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ABSTRACT 

T h e  p o s s i b i l i t y  o f  s c o t o p i c  a c t i v i t y  a b o v e  t h e  p h o t o p i c  

t h r e s h o l d  was i n v e s t i g a t e d  t h r o u g h  two i n d i c e s  of s c o t o ~ i c  a n d  

p h o  t o p i c  f u n c t i o n ,  t h e  s t e a d y - s t a  te v i s u a  1 e v o k e d  p o t e n t i a l  

(VEP) a n d  t h e  p s y c h o p h y s i c a l  p h o t o ~ i c  t h r e s h o l d ,  

L a t e n c y  a n d  a m p l i t u d e  m e a s u r e s  were o b t a i n e d  f r o m  the 

s t e a d y - s t a t e  VEP o v e r  a 5-7 l o g  u n i t  r a n g e  s p a n n i n g  s c o t o p l c  a n d  

p h o t o p i c  l e v e l s  i n  r e s F o n s e  t o  a 9 , G 0  c i r c u l a r  s t i m u l u s  wh ich  

e x c i t e d  b o t h  s o d s  and  c o n e s ,  S t e a d y - s t a t e  V f P s  were a l s o  

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

p r e d o m i n a n t l y  c o n e s  a n d  r o d s ,  r e s p e c t i v e l y ,  

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

f u n c t i o n s  o b t a i n e d  fros t h e  9.60 f i e l d  d e s c r i b e d  two d i s t i n c t  

s y s t e m ,  A l o n g  l a t e n c y ,  single c c a p o n e n t  VEP was o b s e r v e d  a t  

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

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

Y E P  s h i f t e d  t o  a s h o r t  l a t e n c y  r e s p o n s e  a n d  a s e c o n d  c o m p o n e n t  

a p p e a r e d  whose a m p l i t u d e  was a l s o  d e s c r i b e d  b y  a g r o w t h - d e c a y  

f u n c t i o n ,  T h e  l a t e n c y  s h i f t ,  w h i c h  o c c u r r e d  b e t w e e n  1-0 a n d  1-4  

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

a t r a n s i t i o n  f r c a  s c o t o p i c  t o  p h o t o p i c  a c t i v i t y  a t  t h i s  p o i n t ,  

I n  c o n t r a s t ,  t h e  p s y c h o p h y s i c a l  es t imate o f  t h e  l e a s t  u p p e r  

b o u n d  o f  t h e  p h o t o ~ i c  t h r e s h o l d  was b e t w e e n  -,05 a n d  -4 l o g  

t r o l a n d s ,  T h a t  t h e  ~ h o t o p i c  s y s t e m  was a c t i v e  a t  these l e v e l s  

was f u r t h e r  s u p ~ o r t e d  by a f o v e a l l y  r e c o r d e d  VEP a t  - 4  l o g  

t r o l a n d s .  I n  a d d i t i o n ,  a  l a r g e  a ~ p l i t u d e  YEP was r e c o r d e d  t o  

iii 



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

p h o t o p i c  t h r e s h o l d ,  suggesting t h a t  r o d s  were a c t i v e  i n  t h e  

p h o  t o p i c  r a n g e ,  

T h u s ,  t h e  s c o t o p i c  s y s t e m  c o n t i n u e d  t o  f u n c t i o n  f o r  a b o u t  

1.2 l o g  t r o l a n d s  a b o v e  t h e  p h o t o p i c  t h r e s h o l d ,  W i t h i n  t h i s  

i l l u z i n a n c e  r a n g e  when b o t h  r e c e p t o r s  were a c t i v a t e d  

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

This r e s u l t  was a t t r i b u t e d  t o  a n  i n t e r a c t i o n  b e t w e e n  t h e  

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

s t i m u l u s  r e p e t i t i o n  f r e q u e n c y ,  T h e  p r o b a b l e  s i t e  fo r  t h i s  

i n t e r a c t i o n  was t h e  i n t e r n a l  p l e x i f o m  l a y e r -  
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A. I n t r o d u c t i o n  

I, T h e  D u p l i c i t y  T h e o r y  of Vision 

I n  1855 S c h u l t z e  f i r s t  hypothesized t h e  d u p l e x  n a t u r e  o f  

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

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

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

v i s  ion, w h i l e  c o n e s  m e d i a t e d  d a y l i g h t  v i s i o n ,  L a t e r ,  t h i s  

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

(1898) a n d  Von Kreis (1929) -  Today,  t h e  d u p l i c i t y  t h e o r y  s t a n d s  

a s  one o f  t h e  f u n d a m e n t a l  laws % h i c h  g u i d e  o u r  n u d e r s t a n d i n g  o f  

v i s i o n  

T h e  d u p l i c i t y  t h e o r y ,  b r o a d l y  s t a t ed ,  i s  b a s e d  o n  

d i f f e r e n c e s  b e t w e e n  r o d s  a n d  c o n e s  i n  terms of t h e i r  s t r u c t u r e ,  

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

f u n c t i o n a l  d y n a ~ i c s ,  n e u r a l  c o n n e c t i o n s ,  a n d  many o t h e r  f a c t o r s -  

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

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

of o h j e c t s  a n d  a o v e a e n t  i n  v e r y  d i m  l i g h t ,  

--- -------------- 
k t h e  term s y s t e m  is u s e d  b e c a u s e  t h e  t v o  t y p e s  of v i s i o n  
p r o p o s e d  a r e  n o t  s i m p l y  t h e  r e s u l t s  of a p a r t i c u l a r  type of 1 r e c e p t o r ,  rod o r  c o n e ,  b u t  ace g e n e r a t e d  by a n e u r a l  n e t w o r k ,  o f  

I 

i w h i c h  t h e  r e c e p t o r  is j u s t  o n e  p a r t ,  



A l t h o u g h  it i s  o f  g r e a t  c o n c e p t u a l  u t i l i t y  t o  d i c h o t o m i z e  

v i s i o n  i n t o  s e p a r a t e  p h o t o p i c  a n d  s c o t o p i c  c a t e g o r i e s ,  it is 

b e c o m i n g  c lear  t h a t  t h i s  s i m p l e  b l a c k  a n d  w h i t e  ( o r  c h r o i l a t i c  

a n d  a c h r o m a t i c ,  if you p r e f e r )  a p p r o a c h ,  w i l l  r e q u i r e  some 

s h a d e s  o f  g r e y  if a n  u n d e c s t a n d i n g  o f  a l l  f ace t s  o f  v i s i o n  is t o  

h e  a t t a i n e d .  For e x a m p l e ,  i t  is p o s s i b l e  t o  e x t e n d  t h e  d u p l e x  

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

r o d s  a n d  c o n e s ,  When cne s y s t e m  is  o p e r a t i n g  t h e  o t h e r  is 

c o m p l e t e l y  s h u t  down, I n  fac t ,  o n e  o f  t h e  c o r n e r s t o n e s  o f  t h e  

d u p l i c i t y  t h e o r y  is t h a t  over m o s t  of t h e  v i s i b l e  s p e c t r u m  t h e r e  

i s  a l e v e l  of l u m i n a n c e  a t  wh ich  c o n e s  c e a s e  t o  f u n c t i o n  a n d  t h e  

job ot s e e i n g  i s  r e l e g a t e d  e x c l u s i v e l y  t o  t h e  r o d s ,  However ,  t h e  

c o n v e r s e  of t h i s  phenomenon h a s  y e t  t o  b e  d e m o n s t r a t e d ,  t h e  

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

I n d e e d ,  it a p p e a r s  t h a t  t h e r e  is  a r a n g e  o f  i l l u m i n a t i o n ,  t h e  

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

a d d  i t  i o n ,  t h e r e  is c o n s i d e r a b l e  e v i d e n c e ,  t o  b e  d i s c u s s e d  l a t e r ,  

t h a t  u n d e r  c e r t a i n  c o n d i t i o n s  r o d s  a n d  c o n e s  i n t e r a c t .  T h u s ,  t h e  

d u p l i c i t y  t h e o r y  w o u l d  h a v e  t o  be e x t e n d e d  t o  i n c l u d e  j o i n t  a n d  

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

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

r e s e a r c h .  

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

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

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

t h r e s h o l d ,  which h a s  d r a w n  upon research i n  p s y c h o p b y s i c s  a n d  



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

ce l l -  T h i s  r e v i e w  w i l l  c o n c e n t r a t e ,  i n  p a r t i c u l a r ,  o n  s t u d i e s  

w h i c h  bear  o n  t h e  f o l l o w i n g  two q u e s t i o n s ,  F i r s t ,  a r e  t h e  rods 

a t  all f u n c t i o n a l  i n  t h e  p h o t o p i c  r a n g e ?  P u t  a n o t h e r  way, a t  

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

of rod f u n c t i o n ?  S e c o n d ,  i f  r o d  a c t i v i t y  is p r e s e n t  a t  p h o t o p i c  

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

e x p e r i e n c e ?  

I n  s t u d i e s  of t h e  e l e c t r o r e t i n o g r a m  i t  h a s  b e e n  shown t h a t  

t h e  a - u a v e  a n d  t h e  b-wave c o n t a i n  b o t h  a p h o t o p i c  a n d  s c o t o p i c  

c o m p o n e n t ,  v h i c h  c a n  a p p e a r  t o g e t h e r  (Arr t l ing ton ,  1964; 1974; 

G o a r a s ,  1966; G r a n i t ,  1963) .  T h i s  s i t u a t i o n  o c c u r s  i n  t h e  

d a r k - a d a p t e d  eye a t  r e l a t i v e l y  h i g h  s t i f s n l u s  i n t e n s i t i e s .  I n  

f a c t ,  o n e  o f  t h e  m a j o r  p r o b l e m s  w i t h  u s i n g  t h e  E R G  t o  

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

a c t i v i t y  ( G r a n i t ,  1 9 6 3 ) -  A u t r b a c f i  a n d  Roue  (1965) h a v e  shown in 

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

u n d e r  c o n d i t i o n s  t h a t  ~ r o d u c e d  s c o t o p i c  a n d  p h o t o p i c  E R G  

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

t h a t  r o d s  are a c t i v e  a t  p h o t o p i c  l e v e l s ,  

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

d e c r e a s e s ,  as i n d i c a t e d  by  t h e  a m ~ l i t u d e  o f  t h e  s c o t o p i c  b-wave, 

R i g g s  a n d  J c h n s o n  (1949)  made a q u a n t i t a t i v e  study of t h e  e f f e c t  

of l i g h t  a d a p t a t i o n  o n  t h e  E R G  b-wave, T h e y  used w h i t e  tes t  

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

u n i t  steps froffi d a r k  t o  1-6  DL. As a d a p t i n g  l u m i n a n c e  i n c r e a s e d  



i n  t h e  p r e s e n c e  of r e l a t i v e l y  h i g h  i n t e n s i t y  test f l a s h e s  

r e s p o n s e  a ~ p l i  t u d e  a n d  l a t e n c y  d e c r e a s e d ,  An a d a p t i n g  i n t e n s i t y  

o f  o n l y  1 - 6  mL was s u f f i c i e n t  t o  r e d u c e  t h e  b-wave a m p l i t u d e  t o  

a b a r e l y  d e t e c t a b l e  l e v e l .  E i e r s d o r f  e t  al, j1965) ,  o n  t h e  o t h e r  

h a n d ,  f o u n d  t h a t  t h e  b-wave a m p l i t u d e  c o u l d  b e  m a i n t a i n e d  a t  a  

l e v e l  of Y O  uV over a much l a r g e r  r a n g e  of a d a p t i n g  l u m i n a n c e s -  

A 50•‹  tes t  f i e l d  was f l a s h e d  o n  a e q u a l l y  l a r g e  a d a p t i n g  field, 

The l o g  s t i m u l a s  i n t e ~ s i t y  r e q u i r e d  t o  e l i c i t  a 4 0  uV c r i t e r i o n  

r e s F o n s e  was f o u n d  t o  be p r o p o r t i o n a l  t o  t h e  log a d a p t i n g  

l u m i n a n c e  t h a t  e x t e n d e d  o v e r  6 l o g  u n i t s  t o  a maximum of 55 fL, 

G r a n i t  (1935, 1963) n o t e d  t h a t  the s i z e  o f  t h e  s c o t o p i c  

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

a d a p t a t i o n ,  a n d  w i t h  v e r y  t h o r o u g h  l i g h t  a d a p t a t i o n  t h e  b-wave 

vir t n a l l y  d i s a p p e a r e d ,  Za these s t u d i e s  t h e  l u m i n a n c e  l e v e l  a t  

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

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

seem t o  p r e s e n t  a clear p i c t u r e  o f  the l u m i n a n c e  l e v e l  a t  w h i c h  

r o d s  cease t o  f u n c t i o n ,  

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

light a d a p t a t i o n  is i m p o s e d  b y  t h e  p h o t o p i g m e n t ,  r h o d o p s i n ,  Dpon 

t h e  b l e a c h i n g  o f  r h o d o p i n  by s t e a d y  l i g h t  less o f  t h e  p i g m e n t  

is a v a i l a b l e  f o r  t h e  i n t i a t i o n  of a r e s p o n s e ,  Thus ,  o n e  m i g h t  

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

r e l a t e d  t o  t h e  a m o u n t  of a v a i l a b l e  r h o d o p s i n ,  U n f o r t u n a t e l y ,  the 

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



It is v e l l  known t h a t  when r o d s  a r e  e x p o s e d  t o  l i g h t  t h e i r  

t h r e s h o l d s  rise- A g u i l a r  a n d  St i les ( 1 9 5 4 )  h a v e  shown t h a t  o v e r  

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

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

a d a p t i n g  f i e l d -  A t  h i g h e r  l e v e l s  o f  a d a p t a t i o n  r o d  v i s i o n  

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

n o  c o n c o m i t a n t  i n c r e a s e  i n  rod r e s p o n s e ,  However ,  i t  h a s  b e e n  

d e ~ o n s t r a t e d  t h a t ,  by c a l c u l a t i n g  t h e  a m o u n t  of l i g h t  a t s o r b e d  

by  t h e  r o d s ,  t h e  i n c r e a s e d  rod t h r e s h o l d  was n o t  d u e  to  a 

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

l e v e l s  ( A g u i l a r  a n d  S t i les ,  1954; C a m p b e l l  a n d  R u s h t o n ,  Ig!iS), 

R u s h t o n  (1969)  s t a t e d  t h a t  when o n e  p e r  c e n t  o f  t h e  r o d s  c a u g h t  

a n  a v e r a g e  of o n l y  a s i n g l e  q u a n t u m  of l i g h t ,  t h e  r e s u l t i n g  

d e c r e a s e  i n  r o d  s e n s i t i v i t y  was t h r e e - f o l d ,  I n  t h e  r a t  D o u l i n g  

(1960) f o u n d  a l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  amoun t  o f  

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

t o  p r o d u c e  a c o n s t a n t  a ~ p l i t u d e  E R G ,  I n  o t h e r  words ,  u n i t a r y  

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

s e n s i t i v i t y ,  G r a n i t  a n d  c o - w o r k e r s  (1938) f o u n d  t h a t  t h e  

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

f o l l o w e d  by a c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  size o f  t h e  ERG 

b-wave e l i c i t e d  by a  w a v e l e n g t h  of 500 nm, b u t  t h a t  t h i s  

r e d u c t i o n  was n o t  a c c o r p a n i e d  by a n y  r e d u c t i o n  i n  t h e  a r o u n t  o f  

r h o d p s i n  t h a t  c o u l d  be e x t r a c t e d -  T h u s ,  t h e  30-70s r e d u c t i o n  i n  

t h e  h-wave a a p l i t u d e  c o u l d  n o t  b e  e x p l a i n e d  by s u p p o s i n g  t h a t  

t h e  q u a n t i t y  of r h o d o & s i n  present was t h e  sole d e t e r m i n a n t  o f  
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t h e  s i z e  of t h e  b-wave d u r i n g  d a r k  a d a p t a t i o n ,  F u r t h e r  

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

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

(10 min. a p p r o x , )  b e f o r e  a n  i n c r e a s e  i n  E R G  a m p l i t u d e  was n o t e d ,  

w h i c h  a l w a y s  began uhen r h o d o p s i n  c o n c e n t r a t i o n  had  r e a c h e d  

about 50% of i ts  maximum, G r a n i t  (1963) a l s o  n o t e d  a c o s p l e t e  

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

s p i t e  o f  t h e  p r e s e n c e  o f  40% o f  maximum c o n c e n t r a t i o n  o f  

r h o d o p s i n ,  G i v e n  t h i s  e v i d e n c e  G r a n i t  (1963) c o n c l u d e d ,  

T h e  s i z e  of t h e  b-wave is a good e x ~ r e s s i o n  o f  t h e  
a v e r a g e  e x c i t a b i l i t y  o f  a  l a r g e  number o f  r e t i n a l  
e l e a e n t s  a n d  we must  t h e r e f o r e  c o n c l u d e  t h a t  a v e r a g e  
e x c i t a b i l i t y  a n d  a v e r a g e  v i s u a l  p u r p l e  c o n t e n t  can, 
u n d e r  c e r t a i n  c o n d i t i o n s  b e  l a r g e l y  i n d e p e n d e n t  o f  one  
a n o t h e r  a n d  t h a t  the i n c r e a s e  o f  r o d  e x c i t a b i l i t y  l a g s  
b e h i n d  t h e  i n c r e a s e  i n  v i s u a l  p u r p l e  c o n c e n t r a t i o n  
d u r i n g  d a r k  a d a ~ t a t i o n ,  I n  t h e  mammalian eye t h e  b-wave 
can  b e  d e p r e s s e d  t o  t h e  e x t e n t  of  n o t  a p p e a r i n g  o n  t h e  
r e c o r d  i n  s p i t e  o f  t h e  p r e s e n c e  of c o n s i d e r a b l e  
q u a n t i t i e s  o f  v i s u a l  p u r p l e  (p. 299-50)- 

S i m i l a r l y ,  S a k i t t  (1976) m e a s u r e d  d a r k  a d a p t a t i o n  

t h r e s h o l d s  a f t e r  a n  e s t i m a t e d  ( a l b e i t  c r u d e l y )  100% b l e a c h ,  A 

test f l a s h  o f  10.5 l o g  u n i t s  a b o v e  a b s o l u t e  t h r e s h o l d ,  shown on 

a 20•‹ a r e a  c e n t e r e d  1 3 O  f rom c e n t r a l  f i x a t i o n  c o u l d  n o t  be  

d e t e c t e d  until a f t e r  9 min of d a r k  a d a p t a t i o n ,  She e s t i m a t e d  

t h i s  time p e r i o d  c o r r e s g o n d e d  t o  less t h a n  25-303 o f  p i g m e n t  

l e f t  b l e a c h e d ,  Bar low (1954) f o u n d  t h a t  t h e  s a t u s a t i o a  level of 

r o d s  a t  a p p r o x i a a t e l y  1000 t d  c o r r e s p o n d e d  t o  a b l e a c h  of n o  

more t h a n  28% o f  r h o d o p s i n .  

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

f o r  rod  f u n c t i o n  was n o t  t h e  amount  o f  bleached r h o d o p s i n ,  b u t  



rather some  o t h e r ,  ~ e r h a p s  p h g s i o i o g i c a l ,  a s p e c t  o f  t h e  r o d  

s gs tern, 

G o u r a s  ( 1 9 7 2 )  c i t e d  r e s e a r c h  wh ich  s u g g e s t e d  t h a t  t h i s  

m e c h a n i s m  was c o m p l e t e l y  l i m i t e d  t o  t h e  r o d  s y s t e m ,  s o  t h a t  i t  

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

S i n c e  G o u r a s  a n d  L i n k  (1966) h a v e  shown t h a t  r o d  a n d  c o n e  

s i g n a l s  c o n v e r g e  o n  t h e  same g a n g l i o n  ce l l ,  t h e  mechan i sm by 

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

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

a n d  t h e  r e c e p t o r  l a y e r ,  

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

s i g n a l s  i n  t h e  l i g h t  a d a p t e d  s t a t e  r e a a i n s  unknomn, However ,  the 

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

h a s  been i n v e s t i g a t e d  i n  t h e  case o f  t h e  n o r m a l  r e t i n a  a n d  i n  

t h e  c o n e - f r e e  r e t i n a  o f  t h e  rod m o n o c h r o a a t ,  

K l i n g a l s a n  (1977,  1979) c o a p a r e d  B E P s  a n d  p s y c h o p h y s i c a l  

i n c r e m e n t  t h r e s h o l d s  o n  a n o r a a l  a n d  a r o d  i eonochromat  c b s e r v e r ,  

H e  p r e s e n t e d  a 70 c i r c u l a r  test  f i e l d  o n  a 240 w h i t e  b a c k g r o u n d .  

T h e  b a c k g r o u n d  l u m i n a n c e  i n c r e a s e d  o v e r  a t o t a l  of 6.5 l o g  u n i t s  

t o  a maximum of 5-34 l o g  s c o t o p i c  t r o l a n d s ,  T h e  t e s t  f l a s h  was 

520 nm i n  u a v e l e n g t h ,  K l i n g a m a n  f o u n d  t h a t  t h e  r o d  naonochromat  

gave  b o t h  p s y c h o p h y s i c a l  a n d  VEP r e s p o n s e s  a t  l eas t  u p  t o  a 

l e v  e l  o f  1000 s c o t o p i c  t r o l a n d s ,  Above t h i s  level K l  i n g a a a n  

r e p o r t e d  t h a t  t h e  monochromat  b e c a m e  f u n c t i o n a l l y  b l i n d ,  a 

c o n d i t i o n  h e  a t t r i b u t e d  t o  the s a t u r a t i o n  p o i n t  of t h e  rods, 

which  was a b o u t  3-3.5 l o g  u n i t s  above t h e  p h o t o p i c  t h r e s h o l d  of 



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

O t h e r  s t u d i e s  h a v e  f o u n d  a s imilar  s a t u r a t i o n  v a l u e  o f  1 0 0 0  

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

p a r a m e t e r s  f o r  t h e  t e s t  a n d  b a c k g r o u n d  f i e l d s  ( B l a k e m o r e  a n d  

R u s h t o n ,  1 9 6 5 ;  S a k i t t ,  1 9 7 6 ) -  

O f  c o n s i d e r a b l e  s i g n i f i c a n c e  is t h e  s t u d y  by A g u i l a r  a n d  

S t i l e s  (1954) w h i c h  m e a s u r e d  t h e  s a t u r a t i o n  p o i n t  of t h e  r o d s  i n  

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

r o d  s a t u r a t i o n  to  b e  b e t w e e n  2000-5000  s c o t o p i c  t r o l a n d s ,  T h i s  

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

t h e  i n t e r m e d i a t e  r a n g e  o f  b a c k r o u n d  i n t e n s i t i e s .  T h i s  was d o n e  

b e c a u s e  the c o n e s  b e g a n  t o  i n t r u d e  a t  h i g h e r  b a c k r o u n d  

l u m i n a n c e s -  I n  t h i s  r a n g e  t h e  V e b e r / P e c h n e r  r a t i o  a p p l i e d ,  w h e r e  

t h e  l o g A I / l o g  I = K ( I  = b a c k r a u n d  i n t e c s i t y ;  K = c o n s t a n t ) ,  

T h e y  d e f i n e d  t h e  r o d  s a t u r a t i o n  l e v e l  a s  100K. U s i n g  t h i s  

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

f o u r  o b s e r v e r s  was 3.7 l o g  s c o t o p i c  t r o l a n d s ,  T h u s ,  t h e  n o r r a l  

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

eye, T h i s  l e v e l  is i n  t h e  r a n g e  of 1000-5000 s c o t o p i c  t r o l a n d s ,  

Now, I w i l l  c o n s i d e r  t h e  f a t e  o f  t h e  r o d  s i g n a l  a s  it 

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

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

t h e  c o n e  s i g n a l ,  C c n s i d e r a b l e  r e s e a r c h  h a s  b e e n  c o n d u c t e d  on 

t h i s  q u e s t i o n  a n d  t h e  c o n c e n s u s  a p p e a r s  t o  be t h a t  t h e r e  i s  au 

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

w h i c h  is decided a t  t h e  r e t i n a l  g a n g l i o n  ce l l ,  

8 



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

t h e  s e n s i t i v i t y  of r o d s  d u e  t o  c o n e  a c t i v i t y  ( ~ u c k ,  P e e p l e s ,  & 

Hakous ,  1 9 7 9 ;  I n g l i n y ,  L e v i s ,  L o o s e ,  & Myers, 1977;  H a k o u s  a n d  

B o o t h ,  1974;  a a k o u s  E P e e p l e s ,  1 9 7 9 ;  v a n  d e n  Berg  & S p e k r e i j s e ,  

1 9 7 7 )  a n d  c h a n g e s  i n  c o n e  s e n s i t i v i t y  d u e  t o  r o d s  (Drum, 1 9 8 1 ;  

BacLeod,  1972; HcCann, 1 9 7 2 ) -  T h e s e  s t u d i e s  a s  well a s  o t h e r s  

( F r u m k e s  et a l .  3973; T r e z o n a ,  1 9 7 0 ;  Von Grunau ,  1976) h a v e  

shown  t h a t  rods a n d  c o n e s  may i n h i b i t  o r  f a c i l i t a t e  o n e  

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

T h e  p o s s i b l e  s i tes  of i n t e r a c t i o n  h a v e  a l so  been 

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

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

cells r e c e i v e  i n p u t  f r o m  c o n e s  a n d  s e n d  o u t p u t  t o  r o d s  (Kolb ,  

1970)-  T h i s  i n t e r c o n n e c t i o n  b y  h o r i z o n t a l .  cells reay a c c o u n t  f o r  

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

seems u n l i k e l y  b e c a u s e  G o n r a s  (1966)  h a s  shown i n  t h e  monkey 

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

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

i n t  c a r e t  i n a l  ERG when r o d s  a n d  c o n e s  were s t i m u l a t e d  together, 

S i n c e  t h e  p a r t  of t h e  ERG e x a m i n e d  ( t h e  b-wave) r e p r e s e n t e d  

b i p o l a r  cel l  a c t i v i t y  ( A r m i n g t o n ,  1 9 7 4 ;  G r a n i t ,  1 9 6 3 )  i t  is 

d i f f i c u l t  t o  a r g u e  rod -cone  i n t e r a c t i o n  a t  t h e  h o r i z o n t a l  ce l l  

l a y e r ,  

I n t e r a c t i o n s  b e t w e e n  r o d s  a n d  c o n e s  s e e n  more l i k e l y  t o  



t a k e  p l a c e  a t  t h e  n e x t  c o n f i r m e d *  s i t e  of i n t e r a c t i o n ,  t h e  i n n e r  

p l e x i f o r m  l a y e r ,  A t  t h i s  l e v e l  i t  a p p e a r s  t h a t  b i ~ o l a r  c e l l s  

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

o n  t h e  same  g a n g l i o n  c e l l s  ( B o y c o t t  a n d  D o v l i n g ,  1969;  P o l y a k ,  

1957)  I n  a d d i t i o n ,  a m a c r i n e  ce l l s  a p p e a r  t o  i n t e r c o n n e c t  r o d  a n d  

c o n e  b i p o l a r  c e l l s  a t  t h i s  l a y e r  ( D o v l i n g  a n d  B o y c o t t ,  1 9 6 5 ) -  

T h u s ,  t h e  i n t e r a c t i o n  may b e  m e d i a t e d  e i t h e r  p r e s y n a p t i c a l l y  on 

t h e  b i p o l a r s  o r  p o s t s p n a p t i c a l l f  on  t h e  g a n g l i o n  cells, 

A l t h o u g h  no  e v i d e n c e  h a s  y e t  become a v a i l a b l e  t o  

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

s u r f a c e d  i n  s u p p o r t  o f  a n t a g o n i s t i c  rod-cone  i n t e r a c t i o n  a t  t h e  

l e v e l  o f  t h e  g a n g l i o n  ce l l  (Gouras ,  1965; G o u r a s  a n d  L i n k ,  

1966,) G o u r a s  a n d  Link r e c o r d e d  s p i k e  a c t i v i t y  f rom a p e r i f o ~ e a l  

g a n g l i o n  c e l l  i n  t h e  d a r k  a d a p t e d  monkey t o  monochromat ic  l i g h t  

which  s t i m u l a t e d  e i t h e r  o n l y  r o d s  ( v i o l e t )  or  o n l y  c o n e s  ( r e d ) ,  

@ h e n  t h e  two c o l o r e d  l i g h t s  were f l a s h e d  f a r  e n o u g h  a p a r t  

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

i n d e p e n d e n c e ,  However, when t h e  two f l a s h e s  were b r o u g h t  

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

e x c i t e d  t h e  g a n g l i o n  cel l  w h i l e  t h e  f o l l o w i n g  s i g n a l  h a d  no 

e f f e c t ,  This was t h e  c a s e  w h e t h e r  a  r o d  o r  c o n e  s i g n a l  a r r i v e d  

first, It a p p e a r e d  t h a t  t h e  e a r l i e s t  s i g n a l  lef t  a t r a n s i t o r y  

r e f r a c t o r i n e s s  i n  its wake which n a d e  i t  l ess  l i k e l y  t h a t  t h e  

--- --------------- 
2 Polyak (1957) h a s  s u g g e s t e d  t h a t  i n d i v i d u a l  b i p o l a r  cells  
r e c e i v e  i n p u t  f rom b o t h  r o d s  a n d  c o n e s  but more r e c e n t  e v i d e n c e  
s u g g e s t s  a p r i v a t e  c o u p l i n g  b e t w e e n  b i p o l a r s  a n d  t h e  two 
r e c e p t o r s  ( B o y c o t t  a n d  D o ~ l i n g ,  1969; D o v l i n g  and Boycott, 
1966)-  



g a n g l i o n  ce l l  w o u l d  b e  e x c i t e d  by t h e  s e c o n d  s i g n a l .  G o u r a s  a n d  

L i n k  a l s o  n o t e d  t h a t  c o n e  s i g n a l s  a r r i v i n g  a t  t h e  g a n g l i o n  ce l l  

a l w a y s  h a d  l a t e n c i e s  s h o r t e r  t h a n  r o d  s i g n a l s ,  e v e n  a t  t h e  c o n e  

t h r e s h o l d .  G o u r a s  (1967)  r e g o r t e d  t h a t  t h e  l a t e n c y  o f  a c t i v a t i o n  

o f  a  g a n g l i o n  c e l l  by r o d s  was n e v e r  less t h a n  50 ms a n d  was  

a l w a y s  more t h a n  t h e  r e s p o n s e  l a t e n c y  t o  c o n e s ,  A s  a r e s u l t ,  a 

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

a n d  c o n e s  o n l y  r e s ~ o n d e d  t o  t h e  f a s te r  c o n e  i n p u t ,  T h u s ,  t h e  

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

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

o b t a i n e d  when t h e  EPG a n d  VEP mere s i t a u l t a n e o u s l y  r e c o r d e d ,  

S e v e r a l  s t u d i e s  f o u n d  t h a t  t h e  Y E P  had  a  p r e d o e i n a n t l y  p h o t o p i c  

b a s i s  w h i l e  t h e  E R G  was r e l a t i v e l y  s c o t o p i c  ie n a t u r e ,  

( A r m i n g t o n ,  1966; l a g a t a  G J a c o b s o n ,  1 9 6 6 ;  P e r r y  E C o p e n h a v e r ,  

1 9 6 6 ;  R i p p s  C Vaughan,  1 9 6 9 ) -  A p p a r e n t l y  rod s i g n a l s ,  e v e n  when 

p r e s e n t  i n  t h e  ERG, d o  n o t  r e a c h  t h e  b r a i n  when t h e y  a r e  i n  

c o m ~ e t i t i o n  w i t h  c o n e  s i g n a l s .  It must b e  n o t e d  t h a t  o t h e r  

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

b e t w e e n  t h e  l u m i n o s i t y  c h a r a c t e r i s t i c s  o f  t h e  ERG a n d  t h e  VEP, 

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

r e t i n a  may a l s o  a c o u n t  fo r  t h e  a s s e r t i o n  b y  Wooten (1972) o f  a n  

e n t i r e l y  p h o t o p i c  VEP o n c e  t h e  c o n e  t h r e s h o l d  was e x c e e d e d ,  H e  

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

s e n s i t i v i t y  of t h e  YEP u n d e r  c o n d i t i o n s  w h i c h  were c a p a b l e  of 

s t i t r a l a t i n g  b o t h  r o d s  a n d  c o n e s ,  Since a r o d  c o n t r i b u t i o n  was 

n o t  found in t h e  p h o t o ~ i c  s ~ e c t r a l  s e n s i t i v i t y  function Wooten 



p r o p o s e d  t h a t  r o d  s i g n a l s  were b e i n g  p re -empted ,  

I t  c o u l d  be  a r g u e d  t h a t  w o o t e n ' s  o b s e r v a t i o n  d i d  n o t  n e g a t e  

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

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

s p e c t r a 1  s e n s i t i v i t y ,  Wooten u s e d  a c o n s t a n t  c r i t e r i o n  i m p l i c i t  

time ( l a t e n c y )  m e a s u r e  t o  d e f i n e  t h e  VEP s ~ e c t r a l  s e n s i t i v i t y  

c u r v e ,  T h e  i m p l i c i t  times f o r  t h e  p h o t o p i c  e x p e r i m e n t  were 

b e t w e e n  15C-250 ms a n d  225-235 ms for t h e  s c o t o p i c  e x p e r i m e n t  

w i t h  v e r y  l i t t l e  over la^ b e t w e e n  t h e  t u o ,  S i n c e  G o u r a s  (1967) 

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

l o n g e r  t h a n  c o n e s  f o r  s t i i a u l i  of e q u a l  e n e r g y ,  t h e  r o d s  Bay h a v e  

made  a l a t e r  c o n t r i b u t i o n  t o  Uootenls VEPs w h i c h  would n o t  h a v e  

a f f e c t e d  t h e  t h r e s h o l d  m e a s u r e r p e n t s ,  H i s  s t a t e m e n t ,  " T h e s e  da t a  

seem t o  i n d i c a t e  t h a t  t h e  VECP is e n t i r e l y  p h o t o p i c  once t h e  

c o n e  t h r e s h o l d  is e x ~ e e d e d , ~  (p ,  1655) does n o t  seem t o  b e  

j u s t i f i e d ,  

To  s u n n a r i z e  t h e  r e s e a r c h  c o n d u c t e d  a t  t h e  r e t i n a l  l e v e l ,  

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

l u m i n a n c e s ,  u p  t o  a b o u t  3-3.5 l o g  u n i t s  a b o v e  t h e  p h o t o p i c  

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

c o n e  s i g a l s  a t  l e a s t  u p  t o  t h e  l e v e l  of t h e  g a n g l i o n  cell, A t  

t h i s  L e v e l  i n t e r a c t i o n s  b e t w e e n  r o d  a n d  c o n e  s i g n a l s  were 

p o s s i b l e ,  w i t h  either one capable o f  b e i n g  s e l e c t i v e l y  

t r a n s m i t t e d  by  t h e  g a n g l i o n  cells, R o u e v e r ,  u n d e r  gost  

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

p h 0 t 0 ~ i . c  t h r e s h ~ l d  vas ~ e a c h e d  because o f  their faster response 



l a t e n c i e s .  

It is clear now, t h a t  i n  o r d e r  t o  a n s w e r  t h e  s e c o n d  

q u e s t i o n  a b o u t  r o d  f u n c t i o n ,  i - e ,  d o  r o d s  c o n t r i b u t e  a n y t h i n g  t o  

v i s u a l  ~ e r c e p t i o n  a b o v e  t h e  p h o t o p i c  t h r e s h o l d ,  we m u s t  move 

o u t s i d e  t h e  d o n a i n  o f  t h e  r e t i n a ,  t o  t h e  b r a i n  i t s e l f ,  w h e r e  t h e  

v i s u a l  p e r c e p t  is g e n e r a t e d ,  

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

p e r c e p t i o n  d u e  t o  i n t e r a c t i o n s  b e t w e e n  r o d s  a n d  c o n e s ,  T h e s e  

s t u d i e s  h a v e  made u s e  o f  c o n d i t i o n s  which t e n d  t o  e l i c i t  b o t h  

s c o  t o p i c  a n d  p h o t o  p i c  a c t i v i t y ,  Such c o n d i t i o n s  h a v e  i n c l u d e d  

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

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

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

s t i m u l a t e  rods a n d  c o n e s ,  G i v e n  s u c h  c o n d i t i o n s  s t u d i e s  h a v e  

r e p o r t e d  c h a n g e s  i n  cone t h r e s h o l d s  d u e  t o  r o d s  (Drum, 1 9 8 1 ;  

P r u m k e s  e t  a l ,  1 9 7 3 )  a n d  c h a n g e s  i n  c o l o r  p e r c e p t i o n  d u e  t o  t h e  

influence of r o d s  on  c o n e s  ( B a l l ,  1964;  ?3acLeod, 1972; HcCann, 

1 9 7 2 ;  BcCann & B e n t o n ,  1969; Trezona, 1 9 7 0 ;  Von G r u n a u ,  1976,  

Walters, 1 9 7 1 ) -  

T h e  u t i l i t y  of v i s u a l  e v o k e d  p o t e n t i a l s  i n  the 

i n v e s t i g a t i o n  of rod f u n c t i o n  h a s  b e e n  q u e s t i o n e d  o n  the basis 

of t h e  p r e d o m i n a n t l y  w p h o t o p i c l *  n a t u r e  o f  t h e  VEP (see e-q. 

g o o t e n ,  19721 ,  Thus, t h e  VEP has b e e n  r e l a t i v e l y  n e g l e c t e d  a s  a 

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

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

s i t u a t i o n  a r e  d i s c u s s e d  i n  the n e x t  s e c t i o n ,  



T I ,  S c o t o p i c  and p h o t o p i c  c o n t r i b u t i o n s  t o  the t r a n s i e n t  a n d  

steady-state V E P s  

A l t h o u g h  t h e r e  i s  a s i z e a b l e  b o d y  o f  l i t e r a t u r e  o n  t h e  

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

l i t t l e  work  of t h i s  t y p e  h a s  b e e n  d o n e  o n  t h e  s t e a d y - s t a t e  VEP, 

m o s t  of t h e  w o r k  o n  t n a n s i e n t  VEPs h a s  c e n t e r e d  a r o u n d  t b e  

q u e s t i o n  o f  v h e t h e r  o r  n o t  t h e  s c o t o p i c  s y s t e m  c o n t r i b u t e s  

a n y t h i n g  t o  t h e  VEP, 

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

o f  t h e  YEP rests u g o n  s e v e r a l  f a c t o r s ,  F o v e a l  c o n e  r e c e p t o r s  

e n  joy a one -  t o - o n e  c o r r e s p o n d e n c e  with o p t i c  n e r v e  f i b e r s ,  

w h e r e a s  there is a c o c s i d e r a b l e  a m o u n t  o f  c o n v e r g e n c e  o f  t h e  

e x t r a - f o v e a l  r e c e p t c r s  o n  t h e  g a n g l i o n  cells, T h u s ,  t h e  

r e p r e s e n t a t i o n  of t h e  f o v e a l  c o n e s  o n  t h e  v i s u a l  c o r t e x  is 

m a g n i f i e d  g r e a t l y  c o m p a r e d  to  t h e  r a t i o  o f  t h e  number  o f  f o v e a l  

t o  e x t r a f o v e a l  r e c e p t o r s  i n  t h e  r e t i n a  ( W i t t e r i d g e ,  1973). 

B o r e o v e r ,  t h e  f o v e a  p r o j e c t s  t o  t h e  c o n v e x i t y  of t h e  o c c i p i t a l  

p o l e ,  w h e r e a s  t h e  p e r i p h e r a l  r e t i n a  p r o j e c t s  t o  t h e  media l  wal ls  

o f  t h e  c a l c a r i n e  f i s s u r e  ( E a r r ,  197U). It is a s s u m e d  t h a t  t h e  

c l o s e r  p r o x i m i t y  o f  t h e  s o v e a l  c o r t i c a l  p r o j e c t i o n s  t o  t h e  

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

r e c e p t o r s  t o  t h e  Y E P  c o m p a r e d  t o  t h e  e x t r a - f o v e a l  r e c e p t o r s ,  

T h u s ,  it was c o n c l u d e d  from i n i t i a l  s t u d i e s  t h a t  t h e  V E F  was 

l a r g e l y  f o v e a l  i n  o r i g i n ,  



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

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

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

o u t  t h e  p o s s i b i l i t y  t h a t  t h e  VEP is a l s o  s e n s i t i v e  t o  t h e  

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

r e v i e w  i n d i c a t e s  t h a t  b o t h  t h e  p h o t o p i c  a n d  s c o t o p i c  s y s t e m s  

c o n t r i b u t e  t o  t h e  VEP w i t h  t h e  m a j o r  p o r t i o n  c o m i n g  from t h e  

p h o t o p i c  s y s t e a ,  

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

p h o t o p i c  n a t u r e  of t h e  VEP, U s i n g  e i t h e r  a c o n s t a n t  c r i t e r i o a  

a m p l i t u d e  m e a s u r e  ( A r m i n g t o n ,  1966; C a v o n i u s ,  1965) a c o n s t a n t  

c r i t e r i o n  i m p l i c i t  time m e a s u r e  (DeVoe, R i p p s ,  G Baughan,  1968; 

Wooten ,  1972)  , o r  h e t e r o c h r o m a t i c  f l i c k e r  p h o t o m e t r y  ( S i g f r i e d  

e t  31, l 9 6 5 ) ,  i n v e s t i g a t o r s  h a v e  f o u n d  t h a t  t h e  s p e c t r a l  

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

C I E  p h o t o p i c  l u m i n o ~ i t p  f u n c t i o n  r a t h e r  w e l l ,  

W i t h  r e s p e c t  t o  r o d s  o r  s c o t o p i c  v i s i o n ,  w o o t e n  (1972)  

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

of t h e  c o n s t a n t - c r i t e r i o n  i m p l i c i t  t i n e  m e t h o d  m a t c h e d  t h e  CIE 

sco t o p i c  l u m i n o s i t y  f u n c t i o n  e x c e p t  a t  w a v e l e n g t h s  l o n g e r  than 

600 nsa, S i n c e  u n d e r  t h r e s h o l d  c o n d i t i o n s  t h e  p h o t o p i c  s y s t e m  is 

s l i g h t l y  more s e n s i t i v e  t h a n  t h e  s c o t o p i c  s y s t e m  i n  t h i s  r e g i o n  

o f  t h e  s p e c t r u m ,  Wooten  c o n c l u d e d  t h a t  t h e  p h o t o ~ i c  s y s t e ~  was 

c o n t r i b u t i n g  t o  t h e  YEP, T a k i n g  a d v a n t a g e  of t h e  d i r e c t i o n a l  

s e n s i t i v i t y  of t h e  c o n e s  (S t i l e s  a n d  Crawf  ord, 19331, Wooten 

st iraula t e d  t h e  r e t i n a  e c c e n t r i c a l l y  w i t h  a f l a x w e l l i a n  beam 



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

C I E  s c o t o p i c  l u m i n o s i t y  f u n c t i o n  a t  t h e  l o n g  w a v e l e n g t h  e n d  of 

t h e  s p e c t r u m ,  

Vaughan  a n d  H u l l  (1965)  a l s o  f o u n d  e v i d e n c e  o f  a s c o t o p i c  

c o n t r i b u t i o n  t o  t h e  VEP, They u s e d  a 4 O  f i e l d ,  centrally v i e w e d ,  

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

8 l o g  u n i t s ,  T h e y  f o u n d  t h a t  t h e  l a t e n c y  of t h e  P I  c o m p o n e n t  

i n c r e a s e d  s t e a d i l y  w i t h  d e c r e a s i n g  i n t e n s i t y  up  t o  6  l o g  u n i t s  

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

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

a b o u t  30 as i n  e a c h  of 3 s u b j e c t s  e x a u i n e d ,  ~lso, a t  t h i s  i e v e l  

o f  a t t e n u a t i o n  a 1,5O f o v e a f l y  p r o j e c t e d  s t i m u l u s  f a i l e d  t o  

g e n e r a t e  an EP n o r  d i d  t h e  s u b j e c t s  r e p o r t  s e e i n g  t h e  s t i m u l u s ,  

F o r  t h e s e  r e a s o n s  t h e  a u t h o r s  c c n c l u d e d  t h a t  t h e  YEPs t o  

l u m i n a n c e s  below 6 l o g  u n i t s  o f  a t t e n u a t i o n  were g e n e r a t e d  by "a 

d i s t i n c t  l o n g - l a t e n c y  s c o t o p i c  n r e c h a n i s e n  (p, 7 2 1 )  - 
A n o t h e r  way t o  assess s c o t o p i c  a n d  p h o t o p i c  c o n t r i b u t i o n s  

t o  t h e  YEP is by e x a m i n i n g  t h e  b e h a v i o r  of t h e  YEP d u r i n g  d a r k  

a d a p t a t i o n .  I n i t i a l  s t u d i e s  r e p o r t e d  s o m e  s u c c e s s  i n  d e s c r i b i n g  

b o t h  r o d  a n d  c o n e  c o n t r i b u t i o n s  t o  t h e  VEP d u r i n g  d a r k  

a d a p t a t i o n  ( f l u b e r  a n d  Adachi-Usasai ,  1 9 7 2 ;  P e r r y ,  C h i l d e r s ,  

Dawson, a n d  Stewart,  1968) ,. Both  F u j i m u r a  e t  a l -  (1975) a n d  

K l i n g a m a n  ( 1 9 7 6 )  r e p o r t e d  c o a p a r i s o n s  o f  YEP c h a n g e s  a n d  

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

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

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



One  m a j o r  p r o b l e m  w i t h  c o l l e c t i n g  VEP d a t a  d u r i n g  d a r k  

a d a p t - a t i o n  is t h a t  t h e  number  o f  f l a s h  r e p e t i t i o n s  n e e d e d  t o  

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

a d a p t a t i o n  i n  t h e  eye- T o  c o n t r o l  f o r  t h i s  p r o b l e m  K l i n g a m a n  

(1976)  o b t a i n e d  a l a r g e  W VEP by p o o l i n g  a number  of s m a l l  N 

V E P s  c o l l e c t e d  o v e r  n u m e r o u s  r e p l i c a t i o n s  o f  t h e  e x p e r i a e n t .  

Y i t h  t h i s  i a p r o v e m e n t  K l i n g a m a n  ( 1 9 7 6 )  f o u n d  t h a t  i f  t h e  

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

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

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

r e f l e c t e d  r o d  a c t i v i t y ,  

P h o t o p i c  v e r s u s  s c o t o ~ i c  c o n t r i b u t i o n s  t o  t h e  VEP h a v e  a l s o  

b e e n  e x a m i n e d  u s i n g  i n c r e m e n t  t h r e s h o l d s  i n  n o r m a l s  a n d  rod 

m o n o c h r o m a t s  (Adachi -Usami ,  1 9 7 4 ;  f i u b e r  E Adachi-Usarni ,  1972 ;  

K l i n g a m a u ,  1977, f 9 7 9 ) -  K l i n g a i a a n  u s e d  a c o n s t a n t  c r i t e r i o n  

l a t e n c y  m e a s u r e  ta ~ f o t  t h e  VEP i n c r e m e n t  t h r e s h c l d s  a n d  

c o a p a r e d  t h e m  t o  t h e  p s y c h o p h y s i c a l  t h r e s h o l d s ,  I n  t h e  n o r m a l  

a n d  t h e  r o d  monochromat  K l i n g a m a n  f o u n d  t h a t  the i n c r e m e n t  

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

c l o s e l y  p a r a l l e l e d  o n e  a n o t h e r ,  H o v e v e r ,  when c o m ~ a r i n g  t h e  t u o  

s u b j e c t s  K l i n g a a a n  f o u n d  a c lear  k r e a k  i n  b o t h  t h e  

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

n o r m a l  b u t  n o t  f o r  t h e  rod monochromat ,  T h e  b r e a k  i n  t h e  VEP 

c u r v e  was an a b r u p t  c h a n g e  i n  l a t e n c y  of 40-45 ms w i t h i n  a 

h a l f  l o g  unit, T h i s  b r e a k  was a t t r i b u t e d  t o  a c h a n g e o v e r  f r o m  

the s c o t o p i c  t o  t h e  p h o t o p i c  s y s t e ~ s  a s  a result o f  i n c r e a s i n g  



b a c k r o u n d  i l l u m i n a t i o n ,  T h e  r o d  monochromat  e x h i b i t e d  a s m o o t h  

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

T h u s ,  a number  o f  s t u d i e s  h a v e  shown t h a t  t h e  VEP is 

s e n s i t i v e  t o  b o t h  p h o t o p i c  a n d  s c o t o p i c  m e c h a n i s e s  when t h e  e y e  

is s t i m u l a t e d  u n d e r  t h e  g r o p e r  c o r d i t i o n s ,  P r e v i o n s l p ,  many 

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

t h e  VEP, t h e  b u l k  o f  w h i c h  s t i m u l a t e d  t h e  f o v e a  w h e r e  t h e  

c o n c e n t r a t i o n  o f  c c n e d  was g r e a t e s t  (Arn t ing ton ,  1 9 6 6 ;  C a v o n i u s ,  

1 9 6 5 ;  DeVoe e t  a l ,  1968;  P o t t s  E Nagaya ,  1965 ;  Ohka, 1957;  

R i e t v e l d ,  T o r d o i r ,  E D u f f ,  1965).  A l t h o u g h  t h e  f c v e a  a p p a r e d  t o  

make t h e  g r e a t e s t  c c n t r i b u t i o n ,  t h e  p a r a f  o v e a  ( w h i c h  c o n t a i n s  

b o t h  rods a n d  c o n e s )  h a s  a l s o  been  shown  t o  make a s i z e a b l e  

c o n t r i b u t i o n  t o  t h e  VEP ( C o p e n h a v e r  6 P e r r y ,  1 9 6 4 ;  R i e t v e l d  e t  

a l ,  1 9 6 5 ) -  F i n a l l y ,  a p u r e l y  s c o t o p i c  VEP h a s  been  r e l i a b l y  

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

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

f u n c t i o n  ( H u b e r  E Adachi -Usami ,  1 9 7 2 ;  K l i n g a m a n ,  1976 ,  1977,  

1 9 7 9 ;  Wooten,  19721 - 
Regan  ( 1 9 7 0 )  h a s  u s e d  h e t e r o c h r o m a t i c  f l i c k e r  ~ h o t o l a e t r y  a s  

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

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

p r o c e d u r e ,  a s  d e s c r i b e d  by Regan (1972) i s  a s  follows: 

T h e  s u b j e c t  v i e w s  a s t i m u l u s  f i e l d  wh ich  c o n s i s t s  of tuo 
s u p e r i m p o s e d  p a t c h e s  of l i g h t ,  One  l i g h t  is c o l o u r e d  a n d  
t h e  o t h e r  i s  a s t a n d a r d  v h i t e  w h i c h  i s  l e f t  u n a l t e r e d  
t h r o u g h o u t  t h e  p r o c e d u r e .  T h e  v h i t e  a n d  c o l o u r e d  beams 
a r e  a l t e r n a t e d  a t  a s u f f i c i e n t l y  h i g h  f r e q u e n c y  t h a t  t h e  
c o l o u r s  f u s e  s u b j e c t i v e l y  b u t  t h e  a l t e r n a t i o n  f r e q u e n c y  
is n o t  so h i g h  t h a t  b r i g h t n e s s  flicker disappears,  T h e  
l u a i n a n c e  of t h e  c o l o u r e d  beam is t h e n  a l t e r e d  u n t i l  t h e  



s u b j e c t  r e p o r t s  t h a t  f l i c k e r  is a minirnua, A t  t h i s  ~ o i n t  
p e r c e i v e d  f l i c k e r  v i l l  i n c r e a s e  i f  t h e  c o l o u r e C  beam is 
made b r i g h t e r  c r  d immer ;  a n d  a t  t h e  p o i n t  o f  minimum 
f l i c k e r  t h e  l u ~ i n a n c e s  o f  t h e  w h i t e  a n d  c o l o u r e d  s t i m u l i  
are e q u a l  (by  d e f i n i t i o n ) .  (p* 9 7 )  

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

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

c o l o u r e d  l i g h t  p r o d u c e d  a minimum V E P  a m p l i t u d e ,  S i e g f r i e d ,  

T e p a s ,  S p e r l i n g ,  a n 3  H i s s  (1965) f o u n d  t h a t  EP a m p l i t u d e  f e l l  t o  

a minimum a t  t h e  same l u m i n a n c e  w h e r e  t h e  p o i n t  o f  mininum 

s u b j e c t i v e  f l i c k e r  was r e p o r t e d .  However ,  Regan  (1970) who 

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

e i g h t  s u b j e c t s  t e s t e d ,  

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

s t u d i e s  { w h i c h  s h a l l  n o t  b e  d e a l t  w i t h  h e r e ,  b u t  see Began,  

1 9 7 2 ,  p, 97 -104)  Reyan c o u c l u d e d  t h a t  for EP c o m p o n e n t s  i n  t h e  

10-30 Hz r a n g e  t h e  p o i n t  of t h e  p e r c e ~ t i o n  o f  minireurn flicker 

a n d  the minimum EP a m p l i t u d e  c o u l d  b e  d i s s o c i a t e d  by  a p p r o p r i a t e  

c h o i c e s  of s t i ~ u l u s  i n t e n s i t i e s  a n d  r a o d u l a t i o n  d e p t h s .  However ,  

Regan p o i n t e d  o u t  t h a t  t h e  s i t u a t i o n  v a s  q u i t e  d i f f e r e n t  f o r  

f r e q u e n c y  c o m p o n e n t s  o f  the EP i n  t h e  h i g h  f r e p u e n c y  range o f  

40-60 Hz, In t h e  h e t e r o c h r o m a t i c  ~ h o t o m e t r y  parad igm t h e  

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

minimum a t  t h e  p o i n t  o f  minimu& s u b j e c t i v e  f l i c k e r ,  By u s i n g  

w a v e l e n g t h s  a c r o s s  t h e  s p e c t r u m  Regan  (1970) f o u n d  t h a t  t h e  E P  

a m p l i t u d e s  o f  t h e  s e c o n d  h a r m o n i c  ( 4 8  Bz c o m p o n e n t )  a g r e e d  w i t h  

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

o b t a i n e d  h e t e r o c h r o m a t i c  p h o t o m e t r y  d a t a ,  I n  c o n t r a z t ,  t h e  

f u n d a m e n t a l  c o a p o n e n t  ( 2 4  Hz) of t h e  EP h a d  n o  c a r r e s p o n d i n g  



minimum a m p l i t u d e  a t  t h e  p o i n t  o f  minimum f l i c k e r ,  

A l t h o u g h  not e x p l i c i t l y  s t a t e d ,  t h i s  s p e c t r a l  s e n s i t i v i t y  

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

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

a r o u n d  100 td- T o  d a t e ,  t h e r e  h a v e  b e e n  no  d a t a  r e l a t i n g  t h e  

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

Diamond e t  a l -  (1981)  h a v e  i n v e s t i g a t e d  t h e  p o s s i b i l i t y  of  

r o d  a n d  c o n e  c o n t r i b u t i o n s  t o  t h e  s t e a d y - s t a t e  VEP, f l i c k e r i n g  

s t i m u l a t i o n  was p r e s e n t e d  w h i c h  v a r i e d  on  s e v e r a l  d i m e n s i o n s :  

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

T h e  m a n i p u l a t i o n  o f  t h e s e  d i m e n s i o n s  was  i n t e n d e d  t o  

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

f o u n d  t h a t  s t i ~ u l u s  c o n d i t i o n s  of low f r e q u e n c y  19 f l a s h e s / s e c )  , 
s h o r t  w a v e l e n g t h  (501 nm) , e x t r a f o v e a l  s t i m u l a t i o n ,  a n d  l o w  

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

c o a p o n e n t  of a d o u b l e - c o m p o n e n t  YEP-  I n  c o n t r a s t ,  a l o n g  

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

r a t e s  (25  f l a s h e s / s e c )  c e n t e r e d  on  t h e  f o v e a  d i f f e r e n t i a l l y  

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

Diamond p r o p o s e d  t h a t  t h e  f i r s t  c o m p o n e n t  was d e r i v e 3  f rota r o d s  

a n d  t h e  s e c o n d  from c o n e s ,  

One  p u z z l i n g  r e s u l t  o f  t h i s  work was t h e  p r e s e n c e  of a 

l a r g e  a m p l i t u d e  $ * r o d n  c o m p o n e n t  u n d e r  p h o t o p i c  c o n d i t i o n s ,  T h i s  

w o u l d  s u g g e s t  t h a t  b o t h  r o d  a n d  c o n e  s i g n a l s  were r e a c h i n g  t h e  

b r a i n  a t  p h o t o p i c  l e v e l s ,  S u c h  a n  e x p l a n a t i o n  h a s  b e e n  F r o p o s e d  

t o  a c c o u n t  f o r  t h e  c a n c e l a t i o n  of f l i c k e r  a t  lsesopic l e v e l s  



(YacLeod,  1972)  a n d  t h e  d e s a t u r a t i o n  o f  co lor  d u r i n g  f l i c k e r  

( B a l l ,  1964 ;  Ualters,  1 9 7 1 ) .  F o r  e x a m p l e ,  n a c Z e o d  ( 1 9 7 2 )  f o u n d  

t h a t  a 7.5 Hz f l i c k e r i n g  l i g h t  w h i c h  s t i m u l a t e d  b o t h  r o d s  a n d  

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

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

f l i c k e r i n g  l i g h t ,  B a l l  (1964) a n d  Hal ters  ( 1 9 7 1 )  f o u n a  t h a t  a  

b l u e - g r e e n  l i g h t  (510 nm) p r e s e n t e d  a t  p h o t o p i c  l e v e l s  

(475 t r o l a n d s )  d e s a t u r a t e d  when f l i c k e r e d  a t  a r a t e  o f  10 Hz, 

E o t h  t h e s e  phenomena  were e x p l a i n e d  by t h e  d i f f e r e n c e  i n  

r e s F o n s e  tiraes b e t w e e n  r o d s  a n d  c o n e s ,  PiacLeod p r o p o s e d  t h a t  t h e  

c a n c e l a t i o n  o f  f l i c k e r  was d u e  t o  e q u a l  a m p l i t u d e  r o d  a n d  c o n e  

s i g n a l s  a r i v i n 3  a t  a  common a n a l y z e r  1 8 0  O o u t  o f  p h a s e ,  

p r o d u c i n g  t h e  i l l u s i o n  of a s t e a d y  l i g h t ,  Ual te rs ,  o n  t h e  o t h e r  

h a n d ,  t h o u g h t  t h a t  t h e  l O H z  f l i c k e r  r e s u l t e d  i n  a  d i s i n h i b i t i o n  

of t h e  r o d  a c t i v i t y  a t  t h e  g a n g l i c n  c e l l  l e v e l ,  ~ r o d u c i n g  t h e  

d e s a t u c a t  i o n  p h e n o c e e n c n .  F u r t h e r m o r e ,  Walters f o u n d  t h a t  

d e s a t u r a t i o n  of t h e  f l i c k e r i n q  k l u e - g r e e n  l i g h t  nas a c c o ~ p a n i e d  

by a marked  i n c r e a s e  i n  t h e  s c o t o p i c  b-wave, 

T a k e n  t o g e t h e r ,  t h e s e  f x ~ e r i ~ s e n t s  s u g g e s t  t h a t  u n d e r  

c o n d i t i o n s  o f  f l i c k e r  a r o u n d  7- 1 0  Hz a n d  a ~ p r o p r i a t e  l u ~ i n a n c e  

l e v e l s  p h o t o p i c  a n d  s c o t o p i c  3 c t i v i t y  c a n  e i t h e r  i n t e r a c t  o r  

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

One method  o f  d i s t i n g u i s h i n g  b e t w e e n  s c o t o p i c  a n d  p h o t o p i c  

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

a r r i v a l  t i a e  of t h e s e  s i g n a l s  a t  t h e  b r a i n .  B o t h  ~ s y c h o p h y s i c a l  

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



arrive a t  t h e  b r a i n  b f t v e e n  30-100 m s  e a r l i e r  t h a n  r o d  s i g n a l s  

{ F r u m k e s  e t  a l ,  1 9 7 3 ;  Vaughan,  1 9 6 6 ) .  I n  t h e  p r e s e n t  s t u d y  t h e  

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

m e a s u r i n g  t h e  l a t e n c y  of the s t e a d y - s t a t e  VEP, However, t h e  

determination of l a t e n c y  in t h e  s t e a d y - s t a t e  VEP h a s  n o t  been an 

e a s y  t a s k  and h a s  been a p p r o a c h e d  d i f f e r e n t l y  by d i f f e r e n t  

i n v e s t i g a t o r s ,  A r e v i e w  of the n a t u r e  of t h e  s t e a d y - s t a t e  YEP 

a n d  m e t h o d s  d e v i s e d  t o  d e t e r a i n e  l a t e n c y  follows, 



111, F r e q u e n c y  vs ,  time d o m a i n  a n a l y s i s  of v i s u a l  evoked 

p o t e n t i a l s  

#here e v o k e d  g o t e n t i d l  m e a s u r e s  h a v e  b e e n  a p ~ l i e d  t o  t h e  

s t u d y  o f  human v i s i o n ,  lgajor e m p h a s i s  h a s  b e e n  p l a c e d  o n  t h e  u s e  

of t r a n s i e n t  VEPs  a n d  ~ u c h  less o n  s t e a d y - s t a t e  VEPs, P e r h a p s  

o n e  r e a s o n  f o r  t h i s  is t h a t  t h e  t r a n s i e n t  VET? p r o v i d e s  a s i m p l e r  

m o d e l  f o r  how t h e  b r a i n  r e s ~ o n d s  t o  s t i m u l a t i o n ,  The  mode l  may 

b e  p r e s e n t e d  i n  t h e  f o l l o w i n g  way, I f  we are i n t e r e s t e d  i n  

e x a m i n i n g  t h e  b r a i n ' s  r e s p o n s e  t o  a p a r t i c u l a r  s t i a u l u s ,  t h e n  i t  

m a k e s  s e n s e  t o  record b r a i n  a c t i v i t y  j u s t  ~ r i o r  to ,  d u r i n g ,  a n d  

f o r  s o m e  time a f t e r  s t i e u l u a t i o n  u n t i l  t h e  b r a i n ' s  rerFonse h a s  

s u b s i d e d ,  T h u s ,  o n e  h a s  a well d e f i n e d  time c o u r s e  of b r a i n  

a c t i v i t y  i n  r e s p o n s e  t o  a s i n g l e  s t i m u l u s  wh ich  ~ r e s u a a b l y  

e n c o d e s  i n f  o r s a t i o o  a b o u t  t h e  s t i m u l u s ,  T h e  technique o f  

a v e r a g i n g  i m p r o v e s  t h e  s i g n a l  t o  n o i s e  r a t i o  s o  that t h e  

r e s p o n s e  t o  t h e  s t i m u l u s  c a n  b e  e x t r a c t e d  f r o m  t h e  b a c k r o u n d  EEG 

ac t  i v  it y. 

T h i s  s i m p l e  case c a n  be t a k e n  one s t e p  f u r t h e r  b y  r e p e a t i n g  

t h e  s t i m u l u s  before the r@SFORS@ t o  t h e  first s t i m u l u s  is 

c o m p l e t e d ,  T h i s  o b v i o u s l y  r e s u l t s  i n  a more c o m p l e x  s i t u a t i o n  

b e c a u s e  r e s p o n s e s  t o  s t i m u l i  begin to o v e r l a p  o n e  a n o t h e r *  When 

s t i m u l i  a r e  r e g u l a r l y  r e p e a t e 3 ,  t h e  b r a i n  reacts by p r o d u c i n g  a 

r e s p o n s e  which ,  o v e r  a f a i r l y  l a r g e  r a n g e  o f  s t i n u l a t i n g  

f r e q u e n c i e s ,  e x a c t l y  f o l l o w s  the f r e q u e n c y ,  Thus ,  t h e  



s t e a d y - s t a t e  YEP p r o v i d e s  i n f o r m a t i o n  n o t  o n l y  a b o u t  t h e  

s t i m u l u s  i t s e l f ,  b u t  a l s o  o n  how t h e  b r a i n  r e s p o n d s  t o  t h e  time 

r e l a t i o n s  among t h e  s t i m u l i ,  It c a n  b e  c o n c l u d e d  t h a t  t h e  

t r a n s i e n t  VEP a n d  t h e  s t e a d y - s t a t e  VEP c a n  be u s e d  t o  t a p  

d i f f e r e n t  a s p e c t s  of human b r a i n  f u n c t i o n ,  T h e  most cotemon 

a e t b o d  of a n a l y s i s  of t h e  t r a n s i e n t  VEP h a s  b e e n  i n  t h e  time 

domain ,  t h a t  is, i d e n t i f y i n g  d i f f e r e n t  c h a r a c t e r i s t i c s  of t h e  

YEP ( a i a p l i t u d e ,  s l o p e ,  t u r n i n g  p o i n t s )  by r e f e r e n c i n g  t h e m  t o  

t h e  o n s e t  of t h e  s t i a u l u s ,  T h i s  me thod  a s s u m e s  t h a t  t h e  s t i m u l u s  

a c t i v a t e s  d i f f e r e n t  b r a i n  s t r u c t u r e s  i n  a s e q u e n c e  a n d  t h a t  t h e  

t i m e - l o c k e d  a c t i v i t y  of t h e  VEP c o n p o n e n t s  r e p r e s e n t  t h e  

s e q u e n t i a  1 p r o c e s s i n g  of t h e  s t i m u l u s -  A n a l y s i s  of t h e  t r a n s i e n t  

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

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

Regan ( 1 9 7 7 )  h a s  a r g u e d  t h a t  t h i s  l s e thod  is n o t  a p p r o p r i a t e  

f o r  s t e a d y - s t a t e  V E P s  b e c a u s e  o f  t h e  d i f f i c u l t y  of  a s s o c i a t i n g  

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

s t i r e u l u s ,  T h i s  p r o b l e a  w i l l  be  t a k e n  u p  a g a i n  when t h e  l a t e n c y  

of t h e  s t e a d y - s t a t e  VEP is d i s c u s s e d ,  R e g a n  (1972 ,  1 9 7 7 )  h a s  

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

F o u r i e r  a n a l y s i s ,  for s t e a d y - s t a t e  VEPs, F o u r i e r  a n a l y s i s  

a n a l y z e s  t h e  EEG signal i n t o  d i f f e r e n t  f r e q u e n c y  b a n d s ,  taking 

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

r e p e t i t i v e  s t i m u l a t i o n ,  I t  is p o s s i b l e  to  c o n s t r u c t  a n y  c o m p l e x  

wave fo rm f r o m  a series of N h a r m o n i c  s i n e  a n d  c o s i n e  waves  u s i n g  

F o u r i e r  a n a l y s i s ,  Each harrnonic makes a c e r t a i n  w e i g h t e d  



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

p a r t i c u l a r  h a r m c n i c  is p r e s e n t  i n  t h e  EP, T h u s ,  t h e  VEP may b e  

a d e q u a t e l y  d e s c r i b e d  by  m e a s u r i n g  t h e  p h a s e  a n d  a m p l i t u d e  

c h a r a c t e r i s t i c s  of t h e  h a r m o n i c  c o m p o n e n t s  of t h e  r e s p o n s e ,  

T h e  s i g n a l  t o  noise r a t i o  i s  e n h a n c e d  b y  " f i l t e r i n g  o u t t v  

EEG f r e q u e n c i e s  n o t  r e l a t e d  t o  t h e  s t i m u l u s  f r e q u e n c y *  T h i s  

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

s t i m u l u s -  r e s p o n s e  r e l a t i o n s h i  FS b e c a u s e  p u r e  s i n e w a v e  

s t i m u l a t i o n  p r o d u c e s  a h r a i n  r e s p o n s e  much more  c o m p l e x  t h a n  a 

s i m p l e  s i n e w s v e  [ R e g a n ,  1968) -  I n  t h i s  case t h e  

s t i ~ u l u s - r e s p o n s e  r e l a t i o n s h i p  is  s a i d  t o  be non-linear, I f ,  

h o w e v e r ,  t h e  c o m p l e x  response is p e r i o d i c ,  Began  11966, 1968) 

claims t h a t  t h e  r e s p o n s e  c a n  b e  r e d u c e d  i n t o  a number  of  

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

f r e q u e n c y ,  

One  d i s a d v a n t a g e  of F o u r i e r  a n a l y s i s  is t h a t  i t  r e q u i r e s  

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

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

t o o l ,  t h e r e  is n o  r e a s o n  t o  b e l i e v e  t h a t  t h e  b r a i n  a c t s  a s  a 

w h a r m o n i c  f r e q u e n c y  g e n e r a  t o r m -  T h e  f o l l o w i n g  e x a m p l e  

i l l u s t r a t e s  t h i s  p o i n t ,  S u p p o s e  a b r a i n  r e s p o n s e  is p r o d u c e d  

s u c h  a s  t h a t  shown  i n  F i g u r e  1 A .  F o u r i e r  a n a l y s i s  of t h i s  

r e s p o n s e  wou ld  y i e l d  two h a r m o n i c s ,  a f u n d a m e n t a l  (1B) a n d  a 2 n d  

h a r m o n i c  ( I C ) ,  It is a s s u e t e d  t h a t  t h e  f u n d a a e n t a l  a n d  t h e  second 

h a r m o n i c  c o m b i n e  t o  f o r m  t h e  o r i g i n a l  r e s p o n s e ,  I t  a l s o  a s s u m e s  

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



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

a r e  c o n t i n u a l l y  a c t i v c  o v e r  t h e  e n t i r e  s t i m u l u s  c y c l e ,  However ,  

i t  is e q u a l l y  p o s s i b l e  t h a t  t h e  r e s F o n s e  i s  p r o d u c e d  by  t w o  

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

i n  F i g u r e  ID a n d  1E, w h i c h  when r e c o r d e d  d t  t h e  s c a l p  b y  a n  

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

I n  flct, t h e r e  may b e  a n  i n f i n i t e  nuinber o f  ways i n  w h i c h  t h e  

b r a i n  p r o d u c e d  t h e  r e s F o n s e ,  However ,  t h e  p o i n t  i s  t h a t  t h e r e  is 

no r e a s o n  t o  a c c e p t  t h e  * * h a r m o n i c  f r e q u e n c y  g e n e r a t o r "  

h y p o t h e s i s  o v e r  a n y  o t h e r .  F r e q u e n c y  a n a l y s i s  r e q u i r e s  such a n  

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

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

A s e c o n d  d i s a d v a n t a g e  o f  t h i s  method is a p r a c t i c a l  o n e ,  

V e r y  f e u  i n v e s t i g a t o r s  e v e r  a n a l y s e  t h e  s t e a d y - s t a t e  V E F  b e y o n d  

t h e  s e c o n d  har f f ion ic ,  T h i s  p r a c t i c e  may r e s u l t  i n  a c o n s i d e r a b l e  

l c s s  o f  i n f o r m a t i o n  i f  o n e  c o n s i d e r s  t h a t  the s t e a d y -  s t a t e  VZP 

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

( w i t h i n  a r e s p o n s e  c y c l e )  w h i c h  may ke c o n t a i n e d  i n  h i g h e r  

h a r m o n i c s ,  I t  is p o s s i b l e  t h a t  t h e  h i g h e r  h a r m o n i c s  c o n t a i n e d  i n  

t h e  s t e a d y - s t a t e  V E P  are d e r i v e d  f roa  p r i m a r y  c o r t e x  a n d  t h e  

lower h a r m o n i c s  from n o n - s p e c i f i c  c o r t e x ,  A l t h o u g h  t h i s  h a s  b e e n  

p r o ~ o s e d  f o r  r e s p o n s e s  r e s u l t i n g  from h i g h  a n d  low f r e q u e n c y  

s t i m u l a t i o n  i t  may a l s o  be t h e  case  f o r  t h e  h i g h e r  h a r a o n i c s  of 

I l o w  f r e q u e n c y  s t i m u l a t i o n -  

Diamond (1977a, 1977b) has p r o p o s e d  u s i n g  t.ime d o m a i n  

a n a l y s i s  f o r  t h e  steady-state Y E P  a s  a n  a l t e r n a t i v e  t o  f r e q u e n c y  



Figure 1, Two ways i n  which a s i n e  wave  c a n  be decomposed ,  The 
original wave form i s  shown i s  A. 3 a n d  C i l l u s t r a t e  t h e  
fundamenta l  a n d  f irst  harmonic cf A ,  r e s p e c t i v e l y -  D a n d  E show 
two a r b i t r a r y  u a v e f o r m s ,  which when added  together e q u a l  the 
wave form i n  A, 





a n a l y s i s ,  T h i s  method does n o t  r e q u i r e  t h e  a s s u m ~ t i o n s  o f  

f r e q u e n c y  a n a l y s i s  a b o u t  the EEG r e s F o n s e ,  a n d  s o  may be a p p l i e d  

t o  many s i t u a t i o n s  i n  wh ich  f r e q o e n c y  a n a l y s i s  is i n a p p r o p r i a t e ,  

Some e x a m p l e s  i n c l u d e  when n o n - s i n e w a v e  s t i m u l a t i o n  i s  u s e d  or  

when the s t i i a u l a t i n g  f r e q u e n c y  is  n o t  s y s l m e t r i c ,  I n  o r d e r  t o  

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

a b o u t  t h e  s t e a d y - s t a t e  VEP Diamond ( 1 9 7 7 a ,  1977b) d e v i s e d  a 

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

is c o n t r a s t e d  w i t h  t h e  p h a s e  shift method  of Began i n  the n e x t  

s e c t i o n ,  

L a t  en= of the s t e a d y - s t a t e  I_Eg --- 
Regan  (1972) h a s  a s s e r t e d  t h a t  a m e a s u r e  o f  t h e  l a t e n c y  o f  

t h e  s t e a d y - s t a t e  YEP c a n  o n l y  be c o n s i d e r e d  a " t r u e i g  m e a s u r e  of 

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

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

m i n i a u n  p h a s e  s h i f t ,  T h i s  r e q u i r e m e n t  r e s u l t s  from t h e  n a t u r e  of 

t h e  b r a i n ' s  r e s p o n s e  t o  r e p e t i t i v e  s t i m u l a t i o n ,  Regan  (1972) 

m a i n t a i n s  t h a t  when s t i m u l u s  r e p e t i t i o n  f r e q u e n c i e s  are h i g h  

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

w i t h  a p a r t i c u l a r  s t i m u l u s  cycle,  Thus, u n l i k e  t r a n s i e n t  V E P s  

t h e r e  is n o  way t o  d e t e r m i n e  t h e  l a t e n c y  o r  s e s p o n s e  t i r e  d e l a y  

of  t h e  b r a i n  t o  a  articular s t i a u l u s ,  b e c a u s e  t h e  respcnses o f  

t h e  k r a i n  o v e r l a p  i n  time. 

T n s t e a d ,  R e y a a  h a s  p r o p o s e d  a measure of ? * a p p a r e n t  

l a t e n c y m ,  T\ which e q u a l s  t h e  true l a t e n c y ,  T, if t h e  



a s s u m p t i o n  o f  a l i n e a r ,  minimum p h a s e - s h i f t  s y s t e m  h o l d s  a n d  i f  

EP a m p l i t u d e  c h a n g e s  l i t t l e  w i t h  s t i m u l u s  f r e q u e n c y ,  I n  

f r e q u e n c y  r e g i o n s  w h e r e  EP a a p l i t u d e  c h a n g e s  m a r k e d l y  w i t h  

f r e q u e n c y  a f u r t h e r  t r a n s f o r m a t i o n  m u s t  b e  made i n  o r d e r  t o  

e s t i m a t e  t h e  true l a t e n c y .  From i n v e s t i g a t i o n s  o f  

a m p l i t u d e / f r e q u e n c y  r e l a t i o n s h i p s  it is  clear  t h a t  a m p l i t u d e  

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

(Regan ,  1972 ;  S p e k r e i j s e ,  1 9 6 6 ) -  T h e s e  marked  c h a n g e s  i n  

a m p l i t u d e  a l s o  a f f e c t  p h a s e -  If a c o r r e c t i o n  is n o t  made f o r  

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

the t r u e  l a t e n c y  (Regan, 1972; S p e k r e i j s e  e t  a l ,  1977)- 

However ,  t h e  c r i t i c a l  f ac to r  i n  e s t i m a t i n g  t rue  l a t e n c y  

from a p p a r e n t  l a t e n c y  is t h e  a s s u m p t i o n  of a l i n e a r  miniinurn 

p h a s e - s h i f t  s y s t e m ,  U n f o r t u n a t e l y ,  i t  is clear  t h a t  i n  n a n y  

s i t u a t i o n s  t h e  s t i r a u l u s - E P  s y s t e m  i s  n o t  l i n e a r  (Regan ,  1 9 7 2 ) -  

I n  f a c t ,  a c o n s i d e r a b l e  e f f o r t  h a s  b e e n  made b y  t h o s e  

r e s e a r c h e r s  who u s e  f r e q u e n c y  a n a l y s i s  t o  e i t h e r  create s t i m u l u s  

c o n d i t i o n s  t h a t  linearize t h e  system ( S p e k r e i j s e ,  1966) o r  t o  

a p p l y  l i n e a r  s y s t e m s  a n a l y s i s  t o  n o n - l i n e a r  e l e m e n t s  by u s i n g  

small s t i m u l u s  s i g n a l s  w h e r e  t h e  d i s t o r t i o n  is t h o u g h t  t o  b e  

m i n i m a l  (Regan, 1 9 7 2 ) .  

I n  s p i t e  of t h e  u n c e r t a i n  n a t u r e  of t h e  stimulus-EP s y s t e a  

l a t e n c y  m e a s u r e m e n t s  h a v e  b e e n  made f o r  3 d i f f e r e n t  p o r t i o n s  o f  

t h e  p h a s e f r e q u e n c y  c u r v e ,  t h e  low f r e q u e n c f r  r e g i o n  (8-12 Hz) ,  

the medium f r e q u e n c y  r e g i o n  (13-25 Hz), a n d  t h e  h i g h  f r e q u e n c y  

r e q i o n  (35-60 Hz) (Eegan, 7972) -  T h e  "apparent l a t e n c y t *  is 



c a l c u l a t e d  from t h e  s l o p e  of  t h e  p h a s e - f r e q u e n c y  p l o t  by  t h e  

f o r m u l a  T 1  = 1/360 d#/df ( w h e r e  T *  is i n  s e c o n d s ,  dB is t h e  

c h a n g e  i n  p h a s e  i n  d e g r e e s ,  a n d  df  is t h e  c h a n g e  i n  f r e q u e n c y  i n  

h e r t z ;  Regan, 1 9 7 2 ) -  The a p p a r e n t  l a t e n c y  f o r  t h e  low f r e q u e n c y  

r e g i o n  h a s  b e e n  c a l c u l a t e d  t o  b e  w i t h i n  120-200 cas, b e t w e e n  

110-140 m s  f o r  t h e  medium r e g i o n ,  a n d  48-62 m s  f o r  t h e  h i g h  

f r e q u e n c y  r e g i o n  (Regan ,  1 9 6 6 ;  Van d e r  T u e e l  a n d  L u n e l ,  1 9 6 5 ;  

S p e k r e i  jse, 1966).  

S p e k r e i  jse e t  a l ,  ( 1977)  h a v e  i n t e r p r e t e d  t h e  s h o r t e r  d e l a y  

f o r  t h e  h i g h  f r e q u e n c y  VEP as  a r e f l e c t i o n  of d i f f e r e n t  t r a n s f e r  

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

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

t o  d i f f e r e n t  c o r t i c a l  areas. T h e  h i g h  f r e q u e n c y ,  s h o r t  l a t e n c y  

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

s e d i u e  f r e q u e n c y ,  m e d i u s  l a t e n c y  r e s p o n s e  f r o m  a r e a s  15 a n d  19 ,  

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

c o r t i c a l  areas,  

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

in in inurn-phase  s h i f t  VEP s y s t e m  r e q u i r e s  v a l i d a t i o n  o f  t h e  a b o v e  

l a t e n c y  estimnates, S p e k r e i  jse e t  a l ,  (1  977) p r o v i d e d  v a l i d a t i o n  

f o r  t h e s e  estimates by c o m p a r i n g  t h e s e  l a t e n c y  v a l u e s  w i t h  t h o s e  

froa the t r a n s i e n t  f l a s h  YEP a n d  VEPs t o  G a n s s i a n  

n o i s e - a o d u l a t e d  l i g h t .  I n  n o i s e - m o d u l a t e d  l i g h t  s t i i r i n l a t i o n  a l l  

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

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

I n  this way p r o b l e m s  o f  n o n - s t a t i o n a r i t y  of t h e  YEP system are  



o b v i a t e d -  T h e s e  r e s e a r c h e r s  p r e s e n t e d  d a t a  from these two t y p e s  

o f  VEPs whose  l a t e n c i e s  c o r r e s ~ o n d e d  w i t h  l a t e n c i e s  d e t e r m i n e d  

f r o m  t h e  p h a s e -  f r e q u e n c y  p l o t s  f r o m  s i n u s o i d a l  s t i m u l a t i o n ,  VEPs 

generated frona G a u s s i a n  n o i s e  m o d u l a t i o n  were f o u n d  t o  have 

d e l a y s  o f  40 -60  m s  i n  t h e  h i g h  f r e q u e n c y  p a r t  of t h e  s p ~ c t r u m ,  

When c o r r e c t e d  f o r  t h e  p h a s e  s h i f t  c h a r a c t e r i s t i c s  o f  t h e  VEP 

system a " p u r e w  l a t e n c y  e s t i m a t e  of  30 a s  was f o u n d ,  T h i s  v a l u e  

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

t r a n s i e n t  YEP ( C i g a r i e k ,  1 9 6 1 ) .  It s h o u l d  be n o t e d  t h a t  t h e  

p h a s e - • ’  r e q u e n c y  e s t i m a t e  o f  40-68 ms o v e r e s t i m a t e d  t h e  G a u s i a o  

n o i s e - m o d u l a t i o n  a n d  t h e  t r a n s i e n t  VEP estimates, A s e c o n d  

" p u r e w  l a t e n c y  estitfiate of 90- 110  ins was f o u n d  f o r  t h e  medium 

f r e q u e n c y  r a n g e  of t h e  G a u s s i a n  no i se - i t t odu la  t e d  VEP. This 

e s t i a a t e  c o r r e s p o e d e d  to  t h e  l a t e n c y  of t h e  s e c o n d  c o m ~ o n e n t  of 

t h e  t r a n s i e n t  YEP ( C i g a n e k ,  1 9 6 1 )  - Here a g a i n  t h e  

p h a s e -  f r e q u e n c y  e s t i m a t e  of 100-1 40 m s  o v e r e s t i a a t e d  t h e  t i a e  

d o m a i n  a n d  t h e  G a u s s i a n  n o i s e - m o d u l a t e d  estimates, 

Diamond ( 1 9 7 7 a ,  1977b) d e s c r i b e d  a n  a l t e r n a t e  me thod  o f  

d e t e r m i n i n g  t h e  l a t e n c y  of t h e  s t e a d y - s t a t e  VEP which  d i d  n o t  

r e q u i r e  the a s s u a p t i o n s  o u t l i n e d  by Regan. Diamonds s a e t h o d  was 

b a s e d  o n  a t i n e  d o m a i n  a n a l y s i s  of t h e  s t e a d y - s t a t - e  YEP which 

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

s o m e  ~ e f e r e n c e  ~ o i n t  o n  t h e  V E P  u a v e f o r m ,  u s u a l l y  a  p e a k  o r  

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

collect  a set a  V E P s  o v e r  s e v e r a l  d i f f e r e n t  i n t e r s t i m u l u s  

i n t e r v a l s  (ISIS), L a t e n c y  v a l u e s  c a l c u l a t e d  i n  t h i s  way h a v e  



y i e l d e d  l a t e n c y  es t imates  o f  6 1  ms f o r  s h o r t  I S I s  a n d  1 2 7  ms f o r  

l o n g  ISIs ( D i a n o n d ,  1 9 7 7 b ) -  T h e s e  v a l u e s  were c o n s i s t e n t  w i t h  

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

a n d  ntedium f r e q u e n c y  s u b s y s t e m s ,  r e s p e c t i v e l y  (Regan ,  1 9 6 6 ,  

1972;  S p e k r e i j s e  e t  a l .  1 9 7 7 ) -  

T h i s  me thod  a s s u m r d  t h a t  t h e  VEP l a t e n c y  was c o n s t a n t  o v e r  

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

t h e  VEP c y c l e s  were c o n s i s t e n t l y  i d e n t i f i a b l e  a t  t h e  same time 

p o i n t s  w i t h i n  e a c h  c y c l e .  However ,  s i n c e  i t  h a s  b e e n  shown tha 

l a t e n c y  does c h a n g e  a s  a f u n c t i o n  o t  IS1 (Dia lsand ,  1977k; 

Regan ,  1972; S p e k r e i j s e ,  l 9 6 6 ) ,  t h i s  a s s u m p t i o n  &a]! n o t  h o l d  f o r  

t h e  r a n g e  of ISIs r e q u i r e d  t o  c o l l e c t  t h e  i n f o r a a t i o n  n e c e s s a r y  

t o  d e t e r m i n e  l a t e n c y .  

I n  the p r e s e n t  e x p e r i m e n t ,  a s y n c h r o n o u s  s t i a u l u s  t r a i n s  

were u s e d  w h i c h  e a p l a f e d  a l t e r n a t i n g  ISIs o f  two d i f f e r e n t  

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

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

i n t e r v a l s  w o u l d  b e  v a r i e d  a n d  t h e  o t h e r  k e ~ t  c o n s t a n t .  F o r  

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

t h e  i n t e r v a l s  ( i n  n s )  would  a l t e r n a t e  i n  a n  AB/BA/AB,,. etc., 

f a s h i o n ,  T h e  f i r s t  a s y n c h r o n o u s  t r a i n  m i g h t  b e  made u p  o f  

i n t e r v a l s  100/110/100,,., t h e  s e c o n d  t r a i n  of i n t e r v a l s  o f  

117/110/117, , , ,  a n d  t h e  t h i r d  o f  i n t e r v a l s ,  128/110/128, , - -  

T h u s ,  e v e r y  t r a i n  of s t i a u l i  would  c o n t a i n  a c o n s t a n t  i n t e r v a l ,  

i n  t h i s  case 1 1 0  ms, I f  the l a t e n c y  was m e a s u r e d  f r o m  a s t i ~ u l u s  

pulse w h i c h  was a l w a y s  p r e c e d e d  b y  the constant i n t e r v a l ,  t h e n  



i t  w o u l d  n o t  b e  a f f e c t e d  by  t h e  v a r i a b l e  i n t e r v a l ,  T h i s  me thod ,  

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

o n  l a t e n c y ,  was o r i g i n a t e d  by  Van Dyke a n d  Diamond (1982)  a n d  

was f o u n d  t o  m e a s u r e  s t e a d y - s t a t e  YEP l a t e n c i e s  o v e r  a wide 

r a n g e  o f  ISIs (30-127 m s ) ,  

Lu_m i n a  n c e L l a t e n c y  r e l a t i o g ~  of && s&ea_dp=s-age 

S p e k r e i  jse (1  966) e x a m i n e d  t h e  r e l a t i o n s h i p  b e t w e e n  r e t i n a l  

i l l u m i n a t i o n  a n d  l a t e n c y  by  u s i n g  a s i n u s o i d a l  s t i m u l u s  with a 

f r e q u e n c y  o f  3 0  Hz a n d  a m o d u l a t i o n  d e p t h  of 20%- H e  f o u n d  t h a t  

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

a l t h o u g h  s l o w l y ,  I n t e n s i t y ,  w h i c h  was v a r i e d  b e t w e e n  120-150 ,000  

t r o l a n d s ,  p r o d u c e d  a c h a n g e  i o  l a t e n c y  f r o m  62-40 as, T h e s e  

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

n o t  f o l l o w  f r e q u e n c i e s  a b o v e  20  Hz ( H e c h t  e t  a L  1 9 3 6 ) -  

F o r  l o w  f r e q u e n c y  r e s p c n s e s  S p e k r e i j s e  found t h a t  t h e  

l a t e n c y  of  the r e s F o n s e  d e c r e a s e d  r o u g h l y  l i n e a r l y  w i t h  t h e  

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

t h e  o r d e r  of 1 0 0  m s  b e t w e e n  3 a n d  9 0 0 0  t d -  H o u e v e r ,  e v e n  t h e  

s h o r t e s t  l a t e n c y  of t h e  l o w  f r e q u e n c y  r e s p o n s e  was still  l o n g e r  

t h a n  t h e  l a t e n c y  of r e s p o n s e s  t o  t h e  h i g h  f r e q u e n c y  s t i m u l u s ~  It 

s h o u l d  a l s o  be n o t e d  t h a t  t h e  low f r e q u e n c y  r e s p o n s e  h a d  a f a r  

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

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

C o u p l a n d  ( 1 9 7 8 )  a l s o  r e p o r t e d  c h a n g e s  i n  VEP latency w i t h  

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



A l t h o u g h  n o  q u a n t i t a t i v e  a n a l y s i s  was p e r f o r m e d  t h e  a u t h o r  

c o n c l u d e d  t h a t  a 150 as  n e g a t i v e  c o m p o n e n t  d e c r e a s e d  i n  l a t e n c y  

o v e r  a r a n g e  of 0- 6 f o g  u n i t s -  A s i m i l a r  r e l a t i o n s h i p  was 

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

0.6 log u n i t s .  

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

i n t e n s i t y  and a s i n g l e  r e s p c n s e  l a t e n c y  m e a s u r e ,  However ,  s i n c e  

t h e  s t e a d y - s t a t e  VEP may b e  c o m p o s e d  o f  more t h a n  o n e  c o a p o n e a t  

p e r  f l a s h  (Diamond e t  al. 1 9 8 1 ;  K i n n e y  e t  a l -  19731, t h e  

l a t e n c y / i n t e n s i t y  f u n c t i o n s  of m u l t i p l e  c o m ~ o n e n t s  s a y  f o l l o w  

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

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

s t e a d y - s t a t e  VEP, h o w e v e r  n o t  a s  a f u n c t i o n  o f  i n t e n s i t y  b u t  a s  

a f u n c t i o n  of ISI,  C o u p l a n d  ( 1 9 7 8 ) ,  u s i n g  time d o n a i n  a n a l y s i s ,  

f o u n d  d i f f e r e n t  l a t e n c i e s  f o r  ~ o s i t i v e  a n d  n e g a t i v e  peaks ,  F o r  

slow f r e q u e n c y  f l i c k e r  i n  t h e  r a n g e  of 4-8-12-5 Az t h e  l a t e n c y  

o f  r e s p o n s e  f o r  n e g a t i v e  p e a k s  was 1 2 2 - 9  ms a n d  f o r  p o s i t i v e  

p e a k s  103.5 ms, F o r  f l i c k e r  i n  t h e  r a n g e  o f  13.3-25 Hz t h e  

n e g a t i v e  p e a k  l a t e n c y  was 85.5 ES a n d  t h e  p o s i t i v e  p e a k  was 

97.5 as, T h e  a m o u n t  of l a t e n c y  c h a n g e  b e t w e e n  low a a d  high 

f r e q u e u c i e s  was a l s o  d i f f e r e n t  f o r  psi t i v e  a n d  n e g a t i v e  

c o m p o n e n t s ,  f o r  n e g a t i v e  peaks t h e  c h a n g e  was 38 m s ,  b u t  o n l y  

11 a s  f o r  p o s i t i v e  ~ e a k s -  T h e s e  d a t a  s u g g e s t e d  t h a t  i n d i v i d u a l  

peaks o f  t h e  s t e a d y - s t a t e  VEP h a v e  d i f f e r e n t  l a t e n c y  f u n c t i o n s ,  

T h e  p r e s e n t  e x p e r i m e n t  i n v e s t i g a t e d  t h e  r e l a t i v e  

c o n t r i b u t i o n s  of t h e  s c o t o p i c  and  p h o t o p i c  systems t o  t h e  



s t e a d y - s t a t e  VEP o v e r  a 5.5 l o g  u n i t  i l l u m i n a n c e  r a n g e  s p a n n i n g  

s c o t o p i c  a n d  p h o t o p i c  l e v e l s .  It was e x p e c t e d  t h a t  s c o t o p i c  

a c t i v i t y  w o u l d  be i n d i c a t e d  b y  l o n g  l a t e n c y  YEP c o m p o n e n t s  a n d  

p h o t o p i c  a c t i v i t y  by s h o r t  l a t e n c y  c o m ~ o n e n t s ,  O f  p a r t i c u l a r  

i n t e r e s t  was t h e  p o s s i b i l i t y  of s c o t o p i c  a c t i v i t y  i n  t h e  

p h o t o p i c  l u m i n a n c e  r a n g e -  If t h e  d o u b l e  c o m p o n e n t  VEP, s u c h  a s  

t h a t  d e s c r i b e d  by Diamond e t  a l ,  (1981) , was d u e  t o  s e p a r a t e  r o d  

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

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

i n  t h e  a e s o p i c  r a n g e -  

I n  a d d i t i o n ,  o t h e r  tests of p h o t o p i c  and  s c o t o p i c  a c t i v i t y  

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

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

u n d e r  c o n d i t i o n s  s imilar  t o  t h o s e  i n  w h i c h  the s t e a d y - s t a t e  VEPs 

were c o l l e c t e d .  S e c c a d l p ,  V E P s  u e r e  r e c o r d e d  to  s t i m u l a t i o n  

i m p i n g i n g  o n  e i t h e r  t h e  f o v e a l  or paraf o v e a f  areas, F o v e a l  

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

a p r e d o m i n a n t l y  s c c t o p i c  VEF wou ld  r e s u l t  from p a r a f o v e a l  

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

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

a n  i n d e p e n d e n t  t es t  of t h e  l u m i n a n c e  r a n g e  o v e r  wh ich  t h e  

s c o t o p i c  a n d  p h o t o p i c  systees o p e r a t e ,  



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

D V D ,  a g e d  4 4 ,  and t w o  males, H K  a n d  CA, a g e s  30 a n d  2U, 

r e s p e c t i v e l y .  

w a r a t u s  

T h e  f l i c k e r i n g  l i q h t  s o u r c e  was a b a n k  o f  6 S y l v a n i a  P875/D 

f l u o r e s c e n t  t u b e s ,  s p a c e d  7 ma a p a r t  w i t h  o v e r a l l  d i m e n s i o n s  of 

1 3  f 30 cm, T h e  t u b e s  were roounted i n  a wooden box c o v e r e d  b y  a  

c l e a r  p l e x i g l a s s  s h e e t  o n  t h e  t r o n t  face, A p e r t u r e s  of v a r i o u s  

s i z e s  c o u l d  b e  p l a c e d  o v e r  t h e  ~ l e x i g l a s s  t h e r e b y  c o n t r o l l i n g  

t h e  t o t a l  f l u x  o f  e m i t t e d  l i g h t  i n  0-5 l o g  u n i t  s t e p s ,  F u r t h e r  

a t t e n u a t i o n  o f  t h e  l i g h t  was a c c o m p l i s h e d  by  p l a c i n g  Kodak 

n e u t r a l  d e n s i t y  f i l t e r s  over  t h e  a p e r t u r e ,  inoving t h e  l i g h t  

s o u r c e  away  f r o m  a c i r c u l a r  d i f f u s i n g  screen, or by v a r y i n g  t h e  

i n p u t  v o l t a g e ,  T h e  f l u o r e s c e n t  t u b e s  were n e v e r  less  t h a n  5 cm 

, b e h i n d  t h e  d i f f u s i n g  s c r e e n ,  S q u a r e  wave p u l s e s  wh ich  d r o v e  t h e  

f l u o r e s c e n t  b u l b s  were g e n e r a t e d  by a Wave tek  m o d e l  115 f u n c t i o n  

g e n e r a t o r .  E a c h  f l i c k e r  pulse h a d  a r i s e  a n d  f a l l  time of - 1  ms 

a n d  was 5 m s  i n  d u r a t i o n ,  The d u r a t i o n  of t h e  p u l s e  w a s  m e a s u r e d  

f ro in  o n e  o f  t h e  t u b e s  by a H e c h a n i c a l  T e c h n o l o g y  mode l  KD-45A 

f o t o n i c  s e n s o r .  T h e  l u m i n a n c e  of a f l i c k e r  pulse was measured 



w i t h  a P r i t c h a r d  S p e c t r a  P h o t o r n e t e r ,  

I n t e r s t i m u l u s  i n t e r v a l s  { I S I )  were g e n e r a t e d  b y  i n t e r v a l  

timers, e a c h  c a p a b l e  o f  g e n e r a t i n g  p u l s e d  i n t e r v a l s  b e t w e e n  1 

usec a n d  999 sec. IJher c o n n e c t e d  i n  a series the timers c o u l d  

p r o d u c e  3 c o n t i n u o u s  series o f  i n t e r v a l s ,  e a c h  o f  wh ich  c o u l d  b e  

i n d e p e n d e n t l y  m a n i ~ u l a t e d ,  T h e  i n t e r v a l  t i r e r s  t r i g g e r e d  t h e  

H a v e t e k  w h i c h  g e n e r a t e d  t h e  s q u a r e  wave t r i g g e r  p u l s e s ,  T h e  I S 1  

u s e d  f o r  s y n c h r o n o u s  s t i m u l a t i o n  was 110 m s  (9.1 Hz), 

I n  a z d i t i o n  t o  p r o d u c i n g  f l i c k e r ,  t h e  f l u o r e s c e n t  t u b e s  

a l s o  p r o v i d e d  a s t e a d y  a d a p t i n g  f i e l d  b e t w e e n  p e r i o d s  o f  

s t i m u l a t i o n .  T h e  a d a p t i n g  f i e l d  was of t h e  same v i s u a l  area a s  

t h e  s t i m u l u s  f i e l d .  Its l u a i n a n c e  w a s  c o n t r o l l e d  by a q rass  SD5 

DC s o u r c e ,  

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

s c r e e n ,  t h e  d i a m e t e r  o f  wh ich  was 9,G0 i n  v i s u a l  a n g l e .  A small 

r e d  l i g h t ,  s u b t e n d i n g  a v i s u a l  a n g l e  o f  9 '  a n d  - 1 - 6 4  fL i n  

l u m i n a n c e ,  u a s  p r o j e c t e d  o n t o  t h e  c e n t e r  of t h e  viewing s c r e e n  

a n d  s e r v e d  a s  a f i x a t i c n  p o i n t .  

Evo Ked responge r e c o r d  i n q  ----- 
R e s p o n s e s  were r e c o r d e d  f rcw a Beckman s i l v e r - s i l v e r  

c h l o r i d e  e l e c t r o d e  l o c a t e d  2 - 5  cia a b o v e  t h e  i n i o n  r e f e r e n c e d  t o  

a s i l v e r  e l e c t r o d e  c l i p p e d  to  t h e  r i g h t  ear. A n o t h e r  Beckman 

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

EEG was r e c o r d e d  by a Schonander M i n g o g r a f  800 . u i t h  a b a n d p a s s  

b e t w e e n  3 - 3 3  - 700 Rz, A v e r a g i n g  was d o n e  b y  a F a b r i - t e k  1072 



s i g n a l  a v e r a g e r ,  T h e  VEP w a s  d i g i t i z e d  u s i n g  256 ~ o i n t s  o v e r  a 

400  m s  p e r i o d .  V e ~ s  were sumtnated  f r o m  128 s w e e p s  f o r  s t i m u l i  a t  

o r  b e l o w  ,4 l o g  t d ,  T h e  l a t e n c y  of t h e  r e s p o n s e  was n o t  a l t e r e d  

by t h e  number  of s w e e p s  i n  t h e  a v e r a g e ,  

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

p u l s e ,  S u c c e s s i v e  a l t e r n a t i n g  p u l s e s  were l a b e l l e d  8 8 A w  a n d  '#Em 

a n d  were u s e d  t o  d e f i n e  t w o  i n t e r v a l s ,  t h e  A B  a n d  t h e  B A  

i n t e r v a l .  F o r  s y n c h r o n o n s  s t i r a u l a t i o n  t h e  AB a n d  EA i n t e r v a l s  

were b o t h  100 ms. F o r  a s y n c h r o n o u s  s t i m u l a t i o n  t h e  c o m p u t e r  

t r i g g e r e i i  o n  t h e  " A H  pulse, w h i c h  was a l w a y s  p r e c e d e d  b y  t h e  

c o n s t a n t  110 as i n t e r v a l ,  T h e  suiitmated VEPs were s t o r e d  on a 

Data G e n e r a l  Nova 3 C  m i n i c o m p u t e r .  

P r o c e d u r e  ------- 
O b s e r v a t i o n  of  f l i c k e r  t o o k  ~ l a c e  i n  a l i g h t  p r o o f ,  

e l e c t r i c a l l y  s h i e l d e d  b o o t h .  T h e  o b s e r v e r  was s e a t e d  76.5 c n  

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

b i n o c u l a r l y .  Each s e s s i o n  began w i t h  20 @ i n  of d a r k  a d a p t a t i o n .  

P r i o r  t o  e a c h  s t i m u l a t i o n  p e r i o d  the observer v i e w e d  t h e  

a d a p t i n g  f i e l d  f o r  36 sec, T h e  l u m i n a n c e  of t h e  a d a p t i n g  l i g h t  

was p r e v i o u s l y  j u d g e d  by t h e  o b s e r v e r  t o  h e  e q u a l  i n  b r i g h t n e s s  

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

s e s s i o n s  i n  order t o  c o l l e c t  VEPs t o  s y n c h r o n o u s  I S 1  s t i m u l a t i o n  

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

lowest t o  highest l u a r i n a n c e s  w i t h i n  a   articular s e s s i o n ,  VEPs 

vere r e c o r d e d  i n  r e s p c n s e  t o  30 l u m i n a n c e s  f o r  WK, 26 f o r  D B D ,  



a n d  16 f o r  CA, 

I n  a d d i t i o n ,  o t h e r  s e s ~ i o n s  were r u n  t o  o b t a i n  V E P s  i n  

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

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

i n t e r v a l s  t h a t  a l t e r n a t e d  i n  a n  AE/BA/AB/BA, ,  , etc, fashion, The 

AB i n t e r v a l  v a r i e d  f r o m  97  t o  1 3 0  ms, w h i l e  R A  was c o n s t a n t  a t  

1 1 0  m s ,  A t  a p a r t i c u l a r  s t i m u l u s  l u m i n a n c e  f o u r  VEPs were 

c o l l e c t e d  i n  uhich t h e  a s y n c h r o n y  was s t a g g e r e d  a r o u n d  t h e  

s y n c h r o n o u s  1 1 0 / 1 1 0  rns ISI, F o r  e x a n t p l e ,  A B / D A  i n t e r v a l s  of 

100 /110 ,  110 /110 ,  117/110,  1 2 7 / 1 1 0  m i g h t  be  u s e d ,  YEPs t o  

a s y n c h r o n o u s  s t i m u l a t i o n  were recorded  f r o m  10  l u m i n a n c e s  f o r  

W K ,  8 l u m i n a n c e s  k o r  D V D ,  and 7 l u m i n a n c e s  f o r  CA, 

P u p i l  size 
I n  o r d e r  t o  d e t e r m i n e  t h e  a m o u n t  of l i g h t  f a l l i n g  on t h e  

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

f l i c k e r  l u m i n a n c e ,  T w e l v e  a e a s u r e m e n t s  were o b t a i n e d  f r o m  

s t i m u l u s  l u m i n a n c e s  t h a t  v a r i e d  i n  a p p r o x i m a t e l y  - 5  l o g  u n i t  

s t e p s ,  T h e  p u p i l  was v i d e o t a p e d  daring s t i ~ u l a t i o n  w i t h  a n  

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

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

area w i t h  s t i m u l u s  l u m i n a n c e  is s h o w n  f o r  each o b s e r v e r  i n  

F i g u r e  2. P u p i l  a reas  f o r  s t i r a u l u s  l u m i n a n c e  v a l u e s  w h i c h  were 

n o t  m e a s u r e d  were i n t e r ~ o l a t e d  frcm t h e  g r a p h ,  T h e  l u m i n a n c e  

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

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



F i g u r e  2, The relations hi^ between the s i z e  of t h e  p u p i l  (in 
ma2) a n d  the l u e i n a n c e  of the stimulus for each of the three 
observers,  T h e  three points a t  t h e  f a r  r i g h t  i n d i c a t e  the p u p i l  
size under no s t i m u l u s  c o n d i t i o n s ,  Luminance is expres sed  in 
t e r a s  of log units of a t t e n u a t i o n  of a m a x i f a u ~  l u m i n a n c e  of 2.62 
l o g  fL* 





Pho t o p i c  f h r e s  h o l d  ---- 
T h e  p h o t o ~ i c  t h r e s h o l d  was o b t a i n e d  f o r  e a c h  s u b j e c t  u n d e r  

s t i m u l u s  c o n d i t i c n s  s i n r i l a r  t o  t h o s e  u s e d  t o  c o l l e c t  t h e  VEP 

d a t a .  T h e  s t i ~ u l a t i o n  o t  only c c n e s  was a c h i e v e d  by c e n t r a l l y  

f i x a t i n g  a s t i m u l u s  f i e l d  of 3 0 '  v i s u a l  a n g l e ,  A s t i m u l u s  of 

t h i s  s i z e  is t h o u g h t  t o  b e  c o m p l e t e l y  c o n t a i n e d  w i t h i n  t h e  

r o d - f r e e  f o v e a  ( R o d i e c k ,  1973) , 

A r e d  f i x a t i o n  l i g h t  was p r o v i d e d  w h i c h  was 2 - 4 '  i n  v i s u a l  

a n g l e  a n d  a p p r o x i m a t e l y  -2 l o g  u n i t s  a b o v e  t h r e s h o l d -  F i x a t i o n  

was a i d e d  by p o s i t i o n i n g  t h e  o b s e r v e r ' s  h e a d  i n  a h e a d  r e s t r a i n t  

e q u i p p e d  w i t h  a c h i n  rest, I n  p r e v i o u s  u o r k  u i t h  t h e  s a a e  

o b s e r v e r s  under s i m i l a r  e x p e r i m e n t a l  c o n d i t i o n s  f i x a t i o n  was 

m o n i t o r e d  w i t h  a n  i n f r a r e d  v i d e o  s y s t e m ,  I t  was f o u n d  t h a t  less  

t h a n  17 o f  t h e  t r i a l s  h a d  t o  be r e j e c t e d  b e c a u s e  o f  e y e  

movelaents ,  T h e r e f o r e ,  e y e  f i x a t i o n  H a s  n o t  m o n i t o r e d  i n  t h e  

p r e s e n t  e x p e r i m e n t ,  

B e t w e e n  t r i a l s  t h e  observer v i e w e d  a n  a d a p t i n g  f i e l d  o f  t h e  

saae r e t i n a l  area a s  t h e  s t i m u l u s  f i e l d ,  T h e  l u m i n a n c e  o f  t h e  

a d a p t i n g  f i e l d  was m a i n t a i n e d  a t  the same l e v e l  o f  b r i g h t n e s s  a s  

t h e  i f  icker t r a i n ,  P r i o r  t o  t h e  e x p e r i m e n t  e a c h  o b s e r v e r  e q u a t e d  

t h e  b r i g h t n e s s  of t h e  a d a p t i n g  l i g h t  a n d  t h e  f l icker  t s a i n  o n  a 

9-60 f i e l d  f o r  e a c h  level of i l l u m i n a n c e  u s e d  i n  t h e  e x p e r i m e n t ,  

The m e t h o l  of f o r c e d  c h o i c e  was u s e d ,  P a i r s  of t r i a l s  were 

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

f i r s t  o f  s e c o n d  t r i a l ,  The o b s e r v e r  was f i r s t  d a r k - a d a p t e d  f o r  



20 min, A t r i a l  c o n s i s t e d  o f  a 5 sec w a r n i n g  a f t e r  w h i c h  t h e  

a d a p t i n g  l i g h t  was  t u r n e d  o f f  a n d  e i t h e r  t h e  flicker or n o  l i g h t  

u a s  p r e s e n t e d  f o r  a 2 sec p e r i o d ,  A f t e r  e v e r y  s e c o n d  t r i a l  t h e  

o b s e r v e r  r e p o r t e d  w h e t h e r  the f l i cke r  was s e e n  i n  t h e  first o r  

s e c o n d  t r i a l .  Twenty-f i v e  t r i a l s  were r u n  a t  each i l l u m i n a n c e  

step. 

Data analyss~ -- -- 
Peaks were l o c a t e d  i n  t h e  V E P s  by  t h e  c o m p u t e r  a l g o r i t h m ,  

P e a k f i n d l ,  T h e  d a t a  were s m o o t h e d  u s i n g  two d i g i t a l  s ~ o o t h i n g  

a i g o s i t h m s ,  T h e  f i r s t  was a n o n - l i n e a r  s r a o o t h e r ,  U253H, Twice, 

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

c o n t a m i n a t e d  w i t h  s p i k e y  n o i s e  ( V e l l e m a n ,  1 9 8 0 ) .  T h e  s e c o n d  was 

a d i g i t a l  low p a s s  f i l t e r  w i t h  a h i g h  i r e g u e n c y  cutoff of 

1 9 - 1  Hz ( - 3 d B ) -  T h e s e  s m o o t h e r s  h a d  t h e  a d v a n t a g e  o f  ~ r o d u c i n g  

l i t t l e  or n o  p h a s e  s h i f t i n g  o f  t h e  d a t a  ( V e l l e m a n ,  1980),  

P o s i t i v e  a n d  n e g a t i v e  peaks were i d e n t i f i e d  by first 

l o c a t i n g  a l l  t u r n i n g  p o i n t s  o n  t h e  f i l t e r e d  waveform which  were 

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

t o  zero slope, A l l  t u r n i n g  p o i n t s  i d e n t i f i e d  were s u b j e c t e d  t o  

two cr i ter ia  w h i c h  were a p p l i e d  t o  t h e  da ta  i n  t w o  s u c c e s s i v e  

p a s s e s .  T h e  f i r s t  w a s  a n  a m ~ f i t u d e  c r i t e r i o n  w h i c h  r e j e c t e d  a 

turning p o i n t  if its a m p l i t u d e  was less t h a n  f o u r  p e r  c e n t  o f  

t h e  d i f f e r e n c e  between t h e  ~ i n i a u m  a n d  maximum a m p l i t u d e  v a l u e s  

o f  t h e  waveform,  T h e  s e c o n d  c r i t e r i o n  ~ e p l a c e d  two a d j a c e n t  

turning p o i n t s  of t h e  same polarity w i t h  a s i n g l e  p o i n t  wh ich  



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

1 I n  a s e c o n d  p a s s  a 12% d i f f e r e n c e  a m p l i t u d e  c r i t e r i o n  u a s  

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

were less t h a n  40 u s  a p a r t  they were r e p l a c e d  by a w e i g h t e d  

a v e r a g e ,  

Since e a c h  w a v e f o r m  c o n s i s t e d  of 3 c y c l e s  a c r i t e r i o n  f o r  

t h e  r e l i a b i l i t y  o f  t h e  o c c u r r e r ~ c e  o f  a  p e a k  was i m p o s e d  o n  t h e  

d a t a .  A t u r n i n g  p o i n t  u a s  a c c e p t e d  a s  a p e a k  i f  was r e p e a t e d  i n  

a t  l e a s t  2 c y c l e s ,  T h e  p r o c e s s  i d e n t i f i e d  o n e  o r  two c o m p o n e n t s  

( d e f i n e d  a s  a n e g a t i v e - p o s i t l v e  p e a k )  p e r  s t i ~ u l u s  p u l s e ,  T h e  

p e a k s  f o u n d  by P e a k f i n d l  f o r  a l l  d a t a  s e t s  a r e  shown  i n  

A p p e n d i x  C. 

L a t e n =  d e t e r m i n a t i o n  ---- 
T h e  l a t e n c i e s  of t h e  p e a k s  i d e n t i f i e d  by  t h e  c o m ~ u t e r  

a l g o r i t h m  were d e t e r m i n e d  b y  t h e  a s y n c h r o n o u s  s t i m u l a t i o n  me thod  

a t  selected i l l u u t i n a n c e  s t e p s ,  A t  a n y  p a r t i c u l a r  i l l u m i n a n c e ,  

f o u r  VEPs were r e c o r d e d ,  t h r e e  t o  a s y n c h r o n o u s  ISIs a n d  o n e  t o  a 

s y n c h r o n o u s  ISI, L a t e n c y  was t u e a s u r e d  b y  d e t e r m i n i n g  how a p e a k  

v a r i e d  i n  time a s  a r e s u l t .  of t h e  s t i t t l u l u s  a s y n c h r o n y *  T h u s ,  i t  

was n e c e s s a r y  t o  i d e n t i f y  p e a k s  i n  t h e  a s y n c h s o n o u s  V E P s  t h a t  

c o r r e s p o n d e d  t o  t h e  p e a k s  i n  t h e  s y n c h r o n o u s  r e c o r d s ,  However, 

b e c a u s e  of  t h e  l a r g e / s m a l l  effect  (Diamond,  1 9 7 9 )  a s y n c h r o n o u s  

s t i m u l a t i o n  p r o d u c e d  smaller p e a k s  i n  t h e  waveform t h a n  d i d  

s y n c h r o n o u s  s t i ~ u l a t i o n ,  a n d ,  c o n s e q u e n t l y ,  were n o t  d e t e c t e d  by ----------------- 
l T h e  formula for f i n d i n g  t h e  v e i g h t e d  a v e r a g e  o f  two  a d j a c e n t  
t u r n i n g  p o i n t s  is d e s c r i b e d  i n  A p p e n d i x  B, 



t h e  a l g o r i t h m ,  P e a k f i n d l -  T h e r e f o r e ,  a more s e n s i t i v e  a l g o r i t h m ,  

P e a k f i n d 2 ,  was u s e d  which d i t f e r e d  f r o m  P e a k f i n d l  i n  i ts 

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

p o t e n t i a l  p e a k s ,  

T h e  d a t a  were s m o o t h e d  w i t h  4253H,Twice  a n d  t h e n  low p a s s  

f i l t e r e d  with a h i g h  f r e q u e n c y  c u t o f f  o f  3 1 - 9  Hz (-3 d B ) .  

T u r n i n g  p o i n t s  w i t h  a m p l i t u d e s  l a r g e r  t h a n  4% of t h e  d i f f e r e n c e  

b r t v e e n  the miniiaum a n d  saximum a m r l i t u d e s  of t h e  waveform v e r e  

d e f i n e d  a s  peaks, Two a d j a c e n t  p e a k s  of t h e  s a w  p o l a r i t y  vere 

r e p l a c e d  by a w e i g h t e d  a v e r a g e  o f  the two p e a k s ,  T h i s  a l g o r i t h m  

r e s u l t e d  i n  a larger number of peaks d e t e c t e d ,  h o w e v e r ,  o n l y  

p e a k s  i n  t h e  s y n c h r o n o u s  VEPs f o u n d  by P e a k f i n d l  v e r e  a n a l y z e d  

f o r  l a t e n c y ,  

P e a k s  i n  t h e  a s y n c h r o n o u s  d a t a  t h a t  were a s s o c i a t e d  w i t h  

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

method,  Two p e a k s  were a s s o c i a t e d  w i t h  o n e  a n o t h e r  i f  t h e  peak  

of a  VEP r e c o r d e d  a t  o n e  I S I ,  t h e  tes t  V E P ,  o c c u r r e d  w i t h i n  a 

c r i t i c a l  t i a e  from a ~ e d k  o &  a n o t h e r  VEP,  t h e  r e f e r e n c e  VEP, A 

c r i t i c a l  time r a n g e ,  w h i c h  was d e p e n d e n t  o n  t h e  d i f f e r e n c e  i n  

IS1 a t  w h i c h  t h e  t w o  VEPs vere r e c o r d e d ,  was d e f i n e d  a s  

CR = t f2.5 Af, where * tV  is t h e  time of t h e  r e f e r e n c e  ~ e a k  a n d  

@ &I@ is t h e  d i f f e r e n c e  b e t w e e n  t h e  v a r i a b l e  i n t e r v a l s  o f  t h e  

test a n d  r e f e r e n c e  VEPs, T h e  r e f e r e n c e  ~ e a k s  here t a k e n  f r o m  t h e  

s y n c h r o n o u s  VEPs, a n d  t h e  c r i t i c a l  r a n g e s  f o r  these p e a k s  were 

t e s t e d  a g a i n s t  the p e a k s  of t h e  a s y n c h r o n o u s  VEPs o n e  s t e p  

removed from the I S 1  of t h e  s y n c h r o n o u s  YEP. For ISIs of  



1 2 8 / 1 1 0  ms, 1 1 7 / 1 1 0  ms, 110 /110  ms, a n d  100 /110  m s ,  V E P s  o f  I S I s  

1 1 7 / 1 1 0  ES a n d  100 /110  m s  wou ld  b e  t e s t e d  a g a i n s t  t h e  r e f e r e n c e  

VEP of 110/110 m s  IS?, O n c e  t h e  times o f  t h e  F e a k s  o f  t h e s e  

a s y n c h r o n o u s  V E P s  u s r e  d e t e r m i n e d ,  t h e y  wou ld  b e  u s e d  a s  

r e f e r e n c e  VE2s f o r  a s y n c h r o n o u s  VEPs o n e  s t e p  r e m o v e d  from ttem. 

T h u s ,  t h e  p e a k s  o f  the a s y n c h r o n o u s  VEP of 117 /110  as I S 1  would  

h~ u s e d  a s  a r e f e r e n c e  f o r  t h e  ~ e a k s  of t h e  PEP o f  128 /110  m s  

I S I .  I f  more t h a n  two peaks were f o u n d  w i t h i n  t h e  c r i t i c a l  r a n g e  

the times o f  t h e  p e a k s  were a v e r a g e d  t o  y i e l d  a s i n g l e  peak, 

P o s i t i v e  a n d  n e g a t i v e  p e a k s  were a n a l y z e d  s e p a r a t e l y .  

T h e  times of a l l  t h e  peaks ( e i t h e r  p o s i t i v e  o r  n e g a t i v e )  i n  

a set of 4 VEPs n a d e  u p  a s e t  o f  d a t a  points f r o m  which t h e  

l a t e n c i e s  of t h e  s y n c h r o n o u s  VEP p e a k s  Mere c a l c u l a t e d ,  E a c h  

d a t a  s e t  was made U F  o f  a a a x i n u m  o f  16  d a t a  p o i n t s ,  I f  f e w e r  

t h a n  9 p o i n t s  were f o u n d  f o r  a d a t a  set t h e  l a t e n c y  of t h a t  peak  

was n o t  d e t e r m i n e d ,  T h e  l a t e n c i e s  o f  a l l  p e a k s  were c a l c u l a t e d  

w i t h  r e s p e c t  t o  t h e  f i r s t  p u l s e  of t h e  s w e e p  a t  time zero, If  

t h e  times t h a t  a  peak ~ c c u r r e d  i n  t h e  s e t  o f  VEPs bere p l o t t e d  

a s  a f u n c t i o n  o f  t h e  IS1 a t  which t h e  VEP was r e c o r d e d  a p a t t e r n  

of d a t a  p o i n t s  s u c h  a s  t h e  o n e  shown  i n  F i g u r e  3 would  b e  

p r o d u c e d ,  T h i s  d a t a  set  may b e  described i n  m a t r i x  n o t a t i o n  b y  

t h e  e q u a t i o n :  

P = A B x F l + B A x 1 + f  

w h e r e  T is  t h e  matr ix  o f  d a t a  p o i n t s ,  A B  is a v e c t o r  of t h e  

v a r i a b l e  i n t e r v a l s ,  BA is a vec tor  of t h e  c o n s t a n t  i n t e r v a l s ,  I 

and N a re  v e c t o r s  of i n t e g e r  m u l t i p f i e r s ,  a n d  R is t h e  m a t r i x  of 



Figure  3, A h y p o t h e t i c a l  graph of t h e  time cf  occurrence of a 
VEP peak over a 400  as p r i o d  in response t o  v a r i o u s  I S X s  
p l o t t e d  a g a i n s t  t h e  v a r i a b l e  IS1 i n t e r v a l ,  T h e  peak was repeated 
i n  tour cycles of each  VEP, 





res i d u ~  Is .  E x p . l n s i o n  c t  t h c  e q u a t i o n  y i e l d s :  

S u b s e t s  a f  ll and H n u l t i p l i e r s  a r e  i n s e r t e d  i n t o  t h e  e q u a t i o n  

froin the sets:  

H K E  ( - 2 - L - 1  - 1  0 0  1 1  E ) ,  N K E  ( - 3 - 2 - 2 - 1  - 1  0 0 1 1 )  

b e g i n n i n g  w i t h  t h e  first e lement  i n  each set ,  t h a t  is, k = 1, 

a n d  t h e  e q u a t i o n  is  s o l v e d  for  H, Successive subsets of f! and 1 

are i n s e r t e d  i n t o  t h e  equat ion  by i n c r e m e n t i n g  k u n t i l  a l l  

subset: ;  h a v e  b e e n  used. T h e  v a l i a n c e  of t h e  e l e m e n t s  i n  each of 

t h e  r e s i d u a l  m a t r i c e s  is c a l c u l a t e d ,  T h e  latency of the peak is 

d e f i n e d  as t h e  mean of  t h e  e l e m e n t s  o f  t h e  R matrix with t h e  

5 l e a s t  v a r i a n c e .  
! 



C. R e s u l t s  

I. E x p e r i m e n t  1 

F i g u r e  4 i l l u s t r a t e s  t h e  chacges  i n  t h e  VEP waveform a s  a 

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

s h o v e d  a s i m i l a t  p a t t e r n  i n  t h e  way i n  wh ich  waveform c h a n g e d  

w i t h  r e t i n a l  i l l u m i n a n c e .  A t  lowest l e v e l s  o f  i l l u m i n a n c e  t h e  

VEP c o n s i s t e d  o f  a s i n g l e  c o m ~ c n e n t  p e r  p u l s e ,  As i l l u m i n a n c e  

i n c r e a s e d  t h e  VEP a l t e r n a t e d  krom o n e  t o  t w o  c o ~ p o n e n t s ,  O v e r  

t h e  5.7 l o g  u n i t  r a n g e  t h e  t r a n s i t i o n  f r o m  a s i n g l e  t o  a d o u b l e  

c o m p o n e n t  r e s p o n s e  o c c u r r e d  b e t w e e n  1-0  and 1 - 5  l o g  t d  a n d  

b e t w e e n  3 - 6  a n d  3 - 9  l o g  t d  w h i l e  t h e  t r a n s i t i o n  frorn a d o u b l e  t o  

a s i n g l e  c o m p o n e n t  r e s y - o n s e  o c c u r r e d  between 1 - 6  a n d  2-6 l o g  td, 

Peak l a t e n c i e s  o f  the VZPs were d e t e r m i n e d  a t  s e l e c t e d  

i l l u a i n a n c e  l e v e l s  w h i c h  sar r ip led  t h e  f u l l  i l l u m i n a n c e  r a n g e  

e x c e p t  a t  t h e  lcwest l e v e l s .  T h e  i n c r e a s e d  v a r i a b i l i t y  of t h e  

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

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

V E P  l a t e n c i e s  a r e  g r a p h e d  i n  F i g u r e  5 as t h e  a v e r a g e  of t h e  

p o s i t i v e  a n d  n e g a t i v e  VEP p e a k  l a t e n c i e s  of each observer. idhere 

the VEP c o n s i s t e d  o f  a  d o u b l e  c o m p o n e n t  r e s p o n s e  t h e  l a t e n c y  was  

the a v e r a g e  of twa ~ o s i t i v e  and t w o  n e g a t i v e  p e a k s ,  I t  c a n  be 

seen t h a t  t h e  l a t e n c y  f u n c t i o n s  s e ~ a r a t e d  i n t o  two b r a n c h e s ,  T h e  



F i g u r e  4, S e t s  of Y E P s  obtained from each observer o v e r  t h e  
r a n g e  of i l l u m i n a n c e s  i n d i c a t e d ,  Sweep d u r a t i o n  i s  400 as, 
S t i i n u l u s  pulses a r e  i n d i c a t e d  a t  t h e  b o t t o m  of each page, 
R e s ~ o n s e s  c o n s i s t e d  of either one or two com~onents  per p u l s e ,  
1 lluninances were measured in I c g  t r o l a n d s ,  











F i g u r e  5 ,  T h e  average latency of t h e  steady-state YEP is showr, 
for each  o b s e r v e r  a s  a f u n c t i o n  of  s t i a u l u s  i l l u m i n a n c e  a s  
d e t e r m i n e d  by the  a s y n c h r o n o u s  m e t h o d .  T h e  data were plotted o n  
the a b s c i s s a  i n  i n c r e a e n t s  of 0.2  log  u n i t s ,  
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CA 0 
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u p p e r  b r a n c h  d e s c r i b e d  a l a t e  l a t e n c y  f u n c t i o n  a t  t h e  l o w e r  

i l l u m i n a n c e s  e x t e n d i n g  f r o m  -4-1.2 l o g  t d ,  T h e  l o v e r  b r a n c h ,  

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

e x t e n d e d  from 1-4 -4 -0  l o g  t d ,  The i l l u m i n a n c e  l e v e l  a t  w h i c h  tbe 

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

o b s e r v e r s ,  F o c  WK a n d  D V D  t h e  d i s c o n t i n u i t y  o c c u r r e d  b e t w e e n  1.2 

a n d  1.4 l o g  t d ,  a n d  f o r  CA it was b e t w e e n  1.0 a n d  1 - 4  l o g  t d ,  

The c h a n g e  i n  a v e r a g e  p e a k  l a t e n c y  between the t w o  b r a n c h e s  o f  

the c u r v e  was 1 7 3  as f o r  UK, 1 4 4  as f o r  CA, a n d  1 1 0  ms f o r  DYD, 

This was a mean l a t e n c y  c h a n g e  of  1 4 2  m s  (SD = 3 1 - 5  as) o v e r  a n  

a v e r a g e  i l l u m i n a n c e  r a n g e  of -27 l o g  t d  ( S D  = .12) ,  

P e a k s  were l a b e l l e d  o n  t h e  basis of t h e i r  l a t e n c y  a n d  

p o l a r i t y  s t a r t i n g  from t h e  h i g h  e n d  of t h e  i l l u a i n a n c e  scale, As 

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

r e s p o n s e s  some ~ e a k s  d r o p p e d  o u t  a n d  new p e a k s  emerged .  T h u s ,  

s u c c e s s i v e  p o s i t i v e  p e a k s  were labelled P I ,  P 2 ,  a n d  P3, a n d  

n e g a t i v e  peaks were l a b e l l e d  N 1 ,  N2, a n d  83 a s  s h o w n  i n  F i g u r e  

4. 

T h e  l a t e n c i e s  of i n d i v i d u a l  ~ e a k s  are g r a p h e d  f o r  c b s e r v e r s  

WK, DVD, a n d  CA i n  F i g u r e s  6, 7, a n d  8, r e s p e c t i v e l y ,  The 

s t a n d a r d  errors o f  t h e  l a t e n c y  m e a n s  were a l l  less t h a n  3 - 0  ms. 

It was a p p a r e n t  t h a t  t h e  l o w  i l l u t n i n a c e  s i n g l e  c c n o ~ o n e n t  VEPs 

were of l o n g  l a t e n c y ,  Rhen t h e  YEP c h a n g e d  f r o m  a s i n g l e  t o  a 

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

t h e  p e a k s  s h i f t e d  fro18 long t o  s h o r t .  A s  i l l u m i n a n c e  i n c r e a s e d  

t h e  latencies of a l l  p e a k s  c o n t i n u e l  t o  b e  s h o r t -  



Figure 6 ,  A p l o t  of t h e  l a t e n c r e s  of t h e  i n d i v i d u a l  p e a k s  of 
the s t e a d y - s t a t e  VEP a s  a f u n c t i o n  of i l l u m i n a n c e  for o b s e r v e r  
WK, Data o n  t h e  abscissa were p l o t t e d  r n  i n c r e m e n t s  o f  0-2  l o g  
u n i t s -  T h e  arrow i n d i c a t e s  t h e  l e a s t  upper bcund of the 
p s y c h o p h y s i c a l  p h o t o p i c  threshold. 
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Figure 7, T h e  r e l a t i o a s h i ~  between i n d i v i d u a l  YEP peak  
l a t e n c i e s  and i l l u m i n a n c e  for o b s e r v e r  DVD, Data were plotted on 
t h e  abscissa i n  i n c r e m e n t s  of 0 - 2  l o g  u n i t s ,  The  arrow i n d i c a t e s  
t h e  l e a s t  u p p e r  b o u n d  of the p s y c h o p h y s i c a l  photopic t h r e s h o l d ,  
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F i g u r e  8. The relations hi^ between  the i n d i v i d u a l  peak  
l a t e n c i e s  and s t i a u l u s  i l l u m i n a n c e  for cbserver CA. Data were 
plotted on t h e  a b s c i s s a  i n  i n c r e m e n t s  of 0-2 log units, The 
arrow indicates the least u p p e r  bound of the p s y c h o p h y s i c a l  
photop ic  t h r e s h o l d ,  
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Figure 9, T h e  p r o p o r t i o n  of c o r r e c t  r e s p o n s e s  i n  t h e  
f o r c e d -  c h o i c e  t h r e s h o l d  detec t i o n  of a b r i e f  f i i c k e r i n g  l i g h t ,  
T h e  v e r t i c a l  bars  a t  e a c h  p o i n t  i n d i c a t e  95% c o n f i d e n c e  
i n t e r v a l s ,  Twenty-f i v e  r e s p o n s e s  were c o l l e c t e d  for each d a t a  
p o i n t ,  
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T h e  r e s u l t s  o f  t h e  p s y c h o p h y s i c a l  F ~ O ~ O F ~ C  t h r e s h o l d  

e x p e r i m e n t  a r e  shown i n  F i g u r e  9 a s  t h e  p r o p o r t i c n  of c o r r e c t  

r e s p o n s e s  f r o m  e a c h  o b s e r v e r ,  T h e  v e r t i c a l  b a r s  r e p r e s e n t  95% 

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

b o u n d s  o f  t h e  p h o t o ~ i c  t h r e s h o l d  were e s t i s a t e d  f r o m  the g r a p h ,  

T h e  u p p e r  b o u n d  was d e f i n e d  was the l o w e s t  i l l u i n i n a n c e  l e v e l  f o r  

w h i c h  t h e  95% c o n f i d e n c e  i n t e r v a l  d i d  n o t  e x t e n d  b e l o w  t h e  75% 

c o r r e c t  l e v e l ,  T h u s ,  t h e  u p p e r  bound  f o r  WK u a s  - 3  l o g  t d ,  -,05 

l o g  t d  f o r  D V D ,  and  - 4  l o g  td  f o r  CA, T h e  lower bound  was 

i l e f i n e d  a s  t h e  h i g h e s t  i l l u m i n a n c e  l e v e l  f o r  w h i c h  t h e  95% 

c o n f i d e n c e  i n t e r v a l  d i d  n o t  e x t e n d  a b o v e  the 75% correct  l e v e l ,  

T h e  lower b o u n d  f o r  WK was -,2 l o g  t d ,  and - 2 8  l o g  t d  f o r  CA, A 

lower bound  was n o t  d e t e r m i n e d  f o r  D V D ,  h o w e v ~ r ,  a s  shown  b y  t h e  

g r a p h  i t  a p p e a r e d  t o  be b e l o w  -,7 l o g  t d ,  

The d i f f e r e n c e  b e t w e e n  t h e  u p p e r  bound  o f  t h e  p h o t o p i c  

t h r e s h o l d  a n d  t h e  i l l u m i n a n c e  a t  w h i c h  t h e  YEP shift t o  t h e  

s h o r t  l a t e n c y  f u n c t i o n  c c c u r r e d  was 1 - 1  l o g  t d  f o r  WK, 1 - 4 5  

l o g  t d  f o r  D V D ,  a n d  1 - 0  l o g  t d  f o r  CA- T h a t  is, the l o n g  l a t e n c y  

VEP p e r s i s t e d  f o r  a n  a v e r a g e  o f  1-2  l o g  t d  (SD = - 2 4 )  a b o v e  t h e  

u p p e r  bound  of t h e  p h o t o ~ i c  t h r e s h o l d ,  

A m p l i t u d e s  of t h e  n e g a t i v e  a n d  ~ o s i t i v e  peaks were measured 
k 

a s  s h o v n  i n  F i g u r e  10, Since n e g a t i v e  a n d  p o s i t i v e  p e a k s  
i 
I d e s c r i b e d  s imi la r  f u n c t i o n s  t h e i r  a n p l i  t u d e s  were a v e r a g e d ,  The  

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

o b s e r v e r s  WK, D V D ,  a n d  CA ic F i g u r e s  11, 12 ,  a n d  13 ,  

r e s p e c t i v e l y .  T h e  functions were sirailar for a l l  o b s e r v e r s .  T h e  



Figure  10, I l l u s t r a t i o n  of how t h e  a m p l i t u d e  of a peak was 
measured.  The aiepli-tude was measured as i n  (a) and was averaged  
from s e v e r a l  repetitions of the peak w i t h i n  t h e  uavef  orm, 



a m p l i t u d e  ( a )  



low i l l u m i n a n c e  c o m ~ o n e n t ,  P3N3 (P3N1 f o r  C A ) ,  r e a c h e d  a  maximum 

a m p l i t u d e  b e t w e e n  -8-1.0 l o g  t d ,  a n d  d i s a p p e a r e d  b e t w e e n  1-6  a n d  

2.4 l o g  td, T h e  i n t e r m e d i a t e  i n t e n s i t y  c o m p o n e n t ,  P2N2 (PIN1 f o r  

CA a n d  D V D )  first a ~ p e a r e d  a t  1.4 l o g  t d  for  all o b s e r v e r s  a n d  

r e a c h e d  a maxiaum a m p l i t u d e  between 2.6 a n d  3-2  l o g  t d  and 

d i m i n i s h e d  t h e r e a f t ~ r ,  A t  t h e  highest i l l u m i n a n c e s  a n o t h e r  

c o m p o n e n t  a p p e a r e d  b e t w e e n  3 .6 -4 .0  l o g  t d ,  

Also s h o v n  i n  e a c h  o f  t h e  t h r e e  figures is a n  a r r o w  w h i c h  

i l l u s t r a t e d  t h e  p o i n t  a t  which s h o r t  l a t e n c i e s  were f o u n d ,  I t  

c a n  b e  s e e n  t h a t  t h e  low i l l u m i n a n c e  c o m p o n e n t  p e a k e d  p r i o r  t o  

this p o i n t  and was d e c l i n i n g  a t  t h e  time t h e  i n t e r m e d i a t e  

c o m p o n e n t  first a p p e a r e d .  

To  s u m m a r i z e ,  a l a t e  l a t e n c y  c o m p o n e n t  s h o u e d  an i n c r e a s i n g  

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

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

r e s p o n s e  s h i f t e d  f r o n  l o n g  t o  s h o r t ,  T h e  s e c o n d  c o m p o n e n t ,  w h i c h  

was  c o i n c i d e n t  w i t h  t h e  first comgonent  i n  t h e  i n t e r m e d i a t e  

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

initially increased i n  a m p l i t u d e  and then d e c r e a s e d  a s  

i l l u m i n a n c e  i n c r e a s e d ,  



F i g u r e  11, A m ~ p l i t u d e s  of three V E P  c o m p o n e n t s  ( e a c h  c o n s i s t i n g  
of an a v e r a g e  of  a pos i t ive  and a n e g a t i v e  p e a k )  for o b s e r v e r  WK 
a s  a f u n c t i o n  of  i l l u m i n a n c e .  A m p l i t u d e s  were p l o t t e d  i n  
i n c r e n e n t s  of 0 - 2  l o g  u n i t s  of i l l u m i n a t i o n ,  The arrow shows t h e  
i l l u m i n a n c e  l e v e l  a t  w h i c h  t h e  V E P  s h i f t e d  t o  a s h o r t  latency 
r e s p o n s e ,  





F i g u r e  12, A m p l i t u d e s  of t h r e e  YEP c o m p o n e n t s  (each c o n s i s t i n g  
of  an average of a ~ o s i t i v e  a n d  a negative peak)  f o r  o b s e r v e r  
DVD as  a f u n c t i o n  o f  i l l u m i n a n c e .  Amplitudes wese plotted i n  
i n c r e m e n t s  of 0-2 l og  u n i t s  of i l l u m i n a t i o n ,  The arrow shows t h e  
i l l u n a i n a n c e  level a t  which t h e  Y E P  s h i f t e d  to a s h o r t  l a t e n c y  
r e s p o n s e .  





F i g u r e  13 ,  Amplitudes of three VEP c o m p o n e n t s  ( e a c h  c o n s i s t i n g  
of an a v e r a g e  of a ~ o s i t i v e  a n d  a n e g a t i v e  peak)  for observer CA 
a s  a  function of i l l u m i n a n c e ,  A a p l i t u d e s  were p l o t t e d  i n  
increments of 0.2 l o g  units of i l l u m i n a t i o n .  The arrow shows t h e  
i l l u m i n a n c e  level a t  w h i c h  the VEP s h i f t e d  t o  a short l a t e n c y  
r e s p o n s e ,  





11, Experiment 2 

T h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  r o d s  a n d  cones to t h e  

s t e a d y -  s t a t e  VEP were i n v e s t i g a t e d  a t  l e v e l s  o f  i l l u a i n a n c e  

i m m e d i a t e l y  a b o v e  the p h o t o ~ i c  t h r e s h o l d  by  s e l e c t i v e l y  

s t i n u l a t i n g  r e t i n a l  a r ea s  c o n t a i n i n g  e i t h e r  r o d s  or c o n e s .  

?let hod ---- 
T h e  9,5• ‹  s t i m u l u s  was p a r t i t i o n e d  i n t o  a c e n t r a l l y  v i e w e d  

3 O  d i s k  a n d  a 3 , G 0  a n n u l u s  w i t h  a n  i n t e r i o r  diameter o f  30, T h i s  

p a r t i t i o n  d i d  n c t  c a m ~ l e t e l  y s e p a r a t e  r o d s  f rorn c o n e s ,  However ,  

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

e s t i m a t e d  f r o m  t h e  d a t a  o t  P s t e r b e r g  ( 1 9 3 5 ) -  T h e  r a t i o  of r o d s  

to c o n e s  i n  t h e  a rea  c i r c u m s c r i b e d  by t h e  a n n u l u s  was a b o u t  6:1, 

The  r a t i o  o f  c o n e s  t o  r o d s  i n  t h e  central 3 O  area was  a b o u t  5:1, 

The effect of s c a t t e r e d  l i g h t  was c o n t r o l l e d  by  a n  a d a p t i n g  

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

f i e l d ,  T h e  b r i g h t n e s s  o f  t h e  a d a p t i n g  l i g h t  was a d j u s t e d  a t  e a c h  

s t i m u l u s  i l l u m i n a n c e  such t h a t  n o  f l i c k e r  was s e e n  b y  t h e  

o b s e r v e r  i n  t h e  u n s t i m l a t e d  p o r t i o n  of the f i e l d ,  I t  was f o u n d  

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

order f o r  t h e  f l i c k e r  t o  b e  s e e n  o n l y  w i t h i n  t h e  b o u n d a r i e s  of 

t h e  s t i w i l u s  field, T h e  l u m i n a n c e s  of t h e  a n n u l u s  and d i s k  

a d a p t i n g  fields were -1 -1 ,  -.8, and  -,2 l o g  fL, f o r  s t i m u l u s  

l u a i n a n c e s  of -1.7, -1 -3 ,  a n d  -,R l o g  fL,, r e s p e c t i v e l y -  



R e s u l t s  
---v- 

V E P s  o b t a i n e d  from s t i r u l a t i o n  o f  t h e  a n n u l u s  a n d  d i s k  a re  

shown  f o r  a l l  o b s e r v e r s  i n  F i g u r e  14. P o s i t i v e  a n d  n e g a t i v e  

p e a k s  were f o u n d  by a p p l y i n g  t h e  a l g o r i t h m ,  P e a k f i n d l ,  t o  the 

data .  P o s i t i v e  a n d  n e g a t i v e  a m p l i t u d e s  were c o m b i n e d  t o  y i e l d  a n  

a v e r a g e  a m p l i t u d e  measu remen t  f o r  e a c h  YEP, T h e  a v e r a g e  

a m p l i t u d e s  o f  the d i s k  a n d  a n n u l u s  VEPs a r e  shown a s  a  f u n c t i o n  

of i l l u m i n a n c e  i n  F i g u r e  15. T h e  a n n u l u s  a n d  d i s k  VEP a ~ p l i t u d e s  

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

a n n u l u s  VXP h a d  a much l a r g e r  a m p l i t u d e  a t  e a c h  i l l u i n i n a n c e  

c o m p a r e d  t o  t h e  d i s k  VEP, T h e  r a t i o s  cf the a m p l i t u d e s  o f  t h e  

a n n u l u s  t o  t h e  d i s k  VEPs  are shown i n  F i g u r e  16 i n  terms of raw 

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

t h e  a n n u l u s  V E P  o f  t h e  t h r e e  o b s e r v e r s  a c r o s s  s t i m u l u s  i n t e n s i t y  

was 6.0 (SD=1,5) times t h a t  o f  t h e  d i s k  VEP, On t h e  o t h e r  h a n d ,  

t h e  a v e r a g e  r a t i o  of t h e  d i s k  t o  t h e  a n n u l u s  VEP amplitude p e r  

u n i t  r e t i n a l  area was 1-8: 1 (S13=,32) , 



F i g u r e  14, V E P s  r e c o r d e d  i n  three o b s e r v e r s  a t  t h r e e  
i l l u m i n a n c e s  i n  r e s p o n s e  t o  a centrally fixated circular 
s t i m u l u s  s u b t e n d i n g  3 0  i n  visual a n g l e  and a 9-ti0 a n n u l u s  with 
a n  i n t e r i o r  d i a e e t e r  of 3 0 ,  T h e  a r r o w s  show the p e a k s  f o u n d  by 
Peakfindl from which a m p l i t u d e s  were measured,  S t i m u l u s  
intensity is i n  l o g  t r o l a n d s ;  sweep d u r a t i o n  is 400 as, 









Figure 15, Average a a p l i t u d e s  of t h e  s t e a d y - s t a t e  YEP for t h e  
3 O  disk a n d  the a n n u l u s  [ 3 O  and 9 . h 0  d i a m e t e r s )  r e c o r d e d  from 
each observer a t  three i l l u m i n a n c e s  between the p s y c h o p h y s i c a l  
p h o t o p i c  t h r e s h o l d  and  the s h i f t  i n  t h e  l a t e n c y  function, 
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Figure 16, T h e  r a t i o  of the d i s k  t o  a n n u l u s  YEP a ~ p l i t u d e s  of 
each o b s e r v e r  a t  t h r e e  s t i a u l u s  i l l u m i n a n c e s ,  The left ord inate  
shows the r a t i o  i n  t e r m  of raw a m p l i t u d e  a n d  t h e  r i g h t  ordinate 
i n  terms of a m p l i t u d e  p e r  unit r e t i n a l  a r e a  s t i n u l a t e d ,  
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D, D i s c u s s i o n  

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

s y s t e m  m e d i a t e s  v i s i o n  a t  low l u a i n a n c e s  w h i l e  the ~ h o t o ~ i c  

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

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

e x i s t s  i n  w h i c h  t h e  t w o  s y s t e m s  o v e r l a p ,  T h i s h y p o t h e s i s  was 

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

sco t o p i c  f u n c t i o n ,  

T h e  r e s u l t s  s h o w e d  t h a t  f o r  e a c h  o b s e r v e r  the a v e r a g e  

l a t e n c y  f n n c t i o n s  o f  t h e  s t e a d y - s t a t e  VEPs s e p a r a t e d  i n t o  two 

b r a n c h e s ,  o n e  d e s c r i b i n g  a l a t e  l a t e n c y  function a t  l o w  

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

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

i n  t h e  l a t e n c y / i n t e n s i t y  f u n c t i o n  of t h e  s teady-state  VEP,  

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

VEP by s e v e r a l  i n v e s t i g a t o r s  ( Adachi-Usami,  1974 ; K l i n g a m a n ,  

1979;  Yan B a l e n  a n d  Henkes ,  1960; Vaughan ,  1966; Vaughan a n d  

H u l l ,  1965) .  These i n v e s t i g a t o r s  p r o p o s e d  t h a t  t h e  b r e a k  i n  t h e  

l a t e n c y  f u n c t i o n  o f  t h e  t r a n s i e n t  VEP was d u e  t o  t h e  t r a n s i t i o n  

from a s c o t o p i c a l l p  t o  a p h o t o p i c a l f y  b a s e d  r e s p o n s e ,  T h i s  

c o n c l u s i o n  was s u p p o r t e d  with v a r i o u s  o t h e r  d a t a  c o l l e c t e d  by  

the i n v e s t i g a t o r s ,  K l i n g a m a n  11979) c o m p a r e d  t h e  l a t e n c y  

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

i n  t h e  c u r v e  of t h e  rod monochrozuat. Van Balen and Henkes (1960) 



f o u n d  t h e  break i n  t h e  l a t e n c y  f u n c t i o n  was r e l a t e d  t o  t h e  b e n d  

i n  t h e  d a r k  a d a p t a t i o n  c u r v e s ,  w h i l e  Vaughan  a n d  H u l l  ( 1 9 6 5 )  

f o u n d  t h a t  t h e  b r e a k  i n  t h e  l a t e n c y  f u n c t i o n  o c c u r r e d  a t  a 

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

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

s t e a d y - s t a t e  V E P  l a t e n c y  f u n c t i o n  was t a k e n  a s  t h e  p o i n t  a t  

w h i c h  t h e  t h e  p h o t o p i c  s y s t e m  c o n t r i b u t e d  t o  t h e  VEP, I n  t h e  

p r e s e n t  e x p e r i m e n t  t h i s  l e v e l  was  a b o u t  1 - 4 3  l o g  t d ,  

T h e  r e s u l t s  of t h e  p h o t o p i c  t h r e s h o l d  e x p e r i m e n t ,  however ,  

s h o w e d  t h a t  t h e  p h o t o p i c  s y s t e m  first became a c t i v e  a t  a n  

a v e r a g e  i f l u n i n a n c e  o f  - 2 2  log t d ,  T h e  d i s c r e p a n c y  b e t w e e n  t h e  

t h e  VEP l a t e n c y  d a t a  a n d  t h e  p s y c h o p h y s i c a l  d a t a  was 1-2 l o g  t d  

( 1 - 4 3  - - 2 2  f o g  t d ) ,  was 1 - 2  l o g  td .  The d i f f e r e n c e  Bay b e  d u e  

t o  t h e  d i f f e r e n c e s  i n  s e n s i t i v i t y  b e t w e e n  t h e  t w o  m e a s u r e s .  A t  

lower i l l u r a i n a n c e s  the p h o t o p i c  s y s t e m ,  a l t h o u g h  a c t i v e ,  may n o t  

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

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

e l e c t r o d e .  S u c h  a d i f f e r e n c e  i n  t h e  s e n s i t i v i t y  b e t w e e n  t h e  

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

f u n c t i o n  a t  t h r e s h o l d  h a s  b e e n  n o t e d  t o  b e  b e t w e e n  - 8  a n d  2 l o g  

u n i t s  i n  i n c r e m e n t  t h r e s h o l d  e x p e r i m e n t s  (Adach i -Usami ,  1 9 7 4 ;  

R l i n g a m a n ,  1 9 7 9 ) -  H o u e v e r ,  a t  l eas t  p a r t  o f  t h i s  d i f f e r e n c e  may 

b e  a e t h o d o l o g i c a l  r a t b a r  t h a n  p h y s i o l o g  i c a L  K l i n g a n a n  (1979) 

f o u n d  t h a t  a c l o s e r  a g r e e m e n t  b e t w e e n  t h e  t u o  wteasures  was 

o b t a i n e d  when t h e  e f f e c t s  of l i g h t  a d a p t a t i o n  were m i n i m i z e d  by  

a c c u a u l a t i n g  many V E P s  o f  smll s a m p l e  s i ze ,  r a t h e r  than 



c o l l e c t i n g  a l a r g e  sample VEP wh ich  w o u l d  i n c r e a s i n g l y  l i g h t  

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

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

Adachi -Usami  ( 1974) t o  t h i s  t e c h n i q u e  a n d  s p e c u l a t e d  t h a t  e v e n  

smaller s a m p l e  s i z e s  would  r e s u l t  i n  f u r t h e r  a g r e e m e n t  b e t w e e n  

t h e  t w o  f u n c t i o n s ,  S t i m u l a t i o n  of t h e  3 O  d i s k  i n  t h e  p r e s e n t  

e x p e r i a t e n t  p r o d u c e d  a smal l  b u t  r e c o r d a b l e  f o l l o w i n g  r e s p o n s e  

s u g g e s t i n g  t h a t  t h e  p h o t o p i c  s y s t e m  was i n d e e d  a c t i v e  a t  t h e s e  

low i l l u m i n a n c e s , a l t b o u g h  i t  was n o t  s t r o n g  e n o u g h  t o  show up i n  

t h e  l a t e n c y  f u n c t i o n  wh ich  was d o m i n a t e d  b y  t h e  s c o t o p i c  VEP 

r e s p o n s e  t o  t h e  9,6O f i e l d -  

In c o n t r a s t  t o  t h e  d i s c r e p a n c y  between t h e  p s y c h o p h y s i c a l  

a n d  VEP estimates found  he re ,  Vaughan a n d  Bull 11965) r e p o r t e d  

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

l e v e l  s l i g h t l y  h l g h e r  t h a n  t h e  r o d - c o n e  b r e a k ,  T h e  r e a s c n  f o r  

t h e  d i f f e r e n c e  b ~ t w e e n  t h e  two s t u d i e s  is d i f f i c u l t  t o  

a s c e r t a i n ,  s i n c e  Vaughan  a n d  H u l l  r e p o r t e d  few d e t a i l s  of t h e i r  

m e a s u r e m e n t  of t h e  p h o t o p i c  t h r e s h o l d ,  They  used a 1 , ? P  f o v e a l  

t a r g e t  i l l u s i n a t e d  hy r e t a n g u l a r  f l a s h e s  o f  10 as d u r a t i o n  w h i c h  

were d e l i v e r e d  every 750 lase T h e  i n v e s t i g a t o r s  f o u n d  a 

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

t h e  r e p o r t  of t h e  same b y  t h e  s u b j e c t s ,  One o f  t h e  d i f f e r e n c e s  

b e t w e e n  t h e  two s t u d i e s  was t h e  r a t e  o f  s t i m u l u s  d e l i v e r y ,  750 

v s ,  110 MS. I t  is  ~ 0 s s i b l e  t h a t  t h e  p h o t o p i c  t h r e s h o l d  fo r  

s t i a u l i  d e l i v e r e d  a t  a  f a s t e r  r a t e  n i g h t  be l o w e r ,  I n  a d d i t i o n ,  

t h e  p r e s e n t  e x p e r i m e n t  used a f o r c e d - c h o i c e  n e t h o d  u h i c h  



e l i m i n a t e d  r e s p o n s e  b i a s .  I t  is p o s s i b l e  t h a t  t h e  s u b j e c t s  of 

Vaughan a n d  H u l l ' s  e x ~ e r i m e n t ,  i f  r e s p o n s e  b i a s  was not .  

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

On t h e  o t h e r  h a n d  i t  may b e  t h a t  t h e  p h o t o p i c  sys tem,  

t h o u g h  a c t i v e ,  was s u p p r e s s e d  o r  masked  by  t h e  l a r g e r  s c o t o p i c  

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

a t  m e s o p i c  l u m i n a n c e s ,  However ,  t h i s  i n t r e p r e t a t i o n  i s  i n  

a p p a r e n t  c o n f l i c t  w i t h  t h o s e  o f  G o u r a s  (1965, 1967)  a n d  G o u r a s  

a n d  L i n k  (1966) who s t u d i e d  t h e  r e s p o n s e  l a t e n c y  of p e r i f o v e a l  

g a n g l i o n  cel ls  i n  t h e  monkey r e t i n a  t h a t  r e c e i v e d  i n p u t  from 

b o t h  r o d s  a n d  c o n e s ,  T h e y  r e p o r t e d  t h a t ,  o n c e  c o n e  t h r e s h o l d  was 

r e a c h e d ,  t h e  p a t t e r n  o f  f i r i n g  o f  t h e  g a n g l i o n  c e l l  was e n t i r e l y  

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

were s u p p r e s s e d -  

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

r e s o l v e  t h i s  a p p a r e n t  c o n f l i c t .  F i r s t ,  it is i m p o r t a n t  t o  n o t e  

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

w h i c h  s i g n a l  f o l l o w s  i n  t h e  r e f r a c t o r y  wake o f  t h e  o t h e r  ( G o u r a s  

E Link,1966), T h u s ,  when r o d s  a n d  c o n e s  a r e  s i m u l t a n e o u s l y  

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

d u e  t o  t h e  slower r e s p o n s i v e n e s s  o f  t h e  r o d s  ( G o u r a s ,  1967)-  

However,  i n  a c c o r d a n c e  w i t h  a m o d e l  p r o p o s e d  b y  P a l t e r s  ( l 9 7 l ) ,  

if the rate of s t i a a u l a t i o n  mere s u c h  t h a t  t h e  s u c c e e d i n g  c o n e  

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

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

w o u l d  be  t r a n s m i t t e d  i n s t e a d  of  the c o n e  s i g n a l ,  



G o u r a s  ( 1 9 6 5 ,  1967) d e t e r m i n e d  t h e  d i f f e r e n c e  i n  r e s p o n s e  

l a t e n c y  of t h e  s o n k e y  F R G  b-wave from i n c o m i n g  r o d  a n d  c o n e  

s i g n a l s .  H e  e s t i m a t e d  t h a t  the c o n e  s i g n a l s  p r e c e d e d  r o d  s i g n a l s  

by a b o u t  100 ms f o r  s t i m u l u s  e n e r g i e s  c a p a b l e  o f  s t i m u l a t i n g  

r o d s  a n d  c o n e s  s i m u l t a n e o u s l y .  A s i m i l a r  estimate o f  1 0 0  ms w a s  

f o u n d  for t h e  d i f f e r e n c e  i n  a r r i v a l  times o f  r o d  a n d  cone 

s i g n a l s  a t  t h e  p e r i f o v e a l  r e t i n a l  g a n g l i o n  c e l l  of  t h e  monkey 

{ G o u r a s  a n d  L i n k ,  1 9 6 6 ) -  F r u m k e s  e t  a l ,  (1973) f o u n d  d i f f e r e n c e s  

i n  r e s p o n s e  l a t e n c i e s  b e t w e e n  r o d s  a n d  c o n e s  t o  te  b e t w e e n  

30-75 m s -  T h u s ,  r e p e t i t i v e  s t i m u l a t i o n  of t h e  a p ~ r o g r i a t e  

f r e q u e n c y  c o o l 3  r e s u l t  i n  c o n e  s i g n a l s  f o l l o w i n g  r o d  s i g n a l s .  I n  

t h e  p r e s e n t  e x p e r i m e n t  i n  w h i c h  a n  IS1 o f  I 1 0  ins was u s e d ,  a l a g  

time of 55 - 1 1 0  m s  w o u l d  b e  n e c e s s a r y  i n  o r d e r  f o r  t h e  i n t e r v a l  

b e t w e e n  the r o d  s i g n a l  a n d  t h e  s u c c e e d i n g  c o n e  s i g n a l  t o  be  

s h o r t e r  t h a n  t h e  i n t e r v a l  b e t w e e n  t h e  r o d  s i g n a l  a n d  t h e  

p r e c e e d i n g  c o n e  s i g n a l *  The  l a g  t i a e s  r e p o r t e d  b y  G o u r a s  (1967) 

a n d  F r u m k e s  e t  a l ,  (1973) o f  1 1 0 ,  a n d  30-75 os ,  r e s p e c t i v e l y ,  

c o r r e s p o n d  t o  s u c h  a n  i n t e r v a l ,  T h e r e f o r e ,  g i v e n  a n  IS1  of 

110  as,  i t  is u o r e  l i k e l y  t h a t  r o d  s i g n a l s  a l o n e  were 

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

a i g h t  e x p l a i n  t h e  l a c k  of a s h o r t  l a t e n c y  k r a n c h  just a b o v e  t h e  

p h o t o p i c  t h r e s h o l d .  T h e  site of s u c h  a n  i n t e r a c t i o n  would  l i k e l y  

b e  t h e  i n n e r  p l e x i f o r e  l a y e r  of t h e  r e t i n a  w h e r e  s i g n a l s  f r o m  

s e p a r a t e  r o d  and cone c h a n n e l s  c o n v e r g e  o n  g a n g l i o n  cells, a s  

p r o p o s e d  b y  G o u r a s  (1 966) - 



T h i s  mechan i sm d o e s  n o t ,  h o w e v e r ,  e x p l a i n  why c o n e  s i g n a l s  

from t h e  f o v e a  d i d  n a t  a p p e a r  i n  t h e  VEP r e c o r d ,  S i n c e  f o v e a l  

c o n e s  d o  n o t  s h a r e  t h e i r  c o n n e c t i o n s  t o  t h e  g a n g l i o n  ce l l s  w i t h  

r o d s  ( P o l y a k ,  l ! l Y l ) ,  t h e r e  wou ld  n o t  seem t o  b e  an  c p p o r t u n i t y  

f o r  a n  i n t e r a c t i o n  w i t h  t h e  r o d  s y s t e n ,  T h u s ,  i t  a p p e a r s  t h a t  no 

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

p h o t o p i c  a c t i v i t y  i n  t h e  s t e a d y - s t a t e  VEP a t  i l l u m i n a n c e s  

i tn taedia  t e l y  a b o v e  t h e  F ~ O ~ O F ~ C  t h r e s h o l d ,  

T h e  c r i t i ca l  i m p o r t a n c e  o f  f l i c k e r  r a t e  on  r o d - c o n e  

i n t e r a c t i o n  h a s  b e e n  n o t e d  i n  o t h e r  s t u d i e s  (HacLeod,  1 9 7 2 ;  v a n  

d e n  B e r g  a n d  S p e k r e i j s e ,  1 9 7 7 ;  Von G r u n a u ,  1975; H a l t e r s ,  1 9 7 1 ) -  

R a t h e r  t h a n  a n t a g o n i s t i c  i n t e r a c t i o n s  some  o f  t h e s e  s t u d i e s  

( H a c t e o d ,  1 9 7 2 ;  v a n  d e n  B e r g  a n d  S p e k r e i j s e ,  1 9 7 7 )  h a v e  

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

T h u s ,  s t i m u l a t i o n  r a t e  a p p e a r s  t o  ~e a c r i t i c a l  fac tor  i n  t h e  

a n t a g o n i s t i c  a n d  a d d i t i v e  i n t e t a c t i o n s  b e t w e e n  r o d s  a n d  c o n e s ,  

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

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

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

r e s p o n s e  u p  t o  1 - 2  l o g  t d  i n t o  t h e  p h o t o p i c  r a n g e  s u g g e s t e d  a 

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

reached a maximum w i t h i n  t h i s  r a n g e  a s  well as  the l a r g e r  

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

i m p l i c a t e d  the s c o t o p i c  s y s t e m  a s  t h e  s o u r c e  o f  t h e  s t e a d y - s t a t e  

YEP a t  i l l u l a i n a n c e  l e v e l s  b e l o w  1 - 4  l o g  t d ,  



T h e  p r i m a r i l y  p h o t o p i c  n a t u r e  of t h e  VEP h a s  b e e n  s t r e s s e d  

i n  many r e s e a r c h  p a p e r s  ( A r m i n g t o n ,  1966; DeVoe e t  a l .  1968; 

R i e t v e l d  e t  a l .  1905; Wooten, 1972) -  I n  s t u d i e s  i n  w h i c h  

c h a r a c t e r i z a b l e  e v o k e d  r e s p c n s e s  h a v e  b e e n  o b t a i n e d  i n  t h e  

p e r i p h e r y  (e. g. E a s c n ,  Oden ,  a n d  W h i t e ,  1957; E a s o n  a n d  w h i t e ,  

1967;  Q h b a ,  1967; O s a k a  a n d  Yamamoto, 1978) it is n c t  clear t h a t  

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

e i t h e r  ky s t i r a u l a t i o n  o f  p e r i p h e r a l  c o n e s  o r  b y  s t i m u l a t i o n  of 

f o v e a l  c o n e s  t h r o u g h  s c a t t e r e d  l i g h t ,  T h e  a p p a r e n t l y  ' p u r e *  

s c o  topic s t e a d  y-s t a  te r e s p o n s e  u n d e r  t h e  s t i ~ u l u s  c o n d i t i o n s  

r e p o r t e d  h e r e  say make t h e  s teady-s ta te  VEP a n  e f f e c t i v e  t o o l  i n  

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

w h e r e  s u c h  B e a s u r e s  are i n  n e e d  of d e v e l o p m e n t  (Adams e t  a l .  

1969) .  

A n o t h e r  e r F l a n a t i . c n  f o r  the p r e s e n c e  of s c o t o p i c  a c t i v i t y  

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

r a t h e r  is c o n t i n g e n t  o n  t h e  d i f f e r e n c e s  i n  t h e  r e l a t i v e  

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

H s i a  (1957) f o u n d  t h a t  t h e  f o v e a l  c o n e s  were r e l a t i v e l y  more 

s e n s i t i v e  i n  the r e d  end of t h e  s p e c t r u m  a n d  r e l a t i v e l y  less 

s e n s i t i v e  i n  t h e  b l u e  end o f  t h e  s p e c t r u m  t h a n  cones l o c a t e d  10•‹ 

i n  t h e  p e r i p h e r y ,  I f  t h e  f o v e a l  c o n e s  were more  s e n s i t i v e  t o  

w h i t e  l i g h t  t h e n  i t  i s  p o s s i b l e  t h a t  l o u  l u m i n a n c e s  c a p a b l e  of 

a c t i v a t i n g  f o v e a l  cones would  n o t  b e  s t r o n g  enough t o  a c t i v a t e  

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

t h e  p e r i p h e r a l  r e t i n a  wou ld  b e  f r o m  r o d s ,  whole cond s i g n a l s  



w o u l d  b e  t r a n s m i t t e d  t r o m  the f o v e a .  B o t h  r o d  a n d  c o n e  s i g n a l s  

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

a v i o d i n g  a n y  a n t a g o n i s  t i c  i n t e r a c t i o n  d u e  t o  c o n v e r g e n c e  a t  t h e  

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

wou ld  e x p e c t  t o  f i n d  e v i d e n c e  o f  b o t h  s c o t o p i c  a n d  p h o t o p i c  

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

t h o u g h t  t o  o v e r l a p ,  

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

a c t i v i t y  was f o u n d  be low t h e  b r e a k  i n  t h e  l a t e n c y  f u n c t i o n ,  i t  

r e m a i n s  p o s s i b l e  t h a t  j o i n t  a c t i v i t y  was p r e s e n t  a b o v e  t h e  

l a t e n c y  b r e a k ,  It h a s  b e e n  r e p o r t e d  t h a t  the s c o t o p i c  s y s t e m  

d o e s  n o t  s a t u r a t e  u n t i l  a b o u t  3.0 l o g  t d  ( A g u i l a r  a n d  St i les ,  

1954 ;  R l ingaaaan ,  1 9 7 9 ;  S a k i t t ,  l 9 7 6 ) ,  w h i c h  is a b o u t  1.4 l o g  

u n i t s  a b o v e  t h e  l a t e n c y  b r e a k  i n  t h e  p r e s e n t  e x p e r i m e n t ,  s o  i t  

i s  r e a s o n a b l e  t o  p u r s u e  t h e  q u e s t i o n  cf s c o t o p i c  a c t i v i t y  a t  

t h e s e  l e v e l s ,  O t h e r  s t u d i e s  h a v e  claimed t h a t  t h e  VEP is 

e n t i r e l y  p h o t o p i c  o n c e  t h e  p h o t o ~ i c  t h r e s h o l d  is e x c e e d e d  

(Vaughan a n d  H u l l ,  1965;  U o o t e n ,  1 9 7 2 ) -  T h e  r e s u l t s  of t h e  

p r e s e n t  e x p e r i n e n t  g i v e  s o a e  s u p p o r t  t o  t h e  c o n t e n t i o n  t h a t  the 

VEP is e n t i r e l y  p h o t o p i c  o n c e  t h e  b r e a k  i n  t h e  l a t e n c y  f u n c t i o n  

is crossed, As s h o w n  i n  f i g u r e s  11 ,  12 ,  a n d  1 3  t h e  p o s i t i v e  

a m p l i t u d e  o f  t h e  s c o t o p i c  YEP d e c l i n e s  a s  t h e  s h i f t  i n  t h e  

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

p o i n t  w h e r e  early l a t e n c i e s  a r e  f irst  r e c o r d e d ,  A s imi la r  

d e c l i n e  i n  the VEP a m p l i t u d e  of a rod monochromat  h a s  b e e n  

r e p o r t e d  by K l i n g a m a n  (1979) and  s u g g e s t s  the onset of 



s a t u r a t i o n  of t h e  r o d  system, T h e  r e b o u n d  i n  t h e  a m p l i t u d e  of 

t h i s  p e a k  s e e n  i n  a l l  t h r e e  s u b j e c t s  b e t w e e n  9.4 a n d  2.5 l o g  t d  

is  p r o b a b l y  d u e  t o  a p h o t o p i c  c o n t r i b u t i o n ,  since a t  t h i s  p o i n t  

the l a t e n c y  o f  t h i s  peak  uas e a r l y ,  

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

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

c o m p l e t e -  O b s e r v e r s  U K  a n d  CA s h o w e d  a c o e ~ l e t e  s h i f t  f r o m  l o n g  

t o  s h o r t  l a t e n c y  r e s p o n s e s .  D V D ,  o n  t h e  o t h e r  hand ,  s h o v e d  

e v i d e n c e  of s i m u l t a n e o u s  l o n g  a n d  s h o r t  l a t e n c y  ~ e a k s  a t  1-1) l o g  

t d ,  S t u d i e s  t h a t  h a v e  i n v e s t i g a t e d  b o t h  s c o t o p i c  a n d  p h o t o p i c  

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

d i d  n o t  f a l l  b e l o w  200 m s ,  nor did p h o t o p i c  l a t e n c i e s  go  vefy 

much h i g h e r  t h a n  2 0 0  m s  (Kl ingaraan ,  1979; Vaughan ,  1956; Wooten,  

1972) .  K l i n g a a a n  [I9791 a l s o  r e p o r t e d  t h a t  t h e  l a t e n c y  f u n c t i o n  

o f  a r o d  monochromat  d i d  n o t  go below 2 1 0  ms e v e n  a t  h i g h  

s t i e n l u s  i n t e n s i t i e s ,  T h e  l a t e n c y  f u n c t i o n s  of W K  and  CA a l s o  

s e p a r a t e d  a t  t h e  2 0 0  ns mark, i n d i c a t i n g  a c o a p l e t e  s e p a r a t i o n  

of rod a n d  c o n e  a c t i v i t y ,  O n  t h e  c o n t r a r y ,  D Y D  s h o w e d  r e s p o n s e  

l a t e n c i e s  c v e r l a p p i n g  t h e  200  as d i v i d i n g  l i n e  a t  a s i n g l e  

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

a c t i v i t y ,  T h e  a b s e n c e  of s c o t o p i c  a c t i v i t y  a t  h i g h e r  s t i m u l u s  

i n t e n s i t i e s  a p p e a r e d  t o  be  t h e  case f o r  some ,  b u t  n o t  a l l  

o b s e r v e r s ,  Thus ,  t h e  double c o m p o n e n t  VEP, f o u n d  i n  t h e  

i n t e n s i t y  r a n g e  j u s t  a b o v e  t h e  break i n  t h e  l a t e n c y  c u r v e ,  

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

i n d i v i d u a l  p h o t o p i c  a n d  scotopic co raponen t s ,  These results lend 



p a r t i a l  s u p p o r t  t h e  t o  r e p o r t  o f  Diamond e t  a l ,  ( 1 9 8 1 )  o f  

s e p a r a t e  p h o t o p i c  a n d  s c o t o p i c  YEP c o m p o n e n t s  i n  t h e  p h o t o p i c  

r a n g e ,  F u r t h e r  r e s e a r c h  is n e e d e d  t o  s u b s t a n t i a t e  t h i s  

i n t e r p r e t a t i o n ,  however ,  

I t  h a s  b e e n  i m ~ l i c i t  i n  t h i s  d i s c u s s i o n  t h a t  l o n g  l a t e n c y  

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

t h a n  t h e  r e s u l t  o f  ~ h 0 t 0 p l c  a c t i v i t y -  A l t h o u g h  t h e  a m p l i t u d e  o f  

t h e  f o v e a l  YEP was o n l y  a b o u t  16% o f  t h e  a n n u l u s  VEP a m p l i t u d e ,  

this m i g h t  b e  e x p e c t e d  d u e  t o  t h e  sma l l  s i z e  o f  t h e  r e t i n a l  area 

s t i r o l a t e d ,  When r e c e ~ t o r  d e n s i t y  i s  c o n s i d e r e d  t h e  c o n t r i b u t i o n  

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

was 1.8 t i n e s  t h a t  o f  t h e  p a r a f o v e a ,  T h e  r e o a a i n i n g  p r o p o r t i o n  o f  

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

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

r e s p o n s i ~ l e  f o r  t h e  l a r g e  a a p l i t u d e  of t h e  a n n u l u s  YEP, F i r s t ,  

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

t h e  a n n u l u s ,  t h e  d e n s i t y  of the p a r a f o v e a l  c o n e s  is f a r  less 

t h a n  f o v e a l  c o n e s  ( Y s t e r b e r g ,  1935) a n d  t h e r e f o r e ,  t h e  a c t u a l  

n u m b e r  o f  c o n e s  i n  t h e  p a r a r o v e a  was e s t i m a t e d  t o  b e  o n l y  2 - 5  

times t h a t  i n  t h e  c e n t r a l  3 O  o f  the r e t i n a -  I t  i s  u n l i k e l y  t h a t  

t h e  p a r a f o v e a l  c o n e s  c o u l d  a c c o u n t  f o r  a r e s p o n s e  6 times l a r g e r  

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

z u c h  h i g h e r  p e r  u n i t  r e t i n a l  area c o n t r i b u t i o n  of t h e  f o v e a  t h a n  

t h a t  r e p o r t e d  here. R i e t v e l d  e t  al.  ( 1 9 6 5 )  asserted t h a t  o v e r  

99% of the a m p l i t u d e  o f  a t r a n s i e n t  YEP r e c o r d e d  i n  r e s p o n s e  t o  

s t i m u l a t i o n  o f  a 1 5 O  1 6 '  diameter d i s k  was d u e  t o  t h e  c e n t r a l  20 



o f  t h e  f o v e a ,  F o r  p a t t e r n  s t i m u l a t i o n ,  R i e t v e l d  e t  a l ,  (1967; 

R i e t v e l d ,  1 9 6 6 )  e s t i m a t e d  t h a t  70% o f  t h e  r e s p o n s e  was d u e  t o  

t h e  c e n t r a l  3 0  of r e t i n a .  Regan (1966) .  u s i n g  s t i m u l u s  

p a r a m e t e r s  s imilar  t o  t h o s e  o f  t h e  p r e s e n t  e x p e r i m e n t  ( a  2,2O 

f o v e a l  f i e l d  a n d  a n  a n n u l u s  w i t h  d i m e n s i o n s  o f  4 0  a n d  110)  f o u n d  

t h a t  the a m p l i t u d e  p e r  u n i t  r e t i n a l  a r e a  o f  a s t e a d y  s t a t e  VEP 

was a b o u t  6.5 times g r e a t e r  f o r  f o v e a l  compared  t o  e x t r a f o v e a l  

s t i m u l a t i o n  f o r  b l u e  s t i m u l i  o f  mean r e t i n a  1 i l l u m i n a t i o n  

b e t u e e n  3.0 a n d  4.0 l o g  t d ,  

The f a c t o r s  t h a t  m i g h t  a c c o u n t  f o r  t h e  d i f f e r e n t  u n i t  area 

e s t i i n a t e s  o f  t h e  t u o  s t u d i e s  (Le,  Regan's a n d  t h e  p r e s e n t  o n e )  

a r e  t h e  s t i i ~ u l u s  c o l o r s ,  w h i t e  vs, b l u e ,  a n d  t h e  s t i m u l u s  

i n t e n s i t y ,  -4- 1.2 l o g  t d  v s -  3.0-U. 0 l o g  t d ,  Since S p e r l i n g  a n d  

Hsia (1957) a n d  Wea le  (1951)  h a v e  shown t h a t  t h e  p a r a f o v e a l  area 

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

s t i m u l u s  c o l o r  would n o t  a c c o u n t  f o r  t h e  r e l a t i v e l y  s m a l l e r  

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

hand ,  lower s t i ~ u l u s  i n t e n s i t y  would a c c o u n t  f o r  a r e l a t i v e l y  

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

t h r o u g h  s t i m u l a t i o n  o f  t h e  rods .  The r e s u l t s  of Eason  e t  al- 

(1967) who r e p o r t e d  a r e l a t i v e l y  g r e a t e r  c o n t r i b u t i o n  o f  the 

p e r i p h e r a l  r e t i n a  t o  t h e  VEP a m p l i t u d e  when low i n t e n s i t y  b l u e  

l i g h t  was u s e d  a s  o ~ p o s e d  t o  h i g h  i n t e n s i t y  r e d  l i g h t ,  a l s o  

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

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

betrseen - 4  and  1-2 l o g  id were d u e  t o  s t i m u l a t i o n  of t h e  r o d s ,  



I n  summary ,  t h e  e v i d e n c e  o k t a i n e d  f r o r  l a t e n c y  a n d  

a m p l i t u d e  m e a s u r e m e n t s  o f  t h e  s t e a d y - s t a t e  VEP o b t a i n e d ,  (a) 

over a r a n g e  of r e t i n a l  i l l u m i n a t i o n  of 5-75 l o g  t d ,  ( b )  f r o m  

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

r o d  o r  c o n e  a c t i v i t y ,  and  (c) from t h e  m e a s u r e m e n t  of t h e  

p h o t o p i c  t h r e s h o l d  suggested t h a t  t h e  s c o t o p i c  system is c a p a b l e  

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

s y s t e m ,  a l t h o u g h  shcun t o  p r o d u c e  a smal l  b u t  r e c o r d a b l e  BEP a t  

l e v e l s  i m l a e d i a t e l p  a b o v e  t h e  F ~ O ~ O & ~ C  t h r e s h o l d ,  a p p e a r e d  t o  b e  

s u p ~ r e s s e d  o r  masked by t h e  s c o t o i i c  s y s t e m  when b o t h  were 

s i ~ l u l t a n e o u s l y  s t i m u l a t e d .  F i n a l l y ,  t h e r e  was some e v i d e n c e  f o r  

j o i n t  p h o t o p i c  a n d  s c o t o p i c  a c t i v i t y  in t h e  m e s o p i c  r a n g e  n e a r  

t h e  break i n  t h e  l a t e n c y  f u a c t i o n ,  h o w e v e r ,  t h i s  s e e m e d  t o  b e  

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

e x c l u s i v e l y  p h o t o p i c  a c t i v i t y  a t  t h e s e  l e v e l s ,  



E, Appendix A 

S e t s  of VEPs r e c o r d e d  to  s y n c h r o n o u s  and a s y n c h r o n o u s  

s t i m u l a t i o n  from w h i c h  l a t e n c i e s  were c a l c u l a t e d .  The u p p e r  l e f t  

c o r n e r  of e a c h  set of V E P s  shows t h e  s t i m u l u s  intensity a t  w h i c h  

t h e  r e s p o n s e s  were r e c o r d e d .  The IS1 is shown to t h e  l e f t  of 

e a c n  waveform, For  t h e  a s y n c h r o n o u s  ISIs  o n l y  t h e  v a r i a b l e  

i n t e r v a l  is n o t e d ,  The a r r o w s  show the p e a k s  d e t e c t e d  b y t h e  

a l g o r i t h m ,  P e a k f i n d 2 ,  f rout w h i c h  a s y n c h r o n o u s  YEP peaks t h a t  

were a s s o c i a t e d  w i t h  peaks of t h e  s y n c h r o n o u s  VEPs were 

d e t e r m i n e d ,  

















Append ix  B 

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

d e t e r m i n i n g  t h e  a m p l i t u d e  and  t h e  t i m e  o f  a  t u r n i n g  p o i n t  y * ,  a  

w e i g h t e d  a v e r a g e  o f  t h e  two p o i n t s  y l  and  y 2 .  Four t u r n i n g  p o i n t s  

a r e  shown i n  t h e  f i g u r e :  y o ,  Y , ,  Y 2 ,  a n d  y3 a t  t imes to ,  t l r  t 2 ,  

and  t3 .  The a m p l i t u d e s  o f  y l  a n d  y 2 ,  al  a n d  a 2 ,  r e s p e c t i v e l y ,  were 

m e a s u r e d  from a l i n e ,  L, d r a w n  t h r o u g h  y o  and y 3  w h i c h  h a s  a 

s l o p e ,  S, w h e r e  

The a m p l i t u d e s  o f  a ,  a n d  a 2  a r e  d e f i n e d  a s  

a t  = Y ~ I  and a 2  = ~ 2 - b 2  

where  b l  and b2 a r e  t h e  Y - i n t e r c e p t  v a l u e s  on  l i n e ,  L, a t  times 

t ,  and  t 2  o r ,  

b ,  = y o + s ( t  - to)  and b 2  = y o + S ( t 2 - t o ) .  

T h u s ,  t h e  t i m e  o f  o c c u r r e n c e  o f  y* is 

and t h e  a m p l i t u d e  o f  y* is 





G, Appendix  C 

The peaks f o u n d  by  the a l g o r i t h a ,  P e a k f i n d f ,  are shown f o r  

all V E P s  r e c o r d e d  t o  s y n c h r o n o u s  s t i m u l a t i o n  for a l l  o b s e r v e r s ,  

Stimulus i l l u m i n a n c e  i s  shown t o  the l e f t  of e a c h  w a v e f o r m  a n d  

was r e c o r d e d  i n  l o g  t r o l a n d s ,  R e l a t i v e  amplitude i s  arbitrary. 

T h e  time base is shown a t  t h e  b o t t o m  of t h e  p a g e  w i t h  marks 

showing the l o c a t i c o  of e a c h  stimulus p u l s e ,  Each  r e s p o n s e  

c o n s i s t e d  of a p p p r o x i m a t e l y  3 c y c l e s  w i t h  one or two n e g a t i v e  

a n d  positive p e a k s  p e r  c y c l e ,  
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