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Temnopuznyeckoe MoIeTUPOBAHNS KPHOAECTPYKINH OMOJTOTHYECKON TKAHU

Ilpuseoeno pewenue 3a0ayu Cmegarna 0151 onpedenenus memnepamypHvix nouei 6 ouo-
JIO2UYECKOU MKAHU 8 npoyecce KpUoOeCmpyKyuu 3a0aHHbIX Y4ACIKO8 C Yelblio UX Bbls6/leHUs
U JIOKAIU3ayuu ¢ NOC1e0yrouuUM nposedeHuem ae4eonvix oeticmsui. Paccmompenvt mpu muna
KPUOUHCMPYMEHMOB, KOMOPble 8 NeP8OM NPUOIUNICEHUU NPeOCmABleHbl 0OHOMEPHOU 3a0a-
yeu. Boidenenvl mpu uzomepmuyeckKue n08epXHOCMU, KOMOPble BbIAGIAIOM 30HY GIUAHUSA, 30-
HY 3aMopascueanus u 30Hy Hekposa. IIpedcmasneno pewenue oopamuol 3a0ayu onpeoe-
Jsowelt 3a8UCUMOCb KOOPOUHAMbL O MeMNepamypsl, 4mo no380jAem HAumu KoopouHa-
mol hazosvix nepexodos. Pezynomamovl pacuemos coenacyromcs ¢ 3KCHepUMEHMATbHbIMU
OAHHBIMU, NOTYYEHHBIMU HA HCUBBIX OPSAHUZMAX.

Brenenue. 3agaua Credana npuMeHsieTcs AJi ONMKUCAHUS TPOLECCOB, KOTOPbIE
BKJIFOYAIOT KPaeBbI€ YCJIOBUA C NEpeMEHHbIMH 3HaueHusMu[l-3]. Takue ycrnoBus
BO3HHMKAIOT B OMOJIOTUYECKHUX TKAHAX B pe3yjIbTaTe MPUMEHECHHS METOJa 3aMOpaKu-
BaHUSI OTACJIBHBIX YYaCTKOB C IIEJIbIO BBISIBJICHUS U JIOKAIU3AIUU 3JI0KAYECTBEHHBIX
kieTok [4,5]. Toraa KuAKOCTh OMOJIOTHYECKON TKaHH, KOTOpas MPEICTaBIICHa, B OC-
HOBHOM, B BU/JIC BOJbI, 3aMEP3a€T U IPaHuUlla )KUJAKOCTh — JieJ OyJIeT 3aBUCETh OT Te-
MI0PU3NYECKUX XaPAKTEPUCTUK TKAHHU, a TAKXKE OT MapaMeTpOB 3aMopakuBaHus. B
pe3ynbTaTe Ha MOBEPXHOCTH M B 0O0BEME TKAHM YCTAHOBUTCS HEKHH JUHAMHYECKUI
TEeMIIepaTypHbIN PO, 3HAHWE KOTOPOTO SIBIISIETCS MUCXOAHBIM MapaMeTpOM IS
OTIpeIeJICHHS JICUCOHBIX JICHCTBUM.

B pabote npeacraBieHo penieHue Tero(Uu3n4ecKoi 3a1auu 3aMOpaKuBaHUs
OMOJIOTUYECKON TKAHU M HEKOTOPBIX APYTHUX CHEHU(DUUECKUX OPraHoB C IENbI0 OM-
peesieHnsl TeMIlepaTypHOTo npoduis U BOZMOXHOCTH YHPABIICHUS MPOLIECCOM 3a-
MopakuBaHus. J[JI1 OCYHIECTBICHUS TapAHTUPOBAHHON KPUOJAECTPYKLHMH 33JaHHOTO
o0beMa MaToJIOrM4YeCKO TKaHU, KpoMe 00ecredeHus ONpeeieHHbIX Terodu3nye-
CKHX IapaMeTpoB, HEOOXOAMMA TAK)KE€ METOAMKA pacueTa U MPOrHo3a pe3ysIbTaToB
OCECUMMETPUYHONW KPHOJECTPYKIIMHU B CIIydyae MPUMEHEHUS KPUOTEHHBIX alIlIhKa-
TopoB. B mporecce kpuoaecTpykuuu HOBOOOpa30BaHUM B OMOJOTHYECKHX O0BEKTaX
B OOJIBIIIMHCTBE CITy4aeB UCIIOIL3YIOTCS IUIOCKUE U TTOTyC(hEepUIeCKUe anllInKaToOPhI.

W3BectHbI [6-8] pemenus aisi (pa3zoBbIX MEPEXOIO0B B YCIOBHIX OXJIAXKICHUS
WJIM HarpeBa, Korja KOOpAUHATa TPaHUIlkl (Da30BOTO Mepexo/ia 3aBUCUT OT BPEMEHHU.
Hanpumep, B pabote [9] paccmaTpuBaeTcsl KpaeBas 3ajada JJisd YpaBHEHHS TEIIO-
IIPOBOJAHOCTH C JABIKYILIEHCS MO 3aJaHHOMY 3aKOHY T'PaHHUIIEA C IMOCTOSAHHO JIEHCT-
BYIOILIMM IIEPEMEHHBIM BO BPEMEHU MCTOYHUKOM Teria. OCHOBHBIE NPUHLUIIBI, CO-
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Puc. 1. CxemaTnueckoe U300pakeHUE U30TEPMUUYECKUX MMOBEPXHOCTEN OMOTKaHU B
npoliecce KpHoBO3AeCcTBUSA

OJIr0JIeHUE KOTOPBIX 00eCreYrBaeT BO3MOKHOCTh MPUOJIMKEHHBIX PELICHUH 3a1aun
Credana ¢ pa3nTUYHBIMU TPAHUYHBIMHU YCIOBUSIMU C(HOPMYITHpPOBAHBI HA MPUMEPE
3a/1a4u O MPOMEP3aHUU — OTTAUBAHUHU BJIaXKHOTO TpyHTa [10].

IHocranoBka 3axa4yu. PaccMOTprM MareMaTHYECKYyH0 MOJIENb CTAllMOHAPHON
ACUMMETPUYHON KPHOJECTPYKUUU Ouojoruueckor Tkauu. [Ipeamonoxkum, 4ro 00-
JIACTh TUIOCKOTO KOHTAKTHOTO KPMOMHCTPYMEHTA JOCTATOYHO BEJIMKA, IIOITOMY, Mpe-
HeOperasi kpaeBbIMU 3 (PeKTaMu, OrpaHUYMMCS MOJIENBI0 Tpoliecca OJJHOMEPHOIO
IJIOCKO-TIapaJUIEIbHOTO JIOKAJIBHOTO 3aMOpaXMBaHUs. TaKoil MpoLECC ONMUCHIBAETCS
HecTanmoHapHoM 3amadeit CrtedaHa ¢ JByMsS H30TEPMUUYECKUMH IMOBEPXHOCTIAMHU
®,(P,t)=0 u ®,(P,t) =0, KOOpAUHATEI KOTOPBIX CIETYET ONPEIEIUTb.

[lonaraem, 4TO BHE 30HBI BIMSAHNS UCTOYHUKA 3aMOPAKUBAHNS UCTOYHUKH TE-
IIJIJa CKOMIIEHCUPOBAHBI, & U3MEHEHHUE TEMIIEPATYPBI IPOUCXOAUT TOJIBKO B 30HE, OT-
paHUYEHHOU n30TepMoit 3amopaxuBanus O, (P,7) =0 u n30TepMoil HauaIbHON TEM-

nepatrypbl Tkanu @, (P,t1)=0. Torga marematuyeckass MOJAENb Ipoliecca Oyaer

MPEACTABIATh COOOM HecTaunoHapHyro 3aaady CredaHa ¢ TpeMs U30TEPMUYECKUMHU
MMOBEPXHOCTSAMH: 30HBI BIUSHUS, 3aMOPAXXUBAaHUS U 30HBI HEKpo3a (puc.l).
PaccmoTpum ypaBHEHME TEIITIONPOBOIHOCTH:
dT dd

AKT—cpZ:—W+p dt38(CD3); PeD(t),t>0 (1)
A, T =div(\hgradTl), (2)
C HAYAJIbHBIMU yCIIOBUSMH 1ipH ¢ = 0):
T,PeS=S,
T,,PeSs,
IIpU KPAe€BOM YCJIOBHUU:
dT
—A—=o(T -T,);PeS =S,
_ dn
T=T,
°l . dr
~-A—=0;PeS;;Pe®,
dn

C YYETOM YCJIOBHUS U30TEPMUYHOCTH:
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I'=T,;Pe®,IT=T,;Pc®,;;T=T,;,Pcd,.

3necs d(D,) — nenpra PyHkuusa Aupaka ¢ pa3oBbIM NEPEXOAOM Ha IOBEPXHO-
ctu O,(P,t)=0;

Ty(0) = Tp — HavapHas TeMIepaTypa HHCTPYMEHTA, KOTOPask MOKET U3MEHs-
€TCsl CO BPEMEHEM JI0 HEKOTOPOU 3a1aHHOM:

T(0)=T,.

Takum 00pa3om, oOlas 3ajaya BKJIIOYAET TPU MOBEPXHOCTH, 3aBUCAIIUE OT
BPEMEHH, UTO 3HAYMTEJIPHO YCIOXKHAET ee pernienue. OmHaKko, s ciaydast O0JbIINX
pa3MepoB IJIOCKOT0 KPUOMHCTPYMEHTA C PAaBHOMEPHBIM paclpeiesIeHHeM TeMIiepa-
TypBI 3a71a4y MOKHO YIIPOCTUTH K OJHOMEPHOMN 3aBUCHUMOCTH TEMIIEpaTyPhl OT KOOP-
nuHaThl z. VIHOTA aHaloOTWMYHBIC MPEIINOJI0KEHUS MOXHO JOMYCTUTh TakKKe s
IPOTSHKEHHOTO MMJIMHIPUYECKOTO MM TOJyC(hEepUuecKOTO HHCTPYMEHTA.

Torna 3anuiieM ypaBHCHHE B BUJIC:

ii(Zk?ud—T) - cpd—T =W - pz3zk8[z -z, (t)] 3)
z, dz dz dt

t>0, zp<z<z,()

Tlzy0.t]=5,  Tlz,@0.0]=T,, Tlz,0).0]=T,.

rae 8[2 -z, (t)] — nenbTa GyHKIMS ¢ BecoM Z', k=0, 1, 2 — I0CKui, WHIHHApHYe-

CKHI WK chepruyecKuil ciaydaid, COOTBETCTBEHHO.
B3auMocBsa3p TemmnepaTypsl U KOOPAMHATHI MO3BOJISIET MOCTaBUTH OOpPATHYIO
samaay T(z,t) <> z(T,t).
1 z d 1 d 1
rI.=—, T=—-+, —=——"; S(z—2)z"=—8(T-T,).
z z dz z,.dT ’ z }
T T T T
3nech unjekcamu z, T v t 0003HaAYEHBI TPOU3BOIHBIEC IO KOOPAUHATE, TEMIIE-
paType U BpEMEHH, COOTBETCTBEHHO.

ITonaras Tak XKC, UTO

3
ziep
— _ “373F3 _
z=zx,t=——"—1, T=T,+(T, -T,)0,
}\'3
HIPUXOAMM K 00pPaTHOM MOCTaHOBKE:

1

K
X

{y(@) ﬁ} + [K(G)) +P(0 - ®3)]xT + W, (@)xy =0 4)

g)a(t)<®<0 , >0

x(®,,0)=x,, x(0,0)=x,(0), O _(1)<O®<0, t>0
x[@a(r),t]zxo, Xy (0,7) =20, T>0,
x(0,,7)=x,(1), x(0;,7) =x,(1), x(0,7) =x, (1)

rae

AMT(@)]=17(0), cp=cp,K(0), W[T(®)|=W,(T, —T,)B(®)
Ta[T(T)_TH] ® T;_TH

TH _TK

0,(1)= T =1,T,.7.T,

b

i_TH_TK’
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Puc. 2. TemneparypHble 10JIsI B TPEX 30HAX OMOJIOTMYECKON TKaHU
MIPU TUIOCKOM KPUOUHCTPYMEHTE

Z3 — MAaKCUMAaJIbHBIN pa3Mep 3aMOpPOKEHHOM 001acTH, JOCTUTAEMBbIH MPU CTAllHOHAP-
HOM peXUMe U Temreparype 7.

B npenensHOM ciydae, Korja BpeMs 7 — 00 MPOIECC MPUXOIUT K CTAIMOHAP-
HbIM ycnoBusM O, (1) = -1, x(0,7) > x(®), x(r) =1. Torga pemenue cranquoHap-
HOM 3a/1auu MO3BOJISIET HANTH BBIPAXKEHUS JJI ONpPEIeTICHUS MAaKCUMAJIbHBIX pa3Me-
POB 30HBI 3aMOPAKUBAHUS 1 KPUOJECTPYKIIUU:

__ ME-T) 5
LT, =T,
_(T,-T)
Ty ©

JpyruMm BayKHBIM MapamMeTPOM IIPOLECCa ABIISIETCS €0 JUIMTENBHOCTD, KOTOpas
ONPENEIIAETCS KAK BPEMsI MPAKTUYECKOTO JTOCTHKEHUS CTALlMOHAPHOTO COCTOSIHUSA {,
Y MOXXHO HaWTHU U3 BBIPAKECHUMN:

1+03 1 1f<(@)3)+P)c3p3

f=2,05—2(=+ , (7)
©2 2 1+0, W,
I, -T A
rae 3=—(3 ”); y=2w; K=
(7, -T,) A, GPs

Pacuetsl mpoBeeHBI C UCIOJIB30BAHUEM CIISYIONIUX MapaMeTpoB OHUOIoTHYe-
CKOU TKaHU:

A, =222; A, =0.56 (Br/M°C);
e,p; =2.01-10° ¢,p, =3.6-10° Ix/(m*°C),
W, =48.5-10° B/(mM*°C);
T, =-20°C; T, =0°C; T, =37.5°C.
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MCJIbKOHCTAHTAaHOBBIMH TCpMOITapaMu

Puc. 3. Cxema uzMepeHus pacnpeaesieHus TeMIeparypbl B OMOJOTHYECKON TKaHU.

AHanu3 pe3yabTaTroB. [[15 3KCIIEPUMEHTAIBHOTO OIpPEAECIEHUS pacupeesie-
HUSL TeMIlepaTypbl B OMOJOTMYECKON TKAHU UBBIX OPraHW3MOB HCIOJIb30BaJIaCh
KpUOXUpYypruueckasi ycraHoBka «KpuosnekTpoHuka — 4» ¢ anmiuKaTopaMu JUaMeT-
poMm 50 mm 1 70 mMm. Temnieparypa onpenensiiack MEAb-KOHCTAHTAHOBBIMU T€PMOIIa-
paMi B MHBEKIMOHHBIX WIJIaX, PACMOJIOKEHHBIMUA Ha Pa3HbIX PACCTOSHUSX OT arl-
mmkaropa. Cxema npoBeAeHUs IKCIIEPUMEHTA [TOKa3aHa Ha puc. 3.

Pe3ynpTaThl pacdeToB W AKCIIEPUMEHTAILHBIC 3HAYCHUS TIIYOWHBI MPOMOpa-
KUBaHUsl OMOJIOTMYECKON TKAHU MPU PA3JIMYHBIX 3HAYEHUSX TeMIEpaTyphl anrinKa-
TOpa JJiA ABYX €ro JIUaMeTpoB cBeieHbl B Tabmuiy 1. Kak u cnegoBasio oxuaath,
rIIyOMHa MPOMOPAKMBAHUS OMOJIOTMYECKON TKaHU CO CHUKEHUEM TeMIIepaTyphl arl-
mukatopa o —175 °C yBenuuuBaercs 10 64 mm (pacuer) u 10 51 — 57 MM (9Kcme-
puMeHT). Kpome Toro, npu oJMHAKOBBIX 3HAYEHUSX TEMIEPATyphl alllInKaToOpa rIy-
OuHa MpOMOpaXMBaHUs TKaHU OoJbIIe /Uit OoJblero 3HayeHus: auamertpa. [locnen-
HEE MOXHO OOBSICHUTH MPEACIIbHBIMU YCIOBHUIMH TIJIOCKOM 3a7jauM, KOTJa pa3Mephl
yKe He BIUSAIOT Ha Pe3yJbTar.

C apyroil CTOpOHBI, CONOCTABICHHE PacyeTa ¢ 3KCIEPUMEHTOM IOKa3bIBaET,
MPEBBIIICHUE PACUETHBIX JaHHBIX HAa 10-18%. DTO CBUIETENBCTBYET O HAJIUYUU
BHYTPCHHUX MCTOYHUKOB TEIIa B OMOJIOTUYECKON TKaHU. JIeCTBUTENBHO, OTHUM U3
HMCTOYHHMKOB TEIJIa CHIDKAIOIMINUX TIIYOMHY MPOMOPAXUBAHUS MOXKET OBITh KpHCTAJ-
Ju3anus BHEKJIETOYHAs, a 3aT€M BHYTPHUKIIETOYHAS, KOTOpPbIE MOJCIUPYIOTCS pa3-
PBIBHOCTHIO BHYTPEHHEHN dHEPTUn Kak GyHKIHUHA TemMrneparypbl. CaMu UCTOYHUKHU CO-
CPEAOTOYEHBI HA M30TEPMUUYECKUX MOBEPXHOCTAX, MOJIOKEHUE KOTOPBIX OIMpEAEs-
€TCs B 3a7a4e€.

JpyruM MCTOYHUKOM TeIlJIa MOXKET OBbITh CETh KAaMWJUIIPOB, KOTOpas MPOHU-
3bIBAET TKaHb M MEPEHOCUT TEIUIO Ha JIMHUM 3amep3aHus. M, HakoHel BaXKHBIM HC-
TOYHMKOM TeIJla B OMOJIOTMYECKON TKaHW SBISIETCS SHEPIHsl MOOOYHOTO MPOAYKTa
MeTabosM3Ma, pacnpeiesieHHasi ¢ HEKOTOpOM MOCTOSIHHOM MoTHOCTHIO. [lo Termo-
dusngeckomMy cMmbicity 3aBucuMoctb W = W(T) moxeT ObITh TPEACTaBICHA MOHO-
TOHHOW HETIPEPHIBHON (DYHKIIMEH B HEKOTOPOM TEMIIEPATyPHOM UHTEPBAJIE.
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Tabumua 1. PacueTHble M SKCIEPUMEHTAIIBHBIEC 3HAYEHUS IPOMOPAKUBAHUS
OMOTKaHM JIJIsl Pa3HbIX alIlJIMKATOPOB.

Temmneparypa ['1yOriHa MPOMOpPAKUBAHUS, MM
anrmkaropa, °C N3mepenHnas
Pacuernas Anmukatop 50 Mm Anmimkarop 70 MM
-50 18 13 16
=75 27 20 23
-100 35 27 32
-135 45 36 41
-153 54 43 43
-175 64 51 57
LW
Wk (T)
|
N I
T Tn TF T T T

Puc. 4. 3aBUCUMOCTb INIOTHOCTU BHYTPEHHUX UCTOYHUKOB TEIIa OT TEMIIEPATYPHI.

KauecTBeHHBIE XapaKTEPUCTHKH, ONpeAeIIsieMble PU3NUECKUM CMBICIIOM, Y4H-
TBHIBAIOTCS MpHU BhIOOpE BuAa GpyHKUMOHANBHOM 3aBucumoctu W = W(T) . Ilpocteii-
e Mozenpio Oblia BHIOpaHa cTeneHHas PyHKIUS BUIA

—_ B —_
W=W,|T-T) ~(T-T) |:T,<T<T;0<B<1;v>1. (8)
3nech mapameTpsl W,, v [ omnpenenstoTcs SKCIEPUMEHTABHBIM MMyTeM Kak

XapaKTEPUCTUKN OMOJTOTUYECKON TKAHH.

OO6mwuit Bun Gynkuun (8) mokazan Ha puc.4. Kak BUJIHO, 3aBUCHUMOCTh HOCHUT
AKCTPEMAJIbHBIN XapakTep U JIEKHUT B 00JIACTU MOJIOKHUTENbHBIX M OTPHUIIATENIbHBIX
3HAUYEHUN TeMIiepaTypbl. MUHMMabHOE 3HAUYEHUE SHEPTUHU, BbIACIIEMONA B OMOTKA-
HU, paBHOE HYJII0, COOTBETCTBYET HEKOTOPOMY 3HAUEHUIO 7, PU KOTOPOM MPOUCXO-
JUT TIOJTHOE 3aMOpakuBaHue. Hapsimy ¢ Tem, mpu HyJIeBOW TeMIiepaType dHEPTroOBbI-
JIeNeHns] B 00beMe OMOTKAHU JTOBOJIBHO 3HAYUTENIBHOE U TPU HEKOTOPOM KpUTHYE-
CKOM 3HAa4€HUU JIOCTUTAET MakcuMyMa. MOXHO mojararh, 4to ¢opmyina (8) xadecT-
BEHHO OIHMCHIBACT 3aBUCUMOCThH DHEPTOBBIJICICHUS B OMOTKAHH OT TEMIIEPATyphl U
YAOBIIETBOPUTEIHHO TPAKTYET MPOUCXOSIINE B HEH MPOIECCHI.
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Shevchenko M. M., Lytvynenko O.0., DraganG. S.
Thermophysical modeling of biological tissue cryoablation

SUMMARY

The solution of the Stefan problem for the determination of temperature fields in the bio-
logical tissue during cryoablation defined areas with a view to their identification and local-
ization, followed by therapeutic action is proposed. Three types cryoinstruments considers
that as a first approximation presents a one-dimensional problem. Identify three isothermal
surfaces that reveal the zone of influence, the freezing zone and zone of necrosis. The solution
of the inverse problem of determining the coordinates of the temperature dependence that al-
lows you to find the coordinates of phase transitions. The calculation results are consistent
with experimental data obtained from living organisms.
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Illeguenko M. M. , /lumeunenxo O. O. , /Ipazan I'.C.
Temnogiznune MoaeIIOBaHHA KPioJecTPYKUil 0i0J10TiYHOTI TKAHUHU

AHOTAIIA

Haseoeno piwenns 3aoaui Cmeghana 0ns usHaueHHs memnepamypHux nouie 6 0ionoziu-
HIll MKAHUHI 8 npoyeci KpiodecmpyKyii 0esKkux OLIAHOK 3 Memolo iX UABNEHHs Ma JIOKANi3ayii
3 NOOANLUUM NPOBEOCHHAM NIKY8ANbHUX Oil. Pozensnymo mpu munu Kpioincmpymenmies, sKi
8 Nepuiomy HabIUNCeHHI npedcmasieni 00HOBUMIPHOIO 3a0ayero. Budineno mpu izomepmiuni
NOo8epXHI, AKI BUABIAIOMb 30HY 6NJIUBY, 30HY 3AMOPOI*CYBAHHS | 30HY HeKpo3y. [Ipedcmasneno
piuenns obepreHoi 3a0aui, KA U3HAYAE 3ANEHCHICMb KOOPOUHAmMu 6i0 memnepamypu, o
00380/15€ 3HAUMU KOOpOUHamu hazosux nepexodis. Pezyribmamu po3paxyHKie y3200:4Cyionb-
Csl 3 eKCNEPUMEHMATIbHUMU OAHUMU, OMPUMAHUMU HA HCUBUX OP2AHIZMAX.
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