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TEOPETUYHI HIAXOAU 10 BUSHAYEHHSI OITUMAJIbHUX PEKUMIB
KPIOKOHCEPBYBAHHS KIIITUHHUX CO®EPOIAIB PI3BHUX TEPMIHIB
KYJIbTUBYBAHHAA

A. L. Moicees'”, I. ®. Koanenko'~, I'. A. boxok'~, O. L. 'opaienko
Incmumym npobnem kpiobionoeii i kpiomeduyunu HAH Vkpainu,
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AkTtyanbHicTb. TpuBHMIpHI KyImbTypajbHI CHCTEMH — II€¢ YHIKaJdbHI IIaTGopMH Ui BHUBUYCHHS
CKJIQJIHUX OIOJIOriYHUX MpoleciB iN Vitro. B3aemopil KIiTHHAa—KIITHHA Ta KIITHHA—TO3aKITiTHHHUH
MaTPUKC YTBOPIOIOTh KOMYHIKAILlIHHY Mepexy OlOXIMIYHMX Ta MEXaHIYHUX CHUTHAIIB, IO HAOIIKYeE
coepoinu (CD) 1o HATHBHHUX TKAHHH i CYTTEBO BiNPi3HsIE iX BiJf MOHOIIAPOBHX KyIbTYp. BaxmBum mis
KIITHHHUX TEXHOJOTi € po3poOka cmocoOiB KpiokoHCepByBaHHS 3D—KymbpTyp, IO JO3BOJUTH
CTBOPIOBATH 3aracy LIHHMUX KJIITHHHUX 3pa3KiB, EKOHOMHTHU 4Yac Ta MaTepianu, Oyne 3amobiraTu BTpari
KyJIbTYp uepe3 TeXHiuHi 3001, KOHTaMiHalio, npeiid dpeHoTuny Ta crapiHHs.

Mera podoru. Po3poOka mnigxomiB a0 KpIOKOHCEpBYBaHHS KIITHHHUX cdepoiniB. BusHaueHHs
napaMeTpiB NpPOHUKHOCTI cdepoiniB 3 kiituH JiHIl 1929 pi3HUX CTPOKIB KyJIbTUBYBAaHHS JJIs
TEOPETHYHOI OLIIHKU ONTUMAIBHUX PEKUMIB 3aMOPOXKYBaHHS.

Marepianu i MmeToau. Y poGoti Oynu BukopucTaHi kiituHM JiHii 1929, siki yrBoprorote CO pisHOTrO
nIiameTpy, i MOXyTb OyTH minTpuMaHi TpuBaimi 49ac y 3D—ymoBax. s BU3HaueHHs iHTETpalbHUX
koeditienTiB inprpanii Ly i nponuxrocti s JIMCO K, y CD Ha pi3HUX CTPOKaX KyJIbTHBYBaHHS, OyB
BUKOPUCTAHUH BOJIBIOMOMETPUYHUN MeToA. JIoCHiIKeHHS TUHaAMIKA 3MiHH 00’eMy cdepoiniB y daci
3milficHroBay Ha KOoH(okanpHOMY Mikpockomi LSM 510 META. YucensHi 3HaueHHS iHTETpalbHUX
KoedimieHTiB nmpoHukHOCTI C® BH3HAYaNM MUITXOM AalpOKCHMAlii eKCIIEPUMEHTAIBHAX JTaHWX 3MiHA
BigHOCHOTO 00’eMy C® Bijg 4acy €KCIO3UINI B AOCHTIIPKYBAaHOMY pPO3YHHI TEOPETHYHNMH KPHBHMHU,
pO3paxoBaHUMH Ha MifcTaBi (i3MKO-MaTeMaTH4HOI MOJEJl MacHBHOTO MacooOMiHy Mix cdepoinom i
OTOYYIOUHM CEPEJOBHIIEM 32 YMOBH iX MakcHMMalibHOTO 30iry. [IporHo3yBaHHs OCMOTHYHOI TTOBEIIHKH
C® B ymoBax OXOJODKCHHS 3IIHCHIOBAJM Ha MiACTaBl MU(EPCHIATBHOTO PIBHIHHS, L0 OMHUCYE
KIHETHKY 3MIHH BiJIHOCHOTO 00’€MY KJIITHHH B MPOIIECI TO3aKIITHHHOT KPUCTAI3aIli1 KPiOTPOTEKTOPHOTO
pO34MHY, TIJACTABJISIOYM B PIBHSHHA MOJEl BHM3HAU€HI BEJIMYMHHM IHTETPAILHUX KOE(Ili€HTIB
npoHukHocTi Ly i Ky Ta eneprii akrtuBamii EaL i Eak. KiHeTnky 3MmiHM KOHIEHTpAIll MO3aKIiTHHHOTO
pO3YHMHY B TIPOIECi 3aMOPOXKYBaHHS MPH pO3paxyHKaxX 3aJaBajld aHAJIITHYHO IUIIXOM ANpPOKCHUMAL]
(hazoBoi giarpamu miaBneHas po3uury JMCO.

PesynbTraTn. BusHaueHi koedimieHTHn ¢inbrpanii Ta npoHUKHOCTI Mt Moiekyn JIMCO y CD Tta
MOKa3aHO, [0 BOHM BIPOTiZIHO 3MEHIIYIOThCS 31 30UIBIIEHHSIM CTPOKIB KyJIbTHBYBaHHS. PospaxoBaHi
BEJIMUMHM €Hepril akTuBanii npoHuKaHHs Moiekyn Bogu ta JJMCO y C® Ta BuzHaueHa iX 3aJIeKHICTh
BiJl CTPOKiB KyJnbTHBYBaHHS. Ha mifcTaBi BU3HAYEHUX MapaMeTpiB MPOHUKHOCTI pO3paxoBaHa JUHAMiKa
3MiHN 00’eMy C® pi3HUX CTPOKiB KyJIBTHBYBAaHHS 32 PI3HUX IIBUIAKOCTEH 0XOJIOHKEHHS.

Ax nuryBatm: MoiceeB Al, Kosanenko I®, boxok I'A, I'opmienko OI. Teoperwuni migxoau 1o
BU3HAYECHHS ONTHMAILHUX PEXUMIB KPIOKOHCEPBYaHHS KIITHHHUX c(EepoiliB Pi3HUX TEPMiHIB KyJIbTUBYBaHHSI.
biotiznunnii Bicauk. 2021;46:7-22. https://doi.org/10.26565/2075-3810-2021-46-01

In cites: Moisieiev Al, Kovalenko IF, Bozhok GA, Gordiyenko OIl. Theoretical approaches to
determination of optimal cryopreservation regimens for cell spheroids of different cultivation terms. Biophysical
Bulletin. 2021;46:722. https://doi.org/10.26565/2075-3810-2021-46-01 (in Ukrainian)
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A. 1. Moicees, 1. ®@. KoBanenko, I'. A. boxok, O. L. 'opaienko

BucHoBku. TeopeTHyHO BH3HAYCHI ONTHUMABHI pexuMu oxonomkeHHs CO 3 ximitun minil L929: mus
7 ni6 xyneTuByBaHHA — 1,5-2 °C/xB 3 oxonomkerHaM 10 -80 °C 1 mogambIiuM 3aHypeHHSIM Y a30T; IS
14121 nobu xynmeTuBYyBaHHSI — 0,5 °C/xB 110 -40 °C i momanpIIMM 3aHYPEHHSM Yy a30T.

KJIIOYOBI CJIOBA: cdepoinn, kpiokoHcepByBaHHs, ¢iOpodnactu umiHii L1929, koedinientn
¢inpTpauii, koediuieHTn nponukHocTi st JIMCO, eHeprist akTHBaii, IIBUIKICTD OXOJIOKESHHSI.

TpuBumipni (3D) kynbTypanbHi CHCTEMH — L€ YHIKaJIbHI IUIATGOPMH TSI BUBUYCHHS
CKJIaJHUX Ol0JIOriyHMX mporeciB IN Vitro, 3okpema, mpodideparii, aupepeHIliFOBaHHS,
CTPECOBOI peakiii KIITHH, yXJIMHHOTO POCTY, & TAKOX VIS 3aCTOCYBaHHS B SIKOCTI TKAHUHO-
IH)KEHEePHUX KOHCTPYKIIii, 610CEHCOPIB, TECT-CUCTEM JUIsl TIOIIYKY HOBHUX JIIKAPCHKHUX 3aC001B
ta imyHotepamii [1-3]. JlocmiukeHHs OCTaHHIX POKIB IOKAa3aJd BHCOKY (YHKI[IOHAIBHY
aKTHBHICTh KJITHH, SKi OyJIO KYJIBTHBOBAaHO Yy BWIJISAIAI CQEpOiliB, a TaKOXK TMOCHJICHHS
NPOTH3AMAaIbHOI Jil, aHTIOTeHeTHYHI €(PEeKTH Ta Kpalle BWKMBAHHA IICIS TPaHCIUIAHTALIi
[4-6]. Ouikyerbest, mo y Henanekomy MaiidytHboMy chepoinni KynbTypu (spheroid-based
cultures) OyayTs Oinbin 3aTpeOyBaHi y pereHepaTHBHIM MEIUIMHI, HIXK ICHYIOYl MOHOIIIAPOBI
[7, 8].

VYHIKaNIbHICTh TPUBUMIPHUX OO0’€KTIB TOJSATa€ y CKIAAHIA PErylsTOpHO-TPODIUHIN
B3a€MOJI1 KJIITHH, SIKi BXOAATH 10 IXHBOTO cKiamgy. SIK BiOMO, B3a€MOii KIITHHA—KIIITHHA
Ta KIiTHHA—To3akmiTHHENE Martpuke (IIKM) yTBOpIOIOTH KOMYHIKAIIHHY MEpeKy
010XIMIYHMX Ta MEXaHIYHUX CUTHANIIB, 10 Habmmkye chepoinu (CD) 10 HATUBHUX TKAHUH 1
CYTTE€BO Binpi3Hse Big 2D-MoHOmapoBux KynbTyp [9—12]. ToMy 3a ocTraHHI 1Ba ACCATUTITTS
Oynau 3po0JieHI YHUCIEHHI COpoOM ans po3poOKH TPUBUMIPHHX MOJAEIeH TKaHWH IS
MOJIOJIAHHS PO3PUBY MiX KIITHHHAMHU aHAi3aMH Ta JOCTI/DKEHHSMH HAa TBapHHAX IS
3MEHIIIEHHS eKCIIePUMEHTaIbHOI HEBU3HAUYEHOCT] PU BUKOPUCTAHHI MOHOIIAPOBUX KYJBTYP.

BaxmBuM ISl KIIITHHHUX TEXHOJIOTIH € po3poOka crocoOiB KpiokoHcepByBaHHS 3D—
KYJBTYp, 10 JO3BOJIUTH CTBOPIOBATHU 3allacH IIHHMX KJIITUHHHMX 3pa3KiB, EKOHOMUTH 4ac Ta
MaTepiajau, HeoOX1/H1 JUIsl IOCTIMHOTO MEepeciBy KyJbTyp; Oyae 3amodiraTtu BTpaTi KyJIbTyp
yepe3 TeXHI4HI 3001, KOHTaMiHaLio, Apeiid (EeHOTHIy Ta CTapiHHSA; HaAaCTh MOXKIHBICTh
cepTudiKyBaTH iX, TPAHCTIOPTYBATH 1 BAKOPUCTOBYBATH JIJTsl HAYKOBHX 00 MPAKTHYHKX IIICH.

3HEBO/JHEHHS 1 HAacHYeHHs OI0JIOTIYHUX OO0 €KTIB KpIOMPOTEKTOpAaMH € OJHUMHU 3
HaBa)KJIMBIIIUX MPOLECIB HA €Tali OXOJIO0KEHHs i1 4yac KpiokoHcepByBaHHs. KoedinienTn
MPOHUKHOCTI IJIa3MaTU4YHOI MeMOpaHHW [UIsi BOAM Ta KPIOMPOTEKTOpa BHU3HAYAIOTh 4YacOB1
XapaKTEepPUCTUKH MAacOIllEepeHOCY Kpi3b KIITHHHI MeMOpaHu, a oTxe 1 HMOBIPHICT
BHYTPILIHBOKJIITUHHOT KpUCTami3alii, ska € BHUPIIAIbHOI YMOBOI BW)XHBaHHs/3aruoeni
kmituHA [13]. Ockinbku cTpykTypHa opradizanis C® € CkIajHIIIOW B TMOPIBHAHHI 3
130JIbOBAHOIO0 KJIITUHOIO, TIapaMeTpu Audy3ii CIOIYK, 30KpeMa KpIOMPOTEKTOPIB 1 MOJEKYI
Boau, y CD OynyTh BiAPI3HATUCSA BiJl TAKUX JUTSI KIIITUHHOT CYCIIEH3Ii.

Hapasi icHye Hu3ka po0it, B sikux C® pi3HOro MOXOIKEHHS 3aMOPOXXYBaJIUd 3
mBUAKOCTAMU oxonopkeHHsT 1 °C/xB abo Hmxk4ue y mpucytHocTi 5-30% KpiompoTekTopa
JIMCO 3 nmomaBaHHSM cupoBaTku abo 0e3 Hel [14—17]. OmHak MOTPiOHO BiI3HAYMTH, IO
BubOip koHnentpauii JIMCO Ta MIBHIKOCTI OXOJOKEHHS BiOyBaBcs y HHMX poOoTax
eMIipuyHo, 0e3 3acCTOCyBaHHS IPYHTOBHOTO MiAXOAY, 3aCHOBAHOTO Ha PO3YyMIHHI pOJIi
IPOHUKHOCTI MeMOpaH KiiTHH y ckiaai CP Ha NpoTiKaHHSA HpPOLECiB MAacOOOMIHY MiXk
KJIITHHAMH 1 CEPEIOBUIIIEM Ha BCIX eTarmax KpiOKOHCEPBYBaHHSI.

3 iH1oro 60Ky, iCHye MiJXij, SKUHA HA OCHOBI CIIOCTEPEKEHHSI 3MiHHM BiIHOCHOTO 00’ €My
KJIIITUH y 4Yacl Mpy 1HKyOalii y Kpio3aXMCHOMY PO3UHHI JT03BOJISIE BCTAHOBUTH KOE(ILIEHTH
NPOHUKHOCTI IJIa3MaTUYHUX MeMOpaH Il BoAM Ta Kpiomportekropa [18, 19]. Lle mnae
MO>KJIUBICTh BHU3HAYHMTH ONTHUMAJIbHI Yac EKCIO3MIli 3 KpPIOMPOTEKTOPOM Ta IIBHUIKICTH
OXOJIOJUKEHHSI ~ JJIsl  YCHIIIHOTO  KpIOKOHCEpPBYBaHHS  KiiTMHHOI  cycmensii  [13].
VY npencraBneHii  poOOTI  3alpONOHOBAHO TakUW MIAXIL A0  KPIOKOHCEPBYBAHHS
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OararoxkmiTuHHUX C®. [[719 KOpEeKTHOro BHpIIIEHHS ITi€l 3a7adi MOKe OYyTH BUKOPHCTAHO
Gbi3uKo-MaTeMaTHYHE MOJICTIOBAHHS MPOIIECIB 3HEBOIHEHHS 1 MPOHUKHOCTI KPIOMPOTEKTOpa
y C®. Ilpu npomy, popmy kiaituHHOro CO MOKHA allpOKCUMYBATH €JIIIICOIAOM OOEpTaHHS,
OKPEMHUM BHIIaJIKOM SIKOTO € cdepa, Mo MPUUMAETbCA y PI3HUX ICHYIOUMX MaTeMaTHYHHX
mogensax [20, 21]. C® moxHa po3riasgaTH sK IimicHHi 00’exkt In toto. Ilpu 1pomy,
IHTEerpajbHI XapaKTePUCTUKH, LI0 BH3HAUYAIOTh YacOBI MapaMeTpu MacOOOMIHY MiX
chepoinoM 1 CepeoBUIIEM MOXXHA PO3TJISAATH SK aHAIOTH KOEQIIEHTIB MPOHUKHOCTI
MeMOpaH OKpeMHUX KIIITHH.

MATEPIAJIM I METOAMN

Y poGoti Hamu Oynau BHKOpHCTaHi KiaiThHM JiHII 1929, sxi yrBoprotore CD pizHOTO
JiamMeTpy, MOXKyTh OyTH TiATprMaHi TpuBanuid yac y 3D—yMoBax Ta BUKOPUCTOBYIOTHCS SIK
MoOJIeJIbHA CHCTEMa Ui MiA0OpY ONTHUMAaJIbHUX YMOB KpiokoHcepByBanHs CO [15, 22].
Knituany miHito miarpumyBamu mpotsaroM 4 macaxiB. Jlo 1poro Kymbrypa Oyrna
KPIOKOHCEpBOBaHA 3riIHO 3 MPOTOKOJIOM Ta 30epirajiacsi y HU3bKOTEMIEpaTypHOMY OaHKY
IMIKiK HAH Vxkpaiaun. Kmituan kynetuByBamu Ha cepepoBuini DMEM/F12 («Biowesty,
O®panuis), mo Mictwio 200 Ox/mn OensunneHimminy («Arteriumy, Ykpaina), 200 Mkr/min
crpentominuy («Arteriumy», Ykpaina) ta 10% ¢eranpnoi Tensdoi cupoBatku («Biowesty,
O®panuig) npu 37 °C B atmocdepi 3 5% CO2 B mnacTukoBux ¢akoHax sl KyJbTUBYBaHHS
(«(SPL  Life Sciences», Kopes). s orpumanas chepoiliB  BHUKOPHUCTOBYBAIN
HU3bKOAJre3UBHY MOBEPXHIO, Ul Lporo 4amku Ilerpi o6pobisuin 2%-M po3unHOM arapy
(«Ferak», Himeuunna). IlociBHa KoHIEHTpamis KIiTuH cranoBuna 2-10° xn/mi. Cdepoinu
KYJIBTUBYBAJH MpoTsirom 21 nib.

Jis BU3HA4YeHHS IHTErpaibHUX KOE(III€HTIB MPOHUKHOCTI JUISI MOJEKyn Boau Lp i
npoHukardoro kpionporekropa [IMCO Ky y chepoinu Ha pi3HHUX CTPOKax KyJIbTHBYBaHHS
(7-14-21 noGa), OyB BHUKOPUCTAHHU BOJILBIOMOMETPHYHHNA MeETOH. 3 MeTor (ikcarril
cepoigu 1mo yrBopwiauch npotsaroM 7, 14 1 21 10 KynbTUBYBaHHS, MEpEeMIIIyBaad Ha
a/Ire3UBHY KyJIbTypalbHy MoBepxHIo yamku Ilerpi micns goro inkyoyBanu B CO2 iHKyOaTopi
npotsroM 24 ronun 3a 37 °C. JlocmipkeHHsT AMHaMIKM 3MiHUM 00’eMy cdepoilaiB y 4daci B
npolieci iX 3HeBOAHEHHS 1 BiTHOBIEHHS B 1M po3unni IMCO y nianasoni Temneparyp 10, 15
u 25 °C 3pailicaroBanu Ha KoH(pokanmsHOMY Mikpockori LSM 510 META. Temnepatypy y
KaMepi, BCTAHOBJICHIM Ha MPeAMETHOMY CTOJMKY MiKPOCKOIIa, MIATPUMYBAJIHU 32 JOMOMOTOI0
TEpMOCTaTa Ta PEECTPYBAIH 3a JOTIOMOTor0 Tepmorapu. O0’em chepoina BUSHAYATIU UISIXOM
BUMiproBanHs jiavetpis chepoiga y vaci 3a JOMOMOrorw KOMII'IOTepHOI mporpamu AxioVision
Rel. 4.6 («Carl Zeiss», Himeuunna). YucenbHi 3HAYCHHS IHTETPaIbHUX KOCQIili€HTIB
¢inbTpanii 1 IPOHUKHOCTI Ui MOJEKY1 TUMETWICYNIb(OoKCUay s chepoiniB BU3HAYAIN
HUIXOM almpoKCHMallli eKCIIEpUMEHTaIbHUX JAAHUX 3MIHU BIIHOCHOTO 00’eMy cepoiniB BiA
Yacy eKCHO3MLIi B JOCTIKYBaHUX PO3UYMHAX TEOPETMYHHUMM KPUBHMH, PO3PaXOBAHUMH Ha
mifcTaBl  (i3MKO-MaTeMaTHYHOI MOJEN1 IaCUBHOTO TPAHCIOPTY BOAM 1 MPOHUKAIOUUX
PEUOBHH 32 YMOBH iX MakcUMalbHOro 30iry [18]. OcMoTHUYHO HEakTHBHHI 00'eM cdepoina
BH3HAUaAJIH SIK OMMCAHO B po0OTi [23], OTpUMYIOUH 3aJIeKHICTh BIIHOCHOTO 00’ eMy cdepoiniB
BiJ] 00EPHEHOr0 MPUBEJCHOIO OCMOTHYHOTO THCKY y PO3YMHAX HENPOHMKAIOUOi PEeYOBHHHU
(xmopun Hatpito 13 KoHIeHTpamissMu Bix 0,5 1o 2 Moip/i1). 3a UM aaTOPUTMOM BHU3HAYAIH
OCMOTHYHO HEakTHMBHMH 00’eM cdepoiniB Ha 7, 14 ta 21 noby xynpTuBYBaHHS. Yac
BCTaHOBJIEHHs piBHOBaru Mixk C® 1 KpiOMpPOTEKTOPHUM CEPEOBUILIEM BBaXKaJIU 4ac, 3a IKUI
C® BinHOBMOBaB cBilf 00°eM Ha 90 %.

Cratuctuuny oOpoOKy OTpMMaHUX Pe3yNbTaTiB MPOBOAMIN 3 BUKOPUCTAHHIM IIPOrpaMu
«Statgraphics plus for Windows 2.1» («Manugistics Inc.», CIIIA) 3a HemapameTpUYHUM
kputepieM ManHa-VYitHi. JlocTOBipHUME BBaXaluch BigMiHHOCTI Iipu p<0,05.
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TEOPETUYHE OBT'PYHTYBAHHSA
Busnauennsa xoeghiuicnmie npoHuKHoCmi RAA3MAMUYHUX MEMOPAH KTIMUH
Yy cknaoi cghepoioie

Jlns BU3HAUGHHS IHTETPAIBHUX XapaKTEPHUCTHK CHEpoimiB, MO OMUCYIOTh MacoOOMiH
MDK HHUMH 1 OTOYYIOUMM CEpEIOBHIIEM, aJanTyBald (i3UKO-MaTeMaTHYHy MOJETb,
PO3BHHYTY JUIsl KIITHHHUX cycrneH3id [18]. Y Bumaaky, Koiau uyepe3 MOBEpXHIO chepoina
NPOHHUKAIOTH TUTBKH MOJIEKYJH PO3YMHHUKA, TOOTO BOAM, 1 OfHIi€T (S—01) 3 pO3UMHEHUX B N-
KOMIIOHEHTHOMY PO3YUH1 PEYOBHH, PIBHSHHS MalOTh BUTJIS;

d 1 l+ozd &

v__ - GSAES+—iinS T | (1)

dt 7y, 1+ 75 k=1(k=w,s)

dr,  Os(1+a)a gy 1 (140 )A PO
S = — -t Aﬁs ++in z Aﬁ'k ' (2)
dt (y-a) dt g (y-a) 1+ 75 k=1(kzw,s)
o (1A -a)
Ty =70 —in ) (3)
(1"‘”50)(3/_0‘)
ne it Hamoro Bunaaky Yy =V/Vo — BimHoCHHI 00°eM cdepoina, V — notounuii 06’em; Vo —
-1 -1

P S, RT S
MOYATKOBE 3HAYCHHA 00°€MY; 7, ==L ,— | , 7, =k — BENUYMHH, IO MAIOTh

0 Vs v
pO3MIpHICTh 4Yacy; S — muroma moBepxHi cdepoima; Lp — iHTerpampHHMiA KoedimieHT
¢inpTpamii ans chepoiza; R — yHiBepcanbHa ra3oBa KOHCTaHTa; | — aOCOJNIOTHA
temrepatypa; Vs (Vk) — mapriagpHUid MOJSIpHHHA 00’€M MPOHUKAKYOl (HEMPOHUKAKYOT)
po3uMHeHOi pevoBMHM; K, — iHTerpanbHmii KoeQilieHT mpoHMKHOCTI cepoina s
NPOHHMKAIOYOi PO3UYMHEHOI PEYOBUHU; O, — KOE(IIIEHT BIAOMTTA A1 HPOHUKAIOYOI
po3uMHEHOI peuoBMHH; A7mg 1 Am, — TpaHCMeMOpaHHUI mepenaj IPUBEAEHOIO

OCMOTHYHOTO TUCKY IPOHMUKAIOYOi 1 HEMPOHUKAI0U0i PEYOBHH BiMOBIHO; HIXKHI 1HJIEKCH S,
kK i W mo3Ha4aloTh BEIWYHMHH, IO BIIHOCATHCS BIAMOBIZHO [0 PO3YMHEHHUX PEUOBUH

. ~ TV o
(MpOHMKAIOYMX Ta HEMPOHUKAIOYMX) 1 PpO3YMHHHKA, A7 :? —  TpUBEACHUMN

o . . in - in o v
OCMOTHYHHUHU THUCK k'Ol PO3UNHCHO1 PCUOBHUHU; 72'5 1 ﬂ'k — OCMOTHUYHHHU TUCK IMPOHUKAKOYOL1 1

HENPOHMKAKOYOT BHYTPIIIHLOKIITHHHUX DPEYOBMH BiAMOBIAHO; 74y 1 7Ky — MOYATKOBI

3HAYCHHA IIHMX BCIHWYUH, t - qgac, ﬂgm i 7Z'|?Ut — OCMOTHYHHI THCK HpOHI/IKaIO‘-IO'f 1

n
HEMPOHUKAIOUOI MO3aKIITUHHUX PEYOBUH BIANOBIIHO;, O = — Z VgNyg — 00’emna
0 k=1(k=w,s)
yacTKa HENMPOHUKAIOUMX PEYOBHH ycepeauHi cdepoina, abo0 OCMOTHYHO HEAKTUBHUN 00’eM
cdepoina.

Ocmomuuno neakmuenuii 06’em cehepoioa
VY BUMAAKy ABOKOMIIOHEHTHOTO PO3YHMHY HEMpOHUKarouoi (K-01) pe4oBUHM PIBHSIHHS, 10
omnucye 3MiHy 00’eMy cepoina y yaci (t), mae Burisg [23]:
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dy 1]@-a) n

i P (4)
d 7,|(Y-a) ng

€ o — OCMOTHYHO HEaKTUBHUU 00’eM cepoina, nf()Ut — MOJIbHA YaCTKa PO3YMHEHOI B

OTOYYIOYOMY cepenoBulll K-oi pedoBuHH; ni'(no — IIOYAaTKOBE 3HAYEHHS MOJIBHOI 4YaCTKH

pO34YHMHEHO1 BcepenuHi cepoina pedoBUHH.; Tw — XapaKTEPHUH Yac MPOHUKAHHS MOJIEKYI
BOJU B chepoinu.
[pu t—o0, (TOOTO t>> 7)) 3MiHA BITHOCHOTO 00’ €My cepoina B po34rHi HETPOHUKAOYOT

pPEUYOBUHU d_)t/ — 0, oke oTprMy€eEMO

1| Q-a n" nout
Lldza N o qog)=(y,-a)k )
tw[(Y=a) ng Nko
in
abo yw=a+(l—a)%=a+(1—a)x, (6)
7Tk
”in
ne x ==,
7k

Busnauaroun 06’em cdepoina 3a t>>1zy y cepii po3urHIB HEMPOHUKAIOUOI PEUOBHHH 31
3pOCTAOY0I0 KOHIICHTPAIIEI0, 3HAXOUMO 3aJICKHICTh ACHMITOTHYHOTO BiTHOCHOTO 00’ €My
BiJl OOCPHEHOTO TPHUBEACHOTO OCMOTHYHOTO THCKY pPO3UMHY. EKcrepuMeHTalbHI AaHi
anpoOKCUMYBaJIM pIBHAHHAM (6), IO OMUCye TMOBEAIHKY 00’eMy cdepoina y po3uuHi
HETPOHUKAI0YOi PEYOBMHUM METOJOM HAWMEHIIWX KBajapaTiB. 3HAuYeHHS OCMOTHYHO
HEaKTHBHOI'0 00’ €My OTPUMYBAJIH 3a MIEPETUHOM allPOKCMMOBAHOI MPSIMOT 3 BICCIO Op/IMHAT.

Ilpozno3ysanna ocmomuunoi nogedinku cghepoioie 6 ymoeax 0xo10024cenns
JudepeHuianpHe piBHAHHS, 1110 ONKMCYE KIHETUKY 3MIHHM BIAHOCHOTO 00’€My KJIITUHU B
npolieci MO3aKIITUHHOI KpHcTani3amii KpionpoTeKTOPHOIO PO3YMHY, OYJI0 3alpONOHOBAHE B
poborti [24]:

—-a ﬁlw(l—ago)_;f{”(y_a)go out @)

dy ‘ol 2l ~in 1
——=pexp|a(T-1)/T |so,z; + —|1+0, —= ,
dr [ ] 1 y—a 1 T, (1-agy)-(1-a)g, 2

ne y = V/Vo — BigAHOCHUH 00’€M KIITUHH; (o — TMOYATKOBE 3HAUEHHS BiJHOIICHHS

CyMapHOro 00’e€My KJIITHH JI0 TMOBHOTO 00’€My KIITHHHOI CycmneHsii; ¢ — 00’e€MHa JacTka
. . E E

OCMOTHUYHO HEaKTUBHUX BHYTPINIHBOKIITHHHUX PEYOBHUH,; pET_O; az=_—2; p=_4 ;

Bro RoTo RoTo

70 = (70 Lpﬂ;% )L 71 = (70Kpg )L [ — HWBUAKICTH OXOJIOKEHHS; J0 — BUXIJIHE TOBEPXHEBO-
00’eMHe BIJJHOIICHHS KJIITHHHU; 01 — KOe(ILI€HT BIIOMTTS IUIa3MAaTUYHOI MeMOpaHu st
TIPOHMKAIOUO0i Kpi3h MeMOpaHy pedoBunu; 7z =7z /zl, 73" = 73" | 7y — npuBeneHi
3HAYEHHS MO3aKJIITHHHOIO OCMOTHYHOTO THCKY BIANOBITHO NMPOHUKAIOYOI 1 HEMPOHUKAIOUO1
pedosun; 7," = 7," /7)) — TpUBENEHE 3HAYEHHS BHYTPIIHBOKIITHHHOTO OCMOTHYHOTO
THCKY TIPOHUKAI0Y0] Yepe3 IIa3MaTHIHy MeMOpaHy PeYOBHHH; 77,0 — I0YATKOBE 3HAYCHHS
CyMapHOTO OCMOTHYHOTO THCKY HETPOHUKAKOYMX PEUOBHMH BCEPEMHI KIITUHHM, 7T, 7T, —

ACHMIOTOTUYHI 3HAYEHHS OCMOTHYHOI'O TUCKY BiI[l'IOBiIIHO HpOHI/IKaIO‘-IOI 1 HE HpOHI/IKaIOLIOI

11
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yepe3 IIa3MaTHYHy MeMOpaHy pPEYOBHH, IO BiJIMOBIIAIOTH PIBHOMIPHOMY iX pO3MOALTY
Y3I0BX CHUCTeMH; 7T,,,7T,, — UPHUBEACHI ACHMITOTUYHI 3HAYCHHS OCMOTHYHOIO THCKY
BiJIMTOBITHO TIPOHUKAIOYOI ¥ HEMTPOHUKAIOUOT PEYOBHH.

Takuii ajropuT™M po3paxyHKy OyB 3aCTOCOBaHHM JJIsi MPOTHO3YBaHHS OCMOTHUYHOI
NOBEIIHKM MYJBTHKIITUHHUX CQEpOiNiB B yMOBaxX OXOJIO[KCHHS 3 BHUKOPUCTAHHSAM
IHTETPAJIbBHUX XapaKTEPUCTUK MPOHUKHOCTI MOJIEKYJ BOJM 1 KpIOMpoTeKkTopa y cdepoinu
in toto. [ns po3paxyHKy TakoX MpHUAMAIH, 10 IHTerpajibHi koedirienTn ¢inprparmii Lp Ta
HNPOHUKHOCTI JJIsl KpiompoTekropa Kp 31 3HIDKCHHSAM TeMIepaTypd CHCTEMH B yMOBax
KpHCTati3alii mimopsIKOBYIOTECS apeHI1yCOBIi 3aJI€KHOCTI:

Lo(T) = Lp(To)exp %{1—1—0] , (8)
_ En (1 Ty
k() =k(Tpyexp) 2t (1 T] , (©)

ne To — BHXiJHA (0 OYATKY OXOJOKEHHs) Temreparypa B rpagycax KenbsiHa, EaL 1 Eak
— 3HAUEHHsI CHEPTii aKTUBAIll IPOIleCcy TEPEHOCY Uepe3 MOBEPXHIO chepoina MOJIEKYI BOIAU
1 pO3YMHEHOi PEYOBHUHU BiAMOBIIHO, Ro— yHiBepcaibpHa ra3oBa craja.

[IporHo3yBaHHs OCMOTHYHOI MOBEOiHKUA c(epoiniB MpU 3aMOPOKYBAHHI 3 PIZHUMHU
MIBUJAKOCTSMH 3IMCHIOBAIM, ITiJICTABJSIIOYM B PIBHSHHS MOJCNI BHU3HAYCHI BEIMYUHU
iHTerpasbHUX Koe(irieHTiB mpoHUKHOCTI Lp 1 kp Ta eneprii akrusamii EaL i Eak. Kinetuky
3MIHM KOHIICHTpAIii MO3aKIITHHHOTO PO3YMHY B IPOIIECi 3aMOPOKYBaHHS TIPH PO3paxyHKax
3aJaBajii aHAMITUYHO IUISXOM ampokcumariii ga3oBoi giarpamu riasieHHs pozunny IMCO
y Bursiai [25]:

¢(T)=-83,595T % +125,95T — 41,355, (10)

= € = . . .

ne €¢=—, C(T) — KOHIEHTpallis MO3aKIITHHHOTO PO3YMHY, 33 SKOi BiH 3HAXOAUTHCS B
Co

TEpMOJIMHAMIUHIA piBHOBa3l 3 JIbOJAOM TMpu Temmeparypi 1; Co — BuxigHa (1o

. . . = T
3aMOpO)KyBaHH$I) KOHICHTpAI1sd pO3YMHCHO1 PEYOBHUHU IMO3AKIIITUHHOI'O PO3YHHY; T=—

Tko
— TIpUBEJIeHa TeMIeparypa; | — IOTOYHE 3HaueHHs aOCOJIOTHOI TEeMMepaTypH, ko —
3Ha4YeHHs TeMIIepaTypH IJIaBIEHHS PO3UYHHY.

Bupimytoun piBHsHHS (7) 1 BU3HAQUEHUX TPAHCIOPTHUX XapaKTEPUCTHK CPepoimiB i
BUOpaHMX IIBUJIKOCTEH OXOJIO/DKEHHS OTPUMYBAM 3aJIeXKHOCTI 00’eMy cdepoiniB Bij
TEMIEpPATypyd 3aMOpPOKYBaHHSA. 3 ypaXyBaHHSM 3Hau€Hb CTYNEHs Jerigparamii poOuiu
BHCHOBOK PO ONTHUMAaJIbHY IIBUJKICTh OXOJOKEHHS, CIUPAIOYNCh Ha BIAMOBIHY IMOBIPHICTb
BHYTPIIIHBOKJIITUHHOT KpUCTaNi3alli Ipu JaHOMY pexuMi oxonopkeHHsd C®D, sk ommcaHo y
poborax [13, 26].

PE3YJIBTATHU I OGT'OBOPEHHS
[Ipotsarom 21 nobu KynpTUBYBaHHS (hopMmyBanuch nepeBaxHo (70%) chepoinu okpyrioi
dopmu 3 miamerpom 80-100 mxwm. Ilicns 7 nobu cmocrepiranoch yIIiIbHEHHS KIITHH Y
ckiaal cepoiniB 1 OutbLI YiTKI KOHTYpH (puc. 1). BiacyTHicTh HekpoTuyHHX 30H y CO Ha
pI3HUX CTpOKax KyJdbTHBYBaHHS Oyja MIATBEpJKE€Ha 3a JOMOMOTOK OTPUMAaHHMX Ha
KOH(OKATLHOMY MiKpOCKOITi TorapoBux ckaHiB Cd (puc. 2).
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Puc. 1. Mopdororis cdepoiniB mpoTsarom KyisTHBYBaHHSI: A — 7 mi0 KyiapTuByBaHHA. B — 14 ni6
KynpTuByBaHHSA, C — 21 m00a KyTbTHBYBaHHS.

Fig. 1. Spheroids morphology during cultivation: A — 7, B — 14, C — 21 days of cultivation.

Z=60 um

Puc. 2. Z-ckanu cdepoinis 14 1o6u KyIbTHBYBaHHS JUISl Pi3HOI TIIMOMHY CKAaHYBaHHS (HEKPOTHYHHX 30H
HE BUSIBIICHO).

Fig. 2. Z-scans of 14 cultivation days spheroids for different depth of scanning (necrotic zones are not
revealed).

Jnst po3paxyHky mapameTpiB nmpoHUKHOCTI C® Oynu BHU3HA4YEHI YMCENbHI 3HAYEHHS iX
OCMOTHYHO HEaKTHBHOTro 00’emy a. Jns cdepoiniB 7 ni6 kynptuByBanHs 0=0,41. Ilpu
30UIBIICHH]I CTPOKIB KYJIBTHBYBaHHS OCMOTHYHO HEAKTHUBHUU 00'eM 30UThIIYBaBCS: Ha
14 no6y xynbpTHBYBaHHS BiH cTaHoBUB 0=0,485 1 Ha 21 1n00y KyJIbTHUBYBaHHS JOCATaB
3HaueHHS a=0,54, saxe 30epiranoch 1 10 34 no6u kynpTuBYBaHHS (puc. 3). Take 301abIICHHS
OCMOTHYHO HEakTHBHOT0 00'eMy C® 0ueBHAHO MOB'S3aHO 3 YTBOPEHHSIM MIKKIITHHHUX
3B’s3KIB. TakuM YWHOM, MOXXHA 3POOMTH BHUCHOBOK, IO (OPMYBAHHS MIKKIITHHHOTO
MaTPUKCY IPAaKTUYHO 3aBepIIyeThcs Ha 21 100y KyJIbTUBYBaHHS.
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Puc. 3. BinHoCHHMIT 0CMOTHYHO HEAKTHBHUI 00’ €M cepoiliB y pi3Hi CTPOKU KyJIbTHBYBaHHS.

Fig. 3. Relative osmotically inactive volume of spheroids at different cultivation stages.

Ha puc. 4 nHaBeneHwii NpUKIAA anpoKCHUMalii EKCIEPUMEHTAIbHHUX JaHUX 3MiHU
BiTHOCHOTO 00’eMy cdepoiniB npu excrno3uilii B pozunHax 1 M JIMCO 3a temnepatyp 10, 15
ta 25°C TEOpPeTUYHMMHU KPUBUMH, PO3PAaXOBaHMMH Ha MiACTaBl (Hi3MKO-MaTeMaTHIHOL
MO/IeJi TACUBHOTO TPAHCIIOPTY BOJH 1 MPOHUKAIOYKMX pedoBuH [ 18, 19].

6'eM chepoiga V/Vo

n oo

BigHocHuM

0,5 T T T 1 1
0 200 400 600 800 1000
Yac, ¢
Puc. 4. Jlunamixa 3MiHE BigHOCHOTO 00’emy cdepoiga 21 mobm kymetuBYBaHHS B 1M JIMCO Ha
Qizionoriunomy po3uuni 3a pizaux tTemneparyp (—e— 25 ‘C, —m— 15 °C, — A — 10 °C).

Fig. 4. Relative volume change dynamics of 21 cultivation days’ spheroids in 1M DMSO on physiological
solution at different temperatures (—e— 25 °C, —m— 15°C, — A— 10 °C).

3a anpoKCcHUMaIlI€l0 eKCIEPUMEHTAIbHUX JTaHUX TEOPETUUHUMHU KPUBUMH OyJU 3HaieH1
iHTerpanbHi KoedinienTn Qinprpanii i nporuknocti st IMCO y C® (tabn. 1). Pesynbratu
CBiuYaTh, 10 IHTETPAIbHI MOKA3HUKU MPOHUKHOCTI C(EepOoiniB 3MEHIITYIOTHCS 31 30UIbIIICHHAM
CTPOKIB KyJbTUBYBaHHs. Tak, Kyl1bTUBYBaHHS cepoiniB npotsrom 14 1 21 116 npu3BOIUThH
no BiporigHoro (p<0,05) 3menmenHs koediuieHTiB ¢inbTpamii (Lp) 1 MTPOHUKHOCTI JUIS
JAMCO y nopiBHsIHHI 3 7-10 10000 KYJIbTUBYBaHHS.
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Tab6nuus 1. Koedinientu dinsrpanii (Lpx 10, M%/H-c) Ta nponuknocti ais JIMCO (kpx 107, m/c)
cepoiniB pi3HUX CTPOKIB KyJIbTHBYBaHHS

Table 1. Filtration (Lpx10%, m%N.s) and permeability for DMSO (kpx107, m/s)

coefficients of spheroids of different cultivation stages

) H};[;)Ifs . Koediwient Temmneparypa, °C
Y Y Y TIPOHUKHOCTI 10 15 25
HHS
7 Lp 7,93+0,74 8,93£1,6 13,71+2,11
ko 2.79+0,68 6,86+2.7 8.51+1.86
14 Lp 3,46+0,06 5,16+0,8 9,50+0,86
Kp 0,49+0,14 0,96+0,68 4,12+1,62
’1 Lo 3,03£0,13 4.59+1,78 8.71%1,14
Kp 0,43+0,20 0,64+0,63 3,27+1,30

Ha ocHOBI oTpuMaHHMX YacOBHX 3alIe)KHOCTEH BimHOCHOTO 00’emy C® B po3umHax 3
KpPIOMPOTEKTOPOM Takoxk Oylia BU3HAu€HA TPUBATICTh Hpoueaypu ix ekBimiOpauii B 1 M
JIMCO nHa ¢izionoriyHOMy po34MHi, HEOOXimHa A MOCATHEHHs piBHoBarm Mik CO i
OTOYYIOUUM CEpEeOBUILEM Ha PI3HUX CTPOKax KyJabTUBYBaHHS 3a TemmepaTyp (10-15-25°C)
(tabn. 2). HaBeneni B Tabnmmi 2 AaHi CBigq4aTh Ipo Te, IO TEMIIEparypa Kpio3aXHCHOTO
CEepe/IOBUINA 1 CTPOKHU KYJIbTUBYBAaHHS CYTTEBO BIUITMBAIOTh HA HEOOXITHHUI ONMTUMAIBHUIN Yac
excno3unii C® B KpionpOTEeKTOPHOMY PO3UHHI.

Tabmmms 2. Yac nocsraeHHs piBHOBaru y cucreMi CO/KpiompoTeKTOpHUIT PO3YHH, MO MicTHTE 1 M
JAMCO, y 3anexHOCTI BiJ cTpOKiB KyabTuBYBaHHs C®D i Temrieparypu ekBiniOpariii

Table 2. Equilibrium time in the system SP / cryoprotective solution containing 1 M DMSO, depending on
the cultivation time of SP and the equilibration temperature

Crpoxku HeoOxianuii yac ekcrno3uilii y Kpio3aXuCHOMY CepeOBHIII, C
KYJIbTUBYBaHHS
cdepoini, 106H 25°C 15°C 10°C
7 43,0+1,82 51,8+3,62 64,8+2,92
14 67,7+8,7 PbP 109,1=10,0 > 216,2+10,9 PPb
21 100,0+£11,2° 270,3+£19,0¢ 440,5+12,4°¢

(a) — BimminnoCTi mocToBipHi (p<0,05) y mopisusiaHi 3 (b) i (¢); (bb) — BiaminHOCTI HOCTOBIpHI (p<0,05)
y MopiBHSHHI 3 ()

BB Temmeparypu Ha KOHCTaHTH UIBMJKOCTEH, IO XapaKTepU3yIOTh XiMidHI abo
010JIOTIYHI MPOIIECH, YacTO aHANI3YIOTh B TepMiHax eHeprii aktuBaiii (Ea). [IpoHuKaHHS
BOJIM 1 PO3YMHEHUX PEUOBHH Kpi3b IITYYHI Ta MPUPOJHI MEMOpPaHU PI3HUMHU CTPYKTYPHO
0OyMOBJIEHUMH ILUISIXaMU XapaKTepU3YIOThCS BIAMIHHUMH 3HAYEHHSIMH €HEeprii akTHBaIlii.
ToMy ansi OUIHKK 3MiHEHHS BiHOCHOTO 00’eMy C® BHIpOJOBXK OXOJOMKEHHS, BAKIHBO
BpPaxoBYBaTH 3aJ€KHICTh IHTErpajJbHUX 3HAUY€Hb X MPOHUKHOCTI Ui MOJIEKYJT BOAM Ta
KpIOMPOTEKTOPiB BiJ TemmnepaTypu. llpuiimaroum 10 yBaru BHUIIECKa3aHE HAa HACTYITHOMY
eTari JOCIIKEHHS pO3paxoByBalld 3HAUYEHHS €Heprii akTHBallll MPOHUKAHHS MOJIEKYJ BOJH 1
JAMCO y C® Ha pi3HHUX CTPOKAX KyJIbTHBYBaHHS (pHC. 5).
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Puc. 5. Enepris axtuBauii nponHukanHs moiyekyn Bogu (o) ta IMCO (m) y CD pi3HHUX CTpOKIB
KyJIbTHBYBaHHSI.

Fig. 5. Activation energy of water (¢) and DMSO (m) molecules penetration into SP at different cultivation
stages.

BcranoBieno, 1o 3011bII€HHS CTPOKIB KYJIbTHBYBAaHHs BIUIMBAE HA MMOKA3HUKU €Heprii
aKTUBaIlii nmpoueciB nepeHocy monekyn Boau i JJMCO y C®. Eneprist akTuBaiii IpOHUKaHHS
MOJIEKYJ BOAM 3pOCTA€ 31 30UIBIIEHHSIM CTPOKIB KYJIbTHUBYBAaHHS Y BCbOMY JOCIIIKYBaHOMY
miana3oHi, ToMi sK eHepris aktuBaiii nponukanas JIMCO pi3ko 3poctae Ha 14 no0y Ta
3aJIMIIAE€THCS HA JOCSATHYTOMY BHCOKOMY piBHI 0 21 noOu kynbTuByBaHHs. Ha 31maTHiCTh
mosiekyn JIMCO 10 npoHHMKaHHS MO’K€ BIUIMBAaTH iX IOPIBHAHO BHCOKAa TiApOoPoOHICTh
(xoegiuient posnoairy AMCO Mix TiapodoOHOW0O Ta TiipodiIbHOK (a3zaMH CTaHOBUTH
0,247 [27]). Bimomo, o dopmyBanns CD BiiOyBa€eThCs HA OCHOBI MIXKKJIITUHHOI aaresii, sika
NPU3BOJMUTH JI0 MiJBUIIEHHS eKcIpecii OUIKIB MUKKIITHHHOI aaresii (KaArepuHy, KOHHEKCIHY
Y IAHHEKCIHY) 1 YIIIJIbHEeHHS KITHH y ckiafl C® npoTaroM KylbTHUBYBaHHS [28], HacIiIKOM
40ro, 30KpemMa, Moxe 0yTu oOMexeHHs JUPy3ii riipohoOHUX MOJIEKYI.

XimiyHa piBHOBara Mik KJITHHOIO 1 OTOYYIOUUM CEpPEIOBHUIIEM, IO KPHUCTAII3YETHCS,
MOXe JgocsiraTucst abo MPOHUKHEHHSM BHYTPIIIHBOKIITUHHOI BOJM Kpi3b MeMOpaHHMH
Oap’ep y MO3aKJIITUHHUI po3uuH, a00 YTBOPEHHSIM BHYTPIUIHBOKIITUHHOTO Jb0oAy. CrociO,
3a JIOTIOMOT'OK0 SIKOTO JIOCSITA€ThCS PIBHOBAra, 3yMOBJIEHUH MIBUKICTIO OXOJIOJKEHHS KIIITHH
Ta 3JIaTHICTIO BOJAM JO0 BHUXOJY 3 KIITUHU Ha3zoBHI. lle MacomepeHeceHHS O0OMEXYEThCS
TipaBIivHOK NPOHUKHICTIO (Lp) MmIa3MaTHyHOT MEMOpaHH KITITHHHU Ta IUIOLICHO 1i MOBEPXHi,
JIOCTYITHOI JUTsl BUXOY BOAM. SIKIIIO BUX1J BOAM € TOCTATHIM (3a OLIBIIT HU3BKUX IIBUAKOCTEH
OXOJIOJUKEHHS), TO  MAacONEepEHECeHHS IMpEeBAJIOBATUME HaJ  TEIUIONEPEHECCHHSM,
3HEBOJHEHHSI KJIITUHU Oy/e 3abe3nedyBaTH MIATPUMKY XIMIUHOT PIBHOBAr, 110 BiITEPMIHYE
YTBOPEHHS BHYTPIIIHBOKIITUHHOTO JIbOAY. [lepenoc kpi3b KIITHHHI MEMOpaHHU MPOHUKAIOYOT
PEYOBHHH, 30KpeMa KPIOMPOTEKTOPa, BHOCUTh CBOT KOPEKTHBHU Y MacOOOMIH MiXK KIIITHHOIO 1
OTOUYIOUMM cepeloBHILeM. BHacmiok mboro Ha 30€pexeHicTh KITHH Yy THpolieci
KpUCTali3alii KIITUHHOI CyCIEeH31l BIUIMBAIOTh JBa THUNHU MOIIKOKYIOUMX YHHHHUKIB.
[lepmmii  THI  KPIOMOIIKOMKEHb  CIHPUYMHIOETHCS  3HEBOJHEHHSM KIITHH MiJ 4ac
KpHUCTami3alii mo3akJIITHHHOTO CEePEAOBHINA 1, OT)KE, IMiJIBUIICHHSIM KOHIIEHTpaIlli mo3a- Ta
BHYTPIIIHBOKJIITUHHAX PO3YMHIB. 3a 30UIbIIEHHS IMIBUAKOCTI OXOJOMKEHHS CTYIIHb
TMIOIITKOJKEHB TEPIIOTO TUITY 3MEHIITYETHCSI BHACIIOK CKOPOUYCHHS Yacy il MOIMIKOKYIOYHX
yuHHUKIB [29-30]. [pyruil TUm KpiOMOIIKO/DKEHHS KIITHH OOYMOBJIEHHMH YTBOPEHHSAM
BHYTPILIHBOKJIITUHHUX KPUCTAIIB JIbOAY, K1 BUKIMKAIOTH Tl 3K caml eQeKTH, 10 1 YUHHUKHU
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IEPIIOro THUITY, 1 KPIM TOTO 3JIaTHI MEXaHIYHO pyiHyBaTH MeMOpaHHi cTtpykTypu [31, 32].
BHyTpIlIHBOKTITHHHA KpHCTaNi3amis, WMOBIPHICTh SKOI 3pOCTa€ MPU BUCOKHUX IIBUAKOCTSIX
OXOJIOJDKEHHS, BBAXKAETHCSA MaKCHUMaJIbHO 3ryOHOI0 s KiIiThuH [33-34]. Takum 4uHOM,
30epexeHiCTh KIITUH IiJ Yac KPIOKOHCEPBYBaHHS KYIOJIONOIIOHO 3aJIeKUTh BiJ IIBUIKOCTI
OXOJIOJDKEHHs Ha eTani kpucrtaiizamii [33]. Yka3aHi MipKyBaHHS MOYKHA BIAHECTH 1 10 OLIBIII
CKJIaJHUX 00’ €KTIB, TAKUX K MYJIbTUKIITUHHI chepoinu [35].

BigHocHuit ob'em chepoiga V/Vo

100 80 -60 -4 -20 0
Temnepartypa °C
—1,3K/x8 — -1,5 K/x8 - - -2 K/xB — - 5K/xB

BinHocHui 08'em cchepoina VIVo

1 0.5

-100 -80 -60 -40 -20 0
Temneparypa °C
[—0,5Kixe — -1 Kixs - - -2 Kixe — - 5K/xe]
B

BigHocHwit ob'em cepoiga VVo
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Temnepatypa °C
| —O05Kxe —-1Kixe ---2Kixe —-5Kixe

C

Puc. 6. PozpaxoBana kiHetnka 3mian 06’ emy C® 3a mBuakocrei oxonomkenus 0,5, 1, 2, 5 °C/xs; A-
st CO 7 n1i6; B - 14 1i6; C — 21 mo6u; ( —> onTuMaibHa IIBHIKICTS).

Fig. 6. Calculated kinetics of SP volume change at cooling rates 0.5, 1, 2, 5 °C / min; A- for SP of 7
days; B - 14 days; C - 21 days ( —> optimal rate).

[Tpuiimaroun 10 yBaru ToW (pakT, 10 MIBUAKICTH OXOJIOJKEHHS, MPSIMO IOB’s3aHa 31
MIBUJKICTIO, 3 $KOI0 BHYTPIIIHBOKIITHHHA BOJA MOXE BHUXOAWTH 3 KIITHH, TOOTO 3
Koe(iIieHTOM MPOHUKHOCTI KIITHHHOT MeMOpaHu JJIsi BOJM, B TIOJIATBIITUX JOCITIKEHHIX 32
JonoMororo  piBHsAHHS (7) Oynau po3paxoBaHi BeIMYUHHM BigHOCHOro 00’emy CO mpu
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3aMoOpo’kyBaHHI 3 KpionpoTekropoM JIMCO 31 mBHIKOCTIMH 0XoJjiojpkeHHs 0,5—5 rpan/xs
(puc. 6). Ha mincraBi crynenst aeriaparanii CO 3a pi3HMX IIBHUIKOCTEH OXOJOKEHHS Ta
3HAYEHHAX 1X OCMOTHMYHO HEAaKTUBHOrO 00’eMy poOWIM TNONEepeHiii BHCHOBOK IpO
ONTUMAIILHUI PEKUM OXOJIOKEHHSI B 3aJISKHOCTI BiJl CTPOKIB KyJIbTUBYBAHHSI.

3rilHO 3 pe3yJabTaTaMu, MPEJACTaBICHUMU Ha puc. 6, 3HeBogHeHHI Cd CyTTEBO
BIJIPI3HSETHCS 3aJICKHO BiJ CTPOKIB KYJIbTHBYBaHHA. MiHIMalbHE 3HAYCHHS BiIHOCHOTO
00’eMy mpu mBUAKOCTI oxonomkeHHs 1,3 rpan/xB mans CO 7 ni6 kynpTuUBYyBaHHA (pHc. 6 A)
nocsrae BemnmunH 0,48, 3a MEHIIMX IIBUAKOCTEH OXOJOMmKeHHS 00’em CO 7 1mid
KyJIbTHBYBaHHS HAOJIMKA€ThCS JIO OCMOTHYHO HeakTHBHOro 00’emy (a7=0,41). Take
3HEBOJHEHHS OYEBUIHO € KPUTUYHUM 1 MOXKE BUKIUKATH CYTTEBI MOIIKOMKEHHS CTPYKTYpHU
C®D. JInsa CD 14 ni6 xynpruByBaHHs (puc. 6 B) Ta C® 21 nobu xynpTuByBaHHs (puc. 6 C)
BigHOCHHI 00’eéM 3a 1€l IMBHUIKOCTI OXOJIOKEHHA nocarac semnuumHu ~0,73 Tta 0,78
BIJIIOBIIHO, IO CYTTEBO OUIBIIE OCMOTHYHO HEAKTHBHOTO O0’€MYy I TaKHX CTPOKIB
KyabTuByBaHHS (014=0,485, 021=0,54). Buxomsun 3 kpuBux 3HeBogHeHHs CD 3a pi3HUX
MIBUJIKOCTEH OXOJIOJKCHHS, MOKHA 3pOOUTH BUCHOBOK, 110 st CD 7 ni0 KynbTHBYBaHHS
ONTHUMAJBHI IMIBUJIKOCTI OXOJO/KEHHS OyIyTh 3HAXOAUTHUCh B iHTepBam 1,5-2°C/xs.
BinaocHwmit 06’em C® nipu oMy jgocsirae 3aaueHs 0,6—0,7 no Temneparypu —60—80°C.

TakuM YMHOM, Ha OCHOBI aHaN3y OCMOTHYHOI MOBEHiHKM OaratokiiTmHHOro CO y
KPIOIPOTEKTOPHOMY PO3UMHI 3a JIOMOMOIroK0  (pi3MKO-MAaTEMaTHUYHOI'O  MOJICIIOBAHHS
IpOIIECiB MaconepeHocy Oy BU3HAYEHI 1 MpOaHANi30BaHI MapaMeTpu MPOHUKHOCTI IS
MOJIEKYa Boau 1 Kpiomporekropa y C@® B 3aleXHOCTI Bl CTPOKIB KYyJIbTHBYBAaHHS 1
TEMIIepaTypy Kpio3axucHOro po3unHy. OTpuMaHi pe3yiabTaTH CBIIYATh MPO TE, IO MPOLECH
npoHUKHOCTI i Mosiekyn Boau 1 JIMCO y C® 31 30UIbIIEHHAM CTPOKIB KYJIbTUBYBAHHS
YIOBUTBHIOIOTBCA. [loKa3aHo, 110 HAHOLIBII BaroMi 3MiHM HAaBEJEHHX y poOOTI IMOKa3HUKIB
IPOHUKHOCTI BifOyBatoThes micast 7 16 kyabTuByBaHHs C®. Haiibinpin BiAMIHHOCTI 4yacy
exkcrio3ullii CO y KpiompOTEeKTOPHOMY PO3UMHI, HEOOXIAHOTO ISl JOCATHEHHS PIBHOBAarw,
npu 3MiHI Temnepatypu crocrepiraBcst came uigs CD Ha 14 1 21 100y KyJIbTUBYBaHHS, 110
MOB’S3aHO 31 3HAYHHUM 3MEHIIEHHS KoeilieHTiB npoHukHOCTI C® ayis MojeKysnl BOAM 1
KpionpoTrekTopa. Takuil CyTT€BUH BIUIMB uacy KyJbTHBYBAaHHS Ha IpHUBENEHI Yy poOOTi
MOKa3HUKHU, OYEBHJHO, TOB'SI3aHMM 3 ocoOmuBOCTAMHU (opmyBaHHs cdepoimiB, a came
(GopMyBaHHAM MDKKIITHHHOTO MAaTPUKCY, 1O CKJIaay SIKOTO BXOJATh PEUYOBUHM SIKi
BILJIMBAIOTh Ha MOTO TipoisibHI XapaKTEPUCTUKH (ITPOTEOTIIKAaHU 1 TII1KO3aMIHOTJIIKAaHN ).

301IbIIEHHS KITBKOCTI KIITHH y CKJaAl cepoifiB 1 SK HACTIAOK MIKKIITHHHOTO
MaTPUKCy B Yaci MOXYTh BIUIMBAaTH Ha MPOHUKHICTH C® Ui NMPOHUKAIOYHX PEUOBHH.
AHaJioriyHi npunyieHHs O0ynu 3po6iieHi B po6oTi [36], B skiit Oyio A0OCHIIHPKEHO caMe BIUIMB
MDKKJIITUHHOTO MaTPUKCY Ha MPOLECH 3IUTTA chepoiniB. ABTOPH MOKa3aiu, 110 301IbLIICHHS
CTpOKiB KynbTHUBYBaHHS C@ mnpu3BOaWIO A0 30UIBbIIEHHS KIJBKOCTI IMO3aKIITHHHOTO
MaTPHUKCY, 10 MPU3BOIWIO HA X AYMKY, 10 YIMOBUIEHEHHS IXHBOTO 3JHTTSI.

[TincymoByroun, MOXHa 3pOOUTH BHCHOBOK IIPO T€, L0 BUKOpHCTaHa B poOOTI (hi3uKo-
MaTeMaTHUyHa MOJENb JO03BOJIAE€ IMpoaHalli3yBaTW OCMOTHYHY mnoBeAiHKy C® Ha erami
OXOJIOJUKEHHS. Y poOOTi 3alpOMOHOBAHO AITOPUTM PO3PaXyHKY KOEQIIi€HTIB MPOHUKHOCTI
Ta 3MiHM 00’emy C® mij 4yac OXOJIO/UKEHHS 3 PI3HUMHU IIBUIAKOCTIMU y KPIO3aXHUCHOMY
cepenoBuili. OTpuMaHi pe3yiabTaTH MOXYTh OyTH BHUKOPHUCTaHI /s BHU3HAYCHHS
ONTUMAJIBHUX PEXKHUMIB KPIOKOHCEpBYBaHHA KIITUHHUX CD pi3HUX 32 KIITUHHUM CKJIaJIOM Ta
YMOBaMH KyJIbTUBYBaHHS y BiJIOBITHUX KPIO3aXHUCHUX PO3UMHAX.

BUCHOBKHA
[Toxazano, mo HeoOXigHui vac ekcrnozuuii y 1M JIMCO B nianma3zoHi TemmepaTryp
(10-25°C) mis C® 14 i 21 pobm kympruByBaHHs BiporimHo (p<0,05) 30imblIyeThCs Y
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MOPIBHSHHI 3 JaHUM napameTrpom it CO 7 nid KyIbTUBYBaHHS HE3aJICKHO BiJI TEMIIEpaTypH
KPi03aXMCHOTO CEepEIOBHIIIA.

Busnaueni koedimientu ¢iapTpariii Ta mpoHukHocTi a1 Mosiekyn JIMCO y CD Tta
MOKa3aHo, 110 BOHM BIPOT'iTHO 3MEHIIYIOThCA 31 30UIBIICHHSM CTPOKIB KyJIbTHBYBAHHS.

Po3paxoBani BenmnuuHU €HEpTii akTUBAIlii MPOHUKAaHHA Mojekyn Boau 1a JIMCO y CD
Ta BU3HAUEHA iX 3aJIe)KHICTh BiJI CTPOKIB KyJbTHBYBAHHS.

Ha mizgcraBi BU3HAYEHUX MapaMeTpiB MPOHUKHOCTI po3paxoBaHa AUHAMIKa 3MiHH 00’ €My
C® pi3HUX CTPOKIB KYJIHTUBYBAHHS 32 PI3HUX LIBHAKOCTEH OXOJIOMKEHHA. 3p00ICHO OLIHKY
ONTUMAIBHUX PEKUMIB oxojojpkeHHs CD: mia 7 ni6 xynpruByBanHa — 1,5-2 °C/xB 3
oxonokeHHsiM a0 -80°C 1 mojanmpmMM 3aHypeHHsSM Yy a3oT; mus 14 Tta 21 pobu
kynsTuBYyBaHHS — 0,5 °C/xB 110 -40°C 1 moganpIyM 3aHYPEHHSM Y a30T.
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KPUOKOHCEPBUPOBAHMUS KJIETOYHBIX COEPOUIOB PA3ZHBIX CPOKOB
KYJbTUBUPOBAHUA
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Hucmumym npobaem kpuobuonocuu u kpuomeouyurvt HAH Yxpaunul,
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AkTyajbHOCTb. TpexMepHbIE KyJIbTypalbHbIE CHCTEMBl — 3TO YHHKAIbHBIC IUIAT(HOPMBI IS U3yICHUS
CJIOKHBIX OHOJIOTHUECKHX MPOLIECCOB iN Vitro. B3auMoaeicTBHS KieTKa—KIETKA M KIIeTKa—BHEKIICTOUHBIH
MaTpHKC 00pa3yloT KOMMYHHKAIIMOHHYIO CETh OMOXUMHUYECKUX M MEXaHMYECKUX CHTHAJIOB, IPUOIIIKAET
cdepounnpl (CD) Kk HATUBHBIM TKaHSIM U CYNIECTBEHHO OTJIMYAET UX OT MOHOCJIOMHBIX KyJbTyp. BakHbIM
JUISL KJICTOYHBIX TEXHOJIOTHH SBJISI€TCS pa3paboTka crnoco0OoB KpHOKOHCepBHpoBaHue 3D—KyibTyp, 4TO
MO3BOJIUT CO3/1aBaTh 3amachl IIEHHBIX KJIETOYHBIX OOpa3loB, SKOHOMHTH BpeMs M MaTepuajbl, OyJer
NpefoTBpaIlaTh HOTEPI0 KYyJbTYp HM3-3a TEXHHYECKMX cOOEB, KOHTAMHMHAlWH, Apedda ¢eHotuna u
CTapeHUs.

Iear padorel. Pa3zpaboTka moaxomoB K KPHOKOHCEPBHPOBAHME KJIETOYHBIX ceponnos. OmperneneHue
IapaMeTpoB MPOHHUIIAEMOCTH CEPOUIOB U3 KIETOK JUHUU 1929 pasHBIX CPOKOB KyJIbTUBHPOBAHHS LIS
TEOPETHYECKOH OLICHKH ONTHMAIIBHBIX PEKUMOB 3aMOPaKHBAHUSL.

Matepuaabl 1 MeToabl. B pabote ObuTH UCTIONB30BaHBI KiIeTKH THHUU 1929, koTopeie oOpasyror CO
pa3HOro AMaMeTpa, U MOTYT OBITh MOJAEPXKAHBI AMUTENbHOE BpeMs B 3D—ycnoBusax. st onpenencHus
HHTETpaNbHBIX KO3 duimentoB ¢unstpanun Ly u nponunaemoctu mis JIMCO k, 8 CO Ha pasHbIX
CpoKax KyJIbTHBHPOBAHUSA ObUI HCIIOJIB30BaH BOJIBIOMOMETpHUYECKHH MeTon. MccienoBaHue NTWHAMHKH
M3MEHEeHHs1 o0beMa CEepouIoB BO BpEMEHH NPOBOAWIM Ha KOH(OKanbHOM MuKpockone LSM 510
META. YucneHHsle 3Ha4€HHsI UHTETPAIBbHBIX KOG PHULIMEeHTOB npoHHnaeMoctd CO onpenernsii myTem
ANMPOKCUMAIINK 3KCIIEPUMEHTAIBHBIX JAaHHBIX M3MEHEHHs OTHOCHUTeIhbHOro obvema CD oT BpeMeHH
9KCIO3UIIMK B HCCIEIYyeMOM pacTBOPE TEOPETUUECKHMMH KPHUBBIMH, PAacCCUMTAaHHBIMH Ha OCHOBAaHHH
(pu3MKO-MaTEeMaTHIECKOW MOJIENN TACCHBHOTO MaccooOMeHa MeXIy CheponIoM 1 OKpY Karollel cpeon
IpU  YCIOBUM WX MAaKCHUMAJIBHOTO COBNaAeHHs. [IpOrHO3MpOBaHME OCMOTHYECKOTO IOBEIEHUS
ceponsioB B yCIOBHSX OXJIAXJCHHS OCYIIECTBISUIM Ha OCHOBaHWH JH(depeHInaIbHOr0 ypaBHEHUS,
OIMCHIBAIONIETO KHHETUKY W3MEHEHHsI OTHOCHUTEIHHOrO0 O00beMa KJIETKHM B IIPOLECCE BHEKJIETOUYHOU
KPHUCTAJUTM3allUM KPHUOIPOTEKTOPHOTO pAcTBOpa, IOJCTAaBISAS B YPAaBHEHHS MOJENIU OIpE/CICHHbBIE
BEITMYKMHBI HHTETPAbHBIX KOd(hunuenToB npouuaemoct Ly u K, u sHeprum akrupaimu EaL u Eak.
KuHeTnky wW3MeHeHHMS KOHIIEHTpallMHd BHEKJIETOYHOTO pacTBOpa B IPOIECCe 3aMOpPaXKMBAaHHUS MpHU
pacueTax 3a/JaBald aHAJUTHYECKH MyTeM amlmpoKcHMaruu (a30BOH AMarpaMMbl IUIAaBICHHUS PacTBOpa
JIMCO.

PesyabTaTsl. Onpeanenensl koadduumeHTs GuibTpaluy 1 npoHuaemoctu i Moiekyn JJMCO B CD
U TIOKa3aHO, YTO OHH JJOCTOBEPHO YMEHBIIAIOTCS C YBEINYEHHEM CPOKOB KyJIbTHBHPOBaHUs. PaccunTaHbl
BEJIMYMHBI SHEPrUM aKTHUBALMU NPOHUKHOBeHUs MoJiekysl Boasl 1 IMCO B C® u ompeneneHa ux
3aBUCHMOCTH OT CPOKOB KyJIbTHBHpOBaHMA. Ha 0CHOBaHMM OINpeseleHHbIX MapaMeTpoB NPOHUIIAEMOCTH
paccunTaHa AWHaMHUKa H3MeHeHus oObeMa C® pas3HBIX CPOKOB KYJBTHBHPOBAHHUS TIPH Pa3lIMUHBIX
CKOPOCTSIX OXJIaXACHUSL.

BriBoasbl. TeopeTuuecku onpeseneHsl ONTUMaabHble pexxuMbl oxnaxaeHus CO u3 knaerokx nuauu L929:
it 7 cyrok KyneTuBHpoBaHusi — 1,5-2 °C/muu ¢ oxnaxaenuem 10 -80 °C u  mociemyroumm
norpyxeHuem B a3or; i 14 u 21 cyrok kyiasruBupoBanus — 0,5 °C/mun 10 -40 °C u nocienyrommm
HOTPYKEHUEM B a30T.

KJIFOYEBBIE CJIOBA: cdepounsl, KpHOKOHCepBHpOBaHUe, (uOpobmactel suHuM 1929, ko3dduimeHTs!
¢dunbTparyu, ko3 duiueHTs! npoununaeMoctu aast IMCO, sHeprus akKTHBAIIUH, CKOPOCTh OXJTaXKICHHS.

THEORETICAL APPROACHES TO DETERMINATION OF OPTIMAL
CRYOPRESERVATION REGIMENS FOR CELL SPHEROIDS
OF DIFFERENT CULTIVATION TERMS
A. 1. Moisieiev, I. F. Kovalenko, G. A. Bozhok, O. I. Gordiyenko
Institute for Problems of Cryobiology and Cryomedicine of the NAS of Ukraine
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Background: Three-dimensional culture systems are unique platforms for studying complex biological
processes in vitro. Cell-cell and cell-extracellular matrix interactions form a communication network of
biochemical and mechanical signals, bring spheroids (SP) closer to native tissues and significantly
distinguish them from monolayer cultures. It is important for cell technologies to develop methods for
cryopreservation of 3D cultures, that allows creating the stocks of valuable cell samples, save time and
materials, and prevent the loss of cultures due to technical failures, contamination, phenotype drift and
aging.

Obijectives: Development of approaches to cellular spheroids cryopreservation. Determination of the
permeability parameters of L929 cells spheroids at different cultivation periods for the theoretical
assessment of optimal freezing regimens.

Materials and methods: We have used L929 cells, which form SPs of different diameters and can be
maintained for a long time in 3D conditions. To determine the integral filtration L, and permeability for
DMSO k; coefficients for SP at different periods of cultivation, the volumetric method was used. The
study of the changes in the spheroids volume in time was carried out with a confocal microscope LSM
510 META. The numerical values of the integral SF permeability coefficients were determined by
approximating the experimental data on the change in the relative volume of the SP versus the exposure
time in the test solution with theoretical curves calculated on the basis of a physical and mathematical
model for passive mass transfer between the spheroid and the environment, provided that they coincide as
much as possible. Prediction of the osmotic behavior of spheroids under cooling conditions was carried
out based on the differential equation describing the kinetics of changes in the relative cell volume during
extracellular crystallization of a cryoprotective solution, substituting determined values of integral
permeability coefficients L, and k, and activation energies Ea. and Eax into the model equations. The
kinetics of changes in the extracellular solution concentration during freezing was set analytically by
approximating the phase melting diagram of the DMSO solution.

Results: The filtration and permeability for DMSO molecules coefficients in SP were determined and
their significant decrease with a cultivation duration was shown. The activation energy values for the
penetration of water and DMSO molecules into the SP were calculated and their dependence on the
cultivation time was determined. Proceeding from the determined parameters of permeability, the
dynamic of changes in the volume of SPs for different periods of cultivation at different rates of cooling
was calculated.

Conclusions: The optimal cooling modes of SP from L929 cells were in theory determined: for 7 days of
cultivation — 1,5-2 °C/min with cooling to -80°C and subsequent immersion in nitrogen; for 14 and 21
days of cultivation — 0.5 °C/min to -40 °C and subsequent immersion in nitrogen.

KEY WORDS: spheroids, cryopreservation, L929 line fibroblasts, filtration coefficients, permeability coefficients
for DMSO, activation energy, cooling rate.


mailto:olga.gordiyenko.ipcic@gmail.com

23
ISSN 2075-3810 (Print), ISSN 2075-3829 (Online)

BIO®I3MYHUN BICHUK, 2021, Bum. 46 BIOPHYSICAL BULLETIN, 2021, Iss. 46

MEJIHYHA OI3UKA
Original article
https://doi.org/10.26565/2075-3810-2021-46-02

VIK 51.76

3BOPOTHE IIEPETBOPEHHA PA/IOHA BE3 CUHI'YJIAPHOCTI
JJISA ITYYKA 3 TOYKOBUM ®OKYCOM

T. T. Bixtuncoka ", K. €. Jlanitan ', K. E. Hemuenko
Xapriscokuil HayionanoHuil yHisepcumem imeni B. H. Kapasina, matioan Ceo600u, 6,
M. Xapxis, 61022, Vkpaina,
e-mail: vikhtinskaya@karazin.ua, konstantinlapitan@gmail.com, nemchenko@karazin.ua
Hapmiiita o penakiii 14 mucromama 2021 p. [lepernsuyra 10 rpyans 2021 p.
[puitnsara no apyky 13 rpyaus 2021 p.

AxTyajbHicTh. HeoOXiHICTh PEKOHCTPYKIIIT 300pakeHb 3a HOro MpOEKIisIMU 0araTo pa3 BUILTUBAJA SIK
3aci0 BUBUEHHS 00’€KTa y Halpi3HOMaHITHIIIMX cdepax HAyKH, TEXHIKH Ta y MequuuHi. OCHOBY LIbOTO
METOJly CKJIaJae MPOHUKHEHHS 4epe3 00’€KT IMyyka NPOMEHIB IiJ| Pi3HUMH paKypcaMy Ta OTPUMAaHHs Ha
YYTIMBIM 0 LUX IPOMEHIB MOBEPXHI TIHLOBOTO 300pakeHHs. Uepes Te, 110 TKAaHWHH Ta KiCTKH MaroTh
pi3HY MOIJIMHAIOYY T'YCTHUHY, MO TaKHUM MPOEKLISM MOXJIMBO OTPUMATH JIOBOJII TOYHE YSBJICHHS MPO
HasBHICTb IATOJIOTIYHUX YTBOPEHB 200 IOIIKOKEHb.

Hespaxxaroun Ha Bci mepeBaru TomMorpadii, BOHa Mae HU3KY HenoiikiB. OnuH 3 HalicepHO3HIMMX — IIe
MIEPEBHILICHHS JO3BOJICHOI 103W BUIPOMIHIOBAHHS JUIA JTIOMUMHU. TOMY € AEKiIbKa BapiaHTIB 3HWKCHHSA
HaBaHTAXKCHHS HA TallieHTa, W OXWH i3 HHUX, L€ BUKOPHCTAHHSI METOAY TOMOCHHTE3Y 3aMiCTh
KoM toTepHOi Tomorpadii. TomocmHTe3 3aliMae cepemHE TIONOKEHHS 3a IH(GOPMATHUBHICTIO MIiX
KOMIT FOTEpHOI0 ToMorpadi€lo Ta ABOBHMIPHOIO PEHTreHOTpadi€ro, HE3HAYHO IEPEBHIIYIOUH 03y
BUIIPOMIHIOBaHHS B OCTaHHbOMY BHMNaAKy. ToMy uepe3 Lie 3apa3 1o BCbOMY CBIiTY BEIYThCsS POOOTH y
HaINpsMKy IMOKPAIEHHS METOJY TOMOCHHTE3y a0M PO3IIMPUTH KUIBKICTh 3aXBOPIOBaHb, SIKI MOXIJIHUBO
JIIarHOCTYBATH TaKMM METOJIOM, Ta POOOTH 3 MiJBUIIECHHS SKOCTI OTPUMAaHHUX 300paeHb.

Merta po6oTm — Bu3HAa4YCHHS €()EKTHMBHOCTI METOAA BiJHOBICHHS 300paKE€HHS NPU BUKOPUCTaHHI
nepeTBopeHHs PajioHa y 3arajibHOMY BUIVISII MOPIBHSHO 3 KIIACHYHUMH METOJIaMU.

Marepianu i MeToau. Metoan MateMaTH4HOi (DI3MKM JUIS BIAHOBJIICHHS MEJIMYHUX 300pakeHb, a came
®yp’e nepeTBOPEHHS y MOJSIPHIN CHCTEMI KOOPANHAT Ta IepeTBopeHHs Panona.

PesyabTaTu. B pesynbrari BUKOHaHOI poOOTH OyiO OTPHMaHO BHpPa3 AJsI 3BOPOTHOTO IEPETBOPEHHS
Pagona ta 3MozmenboBaHO poOoTy ToMorpada 3 TOYKOBMM (DOKYCOM PEHTIEHIBCBKHMX NpoMeHiB. [Ipu
MOPIBHAHHI PI3HUX METOMIB PEKOHCTPYKINI OO0’€KTIB 3 OpHUTIHAJBHIM 300paKEHHSIM IEPETBOPEHHS
PanoHa B 3arasHOMY BHTIIAII Ma€ OLTBITY TOYHICTb.

BucnoBku. He 3Baxkaroun Ha Maiike TPUKpATHHUH 3piCT yacy OOUMCIIEHHS PEKOHCTPYKIT, JaHUH METOx
Mae cBOI MPaKTU4HI NepeBark y BUIMAJIKY BUSIBICHHS NAaTOJOTIH, 10 TUILKH PO3BUBAIOTHCS T4 HE MAlOTh
YiTKHX TPaHUIIb, 300 Y BUIAJIKY BUSBICHHS 00 €KTIB MaJIOro pO3MIipy.

KJIIOUYOBI CJIOBA: mneperBopenns ®Dyp’e; mneperBopenHst Pajgona; Tomorpadis; TOMOCHHTE3;
PEKOHCTPYKIIisl 300pakeHb.
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Bizyamizariisi BHYTPIIIHIX CTPYKTYp OO’€KTIB IIMPOKO PO3IMOBCIOKEHA y 0Oararbox
cepax HayKu, MEIUIMHI Ta IPOMHUCIOBOCTI. TOMY METOIU PEHTTEHOJIOTIi 3aCTOCOBYIOTHCS
SIK Y BUSIBJICHHI ITaTOJIOTIH JIFOJIMHY, TAK 1 11 BUBYCHHS CTPYKTYPH TYMaHHOCTEH 33 TaHUMHU
pPEHTTeHOrpaM 3 KOCMIYHUX amnaparis, abo B AedexTockomii. Taki MeTonu 31aTHI TeHepyBaTu
TPUBHUMIpPHI JIaHHI, SKI HAJalOTh TEpeBary y MOBHOTI iH(opMarmii mpo BHYTPIIIHIA CTaH
HiJTOCTITHOTO 3pa3Ky, Yd TO CTPYKTypa KICTOK, YW HAsBHICTh MIKPOCKOMIYHUX TPILIIMH Yy
nrapax Mertaiy.

TEOPETUYHA MO/IEJIb
OCHOBOIO PEKOHCTPYKTHUBHOI TOMOrpadii € OTpMMaHHS BEIUKOI KIJIBKOCTI MPOEKLIN
MEePETUHIB 00’ €KTA, U1 KOTPUX PO3B’SI3YIOTh TBOBUMIPHY 3aJ/1a4y BiJHOBJICHHS 300pa)KeHHS 1
MOTIM 3ICTABJISFOTH JUISl OTPUMAHHS TOYHOI TPUBUMIPHOI CTPYKTYPH.
Ha puc. 1 nmpencraBieHo cxeMy OTpUMAaHHS POEKIIIMHNX JAaHUX Y IEPETUHI 00’ €KTa.

VA

B

Puc. 1. JlocnimkeHHs! BHYTPILIHBOT CTPYKTYPH 00’ €KTa TOMOTrpadom 3 TOUKOBUM (OKYCOM Ta
BIJINOBI/THA CHCTEMa KOOP/MHAT ISl apajebHOr0 MPOEKTYBaHHs. TYT @ — KyT HaXWIly CHCTEMHU
JIETEKTOPIB Ta BUIPOMIHIOBa4a, Y — KyT HaXHJIy MPOMEHs npoekTyBanHs, OA — Bi/INOBiIHA KOOpAXHATA
JIETEeKTOpa JUisl KyTa Y, [ — HarmpsMOK MPOEKTYBaHHS, S — BiIIOBIIHA KOOPMHATA JAETEKTOpa IS
napaesibHOTO BUTJISAY IPOEKTYBAHHS, () — KYT HAXHITY Tapajie’bHOl CHCTEMHU POEKTYBAHHSI.

Fig. 1. The study of the internal structure of the object with a point-focused tomograph and the
corresponding coordinate system for parallel projecting. Here « is the angle of the detector and emitter
system, y is the angle of the projection beam, OA is the corresponding coordinate of the detector for the

angle y, | is the direction of the projecting, s is the corresponding coordinate of the detector for the
parallel projecting, ¢ is the angle of the parallel projecting.
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SIKIO pO3MOMiA T'YCTHHH BcepeauHi o0’exkta mnpeacraButd (ynkmiero f(x,y), To
3HAYeHHS MPOEKIIii, OTPUMaHOi Ha AETEKTOpi, MOXKHA 3alMCaTH y BUTIISAL IHTETpajia B3I0BX
HaNpsIMKY MPOEKTYBaHHS [:

00, @) = f fy)dl. 1)

3B’A30K MK JEKapTOBUMHU KOOpPJHMHATAMH X,y Ta MPOMEHEM HPOEKTYBaHHA | TaeTbcs
BUPA30M
l=xcos(a—y)+ysin(a—y) — Hsiny. (2)

Tyt H — ue Bincranb OB Bix neTekTopa 10 BUIPOMiHIOBAYA.
Lle#t 38’30k Hagae 3Mory nepenucatu iHTerpai (1) y BUIIIAII ABOKPATHOTO 1HTETpaja

Q(y,a) = f ff(x, y)6(xcos(a —y) + ysin(e —y) -Hsiny)dxdy. (3)

3 Teopemu Hpo leHTpaibHUil nepetuH [1] Bumuiiemo 38’130k Mixk Dyp’e mpocTopom
¢yukuii f(x,y) Ta ii meperBopeHHsIM PagoHa 17t HapaienbHOTO MPOEKTYBAHHS.

1 .
—R(w,
iE( ()

1 [ .
F(wy,w,) = F(wcos @,wsin @) = ) = > j R(s,p)e ' “Sds. (4)

Tyt dyukuis F(w;,w,) € nBoBumMipaum Dyp’e-300pakennsm dyukuii f(x,y), R(s, @) —
pazoniBchkuit 06pas pymkwii f(x,y), R(w, ¢) — 1e oanoBuMipHe neperBopents Pyp’e mns
paJIoHIBCbKOT0 00pasa Mo 3MiHHiH S.

PosrnsiHemo Temep 3amauy BigHOBieHHs Qyskmii f(X,y) 3 aBoBumipHoro ®yp’e
300pakenns F(wy, w,).

1 ¢ [ .
f(x,y)= ﬂj JF(WllWz)el(W1X+W2y)dW1dW2_ (5)

BuxopuctoBytoun Bupasu (4) npuseaemo (5) 10 BUTTSAY

fon = | [ Rx@)GE -1 dxdp. ©)
Tyt pynkmis ° .
1 )
G(s) = W flwle“"sdw (7)

IPe/ICTaBIsE COOOIO SIIPO 3BOPOTHOTO MPOEKTYBAHHS 3 (DIIBTpAIi€l0 METOAOM 3ropTku [1] i

BUKOPUCTOBYETHCSI NIl BIJIHOBJIGHHS JIaHWX, OTPHUMaHUX TiJ dYac MapajelbHOro

NpoeKTYBaHH. J[J1s1 mepexoay A0 MPOEKTYBaHHS MPOMEHSMH 3 TOYKOBUM (POKycOM 3poOUMO
3aMiHy 3MiHHUX (I¢B. puc. 1).

{s = Hsiny 8

p=a-y’ ®)
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B npomy Bumnanky dhopmyna (6) HaOyBae BUTIIALY

m  Ymax
fGy) = f f H cosy Q(y, ®)G(H sin(y)) dyda, 9
0 —Vmax
€ VYmax — MaKCUMaJIbHHMHM KyT BIIXWICHHS IMPOMEHsS BijJ JiHIi, sika 3’eqnye ¢okyc B 3

LIEHTPOM OOEPTAHH .
Posnuiiemo tenep BayTpimH0 Gyakmiro G(H sin(y)), 3poOuBuiy 3amMiHy

14
= 0—— 1
@ stin()/)' 10
sIKa MPUBOJIUTH J0 HACTYITHOTO BUpa3y st GyHKIl (7):
y 2
G(H si =|———=]) G(y). 11
(Hsin() = (F5ery) 6O (11)
Tenep piBHsHH (9) HaOyBa€e TaKOTO BUTIISIY:
T Ymax
wn=[ [ DY 06w - ava 12
fxy) = H \sin®) Qly,a)G(¥ —vy) dyda. (12)
0 —VYmax

Le#t Bupa3 (12) BUKOPUCTOBYETHCS JUIS BITHOBJIEHHS 300pakeHb, OTPUMAHHUX Mija Yac
KOMIT I0TepHOT ToMOoTrpadii, Ta BijoOpaxkae CyTh epeTBopeHb Paona.

[Ipobnemoro Takoro Metona € Toi (akrt, mo iHTerpan (7) mMae OcOOJUBICTB, 1 TOMY
3aMICTh HbOT'O BUKOPHCTOBYIOTh HaOMMKeH1 QyHKUIT [2, 3] SKi NPUBOAATH A0 HAOIUKEHOTO
BITHOBJIEHHS.

Haitnpocrime Ha0nvkenHs (7) nosdrae y BBeIGHHI MaKCUMAaJIbHOT TPOCTOPOBOI YaCTOTH
Wmax’

Wmax

J lwlei*Ydw, (13)

_Wmax

G(y) = )2

1110 TIPUBOJIUT JI0 HACTYIHOTO BUTIISITY GyHKIIT G ()

G(y) = 1= cos(Waxy) .

leax Sin(Wnaxy) — (14)

@2m)?] vy v?

Jlo He#omiKiB BBEJEHHS Takoi Mojenl ¢inbTpamii miJl yac BiJAHOBJIEHHS 300pakeHb
BITHOCUTBCS BIJCYTHICTh aJTOPUTMY BHOOpPY MakCHUMajbHOI 4acTOTH Wp,,, Ta HasBHICTb
apredakTiB y BITHOBJICHOMY 300pa)X€HHI MNpH 3alIyMJIeHI NPOEKUIHHUX naHux. s
3TIIa/PKYBaHHS JTaHUX MOJYKHA BHKOPHCTOBYBAaTH METOJ| IIOMHOXKEHHS sipa (inpTparii Ha
HMIBUJIKO criafarouy GyHKIIio [4].

[le oguH croci0 CKIIagaeThesl 3 KOMIUIEKCHOTO MPECTABICHHS BETMYMNHY S, IO BXOIUTH
1o iHTerpany y Bupasi (7) 3a yMOBH, IO ySBHA YacTHHA ¢ HOBOI BETMYMHU S € MAJIOIO Ta
MO3UTHBHOIO:
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B miei mozeni

Ha puc. 2 npencrasieHo 3aranbauid BUrI siapa G: B 000X BUTaIKax

s—>s+id (6>0).
OTPUMYEMO TaKe MpeaCcTaBiIeHHs s siapa G:

]/2—62

Gly,8) = — 22 (y2 + 62)2
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Puc. 2. Siapo meperBopenns G: a) 3 0OMEKEHHIM MaKCUMAbHOT 4acToTH inTerpyBanus (14), 6) 3

Fig. 2. The kernel of the transformation G: a) with the limitation of the maximum frequency of

0)

BBEJIEHHSM KOMILUIEKCHOT 3MiHHOT (15).

integration (14), b) with the introduction of a complex variable (15).

(15)
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Inest poboTu mosnsirae y BUKOPHCTaHHI 3BOPOTHOTO NEepeTBOPeHHs Pagona y 3aranbHOMY
BUTTISAL O3 BBENEHHS MaKCUMaJIbHOI MPOCTOPOBOi YacTOTH; Ta MPOBEACHHI 00poOKH
NOYAaTKOBHX JIAHMX 3a JIOIOMOTOI0 TOTpiiiHOro iHTerpyBaHHs. [lns  3pydHOCTI
NepEeBU3HAYMMO IPAaHULI IHTErpyBaHHs BUpa3zy (7)

1 [ 17
— iwy —
G(y) 202 fla)le dw znzfla)lcos(wy) dw. (16)
—00 O

Tenep miacraBumo 3HaYeHHs GyHKIIT (16) 10 Bupasy (12)

n  Ymax o

1 cosy( v \? .
ren=5z] | [0 () et @ costor - yarda. a7

0 —¥Ymax O

Y naHoMy BHUIAIKy HE BUHUKAE MOHATTS (imbTpa G, SKUN BHKOPUCTOBYETHCS IS
nonepenHpoi ¢iabTpamii npoekiii. Takuii Metojn Mmo30aBieHUN HEMOIKIB CTaHIAPTHOTO
METO/Ty B1JIHOBJICHHS, 30KpeMa BiCYTHSI HEOOX1IHICTh MiAOO0PY MPOCTOPOBOI HACTOTH Wy -

PE3YJIbTATH I OBI'OBOPEHHAA

Ha puc. 3 300paxeHo pe3ynbTaT poOOTH ajlrOpUTMIB PEKOHCTPYKIII Ta OpUTiHAIbHE
TECTOBE 300paXCHHS, 3 IKUM Oy/1eMO MOPiBHIOBATH.

a) 0) B)

Puc. 3. TlepeBipka poOOTH aJITOPUTMIB PEKOHCTPYKIIIT: a) opHUriHan 300paxkeHHs, 0) pe3ysibTar
AIITOPUTMY BiZHOBIICHHS €3 GinbTpallii, B) pe3yabTaT arOpuTMy 3 OJHOBHMIPHOIO (iNbTpaItiero.

Fig. 3. Testing of the reconstruction algorithms: a) the original image, b) the result of the recovery
algorithm without filtering, c) the result of the algorithm with one-dimensional filtering.

Jlis  mepeBIpKH SIKOCTI BIAHOBIEHHS OylIO pO3paxOBaHO CEpPEeAHbOKBAJpaTHUHE
BIJIXHMJICHHS SICKPABOCTI BIJIMOBITHUX MIKCETIB BiJl OPUTIHAIBHOTO 300paskeHHs. J{Jisl BUMmaaKy
nepeTBOpeHHs: PajoHa y 3arambHOMY BUTIIAII BinxuieHHs ckiaagae 0,0883 omwnHuii, a s
kimacuyHoro mMeroaa 0,0922 oguHMIL.

OxkpiM 110TO, TTPOBEICHO MEPEBIPKY BIAHOBJICHHS Ha JEKUIBKOX TECTOBUX 300paKCHHSX,
11100 BU3HAYHUTH MTOPOTOBUI KOHTPACT Ta MPOCTOPOBE po3mnoaiieHHs. Ha puc. 4 mpenacraBieHo
pe3ynbTaT poOOTH aNTOPUTMY JIJISl 300Pa’KEHHSI 3 MAJIOKO 3MIHOIO TYCTHHH 00’ €KTA.
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Puc. 4. Po3nozin ryctrHu 00’ €KTa 3 HE3HAYHUM Je(DEKTOM: a) aJTOPUTM BiTHOBIIEHHS Oe3 dinpTparii,
0) anropuTM BiJTHOBJICHHS 3 OZHOBHMIPHOIO (iIIbTpaLIi€rO.

Fig. 4. Density distribution of an object with a small defect: a) recovery algorithm without filtering,
b) recovery algorithm with one-dimensional filtering.

B o0ox Bumaakax moporoBHil KOHTpacT 300pakeHHs ckianae 4% (rycTuHa AedexTy
245 onuHAI, TyCTHHA Tida o0’ekTa 255 OauHUIKG). 3a HAABHOCTI JAC(PEKTIB MEHIIOro
KOHTPACTYy aNTOPUTMHU HE BiJOKPEMITIOIOTH iX.

Ha puc. 5 mpeacraBieno poOoTy anroputmy 1jisi 00'€KTiB Majoro po3mipy.
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Puc. 5. Po3noain ryctuHu 00’ €KTIB MaJIOro pO3Mipy: a) ajrOpUTM BiJJHOBIIEHHs Oe3 ¢inbTparii,
©6) aNTOPUTM BiJIHOBJICHHS 3 OJJHOBUMIPHOIO (iJbTPAIli€o.

Fig. 5. Density distribution of small objects: a) recovery algorithm without filtering,
b) recovery algorithm with one-dimensional filtering.

ITpu mocnipkeHHsAX 00’€KTIB MAJoOro po3Mipy Kpamliii pe3yiabTaT MoKa3aB ajJrOpUTM 3
OJIHOBUMIPHOIO (PUIbTpaIli€lo, BiH PO3PI3HAE MEpenaau I'yCTUHI PO3MIpOM B OJIUH MiKCeJ, 110
cknaznae 0,270 mm.

OtpumMaHi 300pa)keHHsI IOKa3ylOTh, 10 BIAHOBJEHHS Oe3 (inbTpalii Mae 3HA4YHY
KOHTPACTHICTh Ta TOYHO IEpeJae TPaHUIll MICHb 3MIHM T'YCTHHHM O00’€KTa, 1 TOMY MalOTh
OUIbILIY MPAKTUYHY KOPHUCTH MPHU JOCIIIKEHHSAX 00’€KTIB, B SKHX HasBHI CTPYKTYPH MaJIUX
pO3MipiB ab0 CTPYKTYp, IO HE3HAUHO BiIPI3HSAIOTHCSA 3a T'YCTUHOI. BUKOpUCTaHHS TaKoro
METOJly BIJIHOBJEHHS Ma€ apredakTH BIIHOBJIEHHS BiJ PI3KUX TpaHUIb, NPOTE€ BOHU
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BIJIPI3HSIOTHCS BiJI MOMJIMBUX CTPYKTYp BCEPEAMHI JTOCTIKYBaHUX 00’ €KTIB Ta 3MEHIIYIOTh
CBIi BIUIMB 3 IiJBUILICHHSAM YaCTOTH 1HTETPYBaHHS W, IO MPEICTaBICHO Ha puUcC. 6.

a §) B r

Puc. 6. 300pakeHHS OTpUMaHi MIPH Pi3HUX MPOCTOPOBUX YACTOTAX ('
a)w =50 w=15B)w=25T)w=35.

Fig. 6. Images obtained at different spatial frequencies w:
a)w=5,b)w=15c¢)w=25d) w=35.

Takox B peaslbHUX IOCTI/DKEHHAX JaHi MpPEJCTaBICHI y 3HAYHOMY Jiama3oHi 1 JUIs
BiJTHOBJICHUX BHYTPIIIHIX CTPYKTYp BHOUPAIOTh HEOOXIMHUN MPOMIXKOK, SIKHW BIAMOBiNae 3a
Ti YM 1HIII CTPYKTYPH, YU TO KICTKH, UM TO M SKOi TKAHWHH, YU TO CY[AWHHU, TOMY B pealbHil
tomMorpadii MoxuOKM TaKOro poaAy MOXKYTb OyTH HE KPUTHUYHI, aje BOHU MOTPEeOYIOTh
MOJAJIBIIIOTO JTOCIIKEHHS TSI MOYKJIMBOTO YCYHEHHS.

BUCHOBKHA

BukopucranHs 3amnpolOHOBaHOIO B CTaTTI 3BOPOTHOro IeperBopeHHs Pagona B
y3araqpHeHoMY BUIJIsiAl (17) 3abe3nedye iy HM3KY IepeBar y MOpPIBHSIHHI 3 KJIACUYHUMU
MeToauKaMu BigHOBIeHHA [1]. Ilepmr 3a Bce, MpOnOHOBaHUN METOJ HE MICTUTh HapamMeTpiB
HIrOHKY, TAKUX SK IpaHMYHA MPOCTOPOBA YacToTa y chiBBigHOWEHH] (14) abo BennumHa
ySIBHOI 100aBKH, SIKa MOJAYJIIO€ 3MeHIIeHHs QyHKIIT ¢inbTpamii (15) 31 3pOCTaHHSAM YacTOTH.
Ile mo3BoIsIE BUKOPUCTOBYBATH 1€ METOJ SIK MPHU BITHOBJICHHI BEIUKUX OO'€KTIB Majoro
KOHTpPAcCTY, Tak 1 00'€KTiB BEJIMKOI0 KOHTPACTY Ta MaJIOro pO3Mipy.

Taxe noenHaHHs 0COOIMBO BaXJIMBO JUISl MPUKJIAJHUX MEIUYHUX JOCIIIKEHb, 30KpeMa,
MOJIOYHOI ~ 3aj103d, Jilé HEOOXiIHO OJHOYacHO 3a0e3leuyyBaTH sKICHE BHU3HAYECHHS
MIKpOKaJIbIIMHATIB, 10 € IPOBICHUKAMHU 3aXBOPIOBAHb, Ta MYyXJIMH Ha paHHIA crafil
ICHYBaHHS.

KpiMm Toro, 3ampomoHoBaHa MeToAuKa 3a0e3leuye y3aralbHEHHs Ha OUIbII CKJIaJHI
QITOPUTMU JJIs1 KOHYCHOT ToMorpadii, a TakoX Moxke OyTH BUKOPHCTaHa B TOMOCHHTE31, /1€
KUIBKICTh TMPOEKIII poOUTbCS Majol 3 METOI0 3MEHIIEHHS J1030BOT0 HABaHTAXKEHHS Ha
narfieHra.
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Background: The need to reconstruct images from their projections has been repeated many times as a
means of studying an object in a wide variety of fields of science, technology and medicine.

The basis of this method is the penetration through object of beams under different angles and the
acquisition of a shadow image on the surface sensitive to these rays. Since that the tissues and bones have
different absorption densities from such projections it is possible to get a reasonably accurate idea of the
presence of pathological formations or lesions.

Despite all the advantages of tomography, it has disadvantages. One of the most serious is the exceedance
of radiation for humans. Therefore, there are several options for reducing the burden on the patient, one of
which is the use of tomosynthesis instead of CT scanning. Tomosynthesis occupies an average position in
informativeness between computer tomography and radiology not much higher than the dose of the latter.
As a result, work is underway worldwide to improve the tomosynthesis method to increase the number of
diseases that can be diagnosed by this method and to improve the quality of the images obtained.
Obijectives: Defines the efficiency of the image recovery method when using the Radon transform in
general form compared to classical methods.

Materials and methods: Mathematical physics methods for reconstructing medical images, namely the
Fourier transform in the polar coordinate system and the Radon transform.

Results: As a result of the work done, an expression for the reverse Radon transform was obtained and
the work of the tomograph with point focus of X-ray rays was modeled. When comparing different
reconstruction techniques with the original image, the Radon transform is generally more accurate.
Conclusions: Despite the considerable increase in the time of reconstruction computation, about three
times, this method has practical advantages in the case of detection of pathologies that only develop and
have no clear boundaries or in the case of detection of small objects.

KEY WORDS: Fourier transformation, Radon transformation, tomography, tomosynthesis, image reconstruction.

OBPATHOE IPEOBPA30OBAHUE PA/IOHA BE3 CUHI'YJIAPHOCTHU AJISA ITYUYKA C
TOYEUYHBIM ®OKYCOM
T. I'. Buxtunckas, K. E. Jlanuran, K. 3. Hemuenko
Xapvrosckuil Hayuonanvublil yHusepcumem umenu B. H. Kapasuna,
niowads Ceobooul, 6, 2. Xapvros, 61022, YVkpauna
Ioctynuna B penaxkuuto 14 oxtadps 2021 r. [Tepecmotpena 10 nexadps 2021 r.
IMpunsta x nedatn 13 nexadps 2021 r.

AkTyanbHocTh. HeoOX0MMOCTh PEKOHCTPYKINHN H300pakeHUH 110 €ro MPOEKIMIM MHOTO pa3 BhITEKala
KaK CpPEeACTBO M3y4YEeHHUs] 00BEKTa B PA3IMUYHBIX chepax HAyKH, TEXHHKH U B MenuinHe. OCHOBY 3TOrO
METOJla COCTABJIAET NPOHUKHOBEHUE Yepe3 OOBEKT IydKa JIydel I10J] pasHbIMH PaKypcaMH U MOJIyYeHHE
Ha YyBCTBHUTEIHHOM K 3THM JIydyaM ITIOBEPXHOCTH TEHEBOT0 M300paxkeHHs. Tak Kak TKaHW U KOCTH UMEIOT
Pa3HyI0 BIUTBHIBAIOUIYIO IUIOTHOCTb, II0 TaKMM IIPOCKLUSAM MOXHO IOJYYHUTb [JOBOJIBHO TOYHOE
MPE/ICTaBICHUE O HAIMYHMH TTaTOJIOTMUECKIX 00pa30BaHUH MM TTOBPEKACHHH.

Hecmotpst Ha Bce mpeumyiiecTBa ToMorpaduu, oHa UMeeT HenocTaTku. OAMH M3 CaMbIX CEephe3HBIX —
9TO NPEBBILICHHE AONYCTHUMOM [03bl H3JIydyeHUs NJIs 4yejoBeka. TOoMy €CThb HECKOJIbKO BapHUaHTOB
CHID)KEHMS Harpy3oK Ha MalMeHTa, U OOUH U3 HUX — 3TO UCIOJb30BAaHUE METOAA TOMOCHUHTE3a BMECTO
KOMIIBIOTEpHOIT ToMorpaduu. ToMOCHHTE3 3aHUMaET CpeHee MOJOKEHNE 10 HH(POPMATHBHOCTH MEXKIY
KOMIIBIOTEPHOIT TOMorpadueii ¥ IBYMEpHOW peHTreHorpadmeil, HEe3HaYUTEIbHO IPEBHINAs 03y
M3JIy4EHUs N0 OTHOLIEHUIO K nocienHemy ciaydaro. ITo 3Toil mpuunHe ceiiyac o BceMy MHUPY BEAYTCS
paboThI MO YIYYIICHHIO METO/Aa TOMOCHHTE3a, YTOOBI PACIIMPUTH KOJMYECTBO 3a00JIeBaHUM, KOTOpPHIE
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3BOpoTHE nepeTBopeHHs Pagona 6e3 CHHTYISPHOCTI U1 yYKa 3 TOYKOBUM (POKYCOM
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MOXHO JIHMarHOCTHPOBaTb TAaKUM METOAOM, M PabOThl MO TMOBBIIICHHIO KauecTBa II0JyYeHHBIX
N300paKeHHH.

Hear padorel — onpenenuts S(GEKTUBHOCTH METOAa BOCCTAHOBICHUS HW300paXKEHHS MpHU
UCIIOJIb30BaHHUN NpeoOpazoBanus Pagona B 0011eM BHIE IO CPABHEHHIO C KJIACCHYECKUMH METOIaMH.
Marepuansl u MeToAbl. MeToasl MaTeMaTH4ecKod (U3UKH A7 BOCCTAHOBJICHHS MEIUIIMHCKUX
n3o0pakernid, B dactHOocTH Dypbe mpeoOpa3oBaHMEe B MOJPHBIX KOOPAMHATAX W IPEoOpa3oBaHUE
Panona.

PesyabTaThl. B pesynpraTe BBIIONIHEHHOH pPabOTHI OBUIO TOMYYEHO BBIPAKEHHWE Ui OOpaTHOTO
npeobpasoBanust PagoHa m cMonenupoBaHo poOOTy Tomorpada ¢ TOYSUHBIM (POKYCOM PEHTTEHOBCKHX
mydeii. [Ipu cpaBHEHNH Pa3IMYHBIX METOJOB PEKOHCTPYKIMH OOBEKTOB C OPUTHHAIBHBIM H300paXKeHUEM
npeoOpa3oBanue Pagona B 001ieM Buae UMEET OOJNBIIYIO TOYHOCTb.

BruiBoabl. HecmoTpst Ha Oosiee yeM TpeXKpaTHBIM POCT BPEMEHH BBIYMCICHHSI PEKOHCTPYKLUH, JaHHBIN
METOJl UMEET CBOM JOCTOMHCTBA B CIIydae ONpE/ICNICHHs NMaTOJIOTHH, KOTOPBIE TOJBKO Pa3BUBAIOTCS U HE
MMEIOT YETKUX TPaHUll, WIH B CIIydae OIpeJielieHHs] OObEKTOB Majoro pasmMepa.

KIIFOYEBBIE CJIOBA: mnpeobpasoBanne Dypbe, mnpeobpazoBanue Pagona, Tomorpadus, TOMOCHHTES,
PEKOHCTPYKIHS N300paKEeHUH.
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Background: One of the most common inflammatory chronic and recurrent skin diseases is acne (“acne
vulgaris”), which appears itself as open or closed comedones and inflammatory skin lesions in the form of
papules, pustules, nodes, etc. It has been established that acne is one of the most common dermatoses,
since, according to modern data, it affects about 9.4% of the population. During adolescence, up to 90%
of people suffer, and in adulthood — about 20% with varying degrees of severity. Currently, there are
many approaches to treating this disease through various cosmetic treatments such as phototherapy,
ultrasonic skin cleansing, Mesotherapy, chemical peels, and medication. Therefore, the development of
methods and means of differential diagnosis of acne is one of the urgent tasks in the field of biomedical
engineering, dermatology, and clinical medicine, since this allows timely identification of the localization
of the disease, its causes, and prescribing appropriate treatment. However, the solution to the problem of
monitoring the dynamics of external manifestations of the disease is possible only with the use of
combined mathematical methods for image analysis.

Objectives: To develop a comprehensive method for analyzing dermatoscopic images for monitoring the
external manifestations of acne disease during treatment and isolating the affected areas of the facial skin.
Materials and Methods: Dermatological preclinical researches of the skin were conducted in the
laboratory of 3D-biomedical technologies of the Department of Biomedical Engineering of the Kharkiv
National University of Radio Electronics, using a digital videodermatoscope BIO Bm6+ in daylight and a
portable skin analyzer Skin Scope F-102 in the ultraviolet range. Clinical researches were conducted
based on the Department of Pediatric Propaedeutics #2 of the Kharkiv National Medical University. The
development of a software tool for image analysis was conducted out in Python programming using the
libraries OpenCV, Scikit-image, Numpy, PIL, Mathplotlib. Determination of the affected skin areas and
calculation of the parameters of inflammation were carried out using multi-Otsu methods and
morphological segmentation of digital dermatoscopic images.

Results: During the research, automated software was developed that allows to analyze in dynamics the
nature of inflammatory processes and the area of facial skin lesions, as well as to carry out a differential
diagnosis of acne disease. The proposed method for the analysis of dermatoscopic images makes it
possible to perform color segmentation and obtain a map of the gradations of skin inflammations to
control the dynamics during the prescribed treatment.

Conclusions: The comprehensive method of analysis of dermatoscopic images of the skin of the face
makes it possible to effectively control the condition of the skin of the face from acne during treatment,
while analyzing the degree of inflammatory processes and the area of lesions, where, using the developed
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software, in an automated mode, red gradations are calculated to detect the boundaries of inflammation,
geometric parameters and percentage of lesions in relation to healthy facial skin.

KEY WORDS: acne, post-acne, facial skin, dermatology, dermatoscopic imaging, color image
segmentation, multi-Otsu method.

Acne ("acne vulgaris") is a chronic inflammatory disease that appears itself as open or
closed comedones and inflammatory skin lesions in the form of papules, pustules, nodules,
and more [1]. Acne is one of the most common dermatoses. According to current data, acne
affects 9.4% of the population. This disease affects about 90% of people in adolescence and
sometimes in adulthood: about 20% of people experience moderate to severe forms of the
disease [2]. There are many approaches to treating acne: phototherapy, ultrasonic skin
cleansing, mesotherapy, chemical peels, and medication. Today, dermatological and cosmetic
offices often use a combination of these methods [1-3].

In adolescence, boys and girls suffer from acne while at a more mature age, acne is more
common among women (9.8%) than among men (9%) [3]. This disease affects all ethnic
groups, and there is no verified information on whether race affects the incidence of this
disease [3-4]. Therefore, one of the important tasks in acne treatment is to evaluate the
effectiveness of therapy by monitoring its external manifestations. The purpose of this
research work is the development of a comprehensive method of dermatoscopic images
analysis for monitoring the acne disease external manifestations during treatment and
isolating the affected areas of the facial skin. Currently, dermatological research methods are
among the most effective in identifying affected skin areas [5].

MATERIALS AND METHODS

Dermatological preclinical researches of the skin were conducted in the laboratory of 3D-
biomedical technologies of the Department of Biomedical Engineering of the Kharkiv
National University of Radio Electronics, using a digital videodermatoscope BIO Bm6+ in
daylight and a portable skin analyzer Skin Scope F-102 in the ultraviolet range. Clinical
researches were conducted based on the Department of Pediatric Propaedeutics #2 of the
Kharkiv National Medical University [6].

Diagnostic research was conducted at the Department of Biomedical Engineering
involving 17 people (10 males and 7 females) diagnosed with acne aged 18 to 32 years.

The survey included the patient’s anamnesis and a study of the affected areas of the skin.
The skin was researched with BIO Bm6+ dermatoscope. During the dermatoscopic checkup
of the patients, the same light conditions were observed [7]. During the study, the device is
pressed with slight pressure to the surface of the skin inflamed so that it is in the center of the
contact plate. Then the image is sharpened using the focusing ring and the skin structure is
examined under illumination built-in LEDs. After surveying each patient, the contact plate is
disconnected from the dermatoscope and disinfected according to the standard technique [6].
Oil or liquid of the skin is removed from its surface, which makes the stratum corneum
transparent and allows seeing the pigment structures in all layers of the skin, the size, and the
shape of the superficial vessels of the dermis [7-8].

For diagnostic research also was used a portable skin analyzer Skin Scope F-102, which
works in the ultraviolet range. When using such a device, it is possible to obtain high-quality
images of the facial skin, which can be effectively used to assess the condition of the patient's
skin during the first visit, and to track the effectiveness of the prescribed treatment. The use of
ultraviolet radiation in skin diagnostics makes it possible to efficiently, quickly, and
differentiate different skin features that cannot always be seen under normal lighting. In this
case, different features appear in different colors [7-8].
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Image analysis was executed using the Python language and the OpenCV, Scikit-image
libraries. To study the dynamics of inflammation, dermatoscopic images were transferred
from RGB to HSV color model; the ranges of colors characteristic of several stages of
inflammation (severe inflammation, moderate inflammation, mild inflammation) and the
investigated color h-channel of a dermatoscopic image were identified. Methods of
morphological segmentation were used to isolate the affected skin areas for further
assessment of the area the lesions [8].

RESULTS AND DISCUSSION
Software development for dermatoscopic image analysis based on the method multi-Otsu

The paper considers two approaches to obtaining segments of the affected skin areas. The
first is the multi-Otsu method. This method is an extension of the original Otsu method with a
multilevel threshold value [9]. As is known, the multi-Otsu method is a thresholding
algorithm that is used to separate the pixels of an input image into several different classes,
each one obtained according to the intensity of the gray levels within the image [10]. Multi-
Otsu calculates several thresholds, determined by the number of desired classes. The default
number of classes is 3: for obtaining three classes, the algorithm returns two threshold values.
This method presents a threshold that minimizes the variance within a class, which is

defined as the weighted sum of the variances of two classes [9]:

S, (1) =, () (1) +@, ()5 1) , 1)

where @, and @, probabilities of two classes separated by a threshold t, 57 anddJ; — the

deviation of these two classes, which value is within the range from 0 to 255 inclusively [10].
The first class is minimizing the within-class variance defined above &7 (t) , the second is
to maximize the between-class variance using the expression below [9-10]:

S, () =@, O, )[4 0) - 1, OF )
where gz is a mean of class i.

The probability P is calculated for each pixel value in two separated clusters C,,C,
using the cluster probability functions expressed as:

7,0 = PG
®
7,)= . P()

i=t+1

It should be noted that the image can presented as intensity function f(x,y), which
values are gray-level. The quantity of the pixels with a specified gray-level i denotes by i.
The general number of pixels in the image is n.The pixel intensity values for the C, are in

[1,t] and for C, arein [t+1,1], where | is the maximum pixel value (255) [10-11].
The next phase is to obtain the means for C,,C,, which are denoted by s (t), 1, (t)
appropriately:
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Now let’s remember the above equation of the within-classes weighted variance. We will
find the rest of its components (57,57 ) mixing all the obtained above ingredients [11-12]:

80=3fi-n0F -

Q)

52(t) = Znumwp%

It should be noted that if the threshold was chosen incorrectly the variance of some class
would be large. To get the total variance we simply need to summarize the within class and
between-class variances [13-14]:

5t =62 (1) +67 (1)

(6)
where 62 () = @, O)@, O (1) - 1, O

The total variance of the image (57) does not depend on the threshold.

The developed software on based the multi-Otsu algorithm consists of these steps [8-9]:

e processing of the input dermatoscopic image in gray gradation;

calculation the histogram and intensity level probabilities;

determination of multiple thresholds and multiple classes for dermatoscopic image;
replace image pixels into white in those regions, where saturation is greater than, and
into black in the opposite cases [9-14].

The dynamics of acne disease in the clinical case of patient #5432 in the 1st, 7th, and
14th days of treatment is shown in Fig. 1. Obtained results of images analysis by method
multi-Otsu for the clinical case of 1st, 7th, and 14th days of the treatment are shown also in
Fig. 1 a, b, c. The input dermatoscopic images were transformed from the RGB color model
to HSV. Obtained histogram demonstrates the calculation of brightness pixels for the H-
channel of the HSV color model and the determination of three thresholds for the redness
skin. The third picture represents a color segmentation map of the skin inflammations for the
dynamic evaluation of acne and calculation of its parameters for making further decisions.
The colors of the segmented areas of the dermatoscopic image by method Otsu were selected
to display the determined boundaries with the most contrast using library OpenCV. Multi-
Otsu results for map colors demonstrate an accurate location of acne redness.
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Fig. 1. An example of dermatoscopic images analysis by the multi-Otsu method of 1st (a), 7th (b),
and 14th (c) day of #5432 patient acne treatments.

Software development for dermatoscopic image analysis based on the mathematical
morphological operations
The second method is mathematical morphological operations, which were used for
software development for dermatoscopic image analysis [15-17].
The sequence of stages of the developed software based on the second method consists of
6 basic units, which are represented in Fig. 2 [15].
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Fig. 2. A structure diagram of developed software for dermatoscopic image analysis by mathematical
morphological operations.

The first step of the software is loading the dermatoscopic image on the module. Input
data for analysis are 24-bit color JPG images with 422x279 resolution. This format is one of
the most common formats for working with bitmaps and is supported by many modern
display devices [16]. The color depth of all input images was 8 bits/pixel, with color
representation in the RGB model. The second step is using a median filter, which is applied to
reduce the noise level in the image [17]. The third step of digital image processing is the
transformation from the RGB to HSV color model for further analysis, using standard
formulas [15-17]:

0, if max =min

GOXLb_,if max=rig>Db
max—min

g-b
60x —— —
H= max— min

b-r .
60x—2—' 1120, if max =g

max— min

+360, if max=rig<b

60x— 2" 4240, if max=b ()
maxX—min

0,if max=0
S = i
1 min
max

V =max

Components H € [0, 360], S, V, R, G, B € [0, 1]. MAX is the maximum value of R, G
and B, and MIN is the minimum of them.
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For detection of skin inflammations on the dermatoscopic image was used segmentation
by red color. For color segmentation, need select the parameters by which segmentation will
be executed. For human skin with inflammation, the threshold values were [14, 75, 60] and
[360, 255, 255] shades of red in the HSV color model. The obtained values will be used to
find inflammation in dermatoscopic images taken under standard lighting. After
segmentation, the developed module executes the morphological expansion of the image
using the dilation operation. In this case, the binary gradient mask uses vertical and horizontal
structural elements [18]. This operation allows filling in the gaps within the obtained limit to
eliminate the probability of false boundaries [19].

The next stage is filling the contours of the resulting boundaries, it is necessary to realize
mathematical operation — smoothing. Smoothing is executed using the erosion operation. It
allows getting smoother and more "natural” boundaries, corresponding to the object contours
without capturing neighboring pixels [20]. Most inflammations on human skin do not have
clear boundaries, after localizing the point of inflammation intensity it is necessary to search
for related areas to obtain more reliable information about the localization and the degree of
inflammation and to objectively assess the skin lesions area [15-20].

The last step after finding the boundaries is the calculation of the technical parameters of
the found boundaries (i.e. the size of the skin lesions). In this case, the informant result is the
original image with the highlighted limits of inflammation in the calculated area [21].

In this article to determine the area of the lesions, the use of the method of mathematical
morphology was investigated. For this, the original image was converted from an RGB color
model to a binary one. Further, using the methods of erosion and dilation, the affected areas
of the skin were isolated [15-25].

The erosion of the binary image A by the structural element B is defined as:

AOB={z€E|B,C A}, (8)
where B is the transfer of B to the vector z, ie B, = {b + z|b € B}, V,€ E.

The dilation of A using the structural element B is defined as:
A®B=U,,4 9)

To implement both operators need to enter the kernel parameter. It is advisable to use a
5x5 core. Also using these operations it is necessary to specify the number of iterations for the
most accurate result. In the case of fuzzy objects, such as inflammation on human skin, 1
iteration is used for erosion operations and 2 are used for expansion operations. Obtained
results are represented in Fig. 3. The color range (upper and lower bounds of the color) for the
acne areas determination corresponds to this range of the HSV image. In the clinical case of
1st, 7th, and 14th day during treatment of patient #5432 dermatoscopic images were
transformed into different color models: HSV, GRAY, Binary, and BGR for detection acne
boundaries and accuracy calculation geometric parameters using mathematical morphologies.
All obtained images were represented by the requirements of the computer coordinate system.

Fig. 4 shows the experimental results of the survey skin in ultraviolet light for example
#387 and #394 patients with closed comedones for prescribing cosmetological procedures and
dermatological treatments. The resolution of the obtained digital images is 750x750 pixels.
Detection of closed comedones on the skin was executed mathematical morphological
operations [20-25].
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Fig. 3. An example of dermatoscopic image analysis for detection acne using morphological operations of the 1st
(a), 7th (b), and 14th (c) day treatment of #5432 patient.

a b
Fig. 4. An example of the patients' skin in UV illumination during the survey (a) and the result of image analysis
with highlight contours of closed comedones on the skin (b).
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CONCLUSIONS

The developed comprehensive method for analyzing skin lesions with acne allows
automated control of the external appearance of this disease dynamics. The use of this
software is especially advisable during therapy, which can make it possible to timely adjust
acne intensity and treatment regimen. The developed module works with two types of images
— obtained under daylight and UV illumination. The developed module makes it possible to
effectively and objectively assess the degree of the disease by guiding the geometric
parameters of inflammation on the skin, as well as by visualizing the highlighted contours of
inflammation in images.

The investigated multi-Otsu method allows obtaining a map of the gradations of
inflammation in one image. The obtained color spectrum is present in all images to interpret
the results. The combined method of dermatoscopic image analysis makes it possible to
effectively monitor the condition of the patient's skin by analyzing the degree of inflammatory
processes and the area of the lesions but does not have the advantages of the first method for
tracking the gradations of inflammation.
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AkTyanbHicTb. OIHNAM i3 HAWITOMMPEHIMNX 3aMalbHAX XPOHIYHUX Ta PEHUANBHUX 3aXBOPIOBAHb HIKipH
€ akde (“acne vulgaris”), mo nmposIBASETHCS SK BiAKPUTI a00 3aKpUTI KOMEIOHH 1 3amaibHi ypakKeHHS
MIKIPHOTO TIOKPOBY y BHUIJIAAI TAIlyJ, MYCTYJ, BY3JiB TOIIO. BCTaHOBIIEHO, IO aKHE € OIHHUM i3
PO3MOBCIOKEHUX JIEPMaTO3iB, OCKIIBKH Bpa)kae, 3a CydaCHUMH JaHuMH, Oau3bko 9,4% nHaceneHHs. Y
MiJUTITKOBOMY Billi CTpaxaarTh 10 90% monel, a B 3pitomy — O6mm3bko 20% 3 pi3HUMHU CTYNEHIMH
TsokkocTi. Hapasi icHye O6arato miAXomiB [0 JIKyBaHHS IbOTO 3aXBOPIOBAaHHA 33 JIOTIOMOTOIO
PI3HOMaHITHUX KOCMETOJIOTIYHHMX 3ac00iB, TakuX sK: (OTOTeparis, yIbTpa3ByKOBE OYMIIEHHS MLIKipH,
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Me30Teparisi, XIMIYHUI MUIHT Ta MEAMKaMEHTO3HE JIKyBaHHsA. ToMy po3poOka MeToziB Ta 3aco0iB
JTU(epeHIliaabHOl TIarHOCTHKH aKHE € OJHIEI0 3 aKTyalbHHX 3aJa4 B Taixy3i 0i0MeIW4HOI iHKeHepil,
JIepMaToJIoTii Ta KIIHIYHOT MEAMIIMHHU, OCKUIBKM II€é HaJa€ 3MOTH, CBOEYACHO BUSIBUTH JIOKAIi3allifo
3aXBOPIOBaHHS, HOTr0 NPHYMHU Ta NPU3HAYUTH BIANOBiAHE jnikyBaHHs. OJHAK BUpINICHHA 3a1adi
MOHITOPHHTY 3a JAWHAMIKOI0 3O0BHIIIHIX MPOSBIB 3aXBOPIOBAHHS MOXJIIMBE JIHIIE TPH 3aCTOCYBaHHI
KOMOIHOBaHHX MaTeMaTHYHUX METO/IB aHaJi3y 300pakeHb.

Metoi0 podoTH € po3poOKka KOMIUIEKCHOTO METOXy aHajli3y IepMAaTOCKOIIYHHUX 300pa)kKeHb Ui
MOHITOPHHTY 3a Iepe0iroM 30BHIIIHIX MPOSBIB 3aXBOPIOBAHHS aKHE IIiJl Yac JIKyBaHHS Ta BUIIJICHHS
YpaXeHUX IUITHOK MIKipH 009U

Martepianu i Meroau. JlepMaTonoridi JOKTIHIYHI TOCIKEHHS IIKIpH OOMHNY4s OynH TpOBEICHI Ha
6a3i mabopatopii 3D-OiomexamunHux TexHousorii Kadenpu OiomenuuyHoi iHXkeHepil XapKiBCHKOTO
HalliOHAILHOTO YHIBEPCUTETY PaJi0eNeKTPOHIKH 13 BUKOPHCTaHHIM HU(pOBOro Bigeoaepmarockona BIO
Bm6+ mnpu [OeHHOMY CBITJII Ta MOpPTaTMBHOrO aHamizatopa Ikipu Skin Scope F-102 B
yabTpadioneroBomy mianazoni. Kniniuni gocmimkeHHs Oyiau nposeaeHi Ha 6a3i kadenpu MporeaeBTHKH
neniatpii Ne 2 XapkiBChbKOTO HAI[IOHATBHOTO MEAMYHOTO YHiBepcHTETYy. Po3po0Oka mporpaMHOro 3acody
UL aHaNi3y 300pakeHb Oyila BHKOHaHAa Yy CepelOoBHUINI mporpamyBaHHS Python i3 BHKOpHcTaHHAIM
6i6miorex OpenCV, Scikit-image, Numpy, PIL, Mathplotlib. Busnauenust ypaxxeHux iNsSHOK MIKipH
o0JIa4s Ta po3paxyHOK MapaMeTpiB 3amajieHb MPOBOIIINCE METOaMi MylnbTH-OTIy Ta MopdosorigHol
cerMeHTarii Mu(pOoBUX NePMATOCKOIIYHIX 300paKCHb.

PesyasTraTH. YV X0zl IOCHiIKEHb OYB pPO3pPOOJICHMHA aBTOMATH30BAaHWH IIPOTpaMHHMA 3aci0d, skuid
JI03BOJISIE TIPOAHA3yBaTH y NUHAMINl XapakTep 3alabHUX MPOILECiB Ta IUIOMly YpPaKeHb IIKIpH
00JIMYYs, a TAKOX TPOBECTH TU(EpeH iy AiarHOCTUKY 3aXBOPIOBAHHS aKHE. 3alpoIllOHOBAHUI METO]
aHaJi3y JIepMaTOCKOMIYHUX 3HIMKIB J03BOJISIE BUKOHATH KOJBOPOBY CErMEHTAI0 Ta OTPUMATH KapTy
rpajailiii 3amajacHp MIKIPU I KOHTPOJIIO 38 JTUHAMIKOIO ITi]T 9aC MPU3HAYCHOT'O JIIKYBaHHS.

BucnoBku. KoMIiuiekcHUiI MeTO/ aHamizy JepMaTOCKONMIYHUX 300pakeHb MIKIpH OONUYYs J03BOJISIE
e(eKTUBHO KOHTPOJIOBATH CTaH IUKIpH OOJIMYYS 3 aKHE MijJ Yac JIIKyBaHHs, aHATI3YIOYH NPH LOMY
CTYIIIHb 3aMaJbHUX IPOLECIB 1 IOy YpaXkeHb, JI¢ 3a JOIMOMOTOK PO3pOOIEHOr0 MPOrPaMHOTO 3ac00y B
ABTOMATH30BaHOMY PEXHMI PO3PaxOBYIOThCA Ipajalii YepBOHOTO KOJIBOPY IS JETCKTYBaHHS TPAHHID
3amajgeHb, '€OMETPUYHI MapaMeTpu Ta BiICOTKOBA YacTKa YpPakK€Hb CTOCOBHO A0 370POBOI MIKipH
o0HyusI.

KJIFOUYOBI CJIOBA: akHe, OCTakHe, MIKipa 00JHUYYs, AEPMATOJIOTis, IEPMATOCKOIIYHI 300paKeHHs, CeTMEHTAIlis
KOJIbOPOBUX 300paxKeHb, METO MyIbTH-OTILy.

PA3ZPABOTKA KOMIIVIEKCHOT'O METOJIA AHAJIM3A JTEPMATOCKOIIMYECKUX
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e-mail: karina.selivanova@nure.ua
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AxtyajdbHocTh. OpHUM U3 Hamboyiee pPAaCHpPOCTPAHEHHBIX BOCHAIMTENBHBIX XPOHHYECKUX U
peLUIMBUPYIOMNX 3a00IeBaHUN KOXKH sIBIIsieTcsl akHe (“acne vulgaris”), KOTOpoe MpOSsBISETCS B BUME
OTKPBITBIX WJIM 3aKPBITBIX KOMEJIOHOB M BOCHAIUTENBHBIX ITOPAKEHWH KOKHOTO IMOKpOBa — Ay,
MYCTYJI, y3JI0OB M T.JI. YCTAHOBJIEHO, YTO aKHE SBISIETCS OJHUM M3 PAaCHpPOCTPAHEHHBIX JEPMATO30B,
MOCKOJIBKY MOpa)kaeT, M0 COBPEMEHHBIM JaHHBIM, OKkoso 9,4% Hacenenus. B moapocTkoBoM Bo3pacte
ctpagarot a0 90% mrozei, a B 3penoM — okoiio 20% ¢ pa3HbIMH CTENEHsIMU TskecTU. B HacTosmee BpeMs
CYIIECTBYeT MHOTO TIOAXOJOB K JIEYCHUIO 3TOro 3a00JICBaHUSI C IOMOILIBIO  Pa3IHMYHBIX
KOCMETOJIOTHUECKHUX CpEeACTB, HampuMmep Kak: (¢oToTepamnus, YIbTPa3BYKOBash OUYHCTKA KOXH,
Me30Tepanus, XUMHYECKHA NIIMHT ¥ MEAWKaMEHTO3HOe JeueHue. [loaTomy pa3paboTka METONOB U
cpencts i auddepeHnnanbHON JHarHOCTHKY aKHE SBISIETCS OJHOM M3 aKTyalbHBIX 33jad B 00jacTu
OMOMEUITMHCKON WHXCHEPHH, AEPMATOJIOTHH W KIMHWYECKONW MEIWIMHBI, MOCKOJBKY 3TO MO3BOJISET
CBOEBPEMEHHO BBIBUTH JIOKAIM3ALMIO 3a00JICBAHUS, €ro NPHYMHBI U HAa3HAYUTh COOTBETCTBYIOIIEE
neuenre. OfHAKO pelIeHUE MOCTABJICHHOHN 3aJ1a4ll MOHUTOPUHIA 3a JUHAMUKOW BHEIIHUX MPOSABICHUN
3a00JIeBaHUSI BO3MOXKHO TOJIBKO IPHU TPUMEHEHWH KOMOMHHPOBAHHBIX MaTEeMaTHYECKUX METOJIOB
aHaIM3a N300paKeHn .

Iear padorel. Pa3paboTka KOMIUIEKCHOTO METOJla aHaJM3a JIEpMaTOCKONNYECKUX H300paskeHuil Juis
MOHHUTOPHHIa BHELTHUX MNPOSIBJICHUI 3a001€BaHNsl aKHE BO BPEMsl JICUEHHS] U BBLICICHHS MOPAKEHHBIX
YYacCTKOB KOXKH JIMIIA.
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Marepuanbl U MeTOABI. J[epMaToIornyecKkue TOKIMHUYECKHE UCCIIeIOBaHMS KON OBUIH MPOBE/ICHBI B
naboparopuu 3D-OMOMETUIIMHCKUX TEXHOJOTUH Kadeapbl OMOMETUINHCKON HHKEeHepHH XapbKOBCKOTO
HallMOHAJILHOTO YHUBEPCHUTETA PAIMOIEKTPOHUKHU C HCIOJIb30BaHHEM LU(POBOTO BHAEOJEPMATOCKOIA
BIO Bm6+ npu nHeBHOM cBeTe M IIOPTaTHMBHOrO aHanu3atopa koxu Skin Scope F-102 B
yabTpaduoneroBoM amamazoHe. KimHMYeckwe WccnemoBaHWS OBUIM  TNIPOBEICHBI Ha  KadeIpsl
nporeneBTHKA  neauatpun  Ne2  XapbKOBCKOTO —HAI[MOHATBHOTO MEIWIMHCKOTO yHHUBEPCHTETA.
Pa3paboTka mporpaMMHOTO CpeIcTBa Ul aHaidH3a W300pakeHHH ObLTa BBIIONHEHa B Cpeae
nporpammupoBanust Python ¢ wucmonb3oBanmem Ombmmorek OpenCV, Scikit-image, Numpy, PIL,
Mathplotlib. Ompenenenre mOpaXeHHBIX YYacTKOB KOXH M pacdyeT MapaMeTpoB BOCHAJICHHH
OPOBOAWIINCE ~ MeTogaMu  MyabTH-OTIy ¥ MOp(QOJIOrHYECKOM  CerMEHTauuu  IH(POBBIX
JIEpMaTOCKOINYECKUX N300paKeHHUH.

PesyabTraTel. Bo Bpems mnpoBeaeHHs UcCIeIOBaHMN ObUIO pPa3pabOTaHO aBTOMATH3MPOBAHHOE
NPOTrPaMMHOE CPEACTBO, MO3BOJISIONIEE MPOAHAIU3UPOBATh B JAWHAMHUKE XapakTep BOCHAJIUTEIBHBIX
MPOLIECCOB U TUIOMIAAb IMOPAKEHUH KOXKH JINIA, a TaKke MPOBEeCTH IUddepeHIHanbHyl0 THarHoCTUKy
3a0oneBanusi akHe. [Ipeanaraemplii MeTOJ aHanu3a JEPMAaTOCKONUYECKMX CHHMKOB IIO3BOJISIET
BBITIOJTHUTH LBETOBYIO CETMEHTAIMIO M IONYyYUTh KapTy Tpajalii BOCIAJICHWH KOXKH JUI1 KOHTPOJIS
JVMHAMHKH BO BpeMsI HA3HAYEHHOTO JICYCHHS.

BoiBoabl. KOMIUICKCHBIH METOJ aHANIM3a AEPMATOCKOMHMYECKUX H300paKEHUH KOXKH JIMIA MO3BOJISET
3¢ PEKTUBHO KOHTPOINPOBATH COCTOSHUE KOXH JIMIA C aKHE BO BPEMs JICUCHHMS, aHATM3HUPYS MPH 3TOM
CTENECHb BOCIMAJIUTEIBHBIX IIPOIECCOB W IUIONIAAb IOPAKEHWH, TAE C IOMOLIBIO pa3pabOTaHHOTO
MPOTPAMMHOTO CPE/ICTBA B aBTOMATHU3UPOBAHHOM PEKHUME PACCUUTHIBAIOTCS I'pajallii KPacHOTO IBETA
A JETCKTUPOBAHUSA T'PaHUI] BOCHaHeHHﬁ, TCOMETPHUUCCKUE MTApaMETPBI U MPOUCHTHAA A0 HOpa)KeHI/Iﬁ
10 OTHOUIEHUIO K 3JOPOBOM KOXKeE JIUIIa.

KIIFOYEBBIE CJIOBA: akHe, moCTakHe, KOXKa JHIA, AEPMATOJOTHSA, IEPMATOCKONHMYECKUE H300paKeHHUs,
CerMEHTAIlNs [IBETHBIX H300paKeHH, MeTO MyIbTU-OTITy.
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nmakeTax, NpU3HauYeHUX Uisi 00poOKH i Bisyamisawii HaykoBux nanux: Origin, Mathcad tormo. Bukopucranss odicHOro
nakety MS Excel mnst moGynoBsu rpagiki He nomyckaerbes. L{udpu 1 mianucu Ha ocsix Ta Hajamucax MOBHHHI MaTH
mwpudt 9 pt. [linnucn mix pucyHkamu npykytotbes mpupTom 10 pt. opmynu, Tabiuii W pUCYHKH HYMEPYIOTHCS
MOCHIOBHO apabcekumu mudpamu, Hanpuknaxa, (1); Tadn. 1; Puc. 1. fkmo crarTs HamucaHa yKpaiHCBKOIO MOBOIO,
MIAMICH 10 PUCYHKIB 1 TaOIUIb AyOIIOI0THCS aHTITIHCHKOI0 MOBOIO.

Ha mepmiii cropiHmi 3BepXy Ha MEpIIOMY PSAAKY B JiBOMY BepxHboMY KyTi HaBoauThcs YK (kypcus, 11 pt). Ilicns
MPOIYCKY OTHOTO psNKa, PO3MINIYEThCS Ha3Ba CTATTi (BENWKI JITepH, NpAMUN HamiBXUpHUH mpudT, 12 pt,
BHpPIBHIOBaHHS IO HEHTpY). Ilicis mpomycky OIHOTO psaka HAOMPAarOThCS iHIIIANM, TPI3BHINA aBTOPIB (MPAMUI
HamiBXApHUA mpudT, 12 pt, BUpiBHIOBAHHSA IO IEHTPY). Ha HaCTymHOMY pSIKY pO3MIMIYIOThCS TOBHI Ha3BHU i axpecu
YCTaHOB, /€ BHMKOHyBajach po0OTa, ajgpeca eJNIEKTPOHHOI IOLITH aBTOpa — KOHTakTHOI ocodu (kypcus, 10 pt,
BUPIBHIOBAHHS IO LEHTPY). [10TiM BMIIyeThCS aTa HAIXOMKCHHS CTATTI J0 PEAAKIIIT: YUCIO — IUPpPaMHU, MiCAIb —
nponucoM, pik — nudpamu (mwpudt npsmuii, 10 pt, BupiBHIOBaHHS 1O LEHTPY). Ha HacTymHOMY psIKy BMIIyeThCs
JlaTa MPUHHATTS CTAaTTi 10 APYKY (3aIIOBHIOETHCS PENIKOJIETIEO).

[Ticns mpomycky OJHOTO psiika BMILIYIOTbCS TpU pedeparu (YKpalHCHKOIO, aHIIIIHCBKOIO, POCIHCHKOI0 MOBaMH).
Pedepar mMoBoro craTTi po3mimryeThes mepmmM. [lepex npyruMm Ta TpeTiM pedepaTaMu 3 HOBHX PSAKIB IHITYTHCS
Ha3BU cTaTed (BeMUKUMU JiTepamu, mpudt mpsmuii, 10 pt, HamiBXUpHUH, BUPIBHIOBAHHS 10 ICHTPY), iHINIaTH Ta
mpi3Buma aBTopiB (mpudT npsamuii 10 pt, HaniBXUpHAH, BUPIBHIOBAHHS TI0 IIEHTPY), HA3BH OpTraHi3aIliil Ta ix agpecu
(xypcuB 9 pt., BUpIBHIOBaHHSA IO LEHTPY). PedepaT moBuHEH OyTH CTPYKTYPOBAaHMM Ta MICTUTH HACTYIHI YacTHHH 3
3aroJoBKaMu: AKTyallbHicTh, MeTa podoru, Matepianu i meroau, Pe3yiabrarn, BucHOBKH, sIKi MOYWHAIOTHCA 3
HOBOTO psanka. CioBa “Pedepar” i “Abstract” He MUITYTHCA. 3ar0JOBKA CTPYKTYPHAX YAaCTHH MHUITYTHCS HAITiB)KUPHUM
mipudTOM, MICHAsS 3arojoBKa CTaBUThCS Kpamka. TekcT pedepary ckimagae ne menme 1800 ta mHe Oimbire 2000
(OHETHUHUX CHUMBOJIIB, TOOTO Oe3 MPOMIXKIB Mix ciioBamu; npsimuid mpudr 10 pt. Pedeparn nBoMa iHIIMMH MOBaMu
TaKoX TOBMHHI Matu obcsar He menure 1800 Ha He Oinpme 2000 ¢oneTnuHux cuMBoiyiB. Ha HacTymHOMY psaxy
BMIIIYIOTHCS 5-8 KIIFOYOBUX CIIIB, SIKI PO3AUISIOTECS MK CO0010 Kpamkoro 3 komoto (10 pt — nepmmuii pedepart, 9 pt —
npyruit Ta Tperiit pedeparn). 3 moYaTKy psAKa BEIUKHMH JITEPaMH, MPU(PT HAMIBKAPHUAHN, MUIIETHCS 3aTOJOBOK 3
nBokparkor “KJIHOUYOBI CJIOBA:”. Tekcru pedepaTiB i KIIOYOBI CJIOBa MalOTh HIMPUHY Ha 1 CM MEHIIy, HiX
oCHOBHHI TeKCT (110 0,5 ¢M 3 KOXKHOTO 00KY). Pedeparn po3aiisroThCss OMHUM ITyCTUM PSIAKOM.

OCHOBHUH TEKCT CTATTI HABOAUTHCS MICIS MPOIyYCKy oaHoro psaka mpudrom Times New Roman (Cyr), 12 pt. A63auu
MMOYUHAIOTECS 3 YepBoHOTO psinka (0,75 cMm). PekoMeHIyeThCsl pO30HTTS CTATTI HAa TaKi PO3MUIN: BCTYM (HA3Ba PO3MALITY
we mumetscs), MATEPIAJIM I METOJM (06GoB’i3K0BO uisi eKcrepuMeHTanbHuX pobit), PE3YJIBTATH W
OBI'OBOPEHHS, BUCHOBKMU. [ns1 TeopeTHUHUX poOiT mependavdaeThest OB BiIbHE PO3TANIyBaHHS MaTepiay,
Hanpukian, 3amicte po3ainy MATEPIAJIM I METO/JM pexomernaytotscs posnimn IOCTAHOBKA 3ATAYI,
MOJEJIb T1a in. Po3ninm He HyMepyIOThCs, JIITEPH BEJIMKi, HAIBKUPHI, BUPiBHIOBaHHS 110 LeHTpy. [Tpn HeoOXigHOCTI
PO3MiNM MOAIMAIOTECS Ha miapo3ainn. Ha3Bu miIpo3ainiB MHITYTHCS 3 BEIUKOI JHTEPH 1 BHAUIAIOTHCSA HAIliBXHPHIM
mpudTOM, BUPIBHIOBAHHA MO HEHTPY. Po3minm abo migpo3miau po3aiISAIOTECA OMHUM IycTUM psakoM. Ilicims Has3B
pO3AiMIB 1 MiAPO3iNIB Kpamka HE CTaBUTHCS. Y KiHII TEKCTy CTaTTi MICIS MPOITyCKy OJHOTO PsKa Yy PO3inii
MHNOJAAKA 3a3nauaeThcsi Ha3Ba GOHIY, sk (iHaHCYBaB poOOTy, i HOMep rpaHTty. [loTiM PO3MIIIYEThCS PO3IIT
KOH®JIIKT IHTEPECIB, y sikoMy aBTOpPH JIEKIapyIOTh HasBHICTH (hiHAHCOBMX ab0 IHIIMX KOH(QIIKTIB iHTEpECiB,
SIKI MOTJIM BIUTMHYTH Ha PE3YJbTaTH, IHTEPIPETAII0 Ta BUCHOBKH JOCI/DKEHHS. SIKIIO HEeMae KOHQIIIKTa iHTEpeciB,
TaK 1 HOTpiOHO 3asBUTH: "ABTOPH MOBIZOMIISIOTH PO BIICYTHICTH KOH(]JIiKTa iHTepeciB". [loTiM po3MilyeThest po3in
Authors’ ORCID ID, y sixomy aBTOpH BKa3ytoTh aapecu cBoix npodinis ORCID.

JlirepaTypHi NOCHJIaHHSI HYMEPYIOThCS B TOPSAKY LUTYBAaHHS B TEKCTi, HOMEp IMOCHJIAHHS MHUIIETHCS Y KBaJPaTHUX
nyxkax. He mormyckaioTbess OCHIaHHS Ha HEONyOJiKOBaHI poOOTH, MiJIpYYHHKH Ta HaBYajbHI MOCiOHMKH. CrHMCOK
mitepatypu (mpudt 10 pt.) po3minryeTbcs 3a OCHOBHHM TEKCTOM cTarTi, BUntierbes sk po3nin REFERENCES i
0 OPMITIOETECS 3TiHO 3 MDKHApOJHHMM cTHIeM O(OpPMIICHHS CIHMCKY HayKoBuX myOumikauiit Vancouver. Ilpuknaan
odopmiieHHst 0ibmiorpadiyHUX MOCHIaHb MOXHA IIOJMBUTUCH HAa CalTi XypHaly y posaini «KepiBHMOTBO [uist
aBTopiB»: https://periodicals.karazin.ua/biophysvisnyk/about/submissions.

Pykonucu odopmJieHi He y BiTmoBiZHOCTi 10 HaBeJeHUX MPABUJ He PO3IJISIAATUMYThCs!
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INSTRUCTIONS FOR AUTHORS

Electronic files of the contributions (created in MS Word 2007 and later versions) written in English or Ukrainian,
scans of the expert inference directive and directive from the author’s institution should be sent to the Editorial
Office online via the website http://periodicals.karazin.ua/biophysvisnyk.

A manuscript should be typed in single spacing on A4 paper. Use the MS Word with following options: 12 points
Times New Roman font, text justified. Left and right margins should be 2.5 cm, the upper margin should be 3.5 cm,
and bottom one should be 2 cm. Mathematical and chemical symbols, equations, and formulae should be inserted in
the text by computer means (MathType or Microsoft Equation). Figures should be computer-generated in software
packages intended for processing and visualization of scientific data: Origin, Mathcad, etc. The use of the MS Office
Excel is not recommended. Use computer printed symbols for axes labeling. Insert prepared images into an MS
Word file as files in *.emf, *.wmf, *.jpg, *.jpeg, *.png format within the area of the page specified above. We
recommend the following layout: images are placed in the first row of the table with transparent outer borders,
legends and comments to figures are placed in the second raw of the table. The font size of figure legends should be
9 points. Formulae, tables, figures should be numbered consecutively using Arabic numerals, e.g. (1), Table 1, Fig 1.
If the article is written in Ukrainian, captions to figures and tables are duplicated in English.

Insert UDK in the first line on the left of a first page (11 pt, Italic). Leave one line blank. Place the title of the paper
in capital letters (12 pt, bold, centered) on the next line. After one blank line type initials and surnames of the
authors (12 pt, bold, centered). On the next line type the authors' affiliation and postal addresses of the institution
where the actual work was done, including an e-mail address of the corresponding author (10 pt, Italic, centered).
Then, place the date of the paper submission: day — in numbers, month — in words, year — in numbers (straight
font, 10 pt, centered). Then, place the date of the paper submission (to be filled by editor).

After one blank line place three abstracts of the paper (written in Ukrainian, Russian and English). The first abstract
should be written in the language of the manuscript. On the next line provide second, and then on the next line —
third abstracts (capital letters, straight font, 10 pt, bold, centered). Above the second and third abstracts place the
titles of the paper in two languages (capital letters, straight font, 10 pt, bold, centered), then — initials and surnames
of the authors (straight font, 10 pt, bold, centered), and finally — the authors' affiliation names and addresses (9 pt,
Italic, centered), every time starting from a new line. The abstract should be structured and consist of the following
parts with headings: Background, Objectives, Materials and Methods, Results, Conclusions, each placed on a
new line. The words “Pedepat” and "Abstract" should be omitted. The headers of structural parts are written in bold
letters, putting a dot after the header. All the three abstracts of the paper should contain not less than 1,800 and not
more than 2,000 phonetic symbols (i.e., without taking into account the spacing between words); straight font, 10 pt.
On the next line type 5-8 key words, separated by a semicolon (10 pt — first abstract, 9 pt — second and third
abstracts). Next, the header "KEY WORDS:" should be typed in bold capital letters at the beginning of the line.
The texts of the abstracts and key words should be indented 0.5 cm from the left and right margins. The abstracts
should be separated by a blank line.

Then, leave one blank line before starting to type the text of the paper with following options: Times New Roman
font, 12 pt, text justified. The first line of each paragraph should be indented 0.75 ¢cm from the left margin. Each
manuscript should contain the following elements: an introduction (heading of this section should be omitted),
MATERIALS AND METHODS (obligatory for experimental studies)), RESULTS AND DISCUSSION,
CONCLUSIONS. For theoretical less specified text organization is envisaged, e.g., instead of section
MATERIALS AND METHODS, the sections PROBLEM FORMULATION or MODEL are recommended, etc.
The sections are not numbered, capital letters, bold, centered. Sections may be subdivided into subsections, if
necessary. Subsection Headings are centered and should be bold and capitalized. Leave one blank line after each
section or subsection. A dot should be omitted after headings of sections and subsections. Names of the foundations
and grant numbers should be included in the section ACKNOWLEDGMENTS at the end of the text after one
blank line. The next section should be CONFLICT OF INTEREST in which you should declare financial or any
other conflict of interest. If there is no conflict of interest you can state: “The authors declare that there is no conflict
of interest.” The next section should be Authors’ ORCID ID in which you should include ORCID internet
addresses of all authors.

References to the literature should be cited in the text consecutively by Arabic numerals in square brackets. The
citation of unpublished papers, textbooks and tutorials are prohibited. List of references (10 pt) should be given at
the end of the manuscript as a separate section REFERENCES, formatted according to the VVancouver style for
scientific publications.

The examples for reference formats are given on the journal's website in the "Author Guidelines™:
https://periodicals.karazin.ua/biophysvisnyk/about/submissions.

Manuscripts that do not meet the requirement mentioned above will not be considered for publication!
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