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Optical imaging is an emerging technology capable of qualitatively and quantitatively
observing life processes at the cellular or molecular level and plays a significant role in
cancer detection. In particular, to overcome the disadvantages of traditional optical
imaging that only two-dimensionally and qualitatively detect biomedical information, the
corresponding three-dimensional (3D) imaging technology is intensively explored to
provide 3D quantitative information, such as localization and distribution and tumor cell
volume. To retrieve these information, light propagation models that reflect the interaction
between light and biological tissues are an important prerequisite and basis for 3D optical
imaging. This review concentrates on the recent advances in hybrid light propagation
models, with particular emphasis on their powerful use for 3D optical imaging in cancer
detection. Finally, we prospect the wider application of the hybrid light propagation model
and future potential of 3D optical imaging in cancer detection.

Keywords: hybrid light propagation model, radiosity theory, diffusion approximation, simplified spherical harmonics
approximation, optical imaging, cancer detection
1 INTRODUCTION

Most of the current clinical detection of tumors relies on morphological changes occurring for
discrimination, which makes it difficult to see accurately at an early stage. Scientists are working to
find a new way to combat this problem. The molecular changes of the tumors are usually earlier
than their morphological changes. Optical imaging (OI) has emerged as a strong competitor for
early tumor detection due to its ability to observe biological processes at the molecular or cellular
level and its high sensitivity, high spatial and temporal resolution, and low cost (1). The optical
window from 400 to 1,700 nm is commonly used in OI, and in particular, light in the near infrared II
region at 1,000 to 1,700 nm can be used for deep tissue imaging (2–4). Usually, OI is the acquisition
of optical signals emitted from the body surface of a living organism, which can reflect the early
molecular changes of lesions in the body. Such two-dimensional (2D) planar imaging cannot
provide accurate depth and location information of the target and is also difficult to provide accurate
quantitative information. By combining the anatomical structure of the organism and optical
parameters of biological tissues, the corresponding three-dimensional (3D) imaging technology,
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called optical tomography (OT), can obtain the spatial
localization and distribution, as well as the quantitative
information of the targeted probes inside the body from the
2D optical images measured on the body surface (5). This is an
important method for quantitative detection of early tumor.

In OT, 3D image reconstruction involves two aspects, namely,
the construction of an imaging model that describes the interaction
of light with the biological tissues and the development of source
reconstruction algorithm for solving the imaging model. Usually,
the interaction of light with biological tissues can vary depending
on the wavelength of light and the type and characteristics of the
tissue. Thus, we need to fully understand and model the various
types of interactions between light and biological tissues (6). The
propagation mode and process of light in biological tissues directly
affect the results of 3D image reconstruction in OT. Building an
accurate and fast imaging model, that is, how to describe the
propagation of light accurately and fast through biological tissues,
is an important prerequisite and foundation for accurate 3D image
reconstruction in OT. In the field of OT, the radiative transfer
equation (RTE) is usually used to model the process of light
propagation in biological tissues (7). However, the RTE can only
be solved in a few simple cases. In real biological tissues, it is hard to
obtain the solution, which greatly limits its application in OT. In
practical applications, various approximation models for RTE are
usually used to describe the light propagation process in biological
tissues, including theMonte Carlo (MC) simulation (8, 9), diffusion
approximation (DA) (5), simplified spherical harmonics
approximation (SPN) (10), spherical harmonics approximation
(PN) (11), discrete ordinates approximation (SN) (12, 13), and
phase approximation (PA) (14). The different approximation
models have their own advantages, disadvantages, and scope of
application. For example, the MC simulation is regarded as the
golden standard for describing the light propagation in biological
tissues. However, in practical application, it is difficult to bear the
cost of computing time. As the first-order approximation of RTE,
DA is the fastest model for describing light propagation in tissues,
but its accuracy is limited, especially in the low-scattering region,
the high absorption region, and at boundaries. Higher-order
approximation models, such as SPN, PN, SN, and PA, can provide
a more accurate description of the light propagation process in
biological tissues with different optical properties, but similar to the
MC simulation, they are more time costly (14–19).

Biological tissues are very complex, with a wide variety of
tissue structures and variability in the parameters of optical
properties (20). Therefore, it is difficult to describe the
propagation of light rapidly and accurately through complex
biological tissues using the single approximate model described
above. The coupling of different approximation models, and thus
constructing a hybrid light propagation model, is a promising
solution. Several hybrid light propagation models have been
developed to deal with these problems in recent years,
including hybrid models for solving non-scattering problems
(21–27), hybrid models for solving problems with different
scattering characteristics (28–30), and models that can solve
both types of problems simultaneously (20). These hybrid
models are also applied to OT and enable 3D localization and
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quantitative detection of tumors in vivo, as well as longitudinal
monitoring of tumor growth (20, 28, 31). In this review, we
concentrate on the recent advances in hybrid light propagation
models, including the concept and purpose of the hybrid model,
the construction of the models, and their powerful use for 3D
optical imaging in cancer detection. Finally, we prospect the
wider application of hybrid light propagation models and future
potential of 3D optical imaging in cancer detection.
2 LIGHT PROPAGATION MODELS

2.1 Light Propagation Models
The propagation behavior of light in biological tissues is complex
and diverse, which is related to the properties of light, the
structure of biological tissues, and the physical, chemical, and
biological properties of biological tissues, including reflection,
absorption, scattering, refraction, and transmission. In OI, it is
assumed that the scattering of light is completely elastic
scattering, that is, scattering only changes the direction of light
transmission without changing its frequency. The absorption of
light is assumed to be complete absorption. It is well known that
the RTE can accurately describe the propagation process of light
in biological tissues (32).

1
c
∂ L(~r, ŝ , t)

∂ t
= −ŝ ·∇L(~r, ŝ , t) − mtL(~r, ŝ , t)

+ ms

Z
4p

L(~r, ŝ
0
, t)p(ŝ

0
· ŝ)dW

0
+ S(~r, ŝ , t) (1)

where (~r, ŝ , t) is a coordinate representing spatial position,
angular direction, and time; c is the light speed in biological
tissues; mt = ma + ms is the attenuation coefficient, where ma is the
absorption coefficient and ms is the scattering coefficient; L(~r, ŝ , t)
is the energy in the direction ŝ ; p(ŝ

0
· ŝ) is the scattering phase

function; and S(~r, ŝ , t) represents the spatial distribution of the
light emission source.

As mentioned earlier, the time cost and complexity of the
model calculations make the RTE model impractical for
application in practical imaging of living organisms. Among
the light propagation models based on RTE and its
approximation, MC simulation, DA, and SPN are the most
frequently chosen in OT.
2.1.1 Monte Carlo Simulation
MC is a random sampling and statistical test method for solving
RTE.As an early stochasticmodeling technique applied to radiative
transfer problem, MC was first introduced into optical transfer
problem (8).Wang et al. developed a simulation software (MCML)
for optical transmission in multilayer flat media in 1995, which is
used widely even today due to its user-friendliness (9). Li et al. and
Ren et al. developed the molecular optical simulation environment
(MOSE), which can simulate the light transmission in complex
media in both two and three dimensions (33, 34).
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In theMCmethod, the radiation of light source is assumed to be
photon flow and then discrete into a certain number of photons.
The transmission process of many photons in the medium is
simulated to solve the optical transmission problem. The
transmission process of photons in media is divided into three
parts: the generation of photons, the transmission of photons, and
the termination of photons. The generation of photons is to
determine the initial state of various properties of a single photon
according to the shape, energy, and other optical properties of the
light source. The properties of photons include wavelength, weight,
position, transmission direction, step size, and so on. In the
transmission process, photons need to change their own state
according to the geometric structure and optical properties of the
medium. The information of the medium is deterministic, but the
change in photon state is uncertain. This uncertainty in photon
transport is the unique characteristic of theMCmethod. Therefore,
using the MC method to solve RTE needs a lot of photon
transmission simulation to ensure the accuracy of the results. In
the process of photon transmission, due to some reasons, the
transmission behavior is terminated, and the transmission
process is no longer continued. There are many reasons for
photon termination, such as being completely absorbed by the
medium, passing through the outermost boundary of the medium
and entering the surrounding environment, or being received by
the detector.

2.1.2 DA-Based Light Propagation Model
DA is the first-order approximation of RTE, which is derived
when the medium in which the light transmission takes place is a
highly scattering medium. Because of its low computational
complexity and high efficiency, DA is the most widely used
light propagation model in OT (35–37). The steady-state form of
the DA equation can be expressed as (5):

−∇ · D(~r)∇F(~r) + ma(~r)F(~r) = S(~r) (2)

whereF(~r) is the photon flux density at position~r; S(~r) is the photon
flux density of light emission source; and D(~r) is the diffusion
coefficient and defined as D(~r) = (3(ma(~r) + (1 − g)ms(~r)))

−1,
where g is the anisotropy factor.

In OT, the imaging experiment is usually performed in a
totally dark environment, so that no photons from the external
environment enter. The boundary conditions can be divided into
matched boundary conditions without reflection and
mismatched boundary conditions with reflection. The
refractive index matched boundary indicates that the refractive
index of the biological environment on both sides of the
boundary is the same. On the contrary, the refractive index of
the biological environment represented by the mismatch
boundary is different. In OT, the boundary between the
biological tissue and environment we encounter has reflective
behavior, and the Robin boundary condition is usually used (38).

2.1.3 SPN-Based Light Propagation Model
In OT in the near infrared light band, the use of DA to describe
the light propagation process is efficient and accurate.
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However, its accuracy is conditional on the medium through
which the light is transmitted having high-scattering properties.
Another model that is commonly used in OT is the SPN (39–42).
Compared with DA equation, the SPN equation can describe the
optical propagation process more accurately and is not limited by
the optical properties of biological tissues. As a higher-order
approximation to the RTE (18), the SPN has higher accuracy than
the lower-order DA, but also brings greater computational
complexity and time cost, especially when the order N is higher.

As the accuracy of the SPN model does not improve greatly
with increasing the order N, a third- or fifth-order SPN model is
usually used in OT. According to a large number of experimental
investigations, when N is set as 3, the SPN equation can achieve
higher accuracy and computational efficiency. Here, the concrete
form of SP3 as well as its boundary condition is given:

−∇ · 1
3ma1(~r)

∇F1(~r) + ma(~r)F1(~r) −
2
3 ma(~r)F2(~r) = S(~r)

−∇ · 1
7ma3(~r)

∇F2(~r) −
2
3 ma(~r)F1(~r) +

4
9 ma(~r) +

5
9 ma2(~r)

� �
F2(~r) = − 2

3 S(~r)

8<
:

(3)

whereF1(~r) andF2(~r) are the composite moments related to the
flux density at node of ~r; mai = ma + ms (1 – gi)(i=1,2,3) are
absorption-related coefficients.

2.2 Hybrid Models for Solving
Non-Scattering Problem
Non-scattering tissues, also called void region, are a kind of
special area in an organism, such as gastric cyst, gallbladder,
intestine, esophagus, and cerebrospinal fluid. Near infrared
optical imaging and OT are increasingly being used to monitor
brain oxygenation, hemodynamics, and gastric cancer detection.
All these applications have encountered non-scattering problem.
It has been shown that the presence of a void region even if it is
only 2 mm in size can significantly affect the accuracy of optical
tomographic results (43). Therefore, the void problem must be
solved in OT. The light propagation in a void region is a different
process to that in a scattering medium. In the void region, light is
transmitted along a straight line, rather than being a diffuse
process. Several methods have been developed to solve such void
problem and summarized as follows.

2.2.1 Hybrid Monte-Carlo-Diffusion Model
The MC method is regarded as the golden standard to simulate
light propagation in a turbid medium. Thus, the MCmethod can
also be used to process light propagation in void regions. Hayashi
et al. proposed a hybrid Monte-Carlo-diffusion method (22, 44),
in which the MC method was used to deal with the void problem
accurately, and the DA equation was used in the scattering
regions. They applied this hybrid model to solve the
heterogeneity of the tissues in a head, especially the
cerebrospinal fluid (CSF). The hybrid model was verified by
comparison with the calculation of the MC method. Results
showed that the head model calculated by the hybrid method was
in good agreement with the results calculated by MC method,
while the results calculated only by DA have obvious errors
caused by the effect of the CSF layer. Furthermore, the
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computation time of the hybrid model is much shorter than that
of the MC method.

2.2.2 Hybrid RTE–DA Model
The RTE is the most accurate model for describing the process of
lightpropagationwithinbiological tissues. It canaccuratelydescribe
light propagation in biological tissues with different scattering
properties. In 2005, Tarvainen et al. presented a hybrid model
that coupled the RTE andDA, which can solve the problem of light
transmission in low-scattering and non-scattering regions (24, 45).
In this model, RTE is used as the model of light propagation in the
subdomain, in which the assumption of DA is not valid. These
subdomains include the proximity of the source, boundary, low-
scattering, and non-scattering regions. DA is applied as a forward
model to other regions outside the mentioned regions. The two
equations are coupled through boundary conditions and solved by
the finite element method. The hybrid model was validated with a
2D simulationmodel, and the results were comparedwith the RTE,
DA, andMC simulation. The results showed that the hybrid RTE–
DA model gives almost the same results as the RTE and MC
simulation but requires less computing burden. The developed
hybrid RTE–DA model can be expressed as:

iv
c + ŝ ·∇ + ms + ma

� �
f ~r, ŝð Þ = ms

Z
Sn−1

f(~r, ŝ 0)Q(ŝ , ŝ 0)dŝ 0 + S(~r, ŝ ),~r ∈ WRTE

f(~r, ŝ ) =
f0(~r, ŝ ),~r ∈∪j xj , ŝ · n̂ < 0

0,~r ∈ ∂WRTE,out ∪j xj , ŝ · n̂ < 0

(

f(~r, ŝ ) = 1
Sn−1j j F(~r) − n

Sn−1j j ŝ · k∇F ~rð Þð Þ,~r ∈ G

−∇ ·k∇F(~r) + maF(~r) + iv
c F(~r) = S0(~r),~r ∈ WDA F(~r) =

Z
Sn−1

f(~r, ŝ )dŝ ,~r ∈ G

(4)

Here, all the parameters that do not appear can be found in (24)
for detailed description.

Subsequently, Gorpas et al. first implemented the hybrid
RTE–DA model in 3D and applied it to fluorescence molecular
imaging (FMI) in 2010 (46). In their study, a hyperellipsoid
model was used to mimic the tumor lesion. Similarly, the hybrid
RTE–DA model was also compared with the RTE and DA
models. The experimental results showed that the hybrid RTE–
DA model is much closer to RTE, even in the DA subdomain.
Although the hybrid RTE–DA model does not present
computational times close to the rapid DA, it is still faster than
the RTE forward solver, where the RTE–DA saved about 50% of
computational time cost compared with the RTE forward solver
in experiments (24). The authors analyzed that most of the
computational time required for the hybrid RTE–DA model is
spent solving the phase function. With the phase function
calculated in advance, the hybrid model can achieve
convergence at the same time as the DA calculation. In 2012,
the hybrid RTE–DA model was applied to the digital mouse for
the first time, which is modified to form a forward solver for
dual-coupled FMI (25). The results were compared with those of
the MC method and the RTE and showed that the proposed
forward solver can approximate the RTE and MC method with
an accuracy better than 95%, while the accuracy of the DA is
approximately 10% lower.
Frontiers in Oncology | www.frontiersin.org 4
2.2.3 Incorporating Radiosity Equation in the
Hybrid Model
The radiosity equation can also be applied to describe light
propagation in the void region. Thus, it can be incorporated with
the DA or higher-order approximation of RTE to construct the
hybrid light propagation model. In such hybrid model, the DA or
higher-order approximation of RTE is used to model the light
propagation in scattering medium, and the radiosity equation is
employed to characterize light propagation in the void region.

In 1996, Arridge et al. proposed a hybrid method specially
designed to deal with zero scattering problem (21) and a
predecessor to the hybrid radiosity-diffusion model (HRDM) in
which they used DA for the scattering area and applied the linear
light propagation properties to the cavity region. This hybrid
model was validated with a simple flat plate model by comparing
with the MC simulation and experimental results. The
experimental results show that the existence of a clear layer has
a significant effect on the light distribution. This effect can be
accurately simulated by Monte Carlo, but not by diffusion
approximation. The experimental results of the proposed hybrid
model are consistent with those of Monte Carlo simulation.

In 2000, the HRDM was formally proposed and combined with
thefinite elementmethod for numerical calculation,which enhanced
the geometrical flexibility of the hybrid model (47). In their work, all
aspects of the implementation were explained and how to extend the
analysis to frequency domain and time domain problems was given.
Immediately afterwards, they explored the influence of void regions
on diffuse optical tomography and completed a 3D expansion of this
hybrid model (48). To our knowledge, this is the first assessment of
optical tomography in a 3D geometry involving voids. In 2012, Chen
et al. extended theHRDMto a 3Ddigitalmousemodel and applied it
to bioluminescence tomography (BLT) (31). The advantages of the
BLT based on this hybrid model for the detection of cavity-based
tumors were confirmed by comparison with the DA. The concise
form of the HRDM can be expressed as (31):

−∇ ·½D(~r)∇F(~r)� + ma(~r) F (~r)

= S(~r) +
Z
B

1
p
Jn ~r0
� �

G ~r0,~r
� �

dB (5)

where B is the interface between the scattering and void regions,
Jn(~r

0) is the light flux rate formed at the interface B and directed
toward the interior of the cavity, and G(~r0,~r) is the photon
transfer function between different points of the interface B.

As previously described, DAhas high accuracy only in the high-
scattering region and poor accuracy at low scattering, high
absorption, or at the source and boundary. In living organisms,
low-scattering, high absorption regions are always present
alongside high-scattering and no scattering regions. In this case,
HRDM is not suitable for whole-body imaging of small animals. To
solve this problem, Yang et al. developed a novel hybrid light
propagation model that couples the SPN with the radiosity
equation (HSRM) (26). Similarly, the radiosity equation was used
to characterize light propagation in void regions. The difference is
that the SPN was employed to handle the propagation of light
through a scatteringmedium. The hybrid model was also validated
September 2021 | Volume 11 | Article 750764

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. Hybrid Light Propagation Model
with the digital mouse model, and relevant results showed that it
provided high performance for light propagation in media with
non-scattering, low-scattering, high-scattering, and high
absorption heterogeneities. The HSRM was also selected as the
forwardmodel of the BLT for gastric cancer detection (27), and the
results proved that the HSRM-based 3D optical imaging can
significantly improve the accuracy of the HRDM-based one.

2.2.4 Other Models
In 2013, Lehtikangas et al. continued to study hybrid models and
proposed a method for developing a hybrid model by combining
forward-peaked scattering approximations of the RTE and diffusion
approximation (49). In this model, the computational domain was
divided into two subdomains. The Fokker–Planck equation or the
Fokker–Planck–Eddington equation was used in the subdomains in
which theDAisnotvalid, suchas close to the sourceandboundary, in
low-scattering regions, and so on. The DA is used in high-scattering
regions.The twokindsof equations arecoupledat the interfacesof the
subdomains with boundary conditions and solved simultaneously
using thefinite elementmethod.Theproposedmethodswere verified
with a realistic head geometry by comparing with the RTE, DA, and
the hybrid RTE–DA model. The results show that the proposed
models can be used to describe light propagation in heterogeneous
tissues, also with low-scattering regions such as the cerebrospinal
fluid in the brain, with almost the same accuracy as the RTE but with
reduced computational load.

2.3 Hybrid Models for Solving Different
Scattering Regions
Inabiological body,biological tissueshaveverydifferent tissueoptical
properties, including tissues with different scattering properties,
tissues with different absorption properties, and being very
dependent on both the type of tissue and the wavelength of light.
In order to find a solution for light propagation in N-layered turbid
media with different scattering properties, the hybrid diffusion-P3
equation was developed for an N-layered finite or infinite turbid
medium in the steady-state domain for one point source using the
extrapolated boundary condition (50, 51). The main difference
between the DA and the hybrid diffusion-P3 equation is the
diffusion coefficient used in the DA and the asymptotic diffusion
coefficient of the hybrid diffusion-P3 equation. With the decrease of
the absorption coefficient, the values of these two coefficients tend to
be the same, and the solutions of the DA and the hybrid diffusion-P3
equation are basically the same.The corresponding results concluded
that the hybrid diffusion-P3 equation is closer to the Monte Carlo
simulation than theDA, so that the hybrid diffusion-P3 equation can
replace theDA for light propagation in turbidmedia for awide range
of absorption coefficients.

To avoid the limitations of the SPN and DA in describing light
propagation in biological tissues, Chen et al. proposed a hybrid SPN
withDA (HSDE)model, inwhich theDAwas selected for describing
light propagation in high-scattering tissues and the SPN was used for
other scattering tissues, including lowscattering,highabsorption, and
so on (29, 52). In their study, the living bodywas first segmented into
several major organs, and these organs were classified into high-
scattering tissues and other scattering tissues. They established a
boundary coupling condition to combine the SPN and DA to finally
Frontiers in Oncology | www.frontiersin.org 5
form the hybrid model. The performance of the hybrid model was
validated with both regular geometries and digitalmousemodel, and
results revealed that theHSDEmodelmakes fulluseof theadvantages
of SPN and DE in terms of accuracy and efficiency. Subsequently,
Chen et al. andWang et al. applied the HSDE model as the forward
imaging model for fluorescence molecular tomography (28),
multispectral Cerenkov luminescence tomography (53), and X-ray
luminescence computed tomography (54), respectively. The concise
form of the HSDE model can be expressed as (29):

−∇ ·Ck,∇F1
(~r)∇F1(~r) −∇ · Ck,∇F2

(~r)∇F2(~r)

+ Ck,∇F1
(~r)F1(~r) + Ck,∇F2

(~r)F2(~r)

= Ck,S(~r)S(~r) (6)

Here, the relevant parameters can be found in detail in (29).

2.4 Adaptively Alternative Light
Propagation Model
Inwhole-body imagingof living small animals, biological tissueshave
complex tissue specificities, including the heterogeneity in organ
structure anddiversity in tissueopticalproperties.Differentbiological
tissues respond differently to light at the same wavelength, and the
same biological tissue also responds differently to light at different
wavelengths. There is therefore an urgent need for an imagingmodel
in OT that can accurately and efficiently handle light propagation in
biological tissues in this complex situation. To address this problem,
Chen et al. proposed an adaptively alternative light transport model
and its correspondingoptical 3D imagingmethod for thedetectionof
in situ gastric cancer (20). In this hybrid model, the authors used the
DA to describe light propagation in the high-scattering tissues,
the SPN for the low-scattering or high absorption tissues, and the
radiosity equation for the void regions. These three equations were
coupled by constructing corresponding boundary conditions at
different types of biological tissue boundaries. The coupled unified
form was also termed as the hybrid SPN–DA–radiosity (HSDR)
model. The so-called adaptation refers to the selection of the most
appropriate equation to describe the light transport process in
biological tissues. The HSDR model makes full use of the specificity
of the biological tissues, including both the anatomical structure and
optical properties, which facilitates to improve both the quality and
efficiencyof the reconstructed images. The concise formof theHSDR
model can be expressed as (20):

s(~r) �∇ · xi,∇ji
∇ ji(~r) + o

(N+1)=2

j=1
xi,jj

jj(~r)

( )

+d (i − 1)(1 − s (~r)) �∇ · 1
3(ma+(1−g)ms)

∇ j0(~r) + maj0(~r)
n o

= s (~r) xi,SS(~r) + o
(N+1)=2

j=1

Z
Bv
h(~r,~r0)

xi,Sbjjj(~r
0) cosq cosq 0

p j~r −~r0j2 e−mav~r−~r
0j jdB

( )

+d (i − 1)(1 − s (~r)) S(~r) +
Z
Bv

h(~r, r0)
b0j0(r

0) cosq cosq 0

p j~r − r0j2 e−mav~r−~r
0j jdB

� �
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~r ∈ Whs ∪ Whs ∪ Bv ,~r
0 ∈ Bv

s(~r) o
(N+1)=2

j=1
xbi,∇jj

n ·∇jj(~r) − o
(N+1)=2

j=1
xbi,jj

jj(~r)

( )

= d (i − 1)(1 − s (~r)) 1+B1
3(ma+(1−g)ms)

n ·∇j0(~r) − ( 12 + A1)j0(~r)
n o

,  

  ~r ∈ ∂W ∪ Bv  

j1(~r) = j0(~r),       j2(~r) = 0,    ⋯⋯,  jN(~r) = 0  ,~r ∈ Bhl

(7)

Here, the relevant parameters can be found in detail in (20).
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3 HYBRID LIGHT PROPAGATION MODEL-
BASED OPTICAL TOMOGRAPHY

Using numerical discretization methods, the above hybrid
models can be transformed into the form of a matrix equation
describing the relationship between the internal signal emission
source and the light flux density on the surface of the body:

AS = B (8)

Here, A is the system matrix determined from the mesh node
distribution and the optical properties information, S is the
vector constructed by the internal signal emission source, and
B is the photon density measured on the discretized
boundary nodes.

Optical tomography is the solution to the signal emission
source S based on the measured light flux density B. The solution
of Eq (8). is of highly ill-posedness due to the severely deficient
nature of the measurement data and is usually solved by
transforming it into an objective optimization problem. The
objective optimization problem can be written as a minimization
problem as follows:

min AS − Bj j (9)

The minimization problem of Eq (9). can be solved by many
iterative optimization algorithms.
4 APPLICATIONS OF THE HYBRID
MODELS IN CANCER DETECTION

The light propagation model is the basis and prerequisite for the
3D reconstruction of OT and directly affects the accuracy and
efficiency of OT. When applying OT to tumor detection, the site
where the tumor is located needs to be considered. Tumors at
different sites or organs may have different requirements for the
light propagation model to be used for OT. For example, if we
want to detect gastric cancer with cavity characteristic, or liver
cancer with low-scattering characteristic, the effect of the void or
low-scattering region on light propagation should be considered
when constructing the light transport model. In this section, we
focus on summarizing the applications of the hybrid light
propagation models to tumor detection.

4.1 Applications of the Hybrid Models in
Gastric Cancer Detection
There are two challenging problems encountered in 3D optical
imaging of in situ gastric cancer. Firstly, the stomach is a cavity-like
organ and it has been shown that when the cavity size reaches 2 mm
it has a large impact on the results of OT (43). Secondly, the
stomach is spatially encapsulated by organs such as the muscle and
liver, which have completely different scattering properties. For
example, at the wavelengths commonly used in OT, muscle is a
high-scattering tissue, while liver is a low-scattering tissue.
Therefore, for the detection of in situ gastric cancer using OT
technology, a hybrid light propagation model that can handle the
cavity problem is needed to ensure tumor detection accuracy.
Frontiers in Oncology | www.frontiersin.org 6
In 2012, Chen et al. compared the performance of HRDM and
DA in solving the cavity problem in BLT and applied HRDM to
the detection of in situ gastric cancer, as shown in Figure 1. The
results showed that the distribution of tumor cells reconstructed
by the HRDM-based BLT was more consistent with those
observed at autopsy than the DA-based approach (31). To
further address the effect of the presence of low-scattering
tissue around the stomach on HRDM, Chen et al. subsequently
applied the HRSE to bioluminescence tomographic detection of
gastric cancer in situ (27). Both the localization and distribution
of tumor cells obtained by the HRSE-based BLT were better than
those of the HRDM, revealing the applicability and superiority of
the HRSE in the application of gastric cancer detection.

In 2016, Chen et al. applied the adaptively alternative light
transport model, also called the HSDR model, to BLT for
longitudinal and quantitative monitoring of gastric cancer in
live animal (20). Approximately 5 × 106 SGC7901-Luc-GFP cells
were injected into the stomach wall of mice to construct in situ
gastric cancer-bearing mouse models. At the points of 2, 11, 21,
and 28-plus days after injection of tumor cells, the optical images
were acquired from the body surface and the tumor information
was retrieved using the HSDR-based BLT method. Figure 2
presents the corresponding reconstructed results. The results
showed that the reconstructed elements localized the tumor
lesion well. Both the reconstructed tumor volume and power
density increased progressively over time and were consistent
with the measured tumor volume growth trend.

4.2 Applications of the Hybrid Models in
Liver Cancer Detection
Very similar to the stomach which has special characteristics, the
liver also has its own special characteristics, including the fact
that it is usually considered a low-scattering tissue and is
surrounded by high-scattering tissues such as muscle, kidney,
and heart. This leads to a breakdown of the DA-based OT as well
as a heavy computational burden for the SPN-based OT. Chen
et al. applied the HSDE model to fluorescence tomography for
in situ detection of liver cancer in living animal (28).
The localization and distribution of inoculated HCC-LM3-
fLuc-GFP cells were well reconstructed by using the HSDE-
based fluorescence tomography (Figure 3). The location of the
reconstructed tumor cells was of good consistency with the
dissected image of bioluminescence imaging, demonstrating
the HSDE model has great application potential for in situ
detection of liver cancer.
5 CONCLUSION AND PERSPECTIVE

We present above an account of recent advances on the hybrid
light propagation models, with particular emphasis on their
powerful use for 3D optical imaging in cancer detection. An
accurate and efficient light propagation model is the core task
and premise for building accurate and fast 3D optical imaging
methods and technologies. With further development of the light
propagation model, and in particular the integration with hybrid
models into OT, we believe that 3D optical imaging would be a
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powerful tool with a great potential in the quantitative detection
and longitudinal monitoring of in situ cancer. For example, with
a more accurate forward model, optical imaging can achieve a
0.3-mm deviation for localization and 6.5% quantitative
deviation for energy power of a lesion (55). We anticipate
some discussions in the future development of the hybrid
model as well as its applications in OT, which provides
perspective as well as challenges for researchers.

In order to be widely used in OT for the application of cancer
detection, hybrid light propagation models need to fuse the
advantages of both accuracy and efficiency. The future
development direction of the hybrid model is to further
improve calculation accuracy and speed. This can be worked
on in two aspects. Firstly, a new hybrid light propagation model
can be constructed that guarantees the accuracy and speed by
using higher-order approximations of RTE and the acceleration
algorithms. The first problem to be faced in constructing a hybrid
light propagation model is to establish the coupling between
different equations. This coupling relationship enables the
conversion of different physical quantities between equations.
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How to ensure the accuracy and efficiency of the coupling
between the higher-order approximation and the lower order
approximation of the RTE is also a problem being addressed in
the study of hybrid light propagation models. Secondly, a more
accurate tissue classification method can be established. The
individual differences of optical properties and the errors in
tissue segmentation would affect the accuracy of tissue
classification, which in turn affects the accuracy of the hybrid
light propagation model and the accuracy of the 3D optical
imaging. In addition, a deep learning framework, which has
recently emerged in OT, can be incorporated into the
construction of the hybrid light propagation model to improve
accuracy and computational burden (56–59).

Another promising direction is the application of hybrid light
propagation models. Currently, there are many studies on the
construction of hybrid models, and various hybrid models have
been proposed. However, relatively few preclinical applications
based on these hybrid models have been carried out. This is most
likely due to the complexity and efficiency of existing hybrid light
propagation models. By providing 3D quantitative information,
A

B

C

D

E

FIGURE 1 | Application of the hybrid radiosity-diffusion model in the detection of in situ gastric cancer. (A, B) Results of the HRDM-based BLT, (C, D) those of the
DE-based BLT, and (E) the necropsy observation of the tumor lesion. Adapted with permission from (31).
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A B

C D

FIGURE 2 | Application of the adaptively alternative light transport model in longitudinal and quantitative monitoring of in situ gastric cancer. (A–D) Correspond to
the time points of 2, 11, 21, and after 28 days of tumor formation. Adapted with permission from (20).
A

B

C

FIGURE 3 | Application of the HSDE model in the detection of in situ liver cancer. (A) Laparotomy results with the liver exposed and imaged using bioluminescence
imaging, (B) reconstructed result by the HSDE-based fluorescence tomography, and (C) relevant local enlarged image. Adapted with permission from (28).
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such as localization, distribution, and volume of the targeted probe,
3D optical imaging has become an important tool in the field of
biomedical science. Because of having the ability to achieve an
optimal compromise between accuracy and efficiency, hybrid light
propagation models and corresponding 3D optical imaging
techniques offer significant advantages in preclinical whole-body
imaging of small animals, including quantitative detection and
longitudinal monitoring of in situ tumor and dynamic monitoring
and assessment of drug metabolism in vivo. In addition to cancer
detection, hybrid light propagation models can be used to address
other applications, suchas the cerebrospinalfluid-filledventricles in
the brain (44, 47).
Frontiers in Oncology | www.frontiersin.org 9
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