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Bioluminescence tomography (BLT) is a novel optical molecular imaging technique that advanced
the conventional planar bioluminescence imaging (BLI) into a quantifiable three-dimensional (3D)
approach in preclinical living animal studies in oncology. In order to solve the inverse problem and
reconstruct tumor lesions inside animal body accurately, the prior structural information is com-
monly obtained from X-ray computed tomography (CT). This strategy requires a complicated
hybrid imaging system, extensive post imaging analysis and involvement of ionizing radiation.
Moreover, the overall robustness highly depends on the fusion accuracy between the optical and
structural information. Here, we present a pure optical bioluminescence tomographic (POBT)
system and a novel BLT workflow based on multi-view projection acquisition and 3D surface
reconstruction. This method can reconstruct the 3D surface of an imaging subject based on a sparse
set of planar white-light and bioluminescent images, so that the prior structural information can be
offered for 3D tumor lesion reconstruction without the involvement of CT. The performance of this
novel technique was evaluated through the comparison with a conventional dual-modality tomo-
graphic (DMT) system and a commercialized optical imaging system (IVIS Spectrum) using three
breast cancer xenografts. The results revealed that the new technique offered comparable in vivo
tomographic accuracy with the DMT system (P > 0.05) in much shorter data analysis time.
It also offered significantly better accuracy comparing with the IVIS system (P < 0.04) without
sacrificing too much time.
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molecular imaging; light flux reconstruction.
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1. Introduction

Bioluminescence imaging (BLI) is a powerful tool
used in biomedical cancer research.'™ However, it is
also known as a qualitative imaging technique as it
can only provide planar information over three-
dimensional (3D) imaging subjects. Recently, bio-
luminescence tomography (BLT) has been able to
provide the quantitative 3D bio-distribution of the
bioluminescent photons inside intact living organ-
isms,* % and thus, it attracted more attention in
preclinical small animal studies in oncology.”®
Because of the photo scattering effect in tissues, the
3D tomographic reconstruction of BLI suffers from
the challenge of solving the ill-posed inverse prob-
lem.”'Y A common method proposed to overcome
this problem is utilizing prior morphological infor-
mation of the imaging subject obtained from com-
puted tomography (CT) to optimize the system
matrix of BLT and minimize its ill-condition.'! Our
group has recently advanced this optical-CT dual-
modality BLT technique in quantitative imaging of
liver? and breast cancer'? mouse models. However,
this strategy demands a complicated dual-modality
tomographic (DMT) system with high standard
hardware requirements, extensive and time-
consuming post imaging analysis for morphological
segmentation and dual imaging information regis-
tration, and the involvement of ionizing radiation.
Moreover, the overall robustness of the optical-CT
BLT highly depends on the fusion accuracy between
the planar bioluminescent images and 3D CT images.
This affects the performance of BLT fundamentally,
regardless of the efforts in improving the forward
model or inverse reconstruction algorithms.®!?

To overcome these problems and achieve faster
and accurate BLT imaging in vivo, in this study, we
introduce a novel BLT technique without the in-
volvement of CT. It employed a pure optical bio-
luminescence tomographic (POBT) system to
acquire both bioluminescent and structural infor-
mation from a sparse set of planar optical images in
multiple angles, a new algorithm based on the Vi-
sual Hull method to reconstruct the 3D mouse body
surface with the inherent bioluminescent photon
flux,'* and an algorithm based on the Split Bregman
iterative method with L1 regularization to localize
the bioluminescence source in 3D. Three breast can-
cer xenografts (human breast cancer cell line, MDA-
MB-231-luc) were used to evaluate the performance
of the proposed POBT technique. A conventional

optical-CT DMT system with the same Split Breg-
man light source reconstruction algorithm and an
IVIS Spectrum (PerkinElmer, USA) system with its
commercialized BL'T algorithm were used to compare
with our new technique as references. The results
demonstrated that the POBT technique provided
promising tumor reconstruction accuracy with much
easier hardware setup and much less data analysis
time comparing with the reference techniques. We
believe the advantages of this new 3D optical imaging
technique will further facilitate a wider and easier
application of BLT in preclinical cancer researches.

In Sec. 2, the 3D surface reconstruction method
and the internal bioluminescence source recon-
struction method are introduced in detail. In Sec. 3,
the in vivo comparison between the POBT, DMT
and IVIS techniques in imaging breast tumor mouse
models is demonstrated. The accuracy and time cost
for 3D tumor reconstruction are measured, quanti-
tatively, to validate the performance of the pro-
posed system and method. In Sec. 4, the novelty and
limitations of this technique are discussed, and the
conclusion is summarized in Sec. 5.

2. Materials and Methods

In this section, we describe our technique to recon-
struct the location of tumor using POBT and
multi-view projection acquisition with 3D surface
reconstruction. Because the oxidation reaction and
bioluminescent illumination cannot occur in a death
mouse, frozen sections are not used as a standard in
this study. Thus, an optical-CT DMT system de-
veloped by our group is served as the standard to
evaluate the reconstruction reliability of the new
method.” Furthermore, a commercialized pure op-
tical IVIS system is also employed for computing
the 3D position of tumor as another standard.

The following four steps were implemented for
the in vivo pure optical BLT imaging.

1. Animal model preparation: 4-5 weeks old
BALB/c nude mice (N = 3) were purchased from
the Department of Experimental Animals, Peking
University Health Science Center. All animal experi-
ments were performed in accordance with the guide-
lines of the Institutional Animal Care and Use
Committee (IACUC) at Peking University (Permit
Number: 2011-0039). The research procedures were
approved by IACUC of Peking University and the
Key Laboratory of Molecular Imaging, Chinese
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Academy of Sciences (CAS). All surgeries were per-
formed under sodium pentobarbital anesthesia, and
all efforts were made to minimize the suffering. The
subcutaneous tumor model was established by
injecting 1 x 106 cells/ml MDA-MB-231-luc cell sus-
pension 150 pL into the right upper flanks of BALB/c
nude mice (N = 3). After 9 days, the tumor bearing
mouse models were employed for the imaging study.
Each mouse was intraperitoneally injected with
0.3mL anesthetic at a 0.15g/mL concentration.
About 10 min later, 0.3 ml D-Luciferin (Biotium, CA,
Fremont, USA)) was intraperitoneally injected.

Fast in vivo bioluminescence tomography

Then, after 7min, bioluminescent photons were
emitted from the tumor lesion during the oxidation
reaction on the condition that luciferase met luciferin.

2. Date acquisition and pre-data analysis: A
sparse set of planar white-light images and biolu-
minescent images was acquired by the POBT and
DMT systems (Fig. 1). These images were utilized
for white-light and bioluminescent image merging,
3D mouse surface generation, and 3D volume dis-
cretization for the POBT technique. They were also
used for the pre-data analysis in the conventional
DMT approach together with the acquired CT

Data Acquisition

White Images Merged Images

Micro-CT
1 Slices

y

Pre-data analysis from POBTS

Pre-data analysis from CT

3D surface generation from merged
2D optics images

Segmentation  Discretization

‘
¥

Discretization

3D distribution with
bioluminescence flux

Surface Photon
Density

Space
Registration

3D Inverse Reconstruction

[ Build photon diffusion model J

To find relationship between
surface photon density and
internal photon distribution

[ Inverse model J
Reconstruction of the
bioluminescence distribution via

the newly developed split Bregaman
iterative method

Fig. 1.

The overview of the POBT and DMT techniques. Both POBT and DMT systems were intergrated in the same imaging

platform and acquried data from the same xenograft. They both shared the same forward imaging model and inverse reconstruction
algorithms in the final 3D inverse reconstruction. However, they had different pre-data analysis procedures, and the POBTS

simplied this process comparing with the DMT apprach.
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volume data, which includes the CT slice segmen-
tation, 3D mouse surface generation, 3D volume
discretization, 2D optical and 3D CT image regis-
tration and flux projection (Fig. 1).1°

3. Three-dimensional reconstruction of the in-
ternal photon distribution: The diffusion equation
(DE) is utilized to depict how photons travel inside
the mouse body, and the finite element method
(FEM) is adopted to establish the linear relation-
ship between the photon distribution on the
surface and the unknown internal bioluminescence
distribution inside the body (Fig. 1).° Here, the
unknown bioluminescence intensity distribution,
which represents the tumor location and size, was
solved using a newly developed algorithm based on
the Split Bregman iterative (SBI) method. Both
POBT and DMT techniques used the same method
in this step.

4. Multi-technique validation: The 3D rendering
of the tumor lesion was visualized by the POBT,
DMT and IVIS systems, respectively. The spot
(a tetrahedron after discretization) with the highest
optical intensity was considered to be the tumor
lesion location. The minimum distance between the
tumor lesion and the body surface was measured
and compared between these three techniques. The
total time consumption (pre-data analysis time +
inverse reconstruction time) of each technique was
also measured and compared. Statistical compar-
isons were made using Student’s T-test. P values
less than 0.05 were considered to indicate signifi-
cance. Average and standard deviations were cal-
culated for this experiment performed in triplicate.

2.1.

The schematic illustration of the imaging system is
given by Fig. 2. The system was built in a dark room
with radiation-proof shielding. Both POBT and
DMT systems were integrated on the same imaging
platform.

The POBT system consisted of an ultrasensitive
cooled EM-CCD camera (Andor’s iXon3888, UK,
pixel size: 13 um x13 um), a rotating stage with a
mouse holding shelf. Underneath the rotating stage,
there was a white calibration mat with a series of
black dots as special markers (Fig. 2(a)). It pro-
vided marking information to help the later 3D
mouse surface generation. In our experiment, a
sparse set of planar white-light and bioluminescent
images of the mouse was acquired by the Andor

The tmaging system description

(a)

X-ray Detector—— }1 -

Mouse
Sample ~~

Rotating
Stage

C— Generator
Fig. 2. The POBT and DMT dual BLT imaging systems. (a)
The schematic illustration of the POBT and DMT systems.
Both systems shared the same rotating stage, but the under-
neath calibration mat was only used for the POBT technique.

(b) A picture of the system set-up, including the cooled EM-
CCD, X-ray generator, X-ray detector, and Rotating stage.

EM-CCD, and they can be easily merged because of
their sharing of the same imaging acquisition angle.
Then, the 3D mouse surface was generated from
these merged optical planar images using the
“Visual Hull” approach.'® Furthermore, the planar
texture information was also mapped into the gen-
erated 3D surface structure. Therefore, both the
morphological information of the mouse body and
the bioluminescent flux were obtained in 3D using
this easily implemented hardware system.

Besides the optical components and the rotating
stage, the DMT system also employed the X-ray
generator and detector for CT image acquisition.
Different from the POBT technique, it does not
need the calibration mat and the 3D mouse surface
generation algorithm. However, it needs suffici-
ent CT image segmentation and optical-CT image
registration algorithms implemented inside the
system to obtain the morphological information of
the mouse body mapped with the bioluminescent
flux. Moreover, the DMT system involved signifi-
cant amount of ionizing radiation.

To further validate the performance of our
house-developed systems, we also employed the
IVIS Spectrum system to achieve 3D BLT. It is a
widely used commercialized pure optical imaging
system with tomographic imaging abilities. Since its
hardware setup and software are confidential for
public customers, we only used its BLT imaging
results for multi-systems comparison in this study.
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2.2. 3D mouse surface generation

To summarize, surface mesh generation and texture
map generation were the main two steps of the
approach for 3D surface reconstruction. First, the
surface model was generated using a “shape from
silhouettes” approach, from which the exact
“Visual Hull” was quickly calculated through a
novel batch method.'® Then, we applied a robust
and efficient technique for blending the image data
to generate a consistently textured model without
the associated loss of texture details.

Generating 3D models from photographs has
received much interest in the Computer Vision,
academically and commercially.!” There are many
possible techniques in recent years for computing
the 3D morphology of an imaging subject.'®! In
our work, we aimed to preserve sufficient image
details to build very high quality 3D shape for ac-
curate bioluminescent inverse reconstruction with-
out sacrificing too much computational time.
Therefore, we applied one of the classic silhouette
methods named visual hull, which uses the maxi-
mum volume to reproduce all silhouettes of an ob-
ject.'® This method has excellent robustness and
speed in generating 3D models of objects with sim-
ple shapes.?’

We used a volumetric sampling approach to
generate a mesh representation of the visual hull.
First, an initial volume containing the whole
mouse body needed to be defined. Then, it was
divided into a union of a set of small cubes. Then,
we recursively kept cubes in front of all camera
projection angles and discarded those that lie to-
tally behind any camera projection angle. The
cubes that were partially in front of all the camera
projection angles were subdivided into smaller
sizes, and then we repeated this evaluation until all
the cubes were in front of all angles or a minimum
size was reached. In order to speed up the calcu-
lation, we stored these cubes in an octree structure.
Nodes in the octree were projected into the sil-
houette images to determine if they were fully in-
side or outside the visual hull. In this way, a
volumetric representation of the visual hull was
generated. This procedure was computationally
expensive and required a large memory overhead.
To avoid oversampling, the model generally re-
quired an error-parameter £ to manage the size of
the system memory. F is the error-parameter of
silhouette from all views.

Fast in vivo bioluminescence tomography

1 - J I
E=— E P — 1
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where N is the number of white-light images. ®Z- is
the binary profile of the view k(k=1,...,N)
obtained by the camera from different projection
angles, and ®7 is the back-projected binary sil-
houette of the mouse. It stands for the total
number of average projection error between pixels
of the two binary silhouettes in each view k. Then,
we set an average error parameter Q. If £ > Q,
cubes were further divided until £ <= (. When
FE <= (@Q, we ended the subdivision, and the 3D
mouse morphology was generated.

Since, for each camera projection angle, a biolu-
minescence image and a white-light image were
both acquired by our POBT system, the 2D merged
images from all angles can be obtained easily. Then,
we mapped all merged images into the surface of the
new generated 3D mouse model. Because this model
was generated from these 2D images, this texture
mapping procedure ensured a very accurate and
robust registration of the bioluminescent flux into
the 3D mouse model, which is critical for the accu-
rate reconstruction of the light source (tumor
lesion) under the mouse skin in the next step. After
the texture mapping, the 3D mouse model was
triangulated using the Exact Visual Hull Marching
Cubes method.?!

2.3.

For photon propagation in biological tissues with
the optical properties of high scattering and low
absorption, the diffusion equation is usually adop-
ted to describe the propagation of light through the
mouse.? Normally, the bioluminescent light is con-
sidered to be a diffusion-dominant transport process
in biological tissues for its red weighted spectrum.'’

The diffusion equation is the first-order spherical
harmonics approximation for the radiative transfer
equation,”” which can be written as Eq. (2) in the
steady-state domain.

=V [D(r)VO(r)] + po(r)@(r) = S(r),r € 2, (2)
where D is the optical diffusion coefficient, and
1

D:ﬂ%+ﬂ—mmT ®)

Light source reconstruction in BLT
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1, is the absorption coefficient, g is the anisotropy
parameter, p, is the scattering coefficient, r is the
position vector, ® is the photon flux density, S is
the signal source distribution and €2 is the region of
biological tissues.

The diffusion equation is accompanied by the
Robin boundary condition,”?* which is given by

O(r) 4+ 2A(r;n,n")D(r)[v(r) - VO(r)] = 0,7 € 0N
(4)
After applying the process of discretization by finite
element formulation to the photon diffusion model, we
established the linear relationship between the mea-
sured outgoing photon distribution on the surface and

the unknown internal photon distribution via repla-
cing the variables with the matrix-vector forms:**

AS = d, (5)

where A™*"(m < n) is the system matrix standing for
the optical properties of the heterogeneous mouse
model and @ is the surface photon flux density ac-
quired by the ultrasensitive CCD camera of the system.
Therefore, the ultimate aim of BL'T was to recover the
bioluminescent source distribution S in the above lin-
ear equation by an effective optimization strategy.”

Due to insufficient measurement and the high
diffusive nature of the photon propagation in tis-
sues, this problem is ill-posed. In order to obtain a
unique solution, the regularization was used to de-
termine source power density by minimizing the
following objective function:

min £ [[AS — 8[|+ 15|, (6)

where p is positive regularization parameter bal-
ancing the data fidelity and the regularization term.
Then, Eq. (6) can be rewritten as Eq. (7) with
intermediate variable to decoupling,

. jz =12
rggludul+§]\As—<1>||23.t.d:s. (7)

Then, we transform the Eq. (7) to Eq. (8) by using
the euler-lagrange operator,

) ~ A
min [d], + [ AS — @[5 + Flld - S5 (8)

In order to optimize Eq. (8), we exploited an effec-
tive Split Bregman algorithm with L;-Norm to solve
the optimization problem.?*?

According to the Bregman iterative framework,
the two simple sub-problems were presented as

follows:

. ] =12
($541,1) = min |d] + % |45 - &

A
+5 ld =5 =04 9)
bk+1 — bk + Sk+1 o dk+1' (10)

Equations (9) and (10) were then solved by three
simple iterative steps:

S+l = argmsing |AS — @‘};

+%Hdk—5—b’“H§ (11)

wﬂzmg@wwh+§W—S“hwW§<m>

bk+1 — bk + Sk+1 _ dk"rl’ (13)

where p is regularization parameter, A\ is the Spilt
Bregman iterative algorithm parameter. The regu-
larization parameter A = 10" was selected with
different orders of magnitude, with n ranging from
1 to 10; as for the y = 10", with n ranging from —10
to 0. Then, Eq. (11) can be rewritten as Eq. (14)
with intermediate variable to decoupling,

Sk = (AT A+ M) Y (pAT® + A(dF — bF)). (14)
The optimal value of d can be computed using ad-
justed shrinkage operators for Eq. (12). Thus,

4R = Sign(sk+1 4 bk)

X max <O, | SEFL 4 b | —%) (15)

The main outline of the Spilt Bregman algorithm
with [;-Norm is given in Algorithm 1. For the stop-
ping condition, we choose ||S*+1 — S*||/||S*|| > ¢ =
1.0 x 1073,

Algorithm 1 Split Bregman iterative method with L1
regularization
Input: A and ®
Initialization: b* =0, d* =0, ¢, A and p
While || S¥+1 — Sk ||/|| S* || > ¢
Skt — (LAT A + XI) Y (AT ® 4+ A(dF — b))
dF+1 = shink (S*+! 4+ bF, 1)
bk+1 _ bk + Sk-‘rl _ dk+1
k=k+1
End
Output: S

1750003-6



J. Innov. Opt. Health Sci. 2017.10. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 09/22/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

3. Experimental Results

To verify the performance of our POBT system
with multi-view projection acquisition and 3D sur-
face reconstruction, as well as the Split Bregman
algorithm for fast BLT, we conducted in wvivo
experiments with multi-system comparisons. Three
xenografts were employed to perform the BLT using
our POBT system, the conventional DMT system,
and the IVIS Imaging System Spectrum (Perki-
nElmer, USA).

3.1.

During the imaging acquisition, white-light and
bioluminescent light images were captured from 15
projection angles with 24° interval in our POBT
system (Fig. 3(a)). The data acquisition time plus
the 3D surface reconstruction time for the entire
procedure was less than 15min. Figures 3(b)
and 3(c) show the details of two examples at the
view of 0° and 48°. Each case illustrates the planar
white light image, the 2D merged image and the
corresponding 3D surface reconstruction. The
tumor lesion was indicated by the red circle and
arrow. The bioluminescent light emitted from the

Data acquisition and image analysis

ﬁ
2]
-

Multi-angle

White light 2D Merged 3D surface

reconstruction

Fast in vivo bioluminescence tomography

tumor was captured. The 3D surface reconstruction
demonstrated a good morphological structure of the
mouse body with rich details. Although there was
some loss of details of the mouse head and upper
limbs (Figs. 3(b) and 3(c)), which was due to the
relatively complicated structure around this part of
the body, the structure of the mouse body with the
tumor lesion was successfully reconstructed. This
was crucial for the later reconstruction of the bio-
luminescent light source distribution, as it offered
the prior morphological information of the xeno-
grafts for solving the inverse problem in BLT
without using the X-ray CT images.

Since the performance of the optical/micro-CT
DMT system developed by our laboratory was
thoroughly investigated in previous studies,’ it was
employed to validate the performance of the new
POBT system. In DMT, both optical and X-ray CT
images of a same imaging mouse were acquired.
It normally took 20-25min to finish the dual mo-
dality data acquisition, and the morphological
structure of the mouse body surface was obtained
by the semi-automatic segmentation using the
MITK (http://mitk.org/wiki/MIT) during the off-
line imaging analysis. The optical images were

}/
3D surface
reconstruction

White light 2D Merged

Fig. 3. Results of the multi-view imaging acquisition and the 3D surface generation. (a) The sequential 2D white-light images of a
tumor bearing mouse model was acquired in different projection angles. (b) The examples of the planar white-light image, the planar
bioluminescent and white-light merged image, and the 3D surface reconstruction are demonstrated from left to right. The red circle
and arrow indicate the location of the tumor. (c) Another example of the same arrangement as (b) at 48°. The 3D surface
reconstruction in both (b) and (c) shows a good correlation in shapes with the corresponding 2D merged images.
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mapped onto the surface of the volumetric mesh
in terms of space and energy.” Then the homoge-
neous mouse model was discretized into a volu-
metric mesh containing 4,513 modes and 21,586
tetrahedral elements. The total time of both data
acquisition and image analysis was 2h for each
mouse. Finally, the reconstruction based on the
Split Bregman iterative algorithm was performed to
localize the tumor.

3.2. Reconstruction results of the
xenografts

In this section, all BLT reconstruction results given by
the POBT, DMT and IVIS systems were represented

POBTS

DMT

Flux on the
mouse surface

coronal —>

POBTS

sagittal

DMT
T

transversal -

3D mesh

X-Z plane Y-Z plane

(sagittal)

to evaluate the accuracy and speed of the proposed
technique. To make the comparison fair, all the
computational processes were conducted on a per-
sonal computer with 3.09 GHz Intel Core i5 CPU and
3.46 GB RAM.

Both POBT and DMT techniques achieved suc-
cessful bioluminescent light source reconstruction of
all three xenografts. The 3D mouse body surfaces
with bioluminescent flux obtained by these two
systems are shown in Fig. 4(a), respectively, with
the same color scale.

The corresponding 3D light source reconstruc-
tions of the BLT given by the two techniques are
shown in Fig. 4(b). These results demonstrated that
both techniques provided similar 3D reconstruction

0.85 p

075 , \ Z

~ 0.65 ——
' Y
0.55 - X
0.45 ~
a.

visualization

(b)

X-Y plane

(coronal)  (transversal)

Fig. 4. The reconstruction results of the POBT and DMT techniques. (a) The 3D mouse body surface with bioluminescent flux
given by the POBT (top) and DMT (bottom) techniques, respectively. (b) The corresponding 3D light source reconstructions of the
BLT given by the POBT (top) and DMT (bottom) techniques, respectively. (c) The coronal, sagittal and transversal slices were
extracted from the POBT and DMT 3D BLT datasets, within the same X-Y-Z coordinate.
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results of the bioluminescent light source inside the
mouse body in the case when A =10 and p = 1.
Within the same X-Y-Z coordinate, the coronal,
sagittal and transversal slices were extracted from
the two 3D BLT datasets and shown in Fig. 4(c).
These results revealed that although there was a bit
difference between the 3D configurations of the
mouse body obtained from the POBT and CT
volume data, the spatial positions of the light source
reconstructed by the two techniques matched each
other.

So far, there are some commercial devices to
implement the functionality of the tumor location
reconstruction. IVIS Imaging System Spectrum is
one of widespread application devices,’®*” and it is
also a pure optical 3D imaging system. To further
investigate the performance of our POBT tech-
nique, we adopted this commercial system to ac-
quire the fluorescence and white light images, and
followed the guideline of the IVIS Living Imaging
3.0 software (PerkinElmer, USA) to achieve 3D
light source reconstruction. Figure 5(a) shows the
3D tumor lesion reconstruction of the IVIS Imaging
System Spectrum. The true tumor lesion was indi-
cated by the red circle and arrow. Within the same
X-Y-Z coordinate, the coronal, sagittal and trans-
versal slices were extracted from IVIS Imaging
System Spectrum datasets and shown in Figs. 5(b)
and 5(c). The red arrow (Fig. 5(c), the bottom slice)

Fig. 5.

(b)

Reconstruction results of the IVIS Imaging System Spectrum. (a) The 3D tumor lesion reconstruction of the IVIS Imaging

Fast in vivo bioluminescence tomography

was the minimum distance between the recon-
structed tumor lesion center and the true tumor
lesion surface.

3.3. The quantitative comparison
between PBOT, DMT and IVIS
technique

Figures 6(a)—6(c) show transversal images of the
same xenograft with the tumor lesion indication
obtained from the IVIS Imaging System Spectrum,
the POBT system and the DMT system, respec-
tively. Figure 6(d) shows the normalized intensity
profiles of the three techniques along the corre-
sponding sample lines (Figs. 6(a)—6(c), red dotted
lines). The intensities are plotted in the function of
the actual distance in the transversal plane of the
xenograft.

The transversal images are shown with the same
orientation to facilitate comparisons, although an
accurate co-registration is not possible due to in-
evitable body deformations during image acquisi-
tion in the different hardware systems. The
reconstructed tumor location of the POBT matched
that of the DMT technique (Figs. 6(b) and 6(c)).
However, there was a distinct difference in tumor
locations between the IVIS and the POBT or DMT
technique (Figs. 6(a)-6(c)). The pixel intensity
profiles in Fig. 6(d) further quantified this

(©)

System Spectrum. The true tumor location is indicated by the red circle and arrow. The reconstructed light source is inside the
mouse body but not inside the true tumor lesion. (b)—(c) The coronal, sagittal and transversal slices were extracted from the IVIS
Imaging System Spectrum dataset, within the same X-Y-Z coordinate. The red arrow was the minimum distance between the
reconstructed tumor center and the true tumor surface on the transversal slice.
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Intensity profiles of IVIS, POBT and DMT techniques. (a)—(c) Transversal planes of the same xenograft with the tumor
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lesion indication reconstructed by IVIS, POBT and DMT techniques, respectively. (d) The normalized intensity profiles of the IVIS
image (blue curve), the POBT image (red curve) and the DMT image (green curve) along the red dotted lines in (a)—(c). The z-axis
in (d) denotes the actual distance in millimeters along these red dotted lines.

difference. The peaks of blue curve (IVIS) were far
away from the peaks of green (DMT) and red
(POBT) curves, while the peaks of the latter two
curves overlapped each other. This revealed that
the center location of the tumor reconstructed by
the IVIS technique was deep inside the mouse
body rather than inside the true tumor lesion,
which did not match the other two techniques.
The average distance from the reconstructed
tumor center to the tumor lesion surface was
POBT: 2.81 £2.37mm, DMT: 2.76 & 2.13mm,
and IVIS: 7.07 £ 1.36 mm. There was no signifi-
cant difference between POBT and DMT
(P =0.28), but there was significant different
between IVIS and DMT (P = 0.04).

To examine the computational efficiency, IVIS
Imaging System Spectrum and DMT system have
been applied once again to reconstruct the same
datasets in contrast to the proposed method. The
reconstruction time of the three different techniques
has been compared in Table 1. The DMT technique
required more than 2h to pre-process the data for
reconstruction, while POBT considerably enhanced
the efficiency up to 0.25h. The IVIS technique was
the fastest option for3D BLT. However, its accu-
racy was not reliable.

Table 1. Reconstruction efficiency of DMT, POBT and IVIS.
Pre-data
analysis time  Reconstruction time  Total time
DMT 2h 5.31s 2h+5.31s
POBT 0.252h 5.31s 0.25h+5.31s
IVIS 0.05h 2s 0.05h+2s

4. Discussion and Conclusion

BLI is a powerful preclinical research tool for
various disease studies in small animal models. In
this paper, we have developed an in vivo image
reconstruction technique for BLT that recovers
the 3D reporter probe distribution inside small
animals. This approach used a house-made POBT
hardware system for multi-view projection ac-
quisition, including white-light and biolumines-
cent light, and newly developed algorithms for 3D
surface reconstruction (the visual hull method) and
inverse light source reconstruction (the Split Breg-
man iterative method). Therefore, it avoided the in-
volvement of ionizing radiation from X-ray CT, the
complicated operation protocol for dual modality
data acquisition, and the expensive hardware setup in
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comparison with conventional optical-CT DMT
approach.?®29

Besides these advantages, the in vivo imaging
performance of xenografts in this novel technique
was validated through a thorough comparison with
the conventional DMT technique and the commer-
cialized IVIS technique. The results demonstrated
several unique features of the POBT approach. It
can provide relatively accurate tumor localization
with less time and labor consumption. Although the
3D mouse surface reconstruction did not give
exactly the same mouse body morphology as the CT
did (Fig. 4), it still provided sufficient geometric
structure of imaging subjects as the prior informa-
tion for the later inverse reconstruction of tumor
lesions. Because both prior structural and biolumi-
nescence molecular information were obtained from
the same CCD camera and the same projection
angles, the new method did not need the optical-CT
imaging registration or bioluminescent flux map-
ping on CT volumetric images. Therefore, it omit-
ted the process of CT image segmentation, which
frequently required manual correction, and elimi-
nated the inaccuracy of dual modality imaging
registration. All of these considerably decreased the
image acquisition time and the imaging analysis
time for the BLT reconstruction of each imaging
subject with insignificant sacrifice of the imaging
accuracy (P = 0.28) in comparison with the con-
ventional DMT technique, when the same inverse
reconstruction algorithm was applied.

The IVIS technique also can offer a pure optical
BLT imaging solution without the involvement of
CT. It was the fastest one among the three 3D
imaging approaches (Table 1). However, the re-
constructed location of the bioluminescent source
was significantly different with the reference DMT
method (P =0.04). For all three subcutaneous
tumor bearing mouse models, the IVIS technique
indicated that the tumor lesion was deep inside
the mouse body (Fig. 6), which was apparently
not reliable. Therefore, the novel POBT technique
combined the advantages of the DMT and the
IVIS methods in order to achieve a new balance
between the imaging accuracy and the imaging
speed for in vivo BLT. It demonstrated a great
potential for minimizing the time cost of 3D
quantitative BLI from hours to minutes without
significantly reducing the accuracy. This is par-
ticularly beneficial in in vivo mouse studies with
large population.

Fast in vivo bioluminescence tomography

There were two major limitations of the current
POBT technique. One is that the 3D mouse surface
reconstruction is not suitable for geometrically
complicated parts of a mouse body, such as the head
and limbs, but this can be overcome by the con-
tinuous improvement of the surface reconstruction
algorithm. The other is the inaccuracy of the inverse
light source reconstruction caused by the homoge-
neous®’ assumption of a mouse body. This can be
reduced in the conventional DMT technique by
adding more optical parameters in different organs
and tissues, but this heterogeneous’ approach is
inapplicable in the POBT technique.*!

In conclusion, the novel POBT technique was
able to provide promising tumor reconstruction
accuracy with much easier hardware setup (without
any ironizing radiation) and much less data analysis
time. It showed great potential for extending the
application of quantitative in vivo BLT imaging in
preclinical studies with large population.
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