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Abstract. It has been demonstrated in numerous experiments that oscillatory EEG responses in the alpha frequency band
(8Ð12 Hz) increase with memory load during the retention interval in working memory tasks. However, the findings
diverge with respect to which measurement of alpha activity is influenced by memory processes. Here, we differentiate
between evoked and total alpha activity in order to separate effects of phase-locking and amplitude modulation. We present
data from a delayed-matching-to-sample task (S1-S2 paradigm) for which we compared EEG alpha responses between a
perception and a memory condition. Increased total alpha activity was found in the retention interval for the memory as
compared to the perception condition. Evoked alpha activity, however, did not differentiate between memory and perception
conditions but, instead, was increased for the more complex condition of processing non-Kanizsa figures as compared to
Kanizsa figures. Thus, our results demonstrate a functional differentiation between evoked and total alpha activity. While
alpha phase locking seemed to be influenced mainly by task complexity, alpha amplitude clearly reflected memory demands
in our paradigm.

Key words: alpha, EEG, evoked, induced, phase-locking, working memory

Introduction

A vast amount of studies have indicated a close rela-
tionship between memory processes and oscillatory
responses in the EEG (see Başar, Başar-Eroglu, Kar-
akaş, & Schürmann, 2000; Klimesch, 1999, for re-
views). Frequently, memory processes are associated
with EEG activity in the theta-band (4Ð7 Hz:
Tesche & Karhu, 2000; Klimesch, Doppelmayr,
Rohm, Pollhuber, & Stadler, 2001), alpha band (8Ð
12 Hz: Schack & Klimesch, 2002; Klimesch, 1997;
Klimesch, Doppelmayr, Schimke, & Pachinger,
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1996), and gamma band (30Ð80 Hz: Gruber & Mül-
ler, 2002; Fell et al., 2001; Herrmann & Mecklinger,
2001; Tallon-Baudry, Bertrand, Peronnet, & Pernier,
1998). Recently, also the interaction of different fre-
quencies has been investigated with respect to its rel-
evance for memory processes (Düzel et al., 2003;
Sauseng et al., 2002; Stam, 2000; von Stein &
Sarnthein, 2000). Here, we want to demonstrate how
different aspects of the alpha frequency band reveal
different aspects of cognitive processes. Two types of
event-related changes occur in EEG oscillations in
response to experimental conditions. On the one
hand, the amplitude of an oscillation can increase or
decrease in response to different memory demands
(Jensen, Gelfand, Kounios, & Lisman, 2002). How-
ever, also the phase of an oscillation can be influ-
enced by stimulation (Brandt, 1997) and is modu-
lated by working memory demands (Rizzuto et al.,
2003). In order to differentiate these two phenomena,
evoked alpha oscillations, which result mainly from
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phase locking, need to be differentiated from induced
ones, which mainly reflect amplitude changes. Usu-
ally a simultaneous modulation of both measures re-
sults in the so-called alpha-paradox (Klimesch et al.,
2000). We believe that it is important to understand
the different mechanisms underlying oscillatory EEG
changes within one frequency band before we can
then address how the different frequency bands in-
teract. Therefore, we use a differentiation between
phase locking and amplitude modulations, which
seems to be necessary when investigating EEG oscil-
lations, and then demonstrate how the two measures
are modulated by different cognitive processes.

Methods

Subjects

Twenty-two subjects with a mean age of 24.2 years
(ranging from 19 to 33 years, 11 female, 7 left-
handed) participated in the study. All subjects had
normal or corrected-to-normal vision and showed no
signs of neurological or psychiatric disorders and all
gave written informed consent.

Figure 1. Illustration of the paradigm. After a warning tone, which indicates the condition to follow (perception
or memory), and a 1 s preparation interval, the S1 stimulus was presented for 400 ms. During the retention
interval of a random length between 3 to 4 s, a mask with randomly distributed black and white pixels was
shown, followed by the 400 ms presentation of S2.
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Stimuli

The stimuli used in this paradigm were composed of
four inducer disks which either constituted a Kanizsa
square due to their collinear arrangement or not.
These assemblies of four disks were presented at
three different rotation angles (11.25∞, 22.5∞ and
37.5∞).

Paradigm

In our paradigm, subjects had to either perform an
easy perception or a more complex memory task
(Figure 1). During each trial, two stimuli, S1 and S2,
were presented sequentially. In the perception condi-
tion, subjects had to judge whether or not the S2
stimulus was maximally rotated (37.5∞). In the mem-
ory condition, the task was to decide whether the
stimulus S2 had the same rotation angle as S1. A
manual yes/no response was required in every trial.
Both stimuli, S1 and S2, were always identical in co-
linearity and could vary only in rotation angle. Each
trial started with an initial warning tone, which indi-
cated whether the perception condition (750 Hz) or
the memory condition (3000 Hz) was to be per-



313Phase-Locking and Amplitude Modulations of EEG Alpha

formed. Then, a 1 s preparation interval followed.
Stimulus S1 was presented for 400 ms on a screen
1 m in front of the subjects. After a retention interval
of 3 to 4 s (3, 3.25, 3.5, 3.75 and 4 s, randomly
distributed), S2 was presented for 400 ms. The meas-
urement of the reaction time started with the onset
of S2.

Data Acquisition

The EEG was recorded with NeuroScan amplifiers
using 19 Ag/AgCl-electrodes mounted in an elastic
cap. Electrodes were placed according to the interna-
tional 10Ð20 system. The ground electrode was C2
and all electrodes were referenced to the left mastoid
(M1). Electrode impedance was kept below 5 kΩ.
Horizontal and vertical EOG were registered with
four additional electrodes. Data were sampled at 500
Hz and analog-filtered with a 0.05 Hz high-pass and
a 100 Hz low-pass filter, and digitally filtered with
a 50 Hz notch filter.

Data Analysis

Prior to data analysis, filtered EEG data were
scanned by an artifact scanning software for eye
movements, drifts, and defective electrodes: All ep-
ochs containing amplitude standard deviations of
more than 30 µV (40 µV for EOG channels) in any
of the recorded channels within a moving 200 ms
window were excluded from further analysis. In a
second step, the remaining epochs were visually in-
spected for artifacts missed by the automatic rejec-
tion procedure. In order to analyze oscillatory alpha
activity, a wavelet transform was applied to the data
(for details, see Herrmann, Mecklinger, & Pfeifer,
1999; Herrmann & Mecklinger, 2000). This analysis
yields evoked alpha activity which is strictly phase-
locked to stimulation and total alpha activity which
comprises evoked and induced activity, the latter not
being phase-locked to stimulation. It is important to
note that an increase of evoked alpha activity alone
does not resolve how this increase comes about. It
could either be caused by phase resetting or ampli-
tude increase. Only if we consider both measures,
evoked and total alpha activity, we can infer what
kind of change of alpha activity happened. If only
the evoked activity increases after stimulation while
the total activity remains stable, a pure increase of
phase locking across trials was the cause of this stim-
ulus-related change.

If, instead, only the total activity increases while
the evoked remains stable, a pure increase of ampli-
tude was the cause. However, both measures can re-
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act at the same time, indicating that both phase lock-
ing and amplitude vary in response to stimulation.
The Morlet wavelets had a center frequency of
10 Hz. Epochs for wavelet transformation and signal
averaging ranged from -1200 to 1000 ms relative to
stimulus onset for S1 and S2 and from -1400 to
3400 ms relative to S1 offset for the retention in-
terval. Oscillatory activity was computed relative to
baselines that preceded the event of interest, i.e., the
stimulus presentation or the beginning of the reten-
tion interval. To compensate for the effect of tempo-
ral smearing, which is particularly present in the al-
pha frequency of the decomposed EEG, baselines
were chosen to end before the respective stimulus
begins. These baselines were -400 to -200 ms rela-
tive to S1 and S2. The baseline for the retention in-
terval was from -800 to -600, which is identical to
the baseline of S1, since S1 lasted 400 ms. In order
to avoid a loss of statistical power that is inherent
when repeated measures ANOVAs are used to quan-
tify multi-channel EEG data, selected electrode sites
were pooled to an anterior and a posterior topograph-
ical region of interest (ROI). The anterior region con-
sists of the electrodes FP1,FP2, FZ, F3, F4, F7, and
F8, whereas the posterior region was comprised of
electrodes PZ, P3, P4, P7, P8, O1, and O2. For the
S1 stimulus and the retention interval, repeated mea-
sures ANOVAs with the factors condition (memory
vs. perception), figure (Kanizsa figure vs. non-Ka-
nizsa figure), and ROI (anterior vs. posterior) were
computed. ANOVAs for the brain responses to S2
additionally included the factor Response (yes vs.
no), with the maximally rotated stimuli requiring a
yes response in the perception condition and S2 stim-
uli matching the preceding S1 stimulus requiring a
yes response in the memory condition. ANOVAs
were computed for the mean activity within a speci-
fied time interval. These time intervals were chosen
to be 80 to 220 ms after onset of S1 and S2, as well
as an early (0 to 500 ms) and a late (500 to 2500 ms)
time period in the retention interval. When separate
conditions are shown in figures, the data are col-
lapsed across all other experimental conditions.

Results

Behavioral Data

An ANOVA of the RTs yielded no significant differ-
ences between the memory (800 ms) and the percep-
tion condition (780 ms). A significant main effect
found for the factor figure, F(1, 21) = 7.05, p � .05,
indicates longer RTs for non-Kanizsa figures
(795 ms) as compared to Kanizsa figures (784 ms).
Furthermore, a significant Figure ¥ Response in-
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teraction was found, F(1, 21) = 5.55, p � .05. Post
hoc analyses revealed longer reaction times for no-
responses to non-Kanizsa figures (803 ms) as com-
pared to no-responses to Kanizsa figures, 780 ms;
F(1, 21) = 9.48, p � .01. An ANOVA for the yes-
responses showed no effects for the factor figure.

For the analysis of error rates, a repeated meas-
ures ANOVA with the factors condition, figure and
response was computed. In this analysis, significant
main effects of the factors condition, F(1, 21) =
65.08, p � .0001, and response, F(1, 21) = 7.32, p �
.05, were found. A higher error rate in the memory
condition (15.3 %) as compared to the perception
condition (4.1 %) indicates a higher difficulty of the
memory condition. Finally, more errors were ob-
served for the no-responses (11.1 %) as compared to
the yes-responses (8.4 %).

Alpha Activity

All three stimuli, S1, the mask in the retention in-
terval, and S2, elicited changes of evoked as well as
total alpha activity. However, evoked activity
increased in response to stimulation (see Figure 2A)
while total alpha activity decreased (see Figure 2B).

Alpha Topography

Alpha activity was not evenly distributed across all
electrodes. In response to S1, an ANOVA for the
evoked alpha activity yielded a significant main ef-
fect of ROI, F(1, 21) = 7.14, p � .05, indicating
higher posterior amplitudes (1.69 µV) as compared
to anterior amplitudes (1.13 µV). In addition, an
ANOVA for the total alpha activity yielded a signifi-
cant main effect for the factor ROI, F(1, 21) = 10.08,
p � .005, indicating that the decrease of total alpha
activity was significantly stronger in posterior
electrodes (-1.58 µV) as compared to anterior ones
(-1.07 µV).

Alpha in Response to S1

ANOVAs for the evoked and total alpha activity were
calculated for the time interval from 80 to 220 ms
after stimulus onset and yielded no significant ef-
fects of the factors condition or figure.

Alpha During the Retention Interval

ANOVAs for the evoked and total alpha activity were
calculated for an early (0 to 500 ms after onset of
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the retention interval) and a late time interval (500
to 2500 ms). In the early interval, a significant main
effect of the factor figure, F(1, 21) = 4.36, p � .05,
indicated that alpha responses evoked by non-Ka-
nizsa figures (0.36 µV) were higher than those
evoked by Kanizsa figures (0.24 µV). No significant
effects were found for the total alpha activity during
the early time interval.

During the late time interval no significant effects
were found for the evoked alpha activity. However,
for the total alpha activity, a significant effect of the
factor condition was found in the late time interval,
F(1, 21) = 4.58, p � .05). Total alpha amplitudes
were higher in the memory (0.1 µV) as compared to
the perception condition (-0.16 µV). Finally, a three-
way interaction of the factors ROI, figure, and condi-
tion was observed, F(1, 21) = 5.04, p � .05). Sepa-
rate ANOVAs for the anterior and posterior ROI re-
vealed that only for posterior electrode sites, a Figure
¥ Condition interaction was present, F(1, 21) = 6.32,
p � .05). Post hoc tests showed that in posterior re-
gions, the factor condition had no effect whenever
Kanizsa figures were presented, whereas non-Ka-
nizsa figures induced higher alpha activity in the
memory condition as compared to the perception
condition, 0.39 µV vs. -0.18 µV; F(1, 21) = 7.89,
p � .05.

Alpha in Response to S2

For the responses to the presentation of the second
stimulus, ANOVAs of the evoked alpha activity
yielded a significant ROI ¥ Response interaction,
F(1, 21) = 6.14, p � .05) in a time interval from
80 to 220 ms after onset of S2, indicating that yes-
responses evoked stronger alpha activity in posterior
ROIs (1.52 µV) as compared to anterior ROIs
(1.18 µV). The post-hoc analysis testing this hypoth-
esis, however, missed significance.

Discussion

Behavioral Data

The error rates in our experiment were higher for the
memory condition than for the perception condition.
The main difference between the memory and the
perception condition results from a different memory
load during the retention interval. Thus, the higher
error rate for the memory condition probably results
from subjects delivering false responses due to in-
correctly remembering S1 in short-term-memory
(STM). In addition, subjects made more errors in
case of no-responses than in case of yes-responses.
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Figure 2. A: Grand averages of evoked alpha activity reveal two peaks. The first one was evoked by the onset
of the first stimulus (S1, see arrow). The second peak was evoked by the onset of the mask in the retention
interval which occurs at time point 0 in this graph. B: Grand averages of total alpha activity. During the retention
interval there was an increase after an initial decrease. The increase was significantly larger for the memory
condition.

In the memory task, yes-responses are required for
S2 stimuli that match the S1 stimulus. Thus, it is
plausible to assume that such repeated items are eas-
ier to process in this paradigm, since repetition facili-
tates the processing of the stimuli (Buckner et al.,
1995).

The reaction times of our experiment were longer
for non-Kanizsa figures than for Kanizsa figures,
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which probably indicate that the non-figural stimuli
are harder to process. Especially the non-Kanizsa
figures, which required a no-response, yielded the
longest reaction times irrespective of whether they
had to be memorized or their rotation angle had to
be judged. However, it was not relevant for the task
at hand whether or not the presented stimuli consti-
tuted Kanizsa figures or not. Figure 3 shows which
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Figure 3. A model of the processes involved in our paradigm after S2 presentation. S2 needs to be visually
processed and the rotation angle has to be detected. Then, this angle has to be compared to an angle in STM.
This is either the angle of S1 (memory condition, shown) or a fixed angle of 37.5∞ (perception condition, not
shown). Finally, a manual response can be given depending on whether the S2 angle does or does not match the
angle in STM. It is important to note that memory demands only vary between conditions at S1 presentation
and during the retention interval but not at S2 presentation.

cognitive processes are involved in the memory con-
dition and could potentially influence reaction times.
It is important to note that recording of the reaction
times started with presentation of S2. Thus the dif-
ferences of memory load during the retention in-
terval probably did not influence the reaction times.
Both the memory and the perception condition re-
quired a comparison of the rotation angle of S2 with
an angle held in STM. In case of the memory condi-
tion this was the angle of S1. In case of the percep-
tion condition, it was a fixed angle of 37.5∞. This
explains why there was no difference in reaction
times between these two conditions. However, error
rates already indicated that non-matching S2 stimuli
(no-responses) are harder to process than matching
S2 stimuli (yes-responses) due to the lack of repeti-
tion priming. Also the three-way interaction of total
alpha activity in the retention interval indicated that
non-Kanizsa figures are harder to be maintained in
memory than Kanizsa figures. In addition, a previous
study showed that the processing of non-Kanizsa fig-
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ures leads to longer reaction times than that of Ka-
nizsa figures, indicating that non-Kanizsa figures are
also hard to process (Proverbio & Zani, 2002). Thus,
it seems plausible to assume that when a difficult
non-matching S2, at the same time, represents a non-
Kanizsa figure, this leads to the longer reaction times
due to higher processing effort in visual cortices.

Alpha Responses

In response to S1 presentation, no significant differ-
ences were found in evoked or total alpha activity.
This was surprising, since S1 stimuli had to be stored
in STM during the memory condition while they
could be ignored during the perception condition.
Thus, the differences either occurred in other fre-
quency bands or the stimuli were for some reason
equally processed in both conditions.

At the beginning of the retention interval, evoked
alpha activity was significantly stronger in response
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to non-Kanizsa figures than to Kanizsa figures. At
the same time, total alpha activity decreased and
showed no significant differences between experi-
mental conditions. Therefore, non-Kanizsa figures
lead to an enhanced phase locking across trials. It
has to be noted that at this time neither of the two
figures were visible on the screen. Instead, the noisy
pixel mask was shown during the retention interval.
Therefore, we assume that even though the type of
figure was not relevant for the subject’s task, non-
Kanizsa figures were harder to process as already
indicated by the longer reaction times following S2.
The enhanced evoked alpha response might reflect
this difference in processing demands. However, this
increase of evoked alpha activity appeared after the
non-Kanizsa stimulus was shown and thus process-
ing of the non-Kanizsa figure probably interacted
with the processing of the pixel-mask due to a longer
processing of non-Kanizsa figures as compared to
Kanizsa figures. Previous studies had already de-
monstrated that alpha activity is related to task de-
mands (Cooper, Croft, Dominey, Burgess, & Gruze-
lier, 2003; Earle, 1988). Our results are in line with
data showing that the processing of non-objects leads
to an increase of alpha activity as compared to ob-
jects (Vanni, Revonsuo, & Hari, 1997). However, we
were able to show that the phase locking of alpha
activity is enhanced for non-Kanizsa figures, while
the decrease of amplitude following stimulation
shows no differences with respect to whether Ka-
nizsa figures or non-Kanizsa figures are presented.
This, again, is in line with data showing that specifi-
cally the phase of alpha oscillations is sensitive to
task processing (Kolev, Yordanova, Schürmann, &
Basar, 1999). Due to the high degree of phase lock-
ing to the stimulus, evoked alpha activity is also visi-
ble in the visual evoked potential (VEP). In fact, it
has been argued that phase-resetting may be one of
the main mechanisms leading to evoked potentials in
addition to pure amplitude changes (Makeig et al.,
2002). Changes which are only visible in the total
but not in the evoked alpha activity and thus reflect
induced activity will, however, not influence the VEP
very much.

The total alpha activity during the retention in-
terval was significantly stronger for the memory con-
dition as compared to the perception condition while
evoked alpha activity revealed no significant differ-
ences between conditions. Thus, an increase of alpha
amplitude reflects the increased memory demands of
the memory condition. This finding replicates earlier
findings of other experiments (Jensen et al., 2002;
Schack & Klimesch, 2002). However, it is note-
worthy to mention that not the initial decrease of to-
tal alpha activity reflects the increased memory de-
mands but a later increase of total alpha activity.

” 2004 Hogrefe & Huber Publishers Experimental Psychology 2004; Vol. 51(4): 311Ð318

Conclusions

Interestingly, memory demands only affected error
rates, while task complexity only affected reaction
times. This pattern of results is well explained by our
model, which demonstrates that memory load is only
crucial during the retention interval and does not in-
fluence S2 processing. Since reaction times are re-
corded following presentation of S2 no effects of
memory load should be observed.

We were able to demonstrate that alpha phase re-
setting and alpha amplitude changes reflect different
cognitive processes. Processing the figural aspects of
the stimuli resulted in enhanced evoked activity
while memory demands enhanced total activity.
Thus, it seems that phase resetting is predominantly
occurring during cognitive processes that don’t relate
to memory retention. At the same time, the ampli-
tude of alpha oscillations as measured by the total
alpha activity clearly reflected the enhanced memory
load during the memory condition.

We don’t want to exclude the possibility that al-
pha phase may be affected by memory aspects in
other experimental conditions than the ones used
here. However, we want to stress the fact that it is
necessary to investigate both measures of event-re-
lated alpha activity, i.e., evoked and total alpha activ-
ity, in order to find out whether event-related alpha
changes are due to phase locking or due to amplitude
changes.
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