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Abstract Neural oscillatory anomalies in autism spectrum

disorders (ASD) suggest an excitatory/inhibitory imbalance;

however, the nature and clinical relevance of these anoma-

lies are unclear. Whole-cortex magnetoencephalography

data were collected while 50 children (27 with ASD, 23

controls) underwent an eyes-closed resting-state exam.

A Fast Fourier Transform was applied and oscillatory

activity examined from 1 to 120 Hz at 15 regional sources.

Associations between oscillatory anomalies and symptom

severity were probed. Children with ASD exhibited region-

ally specific elevations in delta (1–4 Hz), theta (4–8 Hz),

alpha (8–12 Hz), and high frequency (20–120 Hz) power,

supporting an imbalance of neural excitation/inhibition as a

neurobiological feature of ASD. Increased temporal and

parietal alpha power was associated with greater symptom

severity and thus is of particular interest.
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Introduction

A disruption in the excitatory/inhibitory balance of neural

activity is increasingly thought to characterize autism

spectrum disorders (ASD). For instance, mutations in genes

involved in the expression of excitatory and inhibitory

neurotransmitters (e.g., glutamate and GABA) have been

identified in individuals with ASD (Collins et al. 2006;

Ramoz et al. 2004), and mutations in genes related to

excitatory and inhibitory neurotransmitters result in cog-

nitive and social deficits in animal models of autism

(DeLorey et al. 2008). Despite cellular and molecular

evidence (Bourgeron 2009; Rubenstein 2010; Rubenstein

and Merzenich 2003), very few studies to date have

investigated an excitatory/inhibitory imbalance in ASD at a

macroscopic cortical circuit scale. This putative imbalance

can be assessed noninvasively during a resting-state exam

via patterns of neural oscillations, as oscillatory activity

reflects the synchronous firing of large populations of

neurons mediated by excitatory/inhibitory interactions

(Hughes 2008). Oscillatory activity is evident at the scalp

at a wide variety of frequencies, from less than 1 Hz to

well over 100 Hz and is believed to be a cornerstone of

brain function, supporting sensation, perception, and cog-

nition (for reviews, see Uhlhaas et al. 2011; Wang 2010).

Resting-state oscillatory activity can be quantified in

absolute terms (the amount of power at a given frequency)

as well as in relative terms (the proportion of total power

accounted for by power at a given frequency).

The few EEG studies employing resting-state exams in

ASD all report oscillatory anomalies. Specifically, eyes-

open resting-state exams have shown greater relative delta

and less relative alpha power in 4- to 12-year-old low-

functioning children with ASD (Cantor et al. 1986), and

greater 24–44 Hz power in 3- to 8-year-old boys with ASD

(Orekhova et al. 2007). Eyes-closed exams have shown

greater relative 3–6 Hz and 13–17 Hz power and less

9–10 Hz power in adults with ASD (Murias et al. 2007),

and decreased delta (absolute and relative) and beta
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(absolute) power, as well as increased theta (relative)

power, in 6- to 11-year-old children with ASD (Coben

et al. 2008).

Although the aforementioned results implicate atypical

oscillatory activity in ASD, findings are discrepant, possibly

due to between-study differences in age, level of functioning,

and medication status of the ASD participants. In addition,

key questions remain: (1) Previous findings have been lim-

ited to the examination of oscillatory activity in sensor rather

than source space. Activity measured at the sensor level may

reflect superimposed signals from numerous brain regions

and is more susceptible than source activity to muscle and

other artifacts. As such, examining neural activity in source

space provides better signal separation as well as a greater

signal to noise ratio (Scherg et al. 2002). (2) To our knowl-

edge, associations between resting-state oscillatory anoma-

lies in ASD and autistic symptom severity have not been

reported, yet are crucial in establishing the clinical signifi-

cance of oscillatory anomalies in ASD. (3) Almost all ASD

resting-state studies have examined activity below 50 Hz,

despite growing recognition of the importance of high-fre-

quency oscillations in spontaneous neural network activity

(Geisler et al. 2005; Whittington et al. 2000). Excessive

resting-state high-frequency oscillatory activity has been

reported in epilepsy (Willoughby et al. 2003), suggesting

that high-frequency activity may also shed light on the

pathophysiology of ASD.

In the present study, resting-state 1–120 Hz activity in

ASD was investigated using whole-cortex magnetoenceph-

alography (MEG), a technology that provides good temporal

and spatial resolution. Based on previous studies, it was

hypothesized that children with ASD would exhibit

increased low- (\8 Hz) and high-frequency ([20 Hz)

activity and decreased alpha (8–12 Hz) activity. Although

the loci of oscillatory anomalies have not been consistent

across studies, it was hypothesized that anomalies would be

regionally specific and most likely to be observed in frontal

and parietal regions, as these regions encompass nodes in the

default mode network (Raichle et al. 2001), and ASD resting-

state anomalies have been observed in these regions using

fMRI (Cherkassky et al. 2006; Kennedy et al. 2006). Atyp-

ical alpha activity was furthermore predicted to be observed

primarily in parietal regions, where alpha waves are most

prominent at rest (Salmelin and Hari 1994). Although the

lack of precedent in the literature precluded strong a priori

predictions, increased resting-state low-frequency (\8 Hz)

activity has been reported in a number of neurological dis-

orders (Bosboom et al. 2006; de Jongh et al. 2003; Venables

et al. 2009) and thus more likely reflects general brain

dysfunction than ASD-specific pathology; therefore, we

hypothesized that any observed associations between oscil-

latory anomalies and ASD symptoms would be evident in

frequencies greater than 8 Hz.

Method

Participants

Participants were 50 children (27 with ASD and 23 age-

matched typically developing controls), aged 6–15 years

(mean = 9.8, SD = 2.3 in the ASD group; mean = 10.8,

SD = 2.5 in the control group). A t test indicated that the

groups did not significantly differ in age (p [ .17). Par-

ticipants with ASD were recruited from the Regional

Autism Center of The Children’s Hospital of Philadelphia

(CHOP), the Neuropsychiatry program of the Department

of Psychiatry of the University of Pennsylvania School of

Medicine, and from local and regional parent support

groups such as ASCEND (The Asperger & Autism

Alliance for Greater Philadelphia), Autism Society of

America—Greater Philadelphia Chapter, and local chapters

of Autism Speaks. All children screened for inclusion in

the ASD sample had received an ASD diagnosis prior to

their involvement in the current research. This prior diag-

nosis was made by an expert clinician, typically a devel-

opmental pediatrician in the Regional Autism Center at

CHOP, after an extensive clinical interview, documenta-

tion of DSM-IV criteria for ASD, and use of various ASD

diagnostic tools, such as the Childhood Autism Rating

Scale and, in many cases, the Autism Diagnostic Obser-

vation Schedule [ADOS; (Lord et al. 2000)]. Subjects with

typical development (TD) were recruited through local

newspaper advertisements and from pediatric practices of

the CHOP primary care network.

Research participants made two visits to CHOP. During

the first visit, clinical and diagnostic testing was performed

to confirm the referral ASD diagnosis, to administer neu-

ropsychological tests, and to ensure that the TD children

met study inclusion/exclusion criteria. Assessments were

performed by a licensed child psychologist with expertise

in autism (L.B.). Given the extensive clinical evaluations

upon which the original diagnosis was made, an abbrevi-

ated diagnostic battery was used to confirm the original

diagnosis in the ASD group and to rule out ASD in the TD

children. Specifically, ASD was confirmed (or ruled out in

the TD children) with the ADOS and parent report on the

Social Communication Questionnaire [SCQ; (Rutter et al.

2003)]. Dimensional symptom severity ratings were also

obtained by parent report on the Social Responsiveness

Scale [SRS; (Constantino and Gruber 2005)]. Asperger’s

disorder symptomatology was measured with the Krug

Asperger’s Disorder Index [KADI; (Krug and Arick

2003)]. For final inclusion in the ASD group, children were

required to have a confirmatory research diagnosis of ASD

by exceeding established cut-offs on both the ADOS

and SCQ. Children 1 point below ADOS cut-offs were

included if they exceeded cut-offs on at least two parent
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questionnaires (one ASD subject met ADOS criteria and

had a best-estimate diagnosis of ASD by clinician judg-

ment, but exceeded cut-offs on only one parent question-

naire). Mean scores were as follows: ADOS, 13 (SD = 5,

range = 7–26); SCQ, 18 (SD = 6, range = 9–26); and

SRS (raw), 87 (SD = 20, range = 49–118). To rule out

global cognitive delay, all subjects were required to score

at or above the 5th percentile (SS [ 75) on the Perceptual

Reasoning Index (PRI) of the Wechsler Intelligence Scale

for Children-IV [WISC-IV; (Wechsler 2003)]. In all sub-

jects, the WISC-IV Verbal Comprehension Index (VCI)

was also obtained. Inclusion criteria for the TD control

children included scoring below the cut-off for ASD on the

ADOS as well as parent questionnaires. Per parent report,

they also had never been diagnosed with the following:

developmental delay, mental retardation, speech/language

disorder/delay, communication disorder, language-based or

other learning disability, ADHD, or psychiatric conditions

(e.g., bipolar disorder, obsessive compulsive disorder,

schizophrenia, conduct disorder, depression, or anxiety

disorder).

In addition to the inclusion/exclusion criteria outlined

above, per parent report, all subjects and families were

native English speakers and had no known genetic syn-

dromes, neurological (e.g., cerebral palsy, epilepsy), or

sensory (hearing, visual) impairments. Finally, given

known associations between psychotropic medications and

brain activity (Blume 2006), all subjects in this study were

required to be medication-free. Parental report of medica-

tion use was obtained during the initial phone screening

and again at the study visit to confirm that participants were

medication-free from the time of recruitment and that their

medication-free status had not changed between the phone

screen and study visit. (Note that although participants

were unmedicated for at least 2 months prior to MEG

imaging, from our study records it is not possible to

determine if subjects were taking medications prior to the

phone screen. Nevertheless, 2 months is sufficiently long

as to encompass medication washout periods.) The study

was approved by the CHOP Institutional Review Board and

all participants’ families gave written informed consent. As

indicated by institutional policy, where competent to do so,

children over the age of seven additionally gave verbal

assent.

The WISC-IV General Ability Index (GAI) was com-

pared between groups to ensure that any observed group

differences in oscillatory activity would not be attributable

to group differences in cognitive ability. The mean GAI

was 104 (SD = 17, range = 67–138) in the ASD group

and 105 (SD = 13, range = 85–132) in the TD group. A

t test confirmed that the groups did not differ on GAI

(p [ .86). The SRS was the measure of ASD symptom

severity chosen for investigating the relationship between

resting-state oscillatory activity and symptom severity.

Whereas the most commonly used ASD diagnostic tools

are designed for purposes of categorical classification, the

SRS provides dimensional ratings of impairment across a

broad range of severity. Mean SRS raw scores were 87 in

the ASD group (SD = 20, range = 49–118) and 23 in the

TD group (SD = 18, range = 3–62). A t test confirmed

that SRS scores were significantly higher in the ASD group

than in the TD group (p \ .0001).

Procedure

Data were collected using a 275-channel MEG system

(VSM MedTech Inc., Coquitlam, BC). Children were

scanned in a supine position and were instructed to lie still

with their eyes gently closed during a 2-minute resting-

state exam. Three head-position indicator coils were

attached to the scalp and foam wedges inserted between the

side of the participant’s head and the inside of the dewar to

ensure immobility. The electro-oculogram (EOG; bipolar

oblique, upper right and lower left sites) was collected to

ensure that participants’ eyes remained closed throughout

the 2-minute exam. After a band-pass filter (0.03–150 Hz),

EOG and MEG signals were digitized at 1,200 Hz with

3rd-order gradiometer environmental noise reduction and

downsampled offline to 500 Hz.

Data Processing and Analysis

A clinical read was first performed to examine the data for

gross abnormalities. All eye-closed recordings were read as

normal by the clinical team (i.e., epileptiform activity was

not observed in any of the recordings). A three step process

was employed for removal of muscle and movement arti-

fact. First, participants’ raw EOG data were visually

examined and epochs contaminated by blinks, saccades, or

other significant EOG activity were removed from the

MEG data. Second, blind to diagnosis, participants’ MEG

data were visually inspected for muscle-related activity

(focusing especially on data from sensors close to the

temporalis muscles), and data containing muscle activity

were removed. Third, any additional artifacts were rejected

by amplitude and gradient criteria (amplitude 1,200 fT/cm,

gradients 4,800 fT/cm/sample). We have found this three-

state approach to provide more thorough artifact rejection

than automated artifact-rejection routines. All participants

had at least 45 s of artifact-free data, with a mean of 86

(SD = 17) seconds in the ASD group and a mean of 85

(SD = 16) seconds in the TD group. A t-test confirmed

that the groups did not differ with respect to amount of

artifact-free data (p [ .84). To ensure that any observed

group power differences were not due to group differences

in residual eye movement, power in the EOG channel from
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1 to 120 Hz was compared between groups. A repeated-

measures ANOVA with frequency band (1–4, 4–8, 8–12,

12–20, 20–30, 30–55, 65–90, 90–120 Hz) as a within-

subjects factor revealed no main effect or interaction

involving group (ps [ .71).

The MEG data were then further processed using BESA

5.2 (MEGIS Software GmbH, Grafelfing, Germany). To

decompose the 275 channel data into a smaller number of

measures for data analysis, a source model with 15 regional

sources (Fig. 1) was applied to project each individual’s

raw MEG surface data into brain source space where the

waveforms are the modeled source activities. These

regional sources are not intended to correspond to precise

neuroanatomical structures but rather to represent neural

activity at coarsely defined regions and to provide mea-

sures of brain activity with better signal separation and

with a greater signal-to-noise ratio than would be afforded

at the sensor level (Scherg et al. 2002). The locations of the

regional sources in the model are such that there is an

approximately equal distance between sources ([ 3 cm),

helping to separate signals originating from different brain

regions. Goodness of fit for the regional source model

(using the two orthogonal orientations of each regional

source) over the entire resting dataset ranged from 79 to

91%, with a mean of 85% (SD = 3.0) in the ASD group

and 85% (SD = 2.3) in the TD group. A t test confirmed

that the groups did not differ with respect to goodness of fit

(p [ .88).

To transform MEG data from the time domain into the

frequency domain, a Fast Fourier Transform (FFT) was

applied to artifact-free two-second epochs of continuous

data for each of the two orthogonally oriented time series at

each regional source. Each two-second epoch overlapped

50% with the next epoch, and each epoch was multiplied

by a cosine squared window. This combination of overlap

and windowing ensured that each time point contributed

equally to the mean power spectra. The mean power

spectra for the two orthogonally oriented time series at

each regional source were summed to yield the power at a

given frequency at that source. Total spectral power was

computed for each participant by summing the power

across all frequencies (1–120 Hz) and all sources. Based on

total spectral power, three participants (2 ASD, 1 TD) were

identified as outliers ([2 SD from the mean) and their data

were excluded from subsequent analyses.

Prior to parceling the remaining participants’ data into

frequency bands for further analysis, the peak alpha fre-

quency at the parietal midline source (the location of the

greatest alpha power for the majority of participants) was

identified in each participant to ensure that all peak alpha

Fig. 1 Source model showing the locations of the 15 regional sources

and their Talairach coordinates. FpM fronto-polar midline, FL frontal

left, FM frontal midline, FR frontal right, TAL temporal anterior left,

TAR temporal anterior right, CL central left, CM central midline, CR

central right, TPL temporal posterior left, TPR temporal posterior

right, PL parential left, PM parential midline, PR parential right,

OPM occipito-polar midline
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frequencies were between 8 and 12 Hz. The peak frequency

of alpha oscillations is below 8 Hz early in life and increases

with development, generally reaching the 8–12 Hz range by

approximately 3 years of age (Klimesch 1999). The mean

peak frequency was indeed between 8 and 12 Hz for all

participants, with a mean of 9.6 Hz (SD = 0.8) in both the

ASD and TD groups. A t test confirmed that the groups did

not differ in peak alpha frequency (p [ .92). Given no group

difference, individual spectra were averaged and oscillatory

activity at the 15 regional sources was examined in eight

standard frequency bands: delta (1–4 Hz), theta (4–8 Hz),

alpha (8–12 Hz), beta1 (12–20 Hz), beta2 (20–30 Hz),

gamma1 (30–55 Hz), gamma2 (65–90 Hz), and very fast

oscillations (VFO; 90–120 Hz).

As ASD anomalies have been reported in absolute and

relative power, analyses were conducted for both measures

between 1 and 120 Hz. At each regional source, relative

power was calculated by dividing the power in each fre-

quency band by the total power. This provides a measure of

the proportion of power within each frequency band.

Absolute power and relative power are thus related but

distinct, with group differences in absolute power indicat-

ing differences in the raw power spectra, and group dif-

ferences in relative power indicating group differences in

the distributions of power across frequency bands. Thus, it

is possible that group differences in absolute and relative

power may differ for a given frequency band.

Linear mixed model analyses compared absolute and

relative power between groups at each of the 15 regional

sources. Fixed effects were frequency band (8 bands),

anterior-to-posterior (frontopolar, frontal, anterior tempo-

ral, central, posterior temporal, parietal, occipital), and

laterality (left hemisphere, midline, right hemisphere), and

subject was a random effect. Custom models were created

in order to specifically test for group differences; as such,

all non-group-related interactions and main effects were

excluded. For absolute power, the model included all

possible two- and three-way interactions involving group

as well as the main effect of group. For relative power, the

model included only the following interaction terms: group

by frequency band, group by frequency band by anterior-

to-posterior, and group by frequency band by laterality.

The main effect of group as well the group by laterality and

group by anterior-to-posterior interaction terms were

excluded from the relative power analysis because at each

source the total relative power (summed across frequency

bands) must, by definition, equal 1 for every participant.

Because of this, F will always equal 0 and p will always

equal 1 for these effects. For analyses of both absolute and

relative power, highest-order significant interactions are

reported. Where group differences in power were observed,

linear regressions assessed associations with ASD symp-

tom severity (SRS total raw scores).

Results

Absolute Power

A linear mixed model analysis of absolute power revealed

a significant group by frequency band by anterior-to-pos-

terior interaction, F(84, 5439) = 31.34, p \ .001, showing

greater power in the ASD than in the TD group in the theta

band at parietal, F(1,679) = 4.79, p = .029, and occipital,

F(1, 2765) = 5.86, p = .016, regions, as well as in the

alpha band at posterior temporal, F(1, 1194) = 12.87,

p \ .001, parietal, F(1, 679) = 81.26, p \ .001, and

occipital F(1, 2765) = 112.24, p \ .001, regions (see

Fig. 2). A significant group by frequency band by laterality

interaction was also observed, F(28, 5439) = 8.75,

p \ .001, showing that alpha power was significantly

greater in ASD in left hemisphere, midline, and right

hemisphere regions, Fs(1,340) = 11.33, 66.10, and 8.44,

ps = .001, \ .001, and .004, respectively and theta power

was significantly greater in ASD in midline regions,

F(1,340) = 4.62, p = .032, and marginally greater in the

left hemisphere F(1, 340) = 3.02, p = .083.

Given a previous finding of increased resting 24–44 Hz

power in children with ASD (Orekhova et al. 2007) and

reports of increased power up to and exceeding 100 Hz in

epilepsy (Willoughby et al. 2003), the lack of group

differences in high-frequency activity was surprising. To

further investigate our a priori prediction of greater high-

frequency activity in ASD, linear mixed model analyses

were conducted individually for beta1, beta2, gamma1,

gamma2, and VFO bands, with anterior-to-posterior and

laterality fixed factors. A Bonferroni correction was

applied, such that a conservative a = 0.01 for each test

protected a family-wise a = 0.05. As expected, group

differences were observed at all high-frequency bands,

demonstrating greater power in ASD than in the TD

group. These high-frequency abnormalities in ASD

exhibited a regional specificity similar to the low-fre-

quency findings reported above, that is, most robust at

temporal, parietal, and occipital regions (see Table 1 for

details). Because muscle artifact can contaminate high-

frequency MEG and EEG data (Orekhova et al. 2007),

high frequency analyses were repeated, excluding the

regional sources where muscle activity is most prominent

(frontopolar, anterior and posterior temporal, and occipi-

tal). For all bands, the group by anterior-to-posterior

interactions remained significant (for beta1 and beta2,

Fs(4, 360) = 155.32 and 157.15, ps \ .001; for low

gamma, high gamma, and VFO, Fs(4, 360) = 128.74,

63.40, and 54.81, ps \ .001), demonstrating greater high-

frequency activity in ASD that became more pronounced

from anterior to posterior and was most evident in parietal

regions.
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Relative Power

A linear mixed model analysis of relative power revealed a

significant group by frequency band by anterior-to-poster-

ior interaction, F(96, 5496) = 20.15, p \ .001, with the

ASD group exhibiting greater relative delta at frontal

regions, F(1, 5496) = 4.49, p = .034, and greater relative

alpha at anterior temporal, F(1, 5496) = 4.80, p = .029

and parietal, F(1, 5496) = 28.75, p \ .001, regions. A

significant group by frequency band by laterality interac-

tion was also observed, F(32, 5496) = 4.21, p \ .001,

showing that the ASD group exhibited significantly greater

relative delta in the right hemisphere, F(1, 5496) = 4.41,

p = .036 and marginally significantly greater relative delta

in the left hemisphere, F(1, 5496), p = .093. The ASD

group exhibited significantly greater relative alpha in the left

hemisphere, midline, and right hemisphere, Fs(1, 5496) =

5.26, 9.79, and 5.12, ps = .022, .002, and .024.

Potential Influences of Age on Spectral Power

Given the substantial brain development that occurs

between 6 and 15 years of age, linear mixed model anal-

yses of absolute and relative power were repeated with age

entered as a covariate. For absolute power, although age

was a significant covariate, F(1, 43) = 4.86, p = .033,

indicating developmental changes in oscillatory power

between 6 and 15 years of age, the age by group interaction

was not significant, F(1, 43) = .75, p = .393. In addition,

the group by frequency band by anterior-to-posterior

interaction remained significant, F(84, 5439) = 31.34,

p \ .001, as did the group by frequency band by laterality

interaction, F(28, 5439) = 8.753, p \ .001. Contrasts

revealed the same significant alpha band results reported

above; however, the result of greater parietal theta power in

ASD became marginally significant, F(1, 674) = 3.79,

p = .052, as did that of greater midline theta power in

ASD, F(1, 336) = 3.47, p = .063. For relative power, age

was not a significant covariate and the age by group

interaction was not significant, both Fs(1, 5494) = 0.00,

ps = 1.00; however, the group by frequency band by

anterior-to-posterior interaction remained significant, F(96,

Fig. 2 Power spectra for the

ASD (red) and TD (blue)

control groups from 1–30 Hz at

all 15 regional sources. Note

that due to regional differences

in the magnitude of oscillatory

activity, the y axis scaling

differs across sources (Color

figure online)

Table 1 Group by anterior-to-posterior interaction effects for high

frequency bands

Frequency band F p Region

Beta1 76.97 \.001 Parietal*

Occipital**

Beta2 59.94 \.001 Parietal*

Occipital**

Low gamma 60.92 \.001 Parietal*

Occipital**

High gamma 38.49 \.001 Anterior temporal**

Posterior temporal**

Occipital*

VFO 30.97 \.001 Anterior temporal**

Posterior temporal**

Occipital*

* p \ .10, ** p \ .05
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5494) = 20.14, p \ .001, as did the group by frequency

band by laterality interaction, F(32, 5494) = 4.21,

p \ .001. Contrasts revealed the same significant group

differences reported above.

Associations with Symptom Severity

To test the hypothesis that atypical oscillatory activity is

associated with ASD symptom severity, associations

between the regionally- and spectrally-specific anomalies

that emerged in the omnibus tests reported above and SRS

scores were probed within the ASD group via linear

regression. In addition, as the SRS exhibits a normal dis-

tribution across the general population (although with a

higher mean score in ASD), associations were also exam-

ined in the TD group. For absolute power (5 regressions), a

Bonferroni-corrected a = 0.01 protected a family-wise

a = 0.05. No significant absolute power associations were

observed (all ps [ .05). For relative power (3 regressions),

a Bonferroni-corrected a = 0.017 protected a family-wise

a = 0.05. In ASD, symptom severity (higher SRS scores)

was associated with increased anterior temporal relative

alpha power, R2 = .34, p = .012, and increased parietal

relative alpha power R2 = .39, p = .017 (Fig. 3). No sig-

nificant associations were observed in the TD group.

Discussion

The current study investigated resting-state neural oscilla-

tory activity in children with ASD, with the aim of charac-

terizing the potential excitation/inhibition imbalance that

has been proposed to underlie the behavioral manifestations

of ASD (Rubenstein and Merzenich 2003). Our findings

indicate that ASD is characterized by atypical neural oscil-

latory activity. The finding of elevated relative delta power is

consistent with Cantor and colleagues’ finding in low-func-

tioning children with ASD (Cantor et al. 1986), as well as

with Murias and colleagues’ finding that relative delta

abnormalities are prominent in anterior regions (Murias et al.

2007). Delta abnormalities have been linked to a discon-

nection between gray and white matter (Huang et al. 2009) as

well as thalamic abnormalities (Hughes and Crunelli 2005;

O’Connor and Robinson 2005). Given reports of abnormal

low-frequency activity in several disorders (Bosboom et al.

2006; de Jongh et al. 2003; Rockstroh et al. 2007; Venables

et al. 2009; see also Roberts et al. 2009), and no associations

between delta activity and ASD symptom severity in the

present study, elevated delta in ASD may be a general

indicator of neurological dysfunction rather than an abnor-

mality specific to ASD.

Given reports of decreased alpha in ASD (Cantor et al.

1986; Murias et al. 2007), the present finding of increased

posterior alpha was unexpected. Differences in participant

characteristics between studies might account for the dis-

crepant findings. For example, whereas participants in the

present study were relatively high-functioning children

with ASD, Cantor and colleagues studied low-functioning

children, and Murias and colleagues studied adults. In

addition, whereas all participants in the current study were

unmedicated, subjects in Murias’ study were receiving

medications, and it is unclear whether this was true of

participants in Cantor’s study. Reports of the effects of

numerous medications (including selective serotonin

reuptake inhibitors (SSRIs) and methylphenidate, two

classes of drugs commonly prescribed to children with

ASD) on neural oscillations (Blume 2006; Dumont et al.

2005; Loo et al. 1999), highlight the importance of

examining unmedicated participants. Furthermore, alpha

activity is modulated by state of arousal, such that it is

greatest when individuals are alert but at rest (Fisch 1999)

and decreases when individuals are anxious. Several steps

were taken to ensure that participants in the current study

were alert during the resting-state exam: (1) The exam took

place immediately following set-up in the MEG scanner,

(2) the exam lasted only 2 minutes; and (3) an experimenter

interacted with the child over an intercom just prior to the

start of data collection. Experimenters also worked to

Fig. 3 Scatterplots showing

associations between elevated

alpha power in anterior

temporal (left) and parietal

(right) regions and symptom

severity (indexed by raw SRS

scores) in ASD
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minimize participant anxiety by remaining calm and

friendly throughout the session. The effect of anxiety on

alpha activity potentially complicates interpretation of

decreased alpha power reported in previous studies (Cantor

et al. 1986; Murias et al. 2007), as individuals with ASD

are often prone to anxiety (and it was qualitatively

observed that ASD participants in the present study tended

to be more anxious than control participants during the

MEG exam). However, the present finding of increased

alpha in ASD is opposite of what would be expected if

group differences were due only to anxiety.

In addition to differences in participant characteristics,

another possible explanation for the discrepancy in alpha

findings is that whereas children in the current study were

scanned in an eyes-closed condition, which is optimal for

eliciting alpha activity, children in Cantor et al. (1986)

study were scanned in an eyes-open condition. Notably,

although the present findings of increased alpha were

unexpected, alpha power was the only measure associated

with ASD symptom severity, suggesting that atypical alpha

activity is of potential clinical relevance. The lack of a

similar association in the TD group suggests that resting

alpha power is not a sensitive index of individual differ-

ences in social ability in typically developing children, but

rather may be a more specific indicator of ASD symp-

tomatology. Future studies comparing oscillatory activity

in ASD and other neurodevelopmental disorders are nec-

essary to determine the specificity and potential diagnostic

utility of elevated posterior alpha activity to ASD.

Converging evidence provides insight into potential

mechanisms and functional correlates of atypical alpha

activity in ASD. First, alpha is inversely related to per-

ception and attention, suggesting that alpha reflects func-

tional inhibition of sensory systems (Jokisch and Jensen

2007). It is possible that increased alpha power at rest

renders the ASD brain unprepared for sensory input and

thus may be associated with sensory processing abnor-

malities in ASD, such as delayed auditory M100 evoked

responses (Roberts et al. 2010) and deficient rapid temporal

auditory processing (Oram Cardy et al. 2005). Future work

directly comparing resting alpha activity and sensory

processing in children with ASD would address this

hypothesis. Second, inhibitory interneurons, which are

likely abnormal in ASD (Casanova et al. 2002b; Levitt

et al. 2004), play a role in maintaining alpha oscillations

(Lorincz et al. 2009), suggesting a potential mechanism for

the observed alpha findings. Interestingly, interneuron

abnormalities in a mouse model of ASD are specific to

frontal and parietal regions (Levitt 2005), demonstrating

similar regional specificity to the delta and alpha findings

reported in the present study.

The frontal and parietal loci of the atypical delta and

alpha activity observed here are also consistent with the

loci of ASD resting-state anomalies identified with fMRI

(Cherkassky et al. 2006; Kennedy et al. 2006). The spatial

correspondence between fMRI and the present findings are

interesting, and future studies employing MEG and fMRI

(or perhaps simultaneous EEG and fMRI) in the same

participants to investigate associations between resting-

state findings may provide additional insight into the

pathophysiology of ASD. This approach is especially of

interest given a previous finding that alpha power, mea-

sured with EEG, is negatively correlated with the BOLD

fMRI signal in a fronto-parietal network in healthy adults

(Laufs et al. 2003). Moreover, fMRI studies have high-

lighted the role of regions within prefrontal, parietal, and

temporal cortex in sensory and social processing (Iacoboni

et al. 2004; Peelen et al. 2010), suggesting associations

between atypical patterns of neural activity at rest and

during basic sensory and higher-level processing in ASD.

The relationship observed here between resting alpha

power and scores on the SRS is consistent with such an

association.

In addition to low-frequency anomalies, in the present

study children with ASD exhibited elevated 20–120 Hz

activity, predominantly in posterior brain regions. This

finding replicates and extends the results of Orekhova et al.

(2007), who observed increased EEG resting beta and low

gamma activity in ASD. Interestingly, although they

focused on the low gamma band, Orekhova also observed

increased resting high gamma (up to 70 Hz) in one of their

two ASD populations. The current study is the first to

report atypical resting-state activity between 70 and

120 Hz in ASD. These findings should be interpreted with

caution, however, as they were evident only in post hoc

tests and, as such, are not as robust as the lower-frequency

findings. In addition, although every effort was made to

ensure that group differences in spectral power were not

due to artifact, it is not possible to completely rule out

potential contributions of residual muscle or motion, as

well as anxiety, which can lead to increased high-frequency

(particularly beta band) activity (Aftanas and Pavlov 2005).

Future studies are needed to replicate the observed elevated

high-frequency activity in ASD; this is an important ave-

nue of pursuit given that high-frequency oscillatory activity

is believed to underlie signal transmission in cortical

microcircuits (Sohal et al. 2009), sensory processing

(Tallon-Baudry et al. 1997), and short-range neural com-

munication (Fries 2005). Furthermore, local circuit abnor-

malities at the microstructural level in ASD, such as

atypical size and structure of cortical minicolumns, which

play a role in maintaining the excitatory/inhibitory balance

(Casanova et al. 2002a, b), are consistent with the patho-

logically elevated high-frequency activity observed here. In

addition, there is a high degree of comorbidity of ASD and

epilepsy (Canitano 2007), a disorder characterized by an
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abnormal excitation/inhibition ratio (Scharfman 2007) and

increased high-frequency oscillatory activity (Willoughby

et al. 2003). Electrophysiological epileptiform activity is

present in a large percentage of children with ASD without

epilepsy (Chez et al. 2006; Lewine et al. 1999), which

suggests that a similar neural circuit abnormality may be

involved in the pathophysiology of ASD.

A limitation of the current study is that the ASD par-

ticipants were all high-functioning. This is a limitation

common to many neuroimaging studies, because the

scanning procedures can be demanding of participants and

may not be tolerated by lower-functioning individuals.

Thus it is unclear at present whether and how the findings

from the current study extend to lower-functioning children

with ASD. Fortunately, resting-state studies are, by defi-

nition, task-free and are therefore more amenable to the

study of low-functioning individuals than task-based

experimental designs. Future studies investigating resting-

state oscillatory activity in low-functioning children with

ASD will be helpful in resolving discrepant findings

between studies and in characterizing the neural bases of

phenotypic heterogeneity in ASD.

In sum, present findings demonstrate atypical resting-

state oscillatory activity in children with ASD, suggest

that regionally- and spectrally-specific alpha anomalies

are of possible clinical relevance, and support an imbal-

ance of neural excitation/inhibition as a potential ASD

biomarker. Although it is not yet known whether the

observed pattern of atypical activity represents a core

pathology in ASD, it is likely that an imbalance of neural

excitation and inhibition early in life has cascading det-

rimental effects on myriad developmental domains. For

instance, this balance has been shown to regulate critical

periods in development (Hensch 2005), during which the

brain is maximally responsive to specific types of sensory

input. In addition, oscillatory activity in local networks is

driven by the firing of inhibitory interneurons and is crit-

ical for the development of these networks (see Uhlhaas

and Singer 2006, for a review). Several neurological

disorders are characterized by imbalances of excitation

and inhibition (Uhlhaas and Singer 2006), and it is likely

that the precise timing during development and/or the

mechanisms of the imbalance result in distinct profiles of

oscillatory activity that differentiate the disorders. Fur-

thermore, given the protracted developmental trajectory

and plasticity of cortical circuits, profiles of oscillatory

anomalies associated with neurological disorders may

change over the lifespan. Future studies with sample sizes

large enough to compare groups cross-sectionally based

on age, or longitudinal studies tracking oscillatory activity

in the same children over time, would help to specify

anomalies in the developmental trajectories of neural

oscillations in children with ASD.
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