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Bioluminescence tomography (BLT) is an important noninvasive optical molecular imaging
modality in preclinical research. To improve the image quality, reconstruction algorithms have to
deal with the inherent ill-posedness of BLT inverse problem. The sparse characteristic of
bioluminescent sources in spatial distribution has been widely explored in BLT and many
Li-regularized methods have been investigated due to the sparsity-inducing properties of L
norm. In this paper, we present a reconstruction method based on L, , regularization to enhance
sparsity of BLT solution and solve the nonconvex L; , norm problem by converting it to a series
of weighted L1 homotopy minimization problems with iteratively updated weights. To assess the
performance of the proposed reconstruction algorithm, simulations on a heterogeneous mouse
model are designed to compare it with three representative sparse reconstruction algorithms,
including the weighted interior-point, L1 homotopy, and the Stagewise Orthogonal Matching
Pursuit algorithm. Simulation results show that the proposed method yield stable reconstruction
results under different noise levels. Quantitative comparison results demonstrate that the pro-
posed algorithm outperforms the competitor algorithms in location accuracy, multiple-source
resolving and image quality.

Keywords: Bioluminescence tomography; L;/, regularization; inverse problem; reconstruction
algorithm.

1. Introduction

Bioluminescence tomography (BLT) is a powerful
preclinical imaging modality that localizes and
quantifies internal bioluminescent sources with

*Corresponding author.

images of the light emitted through the animal
surface. It provides a method of quantitative mea-
suring and visualizing a range of molecular and
cellular-level biological processes that occur in vivo

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the
Creative Commons Attribution 4.0 (CC-BY) License. Further distribution of this work is permitted, provided the original work is

properly cited.

1750014-1


http://dx.doi.org/10.1142/S1793545817500146

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.

J. Yu, Q. Li & H. Wang

in small animals with the help of bioluminescent
reporters.' It has found a wide range of biomedical
applications in drugs development and therapies
evaluation for cancer researches.”®

To reconstruct three-dimensional distributions of
sources from the collected boundary measurements,
both a forward model for simulating light transport
and an elaborate inverse algorithm are required.
Given a model describing light transport in tissue
and the optical properties of the object to be im-
aged, the key problem of inverse algorithm is to deal
with the severe ill-posedness of BLT and hence to
produce efficient and stable reconstruction.

Regularization is an essential technique to stable
the solution by combining a priori information into
inverse problem solving. The sparse characteristic
of bioluminescent sources in spatial distribution
has been widely explored in BLT and many
sparse regularization methods have been investi-
gated.>*?'" Among them, L; regularization is the
most popular one due to its efficiency. However, the
study in the context of sparse signal recovery or
compressed sensing has shown that L, norm
(0 < p < 1) regularizations yield better solutions for
sparse problems compared with L; norm.'’!?
Theoretical analysis and experimental results has
proved that fewer measurements are enough for
sparse signal recovery with L, regularization. Be-
sides, the Ly, regularization has been recognized as
a representative of L, (0 < p < 1)."?

Although the nonconvexity of L, norm incur
computational complexity with p <1, L, regul-
arization has attracted considerable attention in
various applications. In optical imaging, L, regu-
larization has been used in diffuse optical tomog-
raphy (DOT)' for the improvement of image
quality. Recently, nonconvex L, regularizer find its
place in fluorescence molecular tomography (FMT)
for sparsity enhancement.'”?! Chen et al. intro-
duced L, regularizer into BLT and proposed the
weighted interior-point algorithm (WIPA) for
solving the nonconvex optimization problem.??

In this paper, we present a L;/; norm-based re-
construction algorithm for BLT. Like the method
proposed in Ref. 22, we solve the nonconvex objec-
tive function by converting it to a series of weighted
L; minimization problems. Instead of interior-point
method, a homotopy-based method is used in this
paper to obtain fast and accurate solution of the
reweighted L; problem and perform an internal
“adaptive reweighting” after every homotopy step.

The paper is organized as follows. In Sec. 2, we
briefly introduce the modeling of BLT and describe
the proposed reconstruction method based on Ly,
norm regularization in detail. Simulation experi-
ments based on a heterogeneous mouse model are
presented in Sec. 3. To assess the performance of the
proposed algorithm, we compared our L;/; norm
method with three representative sparse recon-
struction algorithm, including the WIPA*? for L/,
regularization, the homotopy method for L; mini-
mization (L1 homotopy),”® and the Stagewise
Orthogonal Matching Pursuit (StOMP).**

2. Method
2.1. Forward problem of BLT

In this study, the diffusion approximation to radi-
ative transport equation is used to depict the for-
ward model. The diffusion equation (DE) with the
Robin boundary condition is described as follows®:

=V - (D(r)VB(r)) + pa(r)B(r) = S(r)(r € Q),
(1)
B(r) + 2A(r)D(r)(v(r) - VB(r)) = 0(r € 9Q), (2)

where r € R? represents the position, S(r) describes
the space and angle distribution of the internal
source. B(r) represents the power density at r,v is
the outer normal vector on 052, and A(r) denotes
the mismatch factor of boundary. In Eq. (1), D(r) =
1/(3(1q(r) + (1 = g)ug(r))) is the diffusion coefhi-
cient with g the anisotropy parameter, p,(r) being
the absorption coefficient and p,(r) the scattering
coefficient.

We can derive the following linear model by
solving DE with the finite element method (FEM):

AX = B, (3)

where A is a weight matrix that founds the rela-
tionship between the measurements and the
unknowns. Vector X denotes the distribution of
bioluminescent source and vector B represents the
measurable boundary data.

2.2. L1 /2 norm reconstruction method

Equation (3) is an under-determined and ill-
conditioned system, and thus various regularization
techniques have been used to deal with the high
ill-posedness of the inverse problem. For instance,
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currently popular L; regularization methods
formulate the BL'T inverse problem as an optimi-
zation problem with L;-norm penalty term:

o1
m)}n§||AX—BH§+)\||X||1, (4)

where A denotes the regularization parameter and
| X[, = SN, |z is the Ly norm.

To obtain better solutions, we use a L/, regu-
larization model for sparse BLT reconstruction. By
replacing the L; norm term in Eq. (4) with Ly
quasi-norm penalty, we obtain the following L, -
regularized optimization model:

1 1
min || AX — BJ|3 + A|IX], (5)
X 2 2
1
where [ X]|3=> i) |z;|2. The simplified form of
Eq. (5) is
1 - 1
ming IAX - BIE4AY el (©

Unlike L; norm model, the objective with Ly,
penalty is nonconvex and incurs computational
complexity to the least squares problem in (6).
Considerable effort has therefore been devoted to
such nonconvex problems.?” In this study, we em-
ploy an iterative reweighting method.?%->"

Since Yo7 o] = 320 (1/v/fai)ledl, we can
transform Eq. (6) to

! -
min [AX = B3+ 1Y _(1/v]zillel - (7)
i=1

Thus, we obtain a weighted L;-norm problem
which we can solve it iteratively.'? Let w; = —2

TR
we get: Vil

1 n
t+1 ; 2
X —argm)%niﬂAX—BHz+Zl:wi|mi|. (8)

1=

In this way, the intractable L, norm problem is
converted into a series of weighted L.; minimization.
For sparse reconstruction problem, there exist many

zero elements in X. To guarantee numerical sta-
A

where 7 is a small number.

In a common iterative reweighting approach, we
need re-compute weights at every iteration using
the solution X at the previous iteration. To obtain
fast and accurate solution of the reweighted L,
problem in (8), we employ the homotopy-based

bility, we take w; = in our implementation,

Source reconstruction for BLT via Ly, regularization

algorithm to perform an internal “adaptive
reweighting” after every homotopy step. Therefore,
the following homotopy program was used:

1 -
min g [|AX ~ BJ|5 + ;((1 — O)wy + owpi) |zl
(9)

where o is a homotopy parameter and when it
changes from 0 to 1, the new weight phase in and
the old one phase out. At any value of o, the X*
must satisfy the following optimality conditions®®:

af (AX" = B) = =((1 = o)w; + owyy)z
(10a)
forall i€l
a7 (AX" — B)| < —(1 - o)w, + 0wy,
(10b)
forall ¢e€T¢
where I' denotes the support of X* a, is ¢th column
of A and z denotes the sign sequence of X*. When
increase o up to o + 6, the 9X will direct the moving
of solution, and the optimality condition will
change to:

AL(AX* = B)+6ATAOX = —(1— o)W, + oW, 1)z
+o(W, = Wyiq)z
(11a)

g

al (AX* —®) +6al A0z || < (1—o0)w, + owpy
—_———— ——
i di qi

o0
+ 0 (wy + wii)
—
St

(11Db)

where W, and W, are |I'| x |I'| diagonal matrices
with diagonal entries being the values of w; and
wyyq on I, respectively. And the update direction
specified by the conditions (11a) as:

_ (A%Af)il(m_wt-ﬁ-l)z on T
8X_{O on T¢ (12)

When we increase 6, the solution moves based
on the direction 0X until either a new element
enters the support of solution or an existing element
turns to 0. The step-size that takes the solution to
such a critical value of ¢ can be computed as
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‘ Input: =0, X,=(1,"*",
i

D, M|

—>| Compute w, with Eq.(8) |
!

| Initialize: 0=0, X*— X, |

I
o Compute 0X with Eq.(12) |

|
Compute p, d, q and s with
Eq.( i 1.b)

\ Compute 5* with Eq.(13) \

X* <—X* + 80X

¢

FT<T\y |[T<Tuy|

t=t+1

<>

Output solution X*

End

Fig. 1. Flow chart of the IRW-L,/, algorithm.

6* =min(6+,6), where:

5+ = min 94 —Pi —49 —Di
i€le \ —s; + dl ’ S; + dl

+
_ .~z ’
6" =min [ ——
el 8[[;2 +

67 is the smallest step-size that makes a constraint
in (11b) active, indicating entry of a new element in
the support, whereas 6~ is the smallest step-size
that shrinks an existing element at v~ to 0. The new
critical value of o turns to o + 6*, the solution X*
turns to X* 4 6*0X, where the support and sign
sequence are updated accordingly. At each homo-
topy step, we jump from one value of o to the
next while updating the support of the solution,
until o = 1.

In our experiment, we set the initial solution as
X% =(1,...,1), which means that we use the so-
lution of the L1 homotopy algorithm as the first
iteration solution. The iterative reconstruction

(13)

Table 1. Optical parameters for the mouse organs.

Tissues Muscle Lungs Heart Liver Kidneys Stomach

o [mm-1 023 035 011 045  0.12 0.21
gl [mm-1]  1.00 230 1.0 2.00 1.20 1.70

algorithm will stop when the iteration number
t reaches the maximum iteration limit K (K = 10
for the following simulations). Figure 1 describes
the specific steps of the proposed reconstruction
algorithm (IRW-L /5, for short).

3. Simulation Studies on the
Mouse Atlas

In this section, a series of simulations on a digi-
mouse model were conducted to assess the perfor-
mance of the proposed reconstruction algorithm
IRW-L, /5. For comparison, we chose three repre-
sentative algorithms to investigate, including the
WIPA, L1 homotopy and StOMP. The mouse atlas
is a digital mouse which provides anatomical in-
formation.?” The optical properties of digimouse are
listed in Table 1.?° The body section with a length
of 34 mm was selected in the following simulations.

Several groups of simulations were designed to
assess the location accuracy and source resolving
ability of the four testing algorithms in single-source
and double-source reconstruction scenarios. We also
investigated the influence of measurement noise and
optical properties of tissues on the algorithms with
single-source simulations.

The reconstruction results were evaluated by not
only visual inspection but also quantitative metrics

0) y i mne
\ LS
Lungs 0.028
10 L 3 T 0026
z B
£ o oo
E Liver ,’,- 3 0.018
S st N o
£ 0.012
) 1 001
Kidneys 0.008
0 e B
0.002
30 30
20 20
10 10
Y(n-.n m % (mm) y(m m) ¥ (mm)
(a) (b)
Fig. 2. (a) The torso of the mouse atlas model with a cylin-

drical source in the liver, (b) forward mesh and the simulated
photon distribution on the surface.
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Table 2. Reconstructed location error under different noise
levels (mm) in single-source case.
Noise level 0% 5% 10% 15%

Method

IRW-Ly /5 0.48064 0.48064 0.48067 0.48070
WIPA 0.51805 0.51804 0.51803 0.51811
L1 homotopy 0.52492 0.52491 0.52498 0.52057
StOMP 0.50179 0.50180 0.50179 0.50178
Table 3. CNR under different noise levels in single-

source case.

Noise level 0% 5% 10% 15%

Method
IRW-L1/2 12.5196 12.5196 12.5204 12.5212
WIPA 8.2055 8.2057 8.2014 8.1959
L1 homotopy 10.0940 10.0945 10.0945 10.0917
StOMP 11.8834 11.8835 11.8836 11.8831

0 f 0 §

10 ,/\lf 3 10 ,/\A".

7 @

NG L A =

30 30

R~~~ 0

20 10}( (mm)

30 30
Y (mm )

10
Y (mnz,j’ "% (mm)

(a) (b)

nlmne’ nl 7 num?

0.095
0.085

5 10 15 20
Y (mm)

(e)
IRW-L,;,

Source reconstruction for BLT via Ly, regularization

including location error (LE) and contrast-to-
noise ratio (CNR) of the reconstructed image. LE
is the distance between the reconstructed source
center and the actual one. CNR is defined as
follows?>!:

HRrRO1 — MUBCK

CNR = (14)

[WROIU%{QI + WBCK U]Q_D,CK] 1z’
where pror is the mean values of the ROI
(the region of interest) and ppcr is the mean values
of the variable background. oro; and opck are
the standard deviations of the ROI and back-
ground, respectively. wror and wpci are weighting
factors.

The algorithms were coded in Matlab™ and
operated on a PC with 3.3 GHz Intel® Core™ i5-
4590 and 8GB RAM. The threshold for SSOMP and
the regularization parameters for WIPA, IRW-L
and L1 homotopy were selected manually in the
following simulations.
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Fig. 3. Reconstruction results by the four algorithms in single-source simulation. The top row shows the 3D views of results by
IRW-L,, WIPA, L1 homotopy and StOMP, respectively. The bottom row shows the corresponding transverse views at z = 18 mm,

where the actual source center located.
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Fig. 4. Simulated photon distribution on the surface for single-source located in different tissues.

3.1.

In the first group of simulations, a cylindrical
source was put in the liver, as shown in Fig. 2(a).
The source with a radius of 0.5 mm and height of
lmm centered at (10mm, 15mm, 18 mm). And
the magnitude of the actual source was set to be
1nW/mm?®.

To obtain simulated measurements, the mouse
model (with source) was discretized into a FEM
mesh including 99340 tetrahedral elements and
17956 nodes. Figure 2(b) exhibits the surface dis-
tribution. A coarser mesh consisted of 16755 ele-
ments and 3201 nodes were used for reconstruction,
and we used all of the surface measurements of the
torso section to reconstruct the target with the four
algorithms. Besides, different levels (5-15%) of
Gaussian noise were added to the simulated mea-
surement to test the stability of reconstruction
algorithms.

Reconstruction of single-source

BIRW-L1/2 mWIPA wLlhomotopy mStOMP
16
14
1.2
T 1
£08
Ef 0.6
0.4
0.2
0
Muscle Lung Liver Kidney
Tissue
(a)
Fig. 5.

Tables 2 and 3 summarize the average LE and
CNR of 10 times running of each algorithm under
different noise levels (except the noiseless case), re-
spectively. Figure 3 shows the transverse views at
z=18mm and 3D views of the reconstruction
results in noiseless case. From Tables 2 and 3, we
observed very small fluctuation for all the testing
algorithms, which means all reconstruction algo-
rithms performed quite stable under noise condi-
tions. However, quantitative comparison results
shown in tables demonstrate that the proposed
IRW-L,/, algorithm slightly outperformed the
competitors in location accuracy and image quality
in single-source case.

3.2. Reconstruction single-source

located in different tissues

Considering that the optical properties and depth of
the source vary from tissue to tissue, we designed a

mIRW-L1/2
20

EWIPA wLlhomotopy mStOMP

Muscle Lung Liver Kidney

Tissue

(b)

Comparison results in reconstruction of single-target located in different tissues (a) Location error. (b) CNR.
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Fig. 6. (a) Source setting and (b) the simulated photon dis-
tribution on the surface in double-source case.

group of simulations to investigate the performance
of the algorithms in reconstructing single-target
located in different tissues. We tested four cases
with a same source placed in muscle, lung, liver and
kidney, respectively. Figure 4 shows the simulated
photon distribution on the surface for single-
source located in different tissues. Figure 5 plots the
comparison results of the algorithms in location

I I
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(e)
IRW-L,
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error and CNR. We observed that IRW-L,/, out-
performed WIPA, L1 homotopy and StOMP in the
most of the different cases.

3.3.

In this case, two identical cylindrical sources were
placed at S1=(9,7,20 mm) and S2=(13,7,20 mm) in
liver, with a 4mm separation distance between
centers. In forward calculation, the mouse model
with double-source was discretized into a mesh in-
cluding 103813 elements and 18634 nodes. Figure 6
exhibits the source setting and the simulated sur-
face distribution in this case. The mesh used for
reconstruction consisted of 15957 elements and 3042
nodes. Since the results in Sec. 3.1 show that mea-
surement noise had less impact on the four testing
algorithms, the following reconstructions were con-
ducted under noise free condition.

Figure 7 shows that reconstructed result by the
four different algorithms. From Fig. 7, we observed
that the two targets reconstructed by IRW-L,/,
concentrate in two localized regions close to actual

Reconstruction of double-source

.

£ E
Ex 1 Ex
N te I'N i
30 P30
WZ‘%\ i w&g\\
10 : 10
X(ﬂ?m) 10 4‘\“\ ! X(’Dm) 10 .{\6\
(c) E (d)
nl mn? E nlWomm?
0065 | 5
x [ | _Fa
L] 1 0.05 | —_ 0.35
3 o 1 3 035
e w12 bs
| 0025 | 01
0.02 1 0.05
0.015 1
0.01 1
0.005 :
510 15 20 | 5 10 15 20
Y (mm) ! Y (mm)
(&) ; ()
L1homotopy E StOMP

Fig. 7. Reconstruction results by the four algorithms in double-source simulation. The top row shows the 3D views of results by
IRW-Ly 5, WIPA, L1 homotopy and StOMP, respectively. The bottom row shows the corresponding transverse views at z = 20 mm,

where the actual source centers located.

1750014-7



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.

J. Yu, Q. Li & H. Wang

Table 4. Quantitative reconstruction results in double-sources case.

Method Source  Actual center (mm) Recon. center (mm) LE (mm) CNR

IRW-Ly S1 (9,7,20) (9.36,7.15,19.99) 0.454 5.98
S2 (13,7,20) (12.88,6.40,19.95) 0.617

WIPA s1 (9,7,20) (9.39, 7.20,19.90)  0.451  4.03
s2 (13,7,20) (12.068.0622.51)  2.883

L1 homotopy S1 (9,7,20) (9.39,7.19,19.96) 0.433 5.48
2 (13,7,20) (12.95,6.22,20.39)  0.871

StOMP S1 (9,7,20) (9.42,7.21,19.84) 0.502 5.73
S2 (13,7,20) (11.53,6.04,20.97) 1.998

source centers. Nevertheless, there exist larger = Acknowledgments

deviations in the results by WIPA, L1 homotopy
and StOMP. Table 4 summarized the quantitative
results in terms of reconstructed source centers, lo-
cation error for each source and CNR. The results
shown in Fig. 7 and Table 4 demonstrate that IRW-
Ly, significantly outperformed the other competi-
tors in double-source case.

4. Discussion and Conclusion

This paper presents an efficient source reconstruc-
tion method for BLT based on L/, regularization.
Due to the nonconvexity of the objective, we con-
vert the L p-regularized problem into a series of L;
minimization problems by iterative reweighting
approach, and perform a homotopy-based algo-
rithm to obtain fast and accurate reconstruction.

The simulation results for single-source recon-
struction on a digital mouse model indicate that the
proposed source reconstruction method IRW-L;
outperforms the three representative sparse algo-
rithms in location accuracy and CNR. The simula-
tion results under different noise levels and different
tissues show the stability of the proposed method.
The double-source case results also demonstrate the
superiority of the IRW-L;/, in resolving multiple
sources.

Although the simulation results based on animal
atlas are competitive, further investigations with
phantom and in vivo experiments are necessary for
an overall assessment of the proposed method,
which will be one of our future works. On the basis
of the simulations, we speculate that the proposed
IRW-L; ) is a promising reconstruction method for
BLT applications.
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