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Abstract. In the paper the numerical analysis of thermal processes proceeding in the 2D 

homogeneous biological tissue subjected to laser irradiation is presented. In particular, 

the influence of necrotic changes in tissue on the values of the perfusion coefficient and 

effective scattering coefficient are discussed. The transient heat transfer is described by 

the bioheat transfer equation in the Pennes formulation. As a model of light distribution 

in tissue, the first-order scattering approach has been used. At the stage of numerical 

realization the 1
st
 scheme of the boundary element method has been applied. 
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1. Introduction 

From the thermal point of view, the interaction between the laser beam and 

the biological tissue causes a local increase in the temperature field value, which 

can lead to a number of changes in the structure of the tissue. Depending on the 

degree of the temperature’s change a decrease may occur in the activity of enzymes, 

denaturation of proteins and collagen or the increase in membrane permeability 

and vaporization. The extreme case of interaction is tissue charring. On the other 

hand, in cases where the temperature rise is moderate, the only tissue reaction 

is vasodilatation, which is not accompanied by necrosis [1, 2]. 

It is obvious that the destruction of the tissue is reflected in the values of its 

parameters. The perfusion coefficient is very often treated as the main indicator 

of tissue injury, thus in the literature there are some relations between temperature 

and perfusion as well as the degree of tissue damage and perfusion [3]. 

In the case of photothermal reaction, it is also possible to link the tissue damage 

with changes in the values of optical parameters of tissue. It is known that practi-

cally all soft tissues have strong scattering characteristics and, due to denaturation, 

the phenomenon of “whitening” as a result in scattering increases in the tissue 

can be observed [1]. Based on the knowledge of scattering coefficient both native 
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as well as denaturated tissue in [4] the exponential function in order to investigate 

changes in tissue scattering during laser-tissue interaction has been used. 

2. Governing equations 

The problem that has been taken into consideration was an interaction between 

laser beam and the 2D domain of homogeneous biological tissue of a rectangular 

shape, as is shown in Figure 1. The transient heat transfer is described by 

the Pennes formulation in the form [3-11] 

 ,: ii VcT T Qλ∈Ω = +x ɺ  (1) 

where λ [Wm
−1

K
−1

] is the thermal conductivity, c [Jm
−3

K
−1

] is the volumetric 

specific heat, T = T(x, t) is the temperature while Tɺ  denotes its time derivative. 

The component QV [Wm
−3

] is the internal heat source containing information 

connected with the perfusion, metabolism and laser irradiation: 

 ( , ) ( , ) ( , ) ( , )V perf las metQ t Q t Q t Q t= + +x x x x  (2) 

The metabolic heat source Qmet [Wm
–3

] is assumed as a constant value, while 

the perfusion heat source is defined as 

 [ ]( , ) ( , )perf B B BQ t c G T T t= −x x  (3) 

where GB [(m
3
blood/s)/(m

3
tissue)] is the perfusion coefficient, cB [Jm

–3
K

–1
] is the 

volumetric specific heat of blood and TB corresponds to the artery temperature 

[3, 7, 12]. 
 

 

Fig. 1. The domain considered 

It is well known that biological tissues are characterized by a strong scattering and 

weak absorption in the so-called therapeutic window. Moreover, during the process 

of coagulation, the changes in tissues lead to higher scattering, while the absorption 
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remains the same. In such kinds of cases the radiative transfer calculation is usually 

used to modelling of tissue-laser interactions, however, sometimes in simulations 

of laser thermotherapy only tissue absorption is considered [1, 4]. 

The first-order scattering method is the simplest approach which allows one to 

take into account the scattering properties of tissue. Its definition is based on the 

Beer-Lambert law, meaning that radiation is treated in a similar way as absorbed 

light. It should be pointed out that in many applications, the use of this approach 

may lead to errors in estimation of the absorbed radiation, but on the other hand, 

it could be useful in some cases, similar to those analyzed in the current paper. 

So, the laser heat source is assumed as [1, 4, 11] 

 
2

0 2

2
( , ) exp exp( ) ( )las t t

r
Q t I p t

w
µ µ

 
′ ′= − − 

 
x x  (4) 

where I0 [W cm
−2

] is the surface irradiance of laser, w is the radius of laser beam, 

r is the distance between the point and the main axis of the beam and p (t) is the 

function equal to 1 when the laser is on and equal to 0 when the laser is off, while 

tµ′  [cm
−1

] is the attenuation coefficient defined as 

 t a sµ µ µ′ ′= +  (5) 

where aµ  [cm
−1

] is the absorption coefficient and sµ′  [cm
−1

] denotes the effective 

scattering coefficient [1, 4, 11]. 

The bioheat transfer equation (1) is supplemented by the Robin condition 

assumed on the external boundary of tissue subjected to laser irradiation Γ0 

 0 : ( , ) ( )ambq t T Tα∈Γ = −x x  (6) 

where α [Wm
−2

K
−1

] is the convective heat transfer coefficient and Tamb is the tem-

perature of surroundings while on the remaining parts of boundary (Γc) the no-flux 

condition is accepted and the initial distribution of temperature is also known. 

3. Thermal damage of the tissue 

Thermal damage of the tissue could be described by the Arrhenius injury inte-

gral [2-5, 9] 

 

0

( ) exp d

Ft
E

A t
RT

θ
∆ = −  ∫x  (7) 

where R is the universal gas constant [J mole
–1 

K
–1

], ∆E is the activation energy 

[J mole
–1

] and A is the pre-exponential factor [s
−1

], [0, t
F
] is the considered time 

interval. It should be pointed out that the criterion of tissue damage is assumed as 
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 ( , ) 1tθ ≥x  (8) 

The main assumption of the Arrhenius scheme is that the tissue thermal damage 

is irreversible, but it is also known that, when the rise in temperature is moderate, 

the blood vessels in tissue become dilated without being thermally damaged. 

In order to model the possibility of withdrawal of tissue injury, when the thermal 

interaction of external heat source or laser irradiation is ceased, the following 

algorithm is introduced (Fig. 2) [7]. 
 

 
Fig. 2. The algorithm of tissue injury calculation 

Firstly, the recovery threshold denotes as θrec is accepted. The withdrawal of 

tissue destruction will be possible only for those points of the domain considered 

in which the value of the injury integral is below the recovery threshold. If the 

injury integral at the point x∈ Ω achieves the value equal to or greater than θrec 

then injury of the tissue becomes irreversible (so, it will be calculated using 

equation (7)). 

Then, let us assume that for the time interval [0, t
F
] being under consideration 

and divided into F subintervals [t f–1
, t f] (where f = 1,2…F), both the values T

0
(x) 

… T f(x) and θ
0
(x)…θ f–1

(x) at the point x ∈ Ω are known. 

In the case when for time t f the condition θ f(x) < θrec is satisfied, the function 

denoted as θapp(x, T) is introduced in order to model of the withdrawal of the tissue 

injury. In the current paper it is assumed as the linear one between (T k–1
, θ

k–1
) and 

(T f–1
, θ f–1

). 

The upper index k refers to the first time step in which the elevation of tempera-

ture at the point x was noticed. For the time t 
f+1

, if T f+1
 < T f and θ f < θrec again 

the function θapp defined for time t f is used. 
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In order to model the necrotic changes in the domain of tissue considered some 

parameters are assumed to be tissue damage-dependent. 

The equation describing the dependence between tissue damage and perfusion 

should reproduce the initial increase in perfusion (vasodilatation) and its subse-

quent decline corresponding to the vasculature closing as well. So, the perfusion 

coefficient can be assumed in the form of polynomial function of the 2
nd

 order [3, 7] 

 
3

1
0

1

( ) j
B B j

j

G G bθ θ −

=

= ∑  (9) 

where GB0 is the initial perfusion coefficient and bj are the function coefficients. 

As it was said previously, the scattering in tissue is increasing with the 

increasing of the tissue coagulation. Thus, the effective scattering coefficient is 

described as 

 ( ) exp( ) [1 exp( )]s s nat s denµ θ µ θ µ θ′ ′ ′= − + − −  (10) 

where s natµ′  and s denµ′  [cm
−1

] denote the effective scattering coefficient for native 

and destructed (denaturated) tissue, respectively [4]. 

4. Results 

The problem described by equation (1) has been solved using the 1
st
 scheme 

of the BEM for 2D transient heat diffusion [10, 11]. 

As mentioned earlier, the aim of the research is to analyze the destructive 

changes in 2D tissue domain of size 4×4 cm during laser irradiation (Fig. 1). 

The interior of domain has been divided into 1600 internal constant cells, while 

the external boundary has been divided into 160 constant elements. 

The thermophysical and optical properties, as well as the parameters of Arrhenius 

injury integral used in simulations, are collected in Table 1. It should be pointed 

out that optical parameters µa 
, s natµ′  and s denµ′  are typical for near - IR irradiation 

on soft tissue (e.g. Nd:YAG laser of 1064 nm used for prostate coagulation). In this 

kind of laser - tissue interaction during coagulation the reduced scattering coeffi-

cient increases up to 300÷400% of initial coefficient value (i.e. effective scattering 

coefficient of native tissue) while the absorption coefficient remains on the same 

level [4]. 

In Table 2, the values of coefficients of polynomial function describing relation 

between tissue destruction and perfusion coefficient (cf. equation (9)) are shown. 

The values of coefficients for the interval from 0 to 0.1 respond to the increase 

of the perfusion coefficient caused by vasodilatation up to the value θ = 0.05 

(maximum of the function and the recovery threshold θrec) and the beginning of the 

narrowing of blood vessels, while for the interval 0.1 to 1 they reflect blood flow 

decrease as the vasculature is going to shut down (thrombosis) [3]. 
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Table 1 

Thermophysical and optical properties of tissue and blood, Arrhenius injury 

integral parameters [4, 7, 11] 

λ Thermal conductivity of tissue 0.609 Wm–1K–1 

c Volumetric specific heat of tissue 4.18 MJm–3K–1 

GB0 Initial blood perfusion coefficient 0.00125 s–1 

µa Absorption coefficient of tissue 0.4 cm–1 

s natµ′  Effective scattering coefficient of native tissue 10 cm–1 

s denµ′  Effective scattering coefficient of destructed tissue 40 cm–1 

Qmet Metabolic heat source 245 Wm–3 

cB Volumetric specific heat of blood 3.9962 MJm–3K–1 

TB Arterial blood temperature 37 °C 

A Pre-exponential factor 3.1×1098  s–1 

∆E Activation energy 6.27×105  J mole–1 

R Universal gas constant 8.314 J mole–1 K–1 

θrec Recovery threshold 0.05  

Table 2 

The coefficients of GB(θ) function (cf. equation (9)) [3] 

 b1 b2 b3 

θ = 0 1 0 0 

0 < θ ≤ 0.1 1 25 –260 

0.1 < θ ≤ 1 1 –1 0 

θ > 1 0 0 0 

 

In Table 3 the parameters of boundary-initial conditions and the laser parame-

ters are presented. It should be noted that there is a wide range of laser parameters, 

which are applicable for near-IR irradiation of soft tissue. Due to this, the set of 

parameters presented in table is only one of possible options. Moreover, the differ-

ent types of laser impulses are used. Because of that, the goal of the current paper 

is to compare how the different types of impulses affect to the process of thermal 

damage of tissue. 

The two cases of laser irradiation were taken under consideration: the multiple 

laser impulse (100 seconds on and 100 seconds off) in the 1
st
 example while in 

the 2
nd

 example the laser is controlled by surface temperature, that means the laser 

is on when the temperature drops below Tctrl – ∆Tctrl and off when the temperature 

reaches above Tctrl +∆Tctrl . 

The results containing the information about courses in time are presented in 

selected points P0, P1 …. P10 which are placed on the main optical path of the laser 

beam (cf. Fig. 1), so their co-ordinates are P0(0,0), P1(0.0005,0), P2(0.0015,0), 

…, P10(0.0095,0). 
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Table 3 

Parameters of boundary-initial conditions and laser [4, 11, 14] 

I0 Surface irradiance of laser 3 W cm–2 

d Laser beam diameter 2 Mm 

α Convective heat transfer coefficient 10 W m–2 K–1 

Tamb Ambient temperature 20 °C 

Tp Initial temperature of tissue 37 °C 

Tctrl ±∆Tctrl Controlled temperature in example 2 70 ±3 °C 

 
Figures 3 and 4 are associated with the multiple laser impulse case. In Figure 3 

the time courses of temperature and the injury integral θ are shown. It is visible 

that for each of the subsequent laser’s cycle (on/off) the reached temperatures are 

higher and higher. For the Arrhenius integral the influence of the proposed algo-

rithm of injury calculation at the points P5 and P7 could be noted. In the next figure 

the courses of tissue damage-dependent parameters are shown. The impact of 

the value of injury integral on the values of these parameters is visible both for 

the perfusion coefficient and the effective scattering coefficient. 

 

 

Fig. 3. Courses of temperature and the injury integral θ 

(example 1) 

The results obtained in the 2
nd

 example of computations are presented in Figures 

5 and 6. Figure 5 concerns the time courses of temperatures and the Arrhenius 

integral, while Figure 6 shows information about time courses of the perfusion 

coefficient and effective scattering coefficient. The decrease of the Arrhenius inte-

gral value was noticed several times (point P4), according to the injury calculation 

algorithm. Although the declines are not big, they are clearly visible, just as its 
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influence on the values of the perfusion coefficient and the effective scattering 

coefficient. 

 

 

Fig. 4. Courses of the perfusion coefficient GB and the effective scattering coefficient sµ′ 
(example 1) 

 

Fig. 5. Courses of temperature and the injury integral θ 
(example 2) 

In Figure 7 the information on proliferation of the lesion is presented. The number 

of elements on the scale of the figure means that tissue injury is treated as a sum 

of the elements on which the injury integral is above 0.01, so this value could be 

treated as the border of thermally untouched tissue. 

 



Modelling of thermal damage in laser irradiated tissue 75

 
Fig. 6. Courses of the perfusion coefficient GB and the effective scattering coefficient sµ′ 

(example 2) 

 
Fig. 7. Proliferation of thermal injury 

In Figure 8 the distributions of injury integral after 100, 300 and 500 seconds 

are presented. In fact, this figure should be treated as an illustration of the shape 

of the thermal damage of tissue. The white zone in the figures refers to the values 

of injury integral below the recovery threshold (θrec = 0.05), the grey zone refers to 

the values 0.05 < θ < 1 so it’s a partial damage area, and the black zone illustrates 

the area in which Arrhenius integral achieved the criterion of tissue necrosis 

(cf. equation (8)). 
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Fig. 8. Distribution of injury integral after 100, 300 and 500 seconds in example 1 (LHS) 

and example 2 (RHS) 

5. Discussion 

In the two analyzed cases of tissue subjected to laser irradiation, the points 

in which the process of withdrawal of tissue injury according to the algorithm pro-

posed are noticeable. It is worth noting that in some of them, e.g. at the points P5 

and P7 in the example of multiple laser impulse (Fig. 3), the decrease of the Arrhe-

nius integral value was temporary, then in the next cycle, when the laser is on, 

the value of integral is above the recovery threshold. Finally, the injury reached 

the necrosis criterion (at the point P5 after 332 s) or stabilized at a level correspond-

ing to the partially damaged tissue (at the point P7 after 500 s: θ = 0.4). 

In example 2, that means the case in which the laser is controlled by the temper-

ature at the surface of tissue, the withdrawal of the injury is also visible (mainly 

courses at the points P4 and P5 - Fig. 5) but, due to the nature of laser irradiation, 

in this example the effect of withdrawal is short-term and does not significantly 

decrease the value of the injury integral. 

Obviously, all changes in the value of the Arrhenius integral have reflection 

in changes of tissue damage - dependent parameters assumed in the current model, 

i.e. perfusion coefficient and effective scattering coefficient. While for the effective 

scattering coefficient, in principle, an increase of the value of integral leads to 

an increase in the value of the scattering coefficient, for the perfusion coefficient 

increase is only up to the recovery threshold. The coagulation zone is often 

adjacent to the area of raised value of perfusion (so-called hyperemic ring) [1, 4], 

as can be seen by comparing the curves for selected time steps. For example, in the 

multiple laser impulse case (Fig. 4), for the time 200 s the perfusion coefficient 

value at point P4 is about 0.008 s
–1

, which is reduced value in relation to the initial 

perfusion coefficient GB0 (partial - coagulation area), while at the point P5 lying 

in its vicinity this value is equal to GB = 0.0015 s
–1

 (above GB0). 
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In example 2, the time in which the temperature decreases with a temperature 

from above 73°C to below 68°C is extended (the beginning of the simulation 2 s, 

the end of the simulation 4 seconds) whereas time to reach 73°C from less than 

67°C is reduced (9 seconds at the beginning of the simulation, 3 seconds at the end 

of the simulation). Unfortunately, this is hardly visible on the curve at point P0 in 

Figure 7. This is a result of the increase of the effective scattering coefficient, which 

shortens the path of photons in the tissue, and, in consequence, leads to greater 

absorption at the external surface of the tissue in the area where tissue is damaged. 

Comparing the process of the increase of tissue damage, it is visible that for 

the second case the proliferation of the lesion occurs slightly more evenly (Fig. 7). 

The largest difference in the shape of the wound can be found for 100 seconds, 

which is closer to the beginning of the simulation. As is apparent from the course 

of proliferation at this stage, the area of tissue damage is greater in the case of 

a multiple pulse than for the case of temperature control on the surface of the tissue. 

Then, shapes of the thermal lesions of tissue become more and more similar to each 

other, although the final size of the wound is about 16% greater for example 2 

(Fig. 8). 

6. Conclusions 

As the results show larger size of thermal damage was achieved at a lower local 

temperature value (cf. Figs. 3 and 5), which for the second example was from 

the scope 68÷73°C, while for the case of multiple laser impulse in the third cycle 

(at time 500 s) reached up to 90°C.  

Because the temperature is a core value to calculate injury integral this has con-

sequences for the values that they reached. The Arrhenius integral values achieved 

in the 1
st
 example were about twice greater than for the 2

nd
 example. This may 

indicate increased tissue damage in the vicinity of the target of laser irradiation. 

For this reason, application of the laser impulse controlled by the surface tempera-

ture seems to be more favorable. 

The proposed algorithm for calculating the thermal destruction of biological 

tissue based on the Arrhenius scheme allows for a more detailed estimation of 

the total size of the tissue destruction. In addition, one can obtain information about 

the area where the tissue after the termination of the laser impact can return to its 

native state, as well as about the size of the area of partially damaged tissue. 

It should be noticed that to better determine the potential size and shape of tissue 

damage during its interaction with the laser, the various values of thermophysical 

and optical parameters that may result from individual characteristics should be 

taken into account. For this purpose, for example, the sensitivity analysis can be 

used. The accuracy of the description of the light effects in the soft tissues depends 

on the assumed model of interaction. In the current paper aimed at analysis of 

the phenomenon of withdrawal of tissue thermal damage, the description of light- 

tissue interaction was a simple, first-order scattering model, however for a more 
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realistic description the diffusion approximation or Monte Carlo model should be 

taken into account [1]. It is also possible to use another equation of bioheat transfer 

such as Cattaneo-Vernotte equation [12] or dual phase lag equation [13, 14]. 
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