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Fluorescence diffuse optical tomography (FDOT) is a biomedical imaging modality that can be used for lo-
calization and quantification of fluorescent molecules inside turbid media. In this ill-posed problem, the re-
construction quality is directly determined by the amount and quality of the information obtained from the
boundary measurements. Regularly, more information can be obtained by increasing the number of excita-
tion positions in an FDOT system. However, the maximum number of excitation positions is limited by the
finite size of the excitation beam. In the present work, we demonstrate a method in FDOT to exploit the
unique nonlinear power dependence of upconverting nanoparticles to further increase the amount of infor-
mation in a raster-scanning setup by including excitation with two beams simultaneously. We show that the
additional information can be used to obtain more accurate reconstructions. © 2010 Optical Society of

America

OCIS codes: 170.3880, 170.6960, 170.7050, 100.3190.

Fluorescence diffuse optical tomography (FDOT) is a
relatively new modality that seeks to reconstruct the
spatial distribution of fluorescent probes inside tur-
bid materials [1]. As an imaging tool, it has good
prospects in biomedical studies to image, for ex-
ample, tumors [2], proteases [3], and drug effects [4].

FDOT is a numerically very ill-posed problem. In
this problem, the quality of the reconstructions for
the fluorescent target is directly determined by the
amount and quality of fluorescence information ob-
tained from boundary measurements [5]. Instrumen-
tal noise and tissue autofluorescence are the main
perturbations of the measurements, resulting in poor
signal quality, and can cause severe artifacts in the
reconstructed results [6]. To overcome this, one could,
for example, employ low-noise equipment, use back-
ground subtraction [7], or use spectral unmixing [8].
However, such methods cannot resolve all problems,
since they essentially are only utilizing the present
information in a better way rather than adding new
constraints for the reconstructions, i.e., adding new
independent information, which is critical to improve
the quality of the reconstructions.

In a noncontact CCD-based FDOT system, one pre-
ferred way to gain more information is by increasing
the number of excitation positions [9]. However, in
order to keep the intensity of the excitation beam
within reasonable levels, there is a limit on the mini-
mum size of the excitation beam. This implies a prac-
tical upper limit to the highest excitation-position
density, since distinct, i.e., nonoverlapping, excitation
positions are desired in the reconstructions. It is
also possible to employ an anatomical imaging mo-
dality such as magnetic-resonance imaging to pro-
vide a priori structural information [10]. However,
this is at the cost of significantly increased complex-
ity and reduced flexibility of the system.

Upconverting nanoparticles have been proposed as
fluorophores in biomedical imaging [11,12] as well as
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in FDOT [13]. These nanoparticles can emit anti-
Stokes shifted light when excited at 980 nm [14],
which enables the signal to be detected in an
autofluorescence-free environment [15]. This leads to
a significant reduction of artifacts in the reconstruc-
tions. In addition, owing to the quadratic power de-
pendence of the nanoparticles, the reconstructions
are more sharply defined compared with the recon-
structions of a linear fluorophore [13].

In this Letter, we present an approach to exploit
the quadratic power dependence of upconverting
nanoparticles to gain additional information by uti-
lizing two beams simultaneously for excitation in
FDOT. The effect of the images taken with dual-beam
excitation (named type-D images) on the reconstruc-
tions of the nanoparticle number density distribu-
tion, n, is demonstrated. In addition, comparisons of
reconstructed results between the linear rhodamine
6G and the quadratic upconverting nanoparticles are
made.

The excitation and emission fields can be modeled
by two coupled diffusion equations [13]. For qua-
dratic fluorophores, the fluorescence signal detected
at a fixed detector position under excitation of the kth
beam, I';, can be described by the forward model

N
Fk = 21 U;‘k(rd7ri)n(ri)[Ue(rsk’ri)]zAVi7 (1)

where N denotes the number of voxels; r 4, denotes
the coordinates for source, detector, and voxel, re-
spectively; and AV, is the volume of voxel i. The for-
ward solution of the excitation light is represented by
[Ue(rsk,ri)]2, while the adjoint solution to the forward
fluorescence problem is represented by U?(rd,ri).
When exciting the medium using two beams simulta-
neously, the detected signal is given by
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N
l_‘k&j = 2 U:fk(rd$ri)n(ri)[Ue(rskari) + Ue(rsj’ri)]2AVi
i=1

N
= 22 U;(rd, ri)n(ri) Ue(rsk7 ri) Ue(rsj’ri)AVi
i=1

+Fk+Fj, (2)

which reveals the involvement of cross terms. In a
raster-scanning setup, if two images are taken se-
quentially with one excitation beam scanning over
two positions (named type-S images), and a third im-
age is taken with dual-beam excitation (type-D)
above the previous two positions, the involvement of
cross terms implies that the type-D image cannot be
obtained by any mathematical manipulation from
the existing type-S images, indicating that it is inde-
pendent and contains additional information. How-
ever, for linear fluorophores, e.g., rhodamine 6G, the
type-D image is only a linear combination of the ex-
isting type-S images and will not add more con-
straints for the inverse problem. For nonlinear fluo-
rophores, it is obvious that Eq. (2) can be generalized
to include more simultaneous excitation beams.

The significance of the measurements with dual-
beam excitation in the reconstructions was confirmed
by the singular-value analysis of the weight matrix,
W, whose elements are given by [13]

Wis,a); = Up(rg,r)[Us(rg,r) |7AV;, (3)

with y=1 for linear fluorophores and y=2 for qua-
dratic fluorophores. Calculations were performed us-
ing the NIRFAST package implementing the finite-
element method [16]. W was factorized according to

W=U3V*, (4)

where U and V are unitary matrices containing the
left and right singular vectors of W, respectively, and
> is a diagonal matrix containing the singular values
of W. The column space of V is spanned by the image-
space modes, while the column space of U is spanned
by the detection-space modes. The singular values of
W denote how effectively a given image-space mode
can be detected by an experimental setup [17].
Figure 1 shows the normalized singular-value dis-
tribution of W. For clarity, only every second singular
value is shown. The circle and plus signs represent
the linear fluorophore, the former for the single-beam
excitation, while the latter for the combined single-
beam excitation and dual-beam excitation. As seen,
the normalized intensities of the additional singular
values due to dual-beam excitation have dropped to
machine precision, which indicates that the measure-
ments with dual-beam excitation will not alleviate
the ill-posedness of FDOT. In other words, the type-D
images cannot provide more information than the ex-
isting type-S images. Hence, it will not improve the
quality of the reconstructions. However, for the qua-
dratic fluorophore (denoted by asterisk and dot signs
in Fig. 1), the intensities of the additional singular
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Fig. 1. (Color online) Singular-value distribution of W.

values are still significant. This implies that type-D
images will contribute to the quality of the recon-
structions.

The experiments were carried out in a gelatin
phantom with optical properties of u,=0.29 cm™! and
#.=10.0 cm™! at 660 nm, measured with a time-of-
flight spectroscopy system [18]. Two glass tubes with
inner diameters of 2.4 mm, filled with aqueous solu-
tions of rhodamine 6G (¢=0.1 uM) and ultrasound-
agitated dimethyl sulfoxide colloidal of
NaYF,:Yb?*/Tm?3* nanoparticles (c=1 wt%), respec-
tively, were used to simulate the fluorescent lesions.
The spot sizes of the lasers were 2.6 mm in diameter,
which gave optical power densities of 480 mW/cm?
for the 980 nm laser and 85 mW/cm? for the 532 nm
laser, well below the damage thresholds of continu-
ous human-skin exposure. The experimental setup
and corresponding running parameters were similar
with those used in our previous work [13]. Owing to
the limited area of the phantom under investigation,
only nine excitation positions (3 X 3 grid) were used
in the present work. The separation of two nearest-
neighboring positions was 3.5 mm. During the ex-
periments, a single excitation beam was first used to
scan over the 3 X3 grid, and one image was captured
for each scanned position by a CCD camera. In the
next step, two excitation beams, located at two
nearest-neighboring sites of the same grid, were si-
multaneously employed to illuminate the phantom,
giving six extra type-D images.

Figure 2 shows the three-dimensional rendering of
the reconstructed upconverting nanoparticles. The
cylinders in the subfigures are identical and repre-
sent the true fluorescent lesions. In the reconstruc-
tion of Fig. 2(a), only type-S images were used. As can
be seen, the shape of the fluorescent lesion is overes-
timated. This overestimation may be explained by
the ill-posedness of the inverse problem. When add-
ing type-D images, the reconstruction of the fluores-
cent lesion shape is improved remarkably, as shown
in Fig. 2(b). In order to emphasize the difference be-
tween the two reconstructions, cross-sectional slices
of the reconstructed relative fluorophore distribution
are shown in Fig. 3. Although the depth is relatively
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Fig. 2. (Color online) Three-dimensional reconstruction of
upconverting nanoparticles. (a) Reconstruction using only
type-S images. (b) Reconstruction using the combined data
from type-S and type-D images.
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well reconstructed at the center of the fluorescent le-
sion (represented by the circles) for both reconstruc-
tions, the reconstructed fluorescent lesion is more
confined for the case of using both type-S and type-D
images. This result confirms that the images of type
D indeed contribute to the inverse problem and lead
to better reconstructions for the quadratic upconvert-
ing nanoparticles. The corresponding reconstructions
for the linear rhodamine 6G were also carried out,
whose cross-sectional slices are presented in Fig. 4.
Compared with the results for the nanoparticles, the
reconstructions for rhodamine 6G do not benefit from
adding the type-D images, which is in agreement
with the theory. The true depth of the fluorescent le-
sion is also poorly reconstructed.

In summary, based on previous work regarding the
employment of upconverting nanoparticles in FDOT,
we propose and demonstrate an additional unique
advantage of the nonlinear power dependence of up-
converting nanoparticles. This advantage enables the
possibility to obtain additional information for the in-
verse problem by using images taken with two or
more excitation beams simultaneously. We found that
this resulted in improved reconstructions. The same
advantage could not be found when using linear fluo-
rophores, e.g., rhodamine 6G.
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Fig. 3. (Color online) Cross-sectional slices of the recon-
structed relative nanoparticle distribution at x=17 mm. (a)
Reconstruction with only type-S images. (b) Reconstruction
with both type-S and type-D images.

0 10 20 30 O 10 20 30

y (mm) y (mm)

Fig. 4. (Color online) Cross-sectional slices of the recon-
structed relative rhodamine 6G distribution at x=17 mm.
(a) Reconstruction with only type-S images. (b) Reconstruc-
tion with both type-S and type-D images.
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