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Effects of Sustained Spatial Attention in the Human Lateral
Geniculate Nucleus and Superior Colliculus
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'Department of Psychology, Center for the Study of Brain, Mind and Behavior, and Princeton Neuroscience Institute, Princeton University, Princeton, New
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The role of subcortical visual structures such as the lateral geniculate nucleus (LGN) and the superior colliculus (SC) in the control of
visual spatial attention remains poorly understood. Here, we used high-resolution functional magnetic resonance imaging to measure
responses in the human LGN and SC during sustained spatial attention. Subjects covertly and continuously tracked one of two segments
that rotated through the visual field, composed of either moving dots or transient colored shapes. Activity in both nuclei was generally
enhanced by attention, independent of the stimulus type, with the voxels responding more sensitively to stimulus contrast (those
dominated by magnocellular input) exhibiting greater attentional enhancement. The LGN contained clusters of voxels exhibiting atten-
tional enhancement or weak suppression, whereas the SC exhibited predominantly attentional enhancement, which was significantly
stronger than in the LGN. The spatial distribution of the attentional effects was unrelated to the retinotopic organization in either
structure. The results demonstrate that each of the major subcortical visual pathways participates in attentional selection, and their

differential magnitudes of modulation suggest distinct roles.
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Introduction
A number of different subcortical pathways of visual information
originate from different classes of retinal ganglion cells and re-
main spatially segregated in the subcortex, while being recom-
bined in the visual cortex. The major pathways include the supe-
rior colliculus (SC) and the magnocellular (M) and parvocellular
(P) parts of the lateral geniculate nucleus (LGN). These subcor-
tical visual nuclei occupy central positions within the recurrent
architecture of the visual system and may act as important con-
trol structures in directing and sustaining spatial attention. Func-
tional imaging studies in humans have shown that activity in both
the LGN and SC is modulated by attention (Corbetta et al., 1991;
Biichel etal., 1998; O’Connor et al., 2002), but the relative roles of
the different visual pathways in spatial attention remain unclear.
The LGN is the thalamic station in the projection of the visual
pathway from retina to primary visual cortex and is organized
into six eye-specific layers, with M and P neurons populating the
four dorsal and the two ventral layers, respectively. M and P
neurons are functionally distinct and can be distinguished by
their contrast response functions (Wiesel and Hubel, 1966; Dre-
her et al., 1976; Creutzfeldt et al., 1979; Shapley et al., 1981; Der-
rington and Lennie, 1984; Merigan and Maunsell, 1993; Schnei-
der et al., 2004). The inputs to the LGN include both the first
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synapses from the retinal ganglion cells and also massive feedback
from the primary visual cortex and the thalamic reticular nucleus
that greatly outnumber the retinal inputs (Sherman and Koch,
1986), making it an opportune control structure to modulate the
transmission of visual information.

Human LGN activity is modulated by attention (O’Connor et
al., 2002), but little is known about the relative roles of the M and
P layers. Using high-resolution functional magnetic resonance
imaging (fMRI), we have been able to identify voxels in the LGN
whose responses were likely dominated by M or P neurons, based
on their relative responses to high- and low-contrast stimuli
(Schneider et al., 2004). Therefore, the first goal of the present
study was to apply these techniques to probe attentional effects
on the M and P parts of the LGN by correlating the effects of
stimulus contrast and of sustained attention in individual LGN
voxels.

The SC is a laminar structure in the midbrain that belongs to
a distributed network of areas mediating saccadic eye move-
ments, fixations, and directed attention (for review, see Wurtz
and Albano, 1980; Sparks, 1986; Moschovakis et al., 1996; Sparks,
2002; Krauzlis, 2004a; Shipp, 2004). The SC is subdivided into a
superficial part, which mainly processes visual information, and a
deeper part, which contributes to the control of orienting move-
ments of the eyes and the head in response to sensory stimuli.
Several studies have shown that, in the macaque, responses in the
SC are enhanced when stimuli are cued by either peripheral spa-
tial cues (Robinson and Kertzman, 1995; Gattass and Desimone,
1996; Kustov and Robinson, 1996; Bell et al., 2004; Fecteau et al.,
2004; Ignashchenkova et al., 2004) or symbolic cues associated
with specific spatial locations (Kustov and Robinson, 1996; Lee
and Keller, 2006). Modulation of human SC activity has been
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reported relating to eye and head movements (Petit and
Beauchamp, 2003; Schmitz et al., 2004), visual search (Gitelman
et al., 2002), and selective attention to motion (Biichel et al.,
1998) or shape (Corbetta et al., 1991). However, the role of the SC
in sustained attention remains unclear, and the second goal of the
present study was to directly compare attentional modulation in
the SC to those in the M and P pathways.

We pursued these goals by using a novel paradigm in which
subjects covertly tracked and detected changes within one of two
segments of a rotating bow tie-shaped stimulus (see Fig. 1), al-
lowing us to compare the responses evoked by the attended and
unattended segments as they passed through the same regions of
the visual field.

Materials and Methods

Subjects. Five subjects participated in the study, which was approved by
the Institutional Review Panel of Princeton University. All subjects
(20-35 years of age; one male) were in good health with no past history of
psychiatric or neurological disorders and gave their informed written
consent. Subjects had normal or corrected-to-normal visual acuity. Four
subjects (S1-S4) participated in three separate scanning sessions, one for
measuring contrast response functions of the LGN and SC, and a second
and third for experiments 1 and 2, respectively. Two additional control
studies were conducted. In the first control study, two of the four subjects
(S1 and S2) participated in an additional session during which eye move-
ments were recorded while performing experiments 1 and 2, and in a
second control study, two subjects (S1 and S5) participated in a separate
session to measure responses evoked by coherent versus incoherent dot
motion in the LGN and SC.

Visual display. The stimuli were generated on a Macintosh G4 com-
puter (Apple Computer) using Matlab software (Mathworks) and Psy-
chophysics Toolbox functions (Brainard, 1997; Pelli, 1997) and were
projected from a PowerLite 7250 LCD projector (Epson) outside the
scanner room onto a translucent screen located at the end of the scanner
bore. Subjects viewed the screen at a total pathlength of 60 cm through a
mirror attached to the head coil. The screen subtended 30° of visual angle
in the horizontal dimension and 26° in the vertical dimension. A trigger
pulse from the scanner synchronized the start of the stimulus presenta-
tion to the beginning of the image acquisition.

Visual stimuli and procedure. Visual stimuli consisted of two opposing
angular segments of the visual field, comprising a bow tie-shaped pattern
that rotated about the fixation point (Fig. 1). Together, the segments
spanned approximately the central 30° of the visual field. To ensure that
the measured effects applied more generally and were not tied to specific
stimulus features or to particular levels of difficulty in selecting the be-
haviorally relevant information, we varied in separate experiments the
feature content of the stimuli within the bow tie segments, using either
moving dot fields in experiment 1 (Fig. 1A), or colored shape conjunc-
tions in experiment 2 (Fig. 1 B). A central fixation point was present, and
subjects were instructed to maintain fixation for the duration of each
scanning run, to attentionally track one of the two segments throughout
the scanning run, and, within that segment, to detect changes in the
direction of fractional coherent motion or to detect specific color and
shape conjunctions.

In experiment 1, the two segments were composed of 1000 0.1° white
dots moving with a speed of 7°/s on a black background (Fig. 1A). On
each video frame, 10% of the dots in each segment disappeared and were
redrawn in random locations within the same segment such that any dot
had an average lifetime of 10 frames or 167 ms. A dot disappeared and
was redrawn in a random position on reaching the boundaries of the
segment. The segment boundaries constantly changed as the segment
rotated counterclockwise around the fixation point with a period of 40 s.
In the segment to which each subject had been instructed to attend, a
fraction of the dots were moving in a coherent direction, and the remain-
ing dots in that segment as well as in the opposite segment moved ran-
domly. Every 1-3 s, the coherent dots would change directions by a
random angle. The task of the subject, while fixating, was to press a key on
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Figure1.  Visualstimuli. Single frames of the stimuli are shown. 4, The moving dot stimulus.
The two segments rotated counterclockwise around the fixation point with a period of 40 s. In
one of the segments, a fraction of the dots was moving in a coherent direction, and the remain-
ing dots in that segment as well as in the opposite segment moved randomly. Subjects were
required to covertly track the segment with the coherent dots and to report changes in the
direction of coherent motion. B, The color and shape stimulus. The segments rotated counter-
clockwise with a period of 40 s. The color and shape combinations were briefly presented within
the segment boundaries. Subjects were instructed to direct attention to one of the two seg-
ments and to detect a unique color and shape combination that would appear only in that
segment, for example, a green square.

detection of each these changes in the coherent direction. The difficulty
of the task could be adjusted by varying the fraction of coherently moving
dots; all subjects were scanned with a coherence of 35 or 40%.

From an experiment design perspective, it would have been ideal to
present identical motion stimuli in the two segments. However, we ob-
served in pilot studies the propensity of coherence changes in the unat-
tended segment to automatically capture attention, thus distracting and
confusing the subjects. Because the literature suggests that the degree of
coherence does not by itself modulate activation in low-level visual struc-
tures (Braddick et al., 2001), our design that omitted the coherence from
one segment appeared justified. To assure that any differences in re-
sponses between the segments was attributable to differences in attention
and not coherence, we sought independent verification that the LGN and
SC were not sensitive to motion coherence in a control experiment in-
volving one of the main subjects and an additional subject. The stimulus
consisted of blocks of dots (as in experiment 1) moving either 50%
coherently or in random directions. Each block lasted for 16 s, and the
cycle of coherent and incoherent dots was repeated eight times during
each of the seven to eight scanning runs in each subject. Interleaved
among the dot motion scans were six scanning runs in which a high-
contrast rotating checkerboard hemifield stimulus was displayed. The
hemifield pattern reversed contrast at 8 Hz and rotated counterclockwise
through eight cycles per run with a period of 32 s. This stimulus served as
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a localizer to identify regions of interest in the LGN and SC in which to
measure the response to coherent motion.

In experiment 2, the segments were composed of square or circular
shapes on a gray background (147.1 cd/m?), scaled linearly in size with
eccentricity such that shapes near the fixation point were 0.5° per side,
and those located at 15° eccentricity subtended 1.5° (Fig. 1 B). The shapes
were randomly positioned within the segments, but did not overlap with
any other shape. Each shape appeared for 200-500 ms (700—1000 ms for
target shapes), after which it would disappear, creating a space in which a
new shape might appear. The duration of the target shape was altered for
each subject from run to run to maintain approximately the same per-
formance across subjects and runs. As in experiment 1, the boundaries of
the segments, and thus the available areas in which new shapes might
appear, constantly changed as the segments rotated around the fixation
point with a period of 40 s. In each segment, the available colors of the
shapes were different. In one segment, the shapes could be red, blue, or
yellow, whereas in the opposite segment, the shapes could be green, blue,
or yellow. The task of the subjects was to press a key on detection of a
unique color and shape combination, either a red or green square.
Throughout each scanning run, red squares appeared in only one of the
segments, whereas green squares appeared only in the other segment.
The target red and green colors were assigned alternatively to the at-
tended or unattended segments in interleaved scanning runs. Subjects
were informed at the beginning of each run which target shape and color
to detect, and in which of the two segments these conjunctions would be
located.

A third stimulus, an alternating hemifield was used to measure two
points (10 and 100%) of the contrast response function to identify LGN
voxels whose responses were likely dominated by M or P neurons
(Schneider et al., 2004). The stimulus consisted of a checkerboard pat-
tern, contrast reversing at 8 Hz, covering one hemifield but sparing the
vertical meridian and central 1.1° of the visual field. The pattern alter-
nated between the left and right hemifields every 16 s. In separate scan-
ning runs, the stimulus was presented at either 100 or 10% contrast. Data
using this stimulus have been previously reported for some of the sub-
jects (Schneider et al., 2004; Schneider and Kastner, 2005).

Each subject participated in three separate scanning sessions, one each
for experiments 1 and 2, and a third session to measure the contrast
response. In addition, a subset of the subjects participated in a second
control experiment in which eye movements were monitored in the scan-
ner to ensure that subjects were able to maintain fixation while perform-
ing the sustained peripheral attention task. For this experiment, the pro-
jection screen had a small hole at the edge, allowing a subject’s eye
position to be monitored through the subject’s viewing mirror via a
remote camera (ASL 504 remote optics; Applied Science Laboratories).
Each of the stimuli used in experiments 1 and 2 was tested in three runs.
Pupil size and the horizontal and vertical position of the gaze were mea-
sured at a rate of 60 Hz throughout each scanning run, and the timing of
eye blinks were inferred from the characteristic periods of data loss. To
determine whether the gaze position and pupil size time series contained
any power at the rotational frequency of the stimulus, which would in-
dicate that subjects were tracking the stimulus and not maintaining fix-
ation, the horizontal and vertical eye positions were each averaged over
the six scanning runs for each subject, and a Fourier transform was
performed on the resulting time series.

Data acquisition. Data were acquired with a 3 T Allegra head-dedicated
MRI scanner (Siemens) using a standard birdcage head coil. Six to 14
series of 128 volumes each were acquired with 18 interleaved coronal
slices (2 mm thick with no gap between slices) and a gradient echo, echo
planar sequence with a 128 square matrix leading to an in-plane resolu-
tion of 1.5 X 1.5 mm? [repetition time (TR), 2 s; echo time (TE), 41 ms;
flip angle, 90°]. A partial Fourier factor of 7/8 was used to acquire an
asymmetric fraction of k-space to reduce the acquisition time. The pos-
terior edge of the acquisition volume was aligned in the midsagittal plane
with the posterior edge of the corpus callosum to cover the posterior
thalamus. Echo-planar images were compared with a coaligned high-
resolution anatomical scan of the same subject’s brain taken at the be-
ginning of the session (fast low-angle shot; TR, 150 ms; TE, 4.6 ms; flip
angle, 90°% 256 X 256 matrix; six averages).
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The subjects’ heads were surrounded by foam to reduce head move-
ments; one subject (S3) also used a bite bar.

Data analysis. To compensate for subject head movement and scanner
drift occurring during individual scanning runs and across a scanning
session, all volumes acquired in each experiment and scanning run were
registered (Jenkinson et al., 2002) to the same volume acquired in one of
the sessions. We positioned the acquisition field of view in very similar
locations for each subject relative to landmarks visible in the localizer
scans across different scanning sessions to facilitate intersession registra-
tion; when necessary, the registration algorithm was initialized with the
transformation matrix obtained by registering the intersession anatom-
ical images. During the registration procedure, each volume was up-
sampled to twice the resolution in each spatial dimension. For each voxel
in the volume, the linear trend in the fMRI time series was subtracted and
the time series was divided by its mean intensity, converting the data to
units of percentage signal modulation. The time series of each voxel were
averaged across 10 repeated scanning runs of the identical stimulus con-
dition as follows. The images obtained during the first cycle of visual
stimulation (40 s) were discarded to avoid transient effects of signal
saturation and to allow the hemodynamics to reach steady state. There-
fore, the time series of each voxel contained 120 time points representing
six cycles of visual stimulation.

A Fourier analysis was performed to identify regions of interest (ROIs)
containing voxels activated by the stimulus (Bandettini et al., 1993; Engel
etal,, 1997). For each voxel, the amplitude and phase (the temporal delay
relative to the stimulus onset) of the harmonic at the stimulus frequency
were determined by a Fourier transform of the mean time series of the
voxel. The correlation coefficient r between the harmonic and the time
series was computed as the amplitude of the harmonic component di-
vided by the square root of the time series power. Because the bow tie
stimuli contained two frequency components, the main rotation fre-
quency and double that frequency, r was computed using the maximum
of the two harmonics. To ensure that the same groups of voxels were
compared across experiments, the ROIs were composed of voxels that
were significantly activated by each of the stimuli. To do so, an initial ROI
was composed from the set of voxels significantly activated by the average
of the mean time series from the two attentional stimuli. Statistical maps
were thresholded at r = 0.25, corresponding to an uncorrected p <
0.0038. ROIs for each LGN and SC were identified as contiguously acti-
vated voxel clusters in their anatomical locations, as determined from
registered high-resolution structural images of each subject. After these
initial ROIs were defined from the attentional stimuli, they were further
restricted to voxels also activated at r = 0.25 by the average of the 100 and
10% contrast stimuli.

The responses evoked by the attended and unattended sectors of the
stimuli in experiments 1 and 2 were determined separately for each voxel.
Mean time series of one stimulus period were calculated by averaging all
stimulus cycles across scanning runs. To compute the smoothed re-
sponse while avoiding edge effects of the smoothing, three identical raw
series were concatenated and smoothed with a five-point moving aver-
age, and the middle of the three series was extracted. The smoothed
single-period average time series were then deconvolved from the hemo-
dynamic response by fitting to a generative response model. The model
consisted of two square wave sources, each with the same variable width
w but different variable amplitudes a, and a,. The two sources were
always out of phase by one-half stimulus period, but their absolute phase
position ¢ was free to vary. This model is depicted in supplemental
Figure 1A (available at www.jneurosci.org as supplemental material).
The model was then convolved with a standard hemodynamic response
function (mixture of gammas) in supplemental Figure 1B (available at
www.jneurosci.org as supplemental material) to yield the convolved re-
sponse model in supplemental Figure 1C (available at www.jneurosci.org
as supplemental material). In the convolved response model, the larger
impulse is shifted by the hemodynamic delay such that its response peaks
the middle of the response period, and the smaller impulse is shifted so
that its peak occurs at the end and wraps around to the beginning of the
response period. The convolved model response was converted to per-
centage change, and the best-fitting parameters (a,, a,, w, and ¢) were
obtained through an optimization procedure. The parameters a, and a,



Schneider and Kastner e Sustained Spatial Attention in the LGN and SC

A v B
Motion
— — — Color/Shape
150° : o ' ° 150°,
LHM 180° 0° RHM  LHM 180°
210° ° 210°

270°
LvM

Figure 2.

represent the response amplitude to the attended and unattended
wedges, respectively. w represents the duration of the response to each
wedge and therefore the size of the receptive field of the voxel. ¢ indicates
the response delay, which can be converted to the angular polar coordi-
nate of the receptive field location within the visual field of the voxel, and
was corrected based on the hemispheric location of each voxel to ensure
that a, always corresponded to the attended wedge stimulus. Attentional
modulation indices (AMIs) were calculated from the response ampli-
tudes: AMI = (a, — a,)/(a, + a,). For each subject and stimulus, the
mean AMI was calculated for the LGN and SC, pooled across
hemispheres.

To determine the contrast sensitivity of voxels and therefore poten-
tially classify voxels as containing predominantly M or P neurons, we
calculated a contrast modulation index (CMI) based on the response
amplitudes to the 100% (A,yy,) and 10% (A,q,) contrast stimuli:
CMI = (A 00 = A100s)/(A10005 T Aqgos)- M neurons are expected to
exhibit a smaller response difference between 100 and 10% contrast stim-
uli than P neurons (Sclar et al., 1990; Tootell et al., 1995; Schneider et al.,
2004) and were therefore expected to exhibit smaller CMIs. To test
whether the attentional modulation depended on the CMI, the voxels in
each ROI were divided into two groups, one with CMI < 0.25 and the
other with CMI = 0.25, and analyzed separately. General linear models
were computed with SPSS software (version 16.0.1; SPSS).

Results

Behavioral results

In the dot motion task, the attended portion of the stimulus
contained 35-40% coherent motion, and the subjects detected a
mean (£SEM) of 38.1 = 7.0% of the changes in the direction of
this motion. For the color and shape feature conjunction task, the
subjects detected 67.5 = 5.2% of the unique features, a signifi-
cantly greater detection rate than in the motion task (two-tailed ¢
test of the weighted mean, 5 5y = 3.37; p = 0.028).

To test whether performance varied throughout the visual
field, the location of the attended stimulus was recorded each
time a subject detected a change in the stimulus. The visual field
was subdivided into 12 sectors, and for each subject, we com-
puted the fraction of correct detections of changes over all exper-
imental runs that occurred within each sector. These data were
not available for one subject for the motion stimulus, and this
subject was therefore omitted from this analysis. The mean across
subjects is plotted in Figure 2A. Because the motion task was
significantly more difficult than the feature conjunction task, we
compared the results between the two stimulus types by comput-

Behavioral results. The polar plots show the distribution of the subjects’ detection responses throughout the visual
field. A, The mean fraction of correct detections is plotted for each location. The solid line represents the dot motion stimulus, and
the dashed line indicates the color and shape feature conjunction stimulus. The shaded area depicts the extent of the SEM across
subjects. The polar angle coordinate represents a sector of the visual field; the right horizontal meridian (RHM), upper vertical
meridian (UVM), left horizontal meridian (LHM), and lower vertical meridian (LVM) are labeled. B, For each stimulus, the mean
number of detection responses at each location is plotted as a fraction of the subjects’ total detection responses.
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ing the fraction of each subject’s total re-
sponses for each stimulus that occurred
within each sector, as shown in Figure 2 B.
There were no significant differences be-
tween the different directions in visual
space, between the two stimuli, nor was
there a significant interaction between
stimulus and direction, suggesting that
subjects’” performance in the two experi-
ments was uniform throughout the visual

field.

0° RHM

Definition of LGN and SC regions

of interest

The LGN and SC were activated by both
the colored shape and motion bow tie
stimuli and the two contrast stimuli. ROIs
were defined by identifying clusters of vox-
els in the correct anatomical locations that
were significantly activated by the average
of the dot motion and color/shape stimuli.
Among the four subjects, the bow tie stim-
uliactivated a volume of 129 + 24 mm” in the left LGN, 121 * 24
mm” in the right LGN, 110 = 15 mm” in the left SC, and 90 = 15
mm? in the right SC. Because one goal of our study was to exam-
ine the effects of attention on the M and P parts of the LGN, the
ROIs that were defined on the basis of the responses evoked by
the bow tie stimuli were further restricted by the criterion that the
same voxels had to be significantly activated by the 100 and 10%
contrast alternating hemifield stimuli. Overall, 22.8% of the vox-
els were excluded from additional analyses, because they were
exclusively activated by the bow tie stimuli, but not significantly
by the contrast stimuli. The resulting ROI volumes were 114 = 20
mm? in the left LGN, 107 + 22 mm” in the right LGN, 76 * 14
mm? in the left SC, and 51 = 8 mm? in the right SC.

For each of the voxels in each ROI, and separately for each of
the dot motion and color/shape stimuli, the mean raw time series
across the scanning runs was fit to a generative response model
(see Materials and Methods) (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material) to determine the
response amplitudes evoked by the attended and unattended
portions of the stimuli. To ensure that only voxels with well char-
acterized responses were further analyzed, we excluded voxels
that had a response amplitude to either portion of the stimulus
<0 or >5% signal change. The voxels excluded based on these
criteria comprised 19.4% of the total. The voxels that survived all
of the inclusion criteria composed volumes of 97 + 17 mm* in
theleft LGN, 91 = 21 mm? in the right LGN, 56 = 12 mm~ in the
left SC, and 36 = 5 mm? in the right SC.

General attention effects

The dot motion and color/shape stimuli evoked similar periodic
responses in the LGN and SC, with the hemodynamic response
increasing as each segment of the stimulus passed through the
portion of the visual field represented by each voxel, and decreas-
ing in response to a blank visual field (Fig. 3). To evaluate the
effects of attention on neural signals in the LGN and SC, we
calculated the response amplitudes evoked by the attended and
unattended segments of the two types of stimuli by fitting a re-
sponse model to the mean time series (see Materials and Meth-
ods). Data from two typical LGN voxels are shown in Figure 3. In
Figure 3A, the first response was evoked by the attended segment
of the motion stimulus, whereas the second response was evoked
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Figure3. fMRItime series of individual voxels. Typical data for two LGN voxels are shown, fit
to the response model. The peaks in the response occur when the segments of the stimulus
rotate through the receptive fields of the voxels. For each voxel, the response to the attended
stimulus occurs first, followed by the second response to the unattended stimulus. The voxel in
A shows little attentional modulation between the attended and unattended segments of the
stimulus. The voxel in B exhibits a large attentional modulation, as seen in the different heights
of the two responses.

when the unattended segment passed through the same part of
the visual field represented by this voxel. The resulting response
amplitudes for the attended and unattended segments of the
stimulus were approximately equal, and there was little atten-
tional modulation. In contrast, the voxel in Figure 3B exhibited
strong attentional modulation, and the response evoked by the
attended segment of the stimulus was more than twice the ampli-
tude of the response evoked by the unattended segment.

The mean response amplitudes were computed across all vox-
els in each RO, for each stimulus and for each attentional con-
dition. These mean amplitudes were then analyzed with a
repeated-measures general linear model with attentional condi-
tion and stimulus type as repeated measures within each ROL.
Because the stimulus type was not generally found to be a signif-
icant factor, the results are presented collapsed across stimulus
type in Figure 4 and separated by stimulus type in supplemental
Figure 2 (available at www.jneurosci.org as supplemental mate-
rial). The mean response amplitudes averaged across subjects are
plotted for each ROI and attention condition in Figure 4 A. The
results revealed a main effect of attention (F(, 4 = 532.4; p =
4.3 X 1077), with the response evoked by the attended segment
of the stimulus being larger than the response evoked by the
unattended segment of the stimulus. There was no main effect of
either the ROI (F, 5y = 2.5; p = 0.16) or stimulus type (F, 5) =
3.1; p = 0.13) on the response amplitudes, but there was a signif-
icant interaction between attention condition and ROI (F, ) =
203.1;p = 7.5 X 10 ~°), with the effect of attention being larger in
the SC than the LGN. As is evident in Figure 4 A, the response
amplitudes in the SC evoked by the unattended segment of the
stimuli were 40% less than those evoked by the attended segment
of the stimuli (0.650 = 0.048 vs 1.083 =+ 0.051%). In contrast, in
the LGN, the responses evoked by the unattended stimuli were

Schneider and Kastner e Sustained Spatial Attention in the LGN and SC

A LGN SC

*¥x* *HK KKK **x% *XK KKK

L B &
_I_+
D k|

Response amplitude
o
(9, ]

0-
Subject mean Pooled voxels Subject mean Pooled voxels
[J Attended  [] Unattended [O] cMi<.25 [] cmi= 25
B LGN SC
0.4- N
= £y
< B
5 03- D Subject mean _I_
o O cmi<2s
c
= [ cmi= 25
c
Re;
—
£ 02-
>
3
E *
&
2 01-
c
(V]
b
<C
0- L L L

Subject mean  Pooled voxels Subject mean  Pooled voxels

Figure 4. Effects of attention in the LGN and SC. 4, The response amplitudes evoked by the
dot motion and color/shape stimuli are shown for the LGN and SC. The amplitudes for the
attended (white bars) and unattended (hatched bars) conditions are shown averaged across
subjects; error bars indicate the SEM. The shaded bars show the same data pooled over all voxels
and sorted into two different groups: voxels with CMI << 0.25 (darker bars) and voxels with
(MI = 0.25 (lighter bars). The hatched bars correspond to the unattended conditions; the
unhatched bars correspond to the attended conditions. Significant differences in paired com-
parisons are marked with asterisks: *p << 0.05 and ***p << 0.001. B, AMIs are shown for the
LGN and SC either averaged by subject (white bars) or voxels grouped by CMI (shaded bars).

only 10% less than the responses evoked by the attended stimuli
(0.925 = 0.048 vs 1.027 £ 0.051%). These general effects of at-
tention on the response amplitudes were significant in the LGN
and SC (F, ) = 38.9, p = 0.00078; F,, ) = 696.6,p = 2.0 X 10 7,
respectively).

To further quantify the effects of attention, an AMI was com-
puted for each voxel: (a, — a,)/(a, + a,), where a, is the ampli-
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served in either subject in the ROIs in re-
sponse to changes from 50 to 0% coher-
ence in a field of dots covering the visual
field, either in the responses of individual
voxels or in the mean time series averaged
across all voxels in each of the LGN and SC
ROIs.

To summarize the results computed
across subjects, activity in both the LGN
and SC was significantly enhanced by at-
| tention, with the enhancement in the SC
3 being significantly larger than that in the
! LGN. Despite differences in stimulus fea-
tures and task difficulty, there were no sig-
nificant differences in the overall response
amplitudes or attentional modulations be-
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Figure5. Contrastmodulation and attentional modulation in the LGN and SC. Distributions of the CMI (4, B) and AMI (D-G) are

shown for all voxels in all subjects in the LGN (A—C) and SC (D-F). In A and B, voxels with CMI << 0.25 are shaded in gray. These
same voxels appear shaded in the AMI distributions. In B and E, the AMI is shown for the dot motion stimulus in the LGN and SC,

respectively. In Cand F, the AMIis shown for the color and shape stimulus in the LGN and SC.

tude of the response evoked by the attended segment of the stim-
ulus, and a, the amplitude of the response evoked by the
unattended segment of the stimulus (see Materials and Meth-
ods). Thus, voxels with AMI > 0 exhibited attentional enhance-
ment, and voxels with AMI < 0 exhibited attentional suppres-
sion. The AMI permits a direct comparison of the attention
effects in subdivisions within a structure such as the M- or P-LGN
and also across the nuclei and stimulus types. The distributions of
AMIs from the voxels activated by the dot motion stimulus and
by the shape/color stimulus are shown for the LGN in Figure 5, B
and C, and for the SC in Figure 5, E and F. In the LGN, there were
significant fractions of voxels that consistently exhibited either
attentional enhancement or suppression: 39.9% of the voxels ex-
hibited attentional enhancement for both stimuli, whereas 14.4%
consistently exhibited attentional suppression. In the SC, the re-
sult was starkly different: 81.2% of the voxels consistently exhib-
ited attentional enhancement, whereas only 1.5% of the voxels
exhibited attentional suppression for both stimuli.

The mean AMIs were computed for each ROI and each subject
and subjected to a repeated-measures general linear model, with
the stimulus type as the repeated measure. The mean AMIs across
subjects for each ROI are shown in Figure 4 B. The main effect of
ROI was significant (F(, ) = 186.6; p = 9.6 X 10 °), with the
AMI significantly larger in the SC than in the LGN (0.329 % 0.013
vs 0.073 * 0.013, respectively). There was no main effect of stim-
ulus type (F(, 5y = 0.005; p = 0.95) or interaction between stim-
ulus type and ROI (F, 5y = 0.38; p = 0.56).

Although the subcortical areas investigated in the present
study are not thought to be sensitive to motion coherence (Brad-
dick et al., 2001), and although the attentional effects measured
with the motion stimulus were consistent with those measured
with the color/shape stimulus, we performed a control study to
confirm that the modulations in the LGN and SC between the
two sectors of the motion stimulus were caused by the attentional
manipulation and not the difference in motion coherence. Two
subjects were tested while viewing a coherent or a random-dot
motion stimulus (see Materials and Methods), and ROIs for the
LGN and SC were defined by responses evoked by a rotating
flickering checkerboard stimulus. No significant signal was ob-

tween the dot motion and the color/shape
conjunction stimuli in either ROI.

Contrast modulation and

attentional modulation

One goal of the present study was to inves-
tigate potential differences in attentional
modulation in the M and P parts of the
LGN. As in our previous study, the contrast response function
served to identify candidate voxels that received predominant M
or P input (Schneider et al., 2004). M neurons are expected to
exhibit a smaller response difference evoked by low (e.g., 10%)
compared with high (e.g., 100%) contrast stimuli than P neurons
(Sclar et al., 1990; Tootell et al., 1995; Schneider et al., 2004 ). As a
quantitative measure of the contrast response difference, a CMI
was calculated for each subject and each voxel within a given ROL.
The CMI was computed based on the response amplitudes
evoked by the 100% (A (g0,) and 10% (A, ,,) contrast alternating
hemifield stimuli: CMI = (A;090, — A1006)/ (A10006 T A1gos)- The
distributions of CMIs for the LGN and SC are shown in Figure 5,
A and D, respectively. Overall, the LGN was more strongly mod-
ulated in contrast than was the SC (Schneider and Kastner, 2005),
with a mean CMI pooled across all subjects of 0.4820 = 0.0050,
compared with 0.1968 = 0.0097 for the SC.

The AMI for each voxel, averaged across stimulus type, was
plotted against the CMI for that voxel in Figure 6, A and B, for the
LGN and SC, respectively. The mean AMI for each CMI was
computed by smoothing these scatter plots with a Gaussian win-
dow (o = 0.1), and is shown for both nuclei in Figure 6C. It is
evident that the mean AMI is greater than zero, indicating atten-
tional enhancement, over the range of CMI. Over the population
of voxels, AMI tended to be larger for lower CMI. For the LGN,
this was caused by a relative lack of attentionally suppressive
voxels with low CMIs.

To perform statistical tests, the pooled voxels were divided
into two groups, one with CMI < 0.25 (Fig. 5, histogram bars
shaded in gray), and the other with CMI = 0.25, based on the
assumption, also made in our previous study (Schneider et al.,
2004), that voxels in the LGN within the lower tail of the CMI
distribution were likely to contain large fractions of M neurons.
As noted previously (Schneider et al., 2004), because of the vari-
ability in the anatomical locations of the voxels with CMI < 0.25,
these voxels cannot be said to isolate the M layers, but as a group,
their responses are likely to be dominated by M input. Of the 1336
voxels in the LGN ROIs among the subjects, 143 (10.7%) had
CMI < 0.25. Although there could potentially be an overlap of M
and P inputs for voxels with CMI ~ 0.25, the large number of
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voxels with CMI > 0.25 ensures that in
their pooled responses, the borderline !
voxels would be swamped in relation to
the rest of the group dominated by P input.
We chose not to further subdivide these
responses to be consistent with criteria in
our previous study and to present a con-
servative test such that only dramatic dif-
ferences in responses would be observed. s 0
For comparison purposes, voxels in the SC
were also divided into two groups using
the same criterion, with 389 of 658 voxels
(59.1%) having CMI < 0.25.

Independent analyses were performed
with a repeated measures general linear
model on the voxel groups in the LGN and SC. Each voxel was a
separate case, with attentional condition and stimulus type as
within-case factors, and CMI group as a between-case factor.
Subsequently, the AMIs of the voxels were similarly analyzed. In
the LGN, there was a significant main effect of attention on the
amplitudes (F(; 1334 = 118.7; p < 10~ '°), with the responses
evoked by the attended portion of the stimuli being significantly
larger than those evoked by the unattended portion (1.019 *
0.023 vs 0.899 * 0.022%, respectively). There was no interaction
between attentional condition and CMI group (F(; ;334 = 1.2;
p = 0.28); in both CMI groups, the response amplitudes were
significantly greater for the attended than unattended stimuli
(F11330) = 40.2,p < 10 % F(y 1334 = 224.5,p < 10 ', respec-
tively). There was no significant main effect of stimulus type on
the response amplitudes (F(, 334y = 0.002; p = 0.97) or CMI
(F(1.1334) = 0.48; p = 0.49), but there was a marginally significant
interaction among attention condition, stimulus type and CMI
(F1,1334) = 3.732; p = 0.054). The mean amplitudes by voxel for
each attention condition and CMI group are shown in Figure 4 A,
shaded bars. For the AMI in the LGN, there was a significant main
effect of CMI (F(, 1334) = 4.8; p = 0.029), with the voxels in the
CMI < 0.25 group having a larger attentional enhancement than
the voxels in the CMI = 0.25 group (0.110 = 0.016 vs 0.072 =
0.006, respectively). As noted above and in Figure 6, this effect
was mainly attributable to a smaller fraction of voxels exhibiting
attentional suppression in the CMI < 0.25 group than in the
CMI > 0.25 group. There was no main effect of stimulus type on
AMI (F(; 1334y = 2.4; p = 0.12). The mean AMIs for the LGN in
each CMI group are shown in Figure 4 B.

In the SC, there was a main effect of attention on the response
amplitudes (F(, ¢5) = 1337.4; p < 10 '°), with the attended
segment of the stimuli evoking a significantly larger response
(1.085 = 0.017%) than that evoked by the unattended segment
(0.650 £ 0.017%) in the pooled analysis. There was also a main
effect of the stimulus type on the amplitudes (F; g5, = 19.9;p =
9.6 X 10~°), with the response amplitudes being larger for the
color/shape stimulus than for the dot motion stimulus (0.940 +
0.025 vs 0.795 % 0.021%, respectively), and a significant interac-
tion between the effects of attention and stimulus type (F(, ¢s¢) =
4.0; p = 0.046), with the effects of attention somewhat smaller for
the dot stimuli than for the color/shape stimuli. This interaction
was not evident in the analysis of the AMI (below). The mean
response amplitudes across voxels for each stimulus, attention
condition, and CMI group are shown in supplemental Figure 2 B,
shaded bars (available at www.jneurosci.org as supplemental ma-
terial). Although there was no main effect of CMI on the response
amplitudes (F(; 56y = 0.001; p = 0.97), there was a significant
interaction between attention and CMI (F(, g5y = 6.6; p =
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plotted against the CMI for all voxels, pooled across subjects. Each dot represents asingle voxel in the LGN (A) or SC(B). €, The mean
AMI for each CMI is computed for the LGN (bottom curve) and SC (top curve) by smoothing the scatter plots in A and B with a
Gaussian window (o~ = 0.1). The shaded area represents the SEM.

0.010), with the difference between the responses to the attended
and unattended segments of the stimuli being larger among the
CMI < 0.25 group of voxels (1.099 £ 0.022 vs 0.634 * 0.022%)
than among the CMI = 0.25 group (1.070 = 0.026 vs 0.666 *
0.027%). These effects of attention were significant in both CMI
groups (F(; gse) = 936.7, p < 10 "% F; 656 = 498.0, p < 10 '°,
respectively). The mean response amplitudes across voxels for
each stimulus, attention condition, and CMI group are shown in
Figure 4A, shaded bars. For the AMI in the SC, there was no
significant effect of stimulus type (F(; ¢s) = 1.6; p = 0.21), but
there was a main effect of CMI (F; ¢s¢) = 5.9; p = 0.016), with the
AMI larger for the CMI < 0.25 voxels than the CMI = 0.25 voxels
(0.348 £ 0.012 vs 0.304 = 0.014, respectively). The mean AMIs
by voxel in the SC are shown for each CMI group in Figure 4 B.

To summarize the effects of attention in the LGN and SC
among groups of voxels defined by their contrast modulation, in
both structures, the voxels that were less modulated in contrast
exhibited stronger attentional enhancement, independent of
whether the attended stimulus was composed of moving fields of
dots or shapes of different color.

Spatial distribution and specificity of attention effects

Both the LGN and SC contain retinotopic maps of the visual field
that can be resolved in humans using high-resolution fMRI
(Schneider et al., 2004; Schneider and Kastner, 2005), and it was
therefore possible, by examining the attentional effects in indi-
vidual voxels in relation to the locations of the voxels within the
anatomical structure of the LGN and SC, to determine whether
the effects of sustained attention varied in magnitude throughout
the visual field. This analysis also provides a measure of the spatial
specificity of the attentional effects. The mean AMIs averaged
across both attentional stimuli are plotted for each voxel in the
ROIsin Figure 7 for the LGN and Figure 8 for the SC. Whereas the
voxels in the SC generally displayed attentional enhancement
with AMI > 0, as indicated by the reddish colors, in the LGN,
there were also substantial regions of attentional suppression
with AMI < 0, as indicated by the bluish colors. This was a con-
sistent result across the four subjects. There appears to be some
internal structure within the LGN, with localized regions of rela-
tively strong attentional enhancement, mixed among relatively
weak but more expansive regions of attentional suppression.

To examine the robustness of these regions, we split the LGN
data in one-half (cycles 1, 4, and 6 vs cycles 2, 3, and 5) and
calculated the mean AMI across stimulus type for the voxels in
each one-half. A total of 80.3% of all of the voxels in the LGN
ROIs across subjects had good deconvolution fits for both halves
of the data. For these voxels, AMI was significantly correlated
between the two halves (r = 0.13; p = 0.000021). The spatial
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Figure7.  Spatial maps of attentional modulation effects in the LGN. Activations in the LGN are shown for all subjects. Voxels that were
significantly activated by both the attention and the contrast stimuli constitute the ROl in the anatomical location of the LGN. Enhanced
views of the region indicated in the coronal slice are shown in several sequential slices, arranged anterior (A) to posterior (P). The color of
eachvoxel indicates the mean AMI across both the dot motion and color/shape stimuli for that voxel. The reddish colors indicate attentional
enhancement (AMI > 0), such that the response to the attended segment of the stimulus was larger than the response to the unattended
segment. The bluish colors indicate attentional suppression (AMI << 0). Left (L) and right (R) hemispheres are labeled.
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locations of the areas of attentional en-
hancement and suppression in the LGN
were generally consistent between the two
halves of the data set, as depicted in sup-
plemental Figure 3 (available at www.j-
neurosci.org as supplemental material).
Interestingly, as shown in supplemental
Figure 4 (available at www.jneurosci.org as
supplemental material), the AMI for the
full data set was not significantly corre-
lated between stimulus types, and al-
though there was a similar distribution of
attentional enhancement or suppression
in response to each stimulus, their spatial
distribution differed. Together, these re-
sults suggest that the distribution of spatial
attention enhancement and suppression
effects within the LGN is not random and
can differ in response to different stimuli.

The regions of attentional enhance-
ment in the LGN tended to be located me-
dially and to be oriented obliquely, similar
to a region of constant polar angle repre-
sentation (Schneider et al., 2004). There-
fore, we examined whether regions of at-
tentional enhancement or suppression
corresponded to features in the retino-
topic organization of the LGN. In Figure
9A, a comparison of the AMIs (left panel)
and the polar angle retinotopic coordinate
(right panel), as inferred from the phase
parameter obtained during the fit of the
response model to the hemodynamic re-
sponse of each voxel, is shown for subject
S4 for the LGN and S1 for the SC. In Figure
9B, the AMIs from each LGN voxel acti-
vated in the four subjects are plotted
against its respective polar angle coordi-
nate. Confirming our previous observa-
tions (Schneider et al., 2004), fewer voxels
represented the vertical meridian than
other areas of the visual field. The blue
dashed line indicates AMI = 0 (i.e., no at-
tentional modulation). Voxels located on
the perimeter side of this line have AMI >
0, and those located on the center side have
AMI < 0. The red shaded region indicates
the 95% confidence interval of the AMI at
that polar angle, as calculated by smooth-
ing the data with a Gaussian with a SD of
7/16 radians. The distribution of AMIs
was relatively uniform across the visual
field in the LGN, with each location in the
visual field being represented by some
voxels exhibiting attentional enhancement
and others exhibiting suppression.

The same data for the SC are shown in
Figure 9, C and D. The AMIs for the SC
were large and positive throughout most
of the visual field, but interestingly, they
became significantly negative near the up-
per vertical meridian. The functional sig-
nificance of the attentional suppression in
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this area of the SC field is unclear. Near the
lower vertical meridian, there were not
enough voxels meeting the inclusion crite-
ria to permit a comparison (Schneider and
Kastner, 2005).

Eye movements

Although the LGN and SC exhibited reti-
notopic maps similar to those reported in
previous studies (Schneider et al., 2004;
Schneider and Kastner, 2005), thereby
suggesting that subjects maintained fixa-
tion well, two of the subjects (S1 and S2)
were retested under eye movement control
while covertly tracking the bow tie stimuli
to further rule out eye movements as a po-
tential confounding factor. In both sub-
jects, the dynamic gaze position appeared
to randomly populate the space around
the fixation point. To check for systematic
changes in gaze position related to the
stimulus, the time series of horizontal and
vertical gaze positions were each averaged
over the six scanning runs for each subject.
A Fourier transform was performed on the
mean time series for each coordinate to
determine the spectral power at the rota-
tion frequency of the stimulus. The ampli-
tudes at the stimulus-related frequencies
were small and similar to the noise at
nearby frequencies: for S1, the amplitudes
were 0.14 and 0.10° for the horizontal and
vertical positions, and for S2, the ampli-
tudes were 0.21 and 0.38°, respectively; for
both subjects these amplitudes were much
smaller than the range of the normal fixa-
tional eye movements. Therefore, the eye
movement control data indicate that sub-
jects did not systematically track the stim-
uli, and thus eye movements did not con-
taminate the experimental results.

Discussion
Activity in both the LGN and SC was mod-
ulated by sustained spatial attention, the
effects of which were retinotopically spe-
cific and independent from the feature
content of the stimuli, whether moving
dots or transient colored shapes. The con-
vergence of the results across stimuli sup-
port their generality given that the stimuli
and tasks varied considerably in feature
content, selection criterion, and difficulty.
The attentional enhancement in the SC
was markedly stronger than that in the LGN; whereas the SC
exhibited nearly uniform enhancement throughout its structure,
except near the vertical meridian, the LGN contained regions of
both enhancement and suppression. In both the LGN and SC,
groups of voxels that were the least sensitive to changes in stim-
ulus contrast tended to be most strongly enhanced by attention.
In the LGN, this suggests that the M layers are more strongly
enhanced by sustained attention than the P layers.

Attentional modulation in the LGN has been reported in three

Figure8.
areasin Figure 7.
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Spatial maps of attentional modulation effectsin the SC. Activations in the SCare shown for all subjects. Conventions

other studies (Vanduffel et al., 2000; O’Connor et al., 2002; McA-
lonan et al., 2008). The first report of attentional modulation in
the LGN was a deoxyglucose study in the macaque (Vanduffel et
al., 2000). In this study, when a monkey attended to the orienta-
tion features of a stimulus, activity in the M layers of the LGN was
suppressed at retinotopic locations just peripheral to the stimu-
lus, compared with a spatial attention task, in which no such
suppression was observed. There was little difference in modula-
tion between the two tasks at retinotopic locations representing
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and P neurons were modulated by atten-
tion with an effect size of ~10% in the
population, similar to the magnitude of at-
tention effects measured with hemody-
namic signals in the present study (McA-
lonan et al, 2008). Furthermore, a
distribution of attentional effects in indi-
vidual neurons showed both weak sup-
pression and generally stronger enhance-
ment effects, similar to our observations at
the level of single voxels. Importantly, the
physiology results suggest that the atten-
tion effects in the LGN are mediated
through inhibitory control of TRN
neurons.

The third study, an fMRI investigation
of the human LGN (O’Connor et al.,
2002), reported enhanced responses to a
peripheral flickering checkerboard when
attention was directed to it instead of a
competing task at the fixation point; in-
creasing the difficulty of the central task
increased the magnitude of this effect. In
addition, attending to a flickering checker-
board stimulus presented in one hemifield
increased its response relative to an ig-
nored checkerboard presented simulta-

SC Retinotopy

0° RHM

voxelin the LGN of one subject. Asin Figure 7, AMIisindicated by color, as shown on the color bar. In the right panel, the polar angle
coordinate of the retinotopic representation of each voxel in the LGN is shown for the same subject. The colored disk indicates the
mapping between color and the retinotopic location, with yellowish colors representing the upper hemifield and bluish colors the
lower hemifield. B, For each voxel and each subject, the AMIs are plotted against the polar angle coordinate. Each dot represents
a single voxel, with dots in the right side of the graph representing voxels in the left LGN, and dots on the left, the right LGN. The
dashed blue line indicates AMI = 0 (i.e., no attentional modulation). AMI = —1, which is the maximum possible attentional
suppression, is plotted in the center, and AMI = + 1, the maximum attentional enhancement, is plotted at the perimeter. The red
shaded area indicates the 95% confidence interval of the mean smoothed AMI at that polar angle coordinate. The meridian

neously in the opposite hemifield. This lat-
ter experiment, which was most
comparable with those in the present
study, produced an effect with an AMI of
0.0925, comparable with the mean AMI of
0.073 = 0.013 measured in the present
study in the LGN.

conventions are as in Figure 3. C, D, Results for the SC. All conventions are asin B and D.

the stimulus, or in the P layers of the LGN. In the present study,
rather than comparing modulations between two types of atten-
tional tasks, we compared the responses evoked by attended stim-
uli to those evoked by unattended stimuli, and we did observe
attentional modulation in the area of the LGN that represented
the stimulus. In fact, because we defined our ROIs based on the
responses to the stimulus, our analyses were restricted to portions
of the LGN representing the stimulus, which, given the retinal
magnification factor with eccentricity (Schneider et al., 2004),
encompassed the vast majority of the LGN volume. We observed
attentional modulation throughout the structure of the LGN,
and therefore we conclude that the effects of attention are not
limited to the M layers of the LGN. Although we were not able to
isolate the individual LGN layers at the spatial resolution used in
this study, the correlation between contrast sensitivity and atten-
tional modulation suggests that the response enhancement was
stronger in the M than in the P layers. This finding corroborates
accounts of selective attention suggesting that the M neurons are
essential for the allocation of attentional resources (Cheng et al.,
2004). However, our results also show that, although the atten-
tional modulation was stronger in LGN voxels likely to be dom-
inated by M input, they were not confined to these portions of the
LGN.

Our findings nicely converge with the results of a recent elec-
trophysiology study that examined effects of spatial attention in
M and P neurons of LGN as well as TRN neurons in monkeys
trained on a stimulus matching task. It was shown that both M

O’Connor et al. (2002) used standard

resolution fMRI, which does not permit

investigating the subdivisions of the LGN, and reported modula-
tory effects on the LGN as a whole. In the present study, we used
higher-resolution fMRI and were able to detect attentional effects
in individual LGN voxels. With the higher resolution, we were
not only able to investigate differential effects of sustained atten-
tion on the M- and P-LGN, but also to determine the retinotopic
specificity of the attentional effects. Surprisingly, we observed
robust clusters of attentional enhancement or suppression within
the LGN structure, and we were able to determine that the loca-
tions of these clusters were not directly correlated to the retino-
topic organization. Each retinotopic polar angle location ap-
peared to be represented by some voxels exhibiting attentional
enhancement and others exhibiting suppression. The existence of
suppressive regions is a novel finding, although its functional and
structural significance within the LGN is unclear. The suppres-
sive regions within the LGN are different from the zones of sup-
pression that might surround a “spotlight” of attentional en-
hancement or from the suppression that has been observed in the
unattended regions of the visual field (Tootell et al., 1998; Brefc-
zynski and DeYoe, 1999); rather, the suppressive regions in the
LGN are those in which the response to the attended one-half of
the stimulus was weaker than the response to the unattended
one-half that was located in the opposite hemifield. The initial
responses of neurons in the adjacent thalamic reticular nucleus
are suppressed by attention (McAlonan et al., 2008), but its con-
nections to the LGN are inhibitory (Yingling and Skinner, 1976)
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and are unlikely to be responsible for the suppression effects
observed in parts of the LGN.

Compared with the LGN, the magnitude of the attentional
modulation in the SC was quite large. On average, the response
amplitudes evoked by the unattended sector of the stimuli were
40% less than those evoked by the attended sector. This compares
to a 10% modulation in the LGN. The SC belongs to a distributed
network of brain areas, including the frontal eye field (FEF), re-
sponsible for eye movements and shifts in attention (for review,
see Wurtz and Albano, 1980; Sparks, 1986; Moschovakis et al.,
1996; Sparks, 2002; Krauzlis, 2004a; Shipp, 2004). The connec-
tion from the FEF to SC is highly topographically organized
(Sommer and Wurtz, 2000). One of the primary functions of the
SC may be to orient attention in space and to prepare orienting
motor responses, but a role for the SC in sustained attention has
not yet been established.

Previous studies have shown that the SC is modulated by at-
tention during transient spatial cueing and eye movement tasks.
In an fMRI study, the SC was more strongly activated during an
overt search task compared with nondirected eye movements
(Gitelman etal., 2002). Several electrophysiological studies in the
macaque have shown that responses in neurons in the interme-
diate layer of the SC are enhanced during covert shifts of atten-
tion, when stimuli are spatially cued (Robinson and Kertzman,
1995; Gattass and Desimone, 1996; Kustov and Robinson, 1996;
Bell et al., 2004; Fecteau et al., 2004; Ignashchenkova et al., 2004;
Lee and Keller, 2006). In the macaque, neurons in the rostral SC
exhibited an increase of activity in response to visual motion that
would subsequently be a target for pursuit, similar to the in-
creases in activity that occur before a saccade (Krauzlis, 2004b).
The results of the present study establish the importance of the SC
in sustained spatial attention, in addition to its functional role in
relation to saccadic eye movements or in reaction to spatial cues.
In contrast to these results, preliminary results from a recent
electrophysiology study suggest that only the FEF, but not the SC,
is modulated by endogenous shifts in attention, whereas both
structures are modulated by reflexive shifts of attention (McPeek
and Lee, 2007). Additional research will be necessary to address
this discrepancy in findings from electrophysiology and
neuroimaging.

In addition to being modulated by spatial attention, the SC
can be modulated by feature-based attention. Previous func-
tional imaging studies have found that SC activity is modulated
by selective attention to motion (Biichel et al., 1998) or shape
(Corbetta et al., 1991). In these studies, however, the attentional
enhancement in the SC was not shown to be spatially specific and
could possibly be attributed to changes in motivation or arousal.
In the present study, the attended and unattended sectors of the
stimuli were constantly present on the screen, and attention was
constantly deployed during the task, which rules out nonspecific
arousal as a source of the attentional effects. In addition, we
found that the attentional effects did not depend on the differ-
ence in features between the two distinct types of stimuli we used.

In conclusion, activity in two of the subcortical visual nuclei,
the LGN and SC, can be modulated by sustained spatial attention.
The attentional modulation in the SC was especially prominent,
indicating its importance in spatially directing and sustaining
attention. Our results suggest that both attentional enhancement
and suppression can be observed throughout the structure of the
LGN, and that M parts of the LGN may be less likely to exhibit
suppression than the P parts. High-resolution fMRI will prove
useful in future studies to further define the effects of cognitive
control on the different processing streams that originate in sep-
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arate classes of retinal ganglion cells and remain disjoint in the
subcortex before converging in the cortex.
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