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Abstract—Generation of an accurate Cerenkov luminescence
imaging model is a current issue of nuclear tomography with
optical techniques. The article takes a pro-active approach
toward whole-body Cerenkov luminescence tomography.
The finite element framework employs the equation of
radiative transfer via the third-order simplified spherical
harmonics approximation to model Cerenkov photon prop-
agation in a small animal. After this forward model is
performed on a digital mouse with optical property hetero-
geneity and compared with the Monte Carlo method, we
investigated the whole body reconstruction algorithm along a
regularization path via coordinate descent. The endpoint of
the follow-up study is the in vivo application, which provides
three-dimensional biodistribution of the radiotracer uptake
in the mouse from measured partial boundary currents. The
combination of the forward and inverse model with elastic-
net penalties is not only validated by numerical simulation,
but it also effectively demonstrates in vivo imaging in small
animals. Our exact reconstruction method enables optical
molecular imaging to best utilize Cerenkov radiation emis-
sion from the decay of medical isotopes in tissues.

Keywords—Cerenkov, Mathematical model, Light propaga-
tion in tissues, Tomography, Molecular imaging.

INTRODUCTION

Whole-body Cerenkov tomographic imaging pro-
vides a new molecular imaging strategy to image
radionuclides in vivo in a cost-effective and timely
manner.® Radiotracers are generally imaged with
nuclear imaging modalities such as positron emission
tomography (PET) and single photon emission com-
puted tomography (SPECT). An optical imaging
modality has been recently discovered to be able to
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image medical isotopes such as '*F, *'I, and **Ac
in vivo in small animals utilizing Vavilov—Cerenkov
radiation (VCR).> "' 18 VCR is generated during the
initial decay process before the annihilation event and
emits a continuum of ultraviolet and visible light.
More than a low-cost PET or SPECT alternative,
utilization of Cerenkov luminescence and tomographic
techniques breaks the limitation of pure optical
approaches by the lack of clinically approved targeted
agents. Cerenkov luminescence tomography (CLT)
with functional and anatomical information opens a
door for optical imaging to the clinics using hand-held
probes and radioactive contrast agents.'>!”

Image quality of optical tomography has relied
mostly on the model-based reconstruction method.'
The forward model to describe light propagation in
turbid media is essential for optical tomography.
Radiation transport equation (RTE) has been used as
a standard forward model and is considered as an
equivalent to the numerical Monte Carlo (MC) method.
It is difficult to solve RTE directly, which is often
approximated by the diffusion equation (DE) to save
on computational costs. The Cerenkov radiation
spectrum is weighted toward blue bands of the elec-
tromagnetic spectrum.* The large absorption coeffi-
cients at these wavelengths make the diffusion
approximation as a light propagation model less
accurate. The DE fails to work, especially in some
regions with a highly heterogeneous optical back-
ground and small geometries.® Tomographic recon-
struction will subsequently lead to erroneous imaging
of the radiopharmaceutical. The current spherical
harmonics (SPy) approximation can generate a more
transport-like solution to RTE than DE, of which the
third-order simplified spherical harmonics (SP3)
approximation retains this feature with a minimal cost.
Although the SPy forward model in fluorescence or
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bioluminescence tomography has been reported,>'?
further efforts to study the performance of this
approximation approach in CLT are needed.

In this study, the performance of the SP; model-
based CLT method is fully investigated. We first pro-
vide a comparative demonstration with both of the
finite element SP; method and MC simulations. Con-
sidering that there are relatively more diagnostic or
therapeutic radiotracers in a very small targeted zone
as compared with the whole body sparse biodistribu-
tion is the result. In another case, there is also a target
region with fewer radionuclides relative to other nor-
mal tissues. Hence, we applied elastic-net penalties®
into the whole body reconstruction based on the SP;
forward model. Further validation of the CLT frame-
work, including the forward and inverse models, is
illustrated in small animal practice. Results of numer-
ical simulations and in vivo experiments reveal that
whole-body CLT with the SP; method can provide an
accurate three-dimensional (3D) approach to optical
imaging with radionuclides.

MATERIALS AND METHODS

Radionuclide

BF-FDG was kindly provided as a generous gift
from the Department of Nuclear Medicine, Beijing
Union Medical College Hospital.

Digimouse

The digimouse (http://www.mosetm.net) was gen-
erated as a 3D whole body mouse atlas with
0.1 x 0.1 x 0.2 mm® voxels and a matrix size of
384 x 600 x 480 using micro-computed tomography
(micro-CT) data. Here, we selected part of the digi-
mouse data along the z axis from the 121st to the 320th
slice to carry out MC simulations and CLT recon-
struction. It was meshed into triangular facets in MC
simulations, including the heart (9002 points, 18000
faces), lungs (15002 points, 30000 faces), liver (15002
points, 30000 faces), stomach (15028 points, 30052
faces), and muscle (30002 points, 59998 faces).

Phantom

We have designed a combination of four materials
into the phantom (Fig. 1a) to simulate the real envi-
ronment of small animals, the abdomen, including
muscle, heart, lungs, and bone. Optical parameters of
the phantom are shown in Table 1, which were mea-
sured by the TCSPC system.”* The phantom is a cyl-
inder (diameter, 30 mm; height, 30 mm), containing

a small cylinder hole (diameter, 2 mm; height, 3 mm),
as shown in Figs. 1b and lc. The green hole was filled
with a solution containing a total of 4.4 MBq
"F-FDG.

Mouse Model

The healthy, female Nu/Nu nude mice utilized in the
experiment were purchased from the Department of
Laboratory Animal Science, Peking University Health
Science Centre. Animal experimentation was con-
ducted under approved research protocols of the
Institutional Animal Care and Use Committee. All
animal procedures were performed under anesthesia by
inhalation of 2% isoflurane delivered via medical air.

Computer

In vivo imaging system control and image processing
were performed on a personal computer with Intel
Core™ 2 Duo Processor 2.33 GHz and 3 GB RAM.
The forward and inverse models for CLT using the SP5
method were written in C++.

Computed Tomography

Our micro-CT system provides 3D anatomical
information in accordance with the same methods and
instrument parameters as described®' for the mouse
micro-CT studies.

The mouse was injected with 0.20 mL of Fenestra
LC (Advanced Research Technologies Inc., QC,
Canada) and 11.10 MBq of "*F-FDG via the tail vein.
Micro-CT images with a size of 400 x 400 x 560 were
recorded half an hour after injection. The voxel of
micro-CT data was a 0.15-mm cubed volume.

Optical Imaging

Optical imaging was performed with an in vivo
molecular imaging system developed by our group.
The CCD camera (Princeton Instruments VersArray
1300B, Roper Scientific, Trenton, NJ) has 1340 x
1300 pixels with 20 x 20 um? sized pixels. Low read-
out and binning noise makes this camera ideal for
Cerenkov optical imaging. The optical imaging system
has a dark room that can block both external lights
and internal high-energy radiation. The optical system
was calibrated with an integrating sphere (USS-1200V-
LL Low-Light Uniform Source, Labsphere, North
Sutton, NH), according to the quantitative calibration
formula: S = (2.09 -7 '+ 10.89) x 107" W mm 7,
where S is source energy density, p is the 16 bits CCD
pixel intensity value, and ¢ is the exposure time with
units of s.
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Physical experiment on the phantom. (a—c) The schematic of materials and the internal structure (gray muscle, red

heart, blue lungs, yellow bone, and green cylinder hole); (d) the Cerenkov luminescence image with the maximum light intensity
value of 127 for all pixels, except for an outlier; (e, f) the measured optical energy density distribution on the surface of the finite
element mesh, of which the peak value is 1.5 Nano-W mm™~3; (g, i) iso-surfaces of the reconstructed source, based on the SP; and
DA model, respectively; (h) the actual source location with a red colour as a reference. A millimeter (mm) is a unit of length in (b),

(c), (e-).

TABLE 1. Optical parameters of the phantom with units
of 1072 mm™".

Material Heart Lung Muscle Bone

Absorption coefficient 1.1 2.3 0.7 0.1

Reduced scattering coefficient 109.6 200.0 103.1 6.0

Optical images were acquired (aperture number f,
2.8; binning value, 2; integration time, 180 s) at a
quarter of an hour after micro-CT scanning. There was
no optical filter because of very weak Cerenkov signals.
A Cerenkov luminescence image was obtained after

a 90° rotation of the turntable. We rotated the turn-
table 360° to have four luminescence images.

MC Simulation

We performed MC simulations using MOSE v2.1
(http://www.mosetm.net.) and the surface mesh of the
partial digimouse."> Two point light sources were set at
(18, 31, and 36 mm) and (21, 42, and 53 mm), respec-
tively, with a total energy of 1 x 107° W and 1 x 10°
photons. The tissue-optics parameters (Table 2) were
set as the weighted values in order to simulate the in vivo
CLT situation without optical filters.
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TABLE 2. Optical parameters of the nude mouse with units of 1072 mm

-112

Material Heart Lung Liver ~ Stomach Muscle Kidney  Bladder Bone
Absorption coefficient 2.2 71 12.8 3.5 3.2 1.0 68.4 0.24
Reduced scattering coefficient 112.9  230.5 64.6 148.0 58.6 83.0 139.0 93.5

Forward Model

When exploring the application of Cerenkov lumi-
nescence in optical tomography, higher-order approx-
imations to the RTE are required. We derived the
governed matrix equation from SP; approximation,®
utilizing the finite element discretization':

e Lo = M)
Lo el 2o

where M and F are the coefficient; and Q; and Q, are
the optical energy density in W mm ™ >. After comput-
ing the approximate generalized inverse of M, and the
Schur complement® with the singular value decompo-
sition (SVD) method, the inverse of M is matrix M
(M+ = [P“ Prx } ) The linear relationship between
Py P

the boundary photon flux density J on the surface
in units of W mm > and the source density S is
defined as

J = la(P11 — 2P12/3) + b(Py — 2Py /3)]FS = AS,
(2)

where ¢ and b are the constants® and 4 isan N x M
coefficient matrix.

(1)

Inverse Model

The inverse model for whole body CLT recon-
struction is defined as an optimization problem:

min lzjvj (Ji — 4:8)*/(2N) + cPy(S) | . (3)

SeERM | £
i=1

Here, A;is the ith row of A; J;is the ith element of J; ¢
is the regulation parameter (N-c¢-d=2 x 107°
max;|[{(4; HI); PAS) = (0.5(1 = d)) - [|Sll> + d-|ISI];;
and dis a constant between O and 1. Weset d = 0.2in the
article. The iterative formula of the jth unknown item S;
of S'is

S A3 = J5) /N - d)
S./ = N
Yo Aj + (1 —d)

, (4)

where fis the soft-thresholding operator,* and Jjjis the
fitted value excluding the contribution from A;.

A maximum of 50 and a terminate threshold of
1 x 1072 outer-loop iterations were used in numerical
simulations and physical experiments.

RESULTS

Forward Simulation

Figure 2 shows two spherical light sources with a
I-mm radius inside the same partial digimouse as the
one used in MC simulations and the tetrahedral mesh.
The shortest distance from every spherical center to the
surface was 3.5 mm. We cut down four slices (Slice 1:
x = 23 mm; Slice 2: y = 31 mm; Slice 3: z = 36 mm;
Slice 4: z = 53 mm) in order to display the light source
(Fig. 2a) and measure energy densities on the surface
derived from these two methods at the same points.
This finite element mesh including 3494 nodes, 36304
triangles, and 17690 tetrahedrons was used as the input
for the SP; model. The optical properties parameters
were set the same in both SP; and MC simulations.
Figure 3 is the experimental results of the forward
simulation. The MC simulation data (Fig. 3a: Peak
value was 6.1 x 1072 W mm™>) and the solution of
SP; approximation (Fig. 3b: Peak value was 4.0 x
107" W mm ) had similar optical distributions on
the surface. We recorded the energy densities at
all boundary points along those four slices (Fig. 4).
Although the magnitude of each curve was not the
same, their distributions derived from the two methods
were consistent. These results proved that the forward
model via SP; approximation could yield a transport-
like solution as compared to the MC method.

Numerical Reconstruction

The feasibility of inverse CLT reconstruction
was validated on the basis of the SP; forward model.
Figure Sillustrates the numerical results inversely traced
back from light distribution on the surface through MC
simulation (Fig. 3a). A4 is an ill-posed coefficient matrix
with a size of 926 x 17690 in the last reconstruction
procedure. Two orthogonal slices were extracted
through each light source center to show the recon-
structed distribution in the same digimouse. We selected
the geometric center of the tetrahedron with the maxi-
mum flux rate value of the targeted area as the recovered
center to quantify the reconstruction distance error
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FIGURE 2. Schematic of the digimouse used by the forward
SP3; model. Two spherical light sources with a radius 1 mm
inside the same partial digimouse as the one used in the MC
simulations (a) and the tetrahedral mesh (b).
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FIGURE 3. Optical energy density distribution on the surface
derived from the forward simulation. (a) The MC simulation
data. (b) The solution of SP; approximation.

between the light source center and the recovered one.
Here, the distance between two points was calculated in
the L, norm. The recovered distance errors were 2.1 and
2.6 mm for these two sources. The reconstruction depth
became a major contributor to the reconstruction error
(Fig. 5). In other words, quantitative reconstruction
could be achieved using the proposed method.

Phantom Experiment

The Cerenkov luminescence image (Fig. 1d) of the
phantom was collected by our optical system (aperture

number f, 2.8; binning value, 2; integration time, 60 s).
With the help of micro-CT system, the fused volume
data (size, 500 x 500 x 200; element, 0.1 x 0.1 x
0.2 mm?) were discreted into a finite element mesh of
4399 nodes, 44774 triangles, and 21598 tetrahedrons.
The mesh is displayed with the measured photon
density in Figs. le and 1f. Cerenkov luminescence
tomography (CLT) reconstruction was performed on
the diffusion approximation' (DA) and SP; forward
models, using the same inverse algorithm and param-
eters in the article. The reconstructed iso-surfaces are
shown in Figs. 1g and 1i. Table 3 also gives the com-
parison of CLT reconstruction results between SP; and
DA forward models in the physical phantom case. It
took longer time to generate the stiffness matrix 4 for
Eq. (2) (J = AS) with the SP; forward model than that
based on the DA model. The minimum distance
between the reconstruction center and the cylinder hole
was 0.2 mm using the proposed method, which is much
smaller than 5.7 mm derived from the DA model.
Light source position is fixed and definite, which
enhances the credibility of this physical experiment.
These results prove that the SP; forward model can
more accurately simulate propagation of light in bio-
logical tissues, especially with a complex boundary.

In Vivo Application

Our approach to CLT was performed during in vivo
application with "*F-FDG, as shown in Fig. 6. There
was only one face emitting Cerenkov photons where
light energy was strong enough to be detected by the
camera, even though the turntable was rotated 360°
(Fig. 6a). The optical signal was near the bladder
(Fig. 6b). The mouse was discredited into the tetrahe-
dral mesh as the input of the SP; model, including 3555
nodes, 38115 triangles, and 18690 tetrahedrons. The
recovered center with the maximum light intensity of
4.4 x 107" W mm~* was inside the bladder (Figs. 6c,
6d). A4 is an ill-posed coefficient matrix with a size of
737 x 18690 in the last reconstruction procedure. If
the bladder was assumed as the only homogeneous
light source because of its FDG uptaking capacity, we
can quantitatively evaluate the accuracy of the recon-
struction position. The geometric center of the bladder
could be used as the true light center with the micro-
CT information’s aid. Thus, the recovered distance
error of 2.3 mm was obtained.

DISCUSSION

We have presented a finite element SP; approach for
CLT in localizing the in vivo medical isotopes uptake.
In theory, the standard SP; method can handle photon
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FIGURE 4. The energy densities at all boundary points along those four slices from both SP; approximation and MC simulations.
(a) Light intensities on the boundary of slices y = 31 mm and z = 36 mm respectively. (b) Light intensities on the boundary of

slices x = 23 mm and z = 53 mm respectively.
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FIGURE 5. Numeric results of CLT reconstruction inversely from surfacial photon distribution via the MC simulations.

transport problems in complex media. It was able to be
applied to model the Cerenkov electromagnetic spec-
trum, which is weighted to ultraviolet and blue bands.
Taking into account that the coefficient matrix derived
from the high-ordered differential and integral equa-
tion is 1ill-conditioned in the forward model, we

adopted the Schur inversion lemma and SVD method
in the finite element framework. Simulation results
for the short wavelength were proven to be consis-
tent with the MC method. Furthermore, the proposed
CLT method was applied into physical experi-
ments after numerical simulation. Quantitatively
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optical reconstruction was completed on basis of SP;
approximation solutions. Thus, it is worthwhile to
complete this basic study for the CLT problem with
the SP; approximation approach.

Our first observation is the impact of large absorp-
tion coefficients on the light propagation model. This
was illustrated in Fig. 3 (the optical energy distribution
on the surface in the chest was stronger than that in the
abdomen) and Fig. 5 (the reconstructed optical energy
distribution in the chest was weaker than that in the
abdomen). In fact, the shortest distance from a dif-
ferent light source center to the surface is the same.
The former light source was implanted within the
heart, while the other was just surrounded by muscle.

TABLE 3. Comparisons of CLT reconstruction results using
SP; and DA forward models in the physical phantom case.

Forward model SP3 DA

Time of generating 13050 7190
matrix A (s)

Time of inverse 940 720
reconstruction (s)

Maximum density 44.6 38.0

(Nano-W mm™3)

Reconstructed center (mm) (25.6, 15.0, (21.5, 15.0,
20.2) 24.5)
Minimum distance 0.2 5.7

from the hole (mm)
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The finite element SP; method can characterize this
difference to achieve the equivalent level with MC
simulations when diffusion approximation is no longer
applicable.

Our second observation concerns the impact of the
physical position on the CLT reconstruction error. The
absorption and scattering of light in tissues will aggra-
vate the ill-posedness of the optical reconstruction. The
error depth of Cerenkov optical tomography would
increase with the deepening of the actual light source.
The distance errors between the reconstructed center
and the actual center in the simulations will be 0.9 mm
(Fig. 5a) and 0.5 mm (Fig. 5b) if we do not take into
account the depth of the x axis. This error would also be
reduced to less than 1.1 mm in the mouse (Fig. 6) if we
do not calculate the depth of the y axis. Although the
surface light intensity was the same, the anatomical
position and intensity of light may be different. There-
fore, the space accuracy of 3D tomography imaging has
been greatly affected by depth. Mathematically, it is still
difficult to find a globally optimal solution to the ill-
posed problem. How to obtain the solution to com-
prehensively model the radionuclide uptake and trans-
port with optical techniques will be a more difficult
mathematical problem to solve.

In addition, optical imaging technology has been
widely applied to the pre-clinical fields, mainly
based on fluorescence molecular imaging (FMI) and
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FIGURE 6. In vivo application of whole-body CLT via finite element SP; approximation with '®F-FDG.
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bioluminescence imaging (BLI). CLI is a new approach
for optical imaging, using the isotope labeling tech-
nology. The biggest difference between FMI/BLI and
CLI is from their molecular probes. One advantage of
CLI is that molecular probes have good biocompati-
bility and permeability, with easer operation. There-
fore, CLI may be a tool so as to observe the in vivo
interaction between drugs and tumors, without
changing the biological activity of drug molecules.

CONCLUSION

Improvement of mathematical model promotes the
quality of optical tomography imaging, without any
supernumerary operation on the molecular probes.
The SP; method achieves a transport-like and accurate
solution for modeling Cerenkov light propagation in
biological tissues. Whole-body tomographic imaging
of small animals with VCR could be performed, even if
highly vascularized tissues with large absorption coef-
ficients, e.g., bladder, liver, heart, and kidneys and
their tissue vicinities, were imaged. Further, the pro-
posed CLT technique with the radiotracer may open a
door to the optical tomography clinic.
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