NeuroImage: Clinical 3 (2013) 65–72

Contents lists available at ScienceDirect

NeuroImage: Clinical
journal homepage: www.elsevier.com/locate/ynicl

Atypical excitation–inhibition balance in autism captured by the
gamma response to contextual modulation
Tineke M. Snijders a,b,d,e,⁎, Branka Milivojevic a,b,d, Chantal Kemner a,b,c
a

Department of Experimental Psychology, Helmholtz Institute, Utrecht University, P.O. Box 80140, 3508 TC Utrecht, The Netherlands
Department of Developmental Psychology, Utrecht University, P.O. Box 80140, 3508 TC Utrecht, The Netherlands
Department of Child and Adolescent Psychiatry and Rudolf Magnus Institute, University Medical Centre Utrecht, P.O. Box 85500, 3508 GA Utrecht, The Netherlands
d
Radboud University Nijmegen, Donders Institute for Brain, Cognition and Behaviour, Centre for Cognitive Neuroimaging, P.O. Box 9101, NL-6500 HB Nijmegen, The Netherlands
e
Radboud University Nijmegen, Centre for Language Studies, P.O. Box 9103, NL-6500 HD Nijmegen, The Netherlands
b
c

a r t i c l e

i n f o

Article history:
Received 25 March 2013
Received in revised form 2 June 2013
Accepted 22 June 2013
Available online 2 July 2013
Keywords:
Asperger's disorder
Gamma oscillations
EEG
Visual perception
Surround suppression
GABA

a b s t r a c t
Atypical visual perception in people with autism spectrum disorders (ASD) is hypothesized to stem from an
imbalance in excitatory and inhibitory processes in the brain. We used neuronal oscillations in the gamma
frequency range (30–90 Hz), which emerge from a balanced interaction of excitation and inhibition in the
brain, to assess contextual modulation processes in early visual perception. Electroencephalography was
recorded in 12 high-functioning adults with ASD and 12 age- and IQ-matched control participants. Oscillations in the gamma frequency range were analyzed in response to stimuli consisting of small line-like
elements. Orientation-speciﬁc contextual modulation was manipulated by parametrically increasing the
amount of homogeneously oriented elements in the stimuli. The stimuli elicited a strong steady-state
gamma response around the refresh-rate of 60 Hz, which was larger for controls than for participants with
ASD. The amount of orientation homogeneity (contextual modulation) inﬂuenced the gamma response in
control subjects, while for subjects with ASD this was not the case. The atypical steady-state gamma response
to contextual modulation in subjects with ASD may capture the link between an imbalance in excitatory and
inhibitory neuronal processing and atypical visual processing in ASD.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-SA license.

1. Introduction
People with autism spectrum disorders (ASD) suffer from deﬁcits
in communication, social functioning and behavioral ﬂexibility. Less
well-known is that atypical visual perception is also a characteristic
feature of ASD. In general, people with ASD have a tendency to
focus on details instead of perceiving the bigger picture (Dakin and
Frith, 2005; Simmons et al., 2009; Behrmann et al., 2006; Boelte
et al., 2007; Mottron et al., 2006). It has been speculated that atypical
visual perception in people with ASD is the result of an imbalance
between excitatory (glutamergic) and inhibitory (GABAergic) neurotransmitters (Hussman, 2001; Rubenstein and Merzenich, 2003;
Coghlan et al., 2012). Autism has indeed been associated with pathology
in GABA receptors (Fatemi et al., 2009a; Fatemi et al., 2009b) and
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mutations in genes encoding for GABA-A receptors (DiCicco-Bloom
et al., 2006; Polleux and Lauder, 2004; van Kooten et al., 2005;
Dhossche et al., 2002). Additionally, cortical minicolumns, which are
important for the ﬂow of excitatory–inhibitory information in the neocortex, have been found to be narrower in people with autism
(Casanova et al., 2003; Casanova et al., 2002a; Casanova et al., 2002b;
Casanova et al., 2002c).
How would an imbalance in neural excitation and inhibition lead to
atypical visual perception? We think that contextual modulation, that
is, the modulation of the neural response to a detail by the context in
which the detail is placed, plays a crucial role. Visually responsive neurons (e.g., in the primary visual cortex) show a well-established centersurround receptive ﬁeld organization, with excitatory inﬂuences of
stimuli falling within the center of the receptive ﬁeld, and generally
inhibitory inﬂuences of stimuli falling in the immediate surround of
the receptive ﬁeld. Surround suppression is most prominent if center
and surround stimuli share the same stimulus features, such as orientation (Blakemore and Tobin, 1972; Xing and Heeger, 2001). This type of
contextual modulation has been attributed to horizontal intra-cortical
connectivity within V1, as well as to feedback connections from
extrastriate cortex for the far surround (Seriès et al., 2003). In ASD, an
imbalance in excitatory and inhibitory neurotransmitter systems
might give rise to atypical contextual modulation effects leading to

2213-1582 © 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-SA license.
http://dx.doi.org/10.1016/j.nicl.2013.06.015

66

T.M. Snijders et al. / NeuroImage: Clinical 3 (2013) 65–72

atypical perception (Casanova et al., 2003; Keita et al., 2011; Bertone
et al., 2005).
GABAergic neurotransmission is supposed to be critical for
establishing surround suppression (Smith, 2006). Recent evidence
suggests that GABA concentrations in visual cortex (as measured
with MR spectroscopy) are associated with how orientation context
modulates the perception of contrast, giving support for a GABAergic
role in contextual modulation (Yoon et al., 2010).
GABAergic inhibitory neurons are also essential for synchronizing
brain activity (Buzsaki, 2006). Gamma oscillations (30–90 Hz)
emerge from a balanced interaction of excitation and inhibition in
the brain (Buzsaki and Wang, 2012) and both the frequency and
amplitude of oscillations in the gamma frequency range have been
shown to depend on GABAergic action (Whittington et al., 1995;
Brunel and Wang, 2003; Edden et al., 2009; Muthukumaraswamy
et al., 2009). Mild sedation using the GABA-A agonist propofol results
in an increase in amplitude of visual stimulus-induced gamma oscillations (Saxena et al., 2013). Furthermore, the integrity of GABAergic
interneurons within cortical minicolumns is important for the generation of normal gamma oscillations (Whittington et al., 2000). Interestingly, atypical gamma oscillations in response to visual stimuli
have been identiﬁed in people with ASD (Grice et al., 2001; Milne
et al., 2009; Wright et al., 2012; Sun et al., 2012).
Therefore, examining gamma-frequency responses to visual stimulation seems like a promising method for capturing GABAergic contextual modulation in humans, as well as investigating possible
atypicalities herein in ASD. Although to our knowledge there have
been no electrophysiological studies which have addressed the relationship between contextual modulation and gamma oscillations in
humans, recent non-human primate research indicates that increases
in contextual modulation in V1 due to a larger size of a grating patch
are associated with an increase in amplitude of gamma power and a
decrease in gamma frequency in V1 (Gieselmann and Thiele, 2008).
The current study builds on these ﬁndings to address two major outstanding questions. The ﬁrst question is whether gamma oscillations
in the human visual cortex (as measured with electroencephalography (EEG)) are involved in orientation-speciﬁc contextual modulation. The second: whether the gamma response to contextual
modulation is different for people with ASD.
We measured EEG while we presented subjects with ASD and controls with stimuli consisting of local elements (Gabor patches) arranged into circular textures (see Fig. 1). The Gabor patches could
have an orientation of 0, 45, 90, or 135° from the vertical. The amount
of orientation-speciﬁc contextual modulation was implemented by
parametrically increasing the number of local elements with the
same orientation; the larger the amount of elements with an identical

orientation, the more orientation-speciﬁc contextual modulation is
expected. In the inhomogeneous (IH-25) condition, all 4 allowable
orientations occurred in 25% of the Gabor patches. In the homogeneous (H-100) condition, all local elements shared the same orientation. For the intermediate condition (inter-62), one of the allowed
orientations occurred in 62% of the local elements, while the rest of
the orientations were equally divided over the rest of the Gabor
patches.
We hypothesize that the human gamma response to visual stimulation is affected by orientation-speciﬁc contextual modulation,
reﬂected in increasing gamma amplitude with increasing contextual
modulation (H-100 N inter-62 N IH-25). For people with ASD we
expect a smaller effect of contextual modulation on gamma power
than for control subjects, due to abnormalities in GABAergic neurotransmission and as such to decreased synchronization of brain
activity implied in contextual modulation.

2. Material and methods
2.1. Subjects
Twenty-four healthy volunteers and nineteen subjects diagnosed
with ASD participated in the experiment. Subjects were paid for
their participation. The diagnostic evaluation for the subjects with
ASD included a psychiatric observation and a review of prior records
(developmental history, child psychiatric and psychological observations and tests). ASD was diagnosed by a child psychiatrist, using
the DSM-IV criteria. The parents of all but one of the nineteen ASD
subjects took part in the autism diagnostic interview-revised (ADI-R
(Lord et al., 1994)) and eleven of the participants with ASD were
administered the autism diagnostic observation schedule-generic
(ADOS-G, (Lord et al., 1989)), both by a trained rater. Eighteen
subjects met ADI-R criteria for autism or the autistic spectrum; one
subject did not (this subject did, however, meet ADOS-G criteria).
All of the participants who completed the ADOS-G, met the full criteria
for autism or autism spectrum disorder.
In total nineteen subjects (7 subjects with ASD) were excluded from
analysis because too little trials remained after artifact rejection of the
EEG data (see Section 2.4). Of the 12 included subjects with ASD, 8
were diagnosed with Asperger's disorder, 3 with Autism, and 1 with
PDD-NOS. Subjects with ASD and controls did not differ in terms of
age or intelligence and all participants had normal or corrected to
normal vision (see Table 1 for subject characteristics). As expected,
ASD and control groups differed on Autism Quotient (AQ) scores
(Hoekstra et al., 2008).

Fig. 1. Inhomogeneous (IH-25), intermediate (inter-62), and homogeneous (H-100) example stimuli.
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The experiment was approved by the medical ethics committee of
the University Medical Centre Utrecht, and all subjects gave written
informed consent before participation.
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Next to the experiment presented in the current paper, subjects participated in two other experiments on visual perception
in the same EEG session. The order of the experiments was
counterbalanced.

2.2. Stimuli
The stimuli consisted of local elements (Gabor patches) arranged
into circular textures (see Fig. 1). The diameter of the textures was
12.5° of the visual angle. The Gabor patches were single wavelength,
sinusoidal gratings convolved with a Gaussian envelope ﬁlter, and
were presented either in 0° or 180° phase (resulting in a meanisoluminant image). The wavelength/diameter of the Gabor patches
was 0.4° of visual angle, which corresponds to an estimate of population receptive ﬁeld sizes in V1 (Dumoulin and Wandell, 2008), and
the carrier spatial frequency was 2.5 cycles per degree. This spatial
frequency is known to elicit clear gamma responses in visual cortex
(Muthukumaraswamy and Singh, 2008). To reduce the appearance
of regularity, Gabor patches were initially placed on a circular hexagonal grid (0.6° spacing) and subsequently the position of the Gabor
patches was jittered in x and y coordinates up to 30% of the diameter.
The Gabor patches could have an orientation of 0, 45, 90, or 135°
from the vertical. The amount of orientation-speciﬁc surround suppression was modulated by parametrically increasing the number of
local elements with the same orientation. In the inhomogeneous
(IH-25) condition, all 4 allowable orientations occurred in 25% of
the Gabor patches. In the homogeneous (H-100) condition, all local
elements shared the same orientation. For the intermediate condition
(inter-62), one of the allowed orientations occurred in 62% of the local
elements, while the other three orientations were equally divided over
the remaining Gabor patches.
2.3. Procedure
During EEG measurement, the subjects were seated in a comfortable chair in front of a computer screen at 114 cm, in a dimly illuminated sound-attenuating booth. Stimuli were presented on the
computer screen (Dell M933s 19″’ CRT monitor with 1024 × 768
resolution and 60 Hz refresh rate) using the Presentation software
(www.neuro-bs.com). See Supplementary materials for measurements of luminous emittance of the monitor. Before every stimulus
a light-gray ﬁxation cross was presented on a dark-gray background
for 1000–1200 ms (baseline). The stimuli were presented on the
same dark-gray background, with the radius of the textures being
6.25°. Every stimulus remained on the screen for 1000–1200 ms.
When the stimulus disappeared, the subjects had to press a button
within 500 ms after stimulus disappearance. Subjects got feedback
by means of the ﬁxation cross turning green (correct) or red (miss/
too late) for 750 ms, after which the baseline for the next trial started.
Each subject completed 240 trials (3 homogeneity conditions × 4
allowable orientations × 20 stimuli for each condition–orientation
combination).
Table 1
Subject characteristics of control and Autism Spectrum Disorder (ASD) groups. Means
and standard deviations are given, as well as T- and p-values for differences between
groups. IQ was measured with the full WAIS-III for subjects with ASD, while a short
version of the WAIS-III was used to estimate IQ for the control subjects. TIQ = total
scale IQ; VIQ = verbal IQ; PIQ = performance IQ; AQ = autism quotient.

Sample size
Gender
Age
TIQ
PIQ
VIQ
Acuity (logMar)
AQ

ASD group

Control group

T(22)

P

12
11 male; 1 female
22 (4)
115 (11)
112 (8)
116 (12)
−0.26 (0.12)
126 (12)

12
11 male; 1 female
22 (3)
122 (13)
117 (19)
122 (10)
−0.24 (0.09)
100 (13)

0.13
1.29
0.95
1.34
0.31
−5.09

.90
.21
.35
.19
.76
b.001

2.4. EEG recording and data analysis
Electroencephalographic activity was recorded with a Biosemi
64-channel Active Two EEG system (Biosemi Instrumentation BV,
Amsterdam, the Netherlands), and sampled at 2048 Hz. Two
electrodes in the electrode cap provided an active ground. Electrooculogram (EOG) was recorded from electrodes above and below
the eye, and at the outer canthi of the eyes. The EEG electrodes
were re-referenced ofﬂine to the average of all EEG electrodes. Data
were downsampled ofﬂine to 512 Hz.
Preprocessing of the EEG data was performed using Brain Vision
Analyzer (Brain Products GmbH, Munich, Germany). The raw data
was ﬁltered ofﬂine with a time-constant of 1 s and a notch ﬁlter at
50 Hz. Filtered data were segmented into 2000 ms epochs ranging
between 500 ms before and 1500 ms after the stimulus onset. EOG
artifacts were reduced using an ocular correction algorithm described
by Gratton et al. (1983). Next, a baseline correction was applied in
which the waveforms were normalized relative to a 100 ms stimuluspreceding epoch, and trials containing EEG exceeding +/−75 μV
were removed. The dataset of nineteen subjects (seven subjects with
ASD) were discarded because less than 40 trials of all conditions
combined (b17% of all trials) remained after artifact rejection. The
minimum amount of trials per condition was 14. The average amount
of kept trials for the included subjects was 51 per condition (64%),
with no signiﬁcant difference in amount of kept trials between groups
(Controls mean 69%, range 25–98%; ASD group mean 58%, range
18–90%; p = .27). The relatively large number of discarded datasets
might be explained by the fact that the experiment was part of a rather
long EEG session (including two other visual perception experiments,
see Section 2.3), while relatively long artifact-free epochs are needed
for time–frequency analysis.
2.5. Time–frequency analysis
EEG data were exported and further analyzed using FieldTrip
(http://www.ru.nl/neuroimaging/ﬁeldtrip/), an open source MATLAB
toolbox (The MathWorks, Natick, MA) for EEG and MEG analyses
(Oostenveld et al., 2011).
Time–frequency representations (TFRs) were calculated for each
trial using a multitaper spectral estimation method (Percival and
Walden, 1993). All frequencies between 25 and 100 Hz in steps of
0.5 Hz were examined. A ﬁxed sliding time window of ΔT = 0.5 s
was used, sliding in steps of 50 ms. Frequency smoothing of plus
and minus 4 Hz was obtained using multitapering. The sliding time
window data was multiplied with three orthogonal Slepian tapers.
Subsequently, the data was Fourier transformed and the powerspectral densities were averaged across tapers.
2.6. Control experiment to investigate entrainment to refresh rate
The experimental stimuli elicited neuronal oscillations over visual
cortex at 60 Hz. As the screen refresh rate was at 60 Hz as well, we
were interested to know whether the elicited gamma response was
(partly) due to entrainment to the computer screen ﬂicker. We
performed a control experiment comparing the gamma response
when the stimuli were presented with a screen refresh rate at 60 Hz
to the gamma response when using refresh rate of 75 Hz (5 subjects,
see Supplementary materials). Indeed, the gamma response to the
experimental stimuli was inﬂuenced by the screen refresh rate
(see Supplementary materials, Fig. S1).
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(p b .05). Spatially and/or temporally contiguous electrode-time point
pairs that exceeded the threshold were then grouped into clusters.
The cluster-level test statistic is the sum of the T values within each
cluster. In a second step, the observed cluster-level test statistic was
compared to a randomization null distribution of the cluster-level test
statistic assuming no difference between conditions. This randomization null distribution was obtained by randomly permuting the data of
the two experimental groups 1000 times. The Monte Carlo p-value
was determined as the proportion from this randomization null distribution in which the maximum cluster-level test statistic exceeded the
observed cluster-level test. This is, with 1000 draws, a good estimate
of the true p value. In brief, the cluster randomization p-value denotes
the probability that such a large summed cluster-level statistic would
be observed when there is actually no effect.
When signiﬁcant clusters were found identifying a condition ∗ group
interaction, separate cluster randomization analyses were performed for
the ASD group and the Control group on the mean TFR z-values of the
identiﬁed time window (now clustering only over electrodes, and not
over time). Here z-values were again tested to be different from 0 over
subjects (higher than 1.96 or lower than −1.96), to identify signiﬁcant
condition effects per group.
To assess the main effect of group, at within-subject level the
power mean of the three conditions was compared to zero for all
electrodes and time points (after baseline correction with an
absolute baseline of 300–100 ms before stimulus onset), and T-values
were converted to z-values. Then, at the second level, z-values for the
ASD group and the control group were compared (using clustering
algorithm over time and electrodes as above).

2.7. Statistical analysis
To explore differences between conditions data was averaged over
the 58–62 Hz frequency band. The investigated time window was 0
to 800 ms. All posterior electrodes were entered into the analysis
(P1, P3, P5, P7, P9, PO7, PO3, O1, Iz, Oz, POz, Pz, P2, P4, P6, P8, P10,
PO8, PO4, O2).
To assess the parametric modulation we conducted two repeated
contrast analyses, comparing inter-62 with IH-25, and comparing
H-100 with inter-62. We did this in a 2-step mixed design procedure.
At the ﬁrst-level, for every subject the difference in power between
conditions (as deﬁned by the repeated contrasts) was ﬁrst quantiﬁed
within each subject over trials by means of a t-test (testing for differences between the trials of the two conditions, within the speciﬁc
subject, for every electrode and time point). Subsequently, the
T-values were converted to z-values (SPM2, http://www.ﬁl.ion.ucl.
ac.uk/spm). In this way the power values were normalized and the
contribution of subjects with a large variance was reduced (see
(Nieuwenhuis et al., 2008; van Dijk et al., 2010) for a similar
procedure).
Then, at the second-level, z-values were (1) tested to be different
from 0 over subjects for both groups combined to evaluate the main
condition effects and (2) compared between groups (ASD vs Controls)
to assess the interaction between group and condition. To correct for
multiple comparisons (i.e., 20 EEG electrodes × 17 time points) a nonparametric cluster-randomization test was used (Maris and Oostenveld,
2007): First, all (electrode, time point) pairs were identiﬁed for which
the T/z-value for the effect of interest exceeded a prior threshold
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Fig. 2. Normalized gamma power elicited by the experimental stimuli (all conditions combined) compared to an absolute baseline of 300–100 ms before stimulus onset, for controls
(left) and subjects with autism spectrum disorders (ASD, right). Color codes represent z-values. Top: time–frequency representation averaged over six parieto-occipital electrodes
(PO3, O1, Oz, POz, PO4, O2, shown with ‘x’ in lower panel). Bottom: topography of the effect of stimulus presentation, at 58–62 Hz, 100–800 ms after stimulus onset. Starred
electrodes showed a larger effect in control subjects compared to subjects with ASD (p = .023, corrected for multiple comparisons with cluster randomization routine).
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3. Results
3.1. Behavior
The groups did not differ in their performance on the simple
attention task performed during the experiment, neither in the percentage of correct responses (T(22) = .45, p = .66; percentage correct:
Controls 93.4% (SD 5.1); subjects with ASD 92.4% (SD 5.9)), nor in
reaction time (T(22) = .19, p = .85; mean RT: Controls 252 ms
(SD 35 ms); subjects with ASD 249 ms (SD 41 ms).
3.2. Gamma response to experimental stimuli
The experimental stimuli elicited a clear steady-state evoked
gamma response at 60 Hz over parieto-occipital electrodes, for both
controls (p b .001) and subjects with ASD (p b .001). The increase
in gamma power at 60 Hz compared to baseline was larger for
controls than for subjects with ASD (main effect of group, p = .023,
cluster at electrodes P1, P3, PO7, PO3, P2, P5, P9, and O1; see Fig. 2).
The group effect could not be explained by differences in baseline
gamma power, as no difference in gamma power between groups was
identiﬁed in the pre-stimulus baseline period of 300–100 ms (p N .05).
3.3. Contextual modulation effect
Fig. 3 shows the gamma response elicited by the three different
conditions for subjects with ASD and controls. To explore the contextual modulation effect, ﬁrst the normalized difference in gamma
power (58–62 Hz) between inter-62 and IH-25 was tested to be
different from 0 for both groups combined. An increase in gamma
power was identiﬁed from 300 to 700 ms at electrodes O1, Oz, POz,
and O2 (cluster-p = .041).
Secondly, the normalized difference in power between inter62 and IH-25 was compared between groups (ASD vs Controls,

Controls

IH-25

Hz
10

condition ∗ group effect). There was a marginally signiﬁcant cluster identiﬁed from 250 to 650 ms (p = 0.053), including electrodes P1, P3, Oz, POz, P2, PO8, PO4, and O2. Subsequently, the
mean TFR z-values for 250–650 ms were tested for both groups
separately. For the Control group, stimuli in the inter-62 condition
elicited more 60 Hz power than stimuli in the IH-25 condition
(cluster at electrodes Oz, POz, PO4 and O2, p = .018; see Fig. 4).
No difference was found between inter-62 and IH-25 stimuli in
the ASD group (no clusters identiﬁed). Fig. 4 shows the average
effect from 250 to 650 ms for both groups.
The normalized difference in power between H-100 and inter-62
was not different between groups (condition ∗ group effect, smallest
cluster-p = .49). Furthermore, the z-values for the H-100 compared
to the inter-62 condition did not differ from zero (smallest
cluster-p = .23).
Thus, increasing homogeneity in Gabor orientation from 25 to 62%
resulted in an increase in 60-Hz power for the Control group, but not
for the ASD group. Increasing the orientation homogeneity from 62 to
100% did not result in a further 60-Hz power increase.

4. Discussion
Starting point of this study was the hypothesis that people with
ASD experience atypical contextual modulation in vision as a result
of an atypical excitatory–inhibitory balance in the brain. We were
interested in whether people with ASD show atypical contextual
modulation of the gamma-frequency response recorded with EEG, as
gamma oscillations emerge from a balanced interaction of excitation
and inhibition in the brain (Buzsaki and Wang, 2012), and atypical
gamma responses to visual stimuli have previously been identiﬁed in
people with autism (Grice et al., 2001; Milne et al., 2009; Wright et al.,
2012; Sun et al., 2012). We manipulated the amount of orientation–
homogeneity in textures to tap into orientation-speciﬁc centersurround interactions in early visual areas. We investigated whether
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these contextual modulation processes induced an amplitude increase
in oscillations in the gamma frequency range. Indeed, an increase in
steady-state evoked gamma power over parieto-occipital electrodes
was found in control subjects for textures with more homogeneously
oriented local elements (62% homogeneity vs 25% iso-orientation).
This increase reached a ceiling in the sense that no further increase
was seen from 62% to 100% homogeneity. The gamma-power increase
with increasing contextual modulation was identiﬁed only in our control sample, while no such gamma response for contextual modulation
was seen for subjects with ASD (condition ∗ group interaction).
Our results are in line with previous studies suggesting that atypical
visual perception in ASD is related to impaired lateral connectivity
within primary visual areas (Casanova et al., 2003; Keita et al., 2011;
Vandenbroucke et al., 2008). Lateral (horizontal intra-cortical) connectivity is important for contextual modulation processes in V1 (Seriès
et al., 2003). Furthermore, orientation-speciﬁc surround suppression
has been linked to GABA concentrations in visual cortex (Yoon et al.,
2010). The atypical gamma response to contextual modulation that
we identiﬁed can be seen as the link between the behavioral output
(atypical visual perception) and the underlying brain mechanism
(an imbalance in excitatory and inhibitory neuronal processing).
The impaired inhibition–excitation balance is suggested to be part
of the core etiological pathway of ASD (Ecker et al., 2013). Gamma
oscillations emerge from interactions between neuronal excitation
and inhibition (Buzsaki and Wang, 2012), are important for neuronal communication (Fries, 2009), and have been associated with
e.g., perceptual grouping mechanisms (Singer, 1999).
The gamma response to our experimental stimuli was inﬂuenced
by the screen refresh rate. All oscillatory systems, including those in
the brain, display resonance behavior: they oscillate more strongly

in their preferred frequency (Zaehle et al., 2010). Also for visual stimulation such neural entrainment processes have been found (Regan,
1977; Herrmann, 2001), with stimulation around 60 Hz resulting in
a large entrained response (Regan, 1977; Veit et al., 2011). Intracranial
electrophysiological studies have shown that neurons in LGN and V1
entrain to a 60/70 Hz video refresh rate when high contrast
patterns are on the screen, both in macaques (Williams et al.,
2004) and humans (Krolak-Salmon et al., 2003). Thus, the increase
in gamma activity around 60 Hz, that we identiﬁed in response to
the textured Gabor stimuli, is probably a result of activity of
entrained neurons in LGN/early visual cortex, oscillating at their
resonance frequency. In the entrained state, contextual modulation
processes can have an effect at the entrained frequency of 60 Hz.
For the controls, the gamma response was related to the amount of
orientation homogeneity, with an increase in gamma power for
intermediate versus inhomogeneous displays.
As mentioned in the Introduction section, spontaneous gamma
oscillations have been linked to GABAergic action. Would the link
between GABA and gamma hold for entrained oscillations? Indeed,
GABA modulates steady-state responses in the auditory domain
(Vohs et al., 2010; Vierling-Claassen et al., 2008). A similar mechanism will probably be at work in the visual domain. We suggest
that the contextual modulation effect that we identiﬁed in the
gamma response for control subjects is resulting from GABAergic
processes in early visual brain areas.
It is interesting to note that in the auditory domain reduced auditory steady-state response in the gamma frequency range (40 Hz)
have been found in children with ASD (Wilson et al., 2007) as well
as their ﬁrst degree relatives (Rojas et al., 2008; Rojas et al., 2011).
At lower frequencies decreased visual steady-state responses have
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been found in people with ASD (Lazarev and Pontes, 2009). We now
ﬁnd a reduced entrained gamma response in the visual domain for
subjects with ASD compared to controls. An alternative interpretation
of our contextual modulation results might be that as people with
ASD show less visual entrainment, there can be no (or less) modulation by context. However, although the gamma response is smaller
than controls, people with ASD do show a strong gamma increase in
response to the experimental stimuli, giving opportunity for a possible contextual modulation effect hereon. An imbalance in excitation–
inhibition in the autistic brain would probably result in both an atypical
general gamma response, and an atypical gamma response to contextual
modulation.
Effects in the gamma-frequency range have been related to saccadic
eye-movements (Yuval-Greenberg et al., 2008). We do not think it likely that saccadic eye-movements cause the gamma effects we ﬁnd in the
current study, as gamma effects related to saccadic eye-movements are
usually more broadband in frequency (Yuval-Greenberg et al., 2008).
Indeed, no differences between groups were identiﬁed in the EOG
signal (p N .05).
5. Conclusion
In conclusion, we have found an increase in oscillations in the
gamma frequency range for stimuli that elicit more orientationspeciﬁc contextual modulation (i.e., contain a larger amount of homogeneously oriented local elements). This increase of the gamma
response with contextual modulation was seen for controls, but not
for subjects with ASD. We suggest that this atypical gamma response
for contextual modulation in subjects with ASD is a result of atypical
GABAergic processes, reﬂecting an imbalance between excitatory and
inhibitory processes in the brain in subjects with ASD.
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