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The use of laser instruments in almost every aspect of technology may lead to sud-
den exposing of human skin to laser radiation, especially with an invisible laser,
such as continuous CO; laser, causing harmful thermal damage to the exposed
area. This phenomena is studied in this work where the size of thermal damage is
obtained using a well-known thermal dose equation which requires the transient
temperature distributions obtained from finite element solution of the axi-symmet-
ric heat equation. In this work a numerical simulation of these processes is applied
indicating that the size of thermal damage zone inside human tissue seems to in-
crease as power increases even if the exposing time is reduced, whereas the shape
of thermally damage zone extends laterally much more than in-depth due to the ef-
fect of absorption coefficient and perfusion rate of skin tissue. Finally, this work
may establish the concept of numerical investigation of an incidental laser hazard
on human skin.
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Introduction

Due to large increase of laser systems application in different field of science, such as
medicine, industry, and measurements [1], an incidental exposing of laser radiation on human
skin may occur, causing a rapid damage to human skin combining with pain, especially with
high laser power. This work focuses on the influence of different power of continuous CO, laser
radiation to show its effect on pain and damage of human skin. An axi-symmetrical bioheat
equation with laser beam interacting with the tissue at the skin surface and a boundary condition
of convection combined with internal perfusion rate has been solved numerically to determine
temperature distribution through human tissue, from which the thermal dose equation is used to
determine the necroses zone.

Simulation procedure and theory

Simulation procedure

As the continuous CO, laser hit the skin the main part of it will transform into heat
which will transfer across the tissue, leading to rapid increase in skin temperature. As it reaches
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44 °C , which is known to be the threshold limit of pain, a nervous system may respond with a
speed of 100 m/s, [2], taking for a 0.5 m from the center of nervous system 0.01 s to react. Thus,
the human will move away from the source of pain with a delay of at least 0.01 s. The thermal
damage at the time of pain sensation plus time of response should be calculated using a well
known thermal dose equation depending on the transient temperature distribution obtained from
the finite element solution of axi-symmetric heat equation. Also the thermal damage corre-
sponding to the temperature higher than 42 °C is calculated to obtain the total damage zone due
to incidental laser radiation.

Fartial differential equation and boundary conditions

Based on the well known Pennes bioheat equation [3], using symmetrical nature of the
problem, the axi-symmetric bioheat equation is applied:

or 1 o or o*T :
c—=—|k, —|r—||+k, —+Wc,(Tg —T)+Q + 1
pe; ’[rar[ arﬂ t 35 v Tg =T)+0+0,, (1
Only one-half of the cross-section is considered 0.02

because of symmetry, as shown in fig. 1. The basal B
temperature is assumed to be 37 °C, the heat genera-
tion is produced by the interaction of laser photons
with tissue, the convective heat transfer is assumed to |
be 25 W/m’K, the environmental temperature 26 °C, 0.015 =
the density of blood 1060 kg/m?, and its specific heat
3770 J/kgK [4]. The metabolic rate of tissue Q,,, is as- =
sumed to be 1 W/kg for skin, 0.32 W/kg for fat, and 5
0.67 W/kg for muscle [5]. The thermal properties and
perfusion rate of different layers of skin are illustrated 0.01 =
in tab. 1 and the temperature at threshold pain limit is =
assumed to be 44 °C [1]. s

Z[m]

Laser as heat source s
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The usual pattern of laser beam is that of Gaussi- =
an distribution with the irradiation distribution 5
through its radius [6]: =
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As laser interacts with the tissue the intensity of light at any depth can be written as,

[1]:
q, = (1 = RF)lexp(-uz) 3)
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Table 1. Thermal properties of different kinds of human tissue [3, 16]

Tissue P @ k W, Thickness
[kgm~] | [Jkg'K'] | [Wm'K'] | [kgs'm?] [um]
Epidermis 1200 3590 0.23 0.0 80
Dermis 1200 3300 0.45 1.35 2000
Subcutaneous
. 1000 2675 0.19 1.35 18000
tissue

where RF is the reflectivity, being for CO, laser on human skin approximately equal to zero, and
1 — the absorption coefficient which is equal to 594 per cm for the native skin [7]. Now, the heat
generation at any depth is:

O(r.2) = % = Juexp(—yi2) 4)

Finite element formulation

The space-wise discretization of axi-symmetric heat equation subjected to the above
boundary conditions can be accomplished using Galerkin method. The volume of interest, (2, is
divided into a number of elements, £2°, with the usual shape function »; associated with each
node, so that the unknown function 7 is approximated through the solution domain at any time
by:

T'=2N(r, z, OTi(1) )
where 7;(#) are the nodal temperatures. Substitution of the above equation into bioheat equation

and the application of Galerkin method results into a system of ordinary differential equations of
the form [8]:

[CIT +[KIT +[F]=0 (6)
on
ot T
on T, ?
where T = at , T =<--1, and [F]= *Land p is the total numbers of nodes.

F

or, T, g

ot

The typical matrix elements are:
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Fi=% [ NQ-hT.)dl =3 [ N(O+Q,, + We,Ty)d2 9)
I Q
where K;;, C;, and F; indicate the contribution of each element in the global matrices [K], [C],

and [F], respectively.

In the above, the summation are taken over the contribution of each element, £2¢, in the
element volume and I refers only to the element with external boundary on which surface con-
dition is applied. To avoid iteration at each time step, the unconditionally stable three level
scheme is applied here, proposed by Lees [8], using the shape function which normalizes to time
interval , and applying the weighted residual theory to eq. (6), resulting in the matrix form:

3(C, ] 7ok 1T T~ [CIT. +3F
(E—F[KH]JTVH—]_ ([Kn]Tn-i_[Kn]Tn—l 2At[Cn]Tl’l—|+3F) (10)

In this solution a well-known method suggested by Comini, [8], is used to avoid itera-
tion with each time step. The values of matrices at the intermediate time will be sufficient to
solve the simultaneous equations at each time step. The values of the temperature at the end of
the total three level will be replaced by the intermediate values for the next time step and so on,
whereas two starting values of the temperature distribution can be assumed to start the solution
of'eq. (10). It is to be noted that some experience is necessary while meshing the region of inter-
est since small elements are required near the surface where laser interacts with tissue, as shown
in fig. 1. Also a self adjusting time step can be used to reduce running time.

Thermal dose calculations

The thermal dose calculation in term of equivalent minutes at 43 °C is used to estimate
the necroses tissue volume, and is calculated using the following equation [9-14]:

t
D = fS(T*“)dt (11)
ty
where S=2 for 7>43 °C and S=4 for 37 °C < T<43 °C.The thermal dose value required for
the total necrosis ranges from 25 to 240 minutes for brain to muscle tissues [13, 14], the latter
taken in this work as the necrosis limit. The thermal dose is calculated during the period of effec-
tive temperature exposure (i. e. as long as temperature is greater that 42 °C).The thermal dose is
calculated throughout the solution and any elements will be shown to exceed the limit of
necrosis as the value of thermal dose exceeded the limit of 240 minutes.

Thermal properties of tissue and perfusion rate

Many references have well established the thermal properties of human tissue which
are used in this work, tab. 1. Having in mind a decrease in perfusion at temperatures over 45 °C,
resulting from heat-induced damage to blood capillaries [15], the value of perfusion rate at any
location and time can be obtained using Arrhenius damage integral [16]:

W(r, 2, 1) = E;Aﬁeq exp( I;fa)jdz (12)
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where 4., and E, are presented for blood flow collapse (i. e. Ag,, = 1.98:107° per second, and
E,=6.67-10° J/mol [16]. The perfusion rate was calculated continuously during the treatment

as [16]:

W(r, z, £) = W, [1 — exp(—¥)] (13)

Results and discussion

The initial temperature distribution
through tissue can be obtained using the so-
lution procedure described. If no laser radia-
tion is taken into account, the resulting tem-
perature distribution is shown in fig 2,
obtained assuming an initial temperature
throughout the tissue of 37 °C. This steady-
-state condition can be reached after 310 s
from the imposing convection heat transfer
at the skin surface and only metabolic heat
generation with perfusion coefficient ap-
plied inside the tissue. This may verify the
accuracy of the numerical simulation where
the temperature of the skin surface is usually
33.5°C.

The simulation is carried out for laser
spot diameter of 1 mm and the laser power
with Gaussian distribution varying from 1 to
2000 W, to show influence on necroses
depth and time of heat relief (i. e. time to
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Figure 2. Initial temperature distribution across
human body starting from epidermis

reach temperature less than 42 °C after exposing to laser radiation). No damage occurs for laser
power of 1~100 W, for laser power of 500 W the maximum effected depth is 0.55 mm, for laser
power of 1000 W it is 0.6 mm, and for laser power of 2000 W it is 0.9 mm, as shown in fig. 3 and

tab. 2.
Table 2. Depth of necroses zone, heat relief and sensation time vs. laser power
Laser power Sensation time of pain Heat relief time Depth of necroses zone

(W] [s] [s] (mm]
100 0.001 0.778 0
500 0.0008 1.9875 0.55
1000 0.0004 2.01 0.6
2000 0.0002 4.7925 0.9

The shape of necroses zone is extending in lateral direction due to high absorption co-
efficient of tissue, zero perfusion coefficient in epidermis and high perfusion coefficient in the
adjusting layer, even if it may collapse at the elevated temperature. As an example the tempera-
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Figure 3. Enlarge view of necroses zone at
various level of laser power
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Figure 5. Temperature distribution at heat relief
time (1.9875 s) for laser power of 500 W

Figure 4. Temperature distributions at the cutoff
time (0.0108 s) for laser power 500 W

ture distribution for laser power of 500 W at the
cutoff time (sum of sensation and response
time) and the heat relief time is shown in figs. 4
and 5, respectively. The delay in response
which is equal to 0.01 s will lead to increase in
skin temperature which may lead to irreversible
damage in the skin layers for the laser power
greater than 100 W. The increased perfusion
rate seems to decrease the depth of necroses
zone and since the upper part of skin has zero
perfusion rates then the lateral extension of
necroses zone in this region is logical.

Conclusions

The finite element method has been used
successfully to solve the bioheat equation in or-
der to get temperature distribution through tis-
sue, from which the necroses zone due to inci-
dental continuous CO, laser radiation is
determined.

From the result of this work it is shown that
as laser power is increased the size of thermal
damage zone is increased as well, although the
exposed time is slightly shorter. The damage
zone extends laterally more than in-depth due to

high absorption coefficient of tissue, whereas perfusion coefficient is zero at epidermis and has
relatively large value in the in-depth skin layers. Based on this work one may establish the limit
of damage that occurs due to incidental laser irradiation.
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Nomenclature

Ageq  — frequency factor, [sl’l] 1 GreeR letters

c — specific heat, [Jkg K] . 2

E, — activation energy, [Jmol™'] r B sgrfacbe 'oflnterfefst,. [m] 1

h — convective heat transfer coefficient, H — absorbtion COZ icient, [em "]

[Wm’zK’l] P — density, [kgm ]

7 — power intensity, [Wm ] b4 — Arrhenius damage inte}gral

k — thermal conductivity, [Wm 'K '] Q — volume of interest, [m’]

N — shape function Subscripts

P — power, [W]

0 — heat flux, [Wm?] B — basal

0 — heat generation per unit volume, [Wm] b — blood

O.  — metabolic heat generation per unit f — final

volume, [Wm ] m — metabolic

q — light intensity, [Wm ] max - maximum

RF  — reflectivity o — initial

r — radial dimension, [m] p — total number of nodes

S _ constant r — radial axis symmetry dimension

T — temperature, [°C] z — longitudinal axis symmetry dimension

D — thermal dose, [minutes] n=1,n, )

¢ — time, [s] n+l  — time steps

w — perfusion rate, [kgs 'm ] e — environmental

Wy — radius of laser beam, [mm]

z — longitudinal dimension, [m]

[C], [K],

[F] - global matrices
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