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Abstract—We studied the consequences of long-term implan­
tation of a penetrating microelectrode array in peripheral nerve 

over the time course of 4-6 mo. Electrode arrays without lead wires 

were implanted to test the ability of different containment systems 

to protect the array and nerve during contractions of surrounding 

muscles. Treadmill walking was monitored and the animals showed 

no functional deficits as a result of implantation. In a different 

set of experiments, electrodes with lead wires were implanted for 

up to 7 mo and the animals were tested at 2-4 week intervals at 
which time stimulation thresholds and recorded sensory activity 

were monitored for every electrode. It was shown that surgical 
technique highly affected the long-term stimulation results. Re­
sults between measurement sessions were compared, and in the 

best case, the stimulation properties stabilized in 80% of the elec­
trodes over the course of the experiment (162 days). The recorded 

sensory signals, however, were not stable over time. A histological 
analysis performed on all implanted tissues indicated that the mor­
phology and fiber density of the nerve around the electrodes were 

normal.

Index Terms—Functional neuromuscular stimulation (FNS), im­
plantable electrodes, neuroprosthesis, peripheral nerve.

I. In t r o d u c t i o n

N  S P IN A L  co rd  injury, ascen d in g  an d  descen d in g  nerve 

M fibers are tra n sec ted  o r c ra sh e d  and  as a  re su lt, the  spinal 

co rd  is p e rm anen tly  dam ag ed . S in ce  on ly lim ited  success has  

b ee n  ach iev ed  in reg en era tin g  the severed  n eu ro n a l co nnections

[1], [2], n eu ro p ro sth e tic  devices b ase d  on the  ac tiva tion o f 

m uscles  d is ta l to  the  in ju ry [fun ctio na l e lec trica l stim u la tion
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(F ES )] have  b ee n  in vestigated  fo r m an y years  as an a lte rnative 

m eth o d  to  re s to re  m o to r fu n c tio n  in p ara ly zed  lim bs. A part 

fro m  m u sc le  s tim u la tion , a  neu ro p ro sth e tic  d ev ice b ase d  on 

F E S  sh o u ld  also  em plo y  sen sory  feed b ack  in fo rm atio n  to 

m o n ito r the m o v em en t p roduced ; th is  w ou ld  b e  especia lly  

u se fu l w h ile  g en era tin g  com plex  m ovem en ts. S ev eral d iffe rent 

dev ices have  b ee n  s tu d ied  as p o ssib le  n eu ra l in te rfaces to  the 

sp ina l co rd  [3]—[5], p erip h e ra l nerve  fibers [6]—[1 7 ], an d  the 

m o to r en d  p la tes  o f the  m u sc les  d irec tly  [1 8 ]—[2 0 ]. B ecause  

p e rip h e ra l nerves co n ta in  b o th  sen sory  and  m o to r fibers, 

e lec tro d es im p lan ted  th ere  c o u ld  b e  u sed  to  s tim u la te  m o to r 

fib ers as w ell as to  re co rd  sig nals fro m  sk in  an d  m u sc le  sen so ry  

fibers.

D esirab le  fea tu res o f  p e rip h e ra l ne rve in terfaces are low  s tim ­

u la tio n  cu rren ts , an d  se lec tiv ity  an d  stab ility  o f s tim u la tio n  and  

reco rd in g . T h ese  p ro p e rtie s  d ep en d  on  the  prox im ity  o f  the  e x ­

p o sed  e lec tro d e  su rface  to  the  ta rg e t n erve  fibers. In  ad d ition , in- 

tra fasc icu la r e lec tro d es are e lec trica lly  sh ie ld ed  fro m  th e ir su r ­

ro u n d in g s by  the  ep in eu riu m  and  the  p e rin e u riu m  o f  the  nerve. 

H en ce  it is d ifficu lt to  achieve g o o d  stim u la tio n  an d  re co rd in g  

se lec tiv ity  w ith  e lec tro d es p laced  a ro u n d  the  n erve  on  the  o u t ­

s ide  o f  th ese  tw o n eu ra l co m p artm en ts  su ch  as cu ff-ty p e  e lec ­

tro des. It  has  b ee n  show n th a t the  stim u la tio n  se lec tiv ity  an d /o r 

reco rd in g  cap ab ility  can  b e  g re a tly  en h an ced  by  p lac in g  the 

e lec tro d es w ith in  the  fascicles  o f  the  n erve  [6], [14],

In  th is study, m u ltip le  e lec tro d es w ere  ch ro n ica lly  p laced  in 

d iffe ren t fascicles  o f  the  sciatic n erve  o f  ca ts . T h e  m ic ro e le c ­

tro de  array  used , the  U tah  E lec tro d e  A rray  (U E A ), has a  g rid  

o f  u p  to  10 by  10 e lec tro d es at 4 0 0  ^ m  sp ac in g  and  w as o rig ­

in ally  deve lo ped  fo r re co rd in g  and  s tim u la tio n  o f  co rtica l n e r ­

vous tissu e  [21], [22], T h is  p lan ar s tru c tu re  w as la ter m o d ified  

to  a th ree -d im en sio n a l e lec tro d e  a rrangem en t, the  U tah  S lan ted  

E lec tro d e  A rray (U S E A ), to  b e  b e tte r  su ited  fo r u se  in p erip hera l 

nerve. In  p rev ious acu te  ex p erim en ts , the  U E A  and  the  U S E A  

w ere  safely  im p la n te d  in to  p erip h era l n erve  [6], [23], D ifferen t 

m u sc le  g ro ups w ere  s tim u la ted  in  a  h ig h ly  se lec tive fa sh io n  e m ­

p lo y in g  low  s tim u la tio n  cu rren ts, and  in fo rm atio n  w as reco rd ed  

fro m  sen sory  fib ers fro m  the  sk in  and  m uscles . H ow ever, th is 

d ev ice  has n o t b ee n  u sed  ch ro n ica lly  to  da te  fo r e ith e r s tim u la ­

tio n  or re co rd in g  in  p erip h e ra l nerve.

T h ere  are sev era l issues a sso c ia te d  w ith  the  ch ro n ic  im p lan ta ­

tio n  o f  a  m ic ro e lec tro d e  array  such  as the  U S E A . T h ere  is su b ­

s tan tia l re la tiv e  m o tio n  b e tw e en  the  nerve  an d  its su rro und ing  

m uscles. T h is  m o tio n  can  exert fo rces  on  the  e lec tro d e  array 

an d  eventually  c o u ld  ex trac t it fro m  the nerve. In  addition, the
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n e rv e  m ig h t b e  d a m a g e d  i f  th e  e le c tro d e s  a re  u n a b le  to  m o v e  

w ith  th e  n e rv e . T h e re fo re , w e  s u g g e s t th a t so m e  k in d  o f  c o n ­

ta in m e n t sy s te m  m a y  b e  re q u ire d  to  k e e p  th e  e le c tro d e s  w ith in  

th e  n e rv e  b u t y e t  n o t re s tr ic t  n e rv e  m o v e m e n t. L e a d  m a n a g e ­

m e n t a n d  c o n n e c to r  re q u ire m e n ts  o f fe r  a d d itio n a l c h a lle n g e s ; 

le a d  w ire s  can  p ro d u c e  te th e r in g  fo rc e s  on  th e  a rray , re su ltin g  

in d a m a g e  to  th e  n e rv e  o r  b re a k a g e  o f  th e  w ire s  th e m se lv e s . T h e  

c o n n e c to r  sy s te m  h a s  to  b e  ab le  to  a c c o m m o d a te  a s  m a n y  e le c ­

t ro d e s  in a s  lit t le  s p a c e  as p o s s ib le  a n d  s h o u ld  b e  m o u n te d  s e ­

c u re ly  to  th e  a n im a l, c lo s e  to  th e  im p la n t s ite . T h e s e  is su e s  w e re  

a d d re s s e d  in th is  s tu d y  a n d  a v a r ie ty  o f  c o n ta in m e n t sy s te m s  

w e re  ev a lu a te d .

E le c tr ic a l in te rfe re n c e  f ro m  su r ro u n d in g  m u s c le s  c an  b e  

a  p ro b le m  in re c o rd in g  se n so ry  in fo rm a tio n  f ro m  p e rip h e ra l 

n e rv e s  in an a w a k e  a n d  fre e ly  m o v in g  a n im a l. Id ea lly , th e  

s ig n a l c o n ta m in a tio n  can  b e  e lim in a te d  b y  e le c tr ic a lly  sh ie ld in g  

th e  e le c tro d e s  a n d  th e  n e rv e  fro m  its  su rro u n d in g s . A n o th e r  

p o te n tia l so lu tio n  to  th is  p ro b le m  is  to  f i l te r  th is  n o is e  o u t in 

e i th e r  th e  a n a lo g  o r  d ig ita l d o m a in .

T h is  p a p e r  e x p lo re s  th e  U S E A ’s lo n g - te rm  im p la n ta tio n  in 

p e r ip h e ra l n e rv e . E le c tro d e  a rra y s  w ith o u t le a d  w ire s  w e re  im ­

p la n te d  to  te s t  d if fe re n t c o n ta in m e n t sy s te m s  fo r  th e ir  a b ility  to  

p ro te c t  th e  a rray  a n d  n e rv e  d u r in g  c o n tra c tio n s  o f  s u r ro u n d in g  

m u sc le s . T h e  c a ts ’ a b ility  to  w a lk  on  a  tre a d m ill w a s  m o n ito re d  

o v e r  th e  tim e  c o u rs e  o f  a b o u t 2  m o  a n d  a h is to lo g ic a l  a n a ly s is  

w a s  p e r fo rm e d  on  th e  t is su e . In  a  d if fe re n t se t o f  e x p e r im e n ts , 

e le c tro d e s  w ith  le a d  w ire s  w e re  im p la n te d  fo r  u p  to  7 m o  a n d  

ag a in  h is to lo g y  w a s  p e r fo rm e d . T h e  a n im a ls  w e re  te s te d  re g u ­

la r ly  a n d  s tim u la tio n  th re s h o ld s  a n d  re c o rd e d  se n so ry  a c tiv ity  

w e re  id e n tif ie d  fo r  e v e ry  e le c tro d e . R e s u lts  b e tw e e n  m e a s u re ­

m e n t s e s s io n s  w e re  c o m p a re d  to  a n a ly z e  p o s s ib le  c h a n g e s  in 

th e  n e rv e  in te rface .

11. M h t h o d s

A. Electrode Array

In  th is  s tu d y , d if fe re n t s iz e s  o f  th e  U ta h  S la n te d  E le c tro d e  

A rra y  (U S E A ) w e re  u s e d  d e p e n d in g  on  th e  s iz e  o f  th e  n e rv e  

[F ig . 1(a)], T h e  s iz e  ra n g e d  fro m  a r ra y s  fa b r ic a te d  in a 7 x  

1 0  to  1 0  x  1 0  e le c tro d e  a rra n g e m e n t, w h ic h  c o rre s p o n d s  to  a 

s iz e  f ro m  2.8  x  4  m m  to  4  x  4  m m ; th e  le n g th  o f  th e  e le c ­

t ro d e s  v a r ie d  b e tw e e n  0 .5  a n d  1.5 m m  a lo n g  th e  lo n g e r  a x is  w ith  

0 . 1  m m  le n g th  d if fe re n c e  b e tw e e n  n e ig h b o r in g  e le c tro d e s  a lo n g  

th is  ax is . T h e  m a n u fa c tu r in g  an d  w ir in g  p ro c e ss  o f  th e  a rra y  w as  

d e s c r ib e d  in d e ta il e ls e w h e re  [6 ], [2 1 ], E a c h  a rra y  w a s  w ire d  to  

3 6 -p in s  o f  e a c h  o f  tw o  4 0 -c o n d u c to r  e d g e  c o n n e c to r  m o u n te d  in 

a  t i ta n iu m  b a s e  [F ig . 1(b)] (C y b e rk in e tic s , In c ., S a lt L a k e  C ity , 

U T ). O f  th e  o th e r  fo u r  p in s , tw o  w e re  w ire d  to  th e  c o n n e c to r  

p e d e s ta l a s  g ro u n d  a n d  tw o  w e re  w ire d  to  in s u la te d  P t/I r  r e fe r ­

e n c e  w ire s  w ith  d e - in s u la te d  tip s  th a t  w e re  p la c e d  n e x t to  th e  

e le c tro d e  array .

T h e  im p e d a n c e s  o f  th e  e le c tro d e s  w e re  m e a s u re d  on  a  p e ­

r io d ic  b a s is  a f te r  im p la n ta tio n  u s in g  a W P I im p e d a n c e  m e te r  

w h ic h  u s e s  a 1- o r  1 0 -n A  5 0 0 -H z  s q u a re  w a v e  (O m e g a -T ip  

Z , W o rld  P re c is io n  In s tru m e n ts , S a ra so ta , F L ); th e  a v e ra g e  im ­

p e d a n c e s  a t th e  tim e  o f  im p la n ta tio n  w a s  2 7 0  ±  190  k O ( n  =  

4 5 3  e le c t r o d e s ) .

Fig. 1. Im p la n ted  dev ice, (a) S can n in g  e le c tro n  m ic ro g rap h  o f  th e  USHA ). 

(b) P ic tu re  o f  th e  array , th e  lead w ires an d  th e  c o n n e c to r  system . Bach c o n n ec to r 

is w ired  to  36 e le c tro d e s  and tw o  re fe ren ce  e le c tro d e s . T h e  tita n iu m  p ed es ta l o f  

th e  c o n n ec to r its e lf  is used  a s g ro u n d .

B. Surgical Procedure

T h ir te e n  c a ts  w e re  s tu d ie d  o f  w h ic h  s ix  re c e iv e d  n o n fu n c ­

t io n in g  a n d  sev en  re c e iv e d  fu n c tio n in g  im p la n ts . N o n - fu n c ­

t io n in g  im p la n ts  w e re  e le c tro d e  a rra y s  th a t d id  n o t h a v e  le a d  

w ire s  c o n n e c te d  to  th e m . A to ta l o f  11 n o n fu n c tio n in g  a rra y s  

w e re  im p la n te d  w h e re  so m e  a n im a ls  re c e iv e d  e i th e r  b ila te ra l 

im p la n ts  o r  tw o  a rra y s  w e re  im p la n te d  in th e  s a m e  n e rv e . 

W a lk in g  b e h a v io r  a n d  h is to lo g y  w e re  s tu d ie d  in th e se  an im a ls . 

T h e  su rg e ry  fo r  n o n fu n c tio n in g  im p la n ts  w a s  e s s e n tia lly  th e  

sa m e  as  d e s c r ib e d  b e lo w  e x c e p t fo r  th e  im p la n ta tio n  o f  th e  

c o n n e c to rs . O n ly  s in g le  fu n c tio n in g  im p la n ts  w e re  p e r fo rm e d  

in th e  o th e r  sev en  c a ts . A ll e x p e r im e n ts  w e re  p e r fo rm e d  u n d e r  

s te r i le  c o n d itio n s  a c c o rd in g  to  th e  N a tio n a l In s ti tu te s  o f  H e a lth  

g u id e lin e s  fo r  th e  u s e  o f  an im a ls .

A n e s th e s ia  w a s  in d u c e d  w ith  T e laz o l (1 0  m g /k g )  a n d  m a in ­

ta in e d  w ith  h a lo th a n e  (0 .8 % -1 .5 % )  d u r in g  th e  su rg e ry . E le c ­

tro c a rd io g ra m , b lo o d  p re s s u re , e x p ire d  C O 2 , o x y g e n  sa tu ra tio n  

a n d  re c ta l te m p e ra tu re  w e re  c o n tin u o u s ly  m o n ito re d . A f te r  th e  

r ig h t leg  a n d  th e  lo w e r  b a c k  w e re  sh a v e d , a 5 - to  6 -c m -lo n g  in c i ­

sio n  w a s  m a d e  fro m  th e  h ip  to  th e  k n e e  a n d  th e  b ic e p s  fe m o ris  

a n d  v a s tu s  la te ra lis  m u s c le s  w e re  s e p a ra te d  to  g a in  a c c e s s  to  

th e  sc ia tic  n e rv e . T h e  a rra y  w a s  p o s it io n e d  on  th e  n e rv e  a n d  th e  

w ire s  on  b o th  s id e s  o f  th e  a rra y  w e re  su tu re d  to  th e  e p in e u riu m  

o f  th e  n e rv e . T h e n , th e  a rra y  w a s  in se r te d  in to  th e  n e rv e  u s in g  

a  p n e u m a tic a lly  a c tu a te d  im p u lse  in se r te r  [24] (C y b e rk in e tic s , 

In c ., S a lt  L a k e  C ity , U T ).

W e p u t a c o n ta in m e n t sy s te m  a ro u n d  th e  n e rv e  a n d  th e  a rray  

to  im p ro v e  th e  s ta b ility  o f  th e  a rray  in th e  n e rv e  a n d  to  fa c ilita te  

g lid in g  o f  su r ro u n d in g  m u sc le s  o v e r  th e  s tru c tu re  w ith o u t e x ­

e r t in g  m a jo r  s h e a r  fo rc e s  on  th e  array . F ig . 2 sh o w s  th re e  o f  th e  

fo u r  d if fe re n t c o n ta in m e n t sy s te m s  u se d : F ig . 2 (a )  a  G o re -T e x
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Fig. 2. T h ree  o f  the fo u r  d iffe ren t co n ta in m e n t sy ste m s used in  th e  study:

(a) a sh ee t o f  G oreTex w rap p ed  aro u n d  th e  n erv e, (b) a se lf-s iz in g  sp iral cuff, 

and (c) a silicone  cu sto m  c u ff  (here  oval sh aped).

s h e e t su tu re d  a ro u n d  th e  n e rv e . F ig . 2 (b ) sp ira l c u f fs  (A x o n  

E n g in e e r in g  In c ., G a rf ie ld  H e ig h ts , O H ), a n d  F ig . 2 (c )  c u s to m  

cu ffs  m a d e  o f  s i lic o n e  in  a  d ip  p ro c e ss . S im ila r  s i l ic o n e  cu ffs  

w e re  u s e d  b y  H o ffe r  a n d  H a u g la n d  [2 5 ], [2 6 ]. T h e  fo u r th  c o n ­

ta in m e n t sy s te m  (n o t sh o w n ) c o n s is te d  o f  K w ik -C a s t (W o rld  

P re c is io n  In s tru m e n ts , In c ., S a ra s o ta , F lo r id a ) , a  tw o  c o m p o n e n t 

s ilic o n e  e la s to m e r . T h e  tw o -c o m p o n e n t e la s to m e r  w a s  a p p lie d  

o n  th e  n e rv e  a n d  a llo w e d  to  flo w  a ro u n d  th e  n e rv e  a t th e  im p la n t 

s ite . T h e  G o re -T e x  s h e e t w a s  a b o u t 3 c m  x  1.5 c m  in  s iz e  an d  

h a d  a  th ic k n e s s  o f  0 .1  m m . It w a s  w ra p p e d  a ro u n d  th e  n e rv e  an d  

th e  im p la n te d  a rra y  a n d  s u tu re d  on  th e  s id e . T h e  c o m m e rc ia lly  

a v a ila b le  sp ira l c u f fs  h a d  an  in n e r  d ia m e te r  o f  2 .7  o r  3 .5  m m  

d e p e n d in g  o n  th e  s iz e  o f  th e  n e rv e . T h e y  w e re  1.5 c m  lo n g  an d  

fu lly  w ra p p e d  a ro u n d  th e  n e rv e  a n d  a rra y  tw ic e . T h e  sp ira l cu ffs  

w e re  s u tu re d  to  th e  n e rv e  w ith  a  f in e  su tu re  p ro x im a lly  to  p re ­

v e n t th e  c u f f  f ro m  s lid in g  aw ay  f ro m  th e  im p la n t site .

T o  p ro d u c e  th e  c u s to m  m a d e  c u ffs , a T e flo n  ro d  w a s  m o d i ­

f ie d  to  h a v e  th e  s h a p e  o f  th e  n e rv e  w ith  th e  a rra y  im p la n te d  in 

it. T h is  re p lic a  w as  th en  c h e m ic a lly  c le a n e d  a n d  d ip p e d  in m ed - 

ic a l-g ra d e  s i l ic o n e  (M E D -1 0 3 7 , N u S il)  m u ltip le  tim e s  u n til th e  

d e s ire d  th ic k n e s s  o f  u p  to  0 .5  m m  w a s  re a c h e d . T h e  re s u lt in g  

c u f f  w a s  th en  c u t  to  a  le n g th  o f  a b o u t 15 m m  a n d  c u t  o p e n  on 

o n e  s id e . T h e re  w e re  tw o  v e rs io n s  o f  c u s to m  c u ffs ; th e  e a rly  

o n e s  u s e d  a c irc u la r  d ia m e te r  m o d e l o f  th e  n e rv e  w h e re a s  la te r  

o n e s  w e re  m o re  re a lis t ic a lly  oval sh a p e d . A f te r  im p la n ta tio n  o f  

th e  a rray , th e  c o n ta in m e n t sy s te m  b e in g  s tu d ie d  w a s  p u t a ro u n d  

th e  n e rv e  w ith  th e  a rray , a  P t/I r  re fe re n c e  w ire  (2 0 IR 2 T , M e d - 

w ire )  w a s  p la c e d  in s id e  a n d  th e  c o n ta in m e n t sy s te m  w as  c lo s e d  

u s in g  p o ly p ro p y le n e  su tu re s .

F o r  fu n c tio n a l im p la n ts , an  ad d itio n a l in c is io n  w a s  m a d e  on 

th e  a n im a ls ’ b a c k  o rth o g o n a l to  th e  v e rteb ra l c o lu m n  a n d  s p a n ­

n in g  th e  tw o  il iac  c re s ts . B o th  c o n n e c to rs  w e re  ro u te d  u n d e r  th e  

sk in  f ro m  th e  in c is io n  on  th e  leg  to  th e  o n e  o n  th e  b a c k . T h e  il iac  

c re s ts  a n d  th e  L 7  sp in a l p ro c e s s  w e re  p a r tia lly  e x p o se d . In  th e  

f ir s t  e x p e r im e n ts , h o le s  w e re  d r il le d  th ro u g h  all th re e  b o n e s  an d  

e ith e r  s ilk  su tu re s  o r  s ta in le s s  stee l su tu re s  w e re  u s e d  to  se c u re  

th e  c o n n e c to rs . In th e  m o re  re c e n t e x p e r im e n ts , a  s ta in le s s  stee l 

s u tu re  w a s  p u t th ro u g h  th e  sp in a l p ro c e s s  b u t e a c h  c o n n e c to r  

w a s  a t ta c h e d  to  th e  iliac  c re s t  u s in g  tw o  b o n e  sc rew s . F in a lly , 

th e  sk in  w a s  c lo s e d  a t th e  im p la n ta tio n  s ite  a n d  a ro u n d  th e  tw o  

c o n n e c to rs  o n  th e  b a c k .

C. Experimental Procedures

A fte r  im p la n ta tio n , th e  a n im a ls  w e re  te s te d  a b o u t o n c e  e v e ry

1 - 4  w e e k s  a n d  lig h t T e lazo l a n e s th e s ia  w a s  a p p lie d  w h e n  n e c e s ­

sary . T h re e  d if fe re n t k in d s  o f  te s ts  w e re  p e rfo rm e d : b e h a v io ra l 

te s ts  o f  th e  a n im a l’s w a lk in g  ab ility  on  a  tre a d m ill , m e a s u re m e n t 

o f  th e  s tim u la tio n  th re s h o ld  o f  e a c h  e le c tro d e  a n d  re c o rd in g  o f  

se n so ry  activ ity .

/ )  Behavioral Tests: T h e  c a t s ’ a b ility  to  w a lk  on  a tre a d m ill 

w a s  m o n ito re d  o n e  to  tw o  tim e s  p e r  w e e k . W e c a te g o r iz e d  th e  

e x te n t o f  w a lk in g  im p a irm e n t in to  fo u r  d if fe re n t c la sse s : 1 ) n o  

v is ib le  d is c o m fo r t  o r  w a lk in g  d e fic it;  2 ) so m e  d is c o m fo r t  b u t n o  

w a lk in g  d e f ic it;  3) u n a b le  to  p u t w e ig h t o n  a n k le  a n d  d isc o m fo rt; 

a n d  4 )  n o  u s e  o f  th e  leg . T h is  sc a le  w a s  u s e d  a s  a m e a s u re  o f  

n e rv e  d a m a g e  a f te r  im p la n ta tio n .

2 )  Stimulation: F o r  s tim u la tio n , b ip h a s ic , c a th o d ic -f irs t, 

c o n s ta n t-c u r re n t s tim u li w ith  2 0 0  / /s  p e r  p h a s e  a n d  a 1 0 0 -//,s 

in te rp h a s e  in te rv a l w e re  d e l iv e re d  u s in g  a c o m p u te r -c o n tro lle d  

W P I  L in e a r  S tim u lu s  I s o la to r  (A 3 9 5 , W o rld  P re c is io n  In s tru ­

m e n ts , S a ra s o ta , F L ). To d e te rm in e  th e  s tim u la tio n  th re s h o ld  

on  e a c h  e le c tro d e , th e  s tim u la tio n  w a s  s ta r te d  a t th e  e x p e c te d  

th re s h o ld  lev e l, in c re a s e d  in  5-/uA  s te p s  u n til a m u sc le  tw itc h  

c o u ld  b e  d e te c te d  a n d  th en  d e c re a s e d  in  1 -//A  s te p s  u n til 

th re s h o ld  w a s  re a c h e d . T h e  tw itc h  a n d  th e  ty p e  o f  m u sc le  

g ro u p s  a c tiv a te d  w a s  d e te c te d  u s in g  v isu a l in sp e c tio n  an d  

p a lp a tio n  a ro u n d  th e  a n k le  jo in t ,  fo o t  a n d  to e s  a s  d e s c r ib e d  in 

m o re  d e ta il in  th e  re s u lts  se c tio n . A  s im ila r  m e th o d  h a s  b e e n  

u s e d  b y  M u s h a h w a r  et al. [2 7 ]. A lth o u g h  th e  s t im u la te d  m u sc le  

c o u ld  so m e tim e s  b e  c le a r ly  id e n tif ie d , o f te n  o n ly  th e  d ire c tio n  

o f  m o v e m e n t a n d  lo c a tio n  o f  m u s c le s  c o u ld  b e  id e n tif ie d , ra th e r  

th a n  s p e c if ic  m u s c le  g ro u p s .

3) Recording: S e n so ry  ac tiv ity  w a s  re c o rd e d  u s in g  a  100- 

c h a n n e l a m p lif ie r  an d  d a ta -a c q u is it io n  sy s te m  (N S A S , C y b e rk i ­

n e tic s , In c ., S a lt  L a k e  C ity , U T ). R e c o rd in g  w a s  e ith e r  u n d e r  

T e la zo l a n e s th e s ia  to  a v o id  E M G  c o n ta m in a tio n  o r  in  a le r t a n ­

im a ls  re s tin g  o r  w a lk in g  on  a tre a d m ill. W ith  th e  an im a l u n d e r  

a n e s th e s ia , se n so ry  ac tiv ity  w a s  e v o k e d  b y  m e c h a n ic a l  s t im u la ­

t io n  c o n s is t in g  o f  b ru s h in g  o f  th e  a n im a l’s p a w s  a n d  d ig its  o r  

lim b  ro ta tio n  a ro u n d  a jo in t .  W e d e te rm in e d  th e  a m p litu d e  o f  

th e  a c tiv ity  a n d  th e  m o v e m e n t th a t e v o k e d  it  a n d  c o m p a re d  r e ­

s p o n se s  a t d if fe re n t re c o rd in g  se ss io n s .

D. Histology

E a c h  a n im a ls  w a s  sa c r if ic e d  a f te r  p e r io d ic  e x p e r im e n ta tio n  

th a t  r a n g e d  a n y w h e re  f ro m  5 -3 1  w e e k s . T h e y  w e re  d e e p ly  a n e s ­

th e t iz e d  a n d  tra n s c a rd ia lly  p e r fu s e d  w ith  4 %  p a ra fo rm a ld e h y d e  

in  0 .1  M  p h o s p h a te  b u ffe r  (p H  7 .4 )  a t ro o m  te m p e ra tu re . A fte r  

p e r fu s io n  th e  sc ia tic  n e rv e s  a n d  s u r ro u n d in g  t is s u e s  w e re  r e ­

m o v e d  a n d  k e p t  o v e rn ig h t in  th e  sa m e  f ix a tiv e  a t 4  ° C  b e fo re  

b e in g  r in s e d  in  p h o s p h a te  b u ffe r. T h e  n e rv e s  w e re  th e n  c u t in to  

tw o  p ie c e s  a t th e  m id p o in t o f  th e  im p la n t. T h e  p ro x im a l p o r tio n  

w a s  w a s h e d  in  d is t i l le d  w a te r , d e h y d ra te d  in  g ra d e d  c o n c e n tra ­

t io n s  o f  e th a n o l a n d  e m b e d d e d  in p a ra ff in . L ig h t m ic ro sc o p y  o b ­

se rv a tio n s  w e re  p e r fo rm e d  o n  5 - / tm  se ria l se c tio n s  s ta in e d  w ith  

e i th e r  h a e m a to x y lin  a n d  e o s in  (H & E ) o r  T r iC h ro m e  m e th o d s  to  

rev ea l th e  p o s it io n  o f  th e  e le c tro d e s , th e  th ic k n e s s  o f  th e  c o n n e c ­

t iv e  t is s u e  a ro u n d  th e  e le c tro d e  sh a n k s  a n d  s ig n s  o f  ax o n a l d e ­

g e n e ra tio n . D is ta l p o r tio n s  o f  th e  n e rv e s  w e re  p o s tf ix e d  fo r  1 h  in
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2 %  0 s 0 4 , d e h y d ra te d  in g ra d e d  c o n c e n tra tio n s  o f  e th a n o l a n d  

e m b e d d e d  in E p o n  8 1 2 . S e ria l 0 . 5 - / i m  se m ith in  s e c tio n s  w e re  

s ta in e d  w ith  to lu id in e  b lu e  a n d  e x a m in e d  w ith  a  L e ic a  D M B  

M ic ro sc o p e .

C o n n e c tiv e  t is su e  th ic k n e s s e s  w e re  c a lc u la te d  fo r  fiv e  

im p la n ts . M o re  d e ta i le d  m o rp h o m e tr ic a l a n a ly s is  w a s  p e r ­

fo rm e d  on  six  n e rv e s  ( tw o  u n im p la n te d  co n tro l n e rv e s , tw o  

n o n fu n c tio n in g  a n d  tw o  fu n c tio n in g  im p la n ts ) . T h e  m o rp h o ­

m e tr ic a l ev a lu a tio n  w a s  p e r fo rm e d  in 8 - 1 0  ra n d o m ly  s e le c te d  

m ic ro s c o p ic  f ie ld s  fo r  e a c h  n e rv e . T h e  im a g e  f ie ld s  w e re  

e v e n ly  d is tr ib u te d  o v e r  th e  n e rv e ’s c ro s s -s e c tio n  (n o t r e s tr ic te d  

to  f a sc ic le s  w ith  e le c tro d e s  in th e m ). E a c h  f ie ld  sp a n n e d  

a p p ro x im a te ly  2 0 0  x  2 0 0  //,m, a n d  r e p re s e n te d  a p p ro x im a te ly  

1 5 % -2 0 %  o f  th e  c ro s s -s e c tio n a l a re a  o f  th e  n e rv e .

T h e  im a g e  f ie ld s  w e re  d ig i t iz e d  u s in g  a  h ig h -re s o lu tio n  

O ly m p u s  D P -1 1  d ig ita l c a m e ra  a n d  a n a ly z e d  u s in g  th e  c o m ­

p u te r -a s s is te d  im a g e  a n a ly s is  p ro g ra m  (N IH  Im a g e , d e v e lo p e d  

a n d  m a in ta in e d  b y  th e  N a tio n a l In s ti tu te s  o f  H e a lth , B e th e sd a , 

M D ) a n d  a  m o d if ie d  v e rs io n  o f  so f tw a re  d e s ig n e d  to  s tu d y  

a x o n a l m o rp h o m e try  [2 8 ]. B e c a u se  it w a s  d if f ic u lt to  a u to m a t ­

ic a lly  s e le c t th e  b o u n d a ry  b e tw e e n  th e  n e rv e  f ib e rs  a n d  th e  

su r ro u n d in g  b a c k g ro u n d  fo r  sm a ll a x o n s  a n d  th in ly  m y e lin a te d  

f ib e rs  u s in g  s ta n d a rd  im a g e  a n a ly s is  te c h n iq u e s , e a c h  d ig it iz e d  

im a g e  w a s  a n a ly z e d  u s in g  a  se m ia u to m a tic  m e th o d . T h e  a x o n a l 

c o n to u r  a n d  th e  ex te rn a l c o n to u r  o f  th e  m y e lin  sh e a th  ( f ib e r  

c o n to u r)  w e re  m a n u a lly  t r a c e d  on  e n la rg e d  im a g e s . A  se t o f  

c u s to m  m a c ro s  a l lo w e d  th e  c a lc u la tio n  o f  th e  le n g th  o f  a  lin e , 

th e  c ro s s -se c tio n a l a re a , a n d  th e  le n g th s  o f  th e  m a jo r  a n d  m in o r  

ax es  o f  th e  b e s t  f i t t in g  e llip se . F ib e r  d ia m e te rs  a n d  a x o n a l 

d ia m e te rs  w e re  d e d u c e d  fro m  th e  f ib e r  a n d  a x o n a l p e r im e te rs  

a s s u m in g  a  c y lin d r ic a l sh a p e  o f  a x o n s . T h e s e  b a s ic  d a ta  w e re  

u s e d  to  d e r iv e  th e  m y e lin  sh ea th  th ic k n e s s  [2 8 ]. A x o n a l c o u n ts  

w e re  p e r fo rm e d  u s in g  th e  C a v a lie r i 3 .0  m a c ro s  (G . M a c D o n a ld , 

V irg in ia  M erril B lo e d e l H e a r in g  R e se a rc h  C e n te r , U n iv e rs ity  

o f  W a sh in g to n , S e a ttle , W A ).

111. R e s u l t s

A. General Observations

T h e  fo u r  d if fe re n t k in d s  o f  c o n ta in m e n t sy s te m s  te s te d  w e re  

K w ik -C a s t, a  s im p le  G o re -T ex  s h e e t w ra p p e d  a ro u n d  th e  n e rv e , 

s e lf -s iz in g  sp ira l cuff's, a n d  c u s to m -b u ilt  s i l ic o n e  c u ffs  th a t w e re  

m o ld e d  to  th e  sh a p e  o f  th e  a rra y  in th e  n e rv e . K w ik -C a s t w as 

o n ly  u s e d  in o n e  a n im a l; it w a s  d if f ic u lt to  a p p ly  a ro u n d  th e  

n e rv e  in a  u n ifo rm  fa sh io n  a n d  it s e e m e d  to  p a r tia lly  in te rp o se  

b e tw e e n  th e  a rra y  a n d  th e  n e rv e . B e c a u se  th e  G o re -T e x  u s e d  in 

tw o  a n im a ls  w a s  re la tiv e ly  lo o se  a ro u n d  th e  n e rv e  a n d  b e c a u s e  

o f  its  f le x ib le  n a tu re , c o n n e c tiv e  t is s u e  g ro w th  in s id e  a s  w ell 

a s  o u ts id e  o f  th e  c u f f  w as  e x te n s iv e  a n d , a s  w ill b e  seen  la te r, 

s tim u la tio n  th re s h o ld s  a n d  re c o rd in g s  w e re  n o t s ta b le  o v e r lo n g  

p e r io d s  o f  tim e .

S e lf -s iz in g  c u ffs  w o rk  b e t te r  in te rm s  o f  k e e p in g  th e  a rra y  in 

th e  n e rv e  b u t s in c e  th e  in n e r  d ia m e te r  o f  th e  c u f f  w a s  d e f in e d  b y  

th e  d ia m e te r  o f  th e  n e rv e  a n d  th e  a rra y  a t th e  im p la n ta tio n  s ite , 

th e re  w e re  b ig  p o c k e ts  fo r  c o n n e c tiv e  t is su e  g ro w th  p ro x im a lly  

a n d d is ta l ly  w ith in  th e  c u f f  a n d  th e  c u f f  c o u ld  ea s ily  s lid e  a lo n g  

th e  n e rv e  a n d  aw a y  fro m  th e  im p la n ta tio n  s ite . W e  tr ie d  to  p re ­

v e n t th is  b y  su tu r in g  th e  c u f f  to  th e  n e rv e  p ro x im a lly . H o w ev er,

F ig . 3 . L ig h t m ic ro sc o p ic  p ic tu res  o f  c a t sc iatic  n erv e  c ro ss  se c tio n s  illu s tra t ­

in g  in co m p le te  in se rtio n s o f  e le c tro d e  a rra y s. T h e  sec tio n  th ic k n e ss  w as 1 //  m . 

T h e  b a rs  a re  0 .5  m m  long , (a) A  sp ira l c u f f  w as u sed  a s  a  c o n ta in m e n t system . 

T h is  p a rticu la r  ro w  o f  e le c tro d e s  d o e s  n o t re ac h  th e  fa sc ic le s . T h e  c u ff  se e m s to  

h ave  pulle d  th e  a rra y  o u t o f  th e  n e rv e  (“ * ” reg io n  w h ere  th e  sp ira l c u ff  p en e tra ted  

th e  n e rv e), (b ), (c ) “ R o u n d ” s ilic o n e  cu sto m  cu ffs  w ere  u se d . T h e  co n n ec tiv e  

tis su e  co u ld  re ac h  a  th ic k n e ss  o f  1.5 m m  a n d  be  h eav ily  v ascu la rized .

F ig . 4 . P h o to g ra p h  o f  c a t sc iatic  n erve  im p lan t w ith  a n  “o v a l” cu sto m  

c o n ta in m e n t sy s te m . T h e  b a r  is  5  m m  long.

th a t l im ite d  th e  se lf -s iz in g  c a p a b ili t ie s  o f  th e  cu ff . In  a d d itio n , 

th e  in n e r  e n d  o f  th e  c u f f  e a s ily  g o t c a u g h t u n d e r  th e  b a s e  o f  th e  

a rray , w h ic h  d id  so m e tim e s  p a r tia lly  p u ll th e  a rra y  o u t o f  th e  

n e rv e  [F ig . 3 (a )] , C o n se q u e n tly , sp ira l cuff's w e re  n o t u s e d  in 

th e  fu n c tio n in g  im p la n ts .

T h e  m o s t e ffe c tiv e  c o n ta in m e n t sy s te m  u s e d  w a s  th e  c u s to m - 

m a d e  s il ic o n e  c u ff . T h e  ro u n d  c u ffs  le f t  to o  m u c h  ro o m  fo r  

c o n n e c tiv e  t is s u e  to  g ro w  b e tw e e n  th e  a rra y  a n d  th e  n e rv e  a n d  

th e  c o n n e c tiv e  t is s u e  la y e r  r e a c h e d  a  th ic k n e ss  o f  0 .5 - 1 .5  m m  

[F ig . 3 (b ), (c )] a n d  w a s  so m e tim e s  h ig h ly  v a sc u la r iz e d . T h e  la te r  

v e rs io n  o f  th is  c u f f  c o u ld  e a s ily  b e  p la c e d  a ro u n d  th e  n e rv e ; it 

d id  n o t le a v e  m u c h  ro o m  fo r  c o n n e c tiv e  tis s u e  g ro w th  a n d  c o u ld  

n o t s lid e  a lo n g  th e  n e rv e  i f  it f it  w ell to  th e  n e rv e  (F ig . 4 ).

In  su m m a ry , all d if fe re n t c o n ta in m e n t sy s te m s  d e v e lo p e d  

so m e  c o n n e c tiv e  t is su e  in g ro w th  a f te r  a  few  w e e k s  a n d  all 

e le c tro d e  a r ra y s  s ta y e d  w ith in  th e  n e rv e  c u f f  b u t th e  e le c tro d e s
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T A B L E  I

Summa r y of  t he An ima l s’ Wa l king  Beha vior  on t he Tr ea dmil l  Af t er  
Sur ger y  (See Sect ion  II f or  Cl a ssif ica t ion  of  Wa l king  Def ic it )

th e m s e lv e s  d id  n o t n e c e s s a r ily  re m a in  in  th e  n e rv e  a n d  its  

f a sc ic le s . T h is  m a c ro s c o p ic  a n d  h is to lo g ic a l e v a lu a tio n  o f  th e  

im p la n t sy s te m s  g av e  an  in d ic a tio n  o f  th e  e x te n t o f  th e  t is su e  

re s p o n s e  as a  re s u l t  o f  a rra y  im p la n ta tio n  a n d  th e  su c c e ss  o f  th e  

c o n ta in m e n t sy s te m  to  h o ld  th e  a rra y  in  p o s itio n .

B e h a v io ra l te s ts  w e re  c o n d u c te d  to  a n a ly z e  g ro s s  n e rv e  

d a m a g e  th a t  m ig h t b e  m a n ife s t  in  w a lk in g  im p a irm e n t a f te r  

im p la n ta tio n . E a c h  c a t ’s a b ility  to  w a lk  o n  a  tre a d m ill  w as  

m o n ito re d  o n e  to  tw o  tim e s  a  w e e k  a n d  p la c e d  in  o n e  o f  

fo u r  c a te g o rie s  (see  S e c tio n  II). T w o ca ts  sh o w e d  su b s ta n tia l  

w a lk in g  im p a irm e n t fo r  u p  to  a  m o n th  a f te r  su rg e ry  (T ab le  I). 

O n e  h a d  tw o  e le c tro d e  a rra y s  im p la n te d  in  th e  sa m e  n e rv e  

a n d  th e  o th e r  d e v e lo p e d  a  s tro n g  in f la m m a to ry  re s p o n s e  in  

th e  leg ; th e  re a s o n  fo r  th is  is  u n k n o w n . T h e  o th e r  ca ts  sh o w e d  

little  o r  n o  w a lk in g  d e f ic it  o n  th e  tre a d m ill  a n d  any  d e f ic it  

d is a p p e a re d  w ith in  2 - 3  w e e k s  a f te r  im p la n ta tio n . T h e se  re su lts  

w e re  in d e p e n d e n t o f  th e  c o n ta in m e n t sy s te m  u se d .

B. Stimulation

In  fu n c tio n in g  im p la n ts , w e  a n a ly z e d  w h ic h  m u s c le  g ro u p s  

c o u ld  b e  s tim u la te d , w h a t c u rre n ts  w e re  re q u ire d  to  ev o k e  a  

m u s c le  tw itc h  a n d  w h a t se n so ry  in fo rm a tio n  c o u ld  b e  re c o rd e d  

fo r  e a c h  e le c tro d e . T h e  a n im a ls  w e re  s u b d iv id e d  in to  th re e  d if ­

f e re n t g ro u p s  b a s e d  o n  th e  te c h n iq u e s  u s e d  to  fix  th e  c o n n e c to r  

o n  th e  b a c k  a n d  th e  cu ffs  u s e d  a ro u n d  th e  sc ia tic  n e rv e . F o r  p a r t

Fig . 5. D raw in g  o f  a c ro ss-sec tio n  o f  th e  ca t h in d lim b  ju s t  ab ove th e  an k le  

jo in t. M u sc le  g ro u p s an d  th e ir  ten d o n s (seen  in  fig u re)  are d iv id ed  in to  th ree  

g ro u p s b a se d  on th e ir  lo ca tio n  (sh ad es  o f  g ray) an d  fu rth e r su b d iv id ed  by the 

k in d  o f  m o v em en t p ro d u c ed  (ab b re v ia tio n ). T h e  fo llo w in g  m u sc le  g ro u p s are 

lis ted : E x te n so r an d  f lex o r d ig ito ru m  lo n g u s (E D L , F D L ), f lex o r h a llu c is  lo n g u s 

(F H L ), la te ra l an d  m ed ia l g astro cn em iu s (L G , M G ), p e ro n eu s b revis , lo n g u s an d  

te itiu s  (PB , PL , PT ), p lan ta ris (P L A ), so leus (S O ), tib ia lis  a n te rio r an d  p o ste rio r 

(TA, TP ). M o v e m en t categ o ries:  A D F, A PF, FE , TE , an d  TF.

o f  th is  a n a ly s is : 1 ) th e  c o n n e c to rs  w e re  su tu re d  in to  th e  sk in  a n d  

h e a v y  s ilk  su tu re s  w e re  p u t th ro u g h  h o le s  in  th e  sp in a l p ro c e ss  

a n d  th e  i lia c  c re s t a n d  a  G o reT e x  s h e e t w as  p u t  a ro u n d  th e  n e rv e  

( tw o  a n im a ls ) , 2 ) th e  sa m e  c o n n e c to r  f ix a tio n  as th e  f irs t g ro u p  

b u t th e  o v a l s h a p e d  c u s to m  s ilic o n e  c u f f  w as  p u t  a ro u n d  th e  

n e rv e  (tw o  a n im a ls ) , a n d  3) th e  c o n n e c to rs  w e re  r ig id ly  a tta c h e d  

to  th e  ilia c  c re s t w ith  b o n e  sc rew s  a n d  th e  o v a l sh a p e d  c u s to m  

s ilic o n e  c u f f  w as  p u t  a ro u n d  th e  n e rv e  ( th re e  a n im a ls ) . B e c a u s e  

th e  c o n n e c to rs  w e re  n o t s e c u re d  to  b o n e  in  th e  f irs t fo u r  a n im a ls , 

le a d  w ire s  f re q u e n tly  b ro k e  a n d  o n e  a n im a l lo s t  b o th  c o n n e c to rs  

o v e rn ig h t a f te r  2  1/2 m o . C o n n e c to r  p ro b le m s  th is  se v e re  o n ly  

o c c u rre d  in  o n e  a n im a l (A n im a l # 1 0 )  w h e re  th e  c o n n e c to rs  w e re  

r ig id ly  f ix e d  to  th e  ilia c  c re s t. T h e  re a s o n  fo r  th is  fa ilu re  a f te r

4  m o  is  n o t k n o w n .

T h e  m u sc le s  th a t  w e re  e x c ite d  th ro u g h  s tim u la tio n  o f  sc ia tic  

n e rv e  w e re  o rg a n iz e d  in  th re e  d if fe re n t g ro u p s  b a s e d  o n  th e  lo ­

c a tio n  o f  th e  m u s c le  te n d o n s  a ro u n d  th e  a n k le  (g ro u p s  1 , 2 , a n d

3) (F ig . 5). W ith in  th e se  g ro u p s  m u sc le s  w e re  fu r th e r  su b d iv id e d  

b y  th e  m o v e m e n t p ro d u c e d  [an k le  d o rs if le x io n  (A D F ), a n k le  

p la n ta r f le x io n  (A P F ), to e  e x te n s io n  (T E ), to e  f le x io n  (T F ), a n d  

fo o t e x te n s io n  (F E ) ] . W e u s e d  b o th  c r ite r ia , d ire c tio n  o f  m o v e ­

m e n t a n d  te n d o n  lo c a tio n , to  e s ta b lis h  w h ic h  m u s c le  w as  s t im ­

u la te d ; h o w ev e r, in  a w ak e  a n im a ls  lo c a tio n  o f  th e  te n d o n  w as  

e a s ie r  to  d e te rm in e . In  F ig . 5 a n d  in  th e  fo llo w in g  s tim u la tio n  

m a p s  (F ig . 6 ), g ro u p s  a re  in d ic a te d  b y  d if fe re n t sh a d e s  o f  g ray  

a n d  th e  c o rre s p o n d in g  n u m b e r; th e  le tte r  a b b re v ia tio n s  sp e c ify  

a  s u b se c tio n  o f  a  g ro u p  o rg a n iz e d  b y  th e  m o v e m e n t p ro d u c e d . I f  

a  m o v e m e n t c o u ld  n o t b e  a s s ig n e d  to  o n e  g ro u p  a lo n e , th e  tw o  

g ro u p s  in v o lv e d  w e re  n o te d  b y  b o th  n u m b e rs  a n d  a n  in te rm e ­

d ia te  sh a d e  o f  gray .

A s  w as  a lre a d y  se e n  in  a  p re v io u s  p u b lic a tio n  [6 ], m a p s  

sh o w in g  th e  ta rg e t m u sc le s  a n d  s tim u la tio n  th re s h o ld  can  

b e  g e n e ra te d  fo r  e a c h  m e a s u re m e n t day . E a c h  ro w  in  th e  

s t im u la tio n  m a p s  in d ic a te d  a  ro w  o f  e q u a l- le n g th  e le c tro d e s . 

T h e  d a ta  fo r  th e  sh o r te s t  a n d  m o s t p ro x im a l e le c tro d e s  a re  

sh o w n  a t th e  to p  o f  th e  g ra p h . T h e se  s tim u la tio n  m a p s  w e re  

co m p a re d  a t d if fe re n t tim e s  to  a n a ly z e  p o te n tia l  m o v e m e n t 

o r  c h a n g e s  o f  th e  e le c tro d e s  w ith  re s p e c t  to  th e  n e rv e  f ib e rs . 

In  m o s t c a se s , ax o n s  ta rg e tin g  s im ila r  m u s c le  g ro u p s  h a d  th e
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Fig . 6. F u n c tio n a l stim u la tio n  m ap s o f  th e  U S E A  im p la n te d  in  sc ia tic  ne rv e  and m o n ito re d  at d iffe ren t tim es a fte r im p lan ta tio n . T h e  p resu m ed  bo u n d arie s  b e tw een  

fasc ic le s  are in d ic a te d  by black  lines. A n  X  in d ic a te s  e le c tro d es  th a t w ere  n o t co n n ec te d , a b lack  sq u a re  in d ic a te s  e le c tro d es  th a t do n o t p ro d u ce  a m o v em en t. 

S h o rte s t and m o st p ro x im al e le c tro d es are on  th e  to p  row  o f  th e  fig u res  and  m o st d is ta l e le c tro d es o n  th e  b o tto m  row. (a) M ap  o f  m u sc le s  ac tiv ated  at th resh o ld  by 

each  e le c tro d e  o f  th e  U S E A . (b) S in g le  b ip h asic  pulse , tw itc h  c u rre n t th resh o ld s  fo r each  e le c tro d e  in  //A .

F ig . 7. S u m m ary  o f  th e  s tim u la tio n  da ta  o f  seven im p lan ts , a) M e d ian  s tim u la tio n  th resh o ld  ove r tim e  an d  (b) p e rcen ta g e  o f  e le c tro d es in  th e  first and la s t im p la n t 

th a t can  p ro d u ce  a m u sc le  tw itc h  ov er tim e. In  (a) the  d a ta  w as o n ly  p lo tted  fo r th e  first 5 m o n th s  b ecau se  o n ly  tw o  an im a ls  w ere  le ft w ith  ac tive  e le c tro d es  

a fte rw ard s.

te n d e n c y  to  ru n  to g e th e r  in  th e  n e rv e  [F ig . 6 (a )], p o te n tia lly  in  

th e  sa m e  fa sc ic le . T h e  m o to r  n e rv e  f ib e rs  w e re  d iv id e d  in to  tw o  

m a jo r  g ro u p s  o f  fa sc ic le s  (a  lin e  w as  d ra w n  b e tw e e n  th e m  in  

F ig . 6 ): 1) th e  fa sc ic le s  o f  th e  t ib ia l n e rv e  f ib e rs  (A P F  a n d  T F ; 

m u s c le  g ro u p  1 in  F ig . 5) a n d  2) th e  fa sc ic le s  o f  th e  c o m m o n  

p e ro n e a l n e rv e  f ib e rs  (m a in ly  A D F , T E  a n d  F E ; m u s c le  g ro u p s  

2  a n d  3). E a c h  g ro u p  m ig h t c o n ta in  m o re  th a n  o n e  fa sc ic le  b u t

th e  c la s s if ic a tio n  sc h e m e  u s e d  d id  n o t a llo w  u s  to  m a k e  th a t  

d is tin c tio n .

F o r  th e  m a jo r ity  o f  a n im a ls , th e  m o s t su b s ta n tia l c h a n g e s  to o k  

p la c e  d u r in g  th e  f irs t 1 to  3 w e e k s  a f te r  im p la n ta tio n  lik e ly  d u e  

to  n e rv e  d a m a g e  a n d /o r  d e g e n e ra tio n  a n d  o th e r  t is su e  re s p o n s e s  

su c h  as c o n n e c tiv e  tis s u e  g ro w th . T h u s , th e re  w as  p o o r  s ta b ility  

in  te rm s  o f  w h a t m u sc le s  c o u ld  b e  s tim u la te d  a n d  e sp e c ia lly
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Fig. 8. H is to g ram s o f  st im u la tio n  th re sh o ld s  a t d iffe ren t tim es a fte r  im plan ta tio n : (a) th e  su rg e ry  day, (b) 2  w eek s, (c) 1 m o n th , a n d  (d) 5 m o n th s a fte r  im p lan ta tio n . 

T h e  d a ta  w as tak en  fro m  all seven im p la n te d  an im als . T h e  to ta l n u m b e r o f  e le c tro d es  av ailab le  fo r an a ly sis  is in d ic a te d  in  th e  u p p e r rig h t c o rn e r o f  eac h  graph.

T A B L E  II

Summa r y of  Func t ioning  Chr onic  Impl a nt s

Animal 1 2 9 10 11 12 13

Containm ent GoreTex GoreTex oval oval oval oval oval

Attachm ent skin skin skin skin iliac iliac iliac

# E lectrodes 72 72 72 72 65 72 72

D uration (days) 48 98 220 59 138 100 98

%  Electrodes

Start 81 79 68 83 85 90 99

0.5 M onths 46 54 60 96 43 89 88

1 M onth 35 68 92 43 69 88 76

2 M onths 11 49* 49* 47 78 85 76

3 M onths - 25 43 _** 55 88 75

4 M onths - - 40 - 57 65 79

5 M onths - - - - 40* 50 82

6 M onths - - 35 - 46 - -

7 M onths - - 26 - - - -

M edian Stimulation Threshold (jjA)

Start 25 22 13 20 75 27 15

0,5 M onths 32 73 38 93 160 63 35

1 M onth 110 65 89 170 165 52 60

2 M onths 100 120 40 273 157 60 90

3 M onths - 178 47 - 183 55 68

4 M onths - - 80 - 195 63 80

5 M onths - - - - 183 70 6 6

6  M onths - - 65 - 163 - -

7 M onths - - 57 - - - -

-  C at had been sacrificed

* One connector felled (up to 36 electrodes) 

** Tw o connectors failed (up to 72 electrodes)

w h at cu rren ts  w ere  req u ired  fo r th resh o ld  s tim u la tion  in  som e 

an im als (n o t show n here). T he stim u la tion  m aps  suggest th a t the

Fig . 9. A verage  e le c tro d e  im p e d a n ce  o v er tim e  fo r  tw o  an im a ls  (w ith  s tan d ard  

e rro r o f  m ean).

lo ca tio n  o f  the  e lec tro des w ith in  the nerve  s tab ilized  afte r 3 -6  

w eek s m ain ly  du e to  co m p le tio n  o f  co nnective  tissu e  g ro w th  

th a t ho ld s the  array  in  p lace . T he  m ap s d id  no t show  a c lea r tren d  

o f  e lec tro d e  m ovem en t. I f  the  e lec tro des h ad  slow ly  m oved  ou t 

o f  the  nerve  due  to  co nnective  tissu e  p ro life ra tio n  b e tw een  the 

array  b ase  and  the nerve, sh o rter e lec tro des w ou ld  have  fa iled  

firs t and  the  lo n g er e lec tro des w ou ld  have  s tim u la ted  the  sam e 

m uscles  as the sh o rter ones d id  ea rlie r bu t in  gen e ra l th is  w as 

no t seen. E lec trodes fa iled  ran d o m ly  n o t d ep en d en t on leng th  o r 

p o sitio n  an d  s tim u la tion  o f  the sho rtest e lec tro des co u ld  o ften  

still evoke  m uscle  tw itches [Fig. 6(a)]. S tim u la tio n  th resho lds 

fo r th ese  sh o rt e lec tro des w ere  also  b e tw een  50  and  100 (jlA  in ­

d ica ting  th a t the e lec tro d e  tips  w ere  still lo ca ted  in  c lo se p ro x ­

im ity  to  m o to r fib ers [Fig. 6(b)]. In  ag reem en t w ith  prev io us 

experim en ts [6], s tim u la tion  th resh o ld s at the  edge  o r be tw een  

p resu m ed  fasc ic les h ad  a tendency  to  be  h ig h er than  w ith in  fib er 

groups p ro d u c in g  s im ilar m o to r activity .
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Fig . 10. H isto g ram s o f  e le c tro d e  im p ed an ces  at d iffe ren t tim es a fte r  im p lan ta tio n : (a) the  su rg e ry  day, (b) 6 days, (c) 21 d ay s, and  (d) 41 d ay s a fte r  im p lan ta tio n . 

T h e  d a ta  w ere  tak en  fro m  tw o  im p la n te d  an im als . T h e  to ta l n u m b e r o f  e le c tro d es av ailab le  fo r an a ly sis  is in d ic a te d  in  th e  u p p e r r ig h t c o m e r o f  ea ch  g raph .

Th e m ed ian  stim u la tio n  th resh o ld  in creased  by  a fa c to r o f  3.5 

w ith in  the firs t m on th  [Fig. 7(a)] an d  ch an g ed  less d ra stica lly  

thereafter. M ed ian  th resh o ld  values  w ere  ch o sen  to  sum m arize  

the d a ta  b ecau se  the th re sh o ld  d is trib u tio n  w as n o t sym m etrica l 

as seen in  F ig . 8. S om e e le c tro d e s’ th resh o ld s w ere  very  stable 

over tim e, b u t ch an g in g  nu m b ers  o f  e lec tro des in flu en ced  

the m ed ian  th resh o ld  values  and  th ere  w as a la rg e variab ility  

b e tw een  an im als (Table II). H istog ram s o f  the  stim u la tion  

th resh o ld  values o f  all e lec tro des in  all seven im p lan ts  w ere  

p lo tte d  im m edia te ly , 2 w eek s, 1 m o, an d  5 m o afte r im p la n ­

ta tion  (F ig. 8). In itially , m o st stim u la tion  th resh o ld s w ere  in  

the 1 -4 0  jiA  rang e. T he  th resh o ld  d is trib u tio n  b ro ad en ed  and 

sh ifted  tow ard  h ig h er values  shortly  afte r im p la n ta tio n  and  

ch an g ed  little  thereafter. It shou ld  be  n o ted  th a t stim u la tion  

th resh o ld s in  ex cess o f  400  fiA  w ere  no t m easu red  in  these 

ex perim en ts. T h ere  w ere  on ly  sm all d iffe rences b e tw een  group s 

o f  an im als im p lan ted  u sing  d iffe ren t co n ta in m en t system s o r 

co n n ec to r fixa tion  techn iques in  term s o f  stim u la tio n  th re sh ­

o lds (Table II). D u rin g  the  firs t 2 m o w hen  m o st e lec tro des 

w ere  active, th ere  w as no statistica l d iffe rence  b e tw een  the 

“ sk in /G oreT ex” and “ilia c /o v a l” g ro ups [O ne-w ay analysis  o f  

va riance  (A N O V A ), p  <  0 .05].

N o t co u n tin g  e lec tro des lo st due  to  w ire  b reak ag e  o r co n ­

n ec to r loss, w e w ere  still ab le  to  s tim u la te  m o to r fib ers u sing  low  

stim u la tio n  cu rren ts (m ostly  u n d er 100 (iA) in  50%  o f  the e lec ­

trodes  afte r 7 m on ths in  o u r lo n g est ru n n in g  an im al (A n im al #9, 

Table II). In  the an im al w ith  the  g rea test p ercen tag e  o f  su rv iv ing  

e lec tro d es (A n im al #13), 82%  o f  all e lec tro des (59 elec tro des) 

w ere  still able to  evoke  m o to r re sp o n ses  a fte r 162 days w ith  70%  

(49 e lec tro des) evok ing the  o rig in a l m o v em en t [Fig. 6 and  7(b)]. 

Th is rep resen ts  an im p ro v em en t over the firs t im p lan t w ere  m o st 

e lec tro d es fa iled  th ree  m onths  afte r im p la n ta tio n  [Fig. 7(b)]. A l ­

th o u g h  one  co n n ec to r a ttach ed  to  the  iliac c rest d id  fail a fte r 

abou t 4  m onths (A n im al #11, Table II), th ere  still is a sig n ifican t 

d iffe rence  in  the n u m b er o f  e lec tro des lo s t over tim e b e tw een

an im als w ith  d iffe ren t co n n ec to r fix a tio n  tech n iq u es (O ne-w ay  

A N O V A , p  <  0 .05) w ith  iliac c rest fixa tion  b ein g  su p erio r to  

sk in  fixation. T he resu lts  o f  one im p lan t (A n im al #1 1) w ere  

fa ir ly  variab le  and  slow ly  deg rad ed  ov er tim e and  v isu al in sp ec ­

tio n  o f  the  array  afte r ex p lan ta tio n  show ed  th a t m an y  elec tro des 

w ere  b ro k en  at the tip.

C. Recording

R eco rd in g  using  the  e lec tro des in  the  array  w as no t as 

successfu l as stim u la tio n  and d a ta  w ere  on ly  taken  fro m  

the  firs t five im plan ts. O n  average 8%  o f  the elec tro des 

co u ld  reco rd  sin g le  u n it ac tiv ity  du ring  the firs t few  days 

af te r im p lan ta tio n . In d iv idual sing le  un its  co u ld  som etim es 

b e  reco rd ed  fo r several w eeks b u t in  g enera l the re co rd in g  

stab ility  w as p o o r in  these  ex perim en ts. R eco rd in g  o f  n eu ra l 

ac tiv ity  w as u sually  n o t p o ssib le  fo r m ore  than  a m o n th  afte r 

im p lan ta tio n .

T he  e lec tro d e  im p ed an ce  can  b e  in flu en ced  by  chem ical 

o r p h y sica l ch anges o f  the  re co rd in g  surface. W e o b serv ed  a 

rap id  drop  o f  the e lec tro d e  im pedances w ith in  the  firs t co up le 

o f  w eek s afte r im p la n ta tio n  (F ig. 9) b u t w e d id  n o t do  an 

in -d ep th  an alysis  o f  the surface  o f  the  e lec tro d es’ tips afte r 

the  array  w as re m o v ed  fro m  the  tissue . T he  d is trib u tio n  o f  

e lec tro d e  im p ed an ces tak en  fro m  tw o an im als w as b ro a d  on  the 

su rgery  day  w ith  va lues  ran g in g  fro m  less  th an  50 up  to  500  k f i  

(F ig. 10). S ix  days afte r im p la n ta tio n  e lec tro d e  im p ed an ces had  

already  d ro p p ed  in  half, th ree  w eek s afte r im p lan ta tio n  m o st 

im p ed an ces w ere  below  100 kft  and they  se ttled  dow n around  

50  k fi.

W h ereas nervous an d m uscle  ac tiv ity  a round  the sciatic nerve  

are  n o t an  issu e  fo r stim u la tion , re co rd in g s can  b e  serio usly  in ­

flu en ced  i f  the e lec tro des and the  re fe ren ce  e lec tro d e  are n o t 

w ell sh ie lded  fro m  this activity . In  m o st cases , w e  attem p ted  

to  p lace  the re fe ren ce  e lec tro d e  w ith in  the  co n ta in m en t system  

su rro und ing  the  e lec tro d e  array  bu t th ey  freq u en tly  d id  no t stay
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F ig . 11. L ig h t m ic ro sco p ic  p ic tu res o f  a c ro ss  sec tio n  o f  th e  sam e  ca t sc ia tic  nerve, (a) O n e  e le c tro d e  m is ses  th e  n e rv e ’s fa sc ic le s. T h e  b a r is 1(X) /<m long, 

(b) A n o th e r e le c tro d e  tip  is in side  a fasc ic le  an d  c lo se  to  v iab le  n euro ns . T he  b a r is 5 0  /im  long.

th e re . A l th o u g h  so m e  s in g le  u n its  c o u ld  b e  re c o rd e d  in  a n e s ­

th e tiz e d  a n im a ls , E M G  a c tiv ity  a n d  o th e r  n o ise  c o n ta m in a tio n  

w e re  so  la rg e  w h e n  th e  a n im a ls  w e re  fre e ly  m o v in g  o n  th e  t re a d ­

m ill  th a t th e  s ig n a l w as  n o t e a s ily  d e te c ta b le . H o w ev er, n e u ro n a l 

sp ik e s  h a v e  a  h ig h e r  f re q u e n c y  c o n te n t th a n  th e  n o ise  c o n ta m ­

in a tio n . M o s t s ig n a l c o n ta m in a tio n  c a n  b e  re m o v e d  u s in g  a p ­

p ro p r ia te  f ilte r in g  a n d  s in g le  u n its  c a n  b e  re v e a le d  b u t th is  is 

d if f ic u lt to  im p le m e n t o n lin e .

D. Histology and General Obseivations After Explantation

A t th e  tim e  o f  sa c r if ic e , a  v is u a l in s p e c tio n  a n d  h is to lo g ­

ic a l a n a ly s is  w e re  p e r fo rm e d  o n  a ll  im p la n te d  fu n c tio n in g  im ­

p la n ts . T h e re  d id  n o t ap p ea l' to  b e  an y  la rg e  d isp la c e m e n ts  o f  the  

a rray , th e  c o n ta in m e n t sy s te m  a n d  th e  n e rv e  in  a ll  c a se s  f ro m  

th e ir  o r ig in a l im p la n t p o s it io n s  b u t c o n n e c tiv e  t is su e  a ro u n d  

th e  c o n ta in m e n t s y s te m  a n d  th e  c o n d itio n  o f  th e  e le c tro d e  a r ­

ra y s  v a r ie d . L a te r  e x p e r im e n ts  sh o w e d  c o n s id e ra b ly  le s s  tis su e  

re s p o n s e  th a n  e a r lie r  im p la n ts  p o ss ib ly  d u e  to  th e  u se  o f  the  

c u s to m  c a s t c o n ta in m e n t sy s te m . S o m e  e le c tro d e  a r ra y s  h a d  a  

lo t o f  b ro k e n  e le c tro d e s  w h e re a s  th e  m a jo r ity  d id  n o t h a v e  any  

b ro k e n  e le c tro d e s ; th is  m o s t lik e ly  w a s  in f lu e n c e d  b y  th e  q u a lity  

o f  im p la n ta tio n . S u rp r is in g ly , ev e n  e le c tro d e s  w ith  b ro k e n  tip s  

so m e tim e s  h a d  g o o d  s tim u la tio n  p ro p e r tie s . In  fiv e  e a r lie r  im ­

p la n ts , th e  th ic k n e ss  o f  th e  c o n n e c tiv e  tis su e  b e tw e e n  th e  b a se  

o f  a rra y  a n d  th e  e p in e u r iu m  w a s  4 3 6 .7  ±  6 2 .3  / tm  (M e a n  ±  

S ta n d a rd  E rro r)  w h e re a s  its  th ic k n e ss  f ro m  th e  e le c tro d e  sh a n k s  

to  th e  n e rv e  f ib e rs  w as  o n ly  3 0 .4  ±  3 .8  /./-m (m e a n  ±  s ta n d a rd  

e rro r) . T h is  m e a n s  th a t so m e  o f  th e  s h o r te r  e le c tro d e s  d id  n o t 

re a c h  in s id e  th e  fa sc ic le s  a f te r  a  few  m o n th s . O th e r  e le c tro d e s  

w e re  im p la n te d  b e tw e e n  fa sc ic le s  [F ig . 1 1(a)]. In  g e n e ra l, h o w ­

ever, th e  e le c tro d e s  w e re  s till  lo c a te d  in s id e  th e  n e rv e  a n d  its  

f a sc ic le s  [F ig . 11(b) a n d  12], T h e re  w e re  s ig n s  o f  n e u ro n a l d e ­

g e n e ra tio n  in  so m e  im p la n ts , c h a ra c te r iz e d  b y  r e d u c tio n  o f  the  

c ro s s -s e c tio n a l a re a  o f  th e  a x o p la sm , w h ile  the  c ro s s -s e c tio n  o f  

th e  m y e lin  e ith e r  re m a in s  c o n s ta n t o r  in c re a se s  [2 9 ]. H o w ev er, 

v ia b le  n e u ro n s  c o u ld  o f te n tim e s  b e  fo u n d  a ro u n d  th e  e le c tro d e  

tip s  [F ig . 13 (a)],

F ig . 12. L ig h t m ic ro sco p ic  p ic tu re  o f  a c ro ss  sec tio n  o f  c a t sc iatic  nerve. M any 

v iab le  n eu ro n s c an  be  seen  in  c lo se  o p p o s itio n  w ith  a n  e le c tro d e . T h e  b a r is 

5 0  /(m  long.

T ra n sv e rse  s e m ith in  s e c tio n s  s tu d ie d  u n d e r  l ig h t m ic ro sc o p y  

s h o w e d  th a t the  d e n s ity  a n d  th e  e s tim a te d  to ta l n u m b e r  o f  

m y e lin a te d  f ib e rs  w e re  s im ila r  in  u n im p la n te d  c o n tro l n e rv es  

a n d  n e rv e s  f ro m  n o n fu n c tio n in g  a n d  fu n c tio n in g  im p la n ts  

(T ab le  III) . A x o n a l  f ib e rs  w ith  a n  a b n o rm a lly  th in  m y e lin  

s h e a th  (H y p o m y e lin a te d  f ib e rs )  a n d  a x o n a l d e g e n e ra tio n  w e re  

ra re ly  o b se rv e d  b e n e a th  n o n s tim u la te d  e le c tro d e s , a l th o u g h  

it  w as  c o n s is te n tly  se e n  in  f ib e rs  a f te r  c h ro n ic  s tim u la tio n  

(F ig . 13). T h e  h is to g ra m  d is tr ib u tio n  o f  a x o n a l d ia m e te rs  an d  

th e  s c a tte r  p lo ts  o f  th e  m y e lin  a re a  v e rsu s  a x o n a l a re a  a re  

s h o w n  in  F ig . 14. T h e re  w e re  a n  in c re a s in g  n u m b e r  o f  th in ly  

m y e lin a te d  a x o n s  (a p p ro x im a te ly  1 2 %  o f  th e  f ib e rs )  e sp e c ia lly  

c lo se  to  th e  e le c tro d e  tra c k s  in  s tim u la te d  a r ra y s  th a t p ro b a b ly  

re p re s e n t  a x o n s  a tte m p tin g  to  re g e n e ra te  its  d is ta l  s e g m e n t a f te r  

m e c h a n ic a l o r  e le c tr ic a l  trau m a .
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Fig . 13. L ig h t m ic ro sc o p ic  p ic tu re  o f  cro ss  se c tio n s  o f  ne rv e  fib ers (a) in  a ra d iu s  o f  4 0 0 -5 0 0  // m a ro u n d  stim u la te d  e le c tro d es an d  (b) ab o u t 2 cm  p ro x im a l to  

th e  im p la n t site. R e g en e ra tin g  fib ers can  b e  seen  in  th e  sec tio n  c lo se  to  s tim u la te d  e lec tro d es. T h e  b ars are 4 0  // m long.

T A B L E  III

Pr opor t ion of  Hypomyel ina t ed Axons a nd Axons Under going  Axona l  Degener a t ion Af t er  El ec t r ica l  St imul a t ion of  Scia t ic Ner ve. “Cl ose 
t o” Repr esent s a  Ra dius of  400-500 //m Ar ound t he El ect r odes a nd “Fa r  Fr om” Repr esent s t he Per ipher y  of  t he Ner ve

D en sity  o f  m ye li ­

n a ted  fibers  (/m m 2) 1

Percen tag e o f  hypo- 

m yelinated fibers

Percen tage o f  d e ­

g en era ted  fibers

U nim plan ted nerves 7747 ± 822 0.2% 0.5%

N o n-func tio n in g  arrays 7880 ± 693 3.46% 0.52%

Stim ula ted array s

C lose to  electro de  tracks 7875 ± 710 11.95% 4.55%

Far from  e lectro d e  tracks 7548 ± 549 3.40% 9.90%

1 M ean ± S tandard  E rror

F ig . 14. C o m p ariso n  o f  n e rv e  m o rp h o lo g y  in  a co n tro l (a), (b) versu s an  im p la n te d  n e rv e  (c), (d). (a), (c) H isto g ram  d is trib u tio n  o f  a x o n al d iam eters, (b), (d) 

S c a tte r  p lo ts o f  m y e lin  a rea  v e rsu s  a x o n al area.

IV. D i s c u s s i o n

A  g e n e ra l  m o to r  n e u ro p ro s th e s is  w ill u s e  e le c tr ic a l  s t im u la ­

t io n  to  p ro d u c e  m o v e m e n t a n d  se n so ry  fe e d b a c k  s ig n a ls  to  c o n ­

tro l  th e  m o v e m e n t. F o r  su c h  a  d e v ic e  to  b e  u se fu l, it h a s  to  b e  

sa fe  fo r  th e  n e u ra l  tis s u e  a n d  a b le  to  s t im u la te  sy n e rg is tic  m u sc le  

g ro u p s  se le c tiv e ly  a n d  c o n s is te n tly  o n  a  c h ro n ic  b a s is . T h e  fe e d ­

b a c k  s ig n a l h a s  to  b e  e a s ily  a n a ly z a b le  a n d  th e  k in d  o f  in fo rm a ­

tio n  th a t  is e n c o d e d  o n  e a c h  re c o rd in g  c h a n n e l s h o u ld  b e  s ta b le

o v e r  tim e . T h e  d e v ic e  s h o u ld  a lso  b e  d u ra b le . In  th e  p re s e n t 

s tu d y  w e  te s te d  th e  U S E A  fo r  its  s tim u la tio n  a n d  re c o rd in g  

p ro p e r tie s  o v e r  th e  tim e  c o u rs e  o f  4 - 7  m o  p o s t  im p la n t.

W e d e m o n s tra te d  th a t th e  U S E A  c a n  b e  im p la n te d  in to  p e ­

r ip h e ra l  n e rv e  o n  a  c h ro n ic  b a s is  a n d  th a t  se le c tiv e  s tim u la tio n  

o f  m o to r  f ib e rs  c a n  b e  p e r fo rm e d  o v e r  lo n g  p e r io d s  o f  tim e . Im ­

p ro v e m e n ts  su c h  as th e  f ix a tio n  o f  th e  c o n n e c to rs  o n  th e  ilia c  

c re s t  g re a tly  h e lp e d  to  m a in ta in  th e  in te g r ity  o f  th e  le a d  w ire s  

f ro m  th e  c o n n e c to r  to  th e  array . W e h a v e  sh o w n  th a t a  c o n ­
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ta in m e n t sy s te m  th a t su rro u n d s  th e  a rra y  a n d  th e  n e rv e  w ith  a  

d e s ig n  th a t in c o rp o ra te s  th e  sh a p e  o f  th e  a rray  in  th e  n e rv e  r e ­

d u c e d  c o n n e c tiv e  t is s u e  g ro w th  a ro u n d  th e  e le c tro d e s  a n d  th e ir  

su rro u n d in g s .

A f te r  re c o v e ry  f ro m  su rg e ry , th e  a n im a ls  d id  n o t b e h a v io ra lly  

re a c t to  th e  p re s e n c e  o f  th e  c o n n e c to rs  o n  th e  ilia c  c re s t  o r  th e  

a rray  in  th e  n e rv e ; e v e n  w h e n  m o n ito r in g  c a b le s  w e re  p lu g g e d  

in to  th e  c o n n e c to rs  a n d  m e a s u re m e n ts  w e re  ta k e n . W h e re a s  

s t im u la tio n  th re s h o ld s  d id  c o n s is te n tly  in c re a s e  w ith in  th e  

f irs t few  w e e k s , th ey  o f te n  re m a in e d  c o n s ta n t a f te r  th e  firs t 

m o n th ; o n ly  a  few  e le c tro d e s  th ro u g h  w h ic h  a  m u sc le  tw itc h  

c o u ld  b e  e v o k e d  w e re  lo s t a f te r  th e  f irs t m o n th . W e b e lie v e  

th a t  so m e  a x o n a l d e g e n e ra tio n  h a s  ta k e n  p la c e  b y  th is  tim e  

b u t th e  d a m a g e  to  th e  n e rv e  is n o t e x te n s iv e  e n o u g h  to  v is ib ly  

a ffe c t th e  a n im a l’s m o v e m e n t o r  b eh a v io r. T h is  w as  c o n f irm e d  

b y  th e  fac t th a t th e  d e n s ity  o f  m y e lin a te d  f ib e rs  w as  n o rm a l 

a ro u n d  th e  im p la n te d  e le c tro d e s  w ith  a b o u t 1 0 %  o f  th e  f ib e rs  

r e g e n e ra tin g . B e c a u s e  o f  th e  s ig n if ic a n t d if fe re n c e  in  th e  

n u m b e r  o f  e le c tro d e s  lo s t o v e r  tim e  b e tw e e n  a n im a ls  w ith  

d if fe re n t c o n n e c to r  f ix a tio n  te c h n iq u e s  a n d  b e c a u s e  e le c tro d e s  

d o  fa il a t ra n d o m  lo c a tio n s  or, o c c a s io n a lly , b y  th e  e n tire  se t o f  

e le c tro d e s  c o n n e c te d  to  o n e  c o n n e c to r , th e  lo s s  o f  e le c tro d e s  is 

m o s t lik e ly  d u e  to  le a d  b re a k a g e  o r  c o n n e c to r  fa ilu re .

S m a lle r , lo w e r  a s p e c t r a tio  a n d  sa fe r  c o n n e c to rs  w ill b e c o m e  

a v a ila b le  w ith  im p ro v e m e n ts  in  m ic ro m a c h in g  te c h n iq u e s  in  th e  

fu tu re  a n d  m o re  f le x ib le , p e rm e a b le  a n d /o r  p o te n tia lly  p a r tia lly  

d is so lv a b le  c o n ta in m e n t sy s te m s  c a n  b e  im p le m e n te d  in  th e  fu ­

tu re  to  fu r th e r  im p ro v e  th e  s ta b ility  o f  th e  sy s te m . E v e n  th o u g h  

th e re  w a s  v a r ia b ility  in  th e  s t im u la tio n  re sp o n s e , c h a n g e s  w e re  

s e ld o m  d ra s tic  a n d  th e re  w e re  g e n e ra lly  m u ltip le  e le c tro d e s  th a t 

c o u ld  b e  u s e d  to  e v o k e  a  p a r t ic u la r  m u s c le  m o v e m e n t. In  c o n ­

t ra s t  to  m o s t te c h n iq u e s , th is  c o u ld  p o te n tia lly  e n a b le  u s  n o t o n ly  

to  s t im u la te  m u s c le s  se lec tiv e ly , b u t to  d o  so  in  a  fa tig u e  re s is ta n t 

m a n n e r  b y  in te r le a v in g  s tim u la tio n  b e tw e e n  sev e ra l e le c tro d e s  

as s u g g e s te d  b y  o th e rs  [30] a n d  p ro v id e  u s  w ith  b a c k u p  e le c ­

t ro d e s  i f  o th e rs  s h o u ld  fa il. P re v io u s ly , i t  w a s  s h o w n  in  a c u te  e x ­

p e r im e n ts  th a t m u sc le  se le c tiv ity  c o u ld  b e  m a in ta in e d  fo r  s t im u ­

la t io n  cu rre n ts  s lig h tly  a b o v e  th re s h o ld  lev e l fo r  m o s t e le c tro d e s  

[6 ]. A t h ig h e r  c u rre n t, a g o n is t  b u t  n o t a n ta g o n is t  m u sc le s  w e re  

so m e tim e s  co -a c tiv a ted .

In  te rm s  o f  a  n e u ro p ro s th e tic  a p p lic a tio n , th e  s t im u la tio n  r e ­

su lts  s h o w n  h e re  a re  e n c o u ra g in g , b u t th e  s a m e  is  n o t tru e  fo r  

r e c o rd in g  o f  s e n so ry  ac tiv ity . N e u ra l re c o rd in g s  w e re  e i th e r  c o n ­

ta m in a te d  w ith  n o is e  s u c h  a s  E M G  ac tiv ity  o r  c o u ld  n o t b e  

p ic k e d  u p  a t all a f te r  a  few  d ay s . T h re e  fa c to rs  c a n  in f lu e n c e  

th e  q u a lity  o f  re c o rd in g s : 1 ) th e  d is ta n c e  o f  th e  re c o rd in g  s u r ­

fa c e  to  th e  se n so ry  f ib e rs ; 2) th e  e le c tro d e  im p e d a n c e ; a n d  3) th e  

m a g n itu d e  o f  th e  re c o rd e d  n o is e  in  re la tio n  to  th e  d e s ire d  s ig n a l. 

T h e  d is ta n c e  o f  th e  e le c tro d e  tip  to  th e  re c o rd e d  f ib e rs  is  n e g a ­

t iv e ly  in f lu e n c e d  b y  th e  fo rm a tio n  o f  c o n n e c tiv e  t is s u e  a ro u n d  

th e  sh a f t o f  th e  e le c tro d e s ; th e  g re a te r  th e  f ib ro tic  b u ild u p , th e  

sm a lle r  w ill b e  th e  re c o rd e d  s ig n a l. T h e  in c re a se  in  s tim u la tio n  

th re s h o ld s  su g g e s ts  th a t a  fo rm a tio n  o f  c o n n e c tiv e  t is su e  o r  d e ­

g e n e ra tio n  o f  n e rv e  f ib e rs  a ro u n d  th e  e le c tro d e  tip s  to o k  p la c e  

w ith in  th e  f irs t m o n th  a f te r  im p la n ta tio n . In  c o n tra s t  to  th e  c o n ­

n e c tiv e  t is su e  g ro w th  th a t w o u ld  n o rm a lly  re s u lt  in  a n  e le c tro d e  

im p e d a n c e  in c re a s e  [3 1 ], th e  e le c tro d e  im p e d a n c e s  d ro p p e d  in  

th e  w e e k s  a f te r  im p la n ta tio n . T h is  su g g e s ts  p h y s ic a l c h a n g e s  o n

th e  e le c tro d e  s u rfa c e  th a t m ig h t h a v e  b e e n  d u e  to  th e  fac t th a t 

c u rre n ts  w e re  p a s s e d  th ro u g h  th e  e le c tro d e s  fo r  s t im u la tio n  b u t 

th is  w a s  n o t s tu d ie d  h e re .

R e c o rd e d  s ig n a ls  c a n  b e  re c o v e re d  w ith  d ig ita l f ilte r in g  te c h ­

n iq u e s  b u t th e  n u m b e r  o f  r e c o rd e d  u n its  w a s  g e n e ra lly  n o t s a tis ­

fac to ry . B e tte r  e le c tr ic a l  sh ie ld in g  o f  th e  n e rv e  a n d  c o a tin g  th e  

e le c tro d e  sh a n k s  w ith  a n  a g e n t d e s ig n e d  to  m in im iz e  t is s u e  r e a c ­

t io n  m ig h t im p ro v e  re su lts  b u t re c o rd in g  se n so ry  a c tiv ity  f ro m  a  

d if fe re n t lo c a tio n , s u c h  as th e  d o rsa l ro o t g a n g lia , h o ld s  m o re  

p ro m is e . T h e  c e ll b o d ie s  o f  s e n so ry  n e rv e  f ib e rs , w h ic h  p r o ­

d u c e  la rg e r  e le c tr ic a l  a c tiv ity , a re  lo c a te d  th e re  a n d  th e  s i te  is 

b e t te r  p ro te c te d  f ro m  so u rc e s  o f  s ig n a l c o n ta m in a tio n  s u c h  as 

la rg e  m u sc le s . A c u te  e x p e r im e n ts  h a v e  s h o w n  th a t s e n so ry  s ig ­

n a ls  c a n  b e  re c o rd e d  in  th e  D R G  w ith  v e ry  h ig h  y ie ld s  a n d  w ith  

la rg e  s ig n a l- to -n o is e  ra tio s  [32],

In  su m m ary , w h e re a s  m a n y  p ro b le m s  r e la te d  to  th e  e le c tro d e  

in te r fa c e  a n d  its  c h ro n ic  im p la n ta tio n  h a v e  y e t  to  b e  so lv e d , th is  

s tu d y  sh o w s  th a t th e  lo n g - te rm  im p la n ta tio n  o f  a  p e n e tra tin g  

m ic ro e le c tro d e  a rray  in  p e r ip h e ra l  n e rv e  is  p o ss ib le . W h ile  th e  

tim e  fra m e  o f  o u r  c h ro n ic  s tu d y  (5 to  31 w e e k s )  d id  n o t a llo w  

s tu d y in g  v e ry  lo n g - te rm  c o n se q u e n c e s  o f  a rray  im p la n ta tio n , 

th e  s tu d y  d o e s  p ro v id e  “p ro o f -o f -c o n c e p t” th a t  th e re  c a n  b e  v e ry  

lit t le  p e rm a n e n t n e rv e  d a m a g e . P e r ip h e ra l n e rv e  in te rfa c e s  o f  

s im ila r  d e s ig n  c a n  m e d ia te  s ta b le  a n d  s e le c tiv e  c h ro n ic  a c tiv a ­

t io n  o f  se v e ra l d if fe re n t m u sc le  g ro u p s . D e v ic e s  o f  th is  a rc h i te c ­

tu re  m ay  p ro v id e  a n  e f fe c tiv e  n e u ra l in te rfa c e  fo r  v a r io u s  m o to r  

n e u ro p ro s th e tic  a p p lic a tio n s .

A c k n o w l e d g m e n t

T h e  a u th o rs  w o u ld  lik e  to  th a n k  Y. P. L i fo r  m a n u fa c tu r in g  

th e  e le c tro d e  a rra y s .
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