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INTRODUCTION 

Evoked p o t e n t i a l s  (EPs) a r e  e l e c t r i c a l  events o f  t h e  b r a i n  

t h a t  occur immediate ly  f 01 low ing  t h e  p r e s e n t a t i o n  o f  a  s t imu lus .  

The s t imu1 .u~  can be e i t h e r  non-conceptual, such as a  f l a s h  o f  

l i g h t  o r  a  tone, o r  conceptual ,  such as  a  memory task .  They a r e  

recorded a t  t h e  sca lp  and rep resen t  e l e c t r i c a l  a c t i v i t y  t h a t  i s  

occu r r i ng  a t  a l l  l e v e l s  o f  t h e  nervous system, from t h e  r ecep to r s  

t o  t h e  aE. roc ia t ion  co r tex  ( P i c t o n  e t  a l ,  1477). For t h i s  reason 

t h e  EP waveform can be comprised o f  a  number o f  i n t e g r a t e d  compo- 

nents, each w i t h  a  s p e c i f i c  l a tency .  Because t h e i r  ampl i tude i s  

on l y  one t e n t h  t h a t  o f  t h e  spontaneous EEG computers have now made 

i t  p o s s i b l e  t o  summate a  s e r i e s  o f  evoked waveforms and g i v e  an 

averaged evoked response. 
I 

I n  any sensory moda l i t y  EF'e, can be charac te r i zed  as e i t h e r  

t r a n s i e n t  o r  s teady-state.  Thi  5 depends upon t h e  s t i  muluz 

p rezen ta t i on  r a t e .  Trans ien t  EPs a r e  e l i c i t e d  b y  a  b r i e f ,  r a p i d l y  - 
changing, s t imu lus .  Regan (1977 a)  desc r ibes  t h e  t r a n s i e n t  EP i n  

terms o f  " g i v i n g  t h e  system a  " k i c k "  and then l e t t i n g  i t  s e t t l e  

down before  k i c k i n g  i t  again."  Accord ing t o  Hegan, a  t r a n s i e n t  



s t imu lus  i s  presented a t  a r a t e  o f  l e s s  than one per second. Th is  

slow r a t e  ensures t h a t  t h e  re5p0n5e t o  one s t imu lus  i s  over 

be fo re  t h e  re=.ponse t o  t h e  nex t  one beg ins  (Kinney e t  a l ,  1972). 

T rans ien t  EPs a re  descr ibed by a  p l o t  o f  EP amp1 i t u d e  ( vo l t age )  

over t ime.  

No unanimouz. agreement e x i s t s  on t h e  s p e c i f i c a t i o n s  f o r  a  

s tandard waveform because l a r g e  d i f f e r e n c e s  e x i s t  bo th  w i t h i n  

and between i n d i v i d u a l s  i n  t h e  popu la t i on .  However, i t  i s  pos- 

s i b l e  t o  d e f i n e  a  general  form, even though a  un i ve r sa l  agreement on 

s p e c i f i c  peakc, and s lopes does no t  e x i s t .  For example, i n  v i s i o n ,  

a number o f  d i f f e r e n t  methods f o r  c l a s s i f y i n g  t h e  EP components 

a r e  used ICiganek, 1961; Gas.taut 8~ Regis, 1961), (see F i g u r e  1 ) .  

Sen~ .o ry  r e 1  ated EP s t r u c t u r e .  I n  a1 1  m o d a l i t i e s  t r a n s i e n t  

sensory EPs a r e  t y p i c a l l y  comprised o f  t h r e e  d i s t i n c t  components. 

The f i r s t  component c o n s t i t u t e s  a  s e t  o f  responses t h a t  occur 

w i t h i n  t h e  f i r s t  50 msec a f t e r  s t i m u l a t i o n .  These e a r l y  responses 

a r e  genera l  1  y determined by t h e  c h a r a c t e r i s t i c s  o f  t h e  s t imu lus  and 

a re  l o c a l i z e d  over t h e  p r imary  r e c e i v i n g  areas o f  t h e  co r tex .  

H l  though they  a r e  r e l a t i v e l y  s t ab l e ,  a  5.rna.11 i eg ree  o f  v a r i a b i  l i t y  

e x i s t s  i n  t h e i r  l a t ency  & ampl i tude. I n  v i s i o n ,  t h i s  component i s  

r e f e r r e d  t o  as t h e  pr imary  response (Ciganek, 1961). The second 

major component i s  u s u a l l y  l a r g e  and bimodal ( f i r s t  go ing nega t i ve  

and then  p o s i t i v e )  anti i s  recorded more d i f f u s e l y  over t h e  scalp.  



F i g u r e  1. 

Two s y s t e m s  + o r  d e ~ j c r i b i n g  t r a n s i e n t  v i s u a l  e v o k e d  (VEP) 

w a v e f o r m s  i n  r e z p o r l s e  t o  d i f f u s e  f l a s h e s .  !a) The  f i r s t  s y s t e m  

b y  Ciganei: : ,  d i v i d e s  t h e  EF' i n t o  t h r e e  r e g i o n s . ;  a p r i m a r y  r e s p o n s e  

Cup t o  9C) m s e c ) ,  a s e c o n d a r y  r e s p o n s e  !50-240 r n s e c ) ,  a n d  a n  a f t e r -  

d i s c h a r g e  ( g r e a t e r  t h a n  240 m s e c )  . T h e  w a v e s  are l a b e l l e d  se- 

q u e n t i a l l y ,  1 t h r o u g h  V 1 1 .  (b )  The  s e c o n d ,  d e s c r i b e d  b y  G a s t a u t  

a n d  R e g i s ,  (1'765) n u m b e r s  t h e  w a v e s  s e q u e n t i a l l y  a l o n g  w i t h  t h e i r  

c o r r e s p o n d i n g  1 a t e n c i  e5. N e g a t i v i t y  a t  !Sz ! o c c i p i t a l  l o b e ,  a t  t h e  

m i d l i n e )  is up. 



.b 
msec 



The la tency  o f  t h i s  component is approx imate ly  90-10Cl msec. I n  

v i s i o n ,  t h i s  component is r-efer-red t o  as t h e  secondary response 

(Ciganek 1961). The t h i r d  component, e s p e c i a l l y  i n  v i s i o n ,  i s  t h e  

rhythmic a f t e r  d ischarge which occurs approximately 250 msec a f t e r  

s t i m u l a t i o n  (Ciganek, 1961). 

S~n=.o ry  perceetua l  Ec responses. 

I n  s p i t e  o i  ove r lapp ing  components, t r a n s i e n t  EPs a re  a r b i -  

d i v i d e d  on t h e  b a s i s  o f  l a t e n c y  o r  ampl i tude, and are  descr ibed 

as e i t h e r  e a r l y  o r  l a t e .  I n  genera l ,  e a r l y  EPs (up t o  50 msec) 

a re  determined by o r  va ry  s y s t e m a t i c a l l y  w i t h  t h e  phys i ca l  para- 

meters o f  t h e  s t imu lus ,  and a r e  r e l a t i v e l y  una f fec ted  by psycho- 

l o g i c a l  events. On t h e  o t h e r  hand, l a t e  EPs (approx imate ly  200 

msec o r  more) a r e  assoc ia ted  w i t h  perceptua l  phenomena and , 

s e n s i t i v e  t o  a wide v a r i e t y  of psycho log ica l  va r iab les .  

Genera l l y  t h e  unders tand ing  o f  EF' components it, i n v e r s e l y  

r e l a t e d  t o  t h e i r  la tency .  For ins tance,  so much goes on i n  t h e  

nervous system a f t e r  t h e  p r e s e n t a t i o n  o f  a  s t imu lus ,  t h a t  t h e  

lctnger t h e  elapsed t ime  ( i n  msec) a f t e r  t h e  s t imulus,  t h e  more 

d i f f i c u l t  t h e  a n a l y s i s  and i n t e r p r e t a t i o n  become. T h i s  i s  because 

t h e  longer  l a t e n c i e s  r e f l e c t  h igher  l e v e l s  of processing, i n  which 

severa l  EP genera tors  can be a c t i v a t e d  e i t h e r  s imu l taneous ly  o r  i n  

p a r a l l e l  fashion.  V isua l  pe r cep t i on  i s  a case i n  p o i n t .  Th i s  

i n v o l v e s  form percept ion ,  luminance, co lour ,  depth pe rcep t ion ,  



a n d  p o s s i b l y  o t h e r  e v e n t s ,  a l l  o c c u r r i n g  i n  p a r a l l e l  ( R e g a n ,  i 9 7 7 a ) .  

When a s t i r n ~ r l u c ,  r e q u i r e s  a p e r c e p t u a l  d e c i s i o n ,  a  l a t e  p o s l t i v e  

c o m p o n e n t  o c c u r s  a f t e r  a p p r o x i m a t e l y  25C) msec iF'300) ( D o n c h i n ,  i n  

R e g a n ,  1977a). 

I n  c o n t r a s t  t o  t r a n s i e n t  E P s ,  s t e a d y - s t a t e  EF's are r e c o r d e d  

i n  r e z p o n s e  t o  a r e p e t i t i v e  c , t i m u l u s  w h i c h  is p r e s e n t e d  a t  a ra te  

f a s t e r  t h a n  3 Hz, a c c o r d i n g  t o  Regan  (1477 a )  a n d  8 Hz, i n  D i a m o n d ' s  

(1477 a ;  tr) s t u d y .  I n  s t e a d y - s t a t e  t h e  " s y s t e m  ic, s h a k e n  g e n t l y  

a t  a f i x e d  r a t e "  a n d  t h e  EP r e s p o n s e  t h a t  f o l l o w s  s h o w s  t h e  s a m e  

number  o f  r e s p o n s e s ,  p e r  u n i t  u f  t i m e ,  a s  t h e  s t i m u l u s  r a t e  

( K i n n e y  e t  a l ,  1972) .  Regan  (1472)  m a i n t a i n s  t h a t  t h e  e f f e c t s  o f  

i n c r e a c , i n g  t h e  sti mulue, f r e q u e n c y  r e s u l t s  i n  t h e  o r i g i n a l  s h a p e  

o f  t h e  EF' w a v e f o r m  b e i n g  r e p l a c e d  b y  a m o d e r a t e l y  d e i o r m e d  s i n u -  

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

a n y  p a r t i c u l a r  f l a s h . "  H e  d e s c r i b e s  t h e  s t e a d y - s t a t e  EP w i t h  t w o  

p l o t s ,  amp1 i t u d e  ( v o l t a g e )  o v e r  f r e q u e n c y ,  a n d  p h a s e  1 a g  v e r s u s  

f r e q u e n c y :  a f r e q u e n c y - d o m a i n  a n a l y s i s .  Diamond (1377 b!  , how- 

h o w e v e r ,  d o e s  n o t  d e s c r i b e  t h e  s t e a d y - s t a t e  EP i n  t h e  s a m e  m a n n e r .  

H e  d e s c r i b e s  i t  i n  t e r m s  o f  5 . p e c i f i c  c o m p o n e n t s  p l o t t e d  o v e r  

t i m e ;  a t i  me-domain a n a l  y 5 i  s. T h e s e  t w o  d e s c r i p t i v e  appro ache^ 

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

t h e  major s u b j e c t  o f  d i s c u s s i o n  i n  t h i s  s t u d y .  



EF' LATENCY 

Determining qenera tor  ~ L t q z  ---------- 

An ex tens i ve  amount o f  research has focused on l a t ency  as a 

c l u e  t o  d i s t i n g u i s h i n g  va r i ous  EP components and hypo thes i r i ng  

t h e i r  p o s s i b l e  s i t e s  o f  o r i g i n  (generaor s i t e s )  o r  f unc t i ons .  

For example, J ~ w e t t ,  Romano Z: Wi 11 i ston  (1778) demonstrated, i n  

aud i t i on ,  t h a t  an EP component w i t h  a  l a t ency  o f  5 msec ( t h e  

bra instem a u d i t o r y  evoked response, BAER) was generated i n  t h e  

brainstem, a  non -co r t i ca l  s t r u c t u r e .  I n  v i s i o n  Regan (1972) and 

o the r s  have i d e n t i f i e d  t h r e e  frequency cystems, by de termin ing  

how t h e  amp1 i tude  and 1  atency o f  va r i ous  v i s u a l  evoked p o t e n t i a l  

(VEF') components v a r i e d  as a  f u n c t i o n  o f  frequency. Regan main- 

t a i n s  t h a t  these  EPs a re  generated by d i f f e r e n t  though over lapp ing  

c o r t i c a l  c e l l s ,  thereby  r e f l e c t i n g  neura l  a c t i v i t y  i n  3 p a r a l l e l  

 channel^. which 5.eparate p e r i p h e r a l l y  (Regan, 1977 a, see F i gu re  

2). 

Sensory f u n ~ t i o n i n g  

Research has a l s o  been d i r e c t e d  towards us ing  l a t e n c y  as a  

measurement o f  normal sensory +unc t ion ing  f rom t h e  r e c e p t o r s  t o  

t he  r e c e i v i n g  areas o f  t h e  b ra i n .  For example, t h e  l a t ency  o f  

7  



F i g u r e  2 

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

of  s t i m u l u s  f r e q u e n c y  on  f l i c k e r  EPs .  T h r e e  f r e q u e n c y  s y s t e m s ,  a 

h i  gh-Sreqi . tency (45-6C) Hz)  , medium-+ r e q u e n c y  (13-25 Hz i , a n d  l o w -  

f r e q u e n c y  i n e a r  a 1  p h a )  are i 1 l u s t r a t e d .  



Flicker Frequency HZ 



t h e  v i s u a l  evol::ed p o t e n t i a l  i VEP j  i n  p a t i e n t s  w i t h  m u l t i p l e  

scleroc,ir  iIYS! h a s  b e e n  u s e d  a s  a d i a g n o s t i c  a i d  t o  c o n f i r m  t h e  

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

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

t h e  l a t e n c y .  F:egan (1477 a) h a s  f o u n d  t h a t  t h e  l a t e n c y  o f  t h e  

medium f r e q u e n c y  V E P  is a r e l i a b l e  i n d i c a t o r  o i  MS, m o r e  s p e c i f i -  

c a l l  .j t h e  c o r r ~ p o n e n t s  w i t h  1  a t e n c i  es b e t w e e n  60-200 m s e c .  S i n c e  

t h e s e  c o m p o n e n t s  are e x t r - e m e l y  s e n z i t i v e  t o  p a t t e r n e d  s t i m u l a t i o n ,  

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

i n  t h e  r e t i n a .  

T h e  c o r r e l a t i o n  b e t w e e n  l a t e n c y  a n d  s e n s o r y  t h r e s h o l d s  has 

a1 50 b e e n  i n v e s t i g a t e d  e x t e n s i v e 1  y.  I n  m o s t  cases, d e c r e a s i n g  t h e  

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

u f  t h e  EF' c o m p o n e n t s .  A c c o r d i n g  t o  S a l a m y  et  a1 !1978i t h i s  i n -  

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

t i a l s  o f  s e n s o r y  ce l l s  a t  t h e  l o w e r  i n t e n s i t i e s .  However ,  i n  a u d i -  

t i o n  i t  h a s  b e e n  shown b y  S a i a m y  et a1 ( 1 9 7 8 ! ,  Nave V, of  t h e  EAEF: 

( w i t h  a l a t e n c y  of  5 m s e c )  r e m a i n s  v i s i b l e  a t  t h r e s h o l d  l e v e l s .  

B r a i n  rnat~~.rati  o n  ----- 

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

i n  s t u d i e s  o n  b r a i n  m a t u r a t i o n .  F o r  e x a m p l e ,  w i t h  i n c r e a s i n g  



aye t h e  peal:: l a t ency  o f  Wave V, o f  t h e  EGER, decreases i n  t ime  

from b i r t h  t o  two years, r-eaching a low a t  age two and g radua l l y  

i n c reas i ng  t o  age 65 (Salamy e t  a1, 1978). The decrease i n  l a t ency  

by age two r e s u l t s  because as t h e  axons become more myel inated and 

t h e  synapses more e f f i c i e n t ,  conduct ion and t ransmiss ion  t imes 

become f a s t e r ;  t he re fo re ,  t h e  l a t e n c i e s  o f  t h e  components become 

sho r t e r .  I n  v i s i o n ?  I-irbek, Hrbl::ova, 3. L ~ n a r d  ! 1969) ma in ta in  t h a t  

t h e  v i s u a l  waveform remains f a i r 1  y  cons tant  a f t e r  age two, however 

between two and s i x  t h e r e  a re  fur ther-  r educ t i ons  i n  la tency .  

It has a l s o  been hypothesized t h a t  l a t e n c y  o f  t h e  EP 

c o r r e l a t e s  w i t h  i n t e l l i g e n c e ;  i n  v i s i o n  (Chal ke & E r t l ,  1965; 

E r t l  S Schafer, 1969) and i n  a u d i t i o n  (Callaway, 1975). I n  r e -  

sponse t o  sensory s t imu la t i on ,  sho r t e r  l a t e n c i e s  i n d i c a t e  

h igher  l e v e l s  o f  i n t e l l i g e n c e .  However t h e  at tempts t o  r e l a t e  

i n t e l l i g e n c e  t o  la tency ,  as w e l l  as t o  o the r  f ea tu res  o f  t h e  E f ,  

have met w i t h  va ry ing  degrees o f  c r i t i c i s m .  One o f  t h e  harshest  

c r i t i c s  i s  Vaughan, who s t a t e s  t h a t  " these at tempts a r e  based on 

no th i ng  more 51-tbstant ia l  than t h e  f a c t  t h a t  b r a i n  processes 

u n d e r l i e  bo th  i n t e l l i g e n c e  and t h e  EF'" ( i n  Fzegan, 1972, p.132). 



number o+ c o r r e l  a t es  of psychopath01 ogy (Shagass, 1977). An hypo- 

t h e s i s  has been propored by Shagass, t h a t  d isordered sensory 

processes might  account f o r  t h e  perceptua l  d i s t o r t i o n s  exper ienced 

by sch izophren ic  p a t i e n t s .  I t  has been proposed t h a t  because 

these p a t i e n t s  have arr inadequate f i l t e r i n g  system (i. e. 

s u b c o r t i c a l  mechani5.m~ i nvo l ved  i n  r e g u l a t i n g  sensory i n p u t  a r e  

ctnderacti  vated i , they sho~1.1 d  e x h i b i t  sho r t e r  EF' 1 a tenc i  es. Evidence 

has been found t o  suppor t  t h i s ,  f o r  example sch izophren ic  

p a t i e n t s  have sho r t e r  F'45 l a t e n c i e s ,  as w e l l  as many ampl i tude 

d i f  ferenc:es, i n  comparison t o  normals (Shagass .% Schwartz, 1963). 

A n d  Vasconetto, F l o r i  s E.: Morocu t t i  11971) f oirnd sho r t e r  1 a tenc ies  

i n  t h e  N150 cmmpc~nent. 

Latency, t he re fo re ,  apparen t l y  f u n c t i o n s  as an i n v a l u a b l e  a i d  

i n  t h e  i n t e r p r e t a t i o n  o f  evoked p o t e n t i a l s .  For t h i s  reason, new 

and more p r e c i s e  methods o i  de termin ing  l a t ency  are  w e l l  

j u s t i f i e d .  

Steady-state methods pf de te rm in ing  EP l a tency :  f requency-domain 

gn!&ysi s, 

An e s s e n t i a l  p a r t  o f  Regan's method o f  de termin ing  t h e  

l a t ency  o f  s teady-s ta te  EF's i s  based upon s i n e  wave s t i m u l a t i o n ,  

Fou r i e r  A n a i y ~ . i r  and a number o f  as.surnptions r e l a t e d  t o  these two 

procedures!e.g., phase-sh i f t  i n f o r m a t i o n ) .  



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

s o i d a l  z t i m u l a t i o n  is t h a t  t h e  r e s u l t i n g  EF' w a v e f o r m  w i l l  b e  

5 . i n u s o i d a l  a s  w e l l .  T h i s  is a f u n c t i o n  o f  a l i n e a r  s y s t e m :  a 

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

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

h a r m o n i c s  !SpeC::rei  js.e, 1 9 6 6 ) .  I n  d e t e r m i n i n g  t h e  VEF' r e s p o n s e  t o  

s i n e  wave  s t i r n a l a t i o n ,  Ecjgan re l ies  u p o n  a f i l t e r i n g  p r o c e s s .  F o r  

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

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

t h e  f r e q u e n c y  o f  t h e  s t i m u l u s ,  N o t e  t h a t  some EP i n f o r m a t i o n  ( a t  

o t h e r  f r e q u e n c i e s !  may b e  s a c r i f i c e d  ( R e g a n ,  1977 a ) .  

I n  v i s i o n ,  h o w e v e r ,  a n  a b v i o u s  q u e s t i o n  n e e d s  t o  b e  a n s -  

w e r e d .  I s  t h e  v i s u a l  s y s t e m  a 1  i n e a r  s y s t e m ' ?  I f  n o t ,  how 

r e l i a b l e  is H e g a n ' s  a n a l y s i s .  I n  o r d e r  t o  a n s w e r  t h i s  q u e s t i o n ,  

F : ~ y a n  iY465j  a n d  o t h e r s  ( V a n  d e r  Twee l  Pr { J e r d u y n  L u n e l ,  15'65; 

S p r k r e i j s e ,  1 9 6 6 )  u s e d  v a r i a b l e  rates o i  s t i m u l a t i o n  (5-60 H z ) ,  

a n d  d e t e r m i n e d  t h a t  t h e  v i s u a l  s y s t e m  w a s  non-1  lrrear w i t h i n  d i  f  - 

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

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

s t e a d  a d i ~ . t o r t e d  EP w a v e f o r m  is p r o d u c e d  w h i c h  is c o m p o s e d  o f  



t h e  b a s i c  f u n d a m e n t a l  (F H z )  a n d  r e l a t e d  h a r m o n i c s  (2F H z ,  3F H z ,  

e t c .  !, a l l  m u l t i p l e s  o f  t h e  f u n d a m e n t a l .  T h e  a n a l y s i s  now b e c o m e s  

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

(Van d e r  T w e e l  e t  a l ,  1965) .  

Hegan e x p r e s s e s  t h e  non-5.i  n u s o i d a l  w a v e f o r m  i n  t e r m s  o f  a 

number  o f  s i m p l e  s i n e  w a v e s ,  e a c h  w i t h  i t s  own a m p l i t u d e  a n d  f r e -  

q u e n c y .  TCI d o  t h i s  h e  u s e 5  a n u m b e r  o+ b a n d p a t = .  f i l t e r s ,  

o n e  set  t o  d e t e r m i n e  t h e  f u n d a m e n t a l  a n d  t h e  o t h e r s  t h e  r e l a t e d  

h a r m o n i c s .  T h i  s t e c h n i q u e  is b a s e d  u p o n  F o u r i e r  A n a l y s i s ;  a n y  

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

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

e l e m e n t a r y  z i n u s o i d a l  t e r m s ,  c a l l e d  F o u r i e r  c o m p o n e n t s  ( i n  S c h i f -  

f m a n ,  1976, p .  35'). Two p a r a m e t e r s ,  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  c h a r a c t e r i z e  F o u r i e r  c m m p o n e n t s .  

Hegan '  5 m e t h o d  o f  e z . t i m a t i n g  l a t e n c y  m e a s u r e s  t h e  p h a s e  

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

!Regan ,  15'72). T h e  p h a s e  d i f f e r e n c e  i 5. u s u a l  1 y  e x p r e s z e d  i n  

d e g r e e s  or r a d i a n s  a n d  is c a l c u l a t e d  r e l a t i v e  t o  t h e  5 . t i m u l u s  (see 



R e g a n ,  h o w e v e r ,  d o e ~ .  n o t  e s t imate  l a t e n c y  b y  d e t e r m i n i n g  t h e  

p h a s e  l a g  a t  01-11 y  o n e  f r e q u e n c y ;  a number  o f  f r e q u e n c i e s  are  

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

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

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

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

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

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

l i n e a r  e q u a t i o n )  t h e n  t h e  s l o p e  o f  t h e  l i n e  is c a l c u l a t e d  a n d  t h i s  

g i v e s  a n  e ~ . t i m a t e  o f  " a p p a r e n t  l a t e n c y "  ( R e g a n ,  17721. 

w h e r e  t is  l a t e n c y  i n  s e c o n d :  fl is  p h a s e  l a g  i n  d e g r e e s . ,  f t h e  

c , t i m u l u r ,  f r e q u e n c y  i n  h e r t z ,  a n d  

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

U s i n g  b o t h  a m p l i t u d e  a n d  p h a s e  i n f o r m a t i o n ,  Hegan a n d  o t h e r s  

<see F i g u r e  2 )  a l o w  f r e q u e n c y  s y s t e m ,  up  t o  I 2  Hz, w i t h  maximum 

E P  a m p l i t u d e  a t  10 Hz a n d  a n  a p p a r e n t  l a t e n c y  o f  a p p r o x i m a t e l y  

120 mz.ec; a medium f r e q u e n c y  s y s t e m  t h a t  e x t e n d s  f r o m  12 t o  25 Hz, 

w i t h  maximum a m p l i t u d e  peal:: a t  I6  Hz, a n d  a n  a p p a r e n t  l a t e n c y  o f  

a p p r o x i  mate1 y  90 m s e c ;  a n d  a h i g h  f r e q u e n c y  s y s t e m  e x t e n d i n g  



F i g u r e  3 

i f i j  Art i l l u c . t r a t i o n  o f  p h a s e  l a g  ( i n  d e g r e e s )  b e t w e e n  t h e  s t i rnc t luc ,  

a n d  t h e  evol::ed r e c . p o n s e .  !Bj i l l u s t r a t e s  how t h e  p h a s e  l a g  o f  t h e  

e v o k e d  r e s p o n 5 . e  i n c r e a s e s  az. a f u n c t i o n  o f  i n c r e a s i n g  t h e  s t i m u l u s  

f r ~ q u e n c y .  !Ci a p l o t  o f  p h a s e  l a g  v e r s u s  c , t i m u l u s  f r e q u e n c y ,  

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

R r g a n  t h e  p h a s e  l a g  o f  t h e  e v o k e d  r e s p o n s e  is c a u s e d  by a 1 0 0  m s e c  

d e l a y  i n  t h e  r e t i n a - c o r t e x  s y s t e m .  
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from 45-60 Hz w i t h  a maximum ampl i tude a t  55.5 Hz, and a 6C) msec 

apparent l a t e n c y  !Van der Tweel E! Lunel,  1965; Regart, 1766; 15'72: 

Spekre i jse,  15'66). 

It was found t h a t  t h e  r e l a t i o n s h i p  between phase l a g  and 

s t imu lus  f requency was n e a r l y  a s t r a i g h t  l i n e ,  except a t  10 Hz 

where ther-e was a w e l l  de f ined  ztep !see F i g u r e  4 ) .  Th i s  

corresponds t o  t h e  maximum ampl i tude peal: a t  10 Hz and i m p l i e s  

t h a t  t h e  v i s u a l  system's low frequency system may be non-1 inea r .  

Responses i n  t h e  low frequency system were a l s o  cha rac te r i zed  by a 

second harmonic t h a t  was g rea te r  i n  amp1 i tude  than t h e  f undarnental . 
For instance,  w i t h  a 5 Hz s t imu lus  r a t e  t he  l a r g e s t  EF' component 

occ~ t r r ed  a t  10 Hz, t h e  2nd harmonic. Th is  may be exp la ined by 

assuming t h a t  t h e  b r a i n  z t r u c t u r e s  invo lved  p r e f e r  a f requency 

around i O  Hz. I n  t h e  h i g h  frequency system, i t  was a l s o  found t h a t  

:ion-fundamental components were no t  exact m u l t i p l e s  o f  t h e  

i ~(ndamental (Van der Tlrreel & Lunel , 1965) (see F i g u r e  5 ) .  

Herein 1 iec, one o f  t h e  weaknesc,es o f  t h i s  method. It i s  

based upon a l i n e a r  system which, i n  r e a l i t y ,  o f t e n  appears t o  be 

non- l inear.  Another weakness inheren t  i n  t h i s .  method i s  t h e  

poc.si b i  1 i t y  t h a t  m l  nor  1 atency changes may e x i s t  w i t h i n  these 

thr-ee, r e l a t i v e l y  broad, f requency systems. According t o  Regan 

"p rope r t i e s  c r f  f l i c k e r  EPs a re  f a i r l y  un i fo rm w i t h i n  a s i n g l e  
I ~ i frequency r e g i o n  bu t  a r e  q u i t e  d i f f e r e n t  ichange a b r u p t l y )  when 
I 

frequency r e g i o n s  a re  crossed"  (1966). However, i n  any one l a t ency  

determinat ian,  s i n c e  Regan's method r e q u i r e s  more than one 



Figure 4 

( k !  a pl@t of phase characteristics illustrating a well defined 

step ctccurr-irrg !in ?haze lagi at 1 0  Hz. < B )  a plot of amplitude 

v e r c u ~ .  frequency with a maximum peak occurring at 10 Hz. These 

two plots define lthe visual system's low frequency response t o  

flicker. 





Figelre 5 

A m p 1  i t e r d ~  v e r s u s  c t i m ~ r l a t i o n  ireqctency (Hz)  +o r  fundamental and 

second harmonic i n  t h e  h i gh  i requenry  range. Note t h a t  t h e  ampl i -  

t c r d ~  of t h e  2nd harmunic i s  g rea te r  than t h a t  of t h e  fcmdamerital 

and i s  n o t  an exact m u l t i p l e  o i  t h e  fundamental. 
< 
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s t i m u l u s  f r e q u e n c y  h i s  m e t h o d  c a n n o t  m e a s u r e  r e g u l a r  or c o n s t a n t  

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

t o  a n o t h e r .  T h e  p u r p o s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  is  t o  d e -  

t e r - m i n e  p o s s i b l e  1 a t e n c y  c h a n g e s  b e t w e e n  s p e c i f i c  f r e q u e n c i e s ?  

t h e r e b y  m o r e  a c c u r a t e l y  t e s t i n g  R e g a n 7 s  h y p o t h e s i s  o f  t h r e e  f r e -  

q u e n c y  r e g i o n s .  

T i  me-domai n a r ~ a l  y s i  s ----------- 

A n o t h e r  m e t h o d  ctf d e t e r m i n i n g  t h e  l a t e n c y  o f  s t e a d y - s t a t e  EPs 

h a s  b e e n  d e f i n e d  b y  Diamond (1477 a; b i .  T h i s  m e t h o d  d o e s  n o t  re- 

q u i r e  a n y  o i  t h e  a s = . u m p t i o n s  i n h e r e n t  i n  t h e  l i n e a r  m o d e l .  F o r  

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

h a s  s h o w n ,  c o n t r a r y  t o  R e g a n ' s  h y p o t h e s i s  ( i 372) ,  t h a t  a n  i n d i -  

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

l u 5  c y c l e  ( D i a m o n d ,  1979). 

D i a m o n d 7 = .  m e t h o d  c a l c u l a t e = .  l a t e n c y  f r o m  t h e  t i m e  d i f f e r e n c e  

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

s t i m u l u s  a n d  VEP c y c l e s .  T h i s  m e t h o d  is b a ~ . e d  u p o n  t h e  a s s u m p -  

t i o n  t h a t  a n  asroci  a t i o n  e x i s t s  b e t w e e n  t h e  sti mu1 us a n d  EF' c y c l e .  

T h e r e f o r e .  t h i s  m e a s u r e  r e q u i r e z .  o n l y  t h a t  +or a c o n z . t a n t  set 

o f  e x p e r i m e n t a l  c o n d i t i o n s  E P  l a t e n c y  is  c o n s t a n t ,  a n d  t h e  r e f -  

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

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

!Diamond,  1377 a: b ) .  



T h i s  m e t h o d  is g r a p h i c a l l y  p r e s e n t e d  i n  F i g u r - e  6 ( a ) .  T h e  

EF' c u r v e s  o n  t h e  r i g h t  s i d e  a re  a r t i f i c i a l  b u t  a n a l o g o u s  t o  

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

f l i c l : : e r i n g  I . i g h t  c . t i m u l u s .  I t  c a n  b e  s e e n ,  i n  F i g u r e  6 ( a )  t h a t  

e a c h  EF' c - y c l e ,  o n  t h e  r i g h t  s i d e ,  is  a s s o c i a t e d  w i t h  a s p e c i f i c  

f l a s h  o n  t h e  l e f t  s i d e ,  a t  d i f f e r e n t  IS1 i n t e r v a l s .  ( D i a m o n d ,  i n  

d i . s . t i n c t i o n  t o  R e g a n ,  c a l c u l a t e s  l a t e n c y  i n  t e r m c .  o i  I S I ,  t h e  i n -  

v e r 5 e  ctf f r e q u e n c y .  T h e  sti mu1 us-EF' 1 a t e n c y  ( t i  i s  d e t e r m i n e d  b y  

i d e n t i f y i n g  w h i c h  EF' c y c l e  is  a 5 s o c i a t e d  w i t h  w h i c h  p a r t i c u l a r  

f l a s h .  

I n  o r d e r  t o  c a l c u l a t e  l a t e n c y  (t) a p l o t  o f  t h e  s t i m u l u 5  a n d  

EF p e a k  reiererice p o i n t s  P s  a n d  P e  is n ~ c e c - s a r y ,  (see F i g u r e  

6 ( b ) ! .  A s  i l l u s t r a t e d ,  when r e g r e s s i o n  l i n e s  are  d r a w n  t h r o u g h  

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

t o  t w o  i n t e r c e p t  v a l u e s  O s  a n d  De o n  t h e  s w e e p  d u r a t i o n  a x i s ,  t o  

t o  w h e r e  m a t h e m a t i c a l l y ,  t h e  IS1 b e c o m e s  z e r o .  T h i s  is b e c a u s e  

D r e p r e s e n t s  t h e  " a v e r - a g e "  . = , t i m u l u s  a t  z e r o  I S 1  a n d  D, t h e  
S 

t i a v e r a g e "  EF' peal::  a t  z e r o  IST. T h e r e f o r e  t h e  d i i f e r e n c e  D e  - D s  

e q u a l s .  t h e  d e l a y  or l a t e n c y  f r o m  t h e  c t iml - ! lu s  t o  t h e  EF'. 

L a t e n c y  c a l c u l a t i o n  - ----- ------ 

S i n c e  l a t e n c y  is d e f i n e d  a s  t h e  t i m e - d i f f e r e n c e  b y  w h i c h  t h e  

EF' l a g s  t h e  s t i m u l u s ,  t h e n  ( t j  e q u a l s  De - Ds , w h e r e  D FC). I n  
S 



F i g u r e  a. 

An i 1 l u s t r a t i o n  o f  Diamond'  s 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 l a t i o n .  

(2.) A r t i f i c i a l  EP ( o n  r i g h t )  t o  r e p e t i t i v e  s t i m u l u s  ( o n  l e f t )  re- 

p e a t e d  a t  t h r e e  I S I s .  T i n d i c a t e s  t h e  s t i m u l u s  w h i c h  t r i g g e r s  t h e  

a v e r a g e r  a t  t h e  z e r o  p o i n t  o n  t h e  s w e e p  d u r a t i o n  a x i s .  Sweep 

d u r a t i o n  is t h e  t i m e  window d u r i n g  which t h e  a v e r a g i n g  c o m p u t e r  

s a m p l e s  t h e  EF'. P s  & P e  are s t i m u l u s  a n d  EP r e f e r e n c e  p o i n t s ,  

r e s p e c t i v e l y .  ( b )  P l o t  o f  s t i m u l u s  a n d  EP p e a k s  w i t h  r e g r e s s i o n  

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

t h e  a b s c i s s a ,  Ds a n d  De a t  ISI=O. EP l a t e n c y = D g  Ds. 



(msec)  4 2 S 



T h e  l a t e n c y  ( t )  = D is c a l c u l a t e d  b y  l e a s t  s q u a r e s  a s  t h e  a v e r - -  
e 

a g e  i n t e r c e p t  o f  t h e  EF' r e g r e s c , i o n  l i n e s  (see F i g u r ~  6 ! b )  1 .  

E i a r n o n d ' s  (1377 a ;  b )  s t r a i g h t - 1  i n e  r e g r e s s i o n  s o l u t i o n  as-  

z u m e s  a c o n s t a n t  E F  l a t e n c y  o v e r  t h e  I S 1  r a n g e  s t u d i e d  a n d  f o r  t h e  

r e f e r e n c e  p o i n t s  c h o s e n .  I n  a m a n n e r  s imi la r  t o  R e g a n ' s  a p p a r e n t  

l a t e n c y  m e t h o d ,  (1966)  t h i s  m e t h o d  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  

p o s = . i b i l i t y  t h a t  m i n o r  l a t e n c y  s h i f t s .  may o c c u r  w i t h i n  t h e  t h r e e  

f r e q u e n c y  s y s t e m s .  B o t h  methodc ,  r e q u i r e  m o r e  t h a n  o n e  c , t i m c t l u s  

f r e q u e n c y  f o r  a s p e c i f i c  l a t e n c y  d e t e r m i n a t i o n .  F o r  e x a m p l e ,  t h e  

l a t e n c y  o f  t h e  VEF' r e s p o n s e  t o  t h r e e  d i f f e r e n t  IS1 v a l u e s  ! e . g .  

-c .-*a, 40, 4 5  rnsec) i n   diamond'^. l a t e n c y  m e t h o d ,  w o u l d  p r o d u c e  a 

l a t e n c y  w h i c h  r e p r e s e n t s  a n  a v e r a g e  o v e r  t h e  IS1 r a n g e .  H o w e v e r ,  

t h e  l a t e n c y  may a c t u a l l y  s h i f t  w i t h i n  t h e  I S 1  r e g i o n  ( 3 5 - 4 5  rnsec), 

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

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

s t u d y  o v e r c o m e s  this p r o b l e m .  I t  is b a s e d  u p o n  t h e  a s s u m p t i o n  

t h a t  t h e r e  exist5 a n  s . ~ . s o c i a t i o n  t ~ e t w e e n  a p a r t i c u l a r  ~ t i m c t l u s  a n d  

a p a r t i c u l a r  EF' r e s p o n s e  c y c l e  i n  t h e  s t e a d y  s t a t e  EF'. T h e  l a t e n c y  

w i  11 be d e t e r m i n e d  i n d e p e n d e n t l y  a t  c p e c i f  i c  I S 1  v a l u e s  ( r a t h e r  

t h a n  o v e r  a r a n g e  o f  I S 1  v a l u e s j .  T h i s  w i l l  b e  d o n e  f o r  a w i d e  



range of IS1 v a l u e s  t h a t  encompasc, t h e  t h r e e  f requency c,yc-;tems 

i d e n t i f i e d  by  Regan (1972) and o t h e r s  i V a n  der Tweel & L u n e l . ,  1965;  

Spek re i j se ,  1966). T h i s  s t u d y  w i l l  a l s o  de te rmine  i f  t h e  l a t e n c i e s  

re .= ,u l t i ng  f rom t h i s  new procedure  a r e  c o n s i s t a n t  w i t h  t h e  t h r e e  

f requency systems d e f i n e d  and measured by Regan (1972, p. 7 5 )  and 

cc~rnparable t o  Diarnond'5 (1977 a) r e s u l t s .  



O b s e r v a t i o n s  w e r - e  made  o n  f o u r  s u b j e c t s ,  t w o  male5 a n d  t w o  

f e m a l e s ,  r a n g i n g  i n  a g e  f r o m  27 t o  58 y e a r s ;  a l l  h a d  n o r m a l  or 

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

s t e r e o s c o p i c a l l y .  S u b j e c t s .  s a t  r e l a x e d ,  i n  a d i m l y  l i t  room, i n  

f r o n t  o f  a s t e r e o s c o p e .  T h e  v i e w i n g  h e i g h t  o f  t h e  s t e r e o s c o p e  

was i n d i v i d u a l  1 y a d j u s t e d  f o r  e a c h  s u b j e c t  a n d  sut l  j e c t s  w e r e  

i n s t r u c t e d  t o  p i a c e  t h e i r  f a c e s  a s  c lose  t o  t h e  s t e r e o s c o p e  as  

p o s s i b l e  5.0 that t h e  s c o p e  r e s t e d  c o n f o r t a b l y  acrcss t h e  b r i d g e  o f  

t h e  n o s e .  S i n c e  l u m i n a n c e  w a 5 .  n o t  a v a r i a b l e  a n d  v i e w i n g  t h r o u g h  

a r t i f i c i a l  p u p i l s  w a s  d o u n d  t o  b e  more d i - F f i c u l t ,  s u b j e c t s  v i e w e d  

1 i c k e r  t h r o u g h  n a t u r a l  p u p i l s .  

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

Eteckman e l e c t r o d e  o n  t h e  m i d l i n e  o v e r  t h e  o c c i p i t a l  c o r t e x ,  2.5 c m  

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

e a r l o b e  a n d  a gro lund e l e c t r o d e  c l i p p e d  t o  t h e  l e f t  e a r l o b e .  

E l e c t r o d e  i m p e d a n c e  n e v e r  ~ x c e e d e d  40!7i:) Ohms. S c a l p  p o t e n t i a l s ,  

a m p l i f i e d  b y  a S c h o n a n d e r  (EEG) , were a v e r a g e d  f r o m  52 s w e e p s  o f  

a n  a v e r a g i n g  c o m p u t e r  ! F a b r i  tek 1070) . T h e  t o t a l  o f  32 ~ , ~ e e p s  



w e r e  o b t a i n e d  f r o m  t w o  c o n s e c u t i v e  sets of  16 s w e e p s ,  e a c h  set w a s  

p e c e d e d  b y  a S 5  msec a d a p t a t i o n  p e r i o d .  T h e  s w e e p  t i m e  waz set  

a t  t w o  v a l u e s ,  225 m s e c  a t  t h e  s h o r t e r  I S I s  ( u p  t o  51 m s e c ) ,  a n d  

4(M m s e c  a t  t h e  l o n g e r  v a l u e s  (66-121  m s e c  I S I )  . S i g n a l s  b e l o w  

3 dB a n d  a b o v e  7M) Hz were a t t e n u a t e d  b y  3 dB a m p l i f i e r  f i l t e r s  

a t  t h e  EEG i n p u t  s t a g e .  

T h e  v i ~ u a l  a p p a r a t u s  i n c l u d e d  a t:::eye,tone s t e r e o s c o p e  (mode l  

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

e y e .  T h e  v i s u a l  p a t h  t o  e a c h  e y e  c o n s i s t e d  o f  t w o  LED p a n e l s ,  

e a c h  c o n t a i n i n g  16 l i g h t s  a r r a n g e d  i n  a r e c t a n g l e ,  a n d  a r e c t a n -  

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

r e c t a n g u l a r  s c r e e n c  w e r e  b i n o c u l a r l y  v i e w e d  t h r o u g h  t w o  5.3 

d i o p t e r  l e n s .  T h i s  r e s u l t e d  i n  a 7.6 :-: 1 0  d e g r e e  r e c t a n g l e ,  a s  

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

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

t h e  r e c t a n g u l a r  t a r g e t s .  

T h e  LED w a r  m a n u f a c t u r e d  b y  M o n s a n t o  !model # 7 ) .  I t s  

w a v e l e n g t h  w a s  585 nrn a n d  w a s  s e l e c t e d  +or a number  o f  r e a s o n s .  

F i r s t ,  i t  h a s  b e e n  shown ( N i l s s o n ,  1978) t h a t  r e d  l i g h t  s t i m u -  

l a t i o n  ie, e f f ~ c t i v e  i n  d i a g n c t s i n g  m u l - t i p l e  sc leros ic ,  I S .  And 

s e c o n d l y ,  t h e  LED h a s  s h a r p  o n  a n d  o f f  g r a d i e n t s  - a r i s e  or f a l l  

t i m e  o f  less t h a n  5(3 u s e c .  T h i s  e n a b l e r  t h e  u s e  c ~ f  n a r r o w  s q u a r e  

wave 1 i g h t  PI-!l 5e sti mu1 a t i  o n .  

T h e  LED5 w e r e  d r i v e n  b y  5 v o l t  s q u a r e  w a v e  p u l s e s  o f  5 m s e c  

d u r a t i o n  a n d  109 p e r c e n t  m o d u l a t i o n  d e p t h .  T h e s e  p u l s e s  w e r e  



g e n e r a t e d  b y  a Mavetel:: f u n c t i o n  g e n e r a t o r  (Model  1 8 4 )  a n d  

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

r e c t a n g u l a r  s t i m u l u r ,  w a s  c a l i b r a t e d  b y  a S p e c t r a  ( P r i  t c h a r d )  

p h c l t o m e t e r .  T h e  p u l s e  d u r a t i o n  w a s  c a l i b r a t e d  b y  a n  MTI ( 4 5 , A )  

p h o t o c e l l  f e e d i n g  i n t o  a n  osci 1 l o s c o p e  m o n i t o r .  

S i n c e  t h e  s u b j e c t = '  v i s u a l  s e n s i t i v i t y  c a n  c h a n g e  w i t h  s t i m u -  

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

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

f i e l d  w a s  h e l d  r t e a d y  f o r  25 sec  o f  a d a p t a t i o n ,  t h e n  i t  w a s  f l i c k -  

e r e d  d u r i n g  t h e  t r i a l  t i m e ,  a n d  t h e  E P  m e a s u r e  w a s  t a k e n .  A f t e r  

t h e  E P  m e a s u r e ,  t h e  f i e l d  w a s  made s t e a d y  a g a i n  f o r  35 sec a d a p -  

t i o n  a f t e r  w h i c h  f l i c k e r  w a 5 .  a g a i n  p r e s e n t e d  a n d  a n o t h e r  EF m e a -  

s u r e  t a k e n .  F o u r  s u c h  a d a p t a t i o n - f l i c k e r  c y c l e s  w e r e  p r e s e n t e d ,  - 

f o l l o w e d  b y  a 5 m i n u t e  rest  p e r i o d .  T h e  b r i g h t n e s s  o f  t h e  t a r -  

g e t s  dc ! r ing  s t e a d y  1 i g h t  a d a p t a t i o n  w a s  e q u i v a l e n t  t o  t h e  a p p a r e n t  

b r i g h t n e s s  o f  t h e  f l i c k e r  a t  31 m s e c  I S I .  T h e  l u m i n a n c e  o f  e a c h  

f l a s h  f o r  a l l  I S 1  v a l u e s  w a s  14 Ft-L;  t h a t  o f  t h e  a d a p t i n g  l i g h t  

w a 5 .  0.6 f t - L  . 

T h e  p r o c e d u r e  w a s  d e s i g n e d  t o  test a new m e a s u r e  o i  s t e a d y  

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

3 1  t o  121 m s e c  I S 1  i n  s t e p s  o f  5 msec a t  t h e  s h u r t e r  I S 1 5  (31- 

€31 m s e c !  a n d  i n  s t e p s  o f  10 m s e c  f u r  t h e  l o n g e r  I S I s  (91-121  

rnsec) . A t  e a c h  I S 1  v a l u e  f o u r  f l i c k e r  c o n d i t i o n s  w e r e  m e a s u r e d .  



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

f l i c k e r -  . = , t i m u l a t i o n  i a ~ .  i n  D i a m o n d ,  1979).  F o r  ac,ynchronocrc_ 

sti mu1 a t i o n  t h e  t i m e  i n t e r v a l  b e t w e e n  s u c c e s s i v e  f  1  a s h e s  w a s  

a l t e r n a t e d .  F o r  e x a m p l e ,  5 . t a r t i n g  w i t h  t h e  i i r s t  f l a s h ,  i f  

s u c c e s s i v e  f l a s h e s  w e r e  d e z i g n a t e d  A ,  B, A ,  . . . a n d  50 f o r t h ,  t h e  

t i m e  i n t e r v a l  AE i b e t w e e n  A a n d  E )  w a s  28 rnspc, t h e  n e x t  time 

i n t e r v a l  b e t w e e n  EA, 31 m s e c ,  t h e  n e x t  b e t w e e n  AB, 28 m s e c ,  a n d  so  

o n .  F o r  s y n c h r o n o u s  s t i m u l a t i o n  AE e q u a l l . e d  EA. Note t h a t  a t  

e a c h  b a s i c  IS1 v a l u e  t h e  t i m e  i n t e r v a l  b e t w e e n  EA w a s  h e l d  c o n -  

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

F i g u r e  7 (a! a n d  i b )  . 
A t  e a c h  b a s i c  I S 1  v a l u e  ( f r o m  31 t o  121 rnsec) o n e  

- s y n c h r o n o u s  IS1 v a l u e  w a s  p r e s e n t e d  a n d  t h r e e  a s y n c h r o n o u s  I S 1  

v a l u e s  w e r e  p r e s e n t e d  i n  w h i c h  o n l y  AE v a r i e d .  F o r  e x a m p l e ,  a t  

31 m s e c  b a s i c  I S I .  AB w a s  set a t  28, 31 ( s y n c h r o n o u s > ,  36,  a n d  

41 m s e c ,  i n  s u c c e s s i v e  a v e r a g i n g  t r i a l s .  EA w a s  h e l d  c o n s t a n t  a t  

S1 m s e c  f o r  t h e  f o u r  c o n d i t i o n s .  T h e r e f o r e ,  a t  AE=31 m s e c ,  t h e  

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

Of t h e  t w o  f l a s h e s  o n 1  y  f l a s h  A  w a s  u s e d  t o  t r i y g e r  t h e  s w e e p  

o f  t h e  s i g n a l  a . v e r a g e r .  I n  + h i s  m a n n e r ,  a f l a s h  A is  a l w a y z .  

l o c a t e d  a t  z e r o  o n  t h e  sweep d u r a t i o n  a x i s  !see F i g u r e  7 b )  a n d  

s e r - v e s  a= a c o n s t a n t  r e f e r e n c e  p o i n t  i n  t i m e .  

I f  a n  a c . s o c i a t i o n  e x i s t s  b e t w e e n  t h e  ~ . t i m c t l u s  i n t e r v a l s  a n d  - 

t h e  evol::ed r e s p o n r e  (Diarnnnd,  1979) t h e  i n t e r v a l  b e t w e e n  a n  EF' 

r e s p o n s e  t o  A a n d  B s h o u l d  i n c r e a s e  a s  t h e  AE i n t e r v a l  i n c r e a s e s ,  



F i g u r e  7 

(a) An examp1 e o f  a n  a s y n c h r n n o u s  f 1 i c k e r  p r o c e d u r e .  

! b j  S t e a d y  s t a t e  r e s p o n s e  c u r v e s  r e s u l t i n g  f r o m  t h e  a s y n c h t - o n u s  

p r o c e d u r e .  F ' m s i t i v e  is up. 
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and  t h e  i n t e r v a l  b e t w e e n  t h e  EP r e s p o n s e  t o  B a n d  4 s h o u l d  r e m a i n  

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

I S 1  v a l u e  ( e . g .  31 m s e c )  w i t h o u t  v a r y i n g  t h e  I S 1  p r e c e d i n g  t h e  

A f l a s h  a s  w a s  d o n e  i n  t h e  p r e v i o u s  m e t h o d s  o f  Diamond ( 1 9 7 9 )  a n d  

Regan (1972). 

Measurement  p r o c e d u r e s ;  C g m p u t e r  e l q o r  i t h m s  

L a t e n c y  d e t e r m i n a t i o n  p r o c e d u r e s  g e n e r a l  l y  r e q u i r e  i d e n t i -  

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

prcxedure.  M u s t  s t e a d y  s t a t e  EP l a t e n c y  s t u d i e s  (e. g . ,  R e g a n ,  

1972 ;  Diamond,  1477 a )  h a v e  b e e n  b a s e d  u p o n  t h e  a s s u m p t i o n  t h a t  

t h e  l a t e n c y  o f  t h e  EP d o e s  n o t  c h a n g e  as  a f u n c t i o n  mf I S I ,  a n d  

t h ~ r s  may t e  c a l c u l a t e d  across a l l  I S I s  u s e d  i n  t h e  s t u d y .  T h e  a i m  

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

would  ( l j  i d e n t i f y  p e a k s  a u t o m a t i c a l l y ,  ( 2 )  i n v e s t i g a t e  t h e  

p o s s i b i l i t y  o f  p e a k  v a r i a b i l i t y ,  a s  a f u n c t i o n  o f  I S I ,  ( 3 )  

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

d i f f e r - e n t i a l l y  f i l t e r i n g  ( s m o o t h i n g )  t h e  EP c u r v e s ,  (4 )  c a l c u l a t e  

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

l a t e n c y  c o n c e p t s  a n d  p r o c e d u r e s .  I n  o r d e r  t o  c o m p a r e  t h e  l a t e n c y  

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

F o u r i e r  a n a l y s i s  ( R e g a n ,  1972) i t  w a s  n e c e s s a r y  t o  f i l t e r  o u t  t h e  

h i g h  f r e q u e n c i e s  i n  t h e  EP c u r v e  w i t h  a number  19 f i l t e r  window. 

F o r  a d e t a i l e d  d e s c r i p t i o n  a n d  i 1 l u s t r a t i o n  o f  t h e s e  a l g o r i t h m  

p r o c e d ~ r r e ~ , ,  see A p p e n d i c e s  A,  E, a n d  C. 

7c .-\ .J 



RESlJLTS 

T h e  r e s u l t s  of  t h e  t w o  s u b j e c t s  p r e s e n t e d  h e r e  a r e  re- 

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

T h e  r e s u l t s  i n  F i g u r e  8 s h o w  t h a t  t h e  number  o f  c o m p o n e n t s  

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

f l i c k e r  t r a i n ,  v a r i e s  a s  a f u n c t i o n  o f  I S I .  F o r  e x a m p l e ,  a t  t h e  

s h o r t e r -  I S I s  (36  msec or less) t h e  r e E . p o n s e  is composed  o f  a 

s i n g l e  c o m p o n e n t .  A t  s l i g h t l y  l o n g e r  I S I S  ( 4 1  t o  9 1  m s e c )  a t w o  

c o m p o n e n t  r e s p o n s e  is p r o d u c e d ;  a n d  a s  t h e  I 5 1  c o n t i n u e s  t o  i n -  

crease (1G1 t o  121 m s e c  ) s o  d o  t h e  number  o f  c o m p o n e n t s .  H o w -  

e v e r ,  m i n o r  i n d i v i d u a l  d i f f e r e n c e  d i d  o c c u r .  F o r  e x a m p l e ,  D. V . D . ,  

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

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

o i  f o u r  c o m p o n e n t  r e s p o n s e s .  However ,  a l l  s u b j e c t s  showed  t h e  

major phenomenon:  a s  I S 1  is i n c r e a s e d  t h e  number  o f  cc tmponen t s  i n  

t h e  s t e a d y  s t a t e  EP i n c r e a s e s .  

F i g u r e  9, r e v e a l s  t h a t  a m p l i t u d e  v a r i a b i l i t y  b e t w e e n  t h e  

c o m p o n e n t s  o f  t h e  s t e a d y  s t a t e  EP r e s u l t s  as  a f u n c t i o n  o f  I S I .  

36 



F i g u r e  8. 

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

i n g  l i g h t ,  f n r  s u b j e c t  C.F. C u r v e s  are p o s i t i v e  up .  The number  

o f  c o m p o n e n t s  i n  t h e  s t e a d y  s t a t e  EP d e c r e a s e  w i t h  5 . h o r t e r  I S I S  

( f a s t e r  r a tes  o-i ~ t i m t - t l  u s  p r e ! = . e n t a t i o n )  ; si n g l e  c o m p o n e n t  EPs 

o c c u r  a t  31 m s e c  I S I ,  d o u b l e  c o m p o n e n t  E F s  a t  41 m s e c  or g r e a t e r ,  

m u l t i p l e  c o m p o n e n t  E P s  a t  1 G 1  m s e c  I S 1  or g r e a t e r .  F i l t e r  window 

is  3 (see f7ppendix  C i .  Vert ica l  h a s h  m a r k s  d e s i g n a t e  c o m p o n e n t  

p e a k s  a s  d e t e r m i n e d  b y  a p e a k  d e t e c t i o n  c o m p u t e r  p r o g r a m  (see Ap- 

p e n d i x  A ) .  





F i g u r e  4.  

pj ter = '- ' , - ,.it 1 o n s  i n  peal:: a n p l  i t~ -~ .dec .  betc;.!een t h e  c o m p a r i e n t s  o+ 

stead:,:  r i t a t e  EF' as  a r e s u l t  n+ c h a n g e s  i n  151, < a )  a t  51 riisec 

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

l a t e n c y  of  8if/ msec, ( b i  a t  61 msec 151, peal:: a rnp l i t l - rdes  rreverE.e, 

t h e  l a t e r  c o m p o n e n t  h e c o m e s  i a r - g e r  w i t h  a p e a k  v a l u e  o f  114 m s e c .  

F i l t e r  window is  3 .  





ks  shown f o r  C.F. , a 51 msec IS1  s t i m u l u s  c l e a r l y  evoked a  

two component response i n  which t h e  ampl i tude o f  t he  f i r s t  com- 

ponent waE. l a r g e r  than t h e  second, a  l a rge / sma l l  r e l a t i o n s h i p .  

However, a t  61 msec I S I ,  t h e  r e s p e c t i v e  amp1 i tcrdes reversed 

w i t h  t h a t  o f  t h e  second component becoming l a r g e r  than t h e  f i r s t ,  

a  smal l  / l a r g e  r e l a t i o n s h i p .  

The e f f ec t z .  a f  f i l t e r i n g  t h e  steady s t a t e  EP were analysed 

i n  a  procedure t h a t  i n vo l ved  f i 1  t e r i n g  ou t  t h e  h i gh  f requenc ies  

i n  t h e  EP curve. Two f i l t e r  va lues  were uzed. The f i r s t ,  a  low 

f i l t e r  va lue ( a  minimum window va lue  o f  3; see appendix C )  r e s u l t -  

ed i n  t h e  r e t e n t i o n  o f  one o r  more components (peaks) i n  t h e  r e -  

sponse, and t h e  second, a  h igher  f i l t e r  va lue  (window va lue  19) 

reduced t he  number o f  components (peaks) i n  t h e  EP response t o  

one per  cyc le .  

~ h k  r a t i o n a l  f o r  reduc ing  t h e  number o f  EP components t o  one 

w a c .  t o  produce a. t i n g l e  flundamental EF' response t o  t h e  f1 icL :er ing  

l i g h t  analogouc, t o  t h e  fundamental component prod~rced by F o u r i e r  

ana lys i s .  F igu res  10 and 11 i l l u s t r a t e  these r ~ s u l  t s .  

The curves i n  F igu res  12 t o  15, i n  which t h e  l a t ency  o f  a  

p o s i t i v e  EF' peak i s  p l o t t e d  as a  f u n c t i o n  o f  151, revea l  t h a t  

s i g n i f i c a n t  peak la tency  d i f f e r e n c e s  r e s u l t e d  from d i f f e r e n t i a l -  

l y  f i l t e r i n g  t h e  data. The p o s i t i v e  peak ( o r  peaks) w a s  

41 



F i i t e r  e i i e c t s  upon s t e a d y  s t a t e  r e s p o n s e  c u r v e s  t o  r e d  i l i c k e r ,  

+ o r  5ub ject  C.F. F o s i t i v e  is up.  R e s p o n s e  is r e d u c e d  

t o  a s i n g l e  component  EP. F i l t e r  window is e i t h e r  3 or 19. 



AMPLITUDE (uV) 



F i g u r e  11. 

F i l t e r  e i f  e c t s  upon s t e a d y  s t a t e  r e s p o n s e  c u r v e s  t o  r e d  f 1 i c k e r  

+ o r  s u b j e c t  LS. P o s i t i v e  i ~ .  up .  R e s p o n s e  i s  r e d u c e d  t o  a s i n g l e  

component  EP. F i l t e r  window is e i t h e r  5 or 19. 



AMPLITUDE (uV) 



F i g u r e  12. 

The e f f e c t s  o f  a h i g h  f i l t e r  (window 19) o n  p o s i t i v e  p e a k s  o f  

t h e  c y n c h r o n o c t s  s t e a d y  s t a t e  EP. T h e  EF' peal:: p l o t t e d  w a s  s e l e c t e d  

a= p e a k  A ,  a n d  i t s  l a t e n c y  d e t e r m i n e d  by t h e  a s y n c h r o n o u s  

p r o c e d u r e  o u t l i n e d  o n  p a g e s  31-34. F o r  C . F . ,  m a j o r  p e a k  s h i f t s  

are e v i d e n t  5 r o m  61 t o  66 m s e c  a n d  i n  t h e  $31 t o  121 m s e c  r a n g e  

a l o n g  t h e  IS1 a x i s .  



Synchronous Component, 
high filter 09) 

CF. 

I I I I I I I I I I I I I 1 I 

31 3 6  41 4 6  51 56 61 66 71 76 81 91 101 111 121 
1st (msec) 



F igu re  13. 

The e f f e c t  of a h i g h  f i l t e r  iwindow 13) on t h e  p o s i t i v e  peaks 

o i  t h e  ~ .ynchronous steady s t a t e  EP. The EP peak p l o t t e d  was 

se lec ted  as peak Fi, and i t s  l a t ency  was determined by t h e  

asynchronous procedure o u t l i n e d  on pages 31-34. For L.D., major 

peak s h i f t s  a r e  ev i den t  f rom 41 t o  46 msec and i n  t h e  81 t o  121 

msec range a long  t h e  IS1 ax is .  



Synchronous Component, LD. 
high filter $9) 

I I I I I I I I I I I I I I 6- 
31 36 41 46 51 56 61 66 71 76 81 91 101 111 121 

IS1 (msec) 



F i g u r e  1 4 .  

Tha. e f i e c t s  o i  a low f i l t e r  (window 3) o n  t h e  p o s i t i v e  p e a k s  G-F 

t h e  s y n c h r o n o u s  s t e a d y  EP f o r  s u b j e c t  C.F.  T h e  p l o t  o f  p e a k  

l a t e n c y  v e r s u s  IS1 is  o i  t h e  t w o  c o m p o n e n t s  i l l u s t r a t e d  i n  

F i g u r e  10. T h e  t w o  c o m p o n e n t  p e a k s  w e r e  s e l e c t e d  a s  A 1  a n d  62 

a s  d e t e r m i n e d  by t h e  a s y n c h r o n o u s  p r o c e d u r e  o u t l i n e  on p a g e s  31-34.  



Synchronous Component, CF. 
. low filter (3) 

Legend 
A peak 1 

@ Peak 2 

IS1 (msec) 
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F i g u r e  15. 

The e f f e c t s  of a low f i l t e r  (windaw 3) o n  t h e  p o s i t i v e  peaks 

o f  t h e  s y n c h r o n o u s  s t e a d y  s t a t e  EP for' s u b j e c t  L .D.  T h e  p l o t  of 

p e a k  l a t e n c y  v e r s u s  IS1 is  o f  t h e  t w o  c o m p o n e n t s .  i l l u s t r a t e d  i n  

F i g u r e  10. The  t w o  c o m p o n e n t  p e a k s  c-rere s e l e c t e d  a= Gl a n d  A 3  a s  

d e t e r m i  ned  by t h e  a s y n c h r o n o u s  p r o c e d u r e  o u t 1  i n e d  o n  p a g e s  3l-34. 



Synchronous Cornp. LD. 
.,.low filter (3) & .  

Legend 
a peak 1 

@ Peak 2 



s e l e c t e d  a s  p e a k  A a5 d e t e r m i n e d  b y  t h e  a s y n c h r o n o u s  p r o c e d u r e  

o u t l i n e d  o n  p a g e 5  63-64. T h e  h i g h e r  f i l t e r  ( w i n d o w  14)  p r o d u c e d  

a s i n g l e  c o m p o n e n t  across a l l  o f  t h e  d i f f e r e n t  I S I s .  T h i s  is 

p l o t t e d  i n  F i g u r e s  12 a n d  13. F o r  t h e  h i g h e r  f i l t e r  ( s i n g l e  com- 

p o n e n t )  p l o t  t h e r e  r e e m s  t o  b e  a s h a r p  b r e a k  b e t w e e n  t h e  l o w  a n d  

medium IS1  v a l u e s .  

I n  c o n t r a s t ,  t h e  lower f i l t e r  ( w i n d o w  3 )  y i e l d e d  t w o  c o m -  

p o n e n t  p e a k s  p e r  f l a s h ,  (see F i g u r e s  1 4  a n d  15). O f  t h e  t w o ,  t h e  

e a r l y  c o m p o n e n t ,  r a n g e d  i n  l a t e n c y  f r o m  70 t o  1 0 Q  rnsec, among a l l  

s u b j e c t s .  T h e  l a t e n c y  o f  t h e  l 5 . t ~  c o m p o n e n t  r a n g e d  b e t w e e n  105 

a n d  1 1 5  m r e c .  A t  t h e  l o n g e r  I S I S  ( f r o m  1 1 1  t o  1 2 1  m s e c )  a t h i r - d  

c o m p o n e n t  p e a k  a p p e a r e d  w i t h  a l a t e n c y  t h a t  r a n g e d  b e t w e e n  54 a n d  

70 m r e c  ( p r e c e d i n g  t h e  o t h e r  t w o  c o m p o n e n t s ) .  

T r a d i t i o n a l  1 a t e n c y  p r o c e d u r e  agd f  i 1 ter e f f e c t s  ----------- 

F i g u r e s  16 t o  19, i l l u s t r a t e  t h e  s i g n i f i c a n t  e f f e c t s  t h a t  

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

( R e g a n ,  1 9 7 2 ;  D i a m o n d ,  1 4 7 7  a ) .  T h e s e  p r o c e d u r e s  h a v e  b e e n  b a s e d  

u p o n  s e l e c t i n g  c o r - r e s p o n d i n g  p e a k s  i n  t h e  EF' t h a t  a r e  a s s u m e d  t o  

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

s i o n  t e c h n i q u e ,  see p .  27) l a t e n c y  across c o n s e c u t i v e  I S I s .  

A s  ~ h o r - ~ n  i n  F i g c t r e s  16 a n d  17, l a t e n c y  s o  d ~ t e r n i i n e d  f o r  t h e  

h i g h e r  f  i l  t e r ~ d  p e a k s ,  are  e x t r e m e l y  v a r i a b l e .  
ff 

- 
Ihe l o w e r  f i l t e r e d  EP y i e l d e d  t w o  l a t e n c y  c u r v e s ,  o n e  f o r  



F i g u r e  16 

S y n c h r o n o u =  1  a t e n c y  p r o c e d u r e  a n d  f  i 1 t e r  e f f e c t s  f o r  s u b j e c t  C. F. 

Each p o i n t  r e p r e s e n t s  a l a t e n c y  t h a t  was o b t a i n e d  by s e l e c t i n g  

c o r r ~ s p o n d i n g  p e a k s  i n  t h e  EP of t h r e e  c c t n s r c u t i v e  I S I S  a n d  d e -  

t e r m i n i n g  1  a t e n c y  b y  1 i n e a r  r e g r e s s i o n  t h r o u g h  d a t a  f r o m  t h e s e  

t h r e e  I S I s  (see Diamond, 1977 a ) .  The  h i g h e r  f i l t e r e d  E P s  p r o -  

i u c e d  anornalouc.  1 a t e n c y  v a l u e s  a s  i n d i c a t e d  b y  t h e  m a j o r  1  a t e n c y  

s h i f  ts a c r o s s  I S I s .  



Synchronous Latency. CF. 
J 

(high filter) 



Synchronctcts l a t ency  procedure and f i l t e r  e f f e c t s  f o r  z.ub j e c t  L. D. 

Each p o i n t  represents  a  l a t e n c y  t h a t  w a s  obta ined by s e l e c t i n g  

cor-responding peaks i n  t h e  EF of t h r e e  consecut ive I S I s  and de- 

t e rm in i ng  l a t e n c y  by l i n e a r  r eg ress i on  through data f rom these 

t h r e e  I S I s  (see Diamond, 1977 a). The h igher  f i l t e r e d  EPs produced 

anomalous 1 atency values as i n d i c a t e d  by ' t h e  major l a t ency  s h i f  tc, 

acrozs IS Is .  



Synchronous Latency. LD. 
/ 

(high filter) 



F i g u r e  18. 

Low i i  i t e r  e f  f ectc, a n d  z y n c h r ~ n o u c ,  1 a t e n c y  p r o c e d u r e  +or  S u b j e c t  

C . F .  T h e  l o w e r  f i l t e r e d  EPs r e v e a l e d  t w o  l a t e n c y  vc, IS1 c u r v e s .  

L a t e n c i e s  f o r  b o t h  p e a k s  v a r i e d  s i g n i f i c a n t l y  e s p e c i a l  1 y across 

t h e  medium f r e q u e n c y  r a n g e ,  b e t w e e n  51 a n d  76 m r e c  ISI .  



Synchronous Latency. Low filter. CF 

Legend 
component l 

 la component 2 



F i g u r e  14. 

Low f i  l ter  e f f e c t s  a n d  s y n c h r o n o u s  l a t e n c y  p r o c e d u r e  +or s u b j e c t  

L.D. T h e  i ~ w e r  f  i l t r r e d  EF's r e v e a l e d  t w o  l a t e n c y  vs IS1 c u r v e s .  

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

t h e  medium f r e q u e n c y  r a n g e ,  b e t w e e n  51 a n d  76 m s e c  IS I .  



Synchronous Latency. Low filter. LD 

Legend 
component  1 

component  2 



~ a c h  c o m p o n e n t ,  a n d  175 ~ h o w n  i n  F i g u r e s  1 8  a n d  1 9 ,  t h e s e  c u r v e s  

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

ac ross  I S I s .  H o w e v e r ,  l a t e n c i e s  w e r e  sti 11. q u i t e  v a r i a b l e  f o r  

m o s t  s u b j e c t s  i n  t h e  61 t o  66 m s e c  I S 1  r a n g e .  

S i g n i f i c a n t  v a r i a b i l i t y  i n  l a t e n c y  ir e v i d e n t ,  when l a t e n c y  

ic, c a l c u l a t e d  i n  t h e  t r a d i t i o n a l  m a n n e r  iF :egan ,  1472; D i a m o n d ,  

I ? ? ? > .  T h i s  may be b e c a u s e  t h e  a s s u m p t i o n  t h a t  l a t e n c y  is  c o n s -  

s t a n t  ac ross  t h e  I S I s ,  u s e d  when c a l c u l a t i n g ,  i s  a n  i n v a l i d  ac_sump- 

t i o n .  

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

t h a t  t h e  l a t e n c y  o f  t h e  EP t o  f l a s h  A d o e s  n o t  c h a n g e  across 

t h e  f o u r  d i f f e r e n t  a s y n c h r o n o u s  c o n d i t i o n  (see F i g u r e  7a ) .  T h i s  

a s s u m p t i o n  is b a s e d  o n  t h e  f a c t  t h a t  t h e  IS1 p r e c e d i n g  f l a s h  A 

is a l w a y s  c o n s t a n t ,  i . e . ,  (PA)  is  a i w a y s  36 m s e c .  T h e r e f o r e ,  i n  

t h e  EF' r e s p o n s e  i n  F i g u r e  7 b ,  t h e r e  shoc! ld  b e  a n  EF' p e a k  w h i c h  

d o e s  n o t  c h a n g e  i n  1 a tency  across  t h e  f o u r  d i f f e r e n t  a z y n c h r o n o u s  

c o n d i t i o n s .  T h i s  is  p e a k  A ,  i n  f i g u r e  7 b .  T h e  " a l t e r n a t e "  

p o s i t i v e  peal:: is l a b e l l e d  ti. T h e  Ei '  peal::  A ,  is t h e n  i d e n t i f i e d  i n  

t h e  s y n c h r o n o u s  c o n d i t i o n  ( l a b e l  l e d  35/36, i n  F i g u r e  7b) .  N e x t ,  

t h e  t i m e  l a p s e  b e t w e e n  f l a s h  A a n d  EP p e a k  A is m e a s u r e d  as  t h e  

l a t e n c y  o f  p e a k  A .  P e a k  A l a t e n c y  w a z  t h e n  p l o t t e d  f o r  a l l  s y n -  

c h r o n o u s  I S 1  v a l u e s  f r o m  3 1  t o  121 m s e c .  W h e r e  t h e r e  is a t w o  
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c o m p o n e n t  r e s p o n s e  t o  p e a k  A ~ ~ E S E .  c o m p o n e n t s  a re  p l o t t e d  a s  p e a k  

1 a n d  p e a k  2 (see F i g u r e s  1 4  a n d  15) .  

The  d a t a  i n  F i g u r e z  2C) a n d  21, i l l u s t r a t e  t h e  d i i f e r e n c e s  

b e t w e e n  s u b j e c t s  i n  t h e  maximum a m p l i t u d e  o f  t h e  s t ~ a d y  s ta te  EF', 

a s  a f u n c t i o n  o f  s y n c h r o n o u s  IS I .  T h e  maximurn a m p l i t u d e  o f  t h e  

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

b e t w e e n  t h e  l a r g e s t  p o s i t i v e  a n d  l a r g e s t  n e g a t i v e  p e a k  i n  a 

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

I S I S ,  h o w e v e r ,  C . F . ,  w a s  a n  e x c e p t i o n  F i g u r e  2 2 ) .  A s  I S 1  

i n c r e a s e d  t h e  EP a m p l i t u d e  g ~ n e r a l l y  i n c r e a s e d  t o  a maximum, t h e n  

f e l l  o f f  f o r  t h e  l o n g e s t  I S I S  (1C)l m s e c  or  l o n g e r ) .  



Steady state EF' amplitude - IS1 curve=. -For subject C.F. Amplitude 

generally increased as a function of IS1 but the increase 

w a s  not linear. 



Amplitude as a function of IS!. CF. 
synchronous 

I I I I 1 I I I I I I I I I I 

31 3 6  41 46 51 56 61 66 71 76 81 91 101 111 121 
IS1 (msec) 



F i g u r e  21. 

Steady s t a t e  EF' a m p i i t u d e  - IS1 c u r v e  fo r  s u b j e c t  L . D .  G m p l i t u d e  

g e n e r a l l y  i n c r e a s e d  a s  a f u n c t i o n  o f  IS1 b u t  t h e  i n c r e a s e  w a s  n o t  

l i n e a r .  



Amplitude as a function of ISI. LD. 
synchronous 

1 I 1 I I I I I I I 1 I 1 I 1 

31 36 41 46 51 56 61 66 71 76 81 91 101 111 121 
IS1 (msec) 



DISCUSSION 

Th is  s tudy  has shown t h a t  a t  l e a s t  two fundamental components 

i n  t h e  EP appear over a wide range o i  f requencies.  These r e s u l t s  

a re  no t  c o n s i s t e n t  w i t h  Regan's (1972) i dea  t h a t  separate EP fun-  

damental components a re  evoked o n l y  w i t h i n  separate and d i s t i n c t  

frequency ranges, and t h a t  each frequency range i s  associated 

w i t h  a d i f f e r e n t  l a t ency  system. Therefore,  t h i s  suggests, con- 

t r a r y  t o  Regan's theory ,  t h a t  t h e r e  a re  n o t  t h r e e  l a t ency  systems 

set o f f  by t h r e e  frequency ranges, o r  channels. Rather, t h e r e  

a re  a  number o f  fundamental components i n  each steady s t a t e  EP 

c y c l e  a t  a l l  f l a s h  f requencies,  and each component has a  d i f -  

f e ren t  1 atency. 

I??qan7s l a t e n c y  channels produced by f i l t e r i n q  &he Ef response 

T h e o r e t i c a l l y ,  t h e  F o u r i e r  a n a l y s i s  employed by Kegan (1472) 

and t h e  f i l t e r i n g  procedure employed i n  t h e  present  experiment 

ba th  i nvo l ved  r ~ d u c i n g  t h e  m u l t i p l e  comp~nent  EF' t o  a s i n g l e  

fundamental response f o r  each l i g h t  f l a s h .  Th is  i s  seen i n  

F igures  1 0  and 11. As shown i n  F i gu re  12, f o r  sub jec t  C.F., t h e r e  

i s  a major s h i f t  i n  peak l a t e n c y  from about 85 msec a t  t h e  sho r t e r  

151s (31 t o  56 rnsec) t o  about 103 msec a t  t h e  longer  I S I s  (66-81 

msec). For L.D., ( F i gu re  13) t h e r e  i s  a major s h i f t  i n  peak 

l a t ency  f rom about 87 msec, a t  31 t o  41 msec ISI, t o  about 108 msec 
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a t  51 t o  41 msec I S I .  Th is  o f t e n  produced abrupt  and major 

s h i f t s  i n  t h e  l a t e n c y / I S I  p l o t s .  

Regan's l a t e n c y  procedure i n  which o n l y  t h e  fundamental 

response t o  each f l a s h  i s  measured, would r e s u l t  i n  t h e  same 

abr-upt l a t ency  s h i f t  w i t h  changes i n  s t i m u l u s  frequency. Such an 

abrcrpt s h i f t  i m p l i e s  a p o s s i b l e  s h i f t ,  w i t h  stimcrlus frequency, 

from one la tency / f requency  system t o  another.  Th is  i s  i n  f a c t  t h e  

conc lus ion  t o  which F:egan has come (Regan, 1972). 

Moreover, i t  was found t h a t  t h e  t ime  d i f f e r e n c e  between peaks 

i n  t h e  m u l t i p l e  component EF's was appro:: imately 30 msec. Th i s  i s  

t he  t ime  d i f f e r e n c e  t h a t  separates t h e  es t imated 1 a tenc ies  o f  

F:egan3 s t h r e e  frequency channel s, 60 msec ( f a s t  f requency) , 90 msec 

(medium f requency)  and, 12G msec (s low f requency)  . 
Note t h a t  t h e  peak s h i f t  between 41 and 46 msec 151, i n  

F igu re  13, corresponds t o  where Regan has determined t h a t  a major 

s h i f t  i n  l a t e n c y  occurs between t h e  f a s t  and medium frequency 

systems. T h i s  i s  a l s o  where most sub jec t s  beg in  t o  show t h e  

double component response, i f  t h e  EP i s  n o t  f o r c i b l y  reduced t o  

one fundamental by a F o u r i e r  a n a l y s i s  o r  heavy f i 1 t e r i n g .  

If i t  i s  t r u e  t h a t  as IS1  increases,  more than one component 

i s  i nc luded  i n  t h e  EF' rec.pGnse, then one a l t e r n a t i v e  hypothes is  

i s  t h a t  t h e  s teady s t a t e  EP may be analogous t o  t h e  t r a n s i e n t  EP 

as i l l u s t r a t e d  i n  F i g u r e  1 ( a ) .  That i s ,  i t  i s  p o s s i b l e  t h a t  as 

t h e  IS1 i s  increased, more and more o f  t h e  t r a n s i e n t  waveform 

becomes ev iden t  i n  t h e  steady s t a t e  EF'. T h i s  hypothes is  was 

7 0 



11-1 o r d e r  tc! e m p l o y  D i a m o n d ' s  l a t e n c y  p r a c e d u r e  (1977 a), i t  is 

==. .= ! t m ~ d  t h a t  f o r  t h e  c o r r s e c t t t i v e  IS1 v a l u e c ,  u5ed  i n  a l a t e n c y  

: a i . c u I . a t i o n ,  t h e  EF' l a t e n c y  r e m a i n s  c o n s . t a n t .  However ,  i f  w e  

iiieast.-!t-e l . : i t~ r~cp .  w i t h  t h e  asy r~chronoc~ . !  method, ar. i n  t h e  p r e s e n t  

- 
study, t h i s  a r s u m p t i o n  d o e s  riot a p p e a r  t u  b e  v a l i d .  i h e  p l o t  o f  

l a t e n c y  v e r s u s  I S I  i n  F i g u r e s  14 a n d  1 5 ?  s h o w s  t h a t  l a t e n c y  c a n n o t  

a s s u m e d  t o  b ~  c o n s t a n t  as  IS1 i s  v a r i e d .  To  t h e  e x t e n t  t h a t  

l a t e n c y  v a r i e s  w i t h  I S I ,  D i a m o n d ' s  (15'77 a )  p r o c e d u r e  m i s r e p r e s e n t s  

t h e  a c t u a l  s t e a d y  s t a t e  l a t e n c y  a s  a f u n c : t i a n  o f  131. 

W i t h  t h e  as.:/nc:h1-c1nr7c!s me.tf.iud i t  was p o s s i b l e  t o  c i r c u m v e n t  

t h e  p r o b l e m = .  e n c c ~ u r i t c ? r e d  i n  t h e  t w o  previol-!c. p r o c e d u r e s  by  d e t . e r -  

r r~ i r i i ng  l a t e n c y  a t  ~ 7 1  s i . n g l e  151. TI-iat is? t h e  IS1 p r e c e d i n g  S l a ~ . h  

A w a s  a lwayc .  h e l d  c o n c , t a n t  d ~ r r : i n g  am .~~",\;nchrorio~-!s p r o c e d u r e .  T h e  

r e s u l - k i n g  ! . a . t e ~ c y  .for- t h e  EF' t o  + l a s h  A W ~ E L . ~  n o t  c o n -  

t a m i n a t e d  b y  a d i f f e r e n t  p o s s i t i i e  e f f e c t  a t  e a c h  131, a s  i n  t h e  

p r i o r  m e t h a d s  o f  Kegan (1372) a n d  Diamond (1977 a). 
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The acynchronous procedure, however, because i t  i s  a new 

procedure does r e q u i r e  f u r t h e r  comment. For example, t h e  asyn- 

chronous a n a l y s i s  was a combinat ion of (1)  automat ic  computer se- 

l e c t i o n  o f  peak values, and ( 2 )  s e l e c t i o n  o f  peak A (see F i gu re  

7b) on the  b a s i s  o f  a low v a r i a b i l i t y  i n  peak d u r a t i o n  +or  IS1 t o  

IS I .  That i s ,  t h e  v e r t i c a l  l i ne -up  o f  peak A i n  F i g u r e  7b, was 

determined by measurement o f  t h e  v a r i a b i l i t y  i n  peaks between IS1 

cond i t ions .  For  f o u r  peaks i n  F i gu re  7b t o  be considered t o  l i n e  

up v e r t i c a l l y ,  t h e i r  s tandard  d e v i a t i o n  had t o  be 2 msec o r  l ess .  

I n  t h i s  w a y ,  p o s i t i v e  peaks taken from the  f o u r  I S I  c o n d i t i o n s  

were no t  combined t o  i d e n t i f y  peak A un less  t h e  s tandard d e v i a t i o n  

cs i  t h e i r  f o u r  d u r a t i o n  va lues  was l e s s  than 2 msec. 

The asynchronous procedure d i d  no t  y i e l d  t h e  t h r e e  frequency 

channels, each w i t h  a d i f f e r e n t  la tency ,  t h a t  was found by Kegan 

(1972). I ns tead  t h e  r e s u l t s  have suggested t h a t  perhaps a s i n g l e  

channel e x i s t s  w i t h  one o r  more EP components. For example, i n  

F igures  14 and 15, i t  i s  seen t h a t  each EP component i s  responsive 

over t h e  same IS1  ranges. 

A d i r e c t  comparison o f  these r e s u l t s  w i t h  t h e  s t u d i e s  o f  Regan 

(1372) and Giamond (1477 a)  i s  encumbered by t h e  f a c t  t h a t  they  r e -  

corded steady s t a t e  EPs t o  a f l i c k e r i n g  wh i t e  l i g h t  whereas t h e  

present  s tudy  u t i l i z e d  r e d  l i g h t  f l i c k e r .  Therefore,  t h e  seeming- 
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l y  c o n t r a d i c t o r y  r e s u l t s  found i n  t h i s  s tudy  may p a r t i a l l y  be a 

r e s u l t  of  t h i s  d i f f e r e n c e .  I t  i s  p o s s i b l e  t h a t  steady s t a t e  EPs 

t o  r e d  l i g h t  a r e  r e f l e c t i n g  d i f f e r e n t  aspects of t he  unde r l y i ng  

phys io logy  o f  t h e  v i s u a l  system, namely t h e  r e d  receptors .  

Recording s teady s t a t e  EPr  t o  f l i c k e r  t h a t  v a r i e d  i n  wavelength 

would  be a major s tep i n  a t tempt ing  t o  f u r t h e r  c l a r i f y  these ap- 

parent  c o n t r a d i c t i o n s .  



AF'F'ENDI X A 

P e a k  d e t e r m i n a t i o n  o n  t h e  EP w a v e f o r m  p r o c e e d e d  f r o m  l e f t  t o  

r i g h t .  P o s i t i v e  maximum v o l t a g e  ( a m p l i t u d e )  c h a n g e s  w e r e  i d e n t i -  

f  i e d  a s  c o m p o n e n t c .  ( p e a k s ) .  C o m p o n e n t  ( l a t e n c i e s )  w e r e  i d e n t i f i e d  

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

m s e c ?  a n d  p o i n t  v a l u e s  ( f r o m  1 t o  256 p o i n t s  uc.ed a l o n g  t h e  b a s e -  

1  i n e ) .  Each m s e c  a n d  p o i n t  v a l u e  w a s  d i s p l a y e d  o n  the s c r e e n  

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

e x a m p l e  o f  w h i c h  f o l l o w s  i n  T a b l e  1. 



FIEURE 22. 

Flow chart illustrating sequence of events in t h e  peak detection 

a1 gori thm. 
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T A B L E  1 

C o m p u t e r  p r i n t  out o f  m s e c  and p o i n t  l a t e n c i e s  generated by  t h e  

peak d e t e c t i o n  a l g o r i t h m  i n  resppnse t o  a synchronous I S 1  of  31 

m s e c .  

P E A K  MEiEC FsNij P O I N T  L A T E N C I E S  

21 .09375 24 

52,24442 19 59.5 

83.6171875 44 

113.818359 129.5 

144. 140625 164. 

175.341797 149.5 

205. 664r:)63 234. 

NUMBER O F  P E A K S / C Y C L E  

F I L T E F :  3 = 3 

F I L E N A M E  = C31/2 



AF'F'ENDI X I3 

LGTENCY --------- ALGORITHM. 

C o m p o n e n t s  ( p e a k s )  w e r e  d e t e r m i n e d  a l g o r - i  t h m i c a l  l y  ( i  . e. ,  i n  

t h e  p r o c e d u r e  p r e v i o u s l y  d i s c u s s e d )  . C o r r e s p o n d i n g  c o m p o n e n t s  

i p e a k s )  i n  t h e  EF' w e r e  s e i e c t e d  a n d  c a m b i n e d  acrosc, t h r e e  c o n s e -  

c u t i v e  I S I s .  S a w t o o t h  w a v e s  w e r e  g e n e r a t e d  a t  e a c h  I S I ,  a n d  r e p -  

r e s e n t e d  w h e r e  t h e  c o m p o n e n t ' s  ( p e a k )  l a t e n c y  o c c u r e d .  N e x t ,  t h e  

t h r - e e  s a w t o o t h  wave5 w e r e  c o m b i n e d  i s u p e r i  r n p o s e d )  a n d  l a t e n c y  w a s  

d e t e r m i n e d  w h e r e  t h e  1 east  a m o u n t  of \;ari a n c e  b e t w e e n  t h e  t h r e e  

w a v e 5  o c c u r r - e d .  F o r  a n  e x a m p l e  o f  t h i s  p r o c e d u r e  see t h e  

f o l l o w i n g  i l l u s t r a t i a n s  i n  F i g u r e s  251 a n d  25b. 



Algorithm f ] .ow  chart i 1 lustrating the sequence of events for 

determining 1 atency. 
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FIGURE 24. 

An example o i  sawtooth waves generated and combined across 

t h r e e  IS I s .  Fis shown i n  F i gu re  24a, when t h e  t h r e e  waves l i n e  up 

c10se l .y~  l a t e n c y  i s  determined where t h e  s tandard d e v i a t i o n  

between t h e  curves  i s  a t  a minimum. I n  t h i s  case t h e  standard 

d e v i a t i o n  i s  zero.  

I n  f i g u r e  246 l a t ency  i s  determined a t  t h e  ze ro  standard d e v i a t i o n  

p o i n t  va lue  and changed t o  a msec l a t e n c y  va lue.  Note, t h e  two 

p l o t s  correspond: t h a t  i s ,  t h e  p r i n t e d  l a t e n c y  va lue  i n  F i gu re  

27b, corresponds t o  t h e  p o i n t  a t  which t h e  t h r e e  sawtooth curves 

come toge the r  ( a t  a minimum v a r i a b i l i t y  p o i n t ) .  







a. An example o f  t h e  g e n e r - a t i ~ n  o f  sawtooth waves +o r  components 

t h a t  do n o t  correspond. b. T h i s  produces an anomalous l a t e n c y  

v a l  ue. 
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