[ Downloaded from jdc.tums.ac.ir on 2026-04-02 ]

S9 0 dlie

e 53 Oloyd Sloh yelsl (Silwdings
G Flwbro w4 Myl dwod

Jloial Vb 908 Joa, & st Gy w53 Olals (pppld ) ey bS]
Slabyy olee > Slaily j15 (2l da g 3)90 0lgen (GBS oo ISl 5 Coste
IS plgsan cge (VL 255 5 o8 aujp o Sobo Jddar gl il S ogrge Sloy
Olejie g gy (slod dhe Bl Jlpnl b 9)00 84 Slop> Jol b sla by,
ol slayially ) Coplad pae 9395 o0 pldl (b o8 el e (uled
23)5 dwlgdl (8l el b JolSL lops & oxie Wl oo

sl (b g pldl Gy )3 Lad i (o sl 5338 Jae o iRgy ol 2
Sloslaiwl U g elads gyl colin doleo aily p Jio il oids (awyp S5 olpal,S
5 Agafonkina lewss sas 5155 Ll G (slod do duwly (Siudse 5 yolss
L =% o g v slalod I lojl (sl lagjloand 005 (gilwosly o], Sen
=¥-C Jobo om0 ailin] a4y iy B LS5 5550 slod Sloj ol g s ploul =Y-°C
Gy il 38l dy yomie gy sl EalS &S oy (LS ol (8 )15 (qw)p 390
s g oaalyd glusl g Lod galS 51 -00°C I jieS slaled j3 Jg 9 0 dloss]
oy At slad wdelundds (glwdingg 4k oluly bb o (il Wl 8L 4 ol
Lo a4 b 0-A oy e ,d LS5 5550 (o)) 55 45 s s —00%C B =¥0%C ojL ,
e Jae aS o s U laedhb U Jio zuls awolis w0 —V-7C S0
Pl gley slajiel (lodine 5 Gnoie slp S50 Ol Sl o0 4Bbdnng
A5k

Lod (gilwdips gdde (gilwdnnd oyl > sl Jao ¢ guvgy LS5 ¢ ol il slvojlguuls
olei gloj g
VEF/ AN e Yol VFRF/AAND i cdl o

VFA=VOF :(¥) V5 090 VF+¥ 50l ¢ oloj g Cowgy

‘QS:"‘J-:‘:’ B
858 el pladl
T sy a4l

#Y

Sy pole oluisly o S 0aSiily L)
Olrl 9 «cno3

5 yo e Salindgd (—dnghy 09,5 Y
Dl osSingly (S )5 Cliios
s S5 pale ISl
obrl el

Aol pgle 0uSily « S 58 09, 5 Y
1338 simad plol Lol oSl
Olyl

i g 0 g5
B8 b udl

b Ll gl (LS ol

W,

shirkavand@acecr.ac.ir

el 025 Ml rdlin (2,155

douds

S 09 se d ol > b bnaan osnlie LB

J=55 oleys Loy, cntzmly 5 oo s
as YWLAJ,“: L ob,s b (Cryotherapy) ol 5s!,S

Glales b ale 130, 51 ool b Gus il o 4o
J=do an (g, ml s e ez Gl L
30978 jebay (o2l Jlas g o5 ane ( Solo
ool 0315 o )8 eolaiul 8,90 gy sl SIS
TS el 9,0 Szl 1 g ml (S

Yoslad NS 0,93 NV FeF 5l b g Cugy

51 =% (Cutaneous Warts) owg sla -5

Wit gy Jliol i Ghos Sluls (n el
2 Jobw e £4) laumsisl S Cigae Sl o oS
Sl Sloglly (s ns 3l sloslgls Lawss ()0
S95 K p S jgmody g Ngd oo Slml (HPV)
§ Od—dpt—S Ny b oo al b E g
Jhle @Y 5o Sogde 5l eyl Gommilinis])S se

55 4 oo Coleg o a5 wes e 7,y JUglS ST


mailto:shirkavand@acecr.ac.ir
https://jdc.tums.ac.ir/article-1-5808-en.html

[ Downloaded from jdc.tums.ac.ir on 2026-04-02 ]

ObLlea 9 B0 Y F9

(U Sl 00D Ao gy s 2 lise
wles albiwl any 55 55 50 o ooy polol
O Sl 4ads SO (Y %0) ok o 5
59 Sl oa zl S wl slezsl loj 5 gy sles
S35 = S5 5 2l iml S oo b Jue (b
Olet b el (% 5 oley Jobo o Lo e Jelos
cHld 0,8 Glwil |y Cangy (Hly (Sl LS,
Colaa Jols) sl cevwg olo,S olg 5u8s
O (Gmly slabes jo iy (2bo)S Codil g ole)S
o=l Sapd el ol b Jow ol Cono jo (guldS
5 ol o)l 5 e ol 9,0 slezsl 1 b
Caledys a8 Sl gl (adge (93 by alad
Togiige 55 2l JolS (518,05 5 50,5 ey
b = gl (=l )0 eabadl)] gove (g5ludas
o=l L ccl ouds a8l drwgl o slaosls yen
9 Cwgy ()l L8, (6 iy cBa b il a5 Bus
S (gleans szl anl g e o 1) LS5 4l
NS
GO (9 9 Gilw o

b Sy yo Oyl JLAD) ) e daiea
G35 (Hg ool (o3d Joo S5 ol il S anl
Al aid 5 (1) (eled (an ST (2,8 (bl
Gy aul g J5 5 a8l 6,05 glos (Jow oy
Com g 5l ol Jlosl (gloyu 4y zuly jo 1) S LI
Sy g (oot L8 Jodr a5 o (giluand
g od i (el d Do Joe claslxe VL
(1) oles 9 (N Cwg Goe b, jo Lo &l
SARESC PUES

058 alal s 1,08 el 0 ol > i adolas

950 Ole )y SIS 4,98 > colas
o _ 10 () 200

pCp at - rZ or (kr 6r)'
& ol yo cdl bge Lo T(1,0) bryl yo

sle S cod b ¢y kg/m’ sy il S 0

Sl gl (b5 93 bz @B g (Jeke o)l
28l Sl 5,0l 5 53,55 el ol o oS
Tosdicn 5

218 (S Lol ole 90 4 Q1 sl,S Codbse
Bl b ol Geled plojine 5 9218 g el gles
A youie lgl e el g0 ol e ol sl
(oSl L sl anls ciS il 5 55 (adl sleaxl
20,5 Bl bl ol S8l 4 (5598 yf o] g0
slo =55 by jo a8 wilesls las b Cladllas
% L5 -F-%C sga > o b slales ( wy
Ot Jo—ere wbed Loy g Sl 1) L) (i
30 el paxile anls g4 g o3l 4y iy 45U O-Y-
Voo 4l 01+ Slej 03l o oxlaw Slals 8 lge
Teaons )i 5 il LelS o 55 sl

alaly 389 G e b s g2 L
Goe y0 ph slas g wled ploj oy n lod (o
ol 00T gy 1 (6008 5 (20S g 4 jeie 8L
a2 el = Il sledesdlygiws Sl g b
sl Joo g wiylgiwl o0 sleodalin ¢ Sy
5 Slej gy wlgh 45 W)l 92y (Sl goue
ShaasS cmgten slezil ol 3 Jeb o 1, Les GG
5 Agafonkina s—sle ssus Slallas (5 54w
5 lesS Colas 385 5 a0 polia ' o) LSes
o3l o ) ol Gy Bl ol S o)l

1y LSl gl 48" ailos ;5 sl ) babes 51 (glod yu
JUES 51 (55 333 (s00e (land b 0 (o o2l 3

V 3 . . .

- Ogw ‘nbu‘ gy 5O u)‘).‘>
D9 dte Slod et jslateds (gl ol 5o
oS b BS5 JS B sl S5e el e
&yl JLasl Joe So ) epdlw sl an cowl
(Joe o=l o aeul sand ool ] elad un S
elez sloslewl L 1,45 )l > colos adoles
J—= Agafonkina slacols 5l eoslcwsay Sojud
slabes slm J=55 550 shaS sles g ons 5

Y O)LQA:’ ¥4 0,99 s\f’f }o)b s‘ﬂﬂL.l,!jg I:l—lll}..!


https://jdc.tums.ac.ir/article-1-5808-en.html

[ Downloaded from jdc.tums.ac.ir on 2026-04-02 ]

VO« Gd3e duslmo gy 41 5921, 50 O eyl (g)lwdiage

azd,8 sy asl yo dgax> 0 oy pl8 5 olads
Sl e Uhsy 09—t s (goae (g luL bl

oolil b ()1 (sl g 48,5 Jl5'ay Gloj (5,5 1,5
s a8 (Fourier Number) 4 58 sae jlxs

kAt 1
FO - pCp(Ar)? < 2

ool wl U blas plas slos ¢ gloj a5 2 4o
sleo 4 Slaey Lol gloyig,a e doles
Ol ey =Y %0 Jglos slezl wilinl & LS5 5550
A Gy Sy slesdl loj lgisay alax

oz Sl gl e buld s 5
50 and LS5 g =Y B =Y I T lade
bed an =55 55 0 ey sl ¥ o 2>
o S Golwdigy aiss JB jo g acwlbxs -Y.%
oobed Hle g g sled loo alal) aids plass I
et 1y 255 JslS slezml (gl m canlin oo
o,
125 3 (ol (50313 by e i e

i (oae Jow cds ooyl jetatea
sl sla )55 g (o sloesls b jlwancs
Slllas ab aslie LS55 2l5nl)S 059> 50 35290
Sga> haw slales Jlogl a5 wlools lias ool
asb 0V o5 yo wbes Loy g-Fc L -F-%C
35 g JS s il JolS slossl 4y i Ygane

P R T ae

syl Joe sl Jol @l Togd oo (Job Hi5e
30 k55 S e a8 GlaigSas ol flid |y alice (guig,

)O oola ol 0)9_45 [T — 6L®)M‘)b 9 g.,_wy
55 @linls wulp b ol Jasl gsleass
Syl 5 il Sl e e e lis )
9 Agafonklna G:).?u LQLQOO‘O L),uLm‘ » °j‘l9 G,Lo)f
ool Lo el s 9 asiloas Ol ) Ken
u‘g_».cd_J )JOL_M U"‘ ..X.:‘od_.:é; u.v.u ‘Ss‘]:y‘;
Ll b acs )5 1,8 eolaiwl 5,90 (g00e o (59455
oobJlosl loys il jo gy 5 LS5 (S,
By (G lwand (b B0 b g vy
S0 9 gl bl pd

12 28 JS slos o5 5o b eyl ol 1o
e J18 s sbo b ole S Jolws

T(r,0) =T, =37°C

(sl )l Jdoan r =0 —wain 35 0y

el 2o Los yLal,S

L0 (2)
pC - (kT ar

Gl b ol w8l oo 7 =1 ()15 50 50

P9l se 48,5 L 50 gl
T(r=ryt) =Ty

o=l o g cwl olielS Cop aw Glos Ty oS
1L o eolo =V B -Y+°C ks o5b ,0 Lidgh
39 gy p ezl Gloj 2 g sled
S o (s,

J—2lE o) 5G9 adolae gooe o> sl
5 ol ,o (Finite Difference Method) sgu_>e
0,5 Ve el e a5 s oolitl S

S5 )9l (G ilwanls 5 ooliiiwl 8590 (S dg0 s 9 (wiid Syl )b 1) Jou

Description Unit Value Symbol Quantity
Hemispherical wart on skin surface mm 15 r Wart radius
From Agafonkina et al. (2021) W/m.k 0.45 k Thermal conductivity
From Agafonkina et al. (2021) J/kg.k 3400 Cp Specific heat capacity
Typical value for soft biological tissues kg/m® 1050 p Density of skin tissue
Core body temperature °c 37 To Initial tissue temperature
Constant surface temperature during freezing o -40 IE Cryoprobe surface temp.
Total time of transient thermal simulation S 60 max Simulation duration
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Sample Center Temperature Curves
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Cryotherapy Optimization Map
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Temperature-Depth Profiles at Several Times (Cryotherapy Cooling)
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Cutaneous warts are among the most common benign skin
lesions and, due to their high prevalence, risk of infection, and
cosmetic concerns, they remain a frequent focus of clinical
attention. Among the available treatment modalities,
cryotherapy is widely used as a first-line option owing to its
simplicity, low cost, and high success rate. However, the
optimal choice of probe temperature and freeze duration still
largely relies on clinical experience, and uncertainties in
tissue thermal parameters may result in incomplete treatment
or unintended damage to surrounding healthy tissue.

In this study, a numerical model was developed to investigate
the temperature distribution within human skin during the
cryotherapy of warts. The model is based on the radial heat-
conduction equation and incorporates temperature-dependent
thermophysical properties of human skin as reported by
Agafonkina et al. (2021). Simulations were performed for a
range of probe surface temperatures between -30 °C and -70
°C, and the temporal evolution of the wart center temperature
was examined until it reached the cellular destruction
threshold. The results indicate that lowering the probe
temperature accelerates the freezing process; however, below
approximately -55 °C, this enhancement becomes saturated
and the risk of collateral tissue damage increases. Based on
the obtained optimization map, the optimal probe temperature
was found to lie within the interval -45 to -55 °C, for which
the wart core reaches the critical temperature (-20°C) within 5
to 8 seconds. Comparison with clinical data demonstrates that
the developed numerical model can serve as an effective tool
for predicting and optimizing cryotherapy parameters, thereby
improving treatment precision and reducing the likelihood of
clinical error.

Keywords: cryotherapy, cutaneous wart, heat transfer model,
numerical simulation, temperature-time optimization
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