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Thermal Field Monitoring When Exposing Soft Tissues to Low
Temperatures: Thermography Prospects and Limitations

Pecbepat: B ornsaai nposegeHo aHania MetoiB MOHITOPUHIY AWHaMiKKM TEMMOBMX MOMIB 3a HU3bKOTeMnepaTypHOro BNAMBY
Ha M’siKi TKaHUHW. PO3rnsiHyTo 0COGNMBOCTI Ta MOXIMBOCTI KOHTAKTHUX | GE3KOHTaKTHUX METOAIB BUMIpIOBaHHSI TEMMepaTypu, Big3Haye-
HO X obmexeHHs1. OBrpyHTOBaHO HEOOXiAHICTb PO3pobku MeToAiB iHTpaonepaLiiHoro KoHTponto TemnepaTtypu. Ocobnuea ysara npu-
fineHa aHanisy 6e3KOHTaKTHOro HeiHBa3WBHOrO MeToay iHdpadepBoHoi Tepmorpadii. MokasaHo, Wo Lel MeToq MOXHa BUKOPUCTOBY-
BaTW AN iHTpaonepauiiHOro MOHITOPUHIY PyXy KPOMKW NMbOAY Ha MOBEPXHi TKAHWH, BUSIBNEHHS MOPYLUEHHS TEMMOBOI CUMETPIi Kpuxa-
HOI NNSMK, AVHAaMIKM TENMOBOro Mons Ha MOBEPXHi TKaHWH BCepeamHi Ta no3a 30HO onepadiiHoro nond. [ljoBedeHo, Lo TenmnoBisin-
HUI KOHTPOINb AMHaMIKM 30HU NEPBUHHOMO HEKPO3Y Ta KPOMKM KPUXKaHOT 30HWU B 06’€Mi TKaHUH MOXIMBUI NULLE 3a NEBHUX NapameTpis
KpiOBNMMBY, Hanpuknag, npu KOPOTKOYACHOMY OXONOMKEHHI TKaHWH KBa3iTOYKOBMM a30THUM KpioannikatopoM. PO3rnsiHyTo MoX-
NMBICTb 3aCTOCYBaHHA TEMMOBI3IMHONO KOHTPOMIO Ha iHWMX eTanax KpioXipyprii ik Ao4aTKOBOro MeTody AiarHOCTWKM Ha eTani nna-
HyBaHHs onepaLii Ta y nicnsonepauiiHoMy nepiofi Ans KOHTPOINO NPOLIECY 3aroeHHs!, pybLOBaHHS paH.

KntovoBi cnoBa: Hu3bkoTEMNepaTypHWiA BNAMB, KPIOXIPYpris, M'AKi TKaHWHW, iHTpaonepauiiHiin KOHTPOMb TemnepaTtypu, Tepmo-
rpadis.

Abstract: The review analyzes the existing tools for monitoring the dynamics of thermal fields when exposing the soft tissues
to low temperatures. Features of contact and non-contact temperature measurements have been considered, their capabilities and
limitations have been noted. There was substantiated the need to develop the procedures of intra-operative temperature control.
Special attention has been paid to the non-contact non-invasive infrared thermography. This method has been shown to be applied for
intra-operative monitoring of the movement of the ice lump edge on the surface of tissues, detection of a disordered thermal
symmetry of the ice spot, thermal field dynamics on the surface of tissues inside and outside the area of the operative zone. However,
thermal imaging control of the dynamics of the primary necrosis zone and the ice ball edge in the volume of tissues is possible
only under certain parameters of cryoimpact, for example, with a short-term cooling of tissues with a quasi-point nitrogen cryoap-
plicator. The possibility of using thermography at other stages of cryosurgery is also considered, i. e. as the method of additional
diagnosis at the stage of surgery planning, as well as during the post-surgery period to control healing, scarring, etc.

Key words: low-temperature exposure, cryosurgery, soft tissues, intra-operative temperature control, thermography.

OcHOBHE 3aBHaHHS KpioXipyprii — mMOBHa me-
CTPYKIIisl TTATOJIOTIYHOI TKAaHWHU 33 MaKCHMaJILHOTO
30eperkeHHs TPHIIETIINX 30pOBUX TKaHWH. Ha era-
M IJIaHyBaHHS orepallii HeoOXigHO MaKCHMAalbHO
TOYHO BH3HAUUTH PO3MIp Ta T€OMETPUUHY (HOpMy
MaToJIOT1YHOrO YTBOPEHHS JOCTYIHUMH CTaHIapT-
HUMH METOJaMM KJIIHIYHOI Bi3yamizawii: ymeTpas-
BykoBe pocuimkenHs (Y3/l), maraiTHo-pe3oHaHC-
Ha tomorpadis (MPT), xomm’rorepHa ToMorpadis
(KT). JlomomMi>kHUM METOIIOM TOIIIYHOI J[iarHOCTHKHU
JNOOPOSIKICHUX 1 3JI0AKICHUX HOBOYTBOPCHB IIKIpH
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The main task of cryosurgery is the complete
destruction of pathological tissue while preserving
the surrounding healthy tissue as much as possible.
At the stage of surgery planning, it is necessary
to determine the size and geometric shape of the
pathological formation with a high accuracy by
means of available standard methods of clinical
imaging: ultrasound examination (US), magnetic
resonance imaging (MRI), computer tomography
(CT). An auxiliary tool of topical diagnosis of
benign and malignant skin neoplasms is infrared
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€ iHpauepBona tepmorpadis (IYT). 3anexHo Bix
TUITY TIATOJIOTIYHOI TKAHWUHHM, SKUW BCTAHOBIIOETHCS
3a pe3yJbTaTaMHy iCTOMOTTYHOTO JOCIiIKEHHS, MOXK-
JINBO OI[IHUTH KpUTHYHY (JIETAIbHY) TEMIIEpaTypy,
JOCTaTtHIO Juisi (hOPMYBaHHS TIEPBUHHOTO HEKPO3Y.
s Temmeparypa BiApI3HAETHCS y PI3HUX THIIIB H0-
OposKicHHX 1 37osIKicHUX TyxiauH [44, 58]. Touna
OIliHKAa Tuly, (GOPMH Ta PO3MIPYy YTBOPEHb HEOO-
XiZlHa A7 TPOTHO3YBaHHS 30HW TIEPBUHHOTO He-
KpOo3y B MeXKax 370pOBOI TKaHWHH. 3 ypaxyBaHHIM
OTPUMaHHUX TIOKa3HHKIB PO3POONSETHCS  1HIMBI-
InyajdbHA JUIsI KOXKHOTO TMAIli€EHTa METOMUKa Kpio-
BIUIMBY: BHOIp KpioareHTa (3piIyKeHHH a30T, OKCHA
a30Ty, ByIJIeKMcnui ra3 ta iH. [11]) i kpioiHCTpY-
MeHTy (IpOHMKHOI, amJTikamiiHoi abo po3muIIo-
BaJILHOI [1iT), BU3HAUCHHS TapaMeTPIB PEKUMY Kpio-
BIUIMBY (TOYKA/IIIIHKA BILIMBY, €KCIIO3HUILS, Kijb-
KICTh ITUKJIIB OXOJIOMKEHHS a00 HaTrpiBaHHS TOIIIO).

BimoMo, 110 BiJ TOYHOCTI OI[IHKH BHILE3a3-
HAa4CHWX CJICMCHTIB Ta peai3allii KOXHOTO eTa-
Iy PO3po0JIeHOI METOAMKH 3aJIeXKUTh YCIIX 3aria-
HOBaHOI omepanii. HasBHICTE y Xipypra iHCTpyMeH-
TIB Ta KpiOAareHTiB OOYMOBJIOIOTH BHOIp METOHIB
KIIiHIYHOI Bizyamizarii [44, 55, 58]. UuHHI KiiHIYHI
MPOTOKOJM  3aMOPOKYBaHHS/BIIrpiBaHHS  BH3HA-
YarOThCsl 3araJIbHUMH TPUHIIUIIAMH, SIKi HE Bpaxo-
BYIOTh IHAMBIIyalbHI JlaHi Mali€HTa: JOKaJi3allis
MyXJUHA (HaIpHKIad, MOOMHU3y OKa ab0 BEITHMKUX
CYIMH), CTaH IIKIpH Ta CYIUHHOI CHUCTEMH, ITi IIIKIp-
HO-)KHPOBOi KIIITKOBUHU ToImIo [3, 4]. Tomy, HaBIThH
3a PETEeNBHOT0 IUTAHYBaHHS oOIleparlii Ta BHCOKOI
kBani(ikamii xipypra, HEOOXiIHHUHA MOHITOPUHI Ca-
MOTO TIPOIECY KPIOAECTPYKIIii: OIliHKa pyXy (poH-
Ty 3aMOpOKyBaHHsS (KOHTpoOib 00’eMy Ta Qopmu
3aMOpOKEHOI 30HM), KOHTPOJb TUHAMIKHA TeMIlepa-
TYpPHOTO TOJISl ycepenuHi (KOHTPOJb 30HU TEPBHH-
HOTO HEKpO3y) Ta KOHTPOJIb O€3MeKH NPUIIETIINX
TKaHHMH 11032 3aMOPO’KEHOIO 30HOIO.

i MOHITOPHHTY TeMIIEpaTypHOTO MO HeoO-
XigHO o0paTH BIANOBIAHHWA METOA KOHTPOIIO TEM-
reparypu. Y CcydacHid MEIUIHIN IMPaKTHII BUKOPHC-
TOBYIOTh METOJH, SIKi JO3BOJISIOTH OE3IT0CepPEIHBO
BHUMIPIOBaTH TeMIepaTypy abo OIiHIOBaTH TeMITe-
paTypy B 30HI 3aMOpPOKYBaHHS Ha ITiICTaBl 1HIIIHX
mauux [1, 18, 21, 39, 50, 55, 58]. MeToan MOHITO-
PUHTY HH3BKOTEMIEPaTypHOTO BIUIMBY 3aCHOBaHi
Ha pi3HUX (I3WYHUX MPHUHIUIAX, Peai3yloThca 3a
JONIOMOTOI0 TEXHOJIOTIYHUX PIillleHb Ta 3 BUKOPH-
CTaHHSIM crieriagbHoro obmagHanHsa. KoxkeH Taxwii
METOJl Ma€ HEJONIKH Ta MepeBard, 0 YCKIaIHIOE
BUOIp METOQY KOHTPOJIO y KOHKpPETHIH KIIiHiY-
Hii cutyamii. 3okpema, [UT MoXHA pO3IIAIATH SK
MEPCIIEKTUBHUN METO HEIHBA3WBHOTO KOHTPOITIO
TeMITepaTypHOTO TIOJIS B KpioxXipyprii mkipu. OgHaK
Ha TenepimHii yac Opakye poOiT 3 OTIISIIOM Pe3yilb-

thermography (IRT). Depending on the type of
pathological tissue, which is determined by the
results of histological examination, it is possible to
estimate the critical (lethal) temperature sufficient
for the formation of primary necrosis. This tem-
perature differs in various types of benign and
malignant tumors [44, 58]. Accurate assessment of
the type, shape and size of lesions is necessary to
predict the area of primary necrosis within healthy
tissue. Taking into account the obtained indices,
an individual method of cryoeffect is developed
for each patient: the choice of a cryoagent (liquid
nitrogen, nitrous oxide, carbon dioxide, etc. [11])
and a cryoinstrument (penetrating, application or
spraying action), determination of the cryoeffect
mode parameters (point /area of impact, exposure,
number of cooling or heating cycles, etc.).

The successful planned surgery is known to
depend on the accuracy of the assessment of the
above elements and implementation of each stage
of the developed methodology. The surgeon’s
availability of tools and cryoagents dictate the choice
of clinical imaging methods [44, 55, 58]. Current
clinical freezing/thawing protocols are conditioned
by general principles that do not take into account
individual patient data: tumor localization (for
example, near the eye or large vessels), the state
of the skin and vascular system, subcutanecous fat,
etc. [3, 4]. Therefore, even with careful surgery
planning and high qualification of a surgeon,
it is necessary to monitor the cryodestruction
process itself: assessment of the freezing front
movement (control of the frozen zone volume and
shape), control of the dynamics of the temperature
field inside (control of the zone of primary nec-
rosis) and the one of the safety of adjacent tissues
beyond the frozen zone .

To monitor the temperature field, it is necessary
to choose an appropriate way of temperature
controlling. In modern medical practice those
are used for making it possible to directly mea-
sure the temperature or estimate it in the freezing
zone on the basis of other data [1, 18, 21, 39, 50, 55,
58]. Methods of monitoring low-temperature
exposure are based on various physical principles
and implemented with the help of technological
solutions and special equipment. Every method
has disadvantages and advantages, which makes
it difficult to choose a control method in a specific
clinical situation. In particular, IRT can be consi-
dered as a promising non-invasive control of the
temperature field in skin cryosurgery. However,
at present there is a lack of studies with a review
of the results of thermal field monitoring during low-
temperature exposure to the skin.
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TaTiB MOHITOPUHTY TEIUIOBOTO TIOJII TPU HHU3BKO-
TEeMIepaTypHOMY BILIMBI Ha IIKIpY.

Merta poOOTH — aHaJIi3 HASBHUX METOIB KOHTPO-
JII0 TEMIIEPATYPH 32 HU3bKOTEMIIEPATyPHOTO BILIUBY
Ha 010JIOr1YHI TKAHUHH.

VY naHoMy OISl MPOBEIACHO aHai3 MyOiKaiii,
SIK1 IPEACTABIICH] y HAYKOBUX 0a3ax JaHUX «Scopusy,
«Web of Sciencey, «PubMed».

IaTpaonepauiiHuii KOHTPOJIb HU3BKOTEMIIEpa-
TYpHOTO BIUIMBY Ha Oi0JOTiYHI TKaHWHU MPOBO-
JUTHCS SIK KOHTAaKTHUMH, TaK 1 OE3KOHTaKTHUMU
METOZIaMH y JIBOX HampsMKaxX: MOHITOPHUHT PyXy
(pOHTY 3aMOpOXKYBaHHS, KOHTPOJIb PO3MOAINY TEM-
nepaTypy ycepenuHi Ta 30BHI 3aMOPOXKEHOT 30HH.

Konmponv_pyxy ¢ponmy 3amopoocyeanns. Kou-
maxkmui__ma__Oe3koHmakmui _memoou. JluHaMmika
dbopMu Ta po3Mipy KpHKaHOi 30HH B MPOIIECI OXO-
JIOJDKCHHS 3QJICKUTh BiJ XapaKTePUCTHK Kpio-
IHCTPYMEHTY, MapaMeTpiB PEeKUMY 3aMOPOKyBaH-
Hf, TCEIUIOPI3UYHMX I[apaMeTpiB  3aMOPOKECHUX
TKAaHMH Ta METa0ONYHMX TPOLECIB y MPUICIIIHX
TKaHuHaX. [|Ji1 MOHITOpPHHTY pyXy (GpOHTY 3aMo-
pPOXKyBaHHST B TpoLeci IMKIY 3aMOPOXKyBaHHs/
BiirpiBaHHS MOXYTb OyTH BHUKOpHCTaHI BCi Me-
TOMW KJiHIYHOI Bi3yamizamii. Hacamrepen, me koH-
takTHHE Metonm Y3/ [1, 35, 46, 51, 53, 57], Ges-
KOHTakTHI MeTtomu peHTreHicekoi KT [1, 6, 51]
ta MPT [21, 39, 40, 50]. Ockinpku Temmeparypa
KpUCTaji3amii BOAWM B JKWBUX TKaHWHAX PI3HUX
THITIB CTAaHOBUTH NpuOm3HO 0°C, TO KOHTPOIbL PYXY
KpH)KaHOTO (PPOHTY € BUMIPIOBAHHSAM MHUTTEBOI (hop-
MU Ta po3TailryBaHHs 00’eMHoi i30Tepmu 3 T = 0°C.
Orminka mapaMeTpiB KpM)KaHOI 30HU 3a JIOTIOMOTOIO
BKa3aHUX METOJIB KIHIYHOI Bi3yalizamii — Bax-
JUBHUHA MiAXiA, IO J03BOJISIE 3 MEBHUMU OOMEXEH-
HSAMU pOOWUTH TPUIYIICHHS IOM0 TEMIIepaTypu
B 30Hi KPiOBIUIHBY.

Maenimno-peszonancha momoepagisn. Jlanuii me-
TOXI 3a SKICTIO Bi3yamizallii € HalKpamuM IHCTPY-
MEHTOM JIJI1 MOHITOPHHTY KPWYKaHOI 30HM ITiJT 4ac
3aMOpOXKYBaHHS, Mae psAn TepeBar mepex Y3/
ta KT, 30kpeMa OUTBIIHII KOHTPACT MK JIHOIAOM
Ta npwieriiMu TkannHamu [1]. Kpim Toro, MPT
MOXXKHa BHKOPWUCTOBYBAaTH Ui HaBEIEHHS Kpio-
iHCTpyMeHTy Ha myxymHy [39, 40] Ta yTO4HEHHS
PO3MIpiB JIeTadbHOI 30HH, OCKIJIBKH JO3BOJISIE PO-
3pI3HATH ILIIBHICTH JBOAY B PI3HUX IUIAHKaX 3a-
MOpOkeHOi 30HH. OnHaK rabapuTHI po3MipH Ta BU-
coka Baprictb MPT Ta KT-ckaHepiB oOMexXyroTh
ix 3acTocyBaHHs IMiJi Yac KpiOBIUIUBY, OCOOJIHBO
B aMOyJTaTOPHUX YMOBax.

Yaempazsyrose docrioxcenns. B KINHIYHAX yMO-
BaxX OCHOBHHMM METOIIOM IHTPAOTEPAIlifHOTO KOH-
TPOIO PO3MipiB Ta (OPMH 30HH JIbOAY 3aBIAKU
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The purpose of this research was to analyze the
available ways of temperature control for low-
temperature effects on biological tissues.

In this review we analyzed the available pub-
lished reports covered by the scientific databases
Scopus, Web of Science and PubMed.

Intra-operative monitoring of low-temperature
effects on biological tissues is performed by both
contact and non-contact methods in two directions:
monitoring the movement of the freezing front,

monitoring the temperature distribution inside
and outside the frozen zone.
Control _of the freezing front movement.

Contact _and non-contact_methods. The dynamics
of the ice zone shape and size during cooling
depends on the characteristics of the cryoinstrument,
parameters of the freezing mode, thermophysical
parameters of the frozen tissues and metabolic
processes in adjacent tissues. All clinical imaging
techniques can be used to monitor the freezing
front movement during the freeze/thaw cycle.
First of all, this is the contact method of ultra-
sound [1, 35, 46, 51, 53, 57], non-contact methods
of X-ray CT [1, 6, 51] and MRI [21, 39, 40, 50].
Since the crystallization temperature of water
in living tissues of various types is approximately
0°C, the control of the ice front movement
is a measurement of the instantaneous shape and
location of the volume isotherm with T = 0°C.
Estimating the ice zone parameters using the
indicated methods of clinical visualization is
an important approach that allows, with certain
limitations, to make assumptions about the tem-
perature in the cryoimpact zone.

Magnetic resonance imaging. In terms of
imaging quality, this method is the best tool for
monitoring the ice zone during freezing and has
a number of advantages over ultrasound and CT,
in particular, greater contrast between the ice
and adjacent tissues [1]. In addition, MRI can be
used to direct the cryoinstrument to the tumor [39,
40] and specify the lethal zone size, as it allows
distinguishing the density of ice in various areas
of the frozen zone. However, the overall size
and high cost of MRI and CT scanners limit their
use during cryosurgery, especially in outpatient
settings.

Ultrasound. In clinic the ultrasound is the main
way of intra-operative control of the ice zone
size and shape due to its effectiveness and safety.
In cryosurgery, this method of clinical imaging
has been introduced longer than 30 years ago [42].
It was established that almost 100% of ultrasonic
waves were reflected from the ice boundary.
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edexTuBHOCTI Ta Oesmeni 3actocyBaHHS € Y3/I.
VY kpioxipyprii mei MeToj KIIHIYHOI Bi3yamizarii
Oyio 3amporoHoBaHo moHan 30 pokiB Tomy [42].
BceranoBneno, mo wmaibke 100% yiasTpa3ByKOBHX
XBWJIb BIJOMBAIOTHCS BIl MEXI JIbOMY. YIIBTPa3BY-
KOBE JIOCTIDKCHHS Ia€ YSABJICHHS TIPO 3OBHIITHI
Kpasi KpMKaHO! 30HU 3 THIIOBOIO PO3ILTHHOIO 3/1aT-
HICTIO YJIBTPa3ByKOBOI Bi3yanizamii Omu3pko 1 MM
[57].J. Lin Ta cmiBagrt. [36] OB ZOMIISUTH, IO 3aBJIs-
KM BBEJCHHIO HAaHOYACTUHOK Y TKAaHWHY MOXXHA
i IBUIIATH KOHTPACT YIIBTPa3BYKOBOTO 300paKECHHS
Kparo MyXJIMHU Ta KParo KPHKaHOI 30HU.

CydacHe KOMIaKTHE YJIBETPa3ByKOBE OOJaHAHHS
3 YacTOTOI0 BWIIPOMiHIOBaHHS Bin 7,5 mo 20 MI'ng
JIO3BOJISIE BU3HAYATH MEXI IMyXJIUHHU, PyX (POHTY
3aMOpOXKYBaHHS, JIOKATI3aIlif0 KPiO30HIIB Ta TOJIOK
3 TepMoIlapaMu 1 MO)ke OyTH BHKOPHCTaHE Ha BCIX
eTamax JikyBaHHSI. OIHAK HESKi aBTOpPH BKa3yIOTh
Ha BUHUKHEHHS IIOMHMJKH T Yac BHU3HAYECHHS
pO3MIpiB JTHOMOBOI 30HM B IIpOIleci omeparii, 30-
KpeMa, 30iIbIICHHS OiaMeTpa KPMKaHOi 30HW Ha
4 MM 3a peanbHoro giamerpa 12 mm [51]. Taka mo-
MUJIKA MOXKE TPHU3BECTH 0 HEMPABUIBHOI OIIHKA
PO3Mipy 30HH HEKPO3Y Ta, BIAOBITHO, IO HETIOBHOTO
pyVHYBaHHS MIATOJIOTIYHOT TKAHWHHU.

Domoaxycmuyna  @isyanizayis, erexmpoimne-
daHcHa momozcpaghisn, onmuuHa KO2epeHmHa momo-
epaghis, memoo zeopomnoi mennonepeoayi. KoHT-
poib pyxy (poHTY 3aMOpOXKYBaHHS MOXIIUBUIA
METONIaMH, SIKi IMHPOKO 3aCTOCOBYIOTBCSA Yy KIIHIY-
HIA MEIUIMHI IS IHIIUX [iiel. Jlo HUX BIOHOCSATHCS
(horoakycTidHa Bizyasizartis [25], enekTpoiMIieraHcHA
Tomorpadis [15], ontuyHa KorepeHTHa TOoMOrpadis
[9, 44], meTon 3BOpOTHOI Teruonepenadi [24] Tomro.
Y kpioMemuIuHI Ii METOAM BUKOPUCTOBYIOTHCS
JUI TIPOBEJICHHS HAYKOBUX JOCIiKEHb, aJi¢ BOHHU
Mailke He PO3MOBCIOKEHI y KIiHIUHIN MpakTuii,
OCKIJIBKM BHUMArarwTh CIIEI[iaIbHOTO OO0JIaIHAHHS,
MPOrPaMHOTO 320€3MCUCHHS Ta ICBHUX HABUYOK.

Ha mpakrurii Bubip MeTomy Ta amaparypd IS
IHTpaoIepaIiifHoro KOHTPOIIO (PPOHTY 3aMOPOXKY-
BaHHS € KOMIIPOMICHMM THTaHHSAM, SKE CTOCYETb-
cs1 e(heKTUBHOCTI, TOYHOCTI, BAPTOCTI Ta 3PYIHOCTI
BUKOPHCTAHHS.

Koumpone _posnodiny _memnepamypu. MoHiTo-
PUHT TEMIIEpaTypHOTO IOJisi B TPOIECi KPiOBILIH-
By MOXE 3IIMCHIOBATHCS KOHTAKTHUMH Ta O€3KOH-
TaKTHUMHU METOJIaMH.

Konmaxmui  memoou. KonTtaktHi (iHBa3uBHI)
METOAM TEPEBAXKHO PEAi3yIThCS TepMonapaMu i
HAIIBIPOBITHUKOBUMH 200 METaJCBUMH TEPMOME-
Tpamu omopy [18-20, 27, 28, 45, 55-58]. ¥ mep-
Il POKU PO3BUTKY KPiOXipyprii I BHUMIpIOBaHHS
temmepatypu 1m0 —200°C BHUKOpHUCTOBYBaJd ILTa-
THHOBHU TepMoMeTp KoHCTpyKilii Ilerra ta Xei-

Ultrasound provides insight into the outer edges
of the ice zone with a typical ultrasound imaging
resolution of about 1 mm [57]. J. Lin ef al. [36] re-
ported that the introduced into the tissue nano-
particles likely increased the contrast of the ultra-
sound image of the tumor edge and that of the ice
zone.

Modern compact ultrasound equipment with
a frequency of radiation from 7.5 to 20 MHz
allows the detection of the boundaries of the tumor,
the movement of freezing front, the localization
of cryoprobes and ‘needles’ with thermocouples
and can be used at all stages of treatment. Ho-
wever, some authors indicate the occurrence of an
error during the determination of the ice zone size
during the operation, in particular, an increased
diameter of the ice zone by 4 mm compared to
the actual diameter of 12 mm [51]. Such an error
can lead to an incorrect assessment of the
necrosis zone size and, accordingly, to incomplete
destruction of the pathological tissue.

Photoacoustic imaging, electrical impedance
tomography, optical coherence tomography, re-
verse heat transfer method. Control of the move-
ment of the freezing front is possible by methods
that are widely used in clinical medicine for other
purposes. These include photoacoustic imaging
[25], electrical impedance tomography [15],
optical coherence tomography [9, 44], the inverse
heat transfer method [24], etc. In cryomedicine,
these methods are used for scientific research, but
they are almost not widespread in clinical practice,
as they require special equipment, software and
certain skills.

In practice, the choice of method and appa-
ratus for intra-operative freezing front monitoring
is a trade-off between efficiency, accuracy, cost, and
ease of use.

Temperature _distribution _control. The tempe-
rature field in the process of cryoeffect can be
monitored by contact and non-contact methods.

Contact methods. Contact (invasive) methods
are mainly implemented with thermocouples and
semiconductor or metal resistance thermometers
[18-20, 27, 28, 45, 55-58]. In the first years
of the development of cryosurgery, a platinum
thermometer designed by Pegg and Hayes was used
to measure temperatures up to —200°C. Modern
miniature platinum resistance thermometers in the
standard range (—200...850)°C have a maximum
low temperature measurement error of approximately
+ 1°C. In practice, thermocouples are preferred
due to their miniaturization, availability, and ease
of operation. T-type (copper-constantan) thermo-
couples, which measure temperatures in the range
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ca. CyuacHi MiHIaTIOpHI TJIaTUHOBI TEPMOMETPH
omopy B craHaaptHoMmy aiamazoHi (—200...850)°C
MalOTh MaKCUMAaJIbHY TTOMHJIKY BUMIPIOBaHHS HU3b-
Kux Temreparyp npuomuszno + 1°C. Ha mpaxrwii
repeBara BIITAETHCS TEpPMOIIapaM 3aBISKH IXHIH
MiHIaTIOPHOCTI, TOCTYITHOCTI Ta MPOCTOTI B €KCILTY-
ararii. Tepmomapu tumy T (Migb-KOHCTAHTaHOBI),
3a IOTIOMOTOIO STKHX BUMIPIOIOTH TEMITEPATypPH Y Jlia-
mazoni —250...300°C, MoXyTh OyTH BHCOKOTOYHH-
MH Ta cTaOLIbHHUMH, 0coOnuBO B miamasoni —200...
200°C. CranpapTHa MOMWIIKAa BUMIPY AJISI PETEIBHO
nigidpanoi mapu MinHUX (MO3UTHBHUX) 1 KOHCTaH-
TaHOBUX (HEraTHMBHHUX) CIUIaBiB cTaHOBHUTH *+ 1,0°C
abo = 0,75% Binm TemmeparypH, IO BUMIPIOETHCA
(3anexxHo Bim Toro, sika Oumbmie) [16]. IIpore Ha
MPaKTHIl TIOMWIKY BHMIPy HH3BKHX TeMIIEparyp
T-TepMonapamu o1iHIOIOTH K £ 2...3°C [33, 45].

OnHUM 13 CYTTEBHX OOMEXXEHb BHKOPHUCTAHHS
TepMorap abo0 JaTYuKiB OIMOPY IS BHMIpIOBaHHS
TeMIIepaTypH I 4ac KPiOXipypridHOTO JIiKyBaHHS
HOBOYTBOPEHb HIKIpH € mpolieMa HamiiHol iX (ik-
camii B 30Hi iHTepecy. Y mpoleci KpioBIUIUBY Maii-
KE HEMOXIIMBO 3a0€3MCYUTH TPUBAIUNA IIITBHUN
KOHTaKT MK TepMonapor abo JaT4YMKOM OIOpy Ta
noBepxHero mKipu. Kpim toro, dikcamiss Oyab-sku-
MU TIOB’SI3KaMH 3HAYHO BIUTUBAE HA TEPMOIUHAMIYHI
YMOBH, IO MPHU3BOIUTH A0 MOMHIOK BUMIPY TEM-
reparypu. Y BHITAKy HEHAIIHHOTO KOHTAKTy MIiX
TEpMOIIApOI0 Ta TIOBEpXHEIO MIKipu Moxe ¢Gop-
MyBaTHCS IIap 130JIA11ii, BHACTIIOK YOTO MOXKHA
ONIEpP’KaTH HEIOCTOBIpHI pe3yiasTaTd. ToMmy Hai-
YacTime IpOTH TEePMOIMapH BCTaBISIIOTH y CTaH-
JapTHY TOJNKY IINpWIA, a 3 €IHAHHS TepMOIapu
PO3TAIIOBYIOTh HA KiHYUKY TOJKU. Taki «romgacti»
TepMonapu Tia koHTpoiem Y3J| BBOIATH y TKa-
HUHY B 30HI iHTepecy. [IpoTe BUKOpHCTaHHS Ta-
KHX TepMonap Hece MOTEHLIMHUI PH3HK MEepeHocy
KIIITHH 3J0SIKICHOT ITyXJIMHU Y 310POBI TKAHUHHU.

ATNBTEpHATUBHUM METOIOM KOHTPOJIFO TEeMIIe-
parypu y TOUIll 3 BHKOPHUCTaHHS «TONTYACTO» Tep-
MOIIapH € BUMIPIOBAHHA IUHAMIKH EJICKTPUIHHUX
XapaKTepUCTUK TKAaHWHU B TIPOIECi 3aMOpPOXKyBaH-
HA (EJIEKTPUIHOTO IMIIETAHCY, OMopy abo CTpyMy)
3 BUKOpPUCTaHHSAM ejiekTpomi [15, 18-20]. Me-
TOI TPYHTYEThCS Ha TaKiil TIMMOTE3i: BH3HAYAIHLHUM
(bakTOpoM pyHHYBaHHS TKaHUH € MTOBHA KpHUCTaJli3a-
I1isl TO3aKTITUHHOI BOJIY, 1110 BIUTUBAE HA SIICKTPUYHI
XapaKTEPUCTUKH.

A.A. Gage Ta cmiBabr. [ 18] niduM BUCHOBKY, IO
MOKa3aHHSI TEMIEpPaTypu Miib-KOHCTAHTAaHOBUMU
«TOMYACTHMM» TEPMOIapaMH, BBEICHUMHU B TKAaHU-
HY, 3a0€3Me4yIoTh OUIbII TOYHHHA 1 HAMIMHUN KOHT-
pOJIb 3aMOPOKYBaHHS, HIK BHU3HAUCHHS JIHHAMIKA
CIeKTPUYHNX XapaKTePUCTUK BBEIEHUMH Y TKa-
HUHY enekTpomamu. OgHak paHimie Oyiio 3a3Ha4eHO,
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of -250..300°C, can be highly accurate and
stable, especially in the range of —200...200°C.
The standard error of measurement for a carefully
selected pair of copper (positive) and constantan
(negative) alloys is £ 1.0°C or + 0.75% of the
measured temperature (whichever is greater) [16].
However, in practice, the error of measuring low
temperatures with T-thermocouples is estimated
as £2..3°C [33, 45].

One of the significant limitations of using ther-
mocouples or resistance sensors for temperature
measurement during cryosurgical treatment of
skin neoplasms is the problem of their reliable fi-
xation in an area of interest. During cryoimpact,
it is almost impossible to ensure long-term tight
contact between the thermocouple or resistance
sensor and the skin surface. In addition, fixation with
any bandages significantly affects thermodynamic
conditions, that leads to errors in tempera-
ture measurement. In case of unreliable contact
between the thermocouple and the surface of the
skin, a layer of insulation can form, as a result of
which unreliable results can be obtained. There-
fore, most often, thermocouple wires are inserted
into a standard syringe ‘needle’, and the thermo-
couple junction is located at the tip of the needle.
Such ‘needle’ thermocouples are introduced
into the tissue in the area of interest under ultra-
sound control. However, the use of such thermo-
couples is of a potential risk of transfer of malignant
tumor cells to healthy tissues.

An alternative tool of temperature control
at a point using a ‘needle thermocouple’ is to
measure the dynamics of the tissue electrical
characteristics during freezing (electrical impe-
dance, resistance, or current) using electrodes [15,
18-20]. The method is based on the following
hypothesis: the determining factor of tissue de-
struction is complete crystallization of extracel-
lular water, which affects electrical characteristics.

A.A. Gage et al [18] concluded that tempera-
ture readings with copper-constantan ‘needle’
thermocouples inserted into the tissue provide
more accurate and reliable control of freezing than
determining the dynamics of electrical characte-
ristics with electrodes introduced into the tissue.
However, it was previously noted that if thermo-
couples were incorrectly introduced during tissue
freezing, the measurement error may exceed
the allowable several times and reach 8°C at the
level of —40°C [18]. Since heat conduction along
the thermocouple needle core is the main cause
of measurement error, the location of the needle
in the tissue must be taken into account. For
example, the reading may be false if the needle



0 Y BUMAJAKY HEMPaBWILHOTO BBEICHHS TEPMO-
map Iij| 9ac 3aMOpOXXYBaHHSI TKAaHWHU TTOMUJIKA BH-
Mipy MOXe Yy KiJlbka pa3iB TNEpeBHIIYBaTH NpH-
myctumy Ta gocsratin 8°C mHa piBHi —40°C [18].
OCKUIBKH TIPOBITHICTH TEIUIa B3IOBXK CTPIDKHS
TOJIKH TEPMOTIapH € OCHOBHOIO MPUYHHOIO TTOMIITKA
BUMIpIOBaHHs, Tpeba BpaxOByBaTH pO3TalllyBaH-
HS TOJKW y TKaHWHI. Hampukiaza, mokasaHHS MOXe
OyTH XHOHHM, SIKIIO TOJIKA MPOXOIUTH uepe3 3a-
MOpOXeHy 30HYy [28]. OTxe, TOUHICTh BUMIPIOBaH-
HS TEMIIepaTypyd TEPMOIAPOI0 3aJISKUTh Bif KyTa
1 TMOVWHU BBEJCHHS TOJKWM B TKAaHWHY, SKa 3a-
MOPOXKYETBCS, 32 pi3HUX piBHEW oxonmomkeHHs. Cto-
COBHO 3MCHIIECHHS €(QEKTUBHOCTI OXOJIOIKEHHS
abo cnoTBOpeHHS (OpMH 3aMOPOXKEHOI 30HU 4Ye-
pe3 MPUIUIMB TeIUIa 1O JPOTax Bill peecTtparopa 10
TepMONapy TOKa3aHo, IO TEIUIONPHUIUINB HE Tie-
peBuirye 100 MBT mpu MakcHMaabHOMY Tpai€HTI
temmepatypu (= 200°C 3 HOBXKHHOIO OpOTiB 1 M)
[33]. 3a Takoro TEIUIONMPHUILUINBY MaKCHMaJbHE Ha-
TpiBaHHS TIITHKA PO3MIMICHHS TEpMOIIapH HE Iepe-
Buurye 1°C.

TakyM 4YHHOM, Ha CHLOTOAHI HAHOIIBII BHKO-
PUCTOBYBaHUM IHCTPYMEHTOM JUJII KOHTaKTHOTO
BUMIPIOBaHHsS TEeMIIEpaTypu B IMpoleci KpioBIUIU-
By € «roJl4acTi» MiJlb-KOHCTAaHTaHOBI TEPMOIIAPH,
MpH I[bOMY TOYHICTh JAHOTO IMOKa3HUKA 3aJIC)KHUTh
Bi MeTomuku 1 kBamidikaiii xipypra. Cmim 3a3-
Ha4UTH, IO 3aCTOCYBAaHHS KOHTAKTHHX TEpMOIap
MOBHICTIO HE BUPINIyE MPOOIIEMH KOHTPOIIO TEM-
reparyp y 30HiI KpiogeCTPYKIIii, OCKUTEKH JT03BOJISE
BUMIPIOBaTH TEMIIEPaTypy JIMIIE B OKPEMIiil TOYII,
a 30UTBIICHHS KUTHKOCTI TEpMOIIap 3HAYHO ITiIBH-
1Iye iHBa3MBHICTh MaHIMyJALIl Ta pU3UK iH(iKyBaH-
Hsa. Kpim Toro, mporu tepmomap B omnepamiiiHOMY
MOJi YCKJIaJHIOIOTh PoOOTy Xipypra, TOMY 3HauHHMA
iHTepeC BUKJIMKAIOTH OC3KOHTAKTHI JAMCTaHIlIHHI
METOIU KOHTPOJIO TeMIIepaTypd B MpoLeci Kpio-
BILITUBY.

besxonmaxmui memoou. Cepen maHUX METOIIB
CIiI BKa3zaTH Ha TepcrneKkTuBHICTE MPT-Tepmo-
Mmetpii [37, 39, 40, 43, 48] 3 BUKOPHUCTAHHSIM BiIKpH-
toro MPT-ckaHnepa, KOJM OJHOYACHO MOXKHa IIPO-
BOJAWTH OIIEPAIlif0 Ta Bi3yaji3alilo MpoIeCy 3a-
MOPO)KYBaHHS Ta BimirpiBaHHsa. MeTom HO3BOJISE
BUKOHYBatd 3D-BUMIpIOBaHHS pO3MOITY TEMIIe-
parypu y TKaHWHAX INUISIXOM aHali3y TeMIIeparyp-
HUX 3aJIe)KHOCTEH fesikux napamerpiB MPT i Hanmae
Oinpiy iHGOpMaLilo PO PO3NOAiNl 00’ eM-TeMIepa-
Typa MmiJl 4ac 3aMOpOXYBaHHS, HDK aJbTepHATHUBHI
METOAM MOHITOpUHTY. Hampukman, 3 oTpuMaHHX
HaINpUKiHII Kpioabmsamii in vivo MP-300paxkeHs
Oynu po3paxoBaHi Ha OCHOBI CHpOIICHOI Ma-
TematudHoi 3D-Momeni TeMmnepaTypHi KapTh 3 TO4-
Hictio £ 3°C [48]. Takox TpuBHUMIpHa Bi3yai3a-

passes through a frozen area [28]. Therefore,
the accuracy of temperature measurement with
a thermocouple depends on the angle and depth
of needle insertion into the tissue that is being
frozen, at different levels of cooling. Regarding
the reduction of the cooling efficiency or the distor-
tion of the frozen zone due to the flow of heat
through the wires from the recorder to the ther-
mocouple, it is shown that the heat flow does not
exceed 100 mW at the maximum temperature
gradient (= 200°C with a 1 m wire length) [33].
With such a heat inflow, the maximum heating of
the area where the thermocouple is located does
not exceed 1°C.

Thus, today the most widely used tool for
contact measurement of temperature in cryoinfluence
is ‘needle’ copper-constantan thermocouples, while
the accuracy of this parameter depends on the
technique and qualification of a surgeon. It should
be noted that the use of contact thermocouples
does not completely solve the problem of tempe-
rature control in the cryodestruction zone, since
allows measuring the temperature only at a certain
point, and an increased number of thermocouples
significantly enhances the invasiveness of the
manipulation and the risk of infection. In addi-
tion, thermocouple wires in the operating field
complicate the surgeon’s work, so non-contact
remote methods of temperature control during
cryoinfluence are of a great interest.

Contactless methods. Among these methods,
it should be pointed out the perspective of MRI
thermometry [37, 39, 40, 43, 48] using an open
MRI scanner, when the operation and visuali-
zation of the freezing and warming can be per-
formed at the same time. The method allows
performing 3D measurements of temperature
distribution in tissues by analyzing the temperature
dependence of some MRI parameters and provides
more information about the volume-tempera-
ture distribution during freezing than alternative
monitoring methods. For example, from the MR
images obtained at the end of cryoablation in
vivo, temperature maps with an accuracy of + 3°C
were calculated by means of a simplified mathe-
matical 3D model [48]. Also, three-dimensional
imaging of an ultrashort echo signal (3D UTE)
during ex vivo muscle cryoablation allows
obtaining the distribution of 3D temperature fields
in tissues. At the same time, the temperature values
at the control points were in good agreement with
the readings of the control temperature sensors
in the range of up to —40°C [43]. It should be noted
that this method is not yet used in clinical settings
due to its high cost and methodological difficulties.
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uis yneTpakopotkoro exo-curnany (3D UTE) mia
gyac KpioaOmnsIii M’sI3iB ex vivo JT03BOJIIE OTPUMATH
posmonin 3D-TemmepaTypHUX TMOJIB y TKaHWHAaX.
[Ipu mpoMy 3Ha4YEHHA TEMITEpaTyp y KOHTPOIBHHUX
TOYKaxX J00pe y3roKyBajuCs 3 TOKa3aHHAMH KOH-
TPOJILHUX NaTYMKIB TEeMIIEpPaTyph B Jiala3oHi IO
—40°C [43]. Cruig 3a3HaYUTH, MO y KIIHIYHAX YMO-
Bax Iel MEeToJ| MOKM HE BUKOPHCTOBYETHCA HYepe3
HOTO BUCOKY BapTiCTh Ta METOIWYIHI TPYTHOIII.

IHmi  Oe3KOHTaKTHI METOOU IPYHTYIOTBbCS Ha
BHUMIpPIOBaHHI TeMIlepaTypH MOBEpxHi iH(pauepBo-
HumH (IY) gaTunkamu abo TEIUIOBI30paMH 3 MMOJalb-
LM PO3PaXyHKOBHM aHai30M PO3MOALTY TEIJIOBUX
MOJIiB y MIMOWHY TKaHWH. Hakanb, MU HE MOXKEMO
Oe3nocepeHb0 BUKOPHCTOBYBAaTH JEIEBi Mipo-
MeTpH (30KpeMa, JucTaHIiitaui [Y-TepmMomeTp, mo
BHUMIPIOE TIOTYXKHICTh TEIJIOBOTO BHITPOMIHIOBAH-
HA 3 TOBEpXHI 00’€KTa) yepe3 iXHIO HEIOCTATHIO
MIPOCTOPOBY PO3IiIBHY 3maTHICTH. Haltkparmii mipo-
METPH MAalOTh ONTHYHY PO3IUIBHY 3maTHICTh 50:1,
IIe 03HaJae, o Ha BimctaHi 50 cM MpHIIa BUMIPIOE
CepeIHIO TeMIepaTypy KpW)KaHOi 30HH Ha TOBEpPX-
Hi giamerpom 1 cm. [lpore 3a TakuM MOPUHIUIIOM
mpamioe y KIiHIYHEX ymoBax mnpuctpid «Tracker
Cam™) (Brymill Crygenic Systems, CIIIA), BOymo-
BaHH B CUCTEMY a30THOTO Kpiopo3numoBada «Cry-
Ac®» (Brymill Crygenic Systems, CLIA). Hanuit
MIpUIa TUCTAHIIHHO, aje 3 JOCHUTh ONHM3BKOI Bill-
CTaHl 3 TIPOCTOPOBOIO PO3AUILHOIO 3IATHICTIO 2 MM
BHMIpIOE TeMIteparypy mkipu 10 —70°C 3 TOUHICTIO
+ 5°C. Omeparop moxe nHamamTyBatu «Tracker
Cam™) Tak, mo0 BiH (iKCyBaB MOMEHT JOCST-
HEHHS 3a/laHOi TemIeparypyd 3aMOpPOXKyBaHHS Ha
MOBEPXHI LIKipH B MMPOEKLIT ocepeka ypaskeHHs [7].

Crin 3a3HayWTH, MO0 Ha JaHWH 4Yac OCHOBHUM
OC3KOHTAKTHMM METOIOM BHUMIDIOBAaHHS TeMIIe-
parypu € IUT. Ileii meron Oasyerscsi Ha Oe3-
KOHTaKTHIA JWCTaHIIAHIN peecTpallii BIaCHOTO
TEIUIOBOTO BUIIPOMIHIOBAaHHA IIKIPHUX TIOKPHBIB
[10, 14, 22, 29, 34, 47, 49, 54], sxe 0OyMOBJICHO
pizHUMH (Di310JIOTIYHUMU Ta OIOXIMIYHUMH IIPOIIE-
camMu y TKaHumHaxX opraismy. Orxe, [UT € dyHK-
mioHAJTRPHUM MeTomoM Ha Bimminy Big Y3J[, KT
i MPT, sxi mnepeBa)XHO HAAAIOTh iHGOPMAIIiO
PO aHATOMIYHI OCOOIMBOCTI AOCIIIKYBAHUX 00’ €K-
tiB. Kpim Toro, IUT — nucraHmidHuii, nenieBwii
1 HeiHBa3zuBHMH MeTon. CywacHi cepiiiHi Teruio-
Bi30pM KOMIIaKTHi, MOOUIBHI, BiJHOCHO JICIIEBI,
NPOCTI Yy BHUKOPUCTAHHI 1 IOCTYNHI Ui TOTEH-
UIHHUX ~ YKpaiHCBKMX  KOPHUCTYBadiB  (HAIpHK-
nmax, mnpwiagd BupoOHuiTBa KommaHii  «FLIR»
(CIIA) [17]). Bwucoki TexHIYHI XapaKTepuc-
THKH TEIUIOBI30piB: TeMIepaTypHa YyTIUBICTh
(coTi dWacTkm Tpamyca), MPOCTOPOBA PO3MIiIbHA
3MaTHICTh (YaCTKW MiJipaaiaHa), 4JacToTa (IecsT-
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Other non-contact tools are based on the
measurement of the surface temperature with
infrared (IR) sensors or thermal imagers followed
by a calculated predictability of the distribution of
thermal fields in the depth of tissues. Unfortu-
nately, we cannot directly use cheap pyrometers (in
particular, a remote IR thermometer that measures
the power of thermal radiation from the surface
of an object) due to their insufficient spatial
resolution. The best of their kind pyrometers have
an optical resolution of 50:1, which means that
at a distance of 50 cm, the device measures the
average temperature of an ice zone on a surface
with a 1 cm diameter. However, the TrackerCam™
device (Brymill Cryogenic Systems, USA) works
according to this principle in clinical conditions,
built into the Cry-Ac® nitrogen cryogenic spray
system (Brymill Cryogenic Systems, USA). This
device remotely, but from a fairly close distance
with a spatial resolution of 2 mm, measures skin
temperature up to —70°C with an accuracy of =+
5°C. The operator can set the TrackerCam™ so that
it captures the moment of reaching a given
freezing temperature on the skin surface in the
lesion projection [7].

It should be noted that currently the main
non-contact method of temperature measure-
ment is IRT. This method is based on non-contact
remote recording of the skin’s own thermal
radiation [10, 14, 22, 29, 34, 47, 49, 54], which
is due to various physiological and biochemical
processes in body tissues. Therefore, IRT is
a functional tool, unlike ultrasound, CT and
MRI, which provide information mainly about
the anatomical features of the studied objects. IRT
is also a remote, cheap and non-invasive method.
Modern mass-produced thermal imagers are
compact, mobile, relatively cheap, easy to use
and available to potential Ukrainian users (for
example, devices manufactured by FLIR (USA)
[17]). High technical characteristics of thermal
imagers: temperature sensitivity (hundredths of a
degree), spatial resolution (parts of a milliradian),
frequency (tens of hertz) and multifunctional
software allow high-precision measurement and
analysis of temperature fields and their rapid
changes. Owing to these properties, the use of IRT
in various fields of medicine, including cryobio-
logy and cryomedicine, seems very promising.
However, despite numerous and fruitful scientific
studies, IRT is still used only as an additional
secondary method of diagnosis and control in me-
dicine. This fact is explained by the insufficiently
studied pathophysiological basis of thermal ima-
ging and, as a result, the lack of standardi-



KM repl) Ta OararoyHKLiOHaJIbHE MPOTpPaMHE 3a-
Oe3nedeHHsT JO3BOJIIIOTH 3 BHCOKOIO TOYHICTIO
BUMIPIOBaTH Ta aHaJi3yBaTh TeMIEpaTypHi MO
Ta TXHI MBUAKI 3MIHU. 3aBISKU [IAM BJIACTUBOCTIM
Bukopuctanas [YT y pisHEX cdepax METUIUHH,
y TOMY 4YHCII KpioOiojiorii Ta KpiOMEIWIUHI, BH-
JaeTbes AyXe mnepcrnekTuBHUM. OaHaK, HEe3BaXKaro-
YU Ha YUCJICHHI Ta PE3yJbTaTHBHI HAYKOBI JOCIIJI-
xkeuns, B meaumuHi [YT m0Ci BHKOPHUCTOBYETHCS
JUIIe SIK JIOJaTKOBHH JAPYTOPSIHUN METOA Jiar-
HOCTUKM Ta KOHTpoiro. Lle#l ¢akT moscHIOETbCA
HEIOCTaTHHO BHMBYEHOIO Maro(i3ioNorivyHO0 OCHO-
BOIO TEIUIOBHX 300pa)KeHb i, SIK HACIINOK, BiICYT-
HICTIO cTaHAapTu3anii (KIHIYHHX TPOTOKOJIIB)
TeIUIOBi3iMHOTO 00cTex)eHHS [12].

IndpauepBona tepmorpadis, sk i BCi IHIIN Me-
TONM KIIHIYHOI Bi3yajizamii, MOXe JaTd HaTidHi
Ta JOCTOBIpHI pE3yJBTaTH JIAIIE y TOMY BHIA-
Ky, SKIIO BOHA OyIe BIAIOBINATH BCTAHOBICHUM
CTaHAapTaM. 3a BiJICYTHOCTI KOHKPETHHUX KJIiHIY-
HUX TPOTOKOMB 3actocyBauHsa [UT xmiHinucTn
JUIS TIBUIICHHS BiATBOPIOBAHOCTI Ta TOYHOCTI
pe3yibTaTiB  BUKOPUCTOBYIOTH METOAMYHI  PEKO-
MeHzamii [4], 30kpema, Tak 3BaHHH MPOTOKOIN
Imamoprana [3], po3poOky skoro Oyio po3mo-
gato y 2001 p. pasom 3i crBOpeHHSM «Atlas
of normal skin temperature distribution».
Y mpoMy AOKYMEHTI HaBEIEHO 3arajbHI BHMOTH
N0 PO3TallyBaHHS, HACTPOIOBAHHS OOJIAJHAHHA Ta
MirOTOBKM JIIOAWHUA A0 JOCIHiKEHHS, PEKOMEH-
mamii mojo 3ammcy Ta a”amzy [Y-300paxkeHnb
TOIIO, & TAaKOXK 3HAUYEHHS TeMIepaTryp WIKipu 370-
POBOI JIFOAWHM Y Pi3HUX 30HAX 1HTEPECY.

Po3rnsiHeMO OCHOBHI mpo0OieMH, 10 BUHUKAIOTh
MpH OTPUMaHHI TEPMOTPaMHU >KHBOTO 0O0’€KTa Ta
i aHamizi. Meau4Hi TEMJIOBI30pHM BHUMIPIOIOTH IO-
TyxHicTb [Y-BUIIpPOMiHIOBaHHS y Aiama3oHi CIeEK-
TpalbHOI YyTIHBOCTI 7—14 MKM, IIO BiAmoBizae
TEMIIEPATYPHOMY Jialma30Hy Tl TEIUIOKPOBHUX
JKUBUX O00’€KTiB. Y IIhbOMY [iara3oHi OioJoriduHi
TKaHWHU TPaKTUYHO HE TMpomnyckaTs [Y-Bumpo-
MIHIOBaHHS (BOHO 3Tacae Ha BIJICTaHI MEHIN HiX
0,1 mMm). TakuMm 9UHOM, TEIIOBI30p PEECTPYE JTUIIIC
«TEIUTOBUH BITOWTOK» Ha TIOBEPXHI IIKIpH BHYT-
PIITHIX TEIUIOBHX IIONIB, SKi IIKABIATH (axiBIliB,
OCHOBHMUM MEXaHI3MOM Tiepeadi Teruia i3 TIUOWHU
TKaHWH Ha TIOBEPXHIO IIKIPH € TEIUIONPOBIAHICTH
(KOHOYKTUBHHH TEIIOOOMIH 32 pPaxyHOK pi3HH-
i Temrmeparyp TKaHWH). KOHBEKTHMBHa mepenada
Temia (3 MOTOKOM KPOBi) MOYMHAE BHOCUTH BKJIAJ
1 HaBiTh mepeBakaTH JHWIIE y MIapl MigMKIpHOT
KJIITKOBUHH, JI€ paAiyc CyawH IepeBuirye 50 MK,
TOOTO Ha TIUOMHI 1-7 MM 3aJ€XHO BII IUIAHKH
Tima. 3 OmIAAY Ha 1€ M1 OIIHKM BHYTPIIIHIX TETI-
JIOBUX TIONIB 110 TEIUIOBOMY BIIOWTKY Ha TIO-
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zation (clinical protocols) of thermal imaging exa-
mination [12].

Infrared thermography, like all other clinical
imaging tools, can provide reliable and valid
results only if it meets established standards.
In the absence of specific clinical protocols
for the use of IRT, clinicians use the methodo-
logical recommendations to increase the repro-
ducibility and accuracy of the result [4], in par-
ticular, the so-called Glamorgan protocol [3], the
development of which was started in 2001 together
with the creation of the ‘Atlas of normal skin
temperature distribution’. This document provides
general requirements for location, equipment
setup, and human preparation for the study, guidelines
for recording and analyzing IR images, efc.,
as well as values for healthy human skin tempe-
ratures in various areas of interest.

Let’s consider the main problems that arise
when obtaining a thermogram of a living object
and analyzing it. Medical thermal imagers
measure the power of IR radiation in the spectral
sensitivity range of 7-14 um, which corresponds
to the temperature range of the bodies of warm-
blooded living objects. In this range, biological
tissues practically do not pass IR radiation (it fades
at a distance of less than 0.1 mm). Thus, the thermal
imager registers only the ‘thermal imprint’ on
the surface of the skin of internal thermal
fields that are of interest to specialists. The
main mechanism of heat transfer from the depth
of the tissues to the surface of the skin is thermal
conductivity (conductive heat exchange due to
the difference in tissue temperatures). Convective
heat transfer (with blood flow) begins to contribute
and even prevail only in the layer of subcutaneous
tissue, where the radius of vessels exceeds 50
pum, that is, at a 1-7 mm depth, depending on the
body area. With this in mind, various calculation
models are used to estimate the internal thermal
fields based on the thermal imprint on the sur-
face [8].

To minimize the error of remote measurement
of the surface temperature field, thermograms are
obtained in accordance with generally accepted
climatic and other requirements (space of the
room, absence of additional sources of heat or cold,
objects with a high reflectance of IR radiation,
etc.). Certain conditions for preparing the patient
for thermography must also be met [2, 47]. Ho-
wever, even if all rules are followed, thermo-
grams are only the first stage of thermal imaging
analysis. To obtain reliable information about
the internal processes that caused a given thermal
field on the surface, it is necessary to take into
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BEpPXHI BHUKOPHCTOBYIOTBCS  Pi3Hi
Mozedni [8].

Jns miHiMizalii TOXHOKH AUCTAHI[ITHOTO BHUMi-
PIOBaHHS TIOBEPXHEBOTO TEMIIEPATYPHOTO IONA OT-
PUMYIOTH TEPMOTpPAaMH BIAMOBIIHO JO 3arajibHO-
MPUAHATHX KIMATHIHUX Ta IHIIAX BUMOT (TUTO-
a MPUMIIIEHHS, BIJICYTHICTh TOMATKOBHX JDKEPEI
TeIlIa Y4 XOJIOAY, IPEAMETIB 13 BUCOKUM Koe(illieH-
TOM BimOUTTS [Y-BUIIpOMIHIOBaHHS TOIO). Takox
MMOBUHHI BUKOHYBATUCh TICBHI yYMOBHU IiJITOTOBKH
naimienTa g0 tepmorpadysanuas [2, 47]. OnHak Ha-
BiTh 3a YMOB BHKOHAHHS BCIiX IpaBWI, TepMOIpa-
(dyBaHHS — 1Ie JUILE MEePIINi eTan TeIroBi3iHOro
aHamizy. Jnsa onepkaHHS IOCTOBipHOi iHGOP-
Mamii Mmpo BHYTPIMIHI MPOUECH, L0 BUKIMKAIH
JaHE TEIUIOBE TIOJe€ Ha IMOBEpPXHi, HE0OXiITHO
BpaxyBaTH ONTHYHI, TCTUIO(MI3UYHI Ta 1HIII XapaKTe-
PUCTUKH TKAaHWH 3 YypaxXyBaHHAM IHAWBIAyaJILHHIX
0COOIMBOCTEH JOCHTIIPKYBAaHOTO 00’€KTa, TPAaBHIIHHO
MIPOBECTH KUTbKICHUM aHaJli3 PO3MOMUTy TeMIIepa-
Typ Ta iXHIO MUHAMIKy y BHOpPaHMX 30HAX TOIIO,
TOOTO CTBOPUTH IHAMBIAYaJIbHY ISl KOXXHOTO KOHK-
PETHOTO 3aBJaHHsI METOAWKY TEIUIOBI3IMHOTO aHaIi3y.

Tepvoepaghiunuti KOHMPONLL OUHAMIKU MENI0E0-
20 noJa 3a_HusbKomemnepamypHnozo eniusy. Tepmo-
rpagiuHUi KOHTPOJIb TEIIOBOTO MOJISt MOXKE YCIIIIIHO
3aCTOCOBYBATHCS O€3MOCEpPEHBO B TPOIECI Kpio-
JMECTPYKIIil TKAaHWH Ta MOJAIBIIOTO HarpiBaHHs [13,
32, 33, 41, 52], aie ipu IbOMY BHHHKAIOTH TPOO-
JIEMH Ta JesKi oOMexxeHHs. J10 OCHOBHHUX 3aralibHO-
KJIIHIYHUX TpobneM BukopuctanHs I[YT (BigcyT-
HICTh CTaHAApTH3aIlii Ta TOCTYIHICTH JHIIE IIO-
BEPXHEBUX TEIUIOBUX TIOJIB) JOMAETHCS TEXHIUHA
npobnemMa — OOMEXKEHHsS [iama3oHy MiHyCOBHX
temneparyp —20...—30°C, ski BUMIpIOIOThCS OiJb-
LIICTIO CEepiHUX TeTIoBi30piB. Jlume okpemi (3Hau-
HO JOpOXK4i) MOAeNi MOXYTh BHUMIPIOBAaTH TEM-
neparypy no —40°C [17]. Tomy HemoxunBO Oe3-
MocepeHbO BHUMIPSATH JIETabHY TEMIIEparypy,
HEOOXImHY JUIS NECTPYKIli HeSKuX 3IIOSKICHUX
yTBOpeHb [44, 58]. Y oOKkpeMuX BHITaTKax MOXK-
Ha CKOPUCTATUCSl EKCIEPUMEHTANIbHUM PE3ylb-
TaroM, KOJIX O00’€M 30HHW TIEPBUHHOTO HEKPO3Y
CTaHOBUTH MPUOIU3HO YETBEPTY YACTHHY Big 00’ €My
kprkanoi chepu. Takuii pe3ynsrar OyB OTpUMaHUH
T. Mala Tta cmiBaBt. [40] micis MPT-pocuimxen-
HS in Vivo 00’€My HEKpO3y IMEYiHKH, BHKJIMKAHO-
ro kpiomomkomkeHHsIM, a Takok G.0. Kovalov Ta
cmiBaBT. [33] micns TepmorpadiqHOro JOCHiIKEH-
HSl OTUHAMIKA KpW)KaHOi 30HM Ha IMOBEPXHI LIKipH
32 KOPOTKOYACHOI KpioalOisimii M SKUX TKaHUH
in vivo. Onnak y excriepuMenTtax F. Popken ta criBapr.
[45] micns 20-XBHJIMHOTO 3aMOpPOKYBaHHS IICUiH-
KM CBUHI Ta JIIOMWHU OyJI0 OTpHMaHE BiTHOIICHHS
nmiamerpa JseranbHoi 30HE (—40°C) mo miamerpa

PO3paxyHKOBI
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account the optical, thermophysical and other
characteristics of tissues, taking into account
the individual characteristics of the object under
study, to correctly conduct a quantitative ana-
lysis of temperature distribution and their dy-
namics in selected areas, etc., that is, to create an
individual for each specific task, thermal imaging
conduct.

Thermographic  control _ of  thermal field
dynamics _under low-temperature exposure. Ther-
mographic control of the thermal field can
be successfully applied directly during tissue
cryodestruction and subsequent heating [13, 32,
33, 41, 52], but problems and some limitations
arise. A technical problem is added to the main
general clinical problems of using the IRT (lack
of standardization and availability of only surface
thermal fields) — limitation of the minus tempe-
rature range of —20...-30°C, which are measured
by most serial thermal imagers. Only certain
(much more expensive) models can measure
temperatures up to —40°C [17]. Therefore, it is
impossible to directly measure the lethal tempe-
rature necessary for the destruction of some ma-
lignant formations [44, 58]. In some individual
cases, it is possible to use the experimental result
when the volume of the primary necrosis zone
is approximately a fourth of the ice sphere
volume. Such a result was obtained by T. Mala
et al. [40] after an in vivo MRI study of the
volume of liver necrosis caused by cryoinjury,
as well as G.O. Kovalov et al [33] after a
thermographic study of the dynamics of the
ice zone on the skin surface during short-term
cryoablation of soft tissues in vivo. However, in the
experiments of F. Popken et al. [45] after 20-min
freezing of pig and human livers, the ratio of the
lethal zone diameter (—40°C) to the ice zone one
(0°C) was approximately 0.79, which corres-
ponds to the volume ratio as = 0.5. This result
was independent of tissue type and cryoprobe
diameter. The authors believe that during prolonged
freezing, the movement of the isotherm of the
ice edge (T = 0°C) may slow down compared to
the movement of the lethal isotherm due to the heat
load on the tissue. This effect over time leads to
an increase in the necrosis zone/ice zone ratio.
Thus, the fact of the 25% ratio of the volume
of necrosis to the volume of the ice zone is not
indisputable, and therefore further studies of the
dynamics of temperature isotherms in the ice zone
under different modes of freezing, localization and
purposes of cryoeffect, efc. are needed.

Since only surface thermal fields are available
for measurement to specialists, in order to evaluate
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kpmwkaHoi 30U (0°C) mpubmuzno 0,79, ske Bin-
MoBifae BigHOMICHHIO 00’emiB sk ~ 0,5. Lleit pe-
3yJBTaT HE 3aJieKaB Bijl THIy TKAaHUHH Ta JiaMeTpa
Kpio30HAa. ABTOPY BBaXKalOTh, ITI0 y TPOIIECI TPH-
BaJIOTO 3aMOPOXKYBaHHA PyX 130T€PMU KPOMKH JIHO-
ay (T = 0°C) Moke yHOBUIBHIOBATHCS ITOPIBHSHO
3 PyXOM JIEeTaJbHOI 130TepMH depe3 TeIIoBe Ha-
BaHTa)XKCHHS Ha TKaHuHY. Llel edekT 3 yacoM mpu3-
BOIUTH 10 301IBIIEHHS CITIIBBIIHOIIEHHS 30HA He-
Kpo3y/3oHa Jbomy. Takum 9uHOM, (akt 25%-ro0
BiTHOIIIEHHS 00’€My HEKpO3y J0 00’€My KpHKaHOI
30HH HE € Oe3MepeyHnM, 1 TOMY MOTPiOHI mojanbII
JOCHIDKEHHSI AMHAMIKH TEeMIIEpaTypHUX 130TepM
Yy KpWXKaHid 30HI 3a PI3HUX DPEXHMIB 3aMOPOXKY-
BaHHSI, JIOKaJTi3alii Ta 1[Il KpiOBILIUBY TOIIIO.

Ockinpku ¢GaxiBIUSIM JUIsi BUMIPY AOCTYITHI JIMIIE
TTOBEPXHEB1 TEIUIOBI IOJISA, TO JUISI OIIIHKA METOIOM
YT 00’eMHHMX MEX 30HM HEKpO3y HEOOXiJIHO MaTu
BIIEBHEHICTH, [0 MOBEPXHEBE TEIUIOBE TIOJE OIIHO-
3HAYHO BigOoOpa)kae pO3IMOMIT TEMIIEPaTypH y TIIH-
OWHY TKaHWH — TIJIBKM y IIbOMY BHITQJKy MOXKHA
OLIHUTH BHYTPILIHI TemioBi nomna. Hanpuknan, npu
BUKOPHCTaHHI TOYKOBOTO IUIOCKOTO KpiOaruliKaTo-
pa Ui MpaBWIBHOI OLIHKH TIIMOWHU MPOMOPOXKY-
BaHHs KpW)KaHa 30Ha Mae OyTH (OpMH MpPaBUIBHOL
miBKyni, a He i1 cermeHTa (TOOTO paniyc Kpuka-
HOi MiBKyJl Ha MOBEPXHI MOBMHEH JOPiBHIOBATH
ruOuHi pomepsanns) [34]. Ll BuMora Hakjaaae
0OMEXEHHS Ha MIBUKICTh, KIHIICBY TEMIIEpaTypy Ta
TPUBAJIICTh OXOJIOKEHHS Toto [5, 31, 34]. Kpim Toro
MOXe BHHUKHYTH TpoOJieMa 3 BUKOPHCTAaHHSM BiJl-
HOCHOI IIKaJu TEMIIEPATyp Yepe3 MOXKJIMBHUH CIazm
CYIWH, IO TPU3BENE 0 3HWKECHHS TEeMIIepaTrypu
B 00paHiii eTanoHHi 30Hi [32].

Otxe, [YT MokHA BUKOPUCTOBYBAaTd AJISl iHTpa-
OTIEPalifHOTO KOHTPOJIIO PyXy 00’€MHOI JeTanbHOi
130TepMHU TiNBKH 32 TEBHUX MapaMeTpiB PEXUMY
KPiOBIUIHBY.

Jo iaTpaomnepariitnoro 3actocyBanns [UT mox-
Ha BIJHECTH HEIHBa3UBHUHN MUCTAHIIMHUNA KOHTPOIH
MTOPYIICHHS CUMETPiil pO3MOILITY TEMIIEPaTypH B KPH-
YKaH1{ 30H1 Ha TIOBEPXHI Yepe3 HAsIBHICTh BEJIHMKOI CY-
nuHu [13] a0 HEOTHOPITHOTO KOHTAKTY KpioariTika-
TOpa 3 TKaHUHAMU [33]; KOHTPOJIb 32 PYXOM KPOMKH
KpYDKaHOI 30HM Ta HEKPOTHYHOI 130TEPMH Ha IIO-
BEpPXHI 3aMOpOXyBaHOI TKaHWHM [33]; MUTTEBHI
aHaji3 po3MOJTy TEeMIeparyp SIK y CEepeluHi, Tak
1 mo3a onepaniiHoi JiITHKY.

Crin 3a3HaunTH, IO TPU JIKYBaHHI Kpioxipyp-
rivanM metopoMm YT moxe OyTH 3acTocoBaHa Ha
eTari J00MNepaliifHoro IIaHyBaHHS KPIOBIUIMBY SIK
METOZ JAOMOMIXHOI TOMIYHOI JIarHOCTHKH MaToJo-
rivgoro mporecy [23, 25, 26], meTon micisornepa-
MIHOTO KOHTPOITIO 33 MPOIIECOM 3aro€HHS, PyOITo-
BaHHS paH, a TaKOX METOJ CBOE€YACHOTO BHSB-
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the volume boundaries of the necrosis zone
using the IRT, it is necessary to be sure that the
surface thermal field clearly reflects the tempe-
rature distribution in the depth of the tissues —
only in this case can the internal thermal fields
be evaluated. For example, when using a point
flat cryoapplicator to correctly estimate the depth
of freezing, the ice zone should be in the shape
of a regular hemisphere, and not its segment (that
is, the radius of the ice hemisphere on the surface
should be equal to the depth of freezing) [34]. This
requirement imposes limitations on the speed,
final temperature and duration of cooling, etc.
[5, 31, 34]. In addition, there may be a problem
with the use of a relative temperature scale due to
possible vasospasm and, accordingly, a decreased
temperature in the selected reference zone [32].

Therefore, IRT can be used for intra-operative
control of the volumetric lethal isotherm movement
only under certain parameters of the cryoeffect
regimen.

The intra-operative application of IRT can
include: non-invasive remote control of the
disordered symmetry of the temperature distri-
bution in the ice zone on the surface due to the
presence of a large vessel [13] or heterogeneous
contact of the cryoapplicator with tissues [33],
control of the movement of the edge of the ice zone
and necrotic isotherms on the surface of the frozen
tissue [33], instantaneous analysis of temperature
distribution both in the middle and outside the
operating area.

It should be noted that during cryosurgical
treatment, IRT can be used at the stage of pre-
operative planning of cryoeffect as a way of auxi-
liary topical diagnosis of the pathological process
[23, 25, 26], a method of postoperative control
of the healing process, scarring of wounds, and
also for timely detection of possible post-surgery
complications [12, 22, 23].

At all stages of cryosurgical intervention,
IRT can be used almost each time, while the tech-
nique of thermal imaging monitoring is similar
to the methods of thermal field analysis for the
purpose of diagnosis and control of other di-
seases [30]. According to hyper- or hypothermic
areas on the skin surface in the projection of the
pathological area, its size and shape are specified
(topical IRT diagnostics), as well as the presence of
inflammatory processes, areas of necrosis, impaired
blood circulation, etc. It should be noted that
the quantitative analysis should preferably be
carried out according to the individual relative
temperature scale for each patient, that is, when the
temperature at the area of interest is evaluated in
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JICHHST MOXUIMBUX MICIAONEpaliiHiX YCKIAJAHEHb
[12, 22, 23].

Ha Bcix eramax KpioxXipypri4yHoro BTpYy4aHHS
YT moxe OyTH BUKOpPHCTaHA MPAKTHYHO 3aBXKIH,
P IbOMY METOAMKA TEIUIOBI3IHHOTO MOHITO-
PUHTY aHAJIOTIYHA METOAWKAM aHaji3y TEeIIOBHX
TIOJTIB 3 METOI0 TIarHOCTHKH Ta KOHTPOJIO I1HIIHX
3axBoproBaHb [30]. 3a rimep- abo TIMOTEPMIYHUMHU
TUITHKAaMHA Ha TIOBEPXHI IIKIpH y TPOEKIIII TaTo-
JIOTIYHOI MINSTHKU YTOYHIOIOTBCS ii po3Mip Ta ¢op-
Ma (tomiyHa [YT-nmiarHOCTMKA), a TAaKOX HasB-
HICTb 3amalibHUX MPOLECiB, 30H HEKpPO3y, MOpY-
LICHHS KpOBOOOIry Ta iH. 3a3HauMMo, IO KiJIbKic-
HUH aHai3 0a)aHO TPOBOAUTH 33 1HIUBIAYATHHOIO
JUISl KOOKHOTO TAalli€HTa BiJHOCHOIO IIKAJIOK0 TeMIIe-
paryp, TOOTO KoM TemrepaTypa B TOUIl iHTEpecy
OIIIHIOETHLCS Y TIOPIBHSAHHI 3 TEMIIEPATypPOIO CTAIOH-
HO1 31m0poBOi 30HM. IIpw BHUKOpWCTAaHHI BiIHOCHOI
MIKalli  TeMIleparyp MOMHWIIKA BHMIpy TeMIiepa-
TypH BU3HAYAETHCS TEMIICPATypHOIO YYTIUBICTIO
terioBizopa (He Ounbire 0,1°C), y ToH yac K npu
BU3HAYCHHI a0CONIOTHUX TeMIeparyp MoXuOKa cra-
HOBHUTH OnmM3bK0 2% BiJ BHUMIpIOBaHOI TeMIlepa-
Typu (mpubnuzno 0,6°C mpu 3nauenni 30°C). Bi-
JIOMO, II0 TETUIOBE IOJie Ha IIKipi 340pPOBOi JIIOAH-
HU TIOCTIHO 3MIHIOETBCS Yy dYaci depe3 30BHIIIHI
Ta BHYTpilIHI (akTopH, IiHOUBiAyadbHI 0COONH-
BOCTi TepMoperyisarii. Ile cyTTeBo 3HIXKY€E TOU-
HICTh JIarHOCTHKHU Ta KOHTPOJIIO TIPH BHKOPUCTaHHI
abcomoTHO mIkamu Temmeparyp. [lo MoXxHBOCTI
JUTsI BUOOPY €TaIOHHOI 30HH CJIiJ] BUKOPUCTOBYBAaTH
KpUTEpili TMOpPYIIEHHS TEIIOBOI CHMETpii, 3TiIHO
3 SIKUM JIUJISTHKA 3 OMOPHOIO TEMIIEPaTypOIO MOBHH-
Ha OyTH CHMETPHYHOIO, KOHTpJIAaTepAIILHOIO Ta Of-
HaKoBOIO 32 ()OPMOIO Ta PO3MIpOM i3 30HOIO iHTe-
pecy [38]. Skmo KpuTepii MOpyLICHHS TEMIOBOI
CHUMETpii 3acTocyBaTH HEMOXJIMBO (HANPHKIA,
30Ha iHTEpecy pO3TAIlOBYETHCS MOOIM3Y OCi CHMe-
Tpii), eTamoHHa 30Ha MOXke OyTH OoOpaHa B MpHIIET-
JIAX 3[IOPOBUX TKAaHWHAX, aje He OmmK4e HiXK 3 cM
Bil Kpaw MAUISHKA 3 MOXKJIMBOIO Tirep-/Tinorep-
Miero [22]. YV TabauIl mpuBEIeHO XapaKTECPUCTHKHU
OCHOBHHX METOJIiB KOHTPOITIO TEMITEPATypH 32 HHU3b-
KOTEMITepaTypHOTO BILUTMBY Ha 010JIOT1UHI TKAHUHHU.

BucHoBKH

Haii0inpm BUKOPUCTOBYBaHMM 1HCTPYMEHTOM
KOHTaKTHOro (iHBa3MBHOIO) BHUMIpIOBaHHS TeMIIe-
parypu B Mpoleci KpiOBIUIMBY € MiJb-KOHCTaHTa-
HOB1 «TOMYacT» TEPMOMapH, MPHU IIBOMY TOYHICTb
BUMIPIOBaHHs TEMIIEPAaTypu ICTOTHO 3aJICKUTh Bif
metoauku. [1py HenpaBWIEHOMY BBEICHHI TepMOIIap
ITiJT 9ac 3aMOPOXKYBaHHS TKAaHWHU IOMHUJIKA BUMIPY
TeMIIepaTypu MOXKe Yy KiIbKa pasiB IEepPEBUITYBATH
HPHUITYCTUMY.
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comparison with the temperature of the reference
healthy zone (reference area). When using a relative
temperature scale, the temperature measurement
error is determined by the temperature sensi-
tivity of the thermal imager (no more than 0.1°C),
while when determining absolute temperatures,
the error is about 2% of the measured temperature
(approximately 0.6°C at a value of 30°C). It is
known that the thermal field on the skin of a heal-
thy person constantly changes over time due to
external and internal factors, individual features
of thermoregulation. This significantly reduces
the accuracy of diagnosis and control when
using the absolute temperature scale. If possible,
for the selection of the reference zone, the criterion
of disordered thermal symmetry should be used
into account, according to which the area with the
reference temperature should be symmetrical,
contralateral and the same in shape and size as the
zone of interest [38]. If the criterion of disordered
thermal symmetry cannot be applied (for example,
the zone of interest is located near the sym-
metry axis), the reference zone can be chosen
in the adjacent healthy tissues, but not closer than
3 cm from the edge of the area with possible hyper-/
hypothermia [22].

The Table shows the parameters of the main
temperature control methods for low-temperature
effects on biological tissues.

Conclusions

Copper-constantan ‘needle’ thermocouples are
the most widely used tool for contact (invasive)
temperature measurement in the process of cryo-
effect, while the accuracy of temperature measu-
rement depends significantly on the technique.
If thermocouples are inserted incorrectly during
tissue freezing, the temperature measurement error
may be several times higher than the allowable
one.

The main non-contact (non-invasive) method
of controlling the temperature field in cryo-
destruction is infrared thermography, which has
a number of limitations due to the nature of the
method (the availability of only surface thermal
fields) and the range of temperatures measured by
serial thermal imagers. Therefore, thermographic
control of the dynamics of the volume of primary
necrosis is possible only under certain modes of
cryoeffect. At the same time, non-invasive re-
mote monitoring of the ice edge movement on
the surface, control of the shape of the ice spot and
the dynamics of the surface thermal field inside
and outside the operating area is available. In
addition, thermography can be used without
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MeToamn KOHTpOMo TemnepaTtypu Mg Yac HU3bKOTEMNEePaTyPHOro BMNNBY
Temperature control methods during low-temperature exposure

[LianasoH
MpuHumn aii (TOYHiCcTB) BUMIpY
MeTopn/obnanHaHHA XapaKkTepnuctuku Mepesarun Heponiku HU3bKMX TemnepaTtyp [xepeno
Method/equipment Principle of action Advantages Disadvantages Range (accuracy) References
Parameters of measuring low
temperatures
TepmoeneKkTpuiHui
edeKT. 3anexHicTb
Bumip y Touui eNeKTPUYHOro onopy H . | . .
(«FonuacTi» TepMmonapm sin TemnepaTypy 13bKa BapTiCTb, HBA3MBHICTb, BUMID [lo ~200°C
! Lo NPOCTOTa BUKOPUCTAHHA, B OKpeMmiin Touui o [18-20
TepMoMeTpu) KoHTakTHuiA (x 2-3) 0°C ’

Point " Th lectri He noTpebye onepatopa Invasiveness, To —200°C 27, 28, 45,
,_roint measuremen ermoelectric Low cost, ease of use, no measurement at o- by 55-58]
(‘needle’ thermocouples, effect. Dependence of . - . (+ 2-3) 0°C

. - operator required a certain point
thermometers) electrical resistance
on temperature.
Contact
BinbutTA ynbTpassy-
KOBOI XBWNi Bifi MeX
cepeaoBuLy pisHOT MoTtpebye onepa-
WwineHocTi. MomipHa BapTicTb Topa
KoHTaKTHUIA. OMIp P! ! Bumip Tinbku isoTep-
M BUMIp Y FMUOBMWHI TKaHWH o [1, 35, 44
Y30 (ckaHepw) Henpamuit mu T = 0°C o U dan
Ultrasound (scanners) Reflection of an Reasonable cost, Requires an operator oC 46, 51, 83,
- measurement in the depth a P 57]
ultrasonic wave from of tissues Measurement of
the boundaries of only the isotherm
media of different T~0°C
densities. Contact.
Indirect
Biaryk Agpa atoma Bucoka BapTicTb.
BOAHIO Ha MarHiTHe MeToanuHi Tpya-
none. ONpomiHeHHA Howi. MoTpebye
PEHTreHiBCbKMMM onepaTopa
MPOMEHAMMU. Bumip Tinbku isoTep-
Be3KkoHTaKTHi. Bumip y rnmbuHi TKaHWH M T~0oC [1, 6, 51
MPT ta KT (ckaHepu f . . o "2 40
{ pu) Henpsami Measurement in the depth High cost. 0°C 21, 39, 40,
MRI and CT (scanners) - A
Response of the of tissues Methodological 50]
nucleus of a hydrogen difficulties.
atom to a magnetic Requires an operator
field. Irradiation with Measurement
X-rays. Contactless. of only the isotherm
Indirect T~00C
AHanis Temnepartyp-
HUX 3aneHocTen
napameTpis MPT. Bi .
E o inCYTHICTb CTaH-
€3KOHTaKTHUN.
. Henpamwii Bumip 3D-Tennosoro AapTsaul. Bucoka o
MPT-TepMomeTpin Ha crapii pocni .)KeHb nonA B rMUbWHI TKaHUH sapricte.MotpeGye flo -40°C [41],
(MPT-ckaHepw) Aﬂ Iu . ﬁ: M f the 3D onepaTopa + 3°C [46] [37, 39, 40,
nalysis o easurement of the 400 43 48
MRI thermometry (MRI temperature thermal field in the depth Lack'of . To 49 C 141], » 48]
scanners) : standardization + 3°C [46]
dependence of MRI of tissues High cost
parameters. 9 "
Contactless operator required
Indirect.
At the research stage
Bumip Bnackoro Te- HeiHBa3NBHICTb, HEBUCOKA Bumip Tinbku
NI0BOr0 BUMPOMIHIO- - noBepxHeBOI Temne-
. : . BapTiCTb, NMPOCTOTa BUKO- o
I4-TepmomeTpia BaHHA LLKIpW B TOYUi. patypu. flo -70°C
™ . pUCTaHHA, He NoTpebye . o
(Tracker Cam™) Be3KoHTaKTHWiA onepatopa Husbka posginb- (£ 5°C) [12] 7]
IR thermometry Measurement of the . . Ha 3naTHICTbL To -70°C
™ A Non-invasiveness, low o
(Tracker Cam™) skin’s own thermal Measurement of (£ 5°C) [12]
o . cost, ease of use, no
radiation at a point. ? surface temperature
operator required -
Contactless only. Low resolution
Bumip BnacHoro HeiHBa3uBHiCTb, NoMipHa BiacyTHicTb cTaH-
TENnoBoOro BUNPOMi- BapTICThb. naprtis. Bumip Tinbku
14 Tepmorpadia HIOBaHHA LLKipW. Bumip BCbOro Tennosoro NoBEPXHEBOI TemMne- Lo -20°C (£ 1°C),

(tennosisopw) BesKoHTaKTHMIA nonA paTypu Oo -40°C (£ 2°C) [13, 32, 33,
IR thermography Measurement of the Non-invasive, moderate Lack of standards. To -20°C (£ 1°C), 41, 52]
(thermal imagers) skin’s own thermal cost. Measurement of To -40°C (= 2°C)

radiation. Measurement of the entire | surface temperature
Contactless thermal field only
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OcHOBHMM O€3KOHTAKTHHM (HEIHBa3WBHUM) Me-
TOAOM KOHTPOJIIO TEMIIEPaTypHOTO TOJI B IMPOLECi
KpiogecTpykuii € iHppauepBoHa TepMmorpadis, sika
Ma€ HU3KY OOMEXEeHb, 3yMOBICHUX MPUPONIOID Me-
TOmy (IOCTYITHICTIO JIMIIE TOBEPXHEBUX TEIIIOBHX
MIOJTIB) Ta Jialla30HOM BHMIPIOBAaHUX TEMIIEpaTyp
cepiiHuMU TerioBizopamu. Tomy TepMorpadiuHuit
KOHTPOJIb JAWHAMIKA 00’€MY TICPBHHHOTO HEKPO3Y
MOXITUBHH JIMIIE 32 TIEBHUX PEKHUMIB KPiOBILIUBY.
[Ipu upomy mOCTYNHHMI HEIHBA3WBHHIN AWCTAaHLIN-
HUH MOHITOPUHT PyXy KPOMKH JIbOJY Ha MOBEPXHI,
KOHTPOJb (POPMH KPWKAHOI TUIIMH Ta JUHAMIKA
MOBEPXHEBOTO TEIUIOBOTO IOJISI BCEpEIUHI Ta M03a
omnepauiitnoi ginsHku. Kpim Toro, Tepmorpadis moxe
Oyt 0Oe3 0OMEXEeHb BHKOPUCTaHA SIK JONATKOBUH
METOJl MIarHOCTHKH Ha eTami IUIaHyBaHHS oOIepa-
Iii, a TaKOoXK y IMiCIIIONIEePAitHIN TIepiox ISl KOHT-
POITIO TIPOIIECY 3arOE€HHS, PYOITIOBaHHS paH i T. II.

TakuMm 9UHOM, OTVISIZ JIITEpaTypy IIONO HAaSBHUX
METOJIIB Ta IHCTPYMEHTIB KOHTPOJIIO TeMIIEpaTryp-
HUX TIOJNIB y TIPOIECI KPioAeCTPYKIii Oi0JOTTIHHX
TKaHWH TI0Ka3aB, 110 TaKUH MOHITOPUHT € HEOOXis-
HUM, TIPH IIbOMY SIK KOHTaKTHi, Tak 1 OE3KOHTaKTHi
METOAM KOHTPOJIO TEMIIEpaTypu I 3MEHIICHHS
MMOMUJIKKA BUMIPY TIOBHHHI 3aCTOCOBYBATHCS JIUIIIC
BIJIOBIHO IO PO3POOICHUX METOJWK ab0 YUHHHX
MPOTOKOJIIB.

[lepcriekTHBOIO TOAANBIINX AOCTIMKEHh MOXKE
OyTH BU3HAYCHHS OCOONHMBOCTEH IWHAMIKH TEM-
TepaTypHHUX TOJIB y KpHKaHii 30HI 32 Pi3HUX YMOB
HU3bKOTEMIICPATYPHOTO BIUIMBY Ha O10JIOTiYHI TKa-
HUHH.

Poboma euxonana 3a niompumxu epanmy Hayio-
HanbHo2o ¢ondy oocnioxcenv Yipainu « Tennogisitine
00CNi0CEeH ST M AKUX MKAHUH HPU MEPMIYHOMY Ypa-
JHCeHHI  ma mamemamuyHe MOOENIO8AHHA NPOYecis,
wo toeo cynpogodxcyiomovy (Ipanm Ne 2022.01/0094.
llepoicasnuii - peccmpayivnuil HOMep npoeKmy:
0123U103500).
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restrictions as an additional diagnostic method at
the stage of surgery planning, as well as in the post-
operative period to monitor the healing process,
scarring of wounds, efc.

Thus, a review of published reports on the
available methods and tools for monitoring tem-
perature fields during cryodestruction of biological
tissues showed that such monitoring was neces-
sary, while both contact and non-contact methods
of temperature control to reduce measurement
error should be used only in accordance with
developed procedures or current protocols.

The prospect of further research will be likely
aimed to determine the peculiarities of the dy-
namics of temperature fields in the ice zone under
various conditions of low-temperature impact on
biological tissues.

This work was supported by the National Research
Foundation of Ukraine funding by the grant titled
as ‘Thermal imaging study of soft tissues with thermal
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