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Quantitative fluorescence tomography using a
combined tri-modality FT/DOT/XCT system

Yuting Lin', William C. Barber?, Jan S. Iwanczykz, Werner Roeck’,
Orhan Nalcioglu', and Gultekin Gulsen"
"'Tu and Yuen Center for Functional Onco-Imaging, University of California,
Irvine, CA 92697 USA

2 DxRay Inc., Northridge, CA 91324 USA
*ggulsen@uci.edu

Abstract: In this work, a first-of-its-kind fully integrated tri-modality
system that combines fluorescence, diffuse optical and x-ray tomography
(FT/DOT/XCT) into the same setting is presented. The purpose of this
system is to perform quantitative fluorescence tomography using multi-
modality imaging approach. XCT anatomical information is used as
structural priori while optical background heterogeneity information
obtained by DOT measurements is used as functional priori. The
performance of the hybrid system is evaluated using multi-modality
phantoms. In particular, we show that a 2.4 mm diameter fluorescence
inclusion located in a heterogeneous medium can be localized accurately
with the functional a priori information, although the fluorophore
concentration is recovered with 70% error. On the other hand, the
fluorophore concentration can be accurately recovered within 8% error only
when both DOT optical background functional and XCT structural a priori
information are utilized to guide and constrain the FT reconstruction
algorithm.

©2010 Optical Society of America

OCIS codes: (170.0170) Medical optics and biotechnology; (170.0110) Imaging Systems;
(110.6955) Tomographic imaging; (170.7440) X-ray Imaging; (110.4190) Multiple imaging
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1. Introduction

Fluorescence imaging has become an essential in vivo small animal imaging tool in recent
years [1-5]. Both commercial availability and relative ease of use has enabled widespread
adoption of this technique. Most commercial fluorescence imaging systems utilize a planar
imaging approach. However, the location, size and concentration of fluorescence inclusions
buried deep in tissue cannot be obtained accurately from a two-dimensional projection image.
This is due to the highly diffusive nature of light propagation in tissue. Fluorescence
tomography (FT), on the other hand, is capable of generating cross-sectional fluorophore
distribution map. In the last decade, researchers from various institutions have developed
small animal fluorescence tomography systems for many applications [6—10]. Despite rapid
and promising development, the quantitative accuracy of FT technique is limited due to the
ill-posed nature of the FT inverse problem.

In order to improve the quantitative accuracy of FT techniques, several attempts have been
made to combine FT with other anatomic imaging modalities such as magnetic resonance
imaging (MRI) and x-ray computed tomography (XCT). In fact, the idea of combining a
functional/molecular imaging modality with a high spatial resolution anatomical imaging
modality has been applied previously to optical and nuclear imaging. Examples of this
approach can be found in combined positron emission tomography (PET) and XCT systems
and combined single photon computed tomography (SPECT) and MRI [11-16]. The
advantage of such multi-modality approach is two-fold. First, functional information provided
by nuclear imaging is perfectly co-registered with high-resolution anatomical images hence
improves visualization of nuclear activity. Second, the structural a priori information can
improve quantitative accuracy of the nuclear imaging by guiding and constraining the
reconstruction algorithm. Another example of multi-modality approach is combining DOT
with MRI and X-ray mammography [17-19]. Like PET, DOT is a low-resolution functional
imaging modality, but uses near-infrared light to investigate the optical absorption and
scattering properties of tissue. Up to date, extensive effort has been made to integrate DOT
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with other imaging modalities to obtain accurate optical property maps of the tissue under
investigation [17, 20-24]. This approach again aims for obtaining more accurate functional
and molecular information with the guidance of the high-resolution anatomical priors.

Similarly, several studies have demonstrated importance of using structural information in
fluorescence tomography. Simulation studies have shown that recovered fluorescence
parameters can be improved when structural a priori information is used [25, 26]. There are
two experimental approaches for obtaining structural a priori information along with FT. The
first approach is to acquire FT and anatomical images in separate settings. The anatomical
information is then co-registered and used to improve FT reconstruction. We have previously
demonstrated that MR structural a priori information drastically improves the quantitative
accuracy with a bench-top FT system [27]. Kepshire et al has also developed a PMT based FT
system and obtained the structural information using a XCT system [28]. Meanwhile, the
second approach is to build integrated systems that can acquire both FT and anatomical
images in the same setting. The key advantage of this approach is guaranteed accurate co-
registration of the optical and anatomical images. For instance, Davis et al has developed a
hybrid FT/MRI system [29]. Anabela de Silva et al have developed an integrated XCT-FT
bench-top system. They demonstrated enhanced visualization of the fluorescence activity due
to co-localization of FT and XCT images even without utilizing anatomical priors [30, 31].
Besides, Schulz et al have also presented that the fluorophore localization improves with XCT
anatomical information using their integrated FT and XCT system [32].

Besides utilization of structural a priori information, FT quantitative accuracy can be
improved further if the tissue optical heterogeneity is taken into account. The most common
technique is to treat the tissue as a homogeneous medium after normalizing fluorescence
measurements with respect to intrinsic excitation measurements [33]. A more elaborate
method is to obtain and use background optical property map to accurately model photon
migration in both excitation and excitation wavelengths. In FT, excitation light propagation is
modeled from the boundary to the fluorophore located inside the tissue first. Afterwards,
emission light propagation is modeled from the fluorophore to the detectors located at the
boundary of the tissue. Hence, optical properties at both excitation and emission wavelengths
that are obtained by DOT can be used as functional a priori information prior to the
reconstruction of FT parameters. It has already been demonstrated that the fluorophore
concentration is recovered more accurately when the background optical property map is
provided [27, 29, 34-36].

To be able to improve the performance of FT by utilizing both structural and functional a
priori information, we built a first-of-its-kind gantry-based multi-modality system that
combines FT, DOT and XCT in the same setting. As a counterpart of this tri-modality system,
the XCT offers anatomical information while the DOT provides optical background
heterogeneity to improve the FT images further.

The performance of the system was evaluated using multi-modality phantoms. We first
assessed the linearity of the system response using fluorescence inclusions with various
concentrations located in a homogeneous, tissue-mimicking phantom. Next, size and location
dependence of the recovered fluorophore concentration was investigated. For both studies, the
fluorophore concentration maps reconstructed with and without XCT structural a priori
information were compared. Finally, we investigated the recovery of the fluorophore
concentration of the inclusion in the presence of background heterogeneity. We demonstrated
that fluorophore concentration could be accurately recovered only when both functional
(DOT) and structural (XCT) co-registered a priori information is available.
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2. Materials and methods
2.1 Instrumentation

The XCT system was developed by DxRay, Inc (Northridge, CA) and transferred to UC-
Irvine. Afterwards, the XCT gantry was expanded to install the optical imaging components
for the tri-modality imaging system. The picture of the combined system from side and front
views are shown in Fig. 2a and b.

2.1.1 Optical Tomographic Imaging

Both absorption and fluorescence measurements were carried out using the same optical
instrumentation. Two different lasers were used in the system, 785 nm (75 mW, Thorlabs) and
830 nm (150 mW, Intelite.Inc). The selection of the laser wavelengths was based on the
optical property of the fluorophore used in the experiment, Indocyanine Green (ICG), which
has the excitation and emission wavelength at 785 nm and 830 nm, respectively. Laser diode
mounts and drivers were installed on the gantry. The drivers were operated at constant power
mode to ensure the output stability during the experiments. The schematic of the laser
delivery path is shown in Fig. 1b. An optical (on/off) switch (Dicon Fiberoptics) was utilized
at the end of each laser source prior to combining their outputs. Both laser outputs were
combined using a 50/50 fiber optic coupler whose output was connected to a 1 x 3 fiber optic
switch. The fiber optic switch allowed sequential activation of each source position. This
configuration allowed us to illuminate the sample with a collimated beam at either 785 nm or
830 nm from three different angles (—45°, 0°, 45°). A cooled CCD camera (Perkin Elmer,
Cold Blue) was also positioned on the gantry across the three fiber optic collimators and used
to capture the images of the phantom. A sigma MACRO 50 mm F2.8 lens was coupled to the
CCD camera. A computer controlled filter wheel (Tofra, Inc.) was installed between the CCD
camera body and the lens. One 830 nm band-pass filter (MK Photonics) and one long pass
edge filter (Semrock, Inc) were stacked and used to eliminate excitation light at 785 nm. This
filter combination minimizes the strong excitation leakage with maximum transmission rate at
fluorophore emission wavelength.

3 On/Off LR
X n,

SWITCH SWITCH el

n C1 o - .
= ,_{ LASER
3 b — DRIVERS

COUPLER | /o0t \ :
SWITCH LASER I
830 nm

(a) (b)

Fig. 1. (a) The schematic of the multi-modality gantry-based system. The XCT gantry was
expanded and optical imaging components were installed. A sample holder was designed to
translate the sample between XCT and optical imaging systems. The components that are seen
in the diagram: (1) the sample holder, (2) x-ray source, (3) x-ray detector, (4) CCD camera, (5)
filter wheel, (6) lens, (7) phantom, (8) fiber optic collimator, (9) optical fibers, (10) fiber optic
switch. (b) The light delivery components. On-off switches were used to select the desired
illumination wavelength. A 50/50 fiber optic coupler was used to combine both laser output. A
1 x 3 fiber optic switch allowed the sequential activation of any one the three source sites.
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Labview Software (National Instruments, Austin, TX) was used to control each
component and perform automatic data acquisition. A data acquisition card (NI-6550) was
used to control the on/off switches. In addition to this, a motion controller (NI-7330) and a
step motor driver (NI-7604) were used to control the filter wheel. The gantry rotation and the
1 x 3 fiber optic switch were controlled via serial ports while the CCD camera was connected
to the computer via a USB port. All electronic connections between the computer and the
components of the optical imaging system were transferred through a wire harness belt. A
graphical user interface was designed to rotate the gantry, activate the desired source position,
and acquire the CCD images with or without excitation filters.

2.1.2 X-ray computed tomography

The XCT system had its own dedicated computer for data acquisition and analysis. The only
common component between optical and XCT imaging systems was the gantry control
mechanism. Hence, the corresponding serial port connector was switched to the XCT
computer prior to the XCT acquisition. The schematic of the system is shown in Fig. 1.a.
Again, the electrical connections between the XCT computer and the components on the
gantry were transferred through a separate wire harness belt. These components were the
following: x-ray tube, flat panel sensor and step motors that control the gantry rotation as well
as the source-detector distance. The x-ray tube was operated at 50kVp and 0.5mA. The flat
panel sensor had an active area of 12 cm x 12 cm and pixel size of 50 um (C7942GP,
Hamamatsu Photonics). A picture of the XCT counterpart is shown in Fig. 2.a. Planar images
were acquired from 256 projections over 360° degree rotation in a set and shoot mode. Trans-
axial images were reconstructed using a Feldcamp cone beam filtered back projection
algorithm. A standard box-car filter was used.

(@) (b)

Fig. 2. (a) The picture of the system from the side view showing the XCT counterpart. The x-
ray source (top) and the flat panel detector (bottom) are positioned on a rotating gantry. All the
electrical connections transferred to the gantry using wire harness belts. (b) The picture of the
system from the front view showing the FT/DOT components.

2.2 Mathematical framework for optical image reconstruction

A coupled diffusion equation is used to model the excitation and emission fluorescence light
propagation in tissue:

V-[D,(NV® (N]- 1, (N® (r) = —q,(r) (0

V-[D,(NV®, (N]-u,, (NP, (r) == (), (r) @)
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where O,(r) and ®@,,(r) (W-mm_z) are the photon density for the excitation and emission light,
respectively. The diffusion coefficient, Dy (1) (mrn_l), is defined by Dy ,,=1/3(Uaxm +psgx,m).
The reduced scattering and the absorption coefficients of the medium are represented as i
(rnrn_l) and Uuym (mm_l), respectively. The absorption coefficients are expected to be
different at excitation and emission wavelengths due to the diverse spectral dependence of the
absorption of each individual tissue chromophore [37]. Meanwhile, absorption coefficient due
to fluorophore, p,(r), is directly related to the ICG concentration by the formula p,; =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. The total absorption coefficient at excitation wavelength
(Uax) includes the contribution from the fluorescence absorption p,«(r). Quantum yield, 1, is
the intrinsic property of the fluorophore and defined as the ratio of the number of photons
emitted to the number of photons absorbed. The coupled diffusion equation is solved with the
finite element method (FEM). The details have been described previously [27].

The inverse problem was solved by minimizing the difference between the measured and
calculated data according to the following error function:

& (u,) = ZZ@’, - Py (u,)) 3)
i=1 j=1
gz(ﬂaf) = 22(¢:7 - Pij (,uaf ))2 @)

i=1 j=1

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

represents the number of detectors. ¢ is the measurement. Py(u,) and P;(u,) are the flux on

the measured point calculated by the forward solver from the spatial distribution of p,y , and

Uyt We iteratively updated the unknown p, and p,¢ with Levenberg-Marquardt method by
X, =X, +(JTT+AD)"'(JTe) 5)

where ¢; = (¢;l —F;) and X represents the unknown matrix of py, and p,r. The dimension of

X is N and it represents the number of nodes in the FEM mesh. The Jacobian matrix J is
calculated with adjoint method [38].
The data analysis has been divided into the following steps,

a) For optical background heterogeneity correction, we first reconstruct i, ,, from the
DOT data.

b) Following that, p, is reconstructed using @, ,, and M, that are obtained from the
DOT. A homogeneous p, 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.

c¢) 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 [40]. The L-matrix can be written as
0 if i and jare not in the same region
L;=41/N, if iand jarein the same region (6)
1 if i=j
where N, represents the number of nodes included in one region. Then the update equation
can be expressed as:
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Dual mesh is used for reducing the computational time. A fine mesh (4225 nodes and
8192 elements) is used for the forward solver, while a coarse mesh (1089 nodes and 2048
elements) is used for the inverse problem for both DOT and FT.

2.3 Tissue simulating phantom studies

Several phantom studies were carried out to evaluate the performance of the tri-modality
system. Optical images were acquired from 8 views (45 degrees apart) for each source
position. For DOT measurements, one-second CCD integration time was enough. However,
FT measurements were obtained with sixty-second integration time for each source position.
For each view, a set of 21 virtual detectors were placed uniformly on the corresponding
boundary segment and mapped to the CCD as described in previous work [27].

The phantoms were prepared using agarose powder. Intralipid and Indian ink were added
as optical scatterer and absorber, respectively. ICG (IC-Green, Akorn, Inc) was used as the
fluorophore in this study. According to the literature, the ICG extinction coefficient at 785 nm
and 830 nm is 130,000 Molar '“mm™ and 22,000 Molar "mm™, respectively [39].
Meanwhile, the quantum efficiency of ICG is 0.016. The clinical CT contrast agent
Omnipaque (GE healthcare) was also added to different compartments of the phantom so that
the structure of the phantom could be obtained from XCT scan and used as structural a priori
information.

Mainly, three phantoms studies were undertaken. The first study was designed to evaluate
the linearity of the system response. The second study was designed to assess the size and
location dependence of the reconstruction results without and with the structural a priori
information. The third case was designed to investigate the effect of both the functional and
structural a priori information on the FT reconstruction. ICG inclusions were embedded in a
homogeneous background for the first two studies, and in a heterogeneous optical background
for the third study.

A full set of data was acquired using homogeneous DOT and FT calibration phantoms at
the end of each study. The optical properties of the DOT calibration phantom were set to p, =
0.01 mm™" and p, = 0.8 mm™". The optical properties of the FT calibration phantom were
similar. However, ICG (34 nM) was added for the latter case, which set the absorption due to
this fluorophore to p,; = 0.001 mm™'. A complete set of FT and DOT measurements were
taken using the homogeneous FT and DOT calibration phantom. Then the experimental data
(Fineasurea) 18 calibrated using the calibration phantom measurements (Fyomo_measurea) and

F
— measured x F

calibrated homo_ forw

homo_ measured

where the Fyomo_forw 18 calculated by the forward solver. The calibrated data Fiee_catipraea 18 then
fed into the inverse solver. This step takes into account for the data/model mismatch. More
details are given in our previous work [27].

3. Results
3.1 Phantom study I: response linearity

A 2.4 mm inner diameter glass tube filled with ICG and Intralipid is inserted in a 25 mm
diameter phantom. The optical properties of the homogeneous background are set to p,=0.01
mm™' and p;=0.8 mm™'. The inclusion is 6 mm away from the center of the phantom. Figure
3a shows the trans-axial XCT image of the phantom. The ICG concentration in the inclusion
was varied in a broad range, from 34 nM to 830 nM, to evaluate the linearity of the system.
The reconstructed ICG concentration maps without and with the structural a priori
information are shown in the first and second columns in Fig. 4, respectively. The plot of the

#120043 - $15.00 USD  Received 18 Nov 2009; revised 2 Mar 2010; accepted 10 Mar 2010; published 31 Mar 2010
(C) 2010 OSA 12 April 2010/ Vol. 18, No. 8 / OPTICS EXPRESS 7842



recovered ICG concentration with and without the structural a priori with respect to the true
ICG concentration is shown in Fig. 3b.

Results: As shown in Fig. 3b, the recovered fluorophore concentration is linear respect to
the true concentration both with and without structural a priori information. The correlation
coefficient is 0.998 for both fitted curves. However, the recovered ICG concentration is
underestimated without the structural a priori information. On the other hand, the accuracy of
the recovered ICG concentration is improved considerably for all the cases when the
structural a priori information from XCT is used.
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S ® 400 ¥
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True ICG Concentration (nM)

(a) (b)

Fig. 3. a) The trans-axial XCT image of the phantom. The ICG inclusion is held in the glass
tube that is seen as a bright circle in the image. b) The plot of the recovered ICG concentration
with respect to true ICG concentration. The blue and purple dots represent the recovered values
with and without the structural a priori information, respectively. The least squares lines of
best fit are the red dashed ones. The recovered ICG concentration shows a linear response with
respect to true ICG concentration both with and without the structural a priori information.
However, the right values are recovered only when structural a priori information is available.
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Fig. 4. The reconstructed ICG concentration maps without (left column) and with (right
column) structural a priori information from XCT for the first phantom study. The color bars
all have units of nM.

3.2 Phantom study II: size and depth dependence

This study evaluates the effect of inclusion size and location on the recovered ICG
concentration using four cases. The XCT images for the four cases are shown in the first
column of Fig. 5. The first two cases both had a 2.4 mm ICG inclusion. The inclusions were
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positioned 7 mm and 2.5 mm off the center for the first and second case, respectively.
Similarly, the third and fourth cases both have a 4.2 mm ICG inclusion. This time, inclusions
were placed 6 mm and 2.5 mm away from the center. The background optical properties are
kept the same as the first study. The ICG concentration in the inclusion was 334 nM for all
four cases. Again, ICG concentration maps were reconstructed with and without the structural
a priori information.

XCT image Without XCT (nM) With XCT (nM)

100 300
1200
50 Case 1
100
0 0
300
1200
Case 2
100
0
1300
1200
Case 3
100
0
1300
200 (Cage 4
100
0

Fig. 5. The results for the second phantom study. The first column is the XCT trans-axial
images of the phantoms. The size and location of the inclusion are different for each case. The
second the third columns are the reconstructed ICG concentration maps without and with the
XCT structural a priori information, respectively. As seen in the images, the recovered ICG
concentration value depends drastically on the size and location of the inclusion. However, the
true value can be recovered for all four cases when XCT structural a priori information is used.
The color bars all have the units of nM.

Results: The recovered ICG concentration with and without the structural a priori
information for all the four phantoms are listed in Table 1. For the small object (&: 2.4 mm),
the ICG concentration is recovered with 80% and 70% error when the inclusion is located 7
mm and 2.5 mm away from the center, respectively. For the 4.2 mm inclusion, on the other
hand, the recovered ICG concentration has 50% error when it is located 2.5 mm off the center.
The error was reduced to 30% when it was located 6 mm off the center. As expected, these
results show that the recovered ICG concentration is more accurate when the inclusion is
closer to the surface and its size larger. They also confirm that the recovered ICG
concentration is highly dependent on the size and position of the inclusions, without structural
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a priori information. When structural a priori information from XCT is used to guide the
reconstruction, however, the ICG concentration is recovered within 10% error for all cases,
Table 1.

Table 1. The recovered ICG concentrations for phantom study 2.

Recovered
True ICG ICG Recovered ICG

Cas | Inclusion | Offset concentration | Erro

. concentrati| concentration ;
e # |size (mm)| (mm) on (nM) | (nM) without (nM) with XCT| r (%)

XCT info info
1 2.4 7 334 96 326 2.4
2 2.4 25 334 70 328 1.8
3 42 6 334 232 302 9.6
4 | 42 25 334 157 357 6.9

3.3 Phantom study IlI: in the presence of heterogeneity

In this case, the ICG inclusion was embedded in a heterogeneous background. The
background optical properties were p,=0.0lmm™' and p,’=0.8 mm™'. The heterogeneous
optical background was created by adding a 14 mm diameter object with the optical properties
of 1,=0.025 mm™" and p,"=0.8mm™". This heterogeneous object was more absorptive than the
background. The clinical available CT contrast agent Omnipaque was also added to the highly
absorptive region to make it visible in the XCT image. In this study, a 2.4 mm diameter ICG
inclusion was located 6 mm away from the center of the phantom. The absorption map of the
phantom was reconstructed using diffuse optical tomography measurements and used as the
functional a priori information. The ICG concentration map was reconstructed with three
combinations of a priori information as follows:

1. The optical background heterogeneity was neglected, and ICG concentration map was
reconstructed without functional and structural a priori information,

2. The optical background was reconstructed with the DOT measurements and used as
the functional a priori information. However, the structural a priori information was
not used,

3. Both the functional and structural a priori information were used during the
reconstruction of ICG concentration map.

When the DOT functional a priori information was available, we first reconstructed p ,, from
the DOT data. Then @, was calculated using p, and used in the second equation. Following
that, p,s was reconstructed using ®, and p, that were obtained from the DOT. A
homogeneous W, OF Uy distribution was assumed as the initial guess in the reconstruction
process. These values were found by minimizing the difference between the forward solver
solution and the measurements.

Result: When the optical background heterogeneity is neglected, the shape of the
reconstructed ICG object is distorted as shown in Fig. 6c. When functional a priori
information from reconstructed DOT absorption map (Fig. 6b) is used, the ICG inclusion can
be located accurately, Fig. 6d. However, the recovered ICG concentration shows 70% error.
This is consistent with our second phantom study case 1. Please note that the mean recovered
value of the absorptive region is 0.024 mm™', within 5% of its actual value. On the other hand,
when both functional a priori information obtained from DOT and structural a priori
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information obtained from XCT are utilized, ICG concentration in the ICG inclusion can be
recovered with only 8% error, Fig. 6e. The profile plot along the x-axis across the
reconstructed fluorescence object for each case is superimposed and shown in Fig. 6f.
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Fig. 6. (a) The XCT trans-axial image of the heterogeneous phantom. b) The reconstructed
absorption map at 785 nm using DOT measurements. The reconstructed ICG concentration
maps without any a priori information (c), with functional a priori information alone (d), and
with both functional and structural a priori information (e). The profile plot along the x-axis
across the reconstructed fluorescence object (indicated by the dashed white line) for each case
is superimposed and shown in (f). The profile plot along the x-axis across the glass tube
(indicated by yellow dashed line in the XCT image) is also shown in (g).

XCT is a high spatial resolution imaging modality. XCT spatial resolution is affected by
many factors such as detector resolution (50 pm per pixel), x-ray source focal spot size (50
pum for our setting) and position of the object (magnification). To provide an estimate of the
spatial resolution of the XCT system, we used the wall of the thin glass tube (300 pum) that
was utilized as an inclusion in the phantom. For our XCT system, each pixel in the
reconstructed cross-sectional XCT image corresponded to 150 um, Fig. 6a. The full with half
maximum (FWHM) of the curve (Fig. 6f) revealed that the resolution of the system was
approximately 400 um.
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3.4 Phantom study IV: in the presence of background fluorescence

One important aspect in fluorescence tomography studies is the contrast to background ratio
(C/B), as in an in vivo setting there is likely to be residual fluorescence and/or auto-
fluorescence from the tissues surrounding the fluorescent target. The reconstruction of
fluorescence inclusion in the presence of background fluorescence is investigated using
similar setting as the first phantom study. The optical properties of the 25 mm diameter
homogeneous phantom are set to p,=0.01 mm ™" and p, =0.8 mm™'. 34 nM ICG was also added
to the background setting the absorption coefficient due to the fluorophore to be p,=0.001
mm~'. Again, a 2.4 mm inner diameter glass tube filled with 334 nM ICG and Intralipid is
inserted in the phantom. The XCT image of the phantom is the same as the one presented in
Fig. 3a due to the use of the same phantom mold. The reconstructed ICG concentration maps
without and with the structural a priori information are shown in the first and second columns
in Fig. 7, respectively.

Without XCT With XCT

nM nM nM Profiles

400

ﬂmo - i
yroo 200 200
iw I100
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(a) (b) (c)

Fig. 7. The reconstructed ICG concentration maps without (a) and with (b) XCT structural a
priori information. The profile plot along the x-axis across the reconstructed fluorescence
object (indicated by the dashed white line) for each case is superimposed and shown in (c).

Results: The inclusion can be localized in the presence of the background fluorescence
even without XCT structural a priori information, as shown in Fig. 7a. Without any a priori
info, the recovered ICG concentration for the target and the background is 84 nM (with 75%
error) and 15 nM (with 55% error), respectively. On the other hand, when the XCT structural
a prior information is used, the recovered ICG concentration for the target and the
background is 341 nM (with 2% error) and 29 nM (with 14% error), Fig. 7b. The plot of
intensity profiles along x axis across the reconstructed ICG inclusions is shown in Fig. 7c.
The ability of this hybrid system to recover accurate ICG concentrations of multiple
inclusions in the presence of the background is demonstrated in this study.

3.5 Phantom study V: reconstruction of multiple fluorescence inclusions in the presence of
background fluorescence

In the last phantom study, the reconstruction of multiple fluorescence inclusions in the
presence of background fluorescence was investigated. The phantom had two 2.4 mm
diameter ICG inclusions located 6.5 mm and 9 mm away from the center of the phantom as
shown in XCT image (Fig. 8d), respectively. The background optical properties were 1, =
0.01 mm™, ug = 0.8 mm ™" and p=0.001 mm™' (34 nM ICG). Both inclusions have 500 nM
ICG, making the contrast to background ratio 15. The reconstructed ICG concentration maps
without and with the structural priori information are shown in the second and third columns
in Fig. 8, respectively.
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Fig. 8. (a) The XCT trans-axial image of the phantom with two ICG inclusions. (b) and (c) The
reconstructed ICG concentration maps without and with XCT structural a priori information.
Without XCT structural a priori information, the object closer to the surface dominates in the
image. On the other hand, both ICG inclusions can be accurately recovered when XCT
structural a priori information is used.

Results: The two ICG inclusions are positioned at different depth; hence the recovered
concentration values differ without XCT a priori information. The ICG concentration of the
inclusions located 6.5 mm and 9 mm away from the center were recovered as 93 nM (with
81% error) and 167 nM (with 67% error), respectively. This is consistent with our second
phantom study, in which we demonstrate that the recovered fluorophore concentration is
highly dependent on the size and depth of the inclusion. In contrary, the error reduces down to
2% (508 nM) and 3% (513 nM) for the two inclusions when the XCT structural a priori
information is utilized.

6. Discussion

An ideal FT system should not only allow visualization of the fluorophore distribution in
tissue but also provide quantitatively accurate concentration values in a heterogeneous
medium. Quantitative accuracy is a pivotal factor for many practical applications of FT. For
instance, MMPsense, which is an activatible fluorescence probe, accumulates three times
higher in malignant tumors than benign ones in vivo [41]. To be able to differentiate
malignant and benign lesions, the reconstructed fluorophore concentration value should be
independent of the size and location of the lesion. A stand-alone FT system, unfortunately,
would not correctly differentiate a small malignant lesion buried deep in tissue and a large
benign lesion located at subsurface lesion.

In order to address the need for quantitative FT imaging, we built a fully integrated
FT/DOT/XCT system. There are two main objectives for developing this system. First, the
XCT structural a priori information is used to guide and constrain the FT inverse problem,
thus fluorophore concentration map can be recovered more accurately. Additionally, DOT
provides an effective way of correcting the effect of optical background heterogeneity, thus
improves the FT accuracy further.

Recently, Kepshire et al has particularly investigated the depth dependence of a
subsurface FT technique with simulation and phantom studies [44, 45]. They concluded that
the fluorescence object could be localized but recovered image sensitivity was nonlinear with
depth. Our second phantom study also confirms that the recovered fluorescence concentration
is highly dependent on not only the depth but also the size of the fluorescence inclusions. On
the other hand, the fluorophore concentration in the inclusions can be recovered within 10%
error using the XCT structural a priori information independent of their size and location.

Another factor that affects the FT reconstruction results is the background optical property
distribution. Without proper modeling of emission and excitation light propagation between
boundary of the medium and fluorophores, it is difficult to obtain accurate results. As an
alternative, Born normalization method has been commonly used for heterogeneity correction,
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and applied to localize the fluorescence object robustly in vivo [42, 46]. For instance, Graves
et al have recovered a subcutaneously implanted fluorescence inclusion in nude mice with
less than 30% error using slab geometry and matching fluid [41]. However, the quantitative
accuracy of Born normalization method has not been discussed especially for inclusions
deeply embedded in the turbid medium [33, 42, 43]. Furthermore, Herve et al particularly
compared Born normalization and a heterogeneity correction method, which used
reconstructed optical property for modeling purposes. The results showed that the later was
more accurate [47]. Our results also confirmed that significant improvement can be achieved
when DOT functional a priori information is utilized during the FT reconstruction process.
However, neither functional nor structural a priori by itself is enough to obtain accurate FT
maps. In essence, the strength of the tri-modality system described here comes from its ability
to offer both XCT structural and DOT functional a priori information that can be utilized to
reconstruct quantitatively accurate fluorophore concentration images.

In our study, only absorption heterogeneity was considered and homogeneous scattering
coefficient distribution was assumed. However, the scattering coefficient can also be very
heterogeneous in reality. Time-dependent DOT measurements, which can be achieved using
frequency- or a time-domain DOT system, are required in order to effectively separate the
absorption and scattering coefficients. Nevertheless, the effect of the scattering error was
evaluated using simulation studies. For example, when the scattering coefficient was chosen
to be +/— 25% of the actual value, the recovered absorption coefficient from DOT gives +/—
28% for the absorptive object. In turn, when this absorption map is fed into the fluorescence
reconstruction, the fluorescence concentration gives +/— 30% error.

A perquisite for any such multimodality approach is that the region of interest should be
detected by each individual modality. This may not be true all the time and even if it is, the
boundary of the ROI detected by different modalities may vary. As a solution for the latter
case, soft a priori approach is used [48] to reduce the effect of erroneous a priori information
on the reconstruction results. For the former case, XCT structural information can at least
improve the optical property of the background medium obtained by DOT, which in turn will
improve the FT results further. All the XCT images shown in this study is to provide phantom
structure for FT reconstruction and demonstrate the importance of such multi-modality
imaging system using proof-of-principle experiments. However, the limitation and optimized
contrast and geometry for acquiring XCT image need to be addressed and investigated using
contrast-detail analysis method in the future. Furthermore, various strategies such as
utilization of XCT contrast agents or dual energy XCT technique can be potentially used to
improve the vascular or soft tissue contrast [31]. The most favorable case for such multi-
modality imaging system is to use dual modality contrast agent where the location of the
agent can be seen from the structural imaging modality and the amount of the agent can be
quantified by the fluorescence imaging. This is possible with the advances of dual contrast
agent development, such as dual MRI-fluorescence, dual XCT-fluorescence contrast agent
[49]. Meanwhile, extensive effort is being spent to develop new x-ray detector technology to
improve XCT soft tissue contrast further.
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