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Abstract

This study investigated the anatomical relationship between covert and overt shifts of attention.
Previous studies have found that the areas of the brain activated by covert and overt shifts of attention
are very similar. However, despite a general agreement between studies there are a few issues that
merit closer inspection. Primarily, the tasks aiming to produce covert or overt shifts of attention were
not always comparable. Secondly, the previous studies disagreed on whether greater neural activity
is elicited by covert shifts or overt shifts of attention. Thirdly, the previous studies differed on whether
the shifts of attention are exogenously or endogenously driven. Finally, the statistical analyses used
by all previous studies failed to account for between subject variability. The present study was
designed to address all these issues. Twelve healthy subjects performed either covert or overt shifts
of attention while the functional magnetic resonance imaging (fMRI) signal was continuously
measured. In line with the previous studies, the present study showed a virtually complete overlap
between areas of the brain recruited during covert shifts of attention and areas of the brain recruited
during overt shifts of attention. Furthermore, using endogenously driven shifts, of attention this study
found that overt shifts of attention resulted in higher levels of activation in the brain than covert shifts
of attention. The results of this study provide support for the premotor theory of attention that posits
that the attentional and motor systems are the result of neural activation in the same areas of the brain.
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1. Introduction

Visuospatial attention refers to the ability to selectively process the relevant events in the visual
surroundings and ignore the irrelevant events. Spatial attention can be directed to peripheral
visual events in two ways. First, head and eye movements can be employed to gaze directly at
an item. This is often referred to as an overt shift of attention. Alternatively, spatial attention
can be directed towards the relevant event without movement of the eyes, often referred to as
a covert shift of attention. Covert spatial attention allows an observer to ‘look out of the corner
of his eye’, independent of eye movements. In addition to the distinction between covert and
overt shifts of attention, the literature typically dissociates between reflexive externally driven
(exogenous) shifts of attention and strategic (endogenous) shifts of attention. An example of
an exogenous overt shift of attention would be a reflexive eye movement in response to a
rapidly moving object that appeared in the periphery of the visual field. On the other hand, the
voluntary decision to look both directions before crossing a street would reflect an endogenous
overt shift of attention. Both covert and overt shifts of attention can be either exogenous or
endogenous. This study investigates the relationship between covert and overt shifts of
attention.

Logically, the relationship between covert and overt shifts of attention must lie somewhere on
a continuum from complete neural independence to identical neural circuitry. Scientists have
advocated each of the three possible relationships; (1) Posner and Petersen (1990) suggest
covert shifts of attention and overt shifts of attention are completely independent of one another,
(2) Corbetta (1998) argues that covert shifts of attention and overt shifts of attention are
interdependent and (3) Rizzolatti and colleagues (1987) hypothesize that covert shifts of
attention and overt shifts of attention use the same neural circuitry. The pattern of brain activity
associated with overt and covert shifts of attention can dissociate between these possibilities.
On one extreme end of the debate, Posner & Petersen (1990) argue that covert and overt shifts
of attention are mediated by independent systems. This theory would predict that covert shifts
of attention activate a different set of brain regions than overt shifts of attention. This theory
is known as the modular theory of attention. On the other extreme end of the debate Rizzolatti
and colleagues (1987) suggest that covert and overt shifts of attention are governed by the same
set of brain areas. In this view, a covert shift of attention is the result of neural activation in
the areas of the brain responsible for eliciting eye movement. Accordingly, the only difference
between a covert and overt shift of attention is whether an oculomotoric response is executed,;
the eye movement planning is identical. This theory would predict that covert and overt shifts
of attention elicit activation in the same areas of the brain. In essence, it suggests that covert
shifts of attention are implemented by commandeering the targeting system used to guide eye
movements. This model is known as the premotor theory of attention. The intermediate view
put forward by Corbetta (1998) suggests that covert and overt attention will elicit some
common and some different regions of brain activation.

Over the years, a number of studies have investigated the relationship between covert and overt
shifts of attention by comparing neural activation elicited by covert shifts of attention to neural
activation evoked by overt shifts of attention (Beauchamp et al., 2001; Nobre et al., 2000;
Perry and Zeki, 2000; Corbetta et al., 1998). These studies have all found that the areas of the
brain activated by covert and overt shifts of attention are very similar. This provides support
for the premotor theory of attention. Specifically, a fronto-parietal network seems to be reliably
activated by both covert and overt shifts of attention (Beauchamp et al., 2001; Nobre et al.,
2000; Kanwisher and Wojciulik, 2000; Perry and Zeki, 2000; Corbetta et al., 1998). Despite
this apparent agreement between these studies, there are a number of issues that merit closer
attention.
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Firstly, in order to directly compare neural activation elicited by covert and overt shifts of
attention, the tasks aiming to produce covert or overt shifts of attention should be comparable.
In this respect neither the study by Nobre and colleagues (2000) nor the study by Corbetta and
colleagues (1998) is optimal. In the study by Nobre and colleagues (2000) the visual stimulation
differs between the task that requires subjects to make covert shifts of attention and the task
that requires subjects to make overt shifts of attention. In the study by Corbetta and colleagues
(1998) the visual stimulation between the two tasks is equated, but the amplitude of the shift
distance from fixation in the task requiring subjects to make covert shifts of attention is much
larger than the amplitude of the shift distance from fixation in the task requiring subjects to
make overt shifts of attention. These inequalities between the tasks aiming to produce covert
and overt shifts of attention could result in differences in task related neural activity that does
not reflect a difference between the neural substrate of covert and overt shifts of attention, but
simply a difference in the task demands.

Secondly, the studies disagree on whether greater neural activity is elicited by covert shifts or
overt shifts of attention. While some studies argue that greater neural activity is evoked by
covert shifts of attention than by overt shifts of attention (Nobre et al., 2000; Perry and Zeki,
2000; Corbetta et al., 1998), another study argues that overt shifts of attention produce greater
neural activation than covert shifts of attention (Beauchamp et al., 2001). In both the study by
Corbetta and colleagues (1998) and the study by Nobre and colleagues (2000) the larger amount
of neural activity during covert shifts of attention could be explained by the differences in task
demands between the task that requires subjects to make covert shifts of attention and the task
that requires subjects to make overt shifts of attention. However, in both the study by Perry
and Zeki (2000) and the study by Beauchamp and colleagues (2001), these task demands are
largely equated. The question therefore remains why the study by Perry and Zeki finds greater
neural activation during covert shifts of attention while the study by Beauchamp and colleagues
finds more neural activation during overt shifts of attention.

Thirdly, the studies differ on whether the shifts of attention are exogenously or endogenously
driven. Interestingly, all the studies mentioned above that find more neural activation during
covert than during overt shifts of attention also use endogenously driven shifts of attention
(Nobre et al., 2000; Perry and Zeki, 2000; Corbetta et al., 1998). The single study that finds
more neural activation during overt than during covert shifts of attention uses exogenously
driven shifts of attention (Beauchamp et al., 2001). This raises the question of whether the
difference between the results of Beauchamp and colleagues (2001) on one hand and Perry and
Zeki (2000) on the other hand can be explained by a dissimilarity in the mechanisms underlying
exogenously and endogenously driven shifts in covert and overt attention. More specifically,
it could be that endogenously driven covert shifts of attention lead to higher amounts of neural
activation than endogenously driven overt shifts of attention while exogenously driven covert
shifts of attention lead to lower amounts of neural activation than exogenously driven overt
shifts of attention. While the results of some studies suggest that exogenously and
endogenously driven shifts of attention are governed by the same neural mechanisms (Peelen
et al., 2004; Rosen et al., 1999), the results of other studies suggest that exogenously and
endogenously driven shifts of attention rely on distinct neural mechanisms (Natale et al.,
2006; Hopfinger and West, 2006; Mayer et al., 2004; Mort et al., 2003; Corbetta and Shulman,
2002; Briand, 1998). However, it seems that regardless of whether covert or overt shifts of
attention are required, endogenously driven shifts of attention are associated with either similar
or higher amounts of neural activation compared to exogenously driven shifts of attention
(Kincade et al., 2005; Peelen et al., 2004; Mayer et al., 2004; Mort et al., 2003; Rosen et al.,
1999), consistent with the general idea that endogenously driven shifts of attention are more
effortful than exogenously driven shifts of attention (Shiffrin and Schneider, 1984; Schneider
and Shiffrin, 1984). Nevertheless, to this date no studies exist that directly compare
endogenously and exogenously driven shifts in covert and overt attention. This means that the
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difference between the results from Perry and Zeki (2000) and the results from Beauchamp
and colleagues (2001) regarding the type of attentional shift that elicits the largest amount of
neural activation could theoretically be attributed to a difference in the mechanisms governing
exogenously and endogenously driven shifts of attention in covert and overt attention.

Finally, the statistical analyses of all four studies presented above only perform socalled first
level fixed effects fMRI analyses and no second level random effects fMRI analyses. In other
words, these studies only take within subject variability into account and not between subject
variability. This means that strictly speaking, the results from these studies cannot be
generalized to the wider population (Holmes and Friston, 1998). The demonstration of overlap
in the areas activated during covert and overt shifts of attention would be more convincing if
both within and between subject variability were to be taken into account.

The present study was designed to address all these issues. Subjects were presented with two
attentional tasks while the fMRI signal was continuously measured. In one task they were
instructed to perform covert shifts of attention while in the other task they were instructed to
perform overt shifts of attention. Both the covert and overt shifts of attention tasks consisted
of a condition involving shifting attention peripherally and a condition involving maintaining
attention centrally. The covert and overt shifts of attention tasks were run in different fMRI
runs. Virtually identical visual stimuli were used in both the covert attention shift task and the
overt attention shift task and great care was taken to keep the task demands similar.
Furthermore, like the shifts of attention in the study performed by Perry and Zeki (200), the
shifts of attention in this study were all endogenously driven. If this study, like the study
performed by Beauchamp and colleagues (2001) and in contrast to the study performed by
Perry and Zeki (2000) finds more neural activation during overt shifts of attention than during
covert shifts of attention, then this would not support the suggestion that the deviating findings
by Beauchamp and colleagues are somehow due to the fact that their study is the only one that
uses exogenously driven shifts of attention. Finally, the present study will employ statistical
analyses that control for both within and between subject variability.

To obtain the areas activated during either covert or overt shifts on a subject-specific level, the
fMRI activation in the central attention condition was subtracted from the fMRI activation in
the peripheral attention condition for both the covert shift of attention task and the overt shift
of attention task for each subject separately. The result of this subtraction was used to perform
a number of subsequent group analyses. Firstly, two one-sample t-tests were performed to
highlight the areas of the brain activated during either covert or overt shifts of attention over
all subjects. These one-sample t-tests showed that both covert and overt shifts of attention
resulted in a large amount of activation in the fronto-parietal system (see Figure 1 and Table
1). Secondly, to assess the areas of the brain activated during both covert and overt shifts of
attention, an intersection map was calculated between the map showing the areas of the brain
significantly activated during covert shift of attention and the map showing the areas of the
brain significantly activated during overt shifts of attention. This intersection map showed an
extensive degree of overlap in brain areas involved during the covert and overt shifts of
attention tasks (see Figure 1). Areas activated during both the covert and the overt shifts of
attention tasks included the frontal eye fields, the superior parietal lobes, the intraparietal sulci
and the medial occipital gyri. All neural activation was observed bilaterally with a slight
increase in activation for the right hemisphere.

Thirdly, visual inspection of Figure 1 suggests that the extent of activity in areas activated
during both the covert and the overt shifts of attention tasks is more widespread during the
overt shifts of attention task than during the covert shifts of attention task. A two-sample t-test
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was performed on the subject-specific results of the subtraction of the fMRI activation in the
central attention conditions from the fMRI activation in the peripheral attention conditions to
assess whether there were any significant differences between the neural activation associated
with the covert shifts of attention task and the neural activation associated with the overt shifts
of attention task on the group level. This two-sample t-test showed that areas significantly more
activated during the overt shifts of attention task than during the covert shifts of attention task
included predominantly the calcarine and lingual gyri bilaterally. Additionally, this comparison
revealed several clusters of significant activation in the frontal and parietal lobes (see Figure
2 top row and Table 2). To check whether these additional clusters of significant activation in
the frontal and parietal lobes were an artifactual consequence of the high levels of neural
activation in the occipital areas, the two-sample t-test comparing the neural activation in the
covert shifts of attention task to the neural activation in the overt shifts of attention was also
run with the occipital areas excluded from the analysis. This analysis showed that after
exclusion of the visual areas, the only area of the brain significantly more activated during
overt shifts of attention than during covert shifts of attention was the inferior frontal gyrus of
the left hemisphere (see Figure 2 bottom row and Table 2). There were no areas that were
significantly more activated by the covert shift of attention task than by the overt shift of
attention task.

Fourthly, to check for possible differences between the central attention conditions of the overt
and covert shifts of attention tasks which could confound the results of the previous comparison
of the amount of neural activation in the overt shifts of attention task to the amount of neural
activation in the covert shifts of attention task, two 2-sample t-tests were performed. The results
of these statistical tests showed no statistical differences between the amount of neural
activation of the central conditions of the overt and covert shifts of attention tasks.

3. Discussion

Previous studies have suggested that both covert and overt shifts of attention elicit activation
in a fronto-parietal network of brain areas (Beauchamp et al., 2001; Nobre et al., 2000; Perry
and Zeki, 2000; Corbetta et al., 1998). This fronto-parietal network has been widely implicated
in shifting visual attention (Wager et al., 2004; Kanwisher and Wojciulik, 2000; Wojciulik and
Kanwisher, 1999; Gitelman et al., 1999). These studies have generally been interpreted as
providing support for the premotor theory of attention (Rizzolatti et al., 1987) that argues that
a covert shift in attention is merely an unexecuted overt shift of attention and that covert and
overt shifts of attention use the same neural mechanisms.

In line with these previous studies, this study provides additional support to the finding that
covert and overt shifts of attention result in neural activation in the same areas of the brain.
This study therefore appears to lend further support to the premotor theory of attention.
However, there are alternative explanations for the amount of overlap observed. Firstly, it could
be that individual neurons in the fronto-parietal system are capable of performing two different
cognitive functions. Another possibility is that the fronto-parietal system actually contains two
separate groups of neurons, one for the covert shifts of attention and one for the overt shifts of
attention and that a tool like fMRI does not have sufficient spatial resolution to distinguish
between these two groups of neurons. One way of resolving these issues would be to look at
the behaviour of individual neurons when performing either a covert shift of attention or an
overt shift of attention. A few studies have looked at the behaviour of individual neurons as a
function of either covert or overt shifts of attention in the frontal eye fields of monkeys and
these so far seem to support the idea that the frontal eye fields indeed do contain two separate
groups of neurons, one for covert shifts of attention and one for overt shifts of attention
(Thompson et al., 2005; Schall, 2004) which undermines the premotor theory of attention. On
the other hand, the superior colliculus appears to contain neurons that code for both covert and
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overt shifts of attention (Kustov & Robinson, 1996; Ignashchenkova et al., 2004) which
supports the premotor theory of attention. Finally, the amount of overlap between the areas of
the brain active during covert shifts of attention and the areas of the brain active during overt
shifts of attention can also be explained by the possibility that both the covert and the overt
task recruits the eye movement system. In this view, overt shifts of attention recruit the eye
movement system for the programming of explicit eye moments, while covert shifts of attention
recruit the eye movement system to actively inhibit eye movements to the relevant peripheral
location. In other words, any attempt to employ covert attention may require active suppression
of eye movements. This issue can be resolved by using a convergent technique that measures
brain disruption rather than brain activation. For example, if the premotor theory of attention
is correct, disrupting the frontal eye fields (which have traditionally been linked to overt shifts
of attention) with transcranial magnetic stimulation should affect both eye movements as well
as covert shifts of attention. This is exactly what has been found (Ro et al., 2003; Smith et al.,
2005). To summarize, the majority of studies to date seem to support the suggestion that overt
and covert shifts of attention rely on the same neural mechanisms. As a consequence, the results
of this study can be interpreted as additional support for the premotor theory of attention
(Rizzolatti et al., 1987) that argues that a covert shift in attention is merely an unexecuted overt
shift of attention and that covert and overt shifts of attention use the same neural mechanisms.

This study also replicates the finding from Beauchamp and colleagues (2001) that overt shifts
of attention result in higher levels of activation than covert shifts of attention in the fronto-
parietal system activated by both tasks. Other studies found that covert shifts of attention
resulted in greater neural activation than overt shifts of attention (Nobre et al., 2000; Perry and
Zeki, 2000; Corbetta et al., 1998). However, these studies used endogenously driven shifts of
attention while Beauchamp and colleagues used exogenously driven shifts of attention. This
means that it was theoretically possible that endogenously driven covert shifts of attention lead
to higher amounts of neural activation than endogenously driven overt shifts of attention while
exogenously driven covert shifts of attention lead to lower amounts of neural activation than
exogenously driven overt shifts of attention. This study succeeded in replicating the findings
from Beauchamp and colleagues (2001), despite using endogenously driven shifts of attention.
This therefore seems to suggest that the hitherto unique findings from Beauchamp and
colleagues cannot be attributed to a difference between exogenous and endogenous attention
mechanisms. A possible explanation for overt shifts being accompanied by higher levels of
activation than covert shifts of attention in the fronto-parietal network activated by both tasks
could be that the level of activation must cross a certain threshold before it can lead to an overt
shift of attention. When the activation fails to cross this threshold the resulting shift of attention
is covert.

Theoretically, it is possible that in this study the higher levels of neural activation during overt
shifts of attention than during covert shifts of attention are due to a difference in neural
activation between the two central attention conditions. In the present study, the covert and
overt shifts of attention tasks were run in different fMRI runs. In other words, the covert central
and peripheral attention conditions were run in a different fMRI run than the overt central and
peripheral attention conditions. Since neural activation associated with covert or overt attention
was defined as the subtraction of neuronal activity associated with the central attention
condition from the neural activation related to the peripheral attention condition, it is
theoretically possible that the observed higher amount of neural activation during overt shifts
of attention merely reflects a larger engagement of the fronto-parietal system during the covert
central condition than during the overt central condition. However, a statistical comparison of
the two central attention conditions showed no significant differences in neural activation.
Furthermore, the only aspect in which the two central attention conditions differed was that
size discrimination was required during the covert central attention condition and not during
the overt central attention condition. Therefore, for the observed higher amount of neural
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activation during overt shifts of attention to reflect a larger engagement of the fronto-parietal
system during the covert central condition than during the overt central condition, size
discrimination would have to be associated with neural activation in the fronto-parietal system.
However, studies in both humans and monkeys suggest that size discrimination is a function
of neural activation in occipito-temporal areas in the brain (Cavina-Pratesi et al., 2007; Schiller
and Lee, 1991). Moreover, damage to occipito-parietal areas can lead to distorted size
perception in patients (Kassubek et al., 1999). It therefore seems highly unlikely that the higher
amount of neural activation observed during overt shifts of attention than during covert shifts
of atttention can be attributed to a larger engagement of the fronto-parietal system during the
covert central condition than during the overt central condition.

Despite impressive amount of overlap in neural activation during covert and overt shifts of
attention, there seem to be some loci of activation specifically involved during overt shifts of
attention. The largest of these loci of activation is located in the calcarine gyrus and extends
into the lingual gyrus bilaterally. Previous studies have also found this area of the brain to be
specifically activated by overt shifts of attention and not by covert shifts of attention (Nobre
et al., 2000; Perry and Zeki, 2000; Corbetta et al., 1998). One possible explanation for this
locus of activation is the eye movements made during overt shifts of attention. Several studies
report an increase in neural activation in occipital areas during saccades (Bodis-Wollner et al.,
1997; Matsuda et al., 2004). However, other studies report a decrease in neural activation in
occipital areas during saccades, known as saccadic suppression (Paus et al., 1995; Kleiser et
al., 2004; Sylvester etal., 2005). In the present study the increase in neural activation in occipital
areas is most likely a consequence of the fact that during the eye movements made in the overt
shifts of attention task the image on the retina changed, while during the covert shifts of
attention task the image on the retina did not change. Other loci of activation that appeared to
be specifically involved during overt shifts of attention were located in the frontal and parietal
lobes, however, an additional analysis without the occipital lobes suggested that most of these
neural activations were an artifactual result of the high levels of neural activation in the occipital
cortex and the false discovery rate correction for multiple comparisons used in this study. The
single locus of activation that remained after the occipital lobe was excluded from the analysis
was located in the inferior frontal operculum of the left hemisphere. In the study by Nobre and
colleagues (2000) the inferior frontal operculum was activated bilaterally during both covert
and overt shifts of attention. In the present study, the inferior frontal operculum was activated
bilaterally during overt shifts of attention but not during covert shifts of attention with the left
inferior frontal operculum reaching significance in a statistical comparison between areas
activated during covert and overt shifts of attention. This finding is in line with previous studies
that have associated neural activation in the inferior frontal gyrus with both visually guided
saccades and memory guided saccades (Ozyurt et al., 2006; Kastner et al., 2007). However,
another possible explanation for the neural activation in the inferior frontal gyrus in the overt
shifts of attention task is that this neural activation like the neural activation in the occipital
areas is associated with the fact that during the eye movements in the overt shifts of attention
task the image on the retina changes while this is not the case in the covert shifts of attention
task.

To conclude, the amount of neural overlap between overt and covert shifts of attention observed
in this study can be interpreted as support for the premotor theory of attention (Rizzolatti et
al., 1987) that argues that a covert shift in attention is merely an unexecuted overt shift of
attention and that covert and overt shifts of attention use the same neural mechanisms.
Furthermore, this study replicates the finding from Beauchamp and colleagues (2001) that overt
shifts of attention result in higher levels of activation than covert shifts of attention in the fronto-
parietal system activated by both tasks, suggesting that the hitherto unique findings from
Beauchamp and colleagues cannot be attributed to a difference between exogenous and
endogenous attention mechanisms.
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4. Experimental Procedure

4.1. Subjects

12 subjects (9 male, 3 female) participated in this study. Subjects were recruited from the local
student population. All subjects were healthy with no history of neurological disorders and had
normal or corrected to normal vision. Subjects signed an informed consent approved by the
local research ethics committee and were paid for participation in this study.

4.2. Task Design and Procedure

Subjects performed two tasks while lying in the bore of the scanner, one involving covert shifts
of attention and one involving overt shifts of attention. A LCD projector illuminated a back
projected screen on which the stimuli were presented. Subjects could view this screen via a
mirror mounted on the head coil. The order of the two tasks was counterbalanced between
subjects. The stimuli used for both tasks were identical, with the only difference being the
instructions given to the subjects. Both the covert and the overt task used a blocked fMRI
design with two experimental conditions; a peripheral attention condition and a central
attention condition. Each experimental condition block lasting 12.8s was separated by a 12.8s
rest block. The experimental conditions were presented in a fixed ABAB order, which was the
same for each subject. Therefore, for both the covert and the overt task the sequence for a
typical subject would be; a 12.8s peripheral attention condition block, a 12.8s rest block, a
12.8s central attention condition block, a 12.8s rest block, a 12.8s peripheral attention condition
block and so on. Each task consisted of 49 blocks (including rest blocks). This meant that both
the peripheral attention condition blocks and the central attention condition blocks were
presented 12 times. The covert and overt shifts of attention tasks were run in separate sessions
divided by a short break.

The stimuli and task are adapted from Wojciulik & Kanwisher (1999). In both the covert and
the overt shifts of attention task subjects were presented with pictures displaying a central
stepwise rotating white cross (subtending approximately 2°) overlaid with a white circle
surrounded by 8 peripheral white circles during both peripheral and central attention condition
blocks (see Figure 3). The eccentricity of the peripheral white circles was approximately 8°
and their size was approximately 1.5°. The central cross was continuously visible.

Stimuli were shown in blocks of 12.8s, with each block composed of 16 trials. The 9 white
circles were briefly displayed for each trial, being visible for 400ms and hidden for 400ms. On
each trial, a single one of the 9 white circles was randomly chosen to be slightly smaller than
normal (from approximately 1.5° to approximately 1°). During blocks, the central cross was
rotated 45° every 3.2s.

The visual stimuli were identical between the task requiring covert shifts of attention and the
task requiring overt shifts of attention. The only visual difference between the peripheral and
central attention condition blocks was that one arm of the central cross was red during the
peripheral attention condition blocks. Therefore, the red arm of the white cross pointed to a
peripheral target during the peripheral attention condition blocks. In the peripheral attention
condition blocks of the overt shifts of attention task, subjects were told to make rapid saccades
towards the peripheral circle that the red arm of the central cross was pointing toward. In
contrast, during the peripheral attention condition blocks of the covert shifts of attention task,
the subject was required to press a button with their right index finger if the red arm pointed
to a white circle that was smaller than normal (which occurred on 1/9 of the trials), while
keeping their gaze fixated on the central cross. In the central attention condition blocks of the
overt shifts of attention task, the instruction was to simply maintain fixation on the central
white circle. During the central attention condition blocks of the covert shifts of attention task,
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the subject was asked to press a button with their right index finger if the centrally presented
circle was smaller than normal (an event that occurred in 1/9 of the trials). During the rest
blocks between the experimental condition blocks the subjects were told to just fixate on a
central fixation cross.

Task demands in the covert and overt shifts of attention tasks were designed to be as comparable
as possible to enable a fair comparison between the neural activation associated with covert
shifts of attention and the neural activation related to overt shifts of attention. Neural activation
associated with covert shifts of attention was defined as the subtraction of neural activation
associated with the covert central attention condition from the neural activation related to the
covert peripheral attention condition. These conditions were designed to differ only in whether
or not a covert attentional shift was required: target detection and a key-press response were
required in both the covert central condition and the covert peripheral condition. Therefore,
after subtraction only neural activation associated with a covert attentional shift should remain.
Likewise, neural activation associated with overt shifts of attention was defined as the
subtraction of neural activation related to the overt central attention condition from the neural
activation associated with the overt peripheral attention condition. These conditions were
designed to differ only in whether or not an overt shift of attention was required: whereas an
eye movement was required in the peripheral attention condition, subjects were instructed to
maintain central fixation in the central attention condition. Therefore, after subtraction only
neural activation associated with an overt attentional shift should remain.

and data analysis

Images were collected on a 1.5T Philips Intera at the Queens Medical Centre in Nottingham,
UK, using the receive-only quadrature head coil. A high-resolution whole brain T1-weighted
anatomical volume was sagittally acquired using an inversion recovery TFE protocol, with a
flip angle of 12°, an inversion time of 870ms, a TE of 3.7ms and a TR of 8.0ms. Each slice
had a thickness of 1mm with an in-plane resolution of 1x1mm (FOV = 256x256). This
anatomical volume was normalized to a standardized template that approximates MNI space
using SPM2 (available at www.fil.ion.ucl.ac.uk/spm) to allow for comparisons between
subjects (Ashburner and Friston, 2003b; Ashburner and Friston, 2000) with the resulting
images resliced to an isotropic 3mm. The initial normalization used a 12 parameter affine
transform followed by a nonlinear 3-dimensional discrete cosine transform with a cut-off of
25mm. Reslicing used 4t degree B-spline interpolation.

In addition to the anatomical scan, two sessions of continuous fMRI data were collected (one
for each task). Each consisted of 175 whole brain functional T2* EPI volumes collected axially
with a flip angle of 90°, a TE of 60ms and a TR of 3.5s. Each functional volume contained 33
slices with a slice thickness of 3mm and an in-plane resolution of 3x3mm (FOV = 192x192).
All spatial preprocessing and first-level fixed effects statistical analyses were conducted using
SPM2, while the second-level random effects statistical analyses were conducted using SPM5.
The volumes were realigned to match the first volume of each session and unwarped to correct
for head movement related artifacts (Ashburner and Friston, 2003a; Andersson et al., 2001;
Ashburner and Friston, 2000). Reslicing used 4™ degree B-spline interpolation. Subjects who
showed a movement of an amplitude exceeding 1mm between successive volumes were
excluded from further analysis. This led to the exclusion of 2 subjects, leaving 10 subjects for
further analysis. Subsequently, the volumes were normalized to a standardized template that
approximates MNI space to allow for comparisons between subjects (Ashburner and Friston,
2003b; Ashburner and Friston, 2000) with the resulting images resliced to an isotropic 3mm.
The initial normalization used a 12 parameter affine transform followed by a nonlinear 3-
dimensional discrete cosine transform with a cut-off of 25mm. Reslicing again used 4 degree
B-spline interpolation. Finally, the volumes were smoothed with an isotropic 8mm FWHM
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Gaussian filter to accommodate between subject differences in brain anatomy, improve the
signal to noise ratio and to satisfy the statistical assumptions of SPM2 (Smith, 2001).

The resulting data was processed with a high-pass temporal filter using a 102.4s cutoff (Smith,
2001). Task-related changes in blood-oxygenation level were modelled using the standard
SPM2 haemodynamic response (Kiebel and Holmes, 2003; Worsley, 2001; Lange, 2000;
Friston et al., 1995). A series of comparisons were conducted designed to determine which
brain regions showed task related changes. For both the covert shift of attention task and the
overt shift of attention task the fMRI activation in the central attention condition was subtracted
from the fMRI activation in the peripheral attention condition for each subject separately (first-
level fixed effects analyses). The result of this subtraction was used to perform a number of
second-level random effects analyses (Holmes and Friston, 1998). Firstly, two one-sample t-
tests were applied to assess the mean level of activation during either the covert or the overt
shift of attention tasks across all subjects. Secondly from the results of these one-sample t-tests,
two binary maps displaying the areas of the brain significantly activated by either covert or
overt shifts of attention were calculated. Subsequently, to assess the areas of the brain activated
during both covert and overt shifts of attention, a binary intersection map was calculated from
the two maps derived from the onesample t-tests. Thirdly, two random effects two-sample t-
tests were performed to compare the fMRI activation during the covert shift of attention tasks
to the fMRI activation during the overt shift of attention tasks across all subjects. These two
random effects two-sample t-tests were also performed masked with an image of the lower
level visual areas BA17 and BA18 obtained from the anatomy toolbox (Eickhoff et al.,
2006). Finally, two random effects two-sample t-tests were performed to compare the fMRI
activation during central attention condition of the covert shifts of attention task to the fMRI
activation during the central attention condition of the overt shifts of attention tasks. For all
statistical analyses a threshold of p<0.05 (using false discovery rate to compensate for the large
number of comparisons) was applied to determine which voxels were significantly activated
at each comparison (Genovese et al., 2002; Benjamini and Hochberg, 1995).
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Figure 1.

Avreas of the brain that are involved in the covert shift of attention task and/or the overt shift
of attention task. The areas of the brain significantly activated in the covert shift of attention
task are shown in red. The areas of the brain significantly activated in the overt shift of attention
task are shown in green. The areas of the brain activated in both the overt and the covert shift
of attention task are shown in yellow. All images are in neurological orientation and a
significance threshold of 0.05 FDR corrected for multiple comparisons was used.
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Figure 2.

Avreas of the brain significantly more activated by the overt shift of attention task than by the
covert shift of attention task. The top row displays the result of the whole brain analysis, the
bottom row displays the result of the analysis without the primary visual areas. Images are
displayed in neurological orientation and a significance threshold of 0.05 FDR corrected for
multiple comparisons was used.
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Central condition Peripheral condition

Figure 3.
Stimuli used for the central and the peripheral attention condition in both the covert shifts of
attention task and the overt shifts of attention task.
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Brain area

Covert attention task

Overt attention task

R superior frontal
L superior frontal

R medial frontal

L medial frontal

R precentral

L precentral

L suppl. motor area

R medial orbitofrontal

R inf. frontal operculum
L inf. frontal operculum

L rolandic operculum
L insula
R anterior cingulate

24 -3 60 (4.41)
24.9 63 (4.10)
~210 66 (4.07)

—21-9 66 (3.51)
36 3 60 (3.82)

—21-9 60 (4.54)

36 -3 60 (4.79)
45354 (4.34)
4233 42 (3.20)
333939 (2.97)
—42 36 36 (3.36)
30 -3 51 (4.31)
—39 057 (4.36)
~15 0 66 (3.54)
3057 12 (3.17)
2139 -18 (2.99)
541212 (3.38)
-60 12 15 (2.81)
—5112 15 (2.80)
-5163(3.12)
~420 3 (2.64)
1221 21 (3.10)

R superior parietal

L superior parietal

R inferior parietal
L supramarginal gyrus

21 -60 60 (5.15)
18 —66 66 (5.05)
18 75 57 (4.61)
~18 —66 57 (5.45)
~18 —63 66 (4.73)
~15 75 60 (4.63)

~15 63 69 (4.56)
—18 66 57 (4.52)

42 -36 51 (4.84)
—63 -39 30 (3.15)
~57 ~30 30 (2.90)
—51 -39 27 (2.84)

R superior temporal

R medial temporal
R inferior temporal

L fusiform gyrus

48-72 -9 (3.92)

42 -63 -9 (3.89)

48 -54 -9 (3.57)
~30 75 12 (3.89)

54 —42 21 (3.65)
69 —30 18 (2.94)
66 -39 24 (2.73)
57 51 3 (3.28)

R medial occipital

36 87 24 (4.66)

L medial occipital

R precuneus

R putamen

R caudate nucleus
L caudate nucleus

R extranuclear WM
L thalamus

42 -78 15 (3.90)
~30 81 27 (4.31)
~27 7230 (3.81)
~33-90 12 (3.74)
65151 (3.52)

3018 6 (3.39)
21318 (3.95)
—2112 21 (4.08)
-213 21 (3.79)
18 15 -3 (3.24)
-9-213(2.82)

Locations of the maximaare given in X Y Z mm (Z-score). Only local maxima more than 8mm apart inclusters larger than 5 voxels are reported. Coordinates

are MNI coordinates.
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Areas of the brain significantly more activated by the overt shift of attention task than by the covert shift of

attention task with visual areas either included (whole brain) or excluded (masked).

Brain area Overt vs. covert attention task whole brain Overt vs.
covert
attention task
masked
R anterior cingulum 18 27 24 (3.94)
R supplementary motor area 15063 (3.01)
3063 (3.09)
R superior frontal 21 -6 60 (3.65)
R medial frontal 2136 27 (3.68)
333318(3.78)
30 39 36 (3.46)
L medial frontal —42 36 36 (3.12)
R inferior frontal operculum 60 12 15 (3.19)
L inferior frontal operculum —57 12 18 (4.89) —571218 (4.89)
L inferior frontal triangularis —45 21 6 (4.07)

R orbital frontal

L orbital frontal

L rolandic operculum
L precentral

L insula
L postcentral
R superior parietal

L superior parietal
R inferior parietal
R supramarginal
R lingual gyrus

L lingual

R caudate nucleus
L caudate nucleus
R putamen

L putamen

L cerebellum 6

3057 -12 (3.20)
—21 48 -9 (3.43)
—48 —24 21 (3.24)
~18 -12 63 (4.50)
~36 -3 66 (3.15)
-42 -3 0 (3.59)
—54-18 15 (2.97)
2460 51 (3.90)
24 -57 60 (3.66)
39 -54 57 (3.48)
42 -42 57 (3.19)
~15 66 48 (3.14)
4536 48 (3.30)
63 —24 30 (3.40)
12 -87 12 (4.68)
3-723(4.64)
-9 -87 -9 (4.96)
213 18 (4.05)
—24-321 (4.19)
2439 (3.50)
-2136(3.63)
~30 63 —24 (3.43)

Locations of the maxima are given in X 'Y Z mm (Z-score). Only local maxima more than 8mm apart in clusters larger than 5 voxels are reported.

Coordinates are MNI coordinates.

Brain Res. Author manuscript; available in PMC 2009 April 14.



