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Monte Carlo simulation of light propagation in turbid medium has been studied for years.
A number of software packages have been developed to handle with such issue. However, it is
hard to compare these simulation packages, especially for tissues with complex heterogeneous
structures. Here, we first designed a group of mesh datasets generated by Iso2Mesh software, and
used them to cross-validate the accuracy and to evaluate the performance of four Monte Carlo-
based simulation packages, including Monte Carlo model of steady-state light transport in multi-
layered tissues (MCML), tetrahedron-based inhomogeneous Monte Carlo optical simulator
(TIMOS), Molecular Optical Simulation Environment (MOSE), and Mesh-based Monte Carlo
(MMC). The performance of each package was evaluated based on the designed mesh datasets.
The merits and demerits of each package were also discussed. Comparative results showed that
the TIMOS package provided the best performance, which proved to be a reliable, efficient,
and stable MC simulation package for users.
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1. Introduction drug development.? The study of light propagation

Optical imaging techniques play an important rolein  is essential for optical imaging, especially for three-
preclinical researches, such as cancer detection and  dimensional (3D) optical imaging. The radiative
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transfer equations (RTE) can be used for modeling
the light propagation in tissues accurately. Many
numerical approximations have been proposed to
solve the RTE,** however, it is still a challenging
task to effectively solve it in heterogeneous tissues.
Monte Carlo (MC) method has been commonly used
for the simulation of light propagation in tissues by
simulating a large number of photon trajectories.
The physical quantities, such as the photon absor-
bance, reflectance, and transmittance are usually
recorded. Because it is a statistics-based method, the
MC simulation result is often used as the gold stan-
dard to validate other numerical solutions.

The MC simulation of light propagation has been
developed rapidly over the past decades. Many
simulation packages were also consequently devel-
oped. Based on how the tissues or phantom are
represented, the MC simulation packages can be
divided into five categories as follows: the multi-
layered, voxel-based, surface-based, tetrahedron-
based, and mesh-based packages. Wang et al.
developed a Monte Carlo model of steady-state light
transport in multi-layered tissues (MCML),” in
which the phantom is represented by regularly
geometrical shapes. MCML has been widely used for
MC simulation and becomes a benchmark for the
simulation of photon propagation in tissues, but it
can only cope with layered infinite media. Recently,
several improved versions of MCML were also de-
veloped to handle with the multilayered medium
that was embedded with spherical, cylindrical,
ellipsoidal, or cuboidal objects."® In order to deal
with 3D complex, heterogeneous structures, Boas
et al. developed voxel-based MC method, called
tMCimg.” Furthermore, Margallo-Balbas et al.'”
and Ren et al.'"'? developed surface-based MC
methods. In these methods, the triangular meshes, a
kind of data sets, were used to depict complex sur-
face or boundary of the tissues or organs accurately.
However, due to the large number of triangular
meshes at boundary, it is difficult to determine the
position of the photon relative to the triangular
meshes. The calculation of photon-triangle inter-
section requires a heavy computation. Shen et al.
developed a tetrahedron-based inhomogeneous MC
optical simulation (TIMOS) method.'® The advan-
tage of TIMOS lies in its efficiency to determine
photon-triangle intersection. This is because only
four photon-triangle intersections need to be con-
sidered when a photon travels in the tetrahedron.
Meanwhile, Fang et al. proposed a mesh-based

Monte Carlo (MMC) method which uses a gener-
alized ray-tracing model to calculate photon-trian-
gle intersection.'* In addition, other MC methods
were also developed for specific applications, such as
laser irradiation or interaction with skin tissue and
brain studies.'”2?

On the other hand, the phantom models of MC
simulation tools vary significantly. The formats of
the recorded results are also different. The arising
problem is how to compare these packages accu-
rately and to assess them fairly. Several studies have
investigated such a problem. TIMOS was compared
with MCML and the Molecular Optical Simulation
Environment (MOSE, a surface-based MC simula-
tion package) in multi-layered and complex geom-
etry, respectively.'”> The comparisons were
conducted in terms of both the accuracy and effi-
ciency. TIMOS was also compared with MMC and
the CUDA accelerated MCML,?? in terms of the
absorbed fraction and simulation time. The pseudo-
code of the TIMOS and the MMC scheme in Pliicker
coordinate were also compared.’* In spite of these
efforts, there is still a need to build a standard
dataset to compare these MC simulation packages.
The standard dataset can also be used to evaluate
the newly developed MC packages and numerical
solutions.

Here, we presented a dataset of three phantoms
that are generated by Iso2Mesh.?” Four MC-based
simulation packages, including MCML, MOSE,
TIMOS and MMC, are compared and cross-vali-
dated using the dataset. This paper is organized as
follows. The principle of the MC simulation of the
light propagation, the MC-based simulation
packages, and the designed dataset are introduced
in the next section. The simulation results are
compared and discussed in the end.

2. Methods and Materials

2.1. Monte Carlo method for
light propagation

The MC method for light propagation is based on
randomly recording a large number of photons
trajectories in tissues. The method is statistics in
nature and based on random sampling of variables.
The step size of single photon and the deflection
angle between each two steps are statistically
calculated according to the optical properties of
the tissues, including the absorption coefficient, the
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scattering coefficient, the reflective index, and the
anisotropy factor. Although the surface, tetrahe-
dron, and mesh-based models can depict the tissue
boundary more accurately than multi-layered or
voxel-based models, the descriptions of light prop-
agation inside the tissues for all the models are
the same. The flow chart of the MC simulation
of light propagation in multi-layered tissue is
shown in Fig. 1.

The photons are generated according to the set-
tings of the light source, such as the light beam
directly emitting into the tissues, point or regular-
shaped light source that can be represented by
regularly geometrical shapes inside the tissues.
The settings of the light source can be classified
according to the modalities of optical imaging, such
as the bioluminescence imaging (BLI), fluorescence
molecular imaging (FMI), diffuse optical imaging
(DOI), etc. The light source of BLI is initialized

» Photon generation

—

Set photon’s step
size

Photon move,
scattering,
absorption

Move to boundary,
Modify step size,
Reflect/transmit

Update transmission
matrix

Photon absorbed by
detectors

Fig. 1. Flow chart of MC simulation of light propagation in
tissues. Here, “Boundary of tissues” means the boundary
between the tissue and ambient medium.

Comparisons of Monte Carlo simulation packages

inside the tissues. The initial direction of a photon is
determined by randomly sampling the space angle.
There are two types of light sources in FMI, the
excitation and emission light sources. The excita-
tion light source is located outside the phantom and
projected into it. The emission light source is de-
termined by the distribution of the fluorophores
inside the tissues. The DOI system is similar to
FMI system except that the DOI system doesn’t
contain the emission light source. The detailed de-
scription of the MC algorithm can be found in
literatures.”>' 112

2.2. MCML

MCML deals with the problem that a light beam
transports in the multilayered tissues.” It is inca-
pable of simulating light propagation in 3D het-
erogeneous tissues. The reflectance, absorption, and
transmittance are recorded in a cylindrical coordi-
nate system. The light source in MCML can be set
as a narrow light beam perpendicular to the layers.
The parameters of MC simulation include the op-
tical parameters of each layer, the depth of each
layer, the resolution of the phantom, and the pho-
ton number of the light source.

2.3. MOSFE

The simulation of light propagation in MOSE is
similar to that of MCML.'"!'?> The major difference
is that the multilayered tissue model is replaced by
3D complex heterogeneous model that can be de-
scribed by the regularly geometrical shape-based
objects or triangular meshes. The triangular meshes
are a kind of data sets that can be used to describe
the surface of tissues or organs. The light source in
MOSE can be set as 3D regular shapes or triangular
meshes. The various setting of the light sources
makes MOSE capable to simulate nearly all the
optical imaging modalities such as BLI, DOI, and
FMI. Although the triangular meshes can model the
boundary of the tissues accurately, it is time-con-
suming to determine the position of the photon and
the photon-boundary intersection. The position of
the intersection must be calculated by searching a
large number of triangular meshes. For each tissue
whose surface is represented by a number of closed
triangular meshes, its optical parameters can only
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be set as unmixed which is inaccurate for real
applications.

24. TIMOS

TIMOS utilizes tetrahedral meshes as the simulated
model.'® The phantom used in photon propagation
is discretized into tetrahedral meshes, which are
numbered in a list and the neighborhoods of all the
meshes are calculated before running the simula-
tion. It is easy to determine the position of the
photon because it can only be in a certain tetrahe-
dron. The advantage of the TIMOS over MOSE is
that there are only four triangles in each tetrahe-
dron, which means that it only needs four calcula-
tions of the ray-triangle intersection to determine
the photon-boundary intersection. The setting of
the optical parameters for TIMOS is more flexible
than that of MOSE because each tetrahedron can
represent a tissue in TIMOS while a list of trian-
gular meshes is needed in MOSE.

2.5. MMC

MMC package is similar to TIMOS.!* The major
difference between them is that MMC uses a gen-
eralized ray-tracing algorithm and the Pliicker co-
ordinate system. The advantage of MMC is that it
can handle not only the tetrahedron but also other
polyhedrons. MMC also supports MC simulation of
light propagation in time domain and frequency

A general review of these MC simulation packa-
ges is summarized in Table 1.

2.6.

We designed three simulation phantoms in the
dataset for MC simulation. The phantoms are
different in structures from simple to complex, in-
cluding multi-layered tissues, cube-shaped 3D
phantom, and digital mouse. The meshes of the
dataset were generated by Iso2Mesh which was
developed by Fang et al.?”

The multi-layered tissues are usually used
for MC simulation of DOI system. As shown in
Fig. 2(a), the phantom with a radius of 10 cm and a
height of 2cm contains five layered slabs. The
depths of each layer from top to bottom are 0.1 cm,
0.2cm, 0.2cm, 0.9cm, and 0.6cm, respectively.
Each layer represents an unmixed tissue. The in-
formation of the grid size used here is set as:
dr = 0.02; dz = 0.02; number of dr is 200, and that
of dz is 100. In order to compare MCML with the
mesh-based MC packages, the multi-layered phan-
tom is discretized into 666, 624 nodes and 3, 771,
482 tetrahedrons.

The second phantom is a regular-shaped phantom
with a sphere in a cube, as shown in Fig. 2(b). The
cube has a dimension of 6 x 6 x 6 cm®. The sphere has
a radius of 2cm and is located at the center of the
phantom with the coordinate of (0, 0, 0) cm. The
phantom contains 35, 991 nodes and 209, 847 tetra-

Dataset description

domain.?5%7 hedrons. The mesh size is around 0.1 cm.
Table 1. Summary of MC-based simulation packages for light propagation.
Recorded
Packages Tissue type transmittance Recorded absorption Main feature
MCML multilayer Cylindrical Cylindrical coordinate Determines the photon’s position

coordinate system.

MOSE Triangular meshes Boundary surface
and nodes.

TIMOS Tetrahedral meshes Boundary surface
and nodes.

MMC Tetrahedral meshes Boundary nodes.

system.

Voxels inside the triangular
meshes in Cartesian
coordinate system.

Each tetrahedral mesh.

Each node or each element.

and trajectory according to the
spatial position in 3D
coordinate system.

Determines the photon’s position
by searching a list of triangular
meshes.

Easy to track the photon’s
position and path inside the
tetrahedrons.

Same as TIMOS but determines
the photon-triangle intersection
in a Plucker coordinate.
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Fig. 2.
shaped tissue, and (c) Digital mouse.

The third phantom is a digital mouse model
generated from the Digimouse atlas,?® containing 17
different tissues as shown in Fig. 2(c). The phantom
consists of 153,015 nodes and 853,949 tetrahedral
elements. The range of the mouse is located in the
region of interest of {(z, y, 2)]0.256 <z< 3.765,
0.141 <y< 7.8, 0.115 <2< 2.045} cm.

3. Experiments and Results

The first experiment is conducted to compare the
four MC packages by using multi-layered tissues.
The light source is projected into the multi-layered
tissues on the top center of the phantom. The op-
tical parameters of the tissues and the refractive
index of the environment are shown in Table 2.
Each simulation runs with 10,000,000 photon
packets. The distributions of the diffuse reflectance
and transmittance obtained by MOSE are pre-
sented in Figs. 3(a) and 3(b), respectively.
Figure 4(a) shows the comparison of the transmit-
tance between MCML and MOSE as the radial
distance increases, and Fig. 4(b) shows the com-
parison of the transmittance between TIMOS and
MOSE at different triangular meshes. Here, MOSE
is operated at the cylindrical coordinate (the
regularly geometrical structure) for Fig. 4(a) and

Comparisons of Monte Carlo simulation packages

()

Structure of the phantoms for the comparisons of MC-based simulation packages. (a) Multilayered tissues, (b) Regularly

tetrahedron for Fig. 4(b). From Fig. 4, a good
agreement is obtained between MCML, MOSE
and TIMOS, which demonstrated the consistency
of these MC simulation packages. The normalized
root mean square error (NRMSE) is applied to
evaluate the discrepancy between them, which is
defined as

1 N
e =\ D —a?, (1)
i=1

where N is the dimension of the resulting data, d is
the photon flux density at nodes. The NRMSE be-
tween MOSE and TIMOS is 0.0388%, and that
between MOSE and MCML is 0.06%. The result
shows a good agreement between MOSE, MCML
and TIMOS.

We didn’t compare with MMC because it can
only handle the problem when the refractive indices
of the layers and the environment are the same. We
changed the refractive indices of all the layers and of
the environment to 1.4 and used absorbed fractions
to compare all the MC packages. The absorbed
fractions of MCML, MOSE, TIMOS, and MMC are
0.5711, 0.5684, 0.5709 and 0.5712, respectively. The
simulation times of MCML, MOSE, TIMOS, and
MMC are 754, 886, 377.1 and 452 sec, respectively

Table 2. Optical properties of the multilayered tissues.
Scattering
Layer index Depth (cm)  Absorption coefficient (mm~1)  coefficient (mm~!)  Anisotropic factor ~ Reflective index
1 0.1 0.43 10.7 0.79 1.5
2 0.2 0.27 18.7 0.82 1.4
3 0.2 0.33 19.2 0.82 14
4 0.9 0.27 18.7 0.82 14
5 0.6 0.34 19.4 0.82 1.4
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(a)

Simulation results of the MOSE in the multilayered phantom. (a) Diffuse reflectance and (b) Transmittance.

Fig. 3.

on Ubuntu 12.04 with 8 GB RAM and Intel Xeon
Processor E5620 (2.4 GHz). The following experi-
ments are conducted in the same environment. The
result shows that the absorbed fractions of these

't
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T
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(b)

MC packages are almost the same while TIMOS
have a better efficiency over others.

The second experiment uses the regular-shaped
phantom. A point light source is incident onto one
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Fig. 4. Comparisons of the transmittance between the MCML, TIMOS, and MOSE in case of multilayered phantom. (a) Com-
parison between the MCML and MOSE at different radial distance. (b) Comparison between the TIMOS and MOSE at different

triangle.

1750017-6



J. Innov. Opt. Health Sci. 2018.11. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 09/13/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

Comparisons of Monte Carlo simulation packages

Table 3. Optical properties of the regular-shaped phantom
Tissues  Absorption coefficient (mm~!)  Scattering coefficient (mm~!)  Anisotropic factor ~ Reflective index
Cube 0.002 1 0.01 1.37
Sphere 0.05 5 0.9 1.37

of the side surfaces of the cube with the coordinate
of (0, —0.3, 0) cm. The optical parameters of the
phantom are shown in Table 3. The classical
MCML can only handle the multilayered tissues, so
MOSE and TIMOS are compared in this experi-
ment. The transmittance result of MOSE is shown
in Fig. 5(a). The comparison of the transmittance
between TIMOS and MOSE at different triangle
meshes is shown in Fig. 5(b). The NRMSE between
TIMOS and MOSE is 0.00346%. Also, we change
the refractive indices to the same for the tissues and

0.2

0.1

Transmittance

environment and conduct the comparison among
the MC packages of MOSE, TIMOS, and MMC.
The absorbed fractions of MOSE, TIMOS,
and MMC are 0.1098, 0.1097, and 0.1096, respec-
tively. The simulation time of MOSE, TIMOS, and
MMC is 1238, 261, and 620sec, respectively. To
investigate the dependence of the simulation time
on mesh size, we change the number of triangular or
tetrahedral meshes and record the simulation time
of MOSE and TIMOS (Fig. 6). Results show that
the simulation time is of positive correlation to the

s 5 10 - 15 20

x104
—— TIMOS
—e— MOSE
Difference

14 ]

(5]

G

0 —

=

a

25 30 35 40 45

Triangle index

Fig. 5.

(b)

Comparisons of the transmittance between the TIMOS and MOSE in case of regular-shaped phantom. (a) The trans-

mittance result of MOSE. (b) Comparison of the transmittance between TIMOS and MOSE.
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Fig. 6. Simulation time of TIMOS and MOSE as a function of
mesh size.

variations in mesh or tetrahedron density. Espe-
cially, the more dense the mesh is, the more obvious
the advantage of TIMOS in simulation time is.
The results collectively show that these MC
packages have a good consistency while TIMOS
runs faster than others in the investigated case.
The third experiment is conducted using the
digital mouse phantom. The light source is illumi-
nated on the back of the mouse with the coordinate
of (1.5, 4.2, 1.2) cm. The emission wavelength of the
light source is 620 nm. The digital mouse contains
17 different organs. The optical properties of the
organs are calculated according to Ref. 29. The
transmittance result of MOSE is illustrated in
Fig. 7(a). The comparison between TIMOS and
MOSE at different triangular meshes is shown in
Fig. 7(b). The NRMSE between TIMOS and MOSE

is 0.0647. MMC records the transmittance on the
nodes of the surface, so we again compare the
absorbed fractions instead. The absorbed fractions
of MOSE, TIMOS and MMC are 0.9997, 0.9997,
and 0.9994, respectively, showing a good consis-
tency. The simulation time for MOSE, TIMOS, and
MMC are 3032, 1086 and 1305 sec, respectively.

4. Discussions and Conclusion

The MC simulation of light propagation in tissues is
essential for the study of three-dimensional optical
imaging. As the golden standard for verifying other
numerical methods, some MC-based simulation
packages have been rapidly developed. However,
there is no standard to determine the accuracy and
performance of these MC simulation packages.
Here, we construct a dataset that includes a multi-
layered tissue, cube-shaped heterogeneous phantom
and digital mouse-based phantom, to cross-validate
and evaluate the performance of four MC simula-
tion packages. The evaluated simulation packages
include MCML, MOSE, TIMOS, and MMC. From
the comparative results, two phenomena could be
observed. First, a good consistency for simulated
transmittance or reflectance is achieved among
four simulation packages. This is because the core
algorithms that describe the behaviors of photons in
tissues are the same for all the simulation packages.
All of them are originated from the classical MCML.

15 ¢ —— TIMOS 4
i —e— MOSE
Difference
{ []
-
g 11 10.2
= a
& 2
& a
= 0
: : 0.
40 60 80 100 120

(a)

Triangle index

(b)

Fig. 7. Comparisons of the transmittance between the TIMOS and MOSE in case of digital mouse phantom. (a) The transmittance
map of MOSE. (b) Comparison of the transmittance between TIMOS and MOSE at different triangular meshes.
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Second, the simulation efficiency is different for four
simulation packages. This should be caused by the
different representation of the tissues. In our
designed dataset, the tetrahedron- or mesh-based
methods (TIMOS or MMC) provide the better ef-
ficiency than others. Furthermore, TIMOS is a little
faster than MMC. Compared with MOSE in which
the position of photon-boundary intersection must
be calculated by searching a large number of tri-
angular meshes, it is much easier for TIMOS to do
this because there are only four triangular meshes in
each tetrahedron. Thus, TIMOS is always much
faster than MOSE no matter how dense the mesh is
(as shown in Fig. 6). Compared with MMC which
runs the calculation in Pliicker coordinate system,
the TIMOS that operates in Cartesian coordinate
system is a bit more efficient. Moreover, MCML is a
single-thread-based package, but TIMOS can be
operated in multi threads. All in all, TIMOS should
prove to be a reliable and efficient MC simulation
package for applications.

On the other hand, other simulation packages
have their own merits as well. The classical MCML
can only handle with multi-layered tissues, but it is
the foundation of other packages and can be easy to
modify. MOSE may need a little more time to run
simulation, but it is user-friendly and can be easy to
grasp by non-professional users. TIMOS and MMC
provide better performance in terms of efficiency;
however, they need to write a script program to run
a simulation which may need some professional
operations.

The main drawback of the MC simulation is the
heavy burden of computation. In order to solve this
problem, some GPU accelerated packages are also
developed, such as GPU-MOSE,"' GPU-MCML?*°
and MCX,*! etc. Compared with the CPU-based
acceleration strategy, GPU-based parallel compu-
tation has the advantages of low cost and easy ac-
cessibility. Our future work will concentrate on the
development and the assessment of GPU-based MC
tools. More datasets will be created and prepared
for the evaluation of these MC tools.
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