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ABS TRACT 
An u l t r a s o n i c  mult ie lement  hyperthermia 
a p p l i c a t o r  capable  of t r e a t i n g  s u r f a c e  
tumors of va r ious  dimensions was designed 
and cons t ruc t ed .  The a p p l i c a t o r  
conta ined  s i x t e e n  1 .5  i n c h  square  
elements on a l a r g e  ceramic t r ansduce r ,  
whose a c o u s t i c a l  power o u t p u t s  can be 
independent ly  c o n t r o l l e d  t o  minimize 
undes i red  h e a t i n g  i n  normal t issues .  The 
performance of t h e  a p p l i c a t o r  was 
examined by hea t ing  a per fused  p i g  kidney 
"phantom". The kidney was hea ted  wi th  
t h e  a p p l i c a t o r  a t  s e v e r a l  d i f f e r e n t  
pe r fus ion  r a t e s ,  c o n t r o l l e d  by a r o l l e r  
pump, and t h e  tempera tures  wi th in  t h e  
kidney were monitored. The r e s u l t s  of 
t h e s e  exper iments  show t h a t  t h e  
a p p l i c a t o r  i s  capable  of producing 
s i g n i f i c a n t  tempera ture  r i s e s  i n  t h i s  
phantom and t h a t  t h e  per fused  kidney is 
a good model t o  s tudy  t h e  e f f e c t s  of 
pe r fus ion  r a t e s  on u l t r a s o n i c a l l y  induced 
hyperthermia.  

I. INTRODUCTION 
Ultrasound has  two p r o p e r t i e s  t h a t  

make i t s  u s e  i n  inducing  l o c a l  
hyperthermia i n  s u p e r f i c i a l  tumors 
d e s i r e a b l e :  1) s i n c e  t h e  wavelength i s  
smal l  i n  t h e  t h e r a p e u t i c  f requency range,  
u l t r a sound  beams can be wel l -co l l imated ,  
enab l ing  l o c a l i z a t i o n  of energy 
d e p o s i t i o n ;  and 2 )  s i n c e  t h e  a b s o r p t i o n  
i n  t i s sue  is  p r o p o r t i o n a l  t o  f requency,  
t h e  depth of p e n e t r a t i o n  can be 
c o n t r o l l e d  by changing t h e  frequency of 
t h e  u l t r a sound  1 1 1 .  

The d i sadvan tages  of us ing  
u l t r a sound  i n  hyperthermia a r e  p r i m a r i l y  
r e l a t e d  t o  impedance mismatches t h a t  a r e  
p r e s e n t  a t  t i s s u e - a i r  o r  t i s sue-bone  
i n t e r f a c e s ,  and t h e  high abso rp t ion  of 
u l t r a sound  i n  bone. Ultrasound is a lmost  
t o t a l l y  r e f l e c t e d  a t  t i s s u e - a i r  
i n t e r f a c e s ,  and can cause  l o c a l  ho t  s p o t s  
a t  t i s sue-bone  i n t e r f a c e s  [ 2 1 .  

A major problem wi th  c u r r e n t  
u l t r a sound  hyperthermia systems is  t h e  
i n a b i l i t y  t o  a c c u r a t e l y  c o n t r o l  t h e  
d e p o s i t i o n  of t h e  energy used t o  h e a t  

tumors i n  t h e  body. S ing le  unfocused 
u l t r a s o n i c  t r a n s d u c e r s  have been used t o  
h e a t  s u p e r f i c i a l  tumors,  b u t  o f t e n  t h e s e  
a p p l i c a t o r s  a r e  t o o  smal l  t o  h e a t  t h e  
e n t i r e  tumor volume wi thout  moving t h e  
a p p l i c a t o r .  A s i n g l e  t r ansduce r  
a p p l i c a t o r  l a r g e r  t han  t h e  s u r f a c e  a r e a  
of t h e  tumor s o l v e s  t h e  problem of 
h e a t i n g  t h e  e n t i r e  tumor volume 
s imul taneous ly ,  bu t  produces excess 
h e a t i n g  i n  normal t issues sur rounding  t h e  
tumor. 

A b e t t e r  approach t o  h e a t i n g  
s u p e r f i c i a l  tumors would be t o  u s e  an 
a p p l i c a t o r  t h a t  c o n s i s t s  of many 
unfocused t r ansduce r  e lements  whose 
a c o u s t i c a l  power o u t p u t s  can be 
independent ly  c o n t r o l l e d .  The e x t e n t  of 
t h i s  a p p l i c a t o r ' s  t r ea tmen t  f i e l d  should 
be g r e a t e r  t han  t h e  e q u i v a l e n t  s u r f a c e  
a r e a  of most s u r f a c e  tumors so t h a t  
movement of t h e  a p p l i c a t o r  du r ing  
t r ea tmen t  would no t  be r equ i r ed  t o  h e a t  
t h e  e n t i r e  tumor volume. S u p e r f i c i a l  
tumors can be hea ted ,  wi thout  excess 
h e a t i n g  of normal t i s s u e s ,  by c o n t r o l l i n g  
t h e  a c o u s t i c a l  power ou tpu t  of t h e  
i n d i v i d u a l  e lements  of t h e  a p p l i c a t o r .  
The tempera ture  i n  normal and tumor 
tissues would be monitored wi th  
thermocouples.  Should t h e  tempera ture  of 
a p a r t i c u l a r  reg ion  i n  t h e  t r ea tmen t  
f i e l d  become excess ive ,  t h e  a c o u s t i c  
power of t h e  e l e m e n t ( s )  supply ing  energy 
t o  t h a t  reg ion  would be reduced. This  
would make it p o s s i b l e  main ta in  t h e  
normal and tumor t i s sue  tempera tures  i n  
t h e  t r ea tmen t  f i e l d  a t  t h e i r  d e s i r e d  
l e v e l s .  

T h i s  paper s t u d i e s  t h e  des ign  
c o n s i d e r a t i o n s  and t e s t i n g  of such a 
mul t ie lement  a p p l i c a t o r .  A r e c e n t l y  
developed per fused  t i s s u e  phantom was 
used t o  t e s t  t h e  a p p l i c a t o r ' s  a b i l i t y  t o  
h e a t  per fused  t issue.  Using t h i s  
phantom, t h e  performance of t h e  
a p p l i c a t o r  was eva lua ted  wi th  s e v e r a l  
pe r fus ion  r a t e s .  The f i e l d  i n t e n s i t y  of 
t h e  a p p l i c a t o r  i n  a t r a n s v e r s e  p lane  and 
tempera ture  d a t a  a s s o c i a t e d  wi th  h e a t i n g  
of t h e  phantom a r e  presented.  

0090-5607/84/oooO-0685 $1.00 0 1984 IEEE 1984 ULTRASONICS SYMPOSIUM - 685 



P.J. Benkeser 

11. DESIGN CONSIDERATIONS 
One of t h e  most impor tan t  des ign  

c o n s i d e r a t i o n s  was t h e  choice  of t h e  
o p e r a t i n g  frequency of t h e  a p p l i c a t o r .  
S ince  t h e  a t t e n u a t i o n  c o e f f i c i e n t  of 
u l t r a sound  i n c r e a s e s  approximately 
l i n e a r l y  wi th  frequency,  t h e r e  is  a t r a d e  
o f f  between depth of p e n e t r a t i o n  of t h e  
u l t r a sound  and r a t e  of h e a t  gene ra t ion .  
The i n t e n s i t y  of an u l t r a s o n i c  p l ane  wave 
propagat ing  i n  t h e  p o s i t i v e  z d i r e c t i o n  
i s  g iven  by: 

yhe re  f ( z )  i s  t h e  i n t e n s i t y  a t  a d i s t a n c e  
z i n t o  t h e  t i s s u e ,  I o  is t h e  i n t e n s i t y  
i n c i d e n t  on t h e  s u r f a c e  of t h e  t i s s u e ,  z 
i s  a u n i t  vec to r  i n  t h e  p o s i t i v e  z 
d i r e c t i o n ,  and A is  t h e  a t t e n u a t i o n  
c o e f f i c i e n t  of t h e  t i s s u e .  The r a t e  t h a t  
energy i s  d i s s i p a t e d  a s  t h e  wave t r a v e l s  
through t h e  t i s sue  i s  equal  t o  t h e  power 
l o s s  PL which may be de r ived  from t h e  
g e n e r a l  expres s ion  

PL = - 0 - ?  ( 2 )  

which y i e l d s  

( 3 )  PL = 2A1,e -2Az 

f o r  t h e  case  under cons ide ra t ion .  For 
t h e  purposes  of t h i s  paper t h e  abso rp t ion  
and a t t e n u a t i o n  c o e f f i c i e n t s  a r e  
cons idered  equ iva len t .  From Equat ion 
(31, it is  c l e a r  t h a t  t h e  a t t e n u a t i o n  
c o e f f i c i e n t  A a f f e c t s  t h e  power 
d e p o s i t i o n  i n  two ways. A l a r g e r  va lue  
f o r  A w i l l  i n c r e a s e  t h e  power d e p o s i t i o n ,  
bu t  w i l l  decrease  t h e  depth of 
p e n e t r a t i o n .  F igure  1 shows t y p i c a l  
a t t e n u a t i o n  cu rves  f o r  muscle a t  s e v e r a l  
f r e q u e n c i e s  131. I t  is  c l e a r  t h a t  a s  
f requency i n c r e a s e s ,  t h e  depth of 
p e n e t r a t i o n  de c r ea  se s si nce t h e  
a t  t e n  ua t ion  1 i n  e a r 1 y 
dependent on frequency.  F igure  2 
i l l u s t r a t e s  t h e  power d e p o s i t i o n  cu rves  
i n  muscle a t  t h e  same f r e q u e n c i e s  a s  
shown i n  Fig. 1. C l e a r l y  t h e  choice  of 
an optimum frequency depends on t h e  
d e s i r e d  depth  of t h e  t r ea tmen t  f i e l d .  An 
o p e r a t i n g  f requency  of 1 MHz was chosen 
f o r  t h i s  a p p l i c a t o r  t o  provide adequate  
power d e p o s i t i o n  t o  tumors 2 t o  5 cm i n  
depth [ 41 . The a t t e n u a t i o n  c o e f f i c i e n t  
a t  t h i s  f requency is  l a r g e  enough t o  
produce adequate  hea t ing  wi th  minimal 
i n c i d e n t  power whi le  minimizing h e a t i n g  
i n  normal t issue behind t h e  tumor. 

The mult ie lement  a p p l i c a t o r  des ign  
c o n s i s t s  of a square  a r r a y  of  16  e lements  
mounted i n  an aluminum housing. The 
housing c o n t a i n s  1 6  matching networks f o r  
t h e  elements. Since t h e  elements  were 

i s appr ox i ma t e l  y 

z k m )  
Fig. 1 A t t e n u a t i o n  o f  u l t r a s o u nd 

in m u s c l e  

0 BOY 

z (cm)  
Fig. 2 U l t r a s ound power d e p o s i t i o n  

curves in m u s c l e  

l a r g e  (3.8 c m  s q u a r e ) ,  t h e  d r i v i n g  
e l e c t r i c  f i e l d  was expected t o  be 
conf ined  t o  t h e  a r e a  of t h e  e lements  [SI. 
For use i n  c l i n i c a l  hyperthermia 
t r ea tmen t ,  a bo lus  f i l l e d  wi th  
c i r c u l a t i n g  degassed water  would be used 
t o  couple  t h e  u l t r a s o n i c  energy t o  t h e  
p a t i e n t  and t o  provide  some cool ing  t o  
t h e  s u r f a c e  of t h e  p a t i e n t .  

111. METHODS AND RESULTS 
To measure t h e  f i e l d  i n t e n s i t y  

p r o f i l e s ,  t h e  a p p l i c a t o r  was placed i n  a 
tank  f i l l e d  wi th  degassed water .  A 
computer c o n t r o l l e d  m i l l b a s e  al lowed a 
hydrophone probe (a  1 mm d iameter ,  2 0  MHz 
PZT-5A ceramic d i s k  mounted on t h e  t i p  of 
a semi- r ig id  c o a x i a l  rod )  t o  be swept 
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a c r o s s  t h e  f i e l d  of t h e  a p p l i c a t o r  i n  t h e  
d e s i r e d  manner. T h e  ou tpu t  of t h e  probe 
was ampl i f i ed ,  t hen  d i g i t i z e d  and s t o r e d  
i n  a minicomputer. The d a t a  was p l o t t e d  
a s  r e l a t i v e  i n t e n s i t y  ve r sus  p o s i t i o n .  

F igure  3 is  a s u r f a c e  p l o t  of t h e  
f i e l d  i n t e n s i t y ,  w i t h  two a d j a c e n t  
e lements  e x c i t e d ,  i n  a p l ane  p a r a l l e l  t o  
and 7.6 cm from t h e  f a c e  of t h e  
a p p l i c a t o r .  This  p r o f i l e  shows t h a t  t h e  
f i e l d  i n t e n s i t y  is q u i t e  uniform over  a 
l a r g e  s u r f a c e  a r e a .  This  was of i n t e r e s t  
s i n c e  t h e s e  two elements  se rved  a s  t h e  
source  f o r  t h e  phantom s t u d i e s  and t h e  
f i e l d  p l o t t e d  i n  Fig.  3 was f o r  a p lane  
a t  t h e  s u r f a c e  of t h e  phantom. 

O @  

F i g .  3 S u r f a c e  plot of field intensity of 
two adjacent e l e m e n t s  ( z  = 7.6cm) 

The per fused  t i s sue  phantom employed 
i n  t h i s  s tudy  was a p ig  kidney,  which was 
prepared  by e t h y l  a l coho l  (ROH)  f i x a t i o n  
a f t e r  e x c i s i o n ,  s t o r e d  i n  a l c o h o l .  and 
rehydra ted  p r i o r  t o  u s e  [6]. The f i x e d  
kidney has  p a t e n t  vascu la r  channels  whose 
a r c h i t e c t u r e  posses ses  a l l  of t h e  s u b t l e  
complex i t i e s  and s i z e s  which might be 
observed i n  l i v i n g  t issues .  The 
i n t r i n s i c  thermal  conduc t iv i ty  ( k )  of t h e  
ROH f i x e d  kidney c o r t e x  inc reased  
approximately lo%, and t h e  k of t h e  
medulla was e s s e n t i a l l y  unchanged when 
compared t o  t h e  r e s p e c t i v e  va lues  found 
i n  t h e  f r e s h l y  exc ised  organ [71. The 
abso rp t ion  c o e f f i c i e n t  a t  1 MHz i n  t h e  
rehydra ted  f i x e d  kidney was measured a s  
0.014 Np/cm which is  approximately h a l f  
t h a t  f o r  f r e s h l y  exc i sed  kidney [ 3 ] .  

T h e  phantom was per fused  wi th  
degassed water  a t  a r a t e  c o n t r o l l e d  by a 
r o l l e r  pump which could vary  t h e  flow 
and/or p r e s s u r e  t o  s imula t e  v a r i o u s  
t i s sue  pe r fus ion  cond i t ions .  The kidney 
weighed approximately 4 4  grams. Because 
of i t s  r e l a t i v e l y  smal l  dimensions ( 7  cm 
x 3.5 c m  x 2.5 c m )  t h e  kidney was 

i r r a d i a t e d  w i t h  on ly  two of t h e  
a p p l i c a t o r ' s  e lements ,  i n  a tank  of 
degassed water .  Nine thermocouples were 
p laced  a t  v a r i o u s  depths  ( d )  and l a t e r a l  
p o s i t i o n s  throughout  t h e  kidney and t h e  
tempera ture  d a t a  was c o l l e c t e d  us ing  a 1 6  
channel  tempera ture  da t a  a q u i s i t i o n  
system c o n s i s t i n g  of a 16  channel 
thermometry system (TX-100, U R I  Therm-X, 
Inc . )  and a microcomputer (Apple I I e )  
f o r  d a t a  s t o r a g e .  

The a f f e c t  of pe r fus ion  r a t e  on t h e  
tempera ture  ve r sus  time response of t h e  
kidney is shown i n  Fig. 4 .  As expec ted ,  
an i n c r e a s e  i n  pe r fus ion  r e s u l t s  i n  a 
dec rease  i n  both t h e  r a t e  of tempera ture  
i n c r e a s e  and t h e  s t eady  s t a t e  tempera ture  
w i t h i n  t h e  phantom. F igure  5 is a 
comparison of t h e  tempera ture  v e r s u s  time 
response a t  t h r e e  d i f f e r e n t  depths .  The  
tempera ture  a t  3 mm depth was 
c o n s i s t a n t l y  lower than  t h a t  a t  g r e a t e r  
depths .  Th i s  is l i k e l y  due t o  t h e  
combination of two f a c t o r s :  1) g r e a t e r  
h e a t  l o s s  by conduct ion t o  t h e  nearby 
su r face :  and 2 )  g r e a t e r  pe r fus ion  i n  t h e  
kidney c o r t e x  r e l a t i v e  t o  t h e  medulla.  
The tempera ture  a t  t h e  o the r  two depths  
i s  c o n s i s t e n t  wi th  t h e  decrease  i n  
hea t ing  r a t e  wi th  depth.  

40 - 
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Fig. 4 Plot of t e m p e r a t u r e  v e r s u s  
t i m e  f o r  s e v e r a l  p e r f u s i o n  
r a t e s  (d=llmm, Io* 5 W / c m  ) 2 

40- 

e 200 

TIME ( a )  
Fig. 5 Plot of t e m p e r a t u r e  v e r s u s  

time for three different 
depths (l.lml/min/g, I o L 1 0 W / c m 2 )  
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IV. CONCLUSIONS 
A multielement ultrasonic 

hyperthermia applicator for the treatment 
of superficial tumors was designed and 
constructed. Initial field measurements 
suggest that the applicator will provide 
relatively uniform intensity over a 
transverse plane. Initial results using 
a perfused kidney phantom show that the 
applicator can produce adequate heating 
with perfusion levels comparable to those 
that could be found in tumors. 
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