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VISUAL EVOKED POTENTIAL
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subject to shift attention to the flickering row of LEDs on the same
side and to report occurrences of color-change targets in that row
by pressing a button. Targets occurred unpredictably throughout
the 3.0-second interval of continuous flickering following the cue.

As in our previous study18, the most pronounced SSVEP atten-
tion effects were found at occipito-temporal scalp sites (contralat-
eral to the visual field of stimulation; Fig. 1). The SSVEP amplitudes
to the left and right stimuli were measured in the frequency domain
by fast-Fourier transform (FFTs) at the respective flicker frequen-
cies. The analysis windows for the FFT (480 ms in duration for left
stimulus; 360 ms for right stimulus) were moved progressively along
the averaged SSVEP waveform (Fig. 2a) to produce a continuous
function of SSVEP amplitude change over time (Fig. 2b). Mainte-
nance of central eye fixation was verified by recordings of the elec-
trooculogram, and trials contaminated with eye movements, blinks
or other artifacts were rejected from analysis.

The time course of SSVEP amplitude changes following the cue
to shift attention was averaged across all nine subjects for the left
stimulus (Fig. 3a) and for the right stimulus (Fig. 3b). For each
stimulus, the SSVEP curves are superimposed for the attended and
unattended conditions, as determined by the direction of the cue.
The SSVEP elicited by the attended flickering row showed a sharp
increase in amplitude from baseline starting at around 100–200 ms
after the cue. This increase became significantly greater than base-
line during the interval 240–288 ms after the cue for the right row
and 288–336 ms for the left row (both p < 0.05). The midpoints of
these intervals are indicated by vertical lines in Fig. 3. In contrast,
the SSVEP to the same stimuli when unattended showed no sig-
nificant deviations from baseline. The SSVEP to the attended stim-
ulus remained significantly greater than to the unattended stimulus
for the remainder of the trial.

Target-detection rates also showed a steep increase as a func-
tion of time after the cue (Fig. 3, bar graphs). For both the left and
right stimuli, there were significant increments in correct target
detections during the second 144-ms interval following the cue rel-
ative to the first interval (p < .01), during the third interval relative
to the second (p < .01) and during the fourth interval relative to
the third (p< .02). From the fourth interval (432–576 ms) onwards,
behavioral detection rates remained stable. Individual subjects dif-
fered considerably, however, in how rapidly their detection perfor-
mance reached asymptotic levels. Dividing the subjects into the

four fastest and four slowest individuals on this behavioral mea-
sure revealed strongly correlated changes in the rise time of SSVEP
amplitude (Fig. 4). The fast switchers reached their peaks of SSVEP
amplitude significantly earlier than the slow switchers, by 195 ms
for left-field stimuli and by 269 ms for right-field stimuli (both p
< .05). The correlation of SSVEP peak latency and the time bin of
asymptotic detection performance over the first 600 ms following
the cue was highly significant for both left (r = 0.78, p < .01) and
right (r= 0.80, p < .01) stimuli.
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Fig. 1. Schematic diagram of stimulus array and electrode
positions, with SSVEP waveforms from one subject shown
for the attended (boldline) and unattended (thin line) con-
ditions recorded from contralateral occipito-temporal
sites TO2 and TO1. The flicker rates were 20.8 Hz for the
left row and 27.8 Hz for the right row of LEDs. The four
possible color configurations are shown for each row,
with all five LEDs being red in the standard configuration.
Target and non-target color changes (two LEDs changed
to green) occurred in random order on both sides with a
stimulus-onset asynchrony of 400 to 700 ms (onset to
onset). Gray oval is the fixation point. The SSVEPs were
obtained by a sliding average technique in the time
domain16–18 and were time-locked to either the left or the
right flickering stimulus.

Fig. 2. Representative time- and frequency-domain waveforms
from a single subject. (a) Averaged time-domain waveform follow-
ing the cue to attend right and time-locked to the right flickering
stimulus. SSVEP activity to this attended flicker can be seen at the
expanded time scale. (b) Time course of SSVEP amplitude in the
frequency domain obtained from the waveform shown in (a) by a
moving-window Fast Fourier Transform (FFT) at the stimulus fre-
quency; successive window steps were 4 ms. Thin horizontal line is
drawn through pre-cue baseline. Bold tracing is attended waveform;
thin tracing shows unattended waveform elicited by the same stim-
ulus. Note that the last 500 ms were not analyzed because the mov-
ing window reaches the end of the epoch.
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STEADY STATE VISUAL EVOKED POTENTIAL

modulation of the stimulation at a smaller time scale results in 
entrainment and a SSVEP
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subject to shift attention to the flickering row of LEDs on the same
side and to report occurrences of color-change targets in that row
by pressing a button. Targets occurred unpredictably throughout
the 3.0-second interval of continuous flickering following the cue.

As in our previous study18, the most pronounced SSVEP atten-
tion effects were found at occipito-temporal scalp sites (contralat-
eral to the visual field of stimulation; Fig. 1). The SSVEP amplitudes
to the left and right stimuli were measured in the frequency domain
by fast-Fourier transform (FFTs) at the respective flicker frequen-
cies. The analysis windows for the FFT (480 ms in duration for left
stimulus; 360 ms for right stimulus) were moved progressively along
the averaged SSVEP waveform (Fig. 2a) to produce a continuous
function of SSVEP amplitude change over time (Fig. 2b). Mainte-
nance of central eye fixation was verified by recordings of the elec-
trooculogram, and trials contaminated with eye movements, blinks
or other artifacts were rejected from analysis.

The time course of SSVEP amplitude changes following the cue
to shift attention was averaged across all nine subjects for the left
stimulus (Fig. 3a) and for the right stimulus (Fig. 3b). For each
stimulus, the SSVEP curves are superimposed for the attended and
unattended conditions, as determined by the direction of the cue.
The SSVEP elicited by the attended flickering row showed a sharp
increase in amplitude from baseline starting at around 100–200 ms
after the cue. This increase became significantly greater than base-
line during the interval 240–288 ms after the cue for the right row
and 288–336 ms for the left row (both p < 0.05). The midpoints of
these intervals are indicated by vertical lines in Fig. 3. In contrast,
the SSVEP to the same stimuli when unattended showed no sig-
nificant deviations from baseline. The SSVEP to the attended stim-
ulus remained significantly greater than to the unattended stimulus
for the remainder of the trial.

Target-detection rates also showed a steep increase as a func-
tion of time after the cue (Fig. 3, bar graphs). For both the left and
right stimuli, there were significant increments in correct target
detections during the second 144-ms interval following the cue rel-
ative to the first interval (p < .01), during the third interval relative
to the second (p < .01) and during the fourth interval relative to
the third (p< .02). From the fourth interval (432–576 ms) onwards,
behavioral detection rates remained stable. Individual subjects dif-
fered considerably, however, in how rapidly their detection perfor-
mance reached asymptotic levels. Dividing the subjects into the

four fastest and four slowest individuals on this behavioral mea-
sure revealed strongly correlated changes in the rise time of SSVEP
amplitude (Fig. 4). The fast switchers reached their peaks of SSVEP
amplitude significantly earlier than the slow switchers, by 195 ms
for left-field stimuli and by 269 ms for right-field stimuli (both p
< .05). The correlation of SSVEP peak latency and the time bin of
asymptotic detection performance over the first 600 ms following
the cue was highly significant for both left (r = 0.78, p < .01) and
right (r= 0.80, p < .01) stimuli.
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Fig. 1. Schematic diagram of stimulus array and electrode
positions, with SSVEP waveforms from one subject shown
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sites TO2 and TO1. The flicker rates were 20.8 Hz for the
left row and 27.8 Hz for the right row of LEDs. The four
possible color configurations are shown for each row,
with all five LEDs being red in the standard configuration.
Target and non-target color changes (two LEDs changed
to green) occurred in random order on both sides with a
stimulus-onset asynchrony of 400 to 700 ms (onset to
onset). Gray oval is the fixation point. The SSVEPs were
obtained by a sliding average technique in the time
domain16–18 and were time-locked to either the left or the
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from a single subject. (a) Averaged time-domain waveform follow-
ing the cue to attend right and time-locked to the right flickering
stimulus. SSVEP activity to this attended flicker can be seen at the
expanded time scale. (b) Time course of SSVEP amplitude in the
frequency domain obtained from the waveform shown in (a) by a
moving-window Fast Fourier Transform (FFT) at the stimulus fre-
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drawn through pre-cue baseline. Bold tracing is attended waveform;
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subject to shift attention to the flickering row of LEDs on the same
side and to report occurrences of color-change targets in that row
by pressing a button. Targets occurred unpredictably throughout
the 3.0-second interval of continuous flickering following the cue.

As in our previous study18, the most pronounced SSVEP atten-
tion effects were found at occipito-temporal scalp sites (contralat-
eral to the visual field of stimulation; Fig. 1). The SSVEP amplitudes
to the left and right stimuli were measured in the frequency domain
by fast-Fourier transform (FFTs) at the respective flicker frequen-
cies. The analysis windows for the FFT (480 ms in duration for left
stimulus; 360 ms for right stimulus) were moved progressively along
the averaged SSVEP waveform (Fig. 2a) to produce a continuous
function of SSVEP amplitude change over time (Fig. 2b). Mainte-
nance of central eye fixation was verified by recordings of the elec-
trooculogram, and trials contaminated with eye movements, blinks
or other artifacts were rejected from analysis.

The time course of SSVEP amplitude changes following the cue
to shift attention was averaged across all nine subjects for the left
stimulus (Fig. 3a) and for the right stimulus (Fig. 3b). For each
stimulus, the SSVEP curves are superimposed for the attended and
unattended conditions, as determined by the direction of the cue.
The SSVEP elicited by the attended flickering row showed a sharp
increase in amplitude from baseline starting at around 100–200 ms
after the cue. This increase became significantly greater than base-
line during the interval 240–288 ms after the cue for the right row
and 288–336 ms for the left row (both p < 0.05). The midpoints of
these intervals are indicated by vertical lines in Fig. 3. In contrast,
the SSVEP to the same stimuli when unattended showed no sig-
nificant deviations from baseline. The SSVEP to the attended stim-
ulus remained significantly greater than to the unattended stimulus
for the remainder of the trial.

Target-detection rates also showed a steep increase as a func-
tion of time after the cue (Fig. 3, bar graphs). For both the left and
right stimuli, there were significant increments in correct target
detections during the second 144-ms interval following the cue rel-
ative to the first interval (p < .01), during the third interval relative
to the second (p < .01) and during the fourth interval relative to
the third (p< .02). From the fourth interval (432–576 ms) onwards,
behavioral detection rates remained stable. Individual subjects dif-
fered considerably, however, in how rapidly their detection perfor-
mance reached asymptotic levels. Dividing the subjects into the

four fastest and four slowest individuals on this behavioral mea-
sure revealed strongly correlated changes in the rise time of SSVEP
amplitude (Fig. 4). The fast switchers reached their peaks of SSVEP
amplitude significantly earlier than the slow switchers, by 195 ms
for left-field stimuli and by 269 ms for right-field stimuli (both p
< .05). The correlation of SSVEP peak latency and the time bin of
asymptotic detection performance over the first 600 ms following
the cue was highly significant for both left (r = 0.78, p < .01) and
right (r= 0.80, p < .01) stimuli.
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Fig. 1. Schematic diagram of stimulus array and electrode
positions, with SSVEP waveforms from one subject shown
for the attended (boldline) and unattended (thin line) con-
ditions recorded from contralateral occipito-temporal
sites TO2 and TO1. The flicker rates were 20.8 Hz for the
left row and 27.8 Hz for the right row of LEDs. The four
possible color configurations are shown for each row,
with all five LEDs being red in the standard configuration.
Target and non-target color changes (two LEDs changed
to green) occurred in random order on both sides with a
stimulus-onset asynchrony of 400 to 700 ms (onset to
onset). Gray oval is the fixation point. The SSVEPs were
obtained by a sliding average technique in the time
domain16–18 and were time-locked to either the left or the
right flickering stimulus.

Fig. 2. Representative time- and frequency-domain waveforms
from a single subject. (a) Averaged time-domain waveform follow-
ing the cue to attend right and time-locked to the right flickering
stimulus. SSVEP activity to this attended flicker can be seen at the
expanded time scale. (b) Time course of SSVEP amplitude in the
frequency domain obtained from the waveform shown in (a) by a
moving-window Fast Fourier Transform (FFT) at the stimulus fre-
quency; successive window steps were 4 ms. Thin horizontal line is
drawn through pre-cue baseline. Bold tracing is attended waveform;
thin tracing shows unattended waveform elicited by the same stim-
ulus. Note that the last 500 ms were not analyzed because the mov-
ing window reaches the end of the epoch.
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subject to shift attention to the flickering row of LEDs on the same
side and to report occurrences of color-change targets in that row
by pressing a button. Targets occurred unpredictably throughout
the 3.0-second interval of continuous flickering following the cue.

As in our previous study18, the most pronounced SSVEP atten-
tion effects were found at occipito-temporal scalp sites (contralat-
eral to the visual field of stimulation; Fig. 1). The SSVEP amplitudes
to the left and right stimuli were measured in the frequency domain
by fast-Fourier transform (FFTs) at the respective flicker frequen-
cies. The analysis windows for the FFT (480 ms in duration for left
stimulus; 360 ms for right stimulus) were moved progressively along
the averaged SSVEP waveform (Fig. 2a) to produce a continuous
function of SSVEP amplitude change over time (Fig. 2b). Mainte-
nance of central eye fixation was verified by recordings of the elec-
trooculogram, and trials contaminated with eye movements, blinks
or other artifacts were rejected from analysis.

The time course of SSVEP amplitude changes following the cue
to shift attention was averaged across all nine subjects for the left
stimulus (Fig. 3a) and for the right stimulus (Fig. 3b). For each
stimulus, the SSVEP curves are superimposed for the attended and
unattended conditions, as determined by the direction of the cue.
The SSVEP elicited by the attended flickering row showed a sharp
increase in amplitude from baseline starting at around 100–200 ms
after the cue. This increase became significantly greater than base-
line during the interval 240–288 ms after the cue for the right row
and 288–336 ms for the left row (both p < 0.05). The midpoints of
these intervals are indicated by vertical lines in Fig. 3. In contrast,
the SSVEP to the same stimuli when unattended showed no sig-
nificant deviations from baseline. The SSVEP to the attended stim-
ulus remained significantly greater than to the unattended stimulus
for the remainder of the trial.

Target-detection rates also showed a steep increase as a func-
tion of time after the cue (Fig. 3, bar graphs). For both the left and
right stimuli, there were significant increments in correct target
detections during the second 144-ms interval following the cue rel-
ative to the first interval (p < .01), during the third interval relative
to the second (p < .01) and during the fourth interval relative to
the third (p< .02). From the fourth interval (432–576 ms) onwards,
behavioral detection rates remained stable. Individual subjects dif-
fered considerably, however, in how rapidly their detection perfor-
mance reached asymptotic levels. Dividing the subjects into the

four fastest and four slowest individuals on this behavioral mea-
sure revealed strongly correlated changes in the rise time of SSVEP
amplitude (Fig. 4). The fast switchers reached their peaks of SSVEP
amplitude significantly earlier than the slow switchers, by 195 ms
for left-field stimuli and by 269 ms for right-field stimuli (both p
< .05). The correlation of SSVEP peak latency and the time bin of
asymptotic detection performance over the first 600 ms following
the cue was highly significant for both left (r = 0.78, p < .01) and
right (r= 0.80, p < .01) stimuli.
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Fig. 1. Schematic diagram of stimulus array and electrode
positions, with SSVEP waveforms from one subject shown
for the attended (boldline) and unattended (thin line) con-
ditions recorded from contralateral occipito-temporal
sites TO2 and TO1. The flicker rates were 20.8 Hz for the
left row and 27.8 Hz for the right row of LEDs. The four
possible color configurations are shown for each row,
with all five LEDs being red in the standard configuration.
Target and non-target color changes (two LEDs changed
to green) occurred in random order on both sides with a
stimulus-onset asynchrony of 400 to 700 ms (onset to
onset). Gray oval is the fixation point. The SSVEPs were
obtained by a sliding average technique in the time
domain16–18 and were time-locked to either the left or the
right flickering stimulus.

Fig. 2. Representative time- and frequency-domain waveforms
from a single subject. (a) Averaged time-domain waveform follow-
ing the cue to attend right and time-locked to the right flickering
stimulus. SSVEP activity to this attended flicker can be seen at the
expanded time scale. (b) Time course of SSVEP amplitude in the
frequency domain obtained from the waveform shown in (a) by a
moving-window Fast Fourier Transform (FFT) at the stimulus fre-
quency; successive window steps were 4 ms. Thin horizontal line is
drawn through pre-cue baseline. Bold tracing is attended waveform;
thin tracing shows unattended waveform elicited by the same stim-
ulus. Note that the last 500 ms were not analyzed because the mov-
ing window reaches the end of the epoch.
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subject to shift attention to the flickering row of LEDs on the same
side and to report occurrences of color-change targets in that row
by pressing a button. Targets occurred unpredictably throughout
the 3.0-second interval of continuous flickering following the cue.

As in our previous study18, the most pronounced SSVEP atten-
tion effects were found at occipito-temporal scalp sites (contralat-
eral to the visual field of stimulation; Fig. 1). The SSVEP amplitudes
to the left and right stimuli were measured in the frequency domain
by fast-Fourier transform (FFTs) at the respective flicker frequen-
cies. The analysis windows for the FFT (480 ms in duration for left
stimulus; 360 ms for right stimulus) were moved progressively along
the averaged SSVEP waveform (Fig. 2a) to produce a continuous
function of SSVEP amplitude change over time (Fig. 2b). Mainte-
nance of central eye fixation was verified by recordings of the elec-
trooculogram, and trials contaminated with eye movements, blinks
or other artifacts were rejected from analysis.

The time course of SSVEP amplitude changes following the cue
to shift attention was averaged across all nine subjects for the left
stimulus (Fig. 3a) and for the right stimulus (Fig. 3b). For each
stimulus, the SSVEP curves are superimposed for the attended and
unattended conditions, as determined by the direction of the cue.
The SSVEP elicited by the attended flickering row showed a sharp
increase in amplitude from baseline starting at around 100–200 ms
after the cue. This increase became significantly greater than base-
line during the interval 240–288 ms after the cue for the right row
and 288–336 ms for the left row (both p < 0.05). The midpoints of
these intervals are indicated by vertical lines in Fig. 3. In contrast,
the SSVEP to the same stimuli when unattended showed no sig-
nificant deviations from baseline. The SSVEP to the attended stim-
ulus remained significantly greater than to the unattended stimulus
for the remainder of the trial.

Target-detection rates also showed a steep increase as a func-
tion of time after the cue (Fig. 3, bar graphs). For both the left and
right stimuli, there were significant increments in correct target
detections during the second 144-ms interval following the cue rel-
ative to the first interval (p < .01), during the third interval relative
to the second (p < .01) and during the fourth interval relative to
the third (p< .02). From the fourth interval (432–576 ms) onwards,
behavioral detection rates remained stable. Individual subjects dif-
fered considerably, however, in how rapidly their detection perfor-
mance reached asymptotic levels. Dividing the subjects into the

four fastest and four slowest individuals on this behavioral mea-
sure revealed strongly correlated changes in the rise time of SSVEP
amplitude (Fig. 4). The fast switchers reached their peaks of SSVEP
amplitude significantly earlier than the slow switchers, by 195 ms
for left-field stimuli and by 269 ms for right-field stimuli (both p
< .05). The correlation of SSVEP peak latency and the time bin of
asymptotic detection performance over the first 600 ms following
the cue was highly significant for both left (r = 0.78, p < .01) and
right (r= 0.80, p < .01) stimuli.
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Fig. 1. Schematic diagram of stimulus array and electrode
positions, with SSVEP waveforms from one subject shown
for the attended (boldline) and unattended (thin line) con-
ditions recorded from contralateral occipito-temporal
sites TO2 and TO1. The flicker rates were 20.8 Hz for the
left row and 27.8 Hz for the right row of LEDs. The four
possible color configurations are shown for each row,
with all five LEDs being red in the standard configuration.
Target and non-target color changes (two LEDs changed
to green) occurred in random order on both sides with a
stimulus-onset asynchrony of 400 to 700 ms (onset to
onset). Gray oval is the fixation point. The SSVEPs were
obtained by a sliding average technique in the time
domain16–18 and were time-locked to either the left or the
right flickering stimulus.

Fig. 2. Representative time- and frequency-domain waveforms
from a single subject. (a) Averaged time-domain waveform follow-
ing the cue to attend right and time-locked to the right flickering
stimulus. SSVEP activity to this attended flicker can be seen at the
expanded time scale. (b) Time course of SSVEP amplitude in the
frequency domain obtained from the waveform shown in (a) by a
moving-window Fast Fourier Transform (FFT) at the stimulus fre-
quency; successive window steps were 4 ms. Thin horizontal line is
drawn through pre-cue baseline. Bold tracing is attended waveform;
thin tracing shows unattended waveform elicited by the same stim-
ulus. Note that the last 500 ms were not analyzed because the mov-
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SSVEP COG NEURO EXAMPLE

who received course credit for participation. Based on
their prescreening results (n = 174, M = 36.3, SD = 22.4)
on the self-report form of the Liebowitz Social Anxiety
Scale (LSAS-SR; Fresco et al., 2001), participants scoring in
the upper 20% (corresponding to a total score of 53) were
identified as high socially anxious (HSA) and invited to
take part in the study. Students scoring below the median
(md = 33) were considered as low socially anxious (LSA).
Thirty-four participants (17 per group) attended the labo-
ratory session. To ensure that the screening procedure was
successful, participants completed the LSAS-SR again upon
arrival at the day of testing, prior to the experimental ses-
sion. As expected, the groups differed significantly in their
total scores of the LSAS-SR [t(32) = 9.6, p < .001; LSA:
M = 28.5, SD = 10.5; HSA: M = 65.4, SD = 11.9]. The
groups did not differ in terms of sex ratio [LSA: 5 men;
HSA: 2 men; !2(1, n = 34) = 1.6, p = .20], ethnicity
(44.1% Caucasian, 26.5% Afro-American, 20.6% Hispanic,
5.9% Asian, 2.9% other), and age [LSA: M = 18.9, SD =
1.0; HSA: M = 21.5, SD = 6.0, t(32) = 1.7, p = .10]. All of
the participants were right-handed, had no family history
of photic epilepsy, and reported normal or corrected-to-nor-
mal vision. All participants gave written informed consent
and received course credits for their participation. All proce-
dures were approved by the institutional review board of the
University of Florida.

Design and Procedure

Guided by a recent validation study (Goeleven, De Raedt,
Leyman, & Verschuere, 2008), 72 pictures were selected
from the Karolinska directed emotional faces (KDEF) data-
base (Lundqvist, Flykt, & Öhman, 1998), showing faces
with angry, happy, and neutral expressions in 12 female

and 12 male actors, respectively. All stimuli were converted
to grayscales to minimize luminance and color spectrum
differences across pictures. Using presentation software
(Neurobehavioral Systems, Albany, CA, USA), faces were
displayed against a gray background on a 19-inch computer
monitor with a vertical refresh rate of 70 Hz.
To induce competition on each experimental trial, two

pictures were simultaneously presented parafoveally to
both hemifields for 3000 msec. Faces were shown in a
flickering mode to evoke ssVEPs with one picture flicker-
ing at a driving frequency of 14 Hz, and the other picture
at a driving frequency of 17.5 Hz (see Figure 1) to enable
distinct tagging of each hemifield stream. The array con-
taining the two pictures subtended a horizontal visual
angle of 9.1°, the eccentricity of the center of the pictures
to either side being 2.6°. The distance between the screen
and the participants! eyes was 1.2 m. A central fixation
point was present at the center of the screen throughout
the experiment.
Participants were asked to maintain gaze on the fixa-

tion cross and to avoid eye movements. In order to facili-
tate central fixation, a simple change detection task was
introduced, for which participants were asked to press a
button whenever the color of the fixation cross changed
from white to gray. Color changes appeared very rarely
(3–5 times per session), and occurred only during inter-
trial intervals, in order to avoid contamination of ongoing
the ssVEP by motor potentials and transient responses to
the task stimulus. Intertrial intervals, in which the fixa-
tion cross was presented against a gray background, had
durations between 2500 and 3500 msec. All expressions
were combined and were fully crossed over visual hemi-
fields, resulting in nine conditions (angry–angry, angry–
happy, angry–neutral, happy–neutral, happy–angry, happy–
happy, neutral–happy, neutral–angry, neutral–neutral).

Figure 1. Schematic
representation of two
experimental trials. A fixation
point in the center of the
screen was present at all
times during the experiment.
Intertrial intervals varied
randomly between 2500 and
3500 msec. In each trial, two
stimuli showing the same
actor were assigned to one
visual hemifield, respectively,
flickering at 14 and 17.5 Hz.

1976 Journal of Cognitive Neuroscience Volume 23, Number 8Twenty-four stimulus pairs were created per condition, in
which the two pictures were always taken from the same
actor, resulting in 24 trials per condition. In one half of the
trials of each condition, the left picture was presented at
14 Hz, and vice versa. This resulted in a total of 216 trials
(24 trials ! 9 conditions). The order of trials was pseudo-
randomized. After the EEG recordings, subjects viewed the
72 different pictures again in a randomized order and were
asked to rate the respective picture on the dimensions of
affective valence and arousal on the 9-point Self-Assessment
Manikin (SAM; Bradley & Lang, 1994). In this last block,
neither hemifield presentation nor flickering was used;
participants viewed each picture for 6 sec before the SAM
scale was presented on the screen for rating.

EEG Recording and Data Analysis

The EEG was continuously recorded from 129 electrodes
using an Electrical Geodesics System (EGI, Eugene, OR,
USA), referenced to Cz, digitized at a rate of 250 Hz, and
on-line band-pass filtered between 0.1 and 50 Hz. Electrode
impedances were kept below 50 k!, as recommended
for the Electrical Geodesics high-impedance amplifiers.
Off-line, a low-pass filter of 40 Hz was applied. Epochs of
600 msec prestimulus and 3600 msec poststimulus onset
were extracted off-line. Artifact rejection was also performed
off-line, following the procedure proposed by Junghöfer,
Elbert, Tucker, and Rockstroh (2000). Using this approach,
trials with artifacts were identified based on the distribu-

tion of statistical parameters of the EEG epochs extracted
(absolute value, standard deviation, maximum of the dif-
ferences) across time points, for each channel, and—in a
subsequent step—across channels. Sensors contaminated
with artifacts were replaced by statistically weighted, spheri-
cal spline interpolated values. The maximum number of
approximated channels in a given trial was set to 20. Such
strict rejection criteria also allowed us to exclude trials
contaminated by vertical and horizontal eye movements.
Due to the long epochs and these stringent rejection cri-
teria, the mean rejection rate across all conditions was
36%. The number of remaining trials did not differ between
experimental conditions and groups. For interpolation
and all subsequent analyses, data were arithmetically trans-
formed to the average reference. Artifact-free epochs were
averaged separately for the 18 combinations of hemifield
and stimulus pairs to obtain ssVEPs containing both driving
frequencies. The raw ssVEP for a representative elec-
trode (POz), the Fast Fourier Transformation on this ssVEP,
and the spatial topography of the two driving frequencies
averaged across all subjects and conditions are shown in
Figure 2.

The ssVEP amplitude for each condition was extracted by
means of complex demodulation, which extracts a modulat-
ing signal from a carrier signal (Regan, 1989) using in-house
written MATLAB scripts (for a more detailed description,
see Müller et al., 2008). The analysis used the driving fre-
quencies of the stimuli, 14.0 and 17.5 Hz, as target frequen-
cies, and a third-order Butterworth low-pass filter with a
cutoff frequency at 1 Hz (time resolution 140 msec full

Figure 2. Grand mean
steady-state visual evoked
potential (ssVEP) averaged
across all participants and
conditions, recorded from
an occipital electrode
(approximately corresponding
to POz of the extended
10–20 system). Note that the
ssVEP in the present study
contains a superposition
of two driving frequencies
(14 and 17.5 Hz), as shown
by the frequency domain
representation of the
same signal (Fast Fourier
Transformation of the ssVEP
in a time segment between
100 and 3000 msec) in the
upper panel. The mean
scalp topographies of both
frequencies show clear medial
posterior activity over visual
cortical areas.

Wieser, McTeague, and Keil 1977

additional within-subject factor carrier frequency (14 vs.
17.5 Hz). No associated effects were revealed.

SAM Ratings

The analysis of the valence and arousal ratings of the fa-
cial expressions did not yield any differences between
HSA and LSA. Overall, participants rated the emotional
expressions as differentially arousing [F(2, 64) = 9.00,
p = .001, !p

2 = .22]. Post hoc t tests revealed that angry
(M = 4.66, SD = 1.51) as well as happy faces (M = 4.87,
SD= 1.26) were rated as more arousing than neutral ones

(M = 3.98, SD= 1.11) [t(33) = 3.47, p= .001 and t(33) =
4.56, p < .001], whereas no difference was found between
angry and happy facial expressions [t(33) = 0.84, p =
.40]. As expected, pleasantness/unpleasantness ratings var-
ied with facial expression [F(2, 64) = 107.41, GG-" = .60,
p< .001, !p

2 = .77]. Planned contrasts indicated that happy
faces (M = 3.64, SD = 0.90) were rated as more pleasant
compared to neutral (M = 5.45, SD = 0.37) as well as an-
gry faces (M = 6.37, SD = 0.87) [t(33) = 11.92, p < .001
and t(33) = 10.75, p < .001, respectively]. Furthermore,
angry faces were rated as more unpleasant than neutral
faces [t(33) = 6.16, p < .001]. Taken together, emotional

Figure 4. (A) Grand mean
topographical distribution
of the ssVEP amplitudes in
response to angry, neutral,
and happy facial expressions,
shown separately for high
socially anxious (HSA) and
low socially anxious (LSA)
participants, collapsed over the
three competitor conditions
and both hemifields. Grand
means are averaged across a
time window between 100
and 3000 msec after stimulus
onset. Note that scales used
for both groups are different.
(B) Mean time course of
ssVEP amplitudes elicited by
angry, happy, and neutral
facial expressions collapsed
over competitor and hemifield
conditions, separated for
HSA and LSA participants.

1980 Journal of Cognitive Neuroscience Volume 23, Number 8
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IMPLEMENTATION-STIMULUS

-stimulus frequencies must be chosen 
as a multiple of the monitor refresh 
frequency99.6Hz

1/99.6 = 0.01s 

refresh rate

frame interval

0.01s

1

2
3

4

5

6
799.6/4 =24.9Hz

or 
1/(0.01..*4)=24.9hz

99.6/7 =14.2Hz
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STIMULUS-PSYCHTOOLBOX FUNCTIONS

ifi = Screen('GetFlipInterval', window);

getting inter-frame interval of monitor

f = 14.2;
isi = 1/f;

getting inter-stimulus interval

loop to display flicker
displayTime = 3;
start = getSecs();
prevVbl = Screen(‘Flip’,window);

while(now < start + displayTime;)
   if(currentInterval >= isi)

Screen(‘DrawTextures’,window,texture);
currentInterval = 0;

 end

 vbl = Screen(‘Flip’,window);
 currentInterval = currentInterval + round((vbl-prevVbl)/ifi);
 prevVbl = vbl;
 now = getSecs();

end
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ANALYSIS

632 nature neuroscience  •  volume 1  no 7  •  november 1998

subject to shift attention to the flickering row of LEDs on the same
side and to report occurrences of color-change targets in that row
by pressing a button. Targets occurred unpredictably throughout
the 3.0-second interval of continuous flickering following the cue.

As in our previous study18, the most pronounced SSVEP atten-
tion effects were found at occipito-temporal scalp sites (contralat-
eral to the visual field of stimulation; Fig. 1). The SSVEP amplitudes
to the left and right stimuli were measured in the frequency domain
by fast-Fourier transform (FFTs) at the respective flicker frequen-
cies. The analysis windows for the FFT (480 ms in duration for left
stimulus; 360 ms for right stimulus) were moved progressively along
the averaged SSVEP waveform (Fig. 2a) to produce a continuous
function of SSVEP amplitude change over time (Fig. 2b). Mainte-
nance of central eye fixation was verified by recordings of the elec-
trooculogram, and trials contaminated with eye movements, blinks
or other artifacts were rejected from analysis.

The time course of SSVEP amplitude changes following the cue
to shift attention was averaged across all nine subjects for the left
stimulus (Fig. 3a) and for the right stimulus (Fig. 3b). For each
stimulus, the SSVEP curves are superimposed for the attended and
unattended conditions, as determined by the direction of the cue.
The SSVEP elicited by the attended flickering row showed a sharp
increase in amplitude from baseline starting at around 100–200 ms
after the cue. This increase became significantly greater than base-
line during the interval 240–288 ms after the cue for the right row
and 288–336 ms for the left row (both p < 0.05). The midpoints of
these intervals are indicated by vertical lines in Fig. 3. In contrast,
the SSVEP to the same stimuli when unattended showed no sig-
nificant deviations from baseline. The SSVEP to the attended stim-
ulus remained significantly greater than to the unattended stimulus
for the remainder of the trial.

Target-detection rates also showed a steep increase as a func-
tion of time after the cue (Fig. 3, bar graphs). For both the left and
right stimuli, there were significant increments in correct target
detections during the second 144-ms interval following the cue rel-
ative to the first interval (p < .01), during the third interval relative
to the second (p < .01) and during the fourth interval relative to
the third (p< .02). From the fourth interval (432–576 ms) onwards,
behavioral detection rates remained stable. Individual subjects dif-
fered considerably, however, in how rapidly their detection perfor-
mance reached asymptotic levels. Dividing the subjects into the

four fastest and four slowest individuals on this behavioral mea-
sure revealed strongly correlated changes in the rise time of SSVEP
amplitude (Fig. 4). The fast switchers reached their peaks of SSVEP
amplitude significantly earlier than the slow switchers, by 195 ms
for left-field stimuli and by 269 ms for right-field stimuli (both p
< .05). The correlation of SSVEP peak latency and the time bin of
asymptotic detection performance over the first 600 ms following
the cue was highly significant for both left (r = 0.78, p < .01) and
right (r= 0.80, p < .01) stimuli.

articles

Fig. 1. Schematic diagram of stimulus array and electrode
positions, with SSVEP waveforms from one subject shown
for the attended (boldline) and unattended (thin line) con-
ditions recorded from contralateral occipito-temporal
sites TO2 and TO1. The flicker rates were 20.8 Hz for the
left row and 27.8 Hz for the right row of LEDs. The four
possible color configurations are shown for each row,
with all five LEDs being red in the standard configuration.
Target and non-target color changes (two LEDs changed
to green) occurred in random order on both sides with a
stimulus-onset asynchrony of 400 to 700 ms (onset to
onset). Gray oval is the fixation point. The SSVEPs were
obtained by a sliding average technique in the time
domain16–18 and were time-locked to either the left or the
right flickering stimulus.

Fig. 2. Representative time- and frequency-domain waveforms
from a single subject. (a) Averaged time-domain waveform follow-
ing the cue to attend right and time-locked to the right flickering
stimulus. SSVEP activity to this attended flicker can be seen at the
expanded time scale. (b) Time course of SSVEP amplitude in the
frequency domain obtained from the waveform shown in (a) by a
moving-window Fast Fourier Transform (FFT) at the stimulus fre-
quency; successive window steps were 4 ms. Thin horizontal line is
drawn through pre-cue baseline. Bold tracing is attended waveform;
thin tracing shows unattended waveform elicited by the same stim-
ulus. Note that the last 500 ms were not analyzed because the mov-
ing window reaches the end of the epoch.

a

b

Expanded time scale for attend right condition

Cue
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SEPARATE FREQUENCY RESPONSES
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CONCLUSIONS

• SSVEP is a powerful technique specially useful for probing 
attention related aspects

• provides high temporal resolution signals for analysis 

• analysis is fairly simple

• reliable and robust response if you get the stimulus and setup 
right.
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