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Possibilities of creation of controlled temperature fields in deep-seated biological tissue with the use of an 

endocavity ultrasound applicator with surface cooling are considered. Mathematical models are proposed 

and calculated that make it possible to construct acoustic and thermal fields in biotissues depending on the 

thermophysical and ultrasound characteristics of the medium being irradiated and to reveal situations and 

effects that are important for solvtng problems of practical medicine in the field of local ultrasound 

hyperthermia and thermotherapy of tissue. 

The need to design compact ultrasound emitters for controlled endocavity heating of the biological tissue 

is determh,,.d by particular problems of modern theoretical and clinical local hyperthermia and lhermothe~apy [I,  

2 ]. Despite certain advances in this field of practical medicine, first and most of all historically connected with the 

use of microwave (MW) radiation for local hyperthermia, a number of important circumstances revealed in recent 

years require not only new and improved electromagnetic methods and heating devices, but also fields of other 

physical nature for controlled heating. This is especially important since the specific effect of an MW field, aside 

from its thermal action, is still unclear [3 ]. In essence, mechanisms of the selective action of particular temperatures 

on normal and tumor cells which determine the therapeutic effects of methods of local hyperthermia are still not 

revealed. 

The controlled ultrasound (US) heating of tissues has, in contrast to MW fields, certain advantages based 

on the physical features of ultrasound [4] which should manifest themselves during nonivasive thermal action on 

deep-seated tissues and tumors that do not have boundaries with gas cavities or bone tissue. Among these are, first 

of all, various mechanical and thermal phenomena in biological tissues and cell membranes,  changes in their 

permeability, phonophoresis, etc. The small size of the focused beam (the wavelength of ultrasound vibrations with 

a frequency of 0 . 5 - 3  MHz in soft tissue is 3 -0 .3  ram) and relatively weak attenuation of the beam (about 1 

dB/cm/MHz in muscle tissue [5, 61) determine extremely important, from the viewpoint of practical biomedical 

therapeutic applications of ulrtasound hyperthermia and biodestruction, possibilities for more-precise focusing of 

the radiation at a considerable controlled depth of energy transport in a conducting medium, controlling the energy 

release and configuration of acoustic fields, etc. Evidently, these factc=s have stimulated few investigations that 

give grounds for application of methods of local ultrasound hyperthermia and thermotherapy to the treatment of a 

number of malignant pathologies that are not treated successfully by MW fields. For example, in [7 ] this is stated 

regarding the treatment of prostate cancer using the endocavity local hyperthermia. 

It is evident that the creation of a controlled thermal distribution in a particular region of tissue, especially 

deep-seated tissue, is not only a problem for special medical devices, still not designed, but also a subject of 

mathematical modeling. 

The formulation of a mathematical model is determined, first of all, by the presence of an ultrasound field 

structure around an emitter placed in a natural human-body cavity formed by biotissue. 

The compound acoustic pressure induced by a source of harmonic vibrations at a certain point is determined 

by the Rayleigh-Sommerfeld  integral [8 I 
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P (r)  = / p c k  f ,, ~ . )  exp  q k  1~ - 7 ' 1 )  aS.  ( l )  

T h e  p o s s i b i l i t i e s  of local  u l t r a s o u n d  i r r a d i a t i o n  of t i s sue  a r e  d e t e r m i n e d  by the n e a r - f i e l d  zone 

xnf < L2/2,  i.e., when the maximum l inear  dimension of the source i:; L ~ 10 mm and ~. -, 1.5 ram, we have 

Xnf -< 70 ram. This  means  that  the dis t r ibut ion of the radiat ion intensi ty  has a compound,  interference charac ter ,  

in contras t  to the s imple exponent ia l  d is t r ibut ion proposed in [9 ], which takes place during i r radia t ion  of ex t remely  

thin t issue layers  (about 3 ram) in the vicinity of the applicator  and  does not meet the requirements  of practical  

medicine.  

In this connect ion,  calculat ion of P(r)  by Eq. (1) in the near  field can be carr ied out by represent ing  the 

emit ter  S as a superposi t ion of e lementary  square emit ters  [ I0 ]  with area  AS = Ah • Aw: 

�9 N A h / 2  A w / 2  

P (x, y, z) = ~ ~, u n f f exp ( -  (a + jk) r) dxodYo; 
r 

n = l  - A h / 2  - A w / 2  

r = ' , / z  z + (x  - x~ - x0)2 + (y - y~ - y0) 2 . 

It is evident  that  for uniformly excite(, vibrat ions (a model  of an oscil lat ing piston) the value of ampl i tudes  

and  phases  of the vibrat ion velocity are  equal for all the e lementary  emitters .  

We use the F raunhofe r  approximat ion ,  according to which for any xo and YO the following condi t ion is 

satisfied: 

x 0 < < R ;  Yo < < R ,  R = x / z 2 + ( x -  xn) 2 + (y yn) 2 . 

Inasmuch as 

2 2 
kx 0 ky 0 1 1 
_---=-_ + <<Jr" a < < R "  RZ 2R ' ' r R 

and 

exp a•xrrrr•) Aw Aw 
= 1 when ~ > x  0 > - - ~ - ;  

exp --- 1 when T > y ~  > - - - 2 ,  

then,  af ter  s imple t rans format ions  we obtain the final expression for calculat ions 

P (X, y, z) = 
n=l 

exp ( -  (a + / 'k )  R) sinc - -  2R sinc ~ j .  (2) 

Thus ,  the d i s t r ibu t ion  of the field in the near  zone for a rec tangular  emit ter  can be calculated in te rms of 

the vector sum of the d i s t r ibu t ions  of the field in the far zone for elementary, rec tangular  sources subject  to the 

following inequal i ty  110 ]: 

max (Aw, Ah) _< i__.__.~n . (3)  

Usual ly ,  the value of the p a r a m e t e r  F = 1 0 - 1 5  [10]. At these values of F the relative error  of calculat ion of the 

sound pressure  6P does not  exceed 2 - 5 %  at d is tances  z ___ zmi n. Thus,  for calculation of the rad ia t ion  in tens i ty  of 
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Fig. I. Dis t r ibu t ion  of specific u l t rasound power W in biot issue:  a) over  

biot issue depth  on the main axis of the appl icator  from three emit ters  for 

vibrat ional  velocities of plates ul = 0, u2 = 16 cm/sec ,  u3 = 0 (curve 1) and  

for a cyl indr ical  emit ter  calculated according to [9 ] for emit ter  radius  r 0 = 1.2 

cm and vibrat ional  velocity u = 16 cm/ sec  (curve 2); b) as a function of the 

d is tance  from the symmet ry  axis of the appl icator  at vibrational  velocities ul 

= 0 ,  u 2 =  16 cm/sec ,  u 3 = 0  for depths  of 0 . 2 c m  and 1.8 cm, curves 1, 2, 

respectively.  W, W/cm3; z, cm; x, cm. 

the applicator ,  we take the size of an e lementary  source to be equal Aw • Ah = 0.108 x 0.108 cm, the ul t rasound 

wavelength 2 -- 0.15 cm, and the paramete r  F = 12 (6P = 3% at z = Zmin). Then,  according to (3), Zmi n = 2 mm, 

i.e., the given method provides sufficient accuracy of calculat ion within vir tual ly the ent i re  region of interst ,  

excluding the ex t remely  thin surface layer  where the US intensi ty  can be considered equal to that  on the applicator  

surface. 

Using (2) we can calculate the power W(x, y, z) re leased  in a unit volume of biot issue by the formula 

W ( x , y , z )  [ P ( x ' Y ' z ) l Z  = a .  ( 4 )  

pc 

The  squared absolu te  value of the ampl i tude  of the sound pressure  can be found using (2). In practical 

appl icat ions,  Eq.(2) is t rans formed from complex to t r igonometr ic  form and subst i tued into (4). 

Thus,  the squared ampl i tude  of the sound pressure  for an endocavity u l t rasound emi t te r  consis t ing of three 

identical  rec tangular  emit ters  placed in a row can be calculated out by the following formula:  

I P (x, y, z) = - ~ ui ff~ ~ exp ( -  aRim n ) sin (kRim n ) sine sine + 

i= l m= | n= 1 - '~rnn / 

+ u, y. y. 
i=1 m=l n=l I exp ( -  aRim n ) 

Rimn 

kxlmAw 
cos (kRim n ) sine 2Rirrm 

_ _  k y;. ah l }2 

Results  of calculation of the ul t rasound pressure in biotissue are  i l lustrated by Fig. 1. In these calculations 

the frequency of US vibrat ions  was 1.05 MHz, the dimensions  of the emit ter  l x l cm (three in a row), and the 

US a t tenuat ion  coefficient in the tissue 0.136 c m  - I .  It follows from the calculations that  the in tens i ty  dis t r ibut ion 

of the u l t rasound is osci l lat ing both in depth (Fig. la)  and  parallel  to the emit ter  surface (Fig. l b ) .  In the near  

zone the charac te r  of the dis t r ibut ion of the ul t rasound field calculated by the method of the rec tagular  emit ter  

differs subs tan t ia l ly  from the intensi ty  of the ul t rasound field of a cyl indrical  emit ter  ca lcula ted  in [9] (Fig. la ) .  

It is evident  that  the la t ter  method is valid only for heat ing of the surface region of tissue. The  most pronounced 

maximum of the radia t ion  in tens i ty  is observed on the main axis of the emit ter  at a d is tance  of about  1.8 cm from 

its surface (Fig. l a ) .  It can be assumed that the thermal  field pat tern  will also have a l te rna t ing  max ima  and minima.  

An apprec iable  t empera tu re  maximum should be expected at a depth of 1 . 5 -2 .0  cm on the main axis  of the emitter .  
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Fig. 2. Tempera tu re  dis t r ibut ion in biotissue as a function of dis tance from 

the s y m m e t r y  axis of the applicator  at cooling temperature  Tel = 15~ and 

bloodflow w b = 0.45.10 -5  m3/kg-sec :  a) for depths  of 0.5 cm, 1.8 cm, 2.5 cm, 

and 4 cm (curves 1-4, respectively) at vibrat ional  velocities ul = u2 = u3 = 16 

cm/sec ;  b) for a depth of 1.8 cm at vibrat ional  velocities ul --- u2 --- u3 = 16 

c m / s e c  (curve 1) and ul -- 0, u2 = 16 cm/sec ,  u3 = 0 (curve 2). T, ~ 

We use the ob ta ined  power W ( x ,  y, z ) re leased in a unit volume of biotissue to build temperature  fields 

T ( x ,  y, z) as solut ions of the classical biothermal  equation in a cyl indrical  coordiante  system [1, 2, 11 1. For  the 

appl icat ions under  cons idera t ion  the lat ter  can be writ ten as follows: 

02T + I 0T + 02T + I W ( r , z )  C ( T -  Tb) I 0T 

Or 2 r Or Oz 2 k t a '  Ot 

(5) 

In (5) we neglect  metabol ic  hea t  product ion,  s ince dur ing  local hype r the rmia  and especia l ly  dur ing  

the rmothe rapy  a much more powerful heat ing source is acting. 

The  bounda ry  condi t ions  for (5) 

OT 
- k t ~ +  K T =  K T c l ,  r =  r 2 ,  t > 0 ;  

(6) 

T =  T b ,  r = fir 2,  t_> 0 ;  T =  T b ,  t = 0  

take into account the possibi l i ty  of cooling of the emit ter  surface. We can assume that cooling affects the t empera ture  

d is t r ibut ion  in the vicinity of the applicator,  where ra ther  high tempera ture  values can be observed. This  makes it 

possible to prevent,  if necessary ,  burning of the biotissue and  to heat  more deep-sea ted  volumes of the tissue. 

It is evident  that  at  a cer ta in  dis tance from the emit ter  (h" = 5 - 1 0 )  the t issue tempera ture  T - Tb, which 

is also taken into account  by condit ions (6). 

The  coefficient K de te rmines  in fact the efficiency of the cooling system,  and its value very s t rongly  reflects 

the heat  t ransfer  between the cooling liquid and the biological tissue. The  choice of K is de te rmined ,  e.g., in [11 ], 

a n d  d e p e n d s  on the specif ic  thermal  conduct iv i ty  of this liquid but  when cer ta in  re la t ionships  be tween the 

d imens ions  of the channels  in laminar  flow are  sat isf ied does not depend  on its velocity. 

A numerical  solut ion of the biothermal  equation (5) was ob ta ined  by the f in i te-e lement  method [12, 13] 

for specific values of thermophys ica l ,  ul t rasound,  and  perfusion parameters  of the medium being i r r ad ia t ed  (Figs. 

2, 3). 

An ana lys i s  of resul ts  of calculations has shown that  a l ready  at a vibrat ional  velocity of the emi t te r  surface 

equal  to 16 c m / s e c  ( the  a d m i s s i b l e  value  for p i ezoce ramics )  con t ro l l ed  t e m p e r a t u r e s  suf f ic ien t  even for  

thermodes t ruc t ion  can be achieved in tissue. At depths  of the o rde r  of 0 . 5 - 1  cm, the effect of cooling of the 

appl ica tor  on the t empera tu re  of the tissue is still appreciable  (Fig. 2a, curve 1). In this case the t empera tu re  

d is t r ibut ion  along the appl ica tor  (at the same excitat ion intensi ty)  has three  maxima,  in accordance  with the number  
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Fig. 3. Temperature  distribution over depth of biotissue on the main axis of 

the applicator from three emitters at vibrational velocities Ul = u2 = u3 = 16 

cm/sec,  bloodflow w b = 0.45.10 -5 m3/kg .sec  for cooling temperatures: Tcl= 

10~ 15~ and 25~ (curves 1-3, respectively). 

of elements. The maximum temperature is achieved at a depth 1.9 cm on the main axis of the applicator (Fig. 2a, 

curve 2), which corresponds approximately to the position of the zone of maximum specific ultrasound power. At 

distances from the applicator of up to 3 cm (Fig. 2a, curves 2 and 3), a more and more pronounced temperature 

maximum is observed on the main axis of the applicator; at a distance equal to 4 cm and greater (Fig. 2a, curve 

4) this maximum "spreads out." By comparing the distribution of the specific ultrasound power (Fig. lb) with the 

temperature field, one can notice a very strong "smoothing" effect of heat transfer in the tissue. 

It has been found that the depth of the temperature maximim depends weakly on the cooling temperature 

of the applicator surface and is determined primarily by the position of the maximum of the specific ultrasound 

power. A change in the cooling temperature affects the tissue temperature only at distances of 0 -  1.5 cm (Fig. 3). 

When instead of the three plates of the applicator just one of them is turned on (Fig. 2b, curve 2), this 

results in not only narrowing of the heated zone but also a substantial decrease in the temperature both at the 

maximum point (for the conditions under  consideration, by about 10~ and within the entire zone of action of the 

applicator. 

Thus,  ultrasound fields have rather high flexibility and specificity of action on biotissue, provide rather 

sufficient possibilities for deep penetration, and, in order  to create controlled thermal fields, make it possible to 

achieve a wide range of temperatures.  

The work was supported by the State Committee of Ukraine on Problems of Science and Technologies. 

N O T A T I O N  

P, compound acoustic pressure; 7, vector that determines the position of the point of the field at which 

pressure P is determined; 7', vector that determines the position of a point on the emitter surface; S, area of the 

emitter; u, component of the vibration velocity normal to S; p,  density of the medium; c, velocity of sound in the 

medium; k = 2~/).  + ja,  wavenumber;  ~., wavelength in the medium; a,  attenuation coefficient of ultrasound in the 

medium; Xnf, length of the near-field zone of the emitter; L, maximum linear dimension of the emitter; AS, area 

of elementary emitter; Ah and Aw, dimensions of elementary emitter in plane; x, y, and z, coordinates of the point 

at which P is determined; xn and Yn, coordinates of the center of elementary source; x 0 and Y0, current coordinates 

in system related to elementary source; N, number of elementary emitters into which the source is divided; un, 

vibrational velocity of the n-th elementary source; R, distance between center of elementary source and point at 

which P is determined; sine (X) -- sin (X)/X; Zmin, minimum distance from source plane to point at which P is 

calculated provided that the error does not exceed the permissible value; F, parameter that determines the relative 

er ror  6P of calculation of sound pressure;  I, number  of rectangular  emitters, components  of mult i-element 

applicator; i, number  of rectangular emitter; Xlm and Y}n, current  coordinates of the center of the mn-th elementary 

portion of the t-th emitter; Rimn, distance from a point (x, y, z) in the field to the mn-th element of the i-th emitter; 
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ui, vibrational velocity on the surface of the t-th emitter; W, specific power of ultrasound in biotissue; ct' - k t /ptct;  

kt, Pt, and ct, specific thermal conductivity, density,  and specific heat of the tissue, respectively; C = 

C b P b m b p t / k t ;  C b, specific heat of blood; nab, volume flow per unit tissue weight; Tb, temperature of blood entering 

the heated area (arterial blood temperature); r 2, radius of surface being cooled; Tel; temperature of cooling liquid; 
K, integral heat transfer coefficient. 
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