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Abstract

The PBM treatment method is widely used in the treatment of oral and dental diseases, especially the fast treatment of
aphthous. Although the conversion and distribution of laser beam energy in the form of heat is important, when the laser
intensity is less than 500 mw/cm?, the photochemical reactions that occur simultaneously in the tissue environment are con-
sidered to be the dominant process compared to the thermal effects. Due to the insignificant increase in the temperature of
the tissue, its experimental measurement is often accompanied by a significant error, and the use of a theoretical calculation
method based on the solution of the heat transfer equation in the tissue environment can increase the accuracy in determining
the temperature rising of the tissue. This can lead to the prediction of optimal irradiation conditions. Here, we have obtained
the instantaneous temperature changes in the tissue by using the bio -heat equation and its numerical solution by the Gauss-

Seidel method.
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Introduction

Photobiomodulation (PBM) is one of the non-invasive treat-
ment technics using light sources that is carried out by biologi-
cal activities in photochemical reactions. Photobiomodulation
(PBM) deals with non-thermal laser-tissue interactions when
low-level laser exposure is applied to the target tissue. The
mechanism of PBM has already been reported [1,2]. The ef-
fect of PBM treatment has been reported on healing wounds,
burns and reducing muscle and joint pain [3-6]. The interaction
of photons with strongly scattering environments leads to back-
scattering and multiple scattering, which causes deviation from
the Lambert-Beer law. The result of this scattering is the accu-
mulation of photons in the lower layers of the tissue [7].

In tissues where the absorption coefficient is significantly
higher than the scattering coefficient, the Lambert-Beer law
can be used. In PBM, due to the use of laser in the therapeutic
window, the ratio of scattering to absorption coefficient is often
much higher than 1, in other words, a correctional term that is

a function of the scattering coefficient is added to the Lambert-
Beer law. In this work, the heat transfer equation in the tissue is
solved by the Green’s function method and it has been shown
that the PBM raises the tissue temperature ~0.1°C.

Theory

Due to the low laser intensity, heat transfer parameters and
tissue optical coefficients can be assumed to be constant and in-
dependent of temperature. In the mathematical model, a semi-
confined homogeneous environment is exposed to continuous
laser radiation with a Gaussian radial laser beam, and the ther-
mal coefficients of the tissue are assumed to be almost similar
to water parameters. The thermal and optical parameters of the
tissue are determined for the wavelength of 810 nm. Calcula-
tions are performed in a cylindrical coordinate system. Then,
the instantaneous temperature profile is determined. The tem-
perature behavior of biological tissue is written by the bioheat
equation as follows:
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When the diffusion rate of blood in the target tissue is small,
the expression of heat extraction through blood circulation,
S, can be ignored and thus the bioheat equation becomes the
heat transfer equation. Where, aw = K/pC and K, P and C are
the heat transfer coefficient, density and heat capacity of the
tissue, respectively. f(r,z) represents the source function and q
= pCf(w/cm?) represents the volumetric power of the thermal
source caused by the photon absorption process in the optical
interaction of the laser light with the biological tissue. Usually,
the source expression according to the penetration depth is as
follows [8]:

TEED  Sla(1) V12,01 + £ =5, (1)

Where ft = Ug + ts While iz and Hs are absorption and scat-
tering coefficient, respectively. lo is the central intensity of the
laser beam, which decreases radially as exp[ —2 (T_Z)Z]- fus) is
the source correction function for deviations from the Lambert-
Beer law in strongly scattering environments in the therapeutic
window region. 7o is defined as the effective radius of the laser
beam so that the intensity is equal to the central intensity of the
beam and R represents the direct reflection coefficient from the
tissue surface.

= Vla(T).i VT(r,2, 0] + f(r,2) — S,

In PBM, assuming that heat transfer coefficients are temper-

ature independent, the temperature is as follow:
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Where Ht = Hq + U5, @ = Y= 4ap(t— 1) and7 js the la-
ser cutoff time.

If the medium is assumed to be completely absorbing
(us = 0,1y, — ), equation (1) becomes:

q=ho(1—Rye " 3)

In this case, equation (2) becomes simpler:
I,(1—R)
T(r=0,z=0,0) = zsc(()cwﬁ[tan‘l\/él-amaz(t— D) — tan~Y4a a2t (4)
When t — o and just at the time of laser cutoff, equation (2)
becomes its simplest form:
Ihvt(1—R
T = M (5)
4pcapa
Equation (5) implies that the temperature will not exceed an
upper limit. For a real environment, the upper limit of tempera-
ture will be lower than the value of equation (5).

In our model, tissue is assumed to be an environment with
70% water and its optical and thermal coefficients are given in
Table 1.

Results & discussion

Here, we expose the tissue to the radiation of a He-Ne la-
ser with a power of 20 mW. The beam diameter and intensity
are assumed to be 0.225 cm and 500 mW/cm? respectively. The
heat transfer equation was solved by finite difference numerical
technique and using Gauss-Seidel method. In figure 1 thermal
responses at r = 0 for 1 second irradiation time and at laser pen-
etration depths of 0, 0.013, 0.026 and 0.039 cm are shown. The
temperature increase as a non-linear function of the irradiation
time. This temperature rise is remarkably fast in the first second
of irradiation. After stopping the radiation, the temperature has

Table 1: Frontal CT scan showing the mass an upper polar tis-
sue mass of the left kidney.

Symbol
Thermal diffusivity Aty 0.00115 cm?/S
Thermal conductivity K 0.0042 W/ cm?°C
Heat capacity c 3.35J/g°C
Density P 1.09 g/cm’
Absorption Ha 2 cem?
Diffusion Coefficient Us 188 cm?
Reflection R 5%
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Figure 1: Temperature changes according to irradiation time (laser
cut-off time 1s), (a) 0, (b) 0.013, (c) 0.026, (d) 0.039 cm.
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Figure 2: Temperature variation versus laser intensity.
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Figure 3: Tissue surface temperature changes over time for a given
intensity.
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Figure 4: Isothermal curves in tissue depth in terms of radii of ir-
radiated surfaces.

a significant rapid drop so that after the third second of irradia-
tion, it tends to zero asymptotically, independent of the beam
penetration depth. Normal body temperature is 36.5°C. When
the temperature reaches more than 40°C, the gradual change
of the protein from the normal state occurs and this leads to
the local destruction of the tissue. Since BMP does not increase
the temperature of the tissue locally, it does not cause thermal
destruction of the tissue. The results of the figure 1 are a good
confirmation of this issue, because the maximum for tissue tem-
perature increase is 0.015°C. Temperature variation according
to different radiation intensities for 1h irradiation time is shown
in Figure 2. As can be seen, this correlation is linear. A 0.14°C
temperature rising is predicted for the maximum laser intensity
of 1 W/cm?. The temperature increase as a non-linear function
of the irradiation time. This temperature rise is remarkably fast
in the first 25 seconds of irradiation. These confirm the greater
penetration depth of the beam for longer irradiation times.
The mentioned topics can be concluded from Figure 3. Figure 4

shows isothermal contours for an irradiation time of 1s and at
the exact moment of observation equal to T. Average speed of
heat diffusion and temperature gradient can be determined us-
ing these isothermal curves. By simultaneously using the results
of figures 1- 4, it is possible to determine the optimal conditions
of BMP treatment. Based on these calculations, only one per-
cent of the laser beam energy has been converted into heat,
and most of this energy contributes to the acceleration of pho-
tochemical reactions. The photons stimulate the mitochondria
of the cells, which lead to the release of neurotransmitters such
as enkephalin and epinephrine. As a result, anti-inflammatory
and pain-relieving effects are observed in the human body.

Conclusion

Here, a fast and reliable solution for the heat transfer equa-
tion for low-power laser irradiation on tissue was presented
using the Green'’s function method. This solution confirms the
slight increase in tissue temperature and the non-destructive
effects of laser therapy. The results obtained from this simula-
tion can be effectively used in determining the treatment proto-
col with the BMP method using isothermal contours evaluation
in determining the range of laser intensity. On the other hand,
it is also possible to determine the appropriate values for the
duration of irradiation and the intensity of the incident beam
to determine the conditions of the treatment at the surface or
depth of the tissue.
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