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Pattern-onset stimulation boosts central  
multifocal VEP responses 
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Multifocal visual evoked potentials (VEP) allow one to assess whether stimulation at specific visual field locations elicits 
cortical activity; it might therefore enable us to conduct objective visual field perimetry. However, due to the cortical 
folding, which differs markedly between subjects, a particular electroencephaologram generator may fail to project signal 
on some recording electrodes. This may lead to false alarms for potential scotomata. Here we compare pattern-reversal 
and pattern-onset stimulation in their efficacy to activate the visual cortex and recorded mfVEPs to 60 locations 
comprising a visual field of 44° diameter. We report three main findings: (1) Pattern-onset compared to pattern-reversal 
enhances the amplitude by 30% for stimulation of the central visual field (<10° radius), while evoking 30% less response 
in the periphery (>15°). (2) Although pattern-onset and pattern-reversal responses differ markedly in their eccentricity 
dependence, they have a similar topographical distribution. (3) By combining both stimuli, the number of false positives 
was reduced to less than 1.5% of the visual field locations tested. We conclude that pattern-onset and pattern-reversal 
activate identical visual cortical areas but target different neural mechanisms within these areas. Furthermore, pattern-
onset stimulation greatly increases the sensitivity of the mfVEP to assess the cortical representation of the central 10° of 
the visual field. 

Keywords: human, visual cortex, topography, visual evoked potentials, multifocal, onset, reversal 
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#'()$%'1,*2B"$$-9:*CDDCE*F),-#-9:*B"$$-9:*G#-%1:*H*I)91-@:*
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'&*$<%,*('1+'#"$%'1:*)($%+%$@*)$*,'3-*('9$%()#*#'()$%'1,*;%##*
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<'3'1@3'",*,('$'3)$)>*W'9*$<-*/-$-($%'1*'&*
<'3'1@3'",*,('$'3)$):*%$*%,*+%$)#*$'*&%##*$<-*)00)9-1$#@*
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&%-#/*#'()$%'1,>*?<%,*<),*8--1*)//9-,,-/*;%$<*)1*%1(9-),-/*
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I<-1:*OPPO7>*?<-*)009')(<*;),*,"((-,,&"#*%1*9-/"(%1=*
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/-&-($,:*)*+-9%/%()#*,('$'3)*<),*$<-9-&'9-*8--1*/-&%1-/*),*
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#'()$%'1,*2K'#/8-9=:*K9)<)3*H*G#%,$'91-9:*OPPO7>*
M';-+-9:*$<%,*=9-)$#@*9-/"(-,*$<-*,0)$%)#*9-,'#"$%'1*'&*$<-*
3&456X8),-/*+%,")#*&%-#/*0-9%3-$9@>**

Y1*$<-*09-,-1$*,$"/@:*;-*%1$9'/"(-/*0)$$-91X'1,-$X
'&&,-$*,$%3"#)$%'1*$'*%309'+-*$<-*)(("9)(@*'&*3&456X
8),-/*+%,")#*&%-#/*3)0,>*?<%,*)009')(<*%,*3'$%+)$-/*8@*
9-,"#$,*&9'3*(#),,%()#*456,*)1/*%,*8),-/*'1*$<-*&'##';%1=*
9)$%'1)#-Z*2C7*W9'3*(#),,%()#*456*,$"/%-,:*89%-&*0)$$-91X
'1,-$*0"#,-,*)9-*.1';1*$'*-+'.-*=9-)$-9*9-,0'1,-,*$<)1*
0)$$-91X9-+-9,)#*,$%3"#)$%'1*)1/*3%=<$*$<-9-&'9-*<)+-*$<-*
0'$-1$%)#*$'*%1(9-),-*$<-*,%=1)#*)30#%$"/-*%1*3&456*
-U0-9%3-1$,*2M';-:*!%$(<-##*H*Q'8,'1:*CDLCE*6)99@:*
!"99)@*H*M)/A%[-1'1',:*CDDD7>*2O7*Y$*%,*;%/-#@*)((-0$-/*
$<)$*$<-*0)$$-91X9-+-9,)#*3&456*%,*=-1-9)$-/*3)%1#@*%1*4C*
2B#'$1%(.:*G#-%1:*I)91-@:*B"$$-9:*H*\),$)3)#(<%:*CDDD7>*
Y1*('1$9),$:*$<-9-*)9-*)$*09-,-1$*1'*(#-)9*+%-;,*'1*$<-*
'9%=%1*'&*$<-*0)$$-91X'1,-$*3&456>*S,*(#),,%()#*0)$$-91X
'1,-$*456,*'9%=%1)$-*%1*8'$<*,$9%)$-*)1/*-U$9),$9%)$-*
('9$-U*29-+%-;-/*%1*\%*Q",,':*!)9$%1-[:*B-9-1':*6%$[)#%,:*
H*M%##@)9/:*OPPO7:*$<-*0)$$-91X'1,-$*3&456*3%=<$*$'*)*
('1,%/-9)8#-*-U$-1$*'9%=%1)$-*%1*-U$9),$9%)$-*)9-),>*?<%,*
0',,%8%#%$@*'0-1,*)1*-U(%$%1=*0-9,0-($%+-Z*B$9%)$-*)1/*
-U$9),$9%)$-*)9-),*/%&&-9:*),*)*3)$$-9*'&*('"9,-:*%1*$<-%9*
('1+'#"$%'1>*I'1,-R"-1$#@:*+%,")#*&%-#/*9-09-,-1$)$%'1,:*
;<%(<*/'*1'$*09'A-($*'1$'*)*0)9$%("#)9*/-9%+)$%'1*;<-1*
$<-@*)($%+)$-*4C:*3%=<$*09'A-($*'1$'*$<%,*/-9%+)$%'1*;<-1*
$<-@*)($%+)$-*-U$9),$9%)$-*('9$-U>*?<-9-&'9-*)*,%=1)#*/9'0X
'"$*/"9%1=*0)$$-91X9-+-9,)#*,$%3"#)$%'1*'&*4C*3%=<$:*&'9*
-U)30#-:*8-*&%##-/*%1*;%$<*0)$$-91X'1,-$*9-,0'1,-,*&9'3*
4O>*

]-*('30)9-/*3&456*9-,0'1,-,*$'*0)$$-91X9-+-9,)#*
)1/*$'*0)$$-91X'1,-$*,$%3"#)$%'1*)1/*9-0'9$*=9-)$#@*
-1<)1(-/*,%=1)#,*%1*$<-*(-1$9)#*+%,")#*&%-#/*)&$-9*0)$$-91X
'1,-$*,$%3"#)$%'1>*?<-*$'0'=9)0<%()#*#)@'"$*'&*$<-*
9-,0'1,-*$'*$<-*$;'*,$%3"#%:*<';-+-9:*%,*9-3)9.)8#@*
,%3%#)9:*;<%(<*%30#%-,*$<)$*$<-%9*=-1-9)$'9,*9-,%/-*%1*$<-*
,)3-*+%,")#*)9-)>*?<-,-*$;'*,--3%1=#@*('1$9)/%($'9@*
&%1/%1=,*)9-*$).-1*),*-+%/-1(-*$<)$*$<-*$;'*,$%3"#",*$@0-,*
$)9=-$*/%&&-9-1$*1-"9'1)#*3-(<)1%,3,*%1*$<-*,)3-*+%,")#*
)9-)>*

 Methods 
Subjects 

B%U*,"8A-($,*)=-/*OP*$'*O^*@-)9,*;%$<*1'93)#*+%,%'1*
2+%,")#*)("%$@*_C>P7*=)+-*$<-%9*;9%$$-1*('1,-1$*$'*
0)9$%(%0)$-*%1*$<-*,$"/@>*?<-*09'(-/"9-,*&'##';-/*$<-*
$-1-$,*'&*$<-*/-(#)9)$%'1*'&*M-#,%1.%*)1/*$<-*09'$'('#*;),*
)009'+-/*8@*$<-*-$<%(,*('33%$$--*'&*$<-*V1%+-9,%$@*'&*
W9-%8"9=:*K-93)1@>**

Stimuli 
45QYB*J>L*25#-($9'X\%)=1',$%(*Y3)=%1=*`5\Ya:*B)1*

!)$-':*IS7*;),*",-/*&'9*,$%3"#",*/-#%+-9@*)1/*
-#-($9'0<@,%'#'=%()#*9-('9/%1=,>*?<-*,$%3"#",*/%,0#)@:*)*

(%9("#)9*/)9$8')9/X(<-(.-98')9/*0)$$-91*23-)1*#"3%1)1(-*
Ob*(/c3OE*('1$9),$*DLd7:*;),*+%-;-/*&9'3*)*/%,$)1(-*'&*
eP*(3*)1/*('+-9-/*JJf*'&*+%,")#*)1=#->*B%U$@*&%-#/,*'&*$<%,*
/%,0#)@*;-9-*,$%3"#)$-/*%1/-0-1/-1$#@*)(('9/%1=*$'*)1*3X
,-R"-1(-*;%$<*OC^XC*-#-3-1$,>*5)(<*&%-#/*('309%,-/*)*
(<-(.-98')9/*('1,%,$%1=*'&*J*U*J*(<-(.,>*?<-*9)/%)#*-U$-1$*
'&*$<-*&%-#/,*;),*,()#-/*;%$<*-((-1$9%(%$@*&9'3*C>^f*%1*$<-*
(-1$-9*$'*bf*%1*$<-*0-9%0<-9@>*!X,-R"-1(-,*('1,%,$*'&*)*
0,-"/'X9)1/'3*,"((-,,%'1*'&*P*)1/*C*,$)$-,>*W'9*0)$$-91X
9-+-9,)#*,$%3"#)$%'1:*$<-,-*$;'*,$)$-,*;-9-*9-09-,-1$-/*8@*
$;'*('1$9),$*%1+-9$-/*(<-(.-98')9/*&%-#/,>*W'9*0)$$-91X
'1,-$*,$%3"#)$%'1:*,$)$-*P*;),*9-09-,-1$-/*8@*)*,"((-,,%'1*
'&*$;'*=9)@*&%-#/,:*;<%#-*,$)$-*C*;),*9-09-,-1$-/*8@*)*
,"((-,,%'1*'&*(<-(.-98')9/*0)$$-91*)1/*=9)@>*Y$*,<'"#/*8-*
1'$-/*$<)$*$<-*,$)$-,*#),$*$;%(-*),*#'1=*&'9*0)$$-91X'1,-$*
,$%3"#)$%'1*$<)1*&'9*0)$$-91X9-+-9,)#*,$%3"#)$%'1:*),*
0)$$-91X'1,-$c'&&,-$*('309%,-,*)*&9)3-*'&*0)$$-91*!"#$%)*
&9)3-*'&*"1%&'93*=9)@*&'9*$<-*-#-3-1$)#*,$)$->*?<-9-&'9-:*
)*,%1=#-*8#'(.*'&*0)$$-91X'1,-$*,$%3"#)$%'1*#),$-/*)8'"$*CJ*
3%1:*;<%#-*)*,%1=#-*8#'(.*'&*0)$$-91X9-+-9,)#*,$%3"#)$%'1*
#),$-/*)8'"$*b*3%1>*W'"9*8#'(.,*('309%,-/*)*9-('9/%1=*
,-,,%'1:*$;'*&'9*-)(<*,$%3"#",>*?<-*8#'(.,*;-9-*)99)1=-/*
)(('9/%1=*$'*)1*SFFS*/-,%=1>*?<-*8#'(.,*;-9-*89'.-1*"0*
%1$'*'+-9#)00%1=*,-=3-1$,*-)(<*#),$%1=*)8'"$*Ob*,>*S##*
3&456,*;-9-*'8$)%1-/*;%$<*8%1'("#)9*,$%3"#)$%'1>*

Electrophysiological Recordings 
?<-*3&456,*;-9-*9-('9/-/*;%$<*&'"9*='#/*("0*

-#-($9'/-,>*?<-*-#-($9'/-,*;-9-*0#)(-/*&'##';%1=*09-+%'",*
,$"/%-,*2->=>:*M''/*-$*)#>:*OPPO7:*J*(3*)8'+-*$<-*%1%'1*
2<-9-*1)3-/*T[7:*)1/*J*(3*#)$-9)#*$'*$<-*#'()$%'1*C*(3*
)8'+-*$<-*%1%'1*21)3-/*Tg*)1/*TQ*&'9*$<-*#-&$*)1/*9%=<$*
/-9%+)$%'1:*9-,0-($%+-#@7*)1/*;-9-*9-&-9-1(-/*$'*)1*
-#-($9'/-*)$*$<-*%1%'1*21)3-/*Y[7>*?<-*55K*;),*)30#%&%-/*
;%$<*)*0<@,%'#'=%()#*)30#%&%-9*2?'-11%-,7*)1/*8)1/X0),,*
&%#$-9-/*2#';X*)1/*<%=<X&9-R"-1(@*("$'&&,Z*e*)1/*bP*M[7>**

Analysis and Statistics  
Q-X9-&-9-1(%1=*'&*$<-*$<9--*0<@,%()#*/-9%+)$%'1,*),*%1*

09-+%'",*,$"/%-,*2->=>:*M''/*-$*)#>:*OPPO7*@%-#/-/*)1*
)//%$%'1)#*$<9--*/-9%+)$%'1,Z*0<@,%()#*/-9%+)$%'1,Z*2C7*Tg:*
2O7*T[:*)1/*2e7*TQ*+,>*Y[E*9-X9-&-9-1(-/*/-9%+)$%'1,Z*2J7*Tg*
+,>*TQ:*2^7*T[*+,>*TQ:*)1/*2h7*TQ*+,>*T[>**

W%9,$X*)1/*,-('1/X'9/-9*.-91-#,*&'9*0)$$-91X'1,-$*)1/*
0)$$-91X9-+-9,)#*,$%3"#)$%'1:*9-,0-($%+-#@:*;-9-*-U$9)($-/*
",%1=*45QYB*J>L*25\Y7>*B0)$%)#*,3''$<%1=*)1/*)9$%&)($*
9-A-($%'1*&-)$"9-,*)+)%#)8#-*%1*45QYB*;-9-*1'$*",-/>*S##*
,"8,-R"-1$*)1)#@,%,*;),*0-9&'93-/*;%$<*YKTQ*J>P*
2])+-!-$9%(,:*g).-*T,;-=':*TQ:*VBS7>*?9)(-,*;-9-*
/%=%$)##@*&%#$-9-/*2PieP*M[7>*

?'*),,-,,*,%=1)#*09-,-1(-*;-*-+)#")$-/*$<-*,%=1)#X$'X
1'%,-*9)$%'*2BjQ7*),*/-,(9%8-/*8@*N<)1=:*M''/:*I<-1:*
)1/*M'1=*2OPPO7*",%1=*$<-%9*k3-)1*1'%,-X;%1/';*BjQ>l*
W%9,$:*$<-*9-('9/,*&9'3*$<-*$;'*8#'(.,*&'9*-)(<*,$%3"#",*
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;-9-*)+-9)=-/>*?<-1*$<-*BjQ*&'9*-)(<*!X$<*,-($'9*2'&*$<-*"#
"!#$*$'$)#*,-($'9,7*'&*,"8A-($*&*;),*/-&%1-/*),Z*

%&'()!"!'*%()+,-!./!0-$!12345!('*%()!+67-!./!,6$!1234"890:!+03!

?<-*/-1'3%1)$'9*%1*2C7*%,*$<-*)+-9)=-*'&*$<-*
%1/%+%/")#*Q!B*+)#"-,*&'9*,"8A-($*&>*S1*-,$%3)$-*'&*&)#,-*
0',%$%+-*9)$-,*;),*'8$)%1-/*&9'3*$<-*/%,$9%8"$%'1*'&*BjQ*
+)#"-,*&'9*$<-*1'%,-*;%1/';*&'##';%1=*M''/*-$*)#>*2OPPO7Z**

%&'()!"'*%()+67-!./!,6$!12345!('*%()!+67-!./!,6$!1234"890:!+73!

?<",*;-*'8$)%1-/*C:PLP*BjQ*+)#"-,*2h*,"8A-($,*x*e*
0<@,%()#*/-9%+)$%'1,*x*hP*#'()$%'1,7>*S1*)1)#@,%,*'&*$<-*
/%,$9%8"$%'1*'&*$<-,-*BjQ,*,<';-/*$<)$*BjQ,*'&*!C>P*;%##*
8-*0)9$*'&*$<-*1'%,-*/%,$9%8"$%'1*'1#@*;%$<*)*09'8)8%#%$@*'&*
C>hd*)1/*P>Jd*&'9*0)$$-91X'1,-$*)1/*0)$$-91X9-+-9,)#*
,$%3"#)$%'1:*9-,0-($%+-#@>*?<-9-&'9-:*)*$<9-,<'#/*BjQ*'&*
C>P*;),*,-#-($-/*$'*),,-,,*;<-$<-9*)*,%=1)#*%,*)*+-9%/%()#*
9-,0'1,->*

?'*R")1$%$)$%+-#@*),,-,,*$<-*,%3%#)9%$@*'&*$<-*
;)+-&'93,*'8$)%1-/*)&$-9*0)$$-91X'1,-$*)1/*0)$$-91X
9-+-9,)#*,$%3"#)$%'1:*;-*()#("#)$-/*('99-#)$%'1*('-&&%(%-1$,*
'&*$<-*$;'*3&456,*&'9*$;'*$%3-*;%1/';,Z*2)7*%1*$<-*,%=1)#*
;%1/';*2%>->:*J^X$'XC^P*3,*)&$-9*,$%3"#",*'1,-$7:*)1/*287*
%1*$<-*1'%,-*;%1/';*2%>->:*eO^X$'XJeP*3,*)&$-9*,$%3"#",*
'1,-$7>*?<",*;-*'8$)%1-/*)*0)%9*'&*('99-#)$%'1*('-&&%(%-1$,*
&'9*-)(<*+%,")#*&%-#/*#'()$%'1*%1*-)(<*,"8A-($>*?<-,-*;-9-*
&"9$<-9*-+)#")$-/*'1#@*&'9*+%,")#*&%-#/*#'()$%'1,*;%$<*
,"09)$<9-,<'#/*9-,0'1,-,*2%&';0:$7*$'*8'$<*,$%3"#%>*?<-*
('30)9%,'1*'&*$<-,-*3-),"9-,*)##';-/*",*$'*R")1$%&@*$<-*
,%3%#)9%$@*'&*$<-*;)+-&'93,*)&$-9*0)$$-91X'1,-$*)1/*0)$$-91*
9-+-9,)#*,$%3"#)$%'1>*

?'*),,-,,*;<-$<-9*0)$$-91X'1,-$*)1/*0)$$-91X9-+-9,)#*
9-,0'1,-,*/-0-1/*/%&&-9-1$#@*'1*-((-1$9%(%$@:*;-*
()#("#)$-/*$<-*9)$%'*'&*$<-*9-,0'1,-,*29-+-9,)#c'1,-$*
9-,0'1,-7*&'9*-)(<*-((-1$9%(%$@*)1/*),,-,,-/*$<-*,$)$%,$%()#*
,%=1%&%()1(-*'&*$<%,*/-0-1/-1(-*",%1=*$<-*#'=*9)$%',>*]-*
0-9&'93-/*%1/-0-1/-1$*"1%+)9%)$-*SjT4S,*&'9*$<-*
9-,0-($%+-*BjQ*)1/*Q!B*9)$%'*)1/*$<-*9-,0-($%+-*
-#-($9'/-*#'()$%'1>*

Results 
5U)30#-,*'&*$<-*9-,0'1,-,*$'*0)$$-91X9-+-9,)#*)1/*

0)$$-91X'1,-$*,$%3"#)$%'1*)9-*=%+-1*&'9*$;'*9-09-,-1$)$%+-*
,"8A-($,*%1*W%="9-*C>*?<-,-*9-,0'1,-,*;-9-*9-('9/-/*)$*$<-*
T[XY[*/-9%+)$%'1*)1/*)9-*,0)$%)##@*)99)1=-/*),*)*9-X
09'A-($%'1*'&*$<-*,%=1)#,*$'*$<-*+%,")#*&%-#/*#'()$%'1,*$<)$*
-+'.-/*$<-3>*?<-*'9%=%1)#*$9)(-,*)9-*/-0%($-/*%1*S*)1/*I>*
?<-*,%=1)#X$'X1'%,-X9)$%'*2BjQ7*&'9*-)(<*'&*$<-,-*$9)(-,*%,*
/-0%($-/*%1*F*)1/*I:*;<-9-*,@38'#*,%[-*9-09-,-1$,*BjQ*
3)=1%$"/->*S*,%=1)#*/9'0X'"$*2%&'<0:$7*%,*%1/%()$-/*8@*
X, $<",*9-09-,-1$%1=*)*,0"9%'",*,('$'3)>*W%="9-*C*
/-3'1,$9)$-,*$;'*$@0%()#*&-)$"9-,*'&*3&456*9-('9/%1=,*
$<)$*)9-*-+%/-1$*&'9*8'$<*0)$$-91X9-+-9,)#*)1/*0)$$-91X
'1,-$*,$%3"#)$%'1Z*2C7*K9-)$*+)9%)8%#%$@*'&*$<-*,%=1)#*

,$9-1=$<*)(9',,*$<-*+%,")#*&%-#/*)1/*)(9',,*,"8A-($,>*S$*
,'3-*#'()$%'1,*$<-9-*%,*)*('30#-$-*,%=1)#*/9'0*'"$*
2%&'<0:$:*%1/%()$-/*8@*X7:*;<%(<*9-,"#$,*%1*,0"9%'",*
,('$'3)$)*%1*$<-*9-('1,$9"($-/*+%,")#*&%-#/*3)0>*2O7*
4)9%)8%#%$@*'&*$<-*,<)0-*'&*$<-*3&456,*)(9',,*$<-*+%,")#*
&%-#/>*?<-9-*%,*)*0'#)9%$@*9-+-9,)#*'&*$<-*,%=1)#,*)#'1=*$<-*
<'9%['1$)#*3-9%/%)1*2%>->:*,%=1)#,*)8'+-*)1/*8-#';*$<-*
<'9%['1$)#*3-9%/%)1*$-1/*$'*<)+-*)1*%1+-9$-/*0'#)9%$@7>*Y$*
,<'"#/*8-*1'$-/*$<)$*$<%,*0'#)9%$@*9-+-9,)#*%,*'8,-9+-/*&'9*
8'$<*,$%3"#",*('1/%$%'1,*)1/*&'9*8'$<*,"8A-($,*09-,-1$-/>*
I#',-*%1,0-($%'1*'&*W%="9-*C*,<';,*$<)$*$<%,*<%=<*/-=9--*
'&*,%3%#)9%$@*'&*$<-*$9)(-*,<)0-,*8-$;--1*$<-*$;'*,$%3"#",*
('1/%$%'1,*()1*)#,'*8-*'8,-9+-/*)$*+%,")#*&%-#/*#'()$%'1,*
'$<-9*$<)1*$<-*<'9%['1$)#*3-9%/%)1>*?<%,*%,*"1/-9#%1-/*8@*
$<-*('99-#)$%'1*'&*$<-*0)$$-91X'1,-$*)1/*0)$$-91X9-+-9,)#*
9-,0'1,-,*&'9*$<-,-*,"8A-($,*`('99-#)$%'1*('-&&%(%-1$,*
23-/%)17*%1*$<-*,%=1)#*+,>*1'%,-*;%1/';:*9-,0-($%+-#@E*m>G>Z*
>hD*+,>*>PJE*Y>B>Z*>bO*+,>*>POa*)1/*)(9',,*$<-*-1$%9-*h*
,"8A-($,*$-,$-/*`('99-#)$%'1*('-&&%(%-1$,*23-/%)1:*#';-9:*
)1/*"00-9*R")9$%#-7*%1*$<-*,%=1)#*+,>*1'%,-*;%1/';:*
9-,0-($%+-#@Z*>hO:*>J^:*>b^*+,>*>Pb:*X>eD:*>ODa>*?<-*/)$):*
$<-9-&'9-:*%1/%()$-*)*,%3%#)9*$'0'=9)0<%()#*/%,$9%8"$%'1*'&*
0)$$-91X'1,-$*)1/*0)$$-91X9-+-9,)#*9-,0'1,-,>*

S#$<'"=<*,%3%#)9*%1*,<)0-:*0)$$-91X'1,-$*)1/*0)$$-91X
9-+-9,)#*9-,0'1,-,*-U<%8%$*3)9.-/#@*/%&&-9-1$*-((-1$9%(%$@*
/-0-1/-1(-,*%1*$<-%9*9-,0'1,-*,$9-1=$<>*?<%,*&-)$"9-*%,*
/-3'1,$9)$-/*%1*W%="9-*O*)1/*)1)#@[-/*3'9-*&'93)##@*%1*
W%="9-*e>*Y1*W%="9-*O:*)*('30)9%,'1*'&*$<-*,%=1)#*,$9-1=$<*
2BjQ7*&'9*0)$$-91X9-+-9,)#*,$%3"#)$%'1*)1/*&'9*0)$$-91X
'1,-$*,$%3"#)$%'1*%,*09-,-1$-/*&'9*$<-*,)3-*,"8A-($,*$<)$*
,-9+-/*),*-U)30#-,*%1*W%="9-*C>*K9-)$-9*0)$$-91X'1,-$*$<)1*
0)$$-91X9-+-9,)#*9-,0'1,-,*)9-*%1/%()$-/*8@*&%##-/*,@38'#,:*
;<%#-*$<-*%1+-9,-*9-#)$%'1,<%0*%,*%1/%()$-/*8@*'0-1*
,@38'#,>*W'9*$<-,-*%##",$9)$%'1,:*$<-*3',$*9-#%)8#-*,%=1)#*
2%>->:*$<-*,%=1)#*;%$<*$<-*=9-)$-,$*BjQ*)$*)*,0-(%&%(*+%,")#*
&%-#/*#'()$%'17*;),*,-#-($-/*&9'3*$<-*('99-,0'1/%1=*
9-('9/%1=,*'&*$<-*,%U*/-9%+)$%'1,*$<)$*)9-*'8$)%1-/*)&$-9*9-X
9-&-9-1(%1=*$<-*$<9--*0<@,%()#*/-9%+)$%'1,>*S,*%,*-+%/-1$*
&9'3*,"8A-($*m>G>:*0)$$-91X'1,-$*,$%3"#)$%'1*(#-)9#@*
)($%+)$-,*$<-*(-1$9)#*+%,")#*&%-#/*2"0*$'*h*'9*CPf7*3'9-*
,$9'1=#@*$<)1*0)$$-91X9-+-9,)#*,$%3"#)$%'1:*;<-9-),*
0)$$-91X9-+-9,)#*9-,0'1,-,*/'3%1)$-*%1*$<-*0-9%0<-9@>*?<%,*
$9-1/:*$<'"=<*#-,,*/%,$%1($:*%,*)#,'*-+%/-1$*&9'3*$<-*
,-('1/*-U)30#-:*,"8A-($*Y>B>*S*R")1$%$)$%+-*)1)#@,%,*'&*$<%,*
&-)$"9-*%,*=%+-1*%1*W%="9-*e>*M-9-:*;-*/-0%($-/*$<-*3-)1*
0)$$-91X'1,-$*9-,0'1,-*9-#)$%+-*$'*$<-*0)$$-91X9-+-9,)#*
9-,0'1,-*),*)*&"1($%'1*'&*-((-1$9%(%$@>*S*9)$%'*,3)##-9*$<)1*
C>P*%1/%()$-,*=9-)$-9*0)$$-91X'1,-$*9-,0'1,-,:*;<%#-*)*9)$%'*
=9-)$-9*$<)1*C>P*%1/%()$-,*=9-)$-9*0)$$-91X9-+-9,)#*
9-,0'1,-,>*Y$*%,*-+%/-1$*$<)$*0)$$-91X'1,-$*9-,0'1,-,*
-U(--/*0)$$-91X9-+-9,)#*9-,0'1,-,*%1*$<-*(-1$9)#*+%,")#*&%-#/*
;<%#-*$<-@*)9-*,3)##-9*%1*$<-*0-9%0<-9@>*?<-*9-,"#$,*9-)(<*
,%=1%&%()1(-*)$*$<-*/-9%+)$%'1,*Tg*)1/*T[:*;<%#-*$<-*$9-1/*
%,*)#,'*-+%/-1$*&'9*/-9%+)$%'1*TQ*2SjT4S*&'9*Q!B*)$*
Tg:*T[:*)1/*TQZ*$!"!:$07-=!$!"!:$$7>=!?@A!$!"!:77B!
C&DEC!F/G!%&'!?.!DH=!DI=!?@A!D'J!$!"!:$$$6=!$!"!
$:$$0,=!?@A!$!"!:007>*
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Y$*,<'"#/*8-*1'$-/*$<)$*0)$$-91X'1,-$*3&456*
9-('9/%1=,*$).-*$;%(-*),*#'1=*),*0)$$-91X9-+-9,)#*3&456*
9-('9/%1=,>*?<-*9-/"($%'1*'&*$<-*9-('9/%1=*$%3-*&'9*
0)$$-91X'1,-$*3&456*8@*)*&)($'9*'&*O*;'"#/*@%-#/*-R")#*
9-('9/%1=*$%3-,*&'9*8'$<*,$%3"#",*('1/%$%'1,:*8"$*%,*

-U0-($-/*$'*9-/"(-*BjQ,*&'9*0)$$-91X'1,-$*3&456,*8@*!7>*
?<-9-&'9-:*BjQX9)$%',*=%+-1*%1*W%="9-*e*;'"#/*<)+-*$'*
-U(--/*)*+)#"-*'&*04!7!"!$:K!$'*%1/%()$-*$<-*/'3%1)1(-*'&*
$<-*0)$$-91X'1,-$*9-,0'1,-*&'9*-R")#*9-('9/%1=*$%3-,*'&*
8'$<*,$%3"#",*('1/%$%'1,>*

Pattern reversal (Oz)
Pattern onset (Oz)

1 µV
0.5 s

BA

+

–
SNR <1      1       10      20

!

C

Pattern reversal (Oz)
Pattern onset (Oz)

D

SNR <1      1       10      20

1 µV
0.5 s

+

–

!

!"#$%&'()'*+,'%&-%&.&/010"2&'&314-5&.'67)8)'1/9':);)'"/'-1/&5.'<='>'1/9'?='@='%&.-&A0"2&5BC',D'4DEFG'%&.-,/.&.'0,'-100&%/H%&2&%.15'

6%&9C'1/9'-100&%/H,/.&0'.0"4$510",/'6I5$&C'1.'%&A,%9&9'D%,4'0J&'KLH:L'9&%"210",/)'*J&'-1/&5.',/'0J&'5&D0'6<'1/9'?M'.A15&'I1%.'(LE'1/9'

N)O'.='%&.-&A0"2&5BC'9&-"A0'0J&',%"#"/15'0%1A&.'+J"5&'0J&'-1/&5.',/'0J&'%"#J0'6>'1/9'@C'9&-"A0'0J&'%&.$50"/#';PQ.)';PQ'-5,0.'D,%'-100&%/H

,/.&0'1/9'-100&%/H%&2&%.15'1%&'9".-51A&9'+"0J'%&.-&A0'0,'&1AJ',0J&%'D,%'A51%"0B)'!"55&9'.B4I,5.'1%&'.A15&9'IB';PQ='R'"/9"A10&.';PQ.'S'

()N'6")&)='.-$%",$.'.A,0,4101C)'P,0&'0J&'21%"1I"5"0B',D'0J&'%&.-,/.&'.0%&/#0J'1A%,..'0J&'2".$15'D"&59)'G100&%/H,/.&0'%&.-,/.&.'0&/9'0,'

&3A&&9'-100&%/H%&2&%.15'%&.-,/.&.'"/'0J&'A&/0%15'2".$15'D"&59'+J"5&'0J".'0%&/9'".'"/2&%0&9'"/'0J&'-&%"-J&%15'2".$15'D"&59)'TU%&10&%'%&.-,/.&.'

"/'0J&',%"#"/15'0%1A&.'6-1/&5.',/'0J&'5&D0C'9,'/,0'%&.$50'"/'#%&10&%';PQ.'D,%'&2&%B'."/#5&'2".$15'D"&59'5,A10",/'6-1/&5.',/'0J&'%"#J0C='1.'0J&'

;PQ'4&0%"A'9&-&/9.',/'0J&'4&1/'%&.-,/.&'"/'0J&'/,".&'+"/9,+'6.&&'VW&0J,9.XC='+J"AJ'A1/'9"DD&%'I&0+&&/'-100&%/H,/.&0'1/9'-100&%/H

%&2&%.15'%&.-,/.&.)Y'Q&41%Z1I5B='.B.0&410"A'21%"10",/.',D'0J&'.J1-&',D'0J&'0%1A&.='&.-&A"155B'0J&'-,51%"0B'%&2&%.15'15,/#'0J&'J,%"L,/015'

4&%"9"1/='1%&'&2"9&/0'D,%'I,0J'-100&%/H,/.&0'1/9'-100&%/H%&2&%.15'%&.-,/.&.)''

!
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Subject JK Subject IS

45
°

Onset > reversal
Reversal   onset !

!"#$%&'[)'?,4-1%".,/',D'-100&%/H%&2&%.15'1/9'-100&%/H,/.&0'%&.-,/.&.'D,%'0J&'0+,'.$I\&A0.'D%,4'!"#$%&'()'*,'&215$10&',/5B'0J&'4,.0'

%&5"1I5&'."#/15.='0J&'#%&10&.0'%&.-,/.&.'10'1'#"2&/'2".$15'D"&59'5,A10",/'J12&'I&&/'.&5&A0&9'D%,4'."3'9&%"210",/.'60J%&&'-JB."A15'

9&%"210",/.'1/9'0J%&&'9&%"210",/.',I01"/&9'1D0&%'%&H%&D&%&/A"/#C)'?5,.&9'.B4I,5.'6!C'"/9"A10&'0J10';PQ.',D'-100&%/H,/.&0'%&.-,/.&.'

&3A&&9'0J,.&',D'-100&%/H%&2&%.15'%&.-,/.&.M',-&/'.B4I,5.'6"C'"/9"A10&'0J&',--,."0&)'!%,4'I,0J'.$I\&A0.='"0'".'&2"9&/0'0J10'-100&%/H,/.&0'

%&.-,/.&.'&3A&&9'-100&%/H%&2&%.15'%&.-,/.&.'"/'0J&'A&/0%15'(N]',D'2".$15'D"&59='+"0J'1/',--,."0&'0%&/9'"/'0J&'-&%"-J&%B'6(NH[[]C)'
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!"#$%&'^)'FAA&/0%"A"0B'9&-&/9&/A&',D'0J&'-100&%/H%&2&%.15'1/9'-100&%/H,/.&0'%&.-,/.&'1A%,..'155'."3'.$I\&A0.'6_;FWC)'*J&'%10",',D'

-100&%/H%&2&%.15`-100&%/H,/.&0'%&.-,/.&'1.'%&A,%9&9'D%,4'0J&'0J%&&'-JB."A15'9&%"210",/.'$.&9'".'#"2&/'1.'1'D$/A0",/',D'&AA&/0%"A"0B)'

QW;H%10",.'1%&'9&-"A0&9'"/'0J&'0,-'%,+='+J"5&';PQH%10",.'1%&'9&-"A0&9'"/'0J&'I,00,4'%,+)'K/5B'2".$15'D"&59'5,A10",/.'0J10'&3A&&9&9'1/'

;PQH0J%&.J,59',D'()N'+&%&'"/A5$9&9'"/'0J&'1/15B.".)'<'%10",',D'()N'"/9"A10&.'0J&'.14&'%&.-,/.&'.0%&/#0J'D,%'0J&'0+,'.0"4$5$.'0B-&.'6.,5"9'

5"/&C='1'%10",'S()N'"/9"A10&.'0J&'9,4"/1/A&',D'0J&'-100&%/H,/.&0'%&.-,/.&='1/9'1'%10",'a()N'"/9"A10&.'0J&'9,4"/1/A&',D'0J&'-100&%/H

%&2&%.15'%&.-,/.&)'*J&'9,4"/1/A&',D'0J&'-100&%/H,/.&0'%&.-,/.&'"/'0J&'A&/0%15'2".$15'D"&59'".'&2"9&/0'10'155'9&%"210",/.)'
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W%1)##@:*;-*),,-,,-/*$<-*09)($%()#*%30#%()$%'1,*'&*$<-*
%1(9-),-/*0)$$-91X'1,-$*9-,0'1,-*%1*$<-*(-1$9)#*+%,")#*&%-#/*
)1/*('30)9-/*$<-*1"38-9*'&*&)#,-*0',%$%+-,*2%>->:*$<-*
1"38-9*'&*,0"9%'",*,('$'3)$)*'8$)%1-/*)&$-9*0)$$-91X
9-+-9,)#*)1/*)&$-9*0)$$-91X'1,-$*,$%3"#)$%'17>*S,*&'9*W%="9-*
O:*$<%,*)1)#@,%,*%,*8),-/*'1*$<-*3',$*9-#%)8#-*,%=1)#,*$<)$*
;-9-*'8$)%1-/*)$*$<-*,%U*/-9%+)$%'1,*)&$-9*9-X9-&-9-1(%1=>*
]-*/-0%($-/*$<-*1"38-9*'&*&)#,-*0',%$%+-,*),*)*0-9(-1$)=-*
'&*$<-*+%,")#*&%-#/*#'()$%'1,*$-,$-/*),*)*&"1($%'1*'&*
-((-1$9%$%(@*%1*W%="9-*J>*]-*0''#-/*$<-*$;'*3',$*(-1$9)#*
-((-1$9%(%$@*9%1=,*,'*$<)$*CO*+%,")#*&%-#/*#'()$%'1,*
('1$9%8"$-*$'*-)(<*-((-1$9%(%$@*8%1>*I'1,-R"-1$#@*CPPd*
9-&-9,*$'*$<-*-1$%9-*,-$*'&*bO*+%,")#*&%-#/*#'()$%'1,*%1*)*
,0-(%&%(*-((-1$9%(%$@*8%1*)(9',,*,"8A-($,*2CO*+%,")#*&%-#/*
#'()$%'1,*0-9*-((-1$9%(%$@*8%1*X*h*,"8A-($,7>*W'9*0)$$-91X
9-+-9,)#*,$%3"#)$%'1:*;-*&'"1/*)9'"1/*O>^d*&)#,-*
0',%$%+-,*-+-1#@*/%,$9%8"$-/*)(9',,*-((-1$9%(%$%-,:*;<%#-*;-*
/%/*1'$*&%1/*)1@*&)#,-*0',%$%+-,*&'9*0)$$-91X'1,-$*
,$%3"#)$%'1*%1*$<-*(-1$9)#*hf*)1/*'1#@*C>Jd*&)#,-*0',%$%+-,*
;%$<%1*$<-*)/A)(-1$*)11"#",*&9'3*h*$'*CPf>*Y$*3",$*8-*
1'$-/*$<)$*8-@'1/*$<%,*-((-1$9%(%$@*&)#,-*0',%$%+-,*9-)(<*
3'9-*$<)1*ePd*&'9*0)$$-91X'1,-$*,$%3"#)$%'1*)1/*
$<-9-&'9-*(#-)9#@*-U(--/*$<-*1"38-9*'&*&)#,-*0',%$%+-,*
'8,-9+-/*)&$-9*0)$$-91*9-+-9,)#*,$%3"#)$%'1*%1*$<-*
0-9%0<-9@>*S*('38%1)$%'1*'&*8'$<*,$%3"#%*9-/"(-/*$<-*
1"38-9*'&*&)#,-*0',%$%+-,*/';1*$'*#-,,*$<)1*C>^d*'&*$<-*
-1$%9-*hP*+%,")#*&%-#/*#'()$%'1,*$-,$-/>*

Discussion 
T"9*-U0-9%3-1$,*;-9-*8),-/*'1*$;'*#%1-,*'&*09%'9*

-+%/-1(-:*1)3-#@*$<)$*(#),,%()#*0)$$-91X'1,-$*456*
9-,0'1,-,*()1*-U(--/*$<',-*$'*0)$$-91X9-+-9,)#*,$%3"#)$%'1*
)1/*$<)$*0)$$-91X'1,-$*,$%3"#)$%'1*$)9=-$,*-U$9)X,$9%)$-*%1*
)//%$%'1*$'*,$9%)$-*('9$-U>*?<-9-&'9-:*;-*-U0-($-/*$'*
9-('9/*3'9-*9-#%)8#-*9-,0'1,-,*&'9*0)$$-91X'1,-$*$<)1*&'9*
0)$$-91X9-+-9,)#*,$%3"#)$%'1>*W"9$<-93'9-:*;-*-U0-($-/*
$<)$*0)$$-91X9-+-9,)#*)1/*0)$$-91X'1,-$*3&456,*;'"#/*
)9%,-*&9'3*/%&&-9-1$*=-1-9)$'9,:*;<%(<*;'"#/*$<-9-&'9-*
9-,"#$*%1*)*/%&&-9-1$*+%,")#*&%-#/*$'0'=9)0<@*'&*$<-*
9-,0'1,-,*)1/*0',,%8#@*('30#-3-1$)9@*+%,")#*&%-#/*
$'0'=9)0<%-,>*]-*/%/*&%1/*0)$$-91X'1,-$*9-,0'1,-,*$'*
-U(--/*$<',-*$'*0)$$-91X9-+-9,)#:*8"$*,"909%,%1=#@*'1#@*%1*
$<-*(-1$9)#*+%,")#*&%-#/>*5+-1*3'9-*,"909%,%1=#@:*;-*&'"1/*
$<-*$'0'=9)0<%()#*/%,$9%8"$%'1*'&*$<-*,%=1)#,*$'*8-*
9-3)9.)8#@*,%3%#)9*&'9*$<-*$;'*,$%3"#",*$@0-,>**

?<-*+%,")#*&%-#/*$'0'=9)0<@*'&*$<-*0)$$-91X9-+-9,)#*
3&456*<),*8--1*;%/-#@*)((-0$-/*$'*8-*)*0';-9&"#*("-*$'*
%$,*'9%=%1>*S*9-3)9.)8#-*&-)$"9-*'&*$<%,*$'0'=9)0<@*%,*$<-*
0'#)9%$@*9-+-9,)#*'&*$<-*9-,0'1,-,*)(9',,*$<-*<'9%['1$)#*
3-9%/%)1>*?<%,*0'#)9%$@*9-+-9,)#*%,*),,"3-/*$'*9-&#-($*$<-*
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<),*8--1*('1(#"/-/*$<)$*$<-*3&456*'9%=%1)$-,*%1*$<-*
()#()9%1-*,"#(",:*$<-*3)%1*#'()$%'1*'&*4C>*Y1*&)($:*4C*<),*
#)$-9*8--1*('1&%93-/*),*)*=-1-9)$'9*'&*$<-*0)$$-91X9-+-9,)#*
3&456*8@*/%0'#-*#'()$%'1*,$"/%-,*2B#'$1%(.*-$*)#>:*CDDD7>*
Y1*$<%,*,$"/@:*;-*9-0'9$*$<-*0'#)9%$@*9-+-9,)#*)(9',,*$<-*
<'9%['1$)#*3-9%/%)1*1'$*'1#@*&'9*0)$$-91X9-+-9,)#*8"$*)#,'*
&'9*0)$$-91X'1,-$*9-,0'1,-,:*)1/*$<-9-&'9-*('1(#"/-*$<)$*
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)00-)9*$'*'9%=%1)$-*%1*$<-*,)3-*+%,")#*)9-):*$<-@*/%&&-9*%1*
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3%=<$*8-*$<-*(),-*%,*09'+%/-/*%1*)*0"8#%()$%'1*$<)$*<),*
)00-)9-/*/"9%1=*$<-*9-+%,%'1*'&*$<-*09-,-1$*,$"/@*2m)3-,:*
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)$*#-),$*JhP*3,*'&*"1%&'93*=9-@:*;<-9-),*%1*$<-*09-,-1$*
,$"/@*$<%,*-0'(<*#),$-/*'1#@*'1-*'9*)*&-;*3"#$%0#-,*'&*Ce*
3,>*I'1,-R"-1$#@:*$<-*-&&-($*'&*('1$9),$*)/)0$)$%'1*
,<'"#/*8-*-+-1*,3)##-9*%1*m)3-,o,*('30)9-/*$'*'"9*,$"/@:*
)1/*%1/--/*<-*9-0'9$,*0)$$-91X'1,-$*9-,0'1,-*)30#%$"/-,*
$<)$*-U(--/*0)$$-91X9-+-9,)#*9-,0'1,-,*ChX&'#/>*

W'9*$<-*,-('1/*%,,"-*2%>->:*$<-*/%&&-9-1$%)#*-&&-($*'&*
-((-1$9%(%$@*'1*0)$$-91X9-+-9,)#*)1/*0)$$-91X'1,-$*
)30#%$"/-7:*1'*-1$%9-#@*('1+%1(%1=*<@0'$<-,%,*<),*
'(("99-/*$'*",>*6)$$-91X9-+-9,)#*)1/*0)$$-91X'1,-$*
9-,0'1,-,*3%=<$:*$'*,'3-*/-=9--:*8-*),,'(%)$-/*;%$<*
/%&&-9-1$*1-"9'1)#*0'0"#)$%'1,>*]-*()1*)$*09-,-1$*'1#@*
,0-("#)$-*;<%(<*$<-,-*3%=<$*8->*T&*('"9,-:*$<-*
0)9+'c3)=1'X/%(<'$'3@*26c!7*'&*$<-*+%,")#*,@,$-3*
('3-,*$'*3%1/>*Y1/--/:*%$*<),*09-+%'",#@*8--1*
/-3'1,$9)$-/*$<)$*8'$<*$<-*6X*)1/*$<-*!X,@,$-3*
('1$9%8"$-*$'*$<-*3&456*2F),-#-9*H*B"$$-9:*CDDbE*
G#%,$'91-9:*I9-;$<-9*H*I9-;$<-9:*CDDb7>*M';-+-9:*)*
()9-&"#*-+)#")$%'1*'&*('1$9),$*)1/*(<9'3)$%(*
(<)9)($-9%,$%(,*'&*0)$$-91X'1,-$*9-,0'1,-,*('30)9-/*$'*
0)$$-91X9-+-9,)#*9-,0'1,-,*%,*1-(-,,)9@*$'*$-,$*;<-$<-9*$<-*
/%&&-9-1$*-((-1$9%(%$@*/-0-1/-1(-*'&*0)$$-91X9-+-9,)#*)1/*
0)$$-91X'1,-$*3&456,*%,*9-#)$-/*$'*$<-*6c!X/%(<'$'3@*'&*
$<-*+%,")#*,@,$-3>*S1'$<-9*-U0#)1)$%'1*&'9*$<-*9-#)$%+-*
/-(9-),-*'&*0)$$-91X9-+-9,)#*9-,0'1,-,*%1*$<-*(-1$9)#*+%,")#*
&%-#/*3%=<$*8-*$<-*/%&&-9-1$%)#*-&&-($*'&*&%U)$%'1*
%1,$)8%#%$%-,*2->=>:*3%(9',)(()/-,7*'1*0)$$-91X'1,-$*)1/*
0)$$-91X9-+-9,)#*9-,0'1,-,>*?<-*#)$$-9*)9-*3'9-*,$9'1=#@*
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('1,-R"-1$#@*8-*-U0-($-/*$'*#-+-#*'&&*%1*$<-*0-9%0<-9@>*
?<-9-&'9-:*$<-*('1,%/-9)$%'1*'&*&%U)$%'1*%1,$)8%#%$%-,*
3%=<$*<-#0*$'*-U0#)%1*$<-*/%&&-9-1$%)#*-&&-($*'&*-((-1$9%(%$@*
'1*0)$$-91X9-+-9,)#*)1/*0)$$-91X'1,-$*9-,0'1,-,>*W"9$<-9*
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<@0'$<-,%,>*
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