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Abstract. Subsurface fluorescence molecular tomography
(FMT) has promising potential for noninvasive characteriza-
tion of molecular and cellular activities in small animals by
tomographic means in reflectance geometry. In this work,
subsurface FMT is employed to monitor the therapeutic
response of cisplatin in tumor-bearing mice in vivo. The
localization and quantification accuracy of subsurface
FMT are demonstrated in phantom. In the in vivo study,
the red fluorescent protein activities not only on the surface
but in the interior tumor are tracked three-dimensionally
during the antitumor treatment. © 2012 Society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.4.040504]
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Fluorescence molecular imaging has been widely applied to
serve as a noninvasive, high-sensitive modality for functional
and metabolic imaging in small animals in vivo. Fluorescence
imaging in an epi-illumination geometry, also known as fluo-
rescence reflection imaging (FRI), shines light onto tissue sur-
face and collects emitted light from the same side of the tissue.'
As a common technique, FRI has been widely applied in the
imaging of disease pathogenesis and therapeutic response.”™
In these studies, a topological map of the fluorescence intensity
is created at the surface of the specimen. However, planar
images obtained in FRI are difficult to interpret because the
information they convey is surface weighted.’ Besides, depth
information is lost because of a simple projection view in planar
imaging.’

In order to overcome these problems, subsurface fluores-
cence molecular tomography (FMT) has become a promising
alternative method. It is also conducted in the epi-illumination
geometry, but three-dimensional (3-D) distribution of fluoro-
chrome in the interior of tissue can be obtained by boundary
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measurements and corresponding model-based tomographic
reconstruction algorithms. Subsurface FMT has been investi-
gated in phantom studies,” and recently in biological tissues
ex vivo.®

The stable expression of red fluorescent protein (RFP) in
cancer cells can serve as an effective cell marker. The che-
motherapeutic agent, cisplatin, is a widely used anticancer
drug exerting its toxicity generally through induction of apo-
ptosis. In this study, subsurface FMT is employed in vivo, to
monitor tumor response to cisplatin by serial, noninvasive asses-
sing of the 3-D distribution and fluorescence intensity of RFP in
mouse tumor models. Here, subsurface FMT is conducted on a
homemade noncontact full-angle FMT system. Considering that
the distances for most sources and detectors are comparable or
below the scattering length of the tissue, third-order simplified
spherical harmonics (SP3, Ref. 9) is employed to solve the for-
ward problem in subsurface FMT reconstruction. Phantom
experiments are first carried out to demonstrate the localization
and quantification accuracy of the proposed method. Then the
therapeutic response to cisplatin in a mouse tumor model is
monitored.

The sketch of the noncontact full-angle subsurface FMT sys-
tem is shown in Fig. 1. A 300-W Xenon lamp (i) (Asahi Spectra,
Torrance, CA, USA) equipped with two broad-beam illumina-
tion fibers (ii) is employed to generate approximately uniform
epi-illumination. Full-angle measurements are implemented by
a 360 deg rotation stage (iii) working under a step-by-step mode.
Signal acquisition is performed by a charge-coupled device
(CCD) camera (iv) (iXon DU-897, Andor Technologies,
Belfast, Northern Ireland) coupled with a 35-mm f/1.6 lens
(v) (C3514-M, Pentax, Japan). Corresponding excitation filter
(vi) and emission filter (vii) pairs are employed for data
acquisition.

Subsurface FMT reconstruction was conducted on a model-
based reconstruction algorithm. The fluorescent measurement
®(s,r,) detected at location r,; due to an area illumination
A(s) can be formulated as follows: '

O(s.ry) = © / G (NG lra . (1)

where G,y (r) and G(r,, r) are the Green’s functions of excita-
tion and emission light, respectively, which are the solutions of
SP; with a corresponding boundary condition’ to describe the
light transportation field in tissue. The optical properties are
assumed equal for both excitation and emission wavelengths.
O is a unit-less constant taking account of the unknown gain
and attenuation factors of the system. x(r) is the distribution
of fluorescent targets at location r, which is proportional to
fluorochrome concentration.

After the imaged object is discretized, a finite element solu-
tion of SPsis substituted into Eq. (1) and a linear equation can be
constructed as follows:

o = WX, 2)
where X is a column vector representing the concentration of

fluorescent targets to be reconstructed and W is the weight
matrix.
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Fig. 1 Schematic top view of the noncontact full-angle subsurface FMT
system.
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Fig. 2 Phantom experiments for evaluating the reconstruction accuracy
of the system. (a) The top view and front view of the experimental con-
figuration. (b) The reconstructed cross-section images corresponding to
different ICG concentrations, respectively, taken at slice Z = 3.6 cm.
The red curves on the cross-section images represent the phantom
boundary, and the small white circles indicate the actual position of
the tube. (c) Reconstructed values as a function of actual ICG concen-
trations. Columns, mean of the reconstructed values; bars, +SD. Blue
solid line, linear fit (R = 0.98).
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Considering the ill-posed nature of the reconstruction, a
Tikhonov regularization solution of Eq. (2) with regularization
parameter of @ = 1072 tr(WWT) is obtained from:

X = WI(WWT + al)~'®. 3)

Phantom experiments were first performed to evaluate the
performance of the subsurface FMT method. The phantom
configuration is shown in Fig. 2(a). A 3.0-cm-diameter glass
cylinder containing a mixture of water, intralipid and ink
was employed as the phantom, with an absorption coefficient
of p, =0.3cm™" and a reduced scattering coefficient of
u! =10.0 cm™'. A transparent glass tube (0.4 cm in diameter,
0.4 cm in length) was placed directly against the edge of the
cylinder with no gap between them to simulate a subsurface dis-
tribution of the fluorescent target. The tube was sequentially
filled with different concentrations of indocyanine green (ICG)
and corresponding fluorescence datasets were acquired subse-
quently. In the phantom study, fluorescent images were acquired
with a 740 & 6.nm excitation filter and a 840 & 6.nm emission
filter. Background images were acquired with a 660 4 6.nm exci-
tation filter for background signal reduction.'' 72 white-light
images were collected to recover the 3-D surface of the
phantom. '?

Figure 2(b) shows five cross-section slices taken at the mid-
dle of the tube (Z = 3.6 cm). Reconstructed values were plotted
as a function of actual ICG concentrations, as depicted in
Fig. 2(c). The data demonstrates that the proposed method pro-
vides a good linear response from 1 to 10 yM of the fluo-
rescent marker. It can be seen from Figs. 2(b) and (c) that all
tubes with different concentrations of ICG can be correctly
localized and quantified.

Animal experiments were conducted under the protocol
approved by the Institutional Animal Care and Use Committee
of Tsinghua University. 1 x 10° DsRed expressing MDA-MB-
231 human breast carcinoma cells were injected subcutaneously
into the back of two BALB/c-nude mice (five weeks old),
respectively, and treatment was initiated on day 16. One
tumor-bearing mouse was administered cisplatin (1.0 mg/kg)

Day 23 Day 25

Day 27 Day 29

S e

1 1 gl

45 - . ~F s =
! ‘ ¥ ‘ " ‘ -
~ NI Ny _ N3

iy 60

LR s A o 40
)

0

3

Fig. 3 Tomographic monitoring of tumor response to cisplatin in vivo. (a) White-light images of the saline-treated mouse and the cisplatin-treated
mouse on day 16 and day 29, respectively. The green arrows indicate the location of the tumor. (b) Series of subsurface FMT reconstruction results.
The first and third rows show the 3-D rendering of the reconstructed fluorescence distributions of the saline-treated mouse and the cisplatin-treated
mouse, respectively. The second and fourth rows show the cross-section images of the saline-treated mouse and the cisplatin-treated mouse,
respectively, taken at the center of the tumor. The red curves on the cross-section images represent the mouse boundary.
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Fig. 4 Quantitative analysis of in vivo experiment. (a) Time dependence of the sum of reconstructed values in the tumor region. (b) Time dependence of
the reconstructed tumor volumes. (c) The correlation between the reconstructed and the measured tumor volumes. Blue solid line, linear fit (R> = 0.97).

intratumorally every day for 2 consecutive weeks, while the
other tumor-bearing mouse was injected with saline solution
to serve as the nontreated control. To monitor the therapeutic
response, subsurface FMT was conducted on days 16, 18, 21,
23, 25, 27, 29. In the in vivo study, fluorescent images were
acquired with a 530 & 5.nm excitation filter and a 613 4 38.nm
emission filter. Background images were acquired with a
480 4 5.nm excitation filter for background signal reduction.'!
72 white-light images were collected to recover the 3-D surface
of the mouse.'? The mice were anesthetized by isoflurane-
oxygen gas mixture during the imaging process. The optical
properties used in subsurface FMT reconstruction were
s, = 0.8 cm™!, u! = 13.2 cm™!, which were calculated accord-
ing to Ref. 13. Tumors were measured with a caliper after fluo-
rescence imaging and tumor volume was estimated based on
the formula 0.5 X a X b%, where a was the longest diameter
and b was the shortest diameter. The 3-D geometry of the two
mice were both discretized with a voxel size of 0.2 x0.2 X
0.2 mm?, and the reconstructed tumor volumes were calculated
by the product of voxel size and the number of voxels in the
tumor region.

The white-light images of the saline-treated mouse and the
cisplatin-treated mouse at the beginning and the end of the anti-
tumor treatment are depicted in Fig. 3(a). Reconstruction results
shown in Fig. 3(b) illustrate a difference in the growth of tumor
fluorescence intensities between the two mice. Quantitative eva-
luation based on the sum of reconstructed values in the tumor
region, as depicted in Fig. 4(a), demonstrates that the fluores-
cence intensity is stable in the cisplatin-treated mouse, but
increases dramatically in the saline-treated control. The time
dependence of reconstructed tumor volumes for both mice is
shown in Fig. 4(b), and high correlation between the recon-
structed and the measured tumor volumes is obtained, as
shown in Fig. 4(c).

As a noninvasive technique that discovers fluorescence
distribution by tomographic means in reflectance geometry,
subsurface FMT is able to three-dimensionally and quantita-
tively image molecular and cellular activities not only on the
surface but in the interior tissues, thus providing a useful
tool for serial, noninvasive monitoring of therapeutic response
in preclinical studies. In this work, the localization and quan-
tification accuracy of the subsurface FMT method is validated
in phantom experiments. Then the therapeutic response of
cisplatin is monitored in vivo, and the distribution of DsRed
is tracked three-dimensionally during the treatment. Future
works include the application of this approach in the optimiza-
tion of existing cancer treatment regimens and testing of
novel therapeutic paradigms in the preclinical setting, as
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well as informing the design and management of future
clinical trials.
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