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CBAPTEB 1 

Visual f l i c k e r  pbanom~na have teen w i d e l y  jnvest igated  s i n c e  

S i r  d t  I r c y l s  (1765) gtsantiff cation cf visual p e r s i s t e n c e .  Sore 

-i;apression af- tfrs-eeTi;cai- r k c h n m  of f *ckxr  response-research - - - - 

is re f l ec ted  b y  Landi s*  ( 1 9 5 3 )  f l i c k e r  b i b l i o g r a p h y  c o n t a i n i n g  
I' 

o v e r  1 1 4 9  p u b i i c a t i c n  abstracts c o v e r i n g  t h e  period 
- - 

1754-1952.  Lanais*  annotated bibl iography is probably t h e  most \  

c o ~ p l e t e  collection of v i s u a l  flicker references e v e r  a s s e m b l e d  

conta in ing ' '  every c i t a t i o n  on flicker phenomena from a l l  n a j o r  

a b s t r a c r  journals ( i n c l u d i n g  Borwegfan and Japanese t r a n s l a t i o n s )  

and every relevant reference c i t e d  t y  each o f  the i n v e s t i g a t o r s  

go listed, T h i s  aataoth e f f o r t  was c h i e f l y  the result of t h e  

Colaikia-Greystone a r a i n  aesearch  Project ,  which f i r s t  r e v e a l e d  

t h a t  c r i t i c a i  flicker fusion (CEP) t h r e s h o l d  uas d i a i n i s h e d  a f t e r  
. I  

surgical in tervex t ion  i n  the human f r o n t a l  iobes. It was i n  an 

a t t e ~ p t  to  find sc i e  n e n r c p h y s i o l o g i c a l  e x p l a n a t i o n  of t h i s  

observed  sensory deficit t h a t  t h e  c o m p i l a t i o n  of a l l  e x i s t i n g  
ds 

knuuledge on v i s z r a l  flicker phenomena was c o n d u c t e d .  It  was 

LanaisJ hope thaz, b i k l i c g r a ~ h y  such as t h 5 s  w i l l  u n i f y  i n  

sole part this chaos o f  k n ~ v l e d g e , ~  ~ n f o r t u n a t e l p ,  a quartet of a 

flicker vhiclh s a c c e s s f n l l y  encoBFasses a l l  of t h e  a v a i l a b l e  





c h a p t e r  i n  Graham's (1966) t e x t  on visual p e r c e p t i o n .  A t  t h i s  %- 
h -. 

p o i n t  a brf'ef h i s t o r i c  r e v i e w  of t h e  p s y c h o p h y s i c s  of f l i c k e r  i s  - 

i n  o r d e r .  

7 

, V i s u a l  f licksr-f a s i o n  t h r e s h o l d  was first aeasured by 

w h i t e  a n d  colored sectcred disks a s  t h e y  were v i e w e d  through a 

s l i t  u n t i l  f u s i o n  occurred. T h i s  i n i t i a l  q u a n t i f i c a t i o n  of t h e  . 
c r i t i c a l  f l i c k e r - f u s i o n  (CFP) t h r e s h o l d  marked t h e  b e g i n n i n 0  o f  

t h e  s y s t e i a t i c  p q c h o p h y s i c a l  i n v e s t i g a t i o n  of  flicker. ' 
\ 

E ' x c e l l e n t  treatments of Pcnrier a n a l y t i c  a p p l i c a t i o n s  t o  
/ 

d 

r i s d a l  flicker can be found i n  i t e l l y e s  (1974) c h a p t e r  in t h e  - 

Handbook o f  S e n s o r y  P h y s i o l o g y  cr s ~ e r l i n g  's (1964)  i n t r o d u c t o r y  

relarks a t  the flicker - S y n p s s i a t  h e l d  i n  h s t e r d a m  Im 1963. - .  
C t ' 

Since the a i d - f i f t i e s  Poarier analytic methods ' h a v e  e n j o y e d  an 

i n c r e a s i n g l y  p r o ~ i n e n t  p o s i t i c n  n o t  c n l y  a s  pouerf u l  ana-tic 

p r o c e d u r e s  but elso i n  t h e  ' c o ~ s t r n c t i o n  o f  t h e o r e t i c a l  models of 

visual flicker perception; scme models e n p h a s i z i n g  p s y c h o p h y s i c a l  

a s p e c t s  of f l i c k e s  response (Delange,  1961:  K e l l y ,  1974; P i e r o a ,  
- - 

1954) ,  while other r e s e a r c h e r s  c c n c e r n e d  with n e u r o p h y s i o l o g i c a l  
- 

, - - - - - - - - - - -- - - - - -- -- - - - - -- - - - - - - -- - -- - - - - -- - - - - - - - - - 

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

properties of v i s u a l  f l i c k e r  r e s p o n s e  ( S p e k r e i  jse, Esterez and 
* -. 



lieits, 19771 Began, 1977) .  w h i l e  a c o i p r e h e n s i r e  treatment of 

. Fourier series and integral- t r a n s f o r m  techniques is beyond t h e  

focus of t h i e  d i s s e r t a t i o n ,  it should be, p o i n t e d  o u t  t h a t  any 

p e r i o d i C  f u n c t i o n  which ' i n d e f i n j  t e l y  repeats itself c a n  be 

h a r a o n i c a l l p  decomposed, a n d  t h u s  d e s c r i b e d ,  a s  a l i n e a r  snm'of 

/ sf ereatary s i n u s u i d a l  terms, c a l l e d  F o u r i e r  C o r p o n e n t s .  
- 

A s  K e l l y  (1974) and S p e r l i n g  (1964) b o t h  c o n c l u d e ,  o n e  b a s i c  

probler  for the psyc h o p b p s i c i s t  and s e n s o r y  p s y c h o p h y s i o l o g i s t  
uk. 

lies i n  t h e  ~~~~~~~~~~n of t h e o r e t i c a l  flicker m d e l s  w h i c h  can 

successfully p r e d i c t  t h e  flicker response ( o u t p u t  wavefor-;) t o  a 

variety of s t i m u l u s  ( i n p u t )  waveforms,  i n c l u d i n g  s q u a r e  waves, 

\ t r i a n g u l a r  waves ,  pulses, etc.   erei in lies the aflvantage o f  a 
_.- 

l i n e a r  hpptoach . t o  flickerM i n v e s t i g a t i o n  - by c o l l e c t i n g  da ta  

-- using a  set o f  basic s i n u s o i d a l  input ' u a v e f o r a s  c n e  c a n  still 
> 

p r e d i c t  t h e  ' v i s u a $  f l i c k e r  responke t o  a n y  i n p u t  u a v e f o r ~  

' ( t r i a n g u l a r ,  square rare.  raap s b a b d )  s i n c e  it r i l l  be a l i n e a r -  
., d 

* .  

:, \* c c a b i n a t i o n  of same set of basic sineuave c o ~ p o n e n t s .  , 

P o a r i e r  first d e v e l o p e d  the ~ a t h e ~ a t i c a l  t e c h n i q a e ~  which  . 

ai low av i n f 2 a i t e l y  recurring p e r i o d i c  f u n c t i o n  to be 

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

components. The f i r s t  application of ~ o a r l e r  t h e o r e m  i n  t h e  
- - ~ -  -- ~- ~~ -- --- - ---- - -- - -  2 - -- - -- -- -~ - 

seoscry sciences was Ohm's ( l i343) p s p c h o a c o u s t i c  Ipv (not  t o  'be. 
. . 

. con fused  v i t b  t h e  electrical f a u  o f ,  t h e  same nane) w h i c h  



' c o m p l e x  a c o u s t i c  s t i m u l i .  'A Bore detailed d i s c u s s i o n  o f  

l i n e h r i t y  a s m n p t i o c s  and l i n e a r  s y s t e m  p r o p a i t i s s  now f c l l o r s .  
E ' 

Figure 9 - i l l n & r a t e q  - h s i n p l e  - d e s c r i p t i v e  linear - m d e l  - of - 

h 

flicker p e r c e p t i o n .  The s t i s u l u s  ( i n p u t )  u a v e f o r n  is c o a p r i h e d  

of sinusoidal ' t h e - a v e r a g e d  l u m i n a n c e  (Lo) (see Figure 2) The . 

aep-th of r&xiXution is d r f i W  as  +'he ratio of f o d u f a t i o n  

a a p l i t u d e  (&Lo] ard t h e  t i m e - a v e r a g e d  l n i i n a n c e  G o ) ,  u s u a l l y  

expressed as  p e r c e n t  o o d a l a t i o n  (%a) . The f r e q u e n c y '  o f  

i r o d n l a t i o r !  (P) is expressed i n  c y c l e s  p e r  second (or H e r t z ) .  

The  t i r e - - a v e r a g e d  I u d g a n c e  (Lo) d e f i n e s  t h e  l i ' g h t  a d a p t a t i o n  

' l e v e l  a n d  r e r a i ~ s  independent of modulat iun depth (Xm)  a n d  
* 

s o d n l a t i o n  frequency [ F f .  T h e  response o a t p a t  waveform from t h e  

sys tes  is illustrated i n  t h e  r i g h t  h a l f  o f  P i g n r e "  I .  A l i n e a r  

system is o n e  i~ which t h e  r e l a t i o n s h i p  b e t v e e n  t h e  . i n p u t  a n d  

o u t p u t  q n a n t i t i t e s  can b e  d e s c r i b e d  by l i n e a r  e q u a t i o n s .  

another feature of the l i n e a r  rodel is the principle of 

s u p e r p o s i t i o n  w h i c h  h o l d s  1 when t h e  total o u t p u t  

r 
cozresponding to t h e  ssa of 2 s i m u l t a n e a o s  g i v e n  i n p u t s  is 

8gt;riwalent to tBa sai e a c h  of the o u t p u t s  measnred separately.  

h a r m o n i c a l l y  decorposed i n t o  P o n r i e r  c o m p o n e n t s  of known 



Figure  f 

A s k p l e  l i nea r  s t imu lus -EP  system. 





Figure 2 

> 

u n i t s  

Time-average luminance of modulated s t i m u l q s  (Lo) .  





' a r p l i t u d e  and  phase c h a r a c t e r i s t i c s .  The  v i s u a l  s y s f  em% 

s e n s i t i v i t y  c an  b e  s e p a r a t e l y  d e t e r m i n e d  t c  f l i c k e r  a t  e a c h  
Of \ 

t h e s e  known f r e q u e n c i e s ,  u s i n g  t h e  i n v e r s e  of ' m o d u l a t i o n  d e p t h  

f o r  p e r c e i v e d  . f l i c k e r  as t h e  index of s e n s i t i v i t y .  ' The  
'% 

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

l i n e a r  c o n b i n a t i o n  ( F o u r i e r  S y n t h e s i s )  o f  t h e  i n d i v i d u a l  
- - -- - -  - 

r e s p o n s e s  for e a c h  F o u r i e r  Ccmpcnent .  

P s y c h o p h y s i c a l  Data 

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

p s y c h o p h y s i c a l  d e s c r i p t i o n  o f  f l i c k e r  was ~ v e s *  (1922a, b) 

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

s t i t u l n s  u a v e f o r r s  der ived  from s i n e w a v e  flicker t h r e s h o l d s  a t  ' 

s c o t o p i c  a d a p t a t i o n  l e v e l s .  

I v e s i  (1922~1, b) t h e o r y  o f  i n t e r m i t t e n t  vision has r e l i e d  

upon h i s  earlier vork on - v i s u a l  d i f f u s i v i t g  ( I v e s  1916, 1917). 

According t o  Ires .  t h e  i n i s v a l  h e t u e e n  sensory r e c e p t i o n  a n d  

p e r c e p t i o n  should b e  r e l a t e d  i n v e r s e l y  t o  the ease of c o n d u c t i o n  

o r  d i f f n s i v i t y .  P s y c h o ~ h y s i c a U y  h e  q u a n t i f i e d  t h i s  i n t e r v a l  for  

different colors n ~ d  i q t e n s i t i e s ,  and  f o r  rod and c o n e  prwesses. 

I v e s *  theory of flicker p e r c e p t i o n  uas  c o ~ p o s e d  of t h r ee  p r o c e s s  
- -  -~ ~ 

steps; t h e  first being a p h o t o c h e m i c a l  process.. T h e  s e c o n d  s tage  

was a n e u r a l  c o n d a c t i o n  p r o c e s s  b y  d i f f u s i c n  of the e n b s t a n c e  
\ 



f c r ~ e d  by t h e  p h o t c c h e r i c a l  p r o c b s s .  The t h i r d  s t a g e  : d e s c r i b e d  

the perception o f  f l i c k e r  o r  i n t e r m i t t e n c y  as being. d e p e n d e n t  

u p o n  t h e .  rate of  dif fuJion o f  t h i s  t ; an&i t t ed  r e a c t i o n .  1~8,s' 

diffusion t h e o r y  was c r i t i c i z e d  f o r  t h e o r e t i c a l  i n c o n s i s t e n c i e s  

by Cobb (1934a) .  Llthough Ives and Cohb b o t h  a d v o c a t e d  t h e  use 

of s i n u s o i d a l  - - m o d u l a t i o n ,  n e i t h e r  i n v e s t i g a t o r  c o n d u c t e d  
- -> - - - - - - - - - - -- - 

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

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

m s a n i t y .  C e r t a i s L g ,  the sost s i g n i f i c a n t  advance t o w a r d s  t h e  

c l a r i f i c a t i o n  of the total confused s t a t e  of p s y c h o p h y s i c a l  

f l i c k e r  t h e o r y  ca&e n o t  f rcs  c o l l a b o r a t i v e  e f f o r t s  of ' 

p s y c h o p h y s i o l o g i s t s  but  r a t h e r  fro. the s i n g l e - h a n d e d ,  p i o n e e r  , 

1 

e x p e r i m e n t a t i o n  of a n  e lec t r ica l  e n g i n e e r ,  E e n d r i k  d e l a n g e .  

DeLangees  c o x i t r i b a t i o n  lies c h i e f l y  in h i s  b e i n g  t h e  first 

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

t h e  s y s t e m a t i c  p s y c h o p h y s i c a l  e x a m i n a t i o n  of f l i c k e r  p h e n o ~ e n a .  

Prom 1951-1958, conducting nest of his e x p e r i m e n t a t i o n  i n  his 

home with a p r e c i s e  2-channel l a k u e l l i a n  o p t i c a l  s y s t e m  of h i s  

urn d e s i g n .  Delange d e t e r m i n e d  t e m p o r a l  .modu la t ion  t r a n s f e r  

functions (or a t t e n u a t i o n  c h a r a c t e r i s t i c s  a s  h e  called them) a t  

photopic adaptation l eve ls  o w r  broad frequency ranges and - t o  

prodigious efforts i n  d e t e r s i n i n g  t h e  n a t u r e  cf t e ~ p o r a l  BTF, a t  
1) 

t h e  1963 Flicker Symposium it was d e c i d e d  t o  refer t o  t h e s e  



attentaat ion characteristics a s  &eLange curves (Henkes 6 ran der 

T u e e l ,  1969) in rerory of  deEangets contribution t c r  sensory 

psychophpsiology. DeLange ( 7952, 1954) vas a b l e  - t o  demonstrate 

t h e  Fourier . e q n t  valence  of v a  r i o a s  non einusoidal stimnlas 
\ -  

waveforms a y $ r e d i c ' t  their  high freqnencg f l i c k e r  t h r e s h o l d s  for 

g i v e n  adaptat ion  levels fro# the a ~ p l i t a d c  o f  t h e  w a ~ e f o r n s ~  
L 

f t t ~ & e m e ~ t & L -  - . - f i r *  f ourier) - compmeKti - -ge TIXU 
5 

proposed a r e d u c i b i l i t y  h y p o t h e s i s  stating that f h e  corresponding 

f n n d a r e n t a l  sineware would have t h e  same flicker fusion threshold 
- - - -- - 

as  the complex uavef or., both b e i n g  p s y c h o p h y s i c a l l y  equi  ra lent  

DeLange (1  9581 f i a g l l y  proposed an e l ec tron ic  ,analogue or 

aodel to account for t h e  l i n e d  filter atTi,; 
* 

cbasacter i s t i c s  that he had cbserved. This lrodel was culcpos 
\ 

L' 
a nrmber o f  cascading identical resistance-capacitance &ages, 

each BC-stdge voald increase the  o v e r a l l  a t t enuat ion  

characteristic especially a t  h i g h  tesporal  frequencies. 

DeLarige's B C - s t a g e  m d a l  will he reviewed i n  greater d e t a i l  i n  

sabseqaent s e c t i c n s  03 n e ~ r o p h y s i o l o g i c a l  modelling. 

E l e c t r u p h ~ s f o l o g i c a l  Data I: The Electroretinogram (BRG) 

- - - - 

-C - T h e t  uo electTu~piologi-cal i n d i c a t o r s  o f  v i s a d l  actiiity; 

e t h e  elsctroretinogram {BBG) and t h e  v i s u a l  evoked potential  (VEP) 



1 

f l i cker  c o n ~ t i o n a  t h a n  the Y E P  a s i t u a t i o n  t h a t  has been, 

changing in t h e  f a s t  decade, The f irst  ~eclarding of t h e  EBG in 

huliaos  predates  t h e  ELG by scae 50 years. 

in hutans u i n g  a .  Yick . e lec tmde-  imersed in a saline bath 
h 

cove r ing  t h e  e y e  - Although cumbersore - and e x t r e a e l ~  - -  - croda t h i s  - 

aethod prod w e d  rel iable  recordings of electroret inal  a c t i r f  t y z ,  

Using,a galvanoteter and an observer to record t h o  p o t e n t i a l  a t  

2 . 5  second i n t e r v a l s  [paced k y  a metronome) Dauar 6 Mtdeadrick 

(1873a,b,c) successfnffy q u a n t i f i e d  e l e c t r o p h ~ s i o l o g i c a l  a c t f p i t y  

to a v a r i e t y  of t r a c s i e ~ t  light soorces, E o k e o e r ,  it uas not 

a n t i 1  t h e  i n t r c d ~ ~ t i a l :  cf the contact leas electrode by Riggs '----. 
(1941) t h a t  hacan eLectroret inographic  recordings becaae a .  

roa t ioe  c l i ~ i c a i  pmceaazt, 

a d r i a n  [1945) uas one of the  f i r s t  to i n v e s t i g a t e  the 

conca r ren t  eiectroretfaal a c t i v i t y .  A l t h o u g h  ldrian d i d  n o t  
*i 
I 

perfara - a p ~ a 8 W x i c  i n r t s t i g a t i o n  of  each s r f r u l a s  v a r i a b l e ,  he 
'3 

c l e a r l y  4eaonstretted how retinal d u p l i c i t y  c&l& be i n r e s t i g a t e d  

f h r o u g h  observat ico  of corresponding c h a n g e s  i n  r i snal  percapion  

and  aiectrorerical  a c + L r i t y *  Adrian cobcentrated upon the 



i s o l a t i o n  of photopic and scotopic tcmponents of the B-uave  of 

t h e  using - f l i c k e r i n g -  rarious 

v a f s l e n g t h s  and f r e q u e n c i e s .  k d r i a n  reported t h a r  t h e  scatopic 

t 3-ua,ve was most c l e a r i y  see3 i n  response to slow flickering 

reported d i f f e r c ~ t j a l  s e n s i t i v i t y  of rhe EBG c o a ~ o n e n t s  to 
J 

c h u g i n g  s t i r u l u s  fregaen2y bccaae t h e  standard methodology for 
- - 

s a l e e - i r e l p  e l i c i t i n g  p h o t o p i &  or s c o t o p i c  a c t i v i t y  i n  later 

research fBornach.eir & S c C u b e r t ,  f 953; Dodt, 1 9 5 f b , c ;  Armington E 

hlt hongh i a t e r  s t a d i a s  d o r f i r t e d  hdriact ,z a n a l y s i s  i n  terrs 

cf q?apunenr d u ~ i i c i t y  t h e y  ~ l s o  revealed that the f l i cker  

resparse was r o t e  c o r p l e x  t h a n  he  bad rea l i zed .  The proper t i e s  

of t h e  hnaac G show c h a r a c t e r i s t i c  chasiges u f t h  i n c r e a s i n g  

s t i a u l o s -  freqa8r.q f f r r ing tcz ! ,  1 3 7 4 ) .  In t h e  l i g h t  adapted eye, 

a t  a repctirioc fzegwncpt  of 4 iiz, t h e  b-vawe a r p l i t o d e  hecams 

stabilized at a lorel far  ~ P O Y  the t r a n s i e n t  fb-uare)  reEponse 

a a i ; i i t a & ,  erh ibf t f  ng d i s t i x t  scotopic components in the 



*1E* f $ 

- 4  
-- 

6 .  
4 

to b-wave a w l i t n b e  qe@pction thaq  photochemical  effects. I n  t h e  . -Y 

* 
d a r k  adapted  'eyes cf  d e c e r e k r a t e  cats t h e  a m p l i t u d e  of flickering 

w a v e l e t s  {b-waves)  were found t o  vary inversely w i t h  f l icker 

'-? frequency. ~y systematically varying the norm and -*offw p e r i o d s  ( 
I 

o f  @ o t Z c  s t i m o l a t i o e ,  Arden e t  a l .  (1960)  found that/  

frequency-dependece a ~ p i i t u d e  a i m i n u i t i a n  d e p e n d s  upon t h e  
- - - - - - - -- - - - 

exponential decay d a r i n g  t h e  dark interval o f  a s u p ~ r e s ~ i v e  

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

i . 
the l i g h t  perf&. Itsf1 ~ r f r o g n e n c y i s i n c r e a s e ~  t h e f l a f f W  

effect and aLuave becone roze pronounced and t h e  I-uave appears 

(Arden,  Granit ' & Ponte, 1960) . T h e  flicker E R G  b e c o m e s  , 

p r e d c i i n a n t l y  p h o t o p i c  a t  20 Hz (Arnington G Biersdorf, 1 9 5 6 ) .  

3ornscheic & S c h n b e r t  (1953)  r e p o r t e d  amplitude and'waveforn 

chacges occurr . tog  a t  higher flicker rates  than t h o s e  used b y  

Adziac, A t  flicker rates  between 20-30 Hz t h e  e l e c t r o r e t i n a l  

csapcnen+-s begin to  overlap and stlamate, augmenting peak to peak 

a a p l i t n d e  and p r o d a c i n g  a simple sinusoidal waveform. With 

i n c r e a s i n g  f l i c k e r  rates  above 30 cps, t h e  e lectroretinal  

a t p l i t e d e  kegi;;s t o  a t t e n a a t e  u n t i l  I t  subsides i n t o  the 

backgroond activity, 



- --- -- - -- 

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

f u s i o n  . co inc ides  v i t h  sensory f u s i o n .  - Cooper ,  C r e e d  E G r a n i t  

( 7  933) and Bernhard (1940)  b o t h  r e p o r t e d  el e c t r o r e t i n a l  f usi..nn 

preceeding a b j e c t i v e  (CPP) f u s i o n .  Cooper e t  a l .  (1933) 

b e l i e v e d  that l i h t a t i o n s  i n  r e c o r d i n g  t e c h n i q u e  vere p a r t l y  

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

- - the &vent o f  s ixpa l -werag ing  coxp te r s  in the early r1960ts 

ave rhged -ERG *s of s m a l l e r  a m p l i t  nde 1 c o u l d  be r e l i a b l y  

r e c o r d e d .  Riggs e t  al. (1 9 6 2 )  u s i n g  s i g n a l  a v e r a g i n g  t e c h n i q u e s  

vere a b l e  t o  d e t e c t  mG r e s p o n s e  t o  flicker rates u p  t o  I f  0 Hz; 

w h e r e a s  p s y c b o p h ~ s i c a l  CPP c c c u r r e d  a r o u n d  a t  65 Hz l e a d i n g  theh 

t o  c o n c l u d e  t h a t  t h e  s i t e  of p s y c h o ~ h y s i c a l  f u s i o n  was beyond  t h e  

s i t e  of the origin of  the e l e c t r o r e t i n o g r a ~ .  T h i s  a p p a r e n t l y  

poor c o r r e l a t i o n  between e l e c t r o ~ h y s i c a l  a c t i v i t y .  a n d  f l i c k e r  

p e r c e p t i o n  has been  r e p o r t e d  consistently (Van der Tweel ,  1964;  

Began,  1968, 1 9 7 2 ) .  

. DeVoe (1963, 1 964) i n v e s t i g a t e d  t h e  

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

eyes by s e v e r a l  r e t h c d s  a p p r o p r i a t e  t o  l inear sfstems, s u c h  a s  

Fourier Analysis, superposition and' s i n e  wave analysis. DeVoe 

(1964) d e n o n s t r a t e d  t h a t  8 %  i n c r e m e n t a l  f l i c k e r  a n d  s i n n s o i d a l  

r e s p o n s e  coafd be d e t e r ~ , b e d  directly t h r o u g h  Fourier ~nalpsis of , 



E l e c t r o p h p s i o f o g i c a l  Data 11: P o o r i e r  A n a l y s i s  of Evoked 

P o t e n t i a l s  - 

- 
. .* 
- ,  .d 

C o n s e q u e n t  t o  DeLanp s (1 958) s u c c e s s  i n  a p p l y i n g  l i n e a r  

systess t h e o r y  to t h e  p s y c h o p h y s i c a l  i n v e s t i g a t i o n  of flicker - 

- response, senmr-q gsychophpsiologisks Mesa qeick t o  grasp_ t h e  - 

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

T r a d i t i o n a l l y ,  p h o t i c  flicrbz was produced i n  , o n e  of two 
- 

v a y s :  t h r o u g h  the  periodic o c c l u s i o n  o f  the l i g h t  p a t h w a y  i t se l f  

01 t h r o u g h  t h e  p r e s e n t a t i o n  o f  r e p e t i t i v e  b r i e f - d u r a t i o n  flashes. 

Both  m e t h o d s  have t h e i r  ovn h e u r i s t i c  u t i l i t y  i n  t e r ~ o  o f  t h e  

nature of the p r u b l e a  b e i n g  i n v e s t i g a t e d ,  P h e n e v e r  t h e  f l i c k e ~  

paraaeter of i r t e res t  was s t i m d u s  waveform,  PCF ( p u l s e - t o  cycle 

f r a ' c t i o n )  o r  v e r s u s  n o f  f n - t y p e  r e s p o n s e  t h e  e p i w t i s t e r  was 

used since i t  c a n  be designed t o  p r o d u c e  a ~ u l t i t a d e  of 

l i g h t j ' d a r k  r a t i o s ,  and  w a r s f o r m  shapes (sqnare, s a w t o o t h ,  - 

t r a p e z o i d a l  o r  r a a p - s h a p e d ) .  -On t h e  o t h e r  hand,  p h o t i c  . 

s t i m u l a t i o n  p r o d u c e d  by e l e c t r o n i c  s t r o b o s c o p e s  was much Bore 

intease and c o u l d  be p r e s e n t e d  a n d  p r e c i s e l y  c o n t r o l l e d  f o r  ' 

briefer d n r a t i o n s ,  t y p i c a l l y  less t h a n  50 nsec.. U n f o r t u n a t e l y ,  

serious w t h o d o l c g i c a l  p r o b l e s s  arise npon  t h e  p r e s e n t a t i o n  o f  

repetitive f l a s h e s  f soa  e l e c t r o n i c  s t r o b o s c o p i c  sources, Since 
- - - - - - - - - --- - -- -- - - 

the t h e - a v e r a g e d  l n  rinance cf these i n t e r m i t t e n t  f l a s h  s o u r c e s  

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



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

case w i t h  square-wave o r  s i n a s o i d a l  m o d u l a t e d  s t i m u l i  (see P i g .  

'k 2)  s h c e  he  t i m e - a v e r a g e d  l u d n a n c e  (Lo) is i n d e p e n d e n t  of 

f r e q u e n c y  ' (F) and a u d a l a t i o n  d e p t h  (Xn) . a h i l e  square-wave 

m a d a l a t e d  sources as p r o d u c e d  by s u p e r p o s i t i o n  of i n c r e m e n t a l  

flicker (dL) ' o w n  a ?steady  b a c k g r o u n d  l n r i n a n c e  (Lb) h a v e  

t i r e - a v e r a g e d  l i g h t  a d a p t a t i o n  (see P i g .  3) t h e y  still are h o t  

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

Tveel (1964)  and o t h e r s  (DeVce, 1964;' T r o e l s t r a  6 S c h u e i t z e r , .  

1 9 6 4 )  h-ave s u c c e s s f n l l g  u s e d  them.  T h e  basic problem w i t h  any 

n o n - s i n u s o i d a l  i n t e r m i t t e n t  source is tha ' t  of  har~onics p r e s e n t  

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

occurrence o f  h a r a o n i c  distortion i n  th$ e v o k e d  r e s p o n s e  t o  

n o n s i n n s o i d a l  s t i r u l a t i o n  n e e d  not n e c e s s a r i l y  be d u e  t o  v i s u a l  

s y s t e m  n o n l i n e a r i t y  but r a t h e r  t o  t h e  p resenc6 '  of h a r m o n i c s  i n  
* .  

the source itself.  

Van d e r  F v e e l  (19641, u s i n g  b o t h  i n c r e m e n t a l  squarewave and 

s i n a f o i d a l l y  t o d u l a t c d  light s o u r c e s ,  was cne of t h e  first t o  
' i '  

apply linear systems analysis to the i n v e s t i g a t i o n  ' o f '  t h e .  
' i 

r e l a t i o n  between psychophysics a n d  t h e  e l e c t r o p h p s i o l o g y  of 

flicker, 



F i g u r e  3 

A squarewave modulated s t i m u l u s .  
- - *  - -  a 

Incremental flicker (dL) upon a steady 

, background l u m i n a n c e  (Lb) . 





f u n c t i o n  can be m a t h e m a t i c a l l y  decomposed i n t o  a s e t  of 

eleaent a r y  s i n n s o i  ds ( F o u r i e z  componen t=)  . , Each  F o u r i e r  - 
Comppnen t  a c c o n n t s  f o r  a  c e r t a i n .  p r o p o r t i o n  o f  wave fo rm c o n t e n t  

a~ d the P o n r i e Z  Component  a n p l i t a d e  e x p r e s s e s  t h i s  r e l a t i v e  
-5 

c o n t r i b u t i g n .  The l o v e s  t c o s ~ c a e n t  freqoencg) is  u s u a l l y  t h a t  of  
/ 

t h e  p e r i o d i c  p h e n o a e n o n  i t s e l f  a n d  i s  c q l l e d  the F u n d a m e n t a l  
- - - - - -- - - - - 

P r e q u e n c y .  A11 o t h e r  F o u r i e r  C c a p c n e n t ~  are sohe m u l t i p l e  of t h e  

- ~ u n d a ~ e c t a l  P r e q n e n c y  a n d  a r e  c a l l e d  h a r m o n i c s .  - I n  a d d i t i o n  t o  

a r p l i t n d ~ ,  ~ a C h  Panrier ~ c a ~ c n e h t  has scme e x p r e s s i o n  o f  the 

p h a s e  r d a t i c n  t o  the c c r ~ l e x  vave fo rm frogl wh ich  it was d e r i v e d .  

This e x p r e s s i c n  of p h a s e  d e s c r i b e s  how f a r  frcta s o a e  a r b i t r a r y  

z f r o p o i r t  o n  t h e  c o r g l e x  vave fd rm ~ a c h  P c u r i e r  Component  i s  

s h i f t e d .  Phase s h i f t  i n f o r l a t i o n  h a s  b e e n  used by  v a n  d e r  T w ~ e l  

( 1 9 6 4 )  and  o t h e r s  (Regar., 1968, 1972; S p e k r e i j s e ,  1966) to _- _ _ *- 3 

c a l c u l a t e  a p p a r e n t  l e r e n c y  cf t h e  c o r t i c a l  following r s s p o n s e .  - .. 
T h e s e  c ~ l c n l a t i c n  p r o c e d u r e s  w i l l  b e  r e v i e w e d  f o r t h w i t h .  I n  

sulrteary, P o Q z ~ ~ ~  C c r p c n e ~ t  is t h u s  c h a r s c t e r i z e d  b y  t hese  t w o  

p a r a a e t e s s ;  i ts  r e l a t i v e  a m p l i t u d e  a n d  p h a s e - s h i f t .  \.. 
i 

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

l i n e a r  s y s t e m s  a n a l y s i s  l i e s  i n  t h e  fact t h a t  t h e  ERG or ,VEP 
2 

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

3 i f f e r  froe t h e  i n p u t  fn a r p l i t n d e  a n d / o r  p h a s e  l a g  b u t  s h o u l d  

s t i l X - b O F F s  =a3 c f  - = e f  ~ q ~ ~ c ~ ( ~ a ~ ~ l s ~  SF=Tftf i Ti YT9.- 
---p 

1 ) .  This i s  the e s s e n t i a l  p r o p e r t y  of l i n e a r i t y ,  t h a t  a 



T 
--- - - - - - - - - - - -  

s i n a s o i d a l  stimulus e l i c i t s  a  s i n u s o i d a l  r e s p d n s e  of t h e  same 

f r e q a e n c y  . By d e t e r m i n i c g  t h e  a m p l i t n d e  and 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  a t  a n u t b e r  o f  ' s t i m u l a t i o n  ireque2cies a  complete 

k n o w l e d g e  o f  t h e  v i s u a l  f l i c k e r  r e E p o n s e  would d e v e l o p .  R e s p o n s e  

p r e d i c t i o n s  t c  n o o s i n u s o i d a l  s t i m u l i  c o u l d  b e  d e v e l o p e d  by  - 
Four ie r  A n a l y s i s  of the i c p n t  waveform t o  determine its h a r m x i c  

previously de  t e r n i n e d  t c  p u r e  ' ( c o m p o n e n t )  siri w a v e s  (deVoe,  
, 

1964) . 

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

a m p i r i c a . l l p  the e x i s t e n c e  a n d  d e g r e e  of v i s u a l  s y s t e m  

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

n n d  r e c o r d i n g  t h e  o c c i p i t a l  VEP, Van d e r  Tveel a n d  B e r d u y c  L u n e l  

( 1965 )  i n v e s t i g a t e d  ~ o n l i n e a r i t i e s  i n  t h e  human v i s u a l  s y s t e m .  

r j s i n g  20 s u b j e c t s ,  Van ckr T v e e l  i n  1964 and w i t h  V e r d u y ~  L u n e l  - 

i n  1965 studied t h e  sffect ' of m o d u l a t i o n  d e p t h  and  d i c h o ~ t i c  

a n t i p h a s e  s t i n a l a t  i c n  u  Fon the v i s u a  1 e v o k e d  r e s p o n s e s  t o  

s i n u s o i d a l  m o d u l a t i o n  r a g i n g  from 5-60 Hz. B a s i c a l l y  t h e i r  
4 Z 

r e s u l t s  can be s u m a = i z e d  a~ f o l l c u s :  W i t h  m o d u l a t i o n  

f r e q u e a c i e s  a r o n n d  5 EIz, u s i n g  l a r g e  l o w  l u m i n a n c e  f i e l d s ,  s e c o n d  

h a r r o n i c  a m p l i t a d e s  o f t e n  were l a rge r  t h a n  t h d s e - . a -  t h e  

f n n d a n e n t a l ,  persisting down ic 5% m o d n l a t i o r ,  d e p t h s .  S i n c e  - 
s i n e w a v e s  pass  t h r o u g h  a l i n e a r  sys tea  w i t h o u t  f r e q u e n c y  

--- - - - - - - -- - - - - -- -- - - -- - - - -- - - - - - - - - - - -- 

3 i & 5 r t i o n s f  a r p  p r e s e n c e  o f  h a r m o n i c s  w h i c h  reliably p e r s i s t  a t  



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

n o n l i n e a r i t y  (ah der T u e s l ,  1 9 6 4 ;  Regan , '  1972) . B e s i d e s  s e c o n d  
r 

h a r ~ o c i c  d i s t o r t i o n  a t  5 HZ) Van der T w e e l  (1964 ,  . ,  f 965)  r e p o r t e d  

aqually large haraonics  around 10 Hz a s  well .  The r e l a t i o n  

between frequency- resFonse a n d  s p o n t a n e c u s  EEG a c t i v i t y  (a lpha)  

va r f u r t h e r  i n v e s t i g a t e d  w i t h  a sharply t .nned frequency a ~ a l y s e r  

2 s s e n t i a l l y  independent. T h i s  f i n d i n g  was l a t e r  c o n f i r n e d  by 

Sega2 (1966) who repcrted t h e  a r p l i t n d e  a n d  p h a s e  characteristics 

o f  the f o l l o v i n g  r e s p o n s e  vere i n d e p e n d e n t  o f  the o c c u r r e n c e  o f  

a l p h a  a c t i v i t p ' e v e r  uhen  such a c t i v i t y  was some 15 t i m e s  t h e  

s n p l i t u d e  of the c n g c i n g  f o l l o w i n g  rezponse.  Va2 der Tweel 

ccncladed t h a t  t h e  visual s y s t e a  t e h a v e d  l i n e a r l y  fcr s m a l l  

; a o d u l a t ' i o n  d e p t h s  ( ( 2 5 % )  a t  l o u  intensity b e t v e e n  9-1 5 Hz. 

U i t h i n  t h e  stimulus f r e q u e n c y  range van  d e r  Tveel e s t i m a t e d  t h e  

l a t e n c y  of t h e  c o r t i c a l  f o l l o v i n g  r e spocs r  a s  250-300 msec. 

~ i c h o p t i c  s t i m n l a t i c c  c c n f i r ~ ~ e d  earlier reFcr ts  of a d d i t i v i t y  
I 

z f f e c t s  b y  Auerbach et a l .  (1960). Van der Tweo l  ( 1 9 6 4 ) ,  

s e 2 a r a t e l y  s t i n n l a t i ~ g  the t w o  e y e s ,  r e p o r t e d  . o u t  of  p h a s e  

sti~ulation p m d o c e d  arplitn& c a n c e l l a t i c n  effects 'of t h e  

fnr idanenta l  (but n o t  t h e  2nd har~onic) c o m p o n e n t  i n  t h e  9 -15  H Z  

range. Perhaps the t c s t  c a t s t a n d i n g  f i n d i n g  of  Van der Tweel  a n d  

Y r r d n p  Lunel it9651 was t h e  s t r i k i n g  l a c k  o f  correspondence 

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



DeLange  c h a r a c t e r i s t i c .  Harked i n t e r s u b  j ec t  d i f f e r e n c e s  i n  t h e  

E E G - f o l l o w i n g  r e s p a r s e  a r o u n d  10 Bz vere cot f o u n d  i n  s u b j e c t i v e  

modula t ion  t hreshol3s. I n  a d d i t i o n ,  the ~ r e d o ~ i n a n c e  o f  s e c o n d  

h a r i o n i c s  a t  l o o  ( ( 5  Ez) and h i g h  0 2 5  Hz) m o d u l a t i o n  frequencies 

vere n o t  r e f l e c t e d  i n  p s y c h o p h y s i c a l  D e L a n g e  c h a r a c t e r i s t $ c s .  
-- - - - - - -- - - 

3 
Other r e s e a r c h  c o n  F a r i n g  psychcphysical c b s e r v a t i o n  a n d  

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

correspondence. Regan (1968P s u g g e s t s  t h a t  t h e  a m p l i t u d e  

s a t u r a t i o n  c h a r a c t e r i s t i c  of t h e  s t e a d y - s t a t e  E P  w i t h  i n c r e a s i n g  

a g d u l a t i o r  d e p t h  r e p o r t e d  b y  Van d e r  ' f w e e l  & L ~ a e l  (7965)  a n d  

S p r k r e i  j s e  (1966)  i s  e v l d e n c e  o f  a f u n c t i o n a l  k r z n c h i n g  i n  t h e  

v i s u a l  i n f o r n a t i o ~  system. B e g a n ' s  mcde l  of  flicker r e s p o n s e  

suggests  that ore b r a n c h  of  this f o r k  r e l a t e s  to. t n e u r a l  

r e p r e s e n t a t  ioc o f  f l i c k e r  a n d -  the g e n e r a t i c n  of t h e  VEP, a s e c o n d  

k r a n c h  re la tes  t o  t h e  ~ e c h m i s a s  of f l i c k e r  p e r c e p t i c n .  The EP 

i s  o n l y  i n d i r e c t l y  r e l a t e d  t o  t h e  p e r c e p t i o n  o f  f l i c k e r  o r  aay be . 
s n b j e c t  t o  c o n t e m i n a t i o n  b y  m e c h a n i s m s  cther  thac those of  

f i i c k e r  perceptioc. R e g a n  (7968, f 972)  c o n c i u d e s  t h a t  poor 

c o r r e l a t i o n s  between VEP and f l i c k e r  s e n s a t i c ~  could be a c c o u n t e d  
C 

f o r  in p a r t  by t h e  i ~ c c r r e c t  chcice of the neural c o r r e l a t e .  o f  

codes ( U t t s l ,  1972) or p e r h a p s  t h e  rienral correlates  i n  q n e s t i o n  
i 

s r c  c-ot  p r e c i s e l y  tine l c c k e d  t c  t h e  s t i r n l n s  ( E e g a n ,  1968) .  



. ~t t h i s  point further c l a r i f i c a t i o n  i s  ir! order c o n c e r n i n g  

t h e  t h e o r e t i c a l  distixtion & t w e e n \  s e n s o r y  c o d e s  aqd signs. 

O t t a l  ( 1972 )  def  n e s  a s e n s o r y  c o d e  a 2  a s e t  of s y m b o l s  a n d  t 
t r a n s f o r ~ a t i o n  r u l e s  w h i c h  a l l o w  f o r  t h e  ' c o n d e n s a t i o n  of 

i z f o r a a t i o n  i n t o  a fora astenable t o  d e c o d i r g  by some i n t e r p r e t i v e  

s t a t u s  of s e n s o r y  code ic m u s t  b e  d e m o n s t r a t e d  t h a t  t h e  c o d e  i s  

l c t u a l l y  i n t e r p r e t s d  b y  some s u b s e q u e n t  CNS mechan i sm.  A n y  
- - - - 

e v e n t - r e l a t e d  sign21 which i s  n o t  i n t e r p r e t e d  i s  c o c s i d e r e d  t o  be 
a 

s s i g n .  

3ther B e t h o d s  Based cn  Fonrler- B r a l y s i s  

# h e n  -any p h y s i c a l  s y s t e m  ( s u c h  a s  a  t a u t  string)' i s  

s u b j e c t e d  t o  ac i n i t i a l  s t e p  o r  i m p u l s e  i n p u t  ( e . g . ,  t h e  string 

i s  plucked o r  r e l e a s e d )  t h e  s y s t e a *  s response is t r a n s i e n t  i c  

t h a t  it r a p i d l y  d e c r e a s e s  I r !  a n p l F t n d e  over time, I f  the same 

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

{ ~ . g , ,  if t h e  string is boued) , it q u i c k l y  e s t a b l i s h e s  a  {steady 

s ta te )  per iodic  r e s p o n s e  fo r  as l o n g  a s  t h e  sti~ulus i s  a p p l i e d t  

{see  Figure 4 ) .  Began 11966) i r t r o d u c e d  t h e  steady s t a t e  model 

i n t o  EP research ~ n d  suggested that steady state EPs n i g h t  

p r o v i d e  insights i n t c  s e n s o r y  f n n c t i o n i n g  no t  a t t a i n a b l e  t h r o u g h  

t h e  use of t r a n s i e n t  e v o c a t i r e  t e c h n i q u e s .  



Figure 4 

The three stages of growth and decay of v i d i o n  

p b s e  [ T I ,  s t e a d y  state (S )  followed b--*decay (D) . 
"Grin a d  "of fn  m r k  t h e  presence of stimulus force .  





3 r s e f l ~ ,  aegan ts  Zrequercy a + p l i f F e r  is c a p a o l e  of e x t r z c t i n g  
- 

f r o s  the 226 a c y  f r e q u e ~ c y  corpcr ie t t  which  is p h a s e  lockeZ to t h e  
- > - - -  --p----p - -- - Lp - - - - - - - ---- 

~ L _ ; I U ~ U S ,  This : S  z , c ; : P v ~ ~  k y  s e D a r t t e l y  o a l t l _ s L y r r ? g  t h e  r s u  E E G  
;- 

37 S T B  (2 rcp t f  at,< c o s  {2 .rrZt )  v a v e f o t e s .  S i r c e  P o u r r e r  Theory  

. ,., -3o:i;at a f ~ e r  - r n l r 1 3 2 i c z ~ i c - ~ .  Tk+ n e t n  D,C, ou-rf-n%s are ased ir\, 

c h a r a c t e r  istics t h e  

a s a s s r e  3f piaase s t i f t  z f  t h ?  f l l i ~ 2 a + ~ n : a l  cctpc5er.t +r;d S is :be  
\ 

% t p k F - . o l e  .f. t3e f l ~ d u e i : t 2  cospoceil? o b t a i ~ e d .  C & a 

: a z r e c t i c n  c32stsz< 5er17e2 3 c2:iEration of the 



S P C O Z ~  ~ = T I C C L C  ( 2  P) comporie3ts, p r o v i d i n g  a r u r a i n g  average  of 

sack c p a p o n e ~ t ~  s z s ~ l i t u d e  and phase. !!lore recently, Rogan 

' ( 1 4 7 2 ,  7 9 7 5 5 ,  1977) a s d  ethers (Regar: & C a r t w r i g h t ,  1970; 

Z a r t w z l g b t  E Begsz ,  1 9 7 4 )  C a v e  d e v ' e l o p e d  Ecre pbwerfu l ,  f rrquercy 

c o r p D e r c ,  ex : r a r r t l c~  r e t f o d s  based upon  F o a r F e r  A n a l y s i s .  T h e  

- 

Usicg t E F s  P c u r 5 e :  a z a l y s e i ,  Regar. (1966 )  uas able to 

c a i c n i a t e  t h~ a r t z i r o e z t  cf E ~ € ? Z ~ Y - S % E ' ? ~  s t a t i o z a r i t y  (of 

3 3 ? l i t u C e  ar? ~ k z s r )  E S  o c c u r r i c q  a f t e r  akcut 12-20 seconds from 

s t l r u l u s  onse t .  3egar i z r e s t i g a t e d  t h s  p h e s e  l a g  t a d  a m p l i t u d e  

ch3:qes a s  f t l c c t i c c s  cf r c d u l a t i o r ,  freqnezcy .  Pucdamen t  a 1  

? r s t i o a s l y  repcrted (Vaz der T v e e l ,  1964; Voc der Tveel E Verduyn  

L x e L ,  1 9 6 5 j ,  A a c l l t a d e  p e a k i c g  v a s  a l s o  foorid t o  be xelated to 
?f' 

s a d d e t  p h a s e  s h l f r s  s r  13 an. Phase s h i f t  ~ e a s a r e d  i f t h o  l i n e a r  

r e g i o ~  k e t v e e z  1; ~ s d  30 Rz deritp, c a l c o l = t e d  f + b p p r e r ; t n  fetency 





pausing and  r e f l e c t i n g  u p c n  t h e  o l d  newspaper editor's advice  t o  

t h e  young c u b  reporter, u t h e r e t s  n o  f ree  lunch". Before t h e  

y o u n g -  p s y c h o p h ~ s i o l c g i s t  runs o u t  a n d  a c q u i r e s  t h e  n e a r e s t  

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

:he " r e a l  c o s t n  o f  t h i s  i n c r e a s e d  s p e e d  a r d  s i g n a l  t o  q o i s e  $ 

? r h a c c e m e ~ t  o f  f r e q u e n c y  a n a l y t i c  t e c h n i q u e s .  The c o s t  o f  t h e  
- - - - - 

five t o  t e n f o l d  increase i n  s i g n t l  t c  n c i s e  e~hancement  in 

f r e q u e n c y  a ~ a l y t i c  n ~ t h o d s  over s i g r a l  a v e r a g i ~ g  i s  t r a d e d  o f f  in 

T e r n s  of signal bandwidth, A s  Regan (1972, 1977) has caut ion.& 

:his extremely x r r o v  e f f e c t i v e  b a n d w i d t h  of a F c u r i e r  a n a l y s e r  

(0.001 Hz) c a r  n i t i ~ a t e l y  blind t h e  e x p ~ r i m e n t e r  t o  s a l i e n t  

eve2 t - r e l a t ed  s i g n a l  components i n  the b r z i n  response.  S i n c e  

f r e q n e n c y  analytic t e c h r i q u e s  o n l y  sample ac extremely - - s m a l l  

p o r t i o n  o f  t h ~  ZEG f r e q n e n c y  spectrum t h e y  m i g h t  n c t  p r ~ v i d e  aE 

sdeqaate  o v e r a l l  ~ i c t u r e  of the f l i c k e r - f o i l o w L n g  response,  ar.d 

. s h o u l d  not be e x p e c t e d  t o  do so. R a t h e r ,  f r e q u e n c y - d o m a i n  

3f ;a l fs is  s h m I d .  be n s e d  5 s  c o a b i n a t i o n  with a p p r o p r i a t e  
I .  

c i n e - d a a a i n  araiytic tech~iques  t o  gair a  more c o m p l e t e  

o n d e r s t a o d i n q  of t h e  visnzl flicker response. One o b j e c t i v e  of 

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

= is&-daaaFn a z a l y t i c  'ecboiqncc to t h e  study of e l e c t r o r e t i n a l  

3n.3 o c c i p i t a l  e v e z t s  5 2  r e s p c r s e  t o  i ~ t e r m i t t e ~ t  p h o t i c  



T I H E - D O B A I R  VS. P R E Q U E I C Y - D C I A I B  A lALYSIS  

The phrase n t i m e - d o r a i n  a n a l y s i s n  was f i rs t  i n t r o d u c e d  t o  EP ' w  
research by Began (1972) a s  a d e s q ' i p t i v e  of t r a n s i e n t  

e v e n t - r e l a t e d  ~ o t e n t i a l s  i n  terms of c o r n p o n e i t  p e a k  l a t e n c y  and 
- 

a m p l i t u b e ,  Regan (1977) a r g u e s  t h a t  uhen a r a p i d l y  repetitive 
- - - - 

s t i m u l u s  i s  u s e d ,  the fesultant areraged VEP ma y  be 
t 

n n i n t e r p r e t a b l e  by t i m e - d o @ n  t e c h n i q u e s ,  since t r a n s i e n t  VEPgs 
4 

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

T h i s  o v e r l a p p i n g  o f  c o m p o n e n t s  w i l l  resalt i n  a VEP wavefo rm,  " i n  
. . 

i r h i c h  no i n d i v i d n a l  r e s p o n s e  cycle can be a s s o c i a t e d  w i t h  a 
/ 

particular s t i r n l u s  c y c l e . n  Regan (1972, p. 7 5 ) .  uhen t h i s  

s t e a d y - s t a t e  h a s  beccne e s t a t l i s b e d ,  Began  ( 1  977) contends it is  

more a p p r o p r i a t e  t c -  describe t h e  C resultant VEP i n  terms of  
# 

cowponen t fr-equrncg a t p l i t  nQe aad pbase , .  this Began (1972) cdlled 
* 

M f r e q n e n c y - d o a a I n  analy s i s H .  F r e q u e n c y  ar ia ly t i c  t e c h n i q u e s  

already rerieved hare k e e n  used successfully t o  d e r i v e  

i r f o r a a t i o n  on steady-stste  respmsc, i n  teras of EEG s y n c h r o n o u s  

coaponan t  ampl i tude  a e d  calculation of "apparent l a t e n c y n  fffiegan, 

13-60; Var! d e r  T w e e l ,  1964 ;  Vac der l u e e l  G Verdayn Lnnel, 7965; 

S p e k r e i j s e ,  19661. "Apparent l a t e n c y f f  i t )  is calculated from the 

-Z .,ase angle  d i f ference  P (ic radians o r  d e g r e e s )  b y  which  t h e  



s i n u s o i d a l  i n  u a r e f o r r .  The s i n e w a v e  s t i r n l n s  must  p r o d u c e  a 
'l 

wayeform whose phase and' a r p l i t o d e  r e r a i n  c o n s t a n t  f rom moment t o  

r o n e n t .  ' F i n a l l y ,  t h e  s t i m u l u s - E P  s y s t e m  m u s t .  be l i n e a r  , i.e., / 

when s t i r n l a t e d  b y  a s i n u s o i d a l  i n p u t  of f r e q u e n c y  (PHz) tbe 

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

(FEZ) whose o a t ~ o t  a m p l i t o d e  a n d  p h a s e  are r e l a t e d  t o  t h e  

s i n a s o i d a l  i n p a t  and described by a set  of l i n e a r  equations. -Van 
- 

der T v e e l  (1964) and others ( V ~ E  der T v e e l  & Verdayn L u n e l ,  1965; 

Began, 1966; S p e k r e i j s e ,  7966) c a l c u l a t e  t h e  a p r a r e n t  l a t e n c y  

{Began ' s  term) o r  t r a n s p o r t  t i n e  (Van d e r  Tuee18s term) according 

t o  t h e  f o r m u l a :  

t= dp/2  7 d f  

i n  w h i c h  d p  is t h e  phase d i f f e r e n c e  i n  r a d i a ~ s  f o r  a  f r e q u e n c y  

difference ( d f )  i n  c y c l e s  p e r  s e c o n d .  A p p a r e n t  l a t e n c y  i s  

d i r e c t l y  e s t h a k l e  froa t h e  s l o p e  o f  t h e  p h a s e  s h i f t  b y  f r e q u e n c y  

p l o t s .  

Bore r e e n t l y  D i a r o n d  f l 9 7 7 a ,  b) h a s  d e s c r i b e d  a t i n e  

difference c d c n l e t i o c  of s t e a d y - s t a t e  latency, Diamond 's  method 

calculates "true l a t e o c p n  f rom the t i r e  d i f f e r e n c e s  be tween 

sti,sttlas and  f EP peak reference p o i n t s .  Figure 5 g r a p h i c a l l y  

describes t he-if fcrence latrzscy c a l c n l a t i o n ,  from a fictitious 



Figures 5a and 5b 

d descris-tion of time-dif ference 1 tency cslculation. 

(A)  Artificail EP waveform to pulsed stimuli repeated at 

three interstimulus intervals (1.51). T indicates stimuli 

which Trigger electronic pverager at t h e  zero value of its 

sweep duration. Ps and Pe are the stimulus and EP reference 

points chosen for t h e  analysis. The sweep duration axis is 

broken m d  spread so stimuli and EP can be viewed apart. 

(B) Plot of stimuli and EP peaks, Ps and Pe. Regression 

lines through points converge to two intercepts, Ds and De 

at ISI=G. Steady-state ZP latency (t) = De - Ds. 
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p r o d u c e d  b y  a s t r o b o s c o p e  t r i g g e r e d  by a sqnaxevate p u l s e  of 50 

asec d u r a t i o n  a t  v a r i o u s  i n t e r s t i m u l u s  i n t e r v a l s .  The 

c o r r e s p o n d i n g  a v e r a g e d  EP o f  150 n s e c  d u r a t i o n  i s  r e p r e s e n t e d  by 

an a r t i f i c i a l  EP n a v e f o r l ~  l o c a t e d  t o  t b e  r i g h t  of the s t i m u l u s .  

T i n d i c a t e s  the s t i ~ n l i  which  trigger the s i g n a l  a v e r a g e r  a t  

time-0 of its sweep d u r a t i o n .  P s  and P e  a r e  the s t i m u l u s  a n d  EP 

refsrertce- points chvsen fur tke imalysis. Fig. % i l l u s t r a t e 3  

the p l o t  of s t i m u l u s  a n d  EP peak  r e f e r e n c e  p o i n t s .  It c a n  be 

seen t h a t  regression l i n e s  d rawn t h r o u g h  g l o t t e d  s t i m u l u s  a n d  EP 

peak r e f e r e n c e  points c o n v e r g e  t o  two i n t e r c e p t s  D s  a n d  D e  a t  

ISI=O. EP l ' a t e n c y  (t) i s  c a l c u l a t e d  as  t h e  t i m e - d i f f e r e n c e  o f  De 

a n d  D s .  

biamond ( 1  977 b) contends t h a t  t i m e - d i f f  erence . l a t e n c y  

c a l c u l a t i o n  c a n  ke a p p l i e d  t o  evoked p o t e n t i a l s  r e s u l t i n g  fro. 

any r e p e t i t i v e  s t i 8 a l u s  waveform ( squarewave ,  s p i k e  i m p u l s e ,  raap 

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

c a l c u l a t i o n ,  t h e r e  is no  a s s u m p t i o n  o f  l i n e a r i t y  i n  t h e  

s t i m u l u s - E P  system. A s  a e n t i o n e d  p r e v i o u s l y ,  n o n s i n n s o i d a l  

s t i n u l a t i o n  h a s  not been w i d e l y  u s e d  f o r  p h a s e - d i f f e r e n c e  
'. 

/ c a l c a l a t i o n  because of t h e  p r e s e n c e  of b a t a o n i c  f r e q u e ~ c p  

d i s t o r t i o n ,  e v e n  t h o a g h  ~ p e k r e i j s e  (1977) and  others (van  d e r  

T w e e l t  1964; - ~ Began, 1972; de Voe, 1964 )  bare 8escribe4 
\ 

linearizing a e t h o d s  t o  reduce t h e  effect of s t i m u l u s - E P  4 
__ - -- - ~ ~ - - -- 

i 



- - - - - - - - - - - - -- 

n o n l i n e a r i t y .  Diamond (1 977b) s u g g e s t s  t h a t  t h e  t i m e - d i f f e r e n c e  

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

a p p r o a c h  s i n c e  it c a n  n o t  o n l y  be u s e d  t o  p r o v i d e  E P - l a t e n c y  

c a l c u l a t i o n  to r e p e t i t i v e  n o n s i n u s o i d a l  s t i ~ n l a t i o n  but i t  c a n  

a lso  b e  u s e d  t o  study s p e c i f i c  time 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  BP; w h e r e a s  f r e q u e n c y - d o n a i n  m e t h o d s  d c  n o t  t r ea t  t h e  EP i n  

t h i s  manner .  

The  p r e s e n t  study w a s  a n  i n v e s t i g a t i o n  of p e r i p h e r a l  a n d  . . 

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

response i n  hamans. S i m u l t a n e o u s  e i e c t r o r e t i n a l  {ERG)  a n d  v i s u a l  

e v o k e d  ~ o t e n t i a l  (VEP) r e c o r d i n g s  were o b t a i n e d  i n  alert human 

subjects i n  r e s p o n s a  t o  a b r i e f  i n c r e m e n t a l l y  rodulated l i g h t  

s o u r c e  over s t i m u l u s  f r e q u e n c y  r a n g e  of 4-25 Hz. T h e  r e s u l t a n t  

steady s t a t e  averaged-ERG and v i s u a l  e v o k e d  responses were 

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

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

s n b s t a n t i a l l p  s imi l a r  i n i o r ~ a t i o n  r e g a r d i n g  s t e a d y - s t a t e  l a t e n c y .  

d e t e r a i n a t i o n  both a t  p e r i p h e r a l  ( r e t i n a l )  a n d  more  c e n t r a l  l o c i  

i n  t h e  human v i s u a l  s y s t e m .  



CHAPTER 2 

U ETHOD 

The outline of t h e  method s e c t i o n  m i l l  f o l l o w  t h e  

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

conducted.  Pirst is a d e s c r i p t i o n  cf  the general e x p e r i m e n t a l  

f r o n  t h e  t i r e  t h e  S e n t e r s  t h e  p r e p a r a t i o n  room t o  h a v e  t h e  
" .- 

e l e c t r o d e s  a p p l i e d  till t h e  S leaves t h e  l a b o r a t o r y .  Following 

this three pilot studies c o n c e r n e d  w i t h  recording r e t h o d c l o g y  a n d  

d e t e r w i n a t i o n  of e x p e r i m e n t a l  paranetexs w i l l  be  d i s c u s s e d .  The 

f irst  two s t u d i e s  r e t i e v  t h e  search for a n  adequate 

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

concerns the e x p e r i s e n t a l  s e l e c t i o n  o f  test f i e l d  and surround 

l u m i n a n c e  a n d  c o n t r o l  of s p e c i f i c  light adaptation effects. 

F o l l o w i n g  is a detailed d e s c r i p t i o n  of t h e  parametr ic  

i n c r e m e n t a l - f l i c k e r  f reqaency stnay, i n c l u d i n g  d e t a i l e d  

L discuss ion  of the sti r a l u s ,  e l e c t r o d e  con f igu ra t i on ,  

a a p l i f i c a t i o n  and f i l t e r i n g ,  s i g n a l  a v e r a g i n g ,  d i g i t i z a t i o n  and 

da ta  storage. Tbe s e t h o d  s e c t i c n  w i l l  be  c o n p l e t e d  by an  

i n c l a s i r e  descriptioc of the frequency and time d o ~ a i a  a n a l y t i c  

t e c h n i q u e s  used t o  derive respective a ~ p l i t u d e  a n d  latency 

estirates of t h e  eiectrore t i n a l  and c u r t i c a l  a c t f r i t y ,  
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B g e n e r a l  p r o c e d u r e  was- f o l l o w e d  f o r  a l l  e x p e r i m e n t s  

detailed befou .  The S e n t e r s  t h e  p r e p ~ r a t i o n  room and  a f t e r  

h a v i n g  o b t a i n e d  their i n f o r a e d  c o n s e n t  (see c o n s e n t  a n d  m e d i c a l  

i ~ d a c e  n y d r i a s i s .  E a r l i e r  p i l c t  r e s e a r c h  by the e x p e r i m e n t e r  h a d  

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

steady  s t a t e  e l ec trore t ina l  a n d  v i s u a l  evoked  p o t e n t i a l  

c o r p o n e n t s .  Figure 6 i l l u s t r a t e s  t h i s  YEP a m p l i t u d e  a u g m e n t a t i o n  

e f f e c t  of a ~ ~ c l o ~ ~ ~ i c  a g e n t  which l a r t a  f o r  s e v e r a l  hours. 

S t e a d y  s t a t e  VEP a c t i v i t y  was s a a p l e d  f o r  a 35 ssec s w e e p  

d u r a t i o n  a n d  signal averaged over 512 sweeps. T h e  u p p e r  t r a c e s  

r e p r e s e n t  t h e  EP recorded o v e r  an IS1 range (30-45 msec) . The 

l o v e r  traces were r e c o r d e d  u n d e r  i d e r i t i c a l  e x p e r i m e n t a l  

conditions- $5 a i n u t e s  a f t e r  t h e  i n s t i l l a t i o n  of 1% C y c l o g y l .  - 
B e s o l t a n t  EPs appea red  t o  be sore* s i n n s o i a a l  i n  vevefo rm and peak  

t o  p e a k  a n p l i t a d e  was s e e n  t o  i n c r e a s e  a t  a l l  ISI's. 

C o r r e s p o n d i n g  s t e a d y  s t a t e  VEP l a t e n c y  c a l c u l a t e d  by 
e 

t i m e d i f f e r e n c e  prccedure  was seen t o  decrease fro. 66.2 t o  58.3 

asec. i r m i n g t o n i s  f l96U)  +classic study of short and l o n g  term 

flicker adaptation reported t h a t  r y d r i a t i c  agents  a l so  w o r e  t h e  

d.c,  component  of the E I l c v i t h o a t  s i g n i f i c a n t l y  affecting t h e  
- - - - - - - - - - - - - - - - - 

wauefora .  I n  addition, a r t i f a c t u a l  ~ ~ ~ g e n i c  c o n t a m i n a t i o n  due t o  
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papillary f a i l o v i n g  a t  low f l i c t e r  frequencies was e l i r i n a t e d  

at tucaated aad ef+ckrfcaf2y s h i e l d e d  Moth with the head 

posftioaed with a p p r a p r l a t r  c h i n  and  forehead re s t ra in t  to 

positio% tbeestf Gif iiSfiiiW,EF wutini a n ric-.-a r e c t f y - o n h e  

p a p i l l a r y  a x i s  of t h a  right e ~ e .  T h e  S1s l e f t  eye was o c c l u d e d  

e s p l o y s d ,  Sar%ti&es s ~ b j e c t s  rere required tc instill fecal 

as necessary to re3ace b l i n k i n g  during t h e  course cf the 

exper iment .  

4 

S u b j e c t s  were a l u a j r  dark. adapted f o r  5-15 . a i n u t e s ,  

a l i o u e d '  by 3-5 r i ~ a t e s  of light adaptat icsc  to a background 

insinance.- kfzes t h o  s a b j ~ c t  was l i g h t  a d a p t e d  a s tandard  
PI 

0 s t i aa l c t t i on -abaput i ca  c y c l e  ,was initiated and rs inta iaed  

throagboot the experfrent .  

Tho stfmlrrrioo ~ e x i o d  conslstrtd of 40 seconds of flickering 

ligtt s t iao lr t lon ,  f c:lored t~ 102 eeconds af ligk9,'&kaptaticn to 

s3ffici%~', %Q - -etsarc t h a t  sobsequent EP reasares were not 



a f f e c t e d  by t b e  preced ing  EP measures. lo signal averaging 

occarred dnring the f i r s t  20 seccnds of flicker s t l u a l a t f c n  to 

al low the S s u f f i c i e n t  tire to o r i e n t  towards t h e  s t i m u l u s  f i e l d  

ard to allow TEP s t a t l o r ~ i t y  tc becone estair5ished.  

-L 
STOI31E5 1 h l D  2 :  E.H.G. E L E C T P C D E  F E C O B D I I G  COIPIGOBATIOR 

These two s t u d i e s  concern a ~ r e l i l i n a r )  i n v e s t i g a t i o n  o: 

r a r l u u s  E R G  e lec trode  c o n f i g u r a t i o n s  v i t h  tha o b j e c t i v e  of 
- -- - - - - 

selecting a E  appropriate  elactrcretinographf c recording electrode 

f e z  use ic s a b & u e n t  s t a d i e a .  T h e  k i n d s  arid c o ~ f i g u r a t i a n s  of 

ERG electrodes  are nawroas  acd have beer well reviewed by 

a r s i c g t o n  (1974) a n d  K o o p ~ W i t Z  (1974). A t  the 2nd f S C E B G  . 
\ 

syrpusinr the t o p i c  cf recording iethcdoiogy was i n t e n s i v e l y  

reviewed by Karpe (19611 and Jacobson f 1961) . Jacobson (1961) 

A e s c r i b e d  d e s i r a b l e  EBG e fec trcde  c h a r a ~ r r i s t i c s  i n  terrs  of 

patieot corf o r t ,  r e c o r d i ~ g  s t a b i l i t y ,  and experinenter 

conrenfenca, It was w i t h  thebe three selecticn cr i t er ia  in mind 

t h a t  the exper inenter  condacred the first tuo studies to 



Figure 7 

Burian-Allen contact lens electrsde. 
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' 71, which makes a s e  of a  s r a l l e r  corneal 1'em which fits t h e  eye 

ciose iy ,  s i l w r  wire around the circurference o f  the smaller l e n s  

l a k e s  t h e  a c t u a l  contact with t h e  cornea. A s p e c u l u m ,  a t t a c h e d  

to  t h e  a s s e a b f y  h c f d s  t h e  eyelids apart  and a l t h o u g h  

u n c o n f o r t a b l e  w i t h  practice the assembly can b e  worn for p e r i o d s  

of several. hours (Enrian, 1953;  Burian 8 Aller, 1 9 % ) .  Sure of 

- - -- - 
- - 

t3eL  iS3iCviintages orp-5x5s Tens i n c l u d e  ~ t s  mass and b u l k y  % 

? 

d i m e n s i o n s  [Pigare 71, c o n j a n c t i r a l  abzasion and i r r i t a t i o n  

produced by 8 0 v e w n t s  of t h e  l e n ~  assembly. A d d i t i o n a l l y ,  the 

a u r i a n - A l l e n  contact lens a s s e r b l y  c a u s e s  b o t h  subsequent drying 

of  t h e  cun janctiva prodwced ky ~ r o l o n g e d  e y e l i d  r e t r a c t i o n  and 

f i n a l l y ,  uncontrolled o p t i c a l  a b ~ o r p t i o n  and s c a t t e r  by t h e  

s ta i ler  c o r n e a l  lens can ke pro t lemat ic  i f  p r e c i s e  r e t i n a l  

i ~ a g i n g  is required. 

gore r e c e n t l y ,  Schoessler & Jones ( 1  975) hare d e s c r i b e d  ' a 
L 

soft hydr;bphific c o n t a c t  lens e l e c t r o d e  nith excellent recording 

c h a r a c t e r i s t i c s .  T h i s  e lectrude is  forred by a f i n e  g o l d  or 

p l a t b a a  wire s a n d w i c h e d  between two  soft contact lenses. 

Schoessler 6 -3uoes claim t h a t  their recorEing electrode is  more 
.I 

c o ~ f o r t a b l e  and s t a b l ~  t h a n  a Biggs  hard c o n t a c t  1-s e l e c t r o d e  

a n d  provides a i i t i iaaa  c b s t r u c t i c n  to r i s i c n .  

9 
e l ec t r e r e t i na l  respcI:se u i t b  ccncornea :  e l e c t r o d e  p l a c e m e n t s  



- - - - 

{Tepas & Armizgton, 2 S t e p h e n ~  et a f . ,  1971). Tepas  & 

Arniagton (1962) nsing bi p c l a r  n a s a l  and temporal c a n t h i  

p l a c e a e n t s  reported that averaged-ERGS c o u l d  t e  r e l i a b l y  recorded 
Y 

to a wide range of s t i i u l i  c o n d i t i o r s .  S t e p h e n s  e t  a l .  (1971) 

u s i n g  n a s a l  acd t eapora l  cant h i  p l a c e m e n t s  oith subsegnent head 

ro t a t i an  to displace t h e  cornea t o w a r d s  t h e  a c t i y e  e l e c t r o d e  

towards t h e  nasai c a r t h u s .  

The present two s t n d i e s  we?e designed to  i n v e s t i g a t e  the 

zecordf n g  character$ sties of these three electrode c o n f i g u r a t i o n s  

with the o b j e c t i v e  of s i l e c t i n g  a m e t h c d  v h i c h  would be most 

c o n v e n i e n t  fcr subsequent e x p e r i m e n t a t i o n .  

S t u d y  ?: b Cbmparisoc o f  Tuo Ccrneal E l e c t r c r e t i n o g r a p h i c  

In t h e  f i r  st s t u d y  one- sab j ec t  (A. Q . )  had ERG'S s u c c e s s i v e l y  

recorded w i t h  t u c  c o r n e a l  e l ~ c t r c d e  p l a c e m e n t s  - a hard contact 

lens { S a r i a ~  A l l e ~  P629 Bansen Opthalmic. Lakoratory) and a soft 

h ~ d r o p h i l i c  contact leases electrode. Electrcdes and recording 

configurations: a s tandard  B u r i a n - A l l e n  IP629-adultsize) 

iono patar electmae asse~bl y referenced to the r i g h t  earlobe was 

prorided,  The soft l e n s  elrctrcde was ccnstructed by t h e  

e x p e r i n e n t o r  f ror  a 25.1 gala wire sandwiched between a pair of 



Figure 8a 

contact lens 

f 
- 3%r&i~) 0-63. 

recorded from standard Burian-Allen 

electrode over experimental t ip ie 





Figure  8b 

Averaged-ERG recorded  from h y d r o p h i l i c  ( s o f t  l e n s )  

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

T h i n ) .  High f requency n o i s e  w i t h  l e n s  d e s s i c a t i o n  - -  

- - 
- - -  - 

f T 6 O )  tmporari ly  reduced by r e h y d r a t i o n  w i t h  0.9% 

saline (T60+1). 



IS i=190msec  

16 reps 



s o f t  h y d r o g e l  l e n s e s  (Bausch 6 L o ~ b  C-series p o l ~ m a c o n  
/ 

h y d r o p h i l i c  l e n s e s )  i n  the manner d e s c r i b e d  by  S c h o e s s l e r  6 Jones 

(1975) a l s o  r e f e r e n c e d  t o  t h e  r i g h t  e a r l o b e .  Both t h e  h a r d  and  

soft lenses -yere r e f a a c t  c o r r e c t e d  f o r  subject ( A )  The 

h y d r o p h i l i c  l e n s e s  were hydrated uith 0.9 X saline t o  p r o v i d e  a 

~ l e ~ t r o l f i c  c o n d u c t i n g  ~ e d i u m ,  wh i l e  normal  s a l i n e  and I % 

Procedure:  The  f o l ~ l o w i n g  r o d i f i c a t i o n s  t o  t h e  s t a n d a r d  ERG 

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

right p u p i l  was i s m b i l i z e d  b y  1 I c y c l o g g l .  T o p i c a l  a n e s t h e t i c  

( I  X Opthca ine )  was alsc used i n  bcth r e c o r d i n g  t r i a l s .  An , 

a v e r a g e  of 2 5 6 - s a ~ p l e s  of ERG were r e c o r d e d  a t  a number of  

r e p e t i t i o n  irequencies and  s t f m u l u s  i n t e n s i t i e s  o v e r  s e v e r a l  

r e c o r d i n g  S e s s i o n s  l a s t i n g  2-3 hour s .  

Results: Figures  8a, b i l l u s t r a t e  the ' ave rcged  flicker-ERG 

recorded f o r  subject, A.Q., i n  t u o  s e s s i c n s  r e c o r d e d  s e v e r a l  

hoars a p a r t  u s i n g  t h e  Bur ian-Al len  and s c f t  l e n s  r e c o r d i n g  ? 

conf i g u r a t i a n s .  a h i l e  a ~ p l i t a d e  o f  the  b-wave is comparable  from , 

each c o r n e a l  recording p l a c e a e n t  a t .  t h e  b e g i n n i n g  of both  

s e s s i o n s  it i s  a p p a r i n t  t h a t  tbe s o f t  l e n s  r e c o r d i n g  sys tem 

increasing b i g h  f r equency  ncise super impcsed  over the ERG 

i - - * 



*r- 

uaveform. After r e h y d r a t i n g  t h e  s o f t  l e n s e s  w i t h  0 . 9  s a l i n e  

t h e  high frequency n o i s e  was t e n p o r a r i f y  reduced (Figure  8b). 

Hhile t h e  soft leases were lore c c r f o r t a b l e  to  gear, they 

requ ired  f r e q u e n t  r e h y d r a t i n g  s i n c e  the o u t e r  soft-lens vas n o t  

i n  c o n t a c t  v i t f i  the l c i s t e n e d  c o n  j 'unc t iva  and would  r a p i d l y  

d e h p d r s k e .  4s 4- -w- h s  dessic-it-s it-bag-- a-defasm 
% 

a l l o w i n g  a i r  t o  enter t h e  i n t e r l e n t i c u l a r  space produc ing  an 

i n c r e a s i n g l y  n o i s y  EB6 r e c o r d i n g  ( ~ i g u ~ e  8 b ) .  Unlike Sch@ssler 
- - -  

6 J o n e s  (1975) t h e  e x p e r i m e n t e r  found the so f t  leas e l e c t r o d e  

less s t a b l e  and  c e n t e r e d  o n  t h e  c c r n e a  than t h e  w z e  caaber8o.e 

Bur ian-Al len  a s s e m b l y .  Another  prcblem a l t h o n g h  n o t  d i r e c t l y  

r e l a t e d  t o  r e c o r d i n g  e f f i c a c y  per se uas t h e  t e n d e n c y  of t h e  

onter h y d r o p h i l i c  lens t o  tear around t h e  g o l d  wire's 501r exit 

h o l e .  Although extreme. c a r e  was taken i n  handlSng tbese I e m s  

o v e r  s e v e r a l  u e e k s  2 o u t e r  leases 

The writer c o n c l u d e d  t h e  hpdroge i  

too e x p e n s i v e  - $120/pr) to  be 

r e s e a r c h .  

u e r e  daaaged  tbroagb tearing. 

l e n s  s h n d v i c h  too d e l i c a t e  (and 

u s e d  i n  s u b s e q u e n t  e x p e r i m e n t a l  

c c r n e a l  and noacbraesl 

e l e c t r o r e t i n o g r a p h i c  recorap'  s i t e s  

In t h o  decond s t u d y - t h r e e  s u b j e c t s  ( A . Q . ,  . 8.T.. @ . B e )  had 

averaged-EB6s s u c c e s s i ~ e l p  . r e c o r d e d  u i t 6  a Buzian-Al len  

I P 6 2 9 - a d a l t s f z e f  c o n t a c t  l e n  s e l e c t r o d e  or a  nancorneal e l e c t r o d e  



1 * 
situated o v e r  the right in f raorb i ta l  r idge  over several 2 hour 

Procednre: . Using t h e  standard s t i m n l a t i c n - a d a p t a t i o n  cycle 

previotlslg, d e s c r i b e d  for s u b j e c t s  A. Q. sod 8.2 sepetrate ERG 7 

ridge referred $0 rigbt earloh. In subject P.a. s i m u l t a n e o u s  
- - 

corneal ana noncornea1 EBG recosd3aigs were obtained to a 12 

degree field of 0.8 DL a t  various f l icker  frequencies, In this 

study no cycioplegic  uas e s p l o y t d  for observer V. B. bat topical 

a n e s t h e t i c  ( 3  I O p t h c a i n e  or 1/2 X Pon toca ine )  was nsed for the 

aar ian-ALen  recording p l a c e m n t .  , 

B e s a l t s :  For s u b j s c t s  0 .T .  and A.Q. the noncorneal 

f l i c k e r - E B G  was g r e a t l y  d i m i n i s h e d  i n  a m ~ l i t u d e  but still 

- appeared to bare the sarce uareform as the corneal ERG recordingb. 

S imul taneous ly  recozded corneal and iof r a c r b i t a l  ERG f o r  U.B. 

are p r e s e n t e d  in Pigors 9. in both r e c o r k  the b-rare is clearly 

Z B 6  peak to p e e  a a p l i t r r b  is about 118 of that abta ined  wi th  a 

ccrneal e lectrode placement ,  there is a good correspond~nce' in 
- -  - - - 



- -- -- - - 2- - - -A - - - - - -- - - -- 
• ’ o m  is dzmwstqated  an eightfold g t t e n t s t i o n  in peak to 





\ 

STUD? 3: SELECT103 CP TEST A Y D  S D B E O U H D  FIELC LIJMIRANCES 

The a i a  of t h e  third r i l c t  s t u d y  was t h e  seiect ion of 

suitable l u r i n a n c e  pararsters for both t b e  tes t  and surround 

f i e i d s .  There are  several m ~ t b o d o l o g i c a l  advantageg. i n  using an 

i l i u r i n a t e d  sarrrsa ad i n  senscry research. P r r s t l y ,  the surround 
- -- - - - - -- -- -- -- PA---- 

f i e l d  c f  aoderate luminance p r o v i d e s  a metbod f o r  abtaif i ing 

s l e c t r o r e t i n o g r a s  which  are  relatively free cf stray l i g h t  

e f fects .  - P r y  f B a r t l e l  1193% and B_o~nton 41953) haue 

dcs01:strated that the scotcpic b-uare co~fonent of the human 

eiectraretinograr r e s p f t i n q  from s m a l l  - area f l  to 12 degree) 

s t i r a l a t i o n  arises  almost entirely from strap ligbt/uhich weakly 

i l l a d n a t e s  larqe peripheral rod-predoainant areas. Crampton G 

Ar~ington (1955) suggested that stray light effects could be - 

r e s a l t i n g  elactroretirai  reaFonse was extremely swill, It uas 
I 

cot o n t i l  the i n t r o d o c t i ~ n  of s ignal  areraging fnt0 - - 

eiec%roretinograpt~ b r  h r r i n g t o c  et a l .  (1961) that it became 

h l  p o s s i b l e  to d e t k t  p h o t v p i c  b arc componenas i n  averaged-EBG 's 

P of less than 2uf  erutrd by orange s t i m u l i  f l i c k e r i n g  at  20 hz. 

Yhs s w o n d  adrantags of asiag an i l l u m i n a t e d  surroand is f o r  the 

coat rul  of ret inal  l i g h t  adaptaticn level  b e t u e e n  successive 

~ , ~ c J E % I  tfiafs, Ib sfzbfects n e E e  rs%lorred t o  daxk adapt h t w e e n  







adapta t ion  level  can b e  m a i n t a i n e d .  The t h i r d  rationale for 

using a ioderatsly i l l u r i n a t e d  surround is t o  increase t h e  

relative c o n t r i b u t i c n  of photopic r e c b a n i s m s  i n  t h e  E R G  

{ A r ~ l n g t o n ,  1953) . 

Procedure: S i ~ a l t a n e o u s  ERGt s a n d  VERts e r e  reccrded from 

were dark a d a p t e d  fur 15 minntes followed by a 5 minute light 

a d a p t a t i o n  p e r i d  i n  which t h e y  v i e w e d  t h e  surrcand uear ing  a 
- - - 

p a i r  of u e i l - f i t t e d  gcggles e q u i p p e d  w i t h  several neutral density 

f i l t e r s  (Kodab B r a t t e a  Filters Bo. 96). o r e l  t h e  right eyepiece ." 
(the l e f t  e y e p i e c e  was occludedf  . Subjects v i e v e d  ( w i t h  a fixed 

p a p i i )  a f i x a t i o r ,  p o i n t  located  1Ln the ' center of the surround 

(see Figure  1 0 ) .  The 20 degree central t e ~ t  field was rade t o  

by F n c r e r e n t a i  test f l a s h e s  uhoae time average  I n a i n a n c e  when 

f l i c k a s i a g  at 25 hz is 0 . 7  D L .  Situitaneous averaged 
LX- d- 

clectroretinal b ~ l d  visna1 evoked r e s p a n s e s  vese recorded to  this 

i n c r e n e n t a l l y  f l i c k e r i n g  s t f e a l n s .  hfter t h e  r e a s u r e a e n t s  t h e  
\ 

s a b f e c t   the^ anscrewed t h e  gaggle l e n s  c a p s  and removed one 

oeetral d a n s i t y  fiftits while the  experi l iatztal  c h a ~ b e r  was 
- 

c o s p l e t a l j  darkened for 4 5  S B C O P ~ S ,  The sarraand was i l l a ~ i n a t e d  



-- 

f r o n t  o f  the p h o t o s t i n u l a t o r  tube which was l o c a t e d  outside of 

the e x p q r i r e n t a l  charber.  

I n  any p s y c h o p h y s i c a f  or e ~ e c t r o p h y s i o l o g i c a l  i n v e s t i g a t i o n  

involving t h e  maripalat ion of s t i m u l  u s  Intensity and /or  light 

adaptation l e v e l ,  trial l e n g t h ,  trial ordes and i n t e r t r i a l  
- 

Z i n t F f K l  becoiii C r i t i c a l ,  poom-iE1g. coIlfoGnbLSg, r a r ' l a ~ e ~ w K i i ~ h  - 

l u s t  be strenuously c o n t r c l l e d .  Phen p r e s e h t i n g  f l i c k e r i n g  

s t i m n l i  i t  i~ necessary t o  a l l c w  t h e  eye s u f f i c i e n t  time t o  
- * 

a d j n s t  t o  t h e  scLmalus before s i g n a l  averaging is  i n i t i a t e d  

{ A r t i n g t o n ,  1964). M r i y  c o n t r o l  trials i n d i c a t e d  t h a t  a  15-20 

second f l i c k e r  p e r i o d  was s u f f i c i e n t  t o  allow the s t e a d y  s ta te  

reqmnse t o  stabilize in a m p l i t u d e  and latency. Armington (1964)  

reparts t h a t  fur  t h e  f l icker-eiectroret inograa t h e  f i r s t  r e s p o n s e  

E a photlc t r a i ~  has t h e  l a r g e s t  b-wave corponent; t h e  second 

response i s  g r e a t l y  a t t e n u a t e d  a n d  recovery effects p r o d u c e  

subsequent respcnses of intermediate s i z e .  Bp t h e  f i f t h  f l a s h  of 

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

long  'err f l i c k e r - a d a p t a t i o n  can take s e v e r a l  s i n u t e s  t c  r e a c h  

b f  a d a p t a t i o f  e f f e c t s  arising f ran t h e  previous s t i r a l a t i o n  



cycles. A 5 m i n u t e  l i g h t  a d a p t a t i o n  p e r i o d  was f o u n d  t o  be 

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

p r e v i o u s  s t i m l a t i o n  t r i a l s  of the same i n c r e ~ e n t a l  - i n t e n s i t y .  

Zihi le  i n  most e x p e r i m e n t a l  research it is  d e s i r a b l e  t o  randomize 

tr* oraer unenevez p o s s i b l e  i t  is an u n v i s e  p r o c e d u r e  i n  a n y  

experiaentat ion a f f e c t i n g  v i s u a l  s e n s i t i v i t y .  ffpon c o n t i n u e d  .€ 

erpeswe k u  + Bright f licicer irrg s - t i r u l u s  the 3isua1 s~gten light - 

a d a p t s  t o  t h e  time a v e r a g e  l u m i n a n c e  of t h e  s t i n u l n s .  It t h e n  

takes a c o n s i d e r a b l e  time f c r  r e c c v e r y  o f  visual s e n s f  t i v i t y  

a f t e r  c e a s a t i o n  of s t i s a l a t i o n .  since it was i a p r a c t i a l  t o  a l l o w  

o b s e r v e r s .  more than 5 minutes a d a p t a t i o n  t i a e  b e t w e e n  t r i a l s  the 

e x p e r i n e n t e r  a l u a y s  o r d e r e d  i n t e n s i t y  a n d  a d a p t a t i o n  t r i a l  

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

p o s s i b i l i t y  of u n t o n t r c l l e d  a d a ~ t a t i o n  e f f e c t s .  

Results: The data  for subject H . I .  a r e  i l l u s t r a t e d  i n  

F i g u r e s  1 l a , b .  The f l i c  k e r - e l e c t r o r e t i n o g r a r  a n d  visual evoked 

potentials borh sbou s i n i l a r  changes i n  a s p l i t o d e  a n d  l a t e n c y .  

Is t h e  E 5 G  a t  a -  e d a p t i n g  l u m i n a n c e  (La) t h e  effect of 

i n c r e a s i n g  incresental f If cker l u l i n a a c e  (dL) is a decrease in 

peak l a t a n c p  ard an increase in peak  t o  peak a n p l i t a d e u n t i l  

satarat icn  OCCPTS at log relative l u r i n a n c e  of 1 .2 .  T h e  s t e a d y  

state YEP cbknges a r e  lass s t r a i g h t f o r w a r d  i n  a p p e a r a n c e  b u t  

st i l l  appeared ccnsistent across t r i a i s  ( F i g u r e  1 ta)  . ~ i t h  

a d a p t i n g  I n a h a z c e  (La) h e l d  c o r n s t a n t  t h e  effect of  i n c r e a s i n g  



Figxire lla 

Steady-state ERG and VEP recordings as a function of 

+ 
increasing incremental flicker luminance (dL) a$ 

various levels of constant adapting luminance (La). 



VE P ERG 1st-I 40 mssc 
64 ~ 2 1 1 2 8  reps 



Figure Ilb 

Steady state  E E  and VEP record ings  t o  c o n s t a n t  

increinental  f l i c k e r  luminance' (dL) as a f u n c t i o n  
- 

luminance 



VEP ERG 

Icg rel. dLzO.4 



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

l a t e n c y  o f  t h e  l a t e  n e g a t i v e  component  (itIt20-150). However, t h e  

peak t o  peak  a ~ ~ l i t o d e  of t h e  d i p h a s i c  component  ( P I 0 0  - Y150) 

a p p e a r e d  t o  be  l a r g e l y  n n a e e c t e d  by t h e  range o f  i n c r e m e n t a l  
. . 
f l i c k e r  l u m i n a n c e s  used .  -- Subject D. 3 .  s h o u e d  s imilar  results 

* 
b u t  g e n e r a l l y  t h e  e l e c t r o r e t i n a l  peak t o  peak a a p l i e d e  was a b o u t  , 

l u m i n a n c e  ( d l )  the  effect of i n c r o a s i p c j  a d a p t i n g  l u m i n a n c e  (La) 

can - a l so  be - seen - c l e a r l y  - -  i n  F i g u r e  1 l b .  F o r  the f l i c k e r - E R G ' S  
- - - -  - - - - 

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

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

i n c r e a s e d .  It was a p p a r e n t  t h a t  a t  l o w e r  incremental l a u n a n c e s  
a 

tbf s t e a d y  s t a t e  e l e c t r o r e t i n a l  a ~ p l i t n d e  a p p e a r e d  t o  reach 

s a t u r a t i o n .  The s t e a d y  s t a t e  VEP a d p e a r e d  t o  p r o g r e s s i v e l y  

d e c r e a s e  t h e  latency cf S 1 5 0  with i n c r e a s i n g  adapting l u a i n a n c e .  

Pror t h e s e  a n d  o t h e r  d a t a  t h e  l u m i n a n c e s  of t h e  test and 

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

r e s p o n s e  s t a d y  were selected. F o l l o w i n g  i s  a d e s c r i p t i o n  of t h e  

e x p e r i m e n t a l  method used for t h e  study cf e l e c t z o r e t i n a l  a n d  

c e n t r a l  v i s u a l  flicker response. 

Carametric F l i c k e r  R e s p o n s e  Study 

flickering light were recorded from f i r e  ( t h r e e  male, t w o  female) 

graduate staderrts  in tbe Pspchologp d e p a r t m e n t  a t  Simon Praser 



University, A11 i n d i v i d u a l s  were s t o d e n t s  i n  e l ec trophgrs io log] l ,  

f a a i l i a r  with the evoked p o t e n t i a l  recording s i t n a t i o r  vi t h  

sophistication i n  t h e  demand c h a s a c t e r i s t i c s  of 

psychophysfo logikal  e x p e r i a e n t a t i o n ,  S Q ~  jec ts  Mere paid  a $4.00 

/ h r .  honorariar. 

a Xenon strobe (Grass PS2) posstioned bebind a white t r a n s l u c e n t  
t 

d i f f u s i n g  'screen. The flash dnration. as specified by t h e  
- -- -- - - - - - 

amof  acturer, was 10 microseconds. The i n t e r f l a s h  -or 

i n t e r s t i i n l n s  i n t e r v a l  f ISI )  was controlled b y  a solid sta te  

quartz c r y s t a l  S t i r n l l u s  Ccmtrol U n i t  (SCl l f  d e s i g n e d  and 

c o n s t r u c t e d  by A .  F Gabert. The flickering circular test 
* \  

f i e l d .  20 degrees in visual angl'e, is s w d e d  by a 6 0  x 60 

degree f i e l d  of 1.5 rL laminetace. Test f i e l d  tiae average 

laaimance r a s i e d  between - 1.5 BL dur ing  the 102 second adaptat ion  

cycle  a ~ l d  2 . 2  EL vfth the stfmalas flickering at 25 Ez. A11 _ 

photometric reasares calibrated uith a Pritchard S p o t  

Both .VEB and ERG were recorded u i t h  Beckmaa s k i n  electrodes. 

f i h l e d  w i t h  Hewlett-FackarE REDUX p a s t e ,  which formed t h e  



eqaalized and mainta rted below 3 Kohls as  meamred by. Grass model r' 

The risa'al  evoked potential  fVE,P) was recorded with Becbaan. 

g electrode seatred by c c l l - e d i a n  i r ~ r e g a a t e d  gaaze using a - 
ronopalar deriratton -fro. a pusiti on 2 cr. a b v a  the inion on 

electrode (Hansen apt h a h i  c l a b  ~ 9 6 1 )  , or f rc. a noncorneal 
2 

placeaertt over t h e  r ight  inf raorbital rtdge using a small Beckaan 

skin electrode secared br a d h e s i v e  s k i n  co l lar .  A Grass  silver 

3isk electrode a p p l i e d  to the l e f t  e a r l o b  served to ground the 

s u b j e c t ;  

Preparation of 0.b. for corneal placeaent @sist& of 

a ff a s h i n g  the orbi t#ft h sterile oraal saline, f olloved by 
I 

i a s t i l h t f o l a  of 0 - 5  X Puntocaf ns fur 1 I Opthcafnef to i n d u c e  
i corneal a n e s t h e s i a ,  l f tet  anesthesia  was e s t a b l i s h e d  the arbi t  

ras agafn f l a s h e d  by n ~ r ~ a l  saliae fallovad by i n s t i l l a t i o n  of 

3 n r i n p  t b a  racordirg scssion. It t h i s  point  the BnrLan-Allen 



place. It 2 r i lUarpere  i n s t r a m e n t a t i o n  f a s e  was placed  between 

the corneal leas electrode an-4 t h e  a m p l i f i e r s  to ensure the 

s a f e t y  of t h e  observer's eye in accordance to ISCERG 
-. % 

reccm+a~dations  filarpa, .. t 9628.  

t h a n  increased to 1.5 mL and the subject fixated t h e  60 b y  60 

degree adaptat i tx i  sotround f i e l d  for 5 m i n u t e s .  After light 
- - -  - -- - - - --- -- - -  - - -- - - -- 

adaptation had been e s t a b l i s h e d  t h e  staridard 

s t imnlat ioa-adaptr t  ian cycle was initi at&, ccwtsistiag of 66 

1 seconds of i n c r e a e n t u l  f l i c k e r  of t h e  20 deg. central test 

f i e l d .  ?be -st f i l e d  h e i a a n c e  when flickstfag at 25 hz vas 2 .1  

a h f t s r  t h e  s t imht iancyclc  was ccsplete the test field 

Z~ltfaance r e m i n e b  a t  3.5 a t  for 102 seconds {adaptation cycle). 

F 

During a s  60 seccrrd rtfmalution period the IS% was a t  

one af 22  ISX raloaa ranging from 40 tc 21Q rsec,; and 128 

c b c 3 * s  data.  Ihc raw fucker-erotal 4ckpoeses were a m p l i f i e d  by 



Elera-Schonander EEG E H T - 1 2 B  d i f f e r e n t i a l  a,c. anplf fiers whose 

f i l t e r  t i a e  constants  p r o r i d d l  3 dB s i g n a l  a t t e n u a t i o n  a t  

turnover frequencies  of 5 Bz an d  700  Hz. The a ~ p l i f i e d  signals 

were t h e n  roated to a d i r e c t  airpen writer {Mingograf n d e l  800)  

and s i ~ n l t a a e o n i r i y -  i r t ~ u t  tc a s i g n a l  averag ing  c o s p u t e r  [Bicolet 

series 1070). S e c o n d  s t a u e  fflser c a ~ c a d i n g  was prov ided  a t  the 
- LL----- 

-- ---- - - - - -- 

i c p a t  to the signal ara rager  r e s u l t i n g  i n  an effect ite  bandwidth 

f S 2 5 C  hz. The penwriter p r o v i d e d  an ongo ing  record w h i c h  was 

a r t f  f a c t s  a r i g i m t e  frur  the s ~ b j e c t  a n d  a r e  extracerebral in 

o r i g i n  { h t t i r q t o n ,  J9?4) ,  T h e  -st frequent artifacts oere due 

to e y e b l i n k s ,  e y e l i d  f l u t t e r ,  or t w i t c h i n g  of the lateral rectus 

~ a s c P a  d a r i n g  p b c t i c  s t i a ~ l a * t i ~ n .  These a r t i f a c t s  oere c l e a r l y  

ft w a s  f o m d  ",frat ccttcr wool padding a p p l i e d  a g a i n s t  the 

a r t i f a c t s  acerrrrd durtztg a reccrding t r i a l  it was d i s c a r d e d  a n d  



F a b r i t e k  3072 system consists of three mo&nles: the data 

accu8dator,  a s i g n a l  digitizer (SD-72/4Al,  a n d  a sweep c o n t r o l  

i t  - 4  The sweep coatrol onit, when triggered by a s p i k e  

~ ~ P P L S B  origirratirtg f r o r  the sti mlns control a n i t  {SCU) , 
initiates 256 s i g ~ a f  s a s p l i o g  c o ~ i a n d s  over a 200 rsec. period 

i n  tach recording chaaael .  The signal v o l t a g e  is d i g i t i z e d  at 
- - - - a--- -- --- 

2 5 5  p o i n t s ,  uFtk ane rewr]r address reserve& f o r  s w e e p  c o u n t i n g  

p u r p o s e s .  P a b r i t e k  a d d r e s s  a d v a ~ c i n g  was e x t e r n a l l y  c o n t r o l l e d  

rry a arm5 l F i % e 3  cscf f h t o r  ufri,th pro&w& % -are Waf e e s e  -- 

w h i c h  adtanced t h e  aedress registel: 2 5 5  tites dar ing  the 200 

ssuc. sveep d u r a t i o o .  Once t h e  256  ( 2 5 5  + 1) d a t a  p o i n t s  have 

been '- s a m p l e d  the s i g n a l  areraging syste? h a l t s  a n t i  l another  

t r i g g e r  parse is received from the SCU.  It e a c h  s v e e p  t h e  2 5 5  

ravefor8 represents t h e  averaged evoked a c t i r i t f  (Ef iG or V E B )  to ! 

128 kawples  of 200 rsec, &ttrrtim, These artrdg%d-ERGS and YEBs 

rrra displap3 on a P e t r o ~ h  ffiQ3lf pscilloscope and transferred f 

b 

as  $034  b i t  vor8s to d i s k  storditp on a BP-21763, c t s i ~ g  a da ta  



Once d i g i t i z e d ,  the averages wre plotted on - a 0nnigr*;hi c 

C a r p l a t  I - T  p l o t t e r  (Boaston Znstrameats) an4 darped  an magnetic 
I 

t a p e  and transferre5 t o  disk storage on 108 370/155 for farther 

snaf y d a .  Tire-8oaaL.n a n a l y s i s  of the resaltant s t i ra la s - l ocked  

scti vfty was corihzcted by t v o  methcds: each single wareform vas ' 

reference p o i n t s  were g r a p h i c a l l y  p l o t t e d  for  t h e  two IS1 ranges  
- - - - - - - - - - - - - - - - -  - -  - -  

3 t ~ l d i & ,  60 - 7 5  tsee a ~ d  80 - 270 msec, w i t h  I SI o n  t h e  ordi ~ t e  

ilnd s v s e p  d u r a t i o n  vz: t h e  a b s c i s s a . ,  Tiae-difference c a l c a l a t i o n  

~f steady st a t e  latericy ft) b p  l e & s t - s q = i e ~  regression 

dc tezr ined  the abscissa intercept far each of t h e  l ine s .  

The s e c o n d  t e c h ~ i q -  was a i o d i f i e 6  tire-Oifference 

cafcafat iaa  ' b a s e d  a w n  a s e c e n t l ~  derrrluycd perspect ive  featnre 

salUze& - s p a t e s  graphf c repres sr t ta t iun .  cf the a v e r a g e d  evoked  

s c t i r i t g  as a fami* of varefcrrs  f o r m i n g  a n  apparent  three 



' CtfEiiTIEiE OF EERSPECTITE L A T E K T  C h t C a L A T I O B  

There c u r r e n t l y  e x i s t s  an increasing interest i n  g r a p h i c  

(p ic tor i  a l f  d i s p f  ay  of ahc traphps fa log i ca l  information, 

?arallslrsd by tbe d%rrloprclnt of colputer s y s t e m  t e c b n o l u g g .  

Peicholz4s (19751 sorve y of corpater g r a p h i c  a p p l i c a t i o n s  in 

- -  - - - r e d i d ~ e  - -- and - h e a l t h  -- care -- scieaces provides ar! interesting review 

3f the h i s t o r y  a f  this infant field. c o r p a t e r  g r a p h i c  

techniques, far t h e  r e p r e s e t n t a  tion o f  g e o g r a p h i c a l  surfaces have 

, m a n  us& ~ ! ~ r t o p p & r s  sf* t h e  t%O*s. -Psakerts  f t972)  

e x c e l  l w t  rerfer cf 25 sa-jor c a r t c g r a p t r i c  propraas i n c f  trdes seven 

capable  of plottf ng prspect ira  views of regular grid aatrix 

$ a t & ,  in a d d i t i o r s  to o t h e r  prograas w h i c h  p l o t  f l o u  patterns, 
4 

ca r tou r  napping  or perfdrr geograph ic  cosmetic routines s a c h  a s  

F f p i c a l l j ,  -A cartographic prcgrams would accept  X,  7, and 

z-values  fo r  izpot i s  The pmgrat u o a &  perfor* t b e  

aecsssar y i n t e r p o l a t i o n  and ct her ia themst i caP  u p s r a t i o n s  
* 

aecessary to p r o Q ~ c e  a c o n t i n o o a r  tuo-dfmnsfoca l  l i n e  drauiag  of 

t h e  tbru%-ditens ional  sa s face ,  is3 which the i l l n s i c n  of h e i g h t  is 

a c h i e v e d  by t e h a l q n c s  ar  srtisk m i g h t  QSD s u c h  as  s h a d i n g ,  , 

l 
r 

zctxtare, s a p p r e s s i o n  of b i d d e n  featrrres and perspective. The 
- - -- - - - - - -- 

.mar can sp+fy to tte prograa v a r i o u s  p a r a h t i e r s  to define the 

ricmpcirt, fro. v b i c h  the mrfruce i s  ta be seen, its* dis tance ,  



a n g l e  of r i e v  a n d  n a g n i f i c a t i o n ,  The significance of the 

ex i s t ence  of sach programs is t h a t  t h e y  may be used t o  depict not 

only p h y s i c a l  s r f a c e s  bat  more g e n e r a l l y  t h e  r e l a t i o n  between 

an7 var iab le  art4 any two tt6er v a r i a b l e s .  Coupland , .  Taylor & 

?focrpran (1978) repcrted t h e  use of a t h r e e  dimensional cosputer 

n a p p i n g  p r o g q t  for the display of EEG d a t a .  

, 
The v r i t a r  ~ s e h  an f nteract ive  coapnter graphics  system, THE 

- P I C T U R E  S Y S T E I I ,  produced t y  E v q s  & S u t b e r l a r d  - - . THE PICTURE - - 

' STSTEB is a general  parpose,  stand alone i n t e r a c t i v e  computer - 

* 
graphics  sIstet w h i c h  cac d i s p l a y  s w o t h l y  ~ o v i n g  A pic tures  of 

t w o -  pr three-dimensicral  objects i n c l u d i a q  such featares  as 

per&!ctire, rotat ie3  a d  zoa.ing i n  d e p t h .  Basica11y the 

Pictore &site. comporen t r  inc lude :  a DEC PDP- 73/34; hardware 

processing €%Tiits fcr perforsing sach f a . n c t i o n s  as rotat ion,  

zooming and perspect ire ;  an 0 1 9 2 - p o i n t  Picture Befresh Buffer, a 

appendix  C i l l a s t r a t e s  t h e  s tandard configttratfom of T B E  PICTUBE 

?fctare hasent s t fo t  aoC Preparation 



\ 

a f a d l y  of averaged-EEG warefarms each evoked  by e i g h t  (40-75 

asec) o r  fotfrteen f80-270 aserr) i n t e r s t i r a l a s  i n t e r v a l s .  Each of 

-,be r e s u l t a n t  2048  or 3584 p o i n t s  i n  t h e  database  is defined in 

terns of its c o r r e s p c n d i n g  x, y and 2-+slue. The d i s p l a y  f i le is 

prepared throagh a series of l i n e a r  transforsat ions  on t h e  

database matrix ,  S i i p l e  a n d  corponnd l i n e a r  transformations such  

acd  scal ings  can be d e s c r i b e d  b y  a stack t q a n s f o r ~ a t i o n  matrix 

w h i c h  is then s e q u e n t i a l l y  r n l t f p l i e d  by t h e  o r i g i n a l  database by 
-- - - - - 

rhe a a t r i  x arf t t r e t  ic p=ocesscr , The r e s o l t i r g  processed d i s p l a y  
d 

f ra se  is load& into the refresh bafrfer.  For each frame refresh 

t h 2  t e rmina l  c o n t r o l  ~ e a d s  the data in t h e  Refresh Buffer and 

?asses the d a t a  tc the P i e  Generator ,  where the d a t a  is 

s ~ r ~ e r t e d  to a n a l o g  s i g z a l s  to drive t electran beam 

p o s i t i o n i n g  i n  the P i c t a r  e D i s p l a r .  Picture refreshing occurs a t  

the rate of 30 times a second. 

A specific r u l t i c b a n n e l  t i se-series  g r a p h i c s  d i s p l a y  program 

for t h e  expariienter~s daza, 3A2 (see Appen&ix  D) p r o t i d e d  t h e  
* 

riser c a p a b i l i t g  ta ~ a n i p o h t e  t h e  d a t a  tkropgh 76 separate  - .-J 

f mctior s u l t c h e s  onder psograr c u n t r o L  The erperiaenter could 

d e f i n e  the data satrix x, aad z - s c a l i n g ,  t h e  e lerat ion  of view,  

t o ~ k c g  x - s a f e '  bac k g r c u &  and foregraaard aarkers uere n t i l i z e d  * 

for t k t  v i s a a l  ' s i g h t i n g  of peak refereDee e v e n t s .  



PROCEDURE PO2 PERSPECTIVE LATENCY ChLCULbTIQI 

Each g r i d  ratri z of averaged-electroretinal or visual evoked ' 

h o t e n t i a l  datapoints was v i e w e d  f r o 8  an 80 d e g r e e  e l e v a t i o n ,  360 
t 

degree azimath a t  a = s t a n c e  of tvice t h e  row . length. Lfnear 

256 p o i r t  averaged-ERG or VER wavefor8s v i r u e d  i n  perspective 
0 

( l o o k i n g  due north) . T r i a l  flicker rate, e x p r e s s e d  as  
- - - 4 

i n t e r s t i i u l a s  i n t e r v a l ,  s y s t e t  a t i c a l l  y decreased fro. f o r ~ g r o o n d  

tc backgroond. The a m p l i t u d e  of t h e  evcked activity vas 

expressed as sarface e l era t ion .  In order to p r o v i d e  a viev of 

all of the d a t a ,  h i d d e n - l i n e  suppression was not  atilized. Axis 

L a b e l l i n g  and t h e  legend d e s c r i b i n g  prograa options in use, 

paraaeters beirq d i s p l a ~ e d  and marker valaes were deleted from 

the display daring d y n a i f c  r i s a a l  inspecticn of the s a r f a c e .  

Three obserrsrs (A.Q., l l . T , ,  D.H.) v i s r ~ a l l ~  i n s p e c t e d  s t a t i c  ' 

a ~ d  dynztlric perspective displays for surface feature  r e g a l a r i t i e s  

s w h  a;s p s a k s ,  pits, r idges ,  ravines, Ifter becasing f a l i f l i a r  

uith three 3 i m ~ s i a n a 3  d i s p l a y  manipalat ion each observer t h e n  

p s y c h o p h y s i c s l l y  determined t h e  r i s a a l  b e a t - f i t t i n g  l i n e  through . 



foreground and background aarkers were p o s i t i o n e d  by the 

observers so t h a t  t h e  connecting s t r a i g h t  lfne (eg., A-A, B-B, 

(rtc. in Pi gares 12a,b; 13a ,  &) r e p r e s e n t e d  t h e  best 

psychophys i ca l  estimation of t h e  relation between areraged-ERG 

ref erertca f eatares and the i n t e r s t i ~ a l a r  i n t e r v a l .  Observers 

were reqnired to p s y c h o p h y s i c a l l y  c u r v e - f i t  b o t h  pasiti ve 

( ERG and EEG landscapes .  
the best 

e l foe  of s i g h t M  had been 
,' 

determined for a set of pa"stire (or n e g a t i r e )  s l o p i n g  f e a t u r e s  
- - - - - - - 

t h e  slope e s t i a a t e  of this i n t e r c o n n e c t i n g  l i n e  was used t o  

p r e d i c t  t h e  corr%spo&i~q X-intercept values  by t h e  ~ e t b c a  of 
5. - 
f 

l e a s t  squares.  Ths c o r r ~ s p o a d i n g  aver  age  X-sca le intercept value 

of these q a a s i - r e g r e s s i d c  lines i n  t r i d i r e r s i o o a l  space 

de terr ined  t h e  s t e a d y - a t s t e  e l e c t r o r e t i n a l  or B E P  lateacy for 

each I S  range (00-210 or 40-75 msec) , T h i s  p s y c h o p h y b i c a l l y  

a p p r o x i ~ a t e d  q n s s i  -regressicn solution assumed a constant  

f o l l o w i n g  l a t e n c y  {of the EBG or VEP)  , which coefd b e  empf r i c a l l p  

tes ted  by deleting r a t r i x  raws and r e c a l c u h t i n g  the steady-state  ' 

l a t e n c y  on the s n a l l e s  IS1 range snb-~atrix. 



Average-2% f a i z i l y  ccapsed of eight 256 pint waveforms each 

80 degree e l e v a t i o n  an3 345 degree azimuth. 2eak reference 





The s-e vliew as Figure 12a, but with linear interpolation 

across diagona l  ziatrix elements and w i t h  the horizontal  

intersectL3 lines A-F deleted .  Diagonal lines increase 

surface texture and prccaote visibility of relevant features. 





+" 4' 
- degree azisath. ERG amplitude is expressed a s  surface 

elevation. Peak reference points lie directly under the 





The sxze r e i ;  as Z i q x r e  13a, b u t  w i t h  l i n e a r  i n t e r p o l a t i o n  

gcrGss 5 : a q s s i  E E I ~ T L X  elenents and with horizontaf lines 

k ,  --G-kqoml Li~si-ncrease stir&= trextttre - - - - -  - - 





RESULTS 

TIME DIPPEBEYCE CA CU ATIOEI v 
After s e v e r a l  year6  experience v i s u a i l y  inspecting averaged 

e-lectroretinal and evoked potent ia l  recordings - a  t e a s o n a b l y  
- - - -  -- - -  - 

working peak detection algorithm f c r  derivinq t h e  peak l a t e n c i e s  

of EP rinima and maxima even ts  uas  d e v e l o p e d  ( s e e  Append ix  U ) .  

3eak l a t e n e p  was &tertl; t ted 3s a f t i t c t f o n  of s i g n a l  arp1itud.e and 

temporal featrrras of the EP waveform. This two-df mensional. peak 

l a t e n c y  c a l c u ~ a t i o n  (2-D LC) was u s e d  i n  handscoring of t h e  220  

flicker frequency t r i a l s  by S . C .  To assess the c o n s i s t e n c y  o f  

t h e  2-D LC procedure,  t b r e e  c t h e r  naive r a t e r s  ( D . E . ,  P . B . ,  f4.T.) 

sere given 25 randorly s e l e c t e d  areraged ERG and YEP waveforms t o  

hanb' score. E a c h  200 msec a n l a b e l l e d  VEP cr ERG, record was 

accorpanied b y  a c a l i b r a t i o n  signal. O b s e r v s r s  ware a l s o  given'  

an a c c o . p a n p h g  example of a n  EP record on u b i c h  positive and 

n e g a t i v e  peak l a t e n c i e s  had been indicated. Prom S.C. * s  2-b LC 

s c o r i n g  of t h e  corresponding EP records 128 peak reference 

features were s e l e c t e d  and t h e  s t a n d a r d  error of rater estimates 

of peak latencies were ca fca la trd  for all 128 selected f e a t u r e s .  

Preqaency histograms of thle sample standard d e v i a t i o n s  (E) and 

~ a r i a n c e s  fEE) afe p r e s e n t e d  in a p p e n d i x  b .  For the  f o u r  
_ _  - - -  - - L - -  -- - 

p s y c h o p h y s i c a l  observers (SC, UT, D H ,  PB) using the 2-D LC peak 



p e a k  - l a t e n c y  u k s  . 1 . 5  asec (s.d.=1.2 asec) . These results  

i n d i c a t e  a h i g h  ipter-rater a g r e e m e n t  on  t h e  p e a k  latency o f  

single-trial averaged EBG and YEP f e a t u r e s  using the handscoring 

2 - D  LC peak detect ion  procedure, 

YEP: T w o - d i a e c s i o c a l  Latency C a l c u l a t i o n  ( 2 - C  L C )  

Having gained scse cog f i d e n c e  t h a t  o t h e r  

~ l e c t r o p h y s i o l o q i s t s  can "seew the same EP e v e n t s ,  for e a c h  

subject* t h e  e x p e r i r e n t e r  € l o t t e d  graphs cf t h e  ERG and VEP 

l a t e a c i e s  o f  positive and n e g a t i v e ' ~ e a k  r e f e r e n c e  p o i n t s  i n  t h e  

two I s I - r a n g p s  (40-73 and 80-210 rsec)  with I S 1  c n  the  o r d i n a t e  

a ~ d  sweep d u r a t i o ~  cr the a b - w i s s a .  F i g u r e  ' l 4 a  i l l u s t r a t e s  t h e  

plotted peak ( p o s i t i v e  and n e g a t i v e )  re ference  p c i n t s  f o r  s u b j e c t  

C.B., for averaged-VEP9s  r e c o r d e d  for 400  a s e c  s w e e p  d u r a t i o n  i n  

an I S 1  r a n g e  of 80-216 ssec. F o s i t i v e  peak latency r e f e r e n c e  

p o i n t s ,  a r e  i n d i c a t e d  a s  ' + *  end negative p o i n t s  a r e  d e s i g n a t e d  a s  

e open sqnares. Least-spaares regression lines have been drawn 

through e a c h  set of p o s i t i y e l y  ( l P ,  3P, 4 f )  and n e g a t i v e l y  
- 

s l o p i n g  f T H ,  38, 43) peak r e f e r e n c e  p o i n t s  and c'an be seen 

c m v e r g i n g  towards the {sueep d u r a t i o n 1  X-axis. Graphic 

presentat ions  of peak  l a t e n c y  p c i n t s  vere pro.dnced on a PDP-12 
- - - ~ -~ ~ - -------- -~ ~ -- -- ~~ ~ - 

-. using LII iDSIX,  a Lep 6-i?. g r a ~ h i c  plotting r o u t i n e .  Curve  fit 
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* 

2 - - 
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T a b l e  I: S t e a d y  s t a t e  l a t e n c y  (t) d e r i v e d  frai the average 5 
P 

d ' *  x - i n t e r c e p t  o f  r e g r e s s i o n  lines t a b u l a t e d  is a p p e n d i x  I. A -- - 

"9 

life-difference calculated s y e a d y - s t a t e  ~ E ~ E D C ~  f r c ~  positive 

f f  p o s )  and n e g a t i v e  f T ~ e g f  pe3k reference points c h a n g e s  
- + 

&s 2 f u n c t i o c  of  IS1 range, - 

Tneg 
'/ 

s 

slow fz st slow fast 
f l icker  . •’bicker flickex f Ecker . I  

series series r T p o s  series series A ~ n e g '  
7 r - 





asec, These average i n t e r c e p t  values identify t h e  true steady 

state latency (Dieaond, 1977b) for t h e  IS1 s a n g e  of 80-210 rsec. 

-- 

valses T f ' s l o p e ,  Z - i n t e r c e p t a n d s t a n d a r d  ezror (SE) for  each 

regression s o l a t i o c  are presented i n  Appendix I .  The average 
* 

~ - i n t e r c e ~ d s  of YEP and E X  r e g r e s s i o n  l i n e s  are presented in 

Table I .where it can b e  seen t h a t  for C R  the average 

X - i n x e r c e p t  v a l u e  for p o s i t i v e  (~pos) VEP p e a k s  is 109.5 msec,, 
s 

u h i J . e  n e g a t i v e  peak latency regression l i n e s  a p p e a r  t o t  be  

conre-rging t o u a r d  an a v e r a g e  X-intercept (Tneg) valap of 140.4 

1 should  be nc tea  that such a s t ra ight  i i n e  regresssion 

calculation a s s w e s  a constant EP l a t e n c y  over t h e  I S 1  range 

studied. . . 

F i g u r e s  14b  and 14c i l l u s t r a t e  the averaged-ERG .waveform 

orer the s a t e  I S 1  range  (80-230 msec) for s n b j e c t  C . R .  Bere t h e  

p o s i t i v e  and  negative peak reference event ;  are  i n d i c a t e d  by 

and o p e n  sqaares r e s p e c t i v e l y .  Linear ression . lines '7 
c a l c u l a t e d  by l cas r  s q u a r e s  have been f i t t e d  t h r o u g h \ e a c h  set  of 

% 

p o s i t i v e  or wqatire -$eak reference p o i n t s .  \ Slope and 

L b - i n t e r c e p t  a r v e  f i t  v a l u e s  - fc r  each set  of peak reference 
C 

features f o r  all f i re  subjects a r e  sum~ar ized  i n  A p e n d i x  I. a 
Steady s t a t e  e l e c t r e r e t i n a l  ( tpos  and tneg) and v i s u a l ,  evoked 

potent ia l  fTpos  - a n d  Tneg) l a t p c i e s  a r e  stmmarized ir Table I.  

~ i g u r e s  146 - 1-99 represent t h e  151 range (40 - 7 5  .sac.) for  

subject C.B. and t h e  associated 2-D LC plot of peak p o s i t i v e  and 
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ERG positive peak reference points fo r  C . R .  over an IS1 range 

= 80 - 210 met. ( s l o w  f l i c k e r  series). 
- - - -- - - . 





' 'ERS n e g e t r x  gea& l a teccy  re ferenee  p o i n t s  for C.R. over a n  
r % 





YEA ~osrtive peak reference points for C.R.  over an IS1 

- range = 4'2 1 15 ;asec-lfast_ f l i cke r  series]- - - - - - - - - 

%f 
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Figure 14e 

over &ISI Lange - V E R  negative peak reference pints for C.R. * 
= 40 - 75 msec. (fast flicker series). 

- - a - - -- --- - - 
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Figure l4f 

ERG positive peak reference points for C.R., 

=40 - 7 5  nsec. (fast flicker series) . 
- 

over an IS1 range 
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Figure  149 

ERG negative peak reference points for C.R.  over an IS1 

range = 40 - 75 msec. ( f a s t  f l i cker  s e r i e s ) .  
- 





- -~~ 

peak n e g a t i v e  fea tares a r e  p r e s e n t e d .  

I n s p e c t i o n  o f  T a b l e  I i n d i c a t e s  t h a t  f o r  t h e  s t e a d y  s t a t e  . F 

VEP t h , e  mean Tpos  l a t e n c y  f o r  t h e  s l o w  f l i c k e r  series (ISI=80-210 

~ s e c )  was 308.54 msec vhere t h e  c o r r e s p o n d i n g  fast  f l i c k e r  series 

(1sI=40-75 n s e c )  Bean Tpos uas 97.54 msec, i n d i c a t i n g  a n  average 
. u - - TPOS latency d e c r e a s e  of Tl. O rasec. The s t e a a p - s t a t e  VEP I a t e n c y  . 

(Taog) d e t e r a i r e d  f ro#  n e g a t i v e  p e a k  r e f e r e n d e  p o i n t s  showed a 

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

a mean v a l u e  of  122.95 asec ( f o r  t h e  slow f l i c k e r  series) t o  

8 5 - 4 6  n s e c  ( f o r  t h e  f a s t  f l i c k e r  series)', a a.49 mseC s h i f t .  

i t  is a p p a r e n t  f r o m  i n s p e c t i o n  of T a b l e  I t h a t  

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

flicker r a t e .  l e a n  p o s i t i v e  e l e c t r o r e t i n a l  s t e a d  y - s t a t e  l T a t e n c y  

I (tpos) f o r  t h e  slow f l i c k e r  series was 36.64 msec, while t h e  fast 

f l i c k e r  series produced a t p o s  of 34.61 msec, a d e c r e a s e  o f  2.0 

a s e c .  S t e a d y  s t a t e  n e g a t i v e  E3G c o i p o n e n t s  a l s o  d e m o n s t r a t e  no  

a p p a r e n t  l a t e n c y  s h i f t i n g  a s  f l i c k e r  r a t e  i n c r e a s e s .  . Hean 

n e g a t i v e  e l e c t r o r e t i n a l  l a t e n c y  (tneg) decreases o n l y  0.25 msec 

f rom 19.22 t o  10.97 BSSX a s  IS1 i s  s y s t e m a t i c a l l y  r e d u c e d  f r o n  



Figure 1% 

P l o t  of s teady-s ta te  VEP la tency  s h i f t  of posit ive component 

(Tpos) a s  a func t ion  of IS1 range. 
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Figure  15b 

Plot of s t e a d y - s t a t e  %P l a t e n c y  shift of n e g a t i v e  omponent 
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- 
Figu re  16b 

~ l o t  or steady-state ERC latency s h i f t  of negative ( tneg)  

cmpolgnr as &function-&- IS1 range. - - - 



ERG 



s t a t e  VEP l a t e n c y  s h i f t  fcr a l l  5 s u b j e c t s  f o r  c a l c u l a t e d  Tpos 

a n d  ~rieg' v a l u e s  for T a b l e  I. C o r r e s p o n d i n g  s t e a d y - s t a t e  ERG t p o s  

a n d  t n e y  v a l u e s  are p r e s e n t e d ' i n  F i g u r e s  16a a n d  16b. U h i l e  

t h e r e  a p p e a r s  t o  be a s l i g h t  d i s c r e p a n c y  i n  the d i r e c t i o n  of 
_h - 2 

A.Q.*s VEP f s c k e r  i r d o c s d  l a t e n c y  ~ h i f t  t h e  o v e r a l l  a g r e e m e n t  is 

q u i t e  good. *, 

I - - - 

The Effect o f  P l i c k o r  B a t e  u&n S t e a d y  S t a t e  L a t e n c y  o f  IEP 

acd ERG: T ee D i r e n s i o n a l  La ency C a l c u l a t i c n  ( 3 - D  LC) 

f 

The p r o c e d u r e  f o r  t h r e e  d i m e n s i o n a l  i a t e n c y  c a l c u l a t i o n  ( 3 - D  

LC) a l r e a d y  o u t l i n e d  was u t i l i z e d  b y  3 p s y c h o p h y s i c a l  o b s e r v e r s  

( S . C . ,  D.H.,  T . )  i n  t h e  d e t e r m i n a t i o n  of s t e a d y  s t a t e  

e l e c t r o r e t i n a l  and PEP l a t e n c y  f o r  e a c h  s u b j e c t ' s  s l o w  f l i c k e r  

a n d  f a s t  f l i c k e r  p e r s p e c t i v e  d i s ~ l a y .  Append ix  K c o n t a i n s  

the averaged-ERG and VEE s l o w  a n d  f a s t  f l i c k e r  series f o r  

subject C.R. w i t h  p s y c h o p h y s i c a l l y - e s t i m a t e d  q u a s i - r e g r e s s i o n  

l i n e s  fitted t o  the p c s f t i v e  p e a k  r e f e r e n c e  f e a t u r e s .  -The amount 

of v a r i a b i l i t y  among I - i n t e r c e ~ t  v a l u e s  u s e d  i n  d e t e r m i n i n g  t r u e  

s t e a d y  state latency was a s s e s s e d  by t h e  s t a n d a r d  error o f  

e s t i m a t e .  Table I1 i l l u s t r a t e s  t h e  mean s t a n d a r d  e r r o r s  (E) and  

variances (EE) averaged a c r c s s  a l l  raters. T h e  mean s t a n d a r d  

error Zos true *cad$ sta te  latencg d e f p r m i n e d  by 'a single 

f e a t u r t s  was 6 . 2  t s e c .  ( o r  5.5 ~ s a c . )  r e s ~ e c t i v e i y .  



/ 
err& (E) a d  , 

of true steady-state 

la tency derived by 3-D LC procedure. 

3' 



, 
Table  11: Bean s t a n d a r d  error (E) and variance (EE)  of true 

steady state latency d e r i v e d  by 3 - D  L C  procednre. 

3-0 L C  
- -  - 

d e r i v e d  from 
p o s i t i v e  pks. 

fn=60) 

E= 6 . 2  msec. 

EE= 3 8 . 6  msec. 

3 - D  LC 
d e r i v e d  from 
n e g a t i v e  ~ k s .  

(n=60) 

E= 5.5 msec. 

EE= 3 0 . 1  msec. 

3 - B  LC --- 
derived from 

b o t h  peaks  
(n= 1 20) 

EE= 34.8 msec. 



~ r a p h i c  3-D LC p l o t s  of t h e  i n t e r o b s e r v e r  a g r e e m e n t  i a  t h e  r t 
ability t o  ~ v i s a a l ~ y  d i s c r i m i n a t e  the same peak  r e f e r e n c e  

f e a t u r e s  a r e  p r e s e n t e d  i n  Appendix  K. T h e  lines connecting p o i n t s  

are quasi-regression l i n e s  whore slopes a r e  u s e d  i n  t h e  

d e t e r m i n a t i o n  of t h e  X - i  n t e r c e p t  and corresponding steady state 

latency ft 'pas M t 1  neg) . 

BBOVA OF THE 3-D L C  DETEBHIblED STEADY-STATE L A I E B C I E S  

'TWO s e p a r a t e  fcdrvay A 1 0 V A a  ( r a t e r  x s u b j e c t  x IS1 r a n g e  x 

w o r d i n g  site) uere . conduc tmi  on t h e  p o s i t i v e  and  n e g a t i v e  

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

17. I n s p e c t i C c  of the AHOVB summary t ab les  p r e s e n t e d  i n  Table 
u- - 

111 i n d i c a t e d  a s i g n i f i c a n t  IS1 r a n g e  b y  r e c o r d i n g  locus 

interaCttOn (1. x L )  for s t e a d y - s t a t e  l a t e n c y  d e t e r a i n e d  by bo th  

p o s i t i v e  ahd n e g a t i v e  peek reference features (PC. 05 a n d  p<.001 

respectively). 

% 

S t a t i s t i c a l l y  c c n s Z g n i f i c a n t  e f f e c t s  were f o u n d  f o r  r a t e r s  

(R), r a t e r  by ISI r a n g e  (RI) , r a t e r  by r e c o r d i n g  l o c u s  (RL) , -and 
- .  

r a t e r  by IS1 r a n g e  by r e c o r d i n g  l o c u s  (311,) i n t e r a c t i o n s .  I n  

cont ras t ,  subject  main effect  I S ) ,  snbjecks by IS1 kange ' {SI) , 
subjects b p  r e c o r d i n g  l o c u s  

- -- 

(SL), a n d  s u b j e c t s  b_y_ 
- - - - - - - - - - - - - - - 

l o c u s  ( S I L )  i n t e r c c t i a n  ef fees were s t a t i s t i c a l l y  significant 



Table 111: A3OVh sa lrary  t a b l e s  for 3 - D  LC p o s i t i v e  and 

negative &eter-liinutions. Raters 4%) b'g . 
s u b j e c t s  (S) b y  IS1 range (I) 

by recording l ocus  (L) . 



ANOVA SUEMART FOR 3-DLC F O ~ .  PEAK LATENCY DETERMINATION 
'. 

? Bit# 
2 B 
3 s 
4 I 
5 L 
6 BS 
7 RI 
8 SI 
9 BL 
10 SL 
1 1  I L  
12 RSI 
13 RSL 
14 RIL 
15 SIL 
16 B S I L  

SOURCE EBEOE TERM , 

B SI 
B SI 
RSL 
R S L  

B I L + S I L - R S I L  

I? DEG. OF HE AN 

R SIL 0.3~112 ns ( p  > . 2 5 )  
%B SIL 2 1.6716** . ; 

SQUARE 
FREEDOM 
- 

1 319740,o 
2 25.55045 
4 308.6248 
1 470.3999 
1 71691.25 
8 16.54984 
2 17.15002 
4 325.1079 
2 2.281250 
4 353,3750 
1 374:9375 
8 12.73141 
8 17.53610 
2 3.662476 
4 255.0326 
8 11.76804 



ABOVB S U B H A R P  FOR 3-DLC H E G .  PEAK LATEYCY DETERHINATION 

SOURCE E R R O R  TERM DEG. OF BE A N  . 
SQUARE 

FREEDOM 

LIEB3 
R 
s 
I 
L 
RS 
RI 
SI 
BL 
SL 
IL 
BSI 
BSL 
RIL 
SIL 
RSIL 

BSI 
B SI 
%RSL 
RSL 

I L+ SI L- ESIL 

RSIL 
RSIL 



Table IV summarizes the  man ~erspect ive-determined steady 

s t a t e  l a t e n c i e s  f o r  a l l  sub jec t s  across  the  two IS1 ranges. 
< 

Table I V  i n d i c a t e s  t h a t  the  pos i t ive  ccmponent of t h e  steady 

s t a t e  VEP decreases i n  mean la tency (T'pos) from 114.5 asec t o  

99.6 a s sc  a s  - f l i c k e r  r a t e  is increased, a mean o v e r a l l  decrease 

of 14.9 msec. A s  i n  the twq dimensional la tency ca lcu la t ion  (2-D 

LC) t he  3-D LC of negative s teady-state  VEP la tency (T'neg) 

appears ;to decrease by 37.2 msec, from 127.6 msec ( for  the slow 

f l i c k e r  s e r i e s )  t o  90.4 nsec ( f o r  the  f a s t  flicker s e r i e s ) . -  

Examination of  t h e  3 - D  LC of pos i t ive  and negative 

flicker-ERG coaponents confirms t h e  f indings  of t h e  

tvo-dimensional t ime-difference ca lcu la ted  s teady-s ta te  latency. 

For both positive and ~ e g a t i o e  s teady-state  ERG components the re  
I 

appears t o  be no systematic  frequency r e l a t e d  la tency s h i f t .  

Since changes i n  latency of s teady-s ta te  e l e c t r o r e t i n a l  response 

f 
( t 8 p o s  and t t n e g )  noted i n  Table I V  are a l l  less than t h e  

standard e r r o r  o f  es t imate they +ere considered t o  be 

n a n s i g ~ i f i c a n t ,  hence the ERG component s teady-s ta te  latency did 

not change as a  function of increas ing  f l i c k e r  r a t e .  The 
e 

- s ign i f i cance  of these e x p e r i ~ e n t a l  observations i l l  be 



Three-dinens ional  ti. e-diff erence 

calculated s t e a d y - s t a t e  l a t e n c y  (t) 

subjects over two IS1 





&ow ?as: .  slow 
f l icker  f l i cker  flicker 
serf es series & t * ~ o s  - ser ies  

fast 
flicker 
series ~t 'neg 



CHAPTEB 4 

DISCUSSION 

The o r g a n i z a t i o n  od t h i s  c h a p t e r  will deal with the 
* 

follcuing i ssaes: t b e  c o n s i s t e n c y  be tween  t h e  two 

t i m e - d i f f e r e n c e  l a t e n c y  estimates ( 2 - D  L C  and 3-D LC) of steady 

s t a t e  e l e c t r o r e ~ ~ a l  a n d  v i sual  €yoked p a t e n t f a l s .  The w r i t e r  

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

e x p e r i m e n t a l  findings i n  terms of t h e  l e v e l  o f  signal p r o c e s s i n g  

of f l i c k e r  evoRed events, including s p e c u l a t i o n  a b o u t  t h e i r  

possible phgsit!?lcgical o r i g i n .  

COBSISTEPCY BETBEER T H E  T U C  T I I E - D I P P E B E Y C E  .LATENCY 

CALCBLATIOHS (2-D L C  A H D  3-D LC) 

Exaaination o f  T a b l e  f and Table IV suggests the overa l l  

agreeltent between the tuo t i m e - d i f f e r e n c e  methods  i n  e s t i n a t i o n  

of steady state E86 and VEP l a t e n c y  i s  e x t r e m e l y  h i g h .  

Icspect ion of t h e  Bean T p o s  and Tncg v a l u e s  i n  Table I and T a b l e  

I? i n d i c a t e s  that b o t h  2-D LC ard 3 - D  LC methods  are tracking t h e  

sane  set of e l ec trore i ina l  and EP reference featnres. S i n g l e  

s u b j e c t  e x a r i n a t i c n  of 3 - D  LC and 2-D LC r e s u l t s  i n  the ERG 

r e v e a l s  that t h e  greates t  difference b e t  ween the two procedures 
- 

f a r  latency c a k u l a t i o ~  occars fc r  C.B,*s tneg e s t i ~ a t e s .  The 

di f ference  b e t w e e n  the two m e t h c d s i  c a l c u l a t e d  latencies for- the 



ERG a-uave ( t n e g  - twneg) f o r  t h e  slow f l i c k e r  series was 7.3 

asec. F o r  all other s u b j e c t s  the a g r e e m e n t  b e t v e e n  t h e  two 

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

w i t h i n  +/- 2 msec. It s h o u l d  C e  n o t e d  however, t h a t  t h e  

d i s c r e p a n c y  i n  C.R.'s d a t a  was d u e  i n  f a c t  t o  t h e  i n c r e a s e d  sweep -- -C 

* 
duration i n  t h e s e  r e c o r d i n g s  (400 msec.). D'oubl ing  t h e  sweep  

- 
d u r a t i o n  dFrodwe-s t v i c e  Tfie-imiiiiier o f  p e a k  rFfe rence - -  f eatares, 

which  would a t  f i r s t  a p p e a r  t o  i n c r e a s e  r e l i a b i l i t y  i n  mean 

l a t e ~ c y  c a l c u l a t i o n .  However, it s h o u l d  be noted t h a t  a s  the 

t o t a l  nuaber o f  p e a k  r e f e r e n c e  features i n c r e a s e s  l i k e w i s e  t h e r e  

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

e s t i m a t e s .  E x a h n a t i o n  of the t a b l e s  i n  Append ix  I. reveals t h a t  

a s  r e g r e s s i o n  s l o p e  d i v e r g e s  frcm z e r o  t h e  s t a n d a r d  e r r o r  of 

error i n c r e a s e s  s y s t e x a t i c a l l y .  T h i s  r e l a t i o n s h i p  o f  i n c r e a s i n g  

s t a n d a r d  er ror  size w i t h  i n c r e a s i n g  r e g r e s s i o n  s l o p e  m a g n i t u d e  is 

r e f l e c t e d  i n  every subject 's  d a t a ;  b u t  is  more a p p a r e n t  f o r  C.B. 

since t h e r e  were a t  least  t v o  p e a k  reference s l o p e  e s t i m a t e s .  

S i a p l y  stated, i n  s u c h  c a s -  where  t h e r e  a r e  more peak r e f e r e n c e  

s i o p  est inates  fe,g. P-4 a n d  E5 fo r  s u b j e c t  C.B,) t h e n  t h e  

faase s q u a r e s  f i t t e d  r e g r e s s i o n  l i n e  of l a t e n c y  on IS1 i s  b e i n g  

estinated on  f e v e r  d a t a p o i n t s .  S u b s e q u e n t  v a r i a b i l i t y  i n  t h e  

latericy of each f n d i v i 6 n a f  peak r e f e r e n c e  f e a t u r e  h s  a g r e a t e r  



I d e a l l y  t h e  a a g n i t u d e  o f  t h i s  s l o p e - r e l a t e d  standard error 

c o u l d  b e  r e d u c e d  i n  t h e  a v e r a g e  X - i n t e r c e p t  v a l u e s  i n  tables i n  

Append ix  I by  some w e i g h t i n g  f u n c t i c n  b a s e d  i n  p a r t  upon t h e  

n n a b e r  o f  d a t a  points i n  each r e g r e s s i o n  e s t i n a t e .  T h i s  would 
* 

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

lines whose slope d i v e r g e s  f ro& z e r o .  Such a weighting f u n c t i o n  

wa3 n o t  ~ ~ I i z e a F i F t I i Z s  StuZT , - i n i t e a d  t f S <  X - i n t e r k e p t  ra1uG of 

all peak slope e s t i ~ a t e s  were l y  w e i g h t e d ,  A f t e r  v i s u a l  

inspection of the t a b u l a t e d  d a t a  i n  Appendix  I, it was c o n c l u d e d  

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

X - i n Q e r c e p t s  were a c c e p t a b l e  f o r  the p u r p o s e  of c a l c u l a t i o n .  

1 

A P e a r s o n - r  c o r r e l a t i o n  was p e r f o r m e d  b e t v e e n  t h e  2-D a n d  

3-13 LC c a l c u l a t e d  steady-state l a t e n c i e s  i n  Tables I a n d  I V ,  
& 

r e v e a l i n g  h i g h l y  positive r e l a t i c n s h i p  (r- .9915) b e t w e e n  t h e s e  

two t i m e - d i f f e r e n c e  l a t e n c y  e s t i ~ a t i o n  t e c h n i q u e s ,  I n  summary, 

i t  a p p e a r s  t h a t  b o t h  2-D LC a n d  3-D LC p r o c e d u r e s  h a v e  derived a 

s u f f i c i e n t l y  e q a i v a l e n t  q a a n t i f l c a t i o n  o f  a steady-state  ERG a n d  

YEP e v e n t ,  

DISCUSSIOI  OF RESULTS PROM 3-D LC AIIALYSIS, OF VAEIAliiCE 

s t a t i s t i c a l l y  n o n s i g n i f i c a n t  B, BI and RL effects indicate t h a t  - 



raters a r e  e s s e n t i a l l y  parallel o r  u n c h a n q i n g  i n  t h e i r  v i s u a l  -=5 

d i s c r i a i n a t i o n  of s a l i e n t  s u r f a c e  f e a t u r e  r e g u l a r i t i e s  i n  the 
- 

e l e c t r o ~ h y s i o l o g i c a 1  l a n d s c a p e s .  T h a t  is, r a t e r s  a r e  s e l e c t i n g  
* 

the sane se t s  ci features  i n  each of the  20 p e r s p e c t i v e  d i s p l a y s .  - 

The s e c o n d  c o n c l u s i c o  c o n c e r n s  t h e  l a rge  P r a t i o s  f o r  a l l  s u b j e c t  - 

n a i n  a n d  i n t e r a c t i o n  ef fects .  The s t a t i s t i c a l l y  s i g n i f i c a n t  SL 
- - - - -- - 

an3 - 3 1  intera'ct ions Tpq.001) i n d i c a t e  that snb jects are 
- 

s i g n i f i c a n t l y  d i f f e r e n t  from each c t h e r  i n  t h e i r  t r u e  s t e a d y  

state l a t e n c y  both a s  a f u n c t i o n  of r e c o r d i n g 6 s i t a  a n d  IS1 range.  
- - - 

This f i n d i n g  i s  f a r t h e r  s u p p o r t e d  by i n s p e c t i o n  of Tables I and 

Iv which r e v e a l  obvims i n t e r s u b j e c t  differences i n  t r u e  s t e a d y  

s t a t e  latency. Likevise, t h e  s i g n i f i c a n t  S U  i n t e r a c t i o n  

(p<.001) i n d i c a t e s  subjects s i g n i f i c a n t l y  differ I n  t h e  amount of 

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

s i g n i f i c a n t l y  d i f f e r e n t  l a t e n c y  s h i f t s  a t  each r e c o r d i n g  s i te .  
Z 

I n s p e c t i o n  of t he  i n d i v i d u a l  sup ject *s I S I - d e p e n d e n t  latency 
=N 

s h i f t s  i n l  F i g u r e s  15a,b and l 6 a , b  confirm t h i s  f i n d i n g .  F i n a l l y ,  
9 

t h e  p r e v i o n s l p  d i s c u s s e d  s i g n f  f i c a n t  I S 1  r a n g e  by record ing  locus 

( I  x I+) i n t e r a c t i o n  i n d i c a t e s  that .magnitude of s t e a d y - s t a t e  

i a t a n c y  s h i f t  varies as a f u n c t i o r  of t h e  r e c o r d i n g  k t e .  

dissertation clear17 i n d i c a t e  t h a t  the mean l a t e n c y  of t h e  s t e  d p  e 



s t a t e  visual e v o k e d  p o t e n t i a l  a p p e a r s  t o  d e c r e a s e  i n  q u a n t a 1  s t e p  

i, f a s h i o n  as a  f u n c t i o n  o f  i n c r e a s i n g  f l i c k e r  r a t e .  The a a g n i t u d e  

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

be a f u n c t i o n  of t h e  E P - c o r p c n e n t  p o l a r i t y .  Table I V  i n d i c a t e s  

mean l a t e n c y  s h i f t  t o '  be i n  t h e  o r d e r  of 14 .93  m e  f o r  t h e  

p o s i t i v e  componen t  r e f e r e n c e  p o i n t s  a n d  37. I 6  msec f o r  n e g a t i v e  
-A- 

coinponen t-refer e n c e  p o i n t s .  At this p o i n t  t h e  i i e u r o g e C e s i s  anif - 
k p h y s i o l o g i c a l  s i g n i f i c a n c e  cf r t e a d p s t a t e  EP t i m e - c o r p o n  n t s  i s  

s t i l l  a  m a t t e r  for s p e c u l a t i o n  ( S p e k r e i j s e  e t  a l . ,  1977) .  
r r 

Houever ,  f r e q u e n c y - d o m a i n  a n a l y s i s  of s t e a d y  s t a t e  EP1s t o  > 
h o t o g e n e o u s  f i e l d  s t i m u l a t i o n  h a s  i d e n t i f i e d  t h r e e  frequency 

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

v i s u a l  s y s t e n .  S p e k r e i j s e  e t  a l . ,  (1977) d e s c r i b e q  a  h i g h  

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

r e s p o n s e  a r i s i n g  i n  t h e  s t r i a t e  c o r t e x .  This s i g n a l  d o m i n a t e s  i n  

the 40-60 Bz f r e q u e n c y  r a n g e  {Regan, 1968)  and a p p e a r s  t o  h a v e  a n  

a p p a r e n t  l a t e n c y  o f  a b o u t  8 0  ns&. A a e d i n m - f r e q u e n c y  s i g n a l  

subsystem dominating t h e  14-20 82 r a n g e ,  p r o b a b l y  a r i s i n g  from 

s t r i a t e  p r o j e c t i o n  a r e a  18 ( a n d  p o s s i b l y  1 9 ) ,  was i s o l a t e d  by  van 

d e r  Tueel (1964) and l a t e r  by Began ( 1 9 6 6 ) ,  h a v i n g  an a p p a r e n t  

latency r a n g e  o f  100-920 rsec. T h e  s l s u - f r e q u e n c y  signal 

s u b s y s t e r  p r e d o l i n a t e s  around t h e  s p o n t a n e o u s  a l p h a  r h y t h m  19-12 

Bz) a3d has an esti&ae& l a t e x p  cf 325200 nsec. S p e k ~ e i j s e  e+- - 

- - al,, L1_9_7_71 and- otbe_rsLBe_gan,1912;-van~der-Tveel, 19_6r_L h_a_v_e-- - - - 

developed e l e c t r o n i c - a n a l o g u e  m o d e l s  f o r  t h e  human e v o k e d  



- - - 
- - -- - - 

response s y s t e ~  T a c c o u n T  fo r  t h e  r e s p o n s e s  o b t a i n e d  w i t h  

s inasu ida l  G a u s s i a n - m o d u l a t e d  hcmogeneou s f i e l d s .  U n f o r t u n a t e 1  y, 

these a o d e l s  d o  n o t  a p p l y  when i n c r e m e n t a l  f l i c k e r  o r  f l a s h  
4P 

s t i m u l J -  a r e  used, since t h e s e  m o d e l s  have  been derived u s i n g  t h e  

s n a l l  s i g n a l  approach i n  a n  a t t e a ~ t  t o  l i n e a r i z e  t h e  v i s u a l  

re rponse.  I n t e n s e  f l a s h  s t i a n l i  i n  troduce v a r i o u s  n o n l i n e a r i t i e s  - 
t h a t  - make frequency-!?main - analysis o f  d o u b t f u l  va lue .  bow eve^,^ - 

C 

i t  does s u g g e s t  that t h e  VEP t i a e - c o ~ p o n e n t s  r e p o r t e d  i n  t h i s  

study aay likewise be c h a r a c t e r i s t i c  o f  t h e s e  same s t e a d y - s t a t e  

fregnencp-specific s f g n a l  s t r b s y s t e e a ,  since t h e r e  a p p e a r s  t o  be 

discrete b c r e s e n t a l  s h i f t  i n  t h e  V E P  s t e a d y - s t a t e  l a t e n c y  as 

f l i c k e r  frequency i n c r e a s e s  from t h e  s l p u k 7 d  - 12 Bz) k o  the 

f z s t  ( 13 - 2 5 - 8 2 )  flicker range. T h e r e f o r e ,  one c a n  c o n c l u d e  . 
t h a t  frequency d o m a i n  models a l o n e  do ~ o t  o f f e r '  a u n i q u e  

description of t h e  h n i a n  evoked r e s g o n s e  system t o  f l i c k e r .  

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

sake p o s s i b l e  the a n a l y s i s  of specific t i r e  c o a p o n e n t s  o f  t h e  

s t e a d y - s t a t e  EP [Diamond, 1977b). I n  t h e  p r e s e n t  s t u d ?  t h e  

steady s t a t e  b-wave (tpos) a n d  a-wave ( t n e g )  were c l e a r l y  
)4 

i d e n t i f i e d  in t h e  averaged-ERG a n d  were found t o  s h i f t  less t h a n  

+/- 2 msec. a c r o s s  t h e  flicker r a n g e  (4.76 - 2 5  Hz), w h i l e  t h e  

p o s i t i v e  and  n e g a t i v e  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 s h i f t e d  - 
- 

i n  t h e  o r d e r  o f  14.9 and 37.2 rsec r e s p e c t i v e l y .  (Table I and IV). 



- - - - - - - - - -  - - -- 

t ime-domain model o f  v i s u a l  f i i c k e r .  signal p r o c e s s i n g  l i e s  
3 

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

i s  cf c o r t i c a l  c r i g i n  i n  t h e  human v i s u a l  s y s t e a .  

A n o t h e r  finding t h a t  p o s i t i v e  aqd n e g a t i v e  steady s t a t e  

c o n p o n e n t s  are d i f f e r e n t i a l l y  a•’ f e c t e d  ( i n  terms of l a t e n c y  - 
s h i f t )  - suggests t h a t  the ccttpaxzeet' folaritp itself nigh* r&fect - - 

d i f f e r e n t  s i g n a l  subsystems. It a p p e a r s  t h a t  the p o s i t i v e  

component  P l l S  is  t h e '  most c o n s i s t e n t  feature f o r  a l l  s u b j e c t s  ic 

t h e  s l o v  f l i c k e r  r a n g e .  D e  Voe e t  a l . ,  (1968)  e x a m i n i n g  t h e  

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

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

t h a t  was i n  e x c e l l e n t  a g r e e r e n t  w i t h  p s y c h c ~ h y s i c a l  d e t e r m i n e d  
1 

p h o t o p i c  s e n s i t i v i t y  f u n c t i o n s .  De Voe e t  al. - (1  968) c o n c l u d e d  

t h a t  t h e  scalp r e c o r d e d  VEE was i n d e e d  of f o v e a l  ( c o n e  p r o c e s s )  

o r i g i n .  Yhether t h e  s t e a d y - s t a t e  VEP p o s i t i v e  componen t  r e p o r t e d  

i n  this study also reflects c o n e  s y s t e m  f u n c t i o n i n g  c a n n o t  . 

p r e s e n t l y  be. c l a r i f i e d .  However, a p p r o p r i - a t e  p s y c h o p h y s i c a l  

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

out concoai ian t  rod-cone  c o n t r i b u t i o n s  i n  t h e  s t e a d y - s t a t e  ERG 

a n d  VEP. 

f n s p e c t i o n  of individual s n b j e c t t s  s t e a d y - s t a t e  VBP and  EBG - 

l a t e n c y  shifts ( T a b l e  I) i n d i c a t e s  t h a t  f o r  t w o  s u b j e c t s .  (A.Q., 
-- ~ - ~ ~ -- ~ -- ~- ~ ~ -~ - - P.B.) t h e s e  saae VEP positive c o n p o n e n t  l a t e n c y  d o e s  n o t  appear 



w. 

--- . -- 

t o  s h l f t  s l g r i f i c a  n t l y  - - w i E -  i n c r e a s i n g  f l i c k e r  rate. However, 

b o t h  P.B. and A.Q. do h a v h o d e r a t e l y  l a r g e  f r e q u e n c y  d e p e n d e n t  

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

'Ira vN averaged-EP rec6hds r e v e a l e d  t h e  c o r t i c a  1 f o l l o w i n g  

response t o  be  a l p l i t t i d e  a t t e n u a t e d  a n d  s i n n s o i d a l  i n  vavefbra 

with a s s o c i a t e d  r e s p o n s e  d o u b l i n g  a t  low IS1 r a n g e  f o r  A.Q. The 

writer s u g g e s t s  t h a t  f o r  A . Q .  t h i s  a p p a r e n t  l a c k  of 

f r e q u e n c y - d e p e n d e c t  l a t e n c y  d e c r e m e n t  c o u l d  be due t o  t h e  l o s s  of 

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

3 s l n a s o f & c l  e n  t r a i n i e n t .  A s  EP a m p l i t u d e  d i a i n i  s h e s  t h e  

waveform loses c h a r a c t e r i s t i c  r e f e r e n c e  f e a t u r e s  becoming less  

d i s t i n c t  as it t a k e s  on a s i n n s o i d a l  a p p e a r a n c e .  T h i s  l o s s  of 

peak  i d e n t i f i c a t i o n  i n f o r m a t i o n  is  c o n f  onnded  - by EP 

f r e q u e n c y - d o u b l i n g ,  which makes of peak l a t e n c y  

d i f f i c u l t  for t h e  2-0  LC or 3-0 LC p r  b c e $ y e s .  G e n e r a l l y ,  i n  a l l  

s i l b j e c t s  t h e  VEP f o l l o w i n g  a t  l c r  ISIts \<SO ~ s e c )  made peak 

l a t e n c y  d e t e r a h a t i o n  i n c r e a s i n g l y  i n f e r e n t i a l  for  reasons 

a l r e a d y  d i s c u s s e d ,  a n d  it a p p e a r s  t h a t  b o t h  2 - D  L C  a n d  3 - D  LC 

t i n e - d i f  f e r e n c e  p r o c e d u r e s  are  l e s s  s u i t e d  t o  s i t u a t i o n s  where 

t h e  EP waveform loses c h a r a c t e r i s t i c  r e f e r e n c e  f e a t u r e s .  

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



-- - pp - - - - - - - -- -- - - - -- 
t e c h n i q u e s  c a n  b e  s u m m a r i z e d  a s  f cllows: f is  st1 y, 

t i m e - d i f f e r e n c e  a n a l y s i s  i n d i c a t e d  a f l i c k e r  f r e q u e n c y - d e p e n d e n t  

l a t e n c y  s h i f t  f o r  the s t e a d y - s t a t e  VEP, b u t  w i t h  no c o r r e s p o n d i n g  

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

f i n d i n g s  were i n t e r p r e t e d  a n d  d i s c u s s e d  a s  i n d i c a t i n g  t h a t  t h e  

ISI- d e p e n d e n t  l a t e n c y  s h i f t  o r i g i n a t e s  a t  some central ( p o s s i b l y  

coxtical) l o c i  in the h w a n  visual s y s t e m ,  w i t h  no apparent 

c o n t r i b u t i o n  of p e r i p h e r a l  ( r e t i n a l )  mechan i sms .  T h i s  c b s e r v e d  

r e l a t i o n s h i p  b e t w e e n  e l e c t r o r e t i n a l  a n d  c o r t i c a l  e v o k e d  p o t e n t i a l  

events was p r e d i c t e d  by t u c  t i m e - d i f f e r e n c e  l a t e n c y  c a l c n i a t i o n  

p r o c e d u r e s - - a  classic t u d - d i m e n s i c n a l  t i m e - d i f f e r e n c e  me thod  

(Diamond, 1 9 7 7 a ,  b) a n d  a  r e c e n t l y  d e s c r i b e d  t h r e e - d i m e n s i o n a l  

p e r s p e c t i v e  v i e w i n g  t e c h n i g a e  ( C o u p l a n d  e t  al . ,  1978 ) .  The ro le  

of t & - d i f f & e x s  n e t h o d o l e g y  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  human 

visual flicke~ respcnse a p p e a r s  t o  l i e  i n  t h e i r  a b i l i t y  t o  

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

o t  r e a d i l y  accessible t o  p h a s e - d i f f e r e n c e  a n a l y t i c  me thods ,  

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

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





COblSEBT TO EXPERIMENT 

THIS -EXPERIHEHTAL PROCEDURE B A S  B E E N  REQUESTED B Y  

STUART G .  COUPLAND 

THE GENERAL BllTUEtE-OP T K I S L E X P E R I U E H T  ILICLUDES: 

1 .  E R G S  A N D  VERS RECORDED FROH SKII ELECTRODES 
P L A C E D  O N  SCALP A N D  SKIN AREAS, 

2 ,  EPS WILL BE RECORDED TO F C I C R E R f W G  STBOBE 
F L A S H I N G  I N  FREQUENCY RANGE PROM 4 - 25 HZ. 

3.  EXPERf HEHTIL PROCEDURE L A S T S  A P P R O X I C I A T E L Y  
TWO H O U R S .  

T HAVE BEEM IHPOBHED OF THE PROCEDURES T O  B E  USED A N D  
UNDERSTANB T R E B ,  I ALSO UNDERSTAND THAT AT A N Y  TIHE . 
THE EXPERIMENT S I L L  BE TERMIMATED UPON B Y  REQUEST. 

t l Y  S I G N A T U R E  BELOW CERTIFIES THAT I DO COHSEBT TO 
THE EXPERIHEBTAL PROCEDURES D E S C R I B E D  ABOVE A N D  
WHICH ARE TO B E  CONDUCTED* 

S I G N A T U R E  



MEDICAL RELEASE 

I understand that although this procedure of pupollary dilation is 
clinically routine, it does involve some degree of personal-risk 

on my part. 

- D r  .- b u c j h t ~ ~  b ~ - p w f o 1 7 ~ e d - i i ~ ~ t h ~ l c r g i ~ ~  ? r ; r u f f i U d - h & -  - -  --- - 

informed me of the possi bi 1 i ty o f  individual hypersensitivity to 

either of the two medications. If, for any reason, I wish to have 
this experiment terminatedbat any time, I may do so. ' 

- - 

My signature betow indicates that I am giving my informed consent - 

to this procedure of pupillary dilation and do so realizing the 

degree of personal risk involved. 

signature 

date 



*hKf W-I-aT*------ 
J 
\ POB 2-D LC 



, 
A l l  reczrds  a r e  208  rsek, in duration a n d  w i t h  e a c h  V E F V E R G  

* ' k  

uare fors  Is a c a l i b r a t i o n  p u l s e  fro8 w h i c h  to d e r i v e  a ~ p f i t u d e  

sccrz 3 c l  y f r o #  5 - 795 s s e c .  i n t e r v a l ) .  

- 

S a s a l i n s s  d e f i n i n g j  t h e  t o t a l  amplitude range a r e  drawn a s  



PEAK LATENCY D E T E i i l l I B A T I O I  

/.. Peak l a t s n c y  determination proceeds from left to right on t h e  

I ~ d i c a t e  on t h e  p l o t  the pcint where each p o s i t i v e  ( a n d j n e y a t i v e )  
- - - pp -L -- 

p e a k  l a t e n c y  occurs [see Pig. 1). 

Ilf t m  p 2 s i t i v e  a a x i r a  occur w i t h i n  . 2 0  Xisi and Ydi f f  i s  LESS 

t h a n  .75 a i c r o v c l t s ,  t h e n  t h e  peak latency is calculated a s  t h e  

m i d p o i n t  b e t s e e n  these  two rax ima.  

1 

If t v o  p o s i t i v e  n a x i a a  o c c u r  within .20 Xisi a n d  Y d i f f  is G R E A T E R  

t h a n  . 7 5  a i c r c v o l t s ,  then t h e  peak l a t e n c y  of t h e  l arger  

a o p l i t u d e  e v a n t  is c o t e d  and t h e  latency of  t h e  smal l er  amplitude 

l a x  i r a  is disreqarded.  

Is cases where three or Bore p o s i t i v e  maxira o c c u r  w i t h i n  . 2 0  

Xisi di s r q a r d  l a t e n c y  deterr inat ion .  

After p c t s i . t i  ve ~ ; + a k  l a t e n c i e s  h a v e  been d e t e r m i n e d ,  r ega  t ive  peak 

f a t e n c l e s  a r e  l i k ~ u i s e  d e t e r r i n e d  b y  a p p l y i n g  the these same 



\ 
S u ~ m a r y  t a b l e s  and frequency h is tograms of t h e  

sampie s tandard d e v i a t i o n s  (E) and v a r i a n c e  (BE) 
components for 2 - D  LC procedure on 128 peak 

r e f e r e n c e  events. 



TRE D I S T B I B U T I O U  OF SBBPLE STANDARD 

D E V I a I ' I O N S  fE) FOR 128 PEAK OBSERVATIONS BY U RATERS U S I N G  THE 

2-D LC PROCFDURE 

BODE 0 , 5 0 0  STD DEY 1.230 
- -  - - -  - - - - - - 

KURTOSIS 8.9f l  SKEHHESS 2.480 

REDIAW 7.412 VARIANCE 1.513 





SUHHAPY STATISTICS OB THE DISTRIBUTION OF SAHPLE VARIANCE 

COBPOVENI'S {EE) FOB 128 PEAK OBSERVATIONS- B Y  4 RATERS USIPG THE 

2 - D  LC P R O C E D U R E  

HEA N 

K U R T O S I S  

H E D T A H  

ti.154 STD ERR 

SKEWNESS 

V A R I A N C E  . 





EVAHS 

APPE IDIX 

A H D  SUTEERLAPD 

P 

PICTURE 
C 

'SYSTEM 

USER'S MAWJAL FOB 3-D PICTURE 

-- - - 



User Banual 

Please follov the following steps in o r d e r  t o  g e t  o n  t h e  P i c t u r e  

S y s t e m  to run y o u r  program: 

-- - -  - - 

( 1 )  S i g n  on t h e  PDPll AND THE Evan & S u t h e r l a n d  
L 

I / .  Power on the disk drive (ie. PERTEC) 

2 1 ,  w a i t  for :he 'SAFE8 l i g h t  on the d i s k  p a n n o l  t o  l i g h t .  

3 / .  Open t h e  disk d r i v e ' d o o r .  Remove a n y  d i s k  that is already 

t h e r e  a n d  s l i d e  i n  the CBPT 451 d i s k  g e n t l y .  

4/. C l o s e  t h e  disk drive  door, and press the b u t t o m  R U H / S T O P .  

Wait u n t i l  t h e  * R E A D Y $  l i g t h  i s  on before y o u  p r o c e e d  w i t h  

o t h e r  p a r t s  of  the s i g n  cn p r o c e d u r e .  

5 / .  T h i s  i s  IRPORTANT, To a v o i d  damage t o  the d i s p l a y  C R T ,  

turn V E D E O  G A I N  on its right front to the minumum (ie. 

6/, If  y o u  p l a n  t o  u s e  the d i s p l a y  soon, turn i t  o n  now. If 

n o t ,  leave i t  o f f  until you v a n t  to u s e  i t .  

7/. Open the p i c t u r e  System c a b i n e t  ( b i g  b l a c k  box) door on 

t h e  r i g h t  hand s i d e ,  and t u r n  o n  t h e  power suitch. Close 

t h e  door. 

8#. Turr: the power s w i t c h  an t h e  PDPll console to DC 01. 
7-- -- - - 

note-  Fha'con~Cle-~ 1s to y o u r  repft.- 51-Tipnot-the kTboTrir. . 



j u s t  i n  case there  i s  a p r o g r a m  i n  t h e r e  which is  smart 

e n o u g h  t o  keep going a f t e r  y o u  t u r n e d  t h e  pover back on. 

lo/.  Press CNTRL BOOT o n  t h e  PDP12 c o n s o l e .  T h i s  s h o u l d  r e s u l t  

i n  f o u r  u n f r i e n d l y  l o o k i n g  numbers b e i n q  t y p e d  on t h e  c o n s o l e  

t e r m i n a l ,  fo l lowed  by a $ o n  t h e  next l i n e .  
--- - - - - - - 

11/. Rake s u r e  the k e y  'LOCK' is pressed down b e f o r e  you  t y p e  

a n y t h i n q . .  

I2/= T y p e  DKI and then h i t  the R E T U R N  .key 

13/. ~ h a r b  m i l l  be  a n o t i c e a b l e  d e l a y  w h i l e  t h e  PDPll makes sure 

i t  is a l l  there a n d  b o o t s t r a p s ' i n  t h e  RT11 o p e r a t i n g  s y s t e m .  
\ 

BTll w i l l  t h e n  a n n o u n c e  i t se l f .  

IS/. E n t e r  the d a t e  a c c o r d i n g  t o  t h e  f o l l o w i n g  f o r a n t :  

D A T E  d a y - r c n t h - y e a r 8 ,  for exarp le  ' D A T E  10-aAY-78'.  Then 
/ 

h i t  t h e  RETURN key. 

16/. Assign a l l  user files t o  the d i s k  o n  t h e  u p p e r  d r i v e  with the 

171.  When you have  a program ready which s h o u l d  produce a d i s p l a y ,  
'-- 

t u r n  V I D E O  G A I N  u p  u n t i l  you  c a n  see t h e  d i s p l a y  c l e a r l y .  

P l e a s e  DO HOT t r u n  it u p  t o o  h i g h .  

note:  Do n o t  l e a v e  a d i s p l a y  on t h e  screen f o r  a l o n g  p e r i o d s  

o f  time because it  w i l l  cause p e r m a n e n t  daaage t o  t h e  
- 

phosphor.  



(2 )  S w i t c h  on t h e  modea f t h e .  b l u e  box o n  the table ) 
-- p~ -- 

(3) Type tho f o 4 l o v i n g  cammand i n  o r d e r  t o  g e t  o n  UPLBUR TALKER: 

R PYLBUR and then h i t  RETURN key,  

-% ( 4 )  Type your t e r a i n a l ,  i n i t i a l ,  a c c o u n t  and  k e y v o r d ,  

(5)  A f t e r  you s i q n o n  Wylbur exec t h e  progran 4 E X E V E R l  by the 

fol lowing.  command: EIE PBOLI #EXEVER1 USE Z Y A  

T h e 7 E X E V E R 1  program is u s e d  t o  send a n d  convert the ASPEX Dataset  

to t h ~  wylbur- fi3e; a n d  rrH sns tmc t  t h e  pser * c r s h i p a  d x t a s e t  

t o  t h e  P D P 1 1  d i s k .  

[ 6 )  H i t  CTAL C i n  order to g e t d b a c k  to ~ ~ ? l l ~ c o m m a n d  mode. 

(7)  T h e  t y p e  the f o l l o w i n g  coamand: R ASPEX 

This command will run the progran ,  a n d  t h e  program will s e n d  
i 

t h e  da ta  i n  the Y y l b u r  f i l e  i n t o  t h e  PDPll disk and b e g i n  t h e  

d i s p l a y .  

After t y p i n g  the above  command the system w i l l  ask the user 

f o r  t h e  d a t a  f i l e  name. Then the user s h o u l d  type in the f i l e  

nane a s  t h e  same d a t a s o t  name u s e d  b w r e .  Each time o n l y  one 

d a t a s k  vifl be s e n d  t o  the PDPfl d i s k .  Therefore, i f  t h e  user 

a c o t h e r  display of another d a t a  set  he has  to runBthe i i 



Knob. 

**** 
F u n c t i o n  

$******** 
Rov A (se lect  t h e  specific row f o r  

rows o p e r a  t i o n )  

Rou B ( se lec t  t h e  s p e c i f i c  row f o r  
- - -  - - 

note: r o u  B does not change 

add,  dalete or i n t e r c h a n g e  

i n t e r c h a n g e  r o v s  o p e r a t i o n )  
- - - - - -  - 

when row A i s  0. 

Col (The current value of  of t h i s  knob is  used  t o  i n d i c a t e  t h e  

number o f  segments skip b e t w e e n  s e g m e n t s  when d i s p l a y i n g .  ) 

Time v a l u e  

( t h e  green button) when p r e s s i n g  i t  row A & B w i l l  b e  i n t e r c h a n g e  - 

( t h e  blue b u t t o n )  a d d / d e l e t e  row A specified 

' ( t h e  red button) display c o n t i n u o u s / h o l d  d i s p l a y  c o n s t a n t  even 

t h e  knob v a l u e s  is changing 

(the yellow b u t t o n ]  de l e t e /add  the message on t h e  screen 

r o t a t e  t h e  object aboat t h e  X axis 

rotate  the a h  ject aboat the P a x i s  

r o t a t e  t h e  o b j e c t  a b o u t  t h e  Z aris 

s c a l e  the object larger/smaller 

e l o n q a t e  the p o r t i o n  of t h e  X a x i s *  

e x p a n d  t h e  space b e t v e e d  t h a  rows 

cross or d i a q o o a l l y  f l a g  
8 

r o t a t e  t h ~  rod about the X axis 

r o t a t e  the rod a b o u t  t h e  Y aris 

r o t a t e  t h e  rod about t h e  Z axis 

s c a l e  t h e  rod largerfsmller  



29 
-- 

t r a n s l a t e  the ro along the x axls 

30 t r a n s l a t e  t h e  rod along the T a x i s  

31 t r a n s l a t e  the rod along the Z axis 

32 R a r k e r  i s  used f o r  a l i g n  t h e  peaks of t h e  r o y s  

(9) If t h e  user want t o  s i g n o f f  t h e  PDP11  and t h e  P i c t a r e  System 

please f o l l o w  t h e  following i n s t r u c t i o n s :  

- m i n i m u m  f a n t i c l o ~ k v i s e ) .   his will a v o i d  p o s s i b l e  daqage 

when y o u  t u r n  off the CRT, 

2 / .  T u r n  o f f  t h e  d i s p l a p  CRT. 

3/. Pres s  cNTPL FILT/SS on the P D P l l  console to stop u h a t d e r  

p r ~ q r a ~  .may be r u n n i n g .  

4/. P r e s s  RUN/OPF on t h e  disks t o  stop the disks. It will t a k e  

about 15 s e c o n d s  t o  stop. DO NOT pover off t h e  drive yet .  

5 / .  T u r n  o f f  the PDPlt by t run ing  t h e  large  d i a l  switch from 

DC ON to OFF. 

6 1 .  O p a c  t h e  door on t h e  r i g h t  hand side of the Picture S y s t e n  

cabinet [ b i g  b l a c k  box), and paver off ths Picture 'Syster .  

C l o s e  the door. 

7 / .  waif 'for the S A F E  liqht on the d i s k  d r i v e  pannel t o  l i g h t ,  
L 

Then resore the disk a n d  p u t  it back to the shelf. 

8/, Hakc+ s u r e  the E S A P E t  light is still on. If so, pover  of f  t h e  

the  d i s k  d r i v e ,  

9/. B e f o r t  y o u  l e f t  the room aake sur4 YOU l o c k  t h e  door. 
5 



FZI Li""p GENERATOR 



RAIICES; SLOP *CKIR SIRIES IS1 R I Y G E  = 80-210  ISEC, 

f h S L 2 S  C O B T L I l  TBt LEAST-SQUIEES ESTIBATED S L O P E  A N D  



. . 
S u b j e c t  = C . R .  

slow f l icker fast flicker . 
YEP t 

f a a t u r e  s lope  X-intercept S. E. s l ~ p e  X-i~tercept S.E. 

ERG 

. slov f l i cker  fast f l i c k e r  
E RG 

f s a t u r e  s l o p e  X-intercept S.E. s l ~ p e  X-intercept S.E. 

n-l 
~i- 2 
h-3 
fi-4 



VEB 

slow f l icker fast flicker 
VEP 

f ea ture  slope X- in tercept  S. E. s l o p e  X - i n t e r c e p t  S.E. 

ERG 

featur'e s l o p e  X-intercept S. E. s l o p e  X- in tercept  S.E. 



S u b j e c t  = A . Q ,  . 

VEB 

slow f l icker  fast flicker 
VER 

foa ture s lope X - i n t e r c e p t  S. E, slope X-intercept S. E. 

slow flicker 
ERG. 

feature ' s l o p e  ~ d n t e r c e p t  S.E. 

f a s t  

s l o p e  

f lie ker 



. S u b j e c t  = DdH. 

VBB 

flicker fast f l i cker  

1-i n t e r c e p t  S , E .  slope X-intercept S.E. 

107.49 0.87 -0.65 74.75 2.37 
-A -- -0.24 77,43 1.07 -- -- 0.84 71 .00 2.36 

slov 

sf ope 

0.017 -- 
-* 

-+-% 
0.04 

VER 
feature 

ERG 

flicker 
-- 

fast flicker sfoit 

s lope  

- 0 * 0 2  
7 .O3 

-0.02 
0 . 9 8  

ERG 
f e a t  ore 



c% _ Subjec t  = R . T .  

VEB 

s l o v  f l i c k e r  
Y ER 

f e a t u r e  slope X - i  n t e r c e p t  S. E .  

- -  - - -  

ERG 
f ea tnre  

ERG 

s fope  X-intercept S . E .  

f a s t  flicker 

s l o p e  X-intercept S. E. 

s l o p s  X-intercept  S. E. 



APPENDIX C 

VALUES 

FREQUENCY 

COBR ESPONDING 



rn cr e m e n t a l  F l i c k  e~ Pregllencies (Hz) and Corresponding 
?nters t imulas  Intervals (nsec .) 

"? 

Flicker Frequency (P Hz.) ' Interst iaalns  Interval (nsec.) 

\ 210 
200 
190 

i 180 
170 
160 

SLOFl FLICKER-  _ _  - - - - - - - - 1 0 - -  
B A K E  1 0 ,  % 

130 , 

120 
110 
100 

- - 

90 
8 0 

PAST FLICKER 
R A B G E  
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APPEEDIX K 

3-D LC IHTEBOBSERVER A G R E B a E B T  FOR 

C a R .  DATA 



VER p o s i t i v e  peak latency for C. R .  determined 



t 

3-0 VER 
POS PKS 

SWEEP DURRTION -MSEC 



V E R  n e g a t i v e  peak l a t e n c y  for C.R .  d e t e r m i n e d  Q, 

t h r o u g h  p e r s p e c t i p 9  (3-D) procedure by  three ' .  
- - - -  -- - - - - 

observers for IS1 range = 80-210 ssec. 



SWEEP DU 



E R G  g o s i t i u e  peak la tency for C.R. determined 



m i -  
--L.--p-L-LL--p-p--- 



for  ISI 

for C.8.  d e t e r m i n e d  

woce&ro b y  t h c e e  



3 - D  ERG 
-- Lp A 

NEG PKS 

SWEEP DURRTIDN -RSEC 



V E i l  p o s i t i v e  paak l a t e n c y  f o r  C, A. d e t e r a i n e d  

t h r o u q h  perspective f 3 - D f  procedure b y  three 
- - - - - - - -- - - - Z - - - - - - 

observers  for IS1 range = 40-75 tsec. 



SWEEP 



V E R  negative peak l a t e n c y  

t h r c u g h  p e r s p e c t i v e  ( 3 - 0 )  
- - 

- - - - - - -- 

for C. R. d e t e r a i n e d  

procedure b y  three 



-5-n 
NEE 

SWEEP DURRTEUN -MSEC 



'EPS p o s i t i v e  p e a k  l a t e n c y  f o r  C.R. deterriaed 

- t h r 2 u q l t .  p ~ r s p e c t i r e  4 1 - I t )  procedure-b L tLhriee 

o b s e r ~ e r s  f o r  IS1 range = 40-75 asec. 



SWEEP DURRTION -MSEC . 



E R G  a e g a t i v e  p e a k  l a t e n c y  for C,R, d e t e r ~ i n e d  

t h r o u g h  p ~ r s p e c t i t e  f 3 - D )  procedure b~ three 
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