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Abstract

Cortical object representations seem to require the formation of neural cell assemblies. The physiological correlate of cell assembly
activity may be seen in synchronized neural activity in the gamma band range. The improvement in perceiving and identifying an object
by experience is commonly referred to as repetition priming. One possible neural mechanism for repetition priming is ‘repetition
suppression’ within a cell assembly coding the stimulus. The present electroencephalogram study was designed to investigate oscilla-
tory brain activity when line drawings of concrete objects were repeated either immediately after a first presentation or after intervening
a number of different stimuli. Results showed a broad posterior distribution of induced gamma band responses (GBRs) after the initial
picture presentation. Repeated presentations of the same picture led to a significant decrease of induced gamma power. Furthermore,
repeated presentations of the same object resulted in a decrease in phase synchrony between distant electrode sites. No significant
repetition effects were found in the alpha or beta frequency range. The event-related potential (ERP), which was also modulated by
priming, showed a different scalp distribution compared with induced GBRs. In addition, ERP repetition effects decayed at larger
intervals between initial and repeated presentations, whereas induced GBRs were not modulated as a function of stimulus lag. We
concluded that the decrease in amplitude of induced GBRs and the reduction of gamma phase synchrony between pairs of electrodes
after repeated picture presentations might be linked to a ‘sharpening’ mechanism within a cell assembly representing an object.

Introduction

Facilitation in perception to repeated stimuli is commonly referred to
as repetition priming (Tulving & Schacter, 1990). A neural correlate
associated with repeated stimulus processing is a reduced firing rate of
neurons (Brown & Aggleton, 2001), an effect termed ‘repetition
suppression’ (Schacter & Buckner, 1998). Recently, Wiggs & Martin
(1998), elaborating on ideas of Desimone (1996), suggested that
repetition suppression is a by-product of a ‘sharpening’ of cortical
object representations. In this view, experience leads to representa-
tions, which are limited to the essential object features. This sparser
representation allows more efficient stimulus processing, which can
result in behavioural priming effects, such as shorter reaction times
(RTs).

In general, cortical object representations are considered to be
activated by synchronization of neuronal activity within cell assem-
blies, which represent various stimulus features and can be distributed
across different brain areas (Milner, 1974; Malsburg & Schneider,
1986; Singer & Gray, 1995). Induced gamma band responses (GBRs)
are discussed as a signature of such a cell assembly (Tallon-Baudry &
Bertrand, 1999; Keil et al., 2001). Empirical evidence for that notion
was provided by studies that showed that learned representations of a
stimulus induced GBRs in the human electroencephalogram (EEG,
Pulvermiiller, 1996; Gruber et al., 2001, 2002). A further measure,
which might provide information regarding the establishment of a cell
assembly, is phase synchrony between electrode sites. It was shown
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that phase-locking between electrodes is only present when subjects
perceived an object (Rodriguez et al., 1999) or have learned an
association between stimuli (Miltner et al., 1999).

Consequently, in a previous repetition priming experiment, we
analysed spectral power and phase synchrony to draw a more con-
clusive picture of neural cell assembly activity and the effects of
repetition priming upon these measures. We found a reduction of
GBRs and a decrease in phase synchrony after immediate picture
repetition, which we interpreted as a signature of sharpening of a
network coding an object (Gruber & Miiller, 2002). In this study,
however, we repeated stimuli without intervening pictures. As a
consequence, we were not able to exclude habituation as an alternative
explanation for our results. The present experiment was designed to
exclude this alternative and to extend our previous findings. Therefore,
we repeated pictures not only directly after the first presentation but
also after intervening a number of different stimuli.

Based on the above hypothesis, we expected that picture repetition
leads to a ‘sharpening’ within an object representation. Notwithstand-
ing the fact that repeated stimuli have to be coded by synchrony within
cell assemblies, due to spatial summation in macroscopical EEG
recordings, we hypothesized that the activation of a sparser network
should result in a reduction of induced GBR power and phase syn-
chrony.

Besides induced oscillatory activity, we analysed the event-related
potential (ERP) elicited by initial and repeated stimuli. It was hypothe-
sized that ERPs play a functionally different role opposed to induced
GBRs (Tallon-Baudry & Bertrand, 1999; Gruber et al., 2002). If this
hypothesis is true, we must find different characteristics of repetition
effects in the ERP and induced GBRs.
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Materials and methods

Subjects

Twelve healthy, right-handed university students (nine female, three
male) received class credits for participation. Their age ranged from 19
to 21years (mean 19.5years, SD 0.67 years). All had normal or
corrected-to-normal visual acuity. Informed consent was obtained
from each participant. The study conformed with the Code of Ethics
of the World Medical Association.

Stimuli and task

Stimuli were 260 line drawings taken from the Snodgrass & Vandervart
(1980) inventory in their unfragmented version, which were presented
in the centre of a 19-inch computer screen placed 1.5 m in front of the
subjects with a frame rate of 70Hz. A white fixation square of
0.3 x 0.3 degrees of visual angle was always present in the centre
of the screen. The line drawings covering a visual angle of approxi-
mately 4.5 x 5.2 degrees were shown in white on a black background.
Picture onset was synchronized to the vertical retrace of the monitor.

Each line drawing was presented twice. Pictures were repeated
either in the directly succeeding trial after the initial presentation (LAG
0), after intervening one different picture (LAG 1), or after intervening
four different pictures (LAG 4). Figure 11 depicts an excerpt of
stimulus sequence. In order to acquire RT data, subjects were
instructed to respond to rare targets (pictures of animals) by pressing
a button as fast as possible. Identical to other stimuli, targets were
repeated with LAG 0, LAG 1 or LAG 4. No other animal stimulus was
presented in between two presentations with LAGs 1 or 4.

The design resulted in two experimental conditions: (i) initial
picture presentations; and (ii) repeated picture presentations. Condi-
tions were presented in randomized order and can be subdivided
according to their position within the stream of pictures: initial
presentation (Fig. 1A, C and E); and repeated presentations with
LAG 0 (Fig. 1B), LAG 1 (Fig. 1D) or LAG 4 (Fig. 1F). The likelihood
for each of the three lags for non-animal pictures was 0.27. The
likelihood for each lag for target presentations was 0.07. The experi-
ment consisted of 510 trials. Target trials were excluded from further
EEG analysis (~ 100) in order to exclude possible interference with the
motor response. For every initial presentation a new picture was
chosen randomly from the Snodgrass picture pool.
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Fi1G. 1. (I) Excerpt of stimulus sequence. Pictures are presented for a first time
(A, C and E) and Repeated for a second time with either LAG 0 (B), LAG 1 (D)
or LAG 4 (F). (II) Repeated measurement ANOVA model used for statistical
analysis.

Each trial consisted of a 500-ms baseline period (black screen), 700-
ms picture presentation time and an inter-stimulus interval between
1100 and 1600 ms. Whenever the subject pressed the button to indicate
the identification of a target, the next trial was started with an
additional delay of 500ms. Subjects were instructed to avoid eye
movements and blinking while attending the pictures and to maintain
their gaze to the fixation square in the middle of the screen. The
experimental design was divided into three blocks of 170 trials each, in
order to allow for resting intervals.

Data analysis: behavioural data

Only RTs between 200 and 1000 ms after target onset were considered
to be correct responses. RTs shorter or longer than that period were
seen as false alarms or missed responses.

Behavioural data were analysed by means of a repeated measure-
ment ANOVA with the factors CONDITION (initial presentations vs.
repeated presentations) x POSITION (three). A schematic graph
ANOVA model is given in Fig. 1II. The POSITION factor was intro-
duced to test the reliability between the three first picture presentations
and to examine differences between LAG 0, LAG 1 and LAG 4. Post-
hoc comparisons were calculated by means of paired 7-tests.

Electrophysiological recordings

EEG was recorded continuously with an EGI (Electrical Geodesics,
Eugene, OR, USA) 128-electrode array. A schematic representation of
the electrode array and corresponding extended international 10-20
electrode sites is given in Fig.2. The vertex (recording site Cz) was
chosen as reference. As suggested for the EGI high-input impedance
amplifier, impedances were kept below 50k{). Sampling rate was
500 Hz and all channels were pre-processed on-line by means of 0.01—
200 Hz band-pass filter. In addition, vertical and horizontal eye move-
ments were monitored with a subset of the 128 electrodes. Further data
processing was performed off-line.

F1G.2. Schematic representation of 128 channels montage. Extended 10-20
sites used for statistical analysis are given. Note: 10-20 sites were approximated
to the closest electrode position on the net.
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Data reduction and analysis

EEG was segmented to obtain epochs from 500 ms prior and 1200 ms
after stimulus onset. Artefact correction was performed by means of
the ‘statistical correction of artefacts in dense array studies’ (SCADS)
procedure developed by Junghofer et al. (2000). This procedure uses
a combination of trial exclusion and channel approximation based on
statistical parameters of the data. Firstly, global artefacts stemming
from single electrodes are detected using the recording reference
(Cz) and the average reference. In the next step, distinct sensors from
particular trials are removed on the basis of the distribution of their
amplitude, standard deviation and gradient. The information of
eliminated electrodes is replaced with a statistically weighted
spherical interpolation from the full channel set. The limit for the
number of approximated channels was set to 20 channels. With
respect to the spatial arrangement of the approximated sensors, it
was ensured that rejected sensors were not located within one region
of the scalp, as this would make interpolation for the area invalid.
Single epochs with excessive eye movements and blinks, or artefacts
on more than 20 channels were discarded. Using this method, three
subjects were excluded due to excessive artefacts. For the remaining
nine subjects, the average rejection rate was approximately 20%
resulting in about 55 remaining trials per condition. For further
analysis, the average reference was used, which — given our high
spatial sampling — provides a good approximation of an inactive
reference (Junghofer et al., 1999), preferable for phase-locking ana-
lysis described below.

Data analysis: induced and evoked spectral changes

A given EEG-epoch can be modelled by the sum of the evoked
response plus the trial-by-trial fluctuation around the mean (Priestley,
1988). Because the present analysis focused on non phase-locked
oscillatory activity, the evoked response (i.e. the ERP) was subtracted
from each trial [see also: Miiller et al. (1996), for a similar procedure].
Spectral changes in oscillatory activity during the experiment were
analysed by means of a Morlet wavelet analysis of artefact-free single
epochs. This method provides a good compromise between time and
frequency resolution (Tallon-Baudry & Bertrand, 1999), in particular
time resolution of this procedure increases with frequency, whereas
frequency resolution decreases. The present procedure has been
proposed by Bertrand & Pantev (1994) and is described in detail
elsewhere, e.g. by Tallon-Baudry et al. (1997, 1998). In brief, the
method provides a time-varying magnitude of the signal in each
frequency band, leading to a time by frequency (TF) representation
of the signal. TF energy is averaged across single trials, allowing one to
analyse non phase-locked components. To that end, complex Morlet
wavelets g can be generated in the time domain for different analysis
frequencies f; according to

2

g(t.fo) = Ale et (1)

with A’ depending on the parameter oy, specifying the width of the
wavelet in the frequency domain, the analysis frequency f, and the
user-selected ratio m:

A’ =gy’ # (2)

with
m =f()/0'f (3)

and
o, = m/2m7f (4)
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Thus, given a constant ratio m, the width of the wavelets in the
frequency domain, oy, and in the time domain, o;, changes as a function
of the analysis frequency f.

In order to achieve good time and frequency resolution in the
gamma frequency range, the wavelet family used is defined by a
constant m = fy/oy= "7, with f, ranging from 2.44 to 97.65 Hz in 0.49-
Hz steps. For the lower frequency range (<20 Hz), a ration of m = 14
was chosen [see Tallon-Baudry et al. (2001) for a similar procedure].
Wavelets were normalized in order to have equal amounts of energy.
For each epoch, time-varying energy in a given frequency band was
calculated, this being the absolute value of the convolution of the
signal with the wavelet for each epoch and each complex spectrum.
An epoch from 400 to 100 ms prior to stimulus onset was used as a
baseline period. The mean of this baseline was subtracted from TF
matrices for each frequency and time point for each electrode,
respectively.

In order to define the induced gamma frequency range and to
identify the latency of the induced gamma power peak, mean spectral
power averaged across all experimental conditions and across poster-
ior electrode sites (corresponding 10-20 positions: Cpl, Cp2, P1, P3,
PO3, CPz, Pz, PO4, P2, P4, P7, PO7, O1, POz, 02, POS, PS; see
Fig. 2) was represented in a TF-plot for the 20-100 Hz range. Electrode
sites used for the TF-plot were selected on the basis of previous
findings regarding visual information processing (Tallon-Baudry &
Bertrand, 1999) and findings of our previous repetition priming study
(Gruber & Miiller, 2002). For further statistical analysis, a time window
centred around the gamma peak and 36 electrode sites corresponding
to the extended 10-20 system was used (see below). Figure 2 depicts
the utilized 10-20 sites, which were approximated to the closest
electrode position on the net. Due to inter-individual differences in
the gamma peak frequency, for each subject the wavelet designed for
the frequency of his/her maximal power in the gamma range was
chosen. This peak was analysed by means of a repeated measurement
ANOVA with the factors CONDITION (initial presentations vs. repeated
presentations) X POSITION (three) x RECORDING SITE (36 elec-
trodes). A schematic graph ANOVA model is given in Fig. 111

To analyse the time course of spectral gamma power, the mean
across electrode sites showing maximum amplitudes (see below) was
calculated and subjected to a repeated measurement ANOVA with the
factors CONDITION (initial presentations vs. repeated presenta-
tions) x POSITION (three) x TIME WINDOW (before peak, peak,
and after peak). The time windows before and after the peak had
the same length as the gamma peak window (70 ms) and did not
overlap. Furthermore, in each time window the regional mean was
tested against baseline by means of one-group #-tests for initial and
repeated picture presentations, respectively. Furthermore, we tested
the baseline (mean power 400—100 ms prior to stimulus onset) with a
similar ANOVA model to ensure that the expected reduction in gamma
power is not due to differences in baseline values.

To depict the topographical distributions of the induced gamma
peak, a difference topography (initial minus repeated presentations)
was generated on the basis of all 128 electrode sites using an algorithm
developed by Junghofer et al. (1997).

To control for effects in other frequency bands, a CONDITION
(initial presentations vs. repeated presentations) X POSITION (three) x
RECORDING SITE (36 electrodes) ANOVA was calculated for the
alpha band (8—12 Hz) and the beta band (15-25 Hz). Time windows for
the alpha and beta frequency analysis were chosen on the basis of a TF-
plot for a lower frequency range (<20 Hz) averaged across identical
posterior electrode sites as for the gamma range.

To verify that our findings were due to induced and not to evoked
gamma activity, the same analysis used for induced gamma responses
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was applied to the spectra of the averaged and unfiltered evoked
response. Because visual inspection of TF-plots for the evoked gamma
response revealed no clear peak in the frequency domain, the identical
frequencies, which have been identified for the induced response, were
used for statistical analysis.

Data analysis: phase synchrony

Phase synchrony analysis was performed, elaborating on procedures
suggested by Rodriguez et al. (1999) and Tallon-Baudry et al. (2001),
which provides a method of measuring synchronous oscillatory activ-
ity independent of the signal’s amplitude. For each subject, phase
synchrony was computed for a narrow band-filtered signal (f, = 3 Hz;
see also Rodriguez et al., 1999 for a distinct frequency f; of his/her
maximal gamma activity). Phase was measured by convoluting the
signal with a complex Morlet wavelet designed for f; (see above). A
complex phase value p was then computed at frequency f;, for each
electrode, each time bin and each trial by dividing the result of the
convolution by the magnitude of this result.

According to Tallon-Baudry and co-workers, subsequently a phase-
locking value was computed for each time-point 7 and trial j as:

1 )
N § i1, &, (t50) —p;,i(t:£0))
Okl = ‘N !\« 0)—n0; (] (5)

where N is the number of trials, k£ and [ are the index for the pair of
electrodes to be compared. For the sake of data reduction, phase-
locking values were computed only for a subset of the 128-channel
set, corresponding to 36 electrode sites of the extended 10-20 system
(see Fig.2). py, results in a real value between one (constant phase
differences) and zero (random phase differences). These values were
normalized by subtracting the mean value of the baseline period
(black screen; 400—100 ms before stimulus onset) and dividing by the
standard deviation of this time window (see Rodriguez et al., 1999 for
a similar procedure). To provide a topographical representation of
phase-locking values over individual pairs of electrodes in a distinct
time window, a statistical randomization technique was used. Time
windows were chosen according to the peak of the induced GBRs,
two non-overlapping time windows of 70ms (time domain) before
the gamma peak, and one time window after the gamma peak.
Averaged phase synchrony for these time windows (W ;) between
electrodes k and / were calculated. For each of these averages, 200
values were analogously computed on shuffled data. Shuffling was
done by randomizing the order of trials and calculating synchronies
between events that were not recorded at the same time. The
average W, was retained as statistically significant if it was greater
than the maximum (synchrony) or less than the minimum (desyn-
chrony) of the 200 shuffled values, therefore indicating a two-tailed
probability value of P=0.01. On a topographical template of the
electrode layout, any significant value Wy, was indicated by a line
from electrode k to electrode [. Data of all subjects were pooled in the
randomization test. In order to estimate the amount of reduction in
significant phase-locking values, we have calculated phase synchrony
for individual subjects and tested the number of electrode pairs
exhibiting significant phase-locking values after initial vs. repeated
presentations by means of paired t-tests for each time window.

Data analysis: ERP

In order to investigate the ERP, a 25-Hz low-pass filter was applied
to the data before all ERP analyses. Baseline correction was performed
by subtracting the mean of the signal during the time window from
400 to 100ms prior to stimulus onset. Based on previous findings
regarding repetition priming (Rugg et al., 1995; Gruber & Miiller,
2002), four ERP components were defined on the basis of the grand

mean evoked potential (see Fig.7): two early components Pl
(95-125ms) and N1 (150-180ms), and two late components L1
(230-380 ms) and L2 (380-490 ms). Amplitudes were averaged across
the defined time windows. Mean amplitudes at electrode sites corre-
sponding to the extended international 10-20 system were analysed
using a CONDITION (initial presentations vs. repeated presenta-
tions) X POSITION (three) x RECORDING SITE (36 electrodes)
repeated measurement ANOVA for each of the described components.
Post-hoc comparisons were calculated for the three electrode sites
showing maximal difference between initial and repeated stimulus
presentations by means of paired 7-tests.

To depict the topographical distributions of evoked potentials,
difference topographies (initial minus repeated presentations) were
generated on the basis of all 128 electrode sites separately for each
LAG. To allow a direct comparison between topographies of spectral
power (gamma band) and ERP amplitude values, data for the ERPs
were squared before generating the difference topographies.

Where appropriate, P-values were adjusted by Greenhouse—Geisser
correction in all ANOVA models. Means and standard errors are
presented.

Time course of the ERP, spectral power and phase
synchrony

In order to compare the time course of the ERP, induced and evoked
spectral changes, and values of phase synchrony in different frequency
bands, the different measures were juxtaposed in Fig.9. For the
ERP, averages across posterior electrode sites for initial and repeated
picture presentations (LAG 0 and LAG 1 only) are presented. For
induced GBRs the same frequencies as utilized for statistical analysis
averaged across posterior electrode sites are depicted for initial and
repeated picture presentations. The same frequencies were used for
evoked gamma activity. For the representation of evoked and induced
alpha activity a frequency band from 8 to 12 Hz is shown. Induced
beta activity is presented in a frequency range from 15 to 25 Hz. Further-
more, mean values of phase synchrony between posterior 10-20electrode
sites were represented for the gamma, alpha and beta frequency range
for initial and repeated picture presentations. For phase-locking values
in the alpha band, a wavelet generated for 10 Hz was used. For the beta
band we applied a wavelet generated for 20 Hz. Phase-locking values
are given in standard deviations from baseline.

Results

Behavioural data

Subjects detected approximately 99% (SEM = 0.09) of target pictures.
Mean RTs to targets (= SEM) and detection rates are given in Table 1.

As revealed by a main effect of CONDITION (F;g=101.37,
P <0.0001), subjects reacted significantly faster to repeated as com-
pared with initial target presentations. Furthermore, a significant
interaction between CONDITION and POSITION was found
(F>,16=16.89, P < 0.01). Post-hoc comparisons revealed that immedi-
ate picture repetition (LAG 0) resulted in faster RTs as compared with
repetitions with LAG 1 (tg = —2.83, P < 0.05) and LAG 4 (tg = —3.58,
P <0.001). Repetitions with LAG 1 and LAG 4 revealed no significant
difference. Furthermore, no significant differences between initial
target presentations and presentations were found.

Induced and evoked spectral changes

Figure 3 depicts the baseline-corrected TF plots for the average across
posterior electrode sites, all experimental conditions and nine subjects.
The gamma range and a lower frequency range are shown in separate
TF-plots.
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TABLE 1. Average reaction times, correct detection rates (£SEM) across all nine subjects for initial and repeated picture presentations

Initial presentations

Repeated presentations

A C B (LAG 0) D (LAG 1) F (LAG 4)
Reaction time, RT (ms) 482.24+16.8 472.5+14.1 475.8+12.9 413.1+18.7 438.7+13.9 4512+134
Detection rate (%) 99.3£0.7 99.4+£0.6 99.5+£0.5 100£0 99.4£0.6 99.4+0.6

Baseline corrected spectral power induced by picture presentations
showed a clear peak in a time window from 230 to 300 ms after
stimulus onset in a frequency range between 30 and 90 Hz. Alpha
power centred around 10Hz showed a suppression starting about
100 ms after stimulus onset.

Statistical analysis was calculated for a distinct frequency f; of each
subject’s maximal gamma activity within the 30-90Hz range
(Mean£SD=53+19Hz). A main effect of CONDITION
(F18=60.86, P <0.0001) indicated that induced gamma power was
significantly higher in the initial as compared with repeated stimulus
presentations. No further significant main effect or interaction was
found. This shows that there is no significant difference among initial
stimulus presentations (Fig. 1A, C and E) and no significant differ-
ences between repetitions with three different lags (Fig. 1B, D and F).

Difference topographies between initial and repeated presentations
of gamma band power (230-300 ms) are depicted in Fig. 4.

Induced GBR showed a broad posterior distribution with a max-
imum around electrode site Pz extending mainly to right temporal and
frontal areas.
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FiG. 3. Time by frequency plot averaged across posterior electrode sites and all
experimental conditions for the gamma and lower frequency range. x-axis: time
in ms; y-axis: frequency in Hz; grey scale bar: baseline corrected spectral power
in wV2. Note: the frequency band defined as gamma range and the time window
used for further analysis is indicated by a rectangle.

When analysing the time course of spectral gamma power on the
basis of the posterior regional mean with maximum amplitude (com-
prising electrodes P1, P2, CP1, CP2, CPz, P3, P4, PO3, PO4, Pz), we
found a significant CONDITION x TIME interaction (F;6=5.62,
P <0.01) depicted in Fig. 5. The lower part of Fig.5 depicts induced
gamma power separately for each LAG. However, no significant
interaction with the factor POSITION was found, indicating no
significant differences between LAGs 0,1 and 4.

As can be seen in Fig. 5, maximal gamma activation was found in
the time window from 230 to 300 ms after stimulus onset for initial
picture presentations. A comparison of the GBR peak window between
initial and repeated presentations revealed a significant reduction
(tg=2.87, P <0.05). Importantly, post-hoc tests showed that gamma
power is different from baseline in all time windows and all conditions
(results for bars in upper panel in Fig.5: f3=5.68, P <0.001;
ts=11.47, P<0.0001; t5=28.37, P<0.0001; t5=5.81, P <0.001;
tg=4.12, P<0.01; tg=4.44, P <0.01). These effects are not due
to baseline differences, as we found no significant differences in the
baseline period (Fyg<1).
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F1G.4. Grand mean spherical spline difference power-maps (initial minus
repeated) based on the individual maximal power in the gamma range in the
time window between 230 and 300 ms after stimulus onset.
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band range (+ SEM) averaged across electrode sites P1, P2, CP1, CP2, CPz, P3,
P4, P03, PO4 and Pz across nine subjects. Lower panel: induced GBR power for
each LAG in the three time windows.

With respect to the evoked gamma band response, we found no
obvious peak in the TF representations averaged across the six
experimental conditions. Thus, we used the same frequencies as for
induced GBRs for statistical analysis. This analysis revealed no
significant effects.

Further, we found no significant effects for the induced and evoked
beta band between 15 and 25 Hz (time window: 100-500 ms), and the
induced and evoked alpha band (time window: 100-500 ms).

Phase synchrony

Figure 6 depicts phase synchrony (solid lines) and desynchrony
(dashed lines) between extended 10-20 sites for first and repeated
stimulus presentations. Besides the above analysed time windows, an
additional window from 10 to 80 ms after stimulus was included. For
each subject, phase synchrony was computed for his/her distinct
maximum frequency f,, which was used for the statistical analysis
of gamma power. For the initial picture presentations, the most dense
pattern of significant phase-locking values was found in the time
window of the induced gamma power peak (230-300ms) predomi-
nantly among distant posterior and temporal electrode sites, indicating
synchronous neural activity in a broadly distributed network. The
number of pairs showing significant phase-locking after initial pre-
sentation was significantly higher in the peak time window (fg = 3.45,
P <0.01) and in the time window from 340 to 410ms (fg=2.38,
P <0.05), as opposed to repeated pictures.

initial presentations
0 0 0 0 0
%0 0 L0

repeated presentations
o 0
0

10-80 ms

120-190 ms

230-300 ms

340-410 ms

F1G. 6. Synchrony (solid lines) and desynchrony (dashed lines) between 10 and
20 electrode pairs for initial and repeated picture presentations. Lines are drawn
only if the phase-locking value is beyond the distribution of shuffled data
(P<0.01).

Visual ERP

Figure 7A depicts the ERPs at 10-20 electrode sites averaged across
initial presentations (bold black line) and separately for repetitions
with LAG O (thin black line), LAG 1 (thin grey line) and LAG 4 (bold
grey line). Furthermore, in Fig. 7B the ERP averaged across electrode
sites O1, PO7, P3 and O2, PO8, P4 is depicted.

We found no significant differences for the P1 and N1 compo-
nents between the experimental conditions. The late component L1
(230-380ms) revealed a significant CONDITION x POSITION x
ELECTRODE interaction (F79s60=2.15, P <0.05), reflecting a
reduction in positivity for repeated pictures at posterior electrode
sites. This effect was found to be reversed at anterior sites. Further-
more, the reduction in amplitude dissolved for repeated presentations
with LAG 4. Difference topographies (initial minus repeated presenta-
tions) for each LAG on the basis of squared amplitudes are depicted in
Fig. 8. These voltage difference maps revealed two distinct posterior
peaks for repetitions with LAG 0 and LAG 1, but not for LAG 4.

Post-hoc tests for the three electrode sites, which showed a maximal
difference between initial and repeated presentations (P3, Ol and Fz;
see Fig.7) resulted in a significant decrease in amplitude for LAG 0
and LAG 1 (P3: initial vs. repeated-LAG 0: t3=2.61, P <0.05; P3:
initial vs. repeated-LAG 1: 15 =2.55, P < 0.05; O1: initial vs. repeated-
LAG 0: 13 =3.26, P=0.01; O1: initial vs. repeated-LAG 1: 15 =2.59,
P <0.05; Fz: initial vs. repeated-LAG 0: tg=—2.31, P=0.05; Fz:
initial vs. repeated-LAG 1: 1rg3=—-2.51, P <0.05). No significant
differences were found for LAG 4.
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The late component L2 (380490 ms) resulted in a significant
CONDITION x POSITION x ELECTRODE interaction (F70s560 =
2.52, P <0.01), reflecting a decrease in peak-to-peak negativity from
L1 to L2 for repeated pictures at parietal electrode sites. Post-hoc
tests for three electrode sites showing a maximal difference between
initial and repeated presentations (see Fig.7) showed significant
effects for electrode sites CP1, CP2 and CPz. (CP1: initial vs.
repeated-LAG 4: tg=-3.22, P=0.01; CP2: initial vs. repeated-
LAG 4: tg=-4.38, P<0.01; CPz: initial vs. repeated-LAG 4:
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tg=—4.83, P=0.001). No significant differences were found for
LAG 0 and LAG 1.

Time course of the ERP, spectral power and phase synchrony

Figure 9 depicts the ERP, induced and evoked spectral changes, and
phase-locking values in different frequency bands (significant differ-
ences are indicated by stippled areas). Here a number of interesting
patterns can be observed. The ERPs averaged across posterior elec-
trode sites for initial and repeated picture presentations depict the

F4 ks
M- e
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-10

02/PO8/P4

230 ms

llgms --

F1G.7. (A) Grand mean baseline corrected ERPs averaged across initial presentations (bold black line) and separately for repetitions with LAG 0 (thin black line),
LAG 1 (thin grey line) and LAG 4 (bold grey line) at 10-20 electrode sites. (B) Grand mean baseline corrected ERP averaged across electrode sites O1, PO7, P3 (left)

and 02, POS, P4 (right).
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F1G. 8. Grand mean spherical spline difference power-maps (initial minus
repeated) for each LAG based on the squared amplitude of the L1 component
of the ERP (230-380 ms post-stimulus).

suppression effect as described above (due to the fact repetition effects
decayed at LAG 4, an average across LAG 0 and LAG 1 repetitions is
presented). The L1 component peaked at about 300 ms after stimulus
onset. Interestingly, the peak of the L2 component matches approxi-
mately the averaged RTs for target stimuli.

Induced gamma power peaks at 260 ms after stimulus onset. Given
a mean wavelet duration in the 30-90Hz band of approximately
40 ms, the gamma peak covers a time window from 220 to 300 ms in
the time domain. Therefore, the peak of gamma power and the L1
amplitude are similar in the time domain. No equivalent to the L2
component can be observed in the gamma range. Phase-locking
values in the gamma range averaged across posterior electrode sites
revealed a maximum in the same time window as the induced gamma
power peak.

In the alpha frequency range, none of the measures revealed a
difference between experimental conditions. Evoked alpha power
peaks at about 150 ms after stimulus onset. This latency range matches
the P1/N1 complex in the ERP. Induced alpha power showed a
decrease from about 100 ms after stimulus onset as compared with
baseline. Interestingly, alpha synchrony showed an increase from
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F1G6.9. Grand mean ERP, induced and evoked spectral power changes in the
gamma, alpha and beta frequency range, and phase locking values. Initial and
repeated presentations averaged across posterior 10-20 electrode sites are
presented. In the ERP, repetitions with LAG 0 and LAG 1 are averaged.
Significant differences are indicated by stippled areas. Abbreviations: E, evoked
spectral power; GBR, gamma band response; i, initial presentations; I, induced
spectral power; r, repeated presentations; S, shuffled data; VEP, visual evoked
potential.

stimulus onset until reaching a plateau at approximately 200 ms,
indicating that synchronization co-existed with periods of below-
baseline alpha power. Values of alpha synchrony decreased in the
time range of the L2 ERP component and the time range of mean RTs
to target stimuli.

None of the measurements in the beta frequency range showed any
significant differences.
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Discussion

The present study was designed to provide evidence that the reduction
of induced GBRs and phase synchrony during repeated picture pre-
sentations is a robust and replicable neuronal correlate of repetition
priming. Furthermore, we intended to exclude habituation as an
alternative explanation for previously reported suppression effects
in the gamma band during picture repetition (Gruber & Miiller, 2002).

Behavioural data verified that our experimental set-up was suitable
to fulfil the criteria of repetition priming. Subjects showed speeded
RTs for repeated as compared with initial picture presentations,
indicating a more efficient processing of primed objects.

After the first presentation of an object, induced GBRs showed a
broad posterior scalp distribution. Importantly, the augmentation of
spectral power was accompanied by a dense pattern of significant
phase-locking values between distant electrode sites. Whereas an
increase of spectral power alone might be an insufficient marker of
a synchronized cell assembly (Lachaux et al., 1999), the combined
information points towards integrative cortical activity in the larger
scale (Varela et al., 2001). This assumption is in line with previous
studies, which have shown that if no unequivocal object representation
can be established, neither power nor phase synchrony exhibited such a
strong increase as in conditions in which object representations can
easily be established (for recent examples, see Rodriguez et al., 1999;
Gruber et al., 2002).

Regarding repeated object presentations, we replicated our previous
findings (Gruber & Miiller, 2002). Again we found a decrease in induced
gamma power and a marked reduction in electrode pairs exhibiting sig-
nificant phase-locking values after the second presentation of the same
object. Based on the assumption that a neuronal assembly, which codes
features of an object becomes sparser and more selective with repeated
stimulus experience (Desimone, 1996; Wiggs & Martin, 1998), we
interpret our findings as a physiological correlate of such a ‘sharpen-
ing’ mechanism. Due to spatial summation in macroscopic EEG
recordings, activity within a sparser network must result in a decrease
of induced gamma band amplitude and a reduced number of electrode
pairs exhibiting significant phase-locking. Importantly, gamma power
after repeated stimulus presentation is still well above baseline level,
with a number of electrode pairs still showing significant phase-
locking. We see this pattern as supportive for the above hypothesis.

A possible alternative reason for the decrease in gamma activity
might be the habituation of responses with picture repetitions. We are
confident to rule out that alternative explanation, as the present
experiment was especially designed to control for habituation by
intervening a number of different stimuli between first and repeated
stimuli. If our results would be a mere effect of habituation, one would
expect no modulation of oscillatory activity at repetitions with LAG 1
and LAG 4.

From the scalp topography of induced GBRs and the pattern of
phase synchrony, it seems very likely — and parallels previous work
(Keil et al., 1999; Gruber et al., 2001, 2002) —that the integration of
activity across multiple visual areas has contributed to these findings.
Although the idea of a synchronized network involving widespread
cortical areas fits well with our current hypothesis, it has to be
mentioned that this interpretation is speculative at the moment,
because scalp recordings do not allow us to draw direct conclusions
on underlying cortical generators. However, the reduction in gamma
activity to repeated stimuli at parietal electrode locations appears to be
consistent with imaging studies of priming showing a parietally
focused reduction in blood flow-dependent measures of neural activity
to repeated stimuli (Buckner et al., 1996; Schacter & Buckner, 1998;
Henson et al., 2000; Henson & Rugg, 2003).
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Oscillatory brain activity was not only reported in the induced, but
also in the evoked gamma range (Herrmann et al., 1999), and in lower
frequency bands (Klimesch, 1995, 1997; Sarnthein et al., 1998; von
Stein et al., 2000). We therefore extended our analysis to evoked
oscillatory activity and frequency bands lower than 20 Hz. However,
we found no significant effects in these measures, pointing towards a
functionally specific role of induced GBRs in perceptual priming as
compared with other oscillatory phenomena.

In the ERP, results for LAG 0 and LAG 1 showed a decreased
positivity to repeated stimuli. This is line with previous studies using
visual stimuli (Rugg et al., 1995; Van Petten & Senkfor, 1996; Penney
et al., 2001; Gruber & Miiller, 2002). Interestingly, whereas the
suppression in the gamma band was not modulated by the lag of
the repetition, the effects in the ERP decayed at repetitions with LAG
4. This replicates previous findings (Nagy & Rugg, 1989; Rugg et al.,
1997), which also showed that the ERP suppression effect does not
survive more than a few items. Furthermore, effects in the ERP showed
a topographically more distinct distribution around electrode sites P3
and P4 as compared with the broad distribution of the effect in the
gamma band. Although we cannot totally rule out that a certain degree
of blurring is based on the lower signal-to-noise ratio of GBRs as
opposed to the ERP, in a series of studies it has been shown that high-
frequency brain activity is highly sensitive to different associative
contents of a stimulus, different tasks and different sensory modalities
(for recent reviews see: Tallon-Baudry & Bertrand, 1999; Keil e al.,
2001). This provides empirical evidence that broader GBR scalp
distributions are not a consequence of lower signal-to-noise ratios.
Thus, the present results provide further evidence that ERPs play a
functionally complementary role in perception as compared with
induced GBRs. Whereas induced GBRs might be a signature of a
cortical object representation over widespread cortical areas, the visual
evoked response may reflect differences in the activity of more distinct
and more transient repetition-sensitive brain structures (Rugg et al.,
1995). The question if the reduction of amplitude in the evoked
response is due to a ‘sharpening’ process on a different level of
processing must be examined in future studies.

A possible alternative explanation for the present findings is that
initial as compared with repeated picture presentations were attracting
more attention. Indeed, induced GBRs are known to be modulated by
attention (Gruber et al., 1999; Miiller & Gruber, 2001; Miiller et al.,
2000). In order to control for attention effects, we introduced a target
detection task in which the occurrence of a target was unpredictable
and, thus, subjects had to pay the same amount of attention to every
picture presentation. Based on the average target detection rate of
99%, it is very unlikely that attentional effort is reduced after the first
presentation.

A possible concern regarding the analysis of phase synchrony is that
the signal’s gamma amplitude induced by repeated pictures was too
small to establish a well-defined phase signal and draw robust conclu-
sion on phase-locking values. However, spectral power values, which
were significantly higher than baseline for initial and repeated pre-
sentations, seem to exclude this possibility. We can also exclude that
our results were confounded by muscle activity, as one might expect a
maximum of activity at electrode sites close to the neck muscles,
which was not the case in our study. Regarding the discussion of
possible influences of volume conduction on the calculation of phase-
locking, we refer to Lachaux et al. (1999) and Gruber & Miiller (2002).

In summary, the present experiment has several implications for the
understanding of neural mechanism underlying repetition priming.
The presentation of a primed object leads to repetition suppression
within a network, which integrates neural activity from different
cortical areas. This suppression might be linked to a sharpening of
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the cortical object representation. This suppression effect should be
kept in mind for designing future studies, which focus on the measure-
ment of high-frequency brain activity. In particular, the repetition of
stimulus material should be avoided, if this is not an important aspect
of the to-be-tested hypothesis.

While we are aware of the fact that the quite simplistic ‘sharpening’
metaphor has to be treated with some caution, we believe that it seems
to be a useful working hypothesis for future studies regarding oscilla-
tory brain activity related to priming processes. Because research in the
field of oscillatory dynamics in the human brain is still at its very
beginning, further studies have to answer the question if this ‘sharpening’
is due to the fact that parts of an associative network drop out com-
pletely, orif the anatomical extent of the networks stays the same and only
the number of neurons in the areas comprising the network is reduced.
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