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BBEAEHWE

BONMBUIMHCTBO ONTHUKO-QU3NYECKHUX H3MEpeHUH
OTHOCHUTCSL K KJIACCy KOCBEHHBIX, 3aKIIOYAIOIIMXCS
B OIIpeleleHUH HCKOMOTO 3HaueHHs (HU3UUeCKON
BeJIMYMHB HAa OCHOBAHHH Pe3y/IbTATOB IIPSIMBIX
HM3MepeHUM [pYrux QHu3HMUeCKHUX BeIHYHH, QYHK-
LIMOHQJIBHO CBSI3aHHBIX C UCKOMOM BeJIHYHUHOM. [Ipu
3TOM 3ajauva o06paboTKu HMHPOPMAIIUM B OITHKO-
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of a Priori
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A new look at the theory of optical and
physical measurements in the framework

of the concept of “a priori” is presented. Its
use for assessing the state of biological
tissues and determining the effectiveness

of photodynamic therapy is considered.

It is shown how to quickly evaluate the
parameters of the studied object in the
absence of a priori information about the
studied object and the impossibility of
carrying out calibration procedures. The basis
of the solutions is the combination of methods
of regression analysis and approximation of
the functional relationships of the recorded
signals with the optical characteristics of the
media.
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INTRODUCTION

Most optical and physical measurements belong to
the indirect class, which consist in determining the
desired value of a physical quantity based on the
results of direct measurements of other physical
quantities that are functionally related to the
sought quantity. In this case, the task of processing
information in optical and physical measurements
implies not only the establishment of functional
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du3MYeCcKUX U3MepeHUsX I0ipa3yMeBaeT He TOJIBKO
yCTaHOB/IIeHHe OYHKLUMOHATBHBIX CBSI3€H MEXAY
nosydaeMor MHQopMalHeln U oIpefensieMON Xapak-
TePHUCTUKOM, HO M MHTePIIpeTaLMIO II0/1y4yaeMOH KOC-
BeHHOM MHopMaruu ob uccienyemom obrexre (T.e.
peleHMe 06paTHOM 3aa4H).

[IpakTHUYecKH BO BCeX ClIydasXx 3ajJava HHTep-
IpeTaluu II0y4aeMoOM KOCBeHHOM HHQOpMalUHU
SBJISIeTCSl MHOTOIIapaMeTpPU4eckol M YacTo HeKOp-
PeKTHOM O0OpaTHOM 3afader. [IJig pelleHHS TaKHX
3amad TpebyeTcs HUCIIONB30BAHUE AlPHOPHON HHOOP-
Manuu o6 obwvexkTe McClemoBaHHUS. IIpakKTHUYeCKU
Bcerga (0cobeHHO /IS JTOKALIMOHHBIX CUCTEM) TaKas
vHPOpMaLlMK Heu3BeCTHA, a IIOlyuyeHHe ee TpebyeT
[IpOBefleHUsI [OIOJHUTEIbHBIX H3MepeHUH. s
OVCTAHIIMOHHOIO 30HIMPOBAaHMS aTMocheprl, HeHH-
Ba3MBHOM JHUArHOCTUKU 61006BEKTOB 3TO TPYLHO OCY-
IIeCTBUTh. HeKOPPEKTHOCTB 3/1eCh IIPOSIBIISIETCSI TAKOKe
B Ype3BbIYAMHO CH/IBHOH 3aBHCHMOCTH pelleHHs
OT IIOTPelIHOCTH H3MepeHHUM [1-4]. IIo3ToMy CBOero
pemreHus: Tpebyer mpobiema IIpoBeneHHUs Kaniubpo-
BOYHBIX M3MePeHHUH C BBICOKOK TOYHOCTBIO. [IJIT MHO-
IMX IPaKTHYeCKUX C/ly4daeB TaKas 3afada SB/sSeTCS
fonee CIOKHOM, UeM CO3[JAaHHe CAMOM HU3MEPHUTeIb
HOI CHCTeMBI.

KonuuecTBo TpebyeMor allpHOPHON UHOOPMaLIUU
CyILIeCTBEHHO CHMXKAETCS NPH HCIIOIb30BAaHUU pery-
TSIPU3UPYIOIIKX aITOPUTMOB [1, 5]. B Toxe ke BpeMsl
TaKOM IOAXO0M, TpebyeT oIpesie/leHHOro rofbopa mapa-
MeTpoB peryiaspusaliuu. OT HUX 3aBHCHUT TOYHOCTb
BOCCTAaHOBJIEHUS OIlpefe/sieMbIX IapameTpoB. Hamo
y4ecTb, YTO MeTOABbl PeryIsipU3allui TepsiioT YCTOH-
YKBOCTb IIPH HETOYHOM I10i60pe IIapaMeTpOB peryJsi-
PHU3aLMHU U DU yBeTHYeHUH IIOIPeIlHOCTH H3Mepsie-
MBIX BeJIMYHH [2, 5].

Hi3BeCTHBI IPUMePhl COBPeMeHHBIX HHCTPYMEHTOB
OUArHOCTUKH, He HMMeIOUIUX CeroJHs MeTPOJIOTH-
yeckoro obecrmeveHusi. HeobXOOHMMOCTb HCIIONIB30-
BaHUS allpHOPHON MHGOPMALIUU U JONYIIEeHHUN 06
rccinegyeMoM o6beKkTe He I103BOKJIA MeTpOJIoTHue-
CKH aTTeCcTOBaTh J1a3epPHO- JIOKALIMOHHBIE CHCTEMBI
B CO3[aBaeMbIX IJI0DATBHBIX CeTSIX MOHHUTOPHHTA
3arpsisHeHUH OKpY)Kalolllek cpefpl (MHPOBOI, eBpoO-
nerickori, CHI, PB). IIpyunHa B He3HAaHUU COCTOSI-
HUSL aTMochephl M3-3a ee HEYCTOMYHBOCTH. Takyio
>Ke KapTHHY MBI HaboJaeM B CUTyallUH C MHCTPY-
MeHTaJIbHBIMH CHCTeMaMH HeHHBAa3UBHOM OITH-
YeCKOM JHArHOCTUKU OHOPH3MYEeCKHX I1apaMeTpoB
611006BEKTOB.

[IpUHATO peasn30BaTh pelleHHe 33Jaud KOJIH-
YeCTBEHHOM OLIeHKHU OIlpefe/sieMbIX I1apaMeTpoB
006BeKTOB B [Ba 3Tama. Ha mepBoM 3Tame oIpere-
JISIIOT OITHYeCKHe MapaMeTphl 00BbeKTa U3 IIoaydae-

relationships between the information received
and the determined characteristic, but also the
interpretation of the obtained indirect information
about the object being studied (i.e., solving the
inverse problem).

In almost all cases, the task of interpreting the
obtained indirect information is a multi-parameter
and often incorrect inverse problem. To solve such
problems, the use of a priori information about
the object of study is required. Usually (especially
for location systems) such information is unknown,
and obtaining it requires additional measurements.
For remote sensing of the atmosphere, non-invasive
diagnosis of biological objects, this is difficult to
implement. Inaccuracy here is also manifested in
the extremely strong dependence of the solution on
the measurement error [1-4]. Therefore, the problem
of carrying out calibration measurements with high
accuracy requires its solution. For many practical
cases, such a task is more complicated than creating
the measuring system itself.

The amount of required a priori information
is significantly reduced when using regularizing
algorithms (1, 5]. At the same time, this approach
requires a certain selection of regularization param-
eters. The accuracy of the restoration of the deter-
mined parameters depends on them. It should be
noted that regularization methods lose their stability
with inaccurate selection of regularization param-
eters and with an increase in the error of the mea-
sured values [2, 5].

Examples of modern diagnostic tools are known
that do not have metrological support today. The need
to use a priori information and assumptions about
the object under study did not allow metrologically
certifying laser radar systems in the global environ-
mental pollution monitoring networks being created
(global, European, CIS, and Belarus). The reason is
ignorance of the state of the atmosphere due to its
instability. We observe the same picture in the situa-
tion with instrumental systems of non-invasive opti-
cal diagnostics of biophysical parameters of biologi-
cal objects.

It was decided to implement the solution of the
problem of quantitative assessment of the deter-
mined parameters of objects in two stages. At the
first stage, the optical parameters of the object are
determined from the obtained measurement infor-
mation. The standard move is a comparison of experi-
mental and calculated data. The calculated data are
obtained in the framework of the model of light
transfer and interaction [3, 4, 6, 7]. To ensure the
required accuracy, we use the methods of radiation
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MOM H3MepUTeNbHOM HHOopMauuu. CTaHIAPTHBIN
XOJl -~ CPaBHEHMe SKCIIePHMEHTATBHBIX U PaCIeTHBIX
JAHHBIX. PacdyeTHBle AAaHHBIE IIOY4YalOT B PaMKax
MOJie/IM IIepeHoca U B3aHMMOAEMNCTBUS cBeTa [3,4,6,7].
YTo6BI ObecrieunTh TpebyeMyl0 TOYHOCTb, HCIIOJb-
3yeM MeTOJbl TEOPUH IIepeHOoca U3TydeHHs. MeTombl
HCIIO/IBb3YIOT Pa3lTHyuHble NPUOIHKEHUS 0 JOMUHUPY-
IOIlleM IIpoliecce B3aKMMOZEHNCTBUS, TpedyeT DoIbIIuX
BBIUMC/IHUTENPHBIX 3aTpaT. [103TOMY HCIIONB30BaHHE
TaKAX MeTOJ0B MCK/I0YaeT BO3MOXKHOCTb HMHTep-
MIpeTal[MH SKCIEePUMEHTATBHBIX JAHHBIX B pPEKUMeE
peasbHOro BpeMeHHU. Takoe yTBepsKIeHHe OTHOCHUTCS,
HaIlpuMep, K HCIIONb30BAHHI0 Haubosee TOYHOIO
MeToza MoHTe-Kapio (MK) [8].

MpI mpepjiaraeM HCIIONB30BaTh KOHLEIIIHIO «be3-
AIIPUOPHOCTH» B PellleHHH 33Jay JUCTAHIMOHHOIO
30HAWPOBAHUS C IIOMOIIBI0O METOJOB MU CHUCTEM Ha
baze onTHUKO-QU3UYECKHUX H3MepeHHIH. B ocHoOBe
KOHLIENIIIUHU «be3allpPHOPHOCTH» JIEKAT HEeCKOJIBKO
IIPUHIIHIIOB:

* MaKCHMJIBHO BO3MOKHOE HCK/IIOUYeHHe aIlpH-
OpHOM MHOOPMALIUU WX JOIYINeHHUH 00 Hccie-
oyeMoM obBbeKTe;

* MAaKCHMaJIBbHOE MCKIKYEeHHEe BIMSHUSA alllla-
PaTypHBIX ITapaMeTpPOB, IIapaMeTpPOB Cpelbl Ha
pe3yabTaThl H3MEpPeHHUM IIpU PpelIeHUuH IIpo-
6nemMbl KaJHMOpPOBKM M MeTPOJIOrHYecKoro obe-
CIIeYeHUS;

e mony4yeHHe MHGOPMALIMU B PeKHMe PeaIbHOIO
BpeMeHH.

[leperimeM K 0OOCHOBAHHUIO TEOPETHYECKUX aCIIeK-
TOB KOHIIENIUHU «6e3alIpUOPHOCTH» [JISl KCIIONb30-
BaHHS ONTHKO-QU3UUYECKHX H3MepPEeHHI B yCIOBHSIX
HeoIIpefie/IeHHOCTH.

TEOPETUYECKUE ACMNEKTbI
OMNTUKO-DPU3ZNYECKUX USMEPEHUN
B YCJ1OBUAX VIHCDOPMALI,VIOHHOVI
HEOMPEAENEHHOCTU
PaHee MBI pa3paboTany perpecCUOHHBIN MOAXOZ,
K pelIeHUI0 0OpaTHBIX 33Ja4 OITHYECKOro 30HAUPO-
BaHUS OHonorudeckux cpern. OH 3aK/II0YAeTCs B TOM,
YTO K3 PEruCTPUPYEMBIX OITHYECKHX CHUTHAJIOB
M3BJIEKAIOTCS JTHHEMHO-He3aBUCUMBbIe KOMIIOHEHTEHI.
IIpoliefiypa OCHOBaHA Ha BBIJEIEHUU IIPOEKLIUI CHTI-
HaJIOB Ha IPOCTPAHCTBO M3 COOCTBEHHBIX BEKTOPOB
UX KOBApHUALIMOHHON MAaTpHUILIbl. Jlajsiee HCKOMBIe
IapaMeTphl Cpelbl HaxoOAT IyTeM YCTAaHOBJIEHHS
KX YCTOMUYMBBIX PErPeCCHOHHBIX CBS3€H C JIHMHEHHO-
He3aBUCUMBIMH KOMIIOHEHTAMU CUTHAJIOB.
Hcmonb30oBaHHe B  perpeccHsix JIMHeHNHO-
He3aBHCHMBIX BeJIMUMH COOTBETCTBYeT H3BJIEUEHUIO
M3 HUCXOOHBIX (obpamraeMbIxX) HAHHBIX “II0JIE3HOTO
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transfer theory. Methods use various approximations
about the dominant interaction process; it requires
large computational costs. Therefore, the use of such
methods excludes the possibility of interpreting
experimental data in real time. Such a statement
relates, for example, to the use of the most accurate
Monte Carlo (MC) method [8].

We propose using the concept of “apriority-free”
in solving problems of remote sensing using meth-
ods and systems based on optical-physical measure-
ments. The concept of “a priori” is based on several
principles:

« the maximum possible exclusion of a priori
information or assumptions about the studied
object;

« the maximum exclusion of the influence
of hardware parameters, environmental
parameters on the measurement results
when solving the problem of calibration and
metrological support;

 receiving information in real time.

Let us turn to the substantiation of the theoreti-
cal aspects of the concept of “a priori” for the use of
optical-physical measurementsl under conditions of
uncertainty.

THEORETICAL ASPECTS OF OPTICAL AND
PHYSICAL MEASUREMENTS IN CONDITIONS
OF INFORMATION UNCERTAINTY

Earlier, we developed a regression approach
to solving inverse problems of optical sensing of
biological media. It consists in the fact that linearly
independent components are extracted from the
recorded optical signals. The procedure is based
on extracting the projections of the signals onto
the space from the eigenvectors of their covariance
matrix. Further, the desired medium parameters
are found by establishing their stable regression
relationships with linearly independent signal
components.

The use of linearly independent values in regres-
sions corresponds to the extraction of the “useful sig-
nal” from the initial (inverted) data and the rejection
of “noise”. Such a procedure allows us to construct
solutions to inverse problems that are resistant to
random “disturbances” (fluctuations) of these data.
To search for linearly independent quantities, we
construct the averaged dependences by statistical
modeling of optical signals with maximum variabil-
ity of the medium parameters. We accept only those
parameters of the medium that affect the process of
radiation transfer in it. Next, we construct eigen-
vectors and obtain regression solutions of inverse



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
I OPTICAL MEASUREMENTS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

curHana» u orbpacelBaHMI0 «myma». Takas mpoiie-
Iypa I03BO/IsieT HaM CTPOUTBH peIIeHUs] 0OpaTHBIX
3a/1a4, YCTOMYMBBIX K CIYYaMHBIM “BO3MYIIEHUSIM
(pnyKTyanmsm) sSTUX JAaHHBIX. [IJIs IIOMCKA JTHHEHHO-
He3aBUCHUMBIX BeJINMYUH CTPOI/IM YCPELLHQHHBIE 3daBU-
CHUMOCTHU HyTEM CTAaTUCTHUYECKOIO MO,ZLEHI/IPOBaHI/IH
ONTUYECKUX CHUTHAIOB IIPH MAaKCHMATbHOH BapHa-
THBHOCTH I1apaMeTPOB Cpelbl. 3a TaKve IIapaMeTphl
IPUHKUMAeM JIMIIb Te IIapaMeTpPhbl CPefbl, KOTOpHIe
BIMSIOT Ha IIPOLlecC IepeHoCa B HeHM H3JIydeHHS.
Jlamee CTpoMM COOGCTBEHHBIE BEKTOPHl U IIONy4YaeM
perpeccHoHHBIe pelleHUs: 06paTHbBIX 3a/adu. B mocie-
IyIOIIEM 3TO II03BOJISIET BBIIIOTHUTH OIIEPATUBHYIO
06paboTKy HM3MepseMbIX OINTHYECKUX CHUTHAIOB 6e3
pellleHUs] YPAaBHEHUS [IepeHOoca U3/TydYeHHUs B HCCIe-
IyeMOH Cpefie, NOOIpefeleHUs] allPUOPHOM HHOP-
Manuen Kak B MeTOJAX peryaspH3aluu obpaTHOM
3amauu [6, 7].

s pasnoskeHHUss obpamiaeMblx [OaHHBIX Ha
JTUHEHO-He3aBUCHMble KOMIIOHEHTHI HCII0Ib3yeTCs
6a3uc KOBAPHALIMOHHOM MATpPUIbl. OITHMaIbHast
pasmMepHOCTh 6Gaspca OImpesensercs Ha OCHOBE 3aM-
KHYTBIX YUCIEeHHBIX 3KCHQPI/IM€HTOB I10 BOCCTAHOBJIE-
HUIO [IAPAMETPOB CPeZbl U3 XapPaKTEPUCTHUK ee CBeTo-
paccessHus. JIsi 3TOr0 IePBOHAYaJIbHO Ha OCHOBE
CMOJIE/TMPOBAHHOTO aHCAMOJIsI peanu3aluil BeKTOpa
M3MepeHUN § GOPMHUPYETCS «TeCTOBBIF» aHCAMOIIb.
B HeM KakIasi peajlM3alius I IIOJydeHa MyTeM HaJIO-
JKeHHSI Ha KOMIIOHEeHTBI HCXOOHOTO BEKTOPa r C}IY‘
YAaMHBIX OTKJIOHEHUM B IIpefefiax IOTrPeUIHOCTH
n3sMepeHun O&f. [Jlanee mepebUparoTcs BCe peaynu3sa-
IIMM «TeCTOBOro» aHcaMoOms. IS KaskKmOM M3 HHUX
HaxXOAST pelleHKe oOpaTHON 3afauu 1o popmynam
perpeccuy MeskAy MOZENbHBIMH I1apaMeTpaMU X
u J'[I/IHeI:IHO‘He3aBI/ICI/IMI)IMI/I BeIMYHMHAMHM, COCTaB-
JICHHBIMH U3 KOMIIOHEHTOB .

B uTOre mony4YeHHbIE 3HAUEHUSI MOJEIbHBIX [1apa-
METPOB X CPaBHUBAKT C UX (QAKTUYECKUMH 3HaUe-
HUSIMU X U PACCUUTHIBAIOT IIOIPENIHOCTH UX BOCCTA-
HOBJIeHHS. B  COOTBeTCTBHM C 3aJaHHOH
IIOTPeIIHOCTbI0 M3MepPeHUN BbIOHpaeM KOIHYECTBO
JTUHEHO-He3aBUCHUMBbIX KOMIIOHEHTOB 00paljaeMBbIxX
OAHHBIX U XaPaKTePUCTHKU CBETOPACCESIHUS CPEebl.
OcTraHaBIMBaeM BbI6Op Ha TeX XapaKTEPUCTHKAX, I10
KOTOPBIM MOXKHO Haubosiee TOUHO ONpenensiTh KOH-
KPeTHbIe HapameTpH cpemﬂ B YCHOBI/IHX anpuopHofI
HEOIIPele/IeHHOCTH BCex APYyrux. Takoe pelieHHe
TakKe I[103BOJISIET OL[eHUTbh MHPOPMATHBHOCTh HU3Me-
psleMbIX JAHHBIX, IIOJYIUTh IIPEACTABIEHHE O Teope-
THUYeCKU NOCTH>KMMOM TOYHOCTH BOCCTAHOBJ/IEHUS U3
HUX [1apaMeTPOB CPeJbl, UCCIeS0BATh BIMSHHE KOITH-
YeCTBa U TOYUHOCTHU OIITHYECKHUX I/I3M8PEHI/II;I Ha TOoY4-
HOCTb PelleHUs1 06paTHOM 3aauH.

problems. Subsequently, this allows one to perform
operational processing of the measured optical sig-
nals without solving the radiation transfer equation
in the medium under study, and to determine a
priori information as in regularization methods for
the inverse problem [6, 7].

To decompose the inverted data into linearly inde-
pendent components, the basis of the covariance
matrix is used. The optimal dimension of the basis is
determined based on closed numerical experiments
to restore the parameters of the medium from the
characteristics of its light scattering. To do this, ini-
tially on the basis of a simulated ensemble of realiza-
tions of the measurement vector 7, a “test” ensemble
is formed. In it, each realization f is obtained by
superimposing on the components of the initial vec-
tor r random deviations within the measurement
error &f. Next, all implementations of the “test”
ensemble are selected. For each of them, a solution
to the inverse problem is found by the regression for-
mulas between the model parameters x and linearly
independent quantities composed of the components
of f.

As a result, the obtained values of the model
parameters X are compared with their actual x values
and the errors of their recovery are calculated. In
accordance with a given measurement error, we
select the number of linearly independent compo-
nents of the reversed data and the light scattering
characteristics of the medium. We stop the selection
on those characteristics by which it is possible to
determine specific environmental parameters under
the conditions of a priori uncertainty of all others
most accurately. Such a solution also makes it possi-
ble to evaluate the information content of the mea-
sured data, get an idea of the theoretically achievable
accuracy of restoring the environmental parameters
from them, and investigate the influence of the
quantity and accuracy of optical measurements on
the accuracy of solving the inverse problem.

In particular, in [6, 7, 9, 10], solutions to the
inverse problems of spectroscopy of biological tis-
sues were presented. The goal was to determine the
optical and structural-morphological parameters of
tissues. The optical parameters included the absorp-
tion coefficient, transport scattering coefficient, and
the anisotropy factor of the scattering indicatrix. The
structural and morphological parameters are the
concentrations of melanin, total hemoglobin and
bilirubin in the tissue, the degree of blood oxygen-
ation, the average diameter of blood vessels, the
concentration and size of effective scatterers. The
solutions were based on the use of optical models of
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B wactHocTH, B paborax [6, 7, 9, 10] 6puH mpen-
CTaBJIeHBI pellleHUs OOPAaTHBIX 3a7a4 CIIeKTPOCKOIIMH
broTKaHe. Llelbpio CTAIO OIIpefie/ieHHe OITHYEeCKUX
U CTPYKTYPHO-MOPQOIOTHYECKUX I1apaMeTpOB TKa-
Hel. K onTH4YecKHUM ITapaMeTpaM OTHOCUIU K03bdu-
LIMeHT IOIVIOUeHHUS, TPAaHCIIOPTHBIM KO3PULIMEHT
paccessHUS. U QAKTOP aHU3O0TPOIMK HMHIWUKATPHCHI
paccessHusi. K cTpyKTYpHO-MOPQOIOrHYecKd M IIapa-
MeTpaM - KOHLIEHTpAIlMM MeJaHHHa, obIiero remo-
rnobuHa 1 6UnUpybHHA B TKAaHHU, CTelleHb OKCUTeHa-
LI KPOBH, CPeJHHUH JHaMeTp KPOBEHOCHBIX COCYZOB,
KOHLIEHTpalus U pa3sMep 3PPeKTHBHBIX pacCeMrBa-
Teslleli. B OCHOBe pellleHHI Jieskalo MCIIONb30BaHMe
OIITUYEeCKUX MOJeler KOXKH M CJIH3UCTBIX 00010~
4eK 4YeJ0BeKa, a Takke MeTona MoHTe-Kapiio (MK),
U IO7y4eHHe Ha 3TOHM OCHOBe YCTOMYHBBIX perpecc-
OHHBIX pPelIeHUN OOPATHBIX 33aJad CIEeKTPOCKOIHU
6H1OTKaHe C IPOCTPAHCTBEeHHBIM Pa3pelleHHeM.

[TpennokeHa TeXHHYECKas peanu3allksl U oOlle-
HeHa 5(QQPeKTHUBHOCTb OIpele/leHHUs OINTHYeCKUX
U CTPYKTYPHO-MOPQOIOrHYeCKHUX I[1apaMeTpoB TKa-
HeHl U3 U3MepsieMbIX CUTHJIOB. CUTHAJIBI 06paTHOTO
paccesHus (OP) TKaHeM PerucTpPUPOBAIUCH C IIOMO-
IIbI0 BOJIOKOHHO-ONTHYECKOM TeXHHUKHU C IIPOCTpaH-
CTBEeHHBIM pa3sHeCeHHeM KaHAaJIoB IIOCBUIKH U IIpU-
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the skin and mucous membranes of a person, as well
as the Monte Carlo (MC) method, and on this basis,
obtaining stable regression solutions to inverse prob-
lems of spectroscopy of biological tissues with spatial
resolution.

The technical implementation is proposed and the
efficiency of determining the optical and structural-
morphological parameters of tissues from the
measured signals is evaluated. The backscattering
signals of tissues were recorded using fiber-optic
technology with spatial diversity of the channels of
sending and receiving radiation. The spectral region
of strong light absorption by chromophores of bio-
logical tissue is in the range of A<600 nm. The func-
tional diagram of the measurements of backscat-
tering signals of the mucous membranes is shown
in Fig. 1. Radiation is injected into the medium
through a fiber with a diameter of 0.2 mm, and
the backscattered radiation is collected by receiving
fibers located at distances L=0.23; 0.46; 0.69; 0.92;
1.15 mm from the center of the light-transmitting
fiber (diameter of the receiving fibers 0.2 mm). Such
a geometry of measurements provided an optical
signal value acceptable for practice (not less than
107 of the power of the probing light beam) with a

lens; 11-CCD line

Puc. 1. ®yHKUUOHAABHAS CXemMa U3MepeHUL CUZHAN08 0B6pAMmH020 paccesHusl BuomkaHel: 1 - MUKPONPOUECCOpHbIl 610K ynpas-
AEHUS U3AyYamensimu, pezucmpauuu u 06pabomku cuzHanos; 2 - AdepHble Usny4amenu; 3 — ceemodeaumeAbHble NAACMUHKU;

4 - y20AK08bIl 0mpaxkameAb; 5 — céemonepedarouiue 80A0KHA; 6 — 0NMOBOAOKOHHbIL 30HO; 7 — BUOMKAHb, 8 — C8EMONPUHUMAt0-
wiue 80A0KHa; 9 — 6AoK pezucmpauyuu usaydeHus; 10 — mukpoobsexmus; 11 - auHetika M3C

Fig. 1. Functional diagram of measurements of backscattering signals of biological tissues: 1 - microprocessor control unit emit-
ters, registration and processing of the signals; 2 - laser emitters; 3 — beam splitting plates; 4 — angle reflector; 5 - light trans-
mitting fibers; 6 - fiber optic probe; 7 - biological tissue; 8 - light-receiving fibers; 9 - block registration radiation; 10 = micro
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eMa H3nydyeHHs. CHeKkTpasabHas 067acTb CHIBHOTIO
IIOTJIONIEeHUsI CBeTa XpoMopopaMu OHOTKAaHH Haxo-
OUTCS B AUaria3oHe A<600 HM. DyHKIIMOHAIbHAS
cxeMa H3MepeHUHM CHUTHAJIOB OOPaTHOrO paccesHUs
(COP) cnu3ucThIX 060/1049€K IIpefCcTaBaeHa Ha pHUc. 1.
H3nyyeHHe MHXEKTHUPYIOTCS B Cpey depes BOJIOKHO
nuameTpom 0,2 MM, a 0bpaTHO pacCesHHOe H3Iy-
YyeHHe cobupaercsi IPUHUMAIIIHUMU BOJIOKHAMH,
pacronokeHHbBIMU Ha paccrosHugax L=0,23; 0,46,
0,69; 0,92; 1,15 MM OT LIeHTpa CBETOIIOABOISIILEIO
BOJIOKHA (MUaMeTp IPUHHUMAIONIHUX BOJIOKOH 0,2 MM).
Takass reoMeTpuss H3MepeHHH obecrmedusnia IIpU-
eM/IEeMYI0 [JIsi IIPAaKTHKH BeIHYKUHY OITHYECKOIO
curHaia (He MeHee 10 MOIIHOCTH 30HIHPYIOLIETO
CBETOBOTO IIy4YKa) IIPH MaKCHMAIBHOM PacCTOSHHUH
MeXIY OCBeIAaIOMM M IIPHEeMHBIM BOJIOKHAMH
He 6osee nuaMeTpa HMHCTPYMEHTAJIBHOIO KaHasa
3HAO0CKOIIA.

OLleHeHBl IIOTPeIIHOCTH BOCCTAHOBJIIEHHUS IIapaMe-
TPOB TKaHel, BbI3BaHHBIE HUX CTaTUCTHUYECKHM Ppas-
6pocoM M IIOTPeIlHOCTSIMHU OITHYECKHX M3MepeHHH.
CoBMecTHasi 06paboTKa CIIEKTPAIBHBIX M ITPOCTPAH-
CTBEHHBIX XapaKTepUCTUK OP TKaHU C HCIIOb30Ba-
HHEeM I10/Iy4YeHHBIX PerpecCHH I103BO/IseT YMeHbIINTh
[IOTPeIIHOCTh BOCCTAHOBJIEHHS OIITHYECKUX IIapaMe-
TpOB (OIl) TKaHu o ~3%, B TO BpeMs KaK HX BOC-
CTAHOBJIEHHE TOJIBKO H3 CIIeKTPabHBIX BO3MOSKHO
C IIOIPEeIIHOCTBIO ~9%, a U3 IIPOCTPAHCTBEHHBIX XapaK-
TepuUcTUK OP ~7% [7].

[IpenyioskeHO pelleHHe OOPAaTHOM 33aJayM PEKOH-
CTPYKLIUH [BYMEPHBIX pacIIpefieleHUH CTPYKTYpHO-
Mopdonorndeckux rnapamerpos (CMII) TKaHeH 4eso-
BeKa I10 UX MYJIbTHUCIIEKTPAIBHBIM U300pakeHUsIM [7].
JJ1s1 ycTpaHeHHUs BIMSHUSI HepaBHOMEPHOH OCBeIleH-
HOCTH W TeOMETPUM CheMKU TKaHH Ha Pe3y/IbTaThbl
BOCCTaHOBJICHHS ee [IapaMeTPHUYecKUX KapT UCII0/Ib3Y-
I0TCSI U300paskeHUsI TKAaHH, HOpPMHUPOBaHHbBIE Ha OTUH
M3 CBOMX CIIEKTPaIbHBIX CoeB. ObpaTHas 3amada
COCTOMUT B BOCCTaHOBIeHUM CMII TKaHHU U3 CIIeKTPaJib-
HBIX 3Ha4YeHHI KaKIOro IHCKCela HOPMHUPOBAaHHOIO
n3o6paskeHUs. [/l ee pelleHMUs UCIIOIb3YIOTCS perpec-
CHOHHBI® COOTHOLIEHMS, IIPeJBAPHUTE/bHO IIOIy4YeH-
Hble Ha OCHOBE peIlpe3eHTAaTUBHOM BBIOOPKU CIIeKTpa
nudoysHoro orpakeHus ([10) cpenbl, MOIeNTHPYIOLIEH
HCCIefiyeMyl0 TKaHb. YCTOMYHUBOCTb PerpecCHOHHBIX
oIlepaTopoB I1peoOpa3oBaHUs KH300pa>KeHUH TKaHeH
B [IapaMeTpHYecKHe KapThl K IIOTPEIIHOCTSIM H3Me-
PeHHE obecrieurBaeTCs 32 CUeT HCIIONB30BAHUS IS
pelieHUs] O0OPaTHOMN 3aauM JIMHEMHO-HEe3aBHUCHMBbIX
COCTaBISIONINX H300paskeHUsI, IIOyYaeMBIX IIyTeM
MIPOeKLIUM CIEeKTPaAbHBIX 3HAauYeHHH KaskKAOIo IHK-
cea Ha COOCTBeHHBIe BEKTOPHl KOBAapHALIMOHHOM
MaTpHLBI criekTpa O TKaHU.

=

maximum distance between the illuminating and
receiving fibers not exceeding the diameter of the
instrument channel of the endoscope.

The errors in the restoration of tissue parameters
caused by their statistical scatter and optical mea-
surement errors are estimated. Combined process-
ing of the spectral and spatial characteristics of
backscattering tissue using the obtained regressions
allows one to reduce the error in the restoration
of optical parameters of tissue to ~3%, while their
recovery from spectral parameters is possible only
with an error of ~9%, and from backscattering spa-
tial characteristics ~ 7% [7].

A solution to the inverse problem of reconstruct-
ing two-dimensional distributions of structural-
morphological parameters (SMP) of human tis-
sues from their multispectral images has been
proposed [7]. To eliminate the influence of uneven
illumination and the geometry of the tissue survey
on the results of the restoration of its parametric
maps, tissue images normalized to one of its spec-
tral layers are used. The inverse problem is to restore
the tissue SMP from the spectral values of each
pixel of the normalized image. To solve it, regres-
sion relations are used, previously obtained on the
basis of a representative sample of the diffuse reflec-
tion spectrum of the medium simulating the tissue
under study. The stability of the regression opera-
tors for converting tissue images into parametric
maps to measurement errors is ensured by using
linearly independent image components for solv-
ing the inverse problem, obtained by projecting the
spectral values of each pixel onto the eigenvectors of
the covariance matrix of the diffuse reflection tissue
spectrum.

On this basis, “calibration-free” measuring sys-
tems have been created that are resistant to changes
in the hardware constants of receiving-emitting and
recording units, environmental parameters, and
optical element contamination. Using regression
relationships, methods for the operative reconstruc-
tion of two-dimensional distributions of SMP of
the skin, mucous membranes, and human fundus
have been developed and patented (Patents BY10918
Cl, 2008; BY19144 Cl1, 2015; RU2510506 C, 2014,
RU2506567 C1, 2014; RU2511747 C2, 2014; BY18652 CI,
2014; RU2501522 C2, 2013; BY18653 C1, 2014; RU2517155
Cl, 2014; RU2536217 C1, 2014; RU2539367 C1, 2014). The
working wavelengths of the methods were selected
that provide the greatest accuracy and stability for
solving inverse problems under conditions of general
variability of all tissue parameters that affect their
diffuse reflection spectra.
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Ha sTo¥ ocHOBe co3maHBI “DecKannbOpOBOUHBIE»
M3MepUTe/lbHble CHUCTeMBI, YCTOHMYHBBIE K H3MeHe-
HHUIO aIlIIapaTyPHBIX KOHCTAHT IIPHEMO-H3/1y4aIOIUX
M PeruCTPUPYIOIIUX OJIOKOB, IIapaMeTpPOB OKpYsKaIo-
IIeH Cpenbl, K 3arpsi3HEHUI0 OITHUYECKUX 3IeMEHTOB.
C HCIIONB30BAaHHEM PErpecCHOHHBIX COOTHOIIEHUM
pa3paboTaHBl M 3aIlaTeHTOBAHBI METOIbI OIlePaTHB-
HOM PeKOHCTPYKLHUH IBYMEpHBIX pacIlpelreneHUN
CMII KOXH, CAH3HMCTBIX 000/104eK M IJIA3HOIO [JHa
yejioBeka (ITateHTrs BY10918 C1, 2008; BY19144 C1, 2015;
RU2510506 C, 2014; RU2506567 C1, 2014; RU2511747 C2,
2014; BY18652 C1, 2014; RU2501522 C2, 2013; BY18653 C1,
2014; RU2517155 C1, 2014; RU2536217 C1, 2014; RU2539367
Cl, 2014). BeibpaHbl pabourie AJMHBI BOJTH MeTOOB,
obecrieyrBaroye HAaU6OBIIYIO TOUHOCTh U YCTOMYH-
BOCTb peIleHHsI 0OpaTHBIX 3a/lau B YCIOBHSX 0OIIel
BAPUATHBHOCTU BCeX ITapaMETPOB TKAaHEH, BIIHUSIIO-
IIMX Ha UX CrIeKTpsl JO.

B Toke BpeMsl, perpecCHOHHBIM MeToJ, He I103BO-
JIsleT BBHIIIOJNHSATH TOHKHUM aHAJIU3 XapaKTepPHCTHUK
CBeTOpaccesiHUs TKAaHU, HaII[PUMep, BBISBISTH B HUX
0cobeHHOCTH,, 06yC/IOB/IEHHbIE MaJIBIMHU BapUALIUSIMU
KOMIIOHEHTHOI'O COCTaBa KpPOBU. B wacTHOCTH, 3TO
OTHOCHTCS K COIEeP>KaHUIO AUCTeMOITI0OMHOB B KPOBHU
(kapbokcy-, MeT- U CyabdreMorynobrHa), CIEeKTPHI
IIOIJIOIIEHHUSI KOTOPBIX CYIIECTBEHHO IlepeKpbhIBa-
eTCs C AHWIOTMYHBIMH CIIeKTPaMH OCHOBHBIX HopM
remoriobrHa (OKCHU- M JeoKCcUreMoriobuHa). Majble
Bapuanuu crektpa OP TKaHU, CBA3aHHBIE C Bapua-
IIUSIMH TFeMOIVIODMHHOIO COCTaBa, B 3HAYMUTE/ILHOM
CTeIleHH YCPefHSIOTCS 10 CTAaTHCTUYECKOMY MaTepH-
Ay, UCIIOTIb3yeMOMY IS IIOJIyYeHHsI PerpecCcuil. JTo
CHIKaeT YyBCTBUTEIbHOCTh METOAA K KOHIIeHTPALIKH
KaKI0M KOHKPEeTHOM GOPMBI reMOII00HHa.

B 3THX yCIOBHSX 3HAaUUTETbHO O0slee BBICOKAS TOY-
HOCTb OLIEHKM HCKOMBIX ITapaMEeTPOB MOXKET OBITh
IOOCTUTHYTa IIyTeM H3MepeHHM crekTpa OP TKaHHU
C BBICOKHM CIIeKTPAJIbHBIM Ppa3pelleHHeM H IIocie-
OyIoIlero pemnreHUs obpaTHoM 3amauu. CyTb KOTO-
PO¥ 3aK/II0YAETCsl B MOZE/IMPOBAHHU I TeOPeTUIEeCcKOTo
CIIeKTpPa II0 OTHOIIEHHI0 K SKCIIePHMEHTATbHOMY
myTeM II0AOOpPa MOJENBHBIX IIapaMeTpPoB. BhIcOKoe
CIIeKTPa/IBHOE pa3pellleHHe HCXOLHBIX NAHHBIX 00e-
CIIeYHBaeT YCTOMYHBOCTh 0OOPATHOM 3aJauH K ITOTpell-
HOCTSIM OIITHUYeCKHUX M3MepeHHH W YCTpaHseT Heol-
HO3HAYHOCTh ee pellleHHs B PaMKax HCIIOTIb3yeMOH
momenu 6uoTkaHu. CJIO0KHOCTH 3[eCh 3aKIKYaeTcs
B aIeKBAaTHOM TEOPEeTUYECKOM pacueTe XapaKTepU-
cTtuk OP TKaHH.

B Hamux mpenpiaymux paborax OpIIN I10TyIeHHBIX
BBIPKEHUS ISl pellleHHsl 0OpaTHBIX 3aad ONTHUKHU
6HOTKaHe!N KOKH, CTU3UCTBIX 0bosouek, bynpbapHOi
KOHBIOHKTUBBL U IJIAa3HOrO OHA 4YejioBeka (7, 11-14].

276 ®OTOHMKA TOM 14 N2 32020

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
ONTUYECKME M3MEPEHVS II——
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

At the same time, the regression method does not
allow a subtle analysis of the light scattering charac-
teristics of the tissue, for example, to reveal in them
the features caused by small variations in the com-
ponent composition of the blood. In particular, this
refers to the content of dyshemoglobins in the blood
(carboxy-, met- and sulfhemoglobin), the absorption
spectra of which substantially overlap with similar
spectra of the main forms of hemoglobin (oxy- and
deoxyhemoglobin). Small variations in the spectrum
of tissue backscattering associated with variations
in hemoglobin composition are largely averaged over
the statistical material used to obtain the regressions.
This reduces the sensitivity of the method to the con-
centration of each specific form of hemoglobin.

Under these conditions, a significantly higher
accuracy in estimating the desired parameters can be
achieved by measuring the backscattering spectrum
of the tissue with high spectral resolution and then
solving the inverse problem. The essence of which
is to model the theoretical spectrum with respect to
the experimental one by selecting model parameters.
High spectral resolution of the initial data ensures
the stability of the inverse problem to optical mea-
surement errors and eliminates the ambiguity of its
solution within the framework of the used biological
tissue model. The difficulty here lies in an adequate
theoretical calculation of the characteristics of tissue
backscattering.

In our previous works, expressions were obtained
for solving inverse problems in the optics of skin
biotissues, mucous membranes, bulbar conjunctiva,
and the human fundus [7, 11-14]. We especially note
the developed approximation analogues of the MC
method for fast calculations of the characteristics of
radiation transfer in a homogeneous and two-layer
multi-scattering media.

Forexample, the calculation of the diffuse reflection
coefficient of a homogeneous, semi-infinite medium
with an absorption coefficient k=0.004-7.0 mm™,
a transport scattering coefficient f'=0,3-5,1 mm,
and an average cosine of the scattering indicatrix
g=0,5-0,97 and the refractive index n=1.35-1.45 based
on the following approximation formula [7.11]:

InR = A+§{(am [ln(kzo)]m +b, [ln(b’zoﬂm)+

+i[cm [ln f’_z;} +d,[Inn]" }

m=1

1
where z, =[3k(k+B’)] 2 is the diffusion depth of light
penetration into the medium, A, a,, b, ¢, and d,, are
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Ocobo oTMeTrM pa3paboTaHHBIE AIIIPOKCHMAIIHOH-
Hble aHJIOTH MeToZa MK 1y OBICTPBHIX pacdeToB
XapaKTepPUCTHUK IIepeHOoCa H3Jy4YeHHsI B OLHOPOL-
HOM M [BYXCJIOMHOM MHOTIOKPAaTHO PacCeMBAIOIIHX
cpenax.

Tak, pacuer Ko3poulreHTa AHUPPy3HOTro OTpake-
Husa (KIO) onHOpPOmHOM, I01yb6eCKOHEYHOM Cpenbl
¢ Ko3pdHUIIMeHTOM Imornomenus k=0,004-7,0 MM,
TPaHCIOPTHBEIM KO3$PHULIEeHTOM paccesHus
B'=0,3-5,1 MM}, cpeIHHUM KOCHHYCOM HHAHKATPHCHI
paccesHus g=0,5-0,97 1 roxasaTejeM IIpPeIOMJIEHUS
n=1,35-1,45 ocHOBaH Ha C/lelymoLlel allllPOKCHUMALIK-
ouHou dopmyie [7,11]:

InR=A+ i(am [In(ke,)]"+b, [ln(b'zo)]m)+

m=1

+i cm{lnlb/_—z"g} +dm[1nnJm ,

m=1

1

e z,=[3k(k+p)]? - muddysmonHas rny6uHa mpo-
HUKHOBEHHUS CBeTa B Cpeny, A, a, b, ¢, u d,, - aucio-
Bble KO3QOUIIMEHTRI, paCCYMTAHHBIe 3apaHee IIyTeM
YMCJIEHHOTO MOJe/IMPOBAHHUS IepeHoca H3/Iy4eHHs
B Ccpefie. MaKcHMasbHas MOrPellHOCTb BBIUHCIEHHS R
o AaHHOM dopmyse A yKa3aHHBIX 3HadeHUH OIl
cpennl — 4%, cpemHsAs MOrpeurHocTh — 0,9%. AHaIMTH-
4JecKkaqd aIlIlpoOKCHMMALMs I103BOJISIeT MOZEIHPOBATh
KOO 6onpinHCTBA OUOTKAHEH U MHOTUX Cpel Hebro-
JIOTUYEeCKOT0 IIPOUCXOKIEHUS B CIIEKTPAIBHBIX 0071a-
CTSIX CHJIBHOTO U C1ab0ro IOoryoleHUs B HUX CBeTa.

Mogenb O ABYXCAOMHOM Cpefbl OCHOBaHa Ha
npencrasaeHuu KO B BuIe IIPOoM3BedeHUs 3ddex-
THBHBIX IIPOIYCKaHHUH CBeTa CIOSIMH, C YIE€TOM ero
MHOI'OKPAaTHOI'O pPacCesiHUS U IIepeOTPAKeHUST MEXKAY
HUMH. 3aBUCUMOCTHA 3QPEKTHUBHOIO IIPOIYCKAHHUS
Kakporo cinost oT OIl cpempl [y Cly4daeB ee KOJUIH-
MHPOBAaHHOIO M AUPPY3HOIO OCBElleHHS OIHCHIBA-
eTCS ITOIMHOMHAIBHBIMU QYHKUHAMH C 3aJaHHBIMH
YHCIOBBIMU Ko3bdunueHtamu [13]. IIpemyiokeHHBIE
GOpMyNIBL C BBICOKOM TOYHOCTBIO AMIIPOKCHMHUPYIOT
pe3y/IbTaThl YHUCIeHHBIX pacueToB KIO (puc. 2). Cpexn-
HeKBaJjpaTHU4ecKasl orpelHocTs pacdeTta KO cpenel
B nuama3oHe R=0,01-0,60 coctaBiset 0,65%.

11 KOpPpPeKTHOIO pelleHUs 3a4a4d AO3UMeTPUU
JIa3epHOTO HM3JIy4eHHs U BCeCTOPOHHErO aHajM3a
sddekTuBHOCTH PoTonMHAMUYecKoN Teparnuu (PT)
HeoOXOOMMO 3HAHHUeE IeI0ro KOMIUIeKCA IIapame-
TpoB. K KX YHCIy OTHOCATCS abCONIOTHBIE KOHIIEH-
Tpauuu ®C U MOJIeKYJISIPHOTO KHUCIOpOJa B TKaHHU;
obbeMHasl KOHIIeHTPALIMS KallMIIIPOB U X CPeIHUM
OUaMeTp; COOTHOLIEHHS KOHLEHTpPalMH Ppa3iud-
HBIX $OpM reMornobuHa; ITybHMHA NMPOHUKHOBEHHUS

numerical coefficients calculated in advance by
numerically simulating the radiation transfer into
environment. The maximum error in calculating R
according to this formula for the indicated values of
the optical parameters of the medium is 4%, and the
average error is 0.9%. The analytical approximation
allows us to simulate the diffuse reflection coefficient
of most biological tissues and many media of non-
biological origin in the spectral regions of strong and
weak light absorption in them.

The model for a two-layer medium is based on the
representation of diffuse reflection coefficient in the
form of the product of effective light transmission
by layers, taking into account its multiple scattering
and re-reflection between them. The dependences of
the effective transmission of each layer on the opti-
cal parameters of the medium for the cases of its
collimated and diffuse illumination are described by
polynomial functions with given numerical coeffi-
cients [13]. The proposed formulas approximate with
high accuracy the results of numerical calculations
of diffuse reflection coefficient (Fig. 2). The stan-
dard error of the calculation of the diffuse reflection

0,6

dg=0,65%

0 | | |
0 0,2 0,4 0,6

RMK

Puc. 2. ConocmasneHue pe3yAbmamos YUCAeHHbIX 3Kcne-
pUMEHMO8 No 8bl4UCAHU K03¢PuLueHma dupgy3Ho20
ompaxeHus (KAO) dsyxcaoliHoli cpedbl (paccyumanHbix
memodom MoHme-Kapao U aHaaumuyeckum memodom)

Fig. 2. Comparison of the results of numerical experiments on
the calculation of the diffuse reflection coefficient of a two-
layer medium (calculated by the Monte Carlo method and the
analytical method)
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CBeTa B TKaHb; pacIpelefeHHe IUIOTHOCTH H3JIyde-
HHSl B TKAaHU U CBETOBasi MOIIHOCTB, IOIJIOLIaeMast
SH/IOTeHHBIMHU (eCTeCTBeHHBIMH) M 3K30TeHHBIMU
(creriMasIbHO BBeIECHHBIMH) XpOMOGOpaMHU TKaHH [15].
[TpuyeM, [yisi BbI6Opa ONTHMAJIBHBIX CIIEKTPAJIBHBIX
M SHEepreTHYeCKHUX XapaKTePUCTHUK JIa3epHOr0 H3Iy-
YeHHsI Bce ITapaMeTphl, XapaKTepH3yollue IIPOLecchl
IlepeHoCa M31y4eHHs B Cpelle U ero B3auMOJIeCTBUS
C BeIlleCTBOM CpeJlbl, IO/DKHBI OBITh IIPe/CTaB/IeHBI
B BU/le QYHKUMOHAJBHOM 3aBHCHMMOCTH OT JJIHMHBI
BOJIHBI 30HAHPYIOILETro U3/Ty4eHHUsI.

KonnuectBeHHOH Mepon 3ddeKTUBHOCTH HOoTOdU-
3M4YeCKHUX U POTOXMMUYECKUX IIPOLeccoB B obydae-
MOM TKaHH, CBSI3aHHBIX C I1OIVIOIIEHEeM CBeTa ee Xpo-
ModopoM X, MOXKeT CJIY>KUTh CIIeKTP AeHCTBHUS CBeTa
Ha JaHHBIKA XpoModop [7, 16]:

Ky (2,4)=Cx (2)ky (M) @(2,1),

rae Cy u ky - KOHLIEHTpalUs U KO3PUIIHEHT IOrJIo-
meHus: Xpomodopa, ®(z, A) - CrIeKTp IVIOTHOCTH U3Iy-
YeHHUsI Ha I7TyOMHe TKaHHU z (IPOCTPAHCTBEHHAs OCBe-
IeHHOCTD), BT/ M2.

Vpes, monoxkeHHasi aBTOpaMH B OCHOBY HeHMHBa-
3UBHOTO ompeneneHuss ¢yHKUME Ky(z,A), cocTout
B Clenymomem. M3BecTHO, 4YTO CBETOBOe IIOJIe BHY-
TpU OMOTKAHU U II0JIe U3y4YeHHUSs, PACCesIHHOIO elo
B 00paTHOM HAaIPaBJIEeHUHU, OIMPeeNsIoOTCs OZHUMH
M TeMH >Ke IlapaMeTpaMH TKaHH. XapaKTepHUCTUKU
110Jist O6PaTHO PAaCCesIHHOIO H3Iy4YeHHUS H3MEepSIOT
HEeIIOCPeJCTBEHHO B XOAe 3KCIephMeHTa. OmnTuue-
CKM 3HA4YHMBble IIapaMeTphl TKaHH yCTaHAaB/IHBaeM
IIyTeM pellleHHs COOTBeTCTBYIOIIEH 0OpaTHOM 3afadH.
Jlanee, UCII0/Ib3ys TEOPHIO IIepeHOCA M3JyYeHUs pac-
CUMTHIBAEM BCe HeobXOOUMBbIe CIIeKTPaIbHBIE U IIPO-
CTPAaHCTBEHHBble XapaKTePHUCTHKH CBETOBOIO IO/
BHYTPU TKaHH, a Takke [NyOHMHHEBIe pacrpeneneHUs
CIIeKTPOB JIeMCTBUS CBeTa Ha ee XpoModopel. TakUM
obpasomM, mapameTpsl HOTOBO3IEHCTBHUS, obecreyu-
BalOIKe OITUMAIbHBIN TepaleBTUYeCKHUH 30deKT,
MOKHO BBIOHMpATh IO XapaKTepUCTHKaM O6paTHO
PaccessHHOIO TKaHbBIO M3/lydeHHsI. OJHAKO [JI 3TOr0
HeobX0oIMMBI OBICTPBIE U HalleSKHble METOJBI pacyeTa
XapaKTepHCTHK CBETOBBIX II0JIeM BHYTPU U BHe 0061y-
YyaeMoU TKaHHU [7].

[Tosne u3ly4eHHUs B Cpelle ONMChIBAeTCS CyIIepIIO3H-
LIMeN MaJaloIero KOUIMMHPOBAHHOIO, IaJaloIIero
IUGOY3HOIO M OTPAKeHHOro AUPPY3HOTO IIOTOKOB.
CBeTOBBIe IIOTOKHM B COCEAHUX 3J€MEHTAPHBIX CJI0SX
Cpelbl M Ha ee IIOBEPXHOCTH CBSI3aHBl IIPOCTBIMH
MaTpUYHBIMHU OIlepaTopaMu. Mx monydaeM co4eTa-
HHeM aCHMIITOTHYecKUX GOpMyJl TeOpHH IIepeHoca
M3JIydeHUs] C MOpUOIMKeHHeM OJHOKPAaTHOIO pac-
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coefficient of the medium in the range R=0.01-0.60
is 0.65%.

For the correct solution of the problems of laser
radiation dosimetry and a comprehensive analysis of
the effectiveness of photodynamic therapy, knowl-
edge of a whole complex of parameters is neces-
sary. These include absolute concentrations of FS
and molecular oxygen in the tissue; volume con-
centration of capillaries and their average diameter;
the ratio of the concentrations of various forms of
hemoglobin; the depth of penetration of light into
the fabric; distribution of radiation density in tissue
and light power absorbed by endogenous (natural)
and exogenous (specially introduced) tissue chro-
mophores [15]. Moreover, to select the optimal spec-
tral and energy characteristics of laser radiation, all
parameters characterizing the processes of radiation
transfer in the medium and its interaction with the
substance of the medium should be presented as
a functional dependence on the wavelength of the
probe radiation.

A quantitative measure of the effectiveness of pho-
tophysical and photochemical processes in an irradi-
ated tissue associated with the absorption of light by
its chromophore X can be the spectrum of the action
of light on a given chromophore [7, 16]:

Ky (2.2)= Cx (2)ky () (2,0,

where Cy and ky are the concentration and absorption
coefficient of the chromophore, ®(z, A) is the
radiation density spectrum at the tissue depth z
(spatial illumination), W/m?.

The idea put by the authors as a basis for the nonin-
vasive definition of the functions Ky(z,A) consists in
the following. It is known that the light field inside
the biological tissue and the radiation field scattered
by it in the opposite direction are determined by the
same tissue parameters. The characteristics of the
backscattered radiation field are measured directly
during the experiment. We establish optically signif-
icant tissue parameters by solving the corresponding
inverse problem. Further, using the theory of radia-
tion transfer, we calculate all the necessary spectral
and spatial characteristics of the light field inside
the tissue, as well as the deep distributions of the
light action spectra on its chromophores. Thus, the
parameters of photo exposure, providing the optimal
therapeutic effect, can be selected according to the
characteristics of radiation backscattered by the tis-
sue. However, this requires fast and reliable meth-
ods for calculating the characteristics of light fields
inside and outside the irradiated tissue [7].
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cestHUsI. CpaBHeHHe pe3y/bTaTOB pacyeTa CBETOBBIX
IIOTOKOB B IIITUC/IOMHOM cpefie (MOZeNHPYIOIIeH KOXKY
YeI0BeKa) HHXeHepHBIM MeTogoM H MeTtogom MK
IIOKAa3bIBaeT, UTO OHM COMOCTABHMMBI IO TOYHOCTH
IIpU CYyIIeCTBEHHOM Pa3/JIM4YUU BBIUHUC/IHUTEIbHBIX
3aTpar [7].

ITpuMepsl omlpenieNieHUs I1apaMeTpoB GOTOBO3IEM-
CTBUS IIPOJEMOHCTPHUPOBaHEl B paborax [18,19] mpu
HU3y4YeHUM CIeKTPOB HEeHCTBUS CBeTa Ha (OTOCEH-
CUOMIM3aTOp K OKCUIeMOINIOOMH IIpH (POTOmHHA-
MHYECKOM TepamHM, a Takke CKOPOCTH (oToH3oMe-
pusauuu 6uUIHMpybHHA IpU GOTOTEpallMU SKeATYXH
y HOBOPOSKI€HHBIX.

[TonydyeHBl IIaTEHTHl HAa METOIBI, I103BOJISIIOIIME
[IPOBOOUTH POTOAMHAMHUYECKYI0 TEPAIIHMI0 OHKOJIOTH-
yeckux 3aboneBanuil yenoBeka (ITaTeHThl RU2521838
C1, 2013; BY19557 C1, 2014; EBPa3suUMCKHUK MATEHT
031413 B1, 2018).

PaspaboTaHbl W 3allaTeHTOBAHBI: YCTPOHCTBO IS
OUATHOCTHUKY 3/I0KaYeCTBeHHBIX 06pa30BaHUM B CJIU-
3UCTOM 000JI0uKe UeloBeKa IIOCPeACTBOM OIIpefesie-
HUSI KOHIIeHTPAllMM IeMOITIOOMHA M CTeIleHH OKCH-
reHanuyu kpoBu B Hel (IlateHT BY19558 Cl, 2015);
YCTPOMCTBO [JIsl OIpellelleHHs KOHLEHTPALUHU TeMo-
robMHa U CTelleHW OKCUTeHALlMHU KPOBH B CJIM3H-
cThIX 0bostoukax (ITatenT RU2528087 C1, 2014). laHHOe
YCTPOMCTBO MOSKET C YCIIEXOM HCII0JIb30BaThCS B XOfe
NIpOBeeHUsl SHIOCKOIIMYECKUX MCCIeNOBAHUU CIIH-
3UCTHIX 0DOTI0YEK IIOJIOCTU PTa, IUINEBOJA, OPraHOB
SKeJTYA0YHO-KUIIEeYHOI0 TPAKTa U JIETKUX.

3AK/JTIOYEHUE

BusyanpHoe ocMoTp (obciemoBaHMe) OPraHOB M TKa-
HeHM 4Ye/loBeKa SIBJISeTCs IIepPBOOYepelHBIM MEeTOHOM
OUATHOCTUKU Psiia 3a60/eBaHUN U IIWPOKO KCIIOJNb-
3yeTcsi B OHKOJIOTHM, XUPYPrHH, OQTaJIbMOIOTHHU
U B psle Opyrux obnacrell MegUIIMHEL. B coBpeMeH-
HOM MeIHIMHe Takoe o0c/ieZoBaHHE BBIIIOIHIETCS
IIpY IIOMOIIY CIIeLIUaIN3UPOBAHHBIX CUCTeM: JepMa-
TOCKOIIOB, 3H/IOCKOIIOB, GyHAyC-KaMep U Ap. OJHAKO
BU3Yya/bHBIM OCMOTP TKaHeH MallheHTa LeJTHKOM
OITHPAETCs Ha OIBIT, KBIMGHUKALIMIO U [[BETOBOCIIPHU-
STHe Bpada U He obecriedrBaeT 06beKTHBHOCTH JHA-
rHo3a 3aboeBaHMs.

TakuM 06pasom, Upe3BBIYAMHO aKTyaJIbHA Pas-
paboTKa OIMepaTHUBHBIX BBICOKOTOYHBIX METOLOB
KOJIMYECTBeHHON [OUArHOCTUKU OHO0OBEKTOB I10
CIIeKTPaIbHO-ITPOCTPAHCTBEHHBIM XapPaKTepPHUCTHKAM
MX MHOTOKPAaTHOIO PacCesiHHS U HUX MYJIbTHCIIEK-
TPJIBHBIM M300paskKeHHUSIM; MeTOAVK HEMHBAa3HUBHOIO
KOHTPOJIS CBETO-UHAYLIMPOBAHHBIX IIPOLIECCOB B OHO-
TKaHSIX OpU doTtoTepanu. OCHOBOM ISl CO3MAHMUS
HOBOI'O ITOKOJIEHUSI OITHKO-3JIeKTPOHHBIX CHCTEM,

=

The radiation field in the medium is described by
the superposition of the incident collimated, incident
diffuse and reflected diffuse flows. Luminous fluxes
in neighboring elementary layers of the medium and
on its surface are connected by simple matrix opera-
tors. We obtain them by combining the asymptotic
formulas of the theory of radiation transfer with the
single-scattering approximation. A comparison of
the results of calculating light fluxes in a five-layer
medium (modeling human skin) by the engineer-
ing method and the MC method shows that they are
comparable in accuracy with a significant difference
in computational costs [7].

Examples of determining the parameters of photo-
exposure were demonstrated in [18, 19] when studying
the spectra of the action of light on a photosensitizer
and oxyhemoglobin during photodynamic therapy,
as well as the rate of photoisomerization of bilirubin
during phototherapy of jaundice in newborns.

Patents have been obtained for methods that allow
photodynamic therapy of human oncological dis-
eases (Patents RU2521838 C1, 2013; BY19557 C1, 2014;
Eurasian Patent 031413 B1, 2018).

Developed and patented: a device for the diagno-
sis of malignant tumors in the human mucosa by
determining the concentration of hemoglobin and
the degree of blood oxygenation in it (Patent BY19558
Cl, 2015); a device for determining the concentration
of hemoglobin and the degree of blood oxygenation
in the mucous membranes (Patent RU2528087 Cl,
2014). This device can be successfully used during
endoscopic examinations of the mucous membranes
of the oral cavity, esophagus, organs of the gastroin-
testinal tract and lungs.

CONCLUSION

Visual inspection (examination) of human organs
and tissues is the first-line method for diagnosing a
number of diseases and is widely used in oncology,
surgery, ophthalmology, and in a number of other
areas of medicine. In modern medicine, such
an examination is performed using specialized
systems: dermatoscopes, endoscopes, fundus
cameras, etc. However, a visual examination of the
patient’s tissues is entirely based on the experience,
qualifications and color perception of the doctor
and does not provide an objective diagnosis of the
disease.

Thus, the development of operational high-preci-
sion methods for the quantitative diagnosis of bio-
logical objects according to the spectral and spatial
characteristics of their multiple scattering and their
multispectral images is extremely relevant; methods
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HCIIONB3YIOIKUX MHUHHMAaIbHOE KOJIHMYECTBO aIlpHoOp-
HOM MHG)OPMALIMH, NOIOJHUTENIbHBIX H3MepeHHH,
KaJTHUOPOBOYHBIX IIPOLEAYp SBIsSeTcss Ppa3paboTka
METOZIOB, COOTBETCTBYIOIIUX YCIOBHUSM KOHLIEMLIHUH
«b6e3arpHOpHOCTHY.
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of non-invasive control of light-induced processes in
biological tissues during phototherapy. The basis for
creating a new generation of optoelectronic systems
using the minimum amount of a priori information,
additional measurements, calibration procedures is
the development of methods that meet the condi-
tions of the concept of “a priori”.
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Smart-VS: HHTe/N/IeKTya/IbHbIe TeXHOJIOTHH
BJIMBAIOTCA B OHM3HeC-TIPOLLeCChI

i g

KomnaHua Datalogic B WiOHe
2020 ropga npepcTaBuia HOBbIN
npoaykKT —  YMHbIK  AAaT4uK
MALWMHHOTO 3peHKns Smart Vision
Sensor (VS).

Smart VS pa3spabotaH Aans
MHTerpaumm B CUCTEMbl COPTU-
pOBKM 061beKToB. Mostomy
Takme patymkm 6yayt BocTpebo-
BaHbl B CaMbIX pasHbiXx cdepax:
Ha JWHMAX pasvea B nNuLe-
BOM MPOMbIWJEHHOCTHN, B Mexa-
HU3UPOBAHHbIX YMakoOBOYHbIX
MalwmnHax gns  dapmauyesTmye-
CKOM UAN KOCMEeTUYeCKoMm npo-
OyKUMM, B KOHBenepHown cbopke
MexXaHU4YeCcKMx WAN  31eKTPOH-
HbiX aetanen. C nomMoLwbo Smart
VS [aHHble O pasu4YHbIX 06b-
eKTax nocTynawT C BUAeoKa-
Mep B peXume peasibHOro Bpe-
MeHU Ha ynpasnaswowmn 610K

MAM B apxuB 3anucen. [anee
c nomouwbio MO unpget aHanus
BMAEOMoTOKaA.

Ypo6cTBO MCNONb30BaHMUSA
0AaTyMKa MalWHHOIO 3peHus
Smart-VS 3akntvyaetca B fer-
KOCTW €ero HacTpOWKW W ynpas-
neHunsa. JaTtymnkom MO>XHO
ynpaBnaTb yganeHHoO 4yepes rpa-
dburnueckumn NoNb30BaTENbCKNN
Be6-uHTepdenc (GUI). Paspabo-
TaHHLIM ANrOPUTM  MaLWMHHOTO
obyyeHnsa Smart-VS pacwwupseTt
noTeHLMaN €ero MCnosb3oBaHUA
bnarogaps cnocobHOCTM CaMo-
obyyeHMs B HebnaronpuATHbIX
YC/IOBUAX  3KCNyaTaumm: npu
paboTe C HM3KOKOHTPACTHbLIMM
obbekTamMu, MNpU HU3KOMW OCBe-
LWEeHHOCTN, obbekTamMmn, uUmMme-
OWUMN noodT CKONbXXeHUSA
n 6onblve AOMNYCKWU MO3ULLMOH-
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HbIX MOMIOXEHWUW B KOHTPOAUPY-
emMomMm paboyvem nose. CKOPOCTb
oTKAMKa  Aans 3KCnayaTaymm
B PasHbIX YyC/0BUSAX B CpefHeM
cocTtasnset 50 mc.
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