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Pedhepart: B pabote 6bin npoBegeH CpaBHUTENbHbIA aHanu3 AWHAMWKU OXNaxAeHus, yHKLMOHMPOBaHNS 1 3ddeKTUBHOC-
Tn paboTbl pasHbix Hacagok annaparta «Cooltech®». YcTaHoBneHa TeHAeHUMs K CHWxXeHWo paboyel TemnepaTypbl Hacadok B 3a-
BMCUMOCTU OT MPOAOIIKUTENIbHOCTU UX paboTbl. AHanormyHasi 3aBMCUMMOCTb MNokasaHa Ans LEeHTpanbHOW 30Hbl BCeX Hacadok,
3a UCKNIOYEHMEeM Hacagku, npefHa3HavyeHHoW Ans MeHblero obbema XvpoBow TkaHu. [pu Gonbluem obbeme noaBep)KeHHOW
BO3AEWCTBUIO XXMPOBOW TKaHW MeHee OOHOPOAHO pacnpefensietcs Temnepatypa u TpebyeTcs Gonblue BpeMeHu Ans [oCTU-
KEHUS KOHeYHoW TemnepaTtypbl. [py MCNONb30BaHMM CaMOW LUMPOKON Hacafku MeHbLuas JONs XUpPoBOW TkaHu (69,06%) poc-
TUraeT oxnaxaeHus Huxe TemnepaTtypbl kpuctannuaauuun. B Hacagke «Double HP», koTopas BmelwaeT 6onblinii 06beM TkaHu 3a
CYeT ANVHHOM y3kon dopmbl nonoctu, 81,93% XupoBOKW TKaHW JOCTUraeT 3TON TemrepaTtypbl B KOHLUe npoueaypbl. YnucrneHHoe
MOAENMpOBaHNe U, B 4aCTHOCTW, NMPUMEHEHHas Moaenb 3(PdeKTUBHbI ANS ONTUMMU3ALMU BPEMEHU (OYHKLMOHUPOBAHWUS, Yny4-
LeHUs an3aiiHa 1 NOBbILLEHWS TepaneBTUYeckon 3 EKTUBHOCTU HAacaaoK.

KntouyeBble cnoBa: kproaaunonus, HEMHBasMBHOE yaaneHue XMPOBOM TKaHW, anonTo3, afWnouuT, HEMHBA3UBHas KOHTYpHas
nnacTuka Tena, nporpaMMHoe obecneyeHne Ans MynbTUU3NYECKOro MOAENMPOBaHUS, OXMaxaeHne, KOMMbIOTEPHOE MOAENUpPO-
BaHWe, KOXHbIA Bapbep.

Pedpepat: Y pob6oTi 6yno npoBegeHO MOPIBHAMNbHUIA aHarni3 OUHaMIKM OXOMNOAXEHHS, PYHKLIOHYBaHHS Ta e(eKTUBHOCTI
poboTu pisHux Hacagok anapata «Cooltech®». BctaHOBNEHO TEHAEHLIO 0O 3HWXKEHHSI poboyoi TemnepaTypun Hacaaok 3anex-
HO Big TpmBanocTi ix po6oTu. AHanoriyHy 3anexHicTb Nokas3aHo AMsi LeHTpanbHOI 30HM BCiX HacadoK, 3a BUHATKOM Hacaaku,
npusHayeHoi Ans BTAryBaHHSA MeHLWoro ob’emy xuposoi TkaHuHW. Mpu Ginbwomy obcasi nigaaHoi BNAUBY XUMPOBOT TKAHUHU
MEHLU OAHOPIAHO PO3MOAINAETLCH TemnepaTypa Ta NoTpibHo Ginblwe Yacy Anst AOCATHEHHs KiHUeBoOi Temnepatypu. [ig vac
BUKOPUCTAHHSA HaWLWMPLIOI Hacagkum MeHla YacTka XupoBoi TkaHuHu (69,06%) Oocarae OXOMOAXEHHS HWX4Ye Temnepa-
Typu kpucTanisauii. ¥ Hacagui «Double HP», sika Bmiwye 6inblwimnii 06’eM TKaHMHM 3a paxyHOK AOBroi BY3bkoi hopmu Mno-
poxHuUHK, 81,93% X1pPoBOI TKAHMHK Aocarae Uiel TemnepaTypy No 3aBepLUeHHo npoueaypu. YncenbHe mMogentoBaHHS i, 30K-
pemMa, 3acTocoBaHa Modenb eeKTUBHI Ans onTUMi3auii Yacy yHKUIOHYBaHHS, NONINWEeHHS AU3anHy i NiABULEHHS Tepanes-
TUYHOT ePEeKTUBHOCTI Hacaaok.

KntovoBi cnosa: kpioaginonis, HeiHBa3vBHe BMAANEHHS XMPY, anonTos, agumnouuT, HeiHBasuBHa KOHTYpHa nnacTvka Tina, npo-
rpaMmHe 3abesneyeHHs ANA MynbTidi3MYHOrO MOAENMOBaHHS, OXONOMKEHHS, KOMM' IOTEPHE MOAENOBAHHS, LWKIpHMIA 6ap’ep.

Abstract: Cryoadipolysis is a non-invasive procedure that results in a significant reduction of localized subcutaneous
fat. The purpose of the study was to compare the cooling dynamics of Cooltech® handpieces analysing simulations of their
performance and operational efficiency with Comsol Multiphysics®. All handpieces showed a time-based decreasing ten-
dency in temperature. The central zone of all showed a similar response, except the handpiece that can lodge smaller vo-
lume of fat. The greater the volumetric capacity of fat, the less homogeneous was the temperature distribution, and the
handpieces needed more time to reach the target temperatures. The widest handpiece reached a lower percentage of fat
(69.06%) below the crystallization temperatures, and the handpiece that can lodge the larger volume of all tested, reached
81.93%. Numerical simulations, and particularly the model applied, are a very useful tool to optimize treatment time and
improve the designs and therapeutic efficacy of handpieces.

Key words: cryoadipolysis, non-invasive fat removal, apoptosis, adipocyte, non-invasive body contouring, multiphysics
simulation software, cooling, computer modelling, skin barrier.

M30BITOK KUPOBOY TKaHW B OpPraHU3ME SBISICTCS
HE TOJBKO MEIUIMHCKON (PUCK pa3BUTHS cCeped-
HO-COCY/IUCTBIX, OHKOJIOTHUECKUX 3a00JICBaHUH, T1a-
Oera), HO W dcTeTHYECKOW TpobiemMoit. B mocnen-
HUE JECATHIETHS Pa3pabd0TaHO MHOXECTBO METO-
JIOB, TIO3BOJISIONIMX YMEHBITUTh 00BEM IMOJKOKHON
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Aside from being a health issue that can increase
the risk of cardiovascular disease, diabetes or cancer,
excess body fat is also one of the major aesthetic
concerns in modern society. In the last decades,
several methods have been developed to reduce
the accumulation of subcutaneous adipose tissue.
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Ta6bnuua 1. Tunbl HakoHevyHMKoB «Cooltech®»
Table 1. Types of Cooltech® handpieces

MpyvmeHeHne HacapoKk Ha obnacTax Tena
Treatment areas for which
it has been designed

Hacapka
Handpiece

O6bem nonocTu, cm®
Volume of the cavity, cm?®

MOBEPXHOCTb OXMNaMAEHUA, CM?
Cooling Surface, cm?

my6uHa nonoctu, cm
Cavity Depth, cm

Moanoa6opoanoyHaa obnacTb, NnepenHAs
noamblLieYHaA obnacTb, NOAKONEHHanA
o6nacTb, HMWKHAA 06NacTb rPYAHON KNETKMN
Submental area, preaxillary area, inner
knee, infrapectoral area

Tiny HP

33

47

MoanynoyHasa ob6nacTb, Hagnyno4vHaA
obnacTb, hnaHKkK, pyKku, noanonaTtoyHas
obnactb
Infraumbilical area, supraumbilical area,
flanks, arms, infrascapular area

Tight HP

309

109

MoanynoyHaA obnacTb, NaTepanbHana
o6nacTb OPIOLLIHOW MOMOCTM, KUPOBbLIE OT-
NOXEHWUA Ha TanMu y MYX4uH, OTBOAALLAA

MblILLLa, NoaAroanyHaA obnacTb
Infraumbilical area, lateral abdominal area,
love handles, abductor, infragluteal area

Straight HP

430

106

LleHTpanbHaA o6nacTb OptOLLIHOWM NONOCTH,
noanynoyHaa o6nactb
Central abdominal, infraumbilical area

Double HP

255

KUPOBOU TKaHW, OJHAKO IMOMCK HOBBIX HEHHBAa3HB-
HBIX ¥ BBICOKOO((EKTHBHBIX TIOMXOA0B K PEIICHUIO
JaHHOW TPOOJEeMbl OCTaeTcsl akTyaidbHbIM [4, 14].
OmHUM M3 TaKUX METOMOB SIBISETCS KPHUOAIUIIO-
m3 [4] (cenexTwBHBIN Kpuonu3 [5], KpHOIMIIONW3
[14]) — mporiemypa, TPOBOAUMAS C TICIBIO 3HAYUTEITb-
HOTO YMEHBIIIEHUS O0BhEMa JIOKAJTM30BAHHBIX IKH-
POBBIX OTJIOKCHHI B OpraHU3Me, OCHOBaHHAs Ha JJTH-
MUHAIMY aUTIOIMTOB MHIYKIMEH armonTo3a W BO3-
neficteueM xonoma [5]. Pe3ymprarel  pasmAyHBIX
HccaenoBaHnii Tokazanu dpdexTuBHOCTE M 0e30-
MacHOCTh JaHHOU mpouenypsl [7, 8].

Onna u3 Beqymux B Mupe komnanuii «Cooltech®
pa3paboTrana HacajJKu s KPUOATUIIONHN32, HUMEIO-
IIME OJMHAKOBBIA MPHHIMII PabOThI, HO OTJIUYAFO-
IIMecs KOHCTPYKIMEH U 00heMOM TMOJIOCTH (TIPUEM-
HOTO OTCEKa) I acCHUpaluU >KUPOBOM TKaHU. ITO
MO3BOJISIET TMPOBOIUTH TPOLEAYPY Ha OIpeAesieH-
HBIX Y4acTKax Tejla YeJIOBEKa C y4eTOM 0COOEHHOC-
TeH KOXKH M KOKHBIX CKITamoK (Tadm. 1). BaxHo orme-
THTb, 9TO pa3paboTKa BCEX IeTaie 000pymoBaHUS
OCHOBBIBAJIACh Ha COOIIOJIEHWHU TJIIABHOTO TpeboBa-
HUs — o0ecreueHue MOJIHOM 0e30IMacHOCTH TMaIieH-
Ta BO BpeMsl MPOBEJCHUS Kproaaumonusa. J{is BbI-
MOJTHEHMS TPOIISyphl HACaJKy pPacIioiaraloT Ha
BBHIOpaHHBIM yYacTKOM TeJla M aKTHBHPYIOT BcCa-
ChIBaHUE TIOJIKOKHON JKUPOBOM TKaHU B MpPHEM-
HBI OTCeK. [1pu 3TOM aTFOMHHUEBEIC TUTACTHHEI, pac-
MOJIOKCHHBIC BHYTPHU TOJOCTH, OXJIAXKJIAIOTCS 0
temmepaTypsl —8°C. I'pagueHT TeMIeparypsl, co3maa-
BaeMBI MEXAY IIACTHHAMHU M TIIyOOKOJIEKAITUMHU
TKaHAMH, AOCTaTOYeH I OXJAXKACHHUA TKaHU 0
TeMIIepaTypsl, KoTopas obOecrednBaeT (GU3NOJIOTH-
YecKrne W3MEHEHWUsI, MPUBOASIIINE K aronTo3y aiu-
rroruToB [16].
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However, the need to find new techniques that are
non-invasive, highly effective and capable to address
this issue is still in full force [4, 14].

Selective cryolysis [5] also known as cryoadipo-
lysis [4], or cryolipolysis [14], is a procedure that
results in a significant reduction of localized body
fat, which acts through the elimination of adipo-
cytes by apoptosis induction and cold applica-
tion [5]. Different studies have proven the efficacy
and safety of this non-invasive technique [7, 8].

Cooltech® is one of the world’s leading cryoadipo-
lysis platforms. Its handpieces work through suction
and have a receiving cavity where the patient’s tis-
sue is lodged during the session. Each part of the
handpieces is designed to be totally safe to handle.
After placing the handpiece over the area of the
body to be treated, suction is activated, and skin
and subcutaneous fat are pulled into the cavity. The
aluminium plates set inside get cold until reaching
a temperature of —8°C. The temperature gradient
generated between the plates and the deep tissues
is enough to cool the fat to a temperature enabling
physiological changes that will trigger adipocyte
apoptosis [16].

There are different types of Cooltech® handpie-
ces with several shapes and cavities designed to
fit specific areas of the human body (Table 1) and
lodge different volumes of fat tissue.

Recently, the experimental validation of nume-
rical simulations performed for one of the Cool-
tech® handpieces (Straight HP) has been reported
[6]. In this paper, the same mathematical model has
been applied to different handpieces, allowing to
carry out a comparative analysis. Numerical simu-
lations are a very useful way to generate models,
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[Tone3sHbIM HMHCTPYMEHTOM [UIs TpPEABAPHUTEIb-
HOW TIPOBEPKH METOAOB, NMPHUMEHSIEMBIX Ha >KUBBIX
OpTraHu3Max, SBISETCS YHCICHHOE MOJICIUPOBAHUE.
Kpome Toro, ero MOXHO MCIOJIB30BaTh [UISI CPaBHH-
TEJILHOTO aHaln3a (yHKIHOHAJIBHBIX XapaKTepHC-
THK WU TEPaNeBTHYCCKON 3PPEKTUBHOCTH KaXKIOM
U3 HCCIIeTyeMbIX HAaCaIOK.

Bbeumn OmyONMMKOBaHBI PE3yNbTaThl IKCIICPUMEH-
TAJFHOTO YHCJIEHHOTO MOJICITMPOBAHMS IS Hacal-
ku «Straight HP» ¢upmer «Cooltech® [6]. B Ha-
el paboTe aHaJOTHYHAs MOJENb ObUla IMpUMEHe-
Ha ¥ K JIPYTUM HacaJkaM 3Toi ke GupMbl: «Straight
HP», «Tight HP», «Double HP» u «Tiny HP». Oto
MO3BOJIWJIO TIPOBECTH CPABHUTENBHBIN aHAIN3 HX
(YHKIMOHAIBHBIX XapaKTEPUCTUK (IUHAMHKA OX-
JKICHUS, (PYHKIIMOHUPOBaHUE U A(PGHEKTUBHOCTD
paboTHI).

Ilens nccnenoBaHMS — CPaBHUTH AWHAMHUKY OX-
JaKIEHUS pa3sHBIX Hacamok K ammapary «Cooltech®»
Ha OCHOBE MOJICIMPOBAHMS MX TEPMUYECKUX XapaK-
TEPHUCTHK.

MarepuaJibl H MeTOABI

[lepBolii 3Tanm npoBeaeHHUsT KPUOAIHUIIONN3a B TPO-
tokose kommanun «CoolTech®™» mnpenycmarpuBaer
HaHECEHUE KPHO3ALIUTHOTO Telisl Ha KoKy oOpaba-
THIBa€MON 00NacTH Tena IJisl MpeJOTBpalieHus: 00-
pa3oBaHMs JbJa M INOBPEXICHUHN, BBI3BAaHHBIX 3a-
MOpa@KUBaHHEM. 3aTeM TKaHU IO BO3JeHCTBUEM
BaKyyMa BTATHBAIOTCSI BHYTpPb IIOJIOCTH HacaJKH,
B KOTOpPOHl OHM OyoyT HaxOOUTbCS B TEUEHUE
70 muH npu temmeparype —8°C. Ilpum sToM Hec-
KOJIbKO 3JIeMEeHTOB IlensTbe OXMaxaaroT aHOAMPO-
BaHHYIO aJIOMHUHUEBYIO TJIACTUHY TOJIIMHOW 7 MM,
KOHTaKTHPYIOIIYI0 C TKaHbIO BHYTPU IOJOCTH, H
MOANIEPXKHUBAIOT Temmepatypy Iuactunel (—8°C) B
TEUeHHEe BCEr0 BPEMEHH PUMEHEHHSI HAaCaIKu.

Jist XapaKTepUCTHKH HCCIIEIyeMBIX THIIOB Ha-
CalloK OBUIM MPOaHAIM3UPOBAHBI CIIEAYIOIIUE Tie-
pPEMEHHBIE: PACHpPENEICHUE TEMIepaTypsl BHYTPH
Hacalku, CpeAHsAs TeMIleparypa >XUpPOBOH TKaHU
BHYTPH HAacaaKu W J0Js (B TPOIECHTAX) *XUPOBOH
TKaHH, B KOTOPOH IOCTUraeTcs HeoOXoqumas KOH-
TPOJIbHAs TEMIIepaTypa.

Monenb, ommchBaromas (GU3NKy TEMmI000MeHa
Mexkay TKaHsmu u anmapatom «Cooltech®, Obuta
CO3[laHa C TIOMOIIBI0 TMPOTPAMMHOTO O0€cIeueHHs
«Comsol Multiphysics®», mpuMeHseMOro s pe-
meHusl (U3NYECKUX YpaBHEHHH METOIOM KOHed-
HBIX 3JIeMeHTOB [16]. JlaHHBII MeTOa MO3BOJSET pe-
LIaTh YPaBHEHUSI B YMCIIOBOM BHJE, OCOOEHHO €CIH
OHU HE UMEIOT AHAJIUTUYECKOTO PEICHMs, HalpH-
Mep, UCIOJIB3yEMOE B 3TOM HCCIEJOBaHUM YpaBHeE-
Hue Terionepenayn. [IpunoxeHue co3naeT ceTky c
KOHEYHBIM YHCJIOM 3JIEMEHTOB B 00JacTsX, B KOTO-
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especially when it is necessary to perform prelimi-
nary validations of techniques that might involve
some level of risk when applied on living orga-
nisms. On the other hand, the possibility to compa-
re the different results of the simulations of the
handpieces is a promising analytical tool that can
help to determine the therapeutic efficacy of each
one.

The purpose of this study was to compare the
cooling dynamics of different Cooltech® handpie-
ces, based on the simulation of their thermal cha-
racteristics.

Materials and Methods

There are several types of handpieces with dif-
ferent shapes and cavities, and, although the wor-
king principles are the same for all of them, each
one has been designed to treat specific areas of the
human body, where the skin and subcutaneous
folds have particular characteristics. The follo-
wing handpieces have been assessed: Straight HP,
Tight HP, Double HP and Tiny HP. The cooling
surface, cavity depth and cavity volume for each
handpiece is shown in Table 1.

The first step of CoolTech®’s protocol in a
cryoadipolysis session is to place a cryoprotectant
gel on the skin of the area to treat to prevent ice
formation and inherent damage by freezing. Then,
the vacuum suctions the tissues and lodges them
inside the handpiece’s cavity, where they will be
subjected to —8°C for 70 minutes. The method of
cooling the tissue is as follows: some Peltier cells
cool an anodized aluminium plate of 7 mm thick-
ness), which is in contact with the tissue inside
the cavity. The Peltier cells keep the temperature
of the plate at —8°C for the entire duration of the
treatment.

To characterize the different types of handpie-
ces, three sets of variables have been analysed:
temperature distribution inside the applicator, ave-
rage fat temperature inside the handpiece, and fat
percentage below the reference temperatures.

The model, simulating the physics of the heat
exchange between the tissues and the Cooltech®
machine, was created with Comsol Multiphysics®,
software that solves physical equations using fi-
nite elements methods [16]. The finite elements
method allows to solve equations numerically and
is especially useful when equations do not have
an analytical solution, as in the case of the heat
transfer equation used in this study. The software
creates a mesh with a finite number of elements in
the domains where is wanted to solve the equation.
Then, the software solves the equation numerically
in each of these elements and gathers all the data
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PBIX HEOOXOIMMO PELINTh ypaBHEHHUE, 3aTeM pellia-
€T ypaBHCHHE B YHCIOBOM BHJE B KOKIOM M3 3THUX
3NIEMEHTOB U COOMpAET BCE AAHHBIE IS TIONTyUCHHS
OKOHYATeLHOTO pe3ynbrara (puc. 1). B Hamem ciry-
gae TeOMETPUUYECKH CBS3aHHBIE MEXKIy C000i 00-
JIACTU TPEJCTABISIFOT CO00M OHONIOTHYeCKUe TKaHU
(koka ¥ KUpOBas TKAaHb) M OXJIAKIAIONIYI0 Hacal-
Ky. KoHCTpyKIMIO HacajoKk MOJEITUPOBAIA C TIOMO-
mp0 TporpaMmmuoro obecmeuenns «SolidWorks®»
(puc. 2, A) u umnoprupoBaiu B Mmogens «COMSOL
Multiphysics®». BkitoueHue anmiikaTopa B MOJICINb
JaeT BO3MOKHOCTH OoJjiee MONHOTO aHaln3a MoJy-
YECHHBIX JaHHBIX 110 CPAaBHEHUIO C TEMH HCCIIeI0Ba-
HUSMU, B KOTOPBIX MOJACIUPOBAHHUE TIPOBOIHIIH TOb-
KO Ha KOXKHO-)KUpOBOM oObeme [13].

VYpaBHeHHE TemI0o00MeHa Ha Halled MoAeId
HUMEET CJICTYIOMINUMN BU;

pC, x oTIot+Vg=0+ 0, ;

qg=-kVT;
Qbio =P Cpb X 0y, X (Tb -+ Qmet’

IJie p — MIOTHOCTh TKanu; C | — yhenbHas TerIoeM-
KOCTh TPU MOCTOSIHHOM JaBjieHuu; O7/0t — 4acTHas
MPOM3BOAHAS TEMIIEPATypbl OTHOCHUTEIHHO BpeMe-
Hy; T — Temneparypa; ¢ — Bpems; V — orepaTop Habna
(BexTOpHBIN U PEpeHINANBHBIA OIEpaTop; KOM-
MMOHEHTHI KOTOPOTO SIBIISIOTCS YaCTHBIMH TPOU3BOJ-
HBIMH TI0 KOOPAWHATAaM); ¢ — KOHAYKTUBHBIA TETLIO-
BOW MOTOK B TKaHW; () — UCTOYHMKH Terna; Q. —
OMOJIOTHIECKOE TEIUIO; k& — KOd(D(PHUIMEHT TeTUIopO-
BOJHOCTH; p, — IUIOTHOCTH KpoBn; C | — ynembHas
TEIJIOEMKOCTh KPOBH IIPH ITOCTOSHHOM JIaBJICHHM;
®,— CKOPOCTh Iepy3un KposH; 1, — Temreparypa ap-
TepUAIbLHON KpoBH; O — HCTOYHMK MeTabonuyec-
KOTO TeIa.

B nameii npensiaymei padbote ObUIM MpeAcTaB-
JICHBI Pe3y/bTarbl TECTUPOBAHMS M3y4aeMOH MOJEIN
Ha OJIMBKOBOM Macje ¥ Boze [16]. JInsa kaxmaoro ouo-
JIOTUYECKOTO 00OBEKTa, MCIIOIB30BAaHHOTO /IS MOJIe-

Puc. 1. Cetka, ncnonbsyemas Ans pelleHns ypaBHEHUS
TennoobmeHa METOAOM KOHEYHbIX JOMEHOB (AN Hacaaku
«Straight HP»).

Fig. 1. Mesh used for the heat transfer equation resolution
by finite domains method (Straight HP case).

to give the final result. (Fig. 1) In our case the geo-
metrical domains meshed are composed by biolo-
gical tissues (skin and fat) and the handpiece. The
design of the handpieces was carried out with So-
lidWorks® software (Fig. 2A) and imported to the
Comsol Multiphysics® model. The consideration
of the applicator in the simulation represents an
analysis improvement with respect to other stu-
dies than only modelled the skin-fat volume [13].

The equation of heat transfer for our model is
presented:

pC, x 0T/t + Vg =0+ 0, ;
q =-kVT,
Qbio =P " Cpb O (Tb -T)+ Qmet’

where p — density of the tissue; C, - specific heat
capacity at constant pressure of the tissue; 07/0t —
partial derivative of the temperature with respect
to the time; 7 — temperature; ¢ — time; V — mathema-
tical operator nabla (operator that applies partial

Tabnuua 2. dnsnyeckme napameTpbl, HeO6XoAMMbIE AN PELleHNs ypaBHeHWs TennoobmeHa
Table 2. Physical parameters that are necessary to solve the equation of heat transfer

Matepuan YnenbHaa TennoemMkocTb, Ox/kr-K TennonpoeoaHocTb, BT/m-K MnoTHocTb, Kr/m®

Material Specific heat, J/kg-K Thermal conductivity, W/m-K Density, kg/m?®

T o] 1985,2+1,4733T - 4,8008 x 10°T2 |  0,18071 — 2,7604T x 10-°T 2 925,59 - 0,41757T

Koxa [1]

Skin [1] 3391 0,37 1109
Monunponunex [10] 1800 0,16 1040
Polypropylene [10]

AHOAMPOBaHHBIN antomMuHuii [15]
Anodized aluminum [15] 880 18 2700
Anomukmi [1] 900 238 2700
Aluminum [1]
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JIUPOBAHUS, JOJDKHBI OBITh M3BECTHBI TPU OCHOBHBIX
napametpa (tadn. 2) [/, 6, 10, 15], a myis KupoBoi
TKaHW — 3aBHUCHMOCThH YKa3aHHBIX MapaMeTpPoOB OT
temmepatypsl [6]. Ilpu MomenmupoBanmm (ha3oBBIH
nepexoj B )KUPOBOM TKaHU HE y4YUThIBajics. B rere-
POTEHHBIX Marepuaiax (B 4aCTHOCTH, KHPE), COCTO-
SIIIAX W3 HECKOIBKUX TUIIOB JKUPHBIX KUCIIOT, HE CY-
MIECTBYET BHAMMOTO (ha30BOTO TEpexoyia B OTIHYHUE
OT BOABL. B mpenpiayineM HCCIeOBaHWN Ha ONWB-
KOBOM Macje, COCTaB KOTOPOTO CXOX C COCTaBOM
KHUpa YeJIOBeKa, ObIII0 0OHAPYKEHO, UTO MPHU OXJIAK-
JCHUU HE TPOUCXOAUT BHIUMOro (ha3oBOTO mepe-
X0Ja, HO B 3aBHCHUMOCTH OT TEMIIEPaTypbl CyIIecT-
BEHHO M3MEHsETCs ero Bsa3kocTh [16]. Kpome Toro,
ObUTa TPOBEJICHA TPEBAPUTEIIbHAS OIICHKA MOICIH
Ha JTame ee ycoBeplieHcTBoBaHMA. lIpn comocrtas-
JIEHUW pPe3yJIbTaTOB MOIEIHpOBaHusA (¢ ydeToMm (a-
30BOTO TIEepexofia WIH ero MpeHeOpeKeHNEM) CyIIe-
CTBEHHBIX DPAa3JIMYNA HE BBIABICHO, MOATOMY IS
YIpOIIeHUs MOAeTH (a3oBbIil MMepexoa He paccMma-
TPHUBAJICA.

[TapameTrps! KoXH TpU pacuerax ObUTH TMOCTOSH-
HbIMH. CJIeIyeT OTMETUTh, YTO HAHECECHHBIN Ha KOXKY
KPHO3AIIUTHBI Telb a0copOupyeTcs W HM3MEHSET
TEMIIEPaTyPy KPUCTAJUIM3AIMKA BOJABI BHYTPH KOXHU
JI0 3HAYCHUH, HIDKE pa00YMX TEeMIIeparyp HacaJKu
«Cooltech®, mosToMy Tpu MOACTUPOBAHUK MBI HE
paccmarpuBaiu (HazoBbIH Mepexo]] Ui BOJBI B COC-
TaBe KOXKH.

Buonornyeckas terutora (Q,. ) NpenCTaBise co-
00l KOMOMHAITIIO ITApaMEeTPOB, CBA3AHHBIX C KPOBO-
TOKOM M METa0OJIMYeCKON TEIUIOTOW Ka)JIOTO THIa
TKaHu (cM. ypaBHeHwue) [2]. M3BecTHO, 9TO MeTabo-
JUYecKas TEIJIOTa MOXET CUUTATHCS MPEHEOpPEekH-
MO MaJioii B NEPBOM NPUOIMIKEHUU ISl TaKUX 3a-
IIUTHBIX TKaHEH-U30JIATOPOB, KaK HOpPMallbHAs KOXa
WM TOAKOXKHBIM >kup [13]. Pe3ynbrarsl mpensiny-
IIUX UCCIICAOBAHUH C UCTIOIh30BAHUEM TPUIIOKCHUS
«Comsol Multiphysics®» moka3anu, 4T0 U3MECHEHUE
MeTa0O0NNYECKONH TeTUIOThl CYIIECTBEHHO HE BIIH-
sIeT Ha pe3yibTarsl MoaenupoBaHus [11], mostomy
JUIA pacyeTa OHMOJOTHYECKOW TETUIOTHI MBI YUH-
TBHIBAJIM TOJIBKO KPOBOTOK.

bronorndeckyio TEIIOTy pacCUYMTHIBAIH IO Ye-
ThIpeM mapamerpam [17]: Temmeparypa kposu (36°C);
yaenbHas TemoeMKocTh KpoBH (3220 JIx/(xr-K)
[2]); mnoTHOCTH KpoBH (900 kr/m3 [2]); wacToTa mep-
¢by3um nns xxupoBoit Tkauu (4,2-10°* 1/c [10]) u
koxu (0,0018 1/c [10]).

[Ipouenypa BTATMBaHWS TKAaHU HACAJKOW BBI3bI-
BacT MIIEMHUIO M TEM CaMbIM CHIXKaeT mepdy3uro
KpOBH B oOpaOaTriBacMoii TkaHH. CTEIIEHb UIIIEMUN
3aBHCHT OT Te€OMETpUH Hacaiku. M3-3a oTcyTcTBUA
TOYHBIX SKCIEPUMEHTAIBHBIX JaHHBIX O CHIDKCHHH
riepdy3un, BEI3BAHHON HITIEMHEH, B HACTOAIIEM HC-
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derivatives in space to a magnitude); ¢ — heat flux
by conduction in the tissue; O — heat sources; O, —
biological heat; k& — coefficient of heat conducti-
vity; p, — blood density; C — blood specific heat
capacity at constant pressure; @, — blood perfusion
rate; 7, — arterial blood temperature; QO — meta-
bolic heat source.

A previous work showed the validation of the
model with experiments with olive oil and wa-
ter [16]. Three basic parameters for each mate-
rial included in the simulation must be known
(Table 2) [1, 2, 6, 15]. In fat tissue, these three
parameters have a dependence with temperature
[6]. No phase change for the fat has been intro-
duced into the simulation. In heterogeneous mate-
rials as fat, composed of several types of fatty acids,
there is no visible phase change, as for example
can be observed in water. In a previous study with
olive oil, which shows similar composition than
human fat, it was found that there is not a clear
phase change when cooling. However, there is a
visible change of viscosity with the temperature
[16]. Furthermore, previous simulations during the
refinement of the model were carried out. Results
with and without phase change consideration were
compared, and no significantly differences were
obtained. Therefore, for the simplicity of the model,
no phase change has been considered.

In skin, the parameters have been considered
constant. It is important to remark that a cryoprotec-
tant gel applied on the skin is absorbed and change
the freezing point of the water inside the skin.
Therefore, as the water did not freeze at the cooling
temperatures of the Cooltech® machine, no phase
change for skin has been introduced into the si-
mulation.

Biological heat (Q,,) represents a combination
of blood perfusion (or blood flow) and of the
metabolic heat of each tissue (see equation) [10]. It
is known that the metabolic heat can be considered
negligible as a first approximation for protective
tissues as normal skin or subcutaneous fat [13].
Moreover, previous studies using also COMSOL
have demonstrated that changes in the metabolic
heat does not change substantially the results of
the simulation [11]. Therefore, only blood perfusion
has been considered for the Biological heat.

To calculate the biological heat, four parameters
must be known [17]: blood temperature (36°C);
blood specific heat (3220 J/kg-K [2]), blood density
(900 kg/m? [2]) and frequency of perfusion for each
tissue (4,210 1/s [10]) and skin (0,0018 1/s [10]).

The suction produced by the handpiece causes
an ischemia that reduces the blood perfusion in
the suctioned tissue. The degree of ischemia depends
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Tiny HP

.
|
-

Tight HP

-

Straight HP

CJIEZIOBAaHUH IUPKYISAIUS KPOBU MPUHUMANACh PaB-
HOW Hymto. [ns ee yuera mpu MOJEIUPOBAHUU HeE-
00xoauM nanpHenni anaans. C 3Toi 11EIbI0 MBI IJ1a-
HUpPYEM BO BpeMs MPOLEAYPhl IPOBECTH U3MEPEHNE
TEMIIEPATypBl in Vivo ¢ MOMOIIBIO TEMIIEPATypHOTO
30H1a. Ha ocHOBaHWM 3THX JaHHBIX TSI K0 Ha-
CaJIKl MOXKHO OTIPEEITUTD UPKYISALHUIO KPOBH.
leomerpuueckas Monesnb OHONTOTHYECKUX TKaHEH
COCTOWT W3 JIBYX YacTeil: TKaHb BHYTPH IOJIOCTH Ha-
CaJKd M HapyXHble TKaHU (puc. 2, B). Jlnsa TkaHwu,
HaXOJAIIeNCss BHYTPH HAcaJKd, HMUPKYIALNS KPOBU
HE YYHUTHIBAJIACh M3-3a HIIEMHH, BO BHEITHUX TKaHIX
€€ OMPEeAeIsIIN I KAKAO0NH TKAaHW OTHEIBHO.
HcxXoqubIMU  YCTIOBUSAME MOAENHPOBAHUS TS
Ouonornyeckoil TkaHM OblTa TeMIleparypa Tena
(36°C), a nyia ocTanbHBIX MaTepHalioB — KOMHATHAs
temneparypa (20°C). B kadecTBe mepBoro rpaHuy-
HOTO YCJIOBHUS MPHHUMAIN H30JIMPOBAaHHOCTH CHC-
TEMBI, T. €. OTTOK TEIUIa 4epe3 €€ KOHTYpPhl OTCYTCT-
BOBaJl. B kadecTBe BTOpOro TrpaHHMYHOTO YCIIOBHSA
JUTA MOJIEIUPOBAHUS OXJIAXKICHUS AITIOMUHUEBBIX
IJIACTUH OBLIM BBEJEHBI HECKOJIBKO ITOBEPXHOCTEU
C TIOCTOSIHHOHM Temrteparypoii —8°C, KoTopsie Tpe-
CTaBJIAIOT co0O0i suelikm IlenbThe, KOHTAKTHPYIO-
IMe ¢ aJlOMHHUEBBIMU MIacTuHaMu. JlanHoe rpa-
HUYHOE YCJIOBUE MpPEANoJaraet, 4ro suerku Ilenn-
Tb€ MTHOBEHHO OXJaXKIAIOTCA A0 TEeMIEpaTyphl
—8°C. Ilpu 3TOM H3BECTHO, YTO B pEABHBIX yC-
JOBUSAX TpeOyeTcsi HECKONbKO MHUHYT Ui JIOCTH-
XKeHus: Temreparypsl —8°C, xotopasi OyzneT moaaep-
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Puc. 2. TpexwmepHbii pgu3avH Hacagok «Cool-

tech® c vcnonb3oBaHMeM nporpamMmMmHoro obecne-
. YeHua «SolidWorks®» gns mogenuposaHusi: A —
1 Hacagkm «Straight HP», «Tight HP», «Double HP»
n «Tiny HP». [Ins kaxgon Hacagku crnesa noka-
3aHbl peanbHble n3obpaxeHusi, cnpasa — 3D-u3o-
OpaxeHus. B — TpexmepHas guarpaMmma KOHTaKT-
HbIX obracTtei TkaHel M HacadoK: crneBa — LEHT-
parnbHas 30Ha Hacafku, KoTopasi BcacblBaeT TKaHb
(6rnok KoXu u xupa), u nepudepuydeckas obnactb
Hacafgkym C TKaHsSMW, MNOABEPXEHHLIMU BRUSHUIO
TemnepaTypHoro rpagueHta 6e3 BcacbiBaHuS;
cnpaBa u3obpaxkeHa Hacagka C LeHTpanbHON
30HOW, HaxOAsALLeNCcss BHYTPU, @ TakkKe OKpyXato-
was nepudepunyeckas obnacTtb.

Fig. 2. 3D designs of Cooltech® handpieces with
SolidWorks® software used in the simulations: A —
Straight HP, Tight HP, Double HP and Tiny HP
handpieces. For each handpiece, real images are
shown on the left and 3D designs on the right. B —
3D diagram of contact areas between the tissues
and the handpiece: to the left, the central zone,
representing the tissues that are suctioned inside
the handpiece (brick of skin and fat) plus the pe-
ripheral zone with tissues also affected by the tem-
__ perature gradient but not suctioned inside the
* handpiece; and to the right, the handpiece with the
central zone lodged inside plus the peripheral zone.

on the geometry of the handpiece. In absence of
accurate experimental data regarding the reduc-
tion of perfusion caused by ischemia, the blood
perfusion has been considered to be null in the
study. In order to introduce the blood perfusion
in the simulation, further analysis is required. For
that purpose, later studies based on the in vivo tem-
perature measurements during a treatment with a
temperature probe are planned to be developed. With
these data, the blood perfusion will be determined
for each handpiece.

The geometric model of the biological tissues
has been divided into two parts: the tissues inside
the handpiece cavity and the outer tissues (Fig. 2B).
For the body inside the handpiece, blood perfusion
has not been considered due to the ischemia. In the
outer tissues, the blood perfusion of each tissue has
been considered.

The initial conditions of the simulation were
36°C (body temperature) for the biological tissue
and 20°C (room temperature) for the rest of the
materials. As a first boundary condition, an isolated
system was considered, which means that heat flow
0 in its contours. As a second boundary condition
to simulate the cooling of the aluminium plates, se-
veral surfaces have been added at a constant tem-
perature of —8°C which represent the Peltier cells
in contact with the aluminium plates. This boun-
dary condition assumes that Peltier cells reach —8°C
instantaneously.
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i AHOAMPOBaHHLIE anMOMUHUEBbIE

Monunponunex (T, = 20°C) nnactukbl (T, = 20°C)
Polypropylene (T, = 20°C) Anodized aluminum
S i plates (T, = 20°C)

. Koxa (T, = 36°C)
Skin (T, = 36°C)

Xuposas TkaHb (T, = 36°C)
Adipose tissue (T, = 36°C)

Puc. 3. Vicnonb3yemble rpaHnyHble (A) 1 HavanbHble (B) ycnosust MmogennpoBaHus.

Fig. 3. Boundary conditions (A) and initial conditions (B) used.

JKUBaThCsl BO BpeMs Bceil mpoienypbl. Bpemsi ox-
JXICHMSI PACCUUTHIBAIOCH B TPENBIAYIIEM HC-
CJICIOBAaHUY, TIPOBEACHHOM Ha BOIC W OJIWBKOBOM
Macye. [lokazaHo, 4To MOIENb afeKBaTHO CKOPPEK-
THpPOBaHA OTHOCHUTEIHHO 3KCICPUMEHTAILHBIX pe-
3ynbTarToB [16].

HavanbHble ¥ TpaHUYHBIE YCIOBUSA MOJEIHPO-
BaHus s Hacamku «Straight HP» mpencraBneHs
Ha puc. 3.

PesyabTartsl n o0cyxkneHue

TenneHIMA K CHIDKEHHIO TEMIIEpaTyphl B 3aBH-
CUMOCTH OT BpEMEHH OblJla YCTaHOBJIEHA /IS BCEX
Hacazok. Ha puc. 4 moka3aHo M3MEHEHHE NaHHOTO
nmokaszarens nocie 70-MHHYTHOTO TPUMEHEHHsS Ha-
cankd. B meHTpanbHOM 007acTH BCEX HACaIoOK Ha-
Omroranach aHAIOTUYHAS TSHISHITHS, 32 HCKIIIOYSHN-
em Hacanku «Tiny HP». D10 00BsICHSIETCS TeM, 4TO
oowem nonoctu «Tiny HP» cocraBnsier Bcero 7% ot
cpeaHero o0beMa MOJIOCTH APYTUX HACAIOK.

Kpome toro, Bce Hacanku nocie 70-MHUHYTHOTO
(OYHKIIMOHUPOBAHHS JOCTUTAIN PA3HBIX KOHEYHBIX
3HAYCHUH TeMIIeparyp, KOTOpble ObLTH HIXKE HYIIS.
B Tabn. 3 nmpuBemeHbl 3TH 3HAYCHHS] M CPEIHSS KO-
HeYHas TeMIeparypa o0beMa XHUPOBOW TKaHHU, CO-
JeprKareiicss B MONOCTH Kakmoit Hacaaku. Cremyer
OTMETHTb, YTO CHIDKEHUE TEMITEPaTyphl B IIEHTPAITb-
HO# obOmactu Hacamok «Stright HP», «Tight HP» u
«Double HP» mocne 10-MuHyTHOTO (hYHKITHOHHPO-
BaHUs OBUIO MEHEE BHIPAKCHHBIM, YeM Yy HACaJK{
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Despite this assumption, it is known that experi-
mentally several minutes are needed to reach the
temperature of —8°C, which is kept constant during
the whole treatment. This cooling time was already
considered on the previous study carried out with
water and olive oil, and it was shown that simula-
tions were correctly adjusted to the experimental
results [16].

The initial conditions and the boundary condi-
tions of the simulation for the Straight HP handpiece
are shown in Fig. 3, where the geometry of the
simulation is shown in detail.

Results and discussion

All handpieces showed a time-based decreasing
tendency in temperature. Figure 4 shows the evo-
lution of this variable during the 70 minutes of the
treatment. The central zone of all handpieces sho-
wed a similar tendency, except in the case of
Tiny HP. This particularity is explained by the fact
that the cavity volume of the Tiny HP handpiece
represents only 7% of the mean volume of the other
handpieces.

Furthermore, all handpieces reached different
final temperatures, although these were all below
zero. Table 3 shows all the final temperatures reac-
hed after 70 minutes of treatment, and the average
final temperature of the fat volume contained in
each cavity. It can further be observed that the
decrease in temperature during the first 10 minutes
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L'E B Tiny HP (V = 33 cm?) e, Tight HP (V = 309 cm?)

Temnepartypa, °C
Temperature, °C
Temnepatypa, °C
Temperature, °C

Bpemsi, MUHYTbI Bpemsi, MUHYTbI
Time, min Time, min

40 - 40-

@ 2 Straight HP (V =430 cmd) Double HP (V = 686 cm?)

Temnepartypa, °C
Temperature, °C
Temnepatypa, °C
Temperature, °C

Bpemsi, MUHYTbI Bpems, MuHyTbI
Time, min Time, min

Puc. 4. TennoBoe MoaenMpoBaHWe TKaHen, HaxOAALWMXCA BHYTPU Hacagku: A — aHanuavpyemble 30Hbl, B — TeMnepatypa
TKaHu: 1 — cpefHssi; 2 — B LUeHTpe; 3 — B 06nacTi mexay ApYruMu 30HaMu; 4 — B LLEHTPe artoMUHUEBOW NNacTuHbl. V —
06beM MONOCTM BHYTPU Hacagku. MyHKTUPHas NUHKS — rpaHuLa KpucTannmusaumu.

Fig. 4. Thermal simulation of tissues lodged inside the handpieces: A — analyzed zones, B — temperature of tissue.
1 — average temperature; 2 — in the central zone; 3 — in the intermediate zone; 4 — in the center of the aluminum plate.
V — volume of the cavity inside the handpiece. Dashed line — crystalization limit.
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Ta6bnuua 3. CymmapHble pesynbsraThbl

Table 3. Summary of results

onowan 1 MuHumanbHoe BpemMA JOCTMHeHUA T Hona >K|/|pa (%), oxnamneHHoro Huke
an | cpenwan , yepe3 70 MmuH
~_oC Minimum time to reach T o
H Final oC Average Fat % below reference T at 70 min
acapaka cpenwnn !
Handpiece Average
P1 P2 P3 10,38°C 6°C 2°C 10,38°C 6°C 2°C
Straight HP | -0,41 -3,17 -7,00 6,37 49 70 - 69,06 55,70 39,32
Tight HP -4,35 -5,07 -7,36 0,11 27 37 54 85,98 78,33 69,76
Double HP -3,02 -4,85 -6,85 1,79 29 42 67 81,93 73 62,11
Tiny HP -5,23 - - -3,77 7 9 13 100 99,95 88,31

MpuMeyaHums: 3oHbl Hacadok: P1 — LeHTpanbHas; P2 — npomexxyToyHas; P3 — Gnvkanwas k nnactuHe. T — Temnepatypa;

% — NpoLEeHTHOe 3Ha4eHue.
Notes: Zone of handpieces: P1 — central zone of the cavity; P2 —

T — temperature; % — percentage.

MpogomknTenbHOCTL 06paboTkM
Treatment time

intermediate zone; P3 — closest zone to the plate.

Tiny HP

°C

-.- 30

Tight HP

=

- .
e

I-..

Ltraight HP

e

Coubl= HP

A
- -

Puc. 5. ilameHeHune n pacnpegeneHue Tenna B Hacagkax nocne 35 (1), 50 (2) n 70 (3) MUHYT NpUMEHEHUS.

Fig. 5. Thermal images of tissues and handpieces. Heat variation, distribution and homogeneity of each handpiece after
35 (1), 50 (2) and 70 (3) minutes of treatment.
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«Tiny HP»: nabmronanocs HeOonbLIOE MJIaTo Ha
TEMIEPaTypHOH KpUBOH, IOCIIE KOTOPOTO TeMIIe-
parypa TIOCTOSIHHO CHIKanach. Takas Xe 3aBH-
CUMOCTh YCTaHOBJEHAa W JJIs 3HAYCHUU TeMmIiepa-
TypHI B IIEHTpaTbHOU oOnacTu Hacaaku «Tiny HP»,
OITHAKO TIEPUOJ, B TEUEHHE KOTOPOTo TemIeparypa
YCTOHYHMBO HE CHMKaJlach, OBUI KOpOYE IO CpaBHe-
HUIO C JAPYTUMHU HAcaJIKaMH, YTO CBA3aHO C MEHb-
M 00BEMOM JKHPOBOM TKaHW BHYTPH HACAIKH.

[o oxoH4waHHMM TpOLEAYPHI B 3HAYUTEIHHOM 00Be-
Me KMPOBOHN TKaHH JUIS BCEX HACAJOK JTOCTHTAUCh
TeMmneparypsl Hike Hyas. Ha puc. 5 mpencrasnena
KapTa Temreparyp Ui KaxJaoH HacalKu, MOJy4YCH-
Has TyTEM YHCICHHOTO MOneianpoBaHus. JlaHHas
Kapra mnpeacTasisieT coOoi GpoOHTaNbHBIN pa3pes u
MIpUBEEHA B 3aBUCUMOCTH OT BPEMEHH.

B pabore npencrapieH aHamu3 Joiau (B MPOIICH-
Tax) KAPOBOU TKaHH, OXJIAXKICHHON HIDKE OIpeje-
JICHHBIX TEMIIEpaTyp B 3aBUCHMOCTH OT BpPEMEHH
(puc. 6). Panee OBLTIO YCTAHOBJICHO, YTO TIPH TEMIIE-
parype 10,38°C HaunHaeTcs MpoIecc KPUCTaLTH3a-
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of treatment in the central zone of the Straight HP,
Tight HP and Double HP handpieces was less pro-
nounced than with Tiny HP, leaving a small seg-
ment where the curve reaches a plateau from which
temperature steadily decreased. The temperature of
the central zone of the Tiny HP handpiece also sho-
wed this behaviour, but the time during which
there was not a steady decrease in temperature was
shorter than with the other handpieces. This was
due to the less volume of fat lodged inside.

At the end of the treatment, all handpieces reac-
hed sub-zero temperatures with significant fat vo-
lumes. Figure 5 shows the map of temperature for
each handpiece obtained through numerical simu-
lations and assessed based on time in a frontal slice
of the geometry.

Fat percentage below certain time-based tempe-
ratures was analysed (Fig. 6). Some publications
have established 10.38°C as the starting point for
adipocyte crystallization processes [5]. The adi-
pocytes contain triglycerides that crystallize under
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Puc. 6. NpoLeHTHoe coaepkaHue KUPOBOW TkaHu nocne 70-MUHYTHOro npuMeHeHust Hacagok: A — Tiny HP (V = 33 cm?®),
B — Tight HP (V = 309 cm?); C — Straight HP (V = 430 cm?®); D — Double HP (V = 686 cm?). TemnepaTypa nogkoXHOro xupa
10,38 °C (1),6 °C (2)n 2 °C (3).

Fig. 6. Fat percentage below 10.38; 6 and 2°C for each handpiece during the 70 minutes of treatment: A — Tiny HP
(V=33 cm?®), B —Tight HP (V = 309 cm?®); C — Straight HP (V =430 cm?®); D — Double HP (V = 686 cm?®). Temnepatypa noa-
KoxHoro xwupa 10,38 °C (1), 6 °C (2) n 2 °C (3).
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WU aIUNIOIUTOB [5], MO3TOMY 3TO 3HAYCHUE TEMIIe-
parypbl U ObUTIO BBIOPAHO B Ka4€CTBE MEPBON TOUKH
OIICHUBaHUS. AJUTIONUTHI CONEPIKAT TPUTIIUIEPU-
IBI, KOTOpBIE KPHUCTAJUTM3YIOTCS TIPU TeMIeparype
okomo 10°C. ITocne kpucTamIM3anuy ObBUIO CIETIaHO
MPEANOIOKEeHNEe O BO3HMKHOBEHHWH AarlomNTo3a afv-
roruToB [9]. Kpome Toro, orieHMBaIM TEMITEpaTyphl
6 u 2°C, MOCKONBKY TpH HUX JKCIICPUMEHTATHHO
MOATBEPKACHBI (ha30BbIC TEPEXOAbl. DTH KE TEM-
MepaTypsl pacCMaTPUBAIUCh U JIPYTHMH aBTOPaMU
KaK TIOTCHIIMAJLHBIE TEMIEepPaTypbl KPHUCTAIUIH3a-
nuu tpuruiepuaos [12]. [ns cpaBrenus 3¢ddek-
TUBHOCTH PA3JIMYHBIX HACAJIOK JIOJIS KUPOBOW TKa-
HU, OXJIAXJCHHOW HW)XXE YKa3aHHOW TeMIiepary-
pbl, mpencraBneHa Ha puc. 6. Cremyer OTMETHUTS,
91O OOJBITIAs MO KHPOBOM TKAHW, OXJIAKICHHOH
HUKE ONpeIeNeHHOW TeMIepaTypsl, Mpearoara-
eT 0ojiee BBICOKYIO TEParleBTHYCCKYIO dPPEKTUB-
HOCTb.

Ilpu cHMWXeHUH pedepeHTHOW TeMIepaTypsl
YMEHBIIAETCS U A0S KUPOBOI TKaHH, KOTOpas OC-
TUTAET TEMIIEPaTyphl, HUXKE dTaNoHHOW. Takas TeH-
JeHIMs ObLla OJMHAKOBA IS BCEX OIICHMBAEMBIX
Hacanok (puc. 6). Mcnons3ys Hacaaky «Double HP»,
yAAJIOCh AOCTUYB acriupanuu 60% MoIKoxKHON KUPO-
BOH TKaHM mpu Temmeparype Huxe 2°C. Jlns Bcex
HacaJIoK OBbLIO MOKa3aHO, YTO TI0 MEHBIIEH Mepe s
50% >KUpOBOI TKaHW 3HAYEHHS TEMIIEPaTypbl ObLIH
HUKE HaAYaJbHOW TeMIIepaTyphsl KPHUCTaJUIN3alNuN
(10,38°C) yxke mocne 35-MuUHYTHOTO (DYHKITMOHH-
poBanus Hacangku. Ilo cpaBHEHWIO C APYrUMH Ha-
cagkamu, «Tiny HP» oOecrieunBana oxiaxacHHE
OOJIBIICH O ACTIMPHUPOBAHHOW KHPOBOM TKaHU
1o Oosee HU3KOM TeMIIepaTyphl M 3a MEHbIEe Bpe-
Msl, MOCKOJIBKY OOBEM €€ MOJOCTH ObLI MEHbIIE
(puc. 6). Ilocne 5-MMHYTHOTO HMCHONB30BAaHHS STOU
HACaJIKl TPOIICHTHAs O KUPOBOW TKaHHU, OX-
JMAKJEHHOW HUXE KOHTPOJBHBIX 3HAuCHUH, pes3-
KO YBEIMYUBAIACh, OCOOCHHO Mexny 520 mu-
HyTaMH, ¥ B WTOre CTaOWIM3HpOBajach. B ciyuae
ncnonb3oBanus Hacamku «Tight HP» wm3Menenume
JOJIA KUPOBOM TKAaHH, OXJAXKICHHON HUXKE KOHT-
POTBHBIX TEMIepaTyp, MOXKET ObITh pa3/ieieHo Ha
cienyrome o0nacTu: mepsast — A0JIA TKaHH, OXJIaXK-
JEHHOW JT0 KOHTPOJIBHBIX TOYEK, OTCYyTCcTBOBaja (0—
20 MuH); BTOpas — O JKUPOBOM TKaHM MOCTOSH-
HO YBEIIMYMBAJIACh; TPEThsl — M3MCHEHHE HAKJIOHA
TEMIIEPAaTypHOH KpHUBOM M YCTOHYMBOE YyBEINYe-
HUE JONM XUPOBOW TKaHM, KOTOpas Oblia ropasio
MEHBIIIe 00IIero o0beMa, YeM BO BTOpOM 0ONacTu
(puc. 6). B cnyuae mpumeHeHusi Hacaaku «Straight
HP» nabmonanoch Takke M3MEHEHHE HAKIOHA BCEX
kpuBbIX. Ilpu wucnonp3oBanun Hacaaku «Double
HP» u3zMeHeHue A0au KUPOBOM TKAHU, OXJIAXKIEH-
HOM 10 Temreparyp, HIKE KOHTPOJIBHBIX 3Hade-
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temperature around 10°C. After crystallization, it
has been proposed that apoptosis of the adipocy-
tes occurs [9]. Other temperatures as 6°C and 2°C
were also chosen because there is experimental
evidence of phase transitions at these tempera-
tures and have been proposed by other authors
as potential temperatures of crystallization of the
triglycerides [12]. Fat percentage found below the-
se reference temperatures were used in Figure 6 to
compare efficacy between the different handpieces,
since a larger fat percentage below certain tempera-
ture suggests a higher therapeutic efficacy.

As the reference temperature decreased, so did
the percentage of fat below that temperature. This
behaviour was the same with all handpieces under
evaluation (Fig. 6). The Double HP handpiece
managed to get 60% of lodged subcutaneous fat
below 2°C. Likewise, with all handpieces, at least
50% of fat showed a temperature below the crys-
tallization starting temperature (10.38°C) in half
the total time of treatment (35 minutes). Compared
with the other handpieces, Tiny HP reached a
larger fat percentage, at a lower temperature and
in less time (Fig. 6), due to the smaller volume of
its cavity. With this handpiece, fat percentage
below the assessed temperatures suddenly increased
after 5 minutes of treatment, growing very fast
between 5-20 minutes and finally stabilizing. In
the case of the Tight HP handpiece, the evolution
of fat percentage below the reference temperatu-
res can be divided into three regions for analysis:
the first region ranged from 0-20 minutes and
showed no fat at the evaluated temperatures; in the
second region, fat percentage steadily increased,
and in the third, there was a change in slope and a
steady growth of fat percentage but with a much
smaller ratio than in region 2 (Fig. 6). In the case
of the Straight HP handpiece, there was also a
change in slope in all curves, although with more si-
milar slopes. Finally, evolution of fat percentage
below the reference temperatures in the Double HP
handpiece can also be described in three regions:
the first region showed no fat below the evaluated
temperature; in the second region, fat percentage
grew, and the curve slope increased fast, and in
the third, fat percentage stabilized, and the slope
decreased (Fig. 6).

For a total treatment time of 70 minutes, ave-
rage temperatures for the simulations of all hand-
pieces were found to be equal to, or less than the
crystallization starting temperature of adipocytes.
Some handpieces, like Tiny HP, reached this tem-
perature in less time than the rest, between 4 and up
to 7 times less than handpieces with a larger capa-
city. On the other hand, with the Double HP hand-
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HUH, TaKKe MOXHO OIUCATh B TPEX 00JACTAX: B IEp-
BOM — TakoBas NOJIA TKAHU TaKKE HE yCTAHOBJICHA;
BO BTOPOU — 0JIsI )KUPOBOM TKAHU U HAKJIOH KPUBOH
YBEJIMYUBAINCH; B TPEThEH — JIOJS KUPOBOM TKAHU
CTaOMIM3UpPOBANach, HAKJIOH KpPHUBOM yMEHBIIIAJICS
(puc. 6).

ITocne 70-MUHYTHOM TPOIEAYPHI CPEOHHE TEM-
meparypsl MPU MOACTUPOBAHUH JJISI BCEX HACallOK
ObUTHM ONWHAKOBHIMH WM HIKE HAYaTbHOW TeM-
neparypbl KpucTaud3aluu aaunonutoB. HekoTo-
pele Hacaaku, B yactHoctu «Tiny HP», mocrura-
JIM OTOHM TeMIieparypsl 3a MeHbIlee BpeMs (0T 4 10
7 pa3), yeM HacaJKu ¢ OOJbIIeH BMECTHUMOCTHIO
nonoctu. [Ipu 3ToM ¢ momoripio Hacaaku «Double
HP», umetomieli 6omnbiryro BMECTUMOCTB, Oosee 80%
JKHPOBOM TKaHU JOCTUTAJI0 HayaJbHOM TemIiepa-
Typbl KPUCTAITH3AINH B KOHIIE TIPOIIETYPHI.

B pabote Oblia mpoBeicHa oreHKa 3(deKTHB-
HOCTH WCIIONIb30BaHMs Ka)XKIOTO THIa Hacaaku. Ha-
pAAy ¢ IPYTHMMH TIEPEMEHHBIMH aHATN3UPOBAIN UX
OXJIQXK/TAIOIIYI0 CIIOCOOHOCTh, TEOMETPHIO M TETJIO-
BYI0 TOMOTEHHOCTh. JTa wuH(popMaIus Obuia To-
JlydeHa BIIEPBHIC M TMOATBEpPXKACHA KIMHUYECKUMU
JaHHBIMU [3]. YCTaHOBIIEHO, YTO BCE MCIONb3YEMbIC
Hacaaku S(PQPEKTUBHBI IS OXJIAXKICHUS KUPOBOU
TKaHU B TE€UCHHUE CTaHAAPTHOU 70-MUHYTHOH mMpo-
neayps! npu temneparype —8°C. [lpu ncnons3oBa-
HUUW HacaZloK ¢ HanOOIbIIeil BMECTUMOCTBIO MOJIOC-
TH OAHOPOIHOCTH B PACIpPENENCHUH TEeMIIEpPaTyphl
onm1a HIke. Hacagka «Tiny HPy» mokasana Han6ois-
Y10 OXJTXKAAIOITY IO CTIOCOOHOCTB, IMTPH STOM OXJIAXK-
JeHNe TKaHW TPOUCXOAWT OJHOPOTHO M B Ooiee
KOPOTKHH CpPOK IO CPaBHEHHIO C JPYTUMHU Hacal-
kamu. OHa obOecrieurBaia BCachblIBaHUE OOJBINICH J10-
JIU KUPOBOW TKAaHU, KOTOpask MOXET OBITh OXJIAXK-
neHa 1o temmneparyp kpuctammzauud (100%), aro
OOBSICHAETCS MCHBIICH BMECTHUMOCTHIO €€ T0J0C-
. Hamportus, Hacagka «Straight HP» maer menee
OJTHOPOJIHOE pacIpeleiiCHUEe TeMIlepaTyphl, camoe
MeJIEHHOE JOCTH)KEHHE IIEJIEBBIX TEMIIEparyp U BMe-
I[aeT MEHBIIYIO0 JOMI0 XKUpOoBOiM TkaHU (69,06%),
KOTOpasi OXJaKOaercs 1O TeMIeparyp KpHcTai-
nu3anuu. Tem He MeHee, oOmIas KOHCTPYKIUS H
KOH(pHTryparis TMOoNoCcTH Hacamku «Straight HP»
SIBIISIIOTCS HamOoJiee TOAXOASIIUMH IS KPHUOAIH-
MOJIU3a HEKOTOPBIX 00JacTed Tela M Pa3sIUIHBIX
¢dopm xupoBeIX ckimanok. Hacamka «Double HP»
C HanOOJbIEH BMECTHMOCTBIO TOJIOCTU ITO3BOJISCT
B KOHIIE Mpouenypsl mocturatb 81,93% xupoBoit
TKaHU, OXJIAXJICHHOW HIKE TeMIIePaTyphl KPHUCTa-
JIU3aiud. JTO CBSI3aHO C €€ AJIMHHOM M y3KOH KOH-
CTPYKIHEH, 00eCreunBaromeld OOJBIYI0 TUIOIAIb
KOHTaKTa ¢ KOKE€H M, CJIEeIOBATENBHO, JIydIlee OX-
JaXICHHEe 00beMa HAXOMSMICHCS BHYTPH XKUPOBOH
TKaHH.
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piece containing the larger volume capacity, over
80% of fat would reach the crystallization starting
temperature at the end of the treatment.

In recent years, cryoadipolysis has been found
to be an efficient technique for body contouring
and reduction of localized body fat. Thanks to its
non-invasive nature and effectiveness, it is a good
alternative to other invasive methods that represent
a greater risk for patients. Cryoadipolysis platforms
have evolved and developed better solutions for
patients. The use of handpieces with different sha-
pes and cavities able to better fit different parts of
the human body is a good example of this.

In this paper, we have used a mathematical mo-
del that had already been mentioned in a previous
study, where the importance of modelling all factors
that influence a real cryoadipolysis treatment was
revealed [16]. The high level of truthfulness of the
suggested model is supported by data and good
clinical results from hundreds of thousands of treat-
ments carried out all over the world [3]. In turn, the
effectiveness of the original model supports the re-
sults obtained in this simulation, since these are
consistent with reports of good clinical results ob-
tained with the Cooltech® technology [4].

The efficacy of each handpiece has been asses-
sed, specifically analysing their cooling capacity,
geometry or heat homogeneity, among other va-
riables. This information has no precedents and
adds great value to the clinical experience already
obtained. All simulated handpieces were found to
be effective for cooling fat during a standard 70-mi-
nute treatment at —8°C. Figure 6 shows fat percenta-
ges below crystallization temperatures obtained
through numerical simulations for each handpiece,
and Table 3 summarizes all findings. Handpieces
with most volume capacity show less homogeneity
in temperature distribution. The handpiece with
most cooling capacity was Tiny HP, which cools
tissues in a more homogeneous way and can lower
the temperature of tissues faster than the others.

This handpiece can also lodge a larger percen-
tage of fat subjected to temperatures that can reach
crystallization (100%). This is because Tiny HP
is the handpiece that lodges less volume of fat. In
contrast, the Straight HP handpiece has a less ho-
mogeneous temperature distribution, besides being
the slowest to reach target temperatures and lod-
ging a smaller percentage of fat (69.06%) at crys-
tallization temperatures. However, thanks to its
general design and that of its cavity, Straight HP
is the handpiece that better fits several areas of
the body and various shapes of fat folds. It should
also be noted that the handpiece that lodges the
larger volume of fat, Double HP, reaches 81.93%
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BrIBOABI

[IpencraBnensl TpexmepHas OHOJIOTHYECKAs MO-
JIeNTb  OXJIKJCHUSI KOXKHU/)KUPOBOW TKAHH JI0 TEM-
reparypbel —8°C ¢ ITOMOIINBI0 Pa3IMYHBIX HACATOK
JUTA KPHUOAIWIIONHU3a, a TaKXKe YHCICHHOE pelle-
HUE YpaBHEHHUsS TeIUIONepeladd C HCIOIh30BAHUEM
nporpamMmmHoro odecrnederuss «Comsol Multiphy-
sics®». Pe3ysbTarsl IMOKa3kIBAIOT, YTO HAmbojee pe-
JIEBAaHTHBIMH TIEPEMEHHBIMH JUISI OICHKH 3 dek-
TUBHOCTH UCIOJNB30BaHUS TaKOTO poja HAacaIoK
SIBIIIIOTCS  OXJTKJIAIOIIAs CIIOCOOHOCTh, TEOMET-
pusi 1 TOMOTEHHOCTh TEMIeparypbl B TKaHU. YcC-
TAHOBJICHO, YTO YHCICHHOE MOJCIMPOBAHHE U, B
YaCTHOCTH, TpPUMEHSCMas MOJEINb SIBISIOTCS ITOJIC3-
HbIM MHCTPYMEHTOM I ONTHUMHU3AlMU BPEMEHU
WCTIOTIB30BAHUA, YAYUIICHNS TU3aifHAa W TepareBTH-
geckol 3(pdexkTUBHOCTH Kax oW Hacaakd. B Hac-
TOSIIIEM HCCIIEAOBAaHUM pPacCMaTPUBAJINCh TaKue
napameTpsl, kKak (opma TOJIOCTH, 00IaCTh KOHTaK-
Ta HACaJKA C KOXeW, 00beM, MpHCyIIne KOHCTPYK-
MU HACAI0K, UCIOIB3YEMBIX TIPH MOJIECTHUPOBAHHH.

s monTBepKACHUS BO3MOXKHOCTH TPUMEHE-
HUsI ONMCaHHBIX MOJENCH HEOOXOAMMO IPOBEACHHC
CHCIMATFHBIX KIMHUYECKUX HWCIBITAHUH, KOTOPHIC
MO3BOJISIT MPOBEPUTHh HAJIC)KHOCTh MOJEIUPOBAHUS
MyTeM CPaBHEHHsSI MOJACIUPYEMBIX MPOIIECCOB C pe-
QIBHBIMH KIIMHUYECKUMH PE3yJIBTaTaMH, TONTY4CH-
HBIMU TIOC]Ie Kpuoaaumnoiusa. JlanpHeiliee yco-
BEPIIEHCTBOBaHMWE MoZeNu OyIdeT HampaBlIeHO Ha
OTIpeNeIeHnEe B3aUMOCBSI3M MEXIy WIIeMHEH, BO3-
HUKAIOIel BO BpeMsl aclupalil TKaHU U Iep-
(y3ueit KpoBw.

Aemopbl 3asaens0m 00 OMCymcmeuu KOHGAUKMa uH-
mepecos uiu Kakux-iubo opyeux QuHancoswvlx 00s3a-
menbcms.
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of fat below crystallization temperature at the end
of treatment. This is due to its long and narrow
design, which provides an elevated contact area
with the skin, and therefore better cooling of the fat
volume lodged inside.

Conclusion

A 3D biological model of skin/fat tissues cooled
to —8°C with different cryoadipolysis handpieces
and the numerical resolution of the heat transfer
equation using Comsol Multiphysics® software is
presented. The results show that most relevant va-
riables to assess the efficacy of this kind of hand-
pieces are the cooling capacity, geometry and heat
homogeneity. Numerical simulations, and particu-
larly the model applied, are found to be a very
useful tool to optimize treatment time and improve
the designs and therapeutic efficacy of each hand-
piece. In this study, the shape of the cavity, the
area where the handpiece touches the skin and its
volume, among others, are considered, since they
are inherent to the design used in the simulation.

A complete validation of these simulations will
require specifically designed clinical ftrials that
enable to check the reliability of the simulations
by comparing simulated clinical surveys with real
clinical results obtained after a cryoadipolysis treat-
ment. A future improvement of the model would
be determining the relation of the ischemia, produ-
ced in the suctioned tissue within the handpiece,
with the blood perfusion.
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