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Abstract— Transsphenoidal surgery is currently employed to
treat complex lesions beyond the sella turcica; however, the
procedure can be limited by difficulties encountered in dealing
with small blood vessels, deep and narrow working spaces, and
awkward working angles. To overcome these problems, we have
developed a pulsed laser-induced liquid jet system that can
dissect tumor tissue while preserving fine blood vessels within
deep and narrow working spaces. We have previously evaluated
the utility and safety of this procedure. However, the effects of
the pulsejet after being injected into the brain are not yet well
understood. Especially, the behavior of the stress distribution
created by the jet is important because it has recently been
reported that high acoustic pressures can affect the brain. In
this study, we measured internal stress distributions in a gelatin
simulated-brain using photoelasticity experiments. We used a
high-speed camera with an image sensor on which an array of
micropolarizers was attached to measure the stresses and the
shear wave created when the pulsejet enters the simulated
brain.

I. INTRODUCTION

To date, surgical operations are expected to not only result
in high survival rates but also involve minimum invasiveness
with maximum preservation of functionality. Medical
technology is also expected to respond sensitively to drastic
changes in insurance systems and to the requirements of an
aging society.

Our research has been aimed at developing a laser-induced
liquid jet (LILJ) system to dissect tumor tissues while
preserving fine blood vessels within deep and narrow working
spaces; we have also been evaluating the utility and safety of
the LILJ system. The jet energy source is a pulsed
holmium:yttrium-aluminum-garnet (Ho:YAG) laser system
(Mid-Infrared Pulse Laser System; Sparkling Photon, Inc.,
Tokyo, Japan) with a wavelength of 2.1 um and a pulse
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duration of 350 pus. The energy of the laser can be varied from
300 to 500 mJ per pulse, and the pulse rate can be varied from
1 to 10 Hz. The efficacy and safety of the LILJ have been
demonstrated in previous studies [1].

Unlike other devices, the LILJ has the ability to incise,
exfoliate, and crush body tissues simultaneously.
Consequently, the LILJ has allowed us to reduce operating
times and total blood losses while improving outcomes in the
difficult neurosurgery of pituitary tumors [2].

The LILJ injects a jet at a velocity of about 10 m/s into the
brain and stresses brain tissue around the injection point.
Recently, an effect of high acoustic pressure on brain tissue
has been reported [3]; therefore, we must understand how the
internal stress distribution created by a liquid jet impacts the
brain, which is the purpose of this research. In this study, we
used photoelasticity experiments to measure the stress
distribution in a gelatin simulated-brain and discuss the
measured stresses and shear waves.

II. MATERIALS AND METHODS

A photoelasticity experiment is a method for measuring
internal stress distributions in a material that has
photoelasticity [4]. When a photoelastic material is stressed, it
behaves like a birefringent crystal. Therefore, if linearly
polarized light is injected into the stressed material, the
transmitted light is composed of both ordinary light and
extraordinary light because of birefringence. Thus, by using a
polarizer to block the ordinary light, we can measure the stress
distribution.

Such a photoelastic experiment can measure isoclinic and
isochromatic lines. Isoclinic lines represent contours along
which the orientation of the principal stress direction is
constant. However, isochromatic lines represent contours
along which the difference in the principal stresses on the
image plane is a constant. In our experiments, we measured
isoclinic lines to understand the stress distribution around the
tip of the jet pulse and isochromatic lines to detect shear wave
fronts.

A. Method of measuring isochromatic lines

Fig. 1 shows the components used in a photoelasticity
experiment for measuring isochromatic lines. We used a green
laser (A = 532 nm) (Fig. 1(a)). First, we created linearly
polarized light using the polarizer (Fig. 1(b)) and circularly
polarized light using a quarter wavelength plate (Fig. 1(c)).
Second, photoelasticity of the gelatin target (5 wt%, 10°C)
(Fig. 1(d)) introduced a phase difference in the circularly
polarized light. Finally, using a quarter wavelength plate (Fig.
1(e)) and analyzer (Fig. 1(f)), we measured isochromatic lines.
The extraordinary light generated by the gelatin target was
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Figure 1. Components in the photoelasticity experiment for measuring
isochromatic lines. Components include (a) laser source (532 nm), (b)
polarizers, (c) and (e) quarter wavelength plates, (d) gelatin target, (f)
analyzer, and (g) high-speed camera. ¢ is the isoclinic angle or the angle of
o, with respect to the x-axis in (d).

captured by a high-speed camera (FASTCAM SA4, Photron,
Japan) at a recording speed of 30,000 fps.

We used Jones calculus to deduce a relation between the
phase differences of photoelasticity and transmitted light
intensity. In Fig. 1, when the Jones vector of linearly polarized
light created by the polarizer is written as E = [E, Ey]T =0
177, the light vector passed to the analyzer is given by,

Ex]1 _ 1sin(6/2)exp(—i2¢)
where the phase difference § is given by,
6 = 2rnh/1) (0, — 0,). 2)

In (2), 0; and g, are the principle stresses on the x—y plane
and h is the thickness of the gelatin target. Equation (2)
indicates that 6 is proportional to the principle shear stress.
The intensity of light, I, = E, E.", is obtained from (1) as

1; = I,sin?(8/2), (3)

where [, accounts for the intensity of the laser source.
Equation (3) shows that the measured light intensity depends
only on §; thus, the high-speed camera measures the stress
distribution via light intensity. However, the stress
distribution generated by the pulsejet is not isotropic in three
dimensions. Therefore, the thickness h is not constant and &
in (3) must be integrated over h. However, we can measure a
boundary of the stress distribution shortly after the pulsejet is
injected. The shear wave is the propagation of the stress; thus,
the wave front can be detected.

B. Method of measuring isoclinic lines

The photoelasticity apparatus in Fig. 1 can measure
isochromatic lines using a high-speed camera. However, an
isochromatic line only accounts for the difference in the
principal stresses on the image plane. To measure isoclinic
lines, we need to change the orientation of the analyzer.
Moreover, the stress distribution in the gelatin target is not a
constant distribution, and the apparatus in Fig. 1 cannot
measure dynamic isoclinic lines.

To overcome this problem, we use a high-speed camera
that has an image sensor on which an array of micropolarizers
is attached [5] (Photron, Japan). Fig. 2 shows the components
in the photoelasticity experiment for measuring isoclinic lines,
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Figure 2. Components in the photoelasticity experiment for measuring
isoclinic lines. Components include (a) laser source (532 nm), (b)
polarizers, (c) quarter wavelength plate, (d) gelatin target, (e) high-speed
camera that has an image sensor on which an array of micropolarizers was
attached. ¢ is the isoclinic angle or the angle of o; with respect to the
x-axis in (d).

including the high-speed camera. Because of the array of
micropolarizers, the high-speed camera has an analyzer
pattern in four directions (Fig. 2(e)). The analyzer, which was
made of photonic crystal, was attached to each pixel of the
CCD. On four pixels, 2 x 2 pixels, the directions of analyzers
were 0°, 45°, 90°, and 135°. We assume that these pixels
provided information on one point of the target. Therefore,
using the high-speed camera with micropolarizers, we can
measure isoclinic lines around four analyzer angles at one
time and determine the isoclinic angle.

Tobita et al. determined the isoclinic angle, ¢ in Fig. 2 (d),
using a high-speed camera with micropolarizers [6]. Let
I, I, I and I, be the measured light intensities on the CCD
with an attached analyzer pattern whose directions are 0°, 45°,
90°, and 135°. Then, the isoclinic angle is given by,

¢ = %arctan{(lg, = 1)/ = 1)}, “4)

For the apparatus in Fig. 2, the light intensities in (4) were
obtained from the three-dimensional stress distribution.
Therefore, the stress distribution cannot be directly analyzed
from only the results of the experiment for isoclinic lines.

C. Integrated isochromatic and isoclinic angles

In this section, we develop the equation for determining
integrated isochromatic and isoclinic angles. Fig. 3 shows a
conceptual diagram of digital photoelasticity for comparing
isoclinic lines. The propagation of a polarized light ray in the
direction of the z-axis through an elastically deformed
photoelastic medium under an arbitrary 3D stress is governed
by [7]

dA/dz = GA, (8

where the transformation matrix, which gives the effect of
photoelasticity in dz, is

201,
9
022 — 012

011 — 022

G =—iCo/2|"™,

()]
and the light vector A = {4; 4,}".

The light vector A®) and the transformation matrix G®
are at z; (i = 0..n). The light vectors AG~D and A® are
input and output light vectors for the ith element (Fig. 3). Then,
the final output light A™ can be expressed as follows:
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Figure 3. Conceptual diagram for digital photoelasticity used to compare
isoclinic lines. (a) Scheme of calculating light vectors A. (b) Process of
digital photoelasticity. (b-3) ¢' is the integrated isoclinic angle with respect
to the x-axis.

A® = (1+H™) - (1+H®)(1+HD)A®, (10
where I is a 2 X 2 identity matrix and H® = g® (zi — zi_1).

If we consider the light vector A as a Jones vector, the
final output light can be obtained from (10) following the
methodology used to deduce (1). Using the integrated
isoclinic angle ¢’ (Fig. 3(b-2)) and the integrated phase
difference &', the intensity of the final hght vector Iz when the
incident llght vector is A = [0 1]" (Fig. 3(b-1)) and the
analyzer angle is 8 (Fig. 3(b-3)) is given by,

Iy =1, + I,sin2(B— ¢’ ), (11)

where I, and I, are constants. Substituting f = 0,7/4,
m/2,and 3m/4 in (11), we obtain the intensities I,
I, I3, and I,. This process is the same as that in Fig. 2; thus,
the integrated isoclinic angle ¢’ can be obtained from (4).
Axial symmetry of the pulsejet indicates that the stress
distribution is also axially symmetrical. We consider the
directions of internal principle stresses based on this
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symmetry.

The power of the LILJ used in the experiment was 0.8 kV,
yielding a velocity of the pulsejet of 10 m/s. To make the
pulsejet visible, we used lactated Ringer’s solution and added
ink to the solution. We injected the pulsejet and measured data
at twelve subsequent times after injection.

III. RESULTS

Fig. 4 shows an isochromatic line of gelatin compressed
by the pulsejet. Each panel in the figure shows the difference
between each video frame and the first frame (t = 0 ms). The
panels show propagation of the shear wave. The isochromatic
line represents the integrated internal stress distribution.
Therefore, the intensity of light, integrated over the
isochromatic line, gives the relative intensity of internal stress
on the image plane. In the panels, the blue regions are the
regions of the pulsejet because ink was mixed with the
pulsejet, which blocked the light.

Fig. 5 shows the isoclinic line in gelatin compressed by the
pulsejet. The integrated isoclinic angle in these panels is about
120° because residual stresses and small optical errors easily
created phase differences. These panels show the isoclinic line
at the time when the pulsejet was injected. To show the region
of the pulsejet, we created a mask for the raw CCD image by
using ink to block light from the region of the pulsejet on the
image.

IV. DISCUSSION

Fig. 4 shows that the pulsejet generates a shear wave in
the target. A shear wave is generated because the pulsejet
impacts the gelatin target as it enters. In the direction of the
axis perpendicular to the flow of the pulsejet (direction £ in
Fig. 4), the figure shows that the pulsejet generated a small
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Figure 4. Isochromatic line of gelatin compressed by pulsejet. Panels show the isochromatic line at selected times after the pulsejet was injected. o and f indicate
directions parallel to the flow of the pulsejet and perpendicular to the flow, respectively.
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Figure 5. Variations in the isoclinic line on each axis. These panels show time variations in isochromatic line on (a) the centerline of the pulsejet and (b) the
horizontal axis perpendicular to the pulsejet. Zero positions in (a) and (b) refer to the surface of gelatin and the centerline of the pulsejet, respectively. In Panels
(a) and (b), (a-1) and (b-1) are reaching distances of the pulsejet, while (a-2) and (b-2) are distances to positions at which the light intensity was 1/e.
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TABLE 1. PROPAGATION DISTANCE OF THE SHEAR WAVE.

Reaching distance of Propagation b))
the pulsejet (a) [mm] distance (b) [mm]
On a 9.1+1.1 1.6+1.1 0.18+0.13
On f 0.62+0.073 29+1.1 47+1.8

strain of about 0.5 mm in a short time of <1 ms. Therefore,
this small and fast variation in strain generated and
propagated the pulse of the stress. Similarly, in the direction
of flow of the pulsejet (direction « in Fig. 4), a shear wave
was generated. We calculated the velocity of the shear wave
v, from the isochromatic line images. The result is

v, =130+ 0.21 [m/s] (N=12) (12)

However, at t = 10 ms in Fig. 4, the wave intensity in the f
direction is larger than that in the o direction. The variation in
strain depends on the velocity of the pulsejet, and the initial
jet velocity of 10 m/s was faster than (12). Therefore, at the
point of the wave source in the f§ direction, the variation in
strain was generated by a fast jet flow. In contrast, the
pulsejet is attenuated as it enters the target. To generate a
shear wave in the a direction, the velocity of the pulsejet must
be less than (12). Therefore, when the wave in the o direction
was generated, the power of the wave source had been
attenuated in the a direction. Hence, the wave intensity in
direction o was smaller than that in direction £.

To compare shear wave intensities in the a and f
directions, we analyzed time variations in shear wave
intensity. Fig. 5 shows variations in the isoclinic line at points
along the centerline of the pulsejet (Fig. 5(a)) and along the
axis perpendicular to the pulsejet (Fig. 5(b)). Using Fig. 5, we
analyzed the propagation distance of the shear wave. Figs.
5(a-1) and 5(b-1) show the reaching distance of the pulsejet.
We define the propagation distance to be the distance
between the reaching position of the pulsejet and the position
at which the shear wave intensity is 1/e (Figs. 5(a-1) and
5(b-2)), which is about 0.37. Table 1 shows the propagation
distances of the shear wave. The table shows that the
propagation distance in the £ direction is longer than that in
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Figure 6. Isoclinic line of gelatin compressed by the pulsejet. These panels
show the isoclinic line at selected times after the pulsejet was injected. Blue
regions (0°) in center on the x-axis indicate the pulsejet.

the a direction. To evaluate the scale of the effect of shear
wave propagation, we used the ratio of propagation distance
to reaching distance. Table 1 shows that the ratio in the S
direction is larger than that in the o direction. These results
show that the shear wave generated by the pulsejet
propagates better in the £ direction than in the o direction.

Fig. 6 shows that the integrated isoclinic angle radiates
around the tip of the pulsejet. The angle does not definitely
indicate the direction of the principle stress; however, the
symmetry of the pulsejet implies that the stress distribution of
the pulsejet has the same axial symmetry. If we measure the
axially symmetric stress from the side, the stress projected
onto the view plane has point symmetry. In fact, the
integrated isoclinic angle in Fig. 6 has point symmetry
around the tip of the pulsejet. These results indicate that the
pulsejet punctures the gelatin by an axially symmetric stress
and enters the gelatin directly.

For a clinical environment, these results show that a
pulsejet created by LILJ does not stress deep brain tissue
beyond a shallow area. Note that shear stress has the risk of
destruction of neurons; thus, since LILJ is used to cure
hypophysis, it is important that the effects of needless stress
remain small deep in the brain.

V. CONCLUSIONS

To understand the propagation of the stress distribution
generated by the pulsejet in LILJ, we used photoelasticity
experiments to measure internal stress distributions. The
results show that shear wave intensity in the direction parallel
to the pulsejet was smaller than that in the perpendicular
direction because the wave in the parallel direction was
generated by the attenuated jet. We confirmed that the stress
distribution around the pulsejet had axial symmetry about the
axis along which the pulse was moving.
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