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Abstract

In the current work, the finite element method (FEM) has been used to predict the damage zone
in tissue subjected to laser in laser induced interstitial thermotherapy(LITT). The effect of laser
wavelength on thermal damage zone in this technique has been predicted using FEM. It is found
that at 850 nm laser wavelength, the damage zone reached its maximum value comparing with
other wavelengths. A computer program written in Visual Basic language has been created to
solve the problem following FEM procedure. The created program has been verified by
comparing its result with that published elsewhere. The simulation depends on bio-heat equation
together with liner laser source which was used to simulate heat transfer through tissue
depending on its optical and thermal properties where the temperature distribution is obtained
from which one can predict the damage zone based on Arrhenius equation assume optical and
thermal tissue properties are function of temperature and an iteration solution was carried out to
successfully model their variation and their effect on the result. Key words: LITT, Thermal
damage, LASER
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Introduction:

Laser was used in a wide range in medical application such as surgery, gynecology, urology,
dermatology, cardiology, ophthalmology and gastrointestinal etc.,(1). Laser-induced interstitial
thermotherapy is the technique for tumor treatment by coagulating tissue depends on the
transformation of the light that absorbed by the tissue into heat. Optical fiber is used to transmit
light, which is inserted deep into the tumor mass. This treatment can be used in different kinds of
tumor such as liver, brain, retina, prostate, and uterus ,(1&2). The light source of LITT process is
an Nd: YAG laser (1064nm) or diode laser at the wavelength (800-980 nm) which deeply
penetrates into biological tissue in the range of near infrared , (3). Ordinarily LITT process is
accomplished using diffusing laser applicator which is put into the tumor, as shown in figure ;1
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Figure; 1: Schematic diagram of LITT for treating a tumor in biological tissues

Jiang, S. C. etal. , (4) ,studied the effects of dynamic changes optical properties, thermal
properties, and blood perfusion on tissue temperature and damage to simulate LITT for human
liver using two-dimensional model. Salavati , et.al. , (5) ,used FEM to solve bio-heat equation
and Arrhenius equations to obtain distribution of temperature and thermal damage in liver human
tissue using laser at 850 nm. Chapman, R., (6) ,studied LITT treatment of uterine leiomyomas
using (KTP/YAG) laser at wavelength 532 nm and 1064 nm respectively and diode laser at
wavelength 810 nm. Zhang, H. et al., (7), used Monte Carlo method to simulate propagations of
NIR laser in liver tumor to study the effect of laser power and action time on temperature
distribution using laser at 808 nm. Saccomandi , et. al.,(8), studied theoretically the thermal
response of human pancreatic tissue treated by laser-induced interstitial thermotherapy using an
Nd: YAG laser at wavelength of 1064 nm at different powers.

In the current work, FEM was used to predict temperature distribution and thermal damage
volume of human liver treatment using three laser wavelengths (850, 980 and 1064nm) and it
was found that the laser at wavelength of 850 nm gives the greatest thermal damage volume in
liver tissue.

Theory:

1.Bio-heat equation:

The bio-heat equation depends on the classical Fourier theory of heat conduction and is utilized
for modeling the heating in biological tissue, (9&10). The model depends on the energy
exchange between the blood vessels and surrounding tissues , (11) ,then the bio-heat equation
can be written as:

PC%= V.(kVT) + pycy @, (T, —T) +Q,, +0, (1)

Where # is the density of tissue [kg.cm-s], ¢ is the specific heat of tissue [J.kg'l.OC'l], k is
thermal conductivity of tissue [W.m-l.OC-l], T is the tissue temperature [°C], t is the time [s], Pz
blood density [kg.m_3], s specific heat of blood [J.kg_l.C°_1], “» blood perfusion rate per unit
volume [m?’.m_s.s_1 ], Ty is the arterial blood temperature which is normally assumed to be fixed
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at 37 °C, Q, is internal heat source term due to photon absorption [W.m_g], and Qmis the
metabolic heat generation per unit volume which is usually negligible comparing with heat
produced from laser absorption[4,6]. An easily transform procedure from Cartesian to axis
symmetry region domain is followed since the region of interest has an axis symmetry form,
(12).

2. laser heat source:
The internal heat source due to photon absorption could be given by [8]:

Q= P07 )

Where o(r) is fluence rate [W/m2] and p, is absorption coefficient (m'l). The simplest method
to get the fluence rate at a certain distance from a linear light source is to approximate this source
by a chain of n discrete isotropic point sources with power P, Let the linear source have length
and be position on the z-axis with the center at z = 0 as shown in figure; 2, then the fluence rate
at point r can be given by ,(13).

O(r) = ZELBCRLT 1y 3 /(Bpyppr)] 3)

Ver \,"l"eff"

- €2 £/2
Figure;2: The geometry for the calculation of the fluence rate in tissue due to a linear light source

simulated by point sources (black dots)

where pyy IS transport attenuation coefficient [m “] and pefs is effective attenuation
- -1
coefficient [m 7].

P« = nP/ [W/m] (4)
Ber = Mg T 1, (1 —g) (%)
Jueff = \,",3#alu:'r (6)

Mg is absorption coefficient [m-l], L IS scattering coefficient [m'l] and g is Anisotropy factor.
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It is clear now that the absorbed heat in tissue depends mainly on optical and thermal tissue
properties, see egs. ,(2- 6).

3. Arrhenius equation:
Thermal damage in normal tissue and tumor can be predicted mathematically by Arrhenius
equation where damage is quantified by utilizing a single parameter Q [14,15]:

Q(r,t) = Affexp(RYT(far))dt (7)
0

Where; 7 is time(s), At frequency factor = 9.4*10104 s'1 for liver, E; activation energy = 6.68*105

3 mol™ for liver, R universal gas constant= 8.31 J mol KL, and T (K) is the temperature, (4&15)
,Q=1 is referred to the denaturation state of about 63% of volume, which indicate irreversible

tissue damage and the changing of the optical properties from the native to the coagulated value,
(16). When tissue temperatures reach 60 to 65 °C tissue damage can be expectant, evaporation

and even carbonization will occur if the tissue temperature increased above 100 °C which should

be avoided during LITT ,(3 &17) .The undamaged fraction of the tissue can be found
by fu= eP(—2) \yhile the damaged fraction is fe = (1 — £ (18).

4. Optical and thermal properties of tissue:
Heat and thermal damage caused changes in the optical properties of tissue, and these changes
effect the temperature distribution during laser irradiation. The optical properties of tissue are

given by ) (2&3)1 He = “a.na:iveﬁz + #a.coagfd (8)
Us = #s.nativsﬁq + us,coagfd (9)
= gnat:‘vsﬁd ok gcoagfd (10)

The native and coagulated optical properties for human liver tissues are shown in tables 1-3

Table (1): Optical properties at 850nm for normal and tumor human liver tissue before and after
coagulation, (4).

Tissue type Ua (mm-l) g (mm-l) g
Native normal liver tissue 0.10 20.4 0.995
Coagulated normal liver

tissue 0.07 23.6 0.887
Native liver tumor 0.06 10.8 0.902
Coagulated liver tumor 0.05 10.4 0.827
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Table (2): Optical properties at 980nm for normal and tumor human liver tissue before and after
coagulation, (4).

Tissue type Ua (mm-l) g (mm-l) g
Native normal liver tissue 0.08 18.2 0.955
Coagulated normal liver 0.05

tissue 21.0 0.896
Native liver tumor 0.06 11.3 0.914
Coagulated liver tumor 0.05 10.5 0.860

Table (3): Optical properties at 1064nm for normal and tumor human liver tissue before and after
coagulation, (4).

Tissue type Ua (mm-l) T (mm-l) g
Native normal liver tissue 0.05 16.9 0.952
Coagulated normal liver
tissue 0.02 20.0 0.904
Native liver tumor 0.03 10.9 0.917
Coagulated liver tumor 0.02 10.3 0.865

Thermal properties of tissue can be approximated according to their water content and the
dynamic change of thermal properties of water in range 20-100°C are,(3).

p(T) = 1,000(1.3 — 0.3k, w) kgm'3 (11)
c(T) = 4,190(0.37 + 0.63k,w) Jkg K™ (12)
k(T) = 0.419(0.133 + 1.36k,w) Wm K. (13)

Where w is the tissue water content which is about 69% for the liver tissue and T (OC) is tissue temperature. The factors
ko, k¢ and ky are temperature-dependent for density, specific heat and thermal conductivity of water, respectively,(3).

k,=1-—498* 107*(T —20°C) (14)
k,=1+1.016 * 10~*(T — 20°C) (15)
k, =1+1.78%1073(T — 20°C) (16)

5. Blood perfusion:
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The dynamic changes of blood perfusion rate with temperature and damage can be formulated
as:

w,(T,Q) = w,, frf, (17)

Where wp is the blood perfusion rate= 0.0182 m3 m'3 s'1 for liver, fu is the undamaged fraction

of the tissue and fr is a dimensionless function that accounts for vessel dilation at a little
elevated temperatures which can be approximated as [5]:

4+ 0.6(T —42C° 37C° < T < 42C°
i ={ ( ) : (18)
4 T'242:C

6. Finite Element Formulation:

The region of interest is divided by a sufficient number of elements that well model the
physical domain. The solution of bio-heat equation subject to the special boundary conditions
could be accomplished using Galerkin method. The studied region is divided into a number of
elements with linear shape function N;j at each node. Unknown function T is approximated
through the solution domain at any time by:

r=) N (59T, (19)

Where ) is the nodal temperature. Substitution of the above equation into bio-heat equation
and the application of Galerkin method results in a system of ordinary differential equations
,(19&20).

[C]T + [KIT + [F] = 0 (20)
Where:
(oT, |
o] {m | (F, )
i T | T
T :j_tL T |ﬁ : | Fand - % F | here p is the total no. of nodes ~ (21)
I - -
% % |L|| J | F |
oT T,
—| L)
L ot

and the typical matrix elements are

27


http://www.ilsj-online.org/

Iraqi Laser Scientists Journal (1LSJ)/ www.ilsj-online.org
Vol .1, Issue 2; Pp;22-35, 2018.

N, dN;,
Zk( S04V + f(N N;f.f @, Cypy)dV (22)
=Z f peN; N;dv (23)
L"E

F= —e; QL 0,av — [ (f fuwyCopsTy)aV (24)

In th e, summatjon are taken over the contribution of each element, V in the element
region and using linear shape function which normalize to time interval. The result is in standard
linear shape function, so the application of weighted residual theory to eq.20 with linear shape
function, result is in the matrix form of :

([C] ) (-[C] 3 (25)
| — +0O[K]I T +] +(1-0)[K]IT, +F=0
L At ) L At
Where:
F. ©+F, (1-0) (26)

® can has different value. In this solution a forward difference was chosen due to its simplicity
(i.e. ®=0) and an iteration solution was used at each time step to insure accurate results. It is
assumed that all boundary conditions on the outer surfaced region are adiabatic due to the fact
that no boundary heat transfer is exist due to symmetry (at z-axis and r- axis) and due to the
fairness of outer coordinate from scatter (at the outer surface of the studied region).

The procedure of the solution was as follow: Starting with initially assumed temperature of
37C through the studied region, the pumping of radially diffused laser is started. The nearby
tissue will absorb the energy of laser photons causing its temperature to raise changing optical
and thermal tissue properties which can be incorporated into the solution by iteration solution. At
each time step the new temperature distribution and thermal damage extent were calculated till
the solution reach a previously assigned time. (i.e. 40 s, 80 s and 100 s) , as will be shown later.

Results and discussion

Finite element method has been used successfully to solve bio-heat equation where a line heat
source is used which is produced from a line laser source (scatterer) which has 10 cm for length
and 1 mm in radius. A computer program based on Visual Basic is created following the flow
chart shown in fig; 3 :

The axis symmetry studied region, with width of 2 cm and height of 3 cm, is shown in fig 4,
where the region is divided into 605 elements with 329 nodes. A time step of 0.025s is chosen

with initial temperature distribution of 37 °C. A fine mesh was used in the expected intense heat
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generation region and coarser mesh elsewhere. To insure accurate result a small time step was
chosen to insure stability also an iteration solution was used to well model the problem, assume
the thermal and optical tissue properties of tissue were a function of temperature.

At power 5 W and 40 s of treatment. the resulting thermal damage volume of liver tissue at
wavelength 850 nm which obtain from the program is compared with that of Jiang ,(4) and a

Initial parameters

)

O (wim?)
<
R
Internal heat source
Bio-heat equation |
Arrhenius Arrhenius equation New thermal
— q — : -
constants properties and blood
perfusion
New optical properties
5 p prop
Results

Figure;3 : Flow chat of temperature and damage zone prediction

good nearby result is obtained. The difference between the damage volume obtain from this
work and that obtained be reference ,(4) is less than 1%., see fig; 5.
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Figure; 4: The discretization of the studied physical domain
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Figure;5: The comparison of thermal damage volume obtained from this work and Jiang’s work
of human liver tissue at power 5 W and wavelength of 850 nm.

Maximum temperature history that occurred in the human liver tissue at power of 5 W and
wavelengths of (850, 980 and 1064nm) are shown in fig 6. It is increased with time and after 80 s
of laser radiation, the power was turned off and the temperature is dropped. This drop in
temperature is due to the fact that heat was carried out of a high temperature region to a low
temperature region by blood perfusion and heat conduction.
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Figure;6: Max temp. in human liver tissue at power of 5 W and wavelengths of 850, 980 and
1064nm.

Thermal damage volume history is shown in fig. 7, which shows that the damage volumes
increased with time since more heat will be generated as the laser pumping is on result in
increasing damage volume. It is clear that the maximum temperature and maximum thermal
damage volume occur at laser wavelength of 850 nm comparing with other wavelengths. This is
due to the optical properties of liver where the absorption coefficient of liver recorded its
maximum value at that wavelengths ,tables; 1-3 this is result from the increasing in heat
generation that cause an increasing in temperature distribution and the subsequent thermal
damage. A small increase in the damage volume is observed as the power is turned off after 80 s
of treatment, this is due to the fact that the blood will speedily carry the heat away from the
hotter region to the relatively cooled region and the damage increase is stopped after the
temperatures drop below 60° C where under this temperature damage in tissue can be ignored [1]
where the increase in the damage volumes are 1.12%, 3.1% and 12.2% for wavelengths of 850,
980 and 1064 nm, receptively, figure; 7.

The temperature distribution in tissue after 80 s of laser radiations at wavelength 850 nm is
shown in fig 8. It is clear that the intense laser radiation near the scatterer cause the observed

increase in temperature nearby which is still below 100° C which is avoided as mentioned
earlier. The resulting damage zone due to temperature increase is shown in fig 9. It is assumed
that the contour of the damaged region is drawn between the finite element nodes that reached
the irreversible damage (i.e. Q=1), see eq. 7.

Figures; 10 and 11 show the temperature distribution and damage zone after 80 s power on
then 20 s power off. A significant reduction in temperature distribution is observed due to the
fact that the heat will spread out of the hotter region as discussed before also a small increase in
the damage volume is observed as the laser pumping is off which is due to reduce in the

temperature distribution also this case is studied earlier.
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Figure;7: Variation of tissue damage volume with time at power of 5 W and wavelengths of
850,980 and 1064 nm.
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Figure;8 Temperature distribution of tissue at 850 nm after 80 s of 5 W laser power
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Figure;9: Damage zone of tissue at 850 nm after 80 s of 5W laser power
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Figure;10: Temperature distribution of tissue at 850nm of 5 W laser power after 100s (80s
power on then 20s power off)
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Figure;11: Tissue damage zone at 850nm of 5W laser power after 100 s (80 s power on then 20 s
power off)

Conclusions

The finite element method has been used successfully to predict the temperature distribution
and damage volume in tissue subjected to linear heat source in LITT technique where laser
power is diffused radially causing thermal damage. An axis symmetry bio-heat equation with
radially diffused laser was used where the changing blood perfusion, thermal and optical tissue
properties through the procedure is incorporate using iterative solution. The results from this
work were compared with other published data with good nearby result. Three wavelengths
850, 980 and 1064 nm were tested at laser power of 5 W. It is found that maximum damage was
occurs at 850 nm, this is due to the high absorption coefficient of tissue at this wavelength. It is
also found that the damage zone is increased with time and stopped after a while after stopping
laser pumping which is due to the fact that the temperature nearby still be high enough to cause
small damage after that the damage is stopped due to a significant reduction in temperature
nearby. Finally, it is worthwhile to know the appropriate laser wavelength that can cause
maximum damage in LITT so as to select the most effective laser wave length in LITT
procedure.
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