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Abstract: Optical tomography can demonstrate accurate tiiraensional
(3D) imaging that recovers the 3D spatial distiifputand concentration of
the luminescent probes in biological tissues, camgbavith planar imaging.
However, the tomographic approach is extremelyaiff to implement due
to the complexity in the reconstruction of 3D saddlux distribution from
multi-view two dimensional (2D) measurements on dhbject surface. To
handle this problem, a novel and effective metteogroposed in this paper
to determine the surface flux distribution from tulew 2D photographic
images acquired by a set of non-contact detecldrs.method is validated
with comparison experiments involving both regwdad irregular surfaces.
Reconstruction of the inside probes based on thenstructed surface flux
distribution further demonstrates the potentiathef proposed method in its
application in optical tomography.
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1. Introduction

As a promising molecular imaging technology, optitaaging (OI) has been attracting
increased attention and been widely applied in n@myains in recent years because of its
significant advantages in temporal resolution, imggcontrast and sensibility, no ionizing
radiation and cost-effectiveness [1-3]. In particuloptical tomography has become a
valuable tool for the biomedical imaging field, @nit is a noninvasive imaging technique that
is capable of three-dimensionally recovering tteatmn and concentration of the luminescent
probe inside a small living animal from surface meaments of the transmitted light flux [4—
6]. Among the various optical tomography modalitisorescence molecular tomography [6]



and bioluminescence tomography [3,7] have developpilly and become research focuses
over the past years because of their excellenbpadnce, which can recover the spatial
distribution of the concentration of targeted cédistracking tumor cells, stem cells, immune
cells and bacteria as well as for imaging geneesgion [2,5-7].

In contrast to planar imaging, optical tomographn cecover the three-dimensional (3D)
spatial distribution information of luminescent pes inside the animals, specifically their
location and emission powers, from measurementsntadn the surface of the body. The
measured surface signals are incorporated intar@doaphic procedure written as a linear
system of equations which are solved for the unkm@D spatial distribution of the internal
luminescent probes [8—15]. In order to measurditfn flux traversing the surface, the ideal
experimental setup would be such that the deteat@sot in contact with the body surface.
Such non-contact detection system offers simplexgental procedures and enables multi-
view tomographic projections. Some algorithms haeen developed to model free-space
propagation of diffuse photon flux from a body swud with arbitrary shape to a set of non-
contact detectors [16—19]. Uniform frameworks haso been developed to recover the
internal target directly using two-dimensional (2a}otographic images [20,21]. In addition,
a simple method has been proposed to establislationship of diffuse photon flux between
the non-contact detectors and the body surfacehéncase of small numerical aperture
measurement [22], which is under the assumptiohahane-to-one mapping exists between
the non-contact detectors and the body surface.edexy an effective and practical method is
lacking that reconstructs photon flux on a bodyfawe of arbitrary shape from the
measurements on a set of non-contact detectorshvidia procedure necessary in practical
applications of optical tomography.

In this paper, we propose a novel and effectivenotthat reconstructs photon flux on a
body surface of arbitrary shape accurately fromtiavidw 2D photographic images measured
by a CCD camera. Taking an example from the priaaip optical path reversibility and the
ideology of reciprocity theorem between sourcesdgtédctors, this method assumes that each
pixel unit of the photographic images capturedtisy €CD camera is viewed as a Lambertian
source. As a result, an analytical expression whittounts for this type of free-space light
propagation is addressed from radiosity theory dhasethe Lambertian source approximation
[23] and integrated with the radiance theorem diesdrin literature [19]. Particularly, the
introduction of the virtual detector plane and léngs-dependent visibility factor contributes to
construct a specific relationship between the nomact detectors and the body surface,
which facilitates to eliminate the influence of de@ping adjacent projection images. The
performance of the proposed method is demonstrgittidcomparison experiments involving
both regularly and mouse-shaped phantoms. Firthypotential of this approach to improve
the current status of optical tomography is furttiscussed.

2. Theory and method
2.1 Lambertian source theory

In order to model the angular distribution of dféulight on exiting a diffusive medium, a
common theory employed is to assume a Lambertiamcsodistribution of light when
traveling in free-space [24]. A Lambertian soursesiich that irradiates isotropically into the

surrounding space. Following this approximatior, differential powerdP(r,) measured by
a detector at positior,, of differential area and orientatiadA; emitted from a source, of
differential area and orientatio®hA _, in directions within a solid angled s [24,25]:
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where J(r,) is the flux density at the source poit cos ; (A s)/dA, is the cosine
dependence of the Lambert’'s law; cgs dA( s d} accounts for detector orientation



with respect to the directios that always points to, ; dA anddA, are differential areas of

the source and detectors, respectively. Equation dfdtinctively depicts the transport
characteristic of diffuse light in free-space estttfrom a Lambertian source, as the case
shown in Fig. 1.

dA dA,

Fig. 1. Schematic diagram of the transport charatie of diffuse light in free-space.

2.2 Surface flux reconstruction algorithm

Reconstruction of 3D surface flux distribution haeved by employing a novel and practical
theoretic expression to depict the corresponditajiomship between the 2D flux density map
captured by a non-contact CCD camera and 3D fletidution on the body surface, and by
capitalizing on computed tomography techniquestueately register the surface of arbitrary
geometries. The theoretic expression employed iseterived under the assumptions that the
surface of arbitrary geometries and the correspandiulti-view photographic images at the
CCD camera have been obtained. The surface ofambijeometries is reconstructed using
an X-ray computed tomography (CT) system employireggFDK algorithm, a reconstruction
algorithm for 3D cone beam CT developed by Feldkabavis and Kress [26]. In particular,
multi-view 2D photographic images should be regedeonto the coordinate system of the
reconstructed surface before the reconstructiorsusface flux distribution is performed.
Moreover, taking examples from the principle oficglt path reversibility and the reciprocity
theorem, we assume that each pixel unit in thequmaphic images registered at the CCD
camera acts as a Lambertian source irradiatingbtigy’s surface. Thus, corresponding
relationship between the 2D flux density map at@@D camera and the 3D flux distribution
on the body surface satisfies the transport charatt of a Lambertian source. In addition,
the concept of a virtual detector plane [16], whigbuld be the focal plane of the objective of
the CCD camera, is introduced as a transit statidhe process of surface flux reconstruction
to relate the CCD camera’s measurement and thestcoted arbitrary surface.

Figure 2 illustrates the reconstruction procedur@®d surface flux distribution. Firstly,
the non-contact detection system is modeled asplaioptical system which is comprised of
two components: a simplified thin-lens and a CCner plane, using the simplification
theory of an imaging objective [19], where the foptane of the CCD camera plane is
selected as the virtual detector plane [27]. Selgotidht flux at the CCD camera plane is
mapped onto the corresponding virtual detectorelaased on the radiance theorem which
states that radiance is conserved through a lgss-tgtical system [19]. Thirdly, the
corresponding relationship of points between thiual detector plane and the body surface is
established with the help of a visibility factor et is relevant to the simplified thin-lens.
Merging with the visibility factor, the flux at theurface of the body is finally determined
based on the Lambertian source theory present&dy.ir{1). In conclusion, given the multi-
view 2D photographic images, the reconstructedaserfof arbitrary geometries and the
imaging information of non-contact detection systehe flux density of any point at the
surface of the body can be calculated using tHeviiig equation:
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where is detection space constructed by the CCD camHrg; is flux density of pointr

at the surface of the bod(r,) is gray-scale value of poimj, in the detection space ;

is a conversion factor that converts the gray-sealae into the corresponding flux based on
the intrinsic properties of the camera:

Q Bt ®)

where is a specific value relevant to CCD camera anthddfas a ratio of electron number
corresponding to full well over maximum value oagiscale in the photographic imade; is

quantum efficiency of the CCD camettg;is the exposure time for acquiring each imagg;

is the unit phton energy and can be calculated as follows:
hc
EO — (4)

where h is the Planck constant; and are the velocity and wavelength of light registiere
at the CCD camera.
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Fig. 2. Diagram for the procedure of the reconstoncof 3D surface flux distribution.

In Eq. (2), a transfer function that accounts fug telationship of energy transformation
from the plane of the CCD camera to the body serfes been introduced:

1

2

T(rer)  (F) €ar) 7 COS ; COS, Q)

rorg Sy y)

f cos
where (f) is the optical transmittance of the camera ler(s;,r ) is a visibility factor that

discards the detection points not visible fromghgace and depends on the camera lens;
magnification ratio of the non-contact detectiosteyn; u denotes an object distance between
the virtual detector plane and the simplified théns; f is the focal length of the camera

lens; r; is a conjugated point af, at the virtual detector plane and satisfies the law with
ry; s(ry,ry) is a unit vector which denotes the direction fromto r;; is an included
angle between the aforementioned unit directiortoreand the optical axis;, and , are

included angles between the unit direction veatomfr; to r and the normal vector of the

surface or virtual detector point, respectivelyeTghysical significance of the parameters is
shown in Fig. 2. It should be noted that it is idisily important to accurately determine the
position and size of the virtual detector plane fachieving the most approximate



reconstructed flux distribution, which can be deti@ed according to the simplified theory of
the camera lens presented in literature [19].

Algorithm 1 Implementation flowchart for light flux reconsttian on arbitrary
surfaces

Require: Optical measurements, 3D surface of subject afdrmation of optical
system.

1: Preprocess the optical measurements and cdeegigh subject’s surface.

2: Discretize the subject’s surface and obtaimtimaber of differential surface uni .
3: Discretize the CCD camera plane and obtaindta humberN .

4:fori=1toM do

5: Compute the coordinates of poiton the subject’s surface.

6:Letk 0, J(r') O.

7:-forj=1toN do

8

: Compute the coordinates of poirjt at the CCD camera plane.

©

: Compute the visibility factor (r],r').

10:if (rj,r') 1then

11: ComputeJ* *(r') using the discretized form of Egs. (2)-(5).
12: Computed(r') by J(r') J¢') F'¢').

13: Updatek by k k 1.

14:else

15: Break the current inner loop.
16:end if

17:end for

18:end for

Equation (2) is a generalized formula for depictthg reconstructed flux density of a
surface point from multi-view 2D photographic imageegistered at the CCD camera.
Integrating Eq. (2) over the whole body surface,obvain the following analytical expression
for accurately determining the reconstructed flistribution on the whole body surface:

3 Y Be)Te,r)d ds (6)

To solve the above integral equation, discretizatibthe whole body surface and of the
CCD camera plane is needed. Thus, the analytigakssion presented in Eq. (6) is rewritten
as the following matrix form:

J AB, @)

where the components of the matéx and the vectord, B are defined as:
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[

B, B(r))

]

where 1 i M andl j N ;Misthe number of discrete elements on the bodasaand

N is the number of discrete elements at the CCD an®plving Eq. (7), we can obtain the
3D flux distribution on the whole body surface.

To sum up, the implementation flowchart for thegmsed algorithm is decomposed into
pseudo-code form and presentedgorithm 1.

3. Experiments and results

To evaluate the performance of the proposed metboahparison experiments took place,
including the measurements of regularly and motisg@ed phantoms in order to recover the
3D distribution of the surface flux. Furthermore,ia vivo small animal imaging experiment
was also performed to illustrate the potential g proposed method in the application of
optical tomography. For experimental measuremaemtdtj-view 2D photographic images and
anatomic structure of the subjects under study weggiired by a dual-modality ZKKS-Direct
3D molecular imaging system (jointly developed bya@gzhou Zhongke Kaisheng Medical
Technology CO., Ltd and Xidian University), as simowv Fig. 3. The Ol system consists of a
liquid-cooled back-illuminated CCD camera (Princetnstruments/Acton 2048B) coupled to
a Micro camera lens (Micro-Nikkor 5Bm f/2.8) to acquire the multi-view 2D photographic
images of light emitted from the surface of suljeahder study. The micro CT system
integrates an X-ray tube (Oxford Instruments, ser&000) and a flat panel sensor
(Hamamatsu, C7921CA-02) to obtain high-quality 3iatamic structure using an accelerated
FDK reconstruction algorithm [28]. To avoid anatoadi deformation of the subjects during
the experiments, the two systems are orthogonadlynted around the imaging holder that is
fixed onto a computer controlled rotation stage.

Fig. 3. Dual-modality Ol/micro CT system. (1) CCBreera, (2) Camera lens, (3) X-ray tube,
(4) X-ray detector, (5) Lifting tables, (6) Rotatistage, (7) Translation stages, (8) Mouse
holder.

3.1 Experiment verifications based on phantoms

Two groups of imaging experiments were carriedtowtalidate the accuracy of the proposed
algorithm in this subsection. In the experimentsp tdifferent kinds of surfaces were
employed, namely a cubic or cylindrical phantorne (ttegular’ surface from now on) and a
mouse-shaped phantom (termed the ‘irregular’ sarfasm now on). All of the phantoms
utilized in the experiments were made of nylon.sToulate the luminescent light source, a



fluorescent solution extracted from a red luminesdight stick (Glowproducts) was injected

into the phantom. The peak wavelength of the lusieace light generated by this
luminescent solution is approximately 650 nm, wherthe optical properties of the phantom
used were measured at 66 by a time-correlated single photon counting sysf2éj. The

absorption coefficient was found to be, 0.0138mm* and the reduced scattering
coefficient was 0.91mm*. To validate the reconstructed flux distributiom ¢he

phantom surface, a software platform of Moleculati€l Simulation Environment (MOSE)
was also employed to obtain the flux distributionthe phantom surface and its simulation
results were compared with the reconstructed resfiithe proposed method. MOSE, which is
based on the Monte Carlo method to simulate lighpagation in turbid media, is currently
under development and regularly being updated. $bfsvare can be freely accessed and
downloaded on the web site: http://www.mosetm.n&ufficient experiments have
demonstrated that the light flux on the phantonfaer simulated by MOSE can served as a
standard to evaluate the accuracy of the reconrigruesults [30].

3.1.1 Regular surface flux reconstruction

Two different phantoms were designed to evaluagg#rformance of the proposed method in
the case of regular surface, including a cubic frarand a cylindrical phantom. In order to
better scale the discrepancy between the recotestiiand simulated flux, the mean error
(ME) and the correlation factor (CF) are introduced

g P P"0|/N,and
iNl(Prec(i) F)reC)( Psirr(i) F)sin) / (( N 1) ( Pre3 ( Psin))'

where€ and are the value of ME and CF, respectively; the mgrptrec represents the

flux reconstructed by the proposed method sindthe simulated flux of MOSEP and

are the mean value and standard deviation of thetiflat can be eitheP™ or P*™; N is the
total sample number on the phantom surface an@presents théth sample. The CF
indicates the degree of correlation between thenstcucted and simulated flux while the ME
describes the discrepancy of them. Accordingly, dloser CF gets to unity, and the closer
ME gets to zero, the better the performance optbposed method is.

3.1.1.1 Cubic phantom experiment

In the cubic phantom experiment, a homogenous phaonf 45mm in lateral dimension was
utilized. One small hole 02.95mm radius and25.2mm depth from the top surface was
drilled at the center of the phantom in order tacpl the flourophore, as shown in Fig. 4.
Luminescent solutions df50 | volume were injected into the small hole, whichnfs a

light source of5.4mm height. After implanting the light source, thetrekthe small hole was
filled with a solid piece of the same material sad@avoid light leakage. After that, the cubic
phantom was mounted on a 360° rotation stage. Bating the phantom a complete 360°,
four views of 2D photographic images were acquitedthe surface flux recovery while the
anatomical structure of the cubic phantom was obthby the aforementioned dual-modality
Ol/micro CT system. Since the light source is ledaat the center of the phantom, the four
views of the photographic images yielded the sdgte flux distribution. Therefore, one of
the images, 90° view in this experiment, was setét¢d reconstruct the flux distribution, as
shown in Fig. 5(a). In this figure, the phantomdwesl mounted on the rotation stage can be
seen at the bottom of the image.
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Fig. 4. Experimental setup for the cubic phantorsebdacomparison experiment. (a) Picture of
the cubic phantom used in the optical imaging erpant; (b) Numerical phantom used in the
simulation.

(a)

(b)

Fig. 5. Comparison results between the reconstiuitex distribution and the measured or
simulated results. (a) 90° view photographic imeggtured by the CCD camera; (b) Simulated
results of MOSE; (c) Reconstructed flux distribuatiaf the proposed method.

Reconstruction of flux distribution on the selecsedlface of the phantom is shown in Fig.
5 (c). Figure 5(b) depicts the corresponding sitadaresult of MOSE. Both the
reconstruction and simulation were based on theesaemsity of mesh which consisted of
12288 triangular elements and 35937 nodes. Sindadency and good agreement were
observed in this case. In particular, the recontta flux distribution performed well in
accordance with the photographic image acquiredti®y Ol system due to the flat
characteristics of the phantom surface. As an el@me are also able to recover the position
of phantom holder previously mentioned (see théobobf Fig. 5(c)). However, there was a
slight difference between the reconstructed andilsited flux distribution, which might be
caused by the non-uniformity of the cubic phantémthe simulation of MOSE, we made an
assumption that the experimental setup was ab$plidteal, assuming a uniformity of the
optical properties and the accurate position ape sf the light source. A comparison of the
curves of the results reconstructed by the propasethod and simulated by MOSE or
measured by CCD camera is shown in Fig. 6. Fig(ae@) present the comparisons between
the reconstructed flux and the measured data andd)-(f) show the comparisons between
the reconstructed and simulated flux. In theseréiguthe solid lines represent the simulated
results or the measured data while the asterisbw she reconstructed flux of the proposed
method. From Fig. 6, we also find that the recartséd flux was more consistent with the
measured data than the simulated results. Althtluglheconstructed flux exhibits slightly less
intensity around the peak of the curves in Fig) &fd (f), the ME and CF still show the
conformity between the reconstructed flux and thmeukated results, as listed in Table 1.
Comparison of the results indicated that the predosiethod performed very well in the
reconstruction of flux distribution on the flat fage in the case of the cubic phantom.

Table 1. Error comparisons between the reconstructeand the measured or simulated
results

Compared objects measurements MOSE

Mean Erro 0.017¢ 0.021+
Correlation Factc 0.997: 0.995°




3.1.1.2 Cylindrical phantom experiment

In the cylindrical phantom experiment, a homogesephantom of27mm in height and
15mm in radius was used to conduct the comparison. |&ilyito the case presented
previously, one small hole dfmm radius andLé mm depth was drilled in the phantom to
he fluorescent solution, as shown in Fi@).7A luminescent light source dfmm
height andLmm radius was embedded into the phantom with itsereatt (9, 0, 0), as shown
in Fig. 7(c). After the cylinder phantom was mouhten the rotation stage and rotated a
complete 360°, four equally spaced views 2D phatphic images and the corresponding
anatomical structure were acquired utilizing therafentioned dual-modality Ol/micro CT
Figure 7(b) presents the diagram of foffierdint perspectives and the corresponding
measured four-view 2D photographic images are shawrFig. 8(a)-(d). Using these
measurements, a 3D flux distribution on the phansurface was reconstructed using the
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Fig. 8. Four-view 2D photographic images measuteithea CCD camera. (a), (b), (c) and (d)
are front-, left-, back- and right-view, respecljve

To examine how the reconstructed flux distributieas affected by the number of images
used in the reconstruction, we reconstructed thedlistribution on the phantom surface using
one, two, three and four-view images, respectiv€lgmparisons between the reconstructed
and simulated flux distribution are shown in Figg)9(l). Similarly, all of the results presented
in Fig. 9 were based on the same density of mesthctinsisted of 259200 elements. For each
comparison, results for three detectguositions:zy = 0.0mm z3 = 5.0mmandz; = 10.0mm
are examined being the recovered flux normalizedthir maximum value versus the
complete 360° projections. The ME and CF betweenréitonstructed and simulated results
are listed in Table 2. Similar tendency and gooc@gent between them are observed in the
cases examined. From Fig. 9, some interestingteeatd summarized. Firstly, we find that
the reconstructed flux seems slightly sparse ardhadpeak value of the curves, which are
intrinsically caused by the inadequate discretimatif phantom surface. If the discretization
of the phantom surface is refined sufficiently, tieeonstructed flux distribution would be
smoother. Figure 10(a)-(c) present the fact thatsimoothness of the results changed better
with the increase of mesh density. Secondly, ttmnstructed flux is slightly lower in
intensity than the simulated results of MOSE arotirelvalley of the curves. This is mainly
caused by the insufficient measurements (projesfionthe experiment. If more photographic
images were acquired at different projections dyrihe experiment and included in the
reconstruction, the more accurate the reconstrusteface flux would be. Thirdly, the
reconstructed flux gets to be closer to the sinedlaesults as the image number increases, as
shown in Fig. 9. In order to compare the effecthaf number of projections used, Fig. 10(d)
shows the logarithm of the reconstructed and thmulsited flux at the central height of the
phantom, which shows the improvement of the recaosd flux more clearly as the number
of projections used increases. A similar variattoend also can be seen in Table 2. By
increasing the image number, the ME turns to bdlsmand the CF gets to be closer to unity.
Lastly, the errors are tolerable for practical aggilons in all the cases examined. From the
error comparisons listed in Table 2, we concludat thne single photographic view is
sufficient to reconstruct the surface flux disttibua in this experiment, with the ME less than
0.03. As a result, an interesting and useful caiclu can be addressed that a practical
reconstructed flux distribution can be achievedhgine or some of acquired view images if
the intensities of these images are significarghgér than others, such as the case presented
in this experiment. As expected, the proposed niethiorked well in the reconstruction of
flux distribution on the curved surface in the cas¢he cylindrical phantom, using different
numbers of photographic images.

Table 2. Error comparisons between the reconstructeand the simulated results

Oneview Two view Three view Four view

Mean Erro 0.024¢ 0.020¢ 0.016( 0.015¢
Correlation Factc 0.980: 0.985¢ 0.988: 0.988:




3.1.2 Irregular surface flux reconstruction

To demonstrate the capability of the proposed ntethdhe reconstruction of 3D surface flux
distribution in the case of irregular surface, aus®shaped phantom was designed and used
to conduct the comparison experiment, as shownign E(a). Similar to the two cases
previously described, a small hole hbmm in radius was drilled at the head of the mouse

phantom to locate the light source where luminescautions of 20 | volume were

injected. The dimensions of the light source wgmm in diameter and.8mm in height
with its center at (20.80, 19.52, 20.80)n dimensions which were obtained by the micro-CT
system. After the mouse shape phantom was mountetheo rotation stage and rotated a
complete 360°, the photographic images from thdragreft lateral, dorsal and right lateral
views of the mouse phantom and the correspondinin@fes were acquired using our dual-
modality Ol/micro CT system. Using the software (Mercury Computer Systems,
MA), the surface structure of the mouse phantond usethe reconstruction was extracted
from the anatomical structure which was reconstdidtom the CT images using the FDK
algorithm. Figure 11(a)-(d) shows the four viewstlsé photographic images normalized to
their maximum intensity. In addition, four acquisit views of the mouse phantom were also
acquired to be used for registering the photog@phages onto the coordinate system of the
extracted surface structure.
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Fig. 9. Comparison results between the reconstiuatel the simulated flux at height 0, 5 and
10 mmfrom the center of the phantom surface. (a)-(@dRstruction using one photographic

image shown ifFFig. 7(a), (d)-(f)Reconstruction using two adjacent views photogtaph
images shown if-ig. 7(a) and (b), (g)-(iReconstruction using three photographic
images shown inFig. 7(a), (b) and (c), (j)-(I)Reconstruction using four views
photographic images shown frig. 7(a)-(d) (a), (d), (g) and () @m (b), (e), (h) and (k) 5
mm (c), (f), (i) and () 10nm



Fig. 10. Reconstructed flux at heightrm from the center of phantom surface. (a)-(c)
Reconstruction using different density of surfaashes, including 48600, 194400 and 388800
elements, respectively; (d) Logarithmic curve foe teconstruction using various photographic
views images compared with the simulated flux.

Fig. 11. Four-view 2D photographic images measatdte CCD camera. (a) Ventral view; (b)
Left lateral view; (c) Dorsal view; (d) Right latview.

Using the extracted surface structure and four si¢lat have been registered to the
coordinate system of the surface structure, wengcocted the surface flux distribution
utilizing the method proposed in this work and afed the simulated flux using the platform
of MOSE, as shown in Fig. 12. Figure 12(a) dessrithe mouse shaped phantom adopted in
the experiment; Fig. 12(b) shows the simulated ftlistribution and the corresponding
calculated results are shown in Fig. 12(c). Both ihconstructed and simulated fluxes were
based on the same density of mesh that consist&d@F0 triangular elements and 25002
nodes. Moreover, results for three different detezipositions:z=13mm z = 17mm andz
= 21 mmwere examined. Figure 12(d)-(f) shows plots of ligat flux normalized to the
maximum value versus the complete 360° detectiositipns. The solid lines show the
simulated flux of MOSE and the asterisks represeatreconstructed flux of the proposed
method. From Fig. 12, a similar tendency and comatpardistribution between the simulated



and reconstructed flux are observed, with the @eetdE and CF being about 0.0537 and
0.9034. However, a bigger discrepancy between tt@malso be found in this experiment.
This might be caused by several reasons. Firstyemployed a mouse shape phantom with
arbitrary geometries and irregular surface in ghiperiment so that the surface structure was
more complicated than that in the regular surfageement. The complicated and irregular
surface induced the inaccuracy of the registerasylts between the 2D photographic images
and the surface structure. Poor registering resuttsld lead to poor reconstruction of the
surface flux distribution. Secondly, the non-unifity of the phantom material performed
greater influence on the reconstruction of theamn@fflux distribution in this experiment due
to the irregularity and complexity of phantom suoga Lastly, the information loss in the
acquisition of photographic images led to the retmcted flux distribution smaller and more
convergent than the simulated results, as showkign12(b) and (c). If more photographic
images were acquired and employed in the reconiinidche reconstructed flux distribution
would be significantly improved.

Fig. 12. Experimental setup and results for the sagethantom based comparison experiment.
(a) Picture of the mouse phantom used in the ingagirperiment; (b) Simulated flux
distribution of MOSE; (c) Reconstructed flux dibtition of the proposed method; (d)-(f)
Compared curves between the reconstructed andnioéaged flux at height 13, 17 and &im
respectively.

In order to further illustrate the effectivenesstad reconstructed surface flux distribution,
we recovered the light source using both the rdcotied and the simulated flux
distributions, respectively. Except the surfacex fidistribution, the other parameters for
reconstruction were identical in both cases. Ineott retrieve the position and intensity of
the light source, the phantom domain was discréttpea tetrahedral mesh that consisted of
18341 tetrahedral elements and 3916 nodes andeat@btpermissible source region was set

as{(xy 2|18 x 24,10 y 2519 z 22 according to the flux distribution on the

phantom surface. Employing the self-developed adapp finite element methodchp-FEM)
[31], the source positions were accurately recalielfggure 13 presents the recovered results
of source positions, where Fig. 13(a) gives thevered light source using the simulated flux
and the recovered result using the reconstructedisl shown in Fig. 13(b). The red cylinders
represent the actual sources determined by then@§ds and the small domains beside the
cylinders express the recovered sources. FromI8gwe find that the recovered sources
approach the actual ones well in both cases. ledke of using the reconstructed surface flux



distribution, the recovered source position is §69.20.30, 20.93), which is 1.38m away
from the actual source, i.e. in the order of ormmdport mean free path. For the simulated
results, the recovered source position is (20.02201.86), with a distance of 1.58nfrom

the actual one, which is a bit worse than the tasihg the reconstructed surface flux. As a
result, the reconstructed flux is effective and ¢encomparable to the simulated flux of
MOSE in the light source recovery.

Fig. 13. Comparison results of the internal lightiree reconstruction. (a) Reconstruction using
the simulated surface flux of MOSE; (b) Reconstarctsing the reconstructed surface flux of
the proposed method.

The comparison results presented in this experiraeimced that the proposed method is
capable of reconstructing the flux distribution ancomplicated and irregular surface and
overall exhibits excellent performance.

3.2 In vivo imaging experiment

To further study the potential of the proposed mdthin the application of optical
tomography, afn vivoimaging experiment of a living mouse with an impkd light source
was conducted. This experiment was designed to ieeathe ability to recover the internal
light source in a heterogeneous mouse model usieganstructed surface flux distribution.
In the experiment, a living mouse was used to coosthe heterogeneous mouse model. A
luminescent catheter, which was filled with theofiescent solution mentioned previously was
used as the internal light source. The dimensidiiseocatheter weré.4mm in diameter and
4.5mmin length. Prior to performing the experiment, theuse was anesthetized and the
catheter was implanted into the epigastric torsthefmouse. Photographic images of the light
flux distribution and reference white-light imageere both acquired from the ventral, left
lateral, dorsal and right lateral of the living nseuby the aforementioned dual-modality
Ol/micro CT system. The exposure time was set asnin. Based on the micro-CT images
acquired from the complete 360° projections, thdase and volumetric mesh utilized in the
reconstruction were generated using Amira. Theytainad 4,000 triangle meshes, 4,975
nodes and 27,092 tetrahedral elements. Under treopdition that the photographs had been
registered to the coordinate system of the triangdshes, which was realized by registering
2D planar images to 3D space of CT images basesbore labeled markers [32], the flux
distribution on the mouse surface was reconstruaséth the proposed method and presented
in Fig. 14. From the micro-CT images, the cathetamrce can be clearly identified, as shown
in Fig. 15. Using the reconstructed surface flustritiution, we recovered the internal catheter
source based on the heterogeneous mouse modeingtithehp-FEM. In order to construct
the heterogeneous mouse model, several main orgacis,as adipose, heart, lungs, liver and
kidneys were segmented from micro-CT images usiognabination method of threshold and
interactive segmentation, and the correspondingapproperties were calculated according
to the literature [33] and listed in Table 3. TleEovered position of the catheter source is



shown in Fig. 15, where Fig. 15(a) presents thevétv of the recovered result and the
corresponding coronal, axial and sagittal viewssfi@wvn in Fig. 15(b)-(d). The actual central
position of the internal catheter source measuiadCf reconstruction is at (29.28, 22.28,
26.64) mm and the corresponding recovered central posito(80.136, 21.7582, 26.3759)
mm with a distance error being 1.036¥n This study experiment showed that the proposed
method provides a reconstructed surface flux distion which enables accurately recovering
the internal light source in an optical tomogragpplication. In the present study, the light
source intensity and the instrument factors werecadibrated; however, the possibility to
converts them to absolute concentration units iseatly pursued by integrating a calibration
procedure into our non-contact detection systemvfich work is ongoing.

Table 3. Optical properties for the organs of mouse

adipose heart lung liver kidney
a[ mm 1] 0.005( 0.078¢ 0.263( 0.470¢ 0.088:
'S[mm 1] 1.227: 1.006¢ 2.209: 0.700( 2.3%85

Fig. 14. Reconstructed surface flux of living mobssedn vivoimaging experiment.

4. Discussion and conclusion

We have developed a novel and practical method3rflux reconstruction of arbitrarily
shaped surface from multi-view 2D photographic ismgReconstructed results for both
regular and irregular surfaces have been illusfra®omparisons with simulated results
obtained from the platform of Molecular Optical Siletion Environment (MOSE) have
demonstrated the accuracy and effectiveness ofptbposed method. Furthermore, the
potential of the method in its application on oatitomography is illustrated by a qualitative
study of the source reconstruction experiment a wewhich the position of the internal
implanted source is accurately recovered basedh@meconstructed surface flux distribution
using appropriate algorithms. However, there averse deficiencies required that need to be
improved. Firstly, the surface of the subject unskeidy has to be discretized adequately to
obtain a smooth reconstructed flux distribution jckhwill lead to a high computational cost.
Secondly, use of more projection views from the tpgmaphic images employed in the
reconstruction will improve the quality of the restructed surface flux distribution.
However, by including additional projections supesition between two adjacent images
must be accounted for. Lastly, quantitative reaoesion (for example for bioluminescent
sources) is still lacking in this approach bothtfoe reconstruction of the surface flux and for
the internal light source, since they are obvioutgctly related.



Overall, we believed that this approach will exptise complete projection imaging and
the tomographic potential of optical tomographyapgplied to in vivo small animal imaging.
These preliminary results show that the proposethaoaeis of great potential and will prove
crucial in the field of tomographic imaging if quaation and high resolution is pursued.
Further study will concentrate on the acceleratbthe proposed method, the elimination of
superposition problem caused by an increase imtimeber of images and the quantitative
reconstruction of surface flux distribution.

Fig. 15. Recovered internal catheter source ofigjunouse baseid vivo imaging experiment
using the reconstructed surface flux distributi@). 3D view of the recovered internal source
result; (b)-(d) the corresponding coronal, axiad aagittal views, respectively. The position of
the recovered source is marked with red circle.
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