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Abstract. Nowadays multi-modality imaging has gained great interest in biology research by offering complementary infor-
mation. In this paper, a modularly designed fluorescence molecular tomography (FMT) system has been developed, which can
be not only used as a standalone imaging device, but also feasibly integrated with other imaging modalities, such as X-ray
computed tomography (X-CT), single photon emission computed tomography (SPECT) and positron emission tomography
(PET), to perform multi-modality imaging in a sequential manner. The system rotates the CCD camera and the excitation light
source in the vertical plane, while the animal is stationed on a horizontally moveable transparent animal holder at its natural
prone position. FMT and other imaging modalities are co-registered automatically. Phantom and animal experiments have been
carried out to demonstrate the performance of the system. The accurate results show that this innovative flexible FMT system
has a great potential to be a powerful tool for the study of small animal disease models.
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1. Introduction

Due to the superior sensitivity and specificity, relative ease of use and cheap expense, fluorescence
imaging plays a key role in biomedical researches [1–5]. A traditional fluorescence imaging system
typically reveals only the two-dimensional (2D) fluorescent emission pattern on the animal surface,
lacking the accurate information of spatial distribution of the deep fluorophores [6]. To overcome this
limitation, many researchers have been exploring various fluorescence molecular tomography (FMT)
(also called fluorescence tomography) methods to resolve the three-dimensional (3D) distribution of the
fluorophores since later 1990s [7,8]. Over the past decades, FMT has gained significant progresses and
increasing interest in preclinical animal studies [9–13].
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FMT employs the multiple illuminations and detections over different locations of the animal sur-
face, and reveals the fluorescence distribution by solving the inverse problem. Several types of FMT
systems have been developed [6,14–23]. Early fiber-based system uses tens to hundreds of optical fibers
to convey excitation light and receive fluorescence around the object, which also requires the coupling
matching medium [6,14–16]. Although this type has the advantage that no moving part is required dur-
ing imaging, its complex system setup and coupling requirement limit the application. Another later
developed FMT type employs the CCD camera to non-contact acquire fluorescent emission in free
space [17–23], which obviously improves the spatial sampling. Recent development of FMT techniques
has been taken a step further from the standalone system to multi-modality imaging, such as FMT/
X-CT [24–26], FMT/MRI [27,28], and FMT/PET [29,30]. Multi-modality imaging not only presents
co-registered complementary information, but also provides important prior information for FMT from
other modalities to improve the image reconstruction [31–34]. Here we presented a modular designed
FMT system which can not only serve as a standalone FMT instrument, but also especially be feasibly
integrated with various imaging modalities, such as FMT/X-CT, FMT/SPECT, FMT/X-CT/SPECT, and
etc. In our FMT a rotational module was elaborately designed to rotating the whole imaging system in
the vertical plane while keeping the animal stable during the imaging process. Considering the full angle
projection without light shielding in FMT and long experiment time in multi-modality imaging, for the
first time we used a transparent tube as the animal bed to hold the animal stably in a horizontal position.
Our design alleviates body and internal organ movement compared with vertically hanging and rotating
animal. When performing multi-modality imaging, a stable one-dimensional translational stage moves
the transparent animal holder from FMT to the field of view of other modalities, which avoids animal
orientation changing. To fuse the multi-modal images, a simple and automatic registration method was
proposed.

In the following, our imaging system and reconstruction algorithm are first introduced. Then we de-
scribe experiments in standalone mode and take the FMT/X-CT for the example of multi-modality mode.
At last, conclusions and discussions are provided. Our results demonstrate that this FMT system has a
great potential for in vivo small animal imaging.

2. Methods and imaging system

2.1. Instrumentation

2.1.1. The modularly designed FMT system
The developed FMT system is a non-contact imaging system rotating in a vertical plane, as shown in

Fig. 1. It mainly consists of the excitation module, the detection module, the animal holder, the rotational
module, and the system control module.

The excitation module contains a Halogen lamp (7ILT250, 7-star, China), an excitation filter wheel
(FW102C, Thorlabs Co., USA) and a custom-designed excitation fiber. The Halogen lamp has a continu-
ous spectrum from 300 nm to 2500 nm. By choosing different band-pass filters mounted in the excitation
filter wheel, the lamp can excite various fluorescent agents efficiently and conveniently to accomplish
the multi-spectral imaging. The input end of the fiber is designed to be a circular shape while its output
end is rectangular shape [35]. The filtered light is delivered into the fiber. After passing a cylindrical
focusing lens, the light from the fiber finally forms a uniform line-shaped illumination pattern along
the longitudinal direction of the animal holder. The width and length of the line-shaped pattern can be
controlled by an adjustable slit.
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Fig. 1. The FMT system. (a) The schematic of the FMT setup: (1) Halogen lamp (2) Excitation filter wheel (3) Excitation fiber
(4) Cylindrical lens (5) Slit (6) Hub disk (7) Emission filter wheel (8) Camera lens (9) CCD camera (10) System control module
(11) Translational stage (12) Animal holder (13) Rotational gantry. (b) The photograph of the prototype. (Colours are visible in
the online version of the article; http://dx.doi.org/10.3233/XST-150478)

In the detection module, a −80◦C cooled CCD camera (PIXIS 512B, Princeton Instrument, USA)
with 512 × 512 pixels is placed on the rotational gantry opposite to the excitation fiber. A 35 mm f/1.6
camera lens (C3516-M, Pentax, Japan) is coupled to the CCD. The field of view is 10 cm × 10 cm,
covering the entire trunk of a typical nude mouse. An emission filter wheel (FW102C, Thorlabs Co.,
USA) is mounted in front of the camera lens, housing up to six filters.

A transparent thin-walled plexi-glass tube is adopted as the animal holder. The animal holder is
mounted on a high-precision linear stage (WN250TA300L, Winner Optics, China), which can trans-
late the animal to the field of view of each imaging system. Besides, the animal holder is aligned to
position at the center of the rotational gantry, keeping the excitation light always perpendicularly inci-
dent onto the surface of the round animal holder during the 360◦ rotation of the gantry, which reduces
the refraction of the excitation light caused by the tube.

The rotational module contains the rotational gantry, the hub disk and the drag chain. As shown in
Fig. 1, the system has fixed parts and rotational parts. The control module, as well as part of the excitation
module including the Halogen lamp, the excitation wheel and one end of the excitation fiber, is stably
located outside of the rotational gantry. Since there are both wire cables and the fiber, an elaborately
designed hub disk and the drag chain rather than electrical slip ring are adopted for transmitting electric
and light from stationary parts to rotational parts. In order to avoid damaging the wire cables and fibers
that connect the two parts, both cables and fibers are housed in the drag chain. Then the chain is fixed
on a custom-designed hub disk. During the 360◦ rotation of the gantry, the drag train will only wrap
around the groove of the hub disk. With long wires and fibers, the gantry can counterclockwise rotate
several circles. Combining the rotational module with a line-shaped illumination pattern, the system can
facilitate full angle parallel excitation of whole body with single circle of scanning.

To minimize the ambient light interference, the FMT system is covered by light absorbing fabric
during the experiment. The filter wheels, rotational gantry, CCD camera, and translational stage are all
controlled by the system control module using LabVIEW (LabVIEW 2010, National Instruments, USA).

In order to perform multi-modality imaging, our system allows the animal holder to travel through a
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Fig. 2. (a) The schematic design of the FMT/X-CT system (b) the white light image of the solid cube model obtained from
FMT at initial angle (c) the X-CT image projection that best matches (b) (d) the fusion of (b) and (c). (Colours are visible in
the online version of the article; http://dx.doi.org/10.3233/XST-150478)

hole in the center of the rotational gantry to other imaging modality instruments. Thus multi-modality
imaging can be carried out in a sequential way without taking the animal out of the animal holder.

2.1.2. FMT/X-CT systems
In addition, this system is modularly designed to be conveniently integrated with other modal imaging

systems. Here we take the FMT/X-CT as the example to demonstrate the multi-modality ability of our
FMT. Figure 2(a) presents a schematic diagram of how this FMT system and the X-CT are integrated
together in a sequential way. After FMT imaging, the imaged object is transferred to the X-CT system by
the translational stage without changing the posture of the object. Based on this design, we have built a
prototype of dual-modal system using the developed FMT system and a home-made X-CT system. The
X-CT system consists of an X-ray source (XRB011, Spellman High Voltage, USA) with an adjustable
voltage of 35–75 kV and a line-type X-ray detector (X-Scan0.4C4, Detection Technology, Finland) with
a detection range of 20–160 keV. The X-CT scanning is operated in helical scan mode and the X-CT
images are reconstructed using filtered back projection algorithm.

For FMT/X-CT registration, due to the relative low spatial resolution of FMT, it is usually inaccurate
to directly co-register the 3D FMT reconstruction result with corresponding X-CT images. Therefore,
instead of using FMT reconstruction result, we registered two systems by fitting the 2D white light
images of the object obtained by CCD in FMT and its X-CT images. Here we use a solid cube model
(3.5 cm × 3.5 cm × 2 cm) shown in Fig. 2(b) as a registration marker. There is a cylinder connecting
the cube model with the animal bed. The registration procedure consisted of the following steps: (1)
FMT, X-CT systems and the animal holder have been first adjusted to be co-axis mechanically. (2) The
cube model is imaged by X-CT and the 2D white light image of the model at initial angle is acquired by
FMT. (3) The image scaling between FMT and X-CT (ΔS) could be calculated using the pixel size of
2D white light image divided by the pixel size of X-CT image. Then the 2D white light image and the
projections of 3D X-CT image are interpolated to have the same pixel size. (4) With the same pixel size,
the registration between FMT and X-CT need a rigid transformation with rotation R and translation T :

PFMT = R ∗ PCT + T (1)

where PFMT and PCT indicate the coordinates of points in FMT and X-CT, respectively. Since FMT, X-
CT systems and the animal holder have been adjusted to be co-axis mechanically, there is only rotation
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around z-axis (rotation angle θ) and translation along z-axis (t) between FMT and X-CT. Thus R and T
are simplified as:

R =

⎡
⎣ cos θ sin θ 0

− sin θ cos θ 0
0 0 1

⎤
⎦ , T =

⎡
⎣0
0
t

⎤
⎦ (2)

t is calculated by

t = ZFMT − ZCT (3)

where ZFMT and ZCT are the mean z coordinates of the upper and lower boundaries of the cube model
read from the 2D white light image of FMT and X-CT projections, respectively.

After translational transformation along z-axis, only θ needs to be determined. The initial detector
positions of FMT and X-CT are both at the peaks of the gantries as shown in Fig. 2(a). Thus θ between
FMT and X-CT should be smaller than 10◦. First the 2D white light image of the cube obtained from
FMT was binarized to IFMT. Then the X-CT projections (−10◦ to 10◦ around the X-CT initial angle,
0.5◦ interval) were obtained and binarized to ICT . Finally θ is the angle maximizing the matching of
IFMT and ICT which can be calculated by counting the number of pixels that are either both zero or both
non-zero in IFMT and ICT . The white light image at initial angle of FMT and the best matching X-CT
projection are shown in Figs 2(b) and (c), and the fusion of them is shown in Fig. 2(d).

Once the transformation parameters have been determined, FMT and X-CT images can be co-
registered straightforwardly by Eq. (1). Aside from FMT/X-CT, this design and the co-registration
method can also be applied to other multi-modality systems such as FMT with PET or SPECT, as long
as the position of markers can be accurately detected by all the systems.

2.2. FMT image reconstruction algorithm

In continuous wave (CW) mode, the fluorescence migration in highly scattering biological tissues can
be modelled using the diffusion equation with the Robin-type boundary condition [36]. With known
optical coefficients, the Green’s functions G(rs, r) describing the light transportation due to a source
term S(rs) can be obtained as follows:

⎧⎨
⎩
−∇ · [D(r)∇G(rs, r)] + μa(r)G(rs, r) = S(rs), r ∈ Ω

2ρD(r)
∂G(rs, r)

∂�n
+G(r) = 0, r ∈ ∂Ω

, (4)

where D = 1/(3(μa + μ′
s)) is the diffusion coefficient, μ′

s and μa are the reduced scattering coefficient
and the absorption coefficient, Ω is the domain of the imaged object and ∂Ω is the boundary, �n denotes
the outward normal vector to the boundary, and ρ is a constant depending upon the optical reflective
index mismatch at the boundary.

Then the fluorescence signal detected at rd due to an excitation source at rs is obtained as follows:

Φm(rs, rd) = Θ

∫
G(rd, r)x(r)G(r, rs)dr, (5)

where Θ is a calibration factor which accounts for the unknown gain and attenuation factors of the
system, x is the unknown fluorescence distribution to be reconstructed.
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In this paper, line-shaped excitation light is used, which can effectively excite the fluorescent targets
in the entire interested domain [37]. Then the Green’s functions G(rs, r) of line-shaped excitation light
can be formulated as follows:

G ({rl} , r) =
∫

G (rl, r)drl, (6)

where rl is the point in the line {rl}. The Green’s functions are computed using the finite element
method.

The imaged object is discretized into Nvoxel 3D voxels. For the total number of Ndata source-detector
pairs, Eq. (5) is transformed into a linear equation with normalized Born approximation [16]:

u =
Φm

Φx
=

ΘGm(rd, r)x(r)Gx(r, rs)ΔV

Gx(rd, rs)
= Wx, (7)

where Φx and Φm are the measured excitation and emission respectively, ΔV is the volume of the dis-
cretized voxel, u with the size of Ndata × 1 is the normalized Born approximation of measurements at
the surface, W of size Ndata × Nvoxel is the weight matrix, and x of size Nvoxel × 1 denotes the fluo-
rescence distribution to be reconstructed. Equation (7) is solved by algebraic reconstruction technique
(ART) with a relaxation parameter λ = 0.1 and 200 iterations.

3. Experiments

To evaluate the performance of FMT system in both standalone and multi-modality mode, we carried
out phantom and animal experiments. In these experiments, the transparent glass tube (inner diameter
0.24 cm) containing Indocyanine green (ICG, 20 μL with 10 μM) on its tip was used as the fluorophore.
Accordingly, the excitation filter (FF01-769/41-25, Semrock Co.) with 769 ± 20.5 nm passband and the
emission filter (FF01-832/37-25, Semrock Co.) with 832 ± 18.5 nm passband were chosen respectively
by controlling filter wheels. The line-shaped illumination beam was adjusted to 1.4 cm in length and
0.1 cm in width. The fluorescence images were collected from 36 projections evenly along the 360◦
rotation, and at each projection the integration times of the CCD camera were 4 s and 10 s for the
phantom and animal experiments, respectively. Besides fluorescence signal detection, the excitation light
images were also acquired without any filter (CCD integration time 0.01 s) in both phantom and animal
experiments for normalized Born approximation.

3.1. Phantom experiment of the standalone FMT system

To validate our FMT as a standalone system, we have carried out a phantom experiment with two
fluorophores in different regions. As shown in Fig. 3(a), two glass tubes containing ICG mentioned above
were inserted into a transparent cylindrical holder (2.5 cm diameter). In Z-axis direction the centers of
glass tubes were placed at Z = 3.0 cm and Z = 1.4 cm, and in X-axis direction the two tubes were
overlapped. To mimic tissue optical scattering, the holder was filled with 1% intralipid solution. The
solution had the absorption coefficient of μa = 0.02 cm−1 and reduced scattering coefficient of μ′

s =
10.0 cm−1 [35]. The 3D geometry of the phantom was reconstructed by the inverse Radon transform
method using 36 white light images [38]. A tetrahedral mesh (8287 elements and 13317 nodes) was used
for the forward solver, while 25 × 25 × 47 voxels were sampled for the inverse problem within a target
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(a) (b)

Fig. 3. Phantom experiment of the standalone FMT. (a) The left and middle images were the real positions of the two tubes in
the holder from 0◦ and 90◦ projection, respectively. The right was the white image of the phantom after injecting the intralipid
solution at 0◦, dashed lines depicted the centers of the fluorophores; (b) 3D reconstruction result of the two fluorophores (the
left) and the transverse slices (the right) at Z = 3.0 cm and Z = 1.4 cm. The circles on the transverse images indicate the
boundary of the phantom. (Colours are visible in the online version of the article; http://dx.doi.org/10.3233/XST-150478)

volume of 2.5 cm × 2.5 cm × 4.7 cm. For each projection of fluorescence and excitation images, 20 ×
23 detectors were considered for reconstruction.

Figure 3(b) shows the reconstructed three-dimensional fluorophore distributions, where the two trans-
verse slices mark the axial positions of the actual fluorophores. The result indicates that both fluorescent
targets in different positions are successfully localized in 3D.

3.2. Animal experiment of FMT/X-CT dual-modality imaging

Preliminary animal experiment has been done by the FMT/X-CT system to test the multi-modality
capacity. First, the same FMT imaging process as in 3.1 was performed, except that the object geometry
was acquired by the more accurate X-CT results. Then the animal holder passed through the hole of the
FMT gantry to reach the X-CT system. Third, X-CT scan was performed: The X-ray tube was adjusted
to 50 keV and 10 mA, and a helical scan mode (60 scan slices, 1.5 mm helical pitch) was carried out.
Finally X-CT provided the surface profile information to FMT for reconstruction.

Animal experiment was conducted using a 23 g BALB/c nude mouse. The mouse was firstly eutha-
nized by CO2 gas chamber, then immediately a glass tube with 20 μL (10 μM) ICG solution was inserted
into the abdominal cavity of the nude mouse from anus. After that, the mouse was fixed in the plexi-glass
tube (inner diameter 2.1 cm), as shown in Fig. 4 (d) to be performed with FMT/X-CT imaging. In the
FMT reconstruction the initial optical parameters were set as μa = 0.3 cm−1 and μ′

s = 10.0 cm−1 [39].
A tetrahedral mesh (4502 elements and 7080 nodes) was used for the forward solver, while 21 × 21 ×
22 voxels were sampled for the inverse problem within a target volume of 2.1 cm × 2.1 cm × 2.2 cm. For
each view 10 × 23 detectors were considered for reconstruction. The 3D distributions of the fluorophore
in the mouse reconstructed with the X-CT prior surface information are shown in Fig. 4. Figures 4(f)–
(h) show the amplitude profiles of the fluorophore by X-CT and FMT along three axes. The location
accuracy of FMT are 0.5 mm, 0.3 mm and 0.3 mm along z axis, x axis and y axis respectively which is
acceptable considering the ill-posed problem in FMT reconstruction.
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Fig. 4. Mouse experiment of FMT/X-CT. (a), (b) and (c) are the coronal, sagittal and axial X-CT views and the corresponding
FMT/X-CT fusion images of the mouse, respectively. The dashed line in (a) indicates the position of the axial view in (c). (d)
and (e) are the white and fluorescence images of the mouse at 0◦. (f)–(h) compared the normalized amplitude profiles of X-CT
and FMT results along different white dotted lines, respectively. (Colours are visible in the online version of the article; http://
dx.doi.org/10.3233/XST-150478)

4. Conclusion and discussion

In this paper, we have presented a modularly designed FMT system, which can not only work as
a standalone fluorescence imaging system, but also have the capability to be integrated with various
imaging modalities to perform multi-modality imaging. The vertical rotational module and transparent
animal holder keep the animal in a natural and steady posture during the long imaging process. Phan-
tom and animal experiments in 3.1 and 3.2 have showed that the system accurately reconstructed the
fluorophore distributions under both homogeneous and heterogeneous optical backgrounds and that the
simple automatic co-registration method was very suitable for multi-modality systems.

There are still several issues and challenges. Refraction may affect both the excitation and emission
light propagation when they transmit through the transparent wall of the animal holder. In our current
setup, the excitation light has been kept perpendicularly incident on the surface of the animal holder dur-
ing the 360◦ rotation to reduce this influence in our system. In future, besides using a holder with thinner
wall, algorithms compensating refraction are also under study. Moreover, the FMT result is highly af-
fected by the heterogeneous background optical properties. Although normalized Born approximation
method partially corrects heterogeneities, the reconstruction image could be further improved with an
inhomogeneous forward model. X-CT or MRI can provide not only the surface morphology which has
been used in our FMT reconstruction, but also the internal organ geometries. Integrating FMT with
those modalities can help to assign more accurate optical parameters to different tissues. Thus, besides
the system development, we will focus on studying new FMT reconstruction algorithms using more
prior information from other modalities.
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