
Natural visual scenes are typically cluttered with many different
objects that cannot all be processed simultaneously. Attentional
mechanisms are needed to filter incoming stimuli for selective
processing. Converging evidence from single-cell recording stud-
ies in monkeys and functional brain mapping studies in humans
shows that selective attention modulates neural activity in the
visual system in multiple ways1–4. At which stage of the visual
pathway does such modulation first occur? Attentional response
modulation was originally found in extrastriate but not in striate
cortex5. Recent evidence has shown that neural activity in striate
cortex can also be affected, depending on certain task-related fac-
tors, such as the attentional demands or the need to integrate con-
textual information6–11. Little is known, however, about the role of
earlier, subcortical structures in attentional processing.

The lateral geniculate nucleus (LGN) is the thalamic compo-
nent in the retinocortical projection and has traditionally been
viewed as the gateway for sensory information to enter the visual
cortex12,13. In addition to retinal afferents, the LGN receives input
from other sources including the thalamic reticular nucleus, stri-
ate cortex and brainstem. The LGN therefore represents the first
stage at which cortical top-down feedback signals could affect
visual processing. The functional role of these top-down inputs
to the LGN is not well understood14. Here we used functional
magnetic resonance imaging (fMRI) to investigate attentional
response modulation in the human LGN.

At the cortical level, selective attention affects visual processing
in at least three different ways. First, neural responses to visual
stimuli are greater when those stimuli are attended versus when
they are ignored (attentional enhancement)5,15. Second, neural
responses to ignored stimuli are attenuated depending on the load
of attentional resources engaged elsewhere (attentional suppres-
sion)16. And third, directing attention to a location in the absence
of visual stimulation and in anticipation of stimulus onset increas-
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es neural baseline activity (attention-related baseline increas-
es)17–20. We investigated these effects of selective attention in the
LGN in a series of three experiments.

It is difficult to obtain fMRI signals from subcortical nuclei,
owing to their small sizes and deep locations21,22. We therefore
optimized our experimental designs to evoke maximal respons-
es in the human LGN. In different conditions, subjects attended to,
ignored, or anticipated the onset of flickering checkerboard stim-
uli that were used in all experiments (Fig. 1a and b). LGN activi-
ty was enhanced when subjects attended to the stimulus, and it
was suppressed when they ignored it. Further, directed attention
to a spatial location in anticipation of the stimulus onset led to
an increase of baseline activity in the LGN. We found qualitative-
ly similar attention effects in visual cortex, confirming previous
results5,15–20. These findings challenge the classical notion that
selective attention is confined to cortical processing23 and suggest
an important role for the LGN in attentional control.

RESULTS
Flickering checkerboard stimuli of high- or low-contrast were
presented in alternation to the left or right visual hemifield while
subjects maintained fixation; this activated the right or left LGN,
respectively (Fig. 1). The locations of the functional activations
were consistent within subjects across experiments and in close
correspondence to the anatomical locations of the LGN, as deter-
mined on high-resolution anatomical images in each subject
(Table 1). The mean activated LGN volume was 258 mm3 (± 53
s.e.m.) in the right LGN and 239 mm3 (± 35 s.e.m.) in the left
LGN, averaged across all subjects and experiments, confirming
previous studies22 that used similar scanning parameters on a 4-
tesla scanner. In visual cortex, areas V1, V2, V3/VP, V4, TEO,
V3A and MT/MST were activated. Delineations of areas were
determined on the basis of retinotopic mapping24,25.
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Enhancement of responses to attended stimuli
To investigate attentional response enhancement in the LGN
(experiment 1), checkerboard stimuli of high- or low-contrast
were presented to the left or right hemifield while subjects direct-
ed attention to the stimulus (attended condition) or away from
the stimulus (unattended condition) in separate runs. In the
unattended condition, subjects counted letters at fixation, which
directed attention away from the stimulus. The letter-counting
task ensured proper fixation and effectively prevented subjects
from covertly attending to the checkerboard stimuli26. In the
attended condition, subjects were instructed to covertly direct
attention to the checkerboard stimulus and to detect luminance
changes that occurred at random times and at 10° eccentricity
(Fig. 1b). Behavioral performance was 59 ± 1% correct (mean
± s.e.m.) for letters and 76 ± 29% for luminance changes.

In our statistical model, stimulation of the left visual hemi-
field was contrasted with stimulation of the right visual hemi-
field. The analysis was thus restricted to voxels activated by the
peripheral checkerboard stimuli and excluded foveal stimulus
representations. Relative to the unattended condition, the mean
fMRI signals evoked by the high-contrast stimulus increased
from 0.74% to 1.06% in the attended condition (Fig. 2a). Simi-
larly, activity evoked by the low-contrast stimulus increased from
0.26% to 0.41% (main effect of attention, t3 = 6.3, P < 0.01).
These results suggest that attention facilitates visual processing in
the LGN by enhancing neural responses to an attended stimu-
lus relative to those evoked by the same stimulus when ignored.

Suppression of responses to ignored stimuli
To investigate attentional load–dependent suppression in the
LGN (experiment 2), high- and low-contrast checkerboard stim-
uli were presented to the left or right hemifield while subjects
performed either an easy or difficult attention task at fixation
and ignored the peripheral checkerboard stimuli. During the
easy attention task, subjects counted brief, infrequent color
changes of the fixation cross. During the hard attention task,
subjects counted letters at fixation as in experiment 2. Behav-
ioral performance was 99 ± 1% correct in the easy attention task

and 54 ± 7% in the hard attention task (t3 = 7.98, P < 0.01),
reflecting the differences in attentional load.

Relative to the easy task condition, mean fMRI signals
evoked by the high-contrast stimulus decreased from 0.98% to
0.85% and those evoked by the low-contrast stimulus decreased
from 0.47% to 0.24% in the hard task condition (main effect
of task, t3 = 2.8, P < 0.05; Fig. 2b). These fMRI signals reflect-
ed activity evoked only by the peripheral checkerboard stim-
uli when processed under conditions of different attentional
load; they were not confounded with activity evoked by the
foveal stimuli. This finding suggests that neural activity evoked
by ignored stimuli in the LGN is attenuated as a function of
the load of attentional resources engaged elsewhere. Accord-
ing to accounts of attentional load27, the degree to which
ignored stimuli are processed is determined by the amount of
spare attentional capacity. In our design, the low-load task pre-
sumably left a greater amount of spare attentional capacity than
did the high-load task, which may account for the observed
attenuation of responses evoked by the ignored stimuli during
the high-load condition.

Attention-related increases of baseline activity
To investigate attention-related baseline increases in the LGN
(experiment 3), subjects were cued to covertly direct attention
to the periphery of the left or right visual hemifield and to expect
the onset of the stimulus. After the expectation period, during
which subjects attended to the periphery without receiving visu-
al input, a high-contrast checkerboard was presented at the
expected location. During the attended presentations, subjects
counted the occurrence of luminance changes, as in experiment 1.
During the expectation period, fMRI signals increased by 0.3%
relative to the preceding blank period in which subjects were fix-
ating but not directing attention to the periphery (main effect
of expectation versus blank period: t3 = 6.4, P < 0.01). This ele-
vation of baseline activity was followed by a further response
increase evoked by the visual stimuli (Fig. 2c). This finding sug-
gests that neural activity in the LGN can be affected by atten-
tional signals, even in the absence of visual stimulation.

Attention effects in the LGN and in visual cortex
Qualitatively similar effects of attention were found at the cor-
tical level, as shown in the fMRI time series averaged across all
activated areas in visual cortex (Fig. 2d–f) (experiment 1: main
effect of attention, t3 = 6.2, P < 0.01; experiment 2: main effect
of task, t3 = 4.5, P < 0.05; experiment 3: main effect of expecta-
tion versus blank period, t3 = 12.5, P < 0.001). We compared the
attentional effects found at the thalamic and cortical levels by
normalizing the mean fMRI signal evoked in the LGN and in
each activated cortical area. Index values that quantified the mag-
nitude of attentional effects were derived for each experiment
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Fig. 1. Visual stimuli and experimental design. (a, b) High- or low-
contrast checkerboard stimuli were presented to the left or right of a
central fixation point (+). In experiments 1, 3 and 4, subjects covertly
directed attention to a checkerboard arc (b, blue arrows) and
detected randomly occurring luminance changes along that arc. The
detection of luminance changes in low contrast and high-contrast
checkerboard stimuli was not matched for task difficulty. (c) Axial slice
showing activations of the right (green-blue) and left (yellow-orange)
LGN and visual cortex evoked by the checkerboard stimuli. The coro-
nal plane shows that activations in the thalamus were restricted to the
LGN; no activations within the pulvinar were obtained. Scale indicates
Z-score values of activations in colored regions. R, right hemisphere.
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and for each area. For all indices, larger values indicate larger
effects of attention. This analysis revealed two important results
(Fig. 3a–c). First, and in accordance with previous find-
ings10,26,28,29, the attentional effects of enhancement, suppres-
sion and baseline elevations increased from earlier to later
processing stages along both the ventral and dorsal pathways
of visual cortex (Fig. 3a–c) (V1 versus V4: main effect of area,
F1,3 = 109.1, P < 0.01; V1 versus MT/MST: main effect of area,
F1,3 = 308.7, P < 0.001). Second, all three attentional effects tend-
ed to be stronger in the LGN than in striate cortex (main effect of
area, F1,3 = 13.1, P < 0.05). This finding suggests that attention-
al response modulation in the LGN may be influenced not only
by corticothalamic feedback from striate cortex, but also by
sources such as the brainstem or the thalamic reticular nucleus30.

Spatial specificity of attentional response enhancement
The attention experiments reported thus far were not designed
to test for the spatial specificity of attentional modulation. There-
fore, it may be argued that the attentional effects found in the
LGN and in visual cortex reflect nonspecific attentional states
such as arousal, rather than mechanisms of selective attention.
General arousal affects the visual system in topographically non-
specific ways, whereas selective attention has been shown to be

spatially specific2,10,19,26. To test for the spatial specificity of
attentional enhancement in our results, we performed a control
experiment in which high-contrast checkerboard stimuli were
presented simultaneously to both hemifields. Subjects were
instructed to direct attention either to the left or right checker-
board and to detect luminance changes as in experiments 1 and 3.
The checkerboard stimulus in the respective contralateral hemi-
field was thus ignored during this time. Behavioral performance
was 88 ± 6% correct. In the LGN, mean fMRI signals evoked by
the checkerboard stimuli were 1.03% when ignored and 1.24%
when attended (Fig. 4a; main effect of attention, 
t3 = 3.5, P < 0.05). In visual cortex, mean fMRI signals evoked by
the checkerboard stimuli increased from 1.65% to 1.97% dur-
ing the attended relative to the unattended condition (Fig. 4b;
main effect of attention, t3 = 3.1, P < 0.05). The size of the LGN
attentional effects obtained in experiments 1 and 4 was similar,
suggesting that the attentional demands of the letter-counting
task at fixation and the luminance detection task at the periph-
eral checkerboard location were comparable. These findings
indicate that attentional response enhancement in the LGN and
in visual cortex was spatially selective and rule out the possibil-
ity that the modulation was due to unspecific attention effects
such as arousal.
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Table 1.   LGN Talairach coordinates and estimated volumes

Experiment Subject Right Left        Volume (mm3)

x y z x y z      R      L

Anatomical 1 22 –21 –5 –23 –23 –3

2 23 –22 –6 –23 –22 –3

3 25 –22 –3 –24 –21 –6

4 21 –21 –6 –22 –21 –5

Average 23 –22 –5 –23 –22 –4

Enhancement 1 23 –20 –3 –20 –23 –3        270 270

2 28 –19  0 –23 –19 –4        324 108

3 24 –19 –5 –19 –26 –5        216   81

4 19 –22 –3 –22 –24 –2        135 162

Average 24 –20 –3 –21 –23 –4        236 155

Suppression  1 20 –25 –3 –24 –26 –4        189 270

2 22 –16 –6 –26 –18 –6          95 189

3 22 –20  1 –24 –23 –3        216 189

4 19 –23 –5 –22 –20 –3        189 135

Average 21 –21 –3 –24 –22 –4        189 135

Baseline 1 25 –18  0 –23 –20 –3        270 729

2 24 –20 –4 –18 –23 –3        243 189

3 23 –19 –6 –24            –15             –9        351    189

4 16 –25 –2 –22 –22  0        270  324

Average 22 –21 –3 –22 –20 –4        284 356

R, right; L, left.
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Fig. 2. Time series of fMRI signals in the LGN (a–c) and visual
cortex (d–f). Group analysis (n = 4). Data from the LGN and
visual cortex were combined across left and right hemispheres.
Activity in visual cortex was pooled across areas V1, V2, V3/VP,
V4, TEO, V3A and MT/MST. (a, d) Attentional enhancement.
During directed attention to the stimuli (red curves), responses
to both the high-contrast stimulus (100%, solid curves) and low-
contrast stimulus (5%, dashed curves) were enhanced relative to
an unattended condition (black curves). (b, e) Attentional sup-
pression. During an attentionally demanding fixation task (black
curves), responses evoked by both the high-contrast stimulus
(100%, solid curves) and low-contrast stimulus (10%, dashed
curves) were attenuated relative to an easier attention task at fix-
ation (green curves). (c, f) Baseline increases. Baseline activity
was elevated during directed attention to the periphery of the
visual hemifield in expectation of the stimulus onset (blue). Gray
shades indicate periods of checkerboard presentation.
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Eye movement controls
To investigate the possibility that eye movements confounded
the attentional response modulation found in the LGN and
visual cortex, we carried out eye movement control experi-
ments outside the scanner. The same attention tasks and visu-
al displays were used as during scanning sessions, and
behavioral performance was similar to that seen inside the
scanner. Separate frequency histograms of horizontal and ver-
tical eye position were derived for the conditions when sub-
jects attended to the left or to the right in covert attention tasks
(Fig. 5). The difference in mean horizontal eye position
between these conditions was 0.09, 0.03 and 0.48 degrees in exper-
iments 1, 3 and 4, respectively. None of these differences was sig-
nificant (experiment 1, t3 = –0.21, P = 0.85; experiment 3,
t3 = 0.13, P = 0.91; experiment 4, t3 = 1.73, P = 0.18), indicat-
ing that there was not a tendency to shift gaze location along
with attention.

During covert attention and fixation tasks in all experiments,
fixation was well maintained and almost never strayed outside
the blank region surrounding the fixation cross (with a radius of
1.5°). Of the horizontal position samples, 99.86% were within
this region. For the rare samples that fell outside this region,
there was no systematic relation between eye position and direc-
tion of attention, indicating that eye movements deviating from
fixation were not correlated with task condition.

Although this analysis does not entirely rule out eye
movements as a confounding factor because eye movement
data was not available from scanning sessions, the results do
show that subjects were able to perform all attention tasks
over extended periods of time while maintaining fixation,
with a standard deviation of eye position of only 0.17°, and
that there was no systematic relation between the different

attention conditions and eye movements. Assuming that our sub-
jects performed similarly during scanning sessions, it is not like-
ly that the modulation of neural activity in the LGN and visual
cortex was significantly confounded by eye movements.

DISCUSSION
Here we report evidence for attentional response modulation in
the human LGN. Selective attention modulated neural activi-
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Fig. 3. Attentional response modulation in the LGN and in visual corti-
cal areas V1, V2, V3/VP, V4, TEO, V3A and MT/MST. Attentional effects
were quantified and normalized by defining several indices: (a) atten-
tional enhancement index (AEI, experiment 1), (b) attentional suppres-
sion index (ASI, experiment 2) and (c) baseline modulation index (BMI,
experiment 3). For all indices, larger values indicate larger effects of
attention. Index values were computed for each subject based on aver-
aged signals obtained in the different attention conditions and are pre-
sented as averaged index values from four subjects (see Methods). In
visual cortex, attentional effects increased from early to later processing
stages. Attentional effects in the LGN were larger than in V1. Vertical
bars indicate s.e.m. across subjects.
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Fig. 5. Frequency histograms of eye position for experiments 1
(top), 3 (middle) and 4 (bottom). Group data (n = 4) from behav-
ioral sessions outside the scanner. Subjects directed attention
either to the left (red curves) or to the right (blue curves) of fixa-
tion. Horizontal eye position (solid curves) and vertical eye posi-
tion (dashed curves) were both sharply peaked and centered on
the fixation cross at zero degrees. Negative abscissa values indi-
cate leftward deviations of eye position from fixation. Positive val-
ues indicate rightward deviations from fixation. The inner vertical
lines indicate the inner margin of the checkerboard stimulus; a
blank region surrounded the central 1.5° around the fixation
cross (see Fig. 1a and b).

ty in the LGN in multiple ways: by enhancing neural respons-
es to attended stimuli, by attenuating those to ignored stim-
uli, and by increasing baseline activity in the absence of visual
stimulation. These effects of attention were qualitatively simi-
lar to those obtained in visual cortical areas. The effects of
attentional response enhancement were spatially specific, indi-
cating that they were due to selective attention rather than to
unspecific arousal. In behavioral studies outside the scanner,
we found that eye movements were not systematically corre-
lated with the different task conditions and were therefore an
unlikely source for the response modulation found in the LGN
and visual cortex. Taken together, our results indicate that the
LGN may be the first stage in the processing of visual infor-
mation that is modulated by attentional signals.

Previous studies have not found attentional modulation in
the LGN. In monkey physiology studies28,29,31, attentional
modulation was investigated by comparing neural responses
evoked by identical visual stimuli when attended or ignored
across multiple areas of the visual system, including the LGN,
striate and extrastriate cortex. Attentional modulation of neur-
al responses was consistently found in cortical areas, but not
in the LGN. These negative findings support the classical
notion that selective attention affects neural processing only
at the cortical level. We now challenge this view by using fMRI
to demonstrate qualitatively similar attention effects in the
LGN and visual cortex. Functional MRI measures neural activ-
ity at a population level that may be better suited to uncover
large-scale modulatory activity. Small modulatory effects that
cannot be reliably found by measuring neural activity at the
single- or multi-unit level may be revealed when summed
across large populations of neurons. Our results confirm and
extend findings from a double-label deoxyglucose study32 that
showed the suppression of metabolic activity in regions sur-

rounding an attended location in the magnocellular layers of
the monkey LGN. This is in accordance with our finding that
attention suppresses fMRI signals evoked by an ignored stim-
ulus. Furthermore, we found that such attentional suppression
depends on attentional load.

The magnitude of all attention effects—enhancement, sup-
pression and baseline increases—increased from early to more
advanced processing levels of visual cortex, confirming results
from previous studies10,26,28,29. This is consistent with the idea
that attention operates through top-down signals that are trans-
mitted via corticocortical feedback connections in a hierarchi-
cal fashion. This way, later stages of visual cortical processing
are more strongly controlled by attentional mechanisms than
are early processing stages. According to this account, one would
predict smaller attention effects in the LGN than in striate cor-
tex. In contrast, we found that all attention effects tended to be
larger in the LGN than in striate cortex. This raises the possi-
bility that attentional modulation in the LGN may be due to
factors other than corticothalamic feedback from striate cor-

tex; modulatory influences may also come from sources such
as the brainstem, the superior colliculus (SC) and the thal-
amic reticular nucleus (TRN). Because hemodynamic
responses appear to reflect the synaptic input to an area33,
the large attention effects in the LGN may result from these
multiple modulatory influences. Other possibilities that may
explain the differences in magnitude of the modulation
between the LGN and V1 include regional disparities under-
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lying the blood oxygenation level–dependent (BOLD) signal or
non-linearities in thalamocortical signal transmission.

Owing to its afferent input, the LGN may be in an ideal
position to serve as an early gatekeeper in attentional gain con-
trol34. In addition to corticothalamic feedback projections from
V1, the LGN receives inputs from the SC, the parabrachial
region and the TRN. For several reasons, the TRN has long
been implicated in theoretical accounts of selective atten-
tion30,34,35. First, all feedforward projections from the thala-
mus to the cortex, as well as their reverse projections, pass
through the TRN. Second, the TRN receives inputs not only
from the LGN and V1, but also from several extrastriate areas
and the pulvinar. Thus, it may serve as a node where several
cortical areas and thalamic nuclei can interact to modulate
thalamocortical transmission through inhibitory connections
to LGN relay cells36. And third, the TRN contains topograph-
ically organized representations of the visual field and can thus
modulate thalamocortical or corticothalamic transmission in
spatially specific ways. The SC is part of a distributed network
of areas controlling eye movements, which have recently been
shown to modulate the activity of LGN neurons37. The exis-
tence of multiple modulatory inputs to the LGN, which great-
ly outnumber the retinal inputs, is consistent with the idea that
this structure is centrally involved in selective attention, as sug-
gested by our findings.

The neural mechanisms underlying attention effects are not
yet clear. Attentional response enhancement may result from
an increase in neural activity at the attended location or a
decrease in activity around the locus of selection32. Our result
of attentional load–dependent suppression of neural activity
evoked by ignored stimuli points to a suppressive mechanism.
Other studies suggest that attentional response enhancement
may be mediated by a push–pull mechanism that combines
excitatory and suppressive components (ref. 9 and M.A.P & 
S. K., Soc. Neurosci. Abstr. 27, 574.4, 2001). Alternatively, atten-
tional response enhancement could result from an elevated
baseline activity that is sustained during the visual stimulation
period and simply adds to the visually evoked activity17–20.
Increases in baseline activity during directed attention in antic-
ipation of a visual stimulus have been interpreted, in the frame-
work of the biased competition account of attention1, to reflect
a top-down feedback bias in favor of the attended location,
enhancing synaptic efficacy18,19. Several findings counter the
idea that attentional response enhancement simply reflects a
baseline increase in activity. For example, attention-related
baseline increases were demonstrated in early visual cortex
without a concomitant increase in the visually evoked response
to attended stimuli (for a more detailed discussion, see ref. 19).
In the present study, we sought to determine the level at which
attentional modulation first occurs in the visual system. The
neural mechanisms underlying the attentional modulation
reported here and in other studies5–11,15–20,26–29, however, will
require further study.

Much remains to be learned about the complex thalamic
circuitry that subserves attentional modulation in the LGN.
We conclude from our studies that the LGN appears to be the
first stage in the processing of visual information that is mod-
ulated by attentional signals. Our findings challenge the idea
that attention effects are confined to cortical processing, and
suggest the need to revise the traditional view of the LGN as a
mere gateway to the visual cortex. The LGN may, in fact, serve
as a gatekeeper in attentional gain control. The precise nature
of the gain mechanism remains to be explored.

METHODS
Subjects, visual stimuli and tasks. Four healthy subjects (three men,
22–38 years old, normal or corrected-to-normal visual acuity) gave writ-
ten informed consent for participation in the study, which was approved
by the Institutional Review Panel of Princeton University.

High- or low-contrast checkerboard stimuli (Fig. 1a and b) that
reversed contrast at 7.5 Hz were presented in alternation either to the left
or the right visual hemifield in blocks of 16–18 s. The subjects’ central
fixation point was separated from the checkerboard stimuli by 1.5°;
regions along the vertical meridian were spared. In experiment 4, the
checkerboard stimulus was simultaneously presented to both hemifields
in blocks of 18 s interleaved with blank periods of the same duration. In
the attended conditions of experiments 1, 3 and 4, subjects covertly direct-
ed attention to the checkerboard arc at 10° eccentricity (Fig. 1b) and
detected randomly occurring luminance changes along that arc. Covert
attention shifts were indicated by briefly presenting an arrow at fixation
that pointed to the left or right hemifield 1 s before the onset of the stim-
uli. In the unattended conditions of experiments 1 and 2, subjects per-
formed a letter-counting task at fixation. Three target letters were
presented randomly among digits and keyboard symbols, at a rate of
267 ms per item. Each scan started and ended with a 16–28 s presentation
block comprising a fixation point on a blank screen.

Subject training and eye movement control. Before scanning, subjects
were extensively trained on all tasks. Eye movement control experiments
were run outside the scanner while subjects performed the same attention
tasks as in the scanner, under matched display and viewing conditions.
Subjects’ eye positions were monitored at a sampling rate of 60 Hz by a
head-mounted infrared eyetracking system (ISCAN ETL-500, Iscan Inc.,
Burlington, Massachusetts). The foveated location was superimposed on
a scene-camera image of the visual display and recorded on videotape.
Eye position data were output as raw scene camera pixel locations and
converted from pixel values to degrees of visual angle. Frequency his-
tograms of eye position were derived for each subject and each condi-
tion; they are shown here as group data (Fig. 5). For the covert attention
tasks of experiments 1, 3 and 4, eye positions while attending to the right
and to the left were analyzed separately. For the rare samples of eye move-
ments that deviated from fixation by more than 1.5° (<1% of horizontal
samples), t-tests were used to determine whether there was any relation
between condition and eye position.

Data acquisition and analysis. General scanning and data analysis pro-
cedures were identical in all experiments. Data were acquired in 20 scan
sessions with a 3-tesla head scanner (Allegra, Siemens, Erlangen, Ger-
many) using a standard head coil. Functional images were taken with a
gradient echo, echoplanar sequence (TR, 2 s; TE, 30 ms; flip angle, 90°;
matrix 64 × 64 voxels). Twenty-two contiguous, axial slices (thickness, 
3 mm; gap, 1 mm; in-plane resolution, 3.17 × 3.17 mm) were acquired
in 6–12 series of 96–129 images each, covering the thalamus and visual
cortex. Echoplanar images were compared with a co-aligned, high-
resolution anatomical scan of the same subject’s brain taken in the same
session (FLASH; TR, 150 ms; TE, 4.6 ms; flip angle, 90°; 256 × 256
matrix). Another high-resolution anatomical scan of the whole brain
(MPRAGE sequence; TR, 11.1 ms; TE, 4.3 ms; flip angle, 8°; 256 × 256
matrix; three-dimensional resolution, 1 mm3) was taken to perform spa-
tial normalization and three-dimensional surface reconstructions in
BrainVoyager (Brain Innovation, Maastricht, Netherlands).

Functional images were motion-corrected38; statistical analyses were
restricted to brain voxels with adequate signal intensity (average intensity
of >20% of the maximum value across voxels). The first five images of
each scan were excluded from analysis. Statistical analyses were performed
using multiple regression in the framework of the general linear model39

with National Institutes of Health functional imaging data analysis pro-
gram (FIDAP) software. In experiments 1–3, a square wave function
reflecting the contrast of left versus right visual hemifield stimulation
was convolved with a Gaussian model of the hemodynamic response (lag
4.8 s, dispersion 1.8 s) to generate an idealized response function, which
was used in the regression model. In experiment 4, checkerboard presen-
tations were contrasted with blank presentations. Additional regressors
were used to factor out variance due to between-run changes in mean
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intensity and within-run linear changes. With this statistical model, vox-
els corresponding to foveal stimulus representations were excluded from
further analysis; in all experiments, fMRI activity reflects only activity
evoked by the peripheral checkerboard stimuli. Statistical maps were
thresholded at a Z-score of 2.33 (P < 0.05). LGN activations were identified
based on contiguous voxels in its anatomical location (Fig. 1c; Table 1).
Activity in visual cortex was assigned to retinotopically organized areas.
FMRI time series analyses were performed on all activated voxels within
a given region and are presented as group data. Mean signals were com-
puted by averaging across all intensity values obtained in a given condi-
tion and are given as percent signal change. Percent signal change was
computed relative to the mean of the six intensity values preceding a
visual stimulation period in experiments 1, 2 and 4 or preceding an
expectation period in experiment 3. Because we did not find any differ-
ences between activity in the right and left LGN or visual cortex, data
were combined across hemispheres. Statistical significance of time series
data was determined by a random effects analysis using one-sample, one-
tailed t-tests. Statistical significance of index values was determined by
ANOVAs with three factors: subject, experiment and anatomical region.
For each subject, statistical maps and structural images were transformed
into Talairach space40 using BrainVoyager software.

To quantify the attention effects and to compare them across areas, an
attentional enhancement index (AEI; experiment 1), an attentional sup-
pression index (ASI; experiment 2) and a baseline modulation index
(BMI; experiment 3) were computed using the mean fMRI signals
obtained in a given condition. AEI = (RATT – RUNATT)/(RATT + RUNATT);
ASI = (REASY – RHARD)/(REASY + RHARD); BMI = REXP/RATT); R,
response; ATT, attended visual presentations; UNATT, unattended visu-
al presentations; EASY, easy attention task; HARD, hard attention task;
EXP, expectation period. Indexes were computed for each subject and
were then averaged across the group of subjects.

Mapping visual areas. Retinotopic mapping was performed for each sub-
ject in a separate scanning session using established procedures24 described
in detail elsewhere25. Areas V1, V2, V3/VP and V3A were identified by the
alternating representations of the vertical and horizontal meridians, which
form the borders of these areas. Areas V4 and TEO were identified by their
characteristic upper (UVF) and lower (LVF) visual field retinotopy. The
UVF and LVF are separated in V4 and located medially and laterally on
the fusiform gyrus41, whereas this separation is not seen in the region ante-
rior to V4, which we term TEO. Activations in area MT/MST were identi-
fied on the basis of this area’s characteristic anatomical location42.
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