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Abstract: Image-guided small animal radiation research platforms allow more precise radiation
treatment. Commercially available small animal X-ray irradiators are often equipped with a
CT/cone-beam CT (CBCT) component for target guidance. Besides having poor soft-tissue
contrast, CBCT unfortunately cannot provide molecular information due to its low sensitivity.
Hence, there are extensive efforts to incorporate a molecular imaging component besides CBCT
on these radiation therapy platforms. As an extension of these efforts, here we present a theranostic
fluorescence tomography/CBCT-guided irradiator platform that provides both anatomical and
molecular guidance, which can overcome the limitations of stand-alone CBCT. The performance
of our hybrid system is validated using both tissue-like phantoms and mice ex vivo. Both studies
show that fluorescence tomography can provide much more accurate quantitative results when
CBCT-derived structural information is used to constrain the inverse problem. The error in the
recovered fluorescence absorbance reduces nearly 10-fold for all cases, from approximately 60%
down to 6%. This is very significant since high quantitative accuracy in molecular information is
crucial to the correct assessment of the changes in tumor microenvironment related to radiation
therapy.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Novel radiation treatment approaches are always first investigated in preclinical research envi-
ronment prior translating to clinical settings. The emergence of multi-modality systems that
integrates imaging modalities to the irradiators pave the way for precision image-guided small
animal radiation research platforms [1]. Of those, cone-beam CT (CBCT)-guided irradiators has
adapted quickly and widely for Radiation Therapy (RT) research [2]. That allowed utilization
of tumor-bearing small animal models to investigate the efficacy of complex radiation patterns
or fractionated doses combined with other treatment agents such as angiogenesis inhibitors or
radiosensitizers. However, CBCT has a low soft tissue contrast and can only provide anatomic
information. Other imaging modalities such as Magnetic Resonance Imaging (MRI) or Positron
Emission Tomography (PET) have also been utilized to guide the RT [3]. While MRI can
visualize intra-tumor heterogeneity, PET can provide molecular information that will help for
more precision in RT. Besides helping with treatment planning, molecular information has
also a great potential to identify the local changes in the tumor microenvironment following
RT. Therefore, molecular imaging modalities such as nuclear or optical imaging systems, can
identify key molecular processes much earlier than the anatomical imaging systems, which
solely rely on structural changes. Hence, they can help in a wide variety of purposes from
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understanding the changes in tumor microenvironment post RT to determining the best timing
for the administration of the different fractionated RT doses. Besides their imperfect guidance to
RT, currently available preclinical RT systems drastically lack non-invasive imaging approaches
to assess rapid and longitudinal changes in target microenvironment in response to high dose
radiation [4]. These changes are pivotal not only for understanding the tumor biological response
to RT, but also guiding the fractionated RT doses administration. Currently, only anatomic
imaging is available to guide the fractionated RT, mainly determining when each fraction would
be deposited. Meanwhile, molecular changes in the tumor microenvironment systematically
precede the anatomical ones. Therefore, having the ability to assess this functional information
would be pivotal to determine the optimum timing for fractionated RT doses deposition.

Optical imaging has several advantages over nuclear imaging. Indeed, optical imaging relies
on safe optical photons as opposed to ionizing radiation utilized in nuclear imaging [5]. Also,
it only requires much lower-cost instrumentation. Most important of all, the non-specific and
targeted optical smart molecular probes have a long shelf-life as opposed to the fast-decaying
radioisotopes with short enough half-life for them to decay away soon after imaging to reduce the
patient dose. Hence, optical molecular imaging does not require the challenging and expensive
infrastructure that nuclear imaging necessitates.

Recently bioluminescence optical tomography has been integrated to the preclinical irradiation
platforms. [6–9] . For example, Xu et. al. developed a quantitative bioluminescence tomography
(QBLT) algorithm for RT guidance [6]. Their system utilized multi-projection and multi-
spectral bioluminescence imaging to maximize input data for the tomographic reconstruction.
A spectral-derivative method was implemented and QBLT capability of guiding conformal
RT was demonstrated using a bioluminescent glioblastoma (GBM) model in vivo. Meanwhile,
there has not been extensive investigation of using Fluorescence Tomography (FT) for radiation
guidance. As one of the optical imaging modalities, FT is a perfect candidate to provide molecular
information for RT [10,11]. Our group previously incorporated a planar fluorescence imaging
system into a small animal irradiator in order to evaluate variation in tumor vasculature using
Indocyanine Green (ICG) [12,13]. Recently, we upgraded our system to provide tomographic
capabilities and demonstrated its performance using comprehensive phantom studies as well as
in vivo on mice bearing 4T1 breast tumor cancer [14].

In this paper, we present our fully integrated fluorescence tomography system that we integrated
on a commercial preclinical X-RAD SmART RT platform [15]. Despite the potential for
theranostic imaging to improve external beam RT for the treatment of cancer, the advancement of
combined diagnostic and therapeutic tools has lagged in translation from bench-top to preclinical
research. Reasons include errors arising from the co-registration among the standalone imaging
modalities, which induces uncertainties about the size and shape of tumors that prevents precise
delivery of radiation [16]. Some of the limitations for optimum intervention strategies are mostly
due to differences in delineating target boundaries by CBCT scan and other molecular imaging
modalities.

2. Material and methods

2.1. Instrumentation

We have previously integrated a standard CCD camera-based optical fluorescence imaging system
onto a commercial CBCT-guided preclinical radiation therapy platform (SmART Plus/225cx,
Precision Systems) [15]. In that first prototype, the fluorescence system allowed only two-
dimensional planar imaging [12,13]. Recently, we upgraded the prototype to enable tomographic
imaging and provide three-dimensional molecular RT guidance [17–22]. This fully integrated
version of the system is composed of two main parts, namely CBCT-guided RT platform and
Fluorescence Molecular Tomography (FMT) system.
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2.1.1. CBCT-guided RT platform

The preclinical X-RAD SmART RT platform uses a single X-ray tube (5–225 kVp). The X-ray
tube is utilized for both low-dose imaging and high-dose RT. Both the X-ray tube and digital
X-ray detector are mounted on opposite sides of its rotating gantry, which enables up to 55 µm
spatial resolution CBCT imaging. The imaged animal is accurately positioned at the isocenter of
the gantry using an XYZ motorized stage.

During standard CBCT-guided treatment, CBCT images are first acquired using a low-dose
of radiation (≪10 Gy) and spatial resolution (0.1 mm x 0.1 mm). Then, CT images are fed
to a Monte Carlo-based planning treatment simulation tool to calculate the optimal treatment
parameters (i.e size of the X-ray beam, dose, and incidence angle) that maximizes dose delivery
to the tumor, while keeping the undesirable dose deposition at healthy surrounding tissue to a
minimum. Finally, these parameters are uploaded to the irradiator in order to deliver the treatment
using different size collimators (1–100 mm) [15,23–26].

2.1.2. Fluorescence molecular tomography

To be able to integrate the FMT system, two arms were added to the gantry of this commercial
irradiator. The CCD-based fluorescence molecular tomography (FMT) system [17,18] uses a
785 nm laser diode (75 mW, Thorlabs). The laser diode drivers are operated in constant power
mode to ensure output stability during the experiments. The laser outputs are guided towards
a galvano-mirror scanner after being collimated to illuminate the animal from multiple points
over a selected grid. The laser diode mounts and drivers are fixed on one of the new arms added
on the SmART system gantry, Fig. 1. The second arm on the opposite side carries the cooled
CCD camera (Perkin Elmer, Cold Blue) to perform transillumination data acquisition. A sigma
MACRO 50 mm F2.8 lens is coupled to the CCD camera, providing images of size 2280 pixels
×1528 pixels. A binning using a factor of 4 is used, resulting in 570 pixels ×382 pixels images
with a fluorescence image pixel size of 0.2 mm ×0.2 mm. A computer-controlled filter-wheel
(Tofra, Inc.) is installed between the CCD camera body and the lens. Holding 12 bandpass
filters, the filter-wheel allows selection of any fluorescence emission filter based on the utilized
fluorophore and makes the system very versatile.

12347
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8 1. System gantry

2. CCD camera

3. Filter wheel

4. Mirror

5. XY Galvano-mirrors

6. XYZ motorized animal bed

7. X-ray source

8. X-ray detector

Fig. 1. The small animal theranostic FT/CBCT-guided radiation platform. The CCD camera
utilizes a filter wheel for automatic selection of any suitable bandpass filter. A mirror is used
to get the animal in the field-of-view since the camera is placed orthogonal to the imaging
plane. All the optical components including the XY Galvano-mirrors, laser mounts and laser
diode drivers are mounted on the rotating gantry.
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2.2. FMT data acquisition

After acquiring the whole set of CBCT projections over 360°, the gantry is rotated to position
where the camera is straight above the animal at position θ = 0°. A set of nine CCD images
are acquired with two seconds integration time, while the Galvano-mirror scanner sequentially
directs the laser light to illuminate the animal surface at nine points over a 3× 3 grid. To allow
illumination of the animal from its bottom side, three slits are axially machined on the 3-mm-thick
opaque animal bed. The slits are 5 mm in width and spaced by 3 mm gaps in the X-direction,
which allows illumination on 3× 3 grid in the XZ direction as shown in Fig. 2(a). Since the slits
are 30 mm long in the Z-direction, they allow relatively more flexible source point positioning in
that direction. In this study, all the experiments are performed using three-point sources in the
Z-direction. The gantry is then rotated twice to acquire the FMT data at θ = -73° and θ =+73°,
respectively. While the initial view at θ = 0° is indicated with red, these two additional views are
indicated in green and blue, as shown in Fig. 2(a). It is worth noting that at these two additional
gantry positions, FMT data is only acquired over a 2× 3 grid since the laser beam is blocked by
the bed, Fig. 2(b). Considering the integration time of 2 seconds, acquiring the FMT data for
all 21 source points (2× 3, 3× 3, 2× 3) requires 42 seconds. The entire FMT data acquisition
process, including the gantry rotation and image acquisition is completed in approximately 3
minutes.

Fig. 2. a) The laser illumination path and the CCD camera positioning when the gantry is
rotated to -73°, 0 °, and +73°. The slits in the bed allow for nine-point illumination from the
bottom side of the bed over 3× 3 grid as shown with red dash-dot lines when the camera was
positioned straight up (θ = 0°). The other views (-73° and +73°) only allow for two axial
illumination positions, as shown by the green and blue dash-dot lines. b) Side view of the
probed volume illustrating the laser illumination source points for all three views. The side
views only allow six illumination points over a 2× 3 grid presented with green dots.

2.3. Multimodality CBCT and FMT data merging

After anesthetizing the animal and placing it on the animal holder, the bed mounted on a XYZ
motorized translational stage places the animal at the isocenter of the gantry for CBCT imaging.
The CBCT images are coded as DICOM images and loaded to our framework, Fig. 3. The
animal and tumor anatomic boundaries are retrieved using a region growing-based segmentation
algorithm, which is available within the X-RAD SmART RT platform toolboxes. Then, the
gantry is rotated to position the camera at three positions (-73°, 0°, and +73°) sequentially at
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which FMT data will be acquired. A room light image is acquired at each of these positions using
CCD integration time of 33 ms, which is the shortest integration time provided by our camera.

Fig. 3. Flowchart of the molecular FMT irradiation guidance framework. It starts with the
co-registration of the animal boundary extracted by CBCT and room-light CCD image and
ends with solving the inverse problem to reconstruct 3D FMT images to guide RT.

Following that both the CBCT and the room light images are co-registered through the
localization of fiducial markers, which are fixed at specific position on the edges of the animal bed.
These fiducial markers consist in several 0.8-mm-diameter metallic spheres (uxcell Bearing Balls
304 Stainless Steel G100 Precision Balls). These fiducial markers are directly seen in the room
light images, while they exhibit a bright signal in the CBCT images. Once the co-registration
transform is calculated, it is used to merge the CBCT and optical images together. Briefly, the
fiducial markers are used as anchors during the calculation of the co-registration transform.
Knowing their 3D spatial position helps us locate any point on the bed with respect to the
isocenter of the gantry. This allows to create a unique system of coordinates having the isocenter
of the gantry as reference. Then, for both RL and CBCT images, the position of each point on the
animal boundary is located with respect to the fiducial markers, and thus to the isocenter of the
gantry. The co-registration of these images is then performed using a function provided by the
commercial X-RAD SmART RT platform CBCT planner. This function minimizes the distance
between the fiducial markers in both images as well as between several points heuristically chosen
on the animal surface with an accuracy of ∼0.1 mm.

The FMT images are reconstructed solving two main problems, namely the forward and inverse
problems [17,27–30]. The first step in the resolution of the forward problem is the building of the
virtual geometry of the animal under investigation from the structural boundaries extracted from
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the CBCT images and uploaded to the CAD toolbox of COMSOL Multiphysics as .stl files [31].
Once the geometry built, the source-detector points are implemented into the geometry based on
the new system of coordinates calculated using the coregistration transform calculated above.
After combining virtual animal geometry and the created source-detector points, a tetrahedral
FEM mesh is generated using the meshing toolbox of COMSOL. This mesh represents one of the
main components required for the resolution of the forward problem [32]. Finally, the forward
problem is solved using our in-lab implemented algorithm [18]. During the resolution of the
inverse problem, the difference between the FMT data measured at the surface of the animal
and the synthetic data simulated using the forward problem solver given by Eq. (1) is iteratively
minimized while updating the fluorescence distribution within the imaged geometry. Once this
difference is minimized, the inverse solver produces the final fluorescence distribution within
the imaged geometry as the FMT image reconstruction result. These FMT images are then
segmented at full width at half maximum (FWHM) and coded as DICOM images. Finally, these
segmented FMT DICOM images are uploaded to the X-RAD SmART treatment planner. All
these steps are summarized in the flowchart presented in Fig. 2. This method offers exceptional
dosimetry through 3D simulations using a powerful Monte Carlo algorithm that allows accurate
dose delivery to specific regions of the tissue [4,15].

2.4. FMT image reconstruction algorithm

The FMT reconstruction process is performed in two main steps known as the resolution of the
forward and inverse problem. The forward problem consists in the modeling of the propagation
of the excitation and fluorescence emission light inside the medium under investigation for a
given fluorophore distribution [33,34]. This modeling is often performed using the coupled
diffusion equation in the continuous wave (CW) domain:⎧⎪⎪⎨⎪⎪⎩

∇ · [Dx∇Φx] − [µax + µaf ]Φx = −q0

∇ · [Dm∇Φm] − µamΦm = −Φxηµaf
(1)

whereΦ(r) (W·mm−2) represents the photon density within the medium. D(r) (mm−1) is the
diffusion coefficient defined by D= 1/3(µa +µs

′), with µs
′ (mm−1) being the reduced scattering

coefficient and µa (mm−1) being the absorption coefficient of the medium. q0 is the isotropic
source of excitation light. The absorption coefficient due to the presence of the fluorophore,
µaf (r), is directly related to its concentration. This system of equations is usually solved using
the Robin boundary condition [35–37].

Second, the inverse problem is solved by minimizing the difference between the measured
fluorescence flux at the boundary of the imaged medium and the fluorescence flux obtained from
the resolution of the forward problem as follow [30]:

Ω(µaf ) =

Ns∑︂
i=1

Nd∑︂
j=1

(Γm
s − Υij(µaf ))

2 (2)

here, Ns and Nd respectively denote the number of sources and detectors. Γm
s are the set of

fluorescence fluence measurements performed at the surface of the medium using the CCD camera.
Υij(µaf ) are the set of simulated fluorescence flux calculated using Eq. (1) and considering the
spatial distribution, µaf , of the fluorescence absorption coefficient of the fluophore. During
the minimization of Ω, we iteratively update the vector of unknowns µaf using the Levenberg-
Marquardt minimization method:

µm+1
af = µm

af + (J
TJ + λI)−1JT [Γm

s − Υij(µaf )] (3)

where the subscript m indicates the iteration number and J is the Jacobian matrix calculated
with adjoint method [30]. The Jacobian matrix elements ∂ ln Γm

s /∂µaf describe the relation
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between the log of the ith measured fluorescence signal amplitude with respect to µaf at the jth
reconstructed node as follow:

J =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∂ ln Γm
1

∂µaf1

∂ ln Γm
1

∂µaf2
. . .

∂ ln Γm
1

∂µafN
∂ ln Γm

2
∂µaf1

∂ ln Γm
2

∂µaf2
. . .

∂ ln Γm
2

∂µafN
...

...
. . .

...
∂ ln Γm

S
∂µaf1

∂ ln Γm
S

∂µaf2
· · ·

∂ ln Γm
S

∂µafN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4)

where S denotes the total number of measurements. The inverse problem of FMT is known to
be ill-posed and underdetermined, which results in mediocre spatial resolution and quantitative
accuracy. Use of multimodality imaging allowed utilizing structural information extracted from
high resolution anatomical imaging to guide the reconstruction of FMT algorithms [38–42]. The
availability of CBCT in the X-RAD SmART RT platform provides high-resolution structural
information. This structural information is used in the form of a binary mask to guide and
constrain the FMT reconstruction process. Here, we iteratively update the vector of unknowns
µaf to be reconstructed with the Levenberg-Marquardt method, while utilizing a penalty matrix
obtained from the CBCT-extracted a priori structural information:

µm+1
af = µm

af + (J
TJ + λLTL)−1JT [Γm

ij − Υij(µaf )] (5)

Here, L is a the penalty matrix describing the a priori information obtained from the CBCT
images [33,43]. The matrix L describes the relationship between each single node, i= 1,. . . ,N,
and the rest of the mesh nodes, j= 1,. . . ,N, by assuming a Laplacian structure as follow:

Li,j =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
0 i and j are not in the same region

− 1
Nr

i and j are in the same region, i ≠ j

1 i = j

(6)

where Nr represents the number of nodes included in each region. Please note that this soft priori
approach is utilized to regulate the variation within regions that are assumed to have the same or
similar optical properties but not force the whole region to assume the very same value.

3. Results

3.1. Phantom validation results

The system is first tested on a set of four mice-sized cylindrical (ϕ= 25 mm, height= 50 mm)
agarose homogeneous phantoms with optical absorption and reduced scattering coefficients of
0.01 mm−1 and 0.86 mm−1, respectively to mimic normal tissue [44]. Four capillary glass tubes
with diameters of 2, 3, 4, and 5 mm are axially embedded in each of the phantoms, respectively.
The inclusions are placed 7.5 mm deep below the upper surface of the phantoms in order to mimic
the presence of a heterogeneous region. The inclusions are filled with a solution of intralipid and
3 µMol of indocyanine green (ICG) to imitate the accumulation of ICG at the tumor.

Figure 4 shows representative results obtained with the phantom having the 3-mm-diameter
inclusion. First, a set of 260 axial CBCT images is acquired using an axial voxel size of 0.2 mm,
which covers of the entire phantom. Figure 4(a) shows a CBCT trans-axial slice at the center of
the phantom. As seen in the figure, the bottom side of the phantom is shaped to mimic the shape
of a mouse body and allow a better stability of the phantom on the animal holder. The boundaries
of the phantom as well as the 3-mm-diameter capillary tube are clearly seen on the CBCT image.
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This structural information is retrieved by segmentation and used to build the virtual geometry of
the phantom and generate the anatomical a priori of the inclusion that will be used to constrain
the FMT image reconstruction algorithm.

Fig. 4. a) The trans-axial CBCT image at the center of the phantom bearing the 3-mm-
diamter inclusion. The boundaries of the ICG inclusion are seen as a bright circle in the
image. Cross-section of the FMT images: b) without and c) with anatomic CBCT a priori, at
the center of the phantom (z= 0 mm). d) 3D FEM mesh generated from the CBCT images.
The tube inserted is shown as a white surface isosurface. Reconstructed 3D FMT images: e)
without and f) with structural CBCT-derived a priori information.

The FMT data is acquired according to the protocol presented in section 2.2. The FMT images
are then reconstructed by minimizing the error between the measured data and the one simulated
using our forward model, Eq. (1), Eq. (2). The reconstructed ICG fluorescence absorption maps
(µaf ) without and with the structural CBCT-derived a priori information are shown in the second
and third columns in Fig. 4, respectively. All the following reconstructions are made using a fine
mesh consisting of 32083 triangular elements connected at 6182 nodes. This mesh is generated
using a maximum element size set to 0.25 mm. Although, FMT without a priori can localize the
fluorescent inclusion, it considerably overestimates its diameter and drastically underestimates its
fluorescent absorption, and thus its ICG concentration, Fig. 4(b). The recovered diameter and
fluorescent absorption of the inclusion are ϕ= 5.8 mm and µaf = 0.027 mm−1, which represents
an error of 93% and 64%, respectively. Employing the CBCT-derived a priori information
considerably improves the quality of the reconstructed FMT images, as shown in Fig. 4(c). Indeed,
the recovered errors are drastically reduced to ∼7% and ∼4% for the diameter and fluorescence
absorption, respectively. The recovered diameter and ICG fluorescence absorption with and
without the structural a priori information for all the four phantoms are listed in Table 1. The
standard deviation is calculated by repeating each of the image reconstruction five times using
different regularization parameter and initial fluophore values.

The error in recovering the inclusion diameter shows an inversely proportional trend with
respect to the real diameters. In fact, the smallest error is obtained for the case of the 5-mm-diamter
inclusion, while the highest error is observed for the 2-mm-diamter one. The error in recovering
the diameter of the inclusion directly impacted the quantification accuracy of the fluorescence
absorption, which exhibited a similar trend, Table1. As expected, these results show that the FMT
reconstructed image has a higher quality and is more accurate when the inclusions are larger,
in the case of having no structural a priori information. On the other hand, when structural a
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Table 1. Average diameter and fluorescence absorption recovered with and without a
priori for all four phantoms

Diameter (mm) at FWHM µaf (mm−1)

Real Without a priori With a priori Real Without a priori With a priori

Phantom 1 2 6.0± 0.41 2.2± 0.17 0.076 0.023± 0.011 0.073± 0.008

Phantom 2 3 5.8± 0.52 3.1± 0.32 0.076 0.027± 0.006 0.075± 0.009

Phantom 3 4 6.2± 0.30 4.1± 0.40 0.076 0.031± 0.002 0.075± 0.002

Phantom 4 5 6.1± 0.89 5.2± 0.11 0.076 0.029± 0.004 0.076± 0.003

priori information is used, the average error for all cases in recovering the diameter and ICG
fluorescence absorption is drastically reduced below 7% [18,29,42,45].

3.2. Ex vivo validation results

To evaluate the performance of our system on a more realistic geometry, imaging study is
conducted with an athymic mice ex vivo. A 3 mm diameter glass tube is filled with the same ICG
solution used during the phantom studies and surgically inserted into the abdominal cavity of the
mouse. First, a CBCT scan is performed to retrieve the geometry of the animal and generate
the anatomical a priori used to constrain the FMT image reconstruction algorithm. The results
are presented in Fig. 5. To cover the whole abdomen of the mouse, a set of 306 axial CBCT
images is acquired using an axial voxel size of 0.2 mm. Figure 5.a shows a CBCT trans-axial
slice at the center of the center of the embedded tube. By segmenting these CBCT images, the
boundaries of the mouse as well as the 2.5-mm-diameter tube are retrieved and used to build the
virtual geometry of the mouse and generate the anatomical a priori of the tube that will be used
to constrain the FMT image reconstruction algorithm.

Fig. 5. a) The trans-axial ex vivo CBCT image of the mouse, at the center of the tube. The
boundaries of the tube are seen as a bright circle in the image. Cross-section of the FT
images: b) without and c) with anatomic CBCT a priori at the center of the tube. d) 3D
FEM mesh generated from the CBCT images of the mouse. The tube inserted is shown
as a white isosurface. Reconstructed 3D FMT images: e) without and f) with structural
CBCT-derived a priori information.

The second and third columns of Fig. 5 respectively show the reconstructed ICG fluorescence
absorption maps (µaf ) without and with the structural CBCT-derived a priori information. The
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reconstruction used a fine mesh consisting of 17,586 triangular elements connected at 8926 nodes.
The reduced scattering coefficient of the ex vivo animal is set to be equal to 1.0 mm−1 [44]. Then,
the optical absorption coefficient is recovered by diffuse optical tomography (DOT). Briefly, the
fluorescence rejection filter is removed, and a set of DOT data is acquired similar to the FMT
data acquisition scheme. The optical absorption coefficient map is then obtained by iteratively
minimizing the difference between the measured and the simulated DOT data obtained by solving
the first equation of Eq. (1) while updating the optical absorption coefficient map within the
imaged geometry [18,19]. The obtained mean optical absorption coefficient is 0.025± 0.0072
mm−1, which fits in the values range reported in literature [44]. The ex vivo results are very
similar to the ones obtained during the phantom validation studies presented above. When no a
priori information is used, the performance of the FMT is degraded, which results in a low spatial
resolution result, Fig. 5.b. This again results in considerable overestimation of the diameter of
the tube and a drastic underestimation of its fluorescent absorption. The recovered diameter
at FWHM and average fluorescence absorption are ϕ= 6.1 mm and µaf = 0.027 mm−1, which
represents an error of 103% and 65%, respectively. However, image quality and quantification
accuracy of the FMT images are again considerably improved by utilizing the CBCT-derived a
priori information, Fig. 5.c. Indeed, the recovered errors are reduced to 4.8% and 6.1%, which
correspond to a recovered diameter at FWHM of 3.14 mm and an average fluorescence absorption
coefficient of 0.072 mm−1.

4. Discussion and conclusion

Adding image guidance for small animal radiation treatment resulted in more precise radiation
treatment. In this framework, molecular imaging techniques such as nuclear and optical imaging
systems, have been deployed on the CBCT-guided radiation therapy platforms. On the optical
imaging side, most of the work has been concentrated on bioluminescence imaging [4–6].
Here, we describe a fully integrated theranostic FMT/CBCT-guided radiation therapy system
for preclinical use and demonstrated its performance using mice-like phantoms as well as ex
vivo experiments. Fluorescence imaging has inherent advantages over bioluminescence imaging.
Although reporters like fluorescent proteins can be used to label disease cells as in the case
of bioluminescence imaging, its real strength lies in the potential clinical translation of smart
fluorescence contrast agents that can target diseased tissue or provide information of important
local tissue such as VGEF and pH levels.

The integration of the 3D fluorescence molecular tomographic guidance to the commercial X-
RAD SmART RT platform overcomes its major limitation consisting in its nonspecific anatomical
guidance, which generally fails when tumors do not exhibit a significant contrast in CBCT imaging.
In addition to molecular guidance, the integrated FMT counterpart enables fast monitoring of
biological response to RT. Indeed, this theranostic platform offers a cost-effective alternative to the
cumbersome and expensive use of separate imaging and treatment platforms. More importantly,
the main advantage of this theranostic system is its capability to provide 3D molecular images
immediately prior to treatment planning, which allows for real-time molecular treatment planning
based on the delineated highly active biological target volume (hBTV). This enables to deliver
dose accurately and specifically to viable regions of the tumor. This feature is not possible
with the CBCT guidance alone, which is limited to only target the anatomical target volume
(ATV). Our integrated FMT system will be employed to accurately recover the 3D distribution
of fluorescent probes within the viable regions of the tumor and delineates the hBTV with the
intent to deliver more conformal increased dose treatments. We previously demonstrated this
approach where molecular imaging-defined hBTV allowed us to plan a better dose administration
strategy [4]. Briefly, this approach allows to drastically increase the irradiation of the hBTV
while significantly decreasing surrounding healthy tissue dose deposition [4]. Regrettably, the
advantage of using such hBTV targeted treatment would not be observable in this paper since the
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hBTV and ATV are the same considering the use of the glass tubes having uniform fluorophore
concentration as targets.

Moreover, being fully integrated provides the ability to assess early variations in the treated tissue
in response to radiation, which in turn provide an invaluable tool to understand the immediate
functional tumor changes following radiation therapy. The reported results demonstrate a
promising prototype molecular image guided theranostic system for radiation therapy. Future
development based on this approach will be focused on increasing spatial resolution utilizing
more sophisticated image reconstruction algorithms, increasing sensitivity by employing a more
efficient camera such as an EMCCD or ICCD to develop a more robust theranostic system.
Improving the spatial resolution and quantitative accuracy of FMT imaging will enable better
tumor heterogeneity assessment, allowing for higher accuracy dose painting and RT planning.
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