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Abstract—Imaging modality of radionuclides has been en-
riched by an optical approach, Cerenkov luminescence tomog-
raphy (CLT). Referred to the traditional radionuclide imaging,
such as positron emission tomography (PET) or single photon
emission computed tomography (SPECT), any incremental
improvement of CLT imaging is consistent with the application
to information needs. In this contribution, the paper presents an
l1-regularized imaging method for CLT problem. After utilizing
the Vavilov-Cerenkov effect via third-order simplified spherical
harmonics (SP3) approximation, we establish the large-scale
linear equations in the CLT framework. The derived linear
problem is seriously ill-posed, and transformed into an [;-
regularized least squares program. The inverse solution to these
equations is the three-dimensional radioisotope recovery data
by an interior-point method. In the physical phantom and the in
vivo mouse experiment, results demonstrate that the proposed
technique produces better imaging quality and improves the
reconstruction efficacy, compared with those from diffusion
approximation with the Tikhonov regularization.

I. INTRODUCTION

Radioactive tracers for Cerenkov optical imaging will have
significant potential for both small animal and clinical imag-
ing. The linear correlation between Cerenkov optical images
and positron emission tomography (PET) or single photon
emission computed tomography (SPECT) images has been
validated as a matter of common knowledge [1], [2], [3].
An accurate three-dimensional Cerenkov tomography with
the characteristics of optical imaging has great potential to
improve the evolution of tomographic imaging and systems
in nuclear medicine. To the best of our knowledge, there were
two public papers [4], [5] reported Cerenkov luminescence
tomography (CLT) with the diffusion equation (DE) to model
in vivo Cerenkov photon propagation in today’s international
academic journals. However, Cerenkov radiation spectrum is
weighted toward the ultraviolet and blue bands [6]. The basic
prerequisite for the establishment of DE equation will be no
longer available because of the ratio of optical scattering
and absorption coefficient in tissues [7], [8], [9]. In another
aspect, medical isotopes are mainly used for early diagnosis
and treatment of diseases. So their distribution is sparse in
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the body. This characteristics for the optical reconstruction
offers the possibility of computation cost saving.

We propose an easy solution to both the above issues: [;-
regularized CLT with the spherical harmonics approximation
and CT fusion method. The simplified spherical harmonics
(SPx) method has been developed which requires (N +1)/2
equations, where IV is the number of Legendre polynomials.
SPy can yield an effective forward model for the Cerenkov
light transport in scattering media, considered equivalent to
the numerical Monte Carlo (MC) method [10], [11], [12].
After the linear relationship between the measured boundary
currents and the unknown light source distribution is estab-
lished, the attention is paid to sparse signal reconstruction.
Kim reported an interior-point method for large-scale ;-
regularized least squares problem [13]. Its performance was
illustrated on a magnetic resonance imaging data set. Here,
we apply this method and further study its performance in
the inverse problem of CLT.

In this study, the performance of I;-regularized CLT tech-
nique through the third-order simplified spherical harmonics
(SP3) approximation and CT fusion is investigated. The
paper is organized in the following sequence. In section 2,
we formulate the CLT forward and inverse problem in detail.
In section 3, the results of physical experiments can draw us
to the conclusion that the proposed technique can improve
the quality of images. Finally, we will give our discussions
and conclude the paper in section 4.

II. METHODS

A. Forward model

The SP3 method yields transport-like solutions with lowest
computational cost in biological tissue compared with SPy
(N > 3) [14]. After formulating the time-independent
radiation transport equation (RTE) via the SP3 approximation
with the finite element discretization [15], [16], the photon
propagation model can be described [12]. The detector
readings are obtained with the permissible source region
strategy [17] from the exiting partial current .J at the tissue
boundary, as follows,

2 2
J = [a(Pn — §P12) + (P21 — ngg)]FS = AS. (1)

A is the coefficient matrix, and both a and b are constant.
Equation (1) is the forward solution used as the linear
equations between the measured boundary values and the
unknown light source distribution.
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B. Inverse model

The inverse problem of CLT is to reconstruct a radioactive
light source distribution inside an object, given the surface
Cerenkov luminescent distribution. Mathematically, we can
define an objective function f(z) as,

f(S) = ||AS — J|I3 + AlIS|I1, 2)

where A > 0 is the regularization parameter.

Since the inverse problem of CLT is ill-posed with a sparse
solution, the regularization is necessary. L;-regularized least
squares typically yields a sparse vector S, which has rela-
tively few nonzero coefficients. In contrast, the solution to
the Tikhonov regularization problem by using [5-regularized
typically has all coefficients nonzero. Hence, we apply a
specialized interior-point method for solving the large-scale
l1-regularized least squares problem that uses the precondi-
tioned conjugate gradients algorithm to compute the search
direction.

According to this method introduced by Kim et al. [13],
the associated centering problem is to minimize the weighted
objective function augmented by the logarithmic barrier for
the constraints S; > 0

n n
lAS = T3+ 1A > 8 = log S 3)
i=1 i=1
Because biological tissues have radioactive substances or not.
In other words, the luminescence intensity distribution is a
non-negative group. The Newton system for the centering
problem is,

(277ATA+ D)Asnewton = -9 4

where D and g were given in [13]. The search direction
is computed as an approximate solution to the Newton
system, using preconditioned conjugate gradients (PCG). The
preconditioner used in the PCG algorithm approximates the
Hessian of n||AS — J||3 with its diagonal entries is written
as the following form

P = diag(2nAT A) + D. )

III. EXPERIMENTS AND RESULTS

To evaluate the written CLT algorithm in C++, physical
experiments were performed. Taking into account the char-
acteristics of CLT reconstruction, we set A = 10~° with
the maximum number of PCG iterations equal to 5000 and
its relative error desired equal to 10~7. The initial value of
N dimensional column vector S is set to (0.1,0.1,---,0.1).
We made a comparison between the actual position inside an
object and the reconstructed results for the inverse problem
by utilizing the measured photon flux density using a CCD
camera.

A. Materials and instruments

18F-FDG was kindly provided by Department of Nuclear
Medicine, Beijing Union Medical College Hospital.

The same cubic resinous phantom with 20 mm in length
was used [18]. The measured optical parameters are listed:

the absorption coefficient i, ~ 0.02 x 1072 mm™!, the
reduced scattering coefficient p/, ~ 106.93 x 102 mm 1,
g = 090 and n = 1.37.

The female Nu/Nu nude mice were purchased from De-
partment of Laboratory Animal Science, Peking University
Health Science Center. The optical parameters of the mouse
are shown in Table 1. They were the weighted values of the
mixed optical spectrum, because there was no optical filter
used in this paper.

TABLE I
OPTICAL PARAMETERS OF THE NUDE MOUSE [16], [19], 10~2 mm 1.

Material Muscle  Kidney  Bladder  Bone
Ha 3.20 1.00 68.40 0.24
wh 58.60 83.00 139.00 93.50

High quantum efficiency and low readout noise of our in
vivo molecular imaging system provide the technical basis
for the weak Cerenkov signal acquisition [20], [21]. Our
micro-CT system was employed to provide 3D anatomical
information in accordance with the normal usage [22]. Sys-
tem control and image processing were carried out on a
personal computer with Intel CoreTM 2 Duo Processor 2.33
GHz and 3 GB memory.

B. Physical experiments

The whole physical experiment was performed in a light-
tight imaging chamber. The turntable was rotated 360° to
have access to the corresponding background and lumines-
cence images. The surface energy distribution was the mean
value after subtracting the background noise.

In the phantom experiment, the camera was used to collect
the optical images with the aperture number f to 2.8, the
binning value equal to 1 and the integration time equal to
100 ms. The homogeneous cube phantom was discretized
into 1457 points, 8577 edges, 13565 triangles and 6444
tetrahedrons.

In the in vivo experiment, a 21 g mouse was anesthetized
by 2% isoflurane was injected with 0.2 mL of Fenestra LC
and 11.1 M Bq of '®F-FDG via the tail vein. The mouse was
scanned by the micro-CT at 30 min after the injection. The
dimension of the reconstructed CT data was 400 x 400 x 560
(0.15 % 0.15 x 0.15 mm?3 voxel size). 15 min later, we used
the camera to collect Cerenkov luminescence images with the
aperture number f to 2.8, the binning value equal to 2 and the
integration time equal to 3 min. Detailed description of the
whole experiment was illustrated in [5]. The reconstructed
micro-CT data and four Cerenkov luminescence images were
registered and then segmented into 4 major tissues, including
muscle, kidney, bladder, and bone. The geometric center of
the bladder was (34.60 mm, 14.50 mm, 5.30 mm). We
selected part of the micro-CT data along the z axis from the
65" to the 229" slice to reconstruct CLT. It was discredited
into 3006 points, 19290 edges, 31868 triangles and 15583
tetrahedrons.
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Comparison between SP3 model (A to D) and DE model (E to H) in the phantom case. A and E are 3D views with a slice of the flux density

Fig. 1.
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distribution when Z = 10.7mm; B and F, C and G, D and H are respectively XZ, YZ and XY views. The blue cylinder in each sub figure denotes the
real source and the red tetrahedron denotes the reconstructed center with the maximum density. Peak value of the reconstructed flux density is normalized

to 1.

C. Source in the phantom

A cylindrical source of 2.5 mm in height and 1.25 mm
in radius was centered at (12.5 mm, 12.5 mm, 11.25
mm) in the phantom. The permissible source region (6.5
mm < xz,y,z < 14.5 mm) was selected, according to
the surface light distribution. Based on this data set and
SP;3 forward model, the performance of the proposed inverse
model (Pro) and that of the famous Tikhonov regularization
method (Tik) were investigated. The matrix A used in the last
reconstruction procedure was 679 x 657. The reconstruction
results (Fig. 1) were as follows: the recovered maximum
light density was 13.50 x 102 W/mm~2 in Pro and that
was 13.70 x 107 W/mm =2 in Tik; the last reconstruction
times were 24.50 s (Pro) and 52.50 s (Tik); the reconstructed
centers were (14.20 mm, 12.60 mm, 10.00 mm) with the
distance error 2.11 mm (Pro) and (9.63 mm, 14.10 mm,
12.60 mm) with the distance error 3.55 mm (Tik).

D. In vivo source

In thein vivo experiment, the 3D mesh and the measured
photo flux density distribution on the surface are shown
in Fig. 2. According to the surface light, the permissible
source region was set to (32 mm < x < 38 mm,
12mm < y < 17Tmm,3mm < z < 8 mm).
Based on this data set, the performance of the Pro and
that of the Tik were investigated. The matrix A used in the
last reconstruction procedure was 701 x 644. Assuming the
bladder as a uniform light source owing to the characteristics
of the physiological structure and **F-FDG metabolism, we
defined the geometric center of the bladder as the actual light
source center. The reconstruction results were as follows:
the last reconstruction times were 57.80 s (Pro) and 51.40 s
(Tik) with the same regularization parameters as those in the

phantom experiment; the reconstructed centers were (33.10
mm, 14.40 mm, 4.64 mm) with the distance error 1.64
mm (Pro) and (33.60 mm, 15.60 mm, 2.58 mm) with the
distance error 3.10 mm (Tik).

IV. DISCUSSIONS AND CONCLUSION

In this paper, we present a simple but efficient approach
to CLT. This [;-regularized CLT with the spherical harmon-
ics approximation and CT fusion method can localize the
Cerenkov luminescent source in the mouse. Although the
standard SP3 theory is used in photon transport problems,
the research of the Cerenkov photon propagation and CLT
inverse problem through the SP3 and [;-regularization ap-
proach needs further improvement. Mathematically speaking,
the model error of all solutions increased in the physical
experiments. We performed physical experiments on the
phantom by using both the [;-regularized model and the
Tikhonov regularization model. Only the partial current J
at the boundary was using, but the distribution of medical
isotopes deep inside the medium can be obtained with
better accuracy and computational efficiency by the proposed
model, comparing with the Tikhonov regularization. Then,
the in vivo physical experiment was performed. The distance
error between reconstructed center and actual center was 1.64
mm by Pro model, while that of Tik model was 3.10 mm. In
addition, the proposed method also has a limitation by the use
of the parameter 1. As the value of 7 increases, the solution
is the sparser, and the reconstructed time is shorter. When the
number of nonzero solution is increased to a certain number,
and the time cost of the proposed method is almost the
same amount of that from the Tikhonov regularization model.
Moreover, the permissible regional strategy has reduced the
ill-conditioned level for the inverse problem.
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Fig. 2.
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The 3D finite element mesh with the measured Cerenkov light intensity on the surface. A shows 3D views of the mesh that was composed by

1689 exterior points on the surface. The whole mesh includes the muscle in blue, the bladder in red, the bone in yellow, and the kidney in green. B shows
3D views of the measured flux density distribution on the surface, and peak value of the reconstructed flux density is normalized to 1.

In conclusion, we demonstrated the validation of [;-
regularized CLT with SP3 approximation for modeling
Cerenkov light propagation in biological tissue. Our pro-
posed method can achieve the more transport-like solution.
Further, the biodistribution of the medical isotope inside het-
erogeneous media can be imaged by using the proposed CLT
technique without the need of expensive dedicated PET or
SPECT. This can facilitate the improvement of radionuclide
labeled probes, and has a potential clinical value.
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