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Abstract

Objectives: Enhanced infrared neural stimulation (EINS) using nanoparticles
is a new research hotspot. In this paper, the numerical modeling of the inte-
raction between a light source and brain tissue during EINS is studied. Mate-
rials and Methods: This model is built with the finite element method (FEM)
to mimic the propagation and absorption of light in brain tissue with EINS.
Only the thermal change is considered in this model since the photothermal
effect is the main mechanism of EINS. The temperature response of brain ir-
radiation is governed by the extensively used Pennes’ bio-heat equation in a
multilayer model. Results: The temperature distribution in the brain under
laser irradiation is determined. And the relationships between the brain tissue
temperature and the three factors (the laser pulse time, the laser energy and
the enhanced absorption coefficient of the tissue caused by the nanoparticles)
are analyzed. Conclusions: The results indicate that the brain tissue is easier
to warm up with the enhancement of nanoparticles and parameters of the la-
ser can alter the temperature increase of the brain tissue. These findings offer
a theoretical basis for future animal experiments.

Keywords
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1. Introduction

Neural functional disorder is a serious disease affecting millions of patients
worldwide. All the motor and sensory functions of the body are the process of

the muscle or nerve cells changing from a resting potential to an action potential
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(AP) after receiving a variety of stimuli. Thus, a nerve functional disorder can be
repaired by applying an artifact neural interface with an external stimulus such
as with electrical, optical, chemical and mechanical methods. Among these me-
thods, electrical stimulation, which has already entered the clinical stage, is the
most popular method [1]. However, electrical techniques are challenged due to
low data and energy transmission efficiency, poor spatial resolution, and short
service time. In addition, people often suffer from muscle fatigue, pain and other
negative effects from electrical stimulation because coarse fibers with lower ex-
citation thresholds are usually excited earlier than fine fibers in an electrical sti-
mulus, which is opposite to normal physiology. In this case, high spatial resolu-
tion to realize selective stimulation is needed for treating neurological disorders.

Infrared neural stimulation (INS) with a noncontact interface, high spatial se-
lectivity and no stimulation artifacts has advantages in achieving selective sti-
mulation [2]. Some wavelengths of lasers are found succeeded in excite the neu-
ron, such as 1450 and 1540 nm [3], 1850 and 1870 nm [4] [5] [6], 1940 nm [7]
and 2120 nm [6]. Some scientists believed that optical sources with wavelengths
between 1450 - 2200 nm were the best choice for nerve stimulation because the
tissue absorption coefficient of lasers with those wavelengths is higher [6].
However, the higher the absorption coefficient, the shorter the propagation
length of light in the biotissue is. Then, only the skin layer of the tissue can be
stimulated since the deep layer is hard to reach. Since the photothermal effect is
the main mechanism of INS, any wavelength, not only those confined to a 1450 -
2200 nm laser, that can cause sufficient thermal effects may succeed in INS.
Therefore, in this paper, an 808 nm laser is tried for INS since this wavelength
light has the ability to reach deeper layers. However, the tissue absorption coeffi-
cient of the 808 nm laser is too low to excite the nerve. Last several years, scien-
tists found that nanometer particles have very high absorptivity for light shining
at their resonance frequency [8] [9]. Therefore, with the help of nanometer par-
ticles, laser at wavelength of 808 nm might activate the deep nerves.

Heat injury is a difficult issue of INS that should not be neglected. When the
laser energy exceeds two times the required minimum energy, the tissue pro-
duces thermal damage [9]. Heat injury is more likely to happen when the laser is
used to inhibit the neurons. Therefore, in INS, the most important issue is to
control the temperature increase and distribution over the living tissue. The tis-
sue temperature during INS mostly relies upon the light and the thermal per-
formance of tissue. In other words, the thermal response of different tissues will
be different even if they are irradiated with the same light. In INS, prediction of
the thermal response of the tissue, especially the human brain, is very important.
In this paper, a simulation model for INS on human brain tissue is built to accu-
rately calculate the thermal changes of the biological tissue caused by infrared
laser irradiation to maintain safe stimulation and to test the possibility of INS by
an 808 nm laser combined with nanoparticles.

Many articles have tried to model the temperature changes in biotic tissue

under laser irradiation [2] [10] [11]. There are generally two parts of content for
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the simulation, the light transmission in the tissues and the temperature changes
of tissue after absorption of light energy. There are several mathematical models
for learning light transmission in the tissues [12] [13] [14], and Monte Carlo
method is widely used. However, the Monte Carlo model is only appropriate for
optical propagation. For the thermal distribution in biological tissue, which is
the other step to simulate the physical interaction of light with biological tissue,
the Pennes’ bio-heat equation [15] is the most widely known approach. The
Pennes’ equation is quite good for microvessels as it considers the effects of the
blood perfusion and metabolism on the biological tissue [10]. In addition, the
Pennes’ bio-heat equation is simple and accurate, so it is used to calculate the
thermal distribution in brain tissue in this model.

There are two popular numerical methods to implement photothermal model,
a finite element method (FEM) and a simple explicit one-step finite difference
time domain (FDTD) method [10] [11]. FDTD method can reach convergence
in a suitable small time and space steps, but the amount of calculation increases
rapidly when used to solve the model with a very small step. Moreover, if used to
solve the continuity condition, the space mesh boundaries might be ineffective
because of the virtual boundaries. However, the FEM shows high accuracy when
dealing with more intricate geometry [10] [11]. Therefore, in this paper, the
FEM is selected to solve the temperature distributions using Pennes’ bio-heat
transfer equation in Enhanced infrared neural stimulation (EINS), and a Gaus-
sian function is used instead of the Monte Carlo model to calculate the heat
source in the Pennes’ bio-heat equation. And in this work, the relationships be-
tween the brain tissue temperature and the three factors (the laser pulse time, the
laser energy and the enhanced absorption coefficient of the tissue caused by the

nanoparticles) are analyzed.

2. Modeling Method

This model simulates the temperature distribution of the human brain tissue
under enhanced near-infrared laser irradiation. In this work, a laser with wave-
length of 808 nm is chosen as an example and the model is built using the FEM
simulation software COMSOL Multiphysics 3.5a.

2.1. Bioheat Equation

In biological tissue, heat transfer is a complex process including energy conduc-
tion and radiation, air convection and heat evaporation and the metabolism of
biological tissue. In addition, the blood flow also affects the heat transfer.
Therefore, the Pennes’ bio-heat equation is used to calculate the temperature of

the tissue irradiated by laser exposure:
oT
5tspCE+v(_kVT)=prbwb (T;)_T)+Qmet +Qlaser (1)
where:

J,, = time ratio (the default value is 1)
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p = density of tissue (kg/m?)

C= specific heat of tissue (J/(kg-K))

T'= temperature ("C)

K = thermal conductivity of tissue (W/(m-K))
p, = density of blood (kg/m)

G, = specific heat of blood (J/(kg-K))

w, = volumetric perfusion rate (kg/(s-m))

T, = temperature of arterial blood ("C)

Q,... = metabolic heat source (W/m?)

Qiuser = laser heat source (W/m?)

2.2. Laser Propagation Calculation

In Equation (1), Q. is derived from the absorption of the laser energy by the
tissue. Only a portion of the laser propagating in the tissue is absorbed; the re-
maining portion will be scattered, reflected or refracted. Here, we suppose the

light source is Gaussian laser, so Q. of Equation (2) is defined such as [16]:

2
S(r,z)=u, (1-R)¢, exp{—O.S%exp(—usz)—,utz} (2)
o

S(r, 2) is the Q.. of Equation (1) and where:

U, = absorption coefficient (1/m)

R = specular reflectance

U = scattering coefficient (1/m)

M = s + U, Attenuation coefficient of tissue (1/m)

@, = the flux density of the incident light (¢, = 2P/ nw; , W/m?)

P =laser power (W)

w, = Gaussian beam radius (m)

When the biological tissue is divided into multiple layers, the optical proper-
ties of each layer are different. The vertical coordinates of the end boundary of

each layer are defined as Z;, Z,, Z; so the heat source of the second layer is:
2
,
S, (’”72) = U2y exp{_O-SEeXp[_ﬂslzl — Hy (Z —Z )] —HaZ — Hy (Z 4 )} (3)
0

The heat source of the third layer is:

2
S; (r’Z) = Uysy exp{—O.S%exp[—,uS]zl —Hy (Zz —Z )_/Jsz (Z —Z )]
0
(4)

THuZ T My (Zz _Zl)_lut3 (Z ) )}

Since the heat source varies with time, the heat source term of each layer

should be multiplied by a time factor:

f(t)zexp{—4 (v _;)2} (5)

T
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where tis the computation time and 7is the laser irradiation time.

2.3. FEM Model: Geometry, Material Properties and Boundary
Setting

The geometry of FEM software COMSOL Multiphysics 3.5a is shown in Figure
1. The model was built with the bioheat equation in the heat transfer module in
COMSOL. The range of laser irradiation is extremely limited, so the brain tissue
under exposure is equivalent to a homogeneous cylinder in order to simplify the
model. To further increase the computional speed, the cylinder is established
using a 2D axisymmetric coordinate, in which raxis represents the radius of the
cylinder (brain tissue) and z axis represents the central axis of rotation. The laser
light transmitted by optical fiber can propagate through the skin and skull to di-
rectly illuminate the cerebral cortex with the dura torn up in practice. This geo-
metry model consists of three layers: white matter, gray matter and cerebrospin-
al fluid (CSF). Figure 1 indicates the size of each layer. The thickness of the hu-
man cerebral cortex is generally 2.5 - 3 mm, therefore, the gray matter and white
matter is set to 2.5 mm respectively. The optical fiber is set 0.5 mm away from
the gray matter, which is covered by CSF and the laser spot center is the coordi-
nate origin.

And the subdomain setting of the geometry model is calculated by Bioheat
Equation, Equation (1). The thermal properties of the brain layers for Equation
(1) are summarized in Table 1. In the simulation examples, the blood water
content is 80% so the density of blood is 1060 kg/m [3] [24]. And the blood heat
capacity is 3770 J/(kg-K) [25] while the arterial blood temperature is assumed to
be 37°C and remains constant. The brain is exposed to a continuous-wave laser
with wavelength 1 = 808 nm and Gaussian beam radius @, = 2e—4 m. For the 808
nm laser, the optical parameters of the brain layers are summarized in Table 2.
In Equation (2), the specular reflectance R = (n—l)2 / (n+1)2 , where n is the
refractive index of the tissue and n=1.53—-0.2*w [16], where wis the water
content in the organization. In this model, CSF is the first layer that the laser ir-
radiates directly, and the water content of CSF is defined as 99%, so 1 of CSF will
be 1.53 - 0.2%0.99 = 1.33, then R =(1.33-1)" /(1.33+1)’ =0.02.

A
Z
2.5 mm
White matter
2.5mm
(0,0 CSF O.gmm
5mmr

Laser

Figure 1. The geometry model of the human brain in COMSOL.
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Table 1. Thermal parameters of the material in the model [17]-[23].

Heat Conductivity Density Specific Heat Capacity Blood Perfusion Metabolism

Structure ) mK) kg/m’® T/ (kg K) kg/(s-m) W/m?®
CSF 0.64 1000 3850 0 0
Gray 0.5 1080 3850 14.7e-1 16700

White 0.5 1080 3850 3.675e-1 4175

Table 2. Optical parameters of the material in the model [13].

Structure Absorption Coefficient (1/m) Scattering Coefficient (1/m)
CSF 1 66
Gray 25 7700
White 5 36,450

Quer of Equation (1) for the CSF is defined as S(z; z) which is calculated by
Equation (2). Q. for Gray is defined as S,(r; z) which is calculated by Equation
(3). And Q,,, for White is defined as S(z; z) which is calculated by Equation (4).

In this COMSOL model, four boundary conditions are set: 1) the axial sym-

metry is set to thermal insulation; 2) the CSF surface is set as a natural convec-
tion boundary considering the convection with the surrounding air,
Geony = h(T,c —=T) [10], where gq,,,, is the heat flux due to convection and 7 is
the surface CSF temperature; the heat transfer coefficient, 4, is 10 W/(m*K) and
the external temperature, 7}, is 25°C; 3) the interior boundaries are set to con-
tinuity; and 4) other boundaries are set as Dirichlet constant temperature, where
the initial temperature of both gray matter and white matter was fixed at 37.2°C
and the CSF temperature was fixed at 37.1°C [17].

2.4. Nanoparticle

Gold nanorods are selected as an example in this paper. As shown in Figure
2(a), the size ratio of the nanorod is 4.1 with 79 nm length and 19 nm width on
average. Figure 2(b) provides the absorption spectra of nanorods with a con-
centration of 3e—5 g/l. As we can see form the diagram, the strongest absorption
is at 810 nm, which is very closed to 808 nm laser that we used. The absorbance
of the nanorods at the 808 nm is approximately 2, so the absorption coefficient
of the nanorod at this concentration is about 460 1/m (Appendix A). This ab-
sorption coefficient can be easily adjusted by changing the concentration of na-

norod.

3. Results and Discussions

Simulation results on the temperature distribution of the brain model at differ-
ent laser pulse duration and varying laser power are displayed in Figure 3, and
Figures 4(a)-(d). In Figure 3, the laser energy is 10 W with 2 ms pulse duration.

Figure 3(a) is the temperature distribution of the multilayer model at Time = 8 ms
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Figure 2. Characterization of gold nanorods. (a) TEM image of gold nanorods with a
geometric dimensions of length = 79 nm and width = 19 nm; (b) A graphs of absorption
spectrum of gold nanorods showing a maximum absorption peak at A = 810 nm.

Temperature (°C) Max: 38.491
%107

g3
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38.4f 37.9
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=~ 38} <
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(b) (©)

Figure 3. (a) Temperature distribution for P=10 W, 7= 2 ms; (b) Temperature distribu-
tion along the central axis of the laser irradiation (7'= 8 ms); (c) Temperature versus time
for the highest temperature point in (b) (z= 6e—4 m, r= 0 m).

(laser pulse opens at Time = 0 ms). Although the CSF is in front of the gray
matter, the temperature of the CSF is quite lower than that of the gray matter.
Furthermore, almost all the energy is gathered in the gray matter, and little
energy from the laser can propagate into the white matter. Figure 3(b) shows
the temperature distribution along the central axis of the laser irradiation that is
z axis (r= 0 m) at Time = 8 ms. We can see that the highest temperature point is

between z = 5e—4 m and z = 1le-3 m which is in the superficial layer of the gray
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(e) ®

Figure 4. Temperature distribution when the temperature rises to the peak value for dif-
ferent parameters. (a) P=20 W; r=2ms; (b) P=30 W, 7=2ms; (c) P=10 W, 7= 20
ms; (d) P=10 W, 7=50 ms; (e) P=10 W, 7= 2 ms, g, of gray matter = 125 1/m; (f) P=
10 W, 7= 2 ms, g, of gray matter = 250 1/m. y, of gray matter in Figures 4(a)-(d) is 25
1/m.

matter (Figure 3(b)). The above phenomenon is because the gray matter has the
strongest absorption of the 808 nm laser compared to CSF and white matter.
Figure 3(c) shows the temperature versus time for the highest temperature point

in Figure 3(b) (z= 6e—4 m, r= 0 m). As shown in Figure 3(c), the temperature
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does not stop rising when the laser pulse stops due to the thermal hysteresis. In
addition, the temperature rises rapidly to the highest point and then drops very
slowly after reaching the peak value.

For laser irradiation at different pulse durations and powers, Figures 4(a)-(d)
provides the temperature distribution of the brain model while the temperature
rises to the peak value. All of the results from the above simulations are summa-
rized in Figure 5(a) and Figure 5(b), which clearly show the varied effects of
pulse duration and laser energy on the maximum temperature values. It is clear
that with the increase of the pulse duration, the maximum temperature of the
brain also increases. In addition, when laser power is increased by keeping the
exposure duration constant, the maximum temperature of the brain is increasing
linearly, which is consistent with Vitkaya’s [10] simulation result.

According to Fribance’s simulation result, local temperature needs to be ra-
pidly increased by 6.6°C - 11.2°C in 0.1 - 2.6 ms to activate the axon [26]. Wells
et al. also demonstrated that the axon temperature needs to be increased by 6°C
- 10°C in 0.005 - 5 ms to activate action potentials. However, Figure 4(b) shows
that the temperature increase is only (41.177 — 37.2) = 3.977°C within 2 ms even
when the laser power reaches 30 w, which is very high for an 808 nm laser.

Therefore, it is very unlikely to be able to activate the nerve using the 808 nm la-

ser.
Max Temperature vs. Laser Power
415
5 41
405
2
s 40
2
£39.5
&
~ 39
<
= 38.5
38 ! !
10 20 30
Laser Power (W)
(a)
Max Temperature vs. Exposure Max Temperature vs. Absorption
4T Duration Coefficient
_46 01
8 45 6 48
b <
b £
B
24 2 44
3 £
=41 S 42
540 :
= S 40
39 =
38 38 4 1 )
P 20 50 25 125 250
Exposure Duration (ms) Absorption Coefficient (1/m)

(b) (0

Figure 5. Maximum temperature values for varying (a) laser power at exposure duration
7= 2 ms, y, of gray matter = 25 1/m; (b) Exposure durations at laser power P=10 W, x4,
of gray matter = 25 1/m; (c) Absorption coefficients at pulse duration 7= 2 ms, P=10 W.
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Recently, researchers have used different materials nanoparticle, such as
gold, silica and silver to enhance the absorption of light because of their loca-
lized surface plasmons (LSPs) capability [8] [9]. Essentially, nanoparticles are
the main suction light components after injected into the tissue since their ab-
sorption coefficient is much higher than the surrounding tissue. Therefore, the
absorption of light for the injection parts can be similar to the absorption of
light by the nanoparticles. Nanoparticles cause temperature rise after suction
light, then heat transfer to the surrounding nerves, so as to make the tempera-
ture rise of nerve. According to paragraph “2.4 Nanoparticle”, the measured g,
of the nanorod at concentration of 3e-5 g/l is about 460 1/m, which is 18.4
times of x4, of gray. And this absorption coefficient can be easily adjusted by
changing the concentration of nanorod. Then we analyzed the effect of the tis-
sue absorption coefficient (which are 5 times and 10 times of 4, of gray) on the
temperature distribution, results are provided in Figure 4(e) and Figure 4(f).
The maximum temperature values of different absorption coefficients are
summarized in Figure 5(c). It can be clearly inferred that as the absorption
coefficient is increased by 4 times or 9 times by keeping the pulse duration and
laser energy constant which is easily implemented by adding nanoparticles,
maximum temperature of the brain is increased, and it can easily rise above
6°C, and the Neurons will be excited by near infrared laser combined with na-
noparticles. Therefore, near-infrared laser will be able to activate the deeper

nerves with the help of nanoparticles.

4. Conclusions

INS receives more and more attention due to its advantages including high spa-
tial selectivity and no need for contact. The local transient temperature gradient
induced by the absorption of the laser is the main mechanism of INS. Therefore,
the study and prediction of the temperature distribution in biological tissues in
INS is frequently required.

In this work, the FEM numerical algorithm is proposed to solve the Pennes’
bio-heat equation to get the temperature distribution of the brain irradiated by
an 808 nm laser. The results obtained from this study indicate that the parame-
ters of the laser that clearly affect the temperature distribution of brain are pulse
duration, laser power and the absorption coefficient. The tissue absorption of the
near infrared laser increases by adding nanoparticles around the tissue. By
changing the absorption coefficient in this model, we found that the tissue tem-
perature could rise above 6°C with exposure to the near infrared laser, proving
that it is possible to excite the nerve by near-infrared laser enhanced by nano-
particles.

The results of the brain photothermal model can provide a suitable parameter
reference for laser treatment. It is possible to improve the model accuracy by
finding a more accurate absorption and scattering coefficient of brain for the

light, as well as more accurate thermal parameters for the tissue.

DOI: 10.4236/jamp.2019.72029

390 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2019.72029

R. Zhou et al.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(grant number: 31500796).

Conflicts of Interest

The authors have stated explicitly that there are no conflicts of interest in con-

nection with this article.

References

(1]

(2]

(3]

(5]

(6]

(7]

(8]

Ackermann, D.M., Foleds, E.L., Bhadra, N. and Kilgore, K.L. (2010) Conduction
Block of Peripheral Nerve Using High Frequency Alternating Currents Delivered
through an Intrafascicular Electrode. Muscle & Nerve, 41, 117-119.
https://doi.org/10.1002/mus.21496

Thompson, A.C., Wade, S.A., Brown, W.G. and Stoddart, P.R. (2012) Modeling of
Light Absorption in Tissue during Infrared Neural Stimulation. Journal of Biomed-
ical Optics, 17, Article ID: 075002. https://doi.org/10.1117/1.JBO.17.7.075002

McCaughey, R.G., Chlebicki, C. and Wong, B.J.F. (2010) Novel Wavelengths for
Laser Nerve Stimulation. Lasers in Surgery and Medicine, 42, 69-75.
https://doi.org/10.1002/1sm.20856

Izzo, A.D., Walsh, J.T., Jansen, E.D., Bendett, M., Webb, J., Palph, F. and Richter,
C.P. (2007) Optical Parameter Variability in Laser Nerve Stimulation: A Study of
Pulse Duration, Repetition Rate, and Wavelength. /EEE Transactions on Biomedical
Engineering, 54, 1108-1114. https://doi.org/10.1109/TBME.2007.892925

Ritcher, C.-P., Bayon, R,, Izzo, A.D., Otting, M., Suh, E., Goyal, S., Hotaling, J. and
Walsh, J.T. (2008) Optical Stimulation of Auditory Neurons: Effects of Acute and
Chronic Deafening. Hearing Research, 242, 42-51.
https://doi.org/10.1016/j.heares.2008.01.011

Wells, J., Kao, C., Konrad, P., Milner, T., Kim, J., Mahadevan-Jansen, A. and Jansen,
E.D. (2007) Biophysical Mechanisms of Transient Optical Stimulation of Peripheral
Nerve. Biophysical Journal, 93, 2567-2580.
https://doi.org/10.1529/biophysj.107.104786

Izzo, A.D., Walsh, J.T., Ralph, H., Webb, J., Bendett, M., Wells, J. and Ritcher, C.P.
(2008) Laser Stimulation of Auditory Neurons: Effect of Shorter Pulse Duration and
Penetration Depth. Biophysical Journal, 94, 3159-3166.
https://doi.org/10.1529/biophysj.107.117150

Eom, K,, Kim, J., Choi, ].M., Kang, T., Chang, ].W., Byun, K.M., Jun, S.B. and Kim,
S.J. (2014) Enhanced Infrared Neural Stimulation Using Localized Surface Plasmon
Resonance of Gold Nanorods. Small, 10, 3853-3857.
https://doi.org/10.1002/smll.201400599

Wang, Y. and Guo, L. (2016) Nanomaterial-Enabled Neural Stimulation. Frontiers
in Neuroscience, 10, 1-7. https://doi.org/10.3389/fnins.2016.00069

Vitkaya, A.Y. and Seker, S.S. (2016) Study of Temperature Distribution in
Light-Tissue Interaction Using the FEM. Turkish Journal of Electrical Engineering
and Computer Sciences, 24, 807-819. https://doi.org/10.3906/elk-1307-95

Fanjul-Velez, F., Romanov, O.G. and Arce-Diego, J.L. (2009) Efficient 3D Numeri-
cal Approach for Temperature Prediction in Laser Irradiated Biological Tissues.
Computers in Biology and Medicine, 39, 810-817.

DOI: 10.4236/jamp.2019.72029

391 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2019.72029
https://doi.org/10.1002/mus.21496
https://doi.org/10.1117/1.JBO.17.7.075002
https://doi.org/10.1002/lsm.20856
https://doi.org/10.1109/TBME.2007.892925
https://doi.org/10.1016/j.heares.2008.01.011
https://doi.org/10.1529/biophysj.107.104786
https://doi.org/10.1529/biophysj.107.117150
https://doi.org/10.1002/smll.201400599
https://doi.org/10.3389/fnins.2016.00069
https://doi.org/10.3906/elk-1307-95

R. Zhou et al.

(12]

(13]

(14]

[15]

(18]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

https://doi.org/10.1016/j.compbiomed.2009.06.009

Yoon, G., Welch, A.J., Motamedi, M. and Gemert, M.V. (1987) Development and
Application of Three-Dimensional Light Distribution Model for Laser Irradiated
Tissue. IEEE Journal of Quantum Electronics, 23, 1721-1733.
https://doi.org/10.1109/JQE.1987.1073224

Vo-Dinh, T. (2003) Biomedical Photonics Handbook. CRC Press, Boca Raton, FL,
USA. https://doi.org/10.1201/9780203008997

Wang, L., Jacques, S.L. and Zheng, L. (1995) MCML-Monte Carlo Modeling of
Light Transport in Multi-Layered Tissues. Computer Methods and Programs in
Biomedicine, 47, 131-146. https://doi.org/10.1016/0169-2607(95)01640-F

Pennes, H.H. (1948) Analysis of Tissue and Arterial Blood Temperatures in the
Resting Human Forearm. Journal of Applied Physiology, 1, 93-122.
https://doi.org/10.1152/jappl.1948.1.2.93

Li, X. (2004) Numerical Analysis and Experimental Research on Laser Induced
Thermal Effect in Bio-Tissues. Tianjin University Press, Tianjin.

Lu, G.H., Maekawa, T. and Kimura, H. (2006) An Integrated Model of Thermody-
namic-Hemodynamic-Pharmacokinetic System and Its Application on Decoupling
Control of Intracranial Temperature and Pressure in Brain Hypothermia Treat-
ment. Journal of Theoretical Biology, 242, 16-31.

Xu, F., Seffen, K.A. and Lu, T.J. (2008) Non-Fourier Analysis of Skin Biothermo-
mechanics. International Journal of Heat and Mass Transfer, 51, 2237-2259.
https://doi.org/10.1016/j.ijheatmasstransfer.2007.10.024

Dexter, F. and Hindman, B.]. (1994) Computer Simulation of Brain Cooling during
Cardiopulmonary by Pass. The Annals of Thoracic Surgery, 57, 1171-1179.
https://doi.org/10.1016/0003-4975(94)91350-1

Xu, X., Tikuisis, P. and Giesbrecht, G. (1999) A Mathematical Model for Human
Brian Cooling during Cold Water near Drowning. Journal of Applied Physiology;
86, 265-272. https://doi.org/10.1152/jappl.1999.86.1.265

Sukstanskii, A.L. and Yablonskiy, D.A. (2004) An Analytical Model of Temperature
Regulation in Human Head. Journal of Thermal Biology, 29, 583-587.
https://doi.org/10.1016/j.jtherbio.2004.08.028

Olsen, R.W., Hayes, L.J., Wisser, E.H., Nikaidoh, H. and Eberhart, R.C. (1985) In-
fluence of Hypothermia and Circulatory Arrest on Cerebral Temperature Distribu-
tion. ASME s Journal of Biomechanical Engineering, 107, 354-360.
https://doi.org/10.1115/1.3138569

Nelon, D.A. and Nunneley, S.A. (1998) Brain Temperature and Limits on Tran-
scranial Cooling in Humans Quantitative Modeling Results. European Journal of
Applied Physiology, 78, 353-359. https://doi.org/10.1007/s004210050431

Duck, F.A. (1990) Physical Properties of Tissue: A Comprehensive Reference Book.
Academic Press, Cambridge.

Torvi, D.A. and Dale, ].D. (1994) A Finite Element Model of Skin Subjected to a
Flash Fire. Journal of Biomechanical Engineering, 116, 250-255.
https://doi.org/10.1115/1.2895727

Fribance, S., Wang, J., Roppolo, J.R., Groat, W.C. and Tai, C. (2016) Axonal Model
for Temperature Stimulation. Journal of Computational Neuroscience, 41, 185-192.
https://doi.org/10.1007/s10827-016-0612-x

DOI: 10.4236/jamp.2019.72029

392 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2019.72029
https://doi.org/10.1016/j.compbiomed.2009.06.009
https://doi.org/10.1109/JQE.1987.1073224
https://doi.org/10.1201/9780203008997
https://doi.org/10.1016/0169-2607(95)01640-F
https://doi.org/10.1152/jappl.1948.1.2.93
https://doi.org/10.1016/j.ijheatmasstransfer.2007.10.024
https://doi.org/10.1016/0003-4975(94)91350-1
https://doi.org/10.1152/jappl.1999.86.1.265
https://doi.org/10.1016/j.jtherbio.2004.08.028
https://doi.org/10.1115/1.3138569
https://doi.org/10.1007/s004210050431
https://doi.org/10.1115/1.2895727
https://doi.org/10.1007/s10827-016-0612-x

R. Zhou et al.

Appendix A

According to Beer-Lambert Law,

AU =1g(1/T)=KCl (A1)

where,

T = the transmittance (the ratio of transmitted light intensity to incident light
intensity),

K = the extinction coefficient of the solution (L/g/cm),

C= the concentration of the solution (g/L),

/= the optical path of the solution (cm).

In this paper, p,= 1/1,

U, = the absorption coefficient (1/cm),

1, = the absorption length (cm),

1, is also the optical path when 7'= 1/e,
where AU, =1g(1/T)=1ge=0.43429448 . According to Equation (A1), AU, =
KCl, then

u, =1/1, =KC/AU,, (A2)

From the measurement results we can see that AU is about 2 at A = 808 nm,

where C=3e-5 g/l, and /=1 cm. So according to Equation (Al),
AU =KCl =2 (A3)

where,

Kand Cis equal to those in Equation (A2), and /is the equal the thickness of the
cuvette (/= 1 cm). Then solve Equation (A2) and Equation (A3), g, = 4.6 (1/cm)
=460 (1/m).
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