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Abstract
Background: Widely used Cone-beam computed tomography (CBCT)-guided
irradiators have limitations in localizing soft tissue targets growing in a low-
contrast environment. This hinders small animal irradiators achieving precise
focal irradiation.
Purpose: To advance image-guidance for soft tissue targeting, we developed a
commercial-grade bioluminescence tomography-guided system (BLT, MuriGlo)
for pre-clinical radiation research. We characterized the system performance
and demonstrated its capability in target localization. We expect this study can
provide a comprehensive guideline for the community in utilizing the BLT system
for radiation studies.
Methods: MuriGlo consists of four mirrors, filters, lens, and charge-coupled
device (CCD) camera, enabling a compact imaging platform and multi-
projection and multi-spectral BLT.A newly developed mouse bed allows animals
imaged in MuriGlo and transferred to a small animal radiation research platform
(SARRP) for CBCT imaging and BLT-guided irradiation.Methods and tools were
developed to evaluate the CCD response linearity, minimal detectable signal,
focusing, spatial resolution, distortion, and uniformity. A transparent polycarbon-
ate plate covering the middle of the mouse bed was used to support and image
animals from underneath the bed. We investigated its effect on 2D Biolumines-
cence images and 3D BLT reconstruction accuracy, and studied its dosimetric
impact along with the rest of mouse bed. A method based on pinhole cam-
era model was developed to map multi-projection bioluminescence images to
the object surface generated from CBCT image. The mapped bioluminescence
images were used as the input data for the optical reconstruction.To account for
free space light propagation from object surface to optical detector, a spectral
derivative (SD) method was implemented for BLT reconstruction. We assessed
the use of the SD data (ratio imaging of adjacent wavelength) in mitigating out
of focusing and non-uniformity seen in the images.A mouse phantom was used
to validate the data mapping. The phantom and an in vivo glioblastoma model
were utilized to demonstrate the accuracy of the BLT target localization.
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Results: The CCD response shows good linearity with < 0.6% residual from
a linear fit. The minimal detectable level is 972 counts for 10 × 10 binning. The
focal plane position is within the range of 13–18 mm above the mouse bed. The
spatial resolution of 2D optical imaging is < 0.3 mm at Rayleigh criterion.Within
the region of interest, the image uniformity is within 5% variation, and image
shift due to distortion is within 0.3 mm. The transparent plate caused < 6%
light attenuation. The use of the SD imaging data can effectively mitigate
out of focusing, image non-uniformity, and the plate attenuation, to support
accurate multi-spectral BLT reconstruction. There is < 0.5% attenuation on
dose delivery caused by the bed. The accuracy of data mapping from the 2D
bioluminescence images to CBCT image is within 0.7 mm. Our phantom test
shows the BLT system can localize a bioluminescent target within 1 mm with
an optimal threshold and only 0.2 mm deviation was observed for the case
with and without a transparent plate. The same localization accuracy can be
maintained for the in vivo GBM model.
Conclusions: This work is the first systematic study in characterizing the
commercial BLT-guided system. The information and methods developed will
be useful for the community to utilize the imaging system for image-guided
radiation research.

KEYWORDS
bioluminescence tomography, image-guidance,pre-clinical research,radiation therapy,small animal
irradiator

1 INTRODUCTION

Preclinical radiotherapy (RT) research using small ani-
mal models is essential for bridging the gap between in
vitro concepts and clinical translation.1 Imaging-guided
technologies are imperative to localize target/tumor
and guide irradiation, enabling precise RT studies.
Computed tomography (CT) or cone-beam CT (CBCT)-
guided small animal irradiators have advanced pre-
clinical research.2–8 However, it is challenging to guide
irradiation for soft tissue targets since CT/CBCT are lim-
ited by image contrast, which hinders the irradiators in
achieving high-precision delivery and therefore affects
study reproducibility.

Bioluminescence imaging (BLI) has been used exten-
sively to monitor tumor growth and response to treat-
ment in animal models by detecting light produced from
tumor cells tagged with bioluminescent reporters.9–11

BLI provides strong image contrast, and thus offers an
attractive solution for soft tissue targeting.However,com-
monly used two-dimensional (2D) BLI on an animal
surface is inadequate in providing accurate three-
dimensional (3D) localization for radiation guidance.
This is because light intensity and distribution are non-
linearly dependent on not only the location of internal
bioluminescent target but also tissue optical properties,
irregular animal shape, and angles of imaging view to
animal surface.12,13 To overcome these limitations, we
and others have incorporated bioluminescence tomog-
raphy (BLT) with small animal irradiators to guide focal
irradiation.12,14,15 Using an optimization algorithm along
with a light propagation model in tissue, we can use BLT

to reconstruct the spatially resolved photon emission
density of a luminescent tumor by minimizing the dif-
ference between the calculated and measured surface
bioluminescence signal. With the reconstructed 3D bio-
luminescent tumor information, BLT has been used to
guide irradiation for the orthotopic brain,15,16 breast,17

and prostate14 model, and to monitor tumor response.17

To translate our laboratorial-developed optical
system15,18 and its know-how to radiation research
community, we collaborated with our industrial partner
Xstrahl Inc. and established a compact BLI/BLT sys-
tem, MuriGlo. MuriGlo was designed to maximize the
input for tomographic reconstruction by alleviating the
underdetermined nature of BLT through multi-projection
imaging using a rotary three-mirror system and multi-
spectral imaging using a filter wheel. Compared to
our in-house system,18 an additional fourth mirror was
implemented to achieve a compact imaging platform.
The BLT system can be integrated with a small animal
irradiator via a transportable mouse bed that allows
the imaged animal to be transferred between these
two systems. The standalone design of the optical sys-
tem with the transportable bed minimizes the need of
modifying existing commercial irradiators and ensures
BLI-only applications without occupying the irradiator
that affects its experiment throughputs. We also further
upgraded the bed originally from the manufacturer;
the newly developed mouse bed with a transparent
supporting plate allows 360◦ optical imaging around
animal in MuriGlo and easy transfer to a small animal
irradiator for CBCT imaging and BLT-guided irradiation.
The CBCT imaging not only provides animal anatomical
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information but also the coordinate for radiation delivery.
In our BLT-guided RT workflow,18 it is necessary to map
surface BLI data to the surface of the animal CBCT
image, and the mapped BLI data are used as the input
for BLT reconstruction. The resulted BLT reconstructed
target defined in the CBCT coordinate can then be
utilized for radiation guidance.

In this study, we systematically characterize the per-
formance of the MuriGlo system including 2D BLI
and 3D BLT. We designed phantoms and methods to
characterize the important metrics for 2D BLI, includ-
ing charge-coupled device (CCD) response linearity,
background and minimum detectable level, and focus-
ing, spatial resolution, distortion, and uniformity. The
performance of the multi-spectral BLI, important for
BLT reconstruction,19,20 was investigated; the spectral
derivative (SD) data (ratio imaging of adjacent wave-
length) was compared to traditional spectral data to
examine its effect in mitigating out of focusing and non-
uniformity seen in optical images. In regard to 3D BLT,
an advanced image registration method, compared to
our previous publication,18 was developed to map multi-
projection 2D BLI data to the surface of a 3D numerical
mesh generated from an animal CBCT image, used as
the input data for the BLT reconstruction. Since a trans-
parent plate was used to support the mouse on the
bed and to allow imaging from the bottom of the bed,
the effects of the plate on bioluminescence attenuation
and BLT target localization were also assessed.Further-
more, we investigated the dosimetric impact of the bed
while radiation beams passed through it. We demon-
strated the BLT localization accuracy using a mouse
phantom inserted with a light source for both SD and
non-SD approaches and validated the target localization
using an orthotopic bioluminescent glioblastoma (GBM)
model.

With the increasing interest of applying BLI/BLT as
an image-guided system for radiation research,15,17,21,22

we expect that the methods and results presented in
this work will not only support the use of MuriGlo
across institutes,but also provide an insight for the inter-
ested investigators in implementing the BLT for accurate
image-guided radiation research.

2 MATERIALS AND METHODS

2.1 System configuration

MuriGlo was designed with a removable mouse bed and
a light-tight chamber. The newly developed mouse bed
from our group includes a bed adaptor and a detachable
bed, allowing the animal to be imaged in MuriGlo and
then readily transferred to the irradiator (Figure 1a).After
optical imaging,users can detach the bed from the adap-
tor along with the imaged animal under anesthesia, and
dock the bed to the second adapter placed in the small

animal radiation research platform (SARRP; Xstrahl Inc,
Suwanee, Georgia, USA), shown in Figure 1a, for sub-
sequent CBCT imaging and irradiation. The rationale of
having two identical adaptors, one used in the MuriGlo,
and the other one used in the irradiator, is for user con-
venience and increased throughput. With this design,
users can simply dock the mouse bed into the adap-
tor placed in the SARRP instead of attaching the entire
bed and adaptor into the irradiator bed support for each
experiment.

Inside the chamber, there is an optical assembly and
an added-on thermostatic system developed in-house.
The optical assembly consists of a rotary three-mirror
system, a fixed mirror (all with 98% reflectivity), filter
wheel (Edmund Optics Inc., Barrington, New Jersey,
USA), lens (50 mm, f/1.2, Nikkor, Nikon Inc., Melville,
New York, USA), and CCD camera (iKon-M934, Andor
Technology,Belfast,UK).The optical signal emitted from
the imaged object was guided by the three-mirror sys-
tem and the fixed 45◦ mirror to the filter wheel, and
captured by the CCD camera (Figure 1b). The three-
mirror system can rotate 360◦ around the imaged object
for multi-projection imaging. Four 20 nm full-width at
half maximum band-pass filters (Chroma Technology
Corp., Bellows Falls, Vermont, USA) at 590, 610, 630
and 650 nm were inserted into the filter wheel for
multi-spectral imaging. Four light emitting diodes (LED;
WS2812B 5050 RGB,Adafruit Industries LLC,New York,
New York, USA) were mounted to the three-mirror sys-
tem to provide white light illumination for photo imaging
(Figure 1b). A focus lock was designed in-house and
installed to fix the focus ring of the lens to maintain
consistent focusing distance to imaged objects.

The thermostatic system was designed in-house to
maintain the imaging chamber temperature at desired
levels. The system is composed of a type T thermocou-
ple (5TC-GG-T-30-36, Omega, Norwalk, Connecticut,
USA), a proportion integration differentiation controller
(PID, CN32Pt, Platinum Series, Omega, Norwalk, Con-
necticut, USA), a solid state relay (SSRL240AC10,
Omega,Norwalk,Connecticut,USA),a 24 V transformer,
a heater-fan combo (Figure 1b; FCH-FGC15132R,
Omega,Norwalk,Connecticut,USA),two circulation fans
(Figure S1; CFM-6015V-254-362-20, Digi-Key Electron-
ics, Thief River Falls, Minnesota, USA), a switch with
fuse, and two power distribution boards (PCB007; Eve-
model, China). Two additional cooling fans (Figure
S1; 3610SB-05W-B30-B00, Digi-Key Electronics, Thief
River Falls, Minnesota, USA) were installed on the inte-
rior MuriGlo cover to circulate air and support CCD
operation under −80◦C.

The details of the detachable mouse bed docked on
the adaptor are shown in Figure 1c. The mouse bed
center is made with a transparent plate (polycarbonate,
1.12 mm thick) to support the imaged object and optical
image acquisition from the bottom of the bed. The tabs
and rubber bands are used to immobilize the imaged
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F IGURE 1 (a) shows the workflow of bioluminescence tomography-guided irradiation with MuriGlo in conjunction with a detachable mouse
bed, which can be removed from the bed adaptor after optical imaging and docked to the second adaptor placed in an irradiator for CBCT
imaging and irradiation. (b) shows MuriGlo configuration and (c) illustrates the detail of the mouse bed and adaptor. CBCT, cone-beam
computed tomography. LED, light emitting diode. CCD, charge-coupled device.

animal. The fiducial markers are used for geometric
registration between optical and CBCT images. The
adaptor is equipped with a nose cone and anesthesia
gas port.

2.2 CCD response linearity

It is important to characterize the linearity of the optical
detector, CCD, in response to incident light, particularly
for quantitative optical imaging. A cylindrical self -
illuminated light source (2 mm in diameter and 6 mm
in length, Trigalight, mb-microtec ag, Niederwangen,
Switzerland) was inserted into a mouse phantom (XFM-
2, Perkin Elmer Inc., Waltham, Massachusetts, USA).
The surface images of the phantom were acquired
under exposure time from 0.1 to 180 s with 650 nm filter
at 1×1 binning, 4× pre-amplifier, and 1 MHz readout
rate. To quantify the linearity of CCD response to optical
signal, a region of interest (ROI, 30 pixel × 30 pixel)
around maximum signal was chosen, and the averaged
CCD counts in the ROI was plotted against exposure
time. A linear least-squares regression analysis was

chosen to fit the data. The deviation for each data point
from the linear fit was calculated to characterize the
CCD response linearity.

2.3 Image background

To check background signal, open field (without filters)
images with exposure time from 30 to 180 s were
acquired at −90◦, 0◦, 90◦ and 180◦ projection with the
same imaging parameters as common BLI acquisition,
10 × 10 binning, 4 × pre-amplifier, and 1 MHz readout
rate. A ROI (60 binned pixel × 60 binned pixel, 61 mm ×
61 mm) around image center was selected for analysis.

2.4 Optical focusing

The position of focal plane was empirically set at 16 mm
above the mouse bed to ensure that clear BLIs could
be achieved, approximately at the mouse surface for a
given imaging projection angle (see supporting mate-
rial Section S1). To characterize the optical focusing
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of MuriGlo, a rectangular self -illuminated light source
(9 mm length × 2.8 mm width × 1.5 mm height, Triga-
light, mb-microtec ag, Niederwangen, Switzerland) was
placed on the center of the image at different heights
above the mouse bed, and 1 × 1 binning images were
acquired at open field, 590, 610, 630 and 650 nm. The
profiles of light source placed at different heights were
compared to characterize the focal plane position and
the effect of optical focusing on 2D optical signals.

2.5 Spatial resolution of 2D optical
imaging

The spatial resolution of an imaging system is criti-
cal to assess the ability of the system to resolve fine
structures.We used the contrast transfer function (CTF),
a measurement of how contrast at a particular spa-
tial resolution transfers from the object to the image,
to determine the spatial resolution of 2D optical imag-
ing on MuriGlo. A NBS 1963A negative resolution target
(R2L2S1N, 2″ × 2″, Thorlabs, Inc., Newton, New Jersey,
USA) was chosen for this test. We placed the resolu-
tion target on the center position within field of view
at the focal plane of MuriGlo. To place the target pre-
cisely in the desired location, we used an in-house 3D
printed support shown in Figure S2b, easily docked to
the bed adaptor, where the target can be placed in the
center. A 4″ × 5″ planar light source (Basic 95 CRI,
Negative Supply LLC, Camarillo, California, USA) was
placed below the bed to illuminate the resolution tar-
get through the rectangular opening (23 × 23 mm2)
of the support (Figure S2b). To increase uniformity
of the illumination, a high-density polyethylene diffuser
(HDPS-0250-E, Small Parts Inc., Logansport, IN) was
placed on the light source. The default power supply
of the light source was replaced with a multiple output
DC power supply (MX180TP, Aim and Thurlby Thandar
Instruments, Cambridgeshire, PE29 7DR, UK) at 7.2 V
to adjust the light output for not saturating the CCD. To
image different line pairs of the resolution target, we
placed different line pairs on the opening. Images at 1
× 1 binning were acquired. CTF curves were generated
by plotting the contrast of line pairs versus spatial fre-
quency for both horizontal and vertical directions. We
used Rayleigh criterion to define the spatial resolution of
2D optical imaging on MuriGlo based on the CTF curves.
According to the Rayleigh criterion for two-point resolu-
tion, two equally bright points are just resolved when the
center of one Airy disk falls on the first dark ring of the
other Airy disk (see Figure S3). The contrast between
the maximum intensity Imax and the minimum intensity
Imin at the overlap (Figure S3) becomes 15%,calculated
by (Imax − Imin)∕(Imax + Imin). Thus, we defined the spa-
tial resolution of 2D optical imaging on MuriGlo when the
line pairs are at 15% contrast level shown on the CTF
curve.

2.6 Image distortion

To detect potential image distortion, we designed a
phantom with 3 mm-diameter circles in a grid pattern,
with the circles placed regularly at 6.1 mm center-to-
center spacing, as shown in Figure S2c. The phantom
was printed by a stereolithography printer (Form 3B,
Formlabs Inc., Somerville, Massachusetts, USA) at
0.1 mm dimensional accuracy. The phantom covering
the imaging region of interest was designed to be eas-
ily placed on the bed adaptor. The photo image was
acquired at 1 × 1 binning at 0◦ projection without filter
and with LED on. The distance between the center of
each circle and the center of the circle closest to the opti-
cal image center, called the reference circle, was mea-
sured from the optical image. The measured distance is
defined as the pixel scale,which is 0.102 mm/pixel, times
the number of pixels from a given circle center to the
reference circle center. The deviation between the mea-
sured and actual distance, known from the circle grids,
was used to quantify the image distortion of MuriGlo.

2.7 Image uniformity

The non-uniformity of the optical image can be caused
by lens vignette and the non-uniform response of CCD
pixels. To examine the image uniformity of the optical
system, we designed a phantom (Figure S2d), which
allows rectangular self -illuminated light sources (9 mm
length × 2.8 mm width × 1.5 mm height) placed in the
grooves (9 and 11 mm for center to center spacing along
the horizontal and vertical direction, respectively) on the
phantom surface to form a 2D illumination array. This
design allows us to measure the image uniformity of our
optical system.To quantify the intensity variation of indi-
vidual light source,we placed each source on the central
groove of the phantom closest to the image center, and
acquired images at 1 × 1 binning with open field and with
590, 610, 630 and 650 nm filters. The images of the 2D
array with light source in place was also acquired at the
same image acquisition setting. The intensity measured
from the array image for each light source, within ROI
of 10 pixel × 20 pixel at the center of the rectangular
source, was normalized to its intensity measured on the
central groove. Based upon this process, we can elimi-
nate the intensity variation from individual light sources
while quantifying image uniformity.

2.8 Evaluation of the impact of the
transparent plate applied for optical
imaging

For our newly developed mouse bed, emitted biolu-
minescence can experience refraction, reflection, and
attenuation through the transparent plate when the
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object is imaged at 180◦ projection (Figure 1c). To
assess if these factors could potentially affect BLI
measurement, we imaged the mouse phantom inserted
with a self -illumination light source (2 mm in diam-
eter and 6 mm in length, Trigalight, mb-microtec ag,
Niederwangen, Switzerland) for the scenarios with and
without the transparent plate, respectively. The phan-
tom images at 180◦ projection were acquired at 1 × 1
binning with 590, 610, 630, and 650 nm filters for both
scenarios.For each scenario, five images were acquired
for each wavelength, and the optical signal from these
five images were averaged to reduce potential image
noise. The averaged signal at each wavelength with
the transparent plate was compared to that without the
plate.We also studied the effect of the transparent plate
on BLT reconstruction accuracy, with details described
in Section 2.13.

2.9 Dosimetric impact of the newly
developed mouse bed

MuriPlan, a treatment planning system (TPS; version
2.2.2, Xstrahl Inc., Suwanee, Georgia, USA), is the
standard platform utilized to design radiation plans for
SARRP irradiation. For planning, MuriPlan only allows
users to classify five materials, air, lung, fat, soft tis-
sue, and bone, on SARRP CBCT images. Based on
the image value, our mouse bed is commonly assigned
as soft tissue. Our mouse bed consists of two kinds
of material; one is RenShape SL 7820, an acryloni-
trile butadiene styrene (ABS)-like material, used for the
bed adaptor and the bed, and the other one is polycar-
bonate, used for the transparent plate. We assessed if
there is any significant dosimetric difference when actual
bed material, instead of the soft tissue, is used in dose
calculation.We generated an artificial CBCT image con-
sisting of two layers and assigned the bed material of
interest to the first/bottom layer, and soft tissue to the
second/top layer. We designed a radiation beam pass-
ing from the bottom to top layer with isocenter set at
9 mm above the bed material layer, and 5 Gy dose was
prescribed at the isocenter. We generated the look-up
tables of the x-ray mass attenuation coefficient for ABS
and polycarbonate for dose calculation in MuriPlan.23

The mass attenuation coefficient was calculated with
𝜇∕𝜌 =

∑
i wi(𝜇∕𝜌)i, where wi is the faction by weight of

the ith atomic constituent of ABS (C8H8 ⋅ C4H6 ⋅ C3H3N)
and polycarbonate (C16H16O4), and (𝜇∕𝜌)i is the mass
attenuation coefficient for elemental media, obtained
from the National Institute of Standards and technology
database.24 We then compared the dosimetric differ-
ence within the soft tissue/top layer for the cases of the
first layer assigned as ABS/polycarbonate versus soft
tissue. This planning setup allowed us to investigate if
there is a significant dosimetric impact when the radia-
tion beam passes through the bed and the soft tissue is

assigned to the bed for dose calculation. For conserva-
tive measure and considering the worst scenario, such
as oblique beam geometry,we simulated the first layer at
20 and 2.5 mm thickness when ABS and polycarbonate
were assigned, respectively,despite the actual thickness
for the bed and plate is at least two times less than the
thickness in simulation. The dose calculation was per-
formed for 3 × 3 mm2, 5 × 5 mm2, and 10 × 10 mm2

collimation.

2.10 Registration of 3D CBCT and 2D
optical coordinates

Because the SARRP CBCT image defines the coor-
dinates used for BLT reconstruction, we proposed a
geometric calibration method modified from Cao et al.25

to register the 3D CBCT coordinate and 2D optical
imaging plane to map the 2D BLI acquired at a given pro-
jection angle onto the mesh surface generated from the
CBCT image.Briefly,our geometric calibration approach
includes two steps: (1) registering the 3D CBCT coordi-
nate to 3D optical coordinates with rigid transformations,
and (2) projecting the 3D optical coordinate to 2D opti-
cal coordinates at the CCD image plane that is the CCD
sensor array. Once the 3D CBCT and 2D optical coordi-
nates are registered, the 2D BLI acquired at any given
projection angle can be mapped onto the mesh surface.

The orientations of 3D CBCT (Os-XsYsZs), 3D optical
(O-XYZ), and 2D optical (o-μν) coordinates are defined
in Figure 2a. For the 3D optical coordinate, the Y axis is
defined at the rotational axis of the three-mirror system
and toward inside of the imaging chamber. The rotated
3D optical coordinate is defined as O-X’Y’Z’. For the
rotation around the Y axis, the position where the three-
mirror system is right above the mouse bed is labelled as
0◦, the clockwise rotation is defined as the positive direc-
tion, and the range of rotation is defined from −180◦ to
180◦. It is worthwhile to note that the mechanical defini-
tion of the mirror rotation is defined reversely, compared
to the 3D optical coordinate rotation around the Y axis.
The CCD image plane after multiple reflections through
the mirror system is considered to be perpendicular to
the Z axis or Z’ axis after rotation (see Figure 2a). The
2D optical coordinate is located at the CCD image plane,
and its axes, μ and ν, are parallel to the X and Y axes,
respectively.

The registration between the 3D CBCT and 2D optical
coordinates requires knowledge about the following 12
geometrical parameters.

1. XOt, YOt, ZOt, translational shifts between the 3D
CBCT and 3D optical coordinates.

2. δXs, δYs, δZs, rotational shifts between the 3D CBCT
and 3D optical coordinates.

3. Lfd, distance from the focal point, f, to the 2D optical
image plane.
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F IGURE 2 (a) and (b) show geometric relation among the 3D CBCT coordinate, 3D optical coordinate and 2D CCD plane, and workflow in
geometrical calibration and data mapping procedure, respectively. For the geometrical calibration process, a fiducial marker PS in the 3D CBCT
coordinate was first linked to P’ in 3D optical coordinate through rigid transformation. The P’ in 3D optical coordinate was then projected to point
p on 2D CCD plane based on ideal pinhole camera model, and rotated to pθ by angle θ around (μr, νr) on 2D CCD plane when 3-mirror is
rotated by θ as shown in the upper right subfigure in (a). For the data mapping, for a given qθ on 2D CCD plane when 3-mirror rotated θ, a
reverse procedure is used to calculate the corresponding position QS in 3D CBCT coordinate. 2D, two-dimensional; 3D, three-dimensional;
CBCT, cone-beam computed tomography. CCD, charge-coupled device.

4. Lfo, distance from the focal point, f, to the 3D optical
coordinate origin O.

5. μ0, ν0, center of the 2D optical image, intersection
between the axis Z’ in O-X’Y’Z’with CCD image plane.

6. μr, νr, rotation center of 2D optical image; due to
the three-mirror rotation with the static CCD cam-
era, the 2D images were rotated accordingly during
multi-projection imaging.

Rigid transformations,including translational and rota-
tional shifts, were applied for registering the 3D CBCT
coordinate to the 3D optical coordinate. For a given fidu-
cial marker Ps in the imaging space,its position (PXs,PYs,
PZs) in the 3D CBCT and (PX, PY, PZ) in the 3D optical
coordinates is linked by

⎡⎢⎢⎢⎣
PX

PY

PZ

⎤⎥⎥⎥⎦ = RXs (𝛿Xs) ⋅ RYs (𝛿Ys) ⋅ RZs (𝛿Zs) ⋅

⎡⎢⎢⎢⎣
PXs

+ XOt

PYs
+ YOt

PZs
+ ZOt

⎤⎥⎥⎥⎦ ,

(1)
where,

RXs (𝛿Xs) =

⎡⎢⎢⎢⎣
1 0 0

0 cos 𝛿Xs − sin 𝛿Xs

0 sin 𝛿Xs cos 𝛿Xs

⎤⎥⎥⎥⎦ , (2)

RYs (𝛿Ys) =

⎡⎢⎢⎢⎣
cos 𝛿Ys 0 sin 𝛿Ys

0 1 0

− sin 𝛿Ys 0 cos 𝛿Ys

⎤⎥⎥⎥⎦ , (3)

RZs (𝛿Zs) =

⎡⎢⎢⎢⎣
cos 𝛿Zs − sin 𝛿Zs 0

sin 𝛿Zs cos 𝛿Zs 0

0 0 1

⎤⎥⎥⎥⎦ , (4)

RXs(δXs), RYs(δYs) and RZs(δZs) are 3D rotation matri-
ces with the rotation angles δXs, δYs, and δZs, around Xs,
Ys and Zs axes, respectively.

To project the 3D optical coordinate to the 2D opti-
cal coordinate at the CCD image plane,we modeled our
CCD camera as an ideal pinhole camera.The projection
geometry from the 3D optical coordinate after the mirror
rotated at θ degree around Y axis to the 2D optical coor-
dinate in pinhole camera modeling is shown in Figure 2a.
No shift between Y and Y’ axes was considered in this
work. For the given point Ps, its corresponding position
P in coordinate (O-XYZ) before and P’ in coordinate (O-
X’Y’Z’) after three-mirror rotation can be expressed as

⎧⎪⎨⎪⎩
P′

X ′ = PX ⋅ cos 𝜃 + PZ ⋅ sin 𝜃

P′
Y ′ = PY

P′
Z′ = −PX ⋅ sin 𝜃 + PZ ⋅ cos 𝜃

. (5)

With the pinhole camera modeling and Equation (5),
the point (pμ,pν) on the CCD image plane projected from
the point P’ can be expressed as

p𝜇 = 𝜇0 +
Lfd ⋅ P′

X ′

F ⋅
(
Lfo − P′

Z′
)

= 𝜇0 +
Lfd ⋅ ( PX ⋅ cos 𝜃 + PZ ⋅ sin 𝜃)

F ⋅ (Lfo + PX ⋅ sin 𝜃 − PZ ⋅ cos 𝜃)
, (6)

pv = v0 −
Lfd ⋅ P′

Y ′

F ⋅
(
Lfo − P′

Z′
)

= v0 −
Lfd ⋅ PY

F ⋅ (Lfo + PX ⋅ sin 𝜃 − PZ ⋅ cos 𝜃)
, (7)

where F is physical pixel size of the CCD sensor array,
13 μm/pixel for MuriGlo CCD.
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The CCD camera is kept stationary while the three-
mirror system is rotated during multi-projection image
acquisition. In other words, from the view of the imaged
object, the CCD plane is rotated in addition to the rota-
tion around Y axis described above.Under this geometry,
if the image is acquired after the three-mirror system
is rotated by θ degree, the image projected at CCD
plane will also be rotated by θ around the image rotation
center (μr, νr). However, from the pinhole camera model-
ing, Equations (6)–(7), we do not consider this rotation.
Therefore, the point p with coordinate (pμ, pν) at the 2D
optical coordinate, projected through the pinhole cam-
era model, needs to be rotated by θ around (μr, νr) to be
consistent with its position pθ measured by CCD while
three-mirror is rotated by θ. After rotation, pθ, and its
coordinate (pu(θ), pv(θ)) can be expressed as[

p𝜇 (𝜃)
pv (𝜃)

]
=

[
cos 𝜃 − sin 𝜃
sin 𝜃 cos 𝜃

]
⋅

[
pu − 𝜇r
pv − vr

]
+

[
𝜇r
vr

]
. (8)

From Equations (1–8),we can register any given point
in the 3D CBCT volume to the 2D optical image at a
given projection angle with the 12 geometrical param-
eters listed in 1−6. To retrieve these 12 parameters,
we used the eight plastic ball bearings (BBs) on the
mouse bed as fiducial markers (Figure 1c), which can
be seen in photo images at −60

◦
,−30

◦
, 0

◦
, 30

◦
, and 60

◦

projection and CBCT image. An optimization program
with a constrained multivariable optimization function
(fmincon; MATLAB R2019b, The MathWork Inc., Nat-
ick, Massachusetts, USA) was developed to retrieve
the geometrical parameters by minimizing the deviation
between the calculated and measured BB positions on
the 2D CCD image plane. In this optimization routine, the
BB positions in the multi-projection photo images are
used as the measured positions, and the correspond-
ing BB positions calculated based on Equations (1–8)
with the optimized 12 parameters and the markers posi-
tions in 3D CBCT are used as the calculated positions.
The deviation between calculated and measured BB
positions could be minimized at < 0.3 mm, with aver-
age at 0.1 mm, by the optimization routine. To ensure
accurate data mapping and relieve the requirement on
mechanical reproducibility, the procedure of the geo-
metric calibration is performed for each experiment,
meaning every individual mouse or phantom imag-
ing session. The procedure is fully automatic using
the optimization routine without affecting experiment
throughput.

2.11 Data mapping for multi-projection
BLIs

After the 3D CBCT and 2D optical coordinates are
registered, we can utilize the geometrical parameters
obtained from the Section 2.10 and reversely map the

optical signal on the pixel of interest qθ of a 2D BLI to
the corresponding position QS on the mesh surface in
3D CBCT coordinate.The order of the mapping process
is outlined in Figure 2b, qθ → q on 2D CCD plane → Q’
in 3D optical coordinate → QS in 3D CBCT coordinate,
and the detail is provided as follow.

The qθ with coordinate (qu(θ), qv(θ)) is the pixel of
interest on the measured 2D BLI/CCD plane after the
three-mirror is rotated by θ degree along the Y-axis.
We first eliminate the mirror rotation for qθ by con-
sidering the geometry, where there is no three-mirror
in place, only single camera directly looking down the
imaged object and it can rotate around the object to
acquire projection image. We can perform the inverse
of Equation (8);[

q𝜇
qv

]
=

[
cos 𝜃 sin 𝜃
− sin 𝜃 cos 𝜃

]
×

[
q𝜇 (𝜃) − 𝜇r
qv (𝜃) − vr

]
+

[
𝜇r
vr

]
. (9)

The q with coordinate (qu, qv) are the correspond-
ing point for qθ on the CCD plane as there is no mirror
rotation.

The coordinate of q in O-X’Y’Z’, where the camera
rotates θ degree, can be expressed by

⎧⎪⎨⎪⎩
qX ′ = −F ×

(
q𝜇 − 𝜇0

)
qY ′ = F × (qv − v0)

qZ′ = Lfd + Lfo

. (10)

The coordinate of focal point f can be written as (0,
0, Lfo) in the 3D optical coordinate O-X’Y’Z’. Thus, q
and f can form a ray. We can use the Möller-Trumbore
ray-triangle intersection algorithm26 to locate the inter-
section Q’ within a surface triangle on the imaged
object mesh generated from the SARRP CBCT image.
The barycentric coordinates is utilized in the Möller-
Trumbore algorithm, which we can write the coordinate
of the Q’ as

Q′ = aA + bB + cC = (1 − b − c) A + bB + cC. (11)

A, B and C are the coordinates of the vertices
for a triangle ABC in 3D optical coordinate O-X’Y’Z’
(Figure 2a) and a, b, c are the barycentric coordinates
of Q’ for the triangle ABC. The intersection Q’ can also
be represented by a ray from q to Q’ as

Q′ = q + tD, (12)

where t is the distance from Q’ to q, and D is the nor-
malized direction of the ray connecting q and f. By
combining Equations (11) and (12), the unknowns t, b
and c can be solved.

With the above-mentioned method, we can identify
the barycentric coordinates, a, b, and c of the Q’ for
the triangle ABC in the 3D optical coordinate. Since the
3D CBCT and optical coordinates are rigidly registered
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(Equation 1), we can apply the barycentric coordinates,
a, b, and c to the corresponding triangle AsBsCs in the
3D CBCT coordinate with

Qs = (1 − b − c) As + bBs + cCs, (13)

and identify the position of Qs to where we can map
the pixel signal at qθ. Here As, Bs and Cs are the coor-
dinates of the vertices of triangle AsBsCs in 3D CBCT
coordinate Os-XsYsZs. For a given closed 3D mesh sur-
face, there will be more than one intersection. The point
Qs we chose is the closest intersection to q.

To validate the accuracy of the data mapping method,
10 BBs were placed on a mouse phantom and imaged
at −90◦, 0◦, 90◦ and 180◦ projections, commonly-used
projection angles for the BLT, with the LEDs on. There
were 8 BBs placed on the top surface of the phantom
and 2 BBs placed on its bottom surface. The measured
positions of the 10 BBs from these optical (LED) images
were mapped to the mouse phantom surface in CBCT
coordinate through the data mapping method, and com-
pared to the BB positions measured in CBCT image.
Because of the physical size of the BBs, the BB centers,
shown in the CBCT image,were not on the phantom sur-
face. We further calculated the corresponding positions
of the BB centers on the phantom surface, so we can
compare these positions with the BB positions mapped
from the optical images.We first calculated the positions
on 2D optical image plane using the centers of BBs in
3D CBCT coordinate and Equations (1–8) with the opti-
mized geometrical parameters. We can then obtain the
corresponding positions on the phantom surface using
the calculated positions of the BB centers on 2D optical
image plane along with Equations (9–13) through ray
tracing. We can use these positions as the ground truth
to validate the BB position mapped from the 2D optical
image to the mesh surface in the CBCT coordinate.

We further provided the detail of our data selection
protocol for BLT reconstruction. We first used 1 × 1
binning of the optical photo images for acquiring the
position of the fiducial markers to ensure accurate reg-
istration between 3D CBCT and 2D optical coordinates
(Section 2.10). For BLI acquisition, we utilized a larger
binning size, 8 × 8 or 10 × 10 binning, to achieve suf-
ficient signal to noise ratio (SNR) within reasonable
imaging acquisition time. For the subsequent data map-
ping process, we used the position of the binned pixel
center, representing the BLI signal of the pixel after
binning, and mapped these points along with the pixel
signal to the mesh surface generated from the 3D CBCT
image. For the overlapped surface region mapped from
two adjacent projection BLIs, if two mapped data are
within the distance equal to the pixel scale after binning,
for example, 1.02 mm for 10 × 10 binning, the mapped
point with larger value will be chosen as the input data
used for reconstruction.Moreover,we chose the mapped
surface data points, with values larger than 10% of the

maximum value among all the surface points and larger
than an empirical threshold ∼1050 counts to remove the
data close to background counts ∼950. The remaining
data after the selection process become the input for
subsequent reconstruction.

2.12 Mathematical framework for BLT
reconstruction

Because light transport in tissue is dominated by scat-
tering, the Diffusion Approximation (DA) of the light
transport equation was applied to model the light prop-
agation in tissue. In continuous wave mode, the DA with
the Robin-type boundary condition is expressed as{

−∇ ⋅ D (r)∇Φ (r) + 𝜇a (r)Φ (r) = S (r) , r ∈ Ω

Φ (𝜉) + 2An̂ ⋅ D (𝜉)∇Φ (𝜉) = 0, 𝜉 ∈ 𝜕Ω
, (14)

where Φ(r) is the photon fluence rate at location r
in domain Ω, D (r) = 1∕(3(𝜇a + 𝜇′s)) is the diffusion
coefficient, and 𝜇a and 𝜇′s are absorption and reduced
scattering coefficients, respectively at a given wave-
length λ.S(r) is the bioluminescence source distribution.
ξ represents points on the tissue boundary (𝜕Ω), and
coefficient A can be derived from Fresnel’s law, depend-
ing on the refractive index of tissue and air. n̂ is the
unit vector pointing outward,normal to the boundary 𝜕Ω.
Equation (14) can be further expressed in the form of
linear function as

G𝜆w𝜆S = Φ𝜆, (15)

where G𝜆 is the sensitivity matrix describing the changes
of boundary/surface fluence rate Φ𝜆 related to source S
for a given wavelength λ, and w𝜆 is the system-specific
spectrum of the light source of interest. G𝜆 can be
constructed from prior knowledge of the geometry and
optical property of the subject.

In non-contact imaging geometry, one major chal-
lenging is accounting for the light propagation from
animal surface to the optical detector (e.g., CCD). We
have developed a SD method,27 in which the SD of
that data (the ratio of the surface images at adjacent
wavelengths) is used, as bioluminescence at simi-
lar wavelengths encounters a near-identical system
response. The system response can be expressed by
rewriting Φ𝜆 = b𝜆n, where n is a measurement point
specific angular dependent offset to account for the dif-
ference between actual surface fluence rate Φ𝜆 and BLI
measurement b𝜆, and n is assumed to be spectrally
invariant. The Equation (15) becomes

G𝜆w𝜆S = b𝜆 n. (16)

By applying logarithm to Equation (16) and consid-
ering the ratio of the data between two neighboring
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wavelengths λi and λi+1, we can write the SD form of
Equation (16) as

[ log b𝜆i
n

b𝜆i
n

G𝜆i
w𝜆i

−
log b𝜆i+1

n

b𝜆i+1
n

G𝜆i+1
w𝜆i+1

]
S = log

b𝜆i

b𝜆i+1

,

(17)

where the offset n in the right-hand side of the equation,
caused by geometry shape of the imaged object and the
free space light propagation from the object to camera,
are cancelled out. The source distribution S in the SD
form (Equation 17) can be iteratively solved by apply-
ing compressive sensing conjugate gradient (CSCG)
optimization algorithm27 with multi-spectral and multi-
projection data. For this study, the ratios of the spectral
data b590nm / b610nm,b610nm / b630nm,and b630nm / b650nm
were chosen as the input for BLT reconstruction. The
sensitivity matrix was generated by a modified version
of NIRFAST software28 under finite element framework.
A tetrahedral mesh with an averaged edge length of
approximately 1 mm was utilized for the finite element
calculation as it is at the same order of mean free path
of light scattering and the BLI pixel scale after 8 × 8 or
10 × 10 binning used in this study.The smaller mesh size
may not improve reconstruction accuracy. The detail of
mesh parameters can be found in supporting material
Section. S2.

2.13 BLT validation with mouse
phantom

To access the target localization capability of the
MuriGlo BLT, we inserted a small cylindrical self -
illuminated light source (0.9 mm in diameter and 2 mm
in length) into the mouse phantom and used it as the
internal target for the study. We introduced a threshold
between 0 and 1, based on the maximum value of BLT
reconstructed power density (S, Equation 17), to define
the target delineation. The positions where BLT recon-
structed power density larger than the threshold of the
maximum value were identified as part of the recon-
structed target. Consequently, the position and volume
of the reconstructed target could vary depending on the
choice of threshold. We studied the MuriGlo BLT in tar-
get localization and volume delineation as function of
threshold.We also extended the study for the cases with
and without the transparent plate to investigate if the
transparent plate could affect the BLT target localization.

The phantom underwent multi-projection at −90◦, 0◦,
90◦ and 180◦ and multi-spectral at 590, 610, 630 and
650 nm BLI acquisition. The BLIs were acquired with
30 s exposure time at 8 × 8 binning, 4× pre-amplifier
gain, and 1 MHz readout rate with and without transpar-
ent plate. After acquiring BLIs, photo images at −60◦,
−30◦, 0◦, 30◦ and 60◦ projections were taken to retrieve
the fiducial markers positions on the bed to obtain the

geometric parameters (Section 2.10). After the opti-
cal imaging, the mouse phantom with the detachable
mouse bed was docked to the bed adaptor pre-installed
in SARRP for CBCT imaging. The CBCT image was
used to (1) provide anatomical structure of the imaged
object to generate tetrahedral mesh for the finite element
method (FEM)-based BLT reconstruction and (2) define
the 3D coordinate in SARRP for radiation planning and
focal irradiation.

It is worth to note that the system-specific spectrum15

of the small light source was measured on MuriGlo
before phantom experiment. Because the half -life of
the light source is 12.3 years, the source intensity was
considered as time-invariant during spectrum measure-
ment.The light source was placed on the MuriGlo mouse
bed, and BLIs were acquired at 590, 610, 630, and
650 nm at 1 × 1 binning with 10 s exposure time. The
light intensity measured at a given region of interest
on 590, 610, 630, and 650 nm BLIs were normalized,
and the normalized value 0.912, 1, 0.922, and 0.661
at 590, 610, 630 and 650 nm were used as the light
source spectrum for the multi-spectral BLT reconstruc-
tion. The values of absorption coefficient 𝜇a 0.035,
0.010, 0.005 and 0.004 mm−1 and reduced scatter-
ing coefficient 𝜇′s 1.75, 1.66, 1.58 and 1.50 mm−1 for
590, 610, 630, and 650 nm, respectively, and refractive
index 1.5, provided by Perkin Elmer, were used for the
reconstruction.

2.14 BLT validation with in vivo GBM
model

All in vivo procedures were carried out in accordance
with the institutional animal care and use committee at
the University of Texas Southwestern Medical Center.
To demonstrate the capability of MuriGlo in localizing
in vivo GBM, we implanted 1.2 × 105 GL261-luc2 cells
into the left striatum of C57BL/6J albino mice, 3 mm
away from the surgical opening, and imaged the animal
2 weeks after surgery. For animal immobilization (Figure
S4), the imaged mouse was anesthetized with 2% isoflu-
rane in oxygen through the nose cone. We used rubber
bands and taps on the bed to secure the limbs and
tails. To prevent mouse ears blocking the surface signal
during imaging acquisition at 900 and −900 projection,
black tapes were used to press the ears down. The
GBM-bearing mice underwent multi-projection at −90◦,
0◦, and 90◦ and multi-spectral at 610, 630, and 650 nm
BLI acquisition at 10 × 10 binning, 4× pre-amplifier gain,
and 1 MHz readout rate, followed by photo imaging at
−60◦, −30◦, 0◦, 30◦, and 60◦ projections for geometric
calibration. The bioluminescence signal at 590 nm was
weak compared to other images,and therefore not used
for the study. After the optical imaging, we transferred
the mouse with the detachable bed to the bed adaptor
pre-installed in SARRP for CBCT imaging.
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F IGURE 3 (a) shows the CCD counts increased linearly with exposure time. The residual shows the deviation of the measurement in
percentage relative to the linear fitting. (b) shows the change of CCD counts of image background versus exposure time at −90◦, 0◦, 90◦ and
180◦ projection. CCD, charge-coupled device.

The system-specific GL261-luc2 cell spectrum was
measured using the MuriGlo system as 1, 0.825, and
0.475 at 610, 630, and 650 nm, respectively. We
used absorption coefficient 𝜇a 0.1610, 0.0820, and
0.0577 mm−1 and reduced scattering coefficient μs’
1.56, 1.51, and 1.46 mm−1 at 610, 630, and 650 nm,
respectively, and refractive index 1.4 for BLT recon-
struction. Based on our published study,15 we used a
threshold of 0.5 of maximum BLT reconstructed source
power density to delineate the BLT reconstructed gross
target volume (GTVBLT). T2-weighted fast spin echo
sequence magnetic resonance imaging (MRI) (MRS
3017,3T,MR Solutions Ltd.GU3 1LR,UK) was utilized to
define the gross target volume (GTV) of GBM-bearing
mice as the ground truth to validate the accuracy of
BLT localization. The MRI and SARRP CBCT image of
the mouse head were registered using 3D slicer (ver-
sion 4.11.2; http://www.slicer.org). The registered GTV
was compared with GTVBLT to evaluate BLT localization
accuracy.

3 RESULTS

3.1 Imaging characterization

Figure 3a shows that the CCD response is linear with
the incident signal along with the CCD exposure time
from 0.1 to 180 s.The overall residual deviation,the mea-
sured counts relative to the linear fit, is within 0.6%. For
bioluminescence imaging, the in vivo signal strength is
susceptible by various factors, for example, the choice
of reporters, blood content within tissue, and number of
bioluminescence cells. The 0.1 to 180 s range we inves-
tigated covers a practical exposure time used in daily
operation.

Figure 3b shows the CCD counts of the image back-
ground at exposure time from 30 to 180 s. It shows that
the largest image background is at 180 s at ∼947.0± 8.1
counts for 10 × 10 binning, which indicates the mini-
mal detectable signal level is about 972 counts with 3
standard deviations. The image background does not
change significantly along with time for all the imag-
ing projections, which suggests the light leakage to the
imaging chamber is minimum.

Figure 4a shows representative profiles cross the cen-
ter of light source for open field when the light source
was placed at height of 1.5 and 14.5 mm above mouse
bed. We noticed the size of the profile penumbra varies
along with the height. As an imaged object was placed
right at focal plane, one would expect to see a sharp
image. To determine the focal plane position, we quan-
tify the penumbra width; the smaller the penumbra width
is, the sharper the image is. We used the convolution
of Gaussian and rectangular function to fit the pro-
files. The penumbra, shadow region shown in Figure 4a,
defined as the width between the 10% and 90% of
the maximum intensity of the fitting curve, was used
to quantify the broadening of the intensity profile. As
shown in Figure 4b, the penumbra became wider when
the light source was placed farther away from the focal
plane. The focal plane position corresponding to mini-
mum penumbra width is within the range of 13−18 mm
above the bed for open and spectral images. We further
investigated the effect of focusing on signal intensity
(Figure 4c). The shoulder region of the profile shown in
Figure 4a was chosen for data analysis, where the light
intensity is sensitive to the change of the focal plane
position. It shows a decrease in intensity of up to 17%,
when the light source was placed off the focal plane.
For the sake of visualization, we only plotted the stan-
dard deviation for the open field images, rendering large

http://www.slicer.org
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F IGURE 4 (a) shows the representative profile cross the center of light source (red arrow) at different height above the mouse bed
measured at open field image. The penumbra width is defined between 10% −90% of maximum intensity of the fitting curve, shadow region. (b)
shows the penumbra width of the profile, measured at different height above the bed for open field, 590, 610, 630 and 650 nm spectral images.
(c) shows the averaged intensity within the shoulder region shown in (a), within pixel 20 to 25 of the profile, at different height above the bed for
open field and spectral images. For the sake of visualization, only the standard deviation of the open field data points are shown. (d) shows the
averaged ratio of the intensity and the standard deviation within the shoulder region at adjacent wavelength. The data in (c) and (d) was
normalized to the value at 14.5 mm above the bed.

non-uniformity of the intensity within the shoulder region
and the same phenomena was also seen in other wave-
length cases (data not shown). Furthermore, the inten-
sity variation is spectrally dependent because of chro-
matic aberration. Figure 4d further illustrates when the
ratio of the intensity at adjacent wavelength is consid-
ered, the non-uniformity issue is largely improved, along
with the reduction of variation,that is,standard deviation.

The inserted figure in Figure 5a shows a represen-
tative photo image of the NBS 1963A resolution target
placed on the 3D-printed support (Figure S2b),acquired
at 1×1 binning and 0◦ projection. The contrast of line
pairs versus the spatial resolution (line pair/mm) was
plotted in both X and Y directions (Figure 5a). With
Rayleigh criterion (see Section 2.5), the resolution along
X and Y directions are 2.27 lp/mm (0.22 mm) and 2.15

lp/mm (0.23 mm) by interpolating the line pairs at 15%
contrast, respectively. Moreover, we measured the spa-
tial resolution with filters at 590, 610, 630 and 650 nm,
and the spatial resolution was superior to that of open
field imaging (Figure S5a–b). We further measured the
spatial resolution at different locations of the mouse bed
region, by placing the resolution target at various loca-
tions (Figure S5c). Based on the Rayleigh criterion, we
concluded MuriGlo can reach identifiable line pair num-
ber at 1.8 lp/mm or 0.28 mm of spatial resolution on the
focal plane within entire mouse bed region for open field
image (Figure S5d).

The inserted figure in Figure 5b shows the image of
the distortion phantom acquired at 1 × 1 binning and
0◦ projection with white LED illumination and open field
imaging. The centers of black circles are marked as
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F IGURE 5 (a) shows contrast of line pairs versus spatial resolution at X and Y directions for an NBS 1963A negative resolution target
placed on the 3D-printed support. The inserted figure shows a photo of 1.0 lp/mm line pair on the resolution target, placed on the 3D-printed
support. (b) shows the histogram of the deviation between measured and actual distance from the center of circles on the distortion phantom to
the reference center, shown in the right inserted figure, a photo of the distortion phantom. The centers of circles on the phantom were marked
as red crosses. The measured distance (dash white arrow) was defined as the distance from a given center to the reference center (blue circle).
3D, three-dimensional.

F IGURE 6 (a) shows the normalized intensity of the light sources at different locations placed on the uniformity phantom (Figure S2d) with
open field imaging. The color at given location represents the image uniformity relative to the center position. (b–c) show the normalized light
intensity of light source or image uniformity along the X and Y-arrow shown in (a) with open field and with filters at 590, 610, 630 and 650 nm,
respectively. (d–e) show the corresponding ratio of the normalized light intensity at adjacent wavelength along the X and Y-arrow, respectively.

red crosses. The histogram of the deviation between
the measured and actual distance from the center of
all circles to that of the reference position is shown
in Figure 5b. The average and maximum deviation is
0.05 ± 0.04 and 0.29 mm, respectively.

Figure 6a shows a representative plot of the image
uniformity map with open field over the mouse bed
region. The squares represent the center location of
the light sources, and their colors indicate the image
uniformity at their location relative to the center posi-
tion.The yellow dashed box surrounds the region where

the variation of uniformity is within 5%. We further
plotted the normalized intensity along X and Y direc-
tions through the point closest to the image center
(Figure 6b–c), which shows the uniformity is worsen
close to both ends of mouse bed along the Y-axis.
The obvious decrease of the uniformity could be up
to 38% at the end of Y line (Figure 6c). This sharp
decrease was due to the light cutoff by the front edge
of the three-mirror system. However, after taking the
ratio of the spectral images, the variation of the ratio
data can be within 2% (Figure 6d–e). This means using
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F IGURE 7 The inserted figure in (a) shows a representative bioluminescence image of phantom acquired at 180◦ projection and 610 nm
with the transparent plate in place. (a–b) show the CCD counts profile along the X and Y-arrow, displayed in the inserted figure, at 180◦

projection and 590, 610, 630 and 650 nm for the cases with and without the plate, respectively. (c–d) show the ratio of CCD counts acquired with
and without the plate along the X and Y-axis at 590, 610, 630 and 650 nm, respectively. (e–f) shows the corresponding ratio of the ratio images
at adjacent wavelength along the X and Y-arrow with and without the plate, respectively. CCD, charge-coupled device. NP, no plate; WP, with plate.

SD data as the input for BLT reconstruction can min-
imize the image non-uniformity, which may affect the
reconstruction accuracy.

3.2 Assessment of the transparent
plate applied for optical imaging and its
impact on dosimetry

We assessed if the transparent plate on the bed
(Figure 1c) could affect BLI measurement.As described
in Section 2.8, we imaged the mouse phantom with
a light source embedded. Figure 7a–b are the pro-
files of BLI acquired at 180◦ at all 4 wavelengths with
and without the transparent plate along the X and
Y axes, respectively, showing the light attenuation by
the plate. To quantify the light attenuation observed in
Figure 7a–b, we plotted the ratio of the profiles with and
without the plate in Figure 7c–d. The plate caused <6%
attenuation of light intensity for all spectral measure-
ment. Since the SD data are used as the input for BLT
reconstruction, we further calculated the ratio between
the ratio of BLIs at adjacent wavelength with and without
the plate. Figure 7e–f show that no significant differ-
ence is found if we employed the SD method for BLT
reconstruction, while the plate is in place.

To quantify the dosimetric effect of the mouse bed
material on dose calculation, we simulated the scenar-

ios when the radiation beam passed through the bed
at different thicknesses (1.25, 2.5, 5 and 20 mm) with
three commonly used collimators (3 × 3, 5 × 5 and
10 × 10 mm2). We compared the dose profiles verti-
cally through the radiation isocenter for the cases of the
mouse bed layer assigned as ABS/polycarbonate ver-
sus soft tissue. Even under the worst scenario, with the
thickness at 20 mm for ABS material and 2.5 mm for
polycarbonate, the difference in dose ratio is less than
0.5% (Figure 8). This result indicates that mouse bed
segmented as soft tissue, the only option available in
current version of SARRP treatment planning system,
does not impact dosimetry significantly.

3.3 Validation of data mapping for
multi-projection BLIs

The procedure and validation of data registration
between 2D BLI and 3D CBCT is demonstrated in
Figure 9.Figure 9a shows eight fiducial markers used to
retrieve the 12 geometrical parameters in the geometric
calibration procedure (Section 2.10). To assess the
accuracy of the calibration, we taped 10 BBs on the
phantom; eight was on top surface of the phantom
(Figure 9a), and two was on the bottom surface. The
positions of these 10 BBs were directly measured from
the 2D optical images taken at −90◦, 0◦, 90◦ and 180◦
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F IGURE 8 shows the ratio between the dose profiles of a
radiation beam going through the isocenter with 20 mm-thick
acrylonitrile butadiene styrene material or 2.5 mm-thick
polycarbonate and that with “soft tissue” used as the mouse bed
material in planning for 3 × 3, 5 × 5 and 10 × 10 mm2 collimators.
The inserted figure shows the layout of materials and radiation beam
in the planning study. The isocenter was set 9 mm above mouse bed.
A single dose of 5 Gy was prescribed at the isocenter. ABS,
acrylonitrile butadiene styrene. PC, polycarbonate; ST, soft tissue.

projection, and were mapped to the phantom mesh
surface generated from CBCT image with our data
mapping method (Section 2.11). The mapped positions
on the phantom surface from the measured BB positions
on 2D optical image were compared to the reference
position on the phantom surface calculated with the
center of BBs in CBCT image (Figure 9b). The average
and standard deviation between the mapped surface
positions from measured and calculated positions of
the BBs is 0.37 ± 0.01 mm (n = 3, three repeated exper-
iments). The maximum deviation is 0.65 mm over all the
BBs and the three test samples. This result indicates
we can register multi-projection 2D optical images to
3D CBCT image at submillimeter accuracy.

3.4 BLT validation with mouse
phantom

To demonstrate the target localization accuracy of
MuriGlo BLT and assess if the transparent plate would
affect the optical reconstruction, the mouse phantom
inserted with a small self -illumination light source was
used for the study (Section 2.13). Figure 10a shows
the 630 nm BLIs taken at −90◦, 0◦, 90◦ and 180◦

projections when the transparent plate is in place.
Figure 10b is the corresponding BLIs mapped to the
phantom mesh surface generated from the SARRP
CBCT image. The light source seen in the CBCT
image (white dot, Figure 10c–d, e–f) was taken as the
ground truth, and the multi-projection and -spectral
BLT-reconstructed light source with (Figure 10c–d) and
without (Figure 10e–f) the SD method were overlapped

with the CBCT image for comparison. It showed the SD
method improves the BLT reconstruction results. Due
to the non-symmetric BLT-reconstructed light distribu-
tion, the location of the center of mass (CoMs) of the
BLT-reconstructed source volume can depend on the
choice of threshold applied. Figure 10g shows that in
general, we can reach ∼ 1.5 mm BLT CoM localization
accuracy regardless of the plate in place, in compar-
ison with the source location shown in CBCT image.
By further tuning the threshold, we can improve the
localization accuracy to within 1 mm. We noticed that
the transparent plate caused a systematic localization
error, within 0.2 mm, compared to the cases without
plate for all the threshold considered (Figure 10g). This
deviation can be included into radiation margin design,
when the transparent plate is used for the BLT-guided
RT. It is understandable the BLT reconstructed source
volume can vary depending on the choice of threshold.
For this small light source,a high threshold such as 0.95
provides the best delineation of the light source.Overall,
the relative difference between the BLT-reconstructed
volumes with and without the plate is minimum, up
to 8%. This 8% value is caused by the small volume
difference between the cases with and without plate,
when the BLT-reconstructed volume is applied with the
threshold of 0.95.

3.5 BLT validation with in vivo GBM
model

Figure 11a shows the BLIs at 630 nm taken at −90◦,
0◦ and 90◦ projections for a GBM-bearing mouse. The
BLIs mapped to the mesh surface generated from the
cropped mouse CBCT image is shown in Figure 11b,
used as the input data for BLT reconstruction. The
GTVBLT based on the SD method was overlapped with
the CBCT image (Figure 11c–e). The GTV contoured in
the MRI (blue contour in Figure 11c–e) was taken as the
ground truth and registered to the CBCT image to com-
pare with GTVBLT. The deviation of the CoM of GTVBLT
and the geometry center of GTV is at 0.69 mm. To
account for the uncertainties of BLT localization and vol-
ume delineation, we added a uniform margin to GTVBLT
and formed a planning target volume (PTVBLT) for radi-
ation guidance. Without margin (0 mm expansion), the
GTV was covered at 78% by GTVBLT; with 0.5 mm mar-
gin expansion, the GTV can be covered at 97.9% by the
PTVBLT as shown in Figure 11c–e.

4 DISCUSSION

Despite there is remarkable progress in the field of BLT-
guided irradiation,14–18 the development is still within
academic laboratories. Our work is significant that we
systematically characterized the performance of the
commercial BLT system MuriGlo. We also advanced the
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F IGURE 9 Validation of data registration between 2D optical images and 3D CBCT; (a) the BBs glued on the mouse bed, within red
rectangles, were used as the fiducial markers to retrieve the geometric parameters for data mapping, and the BBs taped on the mouse phantom
were used to assess the accuracy of the mapping. The axis of optical image coordinate related with the axis of the 3D CBCT coordinate is
labelled. (b) Validation of data mapping from 2D bioluminescence images to 3D CBCT image; red circles represent the mapped positions on the
mouse phantom surface in 3D CBCT coordinate, directly mapped from the measured BB positions on 2D optical images, and the blue crosses
represent the reference positions on the mouse phantom surface, calculated from the centers of BBs in CBCT image. 2D, two-dimensional; 3D,
three-dimensional; BB, ball bearing; CBCT, cone-beam computed tomography.

existing configuration in both hardware and algorithm
aspects, specifically, developing the detachable mouse
bed, the SD approach and the advanced 2D BLI and 3D
CBCT image registration.

As compared to the commonly used single projec-
tion optical imaging system,29,30 MuriGlo is equipped
with a rotary three-mirror design to provide 360◦ multi-
projection images. It allows MuriGlo to maximize the
collected surface signal used as the input for BLT recon-
struction while animal is placed in a nature comfort
position,such as prone setup.The natural position eases
the requirement for animal immobilization and trans-
port between MuriGlo and SARRP,which could maintain
experiment reproducibility. Because the actual tumor
location is usually unknown, single projection imaging
has limitation of capturing all surface signal for BLT
reconstruction. In contrast, the multi-projection imag-
ing approach provides users the options of where to
image and how many projections to use for reconstruc-
tion. Especially for abdominal site, such as pancreatic
tumor, single projection imaging could not always cap-
ture all the surface signal as the tumor could move to
different location at a given imaging day.31 The multi-
projection imaging approach would resolve this concern.
Furthermore, as compared to the system with rotating
camera,32 the rotation of the mirror allows for compact
system and mechanical configuration. Moreover, we uti-
lized the standalone design (Figure 1). Optical system
is often used for longitudinal studies or tumor monitor-
ing when irradiation guidance and 3D imaging are not
needed. Small animal irradiators, for example, SARRP

in our institution, are commonly used as core equip-
ment shared by many laboratories,so the availability and
throughput are important for such frequently used equip-
ment. In addition, the mechanical design of on-boarding
optical system can be irradiator-specific,12 making it dif-
ficult retrospectively fitting the optical system to different
irradiator models. Given these considerations, we uti-
lized the standalone setting while ensuring stable animal
transportation between the optical and radiation sys-
tems, enabling optimal utilization of both systems. The
design of the mouse bed is innovative as it enables a
convenient and fast workflow for users; when the BLI is
finished, one can unplug the detachable bed from the
bad adaptor and quickly move the bed to another adap-
tor in the irradiator (Figure 1a). Regarding the potential
positioning error caused by animal transportation, as
shown in a previous study,33 the positioning error can
be maintained within 0.2 mm as long as the animals are
anesthetized with effective immobilization during trans-
portation (Figure S4) and the BLT system is in close
proximity (<5 m) to the irradiator.Most importantly,when
we mapped the 2D BLIs to the surface of 3D mesh gen-
erated from the CBCT image, this positioning error, if
present, either rigid or non-rigid error, will be propagated
to the data mapping, and finally to the BLT reconstruc-
tion, which can be accounted for in radiation margin
design.15 In terms of dosimetric concern, the materials
of the bed only gave rise to <0.5% dosimetric difference
when the bed was segmented as soft tissue (Figure 8),
which largely simplifies treatment planning procedure
without specific material assigned.
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F IGURE 10 (a) shows 630 nm bioluminescence images of the mouse phantom at −90◦, 0◦, 90◦ and 180◦ projections where the
transparent plate is in place. (b) is the corresponding bioluminescence images mapped onto the mesh surface of the phantom. Data >10% of
maximum mapped data value is displayed. (c-d and e-f) are the BLT-reconstructed light source with and without spectral derivative method
applied, delineated by a threshold of 0.95 (> 0.95 of maximum BLT reconstructed value) and 0.5, respectively. The white dot in the images is the
actual light source. (g) shows the deviation between the center of mass of BLT- and the center of CBCT-reconstructed light source and the
volume of BLT-reconstructed light source versus threshold for the cases with and without the transparent plate. BLT, bioluminescence
tomography; CBCT, cone-beam computed tomography.

From Figure 3a, the CCD response of the MuriGlo
system is linear within the range of imaging acquisition
time commonly used for BLI acquisition, which ensures
the system to be used for longitudinally signal mon-
itoring. Regarding the image background (Figure 3b),
we observed a slight increase in the background sig-
nal of approximate 6 counts within an exposure time
range of 30 to 180 s. It renders that the background
signal is mainly originated from readout noise, because
dark current and light leakage would increase with
exposure time, and they are minimum in the MuriGlo
setting.

The position of the camera focal plane was set to
ensure that clear BLIs were achieved approximately at
the mouse surface for a given imaging projection. By
considering mouse size and depth of field, we empiri-
cally set the MuriGlo focal plane at ∼16 mm above the
bed,to cover the mouse surface for 360◦ imaging (Figure
S6a–d). As part of our quality assurance practice, we
also developed a wedge phantom to allow us quickly
check the focusing position (Figures S2a and S6e-f ),

as well as a focus lock to maintain consistent focusing
setting (Figure 1b).

The spatial resolution of 2D optical imaging on
MuriGlo is 0.28 mm on the focal plane within entire
mouse bed (Figure S5d). Despite the resolution is con-
strained by CCD pixel size, large pixel binning is often
used to improve the signal-to-noise ratio for BLI and
due to the nature of tissue scattering at the order of
1 mm within the bioluminescence wavelength range, the
requirement of image resolution for the surface BLI is
less stringent. We recognized it is challenging to quan-
tify the spatial resolution of the 3D BLT as it depends
not only on the reconstruction algorithm, but also on the
depth of the target located and tissue type. Because
the light scattering in tissue is at the order of 1 mm, the
spatial resolution of the BLT to distinguish two targets
will be more than 1 mm. From our previous work,34 as
the depth of target increases, the larger separation is
needed for BLT to resolve two targets, meaning worse
spatial resolution in deeper depth due to strong scat-
tering effect. With a conjugate gradient algorithm,34 the
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F IGURE 11 (a) shows 630 nm bioluminescence images of a 2nd week glioblastoma-bearing mouse acquired at −90◦, 0◦, and 90◦

projections. (b) is the corresponding bioluminescence images mapped onto the mesh surface of the mouse head. Data > 10% of maximum
mapped data value is displayed. (c–e) are three views of CBCT image overlapped with gross target volume (GTV, blue contour), BLT
reconstructed gross target volume (GTVBLT, heat map) and planning target volume (PTVBLT, yellow contour, 0.5 mm margin). BLT,
bioluminescence tomography; CBCT, cone-beam computed tomography; GTV, gross target volume; PTV, planning target volume.

BLT could distinguish two sources separated at 3 mm
at the depth of 5 mm in mouse abdomen. Establishing
a universal method to quantify the spatial resolution
of 3D BLT in vivo is a challenging task. However, for
the purpose of radiation guidance, if two tumors are in
proximity, these tumors are likely considered as single
target for irradiation given the reason of experiment
throughput and simplicity.

Since there was no obvious image distortion observed
(Figure 5b), no image distortion correction was applied.
We further quantified the image uniformity; for the
most of the bed region, the uniformity is within 5%
except in the area close to both ends of the bed
along the Y-axis (Figure 6a). This result is informa-
tive when one wants to use BLI only for qualitative
signal monitoring, to avoid the data originated from
the non-uniformity area as it could mislead experiment
interpretation.

One important innovation of this work is the use of
SD data or ratio images, instead of individual spectral
image, as the input for tomographic reconstruction. The
measured intensity of BLIs depend on the position and

viewpoint of the animal to the optical detector due to
free-space light propagation. This can lead to inconsis-
tent surface signal, even one images the same surface
area and the corresponding signal is from the same
internal bioluminescent source. We had proposed the
theory that the SD approach can eliminate the geomet-
ric dependence of the free-spacing light detection.27 In
this work,we further examined its ability in alleviating the
image intensity variation due to focusing (Figure 4a,c
vs. Figure 4d). Because of the chromatic aberration, as
illustrated in Figure 4b,c, we showed the focusing posi-
tion is function of wavelengths and it can also affect the
measured intensity away from the focal plane. By con-
sidering the ratio images, we can effectively eliminate
the concern of out of focusing when multi-spectral imag-
ing is used (Figure 4c vs. Figure 4d). The SD approach
can also be applied to resolve the image non-uniformity
(Figure 6b,c vs. Figure 6d-e), and light attenuation
(Figure 7a-b,c-d vs. Figure 7e-f ) due to optics and the
transparent plate, respectively, which lead to the input
data (ratio images) free of these variations for the optical
reconstruction.
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Since CBCT images provide the anatomy coordinates
of the imaged animal, used for radiation delivery and
optical reconstruction, it is important to ensure 2D BLI
accurately mapped to the 3D CBCT image. After the
mapping, the BLT reconstructed source can be defined
in the CBCT coordinate system and ready for irradia-
tion. From our previous mapping method,18 for a given
position on the mesh surface generated from an ani-
mal CBCT, we can find the corresponding location on
2D optical coordinates, and map this bioluminescence
intensity back to the 3D mesh surface.However,depend-
ing on how the mesh was configured, the number of
data mapped to the 3D mesh surface can vary. To elim-
inate this mesh dependence and facilitate the result
comparison among different mice or imaging sessions,
we developed a new mapping method (Sections 2.10–
2.11) which allows us directly to map a pixel in 2D BLI
to the mesh surface and used the pixel value as the
input for BLT reconstruction. The new method allows
multiple projection BLIs mapped to CBCT coordinates
at <0.7 mm accuracy, with the average error < 0.4mm
(Figure 9b).

With all the above-mentioned methodologies, we
showed the target localization capability of the MuriGlo
system with phantom and in vivo orthotopic GBM model.
The SD method largely reduced the imaging uncertain-
ties and thus improved the BLT reconstruction accuracy,
compared to the traditional reconstruction approach
(Figure 10c-d vs. Figures 10e-f ). It is a known chal-
lenge to delineate targets or tumors based on optical
tomographic imaging due to the nature of diffusive
light in tissue medium. An empirical threshold of max-
imum reconstructed value is commonly used to define
target distribution in optical tomography studies.35–37

Figure 10g shows that the threshold used could affect
the target localization accuracy and volume delineation.
Due to the small cylindrical light source (0.9 mm in diam-
eter and 2 mm in length) used in this study,we found the
increase of the threshold leading to higher localization
accuracy;with the threshold ≥ 0.5,we can reach < 1 mm
image-guided accuracy. With the transparent plate in
place, there is a small 0.2 mm localization uncertainty
caused by the plate but not affecting the volume delin-
eation. Nevertheless, our group has proposed15 adding
a margin to consider the uncertainties in target position-
ing and delineation for BLT-guided irradiation, as well
as other systematic uncertainties, for example, radiation
delivery error.

With an optimized threshold 0.5 obtained from
our previous study using a prototype system,15 we
could reach in vivo BLT GBM localization < 1 mm
(Figure 11c–e) with MuriGlo. We further compared
the BLT localization (0.61 ± 0.40 mm, n = 4 vs.
0.62 ± 0.16 mm, n = 10) and GTV coverage by
PTVBLT with 0.5 mm margin (94.5 ± 4.8%, n = 4 vs.
97.9± 3.5%,n= 10) between MuriGlo and our prototype
system15; there is no significant difference (p > 0.05).

It indicates that the commercial platform MuriGlo can
achieve the similar BLT localization accuracy of our pro-
totype system.15 Despite the in vivo BLT localization
results with homogeneous optical property applied is
encouraging and reproducible, the region with relative
heterogeneous optical property could potentially affect
BLT reconstruction accuracy.Our group is advancing the
published algorithm,38 which will allow the reconstruc-
tion of spatially heterogeneous optical properties while
the reconstructed optical properties can be iteratively
feedback to the BLT algorithm to improve localization
accuracy. We recognize the animal validation shown in
this work is a fraction of in vivo BLT-guided radiation
research.To provide a comprehensive methodology and
planning strategies regarding how to apply the MuriGlo
for radiation guidance, we are preparing a follow-up
manuscript for publication.

In summary, the integration of the elaborate hard-
ware design, the advanced reconstruction algorithm,
and the strategy of using BLT delineated volume
and radiation margin allows MuriGlo to guide clinically
relevant radiation therapy precisely on small animal
irradiators.15,18

5 CONCLUSION

We developed a systematic method to characterize a
commercial BLT system for preclinical radiation guid-
ance. This work is the first comprehensive study of
MuriGlo performance in 2D optical imaging and 3D BLT
target localization. The knowledge and methods devel-
oped in this study provide a guidance for MuriGlo users
across different institutes to implement accurate image-
guided radiation research, which will ultimately improve
study reproducibility.
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