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ABSTRACT

As a novel and rapidly growing optical molecular imaging technology, bioluminescence tomography (BLT) can
localize and quantify an internal bioluminescent source with the bioluminescent signal on the external surface of
a small animal to reveal non-invasive molecular and cellular activities directly. Adaptive finite element method
(FEM) based on discretized elements has been introduced into BLT field recently, but the quickly increasing
number of subdivided elements will reduce the source reconstruction efficiency greatly along with mesh refine-
ment. In this contribution, a three-dimensional BLT reconstruction method based on nodes of adaptive FEM
is developed for determining bioluminescent source distribution to solve the aforementioned problem, which can
improve localization of source and enhance the efficiency of reconstruction. Furthermore, BLT is ill-posed for
high scattering properties of the biological tissues and the limited boundary detection data. Thus, adequate
a priori knowledge should be incorporated in this proposed algorithm to reduce the ill-posedness of BLT, such
as optical parameters and anatomical structures information of the tissues. Finally, the performance of this
reconstruction method is verified with the homogeneous and heterogeneous mouse chest phantoms and Monte
Carlo (MC) simulation data. The results show the effectiveness and merits of this tomographic algorithm for
BLT.

Keywords: bioluminescence tomography (BLT), diffusion approximation, adaptive finite element method,
Monte Carlo, light source reconstruction

1. INTRODUCTION

Optical molecular imaging is a newly emerging and rapidly developing biomedical imaging field in which the
modern technologies and instruments are being married to study biological and medical processes as well as
diagnosing and managing diseases better.!® In comparison with traditional imaging modalities like ultrasound,
computed tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET) and
single photon emission computed tomography (SPECT), optical molecular imaging can not only depict non-
invasive in vivo cellular and molecular processes selectively and directly, but also obtain functional and spatial
information simultaneously with much higher imaging contrast and sensitivity.*® Fluorescence imaging and
bioluminescence imaging (BLI) considered as two typical techniques of optical molecular imaging have been
proved to be effective tools for small animal in vivo imaging.® However, the nonspecific fluorescence on the skin,
food and hair of small animal excited by the external excitation light source will aggravate the background noise
and reduce the signal-to-noise ratio (SNR) of measured data. On the contrary, bioluminescence imaging has no
background autofluorescence in most tissues, which yields high sensitivity and it can detect as few as several
hundred cells in vivo.”®

Bioluminescence imaging employs luciferase enzymes, which can catalyze the biochemical reactions of sub-
strate luciferin with oxygen, ATP and Mg?T to generate bioluminescent photons.* However, bioluminescence
imaging is planar and can not reflect the depth information of internal bioluminescent source, so it is used in
qualitative research mainly. With the introduction of bioluminescence tomography (BLT), quantitative analyses
of the localization and distribution of bioluminescent source in a small animal or a physical phantom become
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possible.” 1! In general, BLT is to reconstruct the internal bioluminescent source with the measured biolumi-
nescent signal on the external surface of a living small animal or a physical phantom, which can be utilized
for tumorigenesis studies, cancer diagnosis, gene therapies, metastasis detection, drug discovery and develop-
ment.* 1911 Ag an emerging and promising optical molecular imaging technique, BLT has become a research
focus and an important assistant tool for detecting and studying specific biomolecular processes in living cells.
However, BLT is severely ill-posed for high scattering properties of the biological tissues and the limited and
noisy boundary detection data. Therefore, adequate a priori information including the tissues optical parameters
and three-dimensional anatomical structures should be incorporated to reduce the ill-posed nature of BLT, and
regularization method is also employed for the uniqueness and stability of the BLT solution.!'?

Considering the balance between reconstruction precision and computational cost, adaptive finite element
method (FEM) based on discretized elements has been developed for BLT recently.!315 To a certain extent,
the finer the subdivided mesh becomes, the larger the number of formed elements are. Therefore, the efficiency
of bioluminescent source reconstruction is reduced greatly. Furthermore, the number of vertices is much larger
than that of elements when a given region is divided into tetrahedra. On the other hand, the object of optical
molecular imaging is to observe the biological processes in vivo at the molecular and cellular levels, so the volume
of bioluminescent source in the phantom or small animal is very tiny and approximated to a node compared with
the whole shape. However, the final reconstruction result of adaptive FEM based on discretized elements is a
volumetric subdomain. For the above issues, a three-dimensional bioluminescent source reconstruction method
based on nodes of adaptive FEM is developed and validated in this paper.

The paper is organized as follows. The next section introduces the proposed source reconstruction algorithm
for BLT. In section 3, the performance of this method is tested. Finally, a discussion of relevant issues and
conclusion are provided.

2. METHODS
2.1 Diffusion approximation and Robin boundary condition

Bioluminescent photons transport in the biological tissue can be accurately depicted by the radiative trans-
fer equation (RTE), but it is computationally expensive in practical bioluminescence imaging for its integro-
differential nature. Thus, the mathematical model widely adopted in bioluminescence imaging is diffusion equa-
tion approximated from RTE for the high scattering property of the biological tissue.'® Furthermore, when the
bioluminescence imaging experiment is carried out in a totally dark environment, the propagation of biolumines-
cent photons in the biological tissue can be well modeled by steady-state diffusion equation and Robin boundary
condition because the internal bioluminescent source is continuously on during the measurement:!” 20

~V-(DE)VO(x)) + pa(x)®(x) = S(x) (x €9Q) (1)
P (x) + 2A(x;n,n')D(x) (v(x)-VO(x)) =0 (x € 9Q) (2)

where Q and 02 are the given domain and the corresponding boundary respectively; ®(x) represents the photon
density [Watts/mm?] at location x; S(x) denotes the bioluminescent source density [Watts/mm?3]; p,(x) is the
absorption coefficient [mm™']; D(x) = 1/(3(pa(x) + (1 — g)ps(x))) is the optical diffusion coefficient, y,(x) the
scattering coefficient [mm™1], and g the anisotropy parameter; v(x) is the unit outer normal on 9€Q; A(x;n,n’)
is a function to incorporate a mismatch between the refractive indices n within Q and »’ in the surrounding
medium. Moreover, the refractive index of the surrounding medium n’ is close to 1.0 if the bioluminescence
imaging experiment is performed in air, and A(x;n,n’) can be approximated further as follows:

1+ R(x)
A(x;n,n') v ———— 3
O ®)
where R(x) can be approximately depicted:?!
R(x) ~ —1.4399n"2 + 0.7099n " + 0.6681 + 0.0636n (4)

In our study, the measured outgoing flux density Q(x) on 9f is:?!

Q(x) = —D(x)(v-V®(x)) = ®(x)/(24(x;n,n’)) (5)
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2.2 Algorithm

Based on Galerkin method and Gauss theory, Eqs. (1)-(2) can be transformed to the following weak form:2!

| (P (7o) - (vo0) + m(x)@(x)@(x))dx

+/39 2A(x1n n ) x)dx = / S ©

where ¥(x) denotes an arbitrary test function and belongs to Sobolev space H().

According to the generalized finite element method, the region of interest {2 can be discretized with N,
nonoverlapping subdomains (elements) and N,, vertex nodes, satisfying Q = vajlﬁ(l). To the best of our
knowledge, the system matrices are constructed based on elements in the former adaptive finite element methods
for bioluminescence tomography, and their efficiencies are reduced greatly with the mesh evolution because N, is
much larger than IV, when the domain 2 is divided into tetrahedral elements. Moreover, the final reconstruction
result of adaptive finite element method based on discretized elements is a volumetric tetrahedron, so it is difficult
to reconstruct a very small bioluminescent source which can be approximated as point light source. Therefore,
the system matrices are formed based on nodes of adaptive finite element method in the proposed method to
resolve the above problem. Firstly, the photon density ®(x) and the bioluminescent source density S(x) can be
approximated with their corresponding nodal values:

N,
~ Z Pihi(x) (7)

N,

S(x) ~ Y sihi(x) (®)

i=1

where ¢; and s; are the nodal value of ®(x) and S(x) on the i-th node respectively; v;(x) is the nodal shape
function with support over all elements which have a common vertex node, and satisfies the delta function
property: ¥;(x;) = d;;.

Incorporating Eqgs. (7) and (8) with Eq. (6), the ill-conditioned linear matrix equation can be established as

follows:
(K+C+B)®»=Md=FS (9)

where the components of the matrices K, C'; B and F' are obtained by
kij = Jo D) (Vi(x))-(Vh; (x) ) dx
= Jo Ha(x)1hi (x)1); (x)dx
bij = [0 wi(x)wj(x)/@A(x;n,n’))dx
fij = Jo hi(x)1h(x)dx
® and S are N,-dimensional vectors: ® = (¢1, b2, - -, én,)T, S = (s1,82,- - -,sn,)T; M and F are N,, order

square matrices; furthermore, M is a symmetric positive definite and invertible matrix. Therefore, Eq. (9) can
be further transformed as:

d=M'FS (11)

Considering the boundary measured data ®"*¢** and the permissible source region S? of the given domain,
M~'F can be simplified to a N, x N, order matrix A, which can be obtained through retaining the columns
corresponding to S? in M ~'F and reserving the rows of M ~!F corresponding to ®mees:

e = ASP (12)
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where Ny, is the number of boundary measured points and N, is the number of discretized nodes in the permissible
source region. To compute bioluminescent source distribution and keep the uniqueness and stability of the BLT
solution, the optimization objective function is defined using Tikhonov regularization method:

P\ D __ Fmeas 7
sednin O(57) = {|[AS” — @75 + dn(s7) | (13)
where S*“? is the upper bound of the bioluminescent source density; A is the weight matrix, ||[V|[x = VTAV; A
is the regularization parameter; n(X) = X7 X is the penalty function.

A modified Newton method and a specific Hessian matrix are utilized to settle the above minimization
problem (13) with simple bounds for a appropriate regularization parameter, and then the final localization and
density of the internal bioluminescent source can be determined.?? The main steps are described as follows.
From a given starting point S*, an active set I can be built, which contains the indices of the variables at their
bounds. If a variable is not in the active set, it can be called as “free variable”, and then the search direction d*
for the free variables is computed with the formula:

R (14)

where H is the Hessian matrix and ¢* is the gradient evaluated at S*. A new point S**! can be found by linear
search method:
Skl = Sk L ad® o€ (0,1] (15)

such that
F(SETY) < F(S*) + BgTd" B € (0,0.5) (16)

Finally, a specified gradient tolerance is used as the stopping criterion to evaluate whether the optimality should
be terminated. The above process should be repeated by changing search direction until stopping criterion is
met, and then the optimal bioluminescent source distribution can be calculated.

The global and the local a posteriori discretization errors based on adaptive technology are employed to
improve location and quantification of the bioluminescent source further after optimization.2?> The global error
is used to stop the whole reconstruction program when the requested precision is reached, and the local error is
utilized to determine elements which will be refined. Then, the reconstruction algorithm will be executed again
with the refined mesh until termination conditions are met.

3. RESULTS

In the bioluminescence imaging simulation experiment, cylindrical homogeneous and heterogeneous mouse chest
physical phantoms with 10mm radius and 30mm height were used to validate the feasibility of this proposed
algorithm successively, as shown in Fig. 1(a) and 2(a) respectively. The homogeneous phantom only consisted
of one resinous material to represent muscle, and the heterogeneous one comprised five kinds of simulation
tissues: muscle, lungs, heart, bone and liver. The optical parameters of these tissues can be obtained from the
literature,?* as listed in Table 1.

Table 1. Optical parameters for the homogeneous and heterogeneous phantoms
Material ~ Muscle Lung Heart Bone Liver
,ua(mmfl) 0.035 0.35 0.2 0.04 0.035
ﬂs(mm_l) 3.0 23.0 16.0 35.0 6.0
g 0.98 0.94 0.85 0.925 0.97

Monte Carlo (MC) method, regarded as “Gold Standard”, is rigorous, flexible and powerful to study photon
transport phenomena in the turbid tissue, which has been used for both diagnostic and therapeutic applications
of lasers and other optical sources.?> 26 Based on MC method, molecular optical simulation environment (MOSE)
has been developed by our group, which is a forward model for bioluminescent photon propagation in order to
simulate bioluminescent phenomena in the small animal imaging. In addition, bioluminescent signals around
the small animal or the physical phantom can be predicted with MOSE.?” Firstly, object file format (.off) files
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Figure 1. The homogeneous phantom. (a) The homogeneous phantom with a spherical light source; (b) The discretized
mesh used in the simulation of the forward model; (¢) The first level mesh used in the developed algorithm.

were inputted to MOSE for generating the synthetic data, which could be obtained by discretizing the above
phantoms. The homogeneous phantom was discretized into 11512 vertices and 23020 triangular elements, and the
heterogeneous phantom was divided into 17146 nodes and 34268 surface elements for MOSE simulation herein,
as shown in Fig. 1(b) and 2(b). In the homogeneous phantom, an embedded spherical source with 1.0mm radius
and 0.477nano — Watts/mm? power density was centered at (—8.0,0.0,15.0). In the heterogeneous phantom, a
spherical source of 1.0mm radius and 0.238nano — Watts/mm3 power density was placed at (—3.0,5.0,15.0) in
the right lung. Using MOSE, the bioluminescent light exittance maps on the surface of the homogeneous and
heterogeneous physical phantoms could be simulated, as shown in Fig. 3(a) and 3(b).

(a) (b)

Figure 2. The heterogeneous mouse chest phantom. (a) The heterogeneous phantom with a light source in the right lung;
(b) The subdivided mesh of the heterogeneous phantom utilized in MOSE; (c) The initial mesh used in the proposed
algorithm.

In bioluminescent source reconstruction, the maximal element diameters of the aforementioned homogeneous
and heterogeneous phantoms were 2.5mm and 4.0mm respectively in the initial mesh, as shown in Fig. 1(c)
and 2(c). The bioluminescent source reconstruction results of the homogeneous and heterogeneous phantoms
are shown in Fig. 4(a)-(c). In the homogeneous phantom, the center and density of reconstructed source
was (—9.89,0.54,15.07) and 0.464nano — Watts/mm? respectively. In the heterogeneous phantom, the cen-
ter of reconstructed source was located at (—3.08,5.00,15.61) and the reconstructed source power density was
0.224nano— Watts/mm3. The corresponding quantitative comparisons between the real sources and the calcula-
tion results are shown in Table 2, and RFE in the table represents the relative error between the actual source and
the reconstructed result, which can be computed with the formula RE = |Syeai — Srecons|/Sreats Sreal the real
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Figure 3. Bioluminescent signals around the phantoms simulated by MOSE. (a) The surface light power of the homogeneous
phantom; (b) The light exittance map on the surface of the heterogeneous phantom.

internal bioluminescent source, and Sy econs the reconstructed source. Furthermore, the efficiencies of adaptive
finite element method based on elements and this proposed algorithm were compared using the same regular-
ization parameter and discretized mesh, which are summarized in Table 3. When the bioluminescent source
was reconstructed in the homogeneous phantom, 146.41s were needed to complete optimization when adaptive
finite element method based on elements was used. However, only 1.02s were spent when using the proposed
algorithm. When we reconstructed the internal source in the heterogeneous phantom with the developed method
in this paper, only 623.05s were required for minimization. By contrast, the optimization time (> 24hours) was
already beyond our endurance when adaptive finite element method based on element was employed.

nano-Watts/mm®

r , nano-Watts/mm? nano-Watts/mm?
0.5 ' 0.24 0.24
. 0.45 l[ & 0.22 ! g-;z
04 0.2 ;
0.35 4 : 0.18 0.18
; r 0.16 0.16
L 0.14 0.14
0.25 0.12 0.12
ors || ot
0.08 :
3'15 0.06 0.06
. ] 0.04 0.04
8 0.02 0.02
(@) (b) ©

Figure 4. Bioluminescent source reconstructed results. (a) The reconstructed result of the homogeneous phantom; (b)
The reconstructed result of the heterogeneous phantom; (c) The magnified slice image of (b).

Table 2. Comparison between the actual and reconstructed sources
Phantom Actual position Reconstructed position Actual density Reconstructed density = RE
Homogeneous  (-8.0 ,0.0, 15.0) (-9.89, 0.54, 15.07) 0.477 0.464 2.7%
Heterogeneous (3.0, 5.0, 15.0) (-3.08, 5.00, 15.61) 0.238 0.224 5.9%
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Table 3. Efficiencies comparison between adaptive FEM based on elements and the proposed algorithm

Optimization time The
Phantom The number of nodes The number of elements with adaptive FEM  proposed
based on elements  algorithm
Homogeneous 239 722 146.41s 1.02s
Heterogeneous 842 4185 > 24hours 623.05s

4. DISCUSSION AND CONCLUSION

Adaptive finite element method (FEM) based on discretized elements has already been utilized in bioluminescence
tomography (BLT) to improve localization and quantification of the internal bioluminescent source. However,
with the mesh refinement, the efficiency of this algorithm will be debased greatly for the huge system matrices.
Furthermore, the volume of reconstructed result is too large to reflect the nature of molecular imaging. Therefore,
a fast three-dimensional bioluminescent source reconstruction method based on discretized nodes of adaptive
FEM is developed in this contribution, which can reduce the time and memory cost of the tomographic algorithm.

Finally, the proposed method has been tested using the homogeneous and heterogeneous mouse chest phan-
toms to demonstrate the efficiency and feasibility of the algorithm. There were some deviations between the
computed results and the actual source locations because every reconstructed source was a point in this method.
Furthermore, the source intensities were reconstructed with very small relative errors. The future work will fur-
ther reduce the information of discretized elements in bioluminescent source reconstruction and the corresponding
results will be reported later.
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