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By means  of focused ultrasound (US) it is possible to c rea te  local lesions of any required size in the deep 
brain s t ruc tu res  without injuring surrounding t i ssues  or  t i ssues  located along the course  of the ultrasonic beam, 
so that this is a promis ing  technique for  use in experimental  neurophysiology and neuroanatomy and also in 
clinical neurosurgery .  Knowledge of the mechan isms  of interact ion of US with nerve t issue will allow the resu l t s  
of ul t rasonic action to be predicted.  

The appearance c~ local loci  of destruct ion after  the use of saffieiently high intensities of the order  of sev-  
eral  hundred watts per  square cent imeter  has been shown to be due mainly to heating of the t issues  through ab-  
sorption of ul t rasonic energy up to a cer ta in  cr i t ica l  t empera tu re  [13]. It is considered that with intensities of 
over  1000 W �9 cm -2 an essential  role in t i ssue dest ruct ion begins to be played by mechanical  fac tors  and, in 
par t icular ,  by cavitat ion (cavitation here  means  effects due to the appearance of gas bubbles in the ul trasonic 
field and their  activity [7]). Cavitation is linked with the formation of cavities,  bubbles, and local hemor rhages  
in nerve  t issue [2, 3, 10]. 

Brain t issue is known to differ in its sensit ivity to ul t rasonic i r radiat ion [2, 9, 14] depending on its acous-  
tic and thermal  proper t ies ,  and also on its biochemical  composition. 

The aim of this investigation was to study the effect of the volume velocity of the blood flow, one of the 
important  fac tors  which determine differences  in sensit ivity,  on the local r i se  of tempera ture  and, consequently, 
on the size of the dest ruct ive  lesions produced by ul t rasonic action under heat-generat ing conditions. The role 
of cavitation in the destruct ion of brain t issue under these conditions also was studied. 

EXPERIMENTAL METHOD 

Various rabbit brain structures with the following values of the velocity of the blood flow v (in ml/min/ 
i00 g tissue) were chosen as test objects [I]: gray matter of the cerebral cortex (CGM) 42-236; white matter 

of the semilunar centers (SLWM) 22-64, thalamus 27-81; eaudate nucleus 27-70. 

Local destructive lesions in the above-mentioned structures were produced in stereotaxic operations on 
adult rabbits, anesthetized with pentobarbital, by means of a spherical US generator with resonance frequency 
f0 = 1.98 MHz and with angle of convergence of the beam of 20-72 ~ (the calculated value of the radius of the focal 

spot in this case r 0 = 0.077 cm). The intensity, averaged for the area of the focal spot (IF) was 270-1000 W �9 
cm -2 in different experiments, and the duration of irradiation (t) was 0.5, 1.0, and 5.0 sec. Irradiation was ap- 
plied through a burr-hole and the intact dura mater. To verify the presence or absence of cavitation, the meth- 
od in [4] was used; it is based on recording the subharmonic component of acoustic noise with a frequency of f0/2. 

For the histological investigation series of sections were stained by Nissl's method. The length of survival 

of the animals after ultrasonic irradiation was 24 h. 
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For  the theoret ical  calculation of the expected size of the lesions the hypothesis was adopted that the m e -  
chanism of des t ruct ion is purely  thermal ,  and the maximal cr i t ical  t empera tu re  Tcr  on the boundary of the focus 
of des t ruct ion at t = 0.5, 1.0, and 5.0 sec was taken to be 67, 65, and 60~ respect ively  [13]. 

The r i se  of t empera tu re  in the region of exposure to a single pulse of US was determined by solution of 
the nonstat ionary equation of heat conduction for  an infinite cylinder of c i rcu la r  c ross  section with an internal 
heat source  Q(r) [5]: 

dT(r,dt t) -- pC~k [ ~r2[d2T(r't) ~, rl dT(r,dr t).]:+ ~,Q(r) Q(r)=2.~o.l (r), 

where I(r) is the intensity of US in the focal plane. This value was determined by the equation in [6]: 

l(r) = 0 , 2 7 3 . ]  0 . l l  2 (3 ,83  r/ro)/(r/ro) 2, 
1 o~1~ 1-2~h =4.35.[ F,  

where I0 ~ denotes the intensity in the center  of the focal  region not allowing for  absorption; h denotes the depth 
of the center  of the focal region f rom the surface  of the hemisphere;  r is the cylindrical  coordinate.  The pa-  
r a m e t e r s  of the t issue were  taken to be as follows: density p = 1 g .  cm -3, specific heat  Cp = 4.17 W �9 sec �9 
g-10.  oC-~. Since there  are  no unambiguous data in the l i tera ture  on values of extinction (a) and absorption 
(a 0) coefficients in different  brain s t ruc tu res ,  we used the following averaged values in the calculations:  ~ = 
0.07 f1.14, cm-~ and a 0 = 0.024 f l . l s ,  cm-1 [11], where f is the frequency of ultrasound, in MHz. 

Convective heat loss  f rom the heated region on account of the blood flow was allowed for by introducing 
(according to the empir ical  method  in [12]) an effective coefficient of thermal  conductivity k* = k ~ + 5.8 + 10 -3 v, 
where k ~ = 5.8 �9 10 -3 W �9 cm -~ �9 ~ is the thermal  conductivity of the t issue in the absence of blood flow. 

E X P E R I M E N T A L  R E S U L T S  

The resul t s  of calculations of the r i se  of t empera tu re  ATma x in the center  of the focal region in different 
brain s t ruc tu res  depending on the duration of i r radia t ion are  given in Fig. la.  (Here and subsequently, continuous 
curves  with identical numbers  bound regions  of possible change of the calculated value depending on the va r i -  
ability of v in the given s t ructure;  the bottom curve cor responds  to the higher value of v, the top curve to the 
lower value. The broken curve demonst ra tes  the r i se  of t empera tu re  when v = 0.) 

It  will be c lear  f rom Fig. l a  that  in CGM, where the velocity of the blood flow is high, the smal les t  r i se  of 
t empera tu re  must  be expected, and this ought to lead to greater  res i s tance  of the cortex to ul trasonic i r r ad i a -  
tion. In SLWM the value of v is below the mean value in the cor tex and, consequently, the expected r i se s  of t e m -  
pera ture ,  other conditions being the same, a re  grea te r ,  i.e.,  there should be a fall in the threshold intensity for 
the appearance of destruct ive lesions and an increase  in the size of those lesions.  

Analysis  of the distr ibution of the r i se  of t empera tu re  in the focal region showed that  changes in the ve-  
locity of the blood f low within the same s t ruc ture  may lead to indeterminacy in ff, e value of the expected r i se  
of t empera tu re  and, consequently, to variabil i ty of the dimensions of the foci of destruct ion.  Distribution of 
t empera tu re  in the focal plane during exposure of SLWM of the rabbi t  brain to US with an intensity of 450 W ~ 
cm -2, with t = 5.0 sec,  is shown in Fig. lb as an example. Curves  I and 2 correspond to a r i se  of t empera tu re  
for maximal  and minimal  values of v, and curve 3 was obtained at v = 0. The graph shows that the expected 
d iameter  of the focus of ul t rasonic destruction,  depending on the real ized value of v, can lie within the range of 
2r = 0.064-0.94 cm. 

Histological  investigation revea led  local loci of destruct ion,  oval in shape and with dist inct  outlines, in the 
assigned a r ea s  of the cor tex and thalamus (Fig. 2). During i r radia t ion of the head of the caudate nucleus* de-  
s t ruct ion also extended to SLWM and the internal capsule.  Cavities, gaps, and local hemor rhages  observed in 
some cases ,  which were  associated with the action of cavitation, did not essential ly d is tor t  the shape of the de-  
s t ruct ive  lesions.  

The resu l t s  of compar ison  of the d iameters  of the loci  of des t rucgon  obtained experimental ly with the ca l -  
culated data are  given in Fig. 3 in which values of the intensity of US are  plotted along the absc i s sa  and the d iam-  
eter  of the loci of des t ruct ion for  an exposure of t = 5.0 sec along the ordinate. The dimensions of the focal 

* To des t roy  the head of the caudate nucleus in chinchilla rabbits ,  the sagit tal  coordinate used had to be 2 mm 
less  than indicated in the at las [8]. 
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Fig. i. Rise of temperature in focal region ob- 
tained by theoretical calculation, a) In center of 
focal region depending on duration of exposure: 

I) CGM, v = 42-236 ml/mia/100 g tissue, 2) SLWM, 
v = 22-64 ml/mirk/100 g tissue, 3) v = 0; b) in focal 
plane inSLWM (r denotes distance from center): 
i) v = 64 ml/rain/100 g tissue, 2) v = 22 ml/micj 

I00 gtissue, 3) v=0; f= 1.98 MHz, I F =450 W. 
cm -2, t = 5.0 sec, 

lesions located in CGM, SLWM, and the thalamus are  in good agreement  with the resu l t s  of calculations based 
on a purely thermal  model of destruction.  The g rea te r  d iameter  of the local loci in cases  when destruct ion also 
extended to the internal  capsule can be explained by the influence of one of the following factors :  the higher  co-  
efficient of absorpt ion of US, the slower velocity of the blood flow, and the lower tempera ture  at  which i r r e v e r -  
sible changes take place in this s t ructure .  The dimensions of the loci of destruction in al 1 s t ruc tures  inves-  
tigated during i r radia t ion by a single pulse of US with a duration of 0.5 and 1.0 sec exceeded the calculated values. 

The experiments  thus showed that the velocity of the blood flow has a significant effect on tempera ture  d i s -  
tr ibution in the focal  region and that allowance fo r  it when " thermal"  modes of ul trasonic i r radia t ion a re  used 
can par t ly  explain both the difference in threshold intensit ies and size of the loci of destruct ion in different brain 
s t ruc tu res  and the variabil i ty of their  s ize  within the same s t ructure .  However, fo r  more  accurate quantitative 
calculations of the dimension of the dest ruct ive  lesions fur ther  data on the acoustic pa r ame te r s  of the various 
s t ruc tu res  are  needed, and in par t icular ,  the coefficient  of absorption; the biochemical charac te r i s t i c s  of these 
s t ruc tu res  mus t  also be taken into account. 

The onset of cavitation, recorded  as the subharmonic component of cavitation noise,  was distinctly th resh -  
old in charac te r  and in mos t  cases  corresponded to intensit ies of between 230 and 580 W �9 cm -2, depending on 
the s t ruc ture  i r radia ted.  Fo r  instance,  the lowest  values of cavitation thresholds  were  obtained during i r r ad i a -  
tion of the region included the boundaries of the caudate nucleus, SLWM, and the internal capsule: activity of 
insignificant amplitude was recorded  a t I  F = 330 W �9 cm -2. No t issue destruct ion was found under these c i r -  
cumstances .  With an increase  in the intensity of US the amplitude of the subharmonic component increased.  In 
this case gaps and sli ts mid, in some cases ,  hemor rhages ,  located mainly on the boundaries between SCWM and 
the caudate nucleus, appeared in the loci  of des t ruct ion (Fig. 2). During i r radiat ion of the thalamus local loci of 
des t ruct ion without gaps and cavit ies were  obtained a t I  F = 350 W � 9  -2, t = 5.0 sec,  whereas  the subharmonic 
component appeared at an intensity of not below 430 W �9 cm -2. Its amplitude increased sharply (Fig. 4) when 
destruct ion spread also to the f imbria  hippocampi,  and under these c i rcumstances  gaps and cavities appeared 
close to the boundaries between the above-ment ioned s t ruc tures .  The cavitation strength of CGM was found to 
be exceptionally high. hi a focus of destruct ion,  consisting of a zone of total t issue necros i s ,  no gaps and hemor -  
rhages  charac te r i s t i c  of the action of cavitation were  found. Here no cavitation was recorded  when at~F_= 1000 
W �9 cm -2. When destruct ion spread to the subjacent white ma t te r  a subharmonic signal was observed at IF_> 580 
W �9 cm -2. Histological investigation revealed  gaps and cavities,  not in the center  of the focal region, but in the 
white mat ter ,  v~i ere  the intensity was substantially below that indicated. As a rule they were situated along the 
boundaries of the la tera l  ventr ic les  of the brain or along f ibers ,  apparently displacing them (Fig. 2). 

It can be tentatively suggested that the threshold phenomena observed correspond to the formation mid sub- 
sequent pulsations of "stable" cavitation bubbles. With an increase  in the intensity of US, cavitation activity of 
the pulsating bubbles and, consequently, the amplitude of the subharmonic components,  increased  significantly. 
The lowest cavitation s t rength was found on the boundaries separat ing different s t ruc tures  and on the boundaries 
of the ce rebra l  ventr ic les .  
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Fig. 2. Local foci of destruction created in various rabbit brain structures by focused US. 
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Fig. 3. D i a m e t e r s  of loci of des t ruc t ion  in 
d i f ferent  b ra in  s t r u c t u r e s  depending on inten-  
s i ty (curves  show calculated values ,  t = 5.0 
sec) .  1 ) Ce reb ra l  cortex,  2) tha lamus ,  3) 
SLWM. A s t e r i s k s  indicate internal  capsule .  

Fig. 4. Subharmonic component  of cavi tat ion 
noise  r e co rded  during i r rad ia t ion  of tha lamus  
(a) and region including boundary sepa ra i i ag  
he te rogeneous  s t r u c t u r e s  (b). f = 1.98 MHz, 
I F = 4 3 0 W  �9 cm - 2 , t  = 5 . 0 s e c .  

The main  cause of the appearance  of local  loci  of des t ruc t ion  a f t e r  the use  of the above-ment ioned  doses  
of i r radia t ion ,  as was shown above, was not cavitat ion.  This  is  a l so  shown by the d i spar i ty  between doses  with 
which a subharmonic  component  of cavi ta t ion noise  was r eco rded  and doses  with which local loc i  of des t ruc t ion  
appear .  However ,  definite co r re l a t ion  was obse rved  between the appearance  of gaps  and s l i ts  and cavi tat ion ac -  
t ivity.  During the p rac t i ca l  use of focused  US for  t i s sue  des t ruc t ion ,  data of the i r  cavitat ion s t rength  mus t  be 
taken into account.  In this case  the boundar ies  separa t ing  he te rogeneous  s t ruc tu res ,  together  with gas  bubbles,  
the boundar ies  of the c e r e b r a l  ven t r i c les ,  and of blood v e s s e l s  may  evidently be "weak points"  (cavitation cen-  
te rs )  in biological  t i s sues .  The me ehanism of p re fe ren t i a l  appearance  of cavi ta t ion on boundar ies  between h e t e r o -  
geneous s t r u c t u r e s  demands  additional study. 
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Since the work of Harman [8] and ~manu61' [6] it has been known that the antioxidant butylated hydroxy- 
toluene (lone!, dibunol) has a geroprotective action, i.e., it lengthens the life span of laboratory animals if added 
regularly to their diet. 

In model reactions of free-radical peroxidation of lipids and other natural compounds dibunol exhibits anti- 
oxidant properties: It inhibits these reactions and intercepts active free radicals (FR), but the nature of its ac- 
tion in vivo has not yet been explained [5, 6]. 

The aim of this investigation was to study the effect of dibunol on function of enzymes of tissue oxidative 
metabolism and also on the blood proteins transferrin and ceruloplasmin in rats of different ages. Electron 
paramagnetic resonance (EPR), a direct method of detection and study of paramagnetic centers and electron- 
transport chains in the tissues [I], was chosen as the experimental method. 

EXPERIMENTAL METHOD 

Exper iments  were car r ied  out on the t i ssues  of adult (5-6 months) and old (28-30 months) male Wis tar  
ra t s .  Dibunol (4-methyl-2 ,6-di - ter t -butylphenol) ,  dissolved in a 10% aqueous solution of the solubil izer  Tween- 
80, was injected intraperi tonealIy in a dose of 10 rag /100  g body weight. The ra t s  were decapitated 6 h af ter  
injection of dibunol. The dose of dibunol and t ime of i ts  administrat ion were chosen on. the basis of data showing 
the dynamics  of the effect of dibtmol on t issue antioxidative activity [3]. All mlimals were  kitled at hhe same 
t ime (3-4 p.m.).  Tissue  samples  for  EPR measuremen t s  were  prepared  in the form of cyl indrical  columns, 
f rozen  at 77~ with a length (l) of 20 mm and a d iameter  (d) of 4.7 mm (in the case of heparinized whole blood), 

= 20 mm and d = 3.0 mm (for l iver,  kidneys, myocardium,  skeletal muscles ,  thyroid gland), and l = 5 mm and 
d = 3.0 mm (for adrenal cortex) [4]. EPR signals were recorded on am E-109 spectron~ ter (Varian, France), 
equipped with an internal standard, at a temperature of 77~ and with an amplitude of high-frequency modulation 
of the magnetic field of i0 G. The microwave power was kept constant at 50 mW for recording EPR signals of 
blood, 0.2 mW for recording signals with a g-factor of about 2.0, and i0 raw when recording all other signals. 
In each experiment eight experimental and eight control animals were used. The results were subjected to sta-- 
tistical analysis by the usual methods [2]. 

E X P E R I M E N T A L  R E S U L T S  

The EPR spec t ra  of the t issues  corresponded in shape of lines and average  intensity to those observed 
previously  [1, 4, 7]. To determine the quantitative cha rac t e r i s t i c s  of the spectra ,  the intensit ies (amplitude 

Labora to ry  of Physiology, Institute of Gerontology, Academy of Medical Sciences of the USSR, Kiev. Sector 
of Kinetics of Chemical  and Biological P r o c e s s e s ,  Institute of Chemical Phys ics ,  Academy of Sciences of the 
USSR, Chernogolovka, Moscow Region. (Presented by Academician of the Academy of Medical Sciences of the 
USSR D. F. Chebotarev.) Translated f rom Byulleten' t~ksperimental 'noi Biologii i Meditsiny, Vol. 99, No. 6, 
pp. 694-696, June, 1985. Original ar t ic le  submitted April  2, 1984. 

0007-4888/85 /9906-  0745 $;09.50 �9 1985 Plenum Publishing Corporat ion 745 


