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I .  In t roduct ion  

The purpose of t h i s  p r o j e c t  is t o  design and e v a l u a t e  speech processors  

f o r  aud i to ry  prostheses .  I d e a l l y ,  t h e  processors  w i l l  extract  (or p re se rve )  

from speech those  parameters t h a t  are 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 then  

a p p r o p r i a t e l y  encode  t h e s e  parameters 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  

aud i to ry  nerve.  Work i n  t h e  present  q u a r t e r  included t h e  following: 

1. F u r t h e r  d e v e l o p m e n t  o f  hardware  and s o f t w a r e  f o r  tests w i t h  o u r  

n e x t  p a t i e n t ,  t o  be  i m p l a n t e d  a t  t h e  Duke U n i v e r s i t y  M e d i c a l  

Center on 10/24/85; 

2.  Completion of t h e  labora tory  a t  Duke fo r  t h e s e  tests: 

3. I n i t i a l  development of hardware/software l i n k s  t o  synchronize t h e  

ou tpu t s  of our  computer-simulated speech processors  t o  t h e  v ideo  

d i s p l a y s  of l i p read ing  tests (developed a t  t h e  Un ive r s i ty  of Iowa 

and a t  S tanford  Un ive r s i ty ) ,  f o r  u se  i n  comparative measurements 

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

speech processor ,  and speech processor  a lone:  

4 .  Prepara t ion  f o r  our  annual  p re sen ta t ion  a t  t h e  Neural P ros thes i s  

Workshop and f o r  t h r e e  a d d i t i o n a l  p re sen ta t ions  a t  t h e  38th ACEMB 

and 8 t h  IEEE-EMBS Meetings: and 

5. Con t inued  d e v e l o p m e n t  of e n s e m b l e  mode l s  of t h e  s p a t . i a 1  a n d  

temporal p a t t e r n s  of neura l  d i s c h a r g e  produced  by i n t r a c o c h l e a r  

e lec t r ica l  s t imu la t ion .  

In  t h i s  r e p o r t  w e  w i l l  p resent  i n i t i a l  r e s u l t s  from t h e  s i m p l e s t  of our  

e n s e m b l e  mode l s  ( p o i n t  5 a b o v e ) .  These  r e s u l t s  s u g g e s t ,  i n  p a r t ,  t h a t  

c o n t r o l  of t h e  f i n e  temporal s t r u c t u r e  of d i scharges  i n  t h e  e l e c t r i c a l l y -  

evoked neura l  v o l l e y  may provide  improved coding of fundamental a t t r i b u t e s  

of t h e  aud i to ry  s t imu lus  such as frequency and i n t e n s i t y .  I n  addi t ion ,  t h e  

model i l l u s t r a t e s  e f f e c t s  of (a) manipulat ion of p u l s e  parameters on n e u r a l  

r e s p o n s e  f i e l d s ;  ( b )  s i m u l t a n e o u s  s t i m u l a t i o n  of a d j a c e n t  c h a n n e l s  i n  a 

, 
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mu1 tichannel electrode array; and (c) a heterogeneous neural population on 
response fields elicited by bipolar and monopolar stimulation. Finally, 
model results suggest ways in which good performance might be obtained in 
certain "star" patients with single-channel devices or with multichannel 
devices using monopolar electrodes. 

Further description of the activities indicated in points 1 and 3 above 
is deferred for now, but will be presented in future reports. 

, 
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11. Ensemble Models 

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

s p a t i a l  and temporal p a t t e r n s  of n e u r a l  responses produced by in t r acoch lea r  

e l e c t r i c a l  s t i m u l a t i o n .  A 1  1 of t h e  "ensemble models"  t o  be p r e s e n t e d  

a c t u a l l y  c o n s i s t  of two models :  one t o  d e s c r i b e  t h e  f i e l d  p a t t e r n s  

generated by in t r acoch lea r  e l e c t r o d e s  and t h e  o the r  t o  desc r ibe  t h e  neu ra l  

r e s p o n s e s  evoked  by t h e  imposed e l e c t r i c  f i e l d s .  T a b l e  1 l i s t s  t h e s e  

e l e m e n t s  f o r  t h r e e  ensemble  models  i n  an  o r d e r  of  i n c r e a s i n g  model 

complexity. The s imples t  ensemble  model c o u p l e s  a n  e x p o n e n t i a l - f a l . 1 o f f  

model of f i e l d  p a t t e r n s  with a mathematical desc r ip t ion  of s t rength-durat ion 

c u r v e s  f o r  i n t r a c o c h l e a r  e l e c t r i c a l  s t i m u l a t i o n .  T h i s  combined model 

(ensemble model 1) provides  a powerful t o o l  f o r  demonstrating bas i c  p a t t e r n s  

o f  n e u r a l  r e s p o n s e s  evoked  by a wide r a n g e  of e l e c t r o d e s  and s t i m u l i .  I n  

a d d i t i o n ,  it s t a n d s  on a f i r m  f o u n d a t i o n  of  p r e v i o u s  work i n  which t h e  

e x p o n e n t i a l - f a l l o f f  model was used  (see, e.g., B l a c k  and  C l a r k ,  1980; 

Merzen ich  and Whi te ,  1977; O'Leary et  a i . ,  1985) and i n  which measurements 

of s t rength-dura t ion  r e l a t i o n s h i p s  were made for var ious  conf igura t ions  of 

i n t r a c o c h l e a r  e l e c t r o d e s  ( L o e b  2; a i . ,  1983; v a n  d e n  H o n e r t  a n d  

Stypulkowski,  1984). Ensemble model 1 is the re fo re  broadly  a p p l i c a b l e  t o  

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

r e s p o n s e  f i e l d s  w i t h o u t  i n v o k i n g  a l o n g  l i s t  of  a s sumpt ions .  However, 

comparison of r e s u l t s  produced by model 1 and p re l imina ry  ve r s ions  of t h e  

more-complex models  l i s t e d  i n  T a b l e  1 d e m o n s t r a t e s  t h a t  model 1 does  n o t  

p r e d i c t  po ten t i a l ly - impor t an t  d e t a i l s  of t h e  response f i e l d s ,  a t  least f o r  

some condi t ions  of s t i m u l a t i o n  with t h e  UCSF e l e c t r o d e  a r ray .  The primary 

d e f i c i t s  of model 1 are  t h a t  (1) t h e  f i e l d  model d o e s  n o t  d e s c r i b e  t h e  

complex v o l t a g e  p r o f i l e s  l i k e l y  t o  be imposed a l o n g  d e n d r i t e s  and axons f o r  

s p a t i a l l y - s e l e c t i v e  e l e c t r o d e  a r r a y s  and (2)  t h e  neu ra l  model assumes t h a t  

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

a spec t  of s t i m u l a t i o n  when, i n  f a c t ,  both v o l t a g e  g r a d i e n t s  and amplitudes 

a c t i n g  a t  d i f f e r e n t  l o c a t i o n s  a long  coch lea r  neurons probably con t r ibu te  t o  

e x c i t a t i o n .  F i n a l l y ,  ensemble  model 1 is l i m i t e d  i n  t h a t  i t  can a c c o u n t  

o n l y  f o r  t he  f i r s t  neu ra l  v o l l e y  t o  a t r a n s i e n t  s t imulus ;  i t  cannot p r e d i c t  

t h e  t e m p o r a l  p a t t e r n s  of r e s p o n s e s  t o  s t e a d y - s t a t e  s t i m u l i  such a s  

s inuso ids ,  or t o  r e p e t i t i v e  t r a n s i e n t  s t i m u l i  f o r  r e p e t i t i o n  per iods much 

below 10 msec. 
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Table 1. Elements of Ensemble Models. 

ensemble 
model field model element 

1 exponential falloffs 

2 finite-difference, two- 
dimensiona 1 model of fie Ids 
produced by the UCSF array, in 
which voltage profiles 
along neurons are estimated by 
coupling spiral-plane results 
with transverse-plane results 

3 finite-element, three- 
dimensional model of fields 
produced within the entire 
cochlear volume by various 
electrode arrays, including 
the UCSF electrode array 

neural model element 

strength-duration curves 

modified McNeal model, in which 
the Frankenhauser-Huxley 
equations are used to describe 
node dynamics and in which 
membrane parameters appropriate 
for auditory nerve fibers are 
substituted for the original 
parameters of much-larger , 
uniform-diameter fibers 

extension of McNeal model, in 
which the finite impedances of 
myelin segments are represented 
and in which the node dynamics 
are altered to reflect those of 
mammalian fibers 

The next two levels of ensemble models listed in Table 1 address some 
of the deficiencies and limitations just mentioned for ensemble model 1. In 
particular, ensemble model 2 is designed to provide a closer approximation 
to events that probably occur in ears implanted with the UCSF electrode 
array. Voltage profiles along peripheral dendrites and central axons are 
estimated by coupling results from our finite-difference, spiral-plane model 
of field patterns (see QPR 5) with results from our transverse-plane model 
of field patterns (see QPR 2). The voltage profiles thus derived are then 

, 
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a p p l i e d  t o  t h e  e x t e r i o r  of  a mod i f i ed  McNeal model of  m y e l i n a t e d  n e r v e  

f i b e r s  (McNeal, 1976). In  t h i s  model t h e  Prankenhauser-Huxley equat ions are 

u s e d  t o  descr ibe  t h e  n o n l i n e a r  dynamics of  t h e  nodes  ( f o r  f r o g ,  a t  20" C ) ,  

and p a s s i v e  p rope r t i e s  of the nodes and node-to-node axoplasmic r e s i s t a n c e  

a r e  d e r i v e d  f r o m  m e a s u r e m e n t s  o f  a x o n  d i a m e t e r  a n d  n o d a l  l e n g t h .  

S u b s t i t u t i o n  of such measurements from aud i to ry  nerve  f ibers  (from cat, see 

Libernan and O l i v e r ,  1984) provides  a f i r s t  approximation t o  nodal membrane 

capac i tance  and r e s i s t ance ,  and t o  in te rnodal  r e s i s t ance ,  a t  d e n d r i t i c  and 

a x o n a l  s i tes .  Ensemble model 2 is t h e r e f o r e  l i k e l y  t o  be  u s e f u l  f o r  
determining t h e  probable  sites of nodes t o  f i r s t  e n t e r  r egene ra t ive  states 

with d i f f e r e n t  s t imu lus  waveforms and l e v e l s  of exc i t a t ion .  However, t h i s  

ensemble  model ,  l i k e  ensemble  model 1, c a n n o t  be used  t o  p r e d i c t  t h e  

t e m p o r a l  dynamics of  n e u r a l  r e s p o n s e s  beyond t h e  i n i t i a l ,  " f i r s t - p o p "  

response.  

Ensemble model 3 is t h e  most genera l  of t h e  l i s t e d  models i n  t h a t  it is 

designed t o  s imula t e  (a) the  e lectr ic  f i e l d  p a t t e r n s  produced by arbitrary 

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

cochlea  and (b) t h e  propagation of a c t i o n  p o t e n t i a l s  and temporal dynamics 

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

approximate those of mammalian f i b e r s  a t  37' C. The f i e l d  model i nc ludes  a 

f u l l  t h r e e - d i m e n s i o n a l ,  f i n i t e - e l e m e n t  r ep resen ta t ion  of i s o t r o p i c  (e.g., 

perilymph) and a n i s o t r o p i c  (e.g., aud i to ry  nerve  and bone) impedances i n  t h e  

ear. Impedance data  are o b t a i n e d  by d i g i t i z i n g  s t r u c t u r a l  o u t l i n e s  from 

t r a n s v e r s e  s e c t i o n s  of t h e  cochlea  w i t h  a d i g i t i z e r  pad, and then a s s ign ing  

known o r  estimated impedances t o  t h e  o u t l i n e d  s t r u c t u r e s .  Because many 

impedances c a n  o n l y  be estimated from measurements  of s imilar  s t r u c t u r e s  

elsewhere i n  t h e  body (e.g, bone), a lgor i thms f o r  s e n s i t i v i t y  ana lyses  are 

b u i l t  i n t o  t h e  model so t h a t  each  a s sumpt ion  c a n  be examined f o r  i t s  

p o t e n t i a l  impact on t h e  f i n a l  r e s u l t s .  

The neura l  model element of ensemble model 3 is a f u r t h e r  extension of 

t h e  McNeal model ,  i n  which t h e  f i n i t e  impedances of m y e l i n  segments  a re  
represented  and i n  which the  node dynamics are altered t o  ref lect  those of 

mammalian f i b e r s .  This extension a l l o w s  fo r  computation of n e u r a l  responses 

o t h e r  than s imple  p re th re sho ld  responses,  enab le s  observa t ion  of propagation 

of sp ike  a c t i v i t y ,  and permits t h e  s t u d y  of responses t o  complex, arbitrary 

s t i m u l i  o v e r  time (see QPR 4, s e c t i o n  111). Like  t h e  f i e l d  model ,  though,  

many p a r a m e t e r s  of t h e  e x t e n d e d  n e u r a l  model can  o n l y  b e  r o u g h l y  
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approximated. S e n s i t i v i t y  ana lyses  and d i r e c t e d  & v i v o  confirmations of 

model p r e d i c t i o n s  are t h e r e f o r e  e s s e n t i a l  for meaningful i n t e r p r e t a t i o n  of 

t h e  r e s u l t s .  Such ig v i v o  s t u d i e s  a re  p l a n n e d  and  a l g o r i t h m s  f o r  

s e n s i t i v i t y  ana lyses  are b u i l t  i n t o  t h e  neura l  model. 

As i n d i c a t e d  i n  t h e  p r e v i o u s  p a r a g r a p h s ,  each  of t h e  t h r e e  ensemble  

mode l s  h a s  i t s  a d v a n t a g e s  and d i s a d v a n t a g e s .  These  a d v a n t a g e s  and  

d isadvantages  are summarized i n  Table 2. In g e n e r a l ,  model complexity and 

number  o f  a s s u m p t i o n s  i n c r e a s e  w i t h  mode l  number. To i l l u s t r a t e  

a p p l i c a t i o n s  of ensemble models, w e  w i l l  review i n  t h e  next  s e c t i o n s  r e s u l t s  

obtained from ensemble model 1. As w e  w i l l  show, t h e s e  r e s u l t s  are use fu l  

f o r  v i s u a l i z i n g  t h e  g e n e r a l  s h a p e s  of r e s p o n s e  f i e l d s  produced by 

i n t r a c o c h l e a r  e l e c t r i c a l  s t i r n u l a t i o n  a n d  f o r  c o n d u c t i n g  “ though t  

experiments” on under ly ing  mechanisms of percept ion with c o c h l e a r  implants.  

E l u c i d a t i o n  of d e t a i l s  i n  t h e  r e s p o n s e  f i e l d s ,  and  of  long-term temporal 

p a t t e r n s  of  n e u r a l  d i s c h a r g e ,  r e q u i r e s  a p p l i c a t i o n  of t h e  more-complex 

models l i s t e d  i n  Tab le  1. R e s u l t s  from these  models w i l l  be presented i n  

f u t u r e  q u a r t e r l y  r e p o r t s .  

A .  Construct ion of a simple ensemble model 

As ment ioned  a b o v e ,  t h e  s i m p l e s t  o f  o u r  ensemble  models  c o u p l e s  a n  

e x p o n e n t i a l - f a l l o f f  model of f i e l d  p a t t e r n s  with a mathematical  desc r ip t ion  

of s t rength-dura t ion  cu rves  f o r  i n t r a c o c h l e a r  e l e c t r i c a l  s t i m u l a t i o n .  A 

basic o u t l i n e  of t h i s  combined model is presented i n  Fig.  1. F i r s t ,  i n  t h e  

t o p  p a n e l  t h e  magni tude  of t h e  e l e c t r i c  f i e l d  i s  p l o t t e d  as a f u n c t i o n  of 

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

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

e l e c t r o d e s ,  and i s  labe led  Pa on t h e  diagram. The s t i m u l u s  l e v e l  a t  t h e  

peak is labeled Sa, and l o c a t i o n s  and s t i m u l u s  l e v e l s  away from t h e  peak are 

labeled Pb, s b  and Pc, Sc. 

I n  t h e  m i d d l e  p a n e l  of P ig .  1 t h e  e f f e c t s  of t h e  s t i m u l u s  f i e l d  on 

i n d i v i d u a l  neurons are i l l u s t r a t e d .  Each neuron is described by a simple 

s t r e n g t h - d u r a t i o n  c u r v e ,  which spec i f i e s  t h e  minimum d u r a t i o n  of  a p u l s e  

required t o  e l i c i t  a neu ra l  response fo r  a g iven  s t i m u l u s  in t ens i ty .  For 
t h e  s t i m u l u s  f i e l d  shown, neuron  A i s  e x c i t e d  a t  time t,, neuron  B a t  t i m e  

, 
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Table 2.  Advantages and Disadvantages of the Ensemble Models Listed in Table 1. 

ensemble 
model advan tags 

1 broadly applicable to different electrode arrays: 
provides an overall picture of response fields, 
the general features of which are present in the 
predictions of models with far-greater complexity: 
computationally efficient, allowing for simulation 
of many conditions in a short period. 

2 provides an approximation of voltage profiles 
imposed along peripheral dendrites and central 
axons with the UCSF electrode array: allows for 
the identification of nodes likely to first enter 
regenerative states with different waveforms and 
and levels of excitation: allows for the 
computation of steady-state frequency responses 
and time constants of the excited nodes: allows 
for the simulation of effects produced by 
different patterns of neuron survival (e.g., for 
the loss of peripheral dendrites) 

3 broadly applicable to different electrode arrays 
and different patterns of neuron survival: 
multiple discharges from single neurons can be 
predicted for complex stimulus waveforms: complex 
neural phenomena such as "anodal  block, I' "anodal 
break" and "AP collision" can be predicted, as 
can changes in sites of excitation with different 
stimulus waveforms and different configurations 
of electrodes. 

disadvantages 

does not predict potentially-important details of 
response fields, primarily because ( a )  the field 
model does not account for the complex voltage 
profiles likely to be imposed along dendrites and 
axons for spatial ly-selective electrode arrays, 
(b) the neural model assumes that the amplitude 
of the electric field at a single point is the 
excitatory aspect of stimulation: also, the neural 
model can only account for "first-pop" responses 
to transient stimuli. 

cannot be applied to other electrode arrays, for 
which the heterogenicity and specific configura- 
tion of tissue impedances are likely to be 
important (e.g., for monopolar electrode arrays): 
the neural model is still crude in that it (a) can 
account only for "first-pop" responses and (b) may 
not accurately predict thresholds for mammalian 
nodes whose characteristics are at least somewhat 
different from the Frankenhauser-Huxley frog nodes 
used in the McNeal model: finally, the combined 
ensemble model 2 has a computational efficiency 
that is several orders of magnitude less than the 
efficiency of ensemble model 1. 

computational efficiency is much lower than the 
efficiencies of the simpler models above: many 
parameters of the complex models can only be 
roughly approximated, e.g., to (a) transform the 
parameters for low-temperature Frankenhauser- 
Huxley descriptions of frog-node dynamics to 
parameters for mammalian myelinated fibers of the 
inner ear, (b) account for end conditions at the 
last nodes and synaptic cleft of peripheral 
dendrites, and (c) specify the complicated pattern 
of impedance boundaries of tissues in the ear, 
when such boundaries and impedance values are only 
partly known. 
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Fig.  1. C o n s t r u c t i o n  of a s i m p l e  ensemble  model of n e u r a l  r e s p o n s e s  
evoked by i n t r a c o c h l e a r  e l e c t r i c a l  s t i m u l a t i o n .  The t o p  p a n e l  
shows a n  e x p o n e n t i a l  f a l l o f f  of e l e c t r i c  f i e l d s  for s u c h  
s t i m u l a t i o n ,  and  t h e  m i d d l e  p a n e l  shows how s t r e n g t h - d u r a t i o n  
cu rves  can be used t o  p r e d i c t  t h e  l a t e n c i e s  of neura l  responses to 
t h e  imposed f i e l d s .  A p l o t  of l a t e n c i e s  thus  d e r i v e d  is  presented 
i n  t h e  bot tom p a n e l .  T h i s  p l o t  i s  t h e  o u t p u t  of t h e  ensemble  
model and  p r e s e n t s ,  f o r  a g i v e n  se t  of model p a r a m e t e r s  and a 
g iven  condi t ion  of s t imu la t ion ,  t h e  l a t e n c i e s  and s p a t i a l  e x t e n t  
of evoked neura l  responses.  
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t b ,  and neuron  C a t  time tc. These times a re  t h e n  used  t o  c o n s t r u c t  t h e  

r e p r e s e n t a t i o n  o f  " l a t e n c y  f i e l d s "  i n  t h e  bot tom p a n e l  o f  F i g .  1. The 

"latency" of response is t h e  time a f t e r  p u l s e  onse t  t h a t  corresponds t o  t h e  

i n s t a n t  a t  which t h e  th re sho ld  of t h e  s t rength-dura t ion  curve  is crossed. 

Actual l a t e n c i e s  would be longer  than those  ind ica ted  because t h e  th re sho ld  

c ros s ing  o n l y  marks t h e  i n i t i a t i o n  of non-l inear  node dynamics t h a t  l ead  t o  

s p i k e  d i s c h a r g e .  However, t h e  forms  of t h e  a c t u a l  l a t e n c y  f i e l d s  w i l l  

approximate t h e  forms of t h e  " la tency" f i e l d s  shown i n  t h e  bottom panel of 

Fig.  1. 

A s  one might expect ,  a p a r a b o l i c - l i k e  p r o f i l e  of l a t e n c i e s  is produced 

by s t i m u l a t i o n  with monophasic, r ec t angu la r  pu lses .  That is, as d i s t ance  

from t h e  s t i m u l a t i n g  e l e c t r o d e  (or  e l e c t r o d e  p a i r )  i nc reases ,  t h e  electric 
f i e l d  f a l l s  o f f  and t h e  neurons a t  these  l o c a t i o n s  are s t imu la t ed  f u r t h e r  

and f u r t h e r  o u t  a l o n g  t h e i r  s t r e n g t h - d u r a t i o n  c u r v e s .  U l t i m a t e l y ,  t h e  

s t r e n g t h  of t h e  cu r ren t  f i e l d  f a l l s  below th re sho ld  ( f o r  t h e  dura t ion  of t h e  

p u l s e )  and n e u r o n s  a t  l o c a t i o n s  more d i s t a n t  t h a n  t h i s  p o i n t  are not 
s t imula ted .  These boundaries of t h e  e x c i t a t i o n  f i e l d ,  i n  t h e  two d i r e c t i o n s  

beyond t h e  e l e c t r o d e  p o s i t i o n ,  are marked by v e r t i c a l  dashed l i n e s  i n  t h e  

bottom panel of F i g .  1 and by v e r t i c a l  do t t ed  l i n e s  i n  subsequent f igu res .  

Useful a p p l i c a t i o n  of t h e  s imple  ensemble model j u s t  descr ibed r equ i r e s  

good estimates of (a) t h e  space cons tan ts  of e l e c t r i c - f i e l d  f a l l o f f s  f o r  

d i f f e r e n t  c o n f i g u r a t i o n s  of  i n t r a c o c h l e a r  e l e c t r o d e s  and ( b )  v a l u e s  of 

r h e o b a s e  and c h r o n a x i e  f o r  a u d i t o r y  neu rons  e x c i t e d  by t h e s e  d i f f e r e n t  

e l e c t r o d e s .  F a l l o f f s  i n  t h e  e l e c t r i c  f i e l d s  produced by i n t r a c o c h l e a r  

e l e c t r o d e s  h a v e  b e e n  m e a s u r e d  d i r e c t l y  o r  i n d i r e c t l y  by s e v e r a l  

i n v e s t i g a t o r s  (e.g., Black and Clark ,  1980; Merzenich and White, 1977). The 

r e s u l t s  of these  s t u d i e s  are summarized i n  Fig.  2, which a l s o  presents  model 

c a l c u l a t i o n s  f o r  t h e  measured s p a c e  c o n s t a n t s .  I n  g e n e r a l ,  monopolar 

s t i m u l a t i o n  produces a p e r v a s i v e  spread of cu r ren t  throughout t h e  s t imula ted  

ear  ( s p a c e  c o n s t a n t  = 13 m m )  and " w e 1  l - p o s i t i o n e d , "  r a d i a l l y - o r i e n t e d  

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

(space cons tan t  = .87 mm). The range of space cons tan ts  f o r  l ong i tud ina l ly -  

o r i en ted  b i p o l a r  e l e c t r o d e s  l i e s  between these  two extremes ( t y p i c a l  space 

c o n s t a n t  = 2.6 m m ) .  

-_  -.- - - -  _ _ -  

. _._____ 

Although va r ious  (and sometimes q u i t e  d i f f e r e n t )  techniques were used 

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

, 
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byBlaclrandClark 

F i g .  2 .  S i m p l e  model of e l e c t r i c  f i e l d s  produced by in tracoch lear  
e l e c t r o d e s .  Space cons tants  f o r  exponent ia l  f a l l o f f  i n  t h e  
modeled f i e l d s  range from .87 m m  t o  13.0 mm. As ind ica ted  a t  t h e  
bottom of t h e  f i g u r e ,  t h e s e  v a l u e s  correspond t o  those  measured 
f o r  var ious  arrangements and types  of  e l e c t r o d e s  i n  the  scala 
tympani. 

, 



bottom panel of Fig. 2 ,  results of a recent study conducted by van den 
Honert and Stypulkowski (1985) have largely confirmed the findings of all 
these older studies. That is, in plots of single-unit thresholds versus 
characteristic frequency (which corresponds to the position of the unit's 
termination along the cochlear partition) for auditory nerve fibers, van den 
Honert and Stypulkowski find (a) a sharp drop in the thresholds of units in 
a highly-restricted region (approximately 1 mm) along the cochlear partition 
for radial bipolar stimulation, (b) a broad, sometimes multimodal. drop in 
thresholds with respect to cochlear position for longitudinal bipolar 
stimulation, and (c) essentially no spatial selectivity for monopolar 
stimulation. The space constants and falloff patterns presented in Fig. 2 

are consistent with these findings, except that the excitatory aspect of the 
fields produced by longitudinal bipolar stimulation is not we1 1-described by 
a simple exponential-falloff model. 

While the specification of space constants for  monopolar and radial 
bipolar stimulation is relatively straightforward, specification of rheobase 
and chronaxie can be complicated. Strength-duration curves for neurons 
stimulated by constant-current pulses delivered to intracochlear electrodes 
have been measured by Loeb EL. (1983) and by van den Honert and 
Stypulkowski (1984). Because measures of chronaxie and rheobase depend 
complexly on the voltage profiles imposed along the neuron by different 
t y p e s  and orientations of electrodes (McNeal and Teicher, 1977; Ranck, 
: 9 7 5 ) ,  these measurements are subject to a spatial sampling error for 
selective electrode arrays. To illustrate, Fig. 3 shows the chronaxies and 
rheobases found for 18 units responding to intracochlear stimulation in the 
study of van den Honert and Stypulkowski (1984, data from their Table 1, cat 
179). The electrode used was an offset bipolar pair in the general 
configuration of such pairs in the Vienna electrode array (Hochmair-Desoyer 
and Hochmair, 1980). Excitation of bipolar electrodes in this configuration 
would be expected to produce a complex field pattern in the ear, with 
regions of relatively-sharp voltage gradients along peripheral dendrites 
(see our QPR 2 ,  Fig. 4c). Inasmuch as sharp gradients along the dendrites 
are likely to lead to excitation at dendritic sites, and inasmuch as the 
chronaxies of dendritic stimulation are likely to be longer (maybe much 
longer) than the chronaxies of axonal stimulation. the rheobases and 
chronaxies measured with the Hochmair-type electrode are likely to reflect 
the heterogeneity of the electric field patterns. Specifically, one might 
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Fig.  3. Chronaxie  and rheobase  d a t a  r e p o r t e d  by v a n  den  Honert  and  
Stypulkowski (1984) fo r  i n t r a c o c h l e a r  e l e c t r i c a l  s t i m u l a t i o n  of 
aud i to ry  ne rve  f i b e r s .  The b i p o l a r  p a i r s  of e l e c t r o d e s  used for 
s t i m u l a t i o n  were similar t o  t h o s e  d e s c r i b e d  by Hochmair-Desoyer 
and Hochmair (1980). The leas t - squares  r eg res s ion  1 i n e  r e l a t i n g  
r h e o b a s e  t o  c h r o n a x i e  h a s  a s l o p e  o f  -1.44 and  a n  i n t e r c e p t  of 
426.3. The c o r r e l a t i o n  is s i g n i f i c a n t  a t  t h e  ,002 l e v e l  ( t  = 
-3.86; dP = 14). 



expect low values of rheobase and high values of chronax'ie for neurons whose 
peripheral dendrites lie along sharp radial gradients in the electric field, 
and expect the opposite for neurons whose peripheral dendrites lie along 
gradual radial gradients in the electric field. The gradual radial 
gradients would induce currents through both axonal and dendritic nodes, 
producing an intermediate value of chronaxie, while sharp gradients would 
increase current flow through dendritic nodes, producing a long chronaxie. 

To return now to the data of van den Honert and Stypulkowski, we see 
the expected relationship between rheobase and chronaxie in Fig. 3. Units 
with high values of rheobase have low values of chronaxie, and units with 
low values of rheobase have high values of chronaxie. The correlation of 
rheobase and chronaxie is significant at the -002 level ,(t = -3.86; dP = 14; 

slope and intercept of the regression line = -1.44 and 426.3, respectively). 
If the dendrite of the unit with a rheobase of about 20 lies close t o  the 
sharpest gradient in the electric field, then a chronaxie of 600 usec might 
be a good estimate of chronaxies of all units in this "sharp field" region. 
This chronaxie is much higher than the average of chronaxies presented in 
Fig. 3 (276 + or - 104 usec). Obviously, a peaked profile of chronaxies 
might exist over each electrode or electrode pair of a spatially-selective 
electrode array, and the peak in the profile could easily be missed in the 
limited samples reported in the available single-unit studies. Therefore, 
chronaxies of neurons lying "in the middle" of spatial ly-selective 
excitation fields may be greater than the longest chronaxie reported by van 
den Honert and Stypulkowski, and are almost certainly much greater than the 
average chronaxie values reported. 

The spatial sampling problem just described also complicates the 
interpretation of results published by Loeb et gl. (1983). They monitored 
neural responses from large spherical cells in the low-frequency portion of 
the anteroventral cochlear nucleus (AVCN). The stimuli were delivered by 
spatial ly-selective bipolar pairs of electrodes positioned about halfway 
around the basal turn in the scala tympani. The dendrites lying in sharp- 
gradient regions of the fields produced by these electrodes would be those 
of units with high characteristic frequencies (i.e., units innervating hair 
cells of the basal turn have high C P s ) ,  while the units associated with the 
monitored AVCN cells had low characteristic frequencies. It is thus highly 
likely that the chronaxies reported by Loeb et a. (for 5 studied units) do 
not reflect the chronaxies that would be found for units whose dendrites 

, 
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were i n  a s p a t i a l l y - s e l e c t i v e  r e g i o n  of t h e  e l e c t r i c  f i e l d .  Indeed ,  one  

migh t  e x p e c t  "up-turn" a x o n a l  s t i m u l a t i o n  f o r  t h e  low-CF u n i t s  s t u d i e d  

in s t ead  of s t i m u l a t i o n  a t  t h e  more-distant dendr i tes .  In  such a case,  t h e  

c h r o n a x i e  measured f o r  b i p o l a r  s t i m u l a t i o n  would be c o n s i s t e n t  w i t h  

e x c i t a t i o n  of a x o n a l  nodes  and t h e  c h r o n a x i e  measured f o r  monopolar  

s t i m u l a t i o n  (not  s p a t i a l l y  s e l e c t i v e )  would be cons i s t en t  with e x c i t a t i o n  of 

b o t h  d e n d r i t i c  and a x o n a l  nodes ,  a s  o u t l i n e d  above .  For t h e  one  u n i t  f o r  

which a compar ison  between t h e s e  modes of s t i m u l a t i o n  was made, t h e  

c h r o n a x i e  f o r  b i p o l a r  s t i m u l a t i o n  was 100 u s e c  and t h e  c h r o n a x i e  f o r  

monopolar s t imu la t ion  w a s  310 usec. The large d i f f e rence  i n  chronaxies. for 

b i p o l a r  and monopolar  s t i r n u l a t i o n  emphas izes  t h e  impor t ance  -I_ of spatial 
a s p e c t s  of t h e  e l e c t r i c  f i e l d  on measurements of rheobase and chronaxie. 

An a d d i t i o n a l  c o m p l i c a t i o n  a s s o c i a t e d  w i t h  t h e  s p e c i f i c a t i o n  of 

rheobase and chronaxie f o r  model neurons is t h a t  there is s t rong  evidence of 

a c e n t r a l  s h i f t  i n  t h e  s i tes  of e x c i t e d  nodes w i t h  i n c r e a s e s  i n  s t i m u l u s  

i n t e n s i t y .  Tha t  is, f o r  a1  1 s t u d i e d  t y p e s  of e l e c t r o d e s  ( e x t r a c o c h l e a r ,  

monopolar; i n t r acoch lea r ,  monopolar; i n t r acoch lea r ,  b i p o l a r ) ,  Stypulkowski 

and van den Honert (1984) f i n d  a discont inuous,  downward s h i f t  i n  l a t e n c i e s  

of t h e  N1 wave i n  t h e  compound a c t i o n  p o t e n t i a l  evoked  by e l e c t r i c a l  

s t i m u l a t i o n .  They a t t r i b u t e  t h i s  s h i f t  t o  d i f f e r e n c e s  i n  t h e  s i tes  o f  

e x c i t e d  nodes  w i t h  d i f f e r e n t  l e v e l s  of s t i m u l a t i o n .  For  s t i m u l i  n e a r  

t h re sho ld  d e n d r i t i c  nodes are exc i t ed ,  r e s u l t i n g  i n  a N1 response latency of 
a b o u t  0.6 msec, and f o r  s t i m u l i  2- to-3 times a b o v e  t h r e s h o l d  a x o n a l  nodes 

are e x c i t e d ,  r e s u l t i n g  i n  a N1 response l a t ency  of about 0.3 msec. Similar 

s h i f t s  i n  l a t e n c y  are a l s o  found f o r  s i n g l e - u n i t  r e s p o n s e s  t o  t h e  same 

s t i m u l i  (van den Honert and Stypulkowski, 1984). I f  i n  f a c t  t h e s e  l a t ency  

s h i f t s  r e f l e c t  a c e n t r a l  p r o g r e s s i o n  o f  e x c i t e d  nodes ,  t h e n  a p p a r e n t  

chronaxies  of exc i t ed  neurons are l i k e l y  t o  d e c l i n e  (perhaps p rec ip i tous ly )  

with inc reases  i n  s t i m u l u s  i n t e n s i t y .  

To summarize t h e  preceding remarks on chronaxie and rheobase,  we make 

t h e  fol lowing observat ions:  

1. Reported v a l u e s  of rheobase and chronaxie are probably higher than 

a c t u a l  r h e o b a s e s  and lower  t h a n  a c t u a l  c h r o n a x i e s  f o r  neurons  

whose d e n d r i t e s  1 i e  i n  h igh - rad ia l -g rad ien t  reg ions  of electric 

f ie lds  produced by s p a t i a l l y - s e l e c t i v e  e l e c t r o d e s ;  

, 
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2.  Reported v a l u e s  of rheobase and chronaxie probably approximate t h e  

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

(e.g., monopolar e l e c t r o d e s ) ;  and 

3. " E f f e c t i v e  c h r o n a x i e s "  ( i .e . ,  t h e  e f f e c t i v e  time c o n s t a n t  of 

exc i t ed  nodes and in t e rnoda l  axoplasmic r e s i s t a n c e )  are l i k e l y  t o  

undergo a large reduct ion when s t imu lus  i n t e n s i t y  is increased 2 

or  3 times above t h e  u n i t ' s  th reshold .  

B. E f f e c t s  of pu lse  parameters on neura l  response f i e l d s  

To examine t h e  g e n e r a l  form of e f f e c t s  of  p u l s e  p a r a m e t e r s  on n e u r a l  

response f i e l d s ,  w e  have s p e c i f i e d  " typ ica l "  v a l u e s  f o r  t h e  space constant  

of t h e  e lectr ic  f i e l d  and f o r  t h e  rheobase and chronaxie of model neurons. 

The s p a c e  c o n s t a n t  u sed  i n  t h e  s i m u l a t i o n s  p r e s e n t e d  i n  t h i s  and t h e  nex t  
two s u b s e c t i o n s  i s  1.4 m m ,  c o r r e s p o n d i n g  t o  modera t e ly -we1  1 - p l a c e d  

e l e c t r o d e s  with t h e  r a d i a l  o r i e n t a t i o n  used i n  t h e  UCSF ar ray .  The va lues  

s e l e c t e d  f o r  r h e o b a s e  and c h r o n a x i e  a re  15 uA and 400 u s e c ,  r e s p e c t i v e l y .  

These v a l u e s  are t y p i c a l  of those  repor ted  by Loeb gi. f o r  t h e  condi t ions 

of b i p o l a r  s t i m u l a t i o n  descr ibed i n  t h e  preceding subsect ion.  Ef fec ts  of 

manipulat ing t h e  space cons t an t ,  rheobase and chronaxie w i l l  be presented i n  

l a t e r  s u b s e c t i o n s  of t h i s  r e p o r t .  F i n a l l y ,  i n  s u b s e c t i o n s  1I.F and G ,  w e  

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

f i e l d s  e l i c i t e d  by b i p o l a r  and monopolar s t imu la t ion .  The las t  subsect ion 

is one of concluding remarks, i n  which we w i l l  summarize observa t ions  from 

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

development and a p p l i c a t i o n  of ensemble models. 

The main e f f e c t s  of manipulat ions i n  p u l s e  ampl i tude  and durat ion on 

n e u r a l  r e s p o n s e  f i e l d s  are  i l l u s t r a t e d  i n  F i g .  4. I n  t h e  t o p  p a n e l  t h e  

a m p l i t u d e s  of 500  u s e c  p u l s e s  d e l i v e r e d  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  a re  

m a n i p u l a t e d  and i n  t h e  bot tom p a n e l  t h e  d u r a t i o n s  of 200 uA p u l s e s  a r e  

m a n i p u l a t e d .  The n e u r a l  r e s p o n s e  f i e l d s  produced by  t h e s e  s t i m u l i  a r e  

i n d i c a t e d  by t h e  c u r v e s  i n  each  p a n e l .  Note t h a t  o n l y  o n e - h a l f  of t h e  

response f i e l d s  is shown; for t h i s  model a symmetrical p a t t e r n  of responses 

i s  p r e s e n t  " t o  t h e  l e f t "  of t h e  e l e c t r o d e  o r  e l e c t r o d e  p a i r  a t  l o c a t i o n  

zero .  
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Pig. 4.  Response f i e l d s  of neurons excited by intracochlear electrodes, as 
predicted from simple models of the f a l l o f f s  i n  e l e c t r i c  f i e l d s  
produced by i n t r a c o c h l e a r  e l e c t r o d e s  and the  strength-duration 
curves of stimulated neurons. See text  for d e t a i l s .  



Manipulat ions i n  p u l s e  ampli tude produce e f f e c t s  l i k e  those  shown i n  

t h e  top  panel  of Fig.  4. For low-amplitude p u l s e s  a r e l a t i v e l y - s m a l l  patch 

of n e u r o n s  i s  e x c i t e d  and f o r  h i g h - a m p l i t u d e  p u l s e s  a b r o a d e r  p a t c h  of 

neurons is exc i ted .  However, t h e  increase  i n  t h e  ex ten t  of t h e  excitation 
f i e l d  i s  n o t  a l i n e a r  f u n c t i o n  of  p u l s e  a m p l i t u d e :  i ndeed ,  one can see a 
c l e a r  "compression" of  growth i n  t h e  e x c i t a t i o n  f i e l d  w i t h  i n c r e a s e s  in 
s t imulus  i n t e n s i t y .  

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

s h a p e  of  t h e  l a t e n c y  p r o f i l e  i s  d i f f e r e n t  f o r  l o w - i n t e n s i t y  and h igh-  

i n t e n s i t y  pu l ses .  Specif  ical l y ,  h igh- in tens i ty  p u l s e s  produce a r e l a t i v e l y -  

large f i e l d  of nearly-synchronous responses whi le  low-intensi ty  pulses  do 

no t .  I n  t h e  example  shown i n  t h e  t o p  p a n e l  of F i g .  4,  1000 u A  p u l s e s  

produce a highly-synchronous response f i e l d  f o r  neurons wi th in  a d is tance  of 

2.5  mm f r o m  t h e  e l e c t r o d e ( s ) .  As w e  w i l l  d e s c r i b e  i n  s u b s e q u e n t  

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

perceptua l  c o r r e l a t e s .  

S t imula t ion  with p u l s e s  of cons tan t  ampli tude but  of va r ious  durat ions 

a l s o  produces changes i n  t h e  width of t h e  e x c i t a t i o n  f i e l d ,  as shown i n  t h e  

bottom panel  of Fig. 4. Again, t h e  increase  i n  t h e  width of t h e  exc i t a t ion  

f i e l d  is  a non l inea r  func t ion  of charge ( i n  t h i s  ca se ,  of p u l s e  durat ion and 

i n  t h e  case  of t h e  t o p  pane l ,  of p u l s e  ampli tude) ,  and t h e  synchronici ty  of 

evoked  n e u r a l  a c t i v i t y  changes  as p u l s e  d u r a t i o n  changes.  For s h o r t -  1 

dura t ion  p u l s e s  a r e l a t i v e l y  synchronous f i e l d  is produced and f o r  long- 

dura t ion  p u l s e s  a long " ta i l "  of asynchronous a c t i v i t y  is "attached" to t h e  

r e g i o n  of synchronous  d i s c h a r g e s  i n  t h e  immediate  v i c i n i t y  of t h e  

e l e c t r o d e ( s ) .  

Because a1  1 t h e s e  s t i m u l i  p r o d u c e  re la t ive ly-synchronous  exc i t a t ion  

f i e l d s  i n  t h e  immediate  v i c i n i t y  of  t h e  e l e c t r o d e ( s ) ,  and because  o n l y  a 
smal l  f i e l d  of  e x c i t a t i o n  i s  l i k e l y  t o  be r e q u i r e d  t o  e l i c i t  a t h r e s h o l d  

response f o r  an implant  p a t i e n t ,  one might expect psychophysical th resholds  

t o  l i e  a l o n g  l i n e s  of cons tan t  charge f o r  i n t r a c o c h l e a r  s t imula t ion .  This  

e x p e c t a t i o n  is, i n  f a c t ,  l a r g e l y  bo rne  o u t  by t h e  r e s u l t s  o f  many s t u d i e s  

( s e e ,  e.g., M u l l e r ,  1983; S h a n n o n ,  1983). H o w e v e r ,  f o r  v a r i o u s  

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

e x t e n t s  of e x c i t a t i o n  can be q u i t e  d i f f e r e n t .  In  t h e  next  two subsect ions 

w e  w i l l  p r e sen t  some poss ib l e  consequences of t hese  d i f f e rences .  
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C.  Manipulation of latency profiles to code stimulus intensity 

The top panel of Fig. 5 shows the excitation fields predicted for 
constant-charge pulses of various amplitudes and durations. Decreases in 
duration (and increases in amplitude) produce broader, inore-synchronous 
response fields. One might therefore expect that, for suprathreshold 
stimuli, short-duration pulses would be louder than long-duration pulses of 
the same charge. In fact, this expectation is confirmed in tests with 
implant patients in that perceived loudness falls off rapidly as canstant- 
charge pulses are increased in duration from 0.1 t o  1.0 msec (Shannon, 
1983). In addition, these manipulations produce distinct changes in the 
quality of the perceived "sound" that are not the same as changes associated 
with simple decreases in the amplitudes of constant-duration pulses. 

These model predictions and psychophysical findings suggest that either 
the extent of the excitation field (or total number of neurons stimulated) 
or the synchronicity of input or both contribute to the percept of loudness. 
If synchronicity of input contributes to loudness, then manipulations of the 
type illustrated in the bottom panel of Fig. 5 would be useful for coding 
the intensities of sounds for auditory prostheses. That is, intensities 
could be coded, at least in part, by changing the synchronicity of discharge 
activity over a constant-width segment of the basilar partition. By keeping 
the "edges" of the excitation field at constant and "constrained" positions, 
the spatial resolution (and interactions between adjacent channels) of 
stimulation could be improved. Also ,  if both the extent of excitation and 
the synchronicity of input have effects on loudness, then both can be used 
to increase the number of discriminable steps of loudness perception. 
Specifical ly, if "substeps" of loudness can be coded with manipulations in 
synchronicity f o r  every useful step of loudness coded by extent of 

excitation, then the total number of steps could be increased beyond the 
number possible for stimulus schemes that do not exert independent control 
over synchronicity and extent of excitation. 

The idea of coding loudness by manipulation of latency fields is 
further illustrated in Pig. 6. Here, the waveforms of the stimuli delivered 
to intracoch lear el ectrodes are shaped to produce "f 1 at" 1 atency prof i 1 es 
across the excited patch of neurons. If both the extent of the excitation 
field and the synchronicity of input contribute to the percept of loudness, 
then percepts produced by such flat latency fields will be louder than the 
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Fig. 5 .  Top panel: I l l u s t r a t i o n  of response f i e l d s  produced by constant- 
charge p u l s e s .  Bottom pane l :  I l l u s t r a t i o n  of response f i e l d s  
produced by s t i m u l i  t h a t  maintain a c o n s t a n t  e x t e n t  of t h e  
excitat ion f i e l d .  Note the d i s t inc t  changes i n  the synchronicity 
of modeled discharge for  the response f i e l d s  i n  the bottom panel. 
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S T I M U L U S  HAVEFOREIS FOR 
R k I N T A I N I N G  F L M  LATEttCY P R O F I L E S :  

F i g .  6. I l l u s t r a t i o n  of s t i m u l u s  waveforms r e q u i r e d  t o  produce f l a t  
l a t e n c y  f i e l d s  w i t h i n  a r e s t r i c t e d  r e g i o n  of e x c i t a t i o n .  Top 
p a n e l  : Waveforms w i t h  v a r i o u s  i n i t i a l  ampl i tudes  (upper r i g h t ;  
see  t a b l e  f o r  waveform parameters) r e q u i r e d  t o  produce flat 
l a t e n c y  p r o f i l e s  with va r ious  a b s o l u t e  l a t e n c i e s  a t  the  pos i t i on  
d i r e c t l y  ove r  t h e  e l e c t r o d e ( s ) .  Bottom panel :  Waveforms with t h e  
same i n i t i a l  amp1 i t u d e  requi red  t o  produce f l a t  l a t ency  p r o f i l e s  
w i t h  t h e  same a b s o l u t e  l a t ency  a t  the  p o s i t i o n  d i r e c t l y  over t h e  
e l e c t r o d e ( s ) .  
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percepts  produced by t h e  c u r v i l i n e a r  la tency  f i e l d s  of Fig.  5 .  

S y n c h r o n i c i t y  and e x t e n t  o f  e x c i t a t i o n  can  a l s o  be c o n t r o l l e d  w i t h  

r e l a t i v e l y - s i m p l e  s t imu lus  waveforms. Obviously,  one would no t  want t o  have 

t o  genera te  waveforms as complex as those  shown i n  Pig.  6 f o r  t h e  ou tputs  of 

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

produces r e l a t i v e l y - f  l a t  l a t ency  p r o f i l e s  is a r i s ing  ramp. F a 1  ling-ramp 

s t i m u l i  can  a l s o  be used  t o  p roduce  a d i f f e r e n t  l a t e n c y  p r o f i l e  w i t h  

e s s e n t i a l l y  t h e  same ex ten t  of exc i t a t ion .  The predicted neura l  response 

f i e l d s  f o r  t h e s e  s t i m u l i  a re  shown i n  P ig .  7 .  As l o n g  as  t h e  l i m i t s  f o r  

s a fe  l e v e l s  o f  maximum c u r r e n t  are  n o t  exceeded ,  such  s t i m u l i  might  h a v e  

u s e f u l  a p p l i c a t i o n s  i n  aud i to ry  prostheses .  Also,  t hese  s t i m u l i  can be used 

i n  psychophysical tests t o  e v a l u a t e  t h e  h y p o t h e s i s  t h a t  s y n c h r o n i c i t y  of 

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

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

ramps is t h e  same as t h e  loudness of f a l l i n g  ramps of t h e  same charge, then 

t h e  h y p o t h e s i s  of s y n c h r o n i c i t y  of  i n p u t ,  as  j u s t  s t a t e d ,  w i l l  n o t  be 

supported.  

D. g n i p u l a t i o n  of la tency  p r o f i l e s  t o  code s t i m u l u s  frequency 

Much recent  evidence sugges ts  t h e  p o s s i b i l i t i e s  t h a t  t h e  frequencies  of 

sounds  may b e  encoded a t  t h e  normal  a u d i t o r y  p e r i p h e r y  by (1) large 

i n c r e a s e s  i n  t h e  r e l a t i v e  l a t e n c i e s  o f  neu rons  whose c h a r a c t e r i s t i c  

f requencies  correspond t o  t h e  f requencies  of components i n  t h e  s t imu la t ing  

sound, produced by t h e  r ap id  accumulation of phase lags ("phase shear") i n  

t h e  t e r m i n a l  r e g i o n s  of b a s i  lar-membrane d isp lacements  (see A 1  l e n ,  1983; 

Loeb et ai . ,  1983; Shamma, 1985a and 1985b) and (2) coincidence of temporal 

i n p u t s  from widely-separated segments of t h e  cochlear  p a r t i t i o n ,  t h a t  could 

code  f r e q u e n c y  by t h e  d i s t a n c e  a l o n g  t h e  b a s i l a r  membrane between t h e  

c o i n c i d e n t  i n p u t s  (Loeb ai., 1983). Both of  t h e s e  mechanisms of p i t c h  

p e r c e p t i o n  h a v e  been proposed  t o  a d d r e s s  t h e  problem of how a c o n s t a n t  

percept  o f  p i t c h  can  b e  m a i n t a i n e d  o v e r  t h e  v e r y  wide dynamic range  of 

i n t e n s i t i e s  f o r  normal hear ing  when even moderately-intense sounds excite a 
b road  e x t e n t  of neu rons  a l o n g  t h e  c o c h l e a r  p a r t i t i o n .  S y n c h r o n i c i t y  of 

"phase-locked" i n p u t s  (Sachs, 1984),  phase  s h e a r  and  c r o s s - c o r r e l a t i o n  of 

widely-spaced inpu t s  are a l l  preserved over  a much broader dynamic range 
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prc 1 f ,,J 
Fig .  7 .  Neural response f i e l d s  produced by r i s i n g  and f a l l i n g  ramps. The 

v e r t i c a l  l i n e s  mark t h e  p o s i t i o n s  o f  two e l e c t r o d e  p a i r s  i n  t h e  
UCSF a r r a y ,  which are spaced a t  2 mm i n t e r v a l s .  The graduat ions 
a l o n g  t h e  v e r t i c a l  l i n e s  mark 100 usec s t e p s  i n  " l a t e n c y "  a f t e r  
t h e  onse t s  of t h e  s t i m u l i .  The responses evoked by r i s ing  ramps 
h a v e  greater  a b s o l u t e  l a t e n c i e s  t h a n  t h e  r e s p o n s e s  evoked by 
f a l l i n g  ramps, and t h e  e x t e n t s  of t h e  e x c i t a t i o n  f i e l d s  produced 
by both are approximately equal .  
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t h a n  i s  t h e  a v e r a g e  r a t e  p r o f i l e  of t h e  r e spond ing  n e u r a l  p o p u l a t i o n .  

Therefore  synchronic i ty ,  phase  s h e a r  and " s p a t i a l  c r o s s - c o r r e l a t i o n ' '  are 
p o t e n t i a l l y  robus t  r ep resen ta t ions  of frequency t h a t  could  be used by t h e  

cen t r a l  a u d i t o r y  sys tem t o  i n f e r  t h e  p s y c h o l o g i c a l  a t t r i b u t e  of  p i t c h .  

N e u r a l  mechanisms f o r  c e n t r a l  "decoding" of  t h e s e  r e p r e s e n t a t i o n s  of 

f r e q u e n c y  h a v e  been proposed  (Loeb et  a i . ,  1983; S a c h s ,  1984;  Shamma, 

1985b). I f  one or more of t hese  r ep resen ta t ions  is i n  f a c t  u t i l i z e d  by t h e  

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

percept ion found f o r  implant  p a t i e n t s  (see d iscuss ion  below) are no t  a t  a l l  

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

r e p r e s e n t a t i o n s  a re  n o t  r ep roduced  i n  t h e  p a t t e r n s  of n e u r a l  d i s c h a r g e  

evoked by t h e  e l e c t r i c a l  s t i m u l i  used i n  present  aud i to ry  prostheses.  In  
t h i s  s u b s e c t i o n  w e  d e s c r i b e  ways i n  which l a t e n c y  p r o f i l e s  might  b e  

manipulated t o  produce approximations t o  t h e  representa t ion  of phase shear. 

To provide  a re ference  f o r  subsequent d i scuss ion ,  an i l l u s t r a t i o n  of a 

"normal" response f i e l d  evoked by a moderate-duration e lec t r ica l  pu l se  is 

shown i n  t h e  t o p  p a n e l  of F ig .  8. The x a x i s  of b o t h  p a n e l s  i n  Pig.  8 is 

c o c h l e a r  p o s i t i o n ,  as  b e f o r e ,  b u t  i n c l u d e s  a much l a rge r  e x t e n t  of  t h e  

p a r t i t i o n  t h a n  i n  p r e v i o u s  f i g u r e s .  The e i g h t  l o c a t i o n s  a l o n g  t h e  x a x i s  
w i t h  v e r t i c a l  a x e s  c o r r e s p o n d  t o  t h e  p o s i t i o n s  of e l e c t r o d e  p a i r s  i n  t h e  

UCSF e l e c t r o d e  a r ray .  The s i x t e e n  con tac t s  of t h i s  a r r a y  are indica ted  by 

e l e c t r o d e  number i n  the  bottom series of x-axis l a b e l s ,  and t h e  pos i t i ons  i n  

mm from t h e  s ta r t  of t h e  a r r a y ' s  s p i r a l  t o  t h e  c e n t e r l i n e  of e a c h  

e l e c t r o d e  p a i r  a re  i n d i c a t e d  i n  t h e  o t h e r  series of x-axis  l a b e l s .  The 

spacing between t h e  e l e c t r o d e  p a i r s  is approximately 2 nm. F i n a l l y ,  t h e  

v e r t i c a l  axes  a r e  a l l  c a l i b r a t e d  t o  i n d i c a t e  t h e  l a t e n c i e s  o f  p r e d i c t e d  

neura l  responses.  The maximum l a t ency  f o r  t h e  s imula t ion  is ind ica ted  i n  
t h e  top  l a b e l ,  and each y-axis graduat ion marks 10% of t h i s  maximum. 

I 

For t h e  same v a l u e s  of s p a c e  c o n s t a n t  (1.4 m m ) ,  r h e o b a s e  (15 uA) and 

c h r o n a x i e  (400 u s e c )  used  i n  p r e v i o u s  f i g u r e s ,  w e  see t h a t  t h e  r e sponse  

p a t t e r n  shown i n  Fig. 8 e x h i b i t s  t h e  expected pa rabo l i c  p r o f i l e  of latencies 

f o r  p u l s a t i l e  s t i m u l a t i o n .  There  i s  a r e l a t i v e l y  synchronous  r e g i o n  of 

a c t i v i t y  immediately ove r  t h e  s t imu la t ed  e l e c t r o d e ( s )  and long ,  r e l a t i v e l y -  

asynchronous " ta i  1s" of a c t i v i t y  beyond the  synchronous region. 

This  "two-tai led" response p a t t e r n  i s  much d i f f e r e n t  from t h e  pa t t e rn  

found i n  normal  h e a r i n g .  To i l l u s t r a t e ,  t h e  bot tom p a n e l  of  F i g .  8 shows 

t h e  p a t t e r n  of normal  h e a r i n g  supe rposed  on t h e  p a t t e r n  p r e d i c t e d  f o r  I 
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Fig.  8 .  Top panel :  response f i e l d  evoked by lOO/uA.  1 O O O p s e c  monophasic 
p u l s e  f o r  t h e  f o l l o w i n g  model p a r a m e t e r s :  x= 1.4 m m ;  rheo  = 15 

PA; c h r o n  = 4 0 0 p s e c .  The x a x i s  of  b o t h  p a n e l s  is c a l i b r a t e d  i n  
u n i t s  of coch lea r  pos i t i on .  The e i g h t  l o c a t i o n s  a l o n g  the  x ax i s  
wi th  v e r t i c a l  axes correspond t o  t h e  p o s i t i o n s  of e l e c t r o d e  p a i r s  
i n  t h e  UCSF e l e c t r o d e  a r ray .  The s i x t e e n  c o n t a c t s  of t h i s  a r r a y  
are ind ica t ed  by e l e c t r o d e  number i n  t h e  bottom series of x-axis 
l a b e l s ,  and  t h e  p o s i t i o n  i n  mm f rom t h e  s t a r t  of t h e  a r r a y ' s  
s p i r a l  t o  t h e  c e n t e r l i n e  of each e l e c t r o d e  p a i r  are indica ted  i n  
t h e  o t h e r  s e r i e s  o f  x-ax is  l a b e l s .  The v e r t i c a l  axes  are  a l l  
c a l i b r a t e d  t o  i n d i c a t e  t h e  l a t e n c i e s  of p r e d i c t e d  n e u r a l  
responses ,  with t h e  maximum l a t e n c y  ind ica ted  i n  t h e  t o p  l a b e l  for  
e a c h  p a n e l .  Bottom p a n e l :  t h e  l a t e n c y  p r o f i l e  found  i n  normal  
h e a r i n g  for a 1500 Hz t o n e  i s  s u p e r p o s e d  on t h e  l a t e n c y  p r o f i l e  
p red ic t ed  f o r  e lec t r ica l ly-evoked  hear ing.  



e l e c t r i c a l  ly-evoked  h e a r i n g .  The p a t t e r n  f o r  normal  h e a r i n g  i s  a 

consequence  of bas i la r -membrane  mechanics.  S p e c i f i c a l l y ,  f o r  a g iven  

f r e q u e n c y  component i n  an a c o u s t i c  s t i m u l u s ,  p r o p a g a t i o n  of d i s t u r b a n c e s  

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

corresponding t o  t h i s  frequency, and propagation is p rogres s ive ly  slowed as 

t h i s  p l a c e  is approached and passed. The accumulation of phase lags in t h e  

"terminal region" surrounding t h e  p l a c e  of t h e  s t i m u l u s  frequency is we1 1 

approx ima ted  by a s t r a i g h t - l i n e  segment of a b o u t  540° /oc tave ,  and t h e  

accumulation of phase lags b a s a l  t o  t h i s  region is w e l l  approximated by a 

s t r a i g h t - l i n e  segment of about 90°/octave ( K i m  et 31.. 1980, Figs.  3 and 6; 

Synder  and S c h r e i n e r ,  1985,  p. 59). These  two segments  are p l o t t e d  i n  P i g .  

8 f o r  a s t i m u l u s  f r e q u e n c y  o f  1500 Hz. The p l a c e  c o r r e s p o n d i n g  t o  t h e  

s t i m u l u s  frequency l ies  near t h e  middle of t he  a p i c a l ,  high-slope segment. 

If t h e  central aud i to ry  system a t t e n d s  t o  the  l a t e n c y  p r o f i l e s  produced 

i n  normal hear ing  t o  i n f e r  p i t c h  (see above),  then t h e  p r o f i l e s  produced i n  
e l e c t r i c a l l y - e v o k e d  h e a r i n g  a r e  l i k e l y  t o  e l i c i t  some u n u s u a l  p i t c h  

percepts .  For example, i f  l a te ra l  i n h i b i t o r y  networks (LINs) i n  t h e  central 
system s e r v e  t o  i d e n t i f y  reg ions  of l a t ency  "breaks" and large increases i n  
latencies, as Shamma (1985b) has  argued, then both long-latency "tails" i n  
t h e  response f i e l d  evoked by e l e c t r i c a l  pu l se s  would be de tec ted  as regions 

c o r r e s p o n d i n g  t o  f r e q u e n c i e s  of i n p u t  "sound." In  f a c t ,  depend ing  on t h e  

topology and time cons tan t s  of t h e  L I N s ,  t h e  b a s a l ,  "reverse-latency" t a i l  

could  produce a larger output  than t h e  a p i c a l ,  "normal-latency" t a i l ,  In 

such an in s t ance  we would expect  t h a t  (a) a complex p i t c h  percept  would be 

e l i c i t e d ,  with a t  least two "components" corresponding t o  t h e  pos i t ions  of 

t h e  t a i l  regions,  (b) t h e s e  components would g e n e r a l l y  be inharmonically 

r e l a t e d ,  ( c )  t h e  r e l a t i o n  between t h e  two (or more, see s u b s e c t i o n  1 I . F  

below) components would change  w i t h  man ipu la t ions  i n  p u l s e  i n t e n s i t y  and 

d u r a t i o n  (see F i g .  4 ) .  p r o d u c i n g  complex changes  i n  t h e  p i t c h  p e r c e p t ,  and 

( d )  t h e  " o v e r a l l "  p e r c e p t  of  p i t c h  might  i n c r e a s e  w i t h  increases i n  
s t imu lus  i n t e n s i t y  inasmuch as t h e  basa l  t a i l  could produce a more-salient 

input  f o r  t h e  c e n t r a l  system, as descr ibed above. 

Because p i t c h  percepts  evoked by in t r acoch lea r  e lec t r ica l  s t imula t ion  

are uniformly descr ibed as much more complex than "pure-tone" percepts of 

normal hear ing  ( see ,  e.g., Shannon, 1983), and because t h e  p i t c h  percepts of 

e lec t r ica l  ly-evoked hear ing  general l y  increase  with increases i n  s t imulus 

i n t e n s i t y  ( P f i n g s t  et GI., 1985; Shannon, 1983;  Simmons et a i . ,  1979). t h e  
I 
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pred ic t ions  s t a t e d  above seem t o  be l a r g e l y  c o n s i s t e n t  with psychophysical 

f ind ings .  Therefore,  a b e t t e r  approximation of t h e  l a t ency  f i e l d s  found i n  

normal hear ing  might produce more-sal ient  and less-complex percepts  of p i t c h  

f o r  cochlear  implant p a t i e n t s .  

One approach  toward  such  a n  a p p r o x i m a t i o n  is i l l u s t r a t e d  i n  F ig .  9. 

Here t h e  two-segment l a t e n c y  f i e l d s  o f  normal  h e a r i n g  a re  mimicked by 

d e l i v e r i n g  a h i g h - i n t e n s i t y ,  s h o r t - d u r a t i o n  p u l s e  t o  one e l e c t r o d e  (or 

e l e c t r o d e  p a i r )  and a low-intensi ty ,  long-duration p u l s e  t o  the  e l e c t r o d e  

( o r  e l e c t r o d e  p a i r )  i m m e d i a t e l y  a p i c a l  t o  t h e  f i r s t  e l e c t r o d e .  C u r r e n t  

summation between t h e  channels  produces a c o n t i n u o u s  f i e l d  of  e x c i t a t i o n ,  

with t h e  shor t -dura t ion  p u l s e  dominating t h e  f i e l d  ove r  t h e  basa l  e l e c t r o d e  

and t h e  long-duration p u l s e  dominating t h e  f i e l d  ove r  t h e  a p i c a l  e lec t rode .  

The r e s u l t  is a re la t ive ly-synchronous  f i e l d  a t  basa l  l o c a t i o n s  coupled with 

a s i n g l e  asynchronous t a i l  j u s t  beyond t h e  a p i c a l  e l ec t rode .  I f  t h e  c e n t r a l  

a u d i t o r y  sys t em " r e a d s "  l a t e n c y  b r e a k s  (by w h a t e v e r  mechanism) t o  i n f e r  

p i t c h ,  then response f i e l d s  l i k e  those  shown i n  Fig. 9 should eliminate t h e  

c o m p l i c a t i n g  i n f l u e n c e  of t h e  second ( b a s a l )  l a t e n c y  t a i l  found i n  

e lec t r ica l ly-evoked  hear ing  f o r  s i n g l e  pulses .  

I n  a d d i t i o n  t o  i l l u s t r a t i n g  a b a s i c  s t r a t e g y  f o r  approx ima t ing  t h e  

l a t ency  f i e l d s  of normal hear ing ,  Fig. 9 shows t h a t  t h i s  s t r a t e g y  is robust  

o v e r  wide r a n g e s  of s t i m u l u s  p a r a m e t e r s  and s p a t i a l  s e l e c t i v i t i e s  of 

exc i t a t ion .  Fur ther ,  wi th in  these  ranges t h e  l o c a t i o n  of t h e  asynchronous 

t a i l  can  b e  moved i n  a n  a p i c a l w a r d  o r  b a s a l w a r d  d i r e c t i o n  w i t h  c e r t a i n  

m a n i p u l a t i o n s  o f  s t i m u l u s  p a r a m e t e r s .  Such c o n t r o l  may p r o v i d e  a way i n  

which t h e  f r e q u e n c i e s  of i n p u t  sounds  can  be coded a l o n g  a c o n t i n u o u s  

dimension of cochlear  pos i t i on .  

E. I l l u s t r a t i o n  of temporal channel i n t e r a c t i o n s  

I n  t h e  l a s t  s u b s e c t i o n  w e  d e m o n s t r a t e d  a way i n  which i n t e r a c t i o n s  

between c h a n n e l s  might  b e  e x p l o i t e d  t o  code  a d imens ion  of t h e  a u d i t o r y  

s t imulus .  In  t h i s  subsec t ion  w e  w i l l  b r i e f l y  show how channel i n t e r a c t i o n s  

can be d e s t r u c t i v e  t o  t h e  r ep resen ta t ion  i f  l e f t  uncont ro l led .  

I l l u s t r a t i o n s  of c h a n n e l  i n t e r a c t i o n s  produced by s i m u l t a n e o u s  

s t i m u l a t i o n  of ad jacen t  e l e c t r o d e s  o r  p a i r s  of e l e c t r o d e s  are presented i n  

P i g .  10. The u p p e r ,  p a r a b o l i c - l i k e  c u r v e s  i n  each  p a n e l  show t h e  n e u r a l  
* 
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St imul i  

6 - 5 :  500 
100 

4-3: 100 
1000 

A =  1 . 4  mm A =  0 .87  mm 

/uA. 
psec 

psec 
PA 

IQI: 5.53 7.44 9.42 11.40 23.3 15.35 17.dO 19.40 
ELEC t'f: 16-15 14-13 12-11 10-9 8-7 6-5 6 3  2-1 

6 - 5 :  300 PA, 

4-3: 7 0 ~ A .  
100 ysec 

1000 psec 

6-5:  200 P A ,  

4-3: 60 PA, 
100 ysec 

1000 p e c  

Fig .  9 .  Predic ted  l a t e n c y  f i e l d s  f o r  short-durat ion,  h igh - in t ens i ty  p u l s e s  
d e l i v e r e d  t o  e l e c t r o d e  p a i r  6-5 i n  combination with long-duration, 
low- in tens i ty  p u l s e s  d e l i v e r e d  t o  e l e c t r o d e  p a i r  4-3. The space 
c o n s t a n t  for t h e  l e f t  column of  p a n e l s  i s  1.4 mm, and  t h e  s p a c e  
c o n s t a n t  f o r  t h e  r i g h t  column of  p a n e l s  i s  0.87 mm.  Rheobase is 
1 5 p A  and c h r o n a x i e  i s  400 psec  f o r  a l l  p a n e l s .  The maximum 
l a t e n c y  f o r  a l l  pane l s  is 1OOOpec. The sharp  d i s c o n t i n u i t i e s  i n  
t h e  l a t e n c y  f i e l d s  approximate t h e  d i s c o n t i n u i t i e s  found i n  normal 
hear ing .  ' 
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Fig.  10. I 1  l u s t r a t i o n s  o f  c h a n n e l  i n t e r a c t i o n s  produced by simultaneous 
s t i m u l a t i o n  of ad jacen t  e l e c t r o d e s  o r  p a i r s  o f  e l e c t r o d e s .  The 
u p p e r ,  p a r a b o l i c - l i k e  c u r v e s  i n  e a c h  p a n e l  show t h e  n e u r a l  
response f i e l d s  p red ic t ed  f o r  s t i m u l a t i o n  of o n l y  one e l e c t r o d e  o r  
e l e c t r o d e  p a i r  a t  a time. The s t i m u l i  a r e  lOOpsec monophasic 
p u l s e s  w i t h  t h e  a m p l i t u d e s  i n d i c a t e d  i n  t h e  l e f t  column of 
numbers. As i n  p r e v i o u s  f i g u r e s ,  t h e  n e u r a l  p r o p e r t i e s  are:  
r h e o b a s e  = 1 5 p A ;  and c h r o n a x i e  = 4 0 0 p s e c .  The s p a c e  c o n s t a n t s  
of t h e  e l e c t r i c  f i e l d  a re  0.87 m m  f o r  t h e  l e f t  column of p a n e l s  
and  1.4 m m  f o r  t h e  r i g h t  column o f  p a n e l s .  The v e r t i c a l  a x e s  i n  
each panel  i n d i c a t e  t h e  p o s i t i o n s  of t h e  e l e c t r o d e s  (which are 2 
m m  a p a r t ) ,  and e a c h  c a l i b r a t i o n  mark on t h e s e  axes i n d i c a t e  10 

F i n a l l y ,  t h e  lower c u r v e s  i n  each panel show t h e  
n e u r a l  response f i e l d s  p red ic t ed  f o r  s imultaneous s t imu la t ion  of 
b o t h  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 ) .  N o t e  t h a t  s i m u l t a n e o u s  
s t i m u l a t i o n  of  a d j a c e n t  c h a n n e l s  c a n  p r o d u c e  e x c i t a t i o n  f i e l d s  
t h a t  a r e  much b r o a d e r  t h a n  t h e  two s e p a r a t e  f i e l d s  produced by 
nonsimultaneous s t i m u l a t i o n .  

psec  of la tency .  
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r e s p o n s e  f i e l d s  p r e d i c t e d  f o r  s t i m u l a t i o n  of o n l y  one e l e c t r o d e  ( o r  

e l e c t r o d e  pair) a t  a time. These f i e l d s  do not  o v e r l a p  f o r  t he  condi t ions  

shown i n  F ig .  10. In  c o n t r a s t ,  f o r  t h r e e  of four  condi t ions  of simultaneous 

s t i m u l a t i o n ,  shown i n  t h e  lower curves  of each panel ,  a continuous f i e l d  of 

e x c i t a t i o n  is produced between and beyond t h e  two e l ec t rodes .  In  gene ra l ,  

t h e  f i e l d s  produced by simultaneous s t i m u l a t i o n  are much broader than t h e  

f i e l d s  produced by nonsimultaneous s t imula t ion .  The ex ten t  of i n t e r a c t i o n  

depends  c o m p l e x l y  on t h e  parameters of t h e  s t i m u l i  and on t h e  spa t i a l  

s e l e c t i v i t y  of t h e  e l e c t r i c  f i e l d .  In  a l l  c a s e s ,  however ,  t empora l  

summation o f  t h e  e l e c t r i c  f i e l d  between and beyond t h e  e l e c t r o d e s  

s u b s t a n t i a l l y  i n c r e a s e s  t h e  wid th  and a l t e r s  t h e  l a t e n c y  p a t t e r n  of t h e  

neura l  e x c i t a t i o n  f i e l d .  

In terms of t h e  d e s i g n  of speech p r o c e s s o r s  f o r  a u d i t o r y  p r o s t h e s e s ,  

t h e  growth  of t h e  e x c i t a t i o n  f i e l d  between e l e c t r o d e s  is o b v i o u s l y  

d e s t r u c t i v e  t o  a r e p r e s e n t a t i o n  of d i sc re t e  s t i m u l a t i o n  of n e u r a l  

popula t ions  o v e r  each e l e c t r o d e  i n  a mult ichannel  array. One strategy t o  
avo id  t h i s  d e s t r u c t i v e  e f f e c t  w a s  presented i n  our l as t  q u a r t e r l y  repor t ,  

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

b i p o l a r  pa i r s  of e l e c t r o d e s  i n  the  UCSF array. Psychophysical measurements 

of t h e  time cons tan t s  of temporal summation wi th in  and between channels  f o r  

t h e  p a t i e n t  desc r ibed  i n  t h i s  l a s t  QPR i n d i c a t e d  t h a t  l i t t l e  s u m a t i o n  

o c c u r r e d  f o r  p u l s e s  separated by  1 msec or more. T h e r e f o r e ,  p u l s e s  were 

d e l i v e r e d  t o  one  c h a n n e l  (i.e.,  one  b i p o l a r  pa i r  of e l e c t r o d e s )  a t  a time, 

and t h e  minimum time between t h e  o f f s e t  of a p u l s e  d e l i v e r e d  t o  one channel 

and t h e  o n s e t  of t h e  n e x t  p u l s e  d e l i v e r e d  t o  a n o t h e r  c h a n n e l  w a s  se t  a t  1 

msec. As described i n  d e t a i l  i n  QPR 7, t h i s  strategy produced immediate and 

compel 1 i n g  improvements i n  speech recogni t ion  over  strategies t h a t  d e l i v e r e d  

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

__ 

temporal channel i n t e r a c t i o n s  i s  one of t h e  more-important coma . der-ations - i n  

t h e  design of advanced speech processors  f o r  aud i to ry  prostheses. 

F. Effects of a heterogeneous neura l  populat ion on response 

f i e l d s  e l i c i t e d  by b ipo la r  and monopolar s t imula t ion  

Model neurons used i n  a l l  prev ious  s imula t ions  of t h i s  r e p o r t  have had 

a s i n g l e  v a l u e  of  r h e o b a s e  ( 1 5  uA) a n d  a s i n g l e  v a l u e  of c h r o n a x i e  
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(400 usec). As reviewed i n  some d e t a i l  i n  s ec t ion  1I.A. 'however, neurons i n  

t h e  cochlea  comprise a heterogeneous popula t ion ,  i n  which (a) the  va lues  of 

r h e o b a s e  and c h r o n a x i e  depend on t h e  c o n f i g u r a t i o n  and p l acemen t  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  and ( b )  t h e  " e f f e c t i v e  c h r o n a x i e s "  depend on t h e  

l e v e l  of  s t i m u l u s  i n t e n s i t y  a b o v e  t h r e s h o l d .  An a d d i t i o n a l  f a c t o r  t h a t  

might be r e f l e c t e d  i n  t h e  v a l u e s  of rheobase and chronaxie is t h e  loca t ion  

of d e n d r i t e s  i n  t h e  complex e l e c t r i c  f i e l d s  produced by s p a t i a l l y - s e l e c t i v e  

e l e c t r o d e s .  Specif  i ca l  l y ,  neurons whose dendr i t e s  l i e  a long  sharp  r a d i a l  

g r a d i e n t s  of t h e  e l e c t r i c  f i e l d  are l i k e l y  t o  e x h i b i t  lower rheobases and 

h i g h e r  c h r o n a x i e s  t h a n  n e u r o n s  whose d e n d r i t e s  do  n o t  l i e  a l o n g  s u c h  

gradien ts .  F i n a l l y ,  v a l u e s  of rheobase and chronaxie cou ld  be profoundly 

a f f e c t e d  by neura l  pathology. One would expect ,  f o r  example, a reduction i n  

c h r o n a x i e s  f o r  n e u r o n s  whose p e r i p h e r a l  dendr i t e s  are absent  or otherwise 

pa thologica l .  

In  t h i s  subsect ion w e  w i l l  examine e f f e c t s  of in t roducing  v a r i a b i l i t y  

i n  t h e  s imula ted  popula t ion  of model neurons. In  p a r t i c u l a r ,  we w i l l  show 

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

s u b s e c t i o n s  a re  a l s o  found i n  t h e  r e s p o n s e s  of  a h e t e r o g e n e o u s  n e u r a l  

popula t ion ,  (b) t h e r e  are s t r i k i n g  d i f f e rences  i n  t h e  p a t t e r n s  of responses 

e l i c i t e d  with e l e c t r i c  f i e l d s  with t h e  s p a t i a l  s e l e c t i v i t i e s  of b ipo la r  and 

monopolar s t i m u l a t i o n ,  (c )  d e s p i t e  t h e s e  d i f f e r e n c e s  good l o c a l i z a t i o n  of 

n e u r a l  a c t i v i t y  ove r  t h e  s t i m u l a t i n g  e l e c t r o d e s  can be obtained f o r  both 

b i p o l a r  and monopolar  e x c i t a t i o n ,  and ( d )  presumed e x c i t a t i o n  of a x o n a l  

nodes  a t  2- to-3  times t h e  t h r e s h o l d  f o r  d e n d r i t i c  nodes  can  a f f e c t  t h e  

response f i e l d s  evoked by b i p o l a r  S t imula t ion ,  e s p e c i a l  l y  f o r  short-durat ion 

p u l s e s .  Among t h e s e  f i n d i n g s  p o i n t  c i s  most s u r p r i s i n g ,  and w e  w i l l  

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

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

p o p u l a t i o n ,  10 model n e u r o n s  a re  i n c l u d e d  a t  each  s p a t i a l  s t e p  i n  t h e  

ensemble model, and each of t h e s e  neurons is assigned a d i f f e r e n t  va lue  of 

rheobase .  The r a n g e  of r h e o b a s e  v a l u e s  i s  s e l e c t e d  t o  approximate  t h e  

t o t a l ,  4-to-1 range i n  t h r e s h o l d s  found by van den Honert and Stypulkowski 

(1984) f o r  monopolar  s t i m u l a t i o n  of t h e  ca t  ear. S p e c i f i c a l l y ,  a 2-to-1 

range i n  rheobase v a l u e s  approximates a 4-to-1 range i n  th re sho lds  a c r o s s  

u n i t  c h a r a c t e r i s t i c  frequency (i.e., ac ross  t h e  e x t e n t  of t h e  cochlea) f o r  

t h e  g e n t l e  f a l l o f f s  i n  t h e  e l e c t r i c  f i e l d  produced by monopolar s t imula t ion .  

The rheobase v a l u e s  of neurons i n  t h e  s imula t ions  of Figs .  11-14 are 20, 22, 
t 
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24 ,  26, 28,  30 ,  32 ,  34 ,  36  and 38 uA. A s  b e f o r e ,  t h e  c h r o n a x i e  f o r  a l l  

neurons is 400 usec.  

Predic ted  neura l  response f i e l d s  f o r  s t imu la t ion  with 100 and 1000 usec 

monophasic p u l s e s  a re  p r e s e n t e d  i n  F i g s .  11 and 12. F i g .  11 shows t h e  

expected p a t t e r n s  f o r  e l e c t r o d e s  with a high degree of s p a t i a l  s e l e c t i v i t y  

( s p a c e  c o n s t a n t  = 0.87 mm) and Fig.  12 shows t h e  e x p e c t e d  p a t t e r n s  f o r  

e l e c t r o d e s  wi th  a low degree of s p a t i a l  s e l e c t i v i t y  (space cons tan t  = 13.0 

mm). The l e v e l s  of s t i m u l a t i o n  i n  the  l e f t  pane ls  of both f i g u r e s  are those 

r e q u i r e d  t o  e l i c i t  150 r e s p o n s e s  f rom t h e  model neu rons  f o r  100 and io00 

u s e c  p u l s e s ,  and t h e  l e v e l s  o f  s t i m u l a t i o n  i n  t h e  r i g h t  p a n e l s  of bo th  

f i g u r e s  are those  requi red  t o  e l i c i t  450 responses from t h e  model neurons. 

F i n a l l y ,  t h e  r ep resen ta t ion  of l a t ency  and coch lea r  pos i t i on  is t h e  same as 
t h a t  i n  F i g s .  8 and 9 .  

Examinat ion  of F i g .  11 d e m o n s t r a t e s  t h a t  a f a m i l y  of n e u r a l  r e s p o n s e  

c u r v e s  i s  produced  for each  c o n d i t i o n  of  s t i m u l a t i o n .  I n  a l l  cases t h e  

cu rves  of i n d i v i d u a l  neurons are t i g h t l y  c l u s t e r e d ,  and each curve  e x h i b i t s  

t h e  p a r a b o l i c - l i k e  shape of previous f igu res .  The coch lea r  ex ten t  of t h e  

widest  response cu rve  f o r  both t h e  "150 responsesn pane l s  is 1.2 mm and t h e  

coch lea r  e x t e n t  of t h i s  cu rve  f o r  t he  "450 responses" p a n e l s  is 2.4 mm. If 

t h e  t o t a l  number of responding neurons i s  a determinant of loudness ,  which 

i s  l i k e l y ,  t h e n  n e u r a l  r e s p o n s e  f i e l d s  l i k e  t h o s e  i n  t h e  "150 r e sponses"  

pane l s  are probably c o r r e l a t e d  with supra threshold  sensa t ions  in cochlear-  

i m p l a n t  p a t i e n t s  and  r e s p o n s e  f i e l d s  l i k e  t h o s e  i n  t h e  "450 r e sponses"  

pane l s  are probably c o r r e l a t e d  with much-louder sensat ions.  A l l  p a t t e r n s  of 

r e s p o n s e s  f o r  e l e c t r o d e s  w i t h  a s p a c e  c o n s t a n t  o f  0.87 m m  are  c o n f i n e d  t o  
t h e  immedia te  v i c i n i t y  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 ) .  A l s o ,  f o r  t h e  

c o n d i t i o n s  of s t i m u l a t i o n  p r e s e n t e d  i n  F ig .  11, a1  1 t e n  model neu rons  are  

responding o v e r  some ( u s u a l l y  r e s t r i c t e d )  ex ten t  of t h e  e x c i t a t i o n  f i e l d .  

Comparison of F i g s .  11 and 12 shows t h a t  t h e  response f i e l d s  predicted 

f o r  monopolar  s t i m u l a t i o n  ( P i g .  12) are  q u i t e  d i f f e r e n t  f rom t h e  r e s p o n s e  

f i e l d s  p r e d i c t e d  f o r  b i p o l a r  s t i m u l a t i o n  ( P i g .  11). I n  p a r t i c u l a r ,  t h e  

r e s p o n s e  f i e l d s  f o r  monopolar  s t i m u l a t i o n  a r e  much b r o a d e r  i n  spa t i a l  

e x t e n t .  A l s o ,  as  m i g h t  b e  e x p e c t e d  from t h e  b r o a d e r  r e s p o n s e  f i e l d s ,  t h e  

"density" of neura l  responses (i.e., t h e  t o t a l  number of responding neurons 

a t  each  s p a t i a l  p o s i t i o n )  is i n  g e n e r a l  much lower  t h a n  i n  t h e  b i p o l a r  

cases. The greatest  d e n s i t y  f o r  t h e  c o n d i t i o n s  of  F i g .  12 i s  4 r e spond ing  

neurons immediately over  t h e  e l e c t r o d e  ( f o r  t h e  "450 responses" pane ls )  and 
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A =  0.87 mm 

d u r a t i o n  

100 psec 

1000 psec 

150 responses 450 responses 

F ig .  11. Pred ic t ed  n e u r a l  response f i e l d s  f o r  s t i m u l a t i o n  wi th  100 and 1000 
psec monophasic pu l ses .  The space cons t an t  of t h e  e l e c t r i c  f i e l d  
i s  0.87 mm and a p p r o x i m a t e s  t h a t  of  w e l l - p o s i t i o n e d  b i p o l a r  
e l e c t r o d e s  o f  t h e  UCSF e l e c t r o d e  a r r a y .  To s i m u l a t e  t h e  known 
v a r i a b i l i t y  of parameters desc r ib ing  aud i to ry  neurons, t en  neurons 
are modeled a t  each s p a t i a l  p o s i t i o n  with rheobase v a l u e s  of 20. 
22. 24.  26,  28 ,  30, 3 2 ,  34, 36 and  38pA. The c h r o n a x i e  f o r  a l l  
n e u r o n s  i s  400 u s e c ,  and t h e  maximum l a t e n c y  for a l l  p a n e l s  is 
1 O O O p s e c .  The s t i m u l u s  l e v e l s  r equ i r ed  t o  e l i c i t  responses from 
150 model n e u r o n s  a r e  2 0 0 y A  for 100 usec p u l s e s  and 5 6 p A  f o r  
1000 psec p u l s e s ;  t h e s e  l e v e l s  f o r  450 r e s p o n s e s  a r e  400pA f o r  
1 0 0 p s e c  p u l s e s  and 1 1 2 p A  f o r  1 0 0 0 p s e c  p u l s e s .  Note t h a t  t h e  
v a r i a b i l i t y  o f  n e u r a l  p r o p e r t i e s  p r o d u c e s  a f a m i l y  of n e u r a l  
r e s p o n s e  c u r v e s ,  e a c h  of  which h a s  t h e  p a r a b o l i c - l i k e  shape of 
curves  presented  i n  previous f i g u r e s .  
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2 = 13.0 mm 
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Fig .  12. Pred ic t ed  n e u r a l  response f i e l d s  f o r  s t i m u l a t i o n  wi th  100 and 1000 
psec monophasic pu l ses .  The space cons tan t  of t h e  e lec t r ic  f i e l d  
i s  13.0 mm and a p p r o x i m a t e s  t h a t  o f  monopolar  e l e c t r o d e s .  The 
p r o p e r t i e s  of model neurons and t h e  format of information i n  t h i s  
f i g u r e  a r e  s p e c i f i e d  i n  t h e  c a p t i o n  of F ig .  11. The s t i m u l u s  
l e v e l s  requi red  t o  e l i c i t  responses from 150 model neurons are 117 

p A  f o r  100 psec p u l s e s  and 32.9 P A  f o r  1 O O O p s e c  p u l s e s ;  these 
l e v e l s  f o r  450 r e s p o n s e s  a re  135pA f o r  1 0 0 p s e c  p u l s e s  and 38.0 

pA f o r  1000 p s e c  p u l s e s .  Note t h e  greater  s p r e a d s  i n  t h e  
l a t e n c i e s  and w i d t h s  of  t h e  e x c i t a t i o n  f i e l d s  for monopolar 
s t i m u l a t i o n  ( t h i s  f i g u r e )  compared w i t h  t h e  s p r e a d s  f o r  b i p o l a r  
s t imu la t ion  ( F i g .  11). 
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t he  greatest d e n s i t y  i n  a l l  pane l s  of Fig.  11 is 10 responding neurons ove r  

t h e  e l e c t r o d e s .  T h e r e f o r e ,  t o  r e a c h  c r i t e r i o n  l e v e l s  of  t o t a l  r e sponse ,  

monopo l a r  s t i m u l a t i o n  se  1 ec ti  v e  l y  e x c i t e s  l ow- th resh0  I d  neu rons  whi 1 e 
b i p o l a r  s t i m u l a t i o n  does not. 

A consequence  of such  s e l e c t i v e  e x c i t a t i o n  ( a c c o r d i n g  to u n i t  

t h r e s h o l d ) ,  and  o f  t h e  g rea te r  d i s p e r s i o n  of  i n d i v i d u a l  r e s p o n s e  c u r v e s  

produced by monopolar  s t i m u l a t i o n ,  i s  i l l u s t r a t e d  i n  F ig .  13. Here, t h e  

p a t t e r n s  of responses pred ic ted  f o r  four  i n t e n s i t i e s  of 100 usec pu l ses  are 

presented i n  t h e  l e f t  column of panels .  The response f i e l d s  produced by t h e  

m o s t - i n t e n s e  s t i m u l u s  ( 2 0 0  uA,  bottom l e f t  p a n e l )  would be expec ted .  t o  

e l i c i t  an ex t re re ly- loud  aud i to ry  percept .  

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

e l e c t r i c  f i e l d ,  are presented i n  t h e  r i g h t  column of pane l s  i n  Fig.  13. The 

s u r p r i s i n g  a spec t  of t h e  d e n s i t y  p r o f i l e s  i s  t h a t  they are much sharper  than 

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

i n t e n s i t i e s .  This  sharpening of t h e  neu ra l  d e n s i t y  p r o f i l e  may exp la in  how 

p a t i e n t s  i m p l a n t e d  w i t h  monopolar  a r r a y s  can  r a n k  t h e i r  e l e c t r o d e s  ( s e e ,  

e.g., Eddington  a&., 1978). I t  may a l s o  e x p l a i n  how b o t h  humans and  

monkeys ( P f i n g s t  et ai., 1985) can  r a n k  monopolar  e l e c t r o d e s  o v e r  a broad  

dynamic r a n g e  of s t i m u l a t i o n  (and  n o t  j u s t  a t  t h r e s h o l d ) .  I n  F i g .  13, f o r  

example ,  t h e  n e u r a l  d e n s i t y  p r o f i l e  r ema ins  s h a r p  up t o  150 uA of 

s t i m u l a t i o n .  which would p r o b a b l y  c o r r e s p o n d  t o  a l o u d  p e r c e p t  f o r  b o t h  

spec ie s .  

~ ~ - 

To p r o v i d e  a compar ison  of n e u r a l  d e n s i t y  p r o f i l e s  produced by 

nonopolar e l e c t r o d e s  and s p a t i a l  l y - s e l e c t i v e  e l e c t r o d e s ,  Fig. 14 shows t h e  

p r o f i l e s  p r e d i c t e d  f o r  e l e c t r o d e s  w i t h  a s p a c e  c o n s t a n t  of 0.87 an. The 

p r o f i l e  is sharper  than t h e  e lectr ic  f i e l d  a t  low s t imu lus  i n t e n s i t i e s  and 

i s  a b o u t  as  s h a r p  a s  t h e  e l e c t r i c  f i e l d  a t  modera t e  s t i m u l u s  i n t e n s i t i e s .  

The “crossover  point ,”  a t  which t h e  sharpness  of t h e  neu ra l  d e n s i t y  p r o f i l e  

a p p r o x i m a t e s  t h e  s h a r p n e s s  of t h e  e l e c t r i c  f i e l d ,  i s  lower  w i t h  b i p o l a r  

s t i m u l a t i o n  than with monopo lar  s t i m u l a t i o n  because monopol ar  s t  imulation 

s e l e c t i v e l y  excites low-threshold neurons. 

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

F i g s .  13 and 14 a re  p r e s e n t e d  i n  T a b l e  3. As would be  e x p e c t e d  from t h e  

p r e v i o u s  r emarks ,  t h e  e q u i v a l e n t  s p a c e  c o n s t a n t s  of t h e  n e u r a l  d e n s i t y  

p r o f i l e  are s u b s t a n t i a l l y  less than t h e  space cons tan t  of t h e  e lectr ic  f i e l d  

f o r  monopolar s t imu la t ion .  A t  moderate i n t e n s i t y  l e v e l s ,  f o r  example, t h e  
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Fig.  13. Growth  o f  n e u r a l  e x c i t a t i o n  f i e l d s  w i t h  i n c r e a s e s  i n  t h e  
i n t e n s i t i e s  of 100 p s e c  monophasic pulses .  The space cons tan t  of 
t h e  e l e c t r i c  f i e l d  i s  13 mm and a p p r o x i m a t e s  t h a t  of monopolar  
e l e c t r o d e s .  Ten neurons are modeled a t  each s p a t i a l  p o s i t i o n  with 
r h e o b a s e  v a l u e s  o f  20, 22 ,  2 4 .  26, 28, 30, 3 2 ,  3 4 .  36 and 3 8 p A .  
The chronaxie f o r  a1 1 neurons is 400 psec.  St imulus i n t e n s i t i e s  
a r e  i n d i c a t e d  i n  t h e  l e f t m o s t  column of numbers,  and t h e  t o t a l  
numbers of n e u r a l  responses found f o r  each s t i m u l u s  condi t ion  are 
i n d i c a t e d  i n  t h e  n e x t  column of numbers. E n t r i e s  w i t h  a "+" 
symbol i n d i c a t e  t h e  t o t a l  number of responses a l o n g  t h e  e x t e n t  of  
t h e  coch lea r  p a r t i t i o n  shown: a d d i t i o n a l  responses n o t  shown a r e  
e l i c i t e d  i n  t h e  a p i c a l  d i r e c t i o n  f o r  t h e s e  c o n d i t i o n s  o f  
s t i m u l a t i o n .  Note  t h a t  t h e  s h a r p n e s s  of t h e  e x c i t a t i o n ,  as  
measured by t h e  d e n s i t y  of n e u r a l  r e s p o n s e s  w i t h  r e s p e c t  t o  
p o s i t i o n  ( r igh tmost  column of pane l s ) ,  is (1) r e l a t i v e l y  cons tan t  
o v e r  a broad dynamic range of s t i m u l a t i o n  anti (2 )  s u b s t a n t i a l l y  
sharper  than  t h e  f a l l o f f  i n  t h e  e lec t r ic  f i e l d  p r o f i l e .  



A =  0 .87  mm 

# of p a t t e r n s  of 
neu ra l  responses P responses 

200 151 

400 451 

1 
t 

t 
1 

i 
T 
I 

1 
i i  

t - 

p r o f i l e s  of t h e  electric f i e l d  
and d e n s i t y  of neu ra l  responses 

i I 

II 
Hk 5 . 8  7.49 3.42 1i.M 13.38 L5.3 17.46 1s.w 
L E C  1'5: 16-15 14-1s 12-11 LP-3 8-7 6-5 4-3 E-? 

Fig .  14. Growth  o f  n e u r a l  e x c i t a t i o n  f i e l d s  w i t h  i n c r e a s e s  i n  t h e  
i n t e n s i t i e s  of 100 psec monophasic pu l ses .  The space  cons tan t  of 
t h e  e l e c t r i c  f i e l d  i s  0.87 mm and a p p r o x i m a t e s  t h a t  of w e l l -  
pos i t i oned  b i p o l a r  e l e c t r o d e s  o f  t h e  UCSF e l e c t r o d e  a r r a y .  The 
p r o p e r t i e s  of model neurons and t h e  format of information i n  t h i s  
f i g u r e  are  s p e c i f i e d  i n  t h e  c a p t i o n  of F i g .  13. Note  t h a t  t h e  
s h a r p n e s s  o f  t h e  e x c i t a t i o n  f o r  >= 0 .87  mm i s  n o t  c o n s t a n t  o v e r  
t h e  dynamic r a n g e  of  s t i m u l u s  i n t e n s i t i e s  p r e s e n t e d  i n  t h i s  
f i g u r e .  The e x c i t a t i o n  f i e l d  is v e r y  s h a r p  f o r  low s t i m u l u s  
i n t e n s i t i e s  and somewhat l e s s  s h a r p  t h a n  t h e  e l e c t r i c - f  i e l d  
p r o f i l e  a t  high s t imulus  i n t e n s i t i e s .  



Table 3 .  Comparison o f  space cons tants  for the  e l e c t r i c  f i e l d  and t h e  

density prof i l e  of evoked neural responses. 

A of the  stimulus # of equivalentA* of the 

e l e c t r i c  f i e l d  (nun) i n t e n s i t y  (uA1 responses exc i tat ion f i e l d  (mm) 

13.00 

0.87 

117 

135 

150 

200 

200 

400 

153 

450 

772+ 

2052+ 

151 

451 

2.0 

3 . 6  

3 . 4  

5.7 

0.4 

0 .9  

* 
Equivalent h is  defined as  one-half the width of the exc i tat ion prof i l e  a t  

' 

the  level  equal t o  37% of the peak i n  the prof i le .  



e q u i v a l e n t  s p a c e  c o n s t a n t  of  t h e  n e u r a l  d e n s i t y  p r o f i l e  is a b o u t  3.5 m m ,  
which is a f a c t o r  of 3.7 below t h e  space cons tan t  of t h e  e l e c t r i c  f i e l d  (13 

m m ) .  The e q u i v a l e n t  s p a c e  c o n s t a n t  of t h e  n e u r a l  d e n s i t y  p r o f i l e  for 
b i p o l a r  s t i m u l a t i o n  a t  moderate i n t e n s i t y  l e v e l s  is about 0.9 mm,  roughly 

t h e  same a s  t h e  s p a c e  c o n s t a n t  f o r  t h e  e l e c t r i c  f i e l d  (0.87 m m ) .  A l though  

t h e  e q u i v a l e n t  s p a c e  c o n s t a n t  of  0.9 mm f o r  b i p o l a r  s t i m u l a t i o n  i s  much 

l o w e r  t h a n  t h e  3.5 mm f o r  monopolar  s t i m u l a t i o n ,  b o t h  v a l u e s  i n d i c a t e  

s p a t i a l l y - s e l e c t i v e  e x c i t a t i o n  of overlying populations of neurons. 

An a d d i t i o n a l  v a r i a t i o n  i n  r e s p o n s e  p a t t e r n s  p r o d u c e d  b y  a 

heterogeneous neura l  popula t ion  is 11 l u s t r a t e d  i n  Fig.  15. The condi t ions  

of t h i s  f i g u r e  a r e  t h e  same a s  t h o s e  i n  F i g .  11, e x c e p t  t h a t  t h e  model 

n e u r o n s  i n  F i g .  15 a re  d e s i g n e d  t o  s i m u l a t e  a r e d u c t i o n  i n  " e f f e c t i v e  

c h r o n a x i e "  when s t i m u l u s  i n t e n s i t i e s  are  r a i s e d  2- to-3 times a b o v e  

threshold .  The s i t u a t i o n  modeled is t h a t  descr ibed by Stypulkowski and van 
d e n  H o n e r t  (1984), o f  a c e n t r a l  p r o g r e s s i o n  o f  e x c i t e d  n o d e s  i n  

e l e c t r i c a l  ly-evoked  r e s p o n s e s  w i t h  i n c r e a s e s  i n  s t i m u l u s  i n t e n s i t y  (see 

s e c t i o n  1I .A  f o r  d i scuss ion) .  A t  low i n t e n s i t i e s  t h e  da t a  of Stypulkowski 

and van  den Honert  i n d i c a t e  t h a t  d e n d r i t i c  nodes are e x c i t e d  and a t  h i g h  

i n t e n s i t i e s  a x o n a l  nodes  a r e  a l s o  e x c i t e d .  Because t h e  a x o n a l  s i tes are 

c e n t r a l  t o  t he  d e n d r i t i c  s i t e s ,  t h e  p rope r t i e s  of axonal nodes are r e f l e c t e d  

i n  responses  evoked by s t i m u l i  2-to-3 times above t h e  th re sho ld  of d e n d r i t i c  

a c t i v a t i o n .  

To s i m u l a t e  p o s s i b l e  e f f e c t s  of axonal -node  a c t i v a t i o n ,  two se t s  of  

rheobase and chronaxie v a l u e s  are assigned t o  t h e  10 model neurons a t  each 

spatial  s t e p  i n  t h e  ensemble model. The v a l u e s  for  d e n d r i t i c  a c t i v a t i o n  are 

t h e  same as those  used i n  previous f i g u r e s  of t h i s  subsect ion (Figs.  11-14). 

The " e f f e c t i v e "  v a l u e s  for axonal a c t i v a t i o n  are: chronaxies of 118 usec 
f o r  all n e u r o n s ,  and a r a n g e  of r h e o b a s e s  from 68 t o  77 uA, i n  s t e p s  of 1 
uA, f o r  e a c h  neuron.  These v a l u e s  s i m u l a t e  (a )  t h e  a v e r a g e  c h r o n a x i e  of 

a x o n a l  s t i m u l a t i o n  found by van  den Honert  and S t y p u l k o w s k i  (1984) f o r  

laminectomy prepara t ions ,  (b) t h e  lower degree of v a r i a b i l i t y  found by t h e s e  

i n v e s t i g a t o r s  i n  responses r e s u l t i n g  from axonal s t i m u l a t i o n ,  and (c) t h e  

supra threshold  l e v e l s  requi red  f o r  such s t imula t ion .  F i n a l l y ,  t h e  a b s o l u t e  

l a t e n c i e s  of responses evoked by axonal  a c t i v a t i o n  are about 200 usec less 

than t h e  l a t e n c i e s  of responses evoked by d e n d r i t i c  a c t i v a t i o n :  t h i s  a spec t  

of t h e  response f i e l d s  is a l s o  incorporated i n t o  t h e  "mult inodal"  model of 

F ig .  15. 

$ 
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2- 0.87 mm; two sites of excitat ion 

Previous l e v e l s  for 
duration 150 responses 

100 psec 

1000 psec 

HH: 5.53 7.44 3.4P 11.46 13.38 15.36 I 
ELEC 1’s: 16-15 14-13 12-11 10-3 W 6-5 

Fig. 15. (caption on next page) 
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P r e d i c t e d  n e u r a l  r e s p o n s e  f i e l d s  f o r  t h e  c o n d i t i o n s  of  Pig. 11, 
except t h a t  t h e  model neurons i n  t h e  present  f igure are designed 
t o  s i m u l a t e  a r e d u c t i o n  i n  " e f f e c t i v e  c h r o n a x i e "  when s t i m u l u s  
i n t e n s i t y  is r a i s e d  2-to-3 times above threshold .  S p e c i f i c a l l y ,  
rheobase v a l u e s  f o r  "axonal" s t imu la t ion  range from 68 t o  77 uA i n  
s t e p s  o f  1 u A ,  t o  s imu la t e  (1) t h e  lower  d e g r e e  of v a r i a b i l i t y  
f o r  axonal  s t i m u l a t i o n  and (2) t h e  supra threshold  (over presumed 
e x c i t a t i o n  o f  d e n d r i t i c  n o d e s )  l e v e l s  r e q u i r e d  f o r  s u c h  
s t i m u l a t i o n .  The c h r o n a x i e  f o r  a x o n a l  s t i m u l a t i o n  i s  118 sec. 
V a l u e s  of rheobase and chronaxie f o r  d e n d r i t i c s  a c t i v a t i o n  are t h e  
same as those i n  Fig. 11. In  each panel of t h e  present  f i g u r e  t h e  
s i t e  of a c t i v a t i o n  is  indica ted  i n  t h e  top  set of ho r i zon ta l  bars.  
The upper ba r s  i n  t h e  100 psec pane l s  and t h e  r ightmost  1000 psec 
panel  show t h e  s p a t i a l  e x t e n t s  of axonal-node s t imu la t ion ,  and t h e  
l o w e r  b a r s  i n  a l l  p a n e l s  show t h e  s p a t i a l  e x t e n t s  of d e n d r i t i c  
a c t i v a t i o n .  Note t h a t  t h e  p e r c e n t a g e  of a x o n a l  s t i m u l a t i o n  
inc reases  with inc reases  i n  p u l s e  i n t e n s i t y  and decreases  i n  p u l s e  
d u r a t i o n .  F i n a l l y ,  t h e  s t i m u l u s  l e v e l s  u sed  i n  F i g .  11, t o  
p roduce  150 and 450 r e s p o n s e s  f o r  1 0 0 p s e c  p u l s e s ,  produced 163 
and 463 r e s p o n s e s  i n  t h e  1 0 0 p s e c  s i m u l a t i o n s  of t h e  p r e s e n t  
f i g u r e .  The s i m u l a t i o n s  f o r  lOOOpsec p u l s e s  produced t h e  same 
number of responses i n  both f i g u r e s .  

/u 
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The r e s u l t s  presented i n  Fig. 15 show t h a t  e x c i t a t i o n  of axonal  nodes 

can a l t e r  t h e  response f i e l d s  produced by s p a t i a l  l y - s e l e c t i v e  e lec t rodes .  

I n  p a r t i c u l a r ,  most r e s p o n s e s  evoked  by s h o r t - d u r a t i o n  p u l s e s  a r i s e  f rom 

s t i m u l a t i o n  a t  a x o n a l  nodes.  T h i s  is a n  e x p e c t e d  r e s u l t  inasmuch as t h e  

e f f e c t i v e  chronaxie  f o r  axonal s t i m u l a t i o n  is about fou r  times lower than  

t h e  chronaxie  f o r  d e n d r i t i c  s t imu la t ion .  Also,  h igh- in tens i ty  p u l s e s  can 
e x c i t e  axonal  nodes even a t  long  p u l s e  durat ions.  This  e f f e c t  can be seen 
i n  t h e  lower-right panel  of Fig. 15, i n  which a small, shor t - la tency  " t ip"  

i s  ev ident  i n  t h e  responses immediately around t h e  e l e c t r o d e ( s ) .  

P r a c t i c a l  c o n s e q u e n c e s  o f  a x o n a l  s t i m u l a t i o n  i n c l u d e  (a )  t h e  

i n t r o d u c t i o n  o f  l a t e n c y  d i s c o n t i n u i t i e s  a t  t h e  b o u n d a r i e s  of a x o n a l  and  

d e n d r i t i c  s t i m u l a t i o n ;  (b) a s l i g h t  broadening of t h e  e x c i t a t i o n  f i e l d  ove r  

t h a t  of dendr i te -only  a c t i v a t i o n ;  and (c)  a reduct ion  i n  t h e  v a r i a b i l i t y  of 

n e u r a l  responses  evoked by i n t r a c o c h l e a r  e l ec t rodes .  In  terms of t h e  design 

of speech processors  for aud i to ry  pros theses ,  t h e s e  consequences may have 

d e g r a d i n g  e f f e c t s .  P o s s i b l e  e f f e c t s  r e l a t e d  t o  p o i n t  ( a )  a b o v e  w i l l  be  

d e s c r i b e d  i n  t h e  l a s t  p a r a g r a p h s  of t h i s  s u b s e c t i o n  and  p o s s i b l e  e f fec ts  

r e l a t e d  t o  po in t  ( c )  above w i l l  be descr ibed i n  t h e  next  subsect ion.  

The f i n a l  a spec t  of responses from a heterogeneous popula t ion  we want 

t o  c o n s i d e r  i n  t h i s  s u b s e c t i o n  is how h e t e r o g e n e i t y  migh t  a l t e r  t h e  basic 

p r o p e r t i e s  of r e s p o n s e s  p r e v i o u s l y  d e s c r i b e d  f o r  un i fo rm p o p u l a t i o n s  of 

neurons .  F i r s t ,  w e  n o t e  t h a t  r e s p o n s e s  from h e t e r o g e n e o u s  p o p u l a t i o n s  

c o n s i s t  o f  a f a m i l y  o f  s i n g l e - n e u r o n  c u r v e s .  These  c u r v e s  a re  t i g h t l y  

c l u s t e r e d  f o r  s p a t i a l l y - s e l e c t i v e  e l e c t r o d e s  ( F i g .  11). T h e r e f o r e ,  t h e  

p r e v i o u s  r emarks  on m a n i p u l a t i o n  of l a t e n c y  p r o f i l e s  to code  s t i m u l u s  

a t t r i b u t e s  ( s e c t i o n s  1 I . C  and  D )  and  on t e m p o r a l  c h a n n e l  i n t e r a c t i o n s  

( s e c t i o n  1I.E) g e n e r a l l y  a p p l y  t o  r e s p o n s e s  evoked  f rom a he te rogeneous  

p o p u l a t i o n  by s u c h  e l e c t r o d e s .  To i l l u s t r a t e ,  F i g s .  16 and 17 show 

responses  from heterogeneous popula t ions  produced by t h e  two-pulse s t r a t e g y  

f i r s t  d e s c r i b e d  i n  s e c t i o n  1 I . D  f o r  c o d i n g  l a t e n c y  b r e a k s  i n  t h e  terminal 

region. Although t h e  f i e l d s  are obv ious ly  more complex than  t h e  f i e l d s  from 

a un i fo rm p o p u l a t i o n  ( F i g .  9 ) ,  i t  i s  a l s o  c l e a r  t h a t  r a n g e s  of s t i m u l u s  
parameters exis t  ove r  which a s i n g l e ,  long-latency " t a i l "  can be produced a t  

t h e  a p i c a l  end of t h e  t h e  response f i e l d s  and a s i n g l e ,  sho r t - l a t ency  region 

c a n  be  p roduced  a t  t h e  b a s a l  end. D i f f e r e - n c e s  i n  t h e  r e s p o n s e  f i e l d s  

between heterogeneous and uniform p o p u l a t i o n s  i n c l u d e  ( a )  a "smearing" o r  
greater d i s t r i b u t i o n  of l o c a t i o n s  of t h e  a p i c a l  t a i l s  f o r  t h e  heterogeneous _. - 

-- 
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One s i t e  of e x c i t a t i o n  

S t i m u l i  I =  1.4  mm A =  0.87 mm 

6-5: 500 PA, 

4-3: 200 PA, 
100 psec 

1000 psec 
I 

I 

6-5: 500pA,  

4-3: l O O P A ,  
100 psec 

1000 psec 

6-5: 300/uA, 

4-3: 70jzrA. 
100 psec 

1000 psec 

b U.40 1 
4-3 

- 
a 

M: 
ELEC 1'5: 

5.53 7.41 5.42 11.48 
16-15 14-13 l2-ll U-3 

13.33 15.36 17.40 13.40 
6-7 6-5 4-3 2-1 

Fig .  16. Predic ted  l a t e n c y  f i e l d s  for short-durat ion,  h igh - in t ens i ty  p u l s e s  ' 

de l i v e r e d  t o  e l e c t r o d e  p a i r  6-5 i n  combination with long-duration, 
low- in tens i ty  p u l s e s  d e l i v e r e d  t o  e l e c t r o d e  pair 4-3. The space  
c o n s t a n t  f o r  t h e  l e f t  column of p a n e l s  i s  1.4 mm. and  the s p a c e  
cons t an t  for t h e  r i g h t  column of pane l s  is 0.87 mm. The v a l u e s  of 
r h e o b a s e  and  c h r o n a x i e  a re  p r e s e n t e d  i n  t h e  c a p t i o n  o f  Fig.  11. 
The maximum l a t e n c y  f o r  a1 1 p a n e l s  i n  t h e  p r e s e n t  f i g u r e  is 1000 
psec. Note t h a t  c o n t r o l  of l a t e n c y  f i e l d s  is more d i f f i c u l t  ( b u t  
s t i l l  p o s s i b l e )  wi th  a heterogeneous popu la t ion  of neurons t h a n  
wi th  s i n g l e  neurons,  as i n  t h e  s imula t ions  of Fig .  9.  

t 
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St imul i  

Two sites of excitat ion 

A =  1 . 4  mm A= 0.87 nun 

6-5: 500pA, 

4-3: 2 0 0 / ~ A ,  
1000 p s e c  

1000 psec  

6-5: 500 P A ,  

4-3: 100 p A ,  
100 p s e c  

1000 p s e c  

LITEHCIES OF NEURAL 

FIFC 1'5: 

6-5: 300 P A ,  

4-3: 70PA.  
100 p s e c  

1000 p s e c  

F i g .  17. (caption on next page) 
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Fig.  17. P r e d i c t e d  l a t e n c y  f i e l d s  f o r  t h e  c o n d i t i o n s  of F i g .  16, except  
t h a t  t h e  model neu rons  i n  t h e  p r e s e n t  f i g u r e  ace des igned  t o  
s i m u l a t e  a r e d u c t i o n  i n  " e f f e c t i v e  c h r o n a x i e "  when s t i m u l u s  
i n t e n s i t y  is r a i s e d  2-to-3 times above th re sho ld  (see capt ion of  
F ig .  15 f o r  d e t a i l s ) .  The maximum l a t e n c y  f o r  a l l  p a n e l s  i n  t h e  
p re sen t  f i g u r e  is  1200psec .  Note t h a t  t h e  l a t ency  f i e l d s  i n  t h i s  
f i g u r e  are somewhat more complex over t h e  basal e l e c t r o d e  p a i r  
(6 -5 )  than the  corresponding f i e l d s  i n  F i g .  16. 
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popula t ion ;  (b) a somewhat narrower range of s t i m u l u s  parameters o v e r  which 

l a t e n c y  b r e a k s  can  be  coded f o r  t h e  h e t e r o g e n e o u s  p o p u l a t i o n ;  and ( c )  t h e  

i n t r o d u c t i o n  of  a d d i t i o n a l  ( b u t  s m a l l )  l a t e n c y  d i s c o n t i n u i t i e s  i n  t h e  

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

axonal sites of s t i m u l a t i o n  a r e  modeled (Fig.  17). These d i f f e r e n c e s  might 

be e x p e c t e d  t o  deg rade  b u t  n o t  d e s t r o y  t h e  r e p r e s e n t a t i o n  of s t i m u l u s  

frequency by l a t ency  breaks beyond the  a p i c a l  e l ec t rode ( s ) .  

Because t h e  curves  of i n d i v i d u a l  neurons are n o t  t i g h t l y  c l u s t e r e d  i n  
. - .  -, , t h e  response f i e l d s  found f o r  s t i m u l a t i o n  of heterogeneous popula t ions  with 

, \: ' monopolar  e l e c t r o d e s  ( F i g .  12), m a n i p u l a t i o n  of l a t e n c y  _._ - p r o f i l e s  t o  code  

s t i m u l u s  i n t e n s i t y  and f r e q u e n c y  is much more d i f f i c u l t  w i t h  monopolar  

' e l e c t r o d e s  t h a n  w i t h  s p a t i a l  l y - s e l e c t i v e  e l e c t r o d e s .  T h a t  is, t h e  

d i s p e r s i o n  i n  t h e  r e s p o n s e  f i e l d s  evoked  by monopolar  e l e c t r o d e s  works 

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

L . a  ' r e s t r i c t e d  segments  o f  t h e  c o c h l e a r  p a r t i t i o n .  The p r e v i o u s  remarks on 

> bas i c  e f f e c t s  of p u l s e  parameters on neura l  response f i e l d s  ( sec t ion  11-B), 

however ,  a l s o  a p p l y  t o  t h e  p r e s e n t  case of  monopolar  s t i m u l a t i o n  of 

heterogeneous popula t ions  of neurons. F i n a l l y ,  we no te  t h a t  t h e  temporal 

c h a n n e l  i n t e r a c t i o n s  d e s c r i b e d  i n  s e c t i o n  1I .E would a l s o  be found f o r  

such s t imu la t ion .  

. -. I. 
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G.  Remarks on d e n d r i t i c  v e r s s  axonal s t imu la t ion  

A c e n t r a l  problem i n  research on cochlear  implants  is t o  e x p l a i n  how 

good pe r fo rmance  can  b e  o b t a i n e d  i n  c e r t a i n  "star" p a t i e n t s  w i t h  s i n g l e -  

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

a r rays .  With e i t h e r  class of dev ices  s p a t i a l  s e l e c t i v i t y  of e x c i t a t i o n  is 

thought to be very poor o r  nonexis tent .  In  t h e  previous subsec t ion  w e  have 

o u t l i n e d  a way i n  which t h e  s p a t i a l  s e l e c t i v i t y  of mult ichannel  monopolar 

s t i m u l a t i o n  might  b e  s h a r p e r  t h a n  p r e v i o u s l y  t h o u g h t  ( P i g .  13; T a b l e  3). 

This would e x p l a i n  t h e  a b i l i t y  of p a t i e n t s  implanted with monopolar a r r ays  

t o  rank t h e i r  e l e c t r o d e s  according t o  loca t ion  (see,  e.g., Eddington et al., 
1978). However, as o u t l i n e d  above, a r i c h  populat ion of s u r v i v i n g  dendr i t e s  

is probably requi red  f o r  t h e  e f f e c t .  

I n  t h i s  s u b s e c t i o n  w e  w i l l  ment ion a n o t h e r  way i n  which d e n d r i t i c  

a c t i v a t i o n  might have a advantage ove r  axonal  s t imu la t ion .  F i r s t ,  w e  note  

t 
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that the ranges of anatomical features (such fiber diameter, nodal 
dimensions and inter-nodal lengths) are greater for the dendrites than for 
the axons of the auditory nerve (Libernan and Oliver, 1984). These greater 
ranges undoubtedly produce greater ranges of neural response properties for 
intracochlear electrical stimulation. Indeed, the data and van den Honert 
and Stypulkowski (1984) show a much greater range and variability for 
chronaxies of neurons with intact dendrites than the range and variability 
for chronaxies of neurons whose dendrites are removed (in a laminectomy 
preparation). In addition, the range of rheobases is much greater in the 
intact population than in the dendrites-removed population. Selective 
activation of the dendrites is therefore likely to introduce a greater 
heterogeneity in neural responses than is axonal stimulation. A greater 
heterogeneity in the response fields may in turn allow for a higher temporal 
bandwidth of information to be represented in the ensemble response. That 
is, because not every neuron is stimulated on every cycle of a repetitive 
stimulus, different "subsets" of stimulated neurons can represent each 
succeeding cycle . A requirement for this "time-shared" representation of 

high-frequency information is stochastic independence between neurons in the 
excitation field. A degree of independence is produced by the relative 
heterogeneity of anatomical and related response properties of the 
dendrites. Also, the greater and more-variable absolute and relatively- 
refractory periods of dendritic activation as opposed to axonal activation 
(Stypulkowski and van den Honert, 1984, Figs. 2 and 5 )  would tend to impart 
different discharge histories among stimulated neurons. The different 
discharge histories could further improve the ability of the nerve to convey 
temporal information. Specif ical ly, the burden of information transfer is 
shared between previously-stimulated neurons still in their refractory 
periods and fully-recovered neurons, now ready for stimulation on the 
present stimulus cycle. 

* 

* This, of course, is a statement of Wever's volley theory of  pitch 
perception in which frequencies as high as 3 to 4 kHz can be represented in 
the ensemble response even though individual auditory neurons can only 
respond up to about 200 spikeds. 

t 
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Another f a c t o r  which may f a v o r  d e n d r i t i c  a c t i v a t i o n  is t h e  f a c t  t h a t  

t h e  r e l a t ive  l e v e l  of membrane no i se  ( l / f  noise)  i nc reases  as t h e  diameter 

of a m y e l i n a t e d  neuron  d e c r e a s e s  ( V e r v e e n ,  1959 and 1962; Verveen and 

D i r k s e n ,  1968; Mark White ,  p e r s o n a l  communication).  E f f e c t s  o f  membrane 

n o i s e  w i l l  t h e r e f o r e  b e  greater  a t  t h e  d e n d r i t e s  t h a n  a t  t h e  axons.  One 
m a n i f e s t a t i o n  of i n c r e a s e d  membrane n o i s e  would be i n c r e a s e s  i n  t h e  

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

e l e c t r i c a l  s t i m u l i .  Such inc reases  are c l e a r l y  ev iden t  i n  comparisons of 

l a t e n c y  j i t ter  and th re sho ld  v a r i a b i l i t y  between s i n g l e  u n i t s  i n  t h e  i n t a c t  

(with dendr i t e s )  and laminectomy (without dendr i t e s )  prepara t ions  of van den 

Honert and Stypulkowski (1984, Fig. 4 and Table  1). In a d d i t i o n ,  responses 

near  t h re sho ld  i n  t h e  i n t a c t  p repara t ions  of Hartmann g t ,  d. (1984a and b) 

e x h i b i t  much greater l a t e n c y  j i t t e r  t h a n  r e s p o n s e s  a t  h i g h e r  s t i m u l u s  

l e v e l s .  Inasmuch as d e n d r i t i c  a c t i v a t i o n  occurs  near  t h re sho ld  f o r  i n t a c t  

p r e p a r a t i o n s  f o r  t h e  t y p e s  of e l e c t r o d e s  used ,  and inasmuch as  axona l  

a c t i v a t i o n  occurs  a t  higher  s t imu lus  l e v e l s  (2  or  3 times above threshold;  

see S t y p u l k o w s k i  and van  den H o n e r t ,  1984, Figs .  1 and 7 ) .  t h e  r e s u l t s  o f  

Hartmann gJ a i .  a l s o  support  t h e  not ion of greater e f f e c t s  of membrane noise 

a t  t h e  dendr i t e s .  

The e f f e c t s  of greater membrane noise ,  g r e a t e r  v a r i a b i l i t y  i n  neural  

response p r o p e r t i e s ,  and greater and more v a r i a b l e  r e f r a c t o r y  per iods f o r  

d e n d r i t i c  a c t i v a t i o n  ove r  axonal  a c t i v a t i o n  may a c t  t oge the r  t o  increase  t h e  

temporal bandwidth of information t h a t  can be represented  with an audftory 

p r o s t h e s i s  when t h e  dendr i t e s  are s e l e c t i v e l y  s t imula ted .  In  t h e  previous 

subsec t ion  w e  showed t h a t  s t i m u l a t i o n  with t h e  s p a t i a l  l y -d i f fuse  electric 
f i e l d s  of monopolar e l e c t r o d e s  is l i k e l y  t o  restrict n e u r a l  exc i t a t ion  t o  

d e n d r i t i c  sites, wh i l e  s t i m u l a t i o n  with s p a t i a l  l y - s e l e c t i v e  e l e c t r o d e s  is 

l i k e l y  t o  exc i t e  a x o n a l  nodes  a t  s t i m u l u s  l e v e l s  much a b o v e  t h r e s h o l d .  

Therefore ,  a t radeoff  between s p a t i a l  s e l e c t i v i t y  and t e m p o r a l  bandwidth 

c o u l d  e x i s t  f o r  a u d i t o r y  p r o s t h e s e s .  I n  t h e  extreme case o f  a s ing le -  

channel d e v i c e  exce l  l e n t  t empora l  bandwidth  c o u l d  overcome t h e  d e f i c i t s  

imposed by a l a c k  of s p a t i a l  s e l e c t i v i t y .  Indeed ,  s u c h  a t r a d e o f f  might 

exp la in  t h e  performance of "star" p a t i e n t s  us ing  t h e  s ingle-channel  Hochaair 

d e v i c e  (Hochmair-Desoyer ef a i . ,  1985). With t h i s  d e v i c e  a four -channel  

e l e c t r o d e  a r r a y  is i n s e r t e d  i n t o  t h e  s c a l a  tympani. Then, when hea l ing  is 

complete,  measures of t h re sho ld ,  dynamic range and temporal gap de tec t ion  

a re  o b t a i n e d  f o r  a l l  c h a n n e l s .  The one  c h a n n e l  t h a t  e x h i b i t s  t h e  b e s t  of 
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t h e s e  measures  i s  s e l e c t e d  f o r  s t i m u l a t i o n  w i t h  t h e  o u t p u t  of  a s i n g l e -  

c h a n n e l  s p e e c h  p r o c e s s o r .  Because a l l  t h r e e  measures  are  l i k e l y  t o  be 

b e t t e r  f o r  s t i m u l a t i o n  of neurons with su rv iv inp -dendr i t e s  than f o r  neurons 
~ ___. - - - 

without s u r v i v i n g  dendr i t e s ,  t h i s  p rocedure  i n c r e a s e s  t h e  p r o b a b i  1 i t y  of 
ma tch ing  a s o m e w h a t - s e l e c t i v e  e x c i t a t i o n  f i e l d  (produced by t h e  Hochmair 

e l e c t r o d e s ,  see d iscuss ion  i n  sec t ion  1 I .A)  with popula t ions  of neurons t h a t  

h a v e  i n t a c t  d e n d r i t e s .  T h i s  matching  of  s t i m u l a t i o n  f i e l d s  t o  d e n d r i t e s  

c o u l d  be c r i t i c a l  t o  t h e  s u c c e s s e s  of t h e  Hochmair d e v i c e  inasmuch as 

d e n d r i t i c  s u r v i v a l  is patchy i n  many deaf ears (Hinojosa and Marion, 1983). 

For p a t i e n t s  with poor d e n d r i t i c  s u r v i v a l ,  of course,  no amount of matching 

would be e x p e c t e d  t o  produce  a good r e s u l t .  T h i s  l a s t  e x p e c t a t i o n  i s  

c o n s i s t e n t  with the  high degree of v a r i a b i l i t y  i n  speech-recognition sco res  

found among p a t i e n t s  i n  t h e  Vienna series. 

H. Concluding remarks 

Most of  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  were o b t a i n e d  w i t h  a 

s imple  ensemble model t h a t  couples  an exponent ia l - fa1 l o f f  model of electr ic  
f i e l d  p a t t e r n s  with a mathematical desc r ip t ion  of s t rength-durat ion curves  

f o r  i n t r a c o c h l e a r  e lectr ical  s t imu la t ion .  These resul ts  are c o n s i s t e n t  with 

t h e  fo l lowing  observa t ions :  

1. A p a r a b o l i c - l i k e  p r o f i l e  of l a t e n c i e s  is  found i n  t h e  f i e l d s  of  

n e u r a l  r e s p o n s e s  evoked  by s t i m u l a t i o n  w i t h  i n t r a c o c h l e a r  

e l ec t rodes :  

2 .  The e x t e n t  of  t h e  e x c i t a t i o n  f i e l d ,  and t h e  s h a p e  of  t h e  l a t e n c y  

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

constant-charge pulses :  

3. Fundamental a t t r i b u t e s  of t h e  audi tory  s t imu lus ,  such a s  i n t e n s i t y  

and frequency, might be coded by appropr ia te  manipulat ions i n  t h e  

l a t ency  p r o f i l e s  of evoked neura l  responses;  
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4 .  S e v e r e  i n t e r a c t i o n s  b e t w e e n  c h a n n e l s  c a n  b e  p r o d u c e d  by  

s i m u l t a n e o u s  s t i m u l a t i o n  of d i f f e r e n t  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 )  i n  a multichannel a r r a y ;  

5 .  Response f i e l d s  found i n  a heterogeneous popula t ion  of neurons are 

similar t o  t h e  f i e l d s  found f o r  a uniform populat ion f o r  s p a t i a l l y -  

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

e l ec t rodes  with l a rge  space cons t an t s ;  

6.  S u r p r i s i n g l y ,  t h e  " e q u i v a l e n t  s p a c e  c o n s t a n t s "  of t h e  n e u r a l  

d e n s i t y  p r o f i l e  found fo r  monopolar s t i m u l a t i o n  can be much less 

than t h e  space cons tan ts  of t h e  imposed electric f i e l d :  

7 .  This  may e x p l a i n  how p a t i e n t s  implanted with monopolar a r rays  can 

rank t h e i r  e l e c t r o d e s ;  

8 .  For p a t i e n t s  w i t h  good n e r v e  s u r v i v a l  monopolar  e l e c t r o d e s  may 

p r e f e r e n t i a l l y  e x c i t e  d e n d r i t i c  nodes  o v e r  t h e  dynamic range  of 

s t i m u l a t i o n ,  wh i l e  b i p o l a r  e l e c t r o d e s  may excite d e n d r i t i c  nodes 

near  th reshold  and axonal nodes t h e r e a f t e r :  

9.  I t  i s  l i k e l y  t h a t  a higher  bandwith of temporal information can be 

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

a c t i v a t i o n  than with axonal a c t i v a t i o n ;  and 

10. T h e r e f o r e  a t r a d e o f f  between s p a t i a l  s e l e c t i v i t y  and  tempora l  

bandwidth may e x i s t  f o r  aud i to ry  pros theses .  

I n  summary, t h e n ,  our  s i m p l e  ensemble  model a p p e a r s  t o  p r o v i d e  a 
powerful t o o l  f o r  demonstrating bas i c  p a t t e r n s  of n e u r a l  responses  evoked by 

i n t r a c o c h l e a r  e l e c t r i c a l  s t i m u l a t i o n  and f o r  genera t ing  t e s t a b l e  hypotheses 

of improved s t imu lus  coding for  coch lea r  implants.  We w i l l  be eva lua t ing  

t h e  h y p o t h e s e s  i m p l i c i t  i n  p o i n t s  3, 7 and 10 a b o v e  i n  tests w i t h  f u t u r e  

i m p l a n t  p a t i e n t s .  I n  a d d i t i o n ,  w e  p l a n  t o  d e v e l o p  and a p p l y  t h e  more- 

s o p h i s t i c a t e d  ensemble models o u t l i n e d  i n  t h e  i n t r o d u c t i o n  t o  s e c t i o n  11. 

As mentioned t h e r e ,  t hese  models should a l l o w  u s  t o  e l u c i d a t e  d e t a i l s  i n  t h e  
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responses f i e l d s  n o t  e v i d e n t  i n  t h e  p r e d i c t i o n s  of  ensemble model 

Results of these future s tudies  w i l l  be reported as they become available 

1. 
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111. Plans f o r  t h e  Next Quarter 

Our f i r s t  i m p l a n t  p a t i e n t  a t  Duke Medical C e n t e r  i s  s c h e d u l e d  for 

surgery  on 10/24/85. This  opera t ion  w i l l  be t h e  f i rs t  of two: t h e  i n i t i a l  

o p e r a t i o n  t o  i n s e r t  t h e  i n t r a c o c h l e a r  e l e c t r o d e  array and i n s t a l  1 a 

p e r c u t a n e o u s  c a b l e  f o r  d i r e c t  access t o  t h e  e lectrodes;  and t h e  second 

opera t ion  t o  remove t h e  percutaneous c a b l e  and i n s t a l l  t h e  r e c e i v e r  d i sk  for 

t h e  UCSF/Storz t r a n s c u t a n e o u s  t r a n s m i s s i o n  sys tem.  We e x p e c t  t h a t  tes ts  

with t h e  percutaneous cable w i l l  cont inue f o r  1-to-2 months af ter  t h e  f i rs t  

operat ion.  Work i n  t h e  next  q u a r t e r  w i l l  be devoted t o  prepara t ion  for,. and 

subsequent conduct o f ,  t h e s e  tests. Follow-up tests with t h e  transcutaneous 

t r a n s m i s s i o n  system w i l l  be performed on a n  i n f r e q u e n t  basis  a f t e r  t h e  

second operat ion.  I n i t i a l  r e s u l t s  from t h e  percutaneous- tes t ing phase w i l l  

be presented i n  our next  q u a r t e r l y  r epor t .  
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LATENCY FIELDS I N  ELECTRICALLY-EVOKED HEARING. * B.S. Wilson and C.C. F in l ey ,  Neuroscience Program Of f i ce ,  Research Tr i ang le  
I n s t i t u t e ,  Research Tr i ang le  Park,  N . C .  27709. 

I n  t h i s  p re sen ta t ion  w e  w i l l  de sc r ibe  models t h a t  p r e d i c t  t h e  s p a t i a l  
and  t e m p o r a l  p a t t e r n s  of  n e u r a l  r e s p o n s e s  produced  by i n t r a c o c h l e a r  
e lec t r ica l  s t imu la t ion .  The s implest  of t hese  models couples  a mathematical 
d e s c r i p t i o n  of t h e  f i e l d  p a t t e r n s  generated by i n t r a c o c h l e a r  e l e c t r o d e s  wi th  
a m a t h e m a t i c a l  d e s c r i p t i o n  o f  s t r e n g t h - d u r a t i o n  c u r v e s  f o r  e l e c t r i c a l  
s t imu la t ion .  The mathematical desc r ip t ion  of t h e  f i e l d  p a t t e r n s  ranges i n  
complexi ty  from an e x p o n e n t i a l - f a l l o f f  model t o  our s p i r a l - p l a n e ,  f i n i t e -  
d i f f e r e n c e  model of t h e  UCSF e l e c t r o d e  a r r a y  ( 8 t h  A R O ,  p. 105, 1984); d a t a  
for t h e  s t rength-dura t ion  model are obtained from t h e  measurements of Loeb 
d- e t  gl. (NYAS, 405:123-136, 1983) and v a n  den  Honer t  and  S typu lkowsk i  
(Hearing Res., 14:225-243, 1984). For t h e  e x p o n e n t i a l - f a 1  l o f f  d e s c r i p t i o n  
of  t h e  e lec t r ic  f i e l d  p a t t e r n s ,  a pa rabo l i c - l i ke  p r o f i l e  of l a t e n c i e s  is 
predic ted  by t h e  combined model f o r  monophasic, r e c t a n g u l a r  pulses .  That 
is, as d i s t a n c e  from t h e  s t i m u l a t i n g  e l e c t r o d e  (or e l e c t r o d e  p a i r )  
i nc reases ,  t h e  e lec t r ic  f i e l d  f a l l s  o f f  and neurons a t  t h e s e  loca t ions  are 
s t i m u l a t e d  f u r t h e r  and  f u r t h e r  o u t  a l o n g  t h e i r  s t rength-dura t ion  curves.  
U l t ima te ly ,  t h e  s t r e n g t h  of t h e  c u r r e n t  f i e l d  f a l l s  below th re sho ld  (for t h e  
du ra t ion  of t h e  p u l s e )  and neurons a t  l o c a t i o n s  more d i s t a n t  than t h i s  po in t  
a r e  n o t  s t i m u l a t e d .  M a n i p u l a t i o n s  o f  p u l s e  i n t e n s i t y  and  d u r a t i o n  h a v e  
l a r g e  e f f e c t s  ( e v e n  f o r  c o n s t a n t  c h a r g e )  on t h e  e x t e n t  of  t h e  e x c i t a t i o n  
f i e l d  and  on t h e  s y n c h r o n i c i t y  of d i s c h a r g e  a c r o s s  t h i s  f i e l d .  These  
effects  are h i g h l y  c o r r e l a t e d  with psychophysical measures of loudness and 
t h r e s h o l d .  F i n a l  l y ,  t h e  p a t t e r n s  of  n e u r a l  r e s p o n s e s  p r e d i c t e d  wi th  t h e  
f i n i t e - d i f f e r e n c e  model of t h e  UCSF a r r a y  are i n  gene ra l  more complex than  
t h e  p a t t e r n s  j u s t  d e s c r i b e d  f o r  t h e  e x p o n e n t i a l - f a 1  l o f f  model. I n  
p a r t i c u l a r ,  large d i s c o n t i n u i t i e s  i n  t h e  l a t e n c y  f i e l d s  are predicted f o r  
balanced b iphas ic  p u l s e s  d e l i v e r e d  t o  t h e  o f f s e t  r a d i a l  p a i r s  of the UCSP 
a r r a y .  P o s s i b l e  p e r c e p t u a l  c o r r e l a t e s  of t hese  d i s c o n t i n u i t i e s  and o t h e r  
f e a t u r e s  o f  t h e  l a t e n c y  f i e l d s  w i l l  b e  l i s t e d :  and  t h e  l a t e n c y  f i e l d s  
p red ic t ed  f o r  e l e c t r i c a l l y - e v o k e d  hear ing  w i l l  be compared with t h e  l a t ency  
f i e l d s  found i n  normal hear ing.  In our  concluding remarks, w e  w i l l  mention 
some ways i n  which t h e  l a t e n c y  f i e l d s  produced  i n  e l e c t r i c a l l y - e v o k e d  
hea r ing  might be made t o  approximate t h e  l a t ency  f i e l d s  of normal hearing. 



SAXPLING OF ELECTRICAL FIELDS BY MYELINATED INTRACOCHLEAR NEURONS * C.C. F i n l e y  and B.S. Wilson, Neuroscience Program Of f i ce ,  Research T r i a n g l e  
I n s t i t u t e ,  Research Tr i ang le  Park,  N . C .  27709. 

The response of a myel inated neuron t o  e lec t r ica l  s t i m u l a t i o n  w i t h i n  
t h e  c o c h l e a  depends upon both t h e  p r o f i l e  of t h e  e l e c t r i c a l  f i e l d  o u t s i d e  
t h e  neuron and upon how t h e  neuron samples or interacts w i t h  t h e  f i e l d .  The 
e x t r a c e l l u l a r  f i e l d  p a t t e r n  i s  l a r g e l y  d e t e r m i n e d  by t h e  g e o m e t r i e s  a n d  
p l a c e m e n t s  o f  t h e  e l e c t r o d e s  w i t h i n  t h e  c o c h l e a  a n d  by t h e  e f f e c t s  of 
d i f f e r i n g  impedances of v a r i o u s  t i s sues  wi th in  t h e  cochlea.  Sampling of 
t h e  e lectr ical  f i e l d  by a myel inated neuron occurs  predominately a t  node 
l o c a t i o n s .  P o l a r i z i n g  c u r r e n t s  c r o s s i n g  t h e  nodal  membranes determine t h e  
r e s p o n s e s  o f  e a c h  node  t o  t h e  e x t e r n a l  p o t e n t i a l  f i e l d .  The magn i tude  of 
t h e s e  c u r r e n t s  is a f u n c t i o n  of t h e  impedances of t h e  nodal  reg ions  and t h e  
i n t r a n o d a l  c o r e  r e s i s t a n c e s .  For a large diameter  f i b e r .  i n t r a n o d a l  core 
r e s i s t a n c e s  are  low compared t o  t h e  h i g h  n o d a l  impedances .  so n o d a l  
impedances p r i m a r i l y  determine t h e  magnitude of t h e  p o l a r i z i n g  c u r r e n t s  f o r  
a g i v e n  e x t r a c e l l u l a r  f i e l d  magnitude. Consequently, c u r r e n t  magnitudes a t  
t h e s e  nodes are l a r g e l y  independent of t h e  cond i t ions  a t  a d j a c e n t  nodes and 
are t h e r e f o r e  more s e n s i t i v e  t o  t h e  a b s o l u t e  magnitude of t h e  e x t r a c e l l u l a r  
f i e l d  a t  each node. For a small diameter  f iber ,  i n t r a n o d a l  c o r e  r e s i s t a n c e s  
are h ighe r  and approach t h e  magnitude of t h e  nodal  impedances. The small 
d iameter  f i b e r  would t h e r e f o r e  be more s e n s i t i v e  t o  t h e  r e l a t ive  p o t e n t i a l  
l e v e l s  be tween a d j a c e n t  n o d e s  a n d  t h u s  would r e s p o n d  t o  r e g i o n s  of h i g h  
g r a d i e n t s  as opposed t o  a b s o l u t e  magnitude of t h e  e x t r a c e l l u l a r  e lec t r ica l  
f i e l d .  Type 1 gang l ion  c e l l s  i n  t h e  cat have been desc r ibed  a s  having small 
d iameter  d e n d r i t e s  with r e l a t i v e l y - l a r g e  diameter  c e n t r a l  axons (Kiang e t  
- - * *  a1 ------- S c i e n c e  217:175-177, 1982). These  a n a t o m i c a l  v a r i a t i o n s  ra i se  the 
p o s s i b i l i t y  t h a t  type  1 gang l ion  c e l l s  sample e l e c t r i c a l  f i e l d s  i n  d i f f e r e n t  
manners  at t h e  d e n d r i t e s  a n d  c e n t r a l  axons .  T h i s  p o s s i b i l i t y  is a l s o  of 
s i g n i f i c a n c e  i n  d e s i g n i n g  b i p o l a r  e l e c t r o d e s  t h a t  would  b e  e f f e c t i v e  i n  
s i t u a t i o n s  of both good and poor d e n d r i t e  s u r v i v a l .  

I n  t h i s  p r e s e n t a t i o n  w e  w i l l  d e s c r i b e  e v a l u a t i o n s  of t h e  r e l a t i v e  
s i g n i f i c a n c e  o f  a b s o l u t e  m a g n i t u d e  v e r s u s  p o t e n t i a l  g r a d i e n . t s  of  
e x t r a c e l l u l a r  f i e l d s  on m o d e l l e d  t y p e  1 g a n g l i o n  c e l l s .  The c e l l s  are 
model led  u s i n g  our  i n t e g r a t e d  f ie ld-neuron  model of e lectr ical  s t i m u l a t i o n  
(8th ARO, p. 105, 1984). Discussion w i l l  i n c l u d e  t h e  r e l a t i v e  i n f l u e n c e s  of 
m o n o p o l a r  and  b i p o l a r  e l e c t r o d e  c o n f i g u r a t i o n s  a n d  w i l l  c o n c l u d e  w i t h  
comments on how these r e s u l t s  p e r t a i n  t o  improved e l e c t r o d e  design. 
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MODELS OF NEURAL STIMULATION FOR ELECTRICALLY EVOKED HEXRING 

C.C. Finley  and B.S. Wilson 

Des ign  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 s  f o r  
mul t ichannel  a u d i t o r y  pros theses  r e q u i r e s  d e t a i l e d  
knowledge of t h e  mechanisms of e 1 , e c t r i c a l  n e u r a l  
s t i m u l a t i o n  o c c u r r i n g  w i t h i n  t h e  c o c h l e a .  Such 
knowledge w i l l  a f f o r d  t h e  oppor tuni ty  t o  opt imize 
t h e  c o d i n g  o f  s p e e c h  i n f o r m a t i o n  by g a i n i n g  
p r e c i s e  c o n t r o l  over  t h e  f i r i n g  p a t t e r n s  e v o k e d  
anong f i b e r s  o f  t h e  V I I I t h  n e r v e .  Many f a c t o r s  
are  known t o  c o n t r i b u t e  t o  t h e  o v e r a l l  
c h a r a c t e r i s t i c s  o f  t h e  " e l e c t r i c a l - t o - n e u r a l  
t r a n s f o r m e r "  t h a t  l i n k s  s t i m u l i  d e l i v e r e d  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  t o  d ischarge  p a t t e r n s  i n  
t h e  a u d i t o r y  n e r v e .  These  f a c t o r s  i n c l u d e  t h e  
p h y s i c a l  l o c a t i o n s ,  d i m e n s i o n s  and e l e c t r i c a l  
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 o d e s ,  as w e l l  as. t h e  
p h y s i o l o g i c a l  i n t e g r i t y  and s u r v i v a l  p a t t e r n s  of 
t h e  r e m a i n i n g  n e u r a l  e l e m e n t s .  I n  a d d i t i o n ,  t o  
a c h i e v e  s u c c e s s f u l  e n c o d i n g  o f  s p e e c h  on  t h e  
V I I I t h  n e r v e  b y  e l e c t r i c a l  s t i m u l a t i o n ,  i t  is 
p r o b a b l y  n e c e s s a r y  t o  c o n t r o l  t h e  t e m p o r a l  and 
s p a t i a l  p r o f i l e s  of n e u r a l  d i scharge  around each 
e l e c t r o d e  or e l e c t r o d e  p a i r  w h i l e  a v o i d i n g  and/or 
e x p l o i t i n g  f i e l d  i n t e r a c t i o n s  b e t w e e n  t h e  
e l e c t r o d e s .  To e v a l u a t e  t h e  r e l a t i v e  s i g n i f i c a n c e  
of  e a c h  of t h e s e  c o n t r i b u t i n g  f a c t o r s ,  w e  h a v e  
developed  a series of  computer-based models which 
d e s c r i b e  t h e  e v e n t s  of neuros t imula t ion  wi th in  t h e  
cochlea.  

The f i r s t  model  d e s c r f b e s  t h e  e l e c t r i c a l  
f i e l d  p a t t e r n s  w i t h i n  t h e  c o c h l e a ,  a s  a 
c o n s e q u e n c e  of  s t i m u l a t i o n  by  e l e c t r o d e s  w i t h i n  
scala tympani. The o b j e c t i v e  of t h i s  model is t o  
p r o v i d e  estimates of t h e  p r o f i l e s  of p o t e n t i a l s  
a l o n g  t h e  l o c i  of s u r v i v i n g  n e u r a l  elements.  
These p o t e n t i a l s  are c a l c u l a t e d  by an 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  d i f f e r e n c e  model of a 
c o c h l e a r  c r o s s  s e c t i o n .  which i n c l u d e s  a p a i r  of 
e l e c t r o d e s  i n  t h e  scala tympani. Grid p o i n t s  i n  
t h e  model are 20 microns a p a r t  and r e s i s t i v i t i e s  
l i n k i n g  t h e  g r i d  p o i n t s  are def ined  according t o  
publ i shed  v a l u e s  for r e s i s t i v i t i e s  of t i s s u e s  and 
f l u i d s  a p p e a r i n g  i n  t h e  c r o s s  s e c t i o n .  The 
b i p o 1 , a r  e l e c t r o d e s  are d e f i n e d  a s  e q u i p o t e n t i a l  
c o n d u c t o r s  mounted i n  a n  i n s u l a t i n g  c a r r i e r  
medium. F i x e d  v o l t a g e s  are  a s s i g n e d  t o  e a c h  
e l e c t r o d e  a n d  t h e  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  
c o m p u t e d  b y  i t e r a t i o n  f o r  t h e  e n t i r e  c r o s s  
s e c t i o n .  P o t e n t i a l  l e v e l s  a t  p o i n t s  a l o n g  t h e  
l o c i  of t h e  V I I I t h  n e r v e  elements  are e x t r a c t e d  
from t h e  f i n a l  f i e l d  c a l c u l a t i o n .  A second 
v e r s i o n  of t h i s  model ,  c o n t a i n i n g  t h e  s p i r a l  of 
t h e  c o c h l e a ,  compressed  i n t o  two d i m e n s i o n s ,  is 
used t o  estimate t h e  i n t e r a c t i o n  and c r o s s t a l k  a t  
a s i n g l e  n e u r a l  e lement  f o r  s t i m u l a t i o n  of two or 
more e l e c t r o d e  c h a n n e l s .  Both m o d e l s  p r o v i d e  
f i e l d  p a t t e r n  estimates t h a t  c o r r e l a t e  well  with 
publ i shed  d a t a  from animal experiments. 

' 

A s e c o n d  m o d e l  is a l U 8 p e d - e l e m e n t  
d e s c r i p t 1 o n o f a n e 1 e c  t r 1 ca 1 1 y-s t imu 1 a t e d .  
myel inated neuron. S t imulus  i n p u t s  for t h e  model 
are t h e  p o t e n t i a l  p r o f i l e s  c a l c u l a t e d  in t h e  
f i e l d  p o t e n t i a l  m o d e l s  d e s c r i b e d  above. T h i s  
model Is a m o d i f i c a t i o n  of McNea1.s axon model  
( I E E E  T r a n s .  B M E  23: 329-337. 1 9 7 6 )  of 
res i  st i v e  1 y- 1 i n k e d  Prankenhauser-Huxl  e y  nodes. 
The modified model i n c l u d e s  myel inated axon c a b l e  
p r o p e r t i e s  and uses a a m a a l l a n  node o f  Ranvier 
c h a r a c t e r i s t i c s  i n s t e a d  of t h e  c h a r a c t e r i s t i c s  for  
Frankenhauser-Huxl e y  f r o g  nodes. Eighteen a c t i v e  
n o d e s  a r e  i n c l u d e d .  e a c h  s e p a r a t e d  by t e n  
m y e l i n a t e d  s e g m e n t s .  One s e c t i o n  i n c l u d e s  
c h a r a c t e r i s t i c s  o f  a c e l l  body. r e s e m b l i n g  t h e  
b i p o l a r  c e l l s  of t h e  c o c h l e a .  A system of 
simultaneous.  n o n l i n e a r  d i f f e r e n t i a l  equat ions  is 
s o l v e d  i t e r a t i v e l y  t o  c a l c u l a t e  t h e  m o d e l ' s  
r e s p o n s e  t o  a n y  a r b i t r a r y  s t i m u l u s  w a v e f o r r .  
a p p l i e d  a s  a v o l t a g e  p r o f i l e  a l o n g  t h e  e n t i r e  
l e n g t h  of t h e  a x o n .  The  n e u r o n  m o d e l .  in 
c o n j u n c t i o n  w i t h  t h e  f i e l d  p o t e n t f a 1  models .  
c o n s t i t u t e s  a n  i n t e g r a t e d  model o f  s i n g l e  f i b e r  
behavior  i n  t h e  e l e c t r i c a l  ly -s t imula ted  cochlea .  

However, s p e e c h  e n c o d i n g  i n  t h e  c o c h l e a  
r e q u i r e s  s u c c e s s f u l  t e m p o r a l  c o n t r o l  of a n  
ensemble of neurons s p a t i a l  l y  d i s t r i b u t e d  a l o n g  
t h e  c o c h l e a r  p a r t i t i o n .  A t h i r d  model h a s  been  
d e v e l o p e d  t o  d e s c r i b e  e n s e m b l e  r e s p o n s e s  of 
m u l t i p l e  n e u r o n s  t o  s t i m u l a t i o n  by. m u l t i p l e  
e l e c t r o d e s .  T h i s  model a 1  lows  m a n i p u l a t i o n  of  
f i e l d  p a t t e r n s  and channel  conf igura t ions  of t h e  
e l e c t r o d e s ,  a l o n g  wi th  r e s p o n s e  c h a r a c t e r i s t i c s  
and s u r v i v a l  p a t t e r n s  of t h e  n e u r a l  e l e m e n t s .  
"Latency p r o f i l e s "  a r e  c a l c u l a t e d  which show 
t iming of neura l  f i r i n g  as  a func t ion  of both t h e  
l o c a t i o n  of t h e  element  a l o n e  t h e  cochlea and t h e  
s t i m u l i  and e l e c t r o d e  channel conf igura t ions  used. 
I n i t i a l  s t u d i e s  i n d i c a t e  t h e  occurrence of a b r u p t  
d i s c o n t i n u i t i e s  i n  r e s p o n s e  f i e l d s  as a 
consequence  of e l e c t r o d e  p o l a r i t y  and n e u r a l  
s u r v i v a l .  T h e s e  r e s p o n s e  d i s c o n t i n u i t i e s  
compl ica te  t h e  des ign  of speech processors which 
s e e k  t o  r e p l i c a t e  f i r i n g  p a t t e r n s  of t h e  normal 
cochlea  i n  response t o  speech s t imula t ion .  

( S u p p o r t e d  by NIH C o n t r a c t  N01-NS-2356, "Speech  
Processors  for  AudItory Prostheses.") 
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(KEMAR). Using a pseudorandom noise input, the phase charac- 
teristic of the transfer function at a high volume control setting was 
obtained with an FFT-based spectrum analyzer as well as the group 
delay through the hearing aid in situ. These measurements were 
repeated with a phase compensator designed to improve the line- 
arity of the phase characteristic. The effect of the phase compen- 
sator was to flatten the group delay through the hearing aid whi& 
may result in improved speech perception for hearing impaired per- 
sons. 

-7 
e Speech Processors for Auditory Prostheses 

BLAKE S. WILSON AND CHARLES C. FINLEY 

In this presentation, we will describe strategies for coding speech 
signals for auditory prostheses. Two problems will be considered: 
I )  the “classic” problem of extracting parameters from speech that 
are essential for intelligibility, and 2) the problem of transforming 
these parameters into electrical stimuli that will produce patterns 
of neural activity that are perceived as intelligible speech. 

Speech Processing for Cochlear Implants 

E. L. V. WALLENBERG. 1. J. HOCHMAIR-DESOYER, AND 
E. S. HOCHMAIR 

Open-list sentence understanding without lipreading can be 
achieved by single-channel analog broad-band electrical stimulation 
by 75 percent of the postlingually deafened patients equipped with 
a Vienna cochlear prosthesis. Based on the analysis of vowel iden- 
tification tasks, alternate speech coding strategies using feature ex- 
traction have been developed and evaluated. 

t . -. Session C13-Cochlear Prostheses 

A Simple Finite-Difference Model of Field Patterns 
Produced by Bipolar Electrodes of the UCSF Array 

C. C. FINLEY AND B. S. WILSON 

A finite-difference model of field patterns produced by the UCSF 
d;upichannel bipolar electrode array is presented. The model de- 
scribes the array as a spiral, compressed into a two-dimensional, 
homogeneous plane. Potential levels along radially directed den- 
drites of spiral ganglion cells are described. Comparisons between 
of measured animal data and model predictions are presented. Im- 
plications for channel interaction phenomena are discussed. 

Mixed Boundary Value Problems in the 
Implanted Cochlea 

J. T. RUBINSTEIN. M. SOMA AND F. A. SPELMAN 

This paper describes a three-dimensional analytical model of a 
finite-sizcd. cylindrical, segmented electrode array. The assump- 
tions made are that the fields will be calculated at a distance much 
smaller than the length of the carrier, the carrier is a perfect insu-. 
lator, and the electrodes are perfect conductors. 

A Peak-Counting Model for Single-Electrode 
Cochlear Stimulation 

LES ATLAS 

A peak-counting model has been developed to predict the.pitch 
and timbre perception for complex single-electrode electrical stim- 
ulation waveforms. This model has been studied for the case of 
amplitude modulated biphasic pulses and for more complex analos 
waveforms. The model has also been utilized to suggest speech pro- 
cessing algorithms. 

Behavioral Responses to Intracochlear Electrical 
Stimulation: Possible Peripheral-Nerve 

Mechanisms 

Implications of Speech Encoding in the Normal 
Cochlea for a Cochlear Prosthesis 

BEN M. CLOPTON 
MARK WHITE 

In addition to established analysis and transduction processes in 
the cochlea, significant nonlinearities and, possibly, extra- The rate at which neural activity increases with stimulus inten- 
cellular influence activity in the audiiory nerve. sity is a function of fiber diameter. In addition, the intraaxonal re- 
Enhancement of specific features in sound waveforms, especially sistance between nodes of Ranvier is a strong function of fiber di- 
speech, occurs. These processes imply strategies for electrically ameter. These two primary factors may fibers Of 

encoding speech information for a cochlear prosthesis. different diameter to be sefectively excited depending on the stim- 
ulus level, the stimulus waveform, and distribution of surviving 
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nerve. 

Current Spreading and Current Deconvolution in 
Scala Tympani Prostheses Session D12-Electrical Controi 

DIRK VON COMPERNOLLE AND ROBERT L. WHITE of Arrhythmias 

Multielectrode cochlear arrays have the potential to create, at the 
neurons, a current density representing the complex energy density 
spectrum of speech. For present devices, the desired current pat- 
tern is placed on the electrodes and degraded by current spreading 
to a blurred representation at the neurons. if the current spreading 
function is known, however, so is its inverse; and it i s  possible, 
using “current deconvolution.” to compute the current pattern re- 
quired at the electrodes to produce the desired pattern at the neu- 
rons. This paper will deal with the potential and the limitations of 
current deconvolution techniques as applied to scala tympani coch- 
lear prostheses. * 

Computer Algorithms for Tachycardia Detection in 
Antitachycardia Pacing 

THOMAS E. BUMP 

We have developed sensitive and specific decision rules for tachy- 
cardia identification which use rate in  both chambers and degree of 
atrioventricular association to diagnose among tachycardias which 
do not have 1:l atrioventricular relationship. Ourtechnique delivers 
an atrial extrastimulus to differentiate sinus tachycardia from other 
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