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Cone beam X-ray luminescence tomography can realize fast X-ray luminescence tomography imaging with relatively low scanning
time compared with narrow beam X-ray luminescence tomography. However, cone beam X-ray luminescence tomography suffers
from an ill-posed reconstruction problem. First, the feasibility of experiments with different penetration and multispectra in small
animal has been tested using nanophosphor material. Then, the hybrid reconstruction algorithm with KA-FEM method has been
applied in cone beam X-ray luminescence tomography for small animals to overcome the ill-posed reconstruction problem, whose
advantage and property have been demonstrated in fluorescence tomography imaging. The in vivo mouse experiment proved the

feasibility of the proposed method.

1. Introduction

X-ray luminescence tomography (XLT) has been put for-
ward as a novel imaging technology for biological imaging
application based on X-ray-excitable phosphor nanoparticles
[1]. These phosphor nanoparticles can produce visible lumi-
nescence light signals irradiated with X-ray which can be
measured by charge coupled device (CCD) [1]. The discovery
that both X-ray and visible light can propagate through
tissue and that the nanophosphors agents can trace specific
molecular makes XLT a proper tool for in vivo biomedical
imaging. Nowadays, XLT technology has also been extended
from narrow beam X-ray [1] to cone beam X-ray excitation
[2] and is even applied in endoscopic imaging [3]. Meanwhile,
with advanced specific materials for X-ray excitation, it has
also been applied in small animal in vivo imaging [4].

The XLT modality has its unique features over other
optical imaging methods such as bioluminescence and fluo-
rescence imaging [5, 6]. It can excite the nanophosphors from
different angles and avoid a significant autofluorescence in
other optical imaging methods [2]. However, this technology
demands long scanning time under X-ray exposure, which
limits its development of fast in vivo biology processes [5].

Some research groups have improved the XLT imaging time
resolution from different ways. Carpenter et al. proposed
a limited-angle X-ray luminescence tomography method to
complete reconstruction from limited-angles in narrow beam
XLT system [7]. Badea et al. invented a battleship sampling
paradigm to mix sampling and reconstruction in narrow
beam XLT system [8]. In addition, Chen et al. designed a cone
beam XLT imaging system [2] and Chen et al. put forward a
reconstruction method with single view data in cone beam
XLT system [3]. Even though the imaging time in the recon-
struction method with single view data is reported to be less
than 30 [3], reconstructed result with planar detectors and
a single view is generally insufficient for accurate 3D recon-
struction [9]. The inverse problem of reconstruction is an
ill-posed problem and can be improved by taking images of
the experiment subject from multiple views [10] and using
multispectral data [11].

It is reported that Gd,0,S: Tb has several peaks in the
spectrum excited by X-rays and can be applied in multispect-
ral imaging and reconstruction [12]. The multispectral prop-
erty of this material has also been reported for its advantage
inimproving the XLT imaging quality [13]. However, the pen-
etration property of this material under different spectral has
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not been discussed before. In this paper, the spectral property
of the material in different tissues has been studied. The fea-
sibility of conducting experiments in small animal has been
proved through the preliminary results. The hybrid recon-
struction algorithm with Kirchhoff approximation and finite
element method (KA-FEM) has been studied in fluorescence
tomography to overcome the ill-posedness in reconstruction
[14]. Hence, we realize cone beam XLT reconstruction with
KA-FEM method and perform experiments on both tissue
and in vivo mouse. Our reconstructed results show that the
KA-FEM method can be applied in reconstruction to make
XLT imaging feasible for small animal imaging.

2. Method

In the cone beam XLT system, X-rays are emitted from
the X-ray source and travel through the tissues based on
Lambert-Beers” law. Once the nanophosphors are irradiated
by X-rays, they will emit visible light. The light transport
in biological tissues can be accurately modeled by diffusion
approximation, owing to the highly scattering and weakly
absorbing properties of the soft tissues in the spectral region.
The imaging model can be expressed as follows:

X (r) = X, exp {— Jr Yy (T) d‘r} ,

S(r)=eX(r)p(r), 1)
~V-[D(@x) VO (r)] + u, (r) @ (r) =S(r)r € Q,

where X, is the X-ray source intensity with the initial position
r, and p,(7) is the X-ray attenuation coefficient at position
7 that can be computed from X-ray transmission data using
an attenuation-based computed tomography (CT) technique.
S(r) is the light source. X(r) is the X-ray intensity, and p(r)
is the nanophosphor density at position r. ¢ is the light
yield, while r is the position vector. () is the domain under
consideration, and D(r) = (3(u,(r) + (1 - g)‘us(r)))_l is the
diffusion coeflicient with p,(r) as the absorption coefficient,
g as the anisotropy parameter, and p(r) as the scattering
coeflicient. ®(r) is the photon flux density.

Meanwhile, it is reported that the resolution of the
reconstructed results can be significantly improved using data
measured at different wavelengths [15, 16]. With the surface
data measured at two or more wavelengths, the significantly
different system matrixes can be obtained to enhance the
resolution of the problem. The ratio of the energy distribution
in every spectrum can be measured and the linear relation-
ship between the measured multispectral data ®"*** and the
material distribution g can be obtained as follows:

Agq = O™, (2)
where
w1 Ay
Wy A
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Ay D, and w,; represent the system matrix, the measurable
photon density, and the relative fraction at which the wave-
length Ai contributes in the emission spectrum, respectively.
w,; is given as follows:
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where A1 and A\® denote the lower and upper limits of the
bandpass filter centered on wavelength Ai, respectively, and
&(A) is the emission spectrum.

The KA-FEM method is applied to combine the analytical
method and numerical method based on finite element
method to solve the imaging model and form the system
equations [14]. The flow chart of the reconstruction can
be divided into the KA module and the FEM module. KA
method is utilized to produce the region of interest (ROI) and
then FEM is used to reconstruct the final result. In the KA
module, the system matrix A ,; can be expressed as G<*(r,, r,
A,) as follows at the corresponding wavelength A, [14, 17]:

N
GKka (rs,r, /\i) = g(rs,r, Ai) + Z g(rp, I, Ai)

p=1
G (rorydy)  (3)

anp

(rp,r, Ai)

anp

)
+2C,4D (Ai) J

X AS (rp),

where on, denotes the outward normal vector at surface
point r,. AS(r,) denotes local planar discrete area on the
surface. g denotes Green’s function in infinite medium while
G** denotes Green’s function in medium with boundary. The
surface values BGKA(rs,rp,Ai) /anP can be obtained by the

method of images [18]:

oG~ (rs, Ip Ai)

anp ©)
[9(R,Z,A;) - g(R,Z+CyD(Ai))]

C,aD (M)

>

where Z = (r;—r,)-(-n,) and R = Z—(r,—r,). The coeflicient
C, 4 takes into account the refractive index mismatch between
both media [19]. Then, preliminary reconstructed results can
be obtained by /,-norm regularization method, while in the



BioMed Research International

CCD
camera

shield

Optical filter @
VU X-ray
q o luminescence
F’ X-ray
’\ ﬂ detector
Cone beam e
X-ray Rotation

stage
- 8

FIGURE 1: Experimental setup for XLT.

FEM module the system matrix A ,; can be obtained by trans-
forming the model to its weak form and discretizing the
domain with the shape function and is expressed as follows
at the corresponding wavelength Ai [2]:

Ayi= (MAi_IF)'s'X'q’ (7)
where

M, = L (D) VY, - VY, + i, (Ai) Y, - ;) dr

1
+ — J- Y,V .dr,
2K Joo 1Y

(8)

F ;= J;; D (r) ‘I’,-‘I’jdr,

Xij=Xi; (r).

¢ is the light yield and X; ;(r) is the X-ray intensity at each
vertex. x(r,n,1n') is the boundary mismatch factor, which
depends on the refractive indices n in Q and »' in the
surrounding medium. ¥; and ¥; denote the corresponding
elements of the test function. Finally, the reconstructed result
can be obtained with conjugate gradient least square (CGLS)
method [20].

3. Experiment and Result

The equipment used in our experiments consisted of a cone
beam X-ray source to excite the phosphors, an electron-
multiplying CCD (EMCCD) camera to sample the photon
fluence, and an extra CMOS X-ray detector panel to collect
the transmitted X-rays. This schematic is shown in Figure 1.
In the system, the CT system contains a microfocus X-ray
source (Apogee, Oxford Instruments, UK) and CMOS flat-
panel detector (C7921, Hamamatsu, Japan) with pixel size
of 50 ym covering a 1056 x 1056 digital image matrix. The
EMCCD camera (PIXIS2048, Princeton Instruments, UK)
was mounted at 90° toward the X-ray axis with a Nikkor 55-
mm {/2.8 D lens (Nikon, Melville, New York). To minimize
the X-ray ionizing radiation to the EMCCD, a lead shield with
depth of 4 mm was used.

First the depth of penetration and spectral property of our
material were investigated. The experiment was performed by
using porcine tissues, including liver, kidney, fat, and heart as
shown in Figure 2(a). The fresh porcine tissues were frozen
at —20°C and then cut into slices of various thicknesses using
a microtome with approximately 10 mm in width and 40 mm
in length. The thicknesses of the porcine tissues were from
2 to 6 mm, with a 2mm interval. The material is put into
the plastic capillaries with approximately 2mm in diameter
and 40 mm in length as shown in Figure 2(a). The distance
between the material and the X-ray source was 140 mm while
the distance between the material and EMCCD camera was
285 mm. The capillaries were placed under the porcine tissues
of various thicknesses, including 2, 4, and 6 mm. The X-
ray source was set to 50 kVp voltage and 1mA current. The
X-ray luminescent photons emitted from the material were
acquired by the CCD camera. A 2 x 2 binning operation was
employed to improve the signal to noise ratio (SNR). During
the luminescence signal collection, the exposure time was set
to 3s. The image acquisition system was enclosed in a light-
tight environment to avoid the effect of light from outside.
The proper optical filters with corresponding wavelengths
have been selected based on the optical spectra reported in
[12]. The optical signals were imaged at wavelengths of 545,
585, and 620 nm with corresponding optical filter manually.
The experiment was conducted three times to ensure the
accuracy of the measurements.

The luminescent images were obtained as shown in Fig-
ure 2(b). The experiment showed that the material can emit
visible light signals at wavelengths of 545, 585, and 620 nm
corresponding to the spectrum obtained in [12]. The signals
are too weak to detect in our system for the slices with depth
of 8 mm. The optical images of the material at different depths
and different spectra were acquired and the average of the
luminescence flux density in ROI is calculated. Table 1 shows
the calculation results of different thickness from different tis-
sues at the wavelength of 620 nm. The color bar in Figure 2(b)
and the results of Table 1 show the gray level of the image.
Hence, the unit is ADU (Analog to Digital Unit), which can
be ignored in both Figure 2(b) and Table 1. Table 1 shows
that the optical signal intensity decreased with the increase
in depth. Preliminary experimental results indicated that the
penetration depth was different in various porcine tissues and
that the optical signals for the material at a depth of 6 mm
could be detected for about 3 g material shown in Figure 2(b).
The results prove that this material can be applied in the
mouse experiment where the sizes of tissues are relatively
small; however, we cannot give the precise measurement
including all the tissues such as bones and lung under present
conditions. Hence, due to the limitation of the material and
system, the radius of the mouse selected in the following
experiment is about 20 mm and the sizes of tissues are smaller
than 6 mm, which is in the range of the detectable depth.

Then, an in vivo mouse experiment was carried out in the
above imaging system to evaluate the proposed cone beam X-
ray luminescence computed tomography strategy. To evaluate
the performance of the proposed method, we implanted a
plastic capillary with a 1 mm radius and 2 mm height, which
was filled with the Gd,0,S: Tb nanophosphor, into the
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FIGURE 2: (a) Slices of different porcine tissues (including liver, kidney, fat, and heart) and the material in the plastic capillaries; (b) slice

images under different filters.

TaBLE 1: Calculation results of different thicknesses from different
tissues at the wavelength of 620 nm.

TABLE 2: Reconstruction result of the two methods.

Location error (mm)  Dice coefficient

2mm 4 mm 6 mm
Liver 252.36 18.58 6.95
Kidney 618.96 75.77 27.84
Fat 713.06 272.33 121.79
Heart 420.17 94.15 59.83

mouse with the depth of about 10 mm, to simulate tumor
applications. The proper optical filters with corresponding
wavelengths have been selected the same as in the tissue
slices. The distance between the material and the X-ray source
was 200 mm while the distance between the material and
EMCCD camera was 270 mm. The micro-CT scanning was
also performed (50 kVp, 1.0 mA, 360 views with 1° intervals)
in the experiment to get the physical structure and the
corresponding X-ray attenuation coefficient of the mouse.
Then, the X-ray luminescent material was excited by an X-
ray source from four different directions and the luminescent
photons emitted from the phantom were acquired by the
CCD camera as shown in Figure 3(a). During the lumines-
cence signal collection, the exposure time was set to 5s for
each wavelength separately. The optical signals were imaged
at wavelengths of 545, 585, and 620 nm with a binning factor
of 2. Due to the limitation of the X-ray source, the total
scanning time was about 60 s. The image acquisition system
was enclosed in a light-tight environment to avoid the outside
light effect.

In the XLT reconstruction, the mouse was discretized
into 31189 tetrahedral-elements and 6341 nodes, from the
micro-CT results by AMIRA. We compared our method with
traditional XLT [, regularization method [2] to validate the
effectiveness of our proposed method. In the comparison,
two benchmarks were applied to evaluate the reconstruction
results, including location error and the dice coeflicient [21].
The homogeneous absorption coefficient and reduced scat-
tering coefficient were used in the reconstruction processes
for three corresponding wavelengths [22]. For the micro-
CT information, the reconstruction was performed using

1L.Imm 0.4
1.8 mm 0.1

Proposed method
Traditional XLT method

the filtered back projection (FBP) method [23]. From the
measured data, the distribution of the luminescent material
could be reconstructed by the above mentioned method. The
center of the capillary in the mouse was 21.2, 21.5, or 13
mm and was obtained from the micro-CT reconstruction
result. Figure 3(a) shows the experimental surface data of the
mouse. The color bar in Figure 3(a) shows the gray level of
the image, whose unit is ADU (Analog to Digital Unit) and
is ignored. Figure 3(b) shows the sectional view of the results
with proposed method while Figure 3(c) shows the sectional
view of the results with traditional method in which the black
circle shows the actual material source. Figure 3(b) shows
that the proposed method can better reveal the contour of
the actual source than the traditional one. From Table 2, it
can be seen that the proposed method can achieve smaller
location error and larger dice coefficient than the traditional
one, which means that the reconstruction results are more
similar to the actual source in the proposed method. Both the
location error and the dice coefficient in the results can prove
that the proposed method can alleviate the ill-posedness and
achieve good imaging quality. However, the light yield ¢ of
the material could not be obtained in our present system
conditions. Hence, the quantity reconstruction results were
not discussed and will be studied in future. Therefore, the unit
of Figures 3(b) and 3(c) was ignored.

4. Discussion

Based on the above experiments, we have demonstrated that
the proposed cone beam X-ray luminescence tomography
imaging based on KA-FEM method is available to in vivo
small animal imaging. The comparison between the proposed
method and the traditional one shows that the proposed
method can alleviate the ill-posedness and achieve good
imaging quality from both the location error and the dice
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FIGURE 3: (a) Optical image of in vivo small mouse; (b) sectional view of the results with proposed method; (c) sectional view of the results

with traditional method.

coefficient. Even though the spatial resolution of the recon-
struction is relatively lower than that of the narrow beam
XLT [1], the scanning time in our method could be shortened
within 60s with four angle scanning procedures while the
reconstruction can be improved by multispectral imaging.
However, the time resolution can be improved if the distance
between the material and the X-ray source become smaller
with larger FOV of the micro-CT system. The time resolution
can also be improved by using a larger voltage or current of
the X-ray source within less than 30s.

The method applied in [13] has also applied multi-
wavelength information and multilevel mesh strategy in the
reconstruction. However, the structural information has been
used as important information to realize the quantitative
analysis, so the reconstruction error in [13] is smaller than
the proposed one. If the reconstruction is conducted without
the structural information, the FEM-FEM can achieve the
location error of 1 mm and the dice coefficient of 0.38, which
is at the same level with the proposed one. Hence, both of
them can improve the quality of XLT imaging. However, the
KA module in our proposed method can realize reconstruc-
tion directly with CT voxel data. This can avoid the tedious
segmentation and gridding work in traditional XLT imaging
and improve the efficiency of the data process and analysis.

Due to the limitation of the personal computer, we cannot
deal with the over-large number of the CT voxel data and
realize the reconstruction, even though it may be solved in the
future with the development of computer science. As a novel
imaging technology, the imaging depth of XLT is limited by
the material, system, and reconstruction method. It can be
improved by increasing optical signal excited by increasing
the tube voltage and current of X-ray source, using larger
content of material with higher light yield. The influence of
these related aspects is a significant task for our further study.
Meanwhile, we apply homogeneous model in reconstruction
with multispectral data in in vivo experiment. It can be
deduced from Figure 2 that heterogeneous model for XLT
reconstruction may be reasonable because of the difference
in optical parameters of different tissues. Unfortunately, in
our in vivo experiment, a plastic capillary filled with the
Gd,0,S: Tb nanophosphor was implanted into abdomen of
the mouse, which may cause large artifacts in CT image and
make it difficult to realize the accurate tissue segmentation.
With an imprecise tissue segmentation, the reconstruction
error of heterogeneous model is much larger than that
of homogeneous model. The limitation of tissue data and
tissue segmentation cannot fully support the heterogeneous
reconstruction in our XLT experiment. With improvement



of the segmentation technique and experiment conditions,
we will further conduct the heterogeneous reconstruction to
study the tissue difference in XLT imaging.
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