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Abstract In real-world situations, the integration of
sensory information in working memory (WM) is an
important mechanism for the recognition of objects. Studies
in single sensory modalities show that object recognition is
facilitated if bottom-up inputs match a template held in
WM, and that this eVect may be linked to enhanced
synchronization of neurons in the gamma-band (>30 Hz).
Natural objects, however, frequently provide inputs to mul-
tiple sensory modalities. In this EEG study, we examined
the integration of semantically matching or non-matching
visual and auditory inputs using a delayed visual-to-
auditory object-matching paradigm. In the event-related
potentials (ERPs) triggered by auditory inputs, eVects
of semantic matching were observed after 120–170 ms at
frontal and posterior regions, indicating WM-speciWc
processing across modalities, and after 250–400 ms over
medial-central regions, possibly reXecting the contextual
integration of sensory inputs. Additionally, total gamma-
band activity (GBA) with medial-central topography after
120–180 ms was larger for matching compared to non-
matching trials. This demonstrates that multisensory match-
ing in WM is reXected by GBA and that dynamic coupling
of neural populations in this frequency range might be a
crucial mechanism for integrative multisensory processes.

Keywords Multisensory · Crossmodal · Working 
memory · Gamma · EEG

Introduction

Objects in our environment frequently generate inputs to
multiple sensory modalities. These inputs can enter our
sensory system with a temporal asynchrony, like an
approaching train, which we Wrst see in the distance before
we hear it. How eYciently such sensory inputs are inte-
grated critically depends on the semantic matching with the
template held in WM. As shown for the processing within
single modalities, the recognition of inputs that match the
WM contents is normally facilitated compared to inputs,
which do not match WM contents (Elliott and Dolan 1999).
Thus far, it is not well-understood how sensory inputs are
integrated in WM across modalities and how this integra-
tion may be aVected by semantic matching.

Indications about how semantic matching in WM could
inXuence the integration of sensory inputs may be derived
from implicit multisensory priming paradigms (Orgs et al.
2006; Schneider et al. 2008a, 2008b). In these paradigms a
prime stimulus in one modality, e.g., a picture of an object,
is followed by a target stimulus in a second modality, e.g.,
the sound of an object. The prime stimulus, which is not
task-relevant, is either semantically congruent or incongru-
ent with the target. Prime and target stimuli that conceptu-
ally represent the same object are deWned as matching, and
prime-target pairs that conceptually represent a diVerent
object are labeled non-matching. In this setup, reaction
times (RTs) are typically shorter for matching compared to
non-matching prime-target pairs. In the human electroen-
cephalogram (EEG), the eVect of semantic matching is
often expressed by modulations of the N400 component
in the event-related potentials (ERP) (Orgs et al. 2006;
Schneider et al. 2008b), which most likely reXects contex-
tual integrative processing (Kutas and Hillyard 1980a).
Interestingly, a more recent EEG study has demonstrated
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that multisensory semantic matching is also linked to
gamma-band activity (GBA) (Schneider et al. 2008b). This
Wnding is of particular note since an increasing number of
studies suggest that temporal synchronization of neural
activity may be an important mechanism for the integration
of object features across modalities (Senkowski et al. 2006;
Lakatos et al. 2007; Maier et al. 2008; for a recent review
see Senkowski et al. 2008).

In line with these reports, human (Tallon-Baudry et al.
1998; Siegel et al. 2007) and animal studies (Womelsdorf
et al. 2007; Engel et al. 2001) within single modalities pro-
vide strong evidence that the coupling of neural populations
by temporal synchronization, in particular in the gamma-
band (>30 Hz), may be crucial for the integration of object
features in cortical networks (for review, see Engel et al.
2001). Additionally, neural synchronization mechanisms in
the gamma-band are associated with WM processes in
delayed matching-to-sample paradigms during the retention
(Tallon-Baudry et al. 1998; Jokisch and Jensen 2007) and
retrieval (Lutzenberger et al. 2002) of information. Herrmann
and colleagues (2004b) have, therefore, proposed a match-
and-utilization model (MUM), which postulates that GBA
reXects the matching of incoming bottom-up information
with a template held in WM. A central prediction of this
model is that matching of bottom-up inputs with a template
held in WM is paralleled by an increase in GBA. Together,
these studies show an involvement of temporal synchroni-
zation mechanisms in integrative object feature processing
and WM functions. Therefore, it can be predicted that
diVerences in the integration of semantically matching and
non-matching information across modalities should be also
reXected in diVerences in GBA. SpeciWcally, a larger GBA
for stimuli that are semantically matching compared to
inputs that are non-matching across modalities is predicted.
Additionally, eVects of semantic matching are expected for
the N400 component of the ERP that has been related to the
integration of contextual information, and which is particu-
lar pronounced for non-matching information (Kutas and
Hillyard 1980b). Finally, eVects of semantic matching in
the ERP may also be found at shorter latencies, which
would Wt with previous studies on the integrative process-
ing of semantic audiovisual inputs (Senkowski et al. 2007a;
Stekelenburg and Vroomen 2007)

To test these hypotheses, a paradigm derived from the
one recently introduced by Schneider et al. (2008b) was
used. In Schneider et al., participants were presented with
task-irrelevant pictures of naturalistic objects prior to the
presentation of task-relevant sounds of objects from either
the same or a diVerent object. The task was to indicate
whether the object from which the sound was presented Wts
into a shoebox or not. Priming eVects of semantic matching
were found for the early GBA (around 150 ms) and for the
N400 component. Importantly, no task was required in

response to the visual inputs. Thus, the semantic priming
eVects on auditory targets in this study were implicit. In
contrast, in the present study, participants were instructed
to attend to the visual and auditory inputs and to indicate
whether auditory and visual stimuli belong to the same or to
a diVerent object. This task explicitly required the semantic
matching of sensory inputs across modalities in WM. As a
main result, eVects of semantic matching were observed for
GBA and in the ERP starting around 120 ms after sound
onset.

Methods

Participants

Twenty-three healthy volunteers participated in the experi-
ment (11 females, mean age 25.2, range 21–33 years) and
received monetary compensation for their participation. All
participants were native German speakers, had normal hear-
ing (hearing loss <30 dB); normal or corrected to normal
vision (visus >0.9); and reported no history of neurological
or psychiatric illness. The data of four subjects with less
than 32% remaining trials (i.e., less than 54 trials) per condi-
tion after artifact rejection in the EEG excluded from the
further analysis. The study was conducted in accordance
with the Declaration of Helsinki and informed consent was
obtained from all participants prior to the recordings.

Stimuli

Visual stimuli were taken from a pool of 320 color photo-
graphs of natural objects for which norming data were
available (Schneider et al. 2008a). The stimuli were pre-
sented centrally for 400 ms, subtending a visual angle of
8.5° vertically and 9° horizontally. Auditory stimuli were
taken from a pool of 270 environmental sounds of natural
objects from the same norming study. The intensities of all
sounds were adjusted by equalizing the root mean square
power across all sound Wles. To avoid on- and oVset click-
ing transients the sound Wles were windowed with a linear
10-ms rise and fall time. Sounds (22 kHz, 16-bit, mono)
were presented for 400 ms via Eartone foam-protected air
tube earphones (AeroCompany, Indianapolis, IN) at 70 dB
SPL. The presentation of stimuli was controlled using Pre-
sentation 0.80 (Neurobehavioral Systems, San Francisco,
CA).

Procedure

Each trial consisted of a picture of an object (i.e., S1) and a
sound of an object (i.e., S2) presented successively with a
stimulus onset asynchrony (SOA) of 1,400 ms (Fig. 1).
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Auditory-visual stimulus pairs were either semantically
matching (50%) or semantically non-matching (50%), rep-
resenting conceptually the same or diVerent objects. The
matching (n = 85) and non-matching stimulus sets (n = 85)
were balanced for familiarity, naming accuracy, and correct
object categorization according to the previously obtained
stimulus norms (Schneider et al. 2008a). Overall, 340 trials
(170 per condition) were presented in the experiment.

None of the auditory stimuli were used in both the match-
ing and non-matching stimulus set. Additionally, it was ver-
iWed that, on average, there was no diVerence between the
time–frequency proWles of the sounds in the two stimulus
sets. To this end, a time–frequency analysis (100 Hz–
10 kHz) on the individual sound Wles with a frequency
resolution of 100 Hz and a time resolution of 5 ms was per-
formed. Running t tests for diVerences of the average power
values in each time–frequency bin showed signiWcant diVer-
ences (p < 0.05) in 389 of 8,800 bins, i.e., in less than 5% of
the bins, which would be expected by chance.

Stimuli were presented in a pseudo-randomized order
across both conditions (matching, non-matching). Partici-
pants were instructed to indicate as accurately and quickly
as possible after the presentation of the auditory input (S2)
whether the two stimuli presented to both modalities were
representing the same or a diVerent object. Thus, the task
combined the need for object identiWcation and object
matching with a speeded behavioral response, which is a
prerequisite for reaction time (RT) analysis. Responses
were given by pressing one of two buttons with the left or
the right thumb, counterbalanced across participants. If no
response was given within a time window of 2,000 ms, a
message was presented on the screen reminding the partici-
pants to respond faster. Violation of the time limit occurred
in less than 3% of the presented trials.

Data acquisition

EEG data were collected from 126 scalp sites using sintered
Ag/AgCl ring electrodes mounted on an elastic cap (Falk

Minow Services, Herrsching, Germany). During record-
ings, the nose tip was used as reference, but prior to analy-
sis the data were re-referenced to common average. Two
additional electrodes were positioned below the eyes to
record the electrooculogram. The data were recorded with
an analog passband of 0.016–250 Hz and digitized at a
sampling rate of 1,000 Hz using BrainAmp ampliWers
(BrainProducts, Munich, Germany). Electrode impedances
were kept below 20 k� (e.g., Ferree et al. 2001). Analysis
of behavioral and EEG data was performed using Matlab
7.4 (MathWorks, Natick, MA) together with EEGLAB
(Delorme and Makeig (2004); http://www.sccn.ucsd.edu/
eeglab) and Fieldtrip (http://www.ru.nl/fcdonders/fieldtrip),
two freely available open source toolboxes for EEG data
analysis. For all further analyses the EEG data were band-
pass Wltered (0.3–110 Hz) and downsampled to 250 Hz. For
the artifact removal a similar procedure as previously used
was applied (Debener et al. 2005). First, epochs containing
non-stereotyped artifacts (e.g., cable movement, swallow-
ing) were manually removed. Then, extended infomax
independent component analysis (ICA) was applied, using
a weight change <10¡7 as stop criterion. Independent com-
ponents representing artifacts such as eyeblinks, horizontal
eye movements, or electrocardiographic activity were
removed from the EEG data by back-projecting all but
these components. To remove muscular artifacts, trials
were automatically rejected exceeding an amplitude crite-
rion of §100 �V or a frequency criterion of 25 dB in the
20–40 Hz power spectrum. The number of trials rejected
due to artifacts and due to incorrect responses varied
across subjects. On average 54.5% of trials remained in the
analysis.

Analysis of behavioral data

Reaction times (RTs) and error rates were compared
directly between semantically matching and semantically
non-matching trials using repeated measures analysis of
variance (ANOVA).

Fig. 1 Experimental setup. 
Participants were instructed to 
indicate after the sound (S2) 
presentation whether the visual-
auditory (S1-S2) stimulus pairs 
were either semantically match-
ing or non-matching, represent-
ing conceptually the same or 
diVerent objects. Thus, the task 
explicitly required the semantic 
matching of stimuli from 
diVerent sensory modalities 
in working memory
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Analysis of event-related potentials

Epochs for the analysis of ERPs were extracted starting
200 ms before S2 onset and lasting 1,200 ms. The interval
from ¡200 ms to stimulus onset served as baseline. A 30-
Hz lowpass Wlter was applied for the analysis of ERPs. An
exploratory analysis of the ERP responses between the
responses to visual (S1) stimuli for semantically matching
and semantically non-matching trials revealed no signiW-
cant diVerences. Therefore, S1 stimuli were not submitted
to the further analysis. Only trials with correct behavioral
responses were entered to the analysis of ERPs. In line with
our previous study (Schneider et al. 2008b), nine regions of
interest (ROI) were deWned for the statistical analysis of
ERPs. Each ROI comprised the averaged signal of six
adjacent electrodes. Regions were deWned as left frontal
(LF), middle frontal (MF), right frontal (RF), left central (LC),
middle central (MC), right central (RC), left posterior (LP),
middle posterior (MP), and right posterior (RP). Statistical
analysis was performed in two steps. First, to obtain
information about the temporal evolution of signiWcant
diVerences, running t tests were performed on the ERPs
investigating diVerences between responses to semantically
matching and non-matching trials for each electrode and at
each sampling point. An interval was considered to diVer
signiWcantly between the conditions if at least Wve consecu-
tive data points (i.e., 20 ms) reached a P value below 0.05
(Guthrie and Buchwald 1991). Second, a repeated measure
ANOVA was performed using the within-subject factors
Matching (matching, non-matching) and ROI (9 regions)
for a short and a longer latency response interval. The short
latency interval ranged from 120 to 170 ms and the longer
latency interval from 250 to 400 ms.

Analysis of gamma-band activity

Spectral changes in neural synchronization were analyzed
using a wavelet transform, which provides a good compro-
mise between time and frequency resolution (Tallon-Baudry
et al. 1998). Time–frequency representations were computed
using a wavelet transformation for each channel by con-
volving the data with a complex Morlet wavelet w(t, f0)
with a constant Q f0/�f = 7 for frequencies from 20 to
100 Hz (step size 1 Hz). Before averaging, all frequency
transformations were performed at the single-trial level.
Thus, the resulting total power contains signal components
phase-locked and non-phase-locked to the stimulus. The
resulting power was baseline-corrected for each frequency
to obtain the relative signal change: P(t, f)corrected = 100 £
(P(t, f) ¡ Pbaseline(f))/Pbaseline(f). The S2 prestimulus period
(¡300 to ¡100 ms) served as baseline for all spectral anal-
yses. Only trials with correct behavioral responses were
entered into the analysis of GBA. Grand mean time-fre-

quency representations were computed over all partici-
pants. Additionally, evoked power was calculated with the
same parameters as for the total power analysis on the aver-
aged signals. A repeated measure ANOVA with the factors
Matching (matching, non-matching) and ROI (9 regions,
identical to the ROIs used for the ERP analysis) was used to
statistically analyze the spectral activity in the total and
evoked gamma-band activity. In line with previous reports,
the analysis of evoked GBA was conducted for a short
latency interval between 50 and 100 ms (Senkowski et al.
2005, 2007b), whereas the analysis of total GBA was com-
puted for an interval between 120 and 180 ms (Schneider
et al. 2008b).

Results

Behavioral data

The repeated measure ANOVA for RTs of semantically
matching (711 ms) and semantically non-matching (719 ms)
S2 stimuli did not reveal signiWcant diVerences (F < 1). How-
ever, for the analysis of error rates signiWcant diVerences
between matching and non-matching trials were observed
(F1,18 = 65.2, p < 0.0001). A higher error rate was found for
matching (22.1%) compared to non-matching (6.2%) trials.
Since the processing of matching trials was more diYcult than
the processing of non-matching trials, it may be that diVer-
ences in diYculty have masked possible eVects of semantic
matching on RTs. To examine this possible masking eVect, an
analysis of covariances (ANCOVA) was computed between
semantically matching and non-matching trials using RTs as
dependent variable and the algebraic diVerences in error rate
between matching and non-matching trials as covariate. The
ANCOVA between matching and non-matching trials
revealed signiWcant diVerences in RTs (F1,17 = 5.7, p < 0.05),
suggesting that the possible inXuence of semantic matching
on RTs may have been masked by diVerences in processing
diYculty between the two stimulus types.

Event-related potentials

The analysis of ERPs to the auditory S2 stimuli revealed
two major time intervals of eVects between semantic
matching and non-matching trials. Figure 2 shows the
results of the point-wise running t test for 124 scalp elec-
trodes comparing matching versus non-matching trials.
There were no eVects before 120 ms following sound onset.
For the 120–170 ms time interval, however, signiWcant
eVects were found at frontal and posterior electrode sites.
For the longer latency time interval (250–400 ms), signiW-
cant integration eVects were observed at multiple locations
across the scalp.
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The ANOVA for the interval between 120 and 170 ms
revealed a main eVect of the factor Matching (F1,18 = 14.07,
p < 0.0001) and a signiWcant Matching £ ROI interaction
(F1,18 = 4.53, p < 0.001) (Fig. 3). Follow-up ANOVAs for
the nine ROIs separately using the factor Matching
revealed signiWcant eVects at the following ROIs: Right-
frontal (matching ¡1.57 �V, non-matching ¡1.09 V;
F1,18 = 14.2, p < 0.01), left-frontal (matching ¡1.02 �V,
non-matching ¡0.69 �V; F1,18 = 5.37, p < 0.05), left-pos-
terior (matching 1.33 �V, non-matching 0.88 �V;
F1,18 = 8.88, p < 0.01), and middle-posterior (matching
2.14 �V, non-matching 1.78 �V; F1,18 = 6.93, p < 0.05). No
signiWcant eVects were found for the other ROIs. For the
longer latency interval between 250 and 400 ms main
eVects were observed for the factor Matching (F1,18 =
25.49, p < 0.0001), ROI (F1,18 = 39.72, p < 0.0001), and the
Matching £ ROI interaction (F1,18 = 8.05, p < 0.0001). A
signiWcant smaller deXection was found for non-matching
(¡0.18 �V) than for matching trials (0.195 V) at the left-
central ROI (F1,18 = 5.3, p < 0.05), at the middle-central
ROI (non-matching ¡1.77 �V, matching ¡0.17 �V,
F1,18 = 31.96, p < 0.0001), and at the right-central ROI
(non-matching 0.065 �V, matching 0.435 �V, F1,18 = 6.73,
p < 0.05). The mean diVerences and standard errors of the
mean between the two conditions are provided in Table 1.

The topographical distribution of the ERPs (Fig. 3b) for
the two latency intervals shows distinct patterns, which
supports the assumption that diVerent underlying neural
generators are responsible for the short and long latency
eVects. Short latency eVects (120–170 ms) were observed
at frontal and posterior sites, whereas longer -latency eVects

(250–400 ms) were found at medial-central, as well as left-
and right-central regions.

Gamma-band activity

Figure 4 shows the time–frequency representation of the total
GBA (20–100 Hz) for the medial-central ROI. The sound
onset is followed by an increase in GBA starting around
50 ms. For the total GBA (30–40 Hz) the ANOVA in the
120–180 ms time window revealed a signiWcant eVect of
Matching (F1,18 = 4.79, p < 0.05), and a Matching £ ROI
interaction (F1,18 = 2.96, p < 0.01), showing enhanced GBA

Fig. 2 Point-wise running t 
tests between ERPs to matching 
and non-matching trials for 124 
scalp electrodes. The earliest 
eVects were found around 120–
170 ms after the onset of audi-
tory S2 inputs. Moreover, tem-
porally sustained eVects were 
observed starting at about 
250 ms after auditory stimulus 
onset
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Table 1 Means and standard errors of the mean for the diVerences in
the ERP and total GBA

M mean, SEM standard error of the mean

* p < 0.05, ** p < 0.01, *** p < 0.001

M SEM

ERP 120–170 ms (�V, matching minus non-matching)

Left frontal 0.332* 0.143

Right frontal 0.477** 0.127

Left posterior ¡0.447** 0.15

Middle posterior ¡0.362* 0.137

ERP 250–400 ms (�V, matching minus non-matching)

Left central ¡0.375* 0.163

Middle central ¡1.598*** 0.283

Right central ¡0.37* 0.143

Total GBA 120–180 ms (% change, matching minus non-matching)

Left frontal 6.143** 1.927

Middle central 9.782** 2.635
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Fig. 3 a ERPs to auditory S2 inputs of semantically matching (blue
graphs) and non-matching (red graphs) stimuli. Short latency eVects
were found at the left- and right-frontal and left- and middle-posterior
ROI starting after around 120 ms. In addition, signiWcant diVerences at

longer latencies were observed at medial-central as well as left- and
right-central ROIs. b Topography of the short latency (upper panel)
and long latency (lower panel) eVects of semantic matching. *p < 0.05,
**p < 0.01, ***p < 0.001
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for the matching compared to non-matching condition.
Follow-up ANOVAs revealed a larger GBA for matching
compared to non-matching stimuli at the medial-central ROI
(Fig. 3; F1,18 = 13.78, p < 0.01), and left-frontal ROI (F1,18 =
10.16, p < 0.01), suggesting that total GBA is linked to the
matching of semantic inputs across modalities in WM. No
signiWcant eVects were found for the other ROIs.

In line with previous reports (Senkowski et al. 2005,
2007b) an early enhancement of evoked GBA with a
medial-central topography was observed for the responses
to auditory S2 stimuli in both conditions (Fig. 5). The
ANOVA for the 50–100 ms interval, however, did not
reveal signiWcant diVerences for the evoked GBA in
response to matching and non-matching trials (F < 1). To
further examine whether the above-described eVect in the
120–180 ms time interval was speciWc for total GBA, an
ANOVA was computed using the factors Activity Type
(evoked, total power), Matching (matching, non-matching)
and ROI (9 regions). This ANOVA revealed a three-way
interaction between Activity Type, Matching, and ROI
(F8,144 = 2.41, p = 0.02). Follow-up ANOVAs, which were
computed for each of the 9 ROIs separately, showed an
interaction between Activity Type and Matching at the left
frontal region (F1,18 = 9.202, p < 0.01) and at the middle
central region (F1,18 = 11.698, p < 0.01). This demonstrates
that the eVect of semantic matching is in primarily
expressed in modulations of the total GBA.

Discussion

Here we examined the eVects of semantic congruency on
WM processing in a delayed visual-to-auditory matching
paradigm. The central Wndings were eVects of semantic
congruency on GBA and ERPs that started around 120 ms
after the auditory onset. The results will be discussed in
detail below.

Memory matching in behavioral data

An interesting observation is the absence of eVects of
semantic matching on RTs. Previous implicit crossmodal
priming studies have shown shorter RTs for semantically
matching compared to semantically non-matching stimuli
(Holcomb and Anderson 1993; Holcomb et al. 2005;
Schneider et al. 2008b). Of particular note are the shorter
RTs for semantically matching compared to semantically
non-matching trials in a recent implicit visual-to-auditory
priming study (Schneider et al. 2008b) that used the same
experimental setup as used in the present experiment. This
suggests that the absence of eVects of semantic matching on
RTs in the present study is related to the explicit matching
of visual and auditory information in WM.

Another interesting Wnding is the enhanced error rate
for semantically matching compared to semantically non-
matching trials (i.e., 22 vs. 6%, respectively). The higher

Fig. 4 a Time–frequency representations of total GBA in response to
auditory (S2) stimuli at a medial-central region. An enhanced GBA to
semantically matching compared to semantically non-matching stimuli

was observed after about 150 ms in the frequency range of 30–40 Hz.
b Topography of total GBA (30–40 Hz, 120–180 ms) for semantically
matching (left map) and non-matching (right map) auditory inputs
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error rate for semantically matching trials may be due to
the large ambiguity of the environmental sounds (e.g.,
Fabiani et al. 1996). It can be assumed that participants in
the present study were able to identify the visual inputs
without much eVort, whereas the processing of the object
sounds was presumably more diYcult (Schneider et al.
2008a). Moreover, for semantically matching trials, there
was only one single sound that matched the visual object,
while there were a large number of possible visual-audi-
tory object combinations for the non-matching trials. The
observation of higher error rates for semantically matching
trials is also in agreement with Wndings from an implicit
visual-to-auditory priming study, in which environmental
sounds and words were used as stimulus material (Orgs
et al. 2006).

Since the error rates were higher in semantically match-
ing compared to semantically non-matching stimuli, the
lack of eVects of semantic matching on RTs may be related
to the higher diYculty for the processing of matching
inputs. Indeed, when statistically controlling for the inXu-
ence of the diVerences in error rates between matching and
non-matching trials on RTs in an ANCOVA, an eVect of
semantic matching, similar to those reported in implicit
multisensory priming studies (Holcomb and Anderson
1993; Holcomb et al. 2005; Schneider et al. 2008b) was
found. Future studies will have to explore in more detail
how diVerences in experimental tasks, i.e., implicit or
explicit, inXuence behavioral performance in visual-to-
auditory object matching paradigms.

Memory matching reXected by event-related potentials

The earliest modulations by semantic matching in the ERP
occur over frontal and posterior scalp, at a latency of 120–
170 ms after sound onset. The frontal negative deXection
and the posterior positive deXection are larger for matching
compared to non-matching stimuli. Although the topo-
graphic distribution of the ERP does not necessarily corre-

spond to the location of the underlying neural sources,
some conclusions about the cortical structures linked to the
reported eVects may be drawn. The eVects at left-frontal
and right-frontal scalp possibly reXect an involvement of
frontal and/or prefrontal brain regions during the semantic
matching in WM. Frontal and prefrontal brain regions are
linked to contextual matching between simultaneously pre-
sented semantic auditory and visual stimuli (Laurienti et al.
2003). The widespread eVects at posterior scalp, on the
other hand, may be indicative for processes in more poster-
ior multisensory structures like superior temporal sulcus
and/or lateral-occipital complex (Beauchamp et al. 2004;
Molholm et al. 2004). Overall, the topography of the early
ERP modulations by semantic matching suggests an
involvement of higher cortical areas. Interestingly, no early
eVects in the ERP were observed when the same experi-
mental setup is used in an implicit visual-to-auditory prim-
ing paradigm, in which the visual inputs were not relevant
for the processing of auditory stimuli (Schneider et al.
2008b). This suggests a speciWc link of these early ERP
eVects to the explicit matching of meaningful visual and
auditory information in WM.

The longer latency eVect of semantic matching in the
250–400 ms interval is reXected by an ongoing negative
deXection with a medial-central to medial-frontal topogra-
phy. This deXection, which is frequently labeled as N400
component (Kutas and Hillyard 1980b), is stronger for
semantically non-matching than for matching trials. Inter-
estingly, our eVect closely resembles an eVect of semantic
congruency that was recently observed in an implicit
visual-to-auditory priming paradigm (Schneider et al.
2008b). We therefore propose that the longer latency eVect
may reXect a task-independent contextual integration pro-
cess between the visual S1 inputs and the auditory S2
inputs. In line with previous Wndings for the semantic
matching of language stimuli (Kutas and Federmeier 2000),
the N400 component in the present study is larger for the
processing of non-matching compared to the processing of

Fig. 5 Time–frequency repre-
sentations of evoked GBA in 
response to auditory (S2) stimuli 
at a medial-central region. An 
enhancement of evoked GBA 
was found at a latency of about 
70 ms. There were no signiWcant 
diVerences in evoked GBA 
between matching (left map) and 
non-matching (right map) trials
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matching inputs. The observation of N400 modulations
during the matching of auditory and visual inputs further
supports the notion that this component is associated with
the neural integration of contextual information across
modalities (Orgs et al. 2006; Schneider et al. 2008b).

Memory matching reXected by gamma-band activity

The Wnding of enhanced GBA for semantic matching com-
pared to non-matching inputs Wts well with the hypothesis
that activity in the gamma-band is important for memory
matching processes (Gruber et al. 2004; Herrmann et al.
2004a; Jensen et al. 2007). For instance, the presentation of
familiar environmental sounds with a long-term memory
representation leads to higher total GBA compared to the
presentation of non-familiar sounds without a long-term
memory representation (Lenz et al. 2007). Another study
demonstrates that auditory words which are presented in a
study phase evoke higher total GBA in a subsequent test
phase than newly presented words (Gruber et al. 2004).
This suggests that the matching of auditory inputs with
information stored in memory is paralleled by an increase
in GBA. Similarly, in the present study semantically match-
ing auditory inputs evoke higher total GBA than semanti-
cally non-matching stimuli. As such, our Wnding Wts well
with the match-and-utilization model (Herrmann et al.
2004b), which predicts enhanced GBA when bottom-up
stimuli matches the template held in WM. Notably, our
results also suggest that this model is applicable for neural
processing across sensory modalities.

Of particular note is the Wnding that the eVects on GBA
occurred in the total but not in the short latency evoked
responses. Recent studies have shown that multisensory
integrative processing is reXected by an enhancement of
evoked GBA (Senkowski et al. 2005, 2007b; Widmann
et al. 2007). For instance, in a symbol-to-sound matching
paradigm an enhanced evoked GBA was observed for
auditory inputs that matched the elements of a visual pat-
tern compared to auditory stimuli that did not match the
visual pattern (Widmann et al. 2007). Similar to the pres-
ent study, however, an enhancement of total GBA was
observed around 100–200 ms after auditory onset. We sug-
gest that the absence of eVects of semantic matching on the
short latency evoked GBA in our study might be related to
the complex stimulus features of the environmental
sounds. Studies that have reported multisensory eVects on
the evoked GBA have mostly used basic auditory stimuli
like sinusoidal tones (Senkowski et al. 2005, 2007b) or tri-
angle waves (Widmann et al. 2007). In contrast, when
complex visual objects and auditory sounds were pre-
sented, multisensory eVects were frequently observed for
longer latency total GBA (Kaiser et al. 2005; Schneider
et al. 2008a).

Conclusion

The present study demonstrates that multisensory visual-to-
auditory object matching in WM is reXected by modula-
tions of total GBA and ERPs, starting around 120 ms after
the onset of semantically meaningful auditory stimuli. This
suggests that synchronization of neural activity in the
gamma-band expresses the degree of semantic matching in
WM. Future studies may investigate whether the eVect of
semantic matching also occurs when auditory inputs are
presented as S1 and visual as S2. Our observation that mul-
tisensory WM matching is reXected by total GBA is also in
agreement with the hypothesis that binding by neural
coherence is crucial for the integrative processing of sen-
sory inputs across modalities (Kayser et al. 2008; Maier
et al. 2008; Senkowski et al. 2008). Although our results do
not allow for conclusions as to whether there may be modu-
lations in neural coherence across cortical structures, the
present Wndings suggest that there are local changes in
gamma-band power with relation to the matching of seman-
tic information across modalities.
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