E xp_ raln Res (2014 23 4035 4041
DOIT 1007 500221 114 4084

/”I“

KE ¥ AR 'HARTI E

G\ ba V‘e\\\ ca d "We digg, cia
i Pav ceg’g veeqed N4

ra*\c*a

i

fia  aglejcgl Yal
\ \ \
Pe’g Cai Nih ‘g Che* Tia‘ga‘gZh

Be‘ja iZTh p.y % Fa’gFa-'g

i

Re elved 8July 2014 A eped 23 Augus 2014 Published enllne
© Springer VcrlagB erlin Heldelberg 2014

Abyvac  The fun lenal preperles of me len sele lve
areas'In human visual er ex In ludlng V3A MT+ and
In raparle al sul us (IPS) are ne fully unders eed Te exam
Ine he fun lenal spe lallza len ef hese areas fer Slebal
and le al me len pre esslng we used eoff llne neurenav!
gaed enlnueus hea burs ( S) rans ranlal magne !
slmula len e emperarlly al er neural a 1vly wlhln unl
la eral V3A MT+ and IPS A wlhln subje s deslgn was
empleyed and s Imula len sesslens were separa ed by a leas
24 h In ea h sesslen subje s were asked e dls rlmlnae
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he glebal me len dlre lens ef su esslvely presen ed ran
dem de klnema egrams (RWKs) befere and af er S
RPKs were presened a elher 100 or 40 % eheren ¢ In
el her he lef eorrigh visual field We feund ha V3A s imu
la len sele lvely Impalred dis rlmlna len of 100 % eher
en melen while MT+ s!mulalen sele lvely !mpalred
dis rlm!na len ef 40 % eheren me len IPS s!mula len
Impalred dls rlmlna len ef be h me len s !mull All S
effe s were spe 1fi @ smull presen ed en rala erally e
he s Imula len s! e and ver ex s Imula len had ne effe  The
deuble dlsse 1a len be ween he S effe s en MTH and
V3A indl aesdisin reles for hese we reglens In me len
pre essing Judging he dire len of 100 % eheren me len
anrely en le al me len pre esslng be ause every de meves
In he same dlire len Hewever judging he glebal dire len
of 40 % eheren me len requlres Slebal pre essing Thus
eur resul s sugges separa ¢ parallel pre essing of le al and
glebal me len In V3A and MT+ respe lvely wlh he eu

pus ef hese we areas belng emblned w! hin he IPS

K «dy, Visual mgJlen Trans ranlal magne 1
slmt}fa lon (TMS) “enlnueus he aburs s Imula len
(5,9 V3A MT+ IPS

I~ d\‘cj it
i {

Glebal me len per ep len wh! h requlres he In egra len of
me len slgnals a ress Ime and spa ¢ Isa rl! al aspe of
eur dally life We of en have o judge he glebal dire len
of a Sreup of ebje s wlh members of he Sreup meving ln
differen dire lens (¢ & afle k of blrds a rewd ef pce
ple)  ur hermere averaSIng me len slgnals a ress spa e
an help o ever eme he peer rellabll! y eof sparsely d!s rlb
ued le al me len s!gnals (;; radd! k 1 Psy hephys! al
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s udles of Zlebal me len ef en empley randem de kln
ema egrams (RPKs) wh! h are ensru ed frem a pepu
la len of signal de s meving In a emmen dire len and a
pepula len of nelse de s wh! h meve In randem dlre lens
The eheren ¢ of he me len Is man!pula ed by varylng
he preper len of signal e nelse frem 100 % slgnal (fully
eheren) o 100 % nelse (In eheren) Psy hephys! al and
neurephysleleg! al s udles have Ind! aed ha per elving
he dire len ef par lally eheren me len er dls rlmlna Ing
eheren frem !n eheren me len refle s glebal ra her han
le al me len pre essing (Newseme and Pare 1 88, S ase

eal 1l 6, radd! ke al 200])

Me len Elforma len Is represen ed In many visual er
1 al areas (Dupen ¢ al 1 4, Teeclle al 1 5 1 7,
M Keefry e al 1 7, Sunaer e al 1 , radd! ke al

200]), hewever 1 1Is generally a knewled€ed ha dersal
ex ras rla e area MT+ plays a prem!nen rele In he er! al
analysls ef visual me len pre essing Neurens !n hls area
an In egra e mul lple le al me len dlre lens and slgnal
glebal melen ( 1 ene al 1 3, Rus e al 20060 " ur
hermere leslens of MT lead e lmpalred glebal me len
per ep lon (Newseme and Pare 1 88, Shipp e al 1 4,
Rizzee al 1 5, Valnae al 2005 In humans V3A alse
appears o be spe lallzed fer me len pre essing (Tee ell
eal 1l 7,@rbane al 2"3, arelse al 2008, M Keefry
e al 2008 }@man Vv3A cxlﬁbl s a high me len dire len
sele vly( ‘emme ee al 1 8 Huke al 2001, Meueus
sls e al 2005, Kam! an! and Teng 2006, M Keefry e al
2008, Seren es e al 200) and has a s renger respense o
eheren me len han In eheren me len (Rees e al 2000,
radd! ke al 200 _ esldes MT+ and V?’A_ he 1n rapa
rle al sul us (IPS) has glso been Impl! a ed In visual me len
pre essing espe lally In me len de Islen making (Tee
elle al 1 5, Sunaer ¢ g/ 1 ,.raddl ke al 2001,
Kenen and Kas ner 2008, ardln andBSrn1 h 2010, Helfr! h
e al 2013 Neurens In ma aque IPS re elve s reng pre
je lens frem MT and MST (f ewls and VanE ssen 2000
and m! res Imula len ef hls area affe s de !slen maklng
In a me len d!s rlm!na len ask (Hankse al 2006) Human
IPS 1s par lally hemeleSeus w! h menkey IPS (@rban e al
2004, Grefkes and “ Ink 2005) and enslss efa en lnueus
band ef epegraphl ally erSanlzed parle al areas (Swisher
e al 2007, Wandell e al 2007, Sllver and Kas ner 200 )
Al heugh a serles of me len sens! lve areas have been
1den Ified wlhln he human dersal ex ras rla e visual er
ex he spe i fun lenal preper les of hese reSlens
remaln largely unknewn Previeus s udles have demen
sraed ha rans ranlal magne! slmulalen (TMS) ever
V3A or MT+ an disrup me len per ep len ( e kers and
Hemberg 1l 2,Hesene al 1 4, e kersandZekl1 5,
M Keefry e al 2008, Thempsen ¢ al 200 , Harvey e al
2010 Never heless ne dlsse lable TMS effe has been
ebserved be ween hese we reglens @n he e her hand

@ Springer

he TMS effe evgy human IPS en me len per ep lon s 1l
remalns eluslve ( ‘ewey e al 2006) De hese reglens have
dis In reles In me len pre essing? Wha are helr rela len
shlps @ he er! al hlerar hy of me len pre essing?

This s udy almed e examlne he ausal enrlbulens
made by vlsual areas MT+ V3A. and IPS e glebal and
le al me len pre essing Te hls end we depleyed eff llne

oen lnueus hea bus slmulalen ( T, SY e ranslenly
a enua ¢ nermal fun lenlng ef hese areas (Huang e al
2005, van Kemenade ¢ al 2012a) and es ed me len dls
rlmlna len fer dlfferen me len eheren ¢ eond! lens

un lenal magne! resenan e maglng (fMRD) mapplng
was used e le allze VSA_ MT+ and IPS 1n Indlvidual sub
je s and gulde S dellvery The ver ex was alse arge ed
as a enrel ste Me lon dlire len dls rlmlna len hresh
elds were empared befere and af er S and s mull
were presen ed en rala eral er Ipslla eral @ he slmula len
slea we me len eheren e levels eor he 100 % eher
en slmull me len dire len dls rlmlna len euld be per
fermed us!ng enly le al me len signals be ause every de
meved In he same dire len Hewever fer he 40 % eher
en slmull glebal pre essing was required o ferm a eher
en me len per ep lon

Me {1 dy
Par ! Ipan s

E 1gh neureleg! ally heal hy par! lpans (feur females
age range 20 28 years) eek par In hls s udy All par! !
pan s had nermal er erre ed e nermal vislen and were
righ handed All pre edures were appreved by he human
subje revlew emm! ee of Peklng Uptyerst y and par
1 1pan s previded fully Infermed ensen There were ne
adverse rea lens e he TMS

Psy hephys! al me len dire len d!s rlmlna len ask

The s Imull were presen ed en an IYAMA HM?2 4T 22
In h men! er w! h a refresh rae of 100 Hz and a reselu
lon of 1 0124 x 768 plxels uslng MA"I;LAB (Ma hwerks
Narl k MA) and he Psy h eelbex %ralnard 1 7,
Pelll 1 7) Par!lpans viewed he s!mull a a dlsan e
of 60 m wlh helr heads s abllized by a h!n and head
res and were asked e fixa e a small wh! e de presen ed
a he ener of he s reen hreugheu he experlmen The
s Imul! were RWKs ens!s Ing of 400 dark de s mevIng a
avele lyef 10°swlhlnavlrual Ir ular area sub ending

*In dlame er The en er of he aper ure was pes! lened °
herlzen ally e he lef eor righ ef he en ral fixa len peln
(see 1g DE a hde had a dlame er of 0 1* and lumlnan e
of 0 021 dm’ agalns an 1155 d m’ ba kg€reund In he
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Fig.1 S hemal! des rlp lon of LE3
aw erna lve fer ¢ hel ¢ 1ad ¢ EN
# & Glidtn .
A" raltna Q¥ ST \’:f:, i
s alr ase fer measurlng me len S

dlre len d!s r'm!na len hresh

elds using randem klnema e .

grams (RPKs) RPKs were

presen ed a el her 100 % er o7

40 % eheren elnel her he left I@’,";J;\ .
or right visual field Subje s 241

were asked e judge he dlre N

lon of he se¢ end RPK rela lve

o he firs ene ( le kwlse or *

oun er le kwlse) 5°

40% coherence

100 % me len eheren ¢ end! len all de s meved In he
same dire len In he 40 % me len eheren ¢ end! len
40 % de s were asslgned e be s'gnal while he res of de s
were asslgned e be nelse S!gnal and nelse labels were
randemly assigned every 10 ms Nelse de s were ple ed a
randem pes! lens rea Ing le al me len sl'gnals of varylng
dlre len and speed (S asee al 1 6 A Qll% ST s alr ase
pre edure was used e es!mae 75 % erre me len dire
lon dIs rlm!na len hreshelds ~er ea h TMS sl e subje s
emple ed feur QY ST salr ases of 40 rlals (Wa sen
and Pell! 1 85 for ca h eheren e and pos! len (le  lef
or righ vlsual field) end! len befere and af er TMSE a h
rlal ensls ed of we s lmulus presen a lens las Ing 200 ms
wlh a 600 ms In ers Imulus In erval @ne s!mulus had a
me len dire len ef 22 5* and he e her 22 5° + AB frem
ver!l al _ e hsImullln a rlal had he same eheren e and
were presen ed In he same pes! len The erder of he we
me len dlre lens was randemlzed a ress rlals Subje §¢
were asked @ make a we al erna lve fer ed he! e (2A
judg€men ef whe her he hange In me len dire len frem
he firs e he se end RPK was le kwlse or euner lo k
wlse The erder of he s alr ases was randem!zed

MR da aa quis! len

S annlng was perfermed uslng a 3 Tesla Slemens Trie s an
ner w! ha 12 hannel phased array head e!l _ leed exygen
alen level dependen (, @1 B) s'gnals were measured wlh
arE Pl sequen e (33 axlal sl! es repe 1len Ime (TR) =25
e he Ime (E) =~ 0 ms vexel slze = 3% 3« mmS_ and
ne In ersl! e Sap) A high reselulen 39 sru ual daa se
(T1 welghed MPRAG 1 x 1 x 1 mm3 reselulen) was
a qulred In he same sesslen

Iden 1fi a len ef visual areas responsive e me len
F 1 1yl
or ¢a h subje  berders of re Ine epl visual areas (VI

V2. V3. and V3A) were defined uslng a s andard phase
en eded me hed (Serenee al 1 5SE ngele al 1 7) An

4}‘\

200ms . AR
AT
i
600ms .
/{f.:
. el d
L\ 2o N
response

5°

100% coherence

Independen ble k deslgn run was endu ed e le allze
me len sens! lve areas V3A_ MT+ and IPS In his run
12 s meving de ble ks were In erleaved wlh 12 s s a len
ary de ble ks In he meving de ble ks he s !mulus was
lden! al @ ha In he psy hephys! al experlmen ex ep
ha ea h de meved In a randem dlre len The de s rave
led ba k and fer h al erna Ing dlre len en e per se end
The s Imulus was presen ed In he lef visual field In half
of he meving de ble ks and In he righ visual field In he
e her half

The fMRI da a were analyzed w!h he _ ralnVeyager
QX sef ware (Zl raln Inneva len) Prepre essing of he da a
In luded hree d!menslenal me len erre len llnear rend
remeval and high pass filerlnga 0 015 Hz Thesals! al
analysls ef he @1 W s!gnals was perfermed uslng a gen
eral Ilnear medel Te slmula e he reglens ha respended
spe 111 ally @ he me len s !mull In he en ralaeral vls
ual field he vexels In V3A_ MT+ and IPS exhlb! Ing a
signlfi an ly s renger respense e en rala eral han lps!
la eral meving de s were lden lfied The IPS vexels were
le aed In he med!al dersal In raparle al sul us wh! h Is
alse referred e as IPS2 (Swishere al 2007, Wandell e al
2007

TMS
en Inueus he a burs s Imula len was dellvered hreugh
a Mag$ 'm Super Rapld” s Imula er (Mag$ 'm Wh! land
UK) and a deuble 70 mm figure of ¢lgh ell A raln ef
600 pulses 3 pulses a 50 Hz dellvered every 200 ms,
was dellvered a a 100 % eof ea h parl lpan’s a lve
me er hresheld (AMT) !n ensly AMT was de erm!ned
Indlvidually In he en! ally a lve firs dersal In eresse
ous ( ) mus le as he s Imula len In ensl y ha eveked
a me er eveked pe en lal of a leas 50 [V In five of en
ense ulve rlals using blphasl single pulse TMS ever
en rala eral me or er ex The range of hreshelds was
44 50 % of he max!mum s !mula er eupu The off llne
TE S pre @ el was hesen as ! has been feund e resul

@ Springer
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Fig.2 TMS s Imula len sl es via (top rowm. MT+ (middle row) and IPS (bottom row) The resses Ind! a e he vexels In he hree me len
sens! lve areas ha were mes slgnlfi anly a lva ed by he me len le allzer In a represen a lve subje

In er! al suppression for up @ 60 min (Huang e al
2005, Allen e al 2007, wh! h was eneugh fer all sub
je s e emple ¢ he behavleral asks S was gulded
uslng par 1 lpan spe 1fi sru ural and fun lenal MRI
da a and he Viser2 neure naviga len sys em (Advan ed
Neure Te hnelegy The Ne herlands) The s !mula len
sles In VSA_ MT+ and IPS In he same hemlsphere
were he vexels exhlb! Ing he s renges _ @ D a lva len
( en rala eral vs lpslla eral) In ea h area (see 18 2) The
ol] was held ever he s alp angen lally w!h he han
dle dire Ing pes erler eward he @ Ipu parallel e he
subje ’s splne The pesl lon of he !l was men! ered
hreugh he eurse of he 40 s S pre @ el The ver ex
he le alen halfway be ween he Inlen and he naslen
and halfway be ween he In er ragal ne hes served as
he enrel sle The slmulalen erder was eun erbal
an ed a ress subje s and ea h sesslen was separa ed by
a leas 24 h

@ Springer
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In ea h sesslen subje s were asked e perferm a me len
dire len d!s r'mlnalen ask befere and afer S
Threshelds were measured fer we me len eheren e levels
(100er40%) a weslmulusle alens (lef andrigh vlsual
fieldy The S effe was evalua edby empulng he dif
feren e be ween he me len dire len dls rlm!na len hresh
elds befere and af er S (threshold,,, threshold,,)
A differen e larSer han zere Ind! aed a disrup len ef
me len dls rlmlna len and a dlfferen e smaller han zere
Ind! a ed afa 11! a len of me len dis rlmlna len

We examlned he Seffe a ressall end!lens uslng
a hree way repea ed measures AN®OVA wlh s Imula len
ste (V?’A_ MT+ IPS) me len eheren ¢ (40 100 %) _ and
s Imulus pes! len ( en rala eral lpsila eral @ he s Imula ed
st &) as Independen fa ers A slgnlfi an lnera len was
revealed (F(2 14 = 8 3. P < 00 Indl alng ha he
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Fig. 3 TMS effe s ever V3A_ MT+ and IPS en me len dire len
dls rlm!na len Me len d!s r!m!na len hreshelds were measured
fer we eheren ¢ levels (100 or 40 %) a we le alens (Ipslla eral

cffe of S en dlre len dls rlm!na len was medula ed
by me len eheren ¢ s!mulus pes! len and s !mula len
ste Then we perfermed a we way repea ed measures
AN@VA fer ea h s Imula len sl e When V3A was s Imu
laed ("1g 3a\ here was a slg€nlfi an Inera len be ween
me len eheren e and s Imulus pes! len [F(1. 7Y =10 76
P < 005] The S effe was enly s!gnlfi an when
100 % eheren e s Imull were presen ed In he en rala

eral visual field [ene sample 7 es #(7) = 335 1L P<005]
A differen pa ern @ urred when MT+ was s !mula ed
("1g “b) The Inera len be ween me len eheren e and
s imulus pes! len was alse slgnlfi an [F(1 7 = 7 168
P < 0 05] Hewever he S effe was enly slgnlfi an
when 40 % eheren slmull were presened In he eon
rala eral visual field [t(7)F= 475 P < 0 01] When TMS
was dellvered ever IPS (" 1g 3 ). here was ne In era len
be ween me len eheren e and slmulus pesllen [F(I
7 =015 P=071] bu he maln effe eof s Imulus pes!
len was signlii an [F(I. ) =7 1 P < 0 05] @ne sam
ple ¢ ess shewed ha he S effe sln he enrala

eral visual field were s'gnlfi an fer beh 100 % eheren
me len [#(7 = 3 205 P< 0 05] and 40 % eheren me len
[t(h = 4181 P < 0 01] whereas here were ne slgnlfi an
effe sfer he lpstla eral visual field S !mula len of he ver
ex had ne slgnlfi an effe eon me len dire len d!s rlm!
nalen (see 1g 4 Nee ha sln e heverex!sle aedIn
he mlddle of he s alp s !mulus pes! len In hls end! len
was a egerlzed as lef versus righ ra her han en rala eral
versus Ipstla eral visual field

Die o *

In hls s udy we reper a deuble disse la len be ween he
effe s of S dellvered ® V3A and MT+ V3A s Imula
lon spe 1 ally lmpalred le al me len pre esslng whereas

MT+ s Imula len spe 1fi ally Impalred glebal me len pre
essing ~ ur hermere IPS s Imula len !mpalred me len dls
rlmlna len a be h eheren e levels

Ameng he visual reglens Invelved In me len pre ess
Ing V3A and MT+ are we plve al areas (Newseme and
Pare 1 88, Salzmat%al 1 0, Dupen ¢ al 1 4, Tee cll
ea 1l 51 7, 'erne ee al 1 8§, Sunaer e al 1 s

raddl k e al 2001, Huk ¢ al 2001) Pe hese reglens
play differen fun lenal reles”? If se de hey fun len Iln
parallel wlh spe lallza len fer dlfferen aspe s of me len
pre essing er Is here a pre esslng hlerar hy wlh MT+
belng he hlgher me len ener? Mes previeus s udles
have feund ha V3A and MT+ exhlb! s!milar fun lenal
preper les when pre essing me lenE xamples In lude he
pre essing of me len speed (M Keefry e al 2008) re a
Ing and radlal me len (Harvey e al 2010_and firs erder
and se end erder me len (Sm'he al 1 8 Hewever In
he presen s udy we dls evered dis In reles for V3A and
MT+ In le al and glebal me len pre essing @ur resul s
are enslsen wlh evlden e frem human braln damage

@ Springer
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s udles A palen whe had a leslen In he lef o Iplal
lebe en ered on visual areas VS and VOA was spe 1 ally
Impalred In le al bu ne glebal me len per ep len (Valna
e al 20 03_ 2005 © ur hermere an fMRI s udy Inves 1ga
Ing he rela lensh!p be ween a 1va len In me len sens! lve
areas and me len eheren ¢ demens ra ed a large dlffer
en ¢ In respense prefiles be ween MT+ and Vv3a (Rees
e al 2000 Respenses In MT+ In reased llnearly wlh
In reaslng me len eheren ¢ @n he e her hand respenses
In V3A were weak for me len eheren e levels lewer han
50 % and were sreng fer melen a 100 % eheren e
Taken ege her we sug€es ha whlle MT+ demlna es In
glebal me len pre essing Vv3a plays an Imper an rele In
le al me len pre essing Thls deuble dlsse la len !mplles
ha V3A and MT+ fun len a parallel s ages ra her han
In a serlal hlerar hy
In add!len e he deuble disse !alen be ween '%S
effe s en VOA and MT+ we feund ha S ef IPS
Impalred dire len d!s r!m!na len fer be h glebal and le al
me len Thls Is ens!s en w!h previeus reper s of me len
sensllvly wlhln he human IPS (Sunaer e al 1 )
Me len sens! vl y Is par I ularly preneun ed w1l hln areas
IPS? and IPS> ef he dersal In raparle al sul us med!al
(BIPSM) (Swisher e al 2007, Wandell e al 2007) wh! h
was arge edIn he urren s udy Human IPS Is alse knewn
as a rll a] area fer visual de Islen maklng (see Heekeren
e al 2008 for a review, Tesenl e al 2008, Hee al 200 ,
Kayser ¢ al 2010 As a pualve hemeleSue of menkey
LIP (Serene ¢ al 200])  hls area may re elve preje lens
frem VoA (Nakamura ¢ al 200]) and MT+ (] ewls and
VarE ssen 2000 @ur find!ngs supper he ldea ha human
IPS appears e be s! ua ed higher In he visual hlerar hy
and re elves me lon Inferma len frem be h VA and MT+
o Inferm per ep uval de Islen mak!ng @n he e her hand
sln e he parle al eorex Is alse Impll aed In a en lenal
medula len and spa lal represen a len (Sllver and Kas ner
200)  he rele of IPS In eur me len dlre len dls rlmlna
lon ask euld be medla ed vla hese high level fun lens
Trans ranlal magne! slmulalen Is new an es abllshed
Inves 1ga lve ool o sele lvely In erfere neural pre essing
Thls In erferen e has been knewn as a “vir ual leslen” (Pas
val Jeene ¢ al 2000 A number of flexlble s!mula len
parame ers su h as dura len frequen y Inens!'y and ele
r! field erlen a len have been feund e al er he eu eme of
TMS appl! a len S as are enly develeped s Imula len
paradigm 1s apable of predu Ing ensls en leng las Ing
pewerful and enrellable ele rephysleleg! al and behav
lgral hanges The paradigm was In! lally es ed and verlfied
wlh human me er sys em (Huang e al 2005 Re enly 1
has been applled In areas of egn!len and per cp len ~ or
example S ever preme or er ex and superler empe
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