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Abstract-Energy absorption, heat transfer and thermochemical processes occurring during the interaction 
of optical radiation pulses with pigmented spherical and spheroidal granules in heterogeneous laminated 
biotissues are investigated theoretically. A system of equations is formulated which describes interaction 
procemes for short radiation pulses of length r, c 10V6 s and for long radiation pulses of length r, > low6 
s. Numerical solutions of thii system give the space-time temperature distributions, degrees of ther- 
mochemical transformations of the biotissue molecules around the pigmented granules and in the volume of 
laminated biotiaues. The possibility for selective interaction between short radiation pulses and pigmented 
biotissues is shown which results in the formation of thermodenaturation microregions inside and near the 

pigmented granules. 

1. INTRODUCTION 

INVESTIGATION of the interaction of optical radiation 
with heterogeneous laminated biotissue is of par- 
ticular interest for photobiology and photomedicine 
and also for working out safety norms to handle 
intense optical radiation sources [l-3]. This attaches 
a great importance to studies on numerical simulation 
of the processes of radiation interaction with bio- 
tissues aimed at clarifying the role of different mech- 
anisms in the interaction and investigating the effects 
of radiation and medium parameters on the result of 
interaction. Of special interest is the interaction of 
optical radiation pulses with the biotissues of the eye- 
ground as the organ most’vulnerable to damage by 
radiation. Moreover, the photocoagulation of the eye 
tissue has been found successful in ophthalmology [4]. 
Theoretical investigations of the thermal action of 
optical radiation on the laminated tissues of the eye- 
ground were conducted in refs. [5-91 with con- 
sideration for the difference between optical and 
thermophysical parameters of various layers. The tis- 
sues within each layer were assumed to be homo- 
geneous. This allowed a satisfactory agreement 
between experimental and theoretical results for radi- 
ation pulses of length t, > lo-’ s. At the same time, 
the results of theoretical and experimental inves- 
tigations for shorter pulses of length t, < lo-’ s 
diverge significantly and this divergence cannot be 
explained within the framework of the models of refs. 
[S-9]. It was noted earlier [2,1O-131 that the basic 
factor responsible for this divergence is the non- 
uniformity (heterogeneity) of the separate layers of 
the eyeground tissue. In particular, in the pigmented 
epithelium layer (PE) the bulk of radiation energy 
(up to 90%) is absorbed by melanoprotein granules 

(MPGs) of spherical and spheroidal shape and small 
sixes of about 0.5-l pm. According to the authors of 
refs. [lo, 1 I], the heat transfer (thermal relaxation) 
characteristic time comprises t, u 10s6 s. When 
t, < t, , the radiation energy absorbed by the granules 
does not succeed in being transferred to the sur- 
rounding medium and when irradiated the granules 
are heated up severely. When I, > r,, the granules 
absorb radiation energy and exchange heat with the 
surrounding medium intensively, thus ensuring its 
uniform heating. In refs. [ 10,l l] an attempt was made 
to consider the heating of a single granule by a short 
radiation pulse, but these were appraising studies 
which only indicated the importance and necessity of 
taking into account the granular structure of pig- 
mented biotissue layers. 

It follows from the aforegoing that it was of great 
interest to undertake theoretical investigation of radi- 
ation propagation, energy absorption, heat transfer 
and thermochemical processes during the interaction 
of optical radiation pulses with the pigmented 
biotissue layers with regard for their granular StNC- 

ture. Such a study was made in the present work. The 
interaction of short (rp < 10m6 s) and long (fp < 
10m6 s) radiation pulses with spherical and spheroidal 
granules is considered with regard for the non-linear 
thermal conductivity of the medium and ther- 
mochemical processes. Based on numerical simu- 
lation, space-time distributions of the process pa- 
rameters are obtained. 

2. MATHEMATICAL FORMULATION OF 
THE PROBLEM 

Consider the propagation of a beam of optical mdi- 
ation with wavelength 1 and with a certain dis- 
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complex amplitude of electromagnetic 
field electric vector 
heat capacity of medium substance 
heat capacity of granule substance 
characteristic diameter of radiation beam 
diaphragm diameter 
energy density of radiation pulse 
focal distance of optical system 
degree of thermochemical 
transformations of biotissue molecules 
difference of enthalpies of initial and 
activated states 
Pfanck constant 
radiation intensity 
initiaf radiation intensity on beam axis 
density of energy flux removed by heat 
conduction 
wave vector 
Boltzmann constant 
efficiency factor for absorption of 
radiation by a granule 
efficiency factor for scattering of 
radiation by a granule 
con~nt~tion of granuhs 
power density of energy generation 
radial coordinate of cylindrical 
coordinate system 
characteristic radius of radiation beam 
universai gas constant 
diaphragm radius 
radial coordinate with origin at granule 
centre 
small semiaxis of spheroidal granule 
large semiaxis of spheroidal granule 
radius of spherical granule 
surface area of granule 
difference of entropies of initial and 
activated states 

temperature 
temperature of medium 
temperature of granule 
initial temperature 
time 
pulse length 
characteristic time of heat transfer of 
granule 
volume of granule 
coordinate of radiation propagation 
boundary of the ith layer. 

Greek symbols 
CL coefficient of radiation attenuation 
%b coefiicient of radiation Amazon 
a, coefficient of radiation scattering 
1 length of radiation wave 
u thermal conductivity 
c spheroidal coordinate 
P density of medium substance 
PO density of granule substance 
Q, Fresnei number 
X thermal diffusiv~ty of medium. 

Subscripts 
ab absorption 

: 
cell 
denaturation 

g gas 
i number of layer 
m medium 
max maximum 
n normalized 
P pulse 
SC scattering 
t threshold 
co initial value. 

tribution of radiation intensity i over the section in a 
laminated medium along the x-axis. The radiation 
beam axis coincides with the x-axis of the cylindrical 
coordinate system x, R which, together with the 
schernc of the eycground layers [s], is represented in 
Fig. 1. Individual layers have different optical and 
the~ophy~~l properties, their parameters having 
been taken from refs. [S, 8,9f. The interfaces between 
the layers x, (i = 0, 1,2, . . .) are perpendicular to the 
x-axis, the thickness of the ith layer equals Ax, = 
x,-xi_,, for example, .vj-xt rp: 5 pm, x4-x3 = 
20 F, x$-x4 iis. 80 pm [9]. L.et the PE layer with 
the boundaries xI and x3 and thickness x3-x1 con- 
tain an ordered system of spherical and spheroidal 
granules with the characteristic size of about 03-l pm 
which absorbs and scatters the radiation energy, and 

the remaining layers be homogeneous. For simplicity 
the granules are assumed to be monodispersed. The 
radiation propagation in the iaminated medium is 
described by the qu~i-stationa~ equation of transfer 

(1) 

in which in the case of a heterogeneous layer 
containing grant& &,b3 = N&&,, a.b3 = NoS&, 
where S, = rtr,-j is for a sphere 

is for a spheroid, aa,, a, are the coefficients of radi- 
ation absorption and scattering by the ith layer; S, 
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FIG. I. The geometry of the model under consideration and 
the scheme of the eyeground layers : R, radial coordinate ; 
x, coordinate along the axis of the cylindrical system of 
coordinates ; I, transport eye media ; 2, neuroepithelium (rct- 
ina); 3, pigment epithelium; 4, capillary layer of vascular 
membrane; 5. pigmented layer of vascular membrane; 6, 

vascular membrane ; 7, sclera. 

the area of particle cross-section, r,, r, the spheroid 
semiaxes, Kabr X;, the factors for efficiencies of radi- 
ation absorption and scattering by a particle, J? the 

angle between the major axis of the spheroid and the 
x-axis. It should be noted that radiation in the PE 
heterogeneous layer should propagate based on the 
optics of scattering media [14]. It is shown in the latter 
work that the indicatrix of radiation scattering by 
particles with r. 3 1/3A: is highly extended forward 
towards the incident radiation and has a sharp 
maximum at a zero scattering angle. In this case, in 
thin layers of about 100 pm the attenuation of radi- 
ation of the visible and near infrared ranges occurs 
exponentially only at the expense of radiation absorp- 
tion [14] and it is possible to set e, z 0 in equation 

(1). 
While absorbing the energy of radiation, MPGs get 

heated and give up heat to the surrounding medium 
by heat conduction. The characteristic time of heat 
transfer for a granule with the radius r,, = 0.5 pm 
(for spheroid the minor semiaxis should be taken) is 
evaluated by the equation 

where x is the thermal diffusivity of the medium [5l. 
The characteristic time of heat removal beyond PE of 
thickness x3 -x2 = 5 pm is 

12 N 
(x3 -x21* 

4X 
~4xlo-ss. 

Here, two characteristic cases of the interaction of 
radiation with a granule can be distinguished : (1) 
when the characteristic time of heat exchange between 
a granule and the medium r,, equation (2) is much 
smaller than the time of radiation pulse action t, << r, 
and (2) when r, 2 1,. Let the pulses in cases 1 and 2 
be called long and short, respectively. 

Consider the case t, << r,. As shown in ref. [lq, in 
this case the thermal balance equation of a single 
particle which absorbs the energy of radiation and 

emits it into the surrounding medium by means of 
non-linear heat conduction, in the approximation of 
a uniform temperature over the particle volume, has 
the form 

aT0 
WoC,~ = &J&-i&. (4) 

The thermal conductivity coefficient of the medium 
surrounding the particle is specified in the form 

T 
K, = K,, - ( 1 T, 

where ~~~ = K~(T= Tm),a = const. Since the charac- 
teristic time needed to establish the temperature field 
around the particle r, is short relative to the duration 
of heating rp, the heat exchange between the particle 
and the medium is considered in the quasi-stationary 
approximation [ 151. The quasi-stationary heat trans- 
fer of a spherical particle with relation (5) taken into 
account was investigated in ref. [IS] where for the 
temperature distributions around the particle T(r) 
and j,, the following expressions were obtained, for 
example, at a # - 1 : 

T(r)= T~[~+~{(~~+'-IH""'" (6) 

dT 
jh = 

Kla, T:+' 
-K- & 

,_I,, = (a+ l)T;r, KzF+‘- Ij. (7) 

The quasi-stationary heat transfer of a spheroidal par- 
ticle with relation (5) taken into account was investi- 
gated in ref. [16] where in the one-dimensional 
approximation with respect to 5, T = T(C) (5 is the 
spheroidal coordinate) [17], the solution was obtained 
for the case under consideration, i.e. a # - 1 

T=T,,, l+ 
[ 

jh = - 
K,~T$’ arcsin (l/cash ~o){(To/Tm)"' ' - 1) 

(a+ l)c,T: In tanh (co/Z) sinh co 

(9) 

where c, = ,/(r,‘- r:), r, > r,, t = Co is the spheroidal 
surface. The two-dimensional non-stationary heat 
conduction equation for the entire volume of the lami- 
nated medium with the energy dissipation taken into 
account has the form 

+ -&d$) +Q,- (10) 

The distribution of radiation intensity across the 
section of the beam was assumed to be Gaussian. The 
radius R,, and the length x,, of the computational 
volume are selected in such a way as to preserve the 
initial conditions on its surface unperturbed within 
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the time interval considered. The heat source in 
expression (10) is prescribed in the form 

i = 1,2,4,5, 
af 

Qi = %d+~~Q~;j; 

where Qd is the speci% heat of protein thermal de- 
M~mtion (of about 25 J g” ’ [IQ), f the fraction 
of protein molecules which do not suffer thermal de- 
naturation. The use of expression (11) means that the 
particles are assumed to be pointlike heat sources 
with identical temperature in a physically infinitesimal 
volume, with the volume occupied by the particles and 
heat aureolas around them (see equations (6), (9) and 
(7)) being much smaller than the volume of the sur- 
rounding medium. The initial and boundary con- 
ditions for equations (1) and (4)-(10) will be 

I(% = 0, R) = I0 exp (- R2/R$), 0 d t $ rp ; 

I=O,t>t,; T,,(x,R,t=O)=T,; 

T,{x,R,t = 0) = T,; Tm(R = R,,) = T,; 

T&-O)= T,; T&x-x-)= T,; 

The system of equations (1) and (4)-(g) with initial 
and boundary conditions (12) allows the space-time 
temperature fields in biotissue to be calculated with 
the granular structure of the pigmented layer for 
t,, >> t , taken into account. 

Consider the case r,, < t , when the essential feature 
of particle heating by optical radiation is a non- 
stationary character of its heat exchange with the sur- 
rounding medium [ 15,161. Therefore, in this case the 
energy release and heat exchange between a granule 
and the su~oun~n8 medium is represented by the 
non-stationary heat-conduction equation, which for 
spherical particles has the form 

03) 

and for spheroidal particles in the one-dimensional 
approximation with respect to t [16] has the form 

c,’ sinh tj (cash’ (: - ffcp z - aC aT--?_ [sinh&cg] 

+ cz sinh &cosh* { - j)q. (14) 

Here c, p and K are the heat capacity, density and 
thermal conductivity of the particle substance for 
r c ro({ < {a) and of the su~oundi~ medium sub- 
stance for r > r& > &). q the power density of the 
energy release by a particle at the expense of radiation 
energy absorption and energy losses for protein ther- 
mal denaturation 

beyond the particle 

af 

The tempizratures of the medium and particle coincide 
on their interfaces. The initial and boundary con- 
ditions for relations (13) have the form 

dT 
T(r,T=O)=T,; Ir; -0 

r-0 

i?T I 2F I_,< 

=O fort<z,, 

T(r=r,,tf=T,,, fort>lt. 

Similarly for expression (14) 

ar 
T((,r=O)=T,; - 

JC c-0 
=0 

(16) 

T(C=&,t)=Tm fort>r,. 07) 

Here r = r, and r = 5, are the boundaries of spheri- 
cal and spheroidal cells into which the entire volume 
PE is divided. The cell centres are occupied by 
granules, whereas their remaining volume, determined 
as l/No, is iilled with the surrounding medium. Saying 
that 

l,<‘,<<f2 w 

enables the entire process to be divided into several 
stages. When I 6 t, , the granules are heated during 
the pulse, then they cool off and heat their surround- 
ings. This process is described by equations (13~(17), 
in the approx~ation of thermally insulated cells, and 
is terminated with temperature equilibration inside 
the PE cells at t - t,. When t > t,, the heat removal 
from PE into adjacent layers begins and this process 
is described in the system of equations (10)-(12), The 
resulting space-time temperature distributions were 
used to calculate the degree of thermochemical trans- 
formations (XT), i.e. the fractions of molecules 
which suffer thermal denatu~tion, by the kinetic 
equation (11 

af ~BT 
Z” ---rexp 

under the initial condition 

f(x,R,t=O)= 1. (20) 

Thermal deMturation is the heating-indu~ break- 
down of the structure of a protein macromolecule 
leading to the loss by protein of natural functional 
properties flS]. The solution of the system of equa- 
tions (1~(20) was made nume~~lly f 19,201. 
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3. THERMAL PROCESSES DURING THE 
INTERACTION OF LONG OPTICAL RADiAnON 

PULSES WITH THE EYEGROUND TISSUES 

Consider thermal processes occurring during the 
interaction between long radiation pulses with 
115 0.514 pm and the eyeground biotissues when 
I, cc r, (see equation (2)) [21,22]. In this case thermal 
and the~~h~cal processes in the eyeground tissue 
are described by the system of equations (l), (4)-( 11) 
and (19) with the initial and boundary conditions (12) 
and (20). Use was made of the following values of 
parameters: the radius of a spherical pigmented 
granuler,= l~m,N,=3.58x10i6m-‘,K,,= 1.34, 
a = 0.66 [23], T, = 310 K, AH, AS are taken from 
ref. 19. 

The incident radiation energy is absorbed selec- 
tively by pigmented granules in PE, with the absorp- 
tion by the surrounding medium being much weaker. 
Therefore, during the irradiation the temperature of 
the granules exceeds that of the surrounding medium. 
The characteristic time of heat transfer for the 
gpnules with radius to h 1 pm can be evaluated by 
the formula t, *c- tto/4~ ‘v 1.4 x 10e6 s (see equation 
(2)). Consequently, when t, >> r,, the radiation pulse 
interacts with the heterogeneous medium under the 
conditions of a developed heat exchange between the 
heated particles and the surrounding medium and 
general temperature increase. 

The processes in heterogeneous laminated media 
were calculated for the threshold energy density 
E a= 1.8x103Jm-*,r,= 10-4s,R,= MOwtaken 
from the experimental study in ref. [24]. Figure 2(a) 
shows the behaviour of the temperature of the 
granules and medium at several points in space. 
Immediately after the beginning of the irradiation the 
heating of the granules and their heat exchange with 
the surrounding medium start. The excess heating of 
the granules with respect to the medium reaches a 
maximum of about 8-10 K and depends on the local 
value of the intensity, size and optical characteristics 
of the particles, etc. At x = x2 the particles get heated 
more rapidly than in the case of x > x2, when the par- 
ticles are acted upon by weaker radiation attenuate! 
by the medium. However, during the formation of a 
characteristic temperature profile (see Fig. 3) resulting 
from the simultaneous heating by radiation and 
cooling by heat conduction the temperature maxima 
of the granules and medium move towards the interior 
of the PE layer. After the radiation is turned off, the 
granules give up energy to the medium for about 
5 x 10m6 s and their temperature To becomes equal to 
T,,,. The time of thermal relaxation of the gtanules of 
about 5 x 10m6 s agrees with the given evaluation of 
the characteristic heat transfer time t ,. 

Figure 2(b) presents the distributions of TO, T,,,,f, 
z , = 1(x, R)jZ, along R in the planes x = x2, x2+ 2 w 
for several time instants. In the case under con- 
sideration the characteristic radius of the beam &, 
exceeds by an appreciabIe factor the thickness of the 
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FIG. 2. Dependence of the medium T, (-) and granule 
To (---) temperatures at the points R = 0, x = x2(l), x2-+-2 
pm (2), x3 (3) on t (a) and on the degree of thermochemical 
transformations f (-a -. -) along R for the medium directly 
at the granule s&&e (8,$) and-at a distance from grant& 
14-7) for I = IO-* tt.2.4.6.8.9). 6 x IO-’ s 13.5. 7-91 and 
in thk cromection‘s & 3 & i 1; 3-%, 8), x2+ 2 bk~ i2,3; 6,7, 
9). The distribution of the normalized radiation intensity tt 

absorbing layer x3-- x2. Therefore, a substantial heat- 
ing of the regions adjacent to the layer x3 -x2 occurs 
along the longitudinal x-axis and, to a lesser degree, 
of the medium in the radial direction. With an increase 
of R (decrease of Z) both the temperature of the 
granules and the medium and the difference between 
them decrease. The region with volume TCT expands 
appreciably in the radial direction when the pulse is 
terminated during the cooling of the heated region. 
The rate of thermochemical reactions, equation (19), 
depends strongly on temperature and is of threshold 
character. The heating (or temperature decrease) 
below 330-340 K at the given AN and AS leads to the 
absence (or abrupt retardation) of reactions for the 
a~ve-indicted time intervals. A considerabte differ- 
ence between the temperatures of&e granules and of 
the medium during the pulse can bring about the 
difference in the rates of reactions directly at the sur- 
face of the granules with the temperature TO and in 
the medium with the temperature T,,,. This can result 
in the regime of selective interaction, when ther- 
modynamical reactions prti inside and in the 
immediate vicinity of the surface of the heated gran- 
ules and when they are absent in the remaining volume 
of the medium f25,26], i.e. the TCT microregions are 
located inside and around the granules. In the present 
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the surrounding medium, a characteristic temperature 
distribution is formed being subsequently cooled after 
termination of the radiation pulse. In the layer x3--l,! 
the region of continuous TCTs is established and also 
a broader region of transformations proceeding 
directly at the surface of the granules. The maximum 
excess heating of the medium at the point .x1 + 2 pm, 
R = 0, calculated for the experiments of ref. [24] at 
& = 140 pm is, on average, equal to 2.5-30 K and 
almost does not depend on t, in the time interval 
10-3-10-4 s. 

Figure 4(a) shows the heating isotherms for the 
medium AT,,, = T, - T, = 20 K and granules AT0 = 

To-T, = 20 K and also the lines of TCT constant 
degree for the molecules of the medium f= 0.5 for 
several time instants. During heat transfer and 
cooling when t > rr the macroregion of TCTs with 
f c 0.5 broadens considerably. At the same time, the 
region of transformations in the immediate vicinity of 
the surface of the granules conserves a constant form 
when t > t,, because no noticeable TCTs take place 
for the characteristic time of the thermal relaxation of 
granules tl _ 10-6-10-5 s. 

01 I r1 I 

x2 X3 x, 
X 

Figure 4(b) presents the excess heating of particles 
AT, with respect to the medium at the point x = x2, 

FIG. 3. The distributions of To (---) and T,,, (-) along x 
at R = 0 for I = 0.5 x lo-’ (I), 1 x 10W4 (2), 6x IO-* s (3) 
(a) and the distributions off (- . -. -) for the medium at the 
granule surface (4-6) and at a distance from it (l-3) for 
I -0.5x IO-” (1.4). 1 x IO-’ (2.5). 6x lo-’ s (3,6). The 
distribution of z, along x at R = 0 for 0 6 t 4 t, (-. . . -) (b). 

case when irradiation occurs with the threshold energy 
[24], along with the TCT macroregion of characteristic 
sizes of about 30-50 pm, a vast region with selective 
interaction is observed. In Fig. 2(b) the boundary of 
the region is marked, in which TCT proceeds directly 
at the surface of the granules. In the space between 
the boundaries of the regions with volume and surface 
TCTs the microregions broaden until they ~mplete~y 
join on the TCT macroregion boundary. It should be 
noted that under the action of the pulses of Iength 
t = IO-s-1O-3 s and below-threshold energy density 
,!$, = (0.5 -0.8)& selective interaction with granules 
is realized which causes TCT of the proteins inside the 
granules and in the direct vicinity of their surfaces 
without forming a continuous macroregion of trans- 
formations. 

f2 x3 

(b) 
X 

I 

In Figs. 3(a) and (b) the distributions of To within 
the PE layer, xj- x2 and also T,, f and z, along x at 
R = 0 are plotted for several instants of time. During 
the action of a pulse the energy of irradiation is 
absorbed by the layers x1 -x2, x5-x, and it is actually 
not absorbed in the layers x2-x,, x,-x3, x6-x5. 
This leads to an appreciable heating of the particles 
and medium in the layer x3-x2 and to a weaker (due 
to radiation attenuation) heating of the layer x5-x4. 
As a result, in the course of the two-dimensional 
unsteady heat exchange between the heated layers and 

FIO. 4. The heating isotherms of the medium AT, = 20 K 
(-), granules AT,, = 20 K (---) and qua1 ‘XT level 
f = 0.5 (-*-a-) on particles (3) and in the medium (1.2) for 
t = 1 x 10V4 (1,3), 6 x toe4 s (2.3) and the dependence of 
AT0 = T-T, on fp for spherical particles (-) with 
r. = 0.5 (l), f F (2) and spheroids of the same volume 

t(s) 

(---) (1,2), respectively (b). 
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R = 0 calculated for R,, = 140 pm at rp = 10e3, 
5 x 10V4, I x IO-* s for the conditions of ref. [24]; 
when tp = lo-’ s the value E. = 1 x lo3 J m-’ is 
taken. Under the threshold conditions the excess heat- 
ing of granules AT, increases sharply with decrease of 
r, and amounts to about 45 K at I, = lo-’ s. In this 
case for rp = 10T3 s the excess heating AT, is equal to 
about l-3 K. Consequently, for the radiation pulses of 
length I, > 10s3 s and threshold and below-threshold 
intensity the excess heating of the granules AT,, will 
not exceed 1-2 K and thermal processes can be 
described in the quasi-homogeneous approximation 
without taking into account the granules. However, 
under the conditions of threshold and below- 
threshold irradiation with r, c 10e3 s and over- 
threshold irradiation with rp 2 10e3 s the hetero- 
geneous structure of the absorbing layers should 
be taken into account. It should be noted that the 
possibility of predicting thermal processes in het- 
erogeneous layers in the quasi-homogeneous approxi- 
mation should be analysed on a case-by-case basis. 

To clarify the effects of the sizes of granules on their 
excess heating with respect to the medium, consider 
the values of AT, at the point x = x2, R = 0 calculated 
for the parameters E,,. t, [24] but at r0 = 0.5 pm, 
N,, = 2.86x 10” mT3, &, = 0.67 and the same 
optical parameters of the PE layer and volume filling 
of the layer by granules. The qualitative behaviour of 
AT, T,,, T, (see Fig. 4(b)) remains unchanged but 
the excess heating AT, of the granules at r0 = 0.5 pm 
is smaller than at r,, = 1 pm since the energy absorbed 
by the granules decreases with a decreasing radius. In 
this case the heating of the medium does not actually 
change and, correspondingly, the properties and final 
dimensions of the TCT macroregion remain the same. 
At the same time the decrease in the excess heating of 
the granules substantially reduces the size of the region 
in which the TCT microregions appear inside and 
around the granules, and can cause its total dis- 
appearance. Thus, the size of granules can essentially 
affect the excess heating with respect to the medium. 
As r,, grows, AT,, increases, whereas with a decrease 
of r,, the value of A To also decreases and the properties 
of the heterogeneous medium approach the properties 
of the homogeneous media. 

To investigate the effect of the shape of particles on 
thermal processes, the interaction of radiation pulses 
with laminated media was calculated numerically 
when the layer x3 - x1 contained a collection of iden- 
tical spheroids with ra = 0.415 pm, r, = 0.725 q and 
r, = 0.830 pm, r, = 1.45 pm provided the optical pa- 
rameters of the heterogeneous layer and the volume 
filled with granules remained unchanged and the 
volumes of the spheroids and spherical granules with 
r,, = 0.5 pm, respectively, were equal. In Fig. 4(b) the 
excess heating of spheroidal particles AT, is plotted 
vs t,, calculated for the conditions of the experiments 
of ref. [24]. For spheroidal particles, the excess heating 
is lower by l-3 K than for spherical particles of the 
same volume. This is due to an increase of the heat 

flux away from the spheroid. Otherwise, the quali- 
tative and quantitative pictures of the interaction pro- 
cess remain practically unchanged. 

It is known that in a medium which suffers TCT 
changes its optical properties, in particular, its reflec- 
tion coefficient for the radiation increase [2T]. The 
time interval after the termination of which the optical 
properties change was determined experimentally in 
ref. [271 and was found to be equal to 5-500 ms, on 
average to about 50 ms. In the present case the 
duration of pulses r, = 10-‘-10-3 s is much smaller 
than 50 ms and variation of the medium optical proper- 
ties during the pulse of radiation can be neglected. 

4. THERMAL PROCESSES DURING THE 

INTERACTION OF SHORT OPTICAL RADIATION 

PULSES WITH THE EYEGROUND TISSUES 

Consider thermal processes occurring during the 
exposure of the eyeground tissue to short optical radi- 
ation pulses when t, < t , (see equation (2)) [21,26,28]. 
In this case thermal and thermochemical processes in 
the eyeground tissues are represented by the system of 
equations (l), (lo), (13), (14) and (19) with boundary 
conditions (12), (16), (17) and (20). The approximate 
numerical methods applied make it possible to cal- 
culate the interaction of laser radiation pulses of 
length f, < lob6 s and to obtain the pattern of ther- 
mochemical transformations inside and around sep- 
arate granules, and also throughout the entire volume 
of biotissue under consideration. 

The interaction between the radiation pulse of 
length 1, = 1 x 10e8 s with the energy density on the 
beam axis E0 = 0.26 J cm-’ and i = 0.694 pm, and 
the eyeground biotissues, when the diameter of the 
image on the retina Db = 2Rb = 30 pm, was calculated 
numerically by the radiation intensity level I,, 
xexp(-1). Considered for N,, = 2.87x lo-” mm3 

were : the case of spherical granules with radius r0 = 
0.5 pm, with the radius of the spherical cell which con- 
tains the granule being r, = 0.94 pm, and the case of 
spheroidal granules the volume of which is equi- 
valent to that of spherical granules with the semi- 
axes of the ellipsoid r, = 0.676 pm, r, = 0.430 pm. 
Spheroidal coordinates [17] corresponding to the 
boundary of the granule and to that of the spheroidal 
cell are equal to <,, = 0.75 and 1.3 1, respectively. 

Figure 5(a) gives the distributions of the tem- 
perature T and of the fractionfof protein molecules, 
which did not suffer thermochemical transformations 
(thermal denaturation), within the cell on the beam 
axis at the point x = x2 + 2 pm for a spherical granule 
and radiation pulse length tp = lo- * s. The radiation 
pulse causes an intensive heating of the granule, with 
the temperature inside it being virtually independent 
of the coordinate and the temperature drop being 
observed only in the surface layer of the granule and 
in the adjacent layer of the surrounding medium. The 
cooling of the granule is accompanied by the heat 
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FIG. 5. The distribution of the temperature T (-) and of 
the fraction f of protein molecules, which did not suffer 
thermochemical transformations (---), along the radius r 
within the cell for the time instants r = 0 (0), 5 x 10e9 (I), 
1 x 10-a (2), 5 x 10e7 (3). 1.76x 10e6s (4)at thepulselength 
1,=1x10-*s,energyE0=0.26Jcm-*(a)andE,=O.ilJ 
cm-* (b). A spherical g~~i~~h t0 = 0.5 pm and r, = 

wave and the wave of thermochemical trans- 
formations propagating from it in the surrounding 
tissues. As compared with the spheroidal granule there 
is only a more rapid equilibration of temperature 
within the limits of the latter attributable to its more 
intense heat exchange with the suffounding medium 
due to a larger surface area at the same volumes. 
Figure 6(a) presents the distributions of Tandy within 
the cell on the beam axis at the point x = x,+2 pm 
for tp = 10v6 s. Here, the specific feature of radiation 
interaction with a granule is the presence of its 
developed heat transfer with the surroundings already 
during the pulse action. It can be noted that the tem- 
perature profile, which takes a certain form after the 
lapse of some time from the start of irradiation, rises 
uniformly with time without changing it, up to ter- 
mination of the radiation pulse. The time for tem- 
perature equilibration within the cell appears to be 
practically the same as that for the pulse t, .= IO- * s. 
Thus, the laser radiation energy is absorbed selectively 
by pigment particles (MPGs) leading to their heating 
considerably in excess of the surrounding medium and 
to the propagation of the wave of the~~he~cal 
transformations from their surface into the sur- 
rounding tissues in the process of heat exchange. In 

s 
h 

FIG. 6. The distribution of the temperature T (-) and of 
the fraction/of protein molecules, which did not suffer TCT 
(---), along the radius r within the cell for the time instants 
I = 0 (O), 5x lo-’ (1). 1 x 10-6 (2), 1.7x 1o-6 s (3) at 
tp = 1 x lo-’ s, E0 = 0.26 J cm-* (a) and E,, = 0.15 J cm-* 
(b). A spherical granule with r0 = 0.5 pm and r, = 0.94 pm. 

Figs. S(a), 6(a) and 7 the results of the variants are 
given calculated from the experimental data of ref. 
[29]. In this case a complete denaturation of protein 
molecules occurring throughout the entire volume of 
the cells, turned out to be near the beam axis resulting 
in the formation of a continuous macroregion with a 
diameter of about 24-25 m (see Fig. 7). This kind of 
denaturation focus can be interpreted as that visual- 
ized ophthalmo~pi~ly [4,29]. It should be noted, 
however, that the denaturation reaction rate depends 
strongly on temperature (see equation (19)) and the 
cooling of biotissue below 330-340 K causes an abrupt 
retardation of the reaction and, further, the ceasing of 
the denaturation region expansion during the above- 
indicated intervals of time. Therefore, such irradiation 
regimes can be obviously realized with a decreasing 
radiation pulse energy (intensity) under which de- 
naturation microregions inside and around pigment 
granules can be formed which would not overlap one 
another due to a strong temperature dependence of 
the protein denaturation rate, equation (19). In Figs. 
5(b) and 6(b) the distributions of T and f within the 
previously considered cells are given at the energy 
densities E. = 0.11 J cmmz for t, = lo-’ s and 
E0=0.15Jcm-2fortp= tOV6s. In t~sc~complete 
denaturation is suffered by the proteins in the granule 
itself and in the 0.5 pm thick spherical layer directly 
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R(pm) 

FIG. 7. The distributions of T,,, (-) andf(---) at R = 0 
(l-3)andR=& = 0.15 pm (4-6) for the time instants f = 0 
(0), 1.76x 10m6 (1,4), 5x IO-’ (2,5), 2x lo-’ s (3,6) and 
z,(R=O)(-.- * -) during the pulse action along thecoordin- 
ate x (a) and the coordinate R for x = x2+2 .um (b), 1= 

0.694 jun. 

adjacent to the granule. In the remaining volume of 
the cell the protein denaturation is virtually not 
observed. Consequently, denaturation (coagulation) 
microregions can originate in the eyeground tissues 
under radiation intensities less than about 2-3 times 
the threshold ones determined ophthalmo~pi~lly. 
It should be noted that as the pulse duration increases, 
the difference between the energies necessary to obtain 
the impairment visual&d ophthalmoscopically and 
microdamages on the granules decreases, The fact that 
microdamages can appear without being detected by 
the standard ophthahnoscopical methods is con- 
firmed by the experimental data of ref. [30], in which 
the special procedure allowed the changes in the eye- 
ground to be detected at the energies half as large as 
the threshold ones. At the same time, calculations by 
the method of refs. 15-91 carried out without taking 
into account the PE granular structure did not give 
denaturation regions at &, = 0.15 J cm-‘. 

Thus, taking into account the granular structure of 
pigmented biotissues (for example, of the eyeground, 
skin and other biotissues) opens the possibility for the 
selective interaction of radiation with biotissues and 
for the formation of protein denaturation micro- 
regions inside and around the pigmented granule at 

radiation intensities 2-3 times less than experimental 
threshold intensities. This fact should be taken into 
account when setting up safety norms for short radi- 
ation pulses. On the other hand, the formation of 
denaturation (coagulation) microregions around pig- 
ment particles allows selective irradiation of cells and 
separate parts of biotissue cells. The thickness of the 
denaturation region around the pigment granule can 
be varied by corresponding selection of radiation 
intensity. The method of selective irradiation of pig- 
mented biotissues can be used for coagulating pig- 
mented tumors, in microsurgery of the eyeground 
tissues, neurosurgery, etc. The selective irradiation 
effect can be enhanced substantially by staining the 
biotissues to be coagulated by the laser radiation 
pulse. 

5. EFFECT OF DIFFRACTION ON THE OPTICAL 
RADIATION SEAM INTENSITY DISTRISUTION 

AND ON THE DEGREE OF THERMOCHEMICAL 
TRANSFORMATIONS 

In theoretical and experimental studies on the inter- 
action of optical radiation beams with the eyeground 
tissues (the retina) (6-121 the Gaussian intensity dis- 
tribution on the retina is usualiy assumed 2 = J,, 
x exp ( -R2/Ri). However, no account is being taken 

of the possibility of radiation beam diffraction on the 
circular aperture (pupil or the exit of the radiator). 
Taking into account the radiation beam diffraction 
aperture can appreciably change the radiation inten- 
sity distribution on the retina. The distribution of the 
optical radiation beam intensity on the retina with 
regard for diffraction and the effect of this factor on 
the distribution of degrees of thermochemical trans- 
formations in the retina proteins are of considerable 
interest and will be considered in the present section. 

Examine the formation of radiation intensity dis- 
tribution on the retina when the cornea is hit by a 
collimated radiation beam with a certain intensity dis- 
t~bution I over the cross-section. Let the beam 
diffraction proceed on the circular aperture (the exit 
pupil of a radiator adjacent directly to the cornea) 
with the diameter Do equal to about 5 mm, because 
the typical eye pupil diameter does not exceed 5 mm 
and, moreover, because in ophthalmology the radi- 
ation beams with the diameter Do < 5 mm are 
employed to avert the iris damage. In this case, when 
Do < S mm, spherical and chromatic aberrations of 
the eye can be neglected [31]. Thii appro~mation is 
widely applied when studying diffraction problems 
[33]. A simplified optical eye [31,32] consists of a 
positive lens followed by a vitreous body with the 
refraction index n = 1.336. It is assumed that the front 
and rear main planes of the eye are mated with the 
plane of the pupil (aperture). .For the spot sixe B 0.1 
w, the retina surface within the spot can be con- 
sidered Aat with good accuracy. Numerical values of 
the parameters for a schematic normal eye are taken 
from ref. [32]. 
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The propagation of a limited radiation beam in the 
eye media will be described by the parabolic equation 
of quasioptics [33] 

2ikg = &,A-ikcl.4 (21) 

where k = 2x/i, i, is the wavelength of mono- 
chromatic radiation propagating along the x-axis, A 
the complex amplitude of the el~tromagnetic field 
electric vector I = A-A*, A, = d2/~y2+dZ/dz2; X, y, 
z are the axes of the Cartesian coordinate system, e 
the coefficient of radiation attenuation by eye media 
for x < 5,. The possibility for the use of parabolic 
equation (2 1) is provided by the narrow angular spec- 
trum of the beam which propagates mainly within the 
cone, the angle at the apex of which does not exceed 
13”. The boundary condition at x = 0 is prescribed in 
the form of the Gaussian and uniform dist~butions 
for the amplitude A within the aperture of radius 
R 0 = Do/2 : 

for R = ,/(y24-z2) G R,, 

A(.x=O,y,z)= Aoexp -$$-ik>i 
> 

(22) 
0 

or 

A(x = O,y,z) = A0 exp 
( ) 

-ik$ (23) 

forR> R,, 

A(x=O,y,z)=O 

where A,, is the amplitude of the electric vector of the 
wave at x = y = z = 0, F the radius of the wave front 
curvature, i.e. the focal length of the optical system. 
The system of equations (21x23) was solved numeri- 
cally by the Fourier. fast transformation technique 
f34]. Equation (21) does not involve the self-induced 
thermal blooming of the beam, because for visible 
and near infrared radiation ranges the coefficient of 
radiation attenuation by transparent eye media does 
not exceed 0.1-0.3 cm- ’ and, for the most part, is due 
to scattering [36]. At the same time, it seems that in 
the case of infrared radiation propagation with high 
absorption coefficient and sharp beam focusing, the 
self-induced thermal blooming of t&e beam should be 
taken into account. 

The diffraction of the radiation beam on an aper- 
ture is the classical field of optics 131,321 which 
recently has been in rapid d~elopment in caption 
with the investigations into the diffraction of laser 
beams [33-351. The radiation beam diffraction in the 
eye media has, however, a number of. spherical 
features, namely the focusing of a limited beam with 
some intensity dist~b~tio~ over the cross-section and 
the study of the image near the focal plane. That 
equation (1) For the region near the focal plane could 
be solved nume~~~ly, with the necessary accuracy 
and space resolution, use was made of the adapting 

system of coordinates based on TaIanov’s trans- 
formation [34]. The reduction of the computational 
grid along the coordinates y, ; is determined by the 
geometric convergence of the beam. For checking the 
accuracy of the computational procedure, the diffrac- 
tion on a circular aperture was calculated and the 
results obtained were compared with experiments 
[31,35]. A very good coincidence was achieved on the 
grids with 256 x 256 points along the coordinates y, I. 

To consider the radiation intensity dist~b~tion in 
the plane x = const., it is convenient to employ the 
normalized intensity I,/&,,, and radius R, = R/R,(x), 
where I,,, = e-‘-’ fo(Ro/R,JZ, Rb(.y) is the charac- 
teristic radius determined by the geometric con- 
vergence of the beam 

for .Y > F. (24) 

Parabolic equation (I) is valid for R(x) B A, there- 
fore the interval F-x, < x < F+.r,, where xr is 
determined From the condition R,(F-x,), &fF+x,) 
>> A, does not fall into the region under consider- 
ation. The dist~bution of I, along R, within this in- 
terval range, i.e. when x r F, can be found from the 
solutions obtained in refs. [31,32]. Beyond the 
interval indicated, the solution is determined com- 
pletely by the number of Fresnel zones @ fitted into the 
entry aperture and is found numerically. @is obtained 
from the relations 

Figure 8 gives the dist~butions of I,, along the radius 
R, calculated at the Fresnel number (0 = 5 for uniform 
and Gaussian radiation intensity distributions with 
respect to the radius of the entry aperture. When the 
Fresnel numbers are low, considerable drops between 
the maxima and minima of the intensity are observed. 
As the Fresnel number increases, the number of 
diffraction maxima grows, whereas the relative drops 
between the maxima and minima diminish. The uni- 
form intensity distribution leads to more appreciable 
drops, These features of intensity distribution over 
the retina are confirmed ex~~men~Uy f37J More- 
over, Fig. 8 presents for comparison the initial uni- 
form and Gaussian intensity distribution over the 
aperture. It is seen, that it is possible to describe the 
intensity distribution over the sPot on the retina by 
the dist~bution similar to the initial dis~bution over 
the cornea. When Q12; 10, the mean error can amount 
to about 30% for the initial Gaussian distribution and 
about 50% for a uniform initial distribution, the mean 
error decreasing with an increase in 4. 
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FK;. 8. The distributions of J,(RJ over the cornea (1) and 
retina (2) for the uniform (-) and Gaussian (---) initial 
intensity distributions over the cornea and f (- * - * -) along 
R. at I = 0 (3) and aRer the pulse action with fp = lo-’ (4, S), 
10mz s (6,7) for the unifom (4,6) and Gausslan (5.7) initial 

intensity distributions over the cornea at Cp = 5. 

In order to clarify the effect of the inhomogeneities 
in the dist~bution of I,(&) on the processe s of radi- 
ation interaction with the eyeground tissues when 
diffraction effects are taken into account, the cal- 
culations of thermochemical denaturation of the 
retina proteins were carried out using the &JR,) dis- 
tributions obtained. The calculations were conducted 
by the available techniques for 1= 1.06 pm and Q! = 5 
and for the constant characteristic radiation beam 
radius on the retina Rb = 150 m. The radiation pulse 
energies were selected such as to obtain threshold 
focuses, i.e. such spatial regions in which the fraction 
f of molecules having not suffered thermochemical 
transformations (denaturation) decreased ’ from the 
initial valuef(x, y, 2.1 = 0) = 1 tof Q 0.1. The inten- 
sities I0 for the uniform and Gaussian distributions 
were taken to be identical at the llxed pulse length fp. 
Figure 8 presents the dist~butions off along R,, at 
x=x2+2 pm after the te~ination of thermo- 
chemical transformations for the variants with $, = 
10e4 and IO-* s. When lr, S lo-’ s, the distributions 
of the fraction of moleculesfand of the temperature 
of biotissues at the instant of pulse termination T 
qualitatively repeat the distribution of I,(&), with the 
maximum of T and minimum of f values cor- 
responding to the maximum value of Z,. In the case of 
short pulses with threshold energies, heat conduction 
almost does not affect the distribution off. However, 
when the pulses are long or the radiation energy 
exceeds the threshold of heat exchange between-the 
heated regions and the surrounding biotissues, the 
heat conduction leads to the thermochemical dena- 
turation over the entire volume of the tissue and to 
the formation of a continuous denaturation focus with 
a certain dist~bution off along the radius. Figure 8 

presents the distributions off at tp = IO-’ s which 
illustrate the aforegoing. The fo~ation of a similar 
continuous denatumtion focus at fr, =c IO- * s was also 
observed at QI, = 10 and above, but this is not shown 
in Fig. 8. 

Thus, taking into account the diffraction effects 
when investigating the denaturation of the retina pro- 
teins enables the thermodenaturation regions sep- 
arated by a non-damaged or partially damaged tissue, 
with the regions of ~~rnurn the~~h~~l trans- 
formations being localized in accordance with those 
of the radiation intensity maxima to be obtained. 

It should be noted that the restriction of a radiation 
beam by a rigid aperture can cause, even at relatively 
low radiation intensities, considerable intensity oscil- 
lations in the image field. The diffractional maxima of 
the intensity can induce local excess heating of 
biotissue with subsequent ruptures, haemorrhages, 
formation of blisters, etc. which should be taken into 
account in ophthalmologic practice. The energy re- 
distribution over the beam cross-section due to 
diffraction should also be taken into account when 
setting up safety norms for handling intensive tight 
sources. To eliminate or diminish the diffraction 
effect, it is necessary to restrict the beam at the mini- 
mal intensity level possible, and also to use soft aper- 
ture, beam apodiiation and so on. The computational 
results show that the application of the above methods 
provides an appreciable attenuation of diffraction 
effects. 

6. CONCLUSION 

Thus, the paper was concerned with theoretical 
inv~tigation of energy absorption, heat exchange and 
,th~~h~i~l processes during the interaction of 
optical radiation pulses with pigmented spherical and 
spheroidal granules in heterogeneous laminated bio- 
tissues. Numerical solution of the system of equations 
set gave the space-time temperature distributions, 
degree of thermochemical transformations of bio- 
tissue molecules inside and around the pigmented 
granules and in the volumes of laminated biotissues. 
The possibility for selective intemction of short radi- 
ation pulses with pigmented biotissues is shown which 
consists in the formation of thermodenaturation 
microregions inside and around the pigmented gran- 
ules. The effect of diffraction on the distribution of 
optical radiation beam intensity is studied and the 
possibility for the formation of thermodenaturation 
regions separated by a non-damaged biotissue is 
shown. The results obtained are of interest for studies 
of thermal interaction of optical radiation with 
heterogeneous biotissues in photobiology and photo- 
medicine and also for studies of thermal processes 
in heterogeneous media, etc. 
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MECANISMES THERMIQUES PENDANT L’INTERACTION DES PULSATIONS DE 
RAYONNEMENT OPTIQUE AVEC DES BIOTISSUS LAMINES HETEROGENES 

R&m&-On Ctudie thkoriquement l’absorption d%ncrgie. le transfert thermique et les mkcanismes thermo- 
chimiques pendant I’interaction des pulsations de rayonnement optique avec des granules sphiriques 
et sphiroidaux darts des biotissus laminb hitCrog&s. Un systeme d%quations est formule pour d&ire 
les mkcanismes d’interaction lots de pulsations courtes rr < 10s6 s et pour des pulsations longues rr > 10T6 s. 
Des solutions numeriques de ce systtme donnent les distributions spatio-temporelles de temperature, les 
degrks des transformations thermochimiques des molecules du biotissu autour des granules pigmentis et 
darts le volume des biotissus laminb. On montre la possibilite de I’interaction selective entre des pulsations 
radiatives courtes et les biotissus pigment&s a cause. de la formation de microregions de thermodenaturation 

dans et prbs des granules pigment&s. 

THERMISCHE VORGANGE BE1 PULSIERENDER BESTRAHLUNG VON 
HETEROGENEM LAMINIERTEM ZELLGEWEBE 

ZummmenfaBmng-Strahhmgsabsorption, WiirmeiIbergang und thermo-chemische Vorgfinge, die wlh- 
rend der pulsierenden Bestrahlung von pigmentierten kugelfirmigen und ellipsoiden Kbrnem in hetero- 
genem laminiertem Zellgewehe auf&ten, werden theoretisch untersucht. Ein System von Gleichungen 
beschreibt die Vorgiinge in den Kiimem 6ir kiirzere (rp < 10m6 s) und liingere (rs. z- 10e6 s) Strah- 
lungsimpulse. Die &mliche und zeitliche Temperaturverteilung sowie der Grad der thermo-chemischen 
Umwandlung der Zellmolektile rund urn die pigmentierten Kiimer und im Bereich des laminierten Zell- 
gewehes werden numerisch herechnet. Die MQlichkeit der geaielten ‘Beeinflussung durch kurze Strah- 
lungsimpulse auf pigmentierte Kiimer wird dadurch nachgewiesen, da6 im und nahe dem pigmentierten 

Kom eine therm&he Denaturierung auftritt. 

TEIIJIOBbIE IIPOIJECCU I-IPW BSAHMO~CTBIIH WMI-IYJIbCOB OIITWIECKOI-0 
IISJIYYEHHII C I-ETEPOI-BHHbIMH CJIOWCTbIMW EWOTKAHNMW 


