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This paper presents evidence indicating that the signals generated
by neural responses to visual input can be either enhanced by
increasing or suppressed by decreasing the area of the stimuli to
which attention is directed. We used magnetoencephalography
(MEG) to measure the frequency-tagged steady-state visual
evoked responses of 11 subjects presented with two superimposed
images flickering at different frequencies. Each image consisted of
seven parallel bars of equal length; in any image, all bars were
either red or green and either horizontal or vertical. At randomly
chosen times during the experiments, any one of the three middle
bars in either image transiently increased or decreased in width.
Subjects were asked to attend to one image and ignore the other
and to respond to changes in bar width in the attended image with
a key press. In one condition, subject responses were required for
changes in any of the three central bars of the attended image. We
found that visual steady-state evoked responses to the attended
image were enhanced relative to those evoked by the unattended
image in this condition. In a second condition, subject responses
were required for changes only in the middle bar. In this condition,
the responses to the attended image were suppressed relative to
those of the unattended image. These results may reflect relative
differences in the synchronization and desynchronization of re-
sponding neuronal populations.

long-standing question in neuroscience is whether attention

involves inhibition as well as enhancement of cortical neural
responses to sensory input (1, 2). Evidence suggesting the
existence of inhibitory effects can be found in a number of
previous studies. For example, functional MRI studies have
reported suppression of the blood oxygen level-dependent signal
in areas of primary visual cortex representing the peripheral
visual field when subjects attended to a foveal stimulus, in
contrast to greater activity accompanying passive viewing of the
same stimulus (3). Electroencephalogram recordings analyzed
by Silberstein e al. (4) showed that the steady-state potential
amplitude evoked by a visual background was reduced when an
attended image was superimposed on that background. Moran
and Desimone (5) used single-cell electrophysiology to show that
spiking activity in neurons could be suppressed by covertly
switching the focus of attention from an effective to an ineffec-
tive stimulus within the cell’s receptive field. Similarly, in a study
using event-related potentials, Luck ef al. (6) found that early
visual-evoked activity in extrastriate cortex was suppressed when
attention was shifted from the location of the evoking stimulus
to another location in the visual field.

To examine these issues further under stringent conditions, we
recorded the steady-state magnetoencephalographic (MEG)
signals evoked in subjects viewing superimposed flickering visual
stimuli. We found that even when the visual input remained
unchanged, the power of the recorded MEG signal could be
either increased or decreased, depending on the aspect of the
scene to which attention was directed.

We used frequency tags to identify the steady-state visual-
evoked responses in the MEG signal that corresponded to
distinct but spatially overlapping visual stimuli (7). Frequency
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tagging involves the simultaneous presentation of distinct stimuli
flickering at different “tag” frequencies. Responses in the MEG
signal at the corresponding frequencies can then be measured.
A recent example of this technique is provided by studies of
binocular rivalry in which two overlapping images flickered at
different frequencies: enhanced power and coherence in the
MEG signal were found at the tag frequency corresponding to
the perceptually dominant image (8, 9). Frequency tagging has
also been used in conjunction with electroencephalogram re-
cordings, in which measurement of steady-state visual-evoked
responses revealed enhancement of responses to attended stim-
uli in a spatial attention task (10) and inhibition of evoked
responses to an irrelevant background (4).

In our study, 11 subjects were presented with two superim-
posed images flickering at two different frequencies. Each image
consisted of seven equally spaced parallel bars; in any image, all
bars were either red or green and either horizontal or vertical
(Fig. 1). Subjects were asked to attend to one image and ignore
the other and to respond to randomly occurring transient
changes in bar width in the attended image with a key press;
equivalent random transient changes also occurred in the unat-
tended image. We investigated two conditions distinguished only
by task instructions; the physical stimuli were the same in both
conditions. In the first condition, subjects were required to
respond to width changes in any of the central three bars of the
attended image. In the second condition, subject responses were
required only for width changes in the central bar of the attended
image. In this condition, changes in flanking bars of the attended
image served as distracters. Analysis of MEG signals during the
first condition revealed enhancement of visual-evoked responses
to attended stimuli, as compared with visual-evoked responses to
the equivalent unattended image. In the second condition, in
which subject responses were to changes in the central bar only,
we observed suppression of MEG signals relative to those of the
unattended image.

Materials and Methods

All 11 subjects participating in the experiment (eight males and
three females, ages 25-64) had normal or corrected-to-normal
vision. The experimental protocol was approved by the local
Institutional Review Board, and all subjects gave informed
consent. Neuromagnetic signals were collected by using a Mag-
nes 2500Wh MEG system from 4-D NeuroImaging (San Diego).
The MEG sensors consisted of 148 magnetometer coils (1-cm
diameter) covering the whole head with 3-cm spacing (see Fig.
2). MEG recordings were collected in a magnetically shielded
room. Stimuli were generated outside the MEG recording room
by using a Macintosh computer and were projected [by using a
Proxima (San Diego) 2000 projector] onto a screen in front of
the subjects through a porthole and a reflection mirror.

Abbreviation: MEG, magnetoencephalographic.
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Fig. 1. An example of the visual stimuli used in the experiment. Images of
this kind flickered at two different frequencies (7.41 and 8.33 Hz). The images
were presented simultaneously, overlapped entirely, and occupied a square
field of visual angle ~13° directly in front of the subject. A complete list of the
image combinations used is shown in Table 1.

Visual stimuli consisted of superimposed images, each com-
prising seven equally spaced parallel bars. In any image, all bars
were either red or green and were either horizontally or vertically
oriented (Fig. 1). Images flickered at either 7.41 or 8.33 Hz.
These frequencies corresponded to one image every nine or
eight video frames, respectively, at a frequency of about 67
frames per second; on all other frames, black images were
projected. When projected, the images overlapped entirely and
occupied a square field with a visual angle of ~13°. The
remainder of the visual field was black. Luminance levels of
the images were set such that equiluminance was perceived by
the majority of a pool of pilot subjects. All experimental trials
involved the simultaneous presentation of two images of differ-
ent colors, orientations, and flicker frequencies. Throughout all
trials, a constant (nonflickering) dim gray dot was also displayed
as a fixation point at the center of both images. From time to
time, one bar from each image transiently increased or decreased
in width by 20%. Each change lasted for three image presenta-
tions (=~0.4 sec), after which the bar returned to its original
width. On each such occasion, the modified bar was randomly
selected from among the central three bars of the image. The
combined width of these bars occupied ~5.5° of visual angle, an
area exceeding the visual angle of the fovea (=2°). Width
changes occurred independently for each image, with the inter-
val between changes (for each image) chosen from a flat
distribution between 1 and 3 sec.
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Fig.2. MEG sensor index and channel layout, as viewed from above with the
subject’s nose at the top of the image. Channels are grouped into four
quadrants: anterior left (AL), anterior right (AR), posterior left (PL), and
posterior right (PL). Midline channels, which were omitted from all quadrants,
are labeled in white.
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Table 1. The four combinations of stimuli used in the
experiments

Combination Stimuli

Green vertical 7.41 Hz and red horizontal 8.33 Hz
Green vertical 8.33 Hz and red horizontal 7.41 Hz
Red vertical 7.41 Hz and green horizontal 8.33 Hz
Red vertical 8.33 Hz and green horizontal 7.41 Hz

A WN =

Each trial lasted ~2 min and commenced with the projection
of a pair of images together with the fixation point. Four unique
combinations of images were chosen from the two different
colors (red or green), orientations (horizontal or vertical), and
tag frequencies (7.41 and 8.33 Hz). These combinations are
listed in Table 1. Each of the four combinations was repeated in
two consecutive trials (a trial pair). In the first trial, subjects were
asked to fixate the gray dot and to pay attention either to the
horizontal bars (and the corresponding color) or to the vertical
bars (and the corresponding color), and to ignore the other
orientation and color combination. These instructions were
reversed for the second trial of each pair. The four trial pairs
were repeated in the two different experimental conditions,
resulting in a total of 16 trials per subject. The sequence of trial
pairs was randomized within each condition.

We designated the two experimental conditions “attend-to-
all” and “attend-to middle.” In the attend-to-all condition,
subjects were asked to depress a key pad in response to transient
width changes in any of the three central bars of the attended
image. In the attend-to-middle condition, subjects were asked to
respond to transient width changes in the center bar only and to
ignore distracting changes in the flanking bars. Subjects were
told that the direction of width change was irrelevant, i.e., they
were asked to respond to both increases and decreases in width.
In all trials, subjects were instructed not to respond to any
changes in the unattended image.

Several photodiodes were placed on the computer screen and
recorded in real time the timing of the flickering images and of
all width changes in both images. During all trials, two sets of
electrodes monitored eye movements. One pair was placed
above and below the left eye to record blinks and vertical eye
muscle movements. Another pair was placed near the external
canthus of each eye to record horizontal eye muscle movements.
Each electrode was referenced to the other in the same pair.
Instances of blinks and saccades were identified from these two
recordings by the waveform exceeding a threshold.

The task was explained to each subject beforehand, and
subjects were allowed one or two practice trials to gain famil-
iarity. During all experimental trials, signals from the key pads
and the photodiodes were collected along with the MEG signals
and saved to the computer for analysis. For each trial, subjects
started to respond 10-20 sec before the onset of data collection,
after which continuous MEG signals were recorded for 100 sec,
providing a frequency resolution of 0.01 Hz.

The MEG signals were band-pass filtered at 1-100 Hz and
digitized at 508 Hz. For each channel, MEG signals correspond-
ing to each of the images were extracted from the power
spectrum of the whole trial (100 sec) by using a fast Fourier
transform algorithm (MATLAB, Mathworks, Natick, MA). The
two flicker frequencies were identified from the power spectrum
of the photodiode recording and were consistent with the
frequency peaks observed across most MEG channels. Each of
the frequency peaks was located within one bin with 0.01-Hz
frequency resolution. Power at each of these frequency bins was
recorded and classified as attended or unattended depending on
the experimental condition.

Chen et al.
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Fig. 3. Power spectra from Channel 127 in one subject (E, Table 2) for four

different conditions. In this example, the subject was presented with green-
vertical bars flickering at 8.33 Hz and red-horizontal bars flickering at 7.41 Hz.
The subject was required to attend to the red bars (A and C) and to the green
bars (Band D). In A and B, the subject responded to changes in any of the three
central bars (attend-to-all). In Cand D, the subject responded to changesin the
middle bar only (attend-to-middle). In the attend-to-all condition, power
associated with the attended image was enhanced, compared with that
associated with the unattended image. This effect was reversed in the
attend-to-middle condition. The units on the ordinate are in picoTesla (pT)
(1pT =10"127T).

Results

Behavioral Results. For each trial, correct responses were defined
by key presses occurring within 100-1,000 ms after a target
event. Target events were defined as width changes in the
attended image, either in any of the three central bars or in the
middle bar only, depending on the experimental condition. In
the attend-to-middle condition, the mean correct response level
across all subjects was 77.7% (SEM = 4.6%) with a false positive
rate of 16.1% (SEM = 3.3%). In the attend-to-all condition, the
mean correct response level was 61.6% (SEM = 5.4%) with a
false-positive rate of 18.1% (SEM = 3.1%). Although blink and
saccade rates varied considerably from subject to subject, these
rates were not significantly influenced by experimental condi-
tion: averaged across all subjects, differences in blink and
saccade rates between the attend-to-all and attend-to-middle
conditions did not deviate significantly from zero (for blinks, P >
0.1; for saccades, P > 0.1, both by two-tailed ¢ tests). Moreover,
influences of eye movements were masked by measuring brain
responses at the specific tag frequencies >100 sec of continuous
recording per trial.

Brain Responses. Single subject exemplar. Fig. 3 A and B shows two
examples of power spectra from a typical subject (subject E,
Table 2) in the attend-to-all condition. Power spectra are shown
of the same channel (no. 127, located in the right-frontal zone;
see Fig. 2) from two different trials. In one trial (Fig. 34), the
subject was attending to a red-horizontal image tagged at 7.41 Hz
and responding to changes in any of the three central bars while
ignoring the green-vertical image, tagged at 8.33 Hz. In the
second trial (Fig. 3B), the subject attended to the 8.33 Hz
green-vertical image. The visual stimuli (color, orientation, and
frequencies) in the two trials were the same; the only difference
was that the subject attended to different images. The MEG
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Table 2. Average percentage differences between the power
evoked by attended stimuli and that evoked by unattended
stimuli for 11 individual subjects, in both experimental
conditions and at both tag frequencies

Attend-to-all, Hz Attend-to-middle, Hz

Subject 7.41 8.33 7.41 8.33
A 79.4* 106.1* —13.4 -1.9
B 8.8* 28.3* 85.7* —45.1*
C 30.1* —15.7* —27.2 0.3
D 28.5* 10.7* —20.8* 1.1
E 21.8* 24.5% —22.1* —35.1*
F 18.1* 77.7* 10.3* —14.7*
G 36.9* 64.9* —9.5* 6.6
H 6.5* 24.2* 10.7 0.5
| 13.4 2.7 —62.7* —63.3*
J 10.7 33.9* —14.3 —=17.7*
K 8.9* 21.6 -12.3 —19.6*

Positive values indicate larger signals evoked by attended stimuli than
unattended stimuli. ANOVA analyses were carried out for each percentage
difference; asterisks indicate statistical significance at the P < 0.05 level (n =
592) for the effect of attention on MEG power. In the attend-to-all condition,
10 of 11 subjects showed statistically significant differences at one or both tag
frequencies. Attended power was greater than unattended power in all cases
except subject C at 8.33 Hz, who showed the opposite result. In the attend-
to-middle condition, 8 of 11 subjects showed statistically significant differ-
ences at one or both tag frequencies. Unattended power was greater than
attended power in all cases except subjects B and F, who showed opposite
effects at 7.41 Hz.

signals in both trials show clear peaks at the two tag frequencies.
The magnitude of the peak signal corresponding to the attended
image is greater than that corresponding to the unattended
image. This difference is assumed to reflect the influence of the
attentive task.

Fig. 3 C and D show equivalent data for two trials in the
attend-to-middle condition, collected from the same channel
and the same subject, using the same visual stimuli. As before,
only the task instructions differed. In contrast to the attend-to-all
condition, in this example attention reduced the magnitude of
the MEG signal at the corresponding frequency tag.

As shown in Fig. 4, these effects were not specific to a
particular channel for this subject (subject E). In Fig. 4, we chose
to display the square root of the power (amplitude) in our plots.
The channel-by-channel MEG signal amplitude distributions
from this subject are shown at one frequency (8.33 Hz) averaged
across all combinations of stimulus color and orientation. On the
left are averaged amplitude distributions in the attend-to-all
condition when the 8.33 Hz stimulus was attended (Fig. 44) and
unattended (Fig. 4B). Largest amplitudes were seen in posterior
cortical regions corresponding to occipitoparietal areas. Fig. 4C
displays the amplitude differences after subtraction of unat-
tended signals from attended signals. On the right (Fig. 4 D-F)
are the equivalent data in the attend-to-middle condition.

Clearly, in the attend-to-all condition, frequency-tagged MEG
signals were larger when the corresponding stimulus was at-
tended than when it was unattended (Fig. 4C). In contrast to
these results, in the attend-to-middle condition, there was an
overall decrease in the frequency-tagged response for the at-
tended stimulus (Fig. 4F). These changes were broadly distrib-
uted across the MEG sensor array.

Although most other subjects showed effects similar to those
of subject E, we did observe considerable intersubject variability
in the details of spatial patterning of MEG signals. These
individual differences are discussed in greater detail below.
All subjects and statistical analysis. Fig. 5 shows MEG signals to
attended and unattended stimuli averaged across all subjects and
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Fig. 4. Frequency-tagged MEG signals from subject E at 8.33 Hz, showing
amplitude distributions in a planar projection, averaged across four different
stimulus trials (see Table 1) in both the attend-to-all (A-C) and attend-to-
middle (D-F) conditions. For each condition, MEG signals are plotted for the
attended image (A and D) and the unattended image (B and E). The differ-
ences in amplitude intensity (attended minus unattended) between the two
conditions are shown in C and F. In the attend-to-all condition, these differ-
ences are largely positive; in the attend-to-middle condition, they are largely
negative. Color bars represent the amplitudes of frequency-tagged responses
in A, B, D, and E), and the amplitude differences between the conditions when
the stimuli were attended and unattended. Notice that the amplitude range
in Cand Fis reduced from that of A, B, D, and E, and also that it extends below
zero. Units in the color bars are in picoTesla (pT) (1 pT = 107 '27).

both tag frequencies, for both the attend-to-all and attend-to-
middle conditions. Fig. 5 accords with the differences seen in
Fig. 4. A comparison of columns 1 and 2 shows that, in the
attend-to-all condition, MEG signals evoked by attended stimuli
are significantly larger than those evoked by unattended stimuli
(two-tailed ¢ test, n = 88, P < 0.05). A comparison of columns
3 and 4 shows that the reverse is true in the attend-to-middle
condition (two-tailed ¢ test, n = 88, P < 0.05).

Fig. 5 also indicates that changes occurred in signals evoked by
both attended and unattended stimuli. A comparison of columns
2 and 4 shows that the MEG signals evoked by unattended
stimuli are significantly larger in the attend-to-middle condition
than in the attend-to-all condition (two-tailed 7 test, n = 88, P <
0.05). Conversely, a comparison of columns 1 and 3 indicates that
signals evoked by attended stimuli are larger in the attend-to-all
than in the attend-to-middle condition, although this difference
did not reach statistical significance (two-tailed ¢ test,n = 88, P =
0.05). Columns 5 and 6 of Fig. 5 show the overall level of evoked
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Fig. 5. Power of frequency-tagged MEG signals averaged across all 11
subjects, all 148 MEG channels, and both tag frequencies. Columns 1 and 2
show MEG signals to attended (1) and unattended (2) stimuli in the attend-
to-all condition. Columns 3 and 4 show MEG signals to attended (3) and
unattended (4) stimuli in the attend-to-middle condition. Columns 5 and 6
show the average of attended and unattended MEG signals in attend-to-all (5)
and attend-to-middle (6) conditions. Mean values with standard error are
shown. pT?, picoTesla squared.

responses (the average of signals to both attended and unat-
tended stimuli) in both the attend-to-all and attend-to-middle
conditions. This overall level is not significantly different be-
tween the two conditions (two-tailed ¢ test, n = 88, P > 0.1).

To determine whether these effects of attention were localized
to particular cortical areas, for each image of a particular color,
orientation, and frequency, we calculated the power difference
at the tag frequency between the condition when it was attended
and when it was unattended for four distinct quadrants of the
MEG sensor array [see Fig. 2; these subdivisions have been used
previously in Patel and Balaban (11)]. This calculation also
controlled for variability that may arise from images of different
color (red or green) and orientation (horizontal or vertical) that
may generate frequency-tagged responses of different ampli-
tude. Fig. 6 summarizes such power differences averaged for all
conditions and across all 11 subjects. The four plots show
averaged differences in power. Differences in the attend-to-all
condition were all positive; those in the attend-to-middle con-
dition were all negative. For each quadrant, an ANOVA test
indicated that these differences are significantly different be-
tween these two experimental conditions (n = 88, P < 0.01). The
ratio of the differences between the two conditions is strikingly
similar across quadrants.

To assess whether attention had a reliable effect on MEG
signals on a subject-by-subject basis, we calculated the percent-
age difference between MEG signals evoked by attended and
unattended stimuli from all 11 subjects at both tag frequencies
and in both experimental conditions (see Table 2). To assess the
statistical significance of these values, we applied an ANOVA
test to each entry in Table 2, using attention (attended or
unattended), color (red or green), orientation (horizontal or
vertical), and channels (1-148) as factors. Percentage differences
that reached statistical significance for the effect of attention at
the P < 0.05 level (n = 592) are indicated by asterisks in Table
2. In the attend-to-all condition, 10 of 11 subjects showed
statistically significant differences at one or both tag frequencies.
Power evoked by attended stimuli was greater than that evoked
by unattended stimuli for all subjects apart from subject C at 8.33
Hz, who showed the opposite result at this tag frequency. In the

Chen et al.



§ A Anterior Left § B Anterior Right
o~ 3 o 3
= =
e - 2.5
= i=]
2 1 s 1
g g
% P 5
[ =4 =4
o -1 o -1
E -2 | E -2
- £ -
g = Al Middl £ Al Middl
£ iddle E iddle
~ C  Pposterior Left «~ D Posterior Right
= 3 = 3
2 e 2
o 2 ’—‘—‘ - 2 ’_T_‘
[} @
= =]
c c
2 2
2 2
=] o
3 2 8 2 -+
5 5
- 3L " .
E 9 All Middle E All Middle
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frequency-tagged responses in the attend-to-all (All) and attend-to-middle
(Middle) conditions, averaged across all 11 subjects. Shown are power differ-
ences at 8.33 Hz calculated within four quadrants of the 148 channels used
(anterior left, anterior right, posterior left, and posterior right; see Fig. 2).
Across all four regions, power differences in the attend-to-all condition are
positive, and power differences in the attend-to-middle condition are nega-
tive. These differences are significantly different between the two conditions,
indicating that the influence of attention changed from enhancement to
suppression (ANOVA, n = 88, P < 0.01). The differences were larger in
magnitude by a factor of ~10 in posterior quadrants than in anterior quad-
rants. A similar pattern of results was observed for power differences at 7.41
Hz (not shown). pT?, picoTesla squared.

attend-to-middle condition, 8 of 11 subjects showed statistically
significant differences at one or both tag frequencies. Power
evoked by unattended stimuli was greater than that evoked by
attended stimuli for all subjects except B and F (Table 2), who
showed opposite effects at 7.41 Hz.

These results demonstrate considerable individual variability
in both statistical significance and magnitude of the percentage
changes in MEG signal. Even so, for most subjects in the
attend-to-all condition, attention-enhanced MEG signals at the
tag frequency corresponded to the attended image, and for most
subjects this effect was reversed in the attend-to-middle condi-
tion. It is possible that the individual variability we observe is due
to individual differences in sensitivity to color, orientation, and
flicker frequency of the visual stimuli. Fig. 6, which controls for
these factors, clearly shows the influence of the attentive task.

Discussion

The primary finding from our study is that steady-state evoked
responses to attended stimuli were enhanced in the attend-to-all
condition and were suppressed in the attend-to-middle condition
(Figs. 3-6). In both conditions, changes occurred in MEG signals
evoked by both attended and unattended stimuli, whereas the
overall level of evoked response remained roughly constant (Fig.
5). Changes were also broadly distributed across the entire MEG
sensor array (Fig. 4), although we observed considerable indi-
vidual variability in the statistical significance, magnitude, and
spatial patterning of these changes (Fig. 4 and Table 2).

Our experimental design enabled us to compare MEG signals
evoked by attended images to signals evoked by equivalent and
spatially overlapping unattended images, while manipulating the
attentive task to be performed for the attended image. In
contrast, previous studies suggesting the existence of inhibitory
effects involved either the spatial separation of stimuli (3, 5, 6)
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or the superimposition of an “attended” image on an “irrele-
vant” background (4). Our results show that evoked steady-state
responses can be modulated by attention to a stimulus sharing
the same spatial location as an unattended stimulus. These
findings are consistent with reported attentional modulation
of event-related potentials evoked by overlapping visual
stimuli (12).

Do our results imply the operation of inhibitory attentional
mechanisms? Kanwisher and Wojciulik (1) have pointed out that
many apparent inhibitory effects of attention can in fact be
accounted for purely in terms of differential enhancement over
different areas. They suggest that unfocused attention to a visual
scene might evoke a uniform level of enhanced neural activity
over all cortical visual areas. Directing attention to a restricted
part of that scene might then result in a redistribution of
enhancement of neural activity. This would have the effect of
increasing activity evoked by the focal attended stimuli and
lessening that in the surrounding cortex. This decrease might
lead to the interpretation that inattention can actively suppress
neuronal activity in the absence of any specific inhibitory
process.

This interpretation has the implication that evoked responses
to attended stimuli should always be enhanced. Although this
was indeed the case in the studies referred to above, we found
that, under the stringent conditions of our tests, there were
enhanced signals to attended stimuli when attention was broadly
focused to detect changes anywhere in the visual scene, and there
were suppressed signals, also to attended stimuli, if attention was
narrowly focused to ignore changes in the peripheral input.

There are alternative interpretations. The first is that the
attend-to-middle condition may require fewer neural resources
than the attend-to-all condition, because only one bar need be
monitored in the former as opposed to three bars in the latter.
One might expect, on this basis, that evoked responses to
attended stimuli in the attend-to-middle condition would be
weaker than evoked responses to attended stimuli in the attend-
to-all condition. As Fig. 5 shows, this is indeed the case.
However, this leaves unexplained why, in the attend-to-middle
condition, evoked responses to attended stimuli are actually
weaker than responses to unattended stimuli. Presumably, mon-
itoring for changes in a single bar would still require more
resources than no monitoring at all.

Alternatively, because the attend-to-middle condition re-
quires the suppression of behavioral responses to distracting
changes within the attended stream, it may be that weak evoked
responses to the attended image result from inhibitory atten-
tional processes directed to the flanking (distracting) bars.
Because such inhibition would not be required in the attend-to-
all condition, in which all changes are targets, this might account
for weaker evoked responses to attended stimuli in the attend-
to-middle than in the attend-to-all condition. More importantly,
in the attend-to-middle condition, attentional inhibition of dis-
tracting bars may outweigh any accompanying enhancement
associated with monitoring for changes in the central bar. Such
a net inhibition might account for our finding that evoked
responses to attended stimuli are indeed weaker than evoked
responses to unattended stimuli in this condition.

Some recent neuropsychological data are consistent with this
interpretation. In contrast to normal subjects, patients with
damage to the lateral prefrontal cortex have reduced evoked
visual potentials to attended visual targets (13), according well
with the notion that the lateral prefrontal cortex may facilitate
neural responses to sensory input in normal subjects. However,
in contrast to normal subjects, patients with damage to the
orbitofrontal cortex showed elevated evoked responses to dis-
tracters in an attention task, suggesting that the orbitofrontal
cortex in normal subjects may contribute to, and perhaps
suppress, neural responses to novel and distracting inputs.
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The magnitudes of the steady-state evoked MEG signals
reported here are a function of many factors, among which are
the anatomical distribution, level of activity, and synchronicity of
neuronal responses to flickering visual stimuli (14). We presume
that the observed changes in MEG signals corresponding to
attended stimuli are caused by changes in one or more of these
factors that correlate with willful changes in attentive tasks.
Previous studies have shown that attention is associated with
increased synchronization among neurons responding to at-
tended stimuli (15, 16). It may be that our results reflect both
synchronization (increases in the MEG signal) and desynchro-
nization of neuronal populations (decreases in the MEG signal),
depending on the attentive task. In the attend-to-all condition,
attended stimuli may evoke a net increase in synchrony, whereas
in the attend-to-middle condition, attended stimuli may lead to
both synchronization (associated with the central bar) and
desynchronization (associated with the distracting bars), with the
latter effect possibly dominating.

The frequency tags used in our experiment (7.41 and 8.33 Hz)
are close to frequency range of a-band brain activity (814 Hz).
Worden et al. (17) recently reported increased « activity corre-
sponding to unattended locations in visual space. However, in
our study, 10 of 11 subjects showed no significant differences in
intrinsic « activity between the attend-to-all and attend-to-
middle conditions (we measured power across the 7- to 14-Hz
frequency range excluding the tag frequencies). It is therefore
unlikely that differential « activity was directly responsible for
the enhancement and suppression of MEG signals observed in
our study.

The changes we observed in the MEG signals corresponding
to the unattended stimuli were not anticipated in our experiment
(Fig. 5). These changes may be a consequence of the fact that,
within a dynamic system composed of highly causally intercon-
nected although spatially distributed elements, it is difficult to
sustain oscillations at two different frequencies that are not
harmonically related. The neural responses to the images flick-
ering at different frequencies might in a sense compete for
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influence on the dynamics of the global system, so that any
decrease of causal efficacy of one input is matched by an increase
in efficacy of the other.

A further aspect of our findings that deserves comment is the
broad anatomical distribution of changes in MEG signal in both
experimental conditions. Fig. 4 C and F show a representative
example, and Fig. 6 shows broadly and evenly distributed changes
when signals from all subjects are combined. These observations
suggest that attention may involve a widespread modulation of
neural activity, which is consistent with the notion that the brain
acts as a globally integrated dynamic system (18).

Despite these broad effects, absolute magnitudes of MEG
signals were clearly largest in posterior brain regions (see Fig. 4
and also ref. 19). A plausible explanation for this asymmetry is
that frequency-tagged input to the anterior cortex may be
weaker than corresponding input to the posterior cortex, because
most visual input passes through the posterior cortex before
reaching anterior regions. However, another possibility is that
cortical areas differ intrinsically in their sensitivity to specific
frequency tags. Future research using different frequency tags
may distinguish between these alternatives.

In summary, our results provide strong evidence that signals
generated by neural responses to visual input can be either
enhanced or suppressed, depending on the attentive task. Al-
though our results cannot definitively establish the existence of
inhibitory mechanisms of attention, they are most plausibly
accounted for in this way. The possibility that attentional
inhibition may involve the selective desynchronization of neural
populations deserves further investigation.
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