves had a significantly
higher incidence of sustained VT, shorter VT CL, and more epi-
sodes of syncope than did the idiopathic RVOT-VT/PVC patients
without J-waves, and (i) No patients demonstrated any VF or
sudden death in the clinical course.

The presence of J-waves is a common ECG finding. It is present
in 2-13% of the general population and usually is considered as a
normal variant due to its benign long-term |3rognc>sis‘1“4'8’17
However, recent clinical studies have reported an association
between J-waves and idiopathic VF."™® Some studies have also
suggested a high prevalence and arrhythmogenic significance of
J-waves in various underlying arrhythmogenic situations (i.e. short
QT syndrome,* ARVD/C,* chronic coronary artery disease,” and
Wolff~Parkinson-White syndrome'®). On the other hand, idio-
pathic RVOT-VT/PVCs are the most common and usually are
benign ventricular arrhythmias in patients without structual heart
disease.”"® It remains unknown as to whether or not the presence
of J-waves affects the arrhythmogenicity of idiopathic RvOT-VT/
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J-RYOT-VT/ Non-J-RVOT- P
PVC group VT/PVC group value
(n = 56) (n=72)

_ Presenting arrhythmia

PVCs 23% (n=13)  47% (n=34) <001
Non-sustained VT 51% (n=29)  47% (n = 34) 060
Sustained VT 25% (n=14) 5% (n=4) <001

. VF 0% (n=0) 0% (n=0)

 Clof VT/PVCs (ms) 444 + 89 452 + 85 0.61

- CLof VT (ms) 302 + 57 351 + 58 <0001

(n=43) (n=38)

Parameters during sinus rhythm

 Heartrate (bpm) 65 + 8 66 + 12 031
QRS duration (ms) 54 + 8 53+ 9 0.62
PR interval {ms) 177 £ 20 177 £ 20 092
QTc (ms) 397 + 23 399 + 22 071

k Successful RFCA

94% (n=53) 90%

—
=

= 65) 056

PVCs. In the present study the prevalence of J-waves was surpris-
ingly high (40%) in the idiopathic RVOT~VT/PVC patients referred
for RFCA. We speculate that this high percentage of J-waves may
represent an enhanced arrhythmogenicity in these patients.
Patients with symptomatic and risky idiopathic RVOT-VT/PVCs
are more likely to be referred for RFCA. Indeed, there was an intri-
guing correlation between the idiopathic RVOT-VT/PVC patients
and J-waves with regard to sustained VT, short VT CL, and
syncope.

On the other hand, we could not detect any documented VF in
the present study cohort. This result is not surprising because idio-
pathic RVOT-VT/PVCs are usually benign.”'® Our data suggest
that the significance of J-waves in idiopathic RVOT-VT/PVC
patients may be limited in terms of the overall prognosis and
occurrence of VF. However, some recent reports have shown
that idiopathic RVOT-VT/PVCs occasionally cause VF or sudden
death (‘malignant’ idiopathic RVOT—VT/PVCs).2°*" The mechan-
ism of the malignant form of idiopathic RVOT-VT/PVCs is
unknown. Moreover, the electrophysiological mechanisms of the
arrhythmogenesis related to J-waves have not been established.
There is controversy over whether the pathogenesis of J-waves
is related to an early ventricular repolarization abnormality or ven-
tricular depolarization abnormality.? In experimental studies,
22-24 proposed that an epicardial—
endocardial heterogeneity of the repolarization was responsible
for J-waves observed in patients with idiopathic VF as well as

Antzelevitch and co-workers

Brugada syndrome. Further, delayed after depolarizations
(DADs) and triggered activity are believed to be the underlying
mechanism of idiopathic RVOT-VT/PVCs."""" There have been
no clinical studies explaining the direct link between the increased
dispersion of ventricular repolarization and the DAD-induced trig-
gered activity. However, Antzelevitch and co-workers”>?¢ demon-
strated that DAD-induced triggered beats originated in the
epicardium, leading to a reversal of the direction of the activation
(from the epicardium to the endocardium instead the normal
endocardial to epicardial activation), leads to a dramatic increase
in the transmural dispersion of the repolarization. They speculated
that DADs originating from the RVOT-epicardium not only initiate
VT but also create the substrate for reentry by increasing the dis-
persion of the ventricular m’epolarization.25’26 Although previous
studies reporting ‘malignant’ idiopathic RVOT—-VT/PVCs did not
mention about the presence of J-waves in their patient series,
some clinical features are overlapping between the ‘malignant’ idio-
pathic RVOT-VT/PVCs reported previously20 and the idiopathic
RVOT—-VT/PVCs associated with J-waves in the present study
(i.e. shorter tachycardia CL and more episodes of syncope). We
speculate that the presence of J-waves may reflect a potential pro-
pensity of ventricular proarrhythmias even in idiopathic RVOT—
VT/PVCs patients. Although the proposed mechanism of sudden
cardiac arrest associated with J-waves would suggest that these
patients should present with VF, the exact mechanisms are yet
to be elucidated. Some investigators have described an association
between monomorphic VT and the presence of J-waves.®~812
Numerous reports have been published on patients with
Brugada syndrome who have presented with monomorphic
VT.?~% The mechanisms and clinical implications of coexisting
monomorphic VT and VF in Brugada syndrome also have not

been clarified. Further clinical and experimental studies are

needed to clarify the significance and risk of idiopathic VT/PVCs
associated with underlying proarrhythmic situations such as
J-waves in the inferior-lateral leads or Brugada pattern ECGs.

Study limitations

The present study had several limitations. First, this study was a
single-centre, retrospective analysis. A further prospective evalu-
ation is needed in a larger study population. Secondly, the
present study cohort had a potential referral bias, because the
patients with symptomatic and high-risk RVOT-VT/PVCs are
more likely to be referred for RFCA, whereas asymptomatic
patients are more likely to be treated conservatively. Therefore,
we could not confirm the true prevalence of j-waves in the
overall idiopathic RVOT—VT/PVC patients with this study design.
Thirdly, all patients underwent a 12-lead ECG at least twice
before and after the RFCA; however, the day-to-day variability in
the ECG patterns should have been evaluated using more frequent
ECG recordings. Fourthly, all patients and control subjects in the
present study were Japanese. We could not analyse the relation-
ship between the prevalence of J-waves and the genetic/ethnic
differences. Very recently, an epidemiologic study in the Japanese
population revealed that J-waves were common ECG findings,
yielding a positive rate of 23.9% during the follow-up.19 It is poss-
ible that the high prevalence of J-waves in the present study
reflected a genetic characteristic.
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Conclusions

There was a high prevalence of J-waves in the idiopathic RVOT—
VT/PVC patients referred for RFCA. Although patients with idio-
pathic RVOT arrhythmias associated with J-waves might have a
more enhanced arrhythmogenicity than those without J-waves,

the significance of those J-waves was limited in terms of the prog-
nosis and VF. Further clinical and experimental studies are needed
to clarify the clinical and electrophysiological relationship between
the J-waves and idiopathic RVOT—-VT/PVCs.

Conflict of interest: none declared.
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Background. The relation between glaucoma and retrobulbar circulation in the prognosis has been indicated. Purpose. To
investigate the effects of acupuncture on retrobulbar circulation in open-angle glaucoma (OAG) patients. Methods. Eleven
OAG patients (20 eyes with OAG) who were treated by topical antiglaucoma medications for at least 3 months were enrolled.
Acupuncture was performed once at acupoints BL2, M-HN9, ST2, ST36, SP6, KI3, LR3, GB20, BL18, and BL23 bilaterally.
Retrobulbar circulation was measured with color Doppler imaging, and intraocular pressure (IOP) was also measured at rest and
one hour after rest or before and after acupuncture. Results. The A value of the resistive index in the short posterior ciliary artery
(P < .01) and the A value of IOP (P < .01) were decreased significantly by acupuncture compared with no acupuncture treatment.
Conclusions. Acupuncture can improve the retrobulbar circulation and IOP, which may indicate the efficacy of acupuncture for

OAG.

1. Introduction

Glaucoma is one of the causes of blindness [1] and the Tajimi
Study showed that the prevalence of primary open-angle
glaucoma (OAG) was 3.9% in Japan [2]. The main treatment
strategy of glaucoma is to control the intraocular pressure
(I0P) [3]. Although IOP reduction is currently the main
target for the treatment of glaucoma, treatment modalities
that enhance retrobulbar hemodynamics in addition to
reducing IOP may have a beneficial effect on the glaucoma
therapy. It has been reported that glaucoma is associated
with reduction in the blood flow velocity and elevation
of the resistive index (RI) in the retrobulbar vessels [4—
7]. It has also been reported that patients with OAG have
impaired hemodynamics in ophthalmic circulation [8-10].

The impaired ocular circulation contributes to the progres-
sion of glaucomatous damage [11-13]. Therefore, new drugs
or interventions that improve ocular hemodynamics may be
preferable.

Recently, acupuncture has been widely applied to treat
several conditions such as neck pain, shoulder pain, lumbar
pain, headache, and hypertension in Asian and Western
countries, and it has also been found to be effective
for many conditions in several randomized trials [14—
20]. Acupuncture has also been used for the treatment
of ocular diseases, including glaucoma, in traditional Chi-
nese medicine [21]. We have shown that acupuncture
therapy added to the standard medication could affect
the IOP level in eyes with normal-tension glaucoma
[22], and several other studies have demonstrated that

- 223 -



acupuncture improves choroidal blood flow in the eye [23—
25].

We have already reported that color Doppler imaging
(CDI) by ultrasound is suitable for measuring the blood
flow change in several organs during traditional Chinese
medicine therapy [26-30]. The real-time and noninvasive
hemodynamic measurement with CDI has been applied for
measuring the retrobulbar vessel hemodynamics, and the
reproducibility has already been shown [31]. In this study,
we evaluate the hemodynamic changes in retrobulbar vessels
by CDI to investigate the effect of acupuncture on OAG eyes.

2. Subjects

After the ethics committee approved the study, 11 patients
diagnosed with OAG (20 eyes with OAG) were enrolled in
this study. The patients received standard medical treatment
for at least 3 months. The patients who had an experience
of laser trabeculoplasty, any ocular surgery, or inflammation
within the past year were excluded in the present study.

3. Methods

3.1. Acupuncture. On the trial days, the patients arrived
under regular medications. They received acupuncture ther-
apy as follows in the morning. The acupoints were selected
on the basis of the principles of traditional Chinese medicine.
Acupuncture was performed for 15min using disposable
stainless steel needles (0.16 mm or 0.20 mm X 40 mm; Seirin
Co. Ltd., Shizuoka, Japan) at acupoints Cuanzhu (BL2),
Taiyang (M-HN9), Sibai (ST2), Zusanli (ST36), Sanyinjiao
(SP6), Taixi (KI3), and Taichong (LR3) bilaterally while the
patient was in the supine position and at acupoints Fengchi
(GB20), Ganshu (BL18), and Shenshu (BL23) bilaterally
while the patient was in the prone position for 15min.
Each needle was simply inserted without any intention of
eliciting specific responses (e.g., de-qi feelings) to a depth
of approximately 20 mm at acupoints ST36, SP6, KI3, GB20,
BL18, and BL23. For acupoints BL2, M-HN9, ST2, and LR3,
the needles were inserted to a depth of approximately 3—
10mm. Neither needle manipulation techniques nor other
auxiliary interventions were used. Five licensed acupunc-
turists and one physician-acupuncturist with over 5 years
of acupuncture experience administered the acupuncture
treatment.

3.2. Measurements. To minimize the effects of diurnal vari-
ation, all measurements were recorded at the same time of
the day (between 10 AM and 11 AM) for each patient by the
same examiner. As a control, the subjects received the mea-
surements of the systemic hemodynamics, retrobulbar vessel
hemodynamics, and IOP that were performed at rest and
one hour after rest. One month later, they received the same
measurements before and after acupuncture treatment. The
systemic hemodynamics was measured by an oscillometer
and the hemodynamics in retrobulbar vessels was measured
by ultrasound (LOGIQ e, GE Healthcare, Tokyo, Japan). The
ultrasound measurements were performed after 10-minute

Evidence-Based Complementary and Alternative Medicine

TaBLe 1: Characteristic data of the patients with open-angle
glaucoma.

Variable Value
Number of patients 11
Age (years) 63x11
Sexuality (male, female) (1, 10)
Number of eyes with glaucoma 20
Best corrected visual acuity 1.1+03
Spherical equivalent (D) ~1.6 £3.2
Humphrey automated perimeter

Mean deviation (dB) —-11.5+7.8

Pattern standard deviation (dB) 10.2 + 4.5

OCT RNFL thickness (ym) 70.5 = 21.8
The number of topical medications

None 1

One kind 4

Two kinds 1

More than three kinds 5

rest in an air-conditioned room, avoiding any pressure on
the eye, with the patients in the supine position. CDI was
performed with a 13 MHz linear transducer for retrobulbar
vessels such as the ophthalmic artery (OA), central retinal
artery (CRA), and short posterior ciliary artery (SPCA).
The OA was examined approximately 20 mm behind the
globe (Figure 1(a)), the CRA was examined within 5 mm of
the retrolaminar portion of the optic nerve (Figure 1(b)),
and the temporal SPCA was examined approximately 5-
10 mm behind the globe (Figure 1(c)). All blood flow velocity
waveforms were measured at the corrected Doppler angle.
Resistive index (RI: (peak systolic velocity — end-diastolic
velocity)/peak systolic velocity) was also measured in each
retrobulbar vessel.

3.3. Statistical Analysis. Statistical analysis was performed
with the SPSS software (version 16.0, SPSS Japan Inc.,
Tokyo, Japan). The parameters between before and after
acupuncture or between control and acupuncture were
compared by paired t-test.

4. Results

Table 1 shows the characteristics of the subjects. One male
and ten female glaucoma patients with a mean age of 63 + 11
years were observed. The systemic hemodynamic parameters
including heart rate, blood pressure, and IOP are shown in
Table 2. The blood pressure and heart rate did not change
significantly by acupuncture.

The IOP level significantly decreased by acupuncture
compared with before acupuncture (P < .05). The A value
of IOP also significantly decreased by acupuncture compared
with control (P < .01) (Table 2).

Retrobulbar vessel RI in the OA, CRA, and SPCA is
shown in Table 3. The RI in the CRA and SPCA decreased
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FiGure 1: Horizontal scans by color Doppler imaging through the globe showing the (a) ophthalmic artery, (b) central retinal artery, and
(c) short posterior ciliary artery.
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