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Abstract

Intraoperative determination of optical properties of biological tissues is an important task of medical physics, in particular, for photodynamic
therapy, because it allows personalizing photodynamic treatment by accurately calculating the required light dose. In this work, we propose a new
approach to simultaneous measurement of diffuse reflectance and transmission spectra of the colon wall tissue during intestinal anastomosis,
based on the use of two fiber-optic devices to deliver broadband radiation both from the side of the intestinal lumen and from the outer side of
the intestinal wall, from which diffuse scattered light is also recorded. To restore the optical properties of these tissues it was proposed to use the
Kubelka-Munk model with transformation of the optical parameters of the model into the optical parameters of the diffusion approximation theory
with custom equations based on the results of numerical modeling. The proposed approach have been tested ex vivo on the biological samples of
GIT tissues, allowing us to conclude on its applicability in clinical conditions.
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NMPMMEHEHUE MOJEJIN KYBEJIKU-MYHKA

A4 bbICTPOIO UHTPAONEPALMOHHOIO AHAJIUM3A
ONTNHECKMX CBOUCTB CTEHKN KULLEHHUKA

C MOMOLLBIO ONTOBOJIOKOHHOTIO CINEKTPOMETPA
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Pesiome
MHTpaonepauMOHHoe onpe,qeneHme onTnyecKnx CBO|7ICTB 6Vl0n0r|/|‘-IeCKI/IX TKaHeVI ABnAeTca Ba)KHOI7I 3a,qaL|e|7| Me,EI,I/ILlI/IHCKOVI ¢M3I/IKI/I, B YacT-
HOCTU, NpW NiaHUpPOBaHUN d)OTOAI/IHaMI/ILleCKOI‘/’I Tepanunun, NOCKOJIbKY NMNO3BONIAET NepCOHaANN3NpPoBaTb d)OTOAMHaMMHeCKoe BO3AeVICTBMe 3a
CYeT TOYHOro pacyeTta HEO6X0,D,VIMOI7I CBEeTOBOM Ao3bl. B ,D,aHHOVI pa60Te npeanoxeH HOBbIN NoAXoA4 K OAHOBPEMEHHOMY N3MEPEHUIO CNeK-
TpOB ,qmd)d)yaHoro o-rpax(eva n I'IpOI'chKaHVIFI CBETa TKAHbK CTEHKU TOJ’ICTOI7I KULLKN I'IpI/I ¢opM|/|posava KMWeyHoOro aHactomMmo3sa, OCHO-
BaHHbIN HA UCMOMb30BaHUN ABYX BOJIOKOHHO-OMTUYECKUX yCTpOI‘/'ICTB ANA NoAayun WMNPOKOMOMIOCHOrO n3nyyeHna Kak co CTOPOHbI NpocBeTa
KULLIKK, TaK U C HapY»HOW CTOPOHbI KULLIEYHOW CTEHKU, C KOTOPOI TakKe pernctpupyetca andey3Ho pacceaHHbIN CBeT. [1nA BocCTaHOBIEHUA
ONTUYECKNX CBONCTB 3TVX TKaHel NpeasioxKeHO 1CMnosib3oBaTh Mogenb Kybenku-MyHKa ¢ npeo6pa3oBaHMeM ONTUYECKMX MapaMeTpoB Moe-
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JIN B OMTMYECKME NapaMeTpbl Teopun Auddy3MOHHOTO NPUOANKEHUS C NCMOJIb30BaHNEM COOCTBEHHbIX YPAaBHEHU Ha OCHOBE pe3yNbTaToB
YMCNIEHHOro MogenvpoBaHus. MpeanoXeHHbI NOAXo anpobrpoBaH ex vivo Ha Bruonormyecknx obpasLuax TKaHemn }enyaoUHO-KULWEYHOro
TpaKTa, YTo MO3BONAET CAENaTb BbIBOJ O €70 MPUMEHVMOCTY B KIIMHWYECKNX YCITOBUSAX.
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Introduction

Intraoperative determination of optical properties
is an important task of medical physics, in particular,
for photodynamic therapy [1]. Optical properties also
influence the interpretation of the results of diagnostic
methods [2]. In connection with the development and
widespread use of phototheranostics methods usinglaser
and optical technologies in surgery and therapy, various
instrumental and algorithmic approaches are proposed
to study the propagation of light in biological tissues,
whose complex structure and the natural variability of
properties make this task non-trivial. In particular, the
effectiveness of photodynamic therapy (PDT) largely
depends on the content of the photosensitizer and
the distribution of light in the irradiated tissue, and an
accurate assessment of the radiation dose absorbed by
the tissue makes it possible to determine the mode of
photodynamic exposure.

From the point of view of light propagation,
biological tissues of the human body are turbid media,
i.e. heterogeneous structures with spatial fluctuations in
optical properties. These fluctuations and their density
cause strong scattering of light by biological tissue. It
is important to take into account the effects of multiple
scattering which complicate the direct application
of electromagnetic theory. Therefore, to describe
the propagation of light in such media, the radiation
transfer theory (RTT) is used, which ignores some of
the wave properties of light, such as interference and
polarization, considering only the transfer of light
energy in the medium. However, the model implicitly
takes into account the wave properties of light due to
the optical properties of the tissue included in the basic
equation. These properties represent a generalization
of optical parameters to an ensemble of particles
and were obtained by solving the Maxwell equations
proposed by Gustav Mie in 1908. For this purpose optical
characteristics averaged over a certain elementary
volume are used, such as the absorption coefficient (u,),
which is the inverse of the photon's free path before
the act of absorption, the scattering coefficient (u,),
which is the inverse of the photon's free path between

scattering events, and the anisotropy coefficient (g),
which represents the average cosine of the scattering
angle. For media characterized by anisotropic scattering,
the so-called reduced scattering coefficient (W', =p, (1-
g)) is introduced. This coefficient takes into account
how many more collisions must occur in an anisotropic
medium compared to an isotropic one in order for the
light to turn at the same angle as in an isotropic medium.
A significant simplification of the theory of radiation
transfer is the equation for a stationary state in which the
intensity at any point of the medium does not change
with time. The diffusion approximation of the RTT also
proves useful in the case of small values of the single
scattering anisotropy factor and large albedos (close
to one). For most biological tissues, the anisotropy
coefficient ranges from 0.6 to 0.9, and for blood it reaches
0.995, which significantly limits the applicability of the
diffusion approximation [3].

To numerically solve the RTT equation, the Monte
Carlo numerical simulation method based on the
simulation of photon transport in a scattering medium
is widely used. The initial conditions are set and each act
of photon scattering on inhomogeneities of the medium
is traced until its absorption or exit from the sample. The
main disadvantage of the Monte Carlo method is the
large expenditure of computer time due to the need of
solving the inverse problem consisting of the selection
of values of optical properties that correspond to the
measured values of transmission and reflection, which
complicates the intraoperative determination of the
optical properties of tissues. To solve the inverse problem,
it is necessary to run the simulation several times for a
given set of optical properties; in this case, the search for
initial values, optimization method and stopping criteria
is also non-trivial [4].

One of the common methods for solving the RTT
equation is the Kubelka-Munk method, which has already
been used to analyze the optical properties of intestinal
tissues [5]. However, in that work, bloodless samples
were studied, measured within 2 hours after resection
of human small intestine tissue. In work [6], the optical
properties of normal and adenomatous human colon
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tissues were obtained by the method of two integrating
spheres in vitro. The paper [7] presents the optical
characteristics of the mucosa and submucosa of human
colon tissue obtained in vitro on a spectrophotometer
with an integrating sphere LAMBDA 950. The authors
of the work [8] in order to assess the kinetics of the
optical properties of biological tissues under conditions
of optical clearing with glycerol, proposed a simple and
indirect method , based on the collimated transmittance
(Tc) and thickness d(t) which was measured during
processing. The Tc of the sample depends on both the
thickness of the sample (d) and the light attenuation
coefficient, pt. Assuming that the absorption coefficient
remains constant throughout the process, they derive
the scattering coefficient from Tc.

As can be seen from the works mentioned above,
measurements with two integrating spheres make it
possible to determine the optical properties of samples
in vitro and ex vivo, but they seem too cumbersome to
be used during surgery. At the same time, it is important
to know the optical properties of tissues under light-
induced exposure directly at the moment of exposure,
not for a similar type of tissue sample measured in
the laboratory, since the state of the tissue is variable
and critically important for planning and monitoring
photodynamic therapy. Therefore, in this work it is
proposed to use as measured parameters the values
of diffuse transmission and reflection obtained by
measuring with a fiber with a given aperture in soft
contact with the surface of a biological object. The
inevitable decrease in the accuracy of the model in
this case is a payment for the ability to analyze optical
properties in real time. The purpose of this study was to
analyze the possibility of intraoperative assessment of

the optical properties of intestinal wall tissues in both
diffusely reflected and diffusely transmitted light.

Materials and Methods

Spectroscopic setup for in vivo measurements

The experimental setup (Fig. 1) consisted of a white
light source, a spectrum analyzer with a fiber-optic
input (LESA-01-BIOSPEC), optical fibers and a personal
computer for recording measurements. The diffuse
reflection and transmission spectra were recorded in
the spectral range of 500-600 nm. An LED lamp with a
fiber-optic output was used as a broadband radiation
source. The power of the light source is adjustable
up to 1 W, the color temperature is 5000K-6500K. The
spectrum of the light source in the range of 500-600 nm
has sufficient uniformity for analysis. To calculate the
diffuse reflectance coefficient R, = I/l and the diffuse
transmission coefficient T, = I/l measurements of the
diffuse reflection and transmission spectra were carried
out relative to a standard sample (BaSO,) with a reflection
coefficient close to unity in the selected spectral range.

Two measurement geometries were used for
illumination and registration of radiation: in diffusely
reflected (green arrows on Fig. 1) and transmitted light
(purple arrows on Fig. 1), therefore, two fiber-optic
devices were used as previously for hemoglobin oxygen
saturation analysis of colonic wall [10]. A fiber optic
diffuser placed inside the Foley catheter was used to
uniformly illuminate the intestinal wall from the inside in
order to measure the transmitted light passing through
the intestinal wall to the outside. The Foley catheter was
filled with a fat emulsion (Intralid MCT/LST 10%) diluted
to 1% with NaCl 0.9% to ensure a uniform scattering
phase function. The length of the diffuser was 10 mm.

3 PacnpoctpaHenue caeta/
Light propagation
DucbdhyaHoe oTpacenue/
Diffuse reflectance
ﬂ?lmmyauoe nppnycn(auuel
Diffuse transmittance

1

Puc. 1. CxemMa cneKTpoCcKonM4ecKom ycta-
HOBKMW. B cocTtaB 06GopyaoBaHUs BXOASAT:
1 - cnektpomeTp «JISCA-01-BUOCMEK»,
2 — LUMPOKOMONOCHbIA UCTOYHUK U3Ny4e-
HUA, 3 — KomMnbloTep ¢ nporpammoi «Uno
Momento», 4 — Y-06pa3Hblii ONTUYECKUMN
CBETOBOJ,, 5 — BOJIOKOHHO-ONTUYECKUMN
amoddysop, 6 — katetep Ponesq. Uccnepye-
Mas TKaHb — CTEHKA KULLEeYHUKa (7).

Fig. 1. Scheme of the spectroscopic setup.
The equipment includes: 1 — a “LESA-01-
BIOSPEC” spectrometer, 2 — a broadband
radiation source, 3 — a computer with the
program “Uno Momento", 4 — a y-shaped
optical fiber, 5 - fiber-optic diffuser, 6 —
Foley catheter. The investigated tissue is
the intestinal wall (7).

32

BIOMEDICAL PHOTONICS T. 14, N2e3/2025



Savelieva T.A., Krivetskaya A.A., Kustov D.M., Klobukov M.I., Romanishkin I.D., Linkov K.G., Levkin V., Kharnas S.S., Loschenov V.B.
Application of the Kubelka-Munk model for fast intraoperative analysis of intestinal optical properties using a fiber optic spectrometer

r - paccmosiHue/ distance
Bosdyx/ air O6nacme pacnpocmpaHeHus
demexmupyemMbIx ¢homoHos/
The range of propagation of
detected photons

TkaHs/
tissue

Z - enybuHa
30HOUposaHUs/
probing depth

f 7

NA of detecting fiber

NAof source fiber

The receiving fibers at the entrance to the spectrometer
form a line that serves as the entrance slit of the
monochromator, hence they are located perpendicular
to the diffraction plane of the dispersing element. The
diameter of each fiber is 125 microns, which determines
the distance between the centers of closely spaced
fibers. The diameter of each fiber including the sheath
is 250 microns. The numerical aperture of each fiber
is 0.22. The measurements were carried out using an
optical fiber with an aperture of 0.22 in contact with
biological tissues for both illumination and registration
of diffuse reflection spectra and transmission spectra.
The light detected in this way is the part of the diffusely
scattered light, which can be measured using an
integrating sphere. A hypothetical receiving fiber with a
numerical aperture of NA = 1 would provide detection
of light scattered by tissue at any angle, which can be
compared to the total diffuse reflectance signal recorded
using an integrating sphere. To estimate the proportion
of light received by a real optical fiber with a numerical
aperture different from 1, numerical modeling of light
propagation in a multilayer medium was performed,
the optical parameters of samples corresponded to the
optical properties of the intestinal wall layers according
to works [6-9].

Ta6namua 1.

MpuemHoe 80/10KHO/
Receiving fiber

Puc. 2. [Be KOHOU-
rypauum MCTOYHUKA U

npUeMHUKa npu npo-
BE€AEHUN YNCIIEHHOTO
3IKcnepuMeHTa.

Fig. 2. Two
configurations of the
source and receiver
when conducting a
numerical experiment.

NA of receiver

Monte Carlo simulation of light propagation in tissues

In our work, numerical simulation using the Monte
Carlo method was used to model the trajectories of
photons. Its acceptability is based on the assumption of
a large number of acts of light scattering on fluctuations
of the refractive index, which makes it possible to
neglect the consideration of wave effects. Boundary
conditions were set and every act of photon scattering
on inhomogeneities of the medium was monitored,
up to its absorption or exit from the sample. The value
of free path length and the angle of rotation, which are
random variables distributed according to a certain law,
were determined using the coefficients g, pys and pa.
The Henyey-Greenstein (HG) scattering phase function
was used to determine the scattering angle. Reflection,
refraction, and total internal reflection were taken into
account at the boundaries of the media. The receiver with
a given numerical aperture was positioned relative to the
sample both from the source side (to take into account
diffusely reflected photons) and from the opposite side
(to account for transmitted photons) (Fig.2).

The optical properties of the intestinal wall layers
were used as input parameters for modeling according
to works [6-9] (Table 1). The method was implemented
using the C# language in the Visual Studio 2019

OnTHU4ecKue CBOWMCTBA UCCIEAyEMbIX TKAHEN CTEHKU KULLIEYHUKA KaK BXOJHble aHHble 415 MOeupoBaHus pacnpo-
cTpaHeHus cBeTa metogomM MoHTe-Kapno, niutepaTypHble gaHHble [6-9]

Table 1.

Optical properties of the studied intestinal wall tissues as input data for modeling the propagation of light by the Monte Carlo

method, literature data from [6-9]

XapakTepucTmku

m Mopcnusuncrbin Cnusncrbin

KoaddurumeHT nornoweHma 6.5cm™’ 1cm? 3.5cm?’
Absorption coefficient u,
KoadodurumeHT paccesiHus 100 cm’? 100 cm”’ 300cm™”
Scattering coefficient p_
[oka3zatenb aHu3oTpONUN 0.89 0.9 0.9
Anisotropy factor g
KoadduumeHT npenomnenHna 1.36 1.36 1.38
Refractive index n
TonwuHa 1-3mm 0.2 mm 0.8 mm
Thickness d
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Ta6nuua 2.

CopeprkaHue Le/ibHOWM KPOBU B ONTUYECKUX paHTOMax U COOTBETCTBYHOLLMUE 3HAYEHUA KOG PULMEHTa MOroLEeHUs Ha

OnHax BoJIH 542, 560, 576 HM
Table 2.

The content of whole blood in optical phantoms and the corresponding absorption coefficient values at wavelengths of 542,

560, 576 nm

Koa¢ddunumeHT nornoweHns p,
(cm™) Ha gNViHe BOJIHDI

542 nm 53,29
560 nm 32,61
576 nm 55,35

development environment based on the algorithm
proposed in [11].

Principle of customization of Kubelka-Munk model

As a rule, during studying of biological tissues in a
living organism, the illuminator and light receiver are
located on the one side of the sample. Therefore, in
most cases, in vivo spectral measurements of biological
tissues are performed in diffuse reflectance geometry.
Considering the heterogeneity of biological tissues
and variations in their physiological characteristics, in
the general case the problem of restoring their optical
properties does not have a strict solution.

To restore all three optical properties (absorption
and scattering coefficients and anisotropy coefficient),
it is necessary to measure any three of the following
five parameters: total (or diffuse) transmission, total (or
diffuse) reflection, absorption of a sample placed in an
integrating sphere, collimated transmission coefficient for
non-scattered light, angular distribution of light scattered
by the sample [3]. Many methods for estimating optical
parameters of tissue are also based on a combination
of several diffuse reflection measurements with spatial
resolution, for example, at several distances from the source.

If in considered case it is enough to determine the
absorption coefficient and the reduced scattering
coefficient (without decomposing it into the anisotropy
factor and the scattering coefficient), then it is enough
to measure two of the parameters mentioned above.
This paper proposes a method for measuring diffusely
scattered light in reflected and transmitted geometry with
subsequent restoration of information about the optical
properties of an object using the two-stream Kubelka-
Munk model with empirically determined conversion
coefficients from the optical parameters of the Kubelka-
Munk model to the optical parameters of the RTT.

The Kubelka-Munk method is widely used to separate
light attenuation into contributions due to absorption
and scattering based on measured values of total diffuse
reflectance R, diffuse transmittance T, and collimated
transmittance T in turbid media such as biological tissues
[12]. This method is based on considering two radiation

13,05

22,14

CopeprKkaHve KpoBu B TKaHU (% nnu mn/100r)

21,32

10,66 2,67
6,52 3,26 1,63 0,82
11,07 5,55 2,77 1,38

fluxes propagating inside the tissue: one flow is in the
direction of the incident beam L, and the other is in
the backscattering direction L, which can be described
using the following equations [13, 14]:

ZL =—S-L-A-L+S"L, (1)
Z
% ~SL,—A-L+S L, 2)

where S and K are special parameters of the Kubelka-
Munk model describing scattering and absorption,
which can be calculated as:

ln(l_Rd;a_b)j
S = d , 3)
b-d
A=S(a-1), 4)

where Rd is the diffuse reflectance coefficient, Td is the
diffuse transmittance coefficient, d is the layer thickness
measured in cm, a and b are coefficients defined as:

2 2
_ =T+ Ry ) (5)
2R,
b’=d*-1. (6)

In this case, itis possible to associate these absorption
(A) and scattering (S) parameters of the model with the
absorption (pa) and reduced scattering (u's) coefficients
used in the radiation transfer theory, in accordance with
the following dependencies [15]:

A=2u, (7)

3 .01

="y —= 8

Expression (8) for the scattering parameter in the
Kubelka-Munk model through the optical parameters
of the RTT has a physical meaning only in the case of
an absorption coefficient less than a threefold reduced
scattering coefficient. Our work proposes alternative
conversion formulas based on the results of numerical
modeling of light propagation in a medium with optical
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parameters corresponding to ones of the intestinal
wall. These conversion formulas were tested on optical
phantoms, the optical properties of which are relevant
to the intestinal wall.

Therefore, knowing Tdand R, itis possible to calculate
which optical parameters (u, and ') correspond to values
of the observed transmittance and reflection coefficients
in scattered light through the scattering and absorption
parameters of the Kubelka-Munk model (A and S).

Empirical connections of the results of the Kubelka-
Munk method and radiative transfer coefficients were
used to derive the relationships between them. From
the measured total diffuse reflectance (R) and diffuse
transmittance (T), the relation between Kubelka-Munk
coefficients and the radiation transfer coefficients of the
tissue phantom (u_ and u') were calculated.

Fig. 3 schematically shows the empirical relationship
between the results of the Kubelka-Munk method and
radiative transfer coefficients.

Biological samples

Clinical testing was carried out ex vivo on a specimen
of intestine obtained as a result of surgical operation of
gastrointestinal tumors on the basis of the University

Clinical Hospital no. 1 of the .M. Sechenov First Moscow
State Medical University. Thereflectance and transmittance
spectra of specimen were registered at a distance of + and
- 5 cm from the tumor. The thickness of the sample was
measured using a caliper.

Results and discussion

The result of using the Monte Carlo method is R, and
T, values at different concentrations of fat emulsion and
blood for each wavelength. The simulation was carried
out with values similar to those that were obtained in
the experiment (the values of diffuse reflectance and
diffuse transmission) for the optical parameters from
Table 2. Based on the obtained values of transmission
and reflectance, the dependences of the Kubelka-
Munk coefficients were calculated at three different
wavelengths: 542 nm, 560 nm and 576 nm. Primarily, the
dependences of the obtained Kubelka-Munk coefficients
for absorption A and scattering S on the known values of
the reduced scattering coefficient i/ and the absorption
coefficient u_ were calculated.

Fig.4shows,asanexample, the calculated dependences
for a wavelength of 560 nm and an anisotropy factor of

Puc. 3. Cxema noctpoeHusi Gopmyn
LN nepecyeta napameTpoB Mogesin
Ky6enku-MyHKa 1 onTM4yeckux napa-
METPOB TEOPUMU MepeHoca Mu3yye-
HUS.

Mapametpel Mogenu
Ky6enku-Myxka/
Kubelka-Munk
parameters [A, S]

2N

Cnektpometp / YncneHHoe
“ Obpasen/ MogenuposaHue
Sample Spectrometer/ Numerical
[ra, 1] simulation
[Td , Rd]
E MNepecyet napamerpos/
Translation from [A, S] to
[pa, 1]
600 450.0
—e—abs = 8% 4000
500
—o—abs =4% 350.0 —o—scat =55 cm-1

400 —e—abs=2%
abs=1%
—e—abs =0.5%

w
o
o

N
o
o

=
o
o

S (Kubelka-Munk parameter), r.u.

~&—scat =27.5 cm-1

—o—scat =110 cm-1
scat = 220 cm-1
——scat =440 cm-1

Fig. 3. Scheme for constructing
formulas for recalculating the
parameters of the Kubelka-Munk
model and the optical parameters of
the radiation transfer theory.

Puc. 4. 3aBMCMMOCTM NnapaMeTpoB
moaenu Ky6enku-MyHka ot 3Haue-
HWA W W U ANA LJIMHBI BOJIHBI 560
HM: a — B3auMMHasi 3aBUCUMMOCTb
ABYX KO3)UUMEHTOB paccesHus;
b — B3aMMHas 3aBMCUMMOCTb ABYX
KoadpdpuumeHTOB NOrNnoLweHuns;
C — 3aBMCMMOCTb NMapameTpa pac-
ceaHns wmopenu Ky6enku-MyHka
OoT KOo3dOdULMUEHTA MOIMNOLEHUS;
d — 3aBMCMMOCTb NapameTpa norno-
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Fig. 4. Dependences of the
parameters of the Kubelka-Munk
model on the values of y’ and u_ for
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0.71: scattering S from the reduced scattering coefficient
W, scattering S from the absorption coefficient u,
absorption A from the reduced scattering coefficient u’,
and absorption A from the absorption coefficient u_.

These results show us the linear dependences of the
scattering parameter S of the Kubelka-Munk model on
the reduced scattering coefficient u’ and the absorption
parameter A of the Kubelka-Munk model on the
absorption coefficient u , which generally corresponds to
the most commonly used conversion formulas (7) and (8).
But in the range of optical properties, we are interested
in, the other conversion formulas are needed for our ratio
of parameters and geometry of measurements.

As a first approximation, we propose the following
type of dependence for the parameters under
consideration:

A ) = (1) o, +1, 9)
S(,ua.,u;)zm*u;+n(/,ta). (10)

This type of dependence (9) is due to the fact that, as
we see in Figure 3, the slope of the mutual absorption
dependence depends on the scattering, and not the
shift (Figure 3 (b)). For cross-scattering dependence
(10), we observe, on the contrary, that its shift depends

on absorption rather than its slope (Figure 3 (a)). For
example, for a wavelength of 560 nm, reciprocal terms
can be neglected due to the smallness of the coefficients
in front of them, in which case more direct relationships
will remain:

(1)
(12)

A(p,)=15.8u,+35.6,
S (o) =125, — p, —14.4.

This simplicity of the dependencies allows us to
reverse them in order to obtain recalculation formulas for
solving the inverse problem - restoring optical properties
from known transmittance and reflectance through the
Kubelka-Munk parameters:

, (4)=(4=1)/ k,
1, (A4,8)=(S+nl(A=1)/k+n0)/m.

On Fig. 5 we can see the example of restoration of
optical properties which were used as input parameters
for numerical simulation. We see a tendency for the
absorption values to be overestimated at higher scattering
coefficients, however, this is a second-order effect that we
cannot eliminate using the fast linear model. However, the
scattering coefficient is recovered with this approximation
with a fairly high accuracy. The problem with the upward
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2% Kposu/

2% of blood | 400

2% Kposu/

300
2]
=
200

100

440 220 110 55

275

2% of blood

4.4 4.2 3.9 3.4 27

pa

4% Kposu/

Puc. 5. Pe3ynbratbl BOCCTaHOBJIEHUSA
ONTUYECKUX CBOWCTB OMTUYECKUX daHTo-

4% of blood

MOB, CofiepXallMx paccenBaloLme cpeabl

4% Kposu/ (KMPOBYIO 3MY/IbCHIO) N KPOBb A5t 560 HM

440 220 110 55 275

0,
4% of blood (KpacHbIM OTMEYEHbl BOCCTAHOBJEHHbIE

73 6.1 4.8

3Ha4yeHus,, CHHUM — 3ajaHHble): a — BOC-
cTaHoBfeHHe u npu 2% KPoBU B 06pasLuie;
b - BocctaHoBneHue u’ npu 2% Kpoeu B
o6pasue; ¢ — BoccTaHoBneHue u, npu 4%
KpoBM B o6Gpasue; d — BOCCTaHOBJiEHUE
u’, npu 4% KpoBu B o6Gpasue; e — BocCTa-
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Fig. 5. Results of restoration of optical
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HOBJIEHHbIE M0 3Ha4YeHUAM KoaboduumeHToB Mmogenu Ky6enku-MyHKa onTMieckue cBOMCTBa TKaHEN.

Fig. 7. Clinical testing of modified Kubelka-Munk model applied to restoration of optical properties: a — absorption coefficient of the
Kubelka-Munk model; b — scattering coefficient of the Kubelka-Munk model; ¢ — optical properties of tissues reconstructed from the

values of the coefficients of the Kubelka-Munk model.

trend of the reconstructed absorption coefficient can be
circumvented either by complicating the algorithm for
recalculating the Kubelka-Munk parameters into optical
properties according to the RTT, or by introducing a
correction factor that takes into account the reconstructed
value of the scattering coefficient (Fig. 6).

Results of ex vivo colonic wall (thickness 0.2 cm)
optical properties assessment with customized formulas
are presented on the Fig. 7.

Conclusion
An approach has been proposed for measuring the
spectra of diffuse reflection and diffuse transmission of

light through the wall of hollow organs intraoperatively.
An algorithm for reconstructing the values of the optical
properties of the intestinal wall from the measured
spectral dependences is proposed, based on the two-
stream Kubelka-Munk model with customized formulas
for converting into optical properties based on numerical
modeling. The method was tested in a clinical setting,
which showed the promise of its use for personalizing
the calculation of the dose of light exposure in laser-
induced methods of therapy.

Theworkwas funded by the Russian Science Foundation,
grant No. 25-25-00516.
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