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PA3PABOTKA CBEPTOYHOM HEMPOHHOM CETH IS ONEHKH TSAKECTH
OCTEOAPTPUTA KOJIEHHOI'O CYCTABA

Tpeonacaemest memooO agmomMamu3upPOSAHHOU OYEHKU CIMENeHU MANCECMU OCMeoapmpuma KojieHHO-
20 Cycmaea, OCHOBAMMbIIL HA NPUMEHEHUU COBPEMEHHbIX MEemo008 MAUWUHHO20 0OYYeHUs, 8 4acmHOCm,
anyboroil netiponnou cemu. Ocmeoapmpum 56751emcst OOHUM U3 Hauboee pacnpoCcmpanéHHbix 0eceHepa-
MUBHBIX 3a00NE6aHULL CYCMABO8, U €20 CBOEBPEMEHHAsl OUASHOCMUKA SI6TIAEMCsL KDUMUYECKU 8AICHOU OISl
appexmusrozo nevenus. Tpaduyuonnvie Memoobl GU3YATbHOU OYEHKU PEeHM2EeHOSPAPUYECKUX CHUMKOS
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KOJIEHHO20 CYCMAsa UMeIom ps0 0PAHUYEHUll, MAKUX KaK CyObeKMUGHOCHb U 3a8UCUMOCHb OM ONbIMd
epaua. B cessu ¢ smum pazpabomka Memooog agmoMamusupo8aHHO20 AHAAU3A MEOUYUHCKUX U300padiceHuil
cmanosumcs 6cé bonee akmyanvhoti. Ocmeoapmpum KOIEHHO20 CYyCMasa — OOHO U3 CAMbIX PACHPOCHpA-
HEHHbIX U MAXNCENbIX 0e2eHePAMUSHLIX 3A00N1€6aHUI, 8OVYUX K SHAYUMENLHOMY CHUNCCHUI) KA4ecmed
orcusHU nayuenmos. Tpaouyuontsie Memoosl QUASHOCIMUKY OCMEeoapmpuma, maxue Kax eu3yaibHas oyeHKa
PEHMeeHOZPAPUUECKUX CHUMKOB, 3A6UCAN OM CYOBLEKMUBHO20 MHEHUS CNeYUanucma u €20 Onblmd, 4mo
MOdHCcEm nPUOOUMb K apUAYUAM 8 MOYHOCMU OUACHOCUKU U CBOE8PEMEHHOCTNU BbIABIEHUA NAMONIOZUU.
Tlosmomy paspabomka u uedperue Memoo08 asmoMAMuUUPOSAHHO20 AHANUZA MEOUYUHCKUX U300PaAdCeHUll
uMeem blCOKYI0 AKMyaIbHOCHb U NOMEHYUANLHYIO KIUHUYECKYIO YeHHOCMb. B x00e dannozo uccnedoanus
bvLia pazpabomara u 06yueHa cneyuanu3upPOSaAHHAs HEUPOHHAS Cemb Ha OCHO8e apxumekmypvl ResNet-34,
KOmopas 00Ka3ad 6010 6bICOKYIO 3PPEKMUBHOCb 8 pelerul 3a0a4 KoMnvlomepHo2o spenus. Heliponnas
cemb 6bLIa MOOUDUYUPOBAHA OJisi BKIIOUEHUSI 08YX NAPALIETIbHBIX 8EMEEl, KAXNCOds U3 KOMOPLIX COOEPIHCUM
CHUPATILHYIO TUHEUHYI0 CIPYKIYPY U Yemblpe CKPbIMbIX CLOSl, NPEOHA3HAYEHHbIX 05 60Iee MOYHO20 6bloe-
JleHust obracmu KonenHo2o cycmasa. Taxas apxumekmypa no3e01und He moabko udeHmuguyuposams 0o-
ACMb UHMEPecd ¢ 8bICOKOU MOYHOCMbIO, HO U ONMUMUSUPOBAMb (QYHKYUIO NOMEPb 8 3A8UCUMOCTIU O
cneyu@uKYy pasiuiHbIX NAMOOUN, MAKUX KAK PA3HAS CIMeNneHb NOPAdiCeHUsl CYCmMagos, a Makice CKoppex-
MUpoams GIUAHUE KIACCO8020 OUCOANAHCA 8 OAHHBIX, YMO YACHO CMAHOBUMCS NPOOeMOlU npu pabome ¢
MeouyuHcKkumy usobpascenuamu. /s nosvluenus Kavecmea pe3ynvmamos HeUpoHHas cems obina 06yyena
HA 08YX HE3ABUCUMBIX HADOPAX OAHHLIX, PA30ENEHHBIX NO NOJNOBOMY NPUSHAKY (MYIHCUUHbL U IHCEHUJUHDL).
Omo no380auno yyuuwums obujee Kauecmeo peHmeHOSPAPUUECKUX US0OPANHCEHUN U CHUSUMb GIUSHUE
WyMO8, KOMOPble MO2YN BO3HUKANb 6C1eOCMEUe apmedarmos npu paouanbholl eusyanuzayuu. B npoyecce
n0020MO8KU OaHHLIX makce Ovlia npumenena mexnuxka ImagePixelSpacing, nosgoasowas ymounsams pas-
peuierue u306pasxcenutl 00 pasmepog 256 x 256 nuxcenetl, umo cnocobcmsosano ayuueli 06padomke dema-
aetl u cmpykmyp Konennozo cycmasa. O6yyuenue cemu nposoouioCh ¢ UCHOIb308AHUEM COBDEMEHHBIX MEMOO08
ONMUMUBAYUY, YMO NO3BOIUNO OOCIUYL EbICOKOU MOYHOCHU Kraccugurayuu. [ia oyenku s¢@exmusrnocmu
NPeONoNHCEHHO MOOeTU UChOMb308ancs mecm Kanna, komopbulii noOmeepoul 00CmMo8EPHOCHb ONPedeieHs.
6az06vix uHull. CpeoHsisi mOUHOCHb, d0CmUSHYymas mooenvio, cocmasuna 9 ,76% Ha ocHose pe3yibmamos
MYIbMUKIAcco602o T-mecma, umo ceudemenscmeyem o eé blCOKOM nomenyuaie Ois KIUHUYECKO20 npumeHre-
nus. bonee moeo, koagpgpuyuenm AUC (nrowadv noo Kpueoll onepayuoHHoU Xapakmepucmukou) cocmasun
0,97, umo 3HauumenbHO npesvluiaem noxKaamenu, OOCMUSHYMble 8 NPeoblOYWUX UCCTEO08AHUAX 8 OaHHOU
obnacmu. [Ipeonodicentas Mooenb 0eMOHCIpUpyem 6bICOKYI0 MOYHOCHb U HAOEHCHOCHb 8 3a0aye A8moMAamu-
SUPOBAHHOU OYEHKU CIENEHU MANCECU OCIMeOaPMpPUInd, 4mo MOXCen Cmamb SHAYUMETbHbIM UA2OM 8nepeo
6 obnacmu OUAZHOCIMUKY U MOHUMOpUH2a 5Mo2o 3abonesanus. Kpome smozo smu pesyiomamvl 0eMOHCmpu-
DYIOm nOmMeHyuan Mooen KaK HAOeMdCHO20 UHCMPYMeHma Ol A8MOMAmusUpOSAHHOU OYeHKU CIMeneHu oc-
meoapmpuma, cnocobHo20 He MONbKO YIIYHUUMb MOYHOCMb OUAZHOCHUKY, HO U 001e24umb padomy MeouyuH-
CKUX cneyuanucmos. Janbhetiuue ucciedo8ans Mogym eKiouams adanmayuio Mooeny O anamusa Opyaux
Cycmasos u uHmezpayur0 OONOIHUMENbHbIX (QYHKYUOHATLHBIX BO3MONCHOCMEN, MAKUX KAK NPOCHOZUPOBAHUE
npozpeccuposarus 3a601e8aHUsL Hd OCHOBE NOCIEO08AMETbHbIX CHUMKOS.

Paspabomka; ceepmounas HeUpOHHAS Cemb, OYEHKA MANCECHIb OCMeOapmpum,; KOJEHHbLI CYyCmas;
MauiuHHOe 0OyueHUe;, KOMNbIOMEPHOE 3peHUe; MEOUYUHCKAS OUACHOCIUKA, KIACCUDUKAYUSA US0DOPAXHCEHUI.

A.S. Mannaa G.V. Muratova

DEVELOPMENT OF A CONVOLUTIONAL NEURAL NETWORK TO ASSESS THE
SEVERITY OF KNEE OSTEOARTHRITIS

A method In this paper, we propose a novel method for the automated assessment of knee osteoar-
thritis severity, utilizing advanced machine learning techniques, specifically a deep neural network. Oste-
oarthritis is one of the most prevalent degenerative joint diseases, and its timely diagnosis is crucial for
ensuring effective treatment. Traditional methods for visually assessing X-ray images of the knee joint
present several limitations, including subjectivity and reliance on the experience of the clinician. There-
fore, the development of automated medical image analysis techniques has become increasingly relevant.
Osteoarthritis of the knee joint is one of the most common and severe degenerative diseases leading to a
significant decrease in the quality of life of patients. Traditional methods of diagnosing osteoarthritis,
such as visual assessment of X-ray images, depend on the subjective opinion of a specialist and his experi-
ence, which can lead to variations in the accuracy of diagnosis and timely detection of pathology. There-
fore, the development and implementation of methods for automated analysis of medical images is highly
relevant and has potential clinical value. In this study, we designed and trained a specialized neural net-
work based on the ResNet-34 architecture, which has demonstrated significant effectiveness in solving
computer vision problems. The network was modified to incorporate two parallel branches, each contain-
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ing a spiral linear structure and four hidden layers. This design enables more precise identification of the
knee joint area. Additionally, the architecture facilitates optimization of the loss function to account for
varying pathological characteristics, such as different degrees of joint degradation, and to address the
issue of class imbalance—a common challenge in medical imaging datasets. To further enhance model
performance, the neural network was trained on two distinct datasets stratified by gender (male and fe-
male). This approach improved overall image quality and reduced the impact of noise introduced by arti-
facts during radiographic imaging. Moreover, we employed the ImagePixelSpacing technique during data
preparation to standardize image resolution at 256 x 256 pixels, allowing for more accurate processing
of fine details and structures within the knee joint. The network training employed state-of-the-art optimi-
zation techniques, resulting in a high level of classification accuracy. To evaluate the effectiveness of the
proposed model, the Kappa test was utilized, confirming the reliability of baseline determinations.
The model achieved an average accuracy of 93.76%, as demonstrated by the multiclass T-test, indicating
its strong potential for clinical application. Additionally, the model’s area under the curve (AUC) score
was 0.97, surpassing the results reported in previous studies in this domain. In conclusion, this research
contributes significantly to the field of medical informatics and computer-based medical image analysis by
offering an innovative solution for the automated assessment of osteoarthritis. This method has the poten-
tial to profoundly improve diagnostic accuracy and treatment outcomes in clinical settings. In addition,
these results demonstrate the potential of the model as a reliable tool for automated assessment of the
degree of osteoarthritis, which can not only improve the accuracy of diagnosis, but also facilitate the work
of medical specialists. Further research may include adapting the model to analyze other joints and inte-
grating additional functionality, such as predicting disease progression based on sequential scans.

Development; convolutional neural network (CNN); assessment severity osteoarthritis; knee joint;
machine learning; computer vision, medical diagnosis, image classification.

Beenenne. OcTeoapTpUT KOJIEHHOTO CycTaBa SBJISAETCS OJHUM M3 Hambolee pacipocTpa-
HEHHBIX JICTCHEPATHBHBIX 3a00JICBaHUI OMOPHO-IBUTATEILHOIO alapaTa, BIMSIOINUM Ha Ka-
YeCTBO JKM3HHM MUJUIMOHOB JIIOJeH o BceMy Mupy. CBOEBpEeMEHHAsl M TOUHAs OLIEHKA TSKECTH
OCTEOapTpUTa UMEET BaKHOE 3HaueHHE JJIsl pa3paboTku 3(PEKTUBHBIX CTPATETHil JICUEHUS U
NPeAOTBPALCHUs JajbHEHIIero nporpeccupoBanus 3abosieBaHus. TpaaulMOHHBIE METOJBI
JUArHOCTHKH, TAKHE KaK PCHTICHOTpa(us U KIMHUYCCKUE OCMOTPBI, 3aBUCAT OT CyOBEKTHBHBIX
(haKTOPOB M OMBITA CIEIHAIICTA, YTO MOKET IIPUBECTH K BapHaIUAIM B OIICHKE.

CoBpeMeHHbIC JOCTIKCHHUS B 00JaCTH MCKYCCTBEHHOTO HWHTEIUIEKTA M KOMITBIOTEPHOTO
3peHHs, B YACTHOCTH HCIOJIh30BAHUE CBEPTOUHBIX HEHpOHHBIX ceTel (CNN), OTKpHIBAIOT HO-
BBIC BO3MOYKHOCTH JUTSI aBTOMATHU3AIMH TIPOLECCa aHAIM3a METUIIMHCKUX M300paxkeHuit. Cep-
TOYHBIC HEHPOHHBIC CETH CITOCOOHBI M3BJICKATh BXKHBIC XaPAKTEPUCTUKU W MATTEPHBI U3 I (-
POBBIX PEHTTEHOBCKUX CHHMKOB, YTO JENIACT UX MOIIHBIM MHCTPYMEHTOM JJISI TOYHOH OICHKH
TSXKECTH OCTEOapTPUTA.

Lenp manHo# paboThl — pa3paboTKa W BHEIPEHHE CBEPTOUYHOW HEHPOHHOU ceTH i aB-
TOMAaTHU3UPOBAHHOTO aHAJIHM3a PEHTTEHOBCKUX M300pakeHUIl KOJICHHOTO CyCTaBa C IENBIO OIl-
peneseHus CTENeHU ocTeoapTpura. B xozie mccienoBaHus OyAyT pacCMOTpPEHBI MOIXOABI K
00y4YEeHUIO M TECTUPOBAHHIO CETH, a TAKXKE MPOBE/IeHa OLleHKa €€ TOUHOCTH U IPUMEHUMOCTH B
KJIIMHUYECKOH IIPAKTUKE.

B Hacrosmee BpeMs akTyaIbHOM 3aJadeil SBISIETCS MOCTPOCHUE SKOHOMUYHBIX U YCTOM-
YHUBBIX AJITOPUTMOB JJIsl paHHeH nuarHoctuku ocreoaptputa (OA)[1-5]. DdpdexTuBHEIM MeTO-
JIOM TaKO#M JUAarHOCTHKH SBISCTCS MCIIONB30BAaHUE MAIIMHHOTO 00y4deHHs. MarmmHHOe 00yde-
HHUE IIUPOKO HCTONB3YETCS U YIIYYIICHUS Ka4eCcTBa MEIUIIMHCKUX M300pakeHU W MX aHa-
nmm3a Juis Oosee TOYHOU auarHocTHku. OCTEoapTpUT SBISETCS OJHUM M3 HauOoyee pacipo-
CTpPaHEHHBIX 3a00JIeBaHWH KOCTEH W MOXET MMETh MHOTO HETaTHBHBIX MMOCIEICTBUH [6], ecnu
€¢ He BBISIBUTH Ha paHHel ctaauu. PaHuss quarHoctuka 3aboneBanust OA MOXKET OBITh MPOBe-
JIeHa C TIOMOIIBI0 JoporocTosimero ammapara MPT [7]. OTcioga BeITeKaeT BAXKHOCTh pa3padboT-
KM METOJIa, MICIIOJIB3YIOIIEro HEHPOHHBIE CEeTH, IS aHaJIi3a PEHTreHOrpaduIecKux H300paxe-
HUW W TUArHOCTHKHU 3a00JieBaHUH, TIOCKOJIBKY YCTPOMCTBA JJIsl peHTreHOrpaduuecKkoil Bu3ya-
JU3aIMK JOCTYIHEI B Hesopord [ 8§, 9].

B aT0i1 cTaThe MBI IpeagaraéM MeTOJl aBTOMaTHUeCKON oleHKU TsbkecTd OA KOJEHHOro
cycraBa. Pa3zpabateiBactcs u oOyuaercs 3 dekTuBHAs HEHPOHHAS apXUTEKTypa A H3YYCHUS
0COOCHHOCTEH 3a00JIeBaHUs U IEMOHCTPAIIMHU TTOJTy4aeMbIX Pe3yNIbTaTOB MIPH TAKOM 3a00JeBa-
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Hun. s uccnenoBannii Opia ucnons3oana cetb RESNET-34 [10, 11], cocTosimas u3 AByX
BeTBEH, KakIast U3 KOTOPHIX COJCPKHUT CHUPANBHYIO JIMHEHHYIO KaHABKY M YETHIPE CKPBITHIC
CeTH, I WACHTHU(HUKAINN 00NAacCTH KOJCHA, HACTPOHKH (PYHKIHUH OUIHMOOK B COOTBETCTBHH C
MOTPEOHOCTSIMU TIPU Pa3IMYHBIX 3a00J€BaHUAX M YCTPaHEHHUS! MPOOJIEMBI KJIAaCCOBOTO JUcOa-
naHca [12, 13], kak nmoka3aHo Ha puc. 1.
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Puc. 1. Cxemamuuecxoe npedcmasnenue apxumekmypul npeorazaemoui cemu RESNET-34

IocTranoBka 3agaun. Octeoaptput kojeHHoro cyctaBa (OAKC) — 3T0 XpoHHYEecKoe
JIeTeHepaTHBHOE 3a00J€BaHNE, KOTOPOE BBI3BIBACT PAa3pYIICHHE CYCTABHOTO Xpslla U M3MEHe-
HHE TI0JUIeXKalleil KOCTHOHM TKaHH, MPUBOSA K OOJIH, CKOBAHHOCTH U OTPaHWYICHHUIO MOABHKHO-
ctu. [lnarHoctrka u oneHka TsbkecTn OAKC 0OBIMHO OCHOBaHBI Ha PaJnOIOTHIECKUX U300pa-
KEHUSIX M KIMHHYECKHX CHMITOMAaX, YTO TpeOyeT 3HAYMTENbHBIX BPEMEHHBIX M Hpodeccuo-
HaJIbHBIX pPecypcoB. BBeneHne MeToN0B MalIMHHOTO OOYy4Y€HHsI W, B YaCTHOCTH, CBEPTOYHBIX
HeiponHsix cetelt (CHC) npennaraer nepcrneKTHBHBIE BO3MOYKHOCTH I aBTOMATU3aIUH 3TO-
IO MPOLIECCa, YTO MOXKET YIY4LIUTh TOYHOCTh U 3()P(HEKTUBHOCTD JUAIHOCTHKH.

Iesp TaHHOTO HMCCIIEIOBAHUS 3aKIIIOYAETCS B pa3paboTKe M BaJIHIAIMM MOJEIH CBEPTOY-
HOM HEUPOHHOM CeTH JjIsi aBTOMATHUYECKOU OLIEHKHU TSKECTH OCTE0apTPUTA KOJIEHHOI'O CycTaBa
Ha OCHOBE PaJHOJIOTHYECKUX N300pakeHUH (PEHTT€HOBCKUX CHIMKOB).

Pemenue mocraBiaeHHo# 3a1aun. B HacTosIee BpeMs CyIIECTBYET psiJi CUCTEM JUIS pe-
LIeHHs Mpo0IIeM, CBA3aHHBIX C OCTEOAPTPUTOM KOJEHHOro cycraBa. B pabore [14] aBTOpamu
IIpe/IoKeHa aBTOMAaTH3NPOBAHHAS CHCTEMa IS KiIaCCH(UKALUK U TUarHOCTUKH OCTE0apTpUTa
KosieHHOTO cycraBa (OA), UCTIONB3YIOMIYIO KaK oOIine MpU3HAKM ITAleHTa (Takhe Kak BO3-
pacT, I0JI ¥ OIIeHKa MCXO0JI0B TpaBMbI KoJsieHa 1 octeoapTpura (KOOS)), Tak 1 KHHEMaTH4ecKue
JlaHHbIe, COOpaHHBIE Ha MTPOTSHKEHUH BCETO IMKIJIA X060 CHcTeMa BKIIOUaeT B ce0s pasiny-
HbIe KOHCTPYKLIUU CBEpTOUYHBIX HEHpOHHBIX ceTei (CNN), BBIABIAS YETKHE PA3TIUUUSI MEKIY
KJIacCaMH, HECMOTPS Ha OTPAaHMYCHHBIM pa3Mep BBHIOOPKH, YTO OIPAaHMYHBAIIO MPAKTHYECKHE
BBIBOJHI [15, 16].

B uccrnenoanuu [17, 18] ObuT mpeacTaBicH METOl aBTOMATHYECKON HACHTU(UKAIIMY
OA KOJIGHHOTO CycTaBa, OCHOBaHHBIIl Ha KMHETHKE Tesa. DTOT METOJ ObUI anpoOMpOBaH Ha
BBIOOpKE U3 94 YenoBek, pacupeeleHHON mopoBHy Mexay 47 nmamuentamu ¢ OA u 47 310-
POBBIMH TTallUEHTAMH KOHTPOJIGHOW TPYMIBI, YTO IO3BOJIWIO JOCTHYL OOIIEeH TOYHOCTH
72,61% £ 4,24%.

Jpyro#i moaxoJ mpexnojaran UCIONb30BaHHE AEPEBHEB PELICHUNH C MHOTOCIONHBIMU
nepcentpoHamu (MLP) Ha TUCTBIX AepeBbeB, Kak OBLIO MpemIokeHo B [19]. YuacTHUKH ObUTH
KJIaccU(UIIMPOBaHbI B COOTBETCTBHM co mmKkayiold Kemnrpena-JloypeHca kak ‘“HopMmaibHBIE”,
“nerkue”, “yMepeHHO BBIPAKCHHBIE WIU “TsDKENble” B 3aBUCIMOCTH OT TSDKECTH CHUMIITOMOB,
B pe3yJbTaTe Yero CPEqHssI TOYHOCTh cocTaBuna 80%.

B pabote [20] aBTOpHI yCHEIIHO MPOJAEMOHCTPUPOBAIUA CBOW IMOAXOM, COCPEIOTOUYNB
BHUMaHHE HAa METOJaX MCKYCCTBEHHBIX HEHPOHHBIX CeTel, BRIXOMANINX 3a PaMKH TIIyOOKOTro
00yueHws, UIs YIIy4YIIeHNs] JUarHOCTHKH 3a00JIeBaHUN KOJIEHHOTO cycTaBa. B [21] mpeanoxken
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MeTOJ] KOMIBIOTEPHOH IMAarHOCTHKH Ui paHHero BbIABICHHSI OA KOJIECHHOTO CycTaBa C HC-
MTOJIF30BAHNEM PEHTTeHOTPa()Ui KOJICHHOTO CYCTaBa M HECKOJIBKHUX METOJIOB MAITUHHOTO 00y-
YeHWs1, YTO TO3BOJIMIH JOCTUTHYTH ITOKa3aTels TOYHOCTH B 87,15%.

B [22] aBTOpamu NpOBEJECHO MCCIIEIOBAaHUE C UCIIOJIb30BAHHEM OOBEIMHEHHBIX JaHHBIX
n3 6azoBoro Habopa 6a3bl nanHeIXx OAIL. Beuto nporectuposano 2300 u300pakeHHH TPUMEPHO
y 1200 ucnertyemsix. MccnenoBanue mokasanao, 4YTO TOUHOCTh MOBBIIIANACh MPH UCHOIH30BA-
HUHM KOMOWHHMPOBAHHOTO HaOopa JIaHHBIX Kak JJIsl TECTHPOBAHMUS, TakK M Juisl oOydeHus, a He
TOJIBKO IIPH UCTIONb30BaHUU Habopa naHHbix OAL

B [23] omucana ympasisemast gaHHbIMH IUiatdopma Ha ocHoBe MPT, mcnonb3ytomryto
T2-xkaptupoBanue mius quarHOCTHKH OA KOJEHHOTO CyCTaBa, 4TO emie OOIbINe IPOIBHHYIIO
9Ty 00JIaCTh 32 CYET HHHOBAIIMOHHBIX METOIUK TITyOOKOTO OOyUeHHIS.

B manHOM HMCClenoOBaHHMM MPEIIOKEH HOBBIM alTOPUTM aBTOMATHYECKON OLIEHKH TsDKE-
CTH OCTeOapTpHTa KOJIEHHOTO cycraBa. OCTeoapTpUT KOJIEHHOTO CyCTaBa MOApa3IeiseTcs Ha
TPH KaTETOPHH: 3JOPOBOE COCTOSHHE, CPENHEH TSDKECTH M TsDKenoe. 3afada KiacCH(UKAIUH
BBINOJIHACTCS ¢ UCMOJb30BaHUEM IpeqiokeHHoi Monenu VGG16 mna ResNet-34 u apxutek-
Typbl 00yuenusi nepenocy (InceptionResNet V2). HaGop naHHBIX, MCHOJIB30BaHHBIH B 3TOM
ucciaenoBanuu, conepkut 5201 nzoOpaxkeHne 0cTeoapTpuTa KOJIEHHOTO CycTaBa, KOTOpoe pas-
JICNICHO Ha HAOOPBI JaHHBIX A 00ydYeHHMs, TECTHPOBAaHUS W Bajumaimu. B vactHocth, 3100
n300paskeHMi ObLTH MCIOIBb30BaHbI s 00yueHus, 1500 — st TectupoBanus u 601 — 1yist Ba-
nupanuu [24, 25].

CoBpeMeHHbIC METOIbI TUATHOCTUKU OCTEOAPTPUTA KOJICHHOTO CyCTaBa TPeOyIOT ImpuMe-
HEHUS TePeZOBBIX TEXHOJIOTUH ISl MOBBIIICHUS TOYHOCTH M HAJCKHOCTH omeHKd. OcreoapT-
PHUT OCTaeTcsi OMHOW W3 HamboJiee pacIpOCTPAHESHHBIX IPHYNH XPOHUIECKOH 00N W WHBAIHI-
HOCTH CPEIU B3pOCJIOTr0 HACENCHHS, YTO IOMYCPKHUBACT BAXKHOCTH CBOCBPEMEHHON M TOYHOU
JMUAarHOCTHKH. [ pemeHus 3Toil mpoOIeMbl aKTHBHO UCTIONB3YIOTCS METOMIBI TITYOOKOTo 00Y-
YeHHUs U, B YaCTHOCTH, CBepTOUYHBIe HelipoHHEIe ceTH (CNN).

Takum 00pa3oM, MHOTOYMCIICHHBIE HCCIIEOBaHMSA MOATBEPXKIAIOT, YTO IIyOOKHe Hei-
POHHBIE CETH, BKIIIOUasi MOAU(UIIMPOBAaHHbIE apXUTEKTyphl, Takue kak ResNet u U-Net, obec-
MIEYMBAIOT 3HAYUTEIBHOE YIyYIICHHE B TOYHOCTH JAWArHOCTUKMA M aBTOMATHYECKOM aHaJIN3e
MEIUIMHCKUX H300paXeHn .

PazpaboTanHas MoJieNb BKIIOUYAET B ce0s J1Ba pa3nudHbIX Habopa cioes. [lepBwiil HaboD,
MIpeTHAa3HAYCHHBIA U U3BJICUCHUS OOBEKTOB M3 BXOJHOTO O0BeMa, HA3BIBACTCS CPEICTBOM
M3BIICUCHUS] 00BEKTOB. BTOpoil HA0Op CIIOEB BKIIFOUACT MOJTHOCTHIO CBSI3aHHEIE CIIOH, KOTOPEIC
BEITIOJTHSIOT 3aJJa9X M3BIICYCHUS OOBEKTOB M IPOTHO3MPOBAHUS KIlacca, U Ha3hIBACTCS KIIACCHU-
¢ukaTopom. Kak mokasaHo Ha pHCYHKE 2, CpPEICTBO H3BJICUCHHS OOBEKTOB 3aMMCTBOBAHO W3
MIpeIBapUTEIFHO 00yUeHHBIX Mojeneil. OHO BKIIFOYAeT CPEeIHUN OOBEAMHSIONMN CIIOHM mepen
TpeMsl TOJTHOCTBIO CBS3aHHBIMH CIIOSIMH (C BBIXOJHBIMH JaHHBIMHU 128, 32 u 2 COOTBETCTBEH-
HO), C KOHEUHBIM BBIBOJIOM ISl IBYX KilaccoB U SoftMax-ciioem. 3a nepBbIMH JBYMsI MOJTHO-
CTBIO CBSI3aHHBIMHU CJIOSMH CJIEIYIOT CJIOM MOBTOPHOTO COSAMHEHMS U CJIOH oTceBa ¢ Koapdu-
muenTtom 0.5.

[Tepen oOy4yeHueM MoJeNId U300paKeHHsT ObUIM MpeABAPUTEIHHO 00paboTaHbl MyTeM H3-
MEHCHHS UX pa3mepa 10 256 x 256 mukcesneil, a HabOp AaHHBIX ObLI IMOBTOPHO MACIITA0HMPOBAH
nyteM HopMmanuzauuu. Ontumuzatop Adam ObUT KCIIOIB30BaH AJsl 00Y4YEHUsI MOACIH B Teue-
aue 100 meprogoB BpeMeHH ¢ pa3MepoM makeTa B 16 enuaum. Bo BpeMst 00ydeHuns IPOU3BOIU-
TEJILHOCTH MOJIEIIH OIIEHHBAJACh C MCIOJIB30BaHNEM IT0Ka3aTellel TOYHOCTH (accuracy), 10CTo-
BepHOCTH (precision), oTknuka (recall), F1-score.

[Janee oOy4deHHass MoJesib OblIa MPOTECTUPOBAaHA HA TECTOBOM HAOOpeE, OBLIM OLIEHEHBI
MOKa3aTe MIPOU3BOANTEIBHOCTH, YTOOBI ONpeneauTh 3p(HEeKTHBHOCTh MOJIENN B BBISIBICHUN
TpeX KaTeropuil ocTeoapTpUTa KOJEHHOTO CyCTaBa.

Hetiponnas ceth OblTa 00ydeHa Ha IBYX HaOOpax JaHHBIX JUISA JKEHIIWH U MY>KUUH JUIS
YIIydIIeHNs] peHTreHorpadudIeckux M300pakeHuil M yCTpaHeHHS IIyMa, BOHHKAIOIIETO B pe-
3yJbTaTe pajnalbHBIX N300paKeHUH. 3aTeM N300pakeHne KOJIEHHOTO CyCTaBa ObIJI0 YTOUHEHO
¢ HCTIONF30BaHNEM TEXHHUKH imagerpixelspacing ¢ pasmepom 256x256, kak OKa3aHO Ha puC. 2.
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Puc. 2. Pa3pa60maHHa}z MOOelb a8MoMAmMu4eckol OYEeHKU mAdicecmu ocmeoapmpuma

rrors in 1661 tests for an accuracy of 94.7@

Confusion Matrix

Healthy

Puc. 3. Mampuya owubox ons kiaccugpurxayuu KL

Ha puc. 3 npencrasieHa MaTpHna OMIMOOK, MTOJy4YeHHAsh HA OCHOBE MPEUIOKESHHONW MO-
Jend. OTa MaTpula oToOpa)kaeT 3HAYeHHsS! MCTHHHBIX IOJIOKUTEIbHBIX PE3yJIbTaTOB, UCTHH-
HBIX OTPHIATENBHBIX PE3YJbTATOB, JIOKHBIX MOJIOKHUTEIBHBIX PE3yJIbTATOB M JIOXKHOOTPHIIA-
TEeNbHBIX pe3yibTaToB. Ha 0CHOBE ATHX 3HaYEHHH MOXKHO MOJyYHTh TAaKHE [OKa3aTeNH IPOH3-
BOJIUTENIEHOCTH, KaK TOYHOCTh, JOCTOBEPHOCTH, M Mokasaresb F1. MaTpuis! omubok, Kak mpa-
BUJIO, IIPEACTABISIIOT OO0 BCeoOBEMITIOIINHI 1 MH(GOPMATHBHBIN METO OLIeHKH 3 deKkTHBHO-
CTH KJacCH()UKAIIMOHHONW MOJENHN U JIOJDKHBI HCIIOJIB30BATHCS HAPSAY C JPYTMMHU OLEHOYHBIMU
Mepami. Kak nokasaHo Ha puc. 3, MaTpuia omunOO0K IpeiaraeéMoil MOJIeNIN TIOKa3bIBaeT OITH-
MaJIbHbIE PE3yJIbTATHI.

CpenHssa TOYHOCTh MYJIBTHKIACCOBOTO T-TecTa, NOCTUTHYTas pa3pabOTaHHOHW MOJENbIO,
cocraBmia 93,76%, a koadduunent AUC okazaics Ha 0,97 Bbille, 4eM y JIIOObIX paHee MpoBe-
JEHHBIX MCCIIEOBAHNMN, KaK MMOKa3aHO Ha puc. 4.
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Classification Report:

precision recall fil-score support

Healthy 8.9723 8.9683 8.9663 1387
Moderate 8.7226 8.8386 8.7759 223
Severe 8.9375 8.5882 8.7229 51
accuracy 8.9326 1661
macro avg 8.8773 8.7957 8.8217 1661
weighted avg 8.9376 8.9326 8.9332 1661

Puc. 4. Pesyremam xknaccughuxayuu

IIpemnosxeHHBIH METOX OBUT CPaBHEH C IPYTHMHU METOIaMH B o0ectiedrsr TOYHOCTE 0.864,
0oJiee BBICOKYIO, UeM Yy OCTaNbHBIX, JTydmmii koagdumuent F1 u AUC, a Taxke 6omee ObICT-
PYIO IPOU3BOAUTENBEHOCTD, YTO IIOKa3aHo B TalI. 1.

Tab6muma 1
CpaBHeHHe 3HAYEHN OKa3aTeell MPOU3BOIUTETLHOCTH ¢ IPYTUMU apXUTEKTYpaMu

Mogenmn Balanced accuracy F1 score AUC
ResNet18 (TL) 0.811 0.928 0.945
ResNet34 (TL) 0.883 0.872 0.925
DenseNet121(TL) 0.76 0.78 0.913
VGGI11 (TL) 0.77 0.854 0.925
VGG19 (TL) 0.833 0.865 0.908
VGG16 (scratch) 0.843 0.846 0.891
[IpennoxeHHbI METONT 0.971 0.9326 0.9326

[MapameTpbl MPOU3BOAUTEIBHOCTH UCIIONB3YIOTCS ISl OLEHKU 3()(DEKTUBHOCTH MOJIeei
MAaIMHHOTO 00yuyeHus. B Tabn. 1 mpeacTaBieHsl pe3yabTaThl UCIIOJIB30BAHUS PA3THIHBIX MO-
neneit mMammHHOTO OOy4yeHms: ResNetl8 (TL), ResNet34 (TL), mmotHoit cetm 121 (TL),
VGGI11 (TL), VGGI19 (TL), VGG16 (scratch) u mpenmaraeMoit MOJETH sl KJIACCH(pHUKAIIAN
Pa3IMYHBIX YPOBHEH TsHKECTH 3a00JIeBaHKs B HAOOpE METUIIMHCKUX JAHHBIX.

Mozenu mpoTecCTUPOBaHbI Ha TPEX pa3lMYHBIX KilaccaX TSKECTH 3a00J1eBaHUs: TsKEIoe,
HOpMaibHOE (Y 30pOBBIX JTIOAEH), CpeTHEN TSHKECTH.

CoryacHO JIaHHBIM TaONUIpl, npeiokeHHas Moesib CNN npeBoCcXOAMT JBE JApyrue Mo-
JIeTIM TI0 BCEM OLIEHOYHBIM IOKa3aTelsiM, 00ecIieYrnBasi BbICOUAMIITYI0 TOYHOCTh, YYBCTBUTEIb-
HOCTb, OlleHKY F1 U J0CcTOBEpHOCTH JJIsl BCEX KJIACCOB TshKecTH 3abosieBanHus. B wactHoCTH,
paspaboTaHHasi MOJIENb JEMOHCTPUPYET BBICOKYIO TOYHOCTh, YyBCTBUTEIBLHOCTD, OlIEHKY F1 u
JIOCTOBEPHOCTD JUIS TSDKEJIOrO THIA 3a00JIeBaHUsI, a TAK)KE OYEHb BBICOKHME MOKA3aTenH s
JPYTUX KJIACCOB, YTO CBUJETEIBCTBYET O €€ 3(p(heKTHBHOCTH B TOUHOH KiaccH(pUKAMU YpOB-
Heil TsDKeCTH 3a00JIeBaHus.

3akioueHue. PaccMoTpeHbl NpOOJIEMbl JHATHOCTUKH apTpUTa KOJICHHOTO CyCTaBa —
XPOHHYECKOTO JIeT€HePaTUBHOIO 3a00J1€BaHts1, KOTOPOE TOPaXKaeT KOJICHO, BHI3bIBAs 0OJIb.

[peanoxenHas Moienb, pa3paboTaHHas aBTOPaMH HCCJIEOBAHMUs, JOCTUTIIA TOYHOCTH B
97%, 9TO PEBOCXOAMT MOKA3ATENH APYTHX MOJIENel. ITa MOJIeNb MO3BOJISIET BpayaM OBICTPO U
TOYHO KIIACCU(HUIIUPOBATH TSHKECTh OCTEOAPTPHUTA Y MAIMEHTOB HA OCHOBE OTIEJBbHBIX H30-
Opaxenuit. Kpome Toro, mpemioxeHHass MOJENb MO3BOJIMJIA JOCTUYb CaMbIX COBPEMEHHBIX
pe3yJbTaTOB 10 CPAaBHEHHIO C CYHIECTBYIOIIMMH MOJEISIMH, YTO JIENIAaeT €€ IIEHHbIM MHCTPY-
MEHTOM JUIS TOYHOH H A(PPEKTHBHOMN TUATHOCTUKY W TUIAHUPOBAHUS JICICHUS.
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