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Abstract. We present a method for mapping the two-dimensional (2D) bioluminescent images (BLIs) onto a three-dimensional
(3D) body surface derived from the computed tomography (CT) volume data. This mapping includes two closely-related steps,
the spatial registration of the 2D BLIs into the coordinate system of the CT volume data and the light flux recovering on the
body surface from BLIs. By labeling markers on the body surface, we proposed an effective registration method to achieve
the spatial position alignment. The subsequent light flux recovering is presented based on the inverse process of the free-space
light transport model and taking the influence of the camera lens diaphragm into account. Incorporating the mapping procedure
into the bioluminescence tomography (BLT) reconstruction, we developed a dual-modality BLT and CT imaging framework
to provide both optical and anatomical information. The accuracy of the registration and the light flux recovering methods
were evaluated via physical phantom experiments. The registration method was found to have a mean error of 0.41 mm and
0.35 mm in horizontal and vertical direction, and the accuracy of the light flux recovering method was below 5%. Furthermore,
we evaluated the performance of the dual-modality BLT/CT imaging framework using a mouse phantom. Preliminary results
revealed the potential and feasibility of the dual-modality imaging framework.

Keywords: Dual-modality imaging, bioluminescence tomography (BLT), computed tomography (CT), spatial registration, light
flux recovering

1. Introduction

As a promising non-contact optical imaging technology, bioluminescence tomography (BLT) has
received increased attention in recent years [1]. By integrating multi-angle bioluminescent images
(BLIs), geometrical structures and tissue optical properties, BLT aims to reconstruct the bioluminescent
probe distribution inside a small living animal based on an accurate light transport model [2]. However,
BLT only macroscopically reflects the physiological and pathological activities of the tumorous tissues
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inside an animal’s body, but cannot provide structural information of the internal organs. Thus, it needs
to be registered with the anatomical structure to determine the probe position [3,4]. In 2003, Wang
first presented the concept of BLT and developed the corresponding imaging system prototype [5]. On
the basis of the prototype system, reconstruction algorithm was developed by fusing the anatomical
structure acquired by computed tomography (CT) and applied to in vivo small animal studies [6]. After
that, fusing the anatomical structure obtained from CT or magnetic resonance imaging to reconstruct
the internal bioluminescent probe distribution has become a dominating branch of BLT [3,4,7–10].
However, the past researches have not achieved a seamless integration at the system level and the fusion
of the bioluminescent and structural information is implemented by using complicated registration
algorithms [3,4].

The input data for source reconstruction in BLT are the two-dimensional (2D) BLIs acquired by the
non-contact CCD camera. However, the existing source reconstruction algorithms are all based on the
light flux distribution on the body surface [11–17]. Thus, it is necessary to map the 2D BLIs onto the
three-dimensional (3D) body surface derived from the anatomical structure. Based on the Lambertian
source theory of diffuse light, we have proposed two types of free-space light transport models, which
are used to describe the light transport process from the body surface to the CCD camera [18,19]. At the
same time, motivated by the principle of the optical path reversibility and the ideology of the reciprocity
theorem between sources and detectors, we have developed an effective method for the recovering of
the surface light flux distribution from the multi-angle 2D BLIs [20]. Our light flux recovering method
is based on the following two assumptions. Firstly, the anatomical structure has been obtained by the
structural imaging modalities aforehand. Secondly, the 2D BLIs have been registered into the coordinate
system of the structural volume. There is no absolutely physical coordinate for the 2D BLIs and the
anatomical structure used in the bioluminescent source reconstruction is originated from the volume
of the CT reconstruction. Therefore, before performing the surface light flux recovering, we should
first determine the position of the BLIs in the coordinate system of the CT volume data. Furthermore,
our previous light flux recovering method did not consider the influence of the camera lens diaphragm
which imposes great impact on the detection results [19]. As a result, if the influence of the camera lens
diaphragm is considered in the light flux recovering procedure, the mapping results of 2D BLIs onto the
3D body surface may be further improved.

In this paper, we proposed a new method for mapping 2D BLIs onto a 3D body surface derived
from the CT volume. This mapping includes two closely-related steps, the spatial registration of the
2D BLIs into the coordinate system of the CT volume data and the light flux recovering on the body
surface from 2D BLIs. By labeling markers on the body surface, an effective registration method was
presented to achieve the alignment of spatial position which is to determine the position of the BLIs
in the coordinate system of the CT volume data. The presented registration method is based on the
seamless integration of BLT and CT at the system level, and is specified for the subsequent light flux
recovering procedure. Moreover, considering the influence of the camera lens diaphragm, we improved
our previously proposed light flux recovering method [20]. Incorporating the mapping procedure into
BLT reconstruction, we developed a dual-modality BLT and CT imaging framework to provide both
optical and anatomical information. The accuracy of the registration procedure and the improvement
of the light flux recovering method were evaluated via physical phantom experiments. In addition, we
also investigated and discussed the influence of the registration error on the subsequent surface light flux
recovering and the internal bioluminescent source reconstruction. Finally, the performance of the dual-
modality BLT/CT imaging framework was evaluated by using a mouse phantom. Preliminary results
revealed the potential and feasibility of the dual-modality imaging framework.
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Fig. 1. Schematic diagram for dual-modality BLT/CT imaging system.

2. Mapping of 2D bioluminescent images onto a 3D body surface

2.1. Spatial registration of the 2D BLIs into the coordinate system of the CT volume data

To perform the dual-modality BLT/CT imaging, we developed a seamlessly integrated system that is
composed of the BLT prototype sub-system and micro-CT sub-system [21]. In the dual-modality system,
two subsystems are fixed perpendicularly and share a control system, including the translation stages,
rotation stage and imaging holder. The imaging holder is fixed on the rotation stage, and the rotation stage
is placed on the translation stages as shown in Fig. 1. Since the 00 view image is in the same position
for both the 2D BLIs and micro-CT projection image, the surface markers in the identical perspective
of the two images have the same physical coordinates. In the existing BLT technologies, four- or single
view BLIs are commonly utilized for the internal source reconstruction. Considering the perpendicular
layout of the two subsystems at the same time, we assume that the BLIs are perpendicularly located at
the X- or Y-axis of the coordinate system of the CT volume data. Furthermore, variation trends for the
physical coordinates of each pixel on the BLIs are static and the same as those in the coordinate system
of the CT volume data. Thus, as long as we determine the physical coordinates of the central position
of BLIs in the coordinate system of the CT volume data, the physical coordinates of all of the pixels can
be calculated according to the variation trends. Thus, the registration in this paper is to calculate the
physical coordinates of the central position of BLIs based on the surface markers.

Because the BLI is perpendicularly located at the X- or Y-axis of the coordinate system of the CT
volume data, we just need to register the non-axial coordinate of the central position of each BLI. The
axial coordinate of the central position can be calculated according to the lens law and the location
of the imaging holder in the experiments. Therefore, given the physical coordinates, the CT slice
coordinates and the BLT pixel coordinates of the surface markers, the central coordinates of the BLIs
can be determined using the following formula:
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xc = −η(1 − σ) + σ[rxxCT
m + ηlx(xBLI

m − xBLI
c )]

yc = −ησ + (1 − σ)[ryy
CT
m + (−η)ly(yBLI

m − yBLI
c )]

zc = rzz
CT
m + lz(zBLI

m − zBLI
c ) (1)

where (xc, yc, zc) are the registered central coordinates of the BLI; (rx, ry, rz) is the slice resolution of
the CT volume in the axial direction; (xCT

m , yCT
m , zCT

m ) are the slice coordinates of the surface marker
in the CT volume data; (xBLI

m , yBLI
m , zBLI

m ) are the pixel coordinates of the surface marker in the BLIs;
(xBLI

c , yBLI
c , zBLI

c ) are the pixel coordinates of the center in the BLI; (lx, ly, lz) is the optics magnification
along the axial direction on the virtual detection plane [18–20]; and η and σ are defined as the identifier
functions which are used for identifying the axis of the BLIs located with their definition as:

σ =
{

0 I⊥X -axis
1 I⊥Y -axis

(2)

η =
{ −1 I ∈ positive axis

1 I ∈ negative axis
(3)

where I represents the BLIs. In Eq. (1), (xc, yc, zc) are the coordinates in the BLI physical coordinate
system, (xCT

m , yCT
m , zCT

m ) are the ones in the CT system, (xBLI
m , yBLI

m , zBLI
m ) and (xBLI

c , yBLI
c , zBLI

c ) are
the ones on the BLI image system. Therein, the BLI physical coordinate system is defined the same as
the CT system.

Rearranging Eq. (1), we obtain the following matrix equation:

R = C + MA + DB (4)

where R = [xc, yc, zc]T is a column vector which is comprised of the registered central coordinate of
the BLIs; C = [−η(1 − σ),−ησ, 0]T is the identifier function vector; M is a column vector that is
formed by the physical coordinates of the surface marker and satisfies M = [rxxCT

m , ryy
CT
m , rzz

CT
m ]T ;

A = [σ, 1 − σ, 1] is a constant coefficient vector that is used to identify which axis the bioluminescent
image is located on; D = [lx(xBLI

m − xBLI
c ), ly(yBLI

m − yBLI
c ), lz(zBLI

m − zBLI
c )]T is the optical distance

vector along the axial direction between the surface marker and the center of the BLIs; and B is the
constant coefficient vector of the optical distance and denotes B = [ησ, η(1 − σ), 1].

Since the dual-modality BLT/CT imaging system is seamlessly integrated by being fixed perpendicu-
larly and sharing a control system, we can ensure that the 00 view image is in the same position for both
the 2D BLIs and micro-CT projection image. Thus, if the physical coordinates of surface markers in the
coordinate system of the CT volume data, the slice coordinates of the surface markers in the CT volume
data, the pixel coordinates of the surface markers in the BLIs and the axial optics magnification have
been given, we can register the 2D BLIs into the coordinate system of the CT volume data using Eq. (4).

2.2. Light flux recovering on the body surface from 2D BLIs

Motivated by the principles of optical path reversibility and the ideology of the reciprocity theorem
between sources and detectors, each pixel of the BLIs is assumed as a Lambertian source, eradiating
light power to the surface of the body. Based on the Lambertian source theory of diffuse light, we have
proposed a light flux recovering method for the reconstruction of light flux distribution on the body
surface from multi-view 2D BLIs [20]. However, this method only worked well for the case of the large
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Fig. 2. Diagram for the procedure of the surface light flux recovery and descriptions of the related parameters.

aperture camera lens because the influences of the camera lens diaphragm were not considered. In our
previous study [19], we have incorporated these effects into modeling the light transport from the body
surface to the CCD camera by improving the visibility factor. In this paper, we improved our light flux
recovering method using the improved visibility factor. Thus, corresponding relationship between the
outward flux at any point of the body surface and the light power in the acquired BLIs is obtained:

J(r) =
1
π

∫
T

E(rd)α(rvd, r)β(rd, r; ΩD)
cos θs cos θd

|r − rvd| dT (5)

where J(r) is the outward flux at point r of the body surface; T is the detection space constructed by all
of the pixels in the bioluminescent image; E(rd) is the light power received at point rd of the detection
space; rvd is the imaging point of rd on the virtual detector plane; θs is the included angle between the
unit direction vector from rvd to r and the normal vector of the surface point r; θd is the included angle
between the unit direction vector and the normal vector of the virtual detector point rvd; α(rd, r) is the
field visibility factor and β(rd, r; ΩD) is the effective visibility factor, which are generalized from the
analysis of the camera lens diaphragm as presented in [19] and are used to determine whether the energy
mapping relationship exists between the two points; and ΩD represents the size of effective aperture
and is dependent on the camera lens diaphragm. The detailed derivation of Eq. (5) can refer to the
literatures [19,20], and the diagram for the procedure of the surface light flux recovery and descriptions
of the related parameters are intuitively described in Fig. 2.

3. Dual-modality BLT/CT imaging framework

Based on the dual-modality BLT/CT imaging system, we have developed a dual-modality BLT/CT
imaging framework by integrating the mapping of 2D BLIs onto the 3D body surface into the internal
bioluminescent source reconstruction procedure. The whole procedure of the dual-modality imaging
framework is shown in Fig. 3. Some important procedures are presented in detail as follows.
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Fig. 3. Procedures of the dual-modality BLT/CT imaging framework.

3.1. Dual-modality images acquisition and preprocessing

Controlling the translation stages via software, we adjust the imaging holder and ensure its location
at the perpendicular center of the two sub-systems. The imaging holder is ensured to be imaged clearly
at the CCD camera by adjusting the BLT sub-system. By space-equally rotating the rotation stage three
90◦ in an anticlockwise direction, four views of bioluminescent images and marker-labeled photographs
are acquired using the BLT sub-system. Subsequently, 480 views of CT projection images are acquired
by the micro-CT sub-system by space-equally rotating the rotation stage 0.75◦.

After acquiring the experimental data using the dual-modality BLT/CT imaging system, the images
have to be preprocessed. By reconstructing the preprocessed CT projection images, we obtain the CT
volume data using the GPU accelerated FDK algorithm [22]. The main organs are then segmented to
form the 3D anatomical structure of the body [23]. To provide the volume surface for mapping of BLIs
onto the CT volume data and the tetrahedral mesh for the reconstruction of the internal bioluminescent
source, we discretize the CT volume data using the software of AmiraTM (Mercury Computer Systems,
MA).

3.2. Spatial registration of the 2D BLIs into the coordinate system of the CT volume data

The registration process is realized based on the following procedures. Firstly, the slice coordinates of
the surface markers are extracted from the reconstructed CT volume data and the pixel coordinates are
obtained from the 2D BLIs. Secondly, based on the slice coordinates and the axial resolution utilized
in the volume reconstruction, we calculate the corresponding physical coordinates M in the coordinate
system of the CT volume data. Thirdly, after experimentally determining the axial optics magnification,
we achieve the axial optical distance vector D. Lastly, by substituting the afore-cited information into
Eq. (4), we obtain the physical coordinate vector R of the 2D BLIs in the coordinate system of the CT
volume data.
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3.3. Light flux recovering on the body surface from 2D BLIs

After obtaining the physical coordinates of the central position of the BLIs in the coordinate system of
the CT volume data, the physical coordinates of all of the pixels can be determined based on the variation
trends of the axial coordinates. Thus, the alignment of spatial positions between the BLIs and the body
surface can be established. Then, the energy mapping from the BLIs to a point on the body surface can
be constructed using Eq. (5). After further integration of Eq. (5) over the whole body surface, we can
obtain the recovered light flux distribution on the body surface.

3.4. Reconstruction of the internal bioluminescent source

Bioluminescence probes, such as Fluc, emit bioluminescent light with a peak wavelength at red and
near-infrared ranges in which the spectrum of the biological tissues are scattering dominated. Thus, the
diffusion equation and Robin boundary condition are commonly used in BLT [11–17]:

−∇ · (D(r)∇Φ(r)) + μa(r)Φ(r) = S(r)(r ∈ Ω)

Φ(r) + 2An(r)D(r)(υ(r) · ∇Φ(r)) = 0(r ∈ ∂Ω) (6)

where Ω ∈ R3 denotes the whole solving domain; r is an arbitrary position vector in the domain Ω; Φ(r)
is the nodal flux density at position r; S(r) represents the power density of the bioluminescent source;
μa(r) is the absorption coefficient; D(r) is the diffusion coefficient and satisfies D(r) = [3(μa + μ′

s)]
−1,

where μ′
s is the reduced scattering coefficient; An(r) is the mismatch factor of the refractive index; and

υ(r) is the outward unit normal vector on the boundary ∂Ω.
In the dual-modality BLT/CT imaging framework, the finite element method (FEM) is adopted to

discretize Eq. (6). Thus, a linear matrix equation that links the unknown internal light source and the
surface measured light flux density is established:

ASPer = ΦB (7)

where SPer represents the unknown light source distribution located in the potential source region that
is determined by an a priori knowledge or the reconstructed outward light flux distribution on the body
surface; A is the system matrix that removes the rows corresponding to the interior nodes; and ΦB

denotes the nodal flux density on the boundary of the domain and satisfies ΦB(r) = 2An(r)J(r), where
J(r) is the reconstructed outward light flux on the body surface.

Considering the severe ill-posedness of the source reconstruction problem, it is impossible to obtain
the unknown source distribution from Eq. (7) directly. Usually, Eq. (7) is regularized to the following
regularization problem:

min
∥∥ASPer − ΦB

∥∥
∧ + λ

∥∥SPer
∥∥
∧ (8)

where λ is the regularization factor determined by experiments or the L-curve method [24]. In the exper-
imental section, an adaptive hp-FEM algorithm combined with l2 norm based Tikhonov regularization is
used to evaluate the developed dual-modality BLT/CT imaging framework. Using the modified Newton
method with an active set strategy [16], we obtain the unknown bioluminescent source distribution.
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Table 1
Comparisons between the actual and the registered physical coordinates of the central position
of the bioluminescent images (in units of mm)

Actual central Registered central Registration Average error
position position error

x positive axis (19.600, 14.296) (20.093, 13.793) (0.493, 0.503) (0.412, 0.347)
x negative axis (21.106, 14.296) (20.661, 14.044) (0.445, 0.252)
y positive axis (21.268, 13.919) (21.314, 13.713) (0.046, 0.206)
y negative axis (19.635, 14.422) (20.297, 13.994) (0.662, 0.428)

Note: x positive axis represents that the bioluminescent image is perpendicular to the x
positive sub-axis, and the others are similar.

4. Experiments and results

In this section, four groups of verification experiments were designed and conducted to validate the
accuracy of the surface marker based spatial registration method, and to evaluate the performance of
the improved light flux recovering method and the dual-modality BLT/CT imaging framework. Firstly,
a cylinder phantom based experiment was performed to validate the accuracy of the proposed spatial
registration method under the assumption that the actual physical coordinates of the central position of
the BLIs had been pre-obtained. Then, we investigated the influence of the registration error on the
recovering of the surface light flux distribution. Lastly, the performance of the improved light flux
recovering method and the dual-modality imaging framework were evaluated with a mouse phantom.

4.1. Accuracy validation of the spatial registration method

In this sub-section, a nylon cylindrical phantom of 30 mm diameter and 30 mm height was designed
and utilized to perform the accuracy validation experiment. In the bioluminescent imaging experiment,
a luminescent solution with a peak wavelength at about 650 nm was selected to simulate the internal
bioluminescent source. To place the bioluminescent sources, two small holes of 1 mm radius and 5 mm
center to center distance were drilled with a distance of 9 mm away from the phantom center. Prior to
the imaging experiment, small balls made of plasticine were adhered to the phantom surface and utilized
as surface markers. After adjusting the dual-modality BLT/CT imaging system based on the procedure
presented in Section 3.1, four views BLIs, four views photographs with markers, and 480 views CT
projection images were acquired and preprocessed. In the procedure of adjusting the dual-modality
imaging system, the center of the phantom in the photographs was ensured to be at the center of the
image. Therefore, the actual physical coordinates of the central position of the BLIs that were required
to be registered were the center of the phantom in the corresponding view image.

Table 1 presents the comparisons between the actual and the registered physical coordinates of the
central position of the BLIs. Based on the comparison results, we find that the registration errors in the
horizontal direction were slightly larger than those in the vertical direction. For example, the worst error
in the horizontal direction was up to 0.662 mm, but the value was 0.503 mm in the vertical direction.
This was mainly caused by the fact that the optics magnification in the horizontal direction was not the
same as that in the vertical direction. In bioluminescence imaging, because the depth of field effects
exists in the imaging system, not all of the points on the body surface are imaged exactly on the CCD
camera. Thus, the optics magnification is different for the different surface points. Particularly, the
fluctuation becomes larger for curved surface. As a result, the influence of the optics magnification on
the registration results in the horizontal direction is larger than that in the vertical direction. However,
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Table 2
Influence of registration error on the recovering of surface light flux distribution

Registration error 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.5 2.0
Recovered error 0.014 0.019 0.022 0.022 0.022 0.025 0.029 0.031 0.035 0.045

the accuracy of the proposed spatial registration method is acceptable from the aspect of the average
registration error, with values being about 0.412 mm in the horizontal direction and 0.347 mm in the
vertical direction, which are both less than 0.5 mm.

4.2. Influence of registration error on the recovering of surface light flux distribution

To investigate the influence of the registration error on the subsequent recovering of the surface light
flux distribution, we artificially enlarged the registration error and then recovered the surface light flux
distribution using the modified registration results. Based on the accuracy of the surface light flux
distribution, we determined the maximum registration error that can be affordable. Here, the average
registration error was set to be changed from 0.5 mm to 2 mm as listed in Table 2. Three curves were
extracted from the phantom surface at the height of 15 mm, 19 mm and 23 mm. Then, we compared
the recovered surface light flux distribution using the inaccurate registration results with that using the
accurate one on the three curves, and defined their average difference as the error for the recovering of
the surface light flux distribution (termed as the recovering error from now on). The recovering errors
corresponding to different registration errors are listed in Table 2.

From Table 2, some interesting conclusions are addressed. Firstly, the recovering error becomes
larger and larger as the registration error increases. Secondly, the recovering error is less than 3% if
the registration error is no larger than 1.1 mm. Thus, we conclude that an acceptable recovered result
of the surface light flux distribution can be obtained when the registration error is smaller than 1.1 mm.
Furthermore, comparable reconstructed results of the internal bioluminescent source are obtained when
the recovering error is less than 5%, as presented in [20]. Therefore, the registration error of the proposed
registration method is acceptable for the subsequent recovering of the surface light flux distribution and
the reconstruction of the internal bioluminescent source. Figure 4 presents the comparisons between the
recovering of the surface light flux distribution using the registration results calculated by our proposed
registration method and that using actual registration results. Therein, Fig. 4(a) shows the recovered
surface light flux distribution based on the registration results calculated using the proposed registration
method and corresponding recovered distribution based on the actual registration results is shown in
Fig. 4(b); Fig. 4(c)–(e) present the curve comparisons at the height of 15 mm, 19 mm and 23 mm. From
Fig. 4, we find that the recovered surface light flux distribution is slightly different in both cases, which
further demonstrates the effectiveness of the proposed registration method.

4.3. Performance of the improved light flux recovering method and developed dual-modality BLT/CT
imaging framework

To evaluate the performance of the improved light flux recovering method and the developed dual-
modality BLT/CT image framework, a nylon mouse shape phantom was designed and manufactured to
conduct the imaging experiment. A small hole of 1.5 mm radius was drilled at the head of the mouse
phantom to locate the bioluminescent source where luminescent solutions of 20 μl volume were injected.
The luminescent solutions were extracted from a red luminescent light stick (Glowproducts, Canada),
with the peak emission wavelength at about 650 nm. In this wavelength, the optical properties of the
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Fig. 4. Comparisons between the recovered surface light flux distribution using the registration results calculated by our
proposed registration method and that using actual registration results. (a) Recovered surface light flux distribution based on the
registration results calculated using the proposed registration method; (b) Recovered distribution based on the actual registration
results; (c)–(e) Curve comparisons at the height of 15 mm, 19 mm and 23 mm.

phantom can be taken as: the absorption coefficient μa = 0.0138 mm−1, and the reduced scattering
coefficient μ′

s = 0.91 mm−1. Similarly, small balls made of plasticine were also adhered to the surface of
the mouse phantom prior to the experiment. After adjusting the dual-modality BLT/CT imaging system
based on the procedure presented in Section 3.1, four views BLIs, four views photographs with markers,
and 480 views CT projection images were acquired and preprocessed.

The information of the surface markers were first extracted from the preprocessed data, including the
CT slice coordinates (xCT

m , yCT
m , zCT

m ) and the optical pixel coordinates (xBLI
m , yBLI

m , zBLI
m ), the pixel

coordinates of the center of the BLIs (xBLI
c , yBLI

c , zBLI
c ), the slice resolution of the CT volume data

(rx, ry, rz) and the axial optics magnification (lx, ly, lz). Then, the physical coordinates of the central
position of the BLIs in the coordinate system of the CT volume data were calculated using Eq. (4).
Table 3 lists the registered results of the center of the BLIs into the coordinate system of the CT volume
data. Based on the registered coordinates presented in Table 3, the preprocessed BLIs and the surface
profile of the mouse phantom extracted from the CT volume data, the light flux distribution on the surface
of the mouse phantom was recovered using our previous proposed and improved light flux recovering
method respectively. To evaluate the improvement of the light flux recoveringmethod, the recovered light
flux distribution was compared with a simulation result using the Monte Carlo method [25]. Figure 5
presents the comparisons between the recovered light flux distribution and the simulation results, where
Fig. 5(a)–(c) show the compared curves between the recovered result by our previous proposed method
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Table 3
Registration results for the mouse shaped phan-
tom experiment (in units of mm)

Registered central position
x positive axis (19.048, 30.895)
x negative axis (20.392, 30.895)
y positive axis (21.483, 30.991)
y negative axis (19.117, 30.991)

Fig. 5. Comparisons between the recovered light flux distribution on the phantom surface and the simulation results at the
height of 14 mm, 17 mm and 20 mm. (a)–(c) Compared curves between the recovered result by our previous proposed method
and the simulation one; (d)–(f) Compared curves between the recovered result by the improved method and the simulation one.

and the simulation one, and Fig. 5(d)–(f) present the compared curves between the recovered result by the
improved method and the simulation one. The asterisk lines represent the recovered result and the solid
lines denote the corresponding simulation result. From Fig. 5, we find that the curves of the improved
method approach the simulation ones well at the locations where the previous method did not coincide
with the simulation, such as the detection positions 100∼150 in Fig. 5(a)–(c) and positions 400∼450
in Fig. 5(b) and (c). To quantitatively characterize the improvement, we calculated the recovering error
for both the previous and improved method. The recovering error, which can be calculated according to
the [20], is 5.4% for our previous method and 4.8% for the improved method which is below 5%. As a
result, compared with our previous method, the improved light flux recovering method indeed improved
the surface light flux recovering result.

Based on the recovered light flux distribution on the phantom surface by the improved method, the
position of the bioluminescent source inside the mouse phantom was reconstructed using the source
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Fig. 6. Performance evaluation of the dual-modality BLT/CT imaging framework. (a) Recovered light flux distribution on the
surface of the mouse phantom by using the improved method; (b) 3D view of the reconstructed internal source result; (c) and
(d) The corresponding coronal and axial views.

reconstruction algorithm described in Section 3.4. Firstly, the CT volume data of the mouse phantom
was discretized into a tetrahedral mesh that is constructed by 9746 tetrahedral elements and 2197 nodes.
Then, according to the light flux distribution on the surface of the mouse phantom (as shown in Fig. 6(a)),
a potential source region was defined as {(x, y, z) | 17 < x < 22, 15 < y < 25, 19 < z < 22}. Finally,
we set up an objective function in the terms of Eq. (8) based on the procedure presented in Section 3.4.
Solving the objective function, we obtained the reconstructed position of the internal bioluminescent
source as shown in Fig. 6(b)–(d). Therein, Fig. 6(b) presents the 3D view of the reconstructed result, and
the corresponding coronal and axial views are presented in Fig. 6(c) and (d). The gray cylinder denotes
the actual position of the source that was scanned by the micro-CT sub-system, and the small blue
domains represent the reconstructed result. From Fig. 6(b)–(d), we can find that the reconstructed source
approaches the actual one well in the case studied. The central position of the reconstructed source is
at (21.35, 19.73, 20.55) mm, and the corresponding actual central position is (20.80, 19.52, 20.80) mm,
with a distance error being 0.63 mm which is smaller than one step size of light propagation. Thus, the
dual-modality BLT/CT imaging framework is of great feasibility and effectiveness, which implemented
the dual-modality BLT/CT imaging appropriately.
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5. Discussion and conclusion

We have proposed a novel light flux mapping method for dual-modality BLT/CT imaging, which
includes two closely-related steps, that is the surface marker based spatial registration and the improved
light flux recovering. The spatial registration method is based on the seamless integration of BLT and
CT at the system level, and can effectively achieve registration of the 2D BLIs into the coordinate system
of the CT volume data. Considering the influence of the camera lens diaphragm, we improved our
previously proposed light flux recovering method [20]. Integrating the mapping procedure into the BLT
reconstruction, we developed a dual-modality BLT/CT imaging framework, providing a great solution to
the dual-modality BLT and CT imaging. Cylindrical phantom based experiments presented the accuracy
and effectiveness of the proposed registration method. Using a mouse shape phantom, the performance
of the improved light flux recovering method and the potential of the surface light flux mapping method
in its application on the dual-modality BLT/CT imaging were also illustrated, which also demonstrated
the effectiveness and feasibility of the dual-modality BLT/CT imaging framework. However, there are
some deficiencies required that need to be improved. Firstly, the proposed spatial registration method
is not universal but specified for the dual-modality BLT/CT imaging framework. This is because the
spatial registration method is proposed for and used in conjunction with the surface light flux recovering
method. Secondly, the proposed spatial registration method is based on markers labeled on the body
surface. The registration accuracy is dependent on the information of the markers, such as the size of the
makers, the accuracy of the markers’ position, and so on. Thus, this approach is vulnerable to human
disturbances. If a marker-free registration method is utilized in our dual-modality BLT/CT imaging
framework, human disturbances can be significantly reduced. Lastly, although the improved light flux
recovering method provides a better result than our previous proposed method, the improvement is not
noticeable. As a result, further improvement of the light flux recovering method is still our interest.

Overall, we have developed a novel dual-modality BLT/CT imaging framework, which will expose
new applications of BLT to in vivo small animal imaging. These preliminary results show that the
proposed registration method and the corresponding dual-modality BLT/CT imaging framework are of
great potential and feasibility for the applications of BLT. Further study will focus on the development
of the marker free registration method and the new applications of the dual-modality BLT/CT imaging
framework.
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