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Abstract. As a high-sensitivity imaging modality, bioluminescence tomography can reconstruct the three-dimen-
sional (3-D) location of an internal luminescent source based on the 3-D surface light distribution. However, we can
only get the multi-orientation two-dimensional (2-D) bioluminescence distribution in the experiments. Therefore,
developing an accurate universal registration method is essential for following bioluminescent source
reconstruction. We can then map the multi-orientation 2-D bioluminescence distribution to the 3-D surface derived
from anatomical information with it. We propose a 2-D -to-3-D registration method based on iterated optimal pro-
jection and applied it in a registration and reconstruction study of three transgenic mice. Compared with traditional
registration methods based on the fixed points, our method was independent of the markers and the registration
accuracy of the three experiments was improved by 0.3, 0.5, and 0.4 pixels, respectively. In addition, based on the
above two registration results using the two registration methods, we reconstructed the 3-D location of the inner
bioluminescent source in the three transgenic mice. The reconstruction results showed that the average error dis-
tance between the center of the reconstructed element and the center of the real element were reduced by 0.32,
0.48, and 0.39 mm, respectively. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or

reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.18.2.026013]
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1 Introduction
In vivo bioluminescence imaging provides a high-sensitivity,
low noise background, noninvasive means of monitoring
genes, protein expression and other cellular events at a low
cost.1,2 However, this two-dimensional (2-D) imaging modality
cannot provide three-dimensional (3-D) location information of
the bioluminescent source. As a 3-D imaging modality, biolu-
minescence tomography (BLT) shows its advantage in determin-
ing the inner bioluminescent source distribution.3–5

BLT imaging is a multi-step complex process, including
multi-orientation 2-D bioluminescent images and 3-D micro-
CT data acquisition, image segmentation, image registration
between 2-D bioluminescent images and 3-D micro-CT volume
data, and 3-D reconstruction of the bioluminescent source.
Image acquisition, segmentation, registration and the
reconstruction algorithm could affect the reconstruction accu-
racy;6–8 among them, registration is one of the most important
factors which could directly affect 3-D surface bioluminescence
distribution in the experimental mouse. Therefore, we proposed
a novel registration method for micro-CT and bioluminescence
imaging and discussed the reconstruction accuracy based on dif-
ferent registration results in the following sections.

As we all know, medical image registration can be used in
many aspects in preclinical and clinical studies. Maintz9 and his
partners summarized different registration methods in detail.
According to the dimension of the image space, the methods
can be divided into registration between 2-D/2-D, 2-D/3-D,
and 3-D/3-D. Among them, 2-D/2-D registration is currently
widely used in medical imaging processing. 2-D/3-D registra-
tion is mainly used for registration between spatial data and pro-
jection data (such as CT data and x-ray data). However, for BLT,
we must search for an effective method, so that data from 2-D
bioluminescence data and 3-D micro-CT data could be regis-
tered between each other.

The BLT method can reconstruct the inner source distribu-
tion based on the 3-D surface bioluminescence distribution. 3-D
surface bioluminescence distribution is derived by mapping the
multi-orientation 2-D bioluminescence distribution onto the 3-D
mouse surface based on the 2-D-to-3-D registration method. In
recent years, many registration algorithms have been developed,
such as Beattie’s method with the registration of planar biolu-
minescence to magnetic resonance and x-ray computed tomog-
raphy images as a platform for the development of BLT
reconstruction algorithms.10 Chandrana’s method provided a
platform for coregistered ultrasound and MR contrast imaging
in vivo.11 Klose and his partners reconstructed the source distri-
bution from coregistered CT and MR images and showed the
performance of the coregistration method.12 Beattie’s group pro-
vided a multimodality registration method without a dedicated
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multimodality scanner.13 Chen proposed a registration method
by labeling markers on the mouse body surface which also intro-
duced the artificial reading error of marked points.14 All of the
above registration methods work depending on the system set-
tings,. including the imaging angle of the camera and the marked
points. During data acquisition, the x-ray detector and optical
detector [such as the charge-coupled device (CCD) camera]
must be perpendicular to each other in 3-D space. In addition,
the above methods need to search the marked points on the 2-D
bioluminescent images and the 3-D micro-CT images simulta-
neously, which will introduce random error. Therefore, it is very
necessary to develop a registration method for a multi-orienta-
tion 2-D bioluminescent image and 3-D micro-CT image to
facilitate biomedical research that does not depend on the sys-
tem settings.

The registration between the multi-orientation 2-D biolumi-
nescent image and 3-D micro-CT image is an important research
topic that could seriously affect the accuracy of the subsequent
reconstruction. In recent years, BLT has been widely used in
research on the mechanisms of tumors and other diseases includ-
ing bacterial infectious diseases, peripheral artery diseases and
so on,15–18 which need high reconstruction accuracy to show the
minor changes at molecular and cellar levels during the process
of disease progression. Many groups have proposed many algo-
rithms on this nonrigid registration topic including affine and
locally affine registration,19,20 spline-based elastic image regis-
tration,21 registration method based on physical model transfor-
mation22,23 and so on. However, these methods have not been
used in registration between a multi-orientation 2-D biolumines-
cent image and 3-D micro-CT image. Therefore, there was
almost no systematic research on the whole process of BLT
and the corresponding analysis papers with regards to the impact
of registration on the reconstruction were rarely published.

In this paper, we introduce a registration method without
depending on the marked points before describing the
experiments in section one. Then, we apply this method on
the registration between 3-D micro-CT volume data and
multi-orientation 2-D bioluminescent surface of three transgenic
mice. Finally, we reconstruct the inner bioluminescent source
distribution of the three transgenic mice using the adaptive finite
element method and evaluated the impact on reconstruction of
registration deviation.

2 Experiments and Methods

2.1 Animal Model

The transgenic mOC-Luc mice were obtained by microinjection,
which harbored a luciferase marker gene under the regulation of
the mouse osteocalcin (mOC) promoter. Osteocalcin (OC) is a
bone tissue-specific protein expressed by osteoblasts, odonto-
blasts, and hypertrophic chondrocytes at the onset of tissue
mineralization and it accumulates in extracellular bone. The
luciferase marker gene is expressed only when the osteocalcin
promoter is induced, i.e., when the cells undergo osteogenic dif-
ferentiation. Transgenic mOC-Luc mice allow the investigation
of OC regulation during bone remodeling and mesenchymal
stem cell (MSC) osteogenic differentiation in vivo utilizing
our dual-modality bioluminescent imaging system. This trans-
genic mouse model was kindly provided by Feng Wu of China
Astronaut Research and Training Center. In this paper, we used
this transgenic mouse to prove the performance of the

registration method based on the iterated optimal projection
and the impact of its accuracy on reconstruction.

2.2 In Vivo Bioluminescent Image Acquisition

The in vivo white images and bioluminescent images at four
orientations were acquired utilizing our dual-modality biolumi-
nescent imaging system. The mouse was fasted overnight prior
to the experiment to prevent food from interfering with the
bioluminescence results. In order to compare our registration
method with the registration method based on the marked
points,10,11 the mouse was first injected with 200 μl urethane
intraperitoneally and then was affixed to the mouse bed with
marked points which was assembled on the rotation stage24

(shown in Fig. 1, location 3). During bioluminescent imaging
acquisition, parameters of the CCD (Princeton Instruments
PIXIS 1024BR, Roper Scientific, USA) were set at
exposure time ¼ 2 min, f-number ¼ 2.8, controller gain ¼ 3,
rate ¼ 1 MHz, resolution ¼ 16 bits, and read out ¼ low noise.
In addition, during the white imaging acquisition, parameters
of the CCD were set at the exposure time ¼ 10 ms; the other
parameters were the same as those of the bioluminescent imaging
acquisition. The bioluminescent image acquisition experiments
were carried out in a completely dark environment. The imaging
coordinates and the corresponding pixel values were quantified
from the acquired image using Windows Molecular Imaging
System (WinMI) software, which was developed based on the
Medical Imaging ToolKit (MITK,25 Medical Image Processing
and Analysis group, Institute of Automation, Chinese Academy
of Sciences, Beijing, China; www.mitk.net). The four orientation
white light images are shown in Fig. 2.

Fig. 1 Our prototype BLT/micro-CT dual modality imaging system. 1,
CCD camera; 2, x-ray detector; 3, mouse bed; 4, x-ray tube; 5, anes-
thesia machine; 6, rotation stage.24

Fig. 2 Four orientation (2-D) white light images of the transgenic
mouse; 0-deg., anterior-posterior; 90-deg., left lateral; 180-deg., pos-
terior-anterior; 270-deg., right lateral image. (Green) Circles indicating
the 24 marked points with No. 1 through 24.
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2.3 Micro-CT Imaging Acquisition and
Reconstruction

The anatomical information of the transgenic mouse was
acquired by the micro-CT system for the following registration.
The micro-CT system consists of a microfocus x-ray source with
a focal spot size of 30 μm, a flat-panel x-ray detector with a
1120 × 1172 pixel photodiode array and a 50 μm pixel pitch
(shown in Fig. 1, location 2). In the second hour after injecting
200 μl Fenestra VC into the tail vein, 500 projection views were
collected in 8.5 mins. During the image acquisition, the param-
eter of the micro-CTwas set as follows: voltage of the x-ray tube
was 50 kVp, the integration time of the detector was 0.467 s, the
size of each projection view was 1120 × 1172, and the pixel size
of the detector was 0.1 × 0.1 mm2. After acquiring the projec-
tion data, a graphics-processing-unit accelerated Feldkamp-
Davis-Kress method26 was used to reconstruct the volume
data (shown in Fig. 3); the type was 16 bits unsigned
short point and the volume size was 512 × 512 × 256. The
total imaging time was 43.170 s, which included reading the
data from the disk and reconstructing the volume data. Then,
the 3-D surface image of the transgenic mouse was derived
using the thresholding algorithm of the MITK toolkit (shown
in Fig. 4).

2.4 Registration Method Based on the Iterated
Optimal Projection

This registration method can be divided into three steps and the
corresponding flowchart of the whole algorithm is shown
in Fig. 5.

In the first step, we used the Canny method to extract the
mouse contour curves.27,28 In this process, we used the deriva-
tive of the Gaussian function to calculate the image gradient.
The input image was first convoluted with a Gaussian kernel,
as shown in Eq. (1):

Sðx; yÞ ¼ Gðx; y; σÞ × Iðx; yÞ; (1)

where σ stands for the smoothness of the image which is often
determined from experience, Iðx; yÞ is the function of the image,
ðx; yÞ is the coordinate of the image, and Gðx; y; σÞ is a 2-D
Gaussian function of normal distribution. Afterwards, we
used the first-order finite-difference method to estimate the
two arrays of the partial derivatives:

Dxðx; yÞ ≈ ½Sðx; yþ 1Þ − Sðx; yÞ þ Sðxþ 1; yþ 1Þ
− Sðxþ 1; yÞ�∕2Dyðx; yÞ ≈ ½Sðx; yÞ − Sðxþ 1; yÞ
þ Sðx; yþ 1Þ − Sðxþ 1; yþ 1Þ�∕2: (2)

Finally, the image gradient can be obtained from the following
two equations:

Mðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dxðx; yÞ2 þDyðx; yÞ2

q

θðx; yÞ ¼ arctan½Dyðx; yÞ∕Dxðx; yÞ�; (3)

where Mðx; yÞ is the gradient amplitude and θðx; yÞ is the gra-
dient orientation. This equation demonstrates that the edge fea-
ture of the image is enhanced with the growth of the M value.
Then, the nonmaximal value of the gradient was suppressed and
the edge points were extracted using the dual-threshold
method.27,28 Afterwards, the edge points of the four-orientation
2-D white images in Fig. 2 were extracted using the Canny
method and the four edge curves were set as l1ðx1; y1Þ,
l2ðx2; y2Þ, l3ðx3; y3Þ, l4ðx4; y4Þ.

In the second step, we established two planes (ψ0
1, ψ0

2)
perpendicular to each other as the initial mapping planes of
the mouse to satisfy the following conditions:

ψ0
1 ⊥ τ;ψ0

2τ; and ψ0
1 ⊥ ψ0

2; (4)

where τ is the imaging platform almost parallel to the ground.
Here, ψ0

1 and ψ
0
2 are the planes parallel to the 0-deg. surface and

90-deg. surface in Fig. 2 which were chosen manually as the
initial mapping planes. Then, the 3-D mouse surface (shown
in Fig. 4) could be projected onto the two planes ψ0

1, ψ0
2.

The 3-D mouse surfaces after projection were, respectively
set as φ1, φ2, φ3, φ4, which corresponded to the four-orientation
2-D images in Fig. 2. Similarly, the edge points of φ1, φ2, φ3, φ4

were extracted using the Canny method, and then the edge
curves were set as L1ðX1; Y1Þ, L2ðX2; Y2Þ, L3ðX3; Y3Þ,
L4ðX4; Y4Þ, respectively.

In the third step, the two curves were shifted to the same
coordinate system. In order to determine the similarity of the
two curves, we built a similar discriminant function:

jF ¼
����Yki − yki

����
1

¼
Xn
i¼1

����Yki − yki

����; Xki ¼ xki;

k ¼ 1; 2; 3; 4; (5)
Fig. 3 Micro-CT volume data of the transgenic mouse. (a) coronal
image; (b) transectional image; (c) sagittal image.

Fig. 4 2-D projection of 3-D mouse skin surface of the transgenic
mouse. 0-deg., anterior-posterior; 90-deg., left lateral; 180-deg., pos-
terior-anterior; 270-deg., right lateral image.
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where j is the number of iterations. (xki, yki) is the coordinate of
the edge points of the four-orientation 2-D image of the trans-
genic mouse and k ¼ 1, 2, 3, 4 especially for the four orienta-
tions including 0-deg., 90-deg., 180-deg., and 270-deg. (Xki,
Yki) is the coordinate of the 2-D projection of the 3-D mouse
skin surface. If xki ≠ Xki, we can get X 0

ki which satisfies xki ¼
X 0
ki through interpolation. In �30 orientations where the itera-

tion step is Δ, the initial mapping plane (ψ0
1, ψ

0
2) was rotated

and we attained a series of mapping planes (ψm
1 , ψm

2 ),
m ¼ 0; 1; 2: : : . Thus, we can get the minimum discriminant
function value 1F and the optimal mapping plane (ψA

1 , ψ
A
2 ).

In the second round of the search, (ψA
1 , ψ

A
2 ) was set as the initial

mapping plane and the rotation angle was limited in the �30∕2
orientation with the iteration step Δ∕2. After this research, we
could get another minimum discriminant function value 1F.
In the process of the iteration calculation, if ððjþ1ÞF − jFÞ∕jF
was less than 0.01, then iteration was terminated. If ððjþ1ÞF−
jFÞ∕jF was more than 0.01, then the iteration continued with
the rotation orientation �30∕2j−1 and the iteration
step Δ∕2j−1(j ¼ 1; 2: : : ).

With the above calculation, the four orientation white light
images in Fig. 2 could be registered to the 3-D mouse surfaces
derived from the microCT volume data. Furthermore, we could
get the 3-D surface bioluminescence distribution of the

transgenic mouse using the registration method based on the
iterated optimal projection (shown in Fig. 6) for the following
BLT.

2.5 Three-Dimensional Reconstruction of the Inner
Source Based on the Registration

Since the experiment was carried out in a totally dark environ-
ment, the propagation of bioluminescent photons in the highly-
scattering biological tissues could be represented by the
steady-state diffusion equation in BLT:7,29

−∇ · ½DðxÞ∇ΦðxÞ� þ μaðxÞΦðxÞ ¼ SðxÞðx ∈ ΩÞ: (6)

The boundary condition can be depicted as

ΦðxÞ þ 2Aðx; n; n 0ÞDðxÞ½vðxÞ · ∇ΦðxÞ� ¼ 0ðx ∈ ∂ΩÞ; (7)

where Ω and ∂Ω are the domain and its boundary, respectively;
ΦðxÞ denotes the photon flux density [Watts∕mm2]; SðxÞ is the
source energy density [Watts∕mm3]; μaðxÞ is the absorption
coefficient [mm−1]; DðxÞ ¼ 1∕3½μaðxÞ þ ð1 − gÞμsðxÞ� is the
optical diffusion coefficient [mm]; μsðxÞ is the scattering coef-
ficient [mm−1]; g is the anisotropy parameter; and ν is the unit
outer normal in ∂Ω.

In recent years, many algorithms have been developed to
reconstruct the inner bioluminescent source,6,30–32 which were
proven to be confident in bioluminescent tomography experi-
ments not only on phantom models but also on mouse models.
Here, we chose the most commonly used adaptive finite element
method (FEM) to assess the impact of registration accuracy on
reconstruction using the three transgenic mice. Based on FEM,
the diffusion equation could be finally transformed to

ASP ¼ Φm: (8)

2.6 Ex Vivo Validation Experiment

In the following reconstruction analysis, we used the elements in
the bone nearest to the reconstructed element as the real
elements to calculate the reconstruction error. In order to evalu-
ate the feasibility of this method in the transgenic mice
osteocalcin study, we designed a set of ex vivo experiments
to support the reconstruction results. According to the distance
between the real element and the nearest arthrosis derived from
the reconstruction results, we euthanized the mice and cut
the bones at different locations. The bone cells were extracted

Fig. 6 The 3-D bioluminescence distribution of transgenic mouse 1
after mapping based on the registration results using our registration
method. 0-deg, anterior-posterior; 90-deg, left lateral; 180-deg, pos-
terior-anterior; 270-deg, right lateral image.

Fig. 5 The flowchart of the algorithm.
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overnight using the enzymes and the bioluminescent intensity
was detected using the chemiluminescence apparatus after add-
ing enough luciferin. A detailed experimental procedure is as
follows:

1. Euthanized the mice and cut the bones nearest from the
reconstructed elements at different locations according
to the reconstruction results.

2. Milled the bone tissue into powder using liquid
nitrogen.

3. Added 0.5 ml passive lysates per 0.1 g tissue, slowly
rotating for 30 min at room temperature in order to
make cell cleavage adequate.

4. Centrifuged for 1 min at 12,000 rpm, and added it to
the white detection plate after removing 25 μl
supernatant.

5. Detected the bioluminescence intensity for 10 s after
adding 50 μl luciferin (Biotium Inc., USA).

3 Results

3.1 Registration Results

Based on this method, the 3-D mouse surfaces were mapped into
four-orientation 2-D planes using the orthographic projection.
According to this method, the mouse surfaces were mapped
onto two planes ½ðψ j

1;ψ
j
2Þ; j ¼ 0; 1; 2: : : �, respectively so we

could obtain four-orientation mouse surface images.
In our experiments, according to the experimental and evalu-

ation results, the primary parameter σ ¼ 1.8 which controls the
size of the Gaussian kernel of the filter fit our applications the
best. In order to compare our registration method with the regis-
tration method based on the marked points,10,11 the mouse was
affixed to the mouse bed with marked points (shown in Fig. 2).
According to the requirements of this method, the mouse must
rotate along the axis without deviation during the whole experi-
ment. Nine holes with a 1 mm diameter in the mouse bed were
set as the registration points for this method. During the process
of registration based on the marked points, we had to manually
search the registration points of the four orientation biolumines-
cent images and the 3-D Micro-CT image, and validate the

matching relationship of the points between the two modalities.
The registration error was calculated by

RE ¼
ffiffiffiffi
Ψ

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

½ðxim − xiBÞ2 þ ðyim − yiBÞ2�
vuut ; (9)

where (xm, ym) is the coordinate of the marked points in the
2-D bioluminescent images which are considered to be the
true value in the experiment, and (xB, yB) is the coordinate of
the corresponding marked points (xm, ym) which are considered
to be the calculated value in the registrationmethod. In the experi-
ments, due to the occlusion of the marked points in the mouse
bed, we cannot read the coordinates of all marked points.
Here, we chose 24marked points from the four angles to evaluate
the registration accuracy (shown in Fig. 2). Among them, points 1
through 6 were on the 0 orientation surface of the mouse bed,
points 7 through 12 were on the 90 orientation surface of the
mouse bed, points 13 through 17 were on the 180 orientation sur-
face of the mouse bed, and points 18 through 24 were on the 270
orientation surface of the mouse bed. Then, we could obtain the
registration points of the 24 marked points on the 3-D image
derived from the Micro-CT volume data corresponding to the
24 marked points on the four orientation 2-D white images of
the transgenic mouse using the two registration methods. The
coordinates of the 24 marked points on the mouse bed were con-
sidered to be more accurate than the points marked on the mouse
because of the rigidity characteristics of the mouse bed.

According to the above error calculation equation, we could
get the registration deviation between the points on the 3-D
image and the points on the four orientation 2-D images
using the two registration methods. Based on the registration
results, we could also calculate the average registration
deviation of the marked points at every angle and the total aver-
age deviation of all 24 marked points. The results are shown in
Table 1. Meanwhile, in order to show the registration deviation
of the two registration methods, we made the 24 marked points
and their registration points using the two registration methods
in a coordinate system (shown in Fig. 7). From the figure, we
could also find that the registration deviation of our method was
less than the registration deviation of Beattie’s and Chandrana’s
methods.10,11

With these experiments, we found that the average registra-
tion deviation using the registration method based on the marked

Table 1 The registration results of three mice using the two registration methods.

Mouse Method 0 deg 90 deg 180 deg 270 deg Average deviation

Mouse 1 IOP 2.2 pixels 2.7 pixels 2.1 pixels 2.6 pixels 2.4 pixels

MP 1.7 pixels 2.6 pixels 3.5 pixels 2.9 pixels 2.7 pixels

Mouse 2 IOP 1.9 pixels 2.5 pixels 2.3 pixels 2.2 pixels 2.2 pixels

MP 2.8 pixels 2.7 pixels 2.2 pixels 2.9 pixels 2.7 pixels

Mouse 3 IOP 2.3 pixels 2.4 pixels 2.5 pixels 2.4 pixels 2.4 pixels

MP 3.5 pixels 2.8 pixels 1.9 pixels 2.9 pixels 2.8 pixels

Note: IOP stands for the registration results of three mice using our registration methods based on the iterated optimal projection; MP stands for the
registration results of three mice using the registration algorithm based on the marked points.10,11
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points10,11 was 2.7 pixels and the average registration deviation
using our registration method based on the iterated optimal pro-
jection was 2.4 pixels. For this experiment, the pixel of our CCD
was 0.02 mm, and the magnification of our imaging system was
4.5. Therefore, the average absolute registration deviations of
the two methods were 0.24 and 0.22 mm, respectively. The
results showed that the registration method based on the iterated
optimal projection could improve the registration accuracy by
0.02 mm (0.3 pixels).

In addition, in order to evaluate the stability of the algorithm,
the experiments were carried out on another two mice, and the
registration results are shown in Table 1. The results showed that
the average registration deviation of mouse 2 using the two
methods was 2.2 pixels (0.20 mm) and 2.7 pixels (0.24 mm),
respectively and the average registration deviation of mouse
3 using the two methods was 2.4 pixels (0.22 mm) and 2.8 pixels
(0.25 mm), respectively. In contrast with the registration method
based on the marked points,10,11 our method could improve the
average registration deviation by 0.5 pixels (0.04 mm) and
0.4 pixels (0.03 mm).

At the same time, in order to evaluate the performance of the
algorithm, the dispersion coefficient was used to show the rep-
resentativeness of the total registration deviation. Here, we used
the coefficient of variance to represent the dispersion coefficient.
The equation is shown as follows:

DC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 ½ADi − AD�2
q

AD
ðN ¼ 4Þ; (10)

where DC is the dispersion coefficient, AD is the average regis-
tration deviation at four angles, andAD ¼ ADi∕4, i ¼ 1, 2, 3, 4.
According to the equation, we could obtain the dispersion coef-
ficient results of the three mice using the two registration meth-
ods; the results are shown in Table 2. The results showed that the
average dispersion coefficient using the two registration meth-
ods was 0.07 and 0.40 pixels, respectively. The high dispersion
coefficient (DC) of the registration method based on the marked
points means the DC at the four angles is obviously different.
All of these results showed that our registration method was

more stable than the registration method based on the marked
points.10,11

Furthermore, the bioluminescence distribution derived from
the four-orientation 2-D images was mapped onto the 3-D
surface of the mouse derived from the Micro-CT image using
our registration method based on the iterated optimal projection.
The 3-D bioluminescence distribution of transgenic mouse 1
after mapping based on the registration results using our regis-
tration method is shown in Fig. 6. The distribution of the
bioluminescent source can be calculated through an FEM
method. In the next section, we will discuss the impact on
reconstruction of registration deviation in more detail.

3.2 Reconstruction Analysis Based on Registration

In order to evaluate the impact on the reconstruction results of
the registration deviation, we reconstructed the inner biolumi-
nescent source distribution using the above FEM method
with the same parameters. In addition, we used a biolumines-
cence decay calibration strategy to reduce the impact on the
reconstruction of bioluminescence decay.24

According to the reconstructed volume data from Micro-CT,
the transgenic mouse was segmented into two major organs to
represent the heterogeneous mouse, including muscle and bone.
The optical properties for each organ were determined with the
inverse adding doubling scheme,33 as listed in Table 3. The
reconstruction processor was run based on the parameters of
the two tissues. The micro-CT volume data of the transgenic
mouse was discretized into 4038 points and 20158 tetrahedrons.

In order to induce the ill-posedness of reconstruction, we
adopted a permissible source region strategy. According to
the bioluminescence distribution on the surface after mapping

Table 2 Dispersion coefficient (DC) for the registration deviation of
the three mice using the two registration methods.

DC Mouse 1 Mouse 2 Mouse 3 Average DC

DC1 0.11 0.09 0.01 0.07

DC2 0.63 0.11 0.47 0.40

Note: DC1 (dispersion coefficient 1) stands for the dispersion coefficient
of the registration deviation using our registration method based on the
iterated optimal projection; DC2 (dispersion coefficient 2) stands for the
dispersion coefficient of the registration deviation using the registration
methods based on the marked points.10,11

Fig. 7 Coordinates of the 24 marked points and coordinates of their
registration points using the two registration methods; points A stand
for the 24 marked points; points B stand for the registration points of
the 24 marked points using our registration method, and points C
stand for the registration points of the 24 marked points using
Beattie’s and Chandrana’s methods.10,11

Table 3 Optical parameters for different heterogeneous mouse
tissues.

Material μaðmm−1Þ μsðmm−1Þ g

Muscle 0.010 4.000 0.900

Bone 0.002 20.000 0.900

Note: ED1 (error distance 1) stands for the error distance between the
reconstructed center of the reconstructed element and the real center of
the real element of mouse 1 using the FEM method based on our regis-
tration results; ED2 (error distance 2) stands for the error distance
between the reconstructed center of the reconstructed element and
the real center of the real element of mouse 1 using the FEM method
based on Beattie’s and Chandrana’s methods.10,11
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and bioluminescence calibration, the permissible source region
(PS) was set to

PS ¼ ½ðx; y; zÞj14 < x < 40; 8 < y < 28; 62 < z

< 72; ðx; y; zÞ ∈ Ω�: (11)

The regularization parameter was set to 0.5 × 10−12 and the
threshold was set to 0.5. The reconstruction time of mouse 1
was 1345.6 s. Based on the heterogeneity of the mouse, the
multi-bioluminescent sources in the transgenic mOC-Luc
mouse were reconstructed. The reconstruction results for
mouse 1 based on our registration results are shown in
Fig. 8. Since the two figures were not easily distinguishable
with the naked eye, the reconstruction results based on the regis-
tration results using Beattie’s and Chandrana’s methods10,11 are
not shown in this paper. Here, the bioluminescent source whose
intensity was less than half of the highest intensity of the bio-
luminescent source is not shown in the figure.

In addition, in order to assess the reconstruction accuracy,
we calculated the reconstructed center of every reconstructed
element. The elements in the bone nearest to the reconstructed
element were considered to be the real elements. Then, the
error distance (ED) could be calculated through the following
equation:34

ED ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx1 − x2Þ2 þ ðy1 − y2Þ2 þ ðz1 − z2Þ2

q
; (12)

where (x1, y1, z1) is the center of the real element, and (x2, y2,
z2) is the reconstructed center of the reconstructed element. The
corresponding quantitative reconstruction results using the FEM

method based on the two registration results are shown in
Table 4.

According to the ex vivo validation experiments, we acquired
the bone cells from six different locations and measured the bio-
luminescent intensity using the chemiluminescence apparatus.
Based on the two bioluminescent intensity results derived
from the measurement of the chemiluminescence apparatus
and 3-D reconstructions, we calculated the correlation. A robust
linear correlation between the two bioluminescent intensity
results was observed and the corresponding results are shown
in Fig. 9. The experimental results demonstrated that the evalu-
ation method of reconstruction is effective in osteocalcin
research of transgenic mice.

Meanwhile, we had reconstructed the bioluminescence dis-
tribution of the other two mice based on the two registration
results with the same parameters. We calculated the average
error distance between the center of the reconstructed element
and the center of the real element based on the two registration
results. The results are shown in Table 5. In Table 5, “A” (mm)
means the average error distance between the center of the
reconstructed element and the center of the real element
based on the registration results using our registration method;
“B” (mm) means the average error distance between the center
of the reconstructed element and the center of the real element
based on the registration results using Beattie’s and Chandrana’s
registration methods.10,11 The results showed that the recon-
structed error distance based on the registration results using
our method could be reduced by 0.32, 0.48 and 0.39 mm,
respectively. From Tables 1 and 5, we found that the recon-
structed error distances of the three mice were reduced by
0.16 mm (0.48 through 0.32 mm), while the registration
deviation of the three mice was reduced from 0.3 pixels

Fig. 8 Reconstructed bioluminescent source results based on our registration results; A, anterior-posterior; B, left lateral; C, posterior-anterior; D, right
lateral image; E, three-dimensional reconstructed bioluminescent source.
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(0.027 mm) to 0.5 pixels (0.045 mm) demonstrating that the
improvement of the reconstruction accuracy was consistent
with the narrowing of the registration deviation.

4 Conclusion and Discussion
In this paper, through the registration and reconstruction experi-
ments, we have shown that the registration deviation of the three
mice was reduced by 0.3 pixels (0.027 mm), 0.5 pixels
(0.045 mm) and 0.4 pixels (0.036 mm), respectively; the average
error distance between the center of the reconstructed element
and the center of the real element of the three mice was reduced
by 0.32, 0.48, and 0.39 mm, respectively with the same
reconstruction conditions and parameters. The improvement
of the registration accuracy would improve the reconstruction
accuracy. In the follow-up studies, we will carry out the research
on an accurate and rapid registration and reconstruction method,
which will achieve an automatic registration and reconstruction
function. This research will be expected to facilitate the mecha-
nistic study on the diseases of bones such as osteoporosis and
hyperosteogeny through 3-D bioluminescence reconstruction of
osteocalcin. Furthermore, it will promote accurate diagnosis of
tumors at an early stage and the application of optical molecular
imaging in clinical surgical navigation. In addition, we will
attempt to study the global automatic algorithm of the whole
process of BLT, which will promote the application of optical
molecular imaging in clinical and preclinical oncology and drug
research.

The registration method proposed in this paper avoided
manual research for the fiducial markers in a Micro-CT
image and four orientation bioluminescent images, which
greatly reduced the introduction of random error. In the process
of searching points for the registration method based on the
marked points,10,11 the matching relationship between the two
modalities is fuzzy and needs to be validated according to prac-
tices which would cost too much time. However, during the
process of our registration method, the movement of the
mouse with the bed is not restricted which made the experiments
more flexible especially for continuous long-term observation of
the tumor. Alternatively, the registration method based on the
iterated optimal projection is robust and does not need any con-
trasting agent.

The main limitation of the procedure we proposed is that the
mouse was required to be anesthetized during the imaging
experiment. Thus, for example, registrations between functional
images (or anatomical images) acquired serially over the obser-
vation course of several days could not be conducted following
these procedures alone because of different conditions of the
mouse after anesthesia. However, the existence of an accurately
registered structural (magnetic resonance imaging-MRI, CT)
image associated with each day’s functional image in many
cases will fill such a serial registration gap.35

Table 4 The error distance between the reconstructed center of the
reconstructed element and the real center of the real element of mouse
1 using the FEM method based on the two registration results.

Point No. ED1 ED2

1 1.53 1.70

2 1.71 1.69

3 1.08 1.42

4 2.48 1.99

5 0.77 2.97

6 1.22 1.62

7 1.24 1.51

8 0.85 1.36

9 1.62 1.30

10 0.97 1.27

11 1.96 3.27

12 2.81 2.02

13 1.79 1.91

14 0.83 1.21

15 1.59 1.63

16 2.39 2.57

17 0.90 1.10

18 1.10 1.51

19 1.44 2.29

Fig. 9 Correlation between the two bioluminescent intensity results
derived from the chemiluminescence apparatus and reconstruction.
Linear regression analysis indicated a high correlation between the
two bioluminescent intensity results (R2 ¼ 0.98; p < 0.0001).

Table 5 The average error distance between the center of the recon-
structed element and the center of the real element based on the two
registration results of the three mice.

Mouse 1 Mouse 2 Mouse 3

A (mm) 1.49 1.36 1.56

B (mm) 1.81 1.84 1.95
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In the future, we will attempt to study some registration
methods without the need of mouse anesthesia, which depends
on the progress of computational mathematics, optics and the
improvement of medical imaging devices. Alternatively, we
will study the fuzzy registration method in order to fulfill the
continuous long-term observation without needing high
accuracy registration, such as the observation of tumor metasta-
sis and other disease progression. Furthermore, we will also
study the impact of registration on bioluminescence
reconstruction based on current research and promote the appli-
cation of this method in registrations between other imaging
modalities including MRI and PET. In conclusion, all of the
above research will promote the development of the life science
field and potentially influence other disciplines such as molecu-
lar biology, biochemistry, computational mathematics, optics
and medical imaging devices.
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