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Abstract

Neuronal operations associated with the top–down control process of shifting attention from one locus to another involve a network of

cortical regions, and their influence is deemed fundamental to visual perception. However, the extent and nature of these operations within

primary visual areas are unknown. In this paper, we used magnetoencephalography (MEG) in combination with magnetic resonance imaging

(MRI) to determine whether, prior to the onset of a visual stimulus, neuronal activity within early visual cortex is affected by covert

attentional shifts. Time/frequency analyses were used to identify the nature of this activity. Our results show that shifting attention towards an

expected visual target results in a late-onset (600 ms postcue onset) depression of alpha activity which persists until the appearance of the

target. Independent component analysis (ICA) and dipolar source modeling confirmed that the neuronal changes we observed originated from

within the calcarine cortex. Our results further show that the amplitude changes in alpha activity were induced not evoked (i.e., not phase-

locked to the cued attentional task). We argue that the decrease in alpha prior to the onset of the target may serve to prime the early visual

cortex for incoming sensory information. We conclude that attentional shifts affect activity within the human calcarine cortex by altering the

amplitude of spontaneous alpha rhythms and that subsequent modulation of visual input with attentional engagement follows as a

consequence of these localized changes in oscillatory activity.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The deployment of covert attention towards a given

visual target facilitates the detection of that target [24]. It has

been hypothesized that this effect results from an enhance-

ment of neuronal (visual) responses to the attended target

and/or a suppression of responses to non-attended targets

[42,51,52]. The modulation of visual input is purported to
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reflect at least three neuronal operations: the disengagement,

shifting and engagement of attention [39,42,43]. Within this

context, it is useful to distinguish between the neural

processes that may be associated with attentional modu-

lation per se versus those associated with shifting attention

from one location to another. Attentional shifts are generally

considered to reflect top–down control processes, whereas

the modulation of visual input with attentional engagement

follows as a consequence of these processes [26]. Liu et al.

[30] have recently used the terms Ftransient_ and Fsustained_
to distinguish between the neural processes associated with

attentional shifts and attentional modulation, respectively.
25 (2005) 799 – 809
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Converging evidence from functional neuroimaging

studies on humans [10,20,26,29], physiological studies

on macaque [8,21,22] and behavioral studies on brain-

damaged patients [14] suggests that top–down attentional

control processes encompass the superior frontal, inferior

parietal and superior temporal cortex. It is accepted that the

attentional modulation of activity observed within extras-

triate visual areas is a direct consequence of these control

processes [7,26,60]. Whether such top–down processes

have a similar influence on the striate cortex or not has

been a matter of debate for some time. Recent studies

suggest that they do [18,44,52,53,63,66] and that atten-

tional engagement modulates activity within early visual

areas by altering the amplitude of alpha-band activity and

other natural brain rhythms [66]. The nature of any

neuronal changes in early visual areas resulting from

top–down attentional control processes alone (i.e., prior to

stimulus onset) is not known.

Because attentional control processes involve a dis-

tributed network of cortical areas [26], their neural basis

may well encompass changes in oscillatory brain activity

(see [4,56,62]). It is known, for example, that the level of

alpha-band activity is dependent on the behavioral

significance of stimuli and is related to the degree of

stimulus expectancy [3,6,62] (for a general review on

alpha activity, see [49]). Either evoked (phase-locked) or

induced (non phase-locked) oscillatory activity may serve

to alter behaviorally relevant cortical processes. Although

hemodynamic measures cannot distinguish between

evoked and induced activity, electromagnetic response
Fig. 1. Schematic illustration of a trial sequence. Observers covertly oriented thei

changed from a cross to an L-shaped pattern. On each trial, the cue for directing atte

500 ms or 1000 ms, the grating stimulus was presented (for 300 ms) in the lower r

was presented (for 300 ms) in each quadrant of the inferior field. The L-shaped at

which was the signal for each observer to record their judgment of the yellow bar’s

for which no response deadline was imposed, the central fixation cross remained
measures can, and this is one reason why we chose MEG

to investigate the effects of attentional processes on

human vision. This technique has a spatial resolution

approaching that of fMRI for shallow sources [50] and

millisecond temporal resolution.

MEG was used in combination with magnetic resonance

imaging (MRI) to determine whether, prior to the onset of

a visual stimulus, neuronal activity within early visual

areas is affected by covert attentional shifts. To achieve

this, we used red/green-modulated gratings as our stimuli

because they evoke strong responses from the human

calcarine cortex [1,2,12,17,66], an area that is well

resolved with MEG [25]. The changes in cortical activity

associated with shifting attention towards the chromatic

grating were compared with those associated with shifting

attention away from the grating. This Fsubtraction para-

digm_ was employed because attentional processes per se

may be associated with a complex distribution of cortical

sources [38,47,49], whereas our goal was to characterize

those sources specific for the task of shifting attention to

an expected visual stimulus. In order to distinguish the

respective cue-related (control of attention) and stimulus-

related (effect of attention) responses, the cue to shift

attention either towards or away from the stimulus

preceded its onset by either 500 ms or 1000 ms (Fig. 1).

Independent component analysis (ICA) and dipolar source

modeling were used to confirm that the recorded MEG

signals to attentional shifts originated from within the

calcarine, and time/frequency analyses were used to

identify the nature of this activity.
r attention towards the right or left visual field as soon as the fixation mark

ntion to the right or left was selected at random with equal probability. After

ight visual field. Coincident with the onset of the grating, a small yellow bar

tentional cue reverted back to a cross 500 ms after the offset of the grating,

orientation on the side to which they had attended. Following this judgment,

for a further 1000 ms before the attentional cue was again presented.
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2. Materials and methods

2.1. Stimuli

A chromatically modulated sinusoidal grating was

generated using a VSG2/3 graphics board from Cambridge

Research Systems (CRS, UK). To ensure the excitations of

the long (L) and middle (M) wavelength-sensitive cones co-

varied, the grating was modulated in color along the L–M

cardinal direction of color space around an average white

point (CIE coordinates x = 0.31, y = 0.32). The magnitude

of the color modulations was set at 60% of the maximum

available saturation of the display. The grating was sta-

tionary, oriented vertically, had a periodicity of 1 c/degree,

subtended 9- square at a viewing distance of 170 cm and

was physically equiluminant. Its absolute phase varied

randomly from trial to trial. The grating was projected

(ELP-710 projector, Epson, Japan) from outside a magneti-

cally shielded room (Tokin Corp., Sendai, Japan) onto a

semi-translucent screen inside the room and viewed against

a white background. The mean luminance of the back-

ground and grating was the same, namely, 80 cd/m2. The

fixation target was a small black cross. The grating was

confined to a single quadrant of the visual field (lower,

right) to avoid signal cancellation between the upper and

lower banks of the calcarine sulcus and simplify dipolar

source analysis [27]. The upper and left-hand edges of the

grating were positioned 1- from the horizontal and vertical

meridian, respectively. Viewing was binocular, and the head

was stabilized using a chin rest.

2.2. Procedure

The general procedure is depicted schematically in Fig. 1.

Observers maintained central fixation throughout the entire

experiment (n = 400 trials). There were two experimental

conditions: in one condition, attention was shifted towards

the stimulus (n = 200) and, in another condition, away from

the stimulus (n = 200). The cue for shifting attention was a

change in the fixation target from a cross to a small (0.5-) L-
shaped pattern, which was oriented either rightwards or

leftwards (see Fig. 1). The two conditions were presented in

pseudo-random order, and the order of conditions varied

across subjects. To help maximize attention, the grating was

presented (for 300 ms) after an interstimulus interval (ISI) of

either 500 ms (n = 200) or 1000 ms (n = 200). The two ISI

conditions were presented in pseudo-random order. Because

previous ERP studies showed that shifting attention-related

activities occur at both early (¨200 ms) and late (500–800

ms) latencies of the postcue period [23,37,67,68] and more

recent studies suggesting only at late latencies [13,16,61,65],

we treated trials containing an ISI of 1000 ms as the main

condition with which to investigate the neural effects of

attentional shifts.

Coincident with the onset of the grating, a small yellow

bar (CIE coordinates: x = 0.33, y = 0.36; size: 0.4- vertically
by 1- horizontally) was presented (for 300 ms) in each

quadrant of the inferior visual field. The subject’s task was

to judge whether the bar at the attended location was

clockwise or anti-clockwise oriented from the horizontal

meridian. On each trial, the bars were independently rotated

from horizontal by about 10- (clockwise or anti-clockwise

with equal probability), an angle predetermined using two

alternate forced-choice procedures to yield approximately

85% correct performance for judging orientation. (Averaged

across observers, performance for the bar-orientation judg-

ment task was 85.0% correct for the right visual field and

86.8% correct for the left visual field.) The bar was

randomly positioned within the 9- square to ensure that

subject’s attention was spread over the entire stimulus

region. The square regions within which the bars could be

positioned were displaced 1- from the principal meridians,

the region on the right being identical to the location and

size of the stimulus patch (see Fig. 1). The L-shaped

attentional cue reverted back to a cross 500 ms after the

offset of the stimuli. This was the signal for subjects to

record their judgment of the orientation of the bar on the

side to which they had attended. Following this judgment,

for which no response deadline was imposed, the fixation

cross remained for a further 1000 ms before the attentional

cue was again presented. For each experimental condition,

100 trials were recorded for each ISI, and the resultant

signals were band pass filtered at 1–100 Hz.

2.3. Recording

Magnetic responses were recorded using a 201-channel,

whole-head biomagnetic imaging system (from Shimadzu,

Kyoto, Japan). The responses were sampled at 500 Hz for

2048 ms, beginning 200 ms before the onset of the fixation

cue indicating which direction to shift attention. Simulta-

neous recording of the electro-oculogram (EOG) was used

to continually monitor eye movements. Artifact rejection

was performed offline by removing epochs, with a peak

amplitude exceeding 100 AV. Most trials (>95%) for each

subject were <60 AV, and no systematic eye movement bias

occurred for any subject.

2.4. Data analysis

ICA was conducted (using EEGLAB, [11]) over the

normalized single-sweep data to separate sources in the

magnetic signals that are spatially fixed and temporally

independent [33,34] using a similar procedure as used in our

previous studies [5,66]. In this analysis, the data from each

experimental condition (attention directed towards or away

from stimulus) were combined. The raw data for each single

sweep of 201 channels was down-sampled from 500 Hz to

250 Hz and baseline normalized. Independent components

(ICs) were determined using an unsupervised neural net-

work to train a weight matrix that maximizes the joint

entropy between the nonlinearly transformed channel data
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[33]. Multiplying the original input data by the rows of the

trained weight matrix gives the activation waveform for

each IC. The columns of the inverse weight matrix show the

relative sensor projection strengths of the respective

components [33]. ICs were sorted in descending order of

their mean projected variance.

In order to determine the IC of calcarine origin, all sensor

projection maps (inverse weight matrix W�1) were exam-

ined. The activation waveforms of the ICs showing large

weights in sensor projection maps over occipital regions

were projected onto the sensors by multiplication with the

inverse weight matrix (W�1) and were then subjected to a

single-equivalent current dipole (ECD) analysis to deter-

mine the source location. Best-fit solutions were obtained

using a least-squares error fit between the observed

magnetic signals and those predicted by the ECD model.

The solution yielding the best goodness of fit (GF) was

determined as:

GF ¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~
N

i¼1

Si � Dið Þ2= ~
N

i¼1

S2i

s
ð1Þ

where N is a number of channels, Si and Di are the observed

and predicted magnetic signals in channel i, respectively.

Event-related spectral perturbation (ERSP) plots [11] were

generated for each condition and subject using the single-

sweep activation waveforms of the calcarine components.

The power spectrum was determined using a short-time

Fourier transform, with a sliding latency window of 11.6

samples (46.7 ms) over the 425 samples ranging from �200

to 1500 ms postcue event onset sampled at 250 Hz. The

sliding latency window was applied 32 times with a window

size of 64 samples (256 ms) wide. The output of the ERSP

therefore consisted of 32 sub-window centers ranging from

�72ms to 1372 ms. The results were oversampled two times,

and the frequency range consisted of 25 equally spaced bins

with central frequencies ranging from 1.95 Hz to 48.8 Hz.

The 25 � 32 pixel (frequency � time) ERSP plots for each

condition for each subject were saved as image files and used

for random effects analysis (SPM2; Wellcome Department of

Cognitive Neurology, University College, London). Multiple

comparisons were corrected using the false discovery rate

procedure (FDR) [19]. Significant spectral power increases

and decreases were determined for each condition by a one-

sample t test in which positive and negative deviations from

zero (baseline) were assessed. Significant differences

between the experimental conditions were assessed by a

paired t test. We tested whether any observed power changes

were phase-locked to the cue/stimulus onset (time locking

events) by calculating the inter-trial coherence (ITC) [11,35]

or phase locking factor [57].

2.5. Subjects

Fourteen subjects (aged 22–42 years) with no history of

neurological injury were employed. All subjects gave
written informed consent for the experimental procedures,

which were approved by the ATR Human Subject Review

Committee. All observers had normal or corrected-to-

normal visual acuity and normal visual fields and color

vision.
3. Results

All results reported in this section are for trials containing

an ISI of 1000 ms unless otherwise stated.

3.1. Effects of attentional shift on global magnetic field

power

The left-hand panels in Fig. 2 show the recorded MEG

data for two subjects (NG and NY) plotted as global

magnetic field power (GFP) over time. GFP was calculated

as:

GFP tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~
N

i¼1

Si tð Þð Þ2=N

s
ð2Þ

where Si(t) is the observed magnetic signal in channel i at

time t, and N is the number of channels. For each subject,

GFP is plotted from 200 ms prior to the onset of the cue to

shift attention to 500 ms poststimulus onset. The onset times

of the attentional cue (0 ms) and stimulus (1000 ms) are

demarcated by vertical dotted lines in each panel. Responses

are shown for the condition whereby the observer’s attention

was directed either towards the expected stimulus (red

functions) or away from it (blue functions). For each

subject: (1) the red and blue functions remained virtually

superimposed throughout the entire time period; (2) a weak

sustained increase in GFP was evident during the postcue–

prestimulus period; and (3) GFP peaked at approximately

120 ms poststimulus onset.

3.2. Spatial localization of neural current sources

For each subject, independent components (ICs) showing

large weights in sensor projection maps over the occipital

pole were found (based on the combined data sets for

attention directed towards and away from the stimulus). ICs

with sources localized to Brodmann’s area 17 (calcarine

cortex), as determined using dipolar analyses (see Materials

and methods), were found in all subjects (see Table 1 for

Talairach coordinates [55]).

The right-hand panels in Fig. 2 show the reconstructed

power functions of the ICs representing calcarine activity.

They are similar to the power functions calculated from the

averaged MEG responses in two respects: (1) the attentional

status of the observer had no discernable effect (the red and

blue functions were virtually identical); and (2) the

functions contained a major peak at around 120 ms

poststimulus onset. Unlike the recorded data, however, no



Fig. 2. Global magnetic field power (defined by Eq. (2)) plotted as a function of time for two subjects (NG and NY). The onset times of the attentional cue (0

ms) and stimulus (1000 ms) are demarcated by vertical dotted lines. GFP is shown for both experimental conditions: attention directed towards the stimulus

(red line) and attention directed away from the stimulus (blue line). The left-hand panels show GFP for the observed MEG data. The right-hand panels show the

reconstructed power functions of the independent components (ICs) representing activity in Brodmann’s area 17. The IC number is shown in the upper right-

hand corner of each panel.
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increase in GFP was evident in the reconstructed power

functions during the postcue–prestimulus period (compare

left- and right-hand panels for each observer in Fig. 2).

Fig. 3 shows the dipole source solutions co-registered

with sagittal and coronal MRI scans of subjects NG and NY.

Note that for each subject the solution was adjacent to the

calcarine sulcus in the left hemisphere (contralateral to the

location of the expected stimulus). A dipolar analysis was

also applied at a latency corresponding to the peak in the

GFP plot of the recorded MEG data for each subject (Fig. 2,

left-hand panels). As above, this analysis placed the
Table 1

List of the ICs with sources localized to Brodmann’s area 17

Subject IC number Brain region x y z GF (%)

NG IC 6 Occipital left cun BA 17 �1 �95 0 99

NY IC 3 Occipital left cun BA 17 �2 �91 4 98

KSA IC 6 Occipital left cun BA 17 �9 �87 9 99

AC IC 9 Occipital left cun BA 17 �1 �92 4 97

NK IC 3 Occipital left cun BA 17 �7 �91 5 97

SN IC 13 Occipital left cun BA 17 �8 �94 4 93

MA IC 12 Occipital left cun BA 17 �9 �92 3 94

US IC 5 Occipital left cun BA 17 �4 �97 1 96

SY IC 5 Occipital left cun BA 17 �1 �91 4 97

TY IC 10 Occipital left cun BA 17 �2 �89 �4 98

RH IC 6 Occipital left cun BA 17 �1 �98 �1 96

NS IC 9 Occipital left cun BA 17 �10 �93 1 99

KSI IC 7 Occipital left cun BA 17 �2 �89 1 99

IN IC 6 Occipital left cun BA 17 �16 �84 8 98

The Talairach coordinates and brain regions [55] for the single equivalent

current dipole of the ICs are shown for fourteen subjects. Abbreviations:

cun, cuneus; BA, Brodmann’s area; GF, goodness of fit. x, y and z are in

mm.
underlying neural activity near the occipital pole, adjacent

to the calcarine sulcus in the left hemisphere.

3.3. Effects of attentional shift on event-related spectral

perturbation (ERSP) within the calcarine

For the ICs reflecting calcarine activity, group-mean

ERSP plots [11] of the postcue spectral power differences

(in decibels) referenced to a 200 ms precue baseline

recording are shown in the top panels of Fig. 4(a, b). In

each plot, the cue to shift attention appeared at t = 0 ms and

the stimulus appeared at t = 1000 ms (shown as vertical

dotted lines in each panel). Note that, when attention was

directed either towards (Fig. 4b) or away from the expected

stimulus (Fig. 4a), a decrease in spectral power (colored

blue) was evident for frequencies near 10 Hz (alpha)

throughout the last two thirds of the postcue–prestimulus

period. Note also that, after stimulus onset (at 1000 ms), an

increase in spectral power (colored red) was evident across a

broad range of frequencies (approximately 2.0–49 Hz)

under both experimental conditions (Figs. 4a, b).

The bottom panels in Fig. 4(c, d) show the results of a

random effects one-sample t test indicating significant (P <

0.05 FDR corrected; df = 13) positive (power increases) and

negative (power decreases) event-related spectral changes

over the time course of each experimental condition. Fig. 4c

shows the results for attention directed away from the

stimulus and Fig. 4d towards the stimulus. Our analyses

revealed that the observed spectral power decrease through-

out the last two thirds of the postcue–prestimulus period

was significantly deviated from baseline when attention was



Fig. 4. Group analysis (n = 14) showing event-related spectral perturbation (ERSP) plots derived from the activation waveforms of the ICs reflecting

calcarine activity for each subject and for each experimental condition (ISI = 1000 ms). The plots consist of 25 equally spaced bins with center frequencies

ranging from 1.95 to 48.8 Hz and 32 equally spaced time steps with centers at �72 to 1372 ms. The group-mean ERSP plots show postcue power

differences (in dB) referenced to a 200 ms precue baseline recording for (a) attention directed away from the stimulus and (b) attention directed towards the

stimulus. Both spectral power increases (reddish hues) and decreases (bluish hues) are evident. A random effects one-sample t test indicating significant ( P <

0.05 FDR corrected; df = 13) positive (reddish hues) and negative (bluish hues) event-related spectral power changes are shown for (c) attention directed away

from the stimulus and (d) attention directed towards the stimulus. The cue onset time (t = 0 ms) and the stimulus onset time (t = 1000 ms) are indicated by vertical

dotted lines in each plot.

Fig. 3. Dipole source solutions (solid red circles) of the independent components (ICs) representing activity in Brodmann’s area 17 (based on the combined data

sets for attention directed towards and away from the stimulus), co-registered with sagittal and coronal MR images for subjects NG and NY. The Talairach

coordinate for each solution is given in the upper left-hand corner of each plot. The sensor plane projection map W�1 for each subject is shown on the far right.

N. Yamagishi et al. / Cognitive Brain Research 25 (2005) 799–809804
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directed towards stimulus (Fig. 4d). In contrast, when

attention was directed away from the stimulus, the observed

power decrease was only significant at or near 450 ms and

900 ms postcue onset (Fig. 4c). After stimulus onset, a

significant spectral power increase across a broad range of

frequencies was evident under both experimental conditions

(Figs. 4c, d).

Fig. 5 shows a statistical significance map of the differ-

ences between the experimental conditions, as assessed using

a random effects paired t test (n = 14). The region of interest

(ROI) was set for frequencies from 7.8 Hz to 15.6 Hz (the area

within the dotted lines), and multiple comparisons were

corrected (P < 0.05, FDR corrected; df = 13). The ROI was

selected a priori and based on physiological [15] and

electrophysiological [13,16,65] evidence that attentional

modulation may alter the amplitude of alpha-band (8–14

Hz) activity. Statistical evaluation of the different attentional

conditions revealed significantly lower alpha activity when

attention was directed towards the stimulus compared with

attention directed away from it, beginning at about 600 ms

postcue onset. In other words, evaluation of Fig. 4 indicates

that the difference between conditions (Fig. 5) reflects a

greater reduction in alpha activity when attention was

directed towards the stimulus compared with attention away

from it.

3.4. Inter-trial phase coherence within the calcarine

Fig. 6 shows the group-mean (n = 14) inter-trial

coherence (ITC) [11,35] of the ICs representing calcarine

activity in a frequency-by-latency image, showing the

strength of phase locking across trials for two experimental

conditions: (Fig. 6a) attention directed away from the

stimulus and (Fig. 6b) attention directed towards the
Fig. 5. Statistical significance map of the differences between the

experimental conditions, as assessed using a random effects paired t test

(n = 14). The region of interest (ROI) was set for the frequency range 7.8

Hz to 15.6 Hz (the area within the dotted lines), and multiple comparisons

were corrected (P < 0.05, FDR corrected; df = 13). The blue areas indicate

a significant decrease in spectral power when attention was directed

towards the stimulus when compared with attention directed away from it.

The onset times of the attentional cue (0 ms) and stimulus (1000 ms) are

shown by vertical dotted lines.
stimulus. The onset times of the attentional cue (0 ms)

and stimulus (1000 ms) are indicated by vertical dotted

lines. The ITC measure varies from zero (non-phase-locked,

blue-colored pixels) to 1 (phase-locked, red-colored pixels).

Note that, for each experimental condition, ITC remained

near zero for frequency ranges from 2 Hz to 49 Hz

throughout the postcue–prestimulus period. This indicates

that the postcue onset reduction in spectral power within the

alpha-band frequency range (Fig. 4) must reflect induced

(event-related desynchronization, ERD) activity [11,35].

After stimulus onset (at 1000 ms), ITC rose sharply and

was near perfect for frequency ranges from 2 Hz to 25 Hz.

This indicates that the poststimulus onset increase in

spectral power across a broad range of frequencies (Fig.

4) must in large part reflect evoked (phase-locked) activity.

3.5. Effects of attentional shift on event-related spectral

perturbation (ERSP) within the calcarine for the short ISI

condition

Here, we report the analyses for the short (500 ms) ISI

data, conducted using the same procedures as that described

above for the long (1000 ms) ISI data. For each subject,

independent components (ICs) with dipole sources adjacent

to the calcarine sulcus in the left (contralateral) hemisphere

were found. In general, the reconstructed magnetic field

power functions of the ICs representing calcarine activity for

the short ISI condition were similar to those for the long ISI

condition. Namely, GFP (from Eq. (2)) peaked at about 120

ms after stimulus onset, there was no discernable difference

between the field power functions based on the attentional

status of the observer, and no increase in field power was

evident during the postcue–prestimulus period.

Fig. 7(a, b) shows, for the ICs reflecting calcarine activity,

group-mean ERSP plots for the short ISI condition, plotted in

the samemanner as those calculated for the long ISI condition

(Figs. 4a, b). A decrease in spectral power was evident for

frequencies near 10 Hz (alpha) when attention was directed

towards the expected stimulus (Fig. 7b), beginning approx-

imately 250 ms postcue onset and persisting until the onset of

the stimulus at 500 ms. However, this reduction in spectral

power was not statistically significant (Fig. 7d). Similarly, the

weak reduction in spectral power evident during the postcue–

prestimulus period when attention was directed away from

the stimulus (Fig. 7a) was not statistically significant (Fig.

7c). After stimulus onset (at 500 ms), a significant (P < 0.05

FDR corrected; df = 13) spectral power increase across a

broad range of frequencies was evident under both exper-

imental conditions (Figs. 7c, d), as was the case for the long

ISI condition (Figs. 4c, d).
4. Discussion

Our results provide evidence that shifts of attention to an

expected visual target affect the amplitude of alpha-band



Fig. 6. Group-mean (n = 14) inter-trial coherence (ITC) [11,35] of the ICs representing calcarine activity, showing the strength of phase locking across trials for

(a) attention directed away from the stimulus and (b) attention directed towards the stimulus. ITC varies from zero (non-phase-locked, blue-colored pixels) to 1

(phase-locked, red-colored pixels). The onset times of the cue (0 ms) and stimulus (1000 ms) are indicated by vertical dotted lines.
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oscillatory activity in the human calcarine cortex (Figs. 4

and 5, long ISI condition). The amplitude changes examined

were well-modeled with a single equivalent current dipole

within Brodmann’s area 17 contralateral to the location of

the expected target (Fig. 3 and Table 1). This indicates that a

significant proportion of the neuronal changes may originate

from a focal source in early visual areas V1 and/or V2,

although we cannot discount the fact that this source may

reflect the center of gravity of a region that extends into
Fig. 7. Group analysis (n = 14) showing ERSP plots derived from the activation wa

experimental condition for the short (500 ms) ISI condition. The plots consist of 2

and 23 equally spaced time steps with centers at �72 to 872 ms. Other details a
several early visual areas. We assume that the activity

observed within the calcarine reflects the action of transient

(attention shift) mechanisms of attentional control [30].

Together with the knowledge that higher-order visual areas

are similarly affected by attentional shifts [7,29], our results

lead us to suggest that attentional control processes may be

fundamental to all stages of cortical visual processing.

The question remains as to whether the calcarine

activity we observed reflects the primary source of an
veforms of the ICs reflecting calcarine activity for each subject and for each

5 equally spaced bins with center frequencies ranging from 1.95 to 48.8 Hz

re as reported in the legend to Fig. 4.
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attentional control signal or whether it reflects a relay

process forming part of an interareal communication

network for attentional control. Many have argued that

the fronto-parietal cortex is the primary source of top–

down attentional control signals (reviewed in [9,28]).

Indeed, it has been suggested that a common neural

region located within the parietal cortex may subserve

multiple modes of attentional control [64]. Nonetheless,

our results provide clear evidence of cue-related (control of

attention) activity in the calcarine prior to any stimulus-

related activity. This is supported by Liu et al. [30] recent

fMRI study showing that attentional shifts generate activity

not only within the fronto-parietal cortex but also within

the calcarine. However, Liu et al. argued that the observed

calcarine activity was unlikely to represent the source of an

attentional control signal because it is an early sensory

area. They concluded that the calcarine activity probably

reflects a Frefocusing_ of attention. Assuming this to be the

case, our results suggest a possible neural process by

which an attentional refocusing (or relay) effect might be

accomplished, namely, amplitude changes in alpha-band

oscillatory activity.

A comparison of the different attentional conditions

revealed amplitude changes in induced alpha-band oscil-

lations within the calcarine throughout the last half of the

postcue–prestimulus period (Fig. 5, long ISI condition).

The results show a relative decrease in alpha activity

when attention was directed towards the stimulus, begin-

ning around 600 ms postcue onset and persisting until the

appearance of the stimulus (P < 0.05, FDR corrected, df =

13). This is in general agreement with various electro-

encephalographic (EEG) studies demonstrating that late

components (500 ms–1000 ms after cue onset) in the

postcue–prestimulus period are affected by the degree of

stimulus expectancy and the attentional status of the observer

[13,16,61,65]. Together with these studies, we speculate that

the observed power decrease in alpha may be invariant with

prestimulus delay period as no significant reductions in

spectral power were evident during the postcue–prestimulus

period for the short (500 ms) ISI condition (see Fig. 7). The

functional significance of this late-onset decrease in alpha

remains unclear, though presumably it reflects the neuronal

operations associated with disengaging, shifting or engaging

attention. There is evidence that only 50 ms to 120 ms

may be needed for attention to shift from one locus to

another [36,46], while the process of engaging attention

may need substantially longer [36,58]. Together, these

findings provide evidence that the late-onset decrease in

alpha we observed may reflect a sustained attentional

component which is responsible for engaging attention at a

new spatial location.

There is clear evidence (Fig. 6) that the decrease in

alpha activity we observed during the postcue–prestimulus

period for the long ISI condition was induced (non-phase-

locked), not evoked (i.e., phase-locked). Such a decrease in

spectral power is often termed an event-related desynch-
ronization (ERD) [11,35]. That there was no evoked

activity during this time period explains why the atten-

tional status of the observer had no discernable effect on

averaged global field power (see Fig. 2). Assuming that

induced activity reflects changes in the coordinated activity

of cortical neurons [32,41], our MEG data provide

evidence to suggest that attentional shifts to an expected

visual target alter the strength of interactions between

neurons in the calcarine.

The relative decrease in alpha (ERD) shown in Fig. 5

is consistent with multi-unit recordings in monkey [15]

and EEG recordings in human [13,16,65] showing

reductions in low frequency (<17 Hz) activity with

attentional shifts. The origin of alpha rhythms and their

role in information processing both within and between

brain areas continue to be debated. There is evidence that

both thalamo-cortical and cortico-cortico neurons play an

important role in the generation of alpha-band rhythms

[31,54], and it has been reported that a desynchronized

EEG in alpha represents an activated level of those

neurons [54]. Therefore, it has been proposed that ERD in

alpha can be interpreted as an electrophysiological

correlate of activated cortical areas involved in sensory

and/or cognitive processing [40,41]. An observed desyn-

chronization in the EEG (or MEG) indicates that, in the

corresponding brain areas, neurons are working relatively

independently [40] and as such may have a high capacity

for carrying information [45]. Based on the concepts of

information theory [48], Thatcher and colleagues [59]

have argued similarly that, when the underlying generators

of the observed EEG are highly coherent (synchronized)

with one another, they have less capacity for coding either

external signals or internal signals from other groups of

neurons. Accepting these arguments from information

theory, we speculate that the reduction in alpha activity

we observe following a shift of attention may serve to

place the sensory cortex in a heightened state of readiness

for coding incoming information. We conclude that

attentional processes act as a priming mechanism to

enhance neuronal processing by rendering the calcarine

cortex active prior to visual input.

Our results may also be consistent with several fMRI

studies which show that a shift or modulation of attention

leads to a relative increase in the hemodynamic baseline

signal [7,26,29]. This is so because an increase in the

hemodynamic signal may be the signature for a localized

decrease in low frequency oscillatory activity [50]. Using

the same experimental paradigm to assess visual motion

processing with both MEG and fMRI, Singh et al. [50]

showed that the location of the hemodynamic signal was

often remarkably similar to that of frequency-specific

decreases in cortical power within the alpha and beta

bands (as identified with MEG beamformer analyses).

Thus, the sustained postcue decrease in alpha reported here

may form the neural basis of the attentional effects reported

in fMRI studies.
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