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Summary

Autism is a behaviorally diagnosed neurodevelopmental disorder with no current biomarkers with
high specificity and sensitivity. Gamma-band abnormalities have been reported in many studies of
autism spectrum disorders. Gamma-band activity is associated with perceptual and cognitive
functions that are compromised in autism. Some gamma-band deficits have also been seen in
unaffected first-degree relatives, suggesting heritability of these findings. This review covers the
published literature on gamma abnormalities in autism, the proposed mechanisms underlying the
deficits, and the potential for translation into new treatments. Although the utility of gamma-band
metrics as diagnostic biomarkers is currently limited, such changes in autism are also useful as
endophenotypes, for evaluating potential neural mechanisms, and for use as surrogate markers of
treatment response to interventions.

Keywords
Phase-locking; oscillations; connectivity; glutamate; GABA; EEG; MEG

Introduction

Autism spectrum disorders, hereafter collectively referred to as autism, are a group of
complex neurodevelopmental disorders marked by a triad of impairments in communication,
social interaction, and behavioral flexibility. Gamma-band oscillations observed in the EEG
and MEG have been of significant interest in recent years in autism. As opposed to other
frequency bands seen in the EEG, gamma-band oscillations have a relatively better
characterized basis in brain circuitry. Gamma-band dysfunction in autism is therefore seen
as a potential non-invasive marker of dysfunction in the underlying circuitry, which heavily
implicates GABA and glutamate neurotransmission. Other frequency bands are implicated
in autism as well, but are less well studied with respect to their underlying neurobiological
mechanisms. For this reason, we focus the current review on the gamma-band specifically in
autism. Interested readers are referred to a recent review including other spectral findings in
autism [1].
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Under current ICD diagnostic criteria [2] the autism spectrum includes three of five
pervasive developmental disorders (PDD): autistic disorder, Asperger's disorder, and
pervasive developmental disorder not otherwise specified. Until recently, DSM criteria for
autism coincided with the ICD, but in 2013 diverged with the release of the DSM-5 [3].
Major changes under DSM-5 include the elimination of the differential diagnostic PDD
subtypes within autism spectrum disorder and the blending of the social interaction and
communication diagnostic domains so that symptoms must now be present in two rather
than three domains. How and if these changes in diagnostic criteria will effect prevalence
rates remains to be seen, but under current diagnostic criteria the prevalence of autism in the
U.S. is estimated to be 1 in 88 children, or just over 1% [4]. A recent review of
epidemiological surveys worldwide resulted in a similar average prevalence of 1 in 160
children, or 0.6% [5]. With a prevalence of approximately 1% worldwide, autism is now one
of the most common neurodevelopmental disorders in children. Although it is commonly
reported that boys are affected more often than girls at a rate of approximately 4:1 [6,7], the
gender disparity is not as wide in samples with more severe cognitive dysfunction and may
approach 2:1 [8].

Beginning in the late 1970s, twin studies comparing concordance rates in identical and
fraternal twins reported high heritability for the disorder, as high as 90% for autism [9]. The
recurrence risk for autism in siblings of affected children ranges is as high as 18% [10-12],
relative to approximately 1% in the general population. While autism is clearly a genetically
mediated disorder, the underlying etiology of remains largely unknown. In approximately
10-25% of individuals with autism a pathogenic genetic association can be identified
[13,14]. In about 5% of these cases, a single-gene cause has been found with the most
common cause being a mutation in the FMR1 gene (i.e., fragile x syndrome). The majority
of cases, however, remain classified as idiopathic [14].

Because behavioral and genetic heterogeneity are hallmarks autism features, and because
definitive behavioral diagnoses cannot be made in infancy, biomarkers of the disorder are
highly desirable. Despite the pressing need, there are few, if any, well-established
biomarkers in autism at any level of analysis. Biomarkers could potentially help assist
diagnosis or even prediction of eventual diagnosis in those at increased risk for the disorder.
The promise remains elusive, however. Recently, for example, a proposed set of diagnostic
markers at the genetic level [15] failed to replicate in a carefully controlled independent
follow-up study [16]. Perhaps the most replicated of the blood-based biomarkers is elevated
platelet serotonin [17,18]. Many groups have proposed non-invasive biomarkers in autism,
based on such techniques as eye-tracking, EEG, MEG and MRI [19-23]. To date, none of
these have demonstrated ability with respect to the diagnosis of autism.

Another potential use of biomarkers in autism is for the disentanglement of the serious
heterogeneity problem seen in the spectrum. Biomarkers might be useful for defining
important sub-groups along the autism spectrum. In addition, phenotypic hetereogeneity is a
serious problem for the identification of new risk genes and molecular pathways involved in
autism [24]. Gamma-band dysfunction, which appears to be heritable [21], might provide a
non-invasive means to assess such subgroups. Identifying biomarkers such as these that are
seen in first-degree relatives, also known as endophenotypes, can increase the power of
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genetic studies [25]. Persico and Sacco [26] reviewed autism endophenotypes recently, and
as they point out, all endophenotypes are also biomarkers, but as not all biomarkers are
heritable, not all biomarkers are endophenotypes. One interesting phenomenon that is
receiving considerable attention recently in the EEG and MEG literature in autism is
gamma-band dysfunction, which has been proposed as both a biomarker and
endophenotype. Gamma-band markers were not reviewed by Persico and Sacco [26].

Gamma-band Oscillations in Autism

Gamma-band is normally defined as electric or magnetic activity in the frequency range
between 30 to 80 Hz, although there is increasing awareness of a separate high-gamma
range (80+ Hz). These high frequencies have generated attention in autism research
primarily because there may be a role for them in cognitive phenomena such as perceptual
binding [Freeman, 1975 #153;Belmonte, 2004 #154;Uhlhaas, 2006 #155].

Gamma oscillations are studied using varied technologies such as electroencephalography
(EEG) and magnetoencephalography (MEG), which measure either the electrical or
magnetic fields of the brain, respectively. MEG is more sensitive to superficial cortical
sources, and receives relatively less contribution from deeper sources than EEG. MEG is
also more sensitive to the orientation of the current source than EEG, preferring cortical
sources that are more likely to be sulcal than at the crowns of gyri [27]. MEG analyses are
often conducted in source space as opposed to sensor space due to the relative ease of source
analysis in MEG, but the two technologies are mostly complementary and phenomena such
as gamma-band oscillations are well studied with either technique. As such, we combine
EEG and MEG studies within the same review sections. For reader clarity, we identify MEG
studies as such in every instance they are discussed in the text below. All other reviewed
studies are EEG studies, unless otherwise noted.

Gamma-band is not a unitary construct

Gamma-band oscillations can be sub-divided in several ways (Table 1). Spontaneous
gamma is the simplest of these, normally studied in a relatively task-free manner under
conditions of eyes-open, eyes-closed, or both. In contrast, the analysis of oscillatory
responses associated with task-stimulation produces power spectral changes that can be
characterized by their phase consistency to the stimuli during the task. Commonly, gamma-
band responses with high phase-consistency between trials are termed evoked, or phase-
locked, while those with low inter-trial consistency are termed induced, or non-phase-
locked. Evoked responses can be measured by time-domain averaging over trials and then
computing the spectrum, while for induced responses the spectra of individual trials must
first be computed, and then averaged in the frequency domain (Table 1).

There is interest in this distinction in the field because evoked gamma-band oscillations are
often seen at earlier latencies post-stimulus and some researchers consider them to reflect
early sensory or attention processes, while induced gamma is often seen at longer latencies
and is commonly inferred to be of import to perceptual closure or feature binding [28].
Although these types of gamma may have a greater or lesser association with various
sensory and cognitive functions, oscillatory activity cannot be neatly divided into evoked or
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induced categories. While successive time-domain averages with increasing numbers of
trials will tend to favor evoked responses, there will always be a non-phase-locked
component. Likewise, phase-locked responses are normally part of induced power by
definition. Therefore, phase-locking is best considered to be a continuum between
theoretical extremes. Both types of stimulus-related gamma-band perturbations, as well as
spontaneous gamma-band fluctuations, have been reported to be anomalous in autism. The
degree of phase-locking is also frequently measured and reported separately in autism and
Figure 1 illustrates a phase-locking measure for an auditory gamma-band response.

Gamma-band activity may also be subdivided into low (30-80 Hz) and high bands (80-150
Hz). Various autism studies have focused on one or the other or both bands with varied
definitions of low and high. High gamma power is broadband, associated closely with local
field potential synchrony and may reflect the spiking of populations of neurons within the
sensitivity range of the sensor [29]. This contrasts with the lower gamma-band range, which
exhibits a peak in the spectrum and may be properly considered to be an ongoing rhythmic
activity.

Faster rhythmic activity than high-gamma is also observed in the brain, but is generally not
termed “gamma-band” even though it may share similarities with those lower frequencies.
For example, activity in the range of 140-220 Hz is often referred to as ripples, while even
higher frequencies oscillations between 220 and 600 Hz are called fast ripples and are
considered pathological [30]. Such activity has not yet been studied in autism, although
given the connection between fast ripple activity and epilepsy [31], as well as the increased
prevalence of seizures in autism [32], there is ample reason to pursue such studies.

As can be appreciated from Table 1, the terms evoked and induced are not simply
descriptions of types of spectral power. They are also analysis methods that can be applied
to some extent interchangeably with the power one is interested in assessing. For example,
although a researcher might be interested in induced, or non-phase-locked responses only, if
the analysis pathway involves computing the spectrum on individual trials, then averaging,
the resulting power will consist of both induced and evoked components (i.e., total power).
For this reason, some studies also provide an independent metric of phase-locking called the
phase-locking factor (PLF) so that responses observed in the spectrogram that also have high
PLF can be confidently called evoked and those with low PLF can be termed induced (see
Figure 2). Unfortunately, not all studies of induced oscillatory responses to stimuli provide
the PLF, which does not allow the reader to be certain of which type of response they are
viewing in figures.

Spontaneous gamma-band studies in autism

Spontaneous gamma activity has been studied less frequently in autism than spontaneous
activity in other, lower frequency bands. Orekhova et al. [33] reported higher levels of EEG
gamma-band activity, defined as 24-44 Hz in their study. These authors also observed
excess gamma in a follow-up study [34], although that sample had high overlap with their
2007 study. In this later study, the authors reported a novel association between higher
spontaneous EEG gamma-band activity and reduced P50 suppression in a paired-click
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paradigm. Both gamma-band activity and P50 suppression are often interpreted as indices of
inhibitory neuronal function [35,36] and the authors interpreted the finding in the context of
imbalanced excitatory/inhibitory activity in the autism group. For EEG, a similar finding of
increased gamma-band power in the range of 25-55 Hz was reported recently [37]. An MEG
paper on eyes-closed resting-state activity compared low and high gamma-band activity
between 27 children with autism and 23 typically developing controls [38]. This study
reported significantly elevated resting low gamma (30-55 Hz), high-gamma (65-90 Hz) and
what was termed very fast oscillations (90-120 Hz) in autism. An advantage of the Cornew
et al. [38] study was the use of MEG data to perform source space projections to examine
regional specificity. Elevations in gamma were observed in anterior temporal, posterior
temporal and occipital sites.

A similar number of studies, however, have observed decreases in spontaneous gamma-
band power in autism. Sheikhani et al. [39] reported reduced frontal gamma-band power in
eyes open, resting EEG from 15 children with Asperger's disorder compared with typically-
developing control subjects. Another recent paper from the same EEG group observed lower
gamma from temporal and frontal electrodes in 17 children with autism compared with
typically developing children [40]. Maxwell et al. [41] observed reduced gamma-band
power in the right lateral EEG of 15 boys with autism compared with 18 typically-
developing control subjects.

Another study reporting a decrease in resting gamma-band power examined the effect of a
behavioral intervention on spectral power [42]. Eyes open resting-state gamma was
measured in the EEG of 29 adolescents with autism, 28 adolescents who received a 14-week
behavioral intervention, and 30 typically developing adolescents [42]. This study involved a
randomized controlled trial of a behavioral intervention addressing friendship development
in autism [43]. This study examined spectral power asymmetry before and after intervention
in a group of adolescents receiving the treatment and a waitlist group. Prior to the
intervention, both groups of adolescents with autism were found to exhibit significantly
lower left-dominant asymmetry in the gamma band relative to typically developing
adolescents. A similar effect was also observed for pre-intervention symmetry measures in
the beta band. Following the intervention, adolescents with autism that participated
exhibited significantly increased left-dominant gamma asymmetry whereas the waitlist
group did not exhibit this change in asymmetry over time. Furthermore, gamma-band
asymmetry was found not to differ between adolescents with autism that participated in the
intervention and typically developing adolescents, but the waitlist group still had lower left-
dominant symmetry than the typically developing adolescents. This post-treatment effect
was found to be specific to the gamma band with no significant post-treatment effects
observed in other bands.

As pointed out by Maxwell et al. [41], the varying reported results for spontaneous gamma-
band in autism are difficult to reconcile. Factors such as whether the data were acquired eyes
closed [38] or open [40,41] may be important to consider, as are differences in technology
(MEG vs. EEG) and analysis methods (source space vs. sensor space). Control over the
subject's state of arousal and alertness is difficult to achieve in spontaneous EEG or MEG
studies, particularly with eyes-closed, and we suggest that future studies evaluate both eyes-
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closed and eyes-open conditions. Further, in eyes-closed studies, it would be worthwhile to
include measures of sleep state, if only to ensure that subjects remained awake during the
recordings. Simultaneous MEG and EEG could be obtained to address concerns over the
specific modality used to obtain the results.

Gamma-band responses to visual stimuli in autism

Within the visual stimulus domain, gamma oscillatory activity has been suggested to bind
the visual features of objects that are encoded and processed in different brain regions
together to form a coherent percept [44,45]. Studies of gamma activity in response to
perception of illusory objects that require perceptual closure, such as Kanizsa figures and
Mooney faces, are therefore of interest in autism given evidence for abnormalities in visual
perception [46]. We first consider responses to lower level visual stimuli and then proceed to
higher order phenomena involving perceptual closure.

Simple visual stimuli: Gabor patches

Gabor patches are stimuli that are thought to have characteristics that match the receptive
field properties of neurons in the primary visual cortex [47], with increases in gamma-band
power observed in response to increasing grating size of the Gabor patches in non-human
primate research [48]. Two EEG studies have examined induced gamma activity in response
to Gabor patches in individuals with autism, one examining gamma in 20 adolescents with
autism and 20 typically developing adolescents [49] and another measuring evoked gamma
in 12 adults with autism and 12 typically developing adults [50]. Both of these studies
required responses from participants and did not observe behavioral response differences
between groups. In addition, both studies reported reduced gamma responses in posterior
cortical regions in autism in response to increases in the contextual modulation of the
stimuli.

Perceptual closure

Grice et al. [51] were the first to examine stimulus related gamma in autism. Using EEG,
they examined evoked and induced gamma activity in 8 adults with autism during the
perception of Mooney faces, compared with 8 comparison subjects and 8 people with
Williams Syndrome (WS), a genetic condition resulting from a partial deletion of
chromosome 7. Consistent with findings in typically developing subjects [52], greater
induced gamma activity in response to upright relative to inverted faces were observed in
comparison subjects, but face orientation did not modulate induced gamma responses in
adults with autism or WS. No significant group differences were reported for evoked power.
A recent study by Sun et al. [53] also examined gamma activity in response to Mooney faces
in 13 adults with autism and 16 typically developing adults using MEG. Adults with autism
exhibited diminished phase locking factor (PLF) and induced gamma activity relative to
comparison adults. Both of these studies reported diminished induced gamma activity in
adults with autism in response to Mooney faces.

Similar to Mooney faces, Kanizsa figures require illusory perceptual closure. Three studies,
one of which included a repetitive transcranial magnetic stimulation (rTMS) component,
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have investigated gamma-band activity during the perception of Kanizsa figures in autism
[54-56]. While these three EEG studies utilized Kanizsa figures, the stimuli and tasks
differed. Brown et al. [54] utilized stimuli consisting of a rectangle of five circles by five
circles with a missing 90° segment in each circle, which created stimuli with the presence or
absence of a Kanizsa rectangle within the resulting pattern. Participants in this study, 6
adolescents with autism and 8 adolescents with moderate learning difficulties, were required
to press a button when they perceived the Kanizsa rectangle and another button when they
did not. Sokhadze et al. [55] utilized a modified oddball task consisting of Kanizsa square
targets, Kanizsa triangle non-targets, and non-Kanizsa (both square and triangle) standards.
Participants pressed buttons only for target stimuli. The third study, Stroganova et al. [56],
23 children with autism and 23 typically developing children passively viewed Kanizsa
squares and non-Kanizsa squares.

Both the Brown et al. [54] and Sokhadze et al. [55] studies reported increased induced
gamma activity in adolescents with autism compared with control subjects. In contrast to
these two studies, Stroganova et al. [56] reported reductions of gamma activity in response
to Kanizsa figures in children with autism. These findings were for evoked rather than
induced activity, however. Further, the passive nature of the task may have reduced attention
demands on participants. In the auditory domain, evoked gamma is reduced in autism (see
below).

Gamma-band responses to auditory stimuli in autism

Auditory stimuli can produce at least two types of gamma frequency responses. The first is
an early, obligatory gamma-band response to any sound stimulus peaking 30-100 ms post-
stimulus [57]. The second is produced by auditory stimuli that are amplitude-modulated
using rates in the range of the gamma-band. These types of stimuli produce an early
transient response and a later driving response called the auditory steady-state response
(ASSR, see Figure 2). Modulation rates of 40 Hz produce the most robust responses [58].
Both auditory responses are phase-locked (i.e., evoked) in typically developing individuals.

Wilson et al. [59] were first to report changes in gamma-band responses elicited by auditory
stimuli in autism. Using MEG, they observed reduced ASSR in 10 children and adolescents
with autism compared with 10 control children. This effect was more pronounced in the left
hemisphere. Reduced early auditory gamma-band evoked power has also been reported in
children and adults with autism [21]. Reduced early gamma-band phase-locking as
measured by the PLF has been reported for both children and adults with autism [21,60,61]
in MEG studies. Finally, both the early auditory gamma-band response and the ASSR have
been reported to be impaired in unaffected first-degree relatives of persons with autism,
suggesting that these findings might be useful as endophenotypes [21,62].

An MEG study by Edgar et al. [61] recently reported increased pre-stimulus baseline
abnormalities, including increased gamma-band power, in autism that were correlated to
post-stimulus changes in averaged evoked magnetic fields. Using pure tone stimuli to
examine auditory gamma-band power in 105 children with autism and 36 typically
developing controls, they reported that pre-stimulus total power (induced + evoked) was
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higher in all frequency bands for auditory sources in both the left and the right superior
temporal gyrus. Pre-stimulus total power was correlated with the M100 averaged evoked
response latency (longer latency associated with higher baseline power). Post-stimulus
transient gamma-band power and phase-locking were not reported to be correlated with
baseline power, however, even though reduced transient gamma response power and phase-
locking were observed in the sample [61]. This is an important issue, because previous
reports have not observed higher pre-stimulus power in autism samples using much smaller
sample sizes [21,59,62]. Because post-stimulus gamma-band power is most often expressed
relative to pre-stimulus levels (e.g., as a ratio or percentage), increased pre-stimulus power
in autism could lead to an apparent decrease in baseline normalized post-stimulus power.
Given that spontaneous high-frequency activity appears higher in some autism studies,
research of stimulus-related changes should report baseline power group comparisons so that
clear interpretations can be formed.

Higher-order cognitive studies of gamma-band in autism

Face perception—Recognition of faces is impaired in autism [63]. Three MEG studies
have investigated gamma responses in adolescents with autism during tasks requiring
participants to view faces [64-66]. Wright et al. [65] and Khan et al. [66] both included a
task that involved viewing faces relative to a baseline condition. Wright et al. [65] observed
diminished induced gamma responses in 13 adolescents with autism, peaking in the right
occipital cortex, relative to 12 typically developing adolescents for emotional face stimuli
relative to a fixation point.

Using MEG, Khan et al. [66] included 17 adolescents with autism and 20 typically
developing adolescents. In this study, emotional face stimuli were compared to a house
stimulus baseline condition rather than a fixation point. Khan et al. [66] investigated
coherence between the fusiform gyrus and the rest of the cortex as well as a measure of
nesting oscillations between alpha and gamma activity through phase-amplitude coupling
(PAC) within the fusiform gyrus. Fusiform activity was estimated using source localization
techniques. While these authors observed no group differences in long-range functional
connectivity in the gamma range, they did observe diminished PAC between alpha and
gamma activity for the emotional face stimuli within the fusiform gyrus in adolescents with
autism relative to comparison individuals. Furthermore, statistical classification using both
local and long-range connectivity measures identified autism diagnosis with 87% sensitivity,
95% specificity, and 90% accuracy.

Richard et al. [64] also utilized face stimuli to probe MEG gamma responses in 10
adolescents with autism and 8 typically developing adolescents. However, the face stimuli in
this study were presented in a gaze-cueing task, in which participants had to respond if the
face was looking at a peripheral target. Group differences were measured for eyes-averted
faces relative to a direct-gaze face condition. Analyses, which were restricted to evoked
gamma over posterior sensors and induced activity over frontal sensors based on a priori
hypotheses, demonstrated significantly diminished induced gamma over frontal sensors in
adolescents with autism relative to typically developing subjects. Similar to Wright et al.
[65], this study observed reduced induced gamma band in autism, although in the former
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this effect was observed in the occipital cortex rather than the frontal cortices. In addition,
this study observed enhanced evoked activity that approached significance, while Wright et
al. [65] did not observe significant group differences in evoked activity.

Language studies—Only three studies to date, all using MEG, have investigated gamma
band responses to language stimuli in adults with autism. In the first, Braeutigam et al. [67]
examined responses to reading meaningful sentences relative to sentences ending with a
semantically incongruous word in 11 adults with autism and 11 typically developing adults.
While it was reported that adults with autism exhibited a different temporal pattern of
evoked responses to congruous sentences, longer lasting evoked responses to incongruous
sentences, and longer lasting induced gamma oscillations for both congruous and
incongruous sentences, no direct group comparisons were undertaken. This sustained pattern
of synchronization was suggested to indicate overly generalized activity that could prevent
information processing. However, without direct statistical group comparisons, conclusions
regarding atypical gamma activity in autism during visual language processing cannot be
made.

Buard et al. [68] recently used MEG to examine gamma-band activity in adults with autism
compared with control adults and parents of children with autism during a picture naming
task. The autism subjects exhibited diminished evoked gamma activity relative to controls
localized to the left inferior frontal gyrus based on MEG source analysis. In contrast, parents
of children with autism exhibited higher evoked gamma. In this study, neither the parents
nor the autism subjects differed in their performance on a picture-naming task conducted
outside the MEG scanner, which may mean that gamma-band oscillations are not necessary
for this type of task performance, or that these groups were behaviorally well adjusted for
their neurophysiological anomalies. A similar finding of increased gamma-band power in
parents of children with autism was found in a third MEG study of word recognition with
stimuli presented in the auditory rather than visual modality [69], suggesting a potential
compensatory mechanism.

Gamma-band activity in infants at risk for autism

Significant progress has been made towards the recording of quality EEG and MEG data in
infants and young children, resulting in new studies of those at increased familial risk for
autism. Two studies have been reported on infant siblings of persons with autism that
include gamma-band measures. In the first, Elsabbagh et al. [70] measured EEG responses
to direct versus averted eye-gaze in 19 infant siblings of older children diagnosed with
autism compared with 17 control infants. Direct eye-gaze was reported to produce higher
induced gamma-band in the control group than in the high-risk group. No differences were
observed for evoked gamma.

A recent longitudinal EEG study of resting spectral power was conducted in infant siblings
of individuals with autism [71]. EEG data were acquired at 3-month intervals between 6 and
24 months of age on 65 infants at higher-risk for autism (those with diagnosed older
siblings) and compared with data from 57 infants with no family history of autism. The
authors observed that gamma power in the low risk sample was initially higher and
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gradually decreased over the course of the study, but that gamma power in the high-risk
group was initially lower and changed little from 6 to 24 months of age. The Tierney et al.
[71] gamma-band findings remained significant after excluding 4 individuals meeting
diagnostic criteria for autism at the end of the study, suggesting the value of gamma as an
endophenotype for autism.

Clinical correlates of gamma-band changes in autism

Correlations between gamma-band metrics and autism symptoms have been reported in
some studies. Maxwell et al. [41] reported an inverse correlation between right lateral
resting gamma-band power and a measure of social reciprocity, the Social Responsiveness
Scale [72]. Another study also observed the inverse relationship between SRS and gamma-
band power for stimulus-related changes, in this case both for the transient and steady-state
auditory evoked responses [62]. Although Cornew et al. [38] observed positive relationships
between anterior temporal and parietal alpha power and the SRS, there was not a significant
association between resting gamma-band power and the SRS in their study. In the van
Hecke et al. [42] paper reporting positive effects of behavioral treatment on gamma-band
power, gamma-band changes were also found to be associated with changes in behavioral
measures. Significant correlations were seen between gamma asymmetry values and
behavioral measures, such that higher Test of Adolescent Social Skills Knowledge and
Quality of Socialization Questionnaire — Revised [43] contact scores were related to more
dominant left hemisphere gamma asymmetry. In contrast, lower SRS scores were related to
increased left hemisphere asymmetry. Adolescents that exhibited greater relational skills,
more social contacts, and fewer autism symptoms following the intervention also were
found to exhibit a greater degree of left hemisphere asymmetry in the gamma band.

Aside from gamma-band power, higher order measures such as signal complexity and
regional connectivity have shown associations with symptoms in some investigations. For
example, Ghanbari et al. [73] reported that a measure of resting gamma-band signal
complexity was positively associated with the SRS in MEG sensors over the posterior
midline of the head, implying that higher complexity is associated with higher levels of
abnormal social behaviors. Complexity is a measure of the richness of the EEG or MEG in
terms of the number of patterns or irregularity found within it. Khan et al. [66] reported that
alpha- to gamma-band phase amplitude coupling was correlated with the social subscale of
the Autism Diagnostic Observation Schedule [74], with reduced coupling associated with
more severe ADOS scores. Furthermore, the phase-amplitude coupling, combined with other
long-range connectivity metrics, had 87% sensitivity, 95% specificity, and 90% overall
diagnostic accuracy.

Associations between language and communication measures and gamma-band measures
have also been observed. In typically-developing young children, gamma-band power has
shown to be correlated with language skills [75]. Edgar et al. [61] recently observed that
early transient MEG gamma band response evoked power in the left hemisphere was
correlated with the CELF-4 Core Language Index, while in the right hemisphere, pre-
stimulus 30-50 Hz gamma-band total power was inversely correlated with the same
measure. In an MEG study examining parents of children with autism, another study
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observed that post-stimulus gamma-band evoked power from both hemispheres was
correlated inversely with the Autism Spectrum Quotient [76] communication subscale [62].
A study of emotion perception in faces also reported that scores on the AQ negatively
predicted both induced and evoked MEG gamma activity, although a stronger association
was found for induced gamma [65].

Although we are not aware of a compelling reason to predict a relationship between 1Q and
gamma-band measures, the question of whether 1Q is correlated with gamma-band metrics is
important because general cognitive ability is often negatively impacted in autism. Further
complicating autism studies, 1Q is a difficult variable to match between autism and control
groups. There do not appear to be strong relationships between gamma-band power and 1Q.
Several studies have reported non-significant results for correlations between 1Q and evoked
or induced gamma-band measures [49,59,62,65]. Orekhova et al. [33], however, reported
that spontaneous gamma-band activity was correlated with an 1Q-derived measure of
developmental delay in a resting state EEG study. Although there is not strong evidence for
a relationship between gamma-band power and 1Q, it should continue to be assessed in
research studies as a potential confound. Future studies could also consider adding
additional comparison subjects such as an 1Q-matched idiopathic developmental disability

group.

Putative mechanisms of gamma-band abnormality in autism

The mechanisms of spontaneous gamma-band oscillations in the cortex and hippocampus
are reasonably well understood. Pyramidal glutamatergic input to fast-GABAergic
interneurons results in recurrent inhibition of pyramidal, in turn synchronizing pyramidal
cell output into the gamma-band range [35,77]. Reduced interneuron cell numbers is a
common finding in animal models of autism [78]. It is therefore tempting to speculate that
GABAergic deficits represent a common molecular pathway impacted across multiple
autism etiologies. Indeed, there is also human imaging evidence for reduced GABA
concentration in frontal, motor and auditory cortices [22,79,80].

It is unclear why GABA concentration is reduced in autism. Clearly, a reduction in the
number of interneurons could explain the finding. Another possibility is that glutamate
decarboxylase (GAD), the enzyme that converts glutamate to GABA within interneurons, is
dysfunctional. Studies have found reduced GAD expression in various brain regions in post-
mortem autism samples [81,82]. Reduced GAD expression also predicts higher glutamate
levels, which have also been found in autism both in blood [83,84] and non-invasively in the
brain [85-87]. Recent studies have observed that auditory GABA is also reduced in
unaffected siblings of individuals with autism, paralleling the auditory gamma-band results,
suggesting a possible relationship between the two markers [22]. Although this correlation
has not been established yet in an autism sample, in healthy adults there is an association
between visual gamma-band activity and the concentration of GABA in the cerebral cortex
[88]. Future efforts should measure glutamate and GABA levels in conjunction with
gamma-band metrics in autism to explore this relationship.
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Implications for Autism Treatment Development

Given the potential relationship between gamma-band and major excitatory/inhibitory
neurotransmitters, gamma-band metrics might be useful as surrogate markers in the
assessment of interventions. A recent study indicated some potential for metabotropic
glutamate receptor antagonists in remediation of gamma-band phase-locking deficits in a
pre-clinical mouse model of autism [60]. This suggests that using electrophysiology in
clinical trials may be useful in the prediction of response to treatment and possibly also as an
outcome measure related to cortical excitability.

Indicative of this potential, two EEG studies have investigated gamma-band measures
before and after a human clinical intervention, one behavioral and the other an rTMS
intervention [42,55]. Both studies reported reductions in induced gamma-band activity that
were more pronounced in the right hemisphere, resulting in “normalization” of gamma
activity in participants with autism. The reduction of activation in the right hemisphere may
be important because right-hemisphere EEG activity is sometimes associated with negative
affective styles or behavioral inhibition, while the left is associated more with positive, or
approach behaviors [89]. Although the studies that have described positive and negative
affective styles associated with EEG power are largely based on the alpha-band, VVan Hecke
et al. [42] found the behavioral treatment response was specific for gamma-band
frequencies. Both the rTMS and behavioral studies also reported correlations with these
reductions that reflected improvements in clinical symptomology. Together, these studies
suggest that interventions can impact atypical high-frequency neuronal oscillatory activity,
and that such interventions are also associated with clinical improvement. Future studies will
be needed to confirm these reports in much larger samples and using tighter sham/placebo
controls. To date, no studies of pharmacological interventions have incorporated gamma-
band measures.

Summary and Limitations

Despite differences in the specific measures employed (evoked vs. induced, early vs. late)
and task, most stimulus-related gamma-band studies in autism have reported reduced
gamma compared with controls. In visual studies, the type of stimulus (Face type stimuli vs.
illusory non-face stimuli) may be important in determining whether gamma is lower (faces)
or higher (non-faces) in autism. In approximately half of resting gamma-band studies,
reduced gamma is found in autism, while the remaining studies find increased gamma power
in autism. Differences between resting gamma studies might be reconciled by attention to
variables such as age, but also by careful attention to the state of alertness under which EEG
or MEG data are acquired.

Most, if not all, gamma-band alterations are unlikely to be specific to autism. For example,
diminished gamma power is also seen in schizophrenia [90], bipolar disorder [91], and
ADHD [92]. Therefore, gamma-band measures most likely will not yield diagnostically
relevant biomarkers when used in isolation. This suggests that multivariate analysis
involving a panel of biomarkers may provide a more relevant diagnostic biomarker. The
greater value for gamma-band findings in autism at present is their utility in revealing
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potential neurophysiological mechanisms that might be common final pathway for multiple
etiologies, and potential for use in designing clinical trials.

Developmental trajectories for gamma-band remain poorly understood and this will be a key
for future studies of early risk for autism and in clinical trials utilizing children. Gamma
activity of various types has been shown to exhibit age-related maturational change, which
further studies will need to investigate [93-97]. No studies have yet examined gamma-band
development specifically in subjects with autism, but there is evidence suggestive of
differential development in those at higher risk for autism. As discussed in the previous
section on infants at risk, Tierney et al. [71] reported that in the high-risk group, resting
gamma-band power did not exhibit significant change over the period of 6-24 months, while
low-risk infants exhibited significant reductions in gamma-band power. It is expected that
such changes over development may be found to account for some of the current variability
in findings across studies.

Addressing the heterogeneity of the autism spectrum through the inclusion of more
phenotypically homogenous subgroups into investigations may also prove fruitful. For
example, almost all studies to date have included only high functioning individuals with
autism, so it is unclear whether the observed deficits apply equally well to lower functioning
individuals. This is a critical gap in the development of gamma activity as a biomarker in
autism.

Future studies of gamma-band and other spectral abnormalities could also benefit from
combination with other imaging modalities. Work combining measurements from proton
magnetic resonance spectroscopy (1H-MRS), fMRI and MEG have shown that the gamma-
band frequency and fMRI BOLD amplitudes are correlated with GABA concentration in the
visual cortex [88]. The simultaneous measurement of multiple technologies, including EEG
and fMRI, EEG or MEG and near infrared spectroscopy, MEG and EEG, etc. will also be
beneficial. Structure and function correlation should also be examined using datasets
containing anatomical MRI and EEG or MEG information.

Most stimulus-related EEG and MEG studies of gamma-band in autism have focused on
gamma, but future efforts should include examination of other spectral effects as well. In
spontaneous EEG and MEG studies, this is already the case, although many
electrophysiology studies include lower frequencies but exclude gamma-band. For stimulus
related studies, there are frequency coupling effects that are worth examining [66]. It is
increasingly evident that spectral bands have important interactions with each other, such as
the well-known phase-amplitude coupling between alpha or theta phase and gamma-band
power [98]. Further, such coupling is now known to change in child and adolescent
development [97].

Finally, there are issues related to methodology for future research to address. Replications
involving consistent tasks and analyses will be needed to make more generalizable
statements regarding gamma-band activity in autism. In addition, standard terminology
regarding gamma-band activity is encouraged. For stimulus-related gamma studies, we
encourage the explicit description in the method descriptions of whether averaging is done
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in the time or frequency domain and whether some attempt to subtract evoked power was
performed. An example of a clear description is found in Stroganova et al. [56]. In addition,
a measure of inter-trial phase-locking should be provided for readers to make distinctions
between phase-locked and non-phase-locked components of the gamma-band response in
studies of induced power. It remains unclear whether or the evoked versus induced
distinction is important for autism studies, despite the great importance placed on that
distinction in the cognitive neuroscience literature. Future studies should also be guided by
recent best-practice standards for the acquisition and analysis of EEG and MEG data in
autism samples [99].

Future perspectives

Studies of high-frequency oscillations in autism are accelerating at a rapid pace. The
assessment gamma-band as a risk biomarker in infancy is an exciting new direction for the
field. The outcome of these studies in terms of prediction of outcome should be clear in the
next few years. In the next decade, large scale, multi-site clinical trials of behavioral, brain
stimulation and pharmaceutical interventions will likely be reported using gamma-band
measures as surrogate markers of sensory and cognitive deficits. Finally, the next decade of
research should clarify the genetic and molecular underpinnings of gamma-band deficits in
autism.

Executive summary

Executive Summary

Autism is a complex neurodevelopmental disorder

. Autism is defined behaviorally.

. There are no accepted biomarkers for the disorder.

Gamma-band responses are impaired in autism

. Gamma-band responses can be measured in various ways, including examination of stimulus-related phase-
locked and non-phase-locked responses as well as spontaneous oscillations.

Studies of spontaneous gamma-band activity show inconsistent findings

. While some spontaneous gamma-band studies reveal increases in gamma-band power, others show reduced
power.

. Inconsistencies may be related to the state of the participant, which is difficult to control in spontaneous
gamma-band studies

Studies of visual stimulus related gamma generally show reduced gamma-band power in autism

. Studies using visual stimuli (faces, Gabor patches) reveal reduced evoked and induced gamma-band power
in autism

. Studies of Kanizsa illusory figures have variable findings that might relate to the attentional demand on
participants. These studies are generally at odds with other autism research studies, reporting higher
gamma-band power in autism.

Studies of auditory stimulus related gamma find reduced gamma-band power and/or phaselocking in autism

. Several auditory studies have observed similar changes in unaffected first-degree relatives, suggesting that
auditory gamma-band can be useful as an endophenotype
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Executive Summary

Gamma-band measures are correlated with clinical measures of symptom severity in autism

. Most studies do not examine correlations with clinical symptoms and gamma-band power. Studies that do
include such measures often find relationships with communication and social skills.

. Gamma-band deficits do not appear to be related to 1Q in autism.

Gamma-band deficits may be related to changes in amino-acid neurotransmitters in autism

. Gamma activity is associated with recurrent inhibition of glutamatergic pyramidal cells by GABAergic
interneurons. Converging evidence implicates both transmitter systems in autism.

. Although GABA and gamma-band have been related in control subjects, no studies have yet reported an
association in autism. This is an area for future research development.

Conclusions

. Gamma-band research in autism is accelerating rapidly. Studies using gamma-band metrics are being used
in high-risk infant studies and in several years, we should know if they have value as predictors of diagnosis
or of symptom severity.

. Given the association of gamma-band measures with neurotransmitters, we will likely see increased interest
in using them as surrogate markers in clinical trials of new interventions in autism.
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Figure 1.

Phase-locking and the transient auditory gamma-band response. A) Single trial amplitude
plot of responses to 1000 Hz pure tone stimulus in passive task. Warmer colors indicate
positive amplitude and cooler colors indicate negative amplitudes. Note variability of
response latency from trial to trial. B) Time frequency spectrograms produced by Morlet
wavelet decomposition, from left to right: Induced, or total power, consisting of both phase-
locked and non-phase-locked components; Evoked power, from the spectral analysis of the
time-domain average; Phase-locking factor (PLF). Note the strong phase-locked response
around 40 Hz. C) Mean phase from trials at 45 ms post stimulus at peak of gamma-band
response (blue) compared with mean phase from trials at -45 ms post-stimulus period (red).
Note that the mean phase of the pre-stimulus region is near zero, while there is a clear non-
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zero phase for the post-stimulus region. Conceptually, this is what the PLF plots for each
time-frequency bin, normalized from 0 (non-phase-locked) to 1 (phase-locked).
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Figure 2.
Gamma-band responses to two different types of stimuli. The top two panels are

spectrograms from a visual phonological processing task, from a left occipito-temporal
channel in an MEG sensor array: A) Induced power and B) PLF. Note the high gamma-band
responses beginning approximately 700 ms post stimulus. In the PLF, these are not seen,
indicating that the gamma-band power in plot A is primarily non-phase-locked, or induced
power. In contrast, there are low frequency components that are highly phase-locked, or
evoked. Bottom two panels: C) Induced power of auditory steady-state response to 40 Hz
amplitude-modulated stimulus lasting 500 ms, from channel T5 of an EEG dataset. Note the
gamma-band response at approximately 40 Hz beginning around 100 ms. D) PLF of
response in C. The PLF for this type of gamma is high, in contrast to plot B, indicating that

Biomark Med. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rojas and Wilson

the power of this response is highly phase-locked to the stimulus, or evoked. All time-
frequency spectrograms were produced by Morlet wavelet decomposition.
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Summary of different types of spectral power.

Table 1
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Type of spectral Phase-locking to stimulus/response | Relationship to PLF* Typical Analysis”
power
Evoked High Positively correlated Average in time domain, then spectral

analysis

Induced (Total)

Indeterminate

Varies. PLF can allow one to
view this measure and decide
whether power is evoked or
induced

Spectral analysis on individual trials,
then average

Induced (-Evoked)

Low

Negatively correlated

Take result of Evoked analysis and
subtract from Induced, either from

average Induced or from individual
trials

Spontaneous Indeterminate Indeterminate Cut continuous EEG/MEG data into
segments, compute spectrum on
segments, then average

Notes

+
The term phase-locking factor (PLF) is used here for the reasons outlined in Roach and Mathalon {Roach:2008ib}. PLF is also sometimes
referred to as inter-trial coherence (ITC) and inter-trial phase-coherence (ITPC).

*
Analyses are varied and these examples are meant to convey common approaches, not all approaches.
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