Probl Cryobiol Cryomed 2020; 30(4):359-368
https://doi.org/10.15407/cry030.04.359

YOK 612.79:57.086.13:621.384
I.O. Koeanwbos'™, E.HO. NopaieHko?, HO.B. domeHko?,
I".B. WycTtakosa?, 1.B. KinopeHko?, O.0. OnedipeHko*

OvHamika 3amMopoXyBaHHA Ta BigirpiBaHHA M’AKUX TKaHUH
Nnpu KOPOTKoYacoBiW Ail Ha WKipy KpioannikaTopa

UDC 612.79:57.086.13:621.384
G.O. Kovalov'™, E.Yu. Gordiyenko?, Yu.V. Fomenko?,
G.V. Shustakova?, P.V. Kiporenko?, O.0. Olefirenko*

Dynamics of Freezing and Warming of Soft Tissues
with Short-Term Effect on Skin with Cryoapplicator

Pedbepart: Y poboti npoaHanizaoBaHO MOXNMBOCTI Ta OBMEXeHHSA BUKOPUCTaHHS TENSIOBI3IHOrO METOAY ANA MOHITOPUHIY AUHAMIKM
TemnepaTypHUX Nonie 3a KOPOTKOYACoBOI Kpioabnauii wkipu. MNMokasaHo, Lo MeToA A03BOMSE B peanbHOMY Yaci AUCTaHLINHO KOHTPO-
noBaTU AMHaMIKy AdiaMeTpa 3aMOpOXEHOI 30HM, @ TaKoX OLIHIOBaTVW MOTOMHWIM AiaMeTp 30HU MEPBUMHHOMO KpiOHeKpo3dy. [iametp
30HU NEPBUHHOIO KPIOHEKPO3y LibOro TWMy TKaHWH gocarae 13 Mm, WO Aae MOXMUBICTb PyWHYBaTU NaTOMOriYHI yTBOPEHHS HEBEMNMKOro
pO3Mmipy 3a AOMOMOIO HU3bKMX TeMMnepaTyp HaBiTb Npy KopoTkoyacosil (30 ¢) kpioekcnoauuii. BUkopucTaHHA AaHOro MeToay ANt MOHITO-
PUHIY Mpouecy MPUPOAHOrO BifirpiBaHHA MoKasano HasBHICTb TPMBAroOro KBasicTabinbHOro erany y AvHaMili AiameTpa 3aMOpOXeHOT
30HU MPU HEe3Ha4YHWUX 3MiHax il TemnepaTypHux nonis. Lle, MMOBIpHO, NOB’AI3aHO 3i CTPYKTYpHUMMU nepebyaoBamu B 3aMOPOXEHMX TKa-
HUHaX.

Knro4yoBi cnoBa: kpioxipypris, LKipa, 3aMOpOXyBaHHS, BiAirpiBaHHs, AMHaMiKa TemnepaTypHuX Nonis, iHdpayepBoHa Tepmorpadisi.

Abstract: The paper presents the analysis of possibilities and limitations of using the thermal imaging to monitor the dynamics of
temperature field caused by a short-term cryoablation of skin. It is shown that the method allows to remote and intraoperative control
the dynamics of the freezing zone diameter as well as to estimate the current diameter of primary cryonecrosis zone. The diameter
of primary cryonecrosis zone for this type of tissues reaches 13 mm, which makes it possible to destroy small morbid growth by
low temperatures even with a short-term (30 s) cryoexposure. The using of this method to monitor the process of natural warming
has shown the presence of long quasi-stable stage in dynamics of the freezing zone diameter with a slight change in the temperature

field. This fact is likely due to structural changes in frozen tissues.

Key words: cryosurgery, skin, freezing, warming, dynamics of temperature fields, infrared thermography.

Jist Ha mKipy HU3BKUX TEMIEPaTyp LIMPOKO 3a-
CTOCOBYETbCS B MEAWYHIM IPAaKTHL, 30KpeMa Yy
kpioxipyprii [10, 13, 19]. Bucoka 3arpeOyBaHICTbH
KpiOXipypri4YHOTO METOY JUIA JIIKyBaHHS ITaTOJNOTid-
HUX YTBOPEHb IIKipH OOyMOBIIEHAa aHATOMIYHUMH
OCOOJTMBOCTSIMH OpTaHa, BiJCYTHICTIO METOTUIHHX
CKJIQIHOIIIB i3 JOCTYNOM JI0 30HH KpiOXipypriduHo-
ro BTPYYaHHs, XOPOIIOK Bi3yasi3alliero omneparii-
HOTO IOJISi Ta BITHOCHOI IPOCTOTOO Micisionepa-
nidHoOTrO oSy, OCOOIUBY TIepeBary MaroTh KOPOT-
KOUYacHi KpioXipypriuHi BTpy4yaHHs, SIKi HE BUMAararoTh
3HEOOJIEHHST Ta MOXYTh OyTHM BUKOHaHI B aMmOyia-

TopHHX yMoBax. Ilpu mpomy Kkpioxipypriunuii me-
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The effect of low temperatures on skin is
widely used in medical practice, in particular in
cryosurgery [10, 13, 19]. The high demand for
cryosurgical method to treat pathological skin lesions
is stipulated by anatomical features of skin, lack of
methodological difficulties of accessing the area
of cryosurgical intervention, good visualization of
the operating field and relative simplicity of post-
surgery care. A short-term cryosurgery not requiring
analgesia and capable to be performed on outpatient
basis is particularly preferred. The cryosurgical
method has a strong disadvantage, i. e. difficulty of
predicting the movement of critical isotherm (the
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TOJI Ma€ iICTOTHUH HENOJIK — CKIIQJHICTh MPOTHO3Y-
BaHHSI PyXy KPUTHYHOI 130TepMH (MEXi MOIINPEHHS
TEeMIEepaTypH, IOCTATHBOI JIJIi BAHUKHEHHS HEKPO3y
JaHoTO BUAY OloyoriyHoil TkaHwHK) [15, 17].

BuBuennro mporeciB, ki BiOyBaroThcs B 0i0-
JIOTIYHUX TKaHWHAX IIiJ 4Yac 3aMOpPOXKyBaHHS Ta
HACTYIHOTO BIJITPIBaHHA in Vivo, TIPUCBSIYEHO Oa-
raro poOiT, 3aCHOBAaHMX Ha TEOPETUYHUX PO3pa-
XyHKax a00 Ha JaHUX EKCIIEPUMEHTIB in Viftro Ta
in vivo [1, 13, 18]. 3a KpIlOBIUIUBY in Vivo peakiis
010JIOTIUHUX TKAaHWH BU3HAYAETHCS O€3Jivu0 (hak-
TOpIiB: TEIUIO(I3UYHUMHU XapPaKTePUCTUKAMU TKa-
HUH; TpOLeCaMH MEePEHECEHHs TeIula KPoB’I0; 0CO-
ONMMBOCTSMU TKaHWHHOTO MeETaboIi3My; 3MiHOIO
KOHIICHTpAIlli PO3YMHEHWX pPEYOBHUH Y KIITHHI Ta
MDKKJTITHHHIN PiJIFHI; 3apOKEHHSIM 1 30UThIICHHM
PO3MIpiB KPUCTAIIIB JIHOAY; MPOIECAMH PEKPUCTATI-
3amii; BUHUKHEHHSM MEXaHIYHHX TIONIKO/DKeHb Ha
CYyOKIIITHHHOMY, KJIITHHHOMY 1 TKAHHUHHOMY DPiBHSIX
Tomro. Y Tpoleci BUKOHAHHS KpioaOmarii HOBOYT-
BOPEHb IIKIpYM BUPIIIAJIbHE 3HAYCHHS MAlOTh TaKi
napaMeTpH, SK MIBUIKICTh 1 KIHI[EBA TeMIieparypa
OXOJIO/IKCHHS, MEX1 NIISIHKH 3aMOpOKYBaHHS TKa-
HUH Ta MBHAKICTH iX BimirpiBy [1]. EdexTuBHICTH
KOHTPOJIIO TIPOLIECiB 3aMOPOXKYBaHHS Ta BifirpiBaH-
Hs OIOJIOTIYHMX TKaHWH 0araro B 4YOMY BH3HAYae
Pe3yIBTaTHBHICTE 3aCTOCYBaHHS KPiOXipypriuHOro
Mertoxy. Tomy y Kpioxipyprii Bce OLIBIIOrO MOMIH-
peHHs HaOyBarOTh METOAM KJIIHIYHOI Bizyauizamii
Oe3rmocepenHbo i Jac omepartii [8].

IndpagepBona Tepmorpadist — TUCTAHIIIHHUN He-
1HBa3MBHUH MeToJ[ (DYHKIIOHAIBHOTO aHallizy, 3a
JIOTIOMOTOI0  SIKOTO MOYKHAa KOHTPOIIOBaTH TIpoIie-
CH 3aMOpOXXyBaHHA. Po3momin i quHamika Temmepa-
TYpPHHX MOJIB Ha MOBEPXHi 00 €KTa BiJOOpaKaroTh
CYKYMHICTb (i3UYHMX, (i310J0TTUHUX 1 O10XIMIYHUX
MIPOIIECIB, 10 MPOTIKAITh B HOTO cepe/inHi 1 MoB’si-
3aHi 3 MOTIMHAHHAM a00 BUALIeHHSIM Teruia [6]. Tep-
Morpadito BUKOPHUCTOBYIOTh I PaHHBOI AiarHOC-
Tukd moHan 150 Ho3omorivHNX (popM 3aXBOpPIOBaHb
[6], KOHTpOJIFO TUHAMIKH XBOPOOH Ta €(PEKTUBHOCTI
JiKyBaHHS [4].

3aBasSKA METOY aCHMETPUYHOTO aHaiizy iHdpa-
YyepBOHA MeAnYHa TepMorpadis Halyiaa HIMPOKOTO
PO3IOBCIO/KEHHSI B JIarHOCTHIII PaKy MOJIOUHUX
3aJ103, IO 3YMOBJICHO OCOOJHMBOCTSIMH aHATOMIdY-
HOTO pO3TallyBaHHS Ty XJIHH.

[lepuri cipobu 3actocyBanHs Tepmorpadii y kpio-
MEIHIIMHI OyI10 3p00JICHO IEKUThKA ISCATUIIIT TOMY.
Tak, mwe y 1996 p. neit MeTon yCHIILIHO BUKOPUCTO-
BYBAJIH JIJIsl TOYHOTO MTPOTHO3YBAHHS 00CATY HEKPO3Y
M’SIKHX TKaHWH, BHKJIMKaHOTO 3aMOPOXKYBaHHSM 3a
JIOTIOMOTOI0 Kpio30HAa 3 piakuM azoToMm [14]. Om-
HaK HasBHE Ha TOM yac TeIUIOBi3iiiHe oOiajHaHHA
Oy 0 HEMOXXIMBO BHKOPHCTOBYBAaTH B KIIIHIYHHX
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limit of temperature sufficient for necrosis of this
type of biological tissue) [15, 17].

Many studies based on theoretical calculations
or in vitro and in vivo experiments data [1, 13, 18]
have been devoted to the investigations of the
processes, occurring in biological tissues during their
freezing and subsequent warming in vivo. In cryoab-
lation, the reaction of biological tissues is determined
by numerous factors: thermophysical characteristics
of tissues; blood heat transfer; features of tissue
metabolism; changing the concentration of solutes
in cell and intercellular fluid; nucleation and increase
in the size of ice crystals; re-crystallization pro-
cesses; occurrence of mechanical damage at the
subcellular, cellular and tissue levels, etc. In cryo-
ablation of skin neoplasms, such parameters as the
rate and final cooling temperature, the boundaries
of freezing area of tissues and the rate of their
heating are crucial [1]. The effectiveness of the bio-
logical tissue freezing and warming control largely
determines that of the cryosurgical method. Therefore,
in cryosurgery, the methods of clinical imaging just
during surgery are becoming more common [8].

Infrared thermography is a remote non-invasive
method of functional analysis which can be used for
the control of freezing processes. The distribution
and dynamics of temperature fields on the surface of
an object reflect a set of physical, physiological and
biochemical processes, taking place inside of it and
are associated with the heat absorption or release [6].
Thermography is used for early diagnosis of more
than 150 nosological forms of diseases [6], control
of their dynamics and treatment effectiveness [4].

Due to asymmetric analysis, infrared medical
thermography has become widespread in diagnosis
of breast cancer, that is stipulated by the peculiari-
ties of anatomical location of tumors.

The first attempts to apply thermography in cryo-
medicine were made several decades ago. Thus,
back in 1996, this method was successful in an accu-
rate predicting the amount of soft tissue necrosis
caused by freezing by means of a cryoprobe with
liquid nitrogen [14]. However, the thermal imaging
equipment available at that time could not be
exploited in clinic because of its limited availability,
high cost and complexity of operation. As thermal
imaging technology improved, so did the interest in
introducing thermography into cryomedicine [3, 5,
12, 16].

Modern thermal imagers based on uncooled
multi-element microbolometric arrays are compact,
mobile, convenient and easy to use [9], they have
high temperature sensitivity (hundredths of a degree),
spatial resolution (milliradians) and frame rate (tens
of hertz). Owing to these characteristics, it is possible
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YMOBax 4epe3 MOoro MajoAOoCTyIHICTh, JOPOTOBU3HY
Ta CKJIAJHICTh eKCIuTyarallii. ¥ Mipy yJZOCKOHaJICH-
HSl TEIUIOBI31HHOI TEXHIKM NOCHIIIOBABCS M iHTEpec
JI0 BIIPOBADKEHHS TepMorpadii y kpiomenununy |3,
5,12, 16].

CydJacHi TEIUIOBI30pH Ha OCHOBI IMHPOKO(DOp-
MaTHUX MaTPHIhL MIKpOOOIOMETPHIHUX TPUHMAYIB,
AK1 HE OXOJIO/KYIOTHCS, KOMITAKTHi, MOOUTBHI, 3py4HI
Ta MPOCTI y BUKOPHUCTaHHI [9], MatOTh BUCOKY TEM-
neparypHy 4yTIUBICTH (COTi YacTKW Tpajyca), mpo-
CTOPOBY PO3/IUIbHY 31aTHICTh (YaCTKH Midipasiana) i
Y4acTOTy 3MiHU KaJpiB (JECSITKH Tepl). 3aBAsKH 3a3-
HAYeHUM XapaKTEepPUCTHKaM MOXKIIMBO aHalli3yBaTH
LIBUIKI NpOLECHM ¥ BHUMIpIOBaTH HaMapiOHim ne-
TajJgl TEMJIOBHX TIONIB Ha IOBEPXHI Oi0NOTIYHHIX
00’€KTiB, 110 BiJKPHBA€E TEPCIEKTHBH 3aCTOCYBaH-
HS TEIUIOBI3OpPiB JJIsi KOHTPOJIIO TEMITepaTypHHUX
rmapaMeTpiB i 9ac KPioXipypriyHUX BTPYyYaHb Ha
IKipi. AJle TMONPH BEIUYE3HUH IMOTCHITIAT MEIIY-
HOT TepMorpadii K AUCTAHIIHHOTO, HEIHBA3UBHOTO,
CKOHOMIYHOTO 1 «JIPYKHBOTO» JIO MAalli€EHTa METOAY
(YHKI[IOHAIBHOTO aHaJli3y, BUKOPUCTOBYETHCS IIeH
METOJI TIEPEBAKHO y HAYKOBUX JIOCIII/DKEHHAX 1 Maii-
)K€ HE 3aCTOCOBYETHCSl B KIIIHIUHIH MpPaKTHUI Yepes
HEIOCTaTHICTh 3HAaHb NMPO (i3i0JI0TriuHI OCHOBHU Te-
IUTOBUX 300pa)keHb. TOMy BaKJIMBOIO 1 aKTyaJIbHOIO
€ Oymp-sika HOBa iH(opMarisi, oTpuMaHa B TPOIECi
JOCIIPKEHb TUHAMIKH TETUIOBUX ITOJIiB HA TIOBEPXHI
010J10ri4HOTO 00’ €KTA.

Y naniit po6OTI MU IPUTTY CTHIIH, 110 33 JTHHAMIKOIO
pO3IONiTy TeMIepaTypyd Ha IMIKipi B JUIAHIN Kpio-
arutikatopa (Hajajii — IiIsHKa 1HTepecy) MOXKHA Ofi-
HO3HAYHO OLIIHUTH TUHAMIKY 301IbIICHHS TPOCTOPO-
BOI JISTHKY 3aMOPOXKYBaHHS Ta i KpUTUYHOT 130Tep-
MU. XapakTep 3MEHIICHHS KPHYKaHOT IUISIMU Ha IIKipi
Ta JAWHAMIKa PO3MOJiTYy TeMIeparyp y AUISHII iH-
Tepecy TaKoX MICTATH iH(POpMAIiI0 Mpo MPOLECH,
sIK1 B110yBalOThCS B TKAHWHAX MPH BiTirpiBaHHi 30HU
3amMopoxkyBaHHsI. KOHTpOb y peanpbHOMY 4aci 3011b-
IIeHHS 30HW HEKPO3y IHITUMH METOAaMH KIIIHIYHOI
Bigyauizarii (yIbTpa3ByKOBe OCIiPKEHHS, MATHITHO-
pe30oHaHCHA a00 KOMIT T0TepHa ToMorpadii) HEMOMKITH-
BHI, OCKIJTBKH ITi METOIW HE HAMAIOTh iH(OPMAIIIIO
PO PO3MOALT TEMIIEPATYpH Ta iX CKJIaJHO BUKOPHC-
TOBYBaTH B TIPOLIECI NMPOBEACHHS KPiOXipYpridHUX
orepaliii, 0co06IMBO B aMOYyJIaTOPHUX YMOBaX.

Meta poOOTH — OIliHKa MOKJIMBOCTEH 1 0OMEKEHb
BUKOPHCTAHHS TEIIOBI31MHOTO METOMY Uil MOHITO-
PUHTY JAMHAMIKH TEMIIEpPaTypHUX IOJIIB 3a KOpOT-
KO4YacoBO1 Kpioabiarrii.

Marepianu Ta MmeToan

JocmimkenHs BUkoHyBany Ha 10 6imux 6-micsd-
HUX TIypax-CaMIISIX BiAMOBIIHO IO 3aKOHY YKpaiHu
«IIpo 3axucT TBapWH BiA JKOPCTOKOTO ITOBOIKCH-
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to analyze rapid processes and measure the smal-
lest details of thermal fields on the surface of
biological objects, that pens the prospect of using
thermal imagers to control temperature parameters
during skin cryosurgery.

But despite the huge potential of medical ther-
mography as a remote, non-invasive, economical
and patient-friendly method of functional analysis,
it is mainly used in scientific research and is almost
not applied in clinical practice due to lack of know-
ledge about physiological basis of thermal ima-
ging images. Therefore, any new information obtai-
ned when investigating the dynamics of thermal
fields on surface of biological objects is important
and relevant.

In this paper, we suggested that the dynamics of
the increase in the bulk freezing zone and its critical
isotherm can be unambiguously assessed based
on the dynamics of the temperature distribution on
skin in the cryoapplicator area (hereinafter the area
of interest).

The nature of the reduction of ice spot on the
skin and dynamics of the temperature distribution
in the area of interest also contain an information
about the processes that occur in tissues during war-
ming of the bulk freezing zone. Real-time moni-
toring of enlargement of the necrosis zone by means
of other clinical imaging techniques (ultrasound,
magnetic resonance imaging or computed tomog-
raphy) is impossible because these methods do
not provide information on the temperature distri-
bution and their application in cryosurgery is comp-
licated, especially in an outpatient basis.

The purpose of the work was to assess the
possibilities and limitations of using the thermal
imaging to monitor the dynamics of temperature
fields during short-term cryoablation.

Materials and methods

The studies were performed in 10 white 6-month-
old male rats in accordance with the Law of Uk-
raine ‘On Protection of Animals Against Cruelty’
(Ne 3447 — 1V 0of 21.02.2006) in compliance with the
requirements of the Bioethics Committee of the
Institute for Problems of Cryobiology and Cryo-
medicine of National Academy of Sciences of
Ukraine (IPC&C of NAS of Ukraine, Kharkiv),
according to the provisions of the ‘European Con-
vention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Pur-
poses’ (Strasbourg, 1986).

Telazol (Zoetis Inc, USA) was intramuscularly
administered to anesthetize the animals at a dose of
50 mg / kg. On the area selected for thermography,
the hair cover was removed (by dry depilation).
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Hs» (Ne 3447-1V Big 21.02.2006 p.) i3 goTpumaH-
HSM BHMOT KOoMiTeTy 3 Oioetuku I[HCTHTYTY mTpO-
Onem kpioGionorii 1 kpiomeauuman HAH VYkpainu
(ITIKiK HAH Vxpaian, M. XapkiB), y3ro/pKeHHX i3
MOJIOKEHHAMHU «EBpOINEHCHKOI KOHBEHLIT 3 3aXUCTy
XpeOeTHUX TBAPHH, SKi BHKOPHCTOBYIOTHCS TSI €KC-
TIepUMEHTATHHUX Ta IHIINX HayKOBHX ITiei» (Ctpac-
oypr, 1986).

Jnst anecte3ii TBapuH 3aCTOCOBYBAJIM Iperia-
par «Tenazom» («Zoetislnc», CIIIA) B 1031 50 Mr/kr
BHYTpIilTHLOM ’5130B0. Ha oOpaniii st Tepmorpady-
BaHHs AUSIHII BHUIANSUIM LIEPCTSHUM TOKpUB (BU-
KOHYBaJlM JENUIILII0 CyXuM crocoOom). TBapuny
(ikcyBasM Ha TOPU3OHTAIBHINA MOBEPXHI KHUBOTOM
noHusy (puc. 1). Y poboTi BUKOPHCTOBYBAJIH BHUIO-
toneHuit y CKTB IIIKiK HAH VYkpainu kpioiHCcTpy-
MEHT (Kpi030HM) i3 ITUIOCKHUM MIiTHUM aILTiIKaTopOM
nmiamerpoM 8,0 MM, SKHUH OXOJOKYBaBCS PiIKUM
azotoM. KpioaOmamiro 3miiiCHIOBAaTM TMPUTUCHECH-
HSIM aIuTiKaTropa 70 IIKIpH Ha JaTepaibHiil TOBEpXHIi
crerna npotsrom 30 c. Buxin kpioiHCTpyMeHTa y
poOOYMI pexHuM Tepes] TOYaTKOM HHU3bKOTeMIIepa-
TYPHOTO BIUIMBY Ha WIKIpy KOHTPOJIOBAJIM BUMIpIO-
BaHHSIM TeMIIepaTypu poO040i MOBEPXHI arulikaropa,
sika BiamoBigana nianazony —192,0...—194,8°C. Tem-
NepaTypHUM JaTYUKOM Oylla Miab-KOHCTaHTaHOBa
tepmomnapa («OBeH», Pocis), mikitodeHa 10 MOy
aHasioroporo Beoay «OBeH MB-110», 3 sikoro nmani
TepeIaBaliics Ha TIepeTBopioBad iHTepdeticiB «OBeH
AC4y, a manmi — Ha TIepcOHATBHUN KoMIT 1oTep. Jani
3aMuUCyBajy 1 aHali3yBald 3a JOIOMOTOI0 TIPO-
rpam «Owen Process Manager 1.2» 1 «Owen Report
Viewer 1.2».

JlocmimKeHHsT JUHAMIKH TETUIOBUX TOJIIB Ha IIKi-
pl MiAIOCHiAHUX TBapHH y Tpoleci Kpioadmarii Ta
MOAAJBIIOTO TPUPOJHOTO BiTIrpiBaHHS M’SKHUX TKa-
HUH TPOBOIMJIN MACHBHUM JIOKaJIbHO-IIPOEKIIHHUM
MeTonoM iH(padepBoHoi Tepmorpadii [6]. s Ten-
JIOBOTO MOHITOPHHTY BHKOPHCTOBYBAJIM BHUMIpIO-
BaJIbHUI TETUIOBI30p — aHAI3aTop TEIUIOBUX IIOJIB
«ATII-1», po3pobnenuit y Di3nko-TeXHIYHOMY iHC-
TATYTI HH3BKHX Temmeparyp imeHi b.l. Bepkina
HAH Vxpainnu [7]. [lpunag po3ramoByBaiu Ha Bij-
cTaHi 1 M BiJi TOCHIKYBAaHOT JUISHKH 3 OJTHAKOBUM
KyToM Haxmity. [lomepenHpo 3amam’siTOBYBaJIOCS
OTOpHE TeIUIoBe 300pakeHHs (TepMorpamMa) IO-
BEpXHI IIKIPH JI0 MOYATKy OXOJOKEHHs JJsl aHa-
713y MOYAaTKOBOTO PO3IOALTY TeMIepaTypHHUX MOJiB
y OUISIHLI iHTepecy (WIKipa cTerHa B MeXax Kpio-
abnamii) i B KOHTPOJIbHIA CHUMETPUYHINA JUISHIN
KipH 3 (IKCOBaHOK TUIOMICH0, MPUOIU3HO PiBHIN
IUTOMII KOHTAKTy arutikaropa (6mu3pko 50 mMm?) Ha
IHIIH KiHMIBIH. Y mporeci KpioaOmariii KoxHI 2 ¢
3MIHCHIOBAIM 3aluc TepMorpaMm (TepMorpadidHuit
¢dbimeM) vy mudpoBomy dopmari. [Ipu momamsmomy

The animal was fixed on a horizontal surface with
its belly down (Fig. 1). The cryoinstrument (cryo-
probe) produced at the Special Designing and
Technical Bureau with Experimental Unit of the
IPC&C of the NAS of Ukraine with a 8.0 mm
diameter flat copper applicator, cooled with liquid
nitrogen, was used in the research. Cryoablation
was performed by pressing the applicator to skin
on lateral surface of a thigh for 30 s. The achieving
of operating mode by cryoinstrument prior to the
start of low-temperature exposure to skin was cont-
rolled by measuring the temperature of the appli-
cator working surface, which corresponded to the
range—192.0...—194.8°C. The temperature sensor was
a copper-constantan thermocouple (Owen, Russia)
connected to the Owen MV-110 analog input mo-
dule, from which the data were transmitted to the
Owen AC4 interface converter and then to a per-
sonal computer. Data were recorded and analyzed
using Owen Process Manager 1.2 and Owen Re-
port Viewer 1.2.

Studies of the dynamics of thermal fields on
skin of experimental animals during cryoablation
and subsequent natural warming of soft tissues were
performed by passive infrared thermal imaging
[6]. For thermal monitoring there was used a
measuring thermal imager, namely the thermal
field analyzer ‘TFA-1’°, developed at the B. Verkin
Institute for Low Temperature Physics and Engi-
neering of the National Academy of Sciences of
Ukraine, Kharkiv [7]. The device was placed at a
1 m distance from the study area with the same angle
of slope. The reference thermal image (thermo-
gram) of skin surface was pre-stored before cooling
to analyze the initial temperature field distribu-
tion in the area of interest (thigh skin within cryo-
effect frames) and in the control symmetrical area
of skin with a fixed area approximately equal to the
applicator contact one (about 50 mm?) on the other
limb. During cryoablation the thermograms were
recorded in digital format every 2 s as thermogra-
phic movie. Upon further natural warming, the
thermograms were memorized every 2 s until steady
state, then every 6 s until the ice spot disappeared,
and then once every 30 s. Although the cryoscopic
temperature of skin and underlying muscles is about
half a degree different from the freezing point of
pure water, to simplify the analysis, we recorded
the disappearance of an ice spot by reaching zero
value in the center of the spot (T . = 0°C).

The resulted digital thermograms (digital data
arrays of each image pixel) were processed using the
original software developed for ‘TFA-1’ and adapted
for this task. To reduce the error of absolute tempe-
rature remote measurement, the thermal imaging
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MPUPOTHOMY BiJirpiBaHHI TEpMOIrpamMH 3amam’siTOBY-
BaJIMCSl KOXKHI 2 € 10 BUXOLY B CTAIUH CTaH, MOTIM —
KOXKHI 6 C 10 MOMEHTY 3HUKHEHHSI KPYIKAHOT IUISIMH,
micist 9oro — ofuH pa3 'y 30 c. Xoya kpiockomivHa
TeMIeparypa IKipH ¥ Tiiermmx M’s3iB mpuomm3-
HO Ha IIiB Tpajayca BiApi3HAETHCA BiJ TemIeparypu
3aMep3aHHsl YMCTOT BOJM, JUIS CIPOILNCHHS aHali3y
MOMEHT 3HUKHEHHS KPIKaHOT IUIsIMA MU (piKcyBasu
3a JIOCSATHEHHSIM y LIEHTPI TUISIMH HYJIBOBOTO 3HAYCH-
us (T . =0°C).

Otpumani nudpoBi Tepmorpamu (MacuBu IUQ-
POBHX JaHUX KOXKHOT'O TIKCeJIsl 300paKeHHs) 00po0-
JSUTA 32 JIONIOMOTOI0 OPHUTiHAJIBHOTO TPOTpamMHO-
ro 3abesmneuyeHHs, po3podneHoro miust «ATII-1» Ta
aIanTOBAHOTO ISl JaHOi 3amadi. J[ist 3MeHIIeHHS
MMOXUOKH TUCTAHIIIHHOTO BUMIpPIOBAaHHS a0COIIOTHOI
TeMIepaTypH TeTDIOBI3iiHIIA putas OyIo monepe-
HBO TIporectoBano mpu —30...50°C Ha MeTpoIIOTiU-
HOMY JDKEepeli iH(ppadepBOHOTO BHUIIPOMIHIOBAHHS
3 IJIaBHO 3MiHHOIO Temrieparyporo «Fluke Portab-
le Infrared Calibrator-9133» («Fluke Corporationy,
CIIA). TouHicTh BUMipIOBaHHS aOCONIOTHUX TEMIIe-
paryp «ATII-1» cranoBuwia T + 1°C npu —30...0°C
ta T £0,5°C mpu 0...50°C.

OtpuMaHi 4YUCIIOBI JaHi OOpOOISUIH METOJaMHU
MEPBUHHOIO CTATHCTHYHOTO aHali3y 3a AOTIOMOIOIO
nakera mporpam «Excel 2007» («Microsofty, CLLA)
1 mpencTaBisy y Bunsaai M £ S, ne M — BubipkoBe
CepeJIHE 3HAYCHHSI mapamerpa, S — CTaHJIapTHE Bij-
XUJICHHSI.

Pe3yabTaTu T2 00roBOpeHHA

VY excrnieprMeHTax BUKOPHCTOBYBAJIN Kpioarutika-
TOP 3 HEBEIIMKOIO IUIOIICI0 KOHTAKTy 3 TKaHUHAMH,
TOMY WOTO MOYKHAa BBa)KaTd TOYKOBHUM JIKEPEIOM
xonoy Juist opranismy. Y po6oti J.C. Rewcastle ta
cmiBaBT. [15] mpexacTaBieHO PO3pPaxyHKOBY MOJEINb
3aMOpOKYBaHHS NPH BHUKOPHCTaHHI OIHOTO TOY-
KOBOTO KpPi030HJA. 3TiHO 3 Ii€I0 MOJCILUTO JTiSH-
Ka 3aMOPOKYBaHHs Ma€ BHUIVISA KPHXKaHOT Kydi,
pO3MipH SIKOT 30UTBIIYIOTHCS TIiJT 9aC OXOJIOKSHHS
1 3MEHIIYIOThCS TIPH BimirpiBanHi. BoHa mae 3MmiH-
HUH y Yaci pagialbHUIN PO3MOALT TEMIIEpaTypH, TKAN
OIHCY€ETHCS TBOBUMIPHUMH OCECUMETPUYHHUMU 130-
tepmamu. [Ipyu nboMy (GpoHTOM KpHKaHOI Kyii, Ha
IYMKY aBTOPiB, BBXKAEThCS cepa 3 TEMIEepaTypolo,
sIka JOPIBHIOE KPIOCKOMIUHIM Temmeparypi TKaHHH,
a KpUTHYHA 130TepMa € cdeporo, o oOMexye Ii-
JSIHKY TIEPBUHHOTO (BUKJIMKAHOTO Oe3mocepenHiM
BIUITMBOM OXOJIOZKCHHS) HEKPO3y TKaHHH. Y POOOTI
T. Mala ta cmiBabr. [11] moka3aHo, 1o AifsSHKA Tep-
BHHHOTO KPIOHEKPO3y HE TMEPEeBHIIy€E YBEPTi 00Cs-
ry kpmwkaHoi Kymi. [Ipore moOpe Bimomo, mo micis
Kpioabmartii 3arudens TKaHUH BiIOyBa€ThCS HE TilTb-
KH B pe3yabrari 0e3rnocepenHporo, aje i ornocepea-
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device was pre-tested at —30...50°C on a metrolo-
gical source of infrared radiation with smoothly
variable temperature ‘Fluke Portable Infrared Calib-
rator-9133’ (Fluke Corporation, USA). The accuracy
of measuring the absolute temperatures of ‘TFA-
1’ made T + 1°C at —30...0°C and T £ 0.5°C at
0...50°C.

The resulted numerical data were processed by
primary statistical analysis using the software pac-
kage Excel 2007 (Microsoft, USA) and presented
as M £ S, where M is the sample mean value of
the parameter, S is the standard deviation.

Results and discussion

In the experiments a cryoapplicator with a small
area of contact with tissues was used, so it can be
considered a point source of cold for the body.
In the report of J.C. Rewcastle et al. [15] the mo-
del calculations of freezing using a single point
cryoprobe have been presented. In line with this
model, the freezing area shaped as an ice ball, the
size of which increases during cooling and de-
creases during warming. It has a time-varying radial
temperature distribution, which is described by two-
dimensional axisymmetric isotherms. In this case,
the front of an ice ball, as the authors report, is a
sphere with a temperature equal to the cryoscopic
temperature of tissues, and the critical isotherm
is a sphere that limits the area of primary (caused
by direct cooling) tissue necrosis. The research
of T. Mala et al. [11] demonstrated that the primary
cryonecrosis area did not exceed a quarter of
the volume of an ice ball. However, it is well known
that after cryoablation, the tissue dies not only
as a result of a direct but also indirect exposure
to cooling [17]. Thus, the study of the dynamics
of processes that occur outside the site of primary
cryonecrosis is also important for predicting the
boundaries of secondary tissue necrosis.

Conforming to the model J.C. Rewcastle et al.
[15] we hypothesized that an ice spot with a tem-
perature of T < 0°C, which is formed on an ani-
mal’s skin during cryoablation, is a projection on
the skin surface of a bulky zone of a hemisphere-
shaped frozen tissue.

We believe according to this approach, the dia-
meter of the ice spot is equal to the diameter of the
ice hemisphere, and the radial temperature distri-
bution in the ice spot corresponds to the spatial radial
temperature distribution in the ice hemisphere. This
assumption is confirmed by the results obtained
by M.P. Cetingiil and C.A. Herman [2].

The diameter of the ice spot on an animal’s
skin was measured automatically with an error of
+ 0.5 mm (1 pixel of the image corresponds to 1 mm).




KOBAHOTO BIUTMBY 0XoJo/pkeHHs [17]. Takum unHOM,
JOCITI/PKEHHS IMHAMIKHY TIPOIIECiB, sIKi BiZ0OyBatOTHCS
3a MeXaMH JAUISIHKM NEPBUHHOTO KPiOHEKpO3y, Ta-
KO Ba)KJIMBE JUIsl IPOTHO3YBAHHSIM MEX BTOPUHHOTO
HEKPO3y TKaHUH.

Bignosinuo no mozneni J.C. Rewcastle Ta criBasT.
[15] Mu mipumycTHIIHN, IO KpHKaHa IUIIMa 3 TeMIIe-
parypoto T < 0 °C, sika yTBOPIOETbCA Ha IIKIipi
TBapUHH B Tpoleci Kpioalmallii, € MpPOEKIien Ha
MOBEPXHIO MIKipH 00’€MHOI IUISHKHA 3aMOpPOXKYBa-
HUX TKaHuH y ¢(opmi miBkyni. Ha Hamy mymKky,
3TiJTHO 3 ITUM MIAX00M JiaMeTp KPUKaHOT TUISIMHU J10-
piBHIOE AiaMeTpy KpIJKaHOI MiBKYJi, a paaialbHUN
PO3MOLI TeMIepaTyp B KprKaHii IUIsAMi BiAMOBiiae
MIPOCTOPOBOMY paJiaJIbHOMY pO3IMOIUTYy TeMmIlepa-
Typ B KpwkaHiii miBkyni. lle npumymeHHs mia-
TBEPIKYEThCS pe3ynbrataMu, orpuManumu M.P. Ce-
tingiil ra C.A. Herman [2].

HiamMeTp KpmkaHoi TUIAMH Ha INKIpi TBapHHU
BHUMIpPIOBaBCSl MPOTPaMHO 3 MOXuOKow + 0,5 MM
(1 mikcenpb 300pakeHHs BianoBigae 1 mm). Pasmianb-
HUI PO3IIOJIII TeMIlepaTypy KpH>KaHOi TUISIMU BU3HA-
YaBcs aBTOMaTHYHO Y3[0BXK TEIUIOBHX IIEPETHHIB,
MPOBEJICHHUX Yepe3 HEHTP IUISMHU.

AHAJIOTIYHO MPOTPaMHO BUMIpIOBAJIOCs MOTOYHE
3HAUEHHA JiaMeTpa KPUTHYHOI i30TEpMH, SKa JUIs
JAHOTO BULY M’ SIKUX TKAHUH MA€ TEMIIEpaTypy OJn3b-
ko —20°C [1, 14]. Bxe yepe3 2—4 ¢ micns moyarky
Kpioabmarlii mgiaMeTp KPUTHUYHOI 130TepMHU TIepe-
BUIIYBaB JiaMeTp 30HM KOHTAakTy (8 MM), a Ha-
MPUKIHI KpioaOmamii 301IbITyBaBCS A0 PO3MIpY
11-13 mm. Ile crarnoBmio mpubauszao 65% Big Mak-
CHUMAaJIbHOTO JliaMeTpa KPIKaHOl IUISIMU 1 He CyTie-
PEUMIIO OIlIHKaM OO CITiBBIJIHOIIEHHS PO3MIpiB
30H 3aMOPOXYBAaHHS Ta MEPBUHHOTO HEKpo3y [11].

Ha puc. | npuBeaeHo TepMorpamy MmiJaociigHol
TBapuHU uepe3 1 XB micist MPUIMHEHHS Kpioadnartii.
Ha Tepmorpami CyLinbHOIO TOPU30HTAIBHOIO JITHIEIO
BKa3aHO TEIUIOBMH NMEPETHH, SIKUM MPOBENEHO 3JiBa
HampaBo 4epe3 KOHTPOJBHY MAUISHKY (Ska HE TMif-
JAETHCST OXOJIOJKCHHIO) 1 Yepe3 IEHTP KpHKaHOoI
IUIIMHA, BEPTHUKATLHOIO MITPUX-ITYHKTUPHOIO JTHIEIO
BiJI3HAYEHO BICh CHUMETpIi TEIUIOBOTO 300pakKeHHS
11ypa, KOJIOM — KOHTPOJIbHY IUISHKY iKipu. Lle# Te-
IUTOBUH MEPETHH NPUBENICHO Ha PUC. 2: TeMIeparypa
B LIEHTPI IUISIMU CTAaHOBUTb ISl IIbOTO MOMEHTY TIPH-
omm3Ho —12°C. [lyHKTHpPHUMU JiHISIMHA BiA3HAYE€HO
niametp () KpHKaHOI MISIMH (B HAILIOMY T1JIXOM1 —
JiaMeTp KprrKaHol MiBKyli) 13 MM, 110 BUMIipIOETh-
cst 3a piBHeM 13otepmu T = 0°C. LTpux-nmyHKrupHa
BEepTHKAJIbHA IIiHIS BIJNOBIA€ TMEPETUHY OCI CH-
MeTpii 300pa)KeHHs IIypa 3 TEIUIOBHM IEPETHHOM,
CYUIJbHI BEepTHKAIBHI JiHIT Bi3HAYAIOTh KOHTPOIb-
HY IUITHKY. 32 TETUIOBUM TEPETHHOM MOYKHA OITiHU-
TH PO3MOALT TeMIIepaTypH, K B AUISHII KpHKaHOI
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Puc. 1. Tepmorpama niggocnigHoi TBapuHmn Yyepes 1 xB nic-
NSt NPUNMHEHHS Kpioabnadyji.

Fig. 1. Thermogram of experimental animal 1 min after
cryoablation completion.

The radial temperature distribution of the ice spot
was determined automatically along the thermal
cross sections drawn through the center of the spot.

Similarly, the current value of the critical iso-
therm diameter, which has a temperature of about
—20°C for this type of soft tissue, was measured
programmatically [1, 14]. In 2—4 s after the begin-
ning of the cryoablation, the critical isotherm dia-
meter exceeded the contact zone diameter (8 mm),
and when cryoablation ended it increased to the
size of 11-13 mm. This was approximately 65%
of the maximum diameter of the ice spot and did
not contradict the estimates of the ratio of the sizes
of freezing and primary necrosis zones [11].

Fig. 1 shows a thermogram of experimental animal
1 min after finishing the cryoablation. The thermo-
gram shows a continuous horizontal line of thermal
cross-section from left to right through the control

T,°C
36,0
24,0
12,0

0

-12,0

Puc. 2. Tennosui nepetvH 4epe3 LIEHTPU KOHTPOSbHOT
AINAHKM | KpypkaHOoT nnsmm Yepesd 1 XB Nicns NpUNUHEHHS
Kpioabnauii.

Fig. 2. Thermal cross section through the centers of control
area and ice spot in 1 min after cryoablation comple-
tion.
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IUISIMH, Tak 1 3a i1 Mexxamu. CepeaHsi Temmeparypa
KOHTPOJIBHOI AiNssHKH cTaHOBUTH 28°C (mipu Temre-
parypi 1o nouatky oxonomxkeHus 30,6°C).

Ha puc. 3 nmpuseneno rpadix THIIOBOI TWHAMIKK
JIiaMeTpa KpWXKaHOi IUIIMH B TIporieci KpioaOmartii
TpuBajicTi0O 30 ¢ 1 MOAAIBIIOTO TMPHPOTHOTO Bifi-
TpiBaHHS OAHIEI 3 MOCHIKyBaHUX TBapwH. [loxmO-
Ka BUMIiproBaHHA miamerpa (£ 0,5 mMm) Ha rpadiky
He BKazaHa. KpioaOmaiisi MpUBOAUTH O YTBOPEH-
HSl KpYDJIOT KPHKAaHOT TUISIMH, JiiaMeTp sIKoi 301J1b-
myerbest 10 ~ 20 mm. [licnst mpumuHEHHsT Kpioal-
namii B mporeci MpupoAHOTO BiAIrpiBaHHS B TUHAMI-
i pO3Mipy KPHKaHOI IJISIMA MOKHA BUAUIHTH TPH
eTaru:

- TIOYaTKOBE KOpOTKodacHe (= 12 ¢) 3MeHIIeHHS
IUISIME IO PO3MIpy = 13 mMm;

- HaWOULIBII TPUBAJHM KBa3iCTAOUTRHUI mepiof
(= 2,5 XB) HE3MIHHOTO PO3MIPy KpPHKAHOI TUIMHU
(= 13 Mmm);

- OCTaTOYHE 3MCHILUEHHS PO3MIPY KPHXKAHOI IJIs-
mu ipoTsiroM = 40 ¢ 1o mosroro tanenus (T . =0°C),
TOOTO TIPUOIK3HO Yepe3 3,5 XB BiJl MOMEHTY TIPHITU-
HEHHS KpioalJiartii.

Po3kun BUMIpSHUX XapaKTEpHUX PO3MIpIB KpH-
KaHUX TUISIM 1 JIeSIKUX XapaKTepHUX YacOBUX Iapa-
METpIB y BCiX JoCiKyBanuX TBapuH (1 = 10) ckiaB:

- MakCHUMaJbHHUH JAiaMeTp KpwKaHoi mismu (y
MOMEHT NPUNTUHEHHS Kpioadmariii) — (18,5 + 1,9) mm;

- TPUBAIICTh CTAOIIBHOTO JiaMeTpa KpHKaHOI
M — (2,5 £ 0,5) xB;

- IiaMeTp KpIKaHOI IUIIMH B CTaOITLHOMY CTa-
Hi — (12,3 £ 1,0) Mmm;

- TPUBAIICTh MOBHOTO TAHEHHS KPMKAHOT IISIMH
BiJl MOMEHTY TpUNHMHEHHS Kpioabmamii — (3,9 +
+0,6) xB.

Ha puc. 4 mnpeacraBieHo AMHAMIKy TemIiepa-
TYpH LEHTPY KPH)KaHOI IUISIMH Ha HIKIpi Ti€l K TBa-
PUHM TPH HPUPOJHOMY BimirpiBanui. BigmosimgnHo
70 TUHAMIKU JiaMeTpa KpMKaHOi IJISIMH Ha LbOMY
rpadiky Takok MOXHA BHUIMTH TPU XapaKTEPHHUX
eTanu:

- IIOYATKOBE IJBUIIEHHS TEMIIEPAaTypu LEHTPY
kprkanoi wssMu 110 <~ —11°C npotsrom = 40 c;

- KBa3iCTaOUTBbHMH CTaH TeMIepaTypu IUIIMHI
—11°C i3 moBUTEHUM 11 MiABHUINEHHSM TIPOTITOM
~ 2 xB (y BCIX gocmimkyBanux tBaput (—10,2 £ 2,6)°C
npotsiroM (1,8 +0,3) xB);

- ToJaiblle MiABULICHHS TEeMIIEpaTypud 3 Mpo-
XO/DKEHHSIM TOYKHM MOBHOTO TaHEHHS uepe3 ~ 3,5 XB
IiCJIsl TOYaTKy BifirpiBaHHs (y BCiX AOCHIHKyBaHUX
tBapuH — (3,9 + 0,6) XB) 1 BUXiJ] HA TPUBAJIUI eTarl
MTOJIANTBIIIOTO BiirpiBaHHS.

Hiametp KpUTHYHOI i30TepMu (pO3Mip 30HH TiEp-
BHHHOTO HEKPO3y) Y BCiX 3pa3kax gocsrae 11-13 mm,
10 CBITIUTH PO MOMKIHMBICTH KPIOACCTPYKIII He-
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Puc. 3. [uHamika giameTpa KpwKaHoi MnsiMu B MpOLECi
kpioabnauii Tpusanictio 30 ¢ i NoAanbLIOro MNPUPOAHOro
BigirpiBaHHs.

Fig. 3. Dynamics of ice spot diameter during 30 s cryo-
ablation and subsequent natural warming.

area (which is not cooled) and through the center
of the ice spot, the vertical dash-dotted line marks
the axis of symmetry of the rat thermal image, a
circle does the control area of skin. This thermal
cross section is shown in Fig. 2: the tempera-
ture in the center of the spot is approximately
—12°C at this time. Dotted lines indicate the dia-
meter (@) of the ice spot (in our approach it is the
diameter of ice hemisphere) 13 mm, measured by
the level of the isotherm T = 0°C. The dashed-dot-
ted vertical line corresponds to the intersection
of the axis of symmetry of the rat image with the
thermal cross-section, solid vertical lines mark the
control area. The thermal cross section can be used
to estimate the temperature distribution, both in the
area of the ice spot and outside it. The average tempe-
rature of the control area is 28°C (at the prior to
cooling temperature of 30.6°C).

Fig. 3 demonstrates a graph of the typical dyna-
mics of the ice spot diameter in cryoablation lasting
30 s and subsequent natural warming of one of the
studied animals. The diameter measurement error
(= 0.5 mm) is not indicated on the graph. Cryoab-
lation leads to the formation of a round ice spot,
the diameter of which increases up to =~ 20 mm.
After the end of cryoablation in of natural warming
in the dynamics of the size of the ice spot can be
divided into three stages:

- initial short-term (= 12 s) reduction of the spot to
the size of = 13 mm;

- the longest quasi-stable period (= 2.5 min) of
constant ice spot size (= 13 mm);

- final reduction in the size of the ice spot for
= 40 s until a complete melting (T _ = 0°C), i. e.




Temnepartypa, °C
Temperature, °C

Puc. 4. [lnnamika TemnepaTtypu LEHTPY KpWxXaHoi nnamu
npv NPUpPOLHOMY BifirpiBaHHi.

Fig. 4. Dynamics of temperature in ice spot center during
natural warming.

BEJIMKHX MAaTOJOTIYHUX YTBOPEHb, HAaBITh IIPHU KO-
poTko4acoBili il Ha mKipy Kpioarurikaropa. Ciinx
3a3HaunTH, 10 TnpH 30-CeKyHAHIM KpioaOmamii
JiaMeTp KprxkaHoi TUISIMHE (TIpY HAIITOMY TIPUITYTIICH-
HI ¥ giameTp KprKaHOi MiBKy’di) gocsarae = 20 mMm
(muB. puc. 3). [NogoBkeHHs1 yacy KpioaOnarii B 1mo-
JQJIBIIOMY JIACTh MOXJIMBICTH 30UIBIIMTA MaKCH-
MaJIBHUHM pO3Mip KpHKaHOI MiBKyJi Ta, BiANOBIIHO,
KPUTHUYHOI 130T€PMHU.

HaiiGinpmmii iHTEpeC Ha JaHOMY eTami JOCHia-
KEHHSI MPEACTaBISAIOTh pe3yJIbTaTH, OTPUMaHi B
MpoIieci MPUPOIHOTO BiFIrpiBaHHS, OCKUIBKH TpH
MTOBLIBHIN MIBUIKOCTI BilTaBaHHS BiJOyBa€ThCS pe-
KpUCTami3amisi Jb0Ay (301MBIIEHHS PO3MIpiB KpH-
CTaJiB) HE TUTBKH B MUKKIITHHHOMY TIPOCTOPi, aie
1 BcepeauHi KJITHH, IO MiABUIIYE WMOBIPHICTH iX
3aru0eni. Mix aBoma mporecamu (uB. puc. 3 14) ic-
HY€ CXOXKICTB, SIKa MOJISITA€ B HASSBHOCTI XapaKTePHUX
eTariB i 30iry y MOMeHTax ix 3MiH. JluHamili 000X
MPOLIECiB MPUTAMaHHI JIiHIAHI KBa3icTaOlIbHI eTa-
U 3 MOPiBHAHOIO TpuBajicTio. CiijJ 3a3HAYUTH, IO
MPOTATOM KBa3iCTAOUILHOIO eTaly TeMmIeparypa B
LEHTPi KpHKaHOI IUISIMH ITOBLILHO 3pOCTAE Y BCiX 3pa3-
Kax 31 IBUJKICTIO MPHOIMU3HO 1 Tpaji/XB pu cTadiinb-
HOMY JiaMeTpi mismu. Bussnenuii eexr 3poctanHs
TEeMIepaTypu BHMara€ JIOJATKOBUX JOCIHIDKEHb 1
TePMOAMHAMITHUX po3paxyHKiB. [Ipore excmepu-
MEHTAaJIbHO JIOBEJICHO, IO TEIUIONPHUILIMBH BiJl HAB-
KOJIMIITHBOTO CEPEIOBHIIA, SKI HArpiBaloTh MOBEPX-
HEBY KpWXKaHy IUISIMY BHIIPOMIHIOBaHHSM 1 KOH-
BEKII€I0, a TAaKOX 3HAYHI TEIUIONPHUILIUBU BiJ
KPOBOTOKY 1 €K30TepMIUHHX peakiiii MeTadonizMmy
TKaHWH, IO OTOYYIOTH 3aMOPOXKEHY IUISHKY, MpO-
TSTOM JICKITBKOX XBHJIMH MOIIMHAIOTHCS KPHUKAHOIO
miBKyseto 0e3 MOMITHHUX 3MiH iI po3Mipy Ta He3Hau-
HOIO 3MIHOIO PO3IONITY TEeMIIEpaTyp Ha TMOBEpXHi.
Lle#i edekr, HMOBIpHO, IOB’sI3aHUI 31 CTPYKTYp-
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after about 3.5 min from the moment of cryoabla-
tion end.

The scatter of the measured characteristic sizes
of ice spots and some characteristic time parameters
at all investigated animals (» = 10) made:

- maximum diameter of the ice spot (at the time
of cryoablation end) was (18.5 = 1.9) mm;

- duration of stable state of ice spot diameter
made (2.5 £ 0.5) min;

- diameter of the ice spot in a stable state was
(12.3 £ 1.0) mm;

- duration of complete melting of the ice spot
from the moment when cryoablation ended made
(3.9 £ 0.6) min.

Fig. 4 presents the dynamics of temperature in
the center of an ice spot on the skin of the same
animal during natural warming. According to the
dynamics of the ice spot diameter in this graph
three characteristic stages can also be specified:

- initial increase in the temperature of the center
of the ice spot up to =~ —11°C for = 40 s;

- quasi-stable state of spot temperature =~ —11°C
with slow increase within ~ 2 min (for 10 animals —
(—10.2 + 2.6)°C for (1.8 + 0.3) min);

- further temperature rise with passing the point
of complete melting in =~ 3.5 min after the start of
warming (for 10 animals — (3.9 £ 0.6) min) and ap-
proaching to the long stage of further warming.

The critical isotherm diameter (size of primary
necrosis zone) in all samples reaches 11-13 mm,
which indicates the possibility of cryodestruction
of small morbid growth, even with short-term effect
on skin with cryoapplicator. It should be noted
that with a 30-seconds’ cryoablation, the diameter
of the ice spot (assuming the ice hemisphere diame-
ter) reaches = 20 mm (see Fig. 3). Prolonging the
cryoablation time in future will increase the maxi-
mum size of ice hemisphere and, accordingly, the
critical isotherm.

Of the greatest interest at this stage of research
are the results obtained during natural warming,
because at a slow rate of thawing recrystallization
of ice (increase in crystal size) occurs not only in
the intercellular space but also inside cells, that
increases the probable death. Between two processes
(see Figs. 3 and 4) there is a similarity which
consists in existence of characteristic stages and
coincidence in the moments of their changes. The
dynamics of both processes are characterized with
linear quasi-stable stages of a comparable duration.
It should be noted that during the quasi-stable phase,
the temperature in the center of the ice spot slowly
increases in all samples at a rate of approximately
1 deg/min with a stable spot diameter. This effect
of temperature rise requires additional investiga-
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HUMH Nepe0yaoBaMHy CKJaay JbOAy, 30KpeMa Ipolie-
camu pekpucraiizaiii [ 17]. Tepmorpama (nuB. puc. 1)
1 TEIUIOBUI TepeTHH (IUB. pUC. 2) BiINOBINAIOThH
IbOMY KBa3iCTa01IbHOMY CTaHYy.

TeroBi3iitHUI MOHITOPHHT TOKa3aB, IO Cepe-
HS TeMIIepaTypa KOHTPOIBHOI TUISHKH MIKIPH Y BCIX
TBapUH LIBUKO 3HMKYBAJIAcs 3 [I0YaTKy KPiOBILIUBY
Ha (2-3)°C, a mpw BinirpiBaHHi MOCTYNOBO BiJHOB-
JIIOBAJIACS JI0 TMOYaTKOBOTO 3Ha4eHHs. Take 3HMKEH-
HSl TEMIIEpaTypyd MU TOB’SI3yeEMO 31 CIIa3MOM CYIUH
LIKIpW JUIsE 3MEHILICHHST BTPATH TeIula, OCKiIBKH J0-
JIaTKOBE €KpaHyBaHHSI 1 MOCTIHHUI KOHTPOJIb TeMITe-
parypu HaBKOJMIIHBOTO CEPEIOBHUINA B 30HI EKcIIe-
PUMEHTY MiATBEPHKYBAIH BiJICYyTHICTD BIUIUBY MapiB
piAKOTO a30Ty Ha MIKipY TBApHHHU.

BucHoBku

1. BukopucTaHHS TEIUIOBI3iHHOTO METOMY IS
MOHITOPUHTY TEMIIEpaTypHHUX TIOJIB TP Kpioadia-
mii Ja€ MOXKITUBICTD OMHCATH AWHAMIKY IIPOIIECY 3a-
MOpPOXKYBaHHSI, 30KpeMa OI[IHUTH B peajbHOMY Yaci
PO3MIp 30HH MEPBUHHOTO HEKPO3Y, IO MOXe OyTH
BUKOPHCTAHO JUIsl KEpyBaHHS TMpoLecamMH Kpioje-
CTPYKIIi NaTOJIOTIYHUX YTBOPEHB LIKIPH.

2. KopotkouacoBa (30 c) Hu3bKOTEeMIIEpaTypHa
Jis Ha IIKIpy KpioamyIiKaTopoM YTBOPIOE KpYyTITy
KpWKaHy UMy, aiaMeTrp skoi pocsrae 20 mm. [lpu
bOMY J[iaMeTp 30HU MEPBUHHOTO HEKPO3y (Ha piBHI
—20°C) cTaHOBHTH =~ 13 MM, 110 CBITYNTH PO MOXK-
JIUBICTh KPIOAECTPYKIT HEBETUKHUX TATOJOTIIHHUX
YTBOPEHb IIKipH, HABITh MPH KOPOTKOUACOBIN Kpio-
abmarii.

3. [Ipu npupoHOMY BiJlirpiBaHHI TUHAMIKA 3MEH-
LICHHSI PO3MIPY KPWKaHOI IUIAMH BIiATOBIA€E Ju-
Hamili TiIBUINEHHS TeMIlepaTypd ii HEeHTpaitbHOI
yacTUHH. B 000X mporecax MOKHA BUAUTUTH TPH
XapaKTepHUX €eTalM, 30KpeMa TPHUBAJIMi KBasicra-
OlTbHMI eTan HEe3MIHHHX JliaMeTpa Ta TeMIIeparypH
KPW>KaHOI IUISIMU.

VY mnopanelioMy aBTOpU IJIAHYIOTH NPOBEACHHS
JOCITIKEHb 3 OUTBIT TPUBAJIOI KpioaOmamiero, 3a-
JIy4eHHSIM JOIATKOBMX METOJIB OLIHKU 30HH 3aMO-
pOKyBaHHS Ta 30UIBIICHHSIM CTATUCTUYIHOI 3HAYY-
IOCTI OJICPKAHUX PE3yJIbTaTiB.

Nitepatypa
1. Abramovits W, Graham G, Har-Shai Ya, Strumia R. Derma-
tological cryosurgery and cryotherapy. London: Springer; 2016.
758 p.
2. Cetingul MP, Herman C. A heat transfer model of skin tissue
for the detection of lesions: sensitivity analysis. Phys Med Biol.
2010; 55(19): 5933-51.
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tions and thermodynamic calculations. However,
it has been experimentally proven that heat fluxes
from the environment, warming the surface ice
spot by radiation and convection, as well as signifi-
cant heat fluxes from blood flow and metabolic
exothermic reactions in tissues surrounding the fro-
zen zone, are absorbed within minutes by the ice
hemisphere without noticeable changes in its size
and with slight ones in temperature. This effect is pro-
bably related to structural changes in ice composi-
tion, in particular recrystallization processes [ 17]. The
thermogram (see Fig. 1) and thermal cross section
(see Fig. 2) correspond to this quasi-stable state.
Thermal imaging monitoring showed that the
average temperature of the control area of skin in
all animals decreased rapidly from the beginning of
the cryoablation by (2-3)°C, and when warmed up it
gradually recovered to the initial value. We attribute
this decrease in temperature to skin vasospasm to
reduce a heat loss, as additional shielding and cons-
tant monitoring of the ambient temperature in
the experimental area indicated that there was no
effect of liquid nitrogen vapor on the animal’s skin.

Conclusions

1. The use of thermal imaging for monitoring
temperature fields during cryoablation makes it
possible to describe the dynamics of freezing,
in particular to assess in real time the size of the
primary necrosis zone, which can be used to control
cryodestruction of pathological skin lesions.

2. Short-term (30 s) low-temperature effect on
skin with a cryoapplicator forms a round ice spot,
the diameter of which reaches 20 mm. The diameter
of primary necrosis zone (at the level of —20°C) is
~ 13 mm, which indicates the possibility of cryo-
destruction of small morbid growth of skin, even
with short-term exposure.

3. At natural warming the dynamics of reduction
of the size of an ice spot corresponds to that of
temperature rise in its central part. In both processes
there are three characteristic stages, including a
long quasi-stable stage of constant diameter and
temperature of the ice spot.

In future, the authors plan to conduct research with
a longer low temperature effect on skin, the invol-
vement of additional methods to assess the freezing
zone and increase the statistical significance of the
results.
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