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ABSTRACT

Nowadays, transillumination imaging is more popular used in the medical field with the develop-
ment of the vein finder application and also the non-invasive diagnosis applications. The less ab-
sorption of those main chromophores (melanin, oxy-hemoglobin, deoxy-hemoglobin, and water)
of biological tissue within the near-infrared range (700 - 1200 nm) causes the relatively high trans-
mission of the near-infrared light through biological tissue. They give us an "optical window" to see-
through the biological tissue non-invasively. Because of the high absorption of oxy-hemoglobin,
deoxy-hemoglobin within the near-infrared range in comparison with these other parts in tissue,
we can able to obtain a two dimensional (2D) transillumination image of the internal absorption
structure such as blood vessel network, liver structure... in the body non-invasively. Using the light-
emitting diode (LED)'s array to illuminate the human arm and using a low-cost camera to capture
the image, we could obtain the blood vessel network image of the human arm. The captured
image is blurred and difficult to distingue the structure inside. Because the camera captured the
blood vessel network shadow that diffused on the skin surface. Professor Koichi Shimizu devised
the depth-dependent point spread function (PSF) to describe the scattering effect from a light point
source to the observation surface of a slab diffused medium by applying the diffusion approxima-
tion. By suppressing the scattering effect successfully, we could restore the clear image from the
blurred image by de-convolution with the appropriated PSF. With our proposed technique, we
could reconstruct the absorbing structures such as the kidney and liver in biological tissue. Using
the restored images from different angles of view, we could reconstruct the cross-sectional images
and three-dimensional image of the absorbing structures in an animal's abdomen. However, the
depth information of the absorbing-structure was required in practice to calculate the appropriate
PSF. Therefore, in order to make this method more practical, the depth information is crucial. In
this paper, we proposed the novel techniques for estimating the parameters of absorbing struc-
ture (depth, center location, and width) in the turbid medium by using the convolution and de-
convolution operations with the devised PSF. Firstly, by observing images with two-wavelength se-
lected at which the absorption and scattering properties of the medium are different. While chang-
ing the depth step-by-step, two convoluted images were compared after convolving the captured
image at one of the wavelengths with the PSF calculated by using the absorption and scattering
coefficients from another wavelength. We can obtain the correct depth that gives the minimum
difference between the two convoluted images. Secondly, we proposed the technique to estimate
the depth information from a single transillumination image in order to make this method more
practical. Finally, the absorbing structure image can be restored by suppressing the scattering ef-
fect. The proposed techniques were validated and examined not only in the simulation but also in
the experiment.

Key words: transillumination imaging, scattering suppression, convolution, Point spread function
(PSF), depth estimation

INTRODUCTION

The less absorption of those main chromophores
(melanin, oxy-hemoglobin, deoxy-hemoglobin, and
water) of biological tissue within the near-infrared
(NIR) range (700 - 1200 nm) causes the relatively
high transmission of the near-infrared light through
biological tissue. They give us an “optical window”
to see-through the biological tissue non-invasively.

Using the NIR transillumination imaging technique,
it is possible to safely perform and visualize the
surface vascular structure of the human body non-
invasively 2. The ab-normal tissue diagnosis, or veins
location, and authentication applications using the
transillumination image of the breast tissue, or the
palm vein, and the finger vein are common nowadays.

Because of the high absorption of oxy-hemoglobin,
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Tran T N. Depth estimation of the absorbing structure in a slab turbid medium using point spread
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deoxy-hemoglobin within the near-infrared range in
comparison with these other parts in tissue, we can
able to obtain a two dimensional (2D) transillumina-
tion image of the internal absorption structure such
in the

body non-invasively. Using the light-emitting diode

as blood vessel network, liver structure...

(LED)’s array to illuminate the human arm and us-
ing a low-cost camera to capture the image, we could
obtain the blood vessel network image of the human
arm. The captured image is blurred and difficult to
distingue the structure inside. Because the camera
captured the blood vessel network shadow that dif-
fused on the skin surface. The blurred effect increases
while the absorbing-structure locates deeper in the
medium. This is the major problem to cause misiden-
tification in intravenous injection and personal au-
thentication.

To overcome this problem, Professor Koichi Shimizu,
who also contributed to this work, devised the depth-
dependent point spread function (PSF) to describe the
scattering effect from a light point source to the obser-
vation surface of a slab diffused medium by applying
the diffusion approximation to the radiative transport

equation’

. By suppressing the scattering effect suc-
cessfully, we could restore the clear image from the
blurred image by de-convolution with the appropri-
ated PSF. Using the restored images from different an-
gles of view, we could reconstruct the cross-sectional
images and three-dimensional image of the absorb-
ing structures such as the kidney and part of liver in
an animal’s abdomen.

However, the depth information of the absorbing-
structure and the optical properties of the medium
were required in practice to calculate the appropriate
PSE. Therefore, in order to make this method more
practical, the depth information is crucial. In or-
der to make this method more practical, the novel
techniques for estimating the parameters of absorbing
structure (depth, center location, and width) in the
turbid medium by convolution and de-convolution
with the point spread function (PSF) were devised.
This paper presents the two novel techniques for the
estimation depth information of the absorbing struc-
ture in the two-dimensional (2D) transillumination
image. The proposed techniques were validated and
examined not only in the simulation but also with the
tissue-equivalent phantom.

CATTERING SUPPRESSION
TECHNIQUE

Figure 1 shows the image formation of a black-painted
disk in the clear medium and in the turbid medium.
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The near-infrared light is illuminated from outside of
the medium and goes through the absorbing struc-
ture, and projects the shadow on the surface of the
turbid medium.
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Figure 1: Image formation of a black-painted metal
disk placed in the clear medium (a) and in the turbid
medium (b).

In the transillimiantion of a light-absorbing structure,
the camera was obtained the light goes through the
medium and captured the spatial light distribution.
As shown in Figure 1, the observed image captured
the shadow appeared at the observation surface. In
the observed image of the turbid medium, the blurred
effect makes us cannot identify the structure and its
size. Therefore, to understand the shape of the absorb-
ing structure, scattering suppression is crucial.

The observed image of a light absorbing-structure in
a turbid medium captured by the camera as shown in
Figure 1 (b) can be described as the following general
image formation equation’

1)

where y, &, x, n denote the observed image, the blur-

y=hxx+n,

ring point spread function (PSF), the original image,
and the noise component. x denotes the convolution
operation. In this research, the noise component was
ignored, the Eq. (1) becomes

y=hxx. @)

From Eq. (2), if we can describe the blurring effect
by calculating an appropriate PSE the clearer image
of the absorbing-structure could be restored by de-
convolving the observed image with the blurring PSE.
The blurring PSF is difficult to obtained through the
measurement. We cannot measure all PSFs for every
condition in one observed image. Professor Koichi
Shimizu, who also contributed to this work, was de-
scribed theoretically the blurring PSF by approximat-
ing diffusion equation.
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Figure 2: Typical experimental setup for light-
absorbing imaging

In a previous study?, Professor Koichi Shimizu con-
sidered a light point source placed in a slab turbid
medium. The camera captured the spatial light distri-
bution at the observation surface could be described
as the depth-dependent point spread function (PSF).
Because the spatial light distribution increases as the
depth of the light point source increases. The spatial
distribution of light intensity at the observation sur-
face, described the blurring phenomena by scattering,
is given by

3Ry

(47)°

PSF(p) = -0 {(1y + Ha)+

1 d
[Kd+ (p2+d2)"? x (p2 +d2)1/2} 3)
exp [*Kd (p2+d2)1/2]
X

(p2+d2)]/2

where k7 = 3pa(l; + ta); the Py, [y, Ha, d, and p
are the initial optical power of a point source, the
reduced scattering coeflicient, the absorption coeffi-
cient, the depth of a point source, and the radial dis-
tance in the cylindrical coordinate system, respec-
tively.

The PSF calculated from Eq. (3) is the observed im-
age of the spatial light distribution captured at the tur-
bid medium surface. In contrast with the fluorescent
imaging, the observed image in the light-absorbing
imaging is the spatial shadow distribution. The light
source in the light absorbing imaging was placed and
illuminated the medium from outside. By reversing
the observed image, the light absorbing-structure be-
comes the light source structure. By that way, we can
apply the depth-dependent PSF of the light source in
turbid medium calculated from Eq. (3) to de-blur the
observed transillumination image of the absorbing
structure. This consideration was validated and veri-
fied in simulation and experiment>*. Figure 2 shows
the typical experimental setup for transillumination
imaging with biological tissue or turbid medium.

As shown in Figure 2, the black-painted metal ob-
ject was used to make the ideally absorbing-structure.
An acrylic container filled with tissue-equivalent
medium or biological tissue was used to produce
the diffused medium. The absorbing-structure was
placed at a depth d from the observation surface of
the acrylic container. The homogenous light source
was placed and illuminated the turbid medium from
outside. The observed image of the light absorbing-
structure is obtained using a camera. In this pa-
per, the NIR light from a laser (Coherent Chameleon
Ultra IT Ti:Sapphire, 680 - 1080 nm tuneable wave-
length 3.50 W) through a beam expander was used
to create the homogeneous illumination condition.
The Complementary Metal Oxide Semiconductor
(CMOS) camera (C11440-10C; Hamamatsu Photon-
ics K.K.) was used to capture the transillumination
image at high quality.

From the Eq. (2), by suppressing the scattering effect,
the absorbing-structure h,; could be restored as

habs =yRux, (4)

where @ denotes the deconvolution operation.

Figure 3 shows the observed image of a black-painted
metal plate (10.00 mm x 100.00 mm x 1.00 mm)
and the processed image using Eq. (4). The depth
of the metal plated was d=6.00 mm from the obser-
The chicken breast meat filled into
the container to produce the diffused medium ( u/ s
= 1.00 /mm, Uy = 0.01 /mm). The laser light source
at 800 nm wavelength illuminated the medium from

vation surface.

outside through a beam expander. Figure 3 (a), (b),
and (c) are respectively show the restored image, the
observed image, and the intensity profiles along the
3(a) and 3(b). The black
line in Figure 3 (c) shows the original sizes of the

dashed lines on Figs.

light absorbing-structure. The measured widths of
the absorbing-structure in the observed image and
the restored image in terms of the Full-Width-Half-
Maximum (FWHM) are 11.75 mm and 16.53 mm, re-
spectively. The true width of the absorbing-structure
is 10.00 mm. The result as shown in Figure 3 was con-
firmed the effectiveness of the scattering suppression
technique using Eq. (4).

ESTIMATION DEPTH INFORMATION
OF THE STRUCTURE TECHNIQUES

The blurring effect by diffusing could be described
and effectively suppressed as mentioned above. As
shown in Figure 3, the observed image contains only
one absorbing-structure at a specific depth d. The re-
stored image using Eq. (4) with the PSF calculated at

S
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Figure 3: Result with light-absorbing imaging of a black-painted metal plate in chicken breast meat medium.

the known specific depth d can be restored efficiently.
However, in practice, the observed image usually does
not contain only the simple absorbing-structure at a
specific depth d. With the PSF calculated from Eq. (3)
at a specific depth d, the part of the image that came
from the depth d can be restored correctly. In the
image of a complex structure, such as the slant struc-
ture or blood vessel network, we could not restore the
whole image by using one calculated PSF at a specific
depth d. While a part of the image restored correctly,
the other parts of the image are incorrect. They are
generally smaller than the observed size and the true

Si13

size of the absorbing-structure. In Eq. (3), we need to
have the depth information, the optical properties of
the medium, and the size of the observation surface
to calculate the blurring PSFE. Therefore, the depth in-
formation of the absorbing-structure is crucial to ob-
tain the appropriate PSF in practice. In this paper, we
devised the estimation techniques for estimating the
depth information of the light absorbing-structure.

In addition, one popular commercial application of
transillumination imaging is the vein finder. The vein
finder device observed the shadow of the vein net-
work and projected back onto the skin. This may help
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the nurse or doctor to locate the vein by looking to
the projected shadow on the skin. Even after the im-
age processing, they cannot provide the information
about blood vessel network, the depth and size of the
blood vessel.

After have the depth information, we can de-blur the
observed image and restore the shape and size of the
absorbing-structure. From that, we can measure or
estimate the width of the light absorbing-structure.

Using two-wavelength perspective images

The depth
wavelength perspective

estimation technique using two-
based on the

wavelength dependence of the optical characteristics

images

in biological tissue. The observed images that are
different by changing the wavelength of the light
source. Two different wavelengths were selected
at which the optical properties of the medium are
different.

The observed images of a light-absorbing structure
captured by illuminating the medium with wave-

length A; can be expressed by
(5)

where d, x, Ob(A;,d), Or, and PSF(A;,d), are
respectively denote the depth of the absorbing-

Ob(A;,d) = Or x PSF(;,d),

structure, the convolution operation, the observed
image, the original light-absorbing structure, and the
blurring PSF with medium characteristics of each
wavelength. By calculating the blurring PSF from Eq.
(3) with medium characteristics of each wavelength,
and then convolving the observed image Ob(A;,d)
with the calculated PSF for another wavelength, the
new images will be compared and matched each
other’s, as given by

Ob(Ay,d) x PSF(%2,d)

= 0b(Ap,d) x PSF(M,d), (©)

where x denotes the convolution operation.

By changing the depth d for calculating the PSF and
finding the matched pair as in Eq. (6), the depth esti-
mation process can be described by

Ob(ll ,d,) X PSF(lz,di)

— Or x PSF (A, dy) x PSF (3, d;), @

and

Ob(127dt) XPSF(A’hdi)

8
= Or x PSF(Ay,d;) x PSF(A,d;), ®

where X, d;, and d; are denote the convolution oper-
ation,the correct depth, and the estimated depth, re-
spectively. The convoluted images will be matched
when d; = d;.

While changing the depth step-by-step, two convo-
luted images were compared after convolving the cap-
tured image at one of the wavelengths with the PSF
calculated by using the absorption and scattering co-
efficients from another wavelength. We can obtain the
correct depth that gives the minimum in terms Root-
Mean-Square (RMS) difference between the two con-
voluted images from Eq. (7) and Eq. (8). Figure 4
shows an illustration of the process using Eq. (7) and
Eq. (8).

Using a single-wavelength observed image

The depth estimation technique mentioned above us-
ing two-wavelength perspective images based on the
wavelength dependence of the optical characteristics
in biological tissue. However, due to the movement
of the animal or human, the limitation of the imag-
ing system, and the light illuminated condition, the
proposed technique as mention above may have the
limitation. To overcome these problems, we also
propose another technique to estimate the depth in-
formation of the light-absorbing structure from the
single-wavelength observed image. It will enlarge our
estimation depth technique and make it be more prac-
tical.

As mentioned in section Using two-wavelength per-
spective images, with a PSF calculated from Eq. (3)
at a specific depth d, we cannot restore the whole ob-
served image of the complex light-absorbing struc-
ture. We propose a novel depth estimation technique
from a single-wavelength observed image by follow-
ing steps below:

Step 1: de-convolute the observed transillumination
image using the PSF calculated from Eq. (3) with a
specific depth d;, (d; varies from 0.1 mm to dpay):

haps—i =y ®xi3 9)

where ® denotes the deconvolution operation.

Step 2: calculate the y; by convoluting fs_; obtained
from Eq. (9) with the PSF calculated from Eq. (3) with
a specific depth d;, (d; varies from 0.1 mm to dyay):

Vi :habsfi X X3 (10)

where x denotes the convolution operation.

Step 3: compare in terms the correlation coefficient
between the new convoluted image y; and the ob-
served image y.

Figure 5 shows the illustration the step 1 of the depth
estimation technique using a single-wavelength tran-
sillumination image. The deconvoluted image ob-
tained from Eq. (9), as shown in Figure 5, will be con-
voluted with the PSF calculated from Eq. (3) with a

SI14
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Figure 4: lllustration of the depth estimation technique using two-wavelength perspective images.

Figure 5: lllustration the step 1 of the depth estimation technique using single-wavelength transillumination

image.

specific depth d;, (d; varies from 0.1 mm to dpqy). The
process of step 2 was illustrated as shown in Figure 6.
The estimated depth d, is the specific depth d; where
the correlation coefficient got maximum value.

The technique mentioned in section Using two-
wavelength perspective images can combine with
the technique mentioned in section Using a single-
wavelength observed image to verify and improve the

estimated result.

VALIDATION IN SIMULATION

To verify the proposed techniques, the validation of
the proposed techniques was conducted in simula-

tion.

SI15

Light-absorbing object

Figure 7 shows the light-absorbing squared metal
plate placed in the transparent medium. A black-
painted squared plate (10.00 x 10.00 mm) was simu-
lated as an absorbing-structure and to be placed at the
depth d; = 5.00 mm from the observation surface. The
observation surface of the diffused medium is consid-
ered as a squared surface (100.00 x 100.00 mm).

The simulation conditions were made as close as pos-
sible to the experimental conditions as shown in Fig-
ure 2. The simulated images were obtained by con-
volving the original light-absorbing structure image
as in Figure 7 with the corresponding PSF calculated
from Eq. (3). The depth of the absorbing-structure
varies from 1.00 to 10.00 mm with the interval 1.00
mm.
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Figure 6: lllustration the step 2 of the depth estimation technique using single-wavelength transillumination
image.

Figure 8 shows the RMS difference for model A at each

depth.
Absorber located at 5 mm
25
. 20 °
v °
é 15 s -
§ 10 L] *
5 °
5 + +
0 o
0 2 4 6 8 10 12,
Depth d; [mm]
Figure 8: Estimation depth of the absorbing-

structure in model A. The RMS difference for model
with the same scattering condition. The true depth

Figure 7: Image of the absorber obtained with is 5.00 mm.

transparent medium

Model B: same absorption coefficient: u,(A;) =
Using two-wavelength perspective images  ; (1,) = 0.005 /mm,p.(A;) = 0.85 /mm, (1)
We simulated two models: the same scattering coeffi-  1.15 /mm.

cients and the same absorption coefficients. Figure 9 shows the RMS difference for model B at each
Model A: same scattering coefficient: . (A;) = depth.

we(Ay) = 1.00 /mm,py(A;) = 0.01 /mm, and As shown in Figure 8 and Figure 9, the difference in
Ua(A2) =0.10 /mm. terms of RMS became the minimum at the given cor-
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Absorber located at 5 mm
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Figure 9: Estimation depth of the absorbing-

structure in model B. The RMS difference for model
with the same absorption condition. The true depth
is 5.00 mm.

rect depth.

Using a single-wavelength observed image

The model was made with the optical properties
as following conditions: the scattering coefficient
e = 1.00 /mm and the absorption coefficient 1, =
0.01 /mm. The correct depth was given with d; = 5.00
mm.

Figure 10 shows the correlation coefficient calculated
at each depth. As shown in Figure 10, at the true
depth, the correlation coeflicient became the maxi-
mum.

Absorber located at 5.00 mm

Correlation coeff. [ar.b u.]
5
<

Depth d, [mm]

Figure 10: Estimation depth of the absorbing-
structure using a single-wavelength observed im-
age. The correct depth is 5.00 mm.

The results suggest that the depth estimation
technique mentioned above in section Using two-
wavelength perspective images and in section Using
a single-wavelength observed image is valid. The
results validated the feasibility of the proposed
technique.
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VALIDATION IN EXPERIMENT WITH
TISSUE-EQUIVALENT PHANTOM

This section presents the validation of the proposed
techniques in the experiment. Figure 11 shows the
experimental setup for the experiment with a black
squared plate in the tissue-equivalent phantom.

For easy changing the position of the absorbing-
structure in the medium, the container, as shown in
Figure 11, was filled by the Intralipid suspension (Fre-
senius Kabi AG), distilled water, and black ink (INK-
30-B; Pilot Corp.).

The black squared metal plate (10.00 mm x 10.00 mm
% 1.00 mm) was used as the light-absorbing structure.
The depth was changed from 4.00 mm to 6.00 mm.
The wavelength of the NIR light source was selected
at 800 nm. For making the different conditions, the
Intralipid suspension or the black ink was added for
changing the optical properties of the medium.

Using two-wavelength perspective image

The experiments were conducted as same conditions
with these models mentioned in section Using two-
Model C: optical
properties of scattering medium 1 and 2 were made
as:

+ medium 1: (1)
0.01 /mm

+ medium 2: u.(2) =
0.10 /mm.

The RMS difference was calculated at each depth. The
result was shown in Figure 12 and Figure 13. Figure 12
shows the calculated result in terms of RMS with the
correct depth is 4.00 mm.

wavelength perspective images.

1.00 /mm and p,(1) =

1.00 /mm and p,(2) =

Absorber located at 4 mm

6

5 L
= .
s 4 .
‘n:c‘ 3 . ° o
g 2 L
w L]

1

0

0 2 4 6 8 10
Depth d; [mm]

Figure 12: Estimation depth of the structure in
model C. The correct depth is 4.00 mm.

Figure 13 shows the calculated result in terms of RMS
with the correct depth is 6.00 mm.

As shown in Figure 12 and Figure 13, the difference
in terms of RMS became the minimum at the given
correct depth.
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Absorbing object

100 mm

CMOS
camera

Light source -

Beam expander -

40.0 mm

Figure 11: Experimental setup for the experiment with a black squared metal plate in the tissue-equivalent phan-

tom.
Absorber located at 6 mm

5 Absorber located at 4 mm

5 e o 14
= ° 12 .
2 4 ] = 10 —
TR 5 2 3 o o
85 . c 6 . 2
] ° S

1 ® G 4 ®

0 2

0 2 4 6 8 10 0
Depth d; [mm] 0 2 4 6 8 10
Depth d; [mm]

Figure 13: Estimation depth of the structure in . o .
model C. The correct depth is 6.00 mm. Figure 14: Estimation depth of the structure in

model D. The correct depth is 4.00 mm.

Model D: optical properties of scattering medium 1

and 2 were made as,: Absorber located at 6 mm

+ medium 1: (1) = 0.80 /mm and u,(1) = 16

0.05 /mm Y ;

+ medium 2: p.(2) = 1.00 /mm and p,(2) = S e r . .

0.01 /mm. EE .

Figure 14 and Figure 15 are respectively show the re- 9,

sult with the given correct depth is 4.00 mm, 6.00 mm. 0

Figure 15 shows the result with the true depth is 6.00 ’ ’ D:pth 4 [m;] ) e
mm.

As shown in Figure 14 and Figure 15, the difference in X . .
Figure 15: Estimation depth of the structure in

terms of RMS became the minimum at the given cor- model D. The correct depth is 6.00 mm.

rect depth. The estimation depth is matched exactly
with the given depth.

SI18
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Using a single-wavelength observed image

The experiment was conducted as same conditions
with the model mentioned in section Using a single-
wavelength observed image. The optical proper-
ties of scattering medium were made as: (1) =
1.00 /mm and p,(1) = 0.01 /mm. The absorbing-
structure was placed at the depth d; = 5.00 mm from

the observation surface.

Absorber located at 7.00 mm

Correlation coeff, [ar.b

Depth d, [mm]

Figure 16: Estimation depth of the absorbing-
structure using a single-wavelength observed im-
age. The correct depth is 7.00 mm.

Figure 16 shows the correlation coefficient calculated
at each depth. As shown in Figure 16, the correlation
coefficient became the maximum at the given correct
depth.

The proposed technique was validated and examined
in experiment with a tissue-equivalent phantom. The
results shown that the proposed techniques in section
Using two-wavelength perspective image and section
Using a single-wavelength observed image can be ap-
plied in practice with a good condition of an imaging
system.

RESULTS AND DISCUSSION

As shown in these figures in section Validation in
simulation and section Validation in experiment with
tissue-equivalent phantom, the estimated result is
exactly matched with the given value. The results
confirmed that the proposed depth-estimation tech-
niques can be applied in practice with a good condi-
tion of an imaging system. We could able to estimate
the depth information of the structure even with only
single observed image. We also can combine both
techniques mentioned in section Estimation depth in-
formation of the structure techniques to obtain better
estimated depth result in practice.

Figure 17 shows the results of image restoration of the
observed image while the absorbing-structure placed

SI19

at a true depth of 6.00 mm using these results. For
comparison, the restored images after de-convoluted
with PSF at d = 4.00 mm and 8.00 mm were also
shown. By obtaining the correct estimated depth, it
can be seen that appropriate image restoration has
been performed. Through such analysis, the useful-
ness of the proposed scattering-suppression and esti-

mation depth techniques was confirmed.

CONCLUSION

With the view toward the realization of the transillu-
mination imaging modality for authentication and di-
agnostic application, we proposed the scattering sup-
pression technique and the novel depth estimation
techniques to restore the clearer image and the “true
shape” of the absorbing-structure.

By observing images with two-wavelength selected at
which the scattering property of the medium is differ-
ent. The transillumination image at one of the wave-
lengths is convolved with the calculated PSF with the
optical properties of another wavelength while chang-
ing the depth. We can obtain the correct depth that
gives the minimum difference between the two con-
voluted images.

By observing the image with a single-wavelength, we
also can estimate the depth of the absorbing-structure.
By combining these techniques, we can obtain an es-
timated depth value in agree with the given depth.
The proposed techniques were examined and vali-
dated in the simulation and also in the experiments
with the tissue-equivalent phantom.

In future works, the proposed techniques will be ex-
amined with the image obtained with biological tis-
sue.

The results in this paper suggested that even with a
limited angle of view, we can obtain the transillumi-
nation image sufficiently clear and information of the
light-absorbing structure. These techniques are useful
for developing the noninvasive imaging of the light-
absorbing structure. It is useful for developing the di-

agnosis modality and the application in medical field.
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Figure 17: Effectiveness of scattering suppression using correctly estimated depth. The yellow dashed-line square

represents the true size of the absorber.
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