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a b s t r a c t
In everyday life we are confronted with inputs of multisensory stimuli that need to be integrated across our
senses. Individuals vary considerably in how they integrate multisensory information, yet the neurochemical
foundations underlying this variability are not well understood. Neural oscillations, especially in the gamma
band (N 30 Hz) play an important role in multisensory processing. Furthermore, gamma-aminobutyric acid
(GABA) neurotransmission contributes to the generation of gamma band oscillations (GBO), which can be
sustained by activation of metabotropic glutamate receptors. Hence, differences in the GABA and glutamate systems might contribute to individual differences in multisensory processing. In this combined magnetic resonance
spectroscopy and electroencephalography study, we examined the relationships between GABA and glutamate
concentrations in the superior temporal sulcus (STS), source localized GBO, and illusion rate in the soundinduced ﬂash illusion (SIFI). In 39 human volunteers we found robust relationships between GABA concentration,
GBO power, and the SIFI perception rate (r-values = 0.44 to 0.53). The correlation between GBO power and SIFI
perception rate was about twofold higher when the modulating inﬂuence of the GABA level was included in the
analysis as compared to when it was excluded. No signiﬁcant effects were obtained for glutamate concentration.
Our study suggests that the GABA level shapes individual differences in audiovisual perception through its modulating inﬂuence on GBO. GABA neurotransmission could be a promising target for treatment interventions of
multisensory processing deﬁcits in clinical populations, such as schizophrenia or autism.
© 2015 Published by Elsevier Inc.

Introduction
Ever since researchers have investigated multisensory integration
phenomena, they have reported a high variability between individuals
(Urbantschitsch, 1888). This variability might be due to individual differences in local information processing and large-scale interplay between brain regions. A number of recent studies suggested that neural
oscillations, especially in the gamma band, play an important role
therein (Kayser and Logothetis, 2009; Lakatos et al., 2007; Lange et al.,
2011; Senkowski et al., 2008; Van Atteveldt et al., 2014). Furthermore,
Gamma-aminobutyric acid (GABA) neurotransmission has been
shown to contribute to the generation of gamma band oscillations
(GBO) (Bartos et al., 2007; Buzsáki and Wang, 2012; Sohal et al., 2009;
Traub et al., 2003). Moreover, GBO can be driven by activation of metabotropic glutamate receptors (Bartos et al., 2007; Whittington et al.,
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1995). Together, these ﬁndings indicate a three-way relationship between the GABA and glutamate systems, GBO, and multisensory
processing.
A multisensory paradigm in which GBO modulations have been consistently found is the sound-induced ﬂash illusion (SIFI) (Bhattacharya
et al., 2002; Mishra et al., 2007). In this paradigm, multiple auditory stimuli that are presented alongside a single visual stimulus can induce illusory percepts of multiple visual stimuli (Shams et al., 2000). Individuals
substantially vary in the number of illusions that they perceive in the
SIFI. For this reason, the SIFI is ideally suited for examining the neurochemical and neurophysiological foundations underlying individual differences in audiovisual perception. Magnetic resonance spectroscopy
(MRS) is an established method for obtaining resting GABA (Edden
et al., 2012; Mescher et al., 1998) and glutamate (Mekle et al., 2009;
Mlynarik et al., 2006) concentrations in selected brain regions. GABA concentration has been shown to be related to visual perception (Edden et al.,
2009; Van Loon et al., 2013). Moreover, a highly cited study has revealed a
positive relationship between GABA concentration in the visual cortex
and individual GBO peak frequency (Muthukumaraswamy et al., 2009),
but recent data have challenged this ﬁnding (Cousijn et al., 2014). In
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addition, a recent visual repetition priming study has shown a positive relationship between the event-related glutamate level in the lateral occipital cortex and the amplitude of evoked GBO (Lally et al., 2014). In the
present study, we measured MRS and EEG to test whether the GABA
and glutamate systems account for individual differences in multisensory
processing via their inﬂuence on GBO. GABA and glutamate concentrations were obtained from a voxel in the superior temporal sulcus
(STS) — a key area in multisensory processing (Beauchamp et al., 2004;
Calvert, 2001; Noesselt et al., 2007).

A
monitor
+

4.1°

+

120 cm

Material and methods
Participants and stimuli

+

1000-1500 ms
... inter-trial
interval

012
+

response
57
A2

600
... response
cue

0
A1, V1

B
100
80
60
40
20
0
0

1
A0V1

2

0

1
A0V2

2

0

1
A1V1

2

0

1
A2V0

2

0

1
A2V1

2

0

1
A2V2

2

100
responses (%)

Forty volunteers participated in the study. One of them was excluded from further analysis because he did not perceive the illusion. The
mean age of the remaining 39 participants (17 female; 37 righthanded) was 32.8 years (range: 18–51 years). They had normal hearing
and normal or corrected-to-normal vision, and reported no history of
neurological or psychiatric disorders. EEG and MRS data were acquired
on separate days within 48 hours. The study was conducted in accordance with the Declaration of Helsinki and approved by the ethics committee of the Charité – Universitätsmedizin Berlin. Participants provided
written informed consent. The SIFI experiment was conducted in a
sound-attenuated electrically shielded chamber. Stimuli were presented on a CRT monitor with a background luminance of 21 cd/m2. Six
stimulus combinations were presented, consisting of 0, 1 or 2 auditory
(A) stimuli combined with either 0, 1 or 2 visual (V) stimuli (A0V1,
A0V2, A1V1, A2V0, A2V1, A2V2) (Fig. 1). Each visual stimulus was presented for 10 ms and consisted of a white disk subtending a visual angle of
1.6° with a luminance of 89 cd/m2. Visual stimuli were presented at
4.1° centrally below the ﬁxation cross. Each auditory stimulus was presented for 7 ms and consisted of a 73 dB (SPL) 1000 Hz sine wave tone.
The presentation of auditory inputs at equal physical sound–pressure
level rather than equal subjectively perceived loudness is permissible
since the inﬂuence of auditory stimulus intensity on the SIFI illusion
rate is relatively small (Andersen et al., 2004). Auditory stimuli were
presented from a central speaker below the screen. The participants'
task was to report the number of perceived visual stimuli by pressing
a button with the index, middle, or ring ﬁnger of their right hand to indicate whether they perceived zero, one, or two ﬂashes, respectively.
Three hundred SIFI trials and 150 trials per control condition were presented in random order in eight blocks. The total experimental runtime
was 44 minutes. Additionally, short breaks were included after each
block.
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EEG was recorded using a 128-channel active system (EasyCap,
Herrsching, Germany), including one horizontal and one vertical EOG
electrode. Data were recorded against nose reference with a pass band
(0.016–250 Hz) and digitized at a sampling rate of 1000 Hz. Preprocessing and ofﬂine data analysis were performed using EEGlab
(Delorme and Makeig, 2004), Fieldtrip (Oostenveld et al., 2011), and
custom-made Matlab scripts (MathWorks, Natick, MA). Data were
ofﬂine high-pass ﬁltered (1 Hz, FIR), low-pass ﬁltered (125 Hz, FIR),
and notch-ﬁltered (49.1–50.2 Hz, 4th order two-pass Butterworth ﬁlter). Moreover, data were down-sampled to 500 Hz.
Epochs (− 1 to 3 s around stimulus onset) of A2V1 trials in which
participants perceived one or two ﬂashes were extracted and those containing muscular artefacts were rejected by visual inspection. Trials containing remaining artefacts with amplitudes of ±100 μV were rejected
automatically, and independent component analysis was conducted to
correct for EOG and ECG artefacts. On average, 15.35 ± 6.26 (SD)
independent components were rejected. Next, noisy channels were interpolated using spherical interpolation (average 1.5 ± 1.54 (SD)
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Fig. 1. Experimental setup and behavioral data for the six stimulus types in the sound-induced ﬂash illusion paradigm. (A) Left panel: Participants ﬁxated a central white cross
while being presented with stimuli of the sound-induced ﬂash illusion paradigm. A single
ﬂash presented alongside two rapidly repeating tones is either perceived as one or two
ﬂashes. Right panel: Timeline of the critical A2V1 trial, in which participants frequently
perceived two visual inputs. The visual stimulus and the ﬁrst auditory stimulus were presented simultaneously. The second auditory stimulus was presented 57 ms after the onset
of the ﬁrst stimulus. Six hundred milliseconds after the onset of the ﬁrst stimulus, the ﬁxation cross was replaced by a response cue, which comprised an empty circle that was presented in the center of the screen. (B) The indexed numbers denote the number of
auditory (A) and visual (V) inputs in the six different stimulus types (e.g., two auditory inputs were presented together with two visual inputs in A2V2 trials). The gray bars denote
the numbers of perceived visual stimuli (with SEM). Participants reported perceiving two
ﬂashes in 64% of the critical A2V1 trials (highlighted in a box).
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channels). Finally, data were re-referenced to the common average. For
the GBO analysis of combined illusion and no illusion A2V1 trials we applied similar procedures as in a recent study on the relationships between GBO and resting transmitter concentrations (Cousijn et al.,
2014). On the sensor level, time–frequency analysis (40 to 80 Hz, in
0.5 Hz steps) was performed using a sliding window multitaper convolution transformation with discrete prolate spheroidal (slepian) taper
sequences with a length of 400 ms (frequency smoothing ± 5 Hz,
10 ms temporal resolution). Power was normalized to reﬂect the relative change from the − 600 to − 200 ms baseline period and tested
for signiﬁcant modulations against zero using a cluster corrected nonparametric t-test with Monte-Carlo randomization (Maris and
Oostenveld, 2007). Using individual T1-weighted structural MRIs, realistic three-shell boundary element models were constructed. For the
leadﬁeld computation, a template grid of cortical sources with a 1 cm
resolution was created based on the MNI-brain and warped to the individual head size for the source analyses. For the source projection, we
calculated the covariance matrix between all sensor pairs of averaged
band-passed ﬁltered (40–80 Hz, 2nd order Butterworth ﬁlter) single trials. The ROI for the correlation was established from the overlap of the
AAL atlas region labeled as “Temporal Sup L” (Tzourio-Mazoyer et al.,
2002) and the MRS box, i.e., we chose the virtual channels that were localized within the STS and within the 3 × 3 × 2 box of the MRS voxel. A
linearly constrained minimum variance beamformer (LCMV) (Van Veen
et al., 1997) was applied to compute individual spatial ﬁlters for each
participant using this covariance matrix. The lambda regularizationparameter was set to 10%. The spatial ﬁlters were then multiplied
with the unﬁltered sensor level time series to reconstruct source level
raw time series for each cortical source resulting in virtual electrodes
(Cousijn et al., 2014; Keil et al., 2014). Finally, we computed the same
time–frequency analysis as on the sensor level. To visualize the cortical
source of sensor-level GBO, we computed an FFT centered on the peak
power of the average GBO in the 200 to 600 ms post-stimulus interval
(65 Hz, frequency smoothing ±6 Hz). We used dynamic imaging of coherent sources (Gross et al., 2001) to identify the cortical source of this
effect by contrasting source-localized power with the noise estimate.
The anatomical regions of the source localization were determined
based on the AAL atlas.

relaxation delays) and six outer volume suppression slices placed
around the spectroscopic voxel to saturate outside spins. For each metabolite spectrum, the NA was 256 with TR = 3 s and TE = 8.5 ms. Following this scan, a spectrum without water suppression was recorded
(NA = 8).
If the water line width calculated from a ﬁt to a water spectrum acquired after shimming was greater than or equal to 9.5 Hz, all corresponding MRS data were not used for further analysis. The mean
water line width (± standard deviation) of the remaining dataset
(n = 37) was determined to be 7.8 (±0.7) Hz. For the analysis of the
SPECIAL data, the spectra were corrected for frequency drift during acquisition and analyzed using LCModel (Provencher, 1993) with a simulated basis set containing 20 metabolites.
The unsuppressed water spectrum was used for eddy current correction and referencing the metabolite spectrum to the internal water concentration. Edited MEGA-PRESS spectra were analyzed using LCModel
with a measured basis set containing GABA, N-acetylaspartate (NAA),
glutamate (Glu), glutamine (Gln), and glutathione, and referenced to
the GABA concentration used for creating the basis set. Only those
GABA amplitudes with Cramér-Rao lower bounds (CRLB) below 25%,
as returned by LCModel (Provencher, 1993), were used for further analysis. Three GABA values did not fulﬁll this criterion and were therefore
removed. Of the remaining data, CRLB of the LCModel ﬁts were
12.1 ± 3.2% for GABA (n = 34) and 4.3 ± 1.0% for glutamate (n =
37). Metabolite amplitudes were corrected for relaxation using T1 and
T2 values at 3 T. To correct the in vivo concentrations for the amount
of cerebrospinal ﬂuid (CSF) in the selected VOI, segmentation of the
T1-weighted images was performed using statistical parametric mapping (SPM8). Pixels in the VOI were classiﬁed according to their probability calculated by SPM8 to belong to one of the tissue types: CSF, gray
matter, or white matter. Note that the CSF fraction in STS is very small,
permitting us to neglect errors in CSF estimation caused by the small
chemical displacement of the metabolites and imperfections of RF
pulse proﬁles. The average glutamate and GABA concentrations calculated in this manner were 8.53 ± 1.16 mmol/l and 1.40 ± 0.35 mmol/
l, respectively.

MR methods

Participants reported illusory percepts of two ﬂashes in 10% to 99%
of the critical SIFI trials, where a single ﬂash is accompanied by two rapidly repeating tones. Behavioral data for ﬁve other stimulus types,
which served as control trials, showed that participants were able to
correctly distinguish between one and two ﬂashes (Fig. 1B). To examine
whether the illusion of two ﬂashes was speciﬁc to the SIFI trials, we
compared the reports of two ﬂashes between the critical A2V1 with
the A0V1 and A1V1 conditions. The percept of two ﬂashes was signiﬁcantly higher in A2V1 trials (65%) compared with A0V1 (18%; t(38) =
6.636, p b 0.001) and A1V1(3%; t(38) = 12.904, p b 0.001) trials. This
demonstrates that the illusion effect is speciﬁc to SIFI trials.
To further investigate whether a response bias could have contributed to the present data, we correlated the percentage of trials in which
participants perceived two ﬂashes in the control conditions with the illusion rate in A2V1 trials. For this analysis we set a Bonferroni corrected
alpha level of 0.05/5 = 0.01. The analyses revealed signiﬁcant relationships between A0V2 and A2V1 conditions (r = 0.478, p = 0.002), as well
as between A2V2 and A2V1 conditions (r = 0.602, p b 0.001). There were
no signiﬁcant correlations for the other three control conditions. Hence,
participants who perceived more often two ﬂashes in the A0V2 and A2V2
conditions also perceived more illusions in A2V1 trials. Notably, there
were no relationships between illusion rates and conditions in which
only one visual stimulus was presented. This lack of relationships argues
against a simple response bias.
For the analysis of neural oscillations, we followed the procedure of a
recent study investigating the relationships between neurotransmitter
concentration and GBO (Cousijn et al., 2014). In SIFI trials, we compared

MR images and spectra were collected on a 3 T Verio (Siemens
Healthcare, Erlangen, Germany). Anatomical images were acquired
using a three-dimensional T1-weighted magnetization prepared
gradient-echo sequence (MPRAGE) with an isotropic resolution of
1.0 mm, a repetition time (TR) of 2.3 s, an echo time (TE) of 3.03 ms,
an inversion time (TI) of 900 ms, and a ﬂip angle of 9°. The volume of interest (VOI = 20 × 30 × 20 mm3) for single voxel MRS, encompassing
the left STS, was positioned below the upper bank of the temporal cortex. The transmitter radiofrequency (RF) voltage was calibrated for the
individual VOI, followed by adjustment of ﬁrst- and second-order
shims using FAST(EST)MAP. First, GABA-edited spectra were measured
using MEGA-PRESS (Edden et al., 2012; Mescher et al., 1998) with number of acquisitions (NA) = 256, TR = 3.0 s, and TE = 68 ms. Due to its
editing scheme, MEGA-PRESS permits the detection of a selected molecular species with excellent selectivity and good sensitivity. In the present experiments, the editing pulse was applied at 1.9 ppm in alternate
scans thus allowing the reliable detection of the GABA pseudo-triplet
at 3.0 ppm. Following this scan, a spectrum without water suppression
was recorded (NA = 8). Immediately afterwards, spin echo full intensity acquired localized (SPECIAL) spectra were acquired from the same
voxel. The short echo time of the SPECIAL sequence enables the determination of a large number of metabolites and yields a high precision
for the detection of glutamate (Mlynarik et al., 2006; Mekle et al.,
2009; Near et al., 2013). The sequence was used with water suppression
by VAPOR (variable power radio frequency pulses with optimized

Results

J. Balz et al. / NeuroImage 125 (2016) 724–730

gamma band power (40–80 Hz) between the post-stimulus interval and
the baseline. We found robust GBO power enhancements at the scalp
level (Fig. 2A–B). These enhancements were most pronounced at central electrodes, but the topography plot also indicates some GBO modulations at frontal and temporal sites. However, the only electrode cluster
that revealed signiﬁcant poststimulus vs. prestimulus GBO modulations
was found at central electrodes (mean t-value of the signiﬁcant cluster:
t(38) = 3.101, p = .02; highlighted bold dots in Fig. 2A). Using
beamformer source analysis (Gross et al., 2001; Van Veen et al., 1997),
GBO power was localized in the STS and extrastriate cortex of the left
hemisphere with the peak of activation in the AAL atlas area “Temporal
Sup L” (Fig. 2C). The individual peak frequency in the 40 to 80 Hz range
and its corresponding power were calculated for the 200 to 600 ms
post-stimulus period. This was done across source grid points corresponding to the STS volume targeted by the MRS acquisition (Fig. 3).
For the quantiﬁcation of the weak GABA signal we used the highly
selective MRS pulse sequence MEGA-PRESS, which is widely considered
to be the sequence of choice for measuring this neurotransmitter in 3 TMRS (Edden et al., 2012; Mescher et al., 1998) The glutamate concentration can be also robustly determined with other sequences, and we used
SPECIAL (Mekle et al., 2009; Mlynarik et al., 2006), which especially at
short echo time, offers a high signal-to-noise ratio. Concentrations
were quantiﬁed from spectra using a linear combination model
(Provencher, 1993). Data were corrected for relaxation and individual
cerebrospinal ﬂuid content of the examined volume element. Fig. 3 illustrates typical SPECIAL and MEGA-PRESS spectra together with the residuals, background ﬁts, and ﬁts for glutamate and GABA.
Pearson correlation coefﬁcients were computed for each pair in the
triangle of neurotransmitter concentrations (GABA or glutamate), GBO
(power or frequency), and SIFI illusion rates. We used Holm–Bonferroni
corrected signiﬁcance thresholds to account for multiple comparisons.
GBO power and GABA concentration signiﬁcantly correlated with the
SIFI illusion rate (r = 0.438, p = 0.005, Fig. 4A, and r = 0.469, p =
0.005, Fig. 4B, respectively). Moreover, we found a highly signiﬁcant
correlation between GABA concentration and GBO power (r = 0.532,
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Fig. 2. Gamma band oscillations in the sound-induced ﬂash illusion. (A) Topography of
GBO power change in response to SIFI stimuli, in which a single ﬂash is presented alongside two rapidly repeating tones. The bold dots highlight the cluster of electrodes for
which a signiﬁcant post-stimulus power increase relative to baseline was found in the
200 to 600 ms period. (B) Time–frequency representation of relative power changes for
the central electrode cluster depicted in (C). (C) GBO power was source-localized in the
left STS and extrastriate cortex. The ﬁgure was masked at a 0.85 threshold relative to the
maximum. a.u. = arbitrary units.

3
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Fig. 3. Sample magnetic resonance spectra from the left STS voxel. The upper panel illustrates the location of the voxel on T1-weighted images. The top row of each panel represents the original SPECIAL or MEGA-PRESS spectrum, respectively. Also shown are the
overall ﬁts and the ﬁtted components of interest, as well as the background. The small residuals reﬂect the high quality of the ﬁts.

p = 0.001, Fig. 4C). The relationships remained signiﬁcant when age
of participants and gray matter volume in the STS voxel were used as covariates in partial correlation analyses (all p-values b 0.007). Next, we
computed a path model analysis (Buckholtz et al., 2010) and found
that the correlation between GBO power and SIFI illusion rate is about
twofold higher when GABA concentration is included as compared to
when it is excluded (Fig. 4D). The bootstrapping test with 1000 samples
revealed a bias-corrected conﬁdence interval of 1.954 to 242.2. While
not being a proof of causality, this ﬁnding establishes a mediating effect
of the GABA level on the relationship between GBO power and the SIFI
illusion rate. No signiﬁcant correlations were found with respect to individual GBO peak frequency or glutamate concentration (Table 1). Finally, we calculated Bayes factors (BF) which summarize the ratio of
evidence for a correlation versus the evidence for a null hypothesis of
no correlation (Wetzels and Wagenmakers, 2012). The analysis
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Fig. 4. GABA concentration shapes audiovisual perception via its inﬂuence on gamma band oscillations. (A) Source-localized GBO power in the STS is positively correlated with the SIFI
illusion rate (N = 39). (B) and (C) GABA concentration in the STS correlates with SIFI illusion rate and GBO power, respectively (N = 34). (D) Path analysis reveals that GABA concentration
mediates the positive correlation between GBO and the SIFI illusion rate. Path a reﬂects the coefﬁcient for the effect of GBO power on GABA concentration. Path b reﬂects the coefﬁcient for
the effect of GABA concentration on the illusion rate. Paths c and c′ reﬂect the coefﬁcients for the total and direct effects (i.e., with (c) and without (c′) the contribution from GABA) of GBO
on SIFI illusion rate, respectively. A bootstrapping test, which involved 34 participants for whom all three measures were available, revealed signiﬁcant differences between the effects of
paths c and c′.

provided further evidence for the correlations between GABA concentration, GBO power, and multisensory perception, as well as for the
null hypothesis in all other correlations (Table 1). It is possible that
the correlation between GBO power and the perception of two ﬂashes
in SIFI trials was not speciﬁc to the illusion percept per se, but could
also be found in other conditions that contained two ﬂashes. To address
this question, we correlated the GBO power in response to A0V2 trials
with the percentage of two ﬂashes reports in this condition. This analysis revealed no signiﬁcant relationship (r = −0.143, p = 0.385), suggesting that the correlation between GBO power and the SIFI illusion
is linked to the illusory percept of two ﬂashes. Finally, a previous
study has reported that the prestimulus GBO was correlated with the
double-ﬂash illusion in a visuotactile paradigm (Lange et al., 2013). In

accordance with this report, we correlated the source-localized baseline
GBO power with the SIFI illusion rate but did not ﬁnd a signiﬁcant relationship (r = − 0.062, p = 0.705). Additionally, we correlated the
source-localized baseline GBO power with the GABA level but did not
ﬁnd a relationship (r = −0.146, p = 0.408).
Discussion
We examined the neurochemical and neurophysiological foundations underlying individual differences in audiovisual perception. Our
study revealed several important ﬁndings. Firstly, the GBO power correlated positively with the illusion rate in the SIFI. In addition to the SIFI
paradigm (Bhattacharya et al., 2002; Mishra et al., 2007), GBO

Table 1
Overview of Pearson correlations and corresponding Bayes factors (BF).

GBO power × SIFI illusion rate
GBO peak frequency × SIFI illusion rate
GABA concentration × SIFI illusion rate
GABA concentration × GBO power
GABA concentration × GBO peak frequency
Glutamate concentration × SIFI illusion rate
Glutamate concentration × GBO peak frequency
Glutamate concentration × GBO power

No. of subjects

Pearson's r

p-Value

Bayes factor

39
39
34
34
34
37
37
37

0.438
−0.076
0.469
0.532
−0.068
−0.122
−0.155
−0.174

0.005
0.645
0.005
0.001
0.704
0.473
0.359
0.304

5.91
0.14
6.46
24.08
0.14
0.17
0.19
0.22

The BFs provided substantial (BF = 3–10) or strong (BF = 10–30) evidence for H1 in all signiﬁcant correlations (highlighted in bold). The BFs of the non-signiﬁcant correlations provided
substantial (BF = 0.1–0.33) or anecdotal (BF = 0.33–1) evidence for the null hypothesis. GBO = gamma band oscillations, SIFI = sound-induced ﬂash illusion. Note that only 37 values for
glutamate and 34 values for GABA fulﬁlled the quality criteria for MR spectra (see the Materials and Methods section).
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modulations have been reported in other audiovisual paradigms, such as
the motion-bounce (Hipp et al., 2011) and the McGurk illusion (Kaiser
et al., 2005). This provides strong evidence for a role of GBO in audiovisual
perception. The GBO in our study was found in a similar frequency, latency, and in comparable cortical regions as observed for semantic matching
in crossmodal haptic-to-auditory priming (Schneider et al., 2011). Specifically, the GBO was source localized in the left STS, which has been frequently related to integrative audiovisual processing (Hipp et al., 2011;
Kaiser et al., 2005; Van Loon et al., 2013). For instance, using transcranial
magnetic stimulation, Beauchamp et al. (2010) showed that temporary
disruption of the left STS reduces the perception rate of the McGurk illusion. Moreover, a recent functional magnetic resonance imaging study revealed a positive relationship between the blood oxygenation level
dependent contrast in the left STS and the likelihood of perceiving the
McGurk illusion (Nath and Beauchamp, 2012). Taken together, current
evidence suggests that differences in stimulus processing in the left STS
contribute to individual differences in audiovisual perception.
A second key ﬁnding in our study is a strong positive relationship between GABA concentration and GBO power in the STS. GABA concentration accounted for 28% (i.e., r = 0.532) of the individual variability in GBO
power. In line with data from animal studies (Sohal et al., 2009; Traub
et al., 2003) and human pharmacological investigations (LozanoSoldevilla et al., 2014), this suggests that the GABA system has a modulatory inﬂuence on GBO power. We did not observe a relationship between
GABA concentration and GBO peak frequency in the STS, as it was previously discussed for the visual cortex. A magnetoencephalography study
conducted in a small sample found a positive relationship between
GABA concentration in the visual cortex and the peak frequency of GBO
in response to visual motion stimuli (Muthukumaraswamy et al., 2009).
However, a recent study in a larger sample did not replicate this ﬁnding
(Cousijn et al., 2014). Our own results reinforce the notion that there is
no close relationship between the GABA level, obtained by MRS, and
GBO peak frequency. The two studies differed from our study in respect
to the investigated brain regions, experimental tasks, and partially in
MRS protocols. In the present study, we used the MRS pulse sequence
MEGA-PRESS, which is tailored to the detection of the GABA pseudotriplet at 3 ppm (Edden et al., 2012). Moreover, we examined a multisensory illusion paradigm that robustly induces GBO (Bhattacharya et al.,
2002; Mishra et al., 2007). In line with a previous combined MRS-MEG
study by Cousijn et al. (2014), we investigated both the power and frequency of GBO. We found that GABA concentration in the STS predicts
the power, but not the frequency of GBO during audiovisual perception.
Our observation differs from the result obtained by Cousijn et al.
(2014), who did not ﬁnd signiﬁcant correlations between GABA level
and GBO power. The differences in experimental tasks and examined cortical regions might have contributed to the different outcomes.
A third key ﬁnding is a positive relationship between GABA concentration and the individual likelihood to perceive the SIFI. Previous studies
have revealed that the GABA level in the visual cortex is correlated with
unisensory visual perception. Edden et al. (2009) demonstrated that
GABA concentration in the visual cortex predicts the individual performance in a visual orientation discrimination task. More recently, Van
Loon et al. (2013) showed that GABA concentration in the visual cortex
also relates to a reduced number of perceptual switches and lengthening
of percept durations in bistable visual perception. Our ﬁndings extend
these observations by demonstrating that the GABA level in a higher
polysensory area predicts individual differences in audiovisual perception. Furthermore, our observation that the GABA system plays a role in
audiovisual processing is in agreement with data from a recent animal
study using in vivo whole-cell recordings (Iurilli et al., 2012). Iurilli et al.
(2012) demonstrated a crossmodal inﬂuence of the auditory cortex on inhibitory GABAergic circuits in the primary visual cortex. Furthermore, the
maturation of GABA circuits is believed to be an important factor for the
emergence of multisensory integration properties in the cortex (Gogolla
et al., 2014). In summary, evidence from various studies suggests that
the GABA system plays a crucial role in multisensory integration.
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In contrast to GABA, we did not ﬁnd relationships of the glutamate
level with GBO and audiovisual perception. While in vitro studies have
shown that activation of metabotropic glutamate receptors can drive
GBO in the hippocampus (Whittington et al., 1995), the glutamate
level in the present study might not have contributed to individual differences in GBO power and audiovisual perception. It is possible that the
glutamate level is not a sensitive measure for speciﬁc aspects of
glutamate-mediated neurotransmission that might affect audiovisual
perception. Physiologically, the individual variability in neurotransmitter concentrations as obtained by MRS could be due to various parameters, such as differences in the number of neurons, the number of
synapses per neuron, or the concentration per neuron (Sumner et al.,
2010). How these parameters relate to audiovisual perception and
whether the glutamate system contributes to individual differences in
audiovisual perception is unknown.
Finally, for the interpretation of results it is important to consider
how GABA acts at the synaptic level. GABA plays a crucial role for the
ﬁnely tuned excitation/inhibition (E/I) balance in neural populations,
which is essential for the generation of GBO (Attalah and Scanziani,
2009; Isaacson and Scanziani, 2011; Ursino et al., 2010). For instance,
a model of impaired GABAergic dendritic inhibition can explain epileptic fast activity (Wendling et al., 2002). The E/I balance is also relevant
for binding processes underlying unisensory perception (Wang, 2010).
In a similar vein, the E/I balance might also contribute to the integration
of multisensory information (Senkowski et al., 2008; Van Atteveldt
et al., 2014). Hence, in the case of a suboptimal E/I balance, which results
in an inefﬁcient generation and modulation of GBO, multisensory integration processes might be also less efﬁcient. Poor GABA-mediated neurotransmission at the synaptic level might have also contributed to the
ﬁnding that individuals with low GABA levels in the STS expressed reduced GBO power and lower multisensory illusion rates. How the
GABA level, as obtained by MRS, actually relates to GABAergic neurotransmission at the synaptic level remains to be elucidated.
Conclusion
The key novel ﬁnding of our study is that the GABA level in the STS
mediates the positive relationship between GBO and audiovisual perception. Previous studies have provided strong evidence for the role of
GBO in multisensory processing (Hipp et al., 2011; Lakatos et al.,
2007; Senkowski et al., 2011). In addition, it is known that the GABA
system is involved in the generation of GBO (Bartos et al., 2007; Sohal
et al., 2009; Traub et al., 2003; Wang, 2010). The present study is the
ﬁrst that investigated the complete triangle, and which established a robust three-way relationship between the GABA level, GBO, and audiovisual perception. This ﬁnding has implications for the treatment of
individuals with multisensory processing deﬁcits. Dysfunctional multisensory processing (Brandwein et al., 2013; Ross et al., 2007) as well
as alterations in the GABA system (Uhlhaas and Singer, 2012) have
been found in psychiatric disorders, such as schizophrenia and autism
spectrum disorder. GABA-mediated neurotransmission may be essential for balancing neural excitation and inhibition during multisensory
integration (Hoshino, 2012, 2014). Thus, alterations in the GABA system
might contribute to multisensory processing deﬁcits in schizophrenia
(Cloke and Winters, 2015) and autism (Gogolla et al., 2014). Together
with the present data, this suggests that GABA neurotransmission is a
promising target for treatment interventions of abnormal multisensory
processing in clinical populations. In summary, our study provides
strong evidence that the GABA level shapes individual differences in audiovisual perception through its modulatory inﬂuence on GBO.
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