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A B ST R A C T

T h e  thesis describes an  investigation  o f visual responses to  spatially  
s tru c tu red  stim uli. Several d iffe ren t psychophysical m ethods w ere app lied  in  
th e  study  o f h u m an  sub jec ts an d  b o th  n o rm al an d  ab n o rm al p a tte rn s  of 
response  a re  exam ined .

B ackground p e rtu rb a tio n  techn iques, app lied  in  th e  study  o f n o rm al 
vision, show ed th a t in  th e  early  stages o f  p rocessing, visual channe ls tre a t d a rk  
ta rge ts  sim ilarly  to  ligh t ones. E ffo rts  to  show  th a t m echan ism s detec tin g  th e  
tw o ta rg e t co n trasts  a c t in d ep en d en tly  w ere only  p artia lly  successful. By 
studying th e  co n trib u tio n  o f d iffe ren t sp ec tra l m echanism s (iso la ted  using S tiles ' 
tw o -c o lo u r in c rem en t th resho ld  techn ique) to  spatia l chan n e ls  sensitive to  
o rien ta tio n , it was found  th a t th e  b lu e-sen sitiv e  m echan ism  p ro jec ts  to  a 
lum inance  ch an n e l, co n tra ry  to  th e  conclusions o f several e a rlie r  studies w hich 
suggest th a t th ey  p ro je c t solely to  ch ro m atic  channels.

Investigations o n  a n u m b er o f d iffe ren t kinds o f  ab n o rm al visual 
function  a re  p re sen ted , and  th e ir  resu lts a re  sum m arized  as follows.
i) D iscrim ination  o f single ta rgets  em bedded  in  m u lti-e le m e n t backgrounds
a re , u n d e r som e c ircum stances, ab n o rm al in  sub jects w ith  visual agnosia and
strabism ic am blyop ia . In  th e  la tte r  case , p erfo rm an ce  ap p ea rs  to  be  lim ited  by 
lack  o f spatia l reso lu tion , bu t c an n o t be  a ttrib u ted  solely to  th e  coarse  spatia l 
responses m easu red  fo r ea rly  stages o f visual processing. E x p erim en ts  o n  a 
single agnosic su b jec t revealed  no rm al d iscrim ination  o f o rien ta tio n  o f lines, bu t 
im paired  p e rfo rm an ce  fo r all th e  p a tte rn  d iscrim inations. I t  is show n th a t
increasing  th e  n u m b er o f e lem en ts in  the p a tte rn  reduces severely
d iscrim ination  capacity .
ii) T h e  d irec tio n  o f ap p a re n t m o tio n , p roduced  by tw o spots sep a ra ted  in
space an d  tim e , could  be d iscrim inated  w ith  n e a r n o rm al accu racy  by those
hem ianopes w ho exh ib it residual vision although  th ey  have no  spatial 
d iscrim ination .
iii) In  a case o f visual pe rsev era tio n , in  w hich th e  su b jec t experienced  
'a f te r - im a g e s ' follow ing b rie f p resen ta tio n s o f re la tively  d im  ligh t stim uli, it was 
show n th a t th e re  is a decrease  in  th resho ld  sensitivity  associated  w ith th e  
'a f te r - im a g e s '. T h is provides an  ob jec tive  m ethod  fo r assessm ent o f response 
characteristics associated  w ith th e  cond ition .
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T h e  average hum an  b ra in  weighs 1450g, is com posed  o f  1 8 x 1 0 1 0 cells o f 

w hich 6 x1 0 ’ 0 a re  d irectly  engaged  in in fo rm ation  processing and  each  o f these 

6 x 1 0 10 cells m ake up to  1 5 x 1 0 3 physical con tac ts w ith o th e r  cells. T h e re  are  

d iffe rences o f detail betw een  h um an  brains bu t in all no rm al sub jects th e  cells 

a re  a rran g ed  in to  th e  sam e gross struc tu res, th e  visual system  being one of 

th em . I 9 7 u j .

1.1 A n ato m y  and  E lectrophvsio logy  o f the  Visual System  

(a) G ross S truc tu re

T h e  s tru c tu re  o f  th e  h um an  brain  has been  stud ied  w ith ana tom ica l 

techn iques. T hese  have revea led  th e  gross s tru c tu re  o f th e  b rain  — th a t the  

nerve  cells (neu rones) o f th e  b ra in  form  a netw ork  and  th a t a m a jo r p a r t  o f 

th e  b ra in , th e  cereb ru m , is div ided in to  two sim ilar hem ispheres w hich co n n ec t 

th ro u g h  th e  co rpus callosum  and  an te rio r com m issure. By p ro jec tio n  m app ing , 

trac ing  th e  axons o f n eu ro n es from  th e  eyes in to  th e  b ra in , th e  visual a reas  of 

th e  b ra in  have been  located . M ost o f these axons (ab o u t 90% ) p ro je c t to  the  

la te ra l gen icu la te  nucleus (L G N ) o f th e  thalam us and  th en  to  th e  visual co rtex  

w hich is s itua ted  in th e  occip ita l lobes o f each  ce reb ra l hem isp h ere . T h o se  of 

th e  rem ain in g  1 0%  w hich te rm in a te  in the  m idbrain  and subcortical regions, 

p ro je c t to  th e  sup erio r colliculus, th e  accessory op tic  tra c t nuclei, p re tec tu m , 

p u lv inar an d  ven tra l la te ra l gen icu la te  [W eiskrantz, 1972], see figure 1 .1 .

As can  be seen from  figure 1.1(b) som e axons from  one eye p ro je c t to 

th e  oppo site  ha lf b ra in . T h is  phen o m en o n  of the  'crossed  b ra in ', w hereby one



half o f  th e  b ra in  responds to  signals from  th e  co n tra la te ra l ha lf o f  th e  body, is 

found  fo r visual, aud ito ry  and  som atosensory  stim uli. E ach  ce reb ra l h em i—

F ig u re  1.1 (a ) Side view o f the  b ra in  show ing th e  lobes of a  cerebral
h em isp h ere . O , occip ita l; P , p a rie ta l; T , tem p o ra l; F , f ro n ta l; PS, p a rie to ­
occip ita l sulcus; PN , preoccip ita l n o tch ; LS, la tera l sulcus; CS, cen tra l sulcus, 
(b ) Schem atic  d iag ram  of a ho rizon ta l c ro ss-sec tio n  th ro u g h  th e  b ra in  show ing 
th e  p rim ary  visual pathw ay  from  the  eyes to  th e  visual co rtex . Also show n are 
th e  pathw ays to  th e  superio r colliculus and  th e  p re tec ta l a re a . F ix , fixa tion ;
R , re tin a ; F , fovea; O C , op tic  ch iasm a; O N , op tic  n e rv e ; O T , op tic  trac t; 
L G N , la tera l gen icu la te  nucleus; SC o, sup erio r colliculus; P rT N , p re tec ta l 
nucleus; O R , op tic  rad ia tio n ; SC , stria te  co rtex .
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sp h e re  also con tro ls  th e  m usculature  on  th e  con tra la te ra l side o f th e  body. 

W hen  looking a t an  o b je c t th e  op tical com ponen ts o f the eye fo rm  an  im age 

o n  th e  re tin a , th e  nervous tissue w hich covers th e  in te rn a l, re a r  su rface  of th e  

eye. T h e  p a r t  o f th e  o b jec t to  th e  righ t o f th e  o b se rv e r 's  fixation  p o in t is 

focused o n to  th e  le ft ha lf o f th e  re tin a , th e  fixation  p o in t is focused a t th e  

ce n tre  o f th e  re tin a  (o r  fovea) and  th e  left p a r t o f  th e  o b jec t is focused on to  

th e  rig h t ha lf o f th e  re tin a . All o f th e  fibres from  th e  left halves of b o th  

re tin ae  th en  p ro je c t to  the  left hem isphere , those from  th e  righ t eye crossing 

ov er a t th e  op tic  ch iasm a to  jo in  those from  th e  left eye. T h e  fibres from  

th e  rig h t halves o f b o th  re tin ae  a re  sim ilarly  arran g ed  so th a t they  p ro je c t in to  

th e  rig h t h em isp h ere  an d  th e  fibres from  around  th e  vertical m id—line o f the  

tw o re tin ae  m ay p ro je c t to  e ith e r  hem isphere . In  th is way th e  visual

in fo rm atio n  from  th e  righ t ha lf o f th e  field o f view  is p rocessed  in  th e  left 

h em isp h ere  an d  th a t from  the  left ha lf o f th e  field o f view  in th e  righ t 

h em isp h ere . S u p p o rt fo r these  findings com es from  th e  w ork o f H olm es 

[1918] on  sold iers w ho suffered  b ra in  trau m a  du ring  th e  F irs t W orld  W ar. 

L ocalized  dam age to  o n e  o r  o th e r occip ita l co rtex , w hich caused  th e  d ea th  o f 

n eu ro n es in  th a t a re a , led to  blindness in th e  co rrespond ing  visual field a rea  

o f  th e  co n tra la te ra l hem ifie ld .

T h e  first s tage o f th e  visual pathw ays is th e  re tin a  (figure  1 .2 ). T h is 

is a layered  s tru c tu re  w ith th e  p h o to recep to rs  fo rm ing  th e  first layer, follow ed

by a b ipo la r cell layer and  th en  a ganglion cell layer and  these  th re e  types o f

n eu ro n es fo rm  a  d irec t pathw ay to th e  b ra in . T h e  h o rizon ta l an d  am acrin e  

cells fo rm  latera lly  d irec ted  pathw ays, th e  h o rizon ta l cells a t th e  level w here

p h o to recep to rs  and  b ipo la r cells synapse ( th e  o u te r  p lex iform  layer) and  th e  

am acrin e  cells a t th e  level w here b ipolar and  ganglion cells synapse (th e  in n er 

p lex ifo rm  layer). T h e  re tina  covers the  inside o f th e  eyeball, w ith the



p h o to recep to rs  located  on  th e  in n er m arg in , w hich m eans th a t light m ust pass 

th ro u g h  the  o th e r  layers befo re  reach ing  th em . T h e  ganglion cells fo rm  th e

F ig u re  1 .2  S chem atic  section  th rough  th e  p rim a te  re tin a . R , rod  p h o to re c e p to r ; 
C , co n e  p h o to re c e p to r ; H , ho rizo n ta l ce ll; M B, m idget b ipo lar ce ll; R B , rod  
b ipo la r cell; F B , fla t b ipo lar ce ll; A , am acrine  cell; M G , m idget ganglion cell; 
D G  diffuse ganglion  cell.

(from  D ow ling and  B o y c o tt,!966)

o u te rm o st layer an d  th e ir  axons leave th e  eyeball a t th e  b lindspo t, w here th e re  

a re  no  p h o to recep to rs . T h e  p h o to recep to rs  con ta in  p igm ents th a t a re  

chem ically  changed  by the  abso rb tion  of light inc iden t on them  and  th is 

change in itia tes an  e lec trical signal, w ith hyperpo larization  o f the  p h o to recep to rs  

(th is p rocess is know n as tran sd u c tio n ). T his hyperpo la rization  reduces the
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ra te  a t w hich th e  p h o to recep to rs  re lease exc ita to ry  n eu ro tran sm itte r [T rifonov , 

1968], th e reb y  changing  th e  e lectrical p o ten tia l in th e  post synaptic  b ipo lar and  

h o rizo n ta l cells. T h e  b ipo lar cells in tu rn  drive synaptically  the  am acrine  cells 

an d  th e  ganglion  cells. T h e  axons o f th e  ganglion cells fo rm  th e  op tic  nerve 

an d  op tic  tra c t w hich tran sm it th e  signal from  th e  re tin a  to  th e  LG N  and 

o th e r  visual a reas

T h e re  a re  tw o types o f p h o to recep to rs , rods and  cones, d iffe ren tia ted  by 

th e ir  sh ap e . T h e  rods have high sensitivity to  light and  p rovide low  resolution  

b lack  an d  w hite , n igh t vision, whilst th e  cones o p era te  a t h ig h er illum ination  

an d  m ed ia te  h igh spatia l reso lu tion  and  co lour vision. In  m an , th e  rods all 

co n ta in  th e  pho to p ig m en t rhodopsin  w hereas cones a re  divided in to  th ree  

g roups, each  con ta in ing  a p ho top igm en t w ith a d iffe ren t spec tra l sensitivity and  

p eak  responses a t  565nm , 530nm  and  445nm . L ight abso rp tion  in th e  

d iffe ren t sp ec tra l classes o f  cone is d e te rm in ed  by th e  w avelength  d istribu tion  

o f th e  ligh t energy  an d  th e  com parison  o f th e  relative ra te s  o f abso rp tion  in 

th e  th re e  co n e  types, by p o s t-re c e p to ra l n eu ro n es, enables th e  visual system  to  

d isc rim ina te  stim uli by th e ir  spectra l com position .

T h e  L G N  is a  lam inated  s tru c tu re  and  th e  ganglion cells w hich p ro je c t 

fro m  th e  re tin a  to  th e  LG N  synapse w ith cells in specific layers, those from  

th e  ipsila tera l eye in  layers 2 , 3 and  5 and  those from  th e  co n tra la te ra l eye in 

layers 1 , 4 an d  6 . T h e  topograph ica l re la tio n  o f th e  visual field is m ain ta ined  

w ith th e  c en tra l p o rtio n  o f th e  LG N  rep resen ting  th e  cen tra l visual field and  

p e rip h e ra l p o rtio n s th e  p e rip h era l visual field . F ib res from  cells in the  LG N

th e n  p ro je c t, th ro u g h  th e  op tic  rad ia tion , to  layer IVb o f th e  p rim ary  visual 

c o rtex , also called  th e  stria te  visual co rtex , visual a rea  V I, o r a rea  17. 

A gain , th e  to p o g rap h y  o f th e  visual field is m ain ta ined  with the  cen tra l p a rt o f 

each  ha lf visual field  rep resen ted  a t th e  back o f th e  b rain  and  the  p e rip h era l



p arts  in th e  ca lcarine  fissure, bu t th e  rep re sen ta tio n  o f th e  cen tra l a re a  is

O

grossly exaggera ted , th e  cen tra l 10 occupying som e 60%  o f th e  a rea . C ells 

p ro je c t from  th e  p rim ary  visual co rtex  to  th e  seco n d ary  (o r  p re -s tr ia te )  visual 

co rtex  w here th e re  a re  m any m ore  visual a reas, V 2, V 3, V 3A , V4 e tc . each  

co n ta in in g  m aps o f th e  visual field and  receiving inpu ts from  th e  stria te  co rtex  

(figu re  1 .3 ).

V 3

F ig u re  1 .3  (a ) Side view o f th e  b rain  o f the  rhesus m onkey , show ing the
positions o f th e  lunate  sulcus (LS) and  the  sup erio r tem p o ra l sulcus (STS),
(b ) H o rizon ta l section  th rough  th e  p restria te  co rtex  a long  d o tted  line shown in 
(a ) . (fro m  Z ek i, 1977)
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B rains o f ce rta in  m am m als, p articu larly  th e  ca t and  o th e r p rim ates  such 

as th e  m acaque m onkey , possess m any o f th e  sam e struc tu res as h u m an  b rains, 

includ ing  th e  visual system , and  it is possible to  study th e  processing o f visual 

in fo rm atio n  in th ese  an im als by m ethods w hich can n o t be app lied  to  m an . 

T h e  ne tw ork  o f neu ro n es com m unicate  by elec trical activity  an d  synaptic 

tran s  m ission an d  th e  fo rm er can  be observed  w ith ex tracellu lar (o r  rare ly ,

in trace llu la r) e lec tro d es in o rd e r to  study th e ir  functional o rgan isa tion . T h e  

a re a  o f visual space  w ithin w hich p resen ta tio n  o f a stim ulus causes changes in 

th e  e lec trica l activ ity  o f a n eu ro n e  is defined  as its visual o r recep tive  field , 

an d  a cell is classified functionally  accord ing  to  its response to  various stim ulus 

p a ram e te rs . C ells o f th e  o u te r re tina  respond  to  light w ith m ain ta ined

p o ten tia l changes, th e  am plitude  o f w hich varies w ith illum ination  level 

(am p litu d e  m o d u la tion ). A m acrine cells exh ib it isolated spike po ten tia ls 

superim posed  on  th e  m ain ta ined  po ten tia ls  an d  ganglion cells respond  with 

tra in s  o f  sp ike po ten tia ls , typ ical o f all CNS neurones.

(b) X — and  Y —T y p e  G ang lion  Cells

T h e  re tin a l ganglion cells can  be divided in to  two b road  g roups on the  

basis o f th e  linearity  o f  spatia l sum m ation  w ithin th e  recep tive  field  of the  

cell. F o r  one  g roup  o f cells, the  X —ty p e , a position  o f a g ra ting  can be 

found  such th a t it can  be exchanged  fo r a un ifo rm  field o f th e  sam e m ean

lum inance  w ithou t evoking a  change in response , w hereas fo r th e  second

g ro u p , th e  Y —ty p e , no  such position can  be found . B oth  have sim ilar shaped 

recep tiv e  fields th a t consist o f  two concen tric  c ircles, a cen tre  and  a surround 

w hose responses a re  an tagon istic . A  spo t o f light in the  cen tre  o f  the  field 

causes an  increase  in firing  ra te  fo r 'o n ' c en tre  receptive fields and  a decrease 

fo r ’o f f ' c e n tre  recep tive  fields, while an  annu lus o f light in the  su rround



*

F ig u re  1 .4  X — and  Y — type cell responses. (a ) T w o schem atic  'o n ' cen tre  
recep tive  Fields w ith th e ir  responses to  a spo t o f light flashed a t th e  ce n tre  of 
th e ir  recep tive  fields. T h e  X —type cell responds th ro u g h o u t stim u la tio n , show n 
by th e  h o rizo n ta l line above the  trace , w hereas th e  Y —type cell responds 
transien tly  a t o n se t and  o ffset o f stim ula tion . (b) S tim ula tion  o f a  cell by 
g ratings, th e  second  g rating  is o f op tim al spatia l frequency . T h e  g rap h  shows 
idealised curves o f th e  response , R, o f th e  cell as a function  o f g ra tin g  spatia l 
frequency  fo r X — and  Y —type cells. As X —type cells tend  to  have sm aller 
recep tive  fields th ey  respond  to h igher frequencies th an  Y —type.
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causes th e  firing  ra te  to  d ecrease  fo r 'o n ' c e n tre  recep tive  fields and  increase 

fo r 'o f f ' c en tre  recep tive  fields. X — and  Y —type cells m ay have e ith e r  'o n '

c e n tre  o r  'o f f  c e n tre  recep tive  fields, bu t the  Y —type cells have larger 

recep tiv e  fields, ab o u t 2 .5  tim es the  size o f X —type cells a t an y  eccen tric ity  

[P eich l and  Wassle, 1979]. Y —type cells also exh ib it a tran sien t response  firing 

a t o n se t and  o ffset o f a  stim ulus w hile X —type cells have a sustained  response 

and  fire  th ro u g h o u t stim ula tion . M ost X —type ganglion cells have concen tric

c e n tre  su rro u n d  an tagon istic  receptive fields w hich a re  also co lo u r coded so 

th a t  c e n tre  and  su rro u n d  receive signals fro m  d iffe ren t cone  types. Y —type 

cells co n d u c t signals a long th e ir  axons m ore  quickly th an  X —type cells and 

th e re  is ev idence  [in  ca t, R odieck, 1973; in  m onkey , D e M onaste rio , 1978 a,b] 

th a t  th e re  is a th ird  class o f ganglion ce ll, W —ty p e , w hich conducts signals 

slow er th a n  X —type cells. In  m onkey , X — and  Y —type ganglion cells p ro jec t to 

th e  L G N  an d  th e  cells w hich p ro je c t from  th e  LG N  to  th e  s tria te  co rtex  show  

a sim ilar division o f response  characteristics. B oth  Y — an d  W — type ganglion 

cells p ro je c t to  th e  su p erio r colliculus [Schiller and  M alpeli, 1977].

(c) S tria te  C o rtex  C ells

T h e  cells o f th e  s tria te  co rtex  can  be classified by th e ir  recep tive  field 

ty p e  as sim p le , com plex  and  hypercom plex  [H ubei and  W iesel, 1962]. Sim ple 

cells have recep tive  fields w ith spatia lly  d istinc t on  and  o ff a rea s  sep ara ted  by 

para lle l s tra ig h t lines and  a re  selective to  bars and  edges o f p articu lar 

o rien ta tio n . C om plex  cells show  no  separa tion  o f recep tive  fields in to

ex c ita to ry  and  inh ib ito ry  p arts , bu t sim ilarly  to  the  sim ple cells a line stim ulus 

(b a r  o r edge) a t a p a rticu la r o rien ta tio n  evokes op tim um  response . W hereas 

fo r th e  sim ple cell the  position o f th e  stim ulus is c ruc ia l, in com plex  cells a 

response  is evoked  by a co rrec tly  o rien ta ted  line on  any p a rt o f the  receptive



field  and  they  resp o n d  strongly to  stim ulus m ovem ent, m any o f th em  fo r 

m ovem ent in a specific  d irec tion . H ypercom plex  cells, m ore  recen tly  term ed

'sim ple e n d -s to p p e d ' cells [H ubei, 1982], respond  to co rrec tly  o rien ta ted  line

stim uli, bu t ex tend ing  th e  line beyond th e  activating  p a r t o f th e  recep tive  field 

in one  o r bo th  d irec tions causes a  m arked  decrease in response .

C o lou r—o p p o n en t cells have also been  found in th e  stria te  co rtex . 

G ouras [1974] found  th a t th e  m ajo rity  in layer IVb a re  c o lo u r-o p p o n e n t and

do no t show  o rien ta tio n  o r d irection  selectivity  w hereas th e  m a jo rity  o f cells in 

th e  o u te r layers exh ib it considerab le  spatial selectiv ity  w ithout ap p a ren t 

co lou r—opponency . U nlike sim ple and  com plex  cells, they  a re  m onocularly

ra th e r  than  b inocu larly  driven .

(d) P restria te  C ortex

T h e  p re s tria te  co rtex  of th e  m onkey  con tains m any  d iffe ren t visual 

a rea s  each  receiv ing inputs from  th e  stria te  co rtex  and  d iffe ren t areas a re

specialised  fo r th e  analysis o f d iffe ren t fea tu res  [Z ek i, 1978] (figure 1 .3). 

A rea  V2 seem s to  be involved in d ep th  p e rcep tio n  as som e cells in this area  

a re  sensitive to  d ifferences in position  o f th e  im ages from  th e  two eyes 

[F isch er and Poggio, 1979]. V4 has a large p ro p o rtio n  (60% ) o f cells which 

a re  co lour specific in  th e ir  response [Z ek i, 1980], w hereas 90%  of cells in V3 

a re  o rien ta tio n  sensitive, and  90%  o f those in V5 a re  selectively sensitive to 

m ov em en t in som e p re fe rred  d irec tion  [Z eki, 1978].

1 .2  Psychophysical M ethods fo r Studying the  Visual System

Sight is one o f the  senses fo r d e tec tion  o f the outside w orld by the

b ra in . W e can  exp lo it the  fact th a t we a re  conscious o f w hat we see in 

o rd e r  to  develop psychophysical techniques fo r th e  study o f the visual system .

14



In  a psychophysical ex p erim en t visual stim uli a re  p resen ted  to  an  ob serv er; as 

a p a ra m e te r  o f a stim ulus is varied  th e  change in th e  o b se rv e r 's  response  is 

reco rd ed . A n 'ev e ry d ay ' exam ple o f this techn ique is the  eye test ca rried  ou t 

by an  o p tic ian  w here by no ting  th e  response o f th e  p a tien t to  a varie ty  o f 

stim uli e .g . d iffe ren t sized le tte rs , th e  op tic ian  can  assess th e  quality  o f the  

im age th a t th e  o p tica l com ponen ts o f th e  eye form  on  th e  re tin a .

T h is thesis rep o rts  experim en ts carried  ou t using psychophysical 

techn iques to  study  th e  im age processing by th e  visual pathw ays and  several o f 

th e  basic techn iques a re  described  below .

(a) In c rem en t T h resh o ld  M easurem ent

In  this psychophysical technique a test spo t is flashed on  a background 

field o f fixed illum ination  and  th e  in c rem en t th resho ld  illum ination  o f th e  test 

spo t is m easu red . In  figure 1 .5  the th resho ld  illum ination  o f  a tes t spo t, log 

It , is p lo tted  against th e  illum ination , log 1^, o f th e  background  field  o n  w hich 

it is superim posed . T h e  curve, typical o f the  results ob ta ined  by no rm al

observers, has tw o d istinct p arts . A t low background illum inations th e  test 

th resh o ld  has a co n stan t value, irrespective o f I5 , w hilst fo r h igher background 

illum inations th e  th resho ld  fo r th e  te s t spo t increases as 1 ,̂ increases and  the  

g rad ien t o f  th e  line is n ea r  to  1 i.e . I t  is p ro p o rtio n a l to  1^. In  the  first 

case, th resh o ld  is lim ited  by noise in th e  visual system  w hilst in th e  second , 

th resh o ld  is se t by th e  background illum ination  1^ , against w hich th e  test flash 

is to  be d e tec ted . In  the  la tte r  range , the  increm en t requ ired  fo r d e tec tio n  is 

p ro p o rtio n a l to  I5 , and  this re la tionsh ip  is know n as th e  W eber—F ech n e r Law.



*

F ig u re  1 .5  T h resh o ld  illum ination , log It , fo r a  3 .5°  d iam e te r, c ircu la r ta rg e t •
flashed  fo r 0 .1s every  I s  a t th e  cen tre  o f a 30 d iam e te r, spatia lly  un ifo rm  
background . (D a ta  taken  from  figure 5.21 o f C h ap te r  Five)

(b) S tile s’s T w o C olour In crem en t T h resho ld  T echn ique

T h e  visual sy stem 's spec tra l sensitivity is derived  fro m  th e  d iffe ren t 

sp ec tra l responses o f fo u r types o f p h o to recep to rs . T h e  response  o f a 

p a rticu la r  type  o f p h o to recep to r can  be enh an ced  re la tive  to  th e  o th e rs  by 

selectively  suppressing  the  responses o f  th e  o th e r p h o to recep to rs  w ith  a su itab le  

background . T h is  m ethod  was used by Stiles in his tw o co lou r in crem en t 

th resh o ld  tech n iq u e  [Stiles, 1949, 1959]. H e ob ta ined  selective suppression  of 

tw o o f  th e  th re e  cone types by th e  use of a b righ t, cond ition ing  background 

o f w avelength  /*, strongly  absorbed by bo th  o f th em . T h e  b righ t background 

field  also suppressed  th e  rod response . W hen a sm all, c ircu la r ta rg e t o f  near 

m o n o ch ro m atic  w avelength X is flashed on  such a background , it is d e tec ted  

m ain ly  by th e  activ ity  in the  cone type  whose spectra l sensitiv ity  is to  be

16



F ig u re  1 .6  E ffec t on  the  curve o f log( th resho ld ) against log( background 
in tensity ) o f chang ing  th e  w avelength o f th e  test stim ulus, X, and  keeping  th e  
background  w avelength , /x, co n stan t. Foveal tes t stim ulus o f  1° d iam ete r.

♦  (from  S tiles, 1949)

m easured  and  n o t by th e  o th e r  p h o to recep to rs  w hose sensitivity  has been  

reduced  by th e  cond ition ing  field . A  ta rg e t flash of w avelength  X and  1 log

u n it above th resh o ld , is p resen ted  against the  background o f w avelength  /*, and  

th resho ld  is d e te rm in ed  by increasing  th e  background illum ination , 1 ^, until th e  

ta rg e t is ju s t no longer d e tec ted . R epeating  this m easu rem en t fo r d iffe ren t

17
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values o f /x yields a sensitivity  curve ( I^ - ) w hich describes th e  m echan ism

responsib le  fo r d e tec tio n  o f /x. A lternatively , th e  illum ination  1^, requ ired  fo r 

d e tec tio n  of th e  ta rg e t can  be m easured  fo r d iffe ren t values o f 1 ^  (see figure

1 .6 ) , and  by rep ea tin g  th is fo r d iffe ren t w avelengths, X, th e  spec tra l sensitivty

can  be derived . By these  m ethods, Stiles found  th ree  sp ec tra l sensitivity

curves w hich w ere b lu e-sen sitiv e  (m axim um  sensitivity  n ea r 440nm ),

g reen -sen sitiv e  (m ax im um  sensitivity  a t 540nm ) and  red -sen sitiv e  (m axim um  

sensitivity  betw een  570 an d  590nm ), bu t he em phasized  th a t these  responses

describe psychophysical m echanism s since fac to rs o th e r  th an  p h o top igm en t 

abso rp tio n  can n o t be excluded . H e called th e  m echanism s responsib le  x 3, r A 

an d  x 5 (b lue—, g reen — and  red -sen sitiv e ). In  add ition  to  th e  th re e  'b a s ic ' 

co n e  reponses, five o th e r  spec tra l responses a re  o b ta in ed , th e  rod  response , 

x Q, tw o b lu e -sen sitiv e  responses, x ,  and  x 2, and  fo r high background

illum inations, m odified  x 4 and  x 5 responses d en o ted  r'A and  x's respectively .

(c) Spatial Vision

T h e  visual sy stem 's  ab ility  to  resolve fine  deta il can  be m easured  using 

a Snellen  ch a rt. T h is  consists o f rows o f high co n trast le tte rs , th e  size of

w hich decreases going dow n th e  ch a rt. W ith each  line th e  size o f th e  gaps in 

th e  le tte rs  decreases so th a t they  subtend  1 m inu te  o f a rc  a t  d iffe ren t, 

specified  viewing d istances and  the le tte rs  on  each  line them selves subtend  5 

m inu tes o f a rc  a t each  viewing d istance. Visual acu ity  is reco rded  as a 

frac tion  w here th e  n u m era to r is th e  testing  d istance , usually 6 m , and  the 

d en o m in a to r is the  d istance  a t which the  gaps in th e  le tte rs  w ould sub tend  1 

m inute  of a rc . A  visual acu ity  o f 6/6 is 'n o rm a l ' acu ity  and  m eans th a t an  

observer can  ju st resolve 1 m inu te  o f a rc . A  visual acuity  o f 6/18 m eans tha t 

the  gaps in the  last resolvable line would subtend  1 m inu te  o f arc  if viewed at

18
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F ig u re  1 .7  Spatial co n tra s t sensitivity  curves a t seven d iffe ren t illum ination
levels b e tw een  0 .0009 an d  900 tro lands ( td .) . ffic^vv U3coctKou^e_ai-vd B ar/aw , I9&2)

18m  an d  th a t th e  o b se rv e r 's  visual acuity  is th ree  tim es w orse th a n  n o rm al and  

th e ir  m in im um  gap reso lu tion  is 3 m inutes o f a rc . N orm al visual acu ities o f 

6 /5  an d  6/4  a re  found  and  im ply a n  ability  to  resolve gaps o f ^16 and  2/3 

m inutes o f  a rc . L ow er th an  norm al visual acu ities a re  usually due to  a 

re frac tiv e  e r ro r  in th e  op tica l co m ponen ts o f th e  o b se rv e r 's  eye bu t th ey  m ay 

have a  n eu ro n a l basis and  th is is discussed in 1 .3 (c ).

T h e  Snellen  c h a rt m easures spatia l reso lu tion  a t  high co n trast and  

frequency . In  o rd e r to  m easure  reso lu tion  fo r th e  e n tire  range o f spatial

frequencies , co n trast sensitivity  fo r a o n e -d im en sio n a l, sinusoidally  varying 

d istribu tion  o f illum ination  (a 's in e—w ave' grating) is m easured . T h e  co n trast 

o f a g ra ting , defined  as ( Im ax ~ I  m in m ax "^^min ) w^ e re  Im ax and  Im jn 

a re  th e  m axim um  and m inim um  illum ination  levels respectively , is varied  until
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th resho ld  is found . R esults such as those in figure 1.7 a re  o b ta in ed  w here 

sensitiv ity , th e  inverse o f co n tra s t th resho ld , is p lo tted  fo r a range o f  grating  

spatia l frequencies and  fo r a range o f d iffe ren t illum ination  levels. T h e  

response  depends m arkedly  on  illum ination  level with the  range o f  de tec ted  

spatia l frequencies increasing  w ith average illum ination . A t low  illum ination

levels, th e  response is low  pass, w hereas a t h igher illum ination  levels it is band 

pass w ith a peak  in th e  range 1 to  7 cycles/degree. T h is second charac teris tic  

is ev idence o f neu rona l p rocessing o f spatial in fo rm ation  as co n tra s t sensitivity  

fo r a passive op tical system  is alw ays low  pass in n a tu re .

(d) M easu rem en t o f T em p o ra l R esponses o f th e  Visual System

F ig u re  1 .8  T h e  lim iting frequency  a t w hich flicker is ju st no longer 
d e tec tab le , the critical fusion frequency  (C F F ), in a 100%  tem porally  
m odu la ted  field as a function  o f background illum ination , I. T h e  background 
field was p resen ted  foveally. (D a ta  taken  from  figure 6.11 o f c h a p te r  six).

20



A  tem p o ra l response o f th e  visual system  can  be found  by m easuring  

th e  lim iting  frequency  a t w hich tem p o ra l flicker can  ju s t no  longer be d e tec ted  

in a background o f m ean  illum ination  level I. F igure 1 .8  show s th a t the 

critica l fusion frequency  varies linearly  w ith m ean  background illum ination . 

T h e  F e rry —P o rte r  Law  [P o rte r, 1902] describes th e  varia tion  in critica l fusion 

frequency  (C F F ) w ith in tensity  (I) as:

C F F  =  a . logl +  b

T h e  m easu rem en t o f spatia l co n trast sensitivity  (1 .2 (c )) describes the 

spatia l ch a rac teristics o f visual d e tec tion  a t th resho ld  an d  sim ilarly  the 

m easu rem en t o f tem poral m odulation  sensitivity defines th e  co rrespond ing  

tem p o ra l ch aracteristics. F igure 1 .9  shows tem pora l m o du la tion  sensitiv ity , the 

inverse o f th e  m odula tion  level a t w hich flicker can  ju st no  longer be d etec ted  

in  a u n ifo rm , sinusoidally flickering fie ld , as a function  o f th e  flicker frequency  

fo r a n u m b er o f  m ean  background illum inations. Such  curves w ere first

measured by de L ange [1954]. T h e  m axim um  frequency  a t  w hich th e  eye can
abou-*'

d e tec t flicker isj^60 H z and  this occurs a t th e  b righ test background  illum ination  

and  fo r 100%  m odulation . T h e  high frequency  c u t-o f f  po in ts  o n  all the

curves co rresp o n d  to  th e  critical fusion frequency  a t th a t illum ination  level 

(figure 1 .8 ). A t high illum ination  levels th e  sensitivity  peaks a t be tw een  10 

and  20 H z bu t w ith decreasing  m ean  illum ination  o f th e  background  field , 

sensitivity  fo r h igh frequency  flicker decreases. B etw een 2 and  5 H z, the  

m ean  illum ination  o f the  background field has little  e ffec t on  m odulation  

sensitivity .

T h e  visual system 's ability  to  d e tec t real m otion  can  be m easured  by 

finding the  th resho ld  illum ination  o f a m oving test stim ulus as a function  o f its 

velocity and  figure 1 .10 shows results ob ta ined  by a norm al observer.



F ig u re  1 .9  T em p o ra l co n tra s t sensitivity curves a t  six d iffe ren t illum ination  
levels: (a) 9300td . (b) 850td . (c) 77 td . (d) 7.1 td . (e) 0 .6 5 td . (f) 0 .0 6 td ..

(frtsvv̂ l/ococtkous-e- oovd SarioH 19*82-).
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F ig u re  1 .1 0  Illum ina tion , log 1 ,̂ fo r th resho ld  detec tio n  o f a c ircu la r ta rg e t 
(3 .5  d iam ete r) m oving a t  velocity v  degrees/second th rough  th e  cen tra l 8 .5  o f 
th e  c ircu la r background  field (d iam ete r 30 , illum ination  level 2 .6  log td .) .  
(D a ta  tak en  from  figure 6 .9  o f c h a p te r  six)

< ----a>: — >

< —  a t ----- >

F ig u re  1.11 S tim ulus fo r p roducing  a p p a re n t m otion . I, illum ination  o f 
so u rce ; dx , spa tia l sep a ra tio n  o f sources; d t, tim e lag.

T h e  ap p e a ra n ce  o f m otion  can  also be given by sta tio n ary , flashed  

lights. T h e  sensa tion  o f a  single o b jec t m oving can  be given w hen tw o 

d isc re te , s ta tio n a ry  sources o f light a re  flashed o n  an d  o ff w ith an  a p p ro p ria te  

tim e lag (figu re  1 .11) [W erth e im er, 1912].

(e) B ackground  M odulation  T echn iques

T h e se  techn iques can  be used to  study  psychophysical m echanism s

sensitive to  visual stim uli w hich co n ta in  spatial a n d /o r tem p o ra l m odula tion .

T h e  activ ity  o f  th e  m echanism  is d e te rm ined  by its sensitivity  to  th e

m o du la tion  o f  th e  background  field . T h e  activ ity  level o f th e  m echanism  is
measuring

d e te rm in ed  by th resh o ld  illum ination  fo r d e tec tion  o f a test stim ulus, 

superim posed  o n  th e  m odulated  background, and  th e  g re a te r  the  activ ity  o f th e  

m echan ism  th e  h igher is th e  th resho ld  fo r th e  tes t stim ulus. T h e  type  o f 

responses w hich can  be ob ta ined  from  this form  o f psychophysical m easu rem en t 

a re  illu stra ted  in figure 1 .12 . Section  2 .2 (a) con ta in s the results o f



ex p erim en ts  ca rried  o u t using this techn ique  w hich show  th a t, by su itab le  

cho ice  o f th e  background spatia l and  tem pora l s tru c tu re , and  o f te s t stim ulus, 

th e  responses o f tw o d iffe ren t psychophysical m echan ism s a re  found .

F ig u re  1 .1 2  R esponses o f  psychophysical m echan ism s sensitive to  sp a tia l a n d /o r 
tem p o ra l background field m odula tion . (a )  L o w  pass re sp o n se  w here 
th resh o ld  fo r  th e  te s t stim ulus, I, is ra ised  co m p ared  to  its value, I Q, fo r  a 
un ifo rm  field  o f th e  sam e m ean  illum ination , by low  freq u en c ies£ o f background  
spatia l o r  tem p o ra l m odu la tion , (b ) B and  pass resp o n se  w here  th resh o ld  for 
th e  te s t stim ulus is ra ised  by a band  o f freq u en c ies , f .

1 .3  A bnorm al F unctions and  th e ir  C lassification

T h e  m ethods o f psychophysics discussed above  have been  ap p lied  to  the 

study o f  no rm al vision and  in th is thesis C h ap te rs  T h re e  and  F o u r co n ta in  the 

resu lts o f such  types of experim en ts. T h e  ch a rac te ris tic s  o f ab n o rm al vision 

also co n trib u te  to  th e  understand ing  o f visual p rocessing  and  C h ap te rs  F ive, Six 

an d  Seven consist o f studies on  sub jects with a b n o rm a l visual func tion .

T h e  study o f functional losses in sub jec ts su ffering  well defined  lesions 

can  prov ide sign ifican t evidence on  the  o rgan isa tion  o f the  visual pathw ays. 

T h e re  a re  a n u m b er o f ways in which such lesions can  occu r, fo r ex am p le , by 

vascular d iso rders, w here blood flow is in te rru p te d ; by traum atic  head  in ju ries, 

w hich can  cause d irec t dam age to the bra in , d is ru p t blood flow, cause swelling



and  allow  infec tion  to  e n te r ; by tum ours w hich kill nerve cells d irec tly  o r  by 

p ressu re ; by d egenera tive  d isorders w hich cause progressive d e te rio ra tio n  of 

b ra in  tissue e .g . m ultip le  sclerosis. W hen  a lesion leads to  selective loss of 

visual function  it is possible to  study how  th e  norm al visual system  o p e ra te s  in 

iso lation  from  th e  dam aged  com ponen ts.

(a) Lesions o f th e  S tria te  C ortex

As exp la ined  previously, th e  hum an  s tria te  co rtex  co n ta in s  a

to pograph ica l m ap  o f  th e  visual field on  its surface and dam age to  th e  s tria te  

co rtex  causes a  field  defec t, usually p e rm a n e n t b lindness, in th e  co rrespond ing  

visual field  position  [H olm es, 1918 ]. If th e  left s tria te  co rtex  is dam aged  the 

b lind  a rea  (called  sco tom a) is in th e  rig h t h a lf  visual field an d  if  th e  righ t 

s tria te  co rtex  is dam aged  the  scotom a is in  th e  left ha lf visual field . If the 

en tire  s tria te  co rtex  is dam aged  on  o n e  side, b lindness covers a ll th e  half 

visual fie ld , a co n d itio n  know n as hom onym ous h em ianop ia , a lth o u g h  th e re  

m ay be sparing  o f vision aro u n d  th e  fovea since ganglion cells from  th e  fovea 

p ro je c t to  e ith e r  h em isp h ere . T h e  ex ten t o f th e  blind a rea  can  be  m easured  

by conven tional perim etry .

A  su rp rising  finding was rep o rted  by R iddoch [1917] w ho found  th a t in 

som e cases o f s tria te  cortical lesion, flashed  and  m oving lights located  w ithin 

b lind  a reas o f th e  visual field could be d e tec ted . Since th en  a n u m b er of 

o th e r  au th o rs  have also rep o rted  d e tec tio n  o f lights located  in b lind  areas 

[P o p p e l, H eld  an d  F ro s t, 1973; W eiskran tz , W arring ton , Sanders an d  M arshall, 

1974; P e ren in  and  Je a n n e ro d , 1978; Z ih l, 1980; B arbu r, R uddock  and 

W aterfie ld , 1980]. T h e  rep o rts  have sp lit betw een  those whose su b jec ts  have 

no conscious visual sensation  and  fo r w hom  visual d iscrim ination  can  be show n 

only as fo rced—choice  judgem ents betw een  a lte rn a tiv es , te rm ed  b lindsight, and



o th e rs  who re p o rt a sensation , usually described  as a 'd a rk  shadow ' in  response  

to  b rig h t, tran s ien t lights p resen ted  w ithin blind a reas , te rm ed  residual vision. 

B ly the , K ennard  and  R uddock [1987] suggest th a t since bo th  types have been  

observed  in sub jec ts  su ffering  dam age to  th e  g en icu lo -s tria te  pathw ay , it is 

p ro b ab le  th a t th ey  a re  expressions o f sim ilar n eu ra l activity  an d  m ere ly  

re p re se n t d ifferences in degree  o f responsiveness.

T h e  p rim ary  visual pathw ay in p rim ates is th a t from  th e  re tin a  to  th e  

LG N  and  h en ce  to  th e  s tria te  co rtex . T h e re  a re  several o th e r  n o n -s tr ia te  

pathw ays carry ing  signals from  th e  re tina  including a p ro jec tio n  to  th e  su p e rio r 

colliculus in th e  m id—b ra in , and  it has been  estab lished  th a t sim ilarly  to  VI 

th e re  is a  p o in t- to -p o in t  m app ing  of th e  visual field  o n to  its superfic ia l 

(u p p er) layers [Schiller and  K o ern er, 1971; G o ldberg  an d  W urtz , 1972]. Y — 

type ganglion cells p ro je c t to  th e  sup erio r colliculus [D e M onasterio , 1978a; 

W eller, K aas an d  W etzel, 1979] an d , like th e  Y —type ganglion cells, those  in 

th e  superfic ia l layers o f th e  su p erio r colliculus a re  responsive to  flashed  and

fast m oving ta rg e ts  [G oldberg  an d  W urz, 1972]. T h e  sup erio r colliculus itself 

p ro je c ts , via th e  pu lv inar, to  th e  p re -s tr ia te  co rtex . O bservations on

n o n —h u m an  p rim ates  suggest th a t th e re  a re  two p rinc ipa l visual pathw ays 

w orking in p ara lle l, o n e  to  th e  s tria te  co rtex  w hich provides fine d iscrim ination  

o f stim ulus p a ram e te rs  and  th e  o th e r  to  th e  su p erio r colliculus w hich con tro ls  

eye m ovem ents in response to  light stim uli. M oh ler and  W urtz  [1977] have 

show n th a t a f te r  ab la tion  o f e ith e r th e  sup erio r colliculus o r  the  s tria te  co rtex  

a lo n e , recovery  o f visual function  occurs in m acaque m onkeys. D am age to 

co rrespond ing  reg ions of bo th  b rain  a reas leads, how ever, to  p e rm an en t

im p airm en t o f visual function . So, in no n —hum an  an im als, th e re  is 

considerab le  flexibility  in th e  o rgan isation  o f function  follow ing dam age to  

visual cen tres in th e  bra in . It has been  suggested [B arbu r, R uddock  and



W aterfie ld , 1980] th a t since th e  superio r colliculus shows ch arac teris tics  sim ilar 

to  tho se  o f residual vision, b lindsight and  residual vision m ay be m ed ia ted  by 

th is pathw ay.

O th e r  pathw ays could be responsib le  fo r residual v ision /b lindsight, fo r 

ex am p le , th e  p ro jec tio n  from  th e  LG N  to  th e  p re -s tr ia te  co rtex  described  by 

F ries [1981], Y ukie and  Iwai [1981] and  B ullier and  K ennedy  [1983]. S pear 

[1985] suggests th a t the  p o ste rio r la tera l suprasylvian  visual a rea  o f co rtex  is 

involved in behav ioura l recovery  from  dam age to  cortica l a reas  17, 18 and  19 

in ca t.

It has b een  argued  th a t residual visual function  in h em ian o p es is caused 

by ligh t sca tte red  in to  th e  norm al field [C am pion , L atto  and  S m ith , 1983] bu t 

a  n u m b er o f  ex p erim en ts  [B arbu r, R uddock  and  W aterfie ld , 1980; Z ih l and  

W erth , 1984; S toerig , H iib n e r and  P o p p e l, 1985] have show n th a t  sca tte red  

light c an n o t ex p la in  th e  observed responses.

I t has b een  suggested by B ly the, K ennard  an d  R uddock  [1987] th a t th e  

age a t  w hich b ra in  dam age occurs, m ay be th e  sign ifican t fac to r in d e te rm in ing  

w h e th e r a  su b jec t will have residual vision. T h re e  o u t o f five o f th e ir  

sub jec ts  received  lesion a t e leven  years o f  age o r  less, o n e  a t tw en ty  th ree  

years o f age an d  th e  fifth  did n o t know  w hen th e  b lind  a rea  a p p ea red  and  

th e re fo re  it m ay have been  p resen t from  an  early  age. T h u s  all five subjects 

received  lesion ea rly  in life. T h e re  is su p p o rt fo r this p roposal from  som e 

da ta  [P e ren in  and  Je a n n e ro d , 1978] bu t no t from  o th e rs , w here th e  lesion 

o ccu rred  a t a  considerab ly  g rea te r age [W eiskran tz , W arrin g to n , S anders and  

M arshall, 1974; Z ih l and Von C ram o n , 1979; Ross Russell and  B harucha, 

1984]. S tudies on  a larger nu m b er o f sub jects will be requ ired  to  resolve th is 

question .
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(b) Visual Agnosia

Visual agnosia is a  d istu rbance  o f visual recogn ition  w ithou t d istu rbance  

o f e lem en try  sensory  processing . L issauer [1889] iden tified  tw o types, o n e ,

ap p e rcep tiv e , in w hich visual ob jec ts can n o t be distinguished because of 

d isto rtio n  in visual p e rcep tio n  and the  o th e r , associative, in w hich desp ite  

in tac t visual p e rcep tio n , visually p resen ted  ob jec ts  can n o t be recogn ized . T h e  

first type  is pure ly  a visual p rob lem , and  th e  d eg ree  o f d ifficu lty  in 

recogn iz ing  o b jec ts  can  vary  from  su b jec t to  su b jec t, w hile th e  second  type is 

n o t so lely a visual p ro b lem ; subjects suffering  from  associative agnosia  could 

have equal d ifficulty  recogn izing  an  o b jec t p resen ted  visually o r tac tua lly , o r 

th ey  m ay  recognize an  o b je c t as fam iliar bu t have a p rob lem  in associating  the  

sh ap e  with its function . A ssociative agnosia is a  p rob lem  involving sto red  

know ledge and  its recall an d  can n o t be stud ied  by visual psychophysical 

tech n iq u es, w hereas th e  defec tive  visual processing  in  ap p ercep tiv e  agnosia can  

be stud ied  w ith such techn iques. T h e  la tte r  type o f visual agnosia is caused 

by lesions o f th e  c o n e x .

Lesions in a varie ty  o f cortical a reas  have  been  described  in the 

lite ra tu re  as causing degrees o f  loss o f  visual recogn ition . B enson  and

G reen b e rg  [1969] described  a sub jec t who su ffe red  m u ltip le , sm all, cortica l 

lesions caused by ca rb o n  m onoxide poisoning. H is visual recogn ition  ability  

was severely  a ffec ted  and  he could no t identify  o b jec ts , p ic tu res o f  ob jec ts , 

geom etric  ob jec ts  o r le tte rs  o f th e  a lp h ab e t. In  fac t, the  only  visual 

iden tifica tions th a t he could  m ake were o f a few  sim ple  le tte rs  (O  and  X) and  

only  u n d er ce rta in  p resen ta tio n  m odes. H e was also unab le  to  copy  le tte rs  o r 

sim ple figures and  could no t describe o r trace  the  ou tline  o f com m on  ob jec ts . 

H e could  distinguish co lours, follow stim ulus m ovem en t and  had no  field loss 

and  he could also w rite a few  letters o r num bers, bu t frequen tly  reversed  and



inverted  th e m . O th e r  sub jects w ith sim ilar lesions and  a com p le te  inability  to 

d isc rim ina te  o n  th e  g rounds o f spatial fo rm  have b een  described  by A dler 

[1944, 1950] an d  C am p io n  and  L atto  [1985]. In a n o th e r g roup  o f  sub jec ts , 

dam age o f  th e  p a rie ta l region in th e  righ t hem isphere  d isrup ts visual 

recogn ition  o n ly  sligh tly  and  they  a re  unab le  to  recognize ob jec ts  seen  u n d er 

unusual v iew ing co n d itio n s, particu larly  those w hich fo rsh o rten  th e  long axis 

[W arring ton  an d  T a y lo r, 1973, 1978; W arring ton , 1982; H um phreys and

R iddoch , 1984]. S u b jec ts  suffering  b ila tera l, occip ito—p arie ta l lesions, usually 

caused  by vascu lar d istu rbances, show  visual d iscrim ination  abilities in te rm ed ia te  

betw een  th e  tw o g roups described  above [A lbert, R eches and  S ilverberg , 1975; 

M ack and  B o ile r, 1977; W ap n er, Ju d d  and  G a rd n e r, 1978; R atcliffe  and  

N ew com e, 1982]. T h ey  can  recognize local im age fea tu res o f an  o b jec t, 

find ing  s ilhouettes th e  m ost easy to  ex trac t fea tu res fro m , bu t a re  unab le  to 

in teg ra te  th e  p a rts  in to  a w hole visual im age. T h e  su b jec t o f C h a p te r  F ive, 

H .J .A .,  ap p ea rs  to  belong to  this particu la r g roup  and  he is ab le  to  read  

le tte rs  o f th e  a lp h ab e t bu t finds it d ifficult to  read  scrip t because he can n o t 

recogn ize m o re  th a n  one  o b jec t a t a tim e. T h e  sub jec ts  o f th is g roup  can  

copy  o b jec ts , bu t only  in a  's lav ish ', l in e -b y - lin e  m an n e r, an d  can  draw  

ob jec ts  from  m em ory .

T h e re  a re  a n um ber o f o th e r  visual recognition  defects w hich can  occur 

in iso lation  o r  in com bination  with o thers. T hese  include p rosopagnosia , th e  

inab ilty  to  recogn ize  faces; topograph ica l agnosia, th e  inability  to  find  d irec tions 

in th e  en v iro n m en t; alexia, the  inability to  read  and  sim ultanagnosia , the  

inab ility  to  nam e pairs, as opposed  to  single stim uli, w hich is described  by 

K insbourne and  W arring ton  [1962] for four subjects. T h ese , like th e  sub jec t 

H .J .A . discussed in C hap te r F ive, w ere unable to read  and  had d ifficu lties in 

p ic tu re  in te rp re ta tio n .
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tak e  m any  form s an d  th e  study o f individual cases co n trib u te s  to  th e  know ledge 

o f n eu ro n a l p rocessing in norm al visual reco g n itio n .

(c) A m blyopia

B lu rred  vision is usually due to  re frac tiv e  e r ro r  and  can  be co rrec ted  

w ith a p p ro p ria te  lenses bu t am blyopia is n eu ro n a l in  orig in  and  th e  b lu rred  

vision can n o t b e  im proved  in this w ay. It c an  b e  caused by a squin t 

(strab ism ic am blyop ia) o r  refrac tive  e r ro r  (an iso m e tro p ic  am blyopia) occurring  

d u ring  p o s t-n a ta l  visual developm ent. A n u n co rrec ted  refrac tive  e r ro r  causes

b lu rred  vision in  th a t eye, while a  squ in t, w hich m ay be convergen t o r 

d ivergen t, causes th e  p o in t o f fixation  o n  an  im age to  be focused eccen trica lly , 

nasally  o r  tem p o ra lly , n o t a t th e  fovea . T h is  m eans th a t fixation  is eccen tric  

u n d e r b in o cu la r view ing an d  m ay also be eccen tric  u n d er m onoptic  view ing in 

w hich case th e  ’false fo v ea ' is alw ays used. A n im age o f an  o b je c t is no t 

focused o n to  co rresp o n d in g  po in ts o f  th e  two re tin ae  an d  suppresion  o f the  

signal from  th e  squin ting  eye m ay o ccu r in ordeT to  p rev en t d ip lop ia .

T h e  defective  vision th a t these cond itions p roduce  d u ring  visual 

dev e lo p m en t is thou g h t to  cause an  abnorm al p a tte rn  o f neu rona l d eve lopm en t 

w hich resu lts in p e rm an en tly  reduced  resolution  w hen the  su b jec t is o ld e r, even  

if th e  squin t o r  re frac tive  e r ro r  is co rrec ted . S up p o rt fo r this th eo ry , th a t 

th e re  is a b n o rm a l neu ro n a l developm en t, com es from  electrophysio logical studies 

o n  ca t. W iesel and  H ubei [1963] and H ubei, W iesel and  LeV ay [1977] 

d em o n stra ted  th a t neu ro n a l responses and  innervation  o f the  stria te  co rtex  by 

fib res fro m  th e  tw o eyes a re  m odified by su turing  one eye, and  Ikeda,

Treiiicv/n an d  E inon  [1978] and  Jacobson  and Ikeda [1979] have show n th a t

n o rm al, high visual acu ity  is based on the activity o f X —type cells. Using

As this review shows, disturbance of recognition, visual agnosia, can



several techn iques e .g . daily  applica tion  to  one  eye o f an  ag en t causing pupil 

d ila tion  w hich p roduces im age b lu r, o r  severance  o f th e  eye ba lan ce  m uscles, 

th ey  p roduced  am blyopia  in  k ittens and  show ed th a t X —type  re tin a l ganglion 

an d  LG N  cells in th e  pathw ays from  th e  am blyopic eye have abnorm ally  low 

visual acu ity . T h ey  also show ed, behaviourly , th a t high visual acu ity  develops 

p o s t-n a ta lly  and  th a t th e re  is a co rresp o n d en ce  betw een age o f  o n se t o f the  

cond ition  p roducing  am blyopia and  th e  resu lting  visual acu ity , w ith th e  visual 

acu ity  being  halted  a t th e  stage it reach ed  in no rm al k ittens o f th e  sam e age. 

In  n o rm al eyes, defocusing an  im age by 6 to  8 d iop ters causes a drastic  

decrease  in  th e  response o f X —type cells [Ikeda and  W righ t, 1972] th e re fo re , 

th e  deg ree  o f d eve lopm en t in X —type cells m ay re la te  to  th e  am o u n t of 

activ ity  in th em . In all these  electrophysiological studies Y —type cells w ere 

v irtually  unaffec ted  by th e  conditions producing  am blyopia in th e  X —type cells. 

D a ta  from  h u m an  sub jec ts w ith am blyop ia , de te rm in ed  psychophysically , is 

described  in  2 .2 (a ) an d  th is supports  th e  idea th a t X —type b u t n o t Y —type cells 

a re  a ffec ted .

(d) Visual P e rsevera tion

V isual persev era tio n  is th e  te rm  used to  describe visual p ercep tio n  

w hich exh ib its  abn o rm al tem p o ra l persistance  o r  spatia l sp read  [C ritch ley , 

1951]. C h a p te r  Six con ta ins a study o f a  su b jec t F .B . w ho suffers from

p ro longa tion  o f  visual sensation , i .e . abnorm al tem pora l pers is ten ce . T h is is 

know n as palinopsia  and  it is also divided in to  tw o types [a t least by som e 

au th o rs  — C ritch ley , 1951; B ekeny  and  P e te r , 1961; Sw ash, 1979 and 

C um m ings, Syndulko, G o ldberg  and  Treim cn 1982]. In o n e  type  th e re  is a 

co n tin u a tio n  o f visual sensation  a fte r  cessation  o f the  light s tim ulus and  the 

p e rsev era ted  im age is like an  a f te r - im a g e ,  w hereas, in the  o th e r , th e re  is



Palinopsia has been  found to  occu r in association  w ith b ra in  lesions of 

th e  p a rie to -o c c ip ita l co rtex  [C ritch ley , 1951; B ender, F e ldm an  and  Sobin , 1968;

C um m ings, Syndulko, G o ldberg  and  T rem ain , 1982], th e  righ t p o ste rio r p arie ta l 

co rtex  [C le land , S aunders and  R osser, 1981], the  rig h t o c c ip ito —tem p o ra l co rtex  

[M eadow s an d  M unro , 1977] and  th e  occipital co rtex  [M ichel and  T ro o st,

1980]. It has also been  observed following tem p o ra l lobe surgery  [B ynke,

1984], in association  w ith field  loss an d , som etim es, in association  w ith seizures

in  w hich instances it can  be suppressed  by tre a tm e n t w ith an ticonvu lsan t drugs

[Jaco b s , F e ldm an  and  B ender, 1972]. T h e  idea th a t th e re  a re  two d istinct

types o f pa linopsia  seem s to  be su pported  by th e  su b jec t o f C h ap te r  Six who

fits in to  the  first ca tego ry  w ell, having a f te r - im a g e s  invariably  associated  w ith

the  p rim ary  light stim ulus, several characteristics in com m on  w ith o th e r  such

sub jec ts  and  little  s im ilarity  to  th e  subjects who have episodic palinopsia . •

episodic reappearance of images without immediate visual stimulation.
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T h e  m a jo rity  o f th e  experim en ts rep o rted  in  this thesis have involved 

th e  use o f one  o r  o th e r  o f tw o sets o f eq u ip m en t. T h e  first, used fo r  p a tte rn  

d iscrim ination  ex p erim en ts , consists o f a  m icro co m p u ter co n n ec ted  th ro u g h  a 

graph ics board  to  a co lo u r m on ito r [Ike, S k inner and  R uddock , 1987]. A  

p ro g ram  w ritten  by P e te r  S k inner, a fo rm er research  s tu d en t in  th e  vision 

resea rch  g roup , allows fo r th e  p roduc tion  o f p a tte rn s  o n  th e  m o n ito r, the 

m easu rem en t o f th e  tim e an  observer takes to  find  a ta rg e t e lem en t am ongst a 

background o f sim ilar e lem en ts and  th e  d isplay  o f resu lts. A ny p a tte rn

e lem en ts cu rren tly  in  th e  p ro g ram 's  re p e rto ire  can  be d isplayed bu t the  

p ro g ram  also allow s fo r th e  d evelopm en t o f new  p a tte rn s  by using a jo y —stick 

co n n ec ted  to  th e  co m p u te r  to  d raw  th em  o n  th e  sc reen . T h ese  new  p a tte rn

e lem en ts can  th e n  be saved fo r la te r use.

T h e  second  se t o f ap p ara tu s  is a fou r ch an n e l, M axw ellian  view , op tical 

system  w hich has facilities fo r m o nocu la r and  b inocu lar view ing [B arbu r and  

R uddock , 1980a]. T h is  can  be used to  p re sen t, w ithin a large field of view, 

w e ll-d e fin ed , m oving o r  sta tio n ary  targets . It also provides high illum ination , 

m onochrom atic  o r  b ro a d -b a n d  light and  two o r m ore  stim uli can  be 

superim posed . T h e  am o u n t o f light reach ing  the  o b se rv e r 's  eye can  also be

accu ra te ly  co n tro lled . T h e  con tro l and  d a ta -lo g g in g  o f this system  is ca rried  

o u t by a m ic ro co m p u te r.

2.1 T h e  M axw ellian V iew O ptical System  

(a) M axw ellian Viewing

In  th is m e th o d  o f viewing a light source , called  M axw ellian viewing



♦

a fte r  J .C . M axw ell w ho first rep o rted  it and  used it in his experim en ts on  

co lou r m ixing, a  lens is used to  im age a  light source  in  th e  o b se rv e r 's  eye 

pup il. T h is un ifo rm ly  illum inates an  a rea  o f  th e  re tin a  m uch larger th an  is 

covered  w hen  th e  observer looks d irec tly  a t th e  sou rce . T h e  a rea  covered  

depends on  th e  lens used and  its d istance  from  th e  sou rce . U sing a lens, the  

re tin a  is un ifo rm ly  illum inated  w hereas, w hen  view ing w ith  th e  unaided  eye, 

th e  light falling o n  th e  re tin a  is spatia lly  m odu la ted , see figure 2 .1 . T h e  

lum inous flux p e r  ste rad ian  reach ing  th e  o b se rv e r 's  re tin a  is know n as th e

Lens
S o u r c e  L S;

b

F ig u re  2.1 (a ) Schem atic  d iagram  o f  th e  princip les o f M axw ellian viewing. A
source  o f a re a  S is im aged by a lens in  th e  pupil o f the  eye. T h e  im age of 
th e  source has a re a  S ' =  S u ' 2 / i£
(b ) O rd in a ry  view ing o f  an  ex tended  source  o f a rea  S p laced  a t a d istance  u 
fro m  an  eye, w hose en tran ce  pupil has a rea  A .

(from  W estheim er, 1966)
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re tin a l illum inance w hich is an  im p o rtan t stim ulus p a ra m e te r. A lthough  the 

level o f  re tin a l illum ination  p roduced  by a source  will d iffe r from  eye to  eye 

due to  varia tion  in  th e ir  light losses, a  conven tional re tin a l illum ination  can  be 

d efin ed , assum ing n o  ligh t losses, by tak ing  th e  p ro d u c t o f th e  lum inance  of 

th e  ligh t in c iden t o n  th e  eye and  th e  a rea  o f th e  pup il. A  p ro b lem  w ith 

d irec t view ing o f  a  sou rce  is th a t as its lum inance  varies so does th e  pupil 

size. In  th e  M axw ellian view  system  th e  re tin a l illum inance can  b e  con tro lled

precise ly  by th e  e x p e rim en te r  if th e  source im age is sm aller th an  th e  m in im um  

pup il size o f  2 m m . W ith  th e  M axw ellian view  system  th e  re tin a l illum inance 

is th e  sam e as in  th e  d irec t viewing case if th e  source im age is th e  sam e size 

o r  la rg e r th an  th e  p up il (a lthough  som e ligh t is lost in th e  o p tica l com ponen ts 

o f th e  system ); in  b o th  cases it is (so u rce  lum inance) x (a rea  of pup il). 

H ow ever, th e  advan tage  o f  being  ab le  to  co n tro l th e  re tin a l illum inance  w hen 

th e  sou rce  im age is sm aller th a n  th e  pup il outw eighs th e  dec rease  in 

illum ination  and  in  th is case th e  re tin a l illum inance is (source  lu m in an ce)x (area  

o f sou rce  im age). T h e  ac tual re tin a l illum inance  can n o t be m easu red  and ,

because  o f d iffe rences in  th e  am o u n t o f light lost in d iffe ren t eyes, absolute 

visual th resho lds will vary  betw een  observers w hen specified  in conven tional 

re tin a l illum inance . In  th is thesis re la tive visual th resho lds a re  m easu red  under 

a varie ty  o f cond itions an d  these  m ay be co m p ared  betw een  observers.

T h e  ap p a ra tu s  w ith w hich th e  ex p erim en ts  of this thesis w ere carried  

o u t em ploys tw o lenses to  im age th e  light source  in th e  eye pup il: th e  first 

lens p roduces a co llim ated  beam  from  th e  source  and  th e  second  one  focuses 

th e  beam  to  fo rm  an  im age of th e  source in  the  eye p u p il. A  stim ulus 

o b je c t ( th e  ta rg e t) , w hich is a  m ask o f opaque  an d  tran sm ittin g  a reas , is 

p laced  in th e  p ara lle l beam  betw een  th e  two lenses, nom inally  a t  the  back 

focal p lan e  o f th e  second  lens. T h e  ta rg e t 's  position  betw een  th e  tw o lenses



F ig u re  2 .2  S chem atic  d iagram  o f th e  four ch an n e l M axw ellian view
ap p ara tu s . See tex t for exp lan a tio n  o f sym bols used.
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does no t a ffec t im age size o r re tina l illum inance bu t does a ffec t the 

accom m odative  s ta te  o f  th e  .observer. In  th e  ex p erim en ts , th e  ta rg e t is always 

p laced  so th a t th e  o b se rv e r is n o t accom m odating  w hen it is view ed. If  the 

o b serv er is em m etro p ic  th is is achieved by p lacing  th e  ta rg e t a t th e  firs t focal 

p lan e  o f th e  second  lens. O bservers w ith  re frac tive  e rro rs  view  w ith

u n co rrec ted  eyes an d  th e ir  e rro rs  can  be co m p en sa ted  by changing  th e  ta rg e t 

position  betw een  th e  lenses. T h e  re la tionsh ip  betw een  th e  size o f th e  ta rg e t 

an d  th e  angle it sub tends a t the  eye is co n stan t an d  is fixed a t a  value 

dep en d in g  on  th e  focal leng th  o f the  second  lens. By sp litting  th e  p ara lle l 

beam  fo rm ed  a f te r  th e  first lens and  recom bin ing  th e  various beam s so fo rm ed  

b efo re  the  second  lens, any  n u m b er o f chan n e ls  can  be p ro d u ced , e ach  w ith 

its ow n focal p lan e . T h is  allows fo r superim posed  stim uli in th e  field  o f view 

o f th e  observer.

W ith  a su itab le  cho ice  o f lenses an d  source  size, th e  M axw ellian  view 

ap p a ra tu s  p rovides a  la rg e , un iform ly  illum inated  field  o f  view  in  w hich sharp ly  

d efin ed  targets  o f know n re tin a l illum inance can  be p resen ted .

(b) D escrip tion  o f th e  M axw ellian View O p tica l System

F igure 2 .2  show s a schem atic  d iagram  o f th e  four ch an n e l M axw ellian 

view  ap p ara tu s  w ith b inocu la r viewing con figu ra tion . T h e  light source  (S) is a 

100W /12V  q u a rtz -h a lo g e n  lam p with a sm all, f la tten ed  tungsten  filam en t of 

d im ensions 5m m  x 2 .5 m m . T h e  spec tra l ra d ia n t ex itance  d is tribu tion  o f 

tungsten  ap p ro x im ates  th a t o f a black body, in this case w ith co lour 

te m p e ra tu re  of 3 ,100  K , and  the  lam p is d riven  by a stabilised pow er supply 

(R o b an d  e lec tron ics m odel 6 7 -1 0 A /1 2 V ). T h e  sou rce  voltage was increased  

an d  d ecreased  g radually  a t the  beginning and  end  o f each  exp erim en ta l session 

by m eans o f a  rh e o s ta t, in o rd e r to  increase th e  la m p 's  life tim e. A fte r being
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tu rn ed  o n  th e  lam p was left to stabilise fo r a t least 15 m inutes befo re  an  

ex p e rim en t was ca rried  ou t. F luctuations in th e  voltage across th e  lam p , as 

show n on  a v o ltm e te r connec ted  in th e  pow er supply  c ircu it, o r  d e te rio ra tio n  

in  th e  source  filam en t, visible in th e  source im age a t  th e  ex it pup il, b o th  of 

w hich signal d e te rio ra tio n  o f th e  lam p , w ere regularly  checked  fo r an d , if 

d e tec ted , th e  lam p  was changed . O n e  lam p lasts fo r m an y  hours and  all the  

exp erim en ts  ex cep t those o f C h ap te r  F o u r w ere ca rried  o u t w ith th e  sam e 

lam p . L ight fro m  th e  source is co llim ated  with ach ro m atic  d oub le t lenses (L I)  

in to  tw o sep a ra te  para lle l beam s. T h e  beam  from  o n e  o f th e  lenses form s 

ch an n e l 1 , th e  o th e r  beam  is sp lit using two glass p la tes  (G P ) to  fo rm  th ree  

fu r th e r  chan n e ls  2 , 3 and  4. C hannels 2 and  3 a re  co m b in ed  w ith ch an n e l 1 

by b eam  sp litte rs  (BS) and  this com posite  beam  is th e n  focused by th e  final 

lens (L 3), a  50m m  f l .2  P en tax  cam era  lens, to  fo rm  a n  im age o f th e  source  

in  th e  o b se rv e r’s rig h t eye pup il. T h e  p a ir o f T ak u m ar 135m m  f2 .5  lenses 

(L2) in  th is beam  prov ide o b jec t p lan es O P 1 , O P 2 , O P 3 , all a t  th e  First focal 

p lan e  o f lens L 2 ( l) ,  con juga te  w ith th e  first focal p lan e  o f  L3. T h u s th e  

op tica l p lanes o f  th e  th ree  channels a re  135m m  beh ind  th e  lens L 2 (l)  instead  

o f 50m m  b eh ind  L3. T h is allows m o re  room  fo r th e  m an ipu la tion  o f the  

th re e  channe ls w ith beam sp litte rs an d  fo r positioning ta rg e ts . T h e  fou rth  

beam , w hich p rovides b inocu lar view ing, is focused by lens L4 (focal length  

18cm ), fo rm ing  an  im age o f the  source  in  the  o b se rv e r 's  le ft eye pupil. T h e  

o p tica l p lan e  o f ch an n e l 4 (O P4) is a t  th e  fro n t focal p lan e  o f this lens.

T h e  size o f th e  field  o f view  from  any  ch an n e l is co n tro lled  w ith 

m asks o f th e  req u ired  ap e rtu re  d im ensions. T h e  m irro rs  (M ), used to 

m an ip u la te  th e  beam s, a re  all fro n t-s ilv e re d , m ade by th e  vacuum  deposition  

o f  a lum in ium  o n to  op tically  flat glass.

T h e  lum inance  o f each  ch an n e l can  be ad ju s ted  stepw ise by the
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in se rtio n  o f n eu tra l density  filters in to  th e  beam s. T h ese  a re  K odak  W ra tten  

g e la tin e  filters m o u n ted  in  tw o p la tes o f glass an d  th is assem bly  a tten u a te s  the  

b eam  equally  fo r all w avelengths. T h e  lum inance  o f  ch an n e l 1 can  also be 

varied  continuously  by a n eu tra l density  w edge (W ) (K odak) m o u n ted  in  a 

fram e  and  m oved th ro u g h  th e  beam  u n d e r co m p u te r  co n tro l by  a stepp ing  

m o to r (SM ) (S igm a In stru m en ts , m odel 20 —2220D 200 —F 5 .1 ) via rack  an d  pin ion  

g earing . T h e  w edge 's  position  in th e  beam , and  h ence  th e  a tte n u a tio n  o f the 

ligh t inc iden t on  it, is know n by th e  n u m b er o f steps m ade by th e  stepp ing  

m o to r  from  its zero  p osition . T h e  zero  position  is o n  th e  ex trem e  left (as 

seen  by an  o b serv er), o f  th e  w edge 's m ovem en t. A t th e  beg inn ing  o f an  

ex p e rim en t, th e  n eu tra l density  wedge m oves to  th e  le ft, un til it touches a 

b u tto n  a t th e  end  o f th e  rack  in w hich it m oves. O n  touch ing  th is b u tto n  a 

signal is sen t to  th e  c o m p u te r  w hich th e n  stops th e  n eu tra l d ensity  w edge and  

signals th a t th is is th e  ze ro  position  from  w hich step  coun ting  shou ld  s ta rt.

In  th e  ex p erim en ts  o f C h ap te r  F o u r, a d iffe ren t n eu tra l density  wedge 

is u sed . T h is  w edge is co n n ec ted , via gears, to  a  lin ea r coil m o to r w hich can  

be d riv en  in  e ith e r  d irec tio n  th rough  ch an n e l 1. T h e  m o tion  o f th e  w edge is 

co n tro lled  by th e  o b se rv e r. A  1 0 —tu rn  p o ten tio m e te r , w ith a co n stan t applied  

vo ltage , is co n n ec ted  via gears to  th e  w edge. T h e  voltage from  the 

p o te n tio m e te r  is d isp layed  o n  a digital m u ltim e te r (D a n a , m odel 3800B) and

can  be p rin ted  by a dig ital p r in te r  (C red sh ire , m odel D P I 00). T h is value

co rresp o n d s to  th e  position  o f the n eu tra l density  w edge and  thus defines the 

illum ination  o f ch an n e l 1 . R ecordings o f th e  voltage a re  p rin ted  o n to  p ap e r 

w hen  th e  observer presses a bu tto n . T h e  ligh t p rov ided  by  th e  system  is 

w hite  light bu t th e  w avelength  o f light p rov ided  by each  ch an n e l m ay be

co n tro lled  by th e  in se rtio n  o f in te rfe ren ce  filters (B alzer, type  B40,

h a lf—bandw idth  ±5nm ).
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T arg e ts  fo r use w ith this system  are  m ade by runn ing  a p rog ram  on 

th e  Im peria l C ollege m ain fram e (C D C , C yber series com pu ter) w hich p lo ts the 

req u ired  ta rg e t stim uli o n to  35m m  film . C on tac t p rin ts  o f these a re  th en  

m ade  on to  K odalith  film  which gives h igh op tical density  in th e  exposed 

regions and  alm ost ze ro  elsew here. T h ese  slides a re  th en  m oun ted  in  G epe 

doub le  glass s lid e -b in d e rs . T h e  m ost frequen t ta rg e t types used in  the

experim en ts a re  g ratings o f a lte rn a te ly  transm itting  and  opaque (ligh t and  dark) 

bars and  c ircu la r sp o ts, bo th  light spots on  a dark  background and  d a rk  sports 

on  a light background  (see figure 2 .1 0 ). T h re e  d iffe ren t m odes o f ta rg e t 

p resen ta tio n  w ere stud ied ; i) continuously  , ii) flashed fo r a  fixed du ra tio n

d e te rm in ed  by e lec trom agnetic  sh u tte rs , u n d e r co m p u te r co n tro l and  iii) 

m oving , w hen th e  ta rg e t is p resen ted  in channe l 1. F o r  m ode ii), a signal 

fro m  th e  c o m p u te r  to  a specially  construc ted  pow er supp ly  [H olliday, 1982]

causes it to  supp ly  c u rre n t to  th e  sh u tte rs . T h e  c ircu it provides a voltage 

pu lse  o f th e  req u ired  d u ra tio n , w hich is in itially  a t 90 volts b u t d rops w ithin 

10m s to  a s teady  10 volts fo r th e  re st o f th e  tim ing p erio d . T h e  90 volt

signal ensures rap id  sh u tte r  o p en ing , w hile the  10 volt signal avoids 

unnecessary  h ea ting  o f the  sh u tte r so lenoid  an d  large back  E M F  genera tio n  a t 

th e  end  o f th e  tim ing  p erio d . A  m inim um  opening  period  o f 30m s can  be

ach ieved , an d  th e  m ax im um  open ing  period  is unlim ited  a lthough , in p rac tice , 

fo r a  single p re sen ta tio n  o f  m ore  th an  30 seconds, sh u tte rs  a re  no t used , bu t 

th e  beam s blocked  and  unblocked by hand  and  tim ing ca rried  ou t w ith a 

stopw atch . T h e  ta rg e t in  channe l 1 (p laced  a t O P 1 , figure 2 .2 ) , can  be 

p resen ted  m oving by m ounting  the  ta rg e t slide in a c a rr ie r  w hich is m oved

perp en d icu la rly  across the  beam , via gears, by a D C se rv o -m o to r  (E lec tro c ra ft 

5 8 6 —5A) fitted  w ith a 30:1 ra tio  gearbox  (M cL ennar E n g ineering , A M  5020).

T h e  m o to r is con tro lled  by th e  co m p u te r w hich supplies, via a pow er supply ,



F ig u re  2 .3  D iag ram  o f  th e  slo tted  o p to -sw itch  used to  m easu re  ta rge t 
d isp lacem en t.

a  voltage w hose m agn itude  d e te rm in es th e  ta rg e t c a r r ie r 's  speed  an d  sign 

d e te rm in es its d irec tio n  o f  m otion . T h e  velocity  range availab le  goes from  0 

to  50 deg rees/second . T h e  d isp lacem en t during  m otion  is also co n tro lled  by 

th e  co m p u te r , using a slo tted  o p to —sw itch fixed to  the c a rr ie r  fram e to  signal 

th e  ta rg e t c a r r ie r 's  position  (see figure 2 .3 ) . T w o pieces o f ca rd  a re  a ttach ed  

to  th e  c a rr ie r  an d  as th e  c a rr ie r  m oves th ey  m ove in and  o u t o f th e  a rm s of 

th e  o p to -sw itc h , b locking  an d  unblocking th e  in f ra - re d  beam  passing betw een  

th e  tw o arm s. T h e  sep a ra tio n  (x) o f th e  tw o p ieces o f ca rd  o n  th e  ca rrie r

co rresponds to  th e  ex te n t o f m otion  req u ired . T h e  c a rr ie r  s ta rts  w ith one

piece  o f ca rd  in th e  slo t b reaking  th e  beam  an d  keeps m oving un til th e  second

piece  o f card  b reaks th e  beam  again , w hen  a signal is passed to  th e  co m p u te r

w hich stops th e  ta rg e t c a rr ie r  m oving. W hen  th e  c a rr ie r  s ta rts  m oving again  it
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goes back  in  th e  opposite  d irec tio n . By using the  slo tted  o p to —switch the 

ta rg e t c a rr ie r  is p rev en ted  from  m oving too  fa r thus sh o rten in g  th e  tim e 

betw een  p resen ta tio n s o f th e  ta rg e t. T h e  angle o f ta rg e t d isp lacem en t seen  by 

th e  observer is co n tro lled  by th e  size o f  th e  ap e rtu re  p laced  ju s t in fro n t o f 

its p lane  o f m o v em en t ( a t  O P 1 , figure 2 .2 ).

A  tem p o ra lly  m odula ted  field o f view  is p roduced  by p lacing  a  shee t o f 

P o laro id  (ca lled  th e  analyser) in th e  beam  to  polarise th e  ligh t, while a n o th e r 

sh ee t o f P o la ro id , a ttach ed  via a 1:15 gearbox  (M cL ennan  eng ineering ), to  the  

sh aft o f  a  d .c . serv o m o to r (E le c tro —cra ft 5 8 6 —5A) is ro ta ted  in th e  beam  

T h is  p roduces a field  o f  view  w hose illum ination  varies as th e  square  o f th e  

cosine o f th e  angle  betw een  th e  po larising  axes o f the  tw o sheets.

T h e  size o f  th e  im age o f th e  filam en t p roduced  in  th e  righ t eye pupil 

by this op tica l a p p a ra tu s  is 1 .5  x 0 .75m m  an d  to  assist th e  observer in 

position ing  th e  eye so th a t th e  im age o f th e  source is w ith in  th e  pup il, an  

a rtific ia l eye pup il w ith d iam e te r o f 4m m  is p laced  ju s t in  fro n t o f the 

req u ired  eye position . W hen  viewing b inocularly , a n o th e r  artific ia l eye pupil is 

p rov ided  fo r  th e  le ft eye . T o  keep  th e  o b se rv e r’s head  still on ce  it is in the 

rig h t position , a  m ou th  p iece is used. T h is consists o f  an  im pression o f the 

o b se rv e r’s te e th  m ade in  S ten ts therm op lastic  and  m oun ted  on  a m etal plate, 

th e  position  o f  w hich is ad justab le  in all d irections.

D iffe ren t experim en ts requ ire  d iffe ren t fields o f view and  the 

M axw ellian view  ap p a ra tu s  can  be a rran g ed  to provide a varie ty  o f fields of 

view. T h e  ch an n e ls  and  stim uli used fo r  the  experim en ts ca rried  ou t in this 

thesis will be described  la te r in this ch ap te r , to g e th e r w ith background 

in fo rm ation  o n  the  experim en ts.
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(c) Calibration of the Maxwellian View Optical System

In  th is sec tio n , th e  calib ra tion  o f th e  M axw ellian view  system  is 

described . A  second  M axw ellian view system  was used fo r th e  exp erim en ts  

p resen ted  in C h a p te r  F o u r , and  w here th e  p rocedures o r  d a ta  fo r th is system  

d iffe r from  th a t o f  the  m ain  system , they  a re  also described .

T h e  source

T h e  so u rce , a tungsten  filam ent q u a rtz  lam p , p roduces a to ta l flux of 

3000 lum ens an d  has a n  ap p ro x im ate  co lo u r te m p e ra tu re  o f 3100K . O n e  lam p 

was used fo r th e  m a jo rity  o f  the ex p erim en ts  and  its average  source  brigh tness 

was co n stan t varying by only  0 .2  log units o v er 60 hours o f  use. T h e  spec tra l 

o u tp u t o f th is type  o f  source  has been  d e te rm in ed  by  m easuring  th e  rad ian t 

energy  in  sp ec tra l b ands. T h e  rad ian t energy  was m easu red  using a  digital 

ra d io m e te r/p h o to m e te r  (M acam , m odel PR 3010) and  th e  spec tra l bands w ere 

iso lated  by p lacing  n a rro w  bandw idth  in te rfe ren ce  filters (B a lze r B 40), whose 

transm ission  ch a ra te ris tics  had  been  m easured  in  a B eckm an  D K —2 reco rd ing  

sp e c tro p h o to m e te r , p e rp en d icu la r  to  th e  co llim ated  ta rg e t beam  (figure 2 .4 ). 

T h e  rad ian t ex itan ce  o f th e  source is decreased  by only  0 .7  log un its a t 

400nm  relative to  th e  value o b ta ined  in th e  red  p a r t o f  th e  sp ec tru m .

In  th e  ex p erim en ts  to be described , it is necessary  to  define  th e  re tina l 

illum inance  o f th e  fie ld  o f view . T o  d e te rm in e  th e  re tin a l illum inance , the 

sou rce  im age lum inous in tensity  a t th e  ex it pupil is m easu red  in candelas (cd), 

th e  lum inous flux/ solid ang le , using the dig ital p h o to m e te r/rad io  m e te r  fitted  w ith 

a filte r so th a t its sp ec tra l sensitivity  closely  m atches th a t o f  the  eye, as 

d efin ed  by th e  C IE  p ho top ic  curve. S ince th e  sou rce  im age in th e  artificial 

pup il o f th e  a p p a ra tu s  is sm aller th an  th e  m in im um  pupil size fo r th e  hum an  

eye , the  re tin a l illum ination  is the n u m b er o f candelas in the  a rea l im age 

[W esthe im er, 1966]. T h e  un it o f re tina l illum inance used th ro u g h o u t this study
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F ig u re  2 .4  T h e  sp ec tra l d istribu tion  o f th e  light from  th e  sou rce , m easu red  a t 
th e  ex it pup il. [Bcirtujr I9SOU

is th e  tro lan d  ( td . ) . O n e  tro lan d  is defined  as th e  re tin a l illum ination  level 

p ro d u ced  by a su rface  o f  lum inance 1 cd/m^ view ed th ro u g h  a pupil o f lm m ^  

a re a ; th a t is, 1 tro lan d  is equ ivalen t to  1 0 ~ 6 lum ens/ste rad ian  (cande las). 

R etina l illum ination  levels in tro lands a re  o b ta in ed  from  th e  in tensity  

m easu rem en ts  in  candelas by m ultip lica tion  by 10^ and  th e  base 10 logarithm  

o f these  values is norm ally  used. M easurem ents w ere m ade regularly  fo r all 

channe ls an d  th e  resu lts fo r th e  ta rg e t channe l a re  in co rp o ra ted  in th e  d a ta  

analysis p ro g ram  fo r use in  co m pu ta tion  o f th e  c h a n n e l 's  light level. 

M agnification  o f th e  system

T h e  conversion  fac to r re la ting  the  o b jec t size to  the  angle it sub tends 

a t th e  o b se rv e r 's  eye is found  fo r each  o f th e  view ing lenses L3 and  L4 by 

m easuring  th e  size, y m m , o f a lin ear im age p roduced  a t a  d istance o f a m m  

from  th e  artific ia l pup il, by an  o b jec t, o f size x m m , p laced  a t th e  focal
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p lan e  o f th e  lens (figure 2 .5 ). T h en  the  angle 9 , sub tended  a t the  eye is 

g iven by

9 = 2  tan "  1 (y/2a)

F ig u re  2 .5  Schem atic  d iagram  show ing th e  visual angle th a t an  o b je c t o f size 
xm m  sub tends a t th e  eye w hen viewed th rough  lens L3 o r  L4.

E a c h  m illim e te r o f o b jec t space  sub tends m  degrees o f visual angle 

w here  m  =  9 /x . A  g ra ting  o f b a r w idth d  has a spatia l frequency  in  cycles 

p e r  m m  o f  o b je c t space  o f (2d) ~ 1 and  a spatia l frequency  in  cycles p er 

d eg ree  o f visual angle o f (2md)~~ \

F o r  L 3 , o n e  m illim eter in o b jec t space sub tends m  =  1.14 o f visual

0
ang le  an d  fo r L 4, m  =  0 .32  . T h e  m axim um  field o f view o b ta inab le  with

th is a p p a ra tu s  is lim ited  by th e  lens L3 o r  L4. Lens L3 gives a m axim um  

field  o f v iew  o f  47°. T h e  field  o f view p ro d u ced  by L4 is som ew hat sm aller 

bu t large fields w ere n o t requ ired  in the  b inocu lar ex p erim en ts.

N eu tra l density  filters

U sing  th e  p h o to m e te r , the  op tical densities of the neu tra l density  filters 

w ere found  by m easuring  how  m uch they  a tten u a te  th e  light from  one  channe l 

w hen in se rted  in to  the  beam . T h e  filters w ere also checked  fo r n eu tra lity  by
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in serting  in te rfe ren ce  filters in to  th e  beam , and  m easuring  th e  transm ission  of 

th e  n e u tra l density  filters as a function  o f w avelength . T h e  op tical density  of 

each  o f th e  filte rs was found  to  vary  by on ly  ±0.05 log units ov er th e  visible 

w avelength  range tested .

N eu tra l density  w edge

T h e  n eu tra l density  wedge was ca lib ra ted  to  find th e  re la tion  betw een  

th e  tran sm itted  lum inous in tensity  and  the  w edge position  in ch an n e l 1 

m easu red  by th e  n u m b er o f  steps m ade by th e  stepp ing  m o to r to  m ove the  

w edge fro m  its ze ro  position  to  th a t position . F igure 2 .6  shows th e  re la tion  

o b ta in ed . T h e  vertical scale shows th e  change in lum inous in tensity  o f  light 

passed  by th e  w edge as it m oves from  one  position  to  th e  nex t. As can  be 

seen  fro m  th e  g rap h , th e  lum inous in tensity  o f ligh t passed by th e  w edge does 

n o t increase  linearly  as it m oves from  its ze ro  position , how ever th e  g raph  

p ro file  was th e  sam e each  tim e it was m easu red . A lso, w hen  m ov em en t was 

fro m  le ft to  rig h t d iffe ren t values w ere o b ta in ed  th an  w hen th e  w edge’s m otion  

was fro m  rig h t to  le ft. T h e  fo u r d iffe ren t regions iden tifiab le  o n  th e  g raph  

a re  described  w ith fo u r d iffe ren t equations (as show n o n  figure 2 .6 ) w here 

eq ua tions 1 an d  2 describe le ft to  righ t m o tion  o f the  w edge and  equations 3 

an d  4 rig h t to  le ft m o tion . All fo u r equations a re  included  in th e  data  

analysis p ro g ram  fo r use in  co m pu ta tion  o f ch an n e l 1 light levels.

In  th e  exp erim en ts  o f C h ap te r  F o u r a d iffe ren t neu tra l density  w edge is 

used . T h e  ca lib ra tion  curve o f lum inous in tensity  tran sm itted  versus position  is 

given in  figure 2 .7 . Its position  in  th e  beam  is d e te rm in ed  by th e  voltage 

ap p lied  to  th e  m o to r driv ing it. T h e  ca lib ra tion  is n o t com plete ly  lin ea r, bu t 

was found  to  be unchanged  each  tim e it was rep ea ted .
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F ig u re  2 .6  T h e  re la tive  lum inous in tensity  o f ligh t tran sm itted  by th e  wedge 
p lo tted  against its position  m easured  in  steps o f the  stepp ing  m o to r fro m  zero  
position . L eft to  rig h t m o tion  1. positions 25 to  150 y =  0 .0043x +  2.10
2. positions 150 to  400 y =  0.0057x 1 .90 , righ t to  le ft m otion  3. positions
400 to  150 y =  0 .0056x +  1.96 4. positions 150 to  25 y =  0 .0044x +
2.13
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F ig u re  2 .7  C alib ra tion  curve  fo r the  neu tra l density  w edge used in th e
ex p erim en ts  o f C h a p te r  F o u r. R elative lum inous in tensity  o f th e  ligh t passed 
by th e  w edge as a fu nc tion  o f th e  w edge 's position  in  th e  beam  m easu red  by 
th e  ap p lied  voltage (m V ).

T a rg e t velocity

T h e  velocity  o f  th e  ta rg e t h o lder, pe rp en d icu la r to  th e  beam , was 

m easu red  as a function  o f  th e  voltage app lied  to  th e  m o to r. T o  ca rry  ou t 

th is ca lib ra tio n  a  p rog ram  was w ritten  to  run  on  the  M acsym 2 co m p u te r. T h e

p ro g ram  caused  a  know n voltage to  be app lied  to  th e  m o to r and  th en  tim ed

how  long th e  ta rg e t h o ld e r took  to  m ove a se t d istance. T h e  beginning  and  

th e  en d  o f  tim ing  was signalled to  the  co m p u ter by two p ieces o f card
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sep ara ted  by 7 .5 cm  fixed to  the  ta rg e t c a rr ie r; as th e  firs t m oved o u t o f the  

arm s o f th e  o p to -sw itch  tim ing  sta rted  and  as th e  second  piece m oved  in 

tim ing  s to pped . T h e  resu lting  velocities, m easured fo r a  series o f d iffe ren t 

voltages, a re  p lo tted  in figure 2 .8 , and  they  show  th a t th e  velocity increases 

linearly  w ith app lied  voltage up to  a value o f 53.5 deg rees/second  a t an  

app lied  voltage o f  10 volts. T h is ca lib ra tion  was included in p rog ram s runn ing  

on  th e  M acsym 2 co m p u te r w hich perfo rm ed  experim en ts requ iring  a m oving 

ta rg e t. T h e  velocity  requ ired  can  th en  be en te red  a t th e  keyboard  befo re  an  

ex p erim en t an d  th e  co m p u te r transla tes this in to  th e  co rrespond ing  voltage to  

be app lied  to  th e  m o to r driving the  ta rg e t ho lder during  th e  ex p erim en t.

F ig u re  2 .8  V elocity  of th e  ta rg e t th rough  channel 1 as a function  of the 
voltage app lied  to  the  m otor driving the target ho lder

R otating  P o laro id

T h e  ro ta tin g  polaro ids, w hich consist o f two p ieces o f po laro id  film ,



Frequency (Hz)

F ig u re  2 .9  C alib ra tio n  o f th e  po laro id  ro ta tio n . T h e  p o ten tio m ete r se tting  is 
p lo tted  versus th e  tem p o ra l m odulation  frequency  o f the  light tran sm itted  by 
th e  ro ta tin g  p o la ro id  and  analyzer com bination .

one  in a fixed position  in th e  beam  and  th e  o th e r  ro ta ted  on  th e  shaft o f a 

m o to r th ro u g h  a 1:15 gearbox , was used to  p roduce  sinusoidal tem pora l 

m odula tion  o f  th e  light beam . T h e  in tensity  o f th e  light p roduced  by this 

a rra n g e m en t fluc tuates from  approx im ate ly  zero  to  a m axim um , tw ice in each
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revo lu tion  o f  th e  m oving polaro id  — i.e . it varies as the  square o f the cosine 

o f th e  angle betw een  th e  po larisa tion  axes o f the  tw o sheets. T h e  frequency  

o f th e  change in light in tensity  was m easured  as a function  o f th e  voltage 

app lied  to th e  m o to r via a p o ten tio m ete r, by tim ing a n u m b er of revolu tions 

o f th e  m o to r sh a ft. F igure 2 .9  shows th e  g raph  ob ta ined .

W hen  tem pora lly  m odula ted  light is used in an  ex p erim en t the  

ex p e rim en te r  sets th e  p o ten tio m ete r to  th e  voltage co rrespond ing  to  th e  

requ ired  flicker frequency .

2 .2  E x p erim en ta l P rocedures R equiring  th e  M axw ellian V iew System  

(a) ST1 and  ST2 S p a tio -T em p o ra l Visual F ilters

T h e  M axw ellian view system  o f  F igure 2 .2  was orig inally  designed fo r 

th e  d e te rm in a tio n  o f th e  spatia l characteristics of visual filters [B arbu r and  

R uddock , 1980] an d  subsequently  fo r sp a tio -te m p o ra l filte rs [H olliday and

R uddock , 1983]. T h e  m ethod  they used fo r th e ir  investigations, th e  background

m odula tion  tech n iq u e  (see section  1 .2(b )) , is based on  th e  hypothesis th a t the  

response  o f a psychophysical m echanism  to  a pa rticu la r stim ulus p a ra m e te r  can  

be revealed  by superim posing  a co nstan t test stim ulus upon  a background 

stim ulus, and  ob ta in in g  th e  th resho ld  fo r detec ting  th e  tes t as a function  o f the  

background p a ra m e te rs . F o u r d iffe ren t configurations o f the  background stim uli 

w ere used to  e lic it th e  spatial and  tem poral p roperties o f th e  two filters. T h e  

background field  was always c ircu la r and  its d iam eter sub tended  17° o f visual 

angle. Its spatia l and  tem pora l fea tu res will be described  in detail fu rth e r on 

in th is sec tion . T h e  test stim ulus was a c ircu lar sp o t, e ith e r  m oving a t 15

degrees/second  th ro u g h  th e  cen tra l 8 ° o f the background field o r  p resen ted  

sta tio n ary  and  flashed  a t the  cen tre  o f the  background field . T h e  observer

viewed the  visual field with one  eye usually th e ir righ t. F o r tra n s-fo v e a l

54



p re sen ta tio n  o f th e  ta rg e t th e  observer was instructed  no t to  track  the  ta rg e t, 

bu t to  m ain ta in  gaze tow ards the  cen tre  o f th e  background field , and  for 

n o n -fo v e a l m easu rem en ts a  red  light em itting  d iode was used to  provide a 

sm all fixation  p o in t. T h e  observer was requ ired  to d e te rm in e  the  ta rge t 

illum ination  a t w hich it could  ju s t no  longer be d e tec ted  i.e . its th reshold

value. F o r th is pu rpose  th e  ta rge t illum ination  was con tro lled  au tom atically  by 

th e  co m p u te r. T h e  orig inal experim en ts em ployed  targets  o f light (positive)

co n tra s t, bu t in th e  p re sen t study targets o f dark  (negative) co n trast w ere also 

investigated  (see C h a p te r  T h re e ).

T h e  T h resh o ld  P rogram

T his  p ro g ram  co n tro ls  bo th  the  tim ing o f p resen ta tio n  o f th e  ta rge t,

e ith e r  m oving o r  sta tio n ary  and  flashed, on  the  backgound field  and  also the  

illum ination  accord ing  to  th e  o b se rv e r 's  response in a fo rced  choice detec tion

task . T h e  p ro g ram  used tw o, random ly  in te rleaved , sta ircases to  co n tro l the 

tes t illum ination  [C ornsw eet, 1962]. E ach  sta ircase p roduced  th resho ld  values, 

b rack e tin g  th e  th resh o ld  reg ion , a t th e  po in ts w here the  ta rg e t ju st d isappeared  

and  a p p e a re d . T h e  size o f th e  change betw een successive steps on  a staircase 

is in itia lly  large (0 .5  log units) becom es sm aller (0 .25 a f te r  th e  first tu rn ing  

p o in t an d  0 .05  a f te r  th e  second). Tw elve tu rn ing  p o in ts , six on each  

s ta ircase , a re  no rm ally  o b ta ined  fo r each  threshold  d e te rm in a tio n  and  the  first 

tw o fro m  each  sta ircase , w hich a re  ob tained  with the larger step  sizes, a re  

d iscarded . T h e  p rog ram  calculated  the  m ean  and  best estim ate  o f standard

e rro r  fro m  these  values.

B ackground F ield  C onfigurations

T h e  backgound field  configurations used by B arbur and  Ruddock [1980a]



and  by H olliday and  R uddock [1983] in th e ir  studies, w ere app lied  in th e  

ex p erim en ts  to  be described  in C h ap te rs  T h re e  and  F ive fo r the  d e te rm in a tio n  

o f sp a tia l and  tem p o ra l characteristics o f the  ST1 and  ST 2 filters.

ST1 — B ackground Field fo r Spatial R esponses

T h e  background consists o f a 1 —dim ensional p e rio d ic , square—w aveform , 

g ra ting  w ith b ar—w idth d , giving a fundam en ta l spatia l frequency , o r  p erio d , o f 

fs =  l /2 d .  F igu re  2 .10  show s th e  tes t stim ulus, a  c ircu la r ta rg e t m oving 

on  th is  background . T h e  g ra ting  im age is p roduced  by p lacing one  o f the  

p h o to g rap h ic  tran sp aren c ies  w ith a g ra ting  p a tte rn  on  it in channe l 2 (Figure 

2 .2 ) an d  its co n tra s t can  be con tro lled  by superim posing  a un ifo rm  field from  

ch an n e l 3. If th e  illum ination  o f th e  ligh t beam  from  ch an n e l 2 is I 2 and

B A C K G R O U N D  G R A T I N G

F ig u re  2 .1 0  T h e  field o f view p resen ted  to the  o b serv er w hen perfo rm ing  the 
ST1 spatia l ex p erim en t.



th a t o f th e  beam  fro m  channel 3 is 13, th e  average spatia l illum ination  level is 

1^ =  +  1 2 a n d  th e  m odulation  d ep th  M is ( Im ax —I m in  ) /( I  m ax

m in) =  ^ b •

ST1 — B ackground F ie ld  fo r T em p o ra l R esponses

T h is  background  consists o f two gratings w ith the  sam e d im ensions, and  

also w ith th e  sam e co n tras t and  m ean  illum ination  level, a rran g ed  in spatia l 

an tip h ase  an d  m odu la ted  in tem pora l an tip h ase . F igure 2.11 illustrates the  

background  field  w hen  bo th  gratings have 100%  co n trast. T h e  background 

field is fo rm ed  by p lac ing  grating  slides w ith spatia l frequency , fs in  beam s 2 

an d  3 , superim posing  th e  two im ages so th a t th ey  a re  in spatia l an tip h ase , and  

sh u tting  th e  tw o beam s a lte rna te ly  a t a tem p o ra l frequency  f t cycles/second. 

If th e  illum ination  level o f the  light bars o f b o th  gratings is I an d  th e re  is 

100%  co n trast b e tw een  dark  and light bars, th e  average spatia l an d  tem pora l 

illum ination  level 1^  =  1/ 2 .

F ig u re  2.11 F ield  o f  view  presen ted  to  th e  observer w hen p e rfo rm in g  th e  S T 1 
tem p o ra l ex p erim en t, (a ) F ield  o f view a t an  in stan t in tim e , (b) D iagram  
show ing evolu tion  o f field of view w ith tim e.

ST2 — B ackground F ield  fo r Spatial R esponse

T his background  also consists o f  two identical gratings arran g ed  in 

spatia l an tip h ase  and  w hose light bars have th e  sam e average illum ination  level.



T h e  illum ination  level o f the light bars of one  grating  is varied  in tim e , 

those  o f the  o th e r  g ra ting  a re  con stan t, giving the  spatia l and  tem p o ra l 

d istribu tion  o f illum in iation  show n in figure 2 .12 . T h is field  is p roduced  by

p lac ing  g ra ting  slides w ith spatial frequency  fs in beam s 2 an d  3 and  

superim posing  th e  tw o im ages in spatia l an tip h ase . T h e  illum ination  level o f 

o n e  se t o f light bars  is m ade to  vary tem pora lly  w ith a frequency  f t by th e  

use o f the  analyzer and  ro ta ting  polaro id  in channe l 3 . If  th e  m axim um  

illum ination  level from  th is channe l is I 3, its evolu tion  w ith tim e  is described  

by 1 3 c o s 2(f tt) . T h e  illum ination  level o f th e  light bars p roduced  by ch an n e l 

2 is 1 2 and  I 2 =  \ 12. H ence  the  to tal illum ination  level o f th e  field o f view 

is 12/2  *+• ^ (cos 2 f  11)/ 2  and  the  spatia l and  tem pora l average  background 

illum ination  level, I5 , is I 2.

b ,

F ig u re  2 .1 2  F ie ld  o f  view  p resen ted  to  th e  observer w hen p erfo rm in g  the  ST2 
spatia l ex p erim en t. (a) F ield o f  view  a t an  instance in tim e , (b ) D iagram  
show ing evolu tion  o f  field o f  view with tim e.

ST2 — B ackground F ield fo r T em p o ra l R esponse

T his background (figure 2 .13) is spatially  un ifo rm  an d  tem porally  

m odula ted  a t frequency , ft . T h is is ob ta in ed  by p lacing  th e  analyser and 

ro ta tin g  po laro id  in channe l 2 an d , fo r variable m odulation  d e p th , com bin ing  

this with a un ifo rm  field from  channe l 3. T hu s if th e  m odula ted  beam  has 

an  o u tp u t illum ination  I 2 c o s 2( f tt) and  the  un iform  beam  has illum ination  I 3 

the  average tem p o ra l illum ination  o f th e  background is 1^ =  \ 12 +  I 3 and
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the temporal modulation depth is M =  \ .

b

F ig u re  2 .13  F ie ld  o f  view  p resen ted  to  th e  observer w hen p erfo rm ing  th e  ST2 
tem p o ra l e x p e rim en t (a) F ield  o f view  a t an  instan t in tim e (b ) D iagram  
show ing evo lu tion  o f field  o f view  w ith tim e.

R eview  o f  th e  ST1 an d  ST2 F ilte rs ' C haracteristics

T h e  sp a tia l p ro p ertie s  o f th e  ST1 filte r, originally  ca lled  the  IM G filte r, 

w ere d e te rm in ed  in  th e  study  o f B arb u r and  R uddock [1980 a and  b]. T h e  

ST1 spatia l response  is o b ta ined  by m easuring  tes t th resho ld  illum ination  I t fo r 

a  3 .5 °  c ircu la r, ligh t ta rg e t flashed in  th e  cen tre  o r m oving a t 15°/s  over the 

cen tra l 8 ° o f a  17° d iam ete r c ircu la r g rating  background (figure 2 .10) as a 

fu nc tion  o f th e  fu n d am en ta l spatia l frequency  o f th e  background  g rating . T h e  

types o f  spatia l tun ing  curve ob ta ined  a re  illustrated  in figu re  2 .14 . F o r foveal 

p resen ta tio n  o f th e  ta rg e t th e  response peaks aro u n d  4 cycles/degree  w ith m ean  

background  illum inations below  2.0  log td . and  shifts to  a ro u n d  8 cycles/degree 

w ith illum inations above abo u t 2 .5  logtds. T h e  peak  position  m oves to  low er 

spatial frequenc ies fo r  non—foveal tes t p resen ta tio n , fo r exam ple  a peak  is 

ob ta in ed  a t 1 to  2 cycles/degree fo r 30° eccen tricity . T h e  response is also 

in d ep en d en t o f th e  background o rien ta tio n , the  sam e tun ing  curve being 

ob ta in ed  w hen th e  ta rg e t m oves horizon ta lly  across vertica l o r  horizon ta l 

o rien ta tio n  g ratings. T h e  am plitude  o f the  effec t is the  sam e fo r all



background  illum inations o f 1 .0  log td . and  above, bu t a t low  illum ination  the 

am p litu d e  is sm aller. T h e  am plitude varies linearly  w ith th e  c o n tra s t o f the 

background  field , reach ing  a m axim um  of 0 .5  to  0 .6  log units fo r 100%  spatia l 

m odu la tion  d ep th . C hang ing  ta rg e t p a ram ete rs  also affec ts  th e  re sp o n se ; if 

th e  ta rg e t d iam ete r is less th a n  0 .1 0 the  am plitude  becom es sm alle r an d  if it 

m oves a t less th an  0 .5  degrees/second th e  peak  shifts to  low er spatial 

frequencies . T h e  rem ain in g  responses o f th e  ST1 an d  ST2 filte rs  w ere 

d e te rm in ed  in th e  study o f H olliday and  R uddock  [1983].

F ig u re  2 .14  S T 1 spatia l response o b ta ined  using the  g ra ting  background of
figure 2 .10 . (a ) B ackground field illum ination  o f 1 .4  log td . (b ) B ackground •
field  illum ination  o f 3 .4  log td . Tw o observers, D V .W . and  ■ J .B .  (from
B arb u r, 1980)

T h e  ST1 tem p o ra l response is ob ta in ed  using the  background  field 

show n in figure 2 .11 . T h e  response ob ta in ed  w hen th e  te s t th reshold  

illum ination  It is m easu red , fo r a 1 .4° d iam ete r c ircu lar light ta rg e t flashed for 

o n e  second every  th re e  seconds a t the  cen tre  o f this background , as a  function
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F ig u re  2 .1 5  L o w -p ass  tem p o ra l response  o f th e  ST1 filte r fo r tw o values o f 
background  field  illum ination . T a rg e t th resho ld  illum ination , log It , is p lo tted  
against th e  m odula tion  frequency  o f a 17° d iam ete r c ircu la r background o f 
figure 2 .11 . (T h e  ta rg e t was a  1 .4 °  d iam ete r, light c o n tra s t circle p resen ted  
flashed fo r 1 second  every  3 seconds in  the  cen tre  o f th e  background). T h e  
g ra ting  was 100%  spatia lly  m odu la ted  and  had  spa tia l frequency  4 .3  
cycles/degree. M ean  background illum ination  was 2 .6  log td . ( •  ) and  1 .7  log 
td . ( °  ) . (fro m  H olliday and  R uddock, 1983)

o f th e  frequency  o f tem p o ra l m odulation  is show n in  figure 2 .15 . T h e

responses, w hich  a re  lo w -p ass , w ere o b ta ined  w ith background  illum inations of

1.7 log td . and  2 .6  log td . and  background spatia l frequency  o f 4 .3  

cycles/degree. W ith  increasing background  illum ination  th e  c o rn e r frequency  

and  c u t-o f f  frequency  increase . T h is  low—pass tem pora l response  is associated  

w ith th e  ST1 filte r because like th e  spatial tun ing  response  above, th e  

am plitude  o f th e  th resho ld  e levation  increases linearly  w ith th e  co n trast o f the
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spatia l co m p o n en t o f th e  background. In add ition  th e  am plitude  o f  th e  

th resho ld  elevation  fo r th e  background configura tion  o f F igure  2.11 is m axim um  

fo r a  background spatial frequency  o f aro u n d  4 cycles/degree , w hich is the

spatia l frequency  w hich p roduces m axim um  th resho ld  e levation  fo r th e  ST1

spatia l response . If th e  response with th e  background  configura tion  o f figure

2 .1 1  is m easured  w ith a m oving forget ra th e r  th an  a flashed  ta rg e t, th e n  as this 

velocity  is increased  from  0 to  15 deg rees/second , th e  responses change  from  

low—pass to  band—pass, bu t th e  high frequency  response  is s im ilar to  th a t o f 

th e  orig inal low—pass response  ob ta ined  fo r th e  s ta tio n ary  ta rg e t.

T h e  ST2 tem p o ra l response is o b ta ined  by m easuring  te s t th resho ld

illum ination , It , fo r a c ircu la r, light ta rge t m oving o v er th e  cen tra l 8 ° o f a 

spatia lly  un ifo rm  but tem p o ra lly  m odulated  17° d ia m e te r  c ircu la r background

field (figure 2 .13) as a function  o f th e  tem p o ra l m odu la tion  frequency . T h e  

type  o f band—pa$s tem p o ra l tun ing  curve o b ta ined  is illu stra ted  in figure 2 .16 . 

T h e  position  o f th e  p eak  o f th e  tuning curve m oved to  h igher freq u en c ies  as 

th e  background illum ination  increased  w hilst th e  am p litu d e  o f th e  response  is

co n stan t fo r all background illum inations above 1 log td . As th e  flicker

m odula tion  d ep th  increases th e  response am plitu d e  increases, reach in g  a

m axim um  a t 40%  m odula tion . F o r non—fovea! p re sen ta tio n  o f  up  to  25° 

eccen tric ity  th e  response rem ains the  sam e bu t a t 30° eccen tric ity  th e  peak  is 

d isp laced  to  h igher flicker frequencies fo r all background  illum ination  levels. 

V arying the ta rg e t p a ram ete rs  also affects the  response  o b ta in ed ; thus the

m axim um  am plitude  response is ob ta ined  with ta rge ts  m oving a t speeds g rea te r 

th an  10  degrees/second  and  o f size 1 0 to  2 0.



%

F ig u re  2 .1 6  T h e  tem p o ra l freq u en cy  response o f th e  ST 2 filte r. T a rg e t 
th resh o ld  illum ina tion , log It , p lo tted  o n  a re la tive scale , fo r a  1 .4° d iam ete r 
c ircu la r ligh t ta rg e t m oving a t 15 degrees/second  across th e  cen tra l 8 ° o f a  17° 
d iam ete r c ircu la r flickering background  (figure 2 .13) p lo tted  against flicker 
frequency  o f  th e  background. T h e  m ean  background field  illum ination  was 1 .4  
log tds an d  th e  m odula tion  2 5 % . R esults fo r observer IM H  w ith transfoveal 
p re sen ta tio n . M ean  stan d ard  d ev ia tion  =  0.05 log units.

(from  H olliday, 1982)

T h e  ST 2 spatia l response  is ob ta ined  by m easuring  tes t th resh o ld  

illum ination  fo r a  c ircu la r, light ta rg e t m oving over th e  c e n tra l 8 ° o f a  17° 

d iam e te r, c ircu la r background field  m odulated  tem p o ra lly  and  spatially  as a 

function  o f  background spatia l frequency  (figure 2 .12 ). T h e  response illustrated  

in figure 2 .1 7 , peaks in th e  reg ion  o f 1 cycle /degree  fo r all background 

illum ination  levels and  is o f  co n stan t am plitude fo r background  illum inations 

g rea te r th a n  0 .0  log td . S im ilar responses a re  o b ta ined  fo r e ith e r  ho rizon ta l 

o r  vertical o rien ta tio n  o f th e  background  grating  th u s, like S T 1 , they  a re  no t
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o rien ta tio n  selective. T h is spatia l response shares m any  o f the  p a ram e tric  

p ro p e rtie s  of th e  ST2 tem p o ra l response suggesting th a t th e  tw o sets o f d a ta  

a re  associated  with th e  single filters, ST2. F o r any  pa rticu la r background  

illum ination  level, the  am plitu d e  o f the  response is a m axim um  fo r th e  sam e 

flicker frequency  th a t p roduces th e  peak th resho ld  level fo r th e  co rresp o n d in g  

tem p o ra l response  curve. As tem pora l m odulation  d e p th  increases so does th e  

am plidude o f  the  response up to 30%  m odulation . S im ilarly , fo r eccen tric ities  

up to  30° th e  response curve  rem ains the  sam e and  th e  response is o p tim al 

fo r ta rg e t d iam eters  in th e  range 1° to  2° and  fo r velocities g re a te r  th an  5 

deg rees/second .

F ig u re  2 .1 7  T h e  ST2 spatia l response ob ta ined  using th e  background o f figure 
2 .12  an d  m ean  background illum ination  1.4 log td .

It is im p o rtan t to  no te  th a t n e ith e r ST1 n o r ST2 responses can  be 

o b ta in ed  u n d er d ichop tic  p resen ta tio n  with th e  background in o n e  eye and 

ta rg e t in th e  o th e r, thus th e  response m echan ism s do not a p p e a r  to  be
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b inocu larly  co n tro lled . S patia l d istributions co rrespond ing  to  th e  spatia l 

frequency  responses o f th e  tw o filters have been  estim ated . B ecause the  

am plitu d e  o f th e  ST1 spatia l response varies linearly  w ith background g ra ting  

co n tra s t, tran sfo rm  m ethods can  be used to  co m p u te  its spatia l m echan ism . 

T h e  resp o n se  am plitude  o f  th e  ST2 spatial filte r is n o t, how ever, linearly  

re la ted  to  th e  m odulation  d ep th  o f the  flickering bars so its spatia l d istribu tion  

was found  w ith  a linear app rox im ation . B oth  filters a re  show n to  have 

c ircu larly  sym m etric , an tagonistically  organised spatia l d istribu tions w hich can  be 

in te rp re te d  as th e  recep tive  fields o f physiological response units. F igure 2 .18 

shows th e  co m p u ted  spatia l d istribu tion  fo r the  ST1 filte r ob ta ined  w ith an  

average background  illum ination  level o f 1 .4  log td . T h e  c ircu lar sym m etry  is 

im plicit in  th e  n o n -o rie n ta tio n  specific p roperties o f bo th  filters. T h e  ce n tre  

w idths o f  th e  recep tive  fields a re  0 .4 ' fo r th e  ST1 foveal spatia l response  

w hich has its peak  a ro u n d  4 cycles/degree and  2 5 ' fo r th e  ST2 spatia l response  

w hich peaks a t  a  low er spatia l frequency  o f 1 cycles/degree. T h e  c ircu larly  

sym m etric  an tagon istic  n a tu re  o f th e  receptive fields o f ST1 and  ST2 and  th e ir  

m o n o cu la r co n tro l suggest th a t th ey  a re  associated  w ith p re -c o rtic a l n eu ro n a l 

m echan ism s. T h e  ST1 filte r w ith its sm aller recep tive  field c e n tre  and  

susta ined  (low —pass) tem p o ra l response was associated  w ith X —type m echan ism s 

and  th e  S T 2  filte r w ith its la rg e r receptive field ce n tre  and  tran sien t tem p o ra l 

response  was associated  w ith th e  Y —type m echanism .

X — an d  Y —type ganglion and  geniculate cells also exhib it 'o n ' cen tre  

and  'o f f ' c e n tre  responses and  it is thought th a t the  da ta  review ed above, 

o b ta in ed  w ith light ta rge ts , re flec t th e  activity o f th e  'o n ' cen tre  cells. It is 

th e  aim  o f  C h a p te r  T h re e  to  ob ta in  ST1 and  ST 2 responses w ith a d a rk  

co n tra s t ta rg e t in o rd e r to  d e te rm in ine  w hether th e  results a re  sim ilar to

those



F ig u re  2 .1 8  Spatia l tw o -d im ensiona l sensitivity  func tion  derived  from  foveal 
ST1 data  fo r average background illum ination  level o f 1 .4  log td . x—y p lane
is th e  spatia l ex ten t o f th e  filte r and  the  z c o -o rd in a te  is th e  sensitiv ity  o f the  
filte r. T h e  shape  is o f a sharp ly  peaked  cen tra l lobe su rrounded  by a shallow  
negative tro u g h . (frcrv\ Barbu*" R u d d o c k  Q ^S O ojJ.

o b ta in ed  w ith a light co n trast ta rg e t and to tes t fo r in d ep en d en t activ ity  of 

'o n ' and  'o f f ' c en tre  m echanism s.

G ro u n d s , H olliday and  R uddock [1983] also m easured  w ith b righ t ta rgets  

th e  spatia l and  tem pora l characteristics of the  ST1 an d  ST2 filters fo r sub jec ts 

suffering  am blyop ia . T h ey  established th a t the  ST1 spatia l response  fo r bo th  

th e  'n o rm a l ' an d  'am b ly o p ic ' eyes o f observers w ith strabism ic am blyop ia  is 

d isp laced  to  low  spatia l frequencies com pared  w ith th e  norm al cu rve . In 

C h a p te r  F ive da ta  a re  p resen ted  which describe am blyopic responses to  dark  

targets.

(b) A dap ta tio n  M echanism s Sensitive to  O rien ta tio n  and  B ar Size

F ollow ing ad ap ta tio n  to  a o n e-d im en sio n a l g ra ting  com posed  o f  a lte rn a te  

light an d  d a rk  bars o f given w idth and o rien ta tio n  the  co n tras t req u ired  for 

d e tec tio n  o f th e  bars o f a sim ilar 'te s t ' g rating  is raised  [G ilinsky,
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F ig u re  2 .1 9  D iag ram  o f th e  visual stim ulus used to  e lic it co n trast th resho ld  
e leva tion , th e  e ffec t o f  ad ap ta tio n  to  a high co n trast g ra ting  on  th resho ld  
illum ination  level o f  th e  te s t g ra ting , and  th e  tim e course  o f th e  effec t, (a ) 
O n  th e  le ft is th e  high co n trast ad ap ta tio n  grating  w hich th e  observer views 
fo r 2  m in u tes  an d  o n  th e  rig h t is th e  tes t g rating  o f sim ilar o rien ta tio n  and  
spatia l freq u en cy , ( l / 2d ') ,  fo r  w hich o b se rv e r 's  th resho ld  illum ination  level is 
ra ised . (b )  T h resh o ld  illum ination  level o f th e  te s t g rating  b e fo re  and
follow ing a d a p ta tio n , It ' and  respectively , (c) T h resh o ld  illum ination  level, 
I t , im m ed ia te ly  a fte r  viewing th e  ad ap ta tio n  grating  fo r 2  m inu tes and  th e  
subsequen t fa ll in  this level, ov er the  period  o f a  m inu te , until the  
p re -a d a p ta tio n  level It ' is reach ed .

1968; P an tle  and  S eku ler, 1968, 1969; B lakem ore and  C am pbell, 1969]. T h e  

e ffec t, ca lled  th e  co n trast th resho ld  elevation  e ffec t, is tran s ien t o f du ra tio n  

o n e  m in u te  an d  th e  am plitude  o f th e  effect depends on  th e  m ean  illum ination  

level and  c o n tra s t o f th e  ad ap ta tio n  grating  (figure 2 .19 ).



F ig u re  2 .2 0  T u n in g  curve  show ing th e  ad ap ta tio n  spa tia l frequencies , fa , w hich 
p ro d u ce  a ra ise  in th resho ld  illum ination  level fo r a  tes t g ra ting  of spatia l 
frequency , ft=  6.1 cycles/degree . T h e  range o f ad ap ta tio n  spatia l frequencies 
p roduc ing  e leva tion  covers 2 —3 octaves. (F ro m  M audarbocus and  R uddock , 1973a)

T h e  effectiveness o f th e  ad ap ta tion  g ra ting  can  be d e te rm in ed  by taking 

th e  d iffe ren ce  betw een  th e  illum ination  level requ ired  to  d e tec t th e  tes t grating  

follow ing ad ap ta tio n  to  a  grating  and  following ad ap ta tio n  to  a un ifo rm  field of 

the sam e illum ination  level. T h e  effect o f the  ad ap ta tio n  g rating  rela tive  to 

the  un ifo rm  field  is called  A. If the average th resh o ld  illum ination  values 

follow ing ad ap ta tio n  to  a grating  and to a u n ifo rm  field a re  It and  1 0 

respective ly , th e  g rating  ad ap ta tio n  effect can be expressed  as 

A =  log I t -  log I0

T h e  ad ap ta tio n  e ffec t is spatial frequency  specific , the  am plitude  

dep en d in g  on  th e  rela tive  w idths of the  test and  ad ap ta tio n  bars. T h e  effect
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is m axim al w hen  the  spatia l frequency  o f th e  ad ap ta tio n  grating  is th e  sam e as 

th a t o f  th e  test g rating  an d  fo r a  particu lar tes t spatia l frequency  only a 

lim ited  ran g e  o f ad ap ta tio n  spatia l frequencies p roduce  elevation  (figure 2 .20). 

T h e  e ffec t is also o rien ta tio n  specific , being m axim al w hen the  ad ap ta tio n  

g ra ting  is o f  th e  sam e o rien ta tio n  as th e  tes t [M audarbocus and  R uddock , 

1973a] (see  figure 2.21)

F ig u re  2.21 G ra p h  show ing th e  varia tion  in th e  ad ap ta tio n  g ra tin g 's  e ffec t, A, 
as a fu n c tio n  o f 0 , th e  re la tive  o rien ta tio n  angle  o f th e  test and  adap ta ion  
fields. (F ro m  M audarbocus an d  R uddock, 1973a).

T h e  e ffec t is o b ta in ed  fo r all resolvable gratings (figure 2 .22) and  the 

am plitu d e  o f  A is co n stan t up to  a g rating  spatia l frequency  o f 15 

cycles/degree . A bove th is value A  becom es sm aller.

T h e  ad ap ta tio n  e ffec t, A, increases linearly  w ith th e  log illum ination  level 

o f th e  ad ap ta tio n  g rating  as is show n in figure 2 .23 . It starts w ith A  =  0 

w hen th e  ad ap ta tio n  g rating  is se t a t th reshold  illum ination  level and  increases 

until th e  ad ap ta tio n  grating  is ab o u t 5 log units above th resho ld  level, above

69

*



F ig u re  2 .2 2  G rap h  show ing the  m axim um  values o f A  (w hen fa =  f t )
o b ta ined  w ith tes t gratings in th e  range 1 .0  to  24 .4  cycles/degree. T h e  
am plitude  o f th e  e ffec t decreases fo r ft  >  15 cycles/degree .

(fro m  M audarbocus, 1973).

w hich p o in t sa tu ra tio n  occurs and  A  rem ains co n stan t. M audarbocus and 

R uddock  [1973a] found  th a t th e  re la tio n  betw een A  an d  th e  illum ination  level 

o f th e  ad ap ta tio n  g rating , I Q, up  to  sa tu ra tion  level can  be described  by 

A =  k log I 0 / I c

w here Ic is th e  th resho ld  illum ination  level fo r th e  ad ap ta tio n  g ra ting , k is 

equal to  0 .056± 0 .04  and  10 is th e  m ean  illum ination  o f th e  ad ap ta tio n  g rating .

T h e  e ffec t can  be tran sfe rred  d ichoptically , so ad ap tin g  one  eye raises 

th resho ld  illum ination  level fo r a  m atched  test g rating  viewed by the  o th e r  eye. 

A  values o b ta in ed  in this way a re  slightly low er th an  in th e  case o f m onop tic  

viewing. T h e  fact th a t th e  e ffec t can  be d ichoptically  tran sfe rred  im plies th a t 

the m echan ism  responsib le  fo r it m ust be cen tra lly  located  so th a t it receives 

signals from  bo th  eyes. T h e  charac teristics of th e  m echan ism  discussed above
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F ig u re  2 .2 3  G ra p h  show ing the  relation  betw een  A  and th e  illum ination  level 
o f th e  ad ap ta tio n  g ra ting  fo r four adap ta tio n  gratings. T h e  ad ap ta tio n  an d  test 

•  gratings have th e  sam e spatia l frequency  (fa =  f t ) and I c is th e  th resho ld
illum ination  level fo r th e  ad ap ta tio n  g rating , m arked  w ith an  a rro w  fo r each  
g ra ting  used . (F ro m  M audarbocus, 1973)

a re  sim ilar to  tho se  found  by electrophysiological m easu rem en t o f stria te  

co rtica l n eu ro n es [H ubei an d  W iesel, 1968].

F o r  d ichop tic  view ing only , all ad ap ta tio n  w avelengths a re  equally  e ffic ien t 

a t p roduc ing  th resh o ld  e levation  as long as th ey  are  ad justed  to  be a t  the  

sam e su p ra—thresho ld  illum ination  level. F igure 2.24 shows th e  re su lt o f 

^  ex p erim en ts  by M audarbocus and  R uddock [1973a] w here ad ap ta tio n  g rating

w avelengths o f 632 .8  nm  and  476.6  nm  both  produced  sim ilar co n tras t 

th resh o ld  e levation  fo r  a tes t grating  o f w avelength 632.8  nm . So the 

m echan ism  responsib le  fo r th e  elevation  o f th resho ld  illum ination  level is 

ch a rac te rised  by a b ro ad —band  (lum inance) spec tra l response.
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F ig u re  2 .2 4  T u n in g  curves fo r a  test grating  o f w avelength  =  632.8  nm  
an d  6.1 cycles/degreefollow ing ad ap ta tio n  to  gratings o f  w avelength 632 .8  nm  
(fu ll line) an d  476.5  nm  (d o tted  line), bo th  o f equal su p ra—thresho ld  
illum ination  level. (F ro m  M audarbocus, 1973)

In C h a p te r  F o u r th e  con trast th resho ld  e levation  e ffec t is exam ined  

b inocularly  using th e  M axw ellian view system . T h e  h igh—co n trast ad ap ta tio n  

field was fo rm ed  by placing a square—w aveform  g ra ting  of bar—w idth  d°  and 

fu n d am en ta l spatia l frequency  fa =  l /2 d  cycles/degree  in ch an n e l 4 . Its 

illum ination  level Ia could  be ad justed  with neu tra l density  filters and  se t to 

th e  requ ired  by m on ito ring  th e  o u tp u t from  th e  left artific ia l pupil w ith the  

p h o to m e te r. T h e  lo w -co n tra s t test field was p roduced  by placing a g ra ting  of 

spatia l frequency , ft in channe l 1 and  superim posing  a un ifo rm  field  from
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ch an n e l 2 . T h e  illum ination  level o f this un ifo rm  field could  be ad justed  w ith

n eu tra l density  filters an d  se t to  th e  requ ired  level by m on ito ring  th e  o u tp u t 

from  th e  rig h t artific ia l pupil w ith the  p h o to m e te r. T h e  fields o f view  a re  as 

show n in  figure 2 .25 .

F ig u re  2 .2 5  Visual fields p resen ted  to  th e  le ft and rig h t eyes during  the  
co n tra s t th resh o ld  elevation  ex p erim en t.

B efo re  an  ex p erim en t th e  observer d a rk  adap ted  fo r  15 m inu tes. T h is 

was fo llow ed by g ra ting  ad ap ta tio n  o f  the  left eye fo r tw o m inu tes. T h e  test 

field an d  th e  ad ap ta tio n  field  w ere th en  p resen ted  a lte rn a te ly  to  th e  rig h t and  

le ft eyes fo r  2  seconds an d  20 seconds respectively , by m eans o f sh u tte rs  in 

th e  th re e  beam s. T h e  positions o f th e  tw o fields w ere  ad justed  fo r th e  

o bserver so th a t, w ith  th e ir  eyes re laxed  and  looking in to  th e  d istance , th e  

im ages o f th e  fields fell on  co rrespond ing  p arts  o f th e  re tin a  in th e  tw o eyes. 

T h e  n eu tra l density  w edge used in this ex p erim en t was positioned  by the  

observer. T h e  aim  was to  se t th e  test g rating  to th resh o ld , I t . It s ta rted  a t 

som e su p ra—thresho ld  value and  a fte r  each  p resen ta tio n  o f  th e  test th e  observer 

d ecreased  its illum ination  level until th resho ld  was reach ed . T h is was d o n e  a

n u m b er o f  tim es fo r each  ad ap ta tio n  grating  and  th e  average tak en . B etw een



each  setting  o f th e  th resho ld , th e  test illum ination  was increased  to  an  

a rb itra ry  su p ra—thresh o ld  value.

(c) E xam ination  o f  the  C on tribu tion  o f D iffe ren t S pectra l M echaninsm s to  the  

A dap ta tion  M echanism

T h e  ex p erim en ts  rep o rted  in C h a p te r  F o u r com bine th e  S tiles 's  tw o -co lo u r 

in crem en t th resh o ld  techn ique (section  1 .2(b)) with th a t o f spatia l adap ta tio n  

(sec tion  2 .2(b )) in o rd e r  to exam ine the con trib u tio n  o f  d iffe ren t spectra l 

m echanism s to  th e  ad ap ta tio n  m echan ism . C on trast th resh o ld  ex p erim en ts  have 

been  p erfo rm ed  w ith th e  test g ra ting  superim posed  on  a co lou red  background. 

By choosing a p p ro p ria te  w avelengths o f th e  test g ra ting  X and  background ft, 

m easu rem en ts w ere m ade w ith th e  tes t g rating  d e tec ted  by th e  b lu e-sen sitiv e , 

T 3-m e c h a n ism  and  th e  red -sen sitiv e , x 5—m echanism . /t was chosen  as 582.5

nm  fo r iso lation  o f x 3, and  495 nm  fo r isolation o f x 5. In  o rd e r  to  check  

the  effectiveness o f these background w avelengths in iso lating  th e  ap p ro p ria te  

x—m echanism s th e  energy , E ^ , requ ired  fo r de tec tion  o f th e  ta rg e t g ra ting  was 

m easured  as a  fu n c tio n  o f th e  te s t w avelength and  th e  sp ec tra l sensitivity 

curves ob ta in ed  co m p ared  w ith those  ob ta ined  by Stiles [1953, 1959] tabu la ted  

by W yszecki an d  Stiles [1982]. In  th e  first set o f ex p erim en ts  th e  w avelength 

o f  th e  ad ap tin g  field was chosen to  be sim ilar to  th a t o f  th e  condition ing  

background an d  in th e  second set a variety  of d iffe ren t w avelengths w ere used 

fo r th e  ad ap tin g  field . T h e  m onochrom atic  fields w ere p ro d u ced  by placing 

in te rfe ren ce  filte rs  o f th e  requ ired  spectra l transm ission p ro p e rtie s  in the  beam s 

o f th e  ap p a ra tu s . T h e  wedge had been  calib ra ted  to  find  its op tica l density  

fo r the  test w avelengths used.
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(d) Increment Threshold Measurements

T hresh o ld  m easu rem en ts w ere m ade fo r de tec tion  o f  bo th  flashed, 

s ta tio n ary  ta rge ts  and  fo r targets m oving a t co n stan t velocity. A  background 

field  o f fixed illum ination  level, I 5 , is p rovided  by channe l 2 o f the 

M axw ellian  view  ap p ara tu s  and  th e  test stim ulus, usually a sm all c ircu la r light 

ta rg e t, by p lacing  an  ap p ro p ria te  pho tog raph ic  negative in the  ta rg e t slide of 

ch an n e l 1. T h e  th resh o ld  p rog ram  described  in section  2 .2 (a ) is used to 

p re sen t th e  ta rg e t an d  to  find  its th resho ld  illum ination  as p a ram e te rs  such as 

I5  o r  velocity  o f th e  ta rg e t a re  changed .

(e) M easu rem en t o f T im e  Periods

E x p erim en ts  re p o rte d  in  C h ap te r Six requ ired  the  m easu rem en t o f the 

tim e d u ra tio n  follow ing view ing o f a  cond ition ing  p rim ary  stim ulus fo r w hich a 

flash ing  ta rg e t was p resen ted  until it becam e visible to  th e  ob serv er. T h e  

p rim ary  stim ulus, a  c ircu la r un ifo rm  field o f  30° d iam ete r, was p roduced  by 

ch an n e l 2  an d  th e  flashing ta rg e t was fo rm ed  by a pho tog raph ic  negative and 

sh u tte r  in ch an n e l 1. A  p rog ram  runn ing  on  th e  co m p u te r se t th e  ta rg e t to 

th e  req u ired  illum ination  level, flashed it fo r 0.1  second every  1 second , and 

tim ed  fro m  p rim ary  stim ulus o ffset until th e  flashing ta rg e t becam e visible and  

th e  o b se rv e r pressed  th e  rep ly  b u tton .

(f) C ritica l Fusion F requency

M easu rem en ts w ere m ade o f the  frequency  a t w hich th e  flicker o f a 

sm all, c ircu la r ta rg e t o f illum ination  I, ju st d isappears. T h e  flickering target

was p rov ided  by an  ap p ro p ria te  pho tog raph ic  negative a t O P 2 (see figure 2.2) 

fo r th e  c ircu la r field and  the  ro ta ting  polaro id  ap p ara tu s  to give flicker with 

sq u ared -co sin u so id a l tem pora l m odulation . F o r each  value o f I th e  flicker



frequency was se t to  a sup ra—thresho ld  value fo r th e  observer and  slowly 

d ecreased , by ad justing  th e  p o ten tio m ete r, until th resho ld  was reach ed . T h e  

observer looked aw ay and  th en  looked back to  check  th a t no  flicker was 

visible and  from  th e  p o ten tio m ete r se tting  flicker fusion frequency  was found . 

F o r each  value o f I th is process was rep ea ted  3 tim es and  th e  average  value 

o f  critical fusion frequency  found.

(g) A p p aren t M otion  E x p erim en t

By flashing sequentially  two identical ta rgets  w hich a re  spatia lly  

sep ara ted  in th e  visual field an  illusion o f m ovem ent from  th e  first flashed 

ta rg e t to  th e  second  is p roduced  (figure 2 .26 ). T h is p h en o m en o n  is called 

a p p a re n t m otion  [W erth e im er, 1912]. A  p rog ram  was w ritten  fo r the 

M axw ellian view  system  fo r the  p resen ta tio n  o f such a stim ulus w ith the  

d irec tion  o f a p p a re n t m otion  random ized  betw een  p resen ta tio n s. A fte r ta rge t 

p resen ta tio n  th e  observer ind icated  th e  d irec tion  o f a p p a re n t m o tion  by pressing 

one  o f the  tw o rep ly  bu ttons and this resu lt was reco rd ed  by th e  co m p u te r, 

w hich a t th e  end  o f th e  ex p erim en t d isplayed th e  n u m b er o f co rre c t responses.

F ig u re  2 .2 6  Visual field in ap p a ren t m otion  ex p erim en t. M otion  show n here 
is in th e  ho rizo n ta l d irec tion  and in th e  righ t half visual field . T arg e ts  a re  of 
illum inaiton  11 and  12 and  the fixation  p o in t is show n by . T h e  ta rge t
ap p ears  to m ove (a ) to the  right from  x to  (x  +  d) o r  (b ) to  th e  left from  
(x -+- d) to  x . W hilst looking a t th e  fixation  p o in t th e  observer is asked to 
judge w hether a p p a re n t m otion was from  left to righ t o r  from  righ t to  left.
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T h e  ta rge ts  a re  produced  by pu tting  slides w ith sm all, c ircu lar 

tran sm ittin g  areas in channe ls 2 and  3 and  th en  shu tters  in these  2 channels 

co n tro l th e  d u ra tio n  o f  th e ir  p resen ta tion . By using a sm all red  L ED  to 

p rov ide  a fixation  p o in t th e  two stim uli can  be p resen ted  anyw here  in the  

visual field  an d  by a lte rin g  th e  ta rg e ts ' separa tio n  the  a p p a re n t m ovem ent can  

be g en era ted  over any  chosen d isp lacem ent. T argets  w ere p resen ted  fo r 800 

m s an d  th e  gap betw een  p resen ta tions was 30 m s, so the sep ara tio n  o f targets 

also co n tro ls  th e  a p p a re n t velocity o f m ovem ent.

B lindness fo r stim uli p resen ted  in one  half o f the  visual field is called 

h em ian o p ia , and  w hen  associated w ith cortica l dam age is hom onym ous for the  

tw o eyes. Som e sub jec ts  suffering hem ianop ia  a re  able to  d e te c t and  locate 

m oving and  flashed  ta rge ts  in th e ir  blind field e .g . B a rb u r, R uddock and 

W aterfie ld  [1980] an d  B lythe, K ennard  and  R uddock [1987]. E xperim en ts 

u tilizing  stim ulus configura tions such as th a t in figure 2 .26  have been  carried  

o u t in  o rd e r  to  study  th e  ability  o f such sub jects to  d e tec t a p p a re n t m ovem ent, 

an d  th e ir  resu lts, w hich a re  reco rded  in C h ap te r  Seven, have been  com pared  

w ith those  o f no rm al sub jec ts.

2 .3  T h e  C o lou r M on ito r A pparatus

T h e  second se t o f equ ipm ent used in the  experim en ts rep o rted  in this 

thesis is a  co lou r m o n ito r con tro lled  by a m icrocom pu ter (S h arp  M Z —80B) via 

a co lo u r g raphics b oard  (IO  R esearch , P lu to  board ). T h e  m icro co m p u ter has 

its ow n in tegral m o n o ch ro m e m on ito r used by the  ex p e rim en te r and  a ttached  

to  it a re  two floppy  disc drives on  w hich program s and  da ta  a re  s to red , a 

p r in te r  (S h arp  M Z —80P6) used to  produce copies o f the ex p erim en ta l d a ta , and 

a rep ly  box. T h e  reply  box which is connected  to th e  co m p u te r via a 

universal in te rface  card  (M Z —80102) consists o f a m etal box w ith two reply
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b u ttons fo r use during  experim en ts, a jo y -s tic k , a push bu tton  switch and  

toggle sw itch ( the  last 3 item s a re  used in c rea ting  new  ex p erim en ts).

T h is ap p ara tu s  was used to  p e rfo rm  experim en ts fo r th e  m easu rem en t 

o f visual d iscrim ination  betw een sim ple p a tte rn s . A  p rog ram  called 'la s t ' 

w ritten  in Z —80 assem bly language fo r speed  of execu tion , was used to carry  

o u t these  p a tte rn  d iscrim ination  experim en ts. O n  th e  co lou r m o n ito r a single 

ta rg e t em bedded  in a background consisting o f m u ltip le , iden tical e lem ents is 

d isp layed , none  o f th e  targets overlapping  (figure 2 .2 7 ); th e  various background 

an d  ta rg e t types used a re  displayed in F igures 2 .30 and  2 .31 . Existing  targets 

saved in d a ta  files on  one o f the discs could  be m odified , an d  new  targets 

could  be c rea ted , by using a p a rt o f th e  p rog ram  L ast called  L earn . T his 

p a r t  o f the  p rog ram  had  been  specially  w ritten  to  allow  th e  ex p e rim en te r to 

d raw  and  am en d  targets  on  th e  screen  using th e  joystick  and  bu ttons on  the  

rep ly  box. N ew  targets  could be saved o n to  a floppy  disc fo r use in la te r

ex p erim en ts . E igh t d iffe ren t colours could b e  used fo r draw ing th e  targets and  

each  o f these  colours could have any  value betw een  0 and  255 inclusive for 

th e  red , g reen  and  blue guns, giving a possibility o f 16.7 m illion  d ifferen t 

hues. In th e  experim en ts o f this thesis, on ly  g reen  ta rge ts  w ere used and  the 

sc reen  background was black (red , g reen  and  blue guns all a t zero ).

T h e  tim e elapse betw een p resen ta tio n  o f th e  p a tte rn  and  observer 

response  is reco rd ed  by th e  co m p u te r and  a t th e  end  o f each  set of 

m easu rem en ts, th e  co m p u ter displays bo th  th e  d istribu tion  o f th e  response tim es 

and  the  cum ulative n um ber o f responses as a function  o f tim e. T he 

background  e lem en ts fo r each  ex p erim en t, and  th e ir  n um ber N , w ere fixed, 

and  th e  ta rg e t was one  o f th ree  d iffe ren t e lem en ts (e .g . fo r o rien ta tio n  ^  ,

0  o r  <] ). A  single set o f m easurem ents uses a block o f 100 p a tte rn s  with 

each  o f the th ree  targets being p resen ted  on  25 occasions the  o th e r  25 being
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'n u ll ' p a tte rn s  in w hich an  additional background ta rg e t was included . T h e

observer responds by pressing one  bu tto n  w hen a ta rg e t was d e tec ted , and  

a n o th e r fo r 'n o  ta rg e t ',  th e  la tte r  responses providing a m easure o f the  

su b je c t's  accu racy . T h e  positions o f  th e  ta rge t and  background e lem ents and  

th e  type o f ta rg e t e lem en t a re  chosen  random ly  by th e  co m p u te r fo r each

presen ta tio n . Successive p resen ta tions w ere m ade im m ediately  follow ing the  

o b se rv e r 's  response  and  a t th e  end  o f a set o f 100  p resen ta tio n s, th e  results 

could  be displayed as a tim e d istribu tion  o r cum ulative response  of the  

probab ility  o f d e tec tio n  o f th e  ta rg e t as a function  o f tim e (figure 2 .28) up to 

a lim it o f 1 .5  seconds. T h re e  cum ulative response curves a re  d isplayed, one  

fo r each  ta rg e t type and  a fou rth  cu rve  displays the  to ta l n u m b er o f 'y e s '

rep lies to  the  nu ll ta rg e t p resen ta tio n  (figure 2.28) A  m easure o f th e  su b jec t's

response was p rovided  by T  ^ the  tim e requ ired  to  ob ta in  50%  probab ility  of 

de tec tion  o f th e  ta rg e t, this is also show n on  figure 2 .28 .

F ig u re  2 .2 7  T yp ical visual field con figu ra tion  used in these experim en ts.



F ig u re  2 .28  T ypical g rap h  show ing th e  probab ility  o f d e tec tio n  o f the  ta rge t 
a t a  p a rticu la r tim e . T h e  background e lem en t is A  and  th e  ta rg e ts  a re  ^7 , 

l> f . T h e  arrow s p o in t to  T ^  values fo r the  th ree  ta rg e t types.

T h e  n u m b er o f 'fa lse  positive ' for th e  'nu ll ta rg e ts ' p rov ided  one 

m easu re  o f th e  su b je c t 's  accuracy  bu t a fu rth e r  m easure is p rov ided  by the 

n u m b er of fa ilu res in d e tec ting  the  targets. D uring  an  ex p e rim en t a runn ing  

to ta l o f the  n u m b er o f p resen ta tions for each  ta rg e t and  th e  n u m b er of these 

d e tec ted  by th e  observer is show n on  th e  m ic ro co m p u te r 's  in teg ral m o n ito r and 

th e  n u m b er o f ta rge ts  th a t the  observer failed to d e tec t is n o ted  by the 

ex p e rim en te r a t the  end  o f an  experim en t.

T h is eq u ip m en t was used fo r m any o f th e  ex p erim en ts  described  in 

C h a p te r  F ive. F o r these  experim en ts th e  observer was seated  1 .9  m  from  the 

m o n ito r, w hich a t this d istance  sub tended  8 .5°  horizon ta lly  by 6 .3 °  vertically  at



F ig u re  2 .2 9  L um inance  o f  th e  sc reen  o f  th e  co lou r m o n ito r  versus gun value 
fo r  e ach  o f th e  th re e  e lec tro n  guns — red  (R ). g reen  (G ) and  blue (B ).

th e  o b se rv e r 's  eye. T h e  sc reen  co lou r was green  w ith C .I .E . c o -o rd in a te s

x = 0 .3 1 0 , y = 0 .4 8 5 . B efore each  ex p erim en t, the  observer was in structed  as to 

th e  n a tu re  o f  th e  p a tte rn  e lem en ts and  th e  p a ram e te r by w hich th e  ta rg e t

could  be distinguished and  told to  scan the  field in  o rd e r to  d e tec t th e  ta rg e t. 

O n  d e tec tio n  o f the  ta rg e t, th e  observer im m ediately  pressed  th e  ap p ro p ria te

rep ly  b u tto n . M easurem ents w ere m ade u n d er b inocular viewing cond itons o r 

w ith each  eye separa te ly , as requ ired  by the  ex p erim en t. In th e  la tte r  case

th e  'u n u se d ' eye was covered  with an  eye—patch .

(a) C alib ra tions o f the  A ppara tus fo r L um inance

T h e  co lou r m on ito r was p laced  in a darkened  room  and  its screen
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ca lib ra ted  by D r. V .A . B arbu r o f K odak L td . using a  te le -sp e c tro  rad io m ete r 

(P ritch a rd  M odel 1980B ). T h e  lum inance from  a 4 cm  d iam e te r c ircu la r a rea  

in th e  cen tre  of th e  sc reen  was m easured as a function  o f th e  gun value for 

each  o f th e  th ree  e lec tro n  guns. E ach  gun could  have any  in teger value 

betw een  0 and  255 inclusive and  each  on  its ow n gave a re d , g reen  o r b lue 

co lou red  screen  o f brigh tness increasing w ith th e  n u m b er (fro m  0 to 255). 

T h e  scan was done  tak ing  m easurem ents a t 5 nm  steps from  380 to  780 nm . 

F igure  2.29 shows a g raph  o f screen  lum inance  versus gun value fo r red , 

g reen  and  blue guns. T h e  green  e lec tro n  gun gave th e  g rea test range of 

sc reen  lum inance an d  all th e  background and  ta rg e t e lem en ts used in  the  

ex p erim en ts  w ere g reen  in co lour.

(b) 'D ead  Time* fo r R esponse

O n e  co m p o n en t o f reac tion  tim e is th e  perio d  it takes fo r an  observer 

to  sp o t the ta rg e t, th e  o th e r  com p o n en t is th e  am o u n t o f  tim e taken  from

spo tting  the  ta rge t to  pressing the  rep ly  b u tto n . T h is 'd ead —tim e ' was

m easu red  fo r 2 no rm al observers by displaying a single stim ulus and  instructing  

th em  to  press the  'y e s ' bu tton  as soon as they  saw  the  stim ulus a p p e a r  o n  the

sc reen . T h e  ta rg e t used was o f high co n trast and  a re a  0 .5  d e g re e 2 and  the

resu lting  d istribu tion  o f responses in tim e was a sharp ly  tuned  G aussian  w ith a 

m ean  o f 190 m s, and  stan d ard  deviation  o f 20 ms.

E ach  ex p erim en t was norm ally  carried  ou t tw ice, thus each  ta rg e t type 

was p resen ted  50 tim es.

(c) P a tte rn  E lem ents

T h e  p a tte rn  e lem en ts  used fo r the experim en ts o f C h a p te r  Five are  

illustra ted  in Figures 2 .30 and  2 .31 . T h e  p a tte rn s  used fo r th e  background a re
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F ig u re  2 .3 0  P a tte rn  e lem en ts  used in d iscrim ination  experim en ts o n  strabism ic 
am blyopes rep o rted  in C h a p te r  F ive. T h e  background e le m e n t is th e  first o f 
e ach  se t o f fo u r stim uli and  th e  rem ain ing  th re e  a re  th e  ta rg e t e lem en ts. 40 
background  e lem en ts w ere used in  the  ex p erim en ts.

th e  first o f each  row  o f  fo u r p a tte rn s , the  o th e r  th ree  a re  th e  ta rge ts . T h e  

p a tte rn s  a re  co nstruc ted  from  p o in t o r  line e lem en ts , excep t fo r a few  cases in 

w hich a tex tu red  p a tte rn  has been  used and  th ey  are  all sim ple geom etric  

shapes. T h e  targets  d iffe r from  th e ir  respective backgrounds in o rien ta tio n , 

size, te x tu re , b righ tness o r  shape .

T h e  ta rg e ts  o f figure 2 .30  w ere used to  m easure th e  p a tte rn
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F ig u re  2.31 P a tte rn  elem ents used in d iscrim ination  ex p erim en ts  on  the  visual 
agnosia su b jec t rep o rted  in C h ap te r F ive. T h e  first e lem en ts  o f  each  set o f 
fou r is the  background  p a tte rn . T h e  targets  d iffer from  th e  background by 
th e  p a ram e te rs  m arked  above.

*

d iscrim ination  o f strabism ic am blyopes who have reduced  visual acu ity  which

can n o t be co rrec ted  by re frac tio n . L ines are  o f w idth 0 .0 3 ° . T h e  length  of

0
th e  lines of th e  larger targets was 1 .5°  and  those o f th e  sm aller ta rgets  0 .5  .
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T h e  ta rge ts  o f figure 2.31 w ere used to  investigate p a tte rn  d iscrim ination  o f a 

single su b jec t w ith an  unusual visual defec t, called visual agnosia , w hich 

im pairs visual recogn ition . T his la tte r study required  m odifications o f th e  

s tan d ard  p ro ced u re  and  these m odifications a re  described in th e  following 

sec tion .

2 .4  M odification  o f th e  A pparatus fo r E xperim en ts with a S ub jec t Suffering  

from  Visual A gnosia

(a) T im escale

T h is su b je c t 's  (H .J .A .)  ability to  recognize visually d isplayed o b jec ts  is 

very p o o r [H um phreys and  R iddoch, 1984, 1987]. F o r exam ple  he  is unable

to  d iffe ren tia te  betw een  a tab le  m at an d  a biscuit. His reac tio n  tim es in the  

p a tte rn  d iscrim ination  experim en ts a re  m uch slow er th a n  fo r no rm al observers. 

F o r th is reaso n  th e  p ro g ra m  'L as t' was am ended  to allow  co llec tion  o f da ta  

fo r resp o n se  tim es up  to  10 seconds as well as the  orig inal tim escale  o f 1 .5  

seconds. B efo re  carry ing  o u t an  ex p erim en t the  ex p erim en te r chose betw een  

d ie  tw o possib le tim escales. F o r all o f th e  experim en ts excep t those  involving 

e lem en ts o f figure 2 3 1  (a ) , (b ), (c) the  longer tim escale was used . It was 

p re fe rab le  to  use th e  sh o rte r  tim escale because it  yielded b e tte r  reso lu tion  but 

it did n o t ex ten d  snffic iendy  fo r m ost o f H .J .A . 's  responses.

(b) V ariation  o f th e  N um ber o f B ackground E lem ents

U sing background  elem ents o f the  size show n in figure 2.31 up to  40 

n o n —overlapp ing  e lem en ts  can  be fitted  easily on to  th e  sc reen . F o r  th e  very 

sim ple single lines, p a tte rn  d iscrim ination  experim en ts with H .J .A . w ere carried  

ou t w ith 40 background elem ents but for the m ore  com plex  shapes, he was 

very slow. In o rd e r no t to  tire  the  sub jec t the  experim en ts w ere kept fairly



sh o rt. T h is was d o n e  by using only 20 background e lem en ts. A  se t of 

ex p erim en ts  w ere ca rried  ou t to  d e te rm in e  th e  re la tion  betw een th e  n u m b er of 

background e lem en ts and  th e  response tim e. S ep ara te  ex p erim en ts  w ere 

p e rfo rm ed  w ith N , th e  n u m b er of backgound e lem ents equal to  1 , 2 , 3 , 4 , 5, 

7 , 10, 15 and  20.

(c) M easu rem en t o f th e  N um ber o f E rro rs  and  R eaction  T im es as a F unction  

o f th e  S ep ara tio n  o f Tw o E lem ents

An ex p erim en t was carried  o u t to  m easure H .J .A . 's  response  tim es and  

e r ro r  ra te  w ith a background consisting o f 1 e lem en t, as a fu nc tion  o f the 

sep ara tio n  o f th is single background and  the ta rg e t e lem ents (figure  2 .31). 

A fte r each  rep ly , th e  observer kep t th e  reply  bu tto n  dep ressed , allow ing the 

ex p e rim en te r tim e to  m easu re  th e  d istance betw een  th e  2 e lem en ts , and  to 

n o te  th e  ta rg e t ty p e , reac tio n  tim e and  w hether the  response was c o rre c t o r 

no t.

All th e  ex p erim en ts  ca rried  o u t by H .J .A . w ere also ca rried  ou t by a 

n u m b er of no rm al sub jec ts.

*
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U sing background  m odulation  techn iques and  a  light (positive) co n trast 

ta rg e t, p revious au th o rs  [B arbu r and  R uddock , 1980a; H olliday an d  R uddock , 

1983] have ch a rac te rized  fully th e  responses o f two visual channels w ith two 

filte rs , ST1 and  S T 2 , w hich describe th e  Spatia l and  T em p o ra l transm ission 

p ro p e rtie s  o f th e  ch an n e ls . A  review  o f th e  characteristics o f these  tw o filters 

is p resen ted  in  sec tion  2 .2 (a ). H olliday an d  R uddock  [1983] associated  the 

ST1 and  ST2 filte rs w ith p re -c o rtic a l n eu ro n a l m echanism s, ST1 w ith X —type 

n eu ro n a l m echan ism s an d  ST2 w ith Y —type m echanism s. X — and  Y —type

ganglion  cells ex h ib it 'o n ' and  'o f f ' c e n tre  responses [E n ro th —C ugell and 

R obson , 1966] and  it is thou g h t th a t th e  responses m en tio n ed  above, o b ta ined  

w ith  light co n trast ta rg e ts , re flec t the  activ ity  o f  the  'o n ' cen tre  cells. In  this 

c h a p te r , ST1 an d  ST 2 responses a re  o b ta in ed  w ith a d a rk  (negative) co n trast 

ta rg e t w ith th e  a im s o f  de term in ing  w h e th e r th e  results a re  sim ilar to  those 

o b ta in ed  w ith light co n tra s t targets and  o f testing  fo r in d ep en d en t activ ity  of 

filte r  responses o b ta in ed  w ith a light ta rg e t (called  L /ST 1, L /ST2) and  o f filte r 

responses o b ta ined  w ith a d a rk  ta rg e t (called  D /ST1 and  D /S T 2).

3.1 E x p erim en ta l P ro ced u re

E xactly  th e  sam e equ ipm en t ( th e  M axw ellian view system ) and  

p ro ced u re  was used as described  in sec tion  2 .2 (a ) excep t th a t a dark  co n trast 

in stead  o f a light co n tra s t ta rg e t was used. T h e  experim en ts w ere perfo rm ed  

m onocu larly  by a n u m b er o f norm al observers w ith th e ir  o th e r  eye covered  by 

an  eye pa tch . T h e ir  heads w ere positioned  carefu lly  and  stead ied  by b iting  on 

a d en ta l im pression  m ou n ted  on  a m etal b lank  in a th re e -d im e n s io n a l carriage.
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T h e  position , in ch an n e l 2 , o f the  slide used to p roduce  th e  background  field , 

was ad ju sted  in  o rd e r  to  p roduce  a sh arp  im age on  th e  su b je c t 's  re tin a  w hen 

th e ir  eye was re lax ed , w hatever th e ir  visual acuity .

3 .2  R esults

(a) ST1 Spatia l R esponse

T o  o b ta in  th is spatial response th e  background  used consisted  o f  a 

o n e -d im e n s io n a l, p erio d ic , sq u are -w av e  g rating  w ith bars o f w idth d ( i .e . w ith 

a fun d am en ta l sp a tia l frequency  of ( 2 d )“ ’ ) as dep ic ted  in figure 2 .1 0 . F igure 

3.1 show s th resh o ld  illum ination , I t , fo r d e tec tio n  o f a 3 .5 °  d iam e te r, c ircu la r 

ta rg e t, p lo tted  against th e  value o f (2d) T h e  ta rg e t m oved a t  15

deg rees/second  across th e  cen tra l 8° o f th e  1 7 °  d iam e te r background . T h e  

spatia l average  illum ination  o f  th e  background , log 1^, was 1 .4  log td . 

th ro u g h o u t, an d  th e  th resh o ld  illum ination  fo r d e tec tio n  o f  th e  ta rg e t against a 

spatia lly  u n ifo rm  background  o f this illum ination  level co rresp o n d s to  th e  value 

fo r a n  unreso lved  g ra ting  o f spatia l frequency  40 cycles/deg ree . T h e  g raph  

show s th a t th e  th resh o ld  fo r ta rg e t d e tec tio n  by each  o f  th e  fo u r sub jec ts  is 

ra ised  above its th resh o ld  on  a un ifo rm  background by backgrounds o f spatia l 

frequencies in  th e  ran g e  1 to  10 cycles/degree , and  fo r all fo u r observers the 

m ax im um  increase  in  th resho ld  occurs fo r spatia l frequencies betw een  4 and  5 

cycles/degree . T h e  am plitude  o f the  e ffec t, defined  as the  d iffe rence  betw een 

th e  m ax im um  value o f logIt and  its value fo r a  un ifo rm  fie ld , is abou t 0.5 log 

units. A  sim ilar am plitu d e  and  p eak  position  was found  by B arb u r and 

R uddock  [1980a] using a light co n trast ta rg e t and  a typ ical ST1 response found 

by th em  fo r lo g l^  =  1 .4  log td . is illu strated  in  figure 2 .14 .



F ig u re  3.1 T h e  ST1 spatia l response o b ta in ed  w ith a 3 .5° d iam e te r, c ircu lar, 
d a rk  ta rg e t m oving a t  15 degrees/second  across the cen tra l 8 o f a 17 
d ia m e te r , 100% , spatia lly  m odu la ted , g rating  background o f m ean  illum ination  

•  1 .4  log td . ( th e  field  o f view is illu strated  in figure 2 .10 ). D a ta  fo r four
observers an d  th e ir  average  data  ( o -----o  d a ta  points) a re  show n norm alized  to
a p eak  value o f log =  1. T h e  s tan d a rd  deviation  fo r th e  m ean  data  is 
b e tw een  0 an d  0 .2  log units.

T h e  e ffec t o f background  illum ination

T h e  ST1 response  was m easured  fo r one  observer w ith th e  sam e ta rge t 

an d  background con figu ra tion  as above (figure  3.1) bu t fo r a range of
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background illum inations, 1^ , betw een  1 . 1  log td . and  2 .6  log td ., and th e  data  

p lo tted  in figure 3 .2 . F o r each  o f th e  background  illum inations th e  ST1 

response  peaks a ro u n d  a spatia l frequency  o f 3 to  5 cycles/degree  an d  the  

am plitude  ( i.e . th e  d iffe rence  in log I t values betw een  th e  peak  and  th a t a t 40 

cycles/degree) is o f th e  o rd e r  o f 0 .5  log units. A  sim ilar resu lt was found  by 

B arb u r and  R uddock  [1980] using a ligh t co n tra s t ta rg e t, an d  in th a t case th e  

peak  am plitude  was a ro u n d  0 .4  log units fo r all backgrounds b rig h te r th a n  1 

log td . T h ey  also found  a  second spatia l response  w ith a peak  a t 8 to  10 

cycles/degree ra th e r  th an  4 to  5 cycles/degree fo r m ean  background  

illum inations above 2 log td .,  and  this is n o t observed  w ith th e  d a rk  co n tra s t 

ta rg e t. T h e  reaso n  fo r th is d ifference  is u n ce rta in , b u t it can n o t be concluded  

th a t th e re  is a  d iffe ren ce  betw een th e  responses w ith ligh t and  d a rk  co n tras t 

ta rge ts . In  subsequen t experim en ts th e  h igh frequency  response  has n o t been  

found  fo r a ll su b jec ts  and  in any  case , th e  p resen t exp erim en ts  w ere restric ted  

to  Ifc ^  2 .6  log td . T h e  responses (figure 3 .2) show  b ro ad e r, f la tte r  peaks fo r 

log Ijj >  2  log td . as though  bo th  'h ig h ' an d  'lo w ' spatia l frequency  functions 

a re  in fluencing  th em .

A t h ig h er illum ination  levels (g re a te r  th an  2 log td .) the low  frequency  

wing has low er th resh o ld  illum ination  values, log I t , th an  the  un iform  field , for 

d e tec tio n  o f th e  d a rk  ta rg e t. T his was also found  by B arbu r and  R uddock 

[1980a] who suggested  th a t w ith high co n tras t, spatially  coarse  gratings, un ifo rm  

ad ap ta tio n  is n o t ach ieved  over all th e  visual field so th a t, in this case, the 

d a rk  ta rg e t is d e tec ted  w hen m oving over the  wide light bars.

T h e  effect o f re tin a l position

T h e  ST1 sp a tia l response was d e te rm in ed  a t non  —foveal positions in the 

field . T h e  sam e ta rg e t and  background configura tion  as th a t show n in figure



F ig u re  3 .2  ST1 spatia l responses o b ta ined  fo r one o bserver w ith th e  sam e 
ta rg e t and  background  configuration  as figure 3.1 b u t fo r a range of 
background  illum inations. T h e  background illum ination  is m arked  beside each  
curve an d  s tan d ard  e rro rs  a re  p lo tted  fo r each  p o in t.
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F ig u re  3 .3  T h e  v a ria tion  o f th e  ST1 spatia l response w ith eccen tric ity . T h e  
sam e ta rg e t/b ack g ro u n d  configura tion  as described  in figure 3.1 was used ex cep t 
a sm all, red  fixation  p o in t was p rovided  and  m ean  background  illum ination  was
1.3 log td . +  d a ta  po in ts fo r foveal p resen ta tio n ; o  for ta rge t/background  
stim ulus p resen ta tio n  10  tem porally  and  • fo r stim ulus p resen ta tio n  2 0 ° 
nasally . S tan d ard  e rro rs  are  p lo tted  a t each  da ta  p o in t. S ub jec t J .B .

3.1 was used ex cep t th a t a red  light em itting  d iode (L E D ) was used to p rovide •

a sm all fixation  p o in t fo r the  observer th ro u g h o u t th e  ex p erim en t. T h e  visual

ang le  betw een  th e  fixa tion  p o in t and  cen tre  o f the background  field is taken  as

a m easure  o f th e  eccen tric ity  o f p resen ta tio n  o f the  ta rg e t, and  data  w ere 

0 0 0
o b ta in ed  a t 0 , 10  on  the nasal re tin a  and  20 on  the  tem pora l re tina  

(tem p o ra l re tin a  to  avoid th e  b lindspo t). F igure 3 .3  show s da ta  fo r observer 

J .B . .  T h e  curves all have a sim ilar shape  and  th e  position  o f m axim um

94



ta rg e t th resho ld  fo r p resen ta tio n  a t 0° and  1 0 °  eccen tric ity  is a t 4 cycles/degree

an d  th e  am plitu d e  o f  th e  e ffec t is 0 .45  log units w hilst th a t fo r p resen ta tio n  a t 

°
20 eccen tric ity  peaks a t  2 cycles/degree and  its am plitude  is slightly sm aller,

0 .4  log units. B arb u r an d  R uddock [1980a] also found  a  sh ift in th e  p eak  o f 

th e  response fo r  a  ligh t co n trast ta rg e t to  low er spatia l frequencies w ith 

increasing  re tin a l eccen tric ity  tested  and  a t  30° eccen tric ity  th e  p eak  was a t 1 

to  2  cycles/degree.

T h e  o rien ta tio n  o f th e  background grating

All th e  ex p erim en ts  rep o rted  so fa r  w ere o b ta ined  w ith vertically  

o rien ta ted  gratings w ith the  ta rg e t m oving horizon ta lly  across th e  bars. 

M easurem ents w ere also m ade w ith th e  gratings o rien ta ted  ho rizon ta lly  and  the  

ta rg e t m oving p ara lle l to  th e  bars. D a ta  o b ta in ed  fo r observer J .B . w ith an  

iden tica l ta rg e t/b ack g ro u n d  configura tion  to  th a t described  in  figure 3 .1 , ex cep t 

th a t th e  g ra ting  w as o rien ta ted  horizon ta lly , a re  p lo tted  in  figure 3 .4 . T h e re  

is no  sign ifican t d iffe ren ce  in th e  ST1 spatia l responses fo r th e  tw o background  

g ra ting  o rien ta tio n s ind icating  th a t th e  response  m echan ism  w hich m edia tes this 

response  fo r th e  d a rk  co n tras t ta rg e t has n o n —o rien ta ted , c ircu larly  sym m etric , 

recep tive  fields. B a rb u r and  R uddock [1980a] found  a sim ilar resu lt fo r the  

m echan ism  d e tec tin g  a light co n trast ta rg e t an d  also o b ta ined  th e  ST1 spatial 

response  w ith n o n -o r ie n ta te d  backgrounds such  as m atrices o f spots and  

ch eq u er—board  p a tte rn s  d em onstra ting  fu r th e r  th e  absence  o f o rien ta tio n

selectiv ity  in th e  response .

N o study  was m ade o f the  effec t o f varying ta rg e t p a ram ete rs  since 

th ey  had  little  e ffec t on  th e  ST1 spatia l response  o b ta ined  w ith  a light ta rg e t. 

B arb u r and  R uddock  [1980a] found  th a t th e  am plitude  o f th e  effec t increased  

linearly  w ith increasing  background co n trast and  th is enab led  th em  to  use
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F ig u re  3 .4  ST1 sp a tia l responses o b ta ined  w ith th e  g ra ting  bars para lle l ( •  
da ta  points) an d  p e rp en d icu la r ( O da ta  points) to  the  d irec tio n  o f the  ta rge t 
m ovem en t. T h e  ta rg e t/b ack g ro u n d  con figu ra tion  was th e  sam e as th a t 
described  in figure 3.1 and  the  m ean  background  illum ination , log I 5 , 1 .4  log 
td . S tan d ard  e rro rs  a re  show n w ith each  da ta  po in t.

tran sfo rm  m eth o d s to  ca lcu late  th e  recep tive  field  d istribu tion  fo r th e  ST1 

m echan ism . T h e  new  experim en ts described  above (figures 3.1 to  3 .4) used 

background  fields o f  10 0%  co n trast and  th ey  all had  am plitudes sim ilar to 

those  o b ta ined  w ith  a light co n trast ta rg e t an d  100% co n tra s t background. 

T h e  new  resu lts (figu res 3.1 to 3 .4 ) a re  suffic ien t to estab lish  th a t th e  spatia l 

filte r o b ta ined  w ith a dark  co n trast ta rg e t has th e  sam e response  characteristics 

as fo r a light c o n tra s t ta rg e t [B arbu r and  R uddock , 1980a]. T h e  m echanism
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w hich m edia tes th e  response is n o n -o rie n ta tio n  selective, and  th e  spatial 

o rg an isa tion  co m p u ted  fo r light co n trast ta rg e t is cen tre—su rround  an tagonistic , 

as illu stra ted  in  figure 2 .18 .

(b) ST1 T em p o ra l R esponse

T h e  ST1 tem p o ra l response was n o t d e te rm in ed  fo r d a rk  con trast 

ta rge ts . It is ex perim en ta lly  difficult to  produce th e  a lte rn a tin g  grating  

background  (figure  2 .1 1 ) especially  w hen using fine gratings. E xperim en ta lly , 

th is response  is closely re la ted  to  th e  ST 2 tem p o ra l response , th e  ST2 

tem p o ra l response  being ob ta ined  by sub trac ting  pairs o f inputs from  ST1

tem p o ra l un its w ith a tim e delay  betw een  th em  o r  p re fe rab ly , by in troduc tion  

o f low  frequency  filte ring  o f the negative co m p o n en t. T h ese  tw o m ethods o f 

deriv ing  th e  ST 2 responses a re  rep re sen ted , respectively , by th e  f ilte r netw orks 

o f H olliday  an d  R uddock  [1983] an d  S k in n er, R uddock an d  W ilson [1985]. 

T h e  ST 2 tem p o ra l response  can  be d e te rm in ed  m uch m o re  easily  th a n  th e  ST1 

resp o n se , an d  because  th e  two a re  closely re la ted , it was considered  suffic ien t 

to  m easu re  on ly  th e  fo rm er.

{c) ST 2 T em p o ra l R esponse

0
T o  o b ta in  th e  ST2 tem p o ra l response  a 17 d iam e te r, tem porally

m o d u la ted , bu t spatia lly  un ifo rm  background  is requ ired  (figure 2.13) and  

th resh o ld  illum ina tion , log It , fo r d e tec tio n  o f a 3 .5 °  d iam e te r, d a rk  con trast

ta rg e t m oving a t 15 degrees/second  across th e  cen tra l 8 °, was m easured  as a 

fu nc tion  o f th e  tem p o ra l m odulation  frequency , ft . D a ta  fo r fou r observers 

a re  p lo tted  in  figure 3 .5 , and  re fe r  to  a range of background  illum inations.

T h e  resu lts yield band  pass tun ing  curves fo r background illum inations dow n to 

1 log td . T h resh o ld s  fo r the  ta rge t p resen ted  on  backgrounds flickering a t  low
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F ig u re  3 .5  T h e  ST2 tem p o ra l response ob tained  w ith a 3 .5 °  diam eter^
c ircu la r, d a rk  co n trast ta rg e t m oving a t 15 degrees/second  across th e  cen tra l 8 
of a 17 d iam e te r , 100%  tem porally  m odu la ted  background field . T h resho ld  
illum ination , log I t , fo r the  ta rg e t is p lo tted  as a function  o f the flicker 
frequency  fo r a  n u m b er o f d iffe ren t background illum ination  levels, log 1^. (a)
D a ta  fo r o n e  observer, log 1^ is m arked  by each  g raph , (b ) D ata  fo r th ree  
observers; W .A ., S .H .W . and  J .M . Log 1̂ , is m arked  by each  g raph .
T h e  s tan d ard  e rro r  is p lo tted  fo r each  po in t.
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F ig u re  3 .6  T h e  frequency , (ft)m ax> a t  w^ich  th e  ST2 tem p o ra l curves peak , 
p lo tted  against th e  value, log 1^, a t w hich th e  curve was o b ta in ed , o — o  da ta  
po in ts  fo r a  d a rk  co n tra s t ta rg e t fo r th ree  observers from  figure 3 .5 ; da ta  
po in ts  fo r a  ligh t co n tra s t ta rg e t fo r tw o observers, da ta  tak en  from  th e  p a p e r 
by H olliday  an d  R uddock  [1983].

tem p o ra l frequenc ies o r  frequencies ap p ro ach in g  and  g rea te r th a n  the  flicker 

fusion frequency  a re  unchanged  from  th a t ob ta in ed  w hen th e  ta rg e t is 

p resen ted  on  a u n ifo rm  field  o f th e  sam e m ean  lum inance , bu t for 

in te rm ed ia te  flicker frequencies the ta rg e t th resho ld  is ra ised . T h e  peak  value 

o f log It sh ifts progressively  to  h igher frequencies as th e  background 

illum ination  increases w hile th e  am plitude  o f the  effec t, defined  as the 

d iffe ren ce  b etw een  th e  m ax im um  value o f log and  and  th a t ob ta in ed  with

an  u n m odu la ted  u n ifo rm  field , is co nstan t , a ro u n d  0.6  log un its, a t least fo r 

background  illum inations g rea te r th an  1 log td . F o r background  illum ination  

levels below  1 log td . (figure 3 .5 (a)) the  tun ing  curves a re  n o t so clearly  

b a n d -p a ss  in sh ap e  and  have sm aller am plitudes. C urves sim ilar to  those
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show n in figure 3 .5  w ere ob ta ined  fo r a light con trast ta rg e t [H olliday and  

R uddock , 1983], F igu re  2 .16 shows one  o f a  se t o f typical curves o b ta ined  

w ith a  ligh t co n tra s t ta rg e t w hich peaks a t a  frequency  an d  an  am plitude  

sim ilar to  those  o b ta in ed  w ith a d a rk  ta rg e t a t th e  sam e background 

illum ination . T h e  sim ilar responses o b ta ined  w ith e ith e r  ta rg e t co n trast is 

fu r th e r  d em o n stra ted  by figure 3 .6  w here the  tem pora l frequency , ( f t)m ax a t 

w hich logIt peaks is p lo tted  against th e  background illum ination . T h e  varia tion  

w ith background illum ination  o f (ft)m ax  *s sim ilar fo r b o th  co n trast po larities.

F igures 3 .5  and  3 .6  d em o n stra te  th a t sim ilar ST 2 tem p o ra l responses 

a re  o b ta in ed  w ith ligh t o r dark  co n trast ta rgets  and  as exp la ined  above, it is 

in fe rred  th a t th is also  applies to  th e  ST1 tem p o ra l response.

(d) T h e  ST 2 Spatia l R esponse

T h is  is ob ta in ed  by m easuring  th resho ld  illum ination  fo r d e tec tio n  o f a 

3 .5 °  d iam e te r, d a rk  co n tra s t ta rg e t m oving across the  cen tra l 8 .0 °  o f a  1 7 °  

d iam e te r background  field consisting o f bars w hich a re  a lte rn a te ly  steady  and  

flickering  w ith co n stan t tim e average illum ination  over the  w hole field (see 

figure 2 .1 2 ). T h e  spatia l m odula tion  th e re fo re  occurs only  because o f the

tem p o ra l flicker. T h e  results fo r observer J .B . a re  show n in Figure 3 .7 , and  

w ere o b ta in ed  w ith flickering bars o f m odula tion  frequency  17H z co rrespond ing  

to  th e  freq u en cy  (ft)m ax  f ° r m axim um  th resho ld  e levation  a t th a t background 

illum ination  level (2 .5  logtd .) (see figure 3 .5 (a )). T h e  b a n d -p a ss  response has 

a m axim um  value o f log I t a t a  background  spatia l frequency  o f 1 

cycle /deg ree . A  sim ilar resu lt was o b ta ined  by H olliday and  R uddock  [1983] 

(see figure 2 .1 7 ), fo r light con trast ta rge ts , and  th e ir da ta  w ere essentially  

in d ep en d en t o f background  illum inations in the  range —0.5  to  2 .7  log td . T h e  

am plitu d e  o f th e  response  is abou t 0 .5  log units fo r e ith e r  ta rg e t co n trast
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[Holliday and Ruddock, 1983].

T h e  responses described  above (figures 3.1 to  3 .7) show  th a t the  

charac teristics o f th e  ST1 and  ST2 filters d e te rm in ed  w ith d a rk  co n tras t ta rg e t 

a re  closely sim ilar to  those  ob ta ined  w ith a light co n tra s t ta rg e t [B arb u r and  

R uddock , 1980a; H olliday  and  R uddock, 1983]

O
F ig u re  3 .7  ST 2 spatia l response o b ta ined  w ith a 3 .5  d iam ete r d a rk  co n trast 
ta rg e t m oving a t  15 degrees/second  across th e  cen tra l 8 o f a 17 d iam ete r 
background  o f th e  type illustrated  in  figure 2 .12 . T h e  m ean  background 
illum ination  was 2 .5  log td . and  a lte rn a te  bars flickered a t 17 H z, the 
freq u en cy  w hich gave m axim um  elevation  o f th resho ld  fo r the  o bserver J .B . 
fo r  th is value o f 1^ in figure 3 .5 . O d a ta  p o in ts , J .B . and  •  d a ta  po in ts , H .A . 
S tan d ard  e rro rs  a re  p lo tted  a t each po in t.

3 .3  E x p erim en ts  w ith N ew  B ackground Stim uli

T h e  ex p erim en ts  based on  th resh o ld  p e rtu rb a tio n  techn iques and 

described  in th e  prev ious section  show  th a t th e  m echanism s w hich m edia te



d e tec tio n  o f d a rk  co n trast ta rgets  have characteristics very  sim ilar to those  of 

th e  m echanism s w hich m edia te  d e tec tio n  o f light co n tra s t ta rgets . T h e  

question  ra ised  by these  experim en ts is — " Is it th e  sam e ST1 and  ST2 

m echanism s w hich m ed ia te  d e tec tio n  o f b o th  light and  d a rk  co n tras t ta rge ts , o r 

a re  th e re  tw o in d ep en d en t sets o f m echanism s one  fo r d e tec tio n  o f each  ta rg e t 

polarity? If  th e  second is co rrec t, do  th e  two m echanism s ac t independen tly?" 

E lec trophysio logy  suggests th a t d a rk  an d  light co n trast ta rg e ts  a re  hand led  by 

sep a ra te  ’o n ’ and  'o f f ' c en tre  m echan ism s, w hich ac t in d ependen tly  o f each  

o th e r  an d  it is tem pting  to  associate th e  ST1 an d  ST2 responses o b ta ined  w ith 

a d a rk  co n tra s t ta rg e t and  those o b ta in ed  w ith a light co n tra s t ta rg e t w ith 'o n ' 

an d  'o f f ' c en tre  ganglion cells respectively .

(a) E x p erim en ta l P ro ced u re

T h e  ex p erim en ts  to  be described  w ere designed to  tes t fo r in d ep en d en t 

ac tio n  o f th e  ST1 m echanism s sensitive to  d a rk  and  light ta rge ts . T o  do th is, 

new  background  stim uli w ere construc ted  w hich still p rov ided  a spatia lly  

m odu la ted  background  fie ld , bu t w ith th e  light and  d a rk  bars no  longer o f 

equal w idth . If  the  tw o m echanism s ac t independen tly , th e  responses o f th a t 

de tec tin g  ligh t co n tras t targets (called  th e  L/ST1 m echanism ) should  be affec ted  

only  by th e  varia tions o f th e  w idths o f th e  light bars and  n o t th a t o f the  dark  

b ars , and  vice versa fo r th e  m echan ism  de tec ting  dark  co n tra s t targets (called  

D /S T 1 ).

T w o sets o f d ifferen tly  spatia lly  m odula ted  backgrounds w ere used in 

these  ex p erim en ts , A  and  B.

B ack g ro u n d  T y p e  A . T h e  background  field had  co n stan t period icity  o f 4 

cycles/deg ree , chosen  because th e  p eak  o f th e  ST1 spatia l response  occurs a t 

th is frequency , and  th e  w idth , 1, o f  th e  light bars and  th a t, d , o f th e  d a rk
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bars w ere varied  (figure 3 .8 ). T hus (1+ d) is co n stan t and  th e  period ic ity  of 

th e  gratings is (1+dJ- 1  an d  the  ra tio  R  =  1 /d  varied  fo r  each  g ra ting  fro m  0.1 

to  7 .0  w ith th e  n arrow est b a r w idth sub tend ing  0 .02° an d  th e  b ro ad est 0.21 °

F ig u re  3 .8  D iag ram  show ing th ree  typical fields o f  view  o f background  type  A  
w here  l + d =  co n stan t bu t * /d  =  R  varies. All th re e  have th e  sam e m ean  
illum ination  level.
(a) !/d  <  o n e ; light bars a re  b rig h te r th an  in  (b)
(b) tyd =  one
(c) Vd >  o n e ; light bars  a re  d im m er th an  in (b ).

T h e  background  fields w ere 100%  spatia lly  m odu la ted  an d  th ey  w ere all 

o f th e  sam e m ean  illum ination  level. T h is  was ach ieved  by varying th e

illum ination  o f th e  ligh t bars and  keeping  the  d a rk  bars a t 0 log td . F o r  the  

background  field show n in figure 3.8 the  light bars a re  brighest fo r (a) and  

d im m est fo r (c ).

B ack g ro u n d  T y p e  B . In  this case one co m p o n en t e .g . the  dark  bars o f the 

background  w ere o f co n stan t w idth, whilst th e  o th e r  e .g . th e  light bars, w ere 

varied  fo r d iffe ren t m easu rem en ts. T h is yields two sets o f g rating  s truc tu res, 

o n e  in  w hich the  w idths o f light bars a re  varied  whilst those o f th e  dark  bars 

a re  co n stan t, and  a n o th e r  in w hich the  d a rk  b a rs ' w idth is varied  w hilst the  

ligh t b a rs ' w idth is co n stan t. T ypical fields o f view  provided  by these tw o sets 

a re  illu stra ted  in figure 3 .9 . All th e  background fields w ere 100%  spatially



m odula ted  an d  o f  th e  sam e m ean  illum ination  level. T h is was ach ieved  by 

varying th e  illum ination  o f th e  light bars w hilst keeping  th a t o f th e  d a rk  bars 

as 0 log td . W h en  th e  light bars o f  a  p a rticu la r field  w ere n a rro w er th a n  th e  

d a rk  bars (figu re  3 .9 (a ) first p ic tu re  an d  (b) last p ic tu re) th e ir  illum ination  was 

g re a te r  th a n  th e  ligh t bars o f a background field w here th e  bars w ere o f equal 

w idth  (figure 3 .9 (a ) an d  (b) m iddle p ic tu res). W hen  th e  light bars o f a 

p a rticu la r background  w ere w ider th an  th e  d a rk  bars (figure 3 .9 (a ) last p ic tu re  

an d  (b) first p ic tu re ) th e ir  illum ination  was correspond ing ly  low er.

#  ® (D
l® © <D

F ig u re  3 .9  Spatia lly  m odu la ted  background fields p rovided  by gratings o f type 
B w ith one  b a r  w idth  co n stan t and  the  o th e r  b a r  w idth varying.
(a ) ligh t b a r  w idth  varying, dark  b a r w idth co n stan t.
(b ) d a rk  b a r  w id th  varying, light b a r w idth co n stan t.

T h re sh o ld  illum inations w ere d e te rm in ed  fo r d e tec tio n  o f b o th  light 

an d  d a rk  ta rg e ts  m oving across these spatia lly  m odula ted  backgrounds.

(a) E x p erim en ts  fo r B ackground T ype  A

T h e  d a ta  ob ta in ed  with these  backgrounds a re  p lo tted  in  figure 3 .10 .
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F o r each  o f th e  observers sep ara te  graphs a re  p lo tted  fo r th e  light and  dark  

ta rge ts  an d  o n  each  g rap h  th e  th resho ld  illum ination , log I t, is p lo tted  as a 

function  o f th e  ra tio , R , o f light b a r w idth to  d a rk  b a r w id th . T h e  graphs 

o b ta ined  a re  b ro ad  an d  have no  c lear peak , in co n tra s t to  those  n o rm ally
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F ig u re  3 .1 0  T h e  th resho ld  illum ination , log It , fo r d e tec tio n  o f a 3 .5° 
d iam e te r  ta rg e t m oving a t 15 degrees/second  across th e  cen tra l 8 o f a  17 
d iam e te r , spatia lly  m odula ted  background  field o f type A  (figure  3 .8 ) , p lo tted  
as func tion  o f  th e  ra tio , R  =  ^ /d .  Log I ^  =  1 .4  log td . (a) D a ta  o b ta in ed  
fo r o b serv er A .J . ;  the  to p  g raph  was o b ta ined  using a light ta rg e t and  th e  
b o tto m  o n e  using a dark  ta rg e t ( th e  da ta  ob ta ined  w ith th e  light ta rg e t is also 
p lo tte d , w ith a  b roken  line , on  th e  bo ttom  g rap h , (b ) as fo r (a) bu t da ta
o b ta in ed  fo r  o bserver J B . E ach  da ta  p o in t is the  m ean  o f 16 d e te rm in a tio n s 
o f log It . S tan d ard  e rro rs  a re  o f th e  o rd e r o f 0.01 fo r each  po in t.
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associated  w ith the  ST1 m echanism  (figure 2 .14  an d  Figure 3 .1) w hich  peaks 

a ro u n d  4 cycles/degree  (equ ivalen t to  R = 1  o n  Figure 3 .10 ). T h e  g raphs 

o b ta in ed  w ith  th e  ligh t an d  w ith th e  dark  ta rg e ts  a re  sim ilar in  shape  to  each  

o th e r.

(c) E x p erim en ts  fo r B ackground S tructu re  B

D ata  w ere o b ta in ed  fo r th ree  observers w ith these  backgrounds (figure  

3 .9) and  th ey  a re  p lo tted  in  figure 3 .1 1 . As th e re  w ere tw o sets o f

background  s tru c tu re , (o n e  w ith light b a r  w idth  varying and  d a rk  b a r  w idth  

co n stan t, and  the  o th e r  w ith light b a r w idth co n stan t and  d a rk  b a r  w idth  

varying) an d  tw o d iffe ren t ta rgets , th e re  a re  fo u r curves fo r each  ob serv er. 

Log It is p lo tted  against (2d) “  ] w here d is th e  w idth o f th e  v ariab le  b a r 

c o m p o n en t. In  Figure 3 .12  th e  average d a ta  fo r  all th re e  observers fo r  th e  

ligh t an d  d a rk  ta rge ts  sep a ra te ly  a re  p lo tted , th is tim e as a  function  o f  th e  

p eriod ic ity  o f th e  background  g rating  i.e  ( 1+ d )- 1

CL
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•  F ig u re  3.11 T h e  th resh o ld  illum ination , logIt , fo r d e tec tion  o f a  3 .5 °  d iam ete r
ta rg e t m oving a t  15 deg rees/second  across th e  cen tra l 8 o f a  17 d iam ete r 
spatia lly  m odu lau ted  background  Field o f  type B (figure 3 .9 ) . Log I t is p lo tted  
as a  fu n c tio n  o f (2  x variab le  b a r w id th )— J th e  spatial frequency  o f a grating  
consisting  o f  bars o f th e  variab le  w idth only. Log 1^ =  1 .2  log td . (a ) ,  (b) 
an d  (c) D a ta  fo r th re e  observers o b ta ined  w ith a light ta rg e t, (d ) , (e ) and
(f) D a ta  fo r  th re e  observers o b ta ined  w ith a d a rk  ta rg e t. o  D ata  po in ts 
fo r  g ratings w ith variab le  light b a r w idth , co n stan t dark  b a r w idth. •  D ata  
po in ts  fo r g ratings w ith variab le  d a rk  b ar w idth , co n stan t light b ar w idth.

T h ese  g raphs (figures 3.11 and  3 .12) a re  n a rro w er and  m ore  obviously 

p eak ed  th a n  those o b ta in ed  w ith background stru c tu re  type  A  (figure 3 .1 0 ), bu t 

o n ce  again , curves o b ta in ed  w ith light o r  d a rk  targets a re  sim ilar. T h e  two 

background  stru c tu res , one  w ith th e  dark  bars varying an d  the  o th e r  w ith the 

ligh t bars varying d o , how ever, yield d iffe ren t results (figure 3 .12). W hen the  

d a rk  b a r w idth  varies bu t th e  ligh t b a r w idth is co nstan t (dashed  line), a peak  

is o b ta in ed  a ro u n d  5 cycles/degree w hilst fo r th e  light b a r w idth varying and  

d a rk  b a r w idth co n stan t background (fu ll line), a peak  a t low er spatial 

frequencies , a ro u n d  3 cycles/degree , is ob ta in ed . In o rd e r to  co m p are  the
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F ig u re  3 .1 2  As fo r figure 3.11 excep t th a t log It is p lo tted  as a function  o f 
(1 + d J” 1, th e  period ic ity  o f the  background s tru c tu re , (a) M ean  d a ta  fo r th ree  
observers o b ta in ed  w ith a ligh t ta rg e t. (b ) M ean d a ta  fo r th re e  observers 
o b ta in ed  w ith  a  d a rk  ta rg e t, o  da ta  po in ts fo r gratings w ith variab le  light b a r 
w id th , co n stan t d a rk  b a r w idth. • d a ta  po in ts  fo r gratings w ith variab le  dark  
b a r  w id th , co n stan t light b a r w idth.

curves o b ta in ed  w ith d a rk  and  light ta rgets  th e  d ifference  betw een  log 

o b ta in ed  w ith a g ra ting  from  th e  light b a r w idth varying se t and  log I t 

ob ta in ed  w ith a g ra ting  from  the  dark  b a r varying se t, defined  as A, is 

p lo tted  against (1 + d )- 1  (figure 3 .13 ). T h e re  is som e evidence o f a d ifference  

betw een  th e  tw o ta rg e t types a t low er spatia l frequencies w here th e  values fo r 

th e  d a rk  an d  ligh t ta rg e ts , p lo tted  respectively  as circles an d  crosses, diverge.

3 .4  D iscussion

T h e  ex p erim en ta l results o b ta ined  w ith  d iffe ren t lig h tid a rk  ra tios in  th e  

background  field  do  n o t clearly  d iffe ren tia te  th resholds fo r d e tec tio n  o f th e  

d a rk  an d  ligh t ta rg e ts . T h e re  is som e ind ica tion  of such  a d iffe rence  in  th e  

d a ta  o f figure 3 .1 3 , bu t it is a second o rd e r  effec t. T h u s although  th e  

m echan ism s fo r d e tec tio n  o f d a rk  an d  light co n trast ta rge ts  have sim ilar 

p ro p e rtie s , th e  ex p erim en ts  fail to  establish  th a t th e re  a re  tw o in d ep en d en t 

m echan ism s. T h is  co n trasts  w ith th e  ev idence o f ad ap ta tio n  da ta  describ ing  th e  

p ro p e rtie s  o f o rie n ta tio n  and  w idth selective m echanism s located  cen tra lly  in 

th e  system  [G ilinsky, 1968; P an tle  an d  Seku ler, 1968; B lakem ore and  

C am p b ell, 1969; B lakem ore  and  S u tto n , 1969]. In  this case, a n u m b er o f

stud ies u n d e rtak en  to  tes t th e  independence  o f th e  m echanism s sensitive to  bars 

o f d a rk  and  ligh t co n tra s t have yielded c lea r d iffe ren tia tio n  betw een  th e  tw o. 

B o th  B u rto n , N aghsh ineh  an d  R uddock  [1977] an d  de V alois [1977] show ed 

th a t a p p a re n t changes in b ar w idth induced  by p re -a d a p ta tio n  occu r 

in d ep en d en tly  fo r e ith e r  the  light o r the  d a rk  bars. In th e  case o f the



i— r~r

f (cycles deg- *)

F ig u re  3 .1 3  T h e  d iffe ren ce , A, betw een  log It o b ta ined  w ith a g rating  from  
th e  varying 1, c o n stan t d  set and log I t o b ta ined  w ith a g ra ting  from  the  
vary ing  d , co n stan t 1 se t. D ata  is taken  from  figure 3 .11 . +  and  x  data  
po in ts  re fe r  to  d a ta  fo r the  th ree  observers and  the  m ean  o f th e  th ree  
observers, respective ly , fo r the  light ta rg e t; • and  °  d a ta  po in ts re fe r  to  da ta  
fo r th e  th re e  observers and  the  m ean  o f th e  th ree  observers, respectively , fo r 
th e  d a rk  ta rg e t.

co n tra s t th resh o ld  e levation  effec t, N aghshineh  and  R uddock  [1978] show ed 

effects specific  on ly  to  the  positive co n trast co m p o n en t, bu t subsequently  

G eorgeson  and  R edd in  [1981 ] dem o n stra ted  effects specific to  the  positive and
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the  negative co n trast bars. T h e  failu re  to d em onstra te  in d ep en d en t activity  in 

th e  ST1 system  m ay  be  due e ith e r  to inadequate  m ethodolgy  o r  to  th e  fact 

th a t b o th  m echanism s a re  involved in th e  d e tec tion  o f  m oving targets, as was 

suggested  by B arlow  an d  Levick [1965] an d  by M arr an d  U llm an [1978]. 

Positive an d  negative co n tra s t ta rgets  gave th e  sam e ST1 an d  ST 2 responses 

an d  th is  sym m etry  b e tw een  'o n ' an d  'o f f ' m echanism s w as also found  by R oufs 

an d  B lom m aert [1981] using increm en ta l and  dec rem en ta l flashes. I t seem s 

unlikely , in  view  o f th e  physiological ev idence, th a t th e re  is on ly  a single 

response  m echan ism  involved in d e tec tio n  o f bo th  con trasts .
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4.1 Introduction

T h e  rods an d  cones in  th e  re tin a  a re  th e  neu ro n es w ith  w hich  the 

visual system, d e tec ts  ligh t. M ic ro spec tropho tom etric  m easu rem en t o n  these 

p h o to recep to rs  in  p rim a te s  provides ev idence  fo r th e  ex istence o f  th re e  cone 

types an d  o n e  ro d  ty p e , each  con ta in ing  a  single p igm en t. D a rtn a ll, 

B ow m aker an d  M ollon  [1983] using 7 en uc lea ted  h u m an  eyes m ad e  173 records 

o f d iffe ren t p h o to re c e p to rs . O n  averag ing  th e ir  resu lts th ey  found  abso rp tion  

sp ec tra  w ith  peaks a t  496 .3  ± 2 .3  n m  fo r th e  rods an d  558 .4  ± 5 .2  n m , 530.8  

± 3 .5  n m  an d  419 .0  ± 3 .6  nm  fo r th e  th re e  d iffe ren t co n e  types (know n as 

re d -se n s itiv e , g re e n -se n s itiv e  an d  b lu e -sen sitiv e  cones). T h e  ab so rp tio n  sp ec tra  

o f th e  fo u r d iffe re n t pho to p ig m en ts  a re  b road  and  overlap p in g  an d  th ey  all 

have  a sim ila r sh a p e  w hen p lo tted  o n  a  w avelength  abscissa, b u t th e ir  

bandw id th  increases  as th e  p eak  frequency  increases. [B ow m aker, D artn a ll and  

M ollon , 1980]. W h en  light is in c iden t on  the  p h o to recep to rs  it is d ifferen tia lly  

abso rbed  in  th e  th re e  co n e  types, th e  am o u n t o f light abso rbed  by each  cone 

type d ep en d in g  o n  th e  w avelength  o f th e  light. C om parison  o f  th e  d iffe ren tia l

ra te  o f a b so rp tio n  in  th e  th ree  co n e  types by p o s t- re c e p to ra l neu ro n es enables

th e  visual system  to  d isc rim in a te  stim uli by th e ir  sp ec tra l com position .

T h e  g rea te s t d ensity  o f  cones is a t the  fovea and  this density  decreases 

rap id ly  in to  th e  p e r ip h e ry , bu t th e re  a re  no  b lu e -sen sitiv e  cones o r  rods in  the  

fovea. T h e  b lu e -sen sitiv e  cones a re  th e  least n um erous p h o to recep to rs  in  the 

re tin a  an d  th e  rods a re  th e  m ost num erous. R od density  increases fro m  zero  

to  a  m ax im um  a t  1 0 ° to  15° from  th e  fovea and  th en  d ecreases on  m oving

fu rth e r  o u t. T h e  rods m ediate  low  light level (sco topic) vision and  m ake no
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co n trib u tio n  to  co lour vision whilst th e  cones m ediate  norm al vision a t m edium

a n d  high illum ination  levels. T h e  red — and  g reen -sen sitiv e  cones a t the  fovea 

m ed ia te  h igh  acu ity  processes in  th e  visual system .

As m en tio n ed  above, sp ec tra l sensitivity  curves fo r th e  p h o to recep to rs  

have  been  found  by  m icrospec tropho tom etry . Psychophysical m ethods have also 

b een  used to  o b ta in  these  curves. W .S . Stiles [1949,1959] developed  a 

m e th o d , called  th e  tw o -co lo u r in crem en t th resho ld  techn ique , to  ob ta in  spectral 

sensitiv ity  curves fo r in d iv id u a l p h o to recep to r types by suppressing the  

responses o f th e  o th e rs , section  1 . 2  (b ).

S tile s ' tech n iq u e  n o t only reveals spec tra l sensitivities sim ilar to  those o f 

th e  d iffe ren t classes o f  p h o to recep to rs  bu t also provides a  m eth o d  o f studying 

in  iso lation  th e  response  characterisics o f th e  m echanism s w hich gen era te  th em . 

S tiles, h im self, found  th a t th e  spatia l responses o f the  b lu e -sen sitiv e  m echanism  

( x 3) w ere  sign ifican tly  co arser th an  those  o f the  r e d -  (x g ) an d  g re e n -  ( x j  

sensitive m echan ism s. [Stiles 1939, 1959, 1978]. T h a t is, the  spatial

sum m atio n  fo r  th e  b lu e-sen sitiv e  m echan ism  is g rea te r th an  th a t o f th e  red — 

an d  g reen -sen sitiv e  m echan ism s [Stiles 1949]. B rindly [1954] found  th a t the 

b lu e -sen sitiv e  m ech an ism 's  sum m ation  ex tended  over som e 8 ' co m p ared  with a 

value o f  a ro u n d  1 ' to  2 ' fo r the  red — and  g reen -sen sitiv e  m echanism s.

T h e  response  characterisitcs o f the  b lue-sensitive  m echanism  have been 

found  to  d iffe r in a n u m b er o f ways from  those o f the r e d -  and  

g reen —sensitive m echan ism s. T h e  low  spatia l reso lu tion  m en tioned  above is 

associated  w ith  low  co n tra s t sensitivity  th ro u g h o u t the spatia l frequency  dom ain  

[G re e n , 1968; K elly, 1973; C avonius and  E stevez , 1975] and  the F ech n er 

frac tio n  fo r d e tec tio n  o f flashed increm en ts is co rrespond ing ly  high [Stiles 

1946]. T h e re  has been  speculation  th a t a t p o s t-re c e p to ra l levels, signals from  

b lue—sensitive cones a re  carried  by c o lo u r-o p p o n e n t bu t n o t by lum inance
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ch an n e ls  [G u th , A lexander, C hum bly , G illm an an d  P a tte rso n , 1968; M ollon and 

K rauskopf, 1973; F o s te r  an d  S nelgar, 1983] an d  th is hypothesis has been  

co n firm ed  by som e d ire c t investigations [W hittle , 1974; T an sley  and  B oyn ton , 

1978; E isn er an d  M acleod , 1980] b u t n o t by M arks [1974].

I have used th e  tw o -co lo u r in c rem en t th resh o ld  tech n iq u e  in  o rd e r  to  

s tudy  th e  w ay in  w hich signals from  x 3 a re  tran sm itted  a long  th e  visual

pathw ays. I have s tud ied  the  con trib u tio n  o f th e  t 3 an d  r 5 to  th e  ad ap ta tio n  

m echan ism  w hich gives rise to  th e  co n tra s t th resh o ld  elevation  e ffec t.

4 .2  E x p erim en ta l P ro ced u re

T h e  M axw ellian  view  op tica l ap p a ra tu s , described  in  C h a p te r  T w o  was 

used  to  ca rry  o u t th e  ad ap ta tio n  ex p erim en ts . I t was se t u p  to  prov ide

b in o cu la r view ing, see  figure 2 .2  o f  C h a p te r  T w o , w ith th e  ad ap ta tio n  an d  tes t 

g ra tings p re sen ted  to  d iffe ren t eyes as  th e re  is som e ev idence  o f  w avelength  

se lectiv ity  in  th e  m o n o p tic  case. In  th e  ex p erim en ts  to  be described  d e tec tio n  

o f  th e  g ra tin g  ta rg e t w as m ed ia ted  by x 3 o r  x 5, an d  th e  e ffec t o f co n trast 

e lev a tio n  o n  ta rg e t d e tec tio n  was d e te rm in ed . A  yellow  cond ition ing  

background  was used  to  isolate x 3 and  a b lu e -g re e n  cond ition ing  background 

to  iso late x s . T h e  w avelengths o f th e  fields w ere p roduced  by inserting  

a p p ro p ria te  in te rfe re n ce  filters in th e  th ree  channe ls and  these  gave n ea r

m o n o ch ro m atic  s tim u li. T h e  g rating  p a tte rn e d  visual fields w ere fo rm ed  by

p lac ing  h igh  c o n tra s t p h o to g rap h ic  slides, w ith o n e -d im en s io n a l b a r p a tte rn s  on  

th e m , in  th e  a p p ro p ria te  beam s. T h e  tw o observers who took  p a rt in  the

ex p erim en ts  w ere  em m etro p ic  an d  th e  slides w ere positioned  a t th e  first focal 

p o in t o f th e  view ing lens i.e . a t OP1 and  O P 3  show n in figure 2 .2 , so th a t 

th e ir  eyes d id n o t acco m m o d a te . T h e  observers d a rk  ad ap ted  fo r a t least ten  

m inu tes b efo re  an y  ex p erim en ts  w ere ca rried  o u t. D uring  an  ex p erim en t the



o bserver co n tro lled  the  se tting  o f the neu tra l density  wedge w hich de te rm ined  

th e  tes t illum ination  an d  a f te r  each  th resho ld  setting  th e  wedge was re - s e t  by 

th e  e x p e rim en te r  to  a n  a rb itra ry , sup ra th resh o ld  se tting . T h e  w edge had  been  

ca lib ra ted  sep ara te ly  fo r each  w avelength used in  th e  m easu rem en ts.

4 .3  R esults

(a ) Iso lation  o f  th e  t —m echanism s

It was necessary , first o f a ll, to  check  th a t  th e  com bination  o f 

w avelengths fo r th e  ta rg e t gratings an d  cond ition ing , background fields d id  

iso late  th e  r -m e c h a n ism s . A  9° d iam e te r, c ircu la r field  o f w avelength  /i 

p rov ided  th e  cond ition ing  background o n  w hich was flashed , cen tra lly , a  

c ircu la r ta rg e t (d ia m e te r  6°) o f w avelength  X, fo r o n e  second every  two 

seconds (F ig u re  4 .1 ) . T h e  ta rg e t was spatia lly  m od u la ted  in  th e  fo rm  o f  a  

square  w ave g ra tin g , w ith period ic ity  2 .9  cycles/degree. T h is  was th e  spatia l 

freq u en cy  ft  o f  th e  tes t g rating  to  be used in  th e  ad ap ta tio n  experim en ts and  

was su ffic ien tly  co arse  to  be resolved by th e  r 3 m echan ism  [B rind ley  1954 ].

F ig u re  4.1 T h e  visual field configura tion  used to  m easu re  relative spec tra l 
sensitiv ity  fo r d e tec tio n  o f  th e  test g ra ting  o f  variab le  w avelength  X in  the  
p resen ce  o f  a cond ition ing  field o f w avelength , p.
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T h e  co nd ition ing  background field to  isolate x 3 was yellow , w avelength  

fi =  582 n m  a n d  its illum ination  level was 3 .45  log td . ,  w hereas fo r iso lation  

o f  t 5 i t  was b lu e -g re e n , w avelength  n  =  495 nm  an d  o f  illum ination  level 

3 .23  log td . In  o rd e r  to  check  o n  th e  th e  effectiveness o f  th ese  background  

w avelengths in  iso lating  th e  ap p ro p ria te  x -m ech an ism s th e  energy  E ^ , requ ired  

fo r d e tec tio n  o f  th e  ta rg e t g rating  was m easu red  as a  function  o f th e  test 

w aveleng th , X. T h e  co rrespond ing  d e tec tio n  sensitivities d efined  as E ^ -" 1, a re  

p lo tte d  in  F igu re  4 .2 . P lo tted  o n  the  g rap h s, as d o tted  lines, a re  th e  x 3 

(F ig u re  4 .2a) an d  t s (F ig u re  4 .2b) sp^ciral responses fo r  d e tec tio n  o f  a un ifo rm  

ta rg e t [W yszecki an d  S tiles, 1982]*

a b

F ig u re  4 .2  R elative sp ec tra l sensitiv ity  fo r d e tec tio n  o f a g ra ting  o f w avelength 
X p re se n te d  o n  a u n ifo rm  background o f w avelength  fx. T h e  inverse o f the 
en e rg y  req u ired  fo r  d e tec tio n  o f th e  g ra ting  w hich was o f period ic ity  2 .9  
cy cles/deg ree  is p lo tted  against X. D ata  fo r 2 observers, IB x  and  JB  •
(a )  V alues fo r  a  background  of w avelength  =  582 nm  and  3 .45 log td . 
illu m ina tion . T h e  b ro k en  line shows th e  x 3 spec tra l response (a f te r  W yszecki 
an d  S tiles, 1982). (b ) V alues fo r a background o f w avelength  /* =  495 nm
an d  o f  3 .23  log td . illum ination . T h e  b ro k en  line show s th e  r 5 spectral 
re sp o n se  (a f te r  W yszecki and  Stiles, 1982). E ach  da ta  p o in t is the  m ean  of
fo u r read ings an d  th e  s tan d a rd  e rro r  is p lo tted  w ith each  d a ta  p o in t.



T h e  da ta  show  th a t fo r /z =  582 nm , th resho ld  sensitivity  follows the 

n o rm al x 3 response  fo r X <  500 n m  (figure 4 .2a) an d  fo r /z =  495 n m  it is 

m ed ia ted  by  x 5 fo r X >  500 n m  (figure 4 .2 b ). In  th e  experim en ts th a t 

follow  th e  x  2 m echan ism  was iso lated  using a  tes t g ra ting  o f  w avelength  X =  

446 n m  o n  a  background  o f /z =  582 nm  an d  th e  ^  m echanism  w ith a 

co m bina tion  o f  X =  640 nm  on  /z =  495 nm .

(b) Spatia l T u n in g  C urves fo r T a and  T s

T h e  p ro ced u re  used to  ca rry  o u t th e  ad ap ta tio n  exp erim en ts  is described

below .

1. T h e  o b se rv e r ad ap ted  fo r tw o m inu tes w ith th e  le ft eye to  a  b rig h t, 

100%  m o d u la ted  g ra tin g , o f 9° d iam e te r. T h e  g ra ting  period icity  was fa 

cycles/deg ree  an d  its w avelength  was sim ilar to  th a t o f th e  tes t g rating .

2. T h e  te s t stim ulus an d  th e  cond ition ing  field  w ere th e n  p resen ted  to  the

rig h t eye . T h e  c ircu la r, 6 ° d iam e te r  te s t stim ulus, had  g ra ting  s tru c tu re  o f  2 .9  

cycles/deg ree  an d  th e  un ifo rm  background  field was o f  9° d iam ete r and  

w avelength  /z.

3 . T h e  te s t an d  ad ap ta tio n  p a tte rn s  w ere th en  p resen ted  a lte rn a te ly  fo r 2

seconds an d  20 seconds un til th e  tes t g rating  illum ination  had  been  se t to 

th resh o ld . F ig u re  4 .3  show s th e  visual fields seen  by th e  le ft and  righ t eyes. 

B o th  eyes look  stra ig h t a t  th e ir  respective fields so th a t co rrespond ing  re tin a l 

a reas  a re  illum ina ted .

4. T h e  th re sh o ld  illum ination  level o f  th e  tes t stim ulus, I t , was de te rm in ed

fo u r tim es fo r  each  ad ap ta tio n  g ra ting  an d  th e  average value found .

5. T h e  th resh o ld  value fo r the  test stim ulus follow ing ad ap ta tio n  to  a

un ifo rm  field  was found . T h e  un ifo rm  field was o f  th e  sam e w avelength , 

illum ination  level and  size as th e  g ra ting  ad ap ta tio n  field . T h e  th resho ld  value
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found  was called  I Q. T h is  was usually d e te rm in ed  20 tim es p e r session and  all 

o f these  values w ere averaged .

6 . T h ese  tw o th resh o ld  values, an d  I Q o b ta in ed  w ith a  g rating  ad ap ta tio n  

fie ld  and  a  u n ifo rm  ad ap ta tio n  field  respectively , w ere used to  d e te rm in e  th e  

g ra tin g  ad ap ta tio n  e ffec t A, defined  as

A  =  log I t — log IQ eq ua tion  4.1 •

In  p lo tting  th e  d a ta  10 is ad justed  to  ze ro , thu s A =  log I t .

F ig u re  4 .3  V isual field  configuration  used in ad ap ta tio n  ex p erim en ts . A fter 
p re lim in ary  view ing o f th e  ad ap ta tio n  g ra ting  w ith th e  left eye fo r two 
m inu tes, th e  tes t g ra ting  on  th e  cond ition ing  field  and  the  ad ap tio n  grating  
w ere  view ed a lte rn a te ly  fo r 2 seconds and  20 seconds.

In  th e  firs t a d a p ta tio n  ex p erim en t p e rfo rm ed  the  g rating  ad ap ta tio n  

e ffec t A  was m easu red  as a  function  o f the  period ic ity  of th e  ad ap ta tio n  

g ra tin g . Its value was d e te rm in ed  four tim es fo r each  ad ap ta tio n  g ra ting . In 

m easu rem en ts  fo r x 3 th e  ad ap ta tio n  g ra ting  w avelength , Xa , was 470 n m  and  

its illum ination  level 3 .6  log td . T h e  tes t g ra ting  viewed by the  righ t eye was 

o f X =  446 nm  an d  it was p resen ted  on  a cond ition ing  background  w ith /x =  

582 nm  and  of 3 .2  log td . illum ination  level. F o r  m easu rem en ts on  r 5, the 

ad ap ta tio n  g ra ting  w avelength  was Xa =  635 nm  and  o f 3 .6  log td .,  th e  test
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w avelen gth , X, was 640 nm  and the con d ition in g  field  o f  w avelength  p =  495  

n m  an d  3 .2  log td . illum ination  level. F igure 4 .4  shows th e  tun ing  curves 

o b ta in ed  u n d e r  these  cond itions.
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F ig u re  4 .4  S pa tia l tun ing  curves fo r th resh o ld  values A  (see  eq u a tio n  4.1) 
m easu red  in  d e tec tio n  o f a  test g ra ting  follow ing ad ap ta tio n  to  a  m a tch ed  
g ra ting  p resen ted  to  th e  co n tra la te ra l eye (see Figure 4 .3 ) . T h e  te s t g ra ting  
w as o f  p eriod ic ity  2 .9  cycles/degree an d  th e  ad ap ta tio n  fa  cycles/degree . (a) 
D e tec tio n  o f  th e  te s t g ra ting  m edia ted  by T 3-m e c h a n ism . T h e  te s t g ra tin g  (X 
=  446 nm ) was su p erim posed  o n  a  un ifo rm  fie ld  (ft =  582 n m , illum ination
3 .2  log td .)  an d  th e  ad ap ta tio n  g ra ting  was o f  w avelength  470 n m  a n d  m ean  
illum ination  3 .6  log tro lan d . D a ta  fo r I .B . ( x  ) an d  J .B .(  •  ) .  D a ta  po in ts  fo r 
J .B .  have b een  d isp laced  upw ards along  th e  A  axis by 0 .3  log un its an d  fo r
I.B . by 0 .07 log un its . (b ) D etec tio n  o f  th e  te s t g ra ting  m ed ia ted  by  x s . 
T h e  tes t g ra ting  (X =  640 nm ) was superim posed  o n  a  u n ifo rm  field  (ft =  495 
n m  illum ination  3 .2  log td .)  an d  th e  ad ap ta tio n  g ra ting  was o f  w avelength  635 
n m  an d  m ean  illum ination  3 .6  log td . D a ta  po in ts  fo r I .B . ( x  ) have b een  
d isp laced  upw ards along  th e  A  axis by 0.21 log units an d  fo r  J .B .(  •  ) by 0 .06 
log un its. A ll values a re  th e  m ean  o f  4 read ings an d  s tan d ard  e rro rs  a re  
show n w ith d a ta  po in ts . T h e  th resh o ld  value fo r th e  un ifo rm  field  is p lo tted  
a t 40 cycles/degree .

T h e  sp a tia l responses fo r  b o th  x -m ech an ism s p eak  sh arp ly  a t  an  

a d a p ta tio n  g ra tin g  sp a tia l frequency  o f  2 .9  cycles/degree , w hich m atches th e  

te s t spatia l frequency . T h e  th resho ld  values a re  ra ised  re la tive  to  th e  un ifo rm  

fie ld  level (p lo tted  a t  40 cycles/degree) on ly  w ith in  th e  freq u en cy  ran g e  0 .9  to

5 .4  cycles/deg ree . T h e  fea tu res  o f  th ese  responses a re  s im ila r to  those  

o b ta in ed  u n d e r b o th  m o n o p tic  and  d ichop tic  p resen ta tio n  o f te s t an d  ad ap ta tio n  

g ra tings by B lakem ore  a n d  C am pbell [1969] an d  M audarbocus an d  R uddock  

[1973 a ,b ]

(c) T h e  E ffec t o f A dap ta tio n  W avelength  on  th e  G ra tin g  A dap ta tion  E ffec t. A

A  was m easu red  as a  function  o f ad ap tio n  g ra ting  w aveleng th , Xa , w ith 

th e  g ra ting  perio d ic ity  m ain ta in ed  a t  2 .9  cycles/degree  in o rd e r  to  give 

m ax im um  ad ap ta tio n  e ffec t. T h e  p a tte rn  view ed by th e  rig h t eye rem ained  

exactly  as in  th e  firs t ex p e rim en t. T h resh o ld  values o b ta in ed  fo r d iffe ren t 

w avelengths o f th e  a d a p ta tio n  grating  a re  show n in figure 4 .5 .

All ad ap ta tio n  w avelengths p roduce  sim ilar th resho ld  e levation  fo r bo th  

x 3 an d  x 5 w ith no  system atic  d ifferences in  sp ec tra l d is tribu tion  betw een  da ta  

fo r th e  two m echan ism s.



A ( n m )
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F ig u re  4 .5  S p ec tra l varia tions in th e  values of A  ob ta ined  a f te r  ad ap ta tio n  to 
a g ra ting  o f  w avelength  Xa . T h e  period ic ity  o f bo th  th e  te s t an d  ad ap ta tio n  
g ratings was equa l to  2 .9  cycles/degree an d  th e  illum ination  level o f the  
ad ap ta tio n  g ra ting  fo r each  value o f Xa  was in  log td : 2 .77  (432nm ), 3 .63 
(471 n m ), 3 .85  (5 4 2 n m ), 4 .19  (590nm ), 3 .98  (635nm ) an d  2 .67  (655nm ). 
V alues fo r d e tec tio n  m ed ia ted  by t  3 an d  by x  s w ere o b ta in ed  w ith  th e  
stim ulus p a ram e te rs  as defined  in  th e  cap tio n  to  figure 4 .4 . (a ) D a ta  fo r
su b jec t I .B ., *  re fe r  to  x 3 and  •  to  x 5. (b ) D a ta  fo r su b jec t J .B . ,  X  re fe r  
to. x 3 an d  » to  t s . E ach  value is th e  m ean  o f  fou r read ings an d  s tan d ard  
e rro rs  a re  show n w ith  th e  da ta  po in ts.

4 .4  D iscussion

T h e  sp a tia l responses o f figure 4 .4  have a n  overall bandw id th  o f 2 to  3 

octaves fo r b o th  t 3 an d  x 5, m uch as is observed  in  a ll th e  ad ap ta tio n  studies

c ited  in  th e  sec tion  2 .2 (b ). T h e re  is som e v a ria tion  in  th e  am p litu d es o f th e

d iffe re n t responses, w ith  su b jec t I .B . giving a  la rg e r peak  resp o n se  fo r r 3 an d  

J .B .  a  la rg e r re sp o n se  fo r  x 5. W hen  d iffe re n t w avelengths w ere used fo r  th e  

ad a p ta tio n  g ra ting  (fig u re  4 .5 ) th e  m ean  values o f  A  fo r  o b se rv e r I .B .,  w hen 

averaged  o v e r a ll th e  ad ap ta tio n  w avelengths used  w ere 0 .30  ± 0 .02  fo r  x 3 

an d  0 .19  ± 0 .02  fo r  x 5. T h e  co rrespond ing  averaged  A  values fo r  J .B . w ere

0 .22  ± 0 .03 an d  0 .24  ± 0 .0 2 . T h ese  values fo r A  a re  o f  sim ilar size to  the

varia tions in  am p litu d e  in  th e  spatia l tun ing  curves. In  o rd e r  to  get as large

an  ad ap ta tio n  e ffec t as possible th e  largest ad ap ta tio n  illum ination  levels

o b ta in ab le  w ith th e  ap p a ra tu s  w ere used. T h e  value d ep en d ed  on  th e  

in te rfe re n ce  f ilte r used  (ac tu a l illum ination  levels a re  listed in  th e  cap tio n  to 

figu re  4 .5 ) so th e  illum ination  level o f  th e  ad ap ta tio n  g rating  varied  w ith  its 

w aveleng th . In  th is second  ex p erim en t th e  a im  was to  co m p are  the  two A 

values o b ta in ed  fo r each  ad ap ta tio n  g ra ting , o n e  w hen d e tec tio n  o f  th e  test 

g ra tin g  was m ed ia ted  by x 3 the  o th e r  w hen it was m ed ia ted  by x 5. F o r bo th  

values th e  sam e ad ap ta tio n  illum ination  level was used.

As discussed in the  section  on  th e  ad ap ta tio n  m echan ism , under
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b inocu la r view ing th e  ad ap ta tio n  effects fo r d ifferen t ad ap ta tio n  w avelengths a re  

equ ivalen t w hen  they  a re  se t to  th e  sam e sup ra th resh o ld  value, how ever A 

values o n ly  ch an g e  slowly as log Ia increases [M audarbocus and  R uddock , 

1973b]. S o , desp ite  using d iffe ren t log I a , values o f  A  fo r d iffe ren t ad ap ta tio n  

g ra ting  w ere  n o t expec ted  to  vary  greatly .

T h e  lack  o f spectra l sensitivity  in th e  data  o f  figure 4 .5  is d em onstra ted  

by tak ing  th e  ra tio  o f th e  m ean  A  fo r Xa <  480 n m , in  w hich reg ion  the  

b lu e -sen sitiv e  co n e  m echan ism  has sign ifican t sensitivity, to  those  fo r Xa >  540 

n m , in  w hich  reg ion  its sensitivity  is very  low. T h e  ra tio s  o f th e  tw o sets o f 

d a ta  (T ab le  4 .1 ) show  th a t fo r n e ith e r  T -m echan ism s do  th e  ratios d iffe r 

g rea tly  fro m  u n ity , thu s th e re  is no  ind ication  o f a n  o p p o n en t response  

involving th e  t 3 m echan ism . A lso, con tribu tions from  a  re d -g re e n  o p p o n en t 

system  can  b e  ru led  o u t by th e  large value o f A  a t  5 40nm , w hich is a n eu tra l 

w avelength  fo r  th e  r e d —green  o p p o n e n t system  m easu red  bo th  psychophysically  

an d  electrophysio log ica lly  [W iesel an d  H ubei, 1966; G o u ras , 1974; d e  

M o n aste rio , 1978a].

S u b jec t * 3 T s

I.B . 1 .0 1 ± 0 .07 1.17 t 0 .10

J .B . 1.55 ± 0.28 0.97 ± 0.08

T a b le  4.1 T h e  average values fo r the  ratios o f A \a >  s 4 onm  7 ^X a< s 4 onm- 
E ig h t values w ere o b ta in ed  by taking AXa> 5 4 onm/A Xa= 43 2nm and

^X a>  5 4 onm / ^X a=  4 7 in m  ( four each ) from  th e  d a ta  o f figure 4 -5 and
th e  m ean  was th en  found . T h e  s tan d ard  erro rs  a re  given with the  m eans.

In  th ese  exp erim en ts  we have show n th a t signals genera ted  in the 

b lu e -sen sitiv e  cones a re  tran sm itted  to  a cen tra l m echan ism  w ith b ro ad —band  

sp ec tra l responses. T h e ir  co n trib u tio n  to the  to ta l signal in a lum inance

129



ch an n e l m ay be re la tive ly  sm all, bu t o u r ex p erim en ts  prov ide no  ev idence  on 

this point.
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5.1 Introduction

T h e  n eu ro n a l processing o f  sp ec tra l c o n ten t in  th e  visual im age 

follow ing tran sd u c tio n  by th e  p h o to recep to rs , can  be conven ien tly  divided into, 

tw o stages. T h e  first, co rrespond ing  to  th e  retina, op tic  n e rv e , LG N  and  

s tr ia te  co rtex , c an  be considered  as th e  'f ilte rin g ' s tage , an d  involves the  

activ ities o f  cells w ith  c ircu la r, c e n tre -su rro u n d  an tagonistic  recep tive  fields 

(e .g . ganglion cell) an d  those w ith o rien ta tio n  specific responses (sim ple and  

com plex  cells o f  th e  s tria te  co rtex ). T h e  second can  be described  as th e  

'c o m p u ta tio n a l ' s tag e , in  w hich th e  filte red  im age is p rocessed  to  gen era te  th e  

perce iv ed  resp o n se . T h e  filtering  process in  th e  hum an  system  can  be stud ied  

by  th e  b ackground  m odu la tion  m e th o d , w hich yields c ircu larly  sym m etric 

c e n tre -su rro u n d  an tagon istic  responses (C h a p te r  T h ree ) an d  by  ad ap ta tio n  

m eth o d s, w hich estab lish  th e  ac tiv ity  o f  o rien ta tio n  sensitive response 

m echan ism s (C h a p te r  F o u r) . T h e  ex p erim en ta l s tudy  o f 'co m p u ta tio n a l' 

p rocesses has p ro v ed  m o re  d ifficu lt, bu t d a ta  perta in in g  to  d iscrim ination  of 

geom etric  p a tte rn s  has been  derived  from  m easurem ents o n  'm u lti-e le m e n t ' 

s tim uli [Ike, R uddock  an d  S k inner, 1987]

In  th is C h a p te r , I describe d a ta  o b ta in ed  fo r two classes o f abnorm ality  

o f  th e  visual pathw ays w hich d isrup t th e  processing o f spatia l p a tte rn s . T h e  

firs t, am blyop ia , involves b lu rring  o f  th e  re tin a l im age w ith co rrespond ing  loss 

o f  visual reso lu tio n  w hich is n eu ra l in  orig in  and  can n o t, th e re fo re , be 

co rrec ted  by re frac tio n . G ro u n d s, H olliday  and  R uddock  [1983] show ed th a t 

fo r  such sub jec ts , c e rta in  spatia l responses d e te rm in ed  by th e  background 

m odula tion  m eth o d  a re  abn o rm al and  I have ex tended  th e  study  to  the  case o f



ta rge ts  w ith negative co n trast. T h e  o th e r  abnorm ality , visual fo rm  agnosia, is 

a  study  o n  a  single su b jec t who lacks th e  ab ility  to  recognise  everyday  ob jec ts . 

In  this case , I have m easured  d iscrim in tion  fo r geom etric  ta rg e ts  w ith 

m u lti-e le m e n t stim uli. T h is  m ethod  has also been  app lied  in  th e  study  o f the 

am blyopes.

5 .2  E xam ina tion  o f  S patia l Processing in A m blyopia 

(a) E x p erim en ta l P ro ced u re

B oth  th e  M axw ellian view  ap p a ra tu s  and  th e  c o m p u te r  co n tro lled , 

p a tte rn  d isc rim ina tion  ap p a ra tu s  (described  in  C h a p te r  T w o) w ere used in  the  

investigation  o f  th e  sp a tia l vision in  am blyopes. T h e  ex p e rim en t ca rried  o u t 

w ith th e  M axw ellian  view  ap p ara tu s  m easu red  th e  spatia l p ro p e rtie s  o f  th e  ST1 

filte r fo r each  o f  th e  am b ly o p es ' eyes sep ara te ly , w ith  b o th  d a rk  an d  light 

c o n tra s t ta rg e ts . In  sec tion  2 .2 (a ) , I described  th e  ch arac teris tics  o f th e  ST1 

filte r found  using a ligh t co n tra s t ta rg e t an d  C h a p te r  T h re e  co n ta in s  th e  results 

o f th e  m easu rem en ts  o f  its charac teristics in norm al su b jec ts  using a dark  

co n tra s t ta rg e t. T h e  field  con figu ra tion  was th a t illu strated  in  figure 2 .10  and 

th resh o ld  illum inations fo r d e tec tio n  o f c ircu la r 3 .5°  d iam e te r  ta rg e t m oving 

across th e  c e n tra l 8 ° o f  a 17° d iam e te r , c ircu lar g ra ting  background w ere 

found  as a fu n c tio n  o f  th e  spatia l frequency , fs , o f the  background grating . 

T h e  n o n —localised  n a tu re  o f th e  ta rg e t e lim inates th e  in fluence o f the 

am blyopes* eccen tric  fixa tion  in th e  d e te rm in a tio n  o f d e tec tio n  th resho lds, the 

8 ° trav erse  o f th e  m oving  ta rg e t being  significantly  g re a te r  th a n  th e  angles of 

eccen tric  fixa tion  in  all bu t one  o f the  am blyopic sub jec ts  (tab le  5 .1 ). 

G ro u n d s, H olliday  an d  R uddock [1983] considered  in  de ta il and  re jec ted  the 

possible co n trib u tio n  o f eccen tric  fixation  to  th e  th resho ld  values. 

M easu rem en ts w ere  m ade fo r bo th  d a rk  (negative) co n trast an d  brigh t (positive)
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co n tra s t ta rgets.

In  th e  p a tte rn  d iscrim ination  ex p erim en ts  th e  m o n ito r was view ed from  

1 .9 m , a t  w hich d is tan ce  it  sub tended  8 .5 °  x  6 .3 °  visual ang le . T h e  p a tte rn  

e lem en ts  used  in  th e  d iscrim ination  experim en ts a re  show n in  figure 2 .30  with 

th e  background  p a tte rn  th e  first o f  each  se t o f  four e lem en ts. T h e  o th e r

th re e  e lem en ts  a re  th e  targets  and  d iffe r from  th e  background by th e ir

o rien ta tio n . T h e  p a tte rn  elem ents a re  o f two d iffe ren t sizes o n e  being th ree  

tim es th e  size o f  th e  o th e rs . T h e  large ta rg e ts  a re  th e  lines (a) w hich a re  

1 .5 °  long , th e  triang les (c ) , (e ) , (g) an d  (h ) w hich have sides o f  1 :5 ° . T h e  

gap o n  th e  co m erless  triang les is 0 .12° fro m  line en d  to  ap ex . T h e  sm all 

ta rge ts  a re  th e  lines (b ) w hich a re  0 .5 °  long an d  th e  triang les (d) an d  (f) 

w hose sides a re  0 .5 °  in  leng th . All line w idths a re  0 .0 3 ° .

A ll th e  ex p e rim en ts  w ere ca rried  o u t w ith 40 background  e lem en ts  an d  

figure 2 .27  show s a typ ica l screen  w ith trian g u la r e lem en ts. 200 p resen ta tions 

w ere  m ad e  fo r  each  se t o f p a tte rn  e lem en ts  (a) to  (h ) to  each  eye separa te ly  

a n d  th e n  to  b o th  eyes to g e th e r o f  th e  am blyopes. T h e  n o rm al observers,

w hose d a ta  w ere req u ired  fo r com parison  pu rposes, ca rr ied  o u t th e  sam e 

ex p erim en ts  as w ell, e x cep t th a t th ey  used on ly  one o f  th e ir  eyes o n  its ow n 

arid th en  b o th  eyes to g e th e r. E ach  ta rg e t type  ap p eared  on  50 occasions and  

a background  e lem en t ap p ea red  as a 'n u ll ' ta rg e t in th e  rem ain ing  50 

occasions. T h e  su b je c t 's  response was m easu red  in term s o f  T j  th e  tim e

req u ired  fo r  50%  p ro bab ility  o f de tec ting  th e  ta rg e t an d  th e  su b je c t 's  accuracy 

was d e te rm in ed  by th e  n u m b er o f  tim es th a t they  m istakenly  p ressed  the

'ta rg e t p re s e n t ' b u tto n  w hen th e  'n u ll ' ta rg e t was p resen ted . T h e  ra te  o f  false 

positive rep lies to  th e  'n u ll ' ta rg e t was n o t m ore  th an  5%  fo r all observers.
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(b) Subjects

F ive strab ism ic am blyopic su b jec ts , w hose deta ils  a re  given in  tab le  5 .1  

an d  seven n o rm a l su b jec ts , a ll aged  betw een  n in e teen  an d  tw e n ty -fo u r  years, 

to o k  p a r t  in  th e  ex p erim en ts . Six o f  th e  n o rm al su b jec ts  an d  all am blyopes

w ere naive psychophysical observers. O n e  o f  th e  am blyopic  sub jec ts , P .D .,  

rep o rted  th a t  w hen  young, he a lte rn a te d  fixation  free ly  b etw een  th e  tw o eyes, 

b u t op h th a lm ic  ex am in a tio n  failed to  confirm  th a t th is is cu rren tly  th e  case 

an d , as w ith all th e  o th e r  am blyopic sub jec ts , resu lts  fo r his no rm al eye  a re  

p resen ted  sep a ra te ly  (G ro u n d s, H olliday  an d  R uddock  [1983] show ed th a t th e  

visual responses w ere sim ilar fo r  e ach  eye o f  a  su b jec t w ith  a lte rn a tin g  

fixa tion).

Subject Sex Age Class Fixat ion 
Angle

V.A
'normal' eye

V.A
'abnormal' eye

M.G. M 22 Con. 1.5°w 6/ 5 6/18
AM. N. F 20 Con. 0.0° 75 7sJ.P. M 19 Div. 8.0°t 6/4 y  12
P.D. M 19 Con. 0.5°n 6/4 75D.G. M 24 Div. 1.5°t 6/6 6/12

T a b le  5.1 D eta ils  o f th e  five strab ism ic am blyopes. T h e  fo u rth  co lum n gives 
th e  c lassification  as co n v erg en t (C o n .) o r  d ivergen t (D iv .) . T h e  fifth  co lum n 
gives th e  ang le  o f  eccen tric  fixation  in  th e  am blyopic  eye , e ith e r  nasal (n ), 
tem p o ra l (t)  o r  w andering  (w ), d e te rm in ed  w ith th e  L inksz s ta r g ra ticu le . 
V isual acu ity  (V .A .)  was m easured  w ith th e  S nellen  te s t c h a r t, w ith  refrac tive  
co rrec tio n . A ll su b jec ts  h ad  no rm al fundi an d  n o n e  was ab le  to  perceive 
im ages in ran d o m  d o t stereog ram s.

(c) Results

ST1 Spatial R esponse

T h e  ST1 sp a tia l reponses w ere m easu red  fo r fo u r n o rm al sub jec ts  using



bo th  positive and  negative con trast targets. T h e  m ean  data  is p lo tted  in figure

5.1 an d  th e  cu rves, w ith peaks a t 4 to  5 cycles/degree, a re  the  sam e fo r bo th  

ta rg e t ty p es a n d  sim ilar to  previous da ta  published  fo r th e  light ta rg e t [B arbu r 

an d  R uddock , 1980a; H olliday  an d  R uddock , 1983] and  fo r th e  d a rk  ta rg e t (see 

C h a p te r  T h re e ) .

F ig u re  5.1 T h resh o ld  illum ination , It , fo r d e tec tion  o f a 3 .5 °  d iam ete r ta rg e t 
m oving across th e  cen tra l 8 o f a  17 d iam ete r c ircu la r g rating  background  of 
p e riod ic ity , fs . M ean  background  illum ination , log I5  =  1 .4  log td . A verage 
values fo r fo u r sub jec ts  w ith no rm al vision; dark  circles re fe r to  dark  
(negative) co n tra s t ta rge ts  and  light circles to  light (positive) co n trast ta rgets. 
T h e  d a ta  is no rm alized  to  a p eak  value o f log It equal to  o n e . E rro r  bars 
d en o te  th e  stan d ard  e rro rs  am ongst the  subjects.
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F ig u re  5 .2  As figure 5 .1 , bu t m ean  values a re  fo r five sub jec ts  w ith 
strab ism ic am blyop ia . A verage da ta  fo r th e  'n o rm a l ' eyes, N , an d  the  
'a b n o rm a l ' eyes, A.
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T h e  ST1 spatia l response was m easured for each  eye separa te ly  o f the 

five am blyopes an d  fo r b o th  light an d  d a rk  co n trast ta rgets. T h e  m ean  data  

fo r  th e  n o rm a l eyes an d  th e  m eans fo r th e  abnorm al eyes a re  p lo tted  

sep ara te ly  in  figure 5 .2 . T h e  response curves, w hich p eak  a t a spatial

frequency  o f  2  to  3 cycles/degree fo r bo th  eyes an d  bo th  ta rg e t types, a re  

d isp laced  to  low  frequencies re la tive to  th e  norm al responses and  a re  sim ilar to 

those  found  fo r ligh t (positive) co n trast targets fo r each  eye o f  a large group  

o f am blyopes [G ro u n d s, H olliday and  R uddock , 1983].

P a tte rn  D iscrim ination

V alues o f  T   ̂ fo r de tec tion  o f th e  ta rg e t a re  show n in  figures 5 .3  to

5 .7  w here  T  fo r  th e  single eye (ab n o rm al o r  norm al) is p lo tted  against T ^ , 

th e  tim e tak en  fo r  bo th  eyes to g e th e r, fo r each  o f th e  e igh t sets o f p a tte rn

•  e lem en ts  show n in  figures 2 .30  (a) to  (h ) respectively . T h e  m ean  d a ta  fo r

n o rm al su b jec ts  a re  d en o ted  +■ an d  those fo r the am blyopic subjects a re

d en o ted  O an d  •  fo r th e  ab n o rm al and  no rm al eyes respectively . T h e  reaction  

tim es fo r  th e  d iffe re n t ta rge ts  a re  n o t d istinguished in each  g roup  as it is the

overa ll resp o n se  tim e , an d  n o t th e  d iscrim ination  o f the d iffe ren t ta rge t

o rien ta tio n s w hich  is im p o rtan t. T h e  d o tted  line on  each  g raph  shows the  line

T = V

F o r  a  background  consisting o f vertically  o rien ta ted  stra igh t lines (figure 

5 .3) th e  T  values fo r e ith e r  eye a re  sim ilar to those o b ta ined  for bo th  eyes,

fo r bo th  sizes o f  the  line e lem en ts. F igures 5 .4  and  5 .5 , which re fe r  to

background  e lem en ts  A  and  ^  , show  th a t response tim es a re  m ostly g rea te r 

th an  fo r single line elem en ts. W ith  the  sm all targets (figures 5 .4  (a) and  5.5 

(a)) T  values fo r th e  'a b n o rm a l' eyes a re  g rea te r th an  those fo r th e  'n o rm a l ' 

eyes, and  fo r th e  b inocu la r response , the  th ree  la tte r  values being sim ilar.

139



F ig u re  5 .3  T h e  tim e , T ,  fo r the  ta rg e t to be d e tec ted  using one  eye on  50%  
o f occasions, p lo tted  against th e  equ ivalen t tim e , T ^ , o b ta in ed  w ith b inocu lar 
view ing. T h e  back g ro u n d  e lem en ts w ere vertically  o rien ta ted  stra ig h t lines, o  , 
d a ta  fo r th e  'a b n o rm a l ' eye o f am blyopic sub jec ts; •  , d a ta  fo r the 'n o rm a l' 
eye o f  am blyopic  su b jec ts ; +  , da ta  fo r e ith e r  the  righ t o r  le ft eyes o f the 
n o rm a l sub jec ts . D a ta  se t (a ) re fe r to  lines o f length  0 .5  and  (b) to lines of 
len g th  1 .5 ° . •
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0.0 0.5 1.0 1.5

F ig u re  5 .4  As fo r Figure 5 .3 , bu t fo r background e lem en ts A  . D ata  se t (a) 
re fe r  to  e lem en ts  co n struc ted  from  lines o f length  0 .5  and  (b) to e lem en ts 
co n stru c ted  fro m  lines o f leng th  1.5 .



F ig u re  5 .4  (c o n t.)
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F ig u re  5 .5  As figure 5 .3 , bu t fo r background  e lem en ts t> . D ata  se t (a) 
re fe r  to  line leng th  0 .5°  and  (b) to  line leng th  1 .5  .
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Figure 5.5 (cont.)

F o r  large ta rg e ts  (figures 5 .4  (b) and  5.5 (b )) , how ever the  da ta  fo r the 

'a b n o rm a l ' eyes a re  sim ila r to  those fo r the  'n o rm a l ' eyes and  to  th e  b inocu lar 

va lues, an d  a re  th e re fo re  c lustered  a ro u n d  th e  line T =  T  ^  . T h e  da ta  fo r the 

background  e lem en ts  / \  an d  a re  p lo tted  in figures 5 .6  an d  5 .7  w here only

th e  sm all e lem en ts  (0 .5 °  side length) w ere used . D iscrim ination  tim es for

these  targets a re  sign ifican tly  g rea te r th an  those fo r o rd in a ry  triangles and  the 

values fo r th e  'a b n o rm a l ' eyes of th e  am blyopes a re  g rea te r th a n  those  for 

th e ir  'n o rm a l ' eyes, an d  fo r those o b ta ined  w ith b o th  eyes.
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F ig u re  5 .6  As fo r Figure 5 .3 , bu t fo r background e lem en ts , / >  . T h e  line 
leng ths w ere 0 .5  .

T h e  d a ta  fo r th e  no rm al su b jec ts ’ eyes show  sim ilar reac tion  tim es fo r 

th e  single eye an d  b o th  eyes to g e th e r and  a re  c lustered  along th e  T = T b  line , 

bu t th ey  show  an  increase  in T  values from  elem en ts I to  A  and  &  to  

/ >  and  O  •
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F ig u re  5 .7  As fo r figure 5 .3 , b u t fo r background  e lem en ts , O  . T h e  line 
leng ths w ere 0 .5  .

(d ) D iscussion

T h ese  ex p erim en ts  m easured  two ch arac teristics o f spatia l vision in 

am blyop ia , th e  spatia l response o f th e  ST1 filte r and  th e  d iscrim ination  of 

p a tte rn  o rien ta io n . ST1 spatia l responses fo r n o rm al sub jec ts p eak  a t a spatia l
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frequency  a ro u n d  4 cycles/degree w hereas those for the am blyopes peak  a t 

low er sp a tia l frequencies fo r bo th  'n o rm a l' and  'a b n o rm a l' eyes. A  sim ilar

resu lt was found  by G ro u n d s, H olliday an d  R uddock [1983] w ho suggested th a t 

th e  low  spatia l frequency  shift w hich occured  fo r th e  'n o rm a l ' eye was due  to  

th e  p a tch in g  tre a tm e n t fo r th e  squin t given during  ch ildhood. All the  

am blyopes w ho took  p a r t  in  th e  experim en ts had  patch ing  tre a tm e n t excep t 

J .P .  a n d , in  ag reem en t w ith the  suggestion o f G ro unds, H olliday and  R uddock 

[1983], th is su b je c t 's  'n o rm a l ' eye gave a  no rm al ST1 spatia l response w ith  no  

sh ift in  th e  p eak  frequency .

I t has b een  suggested th a t th e  ST1 filte r, w ith its sm all spatia l ex ten t 

an d  lo w -p ass  tem p o ra l response , co rresponds to  th e  X —type cells found  

p re -c o rtic a lly  in  p rim a te  pathw ays (see section  2 .2  (a) and  th e  discussion

section  o f  H olliday  an d  R uddock , 1983). In  C h a p te r  T h re e  it was also

suggested  th a t th e  light an d  d a rk  co n trast ta rge ts , w hich give sim ilar ST1 filte r

responses, re flec t th e  activ ity  o f 'o n ' and  'o f f ' c e n tre  electrophysiological 

m echan ism s. T h e  am blyopic  sub jec ts show  sim ilar low  frequency  shifts o f the  

ST1 spatia l cu rve  fo r b o th  dark  o r  light co n trast ta rge ts  and  this im plies th a t 

bo th  th e ir  'o n ' an d  'o f f ' c en tre  X —type m echanism s a re  affec ted , and  have 

la rg e r recep tiv e  field  sizes th an  no rm al. In  experim en ts on  strabism ic

am blyop ia , induced  by surgical m an ipu la tion  during  th e  critical period  o f the 

k itten  eye , it  was found  [Ikeda and  T rem a in , 1978, 1979; Ikeda, T rem ain  and  

E in o n , 1978; Ikeda , 1980] th a t bo th  'o n ' and  'o f f ' c en tre  X - ty p e  ganglion and  

gen icu late  cells had  increased  recep tive  field sizes co m p ared  with norm al cats.

As th e  d a ta  o f figure 5 .3  shows the strab ism ic am blyopes p erfo rm  as 

well as n o rm al sub jec ts  a t th e  d iscrim ination  o f ro ta ted  single lines w ith e ith e r 

th e ir  'n o rm a l ' o r  'a b n o rm a l' eyes. F o r the sm all (0 .5  side length) trian g u la r 

e lem en ts , how ever, responses fo r the am blyopes 'a b n o rm a l' eye a re  m uch
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F ig u re  5.8 V alue o f 5, equal to T -T f , , p lo tted  against ^  . D ata  taken  from  
figures 5.3 to  5.7. (a) F o r background elem ents I (figure 5 .3 ). D ata  for
th e  'a b n o rm a l1 eyes o f th e  am blyopes a re  den o ted  by o  (0 .5 ° line length) and  
; a (1.5 lin e  length^; those  fo r th e  'n o rm a l' eyes a re  den o ted  by •  (0.5° line 
leng th ) a n d  A (1.5 line le n g th ) ; an d  fo r th e  no rm al sub jec ts by +  (0.5 ° line 
leng th ) a n d  x  (1.5 line leng th ). (b) F o r background e lem ents A  (figure 
5.4), sym bols as fo r (a ) . (c) F o r  background e lem en ts ^  (figure  5.5),
sym bols as fo r  (a ) , (d ) F o r  background e lem ents /_> (Figure 5.6) an d  £
(figure  5.7). D ata  fo r 'a b n o rm a l' eyes o f am blyopes d en o ted  by o (e lem en ts  

/> )  an d  A  (e lem en ts  •> ) ;  d a ta  fo r 'n o rm a l' eyes o f  th e  am blyopes d en o ted  
by •  (e lem en ts  O  ) an d  A (e lem en ts  •> ) ; da ta  fo r no rm al sub jects den o ted  
by +  (e lem en ts  o  ) and  x  (e lem en ts O ) .

longer th a n  fo r  th e ir  'n o rm a l ' eye and  fo r the  eyes o f  norm al sub jec ts. T h e  

delayed  responses fo r th e  'a b n o rm a l' eye observed w ith som e p a tte rn  e lem en ts 

is d em o n stra ted  in  figure 5 .8 , w here th e  average values o f  th e  d iffe ren ce , 5 , 

b e tw een  T  o b ta in ed  w ith a single eye and  T 5  o b ta in ed  w ith bo th  eyes ( i .e . 

T —"^ ) , is p io tted  against Tf, , th e  values being taken  fro m  th e  da ta  in figures

5 .3  to  5 .7 . W ith  th e  sm all trian g u la r e lem ents 5 values fo r th e  'a b n o rm a l' 

eyes (d a ta  po in ts  o  an d  in  figure 5 .8 (d ) only , A  ) a re  large w hile those  fo r

th e  'n o rm a l e y es ' ( •  an d  ▲ ) an d  those  fo r th e  n o rm al sub jec ts  ( -V and  X )

a re  gen era lly  sm alle r co rresp o n d in g  to  th e  resu lt T ^ T ^ . F o r th e  larger

trian g u la r e lem en ts  (d a ta  po in ts A  in figures 5 .8  (b) and  (c)) and  fo r the 

single lines (d a ta  po in ts o  and  A  ) 6 values for th e  'a b n o rm a l' eyes are  

sim ilar to  th o se  fo r th e  'n o rm a l ' eyes, thus th e ir  p e rfo rm an ce  is sim ilar for 

each  eye.

T h e  am b ly o p es ' p o o r d iscrim ination  p erfo rm an ce  fo r sm all triangu lar 

e lem en ts  c a n n o t be exp la ined  solely by a loss in spatia l reso lu tion  associated 

w ith th e  low  frequency  ST1 spatia l response because th e re  is no co rre la tio n  

betw een  d isc rim ina tion  p e rfo rm an ce  and  am o u n t o f sh ift o f the ST1 curve

peak . F o r  ex am p le , su b jec t D .G . show ed the  biggest d ifference  betw een  T  

values fo r th e  'n o rm a l ' and  'a b n o rm a l' eyes, w hereas his ST1 curves, p lo tted  

in figure 5 .9 , p eak  to  th e  high frequency  side o f the  m ean  fo r the  am blyopes.



F ig u re  5 .9  D a ta  fo r th e  'a b n o rm a l' eye o f su b jec t D .G . (fu ll lines with 
sym bols), p lo tted  w ith  th e  m ean  da ta  fo r th e  'a b n o rm a l' eyes o f th e  five 
am blyopes tak en  from  figure 5 .2 . U p p e r d a ta  sets re fe r  to  a d a rk  ta rg e t and  
low er d a ta  sets to  a light ta rg e t. E rro r  bars give stan d ard  e rro rs  o f D .G . 's
da ta
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It should  also be no ted  th a t sim ilar ST1 responses w ere ob ta ined  with bo th  the 

'norm al*  an d  'a b n o rm a l' • eyes o f the am blyopic sub jects bu t on ly  th e ir  

'a b n o rm a l ' eyes show ed p o o r p a tte rn  d iscrim ination  ability . A  co rrespond ing  

resu lt was ob ta in ed  by G ro u n d s, H olliday an d  R uddock  [1983], who found  no 

co rre la tio n  betw een  th e  ST1 spatia l response an d  Snellen  acuity . I t w ould be 

ex p ec ted , how ever, th a t since th e  d iscrim ination  task perfo rm ed  in  th e  p resen t 

ex p erim en ts  involving h igh co n tras t targets is s im ilar to  th e  Snellen  te s t, a  

co rre la tio n  b etw een  p e rfo rm an ce  o n  th e  tw o tests would b e  found . In  o rd e r 

to  exam ine  th is , th e  d iffe rence  betw een T  values, T a (abnorm al) an d  T n 

(n o rm a l) , fo r each  eye o f  th e  am blyopes, averaged  o v e r all m easurem ents w ith 

th e  sm all tr ian g u la r e lem en ts , was p lo tted  against Snellen  acu ity  in  figure 5 .10 . 

T h e re  is a  s trong  co rre la tio n  betw een  th e  two variables w ith ( T a —TJj) 

increasing  as acu ity  falls. S u b jec t D .G ., how ever, has th e  largest value fo r 

( Ta — ),  d esp ite  having  an  in te rm ed ia te  value fo r S nellen  acu ity . T h is  su b jec t 

has a  severe  re frac tiv e  e r ro r  in his am blyopic eye (3 /60 w ithout co rrec tio n  and  

6/12 w ith  co rrec tio n ) w hich was co rrec ted  fo r these  ex p erim en ts , bu t generally  

he  does n o t w ear re frac tiv e  co rrec tio n . H is strab ism ic defic it is th e re fo re  

co m p o u n d ed  by a re frac tiv e  defic it and  th is m ay  co n trib u te  to  th e  large T  

values fo r his 'a b n o rm a l ' eye.

T h e  resu lts o f  these  experim en ts can  be co m p ared  w ith those o f o th e r  

stud ies o n  am blyop ia . I t is no tew orthy  th a t desp ite  having severe loss in 

S ne llen  acu ity , th e  am blyopic  subjects a re  un im p aired  a t orientahon 

d isc rim ina tion  fo r  a  background  o f  single lines and  V ogels, O rb an  and  

V andenbussche [1984] using a d iffe ren t m eth o d  o f  m easuring  d iscrim ination  o f 

line o rien ta tio n  concluded  th a t this response is u n im p aired  in am blyopia . Levi 

an d  K lein [1982] found  th a t fo r strabism ic am blyopes, v e rn ie r acu ity  is re la ted  

to  Snellen  acu ity  bu t th a t p erfo rm an ce  a t n e ith e r o f these  could be p red ic ted



F ig u re  5 .1 0  T h e  d iffe ren ce  betw een  th e  charac teris tic  response tim es reco rded  
fo r th e  'a b n o rm a l ' an d  'n o rm a l ' eye o f each  am blyope , T a — , p lo tted  against 
th e  S nellen  acu ity  reco rd ed  fo r th e  'a b n o rm a l' eye . D ata  a re  averaged  for
e lem en ts  o f  line leng th  0 .5  , tak en  from  figures 5 .4  (a ) , 5 .5  (a ) , 5 .6  and  5 .7 , 
an d  e r ro r  bars d en o te  stan d ard  e rro rs  o f the  m eans. Sub jec ts P .D . (1), 
A M .N . (2 ), J .P .  (3 ), M .G . (4) and  D .G . (5).

fro m  th e ir  reso lu tio n  fo r sim ple gratings. T h e  trian g u la r e lem en ts used in  the 

ex p e rim en ts  described  above , fo r w hich the  am blyopes su ffe r loss o f o rien ta tio n  

d iscrim in a tio n  (figu re  5 .4  to  5 .7 ) , a re  sim ilar to  the  S nellen  acu ity  targets, 

th e re fo re  th e  c o rre la tio n  betw een  these ex p erim en ts  and  visual acu ity  (figure 

5 .10) is to  be exp ec ted . T h e  ST1 responses (see Figure 2 .14) o b ta in ed  with 

g ratings p ro b ab ly  arise a t an  early  stage o f  visual p rocessing [H olliday  and  

R uddock , 1983] an d  the  lack o f co rre la tio n  in th e  am blyopic d a ta  be tw een  this
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response  and  th e  o rien ta tio n  d a ta  fo r triangu la r e lem ents is, th e re fo re ,

co n sis ten t w ith Levi an d  K le in 's  [1982] conclusions.

B arb u r an d  R uddock  [1980] found  th a t fo r n o rm al su b jec ts  th e  ST1 

sp a tia l resp o n se  w hen m easured  n o n -fo v ea lly , show s a  sh ift in  its p eak  position  

to  low er sp a tia l frequencies sim ilar to  th a t o b ta ined  by  th e  am blyopes. Levi 

an d  K lein  [1986] concluded  th a t bo th  n o rm al p e rip h era l vision an d  cen tra l 

vision in  strab ism ic am blyopia a re  ch a rac terized  by sparse  sam pling in  the

sp a tia l d o m ain , an d  th e  low  frequency  ST1 spatia l characteristics im ply 

p rec ise ly  such  a  m echan ism .

T h e  am blyopic d iscrim ination  responses w ere sim ulated  in  no rm al

su b jec ts  by deg rad ing  o r  dem agnify ing  th e  im ages. T h u s  a defocusing  + 4

d io p te rs  lens caused  a  fiv e -fo ld  increase  in  T  values fo r J .M .B  (background  
e lem en ts  A  )• D ecreasing  th e  e lem en ts  to  h a lf  th e ir  prev ious m in im um  size

(sides o f  leng th  0 .25°) increases T  by a fac to r  o f  1 .5  (su b jec t J .M .B .)  an d  1 .6

(su b je c t A .J .)  w ith  background  e lem en ts A  an d  by a fac to r o f  1 .25  (su b jec t

J .M .B .)  an d  1 .7  (su b jec t A .J .)  w ith  background e lem en ts ^  . T hus

d eg rad a tio n  o f im age quality  o r  reduc tion  o f stim ulus size b o th  lead  to  increase

in  th e  resp o n se  tim e T ,  an d  th e re fo re  the  am blyopic d a ta  fo r th e  'a b n o rm a l'

eye a re  consisten t w ith responses o f  a system  w ith reduced  spatia l reso lu tion .

S trab ism ic am blyopes have a defic it in  first stage processing o f  spatial 

in fo rm a tio n , as is show n by th e  sh ift to  low er spatia l frequency  o f  th e ir  ST1 

sp a tia l m echan ism . T h e ir  visual p rob lem s can n o t be a ttrib u ted  solely to  this 

ch an g e  in  S T 1 , how ever, as th e ir  p o o r p e rfo rm an ce  a t o rien ta tio n  

d iscrim in a tio n  observed  fo r som e ta rge ts , occurs on ly  fo r th e ir  'a b n o rm a l' eye 

an d  n o t fo r  th e ir  'n o rm a l ' eye , d esp ite  the  fac t th a t ST1 responses a re  sim ilar 

fo r  th e  two eyes. It is concluded  th a t o th e r  fac to rs, arising  cen tra lly  w ith 

re sp ec t to  th e  ST1 filte r, m ust co n trib u te  to  th e  loss o f  visual reso lu tion  and  

reduced  d iscrim ination  in am blyopia .
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5.3 Examination of Spatial Processing in Visual Agnosia

(a ) E x p erim en ta l P ro ced u re

T h e  m ajo rity  o f  th e  experim en ts to  investigate spatia l p rocessing  in 

visual agnosia  w ere ca rried  o u t using th e  co m p u te r co n tro lled , co lo u r m o n ito r 

and  involved th e  m easu rem en t o f  p a tte rn  d iscrim ination  ability. T h e  stim ulus 4

p a tte rn s  used a re  show n in  figure 2 .3 1 , th e  background e lem en t being  th e  first

o f each  se t o f fo u r, follow ed by th e  th ree  targets . A  background e lem en t 

p rovides a fo u rth , o r  'n u ll ' ta rg e t, and  th e  n u m b er o f e rro rs  fo r th is  ta rg e t 

gives a m easu re  o f  an  o b se rv e r 's  accuracy . T h e  p a tte rn  stim uli a re  a rran g ed  

in  g roups acco rd ing  to  th e  p a ra m e te r  by w hich ta rge ts  a re  d iffe ren tia ted  fro m  

th e  background  — o rie n ta tio n , m agn ifica tion , te x tu re , lightness an d  d is to rtio n .

R eac tio n  tim es to  find ta rg e ts  w ere m easu red  an d  th e  resu lts a re  ch a rac te rized  

by th e  tim e , T ^ ,  a t  w hich a ta rg e t is d e tec ted  on  50%  o f  occasions. A  single 

ex p e rim e n t consists o f tw en ty —five p resen ta tio n s o f each  ta rg e t i .e . fo r each  se t 

o f e lem en ts  in  figure 2.31 a h u n d red  p resen ta tio n s a re  m ade, and  a t each  

p re sen ta tio n , any  o n e  o f th e  targets m ay ap p ea r. F o r m any o f th e  p a tte rn s

th e  ex p e rim e n t was re p e a te d  and  a to tal o f two h u n d red  p resen ta tio n s w ere 

m ade  fo r e a c h  g roup  o f fo u r e lem ents.

In th e  m a jo rity  o f th e  experim en ts to  be described  th e re  w ere 20

background  e lem en ts , as a  g rea te r  n u m b er th an  this m ade th e  experim en ts •

excessively d ifficu lt and  tiring  fo r the  visual agnosic su b jec t. H ow ever, in the 

o rien ta tio n  d isc rim ina tion  ex p erim en ts , a  background  o f 40 e lem ents was used 

fo r th e  d iscrim in a tio n  o f stra ig h t lines and  para lle l lines. A  background  o f 40 

e lem en ts was also used in th e  m agnification  d iscrim ination  o f s tra igh t lines.

T w o o th e r  ex p erim en ts , in w hich the  background p a ram e te rs  w ere 

varied , w ere ca rried  o u t. O n e  m easured  he e ffec t o f the  n u m b er of
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background  e lem en ts , N , on  response tim es an d  e rro r  ra tes, fo r w hich values 

o f N = l ,  2 , 3 , 4 , 5 , 7 , 10 , 15 and  20 w ere used w ith p a tte rn  stim uli A  

.iSb A .  an d  N = l ,  5 , 10 an d  20 w ith th e  p a tte rn  stim uli A  ^  ^  . T h e

o th e r  investigated  th e  in fluence  o f  ta rg e t sep a ra tio n , s, o n  response tim es and  

e r ro r  ra te s  w hen  o n e  background  and  o n e  ta rg e t d raw n from  th e  p a tte rn  

stim uli A  . .--Si ▲  w ere used. T h e  p ro ced u re  fo r this ex p erim en t is

described  in  section  2 .4  (c ).

W h ere  possib le, tim ing  was carried  o u t using th e  sh o rt tim e sca le , w ith 

tim ing  o f  responses up  to  1500m s, in o rd e r  to  o b ta in  th e  best reso lu tion , bu t 

fo r  m ost o f th e  ex p erim en ts  involving th e  visual agnosic su b jec t th e  larger 

tim escale  (described  in  sec tion  2 .4  (a)) was necessary , an d  th is ex ten d ed  th e  

tim esca le  to  10 seconds. A t th e  en d  o f  each  ex p e rim en t th e  n u m b er o f  e rro rs  

m ad e  fo r  each  ta rg e t ty p e  was reco rd ed . T h e  sc reen  was view ed w ith  b o th  

eyes a n d  it was o f d im ensions 9 .5 °  x 7 .1 # w hile th e  single line  ta rg e ts , th e  

sides o f  th e  trian g u la r an d  square  e lem en ts an d  the  d iam e te r  o f th e  c ircu lar 

an d  h a lf -c irc u la r  ta rg e ts  w ere  all o f 30 m inu tes o f a rc  leng th  an d  o f w id th  2 

m in u tes  o f  a rc . T h ese  d im ensions w ere varied  on ly  in  ex p erim en ts  involving 

change  in  m agn ifica tion .

T h e  M axw ellian  view  op tica l system  (figure  2.2) was used to  d e te rm in e  

in c re m e n t th resh o ld  fo r d e tec tio n  o f a  c ircu la r, 3 .5 °  d iam e te r, light ta rg e t 

flashed , fo r  0.1 seconds, o n  th e  cen tre  o f a  30° d iam ete r, un ifo rm  background, 

th e  m e th o d  o f  m easu rem en t being described  in sec tion  2 .2  (d ). T h resh o ld  

illum in a tio n  fo r  th e  ta rg e t was d e te rm in ed  as a function  o f background 

illu m in a tio n , 1^, using th e  th resh o ld  p ro g ram  (section  2 .2  (a )). T h e  W right 

tris tim u lus co lo rim e te r w hich provides n e a r m onochrom atic  stim uli [W righ t, 

1927—28, 1946] was used to  check  the  visual agnosic su b je c t's  w avelength  

d iscrim in a tio n  and  b righ tness m atch ing . C o n trast th resho ld  sensitiv ity  was
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d ete rm in ed  w ith pho tog raph ic  p lates designed by B arbu r [1986], and  s tereoscopy  

w ith tw o -c o lo u r  anaglyphs [Ju lesz ,1971].

(b) T h e  V isual Agnosic S ub jec t

H .J .A . is a  s ix ty -sev en  year o ld  m an  w ho un til 1981 had  n o rm al 

vision. In  A pril 1981 he su ffered  a  's tro k e ' a f te r  a  surgical o p e ra tio n  and  

follow ing th is he has had  p rob lem s w ith recognizing even  fam iliar ob jec ts . 

T h e  d efic it is re s tric ted  to  vision, as o th e r  senses a p p e a r  to  function  norm ally . 

H e c a n n o t recogn ize  friends an d  relatives by th e ir  faces, a lthough  he  can  see 

th e ir  eyes, noses e tc .,  bu t as soon  as th ey  speak  o r  m ake any  gesture p ecu lia r

to  them selves h e  can  iden tify  th em . H e  can  recogn ize  som e ob jec ts  by  using

co n tex tu a l in fo rm a tio n , b u t h e  finds p ic tu res o f  o b jec ts  p a rticu la rly  d ifficu lt to  

recogn ize  a lth o u g h  h e  can  copy  th em  (b u t in  a  slavish lin e -b y —line fash ion). 

B ecause o f  his visual agnosia h e  also has d ifficulty  find ing  his w ay aro u n d  

( to p o g rap h ica l agnosia) an d  difficu lty  w ith read ing . Im m edia te ly  a f te r  the  

s tro k e , h e  cou ld  n o t read  a t  all b u t w ith p rac tice  he  has im proved  and  can

read  typed  sc rip t in a le tte r—by—le tte r  fash ion . H e has considerab le  d ifficulty  

w ith cursive handw riting  and  a lthough  he can  w rite he can n o t easily read  back 

w hat he  has w ritten . H e also has no co lou r d iscrim ination  (ach ro m ato p sia ), as 

one  o f th e  tests c a rried  o u t show s, and  he describes every th ing  he sees as 

being  in sh ad es o f grey.

T h e  basic fea tu res  o f his spatia l vision have b een  described  elsew here 

[H u m p h rey s an d  R iddoch , 1984, 1987]. H e has a b ila te ra l sco tom a in  the

u p p e r h a lf  visual fields bu t w ith ap p ro p ria te  re frac tive  co rrec tio n  he has ^/6 

S nellen  v isual acu ity  in  th e  in tac t field . T h e  sco tom a d id  n o t ex ten d  

com plete ly  to  th e  fovea and  u n d er th e  conditions used in th e  experim en ts he 

was still ab le  to  see th e  w hole sc reen  w hen he fixated  o n  th e  low er edge.



A  C T  X —ray  scan (figure 5.11) shows extensive b ra in  dam age in  both  

occip ita l lobes, in th e  a re a  supplied  by th e  poste rio r ce reb ra l a r te ry . His 

cond ition  is s tab le  and  he  is a  good su b jec t, being very keen  and  in te rested  in 

th e  ex p erim en ts  he pe rfo rm s. T h e  stroke caused  no  im pairm en t o f in te llec tual 

ab ility  o r  m em ory  an d  n o n e  of his o th e r  senses is affected .

F ig u re  5.11 C T  X - r a y  scan o f H .J .A . T h e  m arked  areas on  th e  inset 
d iag ram  show  a b ila te ra l lesion in th e  reg ion  supp lied  by the  p o ste rio r ce reb ra l 
a rte ry .

In  o rd e r to  p rovide com parison  d a ta  fo r norm al p e rfo rm an ce , a large 

n u m b er o f naive sub jec ts  ca rried  ou t the  sam e experim en ts as H .J .A . , under 

th e  sam e conditions.
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(c) Results

O rien ta tio n  d iscrim ination

O rien ta tio n  d iscrim ination  was m easured  fo r lin ea r and  tw o d im ensional 

e lem en ts (figu re  2.31) and  bo th  T ̂  and  e rro r  ra te s  reco rd ed  an d  p lo tted  in  

figure 5.12 (a) to  (1). D ata  po in ts o a re  fo r H .J .A . an d  da ta  po in ts •  a re  

fo r th e  averaged  d a ta  o f th ree  norm al sub jec ts. All th e  e r ro r  scores b o th  fo r 

n o rm al sub jec ts an d  H .J .A . w ere, in th e  case o f single line e lem en ts, less th an  

5 %  an d  a re  n o t p lo tted .

a.
0.0
(N
- Xh-
cn
o

Bk I

-1 .01--------- 1---------1-------L.
0 30 60 90

0 (deg.)

F ig u re  5 .12  O rie n ta tio n  d iscrim ination  fo r sub jec t H .J .A . (o p en  circles) and  
m ean  data  fo r th re e  n o rm al subjects (full circles). V alues o f th e  tim e T  for 
th e  ta rge t to  be d e tec ted  on 50%  o f occasions a re  p lo tted  against ta rg e t 
o rien ta tio n  © fo r (a ) s tra igh t line e lem en ts, / (b ) d o tted  line e lem en ts , i and
(c )  elem ents consisting  o f four para lle l lines llll . E rro r  scores for e lem en ts 

| , : w ere n o t m o re  th an  5% . E rro r  bars on  the  no rm al da ta  d en o te  the  
sp read  betw een  th e  th ree  subjects.
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6 (deg.)

F ig u re  5 .1 2  co n t. Log and  percen tage  e r ro r  p lo tted  against ta rg e t
o rien ta tio n . (d ) E lem en ts  A ,  (e) e lem ents A  , (f) e lem ents t> an d  (g) 
e lem ents V  . D a ta  po in ts  o  fo r H .J .A . and  « fo r th e  averaged  da ta  of 
no rm al sub jec ts.
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F ig u re  5 .1 2  c o n t. As fo r (d) (h ) e lem en ts till. , (i) e lem ents A  , ( j)  e lem ents
• \ ( k )  e lem en ts  r\ , (1) e lem en ts /\ .

H .J .A . 's  values vary enorm ously  from  n e a r n o rm al fo r  I and  j 

e lem en ts to  very  p o o r fo r m any  o f th e  tw o dim ensional e lem en ts. F o r  som e 

o f th e  trian g u la r e lem en ts  h e  does n o t m anage to  d e tec t th e  m irro r  im age 

ta rg e t e .g . A -» V o n  50%  o f occasions. T h e  d ifference  betw een  H .J .A . 's  

response  tim es an d  those  o f th e  no rm al sub jec ts  is illustrated  fu r th e r  by figure 

5 .1 3 . F o r  th e  nu ll ta rg e t, H .J .A . 's  e rro r  sco re  is as low  o r  low er th a n  th a t 

o f th e  n o rm al su b jec ts , bu t fo r the  o th e r  ta rg e ts  he has la rg er e r ro r  scores, 

th e  largest occu rring  in  con ju n c tio n  w ith th e  largest values o f T ^ .
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F ig u re  5 .13  T h e  m ean  values o f fo r th e  th ree  n o rm al sub jec ts  fo r  each  
ta rg e t type a re  p lo tted  against th e  T   ̂ values o b ta ined  by H .J .A . T h e  ta rg e t 
type is p lo tted  as th e  d a ta  p o in t and  the  da ta  a re  from  figure 5 .12 .

M agnification  D iscrim ination

In figure 5 .14  T ^  values and  e rro r  scores fo r m agnification

discrim ination  a re  p lo tted  against the  m agnification  o f the  ta rg e t, expressed  as 

61, th e  d iffe rence  betw een  the  line length  o f the  e lem en ts from  w hich the 

d iffe ren t p a tte rn s  ( I  , A  and  □  ) a re  construc ted . O n  th e  positive 6 axes 

th e  ta rg e t is b igger th a n  the  background and  on  the negative 6 axes it is 

sm aller than  th e  background . H .J .A .’s T ^  values (d a ta  po in ts o  ) a re  g rea te r 

th an  norm al (d a ta  po in ts • ) and  sim ilarly  to  th e  o rien ta tio n  d iscrim ination

d a ta , his e r ro r  scores a re  largest w hen his T   ̂ values a re  slow est, although  in

all cases ex cep t o n e , his e rro r  score fo r the  null ta rg e t is as low  as th a t of

th e  norm al sub jec ts .

*

»
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Figure 5.14 Magnification discrimination for subject H.J.A. (open circles) and 
the means for three normal subjects (full circles). T  ̂ values and error scores 
for discrimination of magnified and reduced targets. 5 is the difference 
between the line lengths of the background element and target, positive values 
correspond to magnified targets and negative values to reduced ones. (a) 
elements I ,(b) elements A  and (c) elements D .
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T h e  p a tte rn  elem ents used fo r tex tu re  d iscrim ination  a re  show n in 

figure 2.31 and  th e  d iffe ren t targets a re  iden tified  on  th e  g raphs o f figure 

5 .1 5 . H .J .A . 's  T ^  and  e rro r  scores a re  on ce  again la rg er th an  the norm als 

fo r  linear an d  two d im ensional p a tte rn  e lem en ts excep t fo r th e  null ta rg e t, 

w here his e r ro r  scores a re  as sm all as those o f  th e  norm als.

Texture Discrimination
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m ean  fo r th re e  n o rm al sub jects (filled  circles). values and  e rro r  scores
p lo tted  against ta rg e t tex tu re . T h e  d iffe ren t ta rgets  a re  d raw n o n  the  abscissa 
and  th e  background  e lem en ts a t th e  to p  righ t o f each  da ta  set.

L igh tness/D arkness D iscrim ination

In  figure 5 .16  T ^  and  e r ro r  scores fo r ligh tness/darkness d iscrim ination  

#• w ith single line an d  triangu la r e lem en ts a re  p lo tted . T h e  ligh tness/darkness o f

a ta rg e t is d en o ted  by a re fe ren ce  n u m b er. H .J .A . 's  T ^  values an d  e rro r

scores a re  g re a te r  th an  th e  n o rm al values show ing th a t he  has p o o r

d iscrim ination  o f p a tte rn s  by d iffe ren ce  in ligh tness/darkness.

Figure 5.15 Texture discrimination for subject H.J.A. (open circles) and the

a .

F ig u re  5 .1 6  L ightness d iscrim ination  fo r H .J .A . (o p en  circles) and  m ean  data  
fo r th ree  n o rm al sub jec ts  (full c irc les). T ^  values and  e r ro r  scores p lo tted  
against th e  ligh tness/darkness o f th e  targets d en o ted  by a re fe ren ce  n u m b er. 
T h e  re fe ren ce  num bers d en o te  the  follow ing relative lum inances o f the  targets: 
(a) 125 : 1 : 32 : 72. (b) 1 : 32 : 72 : 125. (c) 125 : 1 : 32 : 72.
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Figure 5.16 (cont.)
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Distortion Discrimination

In  these  experim en ts the  background e lem en t was always a triang le  A 

an d  ta rge ts  d iffe red  from  it in th e ir  spatia l s tru c tu re . T h ey  a re  illustrated  on  

th e  h o rizon ta l axes o f figure 5.17 w here b o th  T   ̂ values an d  th e  e rro r  ra tes 

a re  p lo tted . H .J .A . 's  values and  e r ro r  scores, excep t in  th e  case o f the  

null ta rg e t, a re  la rg er th an  those o f th e  n o rm al subjects. H is p erfo rm an ce  is 

least bad  fo r th e  targets  m ade up o f th ree  do ts, e .g . , follow ed by p ara lle l 

lines, e .g . iilii an d  the  single line, I . W hen  given a n o th e r clue to  use in 

d iscrim ination  e .g . o rien ta tio n  *•* , his values a re  low er again .

F ig u re  5 .17  P a tte rn  d iscrim ination  fo r H .J .A . (o p en  circles) and  m ean  data  
fo r  th ree  n o rm al sub jec ts (full circles). T   ̂ values and  e rro r  scores p lo tted  
against the  ta rg e t p a tte rn . In all ex p erim en ts  the  background e lem en t was A .
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Variation of the Number of Background Elements

T h e  in fluence  o f N , the  n u m b er o f background e lem en ts , on  H .J .A . 's  

values and  e r ro r  scores a re  p lo tted  in  figure 5 .18 (a ) . T h e  background  

e lem en t was a trian g le , A  , and  th e  d iffe ren t ta rgets  a re  illu stra ted  o n  the  

g rap h . T ^  values fo r  two no rm al observers a re  p lo tted  in  figure 5 .18  (b). 

F o r  H .J .A . th e re  is a  strong  co rre la tio n  betw een  T   ̂ and  N  fo r all th e  targets 

investigated , w hereas, fo r the  no rm al sub jec ts  th e re  is very  little  varia tion  of 

T   ̂ w ith N . H ow ever, resu lts sim ilar to  those  o f H .J .A . can  be p ro d u ced  in 

n o rm al sub jec ts  by using ap p ro p ria te  ta rg e ts . T h is is illu stra ted  in  figure 

5 .18(c) fo r ta rg e t e lem en ts  .

F ig u re  5 .18  T ^  values and  e rro r  scores p lo tted  against N , th e  n u m b er of 
background  e lem en ts. o  re fe r to  one  set o f ex p erim en ts  w ith t a r g e t s h A  
an d  • to  a n o th e r  se t o f experim en ts w ith targets  V  O  <1 . (a) D a ta  fo r
H .J .A . (b ) N u m b er o f e rro rs  reco rd ed  fo r 50 p resen ta tio n s o f each  ta rg e t 
from  th e  se t A  •»». A  . Also show n are  the  accum ula ted  e rro rs  fo r all 
th ree  ta rg e t types (fu ll c irc les), (c) C om parison  d a ta  fo r two n o rm al sub jec ts.
(d ) D ata  fo r n o rm al su b jec t V .I. w ith e lem ents .
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The Effect of Target Separation

W ith  ju s t o n e  background e lem en t and  one  ta rg e t e lem en t the 

d iscrim ination  task  reduces to  th a t o f identify ing 's a m e ' o r  'd if fe re n t ' an d  the 

e ffec t o f the  sep a ra tio n , s, o f th e  tw o e lem en ts on  d e tec tio n  tim e has been  

d e te rm in ed . T h e  sam e background an d  ta rg e t e lem ents as in  th e  previous 

ex p e rim en t o f varying N w ere em ployed . B oth  H .J .A . an d  th e  norm al 

sub jec ts  take  slightly  longer fo r d iscrim ination  a t la rger values o f s.

F ig u re  5 .19  T ^  values p lo tted  against ta rge t/b ack g ro u n d  sep ara tio n  s, in 
deg rees, o — o re fe r  to .v*. .£•. A ta rge ts  and  o---c re fe r to  V  t> <1 targets
fo r H .J .A . •— • re fe r  to  no rm al da ta  w ith A  ta rge ts  and

• ------ to n o rm al d a ta  w ith ©  ©  €P ta rge ts . E rro r  bars d en o te  standard
e rro rs  fo r each  sep a ra tio n . T h e re  w ere generally  20 read ings fo r each  po in t,
bu t th is d rops to  ab o u t 5 fo r the largest values o f s.

176



S tan d ard  Visual T ests

H .J .A . 's  c o n tra s t sensitivity  fo r gratings was m easu red  w ith  test charts  

deve loped  by B a rb u r [1986] and  his sensitiv ity  was found  to  be significantly  

below  n o rm al (co m p ared  w ith two tw e n ty -o n e  year o ld sub jec ts an d  his wife 

w ho is a  sim ilar age to  him ) over m ost o f th e  spatia l frequency  range (figure 

5 .2 0 ). T h is m ay  resu lt from  lack o f ap p rec ia tio n  o f m u lti-e le m e n t im ages, bu t 

it could n o n e  th e  less co n trib u te  to  his p o o r d iscrim ination  p e rfo rm an ce . T o  

check  th e  e ffec t o f p o o r con trast sensitiv ity  on  the  p a tte rn  d iscrim ination  

ex p erim en ts  th e  co n tra s t betw een  th e  e lem en ts and  th e  sc reen  background  was 

decreased  an d  th e  ex p erim en ts  rep ea ted  by tw o no rm al sub jec ts . O n ly  w hen 

th e  e lem en ts  w ere  n e a r co n trast th resho ld  and  only  ju s t d iscernab le  d id  th e ir  

T   ̂ values in crease  significantly . H .J .A . rep o rted  th a t during  ex p erim en ts  th e  

ta rg e ts  w ere  c lea r  an d  's to o d  o u t ' so it seem s unlikely  th a t his reduced  

sensitiv ity  was a sign ifican t fac to r in his large T   ̂ values.
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F ig u re  5 .2 0  C o n tra s t sensitvity  Sc , defined  as (c o n tra s t )“ 1 fo r d e tec tio n  o f a 
g ra ting , p lo tted  against th e  spatia l frequency , fs , o f th e  g ra tin g . D a ta  for 
H .J .A . (o p en  circles) an d  fo r tw o no rm al sub jec ts (full c irc les).

F igu re  5.21 show s in crem en t th resho lds fo r H .J .A . ( o  d a ta  points) 

and  tw o n o rm al observers ( • an d  +  d a ta  points) fo r d e tec tio n  o f a ta rge t 

flashed  on  a u n ifo rm  background. H .J .A . 's  g raph  has a fo rm  sim ila r to  th a t 

o f th e  norm als bu t is raised by abou t 0 .75  log units re la tive  to  th e irs . T his 

ind icates a d ecreased  co n trast sensitivity , as was found  w ith th e  co n trast 

sensitivity  test ch a rts . T h e  targets o n  th e  co lour m o n ito r, used fo r the

d iscrim ination  ex p e rim en t, a re  3 .5  log units above th resho ld  bu t his in crem en t 

th resh o ld  is on ly  0 .75  log units above n o rm al, w hich again  suggests th a t his 

red u ced  co n tra s t sensitiv ity  is n o t a m a jo r  fac to r in his p e rfo rm an ce  on  the 

d iscrim ination  tests.

F ig u re  5.21 In c rem en t th resho ld  fo r a 3 .5° d iam e te r, c ircu lar ta rg e t flashed at 
th e  cen tre  o f a  30° d iam e te r, c ircu lar, un ifo rm  background o f illum ian tion  1^. 

o da ta  po in ts fo r H .J .A .;  • and  +  da ta  po in ts fo r two no rm al observers.

178



H .J .A . gave norm al responses fo r the visual illusions nam ed  a fte r 

E h ren s te in , K anizsa, M ulle r—L yer, P oggendorf, Ponzo an d  Z o lln e r [G regory , 

1970]. H e d e tec ted  changes in  a p p a re n t o rien ta tio n  o f para lle l bars follow ing 

ad ap ta tio n  to  a m is-a lig n ed  gra ting , as do  no rm al sub jects [G ibson , 1933], bu t 

d id n o t n o tice  changes in th e ir  a p p a re n t w idth follow ing ad ap ta tio n  to  a 

g ra ting  m is -m a tc h e d  in b ar w idth (called  th e  frequency  sh ift e ffec t, B lakem ore♦
an d  S u tto n , 1969). H .J .A . had  no rm al o rien ta tio n  d iscrim ination  fo r single 

lines, I figure 5 .12(a) bu t reduced  ab ility  a t detec ting  th e  m agnification  of 

single lines figu re  5 .14(a) and  th e  resu lts o f th e  ad ap ta tio n  exp erim en ts  a re  

consisten t w ith th is.

H . J .A . ’s b rightness m atch ing  was norm al bu t in  th e  m atch ing  

ex p erim en t w ith m o nochrom atic  stim uli H .J .A . show ed no  co lou r vision. 

S tereoscop ic  d e p th  p e rcep tio n , observed  w ith random  d o t s tereog ram s [Ju lesz , 

•  1971] was n o rm al an d  he  m ade no rm al eye m ovem ents in  track ing  m oving

ta rge ts  an d  iden tify ing  th e  d irec tion  o f m ovem ent.

(d) D iscussion

As figures 5 .12  to 5 .17 show , H .J .A . 's  response  tim es, T  for 

d iscrim ination  o f  a  ta rg e t d iffe ren tia ted  from  the  background e lem en ts by a 

single p a ra m e te r  is, excep t in  one case, m uch larger th an  no rm al response 

tim es fo r a ll th e  ta rg e t pa ram ete rs  tested . H is response tim es a re  n ea r norm al 

in  th e  case o f  o rien ta tio n  d iscrim ination  o f single stra igh t lines, figure 5 .1 2 (a), 

an d , th e re fo re , his p rob lem  is n o t sim ply one o f fa ilu re  in  paralle l 

(sim ultaneous) p rocessing  [K insboum e and  W arring ton , 1962] since a t  som e 

level o f visual o rgan isa tion  he can  still p rocess m u lti-e le m e n t stim uli. O th e r  

d iscrim inations a t w hich he is re la tively  un im paired  a re  th e  o rien ta tio n  of 

para lle l lines, HU (figure 5 .12(c)) and  m agnification  involving large ta rge t
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e lem en ts (figure 5 .1 4 ). W hilst he is p a rticu la rly  p o o r a t spo tting  th e  m irro r

im age ta rg e t in  som e o rien ta tio n  d iscrim ination  ex p erim en ts , e .g . A S7 

(figu re  5 .12(d)) an d  a t  som e tex tu re  d iscrim inations, e .g . A A  (figure

5 .1 5 (d )).

F o r  th e  cases w here H .J .A . has large T  ^ values, h e  also h as  large 

e r ro r  scores. T h is  is n o t due  to th e  lack  o f co n cen tra tio n  o r  ca re  as his 

e r ro r  scores fo r th e  null ta rg e t a re  sim ilar to  o r  low er th an  no rm al bu t is due 

to  his being unab le  to  d iscrim inate , o r  d e te c t, th e  ta rg e t. F igure  5 .22  c learly  

show s this co rre la tio n  o f e r ro r  score w ith d iscrim ination  tim e , T ^ .

F ig u re  5 .2 2  H .J .A .s  e r ro r  scores p lo tted  against his T   ̂ values show ing the 
c o rre la tio n  betw een  th em . T h e  co rre la tio n  coeffic ien t betw een  th e  two 
variab les is 0 .749  (81 pairs o f  variables).

H .J .A . is ab le  to  d iscrim inate  m ost o f th e  targets bu t requ ires m uch 

longer th an  no rm al an d  has h igher e rro r  scores because he fails to  find  targets 

m o re  o ften  th an  n o rm al. If in m aking d iscrim ination  he  utilizes a m echanism  

w ith p ro p ertie s  sim ilar to  th a t which m edia tes no rm al d iscrim ination , his T  ^
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values fo r th e  d iffe ren t ta rgets  should  co rre la te  w ith those o f norm als. T h e  

average  response  tim e , T^. , fo r n o rm al sub jec ts , p lo tted  against H .J .A . 's  

response  tim e , T ^ ,  (figure  5 .23) dem o n stra tes  ju st th is, bu t it also show s th a t 

H .J .A . takes ab o u t te n  tim es longer to  respond  th an  n o rm al. T h e  range o f 

T ^  values is res tric ted  bu t Ike, R uddock and  S k inner [1987] found  th a t pu tting  

a c irc le  a ro u n d  th e  p a tte rn  e lem ents e .g . CD , ©  , ©  ex tends considerab ly  

th e  response  tim e . N orm al su b jec ts ' d a ta  w ere , th e re fo re , co llec ted  fo r  such 

stim uli, th e reb y  ex tend ing  th e  no rm al response  tim es, T  show ing m ore  clearly  

th e  c o rre la tio n  betw een  th e  two variab les. H .J .A . 's  d iscrim ination  m echanism s 

th e re fo re  give subnorm al levels o f d iscrim ination  bu t have the  sam e 

charac teris tics  as those  in  no rm al sub jec ts  and  th e re  is no ev idence o f selective 

loss o r  re te n tio n  o f d iscrim ination  fo r  any  p a rticu la r p a ram e te r.

a.

1.5

J)/2
(se c .)

1.0

0.5

5 0
T1/2 ,sec

F ig u re  5 .23  A verage values of th e  response tim e , T ^ ,  fo r n o rm al subjects
p lo tted  against response  tim e , T  ± o f H .J .A . (a ) D ata  from  figures 5 .12  to 
5 .1 7 . (b ) Sam e as (a) but fo r the  no rm al sub jec t all the  values w ere
d e te rm in ed  fo r p a tte rn  e lem ents in  circles e .g . (D ©  ©  to  slow  th e ir 
response  tim e dow n. T h e  co rre la tio n  coeffic ien t fo r th e  tw o variab les is 0 .752 
(33 pa irs  o f values)
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F ig u re  5 .23  (c o n t.)

b

F igu re  5 .19  shows th a t H .J .A . ’s d iscrim ination  o f tw o d im ensional 

p a tte rn s  is n o t re s tric ted  to  a local reg ion  o f th e  visual field  and  th a t his 

d iscrim ination  ab ility  is m ain ta ined  a t  norm al levels as th e  sep a ra tio n , s, o f the 

ta rg e t and  background  e lem en t increases. T h e re  is, th e re fo re , no  ev idence th a t 

his m echan ism  o f  d iscrim ination  o p era tes  on ly  over a  re s tric ted  a rea  [Bay, 

1953]. H ow ever, H .J .A . has an  in trinsic  red u c tio n  in  th e  ra te  of

d iscrim inating  tw o d im ensional e lem en ts even  in th e  sim plest case o f two 

e lem en ts located  n ex t to  each  o th e r  (figure 5 .1 9 ). F igu re  5 .18(a) an d  (b) 

show  th a t as th e  n u m b er of background  e lem en ts, N , in c rease , H .J .A . 's  

values and  e r ro r  scores also increase  w hilst no rm al sub jec ts  show  very  little  

varia tion  in  T j  as N  increases. T h is resu lt is in ag reem en t w ith H .J .A . 's

re p o rt th a t he scans th e  p a tte rn  e lem en ts sequentially  to  find  th e  ta rg e t and  is
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confused  by large num bers o f e lem ents w hilst, fo r norm al sub jec ts , th e  target 

ju s t 'p o p s o u t ' fro m  th e  background. F igure 5.18(c) shows th a t fo r ce rta in  

p a tte rn  e lem en ts values fo r n o rm al sub jec ts also increase  w ith N , an d  in  

th ese  cases n o rm al sub jec ts a re  also red u ced  to  sequentia l scanning  in  o rd e r  to 

find  th e  ta rg e t.

H .J .A . recognizes o b jec ts  in o u tlin e , b u t on ce  fea tu res a re  p u t in to  th e  

o u tlin e , he  is un ab le  to  d iscrim inate  betw een  re la ted  ob jec ts , such  as faces 

[H um phreys an d  R iddoch , 1987]. D iscrim ination  betw een  closely re la ted  

ob jec ts  such  as faces requ ires th e  sim ultaneous assesm ent o f m ultip le  fea tu res , 

b u t th e  ex p erim en ts  described  above d em o n stra te  th a t H .J .A . can n o t p e rfo rm  

sim ultaneous d iscrim ination  even w ith sim ple geom etrica l shapes. F o r  exam ple , 

increasing  th e  n u m b er o f background e lem en ts from  o n e  to  five changes th e  

value o f fro m  0 .84s to  in fin ity  fo r th e  d iscrim ination  o f  ^  from  / \  

(figu re  5 .12  (d )).

T h e  ex p e rim en ta l d a ta  establish  th a t H .J .A . has n o rm al d iscrim ination  

o f  o rien ta tio n  fo r single lines (figure 5 .1 2 (a )), b u t once tw o o r  m ore  lines a re  

jo in ed  to g e th e r his p erfo rm an ce  becom es m uch  w orse. O rien ta tio n  sensitive 

responses fo r single bars w ere found  in record ings from  single cells o f  the  

s tria te  co rtex  [H ubei an d  W iesel, 1962, 1968] thus th is level o f visual 

processing  ap p ea rs  to  be und istu rbed , bu t th e  m echanism  fo r th e  association  o f 

lines to  fo rm  shapes is im p aired . T h e  location  o f such a  co rtica l m echan ism  

is unknow n bu t som e p a rt o f th e  V 2 —V3 com plex  m ay be involved in  such 

processing as is suggested  by som e o f th e  n eu ro n a l responses to  e .g  co rn e rs , 

orig inally  re p o rte d  by H ubei and  W iesel [1965, 1968]. H .J .A . 's  s tereoscopic  

d e p th  p e rcep tio n , as m easured  by th e  Ju lesz  [1971] ran d o m  do t stereog ram s, 

rem ain s in tac t, an d  electrophysio logical ev idence suggests th a t th is is g en era ted  

in  a rea  18 [H ubei and  W iesel, 1970] w hich co rresponds to  V2 an d  V3 [Z ek i,



1978]. A t least som e p re -s tr ia te  function  is th e re fo re  n o rm al, b u t the 

co m p le te  absence  o f  co lour d iscrim ination  ind icates m a lfunc tion  in  the

p re -s tr ia te  com plex  V4 o r  its a ffe re n t p ro jec tio n s [Z ek i, 1978, 1980]. M ore 

a n te r io r  m echan ism s such  as those loca ted  in  th e  in fe rio r tem p o ra l sulcus, 

w hich respond  to  specific  stim uli such  as faces and  hands [P e rre t, S m ith ,

P o tte r , M istlin , H ead , M ilner and  Jeev es , 1985] m ay also be im p a ired . T h e

C T  X -ra y  scans o f H .J .A . 's  b ra in  (see figure 5 .11) show  ex tensive dam age in 

th e  occip ita l lobe w hich suggests im p a irm e n t a t a  relatively  ea rly  stage  o f  the  

co rtica l visual pa thw ay  an d  loss o f d isc rim ina tion  o f sim ple geom etric  p a tte rn s  

is consisten t w ith th is.

T h e  first s tage o f  neu ro n a l p rocessing  o f spatia l co n te n t in  th e  visual 

im age, th e  'f ilte r in g ' stage described  a t th e  beginning o f  th is c h a p te r , is

un affec ted  in H .J .A . and  he  can  d iscrim inate  norm ally  th e  o rien ta tio n  o f  single 

lines. I t is a t th e  la te r  stage , w here  th e  filte red  im age is p rocessed  to

g en e ra te  th e  p erce ived  response , th a t H .J .A . 's  responses a re  im p a ired .
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6.1 In troduc tion

T h e  spa tia l vision defects described  in C h a p te r  F ive w ere caused  by 

ab n o rm al d ev e lo p m en t o f the  visual system  and  by b ra in  lesion. T h ey  resu lted  

in reduced  visual acu ity  and  reduced  sh ap e  recogn ition . In  this ch a p te r , da ta  

a re  p resen ted  fo r a  su b jec t who has a ra re  spatia l vision d e fec t w hich results 

in  long lasting  a f te r- im a g es . H er visual d efec t Fits in to  a class o f sim ilar 

d efec ts , described  as visual persevera tion  and  discussed in  C h ap te r  O n e  

(1 .3 (d )).

F .B . exp erien ces  p ro longed  a f te r- im a g es  w hich persist fo r tens o f 

seconds follow ing stim u la tion  by light w hich is insufficiently  in tense  to  p roduce  

a f te r- im a g es  in  n o rm al sub jec ts. T h e  a f te r- im a g es  she sees have sim ilar

sp a tia l s tru c tu re  to  th a t o f  the  stim uli w hich elicit th em . F .B . 's  visual 

p ro b lem s s ta rte d  in Ju ly  1984 w hen fo r a  few  seconds several tim es a day  she 

saw  w hites spo ts like fireflies th ro u g h o u t h e r  visual fields. T h is  effec t could 

be b rough t on  by sudden  head  m ovem ents o r by walking in to  an  a rea  of 

b rig h t light e .g . by going ou t o f a  shop  in to  daylight. A lso, w hite ob jects 

ap p e a re d  b rig h te r th an  befo re  and  she ex p erien ced  d iscom fort w hen she looked 

a t  h e r  b ab ies ' w hite n app ies. She n o ticed  th a t she had  pro longed  a fte r-im ag es  

w hen  she looked  a t b righ t lights and  th a t as they  faded they  becam e green  in 

co lo u r. B efo re  these  visual p rob lem s had  developed  F .B . had  experienced  a 

varie ty  o f ep isodic  sym ptom s such as s lu rred  sp eech , heaviness an d  num bness 

in h e r  righ t h an d  and  leg and  in h e r  le ft h and . T hese  w ere in itia ted  during 

h e r  first p regnancy  in 1982.

F .B . was re fe red  to the  Vision G ro u p  a t Im peria l C ollege by D r. C hris
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K en n ard , consu ltan t neuro logist a t T h e  L ondon H ospita l, w ho had  been  unable  

to  reach  a defin itive clin ical diagnosis [B ly the, B rom ley, R uddock , K ennard  and  

T ra u b , 1986]. A t this tim e she su ffe red  from  bad headaches an d  num bness 

an d  w eakness o f h e r  le ft h an d . T h e  m easu rem en ts m ade o n  F .B . w ere ca rried  

o u t from  N ovem ber 1984 to  l im e  1985. A t th e  end  o f  th is tim e F .B . was 

trea ted  w ith th e  an ticonvu lsan t d rug , ca rb am azep in e , as an  

e lec tro en cep h a lo g ram  (E E G ) carried  o u t a t T h e  L ondon  H osp ita l had  show n a 

m in o r, le ft tem p o ra l abnorm ality  consisting  o f th e ta  activ ity  w ith occasional 

sh arp  w aves, ind icative o f epilepsy. Six w eeks a fte r  tre a tm e n t, m easurem ents 

w ere m ade o f  th e  d u ra tio n  o f the  a f te r- im a g e  and  a 30%  d ecrease  was found . 

F .B . also rep o rte d  th a t b righ t w hite ob jec ts  w ere slightly  less in tense . 

H ow ever, w hen  th e  a fte r- im a g e  d u ra tio n  was m easured  th re e  m onths la te r 

th e re  had  b een  no  fu r th e r  decrease in  its d u ra tio n .

T h e  psychophysical tests c a rried  o u t a t Im peria l C ollege w ere designed 

to  investigate th e  s tim u lu s-resp o n se  re la tionsh ip  fo r th e  a fte r- im a g e  an d  to 

prov ide ev idence  regard ing  th e  p a th w a y s )  involved in its gen era tio n . T h ey  

a lso , as n o ted  above , m ade it possible to  quantify  th e  effectiveness o f  th e  

m edical tre a tm e n t given to  F .B .

6 .2  E x p erim en ta l P ro ced u re

T h e  m a jo rity  o f the exp erim en ts  w ere carried  ou t using the  M axw ellian 

view  system  to  m easu re  in crem en t th resh o ld , critica l fusion frequency  an d  to  

m easu re  th e  d u ra tio n  o f th e  a fte r- im a g e  by m eans o f th e  p rocedures described  

in  2 .2  (d ), (e ) , and  (f) . T im ing  o f th e  a f te r- im a g e  d u ra tio n  cou ld , in

p rin c ip a l, have been  d o n e  by the  co m p u te r bu t fo r m any  o f th e  long tim e 

periods a stop  clock was used. M ost o f the  experim en ts w ere ca rried  o u t 

using w hite light stim uli bu t m onochrom atic  stim uli w ere also used, and  these
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w ere p roduced  w ith n arrow —band in te rfe ren ce  filters.

O n e  e x p e rim en t requ ired  pa irs  o f g ra ting  stim uli w hich  d iffe red  in 

spatia l frequency , o n e  located  in th e  u p p e r and  th e  o th e r  in  th e  low er h a lf  o f 

th e  visual field . T h is was ach ieved  by inserting  p h o tog raph ic  negatives w ith 

g ra ting  stru c tu re  covering  a  12°x 1 2 ° square  a t  O P 2  and  O P 3  (figu re  2 .2 ), 

position ing  th em  in  th e  tw o halves o f th e  visual field  and  p rov id ing  a fixation  

p o in t betw een  th e  tw o stim uli. A n o th e r ex p erim en t requ ired  a g ra tin g  of 

a lte rn a te  red  an d  g reen  bars. T h is was o b ta ined  by p lacing m atch ing  gratings 

a t  O P 2  and  O P 3 , position ing  th em  in  spatia l an tip h ase  w ith a re d  in te rfe ren ce  

f ilte r (630nm  peak) in  one  beam  and  a  g reen  in te rfen ce  filte r (531 nm  peak) in 

th e  o th e r. T h e  tw o sets o f bars w ere m a tch ed  fo r sub jec tive  b righ tness by 

inserting  n eu tra l density  filters in th e  beam s.

A n e x p e rim en t to  m easure  d ec rem en ta l th resh o ld  was ca rr ie d  o u t using

th e  co m p u te r co tro lled  co lou r m o n ito r. T h e  o bserver sa t one  m e te r  fro m  the

sc reen  and  a p ro g ram  w ritten  by R obin  M orris (an  u n d erg rad u a te  a t Im peria l

0  0
C ollege) p re sen ted , on  a 16 x 12 , g reen  background  a d im m er g reen , 

rec tan g u la r ta rg e t 2 .5 °x 2 .2 °  flashed  fo r 0 .4seconds every  0 .8 seconds w ith  the 

'o f f ' b righ tness th e  sam e as the  background . By m oving th e  jo y  stick on  the  

rep ly  box th e  o b serv er could vary th e  brigh tness o f th e  flash ing  ta rg e t to 

th resho ld .

6 .3  Investigation  o f F .B . 's  Vision

(a) Basic M easu rem en ts

Basic visual p ro p e rtie s  w ere m easu red . F .B . 's  foveal co lo u r vision was 

exam in ed  using th e  tristim ulus co lo rim e te r and  m ethods o f m easu rem en t 

described  by W righ t [1946]. T ristim ulus co lou r m atches fo r sp ec tra l test 

stim uli w ere n o rm al and  the  relative spec tra l sensitiv ity  fu n c tio n  (V\)
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d e te rm in ed  by flicker ph o to m etry  was also no rm al. H e r foveal acu ity  was 6/4 

in  each  eye w ithou t co rrec tio n , s tereoscop ic  d ep th  p e rcep tio n  fo r  ran d o m  do t

s te reo g ram s [Ju le sz , 1971] an d  d a rk  ad ap ta tio n  fo r a c ircu la r ta rg e t (d iam ete r

0  0

3 .5  , w avelength  495nm ) located  10 o ff-a x is , w ere also n o rm al.

(b) V erbal D escrip tion  o f th e  A fte r-Im ag e

A t each  session F .B . viewed fo r 5 seconds a 30° d iam e te r c ircu lar 

p a tch  o f w hite ligh t o f re tin a l illum ination  2 .8  log td . H e r  descrip tion  o f  the  

a f te r- im a g e  was consis ten t from  session to  session. In  darkness it ap p ea red  to 

be th e  sam e size as th e  w hite light p a tc h , bu t ap p ea red  khaki in  co lou r and  

m atch ed  ap p ro x im ate ly  to  a su rface co lo u r w ith C .I .E . co o rd ina tes x =  0 .411 ; 

y =  0 .476  an d  Y  =  42 .5  a lthough  th is su rface  co lou r ap p ea red  ra th e r  b rig h te r 

th a n  th e  a f te r - im a g e . F .B . could  te ll w hen th e  w hite ligh t stim ulus was 

tu rn ed  o ff because  o f  th e  change in  co lo u r from  th e  w hite stim ulus to  th e  

co lou red  a f te r - im a g e . F o r  ab o u t 20 seconds a fte r  th e  w hite ligh t was tu rn ed  

o ff th e  a f te r - im a g e  rem ain ed  th e  sam e b righ tness, it th en  began  to  fade from  

th e  m iddle ou tw ards, becom ing  ring  shaped  and  finally  d isappearing  a f te r  30 

seconds o r  lo n g er. W hen  viewed against a w hite su rface , th e  a fte r- im a g e  was 

sim ilar to  th a t seen  w hen th e  su b jec t was in  darkness, bu t it faded m ore

rap id ly  an d  a p p e a re d  like a 'd a rk  sh ad o w ' befo re  finally  d isappearing . T h e

a f te r - im a g e  m oved  as F .B . m oved h e r  eyes in bo th  ligh t o r  darkness, it 

o ccu rred  fo llow ing stim ulation  o f e ith e r  eye and  she could  still see  it if  she 

closed th e  s tim u la ted  eye. She could  d e tec t th e  a f te r- im a g e  in a ll quad ran ts

o f the  visual field  an d  over th e  range o f eccen tricites tes ted  (up  to  40°) and

its d u ra tio n  o f  ab o u t 30s was effectively  in d ep en d en t o f location .



T h e  follow ing ex p erim en ts  w ere ca rried  o u t in o rd e r  to  m easu re  the  

ch arac teris tics  o f th e  a f te r- im a g e . M easurem ents w ere m ade  in  darkness and  

w ith  th e  a f te r- im a g e  perceived  foveally . A fte r a  m easu rem en t F .B . sa t in  

darkness an d  th e  n ex t m easu rem en t was p ro ceed ed  to  o n ly  w hen  th e  

a f te r- im a g e  h ad  faded  aw ay. T h e  ligh t used to  elic it th e  a f te r - im a g e  will be 

re fe rred  to  as th e  p rim ary  stim ulus.

(c) T im e  C ourse  fo r th e  D etec tion  o f a T es t F lash

A fte r 5 seconds viewing o f  th e  c ircu la r, w hite ligh t p a tch  F .B . 's  

th resh o ld  fo r d e tec tio n  o f  a  ta rg e t flashed o n  th e  a f te r- im a g e  w as found  to  be 

raised  fo r 10s to  15s. In  o rd e r to  m easu re  th e  tim e  cou rse  fo r F .B . 's

reco v ery  o f  sensitiv ity  th e  follow ing ex p e rim en t was ca rried  o u t.

A  sm all, c ircu la r ta rg e t o f 3 .5 °  d iam e te r was flashed  fo r  0.1 second 

every  1 second  a t  th e  c e n tre  o f th e  p rim ary  stim ulus — a 3 0 °  d ia m e te r , c ircu lar 

p a tc h  o f w hite  ligh t. T h resh o ld  illum ination , I 0, fo r  d e tec tio n  o f  th e  ta rg e t 

was found  using th e  th resh o ld  p ro g ram  (2 .2 (d )). T h e  ta rg e t illum ination  level 

was th en  se t a t various levels below  I 0 and  th e  tim e  a t  w hich th e  flashing 

stim ulus was d e tec ted  follow ing 5 seconds viewing o f th e  p rim ary  stim ulus was 

signalled  by pressing  th e  rep ly  b u tto n . T h u s post—stim ulus changes in 

sensitiv ity  w ere d e te rm in ed . T h ey  a re  displayed in  figure 6 .1 .

T h e  ex p e rim en t was rep ea ted  using a p rim ary  stim ulus o f th e  sam e 

illum ination  bu t o f m o n o ch ro m atic  ligh t (531 n m ). T h e  e x p e rim en t was also 

p e rfo rm ed  u n d e r d ichop tic  conditions w ith th e  w hite light p rim ary  stim ulus 

p re sen ted  to  th e  left eye and  th e  flashing ta rg e t to  the  rig h t. T h e  results 

fro m  these  ex p erim en ts  a re  also show n in figure 6 .1  as -+ an d  X  data  

po in ts  respectively . T h e  g raph  shows th a t sensitivity  rap id ly  recovers som e 15 

seconds a f te r  cessation  o f th e  p rim ary  stim ulus fo r all th ree  ex p erim en ts . F o r



F ig u re  6.1 G ra p h  show ing th e  tim e  a t  w hich a w hite ligh t, c ircu la r ta rg e t
(d ia m e te r  3 .5  ) o f  illum ination  I t flashed  fo r  0.1 seconds every  1 second  a t  th e  
c e n tre  o f  th e  c ircu la r p rim ary  stim ulus (d iam e te r  30°) becom es visible follow ing 
5 seconds view ing o f  th e  p rim ary  stim ulus w hich was tu rn ed  o ff a t  t  =  0. 
F illed  circles d en o te  d a ta  ob ta ined  w ith a w hite light p rim ary  stim ulus o f 
illum ination  2 .9  log t d . ; crosses ■+ d en o te  d a ta  ob ta in ed  w ith a p rim ary  
stim ulus o f  531nm  w avelength  and  2 .9  log td . ;  crosses X  d en o te  d a ta  o b ta ined  
w ith  d ichop tic  p re sen ta tio n  o f th e  tes t and  w hite light p rim ary  stim uli.

n o rm al observers carry ing  o u t this ex p erim en t th resho ld  sensitivity  re tu rn s  to 

n o rm a l level w ith in  10 0 m s o f  the  p rim ary  stim ulus being tu rn ed  off.

M easu rem en ts w ere also m ade w ith F .B . fo r fo u r d iffe ren t illum ination  

levels o f th e  w hite light p rim ary  stim ulus (figure  6 .2) and  it ap p ears  th a t the  

th resh o ld  illum ination  level rem ains ap p ro x im ate ly  th e  sam e a fte r  stim u la tion  as 

b e fo re , a lth o u g h  th e re  is in som e cases ev idence  o f a  tran s ien t increase  

follow ing stim ulus offset. F .B . observed  a 'darkening* o f th e  a f te r- im a g e  a t 

ab o u t th e  sam e tim e th a t she was able to  d e tec t th e  ta rg e t ( i .e . ab o u t 15s 

a f te r  o ffse t o f  th e  p rim ary  stim ulus), bu t she could  still d e tec t th e  a f te r- im a g es

193



for one to two minutes later.

t (secs.)

F ig u re  6 .2  As fo r Figure 6 .1 , bu t values o f  log It are  p lo tted  fo r four 
d iffe ren t illum ination  levels o f the  w hite light p rim ary  stim ulus.

(d) D u ra tio n  o f  th e  A fte r-Im ag e  as a function  o f the  B rieh tness o f the  

P rim ary  S tim ulus and  Period  o f Viewing 

S ince th e  p rim ary  stim ulus caused ex ten d ed  loss o f th resh o ld  sensitivity , 

m easu rem en ts  could  be m ade to  find  th e  e ffec t o f d iffe ren t p rim ary  stim uli in 

te rm s o f T  th e  tim e follow ing offset o f th e  p rim ary  stim ulus a t w hich

illum ination  fo r d e tec tio n  o f the  ta rg e t fell to  ha lf the  value it had  during  

p resen ta tio n  o f th e  p rim ary  stim ulus. T h e  th resh o ld  p ro g ram  (section  2 .2 (a))

was used to  find  th resho ld  illum ination  log I t fo r d e tec tio n  o f th e  ta rge t



flashed  on  th e  p a rticu la r p rim ary  stim ulus. T h en  the  ta rg e t was se t a t ha lf 

th is illum ination  level a n d . flashed a t th e  cen tre  o f th e  p rim ary  stim ulus, as 

described  in  sec tion  6 .3 (c ). T h e  tim e , T f r o m  p rim ary  stim ulus o ffse t un til 

th e  ta rg e t b ecam e visible was reco rd ed  follow ing 5 seconds view ing o f  the  

p rim ary  stim ulus.

a b

log I t (secs.)

F ig u re  6 .3  (a ) T   ̂ p lo tted  against th e  log o f th e  illum ination  o f  the  p rim ary
stim ulus. T h e  visual field  was as fo r figure 6 .1 , b o th  ta rg e t and  p rim ary  
stim uli w ere w hite light and  th e  p rim ary  stim ulus was p resen ted  fo r  5 seconds, 
(b ) T^ p lo tted  against t ,  the  tim e fo r w hich F .B . viewed the  p rim ary  stim ulus. 
Visual field as fo r figure 6.1 an d  the  p rim ary  stim ulus was 2 .8  log td .
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increases rap id ly  as the  illum ination  level o f th e  w hite light p rim ary  

stim ulus increases to  th e  m axim um  available w ith th e  M axw ellian view  

ap p a ra tu s  (figure  6 .3 ) . O n e  o f th e  clin ical tests c a rried  o u t on  F .B . w as flash 

p h o to g rap h y  o f  th e  re tin a  fo r a  fluorescein  ang iogram  an d  th e  a f te r- im a g e  

caused  by th is had  lasted  fo r tens o f m inu tes, w hich ind icates th a t th e  steep  

increase  in  T j  con tinues beyond th e  range covered  by o u r  m easu rem en ts.

also increases w ith the  tim e fo r w hich F .B . views the  p rim ary  

stim ulus increases (Figure 6 .3 (b )) and  in th is case , th e  restric ted  ran g e  o f 

m easu rem en ts was d e te rm in ed  by the  fac t th a t th e  su b jec t found  p ro longed  

viewing o f th e  p rim ary  stim uls u n p leasan t and  d isturb ing .

(e) D u ra tio n  o f  th e  A fte r-Im a g e  caused by d iffe ren t W avelength  P rim ary  

Stim uli and  fo r M onochrom atic  G ratings

T h e  tech n iq u e  described  in  (d) above was used to  m easure  T   ̂ fo r  a 

n u m b er o f d iffe ren t w avelengths, X, o f th e  p rim ary  stim ulus. E ach  p rim ary  

stim ulus was view ed fo r 5 seconds and  befo re  m easuring  T   ̂ its illum ination  

level was ad ju sted  so th a t th resho ld  illum ination  fo r d e tec tio n  o f th e  w hite test 

flash  against it was th e  sam e fo r all w avelengths. T h e  da ta  (Figure 6 .4 , filled 

circles) estab lish  th a t T ^  varies w ith X, being longer fo r the  g reen  (531 nm ) 

and  yellow  (576nm ) th an  fo r the red  (630nm ) and  blue (453nm ) p rim ary  

stim uli.

In  o rd e r  to  con firm  th e  d iffe rence  in th e  persistence  o f  a fte r- im a g es  

induced  by red  and  g reen  lights, a  g ra ting  was co n stru c ted  from  equally  spaced  

bars, a lte rn a te ly  red  (630nm ) and  green  (531 nm ). T h e  red  an d  g reen  bars 

w ere m atch ed  so as to  be o f the  sam e a p p a re n t b righ tness to  F .B ., they  also 

a p p ea red  m atch ed  in  brigh tness to  o th e r  observers and  bo th  sets o f bars w ere 

a t a lum inance  level o f 2 .8  log td . F .B . viewed th is g ra ting  fo r 5 seconds



A (nm)
F ig u re  6 .4  F illed  circles ( •  ) . V alues o f T j  p lo tted  against th e  w avelength , 
X ,o f th e  p rim ary  stim ulus. T h e  illum ination  levels o f th e  d iffe ren t 
m o n o ch ro m atic  stim uli w ere ad ju sted  to  give th e  sam e illum ination  for 
th resh o ld  d e tec tio n  o f th e  superim posed  w hite light ta rg e t. V isual field 
con figu ra tion  as fo r figure 6 .1 . C rosses ( 4- ) ,  th e  to ta l tim e fo r d e tec tio n  of 
th e  a f te r- im a g e  follow ing 5 seconds viewing o f a grating  o f w avelength  X, and  
b a r  w idth  2 cycles/deg ree . T h e  grating  illum inations w ere 2.1 log td . (630nm  
an d  542nm ) an d  2 .5  log td . (576nm ).

an d  o n  its o ffse t described  th e  a fte r- im a g e . F o r  a few  seconds it ap p ea red  

sim ilar in co lou r to  th e  p rim ary  stim ulus g ra ting , bu t the  red  bars faded  

rap id ly , leaving an  a f te r- im a g e  consisting o f a lte rn a te ly  g reen  and  b lack  bars, 

w hich was d e tec ted  fo r 75 seconds. W hen each  g ra ting  was used on  its ow n
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to  prov ide th e  p rim ary  stim ulus, the  a f te r- im a g e  fo r th e  g reen  g ra ting  was

d e tec ted  fo r  100  seconds and  ap p ea red  'm u s ta rd y -g re e n ' in  co lou r w hereas the 

a f te r- im a g e  o f  th e  red  g ra ting  was d e tec ted  fo r 50 seconds, in itially  ap p earin g  

as p ink  s tripes bu t changing  co lou r a fte r  a few  seconds to  look  sim ilar to  the  

a f te r- im a g e  o f th e  g reen  grating .

T h e  to ta l d u ra tio n  o f th e  a fte r- im a g e  was m easu red  fo r th ree  

m on o ch ro m atic  gratings and  these values a re  also show n o n  figure 6 .4

(crosses). T h e  a f te r- im a g e  o f th e  yellow  (576nm ) and  g reen  (542nm ) gratings 

w ere m o re  p ro longed  th an  th a t o f th e  red  (630nm ) g ra ting , bu t it should  be 

n o ted  th a t th e  illum ination  level o f th e  yellow  gra ting  was som ew hat g rea te r 

th an  th a t o f th e  o th e r  tw o. F .B . described  th e  co lour ap p ea ran ce  o f the

a f te r- im a g e  induced  by th e  576nm  grating  as 'm u stard  yellow ' an d  b lack,

w hereas tho se  e lic ited  by o th e r  m onochrom atic  gratings a p p ea red  g reen  and  

black.

(f) A fte r-Im a g e  D u ra tio n  as a function  o f P rim ary  Stim ulus S tru c tu re

T h e  ex p erim en ts  in  (e) show  th a t th e  a fte r- im a g es  p roduced  with 

co lou red  g ratings have well defined  s tru c tu re . T h e  effect on  the  a fte r- im a g e  

o f th e  spa tia l s tru c tu re  in th e  p rim ary  stim ulus was investigated  by m easuring  

the  to ta l d u ra tio n , T , fo r w hich this spatia l s tru c tu re  was perceived  in the 

a f te r - im a g e . T h e  gratings used w ere all o f w hite light, 100%  m odula ted , 

c ircu la r o f 4° d iam e te r  and  p resen ted  fo r 0.1 seconds. T  reaches a p eak  fo r 

g rating  spatia l frequencies o f 1 to  2 cycles/degree and  falls to zero  fo r spatial 

frequencies above 15 cycles/degree (figure 6 .5 ). V ertically  and  horizon ta lly  

o rien ta ted  gratings w ere equally  effective. F .B . rep o rted  th a t fo r the  p rim ary  

stim ulus o f spatia l frequency  2 cycles/degree, th e  lines in the  a fte r- im a g e  

persisted  a fte r  th e  c ircu la r o u te r  lim it o f th e  a f te r- im a g e  d isap p eared , w hereas



w ith fin e r b a r-w id th s  (h ig h er spatia l frequencies), the  im age o f th e  c ircu lar 

lim it persisted  a f te r  th e  g rating  d isappeared .

f (cycle deg 1)

F ig u re  6 .5  T h e  d u ra tio n , T , o f the  a f te r- im a g e  induced  by a g ra ting  stim ulus 
p lo tted  against th e  spatia l frequency  o f  th e  grating . T h e  g ratings w ere 
p resen ted  fo r 0 .1  seconds. •  da ta  p o in ts  co rrespond  to  vertically  o rien ta ted  
g ratings, +  d a ta  po in ts to  horizon ta lly  o rien ta ted  gratings.

M easu rem en ts w ere also m ade fo r th e  d u ra tio n , T , o f th e  a fte r- im a g es  

elic ited  by a c ircu la r spo t (d iam ete r 1 °) an d  by a grating  o f sp a tia l frequency  

2 cycles/deg ree , and  fo r given p resen ta tio n  tim e o f th e  p rim ary  stim ulus, th e  

d u ra tio n , T , fo r the  g ra ting  exceeds th a t fo r th e  un iform  circu la r spo t (figure



t (secs.)

F ig u re  6 .6  T h e  d u ra tio n , T , o f th e  a fte r- im a g e  p lo tted  against the  tim e  of 
view ing th e  w hite  ligh t p rim ary  stim ulus. da ta  po in ts  co rresp o n d  to  th e
c ircu la r u n ifo rm  p rim ary  stim ulus (d iam ete r 1 ) and  •  d a ta  po in ts co rresp o n d  
to  th e  vertica l g ra ting  stim ulus (spatia l frequency  2  cy c les/d eg ree ).

(g) Spatial Content of the After-Image caused by a Spatially Modulated 

Primary Stimulus

P rim ary  stim uli in the  fo rm  o f a g rating  elic it a g ra ting  a f te r- im a g e  

an d  th e  re la tio n sh ip  betw een  the  p rim ary  and  a fte r- im a g e  was d e te rm in ed  in  a 

m atch ing  e x p e rim en t. F .B . viewed a fixation  po in t and  the p rim ary  stim ulus 

was p resen ted  in  th e  u p p e r ha lf field  fo r 5 seconds. She co n tinued  to  view 

th e  fixation  p o in t an d  was asked to  m atch  th e  b ar w idths o f the  a f te r- im a g e  

to  those  o f o n e  o f a series o f gratings in th e  low er half—field (figure 6 .7 ), 

b a r-w id th s  increasing  by 15%  betw een  successive m em bers o f  th e  series o f 

m atch ing  g ratings.



F ig u re  6 .7  M atch ing  con figu ra tion  fo r a grating  a fte r- im a g e  (u p p e r h a lf-f ie ld ) , 
w hich is co m p ared  w ith one  o f  a series o f gratings p resen ted  in th e  low er 
h a lf-f ie ld ; F  is th e  fixation  p o in t, provided by a sm all, red  L E D . T h e  
a f te r- im a g e  was induced  by 5 seconds viewing o f  a 1.1 cycle /degree  square 
w aveform  g ra ting , a  square  o f size 1 2  , and  m easu rem en ts w ere m ade fo r 2.0 
log td . and  3 .0  log td . illum inations.

M atches w ere p erfo rm ed  tw ice, following view ing o f th e  p rim ary  stim ulus a t 

2 .0  an d  3 .0  log td . F .B . could  p e rfo rm  m atches fo r up  to  2  m inu tes a fte r  

viewing fo r  5 seconds th e  p rim ary  stim ulus grating  o f illum iation  3 .0  log td . 

an d  in  each  tria l th e  g ra ting  a fte r- im a g e  m atched  to  a com parison  g ra ting  of 

spatia l freq u en cy  iden tical to  th a t w hich caused the  a f te r- im a g e . T h u s the  

a f te r - im a g e  o f  th e  g ra ting  has th e  sam e spatia l frequency  co n ten t as the  

g rating  p rim ary  stim ulus and  th e re  is no  d isto rtion  o r  sp read ing  o f the 

a f te r- im a g e  w ith tim e.

(h) A fte r-Im a g es  caused bv o th e r  T ypes of P rim ary  S tim ulus

M oving an d  flickering p rim ary  stim uli w ere used, bu t in n e ith e r  case 

was an y  sensation  o f  m ovem en t o r  flicker observed  in the  a f te r- im a g e . A  

c ircu la r ta rg e t o f 3 .5°  d iam ete r and  illum ination  level 2 .6  log td .w as p resen ted  

m oving across a dark  background  a t e ith e r  15 degrees/second  o r  55 

deg rees/second . T h e  ta rg e t m oving a t 15 degrees/second  p roduced  an  

a f te r- im a g e  o f a 'sp o t w ith a s treak  behind i t ' and  the  ta rg e t m oving a t 55



d egrees/second  p roduced  a 'long  o b lo n g -sh a p e d ' a f te r- im a g e . B oth

a f te r- im a g es  lasted  fo r 15 • seconds. A  c ircu la r 12° d iam e te r ta rg e t 100%

m odu la ted  a t 8 H z  w ith a m ean  illum ination  o f 2 .6  log td .,  giving a strong  

sensation  o f flicker, p roduced  an  a f te r- im a g e  iden tical in ap p ea ran ce  to  th a t 

elic ited  by a  steady , c ircu la r ta rg e t.

In  add ition  to  th e  m easu rem en ts on  F .B . 's  a f te r- im a g es  a n u m b er o f 

s tan d a rd  responses w ere d e te rm in ed  in  o rd e r to  ch a rac te rize  h e r  tem p o ra l 

responses.

(i) In c rem en t T h resh o ld

U sing  th e  p ro ced u re  o f 2 .2 (d ), a  c ircu la r, 3 .5 °  d iam e te r, w hite light 

ta rg e t was p re sen ted  cyclically for 0 .1  second every  1 second  o n  th e  c e n tre  of 

a 30° d iam e te r , w hite ligh t background  o f illum ination  I 5 . F .B . 's  sensitiv ty  fo r 

d e tec tio n  o f  th e  ta rg e t was n o rm al over m ost o f  th e  range o f  background  field 

illum ina tion , 1^ , b u t h e r  th resh o ld  values w ere raised  fo r low  1^  (0.8  log td . 

an d  below ) (figure  6 .8)

F .B . 's  sensitiv ity  to  dec rem en ta l change in  illum ination  was m easured  

using the  c o m p u te r  co n tro lled  co lour m o n ito r as such m easu rem en ts are  

d ifficu lt to  m ake using th e  M axw ellian view  ap p ara tu s . A  flashing, 

d ec rem en ta l ta rg e t was p re sen ted  against a  un ifo rm  background field  an d  h e r 

sensitiv ity  to  th e  ta rg e t was found  to be th e  sam e as fo r n o rm al sub jec ts .



log lb

F ig u re  6 .8  Log illum ination , log It , requ ired  fo r th resho ld  detec tio n  o f  a 
c ircu la r ta rg e t (w hite  ligh t, 3 .5  d iam e te r), superim posed  cen tra lly  on  a  c ircu la r 
background  (w h ite  ligh t, 30 d iam eter) o f illum ination  log I^,. T h e  ta rg e t was 
p resen ted  cyclically  fo r 0.1 second every  1 second . 4 -  d a ta  po in ts co rrespond  
to  da ta  fo r F .B . and  • d a ta  po in ts co rrespond  to  d a ta  fo r  a  norm al su b jec t, 
J .B .

(j)  T h resh o ld  fo r a M oving T arg e t

F .B . 's  sensitiv ity  to  a 3 .5°  d iam ete r ta rg e t m oving a t v degrees/second  

th ro u g h  th e  cen tra l 8 .5 °  o f th e  3 0 °  d iam ete r background field , illum ination  

level 2 .6  log td . was m easu red  (figure 6 .9 ). H er th resho ld  sensitivity  for 

d e tec tio n  o f  th e  m oving ta rg e t is n o rm al, desp ite  the  ex tended  ta il she 

perceives b eh in d  the  target.

T h resh o ld  illum ination  fo r d e tec tio n  o f  th e  bars o f  a g rating  m oving

across a u n ifo rm  background  was also m easured  fo r d iffe ren t g rating  velocities.

0
T h e  g ra ting  was in th e  form  of a c ircu la r field o f 4 d iam e te r and  o f spatia l



F ig u re  6 .9  Illu m in a tio n , log It , fo r th resh o ld  d e tec tio n  o f  a  c ircu la r ta rg e t 
(3 .5  d iam ete r) m oving a t  velocity  v  deg ree /seco n d  th ro u g h  th e  c e n tra l 8 .5  o f 
th e  background  field  (30 d iam e te r, illum ination  level 2 .6  log td .) .  B oth 
stim uli w ere  w hite ligh t. +  da ta  po in ts  co rresp o n d  to  d a ta  fo r F .B .;  •  da ta
po in ts  co rre sp o n d  to  d a ta  fo r a n o rm al su b jec t, J .B .

frequency  1 cyc le /deg ree . It was o rien ta ted  vertically  an d  m oved a t velocity  v

O 0

d eg ree /seco n d  a long  th e  ho rizo n ta l m erid ian  th ro u g h  the  cen tra l 8 .5  o f a 30 

d iam e te r , 2 .5  log td . illum ination  background. A gain F .B . 's  th resho lds are  

essen tia lly  n o rm al (figure 6 .10 ).
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F ig u re  6 .1 0  Illum ina tion , log It , fo r d e tec tio n  o f a g ra ting  (1 cycle /degree  
sp a tia l freq u en cy  in th e  fo rm  o f a c ircu la r field  o f 4 d iam eter) m oving a t 
velocity  v  deg ree /seco n d . T h e  g rating  was o rien ta ted  vertically  and  m oved 
a long  th e  h o rizo n ta l m erid ian , th rough  th e  cen tra l 8 .5  o f a  30 background  
(illum ina tion  2 .5  log td .) . W hite  light stim uli. T h e  su b jec t F .B . ( +  ) and  
th e  n o rm al su b jec t I .B . ( •  ) w ere in struc ted  to  find th resh o ld  fo r d e tec tio n  of 
th e  g ra ting  s tru c tu re .

(k) C ritica l Fusion  F requency

T h e  c ritica l fusion frequency  fo r 100%  square  w aveform  m odu la tion  was 

m easu red , using th e  m ethod  o f  2 .2 (f) ,a s  a  function  o f the  4 °  d iam e te r c ircu la r 

stim ulus illum ination  level, log I5 . F .B . 's  responses a re  sim ilar to  those  o f the 

n o rm al su b jec t J .B .  (figure 6 .11).
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F ig u re  6.11 C ritica l fusion frequency  (C F F ) p lo tted  against th e  m ean  
illum ination  level, I, o f  th e  flickering stim ulus (w hite  light an d  c ircu la r o f 
d iam e te r 4 ) . 4- d a ta  po in ts  co rrespond  to  th e  d a ta  fo r F .B .;  •  d a ta  po in ts 
co rresp o n d  to  d a ta  fo r J .B .

(1) V isual Illusions

F .B . 's  responses to  a n u m b er o f illusory p a tte rn s  including P oggendorf, 

C ra ik -C o m sw e e t, K anizsa trian g le , E h ren ste in  and  H erm angrid  illusory figures 

[G regory , 1970] w ere checked  and  in every  case she described  the  no rm al 

illusory  a p p ea ran ce . »

6 .4  D iscussion

F .B . h ad  su ffered  from  a relapsing  and  rem itting  neuro log ical d iso rder 

fo r th re e  years p rio r to  the  period  of testing  a t Im p eria l C ollege. T h e  m a jo r 

visual sym ptom  o f this d iso rd er is the  p ro longed  a f te r- im a g es  caused  by lights 

too  d im  to p ro d u ce  a f te r- im a g es  in sub jects w ith n o rm al vision.
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T h e  a fte r- im a g e s  a p p e a r as soon  as th e  light (called  th e  p rim ary  

stim ulus) is tu rn ed  o ff, an d  a re  observed  a t  all locations in th e  visual field . 

T h e y  a re  o f positive c o n tra s t and  y e llo w -g reen  in co lour a lthough  th ey  m ay 

have th e  sam e co lo u r as th e  p rim ary  stim ulus fo r th e  first few  seconds, and  

th ey  m atch  th e  p rim ary  stim ulus in size an d  spatia l s tru c tu re  (figure  6 .7 ) . T h e  

a f te r- im a g e  is accom pan ied  by an  increase in th resho ld  sensitivity  fo r de tec tio n  

o f a  tes t flash to  ab o u t th e  sam e level o f th resh o ld  sensitivity  as th a t w hen 

th e  p rim ary  stim ulus is p re sen t (figure 6 .1 ) . T h e  th resho ld  sensitivity  re tu rn s  

to  n o rm al m uch befo re  th e  a f te r- im a g e  has faded  aw ay com plete ly  how ever.

A fte r- im ag es  w ere p roduced  w ith p rim ary  stim uli as d im  as 0 log  td .,  

an d  th e  d u ra tio n  o f th e ir  d e tec tio n  increases as th e  illum ination  o f th e  p rim ary  

stim ulus increases (figu re  6 .3 (a )) . As m en tio n ed  in  section  6 .3 (d ), th e  very 

b righ t ligh t used  du ring  a  clinical exam ina tion  to  take  flash p h o to g rap h s  o f 

F .B . 's  re tin ae  caused  an  a f te r- im a g e  w hich lasted  fo r ov er ha lf an  h o u r. T h e  

a f te r - im a g e  d u ra tio n  also depends on  th e  exposu re  tim e o f th e  p rim ary  

stim ulus, increasing  as p rim ary  stim ulus exposu re  tim e increases (figu re  6 .3 (b )). 

T h e  m ost ex ten d ed  a fte r- im a g es  occured  a f te r  view ing gratings o f 1 to  2 

cycles/degree  sp a tia l freq u en cy  and  the  d u ra tio n  o f  these  a f te r- im a g es  w ere 

alw ays lo n g er th a n  fo r spatia lly  un ifo rm  fields o f th e  sam e d u ra tio n  and  

illum ination  (figure  6 .5 ) . A fte r-im ag es  w ere them selves gratings o f th e  sam e 

b a r size as th e  p rim ary  stim uli. F o r m o n o ch ro m atic  spatia lly  un ifo rm  p rim ary  

stim uli, yellow  an d  g reen  w avelengths p ro d u ced  longer lasting  a fte r- im a g es  th an  

red  o r  b lue w avelengths (figure 6 .4 ).

T h e  a fte r- im a g e s  m oved as F .B . m oved h e r eyes b u t m oving o r 

flickering  p rim ary  stim uli d id n o t p roduce  any  m ovem en t o r  flicker in  the  

a f te r - im a g e . A  s tre a k -sh a p e d  a fte r- im a g e  was p roduced  by a m oving light 

ta rg e t and  a flickering p rim ary  stim ulus p roduced  exactly  th e  sam e a f te r- im a g e



as a un ifo rm  p rim ary  stim ulus, thus F .B . 's  a f te r- im a g es  a re  specifically  spatia l 

in  n a tu re .

A fte r- im a g e s  a re  norm ally  associated  w ith p h o to p ig m en t b leach ing  b u t in 

th e  case o f  F .B . th is exp lanation  o f h e r  a fte r- im a g es  is unlikely ; a f te r- im a g es  

can  be p ro d u ced  in F .B . w ith light o f low illum ination  levels. F u rth e r , 

th resho ld  fo r a  ta rg e t is raised u n d e r d ichop tic  p resen ta tio n  o f th e  te s t flash 

and  p rim ary  stim ulus (figure 6 .1 ) w hereas b leaching  lights do n o t in fluence 

in c rem en t th resh o ld  sensitivity u n d e r d ichoptic  cond itions [C raw fo rd , 1940; 

M itchell an d  L iaudansky, 1955]. T h ese  observations suggest th a t the  

a f te r- im a g es  a re  p ro d u ced  cen tra lly . D esp ite  th e  pro longed  sensations p roduced  

by ligh t s tim u la tio n  F .B . has no rm al th resho ld  sensitivity  fo r d e tec tio n  o f  ta rg e t 

flicker (figure 6 .1 0 ), m ovem ent o f a  ta rg e t (figure 6 .9) and  d e c re m e n t o f 

ta rg e t illu m in a tio n , so th e  p ersev era tio n  o f visual im ages can n o t be  due  to  a 

lack  o f  te m p o ra l reso lu tion  o r  th e  fa ilu re  o f th e  m echan ism  signalling stim ulus 

o ffse t. In c re m e n t th resh o ld , I t , is norm al ex cep t a t  low  background 

illum inations, w h ere  I t is ra ised . T h is  im plies an  abnorm ally  h igh F ech n e r 

frac tio n  fo r th re sh o ld  d e tec tio n , w hich in  tu rn  im plies large 'd a rk ' o r in trinsic  

noise in  F .B . 's  visual responses [S tiles, 1946]. T h e  significance o f this in

re la tio n  to  a f te r- im a g e s  is no t know n a lthough , as bo th  involve in ternally  

g en era ted  'n o is e ',  they  m ay be re la ted  p h en o m en a . T h e  d u ra tio n  o f F .B .'s  

a f te r- im a g e s , o f  th e  o rd e r o f tens o f seconds, is s im ilar to  the  d u ra tio n  of 

ra ised  co n tra s t th resh o ld  observed follow ing ad ap ta tio n  o f o rien ta tio n  sensitive, 

b inocu larly  co n tro lled  neu ra l m echanism s [G ilinsky, 1968; P an tle  and  Sekuler, 

1968; B lakem ore  an d  C am pbell, 1969 and  C h a p te r  F our]. T h e  con trast 

th resh o ld  e leva tion  effec t is su b jec t to  inh ib ito ry  b inocu la r c o n tro l, via a 

pa thw ay  w ith a w e ll-d e fin ed , low  spatia l frequency  response [R uddock and  

W igley, 1976; R uddock , W aterfield  and  W igley, 1979] and  th e  spatia l frequency



response  o f  this b inocu lar inh ib ition  is in som e respects sim ilar to  th a t found 

fo r  F .B . 's  a f te r- im a g es , although  the  am plitudes o f th e  tw o responses are  

m easu red  in  te rm s o f d iffe ren t variables an d  a re , th e re fo re , n o t d irectly  

co m p arab le . T h e  sp ec tra l response o f th e  in h ib ito ry  m echanism  is b ro ad —band , 

as is th a t o f th e  a fte r- im a g es  (figure 6 .4) b u t the  fo rm er is c loser to  the 

p h o to p ic  sp ec tra l sensitivity  response. T h e  b u ild -u p  and  decay  o f the 

inh ib ito ry  in te rac tio n  takes 10 to  20 seconds, w hich is co m p arab le  w ith the  

d u ra tio n  o f  F .B . 's  a f te r- im a g es  (see Figure 6 .1 ) . T hus th e  inh ib ito ry , b inocu lar 

co n tro lled  m echan ism , w hich inhibits the  co n tras t th resho ld  elevation  e ffec t, has 

c e rta in  response  p ro p ertie s  sim ilar to  those associated  w ith F .B . 's  a f te r- im ag es  

a n d  m ay  be involved in th e ir  g enera tion .

F .B . suffers from  palinopsia o f th e  'a f te r - im a g e ' as opposed  to  the  

'ep isod ic  ty p e ' (sec tion  1 .3 (d )), th a t is, it occurs system atically  follow ing re tina l 

s tim u la tio n . U nlike m any  o f th e  pa tien ts  stud ied  by o th e r  au th o rs  F .B . does 

n o t have a localised  co rtica l lesion, a lthough  it has been  suggested th a t she 

co u ld  have a system ic d iso rd er such as vasculitis w hich can  p roduce  diffuse 

m icroscop ic  dam age. T h is would rem ain  unreso lved  by th e  im aging techniques 

ap p lied  (N M R  an d  C T  X—ray scan ), and  w ould no t lead  to  field  loss o r 

ep ilepsy . T h e re  was a  focal abnorm ality  ev iden t on  the  E E G  reco rd , but 

th e re  was on ly  a  m in o r im provem en t in h e r  sym ptom s follow ing an ticonvu lsan t 

tre a tm e n t an d  th is was n o t sustained . F .B . 's  responses show  som e sim ilarities 

to  those  described  fo r o th e r  p a tien ts  w hose palinopsia is specifically  o f the 

a f te r - im a g e  k ind . A  m oving stim ulus p roduces a con tinuous s treak  across the 

visual field  fo r F .B . and  fo r case 1 o f K insbourne and  W arring ton  [1963]. 

T h is  type  o f a f te r- im a g e  fo r a  m oving ta rg e t is also rep o rted  by Le B eau, 

W olinetz  and  R osier [1952]. In o th e r  cases, a m oving stim ulus is described  as 

prov id ing  a series o f  's tills ' a t d iffe ren t po in ts along the  p a th  o f the  m oving



stim ulus [C astaigne and  G reve leau , 1953; T e u b e r, 1961; case 2 o f K insbourne 

an d  W arrin g to n , 1963] and  in one  unusual case th e  a f te r- im a g e  ap p e a re d  to 

be m oving tw ice as fast as th e  m oving o b je c t [C le land , S aunders an d  R osser, 

1981]. M any au th o rs  re p o rt positive co n tra s t a f te r- im a g es  like those  o f F .B . 's  

[C ritch ley , 1951 case 6 ; Le B eau , W olinetz  an d  R osier, 1952; K insbourne and 

W arrin g to n , 1963] bu t F .B . 's  a f te r- im a g es  a re  m o n o ch ro m e g reen  in co lou r, 

w hereas these  o th e rs  w ere black and  w hite. T h e re  is also a re p o r t  o f 

a f te r- im a g es  w hich go th ro u g h  a sequence  o f co lo u r changes [B en d er, F e ld m an  

an d  S obin , 1968]. T h e  d u ra tio n  o f F .B . 's  a f te r- im a g es  is d ep en d en t on  the  

d u ra tio n  and  illum ination  level o f  th e  eliciting  stim ulus (figure 6 .3 ) , as was 

rep o rted  by K insbourne  and  W arring ton  [1963]. T h e  novel aspects o f F .B . 's  

responses a re  th e  w ell-d e fin ed  d ep en d en ce  o n  th e  spatia l s tru c tu re  o f th e  

e lic iting  stim ulus (figu re  6 .5 ) , th e  selective d ep en d en ce  on  th e  w avelength  o f 

th e  eliciting  stim ulus (Figure 6 .4 ) , and  th e  increase  in th resho ld  sensitiv ity  

associated  w ith th e  a f te r- im a g e  (figure  6 .1 ). O f these  observations, on ly  low  

spatia l frequency  d ep en d en ce  has been  rep o rted  previously , and  th en  in cases 

o f episodic palinopsia  [B odis—W ollner, B en d er and  D iam ond , 1984].

A bnorm al p ro longa tion  o f visual im ages is expressed  in a varie ty  of 

response  p a tte rn s . F .B . 's  a f te r- im a g es  a re  specifically  spatia l in n a tu re , 

w hereas o th e r  su b jec ts  exh ib it a f te r- im a g es  possessing tem p o ra l and  chrom atic  

p ro p e rtie s , as is p articu la rly  c learly  illustrated  in th e  exaggera ted  m ovem en t of 

th e  a fte r- im a g e s  described  by C le land , Saunders and  R osser [1981]. It is

p ro p o sed , th e re fo re , th a t abn o rm al p erseverance  o f visual sensation  can arise  in 

o n e  o r  m o re  o f  a n u m b er of n eu ro n a l m echan ism s, each  o f w hich causes 

selective p ro lo n g a tio n  o f responses to  d iffe ren t p a ram e te rs . T h e  cen tra l 

rep resen ta tio n  o f th e  re tina l im age in a series o f Field m aps was described  in 

section  1 .1(d) and  figure 1 .3 . T h e  evidence is th a t each  m app ing  rep resen ts  a



d iffe ren t p a ra m e te r  o f the  retinal im age e .g . colour in V4. T hus the 

o rgan isa tion  o f th e  cen tra l pathw ays is capab le  o f supporting  activ ity  specific  to 

o n e  aspec t o f th e  im age, in  this case spatia l s tru c tu re . F .B . 's  p ersevera tion  

m ay  well re flec t p ro longation  o f activity  in areas V2 a n d /o r  V 3, w hich are  

specifically  co n cern ed  w ith spatia l p a tte rn .
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7.1 In tro d u c tio n

D am age to  th e  s tr ia te  co rtex  usually  causes b lindness in  those  regions 

o f  th e  visual fie ld  w hich m ap  to  th e  a re a  o f n eu ra l d am age. H ow ever, as 

discussed in  sec tion  1 .3 (a ) o f C h ap te r  O n e , som e p a tien ts  w ith such  dam age 

can  d e te c t flashed  a n d  m oving ta rge ts  loca ted  w ithin th e  b lind  a rea  (sco tom a). 

In  th is  c h a p te r  th e  resu lts o f m easu rem en ts o f ta rg e t d isp lacem en t

d iscrim ination  in  tw o such  sub jec ts , w ho have residual v ision , a re  re p o rte d  and  

th e  visual pathw ays by w hich  th is residual vision fo r  ta rg e t d isp lacem en t could 

be m ed ia ted  a re  d iscussed.

7 .2  Sub jec ts

G .Y . is a  28 y ea r o ld  m ale  w ho is b lind  in  his rig h t h a lf  fie ld  o f view 

fo r b o th  eyes ( r ig h t hom onym ous h em ianop ia) bu t w ith sparing  o f ab o u t 3° 

a ro u n d  th e  fovea an d  R .C . is a  27 y ear o ld m ale  w ho is b lind  in  th e  u p p e r 

rig h t q u ad ran t fie ld  o f view  fo r bo th  eyes (rig h t hom onym ous q u ad ran tin o p ia ). 

G .Y . received  b ra in  dam age  in  a m o to r c a r  acc id en t w hen h e  was e igh t years 

o ld  an d  R .C . susta ined  a co rtica l in fa rc t follow ing an  a tta ck  o f m igra ine  w hen 

aged  tw e n ty - th re e  years. C o m p u te r to m ography  X —ray  scans o f th e  b rains of 

th e  2 sub jec ts  show  lesions in th e  le ft s tria te  co rtex . D eg en era tio n  o f the  

a rea  is co m p le te  fo r G .Y . an d  partia l fo r R .C . T h e  only  resu lt o f th is b rain

dam age is th e  visual fie ld  abnorm ality  and  n e ith e r  o f th em  show  any 

neuropsychological d is tu rb an ce  such as aphasia  o r  m em ory  d is tu rb an ce . B oth 

su b jec ts  have residual vision ra th e r  th an  'b lin d s ig h t' [W eiszk ran tz , 1986] in th a t 

th ey  ex p erien ce  a conscious visual sensation  fo r flashed  o r  m oving targets
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p re sen ted  w ith th e ir  sco tom a, the targets  being perceived as 'd a rk  shadow s'.

F ig u re  7.1 O u tlin e  trac in g s o f th e  C A T  b ra in  scans fro m  G .Y . an d  R .C . 
T h e  u p p e r  se t o f  tem p la tes  show  th e  a re a  o f  th e  ca lcerine  co rtex  (black) and  
th e  te r r ito ry  supp lied  by th e  poste rio r ce reb ra l a r te ry  (g rey).

(fro m  B ly the, K ennard  an d  R uddock , 1987)

T h ese  tw o sub jec ts , a long w ith tw e n ty - th re e  o th e rs , too k  p a rt in 

p rev ious stud ies, [B arb u r, R uddock  & W aterfie ld , 1980 % B ly the , K ennard  and  

R uddock , 1987] in  w hich visual fields w ere m apped  using a G oldm ann 

p e r im e te r  an d  tw o d iffe ren t sized ta rge ts . T h e ir  visual field  p lo ts a re  show n 

in  Figure 7 .2 .

N e u ro —ophthalm olog ica l ex am ina tion  failed  to  reveal any  d istu rbance  of 

eye  fixa tion  o r  saccadic eye m ovem ents (see figure 7 .3 ) . In  th e  study they  

w ere  b o th  found  to  m ake accu ra te  saccades to  stim uli in  th e ir  blindfield. 

T h e y  cou ld  d e tec t a c ircu la r ta rg e t m oving a t velocity  v in  e ith e r  hem ifield  bu t 

th e ir  th resho lds fo r m ovem en t w ithin th e ir  blind field w ere h ig h er th an  the



F ig u re  7 .2  R ecep tive  fields m easured  w ith a G o ldm ann  p e r im e te r  fo r th e  left 
( to p  row ) an d  rig h t (b o tto m  row ) eyes o f G .Y . &  R .C . E a c h  p lo t shows the  
v ertica l and  h o rizo n ta l m erid ian , positive angles den o tin g  u p p e r hem ifie ld  and  
r ig h t hem ifie ld  fo r  th e  respective  axes. T h e  d e tec tio n  lim its fo r  a  large ta rge t 
(V =  64m ir? ) a re  show n by th e  con tinous line, and  th a t fo r a sm all ta rge t 
( I I = l m n # )  by a b ro k en  line. T h e  ta rg e t was m oved a t 2 to  3 degrees/second 
fro m  th e  field  p e rip h e ry  tow ards th e  cen tre  and  the  lim its d en o te  positons of 
first d e tec tio n . T h e  ta rge ts  w ere of lum inance  320 c d /m 2 and  th e  background 
3 .2 'c d / m 2.

(from  B ly the, K ennard  an d  R uddock , 1987)

m o v em en t in  th e ir  n o rm al field , especially  fo r low velocities w here th reshold  

was ra ised  by ab o u t 3 log td  (see figure 7 .4 ). T h e ir  sensitiv ity  fo r transien t, 

n o n —m oving stim uli m easu red  in te rm s o f th e ir  critica l fusion frequency  a t 

d iffe re n t illum ination  levels was significantly  low er in th e ir  b lind  a reas  th an  in 

th e ir  n o rm al field  (see figure 7 .5) N eith er o f th em  show ed any  p a tte rn  

reco g n itio n  ability  in  th e ir  blind field and  could no t tell th e  d iffe ren ce  betw een 

h o rizon ta lly  and  vertically  o rien ta ted  gratings o f 1 cycle /deg ree  spatia l
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F ig u re  7 .3  T h e  an g le , Q' th rough  w hich th e  eyes w ere m oved in o rd e r to  
d e te c t a  ligh t flash  loca ted  on  th e  ho rizo n ta l m erid ian  a t angu la r location  0 
fro m  p rim ary  fixa tion  (positive angles d en o te  th e  righ t h em ifie ld ). T h e  lights 
w ere  o f  d iam e te r  23 m inu tes, w avelength  565 nm , d u ra tio n  100 m seconds and  
lum inance  56 .2  c a n d e la /m 2. T o p  g rap h , G .Y ., b o ttom  g rap h , a  norm al 
su b je c t, D .G . E r ro r  bars define  th e  s tan d ard  e rro rs  a ro u n d  th e  m ean  o f ten  
read ings

(fro m  B ly the, K ennard  an d  R uddock , 1987)
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len g th  4 a n d  a  c irc le  o f 4 d iam ete r, b o th  o f w hich a re  triv ial d iscrim inations 

to  m ak e  in  th e  n o rm al field  o f view . N e ith e r su b jec t h ad  an y  sensation  o f 

co lo u r in  th e ir  b lindfields although  a n o th e r  su b jec t o f th e  study  by B lythe, 

K en n a rd  an d  R uddock , [1987] was ab le  to  te ll th e  d iffe ren ce  b etw een  red  

(635nm ) and  g reen  (530nm ) light flashes.

F ig u re  7 .4  T h re sh o ld  illum ination , log It , fo r d e tec tio n  o f a c ircu la r ta rge t 
(d ia m e te r  3 .5  ) m oving a t  v degrees/second  along a d irec tion  p ara lle l to  the 
h o riz o n ta l m erid ian , against a un ifo rm  background o f illum ination  1 log td . 
T h e  ta rg e t trav ersed  8 , and  was located  w ithin th e  field sco tom a (crosses) o r 
in  th e  co rresp o n d in g  position  in th e  no rm al field  (o p en  circles). T h e  target 
lo ca tio n  fo r G .Y . was ±30 along the  h o rizon ta l m erid ian  and  fo r R .C . ±25 
fro m  th e  ho rizo n ta l an d  vertical m erid ians

(fro m  B ly the, K ennard  and  R uddock , 1987)

T h u s th e  tw o su b jec ts  can  p e rfo rm  accu ra te  eye m ovem en ts in to  the ir 

b lin d fie ld , th e ir  residual vision is tran s ien t in n a tu re , w ith a low  frequency 

te m p o ra l re sponse , b u t n e ith e r  can  identify  th e  co lou r, size o r  shape  o f a 

stim ulus in th e ir  b lindfie ld . T h e  d issociation  betw een  shape  d iscrim ination  and 

m o v em en t is illu stra ted  by the  observation  th a t m ovem ent o f th e  e x p e rim e n te r 's  

h an d  can  be d e tec ted  an d  its d irec tion  iden tified , bu t it can n o t be
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d iffe ren tia ted  from  m ovem en t o f a b lack, square card  of m uch  g rea te r area .

F ig u re  7 .5  V alues o f  c ritca l fusion  frequency  (C F F ) p lo tted  against th e  
lo g arith m  o f  th e  ta rg e t illum ination  (log  I). T h e  sinusoidally  m odu la ted  ta rg e t 
(d ia m e te r  5 .5  ) was superim posed  o n  a  un ifo rm  background o f  illum ination  0 .75  
log td . C irc les  re fe r  to  values fo r stim uli located  w ithin th e  sco tom a and  
c rcssts  to  values fo r  th e  co rresp o n d in g  location  in th e  n o rm al field . T h e

stim ulus locations w ere  th e  sam e as in  figure 7 .4 .
(fro m  B ly the, K ennard  an d  R uddock , 1987)

7 .3  E x p e rim en ta l P ro ced u re

T h e  M axw ellian  view  ap p a ra tu s  was used as exp la in ed  in 2.2(g) in 

o rd e r  to  study  th e  responses o f th e  sub jec ts  to  sequen tia lly  flashed  targets. 

S uch  stim uli e lic it, in  n o rm al sub jec ts , a strong  sensation  o f m ov em en t d irec ted  

fro m  th e  first to  th e  second  flash , an d  th is sensation  was rep o rte d  by th e  tw o 

su b jec ts  fo r stim ulus p resen ta tio n  w ith in  e ith e r  th e  n o rm al o r  'b lin d ' a reas of 

th e  visual field . All m easu rem en ts w ere m ade m onoptica lly , w ith th e  righ t 

eye , an d  th e  o b se rv e r 's  head  was k ep t steady  relative to  th e  in s tru m en t's  exit 

pup il by a d en ta l c lam p . T h e  ta rge ts  w ere sm all, c ircu la r pa tches o f w hite 

light. T h e  p robab ility , P , o f  co rrec tly  identify ing spo t d isp lacem en t to  the  left



o r  to  th e  righ t was m easu red  as a function  o f spo t sep a ra tio n  d  an d  10

p re sen ta tio n s  w ere m ad e  fo r  each  separa tion .

7 .4  R esults

(a ) D irec tio n  D iscrim ination  a t D iffe ren t P ositons along  th e  H o rizo n ta l Axis

T h e  field  o f  view  is illustrated  in  figure 7 .6 (a ) w ith tw o spo ts o f 1° 

d ia m e te r  an d  bo th  a t  3 .2  log td . T h e  change  in  d irec tio n  d iscrim ination  

ab ility  was m easu red  as th e  sep ara tio n , d , o f th e  tw o ta rg e ts  was varied  fo r a 

n u m b e r o f  d iffe ren t locations along  th e  h o rizo n ta l axis an d  th e  resu lts a re  

show n in  figure 7 .6 . T h e  d a ta  fo r G .Y . (figure  7 .6 (b )) is fo r  positions 5 , 10, 

15 , 20 an d  30° off—axis a long  th e  ho rizo n ta l m erid ian  in  th e  b lind  (righ t) 

hem ifie ld  an d  a t  5 ° o f f -a x is  in  th e  n o rm al hem ifie ld . D a ta  fo r  a  n o rm al

su b jec t fo r sim ilar loca tio n s in  th e ir  rig h t hem ifie ld  a re  show n in  figure 7 .6 (c ). 

T h e  d a ta  fo r  b o th  G .Y . an d  th e  n o rm al su b jec t, I .B ., show  th a t th e

p ro b ab ility  fo r c o rre c t d iscrim in a tio n  o f a p p a re n t m o tion  increases rap id ly  as 

th e  sep a ra tio n  o f th e  tw o ta rg e ts  increases an d  th a t it d ecreases as th e  d istance 

o f  th e  stim ulus fro m  th e  fixation  (its  eccen tric ity ) increases. G .Y .'s  

p e rfo rm a n c e  in his b lindfie ld  is w orse th an  a t  a  co m p arab le  po in ts in his 

n o rm al hem ifie ld  o r  th a n  th a t a t co m p arab le  po in ts  in the  no rm al o b se rv e r 's  

field . In  o rd e r to  co m p a re  d iscrim ination  ability  fo r no rm al and  blindfields the 

values o f  d  fo r a  p ro b ab ility  o f co rrec t d irec tio n  d iscrim ination  o f 90%  a t each  

re tin a l location  a re  p lo tted  in figure 7 .7 . T h is  show s th a t up to  15°

e ccen tric ity  th e  b lindfield  requ ires on ly  slightly  larger ta rg e t sep a ra tio n  fo r 

d irec tio n  d iscrim ination  bu t th a t a t h igher eccen tric ities the  d iffe ren ce  betw een 

th e  tw o fields becom es m o re  m arked .
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F ig u re  7 .6  (a) T h e  stim ulus configuration  used to elicit a p p a re n t m ovem ent.
T h e  tw o c ircu la r ta rge ts  w ere d isplaced cen tre  to  cen tre  by d istance , d , w hich 
was th e  variab le  param eter, o f  th e  m easu rem en ts, an d  w ere p resen ted  
successively fo r  800m s each . T h e  value o f d  an d  th e  o rd e r o f p re sen ta tio n  of 
th e  tw o spo ts w ere varied  random ly  betw een  p resen ta tio n s. E ach  stim ulus 
con figu ra tion  was re p ea ted  10 tim es. I ,  an d  I 2 d en o te  th e  (equal) illum ination  
levels o f  th e  tw o targets .
(b ) D a ta  o f  su b jec t G .Y .;  p robab ility  fo r co rre c t d iscrim ination  o f th e  ta rg e t,
P (% ), is p lo tted  against d , th e  sep ara tio n  o f th e  tw o spo ts, expressed  in  
deg rees. T h e  spots w ere  o f 1 d iam ete r an d  th e  illum ination  level was 3 .2  log 
td . M easu rem en ts w ere m ade in  th e  'b lin d ' hem ifie ld , a t 5°, +  ,10°, •  ,
15 , X  ,20 , O an d  30 ▲ o ff-a x is  a long  th e  h o rizon ta l m erid ian , and  a t  5 ° 
o ff-a x is  in  th e  n o rm al hem ifie ld  ( □  ).
(c) As fo r (b ) , b u t fo r th e  n o rm al su b jec t I .B .;  sym bols as fo r (b ).

F ig u re  7 .7  V alues o f d  requ ired  fo r 90%  probab ility  o f co rrec t d iscrim ination  
o f  th e  d irec tio n  o f ta rg e t d isp lacem en t from  righ t to  le ft, o r vice versa. D ata 
fo r su b je c t G .Y . 's  b lind  hem ifie ld  (+■ ) and  I.B . ( o ) p lo tted  against stim ulus 
eccen tric ity , a re  tak en  from  figure 7 .6 . D ata  fo r G .Y .'s  no rm al hem ifie ld  ( • )  
w ere o b ta in ed  by sim ilar m ethods.

(b) D irec tio n a l D iscrim ination  fo r D iffe ren t S po t Sizes

A  single stim ulus location  was used an d  d iscrim ination  o f d irec tion  was 

m easu red  fo r d iffe ren t spo t sizes as a function  o f spo t sep a ra tio n . T h e  

ex p e rim en t was p e rfo rm ed  by R .C ., a q u ad ran tin o p e , so in o rd e r to  p re sen t
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F ig u re  7 .8  (a )  As fo r  figure 7 .6 , bu t m easurem ents w ere m ade a t a single
lo ca tio n , 10° o ff-a x is  re la tive  to  bo th  th e  vertical and h o rizon ta l m erid ians, 
p lac ing  th e  ta rg e ts  in  th e  u p p er righ t q u ad ran t, th a t is w ithin R .C .'s  blindfield 
a re a . T h e  d a ta  fo r  R .C . re fe r to  c ircu la r ta rge ts  o f 0 .2  ° (A  ), 0 .5  °( c  ) and  
1 .0 ° ( X  ) d iam e te r . C om parison  da ta  a re  also given fo r an  equ ivalen t location  in 
th e  n o rm al le ft u p p e r q u ad ran t fo r ta rge ts  o f d iam ete r 1 .0  ( □ ) .
(b )  As fo r  (a) b u t fo r u p p er righ t q u ad ran t o f the  no rm al sub jec t I.B . 
Sym bols as fo r (a ) .

ta rg e ts  w ith in  his b lind  field they  w ere situa ted  in the u p p e r righ t q u ad ran t, 

10° o ff-a x is  an d  a t  equal d istances from  th e  horizon ta l an d  vertical m erid ian . 

T h e  ta rg e ts  w ere o f  0 .2 , 0 .5  an d  1 d iam ete r and  all o f 3 .2  log td . 

illum ination . T h e  resu lts in figure 7 .8  show  th a t the  p robab ility  fo r co rrec t

223

M



iden tifica tion  o f the  d irec tion  of a p p a re n t m otion  increases w ith sep ara tio n , d , 

o f  th e  rtwo- ta rg e ts  an d  th a t it is essentially  in d ep en d en t o f sp o t size. R esults 

fo r  ta rg e t p re sen ta tio n  in  th e  b lind a re a  a re  sim ilar to  those  o b ta in ed  in  th e  

n o rm a l fie ld , figure 7 .8 (a ) , an d  in  th e  n o rm al o b server, figure 7 .8 (b ), a lthough  

R .C . 's  b lindfield  yields p o o re r  d iscrim ination  p e rfo rm an ce  fo r  d isp lacem en t th an  

does I .B . 's  n o rm al field .
»

(c) S hape D iscrim ination

S hape d isc rim ina tion  was tes ted  fo r  a  p a ir  o f stim uli, a  1 .1 °  d iam ete r 

c ircu la r ta rg e t an d  tw o 1 .1 °  d iam ete r c ircu la r ta rg e ts  sep a ra ted  by  7 °  and  

p re sen ted  a t  th e  sam e tim e . B oth  stim uli w ere cen tred  1 3 .5 °  o ff-a x is  a long  

th e  h o rizo n ta l m erid ian  a n d  th e  single ta rg e t illum ination  w as equal to  th e  

illum ina tion  o f  th e  tw o targets  to g e th e r so th e  stim uli cou ld  n o t be 

d iffe ren tia ted  by  to ta l flux . O n e  h u n d red  p resen ta tio n s w ere m ad e , w ith  th e  •

tw o stim uli p re sen ted  in  ran d o m  sequence  an d  befo re  th e  ex p e rim en t G .Y . was 

in stru c ted  as to  th e  n a tu re  o f  th e  stim uli. F o r  p resen ta tio n  in  th e  b lindfield  

h e  co rrec tly  iden tified  th e  single ta rg e t in 23 o u t o f  SO p resen ta tio n s an d  the  

p a ir  o f ta rge ts  in  26 o u t o f 50 p resen ta tio n s, ie he p erfo rm ed  a t chance , 

w hereas he was 100%  c o rre c t fo r ta rg e t p resen ta tio n  in his no rm al Field.

7 .5  D iscussion

T h ese  ex p e rim en ts , ca rried  o u t on  tw o sub jec ts w ith residual vision 

w ith in  sco tom ata  caused  by stria te  lesions, show  th a t w hilst th ey  have no 

p a tte rn  recogn ition  ab ility  an d  pe rfo rm  a t ch an ce  levels fo r d iscrim inating  

stim uli in th e ir  b lindfie ld , they  have n e a r  n o rm al ability  to  d isc rim ina te  the  

d isp lacem en t o f tw o ta rg e ts  flashed sequentia lly  in th e ir  b lindfield  (figure  7 .6
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and figure 7.8)

. A  n u m b er o f  au th o rs , including C am p io n , L atto  an d  Sm ith  [1983], have 

suggested  th a t  residual vision is due  to  ligh t sca tte red  in to  th e  n o rm al field. 

H ow ever th is  im plies residual vision w ould be  possible w ith sca tte red  ligh t in  

a ll cases o f  p a r tia l- f ie ld  blindness b u t th is is n o t th e  case an d  th e  study  o f 

B ly the , K en n ard  an d  R uddock  [1987] found  th a t o u t o f  tw enty—five subjects 

w ith  re tro g en icu la te  lesions on ly  five h ad  residual vision. In  th e  experim en ts 

described  above very  fine  d iscrim inations w ere being m ade  in  th e  blindfield 

w hich , if sca tte red  ligh t was being used , w ould m ean  th a t it w ould have to  be 

w ell localized . A  n u m b er o f  o th e r  a rgum en ts against th e  sca tte red  light 

ex p lan a tio n  o f  residual vision have b een  given by B arb u r, R uddock  and  

W aterfie ld  [1980], B arb u r and  R uddock  [1983] an d  B ly the, K ennard  and  

R uddock  [1987] (G .Y . w as a su b jec t in  all o f th ese  studies.)

C o m p u te r  to m o g rap h y  X -ra y  scans show  dam age o f  th e  s tria te  co rtex  

(a n d  on ly  o f  th e  s tria te  co rtex ) in b o th  sub jec ts. Such  dam age has been

re p o rte d  in  m an y  o th e r  sub jec ts  and  it resu lts in b lindness o f th e  co rrespond ing  

re tin a l a re a . S ub jec ts  exh ib iting  residual vision do  n o t d iffe r system atically  

from  those  w ho do  n o t exh ib it residual vision in the  ex ten t o f dam age to  the 

s tr ia te  co rtex  an d  b lindsight has been  rep o rted  fo r a su b jec t in w hich a large 

p a r t  o f  th e  s tria te  co rtex  was surgically  ab la ted  [W eiskran tz , W arring ton , 

S an d ers  an d  M arshall, 1974]. T h e re fo re , in  o u r sub jec ts, a n o th e r  b rain  area  

m ust be  ab le  to  localize transien ts . B ly the, K ennard  and  R uddock  [1987] 

suggest th a t age o f  o n se t o f th e  b ra in  dam age is an  im p o rtan t fac to r and  th a t 

reco v ery  o f  fu n c tio n  m ay  occu r in young sub jec ts.

It has b een  argued  th a t the  ch arac teristics o f residual vision in one  of 

th ese  tw o su b jec ts  a re  sim ilar to  those  o f e lectrophysio logical responses 

reco rd ed  from  th e  su p erio r colliculus [B arb u r, R uddock an d  W aterfie ld , 1980],
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w hich itself p ro jec ts  via th e  pu lv inar to  th e  p restria te  co rtex . Subsequently  

ho w ev er, a 'd i r e c t ,  a lb e it sp arse , p ro jec tio n  fro m  th e  p rim a te  la te ra l geniculate 

n u c leus to  th e  p re s tr ia te  co rtex  has b e e n  d em o n stra ted  [F ries , 1981; Yukie and  

Iw ai, 1981]. A lthough  th e  ex p erim en ts  do  n o t iden tify  th e  pathw ay w hich 

m ed ia tes  residua l v ision , th ey  do  d em o n stra te  a  com p le te  fu nc tiona l d issociation  

b e tw een  visual lo ca liza tion  o f  tran sien ts  an d  p a tte rn  d isc rim ina tion , as w ould be 

p red ic ted  by th e  ’tw o system s th e o ry ' o f  visual o rgan iza tion .
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C H A P T E R  E IG H T  C O N C L U SIO N S

T h e  p rin c ip a l exp erim en ta l findings an d  conclusions p resen ted  in  th is *-
thesis can  be sum m arised  as follows.

8.1 E x p erim en ts  w ith Spatially  and  T em p o ra lly  M odulated  S tim uli 

(C h a p te r  T h re e l

(a) V isual d e tec tio n  o f a  d a rk  co n tra s t, m oving ta rg e t is in fluenced  by

sp a tia l a n d /o r tem p o ra l m odula tion  o f th e  background  fie ld . T h e  spatia l and

te m p o ra l frequency  response  ch arac teristics o f  th e  visual m echan ism s, found  by 

m easu rem en t o f  changes in  th resh o ld  illum ination  caused  by th e  background •

m o d u la tio n , a re  s im ila r to  th e  response ch arac teristics o f th e  visual m echanism s

fo u n d  by  B arb u r an d  R uddock  [1980a] an d  H olliday and  R uddock  [1983] using 

a ligh t co n tra s t ta rg e t an d  th e  sam e background  fields.

(b) T h e  sp a tia l frequency  response ob ta in ed  with a d a rk  co n trast ta rg e t and 

a background  consisting  o f a lte rn a te  light and  dark  bars (g ra ting  structu re)(see  

figure 3 .1 ) is b an d —pass, peaks betw een  3 and  5 cycles/degree and  is sim ilar to 

th e  ST1 spatia l resp o n se  ( th e  IM G response o f B arbur and  R uddock, 1980) for 

a lig h t co n tras t ta rg e t. No sh ift o f th e  peak  to  h igher spatia l frequency  was 

fo u n d  w ith background  illum inations g re a te r  th an  2 log td ., but the highest 

back g ro u n d  illum ination  used only  2 .6  log td . (figure 3 .2 ). E x p erim en ts  with 

ligh t co n tras t ta rg e ts  ca rried  ou t a f te r  th e  1980 p ap er have no t found  such a 

sh ift fo r  all sub jec ts . T h e  ST1 spatia l response m easured  w ith a dark  con trast 

ta rg e t has o th e r  p a ram e tric  p ro p erties  sim ilar to  those o b ta in ed  with a light
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c o n tra s t ta rg e t. T hu s sim ilar da ta  a re  o b ta ined  with horizontally  o r  vertically  

o rie n ta te d  background  gratings (figure 3 .4 ) , establish ing th a t th e  m echanism  

w hich  m ed ia tes  th e  response  is n o n -o rie n ta tio n  selective an d  th e  p eak  response 

is d isp laced  to  low er sp a tia l frequencies fo r  m easurem ents m ade a t  g rea te r 

re tin a l eccen tric ities  (figu re  3 .3 ).

(c) T h e  ST1 tem p o ra l response  ob ta ined  w ith tw o m atched  gratings p resen ted  

in  sp a tia l an d  tem p o ra l an tiphase  was n o t m easured  fo r  a  d a rk  co n tras t ta rg e t. 

B u t th e  ST 2 tem p o ra l response , w hich is closely re la ted  to  th e  ST1 tem p o ra l 

re sp o n se , was m easu red  fo r a  negative co n tra s t ta rg e t by p resen ting  the. m oving 

ta rg e t o n  a spatia lly  u n ifo rm , flickering background . T h is  ST 2 tem p o ra l 

freq u en cy  response  is b a n d -p a ss  (figure 3 .5 ) an d  th e  frequency  fo r m axim um  

resp o n se  increases w ith m ean  background  illum ination , in  a  m an n e r sim ilar to  

th a t  o f  th e  S T 2 te m p o ra l response  o b ta in ed  w ith  a  light co n tra s t ta rg e t (figure 

3 .6 ) . F ro m  th is  it is in fe rred  th a t th e  ST1 tem p o ra l responses fo r d a rk  and  

ligh t c o n tra s t ta rg e ts  a re  sim ilar.

(d ) T h e  sp a tia l response  ob ta in ed  w ith a  d a rk  co n trast ta rg e t m oving across 

a background  field  consisting  o f a lte rn a te  steady  an d  flickering bars o f the  

sam e m ean  illum ination  is b an d -p a ss  (figure  3 .7 ) , with a peak  response a t 1 

cy c le /d eg ree  an d  is s im ilar to  th e  ST 2 spatia l response o b ta in ed  fo r a light 

c o n tra s t ta rg e t.

(e) T h e  use o f  tw o d iffe ren t sets o f spatia lly  stru c tu red  backgrounds w ith 

ligh t an d  d a rk  bars o f  unequal w idth (figures 3 .10  to  3 .12) failed to  show  th a t 

th e re  a re  sep a ra te  ST1 m echanism s d e tec tin g  light and  d a rk  co n tra s t ta rgets, 

respective ly . T h is  fa ilu re  m ay be due to  inadequate  m ethodology  an d  fo r one 

se t o f  background  stim uli (in  w hich one  b a r po larity  had  a co n stan t w idth 

w hilst th e  o th e r  had  varying w idth) (figure  3 .1 3 ), th e re  w ere som e d ifferences 

a t low  spatia l frequencies betw een  d e tec tio n  o f light and  d a rk  co n trast targets.



8 .2  E x p erim en ts  o n  th e  C on tribu tions o f D iffe ren t S pectra l C lasses o f C one to

C en tra l M echanism s. (C h ap te r  F our)

(a ) T h e  c o n tra s t th resh o ld  elevation  e ffec t was elic ited  w ith inp u ts  d erived  

fro m  single co n e  types, using th e  tw o co lou r in c rem en t th resh o ld  tech n iq u e  o f 

S tiles.

(b) T h e  responses o b ta in ed  from  th e  x 3 o r  t  5 (figure  4 .4 ) m e chanism s are  

sim ilar to  those  o b ta in ed  using w hite light u n d e r e ith e r  m onop tic  o r  d ichop tic  

p resen ta tio n  o f  te s t an d  ad ap ta tio n  g ratings. In  each  case th e  m axim um  

in crease  in  c o n tra s t th resh o ld  occurs w hen  th e  ad ap ta tio n  a n d  te s t g ratings a re  

o f  th e  sam e sp a tia l frequency .

(c) All a d a p ta tio n  w avelengths te s ted  p ro d u ce  c o n tra s t th resh o ld  elevation

w hen  e ith e r  x 3 o r  x 5 m echan ism s a re  iso lated  (figure  4 .5 ).

(d ) I t is conc lu d ed  th a t signals g en era ted  in b lue sensitive cones a re

tran sm itted  to  a c e n tra l m echan ism  w ith  b ro a d -b a n d  sp ec tra l responses, 

c o n tra ry  to  th e  assertio n  th a t th ey  a re  p ro p ag a ted  solely in  n a rro w -b a n d  

'o p p o n e n t c o lo u r ' ch an n e ls .

8 .3  ’ E x p erim en ts  on  th e  Processing o f S patia l P a tte rn s  in Sub jec ts w ith 

A bnorm alities o f th e  Visual System  (C h ap te r  Five)

(a) ST1 sp a tia l responses o b ta ined  fo r b o th  light and  dark  co n tras t targets

a re  sh ifted  to  low er spatia l frequencies in  th e  'am b ly o p ic ' eye o f five 

strab ism ic am blyopes an d  in the  'n o rm a l ' eye o f those sub jec ts  who have 

u n d erg o n e  p a tch in g  tre a tm e n t fo r th e ir  squ in t (figure 5 .2 ).

(b) T h is resu lt suggests th a t bo th  'o n ' and  'o f f ' cen tre  X —type physiological 

pathw ays a re  a ffec ted  in strabism ic am blyopia .

(c) D iscrim ination  ab ility  fo r o rien ta tio n  (figures 5 .3  to  5 .7 ) is degraded



re la tive  to  n o rm al, on ly  fo r the 'am b ly o p ic ' and  no t for the  'n o rm a l ' eyes of 

s tra b ism ic . am blyopes an d  th e n  only  fo r sm all tw o-d im en sio n a l p a tte rn  elem ents 

(fig u res  5 .4  to  5 .7 ) , n o t fo r single line e lem en ts  (figure  5 .3 ). T h e  am blyopic 

e y e 's  p o o r  d iscrim ination  response c an  be sim ula ted  in  n o rm al sub jects by 

defocusing  o r  dem agnify ing  th e  im ages.

(d ) T h e  am b ly o p es ' p o o r d iscrim ination  p erfo rm an ce  can n o t be exp lained  

solely  by  loss in  sp a tia l reso lu tion  as m easured  by th e  ST1 spatia l response an d  

it  ap p e a rs  th a t o th e r  fac to rs arising  cen tra lly  in  th e  pathw ays con trib u te  to  

red u ced  d isc rim ina tion  pe rfo rm an ce . A  co rre la tio n  was found  betw een  

d iscrim in a tio n  o f  sm all, tw o -d im en sio n a l p a tte rn  e lem ents an d  Snellen  acu ity  

(figu re  5 .8 ) .

(e ) O rie n ta tio n  d iscrim ination  fo r  single lines is n o rm al in  am blyopes, a  

re su lt fo u n d  by o th e r  re sea rch ers  [V ogels, O rb a n  a n d  V andenbussche, 1984].

(f) S tud ies o n  a  su b jec t, H .J .A . ,  w ith visual form  agnosia estab lish  th a t 

p a tte rn  d isc rim ina tion  fo r  a ta rg e t d iffe ren tia ted  fro m  background e lem en ts  by a  

single p a ra m e te r  (e ith e r  o rien ta tio n , m agn ifica tion , te x tu re , lightness o r  

d is to rtion ) is in  all b u t o n e  case abnorm ally  slow  (figures 5 .12  to  5 .1 7 ). T h e  

single ex cep tio n  is th e  d iscrim ination  o f  o rien ta tio n  for single lines (figure 

5 .1 2 (a ).

(g) T h e re  is a  c le a r  co rre la tio n  betw een  th e  n um ber o f e rro rs  (failures) 

m ad e  by  th is  su b jec t in  d e tec tio n  o f a  given ta rg e t and  the  tim e taken  for the  

d iscrim in a tio n  o f  th a t ta rg e t (figure 5 .22 ).

(h ) T h e  ch arac teris tic s  o f  H .J .A . 's  d icrim in a tio n  a re  sim ilar to  those o f 

n o rm a l su b jec ts  b u t th e  tim e scale o f his d iscrim inations a re  o f th e  o rd e r o f 

te n  tim es slow er th a n  n o rm al (figure 5 .23a).

(i) H is d iscrim ination  betw een  a p a ir  o f e lem en ts is n o t abnorm ally  

d e p e n d e n t o n  th e ir  sep a ra tio n  over th e  cen tra l 10 o r  so o f  th e  field , bu t even
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in th e  sim plest case o f tw o ad jacen t e lem en ts his responses a re  abnorm ally  

slow  (f ig u re  5 .1 9 ).

( j)  H .J .A . 's  d isc rim ina tion  capacity  fo r  tw o d im ensional e lem en ts  d e te rio ra tes  

rap id ly  as th e  n u m b er o f  e lem en ts in  th e  field  increases, in  c o n tra s t to  n o rm al 

su b jec ts . T h u s  h e  ap p ea rs  unab le  to  process tw o d im ensional e lem en ts  in  

p a ra lle l (figure  5 .1 8 ).
«•

(k) T h ese  resu lts suggest th a t th e  p rob lem  w ith H .J .A . 's  d iscrim ination  is 

n o t th a t it  o p e ra te s  o v er only  a res tric ted  a re a  (a  th eo ry  p rop o sed  by B ay,

1953), bu t th a t it fails to  p e rfo rm  sim ultaneous d iscrim ination  o f geom etric  

sh ap es ex cep t in  th e  sim plest case o f single lines. T h is  ex cep tio n  estab lishes 

th a t  H .J .A . 's  visual responses a re  in tac t a t  o n e  level b u t th a t  th ey  a re  

d is tu rb ed  a t  th e  level w here  single lines a re  associated  in to  tw o d im ensional 

e lem en ts .

(l) H .J .A . 's  n o rm a l stereoscop ic  d e p th  p e rcep tio n  ind ica tes th a t som e •

p re - s t ia te  fu n c tio n  is n o rm a l, b u t th e  absence  o f co lo u r vision an d  the

ex tensive  d am ag e  visible in  a  C T  scan  (figure  5 .1 1 ), ind ica te  im p a irem en t a t 

a n  ea rly  stage o f th e  co rtica l visual pathw ay.

(m ) It is a rgued  th a t th e  da ta  ob ta in ed  in th e  stud ies on  tw o types o f visual 

ab n o rm ality  su p p o rt th e  hypothesis th a t n eu ro n a l p rocessing o f spatia l co n ten t 

o f th e  visual im age can  be divided in to  a filtering  stage and  a co m pu ta tiona l 

stage .

8 .4  E x p erim en ts  o n  T em p o ra l D istu rbance  o f V ision — Visual P e rservera tion  

(C h a p te r  Six')

(a) T h is su b jec t, F .B ., suffers from  a relapsing  an d  rem ittin g  neurological 

d is tu rb an ce  w hose m a jo r  visual sym ptom  is p ro longed  a f te r- im a g e s , caused  by 

lights to o  d im  to  p ro d u ce  th em  in sub jec ts  w ith n o rm al vision.
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(b) T h e  a f te r- im a g es  a re  believed to  be p roduced  cen tra lly . T h ey  occur 

th ro u g h o u t th e  visual fie ld , a re  o f positive c o n tra s t an d  y e llo w -g reen  in  co lour. 

T h e  d u ra tio n  o f  th e  a fte r- im a g es  increases w ith th e  illum ination  an d  exposure 

tim e  o f  th e  p rim ary  stim ulus (figure 6 .3 ) an d  it also dep en d s o n  th e  spatia l 

c o n te n t (figure  6 .5 ) a n d  w avelength  (figure 6 .4 ) o f  th e  p rim ary  stim ulus. T h e  

sp a tia l c o n te n t o f  th e  a f te r- im a g e  is th e  sam e as th a t o f th e  eliciting  stim ulus. 

T h re sh o ld  sensitiv ity  fo r  d e tec tio n  o f a te s t stim ulus flashed o n  th e  a f te r- im a g e  

is increased  fo r  som e 10 to  15 seconds, a f te r  ex tinc tion  o f  th e  eliciting 

stim ulus, a lthough  th e  a f te r  im age can  be d e tec ted  fo r a longer period  o f tim e  

(figu re  6 .1 ) .

(c) T h e  a f te r - im a g e s  m ain ta in  th e  spatia l s tru c tu re  o f th e  elic iting  stim ulus 

b u t s tru c tu re s  o f  sp a tia l frequency  o f  1 to  2 cycles/degree persist longer th a n  

o th e r  s tru c tu re s  an d  th o se  w ith spatia l frequency  g rea te r th a n  10 cycles/degree 

a re  n o t observed  a t  a ll (figu re  6 .5 ).

(d ) F .B . 's  te m p o ra l reso lu tion  is n o rm al (figures 6 .9  to  6 .11) bu t she has 

ra ised  in c rem en t th resh o ld s  a t  low  background illum inations (figure  6 .8) w hich 

im plies a  large in tinsic  o r  ’d a rk ' noise in h e r  visual system .

(e) T h e  sp a tia l freq u en cy  response o f F .B . 's  a f te r- im a g es  is sim ilar, in som e 

resp ec ts , to  th a t o f th e  m echan ism  responsible fo r b inocu lar inh ib ition  o f the  

c o n tra s t th resh o ld  e ffec t [R uddock  and  W igley, 1976; R uddock, W aterfield  and  

W igley, 1979].

(f) I t  is a rgued  th a t  these  results, to g e th e r w ith rep o rts  o f o th e r  subjects 

[C le lan d , S aunders an d  R osser, 1981; B en d er, Feldm an  and  S obin , 1968; 

K in sb o u m e an d  W a rrin g to n ,1963], su p p o rt th e  hypothesis th a t abnorm al 

p e rsev eran ce  o f visual sensation  can  arise in o n e  o r  m ore  o f a  n um ber o f 

n e u ro n a l m echan ism s, each  o f w hich causes p ro longa tion  o f response to  

d iffe re n t stim ulus p a ram e te rs . T h is su b je c t's  persevera tion  m ay well re flec t
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pro lo n g a tio n  o f activ ity  in a reas V2 a n d /o r V3 which are  specifically  con cern ed  

w ith  spatia l -p a tte rn .

(g) M easu rem en t o f  th e  su b je c t 's  visual ab n orm ality  w ith psychophysical

tech n iq u es m akes it possib le to  quan tify  th e  effectiveness o f m ed ical tre a tm e n t.

8 .5  E x p erim en ts  o n  th e  R esidual V ision o f  T w o H em ianoo ic  S ub jec ts  (C h ap te r  

Sevens

(a) T h e  residual visual p ro p ertie s  o f tw o h em ianop ic  sub jec ts  a re  review ed 

[B a rb u r, R uddock  a n d  W aterfie ld , 1980; B ly the, K ennard  an d  R uddock , 1987] 

a n d  d irec tio n  an d  sh ap e  d iscrim ination  w ith in  th e ir  b lind  Helds m easu red . 

S h ap e  d iscrim ination  p e rfo rm an ce  is a t  ch an ce  level, w hile th e  d iscrim ination  o f 

th e  d isp lacem en t o f  tw o spots flashed  sequen tia lly  was n e a r n o rm al.

(b ) T h e  resu lts  o f  th ese  ex p erim en ts  d em o n stra te  a  co m p le te  func tiona l 

d issociation  b e tw een  visual localization  o f  tran sien ts  and  p a tte rn  d iscrim ination  

in  h em ian o p ic  residua l vision an d  a re  fu r th e r  ev idence in  su p p o rt o f  th e  'tw o 

system s th e o ry ' o f visual o rgan iza tion .
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Pattern discrimination in a h u m a n  subject suffering visual agnosia
By J . M. Bromley, G. W. H umphreys*, A. J avadnia, M. J. RiDDOCHf and
K. H. R uddock. Departments of Physics and Pure and Applied Biology, Imperial 
College, London, * Department of Psychology, \Birkbeck College, London, and School of 
Physiotherapy, London Hospital, London

Since suffering a stroke some four years ago, H. J .A . has exhibited lack of visual 
pa ttern  recognition, and CT scans show areas of neuronal damage localized bilaterally 
in the posterior cerebral cortex (Humphreys & Riddoch, 1984). His failure to 
recognize familiar objects, including faces, is particularly marked for line drawings 
(Humphreys & Riddoch, unpublished). We have measured the time required for 
detection of a target element which differs in orientation from multiple, identical

-4

[From the Proceedings of the Physiological Society, 25-26 March 1986
Journal of Physiology, 377, 61P, 1986]
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Fig. 1. A ,  typical stimulus pattern, of size 9-5 deg, 7-1 deg; locations of the non-overlapping 
elem ents were randomized between presentations. Four possible target orientations were 
presented 50 times each, in random sequence. Target elem ents were rotated 0 deg (null 
target), 30, 60 and 90 deg relative to the background elements. B , Ti (seconds) for H. J. A. 
plotted against fp average values for three normal, naive subjects. The diiferent targets 
are illustrated on the figure, except for continuous lines and co-linear spots, denoted #  
and O  respectively, which give similar values for all orientations. Targets presented at 
time X  were not detected on 50 % of presentations and the dob-dash line shows the locus 
•q equal to  ti.

background elements (Fig. 1 A). Probability for detection of a given target, P(t), was 
measured as a function of time, t, following its presentation, and t i , the t value for 
50%  probability of detection, provides a measure of disrimination performance. 
H .J.A .’s t i  values for background elements | and j are essentially normal, but become 
increasingly abnormal for backgrounds llll , dlh , A and o (Fig. IB). The 
data demonstrate th a t H .J.A .’s discrimination is disturbed for targets incorporating 
different line orientation, but not for single lines. Thus those mechanisms responsive 
to single lines function normally, whereas those which associate line elements into 
2-D patterns are selectively disturbed.
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Abnormal prolongation of visual sensations in a h u m a n  subject
By I. M. Blythe, J . M. Bromley, C. K ennard* and K. H. R uddock. Department 
of Physics (Biophysics), Imperial College, London SW7 2BZ, and *Department of 
Neurology, London Hospital, London E. 1

After a few seconds exposure to a high-contrast light stimulus, subject F.B. 
experiences an after-image of up to 3 min duration, with spatial structure similar to 
th a t  of the stimulus. Psychophysical measurements establish th a t in association with 
the after-image, there is an increase in the illumination required for detection of a 
flashed target presented either dichoptically or monoptically with respect to the 
stimulus responsible for the after-image (Fig. 1). Stimuli spatially modulated a t 
1-2 c deg-1 produce after-images of significantly longer duration than  those elicited 
by uniform fields, bu t fine spatial structure (>  10 c deg-1) is not perceived in the 
after-images. After-images of flickering or moving lights do not themselves exhibit 
tem poral changes and all monochromatic lights yield after-images of similar colour 
appearance, with C.I.E. co-ordinates x =  0-411, y = 0-476; 7  ;$ 42*5. Increase in 
duration or illumination of the eliciting stimulus increases the duration of the 
after-image, as was found by Kinsbourne & W arrington (1963) for two similar cases. 
F.B . has normal sensitivity for detection of target movement and flicker. Her CT and 
NMR brain scans were both normal, bu t the EEG showed a minor irregularity, of 
a  kind associated with epilepsy. The after-image duration was reduced by 30%  
following two months treatm ent with anti-convulsant drugs.

[From the Proceedings of the Physiological Society, 14—15 June 1985
Journal of Physiology, 367, 20P, 1985]

Fig. 1. Threshold illumination, I t , for detection of a circular test flash (diameter 3-5 deg, 
0-1 s presentation every 1 s), following 5 s exposure to a circular light stimulus (diameter 
30 deg, illumination 2-9 log trolands). Data for presentation o f the two light stimuli to
the same (H------ [-) and to different ( # -----# )  eyes. Subject F .B .; white-light stimuli. In
normal vision, sensitivity to the test flash recovers within 0-1 s of stimulus offset.

REFERENCE

K i n s b o u r n e , M. & W a r r i n g t o n , E. K. (1963). J . N eu ro l. N eu ro su rg . P sy c h ia t. 26, 468-475.



Brain (1986), 109, 661-675

A S T U D Y  OF S Y S T E M A T I C  V I S U A L  
P E R S E V E R A T I O N  I N V O L V I N G  C E N T R A L

M E C H A N I S M S

by  I. M. B L Y T H E , J. M. B R O M L E Y ,  K. H.  R U D D O C K ,  C. K E N N A R D
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S U M M A R Y

The subject o f this investigation experiences vivid after-images which persist for tens o f  seconds 
following stimulation by light insufficiently intense to produce after-images in normal subjects. The 
after-images occur at all points in the visual field, and have spatial structure closely similar to that o f  the 
stimuli which elicit them, the only distortion being the absence o f  high 10 cycles • deg-1) spatial 
frequencies. The duration o f  the after image is dependent on the spatial structure and spectral content 
o f the eliciting stimulus, being maximum for low, nonzero spatial frequencies (1-2 cycles • deg-1) and 
yellow or green wavelengths. The after-images appear ‘khaki’ or ‘mustard-green’ in colour, regardless 
o f the spectral composition o f the light stimulus, and those produced by flickering or moving targets do 
not themselves exhibit temporal fluctuations, although movement produces a streak along the path 
described by the moving object. After six weeks o f treatment with the anticonvulsant drug, 
carbamazepine, the duration o f  the after-images fell by about 30%, but no further reduction occurred 
over the following three months. In spite o f the prolonged after-images, the subject has normal 
sensitivity for detection o f  flicker and movement, but that for detection o f  a single flash is raised 
abnormally at low background illumination. Neither CT nor MRI brain scans revealed any 
abnormality. These responses are discussed in relation to those found in other subjects suffering visual 
perseveration or palinopsia, and we examine their possible causes.

I N T R O D U C T I O N

The term visual perseveration has been used to describe visual perceptions which 
exhibit either abnormal temporal persistence or abnormal spatial spread (Critchley, 
1951). In this paper, we are concerned with abnormal prolongation of visual 
sensation, which is frequently termed palinopsia (or paliopsia) and variously 
described as continuation of visual sensation after cessation of the light stimulus 
or as episodic reappearance of images without immediate visual stimulation 
(Critchley, 1951; Bender et al., 1968). Both kinds of subjective experience were 
described by Robinson and Watt (1947), and Critchley (1951) distinguished the 
former by the term ‘palinopsia resembling an after-image’. Robinson and Watt
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(1947) regarded the prolongation of images after stimulation as the less common 
form of palinopsia, whereas Bender (1963) described it as relatively commonplace. 
We have studied visual function in a subject who systematically experiences 
particularly vivid and long lasting images following light stimulation, the spatial 
structure of the after-image being closely similar to that of the stimulus. We have 
made measurements on this phenomenon in order to establish the stimulus-response 
relationships for the after-image and to obtain evidence regarding the pathway(s) 
involved in its generation. In the course of the investigation, we found that 
thresholds for visual detection are raised during the poststimulus period and we 
have exploited this effect in measuring the parametric properties of the after-image 
and in examining the effect of treatment. Some aspects of the subject’s responses are 
novel, whereas others correspond broadly to those noted for 1 of his 10 subjects by 
Critchley (1951), by Le Beau et al. (1952), and by Kinsbourne and Warrington 
(1963) for 2 subjects.

C A S E  R E P O R T

F.B., a 24-year-old woman, presented in July 1982, when 25 weeks pregnant, with sudden onset o f  
drowsiness, slurred speech and heaviness and weakness o f  her right arm and leg. These symptoms 
rapidly resolved so that when admitted to hospital five days later the only abnormality found on 
clinical examination was a reduction in right arm swing when walking. Investigation during this 
admission revealed normal results for full blood count, urea, electrolytes, liver function tests, blood 
serology, autoantibody screen which included antinuclear factor, D N A  binding, rheumatoid factor, 
Clq binding and extractable nuclear antigen, serum complement (C3, C4), C H 5o, thyroid and parietal 
cell antibodies, quantitative immunoglobin levels, EEG, CT scan, VEPs (pattern reversal), and 
echocardiogram. The only abnormality found was an erythrocyte sedimentation rate (ESR) o f  70 mm 
at 1 h, which had fallen to 42 mm ten days later. Following delivery o f  a normal child she experienced 
recurrent episodes o f  numbness o f her right hand and foot, each episode lasting about one week. Her 
ESR was then 25 mm at 1 h.

In May 1984, during the third trimester o f  her second pregnancy, she again experienced heaviness 
and clumsiness o f  her right hand, which persisted. At this time her ESR had again risen to 70 mm at 1 h 
but returned to normal after delivery. In August 1984 (two months post partum) she suddenly 
developed numbness and weakness o f her left hand and complained o f  an increasingly poor memory.

She was readmitted in October 1984, when clinical examination revealed a slightly unsteady gait, a 
right-sided hemisensory impairment to light touch and pin prick, and mild pyramidal weakness o f  the 
right arm and leg without reflex changes. Both plantar reflexes were flexor. All the previous investiga­
tions were repeated and were all normal with two exceptions. There was now a polyclonal increase in 
serum IgM ( >  430% o f normal adult mean), and the EEG showed a minor left temporal abnormality 
consisting o f theta activity with occasional sharp waves. Additional investigations included 
examination o f her CSF which was normal, with absence o f  oligoclonal IgG bands. An ERG (single 
stimulus and flicker to 30 Hz), SEPs and BSAEPs, and a fluorescein retinal angiogram were normal, 
as also were CT and MRI brain scans. Formal psychometric testing revealed mild impairment o f  verbal 
memory, but perceptual and visuospatial skills remained unaffected.

Three months following this admission F.B. developed a polyarthralgia with morning stiffness but 
no objective synovitis. Investigations now revealed a raised ESR (30 mm at 1 h), a raised serum IgM 
and a normochromic microcytic anaemia (haemoglobin 10.0 g/dl).

A definitive clinical diagnosis was not reached {see  Discussion).
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V isual S y m p to m s

In July 1984, F.B. started to experience abnormal visual phenomena. Several times a day she noticed 
white spots ‘like fireflies’ o f  a few seconds duration throughout her visual fields. These could be brought 
on by sudden head movements or by walking into a bright light, for instance when she walked out o f  a 
shop into daylight. In addition, white objects appeared brighter than before and she experienced 
discomfort when looking at her babies’ white nappies. She noticed that she had prolonged after-images 
when she looked at bright lights and that as they faded they became green in colour. Following flash 
photography o f  the retina, the after-image lasted for tens o f  minutes.

In view o f the temporal lobe abnormality in the EEG it was decided to give her a trial o f  the 
anticonvulsant (carbamazepine, 300 mg/day). Following this she reported that bright white objects 
were slightly less intense.

Foveal colour vision was examined in detail, using the tristimulus colorimeter and methods o f  
measurement described by Wright (1946). Tristimulus colour matches for spectral test stimuli and the 
relative spectral sensitivity (VA) function, the latter determined by flicker photometry, were both  
normal. Foveal acuity (6/4 without correction in either eye), stereoscopic depth perception for random 
dot stereograms (Julesz, 1971) and dark adaptation for a circular target (diameter 3.5 deg; wavelength 
495 nm) located 10 deg off-axis, were also normal.

E X P E R I M E N T A L  M E T H O D S

E qu ipm en t

The majority o f our measurements were made under controlled conditions with a three channel 
Maxwellian view optic system, fitted with a fixed artificial pupil (Barbur and Ruddock, 1980; Barbur e t  
a l., 1980). The system, which can be adapted for binocular viewing, provides a large background field 
o f up to 45 deg diameter, on which can be superimposed a target for threshold detection measurements 
and fixation points for positioning o f  the target at any chosen retinal location. The target can be 
presented either as a stationary flash or moving at constant velocity in the range 0 to 100 deg • s_1 along 
the horizontal meridian, and its spatial structure is determined by the photographic negative which 
provides the target object. The target wavelength is set by placing interference filters (Balzer B40 with 
+  5 mm transmission half-width) in the collimated beam, and target illumination is controlled by a 
neutral density wedge (Kodak), adjusted automatically via a microcomputer (Macsym 2), and 
threshold levels were determined by means o f the random staircase method (Cornsweet, 1962). The 
stimuli used to elicit F .B .’s after-images were obtained by placing appropriate photographic negatives 
in the background beam. The subject’s head was maintained in correct alignment by means o f a dental 
clamp and a push button was provided with which to signal events such as onset or cessation o f  a visual 
sensation. Time differences could be measured to 10 ms accuracy by the Macsym, but the time course o f  
F.B.’s after-image was o f  such duration that measurements were made with a stop clock. Certain 
measurements, particularly detection o f  decremental steps in the stimulus, were difficult to make with 
the Maxwellian view system, so a computer (Sharp MZ80B) controlled visual display unit (Microvitec) 
was used to present a flashing, decremental target against a uniform background field. The colour and 
illumination levels o f  the V D U  screen were controlled by a Pluto colour graphics display controller (IO 
Research) which provided a 256 level grey scale, and up to 16 million hue settings. The V D U  was 
viewed binocularly in a darkened room from a distance o f 1 m. Some observations were made with 
stimuli projected onto a white screen with a Simda projector (Type 2200). Illumination calibrations 
were performed with a M ACAM  photometer and are given in trolands. Error bars denote the spread o f  
mean settings.

R E S U L T S

All data were obtained before treatment with carbamazepine unless otherwise 
stated. F.B.’s verbal description of the image which occurred after viewing for 5 s a
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circular patch o f white light (diam eter 30 deg; retinal illumination 2.8 log trolands) 
was consistent from session to session. In darkness, it appeared to be the same size as 
the white light patch, but was ‘m ustard-green’, ‘pale green’ or ‘khaki’ in colour, and 
matched approxim ately to a surface colour with CIE coordinates x =  0.411; 
y =  0.476; Y =  42.5, although this surface colour appeared rather ‘brighter’ than  the 
after-image. The image remained at a steady brightness for about 20 s after the white 
light was turned off, and then gradually faded from the centre o f the field, adopting 
an annular form, without noticeable change in diameter, before finally disappearing 
after 30 s or longer. F.B. could identify accurately the time at which the light 
stimulus was removed because o f the change in apparent colour between the light- 
evoked image and the ‘after’ image. The after-image moved with the eyes in light or 
darkness, was observed following stim ulation o f either eye and persisted during 
closure o f the stim ulated eye. It was detected in all quadrants o f the visual field over 
the range o f eccentricities examined (up to 40 deg) and its duration o f about 30 s was 
effectively independent o f location. Against a white background, the after-image 
was similar to that perceived in darkness, but it faded m ore rapidly, acquiring the 
appearance o f a ‘dark shadow ’ before finally disappearing. All quantitative 
measurements were made with the after-image perceived foveally, in darkness.

F.B .’s threshold for detection o f a flashing target was raised for 10 to 15 s 
following 5 s viewing o f the circular white light patch (which will be referred to as the 
‘prim ary stim ulus’). In order to determine the time course for F.B .’s recovery of 
sensitivity, we measured threshold illumination, IG, for detection o f the flashing 
target presented against the prim ary stimulus (fig. 1a). The target illumination level 
was then set at various levels below IQ, and the time at which the target was detected 
following 5 s viewing o f the prim ary stimulus was signalled by pressing a push 
button (see M ethods). Thus poststim ulus changes in sensitivity were determined and 
as can be seen (fig. 1a), rapid recovery occurs some 15 s after cessation of 
stimulation, whereas for norm al vision, recovery occurs within 100 ms. We also 
measured threshold a t fixed times following stimulus offset, with the target 
illumination either increased or decreased relative to IQ, in order to determine the 
form o f the changes in sensitivity immediately following stim ulation. M easurements 
were m ade for four different illumination levels o f the prim ary stimulus (fig. 1b) and 
it appears that the threshold illumination level remains approxim ately the same 
immediately after stim ulation as before, although there is in some cases evidence o f a 
transient increase following stimulus offset. The poststim ulation elevation in F .B .’s 
threshold settings is also observed when the prim ary stimulus and the target are 
presented to different eyes, that is, the effect transfers from one eye to the other (fig. 
1a). F.B. observed a ‘darkening’ o f the after-image produced by the prim ary 
stimulus at about the time when she was able to detect the target (i.e., about 15 s after 
offset o f the prim ary stimulus), but she could still detect the after-images for up to  1 
to 2 min later.

The extended loss o f threshold sensitivity induced by the prim ary stimulus 
enabled us to m ake objective measurements for different prim ary stimuli in term s of
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Fig. 1. Threshold illumination, It, for detection o f a white light, circular target (diameter 3-5 deg) flashed for 0 .1 s 
every 1 s, located centrally against the circular primary stimulus (diameter 30 deg), a, log It is plotted against time, t, 
following 5 s viewing of the primary stimulus, which was turned off at / =  0. Filled circles =  white light primary 
stimulus of illumination 2.9 log trolands; crosses ( +  ) =  531 nm primary stimulus (2.9 log trolands); crosses 
(x) =  dichoptic presentation of the test and white light primary stimuli, b, as for fig. 1a, but values o f log It are 
plotted for four different illumination levels of the white light primary stimulus.

Fig. 2. a, t} plotted against the logarithm of the illumination o f the primary stimulus. The stimulus configuration 
was as for fig. 1a, both stimuli were white light, and the primary stimulus was presented for 5 s. b, t} plotted against 
t, the time for which F.B. viewed the primary stimulus. Stimulus configuration was as for fig. 1a and the primary 
stimulus was of illumination 2.8 log trolands.
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F ig. 3. Filled circles. Values of t} plotted against the wavelength, A, of the primary stimulus. The illumination 
levels of the different monochromatic stimuli were adjusted to give the same illumination for threshold detection of 
the superimposed white light target. The stimulus configuration was as for fig. 1a. Crosses. The total time for 
detection of the after-image following 5 s viewing of a grating of wavelength A, and bar-width 15 min. The grating 
illuminations were 2.1 log trolands (630 nm and 542 nm) and 2.5 log trolands (576 nm).

r j, the time following offset o f the prim ary stimulus at which illumination for 
detection o f a target fell to half its value during presentation o f the prim ary stimulus. 
t \  increases rapidly as the illumination level o f the stimulus increases to the 
maximum available with the Maxwellian view system (fig. 2a), and the prolonged 
after-image experienced by F.B. following retinal flash photography (see Case 
Report section) indicates that the steep increase in t \  continues beyond the range 
covered by our measurements, ri also increases as the time for which F.B. views the 
prim ary stimulus increases (fig. 2 b )  and in this case, the restricted range of 
m easurements was determined by the fact that the subject found prolonged viewing 
o f the prim ary stimulus unpleasant and disturbing. D ata showing that the total 
duration o f the after-image increases with increase in the time for which F.B. views 
the prim ary stimulus are presented in fig. 4b. M easurements o f t\ were made for a 
num ber o f wavelengths, A, o f the prim ary stimulus, the illumination levels o f which 
were adjusted so that threshold illumination for detection o f the white test flash 
against the different m onochrom atic prim ary stimuli was constant. The data  (fig. 3) 
establish that t\ varies with A, being longer for the green (531 nm) and yellow (576 
nm) than for the red (630 nm) and blue (453 nm) prim ary stimuli. In order to confirm 
the differences in the persistence o f after-images induced by red and green lights, a 
grating was constructed from equally spaced bars, alternately red (630 nm) and 
green (531 nm), which were m atched in apparent brightness by F.B. The match 
corresponded to a luminance level o f 2.8 log trolands for both red and green bars, 
which appeared matched in brightness to the authors. After viewing this grating for
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5 s, F.B. detected an after-image, which for a few seconds appeared similar in colour 
to the prim ary stimulus grating, but the red bars faded rapidly, leaving an after­
image consisting o f alternate green and black bars, which was detected for 75 s. Seen 
in isolation, the after-image for the green grating was detected for 100 s and 
appeared ‘m ustardy-green’ in colour, whereas the after-image o f the simple red 
grating was detected for 50 s, initially appearing as pink stripes but changing colour 
after a few seconds to look similar to the after-image o f the green grating. The total 
duration o f the after-image was m easured for three m onochrom atic gratings, and 
these values are also shown in fig. 3 (crosses). The after-images o f the yellow (576 
nm) and green (542 nm) gratings were more prolonged than  that o f the red (630 nm) 
grating, bu t it should be noted tha t the illumination level o f the yellow grating was 
somewhat greater than that o f the other two. F.B. described the colour appearance 
o f the after-image induced by the 576 nm grating as ‘m ustard yellow’ and black, 
whereas those elicited by other m onochrom atic gratings appeared green and black.

The experiments with coloured gratings show that spatially structured prim ary 
stimuli induce after-images with well defined spatial structure, and we have 
examined the relationship between the spatial structures o f the primary stimulus 
grating and those o f the induced after-images. The total duration, t ,  for which a 
100% m odulated grating was perceived in the after-image was measured as a 
function o f the grating bar-width, r  reaches a peak for grating bars o f width 30 to 15 
min (spatial frequency 1-2 cycles-deg-1), falling to zero for bar-widths less than 
2 min (spatial frequency 15 cycles • deg-1) (fig. 4a). The subject reported that with the 
bars o f width 15 min, the lines in the after-image persisted after the circular outer 
limit o f the after-image disappeared, whereas with finer bar-widths, the image o f the 
circular limit o f the field persisted after the grating disappeared. M easurements were 
also m ade for the durations, r , o f the after-images elicited by a circular spot 
(diameter 1 deg) and by a grating o f bar width 15 min, and for a given presentation 
time o f the stimulus, the duration, r, for the grating exceeds that for the uniform  
circular spot (fig. 4b). Prim ary stimuli in the form o f a grating elicit a grating after­
image, and we determined the relationship between the two gratings in a m atching 
experiment. Thus we produced an after-image o f a grating in the upper half-field, 
and asked F.B. to m atch the bar-widths o f this after-image to those o f one o f a series 
o f gratings presented in the lower half-field (fig. 4c), bar-widths increasing by 15% 
between successive members o f the series o f m atching gratings. M atches were 
performed up to 2 min after viewing for 5 s a prim ary stimulus grating o f 
illumination 3.0 log trolands, and in each the after-image was sucessfully m atched to 
a grating identical to that responsible for its generation. Thus there is no distortion 
or spreading o f the after-image with time. After-images were also induced by 
moving and flickering stimuli, but in neither case was any sensation o f movement 
or flicker observed in the after-image. A circular target (diam eter 3.5 deg) o f illumina­
tion level 2.6 log trolands and moving at either 15 deg-s-1 or 55 deg-s-1 gave 
an after-image o f duration 15 s, which appeared as a ‘spot with a streak behind it’ in 
the first case and as a ‘long oblong’ in the second. A circular target, 100% m odulated
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F ig . 4. a, the duration, r, of the after-image induced by a grating stimulus plotted against the spatial frequency of 
the grating. The gratings were of square waveform, and the spatial frequency is defined as (2d)-1, where d is the 
width of the grating bars. The grating stimuli were 12 deg square in size, white light and presented for 0.1 s. Filled 
circles correspond to vertically orientated gratings, crosses to horizontally orientated gratings, b, the duration, t , of 
the after-image plotted against the time of viewing the primary stimulus. Crosses =  circular stimulus (diameter 
1 deg, white light); filled circles = vertical grating (spatial frequency 2 cycles deg-1 , white light), c, matching 
configuration for a grating after-image (upper half-field), which is compared with one of the series of gratings, 
presented in the lower half-field; f = fixation point. The after image was induced by 10 s viewing of a 1.1 cycles ■ deg- 1 
square waveform grating (12 deg x 12 deg), and measurements were made for 2 log troland and 3 log troland 
illuminations.

Log Ih

Fig. 5. Log illumination (log It) required for threshold detection of a circular target (white light, diameter 3.5 
deg), superimposed centrally on a circular background (white light, 30 deg diameter) of illumination Ib. The target 
was presented cyclically for 0.1 s every 1 s. Crosses =  data for F.B.; filled circles =  data for normal subject J.B.
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A

B

F ig. 6. a, illumination, It, for threshold detection of a circular target (diameter 3.5 deg) moving at velocity v 
degs-s-1 through the central 8.5 deg of the background field (diameter 30 deg; illumination level 2.6 log trolands). 
Both stimuli were white light. Crosses =  data for F.B.; filled circles =  data for normal subject J.B. b, illumination, 
It, for detection of a grating (1 cycle • deg- 1 in the form of a circular field o f diameter 4 deg), moving at velocity v. The 
grating was orientated vertically and moved along the horizontal meridian, through the central 8.5 deg o f a 30 deg 
background (illumination 2.5 log trolands). White light stimuli. The subject F.B. (crosses) and the normal J.B. (full 
circles) were instructed to find threshold for detection of the grating structure.

at 8 Hz around a mean illumination level o f 2.6 log trolands to give a strong 
sensation o f flicker, produced an after-image identical in appearance to that elicited 
by a steady circular target.

In view o f the prolonged and consistent after-image sensations experienced by 
F.B., we measured a num ber o f her visual responses to conventional light stimuli. 
F.B .’s sensitivity to an incremental or decremental change in illumination is normal 
over m ost o f the range o f background field illumination, Ib, but increments are 
raised as Ib approaches zero (fig. 5). H er threshold sensitivity for detection o f a
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Log I

F ig . 7. Critical fusion frequency (CFF) plotted against the mean illumination, I, of the flickering stimulus (white 
light and circular of diameter 4 deg). The frequency values represent the fundamental of the square waveform 
flicker. Crosses =  data for F.B.; filled circles =  data for normal subject J.B.

circular spot moving at constant velocity, v, is effectively norm al (fig. 6 a ) ,  despite the 
extended tail she perceives behind such a target. Threshold illumination, It, was also 
measured for detection o f the bars o f a moving grating superimposed on a uniform 
field and again F.B .’s thresholds are essentially norm al (fig. 6 b ) .  Critical fusion 
frequency for 100% square waveform m odulation was measured as a function of 
stimulus illumination level and F.B .’s responses are again similar to those for the 
norm al subject J.B. (fig. 7). Finally, we checked F.B .’s responses to a num ber of 
illusory stimulus patterns including the Poggendorf, Craik-Cornsweet, Kanizsa 
triangle, Ehrenstein and H erm ann grid illusory figures (Gregory, 1970) and in every 
case she described the norm al illusory appearance.

After completion of the experiments described above, F.B. was treated with 
carbamazepine and we remeasured the duration o f her after-images 6 weeks and 18 
weeks after commencement o f this treatm ent. The value o f t \  measured after 6 
weeks was 10 s, com pared with a value o f 15 s before treatm ent (fig. 1a), but no 
subsequent decrease was found after 18 weeks o f treatm ent.

D I S C U S S I O N

F.B. has suffered from a relapsing and remitting neurological disorder for three 
years. The possibility o f multiple sclerosis was considered on a num ber o f occasions 
but a variety o f tests, including evoked potentials, isoelectric focusing o f CSF 
immunoglobulins and M RI brain scanning, have always given normal results. There 
are, however, other features, for example arthralgia, raised immunoglobulins and 
ESR, suggestive o f a systemic disorder such as a vasculitis. Extensive investigations 
so far have failed to confirm this possible diagnosis, although it is well recognized 
that diseases such as systemic lupus erythem atosus can present with cerebral 
complications despite a norm al autoim m une profile (Hughes, 1979).
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The m ost prom inent feature o f F.B .’s visual responses are the prolonged images 
which she experiences after viewing suprathreshold lights. It should be noted that 
her threshold sensitivity for detection o f flicker (fig. 7), target movement in a straight 
line (fig. 6) and decrements in illumination are norm al. Thus the prolonged sensa­
tions following light stim ulation cannot be attributed to a general lack o f temporal 
resolution or to failure o f the mechanisms responsible for signalling stimulus offset. 
The raised increment thresholds, It, for low background illuminations, I, (fig. 5a) 
imply an abnorm ally high Fechner fraction for threshold detection, which in turn 
implies large ‘d a rk ’ or intrinsic noise in F.B .’s visual responses (Stiles, 1946). The 
significance o f this in relation to perception o f after-images is no t known, although 
as both involve internally generated ‘noise’ they m ay be related phenomena.

F .B .’s abnorm al responses differ significantly from those associated with the 
episodic form o f palinopsia, in which reappearance o f images sometimes occurs 
after a considerable time lapse following stim ulation (Bodis-W ollner et al., 1984). 
Thus Critchley (1951) describes palinopsia as interm ittent, paroxysmal or episodic 
in nature, and in 9 o f his 10 subjects the phenom enon was associated with lesions of 
the posterior cortex, usually parieto-occipital. In a study o f 12 subjects, Bender et 
al. (1968) observed that palinopsia occurs early in the course o f a progressive field 
defect or during resolution o f a severe defect caused by parieto-occipital lesions 
with a preponderance o f right-sided defects. O ther authors have described cases of 
visual perseveration associated with lesions o f the right posterior parietal region 
(Cleland et al., 1981), o f the right occipitotem poral region (M eadows and M unro, 
1977), o f the right parieto-occipital region (Cummings et al., 1982), and o f the 
occipital lobe (Michel and Troost, 1980). It has also been observed following 
tem poral lobe surgery (Bynke, 1984). In our patient no focal parenchymal 
abnorm ality has been found, and if indeed she does have a vasculitis this may well 
produce diffuse microscopic damage which cannot be resolved by the imaging tech­
niques used. Palinopsia sometimes appears to be associated with seizures and in these 
instances can be suppressed by treatm ent with anticonvulsant drugs (Jacobs et al., 
1972). In F .B .’s case there was no clinical evidence o f epilepsy; indeed the visual 
phenom ena were continuous rather than episodic. A lthough a focal abnorm ality 
was evident on the EEG , there was only a m inor change in her symptoms following 
anticonvulsant treatm ent. Palinopic images are sometimes multiple, are subject to 
distortion and to changes in colour and magnification and are independent o f the 
duration and intensity o f the light stimulus (Robinson and W att, 1947; Bender et al., 
1968). These descriptions o f palinopsia differ in alm ost every respect from our 
observations on F .B .’s prolonged after-images, which occur throughout the visual 
field, in the absence o f visual field loss or localized cortical lesions. Further, F.B. 
detects after-images only for high contrast images, whereas the episodic images are 
elicited by all contrast levels. Far from being episodic or hallucinatory, F.B .’s after­
images are invariably associated with the prim ary light stimulus, are not subject to 
spatial distortion and except for a brief transition from the stimulus colour to green, 
do no t vary in colour appearance. The duration o f the after-image and its influence
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on threshold sensitivity are directly related to the illumination level o f the prim ary 
stimulus, and its duration is also dependent on the exposure time o f the prim ary 
stimulus. Certain features o f F .B .’s responses are, however, similar to those found in 
the after-image form of palinopsia, as described, for example, for 2 subjects by 
K insbourne and W arrington (1963), for Case 6 o f Critchley (1951) and for the 
subject o f Le Beau et al. (1952). As was discussed in the Introduction, the terms 
visual perseveration and palinopsia apply to a nonhom ogeneous group o f visual 
responses which can broadly be divided in two groups, one episodic and the other 
resembling an after-image. Despite the fact that the two types o f defect can appear in 
association (Kinsbourne and W arrington, 1963), we believe that a clear distinction 
should be drawn between them. Some previous authors have also distinguished 
between the different m anifestations o f palinopsia (e.g., Bekeny and Peter, 1961; 
Swash, 1979; Cummings et al., 1982).

Only the spatial structure o f the prim ary light stimulus is represented in F .B .’s 
after-images. She perceives no movement in the after-image elicited by a moving 
stimulus, the movement producing a continuous streak across the visual field, and 
flickering lights elicit a steady after-image indistinguishable from that caused by a 
steady light. It has been reported that in some cases o f palinopsia, moving targets 
produce a continuous streak (Le Beau et al. 1952; Case 1 o f Kinsbourne and 
W arrington, 1963), whereas in others, a series o f ‘stills’ are perceived at different 
points along the path o f the moving stimulus (Castaigne and Greveleau, 1953; 
Teuber, 1961; Case 2 o f K insbourne and W arrington, 1963). In an unusual case, 
moving objects appeared to be moving twice as fast in the after- image (Cleland et 
al., 1981). F.B .’s after-images are essentially positive in contrast and a m onochrom e 
green-yellow in appearance, although fleetingly, the colour o f the prim ary stimulus 
is perceived in the after-image. O ther reports refer to positive contrast, black and 
white after-images (Critchley, 1951, Case 6; Le Beau et al., 1952; K insbourne and 
W arrington, 1963) or to a sequence o f colour changes (e.g., Bender et al., 1968). The 
duration o f F.B .’s after-image is dependent on the duration and illumination level o f 
the eliciting stimulus (fig. 2), as was reported by K insbourne and W arrington (1963). 
The novel aspects o f F.B .’s responses are the well defined dependence on the spatial 
structure o f the eliciting stimulus (fig. 4), the selective dependence on the wavelength 
o f the eliciting stimulus (fig. 3), and the increase in threshold sensitivity associated 
with the after image (fig. 1). O f these observations, only low spatial frequency 
dependence has been reported previously, and then in cases o f episodic palinopsia 
(Bodis-W ollner et al., 1984).

F.B .’s after-images are associated with visual mechanisms characterized by the 
properties summarized in the previous paragraph. After-images generated by 
bleaching o f the photopigm ents can be excluded because those in F.B. occur at such 
low illumination levels and their time course differs from that associated with 
recovery from bleaching. Further, increment threshold is raised under dichoptic 
presentation o f the test flash and the prim ary stimulus (fig. 1), whereas bleaching 
lights do not influence increment threshold sensitivity under dichoptic conditions
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(Crawford, 1940; Mitchell and Liaudansky, 1955). The duration of F.B .’s after­
images, o f the order o f tens o f seconds, is similar to that observed in the contrast 
threshold elevation effect associated with adaptation o f orientation sensitive, 
binocularly controlled neural mechanisms (Gilinsky, 1968; Pantle and Sekuler, 
1968; Blakemore and Campbell, 1969). The contrast threshold elevation effect is 
subject to inhibitory binocular control, via a pathw ay with a well-defined, low 
spatial frequency response (Ruddock and Wigley, 1976; Ruddock et al., 1979), and 
the spatial frequency response o f this binocular inhibition is similar to that found for 
F.B .’s after-images, although the amplitudes o f the two responses are m easured in 
terms o f different variables and are, therefore, not directly comparable. The spectral 
response o f the inhibitory mechanism is broad-band, as is that o f the after-images 
(fig. 3), but the former is closer to the photopic spectral sensitivity response. The 
build-up and decay o f the inhibitory interaction takes 10 to 20 s, which is com­
parable with the duration o f F.B .’s after-image (see fig. 1). Thus the inhibitory 
binocularly controlled mechanism which inhibits the contrast threshold elevation 
effect has certain response properties similar to those associated with F .B .’s after­
images and may be involved in their generation.

Four causes o f palinopsia were considered by Bender et al. (1968), namely visual 
after-images, sensory seizures, psychogenic phenomena and hallucinations, and 
only the first explanation is consistent with F.B .’s responses. We have already 
argued against an explanation based on photopigm ent bleaching, and the time 
course o f the after-images is similar to that o f central adaptation phenomena, 
indicating a neuronal origin. O ur review of the literature dealing with subjects 
suffering visual perseveration reveals that abnorm al prolongation o f visual images is 
expressed in a variety o f response patterns. F .B .’s after-images are specifically 
spatial in nature, whereas other subjects exhibit after-images possessing tem poral 
and chrom atic properties, as is particularly clearly illustrated in the exaggerated 
movement o f the after-images decribed by Cleland et al. (1981). We propose, 
therefore, that abnorm al perseverance o f visual sensation can arise in one or more of 
a num ber o f neuronal mechanisms, each o f which causes selective prolongation in 
response to different stimulus parameters.
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Abstract— Psychophysical methods developed for the investigation of spatial and temporal pathways in 
human vision have been applied in combination with the two-colour increment threshold technique of W. S. 
Stiles to study the way in which signals from blue-sensitive cones are transmitted along the visual pathways. 
A flicker sensitive spatio-temporal filter, designated ‘ST2\ has been examined by background 
modulation methods, and spatial filters sensitive to bars of a specific width by grating adaptation methods 
employing dichoptic presentation o f stimuli. It is shown that the blue-sensitive (7r3) spectral mechanism 
contributes to both classes of filter response, in a manner similar to that observed for the red-sensitive 
spectral mechanism. The binocularly driven, bar-sensitive filters have broad-band spectral response 
characteristics, thus the data demonstrate that signals arising in blue-sensitive cones converge onto a 
luminance channel. The results of this investigation, together with those previously published for a second 
(ST1) spatio-temporal filter, describe a variety of post-receptoral responses involving the 7t3 spectral 
mechanism.

INTRODUCTION
The response characteristics of the blue-sensitive cone mechanism differ from those of 
the red- and green-sensitive mechanisms in a number of ways. Of particular concern to 
this study is the finding that spatial responses of the blue-sensitive mechanism, isolated 
by two-colour increment threshold methods (Stiles, 1939,1959, 1978), are significantly 
coarser than those of the red- and green-sensitive mechanisms. Thus spatial 
summation for the blue-sensitive mechanism is greater than that of the red- and green- 
sensitive mechanisms (Stiles, 1949), extending over linear dimensions of some 8 min, 
compared with a value of around 1 to 2 min for the red- and green-sensitive 
mechanisms (Brindley, 1954). This low spatial resolution is associated with low 
contrast sensitivity throughout the spatial frequency domain (Green, 1968, Kelly, 
1973, Cavonius and Estevez, 1975) and the Fechner fraction for detection of flashed 
increments is correspondingly high (Stiles, 1946).

Two-colour increment threshold measurements yield at least two, and in some 
subjects three blue-sensitive increment threshold responses designated nx, n2 and 7r3 
(Stiles, 1978). There has been speculation that at post-receptoral levels, signals from 
blue-sensitive cones are carried by colour-opponent, but not by luminance channels 
(Guth et al., 1968; Mollon and Krauskopf, 1973; Foster and Snelgar, 1983) and this 
hypothesis has been confirmed by some direct investigations (Whittle, 1974; Tansley 
and Boynton, 1978; Eisner and Macleod, 1980), but not by Marks (1974).
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We have applied two recently developed psychophysical techniques in order to 
examine the chromatic responses of those visual channels along which signals from the 
blue-sensitive cones are transmitted. The first of these, called the background 
modulation method, was developed by Barbur and Ruddock (1980a) and Holliday and 
Ruddock (1983) for the study of spatial and temporal characteristics of visual 
mechanisms which mediate detection of moving targets. The threshold illumination 
required for detection of a circular target is influenced by spatial and/or temporal 
modulation of the background over which it moves, and, with different forms of 
background modulation, two classes of spatio-temporal response are revealed. These 
are attributed to the activities of two visual channels, or filters, which contribute to the 
detection of the moving targets. The first, referred to by Holliday and Ruddock (1983) 
as the spatio-temporal (ST1) filter, has relatively high frequency spatial and sustained •
(low pass) temporal response. Barbur and Ruddock (1980a) described in detail the 
spatial characteristics of this filter and by choosing appropriately the wavelengths, 2 
and fi, of the target and background respectively, obtained ST1 spatial characteristics 
for detection by different (n) spectral mechanisms (Barbur and Ruddock, 1980b).
Those for the red-sensitive (n5) and green-sensitive (n4) mechanisms were similar to the 
white light responses, whereas those for the blue-sensitive (7i3) mechanism were 
spatially much coarser. The difference between n3 and the other mechanisms is 
consistent with the results obtained by other methods, as reviewed above. The second 
filter, designated ST2, has relatively low frequency spatial and transient (band-pass) 
temporal responses, measured for white light stimuli, and, in this paper, we examine 
the ST2 responses when detection of the moving target is mediated by the different 71- 
mechanisms, and particularly 7i3. The choice of background filters required for the 
investigation of ST2 responses is described in the Methods section.

Both ST1 and ST2 spatial responses have radial symmetry and the filters are 
monocularly controlled, thus their responses are characteristic of pre-cortical neural f
mechanisms. In contrast, adaptation experiments employing bars of a given orient­
ation and width, arranged as a 1-dimensional grating, yield responses characteristic of 
striate cortical neurones (Hubei and Wiesel, 1968). Following adaptation to a high 
contrast grating, contrast threshold for detection of a similar grating is raised 
transiently (Gilinsky, 1968; Pantle and Sekuler, 1968; Blakemore and Campbell, 1969).
The effect is observed with dichoptic presentation of the test and adaptation gratings, 
under which conditions it is not wavelength selective (Maudarbocus and Ruddock,
1973a). In the experiments to be described, the test grating, of wavelength 2, is detected 
against a background, of wavelength /z, and with appropriate choice of 2 and /z, 
detection is mediated by different 7r-mechanisms. The contributions of n3 to responses 
of both the ST2 and the adaptation mechanisms have been determined and compared 
with those of other 7r-mechanisms. It is shown, thereby, that signals from 7r3 are 
transmitted in visual channels which have broad-band (luminance) spectral 
characteristics.

*
METHODS

E x p e r im e n ta l  d e s ig n

As explained in the Introduction, the background modulation experiments involve 
detection of a target moving across a modulated background. The background fields 
required for the isolation of the ST2 temporal and spatial responses are illustrated in
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Figure 1. Stimulus configurations used in the experiments, (a) Measurement of ST2 temporal responses: 
The circular target (diameter 1.4 deg) moves along the horizontal meridian at 15 deg s “ 1, across the central 
8 deg of the 17 deg diameter background. The background field is spatially uniform but flickers sinusoidally 
at frequency/ ,  Hz. (b) Measurement of ST2 spatial responses: The test conditions are similar to those for (a), 
but the background consists o f bars, alternately steady and flickering at fixed frequency. The time average 
illumination 7b of the background is uniform and all the bars have the same width, d. The periodicity of the 
background grating is expressed as the spatial frequency/s, equal to (2d) ~1 cycles deg “ 1. (c) Measurement of 
grating threshold illumination under dichoptic adaptation: The adaptation and test gratings, consisting 
of equally spaced dark and light bars, were presented to the left and right eyes respectively. The modulation 
of the adaptation grating was > 98%, and its mean illumination, 7a, was held constant for each wavelength 
Aa. The test grating, o f wavelength A, was superimposed on a uniform background o f wavelength /i, and the 
mean illumination of the test grating was controlled by the subject, in order to set it to threshold for 
detection. The stimuli were presented alternately for 2 s and 20 s respectively. The spatial frequencies o f the 
gratings are defined as (2d)~1 cycles deg -  \  where d  is the bar width.



m

Fig. la, b. The temporal response is measured for a target moving at constant velocity 
across a spatially uniform background modulated sinusoidally in time (Fig. la), the 
illumination required for detection of the target, /,, being determined as a function of 
the background modulation frequency,/,. The spatial response is measured for a 
background consisting of alternate steady and flickering bars, the two sets of bars 
being of the same width (Fig. lb). The flicker frequency of the alternate flickering bars 
is constant and /, is measured as a function of the periodicity of the background 
grating. [It should be noted that by changing the temporal frequency and keeping the 
spatial periodicity constant, this field configuration can be used for measurement of the 
ST2 temporal response. For white light stimuli, this yields the same results as are 
obtained with the spatially uniform background of Fig. la (Holliday and Ruddock,
1983), and as realisation of the latter is easier, it was chosen for the present study.] The •
different ^-mechanisms were isolated with different combinations of wavelengths /. 
and n of the test and background fields; 7i3 was isolated with a violet ( /  = 445 nm) 
target moving over a yellow {n = 590 nm) background and n5 with an orange (2 =
595 nm) target moving over a blue-green (fj. = 495 nm) background. The extent to
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Figure 2. Relative spectral sensitivities for detection of a circular target, of wavelength moving across a 
circular background field. The target configuration is illustrated in Fig. la, b, and threshold energy Et was set 
for its detection against a background of fixed wavelength /i. (a) Measurements for a background field with /j 
equal to 590 nm and of 3.3 log troland illumination: Open circles refer to a square waveform grating of 
periodicity 1 cycle deg- ’consisting of alternate steady bars and bars 100% modulated at 8 Hz (see Fig. lb). 
Closed circles refer to a spatially uniform background, 100% modulated at 8 Hz (see Fig. la). The broken 
line shows the 7r3-spectral sensitivity function (taken from Wyszecki and Stiles, 1981, and adjusted to give 
energy units). Data for subject IH. (b) Measurements for a background with // =  495nm and of 1.5 log 
troland illumination: Full circles give the values for a spatially uniform, non-flickering background (subject 
IH); crosses ( x ) give the values for a spatially uniform background 25% modulated at 10 Hz (subject IH). 
Open circles and crosses ( + ) give the values for background grating (periodicity lcycledeg-1 ) with 
alternate bars 100% modulated at 10 Hz. Data for IH (O )and PS ( + ). The broken line shows the7t5 spectral 
sensitivity data, taken from Wyszecki and Stiles (1982) and expressed in energy units.

All data points are the means o f five readings, and standard errors were in the range ±  0.01 to + 0.03 log 
units.
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which these combinations of wavelengths isolate the required 7r-mechanisms was 
checked by measuring spectral sensitivities for different target wavelengths X. 
Measurements were made with both uniform and with modulated backgrounds, in 
order to ensure that isolation was maintained for the different background conditions. 
For p =  590 nm and X < 500 nm, the threshold responses follow the normal 7t3 response 
(Fig. 2a) under all background conditions, and for p =  495 nm, they follow n5 for a 
uniform background but not for the modulated backgrounds (Fig. 2b). In the latter 
case, however, the response remains clearly red-sensitive and the modification of the n5 
spectral sensitivity observed with flickering backgrounds requires further study.

The field configuration used for measurement of contrast threshold elevation is 
illustrated in Fig. lc; dichoptic presentation of the test and adaptation grating serves 
both to avoid selective chromatic adaptation of the test eye by the adaptation grating 
and to ensure that the observed effects are localized to binocularly driven, central 
mechanisms. The high contrast (>98% ) adaptation grating, of space-average 
illumination /, was presented to the left eye, and the target grating, also of ~  100% 
modulation, but superimposed on a uniform background, was presented to the right 
eye. Both test and adaptation gratings were orientated vertically, and in some 
measurements, the adaptation grating was replaced by a uniform field of illumination 
/a. Threshold illumination for detection of the target was determined after adaptation 
to either the grating or to the uniform field (see below for adaptation procedure). The 
value of the threshold illumination was recorded respectively as 7t and I0 for the two 
adaptation stimuli, and the grating adaptation effect, expressed as

A = log/t — log/0 (1)

was measured both as a function of the periodicity of the adaptation grating,/a, and as 
a function of adaptation wavelength Xa. The test grating, of wavelength / ,  is 
superimposed on a uniform background of wavelength p (Fig. lc); n3 was isolated with 
a combination of A = 446nm and p = 582 nm, and n5 with a combination of X = 
640 nm and p = 495 nm. In each case, the periodicity of the test grating was 2.9 cycles 
deg - *, sufficiently coarse to ensure its resolution by n3. The isolation of the n3 and n5 
mechanisms was again checked for both uniform and modulated backgrounds, by 
measuring spectral sensitivity for detection of the target against the fixed background 
wavelengths p. The data show that for p =  582 nm, threshold sensitivity follows the 
normal 7t3 response for X < 500 nm (Fig. 3a), and for p =  495 nm, it is mediated by n5 
for A>500nm (Fig. 3b), similar results being obtained for all background 
configurations.

Apparatus. Stimuli for both background modulation and adaptation experiments 
were presented under Maxwellian-view conditions. A different optical system was used 
for each type of measurement, but both were similar and based on high quality, multi­
element camera lenses (Takumar) the design being described in detail by Barbur and 
Ruddock (1980a) and Holliday and Ruddock (1983). The background modulation 
method involves detection of a target moving at constant velocity across a background 
field modulated spatially and/or temporally, and the required stimulus configurations 
are provided by the optical systems described in the cited references. Target 
illumination was controlled by a neutral density wedge, which was calibrated 
separately for each wavelength used in the measurements. White light from a quartz 
tungsten-halogen lamp was filtered by narrow bandwidth (+  5 nm) interference filters
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Figure 3. Relative spectral sensitivity for detection of a grating, o f wavelength / ,  presented on a uniform 
background, of wavelength /i. The inverse of the energy, Ex, required for detection o f the grating, which was 
of periodicity 2.9 cycles deg"', is plotted against (a) Values for a background of wavelength y. equal to 
582 nm and 3.45 log troland illumination: Data for IB( x ) and JB (#); the broken line shows the n3 spectral 
response (after Wyszecki and Stiles, 1982) (b) Values for a background of wavelength // equal to 495 nm and 
of 3.23 log troland illumination. Data for IB( x ), and JB (#); the broken line shows the ns spectral response 
(after Wyszecki and Stiles, 1982).

Each data point is the mean o f four readings, and the standard error is plotted with each data point.

placed in the collimated light beams. Stimulus patterns were photographed onto 
Kodalith high contrast film and placed in the light beams, at the back focal plane of the 
exit lens. Exit pupils of 2 mm diameter were required because of the large 
convergence angle of the exit beam, but the effective beam diameter at the eye pupil is 
~  0.6 mm. Eye alignment was maintained by the subject’s biting on a dental clamp. #
Relative spectral energy for the different stimuli was measured by placing the detector 
element of a Macam spectroradiometer in the place of the subject’s retina.

Subjects. All subjects had normal colour vision and were experienced in psycho­
physical measurements. No refractive correction was required as the locations of the 
stimulus patterns were adjusted in the beams to give a sharp focus for each subject.

Experimental procedures. Subjects were dark adapted for 10 min before each 
session. In measurements of the ST2 responses, thresholds for detection of the moving 
targets were determined by means of two randomly interleaved staircases (Cornsweet,
1962), the illumination settings of the target being obtained by driving the neutral
density wedge by a microcomputer (Advanced Systems, Macsym 2). The direction of
the target movement was reversed along the horizontal meridian between successive
observations, and the subject was instructed to respond ‘seen’ if the target was detected,
even without a sensation of movement. In practice, however, no threshold gap between *
detection and movement detection is found with the parameters used for this study. No
effort was made to distinguish threshold settings made for the two opposite directions
of movement, as no systematic differences between movement to the right or left had
been found in previous studies. No fixation point was provided, but subjects were
instructed to view the centre of the background field (Fig. la, b) and not to track the
target (see Holliday and Ruddock, 1983, for a discussion of these points). Each
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threshold setting was repeated five times and standard errors calculated from the 
values.

In the adaptation experiments, the left eye was initially adapted for 2 min to the 
grating (Fig. 1 c), after which the test stimulus was presented for 2 s to the right eye. The 
adaptation and test patterns were then presented alternatively for 20 s and 2 s periods 
respectively, until the illumination of the test grating was set to threshold. The subject 
controlled the setting of the neutral density wedge which determined the test 
illumination, and after each threshold setting, the wedge was re-set by the experimenter 
to an arbitrary suprathreshold setting. The threshold value for each adaptation 
grating, log/t, was determined four times, and those for adaptation to a uniform field, 
log I0, were averaged over a single session, usually for about 20 settings. The errors in A 
are the combined standard errors of the difference values log/, —log70.

RESULTS
Both temporal and spatial responses of the ST2 mechanism were determined, as 
described in the methods section. The temporal responses were measured at a series of

Figure 4. ST2 temporal responses. Threshold, /,, for detection of the moving target is plotted against the 
flicker frequency of the 100% modulated background (see Fig. la), (a) Threshold detection mediated by n3, 
measured with target wavelength X equal to 445 nm and background wavelength // equal to 590 nm. 
Continuous lines refer to subject El, and the illumination o f the background field is noted against each set of 
data in log trolands. The broken line gives data for subject IH, at the single illumination level of 1.8 log 
trolands. The three upper curves for El have been shifted upwards along the log Ft axis by 0.3, 0.6 and 
0.5 log units for background illuminations 2.3,2.8 and 3.4 log trolands respectively, (b) Threshold detection 
mediated by the 7i5 related responses o f Fig. 2b, measured with a target wavelength X o f 595 nm and a 
background wavelength //o f495 nm: Data for El (full lines) and IH (broken lines) were recorded for different 
background illuminations noted with each response curve, in log trolands. Data points were not shifted 
along the log /, axis in this case.

Each data point is the mean of five readings, with standard errors in the range 0.01 to 0.04 log trolands.



background illuminations and data for both 7r3 and 7i5 are shown in Fig. 4. Both 
responses are band-pass in form, peaking at an intermediate frequency ( / t)max, and, for 
n5, ( / t)max increases from 6 to 20 Hz as the background illumination increases, as is also 
observed for white light stimuli (Holliday and Ruddock, 1983). For n3, ( / t)max is 
approximately constant at 6 Hz over the range of illuminations investigated, but as this 
was restricted due to shortage of energy in the test beam, it is not possible to say 
whether or not the n3 temporal response differs from that for n5, as is found by other 
methods (see Introduction).

The ST2 spatial responses were measured for two subjects and data are given both 
for 7t3 (Fig. 5a) and n5 (Fig. 5b). The bandwidth and frequency for peak response at 
0.75 to 1.0 cycle deg - 1 are similar for both mechanisms and correspond to those found 
for white light stimuli (Holliday and Ruddock, 1983).

In the adaptation experiments, only spatial characteristics were determined, and 
were measured for detection of the test grating by either n2 or n5. The tuning curves for 
7i3 and 7r5, obtained for different adaptation spatial frequencies, are shown in Fig. 6. 
The spatial responses for both ^-mechanisms peak sharply at an adaptation frequency 
of 2.9 cycles deg - \  which matches the test spatial frequency, and threshold values are 
raised relative to the uniform field level (at 40 cycles deg-1) only within the frequency 
range 0.9 to 5.4 cycles deg-1. The overall features of these responses are similar to 
those obtained under both monoptic and dichoptic presentation of test and adaptation 
gratings by Blakemore and Campbell (1969), and Maudarbocus and Ruddock 
(1973a, b). Threshold values obtained for different wavelengths of the adaptation
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Figures. ST2 spatial responses. Threshold, /,, for detection o f the moving target is plotted against the 
periodicity,/5, of the background grating, which consisted o f alternate steady and flickering bars (see 
Fig. lb), (a) Threshold mediated by n3 measured for a target wavelength, of 445nm, and background 
wavelength, /i, of 590 nm. The mean background illumination was 2.7 log trolands and alternate bars were 
100% modulated at 6 Hz: Values for IH (open circles) and MB (full circles). The broken and dotted lines 
define, respectively, the average ST2 spatial response for white light (Holliday and Ruddock 1983, Fig. 8b) 
and the ST1 spatial response mediated by n, (Barbur and Ruddock, 1980b, Fig. 4b). (b) Threshold detection 
mediated by the 7r5-related spectral mechanisms of Fig. 2b, measured for a target wavelength, of 595 nm 
and a background wavelength, /i, o f 495 nm. The mean background illumination was 1.5 log trolands, and 
alternate bars were 100% modulated at 8 Hz. Data for El (open circles) and PS (full circles). The dotted 
line defines the average ST2 spatial response for white light (Holliday and Ruddock, 1983, Fig. 8b). Each 
value is the average of five recordings, with standard errors denoted with the data points.

*

<1
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Figure 6. Spatial tuning curves for threshold values, A (see eq. 1), measured in detection of a test grating 
following adaptation to a matched grating presented to the contralateral eye (see Fig. lc). The test grating 
was of periodicity 2.9 cycles deg- and the adaptation / ,  cycles deg-1 , (a) Detection of the test grating 
mediated by n3; the test grating (A =  446 nm) was superimposed on a uniform field (/r =  583 nm; illumination 
3.2 log troland) and the adaptation grating was of wavelength 470 nm and mean illumination 3.6 log 
troland. Data for IB (crosses) and JB (full circles). Data points for JB have been displaced upwards along the 
A axis by 0.3 log units, and for IB by 0.07 log units, (b) Detection of the test grating mediated by n5; the test 
grating (A =  640 nm), was superimposed on a uniform field (// =  495 nm, illumination 3.2 log troland) and the 
adaptation grating was of wavelength 635 nm and mean illumination 3.6 log troland: Data points for IB have 
been displaced upwards along the A axis by 0.21 log units and for JB by 0.06 log units.

All values are the mean of 4 readings and standard errors are shown with the data points.
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Figure 7. Spectral variations in the values of A obtained after adaptation to a grating of wavelength Aa. The 
periodicity of both the test and adaptation gratings was equal to 2.9 cycles deg " 1, and the illumination level 
of the adaptation grating for each value of 2a was, in log trolands, 2.77 (432 nm), 3.63 (471 nm), 3.85 
(542 nm), 4.19 (590 nm), 3.98 (635 nm) and 2.67 (655 nm). Values for detection mediated by 7r3 and by ns 
were obtained with the stimulus parameters defined in the caption to Fig. 6. (a) Data for subject IB; crosses 
refer to 7r3 and circles to n5. (b) Data for subject JB, crosses refer to 7r3 and circles to n5. Each value is the 
mean of 4 readings, with standard errors as shown with the data points.
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gratings are shown in Fig. 7, for both n3 and 7t5, and all adaptation wavelengths 
produce similar threshold elevation, with no systematic differences in spectral 
distribution between data for the two 7r-mechanisms.

DISCUSSION
The experiments were designed to examine the way in which signals from the blue- 
sensitive cone mechanism, isolated by the two-colour increment threshold technique, 
are transmitted along post-receptoral pathways. Both methods chosen for examin­
ation of this problem provide evidence of spatial responses with n3 spectral 
characteristics, and we consider firstly the ST2 data obtained by background 
modulation methods. The ST2 spatial responses measured for detection by the blue 
(7r3) and red (n5) sensitive mechanisms are similar to each other and to those for white 
light (Fig. 5). Other methods of assessing spatial vision, including that involving the 
ST1 spatial response, show that the spatial organisation of the blue-sensitive mechanism 
is coarser than that of the red- and green-sensitive mechanisms (see Introduction). ST2 
is therefore exceptional in possessing a common spatial structure for the different 71- 

mechanisms, and there are two alternative interpretations of this finding. One is that 
signals arising in the different 7r-mechanisms converge on to a single channel, and 
although this seems the likely explanation, it is not possible to rule out the alternative 
interpretation that there are a number of ST2 channels, with similar spatial 
organisation, but each receiving signals from a different 7r-mechanism. It has been 
argued that the ST2 channels correlate with Y-type electrophysiological mechanisms 
(Holliday and Ruddock, 1983) and Y-type ganglion cells are largely non-colour- 
opponent, with broad-band (luminance or L-type) spectral responses (de Monasterio, 
1978). In particular, signals from blue-sensitive photoreceptors converge on to some 
class III Y-type ganglion cells with L-type spectral responses. The electrophysio­
logical evidence therefore indicates that signals from different cone mechanisms 
converge on to a single ST2 channel, giving L-type spectral responses.

The spatial responses obtained by adaptation methods have an overall bandwidth 
of 2-3 octaves for both n3 and n5 (Fig. 6), much as is observed in all the adaptation 
studies cited in the Introduction. There is some variation in the amplitudes of the 
different responses, with subject IB giving larger peak response for n3 and JB a larger 
response for n5. The measurements with different wavelengths, 2a, of the adaptation 
grating show that there is no systematic spectral variation in the A values (Fig. 7). The 
mean A values averaged over all wavelengths were 0.30 ± 0.02 for n3 and 0.19 ± 0.02 
for 715 (subject IB), and 0.22 + 0.03 (7t3) and 0.24 + 0.02 (7i5) (subject JB). These values 
reflect the variations in amplitude seen in the spatial tuning curves (Fig. 6). According 
to Maudarbocus and Ruddock (1973a), adaptation effects for different gratings are 
equivalent when they are set to the same suprathreshold illumination (7a), and this 
method of equating the different adaptation gratings could have been adopted. The 
aim of the present experiments, however, was to compare A values for the same set of 
adaptation gratings but for different test gratings, and as A values change only slowly 
as log 7a increases (Maudarbocus and Ruddock, 1973b) it was decided to maximise the 
adaptation effects by using the highest values of 7a provided by the instrument. The 
lack of spectral selectivity in the data of Fig. 7 is demonstrated by taking the ratio of 
the mean A values for Aa < 480 nm, at which the blue-sensitive cone mechanism has 
significant sensitivity, to those for X > 540 nm, at which its sensitivity is very low. The
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Table 1.
The average values for the ratios of A>540/A<540for each 
subject and for 7r3 and n5. The mean of eight values were 
obtained by taking A>540/A432 and A>540/A471 (four values 
each) from the data o f Fig. 7 and the standard errors are 
given with the mean.

Subject 7*3 7*5

IB 1.01+0.07 1.17 +  0.10
JB 1.55 + 0.28 0.97 ±  0.08

ratios of the two sets of data (Table 1) show that for neither 7r-mechanism do the ratios 
differ greatly from unity; thus there is no indication of an opponent response involving 
the blue-sensitive cone mechanism. Further, contributions from a red-green opponent 
system can be ruled out by the large value of A at 540 nm, which is a neutral wavelength 
for red-green opponent systems measured both psychophysically and electrophysio- 
logically (Wiesel and Hubei, 1966; Gouras, 1974; de Monasterio, 1978; Michael, 
1978a, b; Hendricks et al., 1982).

In these experiments we have shown that signals generated in the blue-sensitive 
cones are transmitted to central mechanisms with broad-band spectral responses. They 
may also converge onto peripheral luminance channels selectively responsive to 
transient stimuli, but the spectral responses of the ST2 mechanisms cannot be studied 
under conditions which also permit the n3 component to be identified. Signals from 
blue-sensitive cones contribute little to apparent brightness, but have a major effect on 
colour appearance, which stimulated the suggestion that blue-sensitive cones send 
signals to colour-opponent, but not to luminance neural channels. This hypothesis is 
supported by the results of several experimental investigations, as was discussed in the 
Introduction. The present experiments, however, utilise novel methods of investigating 
the blue-sensitive response mechanism and the results are in clear contradiction of the 
hypothesis. The contribution of blue-cone signals to the total signal in luminance 
channels may be relatively small, but our experiments provide no evidence on this 
point.
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Summary— 1. We report the results o f an experimental study on normal and amblyopic vision, in which 
we have measured spatial filter characteristics and pattern discrimination performance.

2. Threshold responses, measured for each eye o f amblyopes, in response to a moving target o f either 
positive (light) or negative (dark) contrast, are displaced to lower spatial frequencies than those for normal 
vision. These data, which are similar to those reported previously for light targets, imply a loss o f  spatial 
resolution.

3. Discrimination of target orientation, measured for multi-element stimuli o f  linear dimension 0.5 deg, 
is significantly impaired for the abnormal eyes o f the amblyopic subjects compared with their performance 
under binocular conditions, whereas responses for the “normal” eyes are similar to the binocular data.

4. For larger targets (linear dimensions 1.5 deg), data for both “abnormal” and “normal” eyes are 
similar to those for binocular viewing, and the deficit observed with small targets can be simulated in 
normal subjects by degrading or demagnifying the retinal image.

5. We show that in amblyopia, discrimination losses for the “abnormal” eyes cannot be attributed solely 
to changes in the spatial filter responses. We argue that the discrimination losses observed in our 
experiments are consistent with blurring o f images in amblyopia.

Key words—Amblyopia; strabismus; spatial filtering; orientation discrimination; Snellen acuity.

INTRODUCTION

The mechanism of amblyopia is not well under­
stood, but the demonstration that neuronal 
responses and innervation of the striate cortex 
by fibres from the two eyes is modified by 
suturing of one eye (Wiesel and Hubei, 1963; 
Hubei et al., 1977), stimulated considerable 
interest in the associated developmental factors. 
Subsequently, changes in receptive fields of X-, 
but not Y- type retinal ganglion and geniculate 
cells have been described in cats with surgically 
induced amblyopia (Ikeda, 1980). The receptive 
fields of both “on” and “off” centre X-type 
neurones were affected, but these findings have 
been disputed (Cleland et al., 1982).

Several studies on human amblyopia have 
concentrated on losses of contrast sensitivity in 
threshold detection tasks (Hess and Howell, 
1977; Hess et al., 1980). At supra threshold 
contrasts, however, amblyopic responses in con­
trast matching are essentially normal (Hess and 
Bradley, 1980), and it has been suggested that 
visual deficiencies in amblyopia may result from 
distortion of space (Hess et al., 1978; Levi and 
Klein, 1982; Bedell and Flom, 1983). Bradley

and Freeman (1985), however, concluded that 
deficits in amblyopic verneir acuity are “due 
primarily to poor visibility of the stimulus con­
tours” and are “uncorrelated with perceptual 
distortions” . Reduced shape discrimination in 
amblyopia has been interpreted as evidence for 
spatial distortion (Pointer and Watt, 1986).

The study to be described utilizes two meth­
ods developed in the investigating laboratory, 
one designed for the determination of spatial 
and temporal response characteristics (Barbur 
and Ruddock, 1980; Holliday and Ruddock, 
1983) and the other for the measurement of 
pattern discrimination in response to multi­
element stimuli (Ike et al., 1986). It has already 
been shown that spatial responses of one mech­
anism, called ST1, involved in the detection of 
bright targets is distorted in amblyopes, whereas 
that of a second mechanism, called ST2, is not 
(Grounds et al., 1983). We now demonstrate 
that similar effects occur in the detection of dark 
targets, and that amblyopia leads to loss of 
discrimination performance with the multi­
element patterns. We also examine the possible 
relationship between the changes in the ST1 
spatial responses and the loss of discrimination.
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EXPERIMENTAL METHODS
Apparatus

The equipment required for the experimental 
measurements was designed and, in part, con­
structed within our laboratory. The stimuli re­
quired for determination of the ST1 responses 
were generated by a Maxwellian view optical 
system, which has been described fully in pre­
vious publications (Barbur and Ruddock, 1980; 
Holliday and Ruddock, 1983). The only addi­
tional requirement of the present study was 
for a target of negative contrast, which was 
provided by a photograph transparency with 
appropriate density distribution. This was ob­
tained by exposure of high contrast Kodalith 
film, and the appearance of the visual field is 
illustrated in Fig. 1. The multi-element targets 
required for the discrimination experiments 
were generated on a visual display unit (Micro- 
vitec Cub) controlled by a Sharp micro­
computer (Type MZ-80B) via a Plutoboard (IO 
Research Ltd). The system generates random 
arrays of the pattern elements of the kind 
illustrated in Fig. 2(a), and has been described 
in detail elsewhere (Ike et al., 1986).

Procedure for measurement o f the ST \ spatial 
responses

The circular target, of diameter 3.5 deg, 
moved along the horizontal meridian at 
15 deg s-1, and traversed the central 8.5 deg of 
the field. The non-localized nature of the target 
eliminates the influence of eccentric fixation in 
the determination of detection thresholds, the 
8.5 deg traverse of the moving target being 
significantly greater than the angles of eccentric
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Fig. 1. The visual field used in determination o f the ST1 
spatial responses. The circular target (diameter 3.5 deg) 
moved along the horizontal meridian at 15 deg s -1, travers­
ing the central 8.5 deg of the circular background grating 
(diameter 17.5 deg). The dark and light bars of the back­
ground grating had the same width d, and the periodicity, 

f ,  o f  the target is defined as (2 d)~'.

Fig. 2. (a) Appearance of the visual field used in the 
measurement of pattern discrimination. In these experi­
ments there were 40 identical background elements and the 
triangles were all equilateral. The lines were o f width 
0.03 deg and the gap in elements such as A  was 0.12 deg, 
measured from the line termination to the apex of the 
nominal triangle, (b) Typical experimental data obtained in 
the measurement o f pattern discrimination. The probability 
of detection of the target, P (t), is plotted against time, t, 
from the time o f stimulus presentation. Measurements refer 
to background elements A , and the different targets are 
marked on the figure. The time for 50% probability of 
detection, marked with an arrow at P (t)  equals 0.5, provides 
the characteristic response time, T. (c) Combinations of 
background and target elements used in the experiments; the 
figure numbers refer to the presentation o f the different sets 

of data.
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Table 1. Details of the five strabismic amblyopes

Subject Sex Age Class
Fixation

angle
V.A.

“normal” eye
V.A.

“abnormal” eye

M.G. M 22 Con. 1.5°w 6/5 6/18
A.M.N. F 20 Con. 0° 6/5 6/6
J.P. M 19 Div. 8°t 6/4 6/12
P.D. M 19 Con. 0.5°n 6/4 6/5
D.G. M 24 Div. 1.5°t 6/6 6/12

The fourth column gives the classification as convergent (Con.) or divergent (Div.). 
The fifth column gives the angle of eccentric fixation in the amblyopic eye, either 
nasal (n), temporal (t) or wandering (w), determined with the Linksz star graticule 
(Lyle and Wybar, 1967). Visual acuity (V.A.) was measured with the Snellen test 
chart, with refractive correction. All subjects had normal fundi and none was able 
to perceive images in random dot stereograms.

fixation in all but one o f  the am blyopic subjects 
(Table 1). G rounds et al. (1983) considered in 
detail and rejected the possible contribution o f  
eccentric fixation to the threshold values. The 
direction o f  m ovem ent was reversed on success­
ive presentations and the subject was instructed  
not to track the target, although no fixation  
point was provided. The target was super­
im posed on a background, which consisted o f  
alternate light and dark bars o f  equal width d, 
giving a grating o f  periodicity (2d)~\ orientated  
vertically. The appearance o f  the visual field is 
illustrated in Fig. 1. Threshold illum ination, 7t, 
for detection o f  the target was determined as a 
function o f  (2 d )-1 , and the mean illum ination  
and contrast o f  the background grating were 
constant for each set o f  measurements. 7t was 
determined by the double interleaved staircase 
m ethod (Cornsweet, 1962), target illum ination  
being controlled by a neutral density wedge 
under com puter control and each value was 
determined from  ten turning points in the 
double staircase. The data so obtained are 
presented as log 7t plotted against (2 d )-1, the 
latter being expressed in cycles per degree. The 
alignm ent o f  the observer’s eye was m aintained  
by a dental bar, and the field was focussed by 
adjustment o f  the object plane. W here required, 
the subjects wore refractive correction.

Procedure fo r measurement o f pattern discrimi­
nation

Discrim ination m easurements were m ade 
with patterns consisting o f  m ultiple, non­
intersecting elem ents [Fig. 2(a)]. The elements 
were all o f  identical shape and size (e.g. A )  and 
in these experim ents, the single target, which the 
subject had to detect, was distinguished from  
the background only by its relative orientation  
(e.g. V ) .  Four different target orientations were 
used for each background orientation, one o f

them being a “null” target orientation, identical 
to that o f  the background elem ents. The 
“null” targets provided a check on the accuracy 
o f  the subjects, and the rate o f  false positives 
was ^ 5 %  o f  presentations for all subjects. The 
locations o f  the target and background elements 
were random ized for each presentation, and the 
subject pressed a button on detection o f  the 
target. A  second button provided for a “no 
target” response, and as soon as either button  
was released, the next pattern was generated. 
The com puter logged the time after presenta­
tion at which each positive response occurred, 
and com puted the cum ulative number o f  posi­
tive responses, expressed as probability o f  de­
tection, as a function o f  time [Fig. 2(b)]. Stimuli 
for a given background element were presented 
in blocks o f  100, consisting o f  25 presentations 
o f  each target orientation, plus 25 “null’ pat­
terns. The probability values presented in 
Figs 6 -1 0  are based on 50 presentations o f  
each target, and for the purposes o f  this study, 
each response is characterized by the time, T, 
at which the subject achieved detection o f  the 
target on 50% o f  presentations [Fig. 2(b)], 
separate values o f  T being determ ined for each 
target orientation. The aim o f  these experiments 
was not to study the variation o f  discrim ination  
for different orientations, which has been con­
sidered elsewhere (Ike et al., 1987), thus in 
presenting the data, no distinction is made 
between the different target orientations for a 
given background, and each is given equal 
weight in analysing the data. The different com ­
binations o f  target and background elements 
are illustrated in Fig. 2(c).

The subjects were seated 1.9 m from the V D U  
which at this distance subtended 8.5 deg hori­
zontal by 6.3 deg vertically at the subjects eye. 
The screen colour was green (C .I.E. co ­
ordinates x =  0.310, y  =  0.485) and the average
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luminance was 10“ 1 cd/m 2. Subjects were in­
structed to scan the field in order to detect the 
target, and measurem ents were made under 
binocular viewing conditions, and then with 
each eye separately. In the latter case, the 
“ unused” eye was covered with an eyepatch. 
The values o f  T obtained in binocular m easure­
ments, designated Tb, acted as a reference with 
which the values o f  T for each eye could be 
compared.

Subjects
D ata are given for 12 subjects, five am blyopic  

and seven normal, aged 19-24 years. All but one 
o f  the normal subjects were, like the am blyopes, 
naive visual psychophysical observers. The de­
tails o f  the am blyopes are given in Table 1. In 
presenting the results, we differentiate between 
the “ norm al” and “abnorm al” eyes o f  subject 
PD , although he reported that when young, he 
alternated fixation freely between the two eyes. 
Ophthalmic exam ination failed to confirm that 
this is currently the case, however. [Grounds et 
al. (1983) showed that visual responses were 
similar for each eye o f  a subject with alternating 
fixation.]

RESULTS

M ean values o f  the ST1 spatial responses, 
determined for four normal subjects with both  
positive and negative contrast targets, are plot­
ted in Fig. 3. The responses for the two types o f

Fig. 3. Threshold illumination, 7t, for detection of a circular 
target moving across a background grating of periodicity / s 
(see Fig. 1). Average values for four subjects with normal 
vision; dark circles refer to dark (negative contrast) targets 
and light circles to light (positive contrast) targets. The data 
are normalized to a peak value of log /, equal to one. Error 

bars denote the standard errors, amongst the subjects.

/s ( c /deg)

Fig. 4. As Fig. 3, but mean values for 5 subjects with 
strabismic amblyopia. Average data for the “normal’ eyes, 

N, and the “abnormal” eyes, A.

target are closely similar, peaking at 4 -5  c/deg, 
and those for the light target are consistent 
with previously published data (Barbur and 
R uddock, 1980; H olliday and Ruddock, 1983). 
The ST1 responses for both normal and abnor­
mal eyes o f  five am blyopes are shown in Fig. 4, 
and all four sets o f  data (both target contrasts 
measured for each eye) peak at 2 -3  c/deg, 
significantly below  the frequency for peak re­
sponse in the norm al subjects. The overall low  
frequency shift o f  the am blyopic responses rela­
tive to normal (Fig. 5) is similar to that found  
with light targets for either eye o f  a large group  
o f  am blyopes (G rounds et al., 1983).

Pattern discrim ination performance in re­
sponse to the m ultiple elem ent stimuli is ex­
pressed in terms o f  the observation time, T, 
required for 50% detection o f  the target (see 
M ethods Section, Fig. 2). In Figs 6-10 , T  values 
obtained for observations m ade with one or 
other eye are plotted against the value, Tb, 
obtained with both eyes, each figure referring to 
a different background element. For a back­
ground consisting o f  vertically orientated, 
straight line elem ents, T values recorded for 
each eye separately are similar to those for both  
eyes. Results obtained with the triangular back­
ground elem ents orientated A  (Fig. 7) and t> 
(Fig. 8) show that T values are, for m ost
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Fig. 5. Comparison between the experimental data of Figs 
3 and 4 for normal subjects (broken lines) and amblyopic 
subjects (full lines with data points; N refers to the “normal” 
and A to the “abnormal” eyes), a—light targets; b—dark 

targets.

subjects, significantly greater than those ob ­
tained with the single lines. For the smaller 
elem ents [Figs 7(a), 8(a)], response times for 
“abnorm al” eyes o f  the am blyopic subjects

Fig. 6. The time T, for 50% probability of detection of the 
target using one eye, plotted against the equivalent time, rb, 
obtained with binocular viewing. The background elements 
were vertically orientated straight lines. Open circles—data 
for the “abnormal” eyes of the amblyopic subjects. Closed 
circles—data for the “normal” eyes of the amblyopic sub­
jects. Crosses—data for either the right or left eyes of the 
normal subjects. Data set (a) refer to lines of length 0.5 deg 

and (b) to lines of length 1.5 deg.

(open circles) are, in m ost cases, greater than 
those for the “norm al” eyes (full circles), the 
vast majority o f  the latter being approximately 
equal to Tb. This difference between the results 
for the “norm al” and “abnorm al” eyes dis­
appears in the responses to the larger elements 
[Fig. 7(b), 8(b)], where results for both eyes are 
clustered around the line T =  Tb. M easure­
m ents were m ade with triangular elem ents lack­
ing corners (background orientations Fig. 9, 
and o  , Fig. 10), but for only one size, corre­
sponding to the smaller elem ents A  and !>. The 
discrim ination task is still more difficult for the 
background elem ents and , thus the T 
values are increased, but again, those for the 
“abnorm al” eyes o f  the am blyopes (open cir­
cles, Figs 9 and 10) are significantly greater than 
those for the “norm al” eyes (solid circles). The 
com parison data given for the normal subjects 
(crosses) show no system atic deviation from the 
line T = Tb, regardless o f  the elem ents studied 
(Figs 6-10).

DISCUSSION

The experimental data establish two charac­
teristics o f  visual function in am blyopia, one 
relating to the filtering o f  im ages by the visual 
system  and the other to the discrim ination o f  
pattern orientation. The ST1 m echanism  re­
sponsible for the detection o f  negative contrast 
targets is characterized by abnorm ally low  spa-

C.V.S. 1/3—B
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rb(S)

Fig. 7. As for Fig. 6, but for background elements A . Data 
set (a) refer to elements constructed from lines of length 
0.5 deg and (b) to elements constructed from lines of length 

1.5 deg.

tial frequency response (Fig. 5) and this occurs 
in both the “ norm al” and “abnorm al” eyes o f  
the am blyopic subjects. G rounds et al. (1983) 
found a similar effect in the ST1 responses 
measured for light targets and argued that the 
low  frequency characteristics in the “norm al” 
eyes were caused by patching treatment given 
during childhood. The am blyopic subjects o f  
this study had, with one exception (J.P.), re­
ceived such treatment (see Table 1), and the ST1 
responses for J.P.’s “norm al” eye were normal. 
The explanation offered by G rounds et al. 
therefore retains validity in relation to these 
new data. The ST1 filters have small spatial 
extension, with circular symmetry, and low  
pass (sustained) temporal response, thus they 
appear to correspond, functionally, to X-type

m echanism s located pre-cortically in the pri­
m ate visual pathways (see D iscussion  section, 
H olliday and R uddock, 1983). It is tem pting to 
extend the analogy o f  equating ST1 m echanism s 
for dark and light targets to  “o ff” and “on ” 
centre electrophysiological m echanism s respect­
ively. This, however, requires that the tw o ST1 
m echanism s be m utually independent, which 
has yet to be established. N onetheless, it should  
be noted that in their experim ents on strabismic 
am blyopia, induced by surgical m anipulation o f  
the cat eye, Ikeda and her co-workers found  
increased sizes in the receptive field centres o f  
both “o n ” and “off” centre X -type ganglion  
and geniculate cells (Ikeda and Trem ain, 1978, 
1979; Ikeda et al., 1978; Ikeda, 1980).

Fig. 8. As Fig. 7, but for background elements D>. Data set 
(a) refer to line length 0.5 deg and (b) to line length 1.5 deg.
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Fig. 9. As Fig. 8, but for background elements . The line 
lengths were 0.5 deg.

O rientation discrim ination for single lines 
appears to be unimpaired in am blyopia [Figs 6, 
11(a)], a result similar to that found with long  
[15 deg] lines by Vogels et al. (1984). D iscrim i­
nation performance with the “abnorm al” eyes 
in response to small (side-length 0.5 deg) tri­
angular elem ents is, however, significantly 
slower than that with the “norm al” eyes or with 
both eyes together (Figs 7-10). There is con­
siderable variation between T  values for the

Fig. 10. As Fig. 9, but for background elements O . The line 
lengths were 0.5 deg.

200

E O' 
«  *

: * 
a ;

U 1.0 : rK( s)

-200

Fig. 11. Values of 5, equal to (T  — Tb), plotted against Tb. 
Data taken from Figs 6 to 10. (a) For background elements 
| (Fig. 6). Data for the “abnormal” eyes of the amblyopes 
are denoted by open circles (0.5 deg line length) and open 
triangles (1.5 deg line length); those for the “normal” eyes 
are denoted by full circles (0.5 deg line length) and full 
triangles (1.5 deg line length); for normal subjects are de­
noted by crosses ( + — 0.5 deg line length and x —1.5 deg 
line length), (b) For background elements A  (Fig. 7). 
Symbols as for Fig. 11(a). (c) For background elements t> 
(Fig. 8). Symbols as for Fig. 11(a). (d) For background 
elements (5 (Fig. 9) and i:j (Fig. 10); data for “abnormal” 
eye of amblyopes denoted by open circles (elements o )  and 
open triangles (elements O ); data for “normal” eyes of the 
amblyopes denoted by full circles (o )  and full triangles (i> ); 
data for normal subjects denoted by crosses (+ ,  elements O. 

and x , elements '>).
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different amblyopes, but in almost every experi­
ment, performance with the amblyopic eye was 
relatively slow. This result is demonstrated by 
plotting the average values of the difference <5, 
between T, obtained with a single eye, and Tb 
obtained with both eyes, (i.e. T — Tb), against 
Tb. Each set of data from Figs 6 to 10 has been 
replotted in this way (Fig. 11) and the large 
positive values of 5 for the “abnormal” eyes 
[open circles and, in Fig. 11(d) only, open 
triangles] are immediately apparent. Figure 11 
also shows that for normal subjects (crosses) 
and the “normal” eyes of amblyopic subjects 
(full symbols), T ~  Tb in almost every case. 
Comparison between the <5 values for smaller 
and larger elements establishes that perform­
ance for the “abnormal” eyes of the amblyopes 
improves in the latter case, becoming similar 
both to that for their “normal” eyes, and to 
that for normal vision [open triangles, Fig. 11(b) 
and (c)].

The improved discrimination performance 
for the “abnormal” eyes produced by increase 
in the size of the elements suggests that discrimi­
nation may be limited by resolving power. Thus, 
the question arises as to whether or not poor 
discrimination can be attributed to the loss in 
spatial resolution implied by the low frequency 
ST1 spatial response. Two observations suggest 
that this explanation cannot, in itself, account 
for the experimental data. Firstly, ST1 re-

Fig. 12. STI data for the “abnormal” eyes o f subject D.G. 
(full lines with symbols), plotted with the mean data for the 
“abnormal” eyes of the five amblyopes, taken from Fig. 4. 
Upper data sets refer to a dark target and low data sets to 
a light target. Error bars give standard errors o f D.G .’s data.

Fig. 13. The difference between the characteristic response 
times recorded for the “abnormal” and “normal” eye of 
each amblyope, (Tt — Ta), plotted against the Snellen visual 
acuity recorded for the “abnormal” eye. Data are averaged 
for elements of line length 0.5 deg, taken from Figs 7(a), 
8(a), 9 and 10, and error bars denote the standard errors of 
the means; subjects P.D. (1), A.-M. N. (2), J.P. (3), M.G. (4) 

and D.G. (5).

sponses for the amblyopes “ normal” eyes are 
similar to those for their “abnormal” eyes 
(Fig. 4), but there is no corresponding increase 
in T-values for the “normal” eyes, these being 
in most cases similar to Tb, and for the small 
elements are always less than T-values for the 
“abnormal” eyes (Fig. 11). Secondly, the 
difference between the T-values for the “nor­
mal” and “abnormal” eyes is greatest for sub­
ject D.G. (Fig. 13), yet D.G.’s STI responses 
are, if anything, displaced to the high frequency 
side of the mean amblyopic data (Fig. 12), 
indicating smaller spatial extension and, corre­
spondingly, higher resolution. There is a similar 
lack of correlation between Snellen visual acuity 
and the STI response (Grounds et al., 1983), 
thus we also plotted the difference between T- 
values for the “abnormal” and “normal” eyes, 
averaged over all small triangular elements, 
against Snellen visual acuity (Fig. 13). Although 
data for four of the subjects show that (Ta — Tn) 
increases as resolution decreases, the value for 
the fifth subject, D.G. is greater than those for 
the other four, yet his resolution is intermediate 
between those of the others. D.G. has a severe 
refractive error in his “abnormal” eye (Table 1) 
which was, as with other subjects, corrected 
during the experiments. Generally, however, he 
wears no correction, thus his strabismic deficit 
is compounded by a refractive deficit, which 
may give rise to the very large T-values for his 
“abnormal” eye.

Our data demonstrate that orientation dis­
crimination with single lines [Fig. 6; Fig. 11(a)]
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is unimpaired in strabismic amblyopia, despite 
severe losses in Snellen acuity. Vogels et al. 
(1984) obtained the same result using a different 
method of measuring discrimination of line 
orientation. Levi and Klein (1982) showed that 
vernier acuity in strabismic amblyopes is related 
to Snellen acuity, but neither can be predicted 
from resolution for simple gratings. The tri­
angular elements which show loss of orientation 
discrimination (Figs 7-10) are similar to the 
Snellen acuity targets, thus there should be some 
correlation between measurements made by the 
two methods, as is indeed seen in Fig. 13. The 
STI spatial response relies upon grating stimuli 
and probably represents an early stage of visual 
filtering (Holliday and Ruddock, 1983). The 
lack of correlation between this response and 
the orientation discrimination data for tri­
angular elements is, therefore, consistent with 
Levi and Klein’s (1982) conclusions.

The STI spatial response for normal, non- 
foveal vision is displaced to low frequencies 
relative to the foveal response (Barbur and 
Ruddock, 1980) and is similar to that found for 
central vision in amblyopia. Levi and Klein 
(1986) concluded that both normal peripheral 
vision and central vision in strabismic am­
blyopia are characterized by sparse sampling in 
the spatial domain, and the low frequency STI 
spatial characteristics imply precisely such a 
mechanism.

It is possible to simulate the amblyopic dis­
crimination responses by degrading or de- 
magnifying the images presented to normal 
subjects. Thus insertion of a scattering glass 
or a defocussing lens increases T-values; for 
example, with a 4-4 D lens, T-values for J.M.B. 
increase by a factor of five (background ele­
ments A). Reduction of the elements to half the 
previous minimum size (linear dimensions 
0.25 deg) increases T  by a factor of 1.5 (subject 
J.M.B.) and of 1.6 (subject A.J.) with the back­
ground elements A , and of 1.25 (subject J.M.B.) 
and of 1.7 (subject A.J.) with background 
elements > .

Although the discrimination deficits in am­
blyopia cannot be attributed solely to the 
changes in the STI spatial responses, they are, 
nonetheless, consistent with overall loss of 
spatial resolution. It is clear that other factors, 
arising centrally with respect to the STI filter, 
must contribute to both the loss of visual resol­
ution and reduced discrimination suffered by 
the amblyopes. Our experiments do not identify 
these factors, but examination of both the

present data and those of Grounds et al. (1983) 
suggest that the time of onset of the amblyopic 
deficit may be a critical factor. Unfortunately, it 
was not possible to obtain sufficiently precise 
records for our subjects to assess this proposal 
quantitatively. Our results also demonstrate 
that if, indeed, there is distortion of visual space 
in amblyopia, its effects on discrimination are 
equivalent to those of spatial blurring.
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Visual discrimination of target
displacement remains after
damage to the striate cortex in humans
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Damage to the striate cortex usually causes blindness in those 
regions of the visual field which map to the area of neural 
damage1,2. Nonetheless, there are reports that some patients with 
such damage can localize and perform certain visual discrimina­
tions between light stimuli presented within the ‘blind’ area of the 
visual field3-6. Experiments on animals with different brain areas 
ablated suggest that visual function is served by two principal 
projection pathways from the retina7,8. That to the striate cortex 
is primarily responsible for fine discrimination between stimulus 
parameters such as colour and spatial pattern, whereas that to the 
superior colliculus in the midbrain is responsible for visual localiz­
ation of stimuli. The residual visual functions in patients with 
cortical damage are usually attributed to the non-striate retinal 
projection to the superior colliculus. We now present measurements 
of spatial discrimination in two observers with large visual field 
defects (scotomata) caused by damage to the striate cortical region. 
Both exhibit a near normal ability to discriminate displacements 
of targets when two lights are flashed sequentially in their defective 
visual field, but they are unable to discriminate spatial pattern or 
size. We argue that these results are consistent with the ‘two visual 
systems’ interpretation of ablation studies on non-human species7,8.

The representation o f the visual field on the human striate 
cortex was first established from the study o f patients who 
developed permanent blindness in localized areas following 
gunshot wounds to the striate cortex1. However, visual discrimi­
nations in response to light stimulation within ‘blind’ areas of 
the visual field have been reported3"6,9 and two qualitatively 
different responses have been described. In one, visual discrimi­
nation can be shown only as forced-choice judgements between 
alternatives and the subject has no conscious visual sensation; 
these responses are thus termed ‘blindsight’5. In the other, sub­
jects report a sensation, usually described as a ‘dark shadow’, 
in response to bright, transient lights presented within visual 
field areas classed as ‘blind’ on the basis o f conventional per­
imetry using steady or low-illumination transient stimuli9. The 
two subjects o f  the present study show the latter response, and 
the data presented relate to conscious detection o f stimulus 
lights.

G.Y., a 28-year-old male, is hemianopic, suffering homony­
mous loss o f  vision in the right hemifield with sparing o f  about 
3C around the fovea. R.C., a 27-year-old male, has a field loss 
covering the upper right quadrant, homonymous for the two 
eyes. The first subject received brain injuries in a motor accident, 
while the second sustained a cortical infarct following an attack 
o f migraine. Degeneration o f the left striate cortex, total for 
G.Y. and partial for R.C., has been established by computer 
tomography X-ray scans o f  the brain. Objects lying within these 
scotomata are detected only if  displaced rapidly or presented 
transiently, and in the former case, the subjects experience a 
sensation o f movement. Both G.Y. and R.C. perform accurate 
eye movements in order to fixate foveally on a flashed stimulus 
presented within the ‘blind’ hemifield, but neither can identify 
the colour, size or shape o f  the stimulus. For example, movement 
of the experimenter’s hand cannot be differentiated from move­
ment o f a black, square card o f much greater area. We have
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Fig. 1 a, The stimulus configuration used to elicit apparent dis­
placement. The two circular targets were displaced centre to centre 
by distance d  which was the variable parameter of the measure­
ments, and were presented successively for 800 ms each. The value 
of d and the order sequence o f the two spots were varied randomly 
between presentations. Each stimulus configuration was repeated 
10 times. / ,  and I2 denote the (equal) illumination levels o f the 
two targets, b, Data of subject G.Y.; probability for correct discrimi­
nation o f the target, P(%), is plotted against d, the separation of 
the two spots, expressed in degrees. The spots were o f 1° diameter 
and the illumination level was 3.2 log Troland. Measurements were 
made in the ‘blind’ hemifield, at 5° (+), 10° ( • ) ,  15° (x ), 20° (O) 
and 30° (A) off-axis along the horizontal meridian, and at 5° off-axis 
in the normal hemifield (□ ). c, As for b, but for the normal subject 

I.B.; symbols are as for b.

Fig. 2 a, Values of d  required for 90% probability of correct 
discrimination of the direction of target displacement from right 
to left, or vice versa. Data for subject G.Y., blind hemifield (+) 
and I.B. (O), plotted against simulus eccentricity, are taken from 
Fig. 1. Data for G.Y.’s normal hemifield ( • )  were obtained by 

similar methods.
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Fig. 3 a, As Fig. 1, but measurements were made at a single retinal 
location, 10° off-axis relative to both the vertical and horizontal 
meridians, placing the target in the upper right quadrant, that is, 
within R.C.’s ‘blind’ field area. The data for R.C. refer to circular 
targets (Fig. la )  of 0.2° (A), 0.5° (O) and 1.0° (x )  diameter. Com­
parison data are also given for an equivalent location in the normal 
left upper quadrant for targets of diameter 1° (□ ). b, As a, but for 
the upper right quadrant o f the normal subject I.B. Data refer to 

spots of diameter 0.2° (A), 0.5° (O) and 1.0° (x ).

studied systematically the responses o f the two subjects elicited 
by transient, white-light stimuli, provided by a maxwellian view 
optical system. All measurements were made monoptically, with 
the right eye, and the observer’s head was kept steady relative 
to the instrumental exit pupil by a dental clamp.

Spatial discrimination was measured for the displacement o f  
two spots, with centre-to-centre separation d  in a direction 
parallel to the horizontal meridian, presented sequentially for 
800m s each (Fig. la ) .  Such stimuli normally elicit a strong 
sensation o f  movement, directed from the first to the second 
flash, and this was reported by the two subjects for stimulus 
presentation within either the normal or ‘blind’ areas o f the 
visual field. The probability P  o f  correctly identifying spot 
displacement to the right or to the left was measured as a function 
o f spot separation d. Data for subject G.Y., measured at several 
retinal locations, show that P  rises rapidly as d  increases, and 
that the value o f  d  for a given value o f P  increases as stimulus 
eccentricity increases (Fig. lb ) . Values for G .Y.’s ‘blind’ 
hemifield are somwhat larger than those for his normal hemifield 
and larger than those measured for a normal subject I.B. 
(Fig. lc ) , the differences being more significant at higher eccen­
tricities (Fig. 2).

Data for R.C. are given for a single stimulus location, but for 
different spot sizes, and his responses are essentially indepen­
dent o f spot size (Fig. 3a). These data are again similar to those 
obtained for the normal field (Fig. 3a) and forthe normal subject 
I.B. (Fig. 36 ), although, as with G.Y., R.C.’s ‘blind’ field yields 
lower discrimination for displacement than does I.B.’s normal 
field.

For the ‘blind’ field, neither subject was able to resolve the 
targets used in the determination o f displacement thresholds.

For example, G.Y. was presented with either a single circular 
target (diameter 1.1°) or with two such targets, separated 
spatially by 7° (as in Fig. la )  but coincident in time, both targets 
being centred 13.5° off-axis along the horizontal meridian. The 
illumination o f  the single target was double that o f each com­
ponent, and so the two stimuli could not be distinguished on 
the basis o f  total flux. G.Y. was instructed as to the nature o f  
the two stimuli, and in a random sequence o f 100 presentations, 
he correctly identified the single target on 23 o f  50 presentations 
and the pair on 26 o f 50 presentations, that is, at chance level. 
He achieved 100% correct discrimination for presentation o f  
the targets in the corresponding region o f his normal hemifield.

The subjects were also unable to identify geometrical patterns 
formed by sequentially flashed spots, for example, by three spots 
(1.1° diameter), flashed for 800 ms and separated centre to centre 
by 5° (that is, a triangle with a spot at each com er), presented 
in the ‘blind’ field. The subjects reported the sensation o f move­
ment along a curved line, but the triangle was not identified; 
thus, discrimination o f displacement cannot be exploited to 
provide pattern discrimination. Further, neither subject could 
discriminate at greater than chance level targets o f different 
shapes or sizes presented within their visual field scotoma, as 
long as different targets were matched in total flux. For example, 
at no point in their ‘blind’ fields could they discriminate between 
circles o f diameter 4° and equilateral squares and triangles 
constructed from lines o f  length 4°, the different targets being 
presented in random sequence for 300 ms at 2-s intervals. They 
were also unable to distinguish between a square-waveform  
grating o f 1 cycle deg-1 periodicity and a uniform field o f  
illumination equal to the average illumination o f  the grating. It 
is difficult to compare such complete lack o f spatial vision with 
normal function, but as an example, gratings o f  10 cycles deg-1 
located 7° off-axis can be resolved in normal vision, whereas 
under the same conditions, neither subject was able to resolve 
a 1 cycle deg-1 grating located in the ‘blind’ field.

Computer tomography X-ray scans show that in both subjects 
brain damage is restricted to the striate cortex, thus lack o f  
pattern recognition or discrimination is attributed to disturbance 
o f this area, which receives direct input from the retino-genicu- 
late pathway. It has been argued that the characteristics o f  
residual vision in one o f these two subjects are similar to those 
o f electrophysiological responses recorded from the superior 
colliculus9, which itself projects via the pulvinar to the prestriate 
cortex. Subsequently, however, a direct, albeit sparse, projection 
from the primate lateral geniculate nucleus to the prestriate 
cortex has been demonstrated10,11. Although we cannot identify 
the non-cortical pathway which mediates the residual vision 
described here, our results demonstrate a complete functional 
dissociation between visual localization o f  transients and pattern 
discrimination, as would be predicted by the ‘two systems theory’ 
o f visual organization7,8.
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