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Abstract
Purpose: Development of more tumor-specific radiopharmaceuticals is not enough; to understand the disease, we must study data modeling. Although fluoro-18-deoxyglucose positron
emission tomography can map a multi-peak distribution of trace radioisotopes, optical
tomography should also be able to redirect the distribution.
Procedures: Multi-view image acquisition of small animals injected with 2-deoxy-2-[18F]fluoro-Dglucose began with X-ray computed tomography scanning and Cerenkov luminescence
imaging. After fusion processing, utilization of the geometric row scaling and L1/2 regularization
operator effectively generates in vivo Cerenkov luminescence tomography images with the SP3
forward model.
Results: The identification is confirmed by the comparison between tumor-specific tomography
from Cerenkov emission and the radioactivity measured in vitro.
Conclusion: The proposed technique can quickly localize the mobility of radionuclides and
uptake by organs, which provides an imaging methodology in oncology.
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Introduction

T

he emergence of Cerenkov luminescence imaging
(CLI) declares that positron emission tomography
(PET) and single-photon emission computed tomography
(SPECT) are no longer the only means of in vivo radionuclide imaging. This CLI technique has a solid physical
basis that is due to Cerenkov emission from energetic α and
β particles [1]. Estimate of the number of radiated Cerenkov
photons can be obtained on the known classical and
quantum Vavilov–Cerenkov radiation theory, which is
already sufficient for the possibility of viewing. Measurement of the Vavilov–Cerenkov radiation thus provides a
route for finding the distribution of medical isotopes. Tumor
cells are highly glycolytic with increased expression of
glycolytic enzymes and hexokinase activity. So 2-deoxy-2[18F]fluoro-D-glucose (18FDG), used to assay cellular glu-
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cose uptake and utilization, is the most commonly employed
and studied radiotracer in clinics after the approval of the
Food and Drug Administration. Although 18FDG is not a
highly specific radiotracer for imaging malignant disease,
mapping of 18FDG uptake could provide a precursor to
tumor-specific tomography imaging with the same methodology in future.
CLI is primarily qualitative [2–13], but its output is a
planar image without depth information. Spinelli and
colleagues used the diffusion approximation (DA) theory
to estimate the light-source depth with multispectral data,
which was based on the source-theoretic description of
Cerenkov radiation for zero temperature in an isotropic
homogeneous medium [14–16]. It was a painted twodimensional image only by use of the planar light information from a fixed angle. However, it is important for
biological and chemical progress to have physical position
of the light source (0–360°) and its height (0–90°). In order
to display the three-dimensional depth and refer to bioluminescence tomography reconstruction in the DA model,
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optical tomography came true: Li firstly proposed the
concept of Cerenkov luminescence tomography (CLT) with
homogeneous optical properties [17]; almost at the same
time as this, the reconstruction algorithm with optical
property heterogeneity was studied by Zhong et al. after
August 2009 [18].
The CLT problem includes both a forward model and
an inverse reconstruction. As for a forward model in
terms of accuracy, the higher-order spherical harmonics
approximation could generate a more transport-like solution to the equation of radiation transport (ERT) than the
DA method [19–21], especially for the Cerenkov continuum. The effectiveness of the CLT algorithm was
confirmed, including the third-order simplified spherical
harmonics (SP3) approximation model and the elastic net
regulation for CLT [22]. Based on our understanding of
the research, there is a new but fatal problem in the
application: reconstruction speed. Medical isotopes are
ordinarily injected in organs at very low levels. This
distribution may be dynamic and multi-modal, owing to
metabolism and cell function. The fast reconstruction
methodology gradually evolves into a real challenge for
the scientific method.
Sparse reconstruction provides a strategy for rapid
imaging. Lq regularization generates a sparse solution of
ill-posed linear system with minimal Lq quasinorm. It is the
sparest solution of the underdetermined linear system that is
guaranteed via L1/2 regularization [23, 24]. L1/2 regularization theory has been applied to solve sparsity-promoting
problems in compressed sensing. Here is the sparser
solution, and there is the faster reconstruction of radiotracers’ distribution. An inverse model inspired by the L1/2
regularization theory is thus proposed for pharmacodynamic
and pharmacokinetic imaging, coupled with a preconditioner
of accelerating the iterative convergence.
The paper is organized as follows: A brief description of
optical Cerenkov emission in radiative transfer theory and the
reconstruction algorithm behind fast tumor-specific imaging
are presented. In the “Results” section, attention is focused on
the in vivo tomographic imaging of 18FDG uptake using
Cerenkov photons and in vitro measurements by directly
detecting the beta particles themselves. Fast and efficient data
modeling is presented for underdetermined reconstruction to
identify the intrinsic variables. A discussion about features of
the data modeling and some potential applications of the
proposed Cerenkov luminescence tomography is presented.
Finally, conclusions of this contribution follow.

Materials and Methods
Materials
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purchased from Advanced Research Technologies Inc., SaintLaurent, QC, Canada.

Cerenkov Emission in Radiative Transfer Theory
The optical Cerenkov radiance ϕ in the small animal Ω can be
defined by an integrodifferential equation approximated from
Maxwell’s equations [25]:



@
bsr þ a þ s þ
fðr; bs; t Þ
@t
Z
¼ qðr; bs; t Þ þ s pðbs0 ; bsÞfðr; bs0 ; t Þd0

ð1Þ

Radiance ϕ represents the spectral radiance integrated over a
frequency range with units of watts per square millimeter per
steradian, r is the spatial position, b
s indicates the unit direction
vector, t denotes time, μa is the absorption coefficient, μs is the
scattering coefficient, dΩ denotes a differential solid angle
element around direction b
s, dΩ′ denotes a differential solid angle
element around direction b
s0 , pðbs0 ; bsÞ is the phase function, and the
product pðb
s0 ; bsÞd represents the probability of light with
propagation direction b
s0 being scattered into dΩ around direction
bs. qðr; bs; t Þdvd denotes the energy produced by a source in the
volume element within the solid element per unit time.
It is useful to remember here that the SP3 approximation to ERT
yields a transport-like solution with the lowest computational cost,
compared with equation solvers for biological tissues based on a
higher-order spherical harmonics expansion. Utility of the finite
element discretization generates a matrix equation derived from the
SP3 forward model [22],

J ¼ GQ

ð2Þ

where J is the exiting partial current and source density Q=(q1, q2,
…, qN)T in units of watts per square millimeter. G is an M×N
formulated coefficient matrix.

Reconstruction Algorithm
The iterative method will lead to a solution for the ill-posed inverse
problem. Considering that the stiffness matrix G derived from the
nonlinear SP3 approximation was formed by discontinuous coefficients. Before the iteration, geometric row scaling (GRS) is
operated to require less iteration to achieve certain prescribed
convergence criteria than the other preconditioners [26]. By Gi we
denote the i-th row vector of nonsymmetrical G, i.e., Gi =(gi1,…,
2
gin)T. kk2 is defined as the L2 norm of a vector. If the i-th element
2
of the diagonal matrix Λ is set to kGi k2 , GRS is the operation of
normalizing the equations:

GQ ¼ J

ð3Þ

The non-invasively optical measurement C corresponding to J
includes noises. So the computation for directly solving the inverse
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linear equations may lead to a CLT reconstruction failure. In order
to recover the distribution Q of radioisotopes, an optimization
problem is defined as follows:

n
o
1=2
minN kB  AQk22 þlkQk1=2

Q2R

ð4Þ

where A = ΛG, B = ΛC which is an M-dimensional column
vector, and the L 1 / 2 quasinorm of R N is defined by
1=2
kQk1=2 ¼

N
P

2

j qi j

1=2

. λ is a positive regularization parame-

i¼1

ter. It is a non-convex and non-smooth optimization problem for
mapping tumor-specific uptake of radiopharmaceuticals. The
iterative half thresholding algorithm provides a fast approach
for the solution in the large-scale optimization system, of which
the operator shall be calculated in accordance with the following
formula:



Qkþ1 ¼ Plx Fk ¼ Plx Qk þ xAT ðB  AQk Þ

which is the k-th iterative solution. pλξ(q) is defined by [25]
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2
2p 2’l
<2
q 1 þ cos

;jqj > ðlxÞ 3
plx ðqÞ ¼ 3
ð7Þ
3
3
:
0
otherwise
 I n the
pap er , ξ was set to a consta nt v alu e of
1  1010 =k Ak22 , and ’l ðqi Þ ¼ arccos lðjqi j=3Þ3=2 =8 .

The parameter η is a non-negative constant, which can be adjusted
for CLT reconstruction. The number of iterations can be set in
advance using empirical data or be determined dynamically
2
2
depending on kQkþ1  Qk k2 =kQk k2 . In addition, the software
framework for CLT was coded in C++, and the sparse computing
and storage technology was explored in the calculation. When the
variable is 0, it is discarded in the traversal process.

ð5Þ

Digimouse

and

(

lk ¼ 4k Ak22 ðFk Þ3=2 =ð3N Þ

T
Plx ¼ plx ðq1 Þ;    ; plx ðqN Þ

ð6Þ

The test data are a digimouse [22] in numerical simulation. This
data set was discretized into a tetrahedral mesh (4,245 points,
26,859 edges, 44,085 triangles, and 214,740 tetrahedrons) for CLT

Fig. 1. Numerical experiments for CLT reconstruction. a The tetrahedral mesh; b, c the measured data from different perspectives
by MC simulations in case 3, and the peak value of the flux densities is normalized to 1; d–f the experimental results.
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reconstruction as shown in Fig. 1a. Simulated measurement data of
the photon density along the digimouse surface were used for the
source reconstruction. In order to fully verify the robustness of the
algorithm, three cases were designed as follows: case 1, assuming a
point light source (17.0, 31.6, and 38.4 mm) is located within the
heart; case 2, assuming a point light source (21.3, 23.6, and 50.8 mm)
is inside the stomach; and case 3, assuming the above two-point light
sources in the body occur at the same time. The number of photons
was set to 106 for each one light source with the shortest distance being
3 mm from the surface. Fig. 1b, c shows the simulated measurement
data in case 3. The weighted optical parameters of the digimouse are
shown in Table 1, so as to model the mixed optical spectrum in the
0
physical experiment. s stands for the reduced optical scattering

coefficient in the paper.

Animal Model

Fig. 2. Schematic diagram of Cerenkov optical detection.

22B-cell tumor-bearing BALB/c nude mice were kindly
provided by the Medical Isotopes Research Center, Peking
University. Animal experimentation was conducted under
approved research protocols of the Animal Care and Use
Committee.

In Vivo Multimodality Imaging
A 20.7-g tumor-bearing mouse was anesthetized with 2.0%
isoflurane delivered in medical air; 0.2 mL of Fenestra LC and
0.1 mL of 18FDG were injected via its tail vein. The in vivo
radioactivity of the mouse was measured at 60 min after
injection by a RM-905a type standard Grade Radioactivity
Meter (Beijing Puxiang Technology Co., Ltd. Beijing, People’s
Republic of China), of which the value was 14,541 kBq.
Anesthesia was again induced with an intraperitoneal injection
of 1 g/kg urethane (0.2 mL, in saline), in order to quell the
movement of the chest before CT imaging. The anesthetized
mouse was then scanned by X-ray micro-CT at a voltage of
50 kVp and an exposure time of 0.47 s for 12 min. The optical
imaging system was activated after obtaining structural information. Four planar Cerenkov luminescence images were acquired
in a dark room with the aperture number f to 2.8, the binning
value equal to 2, and the exposure time equal to 120 s. Finally,
four corresponding photograph images of the mouse were
collected with the binning value equal to 1 and the exposure
time equal to 30 ms. Fig. 2 is the schematic diagram of optical
detection. The work temperature of the back-illuminated CCD
chip was −110 C through a liquid-nitrogen-cooled option for
long exposures (Princeton Instruments VersArray 1300B, Roper
Scientific, Trenton, NJ, USA). With 20 × 20 μm pixels, a
quantum efficiency of well over 90% at 500–650 nm, 2 e−
CCD read noise, 3 e− system read noise, 300 ke− single-pixel
full well, 250 ke− output amplifier, 0.5 e−/p/h dark current, and
Table 1. Optical parameters of the nude mouse [27], 10−2 mm−1
Material
μa(r)
0
s ðrÞ

Muscle
3.2
58.6

Heart
2.2
112.9

Liver
12.8
64.6

Lungs
7.1
230.5

Stomach
3.5
148.0

100 kHz scan rates, this system provides a high spatial
resolution imaging at very high sensitivity. In vivo imaging
system control and image processing were performed on a
personal computer with Intel(R) Core(™) i5 CPU 650 at 3.2 GHz
and 3 GB RAM.
Micro-CT and optical images are shown in Fig. 3a, b. The
partial micro-CT data were segmented into tumors, muscle,
heart, liver, lungs, stomach, bone, and kidneys (Fig. 3c). Optical
measurements B on the mesh with 4,131 nodes, 45,000
triangles, and 22,138 tetrahedrons were used for CLT reconstruction (Fig. 3d). The weighted optical parameters of the
mouse were used as optical property priors. In addition to the
0
data in Table 1, μa(bone)=0.2 and s (bone)= 93.5; μa(kidneys) =
0
1.0 and s (kidneys)=83.0; these parametric values have units of
10−2 mm−1.

Results
Numerical Reconstruction
Fig. 1d–f displays blue spheres with a diameter of 1 mm
that locates the actual light source in cases 1, 2, and 3,
respectively. The red tetrahedron element denotes the
smallest discrete unit with the maximal value of light
intensity distribution after CLT reconstruction. The actual
point light sources were located at the spherical centers.
Case 1: η was set to 160; the number of non-zero
solutions to the CLT problem was 6, and the center of the
red tetrahedron was 16.9, 31.0, and 38.0 mm with a
distance error of 0.7 mm from the actual source. Case 2:
η = 180; there was only one non-zero solution; the
tetrahedral center was 21.0, 23.2, and 50.6 mm with a
distance error of 0.5 mm. Case 3: η=150; the number of
non-zero solutions is four; tetrahedral centers were 16.6,
31.2, and 38.1 and 21.5, 23.3, and 50.8 mm with their
distance errors of 0.6 and 0.4 mm. Every elapsed time for
the whole-body reconstruction was about 0.8 s (M=1,147,
N=21,470) in these cases.
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Fig. 3. Physical experiments for CLT reconstruction. a Micro-CT image and red rings denote the registration markers between
micro-CT and Cerenkov luminescence imaging; b optical images; c a segmented mouse; d the normalized Cerenkov
luminescence distribution without outliers, of which the peak value is 13.6 nW mm−2; e, f slices of CLT using elastic net penalty
and the proposed algorithm, respectively, where the red region is located at the element with the largest energy intensity.

In Vivo Application
Fig. 3f shows three slices from reconstructed results through
the center point (24, 33, and 5 mm) for tumor cells. The elapsed
time for the whole-body CLT reconstruction was 0.5 s (η=115,

M=726, N=22,138). In order to demonstrate the proposed
algorithm, we also performed CLT reconstruction with elastic
net regularization via a coordinate descent, where program
parameter settings were illustrated in the literature [22].
Although the resulted location was also accurate, the elapsed
time for this CLT reconstruction was 16,490.7 s.
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Fig. 4. Schema of in vitro specific radioactivity in separate tissues.

In Vitro Measurements
The in vitro measurements were completed by directly
detecting the beta radioactivity with the RM-905a type
standard Grade Radioactivity Meter after in vivo imaging.
The radioactivity in the whole mouse amounted to
12,210 kBq. The specific radioactivity in a separate tissue
was measured, i.e., tumor, 370 kBq; heart, 481 kBq;
kidneys, 259 kBq; and stomach, 481 kBq (Fig. 4). The
tumor volume was approximately equal to 64 mm3 in
accordance with grid coordinates, which had a maximum
diameter of 8 mm. The ex vivo data were consistent with the
experimental results in that the reconstructed intensity in the
region of the stomach was larger than that in the tumor.

Discussion
Several striking features of real data sets are the actual
challenges for the application of the CLT technique. The
dimension ratio (N/M) between the unknown S and known
B is 18.7 in numerical experiments or 30.5 in physical
experiments. The coefficient matrix A of the threedimensional whole-body reconstruction has a high dimension. The L1/2 regulation theory yields a consistent data
model, when jointed with the sparse computing and
storage technology. The percent of non-zero elements in
the total unknown variables was less than 2.0%, and the
whole-body reconstruction time of CLT was less than
0.8 s in simulation and in vivo experiments, which was
associated with no more than a 0.7-mm location error. In
a word, although limitation of the optical blurring effect
and low levels of the transmitted light may restrict the
application of CLT in some fields in clinics, the proposed
method provides a fast and effective multi-peak reconstruction strategy fusing the complementary advantages of
X-ray CT, optical and nuclear imaging with the same
biomarker [28, 29].
There are several potential applications of the proposed
data model for solving biological problems including: (1)

It enables multifunctional data acquisitions and nearcontemporaneous fusion of structural and metabolic data
within short periods of time including the use of medical
isotopes with very short half-lives [30]. (2) The existence
of multidrug tolerant organisms promotes the development of multi-target drugs. Functionally significant
epigenetic alterations seem to be factors not only in
cancer cells but also in altered cells of the tumorassociated stroma [31]. Reconstruction of multi-biomarkers and multi-peak distribution at the same time
becomes essential, which will be solved by the proposed
method. (3) The technique provides a potential clinical
application for early diagnosis and treatment of cancers,
such as eye or prostate tumors when the suitable dark
room is designed for humans. (4) CLT is a low-cost
measurement, when the complexity and infrastructure
needs of PET/SPECT limit their accessibility and effect
for early detection [32].

Conclusion
The methodology of Cerenkov luminescence tomography
with geometric row scaling and L1/2 regulation provides a
fast low-cost nuclear medical imaging. The in vivo
experimental results also indicate that this emerging field
is taking increasingly progressive steps toward the
clinical application. The proposed technology is important not only for detecting disease but also for characterizing and assessing change of the disease with time or
therapy.
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