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ABSTRACT 

The development of Bioluminescence Tomography (BLT) has allowed the quantitative three dimension (3D) whole body 
imaging and non-invasive study of biological behavior of cancer. However, the ill-posed problem of BLT reconstruction 
limits the quality of reconstruction result. In this work, we proposed a Bilateral Weight Laplace (BWL) method that 
utilizes a non-local Laplace regularization to improve the imaging quality of bioluminescence tomography reconstruction. 
The non-local Laplace regularization was constructed by spatial weight and range weight to penalize the 
neighborhood-variance of reconstructed source density in both spatial and range domain. To evaluate the performance of 
BWL method, both dual-source BLT reconstruction experiment in simulation data and in vivo BLT reconstruction in 
orthotopic glioma mouse model were designed. Furthermore, fast iterative shrinkage/threshold (FIST) method and 
Laplace method were utilized to compare with BWL. Both dual-source experiment and in vivo experiment demonstrate 
that the construction results of BWL method provide more accurate tumor position (BCE = 0.37mm in dual-source 
experiment) and better tumor morphological information. 
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1. INTRODUCTION 

In vivo Bioluminescence tomography (BLT) utilizes the bioluminescence to realize quantitative three-dimensional 
(3D) whole body imaging and is used wildly in the study of cancer biological behavior in small animal experiments [1, 
2]. As only the in viable luciferase labeled tumor can emit the bioluminescence, BLT provides sufficient sensitivity and 
specificity for tumor 3D tracing, which is particularly important for the study of glioma. 

The model based BLT reconstruction utilized the low-rank simplified model of radiative transfer equation (RTE) to 
build the photon propagation model and reconstruct the bioluminescence source by solving the corresponding inverse 
problem [3, 4]. However, the ill-posed inverse problem is a major challenge to obtain the high quality BLT 
reconstruction. Thus, different groups have proposed several approaches for BLT reconstruction. Because the tumor 
volume is much smaller than the volume of imaging object, sparse priori information was one of the major assumptions 
to reduce the ill-posed problem. Based on the sparse priori, algorithm with sparse regularization (L1, Lp(0<p<2), etc.) [3, 5, 
6] and sparse- 
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guided greed algorithm are proposed [7]. These algorithms provided accurate tumor pinpointing in many application of 
small animal experiment, but have not achieved accurate reconstruction of tumor morphology. Furthermore, tumor 
guided method utilized the tumor region referred from the other tomographic modalities, such as magnetic resonance 
imaging (MRI) or contrast enhanced X-ray computer tomography (CT), to improve the result of reconstruction [8, 9]. 
These methods heavily relied on the tumor segmentation from the other modalities, rather than the specific characteristic 
of bioluminescence. 

In this study, we proposed an unguided algorithm based on bilateral weight Laplace (BWL) regularization to 
improve the performance of BLT reconstruction with only organ level priori. Both dual source simulation and orthotopic 
glioma reconstruction experiment were designed to evaluate BWL method in both multi-source locating and tumor 
morphological reconstruction. 

2. METHODS 

2.1. Photon Propagation Model 

The diffusion equation (DE) was utilized to describe the propagation of photons in biological tissue [3, 4]. The 
steady-state DE with Robin-type boundary condition can be given by 
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where r denotes the location vector, Ω is the imaging domain, and ∂Ω is the corresponding boundary. ϕ(r) presents the 
density of photons at r in W/mm2, and x(r) denotes the bioluminescent source W/mm3. v(r) is a normal direction vector 
outward on ∂Ω, and F(r, n, n’) is the refractive index between media n within Ω and n’ out of Ω. D(r) is the optical 
diffusion coefficient, and g is the anisotropy parameter. μs(r) and μa(r) are scattering coefficient and absorption 
coefficient in mm-1, respectively. After the finite element discretization, the DE equations can be to a linear relationship 
between x(r) and ϕ(r) as follows 

s Axφ =                                          (3) 

where ϕs denotes the photon density on the surface of imaging object and x is x(r). A is the system matrix of the linear 
relationship.  

The reconstruction based on the linear relationship (3) is a linear optimization to calculate the optimal 
approximation of the distribution of x depends on the system matrix A and surface photon density ϕs. The optimization is 
given as follows 

2
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where x* denotes the optimal approximation. λ is the regularization parameter and ||.||p is regularization term with 
different norm (p=1, 2, etc.). L is the regularization matrix utilized to penalize the result of reconstruction with different 
prior.  

2.2. Bilateral Weight Laplace Method 
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In this study, the BWL method with bilateral weight Laplace regularization matrix LB was proposed to improve the 
quality of BLT reconstruction. LB is a non-local Laplace regularization matrix which contains spatial weight and range 
weight. Spatial weight ls (i, j) utilized the spatial distance between pixel i and pixel j to penalize their variance of 
reconstructed intensity. The details is showed as follows 
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where dsi,j is the Euclidean distance between pixel i and pixel j. Rs denotes the spatial radius, and i, j∈Sk denotes pixel i 
and pixel j in the same organ Sk. Different with spatial weight, range weight lr (i, j) penalized the variance based on the 
intensity difference between two pixels. The details of lr (i, j) is given as follows:    
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where Rr is the range radius, and dvi,j is the intensity difference between two pixels which calculated by the function as 
following. 
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where xi
k and xj

k are the intensity of pixel i and j after the k-th iterative step. Combined with range weight lr and spatial 
weight ls, LB construct a bilateral weight Laplace regularization matrix to penalize the reconstruction. The details of the 
regularization matrix is given as follows 
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where N is the number of pixels in imaging object. Furthermore, because range weight depends on the intensity 
distribution of bioluminescence source, we utilized a hierarchal strategy to handle both the spatial weight and range 
weight. The BWL with only spatial weight (dv = 0) was utilized to reconstruct the coarse result at first. After that, LB 
with both spatial weight and range weight was utilized to fine-tune the reconstruction.  

The inverse problem was iteratively calculated by Fletcher-Reeves conjugate gradient [10] with positive prior [11]. 
The end condition is given by 
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where x is the reconstructed result at the k-th iterative step, and c is a pre-defined threshold value. 

3. RESULTS 

To evaluate the performance of BWL method, both dual-source simulation experiment and in vivo BLT 
reconstruction in orthotopic glioma mouse were designed. The conventional Laplace method [8] with no priori of tumor 
region and fast iterative shrinkage/threshold (FIST) [3] were used to compare with BWL method.   

3.1 Dual-Source Reconstruction Simulation 

To evaluate the locating performance of BWL method, a cylindrical heterogeneous phantom (radius = 1 cm, height 
= 2 cm) with dual sources (radius = 1mm, gap = 5 mm) was constructed to simulate a mouse head (10273 nodes and 
54627 tetrahedrons). Multispectral hybrid method was utilized to reduce the ill-posed problem in reconstruction. The 
optical coefficients of different organ are showed in Table I [12]. Barycenter error (BCE) was calculated in simulation to 
quantify the reconstruction performance. The definition of PCE is given by 
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where Sk is the k-th source of the source set Sset and Pi presents the coordinate vector of i-th point in Sk. xi represents the reconstructed intensity of Pi and ||.||2 is the operator of Euclidean distance. Cre-k and Ctr-k present the barycenter position of the reconstructed and true source, respectively. 
TABLE I 

Optical parameters of related organs in reconstruction 
Wavelength Organ μs(r) (1-g)μa(r) Wavelength Organ μs(r) (1-g)μa(r) 

590 nm 
Muscle 0.9576 0.6141 

610 nm 
Muscle 0.2947 0.5590 

Skull 0.6703 3.0081 Skull 0.2062 2.8643 
Brain 0.3681 2.0130 Brain 0.1014 1.9017 

630 nm 
Muscle 0.1591 0.5104 

650 nm 
Muscle 0.1154 0.4674 

Skull 0.1113 2.7316 Skull 0.0807 2.0690 
Brain 0.0540 1.8024 Brain 0.0389 1.7134  

 
Figure 1, (a) The 3D rendering of both the cylindrical heterogeneous phantom and the results of different methods. (b) The 
tomographic slice crossing the two sources of both phantom and the reconstruction results. 
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Both the three-dimension (3D) rendering result and tomographic slice crossing the two sources are presented in Fig 
1. The BCE of different method are listed in Fig 1(b). The BCE of the conventional Laplace method was larger than 1 
mm, and the two reconstructed sources overlapped each other. Both the results of BWL and FIST distinguished the two 
adjacent sources. Furthermore, BWL achieved the best reconstruction performance with lower BCE (0.37 mm) than 
FIST method (0.71 mm).  

3.2 In vivo Experiment 

Two female BALB/c nude mice (4-6 weeks old) were injected with green fluorescent protein (GFP) labeled 
U87MG-GFP-fLUC cells to build the orthotopic glioma model. Both the 2-demensional surface bioluminescence images 
and CT images were acquired by a pentamodal imaging system [13]. CT imaging was utilized to build the 
organ-segmented mesh, and BLI was mapped to the mesh. The cryoslicing of both mice were obtained by a freezing 
microtome (CM1950, Leica, Germany) and the HE staining results of cryoslicing images were used as gold standard in 
in vivo reconstruction. 

The tomographic slices of different methods are presented in Fig 2. Compare with HE staining results, the results of 
FIST method dispersedly distributed and too much smaller (color bar threshold = 0) than the tumor region. Although, the 
results of conventional Laplace method overlapped larger region with tumor, it lost the morphological information of 
tumor. Compared with these two methods, the BWL reconstructed results provided better morphological information of 
tumor.  

 

Figure 2. The results of BLT reconstruction in orthotopic glioma bearing mice. (a),(b),(c) present the results reconstructed by BWL 

method, the conventional Laplace method and FIST method, respectively. (d) shows the HE staining of cryoslicing images. 

4. CONCLUSION 

In this paper, we proposed a BWL method to improve the imaging quality of BLT reconstruction. The proposed 
method utilized a non-local Laplace regularization which contains range weight and spatial weight to penalize the 
variance of reconstructed result. Compared with the conventional Laplace method and FIST method, bilateral weight 
Laplace method achieved more accurate position of source in dual-source reconstruction simulation and more 
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morphological information in in vivo BLT reconstruction. However, the BWL method utilized the intensity of pixel 
during the iteration to construct the range weight. It is relatively slow and we will focus on this limitation.  
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