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5-6 nexadps 2024 roga B besiopycckom rocyiapcTBeHHOM YHHBepCHTeTe
HHPOPMATHKH U PATMONIEKTPOHHKH COCTOAIACH
XIV MexaynapoaHasi HAy4YHO-TeXHHYeCKasd KOHpepeHuus
«MEJIDJIEKTPOHUKA-2024)
«CpencTBa MeIHIMHCKOM 3JIEKTPOHUKH
W HOBBbI€ MeIMIIHHCKHE TeXHOJIOTHID)

B paMKax KOH(l)epCH]_[I/II/I 060y)K,I[aHHCL HAYYHBIC U IPAKTUYCCKUC JOCTUIKCHUS B obmactu MPOCKTH-
poBaHuA U MPUMEHCHUSA CPEACTB MGHHHHHCKOﬁ OJICKTPOHUKU, pa3pa60TKa " BHCAPCHUEC HOBBIX MEIH-
IMMHCKHUX TCXHOHOFHﬁ, BONPOCHI MIOATOTOBKH CIICIUAJIMCTOB.

B xypHane Ha c. 7-82 onmyONHMKOBaHbI MaTepHalbl, PEKOMEH/IOBAHHBIC OPTKOMUTETOM, a TaKKE
CTaThs MpUriameHHoro aBropa (c. 83). Jlara moctymienus crareit B pegakuuto — 06.11.2024.
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AnHoranust. PaccMotpeHo hopMupoBaHue MIICHOK OKCH/IOB BEHTHIIBHBIX METAIIOB Psiia aIFOMUHUMA, IUPKOHHH,
TUTaH, TAaHTaJ, HIOOMH TOMIHUHOMN 0kosi0 100 HM AIEKTPOXUMUYECKUM aHOIMPOBAHNEM B DJIEKTPOJIUTE HA OCHOBE
1%-HOro BOJHOTO pacTBOPA JIMMOHHOM KUCIOTHI. MccienoBano BIMsIHHE MJIEHOK aHOTHBIX OKCHJIOB BEHTHIIBHBIX
METaJJIOB CO BCTPOCHHBIM JJIEKTPETHBIM 3apsI0M Ha TPOIECC reMOocTa3a KPOBH IPU €€ KOHTAKTUPOBAHUH C TO-
BEPXHOCTBIO OKCHUHBIX IUIEHOK. YCTaHOBJICHO, YTO TNICHKH OKCHJIOB, UMEIOIIHE OTPUIIATEIbHBIN JJIEKTPUUECKUMA
3apsiy (OKCHIBI aIIOMUHUS W LUPKOHHMS), 3aMEUISIOT TPOIECC reMocTa3a KPOBH, a TUICHKH aHOIHBIX OKCHIOB
C TMOJIOKUTENLHBIM DIIEKTPHYECKUM 3apsiioM (OKCH/IbI HUOOMSI M TaHTalla) YCKOPSIOT ero. JlaHbl peKoMeHIaluu
0 UCIIOJIb30BAHUIO MOKPBITHH C OTPUIATEIBHBIM JJIEKTPHYECKUM 3apsIOM B Ka4€CTBE IMMOKPHITHI UMIUIAHTATOB
ULt obecniedeHust TpoMOope3ucTeHTHOTo Adpdexra. OKCHIbl BEeHTHIBHBIX METAJUIOB C MOJIOKHUTEIBHBIM 3apsIIOM
MOTYT OBITh HCITIOJIb30BaHbI TIPH 00paOOTKe paH /sl OCTAHOBKU KPOBOTEUESHHSI.

KaioueBrble ciioBa: OKCHUAHBIC IIJICHKH!, SJICKTPOXUMHNYCCKOC aHOAUPOBAHUE, BCTpOGHHLIﬁ SHGKTpI/I‘leCKHﬁ 3apsna,
réMoCTa3 KpoBH, TpOM60p€3I/ICTeHTHOCTL.

Kongaukt uHTEpecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUHU KOH(INKTa HHTEPECOB.

Jst uutupoBanusi. OKCUIHBIE TUICHKH CO BCTPOEHHBIM 2JIEKTPHYECKUM 3apsiIOM JIJIsI PETYTHPOBAHHMS ITPOLIECCOB
remoctasza/ C. K. JIazapyk [u ap.] / Joxmaaer BI'YUP. 2025. T. 23, Ne 1. C. 7—-13. http://dx.doi.org/10.35596/1729-
7648-2025-23-1-7-13.
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OXIDE FILMS WITH BUILT-IN ELECTRIC CHARGE FOR REGULATION
OF HEMOSTASIS PROCESSES
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Abstract. The formation of films of valve metal oxides of the aluminum, zirconium, titanium, tantalum, niobium
series with a thickness of about 100 nm by electrochemical anodization in an electrolyte based on a 1 % aqueous
solution of citric acid is considered. The effect of films of anodic oxides of valve metals with a built-in electret
charge on the process of blood hemostasis when it contacts the surface of oxide films is studied. It is found
that films of oxides with a negative electric charge (oxides of aluminum and zirconium) slow down the process
of blood hemostasis, and films of anodic oxides with a positive electric charge (oxides of niobium and tantalum)
accelerate it. Recommendations are given for the use of coatings with a negative electric charge as implant coa-
tings to ensure a thromboresistant effect. Positively charged valve metal oxides can be used in wound treatment
to stop bleeding.

Keywords: oxide films, electrochemical anodizing, built-in electric charge, blood hemostasis, thromboresistance.
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BBenenue

OKCH/IHBIC TUICHKH BEHTWJIBHBIX MarepuaioB (KPEeMHHS, aJIFOMUHUS, TUTAHA, IUPKOHHMS, TAaHTAJIa,
HUOOUS1) UCIIONB3YIOTCS B TEXHOJIOTHH U3TOTOBICHHS U3/ICNINH MUKPORJieKTpoHuKH [1-7]. B [8—10] ort-
MEYaJIoCh, YTO B 3aBUCUMOCTHU OT BbIOOpA UCXOHOTO MaTepralia U PeKUMOB (DOPMUPOBAHUSI AaHOTHBIX
OKCH/THBIX TUICHOK MOJKHO CO3/1aBaTh OKPBITHS, 00J1a/1al01I1E BCTPOSHHBIM IEKTPUICCKUM 3aPSI0OM —
KaK TMOJOXKUTEIbHBIM, TaK U OTPUIATEIbHBIM. V3BECTHO, YTO 3MEKTPOCTUMYJISIUS IPUMEHSIETCS PU
octeopernapanuu [11], a TpoMOOIMTEI KPOBH, OTBETCTBEHHBIE 32 MPOLIECC IeMOCTa3a, HMEIOT OTPHULIA-
TEJBHBII EKTPUUYCCKUI 3apsi]l, KOTOPBIH 00ECIICYBACT UX MEPEMEIICHUE K OJIOKHUTEIBHO 3apsKCH-
HOMY TPaBMHUPOBAHHOMY Y4acTKy CyOdHIOTEIUH, TJe UX B3aUMOJICHCTBHS C CYOIHIOTEIINAMU U KOJIJIa-
reHamu oOecnieunBaroT 3 dekr cBeprhiBanus KpoBH [ 12—15]. Takum 00pa3om, 3a CUET UCIIOJIb30BAHUS
MOKPBITHH C 33JaHHBIM JJICKTPUYECKUM 3apsoM MOXHO YIPAaBIATh dPPEKTOM CBEPTHIBAHUS KPOBU
Ha MOBEPXHOCTH JIAHHOTO MOKPBITHSL, T. €. IPU HEOOXOAUMOCTH MOXKHO YCHIIMBATh 3TOT 3(D(EKT, Koraa
HY>KHO OCTaHOBUTbH KPOBOTCUCHHUE, M 3aMEIJISATh, YTOOBI IPEJOTBPATUTH MOSBICHUE TPOMOOB.

B crarbe paccMOTpeHBI BIUSHUE PEKUMOB (DOPMUPOBAHUS OKCHJIHBIX IJICHOK Ha MOJIIPHOCTH U Be-
JUYUHY BCTPOCHHOIO AJIEKTPUUECKOTO 3aps/ia, a TAKXKE BIUSHUE ATOrO 3apsija Ha MPOIECC TeMOCTasa.

HpOBe}IeHHe IKCIIEPUMEHTa

B kadecTBe MCXOOHBIX 00pa3lOB UCIOIB30BATIMCH MPO3PAUHbIC TUIACTHHBI U3 CHIIMKATHOTO JIHOO
OPTaHMYECKOTO CTEKJIa TOMIUHON MeHee | MM. [ieHkn MeTaiioB psaa anfoMUHAN, TUPKOHUH, TUTaH,
HUOOUWH, TaHTan TommmHoN 50—100 HM ocakJaiy MarHETPOHHBIM PACIIBUICHUEM NpPH TeMIIepaType
romoxku (100 £ 10) °C.

AHOIHOE OKHCIICHHE METAJNTHYECKUX IUIEHOK MMPOBOAMIIM B JIEKTPOJIUTE Ha OCHOBE 1%-HOTO BOA-
HOTO pacTBOpa JMMOHHOM KUCIIOTHI, aHOAMPOBAHHUE — B FAJIbBAHOCTATHUECKOM PEXHUME IPH TUIOTHOCTH
anomHoro toka 10-20 MA/cM?. BpeMst aHOMPOBAHKS ONPENEISIIOCH BBIXOIOM (DPOHTA AHOIUPOBAHUS
K MOBEPXHOCTHU CTEKJISIHHBIX IUIACTUH, YTO MPOSIBIIATIOCH 3aMETHBIM YBEJIMYEHHEM aHOAHOIO HaIpshKe-
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uus. CrienmaneHas GopMa karoga obecredrBata MPaKTHIECKN MOIHOE MPOKHUCICHHE METaTTMYECKUX
IUIEHOK, YTO MOATBEPKAAJI0CH PO3PAYHOCTHIO MTOTYYaEMBIX CTPYKTYP.

Bonber-BpeMeHHbIE XapaKTEpPUCTUKA Ha (OPMUPYEMBIX CTPYKTypax PpErHCTPUPOBAIKCH IIOCIE
3aBEpILCHHUS aHOAHBIX MTPOIIECCOB B TEUCHHE BPEMEHHBIX HHTEPBAJIOB OT | 1 10 HeCKONMbKUX JHei. [Toc-
Jie IPOXOXKICHUS HyJEBOM TOYKHM MOTEHIMANA HA UCCIEeIyeMbIX 00pa3sax MpOBOIIN 3aMEHY BOJIBT-
MeTpa Ha BBICOKOOMHBIH BOJITMETP C BHYTPEHHHUM conpoTuBieHreM oonee 1 'OM, 9TOOBI HCKITIOUNTD
BIIMSTHAE CXEMbI Ha KWHETHUKY M3MEPEeHNUS MOTSHINAa aHOJHOH TUICHKH.

[TonstpHOCTB ¥ BEIMYMHA BCTPOSHHOTO IEKTPUUYECKOTO 3apsiia OLEHUBAIUCH C TIOMOIIBIO H3Mepe-
HUS AJIEKTPOJHOTO MOTEHLIMAIA OTKPHITON LM MOCIE BBIICPKKH B 3JEKTPOXUMHUUECKOHN sueiike 00-
nee 1 g [8]. Ilocae mporecca 31EKTPOXUMHUECKOTO aHOJUPOBAHMS 3KCIIEPUMEHTAIbHBIE CTPYKTYpPbI
OTMBIBAJIM B TIUCTUJLTUPOBAHHOHN BOJIE.

JIIst OLIEHKHM TIpoIiecca TeMOCTa3a Ha SKCIIEPUMEHTAIBHBIX CTPYKTypaX HCIIOIB30BAJIN KOAryso-
meTp microlNR (iLine Microsystems S.L., Micrranus), n3mepsist mpoiiecc reMocTas3a KpoBy Ha Ipo3pad-
HBIX ynnax no nokazanusim MHO (MexxayHapogHoe HOPMaIN30BaHHOE OTHOLLIEHHUE), TTIOKPBITHIX OKCH-
HBIMH IIJICHKaMH BEeHTHJIBHBIX MeTaiioB. @otorpaduu YUIoB npeacTaBieHsl Ha puc. 1.

Puc. 1. Ynn muist onpeneneHns moxkasaressi MeKAyHapOoIHOTO HOPMaJIM30BaHHOTO OTHOLIEHHS TeMOCTa3a KPOBH:
a — obuwmii BU; b — BUJ MUKPOKAaHAJIOB BHYTPH ITPO3PauyHOM MTOATIOKKN
Fig. 1. Chip for determining the international normalized ratio of blood hemostasis:
a — general view; b — view of microchannels inside the transparent substrate

Pe3y.]'ll)TaTbI I/ICCJ'[e}IOBaHHﬁ H UX oﬁcymneﬂne

Ha puc. 2 npuBezieHb! BOIBT-BPEMEHHBIEC 3aBUCUMOCTH PA3HOCTH MOTEHIIMATIOB MEXTY dJIEKTPOIa-
MH, TTIOKPBITHIMU aHOJHBIMH OKCHUTHBIMH TIEHKAMH, U KOHTPOJIBHBIMU METAJUTMUECKUMU IEKTPOaMHU
TeX K€ METAJUIOB 03 aHOMHBIX OKCHIIOB. OTCUET KOHTPOJIUPYEMOTO BPEMEHH HAUYWHAJICS cpa3y MOociie
3aBEPIICHUS IICKTPOXUMUIECKOTO aHOUPOBaHMs. Kak BHIHO U3 puC. 2, T0 OKOHYaHUH aHOTHOTO TIPO-
1ecca Ha BCEX HMCCIEyeMbIX MMOBEPXHOCTSIX HAOIIOMACTCS MTOMOKUTEIBHBIN AIEKTPUYECKHIA MTOTSHIIU-
an B nuanazone ot 200 go 360 MB oTHOCUTENBHO KOHTPOJIBHBIX METAJUIMYECKUX AIIEKTPOIOoB. [anee
C TEUEHHEM BPEMEHHU OTMEYAETCs MOCTEIIEHHOE U3MEHEHHE ITOTO0 MmoTeHIrana. [Ipudem 1i1s MmeTamioB
psla aTFOMIHIH, ITUPKOHUH, TUTAH TPOUCXOTUT MEPEXO0T ICKTPOTHOTO TOTEHITHATIA B OTPUIIATSIIBHYIO
00J1aCTb.

YMeHbIIIeHne 3eKTPOTHOTO MOTEHITHAIa HAOIIOMAI0Ch Il BCEX MCCIEYyEeMBIX DIIEKTPOIOB, TO-
KPBITBIX OKCUAHOU IIeHKOU. [lociae 60 MUH BBIAEPKKHU B AIIEKTPOJIUTE AEKTPOXUMHUUYECKON sSUeHKu
M3MEHEHHUE TIOTEHIIMANIa YMEHBIIACTCs, TIEPEeX0/is B CTaauio ero crabunumzanuu. [Ipu mocuemyrommx
M3MEepeHNIX u3MeHeHue He npesbimaio 10 % oT 3HaueHust, COOTBETCTBYOMIEro 60-MUHYTHO BBIIEPK-
ke. Kak BugHO M3 puc. 2, BETUYHHA dJIEKTPOTHOTO MOTECHIIMAIAa MUHUMAIbHA JJIT OKCHIHBIX TUICHOK
ATIOMUHUSA, JaJiee B MOPSIKE BO3PACTAHUS €TO 3HAYCHUH CIICTYIOT OKCUIHBIC TNICHKH [IUPKOHMSI, TUTA-
Ha, TaHTana u HHOoOws. [Tpruem mocie 60-MHUHYTHON CTaOMIN3aNAN TNIEHKHA OKCHJIOB ATFOMHHUS, ITHP-
KOHHS ¥ TUTaHA UMEIOT OTPULIATEIFHYIO, a TAaHTaJla U HUOOUS — MOJIOKUTENIbHYIO TOJSIPHOCTH AJIEKT-
POIIHOTO MOTEHITHANA.

[Toy4yeHHbIe pe3yabTaThl CBUIETEIHCTBYIOT O TOM, YTO OTPHUIATEIBHBIN JIEKTPOIHBIN MOTEHITAAT
CBOMCTBEHEH OKCHJIHBIM IUICHKAM BEHTHJIHLHBIX METAJUIOB 3-U M 4-i TPyIII, B TO BPeMs KakK IMOJIOKHU-
TEJIbHBI OTMEUAETCS B OKCUAHBIX IJIEHKAX METAIOB 5-U FPYIIIbL.
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Puc. 2. 3aBHCHMOCTB DJICKTPOAHBIX MOTEHIIMAIOB OT BPEMEHHU BBIICPIKKH B AMEKTPOXHUMHUYECKOI sueiike
HOCJIe OKOHYAHUS AHOJHOTO Ipoliecca ISl Pa3In4HbIX OKCHIO0B BEHTHIIBHBIX METAJIIOB
Fig. 2. Dependence of electrode potentials on the holding time in an electrochemical cell
after the end of the anodic process for various valve metal oxides

[lepexon k CTaOMIBHOMY 3JIEKTPOIHOMY TMOTEHIHATY HAOIIOIACTCS HE TOJBKO MPH BBIICPIKKE
B DJIEKTPOJIMTE, HO M B aTMOC(epe BO3ayXa, OMHAKO BpeMs Mepexoa K CTaOMIbHOMY 3HAYSHHUIO DIICKT-
pomHOTro NoTeHIMana oomnpine. TeM He MEHee TeHICHIIUS TIepexo/ia MEKTPOIHOTO MOTEHIHAaIa K COOT-
BETCTBYIOIIEMY CTA0MIBHOMY 3HAYCHUIO OTMEUCHA TIPH BBIIECPIKKE UCCICTYEMBIX 00PA3IOB U B alIbTEP-
HaTUBHBIX Cpellax, TAKUX KaK UHEPTHBIE ra3bl, KUCIOPO, a30T.

PesynbraThl uccnenoBaHusl BIUSAHUS ANEKTPOAHOIO MOTEHIMANA OKCUAHBIX IJIEHOK BEHTUJIBHBIX
METaJJIOB Ha MHUKPOUHIIE Ha TPOIIeCC TeMocTa3a KpoBH 1o mokasatento MHO mpencrasnens: B a0, 1.

Tabuauua 1. Pe3ynbraTsl HCClIe0BaHUS BIUSHUS OKCUIHBIX IJIEHOK BEHTHIIBHBIX METAJIJIOB
Ha ITPOIIECC reMOCTa3a KPOBH I10 ITOKA3aTENI0 MEKIYHAPOJHOTO HOPMAIM30BaHHOTO OTHOLICHHS
Table 1. Results of the study of the influence of oxide films of valve metals on the process
of blood hemostasis according to the international normalized ratio

Tumn okcuaHON MIEHKNA DJIEeKTPOIHBIN moTeHanI, MB [Toxazarenrs MHO
OxkcuHast MIIeHKA OTCYTCTBYET 0 1,0-1,1
AHOIHBIN OKCH aJTIOMUHUS —(200-240) 1,1-1,3
AHOJIHBIN OKCUJT IUPKOHUS —(120-140) 1,1-1,2
AHOIHBIA OKCHJ TUTAaHA —(60-80) 1,0-1,1
AHOIHBIA OKCHJ, TaHTAaJIa 2040 1,0-1,1
AHOIHBIN OKCUI HUOOHUS 130-160 0,9-1,0

Kak BunHO M3 Tadnm. 1, Hanmu4ue aHOMHBIX OKCHAHBIX TUICHOK ATIOMHHUS W IUPKOHUS 3aMeIIsIeT
IIPOIIECC TEMOCTa3a 32 CUET OTPHUIIATEIHHOTO AIIEKTPOIHOTO 3apsi/ia, a IUIEHKH aHOHOTO OKCHIa HUOOUS
CIOCOOCTBYIOT MPOIECCY TeMOCTa3a KPOBH, O YeM CBHUJCTEILCTBYET yMEHbIIeHne nokaszarenss MHO.
[1neHKM OKCUIOB THTAaHA U TaHTaJa HE TIOKa3alld 3aMETHOTO BIUSHUS HA MPOIECC TeMOoCTasa, 9YTo 00b-
SICHSETCS HE3HAYMTEJIbHOU BEJIIMYMHOMN SJIEKTPOJHOrO IMoTeHIMana. st Gonee TOUHBIX pe3ysibTaToB
TaKUX MCCIICAOBAHUNA HEOOXOMMMBI JOTIOTHUTEIbHBIC IKCIICPUMEHTHI Ha 000pyI0BaHIH, 00JIaIaf0IeM
BBICOKOH pa3pelarorell CrocoOHOCTRIO MPH ompeaeneHny mokasarenss MHO.

3aKJII0ueHue

1. HpOBCZ[CHHBIC HCCICI0BAHUA ITOKa3alik, YTO IVICHKHW OKCH/JI0B BEHTHUJIBHBIX METAJIJIOB psjia aJlto-
MHHHﬁ, HHpKOHHﬁ, THUTAaH, TaHTall, HHO6Hﬁ, 06J'Ia,£[aIOH_II/Ie OMpPEACICHHBIM BCTPOCHHBIM JJICKTPUYCC-

10
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KHM 3apsiIOM, CIIOCOOHBI BIMSATH HA IPOIECC TeMOCTa3a KPOBU IMPH WX KOHTAKTHpoBaHWU. [Ipmuem
IJICHKU OKCHUJOB AJIOMUHUS U LIUPKOHUS 33 CUET HAJIMYUS OTPHULATEIBLHOTO JICKTPUUECKOrO 3apsia
YBEIMYUBAIOT MOKA3aTENb MEXAYHAPOJHOTO HOPMATM30BAHHOIO OTHOIICHHUS, T. €. YMEHBIIAIOT CKO-
POCTh CBEPTHIBAEMOCTH KPOBHU, B TO BpeMs KaK IUICHKH OKCHJIa HUOOUS, UMEIOIIIE MTOJIOKUTEIbHBIN
ANEKTPUUSCKUH 3apsijl, YBEIHMUNBAIOT CKOPOCTh KOATYIISIIAN KPOBH.

2. [IneHkn OKCUIOB BEHTHIIHHBIX METAJIJIOB CO BCTPOSHHBIM OTPHUIIATEIIEHBIM 3JICKTPHUICCKUAM 3apsi-
JIOM MOT'YT OBITh UCIIOJIb30BaHBI B KAYECTBE MOKPHITHI UMILIAHTATOB, 00JIAJAIOIINX TPOMOOPE3UCTEHT-
HbIMU cBoMcTBaMH [ 16—18]. Okcuabl BEHTUIBHBIX METAIIOB C MOJIOKUTEIbHBIMU 3JEKTPUUECKUMU 3a-
psAaaMu MOTYT HAUTH PUMEHEHHE TPy 00paboTKe KPOBOTOUAIIMX PaH JJIsl OCTAHOBKH KPOBOTCUCHUS
3a CYET YCKOPEHUS CBEPTHIBAEMOCTH KPOBHU.

3. Pa6ora BeinonHeHa npu (pUHAHCOBOW MopIepKKe Benopycckoro pecrybnukanckoro Gponaa GyHIaMeH-
TaJbHBIX HccaenoBanuil (mpoekT ot | mapra 2024 . Ne T24B-009).
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Annoranust. B crarbe npezacrasnen pacyet MetooM HF-3¢ cTpyKTypHBIX M 27I€KTPOHHBIX XapaKTEPHCTHK KOHb-
1orara, COCTOSIIErO M3 JeKapcTBeHHOro npemapara kapooriaruna (CqH,,N,O,Pt) u HaHOHOCHTENS (ysuTepeHo-
na (Cyo(OH),,). OnrTuMu3aIist reOMeTpUIecKO CTPYKTYPhI KOHBIOTaTa B BOMHON Cpee MPOBOIMIACH C HCIIOTh-
30BaHUEM TOTO )K€ METOJa U C MPUMEHEHHEM MOJEIHN TOJISIPU3YyeMOTo KOHTHHYYMa. J{isl BBISSICHEHHS PUPOIBI
MEKMOJIEKYIISIPHOM CBSI3M M OLIGHKH CHJIbI B3aUMOJICHCTBHS MEX/y MOJICKYJIOH KapOoruiaTuHa u (yiiepeHoIoM
OBUT BBITIOJHEH TOIIOJIOTHYECKUN aHATH3 MEXaHM3MOB HEKOBAJICHTHOTO B3aWMOICHCTBHS Ha OCHOBE METO/a
KBaHTOBOM TEOPHH aTOMOB B MoJeKynax. [Ipoanalm3npoBaHbl MHMBHIYaJIbHbIEC TAPHBIC aTOMHBIC HEKOBAJICHT-
HbI€ B3aMMOJICHCTBUS B KOHBIOTATE U MPOBEJCHA OIIEHKA UX 3HEPruil C MOMOUIbI0 KOPPESALUUNA MEKIY dHEpPIru-
el B3aMMOJIEHCTBUS U XapaKTEPUCTUKAMU SJIEKTPOHHOM IUIOTHOCTH B KPUTHYECKUX TOUuKax cBs3ei. [lokaszaHo,
YTO KOHBIOTAT (POPMHUPYETCS 3a cUeT CclaldbIX CHIJI B3aUMOJCHCTBHSI MEXIY KapOOIUIaTHHOM U (YIUIEPEHOJIOM,
obecrieurBasi 0CBOOMKICHHE JIEKAPCTBEHHOTO Tperapara pH JOCTaBKe ero K COOTBeTCTByomeMy yuactky JTHK
0e3 3HAaUNTETHHBIX dHEpro3aTpar. McciaenoBaHHbIE KOHBIOTATH MOTYT OBITh MCTIONB30BaHbI IS a[JpeCHON TOCTaB-
KM JIEKapCTBEHHBIX MPEaparos.

KaioueBble cioBa: xBanToBast xumusi, metor HF-3c, kBaHTOBasi TeOpusi aTOMOB B MOJIEKYJIaX, IPOrPaMMHBIN
nakeT ORCA, dymiepenoin, kapOoIIaTiH, KOHBIOTAT, JICKAPCTBEHHBIE NIPEIApaThl, apecHas JOCTaBKa, TOKCHKO-
JoTHs.

Kongaunkt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBUHU KOH(IMKTAa HHTEPECOB.

Jnsi uurupoBanus: CTpyKTypHBIE, SJIEKTPOHHBIE M TOIOJIOTMYECKHE CBOICTBA KOHBIOraTOB KapOoIIaTHHA
¢ ¢ymnepenonom / A. JI. Iymxapayk [u ap.] / Jokmagsr BI'VUP. 2025. T. 23, Ne 1. C. 14-20. http://dx.doi.
0rg/10.35596/1729-7648-2025-23-1-14-20.
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Abstract. The article presents the calculation of the structural and electronic characteristics of a conjugate con-
sisting of the drug carboplatin (C¢H,,N,0O,Pt) and a fullerenol (C¢y(OH),,) nanocarrier by the HF-3¢ method.
Optimization of the geometric structure of the conjugate in an aqueous medium was carried out using the same
level of theory and the polarizable continuum model. To clarify the nature of the intermolecular bond and assess
the strength of the interaction between the carboplatin molecule and fullerenol, a topological analysis of the mecha-
nisms of non-covalent interaction was performed based on the quantum theory of atoms in molecules. Indivi-
dual paired atomic non-covalent interactions in the conjugate were analyzed and their energies were estimated
using the correlation between the interaction energy and the characteristics of the electron density at the critical
points of the bonds. It is shown that the conjugate is formed due to weak interaction forces between carboplatin
and fullerenol, ensuring the release of the drug when delivering it to the corresponding DNA region without sig-
nificant energy costs. The studied conjugates can be used for targeted drug delivery.

Keywords: quantum chemistry, HF-3¢ method, quantum theory of atoms in molecules, ORCA software package,
fullerenol, carboplatin, conjugate, drugs, targeted delivery, toxicology.
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BBenenune

Baxneiimumm HanpaBieHreM COBPEMEHHON (papMaKoIIOTHH SBISETCS aJpecHas JOCTaBKa JIEKapCT-
BEHHBIX IIpernaparoB K cooTBeTcTByromuM ywactkaM JIHK kierok-mumieneil. OHa peanuzyercs
[IpU [OMOILX HOCUTENIEH, UMEIOIUX PAa3INuHyI0 MIPUPOAY U XMMUUYECKOE CTPOCHUE. B IpOBEIECHHBIX
HCCIIEOBAHUAX B KaueCTBE HOCHUTEIS ObUT BRIOpaH (Dy/uIepeHo, KOTOPHIH 001agacT BEICOKOM pacTBO-
PUMOCTBIO B BOJIE, UMEET HEUTpanbHbI pH U 10CTaTOYHO MPOCTO CUHTE3UPYETCs ¢ HECKOIBKUMHU TH/I-
POKCUJIBHBIMU IpyHHamMu. DTO OTKPHIBAET BO3MOXHOCTH ISl IOCTABKU C €0 MOMOUIBIO JIEKAapPCTBEH-
HBIX IIperiapaToB HEMIOCPEACTBEHHO B KIICTKU-MHUIICHU (B paccMarpuBa€MoOM CJIydac — B KJIICTKHM OHKO-
JIOTMYECKMX HOBOOOPA30BaHUN).

KapOormuraTie — M3BeCTHBI XUMHOTEPANIEBTHUECKHAN TTPENapar, UCTIONb3YeTCs IS JISYeHUST OHKO-
JIOTMYECKHX 3a00JIeBaHNH Y YeloBeKa. MeXaHHu3M ero JISHCTBUS 3aKIII0YaeTCsl B 00pa30BaHUH CHIMBOK
MEXIy COCEOTHMMHU Napamu ocHoBanuid ryanuHa B JIHK, 4ro mpuBomuT K mopaBieHuio OMOCHHTE3a
HYKJIEWMHOBBIX KHCIIOT ¥ THOENn KiIeTok [ 1]. JIst cHIKeHUS] TOKCHYHOCTH KapOOoTIaTHHA 1 TIOBBIIIIEHUS
ero 2(GEeKTUBHOCTH MYTEM YMEHBIICHUS €r0 KOHIICHTPAILlUK pa3padoTaHa CUcTeMa JIOCTaBKU «IIperia-
par — HaHOHOCHTENbY. B cTarhe mpeacTaBieHo HCCIeA0BaHNE Pa3InYHbIX CBOMCTB KOHBIOTATOB Kap0o-
IIaTuHA ¢ (PYIEPEHOIOM.

MeToabl MoieTHPOBAHHS

KBaHTOBO-XMMHYECKOE MOJIEIMPOBaHUE KOHBIOraTa npoBoawioch merogom HF-3¢ [2] ¢ ucnomns-
3oBaHueM mporpammuoro nakera ORCA 5.03 [3]. PacdeTsl BEIONHSINCH T KOHBIOTATOB B O€3BO/I-
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HOW M BOTHOMW cpenax, 9To IMHTHPOBAJIO YCIIOBUS, CYIIECTBYIOIINE B KUBBIX KJIeTKax. BomHas cpema
MOJICTTPOBaJIach B MPHOIMKEHHH MOJIeH noyspu3yemoro koutuayyma (PCM) [4]. JIns nonumanus
MPUPOABI HEKOBAJICHTHBIX B3aUMOJICHCTBUN B KOHBIOTATE MPUMEHSUINCH KaK KBAHTOBAsI TEOPHUS aTOMOB
B MoJsekyie (QTAIM) [5], Tak 1 meTox ¢pyHKmu nokanuzaiun snekrpona (ELF) [6] ¢ ucnonp3oBannem
nporpamMMbl Multiwtn [7]. J171s1 KOHBIOTATOB POBOMIIACH MTOJTHAST ONITUMH3AIIUS TEOMETPHH U PACCUH-
THIBAJIACh JCKTPOHHAS CTPYKTYpa C MOCICIYIOUUM aHAIN30M HEKOBAJICHTHOTO B3aUMOACHCTBUSL.

IToaxon QTAIM mno3BojisieT paccyuTaTh TaKWe MapaMeTpbl CUCTEMbI, KaK 3JEKTPOHHAs IUIOT-
HOCTb Py, JIAINIACUAH INIOTHOCTH V2P, IJIOTHOCTH KHHETUYECKOH U IOTEHIHUANLHON sHeprun G, u V),
cootBeTcTBeHHO. QTAIM ananu3upyet pacrpeneacHue MMEeKTPOHHOMN ITOTHOCTH KOHbIOTaTa JjIsl OTpe-
JIEJICHUS] KPUTHIECKUX TOYEK CHCTEMBI, SBISIOIINXCS MTPOU3BOIHBIMA TIEPBOTO TTOPSIIKA SJIEKTPOHHOMN
m10THOCTH. CyIIeCTBYIOT YEThIpe KPUTHUECKHUE TOUKH, KOTOPbIe UCTIONB3YIOTCS B aHaM3e. B npoBonu-
MOM HCCIIEIOBAaHUH pacCMaTpPUBAIIACh TOJIbKO KpuTH4eckast Touka cBsi3u (BCP), pacnonokeHHas Tam,
7€ DJIeKTPOHHAS IJIOTHOCTh UMEeT MHHUMAIbHOE 3HAaYE€HUE BJIOJIb MTyTH CBSA3H. TOTOIOTHS AIIEKTPOH-
HOH TUIOTHOCTU M CBOMCTBAa KPUTHUYECCKUX TOUCK 00ECIICUMBAIOT YHUBEPCAILHOE OMUCAHUE CBS3H [§].
JlanmacwaH coCTOUT U3 BKIAA0B (A; — KPUBH3HA) IO TPEM IJIABHBIM OCSIM MaKCUMAJIBHOTO M3MCHEHUSI.
Cas3ytole B3aNMOICHCTBUS MOKHO OMPEIENUTh 110 OTPHUIIATeIFHOMY 3HaKY A,. W, HaoOopoTt, ecnu
aTOMBbI HaXOJISITCSl B HECBSI3aHHOM KOHTAKTE, TO B MEXAaTOMHOH oOmactu A, > 0. JlaHHbIe TapameTpbl
U COOTBETCTBYIOILINE MOJCKYJISIPHbIC rpabl KOHBIOTaTa ¢ KPUTUYSCKUMHU TOYKAMH CBSI3U M TYTIMHU
CBSI3M TIPEJICTaBIIEHBI B TAOM. 1.

Tabéauua 1. [Tapamerpsr QTAIM 11 HEKOTOPHIX KPUTHUECKUX TOUECK CBSI3U
1 MonekynspHble rpadbl kKonbrorara Cq(OH),, + Carb B BakyyMme ¥ BOAHOM pacTBope (a.e.)
Table 1. QTAIM parameters for some critical bond points
and molecular graphs of the Cy,(OH),, + Carb conjugate in vacuum and aqueous solution (a.u.)

Konsbrorar Howmep BCP ATOMBI Ay P V2pb |Vil12G,

151 O-H <0 0,0576 0,1491 0,6040

C4o(OH),, + Carb 201 H-O >0 0,0589 0,1083 0,7084
240 O-H <0 0,0523 0,1341 0,6125

235 O-H >0 0,0262 0,0811 0,5338

C¢o(OH),, + Carb B H,0O 331 O-H >0 0,0383 0,0973 0,5967
360 O-H <0 0,0502 0,2034 0,6104

B QTAIM otHomenne |V,|/2G, oTpakaeT BeIMYHMHY KOBAaJICHTHOCTH B3ammopeucTus. Ec-
m |V,|/2G, < 1, TO B3auMOAEHCTBHE SIBISIETCS HEKOBAJEHTHBIM. B paccmarpuBaeMoM ciydae Bce
B3aUMOJICHCTBHS HEKOBaJICHTHBIC. KoHbIOTaTH (Dy/uIepeHos ¢ kapOOoIIaTHHONW B BaKyyMe M B BOJTHOM
cpe/ie UMEIOT OJJMHAKOBOE KOJMYECTBO KPUTHUECKUX TOYEK (puc. 1, c—f, cupeHeBbId 1BET) B MPOCT-
paHcTBe Mexay (QyIUIEpeHONIOM M KapOorutaTuHOM. B HekoTopbix u3 Hux (puc. 1, c—f, Toukn 201 —
y KOHBIOTaTa B Bakyyme u 235, 331 — B Bome) 3HaueHUE A, > 0, T. €. B3aUMOJICHCTBHE HEKOBAJICHTHOE.
Huanazon cymectBoBanus BomopoaHou cBsizu B BCP naxonutces B npenenax 0,002-0,035 a.e. mst p,
u 0,024-0,139 a.e. — qus V2p,, [9]. 3HaueHus 371€KTPOHHON IIIOTHOCTH M JIAIIaCHaHa B KPUTUUECKOM
TOYKE CBS3W 235, HaXOIAMICHCS B 00JaCTH B3aMMOACHCTBUS (yuiepeHoa U KapOoIIaTiHa, COCTaB-
asroT 0,0262 u 0,0811 a.e. COOTBETCTBEHHO.
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Puc. 1. Crpykrypa KoHbIOTaTa B BakyyMme (a) 1 BOIHOM pacTBope () mocie MojxHOoW ONTHMH3ALUN T€OMETPHH;
KapThl pyHKIMHN JToKanm3aun AekTpoHoB (ELF) koHbIOTaTa B Bakyyme (¢), BOZTHOM pactBope (d);
ELF mns kputndeckux Todek cBsi3u 151 (e) u 235 (f) cooTBeTCTBEHHO
Fig. 1. The structure of the conjugate in vacuum (a) and aqueous solution (b) after full geometry optimization;
maps of the electron localization function (ELF) of the conjugate in vacuum (c), aqueous solvent (d);
ELF for critical bond points 151 (e) and 235 (f), respectively
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Ha puc. 1, ¢, d n3zo0paxeHsl KapThl (DYHKLUMH JIOKaJH3aLUU 3JIEKTPOHOB. KpacHbIM IBEeTOM
Ha puc. 1, e, f 0003HaYEeHBI HEMOIENECHHBIE Tapbl AIEKTPOHOB (aTOMBI N, Oy, O39) M KOBaJCHTHBIE
cBs13u. CBETNIO-CHHUH LBET B 00JIaCTH B3aUMOJICHCTBUSI MKy (DYIIIIEpEHONIOM B KapOOTUIaTHHOM B Ba-
KyyMe U BOJJHOM PacTBOPE ITOKa3bIBACT, YTO UMEETCSl OUCHB cllaboe B3aUMOJIEHCTBIE, TIOATBEPKIAEMOE
nanmmarem BCP, koTopbie 0003HaYCHBI KOPUIHEBBIM I[BETOM. B kaduecTBe mpumepa OblLta paccMOTpeHa
BCP mexzny aromMoM BOZOpOZa MOJIEKYJbl KapOOIIaTHHA W aTOMOM KHCJIOPOAA Ul JIBYX KOHBIOIa-
ToB (puc. 1, e, f). CoracHo puc. 1 ¢, d, mexxay aromamu yrepoaa 105, 106, 91 u xapbomnarnHOM
TaK)Ke UMEIOTCSA KPUTHUECKHE TOUKH CBA3H.

KapTsl snekTpocTaTiueckoro moreHuana (puc. 2), u3BeCTHbIC TaKKe KaK KapThl 2JEKTPOCTAaTH-
YECKON TMOTEHIMANbHON SHEPTMH WM IMOBEPXHOCTH MOJIEKYISPHOTO 3JIEKTPUYECKOrO MOTEHIINaa,
WUIIOCTPUPYIOT paclpelesCHUE 3apsaaa MOJIEKYI B TPEXMEPHOM Bu€. AHAIN3 JaHHOTO pacipenese-
HUSI MOXKET OBITh UCIIONIB30BaH AJISl ONIPEACIICHUS B3aUMOAEHCTBUS MOJIEKyYJ APYT ¢ ApyroM. Beicokuit
ANEKTPOCTATHUCCKUH TOTEHIIMAI YKa3bIBAET HA OTHOCUTEILHOE OTCYTCTBHE IEKTPOHOB (pHUC. 2, CHHUI
LBET), a HU3KUI — HA 0OMJIME DJIEKTPOHOB (KPacHBIH LIBET).

Puc. 2. Kaptsr sanexrpocrarudeckoro noteniuana: a — Cq(OH),, + Carb; b — C4(OH),, + Carb 8 H,O
Fig. 2. Electrostatic potential maps: a — C4(OH),4 + Carb; b — C4,(OH),4 + Carb in H,O

Jiist KoHblorara KapOoriaTud ¢ QynaepeHoioM B BaKyyMe M BOIHOM PacTBOpPE KapThl 2JIEKTPOCTa-
TUYECKOTO MMOTEHIHAIa TTOKAa3bIBAIOT HATMYNE N30BITKA 3JIEKTPOHOB Ha (pysiepenosne (puc. 2, KpacHbBIH
nBet). HemocTaTok armekTpoHOB (CHHUI IIBET) Ha aToMaxX a3oTa KapOoIuiaTHHa OOBSCHSIET HECBSI3hIBA-
folree B3auMoAeHCcTBHE (A, > 0) KPUTHUECKUX TOYCK CBSI3U MEXKIY (PYIIICPCHOIOM B KapOOILIaTHHOM
B 9TO¥ 00JIaCTH TPOCTPAHCTBA.

3aKJIroueHue

1. Ananu3 pe3ynpratoB pacueroB nokaszai, 4to Cg(OH),, B3auMoneicTBYIOT ¢ MOJEKYJIOH Kap-
OomuiaTiHa B BOAHOW M OE3BOIHOHN cpelax MOCPEICTBOM BOJOPOIHBIX CBSI3EH, MPUUEM JIsi KOHBIOTa-
ta C4(OH),, + Carb B H,O 00Hapy»)eHO HECBSI3bIBAIOIIEE B3aUMOJICHCTBUE.

2. Monexyna 1 HAHOHOCHTEIb B HCCIIEYEMbIX KOHBIOTaTaX CBSI3aHbI MEXy COO0H cabbIMU MeX-
MOJIEKYJISIPHBIMHA B3aMMOJCHCTBUSAMHE, YTO TIO3BOJISIET O€3 3HAYUTENBHBIX DHEPro3arpar 0CBOOOXKIaTh
JIEKapCTBEHHBIE MTPEenapaThl P J0CTABKE UX K COOTBETCTBYyIoUEMyY yuyacTky JTHK.

3. Pabora BbInosHEHa npu (UHAHCOBOH mojyepxke [ocynapcTBeHHONW MporpaMMbl HAyYHBIX HC-
cnenoBanuii «Kouseprenuus—2025.
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AIIIMAPATHO-ITPOT PAMMHBI KOMILJIEKC
JIJIsI PAHHET O BBISIBJIEHU S BOJE3HEN OPTAHOB JIBIXAHMSI,
OTATOHMIEHHBIX JIBIXATEJBHOM HEJJOCTATOYHOCTBIO
N CHHAPOMOM AITHO3-I'MIIOITHO39

0. b. 3EJIbMAHCKMIA, B. A. BOT'VIII

Benopycckuii eocydapcmeeninlil yHugepcumen uHGOPMAmuKu u paouod1eKmpoHUKU
(2. Munck, Pecnybnuxa benapycsy)

© Benopycckuii rocyapcTBEHHbI YHUBEPCUTET MHPOPMATUKH U PAIU0IEKTPOHKUKH, 2025
Belarusian State University of Informatics and Radioelectronics, 2025

AnHoTanust. ITockonbKy yTpara TpyZOCIIOCOOHOCTH M MHBAJIUIHOCTb, CBA3aHHbBIE C OOJIE3HSAMH OPIaHOB JIbI-
XaHus, B 2/3 cirydaeB 00yCIOBICHBI OPOHXHATHHON aCTMOM M XPOHUYECKOW OOCTPYKTHBHOU OOJE3HBIO JETKUX,
CYILECTBYET HEOOXOAMMOCTh B TEXHUYECKOM 00ECIIeUeHHN PAaHHETO BBISBICHHS JaHHBIX 3a001eBaHui. B ocHOBY
pa3pabOTaHHOTO JUATHOCTUYECKOI0 KOMILIEKCa MOJ0KEHa 3BOJIIOIIMOHHAST MaTeMaTU4IecKasi MOJEIb JbIXaTellb-
HOM CHCTEMBbI YeJIOBEKA, OMHMCHIBAIOIIAs IIPOIECCHI ra3000MeHa MEX/Ty aTMOC(Epoil 1 IETKNMH 1 MEXIY JIETKUMHU
1 KpoBblo. KoMriexke no3BosseT aHaau3upoBaTh TaKue MapaMeTphl JIbIXaTeIbHOW CHCTEMBI, KaK caTypalus re-
MOIVIOOMHA apTepHanbHON KPOBU KHCIOPOIOM, YaCTOTa CEPIeUHbIX COKpAIleHUH 1 JacToTa AblxaHus. Kommiekc
TTOAXOUT ISl PA30BBIX (CKPHHMHTOBBIX) M3MEPEHHH, a TAKXKEe JITUTEIHFHOTO (HOYHOT0/CyTOYHOT0) MOHHUTOPHPO-
BaHus. Pazpaborano cooTBeTcTBYyIOIIEE IPOrpaMMHOE 00€CIIeUeHUE, T03BOIAIOIIeE aHATM3UPOBATh UHIEKC Jie-
carypauuii, HHASKC allHO3-TUIIONHO), (POTOIIETU3MOIpPaMMYy, BU3yaIM3UPOBATh IIpoLece AblXaHus. B xommiekce
pean30BaH CTaHIapTH3MPOBAHHBIN HATPY30YHBIH TECT IECTUMHHYTHON XOABbOBI. DTO MO3BOJISIET BBISIBUTH JbIXa-
TEJIbHYIO HEJOCTaTOYHOCTh, OLIEHUTH €€ BHIPAKEHHOCTh M YCJIOBUSI BOSHUKHOBEHHUS. B Xoze anpobanun Ha Oaze
CaHaTOPHO-KyPOPTHOTO YUPEXKJICHUS! yAaJIOCh JUArHOCTUPOBATh CHHAPOM OOCTPYKTHBHOIO AaIlHO3-TUIIOIHO?
Ha paHHEH CTaJ M y JIOfIeH, He MO03PEBAlONINX O HAIWYNN Y HUX JaHHOTO 3a0oneBanus. BeiOop nmeHHo caHa-
TOPHO-KYPOPTHOTO YUYPEKACHHs 00yCIOBIEH KOM(MOPTHBIMH YCIOBHSMH ITPOBEJCHUSI HOYHOTO MOHHUTOPUPOBA-
HUSI, HAJTMYHEM BPEMEHH U JKEJIAaHUEM JIIOZIei 3aHSITHCSI CBOMM 3/I0POBLEM, IPONTH THATHOCTHKY.

KutioueBble ¢JioBa: JbIXaTeNIbHAS HEAOCTATOYHOCTh, CHHAPOM AITHOI-THIIOITHOY, OCTAHOBKA JIBIXaHUS, OOJIE3HU
OpTaHOB JBIXaHUS, XPOHUYECKass OOCTPYKTHBHAS 00Je3Hb JNETKUX, OpOHXHMATbHAS acTMa, PAHHSS JIUATHOCTHKA,
cartypauus, yactota Jpixanus, COVID-19.

KonpaukTt uuTepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

J1st mutupoBanusi. 3enpmanckuid, O. b. AnmaparHo-1nporpaMMHbI KOMITIEKC /1715l pAHHETO BBISIBICHHS O0Ie3HEH
OpraHoB JIIXaHHsI, OTSATOLICHHBIX JBIXaTeIbHON HEAOCTATOYHOCTHIO U CHHIPOMOM anHod-Tunontod / O. b. 3ens-
maHckuit, B. A. Borym // Joxmagsr BI'VUP. 2025. T. 23, Ne 1. C. 21-27. http://dx.doi.org/10.35596/1729-7648-
2025-23-1-21-27.
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APPARATUS FOR EARLY DETECTION
OF RESPIRATORY DISEASES AGGRAVATED
BY RESPIRATORY FAILURE AND APNEA-HYPOPNEA SYNDROME

OLEG B. ZELMANSKI, VADIM A. BOGUSH

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Abstract. Since loss of working capacity and disability associated with respiratory diseases are caused by bron-
chial asthma and chronic obstructive pulmonary disease in 2/3 of cases, there is a need for technical support
for early detection of these diseases. The developed diagnostic complex is based on an evolutionary mathema-
tical model of the human respiratory system, describing the processes of gas exchange between the atmosphere
and the lungs and between the lungs and blood. The complex allows analyzing such respiratory system parameters
as arterial blood hemoglobin oxygen saturation, heart rate and respiratory rate. The complex is suitable for one-
time (screening) measurements, as well as long-term (night/daily) monitoring. The corresponding software has
been developed that allows analyzing the desaturation index, apnea-hypopnea index, photoplethysmogram, and vi-
sualizing the breathing process. The complex implements a standardized six-minute walk load test. This allows
identifying respiratory failure, assessing its severity and conditions of occurrence. During the testing at a health
resort, it was possible to diagnose obstructive apnea-hypopnea syndrome at an early stage in people who were
unaware of the disease. The choice of a health resort was due to the comfortable conditions for conducting night
monitoring, the availability of time and the desire of people to take care of their health and undergo diagnostics.

Keywords: respiratory failure, apnea-hypopnea syndrome, sleep apnea, respiratory diseases, chronic obstructive
pulmonary disease, bronchial asthma, early diagnosis, saturation, respiratory rate, COVID-19.
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BBenenue

[To nanneiM HanmonaneHoOro crarucruueckoro komutera [1], B Pecnybnuke benapych Haubosee
pacnpocTpaHEeHHBIMU SIBIIAIOTCS] OOJIC3HU OPraHoB AbIXaHMs, KOTOphIe cocTaBisAoT 6osee 50 % ot 00-
IIeT0 KOJIMYECTBA 3apEerUCTPUPOBAHHBIX ciydaeB. B 2022 1. B cTpaHe Bcero ObUIO 3aperHCTpUpOBa-
HO 9395 Gonesneld, 3 KOTOpbIX 4886 — Oose3HN OpraHoB abIxaHus (puc. 1).
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Puc. 1. Jlnarpamma KoJIM4eCcTBa 3apErUCTPUPOBAHHBIX CITydaeB Oone3Hel
B PecniyOmmke bemapycs 3a 2019-2022 T
Fig. 1. Diagram of the number of registered cases of diseases in the Republic of Belarus for 2019-2022

Cy1ecTBeHHOE BIUSHUE HA POCT TOKa3aTelis 3a00JIeBaeMOCTU OOJIC3HSIMU OPTaHOB JIbIXaHUS OKa-
3asia manjaemust koponaBupycHoi uHdpexmun COVID-19 [2]. B To e Bpems B benapycu, kak u BO BceM
MHpE, 0TMeUaeTcsi pocT OpOHX00OCTPYKTUBHOM maronoruu. [Ipexe Bcero, yBennaupaeTcst 3a00ieBac-
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MOCTH OpOHXHATBHON acCTMOM, XpOHUYECKOH 00cTpykTHBHOM O0se3ub0 N€Tkux (XOBJI) n cuaapomom
00cTpyKTHBHOTO amHO3-THONMHOY BO cHe (COAI). M3BecTHO, 4TO OpOHXMATBLHOW aCTMOW CTpagaeT
ot 5 1o 10 % Hacenenus, a pactnpoctpanenHocts XOBJI B n1Ba paza 6onbie. IIpu 3ToM yuuThIBatoTCS
TOJIBKO T€ MALUEHThI, KOTOPbIe 00PAaTUINCh K Bpady, HO OTPOMHAs 4acThb JIOACH ¢ 3a00JIeBaHUEM OCTa-
etcst HeyuTteHHoi. XOBJI aBnseTcs TpeThelt o 3HaYMMOCTH MIPUYUHON CMepTH BO BceM Mupe. B Pec-
nyonmuke benapyce, mo 1aHHBIM OQUIMATBHOW CTAaTUCTHKH, HacuuThiBaeTcs mopsiaka 152 000 Gonb-
HBIX XPOHHYECKHM OOCTPYKTHBHBIM OpPOHXHTOM, exerofaHo auarHoctupyercss 8000 HOBBIX Cirydaes.
Bponxuanbhas actma u XOBJI 00ycii0BIMBarOT 0K0JI10 2/3 CllydaeB CTOWKOM yTPAThI TPYIOCIOCOOHOCTH
1 MHBAJIHMHOCTH, CBSI3aHHOM ¢ 3a00JIeBaHUsIMH OPTAaHOB AbIXaHHs. Takum oOpa3om, 04eBHIHA HEOOXO-
JUMOCTb B TEXHUYECKOM 00€CIIEYEHNU PAHHETO BBISIBICHUS JaHHbIX 3200J1€BaHU, 0COOEHHO B YCIIOBH-
six mocnencteuii nangemun COVID-19, BeizBannoit koporaBupycom SARS-CoV-2.

Teoperuueckuii aHaIu3

BponxunanbHas acTMa npoBoLUpyeT HapyiieHue apixanus, XObBJI BbI3bIBaeT orpaHMYCHHUE ITOTOKA
BO3/yXa B JIBIXaTENBbHBIX MYTAX U TOXE 3aTpyAHseT apixanue, a COAL nposiBiseTcst pe3KuM yMeHbIIIe-
HUEM WJIU TTOJTHOH OCTAaHOBKOH JbIXaHUs BO BpeMst cHa. Takum oOpa3om, 3Ty 3aboneBaHusi 00beTUHSET
HapylLIeHHe HOPMAaJbHOTO I'a30BOI0 COCTaBa apTepuaibHOM KpoBH. [lockoibKy aprepuasbHas KpoBb
SBIISIETCSI CBSI3YIOIIMM 3BEHOM JIByX KITFOUEBBIX (PH3UOJIOTHUECKHUX MPOIECCOB JIBIXaHUs (BHYTPEHHETO
(TKaHEBOTO) M BHEILHETO), & €€ ra30Bbli cOCTaB OTpakaeT A3PPEKTUBHOCTh BHELTHETO JbIXaHUS U 1103-
BOJISIET KOCBEHHO NPENNOIOKUTh PUCK PAa3BUTUSI TKAHEBOW TMIOKCHM [3], B OCHOBY pa3padoTaHHOrO
KOMITJIEKCa MOJIOKEH aHAJIN3 TaKUX MapamMeTpoB (DyHKITMH BHEITHETO JBIXaHUS YeIO0BeKa, KaK HaChIIIe-
HHUE TeMOII00MHA apTepruanbHON KpoBH KucinopogoM Sa0, (caTypaliys), 4acToTa CepeYHbIX COKpale-
HUH U 4acToTa JbIXaHuUs.

OnHUM U3 IOAXOAOB K IIPOTHO3UPOBAHUIO PA3BUTHUS U TEUEHUS 3a00JI€BaHUS SIBIISIETCS IOCTPOCHHE
MaTeMaTHYECKON MOJIETH IBOMIONMHU (PYHKIIMOHAIBHBIX HApyIICHUH YeIOBEYECKOrO OpraHm3Ma, Co-
CTOSILLICH M3 MHOXKECTBA MOAMOJENCH, Kax/1asi U3 KOTOPbIX ONUCHIBACT OTACIbHYIO CUCTEMY YEJIOBEKA.
OpnHako JbIXxaTeabHas CUCTEMA OTIMYAETCS CIOKHOCTBIO, I03TOMY OIIMCHIBAETCS OTAEIbHON MOJEIIBIO.
B pamkax pa3paOoTKH npeaigaraeMoro KOMIUIeKca Obliia MCIOIb30BaHa SBOJIIOIMOHHAS MaTeMaTH4ec-
Kasi MOZIEJb JbIXaTeJIbHOM CHCTEMBI, OITMCHIBAIONIAS €€ B3aUMOACHCTBHE C KPOBEHOCHOH CHCTEMOM 4e-
JIOBEUECKOTO oprann3ma [4]. BHemnHee qprxanue BKITIOYACT MPOIIECCH Ta3000MeHa MEXKIY aTMOoC(epoit
1 NETKMMU Yepe3 BepXHHe (HOCOINIOTKA) U HW)KHUE (TOPTaHb, Tpaxesi, BHe- ¥ BHYTPUIETOUHbIE OpOHXH)
JbIXaTeIbHbIC MMyTH U MEXKAY JIETKMMU U KPOBBIO Yepe3 PeCHUpaToOpHbIi OTHeN JErKuX (aJbBEOIbl).
CoOOTBETCTBEHHO JBM)KEHUE BO3/IyXa IO KPYITHBIM BO3YXOHOCHBIM IYTSM MOXKET OBITh OMUCAHO CHC-
TeMol ypaBHeHH Ditnepa [5]:

PV =0, reb, re[0T); )
6(2'1‘Vi)+V(iniVi)+vPi =0, reQ, te[O;T); @
agitE+V(piEVi)+v(pivi)=05 I"GQ, IE[O,T), (3)

pi=pRO, reQ, te[O;T), @

e pP;, Vi, P; — IWIOTHOCTB, CKOPOCTH ¥ JIaBJICHUE i-if KOMIIOHEHTBI CMECH T'a30B BO3/IyXa COOTBETCTBEH-
HO; ¢ — BpeMs; £ — monHasi yaenbHas HEPrHs CMECH Ta3oB BO3/AyXa; R — yHHMBepcallbHas ra3oBas
nocrosiHHast; 6 — Temreparypa cMecH; 7 — BepXHsisl IpaHHLA IEPEMEHHON BpEeMEHH; 1 — painyC-BEKTOP;
Q — BHyTpenHocTh 06macti Q=QUT (3amkHyTas o6macTs); I' — rpanuma o6mactu Q.

VYpaBHeHHe, onmuckIBatomee Au(Qy3Hio ra3oB BO3yxa yepe3 albBeOIsIpHO-KAMUIIPHBINA Oapbep,
OCHOBBIBaeTCsl Ha 1mepBoM 3akoHe Puka [4]. DyHKIMOHATBHOE COCTOSIHUE allbBEONISIPHO-KATUILTSPHON
MeMOpansl F onpeaernsier Au(y3HOHHYIO CIOCOOHOCTD JETKMX W NPUHUMAET 3HAaueHHs B WHTEPBa-
ne [0;1]. YpaBuenune nuddy3un nmeer BUI

Qi ZKiF(éil_CiZ)’ reQ, te[O;T), ®)

rae O; — JOKaJbHBIN MOTOK i-ii KOMIIOHEHTHI M3 BO31yXa B KpoBb; K; — KO3(Q(UIMEHT IPOHUIIAEMO-
ctu MeMOpansbl 1714 i-i komnoHeHTsl; C;;, C;, — J0KanbHas KOHLEHTPALUs i-i KOMIIOHEHTBI B JIETKUX
U KPOBU COOTBETCTBEHHO.
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HpHMepHBIﬁ ra30BBIA COCTaB BABIXaCMOTI'0O U BBIABIXAa€MOI'0 YCJIOBCKOM BO31yXa IIPUBCACH B Tabm. 1.

Tab6auua 1. ['a30BbIi COCTaB BABIXa€MOTO U BBIJIBIXa€MOTO YEJIOBEKOM BO3AyXa
Table 1. Gaseous composition of air inhaled and exhaled by humans

BemecTBo
Konuentparnms Bemectsa, %
Asor Kucnopon Apron VYrnexkucaslii ra3 | BopasHoii nap
Bo Babixaemom Bo3nyxe 78,00 21,00 0,90 0,04 Mepevennas
B BBIIBIXaEMOM BO3JTyXE 78,00 16,00 0,90 4,00 P

I[IpakTHyeckas peanu3anus KOMILIEKca

B mpornecce razoo0MeHa MexXIy JETKUMH M KPOBBIO MOJIEKyJa KHCIOpOJa IPEOI0IeBaCT CION
cypthakTaHTa, BEICTUIAIONINI ATbBEONY, aJbBEOJSIPHBIN dNHTENNi, Oa3aabHble MeMOpaHbl U HHTEP-
CTHLIMATBHOE IPOCTPAHCTBO MEKAY SMUTEINEM U SHIOTEIUEM, SHAOTEINH KallMIIIsIpa, CIOH MiIa3Mbl
KPOBH MEX/Yy PHJIOTEIIMEM M dPUTPOLUTOM, MEMOPaHy SPUTPOLUTA, CIIOH IUTOTIIA3MBI B 3PUTPOLIUTE
U CBSI3BIBACTCS C TeMOrIoOnHOM. M3MepeHue HachIeHNs: FeMOTIIO0nHa apTepHalibHONW KPOBH KHCIIO-
POZIOM OCYIIECTBIISIETCS ITyTEM TPOCBEYMBAHMUSI COOTBETCTBYIOIIETO YYacTKa TKAHU MAllUCHTA JIByMs
CBETOBBIMH JIy9aMH C JJIMHAMHU BOJH, COOTBETCTBYIOIMMH KpacHOoMY (R, 660 HM) n nH(bpakpacHO-
My (IR, 940 HM) nuama3oHaM CHEKTpa, ¢ MOCIEAYIONMMHU ONU(POBKON MyITHCOBOM BOJHBI (pa3Oue-
HUEM I10 BPEMEHH) M KOHTPOJIEM KauecTBa CHUTHasIa. DTO 0OYCIOBICHO CIIOCOOHOCTHIO TeMOIIO0NHA
B 3aBUCHMOCTH OT €r0 OKCUTEHALIMU B Pa3HOH CTETeHH MOTIIONIATh CBET ONPEACICHHON JAJMHBI BOJIHBIL:
reMOTTIOONH, HE COJIepIKaIINi KUCIOPO/I, TIOTTIONIAET CBET KPACHOTO JMara3oHa, a OKCUTEHUPOBAHHBIN
reMoroouH — HHppPaKpacHoro (puc. 2).

Kpacreii__ | * " HbO | A~
Wneppakpacbin |
—_—

McTouHuk ceeTa doTtoperekTop

Aptepus

Puc. 2. [Tpuniun paboTh MyTbCOKCHMETPUIECKOTO JaTINKA
Fig. 2. Operating principle of the pulse oximeter sensor

YacToTa cep/ieuHbIX COKpAICHUH OMpeaeNseTcs B mpolecce aHaim3a (OTOMmIeTU3MOIPaMMBI, KO-
TOpas MPeCTaBIsIeT COO0N KPUBYIO KOJIeOaHU I KPOBEHAOIHEHHSI HCCIISyEeMOT0 Y4acTKa TKaHH!, 00y C-
JIOBJICHHBIX MYJIbCAIIUCH apTepUil U apTEPUOII B COOTBETCTBUU C BIOPOCAMHU JICBBIM KEITYJT0UYKOM B a0p-
Ty OIPEJCICHHBIX 00BEMOB KPOBH — IYJbCOBBIX BOJH. DOTOIIIETH3MOTpaMMa, KPOME TOTO, ITO3BOJISIET
OLICHUTH Ka4eCTBO NEPUPEPUUECKOr0 KPOBOTOKA M TOHYC cOCcy0B. ClielyeT OTMETHTD, YTO B IIpoIiecce
M3MEpPEHHSI CBETOBBIC JTyYH TPOXO/ISIT Uepe3 HECKOIBKO Pa3IMUHbBIX CJIOEB: TKAHb (K0XKa, HOTOTh, KOCTB);
KanMJUIAPHYIO ¥ BEHO3HYIO KPOBb; KPOBb, OCTAIONIYIOCS B apTepPHONiaX B KOHIIC KaXKIOU MyJbCAIINH;
apTepHaIbHYI0 KPOBB, TOCTYIAIONIYIO B apTEPUOIIBI BO BpEeMsi CUCTOIIBI cepana (puc. 3).

Takum 00pa3oM, B MIEPUOJbI BPEMEHH, MPEIIICCTBYIOIINE CEPACYHBIM COKPAICHUSIM, CBETOBBIC
JYYH TOIVIOIMIAIOTCS TOJIBKO MEPBBIMH TPEeMsi CIIOIMU (pHC. 3), U GUKCHPYEMBbIi ONTHYECKUN CHTHAI
KnaccuuImpyercss Kak (OHOBBIA. YBelnueHHe o0beMa KPOBH B apTepHsIX BO BPEMs MPOXOKICHUS
MyJTBCOBOI BOJIHBI BEJIET K M3MEHEHUIO TOTIIONICHUSI CBETOBBIX JIydeH, JOCTHTaroIIero MakCHMyMa
10 OTHONICHHIO K JOHOBOMY B MOMEHT THKA MyJTbCOBOM BOJIHBI, U TIO3BOJISICT BBIICIHUTL YaCTh HHTCH-
CUBHOCTH CBETOBBIX JIy4el, KOTOPbIC MOTIIOIIAIOTCS TeMOTTIOOMHOM HETOCPECTBEHHO apTepHaIbHOM
kpoBu. [Ipu 3TOM cTeneHp HACBIIIEHUS] TeMOITIOONHA apTepUaIbHONH KPOBU KHCIOPOAOM, H3MEPEHHAs
METOJIOM TyJIbCOKCUMETpUH, 0003Hadaercst kak SpO,. [Ipemnaraemplii KOMIIEKC OCHAIIAETCS MYIBCO-
KCUMETPUICCKIMU JTATYMKAMU PAa3IMIHBIX KOH(QUTYpAIHii: B3pOCIIbIC H IETCKUE JaTYUKHU — JJISl pa3Me-
IICHUSI HA MOYKE yXa, Malblle PYKHU MM HOTH, JETCKUE U HEOHATAIbHBIC ATYHKH — ISl pa3MEIICHUs
Ha 3a1siCThe WK HoTe (pHcC. 4).
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MynbcUpyrowmii KPOBOTOK

Henynbcupyowmnn

KPOBOTOK dotonneTusMorpadus

Mynbcauusa apTepum
ApTepuanbHasi KPOBb

KanunnspHas n
BEeHO3Hasi KPOBb

TKaHU: KOXa, KOCTb

>

Puc. 3. CtpykTypa CI10€B MPOXOKICHHUS CBETOBBIX JIydeit
Fig. 3. Structure of light ray transmission layers

Puc. 4. Pa3HOBUIHOCTH ITyTbCOKCUMETPHYECKUX JaTYMKOB, KOTOPBIMU OCHAILACTCS MPEAIaraeMblii KOMIIIEKC
Fig. 4. Types of pulse oximetry sensors with which the proposed complex is equipped

B 10 ke Bpems 3HaueHus 1ieHTpasibHO# (ScvO,) u cMentanHoi (SvO,) BEHO3HO caTypaliy TakKe
SIBIISIFOTCS. BAKHBIMU KIIMHAYECKUMH TTapaMeTpaMHy JIJIi MOHUTOPHUHTA COCTOSIHUS TTallMeHTa, XapaKTe-
PHU3YIOIIUMH CEePJICUHBIN BEIOPOC, TIOCTABKY M MOTPEOICHNE KUCIOpo/1a Opranu3MoM [6]. B cBsi3u ¢ uem
C LENbI0 TeHepalyy KojeOaHuii B BEHE, KOTOPBIC MO3BOJISAT PELIMTh MPOOIEMYy HHU3KOTO OTHOLICHUS
MHTEHCUBHOCTH TOIJIONICHHUS CBETOBBIX JIydel TeMOIIIOOMHOM BEHO3HOHW KPOBU K (POHOBOMY TIOTIIO-
LIEHUIO, TIPe/IaraeTcs UCIOIb30BaTh BHEIIHIO CTUMYIISIIMIO, HAIIPUMED, C TIOMOIIbIO Ha/lyBHOW BO3-
IOYLIHOM MaHKeThl B (popMe KoJiblia, HaJileBaeMOoM Ha masner [7].

Pexwm 3amucy IpIXxaHus BKITIOUAET B ce0s (PMKCAIMIO OTKIOHEHHS BO3IYIITHOTO JABJICHHS IO OT-
HOIIICHUIO K JIaBJICHUIO OKPYKAIOIIEro BO3AyXa BOJIN3M HOCA M PTA B TIPOLIECCE JIBIXaHUS MOCPEACTBOM
HA3aJIbHOW KaHIOJIU C POTOBBIM JIIECTKOM, YTO MO3BOJISIET (PUKCHPOBATh TAKKWE HAPYLICHUS AbIXaHHS,
KaK aIrrtHo?d, THIIONHO)Y, orpaHudeHne noroka (flow limit), Bo3OykneHue, CBI3aHHOE C BO3pACTAHHEM
neixarenbHbIX yeunnit (RERA), a Takxke paccUMTHIBaTh MHAEKC alTHOI-TUIIONTHOD.

Juist 00paboOTKHM TaHHBIX HCIIOJIB3YyeTCs NMU(POBON METOJl BHIUMCIICHUS CaTypallid U Ha €€ OCHO-
B€ — MHJIEKCA JiecaTypaliiii, MO3BOJISIOMINN CHU3UTH KOJIMIECTBO apTe(PAKTOB B YCIOBHAX MTOBBIIICHHOMN
JBUTaTEIbHONW aKTHBHOCTH TMAlEHTA, U3JIUIIHEH MyNbCalli TKaHEH W MpH OYeHb cIa0bIX CHrHalax.
NmeeTcs 3ammTa OT HHTEHCHBHOTO OCBEIICHHS, TKAHEBOTO PACCESHISI CBETOBOTO ITOTOKA, CETEBBIX T10-
Mex U moMex aedudpuuiaropa. Takum 00pa3om, KOMIUIEKC TO3BOJISIET OMEPATHBHO W HEWHBA3WBHO
OLIEHUTh KUCIOPOJHBIN CTAaTyC apTepHabHOW KPOBH, BU3YaIM3UPOBATh MPOLECC JIbIXaHUs C BO3ZMOXK-
HOCTBIO 3aIicH (POTOTUIETU3MOTPAMMEI KaK TP OHOKPATHBIX M3MEPEHHSX, TAK ¥ BO BPEMsl IIPOJIOII-
KUTEIFHOTO (HOYHOTO/CYyTOYHOT0) MOHHTOpHpoBaHMs. He nMeeT aOCONIOTHBIX MPOTHBOIOKA3aHUH,
OOOYHBIC ICHCTBHS HE BBISIBIICHEI.

Pe3y.]'ll)TaTbI HCCJ’[e}IOBaHHﬁ H UX oﬁcymlle}me

AnpoOanus pa3paboTaHHOIO KOMIUIEKCA ITPOBOAMIIACH Ha 0a3e CaHaTOPHO-KYPOPTHOTO yupexIe-
Hus Pecnybnuku benapych. 910 00yciioBiieHO, ¢ OJJHOH CTOPOHBI, BO3MOXKHOCTBIO TPOBEJICHUS JHar-
HOCTHKH BO BpeMsI CHa B KOM(OPTHBIX YCIOBUSX YUPEKICHHS U B aTMOC(epe, pacronaraioneid K BHI-
MAaTeJIbHOMY OTHOLLIEHHIO K COOCTBEHHOMY 310pPOBbIO, & C JPYIOd — JAOCTATOYHBIM KOJIMYECTBOM HC-
MBITYEMBIX, PACTIONIATAIONINX BPEeMEHEM, KOTOphIe paHee He 33 {yMBIBAINCH O JTUArHOCTUKE Ooie3Hel
opraHoB jabixanus. B ucneitanusax no pguarHoctuke COAI coracunuchk NpUHATH ydacTHEe B COCTaBE
Tpex rpymm S0 genoBek u3 120, mpuOBIBIIIX Ha 0310poBIcHUE. Bo3pacTHO# cocTaB ObUT 00yCIOBICH
OCCHHUM BpEMEHEM Troja ¥ mpeBbimai 50 JeT, My>KYuH U JKEHIIUH — paBHOE Konu4decTBo. [IpenBa-
PHUTENBHO MCIBITYEMBIE 3aIIOJHHUIN ONPOCHUK COHIMBOCTH OmnBopTa [8], bepauHckuil onpocHuk [9]
u onipocHUK STOP-BANG [10]. Pe3ynbrars! ncIbITaHUI TIPUBEICHBI B Ta0M. 2.
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Tadauua 2. Pe3ynapraTel HCOIBITAaHUNA Pa3pab0TaHHOTO KOMILIICKCA
T10 BBISIBJICHUIO CHHAPOMA 00CTPYKTHBHOI'O AITHO3-THITOITHOD
Table 2. Results of testing the developed complex for detection of obstructive apnea-hypopnea syndrome

oKasatens YuncIto UCTIBITYEMBIX, Yell., B TPYIIe

1 2 3
KonmuecTBo B rpynme 87 24 9
Bu3yallbHO CKJIOHHBI K allHO? 35 16 4
Cornacuimch IPOUTH OITPOC 32 14 4
[Tpomnu onpoc 29 10 3
PesynpTar omnpoca monoKUTEeTbHBII 18 7 2
Connacuiuch NpOUTH JUArHOCTHKY 12 7 2
PesynpTar AMarHOCTHKH MOJIOKUTEIBHBIN 9 6 2

Taxkum oOpa3oM, B Xoe anmpoOaIiu yaanoch ocymiecTBuTh panHee BoisiBneHue COAIL y mroneid,
KOTOpBIE HE 33yMBIBATINCH O TIPOXOXKICHUH JUATHOCTUKU, HO YK€ UMENN ONpeelIeHHbIE CHMITOMBI.
COALT 61 moaTBepxieH B 81 % ciaydaes.

3aKiIroueHue

1. IlpemnoskeH THarHOCTUYECKUM KOMIUIEKC JUIsl HEMHBAa3UBHOTO M3MepeHust SpO,, 4acToThl cep-
JCYHBIX COKPAIICHUI M YacTOTHl JIBIXaHUS, KOTOPBIM MO3BOJSET BBISABIATH OOJE3HH OPraHOB JIbIXa-
HUS, OTSATOILEHHBIE JBIXaTebHOW HEAO0CTAaTOYHOCTHIO M CHHAPOMOM allHO3-TMIOMHO3. JaHHBINH KOM-
TUIEKC MOXKET MCIIONIb30BaThes Kak IS Pa3OBBIX M3MEPEHMH NpH CKPUHUHTOBBIX 00CIEIOBaHMSX,
TaK W JJIs IPOBEICHUS IITUTEIHFHOTO CYTOYHOTO UM HOYHOTO MOHUTOPHHTA C BO3MOYKHOCTBIO aHAJIN3a
MaKCHMAaJIbHBIX 1 MUHUMAJIbHbBIX 3HAYECHUI [T0Ka3aTenel 3a BBIOPaHHbIN IEPHOL, [UINTEILHOCTH U Yac-
TOTBI TAKUX PECIHUPATOPHBIX COOBITHH, KaK allHO3 U TMIIONHO), [UINTEIbHOCTH HAXOXKICHHS MTallUeHTa
B Pa3IMYHBIX 30HaX CaTypallH, YaCTOThI CEPAECUHBIX COKPALLIEHUH U 4aCTOTHI JbIXAHNUS.

2. Peanuzanyst cTaHAapTH3UPOBAHHOTO HArPY30YHOTO TECTA IECTUMUHY THOH XOABOBI IO3BOJISIET OlLie-
HHUTH PE3EPBHBIC BO3MOXXHOCTH Oprann3ma, 3QeKTHBHOCTh POBOIMMON TEPAITUH, a TAK)KEe BO3ICHCTBHE
BEJIOAPrOMETPUIECKON HATrpy3KH, IPOLIEAYp B Oapokamepe, «TOPHBIM BO3AYX» U APYTHX C BO3MOKHOCTHIO
BBIABIICHHS JBIXaTeIbHON HEJOCTATOYHOCTH, €€ BBIPAXKEHHOCTH U YCJIOBUH BO3HHKHOBEHUS.

Cnmcok 1uteparypbl

—_—
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AHHOTanUs1. DIEKTpOKapAnOrpadust — BaXXHBIA AUATHOCTHYECKUH METOJI, MO3BOJISIONINH OLIEHUTH dJIeKTpHuiec-
KyI0 aKTUBHOCTb cepala. Ero ucnonp3oBanue Mo3BOJISAET AUAarHOCTUPOBATh CEPAECUIHO-COCYUCTIE 3a001eBaHuU
Ha paHHUX CTAJMAX, IPEAOTBpPAIIasl X IPOIPECCUPOBAHUE U PA3BUTHE OCIOKHEHNH. OHAKO HE BCE MATOJIOTUH
MOTYT OBITh BBISIBJICHBI IPU KPATKOCPOUHOM HCCIIEJJOBaHNU. B cityuae 1ojo3peHus Ha HaJIM4ue Takux 3aboieBa-
HUHM IPUMEHSIOT METOJ] JUTUTEIIFHON PETUCTPAIMH dJIEKTpoKapanorpaMmel. KadecTBo ee 3anmucu npu JUINTeTbHON
PETHCTpAILA BO MHOTOM 33aBHUCHT OT MCIHOJIB3YEMBIX IEKTPomoB. CeromHs camble paclpoCTPaHEHHbIE — JEKT-
POZBI C XJIOPCEPEOPSHBIM MOKPHITHEM, TTOKa3bIBAIOIINE XOPOIINE PE3yJIbTaThl B TEUEHHE HEMPOIOJIKUTEIHLHOTO
BpeMeHu. OJIHAKO MX MCIIONb30BaHKe Ooliee 24 4acoB MPUBOJHUT K HCKAKEHHUIO CHI'HAJIA U Pa3IPAKEHHIO KOKHOTO
TIOKPOBA TAIMEHTa N3-3a 00€3BOKMBAHMS U JIETpaJalliil MOBEPXHOCTH. B cTaThe MpUBENCHBI Pe3yIbTaThl HCCIe-
JIOBaHUIl MaTepHasoB, NPEAHA3HAUCHHBIX AJIS1 U3TOTOBIECHUS CYXHX JIEKTPO/IOB, UX CBOMCTB U BIUSHUS HA MOKa-
3aTeJIy, IOy4aeMble IIPH 00CIECA0BAaHHH.

KawueBsble cjioBa: 3JIeKTpOKapAHOTrpadusi, SCKTPOIbI, JATYUKH PETHCTPALUH IEKTPOKAPIHOTpadH, JIEKTPO-
MIPOBOJHOCTH, OMOIIOTHYECKass HHEPTHOCTH, KOMIIO3UTHBIC MaTePHAITBI, CYyXHE dJICKTPOIBI.

Kongaunkt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

BaaromapHocTb. ABTOPBI BEIPaKAIOT O1aroJapHOCTb KaHAUJaTy MEAUIIMHCKUX HAYK, IOLEHTY, BEAyIleMy Hayd-
HOMY COTPYJIHHKY Jaboparopuu (GU3HOIOTHN UTaHus U ciopta MuetutyTa dusnonornn HannonansHo# akazie-
mun Hayk benapycu Onyapay CrenanoBuuy Karmmikomy 3a MHOTOJIETHHIH COBMECTHBIHN TPy Ha Oi1aro oTedect-
BEHHOU HayKH.

Jns nurupoBanus. Bepura, M. E. VccnenoBanue matepuaioB JJiss U3TOTOBJICHUS 3JEKTPOJIOB, MpeIHA3ZHAYCH-
HBIX JUIS JUINTEIbHON peructpanuu snekrpokapanorpammel / M. E. Bepura, E. B. Jlememixo, C. H. Bacrokesuu //
Hoxnanet BI'VUP. 2025. T. 23, Ne 1. C. 28-33. http://dx.doi.org/10.35596/1729-7648-2025-23-1-28-33.

STUDY OF MATERIALS FOR MANUFACTURING ELECTRODES DESIGNED
FOR LONG-TERM REGISTRATION OF ELECTROCARDIOGRAM

MARIA E. VERIGA, YEGOR V. LEMESHKO, SERGEY N. VASYUKEVICH

Institute of Physiology of the National Academy of Sciences of Belarus (Minsk, Republic of Belarus)

Abstract. Electrocardiography is an important diagnostic method that allows assessing the electrical activity
of the heart. Its use allows diagnosing cardiovascular diseases at early stages, preventing their progression and de-
velopment of complications. However, not all pathologies can be detected during a short-term study. If the pre-
sence of such diseases is suspected, a method of long-term recording of the electrocardiogram is used. The quality
of its recording during long-term recording largely depends on the electrodes used. Today, the most common
are electrodes with silver chloride coating, showing good results for a short time. However, their use for more than
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24 hours leads to signal distortion and irritation of the patient’s skin due to dehydration and surface degradation.
The article presents the results of studies of materials intended for the manufacture of dry electrodes, their proper-
ties and influence on the indicators obtained during the examination.

Keywords: clectrocardiography, electrodes, electrocardiography recording sensors, electrical conductivity, bio-
logical inertness, composite materials, dry electrodes.
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BBenenue

Bone3nu cepieuHO-COCYIUCTON CUCTEMBI OCTAIOTCS OJHOW W3 IVIaBHBIX NMPUYUH BBICOKOW CMEpT-
HOCTH BO BceM Mupe. B 00pr0e ¢ HUMH MPUMEHSIIOTCS pa3InYHbIC TUATHOCTHYECKUE METO/IbI, OJHUM
"3 KOTOPBIX sBseTcs dnekTpokapauorpadus (OKI). DKIT — meTon mcciemoBaHus, KOTOPBIH ITO3BO-
JSIET PETUCTPUPOBATh MEKTPUIECKYI0 aKTUBHOCTH cepana. [Ipuanun padorer OKI' ocHOBaH Ha TOM,
YTO CEPJIIC TCHEPUPYET IEKTPUUCCKUE MMITYJIbChI, KOTOPBIE PACIIPOCTPAHSIFOTCS 10 €r0 MBIIICYHON
TKaHU ¥ BbI3bIBaIOT cokpamienus. [Ipu nposeaennn DKI' Ha koxy nmarreHTa HaKIapIBaloTCs AEKTPO-
Ib1, (PUKCHPYIOIINE OTH UMITYJIbCHI. 3alrcaHHble JaHHbIe 0TOOpaXaroTcsi B BUjIE rpaduka — JEKTPo-
KapIOTrPaMMBl.

OKT mo3BoJisSieT OLIEHUTh PUTM CEPJLla, BBISIBUTh HAPYIICHHS TPOBOIUMOCTH, HIIEMHIO U JAPYTHE
MaTOJIOTUU. DTO O0E30MacCHBIN U HEMHBA3UBHBIA METOJI, KOTOPHIH HIMPOKO UCTIONB3YIOT B KIIMHUYECKON
MIPAKTHKE JIJISl TMAaTHOCTHKH CEPJICUHO-COCYUCTHIX 3a0oseBanuii. DdekTuBHOI Bapuanueil JaHHOTO
croco0a JIMarHOCTUKU CEpACYHO-COCYANCTOH MaTONIOTHH SIBISIETCS JJTUTEIbHOE NTUCTAHIIMOHHOE MO-
HUTOPHUPOBaHUE AneKTpokapanorpammsl [1]. [Ipu TakoM MOHHUTOPHPOBAHUH AIIEKTPHUECKUE SIBICHUS,
BO3HHKAIOIIHE B CEP/IIle, HEPEPHIBHO PETUCTPUPYIOT HA MPOTSHKEHUH 72 4 U OoJiee, MpHUYeM MalueHT
MOXET HaXOJUTHCS B MPUBBIYHBIX EMY YCIOBHUSIX BO BPEMSI MPOBEICHUS N3MEPEHHI.

JImuTebHOE MOHUTOPHUPOBAHHUE AIICKTPOKAPANOTPAMMBI, IIUPOKO H3BECTHOE KAK MOHUTOPUPOBAHHE
110 X0JITepy, MO3BOJISET JUATHOCTUPOBATH CKPBITHIC CEPJICYHO-COCYIUCTHIC MTATOJIOTUU U OOHAPYKUBATh
PAa3JIMYHBIC THUIIBI HapyHICHI/Iﬁ CEPACUYHOTO pUTMA, TAKUC KaK MCPUATCIIbHAA apUTMUS, SKCTPACUCTOINA
U JIPYTHE; ONPECIATh 3MU30/bl HIIeMUK (HEIOCTaTKa KUCIOPOa) B MHOKAp/e, OCOOCHHO BO BpeMs
(u3uUeckol aKTUBHOCTH HMJIM CTPECCa; OIICHUBATh YaCTOTY CEPACYHBIX COKpAICHHI B TEUCHHE CYTOK
(cuHyCOBas TaxuKapAus U OpajuKapans); BEISBIATH OJIOKaabl (HarpuMep, AV-011okay), KOTOpble MO-
I'YT YKa3bIBaTh HA HAPYIICHHS B SIEKTPUUYCCKON MPOBOJMMOCTH CEP/Ia; OIICHUBATh QYHKIIUIO Cep/ra
U (UKCHPOBATh BO3MOXHbBIC NMPU3HAKU CEPJICYHON HEINOCTATOYHOCTH; CBS3bIBATh CUMIITOMBI (TaKue,
HanpumMep, Kak 00Jb B TPYIH) C UBMEHEHUSIMH Ha AIIEKTPOKapAnorpaMme (3MU30bI CTEHOKAPANH ); MO-
HUTOPUPOBATH M3MEHEHHUS B COCTOSTHAN MAIIMEHTOB, MIEPEHECITNX HHPAPKT MUOKAP/a, KOTOPBIE MOTYT
YKa3bIBaTh Ha TIOBTOPHBIN MH(APKT WK Apyrue ocinoxkHeHus [2]. Jlanapie 3a0601eBaHUs MOTYT HUKAK
HE MPOSBUTH ceOsi BO BpeMs NpoBefeHus npoueaypsl cHaTus K[ B yCIOBHAX MOKOS, HO BBI3BIBATH
CEpbEe3HBIC HAPYIIICHHS KU3HECITEIILHOCTH OPraHu3Ma, €CJIM He Oy/TyT BBISBICHBI BOBPEMSI.

JJis ocyIecTBICHUS IITUTEILHOTO MOHHUTOPUPOBAHUS AIEKTPOKAPIUOTPAMMBI HY>KHO PELIUTh Clie-
AYHOLIUEC 3aaa41: MUHUMU3UPOBATH BIUSHUC apTe(baKTOB JBHXXCHUS HAa CUTHAJI, O6CCHG‘II/ITI> npuemiic-
MBIH YPOBEHb KOM(OpTA MPH JITUTEIHHOM UCIIOIB30BaHUH yCTPOHCTBA MOHHTOPHPOBAHHUS KAP/IHOCHT -
Hana u ap. [1]. UToOs! pemuTs qaHHBIC 3a7a9i, KPUTHIECKH BAYKHO BRIOpATh MaTepraibl, HCIIONb3ye-
MbI€ TIPU U3TOTOBJICHUH DIICKTPOIOB JUTS JUTUTEIBHON PErHCTPALUH AIEKTPOKAPANOTPAMMBI.

Bs100p MaTepuana 31eKTPO/OB,

NMpeTHA3HAYEHHBIX JUIA JJIUTEIbHOI PerucTpannu 3J1eKTPOKAPIHOTPaMMBbI

B cBs3u co crenudukoi (hU3MONTOTHYECKUX HCCIENOBAaHNH, C OCOOCHHOCTSAMH OMOJIOTHYECKHUX
00BEKTOB K KOHCTPYKIIUH U MaTepHaiaM dIICKTPOOB MPEIBSIBIAIOT Psii TpeOOBaHUH, B yacTHOCTH [1]:
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— XOpolIasi IeKTPOIPOBOIHOCT;

— Ouosorn4YecKasi HHEPTHOCTh (HETOKCUYHOCTH );

— BBICOKAs POYHOCTH, MaJIbIe Ta0apUThI U Macca.

JKuBo# TkaHM CBOHCTBEHHA pEakKIlvs Ha JIFDOOE MHOPOTHOE TEJIO, ¢ KOTOPBIM OHA COMpPHUKACALT-
s, TIO3TOMY MaTepuaj 3JeKTpoAa JOKeH ObITh OMOIOTHYECKH MHEPTHBIM (HETOKCHYHBIM). Taxxke
ANEKTPOJ JOIHKEH UMETh MUHIMAIIBPHO BO3MOXKHBIE Pa3Mephl, ITOCKOIBKY TKaHEBas peakins BhIpake-
Ha TeM CHJIbHEe, YeM OOIbIe TUIOIIab COMPUKOCHOBEHUI. KpoMe Toro, ¢ yBemTW4eHHEeM ILIOMIa !
AJIEKTPO/Ia BO3PACTAIOT MOMEXH OT COCEAHHMX Y4acTKoB TKaHH. C Apyroil CTOPOHBI, OT 3JIEKTPOIa
OXKHUJIAOT BEICOKYFO AJIEKTPOMPOBOJHOCT M TPOYHOCTD, YTO SBIISETCS MPEISITCTBUEM K YMECHBIIICHUIO
ero pasmepa [1].

Marepuan natauka JODKEH 00JIafaTh HU3KUM MMITEIaHCOM (TIOCKOJIBKY TaKOW MMIIeNaHc odecte-
YUBAET JydIllee Ka4eCTBO CUTHAJA), BEBICOKOH CKOPOCTHIO PEAKITHH, YTOOBI OBICTPO pearupoBarh Ha U3-
MEHEHHS B DIIEKTPHUYECKON aKTUBHOCTH cepana. Kpome Toro, Marepuan IOMHKEeH OBITh CTaOWUIIHHBIM,
T. €. COXpaHATh CBOM CBOWCTBA B T€UCHUE BpeMeHU. UTOOBI 3JCKTPO/IbI HE TIOBPEKIAINCH ITPH paboTe
MBIIII] Y€JI0BEKa, OCTABAJIMCh 3aKPEIUICHHBIMH Ha KOXKE YIOOHO M HAJIC)KHO, OHU CaMH U TIPOBOJIA, CBS-
3BIBAIOIINE MX C YCTPONUCTBOM PETUCTPAIIMU CUTHAJA, JOJDKHBI ObITh MSITKUMU M THOKUMHU. M3105KeH-
HbIe TPeOOBaHUS HEOOXOIUMO YUUTHIBATh IIPH Pa3pab0TKe AIEKTPOAOB JIJIs [UTUTEIBHOIO MOHHUTOPHUPO-
BaHUS DIEKTPOKAPIUOTPAMMBL.

B nacrosiiee Bpems B psizie cTpaH IpOBOASTCS pabOThI IO CO3IaHUIO SITUACPMAITEHON STIEKTPOHUKH
Y DJIEKTPOIOB ISl PETUCTPAIMH IEKTPOPUINOIOTHISCKIX CUTHAJIOB, KOTOPHIE CO3/IAI0TCSI HA OCHOBE
TOHKHX YIPYTUX JUAICKTPUUSCKHUX U MPOBOAIIMX TUICHOK [3]. BHEUTHMI BUI TaKUX JIEKTPOJIOB O~
XOXK Ha TaTYUPOBKY, THOKOCTh M 3JIaCTUYHOCTh COTIOCTABUMBI C (DU3MKO-MEXaHUYCCKUMU CBOWCTBAMU
KOYKH 4YeJIOBEeKa, YTO TO3BOJIsIeT (PUKCHPOBATh MX Ha TeJie NaleHTa 0e3 Kies 3a cueT cuil Ban-aep-
Baansca. B xagecTBe MUANEKTPUUYECKONH OCHOBBI AJIEKTPOIOB PACCMATPUBAIOTCS TIOIMHUMU], TTApHIICH
1 IpyTHe, TPOBOIAIININ CIION MIPEIoIaraeTcs H3roTaBINBaTh U3 OJHOTO FIIH HECKOIBKHUX CII0OEB MOHO-
rpadeHa, 0061a1aloero OTMEHHBIMHU MJIEKTPOIPOBOISIIMMHU CBOMCTBAMH [4].

OcHOBHBIE MarTrepuaJbl JJIEKTPOAOB,
NpEAHAZHAYCHHBIX IJII )I.]IHTe.]ILHOﬁ PEerucTpanuu 3JE€KTPOKapaAuorpaMmmMbl

Jist 37IEKTPONPOBOAALICTO CIIOS AIEKTPOJA YacTO UCIOJIB3YIOT 30J10TO, cepeOpo MM HEpiKaBero-
Y0 CTaJib, TIOCKOJIBLKY OHH OOJIaJIal0T XOPOIICeH 3IECKTPUYSCKON MPOBOAUMOCTHIO M YCTOHUHUBOCTHIO
K KOPpPO3WH, YTO BAXKHO NPU JUTUTCILHOM HCIONB30BaHUH. [ co3manus Oojee TMOKUX M JIETKUX
QJICKTPOAOB 4aCTO MPUMCHAIOT IMOJIUMEPBI, TAKUC KaK IMOJIMAHUIINH, IMOJIUUMU, ITOJIUITUPPOJL. }IaHHBIe
MaTepHalbl TAK)KE MOTYT OBITh HCITOF30BaHBI B KOMOWHAITNH C APYTUMH IS YITyUYIIeHNS KOHTAKTHBIX
CBOMCTB. YIYYIIUTh KOHTAKT MEXy KOXKEW M AJIEKTPOAOM MOXKHO C ITOMOIIBIO CIIEIHAIBHBIX IPOBO-
JUIIIAX TeJIeH WK MacT, KOTOPbIE IOMOTAI0T CHU3HUTH CONPOTHUBIICHHE M 00SCIICUYMBAIOT O0JIee TOYHBIS
W3MEPCHUSI.

[Ipu m30NSAIMK TPOBOIOB M CO3IAHHM 3aLIMTHBIX 000JI0YEK JIEKTPOIOB MCIOIB3YETCsl CHIIUKOH,
ITOCKOJIBKY OH 00JIaZlaeT BHICOKOM TEPMOCTONKOCTBIO M YCTOWYMBOCTBIO K BO3/ICHCTBUIO Biaru. Takke
MIPUMEHSIOT TEPMOITIIACTUYIHBIE 371ACTOMEPHI, KOTOPhIe 00eCIeunBaIOT THOKOCTH U KOM(OPT MPH HOIIIe-
HUU JIATYNKOB Ha KOXKE. AKTyaJIbHOH SIBIIIETCS pa3paboTKa OeCIPOBOAHBIX dIEKTPOIOB ISl MOHHUTOPH-
POBaHUS ANEKTPOKAPAUOT PAMMBI, 00SCTICYMBAIOIINX CBOOOAY JBMKEHUH U PEIIAFOIINX POOIEMBI HC-
T10JIb30BaHMsI POBOJIHBIX JIATYUKOB (TPOMO3KOCTh KOHCTPYKIIMH, BOSHUKHOBEHHE HABOJOK U UCKaXKe-
HUI CUTHAJIOB) C IPUMEHEHHEM OeCIpOBOAHBIX TEXHOJIOTHH Tepeayn TaHHbBIX, TakuX Kak Bluetooth,
NFC, Wi-Fi u npyrux mpotoxosios [5].

Pa3pabarsiBast KOpIyc JaTYUKOB, 11€71€CO00pPa3HO UCTIONH30BATh JIETKHE, TPOYHBIE U ONOCOBMECTH-
MBbI€ IJIACTHKH, Takue Kak ABS nin monukapOoHar. OHM 3aIIAIIAIOT BHYTPEHHHUE KOMIIOHEHTHI AJIEKT-
POIIOB OT BHEIIHUX BO3/ICHCTBUI. B HEKOTOPHIX Cllydasx KOpIyca MOTYT OBbITh BBIITOJHEHBI U3 JIETKHX
METAJUTHYECKUX CIUIABOB JUIS MOBBIIICHHS MPOYHOCTH M 3aIIHUTHI OT pajuanuu. B mociennee Bpems
AKTHBHO NPOBOAATCA UCCICAOBAHUA TCKCTUIIbHBIX JATYMKOB, KOTOPBIC MOXXHO BHCAPUTL B OACIKAY I1a-
IIUCHTOB [6]. DTH MaTYMKHU WCIIOIB3YIOT YIEKTPOIPOBOISIINE BOJIOKHA, UTO TTO3BOJIAET ClIEIaTh MOHU-
topunr DKI -curaaia 6omee KOMPOPTHBIM U HETIPEPHIBHBIM. OHAKO JaHHAS TEXHOJIOTHS CIIle HyKIa-
eTcs B opadotke. Tak, HEKOTOpbIE MPON3BOIUTENN PEKOMEHAYIOT CMaulBaTh TEKCTHIILHBIC DJIEKTPOJIBI
BO BpEMs UCTIOJIB30BaHUsl, YTO MOXKET BBI3bIBATh TUCKOM(POPT Yy MAIIUEHTOB.
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MeTonnka HccJieI0BaHNS MAaTepPHAJIOB JIEKTPOI0B,
NpeIHA3HAYEHHBIX JJIS JJINTEIbHOI PerucTpauuu 31eKTPOKAPAHOrPaMMbI

Jlnist TOro 4TOOBI MCCIIENOBATh XaPAKTEPUCTHKK DIICKTPOJOB B YCIOBHUSAX, MPHOIMIKEHHBIX K pe-
aNbHBIM (Ha Telle YelloBeKa), ObUTH M3rOTOBJICHBI 24 monysnemenTta (12 map) o0pasioB 3JIeKTPOIOB
U3 pa3IMYHBIX MaTepUajoB (TKaHH HA OCHOBE YIIEPOJa, YIICPOIAHBIX HUTCH, IICHOK U3 MOJUMMHUIA
C cepeOpsIHBIM HAlbUICHUEM PA3JIMYHON TOJIIUHBI, MOJUMEPHON IUJICHKH C HANBUICHUEM aJIOMUHHS
U Mapbl KOHTPOJIBHBIX 3JCKTPOIOB Ha OCHOBE IMOJUMEPHOIO MaTepuaia, Kak aHajora CTaHAapTHOIO
xjopcepeOpstHoro AmekTpona). Ha puc. 1 mpuBenens! ¢pororpadun pa3paboTaHHBIX 00pa3IOB IEKTPO-
10B. J{71st QyHKIIMOHATBHOTO TECTUPOBAHMUS B COMOCTABUMBIX YCIOBUSX 24-X monyaiementoB (12 map)
00pasIoB AMEKTPOOB, U3TOTOBICHHBIX U3 PA3INYHBIX MaTepUAIIOB, ObLIA CO3/laHa CTPYKTYpHAs cXeMa
HCIBITATeILHOTO CTeH A (puc. 2).

——

~

—

Puc. 1. 24 nomysnementa (12 map) 00Opas3moB 3IEKTPOIOB U3 Pa3THIHBIX MATEPHAIIOB
Fig. 1. 24 half-elements (12 pairs) of sample electrodes made of different materials
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Fig. 2. Structural diagram of the test bench for ECG-electrode samples under comparable application conditions
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B pamkax umccienoBaHus K 0o0Opas3laMm 3JIE€KTPONOB IMOAKIIOYAIM T'€HEpaTop-CUMYINSTOp CHUTHa-
noB OKI' ¢ ogHON CTOPOHBI M YCTPONCTBO PETUCTPALMU AIEKTPOKAPIUOTrpaMMbl ¢ aApyrod. Curhain,
MOTy4YaeMbli TAKMM 00pa3oM, OCTyMall Ha HOyTOYK C YCTaHOBJICHHBIM MPOTrPaMMHBIM 00eCTieUeHHEM
YCTPOHCTBA PErUCTPAIMH DIIEKTPOKAPIUOTpaMMBI. Pe3ynbraTsl UKCHPOBAN B TPOTOKOJIE HCCIIEI0BA-
HUS, KOTOpPBIE BIOCJIEICTBUN aHAJIIM3UPOBAIM MO TPeM mapaMerpam: ¢popma CHUTHAIA, aMIUIUTYyAa CHT-
HaJla ¥ UIyMbl CUTHaJla Ha YPOBHE U30JIMHUH JIEKTPOKAPAUOTPAMMBI.

Pe3ynbrarhl nccienoBaHuii U UX 00Cy:KIeHUe

Bce 00pasiisr amekTpoioB ¢ cepeOpsSHBIM HaNbIIICHHEM MTOKa3aln WACHTUYHBIE pe3yasraTsl. C poc-
TOM TOJIIUHBI HANBUICHUS HAOIOAAN YBEJIMUEHHE CIy4aeB OTCIOCHHS HAIBUICHHUS OT TOIJIOKKH.
[Ipu U3roTOBIEHUM TaHHBIX 00PA3IIOB JUIS COSIUHEHUS TIPOBOJOB OTBEJCHHS C HIEKTPOJOM IPUMEHSI-
JIM TEXHOJIOTHUIO MAlKH, OJIHAKO JIJIsl MACCOBOT'O MPOM3BOCTBA OY/IET 1eieco00pa3HbIM UCTIOIB30BaHUE
00J1e€ PKOJIOTMYHBIX TEXHOJIOTHH.

ITooxka A5IeKTpoI0B, BHIIIOJIHEHHAS HA OCHOBE BCIIEHEHHOTO MOJMMEPHOI0 MaTepuaia ¢ HaHO-
yacThaMu cepebdpa, obiamana HETOCTATOUHONW POYHOCThI0. OHA pa3pylianach B XO/€ BBITOIHEHUS
WCCIIEZIOBAaHUS, YTO BHI3BIBAJIO U3MEHEHHE (DOPMBI U aMILTUTY/IbI KapIHOCHUTHAIIA.

OO0pas3Iibl ANIEKTPOIOB, U3TOTOBJICHHBIC U3 YINIEPOAHON TKaHU, OBUIA COEMHEHBI C IPOBOJIAMH OTBE-
JIEHUH TIPU MTOMOIITH JIEKTPOIIPOBOISIIETO Kiies. B xoe TecTupoBaHus BBISCHIIIN, YTO JEKTPOIPOBO-
JiSIIIee COSAMHCHIE TAKUM KJIeeM 00J1a1aeT HU3KOH MPOYHOCTRIO B YCIIOBUSX IMOBBITIICHHON BIAKHOCTH
U Bo3zelcTBU coieil. KpoMe Toro, ppixiasi CTpyKTypa TKaHU 3aTPYAHSET HCIOIb30BAHUE IEKTPOIOB
B nuHamuKe. [Ipy cTaTHUecKnX UCTIBITAaHUSIX XapaKTePUCTHKH 00Pas3IoB AJIEKTPOAOB U3 YIIIEPOTHOMN
TaKHU OBUTH Ha YPOBHE KOHTPOJIBHBIX (CTaHIAAPTHBIX) IEKTPOJIOB.

OO0paser 3MeKTposa U3 YIICPOJHOW HUTH TMOKa3aJl Pe3yJIbTaThl, COMOCTABUMBIC KaK C JIPYTHMH
OTBITHBIMHU 00pa3IaMu, TaK U CO CTaHAAPTHBIM SJICKTPOAOM. YTIIEPOIHAS HUTh, KPOME TOTO, MOXKET BbI-
MOJIHATH (DYHKIIMIO ITPOBOJIA OTBEACHUH IPU YCIOBUH HAHECEHUS JIUAICKTPHUUECKOTO 3al[UTHOTO CJIOA.
[ToaTomy 1emecoobpa3Ho co3maBaTh 0OsIee CIOKHBIE IEKTPOHBIE CHCTEMBI Ha OCHOBE DIIEKTPOJIOB,
M3TOTOBJICHHBIX U3 YIIIepOAHOH HUTH. CienyeT OTMETUTD, YTO HEeleIeCO00Pa3HO HCITOIB30BaTh KOMIIO-
3UTHBIE MaTepPHaIIbl N3-32 IPOOIEMaTHYHOCTH 00ECIICUSHUS COSIMHEHHSI AIEKTPOA-TIPOBOJ] OTBEICHUS,
TaK KaK KJICH PACTBOPSIOT MOJIMMEPHYIO OCHOBY, H3MEHSS €€ (PH3MKO-XUMHUYECKHIE CBONCTBA, a COCIHU-
HEHME MalKoW Npuroem AJisl JTaHHOTO cllyvasi HEJOIyCTUMO.

3akiaouenue

HccnenoBanue mMarepuanoB sl QJIEKTPOIOB, MPEAHA3HAYCHHBIX IS JUTUTEIBHON pEeTUCTpaInu
AIEKTPOKAPANOTPAMMEI, TIPEACTABISCT COOO BaXKHBIN IIar B pa3BUTHU KapAMOMOHHUTOPUHTA H TTH-
arHOCTHKH CEPJICYHO-COCYAHNCTHIX 3a0o0eBaHuil. BRIOOp ONTHMAaBHBIX MaTephajioB, O0JIaTal0NUX
BBICOKOW TPOBOJAMMOCTBI0, OMOCOBMECTUMOCTBIO M YCTOHYHMBOCTBHIO K BHEITHUM BO3JICHCTBUSM,
UT'PACT KJIFOUEBYIO POJIb B 00CCICUCHUN TOUHOCTHU U HAJISKHOCTH MOITY4aeMbIX JaHHBIX. COBpeMeH-
HBIC JIOCTHKCHUS B 3TOU MPEIMETHON 00JaCTH OTKPBIBAKOT HOBBIC TOPU3OHTHI JIJIs CO3/IaHUs Oojiee
3 HEKTUBHBIX ¥ KOM(POPTHBIX AMEKTPOI0B. JlanbHelIe ncciaeIoBalus U pa3pad0TKU MaTepUasIoB
JUTS DIIEKTPOJIOB HOBOTO MOKOJIEHHS OyIyT CITOCOOCTBOBATh YAYUIIEHUIO TUATHOCTHKH KapAHOIOTH-
YeCcKHX 3a00JIeBaHMi, YTO, B CBOIO O4YE€PEe/lb, MOBBICUT Ka4eCTBO JKH3HU MAIMEHTOB U CHU3HUT PHCKH,
CBsI3aHHBIC C Pa3BUTHUEM CEPJICYHO-COCYAHMCTHIX 3a00ICBaHUI 1 UX OCIOKHCHHIA.
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YCKOPEHUME OCTEOUHTEI'PAIIMU JEHTAJIBHbBIX UMIIJIAHTATOB
CJIABBIM NIOCTOAHHBIM TOKOM

A. A. OCTATIOBUY!, C. B. UBAIIEHKO', 1. Y. LITIAK?

! Benopyccruii 2ocyoapcmeennviii meduyunckuii yuueepcumem (2. Munck, Pecnybnuka Benapycy)
2Uncmumym ungopmayuonnsix mexnonoauti Benopyccrkozo 20cy0apcmeenio2o ynusepcumema
uHgopmamuxu u paduosnekmporuxu (2. Munck, Pecnyonuxa benapycs)

© Benopycckuii rocyjapcTBEHHbBIH YHUBEPCUTET HH(POPMATUKH U PaMOdIeKTPOHHUKH, 2025
Belarusian State University of Informatics and Radioelectronics, 2025

AnHoTanus. ITOBBICUTH KaueCTBO JICUEHMsI MALMEHTOB C IMPUMEHEHUEM JIEHTAIbHBIX MMIIIAHTATOB BO3MOXKHO
3a CYeT YCHJICHHUS COSAMHEHHSI KOCThb—ICHTAIbHBIA UMIUTAHTAT cIa0bIM IMOCTOSIHHBIM TOKOM. B mporecce mpose-
JICHUS! SKCIICPUMEHTA i1 Vi{ro NCTIONb30BAINCH THTAHOBBIE AJICKTPO/IbI, HUMUTHPYIOIINE ACHTAIbHBIC HMIUIAHTATHI.
DIeKTpobl TOMEIIAIN B 3a0paHHyI0 BEHO3HYIO KpOBb 4eJoBeKa. B ombITHOM rpymnre B Tedenue 10 MUH poBo-
I (DU3HOTIPOLIEYPhI C TIOMOIIBI0 Pa3padOTaHHOIO yCTPOWCTBa MpH cuiie Toka 15-20 MKA. B koHTposbHOM
TpyIIIE THTAHOBBIE IUTACTHHBI TOMEIIAIIN B KPOBH O€3 anieKTprdeckoro Toka Ha 10 muH. B nccnenyemsix odpasnax
H3y4ald IIOTHOCTb MPUJIETaHUS KPOBSIHBIX CTYCTKOB K TUTAHOBBIM IUIACTHHAM, TOJILUHY KPOBSHBIX CT'yCTKOB,
YUCJIO TPOMOOIIUTOB U dPUTPOIMTOB. YCTAHOBJICHO, YTO BO3JICHCTBHE DIEKTPHUUECKIM TOKOM CHIION 15-20 MKA
Ha KPOBSIHOW CI'yCTOK Yepe3 TUTAHOBBIE IUIACTHHBI CIIOCOOCTBYET YTONIIEHHUIO W YINIOTHEHHIO KPOBSHBIX CIyCT-
KOB Ha MOBEPXHOCTHU DJIEKTPOJOB. B KPOBSHOM CryCTKE yBEIMYHMBACTCS YHCIIO 3PUTPOIMUTOB U TPOMOOIHTOB,
YTO CIIOCOOHO OKa3aTh MOJOKUTEIBHBIN 2(P(EKT Ha MPOIIeCC OCTEOMHTET PAIIHH.

KiwueBble cjioBa: MOCTOSHHBIN TOK, CIIA0bI TOK, ACHTAJbHBIA MMIUIAHTAT, OCTCOMHTEIPALIHS, TPOMOOIIUTHI,
arperanus, KpoBsIHO! CI'yCTOK.

Kongankt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHHU KOH(IMKTAa HHTEPECOB.

Jos uurupoBanus. OcranoBuy, A. A. YcKopeHHe OCTEOMHTErpallii JCHTAIbHBIX HMILIAHTATOB CJIA0bIM ITOCTO-
stHHBIM TOKoM / A. A. Ocranosu4, C. B. MBamenxko, U. W. IlInak // Joxmagsr BI'VUP. 2025. T. 23, Ne 1. C. 34-39.
http://dx.doi.org/10.35596/1729-7648-2025-23-1-34-39.

OSSEOINTEGRATION ACCELERATION OF DENTAL IMPLANTS
BY WEAK DIRECT CURRENT

ALEKSEY A. OSTAPOVICH!, SERGEY V. IVASHENKO!, IVAN 1. SHPAK?

!Belarussian State Medical University (Minsk, Republic of Belarus)
’Institute of Information Technologies of Belarusian State University of Informatics and Radioelectronics
(Minsk, Republic of Belarus)

Abstract. It is possible to improve the quality of treatment of patients using dental implants by strengthening
the bone—dental implant connection with a weak direct current. Titanium electrodes simulating dental implants
were used in the in vitro experiment. The electrodes were placed in collected human venous blood. In the expe-
rimental group, physiotherapy procedures were performed for 10 minutes using the developed device at a current
of 15-20 pA. In the control group, titanium plates were placed in blood without electric current for 10 minutes.
In the studied samples, the adhesion density of blood clots to the titanium plates, the thickness of blood clots,
the number of platelets and erythrocytes were studied. It was found that the effect of an electric current of 15-20 pA
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on a blood clot through titanium plates contributes to thickening and compaction of blood clots on the surface
of the electrodes. The number of red blood cells and platelets in the blood clot increases, which can have a positive
effect on the process of osseointegration.

Keywords: direct current, weak current, dental implant, osseointegration, platelets, aggregation, blood clot.
Conflict of interests. The authors declare no conflict of interests.
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lants by Weak Direct Current. Doklady BGUIR. 23 (1), 34-39. http://dx.doi.org/10.35596/1729-7648-2025-23-1-
34-39 (in Russian).

BBenenune

JleHTanbHbIe UMILIAHTATHI JUII BOCCTAHOBJICHUS! (DYHKIIMU YTPAYCHHBIX 3yOOB aKTUBHO MPUMEHSI-
1otcs B Pecmybnuke benapych u mupe. Jlanas meToanka cTana 10CTyITHOM Kak JIsl BpaueH, Tak v s ma-
nreHToB. OHAKO JICUCHHUE C MCIIONH30BAHUEM JICHTATBHBIX UMIUIAHTATOB MO-TIPEKHEMY JTUTEIHHOE.
C MoMeHTa ynaneHus 3y0a 10 YCTaHOBKH KOPOHKH C OMOpPOH Ha JEHTAIHHOM MMIDIAHTATE MTPOXOTUT
mecTh u Oornee MecsIeB. Takke pacpoCTpaHeHBl OTJAICHHBIC OCIOKHEHHUS B BUJIE OTTOPKEHHUS JICH-
TaJbHBIX MMIUIAHTATOB, KOTJA HAPYIIAETCS IJIOTHOCTh COCAUHEHUS! KOCTb—ICHTAIbHBIA HMMIUIAHTAT.
enp uccnenoBanuii aBTOPOB — MOBLICUTH KAYECTBO JICUCHUS MALIMEHTOB C aJCHTUEH C MPUMEHECHUEM
JIEHTATHHBIX UMIUIAHTATOB.

[Ipomecc coequHEHNS KOCTH C IEHTAIHHBIM UMITIAHTATOM HA3BIBAIOT OcTeonHTerparueii. [1o cyTu,
9TO TIOCIIEIOBATEIHHOCTh PEreHEPATUBHBIX OMOJIOTHIECKIX MPOIIECCOB, MPOTEKAIONINX B KOCTHOM TKa-
HU BOKPYT JIEHTAIHFHOTO WMIUTAHTATa, KOTOPBIM BOCIPHUHUMAETCS OPTaHU3MOM KaK HHOPOIHOE TEJoO.
W3BecTHO, 4TO pereHepalus TKaHel 1 POCT KJIETOK 00YCIOBICHBI TeHETUYECKHU. TaKke He IPeCTaBIIs-
€TCsl BO3MOKHBIM YCKOPUTH MPOLECC OCTEOMHTErPALUU ACHTAIBHBIX UMILTAHTATOB [1]. OmHAaKO MOXKHO
CO3J1aTh YCJIOBHSI, TIPU KOTOPBIX PEreHEPATUBHBIC MPOIIECCHI OYyT MPOTEKATh KaueCTBEHHEE U OJIMKE
K TIOBEPXHOCTH JCHTATHHBIX UMITJIAHTATOB, & TAKKE TTOBBICUTH INTIOTHOCTH COCTUHEHUS KOCTh—ICHTAITb-
HBI UMIUIAHTAT ¥ COKPATUTh CPOKH OCTEOMHTETpaIiy. Takne yCIoBUS BO3MOXKHO CO3/1aTh C TIOMOIIBHIO
(msnuecknx GpakTopoB, Kak, HATPUMEP, BO3ICUCTBHE IICKTPUIECKUM TOKOM.

TeopeTnueckuii anauaus

[Ipu paccMoTpeHHMH mpoLenypbl OCTEOMHTErPAlMH ACHTAJIBHBIX MMILIAHTATOB BaXKHbI Kak OHO-
JOru4Yeckre U (PU3NOJIOruvYecKue, Tak U (U3MUEcKasi COCTaBIIONIME JaHHOrO mpouecca. M3BecTHo,
YTO KOCTbH SIBISICTCS TIbE30AJICKTPUUIECKUM MaTepHUaIioM M 00Ja/laeT XOPOIIeH 3JeKTPOIPOBOAHOCTEIO.
DJIEKTPUYCCKUE UMITYIIbChI CTUMYJIUPYIOT (DaKTOPhI, CIIOCOOCTBYIOIIME POCTY M 3a)KUBJICHUIO KOCTEH.
CymiecTByIOT BHEUTHHE CTUMYJISTOPHI, KOTOPBIE CO3/IAI0T AEKTPHUUECKOE TI0NE ISl yCKOPEHUS 3a)KUB-
JICHUS OIIOCPEIOBAHHO, HO HCAIBbHBIM PELICHUEM SIBISICTCS MpPsSMasi CTUMYJISALUS KOCTH. YCTaHOBKA
CTUMYJIMPYIOIIUX PEreHepaluio YCTPOMCTB BHYTPH OpraHU3Ma TpeOyeT OlepaTHBHOIO BMEIIATEIbCT-
Ba. Kpome Toro, 3tn yctpoiicTBa HEOOXOIMMO YNANATH TOCIE 3aBEPLICHUS] pereHepaltu, YTo TaKKe
JOCTaBIISICT MalMeHTaM AuCcKoMdopT [2].

CoBpeMeHHbIC JICHTAIbHBIE HWMIUIAHTATHl, WMEIOIIME NHMIUHIPHUUYECKYI0 (OpMYy, BBOISATCS
B UEJIOCTHYIO KOCTh M HE MPEANOoJararoT M3BjedeHnd. VX M3roraBnmBaloT U3 MEAWIWHCKUX CIIa-
BOB THTaHa. Hambompimee pacmpocTtpaneHue moxydun crurae BT6 (o MexmayHapomHOMY CTaH-
napry Grade 5Ti-6A14v). VienbHas 31eKTpOIpoBOAHOCTh ThTana 42,1 - 10°° OM-M, y amroMuHus —
2,5 -107° Om-M [3]. Takum 00pa3oM, J€HTAIbHBIM UMILIAHTAT MOYXKET OBITH SJIEKTPOIOM.

Bo Bpems oneparuu JeHTaIbHOW UMIUIAHTAIMK B YETFOCTHONW KOCTH CO3JIaeTCsl JIOXKE /I UMILIaH-
tara. [Ipu 5TOM Hen30eKHO HapyIIaeTCs 1IeT0CTHOCTh KOCTHOM TKaHH, YTO IPUBOAMT K KPOBOTEUECHHIO.
PasBuBaercs peakius nepBruuHOTr0O remoctasa [3]. O0pasyercs MmieHKa U3 TPOMOOIIMUTOB, IPUTPOIIUTOB
1 JICMKOLIUTOB, KOTOPBIE 3AIOJIHAIOT IPOCTPAHCTBO MEXkKAY KOCTHON TKAHBIO U IOBEPXHOCTHIO ICHTANIb-
HOTO UMILIaHTaTa. IMEHHO TPOMOOLMTEI BBIIOJIHSIOT 3aLUTHYIO (DYHKLHUIO, IPETSTCTBYIOT Pa3BUTUIO
KPOBOTEUEHHsI B 30HE MOBPEKAeHUS. TpoMOOLNTBI, 00121251 OTPULIATEIbHBIM MJIEKTPUIESCKUM 3apsiIoM,
YCTPEMJISIFOTCSL K TIOBPEKACHHOH TOBEPXHOCTH KOCTHOM TKaHH, KOTOpasi IpUoOpeTaeT MoJ0KUTEIbHBIN
3apsia. Takke 6elI0K TPOMOOIIMTOB MMEET aKTHBHBIC IIEHTPBI, COSTUHSIONNECS C APYTHUMHU aKTHBH3H-
POBaHHBIMH TPOMOOIIUTAMH ¥ KOJUTAareHoM. TakuM 00pa3oM, TPOMOOIIUTHI CBS3BIBAIOTCSI MEXKTYy COOOM
U C Y4aCTKOM HOBpexaeHHOH koctu [3]. Ilpoucxoaut nponecc aare3un U GOpMUPOBAHUS KPOBSIHOTO
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CTYCTKa, KOTOPBI B TeueHUe nociaeayomux 10—15 MUH yImoTHSeTCs. Ha HOBEPXHOCTH MOBPEXKICHHOMN
KOCTHOHM TKaHHW M yMeHbInaeTcs B o0beme 10 10 % ot mepBoHawanbpHOTO pasmepa. Jlamee TpomOuH,
00pa30oBaBIIMICS U3 TPOMOOIIMTOB, MHULIMUPYET co3aanne (GUOPHUHOBBIX HUTEH, MpeoOpa3yromuxcs 3a-
TEM B KOJUIAI'€HOBBIE BOJIOKHA, HA KOTOPBIX OyZIET OTCTpauBaThCsl MOJIOAsl KOCTHAs TKaHb. Yem Onmike
K TIOBEPXHOCTH JICHTAJILHOTO UMITJIaHTaTa Oy/lyT MPOTEeKaTh OMUCAHHBIE ITPOIIECCHI, TEM IIpoUHee OyaeT
COEMHEHNE KOCTh—/ICHTAJIbHBIN UMIUIAHTAT.

[ToBauATE Ha arperanuio TPOMOOITUTOB, (POPMUPOBAHHE M POCT KOCTHON TKaHM MOYKHO BO3ICH-
CTBHEM IEKTPUUECKOTO TOKa. Tak, BHITOJHEHHBIN Ha KpbIcaX AKCIIEPUMEHT MOKa3all, YTO MOCTOSHHBIH
ANEKTPUIECKUI TOK Manol Beau4yuHbI (10 MKA) BBI3BIBACT YCHIICHHE arperaii TPOMOOIMTOB, CBEp-
TBHIBAaHUsI KPOBU U (UOPHUHOIN3A Y aHOJA, IPUJIOKEHHOTO K [IOBEPXHOCTH COCYAUCTON CTEHKH SIPEMHOI
BeHbl. B oOmactu karoma Takoi ekt mpakTHUeCKu OTCYTCTBOBAJ. YCTAHOBJICHO, YTO IMOBBIIICHHUE
CBEPTHIBAEMOCTH KPOBH B OTBET Ha JIEHCTBHE MOCTOSIHHOTO AIEKTPUUECKOTO TOKA CBA3aHO C BBIJICJIEHU-
€M 13 CTEHKHU cOoCyza (PM3HOIOTHUECKU aKTUBHBIX BEIIECTB, BIMSIOLIMX HA 3TU Ipoueccsl [1].

Ha skcniepuMeHTanbHONM MOACTH MOBPEXK/CHUST OCAPEHHOM KOCTH B 00JaCTH Ta300€IpEHHOTO CyC-
TaBa M3y4aJld BIUSHUE HU3KOUACTOTHOM 2JIEKTPOCTUMYIISILIUM 30HBI TIOBPEXKIEHHS HA CKOPOCTh pere-
Hepanuu koctu. [lomydyeHHsle pe3yabTaThl CBUAETENBCTBYIOT 00 3 ()EKTUBHOCTH MEKTPOCTUMYJISILIUI
TOKaMHU HU3KOM 4aCTOTHI MPU BOCCTAHOBICHUM KOCTHOM TKaHM mocie noBpexaeHus [4]. Tawxke pas-
paboTaHO TOHKOE M THOKOE YCTPOMCTBO C aBTOHOMHBIM NMHUTAaHUEM, KOTOPOE WHTETPUPYIOT K KOCTH
B 00JacTh ImepesioMa. YCTPOHCTBO BO3NEHCTBYET HA KOCTHh CIIA0BIM DJICKTPHYECKUM TOKOM. B mmo-
CJIEIYIOLIEM OHO CaMOCTOSITENIbHO PacTBOPSAETCS M 0E30MaCHO BBIBOAUTCS M3 OpraHM3Ma, KakK TOJb-
KO nIe(eKT KOCTH BoccTaHaBiuBaeTcs. lIpoBeneHHBIE IKCHEPUMEHTHI Ha KpbICAX IMOATBEPIUIIH,
YTO YCTPONCTBO JEWCTBUTENHHO TEHEPHUPYET IEKTPHUECKYIO dHEpPTruio okono 4 B, xoTopas Moxer
COXpaHsIThCs OOJiee MeCTH Helelb [S].

E. H. OBunnnukoB u M. B. Ctoros [4] uzy4anu npsiMmoe BO3J€HCTBUE MOCTOSSHHOIO TOKA HA KOCTb.
TexHomorNs 3aKJII0YaeTCs B TOM, YTO K MECTY IepesioMa KOCTH UMIUIAHTHPYETCS JIEKTPOJI, SIBIISIO-
muiicss KaTogoM. AHOJ pa3MEIIaloT Ha KO)Ke HaJ MecToM Iepenoma. Mcmoiaszyembsle mapameTpbl
ToKa — OoT 5 1o 100 MKA.

Bo Bcex mepedncieHHbIX UCCeT0BaHMIX MPOJEMOHCTPUPOBAHO, YTO MCIIOIb30BAaHNE WMILIAHTHU-
PYEMBIX M3IENINi B Ka4eCcTBE KaToda MOXKET ObITh NEPCIEKTUBHBIM BapUAHTOM JUISI CTUMYJISILIUH TPO-
neccoB ocreoreHesa. CyIleCTBEHHBIM IIITFOCOM TaKOTO MOAXO0a SBISIETCA TO, YTO NMPU HEM CHMIKAETCS
BEPOATHOCTh MH(DUIIMPOBAHUS PUMEHSIEMBIX B KaueCTBE JIEKTPOIOB MMIUIAHTHPOBAHHBIX W3JICIHH.
OTO MPOUCXOAUT 3a CYET CO3JaBaeMOr0 Ha HUX DJIEKTPHUECKUM TOKOM aHTUMHUKPOOHOTO 3ddekra.
ComnacHO HcCIe0BaHUAM, IPUMEHEHHE UMIUIAHTATOB B KAUYECTBE KaTOJOB UISl ANEKTPOCTHMYJIALINH
He MeHe 3 (HEeKTHBHO, YeM MCIOIb30BaHHE CIICIIMATILHBIX MPHOOPOB sl IPSMON IEKTPOCTUMYJISIIINH.
[oBbImaeTcss 6e30MaCHOCTh TEXHOJOTHH, TTOCKONBKY OTCYTCTBYET HEOOXOAMMOCTBH JOMOIHUTENBHON
MHBa3MM [IPU UMIUIAHTALUK KaTO[a, & TaKKe CHIKAIOTCSl PUCKU MH(QUIMPOBAHUS NMIUIAHTUPYEMBIX
METANIMYECKUX u3aenui [4].

Pe3yJ'ILTaTLl HCCJIEIOBAHUI 1 UX oﬁcy)lmelme

WzyuuB TeopeTnueckue OCOOCHHOCTH OCTEOMHTETPALUM JIEHTAJIbHBIX HMIUIAHTATOB, aBTOPHI
MPEIATaloT YCTPONCTBO, TEHEPUPYIONIECE CIAOBIA IMOCTOSTHHBIA AIEKTPHUSCKUN TOK JUIST YITydIICHUS
COEAMHEHMS KOCTb—ICHTAIBbHBIN UMIUIAHTAT. [y nonTBepxaeHus 3(Q)EKTUBHOCTH JaHHOTO YCTPOM-
ctBa Ha 0aze HMY benopycckoro rocynapcTBEHHOTO MEAMLMHCKOTO YHUBEPCHTETA BBINIOJIHEH JKCIIE-
pUMeHT in vitro. B mpouecce nccnenoanuii ucnoib3oBanuchk TutaHosbie (GRADE 4) katon u anon,
KOTOpble MMUTHUPOBAJIM JICHTAJIbHbIC WMIUIAHTAThL. DJEKTPOIbl MOMEIIAIN B 3a0paHHYI0 BEHO3HYIO
KpPOBB YEJIOBEeKA. B Kamoii TpyIine uccienoBanoch msaTh 00pas3IoB. B OMbITHOHM Tpyrine anmapaT BKITIO-
yanu Ha 10 MuH npu cuie Toka 15-20 MKA, B KOHTPOJIBHON TUTAHOBBIE TUIACTHHBI TIOMEIIAIN B KPOBh
0e3 eKTpruIecKoro Toka Ha 10 MUH. YdeT pe3yabTaToB MPOBOIMICS TOCPEACTBOM aHaIH3a MUKPOQO-
torpacuii (puc. 1, 2), MOTYYEHHBIX MPHU TIOMOIIM CKaHUPYIOMIEH AIIEKTPOHHOH MHUKpOCKorWu. B wc-
clienyeMbIX 00pa3lax KOHTPOJBHOW M OINBITHOM TPyNIl W3YYajHCh IUIOTHOCTH MPHUJIETAHUSI KPOBSIHBIX
CTYCTKOB K THTQHOBBIM IUIACTHHAM, TOJIIIMHA KPOBSIHBIX CI'YCTKOB, YHCIIO TPOMOOIIMTOB U SPUTPOLIUTOB.
Pe3sysbrarsl 00pabaThIBaIKCh C TOMOIIBIO MPUKIIAAHBIX ITporpamm Statistica 6.0 u Microsoft Excel ¢ BbI-
YUCJICHUEM MEINaHbl, BEPXHETO U HMKHETO KBapTwiel, U-KpUTepueB 10CTOBEpHOCTH MaHHa — YUTHH,
BEPOSITHOCTH JIOCTOBEPHOCTH CPAaBHUBAEMBIX BEIMUYWH p. Pasnmmuus paccMaTpuBainch Kak JOCTOBEp-
Hele npu p < 0,05.
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Performance in nanospace

Puc. 1. DnexTpoHHas MUKPOCKOIHS 00pa3iia KOHTPOIBHOM IPyIIIbl; KPOBSIHOI CT'YCTOK OTCTOUT OT 3JIEKTPOoAa
Fig. 1. Electron microscopy of the control group sample; the blood clot is separated from the electrod

SEM HV: 15.0 kV WD: 17.92 mm MIRA3 TESCAN|

View field: 138 ym | [
SEM MAG: 1.50 kx \Date(mldly): 08/12/20 Performance in nanospace

Puc. 2. DiekTpoHHass MUKPOCKOIHUS 00pa3lia ONBITHOW TPYIIITbI
Fig. 2. Electron microscopy of a sample from the experimental group

CpaBHHUTEIbHBIC XaPAKTEPUCTUKH KPOBSIHBIX CI'YCTKOB B KOHTPOJIBHOM U OIBITHOM IpyIiax IpuBe-
neHsl B Ta0. 1.

Taoaunna 1. CpaBHUTEIbHBIE XapaKTEPUCTUKN KPOBSHBIX CIYCTKOB B KOHTPOJIBHOM 1 OMBITHON TPpyIIax
Table 1. Comparative characteristics of blood clots in the control and experimental groups

I'pynna
[Tapamerp
KOHTPOJIbHAS OIIBITHAS

TomnmuHa KPOBSIHOTO CTyCTKa, HM 15 40
[110THOCTH MpHJICTaHUs K THTAHOBOW TUTACTHHE KpoBsiHBIC CI'YCTKH OTCTOSITH KpoBsiHbIe cTyCcTKH

OT TUTAHOBBIX IIACTHH IUTOTHO MPHJICTAIIH

B CpellHeM Ha 3 HM K TUTAHOBBIM ILIACTHHAM

TpoMOOUIUTHI, KOJIMYIECTBO KICTOK B STUHUIC 00beMa 4.9-10%n 6,0 -10%n
DPUTPOLUTEL, KOJTHIECTBO KIETOK B €IMHHULE 00beMa 3.4-10%/n 4,7 -10"%n
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W3 npuBeneHHsIx Ha puc. 1, 2 u B Ta0. 1 AaHHBIX BUIHO, YTO TONIIMHA KPOBSHBIX CI'yCTKOB B KOHT-
POIBHOM rpymne cocTaBuia B cpegueM 15 am. [Ipu 3ToM Bce KpoBsIHBIE CIYCTKH OTCTOSUIM OT TUTAHO-
BOM MJIACTUHBI B CpeHEM Ha 3 HM. B OmBITHOM rpymie KpoBsSHbIE CI'YCTKH IIFIOTHO NPUJIET Ak K THTAHO-
BBbIM IUTACTHHAM, a UX TOJILIMHA Haxoquaach B npeaenax 40 HM, 4To B 2,7 pasa Ooiblle 10 CPaBHEHUIO
C KOHTPOJILHOM rpynmoii. KonuuecTBo TpoMOOLMTOB B KOHTPOIBHOU rpymie coctaBuio 4,9 - 10%/m,
a B onbITHOM — 6,0 - 10%/11, 0 B 1,22 pa3a Gonble KOHTPOJILHBIX 3HAYECHHMIL. B ONBITHOM TpyIINE YKCIIO0
>puTpoluTOB coctaBuio 4,7 - 10'%/1, uto B 1,4 paza Gonbiie, yem ux Konudectso (3,4 - 10'%/m) B koHT-
posbHOM rpynmne. Ilpu stom GruOpuHOBEIE HUTH B 00pa3Lax KOHTPOJIBHOM I'PyMIbl HE UMETH YETKOH
HaIpaBJICHHOCTH, a B ONBITHOM OHU OBUIM MPEUMYILECTBEHHO OPHEHTHPOBAHBI K TOBEPXHOCTH TUTA-
HOBBIX IUIACTHH.

3aKiIIoueHue

BrIMToTHeHHBIH SKCITEPUMEHT MTOKa3aJl, YTO BO3ICHCTBHE dIICKTPUICCKUM TOKOM 1520 MKA Ha Kpo-
BSIHOH CTyCTOK 4Yepe3 TUTAaHOBBIE TUIACTHHBI, IMUTHPYIOIINE EHTATbHBIE HMIUTAHTATHI, CIIOCOOCTBYET
YTONMICHHUIO U YITOTHEHUIO KPOBSHBIX CTYCTKOB HA TMTOBEPXHOCTH MEKTPO0B. CTaTHCTUYECKH JTOCTO-
BEPHO B KPOBSTHOM CTYCTKE YBEIMYUBACTCS YUCIIO SPUTPOIUTOB M TPOMOOIMTOB, YTO OKAKET TOJIO-
KUTENBHBIA 2 QeKT Ha mporecc ocTeomHTerpanun. LlemecooOpasHo mpoBeneHNe JOMOTHUTENBEHBIX
HCCIIENOBAaHUM in Vivo.
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AJITOPUTM AHAJIN3A KOMIIBIOTEPHOI'O U30BPAKEHU S
B JIYUYEBOM JTUATHOCTUKE U3MEHEHUM
B IIEMHO-YEPEITHOM OT/EJIE
PU JUCOPYHKIMU BUCOYHO-HUKHEYEJIIOCTHBIX CYCTABOB
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AHHoOTanus. /[ ynydiieHus: pe3ynsTaToB JUArHOCTUKU aHATOMUYECKHX CTPYKTYP B CTOMATOJIOTHUM MPUMEHS-
eTcs TaKol METOA, KaK KOHYCHO-JIyueBas KOMIbIOTEpHas ToMorpadus, KoTopas 00ecIeunBaeT PaCIIUPEHHYIO
BU3YaJIM3alMI0 aHATOMUYECKUX CTPYKTYp 3yOOYEIIOCTHOH CHCTEMBI U COCEIHHMX 00JacTel, BKIIOYAs IIEHHYIO
00JacTh, BEpXHHE AbIXaTeNbHbIC ITyTH U JIp. i1t yaydieHus: pe3ylbTaToB JUarHOCTHKN MallMeHToB ¢ 3a00ieBa-
HUSIMHA BHUCOYHO-HI)KHEUEIIOCTHBIX CYCTaBOB IpeUIaraeTcs ajiropuTM aHalln3a KOMITBIOTEPHOTO M300pa’KeHUs
HIEHHO-YEPENHOro OTAeNa, 00JafaoINi AUArHOCTUYECKON BOCIPOU3BOAMMOCTHIO, MO3BOMISIONINN ONpenenaTh
ACHMMETPHIO B3aNMOPACTIONIOKEHHSI aHaTOMHUYECKHUX CTPYKTYP, 00HAPYKUBATH IET€HEPATHBHO-ANCTPO(YUICCKHUEC
1 Jpyrue U3MEHEHUS! COUICHEHHBIX MOBEPXHOCTEH. Takoil MeTon CIOCOOCTBYET BBISBICHHUIO 3THOJIOTHUECKHX
(axTOpoB pa3BUTHS 3a00JICBAHUI BUCOYHO-HHU)KHEUYETIOCTHBIX CYyCTaBOB, MOBBINIACT A(P(HEKTUBHOCTD JCUCHHS
JpYruX OoJsie3HeH MIeHHO-9eperTHoro oT/Iena.

KioueBble ci10Ba: KOHYCHO-JTy4eBas KOMIIBIOTEpHAss TOMOrpadus, KIMHOBUIHAS KOCTh, IICHHBIE MO3BOHKH,
3D-monens, 3y0ouenocTHas CHCTEMa, JIy4eBasi JUarHOCTHKA.

KOHq)JIl/IKT HHTEPECOB. ABTOpBI 3asBIISIOT 00 OTCYTCTBUU KOH(l)J'II/IKTa HUHTCEPCCOB.

Juisi nuTUpoBaHusl. AJNTOPUTM aHaIM3a KOMIBIOTEPHOTO M300pakeHUs B Jy4YEBOW TUATHOCTUKE M3MEHEHHI
B LIEHHO-YEPEIHOM OTJIelie MPH JUCHYHKIMHA BUCOUHO-HM)KHEUEIIOCTHBIX cycTaBoB / . B. Camyiinos [u ap.] //
Hoxnansr BI'YUP. 2025. T. 23, Ne 1. C. 40-46. http://dx.doi.org/10.35596/1729-7648-2025-23-1-40-46.

ALGORITHM FOR ANALYZING COMPUTER IMAGES
IN RADIATION DIAGNOSTICS OF CHANGES
IN THE CERVICAL-CRANIAL REGION IN DYSFUNCTION
OF THE TEMPOROMANDIBULAR JOINTS

IVAN U. SAMUILAU!, INESSA N. BARADINA? YULIA F. VASILYEVA?,
VALERY CH. NEDEN?

!Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
2University Dental Clinic (Minsk, Republic of Belarus)

Abstract. To improve the results of diagnostics of anatomical structures in dentistry, a method such as cone-beam
computed tomography is used, which provides extended visualization of the anatomical structures of the dental
system and adjacent areas, including the cervical region, upper respiratory tract, etc. To improve the results of di-
agnostics of patients with diseases of the temporomandibular joints, an algorithm for analyzing a computer image
of the cervicocranial region is proposed, which has diagnostic reproducibility, allows determining the asymmetry
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of the mutual arrangement of anatomical structures, detecting degenerative-dystrophic and other changes in the ar-
ticulating surfaces. This method helps to identify the etiological factors in the development of diseases of the tem-
poromandibular joints, increases the effectiveness of treating other diseases of the cervicocranial region.

Keywords: cone beam computed tomography, sphenoid bone, cervical vertebrae, 3D model, dental system,
radiation diagnostics.
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BBenenue

OpnHa 13 9acTo BeTpeyaromuxcst opM MaToJIOTHH OPTaHOB M TKAHEH B CTOMATOJIOTHH — 3abo0JieBa-
HUE BUCOYHO-HIKHeuemocTHhIX cyctaBoB (BHYC). ITo nanusim BO3 3a 2008 1., mpu anuaeMHonoru-
YyeckoM 00ciIeoBaHnuu pacrpocTpaHeHHOCTH 3a0oneBannii BHUC B 35 cTpaHax mMupa BBISBICHO, YTO
B Bo3pacte 3545 ner ona npesbimana 75 %. CornacHo uccnenoBanusmM, 3adonesanust BHUC Berpeua-
10TCs1 B cpeHeM oT 28 10 56 % y B3pocioro HaceneHus, u3 Hux auchynkaun BHUC cocrasistor 95 %.
C BO3pacToM pacipoCTpaHEHHOCTh M HHTCHCUBHOCTH 3a001eBaHus yBennauBarores [ 1-3].

ComnacHo KIMHUYECKOMY MPOTOKOJY «JlMarHocTHKa U JIeYeHre MaMeHToB (B3pOCiIoe HaceIeHNe)
c 0oJIe3HsIMA BHCOYHO-HIIKHEUETIOCTHOIO CycTaBa» (YTBEP)KICH TOCTaHOBIEHHEM MUHHCTEPCTBA
3npaBooxpanenus Pecriyonuku bemapycek ot 10.08.2022 Ne 84), B 00s13aTelIbHBIE METOJIBI AUATHOCTH-
KW TIPU OKa3aHUH METUITMHCKON MTOMOIIH HanueHTaM ¢ 3adoneBannsmMu BHUC BkitoueHa opTonaHTo-
morpadus gemocteit 1 BHUC, a B gononHuTenbHBIE (IT0 MEAUIIMHCKUM TTOKAa3aHUSIM) — HHCTPYMEH-
TalbHBIC WCCIICNOBAHUS (JTydeBBIE METONBI): KOHYCHO-JIy4eBas kommbioTepHas Tomorpadus (KJIKT)
yenmocTHO-H1eBor obnactu, KJIKT n maranTHO-pe3onancHast Tomorpadus BHUC.

AHaToMHMsI YesloBeKa MO MPOIIECTBUH MHOTHX JIET OCTaeTcs HEM3MEHHOMH, U MEePCIEeKTUBHBIM CO-
BpeMeHHBIM MeTofoM nuarHoctuku 3adoneBannii BHUC sBnsercs KJIIKT. Ona oGecrieunBaet pacuu-
PEHHYIO BU3yalH3aI[MI0 aHATOMHYECKHAX CTPYKTYp 3yOOYEIFOCTHOW CHCTEMBI M COCETHUX OO0JacTei,
BKJIIOYAs MIEHHYIO0 00acTh, BepXxHUE apixarenbHble myTH, BHUC u apyrue, mo3BojsieT MpOBOIUTH
MTOCJIOIHYIO BU3YaIM3aIMI0 B HECKOJIBKUX TUIOCKOCTSIX — CAarMTTalIbHON, KOPOHAIBHOM, aKCHabHOM.
KJIKT HeoOxoauma Jijisi yCTaHOBKU OKOHYATEIBHOTO JMAarH03a, COCTABJICHUS IJIaHa JICUCHHU s, KOHTPOJIS
JICYCHUS U TIOJTyUYEHHOTO Pe3ysbTara, JUHAMHUYECKOTO (IMCIaHCEePHOT0) HAaOMIOICHUS TTOCTIe TPOBEICH-
noro neyenus. Kparnocts KJIKT-o0cnenoBanus onpenenseTcst COCTOSHUEM NMAMeHTa U 3HAYUMOCTBIO
U3MEHEHUS MOoKa3aTeNel 1 KoppeKUuu tepanui [4, 5].

Opnako wHTepnperanmus mgaHHBIX KJIKT B omeHke aHaTOMO-TOTOrpaUYECKUX HW3MECHECHHMA
B IeifHO-uepenmHOM oTaene npu 3adoneBanusx BHUC mmeer ompeneneHubie TpymHOCTH. C IIETBIO
noBbimenns: dPpQekTuBHOCTH auarHocThky 3aboneBanniit BHUC B crarbe paccMoTpeHa ONTHMHU3A-
LMl OLEHKH M3MEHEHUH B IIEHHO-YeperTHOM OT/IeNle C MOMOIIBIO alrOpUTMa aHajIu3a PeHTTEHOBCKHUX
n3o0pakeHnit Ha ocHoBaHuu mokazaHuit KJIKT w wHTEepnperanuu JaHHBIX B3aUMOPACIIOIOKEHUS
COUYJICHEHHBIX MIOBEPXHOCTEH aHATOMUYECKHUX CTPYKTYP B 3TOM OTJEIIE.

AJITOPUTM aHAJIN3a HIE{HOTO 0THesa
M0 JaHHBIM KOHYCHO-JTy4eBOi KOMIIBIOTePHOIi ToMorpadun

st pernienust 3aauu uccienoBanus nmpoananuzuposann 28 KJIKT maruenTos B Bo3pacte 19-50 et
000MX IMOJIOB ¢ opTorHaTndeckuM npukycom U aucynknueit BHUC. KJIKT mpoBomuimmu Ha KOMITbIO-
tepHoM ToMorpade Sirona Galileos (I'epmanus). C momorpio KJIKT uccnemosamn BHUC, gentocTabIe
KOCTH, ITa3yXu yeperna (JOOHYI0, peleTyaryto, KITMHOBUAHYIO, BEPXHEUETIOCTHYIO), IIIEWHBIH Oe 1103~
BoHouyHMKa C1—C3, omleHHMBaIM aHAaTOMO-TONOrpadpuueckue 0COOCHHOCTH CTPYKTYp B IICHHO-4Yeper-
HOM OT/erne (B3auMOpacIioioKeHNe, HATNIhe JEeCTPYKTUBHBIX U JAPYTUX W3MEHEHWH B COUICHEHHBIX
NOBEpXHOCTsX) [6—9]. OOpaboTKa MOJyUEHHBIX PE3yJIBTATOB 3aK/IH0Uaiach B aHAJIM3e PEKOHCTPYUPO-
BaHHOTO M300paKEHHS B TPEX IUIOCKOCTSIX B3aMMOPACIOIOKEHHUs MmeHHbIX 103BoHKOB C1-C3 u kiu-
HOBUIHOW KOoCTH (puc. 1).

Crartuctuueckuii aHamu3 BeIonHsAa B mporpamme MATLAB R2023a. /151 o11eHKH cortacoBaHHOC-
TH TIOJIy4aeMbIX U3MEPEHUH HCIIOIB30BAIN OJHOBBIOOPOUHBIN {~KPUTEPHI CTATUCTUIECKOTO OTIIHYUS
OT HyJs Pa3HOCTH 3HAYCHUH ABYX MeTo/0B u3Mepenuii [10]. PaspaboTaHHbIi anroputM aHajan3a KOM-
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a b

Puc. 1. [Ipumep onpeneneHus MeHTpa CeUeHUH BO (HYPOHTAIBHON (KOPOHATIBHO) TIOCKOCTH:
a — nauuent JI; b — manment K
Fig. 1. An example of determining the center of sections in the frontal (coronal) plane: @ — patient L; b — patient K

neroTepHoro n3oopaxenust (KJIKT 3D-monenn) anaromo-Tonorpaguueckux CTPyKTyp IICHHO-Yeper-
HOT'0 OT/eJIa BKIIOYa CIEAYOINN OPAIOK JEHCTBUI.

1. Iloctpoenne 3D-monenu uccnexyemoit KJIKT nist ananm3a maHHBIX — OTIPEIETIeHNE «IIEHTPaIb-
HOMW 0CK» PEKOHCTPYHPOBAHHOTO H300PaKEHUSL.

1.1. Ilepemerierne IIEHTpa CEYSHHN IIIOCKOCTH B PaliOH pacIioiokeHus IeiHbBIX 1103BoHKOB (C1 1 C2).

1.2. IlponucTtriBaHKe (MEpEeMEILEHIE) CEUCHHUs] B CarUTTAIbHOHN IUIOCKOCTH AJIsl BBIOOpA MO3UIMN
CEUCHHMs ¢ HanboJIee MOTHON BU3yanu3anueid n300paxeHus: 3yOOBUIHOTO OTPOCTKA MO BBICOTE BO BTO-
poM mieliHoM rmo3BoHke C2.

1.3. [lepemernienne MeHTpa cedeHUi BO (HPOHTAIBHON (KOPOHAIBHOMN) TIIOCKOCTH B IIEHTP 3y00-
BHIHOTO OTpocTka C2 TakuM 00pa3oM, 9TOOBI OCH CEUCHHN TepeCceKaIn camMble yaaneHable Toakn C2.
B ciydae He0OX0AMMOCTH — IPOTUCTHIBAHUE CEUEHUS B AKCHAJILHOH (0CEBOMN) M CarnTTalIbHOM IIIOCKOC-
TsX. [Ipy nmpaBUIBLHOM MO3UIIMOHMPOBAaHUM B KOPOHAJIBHOM OOJAcTH IIEHTPa CEUYCHUH OH MO OCEBOH
IJIOCKOCTH COBMAJIET C TEOMETPUYESCKUM IIEHTOM 3yOOBHIHOTO OTpOCTKa (puc. 1-3).

a b

Puc. 2. [Ipumep onpenencHus EHTPa CCYCHUI B aKCHAITBHOM (0CEBOM) TNIOCKOCTH: @ — mauueHT JI; b — manuent K
Fig. 2. An example of determining the center of sections in the axial plane: a — patient L; b — patient K

b c

Puc. 3. [Ipumep onpeneneHus HEHTpa CEUSHUN B CarUTTAIbHOMN IJIOCKOCTHU:
a — nanueHt JI; b — mauuent K; ¢ — maruent /|
Fig. 3. An example of determining the center of sections in the sagittal plane:
a — patient L; b — patient K; ¢ — patient D
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2. VaMepeHrne MUHHMAIBHOTO PACCTOSTHHS MEXTy BTOPHIM MO3BOHKOM C2 M KIIMHOBUIHBIM Tpeo-
HeM (KJIFOBOM KJIMHOBHUJIHOHM KOCTH) B CAaTMTTAIBHOM IUIOCKOCTH (puc. 4).

+2.21 mm

a b c
Puc. 4. Onpenesnenne paccTosTHAI MEXIY BTOPBIM IICIHBIM ITO3BOHKOM M KJIIMHOBH/IHBIM I'PeOHEM,
MEPBBIM U BTOPHIM NICHHBIMHU MO3BOHKAMU: @ — narueHT JI; b — mauuent K; ¢ — naruent /]
Fig. 4. Determination of the distances between the second cervical vertebra and the sphenoid ridge,
the first and second cervical vertebrae: @ — patient L; b — patient K; ¢ — patient D

3. Usmepenne paccrosuus Mexay nepBsiM Cl u BropeiM C2 miedHBIMH MTO3BOHKaMH. {7151 3TOTO
OIIPENENISUIN LIEHTP «IyTH» IepegHero Oyropka mnepBoro meiHoro no3BoHka Cl B caruTTanbHOH mioc-
KOCTH M CUUTAJIM OT HETO MHHUMAJIbHOE PAacCTOSHUE 10 TIOBEPXHOCTH BTOPOro no3BoHka C2 (puc. 4).

4. OnpeneneHue pacCTOSHUS MEXAY COWIEHEHHBIMU IIeiHbIMU 1T03BoHKamMu C2 u C3. [{nst sToro
B CaruTTaJIbHOM INIOCKOCTH MPOBOIMIM «LIEHTPAIBHYIO OCh» 110 CEpEeUHE BEPXHEH CyCTaBHON MOBEPX-
HOCTH TPEThEro IeiHOoro mo3poHka C3. PacCuuThIBaIM pacCTOSTHIE MEX Ty BTOPBIM U TPETbUM IIEIHHBI-
MM [IO3BOHKaMH, Kak MI0OKa3aHo Ha puc. S.

a b
Puc. 5. [Tpumep onpeneneHust pacCTOSHUSA MEXy BTOPbIM U TPETbUM LIEHHBIMU IIO3BOHKAMM:
a — mauuedT J; b — mamuent K
Fig. 5. An example of determining the distance between the second and third cervical vertebrae:
a — patient D; b — patient K

5. Onpenenenue yriaa pa3BopoTa BTOPOTo IIeitHOro mo3Bonka C2 B akcHanbHOU (0CEBO) TPOCKITHH.

5.1. BricTaBiienue «IeHTpaIbHON 0CH», KaK yKazaHo B IT. 1.3.

5.2. IlponmucTeiBanue (MIEpeMEIIeHUE) CPE30B B aKCHABHON TUIOCKOCTH B HANPaBICHUU TPETHETO
meiHoro no3Bonka C3. Ompenenenne cpe3a, Ha KOTOPOM KpaHSS TOYKa MPABOTO TOMEPEYHOTO OT-
pOCTKa OyJeT MaKCUMAIIBHO yJaJIeHa OT «IEHTPAIbHON 0CH.

5.3. Jlnst onpeenieHus: pa3MepoB yIia BEICTABIISUIH TPU TOUKH: IIEHTP OCEH CUMMETPHUU, KPAHIO
TOYKY Ha MOMEPEUYHOM OTPOCTKE U JIOOYI0 TOUKY BIOJIb OCU cedeHus (puc. 6).

5.4. IloBropenue 1. 5.2 1 5.3 ISl HAXOXKACHHSI JIEBOTO TIOIIEPEIHOTO OTPOCTKA (pHC. 7).

5.5. Ompenenenue pa3HUIBI BETMYUH YIIIOB; JJIS 3TOTO OT 3HAYEHHS MPABOTO (aHATOMHYECKH) yIiia
BBIYHTAJIHM 3HAYCHHE JIEBOTO YIIIa.

6. Omnpezaenexue yria pa3BopoTa BTOPOro meiHoro no3soHka C2 B KOpOHaJIbHOU MIPOEKIUH.

6.1. BricTaBiieHue «IEHTPAIbHON OCK» comiacHo 1. 1.3.

6.2. OmnpeniesieHre B KOPOHAIBHON MIIOCKOCTH cpe3a, B KOTOPOM KpaiHss TOYKa IMpaBoro Mmorepey-
HOTO OTPOCTKA MAKCUMAJIBHO yAaJIeHa OT «IIEHTPAIBbHOM ocmy» (puc. 8).

6.3. Onpenenenne yria 1mo TpeM ToukaM, Kak B 11. 5.3.
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a
Puc. 6. IIpumep onpenesieHust IPaBoro yria Uit HaX0oXKISHHs YIlia pa3BopOoTa BTOPOTO MICHHOTO TT03BOHKA
B aKCHJIbHOM Mpoekuuu: a — nauuent JI; b — narment /|
Fig. 6. An example of determining the right angle to find the angle of rotation of the second cervical vertebra
in the axial projection: a — patient L; b — patient D

a b
Puc. 7. Ilpumep onpeneneHus JIeBOTO yIiia sl HAXOXK/ICHHS YIJia pa3BOPOTa BTOPOTO HICHHOTO TTO3BOHKA
B aKCHAJIbHOM Mpoekuuu: a — nanueHt JI; b — manuent J{
Fig. 7. An example of determining the left angle to determine the rotation angle of the second vertebra
in the axial projection: a — patient L; b — patient D

a b
Puc. 8. [Ipumep onpenenenus npaBoro yria Juis HAX0XKJISHHUS yIlia pa3BopoTa BTOPOTO IIEHHOTO MO3BOHKA
B KOPOHAJIbHOM mpoeKIuu: ¢ — maiueHt JI; b — mamuent K
Fig. 8. An example of determining the right angle to determine the rotation angle of the second vertebra
in the frontal projection: a — patient L; b — patient K

6.4. IloBropenue 1. 6.2 u 6.3 M1t KpaifHe# TOUKH JIEBOTO MOMEPEUHOTO OTPOocTKa (puc. 9).

a b

Puc. 9. [Ipumep onpeneneHus JIeBOTO yIiia sl HAXOXK/ICHHS YIJla pa3BOpPOTa BTOPOTo HICHHOTO TTO3BOHKA
B KOPOHAJIBHOM MpOeKInu: a — manueHt JI; b — mamuent K
Fig. 9. An example of determining the left angle to determine the rotation angle of the second vertebra
in the frontal projection: a — patient L; b — patient K

6.5. Onpenenenne pa3HAIIBI 3HAYCHUH YIJIOB; JUTSI TOTO OT 3HAYEHUS MMPABOTO (AHATOMUYECKH) yIIa
BBIUUTAIIN 3HAYCHHE JICBOTO YIVIa.
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Ha ocHoBaHum anropuTma aHanm3a PEeHTTEHOBCKHUX m300paxeHnid mo mokazaHusMm KJIKT unTep-
[IPETUPOBAHBI JAHHBIE B3aNMOPACIIOIOKEHUS COUIEHEHHBIX NTOBEPXHOCTEN aHATOMHUYECKHUX CTPYKTYp
B IIEI{HO-4YEPETTHOM OT/IEJI€ C XOPOILIed BOCIPON3BOANMOCThI0. CTaTUCTHUECKHUE JaHHbIE OLIEHKH aHa-
TOMO-TOTIOTpaUIECKUX U3MEHEHUH B IICiHO-4yepennHOM oTjene npu 3aboneBanusx BHUC npencras-
neHsl B Ta0m. 1.

Ta6auua 1. Craructuyeckre JaHHbIE U3MEPSEMbIX MapaMeTPOB
Table 1. Statistical data of measured parameters

3HaueHue napamerpa
[Tapamerp
MHUHHMaJIbHOE | CPE/IHEeE | MAKCHMAJIbHOE
Paccrosinue Mex1y BTOPBIM IIO3BOHKOM U KIIMHOBHUJIHOM KOCTBIO, MM 1,60 5,51 9,95
PaccrosiHre Mex 1y TIepBBIM M BTOPHIM IIEHHBIMU MTO3BOHKAMH, MM 0,92 1,71 2,57
PaccrosiHue MeX/ Iy BTOPBIM U TPETHUM HTO3BOHKAMH (CIIpaBa), MM 0,67 2,08 2,96
PaccTostHIE MKy BTOPHIM U TPETHUM IIO3BOHKAMH (CIIEBa), MM 0,78 2,01 3,52
AcHuMMeTpus pacCTOSHUI MEXITY BTOPBIM U TPETHUM ITO3BOHKAMH, MM -1,09 —-0,08 1,39
VYron pazBopora C2 B 0CeBO# MPOEKIHH (IT0 MOYIIO), TPa 0,10 4,01 20,50
VYrou pazBopora C2 Bo ppOHTAIBHOM MTPOCSKIIUH (110 MOAYJIIO), Tpa 0 2,35 8,00

3ak/ouenue

Pa3zpaboTaHHBIN aqropuT™M aHaIU3a PEHTTEHOBCKUX W300paKECHUH IS ONTUMHU3ALMU OLEHKU U3-
MEHEHUH B IIEHHO-YEPENHOM OT/IEJI€ HA OCHOBAHUU MOKa3aHUM KOHYCHO-JIy4€BOM KOMIIBIOTEPHOM TO-
MoTpaguH MO3BOJISET HHTEPIPETHPOBATH TaHHBIE B3aMMOPACIIONOKEHNS COWICHEHHBIX TOBEPXHOCTEH
AHATOMUYECKUX CTPYKTYP C BBICOKOW BOCIIPOM3BOAMMOCTBIO. DTO YIIydIIaeT AHMAarHOCTHUKY 3abolieBa-
HUH BUCOYHO-HUKHEUEIFOCTHBIX CyCTaBOB, CBSI3aHHBIX C IIEHHO-YEPEITHBIM OTJIEJIOM, U TTOBBIMIALT (-
(heKTUBHOCTB JICUCHUSI.
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Abstract. Generative diffusion models are a well-established method for generating high-quality images. Howe-
ver, there are studies that show that diffusion models are less privacy-friendly than generative models, such as ge-
nerative adversarial networks and a growing family of their modifications. The discovered vulnerabilities require
in-depth study of various security aspects. This is especially important for sensitive areas such as medical image
analysis tasks and their practical applications. The paper describes a method for detecting image patterns presented
in generated images that can potentially be identified in real CT images of patients with pulmonary tuberculosis.
The method includes the following main procedures: correlation of pairs of generated and real images to pre-select
pairs that involve further analysis; calculation of correlation statistics using direct and inverse Fisher transforms;
performing affine image registration and calculating pairwise similarity scores; nonlinear (elastic) image registra-
tion and recalculation of similarity scores to highlight the most similar/dissimilar image areas.

Keywords: diffusion generative models, computed tomography, privacy preserving.
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METOJA OBHAPYXEHUSA XAPAKTEPHBIX IIATTEPHOB
PEAJIBHBIX MAIIMEHTOB HA CTEHEPUPOBAHHbIX U30BPA’KEHUAX

B. A. KOBAJIEB

Obvedurnennoiil uncmumym npooiem un@opmamuxu Hayuonanvnoii akademuu nayx benapycu
(2. Munck, Pecnybnuxa benapycsy)

Annoranust. ['eneparusnbie 1u(Qy3HOHHbBIC MOAEIH SBISIOTCS OOILETIPU3HAHHBIM METOJIOM I'€HEeparuy BbICOKO-
Ka4eCTBEHHBIX M300pakeHniH. OTHAKO Cpe UCCIEe0BAHUI €CTh IPUMEPBI, MOATBEPKAAIOIINE, YTO TH((DY3HOH-
HBbIE MOJIENIM MeHee KOH(HICHIINAIbHBI, YeM TeHEepaTHBHbBIE MOJIENIN, TAKHE KaK F€HEPaTUBHbIC COCTSA3ATEIbHbIC
CEeTHU U pacTyllee ceMeiHcTBO nx Monudukanuii. OOHapyKEHHbIE YSI3BUMOCTH TPEOYyIOT IIyOOKOTo U3y4eHHs pas-
JIMYHBIX aCIIEKTOB 0E30MaCHOCTH. DTO OCOOCHHO BayKHO JUIS TAKUX YyBCTBUTENIBHBIX O0NACTEH, KaK 3a1auu aHa-
T3 MEIMIMHCKUX W300paKeHNH M MX TMPaKTHYecKoe IpUMEHeHue. B crarbe paccMOTpeH MeTosi 0OHapyKeHHsT
11a0JI0HOB N300paKEHHH, IPEJICTABICHHBIX HA CTCHEPUPOBAHHBIX H300paKEHHSX, KOTOPHIE TIOTEHIIMAIEHO MOTYT
OBITh MICHTH(HUIUPOBAHBI HA PEaTbHBIX H300paKEHUIX KOMIIBIOTEPHOU TOMOIpaduy MalueHTOB C TYOEPKYJIe30M
nérkux. MeTos BKIIIOYAeT CIIEAYIONHe OCHOBHBIE TPOIEYPbI: KOPPEJSILUS Nap CreHEPUPOBAHHBIX M PeallbHBIX
n300paXeHUH ISl TPEABAPUTEIBHOTO BEIOOPA Map, KOTOPhIE MPEIOoaraoT JaIbHeHIINI aHaIn3; BBIYUCIICHNE
CTaTUCTUKH KOPPEISILIMHU C UCTIONB30BAaHUEM IPSIMOTO M 00paTHOro npeodpasoBanuii duiepa; BeIIOTHEHHE ad-
(buHHOU perucTpanuy n300pakeHUH U pacyeT OLEHOK MapHOTo CXOJCTBA; HEJIHMHEeHHas (J1acTHYHAas) perucrpa-
st n300pakeHUH ¥ MOBTOPHBIN pacyeT OL[EHOK CXOACTBA ISl BbIACIECHHS HanOoJee MOX0KHUX/HECXOKUX oodac-
Teit m300paskeHMs.

KuaroueBbie ciioBa: nudQy3noHHBIC TEHEPATHBHBIC MOJICIH, KOMITBIOTEPHAS TOMOTpa(usi, COXpaHCHUE KOH(U-
JIEHIIMAJIbHOCTH.
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Introduction

The generated medical images could substitute the real ones in different scenarios of development
and use of diverse deep learning applications [1-3]. In this particular work, we considering the compu-
ted tomography (CT) images created by a denoising diffusion model. This type of generative models
represents an emerging class of generative neural networks that produce images from a training distri-
bution via an iterative denoising process [4, 5]. Compared to the previous image generation approaches,
such as commonly known generative adversarial networks (GANs) together with the growing family
of their modifications and variational autoencoders, diffusion models produce higher-quality samples
that easier to scale and control [6].

Consequently, diffusion models have rapidly become the de-facto method for generating high-quali-
ty and high-resolution images. Nevertheless, in their work [6] authors state that diffusion models are less
private than prior generative models such as GANSs, and that mitigating these vulnerabilities may require
new advances in privacy-preserving training. In this respect, one of the main goals of present study was
to estimate the chances of disclosing private image patterns under specific conditions we are working
in. In particular, a need for image generation could appear in both cases including very large and re-
latively small image training sets. Therefore, it was necessary to give certain priority to computational
experiments, which reveal the influence of the size of image datasets used for training generative models
to the probability of possible low data security.

In general, there are many kinds of image properties that can be utilized for distinguishing radio-
logical images of a given modality. They include differences caused by specific “signatures” of images
that characteristic for certain brands of radiological imaging devices, differences associated with age
and gender of patients, various body lesions, specific image features coming from the artificial objects
presented in the body (e. g., cardio-stimulators, objects and traces left after underwent surgery), as well
as differences induced by the patients’ pose and body deformations, atypical anatomy, and so on.

In this work, we limit ourselves by the methods that searching similarities associated with the pa-
tients themselves. In other words, we concentrating on the problem of detection of possible “fingerprints”
(image patterns) presented in generated images that can be potentially identified in the radiological ima-
ges of real lung tuberculosis patients. Similar to many others, such patterns are composed of the spatial
(say, shape) and the intensity features. It is important to note that we admit that the patterns of interest
could be slightly deformed in both spatial and the intensity domains due to the factors mentioned above.
Nevertheless, they should also be identified and accompanied by an appropriate quantitative measure.

Image data

Original image data. We used 2D axial slices of 3D CT image datasets of tuberculosis patients that
satisfy to all the existing regulations, limitations, and the agreements. All the images were acquired
on the same CT machine and anonymized in due course before any steps of their computerized analysis.
There were no ways for disclosure, share, and other means of dissemination of personal patients’ data.
The main steps of CT image data preparation procedure described below.

It is obvious that different axial slices (sections) of the body are anatomically different. However,
for the human eye and corresponding quantitative features they appear reasonably similar. The similarity
rates depend on different factors such as the specific location of sections in the human body, the indi-
vidual anatomy of each patient, the CT scanning protocol (e. g., slice thickness), and several others.
However, considering the fact that in this study we are extensively using convolutional neural networks,
these anatomical variations can be treated as a sort of “natural anatomical image augmentation”. Clearly,
such natural augmentation is far better than any artificial one produced by common software libraries.
Creation of the dataset of CT image slices was done in four main steps:

— the creation of the initial dataset is based on a large collection of CT images containing up
to 10,714 CT scans (approximately 0.7 TB of DICOM image data);

— converting all image files from DICOM to Niftii (also known as nii.gz). No personal data
in the commonly used definitions is presented;
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— excluding from the original 10,714 CT scans those that do not have information on the patient’s
age and gender. The resulting 8,463 CT scans included 4,662 males and 3,801 females. In total, they
amounted to 288 GB, losslessly compressed;

— splitting all selected 8,463 3D images into 2D axial slices. The result was 1,002,012 2D images
of 512x512 pixel sections (574,309 men and 427,703 women). They were exported to lossless PNG for-
mat with an intensity of 8 bits/pixel.

The study image datasets. Considering the importance of the training set size in the problem of de-
tecting generated image patterns that inherit from the real patient images, we created 5 pairs of image
datasets. The size of training sets gradually increased and consisted of 6, 60, 600, 6000, and 60 000 ima-
ges respectively. Sizes of the sets of corresponding generated images were fixed to 240 items in each
of 5 pairs. In each occasion the 240-sized subsets of generated images were randomly sampled from lar-
ger sets of artificial images generated based on their respective “parental” sets of the real ones. Image
generation was done using diffuse generative neural models. Examples are provided in Fig. 1.

All training image datasets were perfectly balanced by gender, i. e., consisted of 50 % of female
and 50 % of male subjects. Also, all the patients were aged of 26 complete years of life except for the ones
included in the dataset containing 60 000 images which composed of people aged 24-39 years.
The five versions of generative neural networks were trained on each of five training sets separately.

In order to provide the necessary variability of images used for training the diffuse generative mo-
dels, we conditionally sub-divided image slices into the following three anatomical categories which
are conditionally referred to as “classes” (Fig. 1):

cl: The upper part of liver;

c2: The heart class, which was represented by a middle heart section plus some limited amount
of adjacent axial slices along with Z neighborhood;

c3: The shoulders which include the upper part of lungs and their close neighboring sections above
and below them along with Z axis.

Fig. 1. Examples of original (top row) and generated (bottom row) images

It should be noted that it was impossible to consider other distinct anatomical sections such as the ones
situated at the neck and kidney levels. This is because all the patients were suffering from lung tuber-
culosis and therefore the patients were scanned only within the regions of lungs plus few additional
safety slices.

Evaluating the difference of real and generated images using statistical metrics

Statistical metrics are used at the preliminary stage of image comparison based on correlation
measures computed over the whole images included into the real-vs-generated pairs. The main goal
of this stage is to select candidates for the further, more thorough analysis.

Details of computing raw correlation coefficients. We start with pixel-wise Pearson correlation
of the images. It is easy to see that this case even such simple image miss-match as relative shift of ge-
nerated images compared to the original ones may lead to a dramatic drop of correlation coefficient
value. Same consequences may have place with mutual rotation. Simply speaking, even comparison
of the shifted/rotated versions of a generated image with absolutely identical real image may not indicate
the complete image duplication by the 1.0 correlation coefficient. Thus, prior to the comparison of ima-
ges of pair, we apply the rigid-body affine transform (rotation, translation, scaling) to the generated
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image which brings them to the best possible correspondence. Besides, this operation does not perform
any local, non-linear deformations of image patterns.

Once generated and real images are overlapped and compared with each other, the image pair with
maximal correlation is passed to the further analysis. It is important to note that each generated image
is compared with the real ones but not vice versa. This is because the only set of real images represents
the whole variety of possible image features being analyzed in the given experimental setup. However,
any set (portion) of generated images represent only a small fraction of the practically unlimited number
of generated samples.

The maximal values of correlation of original and generated images as a function of the size
of five training sets are depicted in Fig. 2. Note that to ease perception and interpretation of correlation
results, the correlation coefficient values of all 240 generated images are presented not in their original
random order but sorted in ascending order of correlation coefficient to ease the visual perception.
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Fig. 2. Dependence of max pair-wise correlations on training set size for 240 generated images taken at random

It is easy to note from Fig. 2 that generative model trained on tiny image set consisting of six ima-
ges reproduces practically exact copies of real images. However, the variability of generated images
and their deviation from the images placed in the training set is growing up with the increase of training
set size. This is evident from the systematic shift of plots downwards. In particular, for the training set
consisted of 60 000 images the Minimum value of Maximal correlation drops down to 0.678.

Statistics of Pearson correlation coefficient. The regularity which was noticed above by way of visual
analysis of correlation curves can be simply expressed and easily captured by comparison of mean cor-
relation values and other basic statistics. However, corresponding calculations may not be done directly.
The reason is that arithmetic manipulations with Pearson’s correlation coefficients (e. g., calculation
of the mean and percentiles) are not mathematically correct [7]. This is because when the correlation co-
efficient is close to 1.0, what is often the case in this study, its distribution is highly skewed. Such a pro-
perty makes it difficult to estimate the confidence intervals and apply significance tests to the correlation
coefficients for original and generated image datasets. The Fisher’s transformation solves this problem
by yielding a variable whose distribution is approximately normal, with a variance which is stable over
different values of correlations. Mathematically, the Fisher’s z-transform is an inverse hyperbolic tan-
gent (artanh). For converting the correlation coefficients into z-scores and back we employed the direct
and reverse versions of z-transform as implemented in the DescTools package of R [8] wherever ne-
cessary. The resultant statistical characteristics of Fisher’s z-scores and Persons’ correlation coefficients
with respect to the train set size are given in Tab. 1.

Table 1. Changes of statistical significance values of z-score and correlation » with respect to the train set size

Train set size Mean z/Mean r Min z/Min r Max z/Max r STD z/STD r
6 5.091/0.9999 4.720/0.9998 5.358/0.9999 0.1344/0.1336

60 3.316/0.9977 2.135/0.9724 4.482/0.9997 0.5186/0.4766

600 2.211/0.9763 1.172/0.8248 3.810/0.9990 0.5762/0.5199
6000 1.968/0.9617 0.967/0.7473 2.937/0.9944 0.4231/0.3995
60000 1.196/0.8323 0.825/0.6776 1.674/0.9321 0.1830/0.1810
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The graphical illustration of Fisher’s z-scores of the statistical significance of differences of real
and generated images as a function of train set size is depicted in Fig. 3.
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Fig. 3. z-scores of the significance of differences of real and generated images

Assessing the difference of real and generated images using Fréshet Inception Distance score

The Fréshet Inception Distance (FID) [9] can be viewed as a further development of the Inception
metric which is based on the Inception V3 neural network model. The FID metric essentially is an algo-
rithm that combines two different, partly controversial, integral measure of the quality of image gene-
ration. These components are:

— a metric of the “realism” of generated images;

— quantitative measure of the diversity of generated images.

The above term “realism” can be understood to mean that the generated images generally look like
the real ones to a human expert. It is difficult to distinguish them visually and, with certain limitations,
they can replace the real patient images even in different computation scenarios. Note that according
to the definition, FID score may not be computed for very small image datasets.

Results of computing FID score of four largest test image datasets examined in this study are presen-
ted in Tab. 2. Note that the smaller FID values, the better the results of generation are. Also, the smallest
training set contained only six images is excluded from consideration here because this case generated
images are appearing pretty much as the exact copies of training images and the calculated FID score
values are unstable.

Table 2. FID scores for relatively large datasets examined in this study

Train set size 60 600 6000 60 000
Fréshet Inception Distance 70.08 17.02 14.45 10.71

It is easy to see that the quality of generated images, especially in relation to their variability (Fig. 2,
Tab. 1) is growing up while increasing the training sets. This is well agreed with the other results repor-
ted above.

In addition to the comparison of FID scores for gradually increasing four training sets, we performed
an experiment to testify that FID score is sensitive enough to recognize whether a set of generated ima-
ges was obtained by the given set of real parental ones. This test was accomplished with the help of se-
ven image sets of randomly sampled real images and seven sets of corresponding generated ones. Each
of seven real image sets consisted of 600 images of patients aged 26 years including exactly 300 females
and 300 males. Results are summarized in Fig. 4.

Gen-1 Gen-2 Gen-3 Gen-4 Gen-5 Gen-6 Gen-7
Real-1| 17.1 313 39.7 355 344 339 348
Real-2| 34.8 166 393 33.2 323 335 319
Real-3| 39.9 354 179 379 376 378 374
Real-4| 392 334 419 169 356 365 359
Real-5| 353 312 399 333 175 342 325
Real-6| 369 333 409 361 361 166 343
Real-7| 39.2 324 422 357 348 361 172

Fig. 4. Fréshet Inception Distance scores calculated for all pairs composed
of seven real and seven generated image sets
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Fig. 4. clearly demonstrates that each set of generated images is much closer to their respective
parental training sets. Indeed, the elements of resultant matrix of FID scores situated on the leading
diagonal are substantially smaller than the others. The variability within the elements of the leading
diagonal themselves can be explained by the natural anatomical diversity of the real images from which
the training datasets were composed.

Localizing and measuring the differences of real and generated images
using nonlinear image deformations

The nonlinear image registration based on elastic image deformations is aimed at automatic estab-
lishing geometrical correspondences between the content of two images [10]. Typically, the nonlinear
registration applied after the affine registration which put the image pair in a rough correspondence
by applying linear transformations such as image shift, rotation, and scaling. Mathematically, the non-
linear registration is an ill-posed problem. Nevertheless, in practice applying the nonlinear image defor-
mations allows to improve mutual image correspondence dramatically.

From computational point of view, the nonlinear registration is implemented as iterative optimiza-
tion task whose cost function forces to perform deformations which ultimately resulted in the best image
match. This particularly means that nonlinear registration is computationally-expensive. This is partly
overcome by the parallelization using recent multi-core processors or GPU-based parallel implemen-
tation. In this work, both affine and nonlinear registrations were performed using RNiftyReg library
of R language environment [8]. The cost function of the iterative optimization process includes suitable
similarity metric to measure the quality of image match at every iteration step. Typically, the similarity
measured by correlation of current and target images, or by the value of mutual information, or by an ad
hoc synthetic function, or somehow else.

The mutual information (MI) is the most commonly used measure of pixel-wise similarity of two com-
pared images that has solid theoretical basis [11]. Indeed, M1 is a basic concept from information theory.
It intimately linked to that of entropy of a random variable, a fundamental notion in information theory
that quantifies the expected “amount of information” held in a random variable. In the context of image
registration, it used to measure the amount of information that one image contains about the other [12].
The MI registration criterion postulates that MI is maximal when the images are correctly aligned. Thus,
the value of MI at the final iteration step could be used as a good and robust metric of the similarity
of real and generated images. The robustness here is due to the fact that the random vectors in this parti-
cular case are image pixels, the number of which is measured in hundreds of thousands or even millions.

Fig. 5 illustrates how the generated image transformed in two steps to its deformed version that
match best the real target image. The key differences are highlighted by arrows. The values of MI score
are given underneath.

Fig. 5. Example of real () and the most similar (b) generated images along (MI-1 = 10.5)
with the results of fitting generated image to the real one using linear affine (¢) (MI-2 = 11.7)
and nonlinear (d) (MI-3 = 12.5) transforms; the key differences are highlighted by arrows

Results and discussions

In this paper, we have introduced a method for detection of image patterns presented in generated
CT image slices that can be identified in the real images of lung tuberculosis patients. The method
includes the following basic procedures: correlation of pairs of generated and real images for selec-
tion of pairs suggestive for the further analysis; computing correlation statistics using the direct and
inverse Fisher’s transforms; performing affine image registration to put image pairs in rough corres-
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pondence and calculating pair-wise similarity scores; non-linear (elastic) image registration, re-calcu-
lation of similarity scores and highlight the most similar/dissimilar image regions. Finally, we compute
the FID distance of original and generated image datasets for assessing the overall quality of generation.
Computational experiments were performed on 5 image training sets consisted of 6, 60, 600, 6000,
and 60 000 CT image slices. As a result, it was found that images generated on small training sets (about
100 images and less) are nearly duplicates of the real images. The fraction of “distinct” artificial images
grows with the increase of training set size. For instance, the inter-group FID distance is equal to 17.02,
14.45, and 10.71 for N =600, N = 6000, and N = 60 000 respectively.

Conclusion

1. Based on several quantitative evaluations, it is found that images generated on small training
sets (around 100 images or less) are almost duplicates of real patient images. The proportion of visually
“distinguishable” synthetic images increases with the training set size. The Fréshet Inception Distance
distance between groups decreases from 17.02 for N = 600 to 10.71 for N = 60,000, respectively.

2. Further research is needed to explore precise patterns for extracting and matching images that ap-
pear visually similar but cannot be compared using feature-based or pixel-based algorithms.
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Abstract. Directional contact diathermy is one of the most promising methods of physiotherapy. To study it,
biophysical modeling of the effect of capacitive-resistive energy transfer (TEKAR therapy, or TR therapy) on bio-
logical tissue was carried out in the COMSOL Multiphysics environment using the finite difference method.
A model of a biological object exposed to TR therapy was created. The visualization of the distribution of tem-
perature and electric potential in the volume of the model is carried out. The dependence of the heating intensity
on the frequency of alternating current is determined. The dynamics of temperature changes in each layer of bio-
logical tissue is shown.

Keywords: directional contact diathermy, TR therapy, TECAR therapy, modeling environment, biophysical mo-
deling, tissue properties, COMSOL Multiphysics.
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MOJEJUPOBAHUE Y®PEKTOB HAITPABJIEHHOW KOHTAKTHOM TUATEPMUUA
HA BUOJIOTUYECKHUE TKAHHU

A. E. HOBULIKASL, I1. B. KAMJIAUY, JI. B. IUXAUEBCKUIA,
B. M. BOHJIAPUK, M. B. JABBIJIOB

benopycckuii cocyoapcmeennbiil ynusepcumem uHGOpMamuKy u paouodieKmpoHUKU
(2. Munck, Pecnybnuxa benapycs)

Annoranusi. HarpaieHHast KOHTaKTHast AUATEPMHUS SBIISIETCS OJIHUM M3 HanOoJiee MepCreKTHBHBIX METOI0B (u-
suotepanuu. Jst ee usydenus B cpere COMSOL Multiphysics ObL10 MPOBEACHO OMOPU3UUECKOE MOICIHPOBA-
HHUE BO3ICHCTBHS C IOMOIIBIO MTepenaun eMKocTHO-pe3uctuBHOU 3Heprun (TEKAP-tepamun, mmun TR-teparim)
Ha OMOJIOTMYECKYIO TKaHb C MCIIOJIb30BAaHUEM METO/la KOHEUHBIX pazHocTed. Co3aHa MoJelb OHOIOrHYECKOTo
00beKTa, MOIBEpPrHyTOro Bo3neiicTBruio TR-Tepanuu. BeimonHeHna BU3yanu3anus pacupepeieHNus TeMIepaTypsl
1 3JIEKTPUIECKOro MOTeHIMANa B 00bemMe Mozenu. OnpeiesieHa 3aBUCUMOCTh HHTCHCUBHOCTH HarpeBa OT 4acTo-
THI IIEpeMeHHOT0 ToKa. [lokazaHa AMHAMUKa N3MEHEHHS TEMIEPaTyphbl B KaKIOM CJI0€ OMOIOTHYECKOM TKaH!.

KuioueBble cJji0Ba: HapaBJIeHHast KOHTaKTHast uarepmust, TR-Tepamnust, cpea MoaenupoBanus, buodusndeckoe
MojeIupoBanue, coiictBa Tkaneii, COMSOL Multiphysics.

KongumkTt nHTEpecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IMKTa HHTEPECOB.
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Jos uurupoBanus. MozgenupoBanue 3(p(hekToB HAMPaBICHHOW KOHTAKTHON AMATEPMHU HA OMOIIOTHYECKHE
tkanu / A. E. HoBurkas [u ap.] // Joxkmaget BIYUP. 2025. T. 23, Ne 1. C. 54-59. http://dx.doi.org/10.35596/1729-
7648-2025-23-1-54-59.

Introduction

Directed contact diathermy, also known as transfer energy capacitive and resistive (TECAR) therapy
or TR therapy, is one of the advanced therapeutic and preventive methods of physiotherapy. Currently,
the method is most common abroad. In order to create a basis for the development of this type of me-
dical equipment as a domestic analogue, it is necessary to investigate the method of directional contact
diathermy and describe its features. To prove the effectiveness of the method, it is important to inves-
tigate the processes occurring in biological tissues when they are exposed to TR therapy. To do this,
it is necessary to create a model that displays the result of the application of directional contact dia-
thermy in real time. As a result of the analysis of software modeling environments that allow creating
physical models of the impact on biological tissue, the COMSOL Multiphysics modeling environment
was selected, characterized by the greatest efficiency in relation to the creation and analysis of a model
of the impact of directional contact diathermy on biological tissue [1].

Experiment method

The effect model of TR therapy is based on the Joule heating model, which includes the physics
of electric currents and heat transfer in solids [2]:

rotH = J, (1)
rotE = —(dB/dt); (2)
divB = 0; 3)
rotD = p, 4)

where H is magnetic field strength; J is total current density; E is electric field strength; B is magnetic
induction; D is electrical induction (electric flux density); p is volumetric density of an external electric
charge.

The total current density in equation (1) can be represented as:

J:Jext+‘]i+Jv+JD> (5)

where J,,, is current density supplied from an external source; J; is density of induced currents;
J, is the current density generated in a conductor moving at speed; J, is the current density of electric
displacement.

In equation (5), the current density supplied from an external source and induced currents can be
determined using Ohm’s law in differential form:

‘]ext = GEext; (6)
J;=oF, (7

where E,,,, E; are the vector electric field strengths created by external sources and induced currents,
respectively; o is electrical conductivity, which can be either a scalar value or a reference value.

The relationship between the electric flux density D and the electric field strength £ is determined
by the expression

D=cE=¢,F +P=¢gyl +y)E =¢8FE, ®)

where ¢ is absolute permittivity; g, is dielectric constant of air; P is polarization; y, is electrical suscep-
tibility; €, is relative permittivity [3].

In COMSOL Multiphysics, a geometric model of the effect of directional contact diathermy on a part
of the human body was built (Fig. 1). As an example, the upper part of the forearm is used to create
a model. This choice is due to the fact that the structure of this part of the body is quite easy to ima-
gine as a model. To simulate the process of exposure of directed contact diathermy to biological tissue,
the model of biological tissue is simplified to the main components: skin, adipose tissue, muscle tissue,
bone tissue. For the problem under consideration, geometry was created from cylindrical primitives.
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Fig. 1. Geometric model in COMSOL Multiphysics

Directional contact diathermy devices use active and neutral electrodes. In the model, the active
electrode is represented as a disk with a radius of 35 mm, 2 mm thick, the neutral electrode is represented
as a disk with a radius of 60 mm, 1 mm thick. The material used to create the electrodes is copper.

The simulated part has a diameter of 100 mm, corresponding to the real average size of the forearm.
The sizes of the primitives correspond to the sizes of the layers of biological tissues. Appropriate materi-
als have been identified for each layer of biological tissue. These materials are presented in the COMSOL
embedded materials library, Bioheat section. In COMSOL, basic characteristics are automatically set
for each material, such as heat capacity at constant pressure, density, thermal conductivity, frequency
coefficient, activation energy.

In the “Electric currents” section, functions such as stationary analysis, frequency domain analysis,
small signal analysis and time domain modeling are supported in all spatial dimensions. In the time
and frequency domains, capacitive effects are also taken into account. The physical interface solves
a current conservation equation based on Ohm’s law using a scalar electric potential as a dependent
variable. An important physical condition for interaction at the interface between different media and in-
ternal boundaries is continuity, which is a natural boundary condition:

nJ=0. )

The Heat Transfer module is a package that allows you to simulate heat flows in an environment
using special physical interfaces and functions optimized for heat transfer analysis. It comes with a
collection of ready-made examples and models that appear in the Heat Transfer module accompanying
the model library. The Heat Transfer in Solids module uses the following heat conduction equation as a
mathematical model for heat transfer in solids:

PC, o= -(V) + 0+ 0, (10)

where C,, is heat capacity; T is absolute temperature; Q is heat source, q is the heat flow, it is the viscous
stress tensor; Q,., is thermoelastic damping heat source.
Fourier’s law of thermal conductivity

q = kT, (11)

where ¢ is flow vector; T is temperature gradient [4].
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The finite difference method was used to simulate the effects of directional contact diathermy.
The advantages of this method are as follows: the simplicity of the method itself makes it easy to imple-
ment it in a computer environment. Also, the simplicity of finite difference calculation makes it possible
to solve problems faster than other computational methods.

The domain of continuous change of arguments (for a one-dimensional problem, these are vari-
ables x and ¢) is replaced by a finite (discrete) set of points (nodes) {xi}, {ti}, called a grid. Instead
of continuous argument functions, discrete argument functions defined at grid nodes and called grid
functions are considered. The derivatives included in the differential equation are replaced (approxima-
ted) using the appropriate difference relations. In this case, the differential equation is replaced by a sys-
tem of algebraic equations (difference equations). The initial and boundary conditions are also replaced
by differential initial and boundary conditions [5].

Results and their discussion

The main value that the program calculates is the spatial distribution of temperature at a certain
frequency. Additionally, the distribution of potential in the volume of the model is visualized. For com-
parison, the figures show the results of calculations at frequencies of 400 kHz and 1.2 MHz — the most
frequently used frequencies from the presented ones. Fig. 2, 3 present the results of modeling the distri-
bution of the heating intensity and the distribution of the electric potential.
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Fig. 2. A screenshot of the visualization of the temperature distribution at a frequency of:
a—400 kHz; »— 1.2 MHz
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Fig. 3. A screenshot of the visualization of the distribution of electric potential at a frequency of:
a—400kHz; b—1.2 MHz

The minimum temperature value at a frequency of 400 kHz is 36.6 °C, the maximum is 52.6 °C.
The minimum temperature value at a frequency of 1.2 MHz is 36.6 °C, the maximum is 50.8 °C.
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The results of the impact of diathermy on the human body with the distribution of heating intensity
at control points at different frequencies are presented in Tab. 1. Control points were determined for each
component of the biological object model.

Table 1. Temperature at control points when exposed to alternating current of different frequencies

Frequency Heating temperature, °C, at control points
Skin Adipose tissue Muscle tissue Bone tissue

300 kHz 39.5 42.9 43.2

400 kHz 39.4 42.7 43.0

448 kHz 39.3 42,6 43.0

480 kHz 39.3 42.6 43.0

500 kHz 39.3 42.5 42.9 370
520 kHz 39.2 42.5 42.9 ’
800 kHz 39.0 42.3 42.7

1.0 MHz 38.9 42.1 42.5

1.2 MHz 38.7 42.0 42.4

1.5 MHz 38.6 41.7 423

Tab. 2 shows the maximum temperature values in the volume of the model when exposed to various
alternating current frequencies.

Table 2. Maximum temperature values in the volume of the model
when exposed to various alternating current frequencies

300 | 400 | 448 | 480 | 500 | 520 | 800 1.0 1.2 1.5
kHz | kHz | kHz | kHz | kHz | kHz | kHz | MHz | MHz | MHz

Maximum temperature value, °C | 52.9 | 52.5 | 52.4 | 523 | 52.2 | 522 | 51.5 | 51.1 | 50.8 | 50.4

Frequency

During the analysis of the results obtained, it was found that during the procedure of directional
contact diathermy, the maximum temperature value in the biological tissue decreases with increasing
frequency of alternating current. The largest temperature dynamics is observed in muscle tissue.

Conclusion

The intensity of heating in tissues under the influence of directional contact diathermy varies when
passing through a biological object and depends on the structure and bioelectric properties of tissues,
the frequency of alternating current and the time of exposure. For further clinical studies, it is neces-
sary to simulate the effects of TR therapy on biological tissue at the molecular level. This will make
it possible to most accurately show the effect of diathermy on tissue cells, and describe the mechanism
of therapeutic action of TR therapy. As a result of the analysis of the data obtained, it will be possible
to determine the most effective method of exposure, which, in turn, will help create a basis for the de-
velopment of a domestic analogue of the directed contact diathermy apparatus.

References

1. Smith J., Lee M., Kim D. (2020) Artificial Intelligence for Medical Diagnosis: A Comprehensive Review.
Journal of Medical Systems.

2. Rokach L. (2010) Pattern Classification Using Ensemble Methods. World Scientific Publishing ISBN:
978-981-12-0195-0. https://www.doi.org/10.1142/11325.

3. Balogh E. P, Miller B. T. (2015) The National Academies of Sciences. Improving Diagnosis in HealthCare.
Washington, National Academies Press.

4. Singh S. P, Singh S. (2014) Application of Fuzzy Logic in Medical Diagnosis: A Review. International
Journal of Computer Science and Mobile Computing. 3 (3), 181-187. https://www.doi. org/10.11648/].
net.20190702.15.

5. Topol E. (2019) How Artificial Intelligence Can Make Healthcare Human Again. New York, Basic Books
Publ.

6. Beleites C., Salzer R., Sergo V. (2018) Validation of Soft Classification Models Using Partial Class Member-
ships: An Extended Concept of Sensitivity & Co. Applied to the Grading of Astrocytoma Tissues. Journal
of Chemometrics. 32 (5).

58



Joknager BI'YUP Dokrapy BGUIR
T.23, Ne 1 (2025) V.23, No I (2025)

10.

11.

12.

13.

LiuY.,,WuR., YangA. (2023) Research on Medical Problems Based on Mathematical Models. Mathematics. 11.
https://doi.org/10.3390/math11132842.

Danchenko O., Bedrii D., Haidaienko O., Biclova O., Kravchenko O., Kuzminska Y. (2021) Mathemati-
cal Support of Theinformation System for Decisionsupport in the Sphere Ofhealthcare. Scientific Journal
of Astana IT University. (6), 23-37. https://doi.org/10.37943/A1TU.2021.89.31.003.

Novitskaya A. E. (2024) Choice of Modelig Environment to Create a Model of the Impact of Directed Contact
Diathermy on Bio-Tissue. Electronic Systems and Technologies, Materials of the 60" Scientific Conference
of Graduate Students, Undergraduates and Students of BSUIR. 306—309 (in Russian).

Alekseev V. F., Piskun G. A., Kalinovsky D. V., Ivliev I. A. (2018) Modeling of Joule Heating in the Comsol
Multiphysics Environment. Doklady BGUIR. 117 (7), 90-95.

Leshchenko V. G. (2018) Workshop on Medical and Biological Physics. Minsk, Belarusian State Medical
University.

Smolyanov I. A., Sarapulov F. N., Sarapulov S. F., Bychkov S. A., Tarasov F. E. (2021) Mathematical Mode-
ling of Electromechanical Installations in the Comsol Multiphysics Environment. Ural University Publishing
House (in Russian).

Myrzakerimova A. B., Kolesnikova K. V., Nurmaganbetova M. O. (2024) Use of Mathematical Modeling
Tools to Support Decision-Making in Medicine. Procedia Computer Science. 231, 335-340. https://doi.
org/10.1016/j.procs.2023.12.213.

Authors’ contribution

All authors contributed equally to the writing of the article.

Information about the authors

Navitskaya H. Y., Student, Belarusian State University of Informatics and Radioelectronics (BSUIR)

Kamlach P. V., Cand. of Sci., Associate Professor, Associate Professor at the Department of Electronic Engi-
neering and Technology, BSUIR

Likhacheuski D. V., Cand. of Sci., Associate Professor, Dean of the Faculty of Computer Design, BSUIR

Bandaryk V. M., Cand. of Sci., Associate Professor, Associate Professor at the Department of Electronic Engi-
neering and Technology, BSUIR

Davydov M. V., Cand. of Sci., Associate Professor, First Vice-Rector, BSUIR

Address for correspondence

220013, Republic of Belarus,
Minsk, P. Brovki St., 6

Belarusian State University

of Informatics and Radioelectronics
Tel.: + 375 17 293-84-14

E-mail: an.nowitskaya@gmail.com
Navitskaya Hanna Yaugenieuna

59



Joknager BI'YUP Dokrapy BGUIR
T.23, Ne 1 (2025) V.23, No I (2025)

@) |

http://dx.doi.org/10.35596/1729-7648-2025-23-1-60-67

Opueunanvhas cmamosi
Original paper

YK 004.8.032.26

METOJIMKA UCCJENOBAHUS HEMPOCETEBBIX IECKPHUIITOPOB
TP PEHHIEHUMU 3A TAYU IIOUCKA AHATOMHMYECKHUX CJIOEB
HA NU30BPAKEHUSX KOMIILIOTEPHOM TOMOTI'PA®UHU JIETKHAX
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© Benopycckuii rocyjapcTBEHHbI YHUBEPCUTET HH(POPMATUKH U PaIUOdIeKTPOHKUKH, 2025
Belarusian State University of Informatics and Radioelectronics, 2025

AnHoTanus. [Torck aHATOMHYCCKUX CIIOCB HA M300paKCHUSIX KOMITBIOTCPHON TOMOTpaduu JETKUX MMO3BOIUT
YOPOCTUTH 3a7ja4y JUArHOCTUPOBAHUS U IUITAHUPOBAHUS JICUCHUS, & TAKXKE aBTOMATU3UPYET MPOLIECC Pa3METKU
n300paKeHUI TIPU TIOATOTOBKE 00yJarolieil BEIOOPKH. B cTaThe mpemmararoTcst METOIMKA CPaBHEHUST HEWPOCeTe-
BBIX JICCKPHUIITOPOB ¥ BHIOOP ONTHMAIBHOTO HEHPOCETEBOTO METO/A MOUCKA CXOXKHMX aHATOMUYCCKHX 00IacTeid,
THOPHIHBIN aTOPUTM ITOMCKA, OCHOBAHHBIM HA COBMECTHOM HCIIOJNIB30BAaHHU TPAIUIIMOHHBIX U HEHPOCETEBBIX
JlecKpunTopoB. Takoil anropuT™ MO3BOJIMII YIYUILIUTE PE3yJIbTaT HEHPOCETEBOro MOUCKA aHATOMUUECKHUX TaTTep-
HOB, BBIPOKCHHBIH B MIJUTUMETPAX JI0 HCKOMOTO cJiosi, Ha 47 % /sl IepBBIX NECATH HAWICHHBIX H300paskeHUH
kiacca cepana u Ha 18 % — st uzo0paxkenuii ¢ mosurusivu oT 10 1o 100. MIToroBeiii pe3ynbTar IOUCKa aHATOMU-
YEeCKOI 001aCTH YIYUIIWICS IO CPAaBHEHHIO C TPAIUIIMOHHBIMU TIoAxonamMu Ha 9,7 % Iisl HaliICHHBIX N300pasKe-
Hull ¢ mo3unusamu ot 10 1o 100 u Ha 2 % — [UIS IEPBBIX ICCATH HAHICHHBIX N300pasKCHH.

KiroueBble cj10Ba: MaTpuIsl COBMECTHOM BCTPEUAEMOCTH, HEHPOCETEBBIE IECKPUNTOPHI, IITyOOKOoe 00ydeHwHe,
CBEPTOYHBIE HEHPOHHBIE CETH, N300PAKEHHUSI KOMITBIOTEPHOH TOMOTpad .

BuaaronapHocts. PaboTa BhINOIHEHA TpU oIepkke beopycckoro pecmyoOnukanckoro GoHaa GyHIaMeHTa b-
HbIX ucenenoanuii (mpoekt Ne ®22KUTI-001). ABrop BeIpaxaeT 0;1aroqapHOCTb M IIIYOOKYIO ITPU3HATEILHOCTD
KaHauJaary TCXHUYCCKUX HayK, JOLUCHTY Bacwunuro AHCKCGCBH’-Iy KOBaHeBy U KaHAUAaTy TCXHUYCCKUX HayK, 10-
nenty [laBny BukropoBuuy Kamiauy 3a 1ieHHbIe peKOMEHIAIMU U 3aMe4aHusl B TIpoliecce padoThl HaJl CTaTheu.

Jas nutupoBanus. Kocapesa, A. A. MeTonuka rcciaeJ0BaHUs HEHPOCETEBBIX JECKPUIITOPOB MIPU PELIEHNUN 3a-
Jla4yX TIONCKAa aHAaTOMHYECKHX CJIOEB Ha M300paXeHHsIX KOMITbIoTepHON Tomorpaduu nérknx / A. A. Kocapesa //
Hoxmanet BI'YHWP. 2025. T. 23, Ne 1. C. 60—67. http://dx.doi.org/10.35596/1729-7648-2025-23-1-60-67.

METHODOLOGY FOR STUDYING NEURAL NETWORK DESCRIPTORS
IN SOLVING THE PROBLEM OF FINDING ANATOMICAL LAYERS
IN COMPUTED TOMOGRAPHY IMAGES OF THE LUNGS

ALEKSANDRA A. KOSAREVA

Belarusian State University of Informatics and Radioelectronics, United Institute of Informatics Problems
of the National Academy of Sciences of Belarus (Minsk, Republic of Belarus)

Abstract. The search for anatomical layers in lung CT images will simplify the task of diagnosis and treatment

planning, as well as automate the process of image partitioning when preparing a training sample. The paper pro-
poses a methodology for comparison of neural network descriptors and selection of an optimal neural network

60



Joknager BI'YUP Dokrapy BGUIR
T.23, Ne 1 (2025) V.23, No I (2025)

method for searching for similar anatomical regions. Neural network approaches are compared with traditional
methods and a hybrid search algorithm based on the joint use of traditional and neural network methods is pro-
posed. Using the proposed algorithm, the neural network search result for anatomical patterns, expressed in mm
to the searched layer, was improved by 47 % for the first ten heart-class images found and by 18 % for images with
positions from 10 to 100. The final anatomical region search result was improved over using traditional approaches
by 9.7 % for retrieved images with positions from 10 to 100 and by 2 % for the first ten retrieved images.

Keywords: co-occurrence matrices, neural network descriptors, deep learning, convolutional neural networks,
computed tomography images.
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BBenenue

Cucrema NmoMcKa aHATOMHUYECKUX OOJIaCTEeH €l10eB M300pa’keHUH KOMIBIOTEPHOHW ToMorpadun
B MEPBYIO o4yepeapr HeoOXonuMa s ONTUMHU3AINH MPoIlecca TUTAaHUPOBaHUS JiedeHusi. Bropoe Ha-
MIpaBJICHIE UCITOIb30BaHUS MTOJJOOHON CHCTEMBI — aBTOMATH3AIIHS ITPOIIECCa PA3METKH N300pakeHUH.
PasmeTka Habopa MaHHBIX COTIIACHO BHIOPAHHBIM MPU3HAKAM — Ba)KHBIM dTal pa3paOOTKU MHTEI-
JEKTyaJbHBIX MEeIUIMHCKHX cucteM. [Iporecc pasmeTkn n300pa)keHUU CIOKEH, CyOheKTHBEH [1]
U CHJIBHO BJIMSICT Ha pe3yibTaT o0yueHHs] HeHpoHHBIX ceTeil. [IpaBuibHO BBHIOpaHHBIE U pa3MEUCH-
HbIE JaHHbBIE [TO3BOJISIIOT TOYHO OMUCATh IPAHUIBI KJIacca B MPOCTPAHCTBE MPU3HAKOB IIPU PELICHUU
3a/1a4n KjaaccupUKauyd. ABTOMATH3AIMS JAHHOTO IpoIlecca JaeT BO3MOKHOCTh MUHUMHU3HPOBATh
CiTy4aifHbIe TTOTPENTHOCTH HEBEPHOU KitaccupuKay n300pakeHnst, COKPATUTh BPEMEHHBIE 3aTPaThI
MEIUIIMTHCKOTO CIIEIHaINCTa.

Jig peanu3anuy CUCTEMBI TOUCKA MTOX0KHUX AaHATOMUUECKHX CJIOEB UCCIIE0BAINCH TPAAUIIMOHHbBIE
U HelpoceTeBble METOABI TONyUeHHS JECKPUNTOPOB M300pakeHHi. B [2] onmuchIBamich pe3yabTraThl
anpoOanuu TPaAULIUOHHBIX METOIOB M3BJICUCHHMS MPU3HAKOB M300PaXKEHUH M OTMEYaloCh, YTO Hau-
JMY4IIANA TPaJUIIMOHHBIA METO/ TONYYeHHS JECKPUTITOPOB M300pKEHHH — MaTPHIBI COBMECTHOM
BcTpewaeMocTh. Llempto mpoBomuMoro B [2] WCCIeTOBAaHUS SIBIBSUICS BBIOOP ONMTHMATHHOTO METONA
pelIeHus 3aaqyi MONCKa aHATOMHYECKHUX CII0OEB M300pakeHU KOMIBIOTEPHOW TOMOTpapuy JETKUX.
st 3TOr0 OBUTH TOCTABICHBI CICAYIOUIME 3afa4n: pa3paboTarb METOIUKY HCCIeOBaHMs Helpoce-
TEBBIX JECKPHUIITOPOB, ONPENSINTh HAMIYUIIYI0 00ydyaeMylo HEHpOoceTeBy0 MOJEb ISl JallbHeHe-
rO €e WCIOJBh30BAHHUS B CUCTEME TOUCKA TTOXOKUX M300pakeHUH CII0OEB KOMITBIOTEPHON TOMOrpaduu
NETKAUX, TPOBECTH CPAaBHUTENBHBIN aHAIN3 PE3YTFTATOB SKCIIEPHMEHTOB C TIOMOIIBIO TPATUITHIOHHBIX
Y HEMPOCETEBBIX MTOIXO0B, BEIOPATH ONITUMAIIBHBIA METO/.

MarepuaJjibl 1 METOIbI

[Ipu npoBeneHun uccae0BaHUS U O0YUEHUH PA3IMUHBIX apXUTEKTYp HEHPOHHBIX CETeH MCIIONb-
30BaJIOCH JIBa ITOATOTOBIICHHBIX HaOopa maHHBIX. [lepBeiil BKmrodan B ceOs 414 TpexmMepHBIX H300pa-
JKEHWI KOMITbIOTEpHOI ToMorpaduu [3], BTopoii cocTosn u3 n3odbpaxenuit 144 manneHToB, COCTABISA-
IOLINX PaBHOMEPHYIO BEIOOPKY MAIIMEHTOB KaX/I0TO I10J1a ¥ Bo3pacTa B Auamnasone ot 18 no 90 et [4].
O06a Habopa JaHHBIX OBUIM pa3MEUYeHbI HA TPH Kilacca: BepX JETKOTO, IeYeHb, CepLIe.

D¢ pexTuBHAs KIaccupUKaKs MEAULIUHCKUX H300paKEHUH UTPaeT BaKHYIO POJIb B OKa3aHUH KIIH-
HUYECKOH MoMoly M JyiedeHus. [Ipu pabore ¢ TpaaiMIMOHHBIMU CIIOCOOAMHU W3BJICUECHUS! MPU3HAKOB
n300paXKeHUH JTydIle pe3ysIbTaThl I0Ka3bIBaJIl METO/bl, OCHOBAHHBIE Ha paboTe CO CTPYKTYpOH Me-
JUIMHCKOTO M300paskeHrsi. COOTBETCTBEHHO OBLTH M3YYEHBI CYIIECTBYIOIIUE HEHPOCETEBBIC TOMIXO-
Ibl [5-12]. B utore uccnenoBaioch HECKOIBKO MOJIETICH apXUTEKTyp CBEPTOUHBIX HEMPOHHBIX CETEH,
takux kak AlexNet, VGG16, ResNet, MobileNet, BiT, EfficientNet, Xception.
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AlexNet. BocpmucroliHasi cBepTOYHAs HEHpPOHHAs CETh, BIIEpBBIC MposiBUBIIas ceds B 2012 T,
BbrpaB KoHKypc ImageNet Large Scale Visual Recognition Challenge 2012 ¢ GoibIIMM OTPBIBOM.
DTa ceTh Mmokazana, 9to (pyHKIHUH, TTOTyIeHHBIC B pe3ylibTaTe 00yUeHHUs, MOTYT TIPEB30UTH (DYyHKITAH,
pa3paboTaHHBIC BPYUHYIO, TEM CaMbIM HAPYLIMB MPEABIAYIIYIO MapagurMy KOMIIBIOTEPHOTO 3PEHHUSL.
Ocob6ennoctu apxurektypsl AlexNet [7]:

— YBEJIMUEHHOE OKHO CBEPTKH IIEPBOTO CJI051, TO3BOJISIOLIEE 3aXBaThIBaTh OOJIbIINE OOBEKTHI HA U30-
OpaXeHUsIX;

— YMEHBIIEHHE Pa3MEPOB CKPBITOIO CJIOA MyTeM OObEAMHEHMs BBIXOAOB KIACTEPOB HEMPOHOB
Ha MPEIbIAYIIEM CJI0e B OMH HEHPOH Ha CIIEAYIOIIEM CJI0€ Ha TIEPBOM, BTOPOM U IIATOM CIIOSIX;

— IpUMEeHeHHe NMpocToi PyHKIMK akTuBamu RelLu;

— Hanuue dropout-ciosi U1 KOHTPOJIst 00ydeHusI.

VGG16. Jannsiii knace 0bu1 mpeasioxkeH uccnenopareasimu K. Simonyan u A. Zisserman u3 Oxkc-
(hopackoro yHuBepcuteTa B [8]. DTa HelipoHHas ceTh sBisieTcs ymydmeHHoH Bepcueit AlexNet. Oc-
HOBHOE OTJIMYHE apXUTEKTYP 3aKJI0YaeTCsl B TOM, YTO OKHA CBEPTKH OOJIBIIMX pa3MepoB (I EPBOTO
1 BTOPOT'O CJIOEB) 3aMEHEHbI HAa HECKOJIBKO (DMIIBTPOB pa3MepaMu 3x3, CISIyIOLUUX OIUH 3a APYTHM.

ResNet. OcHoBHO#H uzeei pa3padoTKu MojeIel HEHPOHHBIX CeTel 3TOro Kiacca sSBJsIach MOMbITKA
PEIUTh MPOOJIeMYy CHUKEHUSI TOUHOCTH O0yUeHHS HEHPOHHOW CETH MPH YBEJIWYCHUH TITyOHHBI €e ap-
XUTEKTYpbI. 151 3TOro OBIJIO BBEICHO MOHITHE «COSAMHEHHE OBICTPOrO JOCTYIIA», TIO3BOJISIOIIEE IIpe-
Bpalarh CeTh B €¢ 0CTaTouHyo Bepcuto [10].

MobileNet. OcoOeHHOCTE €€ apXHTEKTYpPhl — OTCYTCTBHE CJIOEB, TOHIDKAIOIIUX Pa3MEpPHOCTH.
BmecTo HUX 47151 CHMDKEHHUS! IPOCTPAHCTBEHHOW PasMEPHOCTH HCIOJB3YETCSl CBEPTKA C MapaMeTpoM
stride, paBubIM 2. JIByms TumepmapamMeTpamMu apxuTeKTypsl MobileNet sSBistoTCS MHOXXHATENH MIMPH-
HBI U [TyOHHBI. MHOKXHUTENb IIUPUHBI OTBEYACT 32 KOJIMUECTBO KAHAIOB B KaXJIOM CJIO€, a IIIyOMHBI —
3a MPOCTPAHCTBEHHBIC Pa3MeEpPbl BXOIHBIX TEH30POB. Bapbupys 5TH mapamMeTpbl, MO)KHO MEHSTH CKO-
pocTh 1 Tiyouny obydenus [11].

BiT npencrapmnsier co0ol MpeABapUTEILHO XOPOILIO 00y4YeHHYIO Ha IIUPOKOM HA0Ope JaHHBIX MO-
JIeJTb [T IOCTIEAYIOMIETO T00OydeH s, HApaBIEeHHOTO Ha PEIIeHNe TOYEYHBIX Mpo0ieM 1 3a1ad. Takoi
ITOJTXO/T TI03BOJISIET YIIPOCTUTH aJITOPUTM HACTPOUKH MapaMeTpoB oOydenus [12].

EfficientNet. Monenu 3Toro kiiacca Obutn pa3paOoTaHbl B X0JI€ UCCIISIOBAHKS HOBOI'O METO/Ia Mac-
mTaOupoBaHUs HEUPOHHBIX ceTell [4]. MacmTabupoBaHre CeTH MOXKET MTPOUCXOANUTH TI0 TPEM Harpas-
JICHUSIM: TIpeoOpa3zoBaHue TITYyOMHBI, IIMPHHBI W pa3penieHus. Kaxaplii u3 3THX mapamMeTpoB BIHSET
Ha TOYHOCTH pabOTHI OOYUICHHON CETH.

Xception coBMeriaeT B cede 1Ba MOIX0AA: MPEATIOKEHHBIN aIrOpuT™M KOHKaTCHUPOBAHUS CBEPTOY-
HBIX SJIep Pa3HOTO pa3Mepa W CHIKCHHE OOIIETo YKcia BECOB 3a CYET CBEPTKU KaHAJIOB N300paKeHUs
TI0 OTJIENFHOCTH (TJTyOMHHAs IPOCTPaHCTBEHHAst cBepTka) [13].

Jiist anpoGanuy HeWpOCETEBBIX METOJIOB Ha CYIIECTBYIOIIEM MacCUBE H300paskeHHI ObUTH 00y4eHBI
caenyroniue HeitpoceteBble Mojienn: ResNet50, ResNet101, ResNet152, ResNet50V2, ResNet101V2,
ResNet152V2, Xception, BiT-s, VGG19, AlexNet, MobileNet, MobileNetV2 u Bce moaenu kiacca
EfficientNet. [IporpamMmmHuas peanuzanus mporecca 00ydeHnss HEMPOHHBIX CETEH 0OCHOBBIBAJIACH HA HC-
M0JIb30BAaHUH OTKPBITOH OnOnuorexu Keras Ha s3bIke mporpaMMupoBanus Python.

OOyueHue HEWPOHHBIX CeTel OBIIO HAMIPABJICHO HA PELICHHE 33 1auu Kiaccudukaiuu cioeB KT-u30-
OpaskeHMI Ha TPH BIIEJICHHBIX KJlacca: eYeHb, CepALE U Bepx JIErkoro. Ha ocHOBE NOMy4eHHbIX B X01€
00y4eHUsI MoZieTIel CO3/1aBaIiCh KOMIOHEHTHI U3BJICUYEHHs IPU3HAKOB (IKCTPAKTOPHI), TIO3BOJISIOIINE
BBIYUCITUTH HEHPOCETEBBIC JIECKPHUIITOPHI TIPOXOSIIUX Yepe3 HUX cinoeB. [1Jist 3Toro o0yueHHbIe MOJie-
JIM HEHPOHHBIX CeTel ObUTM MCKYCCTBEHHO JIMIICHBI BHIXOIHOTO CJIOA, a 3HAYCHUE Ha BBIXOAE Opanoch
C MPEBIAYIIETro MOJHOCBSA3HOTO cJiosi. B pe3ynbrare moimy4eHbl MOICIH-3KCTPAKTOPBI, C TIOMOIIBIO KO-
TOPBIX MPOBOAMJICSA IKCIIEPUMEHT C MOUCKOM aHATOMUYECKHX CTPYKTYp Ha ciosix KT-u3o0pakeHuid.
«CXOKEeCTh» aHaTOMHUYECKHUX MaTTEePHOB OLEHHUBAIACH M0 PACCTOSIHUIO B MUJJTUMETPAX MEXKAY HCKO-
MBIM, pa3MEeUeHHBIM COTTIaCHO MPU3HAKY, ciioeM (144 cmost Iy1s Ka)xaoro Kiacca) u HaineHHbIM. Otpe-
JEJSUTICH CTO OMMKaWIIMX HAlICHHBIX CIIOEB K KQXKIOMY U3 Pa3MEUCHHBIX.

Juist mpeyiaraeMoi METO/IMKY CTPYKTYPHAS CXeMa CpaBHEHHSI HeWPOCETEBBIX JIECKPHIITOPOB CIIOCB
n300paKeHNH KOMIIBIOTEPHOM ToMorpaduu JIErKuX NpeacTaBieHa Ha puc. 1.
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Puc. 1. CrpykrypHas cxemMa CpaBHEHHsI HEHPOCETEBBIX 1€CKPUIITOPOB
CJIOEB U300paKEHU T KOMITBIOTEPHOI TOMOTpadum JTErKIX
Fig. 1. Structural diagram of comparison of neural network descriptors
of lung computed tomography image layers

Pe3ynbTarthl nccie10oBaHuii U UX 00Cy:KIeHUe

YacTh HEHPOCETEBBIX MOJIEIICH, MOKA3aBIINX HU3KKUE 3HAUCHHSI TOUHOCTH KITACCH(HUKAIIUK TIPH 00Y-
yennu (MeHee 75 %), Obuia oTcesiHa. B 3ty kareropuro nonanu AlexNet, MobileNet u MobileNetV2.
Cpenu moneneii kiacca EfficientNet Obuta BoiOpana Bepeust EfficientNetB0, Tak kak oHa nokasasia Hau-
JIy4IIIee COOTHOILIEHUE MEX/Ty KaueCTBOM OOYUYCHHUS U Pa3MEPOM IMaMsITH, 3aHUMAaEeMbIM 00Y4YEHHOM MO-

nenbio [14].

Pesynbrarhl SKCIIEpUMEHTa, IMPOBEICHHOTO COITIACHO CTPYKTYPHOM cxeMe Ha puc. 1, mpeacrasiie-
HBI B Ta0n. 1. OneHNBaNIOCh CpeHee 3HaYCHHE aHATOMUYECKOTO PACCTOSHHUS B MIJTUMETPAxX OT Hai-
JICHHOTO CJIOSI B MAIMEHTE J0 MCKOMOTO JJIsl ICCSATH MEPBBIX HaWACHHBIX Ommkaiimux (croibern a)
U 7151 ocTanbHbIX (cTonder b, mozunuu 10-100) crnoes.

Tabaumna 1. Pe3ynbrarsl sKCIiepiMEHTa MIOMCKA CXOKHMX aHATOMUYECKHX CJIOEB II0 TPEM Kilaccam
C UCTIOJIb30BaHUEM HEHPOCETEBBIX MOzeeil
Table 1. Results of the experiment of searching for similar anatomical layers
in three classes using neural network models

AHaTOMHYECKOE PACCTOSHUE CTIOEB, MM, JJIS KIIACCOB
Mopens knacca Ileuensn Bepx nérkoro Cepaue Cpeutice
0 MOJENU, MM

a b a b a b
ResNet50 16,18 19,41 3,502 4,17 19,10 31,04 15,57
ResNet101 6,50 9,32 5,50 54,00 25,07 33,31 22,28
ResNetl152 4,60 7,56 9,02 9,61 34,94 43,86 18,27
ResNet50V2 3,50 6,20 7,66 9,54 18,25 28,65 12,30
ResNet101V2 8,70 8,43 10,68 11,17 20,98 34,84 15,80
ResNet152V2 5,50 8,13 9,62 12,29 18,25 28,65 13,74
EfficientNetB0 31,00 32,72 16,02 18,69 45,93 51,28 32,61
Xception 3,40 7,98 7,85 9,71 15,11 25,44 11,58
VGG19 5,40 11,13 9,09 12,13 16,74 31,30 14,30
BiT-s 5,20 10,09 6,97 10,20 10,41 21,06 10,66
Cpennee 1o Kjiaccy 9,62 12,55 8,67 15,76 23,30 33,78
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CormacHo Tabm. 1, cymmapHO TIO BceM KjlaccaM ITyUIIHiA pe3yasraT — y oOydeHHoi moxenu BiT-s.
[Ipu sTomM Xception HAXOAUTCS HA BTOPOM MECTE, IOKa3bIBasl JIyUIINH Pe3yJabTaT MPH MOUCKE CXOMKHX
AHATOMHYECKUX CTPYKTYp B 00JIaCTH MEYECHU U BepXa JIErKOTo, HO XyAlIHid B obnactu cepaua. Pesyis-
TaThl MOMCKA CIIOSI C pa3MEYCHHBIM IPU3HAKOM «CEPIIIEe» OKa3aluCh HAUXYAIIHNMU CPEIN BBIJCICHHBIX
AHATOMHYECKUX KIIACCOB. DTO OOBSCHSIETCS TEKCTYPHOH «IIOXOKECTBIO» CIIOEB, COMEPIKAIIMX JaHHBIN
npu3Hak. [Ipn 3TOM MOXHO BBIIBUHYTH THIIOTE3Y O TOM, YTO KJIACCHU(HUKAIIHS C HCIIOIB30BaHIEM HEH-
POCETEBBIX METOAOB MO3BOJHUT CKOPPEKTUPOBATh PE3YIBTAT MTOMCKA aHATOMHYECKOTO CIIOSI B 007acTh
cepAla ¢ IPUMEHEHUEM MaTPHLl COBMECTHON BCTPEUYAEMOCTH.

BriOpannbie sKcriepuMeHTaibHo HelipoHHble ceTd BiT-s n Xception mo3BomsioT peaqn3oBaTh cuc-
TEMY TOHMCKa CXOXKETO aHATOMHUYECKOTO Y4acTKa Ha M300pa)KEHHUSIX KOMITBIOTEPHOIH ToMorpaduu JIEr-
kux. Mcxolist 3 MOMyYeHHBIX PE3YJBTATOB, CIIEAYET OOPaTUTh BHUIMAHUE HA:

— BBIOOP TMHAMHYECKOTO HaIa3oHa N300paXeHus Ipru 00yIeHUH 1 TIOWCKE;

— COBMEIIECHNE TPAJUIINOHHBIX U HEHPOCETEBhIX TOAXOM0B IS YAYUIICHUs pe3yabTaTOB MONCKA,
TaK KaK 3TO CIIOCOOHO IMOBBICUTH Ka4eCTBO pabO0Thl pa3pabaTbIBAEMOTO NPUIOKEHHUSL.

Ha puc. 2 npeacTaBieH UTOTOBBIA THOPHIHBIN aIrOPUTM MTOUCKA aHATOMHUYECKUX MAaTTEPHOB CPEAN
0a3bl u3o0paxkenuid. [Ipu 3TOM B KauecTBe MojeIH-KiIaccu(huKaTropa HEOOXOIUMO UCIIONIB30BaTh 00Y-
YeHHBIC Ha TPHU Kilacca HelpoHHble ceTu BiT-s mmm Xception. 3TO MO3BOIKT HOCTUYD HAITYUIIIETO pe-
3yabTaTa MpH MOUCKE aHATOMUYECKHX MarTepHoB (Tadi. 1). B kagecTBe TpaauIiioHHOTO METO/IA, KOPPEK-
TUPYFOIIEro paboTy HEWPOHHOH CeTH TPU MOACYETe AECKPUIITOPOB M300paKeHNH, OTHECEHHBIX K KITac-
Cy «cepzue», MpeAaaraeTcsi UCIoIb30BaTh AJITOPUTM pacdeTa MaTpPHLl COBMECTHOM BCTPEUaeMOCTH.

Haugano
3 Pacuer Pacuer maTput
arpyska HeipoceTeBoro COBMECTHOI
HM300paKeHust
PJ/ JIECKPUNITOpPA BCTPEYaeMOCTH
[pensaputenbHas
obpabotka
P J/ Iouck no 6aze [Mowuck mo 6aze
Knnaccnduxarmst
n3obpakeHuss  — Beion
(neiipoceTeBast) HaMICHHBIX
n300paKeHUI

Puc. 2. Anroput™ oucka aHaTOMUYECKHX ITaTTEPHOB Cpen 0a3bl H300paskeHIH
Fig. 2. Algorithm for searching anatomical patterns among the image database

B Tabn. 2 mpuBeneHsl pe3yabTaThl SKCIIEPUMEHTA MMOUCKA CXOKHMX aHAaTOMHUYECKHX CJIOEB IO TPEM
KJIaccaM C MCTIOIh30BaHUEM HelpoceTeBoit Moxenu BiT-S u rubpuanoro anroputma. OmeHKa MMpoBo-
JIAJIACh MO PACCTOSTHUIO, BRIPAXKEHHOMY B MIJIJTUMETPAX, /Il HAWICHHBIX TIEPBBIX JECATH (CTONOC @)
u jurst mo3unmid ot 10 1o 100 (cTonber b) cioes.

Taodauna 2. PaccrosHue 10 HaWIEHHBIX CXOKUX aHATOMUYECKUX CIIOEB
cpenu cioeB n300pakeHnH KoMIbroTepHoi ToMmorpaduu 100 nanneHTo
Table 2. Distance in mm to found similar anatomical layers among the layers of CT images of 100 patients

Paccrosinre 10 HaliIeHHBIX AaHATOMUYECKUX CJIOEB, MM
Anroputm Jst 10 mepBbIxX Jost 10-100
a b
BiT-S 10,41 21,06
BiT-S + GLCM 5,50 17,28
GLCM 5,61 19,13
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CoBmelieHHe TPaJUITMOHHBIX M HEHPOCETEBBIX IOIXO/IOB COTIIACHO TPENIaraeMOMYy allTOPUTMY
ITO3BOJIWIIO YIIYYIIUTh PE3yIbTaT HEHPOCETEBOrO IMOWCKA aHATOMHYECKHUX MAaTTEPHOB, BBHIPAKEHHBIN
B MUJUIUMETPAX JI0 UCKOMOTO CJiosi, Ha 47 % Juis NepBBIX JECATH HAMICHHBIX U300paKEHU Kilacca
«cepaue» u Ha 18 % — mns u3oOpaxenuii ¢ mo3unusaMu ot 10 1o 100. MToroBerit pe3ysbrar moucka
AHATOMUYECKON 00J1acTH ObUT YJIy4YIlIEH 10 CPABHEHHIO C MCIIOJIb30BAHUEM TPAIUIIMOHHBIX IOIXOI0B
Ha 9,7 % s HalimeHHBIX n300paxennii ¢ mo3umusaMu oT 10 mo 100 u Ha 2 % — Ams MepBBIX IeCATH
HaWJEHHBIX N300paKEHHH.

B kadecTBe anmbTepHATUBHOTO TPAJUIIMOHHOTO MOJXOAA JOMOJIHUTEIEHO PACCMATPHBAJICS aJro-
putMm ORB. CornacHo npoBeneHHBIM paHee uccienoBanusM, ORB moka3eiBa JIydinuii pe3yibTrar cpe-
1 TPAJUITMOHHBIX TIOXO0B MPH MOUCKE CXOXKUX CIOEB KIIACCa «CEple» ABYX MalUeHTOB (Tadm. 3).
IIpu 3TOM 117151 KI1aCCOB «BEPX JIETKOT0» U «I1€YEHb) AAHHBIN aJITOPUTM IPOJLEMOHCTPUPOBAJ HEYTEIIN-
TeIBHBINA pe3yabTar (oTkiIoHeHHe 80 1 69 MM COOTBETCTBEHHO).

Taonauuna 3. PaccTosiHME MKy MCKOMBIM U HAWJICHHBIM CJIOEM KJIacca «CepJie» AJIS IBYX MaIllieHTOB
Table 3. Distance between the desired and found layer of the class “heart” for two patients

Anroput™m ORB SIFT LBP GLCM
Paccrosinue, MM 12,5 72,5 95,0 95,0

HomnomautensHo anroput™m ORB Obu1 artpobrpoBan Ha OOIBIIOM KOJIMYECTBE n300pakeHuit. OnHa-
KO, HECMOTPs Ha NPEATIOJIO0KEHUC O TOM, UYTO IPUMEHCHNUE JAHHOTO aJIT0OpUTMa CHOCO6HO YIIy4lIUuTh Ka-
YeCTBO MOUCKA CXOKUX aHATOMHYECKUX CJIOEB KOMITBIOTEPHOI TOMOrpaduu B 00JIaCTH cepala, pe3yib-
TaTHl 0KA3aJIMCh HEYTeINTeIbHBIMA. BO3HUK psizt rpyObIX OMHOOK, JOKA3hIBAIOIINX YYBCTBUTEIBHOCTh
ORB k pa3mepaMm 00bEKTOB Ha M300paKCHHUSIX W HAIMYIUIO TOTIOTHUTEIBHBIX 3JeMeHToB. Ha puc. 3
M300pakeH MpUMep J0KHO HAMIEHHBIX COOTHECSHHUI MEXKTY JIBYMSI CIIOSIMHU N300paskeHUI KOMIIBIOTEP-
HO¥ ToMorpaduu kiacca «cepane». OMmMOKN BKIIFOYAIN B ceOsi COOTHOIICHHE TPAHUIL Tela TallueHTa
Ha M300pa’keHNH C TpaHULAMH 000PYIOBAHHUS IS TTOJTyYSHHST U300paKEHH KOMITBIOTEPHOW TOMOTpa-
(um, a TakKe COOTHECEHHUE JIETOUHBIX U3MEHEHUH C COCYANCTHIM PUCYHKOM, YTO KPUTHYHO MPH peliie-
HHUY TIOCTABJICHHOH 3a1a49u. TakuM 00pa3oM, ToKkazaHa HEBO3MOKHOCTE HCTonb3oBaHus ORB-anroput-
Ma B pa3pabaThIBa€MOI CHCTEME MTONCKA CXOKMX aHATOMUYECKUX oOmacTeil.

0
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0 200 400 600 800 1000

Puc. 3. [Ipumep omuOKM COOTHECCHUS KITFOUYEBBIX ToueK mpu padote ¢ ORB-neckpunropamu
Fig. 3. Example of key point matching error when working with ORB descriptors

3akiaouenue

1. [IpenmoxeH THOPUIHBIN aITOPUTM IOMCKA CXOXKHUX CIIOEB M300paKCHUH KOMIIBIOTEPHONH TOMO-
rpaduy, OCHOBaHHBIH HA UCIIOJIb30BAHUY HEHPOCETEBOI MOIENN B KAU€CTBE CPEACTBA U3BJICUCHUS IIPH-
3HAKOB M300paKEHUsI U MpeBapUTEIbHOM KiaccuuKauuu ¢ npuMeHeHueM mozpenu BiT-s n marpurg
COBMECTHOM BcTpeyaemoctu. [Ipeanaraemplii TMOpUIHBIN TOAXO/ MTO3BOIMI YITyULIUTh KaueCTBO ITOHC-
Ka [0 CPAaBHEHHUIO C PACCMOTPEHHBIMH TPaJULIMOHHBIMU U HEMPOCETEBBIMU MOJIEIISIMH.

2. PazpaboranHas Ha OCHOBE MpeIaraeMoro aJIrOpUTMa CHCTEMa IMOUCKA CXOKUX aHATOMHUYECKUX
oOmacteil crmocoOHa TOMOYh MEIUIIMHCKOMY CIIEHUAIHNCTY MPH JTUATHOCTHPOBAHUU W TUIAHUPOBAHHUH
nedeHus. Taxoke 3Ta cucTeMa MOXKET IPUMEHATHCS IPH aBTOMATHUECKOI pa3MeTKe MEIUIIMHCKUX HU30-
OpaxeHu# 1S najpHeero o0ydeHusl HeHPOHHBIX CeTel pelIeHNI0 Pa3HbIX 3a/1ad.
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MAIIIMHHOE OBYUYEHUE U HEHPOHHBIE CETH
JUISI IT-TMATHOCTUKHU HEBPOJIOT MUECKHNX 3ABOJIEBAHUI

B. A. BULLIHIKOB, 1. B. C4, U. 10. IOA

Benopyccruii cocyoapcmeennwiil ynugepcumem un@opmamuxy U paouodieKmpoHuKy
(2. Muncx, Pecnyonuxa Benapycs)

© benopycckuii TOCYIapCTBECHHBIH YHUBEPCUTET HHPOPMATHKH U PAIHONICKTPOHUKH, 2025
Belarusian State University of Informatics and Radioelectronics, 2025

AHHoOTanusi. PaccMOTpeHBI METO/IbI MAIIMHHOTO 00YYeHUsI U HEHPOHHBIE CETH JUISl TMarHOCTHKH HEBPOJIOTrniec-
Kux 3aboneBanmit (Oonesnert AnpureiiMepa u [lapkiHCOHA) TAIIMEHTOB HA OCHOBE TOJIOCOBOTO aHanmu3a. [Ipuse-
JICHBbI MOJICJIM M3BJICYEHHOH M3 TOJOCOBBIX JIaHHBIX MH(OpMAIMK O pU3HaKaxX 3a001eBaHni (BKIIIOUAsi 4aCcTOTY,
JpOKaHWe, MEN-KeTCTpalibHble KOAQQUIMEHTH U T. 11.). Vicrons30BaHbl pa3nuyHble Kiaccu(uKaTtopsl st 00y-
YeHHsI HEHPOHHBIX ceTell u pacro3HaBaHus 3aboneBannid. Cpemau Hux — anroput™ GridSearchCV mis ontummsa-
LMY CHIIEpIIapaMeTpoB KiiaccuprKaTopa CiIyqaiiHoro Jieca IpH pacro3HaBaHUU 00Jie3HH AJibLreiiMepa (TOUHOCTb
pacrio3naBanust — 87,6 %) u anroputm KNN — 1711 o0yueHHst 1 TECTHPOBaHUs Ha OOIIEAOCTYIHBIX Habopax
JTAHHBIX TIPU3HAKOB N3MEHEHHsI PeuH MannueHToB ¢ 6one3nbto [lapkuacona. Anroputv KNN nokasai imyumue pe-
3yJIBTaThl KIIACCU(HUKALIMH 10 CPABHEHHUIO C IPYTUMH, JOCTUTHYB SKCIIEPUMEHTAIBHOM TouHOCTH 94 % Ha Tex ke
Habopax naHHbIX. OTMEUEHO, YTO MCIIOIb30BAaHNE MHOTOMEPHOTO M3BJICYCHUS IPU3HAKOB M METOJ0B MAITHHHOTO
00y4eHHsI MOXKET MTOBBICUTh TOYHOCTh PAaHHEH AMArHOCTHKH HEBPOIOTHUECKUX 3a00I€BaHNH.

KroueBble ci0Ba: 1narHoCTHKa MalWMeHTOB, U3MEHEHUE T0JI0CA, HEBPOJIOTHYecKue 3a001eBaHMs, MAIMHHOE
oOydeHue, HeHpOHHBIE CETH.

KonpaukTt untepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jos nutupoBanus. Bumnskos, B. A. MammnHoe o0yueHre U HeHpoHHbIe ceTH Juist [ T-muarHocTuku HeBpoIIo-
ruyeckux 3a0osesannii / B. A. Bumnsikos, 1. B. Ca, Y. 0. 1011 // Joxnanst BI'YUP. 2025. T. 23, Ne 1. C. 68-73.
http://dx.doi.org/10.35596/1729-7648-2025-23-1-68-73.

MACHINE LEARNING AND NEURAL NETWORKS
FOR IT-DIAGNOSTICS OF NEUROLOGICAL DISEASES

ULADZIMIR A. VISHNIAKOU, YIWEI XIA, CHUYUE YU

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Abstract. The article considers machine learning methods and neural networks for diagnosing neurological di-
seases (Alzheimer’s and Parkinson’s diseases) in patients based on voice analysis. Models of information about
disease features (including frequency, jitter, mel-cepstral coefficients, etc.) extracted from voice data are presented.
Various classifiers are used to train neural networks and recognize diseases. Among them are the GridSearchCV
algorithm for optimizing the hyperparameters of the random forest classifier for recognizing Alzheimer’s disease
(recognition accuracy is 87.6 %) and the KNN algorithm for training and testing on publicly available datasets
of speech change features in patients with Parkinson’s disease. The KNN algorithm showed the best classification
results compared to others, achieving an experimental accuracy of 94 % on the same datasets. It is noted that
the use of multidimensional feature extraction and machine learning methods can improve the accuracy of early
diagnosis of neurological diseases.

Keywords: patient diagnostics, voice change, neurological diseases, machine learning, neural networks.

Conflict of interests. The authors declare no conflict of interests.

68



Joknager BI'YUP Dokrapy BGUIR
T.23, Ne 1 (2025) V.23, No I (2025)

For citation. Vishniakou U. A., Xia Y. W,, Yu Ch. Y. (2025) Machine Learning and Neural Networks for IT-Di-
agnostics of Neurological Diseases. Doklady BGUIR. 23 (1), 68—73. http://dx.doi.org/10.35596/1729-7648-2025-
23-1-68-73 (in Russian).

BBenenue

Cucrtems! [ T-gquarnoctrku, 00ydeHHBIE Ha OONBITIX HaOOpaxX JaHHBIX O 3a00JIEBaHUSX TAITUECHTOB,
WHTETPUPYIOT MepeIoBbIe METOABI 00Pa0OTKH CHTHAJIOB C MAITMHHBIM 00y4YeHHEeM 1 HEeHPOHHBIMU Ce-
TssMU. Takue cUCTEeMBbI TOMOTAIOT HEBPOJIOTaM | JIPYTHM METUIIMHCKIM pa0OTHUKAM MPUHUMATH KITH-
HUYECKHUE PEIICHUS Ha PAaHHHUX CTaJUsX 0OHapykeHus 3a0oineBanuii [1]. CoBpeMeHHBIC UCCIICIOBAHUS
B 00JIACTH JIMarHOCTUKU HEBPOJIOTHYECKUX 3a00JieBaHMil (HarpumMep, Oosie3nel Asbireiimepa u [lap-
KWHCOHA) COCPEIOTOYCHBI Ha TITYOOKOW WHTErpallid MaTeMaTH4ecKoro MOJCTHPOBAHMUS, MEePeOBhIX
AJTOPUTMOB B MH(POPMAITMOHHBIX TeXHOJOoTHH. Tak, 6one3an Anprreiimepa u [lapkuHCOHA 0COOCHHO
TPYIHO AMAarHOCTHPOBATh HAa PAHHUX CTAAMAX M3-3a UX CIIOKHOCTH M M3MEHYHBOCTH.

OcHOBHBIE CUMIITOMBI Oosie3HH [lapkrHCOHA BKIIFOYAIOT TPEMOp, PUTHIHOCTH, 3aMEIJICHUE JIBU-
KCHHUI W TIOCTYpabHYIO HECTAOMIBHOCTh [2]. PaHHSAS nuarHocTHka 3TOW OOJIE3HH — BBI3OB IS Me-
JUITMHCKOTO co001ecTBa. OOBIYHO K MOMEHTY MOCTAaHOBKH JUarHo3a okojo 60 % HUTrpoCTpHapHBIX
HEHpOHOB yxke JereHepuponaiy, a 80 % crpuapHoro godamuna uctomeHo [3]. Juarnoctuka 6omnes-
U [lapkrHCOHA OCHOBBIBaeTCS HAa METUIIMHCKOM aHaMHe3e, KIMHUYECKUX MpPHU3HAKaX U CUMITOMAX,
Ha PeaKIMHd Ha MPOTHBONAPKMHCOHWYECKHE Tpenaparsl. OmHAKO, MOCKOIBKY OOIIE3Hb pPa3BUBAETCS
MEJIEHHO, KIIMHUYECKHE CUMITTOMBI TIPOSIBIISTIOTCST TOIBKO TOT/IA, KOTAA TO(paMHHOBbIE HEUPOHBI HUT-
POCTpUAPHOM CHCTEMBbI 3HAYUTEIIBPHO UCTOICHBI, U HA MOMEHT JMarHOCTUKH MAIUEHTHI OOBIYHO HAXO-
JSITCS Ha MTPOJIBUHYTOM cTaauu OOJE3HH, UTO YIyCKaeT Jydllee BpeMs 1ist JieueHus. [loaToMy ydeHble
paboTaroT HaJ paHHEH TUarHOCTUKOM Oone3nu [lapkuHcona.

ABTOpHI [4] TIPEIIIOKUITHA HCTIOIH30BaTh TOIOCOBBIC 00PA3ITHI ISl OOHAPYKECHHS HATHYNS 00JIe3HU
[TapkuHcoHa y maruenTa. M3 roimocoBbIX 00pa3iioB W3BIEKANUCH TPU3HAKH, W KIIACCHU(UKAIIHS TIPOBO-
mtack ¢ moMotneio Extreme Learning Machine (ELM) ¢ tounoctero 81,55 %. B [5] ucnonp3oBancs
MHCTPYMEHT HEUPOHHBIX ceTedl B mporpamMmmHoM obecrniedennu MATLAB st knaccudukanuu Menu-
LUUHCKHX YJIBTPa3BYKOBBIX H300pakeHH. B OCHOBHOM M3y4aloch Y€pPHOE BELIECTBO B CPETHEM MO3Te
JUIsL OTIPEICTICHUST BEPOSITHOCTH OoJie3H [TapKHCOHA y NanneHTa.

bonesnp AnprrefiMepa sBIsSETCS HamOOJIEe pacIpOCTPAHCHHONW (OPMON TEMEHITHH, COCTABIISII
1o 70 % cirygaeB. OOpa3oBaHue -aMITOMTHBIX OJNSIIEK W HEHPODUOPMILIAPHBIX KIYOKOB Tay-Oenka
CUMTAETCS KITFOYEBBIMU MATOJIOTHISCKUMH H3MEHEHUSIMU Tipr Oosie3Hu AnbireliMepa. OHAKO 3TH U3-
MEHEHUSI Ha MPOTSHKSHUU JUITUTEIIBHOTO BPEMEHU HE TIPUBOJIAT K 3aMETHBIM KOTHUTUBHBIM HaPYIICHU-
sIM, U JIETEHEPAIlnsl CTPYKTYPhI MO3ra BMECTe ¢ (DYHKIIMOHATIHHBIMU OTKJIOHEHUSIMU Ha U300PaKEHUSIX
CTaHOBHTCSI OYEBUIHOM TOJNBKO Ha MO3THUX CTAIHSIX 3a00IeBaHUs.

B [6] uccnemoBammck Tpu Monenu miyookmx cBeprodHbIXx cetel (ResNet, DenseNet, EfficientNet)
W JIBE apXHUTEKTyphl Ha ocHOBe TpaHchopmepoB (MAE, DeiT) mis ymydimeHHs aBTOMaTHYECKOTO BBI-
SIBIICHUS] JIEMEHIIMHU 110 JaHHBIM MarHUTHO-PE30HAHCHOW TOMOTpadHy TOJOBHOTO MO3Tra C IO CO-
[IOCTABJICHUS BXOJHBIX M300paKCHUN C KIIMHHUYSCKUMH JUArHO3aMu. Pe3ynbrarThl SKCIIEPUMEHTOB TI0-
Ka3aju, 4TO apXUTEKTYpbl Ha OCHOBE TpaHChopMepoB (ocobenHo DeiT) nanu Hawmydiime pe3yiabTraThl
Kiaccuukanuu, J0CTUTHYB TouHOCTH 77 %. UccnenoBarenu B [7] npemiokuiau st 00paOOTKH 3BYKOB
peun apxutektypy SpeechFormer++. [locne n3BiedeHnsT aKyCTUYECKHUX TPH3HAKOB C HMCIIOIH30BAHUEM
nipenooyuernoi monenn HUBERT-Large Opliia mpoBeieHa OIieHKa 1o BBISABJICHUIO O0JIe3HN AJTbIrerimepa
Ha OCHOBE JIaHHBIX Pitt, 4T0 1aso Jydrime pe3ynbTaThl KITacCH(QHUKAIUN, TI0 CPABHEHUIO CO CTAaHIAPTHBIM
TpaHcdopmepoM, ¢ B3BelIeHHOH TouHOCThIO 81,3 %. B [8] ¢ ncnonszoBannem peueBbix qanHbix ADReSS
oowenHenbl TexHukd ASR 1 BERT 1151 CKBO3HOTO aBTOMaTHYECKOTO Paco3HaBaHus peur. Pe3ynbraTsl
TECTOB HAa OCHOBE YHCTO aKyCTUIECKUX U TEKCTOBBIX TAHHBIX cocTaBmim 74,65 u 84,51 % cOOTBETCTBEHHO,
4To Ha 15 1 9 % sydIne mo cpaBHEHHIO C OIMyOIIMKOBAaHHBIMU paHee 0a30BBIMH ITOKA3aATEIIMIL.

Mopnenu nmoacucTeMbl JMATHOCTUKHA HEBPOJIOTHYEeCKUX 3200/1eBaHU

B cucreme I'T-muarHocTrku Bech Tpolecc 0O0paOOTKH MAaHHBIX IJIA pacro3HaBaHUS HEBPOJIOTH-
YeCKUX 3a00JIeBaHUI TI0 M3MEHEHHUIO TOJI0Ca MAIMEHTOB MOJKHO TMPEICTaBUTh MaTeMaTHYECKUMHU MO-
JersiMA 00pabOTKK CHUTHAJIOB, BKJIFOYAsl dTalbl cOopa U 00pabOTKH TOJOCOBBIX JIaHHBIX, U3BIICUCHUE
[IPU3HAKOB U aHAJU3 JJaHHBIX. MaTeMaTH4eCcKoe MOJISIIMPOBAHUE HHTETPUPYET OMOIOTHYSCKUAE 3HAHUS
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C DKCIIEPUMEHTAJIbHBIMU JAHHBIMU B MAIIMHHYIO 00Pa0OTKY, IPEIOCTABIISI METO [UIsl HCCIICIOBAHUS
1 KOHIeNTyanu3anuy npuHInIoB [9]. [lomnas maremarnieckast MOJENb, OXBAaTHIBAIOIIAs BECh MTPOIIECC
OT cOopa JaHHBIX A0 TUArHOCTUKH HEBPOJOTHUYECKUX 3a00JIeBaHNI, MOKET OBITh IPEACTaBIICHA B BHJIE
KOMIIO3MTA MOCJIEI0BATEIbHBIX 0TOOPAKEHUH

D:G(F(E(DC(X)))), (1)

rae D — OKOHYaTeJbHBIH JHArHOCTHYECKUH pe3ynbrar; G — QYHKIMS aHaIW3a JaHHBIX, OCHOBAHHAS
Ha W3BJICUEHHBIX TPHU3HAKaX; /' — (QYHKIWS W3BICUCHUS MPHU3HAKOB; £ — 3Tanm 00pabOTKH CHTHAJIOB;
D, —nporecc cOopa 1aHHBIX; X — NCXOHBIE TaHHBIE.

AJITOPUTMBI ¥ 3KCIIEPHMEHTHI IPH PACIO3HABAHMH 00JIe3HHM AJIbLTeiiMepa

B uccnenoanusix [10, 11] m1s u3BieueHus: IpU3HAKOB U3 PEUEBBIX JAHHBIX MALUECHTOB U ONpee-
JICHHUSI BEPOATHOCTH HAJIMUUS y HUX O0JIe3HN AJbIreiiMepa UCIOIb30BaINCh METOJ CITyJailHBIX JIECOB
U HEHpOHHAs CeTh C ympaBisieMbIM pekyppeHTHbIM 3BeHOM (GRU), a ¢ momompto anroputma Grid-
SearchCV ocyiiecTrisiiach ONTUMHU3ALINS THIIEPIIAPAMETPOB KilacCu(uKaropa ciiydaitHoro jeca. Ciry-
YaifHBIN JIeC — 3TO METOJl aHCAMOJIEBOTO OOYUYEHHs, KOTOPBIA CTPOUT HECKOJBKO JIEPEBbEB PEIICHUIN
W arperupyeT UX MPOTHO3BI IS BEITIOTHEHUS 3a1a4 Kiraccudukauy win perpeccun. OH H3BECTEH 0CO-
00l TOYHOCTBIO TP 00PaOOTKE TaHHBIX C BHICOKOW Pa3MEpHOCTHIO M MEHBIIIEH CKIIOHHOCTBIO K Tiepe-
oOyuyernro. B [10] anroput™ ciyyaifHOTO Jieca MPUMEHSJICS K PEYEBBIM JAHHBIM TIOCIIE WU3BJICUCHHS
TEKCTOBBIX PU3HAKOB JIJIsl TUATHOCTHKH 00JIe3HN AJIbLreiiMepa y UCIbITyeMbIX. [I[pu3Haku, yuuThIBa-
€MbIC KaXK/IbIM JICPEBOM B IIPOLIECCE MIPUHSITHS PEIICHUI, BRIOUPAJIUCH CIIy4YaiiHbIM 00pa30M, YTO MOBbI-
11aJI0 pa3HO00pa3re MOJICIIH U YIyUIlIajJo TOYHOCTh KiTacCu(UKAIIUH,

B Ta6m. 1 mpeacTaBieHb! pe3yabTaThl SKCIIEPUMEHTATBHON OIIEHKH, KOTOPBIC CPAaBHUBAIOT PE3yJIbTa-
TBI IKCTIEPIMEHTOB ¢ 0a30BBIMH ITOKA3aTEISIMHU TOTO JKe Habopa JaHHBIX [ 12], a TakKe C TOYHOCTHIO BbI-
TIOJTHEHMSI TOH K€ 3a/1a4d KJIacCU(UKAIIMK Ha OCHOBE U3BJICUCHHSI TOJILKO TEKCTOBBIX MpU3HAKoB [13].
bazoBbie pe3ynbraThl OBLIH TONXYYEHBI C TIOMOIIBI0 Kiaccudukaropa LDA npu BBRINOIHEHUU 33]ja4u
pacrio3HaBaHus 00Jie3HN AJibIreliMepa C A3bIKOBBIMY ITPU3HAKAMU Ha OCHOBE CKBO3HOM KpOCC-BaIn1a-
muu LOSO (LOSO-CV) u3 Toro xe Habopa TaHHBIX.

Tadmuma 1. CpaBHeHHE pe3yJIbTaTOB IKCIIEPUMEHTOB ¢ 0230BBIMHU ITOKa3aTeISIMU
Ha OCHOBE 3a/1a4M TEKCTOBOI Kilaccu(pUKauu
Table 1. Comparison of experimental results with baseline indicators based on the text classification task

Habop nanHBIX Wccnenosarens Knaccudukarop Merton oneHku TounocTs, %
Luz S. [12] LDA LOSO-CV 77,0
LOSO-CV 85,2
Ad_speech CTa;;’fozilHHX CrnyuaiiHblii nec K-Fold Cross Validation 87,6
Byrcrpen-Beioopka 87,3
Haulcy R. [13] SVM LOSO-CV 83,3

GRU sBnsieTcss BapuanToM pekyppeHTHO# HeliponHo# cetrn (RNN), KOTOPBIN 1711 KOHTPOJISI TIOTO-
Ka WH(MOpPMAIH HCIIONB3YeT JBa MEXaHM3Ma YIpaBiIeHHs — cOpoc u oOHOBiIeHHE. biaromaps stomy
mexanusMy GRU crniocobeH 3axBaThIBaTh 3aBUCUMOCTH B JIAHHBIX BPEMEHHBIX PSJIOB, UTO JENAET €ro
0COOCHHO (PPEKTHBHBIM TIPU MOJICIIMPOBAHUY JIOJITOCPOYHBIX MOCIeAoBaTenbHOCTel. [1o cpaBHEeHMIO
¢ LSTM (pexyppeHTHOU HEMPOCETHIO C JONTOM KpaTkocpouHou maMsThio), GRU MoXkeT B HEKOTOPBIX
cirydadaXx JOoCTUraTrb AHAJIOTUYHOU WJIN Jaxe J'Iy‘IIlIefI IMPOU3BOAUTEIBHOCTH ¢ MCHBIIUM KOJINYCCTBOM
mapamMeTpoB U 0oJiee BRICOKOH CKOpoCThIo 00yueHus. Momens GRU ucmonp3oBanace B [11] 11 BBITION-
HEHUS 33/1a9 KIIACCH(HUKAINA PEUEBBIX TAHHBIX MTPH 00JIe3HU ATbIreiimepa.

AJTOPUTMBI M KCIIEPUMEHTHI PH pacno3HaBaHuu 0oJie3Hu Ilapkuacona

[lyOnmrunsle HAOOpHI HaHHBIX ObUTH coOpaHbl y 188 marmuentoB c¢ Oone3nbio [lapkuHcoHa
(y 107 myxumn u 81 xeHmmMHBI) B Bo3pacTe oT 33 g0 87 JeT B HEBPOJOTHMUYECKOM OTAEICHUHU
MeaunuHCKoro (akynsrera CramOynbckoro yHuBepeurera [xeppaxnama [14]. Konrposnbhas rpymma
cocrosiyia u3 64 310poBbIX JtoneH (23 MyxuuH 1 41 keHuuHbl) B Bo3pacte oT 41 10 82 net. Bo Bpems
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cOopa JaHHBIX MEUKPO(OH OBLT HaCTpOeH Ha 9acToTy 44,1 kI'I1, M OT KaXK/I0TO yJYaCTHHUKA TPUK/IBI 3aITH-
CBIBAJIOCH YCTOMYMBOE MPOU3HOIICHNE TIIACHON «a».

[Tocne ouncTku U PemoOPaOOTKH JAHHBIX IS KaXKIOH TOJI0COBOH 3ammucy aBTOPHI [ 15] m3BiIekn
21 6a3oBBIif MpU3HAK (IIATH BAPHAHTOB JPKUTTEPA, IIECTh BAPHAHTOB IITUMMEpPa, TSTh TapaMeTPOB OcC-
HOBHOH 4acCTOTHI, IBa NapaMeTpa TapMOHUYHOCTH, OAUH MPU3HAK SHTPOIUU IUIOTHOCTH MEPUOIA pe-
LUMBA, OJVH MPU3HAK aHau3a QIyKTyalu, yCTPaHEHHBIX OT TPEH/Ia, U OJMH IIPU3HAK SHTPOITHH I1e-
pHuoia OCHOBHOTO TOHA), 11 BpeMEHHO-YaCTOTHBIX MPU3HAKOB (TPH apaMeTpa MHTEHCUBHOCTH, YEThIpe
4acTOThl (OPMAHT U YETHIPE XapaKTEPUCTHKH TIOJOCHI MPOIYCKaHUs), 84 IPpU3HAKA MEI-KEeTICTPATbHBIX
koadppunmentoB (MFCC), 182 nmpu3Haka Ha OCHOBE BEHBIIET-TIpeoOpa3oBaHus, 22 MPHU3HAKA TOJIOCO-
BBIX CBSI30K (TpH MPU3HAKA COOTHOIIIEHUS TOJOCOBBIX CBSI30K, IIIECTh MTPU3HAKOB BO30YXKICHHUS TOIOCO-
BBIX CBSI30K IITyMOM, CEMb ITPU3HAKOB COOTHOIIEHHSI BO30YK/ICHHS TOJIOCOBBIX CBS30K M IIECTh MPU3HA-
KOB Ha OCHOBE SMIIMPHYECKOTO MOAAIBHOTO pasiokeHus) u 432 mpu3Haka BelBIeT-NpeoOpa3oBaHus
¢ perynmupyeMbiM Q-daxTopoM. Habop naHHBIX ¢ mpu3HaKaMu ObLT HOPMaJIM30BaH, pa3JielieH Ha Tpe-
HUPOBOYHBIC M TECTOBBIE HAOOPHI B cooTHOMIEHNUH 9: 1. TpeHupoBoUHbIE HAOOPHI IAHHBIX ObLTH 00y4e-
HBI ¥ TIPOTECTHUPOBAHBI C MCIIOI30BAHUEM IMATHKPATHONW KPOCC-BAIHUIAINH C TTIOBTOPEHUEM IISATH pas.
TecroBble HAOOPHI NCTIOTB30BAIUCH IS PUHATFHON TIPOBEPKH PE3YIIBETATOB.

B [15] myist BEINOHEHMS 3a71a49¥ KIIACCU(UKAIIMH TOJIOCOBBIX JJAHHBIX MAIMEHTOB ¢ Oone3Hbto [lap-
KMHCOHA pUMeHsuHch anropuTMbl KNN, crnyvaiiHoro neca u 6aiiecoBCKoil HepoHHOI ceT. Pesyib-
TaThl IMArHOCTUKU Oosie3Hu [lapkuHCcoHa, mpuBeieHHbIe B [15], ObUIH COMOCTABIICHBI ¢ MTOTYYSHHBIMU
pe3yiIbTaTaMu IpyTuX HccieaoBaTene (Taom. 2).

Ta6auma 2. ConocTapieHUE pe3yIbTaTOB TUarHOCTUKU Ooie3Hu [lapkuHCOHa,
MTOJTYYE€HHBIX PA3IMYHBIMU UCCIICOBATEISIMH
Table 2. Comparison of Parkinson’s disease diagnostic results obtained by different researchers

Habop maHHBIX Uccnenosarenn Merton nccnenoBanus Tounocts, %
SVM (RBF) 86
Sakar C. O. [14] SVM (nmHeitHOE) 83
MHOrocI10iHbII NEPLHENTPOH 84
Pd _speech KNN 94
Crarbu pa3HBIX aBTOPOB CrnyyaifHbIif Jec 88
BaiiecoBckast HelipOHHAsI CETh 74

[lo pesynsraram, mpuBeIEHHBIM B Ta0I. 2, 04eBUIHO, uTO anroputM KNN Ha ToMm xe Habope naH-
HBIX UMeeT OOJIBIIYIO TOYHOCTD pacno3HaBanus O0onesznu [lapkuncona — 94 %.

3aKJIroueHue

1. DKcrieprMeHTaIbHBIE PE3ybTaThl, MOJYYCHHBIC C UCIIOIB30BAHUEM aJTOPUTMOB MAIIMHHOTO
oOyuenus ciaydaitHoro geca 1 KNN Ha 0a3ze HEHMpPOHHOI CeTH C yIpaBiIseMbIM PeKyPPEHTHBIM 3BEHOM,
YKa3bIBAIOT HA TO, YTO IPUMEHEHHE YTUX TEXHOJIOTHII MOKET MOBBICUTH TOUHOCThH TUAaTHOCTHUKU HEBPO-
JIOTHUECKHX 3a00JieBaHMii (HapuMep, Oosie3Her AJibireiiMepa u [lapkuHCOHA) 110 CPaBHEHUIO ¢ Tpa-
JUIMOHHBIMH METOJAaMM, OCHOBAHHBIMM Ha MEIMIIMHCKOM aHAMHE3€ U KJIMHUYECKUX HAOIIOICHUX.

2. B 3apauax I'T-auarHocTuky npuMeHeHUe anropuTMoB cirydaitnoro jgeca u KNN no3Bosuio goc-
TUYh YPOBHS TOYHOCTH pacliO3HaBaHUs JUIsl Ooie3Heil Aunbnreiimepa u llapkmHCOHA COOTBETCTBEH-
HO 87,6 1 94,0 %.

3. B manpHeHInX uccienoBaHusIX HEOOX0AUMO MpoBecTH pa3padoTky moacucteM I T-guarnoctuku
OonesHelt Anbireiimepa u [TapkuHCOHA ¢ BHEIPEHUEM UX B JICUCOHBIX OPraHU3aLUAX [Tl IPOBEICHHUS
KJIMHUYECKUX UCIIBITAHUMH.
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Abstract. This paper presents a multi-branch convolutional neural network designed for glaucoma diagnosis using
optical coherence tomography biomarkers and synthetic image simulations. The network includes six branches,
each targeting key anatomical features. Trained on a synthetic dataset, the model achieved a validation accuracy
0f 94.2 % and a training loss of 0.162, demonstrating effectiveness in distinguishing between different glaucoma
types. The results also highlight the potential for further accuracy improvement, particularly in reducing classifi-
cation errors between closely related conditions.
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APXUTEKTYPA MHOI'OBETBEBOU CBEPTOYHOM HEMPOHHOM CETHU
JIISI IMATHOCTHUKH INIAYKOMbBI HA OCHOBE BUOMAPKEPOB
ONTUYECKOM KOTEPEHTHOM TOMOTI PAOUUN
U CUMYJISIINU CUHTETHYECKHUX U30BPAKEHUIN

®. B. YCEHKO, A. M. [IPYIHHUK

Benopycckuii eocydapcmeennnlil yHugepcumen uH@GOPMAmuKu u paouodleKmpOoHUKU
(2. Munck, Pecnybnuxa benapycsy)

AHHoTanus. B crarbe nmpezicTaBieHa MHOTOBETBEBAsI CBEPTOUHAs HEHPOHHASI CETh, pa3paboTaHHas ISt ANArHOC-
THKH TJIAyKOMBI C UCIIOJIb30BAaHHEM OMOMAapKEpOB ONTHYECKOW KOTepEeHTHON TOMOrpaduu U CUMYISILIMN CHHTE-
THUECKUX M300pakeHnii. CeTh BKIIOYAET IECTh BETBEH, Kak[as M3 KOTOPHIX HalleleHa Ha KIFOYEBbIE aHATO-
Muueckue ocobeHHocti. OOydueHHas Ha CHHTETHYECKOM HaOOpe AaHHBIX, MOZEb MOKa3ala TOYHOCTh IPOBEp-
k1 94,2 % n norepu npu odydenun 0,162, nemoHcTprpys 3PGEKTUBHOCT B pa3InYEHUN PAa3HBIX THIIOB IVIayKO-
MBI Pe3ynbTarsl Takke NOAYEPKUBAIOT MIOTEHINAN MOAEIHU ISl AaIbHEHIIEro OBBIIIEHHS TOYHOCTH, OCOOEHHO
B YaCTH YMEHBIICHHS OMINOOK KJIACCH(HUKANH MEKTY OM3KHUMHU COCTOSHHSIMU.
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KoroueBble cj10Ba: JMAarHOCTHKA TNIAYKOMBI, ONTHYECKash KOTepPEeHTHas ToMorpadus, cBepTouHas HeHpOHHas
ceTb, OMOMapKephbl ONTHYECKOH KOrepeHTHOH ToMorpaduu, IreHepaunsi CHHTeTHYECKUX JaHHBIX, CErMCHTALU
n300pakeHnH, nryobokoe 00ydeHue B 0hTaIbMOJIOTHH.

KoHpaukT nHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHM KOH(IUKTA HHTEPECOB.

BbaaronapHocTb. BeipakaeM HCKpEeHHIOIO OJarofapHOCTh COTpyAHHKaM Kadenpsl oprambmonorun MHCTHTY-
Ta TIOBBINICHUS KBAJTU(HUKAINK M TEPETOArOTOBKH KaJIpOB 3ApaBOOXpaHEHHs beIopycckoro rocy1apcTBEHHOTO
MEIUILUHCKOTO YHUBEPCUTETA KaHAUAATY MEJULMHCKUX Hayk, noueHTy Okcane HukomaeBne [lynud u oKTOpy
MEIMIMHCKHUX HayK, npodeccopy Bukropun Jleonnnosne KpacninbHIKOBOM 3a IeHHOE 00CYKAECHHE U KOHCTPYK-
TUBHBIC 3aMEYaHNUs, KOTOPbIe CTIOCOOCTBOBAIM COBEPIICHCTBOBAHMIO JAHHOW CTAThH.

Just nutupoBanms. Ycenko, @. B. ApxutekTypa MHOIOBETBEBOI CBEPTOUHON HEHPOHHOW CETH AJIsi JUarHoc-
THKH TJIayKOMbI Ha OCHOBE OMOMapKepOB ONTHYECKON KOT€PEHTHOH TOMOTpadMu M CUMYJISIIUA CUHTETHYECKHX
nzobpaxennii / @. B. Yeenko, A. M. Ilpynnux // Hoxnaaer BI'YUP. 2025. T. 23, Ne 1. C. 74-82. http://dx.doi.
org/10.35596/1729-7648-2025-23-1-74-82.

Introduction

Glaucoma, a leading cause of blindness globally, is denoted by various ICD codes (H40-H42) de-
pending on the type and severity [1]. This group of eye diseases is characterized by increased intraocular
pressure (IOP), leading to optic nerve atrophy and visual impairment. Its pathogenesis involves aqueous
humor dynamics, necessitating antihypertensive, ocular blood flow, and neuroprotective treatments [2].
Early and accurate diagnosis, essential for preventing irreversible vision loss, is challenged by asymp-
tomatic progression in early stages. Conventional diagnostics like tonometry and optic nerve exams
are skill and equipment-intensive [3].

With the increasing prevalence of glaucoma, particularly in resource-limited settings, there
is a pressing need for innovative diagnostic tools. Artificial intelligence (Al) offers promising solutions
by automating the diagnostic process and analyzing large data sets to detect early pathological changes
with high accuracy [4]. Al’s capabilities not only enhance multi-class classification of disease stages but
also necessitate the creation of multi-class tools to diagnose different varieties of glaucoma, including
open-angle, angle-closure, normal-tension, and secondary glaucoma [5].

Ultimately, the integration of Al in glaucoma diagnosis represents a significant advancement
in the fight against blindness, combining traditional clinical practices with cutting-edge technology
to improve patient outcomes and streamline healthcare services.

Experiment

Glaucoma diagnosis using imaging techniques focuses on several critical anatomical features
of the eye that undergo changes due to the disease. These features are essential for accurate diagnosis
and are visible in optical coherence tomography (OCT) images:

e Retinal Nerve Fiber Layer (RNFL) Thickness;

e Optic Nerve Head Cupping (Cup-to-Disc Ratio);

e Neuroretinal Rim Thickness;

o Juxtapapillary RNFL Thickness;

e Optic Nerve Sheath Diameter;

e Macular Thickness.

The thickness of the RNFL is a diagnostic marker for glaucoma, reflecting the accumulation of re-
tinal ganglion cell axons. Thinning of this layer is indicative of glaucoma progression and is assessed
to monitor disease advancement [6].

Optic nerve head cupping is fundamental in glaucoma assessments, where an increased ratio indi-
cates potential glaucomatous damage. It is a primary marker used in screening and evaluating glaucoma
severity [7].

The neuroretinal rim, which outlines the optic disc, tends to thin as glaucoma progresses. Evaluating
its thickness helps in determining the extent of glaucomatous damage [8].

Measuring the RNFL thickness near the optic disc is vital for early detection of glaucoma. This area
is among the first to show glaucomatous changes, making its assessment crucial for early intervention [9].

Variations in the diameter of the sheath that surrounds the optic nerve are related to changes in int-
racranial pressure, which is associated with glaucoma. Monitoring this diameter can help gauge the prog-
ression or stabilization of the disease [10].
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The macula’s thickness provides valuable insights, especially in glaucoma types where peripheral
vision loss occurs. Changes in macular thickness can corroborate findings from peripapillary assess-
ments [11].

Given the complexity and variability in these features, a single analytic approach may not suffice
to capture all the nuances necessary for an accurate diagnosis. This leads to the necessity of developing
a multi-branch convolutional neural network (CNN). A multi-branch CNN can process and analyze each
key feature separately, allowing for a comprehensive evaluation of the images. This method enhances
diagnostic accuracy and ensures that subtle but clinically significant variations are accurately detected.

Accurate classification of glaucoma types — normal condition (healthy eyes with no glaucoma),
open-angle glaucoma, angle-closure (closed-angle) glaucoma, normal-tension glaucoma, and secondary
glaucoma — is essential for effective treatment and management. Each type has distinct characteristics:
open-angle glaucoma is often asymptomatic and progresses slowly, making it the most common form;
angle-closure glaucoma requires immediate intervention to prevent acute vision loss; normal-tension
glaucoma occurs despite normal IOP levels, complicating diagnosis; and secondary glaucoma arises
from other conditions or external factors [1, 12]).

Developing a multi-class architecture to recognize these glaucoma classes can enhance diagnostic
accuracy, facilitating timely and tailored treatment strategies. This technological advancement not only
supports early detection but also promotes personalized medical approaches, significantly improving
patient outcomes across different glaucoma types [4].

The multi-branch CNN architecture employs six specialized branches, each processing
224x224x1 grayscale OCT images targeting distinct anatomical features crucial for comprehensive
glaucoma assessment. This design aligns with established clinical diagnostic protocols that require con-
current analysis of multiple structural parameters.

The input resolution of 224x224x1 was selected based on multiple clinical and technical consi-
derations. Clinically, standard OCT scans typically offer detailed images at an axial resolution
of 15-20 pm. A 224x224 px image spans an area of approximately 6x6 mm on the retina, which is ade-
quate for visualizing the entire optic disc (with a typical diameter of about 1.5 mm), ensuring pro-
per peripapillary RNFL sampling via a 3.4 mm circular scan, and assessing macular thickness over
a 6 mm diameter area.

Regarding technical specifications, single-channel grayscale images are sufficient since OCT pro-
vides structural, rather than color, information. The 224x224 resolution strikes a balance between pre-
serving detail for fine structures (ranging from 10-20 pm), ensuring computational efficiency, and main-
taining compatibility with standard CNN architectures such as VGG and ResNet variants. This resolu-
tion offers a spatial resolution of approximately 27 um per pixel, which surpasses the minimum clinical
requirement of 50 um per pixel needed to detect early glaucomatous changes [13].

The specialized branches reflect the key anatomical regions that exhibit characteristic changes in dif-
ferent glaucoma subtypes. This architecture enables simultaneous evaluation of both localized defects
and global structural changes, essential for differentiating between primary open-angle, angle-closure,
normal-tension, and secondary glaucoma variants.

The RNFL branch employs a convolutional architecture optimized for detecting glaucomatous
damage through thickness measurements. The design incorporates 2x2 kernels progressing through
layers (32—64—128 filters) to capture RNFL changes at the scale of 10-20 um, critical for early glau-
coma detection. This configuration aligns with established clinical thresholds: normal (90—100 pum), ear-
ly damage (70-90 um), and advanced loss (<70 pm). The architecture’s depth with MaxPooling allows
simultaneous analysis of localized defects and global thinning patterns, particularly in superior/inferior
arcuate regions — key indicators of glaucomatous progression [14]. Global average pooling aggregates
features representing sectoral analysis patterns and deviations from age-matched normative data, enab-
ling classification accuracy while maintaining clinical interpretability (Fig. 1, a).

The cup-to-disc branch employs a convolutional architecture optimized for analyzing optic disc
morphology and cup-to-disc ratio (CDR), a critical biomarker for glaucoma progression. The design
utilizes larger kernels (5x5—4x4—3x3) to capture structural features across multiple spatial scales.
This configuration aligns with established clinical parameters: normal CDR (<0.5), early glaucomatous
changes (0.5-0.7), and advanced optic nerve head cupping (>0.7). The architecture’s progressive kernel
size reduction facilitates hierarchical feature extraction, from global disc margins to fine-scale rim pre-
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servation assessment. MaxPooling layers positioned after convolutions enable simultaneous evaluation
of vertical and horizontal cup elongation patterns — characteristic indicators of glaucomatous progres-
sion [15]. The branch terminates with global average pooling to maintain spatial relationship integrity
while reducing dimensionality (Fig. 1, b).

RNFL Branch Cup-to-Disc Branch Rim Branch
1. Input (224%x224x1) 1. Input (22f><224><1) 1. Input (224x224x1)
2. Conv2DJ('2x2, 32) 2. COHVZDJ('5><5. 32) 2. Parallel Conv2lD (2x2 & 3%3)
3. MafoooIZD 3. MaXF100|2D 3, BatchNorr:Ir'1 + Concat
4. ConVZDL(ZXZ, 64) 4. Conv2Di(4><4, 64) 4. MaxPlooIZD
5. ConVZDEZXZ, 64) B MaxF100I2D 5. Conv2D + Skjip Connection
6. MaxPool2D 6. Conv2D (J,3X3’ 128) 6. MaxPool2D
7. Conv2D (izxz, 128) 7. GlobalAveragePooling2D 7. Conv2D (lzxz, 128)
8. GIobaIAveralgePooIinQZD 8. GIobaIAvera;LgePooIinQZD
a b c
Juxtapapillary Branch Sheath Branch Macular Branch
1. Input (224x224x1) 1. Input (224x224x1) 1. Input (224%x224x1)
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5. Conv2D¢(3><3, 64) 5. Attenticl)n Layer B, Conv2Di(3x3, 64)
6. MaxPL00I2D 6. MaxP¢00I2D 6. MaxP¢0012D
7. Conv2D (L2x2, 128) 7. Conv2D (‘L3><3, 128) 7. Conv2D :2><2, 128)
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d e

Fig. 1. Network architectures of the multi-branch convolutional neural network model:
a — RNFL thickness branch; b — cup-to-disc ratio branch; ¢ — neuroretinal rim thickness branch;
d — juxtapapillary RNFL branch; e — optic nerve sheath branch; f— macular thickness branch

The neuroretinal rim branch employs a dual-pathway CNN architecture optimized for precise rim
tissue analysis and ISNT (Inferior-Superior-Nasal-Temporal) rule compliance assessment. The design
incorporates parallel processing streams: a fine-detail path with 2x2 kernels for thickness measure-
ments (200-500 um), and a context path with dilated 3x3 convolutions for broader rim pattern analy-
sis. This configuration aligns with established clinical parameters: normal rim width (>0.3 mm), focal
notching (<0.2 mm), and ISNT rule violations. The architecture implements an attention mechanism
focusing on rim regions and employs skip connections to preserve fine thickness gradients [16]. Global
average pooling maintains spatial relationships while facilitating rim sector analysis (Fig. 1, ¢).

The juxtapapillary RNFL branch employs a dual-pathway CNN architecture optimized for ana-
lyzing the critical 3.4 mm circular scan region around the optic disc. The design incorporates a layer
segmentation path with 2x2 kernels for precise boundary detection (8—10 pum resolution) and a circular
pattern path utilizing dilated convolutions for broader contextual analysis. This configuration aligns
with established clinical parameters: normal thickness (90—108 um), early thinning (70—89 pum), and ad-
vanced loss (<70 um). The architecture implements feature fusion between paths to simultaneously cap-
ture localized defects and circular thickness patterns [17]. Batch normalization and MaxPooling layers
strategically maintain spatial relationships while reducing dimensionality (Fig. 1, d).
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The optic nerve sheath diameter branch employs a dual-pathway CNN architecture optimized
for measurement of the subarachnoid space at standardized distances (3 mm) posterior to the globe.
The design incorporates orthogonal kernel configurations (2x5 vertical, 5x2 horizontal) for enhanced
boundary detection sensitivity (0.1 mm precision) and measurement point localization. This confi-
guration aligns with established clinical parameters: normal diameter (5.0-5.5 mm), borderline ele-
vation (5.5-6.0 mm), and pathological distension (>6.0 mm). The architecture implements a spatial
attention mechanism focusing on standardized measurement points while maintaining sensitivity to sur-
rounding anatomical context [18]. Multi-point analysis enables detection of gradients indicative of intra-
cranial pressure variations (Fig. 1, e).

The macular thickness branch employs a dual-pathway CNN architecture optimized for simulta-
neous layer segmentation and regional thickness analysis. The design incorporates parallel processing
streams: a segmentation path with 2x2 kernels for precise layer boundary detection (8—10 pm resolu-
tion), and a regional analysis path utilizing dilated convolutions for sector-wise processing (superior, in-
ferior, nasal, temporal quadrants). This configuration aligns with established clinical parameters: normal
central subfield thickness (260 = 20 pm), early thinning (<240 um), and advanced loss (<220 um) [11].
The architecture implements sector-wise attention mechanisms focusing on clinically significant regions
while preserving layer boundary information through skip connections (Fig. 1, ).

To validate and test our multi-branch CNN architecture designed for glaucoma detection, we imple-
mented a synthetic data generation pipeline that creates controlled test images with precise feature varia-
tions. This approach allows us to systematically evaluate how each specialized branch of the network
processes and learns from specific anatomical patterns, ensuring robust feature extraction capabilities
across different input characteristics.

From a technical implementation perspective, our synthetic data generator creates 224x224x1 gray-
scale images using NumPy arrays and mathematical modeling. While the base generation produces
single-channel grayscale images, the visualization module applies a colormap during display to enhance
pattern visibility and feature differentiation. This is purely for visualization purposes and doesn’t affect
the actual network input. The generator implements specialized methods for each feature type using
coordinate-based calculations and masked arrays.

In computer graphics terms, each pixel in our 224x224 synthetic images represents approxima-
tely 8—10 pm of actual retinal tissue depth, consistent with the axial resolution of standard clinical
OCT scanners [19]. This proportion arises from mapping a 2x2 mm area of the retina onto a 224x224 pi-
xel grid, translating to roughly 8.9 um per pixel. Although this sometimes makes the transitions between
pixel intensities appear slightly pixelized, the effect accurately mirrors the inherent resolution limita-
tions of real OCT scans, ensuring that the synthetic data remains both physiologically and diagnostically
realistic.

To generate RNFL synthetic images, the generator creates circular scan patterns with 3.4 mm dia-
meter through angular masking and coordinate-based calculations. Blood vessel shadows are added
at [(0.8, 0.1), (2.3, 0.1), (0.8, 0.1), (2.3, 0.1)] radians with 0.85 intensity reduction. The implemen-
tation includes smooth transitions between different thickness regions using Gaussian filtering (c = 2)
and incorporates age-related variations through random scaling factors (0.9—-1.0). Edge smoothing
and texture simulation employ controlled random noise (¢ = 0.05) to mimic the inherent speckle pat-
terns observed in OCT scans (Fig. 2, a).

To generate cup-to-disc synthetic images, the generator creates circular disc patterns with va-
rying sizes (1.0-2.5 mm diameter) through coordinate-based masking and concentric circles. Cup re-
gions are generated with clinically relevant cup-to-disc ratios ranging from normal (0.1-0.4) to ad-
vanced glaucoma (0.7-0.9). The implementation includes vertical elongation for glaucomatous cups
(1.1-1.3 stretch factor) and incorporates vessel trunk deviations using angular masking (—m/6 to 7/6).
Edge smoothing uses Gaussian filtering (¢ = 1) and texture simulation employs controlled random
noise (o = 0.05) (Fig. 2, b).

To generate neuroretinal rim synthetic images, the generator creates anatomically accurate patterns
following the ISNT rule (Inferior > Superior > Nasal > Temporal) using precise rim area measurements
ranging from normal (1.6-2.0 mm?) to advanced loss (0.6-0.99 mm?). The implementation produces cir-
cular patterns with sector-specific thickness variations, where the inferior rim is thickest (1.0-1.2 ratio)
followed by superior (0.9—-1.1 ratio), nasal (0.7-0.9 ratio), and temporal (0.5-0.7 ratio) sectors. For patho-
logical cases, it simulates focal notching by applying 50 % thickness reduction at random angular posi-
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tions and creates diffuse thinning patterns by applying a 30 % reduction across all sectors. The generator
also incorporates age-related variations through a random factor between 0.9-1.0 and applies Gaussian
smoothing (o = 1) to create natural-looking transitions between sectors (Fig. 2, ¢).
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Fig. 2. Synthetic samples examples: @ — RNFL thickness branch; b — cup-to-disc ratio branch;
¢ — neuroretinal rim thickness branch; d — juxtapapillary RNFL branch; e — optic nerve sheath branch;
f—macular thickness branch

To generate juxtapapillary RNFL synthetic images, the generator creates anatomically accurate pat-
terns following established clinical standards. The method implements clinically precise thickness ranges:
normal (90-120 pm), early loss (70—89 pum), moderate loss (50—69 pum), and advanced loss (30—49 pm).
The generator employs the standardized 3.4 mm circular scan pattern around the optic nerve head,
which is the clinical standard for RNFL assessment. It incorporates the TSNIT profile with anatomically
correct sectoral variations — temporal being the thinnest (70-80 % of base thickness), superior and in-
ferior being the thickest (120—140 % of base), and nasal having medium thickness (80-90 % of base).
The method also simulates pathological features including wedge defects in glaucomatous cases, posi-
tioned blood vessel shadows at anatomically correct locations (0.7 and —0.7 radians), and age-related
variations in normal cases. Gaussian smoothing is applied to create realistic tissue-like appearance,
ensuring the synthetic images closely mimic real OCT scans (Fig. 2, d).

To generate optic nerve sheath synthetic images, the generator creates anatomically accurate rep-
resentations incorporating critical clinical parameters and measurement standards. The implementation
utilizes a multi-component approach where the central optic nerve (approximately 40 % of total dia-
meter) is rendered with lower intensity (0.3) surrounded by a brighter sheath region (0.8), maintaining
clinically validated diameter ranges (5.5-6.0 mm for normal, 6.0—6.5 mm for borderline, and >6.5 mm
for elevated cases). The generator includes a standardized measurement point at the 3.0 mm position
posterior to the globe, facilitating consistent optic nerve sheath diameter assessment. This methodology
ensures the synthetic data maintains high fidelity to real OCT imaging characteristics while incorpora-
ting physiological variations and pathological conditions (Fig. 2, e).

To generate macular thickness synthetic images, the generator creates anatomically accurate rep-
resentations incorporating clinically validated features such as proper foveal depression (250—310 pm
central thickness), concentric ETDRS grid zones (central 1 mm, inner 3 mm, outer 6 mm), and phy-
siologically appropriate Ganglion Cell Layer plus Inner Plexiform Layer (GCL + IPL) complex thin-
ning patterns characteristic of glaucomatous damage. The implementation maintains thickness gradients
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using Gaussian smoothing (o = 1) for natural transitions between retinal layers, while incorporating
age-related variations (0.9-1.0 factor) and anatomical noise (2 pm standard deviation) to simulate real
OCT measurements. This approach ensures generated images reflect both normal anatomical variation
and pathological changes seen in early to advanced glaucoma, with total retinal thickness constrained
within clinically observed limits (150-350 pm) and superior-inferior GCL + IPL asymmetry (0.85 fac-
tor) in disease states (Fig. 2, f).

A synthetic dataset comprising 500 samples per feature was generated utilizing the abovementioned
clinically validated parameters. The data were stored in Hierarchical Data Format 5 (HDFS), incorpo-
rating essential metadata elements including precise generation timestamps and detailed feature speci-
fications. Dataset reproducibility was established through implementation of standardized random seed
initialization protocols, while clinical validity was maintained through strict adherence to established
diagnostic criteria across five glaucoma classifications. The complete dataset architecture has been made
available through an open-source repository, enabling independent validation and extension of the pre-
sent findings by the scientific community [20].

Results and discussion

The multi-branch convolutional neural network was trained using an Adam optimizer with an initial
learning rate of 0.001 and B, = 0.9, B, = 0.999. Training was conducted over 10 epochs with a batch
size of 32 samples, utilizing an 80-20 training-validation split ratio. The model architecture, compri-
sing six specialized feature extraction branches, was trained end-to-end using categorical cross-entropy
loss function and L2 regularization (A = 1 - 107 to mitigate overfitting. Batch normalization was ap-
plied after each convolutional layer to stabilize training, with a momentum parameter of 0.99. Dropout
(rate = 0.5) was implemented in the fully connected layers. The learning rate schedule incorporated
a reduction factor of 0.1 when validation loss plateaued for 3 consecutive epochs. Training was per-
formed on a CPU-optimized environment using TensorFlow 2.x, with single-precision floating-point
arithmetic (FP32) for numerical computations. Model convergence was achieved with a final validation
accuracy of 94.2 % and a training loss of 0.162, demonstrating robust feature extraction capabilities
across all anatomical input modalities.

To quantitatively assess the performance and convergence of the model throughout the training
process, we monitored key metrics, including training loss and validation accuracy. These metrics pro-
vide insights into the effectiveness of the learning rate adjustments and the impact of regularization
techniques employed to prevent overfitting. As depicted in Fig. 3, a, the training and validation loss
curves indicate a steady decline in loss over successive epochs, affirming the efficacy of the Adam op-
timizer in minimizing the cost function. Concurrently, Fig. 3, b illustrates the progression of training
and validation accuracy, demonstrating substantial improvement, which underscores the model’s ability
to generalize across diverse datasets.
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Fig. 3. Training outcomes for the multi-branch convolutional neural network model:
a — training and validation loss curve; b — training and validation accuracy curve
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To evaluate our classification model, we employed a confusion matrix generated from predic-
tions made on a test dataset. The results showed that the model correctly identified normal conditions
578 times but misclassified it as open-angle glaucoma 10 times and as angle-closure glaucoma 15 times.
For open-angle glaucoma, the model achieved 556 correct predictions, with minor errors in classifica-
tion as angle-closure and normal-tension glaucoma. Angle-closure glaucoma was correctly identified
534 times, normal-tension glaucoma 571 times, and secondary glaucoma 566 times. These figures in-
dicate strong diagnostic capabilities, particularly with the high number of correct classifications. Ho-
wever, the presence of misclassifications, especially between closely related categories like open-angle
and angle-closure, suggests areas where the model could be further refined to enhance its accuracy.

Conclusion

In conclusion, while our multi-branch convolutional neural network demonstrates promising diag-
nostic capabilities for glaucoma classification, further improvements can be made to refine its precision.
Specifically, focusing on reducing misclassifications between closely related glaucoma categories such
as open-angle glaucoma and angle-closure glaucoma could enhance diagnostic accuracy. Techniques
such as increasing the depth of feature extraction layers, incorporating more diverse training data, or ap-
plying more sophisticated forms of data augmentation may help mitigate these issues. Additionally,
experimenting with alternative optimization algorithms or adjusting hyperparameters could provide
further gains in model performance. These adjustments are expected to improve the model’s sensiti-
vity and specificity, making it a more reliable tool in clinical settings. To validate these enhancements,
subsequent testing will be conducted on real image datasets, such as ORIGA and a dataset developed
in collaboration with ophthalmologists, to ensure performance under clinical conditions.
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Annoranust. [IpoBenena oneHka OMOIIIEKTPUUECKOM aKTHBHOCTH JKEBATEIBHBIX W BHCOYHBIX MBIIII] B IOKOE
Y [P [TPOM3BOJILHOM HAIPSHKEHUHU Y TALMEHTOB C KIIMHUYECKUMHU TIPU3HAaKaMK OpyKcru3Ma. YCTaHOBIICHO MIPEBbI-
LIEHNE 3HAYE€HUI CpPeIHEN aMILUIUTY b ISl IPABOW M JIEBOM JKEBATENBHBIX U BUCOYHBIX MBI IIPH IPOU3BOIBHOM
HalpsDKCHUH Y MAlMEHTOB ¢ KIIMHNYECKUMHU NTPU3HAKaMU OpYKCH3Ma B CPaBHEHUH C TAI[IEHTaMU KOHTPOJILHOM
rpymnmsl. M3ydenue cpeaneil aMImIuTyabl MOKOs IS KEeBATEIbHBIX U BUCOYHBIX MBIIII] Y MAI[EHTOB C IPU3HAKaMH
OpyKcHu3Ma B CPaBHEHHH C MAIIMEHTaMH KOHTPOJIBHOH I'PYIITBI HO3BOJIMIIO OTIPEEIHTh YBEIMUCHNE 3HAYCHUH KaKk
JUIS )KEBATENBHBIX, TaK M JUISl BUCOYHBIX MBI, [ToydeHHbIe JaHHbIE YKa3bIBAIOT Ha CTOMKHE (DYyHKIIMOHAJIBHBIC
HapYILIEHUS MBIIIL] YEJTFOCTHO-JMIEBOM 00JIaCTH Y NMAIlIMEHTOB C KIMHMYECKUMH IIPHU3HAKaMU OpYKCH3Ma, KOTOPbIE
XapaKTepHU3yIOTCS BBIPAKEHHBIM OTKIIOHEHHEM 3HaUE€HUH CpeJHEN 1 MAKCUMAIIbHON aMILTUTY/] B [TOKOE U TP IIPO-
W3BOJIBHOM HAalpsDKEHHM, a TAaKKe aCHUMMETpPUEH aMIUIMTYIHO-4aCTOTHBIX XapaKTepPUCTUK. AHaiau3 JaHHBIX
OHMORIIEKTPUYECKON aKTHBHOCTH KEBATEIBHBIX U BUCOUHBIX MBIIII] B ITOKOE U TPU NMPOU3BOJIEHOM HAMPSKCHUN
MOCJIe Kypca KOMIUIEKCHOW Teparuy yKa3blBaeT HAa BBIPAKEHHOE CHIDKEHHME DTOTO MOKA3aTeNs M Ha CTPEMIICHHE
€ro K IOJI00HBIM 3HAUCHHUSIM Y MAIlMEHTOB KOHTPOJIBHOM IPyIbI. BhIsSBICHHAS acHMMETpHUsi OMO3JIEKTPUIECKOH
AKTMBHOCTH BHCOYHBIX MBIIIII TTIOCJIE Kypca TePAIUH He ONpe/IeNanach, OJHAKO COXPAHANIACh HA TeX JK€ 3HAYCHHUIX
B COOCTBEHHO >KEBATEIbHBIX MBIIIIAX, YTO 00YCIOBJICHO CIIOKHOCTHIO CHMITTOMOKOMIUIEKCA, BKITIOYAIOIIETO OpyK-
CH3M M PacCTPONCTBA JKEBATEIbHO-PEYEBOTO arapara U TpeOyIoIero paciIMpeHusi TepareBTHIECKIX METO/I0B
9THONATOTEHETHYECKON HanpaBlieHHOCTH. D(M(HEKTUBHOCTh KOMILIEKCA METOOB JieueHHUs! OyJeT BbIIE MPU HC-
TOJIb30BAHUY NTATOT€HETUYECKON TEPAIIH.

KuroueBble ci10Ba: anekTpomMuorpadus, Opykcusm, OpyKcH3M CHa, OpyKCH3M O0IpCTBOBAHNS, apadyHKIINH JKe-
BaTEJIbHBIX MBI, 3yOOUEIIOCTHBIE aHOMAIIUH U JIe(OpMaLnH.

KonpaukTt untepecoB. ABTOPHI 3asBIIIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Jas nutupoBaHus. D(QDHEKTHBHOCTH AIEKTPOMUOTPA(QUICCKOTO HCCICHOBAHHS Y MAIMEHTOB CTOMATOJO-
rudeckoro npoduis ¢ TpU3HAKaMH OpyKcu3Ma sl OnpejeNeHHs (YyHKIHMOHAIBHOTO COCTOSHUSI MBIILII]
yemocTHO-uneBoit obmactu / C. I1. Py6rukoswud [u ap.] // Jokmager BI'VUP. 2025. T. 23, Ne 1. C. 83-91. http:/
dx.doi.org/10.35596/1729-7648-2025-23-1-83-91.
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EFFICIENCY OF ELECTROMYOGRAPHIC EXAMINATION
IN DENTAL PATIENTS WITH SIGNS OF BRUXISM
TO DETERMINE THE FUNCTIONAL STATE OF THE MUSCLES
OF THE MAXILLOFACIAL REGION

SERGEY P. RUBNIKOVICH, ARSENIY S. GRISHCHENKOYV,
YULIYA L. DENISOVA, ELENA V. KUZMENKO

Belarusian State Medical University (Minsk, Republic of Belarus)

Abstract. The bioelectrical activity of the masticatory and temporal muscles at rest and under voluntary tension
in patients with clinical signs of bruxism was assessed. An excess of the average amplitude values for the right
and left masticatory and temporal muscles under voluntary tension was found in patients with clinical signs of bru-
xism compared to patients in the control group. The study of the average resting amplitude for the masticatory
and temporal muscles in patients with signs of bruxism compared to patients in the control group allowed us to de-
termine an increase in values for both the masticatory and temporal muscles. The obtained data indicate persistent
functional disorders of the muscles of the maxillofacial region in patients with clinical signs of bruxism, which
is characterized by a pronounced deviation in the values of the average and maximum amplitudes at rest and un-
der voluntary tension, as well as asymmetry of the amplitude-frequency characteristics. Analysis of bioelectrical
activity data of masticatory and temporal muscles at rest and under voluntary tension after a course of complex
therapy indicates a marked decrease in this indicator and its tendency to similar values in patients of the control
group. The revealed asymmetry of bioelectrical activity of temporal muscles after the course of therapy was
not determined, but it remained at the same values in the masticatory muscles proper, which is due to the comple-
xity of the symptom complex, including bruxism and disorders of the masticatory-speech apparatus and requiring
an expansion of therapeutic methods of etiopathogenetic orientation. The effectiveness of the complex of treatment
methods will be higher with the use of pathogenetic therapy.

Keywords: electromyography, bruxism, sleep bruxism, wake bruxism, parafunctions of the masticatory muscles,
dental anomalies and deformities.
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BBenenune

Ha mporspkeHun mocnenHux JIeT B JIUTeparype (opMHpYyeTcsi COBpEeMEHHOE MOHMMaHWEe MeXa-
HU3MOB OpyKCH3Ma U CBS3aHHBIX C HUM HPOLIECCOB MOBBILICHHONW BO3OYAMMOCTH LIEHTPOB T'OJOBHOTO
Mo3ra [1-9]. DkcnepThl cXoASTCs BO MHEHHSIX, YTO OPYKCU3M — 3TO HE TOJBKO (DEHOMEH, CBS3aHHBIN
CO CKMMaHueM 3y00B U ¢ ux paspyuieHueM. [1o HekoTopbIM moacueraM, OpyKCH3M UMEET pacrpocTpa-
HEHHOCTH B nipeenax 831 %. Beinensror 6pyKcu3M, KOTOPBIH MPOUCXOANT BO BpeMsi OOIPCTBOBAHUS,
1 OpyKcH3M BO BpeMs cHa. bpykcu3m npu 00APCTBOBAHUH XapaKTEPU3yeTCs Ype3MEPHON aKTUBHOCTBIO
JKeBaTEeJIbHBIX MBI B MIEPHO OOAPCTBOBAHUS U MPOSBISIETCA B JIUTEIHLHOM WM MTOBTOPSAIONIEMCS
KOHTakTe Mexay 3yOamu. Takoe sBJI€HHE MOXKET pacCMaTpUBaThCS KaK PacCTPONCTBO ABMKEHHUS Y 3110-
poBbIx MHAUBUAOB [8, 10—13]. bpykcusm Bo BpeMs cHa OnpezesseTcst Kak pUTMHUYECKas WIN TOHIMYecKas
AKTHBHOCTB YKEBATEIILHBIX MBIIIIII BO CHE, YTO ITPUBOAUT K TIOBPEXKICHUIO 3yOHOM sMaim [2, 9, 11, 14].

CeronmHs He /10 KOHIA C(HOPMYIMPOBAHBI KIMHUKO-(YHKIIMOHAIBHBIC AUArHOCTUUECKUE KPUTEPHU
OpyKcu3Ma y HalEHTOB CTOMAaTOJIONMYECKOro POl Ha OCHOBE aHaIM3a (PyHKIMOHAIBHOTO COCTOSTHUS
MBIIIII] YEJTFOCTHO-TAIICBOM 00JIACTH W HEHPOHHBIX CBSI3¢H TPOMHUYHOTO HEPBa B CTBOJIC TOJIOBHOTO MO3Ta.
HenocrarouHo 000CHOBaHbBI ¥ IPOTUBOPEUMBEI [TOKA3aHMUS K IPUMEHEHUIO PA3JIMYHbIX METOIOB TEPAUU
OpyKcHU3Ma, OTCYTCTBYIOT HHIMBHAYaTN3UPOBAHHBIC MTOAXOABI K JICICHHIO B POPHIAKTHKE, KOTOPBIE yUH-
THIBAJIM OBl COCTOSTHE HEMPOHHBIX CETEH TPOWHUYHOTO HepBa B CTBOJIE ToJI0BHOTO Mo3ra [9, 13, 15]. Ilo-
9TOMY KpaiHe BaKHO pa3padoTaTh HHHOBALMOHHBIE METO/BI JUArHOCTUKO-JICYEOHOTO MOIX0/a Mpy OpyK-
CH3Me, KOTOpbIE TI03BOJIIT 0OecIeynBaTh IEPCOHU(DUINPOBAHHOE JICUCHHUE, IPOBOANTD PErY/ISIPHBINA MOHH-
TOPUHT KPUTEPHUEB, MPOTHOUPYIOLIMX TEUCHUE OOJIE3HM, U ONPEACIISTh TEPaeBTHYSCKUE MEPOIPUSITUS
JUIsL YITyqIIEeHHs IIPOrHO3a.
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WnentndunmpoBanbl HEKOTOPbIe PaKTOPbI, KOTOPBIE MOT'YT MPOBOLMPOBATH OPYKCH3M: ONOJIIOTHYECKHE
(reHeTHYECKUE W BO3PACTHBIC HEHPOMEIMATOPHBIC BIMSHMS), ICHXOIOTHYECKUE (CTpecC U XPOHUUECKHE
MICUXUYECKHE TPaBMBbl), DK30TeHHbIE, BKIIIOYasl yoTpeOleHne MEeTMKaMEeHTOB 1 aKorosi. B HayuHoi ute-
parype BbIJICIICH psiJi IPU3HAKOB, YKa3bIBAIOIIHX Ha TO, YTO OPYKCHU3M MOXKET OBITh PeaKiyel Ha THIePBO3-
OyIMMOCTh MOTOPHBIX IIEHTPOB MO3Ia, IPECTABIIssL cOOO0H ckopee obree (hH3HO0IOrHIecKoe, YEM CTPOTo
naTto(pu3noIOrHiecKoe siBineHue. st anmu30008 Opykcu3Ma XapakTepHbI peaklMd aBTOHOMHOW HEPBHOM
CHCTEMBI, TAKME KaK TaXUKapAus, YCUJICHHE CUMIIATHIECKOTO TOHYCA, yYAIlEHUE IbIXaHUS U TTOBBILICHHE
TOHYCa >KeBaTeJIbHBIX MBI, YTO, B KOHEYHOM UTOI'e, IPUBOIMT K paspylleHuto 3y0os [2, 6-9, 12, 14-17].
OTH acTIeKThI yKa3bIBAIOT Ha HEOOXOIUMOCTB OoJiee AeTaIbHOTO (PU3HOIOrHUECKOT0 MOAXO0AA IS U3YYEHHUS
0COOEHHOCTEW MO3ra Y JIFOIEH, CTpaIaroIUX OPYKCH3MOM U IPYTUMHU COCTOSIHUSIMH, CBSI3aHHBIMH C ITOBBI-
IIEHHON MOTOPHOM akTUBHOCTHIO. [ IpecTaBisercs BayKHBIM HCCIIEIOBATh POJIb MO3TOBBIX CTPYKTYP B peTy-
JSILUK PA3JINYHbIX (YHKIMH OpraHu3Ma, UCIOJb3ysl HEMHBa3UBHBIE U IOCTYIHBIC AIEKTPO(u3noIorniec-
KHE METO/IbI aHAJIN3A.

IIpoBenenue ucciaeq0BaHusA

OObexTaMu McCiIe0BaHNS BHICTYTIAIN MTALIMEHTHI B BO3pacTe 35—44 ietT, KOTOpble UMENIH KIIMHUYEC-
KM€ IPU3HAaKK OpyKcH3Ma 1 00pallaich 3a CTOMATOJIOTHYECKUM JieueHneM. sl mpoBeieH s aHaIn3a
OBUIM CO3J]aHbI IBE TPYIIBI — OCHOBHAS ¥ KOHTPOJIbHAs. B 0OCHOBHYIO BOLITH TpU MalKMeHTa ¢ KIHMHU-
YECKUMH TPOSIBICHUSMHU OpYKCH3Ma, 00paTHBIIMXCS 38 CTOMATOJIOIMYECKOM moMolbio. KoHTponbHas
rpyIna cocTosia U3 TpeX MalrueHTOB, 0OPATHUBIIUXCS 32 CTOMATOJIOTMYECKOH MTOMOIIBIO, HO HE UMEIO-
LIMX KJIMHUYECKUX IPU3HAKOB OpyKcH3Ma.

[Tanmentam oOeux Tpymn NPOBENH 3MEKTpoMuorpadpuueckoe uccienosanue. st perucrpanun
anexkTpomMuorpammbsl  (OMI') TpOM3BONBHOTO HANPSHKEHUS HCIIOIB30BANAaCh MHOTO(YHKINOHAIb-
Has KommbioTepHast cuctema «Heiipo-MBII-4», pazpaborannas xommanuein «Hetipocodt» (Poccus).
DNEeKTPUYECKYI0 aKTHBHOCTh COOCTBEHHO >KEBaTeJbHBIX (Mm.masseter) W BHCOYHBIX (m.temporalis)
MBIIII[ PETUCTPUPOBAIH METOJOM HHTep(hEpEHIIMOHHON AnekTpoMuorpadun. Perucrpanms mpiied-
HO aKTMBHOCTH IIPOBOAMIIACH C 00euX CTOpOoH. IloBepXHOCTHBIE OUIOISIPHBIE HIIEKTPOABI pa3Melaln
B TIPOCKITUH «OPFOIIIKaY MBIIIIIBI ¢ MEXIICKTPOIHBIM paccTostHreM 2,0—2,5 cM. 3a3eMIISIOIINHN AIIeKT-
pox Kkpenmiics Ha 3amsictbe. MccnenoBanue npoBoauiaock npu peructpaunu IMI (puc. 1):

— B COCTOSIHUU TIOKOS;

— B IIOKO€ BO BpeMs B/I0Xa;

— MBI TIPH TPOU3BOIIEHOM MAaKCUMAJIBHOM CKATHH;

— MBIIIIL [IPH CXKATUU B COUYETAHUH C BIOXOM.

1 1 + + + + + + + + + * + + + + + + 100 kB ¥

e v ¥ N W e
+ + + + + + + + + - + + + + + + + + + + +

Aol = "
¥
v v
241 + + + + + + + + + + + + + + + + 50 me 100 mxB
AL A 'R AAviema sttt A A Lol
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Puc. 1. [Tpumep 3anucu 31aeKTpoMUOrpaMMbl m.masseter: mokoi: 1.1 — cnpasa, 1.2 — cnesa;
noko# + Baox: 2.1 — crpasa, 2.2 — cieBa
Fig. 1. The example of recording an electromyogram of m.masseter: at rest: 1.1 — of the right, 1.2 — of the left;
at rest + inhale: 2.1 — of the right, 2.2 — of the left

OcyecTBIsiach OlEHKa aMIUTUTYAbl (MKB) 1 yactoTsl (MMIi/c) koneOaHuii B HHTEpEpEHIIMOH-
Holt OMI. AHanM3UpoBaINChH TaHHBIe DMI jKeBaTEIBHBIX MBIIIIT (PHUC. 2) C UX 0TOOpaKEHHUEM B TIPOTO-
KoJlax uccienoBanus (tadm. 1). B tadn. 1 ¢pukcupoBanmuck mudpoBbie MOKa3aTe Iy MPaBoil U JIEBOH
JKEeBaTeJIbHOM U BUCOYHOM MbIIIL, rpaduueckue npeacraBieHuss OMI u kpaTkoe 3aKII0YeHUE M0 MC-
CIIC/IOBAHUIO.
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Puc. 2. DnexTpomMuorpaMma KeBaTeIbHbIX MbIIIILL:
1 — B IoKO€; 2 — B COCTOSIHUM OKKJIIO3UH; 3 — IPU PUTMHUUYECKUX COKPAILCHUSIX
Fig. 2. Electromyogram of the masticatory muscles:
1 —at rest; 2 — in occlusion; 3 — during rhythmic contractions

it crarucTiydeckoii 00padoTKH COOpPaHHBIX TAaHHBIX MTPUMEHSIINCH TporpamMmbl Statistica u Excel.
Tun pacnpenesneHust KOJIMYeCTBEHHBIX I0Ka3aTeslel oleHnBanu ¢ nomoulsto tecta [lanupo — Yunxa.
Ecnu nannbie nokasbIBaial HOpMaJIbHOE pacipeesieHne, yKa3blBaIUCh CpeTHEe 3HAYCHNE U CPEAHEKBAI-
paTHYHOE OTKJIOHEHHE. B ciyuasx, koraa pacnpeaeneHue OTIM4aaoch OT HOPMAIbHOTO, IPEA0CTaBIIS-
ek Meanana (Me) Bmecte ¢ HmkHUM (LQ) n Bepxanm (UQ) kBapTHISAMHE.
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Tadauna 1. [Tporokoi s1eKkTpoMuOrpahuIecKOro HCCISIOBAHNS M TYPHO-aMIUTUTYAHOTO aHAJIN3a
Table 1. Protocol of electromyographic examination and tour-amplitude analysis

IManuenT: III.11.A., 54 rona
Jara npoBenenus ucciaenosanusi: 04.05.2022
HNuTeppepennnonnas IMI'
1 k. p., m.temporalis
2 K. j1eB., m.temporalis
3 k. op., m.masseter
4 k. neB., m.masseter
TYPHO-aMILTUTYTHBIH aHAJIN3
AMIIATYNA Cpennss Awmrumntyna/gactota, | KommenTapuit
KpuBas |maxkcumanbHas,| CpeaHss, CyMMapHasl, o
qacToTa, 1/c kB-c K KpUBOU
MKB MKB MmB/c
8,1 K 37,4 0 0 0
8,2 K 18,4 0 0 0 .
IToxoi
8,3k 31,2 0 0 0
8,4k 45,7 0 0 0
51k 1446 352 128,0 364 0,966
52k 1625 407 152.0 375 1,090
OKKITI031s
5,3k 1136 294 82,2 280 1,050
5,4 1407 316 106,0 336 0,941
6,1 x 1141 321 55,9 174 1,850
6,2 x 1289 340 57,4 169 2,010 PutMmuueckue
6,3 k 912 248 26,0 105 2,370 COKpanieHust
6,4 832 244 31,6 130 1,880

Pe3ynbTaThl Hecie10BaHUil U X 00CY:KIeHUe

IIpu mpoBeaennn mnoBepXHOCTHOH OMIT ans OLEHKH OMORIEKTPUYECKOW aKTHBHOCTH >KEBa-
TEJIbHBIX M BHCOYHBIX MBILII Y HAIMEHTOB ¢ OPYKCH3MOM Ha HadajbHOM 3Tale JUArHOCTHKH YCTa-
HOBJICHO, YTO CPEIHSS aMIUINTya OMO3JIEKTPUUECKUX MOTEHIMAJIOB HPABOW KEBATEIBHON MBILIIIBI
coctaBisaeT (275 £ 19) mxB, a makcumansHas — (1002 + 134) MxB, 1 J1eBoii yKeBaTeIbHON MBIIII-
bl — (348 £ 40) mxB u (1354 £ 75) MxB coorBeTcTBeHHO. CripaBa CpeHsisl aMILTUTY/a JIIsl BUCOYHOMN
MbImel gocturaet (317 + 30) mxB, a makcumansnas — (1263 + 180) MxB, Torna kak cieBa cpenHss
amrmutyna coctaisieT (401 £ 10) mxB, makcumanshas — (1678 £ 80) MxB.

VY NauuMeHToB OCHOBHOW IPYIIbl IPU MAaKCHMaJIbHOM IIPOM3BOJIBHOM HAIIPSKEHUH HaOIrona-
nack uHTepdepeHunonHas OMI, koTopas IEMOHCTPUPOBAla YMEHBLICHHE aMIUIMTYAbl M 4aCTOTbI
Ha 20-30 % o cpaBHEHUIO ¢ KOHTPOJIbHOH rpynmoii ((1074 £ 275) mxB B cpaBaenuu ¢ (788 £ 328) mxB
u (101 £ 66) umn/c no cpasuenuto ¢ (122 £+ 57) umn/c)). Korna npou3BoiabHOE HanpspKEHUE coueTa-
JIOCh C BIOXOM, aMIUTUTYy/a U yactota OMI' Bo3pacTaiy, oJHaKO MOKa3aTelu BCE PaBHO OCTABAJIUCH
MEHbIIIE€ Y OCHOBHOM I'PYIIIBI 110 CPaBHEHMIO ¢ KOHTpodbHON — (1107 £+ 19) MmxB npotus (942 + 35) mxB
u (184 £ 31) mmr/c potus (173 £ 31) mmri/c.

[Ipu ananu3e OGMOAIEKTPUUECKON aKTHBHOCTH JKEBATEJIBHBIX W BUCOYHBIX MBI O AAHHBIM I10-
BEPXHOCTHOH 3IIEKTpoMHUOTrpaduy y MAMEHTOB U3 KOHTPOJIBHOW IPyMNIIbl HA 3TAre MepBOro oocieno-
BaHMsI 00HAPYKEHO, YTO CPEIHUN YPOBEHb OMOMOTEHIIMAJIOB JIJIsl IPABOM JKEBAaTEIbHON MBIl COCTA-
Bua (198 £+ 10) MxB, a nuxoBoii ammuTy0ii ctano 3Hadenue (568 = 70) mxB. [{ns neBoit xxeBarenbHON
MBIIIIIB! cperusis ammuTyaa (191 £ 31) MxB, a makcumanbhas — (491 + 170) mxB. Uto kacaetcs npa-
BOW BHCOYHOW MBIMIITBI, TO JUISI HEE CPEMHSSI aMIUINTyaa coctaBmia (166 + 18) MxB, MakcumansHas —
(346 £ 119) MxB. Jlis1 1€BO# BUCOYHON MBIIIIIBI CPEIHSS U MaKCUMaNbHast aMiiaTyabl — (178 = 44) mxB
u (336 = 150) mxB cootBercTBenHo. [lomyyennsie nokazarenu Ha 60—80 % Oosnplie mapaMeTpoB KOHT-
ponbHOI Tpynmbl. ClieayeT OTMETUTb, YTO B OMO3JIEKTPUYECKOM aKTMBHOCTH HAOIIOanach aCHMMET-
pHsI, UTO CBUICTENBCTBYET O (PYHKIIMOHATIBHBIX HAPYIICHHUSX B KEBaTEIbHO-PEUCBOM arIapare.

[Ipu obcnenoBannM m.masseter y MalueHTOB B COCTOSIHUM ITOKOSI C TIOMOIIbI0 cyMMapHoil DOMI
ObuIM OOHApPY’KEHbI €IMHUYHBIC KOJeOaHUs, aMIUINTya KOTOPBIX Yy NPEICTaBUTENICH OCHOBHOH IpyII-
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el ((31,0 + 4,5) MxB) Gosbiire, yem y TeX, KTO BXOIUT B KOHTPOJBHYO Tpymiry ((23 + 6) mxB). D10 ne-
MOHCTPHUPYET IHOBBIIMIEHHYI0 TOHWYECKYIO aKTHBHOCTb MBIIIIBI y JIOAEH ¢ KIMHUYECKUMHU IpU3HA-
KaMu Opykcusma. [Ipu 1eneHanpaBieHHOM pacciaOlieHuu 3TH KonebaHusi ucye3aroT. Bo Bpems BIo-
xa (OKOHM + BIOX) Y MAIlMEeHTOB OCHOBHOH TPYIIIBI C IPU3HAKAMHU OPYKCH3Ma aMIUIUTY/Ia CMHUYHBIX
ronebannii ysenmnuuBaercs Ha 30-35 % ((41,5 £ 13,0) mxB), B KOHTpOIBbHOI 1TpH BAOXE (TTOKOH + BIOX)
OHa BO3pacTaeT He3HauuTeNbHO ((25,8 £ 7,0) MxB).

[Ipu n3yyeHnu OMO3IEKTPUIECCKON aKTUBHOCTH KEBATEIbHBIX M BUCOYHBIX MBILIIL IO PE3yJabTaTaM
oBepxXHOCTHOH DMI™ B COCTOSHMM IOKOS Y MALMEHTOB OCHOBHOW TIPYIIBI ¢ OPYKCH3MOM Ha 3Tarie
HayaJIbHOW IWArHOCTUKH BBISBICHO, YTO CPEAHSS aMILIUTYy/Aa OMOTIOTEHIIMAIOB PaBOH U JIEBOH JKeBa-
TeNbHBIX MBI cocTaBuna (4 = 1) MxB u (3,6 + 1,3) MxB, makcumanbsHast — (39 £ 8) MxB u (49 + 9) mxB
COOTBETCTBEHHO. /|11 mpaBoii 1 JIeBOI BUCOYHBIX MBIIII] CPEAHSISI aMILTUTYaa coctaBuia (5,6 +2,0) mxB
u (4,6 £ 1,0) MxB, makcumansHas — (59 = 20) mxB u (53 + 28) MkB cooTBeTCTBEHHO.

B citydae anannza OMO3IEKTPUUECKON aKTUBHOCTH JKEBATEIIbHBIX U BUCOYHBIX MBIIIL B COCTOSTHUN
IIOKOS Y TALIMEHTOB KOHTPOJIBHOM IPYIIIIBI HA ATalle Ha9aJIbHOM ANarHOCTUKHU BBISICHUIIOCH, YTO CPEIHSS
aMIUTUTY/a IPaBOW U JIEBOM KeBaTeIbHBIX MbIIIL cocTaBisieT (2,6 £ 1,0) mxB u (2,3 + 1,0) MxB, mak-
cumanpHas — (63 £ 30) mxB u (84 £ 20) mxB cooTBercTBeHHO. J[J1s1 TpaBOif U JIEBOH BUCOUHBIX MBIIIII]
cpennsis amrmuntyaa cocrasusieT (1,6 + 1,0) mxB u (2,6 £ 1,0) MxB, makcumansnas — (60 = 30) mxB
u (50 £20) mxB.

VY NanueHToB ¢ KIMHAYECKUMU NPU3HAKaMHU OpyKcH3Ma ITPOBOAMIICS KypC KOMIUIEKCHOTO JICUECHUS,
KOTOPBIN BKJIOYAJI HCIIOJIb30BAHNE ANIMAPATHBIX U MPOTETUYECKUX OPTONEANYECKUX METOJIOB, a TAKKE
¢usnoTepanuio, MUOpeIaKcalio, MUIOTUMHACTHKY U APYTHE MOIAXOMABI JUISl YIyUIIEHHS CTOMATOIO0TU-
YEeCKOro ONaromnoiyvus. AHaIU3 OHORIEKTPUYECKONH aKTHBHOCTH JKEBATCIBHBIX W BHCOYHBIX MBIIIIL,
MIPOBECHHBIN C MOMOINBI0 TOBEPXHOCTHON DMI npy mpon3BOIBHOM HAMpSIKEHWUH, ITOKa3al, 4To MO-
CJIe JIEYCHNUS y NAllUEHTOB CPEAHSS aMIUINTYJa OMOIOTEHIMAJIOB KeBATEIbHON MBILILIBI CIIPaBa U ClieBa
coctaBuia (254 + 17) mxB u (305 £ 30) mxB, makcumansuas — (890 £ 114) mxB u (1354 £ 95) mxB
COOTBETCTBEHHO. UTO KacaeTcs BACOUHOW MBILIIIBI, TO CIIPAaBa U CJIEBA CPEIHSAS aMIUIUTY/a COCTaBU-
na (335 £ 28) MxB u (350 £ 23) mxB, makcumanbnas — (1130 £ 110) mxB u (1325 £ 103) MxB coot-
BETCTBEHHO (puc. 3).
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Puc. 3. Cpenusist (a) u MakcumainbHas (b) aMruinTyabl (MKB) O10371eKTpruuecKoil akTHBHOCTH
KEBATEJIbHBIX M BHCOYHBIX MBIIII IIPY MPOU3BOJILHOM HANPSHKEHUH 10 U N0CIIE Kypca Teparnuu
TI0 pe3yJIbTaTaM MOBEPXHOCTHOH 3JIEKTPOMHOIPaMMbl
Fig. 3. Average (@) and maximum (b) amplitudes (uV) of bioelectrical activity
of the masticatory and temporal muscles under arbitrary tension before and after the course

of therapy based on the results of the surface electromyogram
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[Ipn ananmuze OMOZIEKTPUUYECKOM AKTHBHOCTH JKEBATEJIBHBIX M BHCOYHBIX MBI C ITOMOILBIO
noBepxHocTHOW OMI™ y manyeHTOB KOHTPOJIBHOM TPYIIBI HA dTale HadaJbHOM JMAarHOCTUKU Cpell-
HSISl aMIUIMTYZa OMOMIOTEHIIMAIOB JKeBaTeIbHOW MBIIILBI cripaBa U cieBa coctaBuia (198 £ 10) mxB
u (191 £31) MxB, makcumainbHas — (568 = 70) MxB u (491 + 170) MxB cooTBeTcTBeHHO. 1151 BUCOUHOM
MBIIIIIBI CPEAHSSI aMIUINTY 1A cripaBa u cieBa coctasmia (166 £ 18) MxB u (178 + 44) mxB, makcumains-
Has — (346 = 119) MmxB u (336 = 150) MkB cooTBeTCTBEHHO.

Pe3ynbTrarsl IEMOHCTPUPYIOT 3HAYUTEIBHOE CHHKEHUE OMO3JIEKTPUIECKON aKTUBHOCTH JKEBATEIIb-
HBIX U BHCOYHBIX MBILIL ITOCJIE Kypca KOMIUIEKCHOW Tepanuu, NpuOIMKasch K IMOKa3aTelsiM KOHT-
posbHOI Tpynmnbl. MccnenoBanue BBISBUIO, YTO AaCHMMETPHUST OMOAIEKTPUYECKONH aKTUBHOCTH BHCOY-
HBIX MBIIII] [TOCJIE JICUEHUS] HUBEINPOBAJIAch, HO COXPAHAJIACh B JKEBATEIbHBIX MBIIIIAX, YTO CBA3AHO
CO CIIOXHOCTHIO CHMITTOMOKOMIUIEKCA, BKITIOUasi OpyKCHU3M M HapyIIeHUsT paOOTHI KeBaTeIbHO-PEUEBO-
Io annapara, TpeOyIoIInX PaCIIMPEHHOI0 TEPAEBTUYECKOI0 TOIX0AA.

B cocrosinnm nokost Ha cymmapHoit OMI m.masseter perucTpupOBaINCh SAMHUYHBIC OCLIMIUIALNY,
aMIUTUTYy/a KOTOPbIX YMEHbIIANACh, HO 0€3 CTaTHCTHYECKH 3HAYMMOTO MOATBEPKACHHS: 0 JICUCHUS
y MaMeHToB ¢ Opykcu3mMom ona Obuia (31,0 + 4,5) MxB, a mocne — (27 + 6) MxB, 4To yka3biBaeT Ha He-
3HAYUTEIbHOE CHMKEHHE TOHMUYECKOW aKTUBHOCTH MBIIIIBI MTociie Tepanui. [Ipu nenenanpaBieHHOM
pacciabieHnH TakKe OTMEYaloCh yMEHBIICHHE aMIUIUTYAbl ocmuisiuil. Ha Baoxe (mokoi + BHox)
aMIUTHTY/IA y TAIMEHTOB OCHOBHOM IPYTITHI C OpPYKCH3MOM TOCIIE Tepaniy yBennanBanack Ha 10—17 % —
(34,2 £ 13,0) mxB.

B xome ananm3a OHORIEKTPUUECKOM AKTHBHOCTH JKEBATENbHBIX M BHCOYHBIX MBI B IOKOE
U TIpU IPOU3BOJILHOM HANpPsDKEHUN Y TALMEHTOB ¢ PU3HAKaMK OPYKCH3Ma yCTAaHOBJICHO, YTO CPEIHSS
aMIUTATY/a JJIs1 ’KEeBaTeJIbHBIX MBIIII] TPH HAMPSKEHUH TPEBBIIIaia MoKa3aTeiln KOHTPOJIbHON TPYIIIEI
Ha 38,9—82,1 %, Torna kak MakcuMajbHas aMIUIMTYyAa Oblia Oosbine Ha 76,4—175,5 %. [y BUCOUHBIX
MBI CPETHSS aMITTUTY/a IPEBhIIIaia 3Ha9eH!sI KOHTpoIbHOU rpynms! Ha 90,9—-125,2 %, Mmakcumans-
Hast — Ha 265,5-399.,4 %.

AHanu3 aMIUIMTY/bI B TIOKOE TO3BOJIMII BBISIBUTH YBEIMUEHHE 3HAUEHUH IS )K€BAaTEIbHBIX MBIIII]
Ha 53-56 %, mig BUCOUHBIX — Ha 71-76 % 1o cpaBHEHMIO ¢ KOHTpOJbHOU rpymnmoil. Mccnenosanue
MaKCHUMaJIbHOW aMIUIUTY/IbI B TOKOE HE SBJSETCS OCHOBHBIM KPUTEPHUEM /ISl TUArHOCTUKU MBITIIEYHBIX
HapyIIeHUH, YTO TOATBEP>KIAETCSl HAYYHBIMHU TaHHBIMU COBPEMEHHOM JINTEPaTyphI.

[Tomy4eHHBIE pe3yabTaThl CBUAETENCTBYIOT O CTOMKUX HapyLICHUSAX B YEITFOCTHO-JIMLEBBIX MBIII-
LaX, XapaKTePU3YIOLIMXCs OTKIOHEHUEM 3HaY€HUH cpeJHel 1 MaKCUMaJIbHOW aMIUTUTYZ Kak B MOKOE,
TaK U [IPY HaNpsKEHNH, a TAK)KE ACHMMETPHUEN XapaKTepUCTUK. DTH HapyILIEHHUs OTPULATEIbHO CKa3bl-
BalOTCs Ha (PYHKIMH >KEBAaTEIbHO-PEUEBOTO ammapara, ycyryomnsis napadyHKIHOHAIbHYIO aKTHBHOCTh
JKEBaTEJIbHBIX MBIIII HAPYIICHUSIMA B BUCOYHO-HW)KHEUEIIOCTHOM CYCTaBe, 3a00JICBaHHUSIMHU IIEPUO-
JIOHTA, 3y00UEITIOCTHBIMHI aHOMAITUSIMH U JIE(OPMAITHSIMU.

3ak/oueHue

1. MccnenoBanne OMO3IEKTPUIECKON aKTUBHOCTH JKEBATEIbHBIX M BUCOYHBIX MBIIII B COCTOSTHUH
ITOKOSI ¥ TIPH CO3HATEIILHOM HallpsDKEHUU TOCIIE Kypca KOMILIEKCHOTO JIEYEHUS JEMOHCTPUPYET 3aMeT-
HO€ CHIDKEHUE ITHX Mokazarenell. [Toce 3aBepiieHns Tepanuy NxX 3Ha4€HHsI CTPEMSATCS TOCTHYb YPOB-
Hel, 3a()MKCUPOBAaHHBIX Y YYaCTHUKOB KOHTPOJIBHOM IPYIIIIBL.

2. AcuMMeTpusi OMOATIEKTPHUUECKON aKTHBHOCTH BUCOYHBIX MBIIIILL [TOCIIE JICYCHHSI HE Oblia BBISB-
JIEHA, OJIHAKO COXPAaHsJIACh HA IPEKHEM YPOBHE B KEBATEJIbHBIX MBIIILAX, YTO CBA3aHO CO CJIOXKHBIM
CUMIITOMOKOMIUIEKCOM, BKJTFOYAIOIINM OPYKCH3M U TIPOOJIEeMBI JKeBaTeIbHO-PEUEBOTO amnmapara u Tpe-
OyIOLIMM pPAacIIMPEHHUs] TEPaNeBTUUECKUX IOIXOA0B, OPHEHTUPOBAHHBIX Ha 3THONATOreHe3. B Heko-
TOPBIX Cy4asix HaOIroAajach YCTOHUMBOCTD K (DU3MOTEPANIEBTUUECKUM METOJAM, B IIEPBYIO OUYepeb
13-32 IPUYNHHO-CIIEICTBEHHOM CBSI3H, ONPEENIAIOIEH MOsSBIEHHE CUMIITOMA THIIEPTOHYCA YKEeBaTeb-
HBIX MBI, KOTOPasi B 3HAYUTEIBHOM CTENEHU CBSI3aHA C BO3ACHCTBHEM XPOHUYECKHX CTPECCOPOB.
Takum 06pazom, 3pHEeKTUBHOCTH KOMILIEKCA JICUCHHSI 3HAYUTEIBHO TOBBIIIACTCS [TPU MPUMEHEHHH T1a-
TOT€HETUYECKOU TeparuH.
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