
International Journal of

Radiation Oncology

biology physics

www.redjournal.org
Physics Contribution
Bioluminescence TomographyeGuided Radiation
Therapy for Preclinical Research
Bin Zhang, PhD,* Ken Kang-Hsin Wang, PhD,* Jingjing Yu, PhD,*,y

Sohrab Eslami, PhD,z Iulian Iordachita, PhD,z Juvenal Reyes, MD,*
Reem Malek, PhD,* Phuoc T. Tran, MD, PhD,*,x

Michael S. Patterson, PhD,k and John W. Wong, PhD*

*Department of Radiation Oncology and Molecular Radiation Sciences, Johns Hopkins School of
Medicine, Baltimore, Maryland; ySchool of Physics and Information Technology, Shaanxi Normal
University, Shaanxi, China; zLaboratory for Computational Sensing and Robotics, Johns Hopkins
University, Baltimore, Maryland; xDepartment of Oncology and Urology, Brady Urological Institute,
Johns Hopkins University, Baltimore, Maryland; and kDepartment of Medical Physics and Applied
Radiation Sciences, McMaster University, Hamilton, Ontario, Canada
Received Mar 20, 2015, and in revised form Oct 26, 2015. Accepted for publication Nov 29, 2015.
Summary

To overcome the limitations
of cone beam computed to-
mography (CBCT) in local-
izing soft tissue targets, we
developed online 3D biolu-
minescence tomography
(BLT) for the small animal
radiation platform. The opti-
cal system is capable of
locating a target’s center of
mass with an average accu-
racy of 1 mm. The integrated
online BLT/CBCT system
provides an effective
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Purpose: In preclinical radiation research, it is challenging to localize soft tissue tar-
gets based on cone beam computed tomography (CBCT) guidance. As a more effec-
tive method to localize soft tissue targets, we developed an online bioluminescence
tomography (BLT) system for small-animal radiation research platform (SARRP).
We demonstrated BLT-guided radiation therapy and validated targeting accuracy based
on a newly developed reconstruction algorithm.
Methods and Materials: The BLT system was designed to dock with the SARRP for
image acquisition and to be detached before radiation delivery. A 3-mirror system
was devised to reflect the bioluminescence emitted from the subject to a stationary
charge-coupled device (CCD) camera. Multispectral BLT and the incomplete vari-
ables truncated conjugate gradient method with a permissible region shrinking strat-
egy were used as the optimization scheme to reconstruct bioluminescent source
distributions. To validate BLT targeting accuracy, a small cylindrical light source
with high CBCT contrast was placed in a phantom and also in the abdomen of a
mouse carcass. The center of mass (CoM) of the source was recovered from BLT
and used to guide radiation delivery. The accuracy of the BLT-guided targeting
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solution for soft tissue tar-

geting, particularly for small,
nonpalpable, or orthotopic
tumor models.
was validated with films and compared with the CBCT-guided delivery. In vivo ex-
periments were conducted to demonstrate BLT localization capability for various
source geometries.
Results: Online BLTwas able to recover the CoM of the embedded light source with
an average accuracy of 1 mm compared to that with CBCT localization. Differences
between BLT- and CBCT-guided irradiation shown on the films were consistent with
the source localization revealed in the BLT and CBCT images. In vivo results demon-
strated that our BLT system could potentially be applied for multiple targets and tu-
mors.
Conclusions: The online BLT/CBCT/SARRP system provides an effective solution
for soft tissue targeting, particularly for small, nonpalpable, or orthotopic tumor
models. � 2016 Elsevier Inc. All rights reserved.
Introduction

In radiation therapy, studies in small animal models are a
key means to understand and develop treatments for a wide
spectrum of diseases (1, 2). Several groups, including ours,
have initiated efforts to develop small-animal irradiators
that mimic human treatment (3-12). In these systems, on-
board computed tomography (CT) and cone-beam CT
(CBCT) are used to guide radiation therapy. Our small-
animal radiation research platform (SARRP) (4, 13) uses
CBCT to guide focal irradiation that is accurate to within
0.2 mm.

Although our experience and that of other investigators
has shown that CT or CBCT is invaluable for guiding focal
irradiation (6, 7, 14-16), localization of low contrast and
small soft tissue targets remains challenging. Presently,
micro-magnetic resonance imaging, micro-positron emis-
sion tomography, and micro-single photon emission CT are
the more common modalities that can provide improved
localization accuracy for soft tissue targets (17). Cost,
shielding, and space limitations of existing irradiators are
all obstacles preventing implementation of these modal-
ities. A compelling solution is molecular optical imaging,
which has a compact footprint, costs less, and does not use
ionizing radiation.

Among possible optical modalities, bioluminescence
imaging (BLI) has found extensive applications (18-21) and
is almost free of background noise. Due to the nonlinear
relationships among signal strength, surface emittance, and
tissue optical properties, 2-dimensional (2D) BLI measured
on the object’s surface is limited in its ability to accurately
localize a target in 3D. It has been shown, however, that
with sophisticated reconstruction algorithms and mathe-
matical models of light transport inside tissue, biolumi-
nescence tomography (BLT) based on 2D BLI can reveal
3D distribution of internal bioluminescent sources (22-27).
With the wide availability of genetically engineered mouse
models in oncologic and radiation biology research, we
propose BLT as an attractive solution for soft tissue tar-
geting, which can be readily applied to existing animal
models.
We previously built an integrated CBCT/BLT system in
a stand-alone configuration (28) for development of cali-
bration methods and reconstruction algorithm. In the cur-
rent study, we introduced an online BLT/CBCT system for
the SARRP and a significantly improved BLT algorithm.
Because of the online design, we were able to demonstrate
BLT-guided radiation therapy using the SARRP for the first
time. Multispectral BLT (29), inverse calculation using the
incomplete variables truncated conjugate gradient (IVTCG)
method (30) and a permissible region-shrinking strategy
(31) were combined to enable fast and accurate BLT
reconstruction. Studies were performed in a phantom and
mouse carcasses with an implanted light source to show the
capability of BLT-guided radiation therapy. In vivo exper-
iments were conducted to demonstrate the potentiality of
applying the BLT system for multiple targets and tumors.

Methods and Materials

SARRP optical system

The second-generation SARRP allows 360� isocentric
gantry rotation and is equipped with CBCT and roboti-
cally controlled stages for animal positioning (4, 13). For
CBCT imaging, a 20.5 � 20.5 cm2 amorphous silicon flat
panel detector with 200-mm pixel pitch (Perkin-Elmer,
Waltham, MA) is used to acquire 65-kVp x-ray projection
images from a 0.4-mm focal spot. Figure 1a shows the
BLT system consisting of a camera-filter-mirror assembly
docked with the SARRP. A rotating 3-mirror system di-
rects light emitted from the object to a stationary charge-
coupled device (CCD) camera and supports multi-view
imaging (Fig. 1b). The optical path from the SARRP
isocenter through the 3 mirrors to the lens front surface is
42 cm, and the depth of field is 4 cm. Figure 1c illustrates
the side view of the SARRP-BLT system. A light-tight
dome covers the mirror and object. The CCD camera
has a 27.6 � 27.6 mm2 back-illuminated sensor with
2048 � 2048 pixels (or 13.5 mm/pixel) (iKon-L 936;
Andor Technology, Belfast, UK) and is fitted with a 35-
mm f/1.4 lens (Rokinon, New York, NY) for optical



Fig. 1. (a) Online BLT/SARRP system. (b) Optical path from object to lens. (c) Light enclosure to cover the object and
mirror assembly. Abbreviations: BLT Z bioluminescence tomography; CCD Z charge-coupled device; SARRP Z small
animal radiation research platform.
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image acquisition. The quantum efficiency of the CCD
sensor is >90% over a wavelength range of 500 to
700 nm. The camera operates at �80�C to minimize dark
current and other thermal noise during image acquisition.
Spectral discrimination is provided by 4 band-pass filters
(590, 610, 630, and 650 nm and 10-nm full width half
maximum [FWHM]; Andover, Salem, NH) mounted in a
computer-controlled wheel (Edmund Optics, Barrington,
NJ). The procedures for calibrating the intensity nonuni-
formity arising from the lens vignetting effect and
nonuniform pixel response of the CCD chip are described
in the Supplementary Material Section E1 (available on-
line at www.redjournal.org).

BLT reconstruction

Diffusion approximation (DA) of the radiation transport
equation is widely used to model light propagation in tissue
when photon transport is dominated by scattering (32). In
the continuous wave mode, the DA and the Robin-type
boundary condition are expressed as

��V$DðrÞVFðrÞ þ maðrÞFðrÞZSðrÞ; r˛U
FðxÞ þ 2Abn$DðxÞVFðxÞZ0; x˛vU ð1Þ

where FðrÞ is the photon fluence rate at location r in
domain U; DðrÞZ1=ð3ðma þ m0

sÞÞ is the diffusion coeffi-
cient; and ma and m0

s are absorption and reduced scattering
coefficients, respectively; and SðrÞ is the bioluminescence
source distribution. x represents points on the object
boundary, and coefficient A can be derived from Fresnel’s
law (33), depending on the refractive index of tissue and
air. bn is the unit vector pointing outward, normal to the
boundary vU.
Eq 1 can be further expressed in the form of Green’s
functions, which link the fluence rate at the object boundary
and the bioluminescence source distribution (34, 35). For M
measurements and N mesh nodes, the relationship can be
expressed as
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where ½41; .;4M�T is a vector containing the fluence rate
measured at the boundary, ½s1; .; sN �T is the vector of
unknown bioluminescence distribution, and Gi;j is the
Green’s function describing the relationship between the
fluence rate 4i at detector i on the surface and the source sj
at node j.

Multispectral images were acquired to improve BLT
reconstruction results (24, 29). Eq 2 can be rewritten as
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where GðlkÞ is Green’s function, extended from Eq 2 at
wavelength lk, and hðlkÞ is the relative spectral weight that
accounts for the source emission spectrum, the transmission
of individual filters, and the CCD quantum efficiency at
different wavelengths. A modified version of the open
source NIRFAST software (http://www.dartmouth.edu/
wnir/nirfast/) (33, 36) was used to generate the Green’s
function. To avoid biasing the reconstruction algorithm by
the larger signals at longer wavelength (due to lower
attenuation) (27), the measurement 4 and the weighted
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Green’s function eG at each wavelength were divided by the
maximum value of the measurement 4, that is,

�
4ðlkÞZ4ðlkÞ=maxð4ðlkÞÞ
GðlkÞZ eGðlkÞ=maxð4ðlkÞÞ ð4Þ

Our approach to reconstructing the bioluminescence
source distributions was to minimize the deviation between
the computed G s and measured fluence rate 4 at the object
boundary. However, the BLT reconstruction is ill-posed and
underdetermined with fewer measurements than unknowns.
He et al (30) introduced the IVTCG optimization algorithm
and demonstrated that this algorithm can stably solve this
minimization problem with an L1 regularization term. BLT
minimization is given as

mins
1

2

��Gs�4
�� 2

2 þ sksk1 ð5Þ

where s is a non-negative regularization parameter, k$k 2
2

denotes the square of the Euclidean norm, such asP
i

ðGs� 4Þ2i , and ksk1Z
P
i
jsij is the L1 norm of s. We

used the finite element method, where the imaging object
was discretized into a 3D mesh from the SARRP CBCT as
the framework on which to numerically build the Green’s
function and system matrix.

To improve convergence and reduce computation time,
an iterative strategy was chosen to adaptively shrink the
Z

b2

a1 

source 

X

Z

b1

Fig. 2. (a1, a2) AP and lateral BLI overlaid with the CBCT
height), which also shows the embedded light source. (b1, b2)
with CBCT. The cross depicts the CoM of reconstructed biol
BLI Z bioluminescence imaging; CBCT Z cone beam compute
as in Fig. 1.
solution space (31). The initial permissible solution space is
the whole mesh domain except for the surface nodes. The
permissible region reduction factor is defined as
bZðN1=Nf Þ1=ðNit�1Þ, where N1 is the initial number of
nodes for the permissible region. In this study, the number
of iterations, Nit, was set to 20 and included all possible
solutions; the final number of nodes (Nf) was set to 1. The
objective function

fiZ
X��GsðiÞ �4

��
1

ð6Þ

was calculated according to the reconstructed source dis-
tribution sðiÞ at the ith iteration. The permissible region was
shrunk at each iteration by first sorting the nodes in
descending order of source strength and then selecting the
nodes with high average source strength per 1 mm3 volume
until the number of nodes was equal to NR/b, where NR is
the total number of nodes in the permissible region. The
solution corresponding to the minimum of the objective
function was selected. In this study, counts per pixel area
were chosen as the measurement quantity at the boundary
and were not linked to absolute emittance. Further study to
calibrate CCD counts to absolute emittance at the boundary
is warranted (28). The optical and reconstruction parame-
ters used in this study are listed in Table E1 (available
online at www.redjournal.org). A threshold 10% of the
maximum source strength was applied for display of the
BLT results shown in this work.
Y

a2

source 

high

low

of the phantom (half cylinder, 30-mm diameter � 41-mm
. The transverse and sagittal views of BLT slices overlaid
uminescent source. Abbreviations: AP Z anteroposterior;
d tomography; CoM Z center of mass. Other abbreviations
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Fig. 3. Film results of target validation in phantom: The
BLT-guided radiation was delivered with a 5-mm � 5-mm
beam; CBCT guidance with a 0.5-mm-diameter beam.
(a1,a2) Results in the AP and lateral views. (b1, b2) Cor-
responding enlarged views. The true source was contoured
by the dashed line. The green circle marks the center of the
CBCT-guided radiation; red square marks the center of the
BLT-guided radiation. Abbreviations as in Fig. 1. A color
version of this figure is available at www.redjournal.org.
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BLT-guided irradiation

The workflow of online BLT-guided irradiation is as
follows: (1) dock the BLT system with the SARRP; (2)
perform geometry calibration, mapping the BLI
coordinates to the CBCT coordinates (see Supplementary
section E1 for details of the calibration procedures; avail-
able online at www.redjournal.org); (3) acquire multi-
spectral BLI; (4) detach the BLT system and acquire object
CBCT; and (5) use NIRFAST software to generate the 3D
mesh of the object from CBCT and map the multispectral
BLI to the mesh surface based on the geometry calibration.
The 3D distribution of the bioluminescence source is then
reconstructed, and the center of mass (CoM) of the
reconstructed source is calculated for radiation guidance.
Total experiment time was approximately 40 min/animal.
In this study, the CBCT volume was reconstructed with a
voxel resolution of 0.2 to 0.25 mm3. Multispectral BLI
were acquired at wavelengths of 590, 610, 630, and 650 nm
with 0.6 mm/pixel. Although our system is capable of
acquiring multiple projections of BLI by rotating the
mirror assembly, single-view BLI was used for the 3D
reconstruction in this study. For BLT-guided experiments,
the mesh was set at approximately 10,000 nodes and
60,000 tetrahedral elements, and the element size varied
between 0.1 and 0.5 mm3.

To assess BLT targeting accuracy, we performed ex-
periments using a tissue-simulating phantom and mouse
carcasses. A cylindrical self-illuminated light source
(tritium gas, 12-year half-life unit; Trigalight; Mb-microtec
Ag, Niederwangen, Switzerland) with high CBCT contrast,
0.9-mm diameter � 2-mm length was placed inside the
phantom as well as in the carcass’ abdomen. The mouse
was euthanized just prior to Trigalight implantation and
shaved for BLT measurement. The relative spectral weights
of the source were 0.90, 1, 0.95, and 0.55 at wavelengths
590, 610, 630, and 650 nm, respectively. Methods of
phantom fabrication and measurements of optical proper-
ties were published previously (37). The mouse carcass was
assumed to be optically homogeneous. To determine the
optimal optical properties, several sets of optical properties
from published reports (38-41) were initially tested by
comparing the CoM of the reconstructed Trigalight in one
carcass to that obtained by CBCT. Once the optimal values
were determined, the same optical properties were applied
to all carcasses. Gafchromic EBT3 film (Ashland, Cov-
ington, KY) was used to verify targeting accuracy for an
anteroposterior (AP) and lateral delivery by placing the film
on the beam exit sides of the phantom and carcass. Details
of the film measurements can be found in the
Supplementary Section E2 (available online at www.
redjournal.org). The source centroid position revealed
from CBCT was regarded as the ground truth for target
position. Both BLT- and CBCT-guided irradiation were
performed and compared.
In vivo BLT study

To assess the capability of our BLT system for multiple
sources and for tumors, 2 in vivo experiments were con-
ducted. For the first experiment, 2 larger cylindrical Tri-
galight sources (2-mm diameter � 6-mm length) were
surgically implanted in the abdomen of a mouse and were
imaged with the BLT system. For the second experiment, a
mouse bearing a subcutaneous tumor, firefly PC3-Luc
prostate cancer cells, in the lower dorsal region was
imaged. Details of the in vivo experiments can be found in
Supplementary Section E3 (available online at www
.redjournal.org).

Results

Phantom experiments

The Trigalight source was placed in 1 of the holes of the
phantom (Fig. 2a1). A small piece of polystyrene foam
(Styrofoam) was inserted underneath the source to mini-
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mize the air gap between source and detector points at the
phantom surface. Note that the strongest intensity on the
surface did not correspond to the true source position
(Fig. 2a2). Based on the single view (Fig. 2a1), we can
reconstruct the source in 3D (Fig. 2b1 and b2). The largest
CoM deviation between the “true” CBCT and BLT recon-
structed positions of the Trigalight is in the depth direction,
the Z-axis, at 0.6 mm. The average 3D offset between the
true source center and BLT-reconstructed CoM from 4 in-
dependent experiments was 0.6 � 0.1 mm. Comparison of
the measured and computed signals at the phantom surface
can be found in Figure E3 (available online at www
.redjournal.org).

Figure 3 shows the film results for the irradiation based
on the source position provided by BLT and CBCT re-
constructions in Figure 2. A 0.5-mm-diameter cone and a
a1 

source

high

low

b1

b2

X

Z

Y

Z

Fig. 4. (a1, a2) AP and lateral BLI overlaid with the CBCT of t
Transverse, sagittal, and coronal views of BLT slices overlaid wit
Abbreviations are as in Fig. 1 and 2.
5 � 5 mm2 square collimator were used for CBCT- and
BLT-guided delivery, respectively. In the x- and y-axes, the
offsets between the centers of the BLT- and CBCT-guided
radiation fields are less than 0.2 mm (Fig. 3b1 and b2).
Consistent with the BLT localization result in Figures 2b1
and b2, the largest targeting offset is observed in the
lateral view, the z-axis, at 0.6 mm (Fig. 3b2).
Mouse carcass experiments

As observed in the phantom study, the location of the
strongest surface BLI of the carcass did not reflect the true
source position (Fig. 4a1 and a2). Based on the single AP
view (Fig. 4a1), we reconstructed the source in 3D, overlaid
on the CBCT image (Fig. 4 b1-b3). The largest CoM
a2

source 

b3

X

Y

he mouse carcass implanted with a light source. (b1, b2, b3)
h CBCT. The cross shows the CoM of reconstructed source.
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deviation of 0.8 mm is in the z-axis (Fig. 4b1 and b2).
The average 3D offset between the true source center and
BLT-reconstructed CoM from 3 independent carcass ex-
periments was 1.0 � 0.6 mm. The fit between the measured
and computed signals at the mouse surface are shown in
Figure E4 (available online at www.redjournal.org).
Figure 5 shows the film results of the BLT-guided irradia-
tion compared to results for the CBCT-guided delivery. The
targeting difference between the BLT- and CBCT-guided
irradiation is minimal in the x- and y-axes (<0.2 mm).
The largest deviation of 0.8 mm is clearly seen in the z-axis
(Fig. 5b2), consistent with the reconstruction results in
Figures 4b1 and b2.

In vivo experiments

Figure 6 shows that the planar BLI can barely separate 2
sources, but BLT can clearly distinguish the sources
Y

ZX

Y

a2a1

b2b1

BLT targeting CBCT targeting

AP Lateral 

1mm 1mm 

Fig. 5. Film results of target validation in the mouse
carcass. The same collimator settings as described in Fig. 3
were used. (a1, a2) Results in AP and lateral views. (b1,
b2) Corresponding enlarged views. The true source was
contoured by the dashed line. The green circle marks the
center of the CBCT guided radiation; the red square marks
the center of the BLT-guided radiation. Abbreviations are
as in Fig. 1 and 2. Abbreviations as in Fig. 1. A color
version of this figure is available at www.redjournal.org.
(Fig. 6a1 vs 6a2). Deviations of the BLT-reconstructed
CoM for sources 1 and 2 are 0.8 and 0.9 mm, respec-
tively (Fig. 6a3 and a4). Homogeneous optical properties
were assumed in this study, which possibly contributed to
the strength of source 1, which was higher than source 2
(Fig. 6a2).

Figure 6b1 shows the surface bioluminescence signal
emitted from the subcutaneous tumor. Because cells were
located subcutaneously and the tumor was palpable, in
this case, the 2D BLI at the tumor surface is believed to
represent the tumor location. As we expected, from the
top view, the reconstructed 3D bioluminescent distribu-
tions (Fig. 6b2, red dots) lie beneath the BLI intensity on
the surface (Fig. 6b2). The reconstructed biolumines-
cence CoM is also within the tumor as shown by CBCT
(Fig. 6 b3-b4).
Discussion

Although BLI has been widely used in preclinical research,
it has only recently been applied for radiation guidance
(42-46). BLI alone is limited in its ability to guide radiation
delivery. Recent publications from our group (42, 43)
revealed that a vertical beam line directed through the
highest bioluminescence surface intensity deviated from
the CoM of internal source by as much as 3.5 mm. Due to
the irregular phantom and animal surfaces, the optical paths
from the bioluminescent source to different surface points
can be highly variable such that the location of the strongest
BLI signal does not reflect the true source position (Figs. 2
and 4). Weersink et al (46) recently integrated BLI into a
X-Rad 225Cx machine (Precision X-ray, North Branford,
CT) and asserted that 2D targeting based on BLI in the AP
direction can be applied to a single beam or parallel-
opposed pair. Their approach alleviates the uncertainty in
the depth position of the target, but as can be seen in
Figures 2 and 4, the beam margin will need to be quite large
to account for the nonintuitive relationship between 2D BLI
intensity and the 3D location of the source.

We recently developed a stand-alone CBCT/BLT system
(28) for calibration method and algorithm development. In
this study, we introduced an online BLT/SARRP system to
demonstrate BLT-guided radiation for the first time.
Compared with the earlier work from Yang et al (28), this
paper integrates multispectral BLT (25, 29), the IVTCG
method (30), and permissible source region (31) developed
by our group and collaborators to enable fast and accurate
CoM reconstruction. Furthermore, the new algorithm en-
ables better conformality of the reconstructed source dis-
tributions without a predefined region of interest (compare
Fig. 2 in the present study with Fig. 8 in the report by Yang
et al [28]). The computation time for our mouse carcass
experiments was only 3 minutes using a 64-bit laptop with
an Intel Core i7-3920XM 2.9-GHz processor and 32 GB of
memory, a time short enough to support online guidance of
irradiation. Another positive efficiency factor with our

http://www.redjournal.org
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Fig. 6. (a1-a4) Double source experiment: 2 identical cylindrical light sources, source 1 (s1) and source 2 (s2), were
implanted in the mouse abdomen. (a1, a2) AP view of BLI at 610 nm and BLT overlapped with CBCT projection,
respectively. (a3, a4) Transverse views of the BLT overlapped with CBCT slices for s1 and s2, respectively. The cross denotes
the CoM of the reconstructed sources. (b1-b4) In vivo subcutaneous experiment. (b1) BLI overlaid with the photo image: (b2)
the top view of BLI overlapped with the BLT reconstructed source onto the mouse mesh; (b3, b4) sagittal and transverse
views of BLT overlapped with the 3D rendering of the CBCT. Dashed lines outline the tumor surface, and the cross represents
the reconstructed CoM. Abbreviations are as in Fig. 1 and 2.
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approach was the use of single-view BLI data for recon-
struction. Dehghani et al (25) demonstrated in numerical
simulations with a mouse model that spectrally resolved
single-view BLT can be used to reconstruct a 2.5-mm
radius source within 1-mm accuracy up to 12.5 mm in
depth. Although we and others (25) have shown that single-
view data can provide excellent BLT reconstruction results,
it may explain why our CoM offset was most noticeable in
the depth direction. Depth uncertainty can likely be reduced
with more camera views, which may also be necessary for
metastatic nodules or deep-seated tumors.

Our adoption of the CoM approach is a first step to
improve soft tissue targeting. The film validation results
show that BLT can be used to guide irradiation of a target
based on its CoM which agreed with the CoM derived from
CBCT to approximately 1 mm. Once the target CoM is
located, our irradiation studies also confirmed that the
SARRP can deliver radiation accurately to within 0.2 mm
of the target location (13). These capabilities are highly
significant for preclinical radiation research involving
targets with low CT contrast. Advanced conformal beam
arrangements can now be used and would be superior to the
limited beam arrangements based on 2D BLI guidance
(42-44, 46). The light source used in this study allows
direct validation by CBCT, which would not be possible
with an actual tumor model. However, in a real-life spec-
imen, the tumor shape can be more complex. Results of our
in vivo studies demonstrate that our BLT system and al-
gorithm have the potential to guide radiation for multiple
targets or tumors. The in vivo results for delineating two
cylindrical light sources implanted into a live mouse
abdomen are promising (Fig. 6 a2-a4), although the results
are presented as a cluster of points that emphasizes our
algorithm optimized toward CoM reconstruction. A more
complete BLT solution, such as higher order radiation
transport equation, is expected to provide better target
delineation (41, 47). Applying BLT to a subcutaneous
model is an initial step toward in vivo image guidance
(Fig. 6 b2-b4). Our ultimate goal is to apply BLT guidance
to the orthotopic model, which provides a more realistic
environment for human cancer study.

In our study, the light source was placed in the
abdomen which is a relatively optically homogenous re-
gion compared to highly heterogeneous areas such as
lung and we selected somewhat preoptimized optical
properties for our carcass study. The use of diffuse op-
tical tomography (27) in situ or organ-dependent optical
properties will provide a more accurate description of the
heterogeneous mouse. We recognize that the current on-
line system requires manual docking. A parallel engi-
neering effort is in progress to provide automated
deployment of the BLT system onto the SARRP with
better mechanical reproducibility to reduce calibration
frequency (48).
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Conclusions

In summary, our integrated BLT/SARRP system provides a
new opportunity for soft tissue targeting in small animal
models with an overall 1-mm targeting accuracy that was
achieved in both phantom and mouse carcass models. We
also demonstrated the feasibility of applying the BLT-
guided system for multiple targets and in vivo tumors.
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