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Abstract: As an important small animal imaging technique, optical
imaging has attracted increasing attention in recent years. However, the
photon propagation process is extremely complicated for highly scattering
property of the biological tissue. Furthermore, the light transport simulation
in tissue has a significant influence on inverse source reconstruction. In this
contribution, we present two Galerkin-based meshless methods (GBMM)
to determine the light exitance on the surface of the diffusive tissue. The
two methods are both based on moving least squares (MLS) approximation
which requires only a series of nodes in the region of interest, so compli-
cated meshing task can be avoided compared with the finite element method
(FEM). Moreover, MLS shape functions are further modified to satisfy the
delta function property in one method, which can simplify the processing of
boundary conditions in comparison with the other. Finally, the performance
of the proposed methods is demonstrated with numerical and physical
phantom experiments.
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1. Introduction

Molecular imaging is a very promising and rapidly develapliomedical research field in
which the modern tools and methods are being married to septi@ vivo cellular and molec-
ular processes directly, sensitively, non-invasively gpelcifically, such as monitoring protein-
protein interactions, gene expression, cell traffickind angraftment [1, 2]. Among molecular
imaging modalities, optical imaging, especially fluoresmeand bioluminescence imaging, has
become a research focus over the past years for its excplieiormance, non-radiativity and
high cost-effectiveness compared with traditional imgg&chniques like X-ray computed to-
mography (CT), magnetic resonance imaging (MRI), posi&mission tomography (PET) and
single photon emission computed tomography (SPECT) [3].4n3luorescence technology,
the fluorophore probe inside the tissue absorbs the incedeitiation photons produced by the
external light source, and then decays to its ground statitieg the photons synchronously
[6, 7]. Whereas bioluminescence imaging employs lucifeesymes, which can catalyze the
biochemical reactions of substrate luciferin to generédéuminescent photons in the pres-
ence of oxygen, ATP and Mg [8, 9]. Although the photon generation schemes are various
in different optical imaging modality, the emission spaatrin the optical engineering field is
generally in the so-called near-infrared light window oé thiological tissue[650— 900 nm),
which can travel several centimeters in tissue due to theploaton absorption in the above
spectral window [7, 10, 11].

The propagation of the emission photons in tissue can beaety represented by the ra-
diative transfer equation (RTE) approximated from Maxigatiquations, but it is extremely
computationally expensive for its integro-differentiatare [12, 13]. Therefore, the commonly
used mathematical model in optical imaging field is the difim equation derived from RTE
in view of highly scattering property of the biological tiss[12, 14, 15]. Furthermore, many
algorithms have been presented to simulate light transpdine turbid tissue and predict the
diffuse light flux on the surface of the small animal basediffusion model [16, 17]. The cor-
responding simulation results can be employed not onlyiiyde correctness of the physical
model, but also to generate a sensitivity matrix which esddhe surface measurements to the
internal optical properties and will be employed in the irsedlight source reconstruction [12].

It is well known that analytical, statistical and numeritathniques are three kinds of meth-
ods to solve the aforementioned diffusion approximatiomei§12, 18, 19, 20]. Among these
methods, numerical techniques are studied widely becduteldgh efficiency and good ap-
plicability, and finite element method (FEM) is one of the itypical and successful algo-
rithms. For example, Congt al. [17, 21] employed FEM to obtain the photon flux density
on the boundary of the homogeneous and heterogeneous pisarite et al. [22] used the
adaptive FEM to compute the photon energy distribution enpthantom surface. In addition,
an improved FEM was presented to handle light propagatiorirscattering regions within
diffusing domains by Arridgest al. [23]. However, finite element mesh generation and data
pre-processing are difficult and time-consuming, esplgdiat three-dimensional irregular ob-
jects with complex internal structure like the heterogersdmological tissue. For instance, the
human head model was discretized into 155915 elements iiteheture [24]. What is more,
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Shephardt al. [25] reported a mesh with two million tetrahedral elemertishough remark-
able progress has been made in generating the three-domahstructured meshes for FEM
analysis of solids and structures, it is generally recagphithat the development of fast and
robust meshing techniques of three-dimensional objedts @amplex geometrical shape and
internal structure is still a challenge in practice. Furthere, for the linear FEM analysis, mesh
generation and data preparation before calculation ofted much more time than the assem-
bly and solution of the FEM equations. Therefore, meshlesthads are explored as a novel
numerical analysis approach which can avoid or greatly kiynmeshing task, and they have
been successfully applied to solve problems of solid meickaheat transfer, fluid flovetc.
[26, 27, 28].

In this contribution, two Galerkin-based meshless met{@&RBMM) are proposed and de-
veloped for simulating the photon propagation processerbiblogical tissue. Compared with
FEM, GBMM uses only a set of discretized points and does repiire any node connectiv-
ity or element information, which helps not only to avoid terdensome meshing but also
to describe complex inhomogeneous domains more accurbitéBBMM algorithms, moving
least squares (MLS) approximation plays an important e, two kinds of GBMM methods
are provided in this paper according to whether the MLS sliapetions are modified. Then, a
linear matrix form linking the source distribution and thegpon flux density can be established
based on Galerkin approach and Gauss theory with the diffiesjiuation and Robin boundary
condition. Moreover, our two proposed algorithms shoultbiporatea priori knowledge of
the tissue optical parameters, which can be assigned ora#lie &f available data in literature
[29] or invivo diffuse optical tomography (DOT) measurements. The pap@rganized as
follows. The next section presents the details of the prep&aBMM, diffusion model based
methods for photon propagation in the biological tissughinthird section, the performance
of the two methods is validated using numerical and phygicahtoms and compared with the
simulation data based on FEM or MC and the measured photoddnsity by a cooled CCD
camera. In the last section, relevant issues are discussezbaclusions are provided.

2. Methodology

2.1. Diffusion approximation and boundary condition

Under the assumption that light scattering dominates olsormption, the propagation of the
emitting photons in the biological tissue can be represkbyesteady-state diffusion equation
when a continuous wave external excitation light sourceéslun fluorescence imaging exper-
iment or a bioluminescent light source is employed in biahescence technology [7, 14]:

~ 0-(DM)OP(X)) + Ha(X)D(X) = SX) (x € Q) (1)

where Q is the region of interestd(x) represents the photon flux density at location
[Watts/mm?]; S(x) denotes the internal source dengityatts/mm?|; Lia(X) is the absorption
coefficient[mm~1]; D(x) = (3(ta(X) + (1 — g)us(x))) 1 is the optical diffusion coefficient,
Us(x) the scattering coefficieritnm—1] andg the anisotropy parameter.

In order to eliminate the diffusion approximation error nttee surface where light does not
propagate diffusively, an appropriate boundary conditibould be specified [12, 30]. When
the optical imaging experiment is carried out in a totallykdanvironment, Robin boundary
condition can be employed [21, 30]:

D(x) + 2A(x;n,n")D(X) (v(x)-0P(x)) =0 (x € 9Q) )

wheredQ is the corresponding boundary@f v(x) refers to the unit normal vector outward to
the boundandQ; A(x;n,n’) is a function to incorporate the mismatch between the réfiac
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indicesn within Q andn’ in the surrounding medium. Furthermo#gx; n,n") can be approx-
imately expressed as the following formula when the imagixygeriment is performed in air,
for whichn' ~ 1.0:

A(x;n,n) ~ (1+R(x))/(1—R(X)) (3)

whereR(x) is a parameter relative to the internal reflectio@&t According to the reference
[31], R(x) can be approximated bBR(x) ~ —1.439 2+ 0.709N ! + 0.6681+ 0.06360. In
our study, the measured outgoing flux den§ty) ondQ is:

Q(x) = —D(x) (v-OP(x)) = ®(x)/(2A(x;n, 1)) (x € 9Q) (4)

2.2. Galerkin-based meshless methods
2.2.1. Moving least squares approximation

The MLS approximation is the basis of the proposed GBMM atgors. According to the
literatures [32] and [33], the photon flux densibyx) at nodex can be approximated " (x)
in the region of interes®:

PD(x) ~ DP(x) = i pi(X)aj(x) = p' (x)a(x) (5)
=

wherepj(x) is the monomial basis function of the spatial coordinatad,mais the number of
the basis functionsgj(x) is the non-constant coefficient which can be determined toyrmii-
ing the following weighted discrete, normJ(x):

Nn
I(x) = _;W(X—Xi)[pT(Xi)a(X) - o) (6)

whereN, is the number of the nodes in the region of inte@stv(x — x;) denotes the weight
function related to the node andx; is a point in the support domain rffor whichw(x — x;) #
0; & is the approximation to the valu(x) at the nodex;, which is called as the generalized
photon flux density.

After the minimization ofJ(x), the following linear equation can be obtained:

A(x)a(x) =B((Xx)® (7
where N
A = 3 wix—x)p(<)p" () (®)
B(X) = [W(X — X1)p(X1), W(X — X2)P(X2), - - -, W(X — XN, ) P(XN, )] 9)
D= (P, Py, -, Dy, )" (10)

Solving a(x) from Eq. (7) and inserting it into Eq. (5), we can obtain th#éoleing MLS
approximation form:

PN(x) = EM (X)®; (11)
where the shape functid¥ (x) is defined by
Ni(x) = pT (X)A~*(x)Bi(x) (12)

whereB;(x) stands for théth column of the matrixB(x).
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The partial derivatives df (x) are given by
Nis(x) =pSA 'Bi+p'[A }(Bis— AsA 'B))] (13)

wheres represents the space variakley or z, and the comma indicates the partial derivative
with regard to the spatial coordinate that follows.

From Eqg. (12), we can see that the performance of the MLS appadion is governed by
the basis function and the weight function. In this paper,gbhadratic basis function

p'(x) = [1,%,Y,2, X, %xy,y*,yz, 7,2, m= 10 (14)

and the following quartic spline weight function are usethia three-dimensional case accord-
ing to the references [33] and [34].

ar2 a3 add
W(I’)—{l 6r°+8r3—3r 0o<r<1

0 r>1 (15)

wherer = ||x — xj||/d is the ratio of the Euclidean distance between the evalugimnt

x and the sampling node to the radius of the support domaih Removing all the vari-
ables correlated witek-component in three-dimensional GBMM procedure, we caaialivo-

dimensional GBMM program easily.

2.2.2. Modified MLS shape function
Substitutingx = xi back into Eq. (11), we have

" (x) = % N; (xi) D = N @ (16)

where ® designates the generalized photon flux density at all node®,i and Ny =
[N2(Xk), N2(Xk), - -, NN, ()] - And then, Eq. (16) can be further written as the followingrina
equation:

®=AD (17)

where® denotes the nodal photon flux density, @nis referred to as the transformation matrix
[35, 36]. They can be expressed as:

® = [D"(x1), D"(x2), -, D" (xny)] " (18)
Ni(X1)  Nap(X1) - Nyy(Xa)
N1 (X2 N2 (X2 NNn X2
I e G 9
Nl(XNn) NZ(XNn) T NNn (XNn)
Therefore, the generalized photon flux density can be obdigfiom Eq. (17):
o=A"1o (20)
and
Nn R
@i =3 N(x) ‘P (21)
=1

whereA 1 is the inverse matrix of\. Incorporating Eq. (21) with Eq. (11), we have
Nn Nn R Nn R
oN(x) = ZlNi () S N6) o =5 M (), (22)
i= =1 =1
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whereM (x) = ZiN:”1 Ni (X)N; (xi)~ is called modified MLS shape function, and it satisfies the
Kronecker delta function property:

Nn

M%) = 3 N(xiN ()7t = (23)

2.2.3.  Numerical implementation

According to whether modifying the MLS shape function, tweshless methods based on
Galerkin approach are developed in this article.

Using Galerkin method and Gauss theory, Egs. (1) and (2) edarabsformed to the follow-
ing weak form [30, 37]:

/Q (DO)(OP(X)) - (OW(X)) + Ha(X) ) W(X) ok

" 1 "
* o Ty 00 = [ SO0 @9

whereW(x) is a test function from Sobolev space. The aforementioned @4) and (22) can
be rewritten in the following unified form:

Nn
P(x) = ;wm (25)
1=

whereY)(x) representd\ (x) in Eq. (11) orM(x) in Eqg. (22);I" denotes the generalized or
nodal photon flux density.

Substituting Eq. (25) into Eqg. (24) and usiiYg(x) as the test function, and then we can
obtain the matrix equation as follows:

(K+C+F)Ir=Gr=s (26)
where the components of the matri¢esC, F and the vecto§ are given by

K = JoD(X)(OYk(x)) - (OYi(x))dQ
Cu = Jo Ha(X)Yk(X)Yi (x)dQ

Fu = Joq Yk(X)Yi(X)/ (2A(x;n,n'))doQ
Sc= Jo S(X) Yk(X)dQ

Since the matriG is symmetric and positive definite [34],can be uniquely determined from

(27)

r=G-1s (28)

When the MLS shape functions are employEdthat solved from Eq. (28) are only the
generalized photon flux densith because the MLS approximation does not pass through the
nodal function values according to the preceding subse@id.1. In order to get the actual
photon flux density, that is the nodal photon flux deng)'t)at any pointin the given domai,
we need to use the MLS approximation again with the formula:

Dy = [N (%), N2 (%), -+ -, N (%) | [, D2, - -+, ] T (29)

where®y is the nodal photon flux density at poig Nz (Xk),N2(Xk), - -, Nn, (Xk) are the MLS
shape functions without modification. However, the nodaltph flux density can be obtained
directly through solving Eq. (28) when we use the modified Mipproximation.

To sum up, the flowchart of the above two GBMM algorithms isvehn Fig. 1.
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Input information of discretized nodes and
tissue optical parameters

'

Determine and loop over
the integration nodes

!

Search the nodes in the support domain

.

Compute the MLS shape functions
for the integration nodes

'

Calculate the stiffness matrix at the
integration nodes

'

Assemble the global stiffness matrix

Modify the MLS shape functions

'

Compute the stiffness matrix
at the integration nodes

'

Assemble the global stiffness matrix

Compute the right-hand side vector and
impose the boundary conditions

Solve the matrix equation for the
generalized photon flux density

'

Compute the actual nodal photon flux
density at every discretized point

Compute the right-hand side vector and
impose the boundary conditions

'

Solve the matrix equation for the photon
flux density at every discretized point

End
(a)

End
(b)

Fig. 1. (a) The flowchart of the proposed GBMM algorithm withenodification; (b) The
flowchart of the presented GBMM algorithm with modification.

3. Experimentsand results

To evaluate the developed GBMM algorithms in this paper, etical and physical phan-
tom experiments were performed respectively. Furtherptbiee computational results based
on GBMM were compared with the simulation data by FEM or MC #rmelmeasured photon
flux density using a CCD camera. For the sake of convenier8®|\EL represents the GBMM
algorithm without modification, and GBMM2 indicates the @timethod in this section.
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3.1. Numerical phantom experiments
3.1.1. Homogeneous numerical phantom experiments

Firstly, a homogeneous tissue-like phantom was used inettperiment, and a light source
with a total power of Ql25nano — Watts was placed in the phantom with its center at
(6.5358 7.1537,15.0729. In GBMM study, 2178 random points were distributed in theab
phantom, as showed in Fig. 2(a). In additi@ypriori optical parameters were specified as
Uz = 0.035, us = 6.0, g = 0.9 andn = 1.37 to represent the diffusive biological tissue, which
could be obtained from the literature [29]. Finally, thehligexitance map on the phantom sur-
face was solved using GBMM1 and GBMM2 procedures respdgtiae presented in Fig. 2(b)
and 2(c). Furthermore, the computational result of GBMMjoathm is completely identical
to that of GBMM2.

nano-Watts/mm?
nano-Watts/mm?2

0.02
m 0.018 B ooz
G 0.018
o
) 3:312 L 0012
| 0.008 a1
biitE 0.008
Siotis 0.006
0.002 I £:004
0.002

(b) ©

Fig. 2. Homogeneous numerical phantom. (a) A homogenessisetilike phantom with a
series of nodes and a light source; (b) and (c) The surfalcedmver simulated by GBMM1
and GBMM2.

In order to demonstrate the accuracy of GBMM, FEM was alsoleyegl to calculate the
surface photon flux density. In FEM framework, the photon flexsities at 24654 discretized
nodes were simulated, and then we used the interpolatiohaddb determine the photon
fluence at the arranged points in Fig. 2(a). Figure 3(a) abjidiye the volumetric mesh used
in FEM and the corresponding simulation result respegtivehe computational photon flux
density based on GBMM was in good agreement with the numegsalt by FEM, with the
average relative error being abou®%, as showed in Fig. 3(c).

As we all know, MC method, regarded as tlgetd standard”, is rigorous, flexible and pow-
erful to study photon transport phenomena in the biologisalie, with which other numerical
techniques are often compared [12, 18, 19, 20, 30]. ThexefdC approach was also used
to verify the performance of the above two GBMM algorithmsthis paper. In the simula-
tion experiment, a cubic light source oftehm side length and .Dnano — Watts/mm?® power
density was placed if11.0,11.0,11.0), and four cube phantoms centeredH2.0,10.0,10.0)
with different side length frommto 15mmwere employed to obtain their respective surface
photon fluxes. Table 1 lists the corresponding comparatta detween GBMM1, GBMM?2,
FEM and MC method. RE1, RE2 and RE3 in Table 1 are the relativese(RE) between the
computational results by GBMM1, GBMM2, FEM and the simwatdata using MC method
respectively. Comparing the GBMM, FEM solution with the Mi@alation results, it has found
that they have the same tendency, while the GBMM resultsrabeiter agreement with MC
simulation data than the FEM solution. Furthermore, two GBkiethods in this paper have
the same calculation precision.
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Fig. 3. FEM simulation for homogeneous phantom. (a) Themeluic mesh used in FEM
simulation; (b) The photon flux density on the phantom sw@fealculated by FEM. (c)
Comparison of the computational results by GBMM and FEM.

Table 1. Photon fluxrfano — Watts) simulation for homogeneous phantom.
Side length MC GBMM1 RE1 GBMM2 RE2 FEM RE3

5mm 45.26 45.86 1.32% 45.86 1.32% 4589 1.39%
8mm 42.81 43.26 1.05% 43.26 1.05% 43.29 1.12%
12mm 39.13 39.35 0.56% 39.35 0.56% 39.39 0.66%
15mm 36.21 36.25 0.11% 36.25 0.11% 36.30 0.25%

3.1.2. Heterogeneous numerical phantom experiments

A cubical heterogeneous phantom with 86®% volume was utilized to further test
the performance of the GBMM algorithms, and two cube lightirses of 25mm side
length and 10nano — Watts/mm® power density were located 46.25,6.25,11.25) and
(13.75,13.75,11.25) in the above phantom respectively. The optical parameters assigned
to each of the two components, as listed in Table 2. In Fig.dd5anwe illustrate the ability of
our developed GBMM algorithms to simulate photon transpotissue in the multiple light
sources case. We can see that the simulation data by GBMMGRBMIM? is identical. Fur-
thermore, the average relative error of the results obdairstng GBMM and FEM is about
2.40%. In order to better demonstrate the performance of GBMd GBMM2, we com-
pared GBMM photon flux density with FEM calculational resalting the detection square on
the phantom surface at heights, 10mmand 135nmfrom the bottom of the geometric model,
as showed in Fig. 5(c)-5(e) respectively.

Table 2. Optical parameters of the heterogeneous phantom.

pa(mm D pg(mm D) g n
Region 1 0.035 6.0 0.9 1.37
Region 2 0.01 4.0 0.9 1.37

Similarly, four heterogeneous cubic phantoms with difféede length from Zhmto 20mm
were set up for numerical simulation using MC method. A cudpetlsource with a total volume
of 8.0mm? and a power density of @nano — Watts/mm?® was embedded into the phantoms with
its center a11.0,11.0,11.0). Finally, the photon fluxes on the boundary of the phantonewe
solved by GBMM1, GBMM2, FEM and MC respectively, see Tabl&Bere are no any dif-
ference between the computational results of GBMM1 andetlkd&SBMM2, and the GBMM
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Fig. 4. Heterogeneous numerical phantom. (a) A cube hetermus phantom with two
light sources; (b) and (c) The light exitance view of the sideface using GBMM1 and
GBMM2.

simulation data have better agreement with MC results ttEv Bolution. Furthermore, from
Table 1 and Table 3, it can be seen that the relative erroratbpiflux between numerical tech-
nigues (GBMM, FEM) and statistical method (MC) on the phamsurface decreases gradually
with increase of the side length of the phantom, which is ediry that light propagation near
the source is anisotropic [30].

Table 3. Photon fluxrano — Watts) simulation for heterogeneous phantom.
Side length MC GBMM1 RE1 GBMM2 RE2 FEM RE3

11mm 28.42 27.91 1.79% 27.91 1.79% 2745 3.43%
14mm 23.14 22.82 1.40% 22.82 1.40% 2245 3.00%
17mm 18.59 18.42 0.93% 18.42 0.93% 18.14 2.43%
20mm 14.74 14.73 0.11% 14.73 0.11% 1453 1.49%

In addition, finite element mesh generation before the asleand solution of the FEM
equations is an extremely burdensome task required by FEREiexperiment. For example,
the time cost of discretizing the cubic phantom into 7486desoand 408561 elements using
free meshing software Netgen [38] is 4881s. Comparatively, arranging 19902511 nodes in
the phantom only needs4B75sin our procedure, which shows a very faithful performance of
the proposed algorithms. In FEM analysis, the correspantiine cost of FEM computation
was about 520s for 61067 nodes and 331376 tetrahedral elements. Howere88021 dis-
cretized points in the same phantom, GBMM1 spent approxin&s.0s for calculating the
photon flux density based on the MLS interpolation becausedmputational result has been
already smooth. Unfortunately, for large three-dimenaipnoblems, the time cost of GBMM2
will increase largely because a matrix inversion step arattmes matrix multiplication are
added to modify the MLS shape function to satisfy the Kromedelta function property. Us-
ing our GBMMZ2 procedure, 38@s were required to determine the light power density in the
phantom for the same meshless node distribution. Finalig,worth mentioning that all the
computational results in the section 3.1 have not been pseceby any algorithm like normal-
ization.
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calculational results along the detection square on thatphasurface.

3.2. Physical phantom experiments
3.2.1. Experimental preparation

Besides the above simulation studies using numerical phasta series of physical phantom
experiments were carried out for demonstrating the felétgibif the proposed methods in this
contribution. In the optical imaging experiments, two cubginous phantoms with &n side
length were designed and manufactured. The two phantorb®trenade from polyoxymethy-
lene, and one or two small holes a2bmmradius were drilled in the phantoms to emplace the
light source, as shown in Fig. 6. According to luminescenggjple of luminescent light stick,
peroxide, ester compound solutions and fluorescent dyeinjerted into the holes in the phan-
toms after thorough mix, and then the red light whose centaaklength located about 681t
was emitted due to the chemical reaction of the mixed reisolsit The aforementioned red light
served as the internal light source in the physical phantqgragments. However, the detectable
photon flux density of the above light source on the phantariase was very weak, reaching
pico — Watts/mn¥ level. Therefore, a liquid-nitrogen-cooled back-illuraied CCD camera
(Princeton Instruments VersArray 1300B, Roper Scienffienton, NJ) was adopted to collect
the transmitted and scattered near-infrared photons dacsuof the phantom, and the CCD
array can generate 13401300 pixels and 16 bits dynamic range images witj 20« 20um
sized pixel. The dark current of the camera is reduced lardpebugh cooling the CCD chip
down to —110°C using liquid nitrogen for long exposures. Furthermoregrgum efficiency
(QE) of the CCD camera is greater than 80% for the wavelerayibe between 5@bn and
700nm. In addition, the optical parameters of the phantom wererd@hed by a time-correlated
single photon counting (TCSPC) system specifically coestiaifor the optical properties of
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the turbid medium [39]. The final measured optical paransedéithe phantom at the wave-
length around 66@m were listed as follows: the absorption coefficignt~ 0.0002nm~* and
the reduced scattering coefficignt= (1 — g) s~ 1.0693nm 1,

900 #°
i o
#0° 270° -
)
27° 0°
(a) (b) (©) (d)

Fig. 6. Cubic resinous phantoms. (a) and (c) Phantoms wighooriwo light sources; (b)
and (d) The middle cross-section of the phantoms. The fogireds show the direction of
the CCD camera during data acquisition.

3.2.2. Data acquisition and analysis

All the physical phantom experiments were performed inlatigght imaging chamber to avoid
external disturbance and light leaking. Under the compedatrol, a motorized rotation stage
was used to rotate the phantom for acquisition of the photondensity on the four sides
of the phantom, as illustrated in Fig. 6(b) and 6(d). Firstihe phantom with a single light
source was mounted on the sample stage, and the exposurefteaeh data acquisition was
set to 30 seconds. Figure 7(a)-7(d) depict the collectedheseent light distribution from each
side of the cubic phantom when the phantom was rotated thigeaid the corresponding
computational photon fluence by GBMM is showed in Fig. 7(@¢))7Because the GBMM1

and GBMM2 results were completely identical, which is destaated in Fig. 8, the simulated
luminescentimages were portrayed using alternative seBdM data. As a result, the average
relative error between the GBMM solution and the measurextgrhflux density was about
3.839%, which have similar tendency and good agreement.

Subsequently, the cube phantom with two light sources stiéwEig. 6(c) was utilized for
luminescence imaging experiment. The photon energy bligton on the phantom surface was
recorded using the CCD camera with an exposure time of 20nslsc@s orderly shown in
Fig. 9(a)-9(d) along four directions separated by 9fesented in Fig. 6(d). As seen in Fig.
9(e)-9(h), the computed photon flux density based on GBMMiwg®od agreement with the
experimental counterpart. Moreover, the computatiorsllte by GBMM1 and GBMM2 were
the same. As it is expected, GBMM worked well with the avenagative error about.92%,
as shown in Fig. 10.

4, Discussion and conclusion

Optical molecular imaging has been rapidly developed ardl tis study physiological and
pathological processés vivo at the cellular and molecular levels for its unique advagsdg
sensitivity, specificity and directness. The research ot@hpropagation in the biological tis-
sue is necessary because it helps not only to improve th&akpegolution of inverse source
reconstruction but also to test the accuracy of the physitadel. However, the application
scope of the existing analytical and statistical technégaeestricted for their inherent charac-
teristic. Therefore, numerical techniques should be stlideeply for better applicability and
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Fig. 7. The photon energy distribution on the phantom sertietected by the CCD camera
or computed using GBMM method. (a) and (&) (b) and (f) 90, (c) and (g) 180, (d) and
(h) 270.

higher efficiency, especially for the more complex geonastrin this paper, we have presented
two kinds of Galerkin-based meshless methods to solve phteamsport problem in the het-
erogeneous biological tissue. In comparison with coneeratiFEM analysis or MC approach,
GBMM algorithms have the following novel features.

First, although many excellent and powerful automatic nggsterators are available, mesh-
ing is computationally burdensome and expensive for thieesional arbitrarily shaped do-
mains with complex internal structure, especially whengbemetric model is discretized into
more than 10elements. Moreover, the transformation from the geometaddel to the finite el-
ement data is also computationally arduous. However, twdsof GBMM methods developed
in this paper do not require any mesh to discretize the pnolilewhich the photon flux density
is approximated entirely in terms of a group of scatter npaled the discrete equations are con-
structed without consideration of element connectivifgimation and interrelationship among
the nodes. Therefore, GBMM methods can avoid the time-coimgythree-dimensional finite
element mesh generation compared with FEM. Furthermaegutar complex objects with
heterogeneous internal structure can be represented rocueately, especially for the inho-
mogeneous distribution of optical properties in the coogikd biological tissue. In addition,
the adaptive GBMM method can be realized easily throughriimgesome nodes in the high
gradient region of the field function or deleting severahp®in the low gradient area, but the
adaptive FEM needs to remesh the domain of the problem basedar estimation after every
iteration.

Secondly, wherin vivo small animal experiment is performed, the living small aaliis a
four-dimensional object because it is impossible to mairahsolutely stationary state, that is,
there may be some surface shape variations and involumtizmal structure motions, such as
the cardiac and respiratory motions. For this moving bomndanditions case, FEM analysis
can not monitor the time-course of the above motions for #persive computational cost of
remeshing the problem domain, which will lead to discontynas well as a degradation of
accuracy. On the contrary, GBMM can simplify the problemtwitoving boundary conditions
because no element connectivity is needed.
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Fig. 8. Comparison between measured and computationabiplu@nsity on the phantom
surface at height X8m from the bottom of the physical model. (&),db) 9C°, (c) 180,
and (d) 270.

Lastly, two kinds of GBMM algorithms are developed for phofmopagation in the biolog-
ical tissue in this paper. Both of them are based on MLS appration. However, the MLS
approximated function does not pass through the nodal satwewve need to use MLS approx-
imation again to obtain the actual nodal photon flux dengitgpther words, the MLS interpo-
lation lacks the Kronecker delta function property of theentional FEM shape functions.
To ameliorate this difficulty, the MLS shape functions aredified in one of the aforemen-
tioned GBMM algorithms (GBMM2), with which we can not onlylcalate the nodal photon
flux density directly but also impose Dirichlet and Robin hdary condition reported in the
literature [30] accurately. Unfortunately, for large terdimensional problems, the time and
memory cost of the modified GBMM algorithm will increase &lily because a matrix inver-
sion step and two times matrix multiplication are superoetli Moreover, the GBMM results
are smooth due to the high order smoothness of the MLS shap#dnos, which can simplify
post-processing largely. However, some post-processatmiques are necessary to obtain the
smooth results in the framework of FEM analysis.

In conclusion, we have presented two kinds of GBMM algorghimsimulate photon trans-
port in the biological tissue. Furthermore, the feasipitif the proposed methods has been
demonstrated with a series of numerical and physical pnaetgeriments. The preliminary
results show that meshless methods are of huge potentiad iagtical engineering field. Our
future work will focus on employing the GBMM algorithms tocanstruct the internal light
source. The corresponding results will be reported later.
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Fig. 9. The surface light power distribution measured usirgCCD camera or solved by
GBMM in four directions 90 apart. (a) and (e)9 (b) and (f) 90, (c) and (g) 180, (d)
and (h) 270.
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