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PE3YJILTATOB, IIOATI'OTOBKC JOKJIAI0B U HY6HI/IK3HI/II7I.

Bbaaromapuoctu. Vckpenne 6iaronapio Bcex, KTO criocoOCTBOBAJ BBHITIOJHEHUIO TaHHON
pabotel. Ocobyro OmaromapHocTh BbIpakalo [aHeeBy AnekcaHapy AxaroBuuy 3a
HAaCTaBHUYECTBO HA BCEX 3Talax HAyYHO-HCCIIENA0BATEIbCKOM pabOThl, 3KCIEPUMEHTAIbHbII
OTIBIT, 00yUYEHUE KPUTUUECKOMY MBIIIJICHUIO U YMEHHUIO BBISIBIISITH CYTh Mpo0iemMbl. biarogapro
Jlxarannansina Urops DayapnoBruya 3a MHOTOKPATHBIE IPOAYKTUBHBIE O0CYKIEHUS TOHKOCTEH
MOJIYIIPOBOJIHUKOBBIX CEHCOPOB U Ia30aHAIN3AaTOPOB, a TAKXKE 3a IOMOILb B TOJATOTOBKE CTaTEH
JUTsL Ty OJTUKAITIH.

Bripakatro OnarogapHocTh MouM coaBTopaM U kosuteram: Kopoternkomy bopucy
Anekcanaposuuy, ['yoans Aune PomanoBue, UyunHoii Bukropun Anekcannposue, Hedbemnoy
Anppero Oneropuuy, BacuibeBy Anekcero AHnpeeBuuy, ApceHnbeBy AHnpero MiBaHoBHYYy.

B 3aximouenue Onaromapro Cymnpyry, poauTeneid, Opara, aApy3edl u OJIM3KHX JoJel 3a

MOIJICPXKKY.
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BBenenue

Pannee BbisiBnenue paka yerkux (PJI), xak mpaBuiio, cBsi3aHO CO 3HAYUTEIHHBIM
yiydiieHueM 3(QQeKTUBHOCTH ero JiedeHus. OJHAKO HCIOJIb3yeMble B HACTOSIIEE BpEMs
MeToAbl paHHel quarHoctuku PJI o6manaroT HegoctatouHoi 3¢ (HEeKTUBHOCTBIO, YTO TPUBOIUT
K BBISIBIICHUIO OOJIE3HU Ha MO3JHEN CTaJANH U, KaK CIEJCTBUE, K BBICOKON CMEpTHOCTH. B cBsizu
C 3TUM pa3pabOTKa BHICOKOMPOU3BOJIUTEIBHOTO U HAJCKHOTO METO/Ia TUATHOCTUKH SBIISICTCS
BaXHOM 3a7aueil, KoTopas TpeOyeT Hauckopeiiiero peneHus. AHaJIU3 BbIIBIXa€MOT0 BO3/IyXa
(BB) nmna ompeneneHus psjna OpraHUYECKUX COCIUHEHUM, SBISIOMIMXCS TPU3HAHHBIMU
ouomapkepamu PJI, cTaHOBUTCS MHOT0OOEIIAOIIUM METOJIOM paHHero BeisBieHus PJI. Oto
HaIlpaBJIEHWE WCCICIOBAHUI TPUBJIEKACT BCE OOJBIIUNH HMHTEpPEC, UYTO MOATBEPKIAACTCS
€XKETOJJHO YBEIMYMBAIOIIMMCS KOJIMUYECTBOM HAyYHBIX MyOJMKAlUA MO JaHHOM TeMatuke. B
ATON 00JacTH B MPUHIIMIIE BO3MOXXHO CO3/IaHHE HE TOJIBKO CKPUHUHTOBOT'O METOJla paHHEen
nuarHoctuku PJI, HO U MeTo/1a, TO3BOJISAIOIIETO KOHTPOJIUPOBATH cocTosiHUE OonpHOTO PJI Kak
110 JIeyeHwus, Tak u nocie. OAHaKO MpU CO3JaHUU MTOI0OHOTO METOa HEOOXOAMMO BBITIOJIHUTD
P YCTIOBUH, 3a4aCTyI0 MPOTUBOPEUUBLIX. MeTo A TOKEH UMETh MaJioe BpeMs mpoOooToopa 1
aHayn3a, ObITh OTHOCUTEIBHO JICIIEBHIM U HEMHBA3UBHBIM, W, IO BO3MOKHOCTH, pabOTaTh B
OHJIaH-pexxuMe. BaxkHeimmm tpeboBaHueM, MPEABIBISIEMbIM HE TOJBKO K PACCMOTPEHHBIM,
HO U K JIIOOBIM JPYTUM MeTojaM quarHoctuku PJI sBisieTcst BICOKHE YPOBHU CIIEIM(PUIHOCTH
Y MIPOTHOCTUYHOCTH MOJIOKUTEIBHOTO pe3yibTata [1]. CoOTBETCTBYIOIINE BEIUUYUHBI TOJKHBI
ObITh HE MeHee 98-99%, B MPOTHUBHOM CIIydae PE3KO BO3PACTAET KOJUUYECTBO HEOMPaBIaHHBIX
ouornicuii, CONPSKEHHBIX C PHCKOM  OCIOKHEHWH, YBEIMYMBACTCS  HCIOJIb30BAHUE
JIOTIOJTHUTENBHBIX METOJIOB OOCJEOBaHUSI U YBEIWYUBACTCS €r0 CTOMMOCTh. TpeOoBaHHsS K
YYBCTBUTEJIBHOCTU U MPOTHOCTUYHOCTH OTPULATEIBLHOIO PE3yjibTaTa MEHEE MKECTKUe — s
YyBCTBUTEIbHOCTH  He  MeHee  90%, I8 NPOTHOCTUYHOCTH  OTPUIATEIIHHOTO
pesynbTata — 85% [2].

Ha nmanHoMm stane pa3Butusa a”Hanu3za BB Bce ucnonb3yemble mist 1MarHocTuku PJI
METO/bl aHaIM3a Ta3oBas Xpomaro-macc-criektpomerpus (GC-MS), macc-ciekTpomeTpus ¢
peakuueir nepeHoca mnpotoHa (PTR-MS), nonukanwuispHas CHEKTpOMETPUS HMOHHOM
noaBuxkHOCTH (MCC-IMS) He MOTHOCTBIO YIOBIETBOPSIOT MPEABSIBISIEMBIM TPEOOBaHUSIM:

GC-MS wumeeT HU3KYI0 MPOU3BOAMUTEIBHOCTb, BBICOKYIO TPYAOEMKOCTh M BO3MOXHOCTH



UCMOJIb30BAHUSA ATOr0 METO/a TONbKO B odduaiiH-pexuMe, a METOAbl, KOTOpPbIE MOXHO
ucronb3oBath B oHnaiH-pexume: PTR-MS, MCC-IMS — 4BisitoTcs HEIOCTaTOYHO
qyBCTBUTEJIBHBIMU. BripoueM, Bc€ 3THM METOABI JOCTATOYHO CJIOKHO HCIIOJIB30BaTh IS
HENOCPEACTBEHHOTO KOHTPOJIS COCTOSIHUS O001bHOT0 PJI. 3HaunTenpHO mpoiie Juist 3TUX Leen
UCMOJb30BaTh MyJbTHCeHCOpHYI0 cuctemy (MC) s pacno3HaBaHus oOpazoB BB Tuma
«@NEeKTpOHHBIN HOc» (OH), mist KOTOpoil MOryT OBITH JOCTUTHYTHI MPUEMIIEMBIE YPOBHHU
CHeM(PUUHOCTH U TMPOTHOCTUYHOCTH MOJIOKUTEIBHOTO pe3ysibTaTa, XOTS M OHU TPeOyIoT
yiaydmeHuss. OTMETHM, YTO HBIHE cyliecTByromue DH cucrteMbl He MO3BOJISIIOT MOJHOCTHIO
pemuTh npoOaemMpl 1UuarHocTUKU PJI, 4To B 3HAUMUTENBHOW CTENEHU CBSI3aHO CO CBOMCTBAMH
UCIOJIb3YEMBIX U 3TUX Lejieil ceHcopoB. Cpenu HEIOCTaTKOB HBIHE HMCHOJb3yeMbIx OH
HEJO0CTAaTOYHAsl NEPEeKpPEeCTHas YyBCTBUTEIBHOCTh 110 OCHOBHBIM Ouomapkepam PJI u
HE/IOCTaTOYHasl JIOJTOBPEMEHHAas CTA0MJIBHOCTh MX AHAINTUYECKUX XapaKTEPUCTUK. OTH
HEJO0CTAaTKU MPUCYIIHM MHOTUM THIIaM CEHCOPOB, HO B HaWMEHbIIEH CTENEHU OHU KacaroTcs
METAJUIOOKCUJIHBIX CEHCOPOB, KOTOpble, IMpaBaa oOO0JaJaloT JAPYTUM HEJOCTaTKOM -
IPOU3BOICTBEHHONW BapuabesnbHOCThI0. CyIecTBYIOIIME TEXHOJIOIMM U3IOTOBJICHUS HE
MO3BOJISIIOT MOJIYYUTh CEHCOPBI, UMEIOIINE HICHTUYHBIE XapaKTEPUCTUKU U, CIEAOBATEILHO,
UJICHTUYHBIN XapakTep OTKIMKA K aHAJTUTY. JTO MPENsITCTBYET MACIITAOHOMY NPOU3BOJCTBY
MYJIbTUCEHCOPHBIX CUCTEM, TPU KOTOPOM MOXKHO ObLIIO Obl COOMpPATh TaHHBIE B 001IYI0 0a3y u
UCMOJIb30BaTh EUHYIO KIacCU(UKALMOHHYIO MOJIENb JUIsl BceX mpubopos. [[ist perenus sToi
po0JIeMbI CYIIECTBYET PsAJl METOJIOB MO YCTPAaHEHUIO HHCTPYMEHTAIbHON Bapualui, KOTOpbIE
4acTO HAa3bIBAIOT MEPEHOCOM I'PaAyHPOBOYHBIX 3aBUCUMOCTENW. DTOT MOAXOA COCTOUT B TOM,
4yT0OBI TMpeoOpa3oBaTh JAaHHbIE C JOMOJHHUTENIBHBIX YCTPOMCTB (HAa KOTOPBIX H3MEpPEHBI
TECTOBBbIE 00pa3libl) B COOTBETCTBUE C BEAYLIMM MM OCHOBHBIM YCTPONCTBOM (Ha JaHHBIX
KOTOpOro oOydeHa Mojeiab NporHo3upoBanus). HaGop oOpas3moB ans craHzapTU3anuu
U3MepsieTcsl KaK Ha OCHOBHOM, TakK M Ha TOM YCTpPOMCTBE, KOTOpOE HEOOXOAMMO
CTaH/JAPTU3UPOBaTh. 3aT€M MPUMEHSIOTCS AINTOPUTMBl PErpecCHMM I YCTAHOBJICHMS
3aBUCUMOCTU MEXAY NMEePEMEHHBIMHU.

B cBs3u ¢ 3TUM pa3paboTka HOBOTO MPSIMOTO METOJA JAMArHOCTHKH, BKIIOYAIOIIETO B
ce0sa Kak pa3pabOTKy HOBBIX CEHCOPOB, TaK U MYJIbTHCEHCOPHOW CHUCTEMBbI HAa MX OCHOBE C
BO3MOXXHOCTBIO OIIEPUPOBATh €IMHOI 0a30i JaHHBIX, ISl CO3/IaHUSI CUCTEMbI AMarHOCTUKHU PJI

I10 BBIIBIXaEMOMY BO31yXY SIBJIIETCS OUEHb BA)KHOW M aKTyaJIbHOU 3a7a4ei.
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Heabio ganHOW paboThl pa3paboTka METONOJOTHU OHIaiH-aHanu3a BB ¢ momorisio
CHCTEMBI Ta3049yBCTBUTENBHBIX METAUIOOKCUIHBIX CEHCOPOB sl 1uarHoctuku PJI. B cBsA3u ¢
MIOCTABJIEHHOM 1EJIbI0 PELIAINCH CIEAYIOIINE 3aJaYM:

1. Pa3paboTtka  cxembl  oHiaiiH-aHain3za BB ¢ moMomipio  cUCTEMBI
ra30uyBCTBUTEIBHBIX METAJIOOKCHIHBIX CEHCOPOB, HE TpeOyrolel JIOMOJIHUTENBHOM
poOONOATOTOBKH;

2. Ornpenenenne OTHOCUTENBHBIX UyBCcTBUTENbHOCTEN JIOC 1151 peABapUTENBHOTO
0TOOpa CEHCOPOB;

3. [IpoBeneHue CpaBHUTENBHOTO MEIWIIMHCKOTO HCCIEAOBaHMS W aHaim3a BB
MaIMeHTOB rpynmbl 00IbHBIX PJI 11 3M0pOBBIX JTFOCH;

4. Bei6op »sddexktuBHOTO anroputmMa 00paOOTKM  JAHHBIX, TO3BOJISIOIIAX
addeKkTUBHO pa3fendaTh rpymnnel  OonbHbIX  PJI W 370poBBIX  JIOAEM ¢ BBICOKOMA
YYBCTBUTEIBHOCTBIO U CHEIU(DUIHOCTHIO OC30THOCUTEIHHO BHEIIHUX (PAKTOPOB COCTOSIHUS
nanueHTa (BO3pacT, MOJ, KypeHHE U Jip.) U OCHOBBIBASICh HCKIIOUUTEIHHO Ha OTKIMKAX
MYJIbTUCEHCOPHOU CUCTEMBI;

5. [IpoBenenue wuccnenosanus a"nanmsa JIOC Ha OBYX CEHCOPHBIX CHUCTEMax C
UIACHTUYHBIMH TPYINIIAMH CEHCOPOB M  pa3paboTka TMoaxoAa s CTaHJapTU3AIUH

MYJIBTUCEHCOPHBIX CUCTEM.

Hayuynasi HOoBM3HA:

1. Tpennmoxena, cozmana U anpoOUpoBaHa cxema OHJaiiH-aHanu3a BB ¢ momorisio
CUCTEMbI I'a304yBCTBUTEIbHBIX METAJUIOOKCUIHBIX CEHCOPOB, HE TPeOyIoMIas JOMOJIHUTEIbHOU
npoOONOArOTOBKM. JTa CHCTeMa coueTaeT B cebe OHJIalH-U3MEpeHHe M BpPEMEHHOE
MHTETPUPOBAHUE CUTHANA, BBICOKYIO CKOPOCTb MPOIYBKH, M, KaK CJEICTBHUE, BBICOKOE
ObICTpoAeiicTBIE ¢ MUHMMM3ALUEN 2P PEKTOB NaMsTH;

2. PazpabotaH u anmpoOHpOBaH aNrOpuTM OOPabOTKM IKCHEPUMEHTAIBHBIX JAHHBIX,
MO3BOJIAOIMMN  dDPeKTUBHO pa3nensiath OodbHBIX PJI u 310pOBBIX JIOAEH C BBICOKOU
qyBCTBUTENHHOCTHIO (90.5 £ 2.6)%, cnerupuyanocthio (98.1 + 1.5)%, Tounocthio (94.0 + 1.6)%,
ROC AUC 0.961 + 0.018, nporHOCTUYHOCTHIO MOJIOKUTENBHOTO pe3yibTaTa (98.3 = 1.3)% u
IPOrOHOCTUYHOCTBIO OTPULIATENBHOTO pe3ynbTara (89.9 + 2.7)%;

3. Paspaboran u ampoOuUpoOBaH ajropuT™M OOpabOTKH JaHHBIX [JIS1 OLICHKH
pE3yJIbTaTUBHOCTH  NIE€PEHOCAa  IPaJyMpOBOYHBIX  3aBUCUMOCTEM  MEXIy  JABYMS

MYJIBTUCCHCOPHBIMHU CHCTCMAMHU C TIOMOINBIKO CTAHAAPTU3AlIUU OTKIMKOB Ha MOICIBbHBIX



3aJadax KJ'IaCCI/I(bI/IKaI_II/II/I.

I[IpakTHYeckasi 3HAYUMOCTDH PadOTHI:

1. Pa3paborana cuctema onnaiiH-aHanu3za BB ¢ ucmons3oBaHueM sideiiku u3 6
ra3ouyBcTBUTENBHBIX MO ceHcopoB, nmo3Bossitonias 3a 25-30 MuHyT npoaHanusupoBate BB
OJIHOTO MAIIMEHTA P 3 TEMIIEPATYPHBIX PEXKUMAX;

2. Pa3paborana cxemMa oOHIAlH-aHaIW3a M AJITOPUTM OOpaOOTKM JaHHBIX,
no3BoJsioniast 3pGEeKTUBHO paslensaTh Tpynnbl 0oibHbIX PJI 1 310pOBBIX JIOACH C BBHICOKOM
qyBCTBUTENBHOCTHIO (90.5 £ 2.6)%, cneruduynocthio (98.1 £ 1.5)%, Tounocteio (94.0 + 1.6)%,
ROC AUC 0.961 £ 0.018, mporHOCTUYHOCTBIO MONOXKUTENbHOTO pe3yibTaTta (98.3 = 1.3)% u
MPOTOHOCTUYHOCTHIO OTpHULIATEIBHOTO pe3ynbTarta (89.9 + 2.7)%;

3. Pa3paboTtanbl MeTOaMYECKHE MOAXO/bI K CTAHAAPTU3ALNHN CEHCOPHBIX CHUCTEM C
UJCHTUYHBIMU CEHCOpPaMU C MTOMOIIBI0 METO/a NEepeHoca rpaAyupOBOYHON 3aBUCUMOCTH, YTO
MO3BOJISIET HCIOJNBb30BaTh M 00pabaTbiBaTh pe3ynbTarhl aHaimu3a BB ¢ Heckonbkux

MYJIbTUCEHCOPHBIX CUCTEM B €MHON Oa3e.

OcHoOBHbIE M0J10:KeHUSI, BBIHOCUMbIE HA 3a1[UTY:

I. Cucrema onnaiiH-anann3a BB ¢ ucnonbs3zoBanrem MaccuBa ra304yBCTBUTEIIBHBIX
MO cencopoB miis quarHoctuku PJI;

2. Anroput™ 00paboTKH SKCIEPUMEHTATBHBIX JTAHHBIX, MO3BOJISIONNH 3 (HEKTUBHO
pazzensaTh rpymnmbl 0onbHbIX PJI 1 310pOBBIX J0NIEN € BBICOKOM 4yBCTBUTEIBHOCTHIO (90.5 +
2.6)%, cnerupuunocThio (98.1 £ 1.5)%, TounocTrio (94.0 £ 1.6)%, ROC AUC 0.961 £+ 0.018,
MPOTHOCTUYHOCTHIO MOJOXKHUTENbHOTO pe3yibrata (98.3 = 1.3)% U IpPOroHOCTUYHOCTHIO

OTpHULIATeNIbHOTO pe3yJibTarta (89.9 + 2.7)%.

IyOoaukanuu u anpodanus padoThbi:

PesynbraThl AuccepTalimOHHON pabOThI TOKJIAIBIBATIICH U 00CYKIAIHCH Ha CIISTYIOIINX
KOH(pEepeHIMsIX U KOHKypcax: MexayHapoaHas CTyJdeHueckas KoHgepenmus “Science and
Progress - 2018” (CaukTt-IleTepoypr, 2018), KOHKYpPC MEXIUCIUIUIMHAPHBIX CTYJEHYECKUX U
aciupanTckux npoektoB «Start-up CIIOI'Y — 2018» (Canxt-IlerepOypr, 2018), VI
[leTtepOyprckuii  MEXIyHapOAHbIM  OHKosoruueckuit ¢opym «bensie Hounm 2020»,
Hammonansnas (Bcepoccuiickas) KoH(epeHIIHs 10 €CTeCTBEHHBIM U TYMaHUTApHBIM HayKaMm ¢
MexayHapoaueiM  yuactuem «Hayka CIIOI'Y — 2020» (Canxkt-IlerepOypr, 2020),

MesxayHnapoaHas KoH(epeHIIHs [0 eCTECTBEHHBIM M T'yMaHUTapHbIM HayKaMm «Science SPbU —



8

2020», IletepOyprckuii MexAyHApOIHBIM OHKoJoruueckuit (opym «benbie nHoum 2021»

(Cankrt-IlerepOypr, 2020).

[To Teme paboThI OMyOJIUKOBAHBI 3 CTAThU B XKypHAJIaX, HHACKCUPYEMBIX B 6azax WoS u
Scopus:

1. A.A. Ganeev, A.R. Gubal, G.N. Lukyanov, A.l. Arseniev, A.A. Barchuk, LE.
Jahatspanian, I.S. Gorbunov, A.A. Rassadina, V.M. Nemets, A.O. Nefedov, B.A. Korotetsky,
N.D. Solovyev, E. Iakovleva, N.B. Ivanenko, A.S. Kononov, M. Sillanpaa and T. Seeger.
Analysis of exhaled air for early-stage diagnosis of lung cancer: opportunities and challenges //
Russian Chemical Reviews (2018) 87 (9), pp. 904-921, DOI: 10.1070/RCR4831;

2. A. Kononov, B. Korotetsky, 1. Jahatspanian, A. Gubal, A. Vasiliev, A. Arsenjev,
A. Nefedov, A. Barchuk, I. Gorbunov, K. Kozyrev, A. Rassadina, E. lakovleva, M. Sillanpaa,
Z. Safaei, N. Ivanenko, N. Stolyarova, V. Chuchina, A.Ganeev. Online breath analysis using
metal oxide semiconductor sensors (electronic nose) for diagnosis of lung cancer // Journal of
breath research (2019) 14 (1), 016004, DOI: 10.1088/1752-7163/ab433d;

3. A. Arseniev, A. Nefedova, A. Ganeev, A. Nefedov, S. Novikov, A. Barchuk, S.
Kanaev, I. Jahatspanian, A. Gubal, A. Kononov, S. Tarkov, N. Aristidov. Combined diagnostics
of lung cancer using exhaled breath analysis and sputum cytology // Problems in oncology
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I'masa 1. O630p TuTEPATYPHBIX JAHHBIX

1.1. IloTeHIanbHBIC 61/10Map1<ep1>1 PpaKa JICTKOT'O B BBIABIXaCMOM BO31YXC

Ananu3 BB, B yacTHOCTH, [Jis TUarHOCTUYECKUX LEJNE€ HA JAaHHBIII MOMEHT SIBJIETCS
aKTUBHO pa3BHUBAIOIICHc o00sacThio uccienaoBaHuil. [3]. B0O3MOXHOCTH HUCIOJNB30BAHUS
ananu3a BB mns BeisiBnenus paka nerkux (PJI) m3ydaercs B TedeHHe MHOTHX JIeT, U ceidac
MpUBJIEKAeT Bce Ooiblllee BHUMAaHUE HcCclenoBareneil Onaronapss OBICTPOMY pa3BUTHIO
MeTtaboromuku [4]. Merabonomuueckuii ananu3 BB o0buHO HampaBiieH Ha KOJIWYECTBEHHOE
ompeneNieHne MeTa0OJMTOB C HU3KOM MOJeKyJsipHOil Mmaccoit (Menee 1000 a.e.m.) [5].
M3MeHeHHe KOHIEHTpAlUid TaKWX COCIMHEHUUW MOXKET OBITh BBI3BAHO Pa3IMYHBIMU
naTo(U3NOJIOTMYECKUMH TIPOIIECCaMU, TEHETHUYECKUMU MOAUPUKAIUAMH WU (paKTopaMu
OKPYXaIOIIEH Cpelbl, BIHSAIOMMMU Ha XUBble cuUCTEMBI [S]. Takue m3amenenuns B BB moryt
SBIIATHCA MPEAYIPEKIAIOIMMI TPU3HAKAMU TakuXx 3a0oneBanuii kak PJI [6].

Jleryune oprannueckue coeaunenus (JIOC), conepxarntuecs B BB, o6pa3yrorcs B xoze
peakuuii oOMeHa, MPOUCXOSAIIMX KaK B OpraHM3ME 4eloBeka, Tak M B MukpoOuote. [lpu
NATOJIOTUYECKUX COCTOSHUSIX B CHUMOHMO3€ MHUKPOOMOTHI HEU30€KHO MNPOUCXOAST CIBHUIHU
MeTabonan3Ma, W, KaK CJIeJICTBHE, MPOUCXOTUT U3MEHEHHUE MPOIYIIUPYEMbIX BEIIECTB, B TOM
YHClie HU3KOMOJIEKYJISIpHBIX. Takue coeguHeHus: MOTYT ObITh OOHapyxeHbl B BB uenoBeka. B
clly4yae MaToJOTHU MEepPEeMEHbl B CHEKTPEe HU3KOMOJIEKYJSIPHBIX METAa00IMTOB MUKPO(IOpPHI B
MPUHIIAIIE MOTYT OBITh JETEKTUPOBAHBI C MOCIEAYIOMUM AUarHocTupoBanueM PJI Ha paHHUX
CTaaMsIX.

B BbioXe dYenoBeka NPUCYTCTBYIOT HECKOJIBKO COTE€H COEAMHEHUW, HO TOJIBKO
HEKOTOpbIE U3 HUX MOTYT OBbITh MOJIE3HBI AJ1s1 oOHapyxkeHus PJI Ha panHei ctaauu 3a0oeBaHus
[2]. Jyns MOCTAaHOBKM HAACKHOTO JHarHoza TpeOyeTcs WACHTU(PUKAIUS ONPEISICHHBIX
COCIMHEHUHN, HaIMYMe WM KOHUEHTPAalMsS KOTOPBIX OJIHO3HAYHO KOppeIupyer ¢
3aboneBanneM. CornacHo BcemupHOI opraHuzanuu 3ApaBoOXpaHeHHs: OMomapkep — 3TO
11000€ BEIIeCTBO, CTPYKTYpPa WK MPOLECC, KOTOPbIE MOTYT OBITh U3MEPEHBI B OpraHU3Me WIN
ero MpoAyKTax, a TaKXKe BIUSIOT WU MPEJCKa3bIBAIOT YACTOTY MCX0/a WM 3a0oneBanus [7].
OtMmeTuM, 4TO OMOMAapKephl TS 3I0POBBIX U OOJIBHBIX JIFOJIEH OTIUYAIOTCS, KaK MPaBHUIIO, HE

UX HaJIMYMeM/OTCYTCTBHEM, a JMala3oHaMHM KOHIEHTpauuid. MexaHusmbl oOpa3oBaHUs
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HNOTEeHIHaIbHBIX OnoMapkepoB PJI B Bblgoxe uenoBeka MOAPOOHO PAacCMOTPEHBI B JIAHHOU
pabore [8].

MOXHO BBIIEIUTH HEKOTOPOE KOJWYECTBO COEAMHEHUH, NH()OPMATUBHOCTb KOTOPBIX
ObL1a OKa3aHa B psje padoT. B Tabnuue 1 npencrasnens Onomapkepst PJI, 1151 KOTOpbIX ObLIO
[OKa3aHO 3HAuMMoOe paszzeneHue Mexnay rpynmnod PJI u rpynmel 310poBbIX (KOHTPOJIBHOU
Ipynmnbl) M KOTOpblE BCTpEYaeTcss HE MeHee, 4yeM B JByX paborax [3]. buomapkepsl

CTPYNIHMPOBAHBI 10 KJaccaM C YKa3aHHUEM X BO3MOXHOU MPUPOIBI TPOUCXOXKACHUS [9].

Ta6auna 1. UndpopmatuBubeie 6uomapkepsl PJI B BbIioxe yenoBeka (B CKOOKax yKa3zaHO

KOJIMYECTBO paboT, B KOTOPHIX OMOMapKep OTMEeUeH Kak MH(POPMATHUBHBIN)

Kmacce INoTeHnMAIBbHBIA OCHOBHBIC COCIHHEHHS W/WJIH | JK30TreHHBIH

coeuHeHU IHAOTeHHBIH NPOU3BO/HBIE HCTOYHUK
HCTOYHUK

Anxanbl/ OxcuaTUBHBIN W3onpen (4), nekan (3), 6ytan (3), | Oxpyxkaromas

AnkeHsl/ cTpecc neutan  (3), ynaekan  (2), | cpena, MIACTUK WIIH

AnKaaueHsl (mepoxcuaanus METHILHUKIONEHTAaH (2), | ToUBO
MTOJIMHEHACBIIIEHHBIX | 4-MeTuoKTaH (2), mpoman (2), 2-

KHUPHBIX KUCIIOT) MeTWIINEHTaH (2), renta (2)

Cnuptsl MeTtabonusm [Ipomnan-1-on (5), | Oxpyxatomas
YIJIEBOAOPOIOB, npormnan-2-o1 (3) cpena, MHILA,
abcopOMpPOBaHHBIX Ne3uHDUIMPYIOTINe
yepe3  KelyJI04HO- CpelcTBa
KMILIEYHBIN TPAKT

Anbaeruasl MeTtabonuzm I'ekcanane (4), renrtananb (3), | Oxpykaromas
CIIUPTOB; nponananb (3), Oyranans (2), | cpena, U1,
[Tepokcunanus neHtaHans (2), okrtaHanb (2), | MUIIEBBIE  OTXO/IBI,
JTUTHIOB HOHaHaIb (2) CUTapETHBIN JIBIM

Kerons! Oxucnenue xupHbiX | byran-2-om  (5), awmeron (3), | Okpyxaromas
KHCIIOT; TeHTaH-2-0H (2) cpena, ITUIIIA,
Metaboan3m OSIKOB MMHIIEBBIC  OTXOJBI,

JIeKapcTBa,
apoMaTH3aTOPHI,
KpacKu
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KapGonossie Merabonu3zm YkcycHas KHCIIOTa (2), | [Tumessbie

KHCIIOTBI AMUHOKHCIIOT MIPOIMKUOHOBAsE KUCIIOTa (2) KOHCEPBAHTHI,
PacTBOPUTEIIH,
TIOJTUMEPBI
ApomaTudeckue | - Otunbenszon (4), crupon (4), | bensun,
COCTMHCHHS ocenzampaerua  (2), Oenzon (3), | CHTApPETHBIA  JBIM,
MPONMIOEH30J1 (2), 1,2,4- | TOIUIMBO,  CMOJIBI,

TpUMETUI0eH3011 (2), o-kcuinon (2) | Macna

Ha ceropnsinuii 1eHb OMyOJIMKOBAHO 3HAYUTEIBHOE KOJIMYECTBO PAabOT C YaCTUYHO
MPOTUBOPEUMBLIMU pe3yIbTaTaMH: CPEIHsISI KOHIIEHTpalus 6uomapkepa B BB ucnbiTyembix ¢
PJI MOXeT B OJHOM UCCJIEI0BAaHUU OBITH 3HAYMMO BBIIIIE, @ B IPYTOM — 3HAYUMO HUXKE CpeHEN
KOHIIEHTpaluu Ouomapkepa B Tpylme 3M0poBbIX Jtojeil [6]. Takke OTMETHM, YTO pa3HbIC
TpyIIIbI KCCIIEI0BATENECH UCTIONB30BAIM PA3IUYHbIE METOIbI OTOOPA U MPOOOMOArOTOBKU MTPOO
U BbIABJIEHHUsS OunomapkepoB. OTCyTCTBHE CTaHAApTHON mporenypsl aHanu3a BB sBisercs
OCHOBHOM NMPUYUHON PACXOXKICHHUI B MOTYyYaeMbIX pe3yJibTaTax.

B oaHOI1 13 0030pHBIX PaboT, MOCBSAIIEHHBIX 0030py MOTEHITUATBHBIX OnomMapkepoB PJI,
ObUIO MOKAa3aHO, YTO HCMOJb30BAHUE OHOTO BEIIECTBA HEAOCTATOYHO [UIS YCIEIIHOTO
pasaenenus rpymmnsl PJI v rpynmel 3n0poBeix jrofei [3]. Hao6opoT, uccnenoBarenun 0TMEUaroT,
9TO Il JUArHOCTHMYECKOTO TecTa HEOOXOJMM HWMEHHO Habop BemiecTB, (GopMupyromumm

npoduis BB namuenta [3,6].

1.2.  Meroasl npo6ooTOOpa ¥ MPOOONOATOTOBKH MPU aHAIU3E BBIIBIXaEMOT'O BO3/TyXa

Ot6op mpoO SIBISICTCS OAHMM W3 BaXKHBIX 3TanoB aHanu3a BB. CymectByer psin
napaMeTpoB, Ha KOTOpbIe HEOOXOAUMO OOpalaTth BHUMaHUE, YTOOBI M30€XaTh OMMUOOYHBIX
MPEITOIOKCHUN O MPOMCXOXKJICHUN TEX WJIM WHBIX WICHTU(DHUIIMPOBAHHBIX coeauHCHMU. K
ITHM TapaMeTpaM OTHOcsATCS Tull BB (00beM MCIoNb3yeMoro JIbIXaHusi), TEXHUKA JIBIXaHHUS,
KpaTHOCTh 0TOOpa, crocod ordopa, BausHue JIOC, mpHUCYyTCTBYIONIMX B OKPYXAroIIel cpeae,
YCJIOBHUSI XPAaHCHHUH M TPAHCIIOPTUPOBKU Mpo0. Bee 3T mapaMeTpsl moapoOHO pacCMOTPEHBI U

oOcyxaensl B pabotax [10-12]. B Tex ciydyasx, koraa coctaB BB ananusupyercst B oHnaiin-
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peXUMe WIH B PEKUMME PEaJbHOI0 BPEMEHHU, CTaAuu oTOopa MpoOd U MpeaBapUTEIBHOTO

KOHLEHTPUPOBAHUS MOTYT OBITh MPOITYLIEHBI.

1.2.1. Ocobennoctu mpo600TOOPaA BBIIBIXAEMOTO BO3TyXa

Jlns ananusa coctaBa BB MOXHO OTOMpaTh CMENIaHHBIN SKCIUPATOPHBIN BO3IYX HIIH
TOJBKO QJIbBEOJSIPHBIA BO3ayX. [lpm HCHonb30BaHMHM NEPBOrO BAPHAHTA BBICOK PHUCK
3arpsi3HEeHUs. MPOObI SK30T€HHBIMU COSAMHEHHUSIMHU U3 TIOJIOCTH PTa U MEPTBOTO NMPOCTPAHCTBA
(HOCOTJI0TKA, Tpaxesi, OpOHXU ¥ OPOHXHUOJIBI BILIOTH /10 UX MEPEX0/a B aJbBEOJIbl), YTO MOXKET
CKOMIIPOMETHUPOBATh pe3yibTaT aHanmu3a [10]. AnbBeosiapHBIM BO3ayX OoraTr JeTydyuMu
COEJIMHEHUSMU KPOBH, TIOITOMY IIPUMEHEHHE METO/Ia allbBEOJISIPHOTO 0TOOpa cuuTaeTcs bonee
TOYHBIM, 00ECTICUMBas MPEICTABUTEIILHOCTh U MOCTOSIHCTBO KauecTBa mpoOsI [13,14].

Hcnonp30BaHWe pa3IMYHBIX TEXHUK JbIXaHMs, TaKUX KaK 3aJepKKa JbIXaHUusi,
TUTICPBEHTUIISALINS, TbIXaHUE TIPOTUB COMTPOTUBIICHUS U Jp., HAIIPABICHO KaK MpaBUIIo, JIUOO Ha
HAKOILUICHHUE BBIJICIIEMBIX Ta30B, TN00 Ha pa3aencHue ¢ppakuuii BB 3a onun BeImoX [13,14].

Ot60p mpoObI MOXKET OBITH JOCTUTHYT 3a OJUH WU HECKOJIBKO TOJHBIX BBIIIOXOB.
AHanmu3 cocTtaBa MHOTOKPATHOTO BBIJIBIXaHUS SIBISIETCS OoJiee BOCIPOU3BOIUMBIM C TOYKH
3peHusi coctaBa npoObl [10], oHAKO OJHOKpATHOE BBIJBIXaHUE, KAaK IMPaBUJIO, 3aHUMAET
MEHbIIIe BpeMEeHH U 00Jiee TPUEMIIEMO JIJIsl TAIIUEHTOB.

CnemyeT OTAENBHO YHNOMSHYTH TpoOJieMy  KOHJIEHCAIlMM  BOJSHOTO  Tapa,
npucyrcrByromero B BB, u nepepacnpenenenns koMrnoHeHToB BB mexnay konpencatom u
ra3zoo0pasHoii Ga3oil. BoasHbie mapel, KOTOpHIMU HachIleH BB, yqacTBYIOT B mepeHOCE MHOTHUX
JETy4YuX M HEJNeTy4YMX COEJUHEHUI TIOCPEJCTBOM pPACTBOPEHHUS MOJEKYJ (COIJIacHO
Kod(duimeHTaM pacnpeieNieHrs) BHyTPHU a’po30ibHON yactuibl [15,16]. B BoasHBIX mapax
AKKyMYJIMPYIOTCSI BCE HEJIETYy4YHME COCJAUHEHMS, TaKMe Kak IEPOKCUJI BOJOpOAA, aJACHO3MH,
JEUKOTPUEHBI, M30MPOCTaHbl, MNeNnTUAbl W wUTOKUHBI [17]. Kpome Toro, mnomnsipHbie
OpraHWYEeCKHEe U HEOPraHWYEeCKHUE COCIUHEHUS, TaKHMEe KaK CIHUPTHI, KETOHbI, KapOOHOBBIE
KHMCJIOTBI, aMMHaK U OKCHJIbl a30Ta, MOT'YT YaCTUYHO KOHIICHTPUPOBAThCS B KOHJcHcaTe BB
[18]. s monmyueHust HanOoee moHoH nH(opmaiuu o cocrae BB nHorna ananu3upyrooT He
TOJILKO BBIIOX, HO ® OTAenbHO KoHAeHcaT BB. Jlns OGopsObBl C HEKOHTpOIUPYEMOM
KOH/JICHCAIIMEH TapoB BOJBI B TPOOOOTOOPHBIX YCTPOMCTBAX U KOMMYHHUKAIUSAX BCE DJIEMECHTHI

cucTemsbl TepmocTatupyrores npu 37-40°C.
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1.2.2. Croco0OsI xpaHeHHUs MPOO BBIIBIXAEMOTO BO3IyXa

Xpanenne npo6 BB moxer ObITh peanu3oBaHO pa3inyHbiMH criocobamu [10,19].
Haubonee pacnpocTpaHeHHBI M peKOMEHAyeMblii crocod oTdbopa BB — wmcmonb3oBanue
poO0OTOOPHBIX TeA1apoBbiX MmakeToB [20,21]. [lakeTbl H3roTaBIMBAIOT U3 TAKUX XUMHUYECKHU
WHEPTHBIX TOJMMEPHBIX MAaTepUaloB, KaK MOJMUBUHWIPTOPHUA, MepHTOPaTKOKCUTHBIC
HOJIUMEPBI, MOJIUTETPAPTOPAITHIIEH U MONUBUHMWINEHXIOpHU [22]. Takue nmakeTsl 00gaaar0T
PSAIOM TMPEUMYIIECTB: OHM HEMpOHUIAeMbl aJisi Tuddy3un ra3oB (eciu OHU JOMOITHUTEIHHO
MOKPBITHl amtoMUHUEBOU (osbroit) [23], yaoOHBI B HCMOIB30BaHUU (MOKHO TPHUMEHSTH
MHOTOKPaTHO, €CIU MOCJIE MPEIbIAYIIeH TPOOBI TIIATEIBHO IPOAYBATh OUUIEHHBIM BO3yXOM,
a30ToM wWid aproHoM). HecMoTpsi Ha Bce MNpPEeUMYIECTBA, MEIIKH HMEIOT HEIOCTATKH:
IIACTU(PUKATOPHI U PACTBOPUTENH, UCIOIb3yEMBbIE MPU MPOU3BOICTBE MOJIMMEPA, TaKUE Kak
denon u N N-muMmerunamneramull, MOTYT BBICBOOOKIAThCS B OTHOCHUTEIBHO BBICOKHX
KOHUEHTpalUusX, 3arpsi3Hsas npoOy [24]. [lakersl ys3BUMBI Ui NpOKosioB. Hekoropeie
KOMITOHEHTBI, HalpuMmep, TekcaH-1-ainb u 2-metuinbyta-1,3-1ueH, He MOTYT XPaHHUTHCS B
MeIIkax 0oJjiee HECKOJIBKUX YacoB [25,26].

Jpyroii cioco6 — ucnonb30BaHUE Ta3oHenpoHuIaemMbIx mmnpuies. Hnpur oosemom 50
MJI COEIMHSAETCS C MyHIIITYKOM, B KOTOPBIN BBIJBIXAET NALUEHT. Bo Bpems BbI10Xa C TOMOIIBIO
mmnpuna oroupaercst npumepHo 20-30 min BB, koTopslii 3aTeM nepeHocsT B BaKyyMUPOBaHHbIE
CTEKJISTHHBIE IPOOUPKH, T/Ie Tpoba XpaHuTcs 10 npoBeaeHus ananu3a [13]. Eme ognoit popmoii
xpaHenus rnpo0 BB sBnsercs konaencar BB [27].

OTHOCHUTENHHO HEJABHO pa3paboTaH AbIxaTenbHbIA TPobooTOopHUK Bio-VOC [28]. 310
YCTPOMCTBO TMO3BOJISIET COOMPATh albBEOJSIPHBIN BO3/YyX, a MOCJe 3aBeplieHus cOopa mpod
JIOC KOHLIEHTPUPYIOT C UCIIOJIb30BAHUEM CUCTEMbI TBepA0PazHoi MukposkcTpakiuu (TOMD)
[29,30]. OCHOBHBIM HEOCTATKOM SIBISIETCS] MaJIblii 00beM cobupaemoro Bo3ayxa (100-150 mur)

[29-31].

1.2.3. IlpeaBaputenbHOE KOHIEHTPUPOBAHUE

' 10

Conepxanne JIOC B BB Moxer BapbUpOBaTbCsi OT HECKOJBKUX MKMOJb X
HECKOIBKUX hMonbxn! [13,32]. Tlo3ToMy B 3aBHCHMOCTH OT HCIOJIb3yEMOTO METO/IA aHAJIN3A
coctaBa BB HeoOxoaumo mpuberaTb K MPOMEXYTOYHOMY 3Tally MEXAy OTOOpoM MpoObl U

AHAJIU30M JJIS TOBBIIICHUSA COACPIKAHUA LCJICBBIX KOMIIOHCHTOB.
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HaubGonee wacTo B KadecTBe METOJla MPEABAPUTENHHOTO KOHIIEHTPUPOBAHHUS TIPU
aHann3e BB wucnonbp3yercs KOHIEHTpUpPOBAaHME Ha TBEPAbIX COpOEHTaxX C MOCIEAYIOIIEH
TepmoaecopOIueii [33,34]. DTo MO3BOJIIET AOCTHYD IPEIeTIOB O0OHAPYKEHHS Ha YPOBHE ppt MpH
obbeme mpoObl 10 1 1 [35,36]. Hecmotps Ha O0bIION acCCOPTUMEHT TBEPJIBIX COPOECHTOB C
pa3IUYHON CHIION yAepKuBaHuUs, pabouell TemrepaTypoil u TuipopoOHOCThIO, OUH COPOEHT
He crocoOeH a1copOupoBaTh BCE COENMHEHHUS, TPUCYTCTBYIOIIME B Tpode BB, uro cBsa3ano ¢
MIMPOKUM  Juama3oHoMm Jerydyectd Jerektupyembix  JIOC. Tlostomy  mpuMeHSIOT
MHOTOKOMIIOHEHTHBIE COPOLIMOHHBIE TPYOKH, B KOTOPBIX TOCJIEAOBATEIbHO YIaKOBaHbBI
pa3uyHble COPOCHTHI C yBEIMUYCHUEM CUIIbI yaepkuBaHus [37]. KoHueHTpupoBaHue npoBOIsT
py KOMHATHOM Win 0oJjiee HU3KOM TeMIiepaType, a MPAaKTUYECKU TMOJHYI0 TEPMOIECOPOIUIO
aHAJUTOB C MoBepxHOcTU copbenta mpu 250-300 C.

KitoueBbIME HCTOYHMKAaMU OMIUOKH (TTOTEPsl aHATIUTA UITK TIOSIBIICHHE apTedaKkToB) MpU
ATOM METO/IE IPEABAPUTEIHHOTO KOHIICHTPUPOBAHMUSI SIBIISTFOTCS IETpaAallus aicopOMpPOBaHHBIX
aHAJIUTOB TIpH XpaHeHUHW [38], TepMUUYECKOE DPA3NTOKEHUE WIM H30OMEpPU3AIHs HEKOTOPBIX

coelMHEHUH B rpoiiecce Tepmoaecopoumu [39,40], u nerpanaiust marepuana copoenta [41,42].

1.3. MeTobl aHaIHU3a BBIJABIXa€MOTO BO34yXa, IPUTI'OAHBIC U1 BBIABJIICHUA paKa JICTKOI'O

1.3.1. Meroasl aHamu3a C KOJMYECTBEHHBIM OIPEACICHUEM JIETYyYUMX OPraHUYECKHUX

COCIII/IHCHI/Iﬁ B BbBIJIBIXa€CMOM BO3YyXC

Metoa raszoBoii xpomarto-macc-cnekrpoMerpun (GC-MS), BO3MOXKHO, Camblil
YHUBEPCAJIbHBIA U YYBCTBUTENBbHBIN st onpeaeneHus JIOC B BbIgoXe, IMO3BOJSIONIUN
aHAJIM3UPOBATH OOJIBIIOE KOJTUYECTBO COSMHEHUH B TUana3one oT ppb 1o ppt. [loaTomy MoxkHO
cka3atb, 4uTo GC-MS sBnsercsa 30J0TbIM CTaHIAPTOM IPU ONPEAEICHUN HUZKUX COAEPKaHUN
JIOC B BBITOXE yenmoBeKa [43].

HecMmoTps Ha CBOIO YHHBEpPCATbHOCTh U HU3KHUE Tpeenbl oOHapyxkeHus, metoq GC-MS
UMEET PsiJI HEIOCTATKOB, CBSA3aHHBIX B TIEPBYIO OUYEPEIb C TPOOOOTOOPOM M TIPOOOIIOATOTOBKOMA.
Cama xe mpoueaypa IpoBeJeHusl aHanu3a U 00pabOTKU ero pe3yibTaToB MPU COBPEMEHHOM
YpOBHE aBTOMAaTH3allM¥, OCHAIICHHOCTH CEJIEKTUBHBIMU JIETEKTOPAMH U JOCTYIHOCTH
pa3zHO00pa3HBIX XpoMaTOrpauIecKX KOJIOHOK OOBIYHO HE BBI3BIBACT OOJBIINX 3aTPyIHEHUH.

Ho BHegpenue metona GC-MS B KIMHHYECKUX YCIOBHUSAX MMEET psJl OTPAHUYEHUN H3-3a
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BBICOKMX  3aTpar, TPYOHOCTH  WCIOJb30BaHUS, a  Takke  HEOOXOJAMMOCTH B
BBICOKOKBAJIM(UIIMPOBAHHBIX XUMHUKAX-aHAIUTUKAX JJI1 YIOpPaBlIeHUs OOOpYyJOBaHUEM H
WHTEpIpeTaluen pe3yiabTaToB.

Kpowme toro, ananuz meronom GC-MS siBisieTcst 3aTpaTHBIM IO BPEMEHU U HE SIBIISIETCS
METOJOM OHJIaliH-aHanu3a. OTMETHM, YTO NOTEps W JErpajanus aHAJIUTOB, B YaCTHOCTHU
pPEaKUMOHHOCIIOCOOHBIX WM TEPMUYECKH JIAOWJIBHBIX META0OJMTOB, U BO3MOKHBIE
3arpsi3HEHUs] SIBIISIOTCS BAXKHBIMU JIO CHUX IOP IOJHOCTBIO HEPEIICHHBIMU MpoOJieMaMH,
KOTOpble HEOOXOJIMMO TMPEOJIONIETh JJIs YIyUllIeHUs] KauecTBa JaHHBIX, MOJYYaeMbIX B 3TOM
BHjIe aHanu3a [10,44,45].

B wMetone Mmacc-cmekTpoMeTpuu ¢ peaknuei mepenoca mnporona (PTR-MS)
UCTIONb3YeTCsl MpeaBapuTenbHoe GopmupoBanue peaktanT-uoHa H3O' B paspsige HHU3KOTO
JABJICHUS B Mapax BOJBI B TOJIOM KaToJ€ M KOPOTKOW JpeiidoBoil TpyOke. 3aTeM 3TH HMOHBI
NOCTYNAloT B Apei(oByI0 TpyOKy € MOCTOSIHHBIM aKCHAJIBHBIM IOJIEM, HAa BXOJE B KOTOPYIO
BBOJUTCS aHaNM3upyeMas npoba. B koHIle TpyOKHM HAXOIUTCSA CTOJIKHOBUTENbHAS sSUCiKa, B
KOTOPO# MPOUCXOAUT peakivs MPOoTOHUpoBaHus aHainuta (M):

H;0"+ M & MH* + H,0 (1)

Jlanee MOHBI NOCTYIMAIOT B MAacC-CIIEKTPOMETp, KaK MpPaBWIO, KBaAPYMOIbHBIN. [
KOJIMYECTBEHHOI'O OIPEICICHUS AHAINTA MCIHOJIb3YIOT OTHOIIECHUE MHTEHCHUBHOCTH CHUTHaja
aHAJINTA K MHTCHCUBHOCTHU CUTHaIa rpekypcopa H3O™,

Meton PTR-MS umeeT BBICOKYIO UyBCTBUTEIBHOCTB: TIPEIEibl OOHAPYKEHUS B pse
CIy4aeB HaxoasATcs Ha ypoBHE ppt [46]. JlocrouncTBa metoga PTR-MS, kak u 1pyrux oHJaitH-
CHCTEM, OCOOCHHO MPOSBIISIOTCS MIPU ONPEEICHUN HEYCTOMUUBBIX COEIMHEHHH, B Y4aCTHOCTH
anpaeruaoB [46].

OcHoBHBIE TPOOJEMBI JAHHOTO METOJlAa — YacTHYHAas (parMeHTalus AaHaJUTOoB,
MHOTOYMCIIEHHbIE HMHTEp(EpPEeHIMN U, KaK CIEJICTBUE, CIOXHOCTh HHTEpIpETalud Macc-
CIIEKTPOB U KOJIMYECTBEHHOI'O ONPENEICHUs psla coenuHeHud. Kpome Toro, BiIaXXHOCTb
AHAJIM3UPYEMOTO BO3JyXa CYIIECTBEHHO BIIMAET HA 4YyBCTBUTEIBHOCTH METOJAa U Ha
OTHOCHUTEJIbHbIE MHTEHCUBHOCTH CHUTHAJIOB ()parMeHTOB MPOTOHUPOBAHHOIrO aHanuta [47].
OtmeTum, 4TO A psija COEAUHEHH, HallpuMep, MpoMnaH-1-oja, HEBO3MOKHO MCIOJIb30BaTh
ero MpoToHHpOBaHHYI0 Gopmy MHT, mOCKONIbKY OHA HecTaOMIIbHA, XOTS U1 MHOTHUX JPYTHX
COCIMHEHUI BO3MOXHO JCTCKTUPOBAHUE MPOTOHHUPOBAHHBIX KommoHeHToB MH'. Oxnum u3

riaBHeIX HepoctatkoB Merona PTR-MS sdaBnsieTrcss orpaHudyeHue Kpyra ONpenessieMbIX
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COETMHEHHI TOIBKO TEMH U3 HHX, JJISI KOTOPBIX CPOJACTBO K MpoToHy At MH™ Gosibiie, uem B
none H3O™",

OaHuM M3 METOIOB, MO3BOJSAIOMIUX omnpenensaTs comepxkanue JIOC B BB, saBusercs
Macc-cleKTpoMeTpus BbIOpaHHBIX HOHOB B noToke (SIFT-MS). OToT MeTon ocHOBaH Ha
MPEeIBAPUTEIHHOM BBIICICHUU U3 CMECH KOMIIOHEHTOB, BO30YKIa€MbIX BO BIaKHOM BO3/1yX€ B
PaarMOYacCTOTHOM paspsijie, OAHOTO U3 HOHOB-peakTanToB - H3O', Oy maum NO' (¢ momoriso
KBaJIPYNOJIBHOTO Macc-(puiIbTpa) — € MOCIEAYIONIEH XMMIUYECKOM HOHU3AIMEH ITUPOKOTO Kpyra
coelMHeHnH B ApeioBoil TpyOKe U IETEKTUPOBAHUEM HOHOB C TOMOIIIBIO MACC-CIIEKTPOMETPA.
[To mpunuumny neiictBus meroa SIFT-MS 6nu3ok merony PTR-MS, paznuuue cocTouT B TOM,
yro B Meroge SIFT-MS wucnonb3yercs npeaBapUTENbHOE BbIICIEHUE OJHOIO U3 HOHOB-
pPEaKTaHTOB € MOMOIIIbIO Macc-(QUIbTPa, a B MOHHOM HcTouHnke PTR-MS popmupyercs Tonbko
oauH peakTaHT-uoH — H3O", HO MoMOOpaHBl TakWe YCIOBHS, YTO MHTCHCHBHOCTH IPYTHX
MOJICKYJISIPHBIX MOHOB 3HAYUTENIBHO HIDKE. [10/100HBIN MOIX0/1 HE TOJIBKO YIPOIIAET CUCTEMY,
HO ¥ MTO3BOJISIET 10CcTUYh B MeTozie PTR-MS 6os1ee BbICOKHE YyBCTBUTEILHOCTH U 00JIee HU3KUX
npenesaoB oOHapyxeHus, ueM B meronae SIFT-MS [47].

B 10 xe Bpemst SIFT-MS 0THOCUTCS K HEMHOTUM METOJ1aM, KOTOPbIE€ UCTIOJIb3YIOTCS JJIsI
KOJIMYECTBEHHOTO OIpEJENeHUs psga NOTeHIUaIbHBIX OuomapkepoB PJI, B dactHOCTH,
aneTanpleruaa, TMpomnaH-1-oja, TmpomaH-2-0ya, YKCYCHOW KHUCJIOTHI, MeTuidopMmuara,
THNIOEH301a, n3onpeHa u ap. [8,48]. OcobeHHOe BHUMaHHUE OBLIO YJIEICHO OIpeAeTICHUIO
aleTaIbACTUAA B BBIJIOXE U B Ta30BOM Cpejie, B KOTOPOM HAXOAATCA PACTYIIHE PAKOBBIE KIETKH
[8,49,50].

[Tpenensr obHapyxenus psaa manoaToMHbix JIOC HaxonaTcs Ha ypoOBHE €IUHUIL ppb,
JIOCTaTOYHOM JIJI ONPENENICHUsI MOTeHIMaIbHBIX MapkepoB PJI. B To ke Bpemsi ¢ mOMONIbIO
Meroaa SIFT-MS a0 cux mnop He MOMy4YeHBbl PE3yJbTaThbl C MPUEMIIEMBIMU YpPOBHIMHU
Crenu(PUIHOCTH U YyBCTBUTEIIBHOCTH METO/IA.

CnekTpoMeTpusi HMOHHOW TMOABM:KHOCTH TpUMeEHsieTcs i aHaiu3a BB
MPEUMYILIECTBEHHO B BUJE BapuaHTa ¢ noaukanuuisipHon kojgonkoi (MCC-IMS) [51-53]. B
pe3yJbTare MOJIy4aroTCsl ABYMEpHBbIE «00pasbl» BbIioxa. C MOMOIIBIO TOIOOHOTO MOAX0/1a B
pabote [51] Obu1 ucciaegoBan BB 19 manueHTOB ¢ MOATBEPKICHHOW HEMEJIKOKJIETOUHOM
KapIIMHOMOM JIETKOTO C Pa3JIMYHON TMCTOJIOTHEH, C UCTIOIB30BaHUEM THOKONH OPOHXOCKOIHUH C
BUueounniamMd. Bcero ObuIo 3aperucTpupoBaHO 72 TMHKOB, 5 M3 KOTOPBIX CYIIECTBEHHO

oTJIMYanIuCh A jerkoro ¢ PJI u 3qopoBoro nerkoro. [[is aneHOKapIMHOMBI BBIACISUICS MUK,
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COOTBETCTBYIOLIHH, O-BUTUMOMY, TUMEPY H-ACKaHA, a JIs IUIOCKOKIIETOUYHOTO paka — OyTaH-
2-omy, wiu 2-MetwidypaHy, WIM HOHaHaI0. UYyBCTBUTENBHOCTh, CHEUU(PUUYHOCTD,
MIPOTHOCTUYHOCTh  MOJIOXKUTENBHOTO M  OTPULIATENIBHOTO PpEe3yJIbTATOB COCTABWIM IS
apeHokapiuHomsl 100%, 75%, 80% u 100%, nmns miockokiaeTouHoro paka - 78%, 78%, 80%,
75% (6ytan-2-om) u 78%, 78%, 80%, 88% (HoHaHanb). OTMETUM, YTO PEIOKEHHYIO B paboTe
[51] MeTO10I0THIO CIIOKHO Ha3BaTh HEMHBA3UBHOM, MMOCKOJBKY B OOJIBHOE U 3[T0POBOE JIETKOE
HEO0OXO0JIMMO BBOJUTH 30H/IbI, C TTIOMOIIBIO KOTOPBIX OMPEENsIeTcsl pa3HOCTh HHTEHCUBHOCTEH
Pa3JIMYHBIX KOMIIOHEHTOB, IPUCYTCTBYIOUIUX B BBIIOXE.

[Ipu wucnons3oBanuu metroga MCC-IMS i OUarHOCTHMKHM — 3710KaYECTBEHHOU
TUIEBPATIbHOM Me30TenHOMBI 110 BB Obutn mosyuens [52] 65iM3Kue K pe3yibTaTaM IpeIblayei
paboOThl BETUYUHBI: YYBCTBUTEIBHOCTD, CIEU(PUIHOCTD, MPOTHOCTUYHOCTD MOJIOKUTEIHHOTO
U OTPUILATENBHOTO Pe3yiabTaToOB cocTaBuiu 96%, 67%, 76%, 93% coorBeTcTBeHHO. OTMETUM,
YTO JOCTUTHYTHIN YPOBEHb MPOTHOCTUYHOCTH MOJIOKUTEIHHOTO pe3yibTaTa HEIOCTATOUECH NSt
ucnonb3oBanuss MCC-IMS kak eIMHCTBEHHOTO METOJAA JUIsl NMPOBEICHUS CKPUHUHTOBOTO
oOcnesoBaHus, TOCKOJbKY  MOTpedyeTcs  JIOMOJIHUTENbHOE  OO0CiIe0OBaHUE  BechMa
3HAYUTEJIbHON YaCTH MallMeHTOB, Y KOTOPBIX OTCYTCTBYIOT OHKOJIOTHYECKHE 3a00JICBaAHMUS.

Hcnons3zoBarne IMS 6e3 MCC nmns nuarnoctuku PJI, Tak m apyrux 3aboneBaHui 1O
BbII0XY MalIo3(p(GEeKTUBHO [54], 4TO CBSI3aHO C HU3KOM CEJIEKTUBHOCTHIO MeTo/1a. OTMETUM, UTO
BakHOU 0cobeHHOCThIO cucTteMbl MCC-IMS sBisIeTCS BO3MOXKHOCTh MPSMOro aHaiau3a 0e3

UCIIO0IB30BaHMS TPOOOOTOOPHBIX TTakeToB 1 TOMD [52].

1.3.2. Meroabl aHamu3a BBIABIXAa€MOI'O0 BO3JyXa Ha OCHOBE MYJBTHCEHCOPHBIX CHUCTEM,

paboTarolux 1Mo NPUHIIMITY paclio3HaBaHUs 00pa30B

Hapsany ¢ merogamu npsmoro onpenenerus JIOC onHUM U3 NEPCIEKTUBHBIX MTOAXO0A0B
Uit peanuzauuu nuarHoctuku PJI mo BB Ha paHHMX cTagusix SIBISIETCS HCIOJIb30BaHUE
MynbTUCEeHCOpHOU cuctembl (MC) tuna «dnexktponHsii Hoc» (OH). Ilox stuM TepmuHOM
MOHUMAIOT KOMIAKTHBIN U OTHOCUTEIBLHO HEJIOPOroi ra30aHann3aTop, COCTOSIINN U3 MacCUBa
HECEJIEKTUBHBIX XMMUYECKUX CEHCOPOB M CHUCTEMBI pacno3HaBaHUIO oOpa3oB [55]. IlpuHumn
paboter DH 3akmouaeTcs B (OPMHUPOBAHHM MHOTOMEPHOTO OTKIMKa OT MacCHBa CEHCOPOB,
00Ja1aloMMX Pa3IMYHON MEepeKpecTHOW YYBCTBUTENIBHOCTBIO, M MOcieayroleil oopaboTke
OTKJIMKA C TIOMOILBI0O XEMOMETPHUYECKUX METOJOB JJISl MOJYYEeHHUsI TaK Ha3blBaeMOro obpasza

KOHKPETHOM Ta30BOI CMECH, B HAIIIEM CTy4dae BhIAbIXaeMoro Bo3ayxa. [1ogo0HbIi 06pa3 MOKHO
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Ha3BaTh «OTIEYATKOM JbIXaHMsD» 110 aHAJIOTUH ¢ OTIeYaTKOM nayblieB. Ha ocHoBe 00yyaroriero
Habopa JaHHBIX, BKIIOYAKOIIUX B cebe 00pasbl BbIOXA I'PYNIbl MAllMEHTOB C KaKUM-JIHOO
3a00J€BaHMEM M TpPYNIbl MAlUMEHTOB C IOATBEPXKICHHBIM OTCYTCTBHEM 3a00JiIeBaHUS
(KOHTPOJIBHOH TpymIbl), 00ydaeTcss MaTeMaTH4YecKas MOJIeb-KIacCU(UKATOP, MO3BOJSIOMIAs
JIeNIaTh MPOTHO3 O MPUHAAJIEKHOCTH UCIIBITYEMOT'O 110 €r0 «OTIEYaTKy JbIXaHUs».

KiroueByto ponb mpu pa3zpaboTKe MHCTPYMEHTAa AMArHOCTUKHU Ha O0a3ze DH urpaer tum
ceHcopoB. Tak /i uccienoBaHus BO3MOKHOCTEN TUAarHOCTUKY BhisBIeHUs PJI ncnonb3yror:
CEHCOPBI Ha MPOBOSIUX MTOJIUMEPAX, MbE303TEKTPUUECKHE KBapLIEBbIE PE30HATOPbI, CEHCOPHI
Ha MOBEPXHOCTHO aKkycTudeckux BosHax (ITAB), onThueckue ceHcopbl, MOIyIPOBOAHUKOBBIE
metaiuiookcuanbeie (MO) u ap. [IpeumyiiecTBa n OrpaHU4YEHUs] CEHCOPOB JIaHHBIX TUIIOB TECHO
CBSA3aHbl C Pa3jIMYHbIM XapakTepoM (OPMHUPOBAHMS AHATUTHYECKOro cUrHajia. B tabmuue 2

MpeaAcCTaBJICHbI OCHOBHBIC JOCTOMHCTBA U HCAOCTATKHN BBIIMICYKA3aHHBIX THIIOB CCHCOPOB [2,56]

Tabauna 2. JlocToMHCTBA U HEIOCTATKH CEHCOPOB I cucTeMbl DOH

Tun ceHCcOpoB IMpuHIMAn JlocTonHCcTBA HenocraTkn
Ibe3odnexkTpuu | M3menenue Bricokas CnoxHbIi rporuecce
ecKue PE30HaHCHOU YyBCTBUTEIBHOCTb, W3TOTOBJICHUS,
KBapueBble YaCTOThI OBICTPBIA OTKIIUK YyBCTBUTEIBHOCTD K
Pe30HATOPbI / BJI&JKHOCTH u
CEHCOPBbI Ha TeMmneparype, HU3Kast
ITAB CTaOUIILHOCTD pu
BBICOKMX TEMIIEpaTypax
OnTuyeckue N3menenue Bricokas Cno>XHOCTh B
CEHCOPBbI ONTUYECKOU YyBCTBUTEIBHOCTh, CPOK | MUHHUATIOpU3ALUU,
IJIOTHOCTH, CITyKOBbI BBICOKAsl CTOMMOCTb
WHTEHCUBHOCTH
dyopeciieHIuy,
JIFOMUHECLIEHLIUH
HoaynpoBoanuk | MI3meHenue Huskas CTOMMOCTD, | Hu3Kkast ~ CeNeKTUBHOCTB,
OBbBIE CONPOTHUBIICHUS BpeMs OTKJIMKQ, | OTHOCUTENBHO  BBICOKAS
METAJVIOOKCHAH | WY NPOBOJUMOCTH | TOJITOBEYHOCTb, notpebisieMast MOITHOCTh
bl€ CEHCOPbI ceHcopa CaMOOYHIIEHUE
IIpoBoasimue N3menenune Huskas cTOMMOCTh | Bpems OTKJIMKA 51
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MOJIUMepPbI COTMPOTHUBIICHUS, U3TOTOBJICHUS,  HM3KOE | peraKcaliui, HU3Kast
MAacchl, sHepromnoTpedieHue CTaOUIILHOCTD, HU3Kast
ONITHYECKUX 9yBCTBUTEIBHOCTh, Apei(
CBOWCTB CHUTHaja

CeHncopbl Ha | I3MeHeHue Bricokas ancopOrimonnas | Bpemst oTkivka, HU3Kas

OCHOBE MOJIEBBIX | DJIEKTPHUYECKOIO CIIOCOOHOCTh yyBcTBUTEIHHOCTH K JIOC

TPAH3UCTOPOB TOKa

1.3.2.1. [IpoBojsiye NoJIUMEPHI

[IpuHuMn AENCTBUSA Ta30BBIX CEHCOPOB HA MPOBOAIIMX IMOJTUMEpaxX 3aKII0YaeTcs B
W3MEHEHUU COTPOTHUBJICHHUS CEHCOPOB M3-3a a/ICOPOIIMU T'a30B MOBEPXHOCTHIO CEHCOPOB [57].
OTU ceHCophl paboTalOT MpPU TEMIIEpAType OKpPYXKalollel cpeAabl U MOTYT OBITh MOKPBITHI
pa3IMYHBIMU MaTepUaJlaMH ISl TTOBBIIIEHUSI YYBCTBUTEIBHOCTH AaTYUKOB K ONPEIEICHHBIM
JIOC [57]. B pabore McWilliams u coaBt. [57] Oblia ucciieoBaHa BO3MOXHOCTh paHHEH
nuarHoctuku PJI ¢ momonisto cuctemsl OH Cyranose 320, B KOTOpOM ObLIT HCTIOJB30BaH MACCUB
13 32 CEeHCOPOB Ha OCHOBE MPOBOIALIMX MOIUMEPOB. bbut mpoananu3upoBan BB 25 nanuentos
¢ PJI (I u 11 cragum) u rpymiibl MOBBIILIEHHOTO pUCKa U3 166 aKTUBHBIX U OBIBIINX KYPUJIBIIUKOB
6e3 PJI. Pe3ynbratrhl okasanu 3Ha4MMOE BIUSHUE MapaMeTpa KypeHHUs U T0JIa UCTIBITYEeMbIX:
7 (PEeKTUBHOCTH pa3zienieHusl ObIa BBIIIE JIJIs1 OBIBIIUX KYPHJIBIIUKOB, Y€M JJIsl aKTUBHBIX, 110
KpaiiHeil mepe B ciyyae ageHokapuuHoMbl (ROC AUC — miomaaps moa KpuBOM B3aUMHOM
3aBUCHUMOCTHU BEPOSITHOCTEM JI0KHOIOJI0KUTENIbHBIX U UICTUHHO MOJIOKUTEIbHBIX PE3YIbTATOB.
ROC AUC pyist 6bIBIINX KYPUIBIIUKOB MY>X4YUH — 0.846, 1151 OBIBIIUX KYPHJIBIIIMKOB KEHITUH
—0.816, n1st aKTUBHBIX KYPUJIBIIMKOB MY 4UH — 0.745, 17151 aKTUBHBIX KYPUJIBIIUKOB JKEHIIIUH
— 0.725). ABtopsl mpeanomnaraioT, 4To usmeHeHue mpoduis JIOC, BbI3BaHHBIE aKTUBHBIM
KypeHueM, 0 HeKoTopo# crenenu Mackupyrot JIOC, cBsizaHHbIE C BO3HUKHOBEHUEM OITyXOJIH.
[Tpuyem y MmyxuuH nogo0Hbie n3menenus JIOC BeieacTBUE KypeHuUsl BRIpaXXeHbI 00JIee CUITBHO,
4eM y JKeHIIMH. UyBCTBUTENBHOCTh U CHENU(DPUUHOCTh pa3pabOTaHHOTO METO/a COCTaBWIIH

88.0% 1 81.3% COOTBETCTBEHHO.
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1.3.2.2. CeHcopbl Ha TOBEPXHOCTHBIX aKyCTUYECKUX BOJTHAX

B pabore Chen u coaBt. [58] Obu1a Hcnonb3oBaHa napa ceHcopoB Ha ITAB. Ilepsbiit
ceHCcop ObUT MOKPHIT MOJUU300YTUIICHOBOH MJIEHKOW, a BTOPOM ObLT UCIOJIb30BaH B KaueCTBE
cpaBHEHMs. bblia ncnonbp3oBaHa CTaaus NPeJBapUTEILHOIO KOHUEHTPUpOBaHus oopasnos BB
¢ nomomipto TOMD ¢ mnociaeAyomuM HWHXEKTUPOBAHHEM B Ta30XpoMarorpaduyeckyro
KamWUIApHYIO KOJIOHKY. DmonpoBanubie JIOC nonaBanu Ha cencopsl ¢ [TAB u duxcuposanu
u3MeHeHHe 4acToThl. [lomydeHHble JaHHBIE OBUIM MPOAHAIU3UPOBAHBI C HUCIOJIb30BAHHEM
HCKYCCTBEHHOM HelipoHHO#1 ceTu. B pesynbraTe muist o0Omieit Beioopku u3 10 naimeHToB yaanoch

noctab 80% uyBcTBUTENBHOCTU U 80% CrieUPUIHOCTH.

1.3.2.3. [Ipe30351eKTpUYECKHE KBAPLEBBIE PE30HATOPHI

KBaprieBbie pe3oHaTOpPHI COCTOAT U3 KPUCTAILIOB KBapIla, MOKPBITHIX CHEIU(PUIHBIMU
metatonoppupunamu. JIOC copOupyeTcss Ha MOBEPXHOCTH METAIIONOPPUPUHOB, U3MEHSIS
Maccy KpUCTaJlJla ¥ 4acTOTy ero konebanuil. Takue n3MeHeHust QUKCUPYIOTCS U UCTIONb3YIOTCS
Uit 00yueHus kiaccudukaropoB. Gasparri U coaBT. [59] UCMONB30BAIM MACCUB CEHCOPOB Ha
OCHOBE KBapIEBBIX MHUKPOBECOB, MOKPBHITHIX PA3IUYHBIMU MeTajutonoppupuHamu, s
nuckpuMmuHaiiuu 70 ucnbiTyemblx ¢ PJI w76 manueHToB W3 KOHTPOJBHOM TPYIIIIHI.
JlOCTUTHYTBIE YyBCTBUTEIHHOCTh U CIIEU(PUIHOCTH cocTaBmin §1% u 91% cOOTBETCTBEHHO.
[Tpu 3TOM ObLITA TOCTUTHYTA OOJBIIAs YyBCTBUTENHHOCTH K PJI Ha cTaguu | mo cpaBHEHUIO co

cragusimu [I-1V (92% u 58% coOTBETCTBEHHO).

1.3.2.4. Onrtruyeckre CeHCOPbl

[Ipuniun pa®OThl ONTHYECKUX CEHCOPOB OCHOBAaH Ha WM3MEHEHHH ONTUYECKHUX
xapakTepucTuk npu B3aumozeiictBuu ¢ JIOC. B mpocroM BapuaHTe yepe3 MacCUB TaKHUX
CEHCOPOB MPOyBaECTCs aHAIM3UpyeMas Mpoda, B pe3ysibTaTe Yero BET CEHCOPOB U3MEHSAETCS
U nocne (PUKCUPOBAHHOTO BPEMEHU aHATU3UPYETCsl MOJydYeHHOE H300pakeHne CeHcopoB. B
pabore Mazzone u coaBT. [60] HCMONB30OBANIM CHUCTEMY, COCTOSINYI0 U3 24 OJAHOPA30BBIX
ONTHYECKUX CEHCOPOB Ui uAcHTHPUKanuu nanueHToB ¢ PJI w  ompenenenus
TUCTOJIOTUYECKOrO THuma. B [aHHOM WHCCleoBaHUU MPUHANO ydacthe 229 yenoBek: 92
nanueHToB ¢ PJI (41 — I-II cragusa HemenkokieTouHoro paka, 42 — II-IV cragus) u 137 —

KOHTpPOJIbHAS TPYINa C MOBBIMIEHHBIM pUCKOM 3aboisieBanus. Bee ucnbityembie ¢ PJI Obuin
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pazzienieHbl Ha TPYMNbl B COOTBETCTBUM C TMCTOJIOTMYECKUM THIIOM paka (aJeHOKapLUHUHOMA,
IUIOCKOKJIETOYHBIHN, MEJIKOKJIETOUHBIN pak), u 00pa3usl BB kaxoil u3 rpynin no oTAeIbHOCTH
cpaBHUBaNIM ¢ obOpasmamu BB koHTponbHO# rpynmbl. Taxke Oblia OlleHEHa BO3MOXKHOCTH
paznenenus rpynn naueHToB ¢ PJI pannux (I-1I) u moznuux (I11I-1V) cTtaguit u BO3MOXKHOCTH
MIPOTHO3UPOBAHUS BBKMBAEMOCTH. BbUIO ITOKa3aHO, YTO MOJEIH, IOCTPOCHHBIE IJIs1 KaXKJI0TO
TUIIA paKka OTAEIbHO, Oojiee TOYHBI, 4eM O00O0OIEeHHAas Mojenb. J[OCTHUrHyThIE MOKa3aTelu
YyBCTBUTEILHOCTH W CHEIU(PUYHOCTH BapbHpoBaimuch B aAuamna3zoHe 70-91% u 73-95%
COOTBETCTBEHHO B 3aBUCUMOCTH OT T'MCTOJIOTMYECKOTO THIA. Paznuuus MexXay paHHUMH U
MO3THUMH CTAJAUSIMU OMPEACISUIUCH C UyBCTBUTEIBHOCTHIO 81% u cnenuduunoctsio 93%, a
BBDKHBaeMOCThb (MeHee 12 mecsieB uinu 6osee 12 Mecs1eB) OllEeHUBANIACh C YyBCTBUTEIHHOCTHIO

70% u cierindpuaHOCTHIO 86%.

1.3.2.5. CeHcopel Ha OCHOBE IOJIEBBIX TPAH3UCTOPOB

HaGop mosieBsIX TpaH3UCTOPOB HAa OCHOBE KPEMHHEBHIX HAHOTPYOOK NPUMEHEHBI B
pabore Shehada u coaBt. [61] mis oOmapyxkenuss u kinaccupukanuu PJI, paka xemynka,
OpOHXHAJIBHOM aCTMBbI U XPOHHUYECKON 00CTpYyKTUBHOM Oose3nu sierkux (XOBJI). Ob1ee uncio
UCTIIBITYEMBIX cocTaBuiio 374 yenoBeka. Pasmep BeiOOpku ucnbiTyembix ¢ PJI cocraBun 149
YeJI0BEK, ¢ pakoM xenynka — 40 denosek, ¢ actmoil unu XOBJI — 56 denoBek, a KOHTPOJIbHAs
rpynna cocrosuia u3 129 uvenosek. Ilpu 3tom ucnbeityembie ¢ PJI u pakom >keimyaka Obuin
JOTIOTHUTENLHO Pa3/iesieHbl Ha JIBE TPYMIbl B COOTBETCTBUHU CO CTaAuell 3a00€BaHUs: paHHSIS
(I u 1) u mo3musis (III u IV). B pesynpraTe 4yBCTBUTENHHOCTH W CHENU(DUUYHOCTH IS
MOCTPOCHHBIX OMHAPHBIX KiaccuduraTopoB coctaBuiu: 87% u 82% (PJI mpoTuB KOHTpOIHHOU
rpynnsl), 92% u 80% (PJI mpotuB actmsel), 97% u 90% (PJI nmpotuB paka sxenyaka)
cooTBeTCTBeHHO. [Ipu 3TOM aBTOpaMu OBIJIO OTMEYEHO, YTO CIIOCOOHOCTh K Ppa3esICHUIO
TPYIIbl  MAllMEHTOB C AacTMOM OT KOHTPOJIBHOW TpyMNmbl OblJIa JOBOJBHO HU3KOH
(ayBcTBUTENBHOCTH — 48%, cnerduuHocTh — 91%). ABTOpHI CBA3BIBAIOT JaHHBIN (aKT C TEM,
YTO JJI aCTMbl XapaKTepeH JIMIIb OJUH MapKep — MEHTaH, a He Ha0op MapKepoB, Kak JUIs
onko3aboneBanuil. [Ipu onpenenenuu craguu 3adoneBanus ajs naueHToB ¢ PJI nocturayra

34% 4qyBCTBUTENBHOCTH U 95% crienupuIHOCTb.
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1.3.2.6. [TonynpoBOAHUKOBBIE METAITIOOKCUAHBIE CEHCOPBI

KonnykroMeTpuyeckre ra3ouyBCTBUTENbHBIE MeTamuiookcuanbsie (MO) ceHcopsl
HaunOosiee yacto ucnoapiyercs B OH cucremax m3-3a UX HU3KOM CTOMMOCTH, CTAOMIIBHOCTU U
YYBCTBUTEJIILHOCTH K IIUPOKOMY CHEKTpY coeauHeHuid [62]. B kadecTBe CEHCOPHBIX
MaTepHalloB HanboJiee YacTo UCHOJB3YIOT HaHOKpUCTaUIMYeckue okcuapl SnO2, ZnO, WOs3 u
ap., JerupoBanHbie Pd, Pt mwnu apyrumu karamuzatopamu. DT OKCHJIbI SBIISIOTCS LIMPOKO-
30HHBIMM IIOJIYIIPOBOJHUKAMM C HPOBOAMMOCTBIO n-thmna. IlosepxHocts MO ceHcopoB
o0nafaeT BBICOKUMH aJCOPOLMOHHBIMM CBOWCTBAMH U PEAKIUOHHOM CHOCOOHOCTBIO, UTO
00yCIJIOBJIEHO HAJIM4YUMEM CBOOOJHBIX AJIEKTPOHOB B 30HE MPOBOJAMMOCTH IOIYIPOBOJHHUKA,
INOBEPXHOCTHBIX U  OOBEMHBIX  KHCIOPOJHBIX  BaKaHCUM, a TakkKe aKTHUBHOIO
xemocopOupoBaHHOTo kKuciaoponaa. CeHcopbl CTaOUIIbHBI HA BO3/lyXe Npu HarpeBaHuu 1o 500-
600 °C u MOTyT OBITh MTOJyYEHBI B BICOKOJUCIIEPCHOM COCTOSIHHM C pa3MepoOM KPHCTaIUTOB
3-50 HM ¥ BEJMYUHOH yaeabHOM noBepxHocTH 10 100-150 M%/T [63].

[Ipu KOHTaKTE ceHcopa ¢ ra30BOM Cpeoi, Ha €ro MOBEPXHOCTH MPOUCXOAUT aiCOPOIIHs
aTOMOB U MOJIEKYJI JIETyuuX BemiecTB. [Ipu 3ToM Bo3MOXkKHA Kak ¢puzndeckas aacopOIus 3a cuer
cnabpix cun mputskeHust ¢ sHeprueit ceszu 0.01-0.1 5B, Tak u xumuueckas aacopOuus ¢
BO3HUKHOBEHHEM XMMHMYECKOTO COEIMHEHHs 3a CUeT CUJI OOMEHHOI'O THUIIa C dHEpTUeH CBS3U
nopsiaka 1 3B [64].

[TpakTHyecku Bceraa XuMu4eckas ajcopOIus SBISETCS aKTUBUPOBAHHOM, T.€. YacTHUIlA
ra3a J0JDKHA 3aTpaTUTh YHEPTUIO0 HA MPEOJ0JIeHue TMOTEHUUaIbHOro 0apbepa, KOTopas 3aTeM
BO3BpAlllaeTCsl B pe3ysibTaTe akTa aicopOuuu. AKTUBUPOBAaHHAs afcopOLusi MPOTEKaeT ¢
MEHbIIIEH CKOpPOCTBIO, KOTOpas YBEJIMUYMBAETCS NPHU TMOBBILIEHWU TeMmiepaTypsl [65]. B
MOJIaBJISAIONIEM OOJIBIIMHCTBE CIy4YaeB ra3oBble CEHCOphl pabOTalOT B BO3IAYIIHON cpeje, B
KOTOpPOH OCHOBHOE BIJIMSIHHE HAa UX 3JIEKTPOPHU3UYECKHE U Ta30uyBCTBUTEIbHBIE CBOWCTBA
OKa3bIBaeT a1cOPOLIMS MOJIEKYJI U aTOMOB KHCIIOPOAa U MOJIEKYJT BOJIBI.

['a3pI-BOCCTAaHOBUTENM BCTYMAIOT BO B3aUMOJCHCTBHE C XEeMOCOPOMPOBAHHBIM
KHMCJIOPOJIOM, YTO IPUBOAMT K CHH>)KEHUIO IIJIOTHOCTH OTPULIATENIBHOTO 3apsiia Ha IOBEPXHOCTH
Y [TOBBIILIEHUIO 3JIEKTPONPOBOIHOCTH. 3aMETHOE U3MEHEHHE BEJIMUMHBI IPOBOAMMOCTH CEHCOPa
MOKET OBITh 3aPETUCTPUPOBAHO MPH HATMYNHU aHATUTOB B KoHIeHTpamusax 0.1-10 ppm [63].

CTpyKTypHble M3MEHEHUSl TaKhe KaK M3MEHEHHus pa3MepoB U reomerpuu MO 3epeH
OPUBOJAT K M3MEHEHMSIM MX MPOBOJUMOCTH U KaTaJIUTUYECKUX CBOWCTB. Paspymenne MO

IJICHKA II0CJIC 3HAYUTCIIBHOTO BPCMCHU JKCILTyaTaluHu W pasgCICHUC (1)3,3 MCKIY OKCHIOM
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MeTalyla W J00aBKaMH SIBJISIOTCA JOTOJHUTENbHBIMU  (aKTOpamMH, BIMSIONIMMH Ha
CTaOMIIBHOCTBH ceHcopa. Bo3nelicTBUe coeIMHEHM, CIOCOOHBIX HEOOPATHUMO CBS3BIBATHCS C
OKCHUJIOM MeTaJlyla MPUBOJIUT K MHTMOUPOBAHUIO KATAIUTUYECKON aKTUBHOCTU U 3arpSI3HEHUIO
[62,66]. B kauecTBe TaKUX MHTUOMTOPOB MOTYT BBICTYyHaTh a30T-, pocdop- u cepocoaepxaiue
coenuHeHwus [67].

Tak kak Ha MpakTHKE paboTa ¢ CEHCOpaMU MPOMCXOAMUT HE BAKyyMe, a B BO3AYLIHOU
cpene, HeoOXOIMMO YYUTHIBATh, YTO MOBEPXHOCTH MOIYIPOBOAHHUKOBOTO CEHCOpPA COAEPKHUT
3HAYUTENIBHOE KOJIMYECTBO XEeMOCOPOMPOBAHHOTO KUCIOPOJa. B pa3nuyHbIX TemmepaTypHbIX
peKUMax MOXKHO HaOII0aTh pa3inuHbie POpMBI XeMocopOupoBaHHOTO Kucinopoja: 80-150°C
— KHUCJIOPOJT BOCCTaHABJIMBAETCS 0 MOJEKyJsspHoro anuona O;’, 150-260°C — nanbHeiiee
BOCCTaHOBJIEHHE 0 aToMapHOro anuona O, 260-460°C — annonsr 0%, I1o3TOMY I MOJIEKYJI-
BOCCTaHOBUTENIEH Hanboliee BEpOsITHO B3aMMOJICHCTBUE C XEMOCOPOUPOBAHHBIM KHCIOPOIOM,
YyeM He3aBHCHMas aJcopOIus Ha MOBEPXHOCTH YYBCTBUTENBHOTO cios [68]. Pabouuit
TEMIIEPATYPHBIN AUana30H TaKuX ceHCOpoB 00bIYHO cocTaBisgeT oT 200°C go 600°C.

B crannaptHOoM BapuaHTe mpolneaypy aHanuza BB MoxHO B mpuHIIUIEe pa3neauTs Ha 3
srana. CHavana yepe3 siueiiky u3 MO ceHCOpOB MpomycKalT pedepeHTHRIN ra3 (Hampumep,
BO3/lyX TMOMEIIEHHUS, B KOTOPOM HAaxOJUTCS HCHBITYeMbIl), KOTOPbIH (QopmMupyer 0azoByIO
auHUto. Jlanee ¢ momolplo KpaHa nojaeTcs npoda BB B TeyeHue onpeseneHHOro BpeMEHHU.
Jlanee kpaH cHOBa TMepekitouaeTcss Ha pedepeHTHbI ra3. Ha Bcex sramax mpu 3TOM
perucTpupyercss 3aBUCMMOCTb MPOBOJIMMOCTH Ka)J0ro ceHcopa oT BpeMmeHH. [Ipumep Takoi

3aBUCUMOCTH POWITIOCTPUPOBAH HA PUCYHKE 1.
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Pucynok 1. Ilpumep 3aBucumocTu npoBoaumoctu ceHcopa (G) oT Bpemenu (t) mpu

ImoJa4uc aHaAJIM3UPYCMOTI'O I'a3a

N3 mnodydeHHBIX 3aBUCHUMOCTEHl IMPOAaHAIM3HPOBAHHBIX OOPAa3lOB MOTYT OBITh
W3BJICUCHBI pa3iuuHble Tpu3Haku. Hanbomnee pacnpoctpaneno ucnonab3oBanue AG/Go. Takxke
B KayecTBE MHPOPMATHBHBIX MPU3HAKOB UCTIONB3YIOT Ge/Go, Gmax, HHTETPAJIBI Pa3TUIHBIX 30H,
NPOU3BO/IHbIE 1-r0 M 2-r0 MOpsKa, 3HAYCHHE MPOBOJAMMOCTU TPHU OIMPEIEICHHOM BPEMEHU
OTHOCHTEIHHO TIOJa4d TPOOBI, BpeMS JOCTIDKEHHUS OMPEICICHHOW IO W3MEHEHUS
IPOBOJIUMOCTH.

B Tabmuue 3 conmepxurcs umHdopmanus o paboTax, B KOTOPbIX Obla HCClEJOBaHA
BO3MOKHOCTh paszJiefieHusi mnanueHToB Ha rpynnsl PJI um  KoHTponbHyro rpynmy ¢

ucnoip3zoBanrueM JH Ha ocHoBe MO cencopos [56,69].

Ta6auma 3. CpaBHeHuEe KpuTepueB HWH(DOPMATHBHOCTH pPa3paOOTaHHBIX TECTOB IIO
nuarHoctrke PJI B mUIOTHBIX HccnenoBaHusaXx ¢ ucnosib3oBanueM DH cuctem Ha ocHoBe MO
ceHcopoB. (OCHOBHBIE KpUTEpUU pa3[eiIeHUs TPYyMNIbl 3J0pOBbIX U Tpymmbl PJI —

YyBCTBUTENIBHOCTH (Se), crenuduyHocTs (Sp) ¥ TOUHOCTH (Acc).

XapakTepucTHKa BbIOOPKH

Se

Sp

Acc

Pabora

N=101 (43 PJI, 58 koHTpOJIb)

95.3%

90.5%

92.6%

[70]

N=89 (16 PJI, 73 xoHTpOIb)

*

[71]
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N=18 (9 PJI, 9 xoHTpOH) 100% 88.9% 94.4% [72]
N=89 (47 PJI, 42 xoHTpOIb) 93.6% 83.3% - [73]
N=76 (31 PJI, 45 xoHTpOB) - - 88% [74]
N=37 (12 PJI, 25 xoHTpOIb) 83% 88% - [75]
N=84 (32 PJI, 52 xoHTpOJIb) 85% 84% - [76]
N=290 (144 PJI, 146 kOHTpOIIb) 94.4% 32.9% - [77]
N=145 (52 PJI, 93 xoHTpOIB) 83% 84% - [78]
N=16 (6 PJI, 10 xouTpoib) 85.7% 100% 93.8% [79]

*-‘IyBCTBI/ITeJ'IBHOCTI), CHCL[I/I(l)I/I‘IHOCTI) 1 TOYHOCTH HC YKAa3aHbI B pa60Te. HpI/I pa3aciaeHu JOCTUTHYThI

caenyromue ypoBuu 3nauumoctu: 0.045, 0.025, 0.001 mst kaxxaoro kanana OH cucteMsl.

OTAenbHO CTOUT BBIIECTUTH PabOThI, TJe OBLIIN UCCIEAOBAHBI KOMMEPYECKH TOCTYITHBIC
cucteMbl ananuza JIOC nns auarnoctuku PJI [74,78]. Hanpumep, van de Goor u coaBrt. [78]
ucnonb3oBanu nsaTh OH cucrem Aeonose ¢ TpUMEHEHUEM UCKYCCTBEHHON HEMPOHHOM CeTH s
KJaccuuKaluy manueHToB Ha rpynmy ¢ PJI u rpynmy 3mopoBeix mrozeit (60 u 107 yenosek
COOTBETCTBEHHO). Pe3ynbTarhl mOKa3zadu  JUAarHOCTHYECKYI0 To4yHOCTh 83%  mpu
qyBcTBUTENEHOCTH 83%, crneuuduunoctn 84% u ROC AUC 0.84. beputn mnoka3aHbl
COTIOCTaBUMBIE PE3yJbTaThl C UYYBCTBUTEIBHOCTHIO 88%, cmemupuunocteio 86% U
JTMAarHOCTHYECKON TOUHOCTRIO 86%. B npyrom nccnenoBanuu rpymma de Vries 1 cooaBT. [74]
UCIob30Bania SpiroNose B COUETaHUH C 000PYIOBaHUEM JIsl UCCIEAOBaHUS (PYHKIIUU JIETKUX
st kinaccudukanuu nanueHToB Ha rpynmbl ¢ PJI; XOBJI, actMbl u rpymnmbl 310pOBBIX
nauueHToB (45 - PJI, 31 - koHTpoas). Pe3ynbrarsl nokasanu, yto nauueHtsl ¢ PJI u 3mopoBbie
JIFOJIM U3 KOHTPOJIBHOM IpyMIibl ObUIA JOCTATOYHO XOpoIio paznuuuMsl (p < 0.001), a TouHOCTH
pu niepekpecTHoi nposepku coctaBuia 88% ¢ ROC-AUC 0.95 £0.11.

Jns ananuza BB npouenypa or6opa npob nMeroT nepBocrenenHoe 3HaueHue. CormacHo
0030py, mpencraBnenHomy Krilaviciute u np. [20], u3 73 wucciemnoBaHui, CBS3aHHBIX C
JMAarHOCTHKOM paka Jierkux mo BB, Toibko B miecTy U3 HUX OB peaan30BaH PEKUM MPSIMOTO
OHJIAMH-U3MEpEHNs, B TO BpeMs KaK B OCTaJbHBIX pab0Tax MCHOJb30BaJICs MPEIBAPUTEIbHBIN
ot6op mpob. Jlpyrumu cnoBamu, BB B OonbIMHCTBE ciydaeB cOOMpaeTcsi B CIClUAIbHBIC
KOHTEWHEPHI JJIsI XpaHESHUsI M TPAHCTIOPTUPOBKH B aHATUTHUYECKHE TToMmetnieHus. Kpome Toro, B
OOJBUIMHCTBE HUCCJIEAOBAaHUN MCHOJB3YIOTCA JOMOJIHUTENbHBIE MPOLEAYpPhl COPOLUU AJis

koH1eHTpupoBanuss JIOC [20]. OueBuaHO, UTO TakHWe MPOLEAYpPbl MOTYT BBI3BaTh MOTEPIO
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COOTBETCTBYIOUIUX COCAMHEHHUI U 3arpsizHeHue oOpaslia, CBA3aHHOE ¢ MaTepHaioM copOeHTa
WM KOHTeHHepa A xpaHeHus. Takum oOpa3oM, aBTOHOMHBIN MOJXOJ MOKET MPUBECTH K
HEKOHTPOJIMPYEMOM CHUCTEMaTUYECKOM HEOINpeeIeHHOCTH, YBeTu4YrBasi Bpemsi aHanuza [11].
BpemenHoii (¢akTop CTaHOBUTCS OCOOCHHO BaXXHBIM [IJIi CKPUHUHTOBBIX OOCIEIOBAHUM,
MOCKOJIbKY MHCTPYMEHTBI CKPUHHMHTA JOJDKHBI OBITh JETKO JOCTYMHBI JUJISl IIMPOKUX TPYIII
HacesneHus. OHnaliH-aHaan3 NOTEHIMAIbHO MOKET 00ECIeUnTh 00Jiee HaJeKHbIE PE3yIbTaThl
U3-32 OTCYTCTBUS TMpOILEAYp IMpeABApUTEIBLHOM 00paboTKM 00pa3loB M MOXKET CTaTh

MOAXOAAIICH OCHOBOM JJ1s1 co3/ianust 3P EeKTUBHOTO MeTO1a CKpUHUHTA Ha PJI.

1.4. Meroasl 00pabOTKH MHOTOMEPHBIX JaHHBIX

[Ipn ucnonp3oBannun OH cHCTEM, COCTOSIIIMX W3 HECEIEKTUBHBIX WM YaCTHYHO
CEJICKTHBHBIX CEHCOPOB M pa0bOTAIONIMX 1O MPUHIIMITY pacio3HaBaHUs 0Opa30B I PEIICHUS
3a/1a4 KiaccuuKaium, OCHOBHAsS A0JIs1 paOOTHI 1O U3BJICUCHUIO MHPOPMAIIMH JIOKUTCS Ha dTall
00paboTKH JaHHBIX. B momapisitonieM OOJIBIIMHCTBE CIIydaeB 0Opa3yromuiics Habop JTaHHBIX
MMeEET BBICOKYIO Pa3MEpPHOCTh, TTO3TOMY TSl U3BJICUCHHS TOJIC3HON MH(OPMAITUN HCTIOIB3YIOT

METOAbI 00paOOTKH MHOTOMEPHBIX JTAHHBIX.

1.4.1. IIpeaBapurenbHas MOArOTOBKA JaHHBIX

[Tomy4yaeMblii aHaTUTUYECKUIM CUTHAJI OT MACCHBA CEHCOPOB MOYKHO IIPEJCTABUTh B BUJIE
MaTpuibl X pazMepHocTbio | cTpok u J cronOuoB. CTpokM TakodW MAaTpUIbl HA3bIBAIOT
obOpasrnamMu, OHH HyMEpYyIOTCS HMHJIEKCOM 1, MeHsroruMes oT 1 g0 I. CtonOiel Ha3bIBarOTCS
MEPEMEHHBIMU WIH MIPU3HAKAMHU (HaIIpUMEP, OTKIUK CEHCOpPa), 1 OHU HYMEPYIOTCSI UHIEKCOM
J, MeHsroruMes oT 1 0 J. B 3aBHCUMOCTH OT pelraemMoit 3aauu Jijisi U3MEPSIeMbIX 00pa3IoB
M3BECTHA HEKOTOpas 3aBHUCHMasi TEpPEMEHHas, HampuMmep, METKa O MPUHAJIEKHOCTH K
OTpENIeTICHHON TPYIINe WM €ro KOHIIGHTpalus KOMIIOHEHTa B oOpasime. [Ipuuem Takux
MIEPEMEHHBIX MOXET OBITh HECKOJIBKO. DTy HH(POPMAIIUIO MOXKHO MPECTABUTH B BUEC BEKTOPA
Wik MaTpullbl Y pazMepHoOcThiO | cTpok (koiaumdecTBO o0pa3ioB) U N cTon01O0B (KOJIUYECTBO
3aBUCUMBIX IEPEMEHHBIX).

Ecnn oTkIMK ceHcopa MpeACTaBlI€H B BHAE OJHOIO 3HAYEHHS, TO Mbl HMEEM

JIBYXMOJIaJIbHbIE TaHHBIC B BUie 2D Matpuiibl X, HO €CJIM OTKJIMK CEHCOpa MpeCcTaBisieT coOon
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HAaOOp 3HaueHWi (HampuMmep, BpEMEHHas 3aBUCHUMOCTb OTKJIMKAa WM  OTKIIUK,
MPOCKAHUPOBAHHBIN MPHU BAPbUPOBAHUH OJHOTO M3 MAapaMeTPoOB), TO HAOOP NAHHBIX SBIISIETCS

TPEXMOIAJILHBIM U TIpejicTaBisieT coboit 3D marpuny (Pucynok 2) [80].

Pucynoxk 2. Ilpencrasienue AByX- U TPEXMOAATbHBIX JAHHBIX

Hamuoro ynoOHee paboTaTh C JABYXMOJAJIbHBIMH MAacCHBaMH, MOATOMY K JIaHHBIM,
UMEIOIIUM CTPYKTYphl 3D MaTpuibl npumeHstoT pa3BepTtky [80]. Takum oOpazom 3D marpuia
X pasmepnoctu [xJxK npeobpazyercs B 2D marpuity X pazmeproctu [xJK, k koTopoit MOKHO
OPUMEHSTh METO/IbI AaHAJIN3a MHOTOMEPHBIX JaHHBIX.

YroObl 3apaHee n30eXaTh TPYJHOCTEH ¢ OOJIBIIUM KOJIMYECTBOM MPU3HAKOB B Habope
JAHHBIX OO0palAlOTCd K Pa3IUYHbIM TEXHUKAM H3BJICUEHHUS NPHU3HAKOB, IIEJIbI0 KOTOPBIX
SBIISICTCSl TOJIy4YUTh Haubojiee HMH(OPMATUBHBIE NPU3HAKM C TOMOILIBIO MaTeMaTUYECKUX
npeoOpa3oBaHUl MCXOIHOM MaTpHIlbl OTKJIMKOB (COXpaHsisi MpU 3TOM HHGPOpPMALHIO,
OTHOcsAUIylocs K 1LeneBoil BennuuHe) [81]. Ha mpumepe usmepenuss mpoBoaumoctd MO
CEHCOPOB B MPHUHIMIIE MOXKHO HCIOJIb30BATh HA0OP OTKIMKOB BO BPEMEHHU C NOCIENYIOIIUM
IPUMEHEHHEM METO/1a TOHMKEHMSI Pa3MEPHOCTH, @ MOXKHO YK€ Ha JaHHOM 3Talle IPOU3BECTU
u3BIeueHue npu3HakoB. J[jist MO ceHcopoB yalie BCEro UCIOJIb3YIOT CTallMOHAPHbBIE OTKIUKU:
R, R/Ro, (R-Ro)/Ro. [TomrumMo HUX Takke MOXKHO HCIOJIb30BaTh MHTETPUPOBAHUE CUTHAIA WITH

MPOU3BOJIHEIE 1-r0 win 2-ro mopsiaka. Takxke B paboTax B KaueCTBE MU3BICYCHHBIX TPU3HAKOB
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ObUTM MCIIONB30BaHBL: BpEeMs, MPU KOTOPOM CUTHANl JOCTUTAET OMpPENEIEHHOTO OTHOIICHHS,
CUTHAJI IPU ONPEJIEIEHHOM BPEMEHU U JIpyTHE.

Janee matpuna X MOXET MOJIBEPraTbCs MPOUEAypaM HEHTPUPOBAHUS U HOPMHUPOBAHMSL.
[Ipy nenTpupoBaHUM MaTpULbl X M3 HEE BBIYMTACTCSA MaTpulbl M, 2JI€MEHTHI mij KOTOPOH
paBHBI cpeAHEeMY 3HaueHHuio cTonbna m;j. [laHHas omepamus HeoOXoauma IJsi HEKOTOPBIX
MPOEKIIMOHHBIX METOJOB TaKMX Kak MeToj riaBHbix kKoMroHeHT (PCA, principal component
analysis).

HopmupoBanue, B oTiiMuME OT LEHTPUPOBAHMS, HE MU3MEHSET CTPYKTYPY AAHHBIX, a
IIPOCTO M3MEHSET BEC PA3/IMYHBIX YacTed AaHHBIX NMpu oOpabotke. [Ipn HOpMHpoOBaHMHU 1O
cTonbiamM mMarpuiia X yMHOXAeTCsl ClipaBa Ha AHAroHaJbHYI0 MaTpuily W pasmepHocTH JxJ,
JMaroHaJIbHbIE 3JIEMEHTHI Wjj KOTOPOI paBHBI OOPATHBIM 3HAYEHUSIM CTAHIAPTHOT'O OTKJIOHEHUS
no cronoduy Xj. HopmupoBanue qaHHBIX 4acTO MPUMEHSIOT IS TOTO, YTOOBI YPaBHSATH BKJIAJ B
MOJEJIb OT Pa3JINYHbIX ITepeMeHHbIX [80].

PesynbpTaThl M3MepeHUsT Ha MYJBTHCEHCOPHBIX CHCTEMax 4YacTO HMEIOT OOJbIIoe
KOJIMYECTBO TIEPEMEHHBIX (OTKIMKHA CEHCOPOB W WX MPOU3BOJHBIC BEIUYUHBI), MOITOMY
BU3YaJU3alus JAHHBIX B IPOCTOM BHJI€ OCJIOKHEHA, €CIIM HEOOXOJUMO CMOTPETh Ha IMOJIHYIO
KapTUHY cpasy. JJis 3TUX 1eseil IpuMEeHsI0T MHOTOMEPHBIM aHaIN3 JaHHBIX C UCIIOJIb30BAaHUEM
pPa3JIMYHBIX METOJOB IIOHWKEHHsI pa3sMepHocTH Takux Kak PCA  wnm  nUHEHHBIN
muckpumuHaHTHBIN aHanu3 (LDA, linear discriminant analysis).

MeTobl MOANPOCTPAHCTB UMEIOT MPOYHYIO MATEMATHUUYECKYI0 OCHOBY M IOJIb3YIOTCS
MOMYJISIPHOCTBIO Yy MHOTUX HccienoBateneii. Hecmorps Ha 1o, uto PCA u LDA sBustoTcs
HaunOoJiee MOMyJISIPHBIMA METOAMHU, Y HUX €CTh U CBOM HepocTatku. PCA — Meton o0y4yeHus
«0e3 yuutens». PCA cTpeMUTCS OXBATUTh MAKCUMAJbHYIO JHCIEPCUI0 B HECKOJIBKHX
U3MEPEHUSIX, UTHOPUPYS NUCKpUMUHAIMOHHYIO MHpopManuto. C apyroit cropons, LDA —
MeTOJ1 O0yUY€HHs C yUUTeIeM, HO IPEoyiaraeT yHUMO/JIalbHble HOPMAaJIbHO paclpeiesIeHHbIE
KJIaCChl C Pa3HbIMM CPEIHHMH 3HAYCHUSIMU U PaBHBIMU KOBAapUALMSIMU MEXAY KJIacCamHu.
Kpome Toro, xopomio uzBectHo, 4to LDA ckiioHeH k mepeoOydeHHI0, MOKa3biBask CIUIIKOM
ONTUMHUCTHYHBIE PE3YJIbTATHI IPU Pa3AeICHUH KJIACCOB Ha 00yyJaromeM Habope /1715l BBIOOPOK ¢
HU3KUM OTHOIIICHHEM KOJIMYECTBA 00Pa3IOB K KOJIUYECTBY MPU3HAKOB [81].

B merone riiaBHBIX KOMIIOHEHT HMCHOJB3YIOTCS HOBbIE, (hOpMalibHbIE MEPEMEHHbIE ta

(a=1,...A), sBisronyiecss TUHEHHOW KOMOWHAIMEel ucxomHbIX nepemeHHbX Xj (j=I1,...J). C
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MIOMOILIBIO 3TUX HOBBIX NIEPEMEHHBIX MaTpulla X pas3jiaraercs B MIPOU3BEACHUE ABYX MaTpul T
u P:
X=TPT+E=Y4_t,pt +E (2)
Matpunia T HaswiBaeTcss MaTpuieit cueroB. Ee pasmepnocts (IXA). Marpuma P
Ha3bIBaeTCs Matpuiiel Harpy3ok. Ee pasmepnocts (JxXA). E — 5T0 marpuia ocTaTKoB,
pasmepHocThio (IxJ). HoBble mepeMeHHbIe t, Ha3bIBAIOTCS TJIaBHBIMH KOMIOHEHTaMu. Yucio
cTOJIONOB — t, B MaTpuiie T, u pa B Matpulie P, paBHO A, KOTOpO€ HAa3bIBAE€TCSA YUCIIOM TJIABHBIX
KOMITOHEHT. JTa BEJIWYMHA 3aBEIOMO MEHbIIE 4Yucia MepeMeHHbIX J u uucna obpasiuos I.
Baxxubim cBoiictBoM PCA siBisieTcsi OpTOrOHANBHOCTD (HE3aBUCUMOCTD) TJIaBHBIX KOMIIOHEHT
[80]. Jdnst moctpoenus PCA oOwruno ucnonb3yetcs: anroputM NIPALS (ot anra. nonlinear

iterative partial least square) wiu pa3noskeHue MO CUHTYJISIPHBIM 3HAYCHUSIM.

1.4.2. Metoapl, UCTIOIB3yEMBIE JJI pEIIeHUs 3a1a4 KiIacCupUKaIuu

[TpuHumn pemeHus 3anayd Kiaccu(UKalMM OCHOBAaH Ha IOCTPOEHUU MOJENEH, T.e.
Habopa MpaBWI, MO KOTOPOM HOBBIA 0Opaser] MOXKET ObITh OTHECEH K KaKOMY-JIHOO KIlaccy.
[Toctpoenne miam oOyueHUE MO MPOBOAST Ha OCHOBE OOydaromiero Habopa oOpasloB C
UMeIoLIeicss anpuopHOd MHGOpMalMe O NPHUHAJIEKHOCTH K KiaccaMm (Hampumep, Kiacc
OONMBHBIX W 370pOBBIX). B paborax ¢ umcnosnb3oBaHueMm cucteM OH Hambosee dacto [82]
ucrnonb3yrot: Meror k ommkaiimmx cocenei (KNN, k nearest neighbors) [83], moructuueckyto
perpeccuro (LR, logistic regression) [84], meTron onmopHbIx BekTopoB (SVM, support vector
machine) [85], meton «cmyuaiinoro sneca» (RF, fandom forest), cocrosiuii u3 ancamOms
pemaronux aepeBbes [86].

KNN. Camblii mpocToit METpUYECKUI METOJ B 3ajade KiaccupuKaimm — MeToa k
ommkaiimux coceneit KNN, cyTh KOTOPOTro 3aKJIFOYAETCSl B TOM, YTO OOBEKT OTHOCUTCSI K TOMY
KJlaccy, K KOTOPOMY MPHHAUICKHUT OONBIIMHCTBO M3 ero k Ommxaiimux cocexeir. Mepa
onmu3ocTu 3anaercs QyHkiueil paccrosHus. B kimaccuueckom kNN ucnonb3yercs €BKINA0BA
metpuka. Jlns 1Byx Touek X; = (X11, X1z, ..,X1j) M Xy = (X21, X33, -, X2j) €BKINJIOBO

PACCTOAHUC ONPEACIIACTCA CICAYIOIIUM 06pa30M:

d(xy, x;) = Jz;-;l(xl,- — x,,)? 3)
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Takke B TMOMNBITKAX TMOBBICUTH TOYHOCTh KIACCU(UKAIMK HMHOTAA HCIOIb3YIOT
B3BelIeHHbIN BapuaHT kNN, mpu KOTOpoM BO BHUMAaHHE NPUHUMAETCSA HE TOJIBKO KOJUYECTBO
MOMABIIKUX B 00JaCTh OMpPeAEeNEHHBIX KJIACCOB, HO M UX YJaIEHHOCTh OT HOBOTO 00BEKTA.

RF. RF — anroputm mamuHHOTO 00y4eHus [87], 3aKIr04aronuiicss B UCIOJIb30BAHUN
KoMuTeTa (aHcamOuisg) pemarmmx JepeBbeB. UTOOb MOCTPOUTH CiayyailHblii jec u3 N
pELIAIOIINX IEPEBBEB, HEOOXOIUMO:

1) CrenepupoBaTh N ciIydaliHBIX TIOJIBBIOOPOK C MOBTOPEHUAMH Xn, n = 1,...,N.

2) Kaxxnyro moinyyuBiyrocst oaBbI00pKY X, UCIONIB30BaTh B KauecTBe 00yyJaroIien
BBIOOPKU JIJIs IOCTPOCHUSI COOTBETCTBYIOIIETO pelIaroliero aepeBa by(x). [Ipuuem:

e JlepeBo CTPOUTCS, TOKA B KAXKJIOM JIUCTE OKaXKETCS He 00JIEE Nmin 00HEKTOB. O4eHb 4YacTo
JIEPEBBS CTPOST 10 KOHIA (Nmin = 1), YTOOBI MOIYYUTH CIOKHBIE U TEpEOOYyUECHHbIE PEIIAIOIIIe
JIEPEBbsSI C HU3KUM CMEILIECHUEM.

e[Iporiecc mocTpoeHUs JepeBa pPaHIOMH3UMPOBAH: Ha JTarne BbIOOpPA ONTHMAIHLHOTO
NpPU3HAKA, 10 KOTOPOMY OyAET MPOUCXOAUTH pa30HEHHE, OH UIIETCS HE CPEIU BCETO MHOKECTBA
npusHakoB (J), a cpeau ciaydaifHOTo moJgMHOXecTBa pazMepa q < J. [IpuueM moaMHOXKECTBO
pa3Mepa q BBIOMpaeTcs 3aHOBO KaXK/bIi pa3, KOria He00X0AMMO pa30UTh OUYEPEIHYIO BEPILUHY.
Bei6op Hawitydmiero u3 3THX ( MPU3HAKOB MOXKET OCYIIECTBISTHCS C IMOMOIIBIO KPUTEPHS
MH(OPMATUBHOCTU. B OCHOBHOM HCHONB3YIOTCS KpuTepuil mHpopMaTuBHOCTU JIKUHU WIn
SHTPONUIHBIA HH()OPMATUBHBIA KPUTEPHIA.

e Knaccugukanus o6ObeKTOB MPOBOAUTCS MTyTEM IOJIOCOBAHUS: KaXKI0€ JePEBO KOMHUTETA
OTHOCHUT KJacCU(pUIUPYEMbIIl 00BEKT K OJJHOMY U3 KJIACCOB, U OOBEKTY MPUCBAUBAETCS Kiacc,

3a KOTOPBII MPOTOJI0COBATIO HAUOOJIBIIIEE YUCIIO JCPEBHEB:

a(x) = sign% N b,(x) 4)

LR. Jloructuyeckas perpeccusi — 3T0 METOJ MOCTPOSHHSI JIMHEHHOTO Kiaccudukaropa,
MO3BOJISIIOIINM OIIEHUBAThH allOCTEPUOPHBIE BEPOSITHOCTU MPUHAJICKHOCTH OOBEKTOB KJIaCCaM.
[Tpu ycinoBuu, 4TO METKH KJIacCcOB MpuHUMAIOT 3HaueHus ¥ = {—1, +1} B metone LR cTpoutcs
JMHEHHBIM aNropuT™ Kiaccudukamuu a: X — Y Buja:

alx,w) = sign(Z}?:le]j- (x) — wy) = sign{x,w) (5)
e Wj — BEC j-TO NPU3HAKA, W — MOPOT IPUHATHSA PEMEHus, W = (Wy, ..., W) — BEKTOp BECOB,

(x,w) — ckamsgpHOE MpPOM3BEICHHE MPHU3HAKOBOTO OMUCAHUS OOBEKTOB Ha BEKTOP BECOB.



31

[Ipenmonaraercs, 4T0 HCKYCCTBEHHO BBEIEH HYJIeBOM npu3Hak: fu(x) = —1. Takum oGpaszom,
3a7aya OOy4eHHUs JTMHEHHOTo KiacCU(pHUKATOpa 3aKII0YaeTcsi B TOM, YTOOBI Mo BeIOOpKe X'
HACTpPOUTh BEKTOp BecoB W. Jliga storo B Merone LR pemaercs 3agaya MUHUMH3ALMU

OMIITUPUYCCKOI'O pUCKa C q)yHKI_II/IeI\/’I IMOTCPLb CIICIHNAJIBHOI'O BHUA:

QW) = Zi% In (1 + exp(~yi{x,w))) ~ min ©)

SVM. Metoj1 OOpHBIX BEKTOPOB SIBIISETCS OJHUM U3 HauOoJee MOMyJIspHBIX METO/I0B
o0y4eHHUs JUIs pelleHus 3a/1ay KIacCU(pUKALMU U OCHOBaH Ha MOCTPOECHUU TMIEPITIOCKOCTH,
pazzensonieit 00beKThl BHIOOPKU ONTUMANIBHBIM criocoOoM. IlycTs umeeTcss Habop 0OBEKTOB B
X mpocrpanctBe R™ ¢ coorBercTByrommmu MeTkamu kimacca Y = {—1,+1}. Heoboxomaumo
MIOCTPOUTH aIropuT™ Kiaccudukanuu a(x) = X — Y. [IlycTs MBI HMEEM JIMHEHHO pa3IeIuMyIO
BBIOOPKY U CYIIECTBYET HEKOTOpPas THIEPIIOCKOCTb, pasjenstomas kinaccol -1 u +1. B takom
cllyyae B KauecTBE aJrOpUTMa KJAcCH(UKAIMU BOCIOJb3YyEMCS JIMHEHHBIM IOPOrOBBIM
KJIACCU(UKATOPOM:

a(x) = sign({w, x) — b) = sign(X}_, w;x; — b) (7)
rae X = (X4, ..., X,) — BEKTOp 3HAUYEHHI IPU3HAKOB 00beKTa, a W = (Wy, ...,W,) e R" u b e R"
— IapaMeTpbl TMIEPIUIOCKOCTH. [l €IMHCTBEHHOCTH peuieHuss B Meroae SVM crpost Ty
TMIIEPIUIOCKOCTh, KOTOpash MAaKCUMHU3HMPYET OTCTYNl Mexay kinaccamu. [l JMHEMHOro
KJaccuuKaTopa OTCTYI ONpeesieTCs] ypaBHEHUEM
M;(w,b) = y;({w, x;) — b) (8)
U XapaKTepHU3yeT TO, HACKOJIBKO 00BEKT «OIU30K» CBoeMy Kilaccy. Uem menbiie M;, Tem Omike
O0BEKT X; K pa3JeNsoleil TUMEPIJIOCKOCTH M TEeM BBIIIE BEPOSITHOCTh OIIMOKH.
COOTBETCTBEHHO, OTPUIIATEIBHBIA OTCTYIT M; TOBOPUT O TOM, YTO anropuTM a(X) JOmMycKaeT
OIINOKY Ha OOBEKTE X;.

Janee miist ynoOCTBa BBOAUTCS HOPMUPOBKA [Tl YPaBHEHHSI TUIIEPILIOCKOCTH {(CW, X) —
cb = 0 Takum o6pazom, uroosl min M;(w, b) = 1. D10 N0O3BOISAET OrPAHUIUTH PA3IEIIAIOILY O
nosnocy Mexnay kiaaccamu {x: —1 < (w,x;) — b < 1}, BHyTpH KOTOpOW HE MOXKET JI€XKaTh HH
0JIMH 00BEKT 00yYaroIIeil BEIOOPKH.

Yrobbl paznenstoniasi TUIEPIUIOCKOCTBIO OTCTOsIa OT TOYEK BBHIOOPKH KaK MOYKHO
Janplile, MUPUHA MOJO0CH! T0JKHA ObITh MakcuManbHOM. [lycTh X_ U X .- 1Be MPOU3BOJIbHbBIE

TOYKH KJIaccoB —1 U +1, exkainue Ha TpaHuIle TOJIOCHI, T.€. UX OTCTYII paBeH eauHuile. Tormaa
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LIMPUHY Pa3JeAOIIeH ITOJI0CH MOKHO BBIPA3UTh KaK IPOEKIUIO BEKTOPA X, — X_ Ha HOpMaJb

K TUIICPILIOCKOCTH W.

(Xy—x_,w) _ (xyw)—(x_w)-b+b _ My(w,b)-M_(w,b) _ 2

llwll llwll llwll llwll

©)
A 49TOOBI pasacidromas rurnepIiiioCKOCTh HAXO0AUJIaCb Ha HanOOJIbIIIEM pacCToOAHUN OT

TOUYCK BBI60pKI/I, I PHUHA ITOJIOCHI NOJIZKHA OBITH MAKCUMAaJIbHOM

”VZV—” - max = |lw|| » min (10)

OTO NPUBOJAUT HAC K MOCTAaHOBKE 33aJauyd ONTHUMHU3ALMU B TEPMHUHAX KBaJPaTUYHOTO

IPOrpaMMHUPOBAHUSL:
lwll* > min
w.b (11)

M;w,b) =1, i=1,..,1

Jns o0obmenuss SVM Ha cimydail JMHEHHO Hepa3[esiMMON BBIOOPKH, pa3pelIuM
ITOPUTMY JIOIyCKaTh OLIMOKHM Ha 00y4aromux 00beKTaX, HO TaK, YTOOBI UX KOJUYECTBO OBLIO
MUHUMaJIBHBIM. JlJI1 KaXJ10ro 0ObEKTa OTHUMEM OT OTCTyHa HEKOTOPYIO IMOJIOKUTEIbHYIO
BEIMYUHY ¢;, HO moTpeOyeM, YTOOBbl BBEJEHHBIC MONPAaBKU OBLIM MHHHUMAaJbHBI. JlaHHBIE

HU3MCHCHHA IIPHUBCAYT K CJ'ICIIYIOHIGI\/’I IIOCTAHOBKC 3aJa4M, Ha3bIBACMOM SVM ¢ Msarkum

OTCTYIIOM!

1 l .
2 IWll* + € Xiey & - min

M;w,b)=21-¢, i=1,..,1 (12)

fi >0, i = 1,...,l

Tak kaxk y Hac HeT WH(OPMAIIMK O TOM, KaKoi M3 (yHKIIMOHAJIOB %Ilwll2 uCYl_,é&

BakHEe, BBOAUTCS Kod(pduimeHT C, KOTOPHI ONTUMHU3UPYETCA C MOMOIIBI0 TEPEKPECTHOM
npoBepku. B utore moxydyaem 3agady, y KOTOpO# BCET/1a €CTh €IMHCTBEHHOE PEIICHHE.

B cirydae, koria KOIM4ecTBO KJIACCOB OOJIBINE IBYX Ha MPAKTHKE TAKYIO 3a7aqy OOBITHO
pa3dMBalOT Ha HECKOJIBKO OMHAPHBIX 3a/1a4 KJIacCH(PHUKAIMK THIIA «OJUH MPOTUB OCTAIBHBIX)
(One-vs-Rest) wmn «oaud nipoTtuB apyroro» (One-vs-One). OgHAKO MYJIbTUKIACCOBBIM METOJT
onopHbIX BekTopoB (MSVM, multiclass SVM), npemnoxxenusiii B pabore Kpammepa u
3unrepa [88], MO3BOMSIET CBECTH 3a/lauyy MYJIbTHKIACCOBOM KiacCHU(UKAIMU K OJHOM 3ajaye
ONTUMH3AINHN, 03 HEOOXOANMOCTH €€ pPa30WeHHsT Ha HECKOJIbKO 3a7ad OWHApHOM

KJ1acCU(UKAIIIH.
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1.4.3. Cioco0bl OIIEHKHU Pe3yJIbTaTOB KIAaCCU(PUKALMOHHBIX U PErPECCUOHHBIX MOJIEe

JIns  OLIEHKHM KadecTBa MPOBEPAEMOr0 JAHArHOCTUYECKOTO TecTa Heo0xoauma
uH(pOpMaLNS O HATMYUU WK OTCYTCTBUH 00JIE3HH, TOJyUYEeHHAs ATAIOHHBIM IMarHOCTHYECKUM
TECTOM, WJIH T.H. «30JI0TBIM CTAHIAPTOM». DTO TECT WM KOMOMHAIIUS TECTOB, MO3BOJIAIONIAS
HAJIEKHO OIpEeNsieT HAIMYUE WK OTCYTCTBHUE OOJIE3HU y MAleHTa.

[IpoBepsieMbIii TUATHOCTUYECKUN TECT MOXKET BBIJABATh IMOJIOKUTENbHBIN (MAlUEHT
uMeeT O0JIe3Hb) WM OTPHUIATEIBHBIM (MAIMEHT 3J0pPOB) pPE3yJbTaT HJs HCCIETYyEeMOro
nanueHTa. Toraa pe3yinbTaT NpPUMEHEHUs: OWHAPHOIO JAMArHOCTHMYECKOIO TecTa K TpYyIIe
MAIMEHTOB C YY€TOM MPOBEPKH 30JI0THIM CTaHIAPTOM MOXKHO MPEJCTABUTHh B BHJIC TAOJIHIIHI,
cocTosiel u3 4-x TPy UCXOJ0B: UCTUHHO MOJIOKHUTENbHbIE (true positive, TP), uctunHo
oTpuiiarenbHsie (true negative, TN), noxHomonoxurenbubie (false positive, FP) wu
noxxHooTpuraTtenpHbie (false negative, FN). Takyro Tabnuiyy emie Ha3bIBalOT TaOIuIleh

COMPSYKEHHOCTH WJIM MaTpuled omunoOoK (Tabnuma 4).

Ta6auna 4. Tabiuia cCONps>KEHHOCTH PE3YJIBTATOB MPOBEPSEMOTO JUATHOCTHYECKOTO

TecTa
PesynpTaT 30510TOrO CTaHAapTa
1 0
Pesynprar 1 TP FP
MpEACKA3aHUs 0 FN TN

Juarnocruuyeckas 3¢p(pekTUBHOCTH TeCTa WM TOYHOCTH (AcCC) Ompenesnsercs Kak

A0JI1 HCTUHHBIX PE3YJIbTATOB CPCAN BCCX PC3YyJIbTAaTOB TCCTA:

_ TP+TN
~ (TP+TN+FP+FN)

Acc

(13)
YyBCcTBUTEJBHOCTD (Se) omnpezensercs Kak BEPOSTHOCTb IOJIYYEHHS] MO3UTUBHOTO

ucxoja Jyisi cyobekTa ¢ O0Je3HbBIO:

TP
e =——
(TP+FN)

(14)
CrneunpuunocTs (Sp) onpenensiercss Kak BEpOSTHOCTh IOIYYEHUs] HEraTUBHOIO UCX0/1a

TSt cyObekTa 6e3 0oJie3HH:

TN
"~ (TN+FP)

Sp (15)
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OneHka 4yBCTBUTEIBHOCTH MW CIEUM(DPUUYHOCTH Ba)kHA TNpU BBHIOOpE TecTa HJsi €ro
MIPUMEHEHUSI B ONPEAECIEHHBIX KIMHUYECKUX LENsIX. UyBCTBUTEIBHOCTh TECTA OTPAXKAET
BEPOSITHOCTh €r0 MOJIOKUTEJIBHOTO pe3yjbTaTa B NPHUCYTCTBUM NAaTOJOTHH. Bbicokas
YYBCTBUTEJILHOCTh TE€CTA MO3BOJISIET C €70 MOMOIIBIO BBISIBISATH OOJILHBIX B OOIIEH MO U,
CreunuyHOCTh TECTa OTPAXKAET BEPOATHOCTH OTPHUIATENILHOTO pe3ylibTaTa B OTCYTCTBUE
MAaTOJIOTHH, YTO MIPHU BBICOKOH CHeM(PUUHOCTH MO3BOJIIET OTCEUBATH 3JJOPOBBIX U3 MOMYJISAIINU
¢ nmpeamnosjaraeMod marosnoruei. KomOWHaIMs KIMHUYECKOM YYBCTBUTEIBHOCTH U
KIIMHUYECKOM Ccrieln(PUUHOCTH TeCTa XapaKTepu3yeT KIMHUYECKYI0 3P PEKTUBHOCTh TeCTA.

[Ipu  uHTEpnpeTrannu  pe3yJbTaTOB  J1aOOPATOPHBIX  TECTOB  BEPOSTHOCTH
JEMCTBUTENIBHOTO HAJIWYMSI MATOJOTHM MPU TOJOKUTEIBHOM pEe3YyJIbTaTe€ WM HAJEKHOCTh
WCKJIIOUCHHUSI MAaTOJIOTMH TIPU OTPHULIATENBHOM pE3yJibTaTe OILEHUBAECTCS HAa OCHOBE
onpeieNeHUs IPeACKa3aTeNbHON HEHHOCTHU MOJ0KUTENIbHBIX UM OTPULIATEIIbHBIX PE3YIHTATOB
TECTOB.

IIporHocTHYHOCTL MOJIOKUTENbHOTO pesyiabtata (PPV) onpenensercs kak

BCPOATHOCTDb HAJIMYNA 0one3Hu y CY6’LCKT3 C IMOJIOKHUTCIIbHBIM HCXOA0M:

ppy = 2 _ (16)
(TP+FP)

IIporHocTuyHOCTL, OTpPULATENBLHOr0 pe3yabtata (NPV) onpenensercs kak

BEPOSITHOCTh OTCYTCTBUS OOJIE3HU y CYOBEKTA C MOJOKHUTEIBHBIM UCXO0OM:

TN
NPV = T (17)

Ecnmu paccmaTtpuBath B KadecTBE BBIXOJHOTO 3HAUYEHUsS KiaccupUKaTopa HE METKY
KJIacca, a BEpOATHOCTh MPUHAAJICKHOCTH, HAITPUMED K KJ1accy 1, TO Ipu BapbUPOBAHUH MTOPOTa,
M0 KOTOPOMY OIpeeseTcs MPUHAJICKHOCTh MAllMeHTa K TPYIIEe 30POBBIX WU OOJBHBIX,
MOXHO TIOJIyYUTh MHOXKECTBO MATPHUI[ COIPSKEHHOCTH C PA3JIUYHBIMM 3HAUYCHHUSIMU
YyBCTBUTEJIBHOCTHU U crieiupuaHOCTU. J1J1s1 yCTaHOBIEHUS ONTUMAIIBHOTO TTOPOra, a TaKkXKe NS
CPaBHUTEILHOTO aHaMH3a Y3PGEKTUBHOCTH AITOPUTMOB KIIACCHU(DUKAIIMHN UCTIONB3YETCSl KpUBas
OTIEpPaTHBHOM XapakTepHuCTHKU (receiver operating characteristic, ROC-kpuBas), T.e. KpuBas
B3aUMHOM 3aBHCUMOCTH BEPOATHOCTEM HCTUHHO TIOJIOKHUTEIBHBIX PE3yJIbTaTOB PaBHBIX
YYBCTBUTEIBHOCTH M  JIO)KHOIOJIOKUTEIBHBIX PE3yJbTaTOB pPaBHBIX €IWHUIIE MHUHYC
cnenuUIHOCTh TPU BCEBO3MOXKHBIX 3HadeHHWs mopora kinaccudukanuu. ROC-kpuBas

SBNSICTCST  TpaHUUEeCKUM  TPEJACTABICHHEM TOJHOTO CHEKTpa YYBCTBUTEIBHOCTH H
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CHenM(pPUUHOCTH, IOCKOJbKY HAa HEH MOryT ObITh OTOOpa)k€Hbl BCE BO3MOXHbBIE Iaphl
"qyBCTBUTENBHOCTh-CHEMPUIHOCTD" 17151 KOHKpeTHOro Tecta (PucyHok 3).

B 3aBucumMocTH OT MOPOroBOro 3HAYEHHMs] U OT pacHpelesieHus NpeacKa3aHHbIX
KJIACCU(UKALIMOHHBIM aJITOPUTMOM BEPOSITHOCTEW MJis MCCIEAyeMOM BBIOOPKHM NAI[MEHTOB
ROC-kpuBas nmeer pa3Hyto ¢popMy U pazHoe nosioxkeHue. JKenareapHoe COOTHOIIEHUE MEXKIY
YYBCTBUTEJIBHOCTBIO M CIEUU(PUUHOCTHIO TECTA JOCTUTAETCS BHIOOPOM TOYKHU pa3/EiCHUS.
HauOonee derkoe pasrpaHuyeHHEe MeXAy OONBHBIMH M 3J0POBBIMH  00CIEAyeMBIMU
JIOCTUTAeTCsl MPU HUCIOJIb30BAHUU TECTOB, KOTOPbIE HUMEIOT XapaKTEPUCTHUYECKYIO KPHUBYIO

pE3yJIbTAaTOB, CABUHYTYIO B CTOPOHY JIEBOT'O BEPXHETO yIiia rpaduka.

1.0

0.6 0.8

0.4

o

UyBCTBHTEIBEHOCTE

0.2

0.0

T T T T T T
00 0.2 0.4 0.6 0.8 1.0

| - Cnemu4HOCTE

Pucynoxk 3. [Ipumep ROC-kpuBoit

Jlnis uaeanbHOTO TecTa rpaduk MpOXOAUT Yepe3 BEPXHHM JIEBBIH yTodl, Tie 0 UCTHHHO
MOJIOXKUTETBHBIX TecToB cocTaBisieT 100% wnu 1 (maeanbHas 4yBCTBUTENIBHOCTH), a JOJIS
JIOXKHOTONIOKUTENBHBIX paBHa 0 (uaeanbHast cnenuduyuHocTs). [ToaTOMy UeMm OGnmxe KpuBas K
BEPXHEMY JIEBOMY YyTIJy, T€M BbIllle JuarHoctuyeckas 3(p(QeKTUBHOCTh (TOYHOCTH) TECTa, U
HA00O0pPOT, YEM MEHBIIIE U3TU0 KPUBOU 1 YeM OJIMKe OHA PACIIONIOKEHA K MPSMOM, IPOXO I IIeH
noa yrioMm 45°, rem MeHee 3((PEKTUBHO TUArHOCTHYECKOE HCCIENOBaHHE. TOYKM Ha TaKoOH

JIMaroHaJIN COOTBETCTBYIOT OTCYTCTBHIO TUArHOCTHYECKOH 3()(HEKTUBHOCTH.
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Metonom onienkn ROC-kpuBbIX siBisieTCs o1ieHKa 1uiomaay moa kpuBbiMu (ROC AUC,
area under curve ROC). Teopetnuecku miuomaas udmensercs ot 0 1o 1.0, ogHako MOCKOJIBKY
JTUATHOCTUYECKU TIOJIE3HBIE TECThl XapaKTEpU3YIOTCS KPHUBOM, pacroJIOKCHHOW —BBIIIIE
MOJIOXKUTEIbHON nuaroHanu (Pucynok 3), To 0Ob4HO roBOpAT 00 u3MeHeHusx ot 0.5
(orcyTcTBHE MUarHoctTudeckoi addexruBHOCTH TecTa) M0 1.0 (MakcumanbHas 3 (PEKTUBHOCTH
TecTa). JTa OIEHKAa MOXET OBITh MOJydeHa HEMOCPEICTBEHHO BBIUMUCICHUEM ILIOMIAAMN O]
MHOTOTPAaHHUKOM, OTPAaHUYECHHBIM CIIpaBa M CHU3Y OCSIMH KOOPJAMHAT M CJIeBa BBEpXY -
HKCIIEPUMEHTAILHO TMOJyYeHHbIMU TouykaMu. [lpu BusyanbHoll oneHke ROC-kpuBbIx
pacrojio’)KeHWe WX OTHOCHTEIBHO JApPYyT Jpyra YyKa3plBaeT Ha WX CPABHUTEIBHYIO
s dexktuBHOCT. KpuBasi, pacnoiio’)keHHass BBIIIE M JIeBEE, CBUICTEIBCTBYET O OoJbllen
JTUArHOCTHYECKOM 3(h(PEKTUBHOCTH COOTBETCTBYIOIIETO TECTA.

OCHOBHBIM KpPHUTEpUEM, HCIIONB3YIONIUMCS ISl OICHKH PErpecCUOHHOM MOJIeNH,

ABIIETCA CPeAHeKBaApaTH4YHas ommnoOKa (root mean square error, RMSE)

n 5.—na7.)2
RMSE = /MT” (18)

r7e ¥;- MpOrHO3UpYEeMOe 3HaYCHHE MapaMeTpa ¢ TOMOIIBIO PErpeCCHOHHON MOJIEIH, V;
— arpUOpPHO U3BECTHOE 3HAUYCHME MapaMerpa, N — YHCIO 00pasloB. 3aMETUM, YTO €IUHUIIBI
m3mepennss RMSE u onieHuBaeMoro napamerpa y COBIagaroT.

OneHka TPOTHOZMPYIOHIEHM  CHJIBI  MAaTEMAaTHUYECKUX  METOJOB C  IOMOUIBIO
BBIIIICYMIOMSIHYTHIX METPHUK KauyecTBa ONTUMAJIbHO MPOBOJAUTH METOJOM MNPOBEPKH HA
TeCTOBOM Ha0ope. B TakoMm BapuaHTe Haua bHBINM HAOOP IaHHBIX pa3feNseTcs Ha 00ydaromun
U TecToBBIN HaOOpHI. [IepBbIil UCTIONB3yeTCS 71T HACTPOUKH MTapaMeTPOB MOJIENH, a BTOPOM —
JUISI OLICHKM KayecTBa MoayyeHHoW Mojaenu. OIHaKo B CilydasiX, Korja Habop JaHHBIX HEBEJHK,
UCTIOJIb3YIOT METOJ] MepeKpPecTHOi npoBepku. Vicxomueiii Habop MaHHBIX pa3z0ouBaeTcs Ha k
HeTepeceKaroluXxcsl OJIMHAKOBBIX TI0 00bemy yacTei. Jlamee mpousBoautcs k urepanuii, Ha
KaXJI0H U3 KOTOpBIX Mojenb oOydaercs Ha k-1 wactm nHawampHOro Habopa (oOydwaromias
BBIOOpKA), @ MOJIENIb TECTUPYETCS HA OJHOM YacTH Ha4aJIbHOTO Habopa (KOHTPOJIbHAs BEIOOPKA),
KOTOpast elle He yJyacTBOBaja B 00y4eHHU. Pe3ynbraToM sIBIsETCS cpeiHee 3HAaUCHNE METPUKU
Ka4yecTBa M0 BCeM pa30MEeHMsSIM Ha KOHTPOJbHBIX BbiOOpKkax. [Ipu k paBHBIM uriciy 06pa3ioB n
MO>KHO TMOJYyYUTh BapUAHT NePeKPEeCTHOMH MPOBEPKH MO OTAeJIbHbIM 00beKTaM.

OTMeTM Ba)XXHOCTHh CIOCO0A OLIEHKM MPOTHO3UPYIOUIEH CHIJIBI MaTeMaTHYECKUX

Mozenei, Oynp 3To Kiaccu(UKaIMOHHAs UM perpeccuoHHas Mojienb. Bce BbllIeynoMsHyThIE
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MCTPpUKH KadcCTBa HeO6XOI[I/IMO OLICHUBAaThL Ha TCCTOBOM Ha60pe, KOTOpLIﬁ HE ObLI

HCIIOJIB30BaH AJIA O6y‘IeHI/I$I MOICIIN.

1.4.4. Metonpl mnepeHoca TPALyHPOBOYHBIX 3aBUCUMOCTEH I CTaHAAPTU3ALWHA Mapbl

CCHCOPHBIX CUCTEM

[ToMUMO TOCTHXEHHUS BBICOKUX METPUK KIMHUYECKONM MH(MOPMATHUBHOCTH TECTa s
BHEJPEHUSI CETH TaKUX CHCTEM CYIIECTBYET eIle OJHO MpEmsTCTBUE, 3aKIYarolieecs B
OTPaHUYEHHOM CpOKe paboThl MHOTOMEPHBIX TPaIyHpOBOUYHBIX Mojenel. I[lepectpoenue
MOJIHOLICHHOW TPayHPOBKH SIBJISIETCS 3aTPATHON U TPYJAOEMKOM MPOIEAYypOH U3-3a OOJIBIIOTO
KOJIMYECTBA CTaHJAAPTHBIX 00pa31oB. [[pUuunHBL, 10 KOTOPOH rpayupOBKa MOKET CTAHOBUTHCS
HETMPUTOJTHON JUIsl MCIIONB30BaHUS, MOTYT OBITh pa3HbIe: BPEMEHHOW IpEeilB CHUTHala WU
U3MEHEHHE XapaKTEPHUCTUK CEHcopa B TMPOIECCe DKCIUTyaTallud, MaTpuyHbie 3(QeKThI,
W3MEHEHHE BHEIIHUX MapaMeTpOB OKPY’KAIOIIeH cpenbl (TeMiieparypa, BIaKHOCTh). Takxke
CIIy4aroTCsi CHUTyallMHM, TpU KOTOPBIX HeoOXoauMa 3amMeHa CeHcopa WM IepeHoc
rpagyupoOBOYHON MOJEIH C OJAHOTO MacCHMBa CEHCOPOB Ha Apyroi. B kauecTBe pemieHus
OMHUCAHHBIX TIPOOJIEM UCTIOIB3YIOTCSI METO/IBI TIEpEeHOCa IPaAyUPOBOYHBIX 3aBUCUMOCTEN [89].
B nmanHOl pa®oTe OCHOBHOE€ BHHMMAaHHE YJIEJICHO IMEPEHOCY IPaJyHpPOBOYHON 3aBUCHMOCTH
MMEHHO MeXIy JByMs maccuBamMu MO CEHCOpPOB T.K. MapaMmeTpbl OKPYKAIOIIEH Cpelbl
(TemmepaTypa ¥ BJIQXHOCTb) B NPHUHIUIE MOXHO KOHTPOJIUPOBATh C TMOMOUIBIO
JIOTIOJTHUTENBHBIX MHCTPYMEHTOB (TEPMOCTATUPOBAHUE Ta30BOM SUCMKH U YCTaHOBKHU
YBJIQKHUTENS), @ BIUSHHUE BpemMeHHoro apeiida mis MO ceHcOpoB HaXOIUTCS Ha YPOBHE
BOCITPOM3BOJIMMOCTH U3BJIEKAEMbIX CUTHAJIOB.

Metoapl mepeHoca TpaJaydpOBOYHON 3aBHCUMOCTH HAMpPaBJICHbl Ha KOPPEKTHPOBKY
HOBOTO M3MEPEHHOro Habopa NaHHBIX YCTpaHss HOBYIO JMCIIEPCHUIO JAaHHBIX, CBSI3aHHBIX C
pazIuyMeM XapaKTEepPUCTHK COOTBETCTBYIOLIUX CEHCOPOB. J[is 3Toro ycraHaBiauBaeTcs
B3aUMOCBSI3b MEXJY JBYMS JKCIEPUMEHTAIbHBIMU YCIOBUSIMH W JAaHHbIE, U3MEPEHHBIC B
HOBBIX YCIIOBHUSAX, KOPPEKTHPYIOTCSI B COOTBETCTBHH C YCTAHOBJICHHBIM COOTHOIICHHEM U
UCTIONIL3YIOTCST IS TIPEe/ICKa3aHus KOHIEHTpallMd WM B KJIACCH(PUKAIMOHHBIX 3a/J1adax.
HeGonpbmioii Habop cTaHAapTHBIX 00pa3loB, U3MEPSEMBIX Ha OOOMX MaccHBaXx, Ha3bIBAETCS
Habop A TepeHoca TPAAyUPOBKH U HCIOJB3YEeTCS Il YCTAHOBIICHUS CBSI3U MEXIY ABYMS
MYJIbTUCEHCOPHBIMU cucTeMaMu. CylllecTBYyeT HECKOIbKO MOAXO0B MO pean3aluu nepeHoca

IpayupOBOYHON 3aBUCUMOCTH: Ye€pe3 KOPPEKIIUIO BBIXOHOTO CUTHAJA (KOHIICHTPALIMH, METKU
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KJlacca), MpeJCKa3aHHbIX Ha HOBOM MAacCHBE CEHCOpPOB, Y€pe3 KOPPEKTHUPOBKY H3MEpEHHIA,
MOJIyYCHHBIX Ha HOBOM MACCHBE CEHCOPOB (CTaHIapTH3AIWs CHTHAJA) WU KOPPEKTHUPOBKU
npe/icKa3aTeNbHOW MOJIe HOBOro Maccupa. [67]. IlomHoueHHBIN 0030p METOMIOB MepeHoca
rpaJlydpOBOYHBIX 3aBUCUMOCTEHN MpoJieNIaHbl B cieayomux padorax [90,91].

CrangapTusanusi CUTHala SBISETCA HaumOoJiee PpaclpOCTPaHEHHBIM CPEId METOJIOB
nepeHoca rpaayupoBok. [Ipu 3ToM Tak Kak KOHEYHOM 3ajadyeil MaHHOM paboOTHI SIBISAETCS
UMEHHO KJacCU(UKalus, TO HanuboJee MpeaAnoYTUTEIbHBIM OyIeT UCTIOIB30BAHUE KOPPEKIIUU
Habopa JaHHBIX, MMOTYYEHHBIX HAa APYyroM maccuBe. OTMETHUM, YTO JAHHBIM MOAXO0J MO3BOJIUT
OOBEVMHUTH PE3yJIbTAThl U3MEPEHUN O00pPa3IOB, MOJyYaeMbIX Ha HECKOJBKHX IMPUOOPOB, B
eIMHYI0 0a3y JTaHHBIX U HA €€ OCHOBE CTPOUTH KIACCU(PUKAIMOHHYIO MOJIENb IS JUArHOCTUKU
[67].

CrangapTy3aiuio OCyIIEeCTBISIOT, UCTIONB3Ysl OTHOIIEHUE MEXIY OTKIMKAMH CEHCOopa,
MOJTYYCHHBIX JUIS CTAaHAAPTU3AIMOHHBIX 00Pa3II0B HA TJIABHOM M Ha BTOPOM MacCHBE (KOTOPBIT
HEOOXOJIMMO CTaHJAPTU3UPOBATH) CEHCOPOB ISl MOCIEAYIONIEH KOPPEKTUPOBKH HU3MEPECHUIM
JUTSI HEU3BECTHBIX 00pa31ioB. MeTo bl CTaHAAPTU3AIMH JAHHBIX MOKHO Pa3IeNuTh MO CIIOCO0Y
YCTAHOBJICHUSI CBSI3M MEXAYy IBYMsS HaOOpaMu NaHHBIX CHUTHAJIOB CEHCOpPOB. OaHOMEpHas
npsimas crangaptuzanust (UDS, Univariate Direct Standardization,) ucrmosib3yeT OTHOIICHHE
MEXy KaXIbIM KaHAJIOM OTAeNbHO. dparmeHTapHo-npsmas ctanaaptusanus (PDS, Piecewise
Direct Standardization) HCHOIB3yeT OTHOLICHHUE MEXKAY TPYIIONH CUTHAJIOB U TpsMas
crangaptuzanus (DS, Direct Standardization) — mexnay Bcemu cur"aiamu. UDS u PDS -
JIMHEIHBIC METO/IbI M YYUTHIBAIOT JIMHEWHBIHN CIBUT cUTHANa ceHcopa. PDS Ob1 ipeaniosken kak
ynyumienue Bapuanta UDS ¢ mpenmnonoxeHnem, 4To CIeKTpaibHble CUTHANBI JUISI CMEXHBIX
JUIMH BOJIH HMEIOT BBICOKYIO Koppensaiuio. OIHAKO OTKJIMKHA CEHCOPOB MOTYT OBITh
HE3aBHCHMBI WJIM YACTHYHO CKOPPEIMPOBAHBI B 3aBUCUMOCTH OT HATIOJHEHUS M PACTIONOKECHHUS
CEHCOPOB B MAacCHUBE, a TaKXK€ AaHAJIUTOB, YTO BBI3BIBAET COMHEHHE B J(PHEKTUBHOCTH
ucnonb3oBanust PDS niiss MO cencopoB. YuutsiBast qanabiii paxr, st MO ceHcopoB Hanbosee
pacIpoCTPaHEHO UCIOIb30BaHUE METOJa MPSIMOM CTaHAAPTU3AIMH, YUYUTHIBAIOIIETO OTKIMKH
BCEX CeHCOPOB. CBS3b MEXTy IByMsI HAOOpaMH JJAHHBIX MOXET ObITh YCTAHOBJIEHA C TTIOMOIIIBIO
Pa3IMYHBIX MHOTOMEPHBIX IMOAXOJOB: MHOKECTBEHHOM JIMHEWHOW pErpeccuu, MeToJa

perpeccuu Ha JaTeHTHbIe CTPYKTYphl — 2 (PLS2, Projection to Latent Structures Regression) u

ap. [67].
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B pabGore [92] nanga mepeHoca TPaayupPOBOUYHOM 3aBUCHMOCTH MEXKIY ABYMS
UJCHTUYHBIMU MaccuBaMu, coctosumx u3 6 MO ceHCOpoB KakIbld, OblIa NpUMEHEHa
pobacTHasi perpeccusi, yCTOWYMBAas K HAJIM4YMIO BBIOpOCOB. B KkadecTBe TIpaayrpOBOYHOMN
MOJIeTH Obl1a UCTIOIb30BaHA UCKYCCTBEHHAs HEMPOHHAs CETh C OOpPaTHBIM PacHpOCTPAHEHUEM
OIIMOKY Ha MOTYyYEeHHOM HaOOpe NaHHBIX MPU U3MEPEHUU Ta30BbIX 00Pa3I0B, OTOOPAHHBIX HA
OPENNPUATUAX LEJUTI0JI03HO-OyMaKHOM TMPOMBIIUIEHHOCTH. JlJI1 mepeHoca HCIOoJIb30BaIH
HA0Op NaHHBIX AJI1 CTAHAAPTU3AIMH, COCTOSIINI U3 27 ra3oBbIX CMECEl U3 CepoBOJIOpOa,
TUMETHICYNbPUAA, TUMETUIINCYIbPHUIa U METUIMEpPKANTaHa.

B pa6ore [93] Ha 5 uaeHTnuHbIX MaccuBax ¢ 8 MO ceHcopaMu MPOBOAMIIN MEPEHOC
IpaayupOBOYHON 3aBUCUMOCTH C OCHOBHOTO MacCHBa Ha ocTaibHble. CHavasa ObUTH U3MEPEHBI
curHaibl st 4 coenuHEHWW (dTaHON, 3TWieH, okcupn yriaepoja (II) m wmeran) wa 10
KOHI[EHTPAIIMOHHBIX TOYKaX. J{JIs1 MOCTpOeHUs TpagyupOBKU U TPOBEPKU ObLIO UCIIOIH30BAHO
o 20 o6pasnoB. Habop 115 cranaapTuzaum cocTosul U3 8 00pasioB: Mo 2 KOHIIEHTPAIIMOHHbBIS
TOuku 111 4 coenuHeHui. st mepeHoca TpaayMpOBOYHBIX 3aBHCHUMOCTEHN HCIIOJIb30BAIN
Meroasl DS u PDS Ha ocHoBe PLS2, opToroHaibHON KOpPPEKIMU CHUTHajla U B3BELICHHOM
METO/Ic HAUMEHBIIIUX KBAJPATOB.

HccnenoBatenu orMevaroT, 4to 3G (HEKTUBHOCTh CTaHAAPTU3alMU JAHHBIX BO MHOTOM
3aBUCUT OT CaMUX JaHHBIX U OT Ha0opa CTaHIapTHBIX 00pa3ioB [67,94]. Ilpu crangapTuzanuu
JAHHBIX >KEJAaTeNIbHO HCIIONbh30BaTh HEOOJBIIOE KOJUYECTBO CTAHAAPTHBIX OOpa3IoB IS
nepeHoca BBUAY TPYAOEMKOCTH MPOIEAYpPhl WMX MPUTOTOBIEHUS U u3MepeHus. C apyroi
CTOPOHBI KOJHMYECTBAa CTAaHIAPTHBIX OOpA3IOB JODKHO OBITh JIOCTATOYHO ISl OIMCAHUS
JTUCTIEPCUN MEXIYy JABYMsI Habopamu JaHHBIX i 2QQPEKTUBHOTO mepeHoca rpaayupoBku. B
HEKOTOPBIX CIyyasix BbIOOp 00pa3oB MPOBOASAT HA OCHOBE MMEIOIIMXCS 3HAHUM 00 aHAINUTE U
noctaBieHHOM 3amaude. [loMmuMo pydHoro otGopa TakkKe HCHOJB3YIOT —AJITOPUTM
Kennapna-Croyna [95]. JlaHHBI ajiroputM B OCHOBHOM HCIIOJB3YETCA [JIi PAaBHOMEPHO
pacmpeIeIeHHbIX 00pa3ioB B IPOCTPAHCTBE MPU3HAKOB U 3aKIIFOYAETCS B TOCIIEA0BATEILHOM
oTbope obOpasia, KOTOPhI HanboJee yAaJleH OT BRIOpAHHBIX paHee. B kauecTBe Ha4alIbHOTO
coCTOsIHMA OoTOMparoTcs 2 o0pasia Haubosee yJaleHHBIX IpYT OT Apyra. B kadecTBe mepsl B
OCHOBHOM HCHOJIb3yeTcsl EBKIIMIOBO paccTosiHUE. Takke [uisi UCCIEA0BATEIbCKUX LEIEH 110
OIICHKE pPEe3yJIbTaTUBHOCTH METOJOB CTaHIAApPTH3allUM OTKIWKOB B CPEIHEM MOXET OBITh

UCTIOJIH30BaH MHOTOKPATHBIN CITy4aliHbI 0TOOp 00pa3IoB /Ui CTaHAAPTU3AIINH.
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B nannoit pabore mis ouneHku S(GYEKTUBHOCTH TMepeHOoca TIPaTyHUpOBKH ObLIN
MCIIOJIb30BAHBI CJIEIYIOLUIUE METO/BI: KIACCUUYECKHI METOJ OJHO(PAKTOPHON CTaHAAPTU3ALMU
(UDS), wmeton oaHOGMAKTOpHOW CTaHAApTH3alMK O€3 HCIOJIb30BaHUs KO3 HUIIMEHTA
cBoboaHoro wieHa perpeccun (UDSwoi), meTon npsiMoil ctangapTu3aluu Ha 0aze perpeccuu
Ha JJaTeHTHBIC CTPYKTYpbI (DS-PLS2) 1 MmeTox mpsiMoii cTanaapTU3aIiiy ¢ ucnoib3oBanueM L1

perymsipuszaropa (DS-L1R).
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I'nasa 2. UcnoJsib3yemble MeTOAbI HCCIEOBAHUS U TPUOOPBI

2.1.  Onucanue xapakKTE€pPUCTUK CEHCOPOB

B nanHoi#1 paboTe OBLITH HCTIOB30BaHbI TPU MyJIbTHCEHCOpHBIE cucTeMmbl (MC 1, MC 2.1,
MC 2.2). Cucrema MC 1 Obuta ucrnosib3oBaHa Juisl 3aJa4d ONTUMU3AIMKU Habopa CEHCOpPOB,
IpoLenypsl NpoBeaeHUs aHanu3a BB Ha MOAENbHBIX Ta30BBIX CMECSX U B JAJIbHEHIIEM B
MeauuuHckoM uccaegoBaHud. Cucrempl MC 2.1 u MC.2.2 ObUIM HCIOJB30BaHBI IS
HCCJIEIOBAHUSI BO3MOXXHOCTH COBMEIIEHUSI OTKIMKOB, TO €CTh OOBEAMHEHHS 0a3bl JaHHBIX U
WCIIOJIB30BaHMS MOJIENN KiIacCU(UKAIIMK OJTHOTO MpUdopa.

CornacHo TIpOBEIEHHOMY 0030py Hay4YHBIX paboOT, B KOTOPHIX IMPOBOJUIUCH
MEJUIIMHCKUE UCCIIEIOBAaHUS Ha MalleHTax OblI0 0OHAPYKEHO, UTO JJIsl pa3pabOTKU Mojienen
JTUATHOCTHKUA  3a00JICBaHUS HUCIONB3yeTcs B cpenHeM He ©Oomee 10 ceHCOpOB.
[IpeanonoXuTeNnbHO, YBEIMYEHHE KOJWYECTBA CEHCOPOB B CHUCTEME KaK MHUHHMYM HeE
YBEIIMYUBACT, a TO U TOHIKAIOT WH()POPMATUBHOCTH WU3-3a BBICOKOW KOJIJTMHEAPHOCTH B
OTKJIMKaX ceHcopoB. I[loaToMy uiss JOCTHMKEHHS MaKCUMaJIbHOW HMH(POPMATUBHOCTH
MYJIbTUCEHCOPHOU CHUCTEMBI HEOOXOJIMMO HCIOJIb30BATh CEHCOPHI C KaK MOXKHO OOJBIITUM
pa3nyueM B EPEKPECTHON UyBCTBUTEIbHOCTU. Kaxk/1ast MyJIbTHCEHCOpHAs CUCTEMA COCTOsIA
u3 6 MO ra3ouyBCTBHUTENIBHBIX MOJYNPOBOJHUKOBBIX CEHCOPOB, M3TOTOBJICHHBIX 30J1b-T€Ib
METOJIOM B JlabopaTopuu npukiaaaHon xumudeckoit puszuku HUL «KypuaTtoBckuii HHCTUTYT»
Onrcanrie CEHCOpPOB TMpuBeNeHO B Tabmuie 5. Kaxnaplii ceHcop mpeacraBiser cobOoi
MHOTOCIIOMHYIO CHUCTEMY, COCTOSIIIYI0 W3 TOJYIPOBOJIHUKOBOTO Ta304yBCTBUTEIBHOTO CIIOS
(ceHCOpHBIN  ClIOM), aMAJIEKTpUuYecko ocHOBBI m3 AlOs3 W HarpeBaTelbHOrO CJIOS
(marpeBarenb). CEHCOpHBIN CJIOM M HarpeBaTelib HAaHECEHBI MO Pa3HbIE CTOPOHBI MOJIOXKKH
MeToAoM TpadapeTHoi medatu. [1omynpoBOJHUKOBBIN Ta304yBCTBUTEIBHBIN CIIOI coaepKal

HaHovacTHIel SnO> ¢ paznuunbiMu gomanTamu Pt, Pd unm La [96].
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Taoauna 5. Cocras cencopos 111 MC 1, MC 2.1 u MC 2.2

O0o3Ha4yeHue ceHcopa CocTaB 4yBCTBHUTEJIBHOIO CJ1051

S1, S2 SnO; ¢ no6askamu Pt (3%) u Pd (1%), Cd
S3, S4 SnO; ¢ modaBkamu Pt (3%) u Pd (1%)

S5, S6 SnO; ¢ no6askamu Pt (3%) u Pd (1%), La

*-S1mu S2,S3 uS4, S5 u S6 06manar0T 0OMUHAKOBBEIM KaudeCTBEHHBIM COCTAaBOM, HO UMEIOT pa3InIHBIC
COMPOTHBJICHUS HarpeBaTeiiei, BCIACACTBHE YEro IpH PAaBHOM IIOJaHHOM HANPSLHKEHWHM HArpEBaTeId MMEHOT

pa3IrYHBIe TEMIEPATYPHI

B 3aBucumocTH OT TemmepaTypbl HarpeBateis, W, Kak CIEICTBUE, TeMIIEpaTyphl
CEHCOPHOTO CJIOSl, OTHOCUTENbHAs YYBCTBUTEIBHOCTh CEHCOPOB K pa3HbBIM TpyIaM
coenuHeHui paznuyHa [97]. Takum o6pazoM, HHPOPMATUBHOCTH JAHHBIX 00 aHATU3UPYEMBbIX
npobdax MOXXHO TOBBICUTh C HCIIOJIb30BAHUEM HECKOJIBKHX TEMIEPATyPHBIX PEKUMOB.
M3BectHO [98], 4TO peakuuss CEHCOpa Ha OMNPEACNCHHBbIM Tra3 HMEeT MaKCUMyM IIpU
ompeneneHHoN Temreparype. Hampumep, ceHcop Ha ocHoBe SnO> ¢ nmo6aBkoit Pd ummeer
MaKCUMaJbHYIO0 4yBCTBUTEIBbHOCTh K Hz mpu Ttemmneparype okono 200°C, k mpomany — npu
350°C, k Merany — npu 450°C m T.n. OTH MakCUMyMbl HE SIPKO BBIPAKCHHBIC, H
qyBCTBUTEIILHOCTD K OIPEICIICHHOMY ra3y Ha0JIl0IaeTCsl B OTHOCUTEIBHO OOJIBIIIOM TUANa30He
TemnepaTyp. B akcmepuMeHTax, NpOBOJMMBIX B JaHHOW paboTe, HCIONb30BATIUCH TPH
TEMIEPATYPHBIX PEKKUMa, MOJOOPAaHHBIX SMIHUPUYECKUM MyTEM M paclpeesieHHble IO
paboueMy TemIepaTypHOMY JAuana3zoHy. Takyke BHIOpaHHbBIE TEMIEPaTyphl PACIOIaraloTcs Ha
y4acTKaX, XapakTEpHbIX UII MAaKCUMyMOB YyBCTBUTEIBHOCTH K BEIIECTBAM, KOTOPHIE JIETKO
OKUCIISIFOTCA ~ (HampuMmep,  CIHUPThL, KETOHBI), OTHOCUTEIBHO  JIETKO  OKHCISIOTCSA
(ITMHHOLIETIOYEYHbIE aJIKaHbl), a TaKKe K TraszaM, OKHCISIOIMMUMCS C OTHOCUTEJIbHOU
TpyZAHOCTbIO (IporaH). IIoBepXHOCTh CEHCOPOB HE 3arpsA3HEHa NPOLYKTaMH Ppa3I0KEHHS
HEKOTOPBIX COEIMHEHMH, MOCKOJIbKY B3aUMOJEWCTBHE 3TUX MPOAYKTOB C KHCIOPOAOM Ha
KaTaJUTUYECKOW MOBEPXHOCTU MPH BBHICOKOU TeMIlepaType MPUBOAUT K MOJTHOMY OKHCIECHUIO
a7IcCOpOMPOBAHHOTO COCAMHEHUS W TPOAYKTOB pasioxkeHus. DaKkTHUECKH, pPa3JI0KEHUE
L[EJIEBOT0 COCMHEHUS HA KaTaIMTUYECKON MOBEPXHOCTHU SBIIETCSA YACThIO OTKIMKA CEHCOpa
(To ecTb Impolecca KaTaJUTHUYECKOTO OKHUCIEHUS XEMOCOPOMPOBAHHBIM KHCIOPOJOM).

Haan/IMep, AITUHHOLCTIOYCYHBIC YITICBOAOPOJbI, KOTOPBIC OKHCIIAKOTCA Ha ITOBCPXHOCTU C
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Pa3phIBOM YTJIEPOJHOM ILIETH, JAAI0T YYBCTBUTEIBHOCTh CEHCOpa MpH ropasao 0ojiee HU3KON
temneparype (Huxe 300°C), uem metan (okoio 450°C).

Hns  noctiwkenus TpeOyemMoil YyBCTBUTEJNBHOCTH K HUCCIEIYyEeMbIM aHaJIUTaM
(Onomapkepam JIErOYHOM OHKOIATOJIOTUK) OBLIIM BBIOpaHBI 3 TEMIIEPATYPHBIX pexuMa paboThI
cercopoB T1, T2 u T3. JInsg HarpeBaHusi CEHCOPHOTO CJIOSl B COCTaB MUKPOYMIIA BXOJAUT CJIOM
MUKpOHarpeBaTes, cOpMUPOBAHHBIM W3 IUIaTUHOCOAepXkamie cycnensuu. Harpesatenb
HCIIOJIB30BAJICS OJHOBPEMEHHO KaK TEPMHUCTOP BBHAY CTPOrOo JUHEWHON 3aBUCUMOCTH €r0
conpotuBlieHnss RH oT Ttemmeparypbel. TemmeparypHblii Kod3(pHUIIMEHT HarpeBaTeei
a =0.0027 °C"! apnscs MOCTOSAHHOMN BEJMYMHOM HA BCEM AMANa30HE pabounX TEMIIEPATYp OT
150 no 600 °C. Jlns HarpeBa KaXKJAOro i-TO CEHCOpa, HAa €ro HarpeBarellb I0JaBajioCh
MOCTOSIHHOE HamnpspkeHue Uty uepe3 orpaHuuuTeNbHbINA pe3uctop R,;. M3mepsis HampsikeHue

Ha HarpeBatene UH;, MOKHO pacCUUTaTh €ro conpoTuBieHue RH; o ypaBHEHHIO:

RoiXUH;

RHL' =
Utyg—UH;

(19)

Eciu conpoTHBIIEHHE HarpeBarelis i-ro cencopa npu Temneparype 20 °C 0603Ha4YUTh
RH?®, TO TeMIepaTypHbIii K02 QHUIMEHT HarpeBareJIs:
a = (RH; — RH?®) / (RH?® x (T — 20), rne RH; — CONpOTHBICHHE HarpeBaTeis IpH

temrneparype T. Toraa remnepaTypa HarpeBaTessi pacCUUTBIBACTCS IO CIEAyoNIe Gpopmyre:

RH;—RH?°
RHxa

T, (°C) = + 20 (20)

B Tabnunax 6, 7 u 8 npeacTaBiieHbl pacueTHbIE 3HAYEHUS TEMIIEpaTyp HarpeBaTesen as
6 ceHcOopoB npu TeMiiepaTypHbIx pexumax T1, T2 u T3, cOOTBETCTBYIOIINX TPEM Pa3IUYHbIM
HanpsbkeHusiM Harpesa Uty 4.48,4.98 u 5.48 B nns MC 1 u 2.67, 3.01 u 3.35B nna MC 2.1 u
MC 2.2 cooTBeTCTBEHHO. l3MepeHHs CONpPOTUBICHUS W HANPSOKEHUS IPOBOIUIN C

UCII0JIb30BaHKEeM MylbTUMeTpa Mojenu DT-832 (Hanurc, Kutait).



44

Tabuamua 6. TemnepaTypsl HarpeBaresiei CEHCOPOB AJIsl TPEX TEMIIEPaTYPHbBIX PEKUMOB
Tl, T2 u T3 mna MC 1 (MakcumanbHasi OTHOCHUTENbHAs IOTPEIIHOCTh OINpPECICHUS

TeMrepatypsl HarpeBatelns coctaBuia 13.8%, 13.7% u 12.6% ana T1, T2 u T3 coOTBETCTBEHHO)

Ut,, MB
Cencop Roi, OM RHZ?, Om 4480 | 4980 ‘ 5480
T, °C
S1 33.0 7.9 360 409 464
S2 32.6 8.3 325 377 428
S3 32.6 10.2 360 411 462
S4 32.9 14.1 473 534 602
S5 32.8 11.4 444 502 560
S6 32.8 12.6 392 448 502
T1 T2 T3

Tabimua 7. TemniepaTypsl HarpeBaTeNneil CEHCOPOB ISl TPEX TEMIEPATYPHBIX PEKUMOB
T1, T2 u T3 gna MC 2.1 (makcumanbHasi OTHOCUTEIbHAS MOTPEIIHOCTh OIMPECICHHUS

TeMIiepatypsl HarpeBareins coctaBuna 14.3%, 12.1% u 11.4% ansa T1, T2 u T3 coOTBETCTBEHHO)

Ut,, MB
Cencop | Ry, OMm RH?°, Om 2670 | 3010 | 3350
T, °C
S1 10.0 10.4 334 385 436
S2 10.0 10.6 335 387 438
S3 10.0 11.5 362 417 473
S4 10.0 10.8 337 390 442
S5 10.0 10.5 344 399 452
S6 10.0 11.2 345 401 455
T1 T2 T3

Tabimua 8. TemrnepaTypsl HarpeBartenei s Tpex TeMiepaTypHbIx pexxumoB T1, T2 u
T3 gng MC 2.2 (MakcuMalilbHasi OTHOCUTENbHAsI MOTPEIIHOCTh OMNPENETICHUs TeMIepaTypbl

HarpeBatens coctaBuia 14.2%, 12.0% u 11.3% nns T1, T2 u T3 cOOTBETCTBEHHO)

Ut,, MB
Cencop Rgi, Om RHZ°, Om 2670 | 3010 ‘ 3350
T, °C
S1 10.0 11.1 349 402 455
S2 10.0 10.6 337 390 442
S3 10.0 11.5 343 397 450
S4 10.0 11.1 352 408 463
S5 10.0 11 350 407 461
S6 10.0 10.7 347 403 457
T1 T2 T3
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Kax BugHO u3 Tabnui 6, 7 1 8 ceHcopsl onuHakoBoro coctaBa (S1 u S2, S3 u S4, S5 u
S6) 3a cuer paznuuMii B HarpeBaTeNsaX HMEIU pa3Hble TEeMIEpaTypbl HpPH OJIMHAKOBBIX
MOPSAIKOBBIX  TEMIIEpaTypHBIX  peXuMax, M  HU3-3a OTOro  oO0jajanu  pa3HbIMU
ra3o4yBCTBUTEIBHBIMH CBOMCTBaMH. TakuM 00pa3oM, MpU U3MEPEHUH MOKa3aHUN OTKIMKOB 6
cercopoB Sl1, ..., S6 npu Tpex TemmneparypHbix pexumax T1, T2, T3 nonyuanoce 18
unpopmatuBHbix mpusnakoB: S1_T1, S2 T1, ..., S5 T3,S6 _T3.

Ha pucynke 4 mpencraBieHa »3JEKTpUUECKas CXema, IO KOTOpPOW H3Mepsin
npoBoaumocth G (CMm) kaxkaoro cercopa Gi = 1/RS;, rae RS; — conmpoTuBieHue i-ro ceHcopa,
OmM. Ha kxaxsiif ceHcop mojaBainochk ctaduinznpoBannoe Hanpsbkenne USo = 5B (4950 mB) u
U3MEPSJIOCh  BBIXOJHOE  HampspDkeHwe — npeoOpaszoBareiss — Tok-HampspkeHue — US;,
nponopuroHanbHoe ToKy cencopa: US; = USoxRBi/RS;, rie RBi — conporusnenue pesucropa

cmernienus. [[poBoIMMOCTE paccUuTHIBANIACh MO cleAyomen hopmyre:

US;

G = —_ 21)

L™ USyRB;
Ha pucynke 5 mnpezacraBieHa mnpuMmep HHTepdelica MporpaMMbl, OTOOPaKAIOIIErO
3aBUCHMOCTH BBIXOAHBIX HANPSHKCHUHA CEHCOPOB OT BPEMEHH IPH IOCIEIOBATEIEHOM

IPOITyCKaHUU IPOOBI Yepe3 sIUEeUKy CEHCOPOB.

LS,

RS; .

Pucynok 4. Cxema nu3mepeHus NpoBOIUMOCTH KaXkI0I0 CEHCopa
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Pucynok 5. 3aBUCMMOCTh BBIXOJHBIX HampsbkeHud US; ang 6 CeHCOpoB mpH

MOCJIeI0BATENIbHOMN Moaue 3-X mpood

Hamnpspkenust US; u UH; ansa Bcex 6 ceHCOpoB TPeoOpa3OBBIBAIMCH C MOMOIIBIO
MHOTOKaHaIbHOTO 24 6uT curma-aensTa AL 1 peructpupoBairch Ha KOMIBIOTEPE ¢ YaCTOTON
0.25 T gngs MC 1 u 1.0 T'u gns MC 2.1 u MC 2.2 B Buae tabnunbsl u rpadpukoB. Bpems
YCTAHOBJICHUS CTAOMIBHBIX TIOKa3aHUW TIPH MEPEKITIOYCHUH TEMIIEpaTypHOIOo peXuMa

COCTaBJISJIO OT 3 10 7 MUHYT.

2.2.  Meroauka IpUTrOTOBJICHUS MOJICIIBHBIX Ta30BbIX CMECEei

B nmanHoit pabGore Uil  MpPOBENEHUS] OKCIEPUMEHTOB OBUIA  HCIIOIH30BaHbI
OJTHOKOMITOHEHTHBIE I'PayMPOBOYHBIC BO3IYIIIHBIEC Ta30BbIE CMECH BO3yX — H-TEITaH, BO3IYX
— TpomaH-1-0J1, BO3AyX — 3THJIOEH30J1, BO3/IyX — O-KCUJIOJ, & TAK)KE TPEXKOMIIOHEHTHBIC CMECH
(BO31yX — H-renTaH, NporaH-1-o0J1, 0-KCUIJI0J), KOTOPbIE ObLIA MPUTOTOBIIEHBI B COOTBETCTBUU C
noaxomamu, omucaHHeiIMH B I'OCT P HMCO 6144-2008. T'a30Bble CMECH TOTOBHIH C
WCIIOIb30BAaHMEM IITIPHUIlA IMyTeM BBEJICHHUS HW3BECTHOTO O0BbEeMa JKHAKUX IEJEBBIX
KOMITOHEHTOB B CIIEIIMAIbHBINA MAKET ¢ U3BECTHBHIM 00HEMOM, HAIMOJHEHHBIN (DOHOBBIM T'a30M

(KOMHATHBIN BO31IYX).



47

Ilakemuol

JInst npUroTOBIIEHUS TA30BOM CMECH B KAUECTBE CMECUTEIBLHOM KaMEPhI U OJTHOBPEMEHHO
cocyjia i XpaHeHUs1 ObLIIM UCII0JIb30BaHbI TeajiapoBbie makeThl prupmbl Restek® (CIIA) Ha 1,
3 u 5 nutpoB. Ilakersl o0OpyIOBaHbI CHENUATBHOW MeMOpaHOH, MO3BOJSIONICH BBECTH
JKUJIKOCTh IIEJ€BOIO0 KOMIIOHEHTa BHYTpb. KiamaH makera BBIIOJHEH W3 WHEPTHOTO
MOJIMIIPOIIUJIEHA U UMEET KaK YJ0OHBII BXOJ JI COeIMHEHUs ¢ TpYOKOi MpoO0oTOOpHUKA, TaK
¥ BO3MOKHOCTB BBOJIa MPOOBI C TOMOIIBIO HIMPHUIIA Yepe3 MeMOpaHy.

LInpuy

Jlnst otObopa KMIKMX LEIEBBIX KOMIIOHEHTOB OBUIM HCIOJIb30BAHBI KaMOpPOBaHHBIE
Mmepublie mmnpuilbl pupmel Hamilton (CIIA), 1 u 10 MKJ1, ¢ ra30HENPOHUIIAEMBIMH MTPOKJIAIKAMH
JUIsl oOecrieueHusl FepMETUYHOCTH BO N30€KaHNe CYIIECTBEHHBIX YTE€UEK ra3a WIN KUIAKOCTH.

Iloozomoexa nakemos

[lepen mpuroToBiIeHHEM ra30BOM CMECH JUIsl KaKI0T0 MakeTa MpOBOAMUIIACH MPOLieaypa
YUCTKH TIaKeTa C TOMOIIBI0 TPOEKPATHOTO HAMOJHEHUS M BBICBOOOXKICHUS KOMHATHBIM
BO3yXOM. JlOTOJIHUTEIbHBIC MCIBITAHUS [OKA3aJId, YTO AHAIUTUYECKUN CHUTHANT TPOOBI
KOMHATHOTO BO3/yXa MOCJE TAKOW MpoLeIypbl OTYUCTKHM HAXOJUTCS Ha YPOBHE LIYMOBOIO
curHana 0a3oBOM nuHUU ceHcopoB. llocnme mporeaypbl YHUCTKM TAKEeT BaKyyMHPYIOT C
MOMOMUIBIO HAcoca.

Hanonnenue nakemos okpyscarougum 6030yxom

[Taker 3amonHsSIOT POHOBBIM ra3oM (KOMHATHBIM BO3JyXOM) ¢ MOMOIIbIO HaHoca 12 B
(Alldoo Micropump Co., Kutail) ¢ u3BeCTHOW W TOCTOSHHOW CKOPOCTBbIO HArHETaHUS IO
HeoOXxoauMoro obObema mnaketa. CKOpPOCTh NPOKAYKHM KOMHATHOTO BO3AyXa HAacOCOM
KOHTPOJMPYETCS] HANpsDKEHHMEM OT WMCTOYHMKA MUTaHUS NocTosHHOro toka b5-47 (3aBop
W3mepurtens, Apmenus) U peructpupyercs poramerpom VA-10414 (Dwyer Instruments Inc.,
CILIA).

Besoo sewecmsa

HeoOxonuMplii 00beM 1ENEBOr0 KOMIIOHEHTA BBIYMCISETCS Ha OCHOBE TpeOyemoro
cocTaBa OKOHYATEIbHOM ra30Boi cMecH U o0bema nakera. [locne Toro, kak 00beM )KHIKOCTH B
MITPUIIE JOCTUTHET 33JJaHHOTO 3HAYCHUS, UTITy MITPUIIA CPa3y BBOJST B IMAKET Yyepe3 MeMOpaHy
MEJICHHO HaJaBiMBas Ha MOPIIEHb MIMPHUIA U OJHOBPEMEHHO H3BJEKas MPH 3TOM ULy U3
MeMOpaHnsbl. [locne BBeneHHs BeLIECTBA Ta30BYI0 CMECh BBIJEPKHUBAIM B TEUEHUE 3apaHeEe

OMMpCACIICHHOIO BPEMCHU JId TOMOICHH3allMU WU JOCTHXKCHUS TEMIICPATYPHOI'O PABHOBECHUA
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MEX1y CMEChIO M OKpyXkarouieil cpenoil. JlonoiHuTeapHble SKCIEPUMEHThI TOKa3aju, 4TO JUIs
Bcex uccienyemblx JIOC miis MOCTHXKEHHWS PaBHOBECHS W TOJNYYCHHUS BOCIPOHU3BOJIUMOIO
CUTHaJIa cCeHcopa A0cTaToyHO 20 MUHYT.

Uccnedyemvie JIOC

B nanHOM uccienoBaHuM UCTIONB30BANIKCH CIIEYIOIIHNE BEUIECTBA: H-renTaH (> 99%, mis
BOXX), stunbenszon (= 99.5%, ananutudeckuil craHaapt), npomad-l-on (= 99.9%, nns
B2XX), o-kcunon (= 99.0%, uucteiit s ananuza) ¢upmsl Sigma Aldrich (Merck KGaA,
Hapmirranr, I'epmanus).

Pacuer koHueHTpanuu aHanuTta A B KOHEYHOM Tra30BOM CMECH MPOU3BOAWIN IO
cienytomieit hopmyse (006beMOM BHECEHHOTO BEIIECTBA MOPSIKAa HECKOJIBKIX MKJI B CDABHEHHUH
C UCIIOJIb3yEMBbIMU 00beMaMu MaKkeTa mopsiaka 1-5 1 MOXHO peHeOpeyb):

Va*pa*RxT

¢y (ppm) = * 1000 (22)

M p*Vp*p
rie
V, — o6bem BemiecTBa A B BHJIE KUAKOCTH, MKIT;
P4 — IUIOTHOCTD BEIIECTBA A, T/MIT;
M, — monapHas Macca BemecTa A, r/MOJb;
V, — o0beM makeTa mepe BBOJAOM BEIIECTBA, JI;
R — ra3zoBas nocrtostHHasi, paBHas 8.314 JIx/(Mmonb*K)
T- Temneparypa, K;

p — nasnenue, klla.

2.3.  AHanu3 MOJENBHBIX Ta30BBIX CMECE U MPOO BBIABIXAEMOT0 BO3JyXa B MEIUIIMHCKOM

HUCCIIENOBaHNA ¢ uctonb3oBanuem MC 1

2.3.1. Cxema 3KCHEpUMEHTAJIbHOW YCTAaHOBKHM JI1 aHalW3a MOJICJbHBIX T'a30BbIX CMECEHd U

Hp06 BBIJIBIXa€CMOT'0 BO3/1yXa

B ornumume OT AOCTATOYHO YAaCTO MCHOJB3YyEMBIX IOAXOJA0B C MPEIBAPUTEIBHBIM
koHUeHTpupoBanueM JIOC wunm r0OBIMU JOIOJIHUTEIBHBIMH IPOLIEAYPAMH XPAaHEHHUS, B
JAaHHON paboTe HCMONB30BAICA MPSIMON OHJIAWH-aHATW3 Ui aHajiu3a NpoO BBIIBIXaEMOTO
Bo3nyxa. lcnonb3oBaHME IOMOJHUTENBHBIX IMPOMEXKYTOUHBIX 3TallOB B IIpolEcCe

poOONOArOTOBKH MOKET OTPHUIIATEIBHO MOBIHUATH Ha PE3YJIbTAThI: HAIPUMED, TOTEPS AHATUTA
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WIHM TOsiBJIEHUE apTedaKToB, Aerpajaanus aJcopOMpOBAaHHBIX aHAIMTOB IpHU XpaHeHuu [38],
TEPMHUYECKOE pa3JIOKEHHE WM M30MEpU3alMsl HEKOTOpPhIX COEAMHEHHl B Ipolecce
tepmoaecoporuu [39,40], u ngerpamanus matepuana copbentra [41,42]. Jlns ycTpaHeHus
«dhdexra namaTuy, ceazanHoro ¢ copouueit JIOC Ha cTeHKax TpaHCIIOPTUPOBOUYHBIX TPYOOK,
B DKCIIEPUMEHTAIbHYIO CXeMy OHJaliH-aHanu3a BB (pucyHok 6) Obl1 ycTaHOBJIEH HACOC IS
IIOCTOSSHHOM TPOJYBKM Marucrpajieil cxembl M suedikum (3,5 mx<muu’'). D10 mo3Bommio
obecrneunTh CTAaOMIIBHBIA CUTHAJ M, KaK CJICJICTBUE, CTAOMIbHYIO 6a30BYyI0 TUHHUIO Oe3 aApeiida.
[Ipu »>TOM yCTaHOBJIEHO, YTO JajbHEWIIee yBeIWYEeHHE CKOPOCTH MPUBOJUT K 3HAUUMOMY

YMCHBIICHUTIO CTaOMIIBHOCTH CUTHAJIOB CCHCOPOB.

Komnrniotep
HManHeHT (permcTpamma cHrHaza B
(mmmTensHOCTE BEIgOxa — 10 Cﬁpoc TpeEapHTENEHAT 00padoTKa
CKOPOCTE MOTOKA — 3.5 aMEE) TAHHBIX)
1]
- i
o i
Porametp o
100
= RETTYET TS
MopgeasHas ra3oBas h
CMech I_-) Baza 1aHHEIX
(pamErenzEOCTE mogaaH — 10 ¢, [ A —
CKOpOCTE IoToka — 3.5 mxnmm ) HAuelira Xpane P

CHTHATOE)
C CeHCOpaMH
(obment Aueiixn ~ 20 cnd?,
) 3 TeMIepaTypHEIX PeKHMA)
Hacoc

IToTok BO3IVXA

noMelneHHA
(cxopocTs moToka — 3.5 axuvmEH')

PucyHnok 6. DxcnepumeHTanbHas cxema ananusa 11t MC 1 (a — cxeMa oHJ1aifH-aHaIu3a
BB npu meaunmHcKoM uccienoBanuu, 6 — cxema OHJIaiH-aHalu3a MOJIEIbHBIX Ta30BbIX CMecen

JUISL OIEHKU MEPEKPECTHBIX UyBCTBUTEIBHOCTEMN)

JIns yueta npucyTcTByrOmMX 3K30reHHbIX JIOC B OKpyXaroleM BO3ayXe MOMEIICHHUS,
SYEHKy C CEHCOpaMH TMpOAyBajdl KOMHATHBIM BO3IYXOM, TakuM o00pa3oM, HE ObLIO
HEOOXOJIMMOCTH B «OYUCTKE» JIETKUX HCHBITYEMOT0 YUCTHIM BO3JyXOM B T€YeHHUE 3—5 MUHYT
JUIsl yMEHbIIEHUs BAUsAHUSA dk30oreHHbix JIOC Ha pesynbrar ananmuza. OTMETHM, 4YTO
IpeABapUTENIbHAS OYMCTKA JIBIXaHUS MalUeHTa MEIUUMHCKUM BO3QYyXOM, KOTOpas

HCIOJIB30BAJIACh B TIOXOXHUX MCCICAOBAHUAX, MOXKCET IMPUBOJUTL KaK K 3HAYUTCILHOMY



50

n3meHenuto npodwist JIOC manuenta, Tak u norepe JIOC. Iloaxon, mpennokeHHBIH B JaHHON
pabote, ynpoIiaeT aHanu3, ymMeHsbinas BiusHue sk3oreHHeix JIOC. Ilepen navamom ananusa
KaKIbIi MUCIBITYeMbIN oxkuaan B TeueHue 10 muH go nepsoro uzmepenus BB. boiee Toro,
JIOTIOJTHUTENIHOE UCCIIEOBAaHUE C UCIIOIb30BAHUEM YTOIBHOTO (GPUIBTPa MOKA3a7I0 OTCYTCTBUE
W3MEHEHUN B OTKJIMKaxX CEHCOPOB. CTOUT MOSICHUTh, YTO B KAYECTBE NMEPBUYHOTO KPUTEPHUS
oTOOpa MOMENICHUH, MPUTOIHBIX NI aHanu3a BB Obuia mcronp3oBaHa OLICHKA W3MEHEHHS
MIPOBOJIUMOCTH CEHCOPOB MEXIy 0a30BOH 3KCIEPHMEHTAbHOW CXEMOW aHajdu3a M TOH ke
CXEeMOM C TMOJKIIOYEHHEM Ha BXxoje yroibHoro ¢uibTpa. Kpurepuit Obul ompeneneH
CIEAYIOIIMM 00pa3oM: B Cilydae €ClIM MaKCHUMaJbHOE€ OTHOCHUTEIbHOE HM3MEHEHHE CEeHCOopa
cocTaBisier Oosiee 5%, TO MOMEIICHHE OIPENCSIIOCh KaK HENMPHUTOTHOE JUIS TPOBEACHUS
aHanu3a BB manmentoB. Ha pucynke 7 mpencraBieH mpuMep TakOW IMPOBEPKU UIsI OJHOTO
TTOMEIIICHHS.

P Caiin Bugy Pacusr Vhmepenna Gwaetp Texcr Crane  Ouwa [anguagts Mosoiigs - & x

¥ L 1 L 1 | 1 | |

80—

i A ARF

=]

Iloce noaxm0YeHns
¥yroabHOro $HEILTPa

Jlo mogrIHYeHHS
yroabHoro ¢guIsTpa

40—

e
ff
|

20 =

Min

Tpagura TaGmma |

Kypeop: (2.136,73.59) BoigeanTe Bsanninl 30Hy DKHa

|
|

Pucynok 7. l3MeHeHue NPOBOAMMOCTEN CEHCOPOB MpHU MOJAKIIOUYEHHH KO BXOAY
SKCIIEPUMEHTAIILHOM CXEeMbI aHaju3a yroibHoro ¢uistpa. Ha pucynke m3zoOpakeH mpumep
uHTepdeiica MpuIoKeHUsT Al 0TOOpaKeHUs MPOBOAMMOCTENH CEHCOPOB B OTHOCUTEIBHBIX

eMHULIAX (OCh OpJIMHAT) OT BPEMEHU B MUHYTaX (0Ch a0CIUCC)
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[Mpouenypy ananmuza kak BB manuenTa, Tak U MOJENBbHBIX T'a30BBIX CMECEH MOXKHO
YCIJIOBHO Pa3JeJIuTh Ha TPU MOCIEA0BATENbHBIX 3Tana. Ha nepBoM 3Tare kianad Hacoca OTKPBIT
U 4Yepe3 sUEWKy C CEHCOpaMH IPOKAYMBAETCS OKPYKAIOMIMKA BO3IyX CO CKOPOCTBHIO

3,5 mxmuH’!

, B TO BpeMs KaK KJamaH JUIsi aHaJU3upyeMon MpoOBI 3aKphIT (Kak MOKa3aHo Ha
pucyHke 6). JlanHast ckopocTh Oblila BBIOpaHa Kak ONTUMAaJIbHAsA, YTO MO3BOJISET NPOIYCTUTh
yepe3 SYEMKy CEHCOpoB AocTaTouHbli o0beM BB manwmenrta (~600 M), st KOTOpPOro
npuemieMas po0JKUTEIbHOCTh BbI1oXa cocTaBuia 10 cekyH I, ¥ MOIy4uTh HH(POPMATUBHBIN
OTKJIMK B pPEXuUMe OHJaiiH-aHanu3a. Ha BTOpoM »3Tame KiamaH Hacoca 3aKpbIBaeTcs HU
OTKpBIBAa€TCA KJamaH JJid NoJa4u MpoObl. 3aTeM mojaeTcsl npobda MpoaoIKUTENbHOCThIO 10
CEKYH/I Yepe3 SUEHKy C CEHCOPaMH CO CKOPOCTBIO 3,5 mxMuH™!, TM6O B Cllyyae MEIUIMHCKOTO
UCCIICZIOBAaHUSI TAIIMEHT [IeaeT BBIJOX 4Yepe3 CTEePHJIbHBIA OJHOPA30BBIA MYHIIITYK
IPOJOJKUTENBHOCTHIO 10 CEKYHT uepes sUelKy Co CKOPOCTBIO 3,5 IXMHUH ™!, 4TO COOTBETCTBYET
oobemy mopsiaka 600 mu BB. Ha TpetheM aTame kiamaH mogadyu MpoObI 3aKpBIBACTCH,
OTKpBIBAeTCs KJIallaH Hacoca M CHOBA NMPOKAYMBAETCS OKPY)KAIOIIUN BO3AYyX depe3 sUeHKy c
CEHCOpaMH C TOM ke CKOpOCTBIO 3,5 xMuH'. CKOPOCTh MOTOKA KOHTPOIMPYETCS € MOMOLIBIO
poramerpa. CKOpPOCTh BBIIOXa KOHTPOJHMPOBANIACh NAIMEHTOM TaKXKe C OTCICKUBAHUEM
nokasaHuil poramerpa. B gaHHOIl paboTe HCHOIB30BAIMCH MHUKPOBAKYYMHBIH Hacoc
noctosiHHOro Toka 12 B ansa meauumuckux uneneit (Alldoo Micropump Co., Ltd, FOsuun
Wxonzan, Kurait) u poramerp VA-0414 (Dwyer Instruments Inc, Wuaumana, CIIA).
AHaNoTH4YHbIE ACWCTBUS MPOU3BOAMIUCH Ha BCEX TEMIIEPATYPHBIX PEKUMaX IOCIIE BBIX0/a Ha
CTAOMJIBHBIM CHTHAJI CEHCOPOB.

B xadecTBe aHaTMTUYECKOTO CUTHANA JIJIS1 K&KIOI0 CEHCOpa Ha KaXIOM TeMIIepaTypHOM
peXHMe W3 KPUBOW MPOBOAMMOCTH H3BIICKAJICS WHTETPa] MPOBOJUMOCTH TIO BPEMEHH 3a

BBIYCTOM ILIOMIAAHN, 00pa3yeMoii 6a30Boi TMHUEH (PHUCYHOK 8).
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Pucynok 8. IlpuHuun wu3BieYeHUs aHAJUTHUYECKOrO0 CHUrHajga (B KaudecTBe
AHAJINTUYECKOTO CUTHAJIA BBICTYIIAET 3HAYEHHUE IJIOLAAN 110 KPUBOM IPOBOAMMOCTHU CEHCOpa

3a BBIUETOM 0a30BOM JTMHUU)

2.3.2. OmnpeneneHue OTHOCUTENbHBIX UyBCTBUTEIBHOCTEH JIETYUUX OPTAaHUYECKUX COEAMHEHUN

JJI1 UCITOJIB3YEMBIX CCHCOPOB

JUis  onTUMHM3alMM  [IApaMETPOB M3MEPEHMsSI M OLIEHKHM CBOMICTB IEPEKPECTHOU
YYBCTBUTEJIIbHOCTH  MYJbTUCEHCOPHOM  CHCTEMBl  MCHOJB30BaM  OJTHOKOMIIOHEHTHBIE
MO/ICJIbHBIX Ta30Bbl€ CMECH CIENYIOIINUX COeIUHEHUI: H-TeNTaH, STIIOCH30 U mponaH-1-oi.
Bce »Tm BemiecTBa SABISIIOTCA TOTCHIIMAIbHBIMU Ouomapkepamu PJI, koTopsle uacto
HCIIOJIb30BANIMCh B aHAJOTUYHBIX uccaenoBanusax [17,18]. Bce peareHTsl MCHONIB30BAIU s
OLICHKM YYBCTBUTEIBHOCTH U JIMHEMHOCTH I'PayUPOBOUYHBIX 3aBUCUMOCTEN.

Jlnst OolleHKM XapakTepa YyBCTBUTEIBHOCTH OBLIM IMOCTPOEHBI TPaAyHpPOBOYHBIC
3aBUCUMOCTH Il TpomaH-l-oma, »Twin0OeH3onma W H-rentaHa. J{pama3oH HCCieqyeMbIX
KOHIIEHTpAlUi sl TpalyupoBOYHBIX 3aBUcHMocTer cocTaBisiin 0.5-500 ppm. [lnsa kaxaoro
KOHIIEHTPALIMOHHOTO YPOBHSI HCIIOJIB30BAIOCh MO 6 MapamienbHbIX u3MepeHuil (n=6). B
BbIOpPAaHHOM KOHIICHTPALIMOHHOM JMala30He XOpOIIO paboTaeT JMHEHHOE MPUOIMKEHUE AJis

IIOCTPOCHHUs T'paAyHpoBKHU. IlapameTpsl IpalyMpOBOYHBIX 3aBUCHUMOCTEH IPEACTABICHBI B
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tabnuie 9. VicxonHble JaHHBIE IS TOCTPOCHUS I'PayHPOBOYHBIX 3aBUCHMOCTEH pacIONI0KeHbI
B periozutopuu [99]. CTOUT OTMETHUTB, YTO B AMANA30HE 3aJaHHBIX KOHIIEHTPAIIN 3aBUCUMOCTH
JUI TEeNTaHa W TMpomHaH-1-ola SBISIMCH JUHEHHBIMH, B TO BpeMs Kak s ATWIOEH307a
HEJIMHEHHOCTh AHAJIMTUYECKOTO CUTHAja BO3HUKAET NMPU OYEHb BBICOKHX KOHIICHTPAIIHIX
(maumnas ¢ 250 ppm).

Koad¢puurentsl otHocuTeNnbHON 4yBcTBUTENBHOCTH (relative sensitivity factor, RSF)

OBLIH pacCuuTaHbl OTHOCUTCIIBHO nponaH-l-ona I10 YPAaBHCHUIO:

kag
RSF,) = RA (23)

Prop(i)
7€ Ky(j)— KOOQPUIMEHT HAKIIOHA IPaJlyMPOBOYHON 3aBUCUMOCTH JUIS -0 CEHCOpa JUIs
COEMHEHUS A, & Kpyop(i)- KOOQPUIMEHT HAKIOHA TPaTyMPOBOYHON 3aBUCUMOCTH JUIS i-TO

ceHcopa il mpormaH-1-ona. KoagduuueHnTsl ObLIM paccuuTaHbl AJIA TPEX TEMIEPATYPHBIX

pexumoB (Tabmuia 10).



Tabauma 9. IlapameTpsl

rpagyupOBOYHBIX
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3aBUCHUMOCTEH,

IMOCTPOCHHBIX  JJIA

H-T€IITaHa, NponaH-1-oya u 3TUIOEH30J1a U1 IEPBOT0 TEMIIEPATYPHOTO PEKMUMA

H-TenTaH

Cencop HAKJIOH oddceer R? RMSEC RMSEP
S1 99.3 -4.93 0.9955 12.5 13.3
S2 24.07 -3.13 0.9970 10.1 10.6
S3 0.06 -12.1 0.9961 11.6 12.5
S4 0.05 -9.95 0.9912 17.4 17.1
S5 0.07 -15.58 0.9938 14.6 15.5
S6 0.02 -18.79 0.9913 17.3 18.1

nponaH-1-oJ

Cencop HaKJIOH oddcer R? RMSEC RMSEP
S1 82.4 0.94 0.9981 7.2 7.3
S2 43.42 -2.05 0.9951 11.4 12.5
S3 0.62 -7.82 0.9951 11.4 11.4
S4 2.24 1.87 0.9932 13.6 14.3
S5 5.23 -4.24 0.9960 10.4 11.2
S6 1.94 -0.87 0.9933 13.4 14.3

ITHJIOCH30J1

Cencop HAKIIOH opdcer R? RMSEC RMSEP
S1 29.21 -13.53 0.9787 19.2 19.8
S2 10.88 -12.35 0.9683 234 23.4
S3 0.15 -17.09 0.9805 18.3 18.6
S4 0.56 -19.51 0.9692 23 23
S5 0.56 -10.78 0.9936 10.5 10.9
S6 0.17 -22.42 0.9519 28.8 29.2
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Ta6auma 10. IlpencraBnenue xK03PPUIMEHTOB OTHOCUTEIBHBIX YYBCTBUTEIBLHOCTEH

OTHOCHUTEIIBHO TIpomaH-1-oa Juisi Tpex TEeMIEpaTypHbIX pPEXKUMOB (MakcHUMalbHas
OTHOCHTEJIbHAs norpemHocTh onpenenenuss RSF cocraBuna 11.6%)
Coennnenne S1 T1 S2 T1 S3 T1 S4 T1 S5 T1 S6 T1
H-TeITaH 1.205 0.554 0.097 0.022 0.013 0.01
ATHIIOEH30 0.354 0.251 0.242 0.25 0.107 0.088
nponas-1-oiu 1.0 1.0 1.0 1.0 1.0 1.0
Coennnenne S1 T2 S2 T2 | S3 T2 | S4 T2 | S5T2 | S6 T2
H-TETNTaH 1.406 0.604 0.054 0.008 0.007 0.004
ATHIIOEH30 0.148 0.059 0.08 0.091 0.108 0.066
nponax-1-oiu 1.0 1.0 1.0 1.0 1.0 1.0
Coenunenue S1_T3 S2 T3 | S3. T3 | S4 T3 | S5 T3 | S6_T3
H-TeNTaH 0.904 0.478 0.027 0.028 0.005 0.004
ATUIIOEH30 0.103 0.078 0.046 0.072 0.04 0.036
npomnas-1-on 1.0 1.0 1.0 1.0 1.0 1.0

Kak BHUIHO U3 Ta6JII/IHI>I 8 OTHOCUTEILHBIC YYBCTBHUTCIIbHOCTH CCHCOPAa IJId UCCIICAYCMBIX

BCIICCTB MOTYT Pa3INdaThbCA Ha HCCKOJBKO IMMOPAAKOB, YTO TOBOPHT O XOpOIHGﬁ HCpCKpGCTHOﬁ

YYBCTBUTCIBHOCTH BBI6paHHI>IX IJI UCCIICA0OBAaHUsS CCHCOPOB.

2.3.3. Ob6paboTKa JaHHBIX U 00y4YeHHE KIaccu(uKaTopoB

JIJ'IH aHaJIn34, BU3yajJin3aluu U O6pa6OTKI/I JAAaHHBIX, OOCHKHU PACIpEaACIICHUA C TIOMOIIBIO

CTaTUCTUYCCKOI'0 KPHUTCPUA, IMPUMCHCHUIA PCA, a TaKXKeE 1A O6quHI/I$I MaTEMaTHUYCCKUX

moneneii-knaccuduraropoB (KNN, RF, SVM, LR) Obl1o HCHOIB30BaHO MPOTPaAMMHOE



ob6ecnieuenne Python 3.6 (Python Software Foundation, CIIIA) u 6ubnuorexku pandas, scipy,

matplotlib, numpy u scikit-learn.

Ha pucynke 9 uzobOpaxkena cxema o0paboTku mMaccuBa oTkIukoB oT MC 1 B pamkax

MMPOBCACHHOI0O MCANIIMHCKOI'O NCCJICIOBAHMA.

WexonHein Habop
NakHbX X

fori: 1,...,15

Obyuarowmid Habop ganHeix (60%)

ABTOLLIKEJ'IHPDEIEHHG

Obyuenue mogened kNN, SVM, LR,

RF. Mowck onTUMansHex
rMNepnapaMeTpoE
OueHka
SHAYMMOCTH

CeHCOpOE BexTop BepoATHOCTEA

NPUHAANENXHOCTH K Knaccy
(obyuarwyui Habop)

MaTpuupl owwGok npu EEIGpaHHOM
nopore (obyvawowmid Habop)

Ouenka Se, Sp, PPV, NPV,
ROC AUC (obyuawwmi Habop)

CpepnHue oLeHkM
Se, Sp. PPV, NPV, ROC AUC
(0Byuarwun Habop)

ToueuHkle guarpaMmel pacceaHuA, MeToq
| rnaeHbix komnoneHT (PCA), oyeHka euga
pacnpefeneHuA NpU3HAKoB

Tectoewlit Habop (40%)

ABTOI.LIKE_I'IHPOEIEHHE

BerkTop eepoATHoCTER
NPMHAANEXHOCTH K KNaccy
(TecToeriit Habop)

Matpuues owrbok Npu BEIDpaHHOM
nopore (TecToeelid Habop)

Ouenka Se, Sp, PPV, NPV,
ROC AUC (tecToerif HaBop)

CpenHue oLUeHEM
Se, Sp, PPV, NPV, ROC AUC
(TecToewiit Habop)

Pucynok 9. Cxema 00paboTku maHHbIX ¢ momomipio MC 1, modydeHHBIX B XOJ€
MEJUIIMHCKOTO HCCJIEIOBaHUS, W TPEJCTABICHUS WTOTOBBIX PE3yJIbTATOB pa3pabOTaHHOTO

JUArHoCTU4YCCKOIoO TCCTa

JeranpHblii  cKpunT O0OpaOOTKM M HCXOJHBIE JJAaHHBIE: MAacCUB OTKJIHMKOB C
COOTBETCTBYIOUIMMHU aTpuOyTaMu mnanueHTa (rpynmna, Bo3pacT, Mojd U JAp.) coaepkarcs B
peno3utopuu [99]. Ha xaxaoi urepanuu Ui KaXI0T0 aJlrOPUTMa BBIIIOJIHAETCS BHYTPEHHSIS
NepeKpecTHas MpoBepKa Ha oOydaromieM Habope ¢ 4YuciIoM OJIOKOB paBHBIM TpeMm. Takas
MPOBEpPKA BBIMOJIHAETCS ISl BCEX BO3MOKHBIX KOMOMHAIIMI TUIIEpIapaMeTpoB ajropuTMa,
3aJJaHHBIX M3HavanbHO. B Tabmume 11 mpencraBmeHo omucaHue HaOopa 3HAYCHHH

rUIeprnapamMeTpoB JUisl KaKJIoro kiaccudukaropa. B kauecTBe onTumanbHOW BeIOMpaeTcs Ta
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KOMOMHAIIMS TUIEpIapaMeTpoB, MPH KOTOPOM YCpeIHEHHas IO TpeM OJoKaM MeTpuKa

KadeCTBa:

TP TN )

1
C6aJ'IaHCI/IpOBaHHaH TOYHOCTb = — ( +
2 \TP+FN  TN+FP

(24)

6yz[eT MaKCHUMaJIbHaA.

Tabauma 11. OnucaHue CETKUM TUNEPHIAPAMETPOB JJIsi TIOMCKA ONTHUMaJbHOU

KOMOWHAIIMKM Ha 00yvarolieM Habope NaHHBIX (IS KaXXJI0M uTepanuu pa3OUeHHs] MCXOIHBIX

JTAHHBIX )
Meton I'mnepnapamerp HccnenoBaHHble 3HAYCHUSA
KJIaccupuranumn
kNN KommuecTBo cocenent | [1, 2, ..., 5]
(n_neighbors)
kNN Tun B3BemmBanus (weights) | [paBHOMepHOE B3BCIIIMBAaHUE,
B3BCIIMBAHUE IO €BKJIMJOBOM METPUKE |
LR O6parubiit ko3¢ dunument | [0.01, 0.02, ..., 1.00]
perymsipuzanuu (C)
LR Tun perynsipusanuu | [L1, L2]
(penalty)
RF KonuuectBo 6a3oBeix | [10, 20, ..., 50]
JIepeBbEB (n_estimators)
RF MakcumanbHas rnyouna | [1,3,5, ..., 13]
nepesa (max_depth)
SVM [Tapamerp  perynspusanuu | [0.0001, 0.001, 0.01, ..., 10]
©)
SVM SAnpo (kernel) [1uHelHOEe,  AApo C  rayccoBoi
paauanbHOil 0a3uCHON QyHKIIMEH |
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2.4. Ananus MOJICJIbHBIX Ta30BbIX CMECEH ISl IIepeHOCAa IpalyupOBOYHBIX 3aBUCHUMOCTEHN C

ucrions3oBanrem MC 2.1 u MC 2.2.

2.4.1. Cxema BKCHepHMeHTaHLHOﬁ YCTAHOBKHU JISI aHAJIN3a MOACIIBHBIX I'a30BbIX cMmecen

Cxema yCTaHOBKH I OLIEHKH BO3MOXKHOCTHU IEpEHOCa TPagyUpPOBOYHON 3aBUCUMOCTHU
[0 TIPUHIUIY CXO’Ka CO CXEeMOM, M300pakeHHOW Ha pUcyHKe 6. OTiHuue TEKyIIeH CXEMBI
(pucyHok 10) oT BbllIeyKa3aHHOW 3aKJIIOYAETCS JIMILIb B 3HAYEHUU HECKOJIBKMX MapaMeTpoB, a
MMEHHO: CKOPOCTh TIOTOKa Ta30BOM CMECH WJIM TIOTOKA KOMHATHOTO BO3JayXa IS
dbopmupoBanus 6a3oBoit uHuU — 0.4 JI/MUH, TPOJOIKHUTEIBHOCTh Toayu mpodsl — 90 c,

BPEMEHHOU ITepuoj UHTerpupoBanus curaana — 300 c.

KoMmneloTep
(permcTpamis curHana 1
Copoc TpefBapHTeTbHAT 00pa0oTHa
JIAHHEIX)

Poramerp

k-]

o
0 20 40 60 B0 100 120 140
Time, 8

CMeCh
(amaTemsHOCTH IoTauH — 90 ¢,
CKOPOCTD TIOTOKA — 0.4 mMuEE) Haeiika
¢ CeHCOpaAMH
(oOBeM suelike ~ 20 o,
3 TeMIIepaTypHBIX PesKEMa)

MonennHas razoeas
)

baia janHLIX
(xpaHeHHe 00padOTAHHBIX
CHTHAJIOB)

Hacoc

IToTok BO3MYXA

noMemenHda
(cropocts moToka — 0.4 m<nvuE)

PIIICYHOK 10. SKCHCPI/IMCHTZU'IBHEUI cXe€Ma aHalJlu3a MOJACJIBHBIX I'a30BbIX cMmecen JIIsL

OLICHKM BO3MO>KHOCTH IlepeHOoca rpaayupoBouHbix 3asucumocteit 1t MC 2.1 u MC 2.2

B tabnuue 12 npuBeneHbl OCHOBHBIE 3HAUYEHHUS [1apaMETPOB MPOBEACHUS aHaIU3a JIs

MC 1, MC 2.1 u MC 2.2.
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Ta6auna 12. [Tapametpsl u3MepeHHsi IPOBOAUMOCTH CEHCOPOB ISl MYJIbTUCEHCOPHBIX

CHUCTEM IIPU aHAJIN3C MOJCIBbHBIX I'a30BbIX cMmecen

IMapameTp MC1 MC21uMC2.2
[IpoaomKUTENBHOCTD O1aYN POObI 10¢c 9 ¢
CKopoCTh TOTOKA BO3IYIITHOW CMECH MpH mojade | 3.5 1/MUH 0.4 n/mun

poObI U GOpMUPOBAHUU OA30BOM JTMHUHU

Bpemennoit nepuon uHTErpupoBaHus curHaia | 90 ¢ 300 ¢

Ha4dMWHas OT BPCMCHU IMOJa4n HpO6BI

2.4.2. O6paboTka TaHHBIX

Jlns aHanm3a, BU3yalu3aluu M oOpaOoTKu naHHbIX, mpuMmeHeHus PCA, a Takxe s
o0ydeHHs: MmaTeMaTHuecKuX Mmozenen-kinaccupuxkatopoB (MSVM u SVM) u perpeccuoHHbIX
mozeneir (UDS, UDSwoi, DS-PLS2, DS-LIR) Obuto w#CHONB30BaHO MPOTPaMMHOE
obecrieuenne Python 3.6 (Python Software Foundation, CIIA) u OuGnuortexku pandas,
matplotlib, numpy u scikit-learn.

Jns MomenupoBaHWST U TNPOBEICHHUS HSKCHEPUMEHTOB IO OLEHKE BO3MOKHOCTU
MPOBEACHUS TIEpeHOCca TPaAyUPOBOYHBIX 3aBUCUMOCTEN C TIOMOIIbIO METO/I0B CTaHIapTHU3AIUU
OTKJIMKA OBUIM COOpaHbl JlaHHBIC, TOJYyYEHHBbIE MPH aHAIM3€ TPAAyUPOBOYHBIX 00pa3IoB
OJTHOKOMIOHEHTHBIX Ta3oBeIXx cmecedt Tpex JIOC m 00pa3ioB JBYX Ta3oBBIX CMecell ¢
UJCHTUYHBIM KaueCTBEHHBIM COCTaBOM 1o Habopy Bxomsamux JIOC, HO pa3nHyYHBIX IO
CyMMapHOMY KOJMYE€CTBEHHOMY cocTaBy. B Ttabmune 13 u 14 mpuBeneHbl KOHIECHTpPAIUU
BBHIIIIEYKa3aHHBIX 00pasnoB. B cimydyae oOpas3iioB OJHOKOMIIOHEHTHBIX CMECEH IS KaKIou
KOHIIEHTPAIIMA U KaXXJOT0 KOMIIOHEHTa TOTOBHJIOCH MO 2 00pasiia M MUTOTOBOE KOJIUYECTBO
pOoaHaIM3UPOBAHHBIX 00pa3noB st kaxaoil MC cocraBuno 42. B ciayuyae ¢ obpasuamu
ra3oBbIX CMECEH, COCTOAIIUX U3 Tpex KomnoHeHToB JIOC, nis ka0l cMecu TOTOBUIIOCH O 8
00pa31oB. MIToroBoe KoJIM4ecTBO MPOAHATU3UPOBAHHBIX 00pa3oB 1 Kaxaoiu MC cocTaBuiio

16.
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Tadauna 13. CoctaB OJHOKOMIOHEHTHBIX TPaJyHPOBOUYHBIX Ta30BBIX CMECEH s

MOACIIMPOBAHMA 3a1da4n KJ'IaCCI/I(bI/IKaI_[I/II/I

Konuenrpanusi, ppm
Homep
o6pasua nponan-1-oJ | H-renTaH 0-KCHJI0J1
1 1.2 1.2 1.5
2 24 2.4 3.0
3 6.0 6.1 7.4
4 11.9 12.1 14.9
5 239 243 29.7
6 59.6 60.7 74.3
7 119.3 121.5 148.5

Ta6aunma 14. Cocras razosbix cmeceil (I'C 1 u I'C 2) nns MoxmenupoBaHus 3afadu

KJIacCU(PpUKAITIT
Ne cmecn Komnonent cmecu | Konuentpauus, ppm

npomnas-1-on 33

1 H-TCITaH 17

0-KCHJIOJI 20

npomnas-1-oin 26

2 H-TenTaH 17

0-KCHJIOJI 24

HcxonHbple MaTpullbl OTKJIMKOB CEHCOPOB € HMH(OpMaIeil 0 KayeCTBEHHOM COCTaBe
00pa3LoB, NMOIYYEHHBIX IIPU AHAJIU3€ OJJHOKOMIIOHEHTHBIX T'PaJyHPOBOUYHBIX Ia30BbIX CMecen

Y TPEXKOMIIOHEHTHBIX CMECE, pacIlONOKEHbI B peno3utopuu [99].

CxeMa mpoBeJeHUsI SKCIEPUMEHTOB IO OLICHKE BO3MOXKHOCTU IPOBEJEHHUS MEPEHOCA
IpaJyupOBOYHBIX 3aBUCUMOCTEH C TMOMOIIBK METOJOB CTaHJAPTU3ALMHU IPUBEICHA Ha
pucynke 11. Ilo wmTory skcnepuMeHTa CpaBHUBAJIM YCPEIHEHHBIE 3HAYEHUS TOYHOCTH
MYJIbTUKJIACCOBOM Kilaccudukanuu (B ciayyae ¢ OJHOKOMIIOHEHTHBIMU T'a30BbIMU CMECSIMU) U

TOYHOCTH OWHapHON Kiaccudukanuu (B Ciydae ¢ MHOTOKOMIIOHEHTHBIMH CMECSIMHU) JIJIS
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KOKJI0M KOMOMHAIIMM «MOJENIb — TECTOBBIM Halop nansi oOydeHus» 1o 15 cimydallHbIM
pa30oueHusM Habopa JaHHbBIX Ha 00y4aroIIMK U TECTOBBIA HAOOPHI B cooTHOIIeHNH 70% Kk 30%
U CIIy4ailHBIM OTOOpOM CTaHIAPTH3AIMOHHBIX 00pa3noB. Ha stame oOyueHuss Ha Kaxiou
UTEPALMU JJI Ka)XJ0ro aJIrOpUTMa BBINOIHIETCS BHYTPEHHSISI IEpEKpecTHas MpOBEpKa Ha
oOy4aromeM HabOpe JaHHBIX C YUCIOM OJIOKOB paBHBIM TpeM. B Tabnuue 15 npencraBieHo
onucanue Habopa 3HaAYCHUI TUIeprIapaMeTpoB JJIsl UCMIOJIb3YyEMBIX KiaccudukaropoB MSVM
u SVM. C noapoOGHBIM alrOPUTMOM HKCIIEPUMEHTa MOXKHO O3HAKOMHTBCS B CKPHIITE,

pAacMoJIoKEHHOM B perno3uTopuu [99].

MC21 MC22

h J

Habop Habop
CTAHTAPTH3AHOHHBIX 3 CTAHIAPTH3AMHOHHE
0bpasmos MC 2.1 ‘ oOpastos MC 2.2

rpagyHpoBkH: UDS,

Mopens mepeHoca ‘
UDSwoi, DS-PLS2 DS-LIR

Habop mna Habop g1s Habop mma Habop g1a

— Tecta MC o0yIeHH TecTa o0yIeHHT
21 MC 2.1 MC22 MC 22
h d
Momenr Habop w1 Mo;em
EnaccHpHKAITH KnaccHpHEAIH
MC 22+

¥ h 4 Y
TogHOCTE TousocTs TogHOCTE
OBE31.1-MC1211 OBK3 2.1-MC 21" OBK3121-MC212
Pucynok 11. Cxema o0pa®OTKU JaHHBIX AJIsl ABYX MAacCHUBOB CEHCOPOB M MPOBEACHUS

KOPPEKTUPOBKH OTKIUKOB MC 2.2 ¢ NOMOUIpI0 METOJ0B TNEPEeHOCa IPaayHpOBOUYHBIX

3aBUCUMOCTEN

Tab6muma 15. Onucanue CceTKM TrunepnapaMerpoB s IOMCKAa ONTUMalbHOU

KOMOUWHAIIMK Ha 00y4JarolieM Habope TaHHbBIX

Mertoa kaaccupuxkauuu | 'mnepnapamerp HccaenoBannbie 3HAYCHUSA
MSVM [MapameTp perynspuszamuu (C) | [1072, 1071, ..., 1072]
SVM [MapameTp perymspuszamuu (C) | [1078, 1077, ..., 107%]
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I'nasa 3. Pa3pa0doTka MeTo/1a OHJIAH-aHAJIN3a BbIABIXa€MOTI'0 BO31yXa JIJIst

AUATHOCTUKH paKa JErkux ¢ HCloJdb30BaHUEM MyﬂbTﬂceHCOpHOﬁ CHUCTEMBI

3.4. Ormnucanue MEIUIIMHCKOTO UCCIEI0BAHUS

Bce wuccnemoBaHus ¢ ydacTHeM Kak TMAlMEHTOB, TaK M 37I0POBBIX JT0OpPOBOJIBIIEB
MIPOBOJUIIVCH B COOTBETCTBUU C 3TUYECKUMHU HOpMaMH U XEIbCUHKCKOM AeKiiapamnuen ot 1964
roga. Bce skcnepuMEHTH NPOBOAWIWCH C pa3pemeHus HarumoHanbHOro MEIUIIMHCKOTO
HCCIea0BaTebCKOro 1eHTpa onkojorun uM. H.H. IlerpoBa komuteTom mo stuke No. 15/83 ot
15 wmapra 2017 r [1,100]. Mynstucencopnas cuctreMa MC 1 Obuta ycTaHOBJIEHa B
HCCIIEIOBATEILCKOM IIEHTPE. BbUIM KMCIOJIB30BaHbl CIEAYIONIME KPUTEPUH BKIIOYEHUS B
Uccae0oBaHue: ManueHTsl B Bo3pacte 20 ner u crapuie; nogospenue Ha PJI Ha ocHOBanumn
KIIMHAYECKUX CHMITOMOB HWJIM PEHTTCHOJOTHYECKOTO HWCCIICIOBaHM (MMamueHTaM Oblia
MpPEAOCTaBICHa  BO3MOXHOCTH ~ IPOBECTH  BCE  HEOOXOJUMBIE  JOMOJHUTEIHHBIE
JTMAarHOCTUYECKHUE UCCIIEI0BAaHMUs TAKHE KaK KOMITbIOTepHas ToMorpadusi, pruOpoOpoHXOCKOIHS
W/WW  TpaHCTOpaKalbHAs TPENaH-OMOTCHUs); AKTUBHBIM KYPWIBIIMK WJIH KYPUJIBIIUK B
npoiiom, OpocuBirii He 6osee 10 et 10 ydacTus B ucciegoBanuu. Kputepun uckirodeHus
M3 HCCIIEIOBAHUA: TAIMEHTBl C TSOKEJIBIMU COMYTCTBYIOIIUMH HApPYIICHUSIMHU 3J0POBbSA
(BKJIFOYAs] IEKOMIICHCUPOBAHHYIO MATOJIOTHIO CEPJIEYHO-COCYIUCTOM, SHTOKPUHHON CUCTEMBI,
HallpuMep, caxXxapHbId Jua0deT, WM JIETOYHOW CHCTEMBI, JEeKOMIICHCHPOBAHHAs HWIIH
CyOKOMIIEHCUPOBAHHAsl OpraHHasi HEIOCTATOYHOCTb, HEKOPPEKTHPYEMBIE KOaryjaomaTHH;
1epeOpOBACKYJISIPHBIC ~ HApYIIEHUS; HeCTaOWIbHAas  CTCHOKApIus);  OHKOJOTHYECKHE
3a001eBaHNs B aHAMHE3€ 3a 5 JIeT JI0 MCCIICAOBaHMs, 3a UCKIIOUCHUEM paKa KOXKH WM paKa
mieiiku MaTkH in situ; PJI unu oneparuu Ha JIeTKMX B aHAMHE3€; OKMJ1aeMasi BBKUBAEMOCTh |
rOJi WUIT MEHBIIIE.

B xone uccnenosanus [ 100] 6p111 poananu3upoBansl 00pasisl BB 118 nanuentos (49
— seHuuHbI (42%), 69 — myxuunbl (58%)), cpeau Hux 65 nanueHtoB ¢ PJI u 53 310poBbIX
MalyueHTa, KOTOpbie JOOPOBOJIBHO MPUHSIN YUYacTHE B UCCICIOBAHUM U TOAMUCAIH COTJIACHE
Ha ydacTue . Y BCeX MaIMeHTOB, KOTOPbIE BXOAWIU B rpyriny PJI, nuarno3 ObUT MOATBEPKICH C
MOMOIIBI0 MOP(OJIOTUYECKOTO UCCIeNOBaHus mociie aHanu3a BB. beum muarHoctupoBaHbl

cinenyrommme dopmbl PJI: Hemenkokmerounsrii PJI — 59, menkoknerounsiii PJI — 6. Y 30
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MalueHToB Obl1a panHssa ctaaus 3adoneanus (I1/11), ay 35 — mo3anss craaus (111 /IV). Kpome
TOTO, B KOHTPOJBHYIO TPYMIY BOILIX 54 3J0pOBBIX JOOPOBOJIbIIA 0€3 MPU3HAKOB 3a00JIEBAHUS
JICTKUX IO KIMHUYECKHM CHMIITOMaM W PEHTTEHOJOTHYecKoMy oOciemoBanuio. J[aHHBIE TIO

II0JIy M BO3PAcTy KOHTPOJIbHOM T'pYyMNIIbl TaKXKe MpeCTaBiIeHbI B Tabnuie 16.

Ta6auua 16. XapaktepucTuku ucciegyemsix rpymni (rpynna PJI u rpynna 310poBbIX)

I'pynna I'pynna I'pynna
PJI 310POBbIX
KosmnuectBo 65 53
Bo3spacr,
65+9 56 +12
cpeaHee + cko*
My:KYHHBI 42 (65%) 27 (51%)
KeHIIUHBI 23 (35%) 26 (49%)

*CKO — CPCAHCKBAAPATHIHOC OTKIIOHCHHC

[TarmenThl ObUIM MPOMH(POPMUPOBAHBI O HEOOXOJIMMOCTH BO3JEPKATHCA OT €Abl U
KypeHus B TeueHue 4daca nepesa aHainuzoM BB ¢ momomisio MC 1. HenocpeacTBeHHO niepen
AQHAJM30M [MAMEHT MPOIOJACKUBAI IOJOCTh PTA YHUCTOM TEIUION BOJOM M OXHUAAI B

IMOMCIIICHNH, I'IC ITPOBOAUTINCH UBMCPCHHA, HC MCHECC 10 MUHYT IICpCa IICPBBIM H3MCPCHUCM.

3.4. Omnucanue npoueaypsl npoeaeHus aHanuza BB namuenton

[Ipouenypa ananusza BB st nanueHnTa cocTosiiia u3 Tpex Mocie10BaTeNIbHbIX 3TanoB. Ha
MEePBOM JTale KJalaH HAacoca OTKPBIT M MPOAYBAETCS OKPYKAIOIIMN BO3yX Yepe3 ra3oBYyIO
SYEHKy CO CKOPOCTBIO 3,5 IXMHUH!, B TO BpeMsl KaK KJIanaH Ul HalMeHTa 3aKPhIT (KaK I0Ka3aHo
Ha pucyHke 12). Ha BTopom 3Tame kiiamad Hacoca 3aKpbIBa€TCsl M OTKPBIBACTCS KJIAMaH Jjist
nanveHTa. IlanpeHT genmaer BBIOOX 4Yepe3  CTEPWIbHBIA  OJHOPA30BBIM  MYHJIUTYK
IPOIOJKUATENLHOCTEIO 10 CeKyHJ| Yepe3 ra3oByl0 KaMepy cO CKOPOCThIO 3,5 mXmuH', uTo
cooTBeTCTBYeT 00BeMy mopsaka 600 mum BB. CkopocTh KOHTpOIMpOBanach MAIMEHTOM C

OTCIIeKMBAHUEM IOKa3aHUil porameTpa. Ha Tperbem 3Tame KianaH NalnyMeHTa 3aKpbIBAEeTCH,

OTKpBIBAaETCS KJIallaH Hacoca M CHOBA MPOJYBAETCS OKPYXKAIOIIMA BO3IYyX Yepe3 ra3oBYIO
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ﬂ‘leﬁKy C TOM XK€ CKOPOCTBIO 3,5 J'IXMI/IH_I. CKOpOCTI) IIOTOKAa TaK>XKC OTCJIC)KNBACTCA C IIOMOIIIBIO

poTtameTpa.
KommnuloTep
(perHcTpanma cHrHAIA H
Cﬁpoc mpeBapHTeIbHAL 0bpaboTka K‘_]]accﬂq"ﬂ(a]]nﬂ
JaHHBLX) (obydeHHe MomeeH
KIacCHpHKATOPOR)
- i
Potametp o
IlanueHT - AV
(amuTenpHOCTH BBLTOXA — 10 €, _)
CKOpOCTE moToka — 3.5 ) .
Hueiika
C CeHCOpaMHA
(obBem mueiiku ~ 20 ev?, Baza IaHALIX
Hacoc 3 TeMIIepaTypPHBIX PeXIMa) (xparerme
00paboTaHHBX
IloTok Bo3AyXa CHTHATIOB)

noMeIneHnst
(cropocTs moToka — 3.5 mearmm )

Pucynok 12. Cxema onnaiin-ananusa BB

B xauecTBe aHaTUTHYECKOTO CUTHAJIA JIJIS1 KQXK/I0I'0 CEHCOpa Ha KaXkJI0M TeMIIEpaTypHOM
peXuUMEe W3 KPUBOW MPOBOJMMOCTH H3BJIEKAJICS WHTErpajl MPOBOAUMOCTH IO BPEMEHH 3a
BBIYETOM IUIOMIaAHM, OOpa3dyemoil 0a30Boil suHHEH. BpemMs Mexay mocienoBaTeIbHbBIMU
M3MEPEHUSMU IIPpU OJHOW U TOM K€ TEMIIEpaType CEHCOpPa COCTABIAIO 1-2 MUHYT I OJHOTO
MalKeHTa.

Bocnpou3BoMMOCTh M3BJIEKAEMOr0 aHAJIUTUYECKOTO CUTHala JJsi BCEX CEHCOpPOB
cocTaBisiia nopsaka 2—15%. M3HauanbHO MPOBOAMIIOCH TPU MOCIIEIOBATENbHBIX W3MEPEHUs
BB nia kaxxzoro u3 Tpex TeMIIepaTypHbIX peXUMOB. B mponecce mpoBeaeHUsT UCCIEN0BaHUS
ObLI1a BBISIBJICHA BO3MOXKHOCTB ITPOBOAMUTD TOJIBKO OJHO U3MEpPEHHE Ha KaXKI0M TeMIepaTypHOM
pexume, B pe3yJibTaTe 4ero oolee BpeMs aHaju3a JJig OJIHOTO MalleHTa BapbupOBaIoch OT 15
710 25 MUHYT.

UYewM BbIIIIE YPOBEHDb BIXKHOCTH, TeM MeHbIle Ha MO ceHCOpBI BIUSIOT ee (DIyKTyaIiH.
[ToaToMy Bce m3MepeHus: MPOBOAMINCH B MOMEIIEHUSAX C OTHOCHUTEIBHO BBICOKUM YPOBHEM
BrnaxHocTu (60% = 5%). BBuay ucnonb30BaHHs BBICOKHMX pabOYMX TEMIIEpaTyp BIUSHUE
Kosie0aHui TeMIepaTypbl BO3AyXa, MPOXOASILIEro Yyepe3 sueiky, He3HAYUTENIbHO; TOTOMY AJIs

SYEHUKU IIPEABAPUTEIIbHBIN HATPEB HE UCIIOIb30BAJICS.
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3.4. Bpi6op Hanbomnee 3phekTUBHOrO aliropuT™Ma 00pabOTKH JaHHBIX U KJIacCU(PUKAITMOHHOM

MOJEIIN

HrtoroBas Matpuiia mpu3HakoB X umeeT pazmepHocTh 118%18, rae 118 — olbree uucio
NAIMEHTOB, a 18 — KOJMYECTBO M3BJIEUEHHBIX NMPU3HAKOB (MHTErpall MUKA MPOBOJUMOCTH OT
BPEMEHH) U3 6 CEHCOPOB Ha 3 TeMIepaTypHBIX pekuMax. Bektop y umeeT pasmepHocTh 118x1
¢ 3HaueHueM ( (malUeHT NMPUHAMJIEKUT K IpyIIe 3J0pOBbIX) WM 1 (MalMEHT OTHOCHUTCS K
rpynmne PJI).

Haunewm c Toro, 4To ki1acchl He cOamaHCUpOBaHbI (53 MPOTUB 65 IS TPYIIIBI 310POBBIX
rpynnsl U rpynmsl PJI cooTBETCTBEHHO), MO3TOMY IIPH pa30MEHMSIX Ha EPEKPECTHOM MTPOBEPKE
MCIOJIb30BaJIach CTpaTU(UKAIMS IO KiIaccy, TaKUM 00pazoM cooTHomeHue rpymmsl PJI u
KOHTPOJIBHOW IpyNIIbl OblJIa OIMHAKOBBIM MEXAY Pa30HEHUSIMHU.

Jnst uccrnenoBaHuss M BU3YyaJW3alldd JIaHHBIX B JBYMEPHOM IIPOCTPAHCTBE ObLIH
MOCTPOEHBI 3 MaTPHILbI ISl KaXKIOT0 TEMIIEPATypPHOTO PEXUMa C TOUYEYHBIMU JUArpaMMaMHU
paccessHusi. B Oomnblielt cTereHM MEXTPYIIOBOE pasJielieHre HaOmrogaeTcs s TEPBOro
TeMreparypHoro pexuma (pucyHok 9). CTOMT OTMETUTh, 4YTO BHU3YaIbHO HAMOOJbIIEE
pasnenenue Mexay rpymnmnoi PJI u rpynmoit 310poBbIx HaOM01aeTCs A1 Tap C MPUCYTCTBUEM
ceHcopa No4,

Jlnst mpoBepKu pacrpeneneHusi TpU3HAKOB Ha HOPMAaJIbHOCTh MCIIOJIb30BAIN KPUTEPHIA
[Manupo-Yunka [101], apnsromuiics oqHUM U3 HanOoee 3 HEKTUBHBIX KPUTEPUEB TPOBEPKH
HOpMajbHOCTU. ['MMIOTE3a O HOPMAJIbHOCTH pacrpejiesieHus Obula OTBEpPrHyTa i BCeX
npu3zHakoB (0=0.05). M3 pucyHka 9 MOXHO cAenarb NPEANOJ0XEHUU O JOTHOPMAIbHOM
pacripeqeieHn JTaHHBIX B TMpU3HaKaX. J[edcTBUTENBHO, MpU JOTapuMUPOBAHUHU MATPHUIIBI
NPU3HAKOB TMIIOTE3a O HOPMAJIbHOM pachpe/ielIeHHH Obljla OTBEPrHyTa YXKe TOIbKO it 6 u3 18
npu3HakoB (0=0.05) (tabnuma 17). Tem He MeHee OOJBIIMHCTBO YMOMSHYTBIX MOJETCH-
Kjaccupukatop He TpeOYIOT, 4TOObl MpPU3HAKKM ObUIM HOpMalbHO pacrpeiesieHbl. Tak Kak
JAaHHBIE pACMpEeeNIEHbl HE HOPMaJbHO, TO CTOMT HCKIIOUUTh M3 PACCMOTPEHMSI YacTO
UCIIONBb3yeMbIi Kiaccudukarop Ha ocHoBe LDA.

s ananuza PCA nansbie ObUIM TIpeBapUTEIbHO aBTOIIKAIMpoBaHbl. Ha pucynke 14
NpEeJCTaBlIeHa 3aBUCUMOCTh OOBSICHEHHOW TUCTEPCUU OT KOJMYECTBA TJIABHBIX KOMIIOHEHT,
ucnoyib3yeMbix B monenu. Ha pucynke 15 um3oOpaxensl mpejcTaBieHus oOpasnoB BB B

IPOCTPAHCTBE 3 TJIABHBIX KOMITIOHEHT.
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Pucynox 13. Marpuiia TOYEUHBIX JMAarpaMM paccessHus s 6 CEHCOpOB IpH
temneparypHoM pexume T1. B sueiike (1,]) HaX0aUTCs TOYEUHAs] AMAarpaMma pacCcesHus JUIs
uHTerpasa mpoBoAuMOCcTH (MKCMXc) 1 M ] ceHcopoB. B nuaroHampHbBIX sueiikax (1,1)
U300pakeHO CIIIaKEHHOE pacrpeneieHue st 1 ceHcopa. [IpunamnexxHocts obpasna BB k

rpyIine oToopa)keHa BETOM (CUHMI — KOHTposbHas rpymmna (0), opanxesbii — rpynma PJI (1))
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Tab6imua 17. IIpoBepka Ha HOPMAIBHOCTh MCXOJHBIX JAHHBIX U NPEOOPa30BAaHHBIX C
MOMOUIBIO JIOrapu(PMUPOBAHUS IO OCHOBAHMIO € ¢ UCIoJIb30BaHueM Kputepus Lllanupo-Yunka

(0=0.05)

IMocae sorapudpmupoBanus mno
Hcxoanbie 1aHHbIE
OCHOBAHMIO €
HO HO
# W-value p-value W-value p-value
OTKJIOHSIETCS OTKJIOHSIETCS

S1_T1 0.930 1x107 na 0.982 0.116 HET
S2 Ti1 0.872 1x1078 na 0.990 0.512 HET
S3 T1 0.917 2x107 na 0.986 0.259 HET
S4 T1 0.875 2x1078 na 0.978 0.051 HET
S5 T1 0.917 2x107 na 0.990 0.513 HET
S6 T1 0.900 2x107 na 0.983 0.154 HET
S1_T2 0.853 2x107 na 0.995 0.933 HET
S2 T2 0.823 1x10°1° na 0.993 0.844 HET
S3 T2 0.897 2x107 na 0.976 0.034 na
S4 T2 0.847 1x107 na 0.977 0.037 na
S5 T2 0.704 4x1071 na 0.987 0.299 HET
S6 T2 0.897 2x107 na 0.987 0.347 HET
S1_T3 0.679 110 na 0.974 0.021 na
S2 T3 0.692 2x10°14 na 0.970 0.009 na
S3 T3 0.785 7x10712 na 0.978 0.047 na
S4 T3 0.733 2x10°13 na 0.969 0.009 na
S5 T3 0.806 4x101 na 0.987 0.307 HET
S6_T3 0.822 1x10710 na 0.985 0.199 HET
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Pucynok 14. 3aBUCHMOCTb J0JIU OOBSICHEHHOW AMCIEPCHUH JaHHBIX OT KOJHUYECTBA

TJIAaBHBIX KOMIIOHCHT B MOACIN
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B coorBercTBUM cO cxemOl 0OpaOOTKM JaHHBIX, MPEICTABIEHHOW Ha PUCYHKE 9, ais
KaXJI0M urepanuu (Bcero 15) mpou3BOAMIOCH CIydailHOE pa30MeHuE MaTpHUIlbl OTKIMKOB
CEHCOPOB M BEKTOpa METOK Kjacca Ha oOOydyarollMid U TEeCTOBBIH HAOOpbl JAHHBIX B
cootHomeHuu 60 k 40. 3aTem, Ha TPEHUPOBOYHBIX HAOOpax ObUIM 00YUYEHBI pacCMaTPUBAEMbIE
MOJIEJIM KJIACCU(UKAIMK C YYEeTOM BHYTPEHHEH IepeKpecTHOW IpoBEepKU i BblOOpa
ONTUMAJIbHBIX 3HAYEHUW TUIEpIIapaMeTpoB s Kaxaou moaenu. [lanee oOyueHHbIE MOJENIH
UCMOJb30BAIM JUIsI NPEICKA3aHUsl BEPOSTHOCTEM M METOK Kijacca Kak Juid oOpasloB
TPEHUPOBOYHOT0 HabOpa, Tak U AJIsl TECTOBOTO.

Ha pucynke 16 mnpencrasnensl mnoctpoeHHsle ROC  kpuBble sl Mojenei
KjIaccuukanmu s ogHoi u3 urepanuil. [locne nmocrpoenuss ROC KpUBBIX pacCUUTHIBAIHNCH

metpukun ROC AUC.

ROC EpHELIE anropyUTMOoE ONA I'_'IEl'_llu"-I.E'IH}LI.I,EFCI- W TeCTOBOMD HEEI’.‘IP-EI OaHHEIX
10 . >
o I _r-r'r
.-"""
08 1 L
g
£ 06 1 ;
T —— LR _train AUC = 0.9653
v L LR test AUC = 0.9983
= ad =" = KNN_train AUC = 0.9975
g -~ —— kNN _test AUC = 0.9948
+ ..""J RF_train AUC = 1.0
0.2 1 o —— RF_test AUC = 1.0
e SVM_train AUC = 0.981
. SVM_test AUC = 0.9983
0o ¥ . . . .
0.0 02 04 06 0.8 10
1 - CneuyndMYHOCTD

Pucynox 16. ROC kpuBbie anropuTrMoB Kiaccu(pUKaMu, MOTyYeHHBIE MPHU TNPEACKa3aHUU

METOK KJIACCOB JIJIsi OJHOTO pa30MeHNs JaHHBIX Ha O0YyJaroNIUi U TECTOBbIE HAOOPHI

[Ipu ucnonp30BaHUM CTaHAAPTHOTO Mopora kiaaccudukamuu (p=0.5) Kaxaeiii oOpazer
Obu1 KiaccuuupoBaH Kak UCTHHHO TojokutenbHbld (TP), moxuomonoxutenbubiii (FP),
uctuHHO oTpunatenbubii (TN) wunum noxHooTpunatenbubiii (FN). [lanee mnpousBoauiu

noctpoeHre Marpuil ommnbok. B tabmuuax 18 u 19 mpencraBneHsl mpuMepsl TOCTPOSHHBIX
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MaTpull OMMHUOOK JJIsI OJHOW W3 WTepaluil s oO0ydYaromero M TecTOBOro Habopa

COOTBCTCTBCHHO.

Tadauuna 18. Martpuisl ommbOK TpeAcKa3aHus KiIaccoB s oOydaroniero Habopa

JAHHBIX TI0 OJTHOMY CITy4ailHOMY pa30uEeHUI0

[Ipencka3anHblid [Ipenckazanubiii
kNN KJ1acc LR KJ1acc
1 0 1 0
WcTuHHbIN 36 0 WctuHHBIN 36 3
KJIacc 3 31 KJ1acc 2 29
[Ipencka3anHblii [Ipenckazanubiii
RF KJIacc SVM KJIacC
1 0 1 0
WcTuHHbIN 39 0 WcTtuHHBIN 37 2
KJ1acc 0 31 KJ1acc 0 31

Tabauua 19. MaTtpuiisl ommOoK mpeacKa3aHus KJIaccoB JIJIsl TECTOBOTO HaOopa JaHHBIX

10 OJHOMY CIIY4aiHOMY pa30UeHUIO

[Ipencka3anHbliid IIpencka3anHbli
kNN KJ1acc LR KJ1acc
1 0 1 0
NctunHbIi 24 2 HcTunHbIN 26 0
KJ1acc 0 22 KJ1acc 2 20
[Ipencka3anHblid IIpenckasanHblid
RF KJ1acc SVM KJ1acc
1 0 1 0
UctunHbIi 26 0 HcTuaHBIN 25 1
KJ1acc 0 22 KJ1acc 1 21
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Hanee 11 KaX10M MOJENN KJIACCU(PHUKALMKU U TUIA UCIOIb30BAHHOTO HAOOPa TaHHBIX
pPacCUUTHIBAIMCH METPUKHU JUATHOCTUYECKOTO TECTA, KOTOPBIE B JAJIbHENUILIEM ObUIN YCPETHEHbI
no BceM 15 urepamusam. B tabnuue 20 conepxkutcs cBoaHas MHGOPMAIUs MO yCPEAHEHHBIM
MeTpUKaM KadecTBa (4yBcTBUTENbHOCTH, crnemupuunocty u ROC AUC) xkak npu

KJ'IaCCI/I(i)I/IKaI_II/II/I 06pa3u013 ns3 06yqa101uero Ha6opa, TakK U JJIs1 TCCTOBOTI'O Ha60pa JaHHBIX.

Ta6auna 20. Cpennue 3Ha4eHUs] METPUK C JOBEPUTEIHHBIM WHTEPBAJIOM (IIPU YPOBHE

3Hauumoctu 0=0.05) mpu kiaccudukanuu aaropuTMOB Ha OOyyarolleM M TeCTOBOM Habope

JAHHBIX MPpU 15-KpaTHOM cllydailHOM pa30MeHnH Habopa TaHHBIX

Merpuxka | HabGop AJITOPUTM KJIacCH(pUKanuu
JAHHBIX LR KNN SVM RF
ROC oOyuenue | 0.981+0.007 | 0.998+0.001 0.993+0.005 0.999+0.000
AUC TECT 0.959+0.012 | 0.961+0.018 0.972+0.014 0.960+0.014
Acc oOyuenue | 0.956+0.015 |0.970+0.012 0.990+0.007 0.988+0.007
TECT 0.931+0.018 | 0.940+0.016 0.936+0.016 0.898+0.023
Se oOyuenue | 0.957+0.011 | 0.947+0.022 0.986+0.011 0.981+0.012
TECT 0.938+0.021 | 0.905+0.026 0.920+0.025 0.853+0.041
Sp oOyuenue | 0.954+0.025 | 1.000+0.000 0.995+0.006 0.997+0.004
TECT 0.924+0.036 | 0.981+0.015 0.954+0.030 0.951£0.026
PPV oOyuenue | 0.964+0.018 | 1.000+0.000 0.996+0.004 0.998+0.003
TECT 0.939+0.027 | 0.983+0.013 0.962+0.024 0.956+0.023
NPV oOyuenue | 0.946+0.014 | 0.939+0.025 0.983+0.013 0.977+0.014
TECT 0.929+0.023 | 0.899+0.027 0.913+0.025 0.851+0.035

3.4. AHanu3 NOJIy4eHHBIX PE3yJIbTATOB

N3 Tabnuuel 12 BuAHO, YTO MpH KiIaccM(UKAIMM Ha TECTOBBIX HaOOpax aHHBIX
pe3yIbTaThl HECKOJBKO XYXKe, 4eM Ha oOydaromux Habopax. CTOUT OTMETUTH, YTO 3TO OOIIast
CUTyallus, KOTOpasl CBs3aHa ¢ nepeoOydeHueM Mmojeneil. Bece ke B peanbHBIX YCIOBUAX K
JOCTUTaEMBIM pe3yJbTaTaM JUAarHOCTHUYECKOTO TecTa Hambojee OnM3Ku OyAyT T€ OLIEHKH

METPUK, KOTOpbIE TMOJY4YeHbl Ha TECTOBOM Habope NnaHHbIX. TakuM o0pa3om, Ajig BbIOOpa



73

ONTUMAJIBHOTO Kiaccudukaropa OyaeM HCIOIb30BaTh MMEHHO pPE3yibTaThl HAa TECTOBBIX
Habopax (tabmuma 21). B nmanHoi paboTe ObUIM JTOCTUTHYTHI BBICOKHE 3HAYEHUS METPUK
ROC AUC. 3aech CII0KHO BBIJACIUTh KaKOW-TO OMPEACIICHHBIA aJIrOpUTM B CHIIYy TOTO, YTO
pa3Iuyus MEX1y CPETHUMHU 3HAYCHUSMH CTATUCTUYECKHU HE 3HAYUMBI (ITPU ypPOBHE 3HAYNMOCTHU
0=0.05). Ormerum, uYTO0 B JaHHOW paboTe maHHBIM mokazareb ROC AUC MoxHO
MHTEPIIPETUPOBATH KAK BEPOATHOCTbH, C KOTOPOU ciiydaiiHO BIOpaHHOMY manueHty ¢ PJI Oynet
MPUCBOEH BeC OOJBIINMA, YeM CIIydaHOMY 370pOoBOMY marueHTy. Ilepexoass K OCHOBHBIM
METpHUKaM, OIICHUBAEMbIM B MUJOTHBIX padoTax Mo pa3pabOTKe NUArHOCTUYECKHX TECTOB Ha
ocHoBe MC, a umenno, Se u Sp, pexxe PPV u NPV, crout 3amMeTuTh, 4TO B pealbHbIX YCIOBUAX
MPOBEACHUS CKPUHHHTOBOTO OOCJIEIOBaHUS COOTHOIIEHHWE KOJWYECTBA IMAIIMEHTOB C
3a0071€eBaHNEM K KOJIMYECTBY 3JO0POBBIX MAIlMEHTOB OyAeT 3aMETHO OTiaudarhcsi oT 1:1.
[ToaTOMY paccMOTpEeHHE TMArHOCTHYECKOTO TeCTa B MMEPBYIO ouepeab HaunHaeTcs ¢ Sp u NPV,
Coo0TBeTCTBYIOIIKE BEIMYUHBI TOJKHBI ObITH He MeHee 0.98-0.99, B poTHBHOM ciyuyae pe3Ko
BO3pAacTaeT KOJUYECTBO HEONpPaBIaHHBIX OHOTICUH, CONMPSIKEHHBIX C PHUCKOM OCIOKHEHUH,
YBEITNIUBACTCS UCIIOIH30BaHKE JOMIOTHUTEIBHBIX METOIOB 00CIEI0BaHUS, a TAK)KE, CTOUMOCTh
obcnenoBanus. TpeboBanuss k Se u PPV wmenee xectkue — s Se He menee 0.90, mms
MIPOTHOCTUYHOCTH OTpHIaTeIbHOr0 pesyiabrata — 0.85. I1o moaydeHHBIM pe3ysibTaTaM MOYKHO
YBUJIETh, YTO BBIIIECKa3aHHBIM TPEOOBAaHUEM YIOBJICTBOPSIET MoAedb Ha ocHoBe kNN
knaccugpukaropa ¢ Se — 0.905+0.026, Sp — 0.981+£0.015, PPV — 0.983+0.013, NPV —
0.899+0.027.

Ta6auna 21. Pe3ynbpTaThl KilaccuduKaiyu Il MOJIENICH Ha TECTOBBIX HAOOpax JaHHBIX

Metpuka AJropurtMm kjaaccupuranuu
LR kNN SVM RF

ROC AUC | 0.959+0.012 |0.961+0.018 0.972+0.014 0.960+0.014
Acc 0.931+0.018 | 0.940+0.016 0.936+0.016 0.898+0.023
Se 0.938+0.021 | 0.905+0.026 0.920+0.025 0.853+0.041
Sp 0.924+0.036 | 0.981+0.015 0.954+0.030 0.951+£0.026
PPV 0.939+0.027 | 0.983+0.013 0.962+0.024 0.956+0.023
NPV 0.929+0.023 | 0.899+0.027 0.913+0.025 0.851£0.035
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Tem He MeHee HA0Op HCMONB3YEMBIX KIACCU(PUKATOPOB IO3BOJSET HAM OLIEHUTH
BaXHOCTH MPHU3HAKa B KiaccuukannoHHoi moaenu. Tak, HampuMmep, BaXKHOCTh PU3HAKOB B
LR M0XHO MpeIcTaBUTh B BUIE a0COTIOTHBIX 3HaUeHNUH KO3 HUITEHTOB MO (PUCYHOK 17).
Tak kak B maHHOW Mozenu ucnoab3yercs L1 perymspusanus, TO il HauMMEHEE Ba)KHBIX

MIPU3HAKOB MOJICIIb MPHU 00yUYeHUH OOHYIISIET KO PHUITUEHTHI.
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Pucynok 17. Baxnocth mnpuszHakoB B LR Ha ocHOBe aOCOMIOTHBIX 3HAYCHUN

KO3 PHUITMEHTOB MOJEITH

[TockonbKy KaxKblii CEHCOP UCIIOJIB3YETCS IPH PA3IMYHBIX TEMIIEPATYPax, Mbl OKUIAEM
HEKOTOPOM KOJJTMHEAPHOCTU MEXAY JaHHBIMH OJIHOTO CEHCopa IMpHU ATHX TeMIlepaTypax.
Takum o00pa3om, >(pdeKTHBHOE KOJIUYECTBO AATYMKOB MeHbIIe 18. DTO Takke MOXKHO
HaOJIIOAAaTh TPU OICHKE BAXXHOCTH mpu3HakoB (pucyHok 14) B mozenu LR. Hcmonbssys
noJI00HbIE TMOJAXOABbl B MCCIEIOBAaHMM BKJIaJa MPHU3HAKOB, MOXHO ONTHMH3UPOBAThH
Ka4eCTBEHHBIM COCTaB CEHCOPOB B paboueM Habope. Takxe u3 pucyHka 14 MOKHO BBIJICIHUTH
ceHcop S4 kak HanboJiee BayKHbIN IPU KJIacCU(PUKALIUU, YTO ObLIIO OTMEUEHO PaHEee P aHAIN3e
NOTAPHBIX TPaUKOB pacCesTHUS.

Pe3ynbpTaThl 1aHHOTO MHUJIOTHOTO MCCIIEOBAaHUS TOKAa3ald NPUMEHUMOCTh OHJIaiH-

aHanu3a BB ¢ nmomompto maccuBa MO ra3ouyBCTBUTENIBHBIX CEHCOPOB B JUArHOCTHYECKUX
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nensx. Pazgenenue nauuentoB rpynmsl PJI u rpymisl 310poBbIX HAOII0AT0Ch C TPUEMIIEMBIMU
YPOBHSIMU YyBCTBUTEIIBHOCTH U criellu(puuHOCTU. B Tabnuiie 22 nisi cpaBHUTENBHOM OLIEHKHU K
MIPOBEACHHBIM NUJIOTHBIM HCCIIEIOBAHMAM IO pasneneHuto rpynn PJI u rpynmel 310poBBIX

J00aBJICHBI PE3YIbTATHI MO TEKYIIEH paboTe ¢ UCOIb30BaHUEM MOj1eiu Ha ocHoBe kNN.

Ta6auna 22. CpaBHEeHUE OTYUYEHHBIX PE3YJIbTATOB CO APYTMMH MUJIOTHBIMU paboTaMH
C MHCIIOJIb30BAaHUEM Ta304yBCTBUTENbHBIX MO ceHcopoB (Se — 4YyBCTBUTEIBHOCTh, Sp —

crenuPpUIHOCTh, ACC — TOYHOCTD)

Ccblika XapakrepucTuka Se Sp Acc
BbIOOPKH
Hacrosmas N=118
90.5+2.6% | 98.1+1.5% | 94.0+1.6%

pa6ora (kNN) | (65 PJI, 53 xoHTpoIIb)
N=101

[70] 95.3% 90.5% 92.6%
(43 PJI, 58 xoHTpOJIB)
N=18

[72] 100% 88.9% 94.4%
(9 PJI, 9 xoHTpOIH)
N=89

[73] 93.6% 83.3% -
(47 PJI, 42 KXOHTpOJIb)
N=76

[74] - - 88%
(31 PJI, 45 xoHTpoOJIb)
N=37

[75] 83% 88% -
(12 PJI, 25 xoHTpOJIb)
N=84

[76] 85% 84% -
(32 PJI, 52 kOHTpOIIB)
N=290

[77] 94.4% 32.9% -
(144 PJI, 146 xoHTpOIIB)
N=145

[78] 83% 84% -
(52 PJI, 93 koHTpOIIB)
N=16

[79] 85.7% 100% 93.8%
(6 PJI, 10 xoHTpOIB)
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Peanu3anus oHnaiH-pexrMa 1aeT BO3MOXKHOCTb U30€XkKaTh JONOJHUTENbHBIX IPOLELYP
0oTOOpa U NMPOOONOATrOTOBKH, KOTOPbIE MOTYT HETaTUBHO MOBJIUATH HA KaYECTBO PE3YJIHTATOB
u3-3a notepu uin 3arpssHerus JIOC. Ilockonbky ucnonb3oBaHue NPoOOOTOOPHBIX MAKETOB
MO’KET IPUBECTH K 3arpsI3HEHUIO WIM HEKOHTpoJupyeMoi copounu BaxkHbIX JIOC, 3TO cuiibHO
BIIMSIET HA PE3yJbTAThl. A TaKue NPOLEAYpPBl, KaK IPEIBapUTEIIbHA OYMCTKA JIETKUX MallueHTa
MEIUIIMHCKUM BO3AYXOM, MOTYT NPHUBOAUTH K HEKOHTPOJIUPYEMOMY H3MEHEHHIO MPOQUIIL

JIOC IMangucHTAa U, KakK CIICACTBUC, HCKOPPCKTHOMY Pa3aCIICHUIO ITAlITUCHTOB.

Bv1600bi

O¢ddexTsl mamMATH TakkKe 3HAYUTEIBHO YMEHBIIAIOTCS B  OHJIAWH-PEXKUME C
IPOKAUYMBAHUEM OKPY>KaIOILEro BO3AyXa IPH MOBBIIIEHHON CKOPOCTH. Pa3paboTaHHbIN MOAX0
o0ecrnieunBaeT aJieKBaTHbIE pe3yJIbTaThl aHainu3a BB naxe npu ucnonb30BaHUU OTpaHUYEHHOTO
KoiuuecTBa ceHcopoB. C Ipyroil CTOPOHBI, 3a CYET UCIOJB30BAHMS TPEX TEMIEPATypPHBIX
PEXKHMMOB — KOJMYECTBO JATYMKOB YBEJIMYMBAETCSA B TPU pasa, MOCKOJIBKY IEPEKIIOYEHHE C
OIHOTO peXuMa Ha JApYyrod 3HAYUTEIBHO H3MEHSET OTHOCHUTEIBHYI0 UYBCTBUTEIBHOCTH
Ka)KJI0I'0 CEHCOopa.

Pe3ynbratel, mosydyeHHble B JaHHOM paboTe, MOKa3bIBalOT BO3MOXHOCTh BHEIPEHUS
npeacrtaBieHHo MC cucrteMbl B JAMarHOCTHYECKYHO IPAKTHKy. B 4YacTHOCTH, 3Ha4YeHUs
OCHOBHBIX KpHUTEPHEB HH(POPMATUBHOCTH pa3pabOTaHHOTO JAMAarHOCTHYECKOIO TecTa
(ayBCcTBUTENBHOCTH, crnenuduyHocth, PPV, NPV, ROC AUC), kotopsie uMeOT Hauboiee
BaXHOE 3HAYECHME JJIs MEIUILMHCKOIO IEepCOHala NpPU OLEHKE JUArHOCTUYECKUX CHUCTEM,
SBIISIIOTCS. OJHUMHM M3 Hauboyiee BBICOKMX [0 CPaBHEHHMIO C JPYTUMH HCCIEIOBaHHUSIMHU

(tabnuua 14), ynomsinyteiMu Bbitie [70-79].
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I'naBa 4. Pazpa6oTka MeToaa nepeHoca rpagyupoBOYHOI 3aBUCUMOCTH H

CTaHdapTU3alUMA OTKIMKOB MEKIY IBYMA MYJIBTUCCHCOPHBIMH CUCTEMaMHU

4.1. Onucauue au3aiHa UCCIIEIOBAHUS

Kak yxe ynoMHHaIOCh paHee, CYHIECTBYIOIIME TEXHOJIOTMU H3roTtoBieHus MO
CEHCOPOB HE TMO3BOJISIIOT TMOJYYUTh TaKUE CEHCOPBI, KOTOpble HUMENIU Obl HICHTHUYHbBIC
XapaKTePUCTUKHU M, CIEOBATEIbHO, U UJICHTUYHBIA XapakTep OTKIHMKA K aHanuTy. JlaHHBIN
(dakT orpaHMYMBAET UCIIOJIb30BaHUE pa3pabOTaHHOM MoieNu Kiaccudukauu s apyrux MC,
COCTOSIIIIMX M3 HabOpa COOTBETCTBYIOIIMX IO COCTaBy CEHCOpPOB. W mMmoiyueHHbIE KpUTEpUU
WH(OPMATUBHOCTH JJI pa3paboTaHHOW MOeNu KiacCu(UKAIMK Ha HOBBIX 00pa3liax MOXKHO
0XKHJIaTh JIMIIb B TOM ClTy4dae, eciu 00pasilbl ObUTH U3MEPEHBI Ha TOM K€ HabOope CEHCOPOB.

Jlist mpoBepKH BO3MOXKHOCTH paboThl AByX MC 6e3 Kakux-I1n0o KOpPPEKTUPOBOK OBLI
MOCTABJICH CJICAYIOIMINM SKCIIEPUMEHT. PerucTpupoBaivu OTKIUKHU TPagyHUpPOBOYHBIX 00pa3IoB
st iByx MC (MC 2.1 u MC 2.2). Uadopmanus o Habope ceHcopoB MC mpencraBieHa B
paznene 2.1, uHopmamus O cocTaBe M KOHIEHTPALUSIX TPaTyHPOBOYHBIX OOPa3IOB
npencraBieHa B pasaene 2.4.2 B tabnumax 13 u 14. Ha oOywaroniem Habope OTKIMKOB
rpagyupoBouHbIX 00pa3noB wmaccuBoB MC 2.1 u MC 2.2 Obuin 0O0y4YeHBI MOJIEIH
MYJIbTUKIIACCOBOM KJIacCH(UKAIIMU HA OCHOBE METO/Ia OTIOPHBIX BeKTOpoB Kpammepa-3unrepa
(MSVM) MSVM 2.1 u MSVM 2.2 cooTBeTcTBEeHHO. Jlamee Ha TecTOBOM HabOpe OTKIMKOB
rpagyrupoOBOYHBIX 00pa3lioB MPOBOAMIN Kiaccuukauuto g maccuBa MC 2.1 ¢ momouibio
moaen MSVM 2.1 u nng maccuBa MC 2.2 ¢ momoniso Moaeneit MSVM 2.1 u MSVM 2.2. B
UTOTE TIONYYMUIIM TOYHOCTh KJAacCU(PHUKAIMU I CICAYIONUX KOMOWHAIUKA «MOJIENTh —
HUCTOYHHK TecToBOro Habopa»: MSVM 2.1 - MC 2.1, MSVM 2.1 - MC 2.2, MSVM 2.2 - MC
2.2. Ha pucynke 18 mpencTaBieHbl MOTy4YeHHbIE PE3YIbTaThl HA TECTOBBIX HAOOPAaX OTKIMKOB
st 15 ciayuyaliHBIX pa30MEHUN JaHHBIX Ha OOydYarolIMi M TECTOBBIM HaOoOphl. Pa3OueHue

JTAHHBIX TPOBOAWIIOCH B cooTHOmEeHUU 70%/30% cOOTBETCTBEHHO.
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CpaBHeHHe TOUHOCTH KIaccHpHKANHA
IJISE pAa3THYHBIX KOMOHMHAINI MoeIb -

Ha0Op 1A TecTa
1.000
008 0.985

0.892

TouHOCTB K.HﬂCCH(b HKAaITHH
o
=3
=1
=

MSVM 2.1-MC2.1 MSVM 22-MC22 MSVM 2.1-MC22

Pucynok 18. Onenka u3MeHEHUs TOUHOCTH KIaCCHU(PUKAIUU MPU UCTIOIb30BaHUU IS
tectoBoro Habopa MC 2.2 mozenu kinaccudukanuu, oOyueHHo Ha oOpasmax MC 2.1
(MSVM 2.1 — MC 2.2). Ha rpaduke mpeactaBieHbl CpeIHHE 3HAYCHHs] TOYHOCTU IS 15
CIIy4YalHBIX Pa30MEHUN MCXOAHOTO HaOOpa OTKIMKOB Ha OOyYaromMX HAOOp M TECTOBBIN B

cootnomenuu 70/30. CtannapTHOE OTKJIOHEHHUE JJI KaK]I0M U3 TpeX cepuil paBHO HYIIIO.

[To monmydeHHBIM pacdyeTaM BHIHO, YTO MOJIEIH C OOYYaroIlUM M TECTOBBIM HaOOpamu
00pa31ioB, U3MEPEHHBIX Ha OAHOW W Toi ke MC, moutu 6e30muO0YHO KIACCU(DUIIUPYIOT
tectoBbie 00pa3ibl (1.000 mis MSVM 2.1 — MC 2.1 u 0.985 nng MSVM 2.2 — MC 2.2); npu
UCTOJIb30BAHUN PA3HBIX MCTOYHUKOB JAHHBIX JUIsI OOyUeHHUs MOJEIH U TecTa pe3ysIbTaThl
kiaccuukanuu Heckosbko xyxke (0.892 nngs MSVM 2.1 - MC 2.2). [lony4yeHHble pe3yIbTaThl
ele pa3 MoATBEPKAAI0T, YTO ISl MOJeNn, 00y4eHHOW Ha JaHHBIX OJHOTO Ha0opa CeHcopa, He
CTOUT OXXHJATh CPAaBHUMBIX PE3yJbTaTOB TOYHOCTH KIIACCU(PUKAIMU HA JAaHHBIX TEX JKe
00pa3IoB Jpyroro MacCcMBa CEHCOPOB C aHAJOTHYHBIMH, HO (DH3MUECKH pa3IMIHBIMH
ceHcopamu. [1oaToMy ISt perieHus! MOCTaBIEHHON 3a7jauu ObLT paCCMOTPEH BapHaHT PadOTHI ¢
NPUMEHEHHEM MaTEeMAaTHYECKUX MTPeoOpa3oBaHuil sl CTaHAapTH3AIMH JaHHBIX Mexay MC.

JUis u3ydeHus: BO3MOXKHOCTH COBMECTHOM pabOTBl JIByX MAacCHBOB aHAJIOTHMYHBIX

CCHCOPOB MMOCPECACTBOM KOPPECKTHUPOBKHU OTKIIMKOB OOAHOTO M3 Ha60pOB C MIOMOIIBIO METOJ0B
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NepeHoca rpagyupoBOYHBIX 3aBUCUMOCTEN OBLIM MOCTaBIEHBI SKCIIEPUMEHTHI Ha MOJEIbHBIX
ra3zoBbix cmecsax (Bo3ayx —JIOC) B cOOTBETCTBUU CO CXEMOM, TPUBEICHHON Ha pUcyHKe 11.

[IpyHIMI METOMOB TMEpeHoca TpalyupOBOYHONM 3aBUCHMOCTH, OCHOBAaHHBIX Ha
KOPPEKILHUH OTKIMKOB MaCCHMBa CEHCOPOB, oNMcaHkbI B riase 1.4.1 Hacrosiieit padotsl. B nanHoi
pabore A KOPPEKTUPOBKH OTKIMKOB MCIOJIb30BANIA YETHIPE METOA:

Memoo oonogpaxmopnot cmanoapmuszayuu (UDS) otknmka. [ns kaxaod mapbl
COOTBETCTBYIOIIUX CeHCcopoB U3 AByX cucteM (MC 2.1 mw MC 2.2) ¢ momompio MeToaa
HauMeHbInX kBaapaTtoB (MHK) onpenensiinn ko3 duiiueHTs! TMHEHHONW perpeccuu Buia:

XVO21 = ke« XMO22 4+ by (25)

Hanee tectoBbiii Hab0op MC 2.2 KOppEKTUPOBAIH C YUETOM HAMIEHHOMN CBSI3H.

Memoo oonoghaxkmopHoll cmandapmuzayuu OMKIUKA Oe3 UCNOIb308AHUSL CB0O0OHO20
unena peepeccuu (UDSwol). [lpunmun ananoruyen meroxy UDS, 3a uCKIIOU€HHEM TOTO, YTO

HalIEHHOE 3HaUYeHUE CBOOOHOTO WIEHA bj HE MCTONB3YETCA B yPABHEHHUH CBA3H:

XJMC 21 = ; « XJ-MC 22 (26)

Memoo npsamou cmanoapmuzayuu ¢ L1 peeynapuzayueii (DS-L1R). Jlanubiii tumn
peryJspu3aluy MO3BOJISIET HACTPOUTH PEryJIApU3AIMOHHBIN KOI(DPUIIMEHT TakuM 00pazoM,
4TOOBI TIOMYUYUTh TpeOyeMoe KOJMYECTBO HEHYJIEBBIX WICHOB B MOCTPOCHHOMN PErpecCHOHHON
Mozenu. Takas 0coOEHHOCTh MO3BOJISIET UCMOIB30BaTh NPOLEAYPY CTAHIAPTU3ALUU OTKIMKA C
KOJIMYECTBOM CTaHJIAPTU3AIMOHHBIX OOPa3I[0OB MEHBIIMM, YeM KOJIMYECTBO HE3aBUCHUMBIX
MEePEMEHHBIX B CUCTeMe. B onTuMusupyemsbiil pyHKIIMOHAT MOJEIH BBOJIUTCS JOTIOJTHUTEIHLHOE
claraeMoe peryIApu3allid, M OLEHKA MapaMeTpoB MOJCIH [3 BBIPAXKAeTCs ClELyHONIeH

dbopmyoii:

B =arg min(z?=1(yi — 2t Bixi;)* + /1|,8|) (27)

Ipsamas cmanoapmusayus ¢ UCNOIb306AHUEM pecpecCuul Ha JIameHmHble CmpyKmypbl
(DS-PLS2). Bkpatie, B AaHHOM MOJXOJE MPOU3BOAMUTCS OJIHOBPEMEHHAs JIEKOMIO3UIUS
MaTpHUIl OTKIMKOB CTaHAApTU3aLMOHHBIX 00pa3uoB a1 MC 2.1 u MC 2.2:

XMC22 = TpT 4 f;  XMC21=yQT +F; T =XW +G; (28)



80

HOCTpO@HI/Ie HpOGKHI/Iﬁ MPOUCXOOUT COIJIACOBAHHO C MaKCUMU3aLUEH KOoppciisiogunu

XMC 2.2 XMC 2.1

ME¥KJly COOTBETCTBYIOIIUMH BEKTOPAMH -CYETOB t, H -C4ETOB U, C Y4YETOM

3aJaHHOI'O KOJINYCCTBA I'NTaBHBIX KOMIIOHCHT.

D@ deKTUBHOCTh MEpeHoca TPaayUPOBOYHBIX  3aBUCUMOCTEH U BO3MOKHOCTH
MacIITabMpPOBaHUS MOJIETH KJIacCHU(pUKALIUU C OJTHOTO MAaCCHUBA CEHCOPOB Ha JPyrHe B JAHHOM
AKCIIEPUMEHTE OIEHUBAJHU M0 TOYHOCTH MYJIbTHKIACCOBOM KJIaCCU(PUKAIINH.

OTaenbHO CTOUT YACIUTh BHUMaHUE CIOCO0Y oTOOpa CTaHIapTHU30BAHHBIX OOPAa3IIOB.
HanmomHuM, 9TO MO 3TUM TEPMHHOM TMOHHUMAIOT HEKOTOPOE KOJUYECTBO HACHTHYHBIX
00pa3IoB, N3MEPEHHBIX Ha BCEX MPHOOpax, Ui KOTOPHIX HE0OX0quMa KOPPEKIHs OTKIuKa. B
AQHAIUTUYECKON XUMHUU JUIsl PEIIeHUs TaKoTo pojia 3a7ad HMCIOJB3YIOT B IMEPBYIO OYepellb
CTaHIApTHBIE O0Opa3Ipl, HO TpPU aHATW3e NPOO CIOKHOTO COCTaBa, UII KOTOPBIX HET
aTTeCTOBAaHHBIX  00paslloB,  HMCMHOJB3YETCS  BBINIEyKa3aHHBIA  TepMuH.  [lomumo
PaHJIOMU3HPOBAHHOTO OTOOpA Takke 00pallarTcs K MaTeMaTudecKuM anropurmam. Haunbomnee
4acTo B HAYYHBIX paboTax Ay 0T00pa MUHHUMAIBFHOTO MO KOJUYECTBY 00pasioB, HO OJIM3KOTO
0  pEnpe3eHTATMBHOCTH KO Bced  BBIOOpPKE  OOpa3loB  HCMIOJB3YIOT  AJITOPUTM
Kennapna-CtoyHna [95]. B nannoii pabote Obl1a mocTaBiieHa 3a/1aua OleHUTh YPPEKTUBHOCTh
CTaH/IapTU3allUU B CPEHEM, T.€. 0€3 yueTa BIUSHUS KaueCTBEHHOTO COcTaBa Habopa 0Opa3iioB
JUTS CTAHIAPTU3ANNHY U ydeTa pa30ueHus TaHHBIX 71 O0YYCHHS MOJICTH U TECTa, IIOATOMY IS
MOJIy4YEeHUS YCTOWUYMBBIX pPE3yJbTATOB MPOBOAMINA MHOTOKPATHBIE BBIYUCICHHUS TOYHOCTHU
KJIaccuUKaMK TPU PaHIOMH3UPOBAHHBIX BBIOOPKAaX 00pasloB i CTaHAAPTH3AIUU U
PaHAOMHU3UPOBAHHOM pa3OueHue HaOopa AaHHBIX Ha OOy4YaIOIIyI0 U TECTOBYIO BBIOOPKY
COOTBETCTBEHHO.

YroObl HE CKOMIIPOMETHPOBATh PE3YJIbTAaThl DJKCIEPUMEHTa ObLTO 0OecTedeHo

OTCYTCTBHC CTAaHAAPTU3AIMHNOHHBIX o6pa3u013 B TCCTOBBIX Ha60an JaHHBIX.

4.2. OueHka pe3yiabTaTOB CTaHAAPTU3ALMU NPU KIacCH(PHUKAIMKY WHIANBUIYaTbHBIX 00pa3IoB

JIOC

B pe3ynbrate MHOTOKPAaTHOTO MTPOBEAEHUS SKCIEPUMEHTOB B COOTBETCTBUH CO CXEMOM,
IPECTaBIEHHONW Ha pUcyHKe 11 Ui KaK10T0 aJlrOpuT™Ma CTaHIapTU3ALUU OTKJIMKA OJTYYEHBI

YCPEeIHEHHBIC 3HAUYCHUSI TOYHOCTU MYJBTUKIACCOBOM KiIacCH(pUKAIIUK 00pa3I0B AJIs KaXKI0TO
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KOJMYECTBA CTAaHIAPTU3AIMOHHBIX O00pa3lloB B uccieayeMoM auamnazone (ot 2 go 11

BKJIIOUUTENBHO). JlaHHBIE pe3yIbTaThl IPEACTaBICHbBI Ha pUCyHKe 19.

CpaBHeHuHe pe3y/IbTaTOB TPEXKJIACCOBOH Kiaccupuxanumn
ﬂpﬂ HCIIOJIB30BAHUHU pa?o.]]l'l'-ll-lblx M€ETOA0B CTaHI[apTl'l?oalll'll’l
OTKJINKA
=®=NMNSVM 2.1-MC2.1 e--MSVM 22 -MC22
»—MSVM 2.1 — MC 2.2* (UDS) MSVM 2.1 —MC 2.2* (UDSwoi)
—&—MSVM 2.1 - MC 2.2* (DS-PLS2) ——MSVM 2.1 —MC 2.2* (DS-L1R)
-®=NMSVM 2.1 -MC22
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Pucynok 19. 3aBucuMocTh CpelHEl TOYHOCTH KilacCH(UKAIIMM HAa TECTOBOM Habope
JAHHBIX JJIs Pa3jIM4HbIX METO/I0B CTaHAAPTU3AIMHI OTKIMKOB OT KOJIMYECTBA UCTIOJIb30BaHHbIX
CTaHAapTU3alMOHHBIX oOpa3uoB. (Kaxknmas Touka Ha rpaduke COOTBETCTBYET CpEIHEMY
3HQYEHWI0O TOYHOCTH  Kiaccupukanup 1o 15  TNOBTOpeHMSIM  JKCIEpUMEHTa ¢
PaHAOMHU3UPOBAHHBIM OTOOPOM CTaHAAPTU3ALMOHHBIX OOpa3loOB M pa3OMEHHEM JaHHBIX Ha

00y4YaroIIyIo U TECTOBYIO BBIOOpKH B cooTHOIIeHNH 70/30)

Jns n3ydeHuss BOCHPOU3BOJAMMOCTH PE3YJIBTATOB ISl KaXKJAOTO 3HAYEHUS TOYHOCTH
KJIaccupuKau ObUIM OIICHEHBI JOBEPUTEIbHBIC WHTEpBaJbI (MMOKa3aHO Ha pucyHke 20).
MoxHO 3aMeTUTh, YTO JJjisi OOJBINIMHCTBA MOJEICH C HCIOJb30BAaHUEM METOOB
CTaH/JApPTU3ALMU TPU MAJIOM KOJUYECTBE 00pa3IoB JOBEPUTEIbHBIC HHTEPBAJIBI JTOCTATOUYHO

IMHUPOKHUC u YMCHBIIAIOTCHA C pocToOM qucia CTaHAAPTU3AUOHHBIX O6p3,3HOB.
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[IpeAnonokuTenbHO, YTO C YBEIMYEHUEM YK CIIa CTAaHAPTU3AIMOHHBIX 00Pa31[0B YMEHBIIIAETCS
BKJIQJ T€X CTaHAAPTHU3AIMOHHBIX 00pa3loB, KOTOPHIE IJIOXO OMHUCHIBAIOT OOIIEE pa3iudue
Mexay ceHcopaMu. HckitoueHue cocTaBisieT Mofenb ¢ peryispuzatopom DS-L1R, rae
HIMpUHA JOBEPUTEIBHBIX HE UMEET KAKOW-IMOO0 TEHACHIIMU K YBEIWYCHUIO WIM CYKEHUIO U
HAaXOJUTCS Ha OJHOM ypOBHE BHYTPM  pacCMaTpMBaeMOro  JWama3oHa  4ucia

CTaH/IapTU3ANUOHHBIX 00PA3IIOB.

CpaBHEHHe pe3yjibTaToB TpEXKJ]ﬂCCOBOﬁ maccmlmlcamm
IIpH HCITOJIB30BAHUH PA3JIMYHBIX METOI0B
CTAHAAPTH3AIHH OTKJIHKA

s MSVM 2.1 — MC 2.2 (UDS) s MSVM 2.1 — MC 2.2* (UDSwoi)
e MSVM 2.1 — MC 2.2* (DS-PLS2) s MSVM 2.1 - MC 2.2* (DS-LIR)
—-e=MSVM 2.1 -MC2.1 -e=MSVM 22-MC22

=e=MSVM 2.1-MC22
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Pucynoxk 20. 3aBHCUMOCTh CpPeHEH TOUYHOCTH KiIaccU(UKAIIMU HAa TECTOBOM Habope

Tounocrs KiIaccu(uKann

JTAHHBIX IS Pa3JIUYHBIX METOJOB CTaHIAPTHU3AIMN OTKIMKOB OT KOJIMYECTBA UCTIOIb30BAHHBIX
CTaHJapTU3allMOHHBIX o0pasnoB. (Kaxmas Touka Ha Tpaduke COOTBETCTBYET CpeIHEMY
3HAUEHUI0O TOYHOCTH  Kiaccupukamuu 1O 15  TIOBTOpPEHUSM  OKCIEPUMEHTa  C
pPaHIOMHU3UPOBAaHHBIM OTOOPOM CTaHIAPTU3AlMOHHBIX 00pa3lloB M pa3OMEHUEM JaHHBIX Ha
00yyJaroly 1 TecToByI0 BbIOOpkH B cooTHomeHun 70/30) Takxe Ha rpaduke mpeacTaBieHbI

IIJTaHKH HOI’peIJ_IHOCTCI\/'I, COOTBCTCTBYIOIINEC NOBCPUTCIIbHBIM NHTCPBAJIAM.
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Ha ocHOBaHMM MOJy4YEHHBIX PE3yNbTaTOB MOXKHO BbIAEIUTh MeToAsl UDS n UDSwoi
Kak HanboJiee mpreMIIeMbIe IJIs CTaHAapTHU3aIui OTKINKOB MC 2.2 Tak KaKk UMEHHO JJISl ATUX
METOJOB YIAeTCsl JOCTUYh YPOBEHb TOYHOCTH KiacCHUUKAIUU ONM3KUM K YPOBHIO CaMoil
moaemu MSVM 2.2 — MC 2.2 3a HauMeHbIIIee KOJIMYECTBO 0Opa3IoB JJis CTaHJAapTHU3AINH,

paBHOE 4.

4.3. OneHka pe3yIbTaTOB CTaHAAPTH3AIIMU NTPHU Kitaccudukaruu cmecei JIOC

B uccnenoBarenbckux paboTax, CBSI3aHHBIX C KOJIMYECTBEHHBIM MHOTOKOMIIOHEHTHBIM
aHanu3oM BB aBTOpBI 4acTo yka3bIBalOT Ha TO, 4To paznuuue npodmrs JIOC mexay rpynmnoi
3J0POBBIX JIKOJICH U MAIMEHTOB C MATOJIOTMEW 3aKJIIOYAETCs HE B OTCYTCTBUM WJIM HAJIUYUU
onpenenéuubix JIOC, a nuama3zoHoMm koHIeHTparui. [loaroMy B naHHOM paboTe OblIa Takke
CMOJICIMPOBAaHA 3ajlaya IO BOCHPOM3BOJCTBY JBYX Tpynm o0pa3lioB C HICHTUYHBIM
Ka4€CTBEHHBIM COCTABOM, HO Pa3IUYAIOIIMMHUCS 110 KOJMUYECTBEHHOMY COCTaBY JIJI HEKOTOPBIX

KOMITOHEHTOB cMecH. B Tabnmie 15 mpeacraBieHsl cocTaBbl cMeceit ¢ koHteHTparusmu JIOC.

Tadoamna 15. CocraB razoseix cmeceil (I'C 1 u I'C 2) nns monenupoBaHusi 3aiadu

KJIacCU(pUKAIIU
Ne cmecu Kommnonent cmecu | KoHuenrpauus, ppm

npomnas-1-oin 33

1 H-TEITaH 17

0-KCHUJIOJI 20
npomnas-1-on 26 (-20%)
2 H-TeITaH 17 (+ 0%)
0-KCHJIOJ 24 (+20%)

OTMeTHM, YTO KOHIIEHTPALMHU KaKI0TO U3 aHAJTUTOB JIJIs cMeceit | u 2 O mo1o0paHbl
TaKuM 00pa3oM, YTOOBI M3BJIEKAEMbIN OTKJIMK JJIsI OOJIBIIMHCTBA CEHCOPOB OBUT OJM3KUM K
OTKJIMKY, TTOJIy9aeMOMY Tpu aHanmu3e o0pa3ioB BB ¢ TouHOCTBIO 10 mopsiiKa.

Jns kax o cuctembl MC 2.1 1 MC 2.2 651710 TPUTOTOBIIEHO U U3MEPEHO 10 8 00pa3ios

kaxaoi cmecu I'C 1 u I'C 2. B cooTBeTcTBHM CO CXEMOM 3KCIEPUMEHTA, MPEACTaBICHHON Ha
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pucyHke 16, M KaXJ0ro ajiropuTMa CTaHIAPTH3alMH OTKJIMKA IOJY4YeHbl yCpeIHEHHBIC
3HAUYEHHUS] TOYHOCTH OWHApHOM KiIaccuPukamuu oOpa3loB A KaxJOro KOJIMYECTBa
CTaHJAPTU3AIMOHHBIX 00pa3IOB B HCCIAEAyeMOM auarna3oHe (oT 2 A0 7 BKIIOYHMTEIBHO).

[TomyuyeHHbIE pe3ysIbTaThI IPEACTABICHBI HA PUCYHKE 21.

CpaBHeHHe pe3y/IbTaTOB GUHAPHOH KIaCCHPHKALUN
ra3oBbIX IIPH HCIIOJIB30BAHUHH PAa3/IdHBIX METO/I10B
CTaHAaAapTHU3AIHH OTKJ/IMKA
--o--MSVM 2.1-MC2.1 --o--MSVM 22-MC22
= MSVM 2.1 - MC 2.2* (UDS) MSVM 2.1 —MC 2.2* (UDSwoi)
== MSVM 2.1 —- MC 2.2*% (DS-PLS2) == MSVM 2.1 — MC 2.2* (DS-L1R)
--o--MSVM 2.1 -MC 2.2
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Pucynox 21. 3aBUCMMOCTh CpeHEH TOYHOCTH KJIACCH(PHUKAIMK HAa TECTOBOM Habope
o0pa3oB (razoBele cMecH | W 2) Ais pa3aUYHBIX METOJOB CTaHAAPTU3ALMH OTKIUKOB OT
KOJINYECTBA UCTOJIB30BAaHHBIX CTaHIAPTU3aLMOHHBIX 00pa3noB. (Kaxnmas Touka Ha rpaduke
COOTBETCTBYET CpEAHEMY 3HAYEHUI0 TOYHOCTH Kiaccupukanmuu 1o 15 mnoBTopeHusM
HKCIIEPUMEHTa C PaHAOMHU3HPOBAHHBIM OTOOpPOM CTaHJAPTU3ALMOHHBIX OOpa3loB U

pa3bueHneM TaHHBIX Ha 00YYaloIyI0 U TECTOBYIO BBIOOPKHU B cooTHOIIeHHU 70/30)
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Jns v3ydyeHus BOCHPOM3BOAMMOCTU PE3YyJIbTATOB ISl KaXAOTO 3HAYEHHUSI TOUYHOCTH
KJ1accuukau ObUTH OLIEHEHBI JOBEpUTENIbHbIE HHTEpBalbl (PucyHok 22). B manHoMm ciyuae
MaKCHUMajibHasi BOCIPOU3BOJMMOCTh  PE3YJbTAaTOB JOCTUraeTcsl JJIi BCEX METOJIOB
craHmaprusanuu, kpome DS-LIR, mid KOTOpPOro AOBEPUTENBbHBIE HWHTEPBAIbl OCTAOTCSA Ha
OJIHOM ypOBHE B paccMaTpHMBaeMOM JHalla30HE CTaHJAapTHU3AIMOHHBIX 00pa3ioB. Kak u B
npeabIIyIIel 3a1aue MUHUMAIbHO HEO0X0JUMOE KOJIMYECTBO 00pa3IoB AJid CTaHIapTU3ALNU
oTkaukoB MC 2.2 coctaBuiio 4.

JIns kadecTBEHHOMW OILICHKH pe3yJibTaTa CTaHIapTHU3AIlMU OTKIUKOB OBLI HCIIOIh30BaH
meroq PCA. A umenno, nmo manasiMm MC 2.1 moctpoena PCA wmoxens. OTHocuTeNnbHas
0OBsSICHEHHAsI TUCIIepCUs I MepBOM KOMIOHEHTHl cocTaBuia 80.5%, mns Bropoit — 8.1%.
Hanee nannpie MC 2.2 ObUTM CHPOELUPOBAHBI B MPOCTPAHCTBO INIaBHBIX KOoMIOHEHT PCA
monenu. Taxxe Obimu monydensl qanaeie MC 2.2* (UDS): nannsie MC 2.1, moaBeprayThie
KOPPEKTUPOBKE C TIOMOIIbIO OJHO(MAKTOPHOW CTaHIAApTH3alUU [0 TPEM CTaHIAPTHBIM
oOpasiam 1mocJe IpOoeKIIMY Ha TiIaBHbIe KOMIOHEHTHI. Ha pucyHke 23 mpecTaBlieHbl OTKIUKH
IpaJyupOBOYHBIE 00pa3IOB MpomaH-1-0a, H-refTaHa u 0-KCUiIoja TecToBoro Habopa ais MC

2.1, MC 2.2 u MC 2.2* B mpoCTpaHCTBE MEPBHIX JBYX INIABHBIX KOMIIOHEHT.
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CpaBHeHHe pe3yJIbTATOB OMHAPHOM KJIacCH(PUKAIITHN
ra3oBbIX cMeceii Npu HCMOJAb30BAHUHH Pa3IHYHBIX
METO/I0B CTAHJAAPTH3AIUH OTKJIUKA

s MSVM 2.1 — MC 2.2* (UDS) s MSVM 2.1 — MC 2.2* (UDSwoi)
s MSVM 2.1 — MC 2.2* (DS-PLS2) s MSVM 2.1 — MC 2.2* (DS-LIR)
--8--MSVM 2.1 - MC 2.1 --0--MSVM 22 - MC 22

--o--MSVM 2.1 -MC2.2
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TounocTs KnaccpuKAIIN

Pucynok 22. 3aBUCUMOCTh CpeJHEH TOUYHOCTU KJIacCHU(UKAIIMU Ha TECTOBOM Habope
o0pa3ioB (ra3oBeie cMecH | u 2) A pasnu4HBIX METOJIOB CTaHIAPTHU3AIMH OTKJIMKOB OT
KOJIMYECTBA MCIOJIb30BAHHBIX CTaHIAPTHU3AIIMOHHBIX 00pasnoB. (Kaxknmas Touka Ha rpaduke
COOTBETCTBYET CpPETHEMY 3HAUEHHUIO TOYHOCTH Kiaccuukammu 1o 15 TOBTOpeHUsIM
JKCIIEPUMEHTAa C PaHJOMHM3UPOBAHHBIM OTOOPOM CTaHIAPTH3ALMOHHBIX O00pa3loB U
pa3OreHneM JaHHBIX Ha 00y4YaroIIyl0 U TECTOBYIO BbIOOpKHU B cooTHomeHuu 70/30) Taxxe Ha
rpaduke TpPEACTaBICHBl IUIAHKU TOTPENTHOCTEH, COOTBETCTBYIOIINE JTOBEPHUTEIHHBIM

MHTEpBaJIaM.
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Pucynok 23. BusyasnbHass uHTepOpeTanus IpPOLECCa KOPPEKTHUPOBKU OTKIMKOB M
B3aMMHOT0 PACTOJIOKEHUs 00pa3lloB B MPOCTPAHCTBE TJIABHBIX KOMITIOHEHT (B CKOOKax yka3aHa
107151 00BSICHEHHOM TUCTIEPCUH JIJISl KaXKIOW TJIABHOM KOMIOHEHTHI). CHHUM IIBETOM OTMEYEHBI
oOpa3upbl cMmeceit, uamepennbsie Ha MC 2.1, 3enenbim — o6pasibl cmeceit Ha MC 2.2, kpaCHBIM —
obpasier MC 2.2, ckoppektupoBanHble MetogoM UDS mo aByM cTaHmapTH3alldOHHBIM
obpasmam (g 3TUX ABYX OOpa3IloOB C MOMOIIBIO 3€JICHOW MyHKTHUPHOW JMHUU TOKa3aHO
OoTOOpakeHUE TOCNIe KOPPEKTHPOBKU OTKIMKOB). PCl — och mepBo# riiaBHONH KOMITOHCHTHI,

PC2 — och BTOPOI1 r1TaBHOM KOMIIOHEHTHI.

Buvisoout

Pesynprarel, mojgydyeHHble B IWIaBe 4 JAEMOHCTPHUPYIOT BO3MOXKHOCTH ITPOBEICHUS
CTaHJapTU3aluu OTKIMK OAHOW MC mJisi COBMECTHOTO HCIOJb30BAHUS OJHOW MOJEIU
kinaccupukanuu, oO0yueHHOM Ha oTkiaukax apyrod MC. Meroabl  0aHO(MAaKTOPHOM
CTaHJApPTU3allMd  IPOJAEMOHCTPUPOBAI  HAWOONBIIYHD M NPUEMIIEMYI0  TOYHOCTb
KJaccu(uUKalMi MpU MUHUMAJIbHOM KOJMYECTBE CTAHJIAPTH3ALMOHHBIX O0pa3loB, pPaBHOM

YETBIPEM.
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3akJIloueHue

[Ipennoxkena, co3gaHa W ampoOMpoBaHa cxema OHJalH-aHanmu3a BB ¢ momoirsio
CUCTEMbI Ta304yBCTBUTEIbHBIX METAJUIOOKCUIHBIX CEHCOPOB HE TpeOyIomias AOMOJIHUTEIbHOMI
IpOOONOATOTOBKH.

C nomourpio pa3paboTaHHONW CHUCTEMBI TMPOBEACHO CPAaBHUTEIbHOE OO0CIEI0BaHUE
rpymnsl 370poBbiX (53) u 6onpHbIX PJI moneit (65). Ha ocHoBaHUYM MOMy4YEHHBIX PE3YyJbTaTOB
pazpaboTaH © anpoOUpoBaH aAITOPUTM OOpPaOOTKM  SKCHEPUMEHTAJIBHBIX  JIAHHBIX,
NO3BOJISIIOIIMKM 3P PeKTUBHO BbIAECHATh O00nbHBIX PJI ¢ wyBcTBUTENBHOCTRIO (90.5 + 2.6)%,
cnerupuynocteio (98.1 £ 1.5)%, tounocteio (94.0 = 1.6)%, ROC AUC 0.961 + 0.018,
IPOrHOCTUYHOCTBIO TOJIOKUTENbHOTO pe3yibTata (98.3 + 1.3)% u IpOroHOCTUYHOCTHIO
oTpulatenbHOro pesyaprara (89.9 + 2.7)% 0e30THOCUTENBHO BHEIIHUX (DaKTOPOB COCTOSIHUS
nanueHTa (BO3pacT, MOJ, KypeHHEe W Jip.) M OCHOBBIBASCh HCKIIOYUTEIBHO Ha OTKJIMKaX
MYJIbTUCEHCOPHON CUCTEMBI.

[IpoBeneHbl  SKCIEPUMEHTHI IO  MCCIAEAOBAHMIO  BO3MOXKHOCTH  IEepeHOca
IpagypOBOYHBIX 3aBUCUMOCTEN MEXKIY ABYMsI MYJIbTHUCEHCOPHBIMU CUCTEMAaMU, MMOKA3aBIINE
HEOOXOJAMMOCTh HCIOJIB30BaHMs IEpPEeHOca I'PaJyHpPOBOYHOM 3aBHCHUMOCTH Ui OJHOW U3
CUCTEM IOCPEICTBOM CTaHAapTH3aluu OTKIMKA. Ha MoaenpHBIX 3a7ayax MyJbTHUKIACCOBOM
kinaccudukaruu cMmeceit (Bo3ayx — JIOC) u OunapHo# kinaccupukanum 2 cMecel ¢ UIeHTUYHBIM
KaueCTBEHHBIM COCTaBOM, HO pa3MYyalolUMCS 10 KOHUEHTpauusM HWHAUBUIYAIbHBIX
KOMIIOHEHTOB He Oonee uyem 20% mokazaHa 53(¢GEeKTUBHOCTh HCIOIB30BAaHUS METOJa
0JTHO(AKTOPHOM CTaHAAPTH3AIMH, 11 KOTOPOTO JIOCTUraeTcss MaKkCUMallbHasi TOYHOCTh IpHU

HAaUMCHBIIEM KOJIMYECTBEC 06pa311013 I CTaHAAPTHU3allu, paBHOM YCTBIPCM.
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Cnmcok cokpameHuii ¥ YCJI0BHBIX 0003HaYeHU I

BB — BbIIbIXa€MBIN BO3IYX

JIOC — netyune opraHM4ecKue COeAMHEHUS

MO — MeTanI00KCUIHBII

MC — MynbTHUCEHCOpHAs CUCTEMA

ITAB — OBEpXHOCTHBIE AKyCTUYECKHUE BOJIHBI

PJI — pak nerkoro

CKO — CPEIHEKBAIPaTUYHOE OTKJIIOHEHHE

TOMD — tBepaodazHasi MUKPOIKCTPAKITHS

XOBJI — xpoHnueckas 00CTpyKTUBHAsE OOJI€3Hb JIETKUX

Acc — TOYHOCTB TecTa

DS — npsimas cTaHapTu3anus

DS-L1R — npsimas ctanmaptuzanus ¢ L1 perynspuzaropom
DS-PLS2 — npsimas cranmapTusanus ¢ perpeccueil Ha JJaTeHTHBIE CTPYKTYPbI
FN — 10’)KHOOTpHULIATENIBHBIA PE3YIIbTAT

FP — JI0)KHOIIOJI0KUTEIBHBIN PE3YIbTAT

GS-MS — razoBast XxpomMaTo-Macc-CIEKTPOMETPUS

kNN — meron k 6nmxaitimux coceneit

LDA — nuHeHbI TUCKPUMUHAHTHBIN aHAJU3

LR — moructuueckas perpeccus

MCC-IMS — nonukanuiuisipHasi CIEKTPOMETPHUS HOHHON NMOJABUKHOCTH
MSVM — MyJIpTHKIIaCCOBBIA METOJ] OTIOPHBIX BEKTOPOB

NPV — IporsoCcTHYHOCTh OTPULIATEIBHOIO PE3YJIbTaTa

PC — rnmaBHasg KoMnoHeHTa

PCA — MeTo[ riiaBHBIX KOMIIOHEHT

PCA — MeTo[ IrI1aBHBIX KOMIIOHEHT

PDS — ¢pparmenTapHo-nipsimMasi cTaHapTH3aLUs

PPV — IpOrHOCTHYHOCTD NTOJIOKUTEIBLHOTO PE3yiIbTaTa
PTR-MS — macc-crieKTpoMeTpusi C peakiuen nepeHoca npoToHa

RF — Meron «cirygaitHOrO Jieca»
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RMSE — cpennekBaapaTudHas ommoka

ROC — kpuBas onepanioHHON XapaKTepUCTHKU

ROC AUC — nyomaap moa KpUBOM ONeparlmOHHON XapaKTEPUCTUKHU
Se — 4yBCTBUTENBHOCTH TECTA

SIFT-MS — macc-cieKTpoMeTpHsi BRIOpaHHBIX HOHOB B IMTOTOKE

Spe — cnenuduyHOCTH TECTA

SVM — MeTo/1 ONTOPHBIX BEKTOPOB

TN — UCTUHHO OTpHULIATEIIbHBIN PE3YIbTAT

TP — NCTHHHO NOJIOKUTENBHBIN PE3YIBTAT

UDS — ogHomepHas npsiMas cTaH1apTU3aIus

UDSwoi — onpHoMepHass mpsiMasi CTaHIapTu3aius 0e3 HCIOJIb30BaHUS

CB06OI[HOI‘O YJICHAa

ko3¢ duLreHTa
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Introduction

Early detection of lung cancer (LC) is usually associated with a significant improvement
in the efficiency of its treatment. However, currently used methods of early detection of lung
cancer are not effective enough which leads to late detection of the disease and consequently to
a high mortality rate. In this regard the development of a high-throughput and reliable diagnostic
method is an important task that needs to be solved as soon as possible. Exhaled breath (EB)
analysis to determine a number of organic compounds which are recognized biomarkers of LC
1s becoming a promising method for early detection of LC. This research area is attracting more
and more interest which is confirmed by the increasing number of scientific publications on this
topic every year. In this field it is possible to create not only a screening method for early
detection of LC but also a method allowing to monitor the condition of an LC patient both before
and after treatment. However, in creating such a method a number of often conflicting conditions
must be met. The method should have short sampling and analysis times, be relatively cheap and
noninvasive and if possible, method should work in online mode. The most important
requirement not only for the considered but also for any other methods of LC diagnosis is high
levels of specificity and positive predictive value [1]. The corresponding values must be at least
98-99% otherwise the number of unjustified biopsies associated with the risk of complications
increases dramatically, the use of additional methods of examination increases, and cost of
analysis increases. The requirements for sensitivity and negative predictive value are less
stringent — at least 90% for sensitivity and 85% for negative predictive value [2].

At this stage of development of EB analysis all methods of analysis that used for LC
diagnosis gas chromatography-mass spectrometry (GC-MS), mass spectrometry with proton
transfer reaction (PTR-MS), polycapillary ion mobility spectrometry (MCC-IMS) do not fully
meet the requirements: GC-MS has low productivity, high workload and the possibility of using
this method only in offline mode. Methods that can be used in online mode: PTR-MS, MCC-
IMS — are not sensitive enough. However, all these methods are quite difficult to use for direct
control of the state of a patient with LC. It is much easier to use a multisensory system (MS) for
recognizing EB images that called "electronic nose" (EN) for which acceptable levels of
specificity and positive predictive value can be achieved although they need to be improved as

well. It should be noted that the currently existing EN systems do not allow us to fully solve the
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problems of diagnostics LC which is mainly due to the properties of the sensors used for this
purpose. The disadvantages of the currently used EN include insufficient cross sensitivity for
the main biomarkers of LC and insufficient long-term stability of their analytical characteristics.
These disadvantages are common to many types of sensors but less to metal oxide sensors that
however have another disadvantage — manufacturing variability. Existing manufacturing
techniques do not allow sensors with identical characteristics and consequently an identical
character of response to an analyte. This prevents large-scale production of multisensory systems
in which data could be collected in a common database and a single classification model could
be used for all instruments. To resolve this problem there are a number of methods to eliminate
instrumental variation often known as calibration transfer. This approach consists of adjustment
of the data from additional instruments (where test samples are measured) to correspond to the
master or main instrument (where data is produced for training of prediction model). The set of
samples used for standardization is measured on both the main device and on the device to be
standardized. Regression algorithms are then applied to establish the relationship between the
variables.

In this context the development of a new direct diagnostic method which includes both
the development of new sensors and multisensory system with the possibility of operating in a
common database, to create a system of diagnostic LC on exhaled breath is a very important and
actual task.

The aim of this thesis is to develop a methodology for the online analysis of EB using a
system of gas-sensitive metal oxide sensors for the diagnosis of LC. In connection with this goal
the following tasks were solved:

6. Development of a scheme of online analysis of exhaled breath using a system of

gas sensitive metal oxide sensors without need of additional sample preparation;

7. Determination of the relative sensitivities of VOCs for preliminary selection of
Sensors;
8. Conducting a comparative medical study and analysis of EB of patients in the

group of LC patients and healthy group;

9. Selection of an efficient algorithm for data processing allowing to effectively
separate groups of LC patients and healthy group with high sensitivity and specificity without
regard to external factors of the patient's condition (age, gender, smoking, etc.) and based solely

on the responses of the multisensory system;
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10.  Conducting a study of VOC analysis on two sensor systems with identical sensor

groups and developing an approach to standardize multisensory systems.

The scientific novelty:

4. A scheme for online analysis of EB using a system of gas-sensitive metal-oxide
sensors without need of additional sample preparation has been proposed, designed and
approbated. This system combines online measurement and integration m1a signal over constant
time, high purge rates and as a consequence high performance with minimization of memory
effects;

5. An algorithm for processing experimental data has been developed and validated to
effectively separate LC patients and healthy subjects with high sensitivity (90.5 £ 2.6)%,
specificity (98.1 £ 1.5)%, accuracy (94.0 = 1.6)%, ROC AUC 0.961 £ 0.018, positive predictive
value (98.3 = 1.3)% and negative predictive value (89.9 & 2.7)%;

6. A data processing algorithm was developed and validated to estimate the
performance of the calibration transfer between two multisensory systems by response

standardization on model classification problems.

The practical significance:

4. An online EB analysis system using a cell of 6 gas-sensitive MO sensors has been
developed allowing a single patient's EB to be analyzed in 25-30 minutes at 3 temperature
modes;

5. Developed an online analysis scheme and data processing algorithm to efficiently
separate groups of LC patients and healthy individuals with high sensitivity (90.5 £ 2.6)%,
specificity (98.1 £ 1.5)%, accuracy (94.0 = 1.6)%, ROC AUC 0.961 £ 0.018, positive predictive
value (98.3 = 1.3)% and negative predictive value (89.9 & 2.7)%;

6. Methodological approaches for sensor systems standardization with identical
sensors using the method of graduation dependence transfer were developed which allows using

and processing the results of EB analysis from several multisensory systems in a single database.

Statements to be defended:

3. System of online analysis of EB using an array of gas sensitive MO sensors for LC
diagnostics;
4. An algorithm for processing experimental data that effectively separates groups of

LC patients and healthy subjects with high sensitivity (90.5 £+ 2.6)%, specificity (98.1 = 1.5)%,
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accuracy (94.0 £ 1.6)%, ROC AUC 0.961 + 0.018, positive predictive value (98.3 = 1.3)% and
negative predictive value (89.9 + 2.7)%.

Work approbation:
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Chapter 1. Literature review

1.1.  Potential biomarkers of lung cancer in exhaled breath

The analysis of exhaled breath particularly for diagnostic purposes is currently an actively
developing area of research. [3]. The possibility of using EB analysis for lung cancer (LC)
detection has been studied for many years and now is getting more and more attention of
researchers due to the rapid development of metabolomics [4]. Metabolomics analysis of EB is
usually focused on quantitative determination of metabolites with low molecular weight (less
than 1000 a.m.u.) [5]. Changes in concentrations of such compounds can be caused by various
pathophysiological processes, genetic modifications or environmental factors which affect on
living systems [5]. Such changes in EB can be preventive signs of such diseases as LC [6].

Volatile organic compounds (VOCs) contained in EB are formed during metabolic
reactions occurring both in the human body and in the microbiota. Under pathological conditions
in the symbiosis of the microbiota metabolic shifts inevitably occur and as a result there are
changes in the produced substances including low-molecular-weight ones. Such compounds can
be found in the human EB. In case of pathology the changes in the spectrum of low-molecular
metabolites of microflora in theory can be detected with following diagnosis of LC at the early
stages.

There are several hundred compounds in human exhalation but only some of them can be
useful for detecting LC at an early stage of the disease [2]. A reliable diagnosis requires the
identification of certain compounds which presence or concentration definitely correlates with
the disease. According to the World Health Organization: a biomarker is any substance,
structure, or process that can be measured in the body or its products and also affects or predicts
the rate of outcome or disease [7]. Note that biomarkers for healthy and sick people differ usually
not in their presence/absence but in their concentration ranges. The mechanisms of generation
of potential LC biomarkers in human exhalation are discussed in detail in this
paper [8].

It is possible to identify a few compounds whose informativity has been shown in a
number of works. Table 1 presents the LC biomarkers for which a significant separation between

the LC group and the healthy group (control group) has been shown and which are found in at



106

least two works [3]. Biomarkers are grouped into classes with indication of their possible nature

of origin [9].

Table 1. Informative biomarkers of LC in human exhalation (the number of studies in

which a biomarker is marked as informative is given in parentheses)

Class of | Potential endogenous | Basic compounds and/or | Exogenous source

compounds source derivatives

Alkanes/ Oxidative stress | Isoprene (4), decane (3), butane | Environment, plastic

Alkenes/ (peroxidation of | (3), pentane (3), undecane (2), | or fuel
polyunsaturated fatty | methylcyclopentane  (2), 4-

Alkadienes acids) methyloctane (2), propane (2), 2-

methylpentane (2), heptane (2)

Alcohols Metabolism of | Propan-1-ol (5), propan-2-ol (3) | Environment, food,
hydrocarbons disinfectants
absorbed through the
gastrointestinal tract

Aldehydes Metabolism of | Hexanal (4), heptanal (3), | Environment, food,
alcohols; propanal (3), butanal (2), pentanal | food waste, cigarette
Lipid peroxidation (2), octanal (2), nonanal (2) smoke

Ketones Oxidation of fatty | Butane-2-on (5), aceton (3), | Environment, food,
acids; pentane-2-on (2) food waste, drugs,
Protein metabolism fragrances, paints

Carboxylic Amino acid | Acetic acid (2), propionic acid (2) | Food preservatives,

acids metabolism solvents, polymers

Aromatic - Ethylbenzene (4), styrene (4), | Gasoline, cigarette

compounds benzaldehyde (2), benzene (3), | smoke, fuel, tar, oils

propylbenzene 1,2,4-

2),

trimethylbenzene (2), o-xylene

2)
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To date a significant number of papers have been published with particularly conflicting
results: the average of biomarker’s concentration in the EB of patients with LC may be
significantly higher in one study and significantly lower in another than the average of
biomarker’s concentration in a group of healthy individuals [6]. Also note that different groups
of researchers used different methods of sampling and sample preparation and biomarker
detection. The absence of a standard EB analysis procedure is the main reason for the differences
in the results obtained.

In one review of potential LC biomarkers, it was shown that the use of a single substance
was not enough to successfully discrimination between the LC group and the healthy person
group [3]. On the opposite researchers note that it is the set of substances that forms the EB

profile of the patient that is necessary for a diagnostic test [3,6].

1.2.  Sampling and sample preparation methods in exhaled air analysis

Sampling is one of the important steps in the analysis of exhaled air. There are a number
of parameters that need to be paid attention to in order to avoid incorrect supposition about the
nature of any of the identified compounds. These parameters include type of EB (volume of
breathing used), breathing technique, multiplicity of sampling, method of sampling, effects of
VOCs that are present in the environment, sample storage and transportation conditions. All
these parameters are in detail considered and discussed in works [10-12]. When the composition
of the EB is analyzed online or in real time the sampling and preconcentration stages can be

skipped.

1.2.1. Specific features of exhaled air sampling

Mixed expiratory air or alveolar air only can be sampled to analyze the EB composition.
When using the first option there is a high risk of sample contamination by exogenous
compounds from the oral cavity and dead space (nasopharynx, trachea, bronchi and bronchioles
up to their transition to alveoli) which may compromise the analysis result [10]. Alveolar air is
rich in volatile blood compounds so the alveolar sampling method is considered more precise

ensuring representativeness and consistency of sample quality [13,14].
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Using of various breathing techniques such as breath-holding, hyperventilation, breathing
against resistance, etc., is usually aimed either at accumulation of released gases or at separation
of EB fractions in one exhalation [13,14].

Sampling can be achieved in one or more complete exhalations. Multiple exhalation
composition analysis is more reproducible in terms of sample composition [10] but single
exhalation tends to take less time and is more acceptable to patients.

The problem of condensation of water vapor contained in EB and redistribution of EB
components between the condensate and the gaseous phase should be mentioned separately.
Water vapor which is saturated in EB participates in the transfer of many volatile and non-
volatile compounds by dissolving molecules (according to distribution coefficients) inside an
aerosol particle [15,16]. All non-volatile compounds such as hydrogen peroxide, adenosine,
leukotrienes, isoprostanes, peptides, and cytokines accumulate in water vapor [17]. In addition,
polar organic and inorganic compounds such as alcohols, ketones, carboxylic acids, ammonia,
and nitrogen oxides can partly concentrate in the EB condensate [18]. To obtain the most
complete information on the composition of EB sometimes analyze not only the exhalation but
also individually the condensate of the EB. To combat uncontrolled condensation of water vapor
in the sampling devices and communications all elements of the system are thermostatted

at 37-40°C.

1.2.2. Methods of exhaled air sample storage

Storage of EB samples can be realized in various ways [10,19]. The most widespread and
recommended method of EB sampling is the use of tedlar sampling bags [20,21]. The bags are
made of such chemically inert polymeric materials as polyvinyl fluoride, perfluoroalkoxide
polymers, polytetrafluoroethylene and polyvinylidene chloride [22]. Such bags have a number
of advantages: they are impermeable to gas diffusion (if they are additionally covered with
aluminum foil) [23], convenient in use (they can be used more than once, if carefully blown out
with purified air, nitrogen, or argon after the previous sample). Despite all the bags have
disadvantages: plasticizers and solvents used in polymer production such as phenol and
N,N-dimethylacetamide can be released in comparatively high concentrations contaminating the
sample [24]. The packages are vulnerable to punctures. Some components such as hexane-1-al
and 2-methylbuta-1,3-diene cannot be stored in bags for more than a few hours [25,26].

Another method is using gas-tight syringes. A 50 ml syringe is connected to a mouthpiece
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into which the patient exhales. During exhalation approximately 20-30 ml of EB is taken with
the syringe which is then transferred to vacuumed glass tubes where the sample is stored until
analysis [13]. Another form of EB sample storage is EB condensate [27].

A comparatively recent development is the Bio-VOC breath sampler [28]. This device
allows the collection of alveolar air and after the sample collection is completed the VOCs are
concentrated using a solid-phase microextraction (SPME) system [29,30]. The main

disadvantage is the small volume of collected air (100-150 ml) [29-31].

1.2.3. Preconcentration

The VOC content of EB can vary from a few pmolxl! to several fmolxI! [13,32].
Therefore, depending on the method used to analyze the composition of EB it is necessary to
resort to an intermediate step between sampling and analysis to increase the content of the target
components.

Concentration on solid sorbents followed by thermal desorption is most often used as a
preconcentration method for EB analysis [33,34]. It allows to reach detection limits at a level of
ppt at a volume of a sample up to 1 1 [35,36]. Despite a large variety of solid sorbents with
different retention strengths, operating temperatures and hydrophobicity, one sorbent is not
enough to adsorb all the compounds contained in the EB sample due to the wide range of
volatility of the VOCs detected. Therefore, multi-component sorption tubes are used where
different sorbents are consecutively packed with increasing retention strength [37].
Concentration is conducted under room temperature or lower while practically complete thermal
desorption of analytes from the sorbent surface at 250-300°C.

Key sources of error (loss of analyte or appearance of artifacts) in this preconcentration
method are degradation of adsorbed analytes during storage [38], thermal decomposition or
1somerization of some compounds during thermal desorption [39,40], and degradation of sorbent

material [41,42].
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1.3.  Methods of exhaled breath analysis suitable for the diagnostics of lung cancer

1.3.1. Methods of exhaled breath analysis with quantification of volatile organic compounds

Gas chromatography-mass spectrometry (GC-MS) is probably the most universal and
sensitive method for the determination of VOCs in exhalation allowing the analysis of a large
number of compounds in the range from ppb to ppt. Therefore, we can say that GC-MS is the
gold standard in the determination of low VOC contents in human exhalation [43].

Despite its universality and low detection limits the GC-MS method has a number of
disadvantages associated first of all with sampling and sample preparation. The procedure of
analysis and processing of the results is usually not very difficult at the current level of
automation, availability of selective detectors and a variety of chromatographic columns. But
the implementation of GC-MS in clinical settings has a number of limits due to high costs,
difficulties in use, and the need for highly skilled analytical chemists to operate the equipment
and to interpret the results.

In addition, GC-MS analysis is time-consuming and not an online analysis method. Note
that loss and degradation of analytes, in particular reactive or thermally labile metabolites, and
possible contamination are important problems that have not been completely solved yet and
that have to be overcome to improve the data quality of this type of analysis [10,44,45].

Proton Transfer Reaction Mass Spectrometry (PTR-MS) involves the preformation
of the reactant ion H3O" in a low-pressure discharge in water vapor in a hollow cathode and a
short drift tube. These ions then enter a drift tube with a constant axial field, at the entry of which
the measured sample is introduced. At the end of the tube is a collision cell in which the
protonation reaction of the analyte (M) takes place:

H;0"+ M & MH* + H,0 (1)

Then the ions are fed into a mass spectrometer usually a quadrupole mass spectrometer.
The ratio of the analyte signal intensity to the precursor H3O" signal intensity is used to
determine the analyte quantitatively.

The PTR-MS method has high sensitivity: the detection limits in some cases are at the
ppt level [46]. The advantages of the PTR-MS method as well as other online systems are
especially evident in the determination of unstable compounds in particular aldehydes [46].

The main problems of this method are partial fragmentation of analytes, numerous
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interferences, and, as a result, the difficulty of interpreting mass spectra and quantitative
determination of a number of compounds. In addition, the humidity of the analyzed air
significantly affects the sensitivity of the method and the relative signal intensities of the
protonated analyte fragments [47]. Note that for a number of compounds, such as propan-1-ol,
it is impossible to use its protonated form MH" because it is unstable although for many other
compounds the detection of protonated MH" components is possible. One of the main
disadvantages of the PTR-MS method is the limitation of the range of detected compounds only
those for which the proton affinity for MH" is greater than that of the H3O" ion.

One of the methods allowing to determine the VOC content in EB is the mass
spectrometry of selected ions in flux (SIFT-MS). This method is based on the pre-excretion of
one of the reactant ions — H3O", O," or NO" (using a quadrupole mass filter) — from a mixture
of components excited in moist air in a radiofrequency discharge followed by chemical
ionization of a wide range of compounds in a drift tube and detection of ions by a mass
spectrometer. The SIFT-MS method is similar in principle to the PTR-MS method, the difference
being that the SIFT-MS method uses a pre-excretion of one of the reactant ions using a mass
filter while the PTR-MS ion source forms only one reactant ion - H3O", but the conditions are
chosen such that the intensities of other molecular ions are much lower. Such an approach not
only simplifies the system but also allows higher sensitivities and lower detection limits in the
PTR-MS method than in the SIFT-MS method [47].

At the same time, SIFT-MS is among the few methods that are used to quantify a number
of potential LC biomarkers, in particularly acetaldehyde, propan-1-ol, propan-2-ol, acetic acid,
methylformate, ethylbenzene, isoprene, etc. [8,48]. Special attention was paid to the
determination of acetaldehyde in exhalation and in the gas environment in which growing cancer
cells are found [8,49,50].

The detection limits of a number of low-atomic VOC:s are at the level of ppb units enough
for determination of potential LC markers. At the same time the SIFT-MS method has not
obtained results with acceptable levels of specificity and sensitivity of the method yet.

Ion mobility spectrometry is used for the analysis of EB mainly as a variant with a
polycapillary column (MCC-IMS) [51-53]. As a result, two-dimensional exhalation "images"
are obtained. Using a similar approach the EB of 19 patients with confirmed non-small cell lung
carcinoma with different histology, using flexible bronchoscopy with video chips, was

investigated in [51]. A total of 72 peaks were detected 5 of which were significantly different
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for lung with LC and healthy lung. For adenocarcinoma a peak was identified that corresponded
probably to an n-decane dimer, and for squamous cell cancer to butan-2-ol, or 2-methylfuran, or
nonanal. The sensitivity, specificity, and predictive value of positive and negative results were
100%, 75%, 80%, and 100% for adenocarcinoma and 78%, 78%, 80%, 75% (butane-2-ol) and
78%, 78%, 80%, 88% (nonal) for squamous cell cancer. Note that the methodology proposed in
[51] can hardly be called noninvasive since it is necessary to introduce sondes into a diseased
and a healthy lung to determine the difference in intensities of different components present in
exhalation.

When using MCC-IMS method to diagnose malignant pleural mesothelioma using EB
analysis the values [52] were close to those of the previous work: sensitivity, specificity,
predictive values of positive and negative results were 96%, 67%, 76%, 93% respectively. Note
that the achieved level of positive predictive value is not enough to use MCC-IMS as the only
method for screening examination because additional examination of a significant number of
patients who do not have cancer would be required.

The use of IMS without MCC for diagnosis of LC as well as other diseases by exhalation
1s ineffective [54] which is associated with low selectivity of the method. Note that an important
feature of the MCC-IMS system is the possibility of direct analysis without the use of sampling
bags and TFE [52].

1.3.2. Methods of exhaled breath analysis based on multisensory systems operating on the

pattern recognition principle

Along with the methods of direct detection of VOCs, one of the promising approaches
for the realization of the diagnostics of LC by EB in the early stages is the use of multisensory
system (MS) like "electronic nose" (EN). This term is understood as a compact and relatively
low-cost gas analyzer consisting of an array of non-selective chemical sensors and image
recognition system [55]. The principle of EN operation is to form a multidimensional response
from an array of sensors with different cross-sensitivities, and then processing the response using
chemometric methods to obtain the so-called image of a concrete gas mixture, in our case,
exhaled air. Such an image can be called a "breath print" by analogy with a fingerprint. On the
basis of the training data set which includes exhalation images of the group of patients with any
disease and the group of patients with the confirmed absence of the disease (control group) a

mathematical model-classifier is trained which allows making a prediction about the belonging



of the subject by his "breathing print».

The key role in the development of an EN-based diagnostic tool is played by the type of
sensors. Thus, to investigate the diagnostic possibilities of detecting LC the following are used:
sensors on conducting polymers, piezoelectric quartz resonators, sensors on surface acoustic
waves (SAW), optical sensors, semiconductor metal-oxide (MO), etc. Advantages and limits of
these types of sensors are closely connected with different character of forming of an analytical

signal. Table 2 presents the main advantages and disadvantages of the above types of

sensors [2,56].
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Table 2. Advantages and disadvantages of sensors for the EN system

transistors

Types of | Principle Advantages Disadvantages
sensors
Piezoelectric Change of | High sensitivity, fast | Complicated
quartz resonance response manufacturing process,
resonators /| frequency sensitivity to humidity
surfactant and temperature, low
Sensors stability at high
temperatures
Optical sensors | Changes in optical | High sensitivity, | Difficult to miniaturize,
density, service life high cost
fluorescence
intensity,
luminescence
Semiconductor | Change in sensor | Low cost, response | Low selectivity,
metal oxide | resistance or | time, durability, self- | relatively high power
Sensors conductivity cleaning consumption
Conductive Change of | Low  manufacturing | Response and relaxation
polymers resistance, mass, | cost, low power | time, low stability, low
optical properties | consumption sensitivity, signal drift
Sensors  based | Change in electric | High adsorption | Response time, low VOC
on field-effect | current capacity sensitivity
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1.3.2.1. Conductive polymers

The principle of operation of gas sensors on conductive polymers is to change the sensor
resistance due to adsorption of gases by the sensor surface [57]. These sensors operate at ambient
temperatures and can be coated with various materials to increase the sensitivity of the sensors
to certain VOCs [57]. In the work of McWilliams et al. [57] investigated the possibility of early
diagnosis of LC using Cyranose 320 EN system with an array of 32 sensors based on conductive
polymers. An EB of 25 patients with LC (stage I and II) and a high-risk group of 166 active and
former smokers without LC was analyzed. The results showed a significant effect of the smoking
parameter and the gender of the subjects: the discrimination efficiency was higher for ex-
smokers than for active smokers, at least in the case of adenocarcinoma (ROC AUC is the area
under the curve of the mutual dependence of the probabilities of false positive and true positive
results. ROC AUC for former male smokers was 0.846, for former female smokers 0.816, for
active male smokers 0.745, for active female smokers 0.725). The authors suggest that changes
in the VOC profile caused by active smoking mask to some degree the VOCs associated with
tumorigenesis. Moreover, such changes in VOCs due to smoking are more strongly expressed
in men than in women. The sensitivity and specificity of the developed method were 88.0% and

81.3% respectively.

1.3.2.2. Sensors on surface acoustic waves

In the work of Chen et al. [58] used a pair of surfactant sensors. The first sensor was
coated with a polyisobutylene film and the second was used as a comparison. A preconcentration
step was used to EB samples using TFME, followed by injection into a gas chromatographic
capillary column. The eluted VOCs were fed to the surfactant sensors and the change in
frequency was detected. The data obtained were analyzed using an artificial neural network. As

aresult, 80% of sensitivity and 80% of specificity were achieved for a total sample of 10 patients.

1.3.2.3. Piezoelectric quartz resonators

Quartz resonators consist of quartz crystals coated with specific metalloporphyrins. VOC
is sorbed on the surface of the metalloporphyrins changing the mass of the crystal and the

frequency of its vibrations. Such changes are detected and used to train classifiers.
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Gasparri et al. [59] used an array of sensors based on quartz microbalances coated with different
metalloporphyrins to discriminate 70 subjects with LC and 76 patients from the control group.
The sensitivity and specificity achieved were 81% and 91%, respectively. A greater sensitivity

to LC in stage | compared with stages 1I-IV was achieved (92% and 58% respectively).

1.3.2.4. Optical sensors

The principle of the optical sensors is based on the change in the optical characteristics
in contact with the VOC:s. In a simple variant the analyzed sample is blown through an array of
such sensors as a result the color of the sensors changes and after a fixed time the obtained image
of the sensors is analyzed. In Mazzone et al. [60] used a system consisting of 24 single-use
optical sensors to identify patients with LC and determine the histological type. In this study
229 people were involved: 92 patients with LC (41 - stage I-II non-small cell cancer, 42 — stage
III-IV) and 137 — control group with increased risk of the disease. All subjects with LC were
grouped according to the histological type of cancer (adenocarcinoma, squamous cell, small cell
carcinoma) and samples from each group were separately compared with samples from the
control group. The possibility of discriminating groups of patients with early (I-11) and late (III-
IV) stages of LC and the possibility of predicting survival was also assessed. It was shown that
models built for each cancer type separately are more accurate than a generalized model. The
sensitivity and specificity achieved ranged from 70-91% and 73-95% respectively depending on
the histologic type. Differences between early and late stages were determined with a sensitivity
of 81%, specificity of 93%, and survival (less than 12 months or more than 12 months) was

assessed with a sensitivity of 70% and specificity of 86%.

1.3.2.5. Sensors based on field-effect transistors

A set of field-effect transistors based on silicon nanotubes were applied in the work of
Shehada et al. [61] to detect and classify LC, gastric cancer, bronchial asthma, and chronic
obstructive pulmonary disease (COPD). The total number of subjects was 374. The sample size
of subjects with LC was 149, with gastric cancer was 40, with asthma or COPD was 56, and the
control group consisted of 129 subjects. At the same time subjects with LC and gastric cancer
were further discriminated into two groups according to the stage of the disease: early (I and II)
and late (IIT and IV). As a result, the sensitivity and specificity for the constructed binary
classifiers were: 87% and 82% (LC versus control group), 92% and 80% (LC versus asthma),
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97% and 90% (LC versus gastric cancer) respectively. At the same time the authors noted that
the ability to discriminate the group of patients with asthma from the control group was rather
low (sensitivity — 48%, specificity — 91%). The authors associate this fact with the fact that
asthma is characterized by only one marker - pentane - rather than by a set of markers as in
cancer. In determining the stage of the disease in patients with LC a sensitivity of 34% and

specificity of 95% was achieved.

1.3.2.6. Semiconductor metal-oxide sensors

Conductometric gas-sensitive metal oxide (MO) sensors are most commonly used in EN
systems because of their low cost, stability, and sensitivity to a wide range of compounds [62].
Nanocrystalline oxides of SnO», ZnO, WO3, etc., doped with Pd, Pt or other catalysts are most
commonly used as sensor materials. These oxides are wide-zone semiconductors with n-type
conductivity. The MO sensor surface has high adsorption properties and reactivity due to the
presence of free electrons in the conduction area of the semiconductor, surface and bulk oxygen
vacancies, and active chemisorbed oxygen. Sensors are stable in air when heated up to
500-600 °C and can be obtained in highly dispersed state with crystallite size of 3-50 nm and
specific surface area up to 100-150 m%/g [63].

When the sensor comes in contact with a gaseous environment atoms and molecules of
volatile substances adsorb on its surface. In this case both physical adsorption due to weak
attraction forces with a binding energy of 0.01-0.1 eV, and chemical adsorption with the
appearance of a chemical compound due to exchange type forces with a binding energy of about
1 eV are possible [64].

In practice chemical adsorption is always activated, i.e., the gas particle must spend
energy to overcome the potential barrier which is then returned as a result of the act of
adsorption. Activated adsorption proceeds at a slower rate which increases with rising
temperature [65]. In the great majority of cases gas sensors operate in an air environment where
adsorption of oxygen molecules and atoms and water molecules has the main influence on their
electrophysical and gas-sensitive properties.

Reducing gases react with chemisorbed oxygen which leads to a decrease in the negative
charge density on the surface and an increase in conductivity. A significant change in the
conductivity value of the sensor can be registered in the presence of analytes at concentrations

of 0.1-10 ppm [63].
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Structural changes such as changes in the size and geometry of MO grains result in
changes in their conductivity and catalytic properties. Destruction of the MO film after a
considerable time in service and phase separation between the metal oxide and the additives are
additional factors affecting the stability of the sensor. Exposure to compounds that can bind
irreversibly to the metal oxide results in inhibition of catalytic activity and contamination
[62,66]. Nitrogen-, phosphorus-, and sulfur-containing compounds can act as such inhibitors
[67].

As in practice work with sensors takes place not in vacuum but in air environment it is
necessary to take into account that the surface of semiconductor sensor contains a significant
amount of chemisorbed oxygen. At different temperature modes you can observe different forms
of chemisorbed oxygen: 80-150°C — oxygen is reduced to molecular anion O*, 150-260°C —
further reduction to atomic anion O°, 260-460°C — anion O?. Therefore, interaction with
chemisorbed oxygen is more likely for the reducing molecules than independent adsorption on
the surface of the sensing layer [68]. The operating temperature range of such sensors usually is
from 200°C to 600°C

In the standard version the EB analysis procedure can in principle be separated into 3
steps. First a reference gas (e.g., room air where the test person is located) is passed through the
MO sensor cell which forms a baseline. Next a sample of EB is fed for a certain period of time
using the tap. Then the tap is switched back to the reference gas. At all stages the time
dependence of conductivity of each sensor is recorded. An example of this dependence is

illustrated in Figure 1.

Conductivity (G), pS

Time (t), s

Figure 1. Example of the sensor conductivity (G) over the time (t) when the analyzed gas

is supplied
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Various features can be extracted from the obtained dependencies of the analyzed
samples. The most common is the use of AG/Go. Also, G¢/Go, Gmax, integrals of different zones,
15t and 2" order derivatives, conductivity value at a certain time relative to sample feeding, time
of reaching a certain share of conductivity change are used as informative signs.

Table 3 contains information on the works in which the possibility of discriminating
patients into LC groups and a control group using MO sensor-based ENs was

investigated [56,69].

Table 3. Comparison of informativity criteria of developed tests for LC diagnosis in pilot
studies with the use of EN systems based on MO sensors. The main criteria for discriminating

the healthy and LC groups are sensitivity (Se), specificity (Sp) and accuracy (Acc).

Characteristics of the sample Se Sp Acc Study
N=101 (43 LC, 58 control group) 95.3% 90.5% 92.6% | [70]
N=89 (16 LC, 73 control group) - - * [71]
N=18 (9 LC, 9 control group) 100% 88.9% 94.4% | [72]
N=89 (47 LC, 42 control group) 93.6% 83.3% - [73]
N=76 (31 LC, 45 control group) - - 88% [74]
N=37 (12 LC, 25 control group) 83% 88% - [75]
N=84 (32 LC, 52 control group) 85% 84% - [76]
N=290 (144 LC, 146 control group) 94.4% 32.9% - [77]
N=145 (52 LC, 93 control group) 83% 84% - [78]
N=16 (6 LC, 10 control group) 85.7% 100% 93.8% | [79]

*- sensitivity, specificity, and accuracy are not specified in the paper. The following significance levels were

achieved in the discrimination: 0.045, 0.025, 0.001 for each channel of the EN system.

We should mention separately the works where commercially available VOC analysis
systems for LC diagnosis have been investigated [74,78]. For example, van de Goor et al. [78]
tested five Aeonose EN systems using an artificial neural network to classify patients into a
group with LC and a group of healthy people (60 and 107 people, respectively). The results
showed a diagnostic accuracy of 83% with a sensitivity of 83%, specificity of 84%, and ROC
AUC of 0.84. Comparable results were shown with a sensitivity of 88%, specificity of 86%, and
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diagnostic accuracy of 86%. In another study the group of de Vries et al. [74] used SpiroNose
in combination with pulmonary function testing equipment to classify patients into LC, COPD,
asthma and healthy patient groups (45 LC, 31 controls). Results showed that patients with LC
and healthy controls were reasonably well distinguished (p < 0.001) and the accuracy on cross-
validation was 88% with an ROC-AUC of 0.95 + 0.11.

For EB analysis sampling procedures have high priority. According to the review
presented by Krilaviciute et al. [20] out of 73 studies associated with the diagnosis of lung cancer
via EB analysis only six of them realized the mode of direct online measurement while the
remaining works used preliminary sampling. In other words, EB in most cases is collected in
special containers for storage and transportation to analytical rooms. In addition, most studies
use additional sorption procedures to concentrate VOCs [20]. Obviously, such procedures can
cause loss of the relevant compounds and sample contamination associated with the sorbent
material or storage container. Thus, the offline approach can lead to uncontrollable systematic
uncertainty, increasing the analysis time [11]. The time factor becomes especially important for
screening surveys because screening tools must be readily available to the general population.
Online analysis has the potential to provide more reliable results because of the absence of
sample pre-processing procedures and may be a suitable basis for establishing an effective

method of screening for LC.

1.4.  Methods of multivariate data processing

When using EN systems consisting of non-selective or particularly selective sensors and
working on the principle of image recognition for solving classification problems the main part
of the work on extraction of information lies on the stage of data processing. In the vast majority
of cases the resulting data set has a high dimensionality so for the extraction of useful

information multidimensional data processing methods are used.

1.4.1. Data preparation

The obtained analytical signal from an array of sensors can be represented in the form of
a matrix X of dimension I of rows and J of columns. The rows of such a matrix are called samples

they are numbered by the index 1, varying from 1 to I. The columns are called variables or
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attributes (for example, sensor response) and they are numbered with the index j, varying from
1 to J. Depending on the problem to be solved some dependent variable is known for the
measured samples, for example, a mark of belonging to a certain group or its concentration of a
component in the sample. And there can be several such variables. This information can be
represented as a vector or matrix Y of size I rows (number of samples) and N columns (number
of dependent variables).

If the sensor response is represented as a single value we have bimodal data as a 2D
matrix X but if the sensor response is a set of values (for example, the time dependence of the
response or the response scanned by varying one of the parameters) the data set is three-modal

and is a 3D matrix (Figure 2) [80].

Figure 2. Representation of two- and three-modal data

It is much more convenient to work with bimodal arrays so a sweep procedure is applied
to data having 3D matrix structures [80]. Thus, a 3D matrix X of dimension [xJxK is converted
into a 2D matrix X of dimension IxJK that can be used for multivariate data analysis.

To avoid difficulties with a large number of features in the data set in advance various
feature extraction techniques are applied so that the purpose is to obtain the most informative
features using mathematical transformations of the original response matrix (while preserving
the information related to the target value) [81]. On the example of the conductivity
measurement of MO sensors, it is possible to use a set of responses in time with the following
application of the dimensionality reduction method or it is possible to extract the features already
at this stage. For MO sensors stationary responses are most often used: R, R/Ro, (R-Ro)/Ro. In

addition to these, the signal integration or derivatives of 1 or 2" order can also be used. Also
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in some studies as extracted features researchers used: the time at which the signal reaches a
certain ratio, the signal at a certain time and others.

Next the matrix X can be subjected to centering and normalization procedures. When the
matrix X is centered, the matrix M, whose elements m;j are equal to the mean value of the column
myj, is subtracted from it. This operation is necessary for some projection methods such as
principal component analysis (PCA).

Normalization in contrast to centering does not change the structure of the data, but
simply changes the weight of different parts of the data during processing. When normalizing
by columns matrix X is multiplied from the right by a diagonal matrix W of dimension JxJ
whose diagonal elements wjj are equal to the inverse values of the standard deviation of column
xj. Data normalization is often used to equalize the contributions to the model from different
variables [80].

The measurement results on multisensory systems often have a large number of variables
(sensor responses and their derived quantities) so visualizing the data in a simple form is
complicated if you want to look at the complete picture at once. For these purposes multivariate
data analysis using various dimensionality reduction methods such as PCA or linear discriminant
analysis (LDA) is used.

Subspace methods have a strong mathematical basis and are popular with many
researchers. Despite the fact that PCA and LDA are the most popular methods they also have
their disadvantages. PCA is a unsupervised learning method. PCA aims to cover the maximum
variance in several dimensions, ignoring discriminatory information. LDA, on the other hand, is
a supervised method but assumes unimodal normally distributed classes with different means
and equal covariances between classes. In addition, it is well known that LDA is susceptible to
overfitting showing too optimistic results when splitting classes on the training set for samples
with low sample-to-trait ratios [81].

The principal components method uses new formal variables t. (a=1,...A) which are a
linear combination of the original variables x; (j=1,...J). Using these new variables the matrix X
is decomposed into the product of two matrices T and P:

X=TPT+E=Y4_t,pt +E (2)

The matrix T is called the matrix of scores. Its dimension is (IXA). The matrix P is called
the matrix of loadings. Its dimension is (JxXA). E 1s a residual matrix of dimension (IxJ). The

new variables ta are called principal components. The number of columns t. in matrix T and pa
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in matrix P is equal to A which is called the number of principal components. This value is
obviously less than the number of variables J and the number of samples I. An important property
of PCA is the orthogonality (independence) of the principal components [80]. The algorithm
NIPALS (nonlinear iterative partial least square) or singular value decomposition is usually used

to construct PCA.

1.4.2. Methods used to solve classification tasks

The principle of solving classification problems is based on the construction of models,
1.e., a set of rules by which a new sample can be assigned to a certain class. Model construction
or training is carried out on the basis of a training set of samples with available a priori
information about class membership (for example, class of sick and healthy people). The most
commonly used methods [82] in works using EN systems are: KNN (k nearest neighbors) method
[83], logistic regression (LLR) [84], support vector machine (SVM) method [85], fandom forest
(RF) method, consisting of an ensemble of decision trees [86].

kNN. The simplest metric method in the classification problem is the k nearest neighbors
kNN method. The idea is that the object belongs to the class to which most of its k nearest
neighbors belong. The measure of proximity is given by a distance function. The classical kNN
uses a Buclidean metric. For two points x; = (X11, X12, -.., X1;) and x; = (X1, X2, ..., X2;) the

Euclidean distance is defined as follows:

d(x;, %,) = Jz;-zl(xl,- —x,))? 3)

Also, in an attempt to increase the accuracy of the classification a weighted version of
kNN is sometimes used which takes into account not only the number of certain classes that fall
into the region but also their distance from the new sample.

RF. RF is a machine learning algorithm [87] that uses a committee (ensemble) of decision
trees. To construct a random forest of N decision trees, it is necessary to:

3) generate N random subsamples with repeats X,, n=1,...,N.

4) use each resulting subsample X, as a training sample to construct the
corresponding decision tree ba(x). Moreover:

. The tree is built until there are no more than nmin objects in each leaf. Very often trees are

built to the end (nmin = 1) to get complex and overfitted decision trees with low bias.
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. The process of tree building is randomized: at the stage of choosing the optimal feature
to split, it is searched not among the whole set of features (J), but among a random subset of size
g <J. And the subset of size q is chosen again each time when another vertex needs to be split.
The selection of the best of these q features can be done with the help of informativity criterion.
Generally, Gini informativity criterion or entropic informativity criterion are used.

. Classification of objects is done by voting: each committee tree assigns the object being
classified to one of the classes and the object is assigned to the class for which the largest number

of trees voted:

a(x) = sign— TNy by (%) (4)
LR. Logistic regression is a method for constructing a linear classifier that allows us to
estimate the a posteriori probability of objects belonging to classes. Provided that class labels
take values Y = {—1,+1} LR method constructs a linear classification algorithm a: X — Y
alx,w) = sign(Z}l:lefj (x) — wy) = sign{x,w) ®)
where w; — weight of the feature j, w, — decision threshold, w = (wy, ..., w,) — weight vector,
(x,w) — the scalar product of the feature description of objects by the vector of weights. It is
assumed that the null feature is artificially introduced: f;(x) = —1. Thus, the task of training a
linear classifier is to adjust the vector of weights w using the sample X™. For this purpose, the
LR method solves the problem of minimizing the empirical risk with a loss function of a special
form:
QW) = %, In (1 + exp(=y;(x; w))) > min (6)
SVM. The support vector method is one of the most popular training methods for solving
classification problems and is based on the construction of a hyperplane separating sample
objects in an optimal way. Let there be a set of objects in X space R™ with corresponding class
labels Y = {—1,+1}. It is required to build a classification algorithm a(x) = X — Y. Suppose
we have a linearly separable set of samples and there is some hyperplane separating the classes
-1 and +1. In this case, we will use the linear threshold classifier as a classification algorithm:
a(x) = sign({w,x) — b) = sign(Z%=1 wix; — b) (7)
where x = (x4, ..., x,,) — a vector of feature values of the object, w = (wy, ..., w,,) € R™ and

b € R™ — hyperplane parameters. The SVM method builds the hyperplane that maximizes the
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margin between classes for uniqueness. For a linear classifier the margin is defined by the
equation:

M;(w,b) = y;({w, x;) — b) (8)
and characterizes how close the object is to its class. The smaller M;, the closer the object x; to
the separating hyperplane and the higher the error probability. Accordingly, a negative margin
M; indicates that the algorithm a(x) makes an error on the object x;.

Then, for convenience, the normalization for the hyperplane equation (cw,x) — cb = 0
is introduced so that min M;(w,b) = 1. This limits the separating band between classes
{x: —1 < (w,x;) — b < 1} within which no object of the training sample can lie.

For the separating hyperplane to be as far away from the sampling points as possible the
width of the band should be maximum. Let x_ and x, — two random points of the classes —1
and +1 lying on the border of the strip, i.e., their margin is equal to one. Then the width of the
separating band can be expressed as the projection of the vector x, — x_ on the normal to the

hyperplane w.

(Xy—x_,w) _ (xyw)—{x_w)-b+b _ My(w,b)-M_(w,b) _ 2

lwll lwll [lwll [lwll

9
And for the separating hyperplane to be at the greatest distance from the sampling points

the width of the band must be maximum:

2

oy max = [lw]| = min (10)
This leads us to the formulation of the optimization problem in terms of quadratic

programming:
wll? - min
{ Wb (11)

M;w,b) =1, i=1,..,1

To generalize SVM to the case of linearly inseparable set of samples let the algorithm
allow errors on the training objects but so that their number is minimal. For each object
subtraction of some positive value &; from margin is applied but it is required that the corrections
introduced should be minimal. These changes will lead to the following formulation of the

problem called SVM with soft margin:
1 .
2 wli? + CZiey & — min
M;w,b) >21-¢;, i=1,..,1 (12)

gi 20, i = 1,...,l
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. . . ) ) 1 .
Since we have no information about which of the functionals EIIWII2 and CY!_, & is

more important C factor is introduced which is optimized using cross-validation. As a result,
this is a task that always has a single solution.

When the number of classes is more than two in practice, such a problem is usually split
into several binary classification problems of One-vs-Rest or One-vs-One type. However, the
multiclass support vector method (MSVM, multiclass SVM) proposed by Crammer and Singer
[88] makes it possible to reduce the multiclass classification problem to a single optimization

problem without the need to split it into several binary classification problems.

1.4.3. Methods for evaluating the results of classification and regression models

To assess the quality of a diagnostic test being tested information about the presence or
absence of disease from a reference diagnostic test or so-called "gold standard" is needed. This
is a test or combination of tests that can reliably determine whether or not a patient has a disease.

The diagnostics test can give a positive (the patient has the disease) or negative (the
patient is healthy) result for the patient under examination. The result of applying a binary
diagnostic test to a group of patients taking into account the gold standard test can be presented
as a table consisting of 4 groups of outcomes: true positive (TP), true negative (TN), false
positive (FP), and false negative (FN). Such a table is also called a contingency table or

confusion matrix (Table 4).

Table 4. Confusion matrix of the results of the diagnostic test

The result of the gold standard

1 0

Prediction 1 TP FP
result 0 FN TN

The diagnostic efficiency of a test or accuracy (Acc) is defined as the proportion of true

results among all test results:

Acc = TP+TN (13)

(TP4+TN+FP+FN)

Sensitivity (Se) is defined as the probability of obtaining a positive outcome for a subject

with a disease:
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TP
e =
(TP+FN)

(14)

Specificity (Sp) is defined as the probability of obtaining a negative outcome for a subject

without disease:

TN
Sp = (TN+FP) (15)

An assessment of sensitivity and specificity is important when selecting a test for a
particular clinical application. The sensitivity of a test reflects the probability of a positive result
in the presence of pathology. A high sensitivity of the test allows it to identify patients in the
general population. The specificity of the test reflects the probability of a negative result in the
absence of pathology so that under high specificity allows you to screen out healthy individuals
from the population with suspected pathology. The combination of clinical sensitivity and
clinical specificity characterizes the clinical efficacy of the test.

When interpreting laboratory test results, the probability of the actual presence of
pathology with a positive result or the reliability of excluding pathology with a negative result
is evaluated by determining the predictive value of positive or negative test results.

A positive predictive value (PPV) is defined as the probability of a subject having a

disease with a positive outcome:

TP
(TP+FP) ( 1 6)

PPV =

Negative predictive value (NPV) is defined as the probability of a subject not having a

disease with a positive outcome:

TN
(TN+FN)

NPV = (17)

If we consider not the class label but rather the probability of class 1 as the output value
of the classifier, we can obtain a set of contingency matrices with different sensitivity and
specificity values by varying the threshold by which the patient belongs to a healthy or sick
group. The curve of receiver operating characteristic (ROC-curve) i.e., the curve of mutual
dependence of probabilities of true positive results equal to sensitivity and false positive results
equal to one minus specificity at all possible values of classification threshold is used for
establishing the optimal threshold and for comparative analysis of classification algorithms
efficiency. The ROC-curve is a graphical representation of the full spectrum of sensitivity and
specificity, since all possible "sensitivity-specificity" pairs for a particular test can be displayed

on it (Figure. 3).
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Depending on the threshold value and on the distribution of probabilities predicted by the
classification algorithm for the patient sample under study the ROC curve has a different shape
and position. A desirable ratio between the sensitivity and specificity of the test is achieved by
selecting the point of separation. The clearest distinction between sick and healthy subjects is
achieved by using tests that have a characteristic results curve shifted toward the upper left

corner of the graph.

1.0

0.4 0.6 0.8

Sensitivity

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity

Figure 3. Example of the ROC curve

For an ideal test the curve passes through the upper left corner where the proportion of
true positives 1s 100% or 1 (ideal sensitivity) and the proportion of false positives is 0 (ideal
specificity). Therefore, the closer the curve is to the upper left corner, the higher the diagnostic
efficiency (accuracy) of the test, and opposite, the smaller the curve bend and the closer it is to
the straight line passing through the 45° angle, the less effective the diagnostic test. Points on
such a diagonal correspond to the absence of diagnostic efficiency.

A method for evaluating ROC curves is to estimate the area under curves (ROC AUC,
area under curve ROC). Theoretically the area varies from 0 to 1.0 but since diagnostically useful
tests are characterized by a curve above the positive diagonal (Figure 3) it is commonly
considered the variations from 0.5 (no diagnostic test performance) to 1.0 (maximum test
performance). This estimate can be obtained directly by calculating the area under the
polyhedron bounded on the right and bottom by coordinate axes and on the top left by

experimentally obtained points. When ROC curves are visually evaluated their location relative
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to each other indicates their comparative efficiency. The curve located above and to the left
indicates greater diagnostic efficiency of the corresponding test.
The main criterion used to estimate a regression model is the root mean square error

(RMSE):

I @i-y)?
n

RMSE = (18)

here )Al — predicted d value of the parameter using regression model, y; — a priori known
value of the parameter, n - number of samples. Note that the units of RMSE and the estimated
parameter y correspond to each other.

The estimation of the predictive power of mathematical methods using the mentioned
above quality metrics is optimally performed by validation on the test set. In this variant the
initial data set is divided into training and test sets. The first one is used to adjust the parameters
of the model and the second one is used to evaluate the quality of the resulting model. However,
in cases where the data set is small the cross-validation method is used. The initial data set is
separated into k non-overlapping parts of the same size. Then k iterations are performed and at
each of them the model is trained on k-1 parts of the initial set (training subset) and the model is
tested on one part of the initial set (test subset) which has not yet participated in training. The
result is the average value of quality metric over all partitions in the control samples. When k
equals the number of samples n we can get a cross-validation variant on individual objects (leave
one out cross-validation).

Let us note the importance of the way to evaluate the predictive power of mathematical
models whether it is a classification model or a regression model. All of the above-mentioned

quality metrics must be evaluated on a test set that has not been used to train the model.

1.4.4. Calibration transfer methods standardization of a pair of sensor systems

In addition to achieving high metrics of clinical informativeness of the test there is
another obstacle to implementing a network of such systems which is the limited lifespan of
multivariate calibration models. Rebuilding a full-fledged calibration is a costly and time-
consuming procedure because of the large number of standard samples. The reasons why a
graduation may become unusable may be different: time drift of the signal or change of the
sensor characteristics during operation, matrix effects, change of external environmental

parameters (temperature, humidity). There are also situations in which it is necessary to replace
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the sensor or to transfer the calibration model from one sensor array to another. As a solution to
the described problems methods of transferring calibration dependences are used [89]. In this
paper the main attention is paid to the calibration transfer between two arrays of MO sensors
since the environmental parameters (temperature and humidity) can be controlled in principle
by additional tools (temperature control of the gas cell and humidifier installation) and the
influence of time drift for MO sensors is at the level of reproducibility of extracted signals.

Calibration transfer methods aim at correcting a new measured data set by eliminating
the new data variance related to the different characteristics of the respective sensors. For this
purpose, a relationship between two experimental conditions is established and the data
measured under the new conditions are corrected according to the established relationship and
used for concentration prediction or in classification problems. A small set of standard samples
measured on both arrays is called a calibration transfer set and is used to establish a relationship
between the two multisensory systems. There are several approaches to implement calibration
transfer: through correcting the output signal (concentrations, class labels) predicted on the new
sensor array, through correcting the measurements obtained on the new sensor array (signal
standardization), or by correcting the predictive model of the new array. [67]. A full review of
the calibration transfer methods is done in the following papers [90,91].

Signal standardization is the most common among the methods of calibration transfer. In
this case since the final task of this work is classification, the most preferable would be the use
of correction of the data set obtained on another array. It should be noted that the given approach
will allow to unite the results of measurements of the samples received on several devices in a
uniform database and on its basis to build a classification model for diagnostics [67].

Standardization is performed using the ratio between the sensor responses obtained for
the standardized samples on the main and on the second sensor array (which is to be
standardized) to subsequently correct measurements for unknown samples. Data standardization
methods can be separated by the way the relationship between the two sets of sensor signal data
is established. Univariate Direct Standardization (UDS) uses the relationship between each
channel separately. Piecewise Direct Standardization (PDS) uses a relation between a group of
signals and Direct Standardization (DS) uses a relation between all signals. UDS and PDS are
linear methods and take into account the linear shift of the sensor signal. PDS was proposed as
an improvement of the UDS version with the proposition that spectral signals for adjacent

wavelengths have a high correlation. However, sensor responses can be independent or partially
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correlated depending on the fill and location of the sensors in the array and the analytes which
raises doubts about the effectiveness of PDS for MO sensors. Given this fact, for MO sensors it
is most common to use a direct standardization method that takes into account the responses of
all sensors. The relationship between the two data sets can be established using various
multivariate approaches: multiple linear regression, Projection to Latent Structures
Regression-2 (PLS2), etc. [67].

In [92] a robust regression to the presence of outliers was applied to transfer the
calibration relationship between two identical arrays consisting of 6 MO sensors each. An
artificial neural network with back propagation of error on the resulting dataset was used as a
calibration model when measuring gas samples collected from pulp and paper mills. A
standardization dataset consisting of 27 gas mixtures of hydrogen sulfide, dimethyl sulfide,
dimethyl disulfide, and methylmercaptan was used for transfer.

In [93] 5 identical arrays with 8 MO sensors were used to calibration transfer from the
main array to the others. First, the signals for 4 compounds (ethanol, ethylene, carbon
monoxide (II), and methane) were measured at 10 concentration points. Twenty samples each
were used to construct the graduation and verification. The standardization set consisted of 8
samples: 2 concentration points each for 4 compounds. DS and PDS methods based on PLS2,
orthogonal signal correction and weighted least squares method were used to transfer the
calibration dependences.

Researchers note that the efficiency of data standardization depends largely on the data
themselves and on the set of standard samples [67,94]. When standardizing data, it is desirable
to use a small number of standard samples for transfer due to the labor-intensive procedure of
their preparation and measurement. On the other hand, the number of standard samples should
be sufficient to describe the variance between the two data sets for effective transfer of the
calibration. In some cases, sample selection is based on existing knowledge of the analyte and
the task at hand. In addition to manual selection, the Kennard-Stone algorithm [95] is also used.
This algorithm is mainly used for uniformly distributed samples in the feature space and consists
in sequentially selecting the sample that is most distant from the previously selected ones. As
the initial state, 2 samples most distant from each other are selected. The Euclidean distance is
mainly used as a measure. Also, for research purposes to evaluate the performance of the
response standardization methods on average multiple random sampling for standardization can

be used.
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In current study the following methods were used to evaluate the transfer efficiency of
grading: the univariate direct standardization (UDS), the univariate direct standardization
without using the intercept of regression (UDSwoi), the direct standardization method based on

regression on latent structures (DS-PLS2) and the direct standardization method using L1

regularization (DS-L1R).
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Chapter 2. Experimental details

2.1.  Description of sensor characteristics

Three multisensory systems (MS 1, MS 2.1, MS 2.2) were used in this work. The MS 1
system was used for the task of optimizing the sensor set, the procedure of analyzing the EB on
model gas mixtures and further in the medical research. The MS 2.1 and MS.2.2 systems were
used to investigate the possibility of combining responses, i.e., combining the database and using
a single instrument classification model.

According to a review of scientific papers in which medical research on patients was
conducted it was found that an average of no more than 10 sensors are used to develop models
of disease diagnosis. Presumably, increasing the number of sensors in the system at least does
not increase, and even decreases the informativity due to the high collinearity in the sensor
responses. Therefore, in order to maximize the informativity of the multisensory system it is
necessary to use sensors with as large a difference in cross-sensitivity as possible. Each
multisensory system consisted of 6 MO gas sensitive semiconductor sensors made by sol-gel
method in the laboratory of applied chemical physics of Kurchatov Institute. Each sensor is a
multilayer system consisting of a semiconductor gas sensitive layer (sensor layer), an Al.O3
dielectric base, and a heater layer (heater). The sensor layer and the heater are applied on
opposite sides of the substrate by screen printing. The semiconductor gas sensitive layer

contained SnO; nanoparticles with various Pt, Pd, or La dopants [96]

Table 5. Composition of sensors for MS 1, MS 2.1 and MS 2.2

Sensor label Composition of the sensitive layer

S1, S2 SnO; with dopant Pt (3%) and Pd (1%), Cd
S3, S4 SnO; with dopant Pt (3%) and Pd (1%)

S5, S6 SnO; with dopant Pt (3%) and Pd (1%), La

* - S1 and S2, S3 and S4, S5 and S6 have the same quality composition but have different heater

resistances so that at the same applied voltage the heaters have different temperatures
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Depending on the heater temperature and, consequently, the temperature of the sensor
layer, the relative sensitivity of the sensors to different groups of compounds is different [97].
Thus, the informativity of the data on the analyzed samples can be improved by using several
temperature regimes. It is known [98] that the sensor response to a certain gas has a maximum
at a certain temperature. For example, a SnO»-based sensor with Pd dopant has maximum
sensitivity to Hz at about 200°C, to propane at 350°C, to methane at 450°C, etc. These maxima
are not clearly defined and sensitivity to a particular gas is observed over a relatively large
temperature range. In the experiments carried out in this work, three temperature regimes chosen
empirically and distributed over the operating temperature range were used. Also, the selected
temperatures are located in the characteristic areas of the maximum sensitivity to substances that
are easily oxidized (e.g., alcohols, ketones), relatively easily oxidized (long-chain alkanes), and
to gases that oxidize with relative difficulty (propane). The sensor surface is not contaminated
by the decomposition products of some compounds because the interaction of these products
with oxygen on the catalytic surface at high temperature leads to complete oxidation of the
adsorbed compound and decomposition products. In fact, the decomposition of the target
compound on the catalytic surface is part of the sensor response (i.e., the process of catalytic
oxidation by chemisorbed oxygen). For example, long-chain hydrocarbons, which are oxidized
on the surface with the carbon chain broken, give the sensor sensitivity at a much lower
temperature (below 300°C) than methane (around 450°C).

To achieve the required sensitivity to the analytes under study (biomarkers of pulmonary
oncopathology), 3 temperature regimes of T1, T2, and T3 sensors were selected. To heat the
sensor layer the microchip included a microheater layer formed from a Pt-containing suspension.
The heater was simultaneously used as a thermistor due to the strictly linear dependence of its
resistance RH on temperature. Temperature coefficient of heaters
a = 0.0027 °C'! was a constant over the entire operating temperature range from 150 to 600 °C.
To heat each sensor 1, a constant voltage Ut, through a limiting resistor R,;.was applied to its
heater. By measuring the voltage across the heater UH;, its resistance RH; can be calculated
using the equation:

RoiXUH;
RH; = —
Uto—UH;

(19)
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If the heater resistance of the sensor i at 20 °C is denoted by RH?® then the temperature
coefficient of the heater a = (RH; — RH?®) / (RH?® x (T — 20), where RH; is the heater

resistance at temperature T. Then the heater temperature is calculated by the following formula:

RH;—RH?°
RH?xa

T, (°C) = + 20 (20)

Tables 6, 7 and 8 show the calculated values of heater temperatures for 6 sensors at
temperature modes T1, T2 and T3 corresponding to three different heating voltages Ut, 4.48,
4.98 and 5.48 V for MS 1 and 2.67, 3.01 and 3.35 V for MS 2.1 and MS 2.2 respectively.

Resistance and voltage were measured using a DT-832 model multimeter (Dadits, China).

Table 6. Sensor heater temperatures for three temperature modes T1, T2 and T3 for
MS 1 (maximum relative error of heater temperature determination was 13.8%, 13.7% and

12.6% for T1, T2 and T3 respectively)

Uty, mV
Sensor Roi, Ohm | RHZ?, Ohm 4480 | 4980 | 5480
T, °C
S1 33.0 7.9 360 409 464
S2 32.6 8.3 325 377 428
S3 32.6 10.2 360 411 462
S4 32.9 14.1 473 534 602
S5 32.8 11.4 444 502 560
S6 32.8 12.6 392 448 502
T1 T2 T3

Table 7. Sensor heater temperatures for three temperature modes T1, T2 and T3 for
MS 1 (maximum relative error of heater temperature determination was 14.3%, 12.1% and

11.4% for T1, T2 and T3 respectively)

Uty, mV
Sensor | Ry, Ohm | RH?°, Ohm 2670 | 3010 | 3350
T, °C
S1 10.0 10.4 334 385 436
S2 10.0 10.6 335 387 438
S3 10.0 11.5 362 417 473
S4 10.0 10.8 337 390 442
S5 10.0 10.5 344 399 452
S6 10.0 11.2 345 401 455
T1 T2 T3
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Table 8. Sensor heater temperatures for three temperature modes T1, T2 and T3 for
MS 1 (maximum relative error of heater temperature determination was 14.2%, 12.0% and

11.3% for T1, T2 and T3 respectively)

Uty, mV
Sensor | Ry, Ohm | RH?, Ohm 2670 | 3010 | 3350
T, °C

S1 10.0 11.1 349 402 455
S2 10.0 10.6 337 390 442
S3 10.0 11.5 343 397 450
S4 10.0 11.1 352 408 463
S5 10.0 11 350 407 461
S6 10.0 10.7 347 403 457
T1 T2 T3

As can be seen from Tables 6, 7 and 8, the sensors of the same composition (S1 and S2,
S3 and S4, S5 and S6) due to the differences in the heaters had different temperatures at the
same order of temperature conditions so that sensors had different gas sensitive properties. Thus,
when measuring the response readings of 6 sensors S1, ..., S6 at three temperature modes T1,
T2, T3, 18 informative signs were obtained: S1 _T1,S2 T1, ..., S5 T3, S6 T3.

Figure 4 shows the electrical circuit by which the conductivity G (S) of each sensor was
measured Gj = 1/RS;, where RS; is the resistance of the sensor i, Ohm. Stabilized voltage
USo = 5V (4950 mV) was applied to each sensor and the output voltage of current-voltage
converter US; proportional to the sensor current was measured: US; = USoxRBi/RS;, where RB;

1s resistance of the bias resistor. The conductivity was calculated using the following formula:

[UAY]
Gi = USo-RB; 1)

Figure 5 shows an example of the program interface showing the dependence of the

sensor output voltages on time when a sample is sequentially passed through the sensor cell.
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Figure 5. Output voltage dependence US; for 6 sensors with 3 samples in series

Voltages US; and UH; for all 6 sensors were converted using a multichannel 24-bit sigma-
delta ADC and recorded on a computer with a frequency of 0.25 Hz for MS 1 and 1.0 Hz for
MS 2.1 and MS 2.2 in the form of tables and graphs. The time for establishing stable readings

when switching temperature mode was from 3 to 7 minutes.
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2.2.  Technique for the preparation of model gas mixtures

In this work one-component graded air gas mixtures: air — n-heptane,
air — propan-1-ol, air — ethylbenzene, air — o-xylene and three-component mixtures
(air — n-heptane, propan-1-ol, o-xylene) that were prepared in accordance with the approaches
described in GOST R ISO 6144-2008 were used for experiments. Gas mixtures were prepared
using a syringe by injecting a known volume of liquid target components into a special bag with
a known volume filled with background gas (room air).

Bags

To prepare the gas mixture, 1, 3 and 5 | Restek® (USA) Tedlar bags were used as a
mixing chamber and simultaneously as a storage vessel. The pouches are equipped with a special
membrane allowing the liquid of the target component to be injected inside. The pouch valve is
made of inert polypropylene and has both a convenient inlet for connection to the sampler tube
and the ability to inject the sample with a syringe through the membrane.

Syringe

For sampling liquid target components, we used Hamilton (USA) calibrated measuring
syringes, 1 and 10 pl, with gas-tight gaskets to ensure tightness to avoid significant leakage of
gas or liquid.

Bag preparation

Before preparing the gas mixture for each bag a bag cleaning procedure was performed
by triple-filling and releasing with room air. Additional tests showed that the analytical signal
of the room air sample after this cleaning procedure is at the level of the noise signal of the
baseline sensors. After the cleaning procedure the bag is vacuumed with a pump.

Filling bags with ambient air

The bag is filled with background gas (room air) using a 12 V pump (Alldoo Micropump
Co., China) with a known and constant pumping rate to the required volume of the bag. The rate
of pumping of room air by the pump is controlled by voltage from the DC power supply B5-47
(Izmeritel Plant, Armenia) and is registered by a VA-10414 rotameter (Dwyer Instruments Inc.,
USA).

Component injection

The required volume of the target component is calculated based on the desired

composition of the final gas mixture and the volume of the bag. After the liquid volume in the
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syringe reaches the set value, the syringe needle is immediately injected into the package through
the membrane by slowly pushing on the syringe piston while simultaneously removing the
needle from the membrane. After the substance was injected, the gas mixture was incubated for
a predetermined time to homogenize and achieve temperature equilibrium between the mixture
and the environment. Additional experiments showed that for all investigated VOCs, 20 minutes
was sufficient to achieve equilibrium and obtain a reproducible sensor signal.

VOCs under analysis

The following substances were used in this study: n-heptane (> 99%, for HPLC),
ethylbenzene (= 99.5%, analytical standard), propan-l1-ol (= 99.9%, for HPLC),
o-xylene (> 99.0%, pure for analysis) by Sigma Aldrich (Merck KGaA, Darmstadt, Germany).

The concentration of analyte A in the final gas mixture was calculated according to the
following formula (the volume of the introduced substance on the order of a few pl compared to
the used volumes of the package on the order of 1-5 L can be neglected):

Va*pa*RxT

¢, (ppm) = * 1000 (22)

M a*V p*p
where

V, —is the volume of substance A as a liquid, pl;

p4 — density of substance A, g/ml;

M, — is the molar mass of substance A, g/mol;

V, — volume of the bag before the substance is injected, 1;
R — constant, equal to 8.314 J/(mol*K)

T — temperature, K;

p — pressure, kPa.

2.3.  Analysis of model gas mixtures and exhaled breath samples in medical research using

MS1

2.3.1. Scheme of the experimental setup for the analysis of model gas mixtures and exhaled

breath samples

In contrast to fairly common approaches with pre-concentration of VOCs or any
additional storage procedures this work used direct online analysis for the analysis of exhaled

air samples. The use of additional intermediate steps in the sample preparation process can
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adversely affect results: for example, loss of analyte or appearance of artifacts, degradation of
adsorbed analytes during storage [38], thermal decomposition or isomerization of some
compounds during thermal desorption [39,40], and degradation of sorbent material [41,42]. In
order to eliminate the "memory effect" associated with the sorption of VOCs on the walls of the
transport tubes, a pump was installed in the experimental scheme of online analysis of EB
(Figure 6) to continuously purge the circuit and cell lines (3.5 Ixmin™!). This provided a stable
signal and consequently a stable baseline without drift. At the same time, it was found that a

further increase in the speed leads to a significant decrease in the stability of the sensor signals.

Patient Computer

(exhalation duration - 10 s, Drop (signal ragistratior_l and data pre-

flow rate - 3.5 Lxmin™) processing)

b
Rotameter
2

Model gas mixture h §
(exhalation duration - 10 5, I_ )

flow rate - 3.5 L=<min™) Database

Cell with sensors (storage of processed
signals)

(cell volume~ 20 cm?,
3 temperature modes)

Pump

Room airflow
(flow rate - 3.5 L=min)

Figure 6. Experimental scheme of analysis for MS 1 (a - scheme of online analysis of EB
in medical research, b - scheme of online analysis of model gas mixtures for assessment of cross

sensitivities)

To account for the presence of exogenous VOCs in the ambient room air, the sensor cell
was purged with room air; thus, there was no need to "purge" the subject's lungs with clean air
for 3-5 minutes to reduce the influence of exogenous VOCs on the analysis result. Note that pre-
cleaning the patient's breath with medical air, which has been used in similar studies, can lead
to both a significant change in the patient's VOC profile and a loss of VOCs. The approach

proposed in this paper simplifies the analysis by reducing the influence of exogenous VOC:s.
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Each subject waited for 10 min before the first EB measurement before starting the analysis.
Moreover, an additional study using a charcoal filter showed no change in sensor responses. It
is worth explaining that the primary criterion for selecting rooms suitable for EB analysis was
the evaluation of the change in sensor conductivity between the basic experimental analysis
scheme and the same scheme with the carbon filter connected at the input. The criterion was
defined as follows: if the maximum relative change of the sensor is more than 5%, the room was
defined as unsuitable for the analysis of EB of patients. Figure 7 shows an example of such a

test for one room.

B Suds Bug Pacwsr  Phasepesin Bwmp  Tecoy Crang Do L!l'lgull;t's Mool ®
¥ 1 [ [ 1 1 L 1 [] h
'S
10| F [
is? B
T

Before connecting the After connecting the

charcoal filter charcoal filter

40 - — h

lpapiea | Tafinas

Kypoop: (1156 TSN Boansraeme g Boery DUHg

Figure 7. Change of conductivities of sensors when connected to the input of the
experimental circuit of the carbon filter analysis. The figure shows an example of the application
interface for displaying the conductivities of the sensors in relative units (ordinate axis) from

time in minutes (abscissa axis)

The procedure for analyzing both patient EB and model gas mixtures can be roughly
divided into three consecutive steps. In the first stage, the pump valve is open and ambient air is
pumped through the sensor cell at a rate of 3.5 Ixmin™!, while the valve for the sample to be
analyzed is closed (as shown in Figure 6). This velocity was chosen as optimal, allowing a

sufficient volume of patient EB (~600 ml) to flow through the sensor cell, for which an



141

acceptable exhalation duration was 10 seconds, and obtain an informative online analysis
response. In the second step, the pump valve is closed and the sample delivery valve is opened.
The sample is then fed for 10 seconds through a sensor cell at 3.5 Lxmin™!, or in the case of a
medical study, the patient exhales for 10 seconds through a sterile disposable mouthpiece
through a cell at 3.5 Lxmin™!, which corresponds to a volume of about 600 ml of EB. In the third
step, the sample valve is closed, the pump valve is opened, and ambient air is again pumped
through the sensor cell at the same rate of 3.5 Lxmin'!. The flow rate is monitored using a
rotameter. Exhalation velocity was also monitored by the patient with the rotameter readings
monitored. In this study, a 12 V DC microvacuum pump for medical purposes (Alldoo
Micropump Co., Ltd., Yueqing Zhejiang, China) and a VA-0414 rotameter (Dwyer Instruments
Inc., Indiana, USA) were used. Similar actions were performed on all temperature modes after
the sensors reached a stable signal.

The conductivity integral over time minus the area formed by the baseline was extracted

from the conductivity curve as an analytical signal for each sensor at each temperature mode

(Figure 8).
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Figure 8. Principle of analytical signal extraction (the value of the area under the

conductivity curve of the sensor minus the baseline acts as the analytical signal)
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2.3.2. Determination of the relative sensitivities of volatile organic compounds for the sensors

used

Single-component model gas mixtures of the following compounds: n-heptane,
ethylbenzene, and propan-1-ol were used to optimize measurement parameters and assess the
cross-sensitivity properties of the multisensory system. All these substances are potential
biomarkers of LC, which were often used in similar studies [17,18]. All reagents were used to
evaluate the sensitivity and linearity of the calibration dependences.

To assess the character of sensitivity, the calibration dependences for propan-1-ol,
ethylbenzene and n-heptane were constructed. The range of investigated concentrations for
calibration dependences was 0.5-500 ppm. Six parallel measurements (n=6) were used for each
concentration level. In the chosen concentration range the linear approximation for building the
calibration works well. Parameters of calibration dependences are presented in the table 9. Initial
data for building the calibration dependences are located in the repository [99]. It should be
noted that in the range of specified concentrations the dependences for heptane and propan-1-ol
were linear, while for ethylbenzene nonlinearity of the analytical signal appears at very high
concentrations (starting from 250 ppm).

Relative sensitivity factors (RSF) were calculated relative to propan-1-ol using the

equation:

RSFj ) = —20 (23)

kprop(i)

where k)~ is the slope coefficient of the calibration dependence for the sensor i for
compound A, and Kp,q,(iy- slope coefficient of the calibration dependence for the sensor i for

propan-1-ol. Coefficients were calculated for three temperature regimes (Table 10).



Table 9. Parameters of calibration dependences constructed for n-heptane, propan-1-ol
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and ethylbenzene for the first temperature regime

n-heptane

Sensor slope intercept R? RMSEC RMSEP
S1 99.3 -4.93 0.9955 12.5 13.3
S2 24.07 -3.13 0.9970 10.1 10.6
S3 0.06 -12.1 0.9961 11.6 12.5
S4 0.05 -9.95 0.9912 17.4 17.1
S5 0.07 -15.58 0.9938 14.6 15.5
S6 0.02 -18.79 0.9913 17.3 18.1

propan-1-ol

Sensor slope intercept R? RMSEC RMSEP
S1 82.4 0.94 0.9981 7.2 7.3
S2 43.42 -2.05 0.9951 11.4 12.5
S3 0.62 -7.82 0.9951 11.4 11.4
S4 2.24 1.87 0.9932 13.6 14.3
S5 5.23 -4.24 0.9960 10.4 11.2
S6 1.94 -0.87 0.9933 13.4 14.3

ethylbenzene

Sensor slope intercept R? RMSEC RMSEP
S1 29.21 -13.53 0.9787 19.2 19.8
S2 10.88 -12.35 0.9683 234 23.4
S3 0.15 -17.09 0.9805 18.3 18.6
S4 0.56 -19.51 0.9692 23 23
S5 0.56 -10.78 0.9936 10.5 10.9
S6 0.17 -22.42 0.9519 28.8 29.2
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Table 10. Representation of relative sensitivity coefficients regarding propan-1-ol for

three temperature regimes (maximum relative error in RSF determination was 11.6%)

Compound | SI.TI | S2T1 | S3T1 | S4 T1 | S5.T1 | S6 Tl

n-heptane 1.205 0.554 0.097 0.022 0.013 0.01

ethylbenzene 0.354 0.251 0.242 0.25 0.107 0.088

propan-1-ol 1.0 1.0 1.0 1.0 1.0 1.0

Compound | S1.T2 | S2.T2 | S3 T2 | S4 T2 | S5.T2 | S6_T2

n-heptane 1.406 0.604 0.054 0.008 0.007 0.004

ethylbenzene 0.148 0.059 0.08 0.091 0.108 0.066

propan-1-ol 1.0 1.0 1.0 1.0 1.0 1.0

Compound | S1.T3 | S2. T3 | S3.T3 | S4. T3 | S5.T3 | S6 T3

n-heptane 0.904 0.478 0.027 0.028 0.005 0.004

ethylbenzene 0.103 0.078 0.046 0.072 0.04 0.036

propan-1-ol 1.0 1.0 1.0 1.0 1.0 1.0

As can be seen from Table 8, the relative sensor sensitivities for the studied substances
can differ by several orders of magnitude which indicates the good cross-sensitivity of the

sensors chosen for the study.

2.3.3. Data processing and classifier training

Python 3.6 software (Python Software Foundation, USA) and libraries pandas, scipy,
matplotlib, numpy, and scikit-learn were used for data analysis, visualization, and processing,
estimation of distribution using statistical criteria, application of PCA, and training of

mathematical model classifiers (kKNN, RF, SVM, LR).



Figure 9 shows the scheme of processing the array of responses from MS 1 as part of the

conducted medical research.
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Figure 9. Scheme of data processing using MS 1 obtained in the course of medical

research and presentation of the final results of the developed diagnostic test

A detailed processing script and input data: an array of responses with corresponding

patient attributes (group, age, gender, etc.) are contained in the repository [99]. At each iteration
for each algorithm an internal cross-validation is performed on the training set with 3 blocks.
This check is performed for all possible combinations of hyperparameters of the algorithm
initially set. Table 11 presents a description of the set of hyperparameter values for each

classifier. The combination of hyperparameters that maximizes the quality metric:

balanced accuracy = % (TPT+PFN + TNTiVFP) (24)

averaged over the three blocks is chosen as optimal.

Table 11. Description of the hyperparameter grid to find the optimal combination on the

training dataset (for each iteration of the initial data partitioning)
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Classifier Hyperparameter Investigated values
kNN Number of neighbors | [1, 2, ..., 5]
(n_neighbors)
kNN Type of weighing (weights) [uniform weighing, weighing by the
Euclidean metric]
LR Inverse regularization factor (C) | [0.01, 0.02, ..., 1.00]
LR Type of regularization (penalty) | [L1, L2]
RF Number of  base trees | [10, 20, ..., 50]
(n_estimators)
RF Maximum tree depth | [1, 3,5, ..., 13]
(max_depth)
SVM Regularization parameter (C) [0.0001, 0.001, 0.01, ..., 10]
SVM Kernel (kernel) [linear, kernel with a Gaussian radial
basis function]

2.4. Analysis of model gas mixtures for calibration transfer using MS 2.1 and MS 2.2

2.4.1. Scheme of the experimental setup for the analysis of model gas mixtures

Scheme of the installation to assess the possibility of calibration transfer in principle is

similar to the scheme shown in Figure 6. The difference of the current scheme (Figure 10) from

the above is only in the value of several parameters, namely: the flow rate of the gas mixture or

room air flow to form the baseline - 0.4 1/min, the duration of sample feeding - 90 s, the time

period of signal integration - 300 s.
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Figure 10. Experimental scheme of the analysis of model gas mixtures to assess the

possibility of calibration transfer for MS 2.1 and MS 2.2
Table 12 shows the basic parameter values of the analysis for MS 1, MS 2.1 and MS 2.2.

Table 12. Parameters of sensor conductivity measurement for multisensory systems in

the analysis of model gas mixtures

Parameter MS1 MS 2.1 and MS 2.2
Sampling duration 10s 90 s
Flow rate of the gas mixtures and | 3.5 L/min 0.4 L/min

baseline room air

Time period of signal integration from | 90 s 300 s

the time of sample feeding

2.4.2. Data processing

Python 3.6 software (Python Software Foundation, USA) and libraries pandas,
matplotlib, numpy and scikit-learn were used for data analysis, visualization and processing,
PCA application, as well as for classification models (MSVM and SVM) and regression models
(UDS, UDSwoi, DS-PLS2, DS-L1R).

For modeling and experiments to assess the possibility of conducting the calibration

transfer using response standardization methods, data obtained from the analysis of calibration



samples of one-component gas mixtures of three VOCs and samples of two gas mixtures with
identical qualitative composition by the set of entering VOCs, but different in total quantitative
composition were collected. Table 13 and 14 show the concentrations of the above samples. In
the case of samples of one-component mixtures, 2 samples were prepared for each concentration
and each component and the total number of samples analyzed for each MS was 42. In the case

of samples of gas mixtures consisting of three VOC components, 8 samples were prepared for
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each mixture. The total number of analyzed samples for each MS was 16.

classification task

task

Table 13. Composition of one-component calibration gas mixtures for modeling the

Concentration, ppm
Sample
Humber propan-1-ol n-heptane o-xylene
1 1.2 1.2 1.5
2 2.4 2.4 3.0
3 6.0 6.1 7.4
4 11.9 12.1 14.9
5 23.9 243 29.7
6 59.6 60.7 74.3
7 119.3 121.5 148.5

Table 14. Composition of gas mixtures (GM 1 and GM 2) for modeling the classification

# of gas mixture Component Concentration, ppm
propan-1-ol 33
1 n-heptane 17
o-xylene 20
propan-1-ol 26
2 n-heptane 17
o-xylene 24
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The original sensor response matrices with information about the qualitative composition
of the samples obtained in the analysis of one-component calibrated gas mixtures and three-
component mixtures are located in the repository [99].

Scheme of the experiments to assess the possibility of conducting the calibration transfer
using standardization methods is shown in figure 11. At the end of the experiment, we compared
the average values of multiclass classification accuracy (in the case of single-component gas
mixtures) and binary classification accuracy (in the case of multicomponent mixtures) for each
combination of "model - test set for training" by 15 random partitions of the data set into training
and test sets 1n the ratio 70% to 30% and random selection of standardization samples. During
the training phase, an internal cross-validation on the training dataset with the number of blocks
equal to three 1s performed for each algorithm at each iteration. Table 15 presents a description
of the set of hyperparameter values for the MSVM and SVM classifiers used. The detailed

experiment algorithm can be found in the script located in the repository [99].

MS 2.1 MS22

h ¥

Standardization set MS 2.1 ¥ Standardization set MS 2.2
Calibration transfer model:
‘ UDS, UDSwo1, DS-PLS2, ‘

| Testset Train set DSLIR Test set Train set
MS21 MS 21 MS22 MS 22

J’_l ; +_1

Classification 1 Classification

model J Test set model
MS 2 2%

h 4

k. ¥
Accuracy Accuracy Accuracy
MSVM21-MS21 MEVM 21-M522* MEVM 22-M522

Figure 11. Scheme of data processing for two sensor arrays and correction of MS 2.2 responses

using methods of calibration transfer
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Table 15. Description of the hyperparameter grid for finding the optimal combination on

the training dataset

Classifier Hyperparameter Investigated values
MSVM Regularization parameter (C) | [1072, 1071, ..., 1072]
SVM Regularization parameter (C) | [1078, 1077, ..., 107%]




151

Chapter 3. Development of an online analysis of exhaled breath method for the

diagnosis of lung cancer using a multisensory system

3.4. Description of the medical study

All studies involving both patients and healthy volunteers were conducted in accordance
with ethical standards and the Declaration of Helsinki of 1964. All experiments were performed
with the permission of the N.N. Petrov National Medical Research Center of Oncology by Ethics
Committee No. 15/83, dated March 15, 2017 [1,100]. The MS 1 multisensory system was
installed in the research center. The following inclusion criteria were used: patients aged 20
years or older; suspicion of LC based on clinical symptoms or radiological examination (patients
were given the opportunity to have all necessary additional diagnostic tests such as CT scan,
fibrobronchoscopy and/or transthoracic trepan biopsy); active smoker or past smoker who had
quit no more than 10 years before participation in the study. Exclusion criteria for the study:
Patients with severe comorbidities (including decompensated cardiovascular, endocrine, such as
diabetes, or pulmonary pathology; decompensated or subcompensated organ failure;
uncorrectable coagulopathies; cerebrovascular disorders; unstable angina pectoris); history of
cancer 5 years prior to study, excluding skin cancer or cervical cancer in situ; history of LC or
lung surgery; expected survival 1 year or less.

In the study [100] EB samples from 118 patients (49 females (42%) and 69 males (58%))
were analyzed, including 65 patients with LC and 53 healthy patients who voluntarily
participated in the study and signed consent to participate. In all patients who were in the RL
group, the diagnosis was confirmed by morphological examination after EB analysis. The
following forms of LC were diagnosed: non-small cell LC - 59, small cell LC - 6. Thirty patients
had early-stage disease (I/II) and 35 had late-stage disease (III/IV). In addition, the control group
included 54 healthy volunteers without signs of lung disease based on clinical symptoms and
radiological examination. Data on sex and age of the control group are also presented in

Table 16.
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Table 16. Characteristics of the studied groups (LC group and healthy group)

Group LC group Healthy group
Number of
65 53
participants
Age,
65+9 56 +12
average + sd*
Male 42 (65%) 27 (51%)
Female 23 (35%) 26 (49%)

*sd — standard deviation

Patients were informed to abstain from eating and smoking for one hour before EB
analysis with MS 1. Immediately before analysis patients rinsed their mouths with clean warm
water and waited in the room where measurements were taken for at least 10 minutes before the

first measurement.

3.4. Description of patient exhaled breath analysis procedure

The analysis procedure of patient EB consisted of three consecutive steps. In the first
step the pump valve is opened and ambient air is blown through the gas cell at 3.5 Lxmin™! while
the patient valve is closed (as shown in Figure 12). In the second step the pump valve closes
and the patient valve opens. The patient exhales through a sterile disposable mouthpiece for 10
seconds through the gas chamber at a rate of 3.5 Lxmin™! which corresponds to a volume of
about 600 ml of EB. The rate was controlled by the patient with monitoring of rotameter
readings. In the third step the patient valve was closed, the pump valve was opened and ambient
air was blown through the gas cell again at the same rate of 3.5 Lxmin"!'. The flow rate is also

monitored using the rotameter.
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Figure 12. Scheme of the online analysis of EB

The conductivity integral over time minus the area formed by the baseline was extracted
from the conductivity curve as an analytical signal for each sensor at each temperature. The time
between successive measurements at the same sensor temperature was 1-2 minutes for one
patient.

The reproducibility of the extracted analytical signal for all sensors was about 2-15%.
Initially three consecutive EB measurements were performed for each of the three temperature
regimes. During the course of the study, it was found possible to perform only one measurement
on each temperature mode resulting in a total analysis time for one patient ranging from 15 to
25 minutes.

The higher the humidity level the less the MO sensors are affected by its fluctuations.
Therefore, all measurements were performed in rooms with relatively high humidity
levels (60% = 5%). Due to the use of high operating temperatures the effect of temperature
fluctuations in the air passing through the cell is insignificant. Therefore, no preheating was used

for the cell.
3.4. Selection of the most effective data processing algorithm and classification model

The resulting feature matrix X has a dimension of 118%18, where 118 is the total number

of patients, and 18 is the number of extracted features (integral of the conductivity peak from
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time) from 6 sensors on 3 temperature modes. The y vector has a dimensionality of 118x1 with
a value of 0 (the patient belongs to the healthy group) or 1 (the patient belongs to the LC group).

First of all, the classes are not balanced (53 vs. 65 for the healthy group and LC group
respectively) so stratification by class was used in the cross-validation partitions so that the ratio
of the LC group to the control group was the same between partitions.

To study and visualize the data in two-dimensional space 3 matrices were built for each
temperature mode with point scatter diagrams. More intergroup separation is observed for the
first temperature mode (Figure 13). As it can be seen visually the greatest separation between
the LC group and the healthy group is observed for pairs with the presence of sensor #4.

The Shapiro-Wilk criterion [101] which is one of the most effective criteria for testing
normality was used to test the distribution of the signs for normality. The hypothesis of
distribution normality was rejected for all the features (0=0.05). Figure 9 suggests a lognormal
distribution of the data in the features. Indeed, the hypothesis of normal distribution was already
rejected for only 6 out of 18 features (0=0.05) upon log transformation of the feature matrix
(Table 17). Nevertheless, most of the above-mentioned classifier models do not require the
features to be normally distributed. Since the data are not normally distributed it is worth
excluding the frequently used LDA-based classifier from consideration.

For the PCA analysis, the data were scaled and centered beforehand. Figure 14 shows the
dependence of the explained variance on the number of principal components used in the model.

Figure 15 shows the representations of the EB samples in the space of 3 principal components.
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Figure 13. Matrix of scatter plots for 6 sensors at temperature mode T1. Cells (i,j) contain
the scattering point diagram for the conductivity integral (uSxs) of i and j sensors. The diagonal
cells (1,1) show the smoothed distribution for sensor i. The grouping of the EB sample is shown

in color (blue - control group (0), orange - LC group (1))
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Table 17. Check for normality of the original data and transformed by natural logarithms

using the Shapiro-Wilk criterion (a=0.05)

Internal data Data after log transformation
(natural logarithm)
HO is HO is
# W-value p-value rejected W-value p-value rejected

S1 T1 0.930 1x107 yes 0.982 0.116 no
S2 Ti1 0.872 1x10°8 yes 0.990 0.512 no
S3 T1 0.917 2x1076 yes 0.986 0.259 no
S4 T1 0.875 2x1078 yes 0.978 0.051 no
S5 T1 0.917 2x1076 yes 0.990 0.513 no
S6_T1 0.900 2x107 yes 0.983 0.154 no
S1_T2 0.853 2x107 yes 0.995 0.933 no
S2 T2 0.823 1x10710 yes 0.993 0.844 no
S3 T2 0.897 2x107 yes 0.976 0.034 yes
S4 T2 0.847 1x107° yes 0.977 0.037 yes
S5 T2 0.704 4x101 yes 0.987 0.299 no
S6_T2 0.897 2x107 yes 0.987 0.347 no
S1._T3 0.679 1x10°14 yes 0.974 0.021 yes
S2 T3 0.692 2x1071 yes 0.970 0.009 yes
S3_T3 0.785 7x10712 yes 0.978 0.047 yes
S4 T3 0.733 2x10713 yes 0.969 0.009 yes
S5 T3 0.806 4x1011 yes 0.987 0.307 no
S6_T3 0.822 1x10710 yes 0.985 0.199 no
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Figure 14. Dependence of the explained variance ratio on the number of principal

components in the model
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According to the data processing scheme shown in Figure 9 for each iteration (15 in total)
a random partitioning of the sensor response matrix and class label vector was performed on the
training and test data sets in the ratio of 60 to 40. Then the considered classification models were
trained on the training sets taking into account the internal cross-validation to select the optimal
values of hyperparameters for each model. The trained models were then used to predict
probabilities and class labels for both the training and test set samples.

Figure 16 shows the constructed ROC curves for the classification models for one of the

iterations. After the ROC curves were constructed the ROC AUC metrics were calculated.

IHGGC curves for classification algorithms for train and test sets

— i ,.-"'r*
--F""r_'_l ;.___,.-
0.8 ;‘_..*"’
".a""
_.r"'
z 087 —— LR _train AUC = 0.9653
:% e LR_test AUC = 0.9983
£ 04l o kNN _train AUC = 0.9975
o —— KNN_test AUC = 0.9948
L7 RF train AUC = 1.0
07 - ..-"'"J E— RF_[ESIAU[ =10
et SVM_train AUC = 0.981
e SVM_test AUC = 0.9983
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0.0 0.2 0.4 0.6 0.8 10
1 - Specificity

Figure 16. ROC curves of classification algorithms obtained when predicting class labels

for one data partitioning into training and test sets

Using a standard classification threshold (p=0.5) each sample was classified as true
positive (TP), false positive (FP), true negative (TN) or false negative (FN). Next confusion
matrices were constructed. Tables 18 and 19 show examples of constructed error matrices for

one of the iterations for the training and test sets respectively.
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Table 18. Class prediction confusion matrices for a training dataset on a single random

partition
Predicted class Predicted class
kNN LR
1 0 1 0
Actual 1 36 0 Actual 1 36 3
Class 0 3 31 Class 0 2 29
Predicted class Predicted class
RF SVM
1 0 1 0
Actual 1 39 0 Actual 1 37 2
Class 0 0 31 Class 0 0 31

Table 19 Class prediction confusion matrices for a test dataset on a single random

partition
Predicted class Predicted class
kNN LR
1 0 1 0
Actual 1 24 2 Actual 1 26 0
Class 0 0 22 Class 0 2 20
Predicted class Predicted class
RF SVM
1 0 1 0
Actual 1 26 0 Actual 1 25 1
Class 0 0 22 Class 0 1 21

Then diagnostic test metrics were calculated for each classification model and type of
data set used, and then averaged over all 15 iterations. Table 20 summarizes the averaged quality
metrics (sensitivity, specificity, and ROC AUC) for both the classification of samples from the

training set and for the test dataset.
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Table 20. Mean values of metrics with confidence interval (at significance level 0=0.05)
when classifying algorithms on the training and test dataset at 15 times random partitioning of

the dataset

Metric Dataset Classification model
type LR kNN SVM RF
ROC Training 0.981+0.007 | 0.998+0.001 0.993+0.005 0.999+0.000
AUC Test 0.959+0.012 | 0.961+0.018 0.972+0.014 0.960+0.014
Acc Training 0.956+0.015 |0.970+0.012 0.990+0.007 0.988+0.007
Test 0.931+£0.018 | 0.940+0.016 0.936+0.016 0.898+0.023
Se Training 0.957+£0.011 | 0.947+0.022 0.986+0.011 0.981+0.012
Test 0.938+0.021 | 0.905+0.026 0.920+0.025 0.853+0.041
Sp Training 0.954+0.025 | 1.000+0.000 0.995+0.006 0.997+0.004
Test 0.924+0.036 | 0.981+0.015 0.954+0.030 0.951+0.026
PPV Training 0.964+0.018 | 1.000+0.000 0.996+0.004 0.998+0.003
Test 0.939+0.027 | 0.983+0.013 0.962+0.024 0.956+0.023
NPV Training 0.946+0.014 | 0.939+0.025 0.983+0.013 0.977+0.014
Test 0.929+0.023 | 0.899+0.027 0.913+0.025 0.851+0.035

3.4. Analysis of the results

Table 12 shows that the classification results on the test datasets are somewhat worse than
on the training datasets. It should be noted that this is a common situation which is related to the
retraining of models. Still under real conditions the metrics values obtained on the test dataset
will be closest to the achieved results of the diagnostic test. Thus, we will use the results on the
test sets to select the optimal classifier (Table 21). In this study high values of the metrics were
achieved ROC AUC. It is difficult to identify any particular algorithm here due to the fact that
the differences between the mean values are not statistically significant (at a significance level
of 0=0.05). Note that in this paper this ROC AUC metric can be interpreted as the probability
with which a randomly selected patient with LC will be assigned a higher weight than a random
healthy patient. Turning to the main metrics assessed in the pilot works on the development of

MS-based diagnostic tests, namely, Se and Sp, less frequently PPV and NPV, it is worth noting
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that in real conditions of screening examination, the ratio of patients with the disease to the
number of healthy patients will differ markedly from 1:1. Therefore, consideration of the
diagnostic test first begins with Sp and NPV. The corresponding values should be at least 0.98-
0.99, otherwise, the number of unnecessary biopsies with the risk of complications increases
dramatically, the use of additional examination methods increases as well as the cost of the
examination. The requirements for Se and PPV are less strict - for Se not less than 0.90, for
negative predictive value — 0.85. According to the results, we can see that the model based on
the kNN classifier meets the above requirements with Se — 0.905+0.026, Sp — 0.981+0.015,
PPV —0.983+0.013, NPV — 0.899+0.027.

Table 21. Classification results of model on the test sets

Metric Classification model
LR kNN SVM RF

ROC AUC | 0.959+0.012 |0.961+0.018 0.972+0.014 0.960+0.014
Acc 0.931+0.018 | 0.940+0.016 0.936+0.016 0.898+0.023
Se 0.938+0.021 | 0.905+0.026 0.920+0.025 0.853+0.041
Sp 0.924+0.036 | 0.981+0.015 0.954+0.030 0.951+0.026
PPV 0.939+0.027 | 0.983+0.013 0.962+0.024 0.956+0.023
NPV 0.929+0.023 | 0.899+0.027 0.913+0.025 0.851+0.035

Nevertheless, the set of classifiers used allows us to estimate the importance of a feature
in the classification model. For example, the importance of the features in LR can be represented
as absolute values of the model coefficients (Figure 17). Since this model uses L1 regularization

for the least important features the model zeroes the coefficients during training.
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Figure 17. Feature importance in LR based on absolute values of model coefficients

Since each sensor is used at different temperatures, we expect some collinearity between
the data of one sensor at these temperatures. Thus, the effective number of sensors is less than
18. This can also be observed when evaluating the importance of the features (Figure 14) in the
LR model. Using similar approaches in investigating the contribution of the features it is possible
to optimize the qualitative composition of the sensors in the working set. Also from Figure 14
we can distinguish sensor S4 as the most important in classification which was noted earlier in
the analysis of the pairwise scatter plots.

The results of this pilot study demonstrated the applicability of online analysis of EB
using an array of MO gas-sensitive sensors for diagnostic purposes. Separation of patients of LC
group and healthy group was observed with acceptable levels of sensitivity and specificity. In

Table 22 results from current work using the kNN-based model are added to the pilot studies on

separation of the LC group and the healthy group for comparative evaluation.
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Table 22. Comparison of obtained results with other pilot works using gas-sensitive MO

sensors (Se - sensitivity, Sp - specificity, Acc - accuracy)

Reference Group description Se Sp Acc
This work N=118
90.5+2.6% | 98.1 +£1.5% | 94.0 +1.6%

(kNN) (65 LC, 53 healthy group)
N=101

[70] 95.3% 90.5% 92.6%
(43 LC, 58 healthy group)
N=18

[72] 100% 88.9% 94.4%
(9 LC, 9 healthy group)
N=89

[73] 93.6% 83.3% -
(47 LC, 42 healthy group)
N=76

[74] - - 88%
(31 LC, 45 healthy group)
N=37

[75] 83% 88% -
(12 LC, 25 healthy group)
N=84

[76] 85% 84% -
(32 LC, 52 healthy group)
N=290

[77] 94.4% 32.9% -
(144 LC, 146 healthy group)
N=145

[78] 83% 84% -
(52 LC, 93 healthy group)
N=16

[79] 85.7% 100% 93.8%
(6 LC, 10 healthy group)

Implementing the online mode avoids additional sampling and sample preparation
procedures that can negatively affect the quality of results due to loss or contamination of VOCs.
Since the use of sampling bags can lead to contamination or uncontrolled sorption of important
VOC:s, this greatly affects the results. And procedures such as pre-cleaning a patient's lungs with
medical air can lead to uncontrolled changes in a patient's VOC profile and, as a result, incorrect

patient separation.
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Conclusions

Memory effects are also significantly reduced in online mode with ambient air pumping
at increased speed. The developed approach provides adequate EB analysis results even with a
limited number of sensors. On the other hand, by using three temperature modes — the number
of sensors is tripled, since switching from one mode to another significantly changes the relative
sensitivity of each sensor.

The results obtained in this work show the possibility of implementing the presented MS
system in diagnostic practice. In particular, the values of the main informativeness criteria of the
developed diagnostic test (sensitivity, specificity, PPV, NPV, ROC AUC), which are most
important for medical personnel when evaluating diagnostic systems, are among the highest in

comparison with other studies (Table 14) mentioned above [70-79].
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Chapter 4. Development of a calibration transfer and response standardization

method between two multisensory systems

4.1. Description of the study design

As it was mentioned earlier, the existing technologies of manufacturing of MO sensors
do not allow obtaining such sensors, which would have identical characteristics and,
consequently, identical character of the response to the analyte. This fact limits the use of the
developed classification model for other MS consisting of a set of corresponding sensors. And
the obtained informativity criteria for the developed model of classification on new samples can
be expected only if the samples were measured on the same set of sensors.

The following experiment was performed to check the possibility of two MFs working
without any adjustments. Responses of calibration samples for two MS (MS 2.1 and MS 2.2)
were recorded. Information about the MS sensor set is presented in section 2.1, information
about the composition and concentrations of the calibration samples is presented in section 2.4.2
in tables 13 and 14. Multiclass classification models based on the Crammer-Singer support
vector machine (MSVM) MSVM 2.1 and MSVM 2.2 were trained on the training set of the MS
2.1 and MS 2.2 array calibration sample responses, respectively. Next, classification was
performed on a test set of graded sample responses for the MS 2.1 array using the MSVM 2.1
model and for the MS 2.2 array using the MSVM 2.1 and MSVM 2.2 models. As a result, we
obtained classification accuracy for the following "model — test set source" combinations:
MSVM 2.1 - MS 2.1, MSVM 2.1 - MS 2.2, MSVM 2.2 - MS 2.2. Figure 18 shows the results
obtained on the test response sets for 15 random partitions of the data into the training and test

sets. The data partitioning was conducted in a 70%/30% ratio respectively.
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Comparison of classification accuracy for
different model-test set combinations
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Figure 18. Evaluation of the change in classification accuracy when using the
classification model trained on MS 2.1 samples for the MS 2.2 test set (MSVM 2.1 - MSVM
2.2). The graph shows the average accuracy values for 15 random partitions of the original
response set into the training set and the test set in a 70/30 ratio. The standard deviation for each

of the three series is zero.

According to the obtained computations it is clear that models with training and test sets
of samples measured on the same MS classify test samples almost error-free (1.000 for MSVM
2.1 -MS 2.1 and 0.985 for MSVM 2.2 - MS 2.2); when using different data sources for training
model and test the classification results are somewhat worse (0.892 for MSVM 2.1 - MS 2.2).
The results once again confirm that for a model trained on data from one sensor array, one should
not expect comparable classification accuracy results on data from the same samples from
another sensor array with similar but physically different sensors. Therefore, to solve the
problem, we considered the option of working with mathematical transformations to standardize
the data between MS.

To study the possibility of joint operation of two arrays of similar sensors by correcting

the responses of one of the sets using methods of transferring calibration dependences,



168

experiments were conducted on model gas mixtures (air — VOC) in accordance with the scheme
shown in Figure 11.

The principle of the calibration transfer methods based on the correction of the sensor
array responses is described in chapter 1.4.1 of this paper. In this work four methods were used
to correct the responses:

Univariate direct standardization (UDS) method. For each pair of corresponding sensors
from two systems (MS 2.1 and MS 2.2) using the method of least squares we determined linear
regression coefficients of the form:

XM =k x XM 22 4+ by (25)

Next, the MS 2.2 test set was adjusted to the relationship found.

Univariate direct standardization method without intercept (UDSwoi). The principle is
similar to the UDS method, except that the found value of the free term b; is not used in the
equation of relationship:

MS21 _ MS 2.2
XMS21 = o, x X! (26)

Direct standardization method with LI regularization (DS-L1R). This type of
regularization allows to adjust the regularization coefficient so as to obtain the required number
of non-zero terms in the constructed regression model. This feature allows to use the response
standardization procedure with the number of standardization samples smaller than the number
of independent variables in the system. An additional regularization term is introduced into the
optimized model functional, and the estimation of model parameters f is expressed by the

following formula:

B =arg min(Th,(y; — TLiBixij)? + AB1) (27)

Direct standardization method with regression on latent structures 2 (DS-PLS2). In
brief, this approach simultaneously decomposes the response matrices of standardization
samples for MS 2.1 and MS 2.2:

xMS22 = TpT 4+ E; xMs21 = QT + F; T=XW+GG; (28)

The construction of projections is consistent with the maximization of the correlation

between the corresponding vectors XMS 22_scores t, and XS 21-scores u, taking into account

the given number of principal components.
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The efficiency of calibration transfer and the possibility of scaling the classification
model from one sensor array to another in this experiment was evaluated by the accuracy of
multiclass classification.

Special attention should be paid to the method of taking standardized samples. Recall that
by this term we mean a number of identical samples, measured on all devices, for which a
response correction is necessary. In analytical chemistry, standard samples are used primarily
for this kind of problem, but when analyzing samples of complex composition for which there
are no certified samples, the above term is used. In addition to randomized selection,
mathematical algorithms are also used. Most often in scientific works to select the minimum in
the number of samples, but close to the representativeness of the entire sample uses the algorithm
Kennard-Stone algorithm [95]. In this work, the task was to evaluate the efficiency of
standardization on average, i.e., without considering the influence of the qualitative composition
of the standardization sample set and taking into account the partitioning of the data for training
the model and test, so to obtain stable results, multiple calculations of classification accuracy
were performed with randomized samples for standardization and randomized partitioning of
the data set into the training and test sample, respectively.

In order not to compromise the results of the experiment it was ensured that there were

no standardization samples in the test data sets.

4.2. Evaluation of standardization results in the classification of individual VOC samples

As a result of repeated experiments in accordance with the scheme shown in Figure 11
for each algorithm of standardization of the response, the average values of accuracy of
multiclass classification of samples for each number of standardization samples in the range

under study (from 2 to 11 inclusive) were obtained. These results are presented in Figure 19.
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Comparison of multiclass classification results using
different response standardization methods
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Figure 19. Dependence of the average classification accuracy on the test data set for
different methods of response standardization on the number of standardization samples used.
(Each point on the graph corresponds to the average value of classification accuracy over 15
repetitions of the experiment with randomized selection of standardization samples and splitting

the data into the training and test samples in the ratio 70/30)

To examine the reproducibility of the results for each value of classification accuracy,
confidence intervals were estimated (shown in Figure 20). It can be observed that for most
models using standardization methods with a small number of samples, the confidence intervals
are quite wide and decrease as the number of standardization samples increases. Presumably, as
the number of standardization samples increases, the contribution of those standardization

samples that poorly describe the overall difference between the sensors decreases. An exception
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1s the model DS-L1R with regularization, where the width of the confidence does not have any
tendency to increase or decrease and is at the same level within the considered range of the

number of standardization samples.

Comparison of multiclass classification results using
different response standardization methods

e MSVM 2.1 — MS 2.2* (UDS) 'MSVM 2.1 —MS 2.2* (UDSwoi)
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Figure 20. Dependence of the average classification accuracy on the test data set for
different methods of response standardization on the number of standardization samples used.
(Each point on the graph corresponds to the average classification accuracy over 15 repetitions
of the experiment with randomized selection of standardization samples and splitting the data
into the training and test samples in the ratio 70/30) The graph also shows the error bars

corresponding to the confidence intervals.

On the basis of the obtained results, it is possible to mark out methods UDS and UDSwoi

as the most acceptable for standardization of responses MS 2.2 as exactly for these methods it is
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possible to reach level of accuracy of classification close to level of model MSVM 2.2 - MS 2.2

for the least quantity of samples for standardization, equal 4.

4.3. Evaluation of standardization results in the classification of VOC mixtures

In research studies related to quantitative multicomponent analysis of EB the authors
often point out that the difference in the VOC profile between a group of healthy people and
patients with pathology is not the absence or presence of certain VOCs but the range of
concentrations. Therefore, this work also modeled the task of reproducing two groups of samples
with identical qualitative composition but different quantitative compositions for some
components of the mixture. Table 15 shows the compositions of mixtures with VOC

concentrations.

Table 15. Composition of gas mixtures (GM 1 and GM 2) for modeling the classification

task
Ne of mixture Mixture component | Concentration, ppm

propan-1-ol 33

1 n-heptane 17

o-xylene 20
propan-1-ol 26 (-20%)
2 n-heptane 17 (+ 0%)
o-xylene 24 (+20%)

Note that the concentrations of each of the analytes for mixtures 1 and 2 were chosen so
that the extracted response for most sensors was close to the response obtained from the analysis
of EB samples with an order of magnitude accuracy.

For each MS 2.1 and MS 2.2 system, 8 samples of each GM 1 and GM 2 mixture were
prepared and measured. In accordance with the experiment scheme shown in Figure 16, for each
response standardization algorithm, average values of binary classification accuracy were
obtained for each number of standardization samples in the studied range (from 2 to 7

inclusively). The obtained results are presented in Figure 21.
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Comparison of the results of binary classification of gas
mixtures using different response standardization methods
--e--MSVM 2.1 - MS 2.1 --e--MSVM 2.2 - MS 2.2
%—MSVM 2.1 - MS 2.2* (UDS) MSVM 2.1 - MS 2.2* (UDSwoi)
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Figure 21. Dependence of the average classification accuracy on the test set of samples
(gas mixtures 1 and 2) for different response standardization methods on the number of
standardization samples used. (Each point on the graph corresponds to the average value of the
classification accuracy over 15 repetitions of the experiment with randomized selection of

standardization samples and splitting the data into the training and test samples in the ratio 70/30)

To investigate the reproducibility of the results for each value of classification accuracy,
the confidence intervals were estimated (Figure 22). In this case, the maximum reproducibility
of the results is achieved for all standardization methods, except for DS-L1R, for which the
confidence intervals remain at the same level in the considered range of standardization samples.
As in the previous problem, the minimum required number of samples for standardization of MS
2.2 responses was 4.

The PCA method was used to qualitatively evaluate the result of standardization of the

responses. Specifically, a PCA model was constructed using MS 2.1 data. Relative explained
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variance for the first component was 80.5%, for the second component - 8.1%. Then MS 2.2
data were projected into the principal component space of PCA model. MS 2.2* (UDS) data
were also obtained: MS 2.1 data subjected to one-factor standardization over the three standard
samples after projection onto the principal components. Figure 23 shows the responses of the
graded propan-1-ol, n-heptane, and o-xylene test kit samples for MS 2.1, MS 2.2, and MS 2.2*

in the first two principal component space.

Comparison of the results of binary classification of gas
mixtures using different response standardization methods

mm MSVM 2.1 — MS 2.2% (UDS) MSVM 2.1 —MS 2.2* (UDSwoi)
= MSVM 2.1 —MS 2.2* (DS-PLS2) mm MSVM 2.1 —MS 2.2% (DS-LIR)
----- MSVM 2.1 -MS 2.1 —---—-MSVM 2.2 —MS 2.2
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Figure 22. Dependence of the average classification accuracy on the test set of samples
(gas mixtures 1 and 2) for different response standardization methods on the number of
standardization samples used. (Each point on the graph corresponds to the average value of the
classification accuracy over 15 repetitions of the experiment with randomized selection of
standardization samples and splitting the data into the training and test samples in the ratio of

70/30) The graph also shows the error bars corresponding to the confidence intervals.
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Figure 23. Visual interpretation of the response correction process and mutual arrangement
of the samples in the principal component space (the fraction of explained variance for each
principal component is shown in parentheses). Mixture samples measured at MS 2.1 are marked
in blue, mixture samples at MS 2.2 are marked in green, and samples at MS 2.2 corrected by
UDS using two standardization samples are marked in red (for these two samples, the mapping
after response correction is shown using the green dotted line). PC1 is the axis of the first

principal component, PC2 is the axis of the second principal component.

Conclusions

The results obtained in Chapter 4 demonstrate the feasibility of standardizing the response
of one MS for the joint use of one classification model trained on the responses of another MS.
The univariate direct standardization methods demonstrated the highest and most acceptable

classification accuracy with a minimum number of standardization samples equal to four.
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Conclusions

The scheme of online analysis of EB using a system of gas-sensitive metal-oxide sensors,
which does not require additional sample preparation, was proposed, created and tested.

Using the developed system, a comparative examination of the group of healthy (53) and
LC patients (65) was carried out. Based on the results obtained, an algorithm for the processing
of experimental data was developed and validated, allowing the efficient isolation of RL patients
with sensitivity (90.5 + 2.6)%, specificity (98.1 £ 1.5)%, accuracy (94.0 + 1.6)%, ROC AUC
0.961 £ 0. 018, the predictability of a positive result (98.3 £ 1.3)% and the predictability of a
negative result (89.9 £ 2.7)% without regard to external patient condition factors (age, gender,
smoking, etc.) and based solely on the multisensory system responses.

Experiments were carried out to investigate the possibility of calibration transfer between
two multisensory systems which showed the necessity of using the calibration transfer for one
of the systems by standardizing the response. On the model tasks of multiclass classification of
mixtures (air — VOC) and binary classification of 2 mixtures with identical qualitative
composition but differing in concentrations of individual components not more than 20% the
efficiency of using the method of univariate direct standardization for which the maximum

accuracy is achieved at the lowest number of samples for standardization equal to four.
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List of abbreviation

Acc — accuracy of the test

COPD - chronic obstructive pulmonary disease

DS — direct standardization

DS-L1R — direct standardization with L1 regularization
DS-PLS2 — direct standardization with regression on latent structures 2
EB — exhaled breath

EN — electronic nose

FN — false negative result

FP — false positive result

GC-MS — gas chromatography mass spectrometry
kNN — k nearest neighbor classifier

LC — lung cancer

LDA — linear discriminant analysis

LR — logistic regression

MCC-IMS — multi-capillary column ion mobility spectrometry
MO — metal oxide

MS — multisensory system

MSVM — multiclass support vector machine

NPV —negative predictive value

PC — principal component

PCA — principal component analysis

PCA — principal component analysis

PDS — piecewise direct standardization

PPV — positive predictive value

PTR-MS — proton transfer reaction mass spectrometry
RF — random forest model

RMSE — root mean squared error

ROC — receiver operating characteristic

ROC AUC — area under ROC curve
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SAW — surface acoustic waves

sd — standard deviation

Se — sensitivity of the test

SIFT-MS — Selected 1on flow tube mass spectrometry
Spe — specificity of the test

SPME — solid-phase microextraction
SVM - support vector machine model
TN — true negative result

TP — true positive result

UDS — univariate direct standardization
UDSwoi — UDS without intercept

VOC - volatile organic compound
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