Photobiol Photomed 24 '2018, 69-72 PHOTOBIOLOGY AND PHOTOMEDICINE
UDK 615.831:615.47 DOI: 10.26565/2076-0612-2018-24-08

THERMAL PROCESSES IN HUMAN SKIN UPON IRRADIATION
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The mathematical model of the process of heating the surface of the skin and its inner layers of short laser
pulses. Duration of pulses is much less then time setting temperature in the body. It is using the solution of the
equation of thermal conductivity for semi-infinity of the body when it is heated by flow of the electromagnetic
radiation. Heat exchange with the outside space is not happening for the duration of a pulse, so the surface of
the body can be considered isolated. The body temperature is rising almost linear. After the end of the pulse it
decreases slowly (thermal time constant is 20 min approximately).

By heating a series of pulses the temperature increases in the same way as by heating of continuous radiation.

It is calculated the increase temperature of body by heating pulses 10 ms, am-plitude 10 W, period of 50 ms.
The average radiated power is 2 W. The temperature of body within 5 s rises to 300 °C.

Key words: irradiation by laser pulses, human skin, thermal processes.

TEIIJIOBI ITPOIIECH B IIIKIPI JIIOANHN
I YAC OITPOMIHEHHA JIASBEPHU MM IMITYJIbCAMUA

M.TI. Kokoaiii!?, B.O. Timanok?, A.M. KopoGos!

IXapxiscvkuil HayioHaavbHull yHisepcumem imeni B. H. Kapasina, m. Xapxis, Ykpaina;
2HayioHanvHull hapmayesmuuHuil yHigepcumem, m. Xapkis, Ykpaina
KOPOTKHMH JIA3ePHUMU iMITyJIbcaMu. TpUBAJIiCTh IMITy/IbCiB HabaraTo MeHIIIe Yacy BCTAaHOBJIEHHS TEMITEPATYPH.
Bysno BukopucraHe po3B’si3aHHSA PIBHAHHSA TEIUIONPOBIAHOCTI /11 HAIiBOECKIHEYHOTO TUIa IMPU HarpiBaHHI
MTOTIKOM €JIEKTPOMArHiTHOT'O BUITPOMiHIOBaHHSA. 3a Yac JIii iMITyJIbCy TEIIOOOMIH 3 30BHIIIIHIM CEPEJIOBUIIEM
He BiI0yBa€THCs, TOMY ITOBEPXHS TijIa MOKE BBAXKATHCS TEILIOI30JIbOBAHOK0. TeMItepaTypa Tijia 3poCcTae Maike
3a JIIHIHHUM 3aKOHOM. ITic/is 3aKiHUEHHS IMITYJIbCY TeMIIepaTypa MOBIJIBHO 3HUKYEThCS (TEIJIOBA MOCTIHHA
Yacy CTAaHOBUTH MpUOIU3HO 20 XB.).

IIpu HarpiBaHHI cepielo iMITyIbCiB TeMIlepaTypa Tijia 30i7bIIyEThCSA TaK caMo, SIK IPW HarpiBaHHI
0Oe3nepepBHUM BHIIPOMiHIOBAHHSM.

OO6uwrCIIeHO TiBUINIEHHS TEMIIEPATYPH Tija ITi/T Yac HarpiBaHHs iIMITyJIbcaMHU TPUBATICTIO 10 MC KOXKHUH,
amrutityoro 10 Br, 3 mepiomom 50 mc. CepeqHsa MOTyKHICTH ckazae 2 Br. Temmeparypa Tisia mpotsarom 5 ¢
mizgaiMaeTses 7o 300 °C.

KirrouoBi citoBa: imMITysibcHe J1a3epHe BUITPOMIHIOBaHHs, IIIKipa JIIOAMHH, TEILJIOBI MIPOIECH.
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TEILIJIOBBIE ITPOIIECCBHI B KO2KE YE/IOBEKA
ITP OBJIYUEHUNU JIASEPHBIMU NUMITY/IbCAMUA

H.T'. Kokoguii'?, B.A. Tumanwk?, A.M. KopoGos!
1 Xapvkosckuil HayuoHanvHblil yHusepcumem umeru B.H.Kapa3suna, 2. Xapvkos, YkpauHa
2HayuonaavHalii papmayesmudeckuil ynusepcumem, 2. Xapvkos, Ykpauna

[Ipemioxkena MareMaTuudeckas MOJesb IIpoliecca HarpeBa IIOBEPXHOCTH KOKU U ee BHYTPEHHUX CJIOeB
KOPOTKHMHU JIa3€PpHBIMU UMITYJIbCAMHU, JJIUTEJIbHOCTh KOTOPHIX HAMHOTO MEHBIIIE BpeMeH! YCTaHOBJIEHUA
TeMIIEpATypPHI B TeJie. Mcnosb3yeTcs pellieHre ypaBHEHU TEIUIOPOBOTHOCTH IS II0JTyOECKOHETHOTO TeJIa IIPU
HarpeBe MOTOKOM 3JIEKTPOMATHUTHOTO U3JIydeHUs. 3a BpeMs JIeUCTBUA UMILYJIbCA TENJI000-MEH C BHEITHUM
MIPOCTPAHCTBOM He IIPOUCXO/IUT, [I03TOMY ITIOBEPXHOCTD TeJIa MOKHO CUHTATh U30JIUPOBaHHOU. TemmepaTypa
TeJjla pacTeT OYTH 110 JTUHEHHOMY 3aKOHY. [ociie OKOHYaHUsI UMITYJIbCAa OHA MEZJIEHHO YMeHbIIIaeTcs (TeIrioBast
MTOCTOSTHHAS BpeMeHU 0K0J10 20 MUH).

[Ipu HarpeBe cepuell UMITYJIHCOB TEMIIEPATYPaA YBETMUHUBAETCSA TaK 7K€, KaK IIPU HarpeBe HelpepbhIBHBIM
U3JIy4YeHUEM.

BerumcsieH poct TeMmepaTyphbl Tejla IpU HarpeBe UMITYJIbCaMU JJIUTeIbHOCThI0 10 Mc, ammutyio 10 B,
uaymux ¢ nepuosioM 50 mc. CpeiHAs MOIITHOCTD n3tydeHus 2 Bt. TemnepaTypa Tesia B TeueHHe 5 ¢ IOBBIIIAETCs
1o 300°C.

KiroueBblIe ¢JIOBa: UMITYJILCHOE JIa3epHOe 00JIyueHre, KoXKa YeI0BeKa, TEMIOBbIE TIPOIECCHI.

Introduction The penetration depth of radiation in the ultraviolet
region of a few micrometers, in a green about 1 mm,
in the red region of the depth of penetration increased
to 20-30 mm. Short-wave infrared radiation with
wavelengths less than 1.5 um penetrates to 30—70 mm.

Research of thermal processes occurring under the
action of laser radiation on humans, given the opportu-
nity to develop new therapies for many diseases. How-
ever, the complexity of the object of exposure (skin,

subcutaneous tissues, circulatory organs) cause was a e

need for further study of phenomena that occur at the e

same time. Theoretical and experimental research in .06 min Fpidem s
this direction are made in the Laboratory of Quantum

Biqlogy and Quantum Medicine KNU. In works [1, 2J, 0.6 - Demma
which were presented at the conferences “Lasers in '

medicine and biology”, investigates the thermal pro-
cesses when exposed to human skin and continuous
optical radiation pulses, the duration of which is more Blaod
time setting the temperature in the object of influence.
In this work the calculations of the heating of
the skin and subcutaneous layers in the case of short
optical radiation pulses.

Mathematical model Fig. 1. Model of the structure of the skin
Mathematical model of the structure of the skin
adopted is the same as in works [1, 2]. It is shown in The change of radiation intensity along the z-axis

Fig. 1 and corresponds to the model proposed in the (into the body) is described by the Bouguer law:
paper [3]. In the skin there are three parts. The upper
part is the epidermis is a multilayered epithelium, the _z
outer layer which is the stratum cornea. The bottom I ( z ) =7 0 € 3
layer of the epidermis rests on the basement mem-
brane. It contains melanocytes cells that protect skin
from the harmful effects of sunlight. The inner skin is
the dermis has a thickness of from 0.5 mm to 5 mm
and in it are the blood vessels.

The thickness of epidermis is approximately equal
to 0.06 mm. The fraction of energy absorbed in this lay-
er is small, so the presence of a layer can not be ignored, b _z
and to consider the fabric of a homogeneous body. S( z,t ) = —Oe 5
Therefore, the problem of heating a semi-infinite body )
by optical radiation penetrating into it in some depth.

where § — the penetration depth of the radiation
level 1/e.

Volume density of heat sources is determined by
the formula:
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The task is described in works [1, 2], took into ac-
count the removal of heat deep into the body, the tissue
conductivity and blood flow. It was shown that when
heating of the skin continuous emission temperature
is set slowly for about 20 min. So when heated with
short pulses, the duration of which is much less time
setting temperature, the withdrawal of heat from the
heated region can not ignore this area be treated as
insulated. The heat conduction equation in this case
looks like this:

0°’T(z,t) 10T(z,0) _ S(z,0)
0z* a Ot ko

(1)

It differs from the equation in work [1] lack of the
right part of the expression describing the dissipation
of heat by blood flow.

Initial and boundary conditions remain the same:

oT(0,t)

0z

T(z,0) = 0, =0, T(0,t)=0.

They mean the absence of heat exchange between
the heated surface and the environment and zero tem-
perature in the depth of the body.

In the calculations we used the following data
about the thermophysical parameters of the skin [3]:
k=0.5W/(m K), c=3500 J/(kg K), p=1100 kg/m?.

The parameters of laser radiation were adopted
as follows: pulse power Po =30 W; pulse duration
tp=10 ms; repetition period of pulses T=20...50 ms;
beam diameter D=1 mm; the depth of penetration of
the radiation in the level 1/e (d=10 mm).

The solution of equation (1) looks like this:

Ty(z,0) if 0<t<t,

. 2
Ty(z,0) =T, (z,t—1,) if 1<t

T(z,t) ={

p

where

Ty(z,t)= fy 5{2\/; ierfc( z

kS| & 2Wat

erfc(x) is the additional error function,

~ _ xerfe(x) is integral of the ad-

1
ierfc(x) =—e
Jr
. . k. e o
ditional error functions, a = — is thermal diffusivi-
cp

ty coefficient of the biological tissue, S — cross section-
al area of the beam.

The time course of temperature at different depths
calculated by the formula (2) for a single pulse with the
parameters specified above, shown in Fig. 2.

1a
AT

n 10 20 an
t, ms
Fig. 2. The time course of temperature during heating of
biological tissue by the radiation pulse

For the duration of the pulse (10 ms), the tempera-
ture increases almost linearly. In fact, it is the exponent
with a time constant of 300 s. However, on a very small
initial part it differs little from a straight line. After the
pulse occurs, the cooling fabric is also exponential. On
the chart the decrease in temperature imperceptible, as
it occurs slowly (with a time constant of 300 s).

As for the duration of the pulse, the heated heat
exchange area with the environment does not occur;
the maximum heating temperature is determined by
the absorbed energy and heat capacity of the heated
volume. It can be estimated by a simple formula:

E B Potp

AT . =—= , 3
cpoS ©)

max
mc

where E — pulse energy, Po— pulse power,
tp — pulse duration, S — cross sectional area of the
beam, ¢ — specific heat, p — density.

In Fig. 3 shows the temperature distribution along
the z coordinate is the depth in tissue. His profile fits
the profile distribution of radiation intensity according

J—e;%—le‘?Z e%erfc ﬁ— z +e§erfc @-FL .
2 5 2at 5 2at

z

to the law ¢ 9. The radius of the radiation intensity
and the temperature in our problem is constant.

The temperature and its distribution in space is
determined only by pulse energy. It is independent of
pulse duration. Even for t, =1 s the graphics T(z,t) are
the same as in Fig. 2 and 3. It is due what heat exchange
to external volume is absent.

By heating the target with a series of pulses tem-
perature at the end of each pulse increases by a certain
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Fig. 3. Temperature distribution in biological tissue at depth
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Fig. 4. Heating of biological tissue with a pulsed radiation (average power is 2 W)

amount AT, while the exposure time is much less than
the thermal time constant 7. Therefore, the heating
rate can be adjusted by changing the duty cycle (the
repetition period of pulses). This changes the average
radiation power.

In Fig. 4 shows the course of heating of biological
tissue to pulsed-modulated radiation with an average
power of 2 W (pulse duration is 10 ms, pulse power is
10 W, the period is 50 ms). Such power is enough for
a few seconds the temperature of the tissue increased
to 3000C by increasing the duty cycle twice the aver-
age power is reduced twice. This way you can set the
wattage at which the temperature of the surface layers
of tissue during, for example, 1 s will rise to the tem-
perature required for the doctor’s work.

Conclusions

1. The temperature of the biological tissue when it
is heated single laser pulse is determined by the pulse
energy and the heated volume (beam diameter and
penetration depth of radiation in tissue). The duration
of the radiation pulse is not a function.

2. When heating of tissue pulse-modulated laser
radiation, the degree of heat it is convenient to regulate
the change of the duty cycle (the repetition period of
pulses at a constant pulse duration of radiation).
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