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Abstract. In conventional fluorescence molecular tomography, the distribution of fluorescent contrast agents is
reconstructed with the assumption of constant concentration during data acquisition for each image frame.
However, the concentration of fluorescent contrast target is usually time-varying in experiments or in-vivo
studies. In this case, the reconstruction methods cannot be directly applied to the fluorescence measurements
without considering the time-varying effects of concentration. We propose a modified forward model by dividing
the fluorescence yield distribution into two parts: one is a constant representing the spatial distribution of the
fluorescent target and the other is an impact factor representing the effects of the concentration change and
other possible factors. By extracting spatial distribution information from the reconstruction result, the location
and volume of the fluorescent target can be obtained accurately. Both simulation and phantom experiments are
carried out and the results indicate that, by using the modified forward model, the quality of reconstruction could
be significantly improved in terms of accurate localization and strong anti-noise ability. © 2014 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.19.5.056012]
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1 Introduction

Fluorescence molecular tomography (FMT) is an important
molecular imaging modality developed to reveal three-
dimensional (3-D) distribution of the fluorescent targets using
fluorescent measurements and appropriate image reconstruction
methods. It has the advantages of low cost, high sensitivity,
noninvasiveness, and no ionization radiation.'” During the
past years, FMT has made significant progress with develop-
ments the in imaging systems,*® mathematical models,”'° and
fluorescent agents.!! FMT has been extensively applied to
visualization of biological and medical processes in vivo at
cellular and molecular levels and provides a powerful technical
tool for disease detection, drug discovery, etc.'>”'
Conventionally, the images of FMT are reconstructed based
on the (implicit) assumption that the fluorophore concentration
is constant during the acquisition process of measurement data
for each image frame.'™ The temporal resolution of FMT is
about 1 to 2 min depending on the sum of rotation time and
total exposure time of projection images.'>™"” The assumption
holds even in advanced reconstruction methods that attempt
to obtain dynamic FMT images frame by frame.'¢°
However, many reports have demonstrated that the concen-
tration of fluorescent target is time-varying in experiments or
in-vivo studies due to physical degradation of fluorophores®!
(photodegradation, thermal degradation, etc.) or the process of
metabolism,?> which means that the concentration may exhibit
significant changes during the time of measurement data
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acquisition for one image frame.!'®!7?? In this case, if the
reconstruction methods are directly applied to the fluorescence
measurements without considering the time-varying effects of
concentration, inaccurate localization of fluorescent target and
a high level of noise will be obtained.”*** To acquire high qual-
ity reconstruction results, the time-varying information of the
concentration should be taken into account.

In this study, we propose a modified forward model based on
the compartment model theory,'® a well-known approach for
pharmacokinetic analysis, to eliminate the impacts due to the
concentration change of fluorescent targets. In this model, the
unknown fluorescence yield distribution is divided into two
parts. One part is a constant representing the spatial distribution
(location and volume) of the fluorescent target and the other is
an impact factor representing the effects of the concentration
change and other possible factors. This is because the concen-
tration of fluorescent targets in the region of interest (ROI) may
vary significantly with time, but the location and volume of the
ROI filled with fluorescent targets remains invariant. Based on
the modified model, a new linear relationship between the
unknown and the boundary measurement can be constructed,
from which an accurate and constant spatial distribution of
the fluorescent target can be obtained with Tikhonov regulari-
zation. Simulation studies and phantom experiments are
conducted to qualitatively and quantitatively illustrate the
improvement in the localization of fluorophore and anti-noise
abilities with the proposed model.

The outline of this paper is as follows. In Sec. 2, the details of
the proposed model are described. The materials used in the
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simulation studies and phantom experiments are described in
Sec. 3. In Sec. 4, the reconstruction results are presented to
show the performance of the proposed model. Finally, discus-
sions and conclusion are provided in Sec. 5.

2 Method

2.1 Conventional Forward Model

A suitable model for photon propagation plays a crucial role in
fluorescence tomographic reconstruction. Diffusion equation
(DE), as an approximation to the radiative transfer equation,
has been successfully used to describe the light transport in
the near-infrared spectral window.” For FMT, coupled DEs,
which describe the photon migration in the excitation and
emission spectrum, can be written as follows:*®

{—V [D(r) VO, ()] + par(r) x(r)=S(r)
=V (D (0) VO, ()] + pram (1)@, (1) = @ (r)x(r) °

6]

where the subscripts x and m denote the excitation and emission
wavelengths, respectively; s(r) is the excitation source; D,
is the diffusion coefficient given by D, , = 1/3[ul, .(r)+
Haxm(T)], where p/,,(r) is the reduced scattering coefficient;
Haxm(r) stands for the absorption coefficient of the medium;
®, ,,(r) represents the photon flux density; x(r) denotes the
fluorescence yield, which is directly proportional to the fluoro-
phore concentration.?’

The corresponding Robin-type boundary condition® is given
by

aQX.l’ﬂ (r)

on 0. @

(I)XJTL (r) + zpDXJTl (r)

where n denotes the outward normal of the boundary and p is
the boundary mismatch parameter and accounts for the light
reflection on the boundary surface.

In this paper, the absorption coefficient and reduced scatter-
ing coefficient are assumed to be the same at the excitation and
emission wavelengths, which is reasonable because the excita-
tion and emission wavelengths are close to each other.”®

In the finite element framework,” a linear relationship
between the unknown fluorescence distribution and the boun-
dary measurements of the s’th projection can be constructed as

sts:q)s (s:l,2,...,L), (3)

where L is the number of projections for one image frame.
W, = (W,,) is the subsystem matrix, which is composed of
the mapping vector of all source-detect pairs in the s’th projec-
tion. @, = [®(r,)] is the vector composed of the fluorescence
data of the s’th projection. X, is the distribution of the fluores-
cence in the s’th projection.

In the conventional FMT, the concentration of the fluorescent
target is assumed to be constant during data acquisition for one
image frame. It means that X, is constant at all the projections
(s =1,2,...,L). Thus, the final system equation of FMT can
be constructed with the subsystem equations of all the projec-
tions

Wx = @, 4)
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where x is an N X 1 vector representing the fluorescent probe
distribution to be reconstructed. @ is an M X 1 vector which
contains the emission measurements at the boundary based on
charge-coupled device (CCD) camera photon detection, and
W is an M X N weight matrix.

2.2 Modified Forward Model

As described in Sec. 1, X, is usually time-varying during meas-
urement data acquisition at different projections. It means the
final system equation cannot be obtained by directly combining
the subsystem equations together.

In the modified forward model, x, consists of two compo-
nents as follows:

X, = k, * Xq, ®)

where X is an N X 1 vector representing the spatial distribution
of the fluorescent targets. Here, the spatial distribution specifi-
cally refers to the location and volume of the fluorescent target,
which is changeless with all the projections. k(s = 1,2,...,L)
is defined as an impact factor in the s’th projection (k; > 0),
representing the effects of the concentration change and other
possible factors.

Then, the new subsystem equation can be obtained by sub-
stituting Eq. (5) into Eq. (3):

(o}
W‘Y * Xq :kiy (6)

In order to make the mathematical solution possible, we
define k, as

1
_1_ps

(ps<1), @)

where p, is meaningless in physics. For simplicity, p, is used to
indicate the impact factor in the following part of this paper.
By substituting Eq. (7) into Eq. (6), we obtain

Ws*XO—’—q)s*pS:q)s' (8)

Thus, we can obtain the modified system matrix of FMT
from Eq. (8)

W, &, 0
A=| W, @, . )
W, 0 @,

Then, the new unknown composed of the spatial distribution
of the fluorescent target and the impact factor can be written as

_ [ Xo
Y—(p), (10)

where p = (py, p2, ..., pr)isan L X 1 vector and y is an (N +

L) x 1 vector.

May 2014 « Vol. 19(5)



He et al.: Modified forward model for eliminating the time-varying impact. ..

The final system equation of the FMT can be written as
Axy =0, arn

where @ is still an M X 1 vector and A is an M x (N+ L)
weight matrix. After extracting spatial distribution information
X, from y, the location and volume of the fluorescent target can
be obtained.

2.3 Tikhonov Regularization

For Egs. (4) or (11), the estimation of x or y from the measure-
ment vector @ is an ill-posed inverse problem due to the highly
diffusive nature of the photon propagation in tissues.” Here, the
Tikhonov regularization method® is implemented to address
this problem, as it could often provide a reasonable solution
and could be efficiently solved by now-standard minimization
tools. In the time-varying case as described by Eq. (11), the
objective function can be stated as

E(y) = ||® — Ay||* + A|/Ly]%, (12)

where 1 is the regularization parameter (4 > 0) and is empiri-
cally set, and L is an (N + L) X (N + L) identity regularization
matrix.

By minimizing the objective function E(y) given in Eq. (12)
with respect to y, the fluorescence distribution [i.e., X, in
Eq. (10)] can be obtained. The minimization of E(y) is per-
formed using the least-squares algorithm.>! The process for
solving Eq. (4) is the same as that for Eq. (11).

2.4 Evaluation Metrics

In this paper, the contrast-to-noise ratio (CNR)** and relative
error (RE) are selected as the evaluation indices to quantitatively
assess the quality of the reconstructed images.

The contrast of the regions with the fluorescent target to
the background can be quantified by the CNR, and a higher
CNR implies a better image quality. Given an ROI where the
fluorescent target is confined, the CNR is defined by

CNR =

HROI — HBCK (13)

2 7 N2’
(wro10R01 + WBCKOBCK)"

where pror and upgck are the mean fluorophore concentration
values in the ROI and background, respectively; O'ZROI and
ok are the variances in the ROI and background, respectively;
wror and wpck are the weighting factors determined by the
relative volumes of the ROI and background, respectively.

The RE can comprehensively quantify the reconstruction
accuracy and a smaller RE implies a better image quality.
The RE is defined as

|X - Xactuul”

|
RE = , (14)
HXactuaIH

where X, 18 the actual distribution of the fluorescent target
and X is the reconstruction result.
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3 Materials

3.1 Simulation Studies

In the simulation studies, a virtual mouse atlas was employed to
provide the 3-D anatomical information.**** We focused on im-
aging the kinetic behaviors of indocyanine green (ICG) in the
lungs and liver, and the mouse torso from the neck to the base of
the liver was selected as the investigated region, with a length of
2.9 cm. The rotational axis of the mouse was defined as the
Z-axis with the bottom plane set as Z = 0 cm.

To simulate the photons’ propagation in biological tissues,
a heterogeneous mouse model was set up. It was composed of
the heart, lungs, liver, and kidneys, as shown in Fig. 1(a). The
optical parameters from Ref. 35 were assigned to the corre-
sponding organs. To simplify the problem, optical properties
outside the organs were regarded as homogeneous.

With the image model, the time course of ICG as it circulated
in the lungs and liver following the tail vein injection was simu-
lated. The true time course of ICG in the lungs and liver was
obtained from Ref. 22 and is shown in Fig. 1(b). Twenty-
four projections evenly distributed over 360 deg were used to
acquire the measurement data of one image frame. The speed
of the rotation stage was set to 6 deg /s and the CCD exposure
time in each projection was 0.5 s. Thus, the interval of each pro-
jection was 3 s and the time resolution of the FMT system was
about 72 s. Here, two periods in the time course of ICG were
selected: one from 1000 to 1072 s, when the concentrations of
ICG in the lungs and liver are in a nearly steady state within 24
projections [case 1 in Fig. 1(b)]; the other from 60 to 132 s,
when the concentrations of ICG in the lungs and liver are in
a steep rise period [case 2 in Fig. 1(b)].

3.2 Phantom Experiments

The performance of the proposed model was further evaluated in
phantom experiments based on a noncontact full-angle FMT

1
. /\'\

Lungs

Liver

° Casel in Lungs

° Casel in Liver

e Case2in Lungs
Case2 in Liver

200 400 600 800 1000 1200 1400
Time (s)

(b)

Fig. 1 Schematic diagram of the simulation model. (a) The three-
dimensional (3-D) geometric model of the digital mouse used in
the simulations with a length of 2.9 cm from the neck to the base
of the live (surface: gray; heart: yellow; lungs: cyan; liver: pink; and
kidneys: purple). The red points in (a) indicate the position
(Z=1.5cm) of 24 isotropic point sources. For each excitation
source, the fluorescence is measured from the opposite side within
a 160 field-of-view. (b) Time course of ICG in the lungs and liver.
The cyan and pink curves are the actual time course of ICG in
the lungs and liver, respectively, which are obtained from Ref. 22.
Case 1 (lungs: red point and liver: blue point) represents the concen-
tration of ICG in a nearly steady state (from 1000 to 1072 s). Case 2
(lungs: black point and liver: green point) represents the concentration
of ICG in a steep rise period (from 60 to 132 s).

Normalized concentration
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Fig. 2 The schematic of the noncontact full-angle fluorescence
molecular tomography system.

system previously developed by our laboratory.*® The sketch of
the system is shown in Fig. 2. Briefly, the imaged object was
placed on a 360 deg rotation stage working under a step-by-
step mode. Around the rotational stage, a noncontact full-
angle FMT system was positioned to acquire the fluorescence
measurement data.

Figure 3 shows the schematic diagram of the phantom
experiments. A glass cylinder (3.0 cm in diameter and
4.5 cm in height) filled with a mixture of water and intralipid
was employed as the homogeneous phantom (y, = 0.02 cm™!
and ! = 10.0 cm™!). Two small transparent glass tubes (0.5 cm
in diameter) filled with different concentrations of ICG were
immerged in the cylinder phantom and used as the fluorescent
targets. A point excitation source was located at approximately
half the height of the phantom. For the acquisition of the
fluorescence images, a 775 =6 nm excitation filter and an
840 = 6 nm emission filter were separately placed in the
front of the point excitation source and the CCD camera.

During the data acquisition process, the phantom was placed
on the rotation stage and rotated for 360 deg. For the whole
circle, 18 fluorescence images were acquired with an angular
increment of 20 deg. In each projection angle, the two tubes
shown in Fig. 3(b) were both filled in ICG with the predefined
concentrations shown in Fig. 3(c), and one fluorescence image
was acquired. After finishing the data acquisition of a projection
angle, the cylinder phantom was rotated to the next projection
angle, the two tubes were filled in ICG with the next predefined
concentrations shown in Fig. 3(c), and another fluorescence
image was acquired for the new projection angle. The curves
shown in Fig. 3(c) were the predefined concentrations of the

"l 0.5em 3em
| |- tubel
V:
§ tube2
o
zZ .t | y
L, Ly
(@) (b)

two fluorescent targets in the phantom experiments, and were
used to imitate the time-varying ICG concentrations of the
mouse lungs and liver in the steep rise period (case 2 of the
simulation studies) described in Sec. 3.1. For simplicity, the con-
centrations of the two fluorescent targets were set to increase
linearly in the 18 projection angles because the concentrations
of the mouse lungs and liver in case 2 of the simulation studies
also increased approximate linear.

4 Results

All computations in this paper were carried out on a personal
computer with Intel(R) Core(TM) i7 CPU (2.80 GHz) and
8 GB RAM. In the simulation studies and phantom experiments,
the reconstruction results of the spatial distribution x, were
shown while the impact fact p was not provided because this
work focused on obtaining accurate locations and volumes of
the fluorescent targets. Since the locations and volumes of
the fluorescent targets should be the same under different time-
varying concentration situations, the spatial distribution X,
which represented the locations and volumes of the fluorescent
targets, was normalized by its maximum in both the simulation
studies and phantom experiments.

4.1 Reconstruction Results of Simulations

The reconstruction results based on the conventional and modi-
fied forward models in the simulation studies are illustrated in
Figs. 4 and 5. The results are normalized by the maximum and
presented in the form of the sections. The two red solid lines on
the 3-D image indicate the positions of the two investigated sec-
tion images which are the representative slices of the lungs and
the liver, respectively. In both Figs. 4 and 5, (b) and (e) are the
actual distributions of the fluorescent targets, (c) and (f) are
the reconstruction results based on the conventional forward
model, and (d) and (g) are the reconstruction results based on
the modified forward model.

Figure 4 shows the results of case 1, where the concentrations
of ICG in the lungs and liver are in a nearly steady state within
24 projections. For this case, both models could obtain high
quality results with accurate locations of the fluorescent targets
and small noise level. Table 1 shows the quantitative results of
case 1. The CNR and RE of the reconstruction results obtained
by the two models are similar to each other. In addition, the com-
putational times of the two models are also similar to each other.

Concentration(uM)
3 & 8

(6]

tube1|

| tube2)

3 57 9 11 13 15 17 19
Projection.Num

(©)

o
-

Fig. 3 The schematic diagram of the phantom experiments. (a) The side view of the phantom. (b) The top
view of the phantom. A glass cylinder (3.0 cm in diameter and 4.5 cm in height) containing a mixture of
water and intralipid was employed as the phantom. Two transparent glass tubes (0.5 cm in outer diam-
eter) filled with different concentrations of ICG in each projection were immerged into the phantom to
serve as the fluorescent targets. (c) ICG concentration curves in the two tubes. Each point in (c) denotes

the ICG concentration in each projection.
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©

Fig. 4 The reconstruction result of case 1 in the simulation studies. (a) Schematic diagram of the
simulation model. (b and e) The actual spatial distribution of the fluorescent targets. (c and f) The
reconstruction results based on the conventional forward model. (d and g) The reconstruction results
based on the modified forward model. Panels (b)—(d) are the representative slice of the lungs and
panels (e)—(g) are the representative slice of the liver. All the reconstructed images are normalized

by the maximum of the results.

Figure 5 shows the results of case 2, where the concentrations
of ICG in the lungs and liver are in a steep rise period. Due to the
significant change of concentrations, the reconstruction results
based on the conventional forward model show inaccurate loca-
tions and volumes of the fluorescent targets, and suffer from
a high level of noise [see Figs. 5(c) and 5(f)]. In contrast,

(b)

(e

a significant improvement in locations and volumes of the
fluorescent targets and anti-noise ability is obtained with the
modified forward model [see Figs. 5(d) and 5(g)]. Table 1
also shows the quantitative results of case 2. It can be seen
that the CNR obtained with the modified model is higher
than that with the conventional model, while the RE obtained

Fig. 5 The reconstruction result of case 2 in the simulation studies. (a) Schematic diagram of the
simulation model. (b and e) The actual spatial distribution of the fluorescent targets. (¢ and f) The
reconstruction results based on the conventional forward model. (d and g) The reconstruction results
based on the modified forward model. Panels (b)—(d) are the representative slice of the lungs and panels
(e)—(g) are the representative slice of the liver. All the reconstructed images are normalized by the

maximum of the results.
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Table 1 Quantitative analysis of the reconstruction results in the sim-
ulation studies.

Table 2 Quantitative analysis of the reconstruction results in the
phantom experiments.

Contrast-to-noise Relative

Model ratio (CNR) error (RE) Time (s)
Case 1 Conventional 3.77 0.31 40.9
Modified 4.52 0.27 41.7
Case 2 Conventional 1.47 0.87 411
Modified 3.33 0.41 423

with the modified model is smaller than that with the conven-
tional model. The computational times of the two models are
similar to each other.

4.2 Reconstruction Results of Phantom
Experiments

The reconstruction results based on the conventional and modi-
fied forward models in the phantom experiments are illustrated
in Fig. 6. The reconstruction results are normalized by the maxi-
mum and presented in the form of the sections and 3-D views.
The red solid line on the 3-D image indicates the position of the
investigated section image. Figures 6(a) and 6(d) are the actual
fluorescent targets. Figures 6(b) and 6(e) are the reconstruction
results based on the conventional forward model. Figures 6(c)
and 6(f) are the reconstruction results based on the modified
forward model.

Due to the significant change of ICG concentration in
the tube, the reconstruction results based on the conventional
forward model show wrong locations and volumes of the
fluorescent targets, and suffer from a high level of noise

() (b) (©

Y(cm) -1 - X(cm) Y(cm)

(d) ©

Model CNR RE Time (s)
Conventional 4.91 1.11 49.8
Modified 8.63 0.34 50.9

[Figs. 6(b) and 6(e)]. On the contrary, accurate locations and
volumes of the fluorescent targets and less noisy results are
obtained with the proposed model [Figs. 6(c) and 6(f)].
Table 2 shows the quantitative results of the phantom experi-
ments. The CNR of the reconstruction results obtained with
the modified model is significantly higher than that with
the conventional model. The RE obtained with the modified
model is much smaller than that with the conventional model.
The computational times of the two models are similar to
each other.

5 Discussion

FMT plays an important role in revealing biological processes in
vivo by 3-D visualization of fluorescent targets. However, when
the concentrations of the fluorescent targets are time-varying
during data acquisition for one image frame, the reconstruction
of FMT based on the assumption of constant fluorophore con-
centration could not obtain accurate locations and volumes of
the fluorescents targets, but instead bring a lot of noise into
the results. The main aim of this paper is to improve the perfor-
mance of FMT when the concentrations of the fluorescent tar-
gets exhibit significant changes during data acquisition. This is
achieved with a modified forward model, which divides the
fluorescence yield distribution into two parts. X, iS a constant

10.8

10.6

1 -1

X(cm) Y(cm) X(cm)

®

Fig. 6 Sections and 3-D views of the reconstruction result in the phantom experiments. (a and d) The
actual fluorescent targets. (b and e) The reconstruction result based on the conventional forward model.
(c and f) The reconstruction result based on the modified forward model. The red solid line on the 3-D
image (d—f) indicates the position of the investigated two-dimensional image (a—c). All the images are
normalized by the maximum of the results.
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representing the spatial distribution of the fluorescent target
and k, is an impact factor representing the effects of the
concentration change and other possible factors. Based on
the modified forward model, a new linear relationship between
the unknown and the boundary measurement (A *y = @) can
be constructed for reconstruction. Afterward, the spatial distri-
bution X, can be exacted from the reconstruction result y.

In the simulations, when the concentrations of ICG in the
lungs and liver are nearly constant within different projections
during data acquisition [case 1 in Fig. 1(b)], high quality results
[Figs. 4(c) and 4(f)] could be obtained with both the conven-
tional and modified forward models. In particular, the difference
between the reconstruction results obtained with both models
could be neglected [see Fig. 4 and Table 1 (case 1)]. This sug-
gests that the reconstruction based on both models is appropriate
for the case with time-invariant concentrations of fluorescent
targets.

Nevertheless, when the fluorophore concentrations severely
change at different projections, the reconstruction based on the
conventional forward model would be seriously affected.
Figures 5(c), 5(f), 6(b), and 6(e) showed that the reconstruction
results suffered from a high level of noise, and a very serious
deviation both in the locations and volumes of the fluorescent
targets, in both simulations and phantom experiments. In con-
trast, the results in Figs. 5(d), 5(g), 6(c), and 6(f) demonstrated
that the modified forward model could significantly improve
the localization and anti-noise capability of the reconstruction.
In addition, the quantitative results of CNRs and REs in Tables 1
(case 2) and 2 also illustrated a higher image quality by using
the proposed model.

It should be noted that this work focuses on obtaining
an accurate spatial distribution x,, which represents the locations
and volumes of the fluorescent targets, rather than the time-
varying concentrations of the fluorescent targets, because the
scale factor k; is a single value which represents the overall
effects of the concentration change. In order to obtain the
time-varying concentration curves, k, should be made spatially
varying and it will become a vector with the same length as x,.
This will significantly aggravate the ill-posedness of the FMT
inverse problem, since the number of unknowns is doubled.
Nevertheless, with the time-varying concentration curves
obtained, the proposed modified model will be further perfected.
Furthermore, the kinetic parameters which have significant
physiological and pathological meanings can also be estimated
by analyzing the time-varying concentration curves.’”*8

In conclusion, we proposed a modified forward model for
the case with fluorophore concentration changes during the
acquisition process of measurement data, which could signifi-
cantly improve the quality of the reconstruction in terms of accu-
rate localization and strong anti-noise ability. Reconstruction
results of both simulation and phantom studies have verified
the effectiveness of the proposed model. Future work will focus
on validation of this model in in-vivo experiments.
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