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Abstract

Studying the interaction of optical wavelength radiation with biological tissues can be used in various biomedical applications, including
estimating the absorbed dose of laser radiation during laser-induced therapy. The fraction of absorbed radiation can be estimated using Monte
Carlo and adding-doubling simulations. In this paper, we compare the simulation results obtained using the two methods for multilayered models
of biological tissues of the trachea and colon. Both methods are used to calculate the absorbed dose based on the specified optical properties
of tissues under several types of illumination. Similar incident beam geometries demonstrated repeatability of 94+3% for a collimated beam and
95+3% for an isotropic/diffuse source. The advantage of the adding-doubling method is its higher computational speed compared to the Monte
Carlo method, while Monte Carlo simulation allows for varying a larger number of parameters when specifying the illumination conditions of the
sample. The data obtained can be used to optimize dosimetry in photodynamic therapy.

Key words: optical property, adding-doubling method, Monte Carlo method, multilayer biological tissue, absorbed dose, laser dosimetry.
Contacts: Krivetskaya A.A., e-mail: annakrivetskaya1998@gmail.com

For citations: Krivetskaya A.A., Savelieva T.A., Kustov D.M., Levkin V.V., Kharnas S.S., Loschenov V.B. Investigation of methods for modeling light
propagation in multilayer biological tissues for calculating the absorbed dose of laser radiation, Biomedical Photonics, 2026, vol. 15, no. 1, pp. 19-29.
doi: 10.24931/2413-9432-2026-15-1-19-29

UCCJIEJOBAHUE METOOQOB MOJEJIMPOBAHUA
PACIMPOCTPAHEHUS CBETA B MHOTOCJIOMHBIX
BUOJTIOTUYECKUX TKAHAX OJ19 PACHETA
NOrMOLWEHHOM 0O3bl TAZEPHOTO MU3JTYYEHMS

A.A. Kpuseukas'?, T.A. Casenvesa'?, [.M. Kycros', B.B. Jleskur3,

C.C. XapHxac?®, B.b. JloweHos'?

"Muctutyt obwen dusmkm um. A.M. MNpoxoposa Poccuiickoi akagemumn Hayk, Mocksa, Poccuma
2HaunoHanbHbIN UCCenoBaTensckmit aaepHbiit yHnsepcutet <MDKy, Mocksa, Poccus
*Yuusepcuterckas Knunnueckas 6onbHuua Nel Mepsoro MIMY um. Ceuerosa, Mocksa,
Poccus

Pesiome
M3yuyeHne npoLeccoB B3aMMOAENCTBUA N3yYeHUA B ONTUYECKOM [rana3oHe ANVH BOJIH C 6MOMOrMYecKMM TKaHAMU MOXKET NPYIMEHATb-
CA AN1A Pa3NINYHbIX BUOMEJULIMHCKNX NMPUMEHEHWIA, B TOM Y/C/e 1A OLeHKIN NOMOLWEHHON [j03bl Ia3ePHOT0 U3JTyYeHWA NPy NPOBeAeHNN
Na3epHO-NHAYLMPOBaHHON Tepanuu. OLieHKa oM MOMOLWEHHOTO N3/TyYeHNsA MOXEeT OCYLLeCTBIATLCA MPU MOMOLLM MOAENPOBaHMA METO-
namun MoHTe-Kapso v yaBoeHua-gobasneHus. B aaHHoi paboTte npoBeAeH CpaBHUTESNbHDBIN aHaN3 Pe3ybTaToB MOAENMPOBaHNA ABYMA Me-
ToflaMU ANA MHOTOC/IONHbIX MOAENEN 61oNornyeckrx TKaHel Tpaxeu n ToncToi KUWKU. Oba meTofa NPYMEHEHbI ANA pacyeTta NoroLeHHoN
[103bl MO 3aJaHHbIM ONTUYECKMM CBOWCTBaM TKaHel NPu HECKOMbKIMX BUAax ocBelleHnA. CXoxne reoMeTpurm nyyka napatoLlero nsyvyeHus
roka3sasin MOBTOPAEMOCTb C TOUHOCTbIO 94:+3% AnA KONIUMUPOBAHHOTO Myyka 1 95+3% Ana n3oTponHoro/auddysHoro nctouHvka. Mpe-
MMYLLECTBOM METOAA YABOEHNA-A06aBNeHNA ABNAETCA 60bLIaA BbIYNCITENbHAA CKOPOCTb MO CpaBHEHWIO ¢ MeTofoM MoHTe-Kapno, B To
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BpPEMs KaK Mpu MogennpoBaHum Metogom MoHTe-Kapno MOXXHO BapbripoBaThb 6oJbliee KONMYeCcTBO MapameTpoB MpU 3afaHnm YCoBUn
ocBelleHuns obpasua. MonyyeHHble AaHHble MOTYT UCMOMb30BaTbCA ANA ONTUMM3ALUN JO3UMETPUM B GOTOAMHAMUYECKON Tepanuu.
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Introduction

In biomedical optics, the results of researches on
modeling the propagation of light in biological tissues
can be used for various biomedical applications, such as
spectral diagnostics of photodynamic therapy, optical
biopsy and monitoring of tissue oxygenation (StO,),
as well as for predicting the absorbed dose of laser
radiation during laser-induced therapy [1, 2]. For a more
accurate description of the interaction processes of
optical radiation with real tissues, it is necessary to take
into account their multilayeredness, since the optical
properties of different layers can vary significantly,
which reduces accuracy if the tissue is considered
homogeneous.

Lightpropagationintissueisdeterminedbytheoptical
properties of the medium: the absorption coefficient (),
the scattering coefficient (1), and the anisotropy factor
(9). The absorption coefficient determines the probability
of photon absorption per unit path length in the tissue.
The main absorbers in biological tissues are hemoglobin,
water, lipids, and melanin [3]. The scattering coefficient
describes how often a photon changes direction in a
medium. In the ultraviolet and far-infrared ranges, the
contribution of scattering is relatively smaller compared
to intense absorption. In the spectral range of 650-1000
nm, scattering dominates over absorption, creating the
biological transparency window - the range in which
optical radiation penetrates most deeply into biological
tissue [4, 5]. The anisotropy factor (the average cosine of
the scattering angle) determines the direction of light
scattering.

Light propagation in biological tissues, which are
turbid, i.e., highly scattering, media, can be described
using radiative transfer theory. This theory ignores
certain wave properties of light, such as interference
and polarization, and considers only the transfer of
light energy in the medium. It is assumed that the
particle energy remains unchanged on average during
interaction, and the analysis is limited to studying
the propagation of monochromatic photons. The
fundamental equation of radiative transfer theory
incorporates the optical properties of the medium
(u, and ps). Spectral measurements of multilayered

biological tissues can yield values for parameters such
as diffuse reflectance Ry and transmittance (T, whose
values are determined by the optical properties of the
object being studied and the measurement conditions.

Various approximations are used to solve the
equations of radiative transfer theory. One of the
standard methods for numerical solution is the Monte
Carlo (MC) method [6, 7], which provides high accuracy
due to stochastic modeling of photon trajectories,
allows for the presence of layers with different values of
optical properties to be taken into account, but requires
significant computing resources and, accordingly,
time costs [8]. An exact solution to the radiative
transfer equation in biological tissues is only possible
numerically, making the Monte Carlo method one of the
most widely available and accurate tools for modeling
diffuse reflectance and transmittance. The Monte Carlo
method can be used both to solve the direct problem -
modeling the diffuse reflectance and transmittance of
a three-layer model of biological tissue based on given
optical properties — and to solve the inverse problem
- reconstructing optical properties based on diffuse
reflectance and transmittance values [9]. A series of
papers, including the first examples of simulating diffuse
reflectance from a semi-infinite scattering medium and
subsequent scalable methods for multilayer geometries,
showed that the Monte Carlo method can take into
account arbitrary distributions of M by and g, as well as
complex geometries and illumination conditions [10].
In particular, photon trajectory scaling methods can
significantly reduce calculation time for a wide range of
optical parameters [11].

The adding-doubling (A-D) method can also be
used to account for the multilayer nature of biological
tissues. It allows for the rapid calculation of integrated
reflectance and transmittance coefficients for layered
media using the reflectance and transmittance matrices
ofindividual layers. Due toits high speed, the A-D method
is widely used to describe the light field in multilayered
tissues and validate more complex models. However, the
classical A-D method assumes the homogeneity of each
layer and does not account for local inclusions. It is also
limited in its analysis of the spatiotemporal structure of
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the field, which limits its application in problems with
strong heterogeneity [12, 13].

Systematic comparative studies of the effects of
layers with different M My and g on diffuse reflectance
and transmittance in multilayer fabrics are scarce.
Based on publicly available data, there is only one study
comparing Monte Carlo and adding-doubling methods
for a single-layer sample [14]. In this paper, the results of
modeling diffuse reflection and transmission in models
of multilayer biological tissues using Monte Carlo and
adding-doubling methods are compared.

Materials and methods

Algorithms describing the propagation of light in
multilayer highly scattering media

The Monte Carlo method is one of the most frequently
used methods for numerically solving the equation of
radiative transfer theory. It involves determining the
trajectory of a photon in a medium before it is absorbed
or exits the medium based on the probabilities of
absorption, scattering, and the scattering angle. These
probabilities are determined by the optical properties of
the medium - the absorption and scattering coefficients,
as well as the anisotropy factor. Monte Carlo simulation
of light propagation in tissue was performed for various
incident beam geometries: from a point downward, from
a point isotropically, from a fiber with a radius of 0.125
mm and an numerical aperture (NA) of 0.37, a collimated
beam with a radius of 0.125 mm, and a Gaussian beam
with a radius of 0.125 mm. A schematic representation
of these incident beam geometries is shown in Fig.
1. In addition to the values of diffuse reflection and
transmission, the Monte Carlo method makes it possible
to determine the values of the fraction of absorbed
radiation, which can be used to estimate the absorbed
dose of laser radiation during laser-induced therapy.

The adding-doubling method can also be used to
solve the radiative transfer equation. It was proposed by
van de Hulstin 1963.The algorithm, as its name suggests,
consists of two parts. First, for each set of optical
properties corresponding todifferentlayersinthe sample,
a "doubling" process is performed. In the first step, the
diffuse reflectance Ry and transmittance (T) values are
calculated for a thin layer whose thickness allows for only
single scattering. The thickness is then doubled, and the
R, and T, values are determined for the new thickness.
This process is repeated until the final thickness of the
layer with a given set of optical properties is reached.
After the "doubling" process is complete for each set of
optical properties, an "addition" process is performed,
which involves calculating the diffuse reflectance and
transmittance values for the entire sample, including
layers with different sets of optical properties. To
simulate the diffuse reflection and transmission of a
multilayer models of biological tissues based on given

Puc. 1. BapuaHTbl reoMeTpumn nagatowiero u3ay4yeHus npu nona-
[laHMKn cBeTa B TKaHb A0 B3aMMOAEWCTBUSA C pacceuBaTensiMu u
nornoTUTeNsiMU: A — U3 TOYKU BHU3; B — U3 ToUKM u3oTtponHo; C —
13 BOJIOKHA C 3afjaHHbIM pajuycom v aneptypoi; D — konammupo-
BaHHbIN Ny4OK 3afaHHOro paguyca; E — rayccoB ny4yoK 3agaHHoOro
paguyca.

Fig. 1. Geometry options for incident radiation when light enters
the tissue before interacting with diffusers and absorbers: A —
from a point downwards; B — from a point isotropically; C — from
a fiber with a given radius and aperture; D — collimated beam of a
given radius; E — Gaussian beam of a given radius.

optical properties, an algorithm was used, implemented
in the Python programming language using the numpy,
scipy, and iadpython libraries developed by Scott Prahl
[15]. Light propagation in tissue was simulated for two
incident beam geometries: collimated and diffuse. The
fraction of absorbed radiation (A) was determined as
A=1-R,-T.

Mathematical models of multilayer media

In this study, the walls of hollow organs, such as
the trachea and colon, were chosen as examples of
multilayered tissues to allow considering different
illumination conditions. Absorbed dose dosimetry
is a practically significant task, for example, for the
personalization of the photodynamic therapy (PDT) of
the organs of the gastrointestinal tract, which performs
for the treatment of gastrointestinal cancers as an
adjunct to surgery, as well as for small tumors and as a
palliative treatment [17-19]. As for trachea, secondary
neoplasms of this organ are more common than primary
tracheal tumors and typically arise from direct invasion
of the trachea from primary malignancies in adjacent
structures, such as the thyroid gland, lungs, esophagus,
head and neck, or larynx. Examples of the effective use
of PDT exist for such cases [20, 21], as well as for primary
tumors of the trachea [22].

To achieve the objectives of this study, several
models of highly scattering media were proposed. First,
to compare and verify the modeling results, a single-
layer model with optical properties on average relevant
to the biological tissues proposed for study (trachea and
intestine) was proposed. More complex models were
constructed taking into account increasingly accurate
representations of the layers in the walls of these
hollow organs. Their geometries, optical properties and
thickness (d) are presented in Tables 1-5.

To perform the simulation, the tracheal wall was
represented as a four or six layer structure with specified
optical properties and thicknesses. The parameters for
each layer, for which the simulation was performed, such
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Ta6nuua 1

OnTU4yecKne cBOMCTBa OJHOCIONHON Mo enn
OGMOJIOrMYECKUX TKAHEN

Table 1

Optical properties of a single-layer model of biological
tissues

m

M, cm’ 3
u, cm’ 130
g 0.77
n 1.38
d, mm 2
Ta6nuuya 2

OnTuyecKkne CBOMCTBA CJI0EB MOAEeNM GUOJIOTMYECKOMN
TKaHU, UMUTUPYIOLLEN C/TON HaaXPALHULbI TPaxXeu
MeXAY CTM3UCTbIMU Ha AJINHE BOJIHbI 542 HM

Table 2

Optical properties of the layers of the biological tissue
model simulating the perichondrium layer of the trachea
between the mucosal membranes at a wavelength of
542 nm

Cnon 2
(HagxpAWHMLA)

MapameTp Cnon 1,3

(cnnsuncran)

M, cm’ 3.6 6.81
, cm’ 142 120
g 0.73 0.79
n 1.38 1.38
d, mm 0.45 0.1
Ta6nuua 3

OnTU4YEeCKne CBONCTBA YETbIPEXCIIONHOW MOAE/IN TPaxeu

Table 3
Optical properties of the four-layer trachea model

Cnon

TonwuHa
cnos, MM

M, 3.6 2
Cnmn3sncTas
MUCOSa 0.35 M 142 139
g 073 0.78
M, 2.8 1.6
noacnn3ncTas
submucosa g K 140 138
g 0.72 0.77
$unbpo3Ho - H, 4 11
XpALleBas 060/104Ka
fibrocartilaginous ! K, 120 1
membrane g 0.79 0.81
M, 35 1.4
afiBeHTULMS
adventitia ol K, 78 70
g 086 089

for calculating the absorbed dose of laser radiation

as thickness, scattering and absorption coefficients, and
the anisotropy factor, are presented in Tables 3 and 4
[23-28]. The refractive index for all layers was taken equal
to 1.37 29, 30].

The normal colonic wall thickness ranges from 0 to 2
mm in colonic segments >4-6 cm in diameter, from 0.2
to 2.5 mm in colonic segments 3-4 cm in diameter, from
0.3 to 4 mm in colonic segments 2-3 cm in diameter,
and from 0.5 to 5 mm in colonic segments 1-2 cm in
diameter. The maximum colonic wall thickness reaches 6
and 8 mm in the proximal and distal colon, respectively,
if the measured colonic segment demonstrated a lumen
width <1 cm [31].

In work [32], measurements were made on 13
human colon samples (adenomal and normal sample
in each case) for four tissue types (mucosa/submucosa
and muscularis/chorion) using two integrating spheres
and laser sources at wavelengths from 476.5 to 532 nm.
Optical properties were assessed using the adding-
doubling method. For normal tissues at a wavelength of

Ta6nuua 4
OnTU4YECKne CBOUCTBA LECTUCIONHOM MOoeNnu Tpaxeun

Table 4
Optical properties of the six-layer trachea model

Cnowm

TonwmHa
cnos, MM

" 36 2
CNN3nNCTaa

mucosa 0.35 M 142 139
g 0.73 0.78
H, 28 16
noacnn3ncTas
submucosa 0.55 M 140 138
g 0.72 0.77
M, 681 1.2
oxyg.

HaaxXpAWHNLA
perichondrium de“ca>x. 6.54 1.36
o H, 120 117
drbpPo3HO - 9 079 0.1
XpAwesan M, 4 1.1

060s10uKa
fibrocartilaginous & My 120 117
membrane g 0.79 0.81
1T mm
M, 681 1.2
oxyg.

HaaXpALWHNLA

perichondrium detlsx. 6.54 1.36
o
0 b 120 117
g 0.79 0.81
W, 35 14
afBeHTMLMA

adventitia 0.1 M, 78 70

g 086 089
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532 nm, the optical properties of the layer containing the
mucous and submucosa were represented by the values
M, =3.33+0.14 cm”, y_=208+5.16 cm™, g = 0.908+0.029,
and for the tissues of the muscular layer p_ = 1.53+0.06
cm’, M, =193+5.05 cm’, g =0.941+0.048.

Intheworkofthe samegroup[33], the optical properties
of normal and adenomatous human colon tissues were
investigated in vitro at wavelengths of 630, 680, 720, 780,
850 and 890 nm using a titanium-sapphire laser and the
inverse Monte Carlo method. For the normal mucosa/
submucosa at a wavelength of 630 nm, the values of M=
0.143£0.004 cm™ and p, = 208+5.27 cm™ were determined.
For the normal muscular layer, M, = 0.0997+0.0025 cm’™?
and p_=203+5.08 cm. For the muscular layer/chorion of
the human colon, the scattering anisotropy coefficient g at
633 nm was not reported directly in the main study using
the integrating sphere. Since the value of the considered
parameter increases smoothly with wavelength, and such
studies often use a helium-neon laser with a wavelength
of 632.8-633 nm, other studies of colon tissue at 633
nm typically use anisotropy coefficients in the range
g=~0.94-0.96 for muscular or highly scattering layers of
the colon. Thus, a practical estimate for the muscular layer
of the colon at 633 nm is g=0.945+0.01 for normal tissue
and slightly higher for adenomatous tissue, suggesting
the same monotonic trend extrapolated from the range
532—633 nm.

Inthearticle[34],20 samplesof human colontissue (10
samples of mucosa and 10 samples of submucosa) were
placed in a 0.9% aqueous NaCl solution after resection
and stored in it for 8-12 h at a temperature of ~4°C
before spectral measurements were carried out. Optical
properties were determined using a spectrophotometer
with an integrating sphere in the range of 350-2500 nm.
To restore the optical properties, the inverse doubling-
addition method was used to estimate the initial values,
and the inverse Monte Carlo method was used for the
final determination. As a result, approximations were
obtained for the spectrum of the scattering coefficient
of the mucosal membrane by the function ps()\) =
138.896\ 34 + 14460M°¢"7 and the submucosa by
the function p(A) = 125.725A3%%* + 999.947A\ 0%,
where A is wavelength in nanometers. This results in
values of “50‘) = 300.8 cm™ for the mucosa and “50‘) =
99.3 cm™ for the submucosa at a wavelength of 532
nm, and ”5(7‘) = 270 cm™ for the mucosa and “50‘) =
93 ¢cm™ for the submucosa at a wavelength of 633
nm. This means that the scattering coefficient for the
mucosa is approximately three times higher than for the
submucosa. Approximations were also obtained for the
anisotropy factor of the mucosa and submucosa: g(\) =
0.77 + 0.18 [1 - exp (- (\ - 378.7)/111.1)] and g(\) = 0.77
+ 0.19 [1 - exp (- (A — 380.4)/128.1)]. The authors also
showed that absorption in the mucosa is higher than in
the submucosa.

In [35], an inverse adding-doubling method was used
to rapidly estimate optical properties based on spectra
in the range from 400 to 1000 nm for pre-frozen colon
mucosa and early-stage adenocarcinoma samples.
For healthy mucosa, the absorption coefficient was
2.5 cm™ at 532 nm and 0.75 cm™ at 633 nm, while the
reduced scattering coefficient was 19 cm™ and 15.5
cm’, respectively. The anisotropy factor at 532 nm was
determined to be 0.82, and at 633 nm, 0.865.

Therefractive index of the tissues examined was taken
from [36] and was 1.38 for mucosa, 1.36 for submucosa
and muscle.

Combining the results of the works discussed
above, we took for our mathematical model of
the intestinal wall the values of optical properties
presented in Table 5.

Ta6nauua 5
OnTU4YecKne napameTpbl TPEXC/IOMHON MOAENU
HOPMaJibHbIX TKAHEN CTEHKU TOJICTON KULLKU

Table 5
Optical parameters of a three-layer model of normal colon

wall tissues
B Eﬁﬁ
cnos, Mm
B 278 080
cnn3sncTas 0.4 H, 204,52 197,60
mucosa 9 088 090
n 1,38 1,38
H, 1 0,7
noacnu3uncTas 04 M, 99 93
submucosa g 096 0,96
n 136 1,36
H, 1,53 0,0997
MbILLEYHbIN CIION 5 M, 193 203
muscular layer g 0941 0945
n 1,36 1,36

Results and discussion

Results of mathematical modeling of light propagation
in primary models

Tables 6 and 7 present for comparison the results
of doubling-addition and Monte Carlo simulations for
simplified models of biological tissues with optical
properties in the range corresponding to real values at a
wavelength of 542 nm.

The results of the Monte Carlo and adding-doubling
algorithms show repeatability under similar illumination
conditions (the isotropic source from a point for Monte
Carlo can be compared with the diffuse illumination of
the doubling-addition method, and the comparison of
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conditions under collimated illumination requires no
further comment).

Despite the fact that collimated incident beam is
not an absolutely adequate model for experimental
conditions under illumination through an optical fiber
with a given aperture, we see from the Monte Carlo
simulation results that these two illumination scenarios
are still closer to each other than the isotropic/diffuse
radiation source case. In the latter case, we obtain
overestimated values for the diffuse reflectance signal.

Results of mathematical modeling of light propagation
in trachea models

Tables 8-11 present the results of Monte Carlo and
adding-doubling simulations of diffuse reflectance
and transmittance values, as well as the fraction of
absorbed radiation, for four-layer and six-layer tracheal
models at wavelengths of 542 and 630 nm. Figure 2
shows a diagram of the light propagation trajectory in

Ta6nuya 6

for calculating the absorbed dose of laser radiation

tissues during the recording of a diffuse reflectance and
transmittance signal using the example of a four-layer
trachea model.

When illuminated from the adventitia, diffuse
reflection is expectedly lower due to light scattering,
which is almost half as strong in the adventitia as in the
mucosa. Moreover, the anisotropy factor is higher in the
adventitia, meaning that for the scattering event the
scattered photon is more likely to be directed forward,
rather than backward, toward the diffuse reflectance
signal receiver. This means that the mucosa acts as a kind
of highly scattering mirror, reflecting light twice higher
than adventitia.

For the six-layer tracheal model, a decrease in the
agreement between the Monte Carlo and doubling-
addition methods is observed (94+1%) compared to
the four-layer model (95+2%). This is due to the fact that
the six-layer model contains layers with a high level of

[MonyyeHHble NyTeEM MOAENIMPOBAHUSA pacnpoCTpaHEHUS CBETa B OQHOC/IOMHON MOAENN GUONOrMYECKUX TKaHEN

3Ha4YeHuqa AM¢¢y3HOF0 OTpaXeHusd n nponycKkaHua

Table 6
Diffuse reflection and transmission values obtained by simulating light propagation in a single-layer model of biological tissue

N3 TOYKWN BHU3 | M3OTPOMHDbINA | KONMIMMUPO- Fayccos andodysHbIn | KonAMMMPO-
BaHHbIN BaHHbIN
R, 0.27 0.27 0.33 0.27 0.27 0.32 0.29
T, 0.03 0.03 0.02 0.03 0.03 0.03 0.03
Ta6nuua 7

Pe3ynbraThl MOAeNUPOBaHUA AN MOAENU, NpeacTaBasaowein co60i HaaXPALHULY TPaxeu MeXxay C/IM3UCTbIMU

Table 7

Simulation results for a model representing the tracheal perichondrium between the mucous membranes

MC A-D

NA 0.37 N3 TOYKN BHN3 | M3OTPOMHDbIN | KOAAMMUPO- KONAMMMpo-
BaHHbIN ELTS]
R, 0.269 0.268 0.329 0.267 0.268 0.32 0.29
T, 0.071 0.072 0.056 0.071 0.071 0.09 0.1
lo Ty

< —

Cnusucras / mucosa
<«— Nopacnunsucras / submucosa —»

<— —

Xpaw, / fibrocartilage

i ApseHTuuma / adventitia —_—

Puc. 2. Cxema reomeTpumM ocBelle-
HMA (NOTOK najailowero M3nyYyeHus
10) u pernctpauunun curHanoB auddys-
Horo otpaxeHus (Rd) n audodysHoro
nponyckaHnus (Td).

Fig. 2. Schematic diagram of the
illumination geometry (incident
radiation flux 10) and registration of
diffuse reflection (Rd) and diffuse
transmission (Td) signals.
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Ta6nuuya 8
Pe3ynbratbl MOAENMPOBaHUA pacnpocTpaHeHUs U3ny4yeHus ¢ AJAMHON BOJIHbI 542 HM B YETbIPEXC/IONHOW MOAENU
Tpaxeu

Table 8
Results of modeling the propagation of radiation at a wavelength of 542 nm in a four-layer model of the trachea

CO CTOPOHbI cNM3ncTon R 0.287 0.343 0.351 0.286 0.302
SO TIEEEE] A 0.700 0.647 0.63 0.702 0.676

T, 0.013 0.010 0.019 0.013 0.022

CO CTOPOHbI R, 0.166 0.216 0.246 0.164 0.212
fror tha advantitia A 0.798 0.807 0.737 0.800 0.769
T, 0.035 0.027 0.017 0.035 0.019

Ta6nuuya 9
Pe3ynbratbl MOAENMPOBaHUA pacnpocTPpaHeHUs U3yyeHus ¢ AJIMHON BOJIHbI 630 HM B 4eTbIPEXC/IONHOW MOoAenu
Tpaxeu

Table 9
Results of modeling the propagation of radiation at a wavelength of 630 nm in a four-layer model of the trachea

CO CTOPOHbI cM3ncTon Ry 0.35 0.40 0.402 0.35 0.369
from the mucosa 0.57 0.53 0513 0.57 0.538

T, 0.08 0.06 0.085 0.08 0.093

CO CTOPOHBbI R, 0.30 0.34 0.408 0.29 0.377

fror tha atitic A 0.56 0.54 0.506 0.56 0.528
T, 0.14 0.11 0.086 0.14 0.095

Ta6nuuya 10
Pe3ynbratbl MOAENIUPOBaHUS pacrnpoCTPaHEHUs U3/1ly4EHUS C AJIMHOM BOJIHbI 542 HM B LLECTUC/IOMHON MOAENU Tpaxeun

Table 10
Results of modeling the propagation of radiation with a wavelength of 542 nm in a six-layer model of the trachea

OKcureHnMpoBaHHasA HapXPALHMLA  CO CTOPOHbI CIM3MCTON R, 0.287 0.342 0.340 0.285 0.306
Oxygenated perichondrium from the mucosa A 0.705 0652 0.64 0.707 0672
T, 0.008 0.006 0.020 0.008 0.022

CO CTOPOHbI aABeHTLUMN R, 0.146 0.182 0.225 0.145 0.193

fromtheadventitia o 830 0801 076 0.831 0.79

T, 0.024 0.017 0.015 0.024 0.017

[e3oKkcrreHnpoBaHHasA CO CTOPOHbI CIN3NCTON R, 0.286 0.342 0.339 0.285 0.305
Deoxygenated perichondrium from the mucosa A 0705 0651 0644 0707 0.675
T 0.008 0.007 0.017 0.008 0.020

CO CTOPOHbI afBEHTULMN Rd 0.148 0.184 0.227 0.147 0.195

fromtheadventitia  »' 878 0708 0758  0.828 0.788

T, 0.024 0.018 0.015 0.025 0.017
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blood filling (perichondrium), for which the absorption
coefficient and the reduced scattering coefficient
become closer, and the assumptions of the diffusion
approximation of the radiative transfer theory no longer
satisfy the conditions of light propagation [37]. Moreover,
the modeling results differ to a greater extent when
illuminated from the adventitia. This is explained by
the fact that in this case the thin, but highly absorbing,
perichondrium layer is closer to the source (in this case
it is separated by only 0.1 mm of adventitia, as opposed
to 0.9 mm of mucosa and submucosa in the case of
illumination from the mucosa). Since the absorption of
oxygenated hemoglobin at 630 nm is lower than that of
free hemoglobin, these perichondrium layers, despite
their blood supply, satisfy the conditions of the diffusion
approximation and yield results closer to those of Monte
Carlo simulation. Therefore, we can conclude that
when a multilayered organ contains layers with a high
absorption coefficient, Monte Carlo numerical simulation
is preferable for calculating the absorbed dose. In other
cases, the adding-doubling method provides results
close to those of Monte Carlo simulation under similar
illumination conditions.

Results of mathematical modeling of light propagation
in a colon model

Tables 12 and 13 show the simulation results for the
three-layer model of the colon wall.

Tables 12 and 13 shows that Monte Carlo simula-
tions have a higher contrast between the recorded
parameters of diffusely reflected and diffusely trans-

Ta6nuuya 11
Pe3ynbratbl MOAENMPOBaHUA PAcNpOCTPAHEHUS U3TyYEHUS C AJIMHON BOIHbI 630 HM B LLECTUC/IONHOW
MoJenu Tpaxeu
Table 11

Results of modeling the propagation of radiation with a wavelength of 630 nm in a six-layer model of the trachea

—

OKCUreHNPOBaHHAA HaAXPALHMLA
Oxygenated perichondrium

CO CTOPOHbI CN3NCTON
from the mucosa

CO CTOPOHbI afIBEHTMLIAN
from the adventitia

[le3oKkcureHmpoBaHHas
HaAXpALWHMLA
Deoxygenated perichondrium

CO CTOPOHbI C/IN3NCTON
from the mucosa

CO CTOPOHbI aABEHTULINN
from the adventitia

for calculating the absorbed dose of laser radiation

mitted radiation for illumination from the mucosa and
muscle compared to the adding-doubling simulations
for a wavelength of 532 nm, while the opposite is true
for 630 nm. Regardless of the simulation type, we see
that the proportion of absorbed radiation is higher for
illumination from the mucosa, which is clearly related
to the fact that the more or less absorbing layer is
located first in the path of the incident radiation, as
it receives the higher radiation dose. However, the
question is not what the total absorbed dose is across
layers, but rather which layer is the focus of interest. If
we consider the absorption by layers when illuminated
with collimated light, then when illuminated at 630 nm
from the mucosa, the mucosa will receive 0.146 of the
total radiation, the submucosa 0.129, and the muscle
0.048. When illuminated at the same wavelength from
the muscle side, the mucosa will absorb in fractions
of 0.065, the submucosa 0.070, and the muscle
0.074. Thus, the best illumination option depends on
the problem statement, since in the case of a neoplasm
in the mucosal layer, it is logical to irradiate from this
side, and in the presence of invasion into the muscle
layer, we see that greater uniformity of the absorbed
dose will be achieved when illuminating from
this side.

During comparison of the absorbed radiation values
for the trachea and colon models obtained using the
Monte Carlo and adding-doubling methods, it was
found that the methods considered show agreement
with an accuracy of 95+3% (95+3% for the diffuse beam
and 94+3% for the collimated beam).

IR
e A“¢¢y3Hblﬁ

Ry 0.352 0.405 0413 0.350 0.381
A 0.577 0.537 0.503 0.578 0.526
I 0.071 0.058 0.084 0.071 0.093
R, 0.304 0.346 0.402 0.303 0.37
A 0.567 0.549 0.512 0.567 0.535
T, 0.129 0.105 0.086 0.130 0.095
R, 0.351 0.404 0.408 0.349 0.376
A 0.580 0.539 0.509 0.581 0.533
1Ty 0.069 0.057 0.083 0.069 0.091
R, 0.298 0.340 0.402 0.297 0.369
A 0.575 0.558 0.513 0.576 0.538
T, 0.127 0.103 0.085 0.127 0.093
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Ta6nuuya 12

Pe3ynbratbl MOAENMPOBaHUA pacnpoCcTPpaHEeHUs U3ly4eHUs C AJIMHON BOJIHbI 532 HM B TPEXCIOMHOW MOJENIN CTEHKU

TOJICTOrO KULIEYHUKA
Table 12

Results of modeling the propagation of radiation at a wavelength of 532 nm in a three-layer model of the colonic wall
T e e e
- 0-37 A“‘bd)ysublﬁ

CO CTOPOHbI C/IN3NCTON R, 0.277 0.325
from the mucosa A 0.684 0643

1y 0.039 0.031

CO CTOPOHbI MbILLLibI Rd 0.228 0.282
from the muscle A 0676 0.643

T, 0.096 0.076

0.289 0.276 0.252
0.632 0.685 0.66

0.079 0.039 0.088
0.287 0.226 0.249
0.637 0.677 0.666
0.076 0.097 0.085

Ta6nuuya 13

Pe3ynbTaTthl MOAENMPOBAHUA PAcMPOCTPaHEHMUS U3NTyYEHUS C ANTMHOM BOJIHbI 635 HM B TPEXCNOWHOW MOAENU CTEHKU

TOJICTOro KUlle4yHuKa

Table 13
Results of modeling the propagation of radiation at a wavelength of 635 nm in a three-layer model of the colonic wall

AndedysHbIN KOJUIMMMPOBaHHbIN
CO CTOPOHbI CIN3UCTON R, 0.471 0.514 0.457 0.470 0.425
from the mucosa A 0323 0312 0.282 0323 0.293
T 0.206 0.174 0.261 0.206 0.282
CO CTOPOHbI MbILLLibI R ’ 0.484 0.544 0.543 0.482 0.509
from the muscle A 0.208 0.189 0.175 0.209 0.184
T 0.308 0.267 0.282 0.309 0.307

Conclusion

Comparing Monte Carlo and adding-doubling
methods for modeling light transport in multilayer
biological tissues has great significance for the biomedical
application of calculating the absorbed dose of laser
radiation during various types of laser-induced therapies,
such as hyperthermia or photodynamic therapy.
These modeling methods represent fundamentally
different approaches to solving the radiation transport
problem. By comparing the results of Monte Carlo with
those of the adding-doubling method in the same
multilayer configuration, the numerical accuracy of
the latter's implementations can be verified and the
errors introduced by its assumptions can be quantified.
The adding-doubling method wuses an analytical
approximation of radiation transfer theory, enabling
rapid calculation of the required transmission, reflection,
and absorption parameters. Monte Carlo, as a numerical
simulation method, is computationally expensive but can
naturally handle complex 3D geometries, heterogeneous
layers, and arbitrary source and detector configurations.

In this article, we compared various implementations of
these two methods for multilayer models of biological
tissues such as the tracheal wall (with progressively more
complex structure in the models) and the colon wall. We
examined the influence of the illumination side of the
multilayer tissue on the light propagation parameters, the
effect of thin but blood-filled layers on light propagation,
and the effect of the degree of blood oxygen saturation
in the tissues. We demonstrated that for multilayer media
with inclusions of layers containing blood at a such
concentration that the absorption coefficient and the
reduced scattering coefficient become sufficiently close
that the assumptions of the diffusion approximation of
radiative transfer theory do not satisfy the conditions
for light propagation, the use of Monte Carlo numerical
simulation is preferable for calculating the absorbed
dose, while in other cases the adding-doubling method
yields values of absorbed dose close to Monte Carlo
results under similar illumination conditions.

The work was funded by the Russian Science Foundation,
grant No. 25-25-00516.
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