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ABSTRACT

CONTRAST SENSITIVITY FUNCTIONS IN NORMAL AND DESTRIATED MONKEYS

by

M ich ae l  M i l l e r  

A d v is e r s :  P r o f e s s o r s  Pedro  and Tauba P a s ik

The f u n c t i o n a l  p r o p e r t i e s  o f  e x t r a g e n i c u l o s t r i a t e  v i s i o n  f o r  

s p a t i a l  f r e q u e n c y  d e t e c t i o n  was exam ined  i n  Rhesus m onkeys. Monkeys 

w ere  p r e s e n te d  w i th  a f o r c e d - c h o i c e  be tw een  two s t a t i o n a r y  s t i m u l i ,  

a  homogeneous t a r g e t  and a  v e r t i c a l l y  o r i e n t e d  s i n u s o i d a l  g r a t i n g .

S t im u l i  w ere t r a n s i l l u m i n a t e d  f i g u r e s  a t  s e v e n  s p a t i a l  f r e q u e n c i e s ,

0 . 5 ,  1 . 0 ,  2 . 0 ,  4 . 0 ,  8 .0 ,  16 and 32 c /d e g  i n  0 .1  lo g  u n i t  s t e p s  o f  

c o n t r a s t  from 0 .7 9  to  0 .0 0 6 .  C o n t r a s t  t h r e s h o l d s  w ere  d e te rm in e d  

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

o f  th e  s t r i a t e  c o r t e x  by two p r o c e d u r e s ,  an a d a p t iv e  up-down method 

and th e  method o f  c o n s t a n t  s t i m u l i .

C o n t r a s t  s e n s i t i v i t y  ( t h r e s h o l d - 1 ) f u n c t i o n s  f o r  no rm al and 

d e s t r i a t e d  monkeys have  th e  c h a r a c t e r i s t i c  sh a p e  o f  an i n v e r t e d  " J . "

The h ig h  and low f re q u e n c y  l im bs  a r e  r e l a t e d  e x p o n e n t i a l l y  w i th  s p a t i a l  

f re q u e n c y  and t h e  peak  o f  th e  c u rv e s  a r e  ab o u t 2 .0  c /d e g .  The d im en s io n s  

o f  th e  f u n c t i o n s ,  how ever ,  change s i g n i f i c a n t l y  f o l lo w in g  th e  a b l a t i o n .  

S e n s i t i v i t y  i s  d e p re s s e d  a t  a l l  s p a t i a l  f r e q u e n c i e s  by a f a c t o r  o f  

abou t 22 , i . e .  a mean 27 d e c i b e l  f l a t  l o s s .  The h ig h  f re q u e n c y  

c u t - o f f  p o i n t  w hich  g iv e s  a m easure  o f  v i s u a l  a c u i t y ,  a v e ra g e d  f o r  

th e  g ro u p ,  i s  43 c /d e g  p r e o p e r a t i v e l y  and 12 c /d e g  p o s t o p e r a t i v e l y , a



3 . 6 - f o l d  l o s s  o f  r e s o l u t i o n .  The v a r i a b i l i t y  o f  th e  r e s p o n s e  a t  each  

f r e q u e n c y  i n  th e  up-down method and th e  s lo p e  o f  th e  p sy c h o m e t r ic  

f u n c t i o n  d e r iv e d  from  th e  method o f  c o n s ta n t  s t i m u l i  p r o v id e  a  m easure  

o f  i n s t a b i l i t y  and p r e c i s i o n ,  r e s p e c t i v e l y .  These i n d i c e s  a r e  i n v e r s e l y  

r e l a t e d .  P r e o p e r a t i v e l y , p r e c i s i o n  was s i g n i f i c a n t l y  g r e a t e r  a t  h ig h  

th a n  a t  low s p a t i a l  f r e q u e n c i e s .  P o s t o p e r a t i v e l y , p r e c i s i o n  i s  s i m i l a r  

a t  a l l  f r e q u e n c i e s  and i s  lo w er  th a n  p r e o p e r a t i v e l y  d e te rm in e d  v a l u e s .

The r e s u l t s  show t h a t  d e s t r i a t e d  monkeys can d e t e c t  g r a t i n g s  

a l th o u g h  to  a  l e s s e r  d eg ree  th a n  norm al a n im a ls .  Along w i th  p r e v io u s  

f i n d i n g s  o f  a  p e r s i s t e n t  though  d e f i c i e n t  c a p a c i t y  f o r  b a r  o r i e n t a t i o n  

d i s c r i m i n a t i o n ,  th e s e  d a t a  may e x p l a i n  th e  r e s i d u a l  p a t t e r n  p e r c e p t i o n  

a l r e a d y  d e m o n s t ra te d  i n  such  a n im a ls .  S in c e  v a r i a b i l i t y  o f  p e rfo rm an ce  

d u r in g  c o n t r a s t  t h r e s h o l d  d e t e r m in a t io n s  i s  d ep en d en t upon s p a t i a l  

f re q u e n c y  p r e o p e r a t i v e l y  b u t  n o t  p o s t o p e r a t i v e l y ,  i t  a p p e a rs  t h a t ,  

w hereas  two mechanisms o p e r a t e  i n  no rm al m onkeys, o n ly  one f u n c t io n s  

i n  d e s t r i a t e d  a n im a ls .  Based upon a v a i l a b l e  e v id e n c e ,  i t  may be con­

c e i v a b l e  t h a t  th e s e  mechanisms a r e  r e l a t e d  to  th e  e l e c t r o p h y s i o l o g i c a l l y  

i d e n t i f i e d  X- and Y - c e l l  sy s te m s .  A model f o r  s u p r a t h r e s h o l d  p e r fo rm a n c e  

i s  p ro p o se d  u s in g  v a lu e s  o f  c o n t r a s t  t h r e s h o l d s  and o f  th e  s lo p e  of 

th e  p s y c h o m e t r ic  f u n c t i o n .
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INTRODUCTION

The o p t i c a l  sy s tem  o f  th e  eye  g lo b e  forms an image o f  a v i s u a l  

s t im u lu s  o v e r  th e  m osaic  o f  p h o t o r e c e p t o r s .  The f u n c t i o n  o f  th e s e  

s t r u c t u r e s  co u p led  w i th  s u b se q u e n t  p r o c e s s i n g  o f  th e  c e n t r a l  n e rv o u s  

sy s tem  d e f i n e s  th e  r e s o l v i n g  power o f  th e  v i s u a l  sy s tem . The r e s o l u ­

t i o n  o f  s t i m u l i  o c c u r s  w i t h i n  th e  rea lm s  o f  tim e and s p a c e .  The 

d i s c r i m i n a t i o n  o f  s t i m u l i  w i th  r e s p e c t  to  t im e  d e te rm in e s  q u a n t i t i e s  

such  as  f l i c k e r  f u s io n  f r e q u e n c y .  The c a p a c i t y  to  r e s o l v e  d i f f e r e n c e s  

i n  sp a c e  d e f i n e s  v i s u a l  a c u i t y .

Two m a jo r  d e t e r m in a n t s  o f  v i s u a l  a c u i t y  a r e  lum inance  and r e t i n a l  

l o c a t i o n  (Mandelbaum and S lo a n ,  1 9 4 7 ) .  At p h o to p ic  l e v e l s ,  v i s u a l  a c u i t y  

i s  maximal i n  th e  f o v e a ,  from w hich t h e r e  i s  a p r e c i p i t o u s  d e c l i n e .

On th e  o t h e r  h a n d ,  th e  fo v e a  i s  r e l a t i v e l y  b l i n d  a t  s c o t o p i c  lum inance  

and u n d e r  th o s e  c o n d i t i o n s  maximal a c u i t y  i s  a t t a i n e d  f o u r  d eg ree s  

from t h e  c e n t e r  o f  th e  v i s u a l  f i e l d .  C l a s s i c a l l y ,  t h i s  phenomenon i s  

e x p l a in e d  by th e  d i f f e r e n t i a l  a r ra n g e m e n t  o f  ro d s  and cones ( 0 s t e r b e r g ,  

1947 ) .  M oreover,  t h i s  d i s t r i b u t i o n  c o i n c id e s  w i th  t h e  d i s t r i b u t i o n  o f  

r e t i n a l  g a n g l io n  c e l l s  as  w e l l  as  th e  to p o g r a p h ic  r e p r e s e n t a t i o n  i n  

th e  l a t e r a l  g e n i c u l a t e  body and th e  c o r t e x .

Neurons a lo n g  th e  r e t i n o g e n i c u l o s t r i a t e  pathway in  th e  monkey 

re sp o n d  to  a  r e s t r i c t e d  band o f  s p a t i a l  f r e q u e n c i e s  (D eM o n aste r io , Gouras 

and T o l h u r s t ,  1976; M arroccq 1976; S c h i l l e r ,  F in la y  and Volman, 1976).  

P s y c h o p h y s ic a l  f i n d i n g s  i n  humans v e r i f y  t h e s e  r e s u l t s  (Blakemore and 

C am pbell ,  1 9 6 9 ) .  In  a d d i t i o n ,  i n v e s t i g a t i o n s  have  shown o r i e n t a t i o n  

s e l e c t i v e  mechanisms w i t h i n  th e  v i s u a l  sy s te m  (Cam pbell and K u lik o w sk i ,  

1966; G i l i n s k y ,  1 9 6 8 ) ,  th e  r e s u l t s  o f  w h ich  a r e  c o r r o b o r a t e d  by u n i t
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s t u d i e s  o f  th e  monkey v i s u a l  c o r t e x  (Hubei and W ie s e l ,  1968).  Thus, 

th e  o c c i p i t a l  c o r t e x  a c t s  as  a  s t r u c t u r e  i n  w hich th e  p r o c e s s in g  o f  

s p a t i a l  f re q u e n c y  and o r i e n t a t i o n  a r e  superim posed  (M affe i  and F i o r e n t i n i ,  

19 7 7 ) .  As th e s e  p r o p e r t i e s  a r e  i n s t r u m e n t a l  f o r  p a t t e r n  r e c o g n i t i o n ,  

such  a r ra n g e m e n ts  s u p p o r t s  th e  co n c e p t  t h a t  th e  s t r i a t e  c o r t e x  i s  

e s s e n t i a l  f o r  t h i s  f u n c t i o n  (Blakem ore and  C am pbell ,  1969 ) .

Monkeys d e p r iv e d  o f  s t r i a t e  c o r t e x ,  ho w ev er ,  e x h i b i t  v i s u a l  b e h a v i o r  

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

( S c h i l d e r ,  P a s ik  and P a s i k ,  1 9 7 1 ) .  M oreover, su c h  an im a ls  can d i s c r i ­

m in a te  an o b l iq u e  from a  v e r t i c a l  b a r  a l th o u g h  w i th  l e s s  p r e c i s i o n  th a n  

no rm al an im a ls  ( P a s ik ,  P a s i k ,  N olan and Solomon, 1976 ) .  The p u rp o se  

o f  t h i s  s tu d y  i s  to  e x p lo r e  th e  c a p a b i l i t y  o f  Rhesus monkeys w i th  and 

w i th o u t  s t r i a t e  c o r t e x  to  make d i s c r i m i n a t i o n s  b a s e d  upon s p a t i a l  

f re q u e n c y  in f o r m a t io n .
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LITERATURE SEARCH

V is u a l  a c u i t y  can be  d e f in e d  by th e  a n g l e ,  i n  d e g r e e s ,  su b te n d e d  

by th e  f i n e s t  d e t e c t a b l e  d e t a i l  f o r  a  g iv e n  s e t  o f  c o n d i t i o n s  ( B a r t l e y , 

1951 ) .  C l i n i c a l  t e s t s  o f  a c u i t y  such  as  th e  S n e l l e n  a l p h a b e t ,  th e  

L a n d o l t  r i n g ,  and th e  j u s t  p e r c e p t i b l e  i n t e r s p a c e  r e q u i r e  s u b j e c t s  to  

d e t e c t  gaps i n  h ig h  c o n t r a s t  s t i m u l i .  These t e s t s , h o w ev e r , do n o t  

exam ine d e t e c t i o n  th r e s h o l d s  f o r  c o a r s e r  s t i m u l i  a t  red u ce d  l e v e l s  o f  

c o n t r a s t .

R e c e n t ly ,  a c u i t y  t e s t i n g  h as  in v o lv e d  th e  u se  o f  g r a t i n g s  composed 

o f  a r e p e a t i n g  s i n u s o i d a l  waveform. Along one d im ens ion  lum inance  

v a r i e s  s i n u s o i d a l l y ,  w hereas  lum inance  i s  c o n s t a n t  i n  t h e  p e r p e n d i c u l a r  

d im e n s io n .  Thus, a g r a t i n g  a p p e a rs  as  a c o n t in u o u s  s e r i e s  o f  a l t e r n a t i n g  

l i g h t  and d a rk  b a r s .  W ith  such  s t i m u l i ,  c o n t r a s t  and s p a t i a l  f r e q u e n c y  

(number o f  c y c l e s  o f  a  waveform in c lu d e d  i n  one d e g re e  o f  v i s u a l  a n g le )  

can be  v a r i e d .  Over th e  p a s t  f i f t e e n  y e a r s ,  s i n u s o i d a l  g r a t i n g s  have 

become th e  s t im u lu s  o f  c h o ic e  i n  v i s i o n  r e s e a r c h ,  s in c e  th e  d a t a  can 

b e  a n a ly z e d  by F o u r i e r  m e thods .  A cco rd in g  to  F o u r i e r  a n a l y s i s ,  

s i n u s o i d s  r e p r e s e n t  th e  s i m p l e s t  w aveform. Complex s t i m u l i  i n c l u d i n g  

th o s e  c o n t a in in g  s h a rp  edges  such  as s q u a re  wave and t r i a n g u l a r  waves 

can b e  re d u c e d  f o r  a n a l y s i s  i n t o  t h e i r  s i n e  wave com ponents .  P o s s i b ly  

more i m p o r t a n t ,  s i n u s o i d s  o f  v a r i o u s  a m p l i tu d e s  and p e r io d s  can be s u p e r ­

im posed to  c o n s t r u c t  any more complex waveform.

A. C o n t r a s t  S e n s i t i v i t y  F u n c t io n s

One o f  th e  m ost u s e f u l  p s y c h o p h y s ic a l  v a lu e s  i n  d e s c r i b i n g  r e s p o n ­

s i v e n e s s  i n  a  t a s k  i s  t h r e s h o l d  p e rfo rm a n ce  w hich s i g n i f i e s  th e  p o i n t  i n
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a  con tinuum  a t  w hich  an e f f e c t  b e g in s  to  be p ro d u ced ,  A c o n t r a s t  

t h r e s h o l d  can be d e te rm in e d  f o r  each  s p a t i a l  f r e q u e n c y  w hich d e s c r i b e s  

t h e  g r a t i n g  w i th  th e  m in im al c o n t r a s t  r e q u i r e d  to  p e r c e i v e  a waveform. 

A lthough  v a r i o u s  d e f i n i t i o n s  o f  c o n t r a s t  have  been  ad o p te d  i n  t h e  c l a s s i c  

l i t e r a t u r e ,  t h e  p r e s e n t  s tu d y  u s e s  th e  c u r r e n t  co n c e p t  w hich  h a s  been 

a p p l i e d  to  c o n t r a s t  s e n s i t i v i t y  f u n c t i o n s  w h e re in  c o n t r a s t  i s  c o n s id e r e d  

as  t h e  d i f f e r e n c e  i n  peak  and t ro u g h  lum inance  d iv id e d  by t h e i r  sum.

T his  d e f i n i t i o n  i s  u s e f u l  in  t h a t  c o n t r a s t  r a n g e s  from ze ro  to  one 

and i t  i s  founded on peak  to  mean lu m in an ce  a s  opposed to  a  peak  to  

p e a k  lum inance  d i f f e r e n c e .  A g rap h  o f  t h e  c o n t r a s t  t h r e s h o l d  a t  each  

s p a t i a l  f r e q u e n c y  i s  shaped  l i k e  a " J " .  I t  i d e n t i f i e s  th e  l i m i t s  o f  

s u p r a t h r e s h o l d  and i n f r a t h r e s h o l d  p e r fo rm a n c e ,  th e  a r e a s  above and 

be low  th e  c u rv e ,  r e s p e c t i v e l y .

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

a g a i n s t  s p a t i a l  f r e q u e n c y  r e s u l t s  i n  an i n v e r t e d  " J " - s h a p e d  f u n c t i o n  

(S hade ,  1956 ) .  The p o i n t  a t  w hich  th e  c u rv e  i n t e r s e c t s  th e  a b s c i s s a ,  

th e  l i n e  y = 1 .0 0  ( c o n t r a s t  = 1 . 0 0 ) ,  r e p r e s e n t s  a g r a t i n g  d i s c r i m i n a b l e  

o n ly  a t  maximum c o n t r a s t .  T h is  p o i n t  w hich  i s  ab o u t  50 c y c le s  p e r  

d e g re e  ( c /d e g )  i n  humans a d a p te d  t o  p h o to p ic  c o n d i t i o n s  h as  been  c o r r e l a t e d  

w i th  c l i n i c a l  a c u i t y  m easu res  such  a s  t h e  S n e l l e n  a l p h a b e t  and th e  

L a n d o l t  r i n g  (G reen , 1970).  I n  th e  monkey, th e  c u t - o f f  p o i n t  i s  abou t 

46 c /d e g  (D eV a lo is ,  Morgan and S n o d d e r ly ,  1976) a v a lu e  w hich c o r r e l a t e s  

w e l l  w i th  a c u i t y  m easures  p r e v i o u s l y  d e te rm in e d  in  no rm al monkeys 

(W e in s te in  and G r e th e r ,  1940; W e isk ra n tz  and Cowey, 1963; Cowey and 

E l l i s ,  1 9 6 7 ) .  As s p a t i a l  f r e q u e n c y  d e c r e a s e s , l e s s  c o n t r a s t  i s  n e c e s s a r y



f o r  a s u b j e c t  t o  p e r c e iv e  th e  g r a t i n g ,  hence  th e  t h r e s h o l d  d e c r e a s e s  

and c o n t r a s t  s e n s i t i v i t y  i n c r e a s e s  p r o p o r t i o n a t e l y .  T h is  t r e n d  

c o n t in u e s  u n t i l  a peak  s e n s i t i v i t y  i s  a t t a i n e d  a t  ab o u t 4 .0  c /d e g .

As th e  f r e q u e n c y  f a l l s  below  t h i s  p e a k ,  c o n t r a s t  s e n s i t i v i t y  i s  a t t e n u a t e d .  

Whereas t h e  h ig h  f r e q u e n c y  lim b can be e x p re s s e d  as an e x n o n e n t i a l  

f u n c t i o n  o f  s p a t i a l  f r e q u e n c y ,  th e  low f re q u e n c y  lim b i s  i n c o n s i s t e n t  

(Blakemore and Cam pbell ,  19 6 9 ) .  The n a t u r e  o f  th e  decay o f  s e n s i t i v i t y  

a t  low s p a t i a l  f r e q u e n c i e s  i s  n o t  c l e a r .  Some i n v e s t i g a t o r s  have 

s p e c u l a t e d  on th e  p o s s i b l e  r o l e  o f  eye  movements o r  some type  o f  

i n h i b i t o r y  e f f e c t  (N achm ias, 1967; K e l l y ,  1977 ) .

S p a t i a l  c h a r a c t e r i s t i c s  o f  s t i m u l i ,  such  as  t a r g e t  s i z e  and number 

o f  c y c l e s ,  e x e r t  a p ro found  i n f l u e n c e  upon th e  c o n t r a s t  s e n s i t i v i t y  

f u n c t i o n .  V a r i a t i o n s  o f  th e  s i z e  o f  th e  t a r g e t  p re d o m in a n t ly  a f f e c t  

th e  low f r e q u e n c y  r e s p o n s e .  Not o n ly  does s e n s i t i v i t y  i n c r e a s e  b u t  th e  

c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  s h i f t s  to  th e  l e f t  w i th  l a r g e r  t a r g e t s  

(C am p b e ll’and Robson, 1965; B a ra k a t  and Lerman, 1 9 6 7 ) .  A c r u c i a l  

v a r i a b l e  i n  low s p a t i a l  f re q u e n c y  d e t e c t i o n  i s  th e  a b s o lu t e  number o f  

c y c le s  c o n ta in e d  in  th e  g r a t i n g .  A p p a re n t ly  w i th  l e s s  th a n  fo u r  c y c le s  

th e  r e s p o n s e  depends more upon th e  number o f  c y c l e s  th a n  on th e  s p a t i a l  

f re q u e n c y  (Savoy and McCann, 19 7 5 ) .  O ther  s t u d i e s  e sp o u se  t h a t  seven  

c y c l e s  i s  th e  c r i t i c a l  number (B a ra k a t  and Lerm an, 1967).

The o v e r a l l  c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  a l s o  i s  d e te rm in e d  in  

p a r t  by t h e  mean lum inance o f  s t i m u l i  (Shober and H i l z ,  1965).  A 

d e c r e a s e  in  mean lum inance  i s  a s s o c i a t e d  w i th  a r e d u c t i o n  o f  c o n t r a s t  

s e n s i t i v i t y  a t  a l l  s p a t i a l  f r e q u e n c i e s  and a  s h i f t  t o  th e  l e f t  o f  th e
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peak  s e n s i t i v i t y  and th e  h ig h  f re q u e n c y  c u t - o f f  p o i n t .  In  a d d i t i o n ,

-4a t  lum inance  l e v e l s  below  5 x 10 f t L  th e  low f re q u e n c y  d e c l i n e  i s  l o s t .

The manner o f  te m p o ra l  p r e s e n t a t i o n  f u r t h e r  sh a p e s  t h e  c o n t r a s t  

s e n s i t i v i t y  f u n c t i o n .  P r e s e n t i n g  th e  s t i m u l i  e i t h e r  a b r u p t l y  o r  

g r a d u a l l y  does n o t  i n f l u e n c e  th e  r e s p o n s e  e x c e p t  a t  s p a t i a l  f r e q u e n c i e s  

below  0 .5  c /d e g .  In  t h a t  r a n g e ,  s e n s i t i v i t y  i s  i n c r e a s e d  m ark ed ly  by 

a b r u p t  p r e s e n t a t i o n  (F u rc h n e r ,  Thomas and C am pbell ,  1 9 7 7 ) .  The 

s t im u lu s  d u r a t i o n  a l s o  d e te rm in e s  some d im en s io n s  o f  th e  c o n t r a s t  

s e n s i t i v i t y  f u n c t i o n .  With s h o r t  e x p o s u r e s ,  th e  peak  s e n s i t i v i t y  s h i f t s  

to  th e  l e f t  (N achm ias , 1 9 6 7 ) ,  and no low f re q u e n c y  d e c l i n e  i s  e v i d e n t  

(A rend, 1 9 7 6 ) .  Tem poral m o d u la t io n  in c r e a s e s  s e n s i t i v i t y  a t  low 

f r e q u e n c i e s ,  w hereas  th e  h ig h  f r e q u e n c i e s  a r e  r e l a t i v e l y  u n a f f e c t e d  

(Robson, 1966; K e l l y ,  1978).

How does  th e  o p t i c a l  a p p a r a tu s  a f f e c t  c o n t r a s t  s e n s i t i v i t y ?  Taking 

i n t o  a c c o u n t  th e  p r o p e r t i e s  o f  th e  d i o p t r i c  m e d ia ,  a s u b j e c t ' s  r e s p o n s e  

to  s i n u s o i d a l  g r a t i n g s  on an o s c i l l o s c o p e  can be  p r e d i c t e d  from  t h a t  

d e te rm in e d  by p r o j e c t i n g  d i f f r a c t i o n  p a t t e r n s  d i r e c t l y  upon th e  r e t i n a .  

T hus , th e  o p t i c s  o f  th e  eye  does n o t  a p p e a r  to  a f f e c t  g r a t i n g  d e t e c t i o n .  

I f  t h a t  w ere  th e  c a s e ,  th e  c r i t i c a l  s t r u c t u r e s  l i m i t i n g  r e s o l u t i o n  o f  

v i s u a l  s t i m u l i  o f  a n o n - a s t i g m a t i c  emmetrope xrould be th e  n e u r a l  e le m e n ts  

(C am pbell ,  19 7 4 ) .  C o n t r a s t  s e n s i t i v i t y  may b e  im p a i r e d  by th e  s i z e  

o f  t h e  p u p i l  (Campbell and G reen , 1965 ) .  As th e  p u p i l l a r y  d ia m e te r  

i n c r e a s e s  above 2 .0  mm, c o n t r a s t  d e t e c t i o n  i s  d e c r e a s e d  m arked ly  due to  

s p h e r i c a l  a b e r r a t i o n .  C o n v e r s e ly ,  maximum c o n s t r i c t i o n  o f  th e  p u p i l  

may c r e a t e  d i f f r a c t i o n  e f f e c t s .  U n c o r re c te d  myopes d e m o n s t ra te  a
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g e n e r a l  d e p r e s s io n  o f  c o n t r a s t  s e n s i t i v i t y  a t  a l l  f r e q u e n c i e s  (M affe i  

and F i o r e n t i n i ,  1 9 7 6 ) ,  w hereas  d e f i c i t s  o f  s e n s i t i v i t y  a r e  most marked 

a t  h ig h  f r e q u e n c i e s  f o r  a s t i g m a t i c  humans (Cam pbell and G reen ,  1965 ) .

C o n t r a s t  s e n s i t i v i t y  f u n c t i o n s  a l s o  have been  d e s c r ib e d  in  nonhuman 

p r i m a t e s ,  t h e  s q u i r r e l  monkey (M erigan ,  1 9 7 6 ) ,  owl monkey ( J a c o b s ,  1 9 7 7 ) ,  

and Rhesus (H ard ing  and Y a te s ,  1976) and o t h e r  macaques (D eV a lo is ,

Morgan and S n o d d e r ly ,  1974 ) .  The r e s p o n s e  o f  t h e  l a t t e r  an im a ls  t o  

g r a t i n g  s t i m u l i  i s  s i m i l a r  t o  t h a t  o f  humans as  n o te d  by th e  shape  and 

d im en s io n s  o f  t h e  c o n t r a s t  s e n s i t i v t y  f u n c t i o n  and o f  th e  e f f e c t  o f  

mean lu m in an ce  upon i t  ( s e e  above) (D eV a lo is ,  Morgan and S n o d d e r ly ,  1974 ) .

B. B ases  f o r  P a t t e r n  P e r c e p t io n

In  th e  p a s t  t e n  y e a r s ,  a  g r e a t  em phasis  h a s  been  p la c e d  upon th e  

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

i n f o r m a t io n  as an im p o r ta n t  d e t e r m in a n t  o f  p a t t e r n  p e r c e p t i o n  (Blakemore 

and C am pbell ,  19 6 9 ) .  P s y c h o p h y s ic a l  e x p e r im e n ts  h av e  e x p lo re d  th e  

r o l e  o f  o r i e n t a t i o n  s e l e c t i v i t y  i n  humans (Cam pbell and K u l ik o w s k i ,  1966; 

G i l i n s k y ,  1968 ) .  In  a  m ask ing  e x p e r im e n t ,  a  maximal e f f e c t  i s  o b s e rv e d  

i f  t h e  t e s t  g r a t i n g  i s  o r i e n t e d  s i m i l a r l y  to  t h e  m ask ing  g r a t i n g .

No su c h  i n f l u e n c e  i s  a p p a r e n t  w i th  p e r p e n d i c u l a r l y  o r i e n t e d  s t i m u l i .

The m ask ing  e f f e c t  i s  red u ce d  to  50% when th e  a n g le  be tw een  c o n d i t i o n i n g  

and t e s t  g r a t i n g s  i s  12 to  15 d e g r e e s .  A p p a r e n t ly ,  t h i s  phenomenon 

does n o t  depend upon th e  o p t i c s  o f  th e  e y e ,  an d ,  t h e r e f o r e ,  a p p e a r s  to  

be a  d i r e c t  r e s u l t  o f  n e u r a l  p r o c e s s in g  (C am pbell ,  K u lik o w sk i and 

L e v in s o n ,  19 6 6 ) .
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F u r th e rm o re ,  t h e r e  i s  p s y c h o p h y s ic a l  e v id e n c e  t h a t  th e  human v i s u a l  

sy s tem  a l s o  u se s  a number o f  s p a t i a l  f re q u e n c y  c h a n n e ls  (Cam pbell and 

Robson, 1965; Blakemore and C am pbell ,  19 6 9 ) .  An e l e v a t i o n  o f  c o n t r a s t  

t h r e s h o l d  i s  o b se rv e d  i n  s u b j e c t s  who a r e  i n i t i a l l y  a d a p te d  to  a 

s i n u s o i d a l  g r a t i n g  o f  th e  same f re q u e n c y .  A l e s s e r  d e g re e  o f  t h i s  

m ask ing  e f f e c t  i s  se e n  when th e  f re q u e n c y  o f  th e  t e s t  g r a t i n g  i s  

d i f f e r e n t  th a n  t h a t  o f  th e  a d a p t in g  ( c o n d i t i o n i n g )  s t im u lu s .  The r i s e  

i n  t h r e s h o l d  i s  l i m i t e d  to  a  n a r ro w  ra n g e  o f  f r e q u e n c i e s  sp a n n in g  a 

b andw id th  o f  ab o u t  one o c ta v e  (a d o u b l in g  o f  th e  f re q u e n c y )  (Blakemore 

and C am pbell ,  1969).  The bandw id ths  o f  c h a n n e ls  a r e  ab o u t 3 .5  and 1 .5  

o c ta v e s  a t  low and h ig h  s p a t i a l  f r e q u e n c i e s ,  r e s p e c t i v e l y  (Legge, 1978).

The co n c e p t  o f  a m u l t i p l e  c h a n n e l  s p a t i a l  f r e q u e n c y  sy s tem  i s  

s u p p o r te d  by th e  m easurem ents  o f  Graham and Nachmias (1971) who ob se rv ed  

t h a t  d e t e c t i o n  o f  complex g r a t i n g s  composed o f  two o v e r la p p in g  s i n u s o i d a l  

waveforms c o u ld  be  e x p la in e d  by th e  summed re s p o n s e  to  th e  i n d i v i d u a l  com 

p o n e n t s .  The i n t e g r i t y  o f  t h i s  m u l t i p l e  c h a n n e l  sy s tem  i s  m a in ta in e d  

even  a t  low lu m inances  and h ig h  d r i f t  r a t e s  (Graham, 1972 ) .  C o n t r a r iw is e  

o t h e r  i n f o r m a t io n  d e m o n s t r a te s  an i n t e r a c t i o n  among c h a n n e l s ,  p o s s i b l y  

b a s e d  on l a t e r a l  i n h i b i t o r y  p r o c e s s e s  (M cCarter and R o e h r s , 1976).

The f u n c t i o n  o f  two d i s t i n c t  v i s u a l  mechanisms i n  no rm al humans 

h as  been  e x p lo re d  u s in g  te m p o ra l ly  m o d u la ted  g r a t i n g s  (K ulikow ski and 

T o l h u r s t ,  1 9 7 3 ) .  The m o d u la t io n  i s  a c c o m p lish e d  e i t h e r  by p r e s e n t i n g  

th e  g r a t i n g  in  a l t e r n a t i o n  w i th  a  b la n k  s c r e e n  e q u a te d  f o r  mean lum inance  

o r  by s h i f t i n g  th e  phase  o f  th e  s i n u s o i d a l  g r a t i n g  180 d e g re e s .  The 

te m p o ra l  f r e q u e n c y  i s  c o n s ta n t  d u r in g  b o th  ty p e s  o f  p r e s e n t a t i o n s .
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The p h a se  s h i f t i n g  p ro c e d u re  p ro d u c e s  changes  i n  l o c a l  lum inance  w hich 

a re  tw ic e  as  l a r g e  a s  th o s e  g e n e ra te d  by th e  a l t e r n a t i o n  method.

Human s u b j e c t s  a r e  tw ic e  as  s e n s i t i v e  t o  th e  s h i f t i n g  g r a t i n g s  a t  

f r e q u e n c ie s  below  2 .5  c /d e g  and e q u a l ly  s e n s i t i v e  to  b o th  ty p e s  o f  

p r e s e n t a t i o n s  a t  f r e q u e n c i e s  above 6 .0  c /d e g .  F u r th e rm o re ,  te m p o ra l ly  

m o d u la ted  g r a t i n g s  o f  f r e q u e n c i e s  above 4 .0  c /d e g  a p p e a r  t o  be s t a ­

t i o n a r y  a t  low c o n t r a s t  (K u lik o w sk i ,  19 7 1 ) .  A cco rd in g  to  th e  a u t h o r s ,  

t h i s  e v id e n c e  i m p l i c a t e s  th e  o p e r a t i o n  o f  two s y s te m s ,  one s e n s i t i v e  

to  te m p o ra l  m o d u la t io n  and low  f r e q u e n c i e s ,  and a n o t h e r  i n s e n s i t i v e  t o  

t i m e - v a r i e d  s t i m u l i  and r e s p o n s iv e  to  h ig h  s p a t i a l  f r e q u e n c i e s .  A ddi­

t i o n a l  s u p p o r t  f o r  th e s e  c o n c lu s io n s  a r e  g iv e n  by m ask ing  e x p e r im e n ts  

( T o l h u r s t ,  1973; Legge , 1978).

The i d e n t i t y  o f  t h e  two system s  i s  h i g h l i g h t e d  by t h e  s e p a r a t i o n  

o f  th e  f l i c k e r  t h r e s h o l d  from th e  g r a t i n g  d e t e c t i o n  t h r e s h o l d ,  t h a t  

i s  to  s a y ,  th e  te m p o ra l  and s p a t i a l  components o f  th e  s t im u lu s  (K eesey , 

1 9 7 2 ) .  With low s p a t i a l  f r e q u e n c y  g r a t i n g s ,  f l i c k e r  i s  d e t e c t e d  a t  

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

o f  th e  g r a t i n g ,  and a t  h ig h  s p a t i a l  f r e q u e n c i e s  th e  e f f e c t  i s  r e v e r s e d ,

i . e .  s p a t i a l  d i s c r i m i n a t i o n  o c c u r s  a t  lo w er  c o n t r a s t s  th a n  f l i c k e r  

d e t e c t i o n  (K ulikow ski and T o l h u r s t ,  1 9 7 3 ) .  The two sy s tem s  a p p e a r  to  

i n t e r a c t  t o  some d e g re e  (B o d is -W o lin e r  and H en d ley ,  1 9 7 9 ) ,  and b o th  

seem to  be a f f e c t e d  e q u i v a l e n t l y  by o p t i c a l  a b e r r a t i o n s  such  as myopia 

and am b lyop ia  (Wood and K u l ik o w sk i ,  1978).
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C. C o r t i c a l  P r o c e s s in g

The s t r i a t e  c o r t e x  i s  c o n s id e r e d  t o  be  e s s e n t i a l  f o r  p a t t e r n  

p e r c e p t i o n .  In  f a c t ,  i t  i s  t h e  f i r s t  s t r u c t u r e  in  w hich  s p a t i a l  

o r i e n t a t i o n  and" f r e q u e n c y  in f o r m a t io n  a r e  su p e r im p o se d .  N eurons 

in  th e  v i s u a l  c o r t e x  o f  c a t s  and monkeys a r e  c l a s s i f i e d  as  s im p le ,  

complex and hypercom plex  c e l l s  by t h e i r  d i f f e r e n t i a l  r e s p o n s e  t o  b a r  

s t i m u l i  (Hubei and W ie s e l ,  1962 , 1968; P e t t i g r e w ,  N ik a ra  and B ish o p ,

1968) .  S imple c e l l s  a r e  e x c i t e d  m ax im ally  by l i n e  s t i m u l i  w i th  a 

s p e c i f i c  o r i e n t a t i o n .  Complex c e l l s  a l s o  re sp o n d  t o  l i n e  s t i m u l i ,  b u t  

u n l i k e  s im p le  c e l l s , th e y  f i r e  m ax im ally  to  an a p p r o p r i a t e l y  o r i e n t e d  

s t im u lu s  in d e p e n d e n t  o f  i t s  l o c a t i o n  w i t h i n  a  r e l a t i v e l y  l a r g e r  

r e c e p t i v e  f i e l d .  M oreover,  t h e y  re s p o n d  o p t i m a l ly  t o  th e  d is p la c e m e n t  

o f  such  s t im u lu s  i n  a  s p e c i f i c  d i r e c t i o n .  Hypercomplex c e l l s  a r e  s e n s i ­

t i v e  to  s t i m u l i  c o v e r in g  r e s t r i c t e d  p o r t i o n s  o f  t h e  r e c e p t i v e  f i e l d  an d ,  

t h e r e f o r e ,  com prise  a g r e a t  v a r i e t y  (Hubei and W ie s e l ,  1965, 19 6 8 ) .

The r e s p o n s e  o f  s im p le  and complex c e l l s  t o  g r a t i n g  s t i m u l i  a l s o  

h as  been exam ined . S im ple c e l l s  a p p e a r  to  re sp o n d  in  a  s u s t a i n e d  f a s h i o n ,  

w hereas  s t i m u l a t i o n  o f  complex c e l l s  y i e l d s  t r a n s i e n t  r e s p o n s e s  ( Ik e d a  

and W r ig h t ,  1 9 7 4 ) .  T h is  i s  r e m i n i s c e n t  o f  X- and Y - c e l l  t y p e s ,  r e s p e c t i v e l y ,  

w h ich  have  been  d e s c r ib e d  a t  r e t i n a l  (E n ro th -C u g e l l  and Robson, 1966; 

D e M o n a s te r io , Gouras and T o l h u r s t , 1976) and g e n i c u l a t e  l e v e l s  (C le la n d ,

Dubin and L e v ic k ,  1971; M arro cco ,  19 7 6 ) .  I t  has  been  s u g g e s te d  t h a t  

th e  s low  c o n d u c t in g  g e n i c u l a t e  X - c e l l  axons d r i v e  t h e  s im p le  and some 

hypercom plex  c e l l s ,  and t h a t  complex c e l l s  a r e  d r i v e n  by f a s t  c o n d u c t in g  

Y - c e l l  axons (Hoffman and S to n e ,  1971; S tone  and D re h e r ,  1973 ) .  T h is
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i s  c o n t r a r y  to  th e  i m p l i c a t i o n s  o f  s e r i a l  e l a b o r a t i o n  p u t  f o r t h  by th e  

s t u d i e s  o f  Hubei and W ie se l  ( g e n i c u l a t e  n e u ro n  to  s im p le  c e l l  to  complex 

c e l l  to  hypercom plex  c e l l )  as  i t  e x t o r t s  th e  p r e s e n c e  o f  m u l t i p l e  

p a r a l l e l  sy stem s  o f  i n p u t s  and n o t  one pa thw ay .

The p a r a l l e l  n e tw o rk  h y p o th e s i s  i s  s u b s t a n t i a t e d  by th e  c o n t r a s t  

s e n s i t i v i t y  f u n c t i o n s  o f  s im p le  and complex c e l l s .  Neurons i n  th e  

s t r i a t e  c o r t e x  o f  th e  c a t  (C am pbell,  Cooper and E n r o t h - C u g e l l , 1969;

Ik e d a  and W rig h t ,  1975) and o f  t h e  monkey (C am pbell ,  C ooper,  Robson 

and S ach s ,  1969; S c h i l l e r ,  F in l a y  and Volman, 1976) re s p o n d  to  l i m i t e d  

bands  o f  s p a t i a l  f r e q u e n c i e s .  These ban d w id th s  a r e  th e  n a r r o w e s t  in  

th e  v i s u a l  sy s te m , m e asu r in g  ab o u t  one and t h r e e  o c ta v e s  f o r  th e  

s im p le  and complex c e l l s ,  r e s p e c t i v e l y  (M a f fe i  and F i o r e n t i n i ,  1973a) .

Do th e  c o r t i c a l  n e u ro n s  w hich  re sp o n d  s e l e c t i v e l y  to  s p a t i a l  

f r e q u e n c i e s  a l s o  e x h i b i t  o r i e n t a t i o n  s p e c i f i c i t y ?  By moving s i n u s o i d a l  

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

i s  p o s s i b l e  t o  combine th e  e f f e c t s  o f  s p a t i a l  f re q u e n c y  and o r i e n t a t i o n .  

The i n t e r a c t i o n  o f  t h e s e  f a c t o r s  p l a y  a  r o l e  i n  d e te rm in in g  th e  a m p l i tu d e  

o f  t h e  r e s p o n s e  o f  c o r t i c a l  c e l l s  (C am pbell ,  Cooper and E n r o th -C u g e l l ,

1 9 6 9 ) .  Not o n ly  do t h e s e  u n i t s  e x h i b i t  f r e q u e n c y  s e l e c t i v i t y ,  b u t  th e  

r e s p o n s e  a m p l i tu d e  d e c r e a s e s  l i n e a r l y  w i th  o r i e n t a t i o n s  above o r  below  

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

t i o n  in f o r m a t io n  i s ,  i n  f a c t ,  h i g h l y  o rg a n iz e d  in  t h e  s t r i a t e  c o r t e x .  

U n i t s  r e s p o n s iv e  to  th e  same o r i e n t a t i o n s  a r e  s t a c k e d  in  colum ns, 

w h ereas  i s o s p a t i a l  f re q u e n c y  r e s p o n s e s  a r e  o b ta in e d  i n  rows p a r a l l e l  to  

th e  p i a l  s u r f a c e .  Thus, a  l a t t i c e  n e tw o rk  o f  c e l l s  i s  p r e s e n t  i n  w hich
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each  u n i t  r e sp o n d s  t o  a u n iq u e  o r i e n t a t i o n  and s p a t i a l  f re q u e n c y
r r

co m b in a tio n  (M affe i  and F i o r e n t i n i ,  1 9 7 7 ) .

The s t r i a t e  c o r t e x  p r i m a r i l y  r e c e i v e s  i n p u t  from th e  r e t i n o g e n i c u l o -  

s t r i a t e  pa thw ay . E f f e r e n t s  from th e  r e t i n a ,  how ever ,  do n o t  go s o l e l y  

to  th e  l a t e r a l  g e n i c u l a t e  n u c l e u s .  Some p r o j e c t  t o  th e  s u p e r i o r  c o l l i -  

c u l u s  and v a r i o u s  o t h e r  m id b ra in  s t r u c t u r e s .  P r e s e n t a t i o n  o f  a s i n u ­

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

X - , Y- ( E n ro th -C u g e l l  and Robson, 1966: C le la n d ,  Dubin and L e v ic k ,  1971; 

D e M o n a s te r io , Gouras and T o l h u r s t ,  1 9 7 6 ) ,  and W -c e l ls  (S to n e  and Hoffman, 

1972; S c h i l l e r  and M a lp e l i ,  1977 ) .  X - c e l l s  w hich  re sp o n d  l i n e r a l y  to  

c o n t r a s t  p r o j e c t  p re d o m in a n t ly  to  th e  p a r v o c e l l u l a r  la m in ae  of th e  d o r s a l  

l a t e r a l  g e n i c u l a t e  n u c l e u s .  I n  monkeys, g e n i c u l a t e  e f f e r e n t s  p r o j e c t  

o n ly  t o  th e  s t r i a t e  c o r t e x  (P o ly a k ,  19 5 7 ) .  Y - c e l l s , on th e  o t h e r  hand , 

re sp o n d  n o n l i n e a r l y  t o  c o n t r a s t  and t h e i r  axons t e r m in a t e  i n  the., magno- 

c e l l u l a r  la m in ae  o f  th e  g e n i c u l a t e  n u c l e u s  and th e  m id b r a in ,  p r i m a r i l y  

t h e  s u p e r i o r  c o l l i c u l u s  ( S c h i l l e r  and M a lp e i i ,  1 9 7 8 ) .  The r e s p o n s e  

c h a r a c t e r i s t i c s  o f  W -c e l l s  a r e  l e s s  w e l l  d e f in e d  and th e y  p r o j e c t  m o s t ly  

to  m id b ra in  s t r u c t u r e s  (Fukuda and S to n e ,  1 9 7 4 ) .  V i s u a l  in f o r m a t io n  

from  th e  c o l l i c u l u s  r e a c h e s  th e  c i r c u m s t r i a t e  c o r t e x  th ro u g h  th e  i n f e r i o r  

p u l v i n a r  (M a th e rs ,  1971: Ogren and H e n d r ic k s o n ,  1977) p resum ab ly  v i a  

Y- a n d / o r  W - c e l l s .  I t  s h o u ld  be n o te d  t h a t  c i r c u m s t r i a t e  c o r t e x  o f  th e  

monkeys i s  r i c h  i n  complex c e l l s  (Hubei and W ie s e l ,  1970 ) .

D. L e s io n  S tu d ie s

L e s io n s  a lo n g  th e  r e t i n o g e n i c u l o s t r i a t e  pathw ay p ro d u ce  w e l l  known
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v i s u a l  f i e l d  d e f e c t s .  A t o t a l  b i l a t e r a l  c o r t i c a l  a b l a t i o n  i n  th e  monkey, 

how ever ,  does  n o t  e l i m i n a t e  v i s u a l l y  gu id ed  b e h a v i o r  (K li iv e r ,  1941;

P a s ik  and P a s i k ,  19 7 1 ) .  Such s u b j e c t s  r e t a i n  th e  a b i l i t y  to  d e t e c t  

d i f f e r e n c e s  i n  lum inous f l u x ,  a c t i n g  l i k e  a s im p le  p h o t o c e l l .  The 

d i f f e r e n c e  t h r e s h o l d  f o r  f l u x  (AF/F ) i n  monkeys w i th o u t  v i s u a l  c o r t e x  

i s  0 .2 3  (K li iv e r ,  19 4 2 ) .  When t h e  a b l a t i o n  i s  r e s t r i c t e d  so  t h a t  th e  

s t r i a t e  c o r t e x  ( a r e a  17) s t i l l  i s  removed t o t a l l y  b u t  th e  c i r c u m s t r i a t e  

c o r t i c e s  ( a r e a s  18 and 19) a r e  o n ly  p a r t i a l l y  damaged, q u i t e  d i f f e r e n t  

b e h a v io r  r e s u l t s .  A f t e r  e x t e n s i v e  t r a i n i n g  such  monkeys a r e  c a p a b le  

o f  d i s c r i m i n a t i n g  s t i m u l i  d i f f e r i n g  i n  t o t a l  lum inous  f l u x ,  b u t  a l s o  

be tw een  f l u x - e q u a t e d  f i g u r e s  v a r y in g  in  lum inance  and a r e a  ( P a s ik ,

P a s i k  and S c h i l d e r ,  1969; S c h i l d e r ,  P a s ik  and P a s i k ,  1971 ) .  M oreover,

such  an im a ls  a p p a r e n t ly  can m a s te r  d i s c r i m i n a t i o n s  b a s e d  upon w av e le n g th

cues  ( P a s ik  and P a s i k ,  1971; S c h i l d e r ,  P a s ik  and P a s i k ,  1 9 7 2 ) ,  and

can r e a c h  a c c u r a t e l y  to  v i s u a l  s t i m u l i  ( W e i s k r a n tz » Cowey, and Passingham ,1977

F e in b e rg ,  P a s i k  and P a s i k ,  1 9 7 7 ,1 9 7 8 ) .

E x te n s iv e  l e s i o n s  o f  th e  v i s u a l  c o r t e x  a b o l i s h  form v i s i o n

(K liiv e r ,  1 9 4 1 ) .  This  c o n c l u s i o n ,  how ever ,  s h o u ld  be  ta k e n  w i th  c a u t io n

2
b e c a u se  su c h  monkeys w ere  a b l e  to  d i s c r i m i n a t e  be tw een  a 38 cm s q u a re

2
from a  s t im u lu s  c o n t a in in g  76 c i r c l e s ,  0 .5  cm each  o f  th e  same lu m in a n c e ,  

th u s  d e m o n s t r a t in g  some c a p a c i t y  t o  make ju d g em en ts  b a s e d  upon t o p o l o ­

g i c a l  c u e s .  F o llo w in g  a  more r e s t r i c t e d  l e s i o n ,  how ever ,  monkeys can 

be r e t r a i n e d  to  d i f f e r e n t i a t e  be tw een  a c i r c l e  and a t r i a n g l e  o f  e q u a l  

lu m in a n c e ,  a r e a  and f l u x  ( S c h i l d e r ,  P a s ik  and P a s i k ,  1972 ) .  This  

r e m a in in g  form v i s i o n  may be a t t r i b u t e d  t o  r e s i d u a l  c a p a c i t y  to
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d i s c r i m i n a t e  v a r i o u s  o r i e n t a t i o n s  and s p a t i a l  f r e q u e n c i e s .  In  f a c t ,  

no rm al and d e s t r i a t e d  monkeys can d i f f e r e n t i a t e  be tw een  v e r t i c a l  and 

h o r i z o n t a l  b a r s .  M oreover, th e  b a r  need  o n ly  be o v e r  5 d e g re e s  from 

v e r t i c a l  in  o r d e r  f o r  th e  norm al an im al t o  d e t e c t  t h e  d i f f e r e n c e .  

D e s t r i a t e d  an im a ls  r e q u i r e  a d i f f e r e n c e  i n  e x c e s s  o f  17 d e g re e s  

( P a s ik ,  P a s i k ,  N olan and Solomon, 1 9 7 6 ) .  S p a t i a l  f re q u e n c y  d e t e c t i o n  

has  n o t  b een  d e te rm in e d  in  t o t a l l y  d e s t r i a t e d  Rhesus monkeys. V is u a l  

a c u i t y  h a s  been  exam ined in  monkeys w i th  p a r t i a l  s t r i a t e c t o m i e s  

(W e isk ra n tz  and Cowey, 1963 ) .  W hereas n o rm a ls  can  d i s c r i m i n a t e  be tw een  

l i n e s  sp a c e d  as c l o s e l y  a s  0 .5 7  t o  1 .0 9  min o f  a r c ,  o p e r a t e d  an im als  

r e q u i r e  from 0 .6 4  to  1 .6 6  min o f  a r c .  I t  a p p e a rs  t h a t  th e  r e d u c t io n  

o f  a c u i t y  i s  r e l a t e d  d i r e c t l y  t o  t h e  amount o f  m a c u la r  c o r t e x  e x c i s e d .

Some c l i n i c a l  s t u d i e s  o f  c o n t r a s t  s e n s i t i v i t y  have  been  co n d u c ted  

i n  humans w i th  c e r e b r a l  l e s i o n s  (B o d is -W o l ln e r , 1972; B o d is -W o l ln e r  

and Diamond, 1 9 7 6 ) .  T hree  ty p e s  o f  d e f i c i t s  have  been  d e s c r i b e d ,  

a  h ig h  f r e q u e n c y  l o s s ,  a m id - f re q u e n c y  o r  n o tc h  l o s s ,  and a  f l a t  l o s s  

o f  c o n t r a s t  s e n s i t i v i t y  a t  a l l  s p a t i a l  f r e q u e n c i e s  (B o d is -W o l ln e r ,

1972) l e n d in g  f u r t h e r  s u p p o r t  to  th e  m u l t i - c h a n n e l  h y p o t h e s i s .  There  

a p p e a r s  t o  be no r e l a t i o n s h i p  b e tw een  th e  ty p e  o f  l o s s  and t h e  p a th o lo g y  

o f  t h e  l e s i o n ,  b u t  h ig h  f r e q u e n c y  l o s s e s  may r e s u l t  from th e  e l e v a t e d  

s u s c e p t i b i l i t y  o f  th e  a s s o c i a t e d  c h a n n e ls  to  h y p o x ia ,  h y p o te n s io n  o r  

b o th  (B o d is -W o l ln e r ,  1976).
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MATERIALS AND METHODS

A. Subj e c t s

The s u b j e c t s  w ere  s i x  e x p e r im e n ta l ly  n a i v e  Rhesus monkeys (Macaca 

m u l a t t a )  t h a t  w eighed  be tw een  1 .7  and 2 .4  kg a t  th e  b e g in n in g  o f  th e  

s t u d y .  T ab le  1 g iv e s  t h e i r  s e x  and t h e i r  w e ig h ts  a t  v a r i o u s  p h ases  o f  

th e  s tu d y .  Four an im a ls  (878 ,  880, 887 and 890) co m ple ted  th e  s tu d y .  

One o t h e r  monkey (879) c o n t r a c t e d  a  cu tan eo u s  S ta p h y lo c o c c u s  a u reu s  

i n f e c t i o n  a f t e r  s u r g e r y  and was n o t  t e s t e d  p o s t o p e r a t i v e l y .  The l a s t  

s u b j e c t  (881) d ie d  from an e n t e r i t i s ,  a f t e r  ab o u t  h a l f  way in  th e  

p r e o p e r a t i v e  t e s t i n g .

B. N e u r o lo g ic a l  and O p h th a lm o lo g ic a l  E xam ina tion

B. 1 . G e n e ra l .  S u b je c t s  w ere exam ined f o r  c o n v e rg e n c e ,  and f o r  

p u p i l l a r y  and b l i n k  r e f l e x e s  i n  r e s p o n s e  to  l i g h t  s t i m u l i .  G e n e ra l  

b e h a v io r  i n  th e  home cage  and e x p e r im e n ta l  a p p a ra tu s  was a l s o  n o te d .

B. 2 .  E l e c t r o o c u lo g r a p h y .  Animals were t e s t e d  f o r  th e  p re s e n c e  

o f  two v i s u a l l y  in d u c e d  eye  movements, o p t o k i n e t i c  (O .K .N .) and f l i c k e r -  

in d u c e d  nystagm us ( F . I . N . )  (P a s ik  & P a s i k ,  1 9 7 5 ) .

A monkey was p la c e d  b e f o r e  a s t im u lu s  in  a  d a rk  room and  r e s t r a i n e d  

i n  a  p r im a te  c h a i r  s p e c i a l l y  eq u ip p ed  w i th  a f o r m - f i t t i n g  h e lm e t .  Three  

p la t in u m  n e e d le  e l e c t r o d e s  w ere  i n s e r t e d  s u b c u ta n e o u s ly  a t  t h e  b r id g e  o f  

th e  nose  and th e  o u t e r  c a n t h i ,  th e re b y  a l lo w in g  h o r i z o n t a l  eye  movements 

to  be r e c o rd e d  f o r  ea c h  eye  i n d i v i d u a l l y .  The p o t e n t i a l  d i f f e r e n c e  

betw een e l e c t r o d e  p a i r s  was a m p l i f i e d  and r e c o rd e d  on p a p e r  by a G rass
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T ab le  1 .  S u b je c t s

Monkey Sex S t a r t
(kg)

Su rgery
(kg)

End
(kg)

PTP
(wks)

878 M ■ 2 .3 2 .5 2 .7 21

879 F 2 .3 2 .7 — —

880 M 2 .4 2 .6 2 .8 20

881 F 2 .1 — — —

887 M 1 .7 2 .2 2 .6 16

890 M 1 .8 2 .3 2 .6 16

M and F s i g n i f y  m ale  and fe m a le ,  r e s p e c t i v e l y .  S t a r t ,  
S u rg e ry ,  and End d e n o te  th e  w e ig h t  o f  th e  s u b j e c t s  a t  
t h e s e  p o i n t s  o f  th e  s tu d y .  The p o s t o p e r a t i v e  t r a i n i n g  
p e r io d  (PTP) e x te n d s  from  t h e  day o f  s u r g e r y  to  th e  
day o f  r e f r a c t i o n  a n d /o r  p e r f u s i o n .  Dashes i n d i c a t e  
p h a se s  th ro u g h  w hich an an im al d id  n o t  p a s s  ( s e e  t e x t ) .
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Model 7 P o ly g ra p h .  Amphetamine s u l f a t e  (0 .7 5  mg/kg) was a d m in i s t e r e d  

i n t r a m u s c u l a r l y  to  a s s u r e  a l e r t n e s s  th ro u g h o u t  th e  s e s s i o n .  Im m ed ia te ly  

a f t e r ,  O.IC.N. t o  t h e  r i g h t  and to  t h e  l e f t  was e l i c i t e d  by th e  m otion  

o f  v e r t i c a l  b a r s  moving a c r o s s  a  r e a r  p r o j e c t i o n  s c r e e n  a t  1 .8  Hz. 

S t im u la t i o n  l a s t e d  two m in u te s .  About one h o u r  a f t e r  th e  amphetamine 

i n j e c t i o n ,  F . I . N .  t e s t i n g  b e g a n .  A s t a t i o n a r y ,  s t r o b o s c o p i c  l i g h t  a t  

10 Hz l a s t i n g  t h r e e  m in u te s  s e rv e d  as  t h e  s t im u lu s  f o r  F . I . N . , w hich  

was in d u c e d  e i t h e r  d i r e c t l y  o r  th ro u g h  a  t r a n s l u c e n t  d i f f u s e r  (G an z fe ld )  

( M i l l e r ,  P a s ik ,a n d  P a s i k ,  i n  p r e s s ) .

B. 3 . R e f r a c t i o n .  O b je c t iv e  r e f r a c t i o n  o f  th e  s u b j e c t ' s  ey es  was 

o b ta in e d  by means o f  an au to m ated  a p p a r a tu s  c a l l e d  t h e  O ph tha lm etron  

( S a f i r ,  K n o l l ,  and Mohrmann, 19 7 0 ) .  The O p h th a lm e tro n  a u t o m a t i c a l l y  

m easu re s  r e f r a c t i v e  e r r o r s  a c c o rd in g  to  th e  p r i n c i p l e s  o f  r e t i n o s c o p y ,

i . e .  t h e  f a r  p o i n t  d e te rm in e d  by th e  o p t i c s  o f  th e  eye ( S a f i r ,  1972).

Monkeys w ere r e f r a c t e d  a f t e r  a l l  o f  t h e  p r e o p e r a t i v e  and p o s t o p e r a ­

t i v e  d a t a  had  been  a cc u m u la ted  on th e  day o f  s u r g e r y  and a t  th e  c o m p le t io n  

o f  th e  s t u d y ,  r e s p e c t i v e l y .  About an h o u r  b e f o r e  t a k i n g  m easurem ents  

th e  s u b j e c t  was a n e s t h e t i z e d  by an i n t r a p e r i t o n e a l  i n j e c t i o n  o f  sodium 

p e n t o b a r b i t a l  s o l u t i o n  (40 m g /k g ) . Each eye was t r e a t e d  w i th  two d ro p s  

o f  a c y c l o p l e g i c  (1.0% t ro p ic a m id e  o p h th a lm ic  s o l u t i o n ) .  To p ro d u ce  

r e l i a b l e  r e s u l t s  th e  s u b j e c t  was h e ld  s t a t i o n a r y  in  a  s t e r e o t a x i c  fram e 

and th e  e y e l i d  was r e t r a c t e d  w i th  a specu lum . The specu lum  was p a r t i ­

c u l a r l y  im p o r ta n t  b e c a u se  m an u a l ly  p u l l i n g  o f  th e  e y e l i d  may impose an 

a r t i f i c i a l  a s t ig m a t is m .

In  o r d e r  t o  make a r e a d i n g ,  t h e  eye was a l i g n e d  w i th  th e  l i g h t  s o u rc e



-18-

i n  th e  O p h th a lm e tro n .  D uring  a m easurem ent w hich to o k  o n ly  t h r e e  s e c o n d s ,  

a  beam o f  i n f r a r e d  l i g h t  scanned  th e  s u b j e c t ' s  fo v e a  and th e  p h o t o d e t e c t o r  

a n a ly z e d  th e  r e f l e c t e d  beam. A w r i t t e n  r e c o r d  e x p r e s s e d  th e  power o f  th e  

o p t i c s  i n  d i o p t e r s  a t  eac h  m e r id ia n  o f  th e  e y e .  A number o f  t r i a l s  w ere 

ru n  to  i n s u r e  a g a i n s t  m i s l e a d in g  r e s u l t s  due to  i n c o r r e c t  a l ig n m e n t ,  

a r t i f i c i a l  a s t i g m a t i s m ,  and p o s s i b l e  e f f e c t s  o f  v a r i a t i o n  i n  th e  c u rv a ­

t u r e  o f  th e  l e n s  o v e r  t im e .

C. A p p a ra tu s

C. 1 . P u l l i n g - i n  d e v ic e .  A f o r c e d  tw o -c h o ic e  s i t u a t i o n  was p r e s e n t e d  

to  th e  s u b j e c t s  by equ ipm en t m o d e lled  a f t e r  K l i i v e r 's  (1941) p u l l i n g - i n  

a p p a r a tu s  ( S c h i l d e r ,  P a s i k ,  and P a s i k ,  1971; F ig .  1 ) .  The c o n s t r u c t  i s  

composed o f  two com partm en ts ,  a h o u s in g  f o r  th e  s u b j e c t  and th e  s t i m u l i .

A monkey i s  p la c e d  in  a c u b i c l e  m e asu r in g  60 cm in  h e i g h t ,  60 cm 

i n  w i d t h ,  and 50 cm in  d e p th .  An a d a p t in g  l i g h t  s i t u a t e d  on th e  c e i l i n g  

o f  th e  s u b j e c t  com partment a p p e a rs  t o  th e  monkey below  as a p a n e l  50 cm 

by 45 cm o f  r e l a t i v e l y  homogeneous l i g h t  w i th  th e  mean lum inance  o f

1 .6  cd/m^ ( s e e  A ppendix A . I . ) .  The p r o d u c t  o f  th e  a r e a  and o f  th e  a d a p t in g  

l i g h t  m atches  th e  sum o f  th e  same p ro d u c t s  o f  th e  two s t i m u l i .  The 

e v e n n e ss  i s  p ro d u ced  by d i f f u s i n g  th e  l i g h t  from  two G en e ra l  E l e c t r i c  

F8T5-CW f l u o r e s c e n t  b u lb s  w i th  p i e c e s  o f  3 /8  in c h  t h i c k  m i lk  and f r o s t e d  

p l e x i g l a s s  sp aced  13 cm and 2 cm from t h e  l i g h t  s o u r c e ,  r e s p e c t i v e l y .  The 

f r o n t  w a l l  o f  th e  c u b i c l e  c o n t a in s  a  s e r i e s  o f  e i g h t  h o r i z o n t a l  7 mm 

s t a i n l e s s  s t e e l  b a r s .  The b a r s ,  sp aced  5 cm from  each  o t h e r ,  span  th e  

w id th  o f  th e  c u b i c l e .  S e p a r a t in g  th e  s u b j e c t  c u b i c l e  from th e  s t im u lu s
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F ig .  1. P u l l i n g - i n  d e v ic e

A f o r c e d  tw o -c h o ic e  s i t u a t i o n  was p r e s e n t e d  by th e  i l l u s t r a t e d  

a p p a r a tu s .  A s u b j e c t  i s  p l a c e d  in  th e  com partm ent on th e  r i g h t  from 

w hich  th e  s u b j e c t  can v iew  th e  two s t i m u l i  (on th e  l e f t )  when th e  

g u i l l o t i n e  door i s  r e t r a c t e d .  To i n d i c a t e  a  c h o i c e ,  a  monkey p u l l e d  

on a  s t r i n g  a t t a c h e d  to  a  s t im u lu s  box  b r i n g i n g  th e  s t im u lu s  and th e  

rew ard  w i th i n  r e a c h .

Each s t im u lu s  b o x ,  m e asu r in g  20 cm on each  s i d e ,  c o n s i s t e d  o f  

two p a r t s .  The a n t e r i o r  p o r t i o n  was in  d i r e c t  l i n e  o f  s i g h t  from th e  

s u b j e c t  c u b i c l e  and h o u se  th e  s t i m u l u s ,  w hereas  th e  p o s t e r i o r  p o r t i o n  

w hich c o n ta in e d  th e  rew ard  was o b s c u re d  from th e  a n i m a l ' s  s i g h t .  The 

r e a r  s e c t i o n  o f  th e  s t im u lu s  p o r t i o n  had a  homogeneous lum inous  s o u rc e  

p roduced  by a s e r p e n t i n e - s h a p e d  a rg o n  b u lb  (Model W45 A r i s t o  G rid  lamp) 

and a  d i f f u s i n g  m a t e r i a l  o f  1 /4  in c h  t h i c k  m i lk  p l e x i g l a s s .  The s o u rc e  

t r a n s i l l u m i n a t e d  a t a r g e t  w hich  was s l i d e  i n t o  a s l o t  b e f o r e  i t .  The 

p o s t e r i o r  p o r t i o n  o f  th e  s t im u lu s  box was L -sh ap ed  w i th  i t s  open segm ent 

(10 cm h i g h ,  13 cm w id e ,  and 11 cm deep) p o i n t i n g  m e d ia l l y .  The open 

segment e n a b le d  t h e  s u b j e c t  t o  r e a c h  around  th e  a n t e r i o r  p o r t i o n  o f  th e  

box f o r  th e  rew ard  (1 cm cube o f  a p p le )  w hich  was p l a c e d  on a  c e n t r a l l y  

l o c a t e d  p i n .  The s p in e  o f  th e  "L" p r e v e n te d  th e  monkey from r e a c h in g  

f o r  th e  a p p le  from  th e  l a t e r a l  s i d e ,  f o r c in g  a  m e d ia l  ap p ro ac h .
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com partm ent i s  an opaque g u i l l o t i n e  d o o r .  I t  i s  p la c e d  im m ed ia te ly  

b e h in d  th e  b a r s ,  b u t  w i t h i n  t h e  s u b j e c t  com partm ent and e n a b le s  th e  

e x p e r im e n te r  t o  s e p a r a t e  th e  monkey from th e  s t i m u l i .  The c i r c u i t  

r e g u l a t i n g  th e  a d a p t in g  l i g h t  i s  c o n t r o l l e d  by a m ic ro s w i tc h  a t t a c h e d  

t o  th e  u p p e r  edge o f  th e  g u i l l o t i n e  door and th e  to p  o f  th e  s u b j e c t  

com partm ent.  T h e r e f o re ,  t h e  a d a p t in g  l i g h t  i s  tu r n e d  on o n ly  xtfhen th e  

d o o r  i s  c lo s e d .

The s t im u lu s  com partm ent i s  180 cm h ig h ,  60 cm w id e ,  and 180 cm

deep .  The p r i n c i p a l  component o f  t h i s  s e c t i o n  i s  th e  two boxes  s e p a r a t e d

by a  d i s t a n c e  o f  25 cm c e n t e r  t o  c e n t e r  (a  minimum o f  21 d e g re e s  o f  v i s u a l

a n g le  when th e  monkey i s  a t  t h e  f r o n t  o f  th e  cage) w h ich  house  th e  s t i m u l i .

Each box p r o v id e s  a  homogeneous l i g h t  s o u r c e ,  th e  mean lum inance  o f  w hich 
2

i s  154 cd/m + 2% (Appendix A .2 . ) .  To p ro d u ce  a  s t i m u l u s ,  a t a r g e t  i s  

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

t r a n s i l l u m i n a t e d  p o r t i o n  o f  a p h o to g ra p h ic  n e g a t i v e .  A n e g a t i v e  i s  p la c e d  

i n  a  h o ld e r  made o f  c l e a r  p l e x i g l a s s  w h ich  i s  masked w i th  opaque b l a c k  

p h o to g r a p h ic  t a p e  S co tch  No. 235 e x c e p t  f o r  a 9 cm s q u a re  o p e n in g .  T here­

f o r e ,  eac h  s t im u lu s  s u b te n d s  8 d e g re e s  o f  v i s u a l  a n g le  i n  t h e  s t a r t i n g
2

p o s i t i o n .  The mean lum inance  o f  th e  s t i m u l i  th u s  o b ta in e d  i s  20 cd/m .

In  th e  b ack  o f  th e  s t im u lu s  box i s  a p in  on w h ich  a cube o f  a p p l e ,  1 cm 

on a  s i d e ,  i s  p l a c e d  a t  th e  a p p r o p r i a t e  t im e s .  I t  s e r v e s  a s  an anchor  

f o r  t h e  rew ard  and a s s u r e s  r e l i a b l e  and r e p e a t a b l e  p la c e m e n t  on a p o i n t  

d i r e c t l y  b e h in d  th e  c e n t e r  o f  th e  t a r g e t .

Each s t im u lu s  box i s  su sp en d ed  from  a s e p a r a t e  t r a c k  i n  th e  c e i l i n g  

o f  th e  t e s t i n g  room by a C-shaped  s t r u t .  A box i s  a t t a c h e d  t o  t h e
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l e a d in g  edge o f  t h e  lo w er  arm. L in in g  th e  l e n g th  o f  th e  u p p e r  arm o f  

th e  s u p p o r t i n g  s t r u t  i s  a s e t  o f  r u n n e r s  w hich  a l lo w  each  s t im u lu s  box 

to  r o l l  in d e p e n d e n t ly  tow ard  th e  monkey a lo n g  i t s  t r a c k .  S tops  a r e  

p la c e d  a lo n g  th e  t r a c k  to  l i m i t  th e  e x c u r s io n  o f  th e  s t im u lu s  t o  a 

d i s t a n c e  be tw een  1 and 65 cm from th e  s t a i n l e s s  s t e e l  b a r s .  At any 

p l a c e  a lo n g  th e  e x c u r s i o n ,  th e  c e n t e r s  o f  th e  s t i m u l i  a r e  l e v e l  w i th  a 

p o in t  midway be tw een  th e  f o r t h  and f i f t h  b a r s .  A s t im u lu s  box  r o l l s  

tow ards  t h e  s u b j e c t  a t  th e  s l i g h t e s t  p u l l  on a s t r i n g  t i e d  t o  th e  bo ttom  

o f  t h e  s t im u lu s  box and th e  t h i r d  b a r  from th e  f l o o r .

A f a l s e  c e i l i n g  and th e  f l o o r  a r e  90 cm from th e  c e n t e r  o f  th e  

t a r g e t s .  The l a t e r a l  w a l l s ,  o f  w hich  th e  l e f t  one i s  a b la c k  opaque 

c u r t a i n ,  a r e  30 cm from th e  c e n t e r  l i n e  o f  th e  s t im u lu s  com partm ent.

A s m a l l  h o l e  i n  th e  c u r t a i n  a l lo w ed  th e  e x p e r im e n te r  ( s i t t i n g  o u t s i d e )  

to  v iew  th e  r e s p o n s e s  o f  t h e  monkeys. A l l  exposed  s u r f a c e s  o f  th e  

s t im u lu s  com partm ent a r e  p a i n t e d  b l a c k .  T h e r e f o r e ,  th e  s t i m u l i  a p p e a r  

to  th e  s u b j e c t  as  two f i g u r e s  f l o a t i n g  a t  eye l e v e l  i n  a b l a c k  s p a c e .

C. 2 .  T a r g e t s .  A s e t  o f  t a r g e t s  was p ro d u ced  f o r  each  o f  seven  

s p a t i a l  f r e q u e n c i e s ,  0 . 5 ,  1 . 0 ,  2 . 0 ,  4 . 0 ,  8 . 0 ,  16 and 32 c / d e g ,  w i t h  

c o n t r a s t  v a r y in g  from 0 .7 9  i n  a p p ro x im a te ly  0 .1  lo g  u n i t  s t e p s .  The 

t a r g e t s  f o r  0 . 5 - 8 . 0  c /d e g  w ere  p r o v id e d  by a c h ro m a t ic  n e g a t i v e s  ta k e n  

o f  a c a th o d e  r a y  o s c i l l o s c o p e  s c r e e n .  The o s c i l l o s c o p e  p ro d u ced  v e r t i c a l l y  

o r i e n t e d  s i n u s o i d a l  waveforms a c c o rd in g  t o  th e  te c h n iq u e  o u t l i n e d  by 

Cam pbell and Green (1 9 6 5 ) .  U sing  an o s c i l l o s c o p e  f a c i l i t a t e s  v a r y in g  

th e  c o n t r a s t ,  w h ich  i s  d e f in e d  as  th e  d i f f e r e n c e  o f  th e  maximum and 

minimum lu m in an ce  d iv i d e d  by t h e i r  sum, and s p a t i a l  f r e q u e n c y ,  w h ich  i s
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t h e  number o f  p e r io d s  o f  a s i n e  wave component i n  one d e g re e  o f  v i s u a l  

a n g le .  The f i n e  tu n in g  o f  th e  o s c i l l o s c o p e  i s  i n s t r u m e n t a l  i n  p ro d u c in g  

a f u n c t i o n a l  s e r i e s  o f  t a r g e t s  v a r y in g  in  c o n t r a s t  and s p a t i a l  f r e q u e n c y .

A G ra f le x  cam era mounted on a  t r i p o d  and w i th  th e  f r o n t  l e n s  

p a r a l l e l  to  t h e  o s c i l l o s c o p e  s c r e e n  was used  to  o b t a i n  n e g a t i v e s  o f  

4 in c h  by 5 in c h  fo rm a t  Kodak T e c h n ic a l  Pan F ilm  SO 115 (A ppendix B . I . ) .  

This  f i l m  was chosen  o v e r  o t h e r  f i lm s  such  as Kodak E k trach rom e and 

P o la r o i d  55 P o s i t i v e / N e g a t i v e  b e c a u se  i t  a lo n e  s a t i s f i e d  t h r e e  e s s e n t i a l  

r e q u i r e m e n t s .  1. The r e s o l v i n g  power i s  e x t r e m e ly  h ig h  (125 lines /m m  

a t  a c o n t r a s t  o f  0 .2 3 )  w hich  i s  im p o r ta n t  i n  d u p l i c a t i n g  th e  h ig h  s p a t i a l  

f r e q u e n c i e s .  2 . The f u l l  s c a l e  o f  g rays  can be o b ta in e d .  T h is  i s  

n e c e s s a r y  t o  p ro d u ce  th e  g r a d i e n t  i n h e r e n t  i n  s i n u s o i d a l  f u n c t i o n s  and th e  

s u b t l e t y  o f  th e  maximum and minimum lum inances  a t  low c o n t r a s t s .  3. The 

T e c h n ic a l  Pan i s  u n iq u e  i n  t h a t  n o t  o n ly  does i t  d ev e lo p  th e  g ra y  s c a l e ,  

b u t  r e p ro d u c e s  th e  h ig h  c o n t r a s t s  e s s e n t i a l  t o  t h i s  s tu d y .

An a l t e r n a t i v e  ap p ro ac h  was d e v is e d  to  o b t a i n  th e  16 and 32 c /d e g  

s t i m u l i  s i n c e  th e  o s c i l l o s c o p e  was u n a b le  to  r e p ro d u c e  t h e  f i n e  g r a t i n g s  

w hich  w ere n e c e s s a r y  to  make th e s e  t a r g e t s .  At each  f r e q u e n c y ,  a  35 mm 

s l i d e  o f  a s q u a re  wave g r a t i n g  was p r o j e c t e d  d i r e c t l y  o n to  th e  f i l m  by 

a p h o to g r a p h ic  e n l a r g e r  and d e fo c u s e d  i n  d i f f e r e n t  amounts to  p ro d u ce  

th e  s e t  o f  c o n t r a s t s .  By d e f o c u s in g ,  th e  g r a t i n g  l o s t  i t s  s h a rp  edges 

and ap p ro ach ed  a  s i n u s o i d .  A cco rd in g  to  F o u r i e r  a n a l y s i s ,  th e  most 

p ro m in e n t  component o f  a s q u a re  wave o t h e r  th a n  th e  fu n d a m e n ta l  o r  

f i r s t  ha rm on ic  i s  th e  t h i r d  h a rm o n ic .  I n  a s q u a r e  wave o f  16 c /d e g  

a t  a  c o n t r a s t  o f  1 .0 0 ,  t h e  t h i r d  h a rm on ic  i s  48 c /d e g  a t  a c o n t r a s t  o f
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0 .3 3 .  Monkeys a r e  u n a b le  t o  d e t e c t  th e  l a t t e r  g r a t i n g s  (D eV a lo is ,

M organ, and S n o d d e r ly ,  19 7 4 ) .  In  th e  s e r i e s  u sed  i n  t h i s  s t u d y ,  th e  

c o n t r a s t  o f  th e  fu n d a m e n ta l  i s  red u c e d  to  0 .79  o r  l e s s ,  and t h e r e f o r e ,  

th e  c o n t r a s t  o f  t h e  t h i r d  harm o n ic  i s  i n s i g n i f i c a n t  i n  th e  d e t e c t i o n  

o f  g r a t i n g s  a t  16 c /d e g .  T h is  r e a s o n in g  a p p l i e s  even more to  th e  

32 c /d e g  f o r  w hich  th e  t h i r d  h a rm o n ic  i s  a t  96 c / d e g ,  f a r  above th e  

l i m i t  o f  s p a t i a l  r e s o l u t i o n .

Two t a r g e t s  w i th o u t  any p e r c e p t i b l e  g r a t i n g  w ere  p roduced  f o r  use  

as homogeneous s t i m u l i  by c r e a t i n g  on th e  o s c i l l o s c o p e  a g r a t i n g  o f  

60 c /d e g  a t  a  c o n t r a s t  o f  z e r o .  A l l  n e g a t i v e s  w ere  d e v e lo p e d  a c c o rd in g  

to  a s t r i c t  reg im en  (A ppendix B . 2 . ) .  A f t e r  b e in g  c a l i b r a t e d ,  t h e  d e n s i t y  

o f  eac h  n e g a t i v e  was re d u c e d  (Appendix B . 2 . )  so  t h a t  th e  mean d e n s i t y  

o f  each  f i l m  was m atched  w i th  th e  homogeneous t a r g e t .  T a rg e t s  w ere  

c a l i b r a t e d  f o r  c o n t r a s t ,  d e n s i t y ,  and w aveform  (A ppendix  A .3 . ) .

D. P ro c e d u re

The f o l lo w in g  method was a p p l i e d  b e f o r e  and a f t e r  b i l a t e r a l  rem oval 

o f  v i s u a l  c o r t e x  ( s e e  b e l o w ) .

D. 1 .  P r e t r a i n i n g .  D uring  p r e t r a i n i n g ,  two i d e n t i c a l  homogeneous 

t a r g e t s  w ere f i t t e d  i n t o  th e  s t im u lu s  b o x e s .  A nim als w ere  ta u g h t  t o  

r e l a t e  th e  s t im u lu s  box  in  th e  fo rw a rd  p o s i t i o n  (1 cm from  th e  b a r s )  

w i th  a rew ard .  W hile  th e  room and s t im u lu s  box l i g h t s  w ere  o n ,  s u b j e c t s  

w ere  t r a i n e d  to  t a k e  a  p i e c e  o f  a p p le  from th e  t i p  o f  a  m e ta l  ro d .

The ro d  was p r o g r e s s i v e l y  moved f a r t h e r  from th e  s u b j e c t  and c l o s e r  

t o  a  s t im u lu s  box. E v e n t u a l l y ,  th e  a p p le  was p la c e d  on th e  m e d ia l  edge
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o f  t h e  s t im u lu s  box and w i th i n  th e  m onkey 's  d i r e c t  s i g h t .  The rew ard  

was g r a n te d  o n ly  when th e  monkey used  th e  arm o p p o s i t e  t o  th e  box f o r  

w h ich  i t  was r e a c h in g ,  i . e .  th e  r i g h t  arm f o r  th e  l e f t  box and th e  l e f t  

arm f o r  th e  r i g h t  box . S u b s e q u e n t ly ,  t h e  a p p le  was moved c l o s e r  to  t h e  

p in  and h e n c e ,  away from th e  m onkey 's  s i g h t  u n t i l  th e  s u b j e c t  r e a c h e d  

f o r  th e  a p p le  s i t t i n g  on th e  p i n .  T h is  p ro c e d u re  was r e p e a t e d  f o r  th e  

o t h e r  s t im u lu s  box. A f t e r  l e a r n i n g  t h a t  th e  s t im u lu s  box  m eant a 

r e w a rd ,  th e  boxes  w ere  p la c e d  in  t h e i r  t e s t  p o s i t i o n s  65 cm from th e  

b a r s .  To g e t  a  box i n t o  th e  fo rw ard  p o s i t i o n  and b r i n g  th e  rew ard  

w i t h i n  r e a c h a b le  d i s t a n c e ,  th e  monkey had  t o  p u l l  on th e  a t t a c h e d  

s t r i n g .  Once t h i s  t a s k  was m a s te r e d ,  th e  g u i l l o t i n e  d oo r  was i n t e r p o s e d  

be tw een  t r i a l s ,  and soon t h e r e a f t e r  t h e  room l i g h t s  w ere  tu rn e d  o f f  

c o m p le t in g  th e  p r e t r a i n i n g  p e r i o d .

D. 2 . Form al t e s t i n g .

D. 2 . a .  D i s c r im in a t i o n  t e s t .  F o l lo w in g  p r e t r a i n i n g ,  each  

monkey was ta u g h t  to  d i s c r i m i n a t e  a g r a t i n g  o f  a  c e r t a i n  s p a t i a l  f r e ­

quency  a t  th e  maximum c o n t r a s t  o f  .0.79 from a homogeneous s t im u lu s  m atched 

f o r  mean lu m in an ce ,  a r e a ,  and h e n c e ,  lum inous f l u x .  The p o s i t i o n  o f  

th e  g r a t i n g  w hich was a lw ays  th e  rew ard  s t i m u l u s , was changed r i g h t  to  

l e f t  a c c o r d in g  to  pseudorandom  se q u en ce  c r e a t e d  by com bining a s e r i e s  

o f  G elle rm an  s c h e d u le s  i n  t h i s  and a l l  fo rm a l  t e s t i n g  i n  t h e  s tu d y  

(G e lle rm a n ,  1938 ) .  One h undred  t r i a l s  w ere  g iv e n  each  day u n t i l  

c r i t e r i o n  p r o f i c i e n c y  o f  90% c o r r e c t  r e s p o n s e s  was a t t a i n e d  and m ain­

t a i n e d  f o r  200 c o n s e c u t iv e  t r i a l s .

D. 2 .  b .  F requency  t h r e s h o l d s .  A f t e r  m a s t e r in g  th e  b a s i c



-26-

d i s c r i m i n a t i o n ,  a f re q u e n c y  t h r e s h o l d  d e t e r m in a t io n  was a t te m p te d  

( s e e  T ab le  2 ) .  I n  t h i s  t e s t ,  t h e  h i g h e s t  c o n t r a s t  g r a t i n g  f o r  a l l  

sev en  s p a t i a l  f r e q u e n c i e s  was p r e s e n te d  i n  a random o r d e r  and th e n  th e  

r e v e r s e  o f  t h a t  s e q u e n c e .  T h is  p ro c e d u re  was r e p e a t e d  f i v e  t im e s ,  i . e .  

a t o t a l  o f  70 p r e s e n t a t i o n s .  Thus, eac h  t a r g e t  was g iv e n  a t o t a l  o f  te n  

t im es  p e r  s e s s i o n .  Ten s e s s i o n s  w ere  g iv e n  w i th  d i f f e r e n t  random s e r i e s  

am ounting  t o  100 t r i a l s  a t  each  f r e q u e n c y .  As i t  i s  g e n e r a l l y  a c c e p te d  

i n  t h e  f o r c e d  tw o -c h o ic e  p a ra d ig m , t h e  75% p o i n t  was d e s ig n a t e d  as  th e  

c o n t r a s t  t h r e s h o l d  (Engen, 1 9 7 1 ) .  C o n t r a s t  t h r e s h o l d s  w ere  d e te rm in e d  

o n ly  a t  s p a t i a l  f r e q u e n c i e s  r e s u l t i n g  i n  a t  l e a s t  85% c o r r e c t  r e s p o n s e s .

An a d d i t i o n a l  d e t e r m in a t io n  was g iv e n  a f t e r  c o n t r a s t  t h r e s h o l d  was 

o b ta in e d  a t  8 .0  c /d e g  p r e o p e r a t i v e l y  and 2 .0  c /d e g  p o s t o p e r a t i v e l y .

I>. 2 .  c . C o n t r a s t  t h r e s h o l d s .  C o n t r a s t  t h r e s h o l d s  w ere  

d e te rm in e d  w i th  g r a t i n g s  o f  v a r i o u s  c o n t r a s t s ,  b u t  a t  t h e  same s p a t i a l  

f r e q u e n c y .  These p ro c e d u re s  w ere a p p l i e d  t o  th e  sev en  s p a t i a l  f r e q u e n c i e s  

i n  th e  o r d e r  o f  1 . 0 ,  4 . 0 ,  2 . 0 ,  0 . 5 ,  8 . 0 ,  16 and 32 c /d e g .  T ha t i s ,  f i r s t  

eac h  monkey was t r a i n e d  to  c r i t e r i o n  on th e  d i s c r i m i n a t i o n  o f  th e  

maximum c o n t r a s t  t a r g e t  fo l lo w e d  by th e  t h r e s h o l d  d e t e r m in a t io n  f o r  

t h a t  f re q u e n c y  (T ab le  2 ) .

Two a p p ro ac h es  w ere  u sed  to  d e te rm in e  th e  t h r e s h o l d ,  an up-down 

p ro c e d u re  (B ekesy , 1947) and method o f  c o n s ta n t  s t i m u l i .  The methods 

d i f f e r  i n  t h a t  th e  fo rm er  i s  an a d a p t iv e  p r o c e d u r e ,  i . e .  t h e  s t im u lu s  

on any t r i a l  i s  d e te rm in e d  by th e  r e s p o n s e  i n  th e  p r e c e d in g  t r i a l ,  

w h ereas  i n  th e  l a t t e r  t e c h n iq u e  th e  r e s p o n s e  o f  th e  s u b j e c t  h a s  no 

b e a r i n g  upon s u b se q u e n t  t r i a l s .  The up-down p ro c e d u re  was u sed  to
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T ab le  2 .  Schedu le  o f  Form al T e s t in g

_________ P r e o p e r a t i v e  s t a g e _________

1. D i s c r i m i n a t i o n - 1 .0  c /d e g

2 . F re q .  t h r e s h .  *

3. D i s c r i m i n a t i o n - 1 . 0 c /d e g *

4. C o n tr .  t h r e s h . ( u . - d . ) - 1 . 0  c /d e g

5 . C o n tr .  t h r e s h - ( c . s . ) - l . 0 c /d e g

6. D i s c r i m i n a t i o n - 4 . 0 c /d e g

7. C o n tr .  t h r e s h - ( u . - d . ) - 4 . 0  c /d eg

8. C o n tr .  t h r e s h . ( c . s . ) - 4 . 0  c /d e g

9. D i s c r i m i n a t i o n - 2 .0  c /d e g

10. C o n tr .  t h r e s h . ( u . - d . ) - 2 .0  c /d e g

11. C o n tr .  t h r e s h . ( c . s . ) - 2 .0  c /d e g

12. D i s c r i m i n a t i o n - 0 .5  c /d e g

13. C o n tr .  t h r e s h . ( u . - d . ) - O . 5 c /d e g

14. C o n tr .  t h r e s h . ( c . s . ) - 0 . 5  c /d e g

15. D i s c r i m i n a t i o n - 8 .0  c /d e g

16. C o n t r .  t h r e s h . ( u . - d . ) - 8 . 0  c /d e g

17. C o n tr .  t h r e s h . ( c . s . ) - 8 . 0  c /d e g

18. D i s c r i m i n a t i o n - 1 .0  c /d e g

19. F re q .  t h r e s h .

20. D i s c r im in a t i o n - 1 6  c /d e g

21. C o n tr .  t h r e s h .  ( u . - d . ) - 1 6  c /d e g

22. C o n tr .  t h r e s h . ( c . s . ) -1 6  c /d e g

23. D i s c r im in a t i o n - 3 2  c /d e g

24 . C o n tr .  t h r e s h . ( u . - d . ) - 3 2  c /d e g

25. C o n tr .  t h r e s h . ( c . s . ) - 3 2  c /d e g

_______P o s t o p e r a t i v e  s t a g e _________

1 . D i s c r i m i n a t i o n - 1 .0  c /d e g

2 . C o n tro l  f o r  f l u x  c u e s - 1 .0  c /d e g

3. F re q .  t h e s h .

4 . D i s c r i m i n a t i o n - 1 .0  c /d e g

5. C o n tro l  f o r  f l u x  c u e s - 1 .0  c /d e g

6. C o n tr .  t h r e s h .  ( u . - d . ) - l . O  c /d e g

7. C o n tr .  t h r e s h .  ( c . s . ) - l . O  c /d e g

8. D i s c r i m i n a t i o n - 2 .0  c /d e g

9. C o n t r o l  f o r  f l u x  c u e s - 2 .0  c /d e g

10. C o n tr .  t h r e s h . ( u . - d . ) - 2 . 0  c /d e g

11. C o n tr .  t h r e s h . ( c . s . ) - 2 . 0  c /d e g

12. D i s c r i m i n a t i o n - 1 .0  c /d e g

13. C o n t ro l  f o r  f l u x  c u e s - 1 .0  c /d e g

14. F re q .  t h r e s h .

15 . D i s c r i m i n a t i o n - 4 .0  c /d e g

16. C o n t ro l  f o r  f l u x  c u e s - 4 .0  c /d e g

17. C o n tr .  t h e s h . ( u . - d . ) - 4 . 0  c /d eg

18. C o n tr .  t h r e s h . ( c . s . ) - 4 . 0  c /d e g

19 . D i s c r i m i n a t i o n - 0 .5  c /d e g

20. C o n t r o l  f o r  f l u x  c u e s - 0 .5  c /d e g

21. C o n tr .  t h r e s h . ( u . - d ) - 0 . 5 c /d e g

22 . C o n tr .  t h r e s h . ( c . s . ) - 0 . 5  c /d e g

The o r d e r  o f  p r e s e n t a t i o n  f o r  th e  v a r i o u s  p h a se s  o f  th e  s t u d y ,  d i s c r i m i n a t i o n  
t e s t  ( D i s c r i m i n a t i o n ) ,  f r e q u e n c y  t h r e s h o l d  (F re q .  t h r e s h . ) ,  and c o n t r a s t  
t h r e s h o l d s  (C o n tr .  t h r e s h . )  d e te rm in e d  by th e  up-down method ( u . - d . )  and 
th e  method o f  c o n s t a n t  s t i m u l i  ( c . s . ) ,  a r e  l i s t e d .  S e s s io n s  g iv e n  o n ly  to  
monkeys 887 and 890 a r e  n o te d  by an a s t e r i s k  (* ) .
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hone i n  on th r e s h o l d  and t h e  method o f  c o n s ta n t  s t i m u l i  p roduced  

a  more r i g o r o u s  t e s t  o f  l i m i n a l  p e r fo rm a n c e .

Each up-down s e s s i o n  began  w i th  th e  p r e s e n t a t i o n  o f  a h ig h  

c o n t r a s t  g r a t i n g .  I f  t h e  s u b j e c t  made a  c o r r e c t  r e s p o n s e ,  th e  c o n t r a s t  

o f  th e  n e x t  p r e s e n t a t i o n  was d ropped one 0 .1  lo g  u n i t  s t e p .  When th e  

monkey re sp o n d ed  i n c o r r e c t l y  th e  c o n t r a s t  was r a i s e d  one in c re m e n t .

A s e r i e s  o f  s t e p s  i n  one d i r e c t i o n  e i t h e r  a s c e n d in g  o r  d e sc e n d in g  was 

c a l l e d  a  ru n .  F iv e  s e s s i o n s  w ere  g iv e n .  The f i r s t  s e s s i o n  c o n s i s t e d  

o f  75 t r i a l s  a lw ays s t a r t i n g  a t  0 .7 9  c o n t r a s t .  The rem a in in g  fo u r  

s e s s i o n s  began  a t  a l e v e l  f i v e  o r  s i x  s t e p s  (0 .5  to  0 .6  lo g  u n i t s )  

above th e  c o n t r a s t  t h r e s h o l d  c a l c u l a t e d  from th e  d a t a  o f  th e  f i r s t  

up-down s e s s i o n  and w ere  60 t r i a l s  lo n g .  The means o f  t h e  m id p o in ts  

o f  a l l  ru n s  i n  t h e  l a s t  25 t r i a l s  o f  each  s e s s i o n  was c o n s id e r e d  th e  

t h r e s h o l d  f o r  t h a t  s e s s i o n .  The mean o f  th e  t h r e s h o l d s  f o r  th e  l a s t  

t h r e e  s e s s i o n s  was a s s ig n e d  as  t h e  c o n t r a s t  t h r e s h o l d  f o r  th e  up-down 

method.

Once t h e  up-down p r o c e d u re s  w ere  co m p le te d ,  th e  method o f  c o n s t a n t  

s t i m u l i  was begun . Seven s t i m u l i  w ere chosen  p i v o t i n g  abou t th e  t h r e s ­

h o ld  o b t a in e d  by th e  p r e v io u s  m ethod , t h r e e  s t e p s  above and below th e  

c o n t r a s t  t h r e s h o l d  o r  th e  n e a r e s t  h i g h e r  l e v e l .  On some o c c a s i o n s ,  

how ever ,  i t  was n e c e s s a r y  to  s h i f t  th e  s e t  o f  s t e p s  so t h a t  no more th a n  

te n  e r r o r s  w ere made d u r in g  th e  f i r s t  35 t r i a l s  p r e s e n t e d  (ab o u t  75% 

p e r fo rm a n c e ) .  These t a r g e t s  w ere p r e s e n te d  a c c o rd in g  to  th e  same p ro c e d u re  

used  i n  th e  f re q u e n c y  th r e s h o l d  d e t e r m in a t io n  ( s e e  a b o v e ) .

D. 2 .  d. C o n t r o l s .  To e x p e r i m e n t a l ly  c o n t r o l  f o r  cues  o t h e r
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th a n  th o s e  p r e s e n t e d ,  two ty p e s  o f  t e s t s  w ere g iv e n  p o s t o p e r a t i v e l y .

In  th e  f i r s t ,  th e  p o s s i b i l i t y  o f  u t i l i z i n g  m in im al d i f f e r e n t i a l  f l u x  

cues w ere  checked . For t h i s  p u r p o s e ,  an a d d i t i o n a l  s e s s i o n  was a d m in is ­

t e r e d  a f t e r  th e  d i s c r i m i n a t i o n  was m a s te r e d .  I n  th o s e  s e s s i o n s ,  a 

0 .5  lo g  n e u t r a l  d e n s i t y  f i l t e r  was p la c e d  b e f o r e  th e  r i g h t - s i d e  s t im u lu s .  

Thus, a g ro s s  lum inous f l u x  d i f f e r e n c e  was imposed so  t h a t  th e  rew arded  

t a r g e t  e m i t t e d  more f l u x  i n  h a l f  o f  th e  t r i a l s  (when on the  l e f t )  and 

l e s s  f l u x  i n  th e  o t h e r  h a l f  (when on th e  r i g h t ) . I f  t h e  an im a l  were 

fo l l o w in g  a  f l u x  c u e ,  i t  would choose  th e  same box c o n s i s t e n t l y ,  r e s u l t i n g  

in  a drop  to  chance p e r fo rm a n c e .  I f  on th e  o t h e r  h a n d ,  p e rfo rm a n ce  

was m a in ta in e d  a t  th e  l e v e l  o f  th e  p r e c e d in g  s e s s i o n  d e s p i t e  th e  f l u x  

d i s c r e p a n c y ,  i t  c o u ld  be assumed t h a t  m in im al f l u x  cues w ere  n o t  o p e ra n t  

in  th e  o r i g i n a l  d i s c r i m i n a t i o n .

The second  c o n t r o l ,  checked f o r  th e  p o s s i b i l i t y  o f  th e  s u b j e c t  

fo l lo w in g  e x t ra n e o u s  n o n - v i s u a l  cues o f  w hich  t h e  e x p e r im e n te r  may have 

been  unaw are . In  t h i s  c a s e ,  two homogenous t a r g e t s  w ere p r e s e n te d  

s im u l t a n e o u s ly  f o r  tw en ty  t r i a l s .  A drop to  50% p e r fo rm a n ce  would 

i n d i c a t e  t h a t  no such  s p u r io u s  cues  w ere  a p p a r e n t .  T h is  c o n t r o l  was 

a l s o  g iv e n  to  a l l  s u b j e c t s  p r e o p e r a t i v e l y .

D. 3. Su rgery  and h i s t o l o g y .  B i l a t e r a l  o n e - s t a g e  a b l a t i o n  o f  th e  

o c c i p i t a l  lo b e s  was p e rfo rm e d  un d er  g e n e r a l  a n e s t h e s i a ,  o b ta in e d  by 

i n t r a p e r i t o n e a l  i n j e c t i o n  o f  40 mg/kg p e n t o b a r b i t a l  ( P a s i k ,  P a s i k ,  and 

S c h i l d e r ,  19 6 9 ) .  Under s t e r i l e  c o n d i t i o n s ,  th e  monkey was p la c e d  in  a 

s t e r e o t a x i c  frame and a  bone f l a p  was removed from th e  o c c i p i t a l  r e g io n  

ab o u t 2 cm i n  f r o n t  and 1 cm b eh in d  th e  lambda p o i n t .  F o l lo w in g  tu r n i n g
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o f  a  d u r a l  f l a p  h in g e d  on th e  m i d l i n e ,  th e  o c c i p i t a l  lo b e  o f  each  

h e m isp h e re  t o  t h e  l u n a t e  s u l c u s  was removed u s in g  a s p i r a t i o n  and 

b i p o l a r  c a u t e r y .  The re m a in in g  s t r i a t e  c o r t e x  was a s p i r a t e d  from  th e  

c a l c a r i n e  f i s s u r e  u n t i l  t h e  p i a  w i t h i n  t h e  s u l c u s  was i s o l a t e d  from 

th e  s u r ro u n d in g  n e rv o u s  t i s s u e .  The l a t t e r  p h a s e  r e q u i r e d  a Z e is s  

o p e r a t i n g  m ic ro sco p e  a t  a  m a g n i f i c a t i o n  o f  lOx. B e fo re  c l o s u r e ,  d u r a l  

s u b s t i t u t e  ( s i l i c o n e  ru b b e r  im p re g n a te d  D acron c l o t h )  was p la c e d  o v e r  

t h e  b r a i n .  The d u ra  was s u t u r e d ,  t h e  bone r e p l a c e d ,  and th e  m uscle  

and s k i n  sewn in  l a y e r s .  Seven days l a t e r ,  t h e  s t i t c h e s  o f  th e  s k in  

w ere  removed and th e  monkey commenced w i th  th e  t e s t i n g  p r o c e d u r e s .  

S u r v i v a l  t im e s  a r e  g iv e n  i n  T ab le  1.

At th e  c o m p le t io n  o f  th e  e x p e r im e n t  two an im a ls  (#878 , 880) w ere  

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

and d e s c e n d in g  a o r t a ,  3 ml o f  h e p a r i n  was i n j e c t e d  th ro u g h  th e  a s c e n d in g  

a o r t a  v i s u a l i z e d  by r e t r a c t i n g  th e  l e f t  k id n e y ,  fo l lo w e d  by 500 ml o f  

i s o t o n i c  s a l i n e  and 500 ml o f  5% f o r m a l in .  D ra in ag e  o c c u r r e d  th ro u g h  

th e  s e v e r e d  i n f e r i o r  ven a  c av a .  The b r a i n  was removed and p la c e d  in  

10% fo r m a l in  f o r  one w eek. A f t e r  b e in g  p h o to g ra p h e d ,  i t  was d e h y d r a t e d ,  

embedded i n  c e l l o i d i n ,  and c u t  i n t o  s e c t i o n s  a t  40 ym. The l e s i o n  was 

r e c o n s t r u c t e d  from s e r i a l  s e c t i o n s  ta k e n  a t  1 mm i n t e r v a l s  and s t a i n e d  

w i th  c r e s y l  v i o l e t .  S p e c i a l  n o t e  was made o f  r e t r o g r a d e  d e g e n e r a t io n  

in  th e  th a la m ic  n u c l e i ,  nam ely th e  l a t e r a l  g e n i c u l a t e  n u c l u e s ,  p a r s  

d o r s a l i s  and th e  p u l v i n a r  f o r  w hich  s e c t i o n s  a t  0 .5  mm w ere  u t i l i z e d .
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RESULTS

A. P r e o p e r a t i v e  S tage

A. 1. N e u r o lo g ic a l  and o p h th a lm o lo g ic a l  s t a t u s .

A. 1 .  a .  G e n e ra l .  A l l  monkeys d e m o n s t r a te d  s i g n s  o f  no rm al 

n e rv o u s  sy s te m  f u n c t i o n .  B l in k s  o c c u r r e d  q u i c k ly  t o  sudden l i g h t  o r  

t a c t i l e  s t i m u l a t i o n  and p u p i l s  c o n s t r i c t e d  to  i n c r e a s e d  i l l u m i n a t i o n .  

S u b je c t s  w ere  a l e r t  in  th e  t e s t i n g  s i t u a t i o n ,  r e s p o n d in g  q u ic k ly  (w i th in  

5 s e c )  a f t e r  t h e  g u i l l o t i n e  d oo r  was opened . In  th e  home c a g e ,  th e y  

w ere  i n q u i s i t i v e ,  and i n t e n t l y  o b s e rv e d  th e  e x p e r i m e n t e r ' s  e v e ry  move.

A. 1 .  b .  S pontaneous s a c c a d e s  and p u r s u i t  eye movements were 

n o rm a l i n  a l l  d i r e c t i o n s  o f  gaze and a l l  monkeys w ere  a b l e  to  converge  

on a  s t im u lu s  moved tow ards  them. There  was no s p o n ta n e o u s  nystagm us 

i n  a  l i g h t  o r  d a rk  room.

Nystagmus was in d u c e d  by moving (O .K .N .) and s t a t i o n a r y  ( F . I . N . )  

s t i m u l i  i n  t h r e e  o f  th e  monkeys (878 , 887 , 8 9 0 ) .  A lth o u g h  o n ly  a  s i n g l e  

t r i a l  was made w i th  e a c h  ty p e  o f  s t i m u l a t i o n ,  t h e  r e s p o n s e s  from th e s e  

a n im a ls  d id  n o t  d i f f e r  s u b s t a n t i a l l y  from  n o rm a l a n im a ls  p r e v i o u s l y  

t e s t e d  ( V a lc iu k a s ,  P a s i k ,  and P a s i k ,  1973; P a s i k ,  P a s i k  and V a lc iu k a s ,  

1970; M i l l e r ,  P a s i k ,  and P a s i k , i n  p r e s s ) .  O p t o k i n e t i c  s t i m u l a t i o n  in  

one d i r e c t i o n  in d u c ed  a nystagm us t o  th e  o p p o s i t e  s i d e  u s in g  th e  con­

v e n t io n  in  w hich  nystagm us i s  named by th e  d i r e c t i o n  o f  th e  q u ic k  p h a s e .  

The peak  f r e q u e n c y  o f  th e  r e s p o n s e  ran g ed  from  1 .5  to  1 .8  n y s ta g m ic  

b e a t s / s e c .  M onocular f l i c k e r  s t i m u l a t i o n  in d u c e d  a  nys tagm us i n  th e  

d i r e c t i o n  o f  t h e  s t i m u l a t e d  e y e ,  f o r  exam ple ,  r i g h t  eye  s t i m u l a t i o n
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e l i c i t e d  a  nys tagm us tow ards  th e  r i g h t .  The p eak  f r e q u e n c y  o f  F . I .N .  

was 0 .6  t o  1 .1  b e a t s / s e c  and 0 .7  t o  1 .4  b e a t s / s e c  u n d e r  s t a n d a r d  and 

G a n z fe ld  s t i m u l a t i o n ,  r e s p e c t i v e l y .

A. 1. c .  R e f r a c t i o n .  Four an im als  w ere  r e f r a c t e d  p r e o p e r a -  

t i v e l y  and th e  r e s u l t s  a r e  g iv e n  i n  T ab le  3. These monkeys w ere  found 

to  b e  em m etrop ic  o r  w i t h i n  1 .3 3  d i o p t e r s  (D) o f  em m etrop ia .  In  a d d i t i o n ,  

a l l  a n im a ls  t e s t e d  e x h i b i t e d  some d eg ree  o f  a s t i g m a t i s m ,  t h e  m agn itude  

o f  w h ich  v a r i e d  from  1 .6 3  to  2 .3 8  D. The v a r i a b i l i t y  o f  th e  c y l i n d e r  

was g r e a t e r  th a n  t h a t  f o r  th e  s p h e r e .  T h is  i s  com parab le  t o  v a lu e s  

o b ta in e d  w i t h  human s u b j e c t s  ( S a f i r ,  Hyams, P h i l p o t ,  and Jag e rm an , 1970).

A. 2 .  P r e t r a i n i n g .  Monkeys w ere t r a i n e d  to  p u l l  on th e  s t r i n g  and 

s u b s e q u e n t ly  r e a c h  f o r  th e  rew ard .  I t  took from f i v e  to  11 days f o r  

a n im a ls  t o  e x h i b i t  t h i s  b e h a v i o r  c o n s i s t e n t l y  to  b o th  s t im u lu s  b o x e s .

A. 3. F orm al t e s t i n g .  The p r o p e r a t i v e  o r d e r  o f  p r e s e n t a t i o n  o f  

t h e  v a r io u s  d i s c r i m i n a t i o n  t e s t s  and t h r e s h o l d  d e t e r m in a t io n s  can be  

found i n  T ab le  2 .

A. 3. a .  D i s c r im in a t i o n  t e s t s .  In  a l l  d i s c r i m i n a t i o n  t r i a l s  

a homogeneous t a r g e t  was p a i r e d  w i th  a rew arded  g r a t i n g  o f  maximal c o n t r a s t .  

The s u b j e c t s  p a s s e d  th ro u g h  t h r e e  c h a r a c t e r i s t i c  p h a s e s  w h i l e  l e a r n i n g  

th e  i n i t i a l  d i s c r i m i n a t i o n .  Because  th e s e  p e r i o d s  w ere  n o t  e a s i l y  

d e l i n e a t e d ,  no a t t e m p t  was made to  q u a n t i f y  t h e i r  d u r a t i o n s .  An 

a c c l im a t i o n  p h a se  began  when th e  s u b j e c t  f i r s t  p e r s e v e r e d  th ro u g h  f i f t y  

c o n s e c u t iv e  t r i a l s . The h a l lm a r k  o f  t h i s  p e r i o d  was th e  te n d e n c y  f o r  th e  

monkey to  a c q u i r e  l a b i l e  p o s i t i o n  h a b i t s .  A monkey became f a m i l i a r  

w i th  th e  a p p a r a t u s , and o f t e n  p u l l e d  on a s t r i n g  w i th o u t  lo o k in g  a t
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T ab le  3. R e f r a c t io n  o f  Normal Monkeys

Monkey Eye Sphere  A s t ig m a tism
( D io p te r s )  C y l in d e r  Axis

( D io p te r s )  (D egrees)

878 O.D. 0. 88 (0 .1 8 ) 1 .75 (0 .7 1 ) 153 (40)
O.S. 0. 13 (0 .1 8 ) 1 .6 3 (0 .1 8 ) 10 ( 7)

879 O.D. 0 . 19 ( 1 .0 1 ) 2 .1 3 (0 .7 8 ) 111 (10)
O.S. 0 . 17 (0 .2 9 ) 1 .75 (0 .2 5 ) 133 (10)

887 O.D. 0. 50 (0 .3 5 ) 1 .6 3 (1 .5 9 ) 33 (18)
0. S. - 0 . 73 (1 .0 2 ) 2 .1 1 (0 .8 6 ) 121 ( 6)

890 O.D. 0. 38 (0 .5 3 ) 2 .3 8 (0 .5 3 ) 3 ( 4)
O.S. - 1 . 33 (0 .2 9 ) 1 .6 7 (0 .7 2 ) 138 (24)

R ig h t eye and l e f t eye a r e  i n d i c a t e d by O.D. and O.S.
r e s p e c t i v e l y .  V a lues  f o r  s p h e r e  and a s t i g m a t i s m  a re  
means and p a r e n t h e t i c a l  v a lu e s  a r e  s t a n d a r d  d e v i a t i o n s .  
The number o f  t r i a l s  f o r  each  v a lu e  v a r i e d  from two to  
f o u r .  Note t h a t  th e  d i f f e r e n c e s  be tw een  above v a lu e s  
f o r  a x i s  o f  a s t i g m a t i s m  s h o u ld  be c a l c u l a t e d  such  t h a t  
th e y  a r e  e x p r e s s e d  as a c u t e  a n g le s  w h ich  may n e c e s s i t a t e  
s u b t r a c t i n g  from  180 d e g r e e s .
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th e  s t i m u l i .  D uring  th e  d i s c r i m i n a t i o n  p h ase  th e  s u b j e c t  l e a r n e d  th e  

t a s k .  This  p e r io d  s t a r t e d  when th e  an im al began to  o r i e n t  tow ard  th e  

s t i m u l i  a l b e i t  o n ly  a g l a n c e .  W ith t im e  th e  monkey gazed  lo n g e r  and 

lo n g e r  a t  t h e  s t i m u l i .  By th e  l a t t e r  p a r t  o f  t h i s  p h a s e ,  c o i n c i d i n g  w i th  

an improvement o f  p e r fo rm a n c e ,  o n ly  o c c a s i o n a l l y  a s t r i n g  was i n a d v e r t e n t l y  

p u l l e d  b e f o r e  th e  t a r g e t s  w ere  exam ined .  The monkey d id  n o t  r e a c h  f o r  

th e  a p p le  d u r in g  th e  l a t t e r  t r i a l s ,  u n l e s s  th e  rew arded  s t im u lu s  happened 

to  be chosen .  The c r i t e r i o n  p h ase  s t a r t e d  a t  th e  s e s s i o n  in  w hich  90% 

c o r r e c t  r e s p o n s e s  w ere  made. D uring  t h i s  p h a se  t h e  monkey lo o k e d  d i r e c t l y  

a t  th e  s t i m u l i  w h i le  making a  c h o ic e .  The d i s c r i m i n a t i o n  was m a s te re d  

and c r i t e r i o n  p r o f i c i e n c y  was a t t a i n e d .

S i m i l a r  p e r i o d s  o f  t r a i n i n g  w ere  s p e n t  i n  a l l  p h a s e s .  The r e s u l t s  

o f  th e  d i s c r i m i n a t i o n  t e s t s  a t  eac h  s p a t i a l  f r e q u e n c y  a r e  g iv e n  i n  T ab le  

4 f o r  each  a n im a l .  A l l  monkeys m a s te re d  th e  t e s t  a t  a l l  f r e q u e n c i e s .

The i n i t i a l  d i s c r i m i n a t i o n  was always a t  1 .0  c /d e g  ( se e  T ab le  2 f o r  

s c h e d u le  o f  t e s t s )  and was l e a r n e d  i n  a  mean o f  651 t r i a l s  w i th  213 

mean e r r o r s .  The v a r i a b i l i t y  among a n im a ls  was c o n s i d e r a b l e ,  r a n g in g  

from  75 to  354 e r r o r s .  S u b s e q u e n t ly ,  s p a t i a l  f r e q u e n c i e s  w ere l e a r n e d  

much more r a p i d l y  and e x c e p t  f o r  t h r e e  an im a ls  a t  4 .0  c / d e g ,  o n ly  th e  

minimum number o f  t r i a l s  was r e q u i r e d  to  a t t a i n  c r i t e r i o n  l e v e l s .  T h is  

i n d i c a t e d  th e  a b i l i t y  o f  th e  s u b j e c t  t o  t r a n s f e r  w hat was l e a r n e d  d u r in g  

d i s c r i m i n a t i o n  and t h r e s h o l d  d e t e r m in a t io n  a t  one s p a t i a l  f r e q u e n c y  to  

a n o t h e r .  A more s e n s i t i v e  in d e x  o f  t r a n s f e r  i s  th e  p e r fo rm a n c e  in  th e  

f i r s t  t e n  t r i a l s  p r e s e n t e d  a t  each  s p a t i a l  f r e q u e n c y .  Such s c o r e s  

a l s o  a r e  found in  T ab le  4 .  I t  i s  c l e a r  t h a t  a s c o r e  c l o s e  to  50%



Monkey

Table 4. D is c r im in a t io n  T es t  w i th  Normal Monkeys 

__________________ S p a t i a l  F requency (c /d e g )_________

1 .0 4 .0 2 .0 0 .5 8 .0 16 32

TT (TE) _E TT (TE) E TT (TE) E TT (TE) _E TT (TE) JL TT (TE) E TT (TE) JL
878 350 (75) 5 250 (23) 10 200 (0) 0 200 (1) 1 200 (0) 0 200 (0) 0 200 (1) 0

879 604(164) 4 250 (33) 10 200 (1) 0 200 (1) 1 200 (0) 0 200 (0) 0 200 (1) 0

880 450(127) 5 250 (21) 10 200 (0) 0 200 (4) 4 200 (5) 1 200 (0) 0 200 (2) 0

881 950(354) 3 200 (1) 0 200 (1) 0 200 (0) 0 200 (0) 0 N. T. N. T.

887 650(224) 5 200 (2) 0 200 (4) 0 200 (1) 1 200 (0) 0 200 (0) 0 200 (0) 0

890 900(335) 6 200 (4) 0 200 (0) 0 200 (0) 0 200 (0) 0 200 (0) 0 200 (0) 0

X 651(213) 5 225 (14) 5 200 (1) 0 200 (1) 1 200 (1) 0 200 (0) 0 200 (1) 0

.d . 239(113) 1 27 (13) 6 0 (2) 0 0 (2) 2 0 (2) 0 0 (0) 0 0 (1) 0

S p a t i a l  f r e q u e n c ie s  a re  l i s t e d  in  th e  o r d e r  o f  p r e s e n t a t i o n .  V alues  r e p r e s e n t  th e  t o t a l  
number o f  t r i a l s  (TT) and th e  t o t a l  e r r o r s  (TE) made th ro u g h  a t t a i n i n g  c r i t e r i o n  p e r f o r ­
mance. The e r r o r s  i n  th e  f i r s t  te n  t r i a l s  a r e  l i s t e d  i n  th e  column d e s ig n a te d  E f o r  each 
s p a t i a l  f req u e n c y ,  x and s . d .  deno te  th e  mean and s ta n d a r d  d e v i a t i o n ,  r e s p e c t i v e l y ,  f o r  
th e  group . N.T. i n d i c a t e s  a s p a t i a l  f req u en cy  a t  which a  monkey was n o t  t e s t e d .
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(mean o f  4 .7  e r r o r s )  was made on th e  f i r s t  s p a t i a l  f re q u e n c y .  At th e  

o t h e r  s p a t i a l  f r e q u e n c i e s , an im a ls  made o n ly  one o r  no e r r o r s  i n  a l l  b u t  

a few i n s t a n c e s .  Three n o t a b l e  e x c e p t io n s  w ere  monkeys 878 , 879 and 

880 w h ich  made t e n  i n c o r r e c t  r e s p o n s e s  a t  4 .0  c /d e g .  T h a t i s  to  s a y ,  

th e y  c o n s i s t e n t l y  chose  th e  homogeneous t a r g e t .  T h is  r e v e r s a l  i n  b e ­

h a v i o r  c a n n o t  be  due to  d e f i c i e n t  m a tch in g  o f  t h e  s t i m u l i  f o r  lum inous

f l u x  s i n c e  A F/- < 0 .05  and th e  d i f f e r e n t i a l  t h r e s h o l d  f o r  t h i s  d im ension1? —

i s  0 .2 3  (K lu v e r ,  1942 ) .

A. 3. b .  F requency  t h r e s h o l d s .  The f r e q u e n c y  t h r e s h o l d  

d e t e r m in a t io n  was a t te m p te d  o n ly  i n  monkeys 887 and 890 fo l lo w in g  th e  

f i r s t  d i s c r i m i n a t i o n  a t  1 .0  c /d e g  ( se e  T ab le  2 f o r  o r d e r  o f  p r e s e n t a t i o n ) .  

Both a n im a ls  p e rfo rm e d  below  75% p r o f i c i e n c y  a t  32 c /d e g  and above 

t h r e s h o l d  a t  16 c /d e g .  In  s i m i l a r  t e s t s  f o l lo w in g  th e  c o n t r a s t  t h r e s ­

h o ld  d e t e r m in a t io n s  a t  8 .0  c / d e g ,  how ever ,  t h e s e  two monkeys and a l l  

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

q u e n c ie s  a t  b e t t e r  th a n  90% p r o f i c i e n c y .

A. 3 . c .  C o n t r a s t  t h r e s h o l d s .

A. 3 . c .  1. Up-down m ethod. A t y p i c a l  p e r fo rm a n ce  i n  

t h e  f i v e  s e s s i o n s  p r e s e n t e d  a c c o rd in g  to  t h e  up-down p ro c e d u re  i s  

d e p i c t e d  i n  F ig .  2 f o r  one an im al a t  1 .0  c /d e g .  The b e g in n in g  o f  most 

s e s s i o n s  was marked by a  lo n g  d e s c e n d in g  ru n  (a t r a i n  o f  c o r r e c t  r e s p o n s e s )  

w hich was fo l lo w e d  by a  s e r i e s  o f  a l t e r n a t i n g  a s c e n d in g  and d e sc e n d in g  

r u n s .  S in c e  p e rfo rm an ce  u s u a l l y  s t a b i l i z e d  d u r in g  th e  l a t t e r  p a r t  o f  a 

s e s s i o n ,  th e  means o f  th e  m id p o in ts  o f  a l l  ru n s  i n  t h e  l a s t  25 t r i a l s  

was d e s ig n a t e d  as  th e  t h r e s h o l d  f o r  t h a t  s e s s i o n .  To m in im ize  p o s s i b l e
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F ig .  2 .  Sample s e s s i o n s  o f  th e  up-down method 

f o r  monkey 887 a t  8 .0  c /d e g

Each p o i n t  s i g n i f i e s  th e  c o n t r a s t  s t e p  p r e s e n t e d  on a  p a r t i c u l a r  

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

th e  s e s s i o n .  A s e s s i o n  began a t  a h ig h  c o n t r a s t  and depen d in g  upon 

w h e th e r  t h e  r e s p o n s e  was c o r r e c t  o r  i n c o r r e c t ,  c o n t r a s t  was d e c r e a s e d  

o r  i n c r e a s e d ,  r e s p e c t i v e l y ,  i n  th e  fo l lo w in g  t r i a l .  The mean m id p o in t  

o f  a l l  a s c e n d in g  and d e sc e n d in g  ru n s  o v e r  th e  l a s t  25 t r i a l s  i n  each  o f  

th e  t h i r d ,  f o u r t h ,  and f i f t h  s e s s i o n s  i s  d e s ig n a t e d  a s  t h r e s h o l d ,  and 

th e  o v e r a l l  s t a n d a r d  d e v i a t i o n  i s  t h e  " i n s t a b i l i t y  in d e x " .  I t  s h o u ld  

be n o te d  t h a t  b o th  c a l c u l a t i o n  w ere made w i th  r e g a r d  t o  lo g  c o n t r a s t  

and o n ly  f o r  th e  fo rm er  was th e  a n t i l o g  d e te rm in e d .  F or  t h i s  exam ple ,  

t h r e s h o l d  i s  0 .0 1 8  and th e  in d e x  i s  0 .0 9 9 .
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l e a m i n g  f a c t o r s  m a n i f e s t e d  by im provem ent o v e r  t im e ,  th e  mean o f  th e  

t h r e s h o l d s  f o r  th e  l a s t  t h r e e  s e s s i o n s  was a s s ig n e d  a s  th e  c o n t r a s t  

t h r e s h o l d  f o r  th e  up-down p r o c e d u r e .

The c o n t r a s t  t h r e s h o l d s  and t h e i r  r e c i p r o c a l s ,  c o n t r a s t  s e n s i t i v i t i e s ,  

a r e  l i s t e d  f o r  a l l  s p a t i a l  f r e q u e n c i e s  t e s t e d  i n  A ppendix  C. 1. f o r  each  

monkey. The mean v a lu e s  o f  c o n t r a s t  t h r e s h o l d  a r e  p l o t t e d  a g a i n s t  s p a t i a l  

f r e q u e n c y  in  F ig .  3. T h re s h o ld s  a r e  lo w e s t  i n  t h e  m id d le  ra n g e  o f  

f r e q u e n c y  (2 .0  t o  4 .0  c /d e g )  and i n c r e a s e  i n  th e  h ig h  and low f r e q u e n c i e s .  

T his  ty p e  o f  d a t a  h as  been  e x p r e s s e d  and a n a ly s e d  i n  te rm s  o f  c o n t r a s t  

s e n s i t i v i t y  v e r s u s  s p a t i a l  f r e q u e n c y .  Such p l o t s  can be  found i n  F ig .  4 

( t r i a n g l e s )  p e r  i n d i v i d u a l  a n im a l  and f o r  th e  group i n  F ig .  5.

The o s c i l l a t i o n s  w hich  o c c u r r e d  d u r in g  t h e  s e s s i o n s  o f  th e  up-down 

method w ere used  as  an e s t i m a t e  o f  i n s t a b i l i t y  o f  t h e  v i s u a l  sy s tem  a t  

t h r e s h o l d .  The s t a n d a r d  d e v i a t i o n  o f  th e  mean m id p o in t  o f  a l l  ru n s  

u sed  in  th e  t h r e s h o l d  d e t e r m in a t io n  can be c o n s id e r e d  as  an " i n s t a b i l i t y  

in d e x "  and i t s  v a lu e s  f o r  eac h  s p a t i a l  f re q u e n c y  a r e  g iv e n  in  T ab le  5.

I t  i s  a p p a r e n t  t h a t  t h i s  in d e x  i s  h i g h e r  f o r  low f r e q u e n c i e s  th a n  f o r  

h ig h  f r e q u e n c i e s .  In  f a c t ,  th e  mean in d e x  f o r  8 . 0 ,  16 and 32 c /d e g  

(0 .0 6 6 ;  s . d .  = 0 .0 1 5 )  i s  s i g n i f i c a n t l y  lo w er  (p < 0 .0 1 ;  u s in g  a t  t e s t  

f o r  in d e p e n d e n t  sa m p le s )  th a n  t h a t  d e te rm in e d  a t  0 . 5 ,  1 .0  and 2 .0  c /d e g  

( 0 .1 2 ;  s . d .  = 0 . 0 5 ) .  The in d e x  a t  4 .0  c /d e g  r e p r e s e n t s  an i n t e r m e d i a t e  

v a l u e .

A. 3. c . 2 .  Method o f  c o n s t a n t  s t i m u l i .  The r e s u l t s  

from t e s t i n g  a c c o rd in g  to  th e  method o f  c o n s t a n t  s t i m u l i  a r e  p r e s e n t e d  

in  A ppendix  C .2 . f o r  each  monkey and F ig .  6 ( to p )  i l l u s t r a t e s  th e
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F ig .  3. Mean c o n t r a s t  t h r e s h o l d  f u n c t i o n  f o r  no rm al monkeys 

d e te rm in e d  by th e  up-down method

T his  f u n c t i o n  i s  a p l o t  o f  lo g  c o n t r a s t  t h r e s h o l d  a g a i n s t  lo g  

s p a t i a l  f r e q u e n c y .  Each s o l i d  symbol s i g n i f i e s  th e  mean t h r e s h o l d  f o r  

th e  g ro u p ,  and th e  b a r s  d e n o te  one s t a n d a r d  d e v i a t i o n  from th a tm e a n .

The open symbol d e s c r i b e s  an e x t r a p o l a t e d  h ig h  f r e q u e n c y  c u t - o f f  p o i n t .  

The l i n e  d e n o te s  t h e  b e s t  f i t t i n g  c u rv e .
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F ig .  4 . I n d i v i d u a l  c o n t r a s t  s e n s i t i v i t y  f u n c t i o n s  f o r  norm al monkeys 

d e te rm in e d  by  th e  up-down method and th e  method o f  c o n s t a n t  s t i m u l i

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

a g a i n s t  lo g  s p a t i a l  f re q u e n c y  f o r  a l l  s i x  a n im a ls .  D a ta  was accum ula ted

by th e  up-down method (A A) and th e  method o f  c o n s t a n t  s t i m u l i  ( • “ “ • ) .

Open sym bols r e p r e s e n t  e x t r a p o l a t e d  v a l u e s .  The c u rv e s  o f  b e s t  f i t  

show t h a t  th e  h ig h  and low f re q u e n c y  l im bs  a r e  r e l a t e d  e x p o n e n t i a l l y  

to  s p a t i a l  f r e q u e n c y .
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F ig .  5 .  Mean c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  f o r  no rm al monkeys 

d e te rm in e d  by th e  up-down method

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

f o r  t h e  group i s  n o te d  by th e  s o l i d  sym bols .  Bars  d e n o te  one s t a n d a r d  

d e v i a t i o n  from t h e  mean. The h ig h  f re q u e n c y  c u t - o f f  p o i n t  i s  i n d i c a t e d  

by an open symbol. The h ig h  and low f re q u e n c y  lim bs a r e  an e x p o n e n t i a l  

f u n c t i o n  o f  s p a t i a l  f r e q u e n c y .
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T ab le  5 .  I n s t a b i l i t y  In d e x  i n  Normal Monkeys

Monkey __________________S p & tia l  F requency  ( c /d e g )

0 .5 1 .0 2 .0 4 .0 8 .0 16 32

878 0 .1 1 0 .0 6 8 0 .1 0 0 .084 0 .0 8 4 0 .062 0 .090

879 0 .2 3 0 .085 0.075 0 .082 0 .0 7 8 0 .0 5 4 0 .060

880 0 .15 0 .2 2 0.095 0 .092 0 .0 5 4 0 .0 3 5 0 .0 4 8

881 0 .0 7 4 0 .1 6 0 .19 0 .1 0 0 .0 5 3 N.T. N.T.

887 0 .1 0 0 .1 4 0 .076 0 .099 0 .080 0 .0 8 0 0 .0 8 0

890 0 .067 0 .089 0 .1 1 0 .0 7 1 0 .0 7 4 0 .0 6 0 0.070

X 0 .1 2 0 .1 3 0 .1 1 0 .0 8 8 0 .0 7 1 0 .0 5 8 0 .070

s . d . 0 .0 6 0 .0 6 0 .0 4 0 .0 1 1 0 .014 0 .0 1 6 0 .016

x and s . d .  d en o te  mean and s t a n d a r d  d e v i a t i o n ,  r e s p e c t i v e l y ,  
f o r  th e  g ro u p .  N .T. i n d i c a t e s  a s p a t i a l  f r e q u e n c y  a t  w hich 
a monkey was n o t  t e s t e d .



F ig .  6 .  P sy c h o m e tr ic  f u n c t i o n s  f o r  a  no rm al monkey (887)

Top. The f a m i ly  o f  p s y c h o m e tr ic  f u n c t i o n s ,  c o r r e c t  r e s p o n s e s  

a g a i n s t  lo g  c o n t r a s t ,  d e s c r i b e  p e r i t h r e s h o l d  p e r fo rm a n c e  a t  0 .5  

( 0 ) ,  1 .0  (A ), 2 .0  ( A ) ,  4 .0  ( • ) ,  8 .0  (V ), 16 ( ? ) ,  and 32 c /d e g  (■ ).

Each c u rv e  i s  b a sed  on th e  r e s p o n s e  a t  s e v e n  c o n t r a s t  l e v e l s  and asymp­

t o t e s  a t  50% and 100% p e r fo rm a n c e .

Bottom . Each p s y c h o m e t r ic  f u n c t i o n  has  been  t r a n s f o r m e d  i n t o  a 

l i n e a r  f u n c t i o n  o f  p e r fo rm a n c e  on a  p r o b a b i l i t y  s c a l e  a g a i n s t  lo g  

c o n t r a s t .  In  th e  t r a n s f o r m a t i o n ,  c o r r e c t  r e s p o n s e s  a t  t h e  50% l e v e l  

o r  lo w e r ,  and a t  100% l e v e l  a r e  n o t  p l o t t e d .  T h e r e f o r e ,  l i n e s  d e s ­

c r i b i n g  p e r fo rm a n c e  a t  a p a r t i c u l a r  s p a t i a l  f r e q u e n c y  may be  b ased  on 

l e s s  th a n  seven  p o i n t s .  The r e g r e s s i o n  c o e f f i c i e n t  f o r  a l l  l i n e s  i s  

g r e a t e r  th a n  0 .9 5 .  The 75% p o i n t  i s  d e s ig n a t e d  a s  t h r e s h o l d .
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p e rfo rm a n ce  f o r  one r e p r e s e n t a t i v e  a n im a l .  The p e r c e n t  c o r r e c t  r e s p o n s e s  

p l o t t e d  a lo n g  th e  o r d i n a t e  i s  e q u i v a l e n t  t o  th e  a b s o lu t e  number o f  c o r r e c t  

r e s p o n s e s  s i n c e  100 t r i a l s  w ere p r e s e n t e d  a t  each  c o n t r a s t  s t e p .  P e r ­

form ance a t  a l l  s p a t i a l  f r e q u e n c i e s  d e s c r i b e s  a fa m i ly  o f  s ig m o id  cu rv es  

o th e rw is e  known as p s y c h o m e t r ic  f u n c t i o n s .  These c u rv e s  a sy m p to te  a t  

t h e  50% and 100% c o r r e c t  l e v e l s  and th e  i n f l e c t i o n  p o i n t s  r e p r e s e n t i n g  

th e  th r e s h o l d s  a r e  a t  75%. The t h r e s h o l d  was g e n e r a l l y  found somewhere 

be tw een  th e  second  and f i f t h  s t e p s .

In  o r d e r  t o  r e l i a b l y  d e te rm in e  t h r e s h o l d  p e r fo rm a n ce  a t a b l e  o f  

j2 s c o r e s  was r e s c a l e d  so t h a t  z_ e q u a l l e d  z e ro  a t  th e  75% l e v e l  i n s t e a d  

o f  th e  c o n v e n t io n a l  50% l e v e l .  This  t a b l e  (Appendix G .3 . )  was u sed  to  

t r a n s f o r m  p e r c e n t  c o r r e c t  r e s p o n s e s  i n t o  z_ s c o r e s .  U sing th e  method 

o f  l e a s t  s q u a r e s ,  s t r a i g h t  l i n e s  w ere  f i t t e d  to  th e  d a t a ,  _z s c o r e s  

v e r s u s  lo g  c o n t r a s t  (F ig .  6 ,  b o t to m ) .  The g e n e r a l  e q u a t io n  f o r  f u n c t i o n s  

d e s c r i b i n g  p e r fo rm a n ce  i n  th e  method o f  c o n s t a n t  s t i m u l i  i s

z ( c )  = m ( lo g  c) + b 

w here  z ( c )  i s  th e  z s c o r e  o f  p e r fo rm a n ce  a t  c o n t r a s t  c ,  m i s  th e  s lo p e  

o f  th e  p s y c h o m e t r ic  f u n c t i o n ,  and b i s  a  c o n s t a n t  r e p r e s e n t e d  by th e  

y - i n t e r c e p t .  T h is  v a lu e  m e x p re s s e d  i n  te rm s o f  _z s c o r e  p e r  u n i t  

c o n t r a s t  h a s  b een  u sed  as  an in d e x  o f  " p r e c i s i o n "  ( G u i l f o r d ,  1954).

T h is  in d e x  f o r  each  s p a t i a l  f r e q u e n c y  i s  g iv e n  i n  Tab le  6 f o r  i n d i v i ­

d u a l  a n im a ls .  I t  i s  a p p a r e n t  t h a t  no rm al monkeys o p e r a t e  a t  two l e v e l s  

o f  p r e c i s i o n .  There  i s  a g r e a t e r  d e g re e  o f  p r e c i s i o n  a t  4 .0  to  32 c /d e g  

(m = 5 . 7 ;  s . d .  = 0 . 5 )  th a n  a t  0 .5  to  2 .0  c /d e g  (m = 5 . 2 ;  s . d .  = 0 . 5 ) .  

A cco rd in g  to  th e  _t t e s t  f o r  in d e p e n d e n t  s a m p le s ,  t h i s  d i f f e r e n c e  i s



T ab le  6 . P sy c h o m e tr ic  P r e c i s i o n  i n  Normal Monkeys 

Monkey ______________ S p a t i a l  F requency ( c /d e g )_______

0 .5 1 .0 2 .0

878 5 .1 5 .0 5 .8

879 5 .0 4 .7 5 .0

880 6 .5 5 .7 5 .3

881 5 .0 4 .7 5 .0

887 4 .9 4 .9 4 .9

890 4 .6 4 ,9 5 .7

X 5 .2 5 .0 5 .3

s .  d . 0 .7 0 .4 0 .4

4 .0 8 .0 16 32.

5 .0 6 .4 5 .6 5 .8

5 .9 6 .3 5 .5 5 .2

6 .4 5 .5 6 .3 5 .3

6 .7 N.T. N .T. N.T.

5 .7 5 .1 5 .4 5 .4

6 .2 5 .4 5 .1 5 .9

6 .0 5 .7 5 .6 5 .5

0 .6 0 .6 0 .4 0 .3

N o ta t io n  a s  i n  T ab le  5 .
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s i g n i f i c a n t  a t  th e  0 .0 1  l e v e l .

T h re sh o ld s  w ere  i n t e r p o l a t e d  from th e  t r a n s fo rm e d  p s y c h o m e t r ic  

f u n c t i o n s .  T h re s h o ld s  and s e n s i t i v i t i e s  a r e  l i s t e d  in  Appendix C. 4 . 

f o r  a l l  a n im a ls .  The shape and d im ens ions  o f  t h e  c o n t r a s t  s e n s i t i v i t y  

f u n c t i o n  d e te rm in e d  from  th e  d a t a  o f  t h e  method o f  c o n s t a n t  s t i m u l i  

i s  d e s c r ib e d  by an i n v e r t e d  " J M-s h a p e d  c u r v e ,  th e  d im en s io n s  o f  w hich 

a r e  s i m i l a r  f o r  a l l  a n im a ls  (F ig .  4 ,  c i r c l e s ) .  The e m p i r i c a l  p eak  i s

2 .0  c /d e g  f o r  a l l  monkeys, and th e  c a l c u l a t e d  p eak  s e n s i t i v i t y  ra n g e s  

from 60 to  114 a t  1 .8  t o  2 .1  c /d e g .  The e x t r a p o l a t e d  h ig h  f req u en cy  

c u t - o f f  p o i n t s  a re  from 41 to  44 c /d e g .

F ig .  7 d e p i c t s  th e  mean c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  d e r iv e d  from 

th e  above d a t a .  The p e a k  o f  t h i s  f u n c t i o n  a t  2 .0  c /d e g  and a c o n t r a s t  

s e n s i t i v i t y  o f  96 d iv i d e s  t h e  curve  i n t o  a h ig h  and a low f re q u e n c y  l im b . 

The form er d e c l i n e s  e x p o n e n t i a l l y  from th e  peak  and th e  b e s t  f i t t i n g  

fu n c t i o n  o b ta in e d  by th e  method o f  l e a s t  s q u a re s  b a se d  on f i v e  d a t a  

p o i n t s  i s  d e s c r ib e d  by th e  e q u a t io n .

S (v) = i c f ° - 048v + 2 *° ( r  = 0 .9 9 )

w here S(v) i s  th e  c o n t r a s t  s e n s i t i v i t y  a t  th e  s p a t i a l  f re q u e n c y  v .  The 

c u t - o f f  f re q u e n c y  a t  w hich c o n t r a s t  i s  1 .0 0  (S (v ) = 1 .0 0 )  i s  43 c /d e g .  

S i m i l a r l y ,  t h e  low f re q u e n c y  lim b b a se d  on t h r e e  p o i n t s  i s  an e x p o n e n t i a l  

f u n c t i o n  o f  s p a t i a l  f r e q u e n c y  and fo l lo w s  th e  l i n e  e x p r e s s e d  by

S(v) = 10 0 ,21v  + 1 ,6  ( r  = 0 .9 8 ) .

By com puting t h e  i n t e r s e c t i o n  o f  th e  above e q u a t i o n s ,  th e  peak  can be

d e te rm in e d  more p r e c i s e l y .  In  th e  ca se  a t  hand ,  th e  c a l c u l a t e d  peak  

i s  a t  1 .9  c /d e g  and a  s e n s i t i v i t y  o f  88.
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F ig .  7.

■Notation

Mean c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  f o r  norm al monkeys 

d e te rm in e d  by th e  method o f  c o n s t a n t  s t i m u l i

as  i n  F ig .  5 .
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I t  i s  n o te w o r th y  t h a t  t h e  v a l u e s  o f  s e n s i t i v i t y  a t  m idd le  and h igh  

f r e q u e n c i e s  a r e  c o n s i s t e n t  o v e r  th e  g ro u p ,  w hereas  a t  low f r e q u e n c i e s  

a g r e a t e r  th a n  f o u r - f o l d  d i f f e r e n c e  i s  o b se rv e d .

A. 3 . d. C o n t r o l s .  O c c a s io n a l ly  i n  t h e  c o u rse  o f  th e  t e s t i n g ,  

two homogeneous t a r g e t s  w ere p r e s e n te d  s im u l ta n e o u s ly  f o r  a s e r i e s  o f

20 t r i a l s .  The s u b j e c t s  re sp o n d ed  n o n p r e f e r e n t i a l l y . The av e ra g e  

r e s p o n s e  to  one t a r g e t  v a r i e d  from 46 t o  55%, i n d i c a t i n g  t h a t  no e x t r a ­

neous  cues w ere  o p e r a t i n g  i n  th e  o r i g i n a l  d i s c r i m i n a t i o n s .

B. P o s t o p e r a t i v e  S tag e

B. 1 . N e u r o lo g ic a l  and o p h th a lm o lo g ic a l  s t a t u s .

B. 1 .  a .  G e n e ra l .  G ross b e h a v i o r a l  changes from  th e  norm al 

p r e o p e r a t i v e  s t a t u s  w ere e v i d e n t  i n  t h e  p e r io d  im m e d ia te ly  f o l l o w in g  th e  

a b l a t i o n .  Monkeys assumed a  p o s i t i o n  i n  th e  r e a r  o f  th e  cage and 

g e n e r a l l y  d id  n o t  l e a v e  t h e i r  p e r c h  even  when th e  cage d o o r  was l e f t  

w ide open . E x p l o r a t io n  o f  th e  f r o n t  o f  th e  cage was m inim al and u s u a l l y  

o c c u r r e d  o n ly  i f  food p e l l e t s  w ere  p la c e d  a u d ib ly  i n  th e  h o p p e r .  The 

movement to w ard s  th e  f r o n t  was accom panied  by n o n d i r e c t e d  g ro p in g .  In

an u n f a m i l i a r  en v iro n m en t  monkeys m aneuvered c l u m s i ly ,  bumping i n t o  l a r g e  

o b j e c t s  and n a v i g a t i n g  w i th  th e  a i d  o f  t h e i r  h a n d s .  E v e n t u a l l y ,  how ever, 

v i s u a l l y  g u id e d  b e h a v i o r  r e t u r n e d ,  such  as th e  a b i l i t y  to  r e a c h  f o r  

o b j e c t s  w i th  a  c e r t a i n  d e g re e  o f  a c c u r a c y .  O th e r  b e h a v io r s  a l s o  im proved 

in  t i m e ,  b u t  n o t  t o  th e  l e v e l  o b s e rv e d  i n  th e  p r o p e r a t i v e  a n im a l .  At 

no t im e  i n  th e  fo u r  months f o l l o w in g  th e  o p e r a t i o n  d id  any an im al re sp o n d  

to  a  t h r e a t e n i n g  g e s t u r e .  C o n s t r i c t i o n  o f  th e  p u p i l s  and a  b l i n k  r e f l e x
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to  l i g h t  w ere p r e s e n t  im m ed ia te ly  a f t e r  th e  a b l a t i o n .

B. 1 . b .  Eye movements. In  th e  im m edia te  p o s t o p e r a t i v e  p e r io d  

t h e r e  was a  r e l a t i v e  p a u c i t y  o f  s p o n ta n e o u s  s a c c a d e s  and monkeys w ere 

u n a b le  to  f o l lo w  t a r g e t s  i n  m o tio n  w i th  t h e i r  g a z e .  I n  t i m e ,  how ever ,  

s a c c a d e s  o c c u r r e d  as  o f t e n  as  i n  th e  no rm al and sm ooth  p u r s u i t  eye 

movement w ere e l i c i t e d  by l a r g e  h ig h  c o n t r a s t  o b j e c t s  p a s s i n g  th ro u g h  

t h e i r  v i s u a l  f i e l d s .  At t h i s  t im e ,  co n v erg en ce  c o u ld  be evoked by 

a p p ro a c h in g  s t i m u l i .  Spon taneous  nystagm us was n o t  o b s e rv e d  in  a  l i g h t  

o r  d a rk  room.

Monkeys had  a  r e g u l a r  nys tagm us in  r e s p o n s e  to  moving (O .K .N .) and 

s t a t i o n a r y  s t i m u l i  ( F . I . N . ) .  R e p r e s e n t a t i v e  e l e c t r o o c u lo g r a m s  o f  b o th  

ty p e s  o f  nys tagm us a r e  shown in  F ig .  8. I t  i s  a p p a r e n t  t h a t  th e  peak  

f r e q u e n c y  o f  O.K.N. d e c r e a s e d  a f t e r  s u r g e r y  ( ra n g e  0 .6  -  1 .2  b e a t s  s e c ) .

F. I .  N . , how ever,  i n c r e a s e d  b u t  o n ly  when e l i c i t e d  i n  a  G an z fe ld  

s i t u a t i o n  (1 .6  -  2 .3  b e a t s / s e c ) .

B. 1 .  c .  R e f r a c t i o n .  The r e f r a c t i v e  e r r o r s  o f  th e  fo u r  

d e s t r i a t e d  monkeys a r e  shown i n  T ab le  7. A l l  a n im a ls  w ere  w i t h i n  1 .1 7  D 

o f  em m etrop ia  and e x h i b i t e d  some a s t i g m a t i s m .  The c y l i n d e r  o f  th e  

a s t i g m a t i s m  ran g ed  from 0 .50  to  3 .0 8  D. No s i g n i f i c a n t  d i f f e r e n c e  in  

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

a x i s  o f  th e  c y l i n d e r  d id  change s i g n i f i c a n t l y  f o l lo w in g  th e  s t r i a t e c -  

tomy i n  two i n s t a n c e s ,  th e  l e f t  eyes  o f  monkeys 878 and 887. The 

v a r i a b i l i t y  o f  t h e  m easurem ents  was com parab le  t o  t h e  p r e o p e r a t i v e  v a l u e s .

B. 2. P r e t r a i n i n g .  P r e t r a i n i n g  s t a r t e d  one week a f t e r  s u r g e r y .

A l l  s u b j e c t s  r e q u i r e d  be tw een  f o u r  and se v e n  days  t o  m a s t e r  t h e  p u l l i n g
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F ig .  8. R eco rd in g s  o f  nystagm us i n  no rm al and d e s t r i a t e d  monkeys

E le c t ro o c u lo g ra m s  o f  o p t o k i n e t i c  (O .K .N .) and f l i c k e r - i n d u c e d  

nystagm us ( F . I . N . ) a r e  from monkeys 887 and 890 , r e s p e c t i v e l y .  F . I . N .  

was evoked in  a  G an z fe ld  s i t u a t i o n .  Each s e t  o f  t h r e e  t r a c e s  r e c o r d s  

th e  s t im u lu s  (ST IM .),  r i g h t  eye (O .D .) and  l e f t  eye (O .S .)  o v e r  a 

p e r io d  o f  20 se c o n d s .  N ote th e  p o s t o p e r a t i v e  changes  i n  f re q u e n c y  o f  

O.K.N. ( d e c r e a s e )  and F . I .N .  ( i n c r e a s e ) .
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T ab le  7. R e f r a c t i o n  o f  D e s t r i a t e d  Monkeys

Monkey Eye S phere  A s t ig m a tism
( D io p te r s )  C y l in d e r  A xis

(D io p te r s )  (D eg rees)

878 O.D. 0 .0 (0 .5 0 ) 1 .2 5 (1 .5 2 ) 168 (20)
O.S. - 0 .5 0 (0 .3 5 ) 1 .75 ( 0 .0 ) 158 (11)

880 O.D. 0 .0 0 .7 5 165
O.S. - 1 .0 0 0 .5 0 115

887 O.D. 0 .5 0 ( 0 .4 6 ) 1 .3 1 (0 .8 0 ) 19 (33)
O.S. 0 .5 8 (0 .5 2 ) 1 .4 2 (0 .1 4 ) 5 (15)

890 O.D. 0 .7 5 2 .25 20
O.S. - 1 .1 7 ( 0 .7 2 ) 3 .0 8 (0 .7 6 ) 135 (13)

N o ta t io n  as  i n  T ab le  3. Only a s i n g l e  t r i a l  was made 
w i th  each  eye o f  monkey 880 and th e  r i g h t  eye o f  monkey 
890, a n d , t h e r e f o r e , no s t a n d a r d  d e v i a t i o n s  a r e  g iv e n .
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and r e a c h in g  t a s k ,  t h a t  i s  i n  a b r i e f e r  p e r io d  th a n  needed  in  th e  o r i g i n a l

p r e t r a i n i n g  a t  th e  s t a r t  o f  th e  s tu d y .

B. 3 . Form al t e s t i n g .  The p o s t o p e r a t i v e  s c h e d u le  o f  th e  v a r io u s

d i s c r i m i n a t i o n  and t h r e s h o l d  d e t e r m in a t io n  t e s t s  can be found  in  T ab le  2 .

B. 3. a .  D i s c r im in a t i o n  t e s t s .  The p o s t o p e r a t i v e  t r a i n i n g  o f  

each  an im a l  i s  summarized in  T ab le  8 . F o l lo w in g  a p ro lo n g e d  p e r io d  o f  

t e s t i n g ,  a l l  a n im a ls  m a s te re d  th e  i n i t i a l  d i s c r i m i n a t i o n  be tw een  th e  

h ig h  c o n t r a s t  g r a t i n g  a t  1 .0  c /d e g  and th e  homogeneous t a r g e t .  E v e ry  

monkey p a s s e d  th ro u g h  th e  a c c l i m a t i o n ,  d i s c r i m i n a t i o n  and c r i t e r i o n  

p h a s e s .  The f i r s t  two p h a s e s  w ere p r o t r a c t e d ,  e a c h  l a s t i n g  ab o u t  1 ,300  

t r i a l s .  D uring  th e  a c c l im a t i o n  p h ase  eac h  a n im a l  o p e r a t e d  a t  ab o u t 

t h e  50% c o r r e c t  l e v e l .  D uring  th e  d i s c r i m i n a t i o n  p h a s e ,  i t  was n o te d  

t h a t  monkeys f r e q u e n t l y  d e v i a t e d  t h e i r  gaze  to  one s i d e  w h i l e  f a c i n g  

th e  s t i m u l i  b e f o r e  making a c h o ic e ,  as  i f  to  be lo o k in g  a t  them th ro u g h  

th e  c o r n e r  o f  t h e i r  e y e s .  By th e  t im e  c r i t e r i o n  was a t t a i n e d ,  s u b j e c t s  

had been  p r e s e n t e d  from 2 ,6 0 0  to  3 ,5 3 6  t r i a l s  and made from  920 to  1 ,377  

e r r o r s .  A f t e r  t h e  c o n t r a s t  t h r e s h o l d  was d e te rm in e d  a t  1 .0  c /d e g  

( s e e  T ab le  2 f o r  o r d e r  o f  t e s t i n g ) ,  th e  d i s c r i m i n a t i o n  a t  2 .0  c /d e g  

was m a s te re d  by a l l  an im a ls  i n  th e  minimum number o f  p r e s e n t a t i o n s .

Only one monkey (880 , how ever, showed a  p e r f e c t  t r a n s f e r  e f f e c t  as  

n o te d  by th e  l a c k  o f  e r r o r s  i n  th e  f i r s t  10 t r i a l s  (T ab le  8 ) .  L e a rn in g  

th e  d i s c r i m i n a t i o n  a t  4 .0  c /d e g  to o k  s l i g h t l y  lo n g e r  th a n  a t  1 .0  o r

2 .0  c /d e g  as t h r e e  an im a ls  needed  250 t o  300 t r i a l s  and made a  mean o f  

25 e r r o r s  i n  a t t a i n i n g  c r i t e r i o n .  There  was good t r a n s f e r  in  t h e  f o u r t h  

monkey (8 8 0 ) .  The d i s c r i m i n a t i o n  a t  0 .5  c /d e g  was m a s te re d  i n  t h e
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T ab le  8. D i s c r im in a t i o n  T e s t s  w i th  D e s t r i a t e d  Monkeys

Monkey _______________________ S p a t i a l  F requency  (c /d e g )

1 .0 2 .0 4 .0 0 .5

TT (TE) E TT (TE) E TT (TE) E TT (TE) E

878 2860(1191) 5 200 (19) 5 250 (28) 2 200 (19) 1

880 3526(1377) 5 200 (4) 0 300 (31) 1 200 (14) 0

887 2600 (994) 5 200 (11) 3 200 (16) 3 200 (10) 0

890 2800 (920) 5 200 (10) 3 250 (23) 3 200 (15) 1

X 2949(1121) 5 200 (11) 3 250 (25) 2 200 (15) 1

s . d .  407 (206) 0 0 (6) 2 41 ( 7) 1 0 ( 4 )  1

N o ta t io n  as  i n  T ab le  4 .
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minimum p e r i o d  w i th  a mean o f  15 e r r o r s  and p e r f e c t  t r a n s f e r  i n  a l l  

a n im a ls .

B. 3. b . F requency  t h r e s h o l d s .  Two f re q u e n c y  t h r e s h o l d  d e t e r ­

m in a t io n s  w ere made ( s e e  T ab le  2 f o r  o r d e r  o f  p r e s e n t a t i o n )  and th e  

mean r e s u l t s  f o r  th e  group a r e  i l l u s t r a t e d  in  F ig .  9. On th e  f i r s t  

s e t ,  o n ly  p e r fo rm a n c e s  w i th  th e  maximum c o n t r a s t  t a r g e t s  a t  1 .0  and

2 .0  c /d e g  were g r e a t e r  th a n  85% an d ,  t h e r e f o r e ,  o n ly  c o n t r a s t  t h r e s h o l d s  

a t  each  o f  th e s e  f r e q u e n c i e s  w ere  o b ta in e d  ( s e e  a b o v e ) . At t h i s  s t a g e  

s u b j e c t s  d e m o n s t ra te d  n o t  o n ly  a  h ig h ,  b u t  a l s o  a  low f re q u e n c y  c u t - o f f  

p o i n t .  S u b s e q u e n t ly ,  a  second  f r e q u e n c y  t h r e s h o l d  was d e te rm in e d .

This  t im e  n o t  o n ly  th e  t a r g e t s  a t  1 .0  and 2 .0  c /d e g ,  b u t  a l s o  th o s e  a t  

0 .5  and 4 .0  c /d e g  w ere d i s c r i m i n a t e d  a t  b e t t e r  th a n  85% p r o f i c i e n c y .

The p e rfo rm a n ce  w i th  th e  g r a t i n g  o f  8 .0  c /d e g  was be low  t h i s  l e v e l  b u t  

above th e  c r i t e r i o n  f o r  t h r e s h o l d .

B. 3 . c .  C o n t r a s t  t h r e s h o l d s .

B. 3. c .  1 .  Up-down m ethod. The up-down method was u s e f u l  

i n  e s t i m a t i n g  t h r e s h o l d  f o r  u se  i n  th e  c o n s t a n t  s t i m u l i  m ethod. C o n t r a s t  

t h r e s h o l d s  w ere d e te rm in e d  f o r  th e  fo u r  s p a t i a l  f r e q u e n c i e s ,  1 . 0 ,  2 . 0 ,

4 .0  and 0 .5  c /d e g  as  p r e s c r i b e d  by th e  f r e q u e n c y  t h r e s h o l d  d e t e r m in a t io n s  

( se e  below ) and i n  t h a t  o r d e r  (T ab le  2 ) .  The r e s u l t s  p e r  i n d i v i d u a l  

an im al a r e  g iven  in  A ppendix  D. 1 . These d a t a  a r e  p l o t t e d  f o r  eac h  

monkey in  F ig .  10 ( t r i a n g l e s )  and f o r  th e  group i n  F ig .  11.

The " i n s t a b i l i t y  in d e x "  ( s e e  p . 39 ) f o r  eac h  s p a t i a l  f re q u e n c y  

t e s t e d  p o s t o p e r a t i v e l y  i s  g iv e n  i n  T ab le  9 . An a n a l y s i s  o f  v a r i a n c e  

shows no  s i g n i f i c a n t  d i f f e r e n c e  among th e  v a lu e s  a t  each  s p a t i a l  f re q u e n c y  

(F = 1 . 5 ;  p > 0 .2 5 ) .
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F ig .  9. F requency  t h r e s h o l d  f u n c t i o n s  f o r  d e s t r i a t e d  monkeys

The p e r fo rm a n ce  on th e  f i r s t  ( • -----• )  and second  (0 -----0) f r e q u e n c y

t h r e s h o l d  d e t e r m in a t io n s  a re  p l o t t e d  as  p e r c e n t  c o r r e c t  r e s p o n s e s  on 

a  p r o b a b i l i t y  s c a l e  a g a i n s t  lo g  s p a t i a l  f r e q u e n c y .  Each p o i n t  s i g n i f i e s  

th e  mean o f  f o u r  a n im a ls .
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F ig .  1 0 .  I n d i v i d u a l  c o n t r a s t  s e n s i t i v i t y  f u n c t i o n s  f o r  d e s t r i a t e d  monkeys 

d e te rm in e d  by th e  up-down method and th e  method o f  c o n s t a n t  s t i m u l i

N o ta t io n  as  i n  F ig .  4. The c o n t r a s t  t h r e s h o l d  f o r  8 .0  c /d e g  

was c a l c u l a t e d  from th e  f r e q u e n c y  th r e s h o l d  in f o r m a t io n  ( s e e  t e x t ) .
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F ig .  11. Mean c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  f o r  d e s t r i a t e d  monkeys 

d e te rm in e d  by t h e  up-down method

N o ta t io n  as  i n  F ig .  5 .



CONTRAST SENSITIVITY

— nob  b cn'o o noo o io oo

o
no
o

o  P 1 c o
-< o

Olo

I
CT\

I



-68-

T ab le  9 . I n s t a b i l i t y  In d ex  o f  D e s t r i a t e d  Monkeys

Monkey S p a t i a l  F requency  ( c /d e g )

0 .5 1 .0 2 .0 4 .0

878 0 .15 0 .2 4 0 .2 6 0 .2 0

880 0 .1 3 0 .1 4 0 .1 7 0 .1 7

887 0 .1 4 0 .19 0 .1 7 0 .1 6

890 0 .15 0 .16 0 .16 0 .1 5

X 0 .1 4 0 .1 8 0 .1 9 0 .1 7

s .  d . 0 .0 1 0 .0 4 0 .05 0 .02

N o ta t io n  as  i n  T ab le  5.
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B. 3. c .  2 . Method o f  c o n s t a n t  s t i m u l i .  The r e s u l t s  

o b ta in e d  w i th  t h e  method of c o n s t a n t  s t i m u l i  a t  e a c h  f re q u e n c y  a r e  g iv e n  

in  A ppendix D. 2 .  f o r  i n d i v i d u a l  a n im a ls ,  and a r e  p l o t t e d  f o r  one 

i l l u s t r a t i v e  an im al in  B ig .  12 . The p s y c h o m e t r ic  f u n c t i o n s  g e n e ra te d  

by p e r fo rm a n ce  a t  each  f re q u e n c y  a r e  f i t t e d  to  l i n e a r  f u n c t i o n s  o f  

s c o r e s  v e r s u s  l o g  c o n t r a s t  ( r  > 0 .9 5 )  ( s e e  p .  4 9 ) .  The s lo p e  o f  th e s e  

l i n e s ,  mean o f  3 .6  ( s . d .  = 0 .2 )  a r e  s i m i l a r  a t  e a c h  s p a t i a l  f re q u e n c y  

(T ab le  1 0 ) .  Thus, " p s y c h o m e t r ic  p r e c i s i o n "  i s  r e l a t i v e l y  c o n s t a n t  

o v e r  t h e  group in d e p e n d e n t  o f  s p a t i a l  f re q u e n c y .

The c o n t r a s t  t h r e s h o l d s  w ere  c a l c u l a t e d  from th e  p s y c h o m e t r ic  

f u n c t i o n s  by i n t e r p o l a t i n g  th e  75% p o i n t ,  and s u b s e q u e n t ly  s e n s i t i v i ­

t i e s  w ere  d e te rm in e d .  F ig .  10 c o n t a i n s  th e  i n d i v i d u a l  c o n t r a s t  

s e n s i t i v i t y  f u n c t i o n s  o b t a in e d  w i th  th e  c o n s t a n t  s t i m u l i  m ethod. The 

e m p i r i c a l  peak  s e n s i t i v i t i e s  a t  2 .0  c /d e g  ra n g e d  from 3 .8  t o  4 .2 .

The h ig h  and low f re q u e n c y  l im b s  o f  th e  mean c o n t r a s t  s e n s i t i v i t y  

cu rv e  (F ig .  13) a r e  d e s c r ib e d  by e x p o n e n t i a l  f u n c t i o n s  o f  s p a t i a l  

f r e q u e n c y .  The h ig h  f re q u e n c y  l im b ,

S(v)  = 10- ° - 062v + ° - 73 ( r  > o . 99 )

i n t e r c e p t s  th e  l i n e  S (v )  = 1 .0 0  a t  12 c /d e g .  The low f re q u e n c y  limb 

i s  d e s c r ib e d  by

S(v) = 10 ° ' 14V + ° * 33 ( r  = 0 .9 7 )

Each o f  t h e  above e q u a t io n s  a r e  b a se d  on t h r e e  p o i n t s .  I t  sh o u ld  be 

n o te d  t h a t  to  d e te rm in e  th e  e q u a t io n  o f  t h e  h ig h  f r e q u e n c y  l im b ,  th e  

s e n s i t i v i t y  a t  8 .0  c /d e g  was n o t  d e r iv e d  from a c o n t r a s t  t h r e s h o l d  

d e t e r m i n a t i o n ,  b u t  i t  was c a l c u l a t e d  from th e  f r e q u e n c y  th r e s h o l d
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F ig .  12 . P s y c h o m e tr ic  f u n c t i o n s  o f  a d e s t r i a t e d  monkey (890) 

N o ta t io n  a s  i n  F ig .  6.
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T ab le  10. P s y c h o m e t r ic  P r e c i s i o n  o f  D e s t r i a t e d  Monkeys

Monkey S p a t i a l  F requency  ( c /d e g )

0 .5 1 .0 2 .0 4 .0

878 3.9 3 .3 3 .5 3 .4

880 3 .6 3 .2 3 .8 3 .6

887 3 .8 3 .9 3 .6 3 .5

890 3 .5 3 .6 4 .0 3 .7

X 3 .7 3 .5 3 .7 3 .6

s . d . 0 .2 0 .3 0 .2 0 .1

N o ta t i o n  as  i n  T ab le  5
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F ig .  13 . Mean c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  f o r  d e s t r i a t e d  monkeys 

d e te rm in e d  by th e  method o f  c o n s t a n t  s t i m u l i

N o ta t io n  a s  i n  F ig .  5.
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i n f o r m a t io n .  Such an e s t i m a t i o n  o f  s e n s i t i v i t y  r e q u i r e s  two v a l u e s ,  

th e  mean s lo p e  o f  i n d i v i d u a l  p s y c h o m e t r ic  f u n c t i o n s  from e a c h  an im al 

and th e  p o i n t  d e s c r ib e d  by th e  p e rfo rm a n ce  a t  8 .0  c /d e g  d u r in g  th e  

f r e q u e n c y  t h r e s h o l d  s e s s i o n s .  From th e s e  d a t a  a t h e o r e t i c a l  p sy ch o ­

m e t r i c  f u n c t i o n  was s p e c i f i e d  and th e  75% p o i n t  was d e te rm in e d .  Such 

a m a n ip u la t io n  assumes t h a t  th e  " p sy c h o m e t r ic  p r e c i s i o n "  i s  s i m i l a r  

a t  a l l  f r e q u e n c i e s  w hich  i s  b o rn e  o u t  by th e  e m p i r i c a l  d a t a  ( s e e  p . 6 9 ) .

B. 3 . d .  C o n t r o l s .  The com parison  o f  p e r fo rm a n c e  i n  t h e  

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

g iv e n  im m e d ia te ly  a f t e r ,  i n  w hich  0 .5  lo g  n e u t r a l  d e n s i t y  f i l t e r  was 

f i x e d  t o  t h e  r i g h t - s i d e  s t im u lu s  box a r e  l i s t e d  f o r  each  s p a t i a l  f re q u e n c y  

i n  T ab le  11. The monkeys c o n t in u e d  to  p e r fo rm  a t  c r i t e r i o n  p r o f i c i e n c y  

o r  b e t t e r .  T h e r e f o re ,  th e y  c o u ld  n o t  p o s s i b l y  b e  u s in g  m in im a l f l u x  

cues  i n  th e  o r i g i n a l  d i s c r i m i n a t i o n .

As i n  t h e  p r e o p e r a t i v e  p e r i o d ,  when two homogeneous t a r g e t s  w ere 

p r e s e n t e d  s im u l t a n e o u s l y ,  no monkey d e m o n s t r a te d  a  p r e f e r e n c e  f o r  a 

p a r t i c u l a r  s t i m u l u s ,  r e s p o n s e s  b e in g  be tw een  40 and 60% f o r  e i t h e r  t a r g e t .

C. E f f e c t s  o f  S t r i a t e c t o m y  Upon P s y c h o p h y s ic a l  T e s t s

F o llo w in g  th e  l e s i o n ,  a s i g n i f i c a n t l y  lo n g e r  p e r io d  was r e q u i r e d  to  

m a s t e r  t h e  i n i t i a l  d i s c r i m i n a t i o n  a s  f i v e  t im e s  more e r r o r s  w ere  accum ula ted  

i n  f i v e  t im e s  a s  many t r i a l s  f o l l o w in g  th e  a b l a t i o n  (p < 0 .0 1 )  (F ig .  1 4 ) .  

G e n e r a l l y ,  t h e  s u b se q u e n t  d i s c r i m i n a t i o n s  a t  t h e  o t h e r  f r e q u e n c i e s  w ere 

l e a r n e d  in  th e  m in im al amount o f  t r i a l s .  T hus , t h e  a b i l i t y  t o  t r a n s f e r  

th e  know ledge g a in e d  i n  one s i t u a t i o n  to  a n o t h e r  s i m i l a r  s i t u a t i o n  was n o t  

l o s t .
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T ab le  11. C o n t r o l  f o r  F lu x  Cues i n  D e s t r i a t e d  Monkeys.

Monkey _____________S p a t i a l  F requency  ( c /d e g )

0 .5 1 .0 2 .0 4. 0

S td Cnt Std Cnt S td Cnt Std Cnt

878 92 92 96 94 100 98 94 90

880 90 90 98 96 96 98 94 90

887 94 94 98 92 94 94 92 96

890 96 94 94 90 96 92 96 92

S c o re s  a r e  p e r c e n t  c o r r e c t  r e s p o n s e s  i n  50 t r i a l s  o f  'the  
l a s t  s t a n d a r d  d i s c r i m i n a t i o n  t e s t  (S td )  and o f  t h e  c o n t r o l  
s e s s i o n  (C nt)  f o r  eac h  s p a t i a l  f r e q u e n c y .  The 0 .5  lo g  
n e u t r a l  d e n s i t y  f i l t e r  t r a n s m i t s  32% o f  th e  l i g h t ,  and 
t h e r e f o r e  im poses a  3 . 1 - f o l d  f l u x  d i f f e r e n c e  be tw een  th e  
t a r g e t s .
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F ig .  14. D i s c r im in a t i o n  t e s t s

The segm ents  on th e  l e f t  r e p r e s e n t  th e  l e a r n i n g  cu rv e s  f o r  th e  

s i x  an im a ls  i n  th e  d i s c r i m i n a t i o n  be tw een  th e  homogeneous and th e  0 .7 9  

c o n t r a s t  t a r g e t  a t  1 .0  c /d e g .  The segm ents  on th e  r i g h t  d e s c r i b e  th e  

r e l e a r n i n g  o f  th e  same t a s k .  Each p o i n t  r e p r e s e n t s  th e  p e r c e n t  c o r r e c t  

i n  a s e s s i o n  o f  50 t r i a l s .  Note t h e  p ro lo n g e d  t r a i n i n g  n e c e s s a r y  

p o s t o p e r a t i v e l y  t o  r e a c h  c r i t e r i o n  i n  th e  t a s k .
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The f r e q u e n c y  th r e s h o l d  d e t e r m in a t io n  i n d i c a t e s  a s i g n i f i c a n t  

d i f f e r e n c e  i n  th e  p r e o p e r a t i v e  and p o s t o p e r a t i v e  r e s p o n s e s .  The no rm al 

an im al can d i s c r i m i n a t e  g r a t i n g s  o v e r  a much w id e r  ra n g e  th a n  th e  

d e s t r i a t e d  monkey from g r e a t e r  th a n  32 c /d e g  to  l e s s  th a n  16 c / d e g ,  

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

th o s e  f r e q u e n c i e s  w hich monkeys a r e  a b l e  to  d i s c r i m i n a t e  b e f o r e  and 

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

th e  d e s t r i a t e d  an im al to  d e t e c t  a g r a t i n g .  The m agn itude  o f  th e  l o s s  

as  q u a n t i f i e d  by th e  method o f  c o n s t a n t  s t i m u l i  can r e a d i l y  be ju d g e d  

on a "v isuog ram "  (F ig .  1 5 ) .  V alues  r e p r e s e n t  tw en ty  t im e s  th e  l o g a r i t h m  

o f  th e  s e n s i t i v i t y  r a t i o .  The d e f i c i t  can be  d e s c r i b e d  as a mean f l a t  

l o s s  o f  27 d e c i b e l s  (dB; s . d .  = 2 d B ) , e x te n d in g  from  f r e q u e n c i e s  be low  

12 c / d e g ,  t h e  e x t r a p o l a t e d  l i m i t  o f  p o s t o p e r a t i v e  p e r fo rm a n c e .  The 

peak  s e n s i t i v i t y ,  a l th o u g h  d im in is h e d  27 dB, was c a l c u l a t e d  a s  b e in g  

1 .9  c /d e g  p r e o p e r a t i v e l y  and p o s t o p e r a t i v e l y . The mean v a lu e  o f  th e  

h ig h  f re q u e n c y  c u t - o f f  p o i n t  f e l l  from 43 c /d e g  in  no rm al s u b j e c t s  to  

12 c /d eg  in  d e s t r i a t e d  monkeys. " P sy c h o m e tr ic  p r e c i s i o n "  d e c l in e d  

s i g n i f i c a n t l y  (p < 0 .0 1 ;  _t_ t e s t  f o r  d ep en d e n t sam p le s )  as a  r e s u l t  

o f  th e  s t r i a t e  l e s i o n  o v e r  th e  e n t i r e  ra n g e  o f  s p a t i a l  f r e q u e n c i e s .  

M oreover, th e  " i n s t a b i l i t y  in d e x "  i n c r e a s e d  s i g n i f i c a n t l y  (p < 0 . 0 5 ) ,  

a c c o rd in g  to  a  t_ t e s t  f o r  d ep en d en t s a m p le s ,  f o l l o w in g  th e  a b l a t i o n  o v e r  

th e  ran g e  o f  f r e q u e n c i e s  above 1 .0  c /d e g .

D. A natom ica l O b s e rv a t io n s

Two a n im a ls  (monkeys 878 and 880) w ere  s a c r i f i c e d  on c o m p le t io n  o f



-80-

F ig .  15. "Visuogram" f o r  th e  e f f e c t s  o f  th e  s t r i a t e c t o m y

The e f f e c t  o f  th e  l e s i o n  on th e  fo u r  an im als  t e s t e d  p r e o p e r a t i v e l y  

and p o s t o p e r a t i v e l y  i s  i l l u s t r a t e d  by th e  "v isuogram " f o r  d a t a  o b ta in e d  

by th e  method o f  c o n s ta n t  s t i m u l i .  The up p er  l i n e  s i g n i f i e s  th e  

s t a n d a r d i z e d  no rm al c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  from w hich th e  p o s t ­

o p e r a t iv e  p e rfo rm ance  i s  m easured . S o l id  symbols r e p r e s e n t  th e  means 

o f  e m p i r i c a l l y  d e te rm in e d  p o i n t s ,  open symbols d e s ig n a t e  mean e x t r a ­

p o l a t e d  v a l u e s ,  and b a r s  d en o te  r e s p e c t i v e  s t a n d a r d  d e v i a t i o n s .
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t h e  p o s t o p e r a t i v e  p h a s e .  The e x t e n t  and t o t a l i t y  o f  th e  s t r i a t e c t o m y  

was d e te rm in e d  by r e c o n s t r u c t i o n s  from  s e r i a l  s e c t i o n s  i l l u s t r a t e d  i n  

F ig .  16 and 17. In  each  a n im a l ,  th e  s t r i a t e  c o r t e x  (Area 1 7 ,  OC) was 

c o m p le te ly  a b s e n t  on b o th  s i d e s .  I n  a d d i t i o n ,  c i r c u m s t r i a t e  c o r t i c e s  

w ere p a r t i a l l y  damaged; an e s t i m a t e d  75% o f  A rea  OB and 25% o f  A rea  OA 

(Bonin and B a i l e y ,  1947) was n o t  in c lu d e d  i n  th e  l e s i o n .  The o p t i c  r a d i a ­

t i o n s  i n  b o th  h e m isp h e re s  underw en t marked g l i o s i s .

R e t ro g ra d e  d e g e n e r a t i o n  was o b se rv e d  i n  th e  th a la m ic  n u c l e i ,  th e  

LGNd and th e  p u l v i n a r s .  The c h a r a c t e r i s t i c  l a y e r i n g  o f  th e  LGNd was 

m o s t ly  a b s e n t ,  how ever ,  f a i n t  l a m in a t io n  was p r e s e n t  i n  monkey 878.

Under h ig h  m a g n i f i c a t i o n ,  few s c a t t e r e d  p a l e  s t a i n i n g  n e u ro n s  w ere  

o b s e rv e d .  A l t e r a t i o n s  i n  t h e  p u l v i n a r s  f o l lo w in g  th e  c o r t i c a l  a b l a t i o n  

was r e s t r i c t e d  t o  l o c i  i n  th e  i n f e r i o r  and l a t e r a l  n u c l e i .
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F ig .  16. R e c o n s t r u c t io n  o f  th e  a b l a t i o n

The ab sen ce  o f  th e  o c c i p i t a l  lo b e s  i s  i n d i c a t e d  by d ash ed  l i n e s  

and th e  ab sen ce  o f  c o r t e x  i s  r e p r e s e n t e d  by b l a c k  i n  th e  s u r f a c e  

v iews and a  f i n e  l i n e  i n  th e  c o r o n a l  s e c t i o n s .  D e g e n e ra t io n  and 

g l i o s i s  i s  shown in  th e  s e c t i o n s  o f  th e  th a lam u s  by s t i p p l i n g .

Numbers i d e n t i f y  s e c t i o n s  c u t  a t  i n t e r v a l s  o f  40 pm. R and L i n d i c a t e  

th e  r i g h t  and l e f t ,  r e s p e c t i v e l y ,  f o r  a l l  d ra w in g s .  Note th e  com­

p l e t e n e s s  o f  th e  l e s i o n  as  marked by th e  t o t a l  a b sen ce  o f  c a l c a r i n e  

c o r t e x  and th e  o c c i p i t a l  l o b e s  o f  b o th  h e m is p h e re s .
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F ig .  17. P ho to g rap h y  o f  t h e  l e s i o n

These p h o to g ra p h s  i l l u s t r a t e  th e  s t r i a t e  l e s i o n  i n  monkey 880 

w i th  f o u r  c o ro n a l  s e c t i o n s  spaced  a t  2 .5  mm i n t e r v a l s .  Note th e  

ab sen ce  o f  th e  c a l c a r i n e  c o r t e x  a t  e a c h  l e v e l  o f  b o th  h e m is p h e re s .  

The lo w er  p a n e l  i s  a  s e c t i o n  o f  t h e  th a la m u s  w hich  d e m o n s t r a te s  

t o t a l  g l i o s i s  o f  th e  d o r s a l  l a t e r a l  g e n i c u l a t e  n u c l e u s .
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DISCUSSION

C o n t r a s t  s e n s i t i v i t y  f u n c t i o n s  d e s c r i b e  th e  r e l a t i o n s h i p  betw een

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

c o n s t r a s t d e t e c t i o n .  I t  i s  c l e a r  from  th e  f i n d i n g s  o f  t h i s  s tu d y  and 

p r e v io u s  i n v e s t i g a t i o n s  (D e V a lo is ,  Morgan and S n o d d e r ly ,  1974;

H ard in g  and Y a te s ,  1976) t h a t  such  f u n c t i o n  f o r  no rm al macaque monkeys

h as  th e  c h a r a c t e r i s t i c  shape  o f  an i n v e r t e d  " J " .  That i s  t o  s a y ,

i n  th e  m idrange  o f  s p a t i a l  f r e q u e n c i e s ,  ab o u t  2 .0  c / d e g ,  o n ly  a 

m in im al amount o f  c o n t r a s t  i s  r e q u i r e d  to  p e r c e i v e  a s t a t i o n a r y  

waveform ( lo w e s t  t h r e s h o l d  and i n v e r s e l y  h i g h e s t  s e n s i t i v i t y ) .  With 

f i n e r  and c o a r s e r  g r a t i n g s ,  how ever,  a d d i t i o n a l  c o n t r a s t  i s  n e c e s s a r y  

f o r  d e t e c t i o n .  The c r u c i a l  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  th e  

f u n c t i o n s  d e s c r i b i n g  th e  b e h a v io r  o f  monkeys w i th  t o t a l  b i l a t e r a l  

rem oval o f  th e  s t r i a t e  c o r t e x .  There  i s  a  s i m i l a r i t y  o f  t h e  c u rv es  

from n o rm a l and o p e r a t e d  an im a ls  as  n o te d  by th e  p e a k  s e n s i t i v i t y  and 

th e  s lo p e  o f  th e  h ig h  and low f re q u e n c y  l im b s .

A lth o u g h  th e  shape  o f  th e  p r e o p e r a t i v e l y  and p o s t o p e r a t i v e l y  

d e te rm in e d  f u n c t i o n s  i s  s i m i l a r ,  th e  d im e n s io n s  a r e  m arked ly  a l t e r e d .  

A cross  t h e  e n t i r e  ra n g e  o f  s p a t i a l  f r e q u e n c i e s , t h e r e  i s  a  u n ifo rm  

27 dB l o s s  i n  s e n s i t i v i t y .  F l a t  l o s s e s  o f  v a r i o u s  d e g re e s  h av e  b een  

o b s e rv e d  in ,  humans w i th  c e r e b r a l  l e s i o n s  (B o d is -W o l ln e r  and Diamond, 

1 9 7 6 ) ,  b u t  r a r e l y  as  s e v e r e  as  t h a t  s e e n  in  t o t a l l y  d e s t r i a t e d  monkeys. 

The o n ly  docum ented c o r r e l a t i o n  be tw een  a ty p e  o f  s e n s i t i v i t y  l o s s  

and a  l o c a l i z e d  i n t e r f e r e n c e  w i th  th e  v i s u a l  sy s tem  i s  a  f l a t  d e f i c i t  

in d u c ed  by an a r t i f i c i a l  c e n t r a l  sco tom a ( K e l ly ,  1978).



-88-

The h ig h  f re q u e n c y  c u t - o f f  p o i n t  o f  th e  c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  

i s  th e  f i n e s t  g r a t i n g  w hich  can be d e t e c t e d  a t  100% c o n t r a s t  and has  

been  c o r r e l a t e d  w i th  v i s u a l  a c u i t y  i n  humans (G reen , 1 9 7 0 ) .  In  th e  

norm al monkey, t h e  p r e s e n t  r e s u l t s  o f  A3 c /d e g  i s  e q u i v a l e n t  to  a 

d i f f e r e n c e  o f  0 .7  m in u te s  o f  a r c ,  u s in g  h a l f  a c y c l e  as  t h e  m in im al 

d i s c r i m i n a b l e  d i f f e r e n c e .  T h is  v a lu e  can be c o r r e l a t e d  w i th  p r e v io u s  

m easurem ents  i n  th e  same s p e c i e s  i n  w hich th e  ra n g e  o f  a c u i t y  was 

found t o  be 0 .6  to  1 .1  min o f  a r c  (W e in s te in  and G r e t h e r ,  1940;

W e isk ra n tz  and Cowey, 1963; Cowey and E l l i s ,  1 9 6 7 ) .  The h ig h  f re q u e n c y  

c u t - o f f  p o i n t  o f  d e s t r i a t e d  monkeys was found t o  be  12 c / d e g ,  w h ich  i s  

e q u i v a l e n t  to  an a c u i t y  o f  2 .5  min o f  a r c ,  i . e .  t h e i r  c a p a b i l i t i e s  a r e  

no w orse  th a n  20 /80  on th e  S n e l l e n  c h a r t .  T h is  l o s s  o f  a c u i t y  i s  

g r e a t e r  th a n  t h e  tw o - f o ld  l o s s  r e p o r t e d  by W e is k ra n tz  and Cowey (1963) 

who e s s e n t i a l l y  removed o n ly  m a c u la r  c o r t e x .  I t  i s  im p o r ta n t  to  n o te  

t h a t  th e  v e ry  l a r g e  l o s s  o f  s e n s i t i v i t y  cou ld  n o t  have  been  p r e d i c t e d  

by th e  r e l a t i v e l y  m inor l o s s  o f  a c u i t y .  M oreover,  th e  s h i f t  i n  th e  

h ig h  f r e q u e n c y  c u t - o f f  p o i n t  can n o t  be c o r r e l a t e d  w i th  a  s p e c i f i c  type  

o f  s e n s i t i v i t y  l o s s ,  e . g .  h ig h  f r e q u e n c y ,  n o tc h  o r  f l a t  (B o d is -W o lln e r  

and Diamond, 1976 ) .

The p r e s e n t  i n v e s t i g a t i o n  shows t h a t  as  lo n g  as  s p a t i a l  f r e q u e n c y  

i s  a v a r i a b l e  a f f e c t i n g  t h e  r e s p o n s e ,  th e  h ig h  and low f re q u e n c y  lim bs  

a r e  b e s t  d e s c r ib e d  by i n d i v i d u a l  e x p o n e n t i a l  e q u a t io n s  i n  b o th  n o rm a l 

and d e s t r i a t e d  monkeys. Such r e l a t i o n s h i p  h as  b een  r e p o r t e d  p r e v i o u s l y  

f o r  t h e  h ig h  f re q u e n c y  l im b  o f  n o rm als  (D eV a lo is ,  Morgan and S n o d d e r ly ,  

19 7 4 ) .
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Not a l l  e a r l i e r  s t u d i e s  a g re e  upon a m a th e m a t ic a l  r e l a t i o n s h i p  

betw een c o n t r a s t  s e n s i t i v i t y  and low s p a t i a l  f r e q u e n c i e s .  G e n e r a l ly ,  

a  b e s t  cu rve  i s  f i t t e d  t o  th e  d a t a  p o i n t s  by eye (D eV a lo is ,  Morgan 

and S n o d d e r ly ,  1974 ) .  In  a n o th e r  r e p o r t ,  th e  low f re q u e n c y  lim b i s  

d e s c r ib e d  by an e x p o n e n t i a l  te rm  (H arding  and Y a te s ,  1976).  I t  sh o u ld  

be  n o te d  t h a t  t h e i r  e q u a t io n  i s  b a s e d  on d a t a  accum ula ted  a t  f r e q u e n c ie s  

from 1 .2  to  15 c /d e g  and p re su p p o s e s  b o th  h ig h  and low freq u en cy  

c u t - o f f  p o i n t s .  The meaning o f  th e  l a t t e r ,  how ever, i s  n o t  c l e a r .

I n t e r e s t i n g l y ,  t h e  low f r e q u e n c y  r e s p o n s e  o f  n o rm a l ,  b u t  n o t  o f  

d e s t r i a t e d  monkeys, e x h i b i t  l a r g e  v a r i a b i l i t y  among a n im a ls .  To 

some e x t e n t  com parable  r e s u l t s  i n  no rm als  have been  o b s e rv e d  p r e v io u s l y  

(D eV a lo is ,  Morgan and S n o d d e r ly ,  1974 ) .  This may r e s u l t  from th e  

d i f f e r e n t i a l  r e s p o n s e  o f  i n d i v i d u a l  an im a ls  to  s t im u lu s  p a ra m e te r s  

o t h e r  th a n  s p a t i a l  f re q u e n c y  i n h e r e n t  t o  th e  d e t e c t i o n  o f  low f re q u e n c y  

g r a t i n g s . One such v a r i a b l e  h as  been  found in  humans to  be th e  

number o f  c y c l e s  c o n ta in e d  in  th e  s t im u lu s .  A p p a re n t ly ,  t h i s  c r i t i c a l  

f i g u r e  h as  been  c o n s id e r e d  as  f o u r  (Savoy and McCann, 1971) o r  seven  

c y c le s  (B a ra k a t  and Lerman, 1967 ) .  I f  such  an e x p l a n a t i o n  w ere  v a l i d ,  

i t  would s u g g e s t  t h a t  such  I n f lu e n c e  may n o t  be o p e r a n t  in  th e  

d e s t r i a t e d  monkey. A no ther  i n t e r p r e t a t i o n  o f  th e  v a r i a b i l i t y  in  

p e rfo rm an ce  a t  low s p a t i a l  f r e q u e n c i e s  m ight s tem  from a  change in  

th e  number o f  sp o n tan eo u s  eye movements made d u r in g  a d i s c r i m i n a t i o n  

s in c e  th e  l a t t e r  have b een  c o n s id e re d  as  i n f l u e n c i n g  th e  m agnitude  o f  

th e  s e n s i t i v i t y  a t  low f r e q u e n c ie s  (K e l ly ,  1977).  I t  i s  p o s s i b l e  t h a t  

o p e r a t e d  an im a ls  a re  more c o n s i s t e n t  i n  t h e i r  sp o n ta n e o u s  eye
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movements th a n  n o rm a ls .  I t  s h o u ld  be n o te d  t h a t  th e  r e s p o n s e  to  

a moving s t r i p e d  p a t t e r n  (O .K .N .) d e c l in e d  a f t e r  th e  a b l a t i o n .

The amount o f  l i g h t  r e a c h in g  th e  r e t i n a  i s  c r u c i a l  to  s p a t i a l  

r e s o l u t i o n  (Mandelbaum and S lo a n ,  19 4 7 ) .  The f in d i n g s  o f  t h i s  s tu d y  

w hich  d e s c r i b e  p e r fo rm a n ce  a t  p h o to p ic  l e v e l s ,  c l o s e l y  re se m b le  d a t a  

p r e v i o u s l y  o b ta in e d  und er  s i m i l a r  c o n d i t i o n s  i n  th e  no rm al (D eV a lo is ,  

Morgan and S n o d d e r ly ,  1974; H ard ing  and Y a te s ,  1976 ) .  I n  s t u d i e s  

i n  w h ich  t h r e s h o l d s  a t  s c o t o p i c  l e v e l s  w ere  e x p l o r e d ,  th e  c o n t r a s t  

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

th e  p eak  s h i f t s  t o  th e  l e f t  by ab o u t  two o c t a v e s ,  and no low f re q u e n c y  

d e c l i n e  i s  e v i d e n t  (D eV a lo is ,  Morgan and S n o d d e r ly ,  1974).  A lthough  

p eak  s e n s i t i v i t y  d id  n o t  s h i f t  f o l l o w in g  th e  rem ova l o f  s t r i a t e  c o r t e x  

i n  th e  p r e s e n t  s t u d y ,  i t  i s  p o s s i b l e  t h a t  d e s t r i a t e d  monkeys may be 

p e r fo rm in g  s i m i l a r  t o  no rm al an im a ls  u n d e r  s c o t o p i c  c o n d i t i o n s .  Such 

a h y p o th e s i s  m ust be  t e s t e d  e x p e r i m e n t a l ly .  One o t h e r  a p p ro ac h  to  t h i s  

p rob lem  w ould be  to  compare t h e  p r e s e n t  f i n d i n g s  w i th  a s i m i l a r  s tu d y  

u s in g  c h ro m a t ic  g r a t i n g s  a t  p h o to p ic  and s c o t o p i c  lum inance  l e v e l s .

O th e r  f a c t o r s  i n f l u e n c i n g  c o n t r a s t  s e n s i t i v t y  a r e  p u p i l l a r y  s i z e  

and r e f r a c t i v e  e r r o r s  (Cam pbell and G reen , 1 9 6 5 ) .  The p r e s e n t  e x p e r i ­

m e n ta l  s i t u a t i o n  d id  n o t  p e rm i t  r i g o r o u s  c o n t r o l  o f  th e  d ia m e te r  o f  

th e  p u p i l s .  I t  i s  a  f a i r  a s s u m p tio n ,  how ever, t h a t  t h e i r  s i z e  d id  n o t  

v a ry  much d u r in g  th e  c o u rse  o f  a s e s s i o n  s i n c e  a r e l a t i v e l y  c o n s t a n t  

l e v e l  o f  i l l u m i n a t i o n  was p r o v id e d  w i t h i n  th e  s u b j e c t  com partm ent 

th ro u g h  e i t h e r  t h e  a d a p t in g  l i g h t  i n  th e  i n t e r t r i a l  p e r i o d ,  o r  th e  

s t i m u l i  p r o p e r  d u r in g  th e  t r i a l .  P re v io u s  c o n t r a s t  s e n s i t i v i t y
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i n v e s t i g a t i o n s  i n  th e  monkey do n o t  o f f e r  d a t a  on r e f r a c t i o n .  The 

p r e s e n t  f i n d i n g s  v e r i f i e d  a t  l e a s t  one em m etrop ic  eye in  a l l  s u b j e c t s .  

The v a lu e s  o b ta in e d  m ig h t be  s l i g h t l y  s h i f t e d  on t h e  b a s i s  o f  th e  

s m a l l e r  d im ension  o f  th e  monkey eye  g lo b e  s in c e  t h e  a p p a r a tu s  u sed  

f o r  a u to m a t ic  r e t i n o s c o p y  was s e t  up to  t e s t  humans. In  any e v e n t ,  

t h e  em m etropic c o n d i t i o n  d id  n o t  change s i g n i f i c a n t l y  a f t e r  th e  

a b l a t i o n  o f  t h e  s t r i a t e  c o r t e x .  Thus, i t  a p p e a rs  t h a t  th e  a l t e r a ­

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

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

The p e r fo rm a n ce  d u r in g  c o n t r a s t  t h r e s h o l d  d e t e r m in a t io n s  s u g g e s t s  

th e  o p e r a t i o n  o f  two sys tem s  f o r  th e  a n a l y s i s  o f  s p a t i a l  in f o r m a t io n  

as  e v id e n c e d  by th e  v a l u e s  o f  th e  "p sy c h o m e tr ic  p r e c i s i o n "  (p . 49) 

and th e  " i n s t a b i l i t y  in d e x "  (p . 3 9 ) .  The meaning o f  th e s e  two m easures  

i s  s i m i l a r  a l th o u g h  t h e i r  m a g n itu d es  a r e  i n v e r s e l y  r e l a t e d .  Two 

s i g n i f i c a n t l y  d i f f e r e n t  l e v e l s  o f  p r e c i s i o n  a r e  o b s e rv e d  i n  no rm al 

monkeys, a low er  one f o r  low f r e q u e n c i e s  and a  h ig h e r  one f o r  

h ig h  f r e q u e n c i e s .  D e s t r i a t e d  monkeys, w hich  a r e  c a p a b le  o f  d e t e c t i n g  

o n ly  low and m idd le  f r e q u e n c i e s ,  r e n d e r  th e  lo w e s t  p r e c i s i o n  v a l u e s .  

C o n c e iv a b ly ,  t h e s e  r e s u l t s  may be r e l a t e d  to  th e  e l e c t r o p h y s i o -  

l o g i c a l l y  d e f in e d  X- and Y - c e l l  s y s te m s .  The fo rm er  r e s p o n d s  p r i ­

m a r i ly  t o  s t a t i o n a r y  g r a t i n g s  composed o f  m id d le  and h ig h  s p a t i a l  

f r e q u e n c i e s ,  w h ereas  th e  l a t t e r  i s  p r e d o m in a n t ly  r e s p o n s iv e  to  m id d le  

and low s p a t i a l  f r e q u e n c i e s  a s  w e l l  a s  to  th e  te m p o ra l  c h a r a c t e r i s t i c s  

o f  th e  s t i m u l i  (S tone  and Fukuda, 1974 ) .

The above s p e c u l a t i o n  i s  s u b s t a n t i a t e d  by th e  pa thw ays  fo l lo w e d
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by th e  X- and Y - c e l l  sy s te m s .  The fo rm e r  p r o j e c t s  m o s t ly  th ro u g h  

th e  l a t e r a l  g e n i c u l a t e  n u c le u s  to  th e  s t r i a t e  c o r t e x  and p ro b a b ly  

a c c o u n ts  f o r  th e  h i g h e s t  p r e c i s i o n  v a lu e s  o b ta in e d  a t  h ig h e r  s p a t i a l  

f r e q u e n c i e s .  Y - c e l l s  p r o j e c t  b o th  a lo n g  th e  g e n i c u l o s t r i a t e  

pathw ay and t o  t h e  m id b r a in ,  p r i m a r i l y  th e  s u p e r i o r  c o l l i c u l u s  

(Fukuda and S to n e ,  1 9 7 4 ) .  They may be  r e s p o n s i b l e  f o r  t h e  i n t e r ­

m e d ia te  p r e c i s i o n  l e v e l  o b se rv e d  i n  no rm al monkeys a t  low s p a t i a l  

f r e q u e n c i e s .  A b la t io n  o f  t h e  s t r i a t e  c o r t e x  e f f e c t i v e l y  e l i m i n a t e s  

t h e  g e n i c u l o s t r i a t e  pa thw ays  th r o u g h  r e t r o g r a d e  d e g e n e r a t io n  o f  a l l  

p r i n c i p a l  X- and Y - g e n ic u l a t e  n e u ro n s .  The lo w e s t  p r e c i s i o n  e x h i b i t e d  

by d e s t r i a t e d  monkeys a t  low f r e q u e n c i e s  may r e s u l t  from  th e  

re m a in in g  Y - c e l l  p a th w ay s .  T h is  s u p p o s i t i o n  would be  b o l s t e r e d  

by p s y c h o p h y s ic a l ly  d e te rm in in g  th e  bandw id ths  o f  t h e  f u n c t i o n a l  

c h a n n e ls  b e f o r e  and a f t e r  t h e  a b l a t i o n ,  o r  by a s s e s s i n g  th e  r e s p o n s e  

to  t e m p o ra l ly  m o d u la ted  g r a t i n g s  t o  w hich Y - c e l l s  a r e  p a r t i c u l a r l y  

r e c e p t i v e .  I t  s h o u ld  b e  n o te d  t h a t  t h i s  a n a l y s i s  s h o u ld  h o ld  i n  

s p i t e  o f  p o s s i b l e  i n t e r a c t i o n  e f f e c t s  be tw een  t h e  X-- and Y - c e l l  

s y s te m s .  T h is  d i s c u s s i o n  h as  n o t  ta k e n  i n t o  a c c o u n t  t h e  r o l e  o f  a  

t h i r d  sy s te m ,  t h e  W - c e l l s ,  w hich  h a s  been  d e s c r i b e d  i n  c a t  (S to n e  

and Fukuda, 1974) and p o s s i b l y  i n  monkey ( S c h i l l e r  and M a l p e l l i ,  1977).  

Some o f  th e s e  n e u ro n s  a l s o  sh o u ld  rem ain  f o l lo w in g  s t r i a t e c t o m y ,  

b u t  t h e i r  h e t e r o g e n e i t y  makes i t  d i f f i c u l t  t o  u n d e r s ta n d  t h e i r  

f u n c t i o n  a t  p r e s e n t .

The change o f  th e  f r e q u e n c y  t h r e s h o l d  f u n c t i o n  from th e  f i r s t  

(1 .5  t o  2 months p o s t o p e r a t i v e )  t o  th e  second  d e t e r m in a t io n  (one
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month l a t e r )  was o b se rv e d  in  a l l  monkeys. An im provement was o b s e rv e d  

a l s o  p r e o p e r a t i v e l y  i n  th e  two monkeys w h ich  w ere  t e s t e d  tw ic e .

T h is  may s u g g e s t  t h e  o p e r a t i o n  o f  a l e a r n i n g  e f f e c t  a l th o u g h  th e  

p o s s i b i l i t y  o f  r e c o v e ry  o f  f u n c t i o n  o v e r  tim e can n o t  be r u l e d  o u t  

in  th e  d e s t r i a t e d  monkeys. To t e s t  t h i s  e m p i r i c a l l y ,  how ever,  two 

monkeys w ere k e p t  a l i v e  f o r  f u t u r e  p s y c h o p h y s ic a l  t e s t s .

In  g e n e r a l ,  c o n t r a s t  t h r e s h o l d s  d e te rm in e d  by th e  method o f  

c o n s ta n t  s t i m u l i  a r e  more c o n s i s t e n t  o v e r  th e  group th a n  th o s e  o b ta in e d  

by t h e  up-down t e c h n iq u e .  S ta n d a rd  d e v i a t i o n s  f o r  th e  mean d a t a  

c o l l e c t e d  a t  each  o f  t h e  s p a t i a l  f r e q u e n c ie s  t e s t e d  a r e  lo w er  i n  th e  

fo rm er  p r o c e d u r e ,  p a r t i c u l a r l y  p o s t o p e r a t i v e l y . M oreover ,  t h r e s h ­

o ld s  d e te rm in e d  by th e  up-down method a r e  g e n e r a l l y  low er  th a n  

a n a lo g o u s  v a l u e s  p r o v id e d  by t h e  method o f  c o n s t a n t  s t i m u l i .  T h is  

may be  an a r t i f a c t  o f  t h e  s t e p p i n g  r u l e  u s e d .  A more r i g o r o u s  o n e ,  

such  a s  r e q u i r i n g  a  s u b j e c t  t o  make two o r  more c o r r e c t  r e s p o n s e s  

b e f o r e  c o n t r a s t  w ere  d e c r e a s e d ,  may p ro d u ce  more c o m p a t ib le  r e s u l t s  

i n  f u t u r e  i n v e s t i g a t i o n s  ( L e v i t t ,  1 9 7 0 ) .  Minor d i f f e r e n c e s  betw een 

p ro c e d u re s  a l s o  may be  due t o  t h e  e x p e r i m e n t a l ly  im posed a d d i t i o n a l  

a c c u ra c y  o f  t h e  method o f  c o n s t a n t  s t i m u l i  w h ich  r e s u l t s  from th e  

l a r g e r  number o f  p r e s e n t a t i o n s  a t  a  g iv e n  c o n t r a s t  s t e p  and by th e  

a d d i t i o n a l  p e r i o d  o f  t r a i n i n g  a t  eac h  s p a t i a l  f r e q u e n c y  p r e c e d in g  

i t s  s e s s i o n s .  T h is  s u p p o s i t i o n  i s  s u b s t a n t i a t e d  by th e  s t e a d y i n g  o f  

th e  p e r fo rm a n c e  o f  i n d i v i d u a l s  and t h e  group as  t h e  s tu d y  p r o g r e s s e d .

From p e r i t h r e s h o l d  i n f o r m a t io n  i t  may be  p o s s i b l e  to  e x t r a p o l a t e  

s u p r a t h r e s h o l d  p e r fo rm a n c e .  A model can be  d e v e lo p ed  by r e l a t i n g
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t h e  s lo p e  o f  th e  p s y c h o m e t r ic  f u n c t i o n  ( " p sy c h o m e tr ic  p r e c i s i o n " )  to  

th e  s i z e  of a  j u s t  n o t i c e a b l e  d i f f e r e n c e  (JND; Engen, 19 7 1 ) .  When 

p e r fo rm a n ce  a s y m p to te s  a t  100% and 0%, one JND i s  e q u i v a l e n t  to  th e  

s t im u lu s  in c re m e n t  w h ich  i s  n e c e s s a r y  to  i n c r e a s e  t h e  l e v e l  o f  p e r f o r ­

mance from  50% ( th r e s h o l d )  to  75%. The number o f  JND i n  t h e  dynamic 

ra n g e  o f  s e n s a t i o n  can be  e x t r a p o l a t e d  from  a  f u n c t i o n  g rap h ed  

w i th  number o f  JND on th e  o r d i n a t e  and lo g  c o n t r a s t  on th e  a b s c i s s a  

(H odos, 1 9 7 6 ) .  The l i n e  i s  d e te rm in e d  by p e r fo rm a n c e  a t  t h r e s h o l d  

(0 JND) and a t  75% (1 JND). I n  a  tw o -c h o ic e  s i t u a t i o n ,  how ever ,  

p e r fo rm a n c e  l e v e l s  o f f  a t  100% and 50%, and  t h e r e f o r e ,  t h e  above 

r e a s o n in g  ca n n o t  be  s t r i c t l y  a p p l i e d .  N e v e r t h e l e s s ,  i t  i s  s t i l l  

p o s s i b l e  t o  d e te rm in e  th e  r a t i o  o f  t h e  number o f  JND i n  w h ich  th e  

n o rm al and d e s t r i a t e d  monkeys d i v i d e  th e  c o n t r a s t  r a n g e .  T h is  can  be 

done by  s e l e c t i n g  a  m u l t i p l e  o f  t h e  JND (kJND) o f  any s i z e  p r o v id e d  

i t  i s  k e p t  c o n s t a n t ,  f o r  exam ple ,  th e  s t im u lu s  in c re m e n t  n e c e s s a r y  

to  change th e  p e r fo rm a n c e  l e v e l  by one t r a n s fo rm e d  s t a n d a r d  s c o r e  

from  75% ( th r e s h o l d )  t o  92% (A ppendix  C . 3 . ) .  U sing  t h e s e  v a l u e s  i t  

i s  found  t h a t ,  a t  2 .0  c / d e g ,  t h e  monkeys o f  t h e  p r e s e n t  s tu d y  can 

d i v i d e  th e  ra n g e  o f  d e t e c t a b l e  c o n t r a s t s  i n t o  12 kJND and 3 kJND b e f o r e  

and a f t e r  rem oval o f  t h e  s t r i a t e  c o r t e x ,  r e s p e c t i v e l y .  S im i l a r  

v a lu e s  a r e  found a t  o t h e r  s p a t i a l  f r e q u e n c ie s  and th e  mean r a t i o  o f  

th e  norm al t o  t h e  d e s t r i a t e d  c o n d i t i o n  i s  3 . 6 : 1 .  The l o s s  i s  due 

to  t h e  d e c r e a s e  i n  b o th  th e  " p sy c h o m e tr ic  p r e c i s i o n "  and  t h e  r e d u c ­

t i o n  o f  t h e  dynamic r a n g e .  Such an a n a l y s i s  p r e s u p p o s e s  t h a t  th e  

s i z e  o f  a  JND v a r i e s  w i t h  t h e  lo g a r i th m  o f  c o n t r a s t  ( F e c h n e r ' s  la w ) .
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The p r e s e n t  f i n d i n g s  s u b s t a n t i a t e  t h i s  a s su m p tio n  a t  l i m i n a l  p e r f o r ­

mance and s i m i l a r  r e s u l t s  have  been  r e c o rd e d  a t  v a r io u s  s u p r a t h r e s h o l d  

l e v e l s  i n  humans (K u lik o w sk i ,  1 9 7 6 ) .  M oreover ,  d i f f e r e n c e s  in  

a p p a re n t  c o n t r a s t  a r e  l o g a r i t h m i c  f u n c t i o n s  o f  c o n t r a s t  (M affe i  

and F i o r e n t i n i ,  1973b) .

D e s t r i a t e d  monkeys a r e  c a p a b le  o f  d i s c r i m i n a t i n g  d i f f e r e n c e s  

i n  t o t a l  lum inous f l u x  (K liiv e r ,  1941; P a s i k ,  S c h i l d e r  and P a s i k ,  1971) 

when th e y  exceed  th e  t h r e s h o l d  o f  AF/F = 0 .2 3  (K li ive r ,  1 9 4 2 ) .  I t  was 

i m p e r a t i v e ,  t h e r e f o r e ,  t h a t  a l l  t a r g e t s  o f  th e  p r e s e n t  s tu d y  w ere  

e q u a te d  f o r  mean lu m in a n c e ,  and b e in g  o f  th e  same a r e a ,  f o r  lum inous 

f l u x .  In  f a c t ,  t h e  above r a t i o  was a lw ays l e s s  th a n  o r  e q u a l  to  

0 .0 5 .  In  any e v e n t ,  th e  p e r fo rm a n c e  i n  c o n t r o l  s e s s i o n s  r u l e d  o u t  

th e  p o s s i b i l i t y  t h a t  t h e s e  a n im a ls  c o u ld  be  u s in g  m in im a l f l u x  cues 

to  m a s te r  t h e  t e s t s .  In  two p r e v io u s  s t u d i e s ,  d i s c r i m i n a t i o n  o f  

f l u x - e q u a t e d  f i g u r e s  were g iv e n  as  a f i r s t  t e s t  a f t e r  t o t a l  rem oval 

o f  s t r i a t e  c o r t e x  i n  monkeys. In  o n e ,  t a r g e t s  d i f f e r e d  i n  lu m in an ce  

and a r e a  ( S c h i l d e r ,  P a s i k ,  and P a s i k ,  1 9 7 1 ) .  The o t h e r  c o n s i s t e d  o f  

a  v e r t i c a l  v e r s u s  a  h o r i z o n t a l  b a r  o f  e q u a l  lu m in an ce  and s i z e  ( P a s ik ,  

P a s i k ,  N o lan ,  and Solomon, 1 9 7 6 ) .  Animals s u ccee d ed  i n  s o l v i n g  b o th  

p rob lem s  w i t h  l e s s  t r a i n i n g  th a n  t h a t  r e q u i r e d  f o r  t h e  i n i t i a l  

d i s c r i m i n a t i o n  in  t h e  p r e s e n t  i n v e s t i g a t i o n  (maximum c o n t r a s t  

t a r g e t  a t  1 .0  c /d e g  v e r s u s  homogeneous t a r g e t ) .  T h is  d i f f e r e n c e ,  

how ever ,  may be more a p p a r e n t  th a n  r e a l  s i n c e  th e  s a v in g s  f r a c t i o n ,  

p r e o p e r a t i v e  minus p o s t o p e r a t i v e  e r r o r  s c o r e s  d iv id e d  by t h e i r  sum, 

i s  s i m i l a r  f o r  a l l  t h r e e  t a s k s  ( - 0 .7 1  t o  - 0 , 7 4 ) .
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P a t t e r n  r e c o g n i t i o n  may r e s u l t  from th e  i n t e g r a t i o n  o f  o r i e n t a t i o n  

and s p a t i a l  f r e q u e n c y  in f o r m a t io n  and th e  s t r i a t e  c o r t e x  a p p a r e n t l y  

i s  e s s e n t i a l  f o r  such  f u n c t i o n  (B lakemore and C am pbell ,  1 9 6 9 ) .  F o llo w in g  

rem oval o f  A rea  1 7 ,  monkeys a r e  c a p a b le  o f  d i s c r i m i n a t i o n s  b a s e d  upon 

o r i e n t a t i o n  ( P a s ik ,  P a s i k ,  N o lan ,  and Solomon, 1976) and s p a t i a l  f r e q u e n c y  

cu es  as  t h e  p r e s e n t  s tu d y  h a s  shown, a l th o u g h  t h e i r  c a p a c i t i e s  a re  

c o n s i d e r a b l e  low er th a n  n o rm a ls .  T h is  may e x p l a i n  t h e  a b i l i t y  o f  

d e s t r i a t e d  monkeys t o  r e l e a r n  t o  d i f f e r e n t i a t e  a c i r c l e  from  a  t r i a n g l e  

o f  h ig h  c o n t r a s t  a f t e r  p ro lo n g e d  t r a i n i n g  ( S c h i l d e r ,  P a s i k ,  and P a s i k ,  1972 ) .  

The d e f i c i t s  i n  p a t t e r n  p e r c e p t i o n  c o u ld  be  e x p la in e d  f u r t h e r  by 

exam in ing  th e  c a p a c i t y  o f  no rm al and d e s t r i a t e d  monkeys t o  d i s c r i m i n a t e  

a g iv e n  p a t t e r n  from  a  com puter  d i g i t i z e d  v e r s i o n  o f  t h e  same. D ig i ­

t i z i n g  a  b la c k  and w h i te  p h o to g ra p h  i n t o  d i s c r e t e  homogeneous 

s q u a r e s  su c h  t h a t  t h e  shade  o f  g ra y  i n  eac h  s q u a re  i s  t h e  a v e ra g e  o f  

th e  c o r r e s p o n d in g  a r e a  i n  t h e  o r i g i n a l ,  c r e a t e s  an image w hich 

i s  d i f f i c u l t  to  r e c o g n iz e  (Harmon and J u l e s z ,  1 9 7 3 ) .  The s q u a re s  

c o n t a i n  edges  w hich  a c c o rd in g  to  F o u r i e r  a n a l y s i s  r e s u l t  from h ig h  

f r e q u e n c y  com ponents . To a  no rm al human and p r o b a b ly  a  no rm al monkey, 

t h e s e  h ig h  f r e q u e n c i e s  e f f e c t i v e l y  a c t  a s  n o i s e ,  w h ich  i f  l a r g e  enough 

can  b lo c k  r e c o g n i t i o n  o f  t h e  im age. By rem oving th e  f r e q u e n c i e s  

above 12 c /d e g  ( b l u r r i n g  th e  e d g e s ) ,  t h e  image becomes i d e n t i f i a b l e .

T hus , a  p a ra d o x  i s  e v id e n t  w h e re in  d e s t r i a t e d  monkeys w hich  can 

p e r c e i v e  o n ly  t h e  low f r e q u e n c i e s  may b e  a b l e  t o  r e c o g n iz e  t h e  n o n f i l ­

t e r e d  image w h ereas  no rm al a n im a ls  may n o t .
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A. C a l i b r a t i o n  o f  L ig h t  Sources

A l l  lum inance  and d e n s i t y  v a lu e s  were m easured  by a Gamma S c i e n t i f i c  

P h o to m e te r  f i t t e d  itfith a  p h o to p ic  f i l t e r  and a f i b e r  o p t i c  p ro b e .  R e la ­

t i v e  m easurem ents  r e q u i r e d  o n ly  t h a t  th e  p h o to m e te r  r e c o r d  z e ro  when 

t h e r e  was no incom ing l i g h t .  For u se  i n  a b s o l u t e  lum inance  m easu re­

m ents  a  su p p le m e n ta l  p o i n t  was d e te rm in e d  by a  s t a n d a r d  l i g h t  s o u c e ,  

American Atomic K rypton  8 5 ,  c a l i b r a t e d  by an in d e p e n d e n t  l a b o r a t o r y  

w i th  s o u rc e s  t r a c e a b l e  to  th e  N a t i o n a l  B ureau  o f  S ta n d a rd s .

A. 1. A d ap tin g  l i g h t .  The f i b e r  o p t i c  p ro b e  was p l a c e d  a t  tw enty  

f i v e  e v e n ly  sp a c e d  p o i n t s  and a b s o lu t e  lum inance  m easurem ents  w ere  

r e c o rd e d  i n  te rm s  o f  cd/m2 . The v a lu e s  a re  g iv e n  i n  th e  t a b l e  below  

f o r  lum inance  (L) a t  t h e  p o s i t i o n  ( P ) .

p L P L P L P L P L

1 ,1 0 .69 1 ,2 0 .8 3 1 ,3 0 .8 3 1 ,4 0 .8 3 1 ,5 0 .8 3

2 ,1 1 .2 2 ,2 2 .1 2 ,3 1 .9 2 ,4 1 .8 2 ,5 1 .2

3 ,1 1 .8 3 ,2 3 .3 3 ,3 3 .2 3 ,4 3 .2 3 ,5 1 .9

4 ,1 1 .2 4 ,2 2 .1 4 ,3 2 .1 4 ,4 1 .9 4 ,5 1 .4

5 ,1 0 .8 3 5 ,2 0 .97 5 ,3 1 .1 5 ,4 1 .1 5 ,5 0 .69

The a v e ra g e  o f th e  !Luminance v a lu e s (1 .6  cd / m2) was d e s ig n a t e d as th e

mean lum inance  f o r  t h e  e n t i r e  s o u r c e .

A. 2 . S t im u l i  l i g h t  s o u r c e s .  The e v e n e ss  o f  each  d i f f u s e  l i g h t  

s o u rc e  was c a l i b r a t e d  by m e a su r in g  th e  lum inance  a t  45 r e g u l a r l y  sp aced  

p o s i t i o n s  w i th  th e  f i b e r  o p t i c  p ro b e  ( s e e  d iagram s b e lo w ) . "Hot" s p o t s  

on th e  b u lb  w ere  co v ere d  w i th  an opaque m a t e r i a l  u n t i l  a  maximum
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v a r i a t i o n  o f  2% was a c h ie v e d .  The d iag ram  above i l l u s t r a t e s  th e  

t e m p la te  p la c e d  o v er  a s t im u lu s  box and th e  a b s o lu t e  lum inance  a t  

th e  45 p o i n t s .

A. 3. T a r g e t s .

A. 3. a .  C o n t r a s t .  The c o n t r a s t  (C o n t . )  f o r  e v e ry  g r a t i n g  

used  i n  th e  s tu d y  i s  l i s t e d  i n  th e  t a b le  i n  Appendix A .3 .b .  (p . 1 0 1 ) .  To 

d e te rm in e  th e  c o n t r a s t  o f  a  g r a t i n g ,  a  s p e c i a l  b u t t o n  w i th  a 0 .4  mm 

d ia m e te r  a p e r t u r e  was f i t t e d  t o  t h e  f i b e r  o p t i c  p ro b e .  The b u t t o n  

was s l i d  a c r o s s  a  t r a n s i l l u m i n a t e d  t a r g e t  to  m easure  t h e  lum inance  

a t  th e  c r e s t s  and t ro u g h s  by r e c o r d i n g  maximal and m in im al d e f l e c t i o n s  

on th e  p h o to m e te r ,  r e s p e c t i v e l y .  For th e  16 and 32 c /d e g  t a r g e t s ,  

t h e  p e r io d  o f  th e  waveform was to o  h ig h  to  r e l i a b l y  d e te rm in e  th e s e  

p o i n t s .  T h e r e f o r e ,  th e  b u t t o n  was p a s s e d  a lo n g  a m a g n if ie d  image 

o f  th e  t a r g e t  p ro d u ced  by a Bausch and Lomb T r i -S im p le x  M ic r o p r o j e c to r  

f i t t e d  w i th  a  25 mm Z e i s s  Lum inar l e n s  to  a s c e r t a i n  r e l a t i v e  lum inance  

v a l u e s .  An image was p r o j e c t e d  and fo c u s e d  on t h e  lo w er  s u r f a c e  o f  

a p i e c e  o f  l u c i t e .  F or  eac h  t a r g e t ,  m easurem ents  w ere  ta k e n  a t  f i v e  

p o s i t i o n s  by p l a c i n g  th e  p ro b e  a t  th e  l e v e l  o f  f o c u s .  A c o n t r a s t  was 

c a l c u l a t e d  f o r  ea c h  p a i r  and th e  mean v a lu e  was d e s ig n a t e d  as  th e  

c o n t r a s t  f o r  t h a t  t a r g e t .  F o r a c c e p ta n c e  i n  t h e  s tu d y  th e  c o n t r a s t  

had to  be w i th i n  5% o f  th e  0 .1  lo g  u n i t  s t e p  i t  was d e s ig n e d  t o  f i t .

A. 3. b .  D e n s i ty .  The mean d e n s i t y  o f  t h e  t a r g e t ,  and hence

th e  mean lum inance  (L ) o f  th e  s t im u lu s  was d e te rm in e d  by twomean 3

m ethods . F i r s t ,  an e s t i m a t e  was made from  th e  c o n t r a s t  c a l i b r a t i o n  

as  th e  mean lum inance  i s  th e  av e ra g e  o f  t h e  maximal and m in im a l lum in an ce .
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Level ________________Spatial Frequency (c/deg)
0 .5 1 .0 2 .0

C o n t . Lmean C o n t . Lmean C ont. Lmean
A B A B A B

0 .7 9 0 .79 19 19 .8 0 .8 2 20 2 0 .5 0 .77 22 2 0 .2

0 .6 3 0 .6 6 21 20 .5 0 .6 4 20 1 9 .7 0 .62 21 2 0 .0

0 .50 0 .4 9 22 2 0 .0 0 .5 1 20 2 0 .3 0 .49 22 20 .6

0 .4 0 0 .4 0 20 2 0 .0 0 .3 8 19 2 0 .2 0 .39 21 19 .2

0 .3 2 0 .32 21 2 0 .1 0 .3 3 19 1 9 .4 0 .3 3 21 2 0 .6

0 .2 5 0 .2 6 21 2 0 .8 0 .2 6 21 2 0 .4 0 .2 6 21 2 0 .0

0 .2 0 0 .2 0 21 2 0 .2 0 .2 0 20 1 9 .4 0 .2 0 21 2 0 .1

0 .1 6 0 .1 7 22 2 0 .4 0 .1 6 20 2 0 .2 0 .1 6 19 1 9 .8

0 .1 3 0 .13 20 2 0 .3 0 .1 3 22 2 0 .2 0 .1 3 20 1 9 .9

0 .1 0 0 .10 20 2 0 .1 0 .1 0 20 1 9 .8 0 .10 19 2 0 .1

0 .079 0 .0 7 6 21 2 0 .5 0 .0 8 3 19 1 9 .6 0 .0 8 1 21 2 0 .8

0 .0 6 3 0 .0 6 3 21 2 0 .4 0 .063 20 1 9 .8 0 .065 19 20 .9

0 .050 ■ 0 .0 5 1 20 2 1 .0 0.052 22 2 0 .2 0 .050 20 2 0 .3

0 .0 4 0 0.041 21 2 0 .4 0 .0 3 8 21 2 0 .3 0 .0 4 2 19 19 .5

0 .032 0 .033 21 2 0 .3 0 .032 21 2 0 .1 0 .0 3 2 19 1 9 .9

0 .025 0.025 21 2 0 .0 0 .025 20 2 0 .1 0 .0 2 5 21 19 .8

0 .020 0 .019 22 1 9 .8 0 .0 2 0 20 1 9 .7 0 .020 21 2 0 .4

0 .0 1 6 0 .0 1 5 22 2 0 .1 0 .016 20 1 9 .8 0 .0 1 6 21 2 0 .3

0 .0 1 3 0 .012 21 2 0 .0 0 .0 1 3 19 2 0 .4 0 .0 1 3 21 19 .9

0 .0 1 0 0 .010 22 19 .9 0 .0 1 0 19 1 9 .8 0 .0 1 0 20 2 0 .5

0 .008 0 .0 0 8 22 1 9 .7 0 .0 0 8 21 19 .9

0 .006 0 .006 21 1 9 .8 0 .006 21 19 .6
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Level _______ Spatial Frequency (c/deg)
4 .0  8 .0

C o n t . Lmean C o n t . Lmean

A B A B

0 .7 9 0 .7 3 20
*

2 0 .3 0 .8 0 20 1 9 .1

0 .6 3 0 .6 3 19 20 .2 0 .6 6 21 1 9 .4

0 .50 0 .5 1 20 2 0 .5 0 .5 0 21 2 0 .0

0 .4 0 0 .3 9 19 2 0 .0 0 .4 0 21 2 0 .0

0 .32 0 .3 0 19 19.5 0 .3 3 21 1 9 .8

0 .25 0 .2 4 19 1 9 .2 0 .2 5 22 19 .7

0 .2 0 0 .2 1 20 2 0 .3 0 .2 0 20 2 0 .3

0 .1 6 0 .17 19 2 0 .6 0 .1 5 21 1 9 .6

0 .1 3 0 .1 3 19 2 0 .2 0 .1 3 22 2 0 .4

0 .10 0 .0095 21 2 0 .6 0 .1 0 22 1 9 .3

0 .079 0 .080 21 2 0 .0 0 .0 7 9 20 19 .9

0 .0 6 3 0 .0 6 3 20 1 9 .7 0 .0 6 3 21 20 .2

0 .050 0 .0 4 8 19 1 9 .6 0 .0 5 0 20 2 0 .2

0 .0 4 0 0 .0 4 0 20 2 0 .1 0 .040 20 2 0 .5

0 .0 3 2 0 .0 3 0 19 2 0 .3 0 .0 3 1 19 2 0 .2

0 .025 0 .0 2 6 19 1 9 .5 0 .024 21 2 0 .4

0 .020 0 .0 1 9 19 2 0 .0 0 .0 2 1 21 19 .5

0 .016 0 .0 1 6 20 2 0 .2 0 .015 21 19.5

0 .0 1 3 0 .0 1 3 19 1 9 .6 0 .0 1 3 21 2 0 .0

0 .010 0 .010 20 1 9 .5 0 .0 1 0 20 19 .5

0 .0 0 8 0 .0 0 8 21 1 9 .1



Level Spatial Frequency (c/deg)
16 32

C o n t . Lmean C o n t . Lmean

A B A B

0 .79 0 .8 3 20 2 0 .0 0 .7 7 21 2 0 .3

0 .6 3 0.62 21 2 0 .3 0 .6 1 20 2 0 .1

0 .5 0 0 .49 20 2 0 .0 0 .5 1 21 2 0 .6

0 .4 0 0 .4 1 21 19 .9 0.42 19 2 0 .2

0 .3 2 0 .33 20 1 9 .0 0 .30 20 1 9 .8

0 .25 0.26 21 2 0 .6 0 .2 5 21 2 0 .2

0 .2 0 0 .2  0 20 2 0 .1 0 .20 20 1 9 .3

0 .1 6 0.16 19 2 0 .1 0 .1 6 20 19 .6

0 .1 3 0 .12 20 1 9 .0 0 .1 2 19 1 9 .9

0 .10 0 .1 0 21 2 0 .1

0 .079 0 .0 8 0 21 1 9 .7

0 .0 6 3 0 .0 6 3 20 1 9 .8

0 .050 0.052 21 1 9 .0

0 20 2 0 .0

0 20 2 0 .1
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These v a lu e s  a r e  n o te d  i n  column A i n  th e  c h a r t  a b o v e . A more r ig o r o u s

p ro c e d u re  was b a se d  upon th e  mean lum inance  o f  25 p o i n t s .  These

p o i n t s  w ere  chosen  to  m easure  th e  d e n s i t y  o f  th e  c e n t e r  and t h r e e

p o i n t s  i n  each  o f  e i g h t  o c t a n t s  o f  th e  t a r g e t .  T h is  method r e q u i r e d

d e fo c u s in g  and re d u c in g  th e  image o f  th e  t a r g e t  w i th  th e  e n l a r g e r

and s y s t e m a t i c a l l y  r e c o r d in g  th e  d e n s i t y  a t  th e  25 p o i n t s  th ro u g h  a

f i x e d  t e m p la t e .  V alues  a r e  g iven  f o r  each  t a r g e t  i n  Column B o f

th e  c h a r t  ab o v e .  The mean lum inance  o f  a l l  g r a t i n g s  was e q u a te d  to
2

w i t h i n  5% o f  20 cd/m , th e  v a lu e  d e te rm in e d  f o r  b o th  homogeneous 

t a r g e t s .  T hus , th e  maximal lum inous  f l u x  d i f f e r e n c e  be tw een  th e  g r a t i n g  

and th e  homogeneous t a r g e t  was such  t h a t  AF/= < 0 .0 5 .
r

A. 3. c .  Waveform. The waveform of  th e  g r a t i n g  was a s s e s s e d  

by i t s  a p p e a ra n c e  to  th e  e x p e r i m e n t 's  e y e .  The p e r i o d  o f  th e  waveform 

was d e te rm in e d  by c o u n t in g  th e  number o f  c y c le s  i n  t h e  t a r g e t .  In  

a d d i t i o n ,  th e  q u a l i t y  o f  t h e  waveform was d e te rm in e d  a t  maximal c o n t r a s t ,  

t h a t  i s  to  say  w h e th e r  th e  wave was s q u a r e ,  t r i a n g u l a r ,  o r  s i n u s o i d a l .  

Once i t  was o b v ious  t h a t  th e  g r i d  had  no edges  as  i n  a  s q u a re  o r  

t r i a n g u l a r  w ave, th e  im p o r ta n c e  o f  th e  h ig h  f r e q u e n c y  harm on ic  i n t e r ­

f e r e n c e  was red u ce d  im m e d ia te ly .

B. P h o to g ra p h ic  P ro c e s s

B. 1 .  P h o to g ra p h in g  th e  s t i m u l i .  The G r a f l e x  cam era was p o s i t i o n e d  

23 to  25 cm from  th e  o s c i l l o s c o p e  s c r e e n  and fo c u se d  a p p r o p r i a t e  i n  

o r d e r  to  make a one to  one r e p r o d u c t io n .

The ra n g e  o f  s to p s  u sed  was 15 to  22 and th e  e x p o s u re  t im es  v a r i e d
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from 50 t o  60 seco n d s  f o r  an o s c i l l o s c o p e  s c r e e n  w i th  a mean lum inance 
2

o f  10 cd/m . To p r o t e c t  th e  f i l m  from s p u r io u s  l i g h t  th e  room was 

m a in ta in e d  i n  d a rk n e s s  w h i le  n e g a t i v e s  w ere b e in g  ta k e n  and f u r th e r m o r e ,  

a b la c k  p h o to g r a p h ic  c l o t h  was p la c e d  o v e r  th e  cam era and o s c i l l o s c o p e .

In  th e  p u l l i n g - i n  a p p a r a tu s ,  th e  s t i m u l i  a r e  65 cm from  th e  s u b j e c t .

A 9 cm o r  8 d e g re e  t a r g e t  m ust i n c lu d e  f o u r  c y c l e s  i n  o r d e r  to  be  0 .5  

c /d e g .  The 1 2 .7  cm w ide n e g a t i v e ,  t h e r e f o r e ,  m ust c o n t a in  5 .6  c y c l e s .

To p ro d u ce  th e  o t h e r  s p a t i a l  f r e q u e n c i e s ,  1 . 0 ,  2 . 0 ,  4 .0  and 8 .0  

c / d e g ,  g r a t i n g  p a t t e r n s  w ere  c r e a t e d  on th e  o s c i l l o s c o p e  composed o f

1 1 .3 ,  2 2 .6 ,  4 5 .2  and 9 0 .3  c y c l e s ,  r e s p e c t i v e l y .

B. 2 . D evelopm ent and r e d u c t i o n .  The n e g a t i v e s  w ere  d ev e lo p ed  

i n  a c o m p le te ly  d a rk  room. S ix  n e g a t i v e s  a t  a  tim e w ere  immersed in  

a  s m a l l  t a n k  c o n t a i n i n g  Kodak HC110 D e v e lo p e r ,  D i l u t i o n  D ( 1 :9 )  f o r  

e i g h t  m in u te s  w i th  a g i t a t i o n  e v e ry  m in u te .  T h is  d e v e lo p e r  was chosen  

b e c a u se  i t  p ro d u ced  th e  g ra y  s c a l e  w i th o u t  com prom ising  maximal c o n t r a s t .  

The n e g a t i v e s  w ere th e n  p la c e d  in  Kodak Stop B ath  S B -la  f o r  25 to  30 

s e c .  S u b s e q u e n t ly ,  th e  f i lm s  w ere p la c e d  i n  Kodak Rapid  F ix e r  f o r  two 

m in u tes  w i th  a g i t a t i o n  e v e ry  30 s e c .  The f i x e r  was w ashed o f f  by 

im m ersing  th e  n e g a t i v e s  i n  ru n n in g  w a te r  f o r  15 m in u te s .  To p r e v e n t  

w a te r  s p o t s  from  a p p e a r in g ,  n e g a t i v e s  w ere  b a th e d  i n  Kodak Photo  F lo  

f o r  one m in u te  and a i r  d r i e d .  A l l  s o l u t i o n s  w ere  m a in ta in e d  a t  20°C.

To e q u a te  th e  n e g a t i v e s  f o r  mean lum inance  o f t e n  a  r e d u c t io n  p ro c e ­

du re  was n e c e s s a r y .  N e g a t iv e s  w ere re d u c e d  i n d i v i d u a l l y  by im m ersion 

in  30 ml o f  Kodak F a rm e r 's  R educe r .  The tim e i n  s o l u t i o n  v a r i e d  

d ep en d in g  upon th e  o r i g i n a l  d e n s i t y  and was m easured  by th e  e x p e r im e n te r
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on an i n d i v i d u a l  b a s i s .  F o l lo w in g  th e  r e d u c in g  s t e p  th e  n e g a t iv e s  

w ere w ashed , f i x e d ,  rew ash ed ,  and d r i e d  a c c o rd in g  to  th e  same p ro c e d u re  

u sed  f o r  d e v e lo p in g .  I f  a f t e r  c a l i b r a t i o n  th e  n e g a t i v e  was s t i l l  too  

d e n s e ,  i t  was s e n t  th ro u g h  th e  r e d u c t i o n  p ro c e d u re  a g a in .
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C. P r e o p e r a t i v e  S tage



C. 1 . C o n tr a s t  th r e s h o ld s  and s e n s i t i v i t i e s  f o r  norm al monkeys d e te rm in e d  by th e  up-dow n method 

Monkey  S p a t i a l  Frequency (c /d e g )__________________________________________ P H

0 . 5 1 .0 2. 0 4. 0 8 .0 16 32 S V

T S T S T S T S T S T S T S

878 0.012 83 0.015 67 0.011 91 0.012 83 0 .019 53 0 .0 6 8  15 0 .30 3 .3 90 2 .5 42

879 0.015 67 0.014 71 0.010 100 0.010 100 0.020 50 0.067  15 0 .26 3 .8 101 2 .1 42

880 0 .040 25 0.030 33 0.010 100 0.012 83 a  0 2 2 45 0 .061  16 0..32 3 .1 96 2 .0 41

881 0.019 53 0.018 56 0.011 91 a  0 1 2 83 0.024 42 N.T. N.T. — — —

887 0.025 40 0 .024 42 0.013 77 0 .014 71 0.018 56 0 .073  14 0 .22 4 .5 81 2 .2 46

890 0.021 48 0.017 59 0 .014 71 0.012 83 0 .016 63 0.066  15 0 .23 4 .3 83 3 .6 44

X 0.022 53 0.020 55 0.012 88 0.012 84 0.020  • 52 0.067  15 0 .27 3 .8 90 2 .2 43

i .d . 0 .010 20 0.006 15 0.002 12 0.001 9 0 .003 8 0 .004  1 0 .04 0 .6

C o n t r a s t  t h r e s h o l d s  and s e n s i t i v i t e s  a re  i n d i c a t e d  by T and S, r e s p e c t i v e l y .  H s i g n i f i e s  th e  
h ig h  f req u en cy  c u t - o f f  p o i n t  in  c /d e g .  P d e s ig n a t e s  th e  peak  i n  s e n s i t i v i t y  (S) and s p a t i a l  
f req u en cy  (v) i n  c /d e g .  Means and s ta n d a r d  d e v i a t i o n s  a r e  n o te d  by x and s . d . , r s p e c t i v e l y .  
N .T. i n d i c a t e s  a  s p a t i a l  f requency  a t  w hich a monkey was n o t  t e s t e d .

-
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Monkey

C. 2 .  Perform ance o f  norm al monkeys i n  th e  method o f  c o n s ta n t  s t i m u l i  

 S p a t i a l  F requency (c /d e g )_____________________

878

879

0 .5 1 .0 2 .0 4 .0 8 .0 16 32

C % C % C % C % C % C % C %

0.033 99 0.038 99 0.025 100 0.030 98 0 .040 99 0 .20 100 0 .61 99

0.025 94 0.032 99 0.020 99 0 .026 97 0 .031 95 0.16 99 0 .51 98

0.019 90 0.025 95 0 .016 96 0.019 96 0 .024 91 0.12 91 0 .42 87

0.015 83 0 .020 93 0 .013 93 0.016 92 0 .021 77 0 .1 0 88 0 .3 0 78

0.012 72 0.016 88 0 .010 79 0 .013 82 0.015 70 0.080 77 0.25 76

0.010 60 0.013 66 0 .008 73 0.010 69 0.013 60 0.063 70 0 .2 0 61

0 .008 50 0 .010 49 0 .006 58 0 .008 56 0.010 51 0.052 58 0 .16 54

0.025 97 0 .038 100 0.025 100 0.030 100 0 .040 100 0 .2 0 100 0 .6 1 100
0.019 95 0.032 99 0.020 99 0 .026 99 0.031 96 0 .16 99 0 .51 97
0.015 90 0.025 97 0.016 97 0 .019 97 0.024 89 0.12 95 0.42 91
0.012 79 0.020 95 0 .013 92 0.016 93 0 .021 80 0 .10 95 0 .30 87
0 .010 69 0.016 85 0.010 84 0 .013 83 0.015 71 0.080 90 0 .25 73
0 .008 60 0 .013 67 0 .008 70 0.010 70 0.013 66 0.063 75 0 .20 69
0.006 49 0 .010 60 0.006 56 0 .008 60 0.010 51 0.052 61 0 .16 55
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Monkey Spatial Frequency (c/deg)

880

881

0 .5 1 .0 2 .0 4 .0 8 .0 16 32

C % C % C % C % C % C % C %

0.10 100 0.083 100 0.025 98 0.030 100 0.063 99 0 .2 0 100 0 .6 1 99

0.076 95 0.063 97 0.020 95 0.026 99 0.050 95 0 .1 6 98 0 .5 1 96

0 .063 91 0.052 95 0.016 92 0.019 96 0 .040 91 0.12 96 0.42 89

0.051 81 0 .038 81 0.013 86 0.016 90 0.031 86 0 .1 0 88 0 .3 0 77

0 .041 72 0.032 76 0.010 80 0.013 79 0 .024 75 0 .080 79 0 .25 73

0 .033 64 0.025 61 0.008 65 0.010 66 0 .021 63 0 .063 67 0 .20 60

0.025 51 0.020 56 0 .006 52 0.008 53 0.015 53 0.052 55 0.16 49

0.063 96 0.063 97 0.025 99 0 .040 99
0 .051 91 0.052 94 0.020 96 0.030 97

0 .041 83 0 .038 82 0.016 91 0 .026 90

0 .033 79 0.032 74 0 .013 84 0.019 82 N.T. N.T. N.T.
0.025 71 0.025 65 0.010 76 0.016 70

0 .019 59 0.020 59 0 .008 68 0.013 58
0.015 51 0.016 56 0.006 56 0.010 51

-o
n-



Monkey Spatial Frequency (c/deg)
0.5 1 .0 2 .0 4 .0 8 .0 16 32

C % C % C % C % C % C % C %

0.076 97 0.052 98 0 .042 98 0.040 97 0.050 95 0.20 100 0 .61 98

0.063 94 0 .0 3 8 95 0.032 95 0.030 93 0 .040 90 0 .16 97 0 .51 94

0 .0 5 1 88 0.032 89 0.025 90 0.026 86 0 .031 87 0.12 94 0.42 89

0 .041 81 0.025 80 0.020 80 0.019 75 0..024 76 0.10 88 0.30 81

0 .033 70 0.020 71 0.016 70 0.016 60 0.021 66 0.080 81 0 .25 74

0.025 61 0.016 61 0.013 66 0 .013 57 0.015 63 0.063 66 0.20 62

0.019 49 0.013 49 0.010 55 0.010 49 0 .013 51 0.052 58 0 .16 52

0 .051 96 0.038 97 0.025 99 0.030 98 0 .040 99 0 .20 98 0 .6 1 99

0 .041 88 0.032 92 0 .020 94 0.026 93 0 .031 90 0 .16 95 0 .5 1 99

0 .033 84 0.025 82 0.016 91 0.019 86 0 .024 84 0.12 91 0 .42 92

0.025 76 0.020 79 0.013 79 0.016 77 0.021 74 0.10 85 0 .30 86

0.019 64 0.016 70 0.010 74 0.013 61 0.015 72 0.080 76 0 .25 75
0.015 63 0.013 56 0 .008 61 0.010 55 0 .013 60 0 .063 69 0 .20 65

0.012 52 0.010 48 0.006 52 0 .008 47 0 .010 53 0.052 53 0 .16 54

P e r c e n t  c o r r e c t  r e sp o n s e s  (%) a t  each c o n t r a s t  s t e p  (C) g iv e n  d u r in g  th e  s e s s i o n s  o f  th e  method o f  c o n s ta n t  
s t i m u l i  a r e  l i s t e d .  N .T. d e n o te s  a s p a t i a l  f req u en cy  a t  w hich a  monkey was n o t  t e s t e d .
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C. 3. T ransfo rm ed  s t a n d a r d  s c o r e s

% z % z Z z

51 -2 .0 5 5 68 - 0 .3 5 8 84 0 .4 6 8

52 -1 .7 5 0 69 -0 .3 0 5 85 0 .524

53 -1 .5 5 5 70 - 0 .2 5 3 86 0 .583

54 -1 .4 0 5 71 -0 .2 0 2 87 0 .6 4 3

55 - 1 .2 8 1 72 - 0 .1 5 1 88 0 .707

56 - 1 .1 7 5 73 - 0 .1 0 0 89 0 .772

57 - 1 .0 8 0 74 - 0 .0 5 0 90 0.842

58 -0 .9 9 5 75 0 .0 91 0.915

59 -0 .9 1 5 76 0 .050 92 0.995

60 -0 .8 4 2 77 0 .100 93 1 .080

61 -0 .7 7 2 78 0 .1 5 1 94 1.175

62 -0 .7 0 7 79 0 .202 95 1 .281

63 - 0 .6 4 3 80 0 .253 96 1 .405

64 - 0 .5 8 3 81 0 .305 97 1 .555

65 - 0 .5 2 4 82 0 .358 98 1 .7 5 0

66 - 0 .4 6 8 83 0 .4 1 3 99 2 .055

67 - 0 .4 1 3

P e r c e n t  c o r r e c t  r e s p o n s e s  a r e  g iv e n  i n  th e  columns headed  % 
and z s i g n i f i e s  th e  s t a n d a r d  s c o r e  f o r  t h e s e  p e r c e n t a g e s .  
N ote t h a t  z = 0 .0  a t  75%.



C. 4. Contrast thresholds and sensitivites for normal monkeys determined by the method of constant stimuli

Monkey ______________________________________ S p a t i a l  Frequency (c /d e g )_________________________________________  P H

0 .5 1. 0 2 .0 4 .0 8 .0 16 32 S V

T S T S T S T S T
b I b T s

878 0 .0 1 3 77 0 .013 77 0.0088 114 0.012 86 0.019 53 0 .078 13 0 .2 8 3 .6 104 1 .8 41

879 0 .011 91 0.012 84 0.0079 127 0 .011 91 0 .018 56 0 .064 16 0 .25 4 .0 114 1 .8 43

880 0 .046 22 0 .033 30 0 .011 91 0.012 83 0.027 37 0.077 13 0 .27 3 .7 85 1 .9 42

881 0.032 31 0 .031 32 0 .010 100 0 .018 56 N.T.
-

N.T. — — —

887 0.036 28 0.022 45 0 .018 56 0.020 50 0.025 40 0.076 13 0.29 3 .4 60 2 .0 44

890 0.025 40 0.020 50 0 .011 91 0.016 63 0.019 53 0.084 12 0 .25 4 .0 82 1 .9 44

X 0.027 48 0.022 52 0 .011 97 0.015 72 0.022 48 0.076 13 0.27 3 .7 88 1 .9 43

s . d . 0 .014 29 0.009 21 0.004 24 0.004 17 0 .004 9 0 .007 2 0.02 0 .3

N o ta t io n  as i n  Appendix C. 1.

-e
iT

-
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D. P o s t o p e r a t i v e  S tag e



D. 1. Contrast thresholds and sensitivities for destriated monkeys determined by the up-down method

Monkey ___________________ S p a t i a l  F requency (c /d e g )  P H

0 .5 1 .0 2 .0 4 .0 s V
T S T S T S T S

878 0.32 3 .1 0 .084 12 0 .16 6 .3 0 .29 3 .4 11 0.96 6

880 0 .26 3 .8 0 .19 5 .3 0 .17 5 .9 0 .20 5 .0 6 .0 1 .9 23

887 0 .3 4 2 .9 0 .1 3 7 .7 0 .17 5 .9 0 .25 4 .0 7 .6 0 .99 10

890 0.32 3 .1 0.22 4 .5 0 .16 6 .3 0.22 4 .5 6 .4 2 .0 13

X 0 .3 1 3 .2 0 .16 7 .4 0 .17 6 .1 0 .24 4 .2 7 .4 1 .0 12

s .d . 0 .03 0 .4 0 .06 3 .4 0 .01 0 .2 0 .04 0 .7

N o ta t io n  as  i n  Appendix C. 1.

-S
IT

-
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Monkey

878

880

887

890

N o ta t io n

D. 2 .  P e rfo rm an ce  o f  d e s t r i a t e d  monkeys 

in  th e  method o f  c o n s t a n t  s t i m u l i

S p a t i a l  F requency  (c /d e g )

0 .5 1 .0 2 .0 4 .0

C % C _ ! C _JL C J L
0 .7 9 90 0 .6 4 90 0 .49 90 0. 73 92

0 .6 6 85 0 .5 1 87 0 .3 9 86 *0.63 88

0 .4 9 79 0 .3 8 75 0 .3 3 82 0 .5 1 84

0 .4 0 77 0 .3 3 75 0 .26 78 0 .39 77

0 .3 2 67 0 .2 6 73 0 .2 0 70 0.30 73

0 .2 6 57 0 .2 0 62 0 .1 6 58 0 .2 4 63

0 .2 0 53 0 .1 6 56 0 .1 3 50 0 .21 58

0 .7 9 93 0 .6 4 92 0 .4 9 93 0 .7 3 94

0 .6 6 88 0 .5 1 86 0 .39 91 0 .6 3 88

0 .4 9 80 0 .3 8 83 0 .3 3 84 0 .51 86

0 .4 0 78 0 .3 3 72 0 .26 77 0 .3 9 81

0 .32 71 0 .2 6 70 0 .2 0 74 0 .3 0 73

0 .2 6 63 0 .2 0 60 0 .1 6 61 0 .2 4 64

0 .2 0 55 0 .1 6 60 0 .1 3 57 0 .2 1 58

0.79 93 0 .6 4 92 0 .49 93 0 .6 3 92

0 .66 89 0 .5 1 90 0.39 87 0 .5 1 89

0 .49 81 0 .3 8 86 0 .3 3 83 0 .39 85

0 .4 0 73 0 .3 3 82 0.26 79 0 .3 0 79

0 .3 2 69 0 .26 72 0 .2 0 70 0 .2 4 73

0 .2 6 61 0 .20 63 0 .16 62 0 .2 1 66

0 .2 0 55 0 .16 54 0 .1 3 57 0 .17 56

0 .7 9 93 0 .5 1 89 0.49 94 0 .7 3 95
0 .6 6 88 0 .3 8 83 0 .3 9 91 0 .6 3 91
0 .4 9 84 0 .3 3 82 0 .3 3 80 0 .5 1 89
0 .4 0 73 0 .2 6 75 0 .26 77 0 .3 9 81
0 .3 2 71 0 .2 0 68 0 .2 0 70 0 .3 0 76
0 .2 6 64 0 .1 6 58 0 .1 6 63 0 .2 4 66
0 .2 0 57 0 .1 3 53 0 .1 3 56 0 .2 1 59

as i n  Appendix C. 2 .



D. 3. C o n tr a s t  t h r e s h o l d s  and s e n s i t i v i t i e s  f o r  d e s t r i a t e d  

monkeys d e te rm in ed  by th e  method o f  c o n s ta n t  s t i m u l i

Monkey ___________________  S p a t i a l  Frequency (c /d e g )_______________________  p H

0. 5 1..0 2 .0 4 .0 8. 0* S V
T S T S T S T S T S

878 0.45 2 .2 0 .32 3 .1 0 .26 • 3 .8 0 .3 7 2 .7 0 .56 1 .8 3 .7 1 .8 13

880 0 .4 0 2 .5 0 .3 1 3.2 0 .25 4 .0 0 .35 2 .9 0 .6 0 1 .7 4 .0 1 .9 12 iMh-11̂
887 0 .4 7 2 .4 0 .31 3.2 0.25 4 .0 0 .30 3 .3 0 .62 1 .6 4 .1 2 .1 11

1

890 0.39 2 .6 0 .26 3 .4 0 .24 4 .2 0 .3 3 3 .0 0 .62 1 .6 4 .2 1 .9 11

X 

s .  d.

0 .43

0 .04

2 .4

0.2

0 .30

0 .03

3.2

0 .1

0.25

0 .01

4 .0

0 .2

0 .34

0 .0 3

3 .0

0 .3

0 .60

0 .03

1 .7

0 .1

4 .0 1 .9 12

N o ta t io n  a s  i n  Appendix C. 1. * Itenotes t h a t  v a lu e s  a t  8 .0  c /d e g  a re  based  upon perfo rm ance  in  th e  
f req u en cy  th r e s h o l d  d e te rm in a t io n s  ( s e e  t e x t ) .
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