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T H E R M O P H Y S I C A L  E F F E C T S  I N  P H O T O D Y N A M I C  

T U M O R  T H E R A P Y  

V. N .  B i d n e n k o  and  V. L. Sigal  UDC 616.33.002.44 

A mathematical model of temperature modes in photodynamic therapy of brain tumors is suggested. 

Technological conditions for this therapy under which destruction of malignant cells along with 

photoprocesses are accompanied by hyperthermal and thermotherapeutic temperatures are determined. The 

realized possibilities allow one to achieve a higher degree of tumor destruction especially for low-perfusion 

tumors, with nearby healthy tissue being preserved. 

Photodynamic therapy (PhDT) as a method for destroying tumor tissue is considered to be one of the most 

promising in clinical oncology. The biophysical mechanisms providing the clinical effect of this medical technology 

are insufficiently studied, thus making use of PhDT in medicine very uncertain. In .practice, the conditions for 

implementing PhDT are very diverse and do not allow for the individual properties of a specific tumor. The majority 

of researchers consider that the destruction of tissue in PhDT is determined by the interaction of laser radiation 

with photosensitizers in the tumor. As a result of this physicochemical interaction, active forms of oxygen possessing 

a destructive action on the tumor cells appear as products of the reaction. These specific mechanisms are principal, 

though other  mechanisms, such as hyperglycemia, activity of molecules of higher states of photosensitizers, etc., 

which facilitate the therapeutic effects of PhDT, are realized; the latter are less important [1, 2 ]. 

Temperature  is also among the physical factors that cause cell damage. It is known that local hyperthermia 

- the establishment of a temperature of 42 -43~  in a tumor - is considered an expedient physical method for 

affecting mal ignant  growths [3]. Numerical  experiments with cul tures confirm that these hyper the rmal  

temperatures destroy tumor cells. The development of thermal therapeutic methods in oncology facilitates the 

creation of new medical thermotherapeutic technologies which come down to the attainment of local temperatures 

of 70~ and higher. 

By virtue of these effects, there exist a great number of publications offering a combination of PhDT and 

hyperthermia in which an intensification of the inactivation of abnormal cells has been observed [4, 5 ]. For clinical 

conditions, the order of use of the procedures for the greatest therapeutic effect is discussed in [6 ]. Since, however, 

PhDT uses laser-radiation energy, there arises the problem of determination and control of temperature modes in 

irradiated tisssue under this effect. This problem should be most adequately formulated for a two-layer model. 

This is explained by the fact that this model allows one to account for different optical and perfusion properties in 

two zones of tissue: the narrow surface zone destroyed by the PhDT process, which consists of the destroyed ceils 

and blood flow system; and the remaining tissue. 

For simplicity, we consider a one-dimensional two-layer semiinfinite medium which is irradiated from one 

side. These conditions determine the interstitial delivery of laser radiation directly to abnormal tissue. The first 

layer (x E [0; L],  i = 1) has the optical characteristics of blood, which reflect its structureless character ("blood 

porridge"); convective heat transfer by blood flow is absent here, and this is essential for writing a corresponding 

biothermal equation. The second layer (x ~ [l; + oo ], i = 2) has ordinary optical and perfusion properties. Assuming 

the correc tness  of the use of the classical biothermal equation and the B o u g u e r - L a m b e r t - B e e r  law, the 

corresponding system of equations takes the form: 
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In (1) the possibility of cooling from inside the surface of the tip delivering laser radiation directly to tumor 

tissue by a flow of air or washing water (usually, distilled water) at temperature To is taken into account. 

In order  to reveal the physical nature of the considered combination of processes of destruction of tumor 

tissue, we do not complicate system (1) by account for motion of the phase interface between the two layers. A 

further simplification can be realized if we restrict ourselves to estimations for s ta t ionary  situations. Then,  for the 

times of establishment of a s tat ionary state in the first layer tl and in the second layer  t2 we obtain the following 
formulas by writing ordinary equations of heat balance for the tissue 

t I = c p L / a ;  t 2 =  1/(Pb~O ) .  (2) 

This gives for the thermophysical constants of brain tissue g -- 0.5 W/(m.  ~ Cb -- c = 4 kJ/(kg.  ~ p --Pb = 1040 
kg/m 3 and tl = t2 = min at a = 140 W/(~ L = 2 mm, 09 = 1 ml / (g-min) .  

We now estimate the velocity of variation of L. If tl ---- t2, this limits the choice of values L = 1 - 5  ram. For 

these values, the times of irradiation in PhDT are about 1 h [7, 8 1. Under these conditions, the rate of variation 

of these l inear dimensions of abnormal  tissue L can comprise = ( 1 / 6 0 - 1 / 1 2 )  m m / h .  Thus, use of s tat ionary 

solutions of sys tem of equations (1) is quite reasonable for practical situations. The  spatial temperature distributions 

in each of the two layers in dimensionless quantities 

f12 L2Cb Pb pw loL2eab IoL2eat ctL 
= �9 = - - "  = - - ;  B i = - - "  

Z , Qb z T  0 , Qt z T  0 Z ' 

T i - T O x 
0 i =  TO ; ~ = - ~ ;  bib= etbL; I t t =  ettL 

(3) 

can be represented by the following analytical relations 

Qb 
O 1 = - - ~ e x p ( - - ~ b ~ )  + A ~ + B ;  

/% 

0 2 = D e x p ( - f l ~ )  + - -  
Q1 

~2 2 exp (~t - / % )  exp ( -  gt~) ; 
# --fit 

(4) 

[ Z (  B~ / I--~ Qt t 1 Qb 1 +  68 + B =  (1 + - 
Bi + Bifl + t3 [ /% /3 + / x  t 

exp ( -  fib)] ; 

916 



AT 

10 

5 10 x 

Fig. I. T e m p e r a t u r e  increment in two- layered model of destruction of brain 

tissue in P h D T  (eab = 0.62 m m - 1 ,  etb = 1.2 m m - 1 ,  eft = 1 m m - 1 ,  eat = 0.5 

m m  -1,  I 0 = 500 m W / c m  2, w = 0.5 m l / ( g - m i n ) ) :  1-4) calculated for values of 

L (mm) equal to 0 (a one-layered perfusion model) ,  1, 3, 5, respectively. AT, 

~ x, mm. 

A =  B i - B -  Q_bb 1 + ; D =  A + B -  +f12 exp(/3) . 

Formulas  (4) are  valid a t  fl # ~t. An analysis showed that,  otherwise, at fl =/~t the s ta t ionary  solut ion (1) 
has  the form: 

oi= Qb 2 e x p ( - - / z b ~  ) + A ' ~  + B  ; 
/% 

= + ~fl ~ exp (fl - / % )  exp ( -  fl~) ; 

exp (fl) Qb 1 + + - -  Qt Qb 2 exp ( -  ~b) , (5) D' = - -  �9 
Bi + flBi + 13 2 /% be b 

A - - -  D'  exp ( - / 3 )  + + exp ( - / % )  - Qb 1 1 
1 + Bi r k% 

, A' 1) 

Figure 1 presents  examples  of the fields of the t empera ture  increment  in t issue AT(x) in P h D T  as a funct ion 

of the  thickness of the layer  of des t royed  cells that is formed in this process and  the system of blood circulat ion of 

the layer .  For comparison,  curve 1 gives the values of AT(x )  in the absence of a tissue layer  with a des t royed  sy s t em 

of blood flow. It is obvious that  at  small  L the difference in the increment  of t empera tu re  of the two models  with 

respect  to AT is small;  it increases  with L and for typical L ~ 5 mm it may amount  to --~ 3~ As I 0 increases ,  due 

to the  destructive effects of P h D T ,  the appearance of an addit ional  zone in which hyper thermal  t empe ra tu r e s  a re  

c rea ted  is quite possible. 

We consider  the dependence  max~ _~ IAT(~) on blood flow for the zone where  local hype r the rmia  can  take  

place. It  appears  that  O2(~) for fl < ~t has a maximum at ~ - ~* 
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Fig. 2. Maximum temperature which can be a t t a ined  in second layer  as a 

funct ion of blood flow: 1-3) calculated for values of L (mm) equal to 5, 3, 1, 

respectively.  The other values are the same as in Fig. 1. w, ml / (g .min ) .  

Fig. 3. Interrelat ion of perfusion properties of t issue an d  depth of its heating 

in P h D T :  1-3) calculated for values of L (mm) equal to 1, 3, 5, respectively. 

The  o the r  values are the same as in Fig. 1 .6 ,  mm. 
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For the case of (5),  i.e., at/3 =/~t, O'2(~) also has a maximum, but at ~ = ~*': 

1 2/3 D' exp --/3) (7) 
Q, 

Using (6) and (7) we can determine the maximum value of AT by the following relations 

ATma x = T00  2 (1) when /3 > ~ t ,  (8a) 

ATma x = max f ITo02  (1 ) ;  TO02 (~'*)t when ,3 _< p , .  (8b) 

An analysis of re la t ions (5) and (7) showed that at/3 =/~t no th ing  radically new is revealed in the depend-  

ences AT(x),  ATmax(CO), and  6(w); all regularities are shown in Figs. 1-3. Calculations by (8) are,  in particular,  

given in Fig. 2. It follows f rom the curves that the effect of tissue des t ruct ion  in PhDT can additionally be associated 

with the at tainment  of not  only hyperthermal,  but even higher, thermotherapeut ical  temperatures.  T h e  developed 

model allows one to predict  the profile of temperatures  in a tumor with perfusion and when its optical properties 

are known. 

For practical applications,  not only possible profiles of t empera tures  in tissue but also est imations of the 

depths 6 at which they  a re  realized are of importance. We define 6 such that AT(C) = ATmax/e,  with & being 

reckoned from x = 0. T h e  dependences C3 (w) show (Fig. 3) that the depths  of tissue heating are de te rmined ,  other  

quantities being equal, by  the blood flow, the more substantially, the  smaller  it is. For brain tissue at the above- 

indicated values of co, ett , eat , and I 0, the increase in temperature  AT amounts to ( 7 - 9 ) ~  and the depths  of 

penetration to undamaged  tissue are (6 - L) = 4 mm. 
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Thus, it is shown that along with the process of photodynamic therapy, an increase in temperature that is 
capable of providing conditions of local hyperthermia and thermotherapy facilitates tissue destruction. It appears 

that this temperature mode can be created at a greater tissue depth as compared to that which is attained in PhDT. 

It can be asserted that hyperthermia is an adjunct to PhDT, whose role is additionally reduced to 
localization of the heating mainly in the tumor or some part of it. This is explained by the fact that the zone of 

accumulation of photosensitizers is predominantly abnormal tissue and the laser radiation destroys a certain layer 

of it by changing its perfusion and optical properties. These changes, as is shown above, provide a specific 

temperature mode of cell damage of the remaining tumor or a part of it. Thus, if the tumor is surrounded by 

comparatively low-perfusion brain-tumor tissue [9] (w --- 0.05 ml/(g.min) ,  other conditions being equal, even 

thermotherapeutic temperatures (= 55~ can be attained, and ~ = 15 mm. This result has determined the 
development of radically new approaches to the destruction of brain tumors. They consist, basically, in the 

following: first, in the organization of a medical technology of PhDT which provides nearly hyperthermal 

temperature modes in malignant tissue; second, in providing conditions which reduce the perfusion characteristics 

of tumors, thus facilitating an increase in the volumes of destruction of them with nearby tissue being preserved; 

third, in the possibility of ensuring thermotherapeutic modes in tumors during PhDT. Implementation of these 

approaches can be attained by estimating the conditions of manifestation of them that are afforded by the suggested 

model. Additionally, it verifies the mechanisms and broadens the possibilities of PhDT itself and determines the 
conditions of conducting it in each specific case. 

N O T A T I O N  

x, spatial coordinate; t, time; L, thickness of the destroyed layer; i, number of layer; p and c, density and 

specific heat capacity of tissue, respectively; Pb and cb, density and specific heat capacity of blood; Z, coefficient of 
thermal conductivity; T, temperature; AT(x) = T(x) - TO; TO --- 37~ a, coefficient of heat transfer; 10, intensity 

of radiation at x = +0; eab, eat, absorptions in blood and in the whole tissue, respectively; etb , eft , attenuations in 

blood and tissue, respectively; tl, t2, times of establishment of stationary modes in first and second layers; w, blood 

flow. Subscripts: a, absorption; b, blood; t, attenuation. 
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