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Challenges remain in imaging fast biological processes in vivo with °uorescence molecular tom-
ography (FMT) due to the long data acquisition time. Data acquisition with limited projections
can greatly reduce the time consumption, but the in°uence of limited-projection on reconstruc-
tion quality is currently unclear. Both numerical simulations and a phantom experiment are
conducted to analyze this problem. Through a systematic investigation of all the results recon-
structed from di®erent numbers of projections, we evaluate the in°uence of limited-projection
data on FMT. A mouse experiment is also performed to validate our work. A general relationship
between the number of projections and reconstruction quality is obtained which indicates that
the projection number of three is preferred for fast FMT experiment.
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1. Introduction

Fluorescence molecular tomography (FMT) is a

fast developing technology which is capable of

high sensitively, noninvasively, quantitatively, and

three-dimensionally imaging °uorescence markers

attached to the designated molecules of small ani-

mals in vivo.1 Therefore FMT has the potential of

studying therapeutic response, disease pathogen-

esis, cancer diagnosis, and drug development in

the ways of gene expression visualization, protein

function determination, receptor localization, etc.2

The non-contact, free-space FMT with 360�
angular projections was ¯rstly introduced by Meyer
et al. in 2007.3 This system, in analogy to X-ray

computed tomography, rotates the object imaged or
the excitation and imaging device around the axis
perpendicular to the camera's focal plane.3,4 Thus it
enables the 360� illumination and detection of the
object instead of utilizing the inconvenient ¯ber-
based system previously used.5 With full projections
of the photons emitting from all the surface of the
object and an appropriate model of the photon
propagation, the distribution of the inside °uor-
escent markers can be successfully reconstructed.
Around 36�72 projections are generally captured to
acquire the full dataset,3,4,6�8 even more to achieve
a higher resolution in reconstructed images.9,10 In
some of the recent reports, only 18�24 projections
are collected in order to reduce computational or
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experimental time cost.11,12 Even so, the exper-
imental procedure of acquiring the measurements
consumes too much time, limiting its application in
imaging some fast biological processes in vivo. FMT
with fewer projections can lower the time con-
sumption and be e®ectively adopted in such case
only if it can still acquire enough information to
retain a reliable reconstruction result.

In the following sections, this problem is analyzed
by reconstructing °uorescent targets using a span of
small projection numbers. The relationship between
projection number and reconstruction quality is
evaluated by a series of numerical simulations and a
phantom experiment and further validated by a
mouse experiment. The result suggests that FMT
with three projections is feasible for fast imaging.

2. Method

In biological tissues, photon propagation can be
modeled by the di®usion approximation to the
radiative transport equation13

½rDrþ �a�UmðrÞ ¼ �nðrÞUxðrÞ; ð1Þ
where D ¼ 1=3ð�a þ � 0

sÞ is the di®usion coe±cient;
�a and � 0

s are possibly spatially varying absorption
and reduced scattering coe±cients; UxðrÞ and UmðrÞ
denote photon density at excitation and °uor-
escence wavelength, respectively. nðrÞ ¼ �ðrÞ�af is
the °uorescent yield which is proportional to the
concentration of °uorescent markers,4 where � is the
quantum e±ciency of the °uorescent dye and �af is
the °uorescent absorption coe±cient.14 If D and �a

are known or estimated previously, the Green's
function can be obtained by solving:

½rDrþ �a�Gðr; r 0Þ ¼ ��ðr� r 0Þ: ð2Þ
We can rewrite Eq. (1) using Born approximation15:

UmðrÞ ¼
Z
r 02�

Gðr; r 0Þnðr 0ÞUxðr 0Þdr 0: ð3Þ

Equation (3) can be linearly approximated by
implementing the ¯nite element method which dis-
cretizes the imaging domain � into a number of
voxels.16 Suppose that the imaging domain is dis-
cretized to N voxels and there are M detectors in
one projection, the linear form of Eq. (3) is:

Umðrd1Þ
..
.

UmðrdMÞ

2
64

3
75 ¼

W11 � � � W1N

..

. . .
. ..

.

WM1 � � � WMN

2
64

3
75

nðr1Þ
..
.

nðrNÞ

2
64

3
75: ð4Þ

Generally M is heavily smaller than N , which
contributes to the underdetermination of this
equation. It is also ill-posed due to photon propa-
gation pattern inside biological tissues.7 These
two properties can greatly compromise the re-
construction quality especially when only a few
projections are captured. Finally algebraic recon-
struction technique is employed to solve the inverse
problem.

3. Experiment

3.1. Simulation study

A series of numerical simulations were ¯rst conducted
to systematically investigate this relationship bet-
ween projection number and reconstruction quality.
The object imaged was set to be a homogeneous
cylinder with a radius of 1 cm and a height of 2 cm.
The optical parameters were �a ¼ 0:58 cm�1 and
� 0
s ¼ 10:0 cm�1. A number of smaller cylindrical °u-

orescent targets with a radius of 0.15 cm and a height
of 0.3 cm were placed at the same height inside the
object. The °uorescent yieldn to be reconstructedwas
set as one. In an e®ort to have a general conclusion,
three cases each with two, three, or four °uorescent
targets were considered. Reconstructions were re-
spectively carried out using a small number of pro-
jections varying from one to ten consecutively in
each case. The position of the ¯rst projection was
not specially chosen and remained the same in
each reconstruction. Subsequent projections were
captured in equal angle interval. 5% Gaussian white
noise was deliberately added to all measurements
to better approximate the experiment data. A com-
mercial ¯nite element method software COMSOL
MultiphysicsTM was employed to generate simulation
data.

Figure 1 shows the cross sections of the recon-
structed results at the center of the °uorescent
targets. Similar tendencies can be found from all
three cases. Results reconstructed from one or two
projections fail to reveal the actual distribution
of the °uorescent targets. However, images recon-
structed from three projections show a marked
improvement, which could locate the °uorescent
targets correctly despite some quanti¯cation error.
Results obtained from three to ten projections
improve relatively much slowly compared with the
ones from less than three.
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In order to quantitatively describe the recon-
struction quality, image quality index (IQI) is
employed to evaluate all results.17 The mathemat-
ical expression is given by:

IQI ¼ 4�xyxy

ð�2
x þ �2

yÞ½ðxÞ2 þ ðyÞ2� ; ð5Þ

where x, y, �2
x, and �2

y denote the average value and
variance of the true and reconstructed images, re-
spectively. The IQI value as a function of projection
number is shown in Fig. 2. All three curves follow
a similar path. There is an initial steep increase
up to three projections. However, only small
improvement is gained with the further increasing
number of projections. It appears that FMT with
three projections is most preferred for fast data

acquisition. We note that there are some ups and
downs in the smooth part of the curve which are
most likely caused by the ill-posedness of the inverse
problem.

3.2. Phantom study

A phantom experiment was also conducted to in-
vestigate this issue. A transparent glass cylinder
(2.4 cm in diameter, 6.5 cm in height) ¯lled with
1% intralipid was used as the phantom. The
background optical properties are �a ¼ 0:02 cm�1

and � 0
s ¼ 10:0 cm�1. Two smaller transparent

tubes (0.3 cm in diameter) ¯lled with 10 �L Indo-
cyanine Green (ICG) with a concentration of
1.3 �M were placed at the same height inside the
phantom as the °uorescent targets. All exper-
iments were conducted in a homemade FMT sys-
tem which utilized a vertical line-shaped parallel
excitation source for simultaneous whole-body
imaging.6 The line source was uniformly dis-
tributed along its length. About 36 angular pro-
jections in 10� steps were acquired as the full
dataset. As the positions of the °uorescent targets
were unknown, the position of ¯rst projection was
not specially chosen. About 200 detectors are
extracted from the surface in a ¯eld of view (FOV)
of 170� and a height of 3.5 cm. The layout of the
sources and detectors is depicted in Fig. 3, taking
three projections for example.

Reconstructions were respectively conducted
using a portion of the full dataset as the complete
measurement and the position of the ¯rst projec-
tion was unchanged. Results reconstructed from

Fig. 2. IQI curves of all the reconstruction results in three
cases.

Fig. 1. Series of true and reconstructed images using di®erent numbers of projections in all three cases.
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di®erent numbers of projections are demonstrated
in Fig. 4. It can be seen that the tendency of the
reconstruction quality resembles the IQI curve
obtained in the simulation study. The result
obtained with three projections depicts a signi¯-
cant improvement. However, the image quality
improvement is relatively smaller as the projection
number increases from four to 12. The IQI analysis
is also conducted and demonstrated in Fig. 5. It
can be seen that the result obtained in phantom
study is in accordance with that in numerical
simulations.

3.3. Animal experiment

Next, a mouse experiment was conducted to vali-
date the performance of limited-projection FMT. A
nude mouse was anesthetized and a transparent
tube (0.4 cm in the outer diameter) ¯lled with
1.3 �M ICG solution was implanted into the mouse
from the anus as the °uorescent target. 24 projec-
tions were captured in equal angle interval.

The distribution of sources and detectors is
similar to that in the phantom study except that the
FOV is adjusted to 150� due to light leakage on the
edge of the mouse. The position of the line source
utilized in the ¯rst projection is also illustrated in
Fig. 6(a). Optical parameters �a ¼ 0:3 cm�1 and
� 0
s ¼ 10:0cm�1 are employed in the reconstruction

scheme. Results reconstructed from three and 24 pro-
jections are demonstrated in Figs. 6(b) and 6(c). They
are normalized by their respective maximum value.
The reconstruction results obtained from three
projections match well with that obtained from
24 projections.

Fig. 3. Top view of the distribution of detectors and sources
when capturing three projections. The asterisk S1 denotes the
position of the line source in the ¯rst projection. And the small
circles distributed in a 170� FOV with equal angular interval
indicate detectors corresponding to S1. The asterisks S2 and S2
represent the source positions in the second and third projec-
tion, respectively.

Fig. 4. Reconstruction results of the phantom study obtained
with di®erent numbers of projections. They are normalized by
their respective maximum value.

Fig. 5. IQI curve of the phantom experiment.

Fig. 6. Reconstruction results of mouse experiment obtained
with di®erent number of projections. (a) Position of the line
source in the ¯rst projection is indicated by the yellow line. The
arrow denotes the height of the two slices on the right. (b) and
(c) The cross sections of the result reconstructed with three and
24 projections, respectively.
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4. Conclusion

In this paper, a series of numerical simulations and a
phantom experiment were conducted to evaluate the
relationship between the projection number and the
reconstruction quality in FMT when only a few
projections are collected. Both results suggest that
three projections are able to acquire the basic infor-
mation of the °uorescent targets and yield a reliable
reconstruction result. And only small improvement
can be yielded by further increasing the number of
projections. The performance of reconstruction with
three projections is also veri¯ed by a mouse exper-
iment. In conclusion, limited-projection FMT with
more than or equal to three projections is capable
of reducing experimental time consumption and
retaining acceptable reconstruction quality, and the
projection number of three is preferable for imaging
fast biological processes in vivo.
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