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Covert orienting of spatial attention along the horizontal meridian of the visual field is
mediated by a fronto-parietal neural network. The neural substrates underlying covert
orienting of attention along the vertical meridian, however, are less understood. We
recorded hemodynamic responses using functional magnetic resonance imaging (fMRI)
from healthy volunteers in covert visual orienting tasks that required to detect targets either
at the fixation or at peripheral attended locations on the horizontal or vertical meridian in
the left (LVF), right (RVF), upper (UVF), and lower (LoVF) visual fields. We found that, relative
to when attention was at the fixation, covert orienting of attention along the horizontal and
vertical meridia induced enhanced activities in the superior parietal and frontal lobes
bilaterally and the cerebellum. In addition, attention to the LoVF and UVF generated
stronger activation in the medial frontal cortex, anterior cingulate, precuneus, and the
cerebellum relative to attention along the horizontal meridian. The reversed contrast,
however, produced stronger activation in the right lingual gyrus and right premotor cortex.
The fMRI results suggest that, while a common neural network is engaged in guiding visual
spatial attention along the vertical and horizontal dimensions, unique neural correlates are
associated with covert attentional orienting along the vertical and horizontal meridia of the
visual field.
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1. Introduction

It is well known that visual spatial attention is underpinned
by a fronto-parietal cortical network in the human brain.
Neuropsychological studies have shown robust evidence
that damage to both the right parietal and frontal cortex
can give rise to neglect of visual stimuli in the contralateral
ology, Peking University,
.
sonance imaging; LVF, le

er B.V. All rights reserved
hemifield (Bisiach et al., 1984; Damasio et al., 1980; Mesulam,
1981), a syndrome that is linked to deficits in orienting
spatial attention (Mesulam, 1999). Neglect can even be
induced in healthy subjects by inhibiting the contralateral
parietal cortex using transcranial magnetic stimulation
(TMS) (Fierro et al., 2000; Bjoertomt et al., 2002). Neuroima-
ging studies of healthy subjects that record regional cerebral
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blood flow or hemodynamic responses provide further
evidence that a large-scale distributed network, including
bilateral parietal and frontal cortex, are involved in orienting
spatial attention to the left visual field (LVF) and the right
visual fields (RVF) (Corbetta et al., 1993; Gitelman et al., 1999;
Han et al., 2004; Kim et al., 1999; Nobre et al., 1997; Peelen et
al., 2004; Yantis et al., 2002). This fronto-parietal network
even shows enhanced activity during orienting of attention
but before targets are displayed (Corbetta et al., 2000;
Hopfinger et al., 2000; Kastner et al., 1999), suggesting that
engagement of the fronto-parietal network in guiding spatial
attention takes place independently of target processing. In
addition, recent research has shown that distinct regions in
the fronto-parietal network are engaged in different aspects
of attentional control such as cue-symbol interpretation and
attentional orienting (Woldorff et al., 2004).

Most of the previous research manipulates spatial atten-
tion along the horizontal meridian of the visual field, i.e.,
orienting of attention to the LVF or RVF while keeping fixation
at the center. Consequently, prior results identify mainly the
neural substrates mediating orienting of spatial attention
along (or parallel to) the horizontalmeridian of the visual field.
This leaves the neural mechanisms of orienting of spatial
attention along the vertical meridian (i.e., attention to the
upper visual field (UVF) or to the lower visual field (LoVF))
poorly understood. It has been shown that damage of the right
parietal cortex may cause neglect of stimuli in the lower left
quadrant of the visual field (Pitzalis et al., 1997; Rubens, 1985),
suggesting that dysfunction of the same brain area can cause
deficits of spatial attention along both horizontal and vertical
dimensions. There is also evidence that spatial attention
along the horizontal and vertical meridia modulates early
visual processing in a similar manner. For example, event
related brain potential (ERP) studies found that an early
positive ERP component recorded at lateral occipital electro-
des and peaking at 100 ms after sensory stimulation (P1) is
modulated by spatial attention along the horizontal meridian,
being enlarged when stimuli presented in the LVF or RVF are
attended than when unattended (Hillyard and Munte, 1984;
Luck et al., 1994; Mangun and Hillyard, 1991). The modulation
of the P1 component by spatial attention to the LVF or RVF is
evident regardless of whether stimuli are presented in the
lower or upper half of the visual field (Di Russo et al., 2003).
Source analysis of the event-related cortical activity in spatial
attention tasks has identified neural generators of the P1
component in the extrastriate cortex (Heinze et al., 1994;
Martinez et al., 2001; Woldorff et al., 1997), reflecting selective
sensory gating at early stages of the visual pathway as the
result of spatial attention (Hillyard et al., 1998). The P1
attentional effect typically found along the horizontal dimen-
sion has also been observed along the vertical dimension.
Stimuli presented in the UVF or LoVF elicit the P1 component
with larger amplitudes when the stimuli are attended relative
to when unattended (Gunter et al., 1994). Both brain lesion and
ERP studies suggest that spatial attention along the vertical
and horizontal meridia may share common neural substrates.

However, there is also evidence to suggest that distinct
neural substrates are involved in guiding visual spatial
attention along the vertical and horizontal dimensions. For
instance, the LVF and RVF are initially represented in the right
and left visual cortices, respectively, which are segregated by
the longitudinal cerebral fissure. Nevertheless, each hemi-
sphere receives input from both the UVF and LoVF, each of
which is initially represented in the primary visual cortex,
respectively below and above the calcarine fissure. Similar
difference in the retinotopic organization between LVF/RVF
and UVF/LoVF also exists in the lateral geniculate nucleus
(Schneider et al., 2004). Functional differences also exist
between the LoVF and the UVF. The LoVF is specialized for
the perception and manipulation of objects in peripersonal
space, whereas the UVF is specialized for object recognition
and visual search in far vision (Previc, 1990). The LoVF is also
characterized for having a lower spatial resolution (Talgar and
Carrasco, 2002) and a higher attentional resolution (He et al.,
1996), relative to the UVF. In addition, although there have
been reports of patients with neglect of targets in the LoVF
(Pitzalis et al., 1997; Rubens, 1985), vertical neglect is typically
much less frequent than neglect along the horizontal dimen-
sion (Mesulam, 1999), indicating that damages to specific brain
areas of most documented patients may result in deficits of
spatial attention along the horizontal but not the vertical
meridian. Given that the above functional differences between
the LoVF and UVF do not hold for the LVF and RVF, we
proposed that specific brain areas are required to distinguish
orienting of spatial attention along the vertical and horizontal
dimensions.

The current work assessed the neural mechanisms med-
iating covert orienting of spatial attention along the vertical
and horizontal meridia, whilst also assessing if specific brain
areas are recruited for distinguishing covert orienting of
attention along the vertical meridian from that along the
horizontal meridian. We employed a classical paradigm used
in the previous research to identify neural substrates under-
lying covert orienting of visual attention (Somers et al., 1999;
Martinez et al., 2001). This paradigm requires participants to
perform an active task (e.g., to detect targets in the periphery
while looking at the fixation) tomanipulate covert orienting of
spatial attention and a control task (e.g., to detect targets at
the fixation or to passively view the stimuli without any
responses) to assess passive sensory processing in the visual
cortex. The neural substrates of orienting of spatial attention
are supposed to be activated in the active attentional task but
not in the control task. Thus the contrast between the neural
activities in the two conditions is used to identify the brain
areas involved in covert orienting of spatial attention. We
recorded hemodynamic responses using functional magnetic
resonance imaging (fMRI) from adults in a task to detect
luminance variation of a fixation cross and in covert visual
orienting tasks that required detecting targets at peripheral
attended locations on the horizontal and vertical meridia in
the LVF, RVF, UVF, and LoVF. Stimulus displays consisted of
four checkerboards that were simultaneously presented with
short durations at four peripheral locations (see Fig. 1). Such
design avoided stimulus onset at one location thatmay induce
reflexive attention to the stimulus location. Blood oxygen level
dependent (BOLD) signals in the condition of peripheral
attention were contrasted with those in the condition of
fixation attention to identify the neural substrates associated
with covert orienting attention to peripheral locations. Atten-
tion to the UVF and LoVFwas also contrastedwith attention to



Fig. 1 – Illustration of the stimuli and procedure used in the current experiment. (a) Illustration of one session during which
subjects were asked to attend to the LVF; (b) Illustration of one session during which subjects were asked to attend to the
fixation.
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the LVF and RVF to identify the unique neural substrates for
attention along the vertical meridian.
2. Results

2.1. Behavioral results

Table 1 shows the results of behavioral performances in the
scanner. Subjects detected 84.0% of targets at peripheral
locations and 94.6% of the fixation targets. The behavioral
data were first subjected to a one-way repeated analysis of
variance (ANOVA) with the factor being attended location
(LVF, RVF, LoVF, UVF, and fixation). The main effect of
attended location was significant on both hits (F(1,11)=5.31,
p<0.01) and reaction times (F(1,11)=18.1, p<0.001), thus paired
t-tests were further conducted. It turned out that subjects
detected fewer targets in the UVF and RVF than at fixation (t
(11)=3.47 and 2.38, respectively, p<0.05). Subjects detected
more targets in the LoVF than in the UVF (t(11)=3.24, p<0.01).
Responses to fixation targets were faster than those to
peripheral targets (t(11)=4.05 to 7.54, p<0.01). Moreover,
responses were faster to LVF targets than to targets in other
peripheral locations (t(11)=2.78 to 3.93, p<0.05). Paired t-tests
between any other two conditions did not show significant
difference in either hit rates or reaction times (RTs) (p>0.05).
Behavioral data in the LVF and RVF attention conditions were
combined and compared with those in the UVF and LoVF
attention conditions, which showed that mean reaction times
Table 1 – Behavioral performance in different attention
conditions (mean± standard deviation)

Attended
locations

LVF RVF UVF LoVF Fixation

Reaction
times
(ms)

503±30.6 528±44.4 534±38.9 527±32.9 457±39.1

Hit (%) 85.5±16.6 83.2±16.6 77.4±15.6 89.9±10.9 94.6±4.3
and response accuracies did not differ between conditions
when attention was oriented along the horizontal relative to
vertical meridia (p>0.05). False alarm rates were low (mean
3.2% across all conditions) and did not differ between different
attention conditions (p>0.1).

2.2. fMRI results

Brain activations shown in the conjunction analysis are
illustrated in Fig. 2 and listed in Table 2. Relative to the
fixation attention condition, attention to the peripheral
locations activated multiple cortical areas, which included
bilateral superior parietal lobules and the intraparietal sulcus,
bilateral superior frontal lobes (the frontal eye field, FEF) and
the medial frontal cortex (the supplementary eye field, SEF).
These activated brain areas overlap very well with the cortical
neural network associated with covert orienting of spatial
attention along the horizontal dimension reported in the prior
neuroimaging studies (Gitelman et al., 1999; Hopfinger et al.,
2000, Kim et al., 1999). Attention to the peripheral locations
also induced stronger activation in the cerebellum (including
both the cerebellar vermis and cerebellar hemisphere) relative
to the fixation attention condition.

Brain areas showing stronger activation in the conditions
of attention to each peripheral location relative to the fixation
attention condition are listed in Table 3 and illustrated in Fig.
3. These activated brain areas are basically similar to those
observed in the conjunction analysis. Covert attention to each
peripheral location produced activation in bilateral superior
parietal lobules and the intraparietal sulcus, bilateral superior
frontal lobes, the medial frontal cortex, and the cerebellum.
The centers of these activated brain areas are close to those
observed in the conjunction analysis. It should be noted that
the cortical areas activated by attention along the vertical and
horizontal meridia were highly similar, suggesting that a
common neural network is involved in guiding spatial
attention along the vertical and horizontal meridia of the
visual field. In addition, attention to the LVF and the RVF also
generated stronger activations in lateral occipital cortex
compared with the fixation attention condition. However,



Fig. 2 – Brain areas showing stronger activation in the conjunction analysis. These included bilateral superior parietal cortex,
bilateral superior frontal cortex, the medial frontal cortex, and the cerebellum. The top picture shows a horizontal slice of an
anatomical image that illustrates the parietal and frontal activation. The middle and bottom pictures show sagittal and
coronal slices of anatomical images that illustrate activation in the parietal and frontal cortex and the cerebellum.
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attention to the UVF and LoVF failed to induce stronger activ-
ity in the occipital cortex.

We also defined contrasts to examine the brain areas
involved in orienting attention to one hemifield relative to
orienting of attention to the opposite hemifield. We found
that, at the threshold set up in the current study (p<0.05
corrected for multiple comparisons), the contrast between the
LVF and the RVF and between the LoVF and the UVF did not
show activation in any brain areas. However, the contrast
between the RVF and LVF attention conditions showed
activation in the right precuneus and cuneus (see Table 4
and Fig. 4). The recruitment of these extra regions associated
with orienting attention to the RVF may reflect the increased
difficulty of orienting to the RVF, indicated by longer RTs to
Table 2 – Brain areas showing activation in the conjunction an

Contrast Voxel no. Brodmann areas

Attention to peripheral locations vs. attention to the fixation
Left frontal cortex 335 BA 6
Right frontal cortex 804 BA 6
Medial frontal cortex 699 BA 6
Right superior parietal cortex 1550 BA 7
Left superior parietal cortex 807 BA 7
Cerebellum 578

Voxel no.=number of voxels in a cluster. The p-values given in the table
targets in the RVF compared with the LVF. The contrast
between attention to the UVF and the LoVF showed activation
in bilateral cuneus, indicating that orienting spatial attention
to the UVF could enhance visual activities in the extrastriate
cortex relative to orienting attention to the LoVF. This contrast
also showed activation in the right inferior postcentral gyrus,
suggesting that an additional brain structure is involved in
guiding spatial attention to the UVF relative to the LoVF.

To identify the neural substrates that are distinctively
involved in covert orienting of spatial attention along the
horizontal and vertical meridia, we combined the fMRI data in
the conditions of attention to the LVF and RVF and the fMRI
data in the conditions of attention to the UVF and LoVF.
Contrasts were then defined to compare attention along the
alysis

X Y Z Z value p value (corrected)

−42 −4 35 3.91 0.05
28 4 42 3.77 0.01
8 16 50 3.51 0.01

28 −56 53 4.13 0.01
−22 −54 51 3.80 0.01

8 −72 −12 3.74 0.05

are for the cluster-level tests.



Table 3 – Brain areas involved in attention to each peripheral location

Contrast Voxel no. Brodmann areas X Y Z Z value p value (corrected)

RVF vs. Fixation
Left frontal cortex 481 BA 6 −40 −4 37 3.66 0.05
Right frontal cortex 963 BA 6 30 2 40 4.32 0.01
Medial frontal cortex 635 BA 6 6 16 45 4.45 0.01
Right superior parietal cortex 1735 BA 7 22 −60 51 4.66 0.01
Left superior parietal cortex 898 BA 7 −18 −57 54 3.76 0.01
Left lateral occipital cortex 505 BA 19 −30 −67 29 3.55 0.01
Cerebellum 641 0 −71 −18 4.21 0.01

LVF vs. Fixation
Left and medial frontal cortex 626 BA 6 −42 −4 35 4.60 0.01
Right frontal cortex 112 BA 6 14 8 53 3.77 0.01
Medial frontal cortex 1758 BA 6 −8 10 53 4.23 0.01
Left superior parietal cortex 1139 BA 7 −20 −58 53 5.15 0.01
Right superior parietal cortex 1882 BA 7 34 −48 50 4.30 0.01
Left lateral occipital cortex 269 BA 19 −24 −77 22 3.76 0.01
Right lateral occipital cortex 295 BA 19 36 −72 28 4.31 0.01
Cerebellum 1395 −10 −75 −21 4.77 0.01

UVF vs. Fixation
Left frontal cortex 424 BA 6 −38 6 46 4.43 0.05
Right frontal cortex 907 BA 6 28 4 44 4.09 0.01
Medial frontal cortex 789 BA 6 6 18 40 3.83 0.01
Left superior parietal cortex 2178 BA 7 −15 −59 54 5.16 0.01
Right superior parietal cortex 2200 BA 7 22 −60 51 4.70 0.01
Cerebellum 779 8 −76 −13 3.65 0.01

LoVF vs. Fixation
Left and medial frontal cortex 149 BA 6 −12 10 47 3.85 0.01
Right frontal cortex 609 BA 6 44 1 50 3.83 0.01
Medial frontal cortex 389 BA 6 6 14 49 3.54 0.01
Left superior parietal cortex 1631 BA 7 −18 −66 49 4.26 0.01
Right superior parietal cortex 1246 BA 7 24 −60 51 4.07 0.01
Cerebellum 2353 −22 −71 −18 4.55 0.01

Voxel no.=number of voxels in a cluster. The p-values given in the table are for the cluster-level tests.
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horizontal and vertical dimensions. We found that covert
orienting of spatial attention along the horizontal meridian
(i.e., attention to the LVF and the RVF) induced stronger
activation in the right lingual gyrus and the right premotor
cortex (see Fig. 5) relative to covert orienting of spatial
attention along the vertical meridian (i.e., attention to the
UVF and the LoVF). In contrast, covert orienting of spatial
attention along the vertical meridian produced stronger
activation in the medial frontal cortex, anterior cingulate,
precuneus, and the cerebellar hemisphere (Fig. 6), suggesting
that the neural structures involved in covert orienting of
spatial attention along the vertical and horizontal dimensions
are separated in both the cerebral cortex and the cerebellum.
3. Discussion

The current work aimed to identify the neural substrates that
distinguish covert orienting of visual spatial attention along
the vertical and horizontal meridia of the visual field.We used
fMRI to record hemodynamic responses in association with
sustained spatial attention to either peripheral locations along
the vertical or horizontal meridian of the visual field or
attention to the fixation. Behavioral performance showed high
response accuracy and low false alarm rates, indicating that
subjects were capable of focusing their attention at the
designated locations in the visual field while ignoring stimuli
at other locations. Subjects detected more LoVF targets than
UVF targets, reflecting the differences in either sensory (e.g.,
lower contrast thresholds in the LoVF than in the UVF, Lundh
et al., 1983) or attentional (e.g., greater attentional resolution
in the LoVF than UVF, He et al., 1996) processing between the
two hemifields. However, neither response speed nor hit rates
differed overall across the conditions of covert orienting of
attention along the two meridia, suggesting an equal task
difficulty in the vertical and horizontal attention conditions.

Our neuroimaging results showed first that, relative to
when attention was focused at the fixation, attention to the
peripheral locations activated a neural network consisting of
the superior parietal cortex and intraparietal sulcus bilater-
ally, the superior frontal cortex bilaterally, and the medial
frontal cortex. The brain activation identified in the conjunc-
tion analysis overlapped with those observed in separate
analysis of attention to each peripheral location. These
neuroimaging results are in agreement with those of the
previous studies that employed either sustained attention
(Kastner et al., 1999) or precueing paradigms (Gitelman et al.,
1999; Hopfinger et al., 2000; Nobre et al., 2000; Peelen et al.,



Fig. 3 – Brain activation associatedwith attention to each peripheral location. Attention to each location is associatedwith a similar neural network consisting of bilateral frontal
and parietal lobes and the cerebellum. (a) Attention to the LVF vs. attention to fixation; (b) Attention to the RVF vs. attention to fixation; (c) Attention to the UVF vs. attention
to fixation; (d) Attention to the LoVF vs. attention to fixation. L SFG=left superior frontal gyrus; R SFG=right superior frontal gyrus; M SFG=medial superior frontal gyrus;
L LPS=left superior parietal lobe; R LPS=right superior parietal lobe; Cereb=cerebellum.
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Table 4 – Brain areas involved in attention along the horizontal and vertical meridians

Contrast Voxel no. Brodmann areas X Y Z Z value p value (corrected)

RVF vs. LVF
Right precuneus 413 BA 7 6 −56 42 5.45 0.01
Right cuneus 316 BA 31 6 −62 12 3.90 0.01

UVF vs. LoVF
Left cuneus 1156 BA 18 −8 −88 21 4.34 0.01
Right cuneus 331 BA 18 10 −84 24 4.20 0.01
Right inferior postcentral cortex 337 BA 2 57 −26 25 3.46 0.05

Horizontal vs. Vertical
Right lingual gyrus 559 BA 18 16 −72 5 4.77 0.01
Right premotor cortex 313 BA 4 36 −7 50 4.02 0.05

Vertical vs. Horizontal
Medial frontal cortex 385 BA 8 2 35 35 3.44 0.01
Anterior cingulate cortex 239 BA 32 −2 43 9 3.38 0.01
Precuneus 488 BA 7 6 −78 39 3.90 0.01
Cerebellum 493 16 −77 −16 3.88 0.01

Voxel no.=number of voxels in a cluster. The p-values given in the table are for the cluster-level tests.
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2004; Rosen et al., 1999), and provide additional evidence for
the involvement of the fronto-parietal network in guiding
spatial attention. More importantly, we showed that the
activation of the fronto-parietal network induced by attention
along the vertical dimension was highly similar to that when
attention was allocated along the horizontal dimension. This
is the first neuroimaging evidence that the fronto-parietal
network is engaged in guiding visual spatial attention along
both the horizontal and vertical meridia of the visual field.
Because each display used in the current experiment con-
sisted of four checkerboards that appeared concurrently at the
four locations along the vertical and horizontal meridia, the
onset of the visual stimuli did not induce reflexive orienting of
spatial attention to any peripheral locations. Consequently,
our fMRI results mainly reflect neural basis of the top-down or
endogenous spatial attention rather than exogenous spatial
attention induced by an abrupt change of stimuli in the
periphery. These endogenous-attention-related fronto-parie-
tal activations are consistent with the previous studies that
showed common parietal and frontal neural activity shared by
endogenous and exogenous spatial attention (Peelen et al.,
2004; Rosen et al., 1999, but see Mayer et al., 2004 for evidence
of enhanced fronto-parietal activation linked to endogenous
relative to exogenous orienting of attention).

We also observed stronger activation in the cerebellum in the
peripheral attention condition relative to when attention was
focused at the fixation. Other neuroimaging studies have shown
that the cerebellum is activated both when spatial attention
covertly shifts to peripheral locations (Nobre et al., 2000; Rosen et
al., 1999) and when overt saccades are made toward peripheral
locations (Gitelman et al., 2000; Nobre et al., 2000) or smooth-
pursuit eyemovements are conducted (Tanabe et al., 2002). Thus
the cerebellar activity observed here could either reflect the
difference in the endeavor to control eye movements or the
neural mechanisms in the cerebellum that coordinated with the
fronto-parietal network in guiding attention to the peripheral
locations. Whatever the case, our fMRI results indicated that the
cerebellum is involved in tasks requiring attentional allocation
along both the vertical and the horizontal meridia of the visual
field. The current fMRI results strongly suggest that overlapping
brain areas are shared by spatial attention along the vertical and
horizontal meridia, supporting the proposal that there is a
common neural network for attentional control along the two
dimensions.

Nevertheless, our fMRI results also showed evidence for
distinct neural substrates mediating spatial attention along
the vertical and horizontal meridia. Although the checker-
boards in the UVF and LoVF overlapped between the left and
right hemifields and the checkerboards in the LVF and RVF
overlapped between the upper and lower hemifields, covert
orienting of attention to these locations are qualitatively
different in terms of the dimension (vertical vs. horizontal) of
the space referenced to subjects' head. Relative to spatial
attention along the horizontal meridian, the covert orienting
of spatial attention along the vertical meridian generated
stronger activation in the medial frontal cortex, the anterior
cingulate, the precuneus, and the cerebellum. These brain
areas do not overlap with those of the common neural
network for guiding spatial attention disclosed by contrasting
attention to peripheral locations and attention to the fixation.
The medial frontal activation and anterior cingulate specifi-
cally associated with attention along the vertical meridian
was anterior to the supplementary motor area and the
anterior cingulate cortex that have been shown to be engaged
in directing spatial attention along or parallel to the horizontal
meridian in other neuroimaging studies (Gitelman et al., 1999;
Kastner et al., 1999; Peelen et al., 2004). The precuneus
activation was not observed in the contrast between the
peripheral attention and the fixation attention condition. The
cerebellar activation was lateralized to the right cerebellum
hemisphere, partially not overlapping with the cerebellar
activation that was common to the neural network for
peripheral attention. The brain activation specific for the
covert orienting of attention along the vertical meridian could
not result from any differences in either the stimuli or the
tasks because these were identical in both conditions. The



Fig. 4 – Brain areas showing stronger activation associated
with attention to one hemifield relative to the
contrahemifield. (a) Attention to the RVF induced stronger
activation in the right precuneus and cuneus relative to
attention to the LVF; (b, c) Attention to the UVF induced
stronger activation in bilateral cuneus and the right inferior
postcentral gyrus relative to attention to the LoVF.
PCu=precuneus; Cu=Cuneus; GPoc=postcentral gyrus.

Fig. 5 – Brain areas showing stronger activation associated
with attention along the horizontal meridian relative to
attention along the vertical meridian. These include (a) the
right lingual gyrus, the right lateral occipital cortex, and (b)
the right premotor cortex. GL=lingual gyrus; GPrc=precentral
gyrus.
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activation could not arise from differences in task difficulty
because behavioral performance did not differ between the
vertical and horizontal attention conditions. The reverse
contrast identified lateralized neural activities specific for
attention along the horizontal meridian in the right lingual
gyrus and the right premotor cortex. It is interesting that the
activated brain areas specific for attention along the vertical or
horizontal meridian were not evident in the contrast between
attention to each peripheral location and attention to fixation.
It is possible that attention along the vertical and horizontal
dimension produced modulation of neural activities in these
brain areas in opposite directions (e.g., increase vs. decrease)
and thus could be observed only when directly contrasting
between these two conditions.

One possible account of the distinct neural activity is that
they reflect neural mechanisms for spatial cognition of the
vertical and horizontal dimensions rather than for covert
orienting of attention along the vertical and horizontal
meridia. However, results contrary to this come from a recent
fMRI study that examined the neural basis of vertical and
horizontal bisection judgments, where stronger activationwas
recorded in bilateral superior posterior parietal cortex and the
right parieto-occipital cortex when vertical rather than hor-
izontal lines were bisected, whereas the reverse contrast
induced activation only in lateral striate and extrastriate
cortex (Fink et al., 2001). These areas are different from those
linked to covert orienting of attention along the vertical
meridian reported in our study, indicating that mere differ-
ences in processing stimuli along the vertical and horizontal
meridia are not sufficient to activate the brain regions we
observed here. Alternatively, the neural activity differentiating
attention along the two meridia may reflect differences in the
control of eye movements across the conditions. It has been
well documented that saccade eye movements are controlled
throughanetwork including the superior colliculus, the frontal
eye field, the posterior parietal cortex, and the cerebellum
(Andersen and Buneo, 2002). In addition, single unit recording
studies have demonstrated that vertical and horizontal eye
movements are usually distinguished by neurons in the
brainstem nucleus (Iwamoto et al., 1990; McFarland and
Fuchs, 1992; Sparks, 2002) rather than in the cerebral cortex.
However, we found no evidence for the frontal eye field, the
posterior parietal cortex, or subcortical nucleus being addi-
tionally recruited for covert orienting of attention along the
vertical meridian, so the difficulty of planning vertical relative
to horizontal eyemovements does not seemcrucial. To further
evaluate the possible contribution of differential eye move-
ments between the conditions of attention along the horizon-
tal and vertical meridia, we recently conducted an ERP study
that used the same stimuli and procedure as those in the
current fMRI study on a separate group of subjects (Han and



Fig. 6 – Brain areas showing stronger activation associated
with attention along the vertical meridian relative to
attention along the horizontalmeridian. These include (a) the
medial frontal cortex, the anterior cingulate cortex, the
precuneus, and (b) the cerebellum. PCu=precuneus;
GFM=medial frontal gyrus; ACC=anterior cingulate;
Cereb=cerebellum.
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Zhou, submitted for publication). Besides recording EEG from
electrodes over the scalp,we recordedelectro-oculogram (EOG)
from electrodes placed laterally to the left and right external
canthi and above and below the right eye. The horizontal and
vertical EOGs recorded appeared not to be different between
the conditions of attention to each peripheral location. This
was confirmed by statistical analyses, which did not show any
significant difference in the EOGs between different attention
conditions. Although the EOGs were recorded outside the
scanner and from a different group of subjects, the EOG results
suggest that subjectswho performed the tasks in the paradigm
used in the current fMRI study were able to control their eye
positionswell, or at least the eye positions ormovementswere
comparable in different attention conditions. Taken together,
we suggest that the neural substrates that distinguished
vertical and horizontal attention conditions could not simply
arise from difference in eye movement control.

While Silver et al.'s (2005) recent work has shown evidence
that subareas in the inferior parietal cortex are engaged in
guiding covert attention to different locations in the visual
field, our findings showed evidence for differential neural
mechanisms associated with orienting of attention along
different dimensions at the level of neural networks including
several brain areas. What are the implications of the distinct
neural correlates of orienting of attention along the vertical
dimension? Given the fact thatmost of the information related
to activity in everyday life of human beings is allocated along
the horizontal dimension (e.g., when walking across a street,
pedestrians care more about cars coming from the left or right
to them than planes flying overhead), it may be suggested that
more practice of attentional shift along the horizontal than
vertical dimensions renders attention orienting along the
horizontal dimension easier than that along the vertical
dimension. Consequently, when asking to detect targets in
the upper or lower visual fields, subjects have to use more
neural resource to guiding orienting of attention along the
vertical relative to the horizontal dimension. Alternatively,
attention orienting along the horizontal dimension could be
referenced mainly to the allocentric reference frame (i.e.,
relative to the fixation here), whereas attention along the
vertical dimension could be more egocentrically referenced
(i.e., relative to a subject's head or body) because the vertical
dimension is consistent with the direction of the gravity. A
recent fMRI study has shown that themesial cortical structure
such as the precuneus, anterior cingulate, and the medial
frontal cortex are involved in tasks using the egocentric
reference frames (Vogeley et al., 2004). These results are
consistent with our observation that attention orienting
along the vertical dimensionwas distinguished fromattention
orienting along the horizontal dimension by recruiting the
mesial cortical structures (i.e., the preceneus, anterior cingu-
late, and themedial frontal cortex), and thus support the above
analysis.

How can we incorporate our neuroimaging findings with
the results of previous behavioral studies? It has been reported
that responses are faster to stimuli at cued than uncued
locations regardless of whether the cued and uncued locations
are distributed parallel to the horizontal or vertical meridian
(Rizzolatti et al., 1987). Apparently, spatial attention along both
dimensions facilitates responses to targets. In addition, the cue
validity effect does not differ between conditions when spatial
attention shifts parallel to the horizontal or vertical meridian.
However, cues and targets in this study were presented in one
of the quadrants in each visual field rather than at locations
along the vertical or horizontal meridian. This implies that
spatial attention was recruited along both dimensions in each
condition, e.g., an attentional shift between locations in one
hemifield would always lead to covert orienting of spatial
attention to the LVF or RVF, even when attention shifted
parallel to the vertical meridian in one hemifield. This
behavioral paradigm presumably engages the neural mechan-
isms of spatial attention along both vertical and horizontal
meridian in each attentional condition. The current paradigm,
though, excludes thepossibility that theneuralmechanismsof
attention along both dimensions are involved simultaneously,
since stimuli along the verticalmeridian never fell in the left or
right visual fields. This enables us to isolate specific compo-
nents of attentional control along the vertical meridian.

Similar to prior fMRI and ERP studies (Hopfinger et al., 2000;
Martinez et al., 2001), we also observed enhanced activity in
lateral occipital cortex contralateral to the direction of
attention in the contrast between attention to the LVF or
RVF and attention to the fixation. This reinforces previous
fMRI and ERP observations and supports the proposal that
spatial attentionmodulates neural activity in the visual cortex
by a process of gain control (Hillyard and Mangun, 1987;
Mangun, 1995). Such enhanced occipital activity was not
observed in the contrast between attention to the UVF or LoVF
and attention to the fixation. However, when attention to the
UVF was contrasted with attention to the LoVF, we did find
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activation in the visual cortex bilaterally. Similar ERP results
were reported by Gunter et al. (1994) and are consistent with
our fMRI findings.1 One way to account for this is in terms of
attention to far relative to near space, considering the
theoretical framework that LoVF is specialized for perceiving
objects in near space whereas the UVF is specialized for object
recognition and visual search in far space (Previc, 1990). There
may be greater activity required to orient attention to far (UVF)
relative to near (LoVF) space; alternatively, the ventral
occipital cortex may specifically reflect attention to far
space. This would agree with recent neuroimaging data
showing that line bisection or pointing to dots in far space
activates the ventral occipital cortex bilaterally (Weiss et al.,
2000), indicating the modulation of neural activities in the
visual cortex by attention to far space. Finally, one may notice
that the contrast between attention to one hemifield and
attention the opposite hemifield removed the differential
activation of the neural network including bilateral frontal and
parietal cortex, further suggesting that the activity of this
neural network was common and comparable for attention to
one hemifield and attention to the opposite hemifield.
However, it should be acknowledged that, while the task
difficulty was comparable between the conditions of attention
along the vertical and horizontal meridia, task difficultymight
contribute to the differential activation identified in the
contrast between attention to one hemifield and attention to
the opposite hemifield since either hit rates or RTs differed
between UVF and LoVF and between LVF and RVF.
4. Conclusion

Our neuroimaging results showed evidence that a common
neural network, including bilateral superior parietal and
frontal lobes, the medial frontal cortex, and the cerebellum,
is engaged in guiding spatial attention along both the
horizontal and vertical meridia of the visual field. In addition,
we found distinct neural substrates for spatial attention along
the vertical meridian, which included the medial frontal
cortex, the precuneus, and the cerebellum. The right premotor
cortex, however, was uniquely involved in directing spatial
attention along the horizontal meridian. The unique neural
1 According to the retinotopic mapping of the extrastriate
cortex, stimuli in the UVF are initially projected to the visual
cortex below the calcarine sulcus and stimuli in the LoVF are
initially projected to the visual cortex above the calcarine sulcus.
Thus one may expect the extrastriate activation only in the visual
cortex below the calcarine sulcus in the contrast between
attention to the UVF and attention to the LoVF. However, the
extrastriate activation covered the visual cortex around the
calcarine sulcus in the contrast between attention to the UVF
and attention to the LoVF. It is possible that the UVF and LVF
representations in the extrastriate regions were simply too close
together to resolve in the BOLD responses. Alternatively, as the
particular stimuli used in our study (four checkerboards pre-
sented simultaneously and respectively in each of the four
quadrants in the visual field) induced activation in the visual
cortex both above and below the calcarine sulcus, spatial
attention alone might not be efficient enough to reveal a clear
retinotopy. Anyway, such ambiguity should not affect the main
conclusion of our study.
substrates localized in the corticalmidline structure for spatial
attention along the vertical meridian may compensate for the
effects of unilateral damage to parietal or frontal cortex,
functioning to guide attention along the vertical meridian of
the visual field. This proposalmay help to interpret why visual
neglect along the vertical meridian is less frequent than
neglect along the horizontal meridian.
5. Experimental procedures

5.1. Participants

Twelve adults (7 male, 5 females; 21–27 years of age, mean
24.3) participated in the this study as paid volunteers. All
participants had no neurological or psychiatric history. All
were right-handed, had normal or corrected-to-normal vision.
Informed consent was obtained from all participants prior to
scanning. This studywas approved by a local ethic committee.

5.2. Stimuli and procedure

The stimuli were presented through a LCD projector onto a
rear-projection screen located at a subject's head. The screen
was viewedwith an angledmirror positioned on the head-coil.
Stimuli were square-wave modulated black and white check-
erboards that were circular in overall form and displayed on a
grey background (see Fig. 1). The checks were aligned with the
horizontal and vertical axes of the screen. Each stimulus
display consisted of four checkerboard patterns with one
above the fixation (or an arrow at the center of the display),
one below the fixation, one to the left of the fixation, and one
to the right of the fixation. At a viewing distance of 70 cm, each
circular checkerboard subtended visual angles of 3.6×3.6°
(wide and high). Each of the black or white checks subtended a
visual angle of 0.8×0.8°. The inner edge of each checkerboard
was 6.4° distant from the fixation cross.

A blocked designwas used in the current study. Six scans of
150 s were obtained from each subject. Each scan consisted of
five sessions that lasted for 30 s. Each session began with the
presentation of either a black arrow (1.6×1.3°) or a black cross
(1.6×1.6°) at the center of the screen for 1500ms. The stimulus
displays were then presented for 100 ms with the interstimu-
lus intervals varied randomly between 300 and 600 ms. There
were 50 trials in each session. Three white checks in one of the
circular checkerboards were replaced with grey checks ran-
domly on 40% of the trials. The checkerboard with grey checks
appeared randomly at one of the four locations with equal
probability. There were five attention conditions: (1) attention
to the LVF: While keeping fixated at the arrow pointing to the
LVF, subjects responded to the checkerboard with grey checks
to the left of the fixation; (2) attention to the RVF: While
keeping fixated at the arrow pointing to the RVF, subjects
responded to the checkerboard with grey checks to the right of
the fixation; (3) attention to the UVF: While keeping fixated at
the arrow pointing to the UVF, subjects responded to the
checkerboardwith grey checks above the fixation; (4) attention
to the LoVF:While keeping fixated at the arrow pointing to the
LoVF, subjects responded to the checkerboardwith grey checks
below the fixation; (5) attention to fixation: Subjects responded
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to the luminance increase of the fixation that lasted 100 ms
randomly on 5 trials in one session. Target checkerboard
appeared with the same probability in all the locations, but
subjectswere asked to respond to targets that appeared only at
the cued location whereas ignored those appeared at other
locations. Such designmade the sensory stimulation at all the
locations identical. In different sessions, subjects responded to
either peripheral targets (checkerboards with grey checks in
the location directed by the arrow) or central targets (the grey
fixation cross) by a button press with the left or right index
finger (counterbalanced across subjects), while ignored non-
targets. Instructions emphasized both response speed and
accuracy. The luminance levels of the stimuli were:
background=13.2 cd/m2, black checks=1.39 cd/m2, white
checks=103 cd/m2, grey checks=25.3 cd/m2, black fixation
and arrow cues=0.8 cd/m2, grey fixation=21.7 cd/m2.

5.3. fMRI measurement

Scanning was performed on a 3T Siemens Trio system using a
standard head coil at Beijing MRI Center for Brain Research.
Thirty-two transverse slices of functional images that covered
the whole brain were acquired using a gradient-echo echo-
planar pulse sequence (64×64×32 matrix with 3.4×3.4×4.4-
mm spatial resolution, TR=2000ms, TE=30ms, FOV=220mm,
flip angle=90°). Anatomical images were obtained using a
standard 3D T1-weighted sequence (256×256×176matrixwith
0.938 × 0.938 × 1.3-mm spatial resolution, TR=1600 ms,
TE=3.93 ms). Subjects' heads were immobilized during the
scanning sessions using pieces of foam.

5.4. fMRI data analysis

SPM99 (theWellcome Department of Cognitive Neurology, UK)
was used for data processing and analysis. The functional
images were realigned to the first scan to correct for the head
movement between scans. The anatomical image was co-
registered with the mean functional image produced during
the process of realignment. All images were normalized to a
2×2×2mm3 Montreal Neurological Institute (MNI) template in
Talairach space (Talairach and Tournoux, 1998) using bilinear
interpolation. Functional images were spatially smoothed
using a Gaussian filter with a full-width at half maximum
(FWHM) parameter set to 8mm. The image dataweremodeled
using a box-car function. The image data were high-pass
filtered but not corrected for global means. A conjunction
analysis was first conducted to examine the neural substrates
that differentiate covert attention to peripheral locations and
attention to the fixation. To do this, the fMRI data in the
conditions of covertly orienting attention to peripheral loca-
tions were combined together and then contrasted with the
fMRI data in the fixation attention condition. Contrasts were
then defined to reveal neural activity associated with covert
attention to each peripheral location by comparing the dif-
ference between attention to each peripheral location (LVF,
RVF, UVF, or LoVF) and attention to the fixation. Contrasts
were also defined to compare the difference between atten-
tion to one hemifield and attention to the contra-hemifield
(e. g., LVF vs. RVF or UVF vs. LoVF). Finally contrasts were
defined to compare the difference between covert orienting of
attention along the vertical and covert orienting of attention
along the horizontal meridian by collapsing the fMRI data in
the LVF and RVF attention condition and the fMRI data in
the UVF and LoVF attention condition. Random effect
analyses were then conducted across the group of subjects
based on statistical parameter maps from each individual
subject to allow population inferences. Areas of significant
activation were identified at the cluster level for values
exceeding a P value of 0.05 (corrected for multiple compari-
sons). The SPM coordinates for standard brain from MNI
template were converted to Talairach coordinates (Talairach
and Tournoux, 1998) using a non-linear transform method
(http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html).
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