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Achieving attention tracking as easily as recordétyg movements is still beyond reach.
However, by exploiting Steady-State Visual EvokedeRtials (SSVEPSs) we could recent-
ly record in a satisfactory way the horizontal dpry of covert visuospatial attention in
single trials, both when attending target motiond a@aring mental motion extrapolation.

Here we show that, despite the different corticalctional architecture for horizontal and
vertical motion processing, the same result isiobthfor vertical attention tracking. Thus,

it seems that trustworthy real-time two-dimensioaiéntion tracking, with both physical

and imagined target motion, is not a too far goal.
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holtz, several behavioral methods have been desdltp
. assess covert attention shifts (Deubel & Schnelbi296;
Introduction Posner, 1980), but none affords continuous measnem

Eye movements are often considered a proxy of oveflf COvert attention movements in the same way eye
visuospatial attention. Indeed, attention shiftstomarily ~ tracking affords eye movement recording. This stems
accompany saccades and smooth pursuit eye movemeff@m the trivial fact that these methods requiragks
(Groner & Groner, 1989; Deubel & Schneider, 19967€SPONses (e.g., a speeded response or a deteetion
Hoffman & Subramaniam, 1995; Lovejoy, Fowler, & SPOnse) that need to be averaged in order to douuame
Krauzlis, 2009; Van Donkelaar & Drew, 2002). Beaaus aitention shift (Deubel & Schneider, 1996; Posaég0;
recording eye movements is easy and fast, eyeitgik Shioiri, Cavanagh, Miyamoto, & Yaguchi, 2000; Shioi
commonly used as a mean to assess the movements 'Gimamoto, & Yaguchi, 2000). This holds also for ERP
visuospatial attention in real time (Hyona, Radagh, Pased studies (Drew, Mance, Horowitz, Wolfe, & Vioge
Deubel, 2003). However, covertly shifting attentidoes ~ 2014; Drew & Vogel, 2008; Mangun, Hillyard, & Luck,
not involve eye movements, except microsaccades?93). When the trajectory of covert attention moeets

(Corneil & Munoz, 2014; Laubrock, Engbert, & Klieg| is at stake — i.e._, noi simply distinguishing atiedh from
2005). non-attended stimuli — the problem is even more ger

_ _ _ _ mane. Several hundreds of trials may be requiredder
Since the pioneering studies of Hermann von Helmi, reconstruct an attention movement a posteriod a
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Calore, & de'Sperati, 2016). SSVEPSs are a chaisiite quencies. This produced two distinct SSVEPs ingrast
cortical response evoked by the presentation @fpati- cortical regions whose amplitude varied reciprgcall a
tive visual stimulations, consisting in a sinuséidave- function of horizontal eye position. When observimis
form oscillating at the same frequency of the stimy lowed with the eyes a target oscillating sinusdyjdial the
originating from early visual cortex (Di Russo dt, a horizontal plane, the ensuing SSVEP modulatiorecefl
2007; Pastor, Artieda, Arbizu, Valencia, & Masdeu,ed rather faithfully the smooth pursuit ocular &adFig-
2003). SSVEP amplitude was found to be stronglyunod ure 1A). In most cases, the SSVEP modulation wdk we
lated by spatial selective attention, being enldrge visible even in single trials. Importantly, thisltharue
response to a flickering stimulus at an attendecduge also when observers were asked to covertly attbed t
unattended location (Morgan, Hansen, & Hillyard98® moving target without moving the eyes, althougtihat
Thus, SSVEPs provide an efficient method to stushy ¢ case SSVEP modulation was about one fourth of that
ert visuospatial attention. obtained during overt tracking (Figure 1B). Thatvuge

To achieve continuous attention tracking, we used gcmeved covert attention tracking in a way opeehyi

background double-flickering technique, where tightr similar to eye tracking.
and left halves of the display flickered at distirice-
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Figure 1: Average cSSVEP modulation (dark greenesa during horizontal sinusoidal tracking in Puitsi#, C) and Attentional
(B, D) tracking. Only the second (perception: AaB¥l third (imagery: C, D) tracking cycles are showhe thickness of the
vertical lines represents the instantaneous 99%idence interval around the mean. The thin darkisaidal curves superimposed
on the cSSVEP traces are the best fitting curvasy€l position and average eye position are illattd in black and dark red.
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We found identical results when observers mentally
extrapolated in imagery the trajectory of a moving
target (Figure 1C, D), thus providing strong evicken
that dynamic mental imagery, even when unaccompa-
nied by overt eye movements, is associated to sgnso
modulation in visual cortical areas, at least isiraple
motion extrapolation task (de'Sperati, 1999, 2003;
Jonikaitis, Deubel, & de'Sperati, 2009; see als&kia
& Bertamini, 2014).

In this preceding study, we tested only horizontal
movements of visuospatial attention. Clearly, ides
sirable to be able to achieve two-dimensional &tian
tracking. This could in principle be possible byngs
four flickering frequencies, two for each trackidg
mension. As a preliminary step, here we examined
whether the same experimental setup previously used
for horizontal movement works also with purely vert
cal tracking. In principle, in fact, SSVEP modubeti
produced by vertical attention shifts might not be
equivalent to that produced by comparable horidonta
shifts, as interhemispheric mechanisms may affeet t
former but not the latter (Drew, et al., 2014; Ster,
Alvarez, & Cavanagh, 2014). We found that, simylarl
to horizontal attention tracking, also verticaleation
tracking induced quasi-sinusoidal, target-related
SSVEP modulations.

Methods

Participants

Eight participants were recruited (1 male and 7 fe-
males, right-handed, with normal or corrected-to-
normal vision, aged between 20 and 22). All sulsject
had no or very limited prior experience with eye
movements, visuospatial attention or mental imagery
experiments. None of the participants or theirtfirs
degree relatives had a history of neurological atiss.
The study was conducted in accordance with the rec-
ommendations of the Declaration of Helsinki and the
local Ethical Committee (“Comitato Etico”, San Raf-
faele). Before the experiment, participants sigttesl
informed consent.

Stimuli and tasks

Observers were seated in a moderately darkened
room in front of a computer screen (Dell P991 Tri-
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nitron, 19 inches; frame rate: 60 Hz; resolutioBdQ x
1200 pixels; viewing distance: ~57 cm), with their
heads resting on a forehead support. The stimulus
presentation software was developed in C++, udieg t
OpenGL library, with a triggering mechanism tightly
synchronized with the acquisition software. For the
entire duration of each trial, the screen was aplitvo
halves, an upper half and a lower half, flickeraigwo
different frequencies, 15 and 20 Hz respectively or
vice-versa The flickering frequencies had to be suffi-
ciently high to apply a short moving window (1 e) t
the EEG signal and to avoid excessive visual discom
fort (Wang, Wang, Gao, Hong, & Gao, 2006). Flicker-
ing was obtained by alternating a white and a black
half-screen patch (luminance: 113 and 0.8 édim-
spectively). Superimposed on the flickering back-
ground, a target (a circular dark gray spot, nickér-

ing; diameter: 0.5 deg; luminance: 11 cé/noscillated
vertically with sinusoidal motion (0.2 Hz, +9 de@he
target moved for two cycles (Perception cycles:iomt
observation), disappeared for the third cycle (letgg
cycle: motion imagery), and became visible again fo
the fourth (last) cycle. Participants had to attémthe
target motion for the entire duration of the tr{dlcy-
cles, 20 s). During the third cycle, however, thmét
was invisible and observers had to mentally imagme
motion “as if the target were still present”. Aetlend

of each trial participants performed a temporatiis-
ination task in which they reported whether they ha
the impression of leading or lagging behind thgear
during the imagery cycle, based on the re-appearanc
of the visible target at the beginning of the faurycle.
Because their heads were restrained, observers gave
their responses through a pre-determined code (one-
finger tap = lead, two-finger tap = lag).

The experiment consisted of 2 tasks: Pursuit track-
ing and Attentional tracking. During the Pursu#dk-
ing task, participants attended to the target Wipvie
ing it with smooth pursuit eye movements (overt
visuospatial attention), and were free to moverthei
eyes in the third cycle (imagery condition). Theeft
tional tracking task was identical to the Pursttking
task, except that participants fixated a centratifon
dot (covert visuospatial attention). A few familiza-
tion trials were provided before the beginning loé¢ t
experiment.
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Eye tracking and EEG recordings

Parallel eye movements recording and EEG record-
ing have been performed for each participant. akti
eye movements were measured monocularly through
infrared oculometry (Dr. Bouis Oculometer, nominal
accuracy: <0.3 deg) in a head-restrained condifibe.
analog eye position signal was calibrated, visedlin
real time on an oscilloscope, sampled through & A/
converter (resolution: 12 bit; sampling frequeng$2
Hz), low-pass filtered (cut-off: 256 Hz), and strer
subsequent analysis. Eye blinks were eliminated and
substituted by linear interpolation.

EEG traces were recorded using the g.tec
g.-MOBIllab+ (resolution: 16 bit; sampling frequency:
256 Hz). The EEG traces were recorded using 4 elec-
trodes positioned on scalp locations over the Visua
cortex: PO7-P08-0z-Pz, referenced to the right ear
lobe and grounded to Fpz, according to the extended
10-20 system. Electrodes were gel-based passiwk gol
plates, and were placed on the scalp by means of an
EEG cap. The impedance was kept undef2ykeas-
ured at 10 Hz). Data were acquired using the OpeaVi
software framework (Renard et al., 2010) and sdwed
off-line analysis.

EEG signal processing

The SSVEP response was computed using the Min-
imum Energy Combination method extracting 11e
index (Friman, Volosyak, & Graser, 2007) from the
EEG signals of all electrodes (PO7, PO8, Oz, Pz) in
overlapping moving windows (length of windows: 1 s;
temporal gap between two subsequent moving win-
dows: 62.5 ms). The Minimum Energy Combination
method combines electrode signals into ‘channgl si
nals in order to amplify the SSVEP response and to
reduce the impact of the unrelated brain activitgl af
the noise. A channel signal is a linear combinatién
electrode signals that spatially filters the oraimulti-
electrodes recording.

Equation (1) shows how thE  index is defined:

1 o Py
T= >
NelNn 1= (23 T (1)
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wherepk,l is the estimated SSVEP power for the -th

harmonic frequency in channel sigral a(ﬁ%jz is an
estimate of the noise and unrelated brain activitthe
same frequency. Thus, thl index evaluates the
SSVEP response intensity with respect to the nbige,
averaging the SNR (i.e., Signal-to-Noise Ratiojosat
acrossNj;, harmonics an;  channel signals. In this
study, as in our previous work, we considered itg f
harmonic for the 20 Hz frequency and the first 2-ha
monics for the 15 Hz frequency.

See our previous research for more details about
EEG signal processing (Gregori Grgét al., 2016).

Experimental design and statistical analyses

The task sequence was fixed and presented in the
order described above. The Pursuit task was r@h fir
because it was used to calibrate the SSVEP signal.

Flickering side and motion direction were balanced
within each tasks, so that these Pursuit and Atteal
tracking tasks consisted of 8 trials each: 2 motion
rections (target starting upward or downward) x 2
flickering sides (upper screen side at 15 Hz arttbbo
screen side at 20 Hz, vice-versa x 2 repetitions. The
entire experiment, including subject preparatiased
less than half an hour. Participants were invitethke
breaks whenever they wished.

For the statistical analyses, ANOVA for repeated
measures and paired samples and one-sample, one-
tailed Student’s t-test (with Bonferroni correction
were used. Except for single-trial analyses, dagaew
collapsed subject-wise. The distributions conforrteed
the normality assumption (Kolmogorov-Smirnov Z
test).

Results

Each half screen flickering (15 and 20 Hz ) elidite
a corresponding oscillation in the EEG. We computed
the instantaneous profile of thé index (obtained
through the Minimum Energy Combination algorithm,
(Friman, et al., 2007)) for the 20 Hz componeng th
instantaneous profile of th#"  index for the 15 Hz
component, and the instantaneous profile for tha-co
binedI" index. The combin€éll  index was computed
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as the average of the two individudl values, one
inverted in sign. In this way the evolution of twid-
ferent signals was condensed into a single quantity
thus, a prevalence of the 20 Hz component prodaced
positive inflection of the combined” index, while a
prevalence of the 15 Hz component produced a nega-
tive inflection. The combined” index was zero i€ th
two components were equal.

The combined!” index was then normalized, for
each subject, to the second cycle of pursuit tragki
when the SSVEP signal is more stable. We calles thi
new quantity ‘combined SSVEP’ (cSSVEP). When the
gaze was in the centre of the screen the cSSVER val
assigned was zero, whereas when the gaze wasedirect
at the maximal target distance from the centreded)
the cSSVEP was set to +9 (arbitrary units). The
CSSVEP signal was then low-pass filtered (cutadf fr
qguency: 0.25 Hz), and subjected to drift removabym

Pursuit tracking, Subject 6, Trial 14

Target on Target off
(perception) (imagery)

15

10

deg/a.u.

Gaze

-10
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ing average, span=79 points). Due to the smootlr@at
of sinusoidal target motion, we used a moving wimdo
of1s.

When observers followed the target with their eyes
moving upward and downward across the double-
flickering background, the cSSVEP signal presemrted
clear target-contingent, sinusoidal-like modulation
This systematic modulation was present in many sin-
gle-trial recordings, even when subjects had topkee
their gaze on the central fixation dot, althoughhwi
some irregular variations. Examples of eye movement
and cSSVEP recordings during one overt and one cov-
ert tracking trial are given in Figure 2. In theved
tracking trials, the cSSVEP signal was noisy, but a
most regular target-contingent cSSVEP modulations
were nonetheless often visible, both during peioapt
(white background) and imagery (yellow background).

Attentional tracking, Subject 6, Trial 24

1% 20

10
Time (s)

Figure 2: Examples of single-trial cSSVEP recordirfgreen traces
(left panel) and covert (right panel) attentioned¢king. Target pos
The yellow transparent patch indicates the imagguotec

Despite the high variability present in variougslsi
the average cSSVEP traces showed a clear systematic
modulation paralleling the target motion (Figure 3)
both when the target was visible and when it wassin
ible. Before averaging, the individual traces umasart
phase-compensation because averaging non-phased
signals may erase systematic modulation, especially
during covert tracking of the invisible target. Wk
the phase shift of the sinusoidal modulation of the
CcSSVEP signal relative to the target motion resglti
from a sinusoidal fitting, and shifted the enti@)/EP
trace in time by the opposite amount. The meangphas

15

10 20

Time (s)

). Data are taken from one repredesm observer during overt
ition and eye position are shawhlue and red, respectively.

shift across trials and subjects was then re-iniced

in the averaged cSSVEP trace by shifting it in tinye

the corresponding amount. As in our previous study,
we dropped the trials with a significant correlatio
between cSSVEP modulation and residual eye move-
ments in the Attentional tracking task (56% of the
covert attention tracking trials, 28% overall). Ehour
results could not be explained by miniature fixasib
eye movements directed towards the target position.

These findings showed that vertical movements of
covert visuospatial attention were accompanied by a
clear systematic modulation of cSSVEPs.
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Figure 3: Average cSSVEP modulation (green tradesing vertical sinusoidal tracking in the 2 task¥nly the second (perception)
and third (imagery) tracking cycles are illustratethe thickness of the trace represents the instamuius 99% confidence interval
around the mean. The thin dark sinusoidal curvggsmposed on the cSSVEP traces are the besyfitirnves for the perception
and imagery cycles. Target position and averagep@gition are shown in blue and red, respectivehe Yellow transparent patch

indicates the imagery cycle.

To quantify this cSSVEP modulation, the average
traces were fitted with a sinusoidal function (thliark
curves inFigure 3). We computed the gain of the
cSSVEP modulation in single trials, separatelytfor
perception (second cycle) and imagery (third cycle)
conditions. Gain was defined as the ratio betwéen t
CSSVEP peak-to-peak fitted sinusoidal amplitude and
the peak-to-peak target sinusoidal amplitude. Then,
given the applied normalization, the mean cSSVEP
gain was 1 in the perception cycles during ovextkr
ing. The mean cSSVEP gain, averaged across tndls a
subjects, is illustrated in Figure 4, separately tfee
different tasks and conditions (perception and ieag
ry). The gain values in the covert attention tasttgn-
tional tracking) confirmed that a clear cSSVEP modu
lation was present even when central fixation was r
quired, both when the target was visible and wtien i
was invisible. No gain differences emerged between
perception and imagery (main effect of Condition:
F(1,7)=0.238,p=0.640; interaction Task x Condition:
F(1,7)=0.106,p=0.755). The main effect of Task was
statistically  highly  significant K(1,7)=116.364,
p<0.001), because of the large difference betweentov

and covert tracking. All gain values were signifitg
larger than O (imagery during pursuit task: t(7)4BY,
p<0.001, Effect Size Cohen’'s d=4.043; perception
during attentional task: t(7)=5.207, p=0.001, Hffec
Size d=1.841; imagery during attentional task:
t(7)=3.705, p=0.004, Effect Size d=1.310; note that
critical value to reach significant results is ®81due

to Bonferroni correction). Thus, the main findirfgsm

the gain analysis suggested the presence of a clear
CSSVEP modulation in the covert attention taskhia t
vertical plane, amounting to about 22% of the maeul
tion amplitude found during overt tracking.
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Figure 4: Gain of cSSVEP modulation. Perception and
Imagery are the second and third cycle, respegtivigars
represent the 99% confidence interval (in the pgtioa
cycle of Pursuit tracking there is no bar becadsegain is 1
by definition).

As for the phase shift, we computed means and
confidence intervals through circular statisticshaf
the observers tracked the target with smooth pursui
eye movements, in the perception condition there ava
mean cSSVEP phase lag of 143 ms. Eye movements
were lagging on average by 85 ms behind the target
position, thus the net lag of cSSVEP behind eye-pos
tion was 58 ms. This indicates that also in thigival
setup, once the steady-state is reached, SSVHEstref
the changes of cortical visual responsiveness dlmos
real-time. In the imagery condition, attentionalcking
was associated with a cSSVEP phase lead (38 nts), bu
neither the ANOVAs nor the paired samples t-tests
gave statistically significant results (always 0.
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likely due to a large variability in the covert alition,
possibly due to the unnatural fixation effort.

Identical results were found when all trials ware i
cluded in the analyses (Gain: main effect of Task:
(F(1,7)=255.478,p<0.001; main effect of Condition:
F(1,7)=0.268,p=0.620; interaction Task x Condition:
F(1,7)=0.109, p=0.751; Student's t tests always
p<0.001; Phase: always p>0.05).

Next, we carried out an analysis on the relatigmshi
between cSSVEP modulation and subjective timing in
imagery. We did not find a significant association
between the subjects’ response and the cSSVEP phase
(trial-wise point-biserial correlation, R=0.061,({85).

The phase difference between the two average cSSVEP
traces in the two subjective conditions was 76 ass,
computed through sinusoidal fitting, which is reael
tory of a general tendency of cSSVEP modulatiobeto
delayed when observers subjectively reported aydela
in imagery. It is likely the low number of trialsas
responsible for the above-mentioned lack of cotrela
tion.

For the above analyses, we have used the signals
from all electrodes (PO7, PO8, Oz, Pz), combined
together through the Minimum Energy Combination
algorithm (see Gregori Grgi et al., 2016 for details).
To assess the contribution of the more occipitdical
regions to SVVEP modulation, we analyzed the result
by extracting theI' index derived only from elec&od
Oz. This was done separately for each flickeriregy fr
quency before combining them into the cSSVEP.
Again, we found a clear target-related cSSVEP modu-
lation (see Figure 5), indicating that attentioacking
is feasible by using a single electrode at Oz dising
vertical tracking.
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B Attentional tracking, Oz

4 s 8 10
Time (s)

Figure 5: Average cSSVEP modulation (green tradesing Vertical tracking (Pursuit tracking and Attiional tracking), using the

signal from the electrode at Oz. Conventions dsigure 3.

Discussion

Our results showed that the continuous movements
of covert visuospatial attention can be measured
through SSVEPs also along the vertical axis. It fiae
replicated our previous results obtained with ranmtal
attention movements (Gregori Gtget al., 2016). Also
in this vertical setup, there were clear cSSVER S
dal-like modulations contingent to target motioottb
when the target was visible (perception conditianjl
when it was invisible (imagery condition), obserneab
even in single trials, although not in all trialsdawith
high variability.

At variance with our previous study, here we rec-
orded only 8 subjects. Although this implies a seme
what reduced generalization of the results at thygup
lation level, we assume that generalization isstheme
that we found with horizontal attention trackingeve
all individual observers showed a target-contingent
SSVEP modulation (Gregori Gigi et al., 2016).
Moreover, the fact that SSVEP modulation gain and
phase did not change when all trials were included,
compared to the condition in which trials with grsf-
icant correlation between SSVEP modulation and re-
sidual eye movements were excluded, indicatetleat

results were not biased by low statistical powere T
similarity of results when all trials were includetso
argues in favor of the lack of important effectsref
sidual eye movements on SSVEP modulation, at least
in our experimental conditions. The only findingath
may have been influenced by the low trial number is
the correlation with the behavioral reports, which
showed the same effect direction as in our previous
study, but without reaching statistical significanc

The fact that we independently achieved horizontal
and vertical covert attention tracking suggests tiuee
two-dimensional tracking is feasible. Then, fouck}
ering frequencies - one pair for each dimension -
should be used. In that case, a possible issueanig),
namely, that non-linear interactions between the-ho
zontal and the vertical dimensions could deternane
complex behavior in SSVEP responsiveness, such as
for example a mutual dependency between the two
dimensions. However, it is expected that, similady
what has become common practice in eye movement
recording, calibration in the 2D space should stfie
problem. This would imply a different way to cabibe
the SSVEP signal, as compared to the simple calibra
tion that we adopted in the present study, for gptam
one based on a virtual fixation matrix, where obsey
subsequently attend covertly to a given targehzD
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space, coupled to a suitable surface fitting atbori
Alternatively, given that keeping a constant leoél
attention on a stationary target may not be toy,eas
moving target that samples the entire 2D space may
better do the job.

In both the current and previous studies we could
capture the movement of covert attention evenriglsi
trials, though clearly the cSSVEP signal was noisie
and less stable than in the averaged data, ancowiyh
one electrode at Oz. These features are of a wgertai
importance in the context of independent BCI (Brain
Computer Interface) research. Indeed, the signad pr
cessing techniques that we have used in this stady
be easily implemented in a real-time mode (Calore,
2014).

Previous BCI researches allowed the subjects to
control the movement of a cursor (Allison et abD]12;
Marchetti, Piccione, Silvoni, & Priftis, 2012;
McFarland & Wolpaw, 2008; Trejo, Rosipal, &
Matthews, 2006; Wolpaw & McFarland, 1994, 2004)
or to perform other mental navigations, by decoding
certain features extracted from the EEG that corre-
sponded to specific device commands; for example, i
could be possible to drive a wheelchair (Cao, Li&J
Jiang, 2014) or a virtual helicopter or a real @on
guadcopter (Doud, Lucas, Pisansky, & He, 2011;
LaFleur et al., 2013). Therefore, subjects nevetiex
itly imagined the vehicle trajectory, but they aatied
discrete command instead. By contrast, in our sgjdi
observers attended to the moving target or imagitsed
motion, and the resulting cSSVEP modulation repre-
sented attention movements directly.

Visuospatial attention tracking may thus become an
important tool to communicate with completely
locked-in patients or minimally conscious patierits.
would be possible to let them operate attention-
contingent devices. This could go beyosdthocim-
agery-based procedures (Monti et al., 2010; Owen et
al., 2006), that could be very complex in termsuif-
ject's mental workload. By contrast, voluntarilyifsh
ing visuo-spatial attention or allocating it to @wing
target are very natural acts, and could be recosaed
exploited with our method in a similar way as eye
tracking. Indeed, the eye muscle was shown to be th
last muscle group under voluntary control beforeSAL
patients entering a completely locked-in state
(Murguialday et al., 2011). Attention tracking cdul
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replace eye tracking to maintain assistive comnasnic
tion in these patients. Also, patients may replgaee
gestures (Rozado, Agustin, Rodriguez, & Varona,
2012) with visuospatial attention gestures. They ma
learn to make simple attentional motions with darta
characteristics (e.g., fast or slow, wide or najroav
even to draw simple 2D figures.

Conclusions

We tracked visuospatial attention movements
through SSVEPs along the vertical axis, replicatng
previous results on horizontal tracking. Therefowne-
dimensional tracking of covert attention movements
should be achievable and consequently the posbili
of independent BCI would be expanded.
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