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ABSTRACT

With the development of molecular imaging, Cherenkov optical imaging technology has been widely concerned.
Most studies regard the partial boundary flux as a stochastic variable and reconstruct images based on the steady-
state diffusion equation. In this paper, time-variable will be considered and the Cherenkov radiation emission
process will be regarded as a stochastic process. Based on the original steady-state diffusion equation, we first
propose a stochastic partial differential equation model. The numerical solution to the stochastic partial differential
model is carried out by using the finite element method. When the time resolution is high enough, the numerical
solution of the stochastic diffusion equation is better than the numerical solution of the steady-state diffusion
equation, which may provide a new way to alleviate the problem of Cherenkov luminescent imaging quality. In
addition, the process of generating Cerenkov and penetrating in vitro imaging of '® F radionuclide in muscle tissue
are also first proposed by GEANT4 Monte Carlo method. The result of the GEANT4 simulation is compared with
the numerical solution of the corresponding stochastic partial differential equations, which shows that the stochastic
partial differential equation can simulate the corresponding process.

KEYWORDS

Cherenkov radiation; stochastic partial differential equations; numerical approximation and analysis; GEANT4
Monte Carlo simulation

AMS Subject Classifications 2020: 94A08; 35Q68; 35Q92; 35R60

1 Introduction

Molecular imaging has developed rapidly since the 21st century. Currently available molecular
imaging techniques include optical imaging, magnetic resonance imaging (MRI), positron emission
tomography (PET), single-photon emission computed tomography (SPECT), and other nuclear
medical imaging and ultrasonic molecular imaging [1-4]. During this period, if the high-energy
charged particles released in the medium are faster than the light in the medium, the additional optical
signals will be generated on the basis of the original radioactive signals. The positron will move for a
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period of time after it shoots a proton-rich nuclide. Based on Cherenkov radiation, the use of visible
and near-infrared light produced by radionuclides for positron optical imaging is known as Cherenkov
luminescence imaging (CLI) [5-9]. CLI, which provides the advantages of the radioactive probe, low
cost, and high sensitivity, has great potential in the early stage of tumor diagnosis and evaluation of

therapeutic effect [10].

Cherenkov optical bio-tomography is based on the Cherenkov transmission characteristics in the
tissue inversion reconstruction. Different tissue and organs have different scattering and absorption
of Cherenkov light. Heterogeneous models based on different optical properties of different tissues
can simulate the transmission of Cherenkov in vivo more accurately, thus obtaining more accurate
reconstruction results. At present, Cherenkov three-dimensional tomography also faces many prob-
lems and challenges, for example, it is difficult to reconstruct the distribution of radioactive drugs
accurately and effectively, and the spatial resolution is low. Optimization of reconstruction quality
and reconstruction speed are one-two difficulties in the study of Cherenkov tomography [ 1-13]. The
reconstruction algorithm based on radiative transfer equation is used to reconstruct the Cherenkov
luminescent image [14], and the Optimization of radiative transfer equation may be helpful to improve
the reconstruction quality and the reconstruction speed of Cherenkov-ray. At present, the most widely
used mathematical model of Cherenkov optical transmission in optical molecular imaging is the partial
differential equation, which is obtained by first-order spherical harmonic expansion approximation of
radiative transfer equation [ 5-20]. With the development of differential equation theory, the original
model of ignoring stochastic factors often has some deviations from the actual problems. Alexander
has found a stochastic image reconstruction methodology and regard the partial boundary flux as
a stochastic variable. The misfit between the measured and the predicted boundary flux is described
by an error function, which is iteratively minimized by stochastically sampling the global parameter
space of all basis functions [21]. In the process of Cherenkov radiation emission, positron emission
is a Brownian motion in nature. Most studies take no account of the time variable while using the
diffusion equation. So, we consider the time variable, regard the Cherenkov radiation emission process
as a stochastic process in the model, and build a stochastic differential model based on the diffusion
equation. We mainly discuss the reliability of this model, which is irrelevant to the image reconstruction
methods. Other models that use partial differential equations to describe practical problems can be
found in [22-26].

In order to adapt to this Brownian motion, we firstly propose a stochastic partial differential
equation model by introducing stochastic term in time. Then we simulate the numerical solution of the
stochastic partial differential model. Furthermore, we compare the numerical solution of the stochastic
partial differential equation with the original steady-state diffusion equation. Finally, we compare the
numerical solution of the stochastic partial differential equation with numerical simulation results of
the Cherenkov effect, which is obtained by the GEANT4 software.

This paper is organized as follows. In Section 2, the model of positron imaging based on
Cherenkov model driven by stochastic case is introduced. In Section 3, we introduce the modeling
method. Finally, in Section 4, we give the numerical simulation result and the numerical discussion.

2 Numerical Methods
The original form of the time-dependent diffusion equation [16] is
10d(r,1)

Py VIDr)VO]+ u, (r) @ (r,t) = B(,1). (1)
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Most image reconstruction methods are based on the below steady-state diffusion equation:
—VID () VO] + w, (1) ® (r) = B(r), 2

which takes no account of the time variable and the stochastic factor. In fact, we know that positron
emission is a stochastic process in nature. By considering the time variable and the Brownian motion
(Cherenkov radiation emission process), we propose a stochastic partial differential equation:

Ao
— — VD) VO)dr + pu, () @t = B(r.1)dW,.r € Q.1 € 0. 7], 3)

® (1,0) = Py(r), 4)

where Q is the feasible region, r represents vector in 2, ¢ represents time. ® (r,7) represents the
photon flux density, which is a scalar quantity and ® (r, ¢) is a L*(2) stochastic process. ¢ means the
speed of light in the corresponding medium, and is a constant. B (r, t)represents the source density.
D() = m is the optical diffusion coefficient, u, is the absorption coefficient and w, is scattering
coefficient, g is the anisotropy parameter, W, is a Wiener process adapted on a filtered probability

space.

As the boundary condition of the stochastic partial differential equation, the simplest is to use
homogeneous boundary conditions, which assumes the photon cannot be (https://www.overleaf.com/
project/5¢85217115¢6c5509d7779d9) emitted and vanish on the boundary. This kind of boundary
condition can simplify the calculation. Nevertheless, the true flux does not vanish even outside the
boundary. It is common to take the following mixed Robin boundary conditions [15-20,27-30]:

O (1,t) +2U(r;n,n)D(r) (v- VO (1,t)) = 0,1 € 0L, %)

where n is the refractive indices for Q and n, is the refractive indices for external medium, U(r;n, n’)
can be approximately represented as

Urn,n) =0+R(@)/(1-R(@),
where R (r) can be approximated with
R~ —1.43991n* 4+ 0.7099n" + 0.6681n" + 0.0636, (6)

v is the outward unit normal vector on 92.

As for the numerical solution of the stochastic differential equation, Yan [31] studied the finite
element method for stochastic parabolic partial differential equations and the error estimates of the
corresponding problem. Walsh [32] studied the rate of convergence of the numerical solution of
a parabolic stochastic partial differential equation, which shows that the rates of convergence are
substantially similar to those found for finite difference schemes. Kossioris et al. [33] studied the
Dirichlet boundary problem for a fourth-order linear stochastic parabolic equation, which estimates
the model error. On this basis, we directly apply the finite element method to study the numerical
solution of the stochastic partial differential equation.

In Eq. (2), let A be a linear operator —V [D () V@] + u, (r) defined in D(A), where
DA)={-V[D@P) VP]+pun, ()@ e L’,®+2U(r;n,n)D (1) (v VP) |, = 0}. (7)
Notice that D(A) is dense in L*(2), so A can be expanded as the self-adjoint positive definite

operator in L*(£2). Let k be a time step and 7, = nk forn = 0,1,...,M € N(Mk = T). Let S, be a
finite element space S, C L*(£2) consisting of functions which are continuous piecewise polynomials
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over a partion of 2 in tetrahedron with maximum diameter 4. The semidiscrete problem corresponding
to (3) is to find the process ®,(¢) € S, for fixed ¢, such that

dd, (¢
A | g, (1 di = PBAW, 1 € [0,T], @, (0) = P,by, ®)

where 4, : S, — S, is the discrete analogure of 4 is defined by

(A, x) = A9, x), fore,x €5, €)
where A4 (-, -) is the bilinear form obtained from the operator A. And the projection operator

P,: [*(2) — S, is defined by

P, x) =, x), forallve L’ (Q), x €8S,. (10)
Let E, (1) = e, t > 0, then (3) and (5) admits a unique mild solution

o, () =E, () P,y + /t E,(t —s)P,BdW.. (11)
Denote by & = CDZOthe approximate solution of ®(z,). The backward Euler method is

L SN S 1)

@' = P,d,. (13)

We can rewrite (12) in the form

O = (1 4+ kdy) & + / (1 + kA" P,BAW,, (14)
Ih—1

and have the following error estimates.
Theorem 2.1. Let " and @ (t,) be respectively the solutions of (12) and (3). Assume that
®, € L*(R),0 <y < B <1, then there exists a constant C = C(T) such that, fort, € [0, T"]

10" = @ (1) |2y = C (K + 1) [19y] 120,
Proof. Denote (1 + k4,)™' = E},. By (14), we have
" =EP,®, + Z/tj E},P,BdW..
—1 Y-
By the definif[i(l)n :)f the mild solution of (1), with E(r) = ¢~'4,
(1) =E(@,) &+ /rn E(t, — s) BdW,.

0

Defining e, = ®" — ® (¢,) and G, = E}, P, — E (t,), we have

n i n
¢ = G,®, + (Z / E! P,BdW, — / E(t, —s) Bdm) =1 +1.
j=1 V-1 0

For I,, using lemma 2.8 in [31], we have

B
| |Il| |L2(Q) =< C(kZ +hﬂ) ||CD0| |L2(Q)a
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where 0 < B < 1.

For I,, we have

“ i n
L = Z/ E,P,BdW, —/0 E(t,— s) BdW,
j=1 7 1lj-1
- Z/ E; P,BdW, — Z/ E(t, — s)BdW,

—Z/( " P, — E(t, — ,1))BdW+Z/ (E (t,— t,.1) — E (t, — 5))BdW,

= 121 + Izz-
For 1,,,, noticing that
| En™ — E(t,— t20) =11 (A 4 kd,) "7 — e ")) < C(T) &,

and martingale isomorphism, we have

||I2l ||L2(SZ) || Z/ k/l [” )) BdW”LZ(Q)
i
scuZJuwﬂﬂmﬁ
j=1 -1

< Ck.

For I,,, in a similar way, we have

1l = EH}Q/ (b~ 1) = Et, — 5)) BAW,|]

_E||Z/ E(t,—s) (I —E(s—t.)) BdW,||’
< Ck’.

Thus ||L||?, ., < Ck*. Together these estimates show, for0 <y < g8 <1,

@ —

el 2y = (4 C (K + 1) 1ol
< CO + B[]

which implies that

e L = € (K5 +4°) [190] |20,

L2(Q)

LZ(Q) )

The proof of Theorem 2.1 is completed.

159
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By using the finite element analysis method [31-35], the finite element space can be constructed by
tetrahedral subdivision of a given space. Then the corresponding P, are obtained by piecewise linear
interpolation, element analysis and total synthesis, and then the numerical solution of the stochastic
partial differential equation is solved by the Eq. (8).

Finite element method (FEM) is an effective method for solving the numerical solution of partial
differential equations. For the stochastic partial differential equations of the mixed boundary condi-
tions, such as Robin boundary condition in this paper, firstly, using the finite element approximation
theory, the three-dimensional spatial variables of stochastic parabolic equation are discretized, and
the space is divided into several positive tetrahedron units; and then the backward Euler method is
used to complete the discretization of the time variable. The stochastic process W is approximated by
the Wiener process, and the finite element approximate solution of the original stochastic parabolic
equation can be solved.

Furthermore, it is the expectation of the solution of stochastic parabolic equation that is influ-
enced by stochastic factors. Therefore, the finite element numerical solution of stochastic parabolic
equation must undergo repeated experiments to approximate the expectancy by using the average value
of many numerical simulation results.

3 Results
3.1 Parameter Determination

In this paper, we do a numerical simulation of a homogeneous model, which is desirable for the
corresponding optical parameters of muscle. It is found in that [36], the refractive index of the muscle
is n = 1.33, the absorption coefficient u, take 0.01 mm™", and the anisotropy coefficient g is 0.9. The
speed of light in the muscle is 1 mm/ps

3.2 Numerical Solution Simulation of Equation

In Fig. 1, the following geometrical model is established to find the numerical solution of the
Eqg. (2). Both C1 module and C2 module are 50 mm length, 50 mm width. Nonetheless, C1 module is
0.1 mm height, C2 module is 1 mm height.

Geometric model finite element splitting diagram

Figure 1: Geometric model and finite element splitting diagram (cubic C1 with length 50 mm, width
50 mm and height 0.1 mm, cubic C2 with length 50 mm, width 50 mm and height 1 mm)
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For the steady state equation and the stochastic partial differential equation, we take Robin
boundary condition. The steady state equation has no initial value, while the stochastic partial
differential equation sets the initial value of the C' module as 10°, the initial value of C2 module
1s 0. The C1 module is considered as the radioactive source, while the C2 module is considered as the
detector receiving the signal.

. . =1 o : -
Take a straight line, for example, Y o 10 and the line intersects with the finite element space to

get the line segment. 40 points are randomly taken on the segment, and the numerical solution at
40 points is computed by the finite element method. According to the relevant theory [32,33], the
numerical solution is unique and stable, so we can divide the geometrical model into 5381, 6732, 10,291
and 14,232 small tetrahedrons, in which the numerical simulation result of dividing the tangent into
14,232 tetrahedron is regarded as the exact solution of the corresponding position.

For stochastic partial differential equations with stochastic terms, let the time range 7" = 200 ps,
and the time is divided into 100 parts. The calculation repeats 30 times, and the mean value of 30
numerical solutions is used to approximate the expectation of numerical solution.

Fig. 2 shows the distribution of the numerical solution of the stochastic partial differential
equation model and the steady state model.

With ¢ = 4 ps, the distribution of the numerical solution of the stochastic partial differential
equation on the line is shown in Fig. 2a. The numerical solution of the steady-state equation on the
line segment is distributed as Fig. 2b. Fig. 2c shows the comparison of the two, it is known that the
solution of the stochastic partial differential is greater than the solution is given by the steady-state
model at the time of 4 ps. The solutions of the SPDE and the steady-state diffusion equation are rapidly
decreasing at the boundary and relatively homogeneous in the interior.

4 104 spde model ( time, 4 ps) 5000 F steady-state diffusion equation
— 5800 /
o™ -~ » f
E 3.8 R e 5600 .f
-‘g 5400 If
© 36 s200f |
-?g . S 5000 -Iu'l
< 34 .
[} . f |
= | 4600 | '|
E L 4400
4200 r
# 4000 :
2 -10 0 10 20 25 20 45 40 5 0 5 10 15 25
the length of cubic : x [mm] xx(mm)
(a) (b)

Figure 2: (Continued)



162 CMES, 2023, vol.135, no.1

S B AR B S T S sk —— sleady-state diffusion equation

= g w

3] ) 2] w 2]

- . "
|

the fluent rate: @ [W,’mmzl

05—

0 1 1 1 1 1 1 1

-25 -20 -15 -10 -5 0 5 10 15 20 25
the length of cubic : x [mm]

(c)

Figure 2: (a) Numerical solution of stochastic partial differential equation (b) Numerical solution of
steady-state diffusion equation (¢) Comparison of numerical solutions

Table 1 is a relative error analysis table for stochastic partial differential equations and steady-
state diffusion equations under different cutting precision of finite element. From the above experi-
mental data, we can see that the numerical simulation solution of the stochastic partial differential
equation is different from the numerical simulation solution of the steady-state diffusion equation.
For the stochastic partial differential equation, with the gradual increase of the split, the numerical
errors obtained by the experiment are more and more small, and the steady state equation is more
accurate than the stochastic parabolic equation under the same finite element segmentation precision.
Compared with the steady-state diffusion equation, because the photon flow rate & is a stochastic
process, it is reasonable to believe that the numerical solution precision of the SPDE can be improved
if the number of repeated tests is further increased. In addition, finer spatial partitions, smaller time
intervals, will help improve the accuracy of numerical solutions.

Table 1: Error analysis table

Equation The number of son tetrahedras Relative error
5381 0.0054
Stochastic partial differential equation 6732 0.0045
10,291 0.0027
5381 2.2285e-04
Steady-state diffusion equations 6732 1.1403¢-04
10,291 1.4629¢-04

The next step is to study the relation between the Cherenkov imaging process of the stochastic
partial differential equation and Monte Carlo simulation.
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3.3 Monte Carlo Simulation of Cherenkov Imaging Process

In order to compare the effect of the stochastic partial differential equation and the steady-state
diffusion equation on the Cherenkov imaging process, simulation software is an economical solution.
There is a large amount of Monte Carlo simulation packages available. Among these codes, GEANT4
is the most commonly used option for Cherenkov, partly because of its flexibility in the description
of complex detectors and its accurate physics models. For the research of Cherenkov, GEANT4 can
simulate the physical process of photon and charged particles in matter, and GEANT4 has reliable
electromagnetic physical model and flexible detector design, which is the most preferred simulation
tool [37,38]. In this paper we focus on the Cherenkov effect of optical transmission simulation.

Glaster et al. [37] run the Monte Carlo simulations using the GEANT4 Architecture for
Medically- oriented Simulations (GAMOS) tissue-optics plug-in. They simulated ten radionuclides
including" F, which induced Cherenkov radiation. And they drew the figures which showed the
measurement results and the Monte Carlo simulations.

On this basis, we designed the following geometric model (Fig. 3) to compare the numerical
solution and the GEANT4 simulations. A 50 mm® x 50 mm® x 1 mm’ homogenous domain with
'8 F decay nuclide radioactive point source located at one side of the domain was generated, randomly
emitting B particles at the number of 107. The particle energy is set to 500 kel’, B particles in the
muscle tissue produced Cherenkov. The cuboid is thought to simulate a muscle with a refractive index
of n = 1.33, Photon in the transport process will also be in the cuboid simulation of the muscle tissue
scattering, Rayleigh scattering, and other phenomena. The opposite side of the radiation source is
split into 1 mm? x 1 mm* detector that detects the number of photons and the energy that are being
worn out.

¥ radiation
'
/
=2
A 3
P particles are located at the 3
center point of the front plani /
Ao
I A

i 50mm |

Figure 3: Geometric model

The distance between the detector and the radiation source is 1 mm because the Cherenkov photon
number decreases significantly with the increase of the depth. Fig. 4 shows the attenuation diagram of
photon number in the process of Cherenkov. It is known from the graph that, the number of photons
absorbed increases exponentially with time. At the time of 100 ps, it decays to about 20% of the original.
Fig. 5 is the relationship between photon number and position. Fig. 6 is the stereo distribution of the
photon number of the detector plane, and it can be seen from the graph that the Cherenkov imaging
is the point source imaging.
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Cherenkov spectrum is a special kind of continuous spectrum of visible light, the wavelength range
between 300-750 nm. In the GEANT4 simulation, the initial numbers of B particle were set to 107, so
the initial energy was calculated to be about 1.66 x 10°~4.14 x 10° eV. So, the initial value of the
stochastic partial differential equation is set to 4 x 10° el /ns. According to the transport equation
theory, the detector receives the photon flow rate of the boundary 9<2. Let’s take a point randomly, for
example, (2,10,1), the outgoing photon energy numerical solution of the point is obtained by using the
finite element method to solve the stochastic partial differential equation, and then the photon flow
rate of the point is obtained by the formula

D@ -V (1,1) = P(r,t)/(2U) (15)

It is also known from Section 3.3 that, at the same moment, the photon flow rate is basically
uniform distribution at the different positions near the center, and each small detector has a 1 mm??
area, which can be used to calculate the curve of energy changing with time at any detector. A curve in
which the energy of the detector received by the GEANT4 Simulation (2,10,1) is changed over time.
The results obtained from the GEANT4 simulation are compared with those of the numerical solution
of the diffusion theory in the form of stochastic partial differential equations (Fig. 7).

6000

GEANT4
* spde

5000 [

4000 [

3000 [

energy [ J]

2000 [

1000 |

0.2 0.3 0.4 0.5
time [ns]

Figure 7: The temporal fluence for a homogenous cubic medium in comparison to the SPDE

4 Discussion

In this study, we propose and study the numerical solution of the stochastic partial differential,
based on the GEANT4 simulation of the Cherenkov of ** F radioisotope in muscle. The study shows
that the form of stochastic partial differential equation is more helpful to simulate the radiation-
induced optical transmission in biological media.

It is known from Section 3.4 that the numerical solution of the SPDE has a high degree of
coincidence with the photon attenuation process obtained by the GEANT4 simulation. In Fig. 7,
when ¢ in 0.5~0.8 ns, the error is caused by a sudden increase in energy due to random selection.
In addition, output rate of Cherenkov is low, and the attenuation is serious, which seriously affects the
quality of Cherenkov biological imaging. It is known from Section 3.3 that the numerical solution of
the stochastic partial differential equation and the common steady-state diffusion equation are inferior
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to one order of magnitude. In this paper, the numerical solution of the stochastic partial differential
equation is larger, and the problem of poor Cherenkov imaging quality may be alleviated to some
extent. The results obtained from the GEANT4 simulation are compared with those of the numerical
solution of the diffusion theory in the form of stochastic partial differential equations (Fig. 7). This
study shows that the form of stochastic partial differential equation is more helpful to simulate the
radiation-induced optical transmission in biological media.

5 Conclusion

When the time resolution is high enough, the numerical solution of the stochastic diffusion
equation is better than the numerical solution of the steady-state diffusion equation, which may
provide a new way to alleviate the problem of Cherenkov luminescent imaging quality. This study
shows that the form of stochastic partial differential equation is more helpful to simulate the radiation-
induced optical transmission in biological media.
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