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In-vivo fluorescence molecular tomography based on
optimal small animal surface reconstruction
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Accurate small animal surface reconstruction is important for full angle non-contact fluorescence molecular
tomography (FMT) systems. In this letter, an optimal surface reconstruction method for FMT is proposed.
The proposed method uses a line search method to minimize the mismatch between the reconstructed three-
dimensional (3D) surface and the projected object silhouette at different angles. The results show that the
mean mismatches of the 3D surfaces generated on three live anesthetized mice are all less than two charge
coupled device (CCD) pixels (0.154 mm). With the accurately reconstructed 3D surface, in-vivo FMT is
also performed.
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Fluorescence molecular tomography (FMT) is an emerg-
ing diagnosis tool for small animal research and drug dis-
covery. By tagging regions of interest with target specific
fluorescent probes, FMT may resolve three-dimensional
(3D) locations and geometries of target regions, such
as tumors. With the development of fluorescent probe
technologies, this new technology has been widely used
for gene function, proteins, enzymes, metastasis, drug
discovery, and cancer detection in-vivo[1].

In the past years, FMT systems have evolved from
the early fiber-based systems[2] to the non-contact slab-
shaped system using charge coupled device (CCD)[3].
However, the fixed geometries of the above systems re-
quire matching fluids, which is inconvenient for experi-
ments. At the same time, only limited projection angles
were used in slab-shaped based systems[3]. Non-contact
FMT system with full-angle projections overcomes the
limited projection angles of the slab geometry. Therefore,
it results in more accurate localization and quantification
information of the fluorescence target[4]. Additionally,
it avoids using the matching fluid and simplifies the
experimental setup. For imaging systems with fixed
geometry, a lot of reconstruction methods have been
proposed, including the adaptive mesh base method[5,6],
Newton type method[7], maximum likelihood method[8],
diffuse optical tomography guided method[9], and meth-
ods for time-domain FMT[10−12]. However, when apply-
ing these reconstruction methods in in-vivo experiments
on non-contact full-angle FMT systems, accurate mouse
surface should firstly be obtained. With this surface
information, the light transportation in the mouse can
be predicted using the diffusion equation (DE)[2−10]. In
Ref. [13], the mouse surface was obtained by using a
photogrammetric 3D camera. Structured light was also
used for obtaining the mouse surface in Xenogen IVIS
Imaging System 200 Series[14] and the hyperspectral
imaging system[15]. In full-angle non-contact imaging
systems[4,16], the mouse surface can be reconstructed
from white light images[17,18] or shadow images[4] cap-

tured at different angles. This technique takes full ad-
vantage of the full-angle non-contact imaging system.
Thus, no extra equipment such as a photogrammetric
3D camera[13] is needed.

Radon transform with Sheep Logan filter[18] or con-
stant filter[4] has been used for reconstructing the mouse
surface. Reconstructing a two-dimensional (2D) contour
using Radon transform from projection lines is to find
one circumscribing polygon of the real 2D geometry.
This essence determines the theoretical optimal thresh-
old parameter for extracting the 2D contour from the
back projected 2D image. However, in practical in-vivo
experiments, the optimal parameter will be different
from the theoretical one as the result of mouse breath
movements and mechanical errors. A line search method
is introduced in this letter to obtain an optimal param-
eter, which minimizes the mismatch between the recon-
structed 2D contour and the projection line. Therefore,
the obtained surface will be more accurate compared
with that obtained with other Radon transform based
surface reconstruction methods[4,18]. The optimal sur-
face obtained will lead to better mathematical modeling
of light propagation in live mice.

The full-angle non-contact imaging system[16] used in
this letter is shown in Fig. 1. The imaged object was
positioned on a stage which could rotate and rise. Light
from a 250-W halogen lamp (7-star, Beijing) traveled
through a 715-nm long-pass filter (Andover Corpora-
tion, Salem, NH) and a 775± 23-nm band-pass filter
(Semrock, Rochester, NY) to provide the excitation
light. The excitation light was then coupled into a 4-
mm inner diameter optical fiber. The excitation light
from the optical fiber was focused on the mouse back
surface with a diameter less than 2 mm and a power of
13 mW. The focus point was maintained over a 9-mm
depth of field, which was appropriate for irregular mouse
shape. Photons which propagate out of the mouse front
surface were acquired by a 512 × 512 element EMCCD
array (Andor, Belfast, Northern Ireland, UK) which was
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Fig. 1. Experimental setup.

Fig. 2. Illustration of Radon transform based surface recon-
struction methods. (a) The captured white light image at one
projection angle; (b) the detected silhouette (binary image)
from the white light image; (c) the essence of Radon transform
based surface reconstruction methods.

cooled to −70 ◦C and coupled with a Nikkor 60-mm
f/2.8D lens (Nikon, Melville, NY). When the fluores-
cence images were recorded, a 840±6-nm band-pass filter
(Semrock, Rochester, NY) was placed in front of the lens.
When the excitation light images were recorded, a neu-
tral density filter (Daheng, Beijing) was placed in front
of the lens to allow 6% excitation light transmission and
prevent possible highlight damage to the CCD. When the
white light images were recorded for surface reconstruc-
tion, the white light bulb was switched on to provide front
light illumination, while the excitation light was switched
off.

Before surface reconstruction, the object silhouette is
detected from the captured white light image using ver-
tical sobel gradient operator, as shown in Figs. 2(a) and
(b). With the accurately detected silhouette at different
angles, the 3D surface is obtained by reconstructing the
2D contour at each height slice. At each height slice, the
2D contour is obtained by back projecting all the pro-
jection lines at different angles, equivalent to the Radon
transform method with a constant filter. As shown in
Fig. 2(c), the circle represents the real 2D geometry. The
three white lines represent the projection lines at three
different angles. The back projected 2D image is gener-
ated by back projecting the projection lines. The region
inside the polygon contains unity pixels. The unity pix-
els are the pixels which have the maximum gray values

and appear in the back projected band of each projection
line. Then, the polygon is the reconstructed 2D contour
from the projection lines. From Fig. 2(c), we can see
that reconstructing the 2D contour from the projection
lines is to find one circumscribing polygon of the real 2D
geometry. As the number of projection angles increases,
the circumscribing polygon will approximate the real 2D
geometry more accurately. Theoretically, once back pro-
jected image is obtained, the most accurate 2D geometry
can be extracted by finding pixels (unity pixels) which
appeared in all silhouettes. Considering that the inten-
sity of unity pixels is 1 unit, then finding unity pixels
means finding pixels with intensity value above or equal
to the threshold of 1. However, in in-vivo experiments,
the theoretically determined threshold does not produce
the most accurate 2D contour due to the mouse breath
movements and mechanical errors of imaging systems.
For example, good results were consistently generated
with threshold set to 0.8[4].

It should be noted that the mouse breath movements
in different regions are different. For example, the mouse
breath movements in the chest region are larger than
those in the abdomen region. At the same time, the me-
chanical errors of different FMT systems will be different.
Herein, an automatic and optimal threshold at each slice
j is determined by

f(thj) = min{
∑

θi

[
∣∣∣L(j, θi)left −

→
Lth(j, θi)left

∣∣∣

+
∣∣∣L(j, θi)right −

→
Lth(j, θi)right

∣∣∣]}, (1)

where L(j, θi) is the collected projection line at angle θi,
and

→
Lth(j, θi) is the calculated projection line at angle θi

of the reconstructed 2D geometry with threshold set to
“th”. Subscripts “left” and “right” represent the left and
right positions of the projection lines. Equation (1) finds
the optimal threshold thj by minimizing the mismatch
between the reconstructed 2D geometry and detected
silhouette at different angles. Because Eq. (1) is a uni-
modal function, one-dimensional line searching method
can be used to find the optimal threshold. In this letter,
the golden section method is used to search the optimal
threshold during the region from 0.7 to 1.0. It should be
noted that Eq. (1) does not eliminate the mouse breath
movements. Instead, it obtains a mean surface which
has the minimal mismatch with the detected silhouettes
at different angles.

With the reconstructed 3D surface, finite element
method is used to solve the diffusion equation. The nor-
malized born method[3] is employed to correct the mouse
tissue heterogeneity influences, where the measured flu-
orescence signals are divided by their corresponding ex-
citation light signals. A linear system m = Wn with
weight matrix W can be generated[19], where m is the
measured data and n is the unknown distribution of flu-
orescence targets. For reconstruction, the linear system
is inversed using randomized algebraic reconstruction
technique (R-ART).

For small animal imaging, a mouse (Kunming mouse,
4 weeks, 26 g) was firstly shaved and anesthetized un-
der the isoflurane-air gas mixture. After that, one
transparent glass tube was implanted into the mouse
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Fig. 3. Surface reconstruction results. In (a), the solid line
represents the extracted 2D contour with the optimal thresh-
old parameters, while the dashed line represents with the
constant threshold 0.7[4]. (b) The extracted 3D surface with
the optimal threshold is mapped to projected images at (c)
0◦ and (d) 55◦, respectively. The extracted 3D surface with
threshold 0.8 is mapped to projected images at (e) 0◦ and (f)
55◦, respectively. White solid lines in (c)-(f) correspond to
the 3D surfaces, while the gray regions indicate the detected
silhouettes. Dashed lines in (c)-(f) indicate the 2D slices used
in (a).

Fig. 4. The 3D surface resolution. (a) The mean mismatches
of different height slices for mouse I; (b) the mean mismatches
of different height slices for the three mice.

subcutaneously. The diameter of the tube was 1 mm and
it was filled with 7-mm length indocyanine green (ICG)
of 10-µM concentration. Then, in-vivo experiment was
performed while keeping the mouse anesthetized under
the isoflurane-air gas mixture. For white light images,
72 projections were collected every 5 degrees. For the
fluorescence and excitation light images, 36 projections
were collected every 10 degrees. The exposure time
for excitation and emission light was 0.7 and 4.0 s,
respectively. The total imaging spent 5.0 minutes ap-
proximately. White light images were also collected on
another two shaved mice (Kunming mouse, 4 weeks, 25-
30 g) to further investigate the reconstructed 3D surface
resolution.

For mouse region between lower bottom abdomen and

Fig. 5. In− vivo FMT results. (a)-(b) The collected fluores-
cence images overlaying on the white light images at angles
of 0◦ and 180◦; (c) the finite element mesh used; (d) recon-
structed image with top 50% shown. The black circles in (d)
indicate the excitation point light source. The axis unit is cm.

middle chest, the reconstructed 3D surface with optimal
threshold is indicated in Fig. 3(b). In Figs. 3(c) and
(d), the reconstructed 3D surface with optimal thresh-
old is mapped to the white light images at 0 and 55
degrees, respectively. In contrast, the reconstructed 3D
surface with a constant threshold 0.8[4] is also mapped
to the white light images, as shown in Figs. 3(e) and (f).
With the optimal threshold, the reconstructed 3D surface
matches the white light images much better than that
with a constant threshold 0.8. For the slices specified in
Figs. 3(c)−(f), the extracted 2D contours with the op-
timal threshold (the solid line) and a constant threshold
0.8 (the dashed line) are shown in Fig. 3(a). For mouse
I, the mean mismatches of different slices are from 1 to 2
CCD pixels, corresponding to 0.077 ∼ 0.154-mm physical
dimension, as shown in Fig. 4(a). The mean mismatches
of the three mice are also summarized in Fig. 4(b). The
mean mismatches are all less than 2 CCD pixels.

Figs. 5(a) and (b) show the collected fluorescence im-
ages overlaying on white light images at angles of 0◦ and
180◦. Finite element based FMT reconstruction was per-
formed. The optical properties of absorption coefficient
µa = 0.3 cm−1 and reduced scattering coefficient µ′s =
10.0 cm−1 were used for the reconstruction. The detector
points were located on the boundary nodes in 70◦ field of
view of the corresponding excitation point source. Data
points with low signal-to-noise ratio were removed from
the reconstruction. The weight matrix was generated on
a finite element mesh with 372 triangle elements and 217
nodes, as shown in Fig. 5(c). 50 R-ART iterations were
performed with the relaxation parameter set to 0.1. As
shown in Fig. 5(d), the FMT image is well reconstructed.

In conclusion, an optimal surface reconstruction
method is proposed to generate the most accurate 3D
surface from the projected white light images. Results
demonstrate that the proposed method generates the
most accurate 3D surface with mismatch of less than 2
CCD pixels (0.154 mm) in in-vivo experiments. With the
3D surface, FMT tomography results are also provided.
Future studies will be focused on applying the proposed
method in cancer research and drug delivery.
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