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Abstract

Research has shown that attentional pre-cues can subsequently influence the transfer of information
into visual short term memory (VSTM) (Schmidt, B., Vogel, E., Woodman, G., & Luck, S. (2002).
Voluntary and automatic attentional control of visual working memory. Perception &dsysics,

64(5), 754-763). However, studies also suggest that those effects are constrained by the hemifield
alignment of the pre-cues (Holt, J. L., & Delvenne, J.-F. (2014). A bilateral advantage in cantrolli
access to visual short-term memory. Experimental Psychology, 61(2), 127-133), revetdingball

when distributed across hemifields relative to within a single hemifield (othermasenkas a

bilateral field advantage). By manipulating the duration of the retention interval in a chémge

detection task (1s, 3s), we investigated whether selective pre-cues can also influence hwatidnfor

is later maintained in VSTM. The results revealed that the pre-cues influenced the maintettaance of
colours in VSTM, promoting consistent performance across retention intervals (Experiments 1 & 4)
However, those effects were only shown when the pre-cues were directed to stimuli displayed across
hemifields relative to stimuli within a single hemifield. Importantly, treilts were not replicated

when participants were required to memorise colours (Experiment 2) or locations (Experiment 3)

the absence of spatial pre-cues. Those findings strongly suggest that attentional pesreaestrong
influence on both the transfer of information in VSTM and its subsequent maintenance, allowing

bilateral items to better survive decay.
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1.0 Introduction

Visual short term memory (VSTM) allows visual information to be maintained across
intervals when no longer in view and thus plays a crucial role in many cognitive tasks. However, the
capacity of this store is extremely limited, with most studies revealing that only &etoban be
maintained at any one time (Luck & Vogel, 1997; Vogel, Woodman & Luck, 2001). In order to deal
with this limited capacity store, humans must therefore prioritise the relevant atiimnno be
processed. The process which selects relevant information in the environment and subsequently
maintains the information in memory has been recognised to heavily rely on attention. In fact,
attention has even been described as a ‘gatekeeper’ of VSTM due to its ability to determine which

information can enter the store (Awh, Vogel & Oh, 2006).

The role of attentional selective processes on VSTM representations has been extensively
studied with the use of the cueing paradigm. For instance, a number of studies have demonstrated that
directing attention to the location of one stimulus before encoding, with the useialf satues,
subsequently improves the chance thaitémis transferrednto VSTM (Botta, Santangelo, Raffone,
Lupiadfiez & Belardinelli, 2010; Griffin & Nobre, 2003; Makovski & Jiang, 2007; Murray, Nobre &
Stokes, 2011; Schmidt et al., 2Q0dxdeed, Murray and colleagues (20haye recently
demonstrated that neural activity associated with preparatory attention at the pre-ageingest
predict individual differences in the cue related advantage in VSTM recall. In additiorirttieigs
revealed that the cue related advantage was associated with a specific electrophysioloejadial abr
VSTM maintenance indicating the number of items within VSTM (otherwise known as contfalatera
delay activity (CDA), see Vogel & Machizawa, 2004). Research also suggests that datetitign
to task relevant stimuli at encoding can subsequently modulate activity in sensory cortices which code
those stimuli (for a review see Gazzaley & Nobre, 2012). This top-down modulation has also been
shown to directly influence VSTM performance (Rutman, Clapp, Chadwick & Gazzaley,Z008;

Rubens, Thangavel, & Gazzaley, 2011).



Furthermore, numerous studies have indicated that attentional directing spatial cues are also
effective when presented during the maintenance stage of VSTM tasks. Specifically, those studies
have shown that directing attention to the location of one previously encoded stimulus ueing ret
cues subsequently enhances the recallaifstimulus (Berryhill, Richmond, Shay & Olson, 2012;
Delvenne, Cleeremans, & Laloyaux, 2010; Griffin & Nobre, 2003; Landman, Spekreijse & Lamme,
2003; Lepsien, Griffin, Devlin & Nobre, 2005; Lepsein & Nobre, 2006; Makovski & Jiang, 2007;
Makovski, Sussman & Jiang, 2008; Matsukura, Luck & Veraca, 2007; Nobre et al., 2004; Tanoue &
Berryhill, 2012 Tanoue, Jones, Peterson & Berryhill, 2013, amongst others). Recent
electrophysiological evidence suggests that retro-cues promote the selective accegaraf\'&ITM
representations and bias processing in favour of those representations (Kuo, Stokes & Nobre, 2012).
Specifically, Kuo and colleagues (2012) revealed that retro-cues can also modulate the CDAy which i
response to retro-cues, reflects the withdrawal of processing resources from irreélewdindisd the

maintenance of the cued stimuli.

State based models of short-term memory (Cowan, 1995, McElree, 1996; Oberauer, 2002)
also propose that attention can play a fundamental role in the short-term retentfomadtion.
Specifically, those modetgconceptualise the idea of visual short-term memory as active long-term
memory, highlighting that attentiaraninfluence the representation of items which reside in a
common memory store. Indeed, cognitive neuroscience resaagists that memory items inside
and outside the focus of attention elicit different neural responses (for a revidwaRemgue, Lewis-

Peacock & Postle, 2014).

Recently, we have provided evidence that directing attention simultaneously to tlwnkocat
of two stimuli, with the use of two separate and non contiguous attentional cues, also improves the
chance that those items are transferred into VSTM (Delvenne & Holt, 2012; Holt & Delvenne, 2014).
Importantly, the two cues were significantly more effective when they werebdisti between the
left and right hemifields relative to within the same single hemifield. This stggp@mumber of
previous studies that have found that attentional resources are more effectiviélytedstcross

hemifields relative to within a single hemifield (Alvarez & Cavanagh, 2005; Awh & Pashler, 2000;



Kraft et al., 2005; Malinowski, Fuchs, & Muller, 2007). Specifically, those studies suggest that the
focus of attention can be split to non contiguous locations more easily when the locations are divided
across hemifields relative to within a hemifield. The direct implication of thiisyatio bilaterally

split attention is what is known as the bilateral field advantage (BFA), namaigraase of visual
processing efficiency when to-be-processed information is divided across the twdieidsaelative

to when the same information is presented within just one hemifield (e.g. Alvarez & Cavanagh, 2005)
This is likely to be an effect of the underlying anatomy of the early visual systemiwhich
contralaterally organised (Eviatar & Zaidel, 19%&azzaniga, 2000). As the information within each
hemifield is initially processed by the contralateral hemisphere, the BFA may batattrio a

processing advantage when stimuli are projected to both cerebral hemispheres rather than one. This
advantage in visual processing may be attributed to the interaction of processing résmuareash
hemisphere (see Banich, 1998) and/or the engagement of independently controlled capacity limit

hemispheres (see Alvarez & Cavanagh, 2005) (for a review, see Delvenne, 2012).

Our most recent findings suggest that those hemifield constraints on attentional selection can
indeed impact the transfer of information into VSTM (Holt & Delvenne, 2014). By selectiwvely pr
cueing coloured squares in the presence of distracters at encoding, we observed better memory
performance when the cued squares were divided across both the left and right heniiteldtae
within a single hemifield. Importantly, the BFA was not observed in the absence of thoserselecti

requirements, strongly suggesting that the BFA is the result of attentionalcselecti

Rutman and colleagues (2009) suggest that better VSTM recall in response to pre-cues may
be explained by an increase in the fidelity of memory representations due to the early nmodiilatio
sensory activity in response to selection. In relation to our previous findings (Holt &ridely2014),
this suggests that bilateral items which are attentionally selected at encoding, nteftatssurvive
decay relative to unilateral items. Therefore, the present study investigated wheitterespte-cues
can also influence the retention of information in VSTM within and across hemifieldsffébieod
selective pre-cueing on VSTM maintenance was directly tested by manipulating the retesmi@h int

of a memory task (i.e., 1s versus 3s). It was hypothesised that if splitting attention betweén the lef



and right hemifields at the encoding stage provides a benefit on the transfer of the ceigutatem
VSTM but also on their retention, then two bilaterally cued items may bettévesdecay in memory

as compared to two unilaterally cued items.

To preview the results, we found that the BFA was influenced by the duration of the retention
interval (Experiment 1 & 4). Interesting the BFA emerged as the retention interval wasattre
suggesting that bilateral items better survived decay in VSTM. Importantly, this weisomat in the
absence of the cues (Experiment 2 & 3), suggesting those effects pertain to the selection of
information at the encoding stage. As a result, the findings suggest that selectidy atieots the
transfer of items into VSTM (Schmidt et al., 2002), but also influences VSTM maicfiduis

provides a new understanding of the dynamic relationship between attention and VSTM.

2.0 Experiment 1

2.1 Method

2.1.1 Participants

18 subjects completed the experiment (9 females; mean age = 24.04 years; range= 20-34
years). Participants were neurologically normal with self-reported cawémir vision and normal or

correctedto-normal visual acuity.

2.1.2 Stimuli and procedure

A computer-based change detection task, generated using E-Prime computer software
(Psychology Software Tools, Inevww.pstnet.comwas presented on a 17inch screen of a 3.20GHz
PC. Participants were seated at a viewing distance of 60cm and a chin-rest was used to reduce
movement. All stimuli were presented on a grey screen background (127 of red, blue and green

phosphors) which was divided into 4 invisible quadrants (each subtending 4.8° x 4.8°).

On each trial, participants were presented with a black fixation cross (.61° x .61°) at the

centre of the screen (500ms) followed by the presentation of 12 white placeholders (.15° x .15°)



which were presented at fixed positions across two vertical (unilateral presentation) or awothbri
(bilateral presentation) quadrants indicating the positions of the stimuli to be dbpEOmMs). As
shown in figure 1, the placeholders within each quadrant were arranged in pairs. The centre-centre
distance between each placeholder within a pair was 1.22°. The furthest stimuli from fixadon wer
presented at an eccentricity of 5.76° (centre-centre) and 6.09° to the furthest stimulus edge in the
horizontal and vertical directions. The closest stimuli to the vertical and horizontalanexielie
presented at a distance of I>@2ntre-centre and 1.29° from each meridian to the nearest stimulus

edge.

After 500ms, a placeholder selected at random within each quadrant was enlarged (radius
of .34°) cueing the positions of the relevant stimuli to be remembered (50ms). Following a delay of
500ms, 12 coloured squares (.66° x .66°) were presented at the positions of each placeholder (150ms).
Repetition of a colour could not occur within one quadrant however repetition across quadrants was
possible. The colour of each square was selected from eight possible colours chosen on the basis of
discriminability (red, blue, green, yellow, pink, turquoise, orange, and black). Participaats wer
instructed to remember the colours of the two squares that were cued and to ignore the remaining
squares. Following the presentation of the memory array, participants were required to maintain the
selected information over a retention interval of either 1 second (50% of trials) om8is€ethe

placeholders remained present throughout the retention interval.

After the retention interval a whole probe test array was presented. In 50% of the trials a cued
stimulus changed colour (target change trials) and in the remaining trials a distracter chimged c
(distracter change trials). Only one stimulus within one quadrant could change in a given trial. Since
participants were required to detect only target changes, distracter change trials were iocluded t
discourage the maintenance of distracter stimuli within the memaory array and to therakease the
demands on attentional selection. In 50% of the distracter change trials, the changed distacter wa
positioned next to a cued stimulus within the same quadrant (near change) at a centre-eetee dist
of 1.22°. In the remaining trials, the position of the distracter was restricted tatmel sosest

position within the same quadrant from one of the cued stimuli (far change). Therefos&aicteti



change conditions, the distance between the target and the distracter was manipulated within one
guadrant of the display. This was manipulated to vary the level of potential distracter interference
across trials. The distance of the distracter from the cued stimulus in far change triaglkexras e
2.58°(centre-centre) in the diagonal direction or 3(26Atre-centre) in horizontal or vertical

directions (see figure 2) depending on the position of the cued stimulus. The distance between stimuli

across quadrants was always at least J@titre-centre).

Once the test array was presented, participants were instructed to indicate whether the target
colours had changed or stayed the same with a button press (1 = same; 2 = change). They were made
aware that in some trials a distracter square could change colour, making it importansédyprec
select and remember only the target stimuli. Throughout the task, participants were required to

rehearse three digits on each block of trials in order to evoke articulatory suppression.

As outlined above, the experiment had a 2(change: distracter, target) x 2(displayi,bilatera
unilateral) x 2 (retention interval: 1000ms, 3000ms) repeated measures design. Each condition
consisted of 32 trials resulting in a total of 256 trials which were randomly distributed in 8 bfock

32 trials.

Figures 1 & 2

2.1.3 Electrooculography (EOG)

Horizontal eye-movements were recorded using Electrooculography (EOG) W@fPAB
systems. Before the experiment, each participant completed a calibration task teegagtage of a
1° horizontal eye-movement. This was then used as a criterion to remove subsaiservtere the
eyes moved 1° from fixation in the horizontal or diagonal direction (thestlesmulus from fixation
was 1.62° (centre-centre) in the horizontal direction). On each tredmeyements were monitored

from the onset of the placeholders to the offset of the memory array.



2.2 Results

One participant was removed from the data since mean response accuracy was two standard
deviations below the mean response rate (mean= 80.64%, SD= 9.48%, range= 61.27% - 93.90%)
Horizontal eye-movements greater than 1° constituted 13.60% of trials which were reravéuefr
data. There was no difference in the number of bilateral versus unilateral trials removedi[t{{56)=
p=.27]. In addition, participant trial rejection rates were within two standard aesdtom the mean
rejection rate (mean = 13.60%, SD= 1.75%, ran6.54% - 16.79%) and therefore all participants
were included in the following analyses.

The analysis was conducted on accuracyAanfiom signal detection theory (Aaronson &

Watts, 1987; Grier, 1971; Pollack & Norman, 1964). Since both analyses revealed a sirsilargbatt
results the analysis below reports only Performance was analysed in 2 (display: bilateral,

unilateral) x 2 (retention interval: 1 s, 3 s) repeated measures ANOVA. The resullsdeveaffect

of retention interval or change however a main effect of display was revealed [F (1, 6) = 7.76, p< .02]
which showed a significant BFA with increased accuracy in bilateral relative to unilzaaditions.
Importantly, this effect interacted with retention interval [F (1, 16) = 8.38, g]<P@ired sample t-

tests revealed a significant BFA at three seconds [t(16)= 3.33, p <.005] however no hemifiedd effect
were observed at one second (p=.46). This seems to be accounted for by a tendency towards a
decrease in unilateral performance over time [t(16)= 1.92, p=0.07 marginally sighiftgather

with sustained performaneeross retention intervals in bilateral processing conditions (p=.15) (see

figure 3).

With previous research highlighting greater spatial resolution within the lowsl visld
relative to the upper visual field (He, Cavanagh, & Intriligator, 1996; Intriligatoaga@agh, 2001
and hemispheric asymmetries in visual spatial processing (for a review see Jager & Posina, 2003
visual field asymmetries in performance were also assessed. Although no difference was show
between unilateral performance in the left and right hemifields, paired sampkediteseveal better
performance in bilateral trials within the lower visual field relative to the upgpeahfield [t(16)=

3.17, p<.01 ] which therefore may be accounted for by the demands on spatial precision in the present



task. Hemifield asymmetries were also analysed as a function of retention intervatiasab
2(visual field: upper, lower/ left, right) x 2(retention: 1s, 3s) repeated measures ANGNNever

no significant interactions were revealed.

Figure 3

2.2.1 Distracter interference

Within the distracter change trials, 50% of distracter changes were positioned thear t
target whereas in the remaining trials, distracter changes were positioned far frargeheis a
result, it might be expected that near change trials produce a greater levefaeinter on change
detection performance relative to far change trlalerder to investigate whether the BFA was
influenced by this factor, accuracy was analysed in a 2(distracter distance: near,daplay2(
bilateral, unilateral) x 2(retention: 1s, 3s) repeated measures ANOVA. Although the regeittlec
significant effect of display [F(1, 16)= 8.06, p< .02], no effect of distracter distarinéeractions
were observed. Specifically, the analysis revealed a BFA across all trials desgatangebetter
performance in far change trials relative to near change trials. Thereforesitis revealed no effect
of distracter interference on the BFA.

2.3 Discussion

The findings of Experiment 1 revealed that VSTM for spatially selected colours was better
when items were displayed bilaterally relative to unilaterally, replicating ourqu®findings (Holt
& Delvenne, 2014). Importantly however, the BFA was also influenced by the time to maintain those
selections in memory. By increasing the retention interval from one to three seconds, we observed that
BFA emerged at only the longest retention interval, whereas no hemifield effects weredlbs¢he
shortest retention interval. The results also revealed that unilateral performameseeaevith time
whereas bilateral performance remained consistent. Therefore, the findings support the hypothesis that

selection at encoding can also influence the maintenance of information within VSTM. Sffecific

10



as predicted, the results suggest that the engagement of selective attention at VSTM encoding allow

bilateral memory representations to better survive decay.

The absence of the BFA at one second was unexpected considering our recent findings of a
BFA in a similar selection-based VSTM study with a retention interval of one secoli&(Ho
Delvenne, 2014, Experiment 1). However, on closer inspection, it can be identified that the absence of
the BFA may be explained by differences in the task demands across those studies. In the present task,
the stimuli were presented in fixed positions with placeholders visible throughout tafadhie
maintenance of spatial selections. On the other hand, our previous study required participants to
maintain spatial selections of stimuli that were presented in random positions without Iplesetoo
assist the maintenance of selection. Therefore, the lower demands on unilateral performance may

explain the absence of the BFA at the one second retention interval.

As the maintenance of bilateral versus unilateral representations has not been previously
addressed over time, it may be questioned whether the maintenance effects observed here can also be
shown in the absence of the selection requirements at encoding. For instance, it may be the case that
VSTM rehearsal mechanisms which rely on attention (e.g. Awh et al., 1998) always allowalbilate
representations to be sustained at longer retention intervals due to an advantage in distributing
attentional resources across hemifields (Alvarez & Cavanagh, 2005; Awh & Pashler, 2000; #raft et
2005; Malinowski, Fuchs, & Muller, 2007). Therefore, in order to draw firm conclusions on the role
of attentional selection at encoding, VSTM for the stimuli in the present task was agséissed

absence of those selection requirements (Experiment 2 & 3).

In Experiment 1, participants were required to remember both the locations and the colours of
the memory stimuli, raising the possibility that the hemifield effects observed may be acéounted
by the maintenance of either of those stimulus domains. Therefore, Experiment 2 investigated whether
VSTM for colour alone can explain the maintenance effects observed. Although previous studies have
failed to reveal a BFA for colour (Delvenne, 2005; Delvenne, Kaddour & Castronovo, 2011; Mance,

Becker & Lui; 2012), those studies assessed colour VSTM at retention intervals of only one second,

11



leaving the possibility of a BFA at longer retention intervals. Therefore, if col8@iM/plays a role
in the findings of Experiment 1, we expect the emergence of a BFA when the retention interval is

increased to three seconds.

Conversely, previous studies have revealed a BFA in VSTM when participants are required to
remember locations (Delvenne, 2005), suggesting the effects shown in Experiment 1 may be
accounted for by the requirement to maintain the locations of the memory stimuli. Howevengas is t
case for colour VSTM, the BFA for locations has not been investigated beyond retention intervals of
one second. Consequently, Experiment 3 investigated whether VSTM for location alone can produce
the hemifield effects observed in Experiment 1. Specifically, if the findings of Experiment & can b
accounted for by location VSTM then we expected a larger BFA at retention intervals of three

seconds relative to one second.

3.0 Experiment 2

3.1 Method

3.1.1 Participants

18 subjects completed the experiment (14 females; mean age = 26 years; range 1€-33 year
Participants were neurologically normal with self-reported correct col@ionviand normal or

correcedto-normal visual acuity.

3.1.2 Stimuli and procedure

The methodology was the same as Experiment 1 with the exception that the spatial cues and
distracter stimuli were not presented (see figure 4). In order to reduce the charilgegoéftects,
colour contrast was added as an additional variable. In 50% of the trials, colours were selected from
the 8 high contrast colours presented in Experiment 1. In the remaining trials, low contrast colours
were selected from six possible shades of red which were created by manipulating the saturation (S)
and luminance (L) values in the following way: (1) L= 100%, S = 100%; (2) L=66%, S=66%; (3)

L=33%, S=66%); (4) L=33%, S=100%; (5) L=66%, S=100%); (6) L=100%, S=33%. As only two

12



colours were presented on each trial, colours were not repeated within the memory array and a new

colour was chosen at test in change trials.

Experiment 2 therefore had a 2(colour contrast: high, low) x 2 (display: bilateral, unjlateral
2 (retention interval: 1, 3) repeated measures design with 32 trials in each condition. Altogether

participants completed 256 trials which were randomly blocked into 8 blocks of 32 trials.

Figure 4

3.2 Results

One participant was removed from the data since mean response accuracy was two standard
deviations below the mean response rate (mean= 86.70%, SD= 7.4%, range= 61%- 95%). Horizontal
eye-movements greater than 1° constituted 13.23% ofwhdth were subsequently removed from
the data. The number of trials removed across each display condition (bilateral, unilatejal) [88,6
p = .36] and each colour contrast condition (high, low) did not differ [t(16)= .96, p =.35]. In addition,
each participant’s trial rejection rate was within two standard deviations from the mean rejection rate
(mean = 13.23%, SD= 2.91%, range= 8.60% - 18.36%) and therefore all participants were included in

the following analyses.

A’ was assessed in a 2 (colour contrast: low, high) x 2 (display: bilateral, unilateral) x 2
(retention interval: 1s, 3s) repeated measures design. The results revealed an effaat obctvhst
[F(1, 16)= 91, p <.001] with greater accuracy in high relative to low contrast conditions, and a main
effect of retention interval [F(1, 16)= 16.63, p < .002] revealing greater accuracyssommel
relative to three seconds. In addition a significant interaction was revealed betveegrcantrast
and retention interval [F(1, 16)= 8.11, p < .02]. Paired sample t-test revealed that performance was
better at one second relative to three second in both high [t(16)= 2.73, p <.02] and low colour contras

condition [t(16)= 3.56, p <.005]. However, a larger retention tketention 3s difference score was

13



revealed in low (4%) relative to high (1.6%®lour contrast conditions [t(16)= -2.29, p <.05]. No

other main effects or interactions were shown (see figure 5).

In addition, paired sample t-tests revealed no visual field asymmetries in bilateral (up, down)
or unilateral (left, right) displays. Hemifield asymmetries were also analyseftlastian of retention
interval in a series of 2(visual field: upper, lower/ left, right) x 2(retention: 1seBepted measures

ANOVAs. However no significant interactions were revealed.

Figure 5

4.0 Experiment 3

4.1 Method

4.1.1 Participants

18 subjects completed the experiment (16 females; mean age = 20.47 years; range= 18-31
years). Participants were neurologically normal with self-reported cawémir vision and normal or

correctedto-normal visual acuity.

4.1.2 Stimuli and procedure

The methodology was the same as Experiment 2, however participants were instructed to
remember the locations of the squares presented in the memory array. In order to avoid the rehearsal
of colour, the squares remained black throughout the trials. In addition, at test, a single probe was
used to discourage participants from memorising the spatial configurations afrfm@yrstimuli. In
50% of the trials, one stimulus moved to a new location which appeared equally within each quadrant,
whereas in the remaining trials, the locations of the stimuli did not change. The size of the location
change was also manipulated using the same near and far change criteria as in Experiment 1.
Therefore, at test, the changed location was either near to (50% of trials) onfainéroriginal

location in the memory array.

14



Consequently, Experiment 3 had a 2 (change: change, no change) x 2 (display: bilateral,
unilateral) x 2 (retention interval: 1, 3) repeated measures design with 32 trialk roeddion.
Altogether, participants completed 256 trials which were randomly distributed into 8 blocks of 32

trials.

4.2 Results

One participant was removed from the data since mean response accuracy was two standard
deviations below the mean response rate (mean = 85.48%, SD= 7.81%, range = 68%- 97.3%).
Horizontal eye-movements greater than 1° constituted 14.41% of trials and wereddmnavthe
data. No difference was shown in the number of bilateral versus unilateral trials reindd[.55,

p =.59] and participant trial rejection rates were within two standard deviations fronedme m

rejection rate (mean = 14.41%, SD= 2.97%, range = 7.81% - 18.75%)

A’ was analysed in 2 (display: bilateral, unilateral) x 2 (retention interval: lee@=sted
measures ANOVA. The results revealed a main effect of display [F(1, 16)= 14.90, p< .002],
highlighting a significant BFA. However, no effect of retention interval and no interactimedret
retention and display were revealed (see figure 6). Paired sample t-tests also revealed neldvisual fi
asymmetries in accuracy across bilateral (up, down) or unilateral (left, righlxyk. In addition,
hemifield asymmetries were analysed as a function of retention interval in a seriggsoabfield:
upper, lower/ left, right) x 2 (retention: 1s, 3s) repeated measures ANOVAs. Howevenificasig

interactions were revealed.

Further analysis investigated whether the size of the location change at test (near, far)
influenced the observance of the BFA in a 2 (distance: near, far) x 2 (display: bilatdabraix 2
(retention: 1s, 3s) repeated measures ANOVA. Although the results revealed an effdahoéd
[F(1, 16) = 36.93, p<.001] on overall accuracy, with better performance in far change triale telati
near change trials, no interaction with distance was revealed, suggesting that the BFA in the present

task cannot be explained by the level of spatial precision required to detect location changes.
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Figure 6

4.3 Discussion

The results of Experiments 2 and 3 suggest that the sustained bilateral performance and thus
the emergence of the BFA at three seconds shown in Experiment 1 cannot be solely accounted for by
the maintenance of colour or locations in VSTM. In Experiment 2, both high and low contrast colours
were used in order to avoid possible ceiling effects. However, despite an increase in difftbulty w
low contrast colours and an overall reduction in accuracy over time, no hemifield effects were
observed, supporting previous failures to reveal a BFA for colour VSTM (Delvenne, 2005; Delvenne

et al., 2011; Mance et al., 2012).

On the other hand, Experiment 3 revealed that memaory for locations produced an overall BFA,
supporting previous demonstrations of a BFA in location VSTM (Delvenne, 2005). Therefore, the
requirement to remember the target locations in Experiment 1 may have also contributed to the BFA
observed. However, the overall effect of retention interval shown in Experiment 3 suggdstsitha
unilateral and bilateral representations decayed the same amount with time, indicathrey that
maintenance effects in Experiment 1 cannot be simply explained by the maintenance of locations in

VSTM.

Therefore, the results suggest that the findings of Experiment 1 are likely to be attributed to
the encoding requirements of the task. As well as the presence of pre-cues at encoding, it can also be
recognised that participants were required to ignore distracter stimuli irrélyge @onsequently, it is
likely that the distracters placed a greater demand on the ability to precisely eglsdatithe
encoding stage. Therefore, Experiment 4 addressed whether the results of Experiment 1 can also be
replicated when the distracters are removed from the array and thus the memory items are solely pre
cued at the encoding stage. If the effects of Experiment 1 are replicated, then the findings strongly

suggest a role of the attentional pre-cues in the maintenance of items within VSTM.
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5.0 Experiment 4

5.1 Method

5.1.1 Participants

18 subjects completed the experiment (13 females; mean agé4y@ars; range = 19-35
years). Participants were neurologically normal with self-reported correct colour visionraral ap

correctedto-normal visual acuity.

5.1.2 Stimuli and procedure

The trial procedure was the same as Experiment 2, however the memory arragcgdedgr
by the presentation of two spatial pre-cues (50ms) with dcstazget delay of 500ms in which the
placeholders were presented alone. To avoid possible ceiling effects, ordgritast colours were
used in the memory array. Therefore, the experiment had a 2 (display:ahilatdtateral) x 2
(retention: 1s, 3s) repeated measures design with 32 trials in each condittotal, participants

completed 128 trials which were randomly distributed into 4 blocks.

5.2 Results

Mean response accuracy for all subjects was within two standard deviationstiielmean
and so all subjects were included in the following analysis (mean= 81.74%, SD= 4.9%, range=
73.9%- 89.3%). Horizontal eye-movements greater than 1° constituted 13.85%sofmdawere
removed from the data. No difference was shown in the number of bilaézsais unilateral trials
removed [t (17) = .26, p = .80] and participant trial rejection rates were within two standard deviations

from the mean rejection rate (mean= 13.85%, SD= 2.93%, range= 8.59% - 17.97%).

A’ was analysed in a 2 (display: bilateral, unilateral) x 2 (retention interval: 1s, 3sptepeat
measures ANOVA. The results revealed an effect of retention interval [F(1, 17)718.8D1
showing greater accuracy at one second relative to three seconds and a main effect of display was

shown [F(1, 17)= 5.60, p< .05] highlighting a significant BFA. Importantly, a significanactten
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between retention and display [F(1, 17)= 4.84, p< .05] was revealed. Paired sample t-tests showed a
significant BFA at three seconds only [t (17) = 2.92, p<.02], however no hemifield effects were
shown at one second (p=.70). In addition, paired sample t-tests showed that unilateral performance
declined as the retention interval increased [t (17) = 4.04, p<.001], where as the difference in
performance across retention intervals was marginally significant for bilateral perforinélie=

1.88, p = .08] (see figure.7

Further analysis revealed no visual field asymmetries in accuracy across bilateral fup, dow
or unilateral (left, right) displays. In addition, hemifield asymmetries were setalys a function of
retention interval in a series of 2(visual field: upper, lower/ left, right) x 2ieterls, 3s) repeated

measures ANOVAs. However no significant interactions were revealed.

Figure 7

5.3 Discussion

The results of Experiment 4 replicated the findings of Experiment 1, revealing a BFA that
was influenced by the duration of the retention interval. Again, the pattern of performaseiedev
that the BFA emerged at the longest retention interval only indicating that bilatera@cwas
consistent whereas unilateral accuracy reduced over time. In contrast to Experiment 1, an effect of
retention interval was shown overall. This may be due to the fact that only low contrast colours were
presented in Experiment 4, which as the results of Experiment 2 indicate, decay to a greater extent
relative to high contrast colours across the retention interval.

Due to the absence of hemifield effects for colour VSTM without spatial pre-cues
(Experiment 2), the results strongly suggest the way an item is encoded can affect how it is
maintained. Specifically, the results suggest that the attentional directing pre-cues aigesiémdi

bilateral items to better survive decay.
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6.0 General discussion

Recent research has shown that the requirement to attentionally select items during both the
encoding (e.g. Schmidt et al., 2002) and maintenance (e.g. Griffin & Nobre, 2003) stage of VSTM
tasks can subsequently improve the ability to recall those items at test. Howevieidiogs fsuggest
that when two cues are used, their effects are constrained by the hemifield alignment oftiée: sele
items (Delvenne & Holt, 2012; Holt & Delvenne, 2014). Specifically, our findings suggest that two
cues are more effective when they are divided between hemifields relative to when both cues are
displayed within a single hemifield (otherwise known as a Bilateral Field Advantage (BEA), se
Alvarez & Cavanagh, 2005). Our most recent findings (Holt & Delvenne, 2014) suggest that those
constraints influence the transfer of information into VSTM, revealing a BFA in recakfos ithat
are selectively pre-cued at encoding. Given that selection may also influence the maintenance of
information in VSTM (Gazzaley & Nobre, 2012; Rutman et al., 2009; Zanto et al., 2011), sbatpre
study investigated whether bilateral items can better survive decay in VSTM rejativiéateral

items when attentionally selected at encoding.

Supporting our previous findings (Delvenne & Holt, 2012; Holt & Delvenne, 2014), the
present study revealed that selecting targets from distracters promoted a BFA, wittebaiiter
bilateral relative to unilateral conditions. Importantly however, the findings irdi¢hat the
magnitude of the BFA also increased with longer retention intervals (Experiments 1 & 4), strongly
suggesting that selection at encoding can influence the maintenance of items in VSTM. a8pgecific
whereas unilateral performance decreased with time, we observed no decrease in bilateral
performance, indicating that selection allowed bilateral representations to bettee siecay.
Further experiments revealed this could not be accounted for by an effect of VSTM maintenance in
the absence of the selection requirements (Experiment 2 & 3). Instead, the findings suggesethat thos
effects emerge when stimuli are simply pre-cued at encoding (Experiment 4).

Observing a cue-related advantage in VSTM recall, Rutman and colleagues (2009) suggest
that the early modulation of activity in response to selective attention may increasdelttyedf the

representations which thus translates to better maintenance across the retention intefimdin@sir
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provide a clearer understanding of this contention, revealing specifically that cuedatebetter

survive decay. An investigation at the neural level is required to provide a further umdiecstzt

those effects. However, since the maintenance of items within VSTM also relies on sustaiitgd activ

in sensory areas that code the stimuli (Harrison & Tong, 2009; Serences, Ester, Vogel and Awh, 2009;
Xing, Ledgeway, McGraw & Schluppeck, 2013), one possibility may be that early modulations in
visual sensory areas in response to the pre-cues (e.g. Gazzeley & Nobre, 2012; Rutman €t al., 2009

Zanto et al., 2011) influence the persistence of maintenance activity during the retermiaih inte

Previous research suggests that the number of items maintained in VSTM can be measured
online by recording contralateral delay activity (see Vogel & Machizawa, 2004) during theretent
interval. The CDA reflects the number of items maintained from the contralateral henwitie!
respect to the hemisphere recorded, and therefore heavily relies on the existenceisédatésall
memory processing as previously proposed (e.g. Eimer & Kiss, 2010; Gratton, Corballis, & Jain, 1997;
Fortier-Gauthier, Moffat, Dell'Acqua, McDonald, & Jolicceur, 2012). Supporting this account, Arend
and Zimmer (2011) recently provided evidence against the contention that the CDA mayteefiect
displayed in both the left and right hemifields, highlighting that the lateralisatigswal memory is
maintained even at the end of the retention interval. Revealing a larger BFA as the rigtiamtiah
increased, the present findings support Arend & Zimmer (2011), suggesting that hemifield
representations can be maintained in VSTM for up to three seconds. As a result, the findings suggest
that neuronal investigations of bilateral VSTM representations may benefit from assessing

hemisphere separately (for a demonstration, see Delvenne et al., 2011).

It is evident that previous research has raised a number of questions concerning the nature of
the BFA in VSTM, with studies exploring the influence of stimulus domain (Delvenne, 2005;
Delvenne et al., 2011; Holt & Delvenne, 2014) and the stage of VSTM processing (Holt & Delvenne,
2014; Kraft, 2013; Umemoto et al., 2010) which influence the emergence of the BFA. In observing a
BFA in colour VSTM when selective processes were engaged (Experiment 1 & 4), the present study
provides confirmatory evidence that the BFA is not only constrained by the stimulus domain, but is a

signature of attentional selection (Holt & Delvenne, 2014). As previously discussed, the Bib& may
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explained by the increased ability to distribute attention across hemifields redatitbin (Alvarez
& Cavanagh, 2005; Awh & Pashler, 2000; Kraft et al., 2005; Malinowski et al., 2007)

Furthermore, in demonstrating a BFA during the maintenance stage, the present findings
support the notion that the BFA is a feature of mnemonic processing (Kraft, 2013) and can
specifically arise within VSTM storage (Umemoto et al., 2010). As suggested by Umemoto and
colleagues (2010), the emergence of the BFA within VSTM storage may also be attributed to
engagement of spatial selection in VSTM rehearsal (e.g. Awh, Jonides & Reuter-Lorenz, 1998;
Williams, Pouget, Boucher, & Woodman, 2013). However, since the present findings identified that
the BFA in maintenance was contingent on the presence of pre-cues at encoding (Experiment, 4), the
findings suggest that the BFA within maintenance may also be influenced by the engagement of
selection mechanisms during perception.

Indeed, Corbetta, Kincade and Shulman (2002) revealed that selective attention in perception
and working memory maintenance recruit a similar neural circuitry, supporting the deployment of a
common attentional mechanism at both stages (Awh, Anllo-Vento, & Hillyard 2000; Awh et al 1999;
Jha, 2002; Postle, Awh, Jonides, Smith, & D'Esposito, 2004). Therefore, it is plausible thatréhe natu
of selection during encoding, specifically a divided attentional distribution to non contiguous
locations, was maintained during VSTM maintenance and thus allowed bilateral representations to
survive decay. However at present, a direct assessment of attentional processes duringhogaintena
(e.g. Fougnie & Marois, 2009) is required to confirm this hypothesis.

Future research may also address the extent of VSTM decay as a function of hemifield
alignment across variable retention intervals and stimulus domains. It is evident that the present
findings are limited to the rehearsal of colour and confined to retention intervals of tholedssec
Indeed, the marginally significant effect of decay in the unilateral conditions of Experimexytidem
reflective of the relatively short retention intervals employed, and as highlighiegberiment 2,
may be influenced by factors such as stimulus contrast. Nevertheless, for the first timesehie pre
findings indicate that bilateral memory representations can be less susceptible to decayaelat
unilateral representations, providing a further step to understanding the limits and neuronal
architecture of the VSTM store.
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6.1. Conclusion

In sum, the present study provides a new understanding of the relationship between attention
and memory, suggesting that selective attention at VSTM encoding improves both the transfer of
information into the VSTM store (Schmidt et al., 2002) and the subsequent maintenance of the
information within VSTM. Importantly, with hemifield constraints in the depilent of spatial
attention, those effects are limited by hemifield alignment, highlighting the importhnoasidering
the spatial distribution of information when investigating the relationship betweéal spi@ntion

and VSTM processing (Delvenne & Holt, 2012; Holt & Delvenne, 2014).

References

Alvarez, G. A., & Cavanagh, P. (2005). Independent resources for attentional tracking in the left and

right visual hemifields. Psychological Science, 16(8), 637-643.

Alvarez, G. A,, Gill, J., & Cavanagh, P. (2012). Anatomical constraints on attention: hemifield

independence is a signature of multifocal spatial selection. Journal of Vision, 12(5), 9.

Arend, A. M., & Zimmer, H. D. (2011). What does ipsilateral delay activity reflect? Inferermsas fr
slow potentials in a lateralized visual working memory task. Journal of cognitive

neuroscience23(12), 4048-4056.

Awh, E., Anllo-Vento, L., & Hillyard, S. A. (2000). The Role of Spatial Selective Attention in
Working Memory for Locations: Evidence from Event-Related Potentials. Journal of

Cognitive Neuroscience, 12(5), 840-847.

Awh, E., Jonides, J., & Reuter-Lorenz, P. A. (1998). Rehearsal in spatial working memory. Journal of

Experimental Psychology: Human Perception and Performance, 2803y 90.

Awh, E., Jonides, J., Smith, E. E., Buxton, R. B., Frank, L. R., Love, T., et al. (1999). Rehearsal in
Spatial Working Memory: Evidence From Neuroimaging. Psychological Science, 10(5), 433-
437.

22



Awh, E., & Pashler, H. (2000). Evidence for split attentional foci. Journal of Experimental

Psychology: Human Perception and Performance, 26(2), 834-846.

Awh, E., Vogel, E. K., & Oh, S. H. (2006). Interactions between attention and working memory.

Neuroscience, 139(1), 201-208.

Banich, M. T. (1998). The Missing Link: The Role of Interhemispheric Interaction in Attentional

Processing. Brain and Cognition, 36(2), 128-157.

Berryhill, M. E., Richmond, L. L., Shay, C. S., & Olson, I. R. (2012). Shifting attention among
working memory representations: Testing cue type, awareness, and strategic control.

Quarterly Journal of Experimental Psychology, 65(3), 426-438.

Botta, F., Santangelo, V., Raffone, A., Lupianez, J., & Belardinelli, M. O. (2010). Exogenous and
endogenous spatial attention effects on visuospatial working memory. Quarterly Journal of

Experimental Psychology, 63(8), 1590-1602.

Carrasco, M. (2011). Visual attention: The past 25 years. Vision Research, 51(13), 1484-1525.

Chakravarthi, R., & Cavanagh, P. (2009). Bilateral field advantage in visual crowding. Vision

Research, 49(13), 1638-1646.

Corbetta, M., Kincade, J. M., & Shulman, G. L. (2002). Neural Systems for Visual Orienting and
Their Relationships to Spatial Working Memory. Journal of Cognitive Neuroscience, 14(3),
508-523.

Cowan,N.(1995). Attention and Memory:An Integrated Framework. New York: Oxford University
Press.

Delvenne, J.-F. (2005). The capacity of visual short-term memory within and between hemifields.

Cognition, 96(3), B79-B88.

Delvenne, J.-F. (2012). Visual short-term memory and the bilateral field advantage. In @sKaliv

S.F. Petralia (Eds.), Short-term memory: New research. New York: Nova Science Publishers.

23



Delvenne, JF. Cleeremans, A., & Laloyaux, C. (2010). Feature bindings are maintained in visual
short-term memory without sustained focused attention. Experimental Psychology, 57(2),

108-116.

Delvenne, J.-F., & Holt, J. L. (2012). Splitting attention across the two visual fields in sfsus

term memory. Cognition, 122(2), 258-263.

Delvenne, J.-F., & Holt, J. L. (2012). Splitting attention across the two visual fields in sfeus

term memory. Cognition, 122(2), 258-263.

Delvenne, J.-F., Kaddour, L. A., & Castronovo, J. (2011). An electrophysiological measure of visual
short-term memory capacity within and across hemifields. Psychophysiology, 48(3), 333-336.
Eimer, M., & Kiss, M. (2010). An electrophysiological measure of access to representationslin visua

working memory. Psychophysiology, 47(1), 197-200.

Eviatar, Z., & Zaidel, E. (1994). Letter Matching within and between the Disconnected Hemispheres.
Brain and Cognition, 25(1), 128-137.

Fortier-Gauthier, U., Moffat, N., Dell'Acqua, R., McDonald, J. J., & Jolicceur, P. (2012). Contralateral
cortical organisation of information in visual short-term memory: Evidence from laéztal

brain activity during retrieval. Neuropsychologia, 50(8), 1748-1758.

Gazzaley, A., & Nobre, A. C. (2012). Top-down modulation: bridging selective attention and working

memory. Trends in Cognitive Sciences, 16(2), 129-135.

Gazzaniga, M. S. (2000). Cerebral specialization and interhemispheric communication: does the
corpus callosum enable the human condition? Brain, 123 ( Pt 7), 1293-1326.
Gratton, G., Corballis, P. M., & Jain, S. (1997). Hemispheric organization of visual memories.

Journal of Cognitive Neuroscience, 9(1), 92-104.

Griffin, 1. C., & Nobre, A. C. (2003). Orienting attention to locations in internal represamati

Journal of Cognitive Neuroscience, 15(8), 1176-1194.

24



Harrison, S. A., & Tong, F. (2009). Decoding reveals the contents of visual working memory in early

visual areas. [10.1038/nature07832]. Nature, 458(7238), 632-635.

He, S., Cavanagh, P., & Intriligator, J. (1997). Attentional resolution. Trends in Coguitve&s,

1(3), 115-121.

Holt, J. L., & Delvenne, J.-F. (2014). A bilateral advantage in controlling access to visudksmort-

memory. Experimental Psychology, 61(2), 127-133.

Intriligator, J., & Cavanagh, P. (2001). The Spatial Resolution of Visual Attentionit@egn

Psychology, 43(3), 171-216.

Jager, G., & Postma, A. (2003). On the hemispheric specialization for categorical and coordinate

spatial relations: a review of the current evidence. Neuropsychologia, 41(4), 504-515.

Jha, A. P. (2002). Tracking the time-course of attentional involvement in spatial workmgryn an

event-related potential investigation. Cognitive Brain Research, 15(1), 61-69.

Kraft, A., Dyrholm, M., Bundesen, C., Kyllingsbeek, S., Kathmann, N., & Brandt, S. A. (2013).
Visual attention capacity parameters covary with hemifield alignment. Neuropsychologia,

51(5), 876-885.

Kraft, A., Miller, N. G., Hagendorf, H., Schira, M. M., Dick, S., Fendrich, R. M., et al. (2005).
Interactions between task difficulty and hemispheric distribution of attended locations:

implications for the splitting attention debate. Cognitive Brain Research, 24(32. 19-

Kuo, B.-C., Stokes, M. G., & Nobre, A. C. (2012). Attention Modulates Maintenance of
Representations in Visual Short-term Memory. Journal of Cognitive Neuroscience, 24(1), 51-
60.

Landman, R., Spekreijse, H., & Lamme, V. A. F. (2003). Large capacity storage of integrated objects

before change blindness. Vision Research, 43(2), 149-164.

25



LaRocque, J. JLewis-Peacock, J. A.& Postle, B. R. (2014). Multiple neural states of
representation in short-term memory? It's a matter of attention. Frontiers anHum

Neuroscience, 8, 5.

Lepsien, J., Griffin, I. C., Devlin, J. T., & Nobre, A. C. (2005). Directing spatial attention in mental
representations: Interactions between attentional orienting and working-memory load.

Neurolmage, 26(3), 733-743.

Lepsien, J., & Nobre, A. C. (2006). Cognitive control of attention in the human brain: insights from

orienting attention to mental representations. Brain Research, 1105(1), 20-31.

Luck, S. J., & Vogel, E. K. (1997). The capacity of visual working memory for features and

conjunctions. [10.1038/36846]. Nature, 390(6657), 279-281.

McElree, B. (1996). Accessing short-term memory with semantic and phonological informAation:

time-course analysis. Memory & Cognition, 24, 173-187.

Makovski, T., & Jiang, Y. V. (2007). Distributing versus focusing attention in visual short-term

memory. Psychonomic Bulletin & Review, 14(6), 1072-1078.

Makovski, T., Sussman, R., & Jiang, Y. V. (2008). Orienting attention in visual working memory
reduces interference from memory probes. Journal of Experimental Psychology-Learning

Memory and Cognition, 34(2), 369-380.

Malinowski, P., Fuchs, S., & Muller, M. M. (2007). Sustained division of spatial attention to multiple

locations within one hemifield. Neuroscience Letters, 414(1), 65-70.

Mance, |., Becker, M. W., & Liu, T. (2012). Parallel consolidation of simple features into visual
short-term memory. Journal of Experimental Psychology: Human Perception and

Performance, 38(2), 429-438.

Matsukura, M., Luck, S. J., & Vecera, S. P. (2007). Attention effects during visual short-term memory

26



maintenance: Protection or prioritization? Perception & Psychophysics, 6%3},1434.

McMains, S. A., & Somers, D. C. (2004). Multiple Spotlights of Attentional Selection in Human

Visual Cortex. Neuron, 42(4), 677-686.

Murray, A. M., Nobre, A. C., & Stokes, M. G. (2011). Markers of preparatory attention predict visual

short-term memory performance. Neuropsychologia, 49(6), 1458-1465.

Nobre, A. C., Coull, J. T., Maquet, P., Frith, C. D., Vandenberghe, R., & Mesulam, M. M. (2004).
Orienting Attention to Locations in Perceptual Versus Mental Representations. Jafurnal

Cognitive Neuroscience, 16(3), 363-373.

Oberauer, K. (2002).Access to information in working memory: exploring the focus of attention.

Journal of Experimental Psychology: Learning, Memory and Cognition, 28(3), 411-421.

Posner, M. 1. (1980). Orienting of attention. Quarterly Journal of Experimental Psychol@y,332

25.

Postle, B. R., Awh, E., Jonides, J., Smith, E. E., & D'Esposito, M. (2004). The where and how of
attention-based rehearsal in spatial working memory. Cognitive Brain Research, 20(2), 194

205.

Reardon, K. M., Kelly, J. G., & Matthews, N. (2009). Bilateral attentional advantage on elementary

visual tasks. Vision Research, 49(7), 691-701.

Rutman, A. M., Clapp, W. C., Chadick, J. Z., & Gazzaley, A. (2009). EarlyDoywn Control of
Visual Processing Predicts Working Memory Performance. Journal of Cognitive

Neuroscience, 22(6), 1224-1234.

Schmidt, B., Vogel, E., Woodman, G., & Luck, S. (2002). Voluntary and automatic attentional control

of visual working memory. Perception & Psychophysics, 64(5), 754-763.

27



Serences, J. T., Ester, E. F., Vogel, E. K., & Awh, E. (2009). Stimulus-Specific Delay Activity in

Human Primary Visual Cortex. Psychological Science, 20(2), 207-214.

Tanoue, R. T., & Berryhill, M. E. (2012). The mental wormhole: Internal attention shifts without

regard for distance. Attention Perception & Psychophysics, 74(6), 1199-1215.

Tanoue, R. T., Jones, K. T., Peterson, D. J., & Berryhill, M. E. (2013). Differential Frontal

Involvement in Shifts of Internal and Perceptual Attention. Brain Stimulation, 6(4), 675-682.

Umemoto, A., Drew, T., Ester, E. F., & Awh, E. (2010). A bilateral advantage for storage in visual

working memory. Cognition, 117(1), 69-79.

Vogel, E. K., & Machizawa, M. G. (2004). Neural activity predicts individual differences in visual

working memory capacity. Nature, 428(6984), 748-751.

Vogel, E. K., Woodman, G. F., & Luck, S. J. (2001). Storage of features, conjunctions, and objects in
visual working memory. Journal of Experimental Psychology: Human Perception and

Performance, 27(1), 92-114.

Williams, M., Pouget, P., Boucher, L., & Woodman, G. (2013). Visptial attention aids the
maintenance of object representations in visual working memory. Memory & Cognit{éi, 41

698-715.

Xing, Y., Ledgeway, T., McGraw, P. V., & Schluppeck, D. (2013). Decoding Working Memory of

Stimulus Contrast in Early Visual Cortex. The Journal of Neuroscience, 33(3%)1-10311.

Zanto, T. P., Rubens, M. T., Thangavel, A., & Gazzaley, A. (2011). Causal role of the prefrontal
cortex in top-down modulation of visual processing and working memory. Nature

Neuroscience, 14(5), 656-661.

28



Bilateral displays Unilateral displays

°
e o °
e e
°
e o o o o
o o e o o o
+ +
o o
o o
°
°
°
°
o o
o o
+ +
e o e e
e © e o ....
e o
o o °
°

Fig.1. An illustration of the fixed positions in the bilateral and unilateral displays ofriExget 1.

For clarity, the illustration is not drawn to scale.
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Fig. 2. The trial procedure of Experiment 1. The arrows in the test array indicate distracters

which are located in far and near positions relative to the cued targets within each quadrant
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For clarity, the illustration is not drawn to scale.
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Fig. 3.Results of Experiment 1. A" as a function of retention intervél000ms, 3000ms) and display

(bilateral, unilateral). Error bars represent the standard error of the mean values.
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Fig. 4. The trial procedure of Experiment 2. For clarity, the illustration is not drawn to scale.
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Fig. 5. Results of Experiment 2."Aas a function of colour contrast (high, low), retention (1000ms,
3000ms) and display (bilateral, unilateral). Error bars represent the standard erroredinthe m

values.
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Fig. 6.Results of Experiment 3. A" as a function of retention intervél000ms, 3000ms) and display

(bilateral, unilateral). Error bars represent the standard error of the mean values.
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Fig. 7. Results of Experiment 4. Percentage of correct responses’ @sa function of retention

interval (1s, 3s) and display (bilateral, unilaterglyor bars represent the standard error of

the mean values.
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