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Current theories of the pathophysiology of autism spectrum disorders (ASD) have focused on abnormal temporal coordination of neural
activity in cortical circuits as a core impairment of the disorder. In the current study, we examined the possibility that gamma-band
activity may be crucially involved in aberrant brain functioning in ASD. Magneto-encephalographic (MEG) data were recorded from 13
adult human participants with ASD and 16 controls during the presentation of Mooney faces. MEG data were analyzed in the 25–150 Hz
frequency range and a beamforming approach was used to identify the sources of spectral power. Participants with ASD showed elevated
reaction times and reduced detection rates during the perception of upright Mooney faces, while responses to inverted stimuli were in the
normal range. Impaired perceptual organization in the ASD group was accompanied by a reduction in both the amplitude and phase
locking of gamma-band activity. A beamforming approach identified distinct networks during perceptual organization in controls and
participants with ASD. In controls, perceptual organization of Mooney faces involved increased 60 –120 Hz activity in a frontoparietal
network, while in the ASD group stronger activation was found in visual regions. These findings highlight the contribution of impaired
gamma-band activity toward complex visual processing in ASD, suggesting atypical modulation of high-frequency power in frontopos-
terior networks.

Introduction
Autism spectrum disorders (ASD) are predominantly genetically
mediated syndromes (Freitag et al., 2010; Geschwind, 2011)
characterized by impairments in reciprocal social interaction and
communication alongside with restricted and repetitive behav-
iors (American Psychiatric Association, 2000). In addition to
these clinical symptoms, ASD involve a wide range of cognitive
alterations including changes in basic sensory processing and

higher level cognitive processes (Baron-Cohen et al., 1985;
Happé, 1996; Hill, 2004).

Evidence is emerging that cognitive alterations as well as clin-
ical symptoms may arise from impaired coordination of distrib-
uted neuronal activity (Uhlhaas and Singer, 2007; Minshew and
Keller, 2010; Schipul et al., 2011). In support of this hypothesis,
several studies have demonstrated altered functional connectivity
of blood oxygenation level-dependent responses during a range
of cognitive tasks in ASD (Castelli et al., 2002; Just et al., 2004;
Kleinhans et al., 2008).

Although informative, functional magnetic resonance imag-
ing (fMRI) confers only limited insights into the timing of neu-
ronal responses because of the slow temporal resolution relative
to electroencephalography or magneto-encephalography (EEG/
MEG). EEG and MEG allow the measurement of electrophysio-
logical signals with millisecond precision, a timescale that is
fundamental for precise neural coding (Havenith et al., 2011).
Specifically, oscillatory activity at low- and high-frequency ranges
has been related to a range of cognitive and perceptual processes
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(Rodriguez et al., 1999; Uhlhaas et al., 2009). Of special impor-
tance are oscillations in the gamma-band range (30 –200 Hz)
range as they are particularly suited for establishing precise syn-
chronization in local circuits (Fries, 2009).

Preliminary evidence suggests that ASD may be associated
with changes in gamma-band oscillations. In the auditory do-
main, reduced entrainment to auditory stimulation at 40 Hz in
participants with ASD (Wilson et al., 2007) as well as their first-
degree relatives (Rojas et al., 2011) has been demonstrated. In
contrast, during visual perception there is
evidence for both hyperactivity and hypo-
activity of gamma-band oscillations (Grice
et al., 2001; Brown et al., 2005; Milne et al.,
2009; Isler et al., 2010; Stroganova et al.,
2012), raising the question of the link be-
tween high-frequency oscillations and per-
ceptual dysfunctions in the disorder.

To clarify the role of gamma-band ac-
tivity in perceptual dysfunctions and in
the pathophysiology of ASD, we investi-
gated spectral power in the 25–150 Hz
frequency range during perceptual orga-
nization of Mooney faces in an adult
sample of high-functioning participants
with ASD (n � 13) and matched healthy
control participants (n � 16). We used
MEG because the magnetic field can be
measured undisturbed by tissue inhomo-
geneities, which results in an improved
detectability of high-frequency oscilla-
tions and enhanced localization accuracy
compared with EEG (Kaiser and Lutzen-
berger, 2005). Specifically, we focused on
the high (60 –120 Hz) gamma-band range because previous work
had demonstrated that the 60 –120 Hz band is critical for percep-
tual organization of Mooney faces (Grützner et al., 2010).

Based on current pathophysiological models of ASD that have
discussed a dysfunction in the excitation-inhibition balance (E/I
balance) (Rubenstein and Merzenich, 2003) as well as atypical
modulation in frontoposterior networks (Minshew and Keller,
2010; Schipul et al., 2011), we expected reduced gamma-band
power during perceptual processing in participants with ASD as
well as abnormal modulation of high-frequency activity in fron-
tal, parietal, and sensory cortices.

Materials and Methods
Participants
Thirteen participants with ASD (11 males, mean age: 30.3 years) were
recruited from the Department of Child and Adolescent Psychiatry, Psy-
chosomatics, and Psychotherapy of the Goethe University at Frank-
furt/M. Inclusion criteria were a clinical diagnosis of autism, Aspergers
disorder, or pervasive developmental disorder not otherwise specified
(PDD-NOS) according to DSM-IV (American Psychiatric Association,
2000), age �18 years and IQ �70. The clinical diagnosis was corrobo-
rated using the German form of the Autism Diagnostic Interview-
Revised (Schmötzer et al., 1993; Lord et al., 1994) and the Autism
Diagnostic Observation Schedule (Lord et al., 2000). General IQ was
assessed with the standard progressive matrices (Raven, 1948).

In addition, 16 healthy controls (12 males, mean age: 29.7) were re-
cruited from the local community and screened for psychopathology
with the German version of Structured Clinical Interview for DSM-IV-R
Non-Patient Edition (Sass et al., 2003). There were no significant differ-
ences between participants with ASD and controls in IQ, sex distribution,
and age (Table 1). Written informed consent was obtained from all par-

ticipants following a description of the study procedures. The study was
performed according to the Declaration of Helsinki and approved by the
ethical committee of the Goethe University (Frankfurt, Germany).

Stimuli and task
Mooney and Ferguson (1951) developed a visual closure task consisting
of degraded pictures of human faces where all shades of gray are re-
moved, thereby leaving the shadows rendered in black and the highlights
in white. Perception of Mooney faces involves the grouping of the frag-
mentary parts into coherent images based on the Gestalt principle of
closure. We used a set of 160 different stimuli, consisting of the 40 orig-
inal Mooney stimuli presented in the upright orientation, mirrored at the
vertical axis and in corresponding versions mirrored at the horizontal
axis (Fig. 1). The inverted stimuli were scrambled by moving single con-
tiguous white or black foreground patches across the black or white
background areas, respectively. This scrambling ensured that no faces
were perceived in the inverted condition. Importantly, upright and
inverted-scrambled stimuli were matched with respect to low-level stim-
ulus properties, such as luminance and spatial frequencies.

Participants were presented with a random sequence of upright and
inverted-scrambled stimuli, which were shown for 200 ms. The inter-
stimulus interval ranged between 3500 and 4500 ms. Participants re-
sponded with a button press to both face and no-face stimuli and the
hand assignment was counterbalanced across participants.

A fixation cross was presented in the center of the screen between
trials. Before data collection, participants performed a practice block to
become familiar with the task and the response buttons. All participants
completed four experimental runs, each of which was composed of 60
upright and 30 inverted-scrambled stimuli. The stimuli were displayed in
the center of a translucent screen at a viewing distance of 53 cm and
subtended 19 degrees of visual angle. An LCD projector located outside
the magnetically shielded room of the MEG was used to project the
stimuli onto the screen via two front-silvered mirrors. Stimulus presen-

Figure 1. Examples of upright (A) and inverted-scrambled (B) Mooney face stimuli.

Table 1. Mean, SDs, and mean differences for genders, ages, and IQ scores of
controls and participants with ASD

Healthy controls
(n � 16)

ASD group
(n � 13) Mean differences

Mean SD Mean SD �2/t value p value

Gender (M/F) 12/4 11/2 �2(1) � 0.55 0.446
Age (years) 29.69 6.88 30.31 9.60 t(27) � 0.20 0.847
SPM IQ 116.06 8.42 107.75 14.63 t(27) � �1.76 0.097

ASD, autism spectrum disorders; SPM, standard progressive matrices.
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tation was controlled using the Presentation software package (Neurobe-
havioral Systems).

MR data acquisition
Structural MR images were obtained with a 3 T Siemens Allegra scanner,
using a CP head coil for radio frequency transmission and signal recep-
tion. A 3D MPRAGE sequence (160 slices, voxel size � 1 � 1 � 1 mm,
FOV � 256, TR � 2300, TE � 3.93) was used for the structural scan.
Before the structural scan, vitamin E pills were placed at the nasion and 1
cm anterior to the tragus of the left and right ear to allow for coregistra-
tion of the MEG and MRI data.

MEG recording
Acquisition. MEG signals were recorded with a 275-channel whole-head
system (Omega 2005; VSM MedTech with 600 Hz sample rate and pro-
cessed with a digital bandpass filter (fourth order Butterworth filter,
low-frequency cutoff 0.5 Hz and high-frequency cutoff 150 Hz). Before
each run, the head position was relocalized according to three coils
placed on the nasion and 1 cm anterior to the tragus of the left and right
ear. The head movement was kept �5 mm. Runs with larger movements
were discarded. Behavioral responses were recorded using a fiberoptic
response pad (lumitouch; Photon Control) of the presentation computer
and fed back to MEG acquisition system as an additional channel.

MEG data processing
MEG data were analyzed using the FieldTrip open source MATLAB
Toolbox (http://www.ru.nl/fcdonders/fieldtrip/). Trials were defined
from the continuously recorded MEG from �1000 to 1000 ms with
respect to the onset of the visual stimulus and classified according to the
two experimental conditions: the face condition, containing trials with
upright stimuli, and the no-face condition, containing trials with
inverted-scrambled stimuli. Only data with correct responses were con-
sidered for all further analyses.

Data epochs contaminated by eyeblinks, muscle activity, or jump ar-
tifacts in the SQUIDs were discarded using automatic artifact detection
and rejection routines provided by the FieldTrip software. Nonartifact
trials were baseline corrected by subtracting the mean amplitude during
an epoch ranging from �500 to �100 ms before stimulus onset.

Analysis of sensor-level spectral power changes
Time-frequency representations (TFRs) were computed by means of
Morlet wavelets with a width of five cycles per wavelet at center frequen-
cies between 25 and 150 Hz, in 1 Hz steps. For a statistical analysis of the
event-related changes in gamma-band power, we focused on the face
condition and performed three tests. First, we tested changes in gamma-
band power within each group and compared the raw power during
stimulus presentation (50 –350 ms poststimulus) to the raw power dur-
ing baseline (�350 to �50 ms prestimulus) using permutation tests
based on the dependent-samples t-metrics. Next, we compared gamma-
band power between controls and patients for the interval between 50
and 350 ms poststimulus using permutation tests based on the

independent-samples t-metric. The between-
group analysis was computed on absolute
power difference values; that is, the raw base-
line power was subtracted from the raw task
power for each subject. All statistical tests were
computed as mass-univariate tests for all fre-
quency bins in the frequency range of 25–140
Hz and included all channels. To correct for the
arising multiple-comparison problem we used
cluster-based statistical analysis (Maris and
Oostenveld, 2007) with a criterion of p � 0.05.

In addition to estimating power values, we
also computed intertrial phase coherence
(ITPC) (Delorme and Makeig, 2004) across all
sensor groups for low-frequency delta (1–3
Hz), theta (4 –7 Hz), and alpha (8 –12 Hz)
bands as well as for high-frequency activity
(beta band [13–25 Hz] and low [25– 60 Hz]
and high [60 –140 Hz] gamma bands). This
analysis approach was used to distinguish tran-
sient oscillatory activity associated with the on

and off responses from induced, nonphase-locked oscillations.

Reconstruction of sources of oscillatory sensor-level components
To localize the sources underlying spectral power changes, we used a
linearly constrained minimum variance beamformer (Van Veen et al.,
1997) as implemented in FieldTrip. This technique estimates the source
power for each voxel in the brain by constructing an adaptive spatial filter
that connects each voxel with the MEG sensors. The spatial filter at each
cortical location is constructed such that the sensitivity to a source at
the target location is fixed at unit gain, while the total output power of the
filter is minimized, thus minimizing cross talk between sources. For the
computation of the forward model, we used a realistic single-shell vol-
ume conductor model (Nolte and Dassios, 2005). To obtain the shape
parameters for this model, a segmentation of each participant’s individ-
ual MRI was performed using SPM2 (http://www.fil.ion.ucl.ac.uk/spm).

We first filtered the data in the low (25– 60 Hz) and high (60 –120 Hz)
gamma-band frequency ranges, respectively, and computed the covari-
ance matrix of the filtered data. We used a narrower frequency range for
the high gamma band in this analysis (60 –120 Hz) compared with the
sensor-level analyses (up to 140 Hz) to minimize the difference in band-
width for the beamformer analyses in the low and high gamma frequency
ranges. Thus, for the source reconstruction of high gamma-band power,
we focused on the frequency window that had shown the most pro-
nounced task-related effects in the high gamma-band range at sensor
level.

For each of the two frequency ranges, the covariance matrix was then
computed for all face trials, for both patients and controls, separately for
baseline (�350 to �50 ms) and activation epochs (50 –350 ms). The
covariance matrices for baseline and activation epochs were averaged to
allow for the computation of common filters. We used a common filter
throughout the analyses because computing separate filters for task and
baseline may have introduced differences in the beamformer filters due
to changes in the number of active sources. Common filters then enabled
a statistical test of the hypothesis that source power is changed by a
stimulus. In contrast, when computing separate sets of filters for task and
baseline, the hypothesis to be tested is that either source power changes or

Figure 2. ITPC across all sensor groups in both controls (A) and participants with ASD (B) for high- and low-frequency activity.
The colored scale indicates change in ITPC relative to baseline values.

Table 2. Means, SDs, and mean differences for behavioral performance in controls
and participants with ASD

Healthy controls
(n � 16)

ASD group
(n � 13) Mean differences

Mean SD Mean SD t value p value

Hits (%) 82.71 7.08 69.85 18.21 t(27) � 2.59 0.016
Correct rejections (CR) (%) 81.95 15.28 76.58 26.79 t(27) � 0.67 0.508
Discrimination index (DI) 0.89 0.06 0.84 0.07 t(27) � 2.20 0.037
Reaction time (hits) (ms) 656.11 92.81 806.88 223.36 t(27) � �2.45 0.022
Reaction time (CR) (ms) 848.38 112.99 828.73 138.12 t(27) � 0.41 0.682

ASD, autism spectrum disorders.
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beamformer filters differ between task and
baseline because of a potentially changing
number of active sources between task and
baseline (Nieuwenhuis et al., 2008). Source
power was subsequently estimated for each
grid location by projecting the sensor data
through the common filters for each trial sep-
arately for task and baseline.

For a statistical analysis of the source power,
we first normalized the single participant and
condition source power estimate to MNI
space. At the source power level, we then per-
formed a nonparametric ANOVA using a 2 � 2
design with the factors phase (task vs baseline)
and group (participants with ASD vs controls).
Evaluated contrasts were task versus baseline
and the phase versus group by task versus base-
line interaction effect. All of the statistical tests
were performed using Monte Carlo permuta-
tion tests and multiple comparisons were cor-
rected with a cluster-based test statistic (Maris
and Oostenveld, 2007). Alternatively, para-
metric testing could have been used but the
source power residuals could not be assumed
to be normally distributed because of the inter-
group comparisons performed. Permutation
tests provide higher accuracy in this case.

In the final step, we identified those brain regions that were specifically
involved in dysfunctional perceptual organization of Mooney faces
through contrasting high gamma-band activity to face versus no-face
stimuli between the ASD group versus controls (interaction effect). To
this end, we entered the baseline-corrected data into a nonparametric
ANOVA (Anderson and ter Braak, 2003) involving a 2 � 2 design with
factors percept (face vs no-face condition) and group (ASD group vs
controls). We focused on the interaction effect as this was the only term
relevant for the question of which network of gamma-band sources con-
tributed uniquely to perceptual organization deficits in participants with
ASDs.

Finally, in the description of source results and their interpretation, we
did not include activations in deep brain structures, such as the thalamus,

because it is currently unclear whether MEG-based source reconstruc-
tion techniques are suited to study deep brain structures (Papadelis et al.,
2009). Therefore, such sources have been highlighted in Figure 9 and will
not be discussed.

Correlations between behavioral responses and source
gamma-band power
To investigate the relationship between gamma-band power and behav-
ior, we computed correlations between source power in the 60 –120 Hz
frequency range and reaction times, detection rates, and the discrimina-
tion index (A�) for the ASD group and controls separately. Correlations
were obtained in the following two steps. Dependent t tests (task source
power vs baseline source power) were applied to each participant with
the cluster-based nonparametric permutation test described above and

Figure 3. Topography and statistical analysis of ITPC for low-frequency activity (delta, theta, and alpha bands) (A) averaged between 5 and 320 ms and high frequencies (beta band and low and
high gamma band) (B) for controls (left) and probands with ASD (middle). Right panel displays the statistical differences between the ASD group and controls. ITPC values are expressed as relative
change to the baseline period and corrected for multiple comparisons through a cluster-based test statistic.

Figure 4. TFRs and topographies of gamma-band spectral power in the face condition for controls (A) and participants with ASD
(B). The gamma-band signal is expressed as relative power change in the poststimulus time window compared to baseline,
averaged across all channels and all subjects in each group. The topographies are averaged across the poststimulus interval
(0 – 400 ms) and between 25 and 120 Hz.
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applied to the whole brain. If a t value for one grid point was significant
across all participants, this grid point (unit) was kept for further analysis.
In the next step, each unit was then used to compute correlations with
reaction times, detection rates, and the discrimination index A�. Only
significant correlations were selected that met an �-level of 0.05 with
Bonferroni correction (Curtin and Schulz, 1998). Finally, the low spatial
resolution of the correlation map was interpolated with a spline function
in SPM8 to be compatible with the standard brain template for display
purposes.

Results
Behavioral results
We analyzed the percentage of correct responses as well as reac-
tion times for the face and the no-face condition (Table 2). Fur-
thermore, we computed the discrimination index A� (Grier,
1971). The ASD group detected significantly fewer faces than
controls (t � 2.589, p � 0.05) and had longer reaction times (t �
�2.445, p � 0.05). However, responses to stimuli in the no-face
condition in participants in the ASD group were in the normal
range (correct responses: t � 0.672, p � 0.50; reaction times: t �
0.414, p � 0.68). The significant difference between groups in A�
(t � 2.201, p � 0.05) confirmed that controls had a better dis-
crimination performance.

ITPC analysis
The analysis of ITPC values revealed prominent increases in the
low gamma-band range during an early (5–120 ms) and a later
time window (220 –320 ms; Fig. 2), which likely reflected tran-

sient activity related to the on and offset response of the stimulus.
To differentiate spectral power related to transient activity from
induced power, we used the gradient of ITPC values to define
evoked activity based on the averaged power over all channels and
participants in the low gamma band. Accordingly, we defined
three time windows: (1) an early evoked time window (onset
response: 5–105 ms), (2) an induced period (105–220 ms), and
(3) a second evoked window (offset response: 220 –320 ms).

In both controls and participants with ASD, gamma-band
ITPC was focused over occipitoparietal sensors (Fig. 3B). Com-
pared with controls, ASD probands were characterized by signif-
icantly reduced ITPC values in the low and high gamma bands
over parietal and central sensors (Fig. 2). In addition to ITPC
deficits in the gamma-band range, we also found significant
lower ITPC values in the lower delta, theta, and alpha bands in the
ASD group (Fig. 3A).

Gamma-band power at sensor level
After artifact correction, the mean number of trials in the face
condition in controls was 138 and 108 trials in the ASD group. In
the no-face condition, there were 69 trials for participants with
ADS and 71 for control participants. To correct for the higher
number of trials in the face condition in controls relative to par-
ticipants with ASD, we adjusted the number of trials in this group
by randomly selecting 30 trials from each participant.

In controls, gamma-band activity was characterized by a task-
related increase between 50 and 350 ms after stimulus onset with

Figure 5. A, Statistical analysis of power changes in response to upright Mooney faces for controls (left), participants with ASD (middle), and for the difference between controls and participants
with ASD (right). The topographies display significant differences between the face condition and the 0.5 s prestimulus baseline, separately for the lower (25– 60 Hz) and the higher (60 –120 Hz)
gamma band. The effect is masked by the significance map derived from a cluster-based test statistic. Left and middle, Red denotes higher activation during stimulus presentation compared to
baseline, whereas blue denotes less activation during stimulus presentation compared to baseline. Right, In the topographies (difference for the face condition between controls and participants
with ASD) red denotes stronger activation for controls compared to participants with ASD, whereas blue represents stronger activation in participants with ASD relative to controls. Topographies in
the top row show the averaged spectral power for the 5–320 ms period, whereas the topographies in the middle row show spectral values for the three time windows (on response, induced window,
and offset response) separately. B, Differences in baseline activity between controls and participants with ASD.
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two prominent gamma-band peaks �50 and 250 ms in the 25–
140 Hz frequency range (Fig. 4A). We observed sustained
gamma-band activity between 100 and 300 ms, mainly between
60 and 120 Hz. The statistical analysis of poststimulus activity in
controls (task vs baseline) revealed a significant increase in low-
and high-frequency gamma-band power over parieto-occipital
channels. This power increase was accompanied by a significant
reduction over frontocentral sensors in the low gamma-band
range, which was only evident in the control group (Fig. 4A).

Participants with ASD were characterized by significantly re-
duced gamma-band activity over parieto-occipital sensors (Fig.
5A). The effect size for the deficit in high gamma-band activity
over parieto-occipital sensors in the ASD group was large (d �
1.25). Similarly, the deficit in the 25– 60 Hz frequency reached a
value of d � 0.97.

The analysis of transient and induced time windows showed
that the reduction in high gamma-band oscillations involves
both the evoked activity related to the on and off response as well

as induced power, while for the 25– 60 Hz activity the deficit was
only associated with the offset response (Fig. 5B).

Baseline analysis
To exclude that effects were solely driven through differences in
baseline activity, we also examined baseline activity before stim-
ulus onset in controls and participants with ASDs, which could
potentially bias differences task-related activity. Controls showed
a small increase in baseline power values in the 25– 60 Hz range
relative to participants with ASD (Fig. 5B). In the 60 –120 Hz
frequency range, there was no difference in baseline activity be-
tween groups.

Spatiotemporal reconstruction of gamma-band activity
during the face condition
In controls, the strongest activation in the high gamma band
(task vs baseline) was observed in frontal, temporal, and visual
regions. Specifically, higher gamma-band activity was found in

Figure 6. Source power in the face condition for controls and participants with ASD. A, B, D, E, Red clusters represent stronger activation in the face condition compared to baseline for controls
and participants with ASD, whereas blue clusters represent stronger activation in the baseline relative to the task. C, F, Correspond to the differences between controls and participants with ASD in
the face condition, where red clusters denote stronger activation in controls compared to participants with ASD and blue clusters denote stronger activation in participants with ASD compared to
controls. Note that p values are calculated by cluster-based statistical analysis. 1, MeFG; 2, MFG; 3, STG; 4, MTG; 5, IFG; 6, insula; 7, FusG; 8, STG; 9, lingual gyrus; 10 and 11, lentiform nucleus*; 12,
MFG; 13, insula; 14, IPL; 15, parahippocampal gyrus; 16, FusG; 17, lingual gyrus; 18, STG; 19 and 20, supramarginal gyrus; 21, precuneus. *Excluded from analysis.
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the lingual gyrus, the fusiform gyrus (FusG), the superior temporal
gyrus (STG), and the left middle frontal gyrus (MFG) (Fig. 6). In the
ASD group, source activity was generally reduced and confined to
the right inferior parietal lobe (IPL) and the insula (Fig. 6). See Table
3 for anatomical locations and MNI coordinates.

In the lower gamma band, face stimuli in the control group
elicited extended source activity in frontal areas, with a peak in
the right frontal gyrus, MFG, medial frontal gyrus (MeFG), and
STG. In contrast, in participants with ASD, lower gamma-band
power sources involved only a small cluster in the left middle
temporal gyrus (MTG).

Differences in source power between controls and partici-
pants with ASD revealed widespread deficits in the ASD group,
which were particularly prominent in the 60 –120 Hz frequency
range (Fig. 6). In the high gamma band, reduced source power in
the ASD group was localized to the FusG, the lingual gyrus, and
STG of the right hemisphere. Clusters of reduced activity in the

left hemisphere included the parahippocampal gyrus and the pre-
cuneus. Furthermore, the ASD group showed a bilateral deficit in
the supramarginal gyrus. In the 25– 60 Hz band, reduced activity
was located to the left inferior frontal gyrus (IFG) and the insula.

Deficits in gamma-band source activity during perceptual
organization in participants with ASD
We contrasted gamma-band activity to face versus no-face stim-
uli between the ASD group versus controls to identify the sources
that contributed uniquely to perceptual organization deficits in
participants with ASD.

The analysis of the interaction between condition (face vs no-
face) and group (ASD group vs controls) revealed a complex
pattern of hyperactivity and hypoactivity during perceptual or-
ganization in the ASD group. In the high gamma band, controls
were characterized by enhanced activity relative to the ASD group
in a frontoparietal network during perceptual organization,
which included the medial and MFG as well as the precuneus
(Fig. 7). This hypoactivity in the ASD group was accompanied by
increased source activity in posterior regions, including the lin-
gual gyrus, parahippocampal gyrus, and supramarginal gyrus
(Fig. 7). See Table 4 for anatomical locations and MNI
coordinates.

A reversed pattern of activation differences was found for the
low gamma-band range. For the 25– 60 Hz frequency band, the

Figure 7. Source power in the high gamma band for the interaction between condition (face vs no-face condition) and group (participants with ASD vs controls). A, B, Red clusters represent
stronger activation under the two conditions in controls, whereas blue clusters represent stronger activation under the two conditions in participants with ASD. Note that p values are calculated by
cluster-based statistical anaylsis. 1, parahippocampal gyrus; 2, IFG; 3, MTG; 4, MeFG; 5, parahippocampal gyrus; 6, MeFG; 7, lingual gyrus; 8, supramarginal gyrus; 9, MFG; 10, precuneus.

Table 3. Anatomic locations and MNI coordinates for the sources of high and low
gamma-band activity in controls and participants with ASD

MEG (MNI)
x

Coordinates

Cluster Anatomic location t value y z

1 Right MeFG 4.53 6 12 �20
2 Right MFG 3.17 26 48 �10
3 Right STG 3.37 62 6 0
4 Left MTG 3.27 �58 0 �10
5 Left IFG 2.67 �14 20 �20
6 Right insula 3.31 38 �10 �6
7 Right FusG 6.50 36 �40 �20
8 Left STG 4.96 �48 �12 �8
9 Right lingual gyrus 7.42 10 �90 �10

10 Left lentiform nucleus 6.88 �18 �8 0
11 Right lentiform nucleus 6.61 30 �2 0
12 Left MFG 6.43 �30 24 30
13 Right insula 5.26 30 �28 10
14 Right IPL 3.78 44 �44 40
15 Left parahippocampal gyrus 3.50 �34 �18 �20
16 Right FusG 3.46 36 �38 �20
17 Right lingual gyrus 4.21 8 �88 �10
18 Right STG 3.40 48 �20 0
19 Left supramarginal gyrus 3.75 �46 �58 30
20 Right supramarginal gyrus 3.00 56 �60 30
21 Left precuneus 2.84 �14 �64 50

FusG, fusiform gyrus; IFG, inferior frontal gyrus; IPL, inferior parietal lobule MeFG, medial frontal gyrus; MEG,
magneto-encephalogram; MFG, middle frontal gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus.

Table 4. Anatomic locations and MNI coordinates for the sources of high and low
gamma-band activity for the interaction between face versus no-face conditions
and groups (controls vs participants with ASD)

MEG (MNI)
x

Coordinates

Cluster Anatomic location t value y z

1 Right parahippocampal gyrus �2.41 16 �8 �20
2 Right IFG �2.53 40 24 �10
3 Right MTG 1.75 62 �32 0
4 Left MeFG �2.94 �10 38 40
5 Right parahippocampal gyrus �2.65 40 �34 �20
6 Right MeFG 2.74 10 38 �10
7 Right lingual gyrus �2.25 22 �72 �10
8 Right supramarginal gyrus �2.35 50 �46 30
9 Right MFG 2.45 30 6 50

10 R precuneus 2.59 22 �52 50

IFG, inferior frontal gyrus; MeFG, medial frontal gyrus; MEG, magneto-encephalogram; MFG, middle frontal gyrus;
MTG, middle temporal gyrus.

Sun et al. • Impaired Gamma-Band Activity in ASD J. Neurosci., July 11, 2012 • 32(28):9563–9573 • 9569



ASD group was characterized by stronger activity in the inferior
and MeFG and in the parahippocampal gyrus during perceptual
organization, while controls showed elevated activity in the
MTG.

Correlations between behavior and gamma-band
source power
Correlations between gamma-band source power and behavioral
parameters were computed for controls and the ASD group sep-
arately (Fig. 8). For the high gamma band, there was a significant
negative correlation between increased gamma-band power in
the lingual gyrus and the insula and reduced reaction times in

controls. Moreover, there was a significant correlation between
increased activity in the insula and the discrimination index A�.

Participants with ASD were characterized by a different pat-
tern. Reaction times were negatively correlated with 60 –120 Hz
activity in the MTG and cingulate gyrus (Fig. 9). Finally, high
gamma-band activity in the MFG correlated negatively with dis-
crimination performance. See Tables 5 and 6 for anatomical lo-
cations and MNI coordinates.

Discussion
We observed that visual processing of Mooney faces in ASD is
associated with profound impairments in gamma-band power,

Figure 8. Correlation between behavior data and high gamma power in controls. Correlations with hit rates (A), RTs (B), and discrimination (C). 1, lingual gyrus; 2 and 3, insula.

Figure 9. Correlation between behavior data and high gamma power in participants with ASD. Correlations with hit rates (A), RTs (B), and discrimination (C). 1, MTG; 2, lentiform nucleus*; 3,
cingulate gyrus; 4 and 5, extranuclear*; 6: MFG. *Excluded from analysis.
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suggesting an impairment in precise timing of neural activity in
adult participants with ASD. Moreover, the pattern of dysfunc-
tional gamma-band activity is consistent with previous anatom-
ical and fMRI findings that suggest that frontoposterior networks
are differentially affected (Schipul et al., 2011).

Participants with ASD were characterized by impaired behav-
ioral responses to upright Mooney faces, which could reflect dys-
functional configural processing and/or enhanced processing of
individual elements (Lahaie et al., 2006). Aberrant detection rates
and reaction times to Mooney faces were associated with a reduc-
tion of gamma-band power at the sensor level, which started as
early as 80 ms with a decrease in the evoked response over occip-
itoparietal sensors. Previous studies examining gamma-band
power in ASD during complex visual processing in ASD have
reported intact evoked responses (Grice et al., 2001; Brown et al.,
2005; Milne et al., 2009). The current results suggest that visual
processing in ASD is associated with a pronounced deficit in
feedforward, transient gamma-band activity, which is supported
by event-related potential studies (Milne et al., 2009; Sutherland
and Crewther, 2010).

In contrast, induced oscillations are not time locked to the
onset of a stimulus but occur with a variable delay between
trials, suggesting that these rhythmic fluctuations reflect self-
generated patterns of neural activity that are important for
establishing large-scale synchronization between cortical re-
gions (Varela et al., 2001). Our data suggest that participants
with ASDs are characterized by impairments in induced activ-
ity in the high gamma-band range as well which was most
pronounced over occipitoparietal sensors.

Previous studies examining neural oscillations in ASD had
largely focused on oscillatory activity in the 30 – 60 Hz frequency
because oscillations around �40 Hz were initially proposed to
serve as a mechanism for the binding of spatially distributed re-
sponses in vision (Gray et al., 1989). The current data clearly
suggest that the main deficit in ASD is in the 60 –120 Hz fre-
quency band. Finally, we found only limited evidence for in-
creased high-frequency activity in the ASD group as previously
reported (Brown et al., 2005; Isler et al., 2010; Stroganova et al.,
2012) as elevated gamma-band activity was limited to an upregu-
lation of 25– 60 Hz activity over frontocentral sensors.

Because only limited conclusions can be drawn from sensor
data in regards to the underlying cortical structures that generate
neural oscillations, we performed a source localization with a
beamforming approach, which allowed the identification of the

underlying cortical network. In controls high gamma-band ac-
tivity in the face condition was found in a distributed network,
such as the temporal cortex and IFG, which have been related to
face perception and perceptual decision making (Kanwisher et
al., 1997; Ploran et al., 2007).

Previous studies have reported conflicting evidence regarding
the involvement of the FusG in face-processing deficits in ASD
(Pierce et al., 2001; Bird et al., 2006; Dziobek et al., 2010). The
current data suggest a pronounced impairment in high gamma-
band activity in this region, suggesting that 60 –120 Hz power
may be a sensitive marker of aberrant processing in networks
relevant for face processing. In addition, reduced gamma-band
activity in the precuneus suggests that in the ASD group percep-
tion of Mooney faces led to a less perceptually integrated object
representation as the precuneus has been implicated in the recon-
struction of object (or face) representations from fragmentary evi-
dence(Dolanetal., 1997).Thereduced“face-like”representationcould
also explain the decreased activity in the supramarginal gyrus, a brain
region that is part of an extended face-processing network, which is
particularly involvedintheperceptionofeye-gazedirection(Nummen-
maa et al., 2010).

Perceptual organization in ASD involves abnormal
modulation of gamma-band activity in cortical networks
The contrast comparing differences between face and no-face
stimuli between the two groups revealed a network in controls,
which overlapped with regions identified during the face condi-
tion (precuneus, MFG) but included additional activity in the
MeFG. Moreover, an additional cluster was detected in the MTG
in the 25– 60 Hz band. This frontoposterior network is crucially
involved in complex social cognition as suggested by studies that
have examined fMRI activity during mentalizing and face percep-
tion (Amodio and Frith, 2006).

Perceptual organization of Mooney faces in participants with
ASD was characterized by a qualitatively different network be-
cause gamma-band sources were focused almost exclusively over
posterior regions, notably in the lingual gyrus, parahippocampal
gyrus, and supramarginal gyrus. The differential modulation of
high gamma-band activity in anterior versus posterior networks
is in agreement with both the behavioral phenotype as well as
with several anatomical and functional imaging studies that have
demonstrated stronger recruitment of sensory regions in ASD
(Minshew and Keller, 2010; Schipul et al., 2011) and aberrant
connectivity between frontal and posterior regions in EEG data
(Coben et al., 2008). In contrast, cortical networks in ASD fre-
quently involve reduced activity in frontal and temporal cortices
that are particularly relevant for social cognition, language, and
executive functions.

In the current study, elevated high gamma-band activity in
visual regions, such as the lingual gyrus, could reflect an em-
phasis on the “perceptual” qualities of Mooney faces in the
ASD group. Moreover, the increased activation in the parahip-
pocampal gyrus suggests that in the ASD group, cortical re-
gions are activated during perceptual organization of face-like
stimuli that are not typically recruited during normal brain
functioning, possibly indicating a compensatory strategy. This
is also supported by the contrast in the low gamma band. In
the 25– 60 Hz frequency range, participants with ASD showed
increased activity relative to controls over frontal regions,
which overlapped with reduced gamma-band sources in the
60 –120 Hz frequency, suggesting that cortical networks in
ASD generated low gamma-band activity because of dysfunc-
tional circuits in the frontal cortex.

Table 5. Anatomic locations and MNI coordinates for the correlations between
behavioral data and high gamma power in controls

MEG (MNI)
X

Coordinates

Cluster Anatomic location r y Z

1 Right lingual gyrus 0.63 4 �90 0
2 Right insula 0.54 34 10 10
3 Right insula 0.53 42 �8 0

MEG, magneto-encephalogram.

Table 6. Anatomic locations and MNI coordinates for the correlations between
behavior data and high gamma power in participants with ASD

MEG (MNI)
x

Coordinates

Cluster Anatomic location (label) r y Z

1 Right MTG �0.78 42 �70 10
2 Left cingulate gyrus �0.72 �16 2 40
3 Left MFG �0.72 �30 20 50

MEG, magneto-encephalogram; MFG, middle frontal gyrus; MTG, middle temporal gyrus.
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Finally, we observed a profound alteration in the relationship
between gamma-band activity and behavior in the ASD group,
which points to decoupling of high-frequency activity from effi-
cient perceptual processing. In controls there was a significant
correlation between faster reaction times and increased 60 –120
Hz activation in the lingual gyrus as well as enhanced 60 –120 Hz
activity in the insula, which was associated with improved dis-
crimination performance between face and no-face stimuli and
faster reaction times. The insula has recently received increased
attention as an important brain region during decision making in
perceptual paradigms in normal brain functioning (Sterzer and
Kleinschmidt, 2010).

The relationship between enhanced high gamma-band activ-
ity and behavior was not found in the ASD group. Instead, dis-
crimination performance and reaction times was negatively
correlated with 60 –120 Hz activity in several brain regions, in-
cluding the MTG, cingulate gyrus, and MFG. These data suggest
that while high gamma-band activity in frontal and occipital cor-
tices facilitates efficient perceptual processing in controls, this
relationship is inversed in ASDs.

Links to the development and neurobiology of ASD
The pronounced dysfunction in gamma-band activity suggests
that changes in the E/I balance may be a pervasive feature of
cortical networks in ASD (Rubenstein and Merzenich, 2003;
Gogolla et al., 2009), because gamma-band oscillations crucially
depend on negative feedback inhibition of pyramidal cells by
GABAergic interneurons (Sohal et al., 2009) as well as on gluta-
mate receptor-mediated feedforward excitatory inputs (Traub et
al., 2004). Several lines of evidence suggest that this balance is
impaired in ASD as indicated by the high incidence of epilepsy
(Tuchman and Rapin, 2002) as well as by data showing altered
expression of different GABA-receptor subtypes (Fatemi et al.,
2002; Oblak et al., 2010) and dysfunctions in glutamatergic neu-
rotransmission (Choudhury et al., 2012).

One hypothesis is that impaired gamma-band activity in ASD
is the result of aberrant prenatal and perinatal development that
leads to a lasting impairment in neural oscillations. This possibil-
ity is supported by the fact that parvalbumin-containing in-
terneurons (PVI) are critical for rhythmic inhibition and,
consequently, for the emergence of gamma-band oscillations in
cortical networks (Sohal et al., 2009). In addition, PVIs are func-
tionally involved in the induction of critical period plasticity (Fa-
giolini et al., 2004), suggesting that dysfunctional PVIs in ASD
could lead to altered, early brain development and to dysfunc-
tional microcircuit architecture (Gogolla et al., 2009).

Issues for future research
Future research needs to address to what extent the pattern of
behavioral and physiological dysfunctions in a small sample of
high-functioning participants with ASD is also associated with
ASD during earlier development periods and the result of
changes in the E/I balance. Moreover, because face-processing
deficits in ASD can involve distinct mechanisms and impair-
ments (Lahaie et al., 2006; Webb et al., 2010), intraindividual
variability needs to be taken into account through recruiting
larger samples, which may allow the detection of subgroups
with distinct patterns of behavioral and electrophysiological
signatures.

Finally, since the focus in this study was on the investigation of
high-frequency activity, relationships of deficits in the high
gamma band with low-frequency activity need to be investigated
because of the coupling between gamma-band activity and theta-

band oscillations during normal brain functioning (Canolty et
al., 2006) and to demonstrate the specific contribution of 60 –120
Hz activity toward perceptual impairments in the disorder.

Conclusion
Our data provide novel evidence for the role of gamma-band
activity in visuoperceptual dysfunctions in ASD through demon-
strating profound impairments in 60 –120 Hz spectral power in
frontoposterior cortical networks in adult participants with ASD.
Our data suggest that 60 –120 Hz activity, which underlies per-
ceptual processing in controls, is significantly reduced in ASD
and is characterized by a differential relationship with cognition
and behavior. While in controls, high gamma-band power has a
facilitatory effect, and this relationship is altered in ASD as indi-
cated by the decoupling of 60 –120 Hz activity from behavior and
the shift of cortical networks from anterior to posterior brain
regions.
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