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bstract

Attending to a location in space significantly improves stimulus perception at that location. Everyday experience requires the deployment of
ttention to multiple objects at different locations. Recent empirical evidence suggests that the “beam” of attention can be divided between non-
ontiguous areas of the visual field. Whether this is only possible when stimuli are presented in different hemifields and harder, if not impossible,
hen stimuli are in the same hemifield is an ongoing debate. Here we use an electrophysiological measure of sustained attentional resource

llocation (the steady-state visual evoked potential, SSVEP) to address this question. In combination with behavioural data we demonstrate that
plitting the attentional “beam” is in principle possible within one hemifield. However, results showed that task performance was in general lower
or same-hemifield presentation as opposed to our previous study with different-hemifield presentation [M.M. Müller, P. Malinowski, T. Gruber,
.A. Hillyard, Sustained division of the attentional spotlight, Nature 424 (2003) 309–312]. SSVEP amplitude showed a mixed pattern of results for

timuli presented in the upper versus lower quadrant of the left visual hemifield under conditions of attending to two separated locations. Results
re discussed in the light of the bilateral distribution advantage hypothesis and differences in stimulus salience between the upper and lower visual
eld.
2006 Elsevier Ireland Ltd. All rights reserved.
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atural visual scenes are cluttered with different objects and
ttention helps to select a particular object for preferred stimu-
us processing. In recent years empirical evidence was provided
hat the deployment of attention over space is quite flexible
nd allows attending to separate locations or objects with irrel-
vant or to-be-ignored positions or objects in between them
1,4,7,9,15]. In one study we presented four stimuli aligned
long the horizontal meridian that flickered with different fre-
uencies for several seconds to elicit the frequency-coded
teady-state visual evoked potential (SSVEP) [15]. The SSVEP

s the electrophysiological response of the visual cortex to a
apidly repeating (flickering) stimulus and generally has a sinu-
oidal waveform with the same temporal frequency as the driving
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timulus [21]. Previous studies have shown that its amplitude
s substantially increased when attention is focused upon the
ocation of the flickering stimulus [14,17] and, thus, serves as
direct neural index of the sustained deployment of attention

cross space.
In our recent study we found significantly decreased

SVEP amplitudes when the intermittent stimulus was ignored
ompared to when this stimulus was attended, supporting the
iew that the attentional spotlight can be split in spatially
on-contiguous locations over periods of several seconds [15].
owever, given that the stimuli were located in the left and

ight visual hemifield, the question arises whether splitting the
ttentional focus was only possible because each hemisphere
as able to independently maintain one attentional spotlight or
ses independent attentional processing resources. The bilateral
istribution advantage hypothesis predicts that splitting is much

arder or even impossible if stimuli are presented within one
emifield, due to the limited amount of processing resources
f only one cortical hemisphere [12,19,23]. In this framework,
bilateral distribution advantage is always present when the
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enefits of the cooperation between the two hemispheres
utweigh possible costs [3,24].

Several behavioural studies provide evidence for this assump-
ion. Performance was often found to be superior when stimulus
rocessing required by a certain task could be distributed over
he two hemispheres, especially for computationally complex or
erceptually demanding tasks [2,10]. Furthermore, in a visual
earch task neuropsychological patients with surgically tran-
ected corpus callosum, resulting in disconnection of the two
erebral hemispheres, were able to scan bilaterally presented
timulus arrays faster than normal control subjects, suggesting
hat each hemisphere is able to maintain an independent focus
f attention [11].

The present study intends to determine whether the ability
o maintain two separate foci of attention necessarily requires

hat the attended locations fall into different hemifields. With
ther words, are participants still able to split the attentional
ocus when the separated and to-be attended locations fall into
he same visual field? To answer that question we used a similar
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ig. 1. Schematic diagram of stimulus sequences for all four experimental conditions.
either 1 + 2, 3 + 4, 1 + 3 or 2 + 4) on different blocks of trials.
e Letters 414 (2007) 65–70

esign as in our previous study [15], but stimuli were presented
n the left visual hemifield only. Each stimulus flickered with a
ifferent frequency. By mathematically decomposing the elec-
rophysiological brain response into the different stimulation
requencies we studied the deployment of attention to the pre-
ented stimuli by testing the amplitude of the respective SSVEP
tatistically.

All thirteen participants (eight females; mean age 24.3 ± 3.0
ears) gave informed consent according to the Declaration of
elsinki. Excessive EEG artefacts resulted in the exclusion of

hree participants. Thus analysis is based on 10 remaining par-
icipants.

The design of the present study was almost identical to the
ne in our previous study [15], except that stimuli were arranged
ertically within the left visual hemifield extending the upper

nd lower quadrant (see Fig. 1).

Stimuli were presented against a dark background on a 17-
nch computer monitor (800 × 600 pixels, vertical refresh rate
9.25 frames/s). Each white rectangle comprised a visual angle

Subjects reported a match of the target symbol “8” at the two attended positions
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Table 1
Summary of behavioural data

TDR (%) RT (ms) FA (%)

Attend 1 + 2 54.3 ± 4.96 544 ± 15.5 13.4 ± 1.96
Attend 3 + 4 72.2 ± 4.42 511 ± 12.8 12.0 ± 2.03
Attend 1 + 3 72.9 ± 4.94 505 ± 13.5 8.6 ± 2.08
Attend 2 + 4 71.5 ± 3.83 516 ± 11.4 9.0 ± 1.59
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f 2.4◦ × 3.0◦ with an eccentricity of 4◦ from the inner edges of
he stimuli to the vertical meridian. The vertical distance between
ach stimulus was 1.6◦. The stimuli flickered at position 1 to 4 at
ates of 19.75 Hz, 8.46 Hz, 14.80 Hz and 11.84 Hz, correspond-
ng to cycle durations of 3, 7, 4, and 5 frames, respectively. All
ectangles were displayed for one ‘on’ frame (16.88 ms), fol-
owed by the corresponding number of ‘off’ frames to achieve
he respective stimulation frequency (e.g. one ‘on’ frame fol-
owed by 4 ‘off’ frames for 11.84 Hz). Five different geometrical
ed symbols (see Fig. 1) were placed on top of the flickering rect-
ngles and one of them served as target symbol. Randomised
equences of these symbols were presented at all four positions
imultaneously for 11 frames (185.68 ms) followed directly by
he next symbol array. Thus, the symbol onsets and offsets did
ot occur in synchrony with the background flickering rectan-
les that drove the SSVEP. Individual target symbols occurred
qually often at all four stimulus positions.

Subjects placed their head on a chin rest while fixating the
entral fixation cross and paid attention to the symbol sequences
t two of the four positions. They were asked to push a button
pon detecting the simultaneous occurrence of the target sym-
ol at those two positions (subsequently referred to as target).
n separate trial blocks subjects had to attend to either the two
pper quadrant positions (1 + 2), the two lower quadrant posi-
ions (3 + 4), or to two separated positions (1 + 3 or 2 + 4). 75%
f the trials contained between one and three targets, to which
ubjects had to respond to. These targets were randomly pre-
ented within a given trial (see Fig. 1) with additional single
arget symbols presented occasionally at any of the four posi-
ions. Single target symbols also occurred in trials without target.
argets were separated by a minimum interval of 928.4 ms. Each

rial lasted for 3440 ms, with the fixation point appearing on the
creen 300 ms before flicker onset. Perfect synchronisation of
he four flicker frequencies occurred at 540 ms after flicker onset
nd served as reference point for extracting the epochs for EEG
nalysis. The inter-trial interval varied randomly between 900
nd 1300 ms. The experiment consisted of 12 blocks of 40 trials
ach, resulting in 120 trials for each of the four experimental
onditions. The block order was randomised, the response hand
as changed halfway through the experiment and the sequence
f hand usage was counterbalanced across subjects.

Brain electrical activity was measured with 32 Ag/AgCl elec-
rodes mounted in an elastic cap using the BioSemi Active-Two
mplifier system (512 Hz sampling rate, bandpass filter of DC to
34 Hz). Two additional electrodes [common mode sense (CMS)
nd driven right leg (DRL)] served as reference and ground.
ll channels were mathematically re-referenced to averaged

arlobes. Vertical and horizontal eye movements were moni-
ored with bipolar montages and additionally via eye tracker
Skalar Iris IR Light Eyetracker, 6500). Trials containing eye
ovements exceeding 2◦ of visual angle from fixation, blinks

nd muscle artefacts were excluded from further analysis. Due
o these stringent criteria on average 30% of the trails were

emoved, with no difference in the rejection rate between exper-
mental conditions.

Only button-presses between 300 and 1000 ms after target
nset were accepted as correct detections. False alarms for the

t
w
c
c

ean target detection rates (TDR), reaction times (RT) and false alarms (FA)
or the four conditions. Data are shown ± standard errors.

djacent conditions were defined as button presses occurring
n response to a target symbol presented at only one of the two
ttended positions. For the separate conditions, false alarms were
efined as button presses in response to a target symbol presented
t only one of the attended positions and/or in the intermediate
o be ignored position. Mean detection rates, reaction times and
alse alarm rates are given in Table 1.

One factor repeated-measure ANOVAs yielded significant
ean differences for target detection rates (F(9,3) = 14.55,
< 0.0001), response times (F(9,3) = 7.74, p < 0.001) and error

ates (F(9,3) = 12.61, p < 0.0001). Bonferroni/Dunn corrected
ost-hoc t-tests revealed that the mean differences for detec-
ion rates and response times were based on lower performance
slower responses, fewer target detections) in the attend 1 + 2
ondition compared to all other conditions (p < 0.005 for all
omparisons), whereas false alarm rates were higher in both
ttend-adjacent conditions (attend 1 + 2, attend 3 + 4), than in
oth attend-separate conditions (attend 1 + 3, attend 2 + 4; all
< 0.005 for all comparisons).

To analyse SSVEP amplitudes, artefact-free epochs were
veraged separately for each experimental condition. SSVEP
aveforms were generally sinusoidal, with fundamental fre-
uencies at the driving flicker rate (see Supplementary data). The
SVEP amplitudes for each experimental condition and stimu-

us position were quantified by complex demodulation [16,21]
ver 2400 ms epochs starting with the time point of flicker-
ynchronisation (i.e. 0.54–2.94 s. after flicker onset). Complex
emodulation resulted in the peak-to-peak amplitude for the
espective frequency, which was calculated by averaging across
he analysed epoch for each electrode and experimental condi-
ion. As in our previous studies [15,17], SSVEP amplitudes were
enerally smaller for higher flicker rates (see Fig. 2).

For testing SSVEP amplitude changes we selected one poste-
ior electrode for each participant with the largest attention effect
n the two adjacent attention conditions (see Supplementary
ata). As cross check, the averaged amplitudes of three
eighbouring occipito-parietal standard electrodes, centred at
lectrode locations Oz and POz, were tested for the splitting
onditions.

Fig. 2 depicts the grand mean SSVEP amplitudes for the indi-
idual best electrode across all subjects for each condition and
osition. As expected, due to our selection criterion, the atten-
ion effect for each individual position was significant when

e compared the respective SSVEP amplitudes, when the adja-

ent positions were attended versus ignored (see Table 2, left
olumns)
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Fig. 2. Mean SSVEP amplitudes for selected electrodes. Mean SSVEP peak-to-
peak amplitudes (+ standard errors) at each position under the four experimental
conditions averaged across 10 subjects. Shown are SSVEP amplitudes for indi-
vidually best electrodes having had the greatest attention effect in conditions
attend to adjacent positions.

Table 2
Group statistics for SSVEP amplitudes for adjacent attention conditions at all
four positions

Position Selected electrode sites Standard electrodes

t(9) p t(9) p

1 (19.8 Hz) 5.344 0.001 2.787 0.021
2 (8.5 Hz) 5.163 0.001 3.746 0.005
3 (14.8 Hz) 2.264 0.050 −0.218 0.832
4 (11.8 Hz) 2.804 0.021 2.509 0.033

Group statistics (t- and p-values) for the SSVEP amplitude at positions 1
to 4 when the adjacent positions were attended or unattended for electrodes
exhibiting the greatest attention effect across both adjacent conditions (selected
electrode sites, columns 2 and 3) and averaged across three standard electrodes
(columns 4 and 5)

Fig. 3. Split-attention effect at position 2 and 3 for standard electrode clusters.
Mean SSVEP amplitudes (+ standard errors) in the split attention conditions
(attend 1 + 3 versus attend 2 + 4) across three standard occipito-parietal elec-
trodes and 10 subjects for the intermediate positions 2 and 3. Grey bars for attend
p
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osition 2 or 3, white bars when these positions had to-be-ignored, respectively.
ote: * = p < 0.05, n.s. = not significant.

For testing the division of the attentional spotlight, the crit-
cal stimulus locations were the intermediate positions 2 and
. SSVEP amplitude driven by 8.5 Hz (position 2) was signif-
cantly reduced during the attend 1 + 3 condition compared to
he attend 2 + 4 condition (t(9) = 3.07, p = 0.013). However, at
osition 3 no such effect was observed (see Fig. 2). SSVEP
mplitude for attend 2 + 4 and attend 1 + 3 did not differ signifi-
antly (t(9) = 1.01, p = 0.34).

Statistics for the mean SSVEP amplitude across three stan-
ard electrodes yielded the same pattern of results, except that
he SSVEP attention effect at position 3 was no longer signifi-
ant when attending to positions 3 + 4 versus 1 + 2 (see Table 2,
ight columns). With regard to the separate spotlight conditions
he attention effect for position 2 was significant (t(9) = 2.42,
= 0.039), when comparing conditions 1 + 3 with 2 + 4, with
o significant difference in SSVEP amplitude for position 3
t(9) = 1.33, p = 0.22), see Fig. 3.

The present study addressed the question whether the
ttentional focus can be divided into separate beams over
ustained periods of time within one visual hemifield. Replicat-
ng previous findings [14,15], mean SSVEP amplitudes were
ignificantly greater for each single frequency when stimulus
ocations were attended than when they were ignored. Together
ith behavioural data, it confirms that subjects were compliant

nd followed the instructions. As expected, the increase in
SVEP amplitude with attention is also present when all stimuli
re presented in one visual hemifield. With regard to our central
uestion, results were mixed. While behavioural performance
learly indicates that the attentional spotlight can be split even
ithout costs as compared to attending to adjacent positions

n one hemifield, electrophysiological data support that notion
nly when the to-be ignored intermittent stimulus was located

n the upper quadrant (i.e. position 2). When subjects had
o attend to positions 2 and 4 and to ignore the intermittent
osition 3, located in the lower quadrant, SSVEP amplitude
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id not differentiate as opposed to when they were attending
o positions 1 and 3, although behavioural data indicated that
ubjects were able to split their beam successfully. How can
his discrepancy be explained?

One obvious reason might be the different signal-to-noise
atio between the SSVEP amplitudes for the 8.5 Hz and 14.8 Hz
timuli. As depicted in Fig. 2, amplitudes for the 14.8 Hz stimuli
re about half the magnitude as amplitudes for the 8.5 Hz stimuli.
ut this is not a sufficient explanation, given that the SSVEP
mplitude was even somewhat greater when position 3 was the
o-be-ignored intermittent stimulus. A second reason might be
rosstalk between the 14.8 Hz and 11.8 Hz stimulus. We tested
hat possibility by re-analysing the data with other filter settings
o exclude that possibility, and found no differences.

A third reason might lie in the finding that perceptual perfor-
ance is usually better in the lower than in the upper visual field,

ince spatial resolution and thus stimulus saliency is higher in the
ower visual field [3,20]. Behavioural data of the present study is
n line with this, since performance was significantly better for
DR and RT when subjects attended to the adjacent positions in

he lower, compared to when they attended to the adjacent posi-
ions in the upper quadrant. In several behavioural studies it has
een shown that even under conditions of high perceptual load
alient distractors will attract attention if they share task-relevant
eatures with the target stimuli [6]. A possible explanation thus
s, that due to the higher spatial resolution and resulting higher
alience the ignored intermittent stimulus in the lower quadrant
position 3) attracted more attentional resources than the ignored
ntermittent stimulus in the upper quadrant (position 2). This
ould explain why we found the split attention effect at position
but not position 3. Although behavioural data did not indi-

ate that the target symbol presented at position 3 influenced
erformance at positions 2 and 4 significantly (but see slight
T-differences in Table 1), SSVEP amplitude as a more sensi-

ive electrophysiological marker for the allocation of attentional
esources across space clearly points in that direction.

Previous studies localized the cortical sources of the SSVEP
n early visual areas such as V1 and V2 [8,18], and, thus, related
he signal to early perceptual processes. This was confirmed in a
tudy that combined SSVEP recording and functional magnetic
esonance imaging (fMRI), indicating that one major source of
he SSVEP is located in V1 [5]. Recent fMRI studies confirmed
elective, retinotopically specific enhanced activation in striate
nd extrastriate visual cortical areas for attended locations when
plitting the beam within and across hemifields [13], providing
dditional evidence that spotlight division is accomplished at a
ow level, early stage of stimulus processing. In the present study
he scalp topography of the split attention effect shows a max-
mum over occipital parietal area supporting this interpretation
see Supplementary data).

When we compared the behavioural results of the present
tudy with the ones of our previous study, where the task
nd stimulus design were identical, but stimuli were aligned

long the horizontal meridian [15], attending to multiple stim-
li within one visual hemifield clearly introduced costs. These
osts were obvious in all behavioural measures (average hit
ate across conditions: 67.7% present versus 81.3% previous;
e Letters 414 (2007) 65–70 69

verage response time across conditions: 519 ms present versus
63 ms previous; and average false alarm rate across conditions:
0.8% present versus 4.9% previous). These costs support the
dea of a different-hemifield advantage as suggested by Sereno
nd Kosslyn [23] and also are in line with results of previous
tudies, which reported better performance along the horizon-
al than along the vertical axis [3,22]. Further support for the
ilateral distribution advantage hypothesis comes from a recent
ehavioural study, which demonstrated the influence of task
ifficulty on the ability to split the focus of attention [9]. Partic-
pants had to match two out of four simultaneously presented
ransient stimuli. Relative task performance decreased when
ask difficulty increased only when subjects had to split the
ttentional focus within one hemifield.

To summarize, the present study adds to the growing empir-
cal evidence that attending to spatially separate locations is
ossible across as well as within visual hemifields. However,
ttending to stimuli in one hemifield introduces costs com-
ared to attending to stimuli distributed across two hemifields.
ifferences in stimulus salience resulting from higher spatial

esolution in the lower than the upper visual field may con-
ribute to the mixed findings in this study. Whether the observed
ffects are due to a harder competition for limited processing
esources allocated in one hemisphere as opposed to competition
or processing resources in both hemispheres, or due to intra-
emispheric inhibition given the spatial proximity of stimuli is
ubject to future studies.

cknowledgements

Supported by the Deutsche Forschungsgemeinschaft.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.neulet.2006.12.001.

eferences

[1] E. Awh, H. Pashler, Evidence for split attentional foci, J. Exp. Psychol.
Hum. Percept. Perform. 26 (2000) 834–846.

[2] A. Belger, M.T. Banich, Costs and benefits of integrating information
between the cerebral hemispheres: a computational perspective, Neuropsy-
chology 12 (1998) 380–398.

[3] M. Carrasco, C.P. Talgar, E.L. Cameron, Characterizing visual performance
fields: effects of transient covert attention, spatial frequency, eccentricity,
task and set size, Spat. Vis. 15 (2001) 61–75.

[4] U. Castiello, C. Umilta, Splitting focal attention, J. Exp. Psychol. Hum.
Percept. Perform. 18 (1992) 837–848.

[5] F. Di Russo, S. Pitzalis, T. Aprile, G. Spitoni, F. Patria, A. Stella, D. Spinelli,
S.A. Hillyard, Spatiotemporal analysis of the cortical sources of the steady-
state visual evoked potential. Hum. Brain Mapp. (2006) [e-publication
ahead of print, 15 June 2006].

[6] S. Eltiti, D. Wallace, E. Fox, Selective target processing: perceptual
load or distractor salience? Percept. Psychophys. 67 (5) (2005) 876–

885.

[7] S. Hahn, J.H. Kramer, Further evidence for the division of attention among
non-contiguous locations, Vis. Cogn. 5 (1998) 217–256.

[8] S.A. Hillyard, H. Hinrichs, C. Tempelmann, S.T. Morgan, J.C. Hansen,
H. Scheich, H.J. Heinze, Combining steady-state visual evoked potentials

http://dx.doi.org/10.1016/j.neulet.2006.12.001


7 cienc

[

[

[

[

[

[

[

[

[

[

[

[

[

0 P. Malinowski et al. / Neuros

and fMRI to localize brain activity during selective attention, Hum. Brain.
Mapp. 5 (1997) 287–292.

[9] A. Kraft, N.G. Müller, H. Hagendorf, M.M. Schira, S. Dick, R.M. Fendrich,
S.A. Brandt, Interactions between task difficulty and hemispheric distribu-
tion of attended locations: implications for the splitting attention debate,
Cogn. Brain Res. 24 (2005) 19–32.

10] J. Liederman, The dynamics of interhemispheric collaboration and hemi-
spheric control, Brain Cogn. 36 (1998) 193–208.

11] S.J. Luck, S.A. Hillyard, G.R. Mangun, M.S. Gazzaniga, Independent
hemispheric attentional systems mediate visual search in split-brain
patients, Nature 342 (1989) 543–545.

12] M. Maertens, S. Pollmann, Interhemispheric resource sharing: decreas-
ing benefits with increasing processing efficiency, Brain Cogn. 58 (2005)
183–192.

13] S.A. McMains, D.C. Somers, Processing efficiency of divided spatial atten-
tion mechanisms in human visual cortex, J. Neurosci. 25 (2005) 9444–9448.

14] S.T. Morgan, J.C. Hansen, S.A. Hillyard, Selective attention to stimulus
location modulates the steady-state visual evoked potential, Proc. Natl.

Acad. Sci. U.S.A. 93 (1996) 4770–4774.

15] M.M. Müller, P. Malinowski, T. Gruber, S.A. Hillyard, Sustained division
of the attentional spotlight, Nature 424 (2003) 309–312.

16] M.M. Müller, B. Rockstroh, P. Berg, M. Wagner, T. Elbert, S. Makeig, SSR-
modulation during slow cortical potentials, in: C. Pantev (Ed.), Oscillatory

[

[

e Letters 414 (2007) 65–70

event-related brain dynamics, Plenum Press, New York, 1994, pp. 325–
342.
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