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We report on tests of combined positron emission tomography (PET) and °uorescence molecular
tomography (FMT) imaging system for in vivo investigation on small animals. A nude mouse was
inoculated with MD-MB-231 breast cancer cells which expressed red °uorescent protein (RFP).
For FMT system, re°ective illumination mode was adopted with full-angle data acquisition.
[18F]-Fluorodeoxyglucose ([18F]-FDG) was used as radioactive tracer for PET. Both data were
acquired simultaneously and then reconstructed separately before fusion. Fluorescent tomogra-
phy results showed exactly where the tumor was located while PET results o®ered more meta-
bolic information. Results con¯rmed feasibility for tumor detection and showed superiority to
single modality imaging.

Keywords: Dual-modality imaging; positron emission tomography; °uorescence molecular
tomography.

1. Introduction

Multimodality imaging has become a research hot-
spot because it can harness the strengths of di®erent
imaging modalities and o®er complementary infor-
mation e®ectively. A variety of multimodality strat-
egies are available for small animal studies such as
positron emission tomography/magnetic resonance
imaging (PET/MRI) and microcomputed tomogra-
phy/single photon emission computed tomography
(CT/SPECT) with which we can acquire anatomical
and functional information simultaneously.1,2

In recent years, molecular imaging, which can
visualize and characterize biological processes at the

cellular and molecular level within intact living
organisms, has attracted many researchers' atten-
tion.3 At present the main molecular imaging
methods are PET and optical imaging. PET, by
labeling biomolecules with radionuclide to o®er
metabolic information, is an established molecular
and functional imaging technology widely used in
clinical examinations. Fluorescence molecular tom-
ography (FMT) is an optical imaging method that
has developed rapidly in recent years. It can acquire
3D location of °uorescent dyes. The development of
free-space complete angle projection system for FMT,
further improved the resolution and sensitivity.4

Journal of Innovative Optical Health Sciences
Vol. 4, No. 2 (2011) 165�171
#.c World Scienti¯c Publishing Company
DOI: 10.1142/S1793545811001344

165

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
1.

04
:1

65
-1

71
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
4/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.

http://dx.doi.org/10.1142/S1793545811001344


Now, it has become an e±cient tool widely used in
biomedical research.

To acquire more molecular and functional infor-
mation, many researchers take advantage of both the
molecular imaging methods. Autiero and colleagues
¯rst proposed an optical and radionuclide planar
imaging system.5 With this system, 2D °uorescent
and radioactive information could be acquired sim-
ultaneously. Prout and colleagues designed a com-
bined detector named OPET, capable of acquiring
PET and optical signals in turns.6 For this system,
small animals are required to abut the inside surface
of the detectors, which was not convenient in prac-
tice. Peter and colleagues reported a dual-modality
positron/optical small animal tomographic imaging
instrument, which used thin complementary metal
oxide semiconductor (CMOS) chips inside a circular
PET detector as °uorescence detectors. However, its
optical sensitivity was lower contrasted with a
charged-coupled device (CCD) camera.7

Di®erent from the systems introduced above, we
designed a dual-modality system with which 3D
radioactive and °uorescent information can be
acquired simultaneously. Description of the proto-
type for °uorescence and radionuclide imaging system
has been reported in a previous paper8 in which,
indocyanine green (ICG) was used as °uorescent
probe for in vivo experiments. However, ICG probes
can not indicate where the tumor is located. To fur-
ther validate the feasibility and performance of this
combined system for tumor detection, we performed
in vivo experiments as follows. Red °uorescent pro-
tein (RFP) expressing tumor cells were injected into a
nude mouse subcutaneously. Thus, tumor cells could
be labeled by RFP. [18F]-Fluorodeoxyglucose ([18F]-
FDG) was used as radioactive tracers of PET
imaging. The capacity of this hybrid system for tumor
detection would be con¯rmed by the results of this
new designed in vivo experiment.

2. Materials and Methods

2.1. Experimental setup

Figure 1 shows the schematic diagram of the system.
The PET and FMT modules are mounted orthog-
onally with centers of the CCD camera and PET
detectors at the same height. A rotary stage, which is
used to produce projection data of di®erent angles, is
located in the center of two modules. Mouse is hung
on the stage vertically with limbs suspended by

clamps. The whole system is controlled by specially
developed software to perform dual-modality sim-
ultaneous data acquisition.

A full-angle free-space FMT system is used to
acquire °uorescent signals in the dual-modality
system. As shown in Fig. 1, a 250W Halogen lamp
(7ILT250, 7-star, Beijing, China), with wavelength
ranging from 300 to 2,500 nm is employed as the
excitation light source. With a piece of band-pass
¯lter, it can provide light with speci¯c wavelength.
Then the light travels through an optical ¯ber and a
collimator lens in succession. The collimator lens is
used to generate uniform excitation beam and is
placed next to the CCD camera. A back-illuminated
cooled CCD camera (Andor, Belfast, Northern Ire-
land, UK) coupled with a 35mm f/1.4 lens (Pentax,
Hoya, Japan) is selected to capture photons pro-
duced by °uorescent dyes. The pixel number of the
image acquired by the CCD is 512� 512 at most.
Another band-pass ¯lter is positioned in front of
CCD for °uorescent signal acquisition.9

As to PET module, a pair of planar detectors is
designed to record � rays from the positronium
annihilation. Each panel detector consists of four
blocks and each block has 16� 16 cerium-doped
lutetium yttrium orthosilicate (LYSO) crystals
arranged in square. The size of each crystal is
1:9� 1:9� 10mm3. To improve light collection
e±ciency, each crystal is wrapped with re°ective
material, which results in detector pixel size of
2:0� 2:0� 10mm3. The whole sensitive area of each
detector is 64� 64mm2. To e®ectively avoid dead
area, pyramid-like light guide is used to couple pos-
ition sensitive photo multiply tubes (PSPMT) and
panel detector in the pattern of each PSPMT to one
block. A position lookup table based on °ood histo-
gram of the block detector is used to determine which
crystal the � ray is incident with. Besides, a digital
signal processing unit (DSPU) is designed to process
events information from detectors. The DSPU is
encapsulated in a Compact-PCI (CPCI) enclosure
and the data is transferred to PC via local area
network (LAN).8

2.2. Reconstruction and fusion

algorithms

PET and °uorescent data are processed separately
before fusion. The list-mode PET data is converted
to sinogram mode according to their labeled angles.
Data after conversion consists of 512 projections,

166 X. Wang et al.

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
1.

04
:1

65
-1

71
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
4/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



and every projection is a histogram. Afterwards,
Fourier rebinning (FORE) method is employed to
rebin the 3D histogram-mode to 2D. Finally, ¯ltered
back projection (FBP) and 2D ordered subset
expectationmaximization (OSEM)methods are used
to reconstruct the 3D radionuclide distribution.8,10

As to °uorescent imaging, the photon propa-
gation is alwaysmodeled using the di®usion equation
coupled with Robin-type boundary condition.

�r � ½DðrÞr�ðrÞ� þ �aðrÞ�ðrÞ ¼ s0ðrÞ r 2 �;

�ðrÞ þ 2DðrÞq @�ðrÞ
@~n

¼ 0 r 2 @�;

8<
:

ð1Þ
where DðrÞ ¼ 1=ð3� 0

sðrÞÞ is the di®usion coe±cient
at position r, � 0

sðrÞ is the reduced scattering coe±-
cient, and �aðrÞ is the absorption coe±cient. � is the
domain of the imaged object with a boundary of @�, q
is a constant depending on the optical refractive
index mismatch on the boundary, and~ndenotes the
outward normal vector of the boundary @�.

With the method of ¯nite elements method
(FEM), we produce the following weight matrix
from the di®usion equation,

WX ¼ �; ð2Þ
where W is the matrix weight, each element Wij in
the matrix means the contribution of jth voxel of
the discrete element to the measurement due to the
ith source-detector pair. Finally, the unknown °u-
orescent probe distribution X is reconstructed by
solving Eq. (2) with algebraic reconstruction tech-
nique (ART).9,12 Typical iteration number in the
paper is 50.

Co-registration is needed before data fusion.
Herein, because °uorescent and PET data are
acquired simultaneously, there is no distraction
of the mouse body. We use rigid registration
method for co-registration. As to fusion, indepen-
dent color bars are provided. Corresponding voxels
of both data are found to be blending and displayed
simultaneously.

Fig. 1. Schematic diagram of the whole system. The optical module includes a tungsten halogen lamp, an optical ¯ber, a collimator
lens, two band-pass ¯lters, a lens and a CCD camera. The PET module mainly includes two planar detectors and a digital signal
processing unit (DSPU).
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2.3. Imaging protocol

A tumor-bearing BALB/c-nu mouse (female) was
chosen as the research object for in vivo validation
of the dual-modality system. RFP genes were pre-
viously transduced into MD-MB-231 breast cancer
cells. About seven days before the experiments, the
mouse was injected subcutaneously at the right
lower abdomen with a single dose of 106 tumor cells
that could express RFP. The tumor was about
0.3 cm3 when the experiments were performed.

For RFP °uorescence detection, 525 nm exci-
tation ¯lter (525AF50, Caliper Life Sciences, MA,
US) and DsRed emission ¯lter (575�650 nm, Cali-
per Life Sciences, MA, US) were utilized. Because
visible light attenuates a lot in mouse tissues,
re°ective illumination mode, which is usually used
for planar imaging, is adopted to get °uorescent
signals. That is, we combine re°ective illumination
with full-angle data acquisition mode together.

[18F]-FDG was employed as the radioactive
tracer for PET imaging. After the mouse was
anesthetized by iso°urane, 1.5 mCi [18F]-FDG was
injected through tail vein. One hour was needed
to wait before imaging, ensuring [18F]-FDG is
distributed throughout the whole body.

During the whole simultaneous acquisition, the
stage would rotate 720� in total. During the ¯rst
360� rotation, 512 projections of PET were acquired
every 0:7� and 64 projections of °uorescent data
were acquired every 5:625�. That is, each °uorescent
projection was acquired after every eight PET pro-
jections. Acquisition time for each projection of PET
and FMT data was 2 and 0.3 s, respectively (CCD
electron multiplier gain (EM) is 8). The second 360�
rotation was used to get 72 white-light surface
images, which were used to reconstruct the contour
of the mouse. Exposure time for each projection was
usually 0.01 s (EM ¼ 0). The total acquisition time
for one experiment was about 20min.

3. Results

In the following, we present reconstructed results for
PET and °uorescent imaging. PET results have the
dimensions of 128� 128� 63 with pixel size of 0:5�
0:5� 1mm3. Fluorescent results have the dimen-
sions of 45� 45� 53 with pixel size of 0:5� 0:5�
0:5mm3. Results of two modules are then fused.

Figure 2 shows °uorescent projection images
collected at two typical angles (90� and 180�).

In Figs. 2(a) and 2(b) the white-light images at
di®erent angles are seen. Red arrows indicate where
the tumor is located. Figures 2(c) and 2(d) show the
white-light images fusing with °uorescent signals.
We can ¯nd that °uorescent signals at right lower
abdomen (red arrows), which indicates where the
tumor is located.

Figure 3 shows the reconstructed 3D images of the
results of themouse. Figure 3(a) displays distribution
of RFP with contour of the mouse (2.7 cm height
of the mouse is displayed). Figure 3(c) is the 3D-
reconstructed image of PET data, which shows the
metabolic information of FDG (6.3 cm height of the
mouse is displayed). To re°ect details of the recon-
structed results, tomographic images in Figs. 3(b)
and 3(d) are showcased respectively. In Fig. 3(b), the
location of tumor can be easily recognized (indicated
by the black arrow). Meanwhile, Fig. 3(d) reveal
metabolic information of the tumor (indicated by the
green arrow). There are high radionuclide intensities
beside the tumor area. That is because the location of
the tumor is near the bladder, where radioactive
tracers accumulate in in vivo experiments.

Finally, 3D-°uorescent reconstruction results are
fused with PET results. In Fig. 4, the coronal (left),
sagittal (right), and transverse (bottom) plane of
the 3D-fused results are shown. Independent color
bars are provided for PET and FMT data. For PET
results, metabolic information of the whole body is
o®ered. Usually, tumor cells have more active
metabolism than normal tissues, corresponding to
higher radioactive signals. However, because there
are high accumulation of FDG in some organs (e.g.,
heart, bladder), it is di±cult to determine the tumor
area. FMT results indicate the tumor location
exactly whereas the molecular information of tissues
around the tumor is ignored. Although both mod-
alities can o®er molecular information, they are
complementary rather than overlapping. After
fusion, radioactive and °uorescent information is
displayed simultaneously. From Fig. 4, we ¯nd that
the tumor is at right lower abdomen, which is in
accordance with the real location. Moreover, fused
results show metabolic information of FDG in and
around the tumor, which provides useful infor-
mation for tumor research.

4. Discussion and Conclusion

The experiment presented here is devoted to assess
the feasibility and performance of the combined
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(a) (b)

(c) (d)

Fig. 2. Fluorescent projection images of the mouse at di®erent angles. (a), (b) White-light mouse images. (c), (d) White-light
images fusing with °uorescent signals. Red arrows indicate where the tumor is located. Scale bars represent 1 cm.

(a) (b)

Fig. 3. Reconstructed results of two modalities. (a), (c) Fluorescent and PET reconstructed results, respectively. 3D °uorescent
results in (a) are showed with a threshold of 60% of the maximum value. (b) Tomographic °uorescent image at the height is
demonstrated by the red curve in (a). (d) Tomographic PET image is at the same height as (b). Arrows in (b) and (d) indicate where
the tumor is located.
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PET and FMT system. Di®erent imaging
modalities may supply di®erent information for
in vivo imaging that could determine improvements
on oncological investigations. For example, in
Fig. 3(a), FMT results show exactly where the
tumor is located, which cannot be distinguished in
PET results (Fig. 3(e)). However, the PET results

reveal metabolic information near the tumor area,
which is valuable in tumor diagnosis. After fusion,
we can get complementary information of the tumor
clearly than single modality alone.

Since both modalities o®er functional infor-
mation rather than anatomical information and
resolutions of both images are not very high, future
work is needed in reconstruction algorithms to
improve image quality. The reconstructed results
are co-registered with rigid registration method
before fusion. It is simpler but less competent to
complicated conditions compared to non-rigid
registration ones. However, because relative pos-
itions of detectors are ¯xed and data acquisition is
simultaneous, there are fewer di±culties with regis-
tration. That is, the system has accomplished most
of the work for registration, which is an advantage of
combined system. More e®orts are needed to be
spent on fusing information of both modalities.

In the experiment, RFP is used as the °uorescent
probes for tumor investigation. Because RFP is
expressed by transduced genes of tumor cells, it can
indicate tumor cells speci¯cally. This is more e®ec-
tive and convincing than non-speci¯c °uorescent
dyes. Moreover, in recent years, elegant probes have
been developed rapidly. One trend is to fuse sig-
naling moieties of two modalities into one mole-
cule (monomolecular multimodal imaging agents),
avoiding the increase in the potential for cumula-
tive toxicity and complicating data fusion.13 For
example, Schipper and colleagues have successfully
developed a QD-based nano-probe for dual PET

(c) (d)

Fig. 3. (Continued)

Fig. 4. 3D fusion images of FMT and PET. The coronal (left),
sagittal (right), and transverse plane (bottom) of the fused 3D-
reconstruction images are showed. Red parts of the images,
indicated by green arrows, represent °uorescent data. PET
result provides FDG metabolic information in the tumor.
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and NIRF imaging of tumor vascular endothelial
growth factor receptor expression.14

In summary, we performed an in vivo experiment
with the combined PET and FMT system. Results
validated the feasibility of the system for the in vivo
application and showed its superiority to single-
modality imaging alone. With more future e®orts, it
will play an important role in researches on tumor
diagnosis, drug development and metabolism of
complex bioprocess.
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