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stract:

ordinated eye and hand movements are of

iIly activities. When executed concurre
me -nsol voiwn g movi ng object, t he resul tir
vement is facilmh adfefderbegnd e earad aa fl faedbrl een
rticularly evident when retinal Il nput f
availabl e (e.g., during a transient |
vement proetdnadg expua to the ocul omot
ve shown that sever al cortical areas a
rsuit eye movement, and that their ac
fluence predictability of the object t
tivity amdnfecrndtviidryalbet ween cortical a
simple pursuit tasks, typically perfo
rrent thesis was to examine the i mpact
cortical activitys&asdohevaoykngr gamis
d cognitive demand, which thus have gr
rformed when interacting witlhn a compl e

apter 2, a swascersdwdt ek pegiionmg ntnkee Gor i |
stingtopleaxtafmirnne t he behavioural effects
aqigeé ecti on t ask (col our or form sti
xper ik3mendrs cdonsecutively (experiment 4
ediction motion tadlor mEhlle wptihmetlyy st as o
ul ar opumws @t iht ey e sriagnpdp ecrond oi nmipreien.ne .

urhaon ual ) pums uoirtder to determine the I m
ferentnsChapfadbd adbd ver si-toaas kofpurhseuidual
ot ocol wabatonadocwmd@@idnat i on of eye tra
doecoul ography) and neuroi magNInRRS)( Near I n
prefrontaln cOhrap@tcenre c 4bmadsiedda beyx.per i ment
amicmed i cal aaomi idweirt ymeviiwtghriken 24 by 24 NI
t odeduarbroagyl ao c umhmoth u al opfurssiuniuts oi dal obj ¢
tion (0.1Hz) . THies t wamaddtq@moewh inc ha wperree
par ataaed pdpehtaiscen i n whpohspadt accpabht suou
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per jime nwasstnlddt f f ee eingm@sdcortical activit
twork organisationmbrtaleeanadackihmg, and
avee e most evident in areas of prefront
at smooth pursuit eye movement was f ac
vement, although this was greater when
ve objdcCthapmpeempdn ed atmgo tsi(thpaep. 3)

ese results bring hleew costiigba@ll blhasinsgl eo
nual facilitation during smooth pursui
basis for future study of popul ations
nditions, who exlkainbi/ orc lofewd ®tsnod m.rcogni |
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Chapter

1:

Gener al



1.

Gener al background

I n our daily |lives, we are constantly
dynamic environment comprising of peopl e
each move within the field of view. Il n o
as eating, wal kimopg,e coloimpHliemxg asttaiornss, sarc h
or driving in the city centre, it i s i mp
i nformati on about our relationship with
physiology of the human eye andi $dlha&l assoc
cortex and beyond, the I ocation of eye g
t he required i nformati on. For exampl e,
peripher al retina, which project to the
|l ayers of ntbel baeenakl|l gas ( ks@M)t,i adr,e sen
higlempor al frequency i nput s t hat ar e t
perception of visual motion stimuli. Cor
within the fovea of therraét icmma,t ewhivaha pgrl
parvocellular | ayers of t hsepdtGNgl ,arleowr i
tempor al frequency inputs that support
i nformation (Merigan et al ., 1991). Acco
Ocul &t eReor Optokinetic Nystagmus) or or |
pursuit or vergence) eye gaze on an obje
necessary to enable an individual to per
form and col ousri anr,r owmhgihl & oavte atlthevisame t i n
motion of another object (e.g., the | i mb
peri pher al vision: for a description of
eye movieemenPBexStludies using microstimul at
or targeted | esions have identified sev
control of gaze ofiemtangeeyewmseem&ntsz
Lencer20elt9)al .as wel | as how these are inf
vi sdifonan object of interest, such as i f i
Nagel et al ., 2006) . Il n addition, behavi
have shown that gaze ori-eaetiatnaloni cpant ber 6
concurrentmowpepreerntl,i mhi ch can offset t he

Mp



vi sual i nput when the object i's occl ude
However, only very recently have researt
functional connectivity between these co
performing simpl e toa ufliaxa tpiuarm utias kso mpRa her
2020) .

Box 1: Ey eP dlogreetnheen@® 8(9a )0 1 9

1 Saccaadrees:r api d and brief eye movement
change the fixation point. Sadcades c

al so occur reflexively to the s$udden &

the eyes are open, even when f) xated
T Ver gemackee:s it possible to direclt the f
single object of interest, thdus facil
perception of depth. This requlires mo

di sconjugate) directions.
T Smooth pursuit aeye rmadt hemenstisow eye t
movements all owing to keep an |object

movements are under voluntary fcontrol

T Vest iobwll@ar stabl exse the eyes iln rel at
worl d, all owing accurat e compensatio
particularly during | ocomoti on and tl

mai nt ai ned.
T Optokineti carhysstlaognmucsampensatofy weye
stabilise the gaze when | arge |[environ
to the eyes.
T FixafThos: is not strictly consigdered a:
is a period during which t(hie. egy,e r e ma
eye stationary inter,smdrl evd nwi |telkx t miact

of detailed information around| the pol




Th
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To

erefore, the overall aim of the curren
nctional or-qanusaht pansuntotabkb&s that Vv:
d cognitive demand, and thus have gr e:
guiring cweoerndignaaztel oor ibeentt ati on and uppe

this end, the following sections 1in

background on smooth pursuit eye movement

S u

ch as working memory ansgl anvehveadoninpo

smooth pursuit and how these may be meas

an
[ i
ch

fo
S
t h
ey
t h
(L
be
p o
Wi
Ve
be
a
Ve
du
ma

i n

overview of work on facilitation of s
mb movement. A rationale iIis then provid
apter sa almrdi egfi vieesscri ption of the work c

2moot h epeno seme nt

While the stabilisateiqotha edo mpyen steotvee me
r head movements when interacting with
often necessary to voluntarily mainta
e absence of head movement, this iIs dor
e mov(esrkeEWM)s, whi ch attempt to match eye
us maintaining the retinal i mage of th
encer & Trillenberg, 2008) .oclift yt her e i
t ween t he eye and object, the visual
sitional and velocity error (de Brouwe
th very rapid saccapdi camoadeent sThi s e
| oci ty er rnoarl Isyi gknnaolwn tarsa driettiion a | slip,
the main driver of both the amplitude
simple control model would be I imited I
|l ocity error signalns dd awe lolc caug tcloents me
ring SPEM. As a result-seitti niag mowuwelal :
kes an important contribution during t

itiation and maintenance.



I n situations where the movement of t he
time of appearance) and/ or predicted (i . ¢
the first 50 to 100ms aft-letoopg heomtbrj elct

process in whiveem SREM hies vlel ocity error s
2019) . However, i f participants have an
mov e ment of the object, whet her based o
2008) or ext &Baallddpes (theryr enmitl | volunt a
SPEM basedredadnnaktrnaput. A5 @ms ,ant haedd i t i
initiation phase gives way to the mainte
driven by a comdtiinmdli oandfr etit.nal I nput s
2019). As wel |l as maintainingegainmlnear |
i nput, such as an internal representatior
trajectory, enables participants to preoc
accord wiehenuesonmenmtDa(l Kkodwsl neers,, 11998693, ;

Bar nes, 2008) , and to cope with the | oss:s
object is transiently occl uWdBeadr nkeys ,anot he
2003) . Il n the | atter situation, SPEM decas
(Becker & Fuchs, 1985) , but i s maintaine
try to pursue an i magined moving object (

i's expreecappedro (Bennett & Barnes, 2003; 2

is also a saccadic response that wor ks

SPEM in order to |l ocate the eyes cl ose t«
object (Orban de Xivry et al ., 2006) . Ho
time for which teenmbvvingi bbegecit i1 nevita
wi || be a velocity error when the object

be reduced through an anticipatory and p

towards the object vienieo coift yo btjoe ccto irnecai pdpee a

My



25 ISI = 900 ms

. AN ~

[5,]

Eye Velocity (°/s)
=)

[4,]

Time (s)

Fi gurRegpr.elsentation of eye velocity during pt
objeopwegtdh pefrrmBmsmeneotint | S. J., & Barnes, G.

ocul ar pursuit diugdmme atrhaen cter adnbsui reennatli s afa | t a
Neur ophwoi(al) 22,8604 Fi gu)y e plaaceckn 25t @present s

eye velocity during pur suiGtr dwinteh rae prraensdeonn so c
eye velocity during pursuit with a blocked ¢
greleinne represents eye velocitymawheemt a he obj ¢
|l ine represents eye velocity when the objec

occl usi on.

The SPEM contr ol system can be studied u
of stimul us makes It possible to demons
controlled by a I|inear feedback system.
l i near, the periyosdiicndsutciemualni owoudlodnoalowa r
i's sinusoidal and corresponds closely to
(or gain) and tempor al characteristics (
occurs when the stimulus i sreogfuenocwi efsr eque
there is an increased phase del ay. | mport
phase delay duration for a |inear feedba
be explained by the inclusion of a predi
in theleds)yoédythe ocul ar response. Anot!l
and accelerategul atsi mgh ganiprutand phase | a
pursuit has a(lsseoe bKereanu zplriosp o8& eLdi s ber ger , (

M ¢



retinal 1input was traditionally conceivec
command (Robinson et al ., 1986) , but it

such as expectation, attention and memor
(see Barnesdel20®&®Bd foirgwar enol. 2)

target velocity
i saturation
velocity delay eye
¢ * ‘ velocity
K ¥
T + 1+0.15s
A retinal e D B ™
velocity error l«—vmd .
1
1+0.05s | «— direct

expectation
attention
experience

MEM

Y<-— indirect

negative visual feedback

FigurModel2:0f oCoabpmiid@gumpeuimi ssi on from Benne
Barnes, G. R. (2004) . Predictive smoot h ocC
di sappearance oJfouanal soé&l n%e2alrlg)epttys.7 &I ogy,
Fi gur e )pTahgies 5mord el -ri entcil uadle si repxutr af rom a dir ec
(predictive) | oop (within the grey dashed 1
of the future object miort d iome c(te . Ilga o pn oi sp radti ic
Converfsdallsye,peieidi cti on,i st hhetiivdihgagt wihd @b

use oftar mhmemory ( MEM) of previamgd events (
attentiTone indirect | oop allows for a longer

can be used to anticipate the movement of th

i nput). The direct | oop simply maintains eye
i nsabhce of retinal i nput. Il ndeed, when an ot
CD) temporarilyWmenduthmgodrmhes gwiicni bl e again
abins reinstated thus enabl i-agclyei vrlloevelst
see Figure 1.1). The input to both direct a

i suomot or dri ve slioggyailann,l ¥ me ) n a IKa rdey noapnei nc s
ontrolldwe dp assys{ me | d ceirlsT 0amst) .1 00



1.38moot h gtutresmutmiog nk | anngd

me mor y

As described above, to maintain an of
fromdamal | el plane in foveal vision, part
SPEM andpcastacit ades. Thi s ocul omotor r e s

perception of obj esct stlapracdred i $teixt sir e,

concurrently enables covert visual attent
in the peripheral visual field on the | ay
objects. |l nterestingly, althougmalt IS\
resource i s alboeated htam dapghkmygswiutnhd obj e
Kowler, 1987), thus enhancing gain by rec¢
effect, there has been much debate about
extent) covert attention iits ilmradtesd wpian 1
performance of SPEM per se.

Based on the assumption that the control
a moving objreactebest ofr yt ,u(rkedD @& jpony netd tBhe
hypothesis that covert attention should I
current (1. e., veridical) | ocati on (see
Drew, 2002). Using a |letter discriminatia
was m@mecrcerate when the probe stimulus (i
presented at a | ocationpeoswmicti dermt e ovi ) |
Specifically, perfor mance accuracy det e
presented at NO.6deg of the cue and was
chance when the probe was presented at N
movements tndveatedttbaation (i.e., gaze |

cue (average offset of O0.24deg for 16deg

magni tude of of f set did not influence

C

aut hors suggested thatatpreati omns bevindenl oe

ahead of the pursuit object was most I

i

attentional capture following the abrupt
probe stimulus (e.g., sudden appearance
pur ®@i ta moving object). The finding that



wi t h

a pursuit object in the letter di s

Wat amani uk( 20 Hg) nelnhn addition, when the

the s
was d
char a
eccen
appro
sugge
whi ch
seri a
di scr
i ndi c
of at
To re
cover
novel
all oc
advan
t hat
at th
ther e
pur su
addit

hape of a plus sign, it was found tF

ependent on the spacing between char

cters. For ex aymp | @f, twh e h same mumlaxs n
tricity (4deg) , di scrimination p e
Xi mately 80% to 60% with an increas
sted that these effects were not <cal
were separated by at |l east 2deg, a
| processing within the 200ms probe

i minati o -850% f ova ma nweel | above c hanc

ating that covert attention during g

| east 4deg relative to gaze | ocati
concile these equivocal findings, [
t attention is |l ocated slightly ahe

EEG tagging method see Chen et al
ated t o cdilfofcearteinotn se cwheennt r it hi s of f e
tage (see also Heinen(2a1%) .fokwd1) .
this flexibl e talslkoaatdi cmmoto fi ngpoavi err tS Pe
e most difficuldentomV e&tasstki. tlmeiardds ad

was no difference in performance
it and fixation conditions, t hus i n
i onal attentfiaenal SP&dMo uwacse.enhanced

stesadgte gain aunpd sfaecweard ese at cchompared to

condi
sugge
har de
mai nt
enhan

pur su

tion in which participants pursued
sted that this could simplnyg have b
r, or t hat pemf dramikn gwatsh ef aicd d n ttiaft
aining gaze at the centre of the st
ced SPEM. The | atter explanation 1is

it of a | arge stimulus comprising s

| estst enti on than pursuit of a single smal

t hen-ufpr eagst enti on for the performance of

2013;

2014) .



Ot hbosvelwave found interference between S¥
a secaovod&nywg tnesnkorryequi ring covert atterl
Ziegler, 2Q203;7)YuAcetosasl a series of stud
(2005) found-ttehmat meimou gyl (BAM) capacity
identi fy change I n spati al | ayout bet we
comprising 3, 6 or 12 el ements with an o
hi gh) was considcitteinandsy iwpwaleviinng ncpounr s ui t
The del eterious effect of SPEM on VSTM w

stimulus array was maintained in foveal

when the secondary task i nvolved identif
than spatialntlsayaoutt h@ef se¢lienmé us array. Th
t hat SPEM requires attentional resource
bet ween the fovea and pursuit object, anc
attention to a@a@ardc ernrcerdet iy end sop a/tESISTa | | ayout
el ements in peripheral Vision. The findi

|l emesrB83, (Bven though they spanned the s
ti mulus array, was suggested to be a re:

e
s

colour el ements being unrelated to attent
obj,ecand thus not causing any <conflict v
e

| ement s(ii neVISMrocessing across differer

Al thoug&ZKeg2®lO&dynd no effectvwSadaM SPEM on
(i .e., synoolymououki wg }, meenvoirdye nce of a mut
i nterference has beenl meplheidedecicgn Yae et
t ask, col our wwaosr kiimpaimeendorwhen participa
SPEM compared topfokatiobhermalt hewkheeeas
i mpaired when participants perfor med pu
memory task vs purpuoposaddntehatTrhehauit hbe
bet ween SPEM and colour change detection

r elstu of competition f or -praersioeutracle sn eptrwocreks.

| ndeefdr, optdhreei et al network (FPN), which i nc
(BA 9/ o)t orprceortex (BA 6), t he supramar
posterior pi asr i seu adheasvt eeralta étxoa | role in cog



functi onmr«umnhy (aemomy & DOEspwbi tb, i 2022)
known to be involved in SPEM.

1. Br ai n memnmvtio |l SRE M

Neuroi maging research and studies in
highlights several cortical areas invol\
functional architecture very similar t o

detailed review seealKr,awz0l1i9s),. 2ZIhC4ds;e Llaeanrec
bel ow, although an exhausdadrvtei aalc oaurnd a 0 fi
noptr ovaslbdsoudtadildse t he scoplen odddihtei cru,rr e
neur oi maging of adul t humans | pedf or mi ng
f MRI , which providesnawmr alndacticti tiyndba s«

neurovascular coupling.

Sensorimotor
_ transformation

Cortical motor

FigureypoBhetical scheme for(itnlsepi s mdotbly pul
Krauzlis, &T0r0idl,l eLnebnecleggn e20 @8 .an®019). Vi sual
(VC) projects to visual area V5 (MT and MST
vi sual mot i. o nFr mmo ctehsesrienng si gnals are transmi
parietal cortex (PPC) for sensorimotor trans
Further frontal smooth pursuit regions in hi
field (SEF) and dortseoxd atRUrRFEC),r eWwhionh attoget he

in higher cognitive control and cortical mo t



Vi sual cortimd / M&TV5/ V5 a

The processing of Il mage motion involves

which projects directly-samd aitredivri esaitally atr

V5/ V5a. I n the prciomaespoodstexpo VheEVina ddl
visual area (MT, assumed to correspond t
human cortex) and the medial superior te
to be i-mempmampilidtoal junction adhj acent to

share strong projections . ( 19n)c, e rw heot al .,
studied brain activity by f MRI showed a
ocCitpenmpoor al cortex during pursuit of thi
motion perception task (e.g. fixed eyes

di fferendewhenreduteci pants had to carry

task while they were asked to count the
appeared (e.g., attended task) .- The auth
tempor al cortextirealei we g B&EMr a wnrcil udi ng
potentially attentional i nput, coroll ary
command. The authors al so-rprtdmade & itgmaatl st
suggest t hat ttheemplbataér aclor b exi priatyo cont ai
countdr Mart ae wel |l as MBolwe(vBearr,t ownhielte aMT.
seemsndaode -otrhdee rf ierlsetment s of movement (i
acceleration), MST -oapmeearmovtecaone haver bt gh
capabilitees alLencedrl9) | & FDh( eeOx0a3mp | e,
demonstrated a dissociation between MT a
invol ving wisuuwmdl axtdi muol ni (e. g., i magi na
unl i ke MT, MST seemsstadl retsipmulidu st op rneosne
i mplying it-reticekanpers sextimaaddi ti on, MT
deficits in the initiation of SPEM, wh i
particularly pronounced directional def i
di stinction between the tewomeamwme twicaeél mr e

i nvolved in initiating SPEM, whil e MST i
mai ntaining SPEM (Krauzlis, 2004). These

extrrea i nal i nput from other cor3fical area



Posterior Parietal Cortex (PPC)

V5/ Vibaur(oemggui val ent to MTparodedMSTviisuahui

i nformation about moving objects for per

sulcus (I PS) of the posterior parietal C
general, the PPC is involved in shifting
i ndlog the maintenance of foveal fixatio
saccades or SPEUWMW n¢glinde@)d, dds ami bed how s
subregions of the FEF areas associated wi
receive inputs f-0ver laadg-meeond ssamaf nloant er ¢
i ntraparietal area (LI P) of PPC. A si mi
humam d monkey Il PS was descr(i20®@) by Kon
Specifically, t he aut hor s showed t hat

topographically organised zo#é&sS5al ong th
and the superior pari et alt hleobfuwlnecti o8PL
gani sation of monkey PPC, there was shi
along the I PS, with a greater preference
e I PS5. This seems to be confirmed by |
with an @g@shieomi ght PPC, who s®%PEBEMa bidire
with | ower gain than healthy subjects in
al ., 1996). Activity in the PPC, particu
O saccadbeutpliamealnsyo t@p be rel ated to sac:
uringaSPmHS] I as in the representation o

xtrred i nal (me.cch.anefsfmerence copy) (Nagel e

2004) who also show the role of PPC i

t
d
e
al ., 2019) . l ndeed, this suggestion seem
(
occlusion. Specifically, theéme SWds amdi n

I PS during pursuit with object occlusio

present awhiobé Actsoyated in smooth pursui
presented object, they found that t he s
i nvolved in control of SPEM when the obj



Front al Eye Field (FEF) and suppl ementar)

The frontal eye field region (FEF) is wel
i nvolved in control of initiation and ma
This can be seen in the work of Hei de e
directionalMdiedi patisemtfs SWIEth | esi ons in

was particularly evident for SPEM in the
with freqguent iunpt esrarcucpatdieosn.s Moyr ecoavtecrh, t hi
w a more pronounced wiltih, ptrreus citradil e@a tpiemn (

s

predictive gain of SPEM was more sensit,]
sions. I nterestingly, it has also bee
n

e
generated by FEF contributes to maintenan
on i nidi ptrieadn camon (2L0elmc)e r Feutk(uzsOhOi2na et
studied the activity of FEF by registeri:
a

a

n object occlusion pursuit task. Their |

re involved i n tt hter apjreecdtiocrtiieosn. oH o woehvjeerc,
regions, namely the supplementary eye fi
dorsal medial frontal | obe in close proxi
( SMA) , and has connections wetdhaté&F, see

mot or pl anning and predict(Dhtbalvieencer et
studied the activity of SEF neurons (e.
monkey during pursuit. Their resul ts she
preference fomdpermasuimbi dit aeatitbeia actiyv
of a visual object, indicating that their
and -ertriaal Il nput s. For exampl e, i n a st
who trained macaques tad par froermory 3REM
deci si on makgogt dekp, ,igowasofound that ¢
signal and memory coding of the visual d

whet her or not to track the object and t|

Prefront al cortex
The PFC is associated with working memor)
in hogtier contr ol of SPEBMIrmuitearnj nguoh



seqguencesBa(rBierske 2008) and predicting the
a moving object during transient bl ankir

Bennet't & Barnes, 2004) . There- i s evide
retinal i nput rel ated twhepr etdhiectomjnecitn i
occluded. l ndeed, Nagel et al ., (2006) ¢
operating in DLPECnptovngdgetextand that t h
to be involved in compensatory mechanis
decases. This was particularly evident d
absence of a visual object. l ndeed, Ding
activity in DLPFC during a task requirinc
of an occl yked mowpmg eadb t o a task where
visible. This is consistent with neuroph
t hat have highlighted the involvement of
processes. Il ndeed, DLPFQei §-paalilet Bhown t

net work known to play an i(npeoraman& r ol e
DOEsposi Aopt Be@R22part of PFC, t he medi al

sSsugg

ested t o be invol ved I n i n cogni ti
Mansour@Oga&/ndl Kgec {199POugtgealt . t hat this a
n

acting in cognitive branching and woul d
keep information in order to maintain the
all ocating simultaneoudgdryy attdsektgomal t o p
Functi onal connectivity in SPEM

Schr°der tsuudied2hBMRIf,uncti omanl connect

vied human brain areas known to be acti:
object frequencies compared to-a fixatio
dependent functional connectivity (fixat
frontal and pari ehiadherre gdjnesct Horweqranc ya
|l eading to a deterioration in performance
connectivi t(0paDisrbgudetedalt.he changes i n fu

bet ween cortedailn apwrasuiithvofl va conti nuous

and when the object Wwhaesi rmomexutlatrs | yh ow ctl |

HY
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(e. g. work on brain parcellation by Brod
contribution helped to map distinct regi
specific functions. For exampl e, Broca i
articulate wohes |l edbtaftestah bobe. Thi s
Wernickebs work in 1873, which associ at e
superior tempor all agnygruuasg ew ictoNepsriedhsefnest iotn i(
l . ,. 20D40O)er evidence starasdcbal dhbw th

a
activated for the sameticomgni Buvkdiomg be&ih e
e

arly pioneering wor k, the advent of mo d
resulhtueggle iamdvances in understanding. Func
regions involved in the performance of a

be quantified wahd spayialg peeposiabdbn by
BOLD signal for magnetic resonance i magi
el ectroencephal-bhgempdlyeBbh r ¢ @xgentrati on
combi ned wi t h a conco-maémog ! odbeicnr e@aB ED)I

concentration for near infrared spectros:
| mportantly, however, a relative change i
provide information on the nature of the
bet ween these different regions. l ndeed,
during thebet astkatbiustt incoatl 'y | i nked/ depend:
reverse mayl taliso thleertefuere beddmitng i ncr ¢
functi onal braintmwmetumarek stamae e ames £arbye h
we l | as those invol viReg jhniegvheelrd. ceotg nailt.i,v e

Wernicke and Brodmann were aware of the
net works in the undekRosrtmaintdo negt dafut.b,da2dnl 6f
not have the neuroi maging methods avail al
0

rganiWatthigatrhwet h i n t he sctenltreolodginccalwor

mpr ovement of neurtonenagirmdy mdfumaeds onal

=]

et works has becoofe meurn onpoird+shdd sifroctulse |
centRicryni(t o eltn adodhdi th@i1t dods such as DTI
tension i maging) have provided better ut
composition and thus how this provides tl

bet ween different parts of tehaer cbhrearisn. To ¢

<
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i mportant concept was that communicat|

pl ay an i mporthhavi ogwrd &l ifnrurmctciogm, te wa
as were not acti viaeaeedal n, th@20)y adi ti ol
eminal study reported by Biswal et al
ivity while they performed a task (1
priwhinlgd yBi samame dett oalf.i,nd a met hod to
si ol ogical noi se i n t he signal (car
covered that even after having remove
i es, a functional patterhywasafseéer || [
ing defined a seed regned anstednhg mo
relation between bilateral mot or corti
|l d be expected if the rest condi tion
ct Laotwieg D 2 0MMWi s result suggested that
e a functional activity even at rest
dy the resting state functional conne
as, as -hweerhil s pa®e rridme mimsdo hent c connect.i
ween multiple cortical areas.

i n connectivity can be defined from a
ween neurons (i .e., structural connect
Il nvestigated globally via diffusion

I mating tHe lodcathieosne acnodnnrecti ons doe:

stion of how they are involved in the
|l ysis have been developed, such as &ef
n e clthiev iftoyrrmer i s | inkey bot sits ubasedl C
ong a prior.i hypotheses and model s of
es (i .e., channels for fNIRS systems w
e comprised bet ween the source and

nectivity (f MRI, EEG, fNIRS) reflects
or more timetbeneaesabsaodeatedo dat e,
ocus on restinghasst artees wcktomendeicd e rvti it fyi, c awvt
sever al intringimanbre¥am|l Den@Bld®gel( S&



Pol , 2WcdMW)as the default mode net work, FP

mor e. Anot her i mportant reason for me a s
connectivity is the possibility to stud
net wor ks, as wel |l astabki posbbrdenandone

net work organisation has bdemn redparlt.ed i
2012; Millhs ats alel] 28618eing used to stud
with altered motor or c¢acgpmptliewe fcwmmtiitan

or motor tasks.

To date, there are many methods to quant.i
choice depending on the underlying resea
one can i magine brain activity in two ni
sinusoi ds, w hliycshe darteo tdheetneram aane what c h i
statistical l i nk between these two ti me
understood in terms of measures such as
antiphase), amplitude dief f(efroern cae ,r ecva rerwe |s:
Bastos & Schoffelen, 2016). These met hods
i n which they are | ocated ( tNiemhevoddkmai n, f
organi sation can be understood as a c¢co0mj
functional i ntegration and segregation

Segregation refers t o clustered communi
connected (functeaoh!| ocbepl iamg) swiptplor t

specialisation but have Iltiitetsl.e |mdremge attii ®
refergl aboaldy strong(ifrufna@crn matniadn cohugr ii mg
net work, including within and between cor
of its intrinsic organisation, the brain
"par exc®pobemseét al ., 2004). This compl
the brain enables an economical net wor k
efficient), which 1is neither completely

refl ecting a c¢ompernadmiisnef obrentavtel eonn etfrfaincsf er
(Achard & Bu)l.l mMoroeeed2,00a7 compl etely | att.i

wi || h acvees ta ilnow erms of suppbdbatviomg conne.
efficiency in term of i nte@Goaveoseloy, iaf
random organisation wi || f-daveouancef fici



connections, but t hicsoswi Inlet avlos & lbegani ®
Bul Il more & )Spolrtnshas2x0deen suggested that
result in oscillations between more | atti
i ntegrated) network organisation (Fornit.
2016) . For exampl e, i ncr @aalsetdo caogmorte ve
globally efficient brain organisation an
| odgstance connections bet weternarbsrfaern r eg:

of information but | ess economical networ
to |l ow cognitive task demand would be a
efficient but more Il ocally efficient (cl
economi cadr gnaentiwsoartki o n . | mportantl vy, t he &
that these changes in network organisat.
The implication is that brain network or
bet ween integration yanmo cdiefgireedyadad oa,f ursct

task demand (Cohen & DOEsposito, 2016) .

Integration

-— Segregation

\\

0

Figuré&hle.matic cur vaendofs eigrftdmog d teingnal . 2021)
where optimal functioninglLlcadmpltexicnugts@®rlLk o
bet ween the grey |Iines and corresponds to a |

lattice (Il eft part of ame Icawventwedgrha thiiognh)
compl etely random (right part of t he curve

segregation.



A property of a network, | ike topology or
using Graph Theory (for common properti e
met hod originated from the mathematical \

theorizing abkonhi gsher goi pgebl efm i nvol vec

a wal king path that crossed all seven br
Pregel , but only a single time. By repr e
network (e.g. a Graph), Eluéd mrc avrarso ta bbb e t
resoReefdnével d et a)dl., MBO@OBGyeBpohesshawe
the exact positions of the seven bridges
ot her) was not the key information, and
understand their topology (i .e., whi ch b
rirvheanks)reThanecenon exact geometry in Gr
a widely wused tool for studying brain ne
graph can be construictes f(comr eloathiecn i be
time series from two brain regions), w h
(channel afnadr tfhNel R)rrel ati on value bet wee
(see box 2 alkdr nFiitgour et 1&BdOP M (206G ain gr
characteristics of the network topol ogy

efficiency can then be extracted.



Graphs properties (Sporns,

2016)
f Nodreeurones, brain regions (e.g|l <chann
1T Edgesosnnecti on, pat hway between nodes

(Figure 1.5C)

1T Patshequences of I inked nodes thfat vi si

T Shortest pathetesgthe mini mal mumber

to be crossed to go from one ngqde to

T Gl obal etfifd caweircagge of i nverse |shortes
net wor k. Refl ect the efficienqy of [
net wor k. Measure of network intlegrati

T Local eft hei egnlcoyb:al efficiency compu
nei ghbour hoods. Reflect the inftegratd.i
node when this node and edges |are r el

(7]

egregation (Figure 1.5).

op
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ur &A)Elx.abmp |l e noweitghmd ed sy mmetri cal connect
erated using (mhtaké&b =cOmprinei ognnections;
nection exists) 18 nodes withTlhea edge der
rices comprisedudi fwleegree ngte nec rad eat iionn or de
nlocebl efficiency of node 1 .,asn welel taop and
n tGl cmala | ef ficiwoncypetofor2ifd ) . B) Opti mi s
resentation of GhepbriEBdhtgen@@betaeddamyngo
h node is represented as a purple circle ¢
as sl aC)k Rdmreesentation of the networks o

pl e dots) correspondingWholeodlesabanefédge

odend Gl obadrefifdentincaygl b et wereen dahre ssemo n

at the individual net work connections are

1. ®c umanu al coordinati on

Previous studies have reported 1 mpro

such as increased maximum velocity and gz

onset, whneonv emle jné c ti s rel ated t o simult a
movemBaebhndtt et al ., 2012; Gauthier et a
199@aut aHef f,éa0&6) . The most comprehensiv

ocC


https://csacademy.com/app/graph_editor/

i ssue can be traced back to Vercher, Gaut
experi ment al studi es i nvol ving neurotyp
baboons) , deafferented baboons, and huma
perf or mi-magnuadul toa sgkesr , ( iu.pe.e,r fairm) of i N
gener ated agnedn ee xat edn anholvyi n g objects. The
experi mental studies, as well as simul at
eye movement system and the hand movement
i npu.t, (iinteerdependence), although not ne
(i .e., dependence). -Acocbrdingotel ttdhescoot
Vercher et al ., (1997), ther®issahbhn exch
signals (affer ence,n dfhfee raernnt emoctoopry )s ybsettew
ocul omotor systemmawhiia¢ h fpein hmitatioocn) oa
adaptation when the arm and eye move wit|
gai n. The 1 ntegrrattiimanl oifnftorimaternhr dr om
mo \mes n t I's thought to occurkGwiutthiirrt he ci
1988), which is involved in integrating
for the purpose of -moitmirng kand sl €darerei rVig av
2001) .

Anot her key outcome from their series of
human, was the suggestion by Vercher, Gau
copy of the moving arm plays a key rol
movements at mo teirem cen g(dt.,e. whiplreopafifocept
arm accounts for increased smooth pursui
The rol e of arm ef-rhaemwealce caxcompdi nian i @rc u
demonstrated by comparing SPEM during acH
(Veretheal . , 1996) . For example, when the
participant, the | at é&mcsy beff oS REMbwax tomo
onset. However, when the arm was moved
condition), the | atebh89mefafSP&EM wwhjseoin m
onset. Similar effects were found in two
an average SBEN | atemey acfti ve conditi on.
suggested t hat i n t he absence of arm



associated wi t h active arm movement i s

o

ocul omotor and arm motor systems.

The role of arm afference (i.e., propri o
in a study by Gauthier and Mussa |val di |
to track different visual and i magined st
wave) with reyes alnadnehand. Af t er traini
under went surgery-cduwtotrismag trhoeoitn d& tha eznog coartys
a | oss of afferent iinformatibambofomem t he
were unabl e t hmoviond r egcakreatrddet el to wwi t h

their right ar m, or track smoothly with
di splaced by the deafferented | imb in tof
contribution of arm afference to SPEM we
partici paonptlse (wei.tgh.ooutperoprioception) an
i schaemic bl ock appliedyto ntleer bptcie@rn
proprioception). For example, Vercher et
participants, the | ack of information fr
i mpact upon the tempor al synchroni sati on
pur snusiett .o However, arm proprioception did

parametric adjustment bet ween arm and e

mai ntenance phase.

As said previously,réehienahtiegiratmani ofh 1t h
[ i mb mov e ment was suggested t&o i nvol ve
Gauthier, 19880)al budoooduhati on i s compl ex
i's not confinkeddeo®d.a RIMpuagegtersala.t,hat t he
cerebell um would be predominantly invol\
processes of eye and hpadi enoale meat wor kvh( ¢
FEF and PPC) would be i ndipspenressash!| e ottch t |
of whi ch ar e critical aspects of funct

i nvol vement of a wider network compri si ng¢

suggested -MyyeBat& aGhmani t i, (2018) . l nd
hi ghlighted ft hparmagtoal rmdret eexanaumrad sugges
coordination emerged from parietal oper a
frontal regions. Mor e specifically t he

oy



connecti on, woul d beamanhal f¢ootdisnatgieo no,f
|l onger connections between frontal (e. g.
premotor cortex and motor cortex) and pa

of eye and hand motor outoput.

1.Q@utl i ne and Rational e
As detailed previously, SPEM invol ves
working memory and prediction, and even
momentarily occluded. The inclusion of a
working memory increasemmandhandv eraal |i mpac
negatively on SPEM. Conversely, a positiwv
it is performed with concurrent wupper |
0 Cc unhaon u a | coordination involves an inter

i nfor maotairerd ibetsween ocul ar and motor sys

perf or manceae pdsibtoitvhe ivnay (Vercher & Gautt

et al ., 1988; Mai ol i et al ., 2007) . Thi
whet her at a behavioural | evel, and how :
in conditions of incremapsedi aogimiet ipre seam

a secondary workingd memomwythaolh é€Chapt a1
occludedd4) (Clsaptndd uenced by comourrent up
betteanderstand this I Ssue, the current

perceptual, ocul ar, mot or and/ or neur op
given the novelty of texamwoek,sari eavasoffi
onl i nescemeaet dheefe § actors that influence moti
an occlusi onAl(ChapgRrrn@ty part of the expe

it was al 4@ rexaaead naer yt he potenti al cCros
mov e ment (i .e.., Eyelink 1000) and br ai
NIRport2) deniscewsor k Aipp e p.(Beet eomwt, e o ibmr i ef

overview of these four chapters i s provi



Chapter 2: Devel ogmerkt pafr sauinowelotdwall

I n Chapter 25t asak npwreduiduapr ot ocol was
systematically examine the impact of pri
on judgment accuracy and r esamaiad e ti me
conditions. Mntesmieeas esf wasosurconducted irn
secondactrdyetcehcatnigoen t ask was perfermed conc
3) or consecutively (experiment 4) with
t ask.

Chap3rRref ronrttadx a€¢ uneitdrpgnaanhids at-i on 1 n due
task ocular pursuit is affected by concul
Havi ng dae vseu potpeebdbo e-bbhsed kaperi ment was <co
to determine the i mpact of co#t@asikrent upy
pursuit on meapmuefersomtf alSPEM mex activity
Thi s required a -combograploy @©EyYevliiidneko 10
neurophysiologi,anltl péNmMRS)edesi mese cont i
environment i nsawlieclenper tiocitphaenttask pr ot
veri fied. I n order to ensure the qualit.y
rando-mi pe8 protocab @halputetwidtwtedaddi ti on
time imeff adedtri al onset for the purpose
we l | as adafitemnali aldmesmetd etfioon di ffer e
occlusionPrefeowalal actOiHvwang Kidbhanged i n
net worrgkani($ atciadnand gl obal efficiency) wa
condiltn ohddi ti on, i n Appendi x |, a det ai
with an eye movement recording device wa
were recorded during a series of 18 resi
participant i n thr éene ac osnidnigtdied rog rdeepoh g u ct e
devicei fEYyd000) and t he 2 di fferent f N
neur oi maging in Chapters 3 (Brainsight)
were examined in order to investigate t|
infrared il luminator af, tama dye terfdcelkitng
of a method to minimise that potenti al n



ChapterCortical activity and network org

manual vs ocular pursuit: The i mpact of 1

The sechoansde dl aebx per i ment cexaimc aledneé hwo rwk d

0 Cc unhaon u a | f,acandtawheboher this is i nfl uen
adaptation. I n order to measure the widel
by 24 optode array was used, which resul

channels and 8 short disstancppchianmietl g . f
facilitation of SPEM by <concurrent uppe
i nvol ved sinusoi dal object motion (0. 1Hz
p rtee st atn@stposparticicpanttisnupusispyedi @i bl
momentarily occluded object with eyes al
and handthafwalul condi ti on) . During adapt a

continuously visimbheabobbgreaoaditnonhe ocul o



Chaptbualkhsk pursuit



2.1 lntroducti on

Smooth pursuit is a voluntary response
often performed in a context of static
multiple elements with different spati a
typically 1involcteasngparntdi ctitpeaemt sh scedieng f
options which moving object to track ( Fe

which direction a moving object will tak:
( Kowl er, 1989) . Therefore, asorwael | as d
Vi subaalsleyd error signal (position and vel
moving object, it is necessary to all oca
stimol peripheral vision. Rather than cove

closely ahead of a moving object (Tanaka
2002) , it I's now recognised that the al/l

covert attenthieom hdhemenekes ieni cs of the ob

well as the surrosmédipeg eloeé¢wmemt sl eagi on
It i atmendieonaaldliynwg to track a Isaradd , sin
stimulus comprising sever al individual el
thus I mpacts wporcotvleeg talaltdeattiiom for t he
secondary task (Jin et al., 2013; 2014).
secondary task compete forvitsamdsamke proc
Shdaretr m memarty)c,i pants exhibit a | imited
attention to eccentric |l ocations (Kerzel
The i mpact of competing attentional d e m;:
tracking a moving object that i s not <con
(2009), participants performed a spati al
made a judgeeappeabantethecation (i.e., .
correct |l ocation) of a moving object (2,
occlusion. I n control trials, two smal/l (
the =either side of fthehehoruirzsaunttal o btjreajte
participants were told to ignore. I n expe¢
could change colour to green during the
target -sfacrcaadepr Al ternativel y, tiof raeedgrey



participants weresneqaideettotbhmakehan gnt

woul d be expectedacpadd odmsngptaedprmmur su

occluded object (i.e., mean eye position
al so i mpair eodf ptelref os mpanical prediction m
interestingly, however, the same effect «L
i n the control condition where participa

ansgaccade when one of thethoey suggéssed
that a covert shtiddedk odommttdextnt(io.ne. n tao dai
the colour of a single peripheral object
processes involved in spatial predictior
occluded trajectory of the moving object)

Competing attentional demands of a pri ma
and secondary tasks involving visual wWor
the two tasks are perfor@mdd)comsnectheivel)
detection task, colour working memory (2
participants performed smoot khrpuwresuit col
interval, whereas smooth pursuit was | mp
pur plius the col our wor king neeonvoerry, task
while colour working memory performance
was consistent vs inconsistent with the

colour stimulus array, the opposite effec

u
suggestedf itrditngtshesaen be explained by r
n

attentional resource that is shared bet we
memory task, with demapdoper snserumgl ac¢r
retention period). Depansdesnggelsetededem trle
from a common reliance on spatial I nfor
simil apafiremnalo network. That is, despite
spati al | ayout of t he cplrobe ehéemenmtbs,
partistphhtencoded their spati al |l ocati o
visual field, which then interfered witt
pursuit. This is consistent with Jiang
spati al configumanatsitomubiisebhemagt acine as



sour ce of rel ati onal i nf or mati on encoded

facilitates identification of a change i |
It is clear, then, that performing a secoc
process spatial |l ayout and/ or colour of s
to i nterfere with a primary pursui-t t as
transientl noctcharsi anter situati on, pur su
associated with activation of different

pursuit of a continuously visible object

Ding et al ., 2009) ataema |l i prepadrtwoint @al arcodod
This Iis a key corticalerarceogniinvwlev ed oicres
as attention, working memory and predict
i n both a sedeomdcai pynchasge nsocwelludead r enp
object trajectory. Medi al prefront al cor
cognitive processes (Braver & Bongiol att
and is known to monitor other areas of Pl

it can bleatexMREQG egll dys-t askegonbbertsnrdgal

the maintenance/ monitoring of a primary

all ocating attention to a secondary tas
present, however, it dtiratbelaai osr dlo Ibe
the spatial configuration and col our of

i mpact upon t he predict-spatipaloceseskbng

memory, which are key to spatial predicti

In the current chapter, a series of stu
secondardyetcehcatnigpen task comprising a col ou
t hat i s perfor med coBrurorentcloyn s e ceuxtpievre
(experiment 4) wi tthi can pmatmaony tsgsak .i alln pard
examined i f afferent and efferent signal
l'i mb (i .e., ar m) movement, which are kn
(Koke&Emr kelleag8), particularly when the mov
moment ary occl&Hkafofner(eGa utilh9 7e6; Bennett e
influences periomamgnaeddort secondary tas/|
afferent and efferent signals from uppe

integrated to form a dynamic predictive

np



(Vercher et al ., 1997), t his mipght benef
attentesoonvarice for compl etidemecti bhetaskol
Conversel-manudl otcrudomki ng requires greate
than tracking with the eye alone, it foll
chawnWge ecti on taskomaegxLampel2ddPpsBti.u,cide d

t he | nspeaccotn doafr y mot orakegbbatddgnt pfgssi meg
of col lamsi@anpri mary mod.ig.n pParetdiiccitpaomt st a
judge I f a moving object reappeared behir
having undergone an occlusion). Their r
underesti matapphbar ahfp exh{epnr icnoanrpyp etraesnkt)

l i mbvement is perfor madgdkwsrtiimg ttheto ocomlnws

upper | i mb movememptr edomolttdi wimn.t er f er e wi t h

2. Mat er i Mdtshand

Gener al considerations for online testin
A series of online studies was conducte
duabhsk pursuit. Each study | asted appro
i mpl emented wusing the Gorilla.sc platfor

parti ci pacnotndpsu tdeers karopl aptop (NB. not pernm
mobile phone). Alsr viempeg 2Ot dg bip a Apdy Iw

pl atform provides reasonabl e accuracy ar
(Mean delay = 13.44 N 15.41ms)=and manua
78.53 N 8. 25ms) and performs to a si mil

j sPsych, Lab. | s, PsychodsS) . | mportantl vy,
based platforms are not -sptruodbyl ecnoantpiacr iisfo nosn
(i .e., not -caogngpdrfiinmditrogd)a.b I n such situe
case in the current series of studies, t

response measurements are more meaningful
mini mzing the number oonlhiirse emrdag g rhaemnei, n gv

stimul i (i .e.., static images-l aadedi deos)



prior to testing. Videostaehpipgti agi t hwe v ¢
generated in Matl abE (MATLAB 2020b, The N
a figure, which was then saved to a vid
function each timedtheénfiagdi éi was updan:
visual stimul i were shown at a similar

screen, a calibration was performed befor
instructed to put a standaedl ecatiaeamedi |
i ndicated on the screen, and then to dra
matched the size of their card. To ensur e
and could maintain their position relati)\
wi tdéit hel bows at approximately 90 degr ees:s
in front of them and fingers on the Kkeyhb

screen to help participants with the posi

2.8tudy A

Participants

Thitwg participants (15 males/ 17 femal e
6. 98) yearsstodkPAattci panhe were recrui
snowbal |l sdmpl,i nags (weplalr tegys raectr i t dhent S €
(Prolific. cao)motnheatta rpyr orveicdoenipense ( A8. 21/ h
the four studi(essl)8)f. orAl pampidiecil patpidon 8 bel

ri d¢nlatnded, wi t h nor mal or corrected Vi e
i mpair ment . Participant so ppanvtiideidp atnifom mi
t he study. The study was approved by

21/ SP$/ @h&a was conducted in accordance

specified by the Declaration of Hel sinki

Task and Procedure

Partici pant s dpuearbfpakrr meud ta croanwpeli si ng a pri
spati al prediction medteitoenc,t iaomd taa sske ¢ sredea |

2. They received written instructions reg:

nT
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wer
t he
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I mp
me a
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task until they achieved 6/20 correc
rey circular object (0-855dedmgpgeeesdi ami
|l eft of screen centre (white backagr
appeared for 300ms, and reappeared mo
stant velocity of 5deg/s. After 600ms
i si bl e ocecd utdoe rmoavned tcoo ntthienuei ght , wi th
not visible to thee opcacrlituisciiopngntt. heAtol
ppeared but always in a position that
and 4B) or ahead (e. g. 2A and 4A) of
nge I n i ts velocity. | n order to m
ppe@ay aocclusion time on each trial wa
sibilities (1700, 1800, 1900, 2000 an
ect continued moving to the right for
e instructed ughpuhsuei shébl ebpadt othbit
trial and then to estimate whether i
rect position. Participants gave thei
ir computer k e yi nodeerxd fwintghe rt .hoef rtihneg ro
ortantly, the primary task did not end
ning participants wecrheo iad ewaryess pf cancseed. Wl
mary task was completed with either ¢t
wethyeb and r-marmualhaanandiotciud ro, OoOM) . F
dition, participants were instructed
the right of the keyboard, and then t
ck of trial siofpr pahtei «OM acnotnsdiwer e g
tructions about where to place their
tructed to move their hand such that
cular object. No feedbackofwasherovi de
ht hand.

the secoatdactyi ccrhatngek, an array of

5deg) was presented to the participant

tempor al mi dpoint of the occlusion of thi

The
pri

array waisn pafetseernt par taigcai pants gave t

mary task, at a |l ocation coincident w

ny
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ether the squares had changed form or
esentation by pressing the z (no chan
mput er keyboard wi tthhdihre Irafntg lband .n dehe
four squares was designedCaomtmgolve t hr e
i mul us array, participants were inforn
t ween the cue and pr gluearerse s ewhti aathi owe ra
h assigned an x and y | ocation to coirt
Flodreny i mBbust her ay, each of the
ti mulus arr@Gy2er@® ocran#d®d.md 5ded.i f

—h

ar e 0]

trol

o O»

c
u

n

obe presentation, the four squares wer e
ndomly shif22éd @gairm +Olye Sadaewe atwitthat n«
e four squares have Qol ewemblappPi agr & v .C :
e four sgame esp dtaideClo mi¢satyagdmau | as drhreay, b
ch was randomly assigned a colour (red
petition. For the probe presentation,
e same colour or the colours were randc
Y

etition.

ere were 6 uniqgue coQ@untnradli,o niZo lodu rSit i Amou
d Tr ®@€Cki)oMwlii ch wer @s epeaersetnd elll cacsk s of
i BherdemOCan®OMt racki ng was counterbal a
rticipants p@&r bboofmkSstgi neualothe akrkri ehyg

dbeef ore completing those same blocks o
acki.ngFowvodleot hsstihddacckyg abd8ti mul us Arr
ndo.ninz &d oc K nusittaHmu lhies array, participa
r armdodmelryed trial s, with 6 trials for
t Cotlhoekorsmi mul us array,otteredwabaagean
t ween cue and pr.obPeosiint ilo2n oSt etph ewa2s4 itnrti

ese blocks, such that there was an equs:
no change in theisnei mml esachrtay.al Owalsu
|l ected from five possibiliti.es (1700,
rticipants performed 144 trials in tot

proxi mately 45min

n o



For each trial, judgement accuracy (1 =

time of both the primary and secondary t

were analysed using generalized Ilinear r
function, wher eaadsa rwespeo nasrealtyiseed dusi ng |
model | i ng (1 me4 paadkgge Ainn i Rétmwadii ve, v1idc
process was followed in order to find th
fixed effects) that best fit nahen data. T

and interaction effects for the fixed fe&
Sti mul uGo rAtrraaly, (Co)l oaurd aTar@a ckkoipngOdn d
a random intercept for each participant.

a custom contrast was set i n order t o
comparisons (i .e., a change in only 1 1e
|l evel s ob6br ot benstfarctt) , whi ch were then

correction (EMMEANS package vi1.7.2).

Object appears and
starts moving
o—>p rightward

Object occlusion
- Second task cue
@ presentation

Object reappears
with position step
First task response

Second task probe
presentation

Second task
response

FigurchRenmMati c diagram o6t advweaxp earhiemeGQotnalr otlr i
stimulus array (Form and Col our stimulus arr
to the right of the white boxes). Bl ack arro
target was in motion and the dgaestheids Inionte ( bc

visible to the participant.

pn



Resul ts

Prediction Motion

JudgementThecuedoecgyged 2mbdle lOoh Al €i s nal
R2= 0.46) indicated a s&@8)2flHemBr main ef
0.0001], SE(RANIOxE 4Ar DaPl] AMNWB TIFAacking [
p < 0.01]. These effects were superseded
X
9.

Sti mulci(s6)ABx,@$%=[0.036] and?®(St)ep= x Trac
43p < 0.024] (see Figure 2.2 panel A) .

judgements were | ess accurate when the
negati Rae@tEpbL bdbmpared to2dcdddd.:9BR2ker steps
0.0001;0.+4948d5e<g : 0 -40dC@WL9@8< O0.0001) . Judgem
accuracy was also | ower when the object

step (+2deg) compared t @ .tOlB&ODbBe Yo parger
0O01p5 tFhoer ot her twousigiemelht s aepays$ess ac
<0. 0WHhen the object reappeadeig:8wi8t;h a s m:
+2d6g8B8MHI cAdeldyg.:7 R eOg.:96 xompared to | arger
(Form: 0+4898&g@00.:964d1; cdud elg.:96n9d +C.deQY8
Finally, judgement acculr.ajceysd twaars Caomwterr oli n
O0.982= 0.04) stimulus array when the ob
positive step.

As can be seen in Figure 2.2 panel A,
accuracy was | ower when the obj-ect reapp
2de0g.:)8kompared to alol. 89tlkedD. 606phs ¢4ddg
0. 9P4< 04019 9< 0. 0001) . Judgement accu
| ower when the stimulus reappeared with
compared to the two | a4ddeg: sgepsO.(FAAUE),:
when the object reappeadrdeedg)wectohmpearbh ar ge
|l arge positive step (+4deg; p = 0.0007).
was | ower (p < 0.0001) when the object re
0. 9Q22¥,0g.:952 han a | abgeddelgeP8 I FAdept vy,
for the most di fficuldt condition where
negati2degfepjldgement accur &c y5®8as hi ghe
t han OC Ot.r7g8clki Mg 04 3) .

P M



ResponsTehet irneeduced 6n6o7dle’c o A AF€i &nal R
0.22) indicated a sidgnd)f i= alnx2 .00090;,0041 f e c 1

and StimuA(RY Armpriagy G[700014], as well as a
X Stimulus adf@ay Fimi=2r8e®@16h (see Figure
C) . With the Form stimulus array, respon

t he t wo s2niaelgDd:9 SHiedodst) 23 m$ han t he two | arge
((4de®xs54msA,ddd /) ms With the Control stimul u:
ti me was | onger (p <edpPédrled whiethnh tdhesn
negati vedegépgp mét han t he t-&vdegP3adrngser steps
+4d8&8@0ms and when the object reappeared
(+2dddB:gms han a | arge8pO6,mep i=v el .shk0e0p3)(.+ 4Tdhee
were no significant differences between
Finally, when the object reappeared wit
response time wa$8)inotnhgaer¥ 6HapsnmEo(Do 0O 26)

stimulus array.

Change Detection
JudgeamecntTaeyreducAdgmddedond? ti onal R
= 0.22) indicated &Stsimghiu@&({ Aamtayddi a5pf f
p < 0.0001], which was superseded by a s
era@¢b)om pllx. @6 ;05] (see Figure 2.2 par

=]
—

|l evel sj wdgesmemt, accuracy wWalsOghd@®mher i n th
< 0.000D; 9pBde@4@e@®39B55 0. 000196 #4deg:
than -Ede0m:8 9 Q0+Dd®Jd8B65 (0-40@m3891,

p = 0+0060648B50G. 0008t i mul us array. Judgeme

was al so higheddegno8begdd9aitrhamln (Col our
stimulus array fo4ddaih:8gdwo Ol ®09dr, sHdUapg
0.9®35s 0.011). Finally, when the object 1
step, judgement accu-2deOg:9wa3sh an ghermi @ C
2de0g.:83a95 0.0046) stimulus array. Within
were no significant difference between t|
ResponsThet irmeduced 6n6o9d5elc o AP €i &nal R
0.12) indicated a signif¢@nt =mé&irTn8dffec

< 0.0001], as wel | as a signifdcant Stim

PH



(2) = 9.08; p = 0.01] (see Figure 2.2 panrn
was | onger 8i2ZB)mshbha®@®@®Romsm (0. 0001) and Con
721mps~= 0.004) stimulus arrays, which did

OM tracking, response ©6#dmestwhaasn sGQomttreal i
B04ms < 0.0001832amd <COLOO®O1() stimulus arr
did not di ffer from each ot her. Wit hin ¢

significant difference between OC and OM

A B
1.00

)

T

_
Stimulus array

Tracking Colour

©

Probability of change detection correct

ﬁ ® oc g 080 I ] Control
g A om E >.<-_ Form
- \/
EDS
-rgu 0.80
& 2A 2B 4A 48 2A 2B ETY 4B
Step Step
Cc D
5 . B
1200 Stimulus array ~
% gaoo \\\ :
E ® Colour = A Tracking
H A control § \ oc
£ ® Form 3_ oM
gwnu ;
5 geou
2A 2B 4A 4B Colour Control Form
Step Stimulus array
FiguraAa) 2PR2obability of correct response in t
function of Step (2A, 2B, 4A and 4B) and Tr a:
OM represented by filled triangles). B) Prob.
detectaonatfasrkcti on of Step (2ACoRBur4A and ¢
represented ,ilCyontrbledepiestansamndBorym filled t
represented by filled squares. C) Response t

function 2B, S4fpanMNd®A4B) and Stimulus Array.
change detection task as a function of Sti mu
Tracking. Esti mated mar gi nal means and stan

accepted model



2.3t udy B

Participants

Twenrtwo participants (19 males/ 3 femal es)

6. 78) years took part. Participants were
popul ation of t=Hd)hoats Wwpadvepnpsragit intr che nt
service (Prol i fai cmocnoe)t atriyatr ep rmbwir dedne nt (

average across the f(ombr) .stAddi @) tfi@r pvaalt
decl ared -ha@ndbeedt hi gplotr ma | or corrected %
neurol ogi cal I mpai r memftor nPeadr td @n pamtt s p rpir
participation in the study. The study w
commi 21 e8P%/ @h&a was conducted in accorda

standards specified by the Declaration o

Task and Procedure

Th

S q
Co

e task and procedure were thsei xsame as
uairree secondl@atyeycthange a8k (lsneet hFei gur .
ntsrtalmul us array, the six black squares
| ocation such t hatsqtuhaeay sc r(avatedqgd a2 drodvwys o
|l ocated 0. 5deg above and the other O0.5de
moving objFocrstt i Mot usharray, each of the

Con
t he
or randomly ®hi2f6t,ed adgai+®.RYdeg, with th

of the four s qgaupapriensg hlaovce& tod nmmaivnetrdlru st h e

tsrtolmul us array wefe2ban@Gomlry +dhi2Hded .

probe presentation, the six squares \

array, the six squaresCoatgrnohhal usmargs mayt, i
but each was randomly assigned a col our
cyan) with no repetition.i xFosrqutalree sp weh e
ei ther assigned the same <col our or the
second time with no repetition. Particip:
t hsei X squéaraas chramagy d bet ween the first ar

by pressing the z or the v key with thei.]



Object appears and
starts moving
rightward

Object occlusion

= Second task cue
presentation
Six squares

Object reappears
with position step
First task response

Second task probe
presentation
Second task
response

FigurSchRematic diagram o6t awmdwetBip etrhiemeCotnatir otlr i

stimulus array (Form and Col our stimulus arr

to the right of the white boxes). Bl ack arro
target was in motion and the dgaestheids Inionte ( bc
visible to the participant. To the right of

bet ween this study and study A.

Resul ts

Prediction Motion
JudgementThaec cruerdauccye:d 1 &0 ;8 edio { dAfl tCi &n a | R
0.46) indicated a SA(BHi f=i @BLt.08.AHA In] ef f e

(see Figure 2.4 panel A). Judgments were
object reappeared w2ddé&0g & Sstnoanhd a rneedg atta veel |
other stepslp4@®eyyg8eg: 0. 955). Judgment s
|l ess accurate when the object reappeared
0.915) compared to | argel)poasnd i-nveeg g t+idwe g(:
4deg: 0.955; p = 0.01) step.
ResponsTehet irmeduced 4n2094elc o (AP i onal R

0.22) indicated a sigm3Yicp6&. 14apD0O02ffec

pp



and Tre&ck) ngp f= 200.;013] (see Figure 2.4 pa
significant StimulusdchA2)ayplzTBHOR2AY. i nt

Response time was | onger when the object
stezpdelg3:43Img han all olth& i, @ @3Hde(gt2deg:

1115m9D,. 00X MH;0689 PMsO. 00O1Response time was
when the object reappeared with a | arge
negati Meegtep E 0. 027ppafd2dmglt!| ppesDt DO
Response atisme l wager with the Control st

1283 mg han OCO7ZBEmMski @g0Q16) condition. Fi
OM tracking, response tilm8BImadhanomrgem wi t
1093mss 0.0047) stimulus array.

Change Detection

JudgementThe cuedcyged 1MdBe Roo AP Ci enal R
0.48) indicated a scf(g3n)i f=ipclag8n.t® 9nPadiin] e f f
and Sti mui(u2s) Arp8ay. 3 0001]. There were al
nteractions for SEI(RY] wrp 7Ar4Ba YW 24 ] Traselki
Figure 2.4 panel B),d@t)d Sp2p. 838301 mul us
During both OC and OM tracking, judgement
(O0OQ@:. 796 OOA: 8)08Bhan CdIl. BWBp8 2. MO

0. 93k, 0.0001) @On® PCdxy tOr.o0 0 O( KL B&M:
0.0001) stimulus arrays. Agai n, for bot
accuracy was | ower in the Colour than Col
of step, judgement accuxdedyy:9®a2gdedhpi gher i
0. 99d,e09.:986d©9g 9983 han -2@egad®1£f 0. 000 3;
+2d6g92p =-40e@®3F8gPp = 0. 0004911, +4Adk.gdl11)
and Fbadedg: 832 < 0. 0W0BEB;p +< dDdg@P:G B 1

p < 0.000188086Ad@g0009) sdtgienmuelnuts aacrcruaryasc.y
was al so higher in the Colour than Form
reappeared with a small positive step ( +2
stedpde(g, p = 0.047). Finally, there were
eachl |levestep except for the Form Sti mu
accuracy was | ower when the object reapp



(+2deg)
positive

compared wif2heag; smal=l Ond@Pdt6i) vea nd
step (+4deg; p < 0.0001).
ResponsThet irmeduced 4nBo7d8e8lc o ( AFP€i &n al R

0.083) indicated a signi féi(cch®=;3m5 n ef f e
p < 0.0001] (see Figure 2.4 panel D) . Re s
(7 5n8s ) than67@ent pol= (0O. 06Xy mM&EAHJO)FOGTI m (
stimulus arrays.
10 A B
g ﬁ‘\DD
§ 0.9 E 0.95 / Tracking
£ g;oeo oM
EGE ﬂé’z
:Iiﬂ.? g
2A 2B 4A 4B Colour Control Form

Step Stimulus array

¢ 800 o
?1400 g
£ @ 750
T 1300 E
E gsoo

2A 2B 4A 4B Colour Control Form

Step Stimulus array
Figura) 2PAdobability of correct response in t
function of Step (2A, 2B, 4A and 4B). B) Prokct
detection task as a function of Stimulus Arr
(OC rempmreassenftiell ed circles and OM represent
Response time in the prediction motion task
4B). D) Response time in the change detectio
(Col our, CdeEmsttriora,t edo rrma)r.gi nal means and stanc

from t he

accepted model



2.85tudy C

Participants

Twenrthy ee participants (13 males/ 10 f ema
4. 94) years took part. Par t iXtiupdaenntts wer e
popul ation of t#le7)h,osas Uwna tvieyr asri d¢ ¢yi w(icht me n t
service (Prolifacmoaptdrhyatr @comp aresde (A
average across the f(oabr) . stAUdi &) ftfiacrn pmartt
decl ared-hbodbd -daenglhasred d wi t h nor mal or co
and no neurological i mpair ment . Partici |
prior to participation in the study. The
commi 21 e8P%/ @h&a was conducted in accorda

standards specified by the Declaration o

Task and Procedure

The task and procedure were the same as
object of the primary task reappeared 1
or ahead (e. g. 1A and 3A) of where it sh
its velocity druirgiud)ge o2c.cl usi on ( see

py



Object appears and
starts moving
o—»p rightward

Object occlusion
-— Second task cue
@ presentation

Object reappears
with position step
First task response
Step: -1, -3/+1,+3

Second task probe
presentation

Second task
response

FigurS&chRematic diagram oftadwexhp erhiemeGotnatlr otlr i

stimulus array (Form and Colour stimulus arr

to the right of the white boxes). Bl ack arro
target was in motion and the dgaestheids Inionte ( bc
visible to the participant. To the right of

change between this study and the study A.

Resul ts

Prediction Motion
JudgementThaec cruerdauccye d 2 mb;6 edo n( ddfltCi =nal R

= 0.34) indicated a sicg(n3i)f i<am38.mMal;n ef
0.0001], which was supersedé&d3by =a Step
22.67; p < 0.0001] (see Figure 2.6 panel
accuracy was | ower when the obj-ect reapp

1delg:5b6s 0.0001) compared 0Ot.o8-BaHdg:t he ot he
0. 8068 3W.exnp34 Judgement accuracy was also |
reappeared with a smal.l posi vevetepep (-
(+3deg, p < 0.0001), Bdeéghot htame | laamgee poe
step (+3deg, p < 0.0001). For OM trackin
when the object reappearelddewi @3 a s mall

p ¢



compared to th8dedgo8liarged. X0E@Wsp {3deg:

< 0.0001). Judgement accuracy was | ower \
smal | positi@e)jlsdt bpn (+hdgg: positive ste
0.0001), and approached significance whe
st e’dde(g: p = 0.0502). Finally, when the
positive step (+3deg) judgement accuracy
0.028) .

ResponsTehet irmneeduced 4n6o8gde2c o A AFE€i enal R
0.29) indicated a signm3Yic<p6®. MapDO0Rffec
(see Figure 2.6 pahe2d) O plestldmabDud Anday
Traclki(ng [Fpl6.R220p001], as well as a sign
X Trackingé(int eapad&=t itkh;m 1[7] . Response ti me
when the object reappealcag2®idtimd haans mal |
the two I|-Zdd@iEd 4mpe ps 0( OBAIMsP+8306€4) .
Response time was also shorter when the
positive step (+3deg) tihla8m nep s<mald .l 0 OpOols)i t i

and a | arge3anegatpve 81 @@03) . I n OC trac|
was | onger wi2t2hj nishhea Cb0O ®@@msg I 0 (0001) and
Form0O41lmss O0.0019) stimulus arrays. No s
response time were found between the st
Finally, response time WwWaig&finbameOC(p =
tracking with the Control stimulus array.

Change Detection
Judgearmecnutfheyreducedltodedior{dfiItCi egnal R
= 0.27) indicated a SH(PENi fFipd@n@4DDi3B]ef f e
and Sti muf@UuUzs) A¥ p8¥. 6;0001] (see Figure 2
Judgement accuracy was higher when the
positive 05.t%50 faildemdldleOgnEgt+ve. §36) and
|l arge posit0l.ve0OPtepO(6068ABY: Judgement acc
with t0e §ghdrhman(0C8® 6=ur0.(0136)0.&83y8B,Control

< 0.0001) stimulus arrays. Judgement ac:

Col our than Control (p < 0.0001) stimul u:



Responsfehet irma:uced4 mb B &lo n(di+td0o=nla)| R
indicated a significanté(mai n= pX&.exs; of S
0.0001] (see Figure 2.6 panel D) . Respon
(673)mst han8C8Impeur 0. 0001) stimulus array,
significance 7wWi9mps ,=t hOe. 0C00NSt)r odt i(mul us arr e
time was also significantly |l onger with

stimulus array.
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FigurfAa) 2Préababil ity of correct response duri.
significant Step (1A, 1B, 3A and 3B) by Tr a
filled circles and OM represented as filled

response dgardetge cthiaomn task for significant m
(Col oQuornt rol , Form). C) Response time during
significant main effect of Step (1A, 1B, 3A
detection tasnkt fnoari nt heef fseicgnioffi c&t i mul us Arr a
For m). Esti mated margi nal means (shaped and

are shown from the accepted model . Il nteracti



2.%tudy D

Participants

TwerdAtiwe (11 mal es/ 13 females/ 1 does not
30. 64 (N 7.31) wer eparretcyr un ¢ @rdu iusmenngt as €
(Prolific.ca)mdrmattarmpy oveademdpense for part
on average acrosAl lt hpafdeal graeuddstesgbd r i ¢

handed -daencdl asredd wi t h nor mal or corrected
i mpair ment . Participants provided inform
t he study. The study was amipreeed by

21/ SP$/ @h&a was conducted in accordance

specified by the Declaration of Hel sinki

Task and Procedure

The task and procedure werteotthesgameeas S
of the secdeptacyiohanhgek were initially
the trial for 500ms, such that they surr
primary task as Ii8.bencagneesstatitdhrarlyfd
cenAfeer 500ms, the four squares disappe
remained stationary for a further 500ms.
and reappeared movimag komiszamtalley otco ttyh e

(see F)gure 2.



Second task cue
presentation
Before object

appears

Object appears and
pa— starts moving
rightward
Object occlusion

Object reappears
with position step
First task response

Second task probe
presentation

Second task
response

)
()

FigurchRemati c diagram oft adwietkhp eerhiemeotnatlr otlr i

stimulus array (Form and Col our stimulus arr

to the right of the white boxes). Bl ack arro
target was in motion and the dishiesli bli met oep
the participant. To the right, red text high

the study A.

Resul ts

Prediction Motion
JudgementThae cruerdauccyed 1 |88 eddo ( dAfItCi =nal R

= 0.67) indicated a sicg(ndi)RdBap@ < main ef
0.0001], and a Sted( X) T¥rmprk.iDI00B4krasee
Figure 2.8 panel A). I n OC tracking, jJudec
object reappeared wi2dddg & 2%Ppma<l 10 .n0e0glalt)i vteh a
al | ot her 0st9e8@®ise0g(: 32 de@W.eP26 I N OM tracking
judgement accuracy was also | ower when t

negateip2ad@ et®t70@® < 0.0001) tham U8 ot her
4de0g.:97 240d.eg80 I n addition. judgement accu
was | ower when the object reappeared witt
the | ardgedregsteps ©O. 015; +4deg, p = 0. 00¢
step, no significant OCféaedeOWessr aaekiend o



ResponsThet irmeduced 3n6oddeed n d(iAFi€o n=a l R
0.16) indicated a sigOM3Yi<p3&. MAaDO0ORffec
(see Figure 2.8 pa&ne&l) G)ploSto8mud %uls, aamad )
Traclkd(mg [=plE. §2,0007] . Response time wa:
object reappeared wRkdbga 8#m@GM$) negmpaved
| arge step (+4dedgdeg36MmM99mMp, <p0=00002a603)
ti me was also | onger wiwhbnat Bemabbj positeun

(+2deg: 777ms) than a | arge positive step
l onger withi92)mset Comé ECdlpe Efr 0( 0043) sti mul
array, and 8d)msso haon9 pglBI. 0)0 Ot7r acki ng.

Change Detection

JudgementThecueduceyed 1BG&deBoAF Ci enal R
0.57) indicated a signid®f{2zant ®maiea3eff
p < 0.0001] and a significand(X)tiamul us A]
6.35; p < 0.05] (see Figure 2.8 panel B) .
was higher w0t @89 TthleanCoO@858@Er<((0. 0001) anc
Form. §&23B < 0.0001) stimulus arrays. I n
accuracy was | Owe)0 1@8hahO0 CH;k 3(F.08 (0 1)

and CdOnt9r9u/l@  0.0001) stimulus arrays, a
Control (p < 0.0001) stimulus array. N o

bet ween OC and OM tracking for al/l sti mul
Responslehet irma:ucedb5indf2alond¥+td0o=nlal R
indicated a significanté(mai n= p5f¥*.elcd; of S
0.0001] and( IMr azskBx§BJ05], and a Stimul
Tracking &n2)er=apcltd.olh70046] (see Figure 2.
OC tr arceksipnogn,se ti me was 8OoBaypet hawnt Fot me (
(6 2nbs ; p < 0.00@38Bs;and Comt0®OS5) stimul us
OMt racking, response ti e d ymashaonfer mwi t

743ms < 0.0001) stimulus array. Finally,
track“éaB8ost(han OG2idbs achki =g 0( 0018) with t

stimulus array.
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Figura) 2PBobability of correct response in t
function of Step (2A, 2a8ir dlAetar;n dOMgB )e sayn.d BNr a
Probability of correct response in the chang:
Array ,(Codmtumrol , For m) and Tracking. C) Re s p
motion task for each | evel of Step (2A, 2B,

change detection task as a function of Sti mu
Tracki nge.d Hmatrigmanta | means and standard errot

accepted model

2 .01 scussi on

As wel | as determining what we see fr«
pursuit eye movements influence where we
perceive from the surrounding environme
seemingly effortlessp pheyesadpasiende soaet ty
error signal between the fovea and movi n¢
covert attention to other stimuli | ocatec
visual field. Dependi Hei ore n2 el aarbd. ect bei

cp



the demands on covert attention (Kerzel
Hei nen, 2015) , there may be a deteriorat
movements or a s eecnoenmoarryy tvaissku.alT hweo rpka tnegn

i nterference betwedpmawnwndpembyg beaet eertni amn

when the pursuit task i nvolves a transie
which increases the demand ospptedlctive
wor ki ng memory. Here, a seriegedf four s

a seconddeyechampet ask to be performed cc

1-3) or consecutively (experiment 4) with

t ask. Borrowonk o6fofRdRb€&), alt Heaskecondar
required participants to determine if th
probe presentation in the spatial | ayou:
within a stimulus array. Spati al predicti

the reappoar afca Itoaatsii eyt oy @ecel udé d hoao
pursuit eye movements were not recorded
pl atfor m, it was expected that spati al p
being instructed to pursue the moving o
Ssepatrraatcek i ng condi tion, participants were
object with their eyes and wupper |l i mb.
termine whether peardad/ronnansec oridarhye tpasi

e

i nfl uenced by t he epraensde necfef eorfe nlciemb wahfifcehr
o facilitate smooth pursuit of a movVvi n¢
c

clusi o&HoGdetrfeirer 1976; Bennett et al .,

sistent with previous wherknedn <spati a
gui gui , 2016) , across all studies jud
ger to respond when the object reappe
p. The next most difficult reappear an:
reas |lahget westeps were consistently |

(7))
—+
o o d® S S

accurately, often in excess of 96% <corr
reappearance stepdeg) Srteuddwced (iudeg.ment

compared to StudiZ2edsegA,. Blhend 0Oi(nidien.g,s ar
with the suggestion that participants te

along the occluded trajectory (Lyon & We



which results in gaze being more closely
just behind the moving object, thus makin
& Benguigui, 2016; Wexler & Klam, 2001) .
i n judgment aBc omhreacey tihmrerSt wkeyr e 6 el ement
array of t he -dseetceocntdiaorny tcahsakn geompar ed t o
Studi es A, C and D. Al s o, while there w
stimulus array ofdetketsecaont8Bky i ohsSngay
not present in the other 3 studies. Ther
of the primary spati al prediction motio
demands placed on attention and working |
detecti on thaesrke. wsaismisloamel yevitdence of an i
Step and Tracking in Studies A, C and D,
manu al facilitation. l rrespective of tra
more difficulty judgiag obgpectapbatraeapgnyp
close but behind the correct | ocation.

The findings for-dehectsiecontdask chdngat e

studies that judgment accuracy was | owes
hi ghest for the control stimulus array.
be associated ,wiwhh crhe swpaosn sien tfiancet |l onges:
stimulus array. This w@mayubacy ndektatioes
whereby participants took | onger to achi
colour stimulus array. Thieessuhd havbk be
spati al configuration and col our of the
instance, Jiang et al ., (2000) showed t he
in a stimulus array acts as an i mportan
encoded kimgw memory, which then facilitat
I n spatial | ocati on, colour or shape. T
exerted some -deeftfeecctti oonn acchcaunrgaecy but t hi s
across studies. Forevexdamplke,t hahertehewa sn
di fficulty of judging a ‘reappearance ju
associated with worse perdetrematnicen otfa stkh.e
Similarly, while there some differences
contfroorlm and col our sti mul usmaanruraaly s i n t



conditions, there wmasuab facdkentatiodn.ocT
these findings indicate thadetpeatfioomance
task was not i mpaired by the demands pl
memory to extrapolmageobphectocaeal uttbed pmoV me
prediction task, nor was -i ¢tiemalansiegndlys

from upper | i mb movement.

The findi ngantuhaalt torcauwclko ng di d not facili
either the primary or secondary tasks w.
Al t hough upper | i mb movement was not r ec:
to be sure thaedparmtsitaiuggantomsf oltlhe fin
i nteraction effects involving tracking ¢c
was the case. A more plausible explanatic

sufficient opportunity to deavdelugppea coup

l i mb moti on, which then | imited the shar
and motor control centres. Due to the nat
were instructed to place their right hat

keyboatbdenanhd move their hand such that

moving object. They were given familiar:i
there provided with visual feedback on 1t
of the right hanAs redah, vtehday may ldbyece
di fficulty determining with accuracy i f

matched to the discregeeerahedt obpeati onof i
the spatial predictiomamoal omadialsikt atNoa
previous work was particularly evident \
(e. g4Qdey) , cyclical upper l i mb movement
tracked was at todc hneodvitnog tlh edbffif,rfSgert hi er

1976; Gauthier ret@aat hj ed98898¥%¥¢rcherforn
familiar coupling between eye and finge

smooth pursuit-vgaibl €00o0b)ject ahmaanarm mo

which did not respond as well to trainit
reported that simply holding the arm in
(i .e., pronated forearm) while performin

active inhibitoonicdhtilaeietikg treegsdtni meedd by t he

cy



magni tude of MEPs) of t he motor respons

pursuit of a moving object al ways entai |

Common drive), whi ch i nvol ves both eye
i mplicati on, therefoderaiison hat mbeei mpa
concuuppeeat I i mb mo v e-tne m& n doinn ga tttaesnktsi od u r
pursuit eye movement i's required. I n ad
occluded object has been shown to invol v
(Lencer 20t0431 .Nagel et al ., 2006; Ding et

to det eromitne ail f reaagse damntfyy siemced by the dif
ofpri mary and secondary tasks perfor med
whet her the aveail a&ill ithpudf fextmr aapper | i

effects.

I n the nextbacsheadpteexrpera meat havtitlhes dose pr es
a meu a | puasStiudyt &dskn tAlsi sved hamisergi vi ng
ontroll edaea®mliomantoncounl ocogfr avp hdye ol Ey el i nk
nd neurophysiological (fNIRS) devices w
nd cortical activity. ceHoiweswWeuri ,r etdh isso nteo mb

ubsi di amwmhi amalay i Aprpeesnadnixbds i ppendi x

-+ 0 o)) QD o w

ocused on methods and was ©primarily ai
mi ni mi zi ng, t he i mpacctulofgrlaRhyi omt threor
signal recorded from PFC. The gener al re

of fNIRS devicesarsayoinouoedet heoomt odmi ¢

of ambi ent | i-igrhftr aorre do tlhiegrh t nesaorur c e s . Thi
adopt &dalbywa e} ahd, ShrO0O®% al ., (2020) ,
f N RS measurement (using Shadzu OM3000 ar
wi elye tracking measur ement (Tobi i X120 e
i ntegration, respectively). Although not
the EyelLink 1000 eye tracker does not i n

NI RSport devi ces. eAcpceocrtdeidn gtlhya,t ictowear i ng t
woul d not be necessary for the NIRsport?2

noi se induced within the Brainsight NIRS.

c o



Chap3lkrrefrontal corte
acti viftuynwcdaamgiaani s at i1 ¢
Il n dwmaslk ocul ar pur su
affected by concurre

movement

Thi s chapft@re,c eesxscaeagyta ¢t h g ntgheei tthhesi s

general formatting and t hexamemdment s r e
as published in Scientific Reports:
Borot, L., Ogden, R., & Bennett, S. J. (
functional o rtgaasnki soactu loanr ipnurdsuwailt 1 s affec
upper | i miBcmewmdamdi cl )Re poI & 6s.



3.Alntroducti on

Smoot h pursuit and saccades ar e com

functional out comesicdef ehebkli &r hpet wer ki €o
200l4l;g & Tn0e08&) . Toget her, they ensure th
attenti on, is directed towards the obje
processing of high acuity input from the
time enabling cowvelrawaddwintty oinnpgwt pfrro@ma st
vi sual field,; for the spatial extent of
(skeevegtoyal Wat 2maeiuk & Heinen, 2015; Ch e
|l mportantly, smooth pursuiot rieg i matl 3sinmpult)

(Robinson eKraudzl,i slo986Laatdermdgdre,n 1 N&D) ve
cognitive processes such as attenti on,

(Barnes, 2008) . Consequentl vy, smooth pur
resources as secondary tasks presented a
vi sumd tKiea lz e & JQoeol eiajk oG&5 & Ji ang, 20
Yue et wbr ki 2.1megmory

Specific areas of prefrontal cortex (PFC)
pur suiatc,t iwiatth on varying between conditioc
remains visible or is occluded. I n the |
reduction in smooth pursui tBeeckerci &y wit
Fuchs, X¥®83)owed by an anticipatory incr.
Bennett & Barnes, 200 3; Churchl and et a
2006)This i s associated with increased ac
cortex (DéeweE€) et al ., 2004)r,elwentiicohn e x hi
with the reduction(iNmgemoethapurs@2aO06yel d
i ncreased bil ateral DLPFC activation du
reported (Ding et al ., 2009) , although t

—+

hat influenced predictability of the oc
uggested that activation of di fferent i
epends on the r-egderemeoemgini f ove hpgheess:
onsi stent with the areasMP&C) PBEI OPLPFC

i fferentially activated by demands on

o O o o»m
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es, 2008) .

, wWe examined the -dempacti orn- taa sk c(OwWids
i al or colour working memory) embed:«
on task, on DLPFC and MPFC measured
troscopy (fNIRPFC hhhese btewm ameas cal
i ng memory and reBaaedr e&eBBongvel &duil
Jand are involved in pursuit tasks ( N.
i stent with previoBdsnsteutdi &sBengprgdi
Jwe expected participants to exhibit
the object reappeared close but bet
ndar-getcehcatnigopen t as k, we expected a d
racy as a functi memaorfy.deNmarnedo venr , w o
cted that the increased demand on w
ction task would result in changes i

nding previous imaging work describe
ur sue the moving object of the predi
and upper |imb. Afferent and effere
shown tothap&d & et &( Emk e | eevnesn 1992)
the moving objeGautumider g edofamemerrc,|
ett et Molde,dl |20 h2)of behaviour al dat a
rent and efferent signagys tbeemmsween t |
h act interdependently to achieve th
rdingly, we expected that smooth pur ¢
congruent upper Il i mb movement. |t [

rent amd sefrementhesiugpmper | i mb woul d

iVdenx | (er & ORI & m,andetcehcatnigpen j udgment ac.

e

stigating whether upper | imb trackin

wor king memory, and hofwi dihemscyafdfect s

anisation, could help in understandi ng¢

represent abetlvaevi(efuge v draywdiavynigt i ng,

Wi ng
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Materi als and Met hods

ticipants

eteen participants (10 mal es, 9 f emal
rs from the staff and student popul ati
study. AlIl -panded idpeacdl tasreewde rwel trhi gnhotr ma
rectednwoei ;nieumr obhodi cal I mpair ment . P a
tten informed consent pTrhieor sttwdyparti
eived ethics clearance through the L
earch Et RNi2d0d SCPdmMwWalsda)re e u catceod danc e

heet hscahdpedby ihBeedc | ao el ehhkq .

k and Procedure
ticipants were invited to come to the
atbwat hour s. They werdg us¢éatbéed aemanmr haea

ktop, such that their-i eglesL@PrecnOdaé&mm
ewPi xx EEG) operating at a resolution
resh rate. The hesatd iwna so rsdueprp otrot endi rbiymie

ement (during blocks of experimental

sampling rate) with remote optics was | o

LCD

screen. Participantsd6 gaze | ocation

scare usipmgna @Q9rid: for one participant t |

ach
di s
t he

s el

(@]

Par

ieved using 3 equidistawtoimdrioZdontheal [
play. The task was verbally explained
oppor tiuariitsye twi tfhamiHe protocol by pe

ected trials imabhoatth thackdcuwlgacoammdt o c

ommencing the experi mental phase of the

ticipants ¢weddok mepdr ssuintoverngt ocol that

demands -spatviadluadnd col our 3Wdpr kiTin@ me mor

ti

i X

mul us was generated using Ethe Cogent

S
( MATLAB R2013b, TheEaMart tWoirakls ,s tlaSA)e.d wi t
f

ation, where a-8cbosegwassdioeophtaoged ed t



centre (grey background) . This coincided
motion and ensured that participants did
the start of each trial. The fixation cr
object (O.5rdewrebsadbamekedot at its ce
object di sappeared for 300ms and then reec¢
right with a constant vel ocity of 4deg/
di sappeared for a r ando2n® 0dOu roart i20ln0 Oonfs ,1 7a0n(
t hen reappeared for a further 400ms. I
reappeared on each tri-A;2, witPhoa pdsdegoan:
from the correct position had the object
vel ocidiyparPtasr twere i nformed that their p
whet her the moving object reappeared behi
(i .e.., prediction motion). This judgemen
i nterval after the mevgiumngedbpact iceppame 3|
the z (behind) or v (ahead) key of the cc
During each trial, participants pursued t
alone (ocuDgr oaoomditthi otnh,e eyes -and right
manual coOWwdi Fo-magogaoaal opursuit, movement of
i n the right hand was measured with a W
(250Hz), | ocated between the participant
Xx-aXi s positiaowed @t st ogfl usheals scal ed such
1:1 gain relationship between movement o
object on the screen. I n order to ensure
made aware of the <correspdtrhcenoche) eltet we e
movement , but no visual feedback was prc
should have helped participants focus at:

as to minimise ongoing corrective moveme

hand and objeaobualg awvail abl e.
For the secondary task, participants wer ¢
a change i n t he form or col our bet ween

presentations of a stationary stimulus ar
initially pres¢gnbpedther LEOOhhs sptay, cent |

and tempor al mi dpoi nt of the disappear al



participants had given their response to
were presented again (probe) at a |l ocati
of the moving object (i.e., not the reap
given 3000mether judgeswhares had change
bet ween the cue and probe presentation b

v (change) key of the computer keyboard

Il n Rohremt i mul us array, the four squares wert
and y | ocation to coincide with the four
Each of the four square®. 2ve,r e0 tdre n+ 0 .ah5lda
For the probe uprr esseinarags omer & heei tflber ass
l ocation or all wer®.R&ndddmloy sthDi. 2tSele gag
Col eurmulus array, the four squares were
to coincide with tchwadfeuaf clodege,r samd tahdm
assigned a colour (red, magent a, bl ue an
probe presentation, the four squares wer
the colour of all four squaraed hwerroe r and
repeti tComtstdlmut e array, participants we

would be no change between the cue and |

squares, which were each assigned an x a
four cor nermrr ssgpudarae loafrgldeg. Having given
secondar-detcehcaanigopen t ask, participants wer
peri od, adjusted according to the occl us

grey screen remained blank between 6000 m:



Fi g3irsec hemdataigo am showing the timeline of a tr
array (enlarged examples of a wiotrhmi nmmantdhecol ou
circle to the right of the grey Dboxes). Nb.
motion and white broken |line depicting occlu

to participants.

There were 6 unigue coC@ubntnradli,o ni3o lodu rSt i Hou
and Tr@cki)m wvhi ch were presented in a ra

I n bl ocksCowit & toil nmuhleu s array, participant
randomldegred trials, with 64 2ri al2s for e
+4deg) . For OGolomuFso rsuti it imu It Uhsh earer awa, s a

randomldgred change between cue and prob
Position Step was interleaved in these Db
ditsi bution for trials with a change or n
each trial, we evaluated the judgement i
secondary tasks, as wel |l as the response



