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I n t r o a u c t  ion 

The purpose of t h i s  p r o j e c t  i s  t o  des ign  and e v a l u a t e  speech p rocesso r s  

f o r  mul t i channe l  a u d i t o r y  pros theses .  I d e a l l y ,  t h e  p rocesso r s  w i l l  e x t r a c t  

( o r  p re se rve )  from c o n v e r s a t i o n a l  speech t h o s e  p a r a n e t e r s  t h a t  a re  e s s e n t i a l  

f o r  i n t e l l i g i b i l i t y  and t h e n  a p p r o p r i a t e l y  encode  t h e s e  p a r a m e t e r s  f o r  

e l e c t r i c a l  s t i m u l a t i o n  of t h e  a u d i t o r y  n e r v e  on a sector-by-sector  bas i s .  

Work i n  t h i s  q u a r t e r  was d i r e c t e d  a t  (1) complet ing t h e  des ign  and beginning 

t h e  c o n s t r u c t i o n  of  a ha rdware  i n t e r f a c e  be tween an  E c l i p s e  compute r  and  

p a t i e n t  e l e c t r o d e s ,  f o r  u s e  i n  upcoming t e s t s  a t  t h e  U n i v e r s i t y  o f  

C a l i f o r n i a  a t  San F r a n c i s c o  (UCSF); (2) f u r t h e r  d e v e l o p m e n t  and n e a r  

c o n p l e t  ion of t h e  so f tware  f o r  our computer-based s i m u l a t o r  of mul t i channe l  

s p e e c h  p r o c e s s o r s ,  f o r  u s e  i n  t h e  same t e s t s ;  ( 3 )  d e v e l o p n e n t  o f  a l i s t  o f  

speech-processing s t r a t e g i e s  t h e  R T I  team would l i k e  t o  e v a l u a t e  i n  t h e s e  

t e s t s ;  ( 4 )  cont inuing  our e f f o r t  to form a p r o d u c t i v e  c o l l a b o r a t i o n  between 

UCSF, S t o r z  Instrument  Company, R T I  and t h e  D&e U n i v e r s i t y  Medical  Center  

(DUGC) f o r  p a r a l l e l  e v a l u a t i o n  of speech p rocesso r s  a t  UCSF and Duke; and 

( 5 )  i n i t i a l  d e v e l o p m e n t  of  a f i n i t e - d i f f e r e n c e  mode l  of  f i e l d  p a t t e r n s  

p r o d u c e d  by i n t r a c o c h l e a r  e l e c t r o d e s .  I n  a d d i t  ion,  our c o l l a b o r a t o r s  a t  

UCSF h a v e  r e v i s e d  t h e  s o f t w a r e  of  t h e  R l a t t  s p e e c h  s y n t h e s i z e r  s o  t h a t  i t  

w i l l  run on t h e  E c l i p s e  computer and a r e  now d i g i t i z i n g  t h e  "kernal"  of t h e  

mini-NAC t e s t  (i.e., a subse t  of t h e  Minimal Auditory C a p a b i l i t i e s  Ba t t e ry  

des igzed  by E1c;er Owens and o t h e r s )  f o r  u se  a s  i n p u t s  t o  our computer-based 

s i m u l a t o r  of speech processors .  In  summary, then ,  we have  accomplished a l l  

t a s k s  o u t l i n e d  f o r  t h i s  q u a r t e r  i n  o u r  l a s t  q u a r t e r l y  r e p o r t  and h a v e  

i n i t i a t e d  a new s tudy  t o  model t h e  f i e l d  p a t t e r n s  (and r e s u l t i n g  p a t t e r n s  of 

n e u r a l  e x c i t a t i o n  and b l o c k )  p roduced  by i n t r a c o c h l e a r  e l e c t r o d e s .  Pre- 

l i m i n a r y  f i n d i n g s  o f  t h i s  l a s t  s t u d y  i n d i c a t e  t h a t  t h e  m o d e l ,  o n c e  f u l l y  

$ 

3 



deve loped ,  w i l l  be  ex t r eme ly  u s e f u l  f o r  e v a l u a t i o n  and improved d e s i g n  of 

i n t r a c o c h l e a r  e l e c t r o d e  a r r a y s ,  and f o r  i d e n t i f i c a t i o n  of o p t i m a l  s t i m u l u s  

waveforms and s t i m u l u s  paradigms t o  c o u p l e  t h e  o u t p u t s  of speech p r o c e s s o r s  

t o  i n t r a c o c h l e a r  e l e c t r o d e s .  Because t h e  modeling s tudy  i s  new, and because 

p r e l i m i n a r y  f i n d i n g s  of  t h i s  s t u d y  a r e  p r o m i s i n g ,  t h e  m a j o r  p a r t  o f  t h i s  

r e p o r t  w i l l  be  devoted t o  i t s  d e s c r i p t i o n .  I n  a d d i t i o n ,  a complete  desc r ip -  

t i o n  o f  t h e  h a r d w a r e  i n t e r f a c e  f o r  communica t ion  be tween  t h e  E c l i p s e  

c o m p u t e r  and  p a t i e n t  e l e c t r o d e s  i s  p r e s e n t e d  i n  Appendix  1 and  n o t e s  on 

so f tware  development f o r  our  comput er-based s i m u l a t o r  of speech p r o c e s s o r s  

a r e  p r e s e n t e d  i n  Append ix  2. F i n a l l y ,  b r i e f  s e c t i o n s  a r e  i n c l u d e d  t o  

i n d i c a t e  t h e  p r e s e n t  s t a t u s  o f  t h e  c o l l a b o r a t i o n  be tween  UCSF, S t o r z  

I n s t r u m e n t  Company, RTI and Duke, and  t o  o u t l i n e  o u r  p l a n s  f o r  t h e  n e x t  

q u a r t e r .  D i scuss ion  of our  l i s t  of speech-processing s t r a t e g i e s  i s  d e f e r r e d  

u n t i l  ou r  c o l l e a g u e s  a t  UCSF can r e v i e w  i t  and p r o v i d e  t h e i r  s u g g e s t i o n s  f o r  

improvements. 
b 
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PIodel of F i e l d  P a t t e r n s  Produced bv I n t r a c o c h l e a r  E l e c t r o d e s  

I n  t roduc t ion 

I t  i s  c l e a r  t h a t  t h e  s u c c e s s  o f  a d v a n c e d  s p e e c h  p r o c e s s o r  d e s i g n s  i s  

l a r g e l y  d e p e n d e n t  upon t h e  s u c c e s s  w i t h  wh ich  n e u r a l  e l e m e n t s  c a n  b e  

p r e d i c t  ab l y  and d i s c r e t e  ly s t imu l a t  ed. Know 1 edge of  e l e c t r  i c a  1 s t  imu l a t  ion 

phenonena has  been l a r g e l y  sought a l o n g  two avenues. One i s  t h e  d e s c r i p t i o n  

o f  V I I I t h  n e r v e  f i r i n g  i n  e l e c t r i c a l l y - s t i m u l a t e d  a n i m a l  c o c h l e a s .  The 

o t h e r  i s  p s y c h o p h y s i c a l  e x p e r i m e n t a t i o n  w i t h  i m p l a n t e d  p a t i e n t s .  Both  

approaches a r e  e n p i r i c a l  and w i l l  r e q u i r e  e x t e n s i v e  expe r imen ta t ion  b e f o r e  a 

good a p p r e c i a t i o n  of t h e  mechanisms i s  achieved.  With r ega rd  t o  t h e  human 

e x p e r i m e n t s ,  i t  i s  u n l i k e l y  t h a t  i d e n t i f i c a t i o n  o f  an  optimum e l e c t r o d e  

w o u l d  e v e r  b e  a c h i e v e d  g i v e n  t h e  r e l a t i v e l y  s m a l l  number o f  i m p l a n t e d  

p a t i e n t s ,  t h e  b i o l o g i c a l  d i v e r s i t y  d u e  t o  d i f f e r i n g  n e u r o n  s u r v i v a l  

p a t t e r n s ,  and  t h e  v a r i e t y  o f  e x p e r i m e n t a l  s t i r n u l a t i o n  p r o c e d u r e s  u s e d  t o  

d r i v e  t h e  e l e c t r o d e s .  T h i s  p o i n t  i s  e v i d e n t  when one  c o n s i d e r s  t h e  b r o a d  

r a n g e  o f  e l e c t r o d e  c o n f i g u r a t i o n s  u s e d  i n  l a b o r a t o r i e s  a r o u n d  t h e  wor Id .  

U n f o r t u n a t e l y ,  t h e r e  d o e s  n o t  a p p e a r  t o  b e  a s i n g l e  body o f  k n o w l e d g e  

a v a i l a b l e  w i t h  which t h e s e  v a r i o u s  s t r a t e g i e s  may be o b j e c t i v e l y  e v a l u a t e d  

and compared ,  o t h e r  t h a n  t h e  c u r r e n t  a p p r o a c h  o f  c o m p a r i n g  t h e  o v e r a l l  

s u c c e s s  o f  e a c h  r e s p e c t i v e  p r o s t h e s i s  sys t em.  C o n s e q u e n t l y ,  w e  h a v e  

i n i t i a t e d  an e f f o r t  t o  c o n s t r u c t  a b i o l o g i c a l  l y - a u t h e n t i c  computer model of 

t h e  p h y s i c a l  s t r u c t u r e s  and b i o p h y s i c a l  mechanisms thought t o  be i n v o l v e d  i n  

t r a n s d u c t i o n  of e l e c t r i c a l  s t i m u l a t i o n  t o  n e u r a l  c o c h l e a r  outflow. Our p l a n  

i s  t o  d e s c r i b e  a s  a c c u r a t e l y  a s  p o s s i b l e  t h e  b i o l o g i c a l  and p h y s i c a l  

p a r a m e t e r s  i n v o l v e d  (i.e.,  t i s s u e  and e l e c t r o d e  impedances ,  e l e c t r o d e  

p o s i t  i ons  and o r i e n t a t i o n s ,  and normal and p a t h o l o g i c a l  n e u r a l  c h a r a c t e r i s -  

t 
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r t i c s )  and then  t o  s tudy t h e  r e l a t i o n s h i p s  of t h e s e  parameters  as they  impact 

upon t h e  s t i m u l a t i o n  of and t h e  dynamic performance of  t h e  s u r v i v i n g  n e u r a l  

e l e m e n t s  w i t h i n  t h e  implanted cochlea.  U l t i m a t e l y ,  we hope t o  a c h i e v e  t h e  

fol lowing:  

1. an i d e n t i f i c a t i o n  of t h e  n o s t  s i g n i f i c a n t  and s e n s i t i v e  

f a c t o r s  i n  t h e  des ign  of an i m p l a n t a b l e  e l e c t r o d e  a r r a y ;  

2. an i d e n t i f i c a t i o n  of t h e  b e h a v i o r  of t h e  n e u r a l  e l emen t s  

depending upon t h e i r  s p a t i a l  p o s i t i o n  r e l a t i v e  t o  t h e  

st imu 1 a t  ing e 1 e c t  rode s ; 

3. an i d e n t i f i c a t i o n  of t h e  b e h a v i o r  of t h e  n e u r a l  e l emen t s  

depending upon t h e  temporal  and magnitude c h a r a c t e r i s t i c s  

of t h e  e l e c t r i c a l  s t i m u l a t i o n  waveforms; 

4 .  an i d e n t i f i c a t i o n  of t h e  f a c t o r s  c o n t r i b u t i n g  t o  channe l  

i n t e r a c t i o n s  wi th  emphasis on f i n d i n g  ways t o  reduce and/or  

e x p l o i t  such i n t e r a c t  i ons ;  

an e s t i m a t i o n  of t h e  s p a t i a l  d i s t r i b u t i o n  and temporal  

f i r i n g  c h a r a c t e r i s t i c s  of t h e  p o p u l a t i o n  of n e u r a l  e l emen t s  

s t i m u l a t e d  by any g i v e n  e l e c t r i c a l  s t i m u l u s  d e l i v e r e d  t o  

s e l e c t e d  e l e c t r o d e s  i n  t h e  array;  

t h e  a p p l i c a t i o n  of t h e  above knowledge toward t h e  d e s i g n  of 

5. 

6 .  

an e l e c t r o d e  c o n f i g u r a t i o n  t h a t  o p t i m a l l y  meets t h e  c l i n i c a l  

o b j e c t i v e s  of t h e  o v e r a l l  p r o s t h e s i s  des ign ;  

7. t h e  a p p l i c a t i o n  of t h e  above knowledge toward op t imiz ing  

t h e  t r a n s f e r  of speech information from t h e  speech p rocesso r  

t o  t h e  c e n t r a l  ne rvous  system, by b e s t  s i n i u l a t i n g  normal 

coc h 1 e a r  t r an sduct  ion. 
v 
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The f o l l o w i n g  s u b s e c t i o n s  d e s c r i b e  t h e  o v e r a l l  e x p e r i m e n t a l  a p p r o a c h ,  

i n i t i a l  r e s u l t s  t o  d a t e ,  p l a n s  f o r  f u t u r e  expe r imen ta t ion ,  and though t s  on 

t h e  u l t i m a t e  a p p l i c a t i o n s  of t h e  model p r e d i c t i o n s .  

Two-Dimensional Cross-Sect i o n a l  Mode 1 

The mode l  c o n s i s t s  o f  a n  i t e r a t i v e  t w o - d i m e n s i o n a l  f i n i t e  e l e m e n t  

d e s c r i p t i o n  of  a c o c h l e a r  c r o s s  s e c t i o n  c o n t a i n i n g  t h e  t h r e e  s c a l a e ,  t h e  

s p i r a l  g a n g l i o n ,  and a b i p o l a r  e l e c t r o d e  p a i r  i n  t h e  s c a l a  tympani .  The 

e l e c t r o d e  p a i r  r e p r e s e n t s  t h e  c u r r e n t  USCF b i p o l a r  e l e c t r o d e s  compressed  

i n t o  two dimensions. Grid p o i n t s  i n  t h e  model a re  20 microns a p a r t  and t h e  

t w o - d i m e n s i o n a l  s h e e t  i s  assumed t o  b e  20 m i c r o n s  t h i c k .  P r e s e n t l y ,  no 

a s s u m p t i o n s  a r e  made r e l a t i v e  t o  t i s s u e  c h a r a c t e r i s t i c s  i n  t h e  p l a n e s  

p a r a l l e l  t o  t h e  c r o s s  s e c t i o n ,  o t h e r  t h a n  t h a t  c o m p l e t e  symmetry e x l , t s .  

P o t e n t i a l  d i s t r i b u t i o n s  a r e  computed by f i r s t  d e f i n i n g  a h e t e r o g e n o u s  

r e s i s t i v e  p l a n e  which d e s c r i b e s  t h e  r e s i s t i v e  c h a r a c t e r i s t i c s  of t h e  v a r i o u s  

t i s s u e s  s e e n  i n  c r o s s  s e c t i o n .  The e l e c t r o d e s ,  w i t h  t h e i r  a s s o c i a t e d  

r e s i s t a n c e s ,  a r e  d e s c r i b e d  i n  t h i s  p l a n e  a s  w e l l .  F i x e d  p o t e n t i a l s  a r e  

d e f i n e d  f o r  t h e  e l e c t r o d e  r e g i o n s ,  and t h e  pe r ime te r  of t h e  c r o s s - s e c t i o n a l  

g r i d  i s  assumed t o  be a n e u t r a l  ground wi th  a p o t e n t i a l  l e v e l  midway between 

t h e  p o t e n t i a l s  o f  t h e  e l e c t r o d e s .  C a l c u l a t i o n s  c o n s i s t  o f  t r e a t i n g  e a c h  

g r i d  p o i n t  i n  t h e  p l a n e  a s  a r e s i s t i v e  n o d e ,  s u r r o u n d e d  by f o u r  a d j a c e n t  

nodes .  C u r r e n t  node  e q u a t i o n s  a r e  s o l v e d  t o  compute  a new g r i d - p o i n t  

p o t e n t i a l .  T h i s  p r o c e s s  i s  i t e r a t i v e l y  executed u n t i l  t h e  t o t a l  a b s o l u t e  

p o t e n t i a l  c h a n g e ,  summed a c r o s s  a l l  g r i d  p o i n t s ,  i s  l e s s  t h a n  5% of  t h e  

i n t e r e l e c t r o d e  v o l t a g e .  With t h e  p r e s e n t  g r i d  s i z e  o f  120  by 120  p o i n t s ,  

o n e  i t e r a t i o n  l a s t s  a b o u t  35  s e c o n d s ,  u s i n g  t h e  h a r d w a r e  f l o a t i n g - p o i n t  

p rocesso r  of our  Data General  E c l i p s e  computer. Approximately 300 t o  400 

i t e r a t i o n s  a r e  r e q u i r e d  t o  a c h i e v e  t h e  e r r o r  c r i t e r i o n .  
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This  model d i f f e r s  c o n s i d e r a b l y  from t h e  lumped-element models which 

p r e s e n t l y  f i g u r e  h e a v i l y  i n  t h e  c o c h l e a r  p r o s t h e s i s  l i t e r a t u r e .  The luniped- 

element models focus  upon t h e  space c o n s t a n t s  a l o n g  each of t h e  s c a l a e  and 

p r o v i d e  l i m i t e d  i n s i g h t  i n t o  t h e  t r a d e o f f s  be tween  c l o s e  l o n g i t u d i n a l  

spac ing  of e l e c t r o d e s  ( o r  e l e c t r o d e  p a i r s )  and channel  i n t e r a c t i o n s .  These 

m o d e l s  a r e  o f  no r e a l  u s e  i n  t h e  p r e d i c t i o n  of n e u r a l  e x c i t a t i o n  due  t o  

e l e c t r i c a l  s t i m u l a t i o n  and f a i l  t o  p r o v i d e  i n s i g h t  i n t o  t h e  b i o p h y s i c a l  

phenomena occuring i n  t h e  immediate proximity of t h e  s t i m u l a t i n g  e l e c t r o d e s  

themselves .  Moreover, human experimentat  ion wi th  m u l t i c h a n n e l  e l e c t r o d e s ,  

p l a c e d  according t o  t h e  lumped-element model r e s u l t s  f o r  n in imiz ing  channel  

i n t e r a c t i o n s ,  r e v e a l  c o n s i d e r a b l e  e l e c t r o d e  channel  i n t e r a c t i o n s  i n  some 

p a t i e n t s .  These channel  i n t e r a c t i o n s  depend upon both s p a t i a l  and temporal  

parameters  and may c o r r e l a t e  w i th  t h e  s u r v i v a l  p a t t e r n s  of s p i r a l  g a n g l i o n  

c e l l  d e n d r i t e s  i n  each p a t i e n t .  ~ These r e s u l t s  suggest  t h a t  a more u s e f u l  

modeling approach would be one t h a t  accounts  f o r  both t h e  s p a t i a l  d i s t r i b u -  

t i o n  of c u r r e n t s  i n  t h e  c o c h l e a  as we l l  a s  t h e  b i o l o g i c a l  c h a r a c t e r i s t i c s  of 

t h e  neurons,  which under l i e  t h e  temporal  ly-dependent b e h a v i o r  of t h e  system. 

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  any  mode l  w i l l  b e  l i m i t e d  i n  i t s  p r e d i c t i v e  

accuracy,  but may ye t  s e r v e  a u s e f u l  purpose i n  p r o v i d i n g  i n s i g h t  i n t o  t h e  

e x p l a n a t i o n  of o b s e r v e d  phenomena and t h e  d e s i g n  o f  new e x p e r i m e n t s  and 

st  i n u l u s  techniques.  

- 

The two-air.ensiona1, f i n i t e - e l e m e n t  model i s  most a t t r a c t i v e  i n  t h a t  it 

a 1  lows t h e  c a l c u l a t i o n  of complex f i e l d  p a t t e r n s  which e x i s t  i n  heterogenous 

s t r u c t u r e s  o f  v a r y i n g  t i s s u e  t y p e s .  F o r  p r e s e n t  p u r p o s e s ,  t h e  c o c h l e a r  

t i s s u e s  a r e  assumed t o  b e  p u r e l y  r e s i s t i v e  and i s o t r o p i c .  A n i s o t r o p i c  

c h a r a c t e r i s t i c s ,  which  a r e  known t o  e x i s t  i n  bone  and m y e l i n a t e d  n e r v e  

bund les ,  may be added l a t e r  a s  t h e  n o d e l  i s  improved. The i n i t i a l  s t e p  i n  

t 



t h e  model d e s c r i p t i o n  i s  t h e  r e p r e s e n t a t i o n  of t h e  e l e c t r o d e  a r r ay .  F i g u r e  

l a  shows t h e  r e p r e s e n t a t i o n  o f  a USCF b i p o l a r  e l e c t r o d e  p a i r  w i t h  a 90 

degree  i n t e r e l e c t r o d e  ang le .  The e l e c t r o d e s  a r e  assumed t o  be mounted i n  an 

i n s u l a t o r  medium w i t h  t h e  e n t i r e  e l e c t r o d e  assembly l o c a t e d  i n  a homogenous 

r e s i s t i v e  plane.  F i e l d  p o t e n t i a l  p a t t e r n s  have  been c a l c u l a t e d  assuming a 

f i x e d  p o t e n t i a l  d i f f e r e n c e  between t h e  e l e c t r o d e s .  The f i e l d  d i s t r i b u t i o n  

i s  i n d i c a t e d  by e q u i p o t e n t i a l  con tour s  (+ o r  - 1%) p l a c e d  a t  10% increments  

o f  t h e  f i x e d  e l e c t r o d e  p o t e n t i a l s .  A c u r r e n t  d e n s i t y  d i a g r a m  may b e  

o b t a i n e d  by drawing con tour s  p e r p e n d i c u l a r  t o  t h e  e q u i p o t e n t i a l  contours.  

The purpose of t h e  f i n i t e - e l e m e n t  node1 i s  t o  d e s c r i b e  t h e  e l e c t r i c a l  

n a t u r e  o f  t h e  c o c h l e a r  t i s s u e s  i n  c r o s s  s e c t i o n  a r o u n d  t h e  e l e c t r o d e .  

F i g u r e  l b  i l l u s t r a t e s  o u r  p l a n  f o r  t h e  f i n a l  t w o - d i m e n s i o n a l  model .  The 

c o c h l e a r  c r o s s  s e c t i o n  shown i s  a c a r t o o n .  C r o s s  s e c t i o n s  u s e d  f o r  f i n a l  

c a l c u l a t i o n s  w i l l  a c c u r a t e l y  r e p r e s e n t  s e c t  i ons  through a c t u a l  c o c h l e a s  a t  

d i f f e r e n t  turns .  The ana tomica l  l y -accura t e  c r o s s  s e c t i o n s  w i l l  be e n t e r e d  

i n t o  t h e  computer by us ing  a d a t a  t a b l e t  t o  d y g i t i z e  photographs of h i s t o -  

l o g i c a l  c r o s s  s e c t i o n s .  

I n i t i a l  R e s u l t s  

For t h e  p u r p o s e  of  t h e  p r e s e n t  d i s c u s s i o n ,  we assume t h a t  t h e  f i e l d  

shown i n  F i g u r e s  l a  and l b  approximates t h e  a c t u a l  f i e l d  f o r  t h e  g i v e n  c r o s s  

s e c t i o n .  T h i s  a s s u m p t i o n  w i l l  b e  t e s t e d  when t h e  a n a t o m i c a l l y - a c c u r a t e  

c r o s s  s e c t i o n s  a r e  e n t e r e d  and  f u l l y  mode led .  The f i e l d s  o f  u l t i m a t e  

i n t e r e s t  a re  t h o s e  which l i e  i n  t h e  r eg ion  of t h e  mye l ina t ed  s p i r a l  g a n g l i o n  

c e l l s .  Nodels  of t h e  response of  mye l ina t ed  neurons t o  e l e c t r i c a l  s t i m u l a -  

t i o n  p r e d i c t  t h a t  s i t e s  of s p i k e  i n i t i a t i o n  occur  where t h e  maximum v o l t a g e  

g r a d i e n t s  e x i s t  between ad jacen t  nodes  o f  R a n v i e r .  C i s r e g a r d i n g  p o l a r i t y  

c o n s i d e r a t i o n s ,  i t  i s  e v i d e n t  t h a t  f o r  t h e  n e u r o n  shown i n  F i g u r e  l b ,  t h e  

* 
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i n i t i a t e d  s p i k e  wou ld  b e g i n  i n  t h e  d e n d r i t e  r e g i o n  where  t h e  v o l t a g e  

g r a d i e n t s  a r e  t h e  s t e e p e s t ,  a s  opposed t o  t h e  more proximal  axon which l i e s  

a p p r o x i m a t e l y  t a n g e n t  t o  t h e  e q u i p o t e n t i a l  c o n t o u r s .  To o b t a i n  f u r t h e r  

i n s i g h t  i n t o  t h e  n a t u r e  o f  t h e  v o l t a g e  g r a d i e n t ,  F i g u r e  I C  shows a n  i n s e t  

w h i c h  r e p r e s e n t s  t h e  c a l c u l a t e d  v o l t a g e  g r a d i e n t s  a l o n g  a s t r a i g h t  l i n e  

drawn a l o n g  t h e  approximate cour se  of t h e  neuron. The y-axis range of t h e  

i n s e t  i s  e q u a l  t o  t h e  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  t h e  two e l e c t r o d e s .  

P o i n t s  A ,  B ,  C and  D i n d i c a t e  p o s i t i o n s  a l o n g  t h e  n e u r o n a l  a x i s .  The 

p o t e n t i a l  g r a d i e n t s  a l o n g  t h e  n e u r o n ,  a s  shown i n  t h e  i n s e t ,  a r e  t h e  

g r e a t e s t  be tween  p o i n t s  B and  C, i n d i c a t i n g  t h e  p r e d i c t e d  r e g i o n  o f  s p i k e  

i n i t i a t i o n .  Although t h e  c o n c l u s i o n s  of t h e  model a r e  obv ious  h e r e ,  f i e l d  

p a t t e r n s  o b t a i n e d  w i t h  a n a t o m i c a l l y - a c c u r a t e  c r o s s  s e c t i o n s  are  expected t o  

b e  d i f f e r e n t .  I n  a d d i t i o n ,  t h e  q u e s t i o n  a r i s e s  a s  t o  w h e t h e r  or n o t  o t h e r  

e l e c t r o d e  s i z e s ,  p o s i t i o n s ,  and /o r  impedances w i l l  have  s i g n i f i c a n t  impact 

on t h e  f i e  I d  p a t t e r n s .  

A s  an i l l u s t r a t i o n  of o u r  i n i t i a l  exp lo r> t ion  of t h e s e  l a t t e r  i s s u e s ,  

F i g u r e  2b shows t h e  f i e l d  c a l c u l a t i o n s  o f  t h e  s a n e  c o n d i t i o n s  o f  F i g u r e  1 

( r e p e a t e d  i n  F i g u r e  Za) ,  w i t h  t h e  e l e c t r o d e s  m o d e l e d  a s  p o i n t  s o u r c e s  

i n s t e a d  of t h e  p r e v i o u s  b u t t o n - s h a p e d  e l e m e n t s .  T h e s e  c o n d i t i o n s ,  f o r  

F i g u r e  2b, a r e  t h o s e  n o r m a l l y  assumed f o r  a b i p o l a r  e l e c t r o d e  p a i r  modeled 

as an e l e c t r i c a l  d i p o l e .  Comparing F i g u r e s  2a and Zb, i t  i s  c l e a r  t h a t  t h e  

f i e l d  p a t t e r n s  a r e  q u i t e  d i f f e r e n t  and i n  p a r t i c u l a r  t h a t  t h e  p o t e n t i a l  

g r a d i e n t s  a r e  s t e e p e r  i n  t h e  v i c i n i t y  of t h e  neuron when s t i m u l a t i o n  i s  w i t h  

t h e  b u t t o n - s h a p e d  e l e c t r o d e s .  T h i s  i n d i c a t e s  t h a t  t h e r e  a r e  s i g n i f i c a n t  

n e a r - f i e l d  p a t t e r n s  a r o u n d  t h e  a c t u a l  b i p o l a r  e l e c t r o d e s  t h a t  a l t e r  t h e  

p o t e n t i a l  g r a d i e n t s  a r o u n d  t h e  t a r g e t  neurons.  The re fo re ,  t h e  assumption 

t h a t  t h e  b i p o l a r  e l e c t r o d e s  b e h a v e  a s  an  e l e c t r i c a l  d i p o l e  a p p e a r s  t o  b e  

unfounded. 
d - I 
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Monopolar s t i m u l a t i o n  of t h e  c o c h l e a  may be a l s o  modeled as shown i n  

F i g u r e  3b shows t h e  f i e l d  p a t t e r n  when t h e  u p p e r - n o s t  

r.\ 

t- b 

\ 
F i g u r e s  3 b  a n d  3c. 

e l e c t r o d e  ( b l a c k )  i s  d r i v e n  r e l a t i v e  t o  a remote ground r e t u r n  e l e c t r o d e .  , 

The remaining e l e c t r o d e  i n  t h e  s c a l a  tympani i s  a l l o w e d  t o  f l o a t .  F i g u r e  3c 

shows t h e  f i e l d  p a t t e r n s  when t h e  lower-most  e l e c t r o d e  i s  d r i v e n  i n  a 

) -: 
x I * T  

1 

i 

s i m i l a r  m o n o p o l a r  f a s h i o n .  F i g u r e  3 a  r e p e a t s  t h e  p r e v i o u s l y - d i s c u s s e d  

b i p o l a r  f i e l d  p a t t e r n s  f o r  r e fe rence .  It i s  e v i d e n t  from t h e s e  f i e l d s  t h a t  \ 

\ 

, '  . 
m o n o p o l a r  s t i m u l a t i o n  i s  f a r  r e a c h i n g  i n  e f f e c t ,  r e s u l t i n g  i n  g r e a t l y  

reduced s p e c i f i c i t y  of s t i m u l a t i o n .  Comparing t h e  r e s u l t s  shown i n  F i g u r e s  

3b and 3c i n d i c a t e s  t h a t  s i g n i f i c a n t l y  d i f f e r e n t  s t i m u l a t i o n  r e s u l t s  may 

a r i s e  depending upon which of t h e  e l e c t r o d e s  of t h e  b i p o l a r  p a i r  i s  d r i v e n  

,; 
t. 

i n  a m o n o p o l a r  f a s h i o n .  F o r  t h e  same m o n o p o l a r  s t i m u l u s  l e v e l s ,  t h e  

p o t e n t i a l  g r a d i e n t s  a l o n g  t h e  neuron a r c  much g r e a t e r  when t h e  upper-most 

e l e c t r o d e  i s  d r i v e n ,  F i g u r e  3b. S i g n i f i c a n t  c u r r e n t  s p r e a d  i s  a w i d e l y  

accepted n o t i o n  i n  t h e  c o c h l e a r  p r o s t h e s i s  l i t e r a t u r e ,  y e t  t h e  p r a c t i c e  of 

monopolar s t i m u l a t i o n  i s  s t i l l  wide ly  used. With t h e  model of monopolar 

s t i r n u l a t i o n ,  we hope  t o  b e t t e r  e v a l u a t e  t h e  mechanisms a c t i v e  i n  o t h e r  

p r o s t h e s i s  d e s i g n s .  

A s  f u r t h e r  d e m o n s t r a t i o n  o f  t h e  a b i l i t y  t o  m a n i p u l a t e  e x p e r i m e n t a l  

parameters ,  F igu res  4a,  4b and 4c show t h e  f i e l d  changes due t o  i n c r e a s i n g  

t h e  i n t e r e l e c t r o d e  a n g l e  f rom 90 d e g r e e s  t o  180 d e g r e e s  f o r  t h e  b i p o l a r  

p a i r .  Mote t h a t  t h e  p o t e n t i a l  g r a d i e n t s  a l o n g  t h e  n e u r o n  d i m i n i s h  as  t h e  

a n g l e  i n c r e a s e s .  The 180 d e g r e e  c o n f i g u r a t i o n  a p p r o x i m a t e s  t h e  Hochmair 

e l e c t r o d e  used by t h e  A u s t r i a n  team. F i g u r e s  5a and 5b show t h e  changes due 

t o  r o t a t i n g  t h e  o r i e n t a t i o n  o f  t h e  UCSF e l e c t r o d e  45 d e g r e e s  toward  t h e  

s p i r a l  gang l ion .  The g r a d i e n t  d imin i shes  s l i g h t l y ,  but  i t s  p o s i t i o n  s h i f t s  

t oward  t h e  g a n g l i o n .  T h i s  Kay b e  s i g n i f i c a n t  i n  c a s e s  o f  p o o r  n e u r o n  

s u r v i v a l .  F i g u r e s  6 a ,  6 b ,  6 c  and 6d i n d i c a t e  t h e  e f f e c t s  p r o d u c e d  by 
$ 
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changing t h e  p o s i t i o n  of t h e  b i p o l a r  e l e c t r o d e s  w i t h i n  s c a l a  tympani. Based 

on t h e s e  r e s u l t s ,  e l e c t r o d e  p o s i t i o n  w i t h i n  t h e  s c a l a  i s  a s i g n i f i c a n t  

d e s i g n  parameter  (i.e., t h e r e  a r e  l a r g e  d i f f e r e n c e s  i n  t h e  f i e l d  g r a d i e n t s ,  

p a r t i c u l a r l y  f o r  t h e  c o n d i t i o n s  ShOtrn i n  p a n e l s  6 c  and 6d).  F i n a l l y ,  

F i g u r e s  7a  and  7b d e p i c t  t h e  a l t e r a t i o n s  i n  f i e l d  p a t t e r n s  p r o d u c e d  by 

r educ ing  t h e  b i p o l a r  e l e c t r o d e  s i z e s  and p l a c i n g  them c l o s e r  t o g e t h e r .  The 

r e s u l t a n t  f i e l d  p a t t e r n s  a r e  s h a r p e r  and more c i r c u m s c r i b e d .  F u r t h e r  

d i s c u s s i o n  o f  t h e  o b s e r v e d  e f f e c t s  o f  t h e s e  p a r a m e t r i c  c h a n g e s  i s  n o t  

w a r r a n t e d  a t  p r e s e n t  i n  t h a t  t h e s e  c a l c u l a t i o n s  a r e  o n l y  i n i t i a l  t r i a l  

computations.  

Fu tu re  Mode 1 ing and Experiment a t  i on  

The c a l c u l a t i o n s  of f i e l d  d i s t r i b u t i o n s  o n l y  p r o v i d e  a measure of t h e  

r e l a t i v e  p o t e n t i a l  l e v e l s  a l o n g  t h e  cour se  of a s p i r a l  g a n g l i o n  c e l l  and i ts  

processes .  F u r t h e r  c a l c u l a t i o n s  of a c t i o n  p o t e n t i a l  - dynamics w i l l  be  made 

by f eed ing  t h e  r e s p e c t i v e  v o l t a g e s  of each node of Ranvier  i n t o  a lumped- 

e l e m e n t  niodel of a m y e l i n a t e d  axon. McMeal's (1976)  axon m o d e l ,  wh ich  

c o n s i s t s  of r e s i s t i v e l y  l i n k e d  Frankenhauser-Huxley nodes, w i l l  be used as  a 

b a s i c  model. Two m o d i f i c a t i o n s  w i l l  e v e n t u a l l y  be incorporated.  One i s  t h e  

i n c l u s i o n  of l o s s e y  c a b l e  p r o p e r t i e s  l i n k i n g  t h e  F-H nodes i n s t e a d  of t h e  

p u r e l y  r e s i s t i v e  node  i n t e r c o n n e c t i o n s  o f  t h e  McNeal model .  T h i s  w i l l  

e n a b l e  a c c u r a t e  c a l c u l a t i o n  o f  p r o p a g a t i n g  a c t i o n  p o t e n t i a l s .  The o t h e r  

m o d i f i c a t i o n  w i l l  be  t h e  d e s c r i p t i o n  of t h e  e x t r a  c e l l u l a r  node v o l t a g e s  as 

c u r r e n t  s o u r c e s  i n  s e r i e s  w i t h  t h e  e x t r a  c e l l u l a r  r e s i s t a n c e ,  T h i s  w i l l  

a l l o w  t h e  node v o l t a g e s  t o  v a r y  du r ing  c a l c u l a t e d  s p i k e  propagation. As a 

s h o r t  n o t e  on t h e  p o t e n t i a l  v a l i d i t y  of t h e  u s e  of a mathematical  n e u r o n a l  

model, i t  shou ld  be mentioned t h a t  t h i s  l i t e r a t u r e  stems from t h e  o r i g i n a l  

Hodgin-Huxley  e q u a t i o n s  d e s c r i b i n g  t h e  g i a n t  s q u i d  axon. T h i s  o r i g i n a l  
$ 
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work, and i t s  many e x t e n s i o n s ,  s t and  a s  one of t h e  most r e n a r k a b l e  successes  

i n  t h e  m o d e l i n g  o f  a b i o l o g i c a l  sys t em.  T h e r e  i s  e x t e n s i v e  work showing 

t h a t  t h e s e  models a c c u r a t e l y  p r e d i c t  neu rona l  b e h a v i o r  i n  v i v o .  

A v a r i e t y  of p o s s i b l e  e l e c t r o d e  e f f e c t s  w i l l  b e  e x p l o r e d  w i t h  t h e  

i n t e g r a t e d  f i e ld -neuron  model, i n  a d d i t i o n  t o  t h o s e  a l r e a d y  mentioned. I n  

p a r t i c u l a r ,  t h e  p o s s i b i l i t y  a r i ses  t h a t  t h e  r e l a t i v e l y  l a r g e  button-shaped 

e l e c t r c d e s  ( s e e  F i g u r e  2 )  may e x e r t  s u b s t a n t i a l  l o c a l  ( o r  n e a r - f i e l d )  

e f f e c t s  on p o r t i o n s  o f  a n e u r o n ,  e v e n  t h o u g h  t h e  two e l e c t r o d e s  a r e  b e i n g  

d r i v e n  i n  a b i p o l a r  manner. P o s s i b l y ,  t h e  e f f e c t s  of "anodal block" and /o r  

" a n o d a l  b r e a k "  may p l a y  a r o l e  d u r i n g  s t i m u l a t i o n .  T h e s e  e f f e c t s  may 

e f f e c t i v e l y  g i v e  r i se  t o  m u l t i p l e  g e n e r a t o r  s i t e s  as w e l l  as t o  b lockage  of  

c a t h o d i c a l  ly-generated spikes .  In a d d i t i o n ,  t h e  temporal  dynamics of  t h e  

a b s o l u t e  ref jactory pe r iod ,  t h e  r e l a t i v e l y  refi'actory pe r iod  and accomodation 

phenomena f u r t h e r  c o m p l i c a t e  t h e  p i c t u r e ,  b u t  a 1  1 c z n  b e  c o r n p u t a t i o n a l l y  

r r 

d e a l t  w i th  and e v a l u a t e d  i n  t h e  model. 
L 

V a l i d a t i o n  of t h e  model i s  of c r u c i a l  importance t o  i t s  u l t i m a t e  u t i l -  

i t y .  C l e a r l y ,  one v a l i d a t i o n  approach i s  t o  a t t empt  t o  p r e d i c t  t h e  r e s u l t s  

of numerous animal  s t u d i e s  of V I I I t h  n e r v e  r e sponses  t o  i n t r a c o c h l e a r  s t i n u -  

l a t i o n .  P resen t  

e x p e c t a t i o n s  a r e  t h a t  t h i s  v a l i d a t i o n  w i l l  be s t r a i g h t f o r w a r d .  I f  t h e  model 

p r o v e s  e f f e c t i v e  h e r e ,  then a p p l i c a t i o n  of t h e  model t o  t h e  human c o c h l e a  i s  

w a r r a n t e d .  M i c h a e l  M e r z e n i c h ,  d u r i n g  a r e c e n t  v i s i t  t o  R T I ,  a g r e e d  t o  

conduct animal  and human experiments  i n  h i s  l a b o r a t o r i e s  a t  UCSF t o  f u r t h e r  

t e s t  t h e  model and /o r  i t s  p r e d i c t i o n s ,  shou ld  circumstances warrant  it. 

Th i s  w i l l  be c l e a r l y  t h e  most robus t  v a l i d a t i o n  approach. 

F u t u r e  S i g n i f i c a n c e  of t h e  Modeling Approach 

To summarize, t h e  v a l u e  of t h e  two-dimensional model is  l a r g e l y  focused 

on t h e  f o l  loKing quest  i ons  : 
\ 
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1. Vhat a r e  t h e  r e l a t i v e  e f f e c t s  of t h e  heterogenous s t r u c t u r e  

of t h e  c o c h l e a  on t h e  l o c a l  f i e l d  p a t t e r n s  i n  t h e  v i c i n i t y  

of t h e  s p i r a l  g a n g l i o n  c e l l s ?  

2. What a r e  t h e  op t ima l  e l e c t r o d e  c o n f i g u r a t i o n s  f o r  i n t r a c o c h l e a r  

e l e c t r o d e s  which d i s c r e t e l y  s t i m u l a t e  a l i m i t e d  p o p u l a t i o n  of 

c e l l s ?  
a C f t ( V & i ? 1 ,  

3. W'nat a r e  t h e  t e n p o r a l  ' n c h a r a c t e r i s t i c s  of t h e  n e u r a l  

e l emen t s  i n  t h e s e  e l e c t r o d e  f i e l d s ?  

4 .  How do t h e s e  c h a r a c t e r i s t i c s  l i m i t  speech-encoding s t r a t e g i e s ?  

The g r e a t e r  i s s u e  of channe l  i n t e r a c t i o n s  i s  not  d i r e c t l y  addressed by 

t h e  two-dimensional model. However, i n s i g h t  i n t o  t h e  b e h a v i o r  of neurons 

l o c a l  t o  a s t imu la ' i ng  e l e c t r o d e  p a i r  w i l l  be e s s e n t i a l  toward unde r s t and ing  

t h e  f a c t o r s  c o n t r o l  l i n g  channel  i n t e r a c t i o n s .  F i n a l l y ,  a t h r e e - d h e n s i o n a l  

model w i l l  y i e l d  t h e  g r e a t e s t  i n s i g h t  i n t o  t h e  channe l  i n t e r a c t i o n  problem. 

The p r e s e n t  t w o - d i m e n s i o n a l  i t e r a t i v e  mode l  c a n  b e  expanded t o  t h r e e  

d i m e n s i o n s  a t  g r e a t  c o m p u t a t i o n a l  e x p e n s e .  P o s s i b l y ,  s i m p l i f y i n g  

a s s u m p t i o n s  f rom t h e  t w o - d i m e n s i o n a l  m o d e l i n g ,  i n  p a r t i c u l a r  t h a t  t h e  

c o c h l e a r  t i s s u e  r e s i s t i v i t i e s  a f f e c t  t h e  a c t u a l  f i e l d  p a t t e r n s  o n l y  

s l i g h t l y ,  w i l l  r e d u c e  t h e  s i m u l a t i o n  o f  t h e  t h r e e - d i m e n s i o n a l  c a s e  t o  a 

r e l a t i v e l y  s i m p l e  c o m p u t a t i o n  o f  l i n e a r  summat ions  a t  a p o i n t .  I f  t h e s e  

s i m p l i f y i n g  assumptions a r e  shown t o  be v a l i d ,  o n l y  one three-dimensional  

c o m p u t a t i o n  o f  a s i n g l e  e l e c t r o d e  p a i r  w o u l d  b e  r e q u i r e d .  F u r t h e r  

d i s c u s s i o n  of t h e  development of a t h ree -d inens iona l  model i s  d e f e r r e d  u n t i l  

complete  r e s u l t s  from t h e  two-dimensional model a r e  a v a i l a b l e .  

Regarding t h e  t o p i c  of channe l  i n t e r a c t i o n s ,  s e v e r a l  p o i n t s  may be made 

a t  t h i s  t i m e .  

I 
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(1) Judging from t h e  p r e s e n t l y  l i m i t e d  two-dimensional model r e s u l t s ,  

i t  i s  p r o b a b l e  t h a t  t h e  most s i g n i f i c a n t  channel  i n t e r a c t i o n s  occur  w i t h i n  

t h e  s p i r a l  g a n g l i o n  i t s e l f .  T h i s  hypo thes i s  may be t e s t e d  i n  a t  l ea s t  two 

i n d e p e n d e n t  ways. One i s  t o  c o n t i n u e  t h e  = o d e l i n g  o f  p o t e n t i a l  f i e l d s  t o  

de t e rmine  t h e  l o c i  of maximal summation of t h e  f i e l d  p a t t e r n s  of i n t e r a c t i n g  

c h a n n e l s .  T h e  e x p e r i m e n t a l  d a t a  u s e f u l  i n  t h i s  a p p r o a c h  a r e  t h e  

e l e c t r i c a l "  o r  s p a t i a l  i n t e r a c t i o n s  o b t a i n e d  w i t h  s y n c h r o n o u s  c h a n n e l  

s t i m u l a t i o n .  The o t h e r  expe r imen ta l  approach i s  t o  c a r e f u l l y  e v a l u a t e  t h e  

teniporal  c h a r a c t e r i s t i c s  of channe l  i n t e r a c t i o n s .  A number of t empora l ly -  

d e p e n d e n t  mechanisms may u n d e r l i e  c h a n n e l  i n t e r a c t i o n s .  One i s  t h e  

s t r e n g t h - d u r a t i o n  c h a r a c t e r i s t i c  o f  a n e u r o n .  The d e t a i l s  of how t h i s  

f a c t o r  a f f e c t s  channe l  i n t e r a c t i o n s  r e q u i r e s  f u r t h e r  thought ,  but i t  w i l l  

u n d o u b t l y  b e  a s i g n i f i c a n t  f a c t o r  i n  d e t e r m i n i n g  t h e  optimum s t i m u l a t i o n  

s e q u e n c e  f o r  t h e  e n c o d i n g  a l o g r i t h m  o f  t h e  s p e e c h  p r o c e s s o r .  A s e c o n d  

t e m p o r a l  i n t e r a c t i o n  b e t w e e n  c h a n n e l s  c o u l d  a r i s e  f rom a n t i d r o m i c a l l y  

p ropaga t ing  s p i k e s  i n i t i a t e d  by a b a s a l l y  l o t a t e d  e l e c t r o d e  p a i r  ( channe l  

B ) ,  wh ich  co  11 i d e  w i t h  o r t h o d r o m i c a l  l y  p r o p a g a t i n g  s p i k e s  i n i t i a t e d  by a 

more a p i c a l l y  l o c a t e d  e l e c t r o d e  p a i r  ( channe l  A). P o s s i b l y ,  a s i m p l e  method 

o f  d e t e r m i n i n g  i f  t h e s e  c o l l i s i o n s  o c c u r  wou ld  b e  t o  r e c o r d  t h e  r e s p o n s e  

measures ( L e .  b ra ins t em evoked r e sponses  and/or  psycophys i c a l  r e p o r t s ;  s e e  

a l s o  (2 )  below) t o  t e m p o r a l l y  de l ayed  s t i m u l a t i o n s  from c h a n n e l s  A and E. 

I f  t h e  r e s p o n s e s  t o  c h a n n e l  A f o l l o w e d  by c h a n n e l  B a r e  e q u a l  t o  t h e  

r e sponses  of channe l  B f o l l o w e d  by channe l  A,  t h e r e  i s  l i t t l e  chance t h a t  

s i g n i f i c a n t  s p i k e  c o l l i s i o n s  a r e  occuring. I t  i s  d i f f i c u l t  t o  say a t  t h i s  

t i m e  how t h e s e  p o s s i b l e  e f f e c t s  may r e l a t e  t o  t h e  loudness - summat ion  

m e a s u r e s  o f  c h a n n e l  i n t e r a c t i o n s  u s i n g  c o n p a r i s i o n s  o f  0 d e g r e e  and 180 

d e g r e e  p h a s e  c o n d i t i o n s  of two c o n t  i n o u s l y  s t i m u l a t e d  c h a n n e l s  (Shannon, 

1984 p r e p r i n t ) .  

I t  

$ 
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( 2 )  R . e l a t i v e  t o  t h e  i s s u e  o f  m e a s u r i n g  c h a n n e l  i n t e r a c t i o n s ,  two 

m e t h o d s  a r e  p r e s e n t l y  u s e d  i n  m o n i t o r i n g  r e s p o n s e s  t o  s t i m u l a t i o n  i n  t h e  

human. T h e s e  a r e  t h e  b r a i n s t e m  e v o k e d  r e s p o n s e  and t h e  r e p o r t i n g  o f  

p e r c e p t s  by t h e  p a t i e n t .  I t  a p p e a r s  t h a t  b o t h  o f  t h e s e  m e a s u r e s  may b e  

b i a s e d  when u s i n g  t h e  r e s u l t s  t o  make i n f e r e n c e s  a b o u t  t h e  i n t r a c o c h l e a r  

mechanisms m e d i a t i n g  c h a n n e l  i n t e r a c t  i o n s .  Both  t e c h n i q u e s  i n v o l v e  

s u b s t a n t i a l  p r o c e s s i n g  o f  t h e  a c t i v i t y  o f  t h e  V I I I t h  n e r v e  b e f o r e  a 

q u a n t i f i a b l e  response i s  produced. A s  an a l t e r n a t i v e ,  we propose t o  s imply 

r e c o r d  an  " i n t r a c o c h l e a r "  e v o k e d  r e s p o n s e  f rom a f r e e  p a i r  o f  b i p o l a r  

e l e c t r o d e s .  T h i s  a p p r o a c h  w i l l  p r o v i d e  a more d i r e c t  m e a s u r e  o f  t h e  

s p e c i f i c  g r o s s  a c t i v i t y  of t h e  s p i r a l  gangl ion.  T h i s  i n fo rma t ion  may a l s o  

be a v a i l a b l e  a t  a h ighe r  s igna l - to -no i se  r a t i o ,  a1  lowing reduced a v e r a g i n g  

and t e s t  t i m e .  B e c a u s e  t h e s e  d a t a  n a y  b e  l e s s  ambiguous  and p e r h a p s  more 

may be c o l l e c t e d  i n  a g i v e n  p e r i o d ,  a more complete  c h a r a c t e r i z a t i o n  of t h e  

channel  i n t e r a c t i o n s  may be obtained.  I n t e r p r e t a t i o n  t h e s e  d a t a  i n  l i g h t  of 

t h e  modeling r e s u l t s  cou ld  produce a p h y s i o l o g i c a l  ly-based model of how t h e  

p r o s t h e s i s  i n t e r f a c e s  t o  t h e  ne rvous  system. Combining t h i s  knowledge w i t h  

t h e  i n f o r m a t  i o n  o u t p u t  f rom a d v a n c e d  s p e e c h  p r o c e s s o r s ,  c o u l d ,  i n  t u r n ,  

p r o v i d e  a b a s i s  f o r  op t imiz ing  t h e  s t i m u l a t i o n  s t r a t e g y .  Unique s t r a t e g i e s ,  

opt imized f o r  i n d i v i d u a l  p a t i e n t s ,  may also be p o s s i b l e .  

& 

The RTI p a t i e n t  i n t e r f a c e  i s  being configured f o r  t h i s  c a p a b i l i t y .  I n  

p a r t i c u l a r ,  e l e c t r i c a l  a r t i f a c t  r e j e c t i o n  c i r c u i t s  a re  being inc luded  i n  t h e  

programnab 1 e ADC f o r  monitor ing channe 1 a c t  i v  i t  y. 
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Figure  5 .  F i e l d  p a t t e r n s  f o r  s t anda rd  b i p o l a r  e l e c t r o d e s  conf igured  w i t h  d i f f e r e n t  r o t a t i o n a l  p o s i t i o n s  
of  0" ( a )  and 45" (b) toward t h e  s p i r a l  gangl ion .  
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C o l l a b o r a t i o n  Between UCSF, S t o r z  Ins t rument  Company, RTI  and DUMC 

Mike Merzenich and two r e p r e s e n t a t i v e s  from S t o r z  Ins t rument  Company, 

Dave  C a l v e r t  and S t e v e  H u t c h i s o n ,  v i s i t e d  RTI and Duke on March 21 t o  

d i s c u s s  Duke's p o t e n t i a l  p a r t i c i p a t i o n  a s  an "experimental  c o l l a b o r a t o r "  i n  

UCSF's p rogram t o  d e v e l o p  t h e  n e x t  g e n e r a t i o n  o f  m u l t i c h a n n e l  a u d i t o r y  

p r o s t h e s e s .  D r .  M e r z e n i c h  o u t l i n e d  t h e  p r e s e n t  s t a t u s  o f  t h e  t h e  f o u r -  

c h a n n e l  UCSF p r o s t h e s i s  t o  t h e  g r o u p  a t  Duke and  d e s c r i b e d  t h e  p l a n s  UCSF 

and S t o r z  have  f o r  exper imenta l  and c l i n i c a l  c o l l a b o r a t o r s .  The sugges t ion  

was made t h a t  Duke p a r t i c i p a t e  a s  b o t h ,  and  t h a t  a l l  f o u r  p a r t i e s  work 

c l o s e l y  t o g e t h e r  t o  conduct p a r a l l e l  t e s t s  a t  UCSF and Euke f o r  e v a l u a t i o n  

o f  s p e e c h - p r o c e s s i n g  s t r a t e g i e s  f o r  m u l t i c h a n n e l  p r o s t h e s e s .  T h i s  

sugges t ion  was adopted by t h e  group and p r e l i m i n a r y  arrangements  h a v e  been 

made t o  s t a r t  i n  e a r n e s t  t h e  new p rogram a t  Duke. We e x p e c t  t h a t  s u r g e o n s  

and a u d i o l o g i s t s  from t h e  Duke team w i l l  t r a v e l  t o  San F ranc i sco  i n  t h e  nex t  

month o r  two f o r  t r a i n i n g  on t h e  i m p l a n t  p r o c e d u r e  and  on e v a l u a t i o n  and  

r e h a b i l i t a t i o n  of  p a t i e n t s .  We hope t h a t  our  f i r s t  implant  a t  Duke w i l l  be  

p e r f o r m e d  t h i s  F a l l .  A p e r c u t a n e o u s  c o n n e c t o r  w i l l  b e  u s e d  f o r  t h i s  and  

s u b s e q u e n t  p a t i e n t s .  T h i s  c o n n e c t o r  w i l l  p r o v i d e  d i r e c t  a c c e s s  t o  a l l  

e l e c t r o d e s  i n  t h e  i m p l a n t e d  a r r a y  s o  t h a t  w e  c a n  d u p l i c a t e  a t  Duke t h e  

computer-based t e s t s  of  speech-processing s t r a t e g i e s  w e  w i l l  be  conduct ing 

a t  UCSF. I f  f u n d s  c a n  b e  i d e n t i f i e d  t o  s u p p o r t  v a r i o u s  a s p e c t s  o f  t h e  

e x p e r i m e n t a l  t e s t s  a t  Duke, t h e n  t h e  number o f  p a t i e n t s  i n c l u d e d  i n  t h e  

p r e s e n t  p r o j e c t  c o u l d  b e  a p p r o x i m a t e l y  d o u b l e d .  A d d i t i o n a l  s u p p o r t  i s  

r e q u i r e d  f o r  t h e  f o l l o w i n g :  (1) i n s t a l l a t i o n  and upgrading of  a "spare" RTI 

E c l i p s e  c o m p u t e r  a t  Duke; ( 2 )  c o n s t r u c t i o n  o f  a n  a d d i t i o n a l  i n t e r f a c e  

be tween  t h e  E c l i p s e  and p a t i e n t  e l e c t r o d e s ,  f o r  u s e  a t  Duke; ( 3 )  c o m p u t e r  

s u p p l i e s  and maintenance a s s o c i a t e d  w i t h  t h e  conduct of t e s t s  a t  Duke; ( 4 )  

L 
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t h e  t i n e  o f  RTI p e r s o n n e l  who w i l l  h e l p  d e s i g n  and e x e c u t e  t h e  t e s t s  a t  

Duke; ( 5 )  upgrading t h e  f a c i l i t i e s  f o r  a u d i o l o g i c a l  e v a l u a t i o n s  a t  Duke SO 

t h a t  speech percept  ion by  cochlear - implant  p a t i e n t s  can b e  f u l  l y  measured; 

and  ( 6 )  t h e  t i m e  o f  Duke p e r s o n n e l  n o t  s u p p o r t e d  b y  t h i r d - p a r t y  p a y n e n t s .  

We a r e  seeking  support  f o r  t h e  a c t i v i t i e s  and s u p p l i e s  j u s t  l i s t e d  fron; t h e  

WIH ( through t h e  g r a n t s  r o u t e ,  w i th  a j o i n t  a p p l i c a t i o n  from UCSF, RTI and 

Duke) ,  S t o r z  I n s t r u m e n t  Company and t h e  Bur roughs  Wel l come  Fund. I n  

a d d i t i o n ,  we have  r eques t ed  a small  amount of "s tar t -up" money from l i m i t e d  

funds a v a i l a b l e  t o  Duke's Department of Surgery f o r  such a purpose. Eiecause 

t h e  p o t e n t i a l  b e n e f i t s  of p a r a l l e l  t e s t s  a t  Duke t o  t h e  p r e s e n t  p r o j e c t  a r e  

many, we wou ld  a l s o  l i k e  t o  r e q u e s t  s u p p l e m e n t a l  f u n d i n g  f rom t h e  N e u r a l  

P r o s t h e s i s  Program t o  s u p p o r t  some o r  a l l  o f  RTI's p a r t i c i p a t i o n  i n  t h e  

p rogram a t  Duke. We w i l l  c o n t i n u e  t o  k e e p  t h e  t e c h n i c a l  m o n i t o r  o f  t h e  

p r e s e n t  p r o j e c t  f u l l y  informed of a l l  d e v e l o p n e n t s  ( funding  and o therwise)  

r e l a t e d  t o  our  new program a t  Duke. 

, 
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Plans  f o r  t h e  Next Quarter 

Our p l a n s  f o r  t h e  next  q u a r t e r  a r e  c e n t e r e d  around t h e  p r e p a r a t i o n  and 

conduct of t e s t s  a t  UCSF t o  e v a l u a t e  speech-processing s t r a t e g i e s  f o r  n u l t i -  

channel  a u d i t o r y  p ros theses .  Two p a t i e n t s  w i l l  be  t e s t e d ;  one was i n p l a n t e d  

on biarch 1 3  and  t h e  o t h e r  w i l l  b e  i m p l a n t e d  w i t h i n  t h e  n e x t  o n e  o r  two 

months. To p r e p a r e  f o r  t h e s e  t e s t s ,  RTI  p e r s o n n e l  must complete  c o n t r u c t i o n  

and  c h e c k o u t  o f  t h e  h a r d w a r e  i n t e r f a c e  be tween  t h e  E c l i p s e  compute r  and 

p a t i e n t  e l e c t r o d e s ,  and must complete  t h e  so f tware  f o r  t h e  computer-based 

s i m u l a t o r  of speech p rocesso r s .  As i n d i c a t e d  i n  t h e  two appendices  of t h i s  

r e p o r t ,  w e  a r e  w e l l  on ou r  way t o  accomplishing both. These t a s k s  w i l l  have  

h i g h  p r i o r i t y  i n  t h e  f i r s t  few weeks o f  t h i s  q u a r t e r .  Once c o m p l e t e d ,  we 

expect t o  spend between 2 and 4 weeks i n  San F ranc i sco  t o  work wi th  t h e  UCSF 

team i n  e v a l u a t i n g  speech-processing s t r a t e g i e s .  The l i s t  of s t r a t e g i e s  t o  

be e v a l u a t e d  w i l l  be j o i n t l y  composed by i n v e s t i g a t o r s  on t h e  BTI  and UCSF 

teams. A s  i n d i c a t e d  i n  t h e  I n t r o d u c t i o n ,  an  i n i t i a l  "straw-man" l i s t  

conposed by t h e  RTI  team has been s e n t  t o  UCSF f o r  r ev iew and comrcents. We 

expect  t o  have t h e  f i n a l  l i s t  completed o v e r  t h e  next  t h r e e  o r  f o u r  weeks, 

i n  time t o  gu ide  o u r  tes ts  w i t h  t h e  p a t i e n t  implanted on March 13 ( a  th ree -  

n o n t h  p e r i o d  i s  a l l o w e d  f o r  p s y c h o p h y s i c a l  t e s t i n g  o f  p a t i e n t s  i n  t h e  

expe r imen ta l  s e r i e s ,  a f t e r  which t h e  percutaneous connector  i s  removed and 

t h e  i n t e r n a l  connector  pad configured f o r  u s e  wi th  t h e  four-channel r f  l i n k  

o f  t h e  p o r t a b l e  p r o c e s s o r ) .  Thus ,  i n  t h e  n e x t  q u a r t e r  w e  p l a n  t o  neet  o r  

exceed a l l  of t h e  o r i g i n a l  o b j e c t i v e s  f o r  t h e  f i r s t  yea r  of t h i s  p r o j e c t  ( t o  

I t  d e s i g n  and implemen t  a c o m p u t e r - b a s e d ,  m u l t i c h a n n e l  a u d i t o r y  s i g n a l  

p rocesso r  f o r  u s e  i n  e v a l u a t i n g  p r o m i s i n g  s p e e c h  e x t r a c t  i o n  and s t i m u l u s  

e n c o d i n g  schemes").  I n  a d d i t i o n ,  we p l a n  t o  b e g i n  t e s t i n g  o f  i m p l a n t e d  

- 

p a t i e n t s  a t  UCSF, wh ich  i s  a new o b j e c t i v e  r e c e n t l y  a p p r o v e d  by t h e  
* 
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t e c h n i c a l  m o n i t o r  and  c o n t r a c t i n g  o f f i c e r  f o r  t h i s  p r o j e c t .  Now t h a t  t h e  

t o o l s  f o r  d e s i g n  and e v a l u a t i o n  o f  s p e e c h  p r o c e s s o r s  f o r  m u l t i c h a n n e l  

a u d i t o r y  p r o s t h e s e s  a r e  n e a r l y  complete ,  we a r e  anxious t o  put them t o  t h e  

b e s t - p o s s i b l e  u s e  i n  c o l l a b o r a t i o n  wi th  our t a l e n t e d  c o l l e a g u e s  a t  UCSF. 
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Appendix 1 

D e s c r i p t i o n  of t h e  RTI I n t e r f a c e  f o r  Comrnunication 

Between t h e  E c l i p s e  Coroputer and P a t i e n t  E lec t rodes  

Contents  : 

R T I  P a t i e n t  I n t e r f a c e  D e s c r i p t i o n  . . . . . . . . . . . . . . . . .  30 

P a t i e n t  S a f t e y  Design F e a t u r e s  . . . . . . . . . . . . . . . . . .  3 1  

Data General Hardware Requirements . . . . . . . . . . . . . . . .  3 2  

P a t i e n t  I n t e r f a c e  Software Con t ro l  . . . . . . . . . . . . . . . .  3 3  

P a t i e n L  Connection . . . . . . . . . . . . . . . . . . . . . .  36 
P a t i e n t  Disconnect ion . . . . . . . . . . . . . . . . . . . .  36 
Channel Magnitude Con t ro l  . . . . . . . . . . . . . . . . . .  37 

Impedance ELonitoring . . . . . . . . . . . . . . . . . . . . .  41 
Automated Func t iona l  Checkout Rout ines  . . . . . . . . . . . .  42 

P a t i e n t  Channel E lec t rode  Voltage Nonitor ing . . . . . . . . .  40 

P a t i e n t  E l e c t r o d e  Connection and S e l e c t i o n  . . . . . . . . . . . .  43 

C i r c u i t  Diagrams . . . . . . . . . . . . . . . . . . . . . . . . .  45 
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The RTI  Patient Interface is essentiallu a redesign of the existino 

InterfXe described in nark kite's thEsiS, Chapter 5. fl redesign Ha5 

initiated to take advantage Of newer technolow and to Provide expanded 

systen flexibilitY. The basic UCS design features of stitaulus charge 

lilsitins aad Patient Safety Precautions have been re';ained in tb RTI 

design. ihe aost significant design features include: 

- a total Of eight Patient channelst each consistins of a comuter 

control Isd-stiktulator for a bipolar electrode pai ri 

- indemdent Channel functions with electricallu floatins SrOUndS and 

iwlated UrPPlieS; 

- srnchronization of all SiWltts channel magnitude transitions with 50 - 
u5ec. ternmral resolution: 

- intesrated DRC's in the circuitry of each Patient channel; 

- optical imiation using a linear o ~ i c a l l ~ ~ r i v e n  FET thus 

rducins circuit cowlexity; 

- continual tionitorins of electrode voltages a s m s  any Pmsraht 

selected channel with an onboard RE; 

- electrode iflpedance measurement caPabi 1 itu under Pm9ram control 

between anr tm, Patient electrodes; 

- Patient connection or disconnection to or frOM the interface under 

P rc)9 ram cant ro I : 

- Modular packasim of circuitry for  each Patient channel in a Vector 

Electronics plus-in &ule with a\! eight patient channels occupvins a 5 ln 

. .  

inch high standard rack Panel h H e r  supplies are additional). 
t 
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Patient safety dsisn features Para1 le1 the KSF dsiqn and are listed 

here for revien: 

- optical isolatiai of analog CircuitnS 
- dual outwt blockins capacitors of IOH capacitance and ION leakase; 

- wries Currat tinitins resistors in Patient leads; 

- 2 rnFI patient lead fuses; 

- Patient disconnect relays on each cbnnel operatins bider Patient 

control or Hith an autowttic titbi?out period of 541 uwc; 

- current I irritins (2 BR) of both Positive and rmative drives of 

output op-aidps. 

The last item is a n w  design feature drawins on currently available 

high voltage op-ampsi with current liMitin9 options. 

Tte Present RTI design does not incormrate the UCSF feature of _a 

variable voltage batten supply. Instead, the hish voltase SUPP~Y for each 

Patient channel consists of a standard "brick" SuUpPIYt driven Hith an 

isolation transforaer. This choice was made for the tons tera convenience 

of reduced naintanmce and to avoid continued owratin9 costs for b3ttew 

rePlaceent. 



DG INTEWE HFlADWClRE REgUIffDIENTS .. 

The Patient Interface comnicates with the Mi Ecl i p s  sustev u s i n s  the 

IIO c a p a b i l i t i e s  of the DG Digital Control Unit, tlWl 50 (DCU/S0). The 

DCU/209 aay also be uwd. The I)cu/5!d is a User-Prosrawable ~rocessor with 

1024 trords of onboard RA)I and is capable of sharing 31,744 words of m r Y  

N i t h  tte EcI ipse v i a  data channel comunicatioas. The DCU/sB essential i u  

handles fast I/o betwen the Eclipse data bus and the DCufiD'S own data bus. 

The Mw/50 co:oaMHmicateS with #e Patient  Interface v i a  a 16 b i t  Parallel 110 

ir,$erfrc? (% 4&6h &iCh r?5si* tm the =*/3 data bus. Patieat  channel 

data r a t e s  are s u f f i c i e n t  to Provide a channel fresvmcr teswnse of 26 kHt. 

DG hardware rewi  rements for Patient Interface control include: 

- one IKx1/5BI or IlcU12t3l 110 Processor 

- one a66 para1 let I/II interface 

- one 4251 c m u n i c a t i o n s  chassis for  IKxl data bus. 

.- 



I L 

PCITIENT INiERfKE S F W I R E  CONTROL 

In seneralr the Pfo9raWr has the caPabi I itr to : 

(1) connect or disconnect tk Patient to or f r m  the stiwulatioo 

SYstW 

(2) on a ChanWl-bY-Channd basis selectivelr change the StiMUlU5 

nasnitude every 58 usee if dsirdr otherwise the Previous Magnitude va 

is rraintained; 

ue 

(3) mntinuall~ mnitotor the voltage across the electrode wir of a 

Prwramselected Patient channel: 

(4) mnitor imwdance betwen any two Prosrawselected Patient 

electrodes; 

(5) Wrforrd au*aatic functional testing and calibration verification; 

(E) enable or disabie the 5b uwc. clock onbard the interfacb which 

times the output conversions for al I Patient Chartnets; 

(7) reset the SYnchronization Error Flag after an error has be? 

simal led fron the interface: 

(8) determine identification nUaIber of tb CUrMtlY instal led 

Electrode Selection Jumper Plus. 

h r a t i m  of tte Patient Interface Hith regard to each of t h e  

capabi 1 it ieS is detai led in the fol lwins Paragraphs. 
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Prosrat control of tte Patient Interface is accomiished br Passim iti -_ 

b i t  words via the Mi 6666 Parallel 110 interface, Each HWd C:OnSi5tS of a 

h i t  (most significant nibble) Comnd f ie ld  and a 12-bit data/function 

f i e ld .  The b b i t  commands are sumarited below. 

WKIm UURD 
(hex) 

w 

1- 

2- 

w 
4- 

5;lro#I 

6- 

7- 

8XXX 

9GR 

RXXI 

BXXK 

CXXJ 

DXXX 

EXXX 

Fxxx 

Mime 

Flff(cT1CNcy DESCRIPTIUY 

Latch current data value (-1 to Patient chan 0 

I D m m  I 

I I s s  I 

I I I 8  I 

I I '  

I I .  I 
I I s m  I 

I 8 M I  I 

End Of b m n d  String (E) 

Conf isure Connect ions 

Ilpwdance Testing M e  Control 

8 1  

' 2  

m 3  

8 4  

. 5  

' 6  

8 7 .  

- 

Enable Interrogation Of Electrode Jumwr Plus Nufiber 

3 USS. Interface Clock bntroi 

DWInterface Svnchronizat ion Error Flag k t  

h n e c t  Patient 

CIBORT RESET ! - Discmnm Patient 

W is current l l b i t  data mrd (one's ConPIekmt) 

G 

P 

N 

I 

is patient &!mb?.l mmls for CIM: Ground connwtim 

is -trade. nutdhec for AM: Positive input connection 

is ekctcod~ wnhes for RI)[: NRsative i n p u t  connection 

is control value for Irwdance Testing bde 



J 

K 

X 

i f  I = 0, exit ItdPedaRce Testins Mode 

if I = 1, enter Iapedance Testing M* 

is control value for Interface 59 usec. Clock 

if 3 = 01 disable clock 

if 3 = 11 enable clock 

is  control value for interrceation of identification nubher of the 

currently instat led electrode selection iuaper plus 

if H = @I disable this W e  

if K = 11 bits 12 - 15 O f  i n w  mrd to Parallel interface 

contain the iumer nunrkr 

don't care. 

. -  
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Function: Sets f la9 PC, which enables the caPabi I i tv  of End Of hnand 

(m) instructions to reset tiains C Y C k  Of Patient disconnect relar drivw. 

Patient connection continues o n l y  a5 IOnS a5 c w a n d  Strims terainated by 

EOC are beim actively sent to the inter+ace w e c y  J usec. 

MION: CIlI Patient outPut channels should be zeroed prior to 

execution of this inatrurtion. 

-3- - 
htrOl !lord: f l x x  

Function: Set f l a g  POI tihich forces an irmdiate interfact? r e t  thus 

disconnecting the Patient frw the StiMUlatiOn svsten. Qn aUtWdatiC Patient 

disconnect occurs if t W  tireout disconwct KCiOd timet has not b m  

within the cutrent Sa u5ec. interval by tte Ea co*lrand. 

, 

L 
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where# is patient channel number (8-7) 

*** is 12-bit one's CMinPleMt data value for DRc 

8XXX is the End Of Coa#and (€E) control instructi0n. 

Function: This instruction strins transfers StiMUtus outwt mgnitude 

values to each Patient Channel specified in the control word. These 

StiHUtUS bwnitude value are stored in data latch for each channel a5 the 

cc?tml word is r e i * .  The I&i%zi aZ3~titUdes are then transfe;d io  tb 

channel DK's at  the beinnins of each 3 usee. Period, thus PmVidino 

s~nchronitation across ai I Channels  If a StiMulUs &amitude value is not 

5ent to a Particular Channels then tk Previous latch V a l W  is retained for 

transfer to the DCY: asain. Consequentivr Presentation of a !itittUIus series 

reguirs only coding of Chmses of stibwlus IdasnitudA Susitaiwd values 

across one or more 58 usec. Periods an automticallu retained, 

. 

. 

T k  Ew: cowand Must terninate ths transmission of stimulus Basni'iodes 

for every 9 u w .  Period. The E[#: cormand Pgrfore several functions: 

(1) tk EDC allows a svnchronization check betwen the Ecl iK@ data 

transmission and the 50 usec. interface clock to ensure that all patient 

channel StirdulW level updates have been received Prior to ths ksinnins of 

the next 59 uwc. Period. In tk event that an EOC has not been received in 

timer the Patient is autoaraticallv disconnected and an interrupt with the 

synchronization error flag set is issued to the Eclipse; 

(2) the EUC occurence ewrr 50 usec. serves as an indicator of a flow 

of s t i ~ l u 5  co9wands frov the OXI, thus kewins tte Patient connected t~ t!e 

svsten. Shoc,ld the data f low b? intwrupted, 3s indicated by an Eoc not 

beim received within a 50 usec. Period? the Patient is autowtically 

disconnectat. This tatter state is flassed as a smchrmitation error, a5 
t 
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I . .  
? 

.- 
in (1) above; 

periods during which no Patient Channel stiwrlus lewis are tmdified. 

Stimulus dslars to a1 loll for RlaV contact bounce, while sti I I Maintaining 

patient connectiob are achiewd by a continuous string of EK's. Twntv 

NOTE: ck a Possible MY to condense Stiwlus code storam the E[#: 

ccwewi forslat for diSC s%!xi??e tay 5e chanw fror BXXX to 8%%%, Hkre %%% 

is the number of ansecutiw Em's to output before ~ r o s r s s i n s .  ck such, a * 

10 uSK. delay (m 8oc's) could te coded SiHPlY as E;oc8 (hex). This 

feature Will rewire additional PTOCesSin9 demands on the DW service 

routine; howeverr Present indications are that the final iMPIHEn%ation H i l l  

have this capabi I itY. 

Ihe fol  Imino wge i Ilustrates the stimulus W i n s  rewired to outwt 

tm, different stilylulus se4uace5 siwultaneouslv on two different chanhels. 

Tte Channel 0 outwt is a SB usec. bip&ic spike train8 thereas tte Channel 1 

output MiriCS a continuouslu variable anal09 signal. 
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Uprtrnde a LbiSSim - 
Controt krd: SGPN 

where G i s  od€&U CbaRnel IUlUbU (8-7) for Ground, 

P i s  e&.tmd~ U ~ L  (0-15) for c\w: Positive iwutc 

" ' ' Nesative " . ' 

Function: To monitor the electrodP voltase across a particular patieat . 

channel, tk IIM: inw t  terninal connections are confisured across that 

channel onlr. pJ)c data conversions are initiated at the b i n n i n g  of everr 

53 usx. WTiM H i t h  %he result of the W,pviOuS Period raade available 

imediatelr upon entry to the interrupt service routine in the DCU. Voitase 

uonitorins lrar continue for tk duration of stiwlation. This comnd MY 

be.inserted into any control sequence before the mC. Due t o  contact b u m  

of switching relavsr valid data are not available for about 291 ~ e c .  

WUTION: hbisuous re5uIts H i l l  k obtained unless the followins 

convent ions are fo l  Ioned: 

I f  II = desired Patient chaanel nunkr for Mltm Monitorin% 

then 

G = H  (91-7) 

P = 2n and N = W+l (8-19 

or 

P = % l  and N = 2 M  (0-15) 



k 

.Inv&ueMmitnrias - 
Control brd: RXXf 

where I = B t o  ex i t  iwedance wdec 

I = 1 to enter impedance eode. 

Function: The iiuwdance W e  i s  a unique Wde of operation that a1 lorn 

tk wasureaent of the iarPedance b e t m  any tm patient electrodes. The 

etectmies need not be in the m e  Patient channel. Func t ionaf~~~ the 

itapedance @ode allom the Prwraluer t o  direct the current stifuulation frw 

stiaiiiattor Charm?; @ to t& @i~CtWeS to e i c h  the POf i t iVC)  and nesative 

inputs of the MC are connected. 

Twreforet to rmsure the irwdance between electrodes Y ad 2 (0-15), 

the command sesuence is: 

Pat imt Disconnect ntxx 

Delay for relay bounce 

Gmf isute RDC for: S Y Z  

Prosrawaed Rlav 

G = 0 *  P = Y  aM1 N = Z  . -  

Note: RIlC ground i s  conn#ted t o  the 

f loatins ground of stimulator channel 8. 

Enter Itwedance rhde NXl 

Pat i ent Connect EXXX 

Delay for relay bounce With MultiPJe EIC'S 80c8 

in order for Patient to retwin connected 

k i n  outwt of StiwIus current (-1 &-*EM: 

on channel 0 

Read vol tase values during interrupt 

Processins a t  Winning of each 9 UPC. Period 

Rewat output and nteasure cycle W,EK 

w w m m m m  

$ 

IC/ 



-., . 

Complete lleasurewnt 

Discortnect Pat ient . 

Delay for relay bounce 

Exit ImPedance Node 

FXXX 

Prwrawmd Iklar 

RXX0 

QutLwm Fllndinnxl ctalxkwt 5 t i p e s  

Uti I i t i n s  the various stiwlation and mnitorins features of tk 

cat ibration with known resistances i lace of the Patient. These rout ins 

nil I k spwif ied later. 

. 



The RTI Patient Interface design dsarts from tk UCSF Iakrface with 

regard to the selection of Patient electrode conf isurations. The four 

channel U r n  s~stttlr ~ P i o Y s  a relay Hatrix nhiCh all- conPlete versatility 

of electrode conf isuration under Prmran control. Hwver, as additional 

channels are added, the !Mtchi.n3 Matrix Size raPidl~ expands to CUMber5ome 

li~its For e X W l &  to Provide full flexibility for  an eight channel 

SYStW H 

make tte 

Cons ider 

th only 16 relays. Excessive Costs and circuit Packasins Pioble8E 

rela matrix approach unattractive fQr an eight channel nstem. 

n9 that p r e m t  encodins desisns of etirulator srsterrs do not 

rwuire the.abi I ity to change electrode cOnf isurations during StimlatiOn, a 

different electrode fielec;iuR xhe has been adopted for tte RTI design. 

EswntiaiIY1 a 'wor/Practical man's' witching matrix is Utilized. 

This consists of a fe@aler Panel-awn+&r multi-Pin connector (Miniature 

Blue Ribbon SRCifical IY) which has on one side the &puts fm the current 

stisulators and on the Other Side the lines to the Patient electrode 

disconnect relays. Electrode configurations are easily selected by Plussins 

in a mating lnak connectorr whose Pin5 have been aPProPriatelY i u m r e d  for 

tw resui red interconnections. b i d  changes of electrode confisurations 

are achieved by simplY changing Pre-Mred Juaper Pluss. Extra Pins on the 

imwr pluss Bay be Hired so that the m p u t e r  may wrifr that the 
appropriate PIW is instal led for the Present Protocol. The iumPer PlWS 

make attractive ~ u l ~   hen standard cable hoods are instailed on the male 

pluss .  Jumper plugs  are identified bv nueer. 

Tke imwdance t ~ t i n s  feature of the interface has k e n  constructed SD 

that f u l l  flexibility of electrode interconnections is available for 

impedance Wsurewnts under Prosram controlr resardle5.s of the instal led 
$ 



Jumper configuration. This enables Smt checking of itnpedances between anr 

tNO electrodes during patient testing. 

W u I d  prmrar control of interconnections b muired at a later 

tin% an externallu-aKwmted switching circuit could be built and used 

instead of the Prewired iumer Plug. 

.. 
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Appendix 2 

Notes on Software Development f o r  t h e  Block-Diagran Compiler 

Content s : 

S t r u c t u r e  of Executive Header for Block-Diagram Compiler . . . . . .  49 

Funct ions  of Blocks f o r  Block-Diagram Compiler . . . . . . . . . . .  51 

Menus f o r  t h e  "DESIGC" Program . . . . . . . . . . . . . . . . . . .  52 

S t r u c t u r e  of Block Eieader f o r  Block-Diagram Compiler . . . . . . . .  54 

. 

48 



STRUCTURE OF EXECUTIVE HEADER FOB BLOCK-DIAGPAM COMPILER 

31 141 84 

SFREQ = sampling frequency;  
INP, = number of  g l o b a l  b locks  i n  t h e  system; 
INOUT = number of o u t p u t s  t o  be  w r i t t e n  t o  t h e  d i s k  

execu t ive  f i r s t  a s k s  f o r  t h e  des ign  it: 

ACCEPT 'ENTER DESIGN # ' ,IDS11 

and then IDSN i s  used t o  open f i l e  DESIGNXXX (us ing  program GENAKE), t o  read  
i n  t h e  headers ;  

e x e c u t i v e  then  a s k s  f o r  t h e  source  of input  d a t a ,  and v e r i f y s  t h a t  t h e  
sampling r a t e s  a r e  t h e  same; i f  n o t  t h e  sampling r a t e  of t h e  input  i s  
conve r t ed  t o  t h e  sampling r a t e  of t h e  s imula t ed  system u s i n g  c a l l s  t o  
INTERPOLATE and DOWNSAMPLE; 

once t h e  input  i s  s p e c i f i e d  (and i t s  sampling r a t e  a d j u s t e d ,  i f  necessa ry ) ,  
t h e  e x e c u t i v e  p rocesses  d a t a  i n  256-word b l o c k s  f o r  f a s t  r e a d s  and wri tes  t o  
cont igous  f i l e s  on t h e  d i s k ;  

a s y s t e m  i s  s imula t ed  by m u l t i p l e -  pas ses  through t h e  b locks ,  where, i n  each 
pass ,  t h e  e x e c u t i v e  a sks  i f  t h e  input (s )  t o  t h a b l o c k  have  been computed; i f  
so,  a sks  i f  t h e  ou tpu t ( s )  have  been computed. I f  bo th  i n p u t s  and o u t p u t s  
have  been computed, t h e  e x e c u t i v e  goes t o  t h e  next  b l o c k  and a sks  t h e  same 
ques t ions .  I f  t h e  inpu t  has  been computed and t h e  output  has  no t  been 
computed, t h e  output  i s  computed. F i n a l l y ,  i f  t h e  input  has  no t  been 
computed, c o n t r o l  aga in  goes t o  t h e  next  b l o c k  i n  t h e  chain.  M u l t i p l e  
pas ses  through t h e  network a s s u r e s  computation of a l l  i n p u t s  and o u t p u t s  of 
a l l  b locks  f o r  p h y s i c a l l y - r e a l i z a b l e  systems. 

once a l l  computat ions have  been completed,  t h e  program loops  back and a sks  
f o r  ano the r  des ign  #, i n p u t ;  e t c .  

The "modify parameters" program a l s o  r eads  i n  DESIGMXXX, and a sks  t h e  u s e r  
which b l o c k s  a r e  t o  be modif ied ( t h i s  can be  s u b s t i t u t i o n  of ano the r  
f u n c t i o n  or changes i n  t h e  parameters ,  where t h e  parameters  a r e  presented  i n  
a menu d i s p l a y  so  t h a t  on ly  t h e  d e s i r e d  subse t  has  t o  be  modif ied)  

t h e  t o t a l  set  of programs w i l l  then  c o n s i s t  of t h e  fo l lowing:  

CPEXEC -- e x e c u t i v e  program f o r  b r i n g i n g  t h e  f o l l o w i n g  programs i n  memory 
v i a  o v e r l a y s  and v i r t u a l  o v e r l a y s ;  

SAMPLE -- sample speech and o t h e r  d a t a  w i t h  t h e  A I D  c o n v e r t e r ,  and s t o r e  
t h e s e  d a t a  on t h e  d i s k  i n  cont iguous f i l e s  wi th  i d e n t i f y i n g  
headers  ; 
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DESIGiJ -- des ign  a s igna l -p rocess ing  system, where feedback is  g i v e n  on t h e  
topo logy  of t h e  network and t h e  a t t r i b u t e s  of each b l o c k ,  and 
f a c i l i t i e s  a r e  p rov ided  f o r  c o r r e c t i n g  e r r o r s  and r e v i s i n g  t h e  
d e s i g n ;  

MODIFY -- see above; 
EXECUTE -- e x e c u t i v e  program f o r  s i m u l a t i n g  t h e  s ignal-pro 'cessing system on 

SHOWNTELL -- d i s p l a y  o u t p u t s  of t h e  s i g n a l - p r o c e s s i n g  system on t h e  RETRO- 

ASNELEC -- a s s i g n  e l e c t r o d e s  t o  r e c e i v e  d a t a  from ou tpu t  f i l e s  of t h e  
s i g n a l - p r o c e s s i n g  system, and t r ans fo rm t h e s e  d a t a  i n t o  t h e  
format f o r  c o n t r o l  of t h e  hardware i n t e r f a c e  between t h e  E c l i p s e  
and e l e c t r o d e s ;  

a "once-per-clock-tick" b a s i s ;  s e e  above f o r  d e t a i l s ;  

GRAPHICS d i s p l a y ,  o r  o v e r  t h e  D/k c o n v e r t e r ;  

TEST -- send d a t a  out  t o  t h e  e l e c t r o d e s  from t h e  f i l e  prepared by program 
ASNELEC; a l s o  p r o v i d e  ways t o  make impedance measurements and t o  
v e r i f y  t h a t  t h e  proper  e l e c t r o d e - s e l e c t i o n  plug is i n  p l a c e  f o r  t h e  
p r e s e n t  t es t  and p a t i e n t  

a good s a y  t o  p r o v i d e  communication between t h e s e  programs i s  v i a  CHAINS so 
t h a t  t hey  do n o t  have  t o  be o rgan ized  as o v e r l a y s ;  i n  t h i s  way, each program 
can be c a l l e d  a s  a stand-alone save  f i l e .  

50 



FUIICTIOMS OF BLOCKS FOE BLOCK-DIAGPAM CONPILER 

3 /14/84  

number f u n c t i o n  

1 
2 

3 
4 
5 
5.5 

6 
7 

8 
9 

9.5 
10 

11 
1 2  
13 

14  

14.5 
15  
16 

f i l t e r  ( s p e c i f y  f i l t e r  t ype ;  e t c . )  
summer ( s p e c i f y  # o f  i npu t s ;  d a t a  type  -- i n t e g e r ,  r e a l  o r  

i n v e r t e r  ( s p e c i f y  d a t a  type)  
m u l t i p l i e r  ( s p e c i f y  d a t a  type)  
d i v i d e r  ( s p e c i f y  d a t a  type)  
window ( s p e c i f y  Hanning, Hamming, o r  extended cos ine  b e l l ;  

FFT ana lyze r  ( s p e c i f y  i' p o i n t s ;  computation of o u t p u t s ;  e t c . )  
LPC a n a l y z e r  ( s p e c i f y  f of c o e f f i c i e n t s ;  f requency 

r e c t i f i e r  ( full-wave o r  half-wave) 
p i t c h  e x t r a c t o r s  ( s p e c i f y  c e p s t r a l ,  non- l inea r  wave f o l l o w e r ;  

complex) 

and window l eng th )  

t r ans fo rma t ion  of  o u t p u t ;  e t c . )  

Go Id-Rabiner; Tucker-Bates; etc., and t h e  
a p p r o p r i a t e  parameters  f o r  each; format of 
ou tpu t :  p u l s e  t r a i n  o r  l e v e l )  

formant t r a c k e r s  ( s p e c i f y  type ;  a n a l y s i s  i n t e r v a i ;  e t c  .> 
compressors ( s p e c i f y  type  and parameters  -- look a t  Mark 

White 's  p a p e r  f o r  c l a s s e s )  
zero-crossing coun te r  ( c o u n t e r  i n t e r v a l ;  dead zone) 
l e v e l  d e t e c t o r  ( g i v e  t h r e s h o l d  €or a .TRUE. o u t p u t )  
one sho t  ( g i v e  l e v e l  f o r  t r i g g e r i n g ;  h y s t e r e s i s ;  p u l s e  

d u r a t i o n ;  a l s o  p r o v i d e  op t ion  f o r  b i p h a s i c  p u l s e  
gene ra t ion ,  where each phase i s  s e p a r a t e l y  
s p e c i f i e d )  

swi tch  ( c l o s e d  i f  l o g i c  input  i s  .TRUE. and open i f  l o g i c  
input  i s  .FALSE.) 

peak p i c k e r  ( s p e c i f y  a n a l y s i s  i n t e r v a l )  
f l i p - f l o p  ( s p e c i f y  i n i t i a l  s t a t e )  
o t h e r  r u l e s  t o  be  added 

MOTE: a l l  f u n c t i o n s  a r e  s t o r e d  i n  s igna l -p rocess ing  l i b r a r y  s o  t h a t  o n l y  
t h e  f u n c t i o n s  r equ i r ed  t o  implement a g i v e n  des ign  w i l l  be  c a l l e d  
i n t o  core .  

, 
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NEfJUS FOR THE "DESIGN" PROGRAM 

3130184 

T w o  s c reens  a r e  presented  t o  a l l o w  t h e  u s e r  t o  s e l e c t  f u n c t i o n s  f o r  b l o c k s  
i n  t h e  block-diagram compiler.  The f u n c t i o n s  now incorpora ted  a r e  a 
supe r se t  of t h e  f u n c t i o n s  l i s t e d  on t h e  p rev ious  page 2nd p rov ide  t h e  t o o l s  
t o  s p e c i f y  many ( i f  no t  a l l )  r ea sonab le  des igns  of speech p rocesso r s  f o r  
a u d i t o r y  pros theses .  The l a y o u t s  of s c reens  1 and 2 are ind ica t ed  below: 

Screen 1 

ENTER ONE OF THE 

MODULE CATEGORY 

D S P  : 

S P E E C H  A N A L Y S I S :  

S I G N A L  SOURCE : 

ElATH OPERATIONS : 

OTHER : 

FOLLOWING O P T I O N S  FOR THE FUNCTION OF ELOCK g: 

O P T I O N  

1 =  
2 =  
3 =  
4 =  
5 =  
6 =  
7 =  
8 =  
9 =  

10 = 
11 = 
12 = 
13 = 
14 = 
15  = 
16 = 

1 7  = 

FUNCTION 

F I L T E R  
FFT ANALYZER 
CEPSTRUM ANALYZER 
WINDOW 
L P C  ANALYZER 
F O R M K T  TRACKER 
P I T C H  EXTRACTOR 
N O I S E  GENERATOR - 
SIhT/COS GENERATOR 
P U L S E - T R U E  GENERATOR 
D I S K  F I L E  
SUNNER 

D I V I D E R  
LOGARITHPIIC CALCULATOR 
INTEGRATOR 

MULTIPLIER/INVERTER 

SHOW REMAINING O P T I O N S  

ENTER O P T I O N  > 

, 

5 2  



Screen 2 

ENTER ONE O F  THE FOLLOWING O P T I O M S  FOR THE F U N C T I O N  OF BLOCK E: 

MODULE CATEGORY O P T I O N  

C I R C U I T  F C N S  : 18 = 
19 = 
20 = 
21 = 
22 = 
23 = 
24 = 
25 = 
26 = 
27 = 

OTHER : 2 8  = 
29 = 
30 = 
31 = 
32 = 
33 = 
34 = 

F U N C T I O N  

CONPRESSOR 
ZERO-CROSSING COUNTER 
PEAK DETECTOR 
WINDOW COMPARATOR 
L E V E L  COIIPAP&TOR 
ONE SHOT (l lONOSTABLE K U L T I V I B R A T O R )  
F L I P - F L O P  
SWITCH 
R E C T I F I E R  
U N I T  DELAY OPERATOR 

READ SUBSYSTEM FOR P R E S E h T  BLOCK FROM ANOTHER D E S I G N  
S E L E C T  A USER-DEFINED RULE 
I D E N T I F Y  A USER-DEFINED RULE 
SHOW TOPOLOGY O F  P R E S E N T  S Y S T E N  
RETURN T O  P R E V I O U S  SCREEN 
R E V I S E  A BLOCK 
E X I T  FROM D E S I G N  PROGRAII 

ENTER O P T I O N  > 
b 

, 
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I B I L  = 
I B F L  = 
I B C L  = 
I F U N C  = 

I N I N  = 
I N 1  = 

. 
I N N  = 
I C N l  = 

I C m  = 
I N O U T  = 
I C 0 1  = 

STRUCTURE O F  BLOCK HEADER FOR BLOCK-DIAGPAM C O M P I L E R  

31141 84 

b lock  l e n g t h  f o r  i n t e g e r  v a l u e s ;  
block l e n g t h  f o r  f loa t ing -po in t  v a l u e s ;  
block l e n g t h  f o r  complex v a l u e s ;  
b l o c k  f u n c t i o n  (e.g., = 1 f o r  f i l t e r ;  = 2 f o r  summer; = 3 f o r  
i n v e r t e r ;  = 4 f o r  m u l t i p l i e r ;  = 5 f o r  d i v i d e r ;  e t c . )  
number of  i n p u t s ;  
input  1 ( = 0 f o r  rap7 input  from d i s k ;  = b l o c k  :;/output i f ,  i n  t h e  
two b y t e s ,  f o r  i n t e rmed ia t e  i n p u t s )  ; 

input  M; 
f l a g  f o r  computation of  input  1 ( = 0 i f  t h i s  i npu t  has  no t  been 
computed and = 1 i f  t h i s  input  has been computed, and 
au tomat i ca l ly  set t o  1 i f  input  B i s  0) ;  

f l a g  f o r  computation of  input  N; 
number of o u t p u t s  
f l a g  f o r  computation of  ou tput  !. ( = 0 i f  t h i s  ou tput  has been 
computed and = 1 i f  n o t ) ;  . 

I C O N  = f l a g  f o r  computation of ou tput  N ;  
It701 = f l a g  f o r  w r i t i n g  o u t p u t  1 t o  d i s k  ( = 0 f o r  no w r i t e ;  = 1 f o r  

w r i t e )  ; 

. 
IWON = f l a g  f o r  w r i t i n g  output  N t o  d i s k ;  
I I P N  = number of  i n t e g e r  parameters  f o r  t h i s  f u n c t i o n  b lock;  
I P A R A M l  = i n t e g e r  parameter 1 of f u n c t i o n  b lock;  

IPARAMN = i n t e g e r  parameter  M of f u n c t i o n  b lock;  
I I W O R D S  = number of s t o r a g e  Locat ions r e s e r v e d  f o r  working a r ray  of i n t e g e r  

IARAY = 
v a l u e s  f o r  f u n c t i o n  b lock;  
i n t e g e r  array of  dimension I I W O R D S ;  

I F P N  = number of f loa t ing -po in t  parameters  f o r  t h i s  func t ion  b lock;  
FPAPA-Il = f loa t ing -po in t  parameter  1 of f u n c t i o n  b lock;  

FPARAMN = f loa t ing -po in t  parameter  M of func t ion  b lock;  
IFWORDS = number of s t o r a g e  l o c a t i o n s  r e s e r v e d  f o r  working a r r a y  of  

FAFAY = f loa t ing -po in t  a r r a y  of dimension IFWORDS;  
f l o a t i n g - p o i n t  v a l u e s  f o r  f u n c t i o n  b lock;  
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