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Abstract In recent decades, diffuse optical tomography
(DOT) has drawn more and more interest in molecular
imaging because of its advantage of large penetration
depth in optical image technology. However, ill-posedness
problems have dramatically limited this application
technique. In this paper, a new method to remove the
ill-posedness of DOT is introduced. With a rotating
steady-state domain experiment system, by increasing
experimental data that could be obtained from any visual
angle, four contrast experiments were simulated. It was
proved that when the sum of the experiment data is larger
than that of the unknown optical coefficient of phantom,
ill-posedness would be reduced and the quality of the
reconstructed image could be improved.

Keywords diffuse optical tomography (DOT), ill-posedness,
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1 Introduction

Diffuse optical tomography (DOT) is a fast growing
research field in which near-infrared light is used for
imaging internal body structures. More and more instru-
ments of DOT with sensitive light transmission measure-
ments are available nowadays [1-3]. Several algorithms
that can transform these measurements into useful
cross-sectional images have matured so that first clinical
trials have become possible, especially in breast imaging
[4,5]. However, a big obstacle in DOT is that the image
reconstruction problem is ill-posed or underdetermined.
Because reconstruction algorithms want to regenerate the
inner 2D properties of the medium from the 1D measure-
ment, plenty of different distributions of the optical prop-
erties inside the medium will lead to the same set of
detector readings on the surface of the medium.
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Most researchers pay attention to getting pre-experi-
ment information combined with different imaging mo-
dalities, such as MRI, X-CT, and others, to reduce the ill-
posedness of DOT [6]. However, in this case, the inde-
pendence of the DOT system will be reduced, and the cost
of the DOT system will increase, as the DOT system must
work with other imaging modality. In this paper, the ill-
posedness of DOT was conquered in a new way, by which
no pre-experiment knowledge should be introduced. To
turn the ill-posedness problem into a determined problem,
more experimental data were imported. To get any experi-
ment data, a new rotating experiment system based on
charge coupled device (CCD) and continuous light source
was developed, with which more experiment data could be
obtained from any visual angle according to the DOT
reconstruction algorithm.

In this paper, first, the basic theory of DOT arithmetic
is introduced in detail. A brief introduction of the system
is given. Finally, the contrasting experiment results are
presented to prove the validity of this method.

2 Theory

The photon transport in tissue can be mathematically
described by the particle transport equation, which has
been given by Duderstadt and Martin. The particle trans-
port equation applied to photons is also called the equa-
tion of radioactive transfer [7-10]. In this equation, if
Ua(r) < ps(r), ua(r) and pg(r) are the absorbing and scat-
tering parameter of the tissue with the units of cm™!
respectively, the radioactive transfer equation can be
rewritten as the diffusion approximation equation, which
can be quickly solved compared to the radioactive transfer
equation [11]

V-[DVOE)] + pt, () D(r) =0, (1)

and the Robin boundary condition is
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2pD(r) 6_611 O(r)+d(r)+S(r)=0, (2)

where @(r) represents the photon intensity, with units of
W/ecm?, n is outward normal of the tissue surface. D(r) is
the reduced transport coefficient, which could be also
expressed as

D(r)=[3(u, + (1 + )] (3)

where g is anisotropy factor.

There are several methods that can solve this diffusion
equation, such as finite differential method (FDM), finite
element method (FEM), and Monte Carlo (MC) method,
but only FEM could be used in complex boundary con-
dition and quickly solve the diffusion equation.

With FEM, the regions of tissue can be discretized into
ne elements (Qy, Q»,...,Q, ) and n, nodes (n,, n,...n, ), and
®(r) can be expressed with piecewise polynomial inter-
polation functions [12-14] as

o=, )
i=1

With the FEM, Egs. (1) and (2) could be formulated
into the following matrix form as

(A+C+0Q)P=H, (5)
where
A= | D) V00V 0] . (©)
Q
Cli)= Juamwi(r)wj(r)dr, (1)
Q
0(ij)= i}w(r)wndr (8)
J)= 2,09 i J >

.. 1

Hij)=— Zjﬁs<r)wi<r)dr. 9)
Q

Combining Eq. (5), which shows the result of photon
intensity in theory, with experiment data, an object func-
tion F(D,u,) which depends on the reduced transfer coef-
ficient D and absorbing coefficient u, [15-17] could be
formulated as

1 [@nes — Direo (D, ﬂa)} 2

F(D’Ma) - i { (Dmes

(10)
where @, stands for the experiment measurement on the
boundary, and ®y,, represents the calculation on the
boundary in theory.

The setting of D and pu, will be the best values which
proximally equal to the real values of the tissue optical
coefficients, under the condition that the minimal value of
the object function F(D,u,) is achieved.

3 Experiment system

A new DOT experiment system with rotating style [18-20]
was designed, which consist of a digital camera, laser
source (650 nm), motorized rotation stage, linear stage,
data link mode and CCD. The laser source was mounted
on the linear stage which carried the source to various
positions along it. The rotation stage carried the camera
and the linear stage in a line so that the camera could take
images at various angles. The phantom was placed at the
center between the CCD and laser source. Without any
fibers and optical switch, the DOT system is compact and
can easily be operated. Figure 1(a) shows the system’s
construction.

Following Firbank M’s instruction [21], a stable and
reproducible phantom for DOT experiment was made
with two glass sticks inserted in as the heterogeneity.
Figure 2 shows the experiment phantom, and sequence
images at an interval of 5.625° would be obtained.

4 Results and discussion

Figures 3 and 4 show the corresponding positions of the
glass sticks (horizontal black lines) in phantom. As the
phantom is made from resin, its optical parameter is not
so sensitive to X-ray yet sensitive to near-infrared light;
therefore, it seems to be translucent in X-ray imaging, but
not in DOT reconstructed imaging. The vertical black line
represents the slice that will be reconstructed by DOT.
The radius of the phantom is 1.31 cm, and the radius of
the glass stick is 0.35 cm. According to the topology,
FEM was utilized to mesh the phantom geometry, which
divided the phantom geometry into 374 nodes and 682
elements, as shown in Fig. 5.

Figure 1(b) shows the initial position of the light source
and suppositional detectors. In this experiment, the CCD
was used to detect the photons, and one pixel in CCD
imaging represented a signal suppositional detector.
However, it is unnecessary to choose all pixels in CCD
imaging to reconstruct the optical property, as it would
cost lots of time, so only a few suppositional detectors
were chosen. Because of the rotation of the system, the
positions of the light source and suppositional detectors
would change a little, which would supply a new setting of
experiment data.

Four contrast experiments with the same geometry
mesh had been practiced. The only difference between
them is the sum of the experiment data. In the first
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experiment, images are taken at an interval of 22.5°
namely the light sources with 16 positions was intro-
duced in the experiment. § little areas that contain few
pixels in the image taken by CCD have been captured in
each image. There are 8 assumed detectors correspond-
ing to the 8 areas, so there were 16 light sources and §
suppositional detectors corresponding to each light
source position.

Fig. 2 Experiment phantom
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Steady state DOT system. (a) Construction of DOT system; (b) positions of light source and the suppositional detectors

In the second experiment, there were 32 light sources
and 16 suppositional detectors corresponding to each light
source position. In the third experiment, there were 32
light sources and 32 suppositional detectors corresponding
to each light source position. In the fourth experiment,
there were 32 light sources and 64 suppositional detectors
corresponding to each light source position.

Fig. 3 Planform of the phantom irradiated by X-ray
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Fig. 4 Side elevation of the phantom irradiated by X-ray
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Fig. 5 Mesh of one slide of the phantom

In the first experiment, the sum of the experiment data
was about 16 x 8 =128, but there were 374 reduced
transport coefficients and 374 absorbing coefficients to
be solved. In other words, there were 374 x 2 =748
variables but only 128 equations, which made this prob-
lem become ill-posed. Figures 6 and 7 show the results
of this experiment, and the two heterogeneities could not
be found.

In the second experiment, the sum of the experiment
data was about 32 x 16 = 512, the problem was also ill-
posed. Figures 8 and 9 show the results of this experi-
ment. Although the two heterogeneities could be found
in Fig. 8, as the pre-experiment knowledge, the absorbing
coefficients of the glass sticks had little difference between
its background matter, so the results were also bad.

x/cm

Fig. 6 Absorbing property image with 16 light sources posi-
tion and 8 suppositional detectors
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Fig. 7 Scattering property image with 16 light sources posi-

tion and 8 suppositional detectors
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Fig. 8 Absorbing property image with 32 light sources posi-
tion and 16 suppositional detectors
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In the third experiment, the sum of the experiment data
was about 32 x 32 = 1024, in which the ill-posedness had
been successfully reduced. Figures 10 and 11 show the
results of this experiment. The two heterogeneities could
be clearly found in Fig. 11. Compared to Figs. 3 and 4,
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Fig. 9 Scattering property image with 32 light sources posi-
tion and 16 suppositional detectors
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Fig. 10  Absorbing property image with 32 light sources
position and 32 suppositional detectors
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Fig. 11  Scattering property image with 32 light sources posi-

tion and 32 suppositional detectors

the positions of two heterogeneities were almost the same
as the real situation, according with the pre-experiment
knowledge, in which the scattering coefficient of the het-
erogeneities distinguished was different from that of the
background matter, and the absorbing coefficient of the
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heterogeneities was almost the same as that of the back-
ground matter.

In the fourth experiment, the sum of experiment data is
about 32 x 64 = 2048, which also made the problem cer-
tain. Figures 12 and 13 show the results of this experi-
ment, which are pretty well compared to the results of
the third experiment.
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Fig. 12 Absorbing property image with 32 light sources
position and 64 suppositional detectors
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Fig. 13 Scattering property image with 32 light sources posi-
tion and 64 suppositional detectors

In the first and second experiments, the sum of the
experiment data is less than that of the unknown optical
coefficients, while in the third and fourth experiments,
the sum of the experiment data is larger than that of the
unknown optical coefficients. The results of the third
and fourth experiments are better than that of the first
and second experiments, therefore the degree of the ill-
posedness of DOT decreases as the sum of experiment
data increases. In this way, the ill-posedness of DOT
can be reduced without any pre-experiment knowledge
from other imaging modality, such as MRI X-CT and
SO on.
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5 Conclusions

In this paper, a new method to overcome the ill-posedness
of DOT was presented. By utilizing this experiment
scheme and algorithm, the interval of the rotation stage
could be adjusted to obtain adequate measurement data,
with which the ill-posedness of DOT reconstruction could
be reduced. The four contrast experiments indicated the
bright application future of this kind of experiment
schema and algorithm.
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