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A void region exists in some biological tissues, and previous studies have shown that inaccurate images
would be obtained if it were not processed. A hybrid radiosity—diffusion method (HRDM) that couples the
radiosity theory and the diffusion equation has been proposed to deal with the void problem and has been
well demonstrated in two-dimensional and three-dimensional (3D) simple models. However, the extent of
the impact of the void region on the accuracy of modeling light propagation has not been investigated. In
this paper, we first implemented and verified the HRDM in 3D models, including both the regular geo-
metries and a digital mouse model, and then investigated the influences of the void region on modeling
light propagation in a heterogeneous medium. Our investigation results show that the influence of the
region can be neglected when the size of the void is less than a certain range, and other cases must be
taken into account. © 2013 Optical Society of America

OCIS codes:  170.3660, 170.3880.

1. Introduction

Modeling light propagation in biological tissues pro-
vides a basis for solving the inverse problem of three-
dimensional (3D) optical imaging, a rapidly growing
and promising imaging modality that has obtained
wide application and become a valuable tool for
the field of biomedical imaging [1-5]. It is well ac-
knowledged that light propagation in biological tis-
sues can be accurately expressed by the radiative
transfer equation (RTE) [6,7]. However, RTE is a
complicated integral—differential equation, which is
hard to solve in the complicated 3D irregular med-
ium and needs expensive computational time and
memory [2,7]. To address this problem, several ap-
proximation models of the RTE were proposed, which
have been effectively and commonly used in optical
tomography, such as the diffusion equation (DE)
[8], the discrete ordinates equation (Sy) [9,10], the
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spherical harmonics equation (Py) [11], the phase

approximation (PA) [12], and the simplified spherical
harmonics approximation equation (SPy) [13-15].
Each approximation model has its own advantages
and disadvantages. For example, the DE is computa-
tionally effective but valid only in a high scattering
medium; the higher order approximations, including
Sy, Py, PA, and SPy, are accurate in media over a
broad range of optical properties but computation-
ally expensive compared with DE approximation
[16]. These approximation models can effectively de-
scribe light propagation in a scattering medium;
however, they are invalid in a nonscattering medium,
except for Sy method, whose time cost is too expen-
sive for practical applications.

A nonscattering medium, also called a void region,
exists in some biological tissues, such as the stomach,
esophagus, intestines, and bladder. Previous studies
have shown that inaccurate reconstructed images
would be obtained if the void region were not pro-
cessed [17-20]. At present, several methods have
been proposed to deal with light propagation in the
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void region [21-29]. First, the RTE was adopted and
coupled with the DE to describe light propagation in
both high scattering and low scattering or nonscat-
tering regions [21-23]. However, the computational
complexity and expensive time cost of the RTE limits
its extensive application to two-dimensional (2D) or
3D regular media [22,23]. Thus, it is not an ideal op-
tion for the inverse reconstruction of 3D optical ima-
ging. Second, considering the golden accuracy of the
Monte Carlo method, a hybrid Monte Carlo—diffusion
method was proposed to deal with the low scattering
or nonscattering problem, where the Monte Carlo
method was employed to describe light propagation
in the void region [24,25]. Although the Monte Carlo
method provides excellent accuracy, it is time con-
suming due to the statistic characteristics and
hardly ever applied to inverse reconstruction. The
last approach is the hybrid radiosity—diffusion meth-
od (HRDM), in which the radiosity theory is used to
describe light propagation in the void region [26—29].
Because of the high computational efficiency, the
HRDM has been effectively applied to the inverse
problem of optical imaging [17-20]. However, these
studies mainly focused on a 2D or 3D regular med-
ium. Furthermore, how much influence the void
region would have on the accuracy of modeling light
propagation has not been investigated, which is very
important for 3D optical tomography.

In this paper, the HRDM was implemented with
the FEM and verified with simulations in 3D com-
plex models, including regular shape geometries
and a digital mouse model. Results obtained from
the simulation platform of the Molecular Optical Si-
mulation Environment (MOSE) were utilized as the
standard to verify the accuracy of the HRDM [30,31].
Furthermore, the influence of the void region on
modeling light propagation in heterogeneous media
were investigated. By changing the size of the void
region, the results simulated by MOSE were com-
pared with those calculated by the DE method. Tak-
ing the results of MOSE as the criterion, we tried to
draw the conclusion that the influence of the void re-
gion can be neglected when its size is less than a cer-
tain range but must be taken into account in other
cases. To avoid obtaining misleading results, we con-
ducted a series of simulations with various geome-
tries and optical properties. The rest of this paper
is organized as follows. The mathematical formula
of the HRDM and its numerical implementation
are presented in the following section. In the third
section, several simulation experiments are con-
ducted to validate the accuracy of the HRDM and
further discuss the influence of the void region on
modeling light propagation in the heterogeneous
medium. Finally, we provide a discussion and
conclude this paper.

2. Mathematical Formula and Numerical
Implementation

To deal with the void problem, an HRDM that
couples the radiosity theory and the DE has been

presented [26,28]. In this model, the radiosity theory
integrated with the DE is utilized to describe the
light transport in both the void and scattering re-
gions. The HRDM-based light transport model is
expressed as follows [32,33]:

=V (D)VOT)) + o (rP(r) = S(r),
D(r) + 2A,(r)D(r)(v(r) - VO(r)) = 0,
D(r')

B 27A,,(r)

cos 6 cos &

So(r) =

G(r,r')dB',

G(r,r) = E(r.7) exp(—pg|r—r']), (1)

|r 7|2

where ®@(r) is the nodal photon flux density, D(r) is
the diffusion coefficient and is defined as D(r) =
(B(uy (r) + i)™, p.(r) is the reduced scattering
coefficient, u,(r) is the absorption coefficient, S(r)
is power density of the light source, and B is the
boundary of void regions. A,, is the refractive mis-
match factor at the boundary and is specified as
A, =1+R()/1Q-R(r)), where R(r) can be calcu-
lated as R(r)~-1.4399n~2 + 0.7099n°! + 0.6681 +
0.0636n and n is the effective refractive index at
the boundary [34,35]. v(r) is the unit outer normal
on the outer surface, Sy(r) is a Neumann source
formed at the interface of the scattering and void re-
gions that has been included in the DE, and G(r,r') is
the transfer function between the points ' and r on
the boundary B. &(r,r') is the visibility factor and
is defined as unity if ¥ and r are mutually visible;
otherwise it is zero. & and ¢ are angles between
the surface normal at /, r and unit directional vector
u(r,r'y=@-r)/Ir-r|, and pu, is the absorption
coefficient of the nonscattering region.

At the interface of the scattering and void regions,
a Neumann source is formed by the light beam that
transports across the void region, and it has been in-
corporated into the DE. The equivalent light source
has the following formula:

S(r) =q(r) + So(r). (2)

where q(r) represents the internal light source.

Because of the excellent performance of the FEM
in approaching complicated, irregular geometries,
the FEM has been widely utilized in optical tomo-
graphic imaging [21-23,26,28,29,34]. Here, the
FEM is also used to solve the HRDM-based light
transport model. Thus, the Galerkin weighted resi-
dual method [29] is employed to expand the nodal
photon flux density and the light source power
density as the following expressions:

N
D) =) digi(r)
i=1
N
S(r) =Y sipi(r), 3)
i=1
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where ¢;(r) is the piecewise linear nodal basis func-
tion, ¢; and s; represent the values at the ith node,
and N is the total number of nodes in a finite element
volume mesh. Substituting Eq. (3) into Egs. (1) and
(2), we obtain the following linear matrix equation
that is comprosed of the FEM matrices:

MO =FS, (4)
where M = K + C + B - ¥ and the related elements
of the matrices are given as [29,35]
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where () is the solving domain constructed by the un-
derstudied geometry, 0Q is the outermost boundary
of the domain, and dQ' denotes the interface of the
scattering and void regions.

3. Experiments and Results

In this section, two groups of experiments were con-
ducted to verify the accuracy and effectiveness of the
HRDM-based light transport model. First, the accu-
racy of the HRDM model was three-dimensionally
validated, including using both the 3D regular geo-
metries and the digital mouse geometry. Second,
using the cyclic annular geometries, we systemati-
cally investigated how great an influence the void
region’s size would have on the modeling light propa-
gation in a heterogeneous medium and discussed un-
der what conditions the influence of the void region
can be neglected.
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A. Accuracy Verification Experiments

In this subsection, the accuracy of the HRDM model
was validated using the regular shape geometries
and a digital mouse model. Considering the high ac-
curacy of the Monte Carlo method in simulating light
propagation in a turbid medium, the software plat-
form MOSE was selected as a standard to evaluate
the results of the HRDM model [30,31].

To quantitatively evaluate the performance of
the HRDM model, two evaluating factors were intro-
duced, the average relative error (ARE) and the
curve similarity (CS), and mathematically expressed
by the following formulas [36]:

N |#MOSE ZHRDM
i=1|li =1i
ARE = )
N
N (ZMOSE _ 2HRDM,2
cs=1-z=li —=f ) (6)
N (?MOSE 7MOSE,2
i=1 U =7 )

where f; is the normalized intensity and is defined as
f'i =f;/max(f;) ¢ =1,2,...,N) and N is the number
of the sample point; the superscript MOSE repre-
sents that the intensity f was obtained by MOSE

and HRDM for the HRDM model. fMOSE ig the aver-
age intensity of all the sample points obtained by
MOSE. ARE is the discrepancy between the cal-
culated intensity of the HRDM model and the si-
mulated one of MOSE, and CS is the correlation
between them. Accordingly, the closer ARE gets to
zero and the closer CS gets to unity, the better the
performance of the HRDM model is.

1. 3D Regular-Geometry-Based Experiments

Three geometries were designed and employed to
verify the accuracy of the HRDM model, including
the sphere and cylinder geometries. Their geometri-
cal parameters and the related optical properties
are shown in Fig. 1 and Table 1, where Fig. 1(a) is
the classical geometry employed in the existing
studies [17-20,27,28] and Figs. 1(b) and 1(c) are

T,

Void

©

(Color online) Experimental geometries employed in the comparisons: (a) is the comparison for the classical geometry in experi-

ment No. 1; and (b) and (c) are those for the self-designed geometries used in experiments No. 2 and No. 3, respectively.

402 APPLIED OPTICS / Vol. 52, No. 3 / 20 January 2013


https://www.researchgate.net/publication/51361893_Photon_migration_in_non-scattering_tissue_and_the_effects_on_image_reconstruction?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/47384870_Generalized_free-space_diffuse_photon_transport_model_based_on_the_influence_analysis_of_a_camera_lens_diaphragm?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/8488919_Modeling_of_Diffuse-Diffuse_Photon_Coupling_via_a_Nonscattering_Region_a_Comparative_Study?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/26268889_Practical_reconstruction_method_for_bioluminescence_tomography?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/12654633_The_finite_element_model_for_the_propagation_of_light_in_scattering_media_A_direct_method_for_domains_with_nonscattering_regions?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/222103473_3D_Optical_Tomography_in_the_presence_of_Void_Regions?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/12347590_Boundary_conditions_for_light_propagation_in_diffusive_media_with_nonscattering_regions?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/43134725_GPU-based_Monte_Carlo_simulation_for_light_propagation_in_complex_heterogeneous_tissues?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/11324910_Linear_single-step_image_reconstruction_in_the_presence_of_nonscattering_regions?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==
https://www.researchgate.net/publication/8362410_A_mouse_optical_simulation_environment_MOSE_to_investigate_bioluminescent_phenomena_in_the_living_mouse_with_the_Monte_Carlo_method?el=1_x_8&enrichId=rgreq-e8e259167ad4995507914f05182f3b49-XXX&enrichSource=Y292ZXJQYWdlOzIzNDgyMzY5MjtBUzoyOTIxMDQ3MjgyNjg4MDNAMTQ0NjY1NDYwMjQwNA==

Table 1. Geometrical Parameters and the Related Optical Properties for the Three Different Regular Shape Geometries

Experiment No. Tissue Center Radius so (mm~1) u.(mm-T)

1 T (0, 0, 0) (10, 10, 10) 0.05 1.2273
Void 0, 0, 0) (4-17, 4-7, 4-7) 0.5 0.000001
S (2,0, 0) (1,1, 1) 0.05 1.2273

2 T (0, 0, 0) (10, 10, 10) 0.05 1.2273
Void 3,0, 0) 4, 4, 4) 0.5 0.000001
S (-3,0,0) (1,1, 1) 0.05 1.2273

3 T, (0, 0, 0) (10, 10, 10) 0.0049 1.2273
Void (-6, 0, 0) 3,4, 3) 0.05 0.0000001
Ty (0, -6, 0) 2,28 0.1021 2.4144
Ts 3, 3,0) (5, 5,5) 0.2630 2.2091
s 3,3, 0) 1, 1,1 0.2630 2.2091

the geometries designed and utilized in this paper. To
obtain an accurate and reliable simulated result of
MOSE, a 100,000,000 photon simulation was per-
formed to provide the comparison standards. To bet-
ter illustrate the comparison, all of the results were
normalized to the maximum value versus the detec-
tion positions. Figure 2 shows the comparison results
for the detector at the z position: z = 0 mm, where
Fig. 2(a) is the comparison for the classical geometry
in experiment No. 1, and Figs. 2(b) and 2(c) are those
for the self-designed geometries used in experiments
No. 2 and No. 3, respectively. In Fig. 2, the solid red
curves represent the simulated intensity of MOSE,
and the blue asterisk curves show the calculated re-
sults of the HRDM model. Furthermore, the ARE
and CS for the three geometries were calculated
and listed in Table 2.

From Fig. 2 and Table 2, we find that similar ten-
dencies and good agreement between the HRDM
model and MOSE were obtained for the three differ-
ent geometries, with the ARE less than 2% and the
CS larger than 99%. Especially good agreement was
obtained at the positions where the results were
affected greatly by the void region, such as detection
points 0-20 and 50-65 in Fig. 2(b) and points
20-35 in Fig. 2(c). In addition, the results, including
both the simulated result of MOSE and the calcu-
lated result of the HRDM model, seem to be a little
fluctuant, as shown in Fig. 2. This may be induced by

the stochastic nature of the Monte Carlo method and
the mesh discretization of the HRDM model. The
comparison results indicated that the HRDM model
worked well in handling the void region problem and
appeared in good agreement with the Monte Carlo
method.

2. 3D Digital-Mouse-Based Experiment

In this subsection, a digital mouse was selected and
used to verify the accuracy of the HRDM model in the
case of complicated irregular shape geometry. The
torso section of the digital mouse atlas was extracted
from CT and cryosection data [37], and main organs
were selected to simulate the tissue’s heterogeneity,
such as the muscle, heart, stomach, kidneys and
lungs, as shown in Fig. 3. The detailed optical proper-
ties of each organ were calculated at a wavelength of
about 650 nm and listed in Table 3 [38]. Therein, the
stomach was artificially termed as the void region. To
obtain the surface measurements, the torso of the di-
gital mouse was discretized into 83,204 tetrahedral
elements and 15,101 nodes.

To simulate the internal light source, a solid
sphere of 1 mm radius was located around the center
of the digital mouse with the coordinates (19, 9.6,
19) mm, which is beside the stomach. Similarly, the
results obtained from the HRDM model and MOSE
were all normalized to the maximum intensity
versus the detection positions, and the comparison
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é
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Fig. 2. (Color online) Comparisons of results between the calculated result of the HRDM model and the simulated one of MOSE. (a)—(c)

Comparisons for the three kinds of geometries.
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Table 2. Error Comparisons between the Calculated
Results of the HRDM Model and the Simulated
Ones of MOSE

Experiment No. ARE CS

1 0.0128 0.9969
2 0.0110 0.9976
3 0.0160 0.9936

results for the detector at three z positions (z = 16.5,
18.5, and 21.5 mm) were observed and presented in
Fig. 4. Therein, the solid red curves denote the simu-
lated results of MOSE, and the blue asterisk curves
show the calculated results of the HRDM model.
From Fig. 4, we find that similar tendencies were ob-
served between the results of the HRDM model and
those of MOSE. Although there is a slight difference
at some detection points [in Figs. 4(a) and 4(c)],
which was probably caused by the complicated and
irregular structure of the digital mouse, good agree-
ment was also obtained overall, with the ARE being
about 0.0119 and the CS being about 0.9529. The
preliminary results obviously demonstrated the high
accuracy and effectiveness of the HRDM model in the
complicated, irregular geometry.

B. Influence of the Size of the Void Region on Light
Propagation

In this section, a group of comparison experiments
were conducted to investigate the influence of the
size of the void region on light propagation by artifi-
cially changing the size of the void region and then
comparing the results of MOSE with those of the
HRDM and DE models. Because of the high accuracy
of the Monte Carlo method, the results simulated by
MOSE were also selected as the standard to verify
the accuracy of the DE model, in which the void pro-
blem was not considered. Simultaneously, to observe
the effectiveness of the results calculated by the
HRDM method, the results were also compared with
MOSE. To better describe the size of the void
region, the classical homocentric sphere geometry

Fig. 3. (Color online) Digital mouse used in the complicated
irregular-shape-geometry-based comparison experiment.
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Table 3. Optical Properties of the Main Organs of the Digital Mouse
Tissue Muscle Heart Stomach  Kidney Lung
Ha 0.09428 0.07859 0.01504 0.08811 0.26296
A 2.29425 1.00656 0.0000001 2.35851 3.6818

was utilized, which is similar to that used in Fig. 1(a).
Similarly, the evaluation factors of ARE were also
used to evaluate the comparison results, and it has
the following new definition:

i Ifi = FYO%F |

ARE = ,
N max(fMOSE)

(7

where the meanings of the parameters are similar to
those in Eq. (6).

First, a similar geometry with identical optical
properties to that used in Fig. 1(a) was employed
to conduct the investigation. Here, the outer radius
of the scattering T'; was 17 mm. Based on the optical
properties of the scattering region, the mean free
path (MFP) of light propagation can be calculated
as 0.7829 mm. To better characterize the changes of
the void region’s size, two parameters were defined:
the inner radius and outer radius of the void region.
By subtracting the inner radius from the outer
radius, the size of the void region can be obtained.
In the experiments, the inner radius was fixed to
be 5 mm and the center of the light source was lo-
cated at (3, 0, 0) mm. By changing the outer radius
from 5.6 to 8.0 mm (5.6, 5.8, 6.0, 6.2, 6.4, 8.0 mm),
different sizes of the void region can be obtained.
In our evaluation, the size of the void region was
characterized using a magnification of the absolute
size. Figure 5 presents the comparison of the results
among MOSE, HRDM, and DE at the central height
of the geometry, where Figs. 5(a)-5(f) are the com-
pared curves for the different sizes of the void region,
which are scaled with the absolute size. In Fig. 5, the
solid red curves represent the results of MOSE, and
the blue asterisk curves and the green circle curves,
respectively show those of the HRDM and DE mod-
els. Furthermore, as presented in Table 4, the quan-
titative comparison results were also calculated.

From Fig. 5 and Table 4, some interesting results
are summarized. First, differences among the results
of MOSE, HRDM, and DE were varied with the
increasing size of the void region. The increase of
the size of void region led to inaccuracy of the DE
model, while the HRDM remained perfect. Second,
when the size of void region was below the value
of 0.8 mm, which is about 1 MFP, the DE model per-
formed as perfectly as the HRDM. The performance
of the DE model can also be accepted when the size of
the void region is in the range 0.8 to 1.2 mm (about
1.5 MFPs). In the other cases, the DE model broke
down. As a result, we conclude that the influence
of the void region on the light propagation can be
neglected when the size of the void region is located
below a certain range such as 1.2 mm (about 1.5
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(Color online) Compared results among the MOSE simulation, the HRDM calculated, and the DE calculated when the size of the

void region was varied. (a)—(f) Comparison results of different sizes of the void region.

MFPs) in this experiment. In other words, the void
problem must be taken into account if the size of
the void region is too large such as 3 mm in this ex-
periment, which is an important conclusion for 3D

Table 4. Compared Results of the ARE Values of MOSE versus the
DE and of MOSE versus the HRDM

optical imaging, including both the forward and in-
verse problems. In order to eliminate the influence
of other factors on our conclusion, such as the size
and optical properties of the scattering region, two
other experiments were also performed in the follow-
ing sections.

1. Investigation of the Size of Scattering Region as
Experiment Void Size MOSE MOSE an Accidental Factor
No. (mm) versusDE _ versus HRDM In order to eliminate the size of the scattering region
a 0.6 0.0083 0.0223 as an accidental factor, two additional experiments
b 0.8 0.0302 0.0236 were performed. We changed the size of the geometry
c 1.0 0.0470 0.0237 but kept the same optical properties as those used in
d 12 0.0555 0.0220 Fig. 1(a). In the two additional experiments, the
€ L4 0.0668 0.0245 MFPs were all the same as in the original experi-
f 3.0 0.1313 0.0230

ment. By changing the outer radius of the scattering
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region 7'; to 13 or 10 mm, three groups of experi-
ments were obtained. In this section, the experiment
with the outer radius of the scattering region as
17 mm was defined as the original experiment,
and those of 13 and 10 mm were defined as the first
additional and the second additional experiment, re-
spectively. For the two additional groups of experi-
ments, the center of the light source for the first
additional experiment was located at (3, 0, 0) mm
with a radius of 1 mm, while the second additional
one was located at (2, 0, 0) mm. Accordingly, to obtain
the different sizes of the void region, the outer radius
of the void region for the first additional group of ex-
periments was changed from 5.6 to 7.0 mm (5.6, 5.8,
6.0, 6.2, 6.4, 6.6, 6.8, 7.0 mm), while for the second
additional group of experiments it was changed from
4.6t0 6.0 mm (4.6,4.8,5.0,5.2,5.4,5.6, 5.8, 6.0 mm).
Similarly, the size of the void region was also charac-
terized using the magnification of the absolute size.
Figure 6 shows the variation of ARE versus the ab-
solute size. In Fig. 6, the red diamond curves, the
cyan triangle curves, and the black square curves re-
present the comparison results between MOSE and
the DE for the original, the first additional, and the
second additional experiment, respectively. Simi-
larly, the magenta asterisk dotted curves, the blue
cross dotted curves, and the orange circle dotted
curves show the comparison results between MOSE
and the HRDM for the original, the first additional,
and the second additional experiment, respectively.
The green dashed line is the standard line under
which the influence of the void can be neglected.
The value of the standard line was set to be 0.05
as the threshold value for ARE.

The evaluation factor ARE versus the absolute size
of the void region is similar for all three experiments.
For the three experiments, the DE worked as per-
fectly as the HRDM when the size of the void region
was below the value of 0.8 mm (about one MFP), and
the performance of the DE model can be accepted
when the size of the void region reached 1.2 mm
(about 1.5 MFPs). The performance of the HRDM
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Fig. 6. (Color online) Variation of evaluation factor ARE versus

the absolute void sizes corresponding to the different sizes of

the scattering region.
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method remained at an almost perfect level. There-
fore, we can conclude that the influence of the size of
void region on the accuracy of light propagation
was uncorrelated with the size of the scattering
region, which eliminated the scattering region’s
size as an accidental factor in the conclusion
addressed above.

2. Investigation of the Optical Properties of the
Scattering Region as an Accidental Factor

In this subsection, the aim was to investigate the in-
fluence of the optical properties of the scattering re-
gion. The original group of experiments was the same
as the second additional one in the above section.
Therefore, another four additional experiments were
performed to investigate the influence of the optical
properties, including the absorption coefficient and
the scattering coefficient, on our conclusion. In the
four additional experiments, the same geometry as
that used in Fig. 1(a) but with different optical prop-
erties was employed to conduct the investigation.
The size of the void region was also characterized
using the magnification of the absolute size. The first
two additional experiments were performed to ob-
serve the absorption coefficient as an accidental fac-
tor, while the other two additional experiments were
performed to investigate the scattering coefficient as
an accidental factor.

In the first two additional experiments, we
changed the absorption coefficient from 0.025 to
0.8 mm™! (0.025, 0.08 mm™!) while keeping the scat-
tering coefficient of 12.273 mm™!, and they were
defined as the first additional experiment and the
second additional experiment, respectively. For the
first and second additional experiments, the sizes of
the void regions were all changed from 4.6 to 6.0 mm
(4.6,4.8,5.0,5.2,5.4,5.6,5.8,6.0 mm), and the MFPs
were, respectively 0.7986 and 0.4933 mm. In the
other two additional experiments, the scattering
coefficient was changed from 15.5 to 19.5 mm™!
(15.5, 19.5 mm™!) while the absorption coefficient
was kept as 0.05 mm™!, and these were defined as
the third additional experiment and the fourth addi-
tional experiment. The MFPs corresponding to the
third and the fourth additional experiments were, re-
spectively 0.625 and 0.5 mm. For the third and the
fourth additional experiments, variations of the size
of the void region corresponded to the following lists:
(4.5,4.8,5.0,5.2,5.5,5.8,6,6.5 mm) and (4.5, 4.8, 5.0,
5.2,5.5, 5.8, 6, 6.5 mm).

Figure 7 presents the variation of the evaluation
factor versus the absolute size of the void region.
Figure 7(a) presents the variation of evaluation fac-
tor ARE for the first two additional experiments and
the original one, while Fig. 7(b) gives those for the
second two additional experiments and the original
one. In Fig. 7, the red diamond curves represent
the comparison results between MOSE and the DE
for the original experiment, the cyan triangle curves
represent the comparison results between MOSE
and the DE for the first additional experiment in
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sizes corresponding to the original, the first, and the second addi-
tional experiment, which have different absorption coefficients, and
(b) variation of ARE versus the absolute sizes of the void regions
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experiment, which have different scattering coefficients.

Fig. 7(a) and the third additional one in Fig. 7(b), and
the black square curves show the results between
MOSE and the DE for the second additional experi-
ment in Fig. 7(a) and the fourth additional one in
Fig. 7(b). The magenta asterisk dotted curves, the
blue cross dotted curves, and the orange circle dotted
curves show the comparison results between MOSE
and the HRDM for the original experiment in both
Figs. 7(a) and 7(b), of the first additional experiment
in Fig. 7(a) and the third one in Fig. 7(b), and of
the second additional experiment in Fig. 7(a) and
the fourth one in Fig. 7(b), respectively. Similarly, the
green dashed line is also the standard line.

In Fig. 7, the same conclusion can also be ad-
dressed: that the influence of the void region on
the light propagation must be taken into account
when the size of the void region is larger than a cer-
tain value, such as 1.2 mm (about 1.5 MFPs in the
original experiment, about 1.5 MFPs in the first
additional one, about 2.4 MFPs in the second one,
about 2 MFPs in the third additional one, and about
2.4 MFPs in the fourth one). The phenomenon
that the ARE between MOSE and the DE increased

linearly with the increase of the size of the void
region can also be demonstrated in this subsection.

4. Conclusion and Discussion

A void region exists in some biological tissues, and
previous studies have shown that inaccurate images
would be obtained if it was not processed in a mod-
eling light transport [18]. In previous studies, an
HRDM-based light transport model has been pro-
posed, in which the radiosity theory was coupled into
the DE to handle the void problem, and it has been
well demonstrated in 2D and 3D simple homocentric
sphere models. In this paper, we have validated the
accuracy of the HRDM-based model in different 3D
models, including both the regular geometries and
a digital mouse model. Importantly, the influence
of the void region on modeling the light propagation
in a heterogeneous medium was also quantitatively
investigated in this paper for the first time, to the
best of our knowledge. Useful conclusions were also
obtained from our experiments. First, the influence
of the void region can be neglected when the size
of the void region is below a certain range, which
is commonly regarded as below 2 MFPs, and must
be taken into account when the size of the void region
is too large. Second, the influence of the void on light
propagation is nearly a linear relation with the size
of the void region. The knowledge of the influence of
the void region on the accuracy of the light propaga-
tion is significantly important in the study of optical
imaging. Having a good knowledge of this a priori in-
formation, we can establish an appropriate light
transport model with a compromise between accu-
racy and efficiency. Our investigation results not only
provide experimental support for the previous study
[17-20] but also present a quantitative knowledge of
the influence of the void region on the accuracy of the
light propagation.

However, there is an inevitable shortcoming for the
HRDM-based model. Because of the limitations of
the DE, the HRDM-based model worked in the
coupled high scattering and void region, but it was
invalid in the coupled low scattering and void region.
Actually, the low scattering regions commonly exist
in the animal body and must be considered for
whole-body small animal optical imaging. As a re-
sult, our future work will focus on the development
of a hybrid light transport model that can be used to
depict the light propagation in any scattering region.
The corresponding results will be reported later.
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