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Abstract

We demonstrate the necessity of functional and structural a priori information for quantitative
fluorescence tomography (FT) with phantom studies. Here the functional a priori information is
defined as the optical properties of the heterogeneous background that can be measured by a diffuse
optical tomography (DOT) system. A CCD-based noncontact hybrid FT/DOT system that could take
measurements at multiple views was built. Multimodality phantoms with multiple compartments
were constructed and used in the experiments to mimic a heterogeneous optical background. A 3:6
mm diameter object deeply embedded in a heterogeneous optical background could be localized
without any a priori information, but the recovered fluorophore concentration only reached one tenth
of the true concentration. On the other hand, the true fluorophore concentration could be recovered
when both functional and structural a priori information is utilized to guide and constrain the FT
reconstruction algorithm.

1. Introduction

Fluorescence imaging is one of the molecular imaging modalities that have many applications
ranging from basic science to clinical research. In this technique, contrast is provided by
exogenous fluorescence agents that are used to label cells or proteins. There are two main ways
of labeling cells, namely, direct and indirect labeling. Cells or proteins under investigation can
be directly labeled by conjugating fluorophores to a primary antibody, antibody fragment,
peptide, or ligand. Alternatively, a fluorescent protein can be used as a reporter to study gene
expression and regulation. In vitro imaging techniques such as fluorescence microscopy have
been used extensively to look at the immunofluorescence staining or green fluorescence protein
expression in molecular cell biology. Recently, in vivo fluorescence imaging techniques have
been developed using the same cell-labeling concept [1,2]. After all, visualization of biological
processes at amolecular level in living subjects holds promises in many clinical applications
such as early cancer detection, monitoring cell-based therapy by following the cell migration,
and validating drug delivery [2-6]. As a commonly used tool for in vivo imaging of small
animals, conventional planar fluorescence imaging systems create a projectional two-
dimensional fluorescence distribution map using relatively simple and fast instrumentation
[7,8]. However, due to the highly diffusive nature of the photon propagation in tissue, it is
difficult to recover the depth, size, and fluorophore concentration information accurately from
a projection image. On the other hand, fluorescence tomography (FT) can provide cross-
sectional or full three-dimensional (3D) images, although the quantitative accuracy in the
recovered fluorophore concentration is still low [9-11]. In FT, first the propagation of the
excitation light should be modeled from the boundary to the fluorophore embedded inside the

© 2009 Optical Society of America
*Corresponding author: ggulsen@uci.edu.
OCIS codes: 170.3010, 170.6960.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 2

medium. Then propagation of the emitted light should be modeled from the fluorophore to the
detectors located at the boundary of the medium. Consequently, the spatial distribution and the
concentration of the fluorophore can be reconstructed computationally by matching the photon
distribution predicted by the model and the experimental photon measurements.

FT is an extension of another widely studied optical imaging modality, diffuse optical
tomography (DOT), which uses near-infrared light to recover the optical absorption and
scattering maps of the medium under investigation. DOT has been applied for animal as well
as clinical breast and brain imaging [12-15]. The inverse problem is ill posed and
underdetermined for both DOT and FT due to the high scattering nature of the tissue and limited
number of measurements acquired from the boundary of the medium [16]. As a result, both
modalities suffer from the low spatial resolution and cannot recover the optical parameters
accurately. Structural a priori information has been found to be particularly effective in
improving the quantitative accuracy by guiding and constraining the reconstruction algorithm.
Meanwhile, simulation and experimental studies validated that the structural a priori
information improves the DOT reconstruction significantly [14,17-20].

Although this approach has been found effective for DOT, it alone would not be enough to
recover the true fluorophore concentration using the FT technique. The main reason for this is
the necessity of the knowledge of the background optical property map for proper modeling
of the light propagation at the excitation and the emission wavelengths. Hence here we
categorize a priori information into two types, namely, functional and structural a priori
information. The functional a priori information is defined as the background optical properties
of the heterogeneous medium, and structural a priori is defined as the anatomical information
of the object. In essence, the background optical absorption map obtained using DOT can be
utilized as the functional a priori information during FT reconstruction. As a result, light
propagation at both excitation and emission wavelengths can be predicted more accurately
when the background optical property map is available.

Published studies have not systematically investigated the quantitative improvement in the FT
reconstruction in a heterogeneous background with both structural and functional a priori
information. Some of those studies emphasize the importance of the structural a priori
information [21-24], while others emphasize the significance of the functional a priori
information [25-27]. We recently conducted simulation studies to show that both functional
and structural a priori information is essential for the accurate recovery of fluorophore
concentration of small inclusions deeply embedded in a heterogeneous medium.

Following the simulation studies, we carried out phantom studies to demonstrate the necessity
of both types of a priori information for quantitative FT. For this purpose, we constructed
multimodality phantoms with multiple compartments to mimic background optical
heterogeneity. Indocyanine Green (ICG), which is the only FDA-approved fluorescence
contrast agent, was used as the fluorophore. The background optical heterogeneity information
was obtained with DOT measurements at both excitation and emission wavelengths and used
as the functional a priori information. Magnetic resonance imaging (MRI) contrast agent Gd-
DTPA, a widely used agent in the dynamic contrast-enhanced (DCE) MRI, was also added to
different compartments at different amounts. The phantom composition was determined from
the T1-weighted anatomical magnetic resonance (MR) images and used as the structural a
priori information for the FT reconstruction. Here we report the results of these phantom
studies. These experimental studies confirmed that the fluorophore concentration of an
inclusion deeply embedded inside a heterogeneous background could only be recovered
accurately when both functional and structural a priori information was available.
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The light propagation in tissue is described by a coupled diffusion equation in the continuous
wave domain:

V [ D(NVO(N)] = | tax(N)+ar () O (r)= — g0(r), (1)
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where @y(r) and @ (r) (Wmm~2) are the photon density for the excitation and emission light,
respectively, and nym(r)(mm‘l) denotes the diffusion coefficient, which is defined by Dy , =
1/3(pax,m * us'x,m)- The reduced scattering and the absorption coefficients of the medium are
represented as ps'xym(mm‘l) and paxym(mm‘l), respectively. The absorption coefficients are
expected to differ at excitation and emission wavelengths due to the diverse spectral
dependence of the absorption of each individual tissue chromophore. Absorption coefficient
due to fluorophore pgs (r) is directly related to the ICG concentration by the formula pg¢ =
2:3¢C, where ¢ is the extinction coefficient of the fluorophore with the unit of molar mm™,
and C is the concentration of the fluorophore. Quantum yield n is the intrinsic property of the
fluorophore and defined as the ratio of the number of photons emitted to the number of photons
absorbed. According to the literature, ICG has excitation and emission maxima at 785 and 830
nm, and the ICG extinction coefficient at these wavelengths is 130,000 and 22; 000 molar~1
mm~1, respectively [28]. Mean-while, the quantum efficiency of ICG is 0.016.

The Robin boundary condition relates the optical fluence rate to optical flux at the boundary
and can be written as

0Dun(r)_

Dy (r)+2AD (1) an s 3)

where n is the direction perpendicular to the boundary, and A is the boundary mismatch
parameter and accounts for the light reflection on the boundary surface, which is determined
by Fresnel equations. The extrapolated-boundary condition is applied to model the position of
the source [29].

The coupled diffusion equation is an elliptical-type partial differential equation (PDE). A
numerical solution of this PDE is applied in a finite element method (FEM) framework. The
weak form of coupled diffusion Egs. (1) and (2) can be expressed as

[od2Ve - (dVD)+ [ (dX (Hartitay) oDy
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N
where ¢ is a arbitrary test function. Function @y , can be expressed as (D-mn:z = lf.\:mj‘ﬁj’,
where ¢ is a basis function for the jth node. We choose the piecewise linear function as the
basis function. The distribution Dy p, pix m, and pas can also be represented as

N N
Dym=) ,_ Dumkpr and paxm, f:Z 4o HMaxm. fkPk-, When the test function is also written as

N
‘P:Z_‘_:l‘ﬁx», the coupled diffusion Egs. (1) and (2) in the FEM framework is

Ax+B+C0)é=0x, (Ap+C)én=0méy, (6)
where
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The inverse problem is solved by minimizing the difference between the measured and the
calculated data according to the error functions

Ns Na

& (a)= ZZ@ Pij(ua)),

i=1 j=1 (7)

Ny Ny

& (ap)= ZZ«» Pij(Hap))’,
i=1 j=1 (8)

for the DOT and FT measurements, respectively. Here i represents the number of sources, j

represents the number of detectors, ¢f§’ the measurement, and Pjj(ua) and Pij(uaf) represent the
flux on the measured point calculated by the forward solver from the spatial distribution of
Maxm and pas . We iteratively update the unknown p, and pgs with the Levenberg—Marquardt
method by
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where €;=(¢}{ — Py and X represents the unknown matrix of pay m and p,s. The dimension of
Xis N, and N represents the number of nodes in the FEM mesh. The Jacobian matrix J is
calculated with the adjoint method [12]. When the functional a priori information is available,
we first reconstruct py ,, from the DOT data. Then @y is calculated using py and is used in the
second equation. Following that, p4f is reconstructed using @y and py,, which are obtained from
the DOT. A homogeneous gy m OF af distribution is assumed as the initial guess in the
reconstruction process. These values are found by minimizing the difference between the
forward solver solution and the measurements. When the structural a priori information is
available, Laplacian-type a priori developed by Yalavarthy et al. is used to find the fluorophore
concentration for the inclusion and the background [30]. The L matrix can be written as

0  ifiand jare not in the same region
Lij=4 1/N, i and j are in the same region s
1 lf l:] (10)

where N, represents the number of nodes included in one region. Then the updated equation
can be expressed as

Xyt =X+ (T T+ALTL) " (I e). (1)

A fine mesh (4225 nodes and 8192 elements) was used for the forward solver, while a coarse
mesh (1089 nodes and 2048 elements) was used for the inverse problem. When the structural
a priori information is available, 32 nodes were selected to represent the 3:6 mm fluorescence
object.

B. Instrumentation

A photograph of the system is shown in Fig. 1(a). A cooled CCD camera (Perkin Elmer, Cold
Blue) coupled with a lens focused at the object was used for photon detection. It was fixed on
a table 30 cm away from the rotation stage that held the object to be imaged. For the FT
measurement, two 830nm bandpass filters (MK Photonics, Albuquerque, New Mexico) were
used to eliminate excitation light at 785 nm. A stepper motor controller (National Instruments,
NI-7400) and a power driver (National Instruments, NI-7600) were used to control the rotation
stage with a computer. The rotation stage allowed measurements to be taken at multiple views.
The laser light was sent to the object sequentially from three different directions that were 45°
apart from each other; see Fig. 1(b). A computer-controlled fiber-optic switch (DiCon
Fiberoptics, Richmond, California) was used to activate any one of the three source locations.
It also allowed the selection of the source wavelength. Two different lasers were used in the
system, 785nm (75mW, Thorlabs, Newton, New Jersey) and 830nm (150mW, Intelite, Genoa,
Nevada). DOT measurements were acquired at both wavelengths. Following that, the first laser
was used for the FT measurements to excite the fluorophore ICG (IC-Green, Akorn, Buffalo
Grove, Illinois).

C. Phantom Studies

We constructed phantoms with multiple compartments to simulate heterogeneous tissue optical
properties. The phantoms were prepared using agarose powder (OmniPur Agarose, Lawrence,
Kansas). The Intralipid and India ink were added as optical scatterer and absorber, respectively.
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A homogeneous DOT calibration phantom was made with absorption coefficient pu, = 0:013
mm~1 and reduced scattering coefficient ps = 1:0 mm™1,measured with a frequency-domain
DOT system [14]. Another homogeneous FT calibration phantom was also prepared using the
ICG as the fluorophore and the absorber. The ICG is difficult to characterize due to its varying
absorption spectrum over time. In order to quantify the amount of the ICG in the inclusion, we
preserved some sample during the phantom construction and measured the absorption spectrum
with a spectrometer (Ocean Optics, USB2000) at the time of the phantom measurements.

For both DOT and FT, images were acquired from eight views (45° apart) for each source
position. For each view, a set of 21 virtual detectors was placed uniformly on the corresponding
boundary segment and mapped to the CCD [Fig. 2(b)]. For DOT measurements, the CCD
integration time for the source positions L1 and L3 and the source position L2 was 50 and 500
ms, respectively [source positions are represented in Fig. 1(b)], while FT measurements were
obtained with 1 min integration time for all three source positions.

The calibration procedure was performed for the DOT and the FT separately. For the DOT
calibration, a complete set of data was taken and averaged using the homogeneous DOT
calibration phantom. This step took data/model mismatch into account. Similarly, the FT
calibration was also carried out by taking a complete set of FT measurements using the
homogeneous FT calibration phantom.

Three phantoms with increased complexity are investigated in this paper. The first case was
designed to validate the performance of the system. The second and third cases were designed
to evaluate the effect of the functional and structural a priori information on the FT
reconstruction. The fluorophore inclusion was embedded in a homogeneous background in the
first case, while the inclusions were positioned in a heterogeneous optical background in the
second and third cases. The ICG inclusion was placed in a transparent tube.

Case 1—The phantom had a 3:6 mm diameter hole filled with ICG and Intralipid inclusion
located 10 mm away from the center of the phantom. The background optical properties were
Hax = 0:013 mm L, pam = 0:011 mm™L, and 'y m = 1:0 mm™L. The ICG concentration in the
inclusion was 0:67 UM, which set the absorption coefficient due to the fluorophore in the
inclusion to 0:02 mm™L. The diagram of the phantom is shown in Fig. 2(a). The fluorophore
concentration map was reconstructed with and without the structural a priori information. In
addition, we evaluated the effect of the imperfect structurala priori information. Therefore the
fluorophore concentration map was also reconstructed when the object size was underestimated
10% and when the object location was estimated 3 mm off from the structural images.

Cases 2 and 3—We investigated two more cases where the ICG inclusion was embedded
in a heterogeneous medium. The commonly used MR contrast agent, Gd-DTPA, was added to
the different compartments of the phantom at different amounts. Consequently, the boundaries
of the compartments were obtained from the T1-weighted MR images and used as the structural
a priori information (see Fig. 3, first row). Both DOT and FT measurements were acquired
sequentially. The absorption map of the phantom for both emission and excitation wavelengths
were reconstructed using DOT measurements and utilized as the functional a priori
information. Later, the ICG concentration was reconstructed using four different combinations
of the functional and structural a priori information as follows:

A. using erroneous absorption coefficient and disregarding the background
heterogeneity

B. using reconstructed absorption maps from the DOT measurements as the functional
a priori information during the FT reconstruction,

Appl Opt. Author manuscript; available in PMC 2009 September 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

3. Results

Casel

Page 7

C. using erroneous absorption coefficient while disregarding the background
heterogeneity and using only the structural a priori information for the FT
reconstruction, and

D. using reconstructed absorption map as the functional a priori information and
applying the structural a priori information in the FT reconstruction.

In Case 2, the background optical property was kept the same as Case 1. However,
heterogeneous optical background was obtained by adding an absorptive inclusion with optical
properties of pay = 0:035 mm™2, pam = 0:03 mm ™2, and pg'y m = 1:0 mm~2. This absorptive
inclusion was 14 mm in diameter and located 5 mm offset from the center of the phantom.
Meanwhile, the ICG inclusion was 3:6 mm in diameter and 10 mm away from the center of
the phantom. It was located outside the absorptive inclusion and had a concentration of 0:67
MM. As a result, the absorption coefficient in the inclusion due to the fluorophore was 0:02
mm~L,

The background optical property for Case 3 was similar to the previous cases. Moreover, an
absorptive inclusion was also added with the same optical property as in Case 2. This time the
absorber was 25 mm in diameter and 5 mm offset from the center of the phantom. Case 3 was
particularly more complex than the other two cases since not only the background was more
heterogeneous but also the fluorophore was embedded inside the absorption inclusion. Again,
the ICG inclusion had a concentration of 0:67 uM, which set the absorption coefficient due to
the fluorophore in the inclusion to 0:02 mm™1. Like-wise, it was 3:6 mm in diameter and 10
mm away from the center of the phantom. Furthermore, the ICG inclusion was located off
center inside the absorber.

Once calibrated using calibration phantom measurements, both DOT and FT data were used
to reconstruct the absorption maps at excitation and emission wavelengths as well as the ICG
concentration map. The results for Case 1 are shown in Fig. 2. The diagram of the phantom is
illustrated in Fig. 2(a), and the source and detector positions for one view are presented in Fig.
2(b). For Case 1, the optical absorption coefficient of the homogeneous background is
estimated from the DOT measurements and used as functional a priori information. The
reconstructed fluorophore concentration maps with and without the structural a priori
information are shown in Figs. 2(c) and 2(d), respectively. Meanwhile, the results for Cases 2
and 3 are shown in Fig. 4 and Fig. 5. The T1-weighted MR images of the phantoms are presented
in the first column of Fig. 3. The intensity profiles are drawn across the fluorescence inclusion
as indicated with the dashed line in the MR images (see Fig. 3, column 2). The recovered
absorption maps from the DOT measurements are shown in the third column of Fig. 3. The
reconstructed fluorophore concentration maps for four different combinations of the functional
and structural a priori information are presented in Fig. 4(a)—-4(d) and Fig. 5(a)-5(d).

In this case, the ICG inclusion is located in a homogeneous background. As shown in Fig. 2
(c), the ICG inclusion can be localized, but the mean reconstructed ICG concentration is only
0:15 pM. The full-width at half-maximum (FWHM) of the reconstructed object is 5 mm. On
the other hand, when the structural a priori information is utilized, the recovered ICG
concentration is 0:66 UM [Fig. 2(d)]. In this case, we demonstrate that hybrid FT/DOT system
alone is able to localize the position of the fluorophore, but the concentration is recovered with
77% error. However, when the structural a priori information is also used to guide the
reconstruction, the true fluorophore concentration can be recovered successfully. Furthermore,
when the object size is underestimated by 10%, the recovered fluorophore concentration is
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overestimated by 13%. In the meantime, when the object location is estimated 3 mm off of the
true location, the fluorophore concentration is recovered with a 3% error.

The results for Case 2 are shown in Fig. 4. The left column is the recovered fluorophore
concentration map for Figs. 4(a)-4(d), while the right column shows the corresponding profiles
for the recovered fluorescence object. The structure of the phantom can be seen from the T1-
weighted MR anatomical image (first column of Fig. 3). When erroneous absorption coefficient
Hax = Ham = 0:01 mm~1 is assumed for the background, and its heterogeneity is disregarded,
the fluorophore can be localized, but FWHM of the recovered object in the horizontal direction
is 13:4 mm. Besides, the recovered concentration reaches only less than one tenth of the true
concentration [Fig. 4(a)]. Meanwhile, the reconstructed absorption map for the employed
excitation wavelength is shown in the third column of Fig. 3. Figure 4(b) represents the
reconstructed ICG concentration map when the reconstructed absorption maps from the DOT
measurements are used as the functional a priori information during the FT reconstruction.
Although the object can be localized accurately, and the FWHM of the recovered object is
reduced to 6:9 mm, the recovered ICG concentration still is not accurate, as shown in Table 1.
This result is consistent with our earlier simulation results in the case of small fluorophore size
[31]. On the other hand, when the structural a priori information alone is applied to the FT
inverse solver, and the erroneous absorption coefficient pay = pam = 0:01 mm1 is assigned to
the background while disregarding its heterogeneity again, the ICG concentration is recovered
with 37% error [Fig. 4(c) and Table 1]. Above all, when both functional and structural a
priori information are used during the FT reconstruction, the fluorophore concentration is
recovered with less than 1% error.

This case is more complex than the second case due to the more complicated background optical
heterogeneity as well as the positioning of the inclusion in the highly absorptive region, as
shown in the MR image for Case 3 (Fig. 3 second row). The results for Case 3 are shown in
Fig. 5. Again, the recovered fluorophore concentration map and the profile for the recovered
fluorescence object are shown in the left and right columns in Fig. 5, respectively. Similar to
the previous cases, when the background is assumed to be homogeneous, and erroneous
absorption coefficient piay = pam = 0:01 mm™71 is assigned, the fluorophore can be localized,
but the FWHM of the recovered object is 10:9 mm. Furthermore, the recovered concentration
is much lower than in Case 2, almost 100 times lower than the true concentration [Fig. 5(a)
and Table 1]. On the other hand, Fig. 5(b) presents the reconstructed ICG concentration map
when the reconstructed absorption maps from the DOT measurement are used as the functional
a priori information in the FT reconstruction. Similar to Case 2, the fluorophore can be
localized, and the FWHM of the recovered object is 8:4 mm, but the ICG concentration is
recovered with 80% error. When the structural a priori information is applied alone in the FT
inverse solver, and the erroneous absorption coefficient pay = pam = 0:01 mm1 is assigned to
the background while disregarding its heterogeneity, the ICG concentration is recovered with
87% error [Fig. 4(c) and Table 1]. However, when both functional and structural a priori
information are used during the FT reconstruction, the fluorophore concentration is again
recovered with less than 3% error, as given in Table 1.

4. Discussion and Conclusion

Recently, planar fluorescence imaging has been extensively applied for in vivo small animal
imaging. At the same time, molecular imaging with fluorescence techniques has emerged in
personalized medicine applications [32]. Nevertheless, imaging the distribution of the
fluorophores located deep in a highly scattering medium with high quantitative accuracy still
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requires tomographic imaging techniques rather than projection imaging. Indeed, even though
a lesion may be detected in the reconstructed image, the true location, size, and most
importantly, the true concentration of the fluorophore cannot be recovered unless proper a
priori information is available [31,33,34]. A system that can reveal quantitatively accurate
fluorophore concentration as an image will have a great potential in a number of applications
covering a broad range from stem cell to cancer research.

Until now, a number of groups have explored the improvement in the FT reconstruction when
the background optical property is obtained from the DOT measurement. Hervé et al. have
shown that the fluorophore concentration and location can be recovered more accurately by
correcting the attenuation heterogeneity a priori to the fluorescence reconstruction [26].
Furthermore, Tan and Jiang also demonstrated that DOT-guided FT can recover the
fluorophore concentration more accurately [25]. However, as presented in Cases 2 and 3, even
though the background heterogeneity is corrected, a small inclusion deeply embedded inside
the medium cannot be recovered accurately. On the other hand, a few previous studies have
also used the structural a priori information to improve FT reconstruction using phantoms with
homogeneous background [24,35]. However, as we presented in Cases 2 and 3, the structural
a priori information alone is not enough to recover quantitatively accurate fluorophore
concentration images if the background is heterogeneous. In this study, we confirm that both
functional and structural a priori information are crucial to recover the fluorophore
concentration accurately especially for a small inclusion embedded in a heterogeneous
background. For example, when the functional a priori information is applied alone, the
reconstructed ICG concentration map is substantially improved particularly for Cases 2 and 3.
As illustrated in the Table 1, the recovered ICG concentration in the inclusion improved
approximately four and ten times for Cases 2 and 3, respectively. Nevertheless, the error in the
recovered ICG concentration in the inclusion is still very high, around 80% for both cases. On
the other hand, applying the structural a priori alone makes a substantial impact only for Case
2, in which the error in the recovered ICG concentration is reduced to 28%. Please note that
the background for the third case is more complex than the other two cases. Accordingly, these
results reiterate that the structural a priori information alone would not be enough for small
inclusions located in a highly heterogeneous background. In any case, only when both
functional and structural a priori information are applied during FT reconstruction can the
fluorophore concentration be obtained within a 2% error for both cases. Indeed, our phantom
experiment results are highly consistent with the previous simulation results [24,31].

Most previous studies have been targeting mouse imaging, and therefore noncontact FT
systems were generally optimized and validated for small-sized objects [10,36]. For instance,
Hervé et al. used a 15 mm thick slab phantom [26]. Likewise, Koenig et al. utilized an imaging
chamber with 15 mm thickness [37]. In this study, we applied 41 mm diameter cylindrical
phantoms, which resemble larger animal models such as rat. We also believe that these
experimental studies with larger phantoms will pave the way for translation of the FT technique
for clinical applications such as breast cancer imaging or brain imaging.

In conclusion, we have built a noncontact CCD-based multiprojectional FT system that could
obtain both FT and DOT measurements congruently in the same settings. We evaluated the
importance of both functional and structural a priori information using multimodality
phantoms with different compartments representing heterogeneous optical background. In
practice, the functional a priori information can be obtained by acquiring additional DOT
measurements prior to the FT measurement. In our study, homogeneous scattering coefficient
distribution was assumed. However, in reality the scattering coefficient can also be very
heterogeneous. In order to effectively separate the absorption and scattering coefficients during
the reconstruction, time-dependent DOT measurements are required. This can be achieved by
using a frequency-domain or time-domain DOT system. The structural a priori information,
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the other hand, can be obtained from a high resolution anatomical imaging modality such
MR, as demonstrated in this paper. It should be noted that other modalities may also be

used to obtain structural a priori information. A multimodality imaging system that can acquire
both structural and functional a priori information in the same setting would be preferable due

to
an

its superior coregistration potential. Several examples of hybrid systems such as DOT MRI
d positron-emission tomography MRI have recently emerged as truly integrated

multimodality systems [17,20,38,39]. In essence, our preliminary phantom studies have

va

lidated that a system that can acquire DOT, FT, and anatomical images in the same setting

would be very promising for quantitative in vivo FT.
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CCD camera and bandpass filters
Laser sources

Fig. 1.

(Color online) (a) Photograph of the setup (top view). The CCD camera is on the left-hand
side, the cylindrical phantom is placed on a rotation stage, and the phantom is illuminated from
one of the three source positions, indicated by arrows. (b) Schematic showing the fiber-optic
switch used to illuminate the object (P) from any one of three different positions (L1, L2, and
L3). It also allows the selection of either the emission (Am) or the excitation (Ax) wavelength.
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Fig. 2.
(Color online) (a) Schematic showing the 3:6 mm diameter object located 10 mm away from
the center of the medium. (b) Schematic showing the three source positions 45° apart from
each other (indicated in red numbers). The 21 detectors are equally distributed at the boundaries
(indicated in green numbers). (c) Reconstructed fluorophore concentration map for Case 1
without the guidance of structural a priori information. Please note that the absorption
coefficient of the homogeneous background is found from the DOT measurements and is used

as the functional a priori information. (d) Reconstructed fluorophore concentration map for
Case 1 when the structural a priori information is utilized. (e), (f) Reconstructed fluorophore
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concentration map when the object size is underestimated by 10% and the object location is
estimated 3 mm off from the structural images, respectively.
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Fig. 3.
(Color online) First column is the T1 weighted MR images of the phantoms for phantom study
Cases 2 and 3. The fluorophore is held by a transparent tube with 0:5 mm wall thickness (dark
circle shown in MR image). The middle column is the plot of the profile along the x axis across
the fluorescence object (as indicated by the dashed line in the MR images). The absorption

maps at 785 nm are displayed in the third column.
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Fig. 4.
(Color online) Phantom study results for Case 2. The reconstructed fluorophore concentration
maps are shown in the left column when (a) using erroneous absorption coefficient and
disregarding the background heterogeneity; (b) using reconstructed absorption map from DOT
measurement as the functional a priori information in the FT reconstruction; (c) using
erroneous absorption coefficient, disregarding the background heterogeneity, and using only
the structural a priori information for FT reconstruction; and (d) using reconstructed absorption
map as the functional a priori information and applying the structural a priori information
during the FT reconstruction. The right column is the plot of the profile along the x axis across
the fluorescence object (as indicated by the dashed line in the reconstructed map).
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Fig. 5.

(Color online) Phantom study results for Case 3. The reconstructed fluorophore concentration
maps are shown in the left column when (a) using erroneous absorption coefficient and
disregarding the background heterogeneity; (b) using reconstructed absorption map from DOT
measurement as the functional a priori information in the FT reconstruction; (c) using
erroneous absorption coefficient, disregarding the background heterogeneity, and using only
the structural a priori information for FT reconstruction; (d) using reconstructed absorption
map as the functional a priori information and applying the structural a priori information
during the FT reconstruction. The right column is the plot of the profile along the x axis across
the fluorescence object (as indicated by the dashed line in the reconstructed map).
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