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Abstract. The study of dual-modality technology which combines microcomputed tomography (micro-CT) and
fluorescence molecular tomography (FMT) has become one of the main focuses in FMT. However, because of
the diversity of the optical properties and irregular geometry for small animals, a reconstruction method that
can effectively utilize the high-resolution structural information of micro-CT for tissue with arbitrary optical proper-
ties is still one of the most challenging problems in FMT. We develop a micro-CT-guided non-equal voxel Monte
Carlo method for FMT reconstruction. With the guidance of micro-CT, precise voxel binning can be conducted on
the irregular boundary or region of interest. A modified Laplacian regularization method is also proposed to accu-
rately reconstruct the distribution of the fluorescent yield for non-equal space voxels. Simulations and phantom
experiments show that this method not only effectively reduces the loss of high-resolution structural information
of micro-CT in irregular boundaries and increases the accuracy of the FMT algorithm in both forward and inverse
problems, but the method also has a small Jacobian matrix and a short reconstruction time. At last, we performed
small animal imaging to validate our method. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.8

.086006]
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1 Introduction
Fluorescence molecular tomography (FMT) is molecular ima-
ging method that uses the fluorescence signal at the surface of
imaging objects to inversely calculate the distribution of the fluor-
escent yield1,2 in 3D, such that the location and concentration of
the fluorochromes can be determined. FMT has been adopted as a
reliable technology for the research of cardiovascular,3 pulmon-
ary, oncology, inflammation, and infectious disease.4–6

The complex geometry of small animals has a tremendous
influence on the accuracy of FMT reconstruction, and this com-
plex structural information cannot be acquired by FMTalone. A
compression of the small animals’ bodies7 or a match solution of
optical properties8 is needed in single-modality FMT because
the geometry of small animals can be considered as a simple
slab. However, these methods ignore the inner boundaries of
small animals; therefore, the reconstruction accuracy is limited
in the case of small animals with tissue of complex geometry.

In order to increase the accuracy of FMT reconstruction for
small animals, structural information from other modalities,
such as microcomputed tomography (micro-CT), ultrasound
and magnetic resonance imaging (MRI), is introduced into
the FMT reconstruction. This information not only can provide
the accurate boundary conditions for forward calculations but

also can provide an accurate constraint condition to reduce
the ill-posedness of reconstruction and increase the convergence
speed and accuracy in the inverse problem. For ultrasound,
acoustic attenuation may influence the quantification and
image-fidelity, and MRI/optics system demands the optical sys-
tem to be fiber coupling or low-performance magnetic reso-
nance-compatible cameras to be used, which allows few
sources and detectors. Combined with CT, optical system can
be engineered onto the rotating gantry, because of which, a
high performance charge-coupled device (CCD) can be
applied.9 Therefore, dual-modality micro-CT/FMT has become
the mainstream in FMT technology. The dual-modality micro-
CT/FMT system can provide both structural and functional
information for small animals in biological research.10–15

There are still some factors limiting the reconstruction accu-
racy of the dual-modality micro-CT/FMT system. Firstly, the
diversity of the optical properties of small animals indicates
that there is not only high-scattering tissue but also low-scatter-
ing tissue, for example, rabbit muscle, colon adenocarcinomas,16

the cerebral spinal fluid layer in the brain, and cysts in the
human breast.17 Therefore, those method based on diffusion
approximation with the finite element method may lead to
error18,19 in the reconstruction for small animals with arbitrary
optical properties (including both low-scattering and high-scat-
tering tissue). The reconstruction method based on the radiative
transfer equation (RTE) was proposed to satisfy both the low-
scattering and high-scattering cases. Yet, RTE is time consum-
ing to attain a high degree of accuracy.18 On the other hand, the
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Monte Carlo (MC) method based on statistics was proposed to
depict the propagation process of photons in tissue, which is as
accurate as RTE,20–22 and it is suitable for small animals with
arbitrary optical properties. However, the huge time consump-
tion of MC greatly limits this method’s application.23 Therefore,
a graphics processing unit (GPU) is introduced to MC to
accelerate its calculation speed.17,24,25 Different methods
based on MC accelerated by GPU have been introduced in
the FMT reconstruction.26–28

Secondly, since the resolution of micro-CT is approximately
tens or hundreds of microns, for example the resolution of our
micro-CT is 75 μm, while the resolution of FMT is approxi-
mately 1 mm,29 an efficient reconstruction method that can cor-
rectly incorporate the high-resolution structural information of
micro-CT into a low-resolution FMT reconstruction is still
required. Due to the mismatch of the resolution between
micro-CTand FMT, it is hard to choose the reconstruction pixels
size of FMT. When we use the pixel size of FMT as that of
micro-CT, the memory and calculation time will be quite
huge, which is far beyond the calculation capability one can
access in most case. Therefore, voxel binning is needed for
images form micro-CT to match the pixel size of FMT that
is about 1 mm. After voxel binning, the low-resolution data
set of the structural information that served as prior information
will be incorporated into the regularization method of FMT.30,31

However, voxel binning will inevitably lead to a loss of struc-
tural information, especially in the irregular boundary, which
will cause inaccuracy in the boundary definition, and ultimately
will affect the accuracy of the reconstruction.

In this paper, we propose a micro-CT guided non-equal voxel
MC (NVMC) and a modified Laplacian regularization method
for a dual-modality micro-CT/FMT system. The NVMC is
based on Monte Carlo eXtreme (MCX).17 With the guidance
of micro-CT, the voxel at the irregular boundary or region of
interest is precisely merged, while the voxel at the same region
is coarsely merged. Through modifying the MC and Laplacian
regularization method, which was proposed based on an equal-
space voxel and made improvements in quantitation and linear-
ity of response,32 the structural information of micro-CT with
non-equal voxels can be accurately incorporated into the
FMT reconstruction.

First, a detailed description and theoretical derivation of this
method will be shown; then, through a simulation experiment,
the validity of micro-CT guided NVMC in the forward problem
will be proven, and the advantage of NVMC will be shown in
the case of a curved surface boundary. A phantom experiment
will further validate the NVMC and modified Laplacian regu-
larization method in the reconstruction. Finally, small animal
experiments will prove the validity of our method.

2 Method
In this section, a detailed description of micro-CT guided
NVMC for the reconstruction of dual-modality micro-CT/
FMT will be shown. This method can be listed as follows:
first, with the guidance of micro-CT, we make a non-equal
voxel binning, which makes precise voxel binning at the irregu-
lar boundary or region of interest but makes coarse voxel
binning for voxels belonging to same region; then, the Green
functions of FMT are calculated by NVMC, and with these
Green functions, the Jacobian matrix is formed; last, the distri-
bution of the fluorescence yield is reconstructed with a modified
Laplacian regularization method for non-equal space voxels.

2.1 Micro-CT Guided Non-Equal Discretization of
Voxels

The resolution of micro-CT in our dual-modality system is
75 μm, and the resolution of FMT in our dual-modality system
is 3 mm.13 To reduce the dataset and the time consumption in the
reconstruction, the original data from micro-CT with voxel size
of 75 × 75 × 75 μm3 are coarsely merged in to slices with a pixel
pitch of 1 × 1 × 1 mm3. Then, according to the thresholding
image segmentation method, the coarsely merged slices are seg-
mented into Ns regions. Each value of the pixel in the same
region is assigned to Ni, where Ni ∈ ½1; NS�. Figure 1(a)
shows the coarsely merged slice with the voxel size
of 1 × 1 × 1 mm3.

To improve the accuracy and reduce the amount of voxels,
the original micro-CT slices are used to guide the refinement of
the coarsely merged slices, and two datasets of different sizes are
prepared at the same time. The canny-edge detection method33 is
applied in the original micro-CT slices to find the edge between
different regions, such as bone, lung and muscle. Coarse voxels
at the edge between different regions are refined into tiny voxels
with a minimum edge length of L (L < 1 mm). The refined
method is also applied in the region of interest. The index of
the voxel in the coarsely merged slice that contains the refined
voxels is saved in a file for the MC calculation. The regions that
contain the refined voxel are also recorded in a file. Figure 1(b)
shows the refined voxel.

2.2 Monte Carlo Simulation for Non-Equal Voxels

After the micro-CT guided non-equal discretization of the
voxels, the value of the optical properties for each voxel
must be assigned. Because the relationship between each
voxel and its region index (Ni) was determined in Sec. 2.1,
we only assign the optical properties to each region. With all
the structural information mentioned in Sec. 2.1 and the optical
properties of each region, the propagation of photons in the tis-
sue can be calculated. However, the classical MC is proposed for
equal-space voxels.17,20,22 Therefore, we modified the classical
MC method to be suitable for the case of non-equal voxels, and
GPU is used to speed up the MC calculation. The differences
between the NVMC and the classical MC based on equal voxels
have been listed below, and Fig. 2 shows the flowchart
of NVMC.

Fig. 1 One slice of the discretization of non-equal voxels. (a) Coarse
voxel binning. (b) Non-equal voxel binning. The shadow area in
both (a) and (b) is region one; outside of the shadow area is region
two; the curved line of the shadow area is the boundary; and the bound-
ary crosses over three voxels in (a).
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(1) Modification of the photon substeps in voxel.
Because the dataset of non-equal space voxels con-
tains voxels with different sizes, we assign the
value of photon substeps in a voxel to L, which is
the minimum edge length of the minimum refined
voxel mentioned in Sec. 2.1. This modification can
ensure the photons travel inside the minimum
voxel without stepping across it. Therefore, the cal-
culation accuracy in the minimum voxel can be guar-
anteed. This method is used in the papers of Fang17

and Boas,21 but only in equal voxel MC method, and
we’ll analyse the validity of the modification in the
follow simulation experiment.

(2) Modification of the storage space of raw probability.
The storage space of raw probability for equal voxels
can be sequentially accessed according to the position
of the voxel. For non-equal voxels, this is not possible
because the relationship between the position of the
voxel and the index of the voxel is not linear. There-
fore, two kinds of storage space of raw probability are
created: one is used to store the raw probability of the
coarse voxel, while the other is used to store the raw
probability of the refined voxel.

(3) Modification of the normalization of raw probability.
Because the volume of the voxels is different in the
dataset of non-equal voxels, the calculated raw
probability must be normalized by the volume of
each voxel.

2.3 Modified Laplacian Regularization for
Non-Equal Voxels

Calculation of the Jacobian matrix is the main task of FMT
reconstruction; it can be expressed as the equation shown in
Eq. (1), which is derived from Ref. 26. We use the NVMC

to calculate the Green function in Eq. (1)28 and obtain the
Jacobian matrix.

JðRd; RsÞ ¼
∂½ϕfðRd; RsÞ�

∂x
¼

Z
gλemðr; RdÞgλexðr; RsÞdr;

(1)

where JðRd; RsÞ is the Jacobian matrix with source Rs and
detector Rd; ϕfðRd; RsÞ is the flux with source Rs and detector
Rd; gλemðr; RdÞ is the Green function with wavelength λem, and
gλexðr; RsÞ is the Green function with wavelength λex.

The Laplacian regularization method is used to reconstruct
the distribution of the fluorescence yield; the equation is
shown in Eq. (2):

minðkJx − yk2 þ λkLxkÞ; (2)

where J is the Jacobian matrix shown in Eq. (1), and y is the
fluorescence signal detected by the experiment; x is the recon-
structed fluorescence yield x ¼ ημaf; μaf is the absorption coef-
ficient of the fluorochromes; η is the quantum efficiency of the
fluorochromes; λ is the relaxation factor determined by the
L-curve method;34 the conjugate gradient method is used to
solve Eq. (2).35 Laplacian regularization matrix L is determined
by the structural information provided by micro-CT, and L can
relieve the ill-posedness of the reconstruction and increase the
convergence speed. The classical Laplacian matrix is derived
from a finite difference approximation on an ‘N’ number of
equal spaces for a Laplace equation.30 It can be expressed as
Eq. (3):

∇2xðrÞh2≍x1 þ x2 þ : : : − NxN∕2 þ : : : þ xN ¼ 0; (3)

where N is the number of equal spaces, and h is the step size.
The classical Laplacian regularization method is proposed

based on the equal-space voxel, and it may not be suitable
for the case of non-equal voxels. Therefore, we modified the
classical Laplacian regularization method. If the region contains
a voxel with the same size, Eq. (3) is correct, but if a region
contains voxels with different sizes, a new discretion of the big-
ger voxel must be made. Because the bigger voxel is divided
into several minimum voxels, the space of the region is equal
again, but the volume of the equal-space voxel is Vmin, and total
number of voxels is Nmin, where, Nmin ¼

P
N
i¼1

Vi
Vmin

and
the step size is hmin, such that Eq. (3) can be expressed as fol-
lows:

∇2xðrÞh2min≍x1 þ x2 þ : : : −NminxNmin∕2 þ : : : þ xNmin
¼ 0:

(4)

When the volume of the voxel is small, the value of x for a big-
ger voxel with a volume of Vi can be expressed by the value of
the minimum voxel. The relationship between them has been
shown in Eq. (5).

xVi ≈
PVi∕Vmin

j¼1 xj
Vi∕Vmin

: (5)

Substituting Eq. (5) into Eq. (4) and dividing by −Nmin on
both sides of Eq. (4), Eq. (6) can be derived:

Fig. 2 Flowchart of non-equal voxel Monte Carlo (NVMC) method; sha-
dow box indicates the different between NVMC and MCX.
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−x1
Nmin

þ −ðVi∕VminÞxVi
Nmin

þ : : : þ xNmin∕2

þ : : :
−ðVj∕VminÞxVj

Nmin

þ −xNmin

Nmin

¼ 0. (6)

Therefore, the Laplacian regularization matrix can be
expressed as follows:

Lij ¼
8<
:

1 i and j is the same point

− Vi∕Vmin

Nmin
i and j is in the same region

0 i and j is not in the same region

: (7)

We also analysed the error term when the classical Laplacian
regularization was applied in the non-equal voxel case.

The term −NxNmin∕2 is added into both sides of Eq. (4). Then,
by substituting Eq. (5) into Eq. (4) and dividing both sides of
Eq. (4) byN (the total number of voxels), Eq. (8) can be derived:

−x1
N

þ −xVi
N

þ : : : þ xNmin∕2 þ : : :
−xVj
N

þ −xNmin

N
¼

−ðNmin − NÞxNmin∕2

N
þ ðVi∕Vmin − 1ÞxVi

N
þ : : :

þ ðVj∕Vmin − 1ÞxVj
N

: (8)

The left side of Eq. (8) is the Laplacian regularization matrix
proposed in the paper.30 Comparing Eq. (8) with Eq. (3), we can
see the right side of Eq. (8) is not equal to zero. This result
means constant noise caused by the right side of Eq. (8) will
be added in each iteration of the conjugate gradient method,
which will ultimately affect the accuracy of the reconstruction.

3 Validity of Micro-CT Guided NVMC in the
Forward Problem

In this section, through simulation experiments, the validity of
micro-CT guided NVMC in the forward problem will be proven.
The advantage of this method for a curved surface boundary is
compared with the classical MC based on equal-space

voxels. Furthermore, besides the standard coarse voxel size
1 × 1 × 1 mm3, a fine equal voxel size (0.5 × 0.5 × 0.5 mm3)
is also used.

3.1 Validity in Regular Plane Boundary

The experimental conditions of this simulation study are listed
below, which is similar to Refs. 16, 20, and 34. For a clear com-
parison, two kinds of media are placed in a 60 × 60 × 60-mm3

cubic domain. The source is placed in the position of [30, 30,
0] mm with the incident direction along the z direction. The
optical coefficients of medium 1 are as follows: absorption coef-
ficient: μα ¼ 0.005 mm−1; scattering coefficient: μs ¼ 1
mm−1; refractive index: n ¼ 1.37; and anisotropy: g ¼ 0.01.
The optical coefficients of medium 2 are as follows: absorption
coefficient: μα ¼ 0.002 mm−1; scattering coefficient: μs ¼
5 mm−1; refractive index: n ¼ 1.37; and anisotropy: g ¼ 0.01.

The cubic domain is firstly discretized into 60 × 60 × 60
voxels. Suppose with the structural information of micro-CT,
we know medium 1 is at the domain ðx ∈ ½20; 40�; y ∈
½20; 40�; z ∈ ½0; 10� mmÞ, which is the region of interest, and
the boundaries between medium 1 and 2 are plane boundaries.
The voxels in medium 1 are refined into 0.5 × 0.5 × 0.5 mm3. A
quantity of 1.3 × 107 photons is simulated. MCX is used for
coarse equal voxel simulation, and NVMC is used for non-
equal voxel simulation and fine equal voxel simulation, for
which the medium 1 and medium 2 are both refined into
0.5 × 0.5 × 0.5 mm3. The contour plot of the fluence (with
10-db spacing) in the middle slice is shown in Fig. 3.

In the case of a regular plane boundary, the loss of high-
resolution structural information caused by voxel binning is
rare for both equal-space voxels and non-equal space voxels.
The results are shown in Fig. 3(a) to 3(d). For that reason,
the accuracy of both MCX with coarse equal-voxel and
NVMC is almost the same. On the other hand, these results
prove the validity of NVMC, although it is as accurate as
equal-voxel in the plane surface boundary.

3.2 Validity in the Curved Surface Boundary

In this section, we will prove that the loss of structural informa-
tion caused by the voxel binning in the curved surface boundary
will affect the accuracy of MC in the forward problem.

Fig. 3 Validity of non-equal voxel Monte Carlo (NVMC)method in the plane boundary. (a)–(c) Detail with an enlarged scale of the rectangular region in
(d)–(f). (d)–(f) Coarse equal, none-equal and fine equal voxel discretization of the voxels in the middle slice of the cube. (g) Contour plots of the fluence
(with 10-db spacing) in the middle slice with coarse equal voxel, non-equal voxel, fine equal voxel.
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Comparing NVMC with the result of coarse and fine equal-
space voxels MC, the advantage of NVMC for the curved sur-
face boundary will be shown. The experimental conditions have
been listed below:

Suppose with the structural information of micro-CT, we
know that a sphere is located in a 60 × 60 × 60 mm3 cubic
domain, the centre of the sphere is at [30, 30, 30] mm, and
the radial of the sphere is 10 mm. The source is placed at posi-
tion [30, 30, 0] mm with the incident direction along the z-axis.
The optical coefficients of the cubic domain are as follows:
absorption coefficient, μα ¼ 0.002 mm−1; scattering coefficient,
μs ¼ 1 mm−1; refractive index, n ¼ 1.37; and anisotropy,
g ¼ 0. The optical coefficients of the spherical domain are as
follows: absorption coefficient, μα ¼ 0.05 mm−1; scattering
coefficient, μs ¼ 5 mm−1; refractive index, n ¼ 1.37; and
anisotropy, g ¼ 0. The cubic domain is first discretised into vox-
els of 1 mm3. Then, voxels at the domain ðx ∈ ½15; 45�;
y ∈ ½15; 45�; z ∈ ½15; 45�Þ mm, which is the region of interest,
are refined into 0.25 × 0.25 × 0.25 mm3 voxels. A quantity of
3 × 107 photons is simulated. The contour plots of the contin-
uous wave (CW) fluence (with 10-db spacing) in the plane z ¼
30 mm are shown in Fig. 4. Besides the three methods used in
Sec. 3.1, analytical solution from the diffusion model is also
added.36,37 As the boundary of a cube for MC is finite, the ana-
lytical solution for a sphere in a semi-infinite medium is only
plotted near the source and inside the sphere.

Because the geometry of a boundary is mostly irregular, con-
stituted by different curved surface boundaries in small animals,
this simulation experiment is practiced to prove the advantage of
NVMC for a curved surface boundary. From Fig. 4(a) and 4(b),
we can find the boundary definition for coarse equal-space vox-
els is obviously inaccurate. This inaccuracy is caused by the loss
of structural information during voxel binning, which will
directly affect the calculation accuracy in the forward problem
and ultimately affect the reconstruction accuracy. Whereas, with
the micro-CT guided non-equal voxel discretization, the bound-
ary definition is more accurate. The influence data along the
source direction and inside sphere domain (x ¼ 30 mm,
y ∈ ½20; 40� mm, z ¼ 30 mm) is gotten and then compared
with the fine equal voxel MC, the mean square error (MSE)
of NVMC and coarse equal voxel MC are calculated. The coarse

equal voxel MC and NVMC are 0.5442 and 0.3297, respec-
tively. Therefore, the accuracy of the NVMC in the forward pro-
blem is higher than for MC based on coarse equal-space voxels.
This result can be seen in Fig. 4.

4 Validity of the Modified Laplacian
Regularization Method in the Inverse Problem

In this section, we will prove the validity of the modified
Laplacian regularization method for non-equal voxels. The
experimental conditions are listed below:

One glass tube (2.2 mm in diameter) with 0.8-μmol/L DiR
fluorescence dye38 is placed in a rectangular glass box
(17 × 44 × 60 mm3, 2-mm thick glass) with a mixed solution
of Intralipid and Indian ink.

The major optical coefficients of the phantom are as the
follows: absorption coefficient, 0.07 mm−1; reduced scattering
coefficient, 1.8 mm−1. These optical properties refer to the opti-
cal coefficients for the skin of rabbits.16

The dual-modality imaging system combined with micro-CT
and FMT13,39 was used to obtain the anatomic information and
fluorescence images. The micro-CT subsystem consists of an x-
ray tube (Ultrabright, Oxford Instruments, USA) and a flat panel
x-ray detector (PaxScan2520V, Varian MedicalSystems, USA).
The FMT subsystem contains a diode laser (BWF1-750, B&W
TEK, USA), a laser scanner and a CCD camera (DU-897,
Andor, UK). An F-theta lens after the scanner is used to
focus the laser. Emission filter is located before the CCD cam-
era. A rotation stage (ADRS-100, Aerotech, USA) which is used
to hold the imaging object is fixed at the center of the system. A
thresholding method was applied on the original micro-CT slice.
Three regions were segmented (synthetic glass box, glass tube
with fluorescence dye, mixed solution of Intralipid and Indian
ink); the segmented information was used to form the L matrix
shown in Eq. (7). Through pixel combination, the original
micro-CT images with a pixel size of 75 × 75 × 75 μm3 were
merged into slices with a 1 × 1 × 1-mm3 pixel interval; then,
the voxel in the region of the glass tube was refined to a smaller
voxel (0.5 × 0.5 × 0.5 mm3). All of the non-equal voxel infor-
mation was stored in a volume file for the calculation of NVMC.
The calculation of the Green function with NVMC was
processed on a GPU cluster;28 the whole process took only

Fig. 4 Accuracy of non-equal voxel Monte Carlo (NVMC) method in a curved surface boundary. (a)–(c) Detail with the enlarged scale of the rec-
tangular region in (d)–(f). (c) Coarse equal, none-equal and fine equal voxel discretization of the voxels in the middle slice of the cube. (g) Contour plots
of the fluence (with 10-db spacing) in the middle slice with coarse equal voxel Monte Carlo (MC), non-equal voxel MC, fine equal voxel MC, and
diffusion mode with analytical solution.
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13 min on the GPU cluster. The experimental data are
treated with normalized Born ratio.40

The reconstruction region (17 × 44 × 20 mm3) was smaller
than the real size of the phantom in the z-axis because the fluor-
escence signal only appeared in that area. In these experiments,
there were 154 sources and 290 detectors; therefore, 444 Green
functions were calculated. Therefore, the amount of data from
the experiment (154 × 290 ¼ 44660) was larger than the num-
ber of reconstruction fluorescent yields, which was equal to the
number of voxels.

With the same experimental data, two different Laplacian
regularization methods were compared with a relaxation factor
of λ ¼ 0.001 decided by the L-curve method. The variation
trend of the reconstructed concentration of this fluorescence
tube was observed along different iterations.

From Fig. 5, with the increment of the iteration, we can see
that the reconstructed concentration with the classical Laplacian
regularization method increases first, but the increment trend is
restrained after the tenth iteration. Finally, the reconstructed
concentration deviates far from the real value. However, the
result of the modified Laplacian regularization method steps
closely to the real value. This result confirms the theoretical
analysis of Eq. (8).

5 Experimental Results of Micro-CT Guided
NVMC for FMT Reconstruction

In this section, through a phantom experiment, we will show the
advantage of micro-CT guided NVMC for a dual-modality
micro-CT/FMT system. In addition, small animal study will
further validate this method with irregular boundaries and
complex distributions of optical properties.

5.1 Phantom Results

The experimental conditions are the same as that mentioned in
Sec. 4. The difference is that four glass tubes (2.2 mm in
diameter) with different concentrations of DiR fluorescence
dye (from 1.8 to 1.2 μmol/L) were placed in a rectangular
glass box (17 × 44 × 60 mm3, 2-mm thick glass). To investigate
the advantage of NVMC for the FMT reconstruction, coarse
equal-space voxel (1 × 1 × 1 mm3) and fine equal-space
voxel (0.5 × 0.5 × 0.5 mm3) reconstruction based on MC28

was compared with our NVMC approach. The voxels for

NVMC were non-equal voxels (0.5 × 0.5 × 0.5 mm3 for the
region of glass tube and 1 × 1 × 1 mm3 for the other regions).

The hardware for reconstruction can be found in our paper.28

The reconstructed slice and the concentration of the fluoro-
chromes are shown in Figs. 6 and 7, and the classical Laplacian
regularization method was applied in the reconstruction based
on MC for equal-space voxels. The relaxation factor was
λ ¼ 0.001, which was determined by the L-curve method,
and the conjugate gradient method was stopped at the 18th
iteration.

According to Fig. 6(b) to 6(d), the average value of the recon-
structed fluorescent yield of the four fluorochromes was calcu-
lated. The reconstructed concentrations of four fluorochromes
can be calculated according to the linear relationship between
the reconstructed fluorescent yield and the concentration of
fluorochromes. The results are shown in Fig. 7.

The influence of the structural information loss on the inverse
problem can be found in Fig. 6. Because of the coarse
equal-voxel binning, the original voxels of micro-CT with
sizes of 75 × 75 × 75 μm3 were merged into voxels with
sizes of 1 × 1 × 1 mm3. Since the diameter of the fluorescence
tube was only 2 mm, part of the structural information of the

Fig. 5 Reconstruction of fluorescence concentration for non-equal voxels with classical and modified Laplacian regularization methods. (a) Recon-
structed concentration changes with the iteration number. (b) Reconstructed middle slice at the 29th iteration with the modified Laplacian regular-
ization method. (c) Reconstructed middle slice at the 29th iteration with the classical Laplacian regularization method.

Fig. 6 Reconstructed slices. (a) Is the reconstructed slice frommicro-CT.
(b) Shows the reconstructed slice with Monte Carlo (MC) for coarse
equal voxels. (c) Represents the reconstructed slice with MC for fine
equal voxels. Panel d is the reconstructed slice with non-equal voxel
Monte Carlo (NVMC) method.
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circular boundary was lost. Therefore, the circular region of this
fluorescence tube was reconstructed into a rectangle. Although
we can create fine equal-voxel binning for the original voxels of
micro-CT to reduce the loss of structural information and
increase the accuracy of the reconstruction (reconstructed result
has been shown in Fig. 6(c), from Table 1, we can see that the
accuracy of fine equal-voxel binning is at the cost of high occu-
pancy of the memory and long-time consumption for the recon-
struction. To ensure the accuracy of the reconstruction and
reduce the consumption of time of the reconstruction, we pro-
pose a micro-CT-guided NVMC, which can generate fine voxel
binning in an irregular boundary or region of interest, while
creating coarse binning in homogenous regions. Therefore,
the loss of structural information in an irregular boundary
can be reduced, and the accuracy of calculation in the boundary
can be increased, while the size of the Jacobian matrix increases
only slightly, which can reduce the time consumption of the
reconstruction.

5.2 Small Animal Experimental Results

A 44-g mouse was anaesthetized by injecting excessive chloral
hydrate in the abdominal cavity. A glass tube (2 mm in diameter)
with 1 DiR fluorescence dye was inserted into the thorax from
the neck with a little angle as shown in Fig. 8(a), and the depth
from the surface was about 3 mm.

A dual-modality FMT/micro-CT system was used to image
the mouse on the rotating stage. Meanwhile, combined with the
co-calibration method39 for FMT/micro-CT system, the data was
acquired from multiple angle projections. The reconstructed
micro-CT slices were segmented into four regions (air, soft tis-
sue, bone, DiR fluorescence dye). The LL matrix shown in
Eq. (7) was calculated according to this segmented information.
Through pixel combination, the original micro-CT slices with a
75 μm pixel interval were merged into slices with a 1-mm pixel
interval. Because the glass tube was in the subcutaneous tissue,
the voxel of the soft tissue near the glass tube was refined into a
0.25 × 0.25 × 1-mm3 voxel. All of this information was stored
in a volume file for the NVMC simulation.

Fig. 7 Reconstructed concentration of DiR fluorescence dye with
respect to the real concentration.

Table 1 Comparison of three kinds of voxel configurations for FMT
reconstruction.

Number of
Voxels

Size of
Jacobian
matrix

Memory for
Jacobian
(GB)*

Reconstruction
time (min)

Coarse
equal
voxel

14,960 14;960 × 44;660 4.98 10

Fine
equal
voxel

119,680 119;680 × 44;660 39.8 30

Non-
equal
voxel

24,380 24;380 × 44;660 8.11 13

*double float

Fig. 8 Imaging result of the mouse. (a) Volume rendering image of the mouse from micro-CT. (b) Micro-CT reconstruction slice of slice 1, whose
position is indicated in (a) with white line. (c) Fluorescence molecular tomography (FMT) reconstruction result based on the coarse equal-voxel
MC (1 × 1 × 1 mm3) according to (b). (d) FMT reconstruction result based NVMC according to (b). (e) Micro-CT reconstruction slice of slice 2,
whose position is indicated in (a) with black line. (f) FMT reconstruction result based the coarse equal-voxel MC (1 × 1 × 1 mm3) according to
(e). (g) FMT reconstruction result based NVMC according to (e). The FMT reconstruction values are in the same range from 0.1 to 1. The black
and white circles in (c), (d), (f), and (g) are the outlines of glass tube and the mouse, respectively.
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As shown in Fig. 8(c) and 8(f) and Table 2, for the coarse
equal-voxel MC (1 × 1 × 1 mm3) based reconstruction method,
the shape and position of reconstructed fluorescence yields devi-
ate their true value, which is related to the relative position of the
yield and the grid [Fig. 1(a)] of image segmentation. But the
NVMC based reconstruction method exactly reconstructs the
outlines of the fluorescence yields and the positions. The fine
equal-voxel MC method is also employed, but the reconstruc-
tion is failed because of the sharp increased number of voxels
(several times as many as that of coarse voxels).

The in vivo small animal experiment demonstrates that
micro-CT guided NVMC for a dual-modality micro-CT/FMT
system is suitable for small animals with irregular boundaries
and complex distributions of optical properties.

6 Conclusion
In conclusion, we proposed a micro-CT guided NVMC in the
forward problem and a modified Laplacian regularization
method in the inverse problem. Simulations and phantom
experiments have shown that micro-CT guided NVMC can effi-
ciently reduce the loss of structural information in the irregular
boundary; therefore, the accuracy of the calculation can be
increased in both the forward problem and inverse problem,
while the size of the Jacobian matrix and time consumption
are greatly reduced. The phantom experiment also demonstrated
that the modified Laplacian regularization method correctly
incorporates the structural information of non-equal space vox-
els into the reconstruction. Lastly, the small animal experiment
showed the validity of the method for irregular boundaries and
complex distributions of optical properties.

After the theoretical analysis and the investigation of the
experiment, the validity of micro-CT guided NVMC for both
the forward problem and inverse problem is demonstrated in
Figs. 3 to 4 and 6 to 7, respectively. Since NVMC is proposed
in the forward problem, in order to correctly incorporate the
structural information of non-equal voxels into the reconstruc-
tion, we modified the classical Laplacian regularization method.
The theoretical derivation was shown in Sec. 2.3. An inference
was derived when the classical Laplacian regularisation method
was applied in the case of non-equal space voxels, and an error
term may be incorporated into the reconstruction, which finally
restrained the reconstruction and affected the accuracy of the
reconstruction.
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