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Abstract

Adult studies have shown that a basic property of resting-state (RS) brain activity is the coupling of posterior
alpha oscillations (alpha phase) to posterior gamma oscillations (gamma amplitude). The present study examined
whether this basic RS process is present in children. Given reports of abnormal parietal–occipital RS alpha in
children with autism spectrum disorder (ASD), the present study examined whether RS alpha-to-gamma
phase-amplitude coupling (PAC) is disrupted in ASD. Simulations presented in this study showed limitations
with traditional PAC analyses. In particular, to avoid false-positive PAC findings, simulations showed the
need to use a unilateral passband to filter the upper frequency band as well as the need for longer epochs of
data. For the human study, eyes-closed RS magnetoencephalography data were analyzed from 25 children
with ASD and 18 typically developing (TD) children with at least 60 sec of artifact-free data. Source modeling
provided continuous time course data at a midline parietal–occipital source for PAC analyses. Greater alpha-to-
gamma PAC was observed in ASD than TD ( p < 0.005). Although children with ASD had higher PAC values, in
both groups gamma activity increased at the peak of the alpha oscillation. In addition, an association between
alpha power and alpha-to-gamma PAC was observed in both groups, although this relationship was stronger
in ASD than TD ( p < 0.05). Present results demonstrated that although alpha-to-gamma PAC is present in chil-
dren, this basic RS process is abnormal in children with ASD. Finally, simulations and the human data high-
lighted the need to consider the interplay between alpha power, epoch length, and choice of signal processing
methods on PAC estimates.
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coupling; resting-state

Introduction

An emerging hypothesis posits that autism spectrum
disorder (ASD) involves neural synapse excitatory and

inhibitory imbalances, with these imbalances resulting in
abnormal neural network activity (Collins et al., 2006). Elec-
troencephalography (EEG) and magnetoencephalography
(MEG) are well suited to noninvasively study the behavior
of neuronal assemblies. Using EEG and MEG, resting-state
(RS) and auditory evoked oscillatory abnormalities have
been reported in ASD across multiple frequency bands, in-
cluding delta (1–4 Hz), theta (4–8 Hz), alpha (8–12 Hz),
beta (12–30 Hz), and gamma ( > 30 Hz) (Cantor et al.,
1986; Orekhova et al., 2007; Rojas et al., 2008; Wilson
et al., 2007). Using source localization to examine the activ-
ity in brain space, Cornew and colleagues (2012) reported

greater RS alpha- and gamma-band power in ASD versus
typically developing (TD) controls in the parietal and occip-
ital regions.

Beyond single-frequency assessments of oscillatory activ-
ity, a recently developed functional connectivity measure
termed cross-frequency coupling (CFC) provides insight
into how local neural networks process information through
the interaction or coupling of activity across frequencies.
Phase-amplitude coupling (PAC) is a type of CFC where
the phase of low-frequency activity (e.g., alpha) modulates
the amplitude of high-frequency activity (e.g., gamma).
PAC has been observed in multiple brain regions under a va-
riety of conditions (Axmacher et al., 2010; Handel and Haar-
meier, 2009; Sauseng et al., 2008). Examining eyes-closed
RS sensor data, Osipova and colleagues (2008) showed
that gamma-band power was locked to alpha-band phase,
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with the strongest PAC relationships in the occipital areas.
The above as well as many other studies indicate that fast
gamma oscillations originate from a network of neurons
whose excitability is modulated by a slower alpha rhythm.

Given the abnormal RS alpha and gamma oscillatory ac-
tivity in ASD previously observed, this study hypothesized
that alpha-to-gamma PAC is altered in ASD (Cornew
et al., 2012). The present study focused on RS PAC in mid-
line parietal–occipital cortex because this cortical region is
close to the large concentration of RS alpha generators in
the calcarine cortex (Huang et al., 2014; Salmelin and
Hari, 1994). In addition, Cornew and colleagues (2012)
showed RS alpha and gamma power abnormalities in this re-
gion in children with ASD.

In the present study, simulations were performed before
the ASD and TD analyses to demonstrate the limitations of
assessing local PAC across a range of frequencies using pub-
lished PAC methods (Berman et al., 2012; Canolty et al.,
2006). These simulations motivated modifications to the
ASD and TD PAC analyses and also verified minimum
epoch length requirements. In particular, simulations showed
the need to apply an asymmetric passband to the high-
frequency signal of interest to avoid false-positive PAC
estimates and, as in previous PAC publications (Penny
et al., 2008a; Tort et al., 2010), simulations confirmed the
need for longer epochs to accurately estimate PAC. The sim-
ulation findings were applied to a population study of RS
alpha–gamma PAC, offering potential for neurobiological
insight into RS abnormalities in ASD.

Materials and Methods

Simulated time courses

Simulations investigated the impact of filter design and
epoch length on PAC. Brain signals with PAC were simu-
lated using the Matlab (MathWorks) according to Equation
(1a–c), with constant amplitude of 1 and constant modula-
tion depth of 0.5. The phases, u1 and u2, were set to zero.
The SAM(t) function was the amplitude modulated high-
frequency signal with carrier frequency fc and modulation
frequency fm. SLF(t) was the low-frequency modulation sig-
nal. Ssim(t) was the sum of SAM(t), SLF(t), and a pink noise
signal, n(t), with a power spectrum of 1/f.

SAM(t) = (1þ 0:5 � cos (2pfmtþu1))�
cos (2pfctþu2)

(1a)

SLF(t) = cos (2pfmt) (1b)

Ssim(t) = SAM(t)þ SLF(t)þ n(t) (1c)

In the present study, simulated signals had a sample rate of
500 Hz and were 120 sec in duration.

Computation of PAC

The estimate of PAC published by Tort and colleagues
(2010) was implemented in the Matlab. In particular, the
broad-band time-domain source signal was bandpass filtered
into two frequency bands of interest: a low-frequency and a
high-frequency signal. A Hilbert transform provided the
time-varying phase of the low-frequency signal and the

time-varying amplitude of the high-frequency signal. A com-
posite source signal was next formed using the phase time
course of the low-frequency signal and the amplitude time
course of the high-frequency signal. This composite signal
was then used to measure the dependence of the amplitude
of the high-frequency signal on the phase of the low-
frequency signal, computed as the modulation index (MI).
The MI measures deviation of the amplitude-phase histo-
gram from a uniform distribution. The underlying assump-
tion is that if the amplitude-phase histogram has a distinct
peak, then there is a relationship between the high-frequency
signal’s amplitude and the low-frequency signal’s phase.

To examine coupling between multiple frequency pairs,
comodulograms examined PAC (i.e., MI values) between
the phase of low-frequency signals (2–20 Hz in 1 Hz steps)
and the amplitude of high-frequency signals in 5 Hz steps.
The comodulogram indicates the level of coupling between
low-frequency phase and high-frequency amplitude pairs,
with the abscissa representing the modulating frequency
and the ordinate representing the amplitude-modulated fre-
quency. The comodulogram color coding indicates the mag-
nitude of MI values. As discussed in a prior work, the
modulating frequency must be lower than the amplitude
modulated frequency (Berman et al., 2012).

To compute MI values, the high-frequency amplitude
modulated signal was filtered using a variable bandwidth
filter because an overly narrow fixed high-frequency band-
width can destroy amplitude modulation, resulting in false-
negative PAC (Berman et al., 2012). To overcome this
limitation, a double sideband (DSB) variable bandwidth filter
approach was adopted as previously described (Berman
et al., 2012). The DSB passband uses a variable bandwidth
of 2*fm to ensure coverage of the center frequency (fc) and
the two amplitude-modulation sidebands (Table 1). The pres-
ent study also demonstrated an upper sideband (USB) vari-
able bandwidth filter method. The USB approach passes
only fc and the upper sideband (Table 1). The USB approach
has a lower passband cutoff at fc�2 Hz to ensure the inclusion
of the carrier frequency in the passband. As detailed in the
Results, the USB approach was motivated by an artifact ob-
served in the simulations, where the high-frequency passband
included the low-frequency modulating frequency paired with
the higher frequency. For DSB and USB filtering, the transi-
tion bands were 20% of the cutoff frequencies. The low-
frequency signal was filtered with a constant bandwidth of
1 Hz with 10% transition bands.

Population study

Participants included 26 children with ASD [mean
age = 9.5, standard deviation (SD) = 2.2] and 22 TD children

Table 1. Passband Limits for the Filters

Passband definition

Filter type Lower limit Upper limit

DSB fc�fm fc + fm

USB fc�2 Hz fc + fm

The variable fm is the modulating phase frequency and fc the car-
rier frequency.

DSB, double sideband; USB, upper sideband.
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(mean age = 10.5, SD = 2.4). This population overlaps with
the subjects reported in Cornew and colleagues (2012).
Assessments were performed by a licensed child psycholo-
gist with expertise in ASD (Cornew et al., 2012). Given
the extensive clinical evaluations upon which the original
ASD diagnosis was made, an abbreviated diagnostic battery
at the time of MEG confirmed the original diagnosis in the
ASD group and ruled out ASD in the TD children. Specifi-
cally, diagnostic classification was made using the Autism
Diagnostic Observation Schedule (ADOS) and parent report
on the Social Communication Questionnaire (SCQ) (Lord
et al., 2000; Rutter et al., 2003). Inclusion criteria for the
TD control children included scoring below the cutoff for
ASD on the ADOS as well as on parent questionnaires. To
rule out global cognitive delay, all subjects scored at or
above the fifth percentile (SS > 75) on the Perceptual Reasoning
Index (PRI) of the Wechsler Intelligence Scale for Children-IV
(WISC-IV) (Wechsler, 2003). Per parent report, TD subjects
also had never been diagnosed with the following: develop-
mental delay, mental retardation, speech/language disorder/
delay, communication disorder, language-based or other learn-
ing disability, attention deficit hyperactivity disorder (ADHD),
or psychiatric conditions, including bipolar disorder, obsessive
compulsive disorder, schizophrenia, conduct disorder, depres-
sion, or anxiety disorder.

Given known associations between psychotropic medica-
tions and electrophysiological brain activity, all subjects in-
cluded in this study were medication-free (Blume, 2006).
Parental report of medication 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 re-
cruitment and that their medication-free status had not
changed between the phone screen and study visit.

The study was approved by the Institutional Review Board
and all participants’ families gave written informed con-
sent. As indicated by institutional policy, where competent
to do so, children over the age of seven additionally gave
verbal assent.

MEG acquisition

Data were collected using a 275-channel MEG system
(VSM MedTech, Inc.). Children were scanned in a supine
position and were instructed to lie still with their eyes gently
closed during a 2-min RS exam. Three head-position indica-
tor 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 the participants’ eyes remained
closed throughout the 2-min exam. Recording with a band-
pass filter (0.03–150 Hz), EOG and MEG signals were digi-
tized at 1200 Hz with third-order gradiometer environmental
noise reduction and down-sampled to 500 Hz.

A three-step process removed muscle and movement arti-
fact. First, participants’ raw EOG data were visually exam-
ined and MEG epochs contaminated by blinks, saccades, or
other significant EOG activity were removed. Second,
blind to diagnosis, participants’ MEG data were visually
inspected for muscle-related activity and data containing
muscle activity removed. Third, any additional artifacts
were rejected by magnetic field amplitude and sample-

sample gradient criteria (amplitude 1200 fT/cm, gradients
4800 fT/cm/sample).

As detailed in the Results section, simulations showed that
a minimum of 60 sec of data were needed to obtain stable
PAC estimates. As such, four controls and one child with
ASD with < 60 sec of artifact-free data were excluded.
Examining the remaining subjects, there was no significant
difference ( p > 0.4) in epoch length between the ASD
group (mean: 85.6 sec, SD: 16.8 sec) and the control group
(mean: 88.9 sec, SD: 9.9 sec).

As PAC estimates based on scalp indices (i.e., EEG elec-
trodes or MEG sensors) likely reflect the superposition of ac-
tivity from multiple brain areas, assessment of functional
connectivity is optimally performed in source rather than
sensor space (Hoechstetter et al., 2004; Nunez, 1997).
MEG data were processed using the BESA 5.2 (MEGIS
Software GmbH). To decompose the 275 channel MEG
data, a source model with 15 regional sources was applied
to project each individual’s raw MEG surface data into the
brain source space where the waveforms are the modeled
source activities (Cornew et al., 2012; Scherg et al., 2002).
These regional sources are not intended to correspond to pre-
cise neuroanatomical structures, but rather to represent neu-
ral activity at coarsely defined regions and to provide
measures of brain activity with better signal separation and
with a greater signal-to-noise ratio than would be afforded
at the sensor level. The locations of the regional sources in
the model are such that there is an approximately equal dis-
tance between sources ( > 3 cm), helping to separate signals
originating from different brain regions.

RS PAC was examined at a midline parietal–occipital re-
gional source (Fig. 1). This strategy was consistent with the
findings of Osipova and colleagues (2010) who found that
posterior RS alpha-to-gamma PAC was adequately modeled
by a single parietal–occipital source. To obtain a single time

FIG. 1. Positions of the parietal–occipital (red) and frontal
(blue) sources. A total of 15 sources throughout the brain
were included in the source model. Two of the unexamined
sources are shown (black).
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course, the parietal–occipital regional source orientation
containing the majority of the RS alpha power was identified.
The source time-course associated with this optimized dipole
orientation was used for PAC analyses. As an internal con-
trol, PAC measures and group differences at a midline frontal
source were also computed (Fig. 1), with the hypothesis that
alpha-gamma PAC would not be observed in frontal regions
given the low frontal RS alpha activity.

Epoch lengths of 10, 30, 60 sec, and the maximum length
available were examined. As previously noted, all subjects
were required to have a minimum of 60 sec of artifact-free
data. Population statistics were performed on the comodulo-
gram using t-tests. Given the large number of comparisons,
results were familywise corrected using suprathreshold clus-
tering and bootstrapping (Nichols and Holmes, 2002). For
our sample size of 43 subjects, a t-value suprathreshold of
2.02 ( p = 0.05) was used. Permutations showed that a cluster
size of four pixels, each with a p-value of 0.05 or less, pro-
vided a familywise corrected p = 0.05. For frequency pairing
where significant group differences were observed, Cohen’s
D statistic of effect size was calculated.

Results

Simulations

The USB and DSB approaches were first applied to a sim-
ulated dataset containing 10 Hz modulating 20 Hz PAC (first

column, Fig. 2). As anticipated, both approaches detected
10 Hz modulating 20 Hz PAC. The USB and DSB ap-
proaches were next applied to a simulated dataset with 10
and 20 Hz activity, but no PAC (second column, Fig. 2).
Whereas the DSB approach incorrectly identified 10 Hz
modulating 20 Hz PAC, the USB approach correctly showed
no PAC. The false-positive DSB finding (upper right panel,
Fig. 2) occured because when filtering a high-frequency sig-
nal centered at 20 Hz, the DSB 10 to 30 Hz passband in-
cluded both the 10 and 20 Hz signals. The summation of
the 10 and 20 Hz signals created an artifactual 20 Hz time
course amplitude modulated at 10 Hz. In effect, the 10 Hz
signal acted as a sideband of the 20 Hz signal. The USB
method did not allow such an error because the USB pass-
band did not extend into the lower frequency signal.

Simulations also examined the effect of epoch length on
PAC using the adaptive filter USB approach. Figure 3
shows comodulograms from a simulated 10 Hz signal modu-
lating a 40 Hz signal. Simulations were formed at two noise
levels using a Gaussian distribution with variances of 0.1
(upper row) or 2.5 (bottom row) to generate pink noise.
Epoch lengths of 10, 30, 60, and 120 sec were examined.
As shown in the top row of Figure 3, when noise levels
were low, comodulograms did not differ across the epoch
length. As shown in the bottom row of Figure 3, with in-
creased noise the comodulograms showed clear 10 Hz mod-
ulating 40 Hz PAC only at the longest 120 sec epoch. The

FIG. 2. Simulations show-
ing modulation index (MI)
values using a symmetric
bandpass filter, including the
lower and upper sidebands
[double sideband (DSB);
upper panel] or an asymmet-
ric bandpass filter, including
only the upper sideband
(USB; lower panel). The
DSB filter incorrectly showed
phase-amplitude coupling
(PAC) in the simulation with
no PAC (upper right panel).
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10 sec epoch length comodulogram was uninterpretable.
False-positive findings were observed in the intermediate
30 and 60 sec epochs.

It is hypothesized that the false-positive MI findings in
the lower signal-to-noise ratio (SNR) simulations are due to
the fact that the phase-amplitude histograms used to compute
the MI values show spurious peaks at short intervals and thus
often spuriously high MI values. At longer epochs, the true
phase-to-amplitude distribution was correctly sampled, result-
ing in a histogram that more closely approximated the true
PAC. As shown in Figure 3, at shorter epochs, MI values are
more accurately estimated as the phase frequency increases.
For example, for a noise variance of 2.5 and epoch length of
60 sec, there is high variability and uncertainty in the comodu-
logram between frequencies for phase 5 and 8 Hz (Fig. 3, bot-
tom row, 60 sec epoch). However, this background variability
is diminished on the right side of the comodulogram. This is
likely because the phase of the modulating signal changes
more rapidly, allowing more samples at each phase value.

Examining Figure 3, it is of note that the simulated USB
comodulograms showed two distinct regions of high alpha-
to-gamma PAC. One peak was observed at *30 Hz (y axis)
as the USB filter at 30 Hz included the 30 Hz lower side
band and the 40 Hz center frequency. A second MI peak
was observed at *40 Hz as the USB filter at 40 Hz included
the 40 Hz center frequency and the USB at 50 Hz. For frequen-
cies between these two peaks, the USB passband included
only the center frequency signal and neither sideband, and
thus produced low MI values. Although simulations showed
the need for the USB to avoid false-positive errors, simula-
tions also showed that the USB approach introduces some
uncertainity in the true amplitude frequency of PAC.

ASD and TD group differences

Figure 4 shows the impact of filter design on the TD and
ASD comodulograms along with the resultant group compar-
ison statistic maps. In both the ASD and TD comodulograms
the DSB filter (bottom row) produced a relatively high MI
peak at 10 Hz modulating 15–20 Hz. This is likely a false-
positive finding since the DSB filter allowed 10 Hz alpha ac-
tivity to be included as a false sideband in the high-frequency
filter band centered at 15 Hz. In the DSB statistics map, the
10 Hz modulating 15–20 Hz MI group difference on the
raw t-map was likely due to the significantly increased
alpha activity in ASD. This false positive on the raw t-map
did not survive familywise correction in this study. The
USB approach was robust to this artifact, showing a signifi-
cant ASD greater than TD group difference only at 10 Hz
modulating 40 Hz.

Figure 5 shows the effect of varying epoch length on the
TD and ASD comodulograms. Mirroring the simulations,
shorter epochs showed variability in the comodulograms
and what are likely false-positive MI values. The ASD
group exhibited higher alpha-gamma PAC and similar clus-
ter location for both 60 sec and maximum epoch group com-
parisions. Figure 6 shows the distribution of MI values
for each group from the comodulogram group difference re-
gion of interest for the maximum epoch length. The ASD
group shows significantly higher MI than the TD group
( p < 0.005). As seen in Figure 6, five ASD subjects have
MI values > 1 SD from the mean. This subset of ASD sub-
jects did not have significantly different age, epoch length,
or Social Responsiveness Scale values than the other ASD
subjects ( p’s > 0.2). This subset of five ASD subjects also

FIG. 3. Comodulograms of simulated 10 Hz modulating 40 Hz at two different noise levels (rows) and four epoch lengths
(columns). Simulations showed that the accuracy of estimating MI values increased with epoch length.
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did not completely overlap with the five ASD subjects with
the highest alpha power.

As shown in Figure 7, the phase-amplitude composite his-
tograms for TD and ASD showed that the highest gamma-
band amplitudes were observed at 0� alpha phase, which
corresponds to the peak of the alpha oscillation. This result
indicated that although there were larger MI values in ASD
versus TD, the pattern of phase-amplitude pairing was simi-
lar in both groups.

Alpha power (9–11 Hz), measured using the maximum data
length at the parietal–occipital source, was higher in ASD ver-
sus TD ( p < 0.005). Gamma power (30–40 Hz) at this site did
not differ between groups ( p = 0.4). Figure 8 shows associa-
tions between 9 and 11 Hz alpha power and MI within the
identified group-difference cluster. A linear regression with
alpha-to-gamma MI as the dependent variable and alpha
power, group, and a power · group interaction term as inde-
pendent variables showed a main effect indicating an associa-
tion between alpha power and MI in both groups ( p < 0.01), as
well as a significant interaction showing that the association
was stronger in ASD than TD ( p < 0.05; Fig. 8).

Finally, to examine the specificity of the parietal–occipital
MI findings, comodulograms were computed from a frontal-
midline regional source, a location with low RS alpha power.
As shown in Figure 9, no significant group MI differences
were observed at this frontal location.

Discussion

In adults, gamma power (30–80 Hz) is coupled to the
phase of alpha activity (8–13 Hz) in an eyes-closed RS con-
dition (Osipova et al., 2008). The present study extended

these findings by showing RS alpha-to-gamma PAC in
children and adolescents, thus demonstrating that these
local neural circuits are already developed in children 6
years and older. The present study also showed that these
neural circuits are abnormal in ASD, with greater parietal–
occipital alpha-to-gamma PAC in ASD versus TD. Finally,
as detailed below, the present study demonstrated an inter-
play between alpha power, epoch length, and choice of signal
processing method on PAC estimates, indicating the impor-
tance of considering these factors when estimating PAC and
assessing PAC group differences.

Analogous to Osipova and colleagues (2008), subjects
with stronger alpha showed larger MI values. As shown in
Figure 7, although both groups showed an association be-
tween greater alpha power and higher MI values, this associ-
ation was stronger in the ASD than TD group. Given greater
alpha power in ASD versus TD it is possible that higher am-
plitude and/or more continuous alpha activity may provide
greater SNR in the ASD group and thus allow MI to be
more accurately estimated. In such a case, present alpha-
to-gamma MI group differences are mechanistically similar
to the finding of abnormally increased alpha power in
ASD. However, given that both groups showed an associa-
tion between alpha power and MI, the higher MI values in
ASD may instead reflect a true biological phenomenon,
with increased alpha necessary for local networks to associ-
ate alpha phase to gamma amplitude. If a biological phenom-
enon, the larger 10–40 Hz MI values observed in ASD would
indicate a cross-frequency neural circuit abnormality in
ASD. Of note, although PAC may be abnormally increased
in ASD, present findings showed that in both ASD and TD
groups increased gamma power was observed at the peaks

FIG. 4. Comodulograms shown for typically developing (TD) and autism spectrum disorder (ASD) using the USB band-
pass filter (upper row) and the DSB bandpass filters (lower row). Both the uncorrected raw t-maps and familywise corrected
statistics maps are shown. Within the familywise corrected maps, each point in the significant cluster is colored to indicate the
effect size (Cohen’s d values).
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FIG. 5. Comodulograms shown for TD (left column) and ASD (center column) as a function of epoch length (rows). Sim-
ilar to the simulations, the comodulograms at the shorter epoch lengths showed what are likely false-positive MI values. Fam-
ilywise corrected statistics maps are shown (right column), with each voxel in the significant cluster showing effect size
(color bar shows range of Cohen’s d values).
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of the alpha oscillation. Future study of the dependence or in-
dependence of alpha power and PAC are warranted. Further
studies with higher numbers may also test for the presence of
PAC subtypes within the heterogeneous ASD population.

In future studies it may be possible to obtain data that will
allow more precise claims about group PAC differences.
VanRullen and Koch (2003) postulated that alpha and nested

gamma cycles produce discrete perceptions in which gamma
waves contain the information of each snapshot, with the or-
ganization of the ensemble of snapshots mediated by the
alpha waves. Although not specific to alpha, several studies
in healthy controls show a relationship between low-
frequency to gamma PAC and performance on a variety of
tasks. Sauseng and colleagues (2008) observed that increased
theta–gamma PAC was related to attending to a visual target.
Axmacher and colleagues (2010) reported associations between
PAC and working memory in humans, and delta–gamma

FIG. 6. Comodulogram statistics map (left), with scatterplot (right) showing the average MI values for each individual av-
eraged over the cluster, where significant group differences were observed. Data are from the maximum epoch length avail-
able for each subject. Bars show the standard deviations.

FIG. 7. Gamma amplitude (fT) estimates as a function of
alpha phase (degrees) for TD (left panel) and ASD (right
panel). The largest amplitude values in both groups were ob-
served at 0� at the alpha peak. The heavy line indicates the
mean and the light lines the 95% confidence interval.

FIG. 8. In the cluster where group differences were ob-
served (Fig. 6), scatterplots (and associated linear fits)
show associations between alpha power and MI values sep-
arately for TD (green) and ASD (red).
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PAC has been linked to the detection of weak sensory signals
(Handel and Haarmeier, 2009). These studies suggest better
signal detection as PAC increases. Prior studies have also
reported that the coupling frequency for gamma PAC is mod-
ulated by behavioral state and location on the cortex (Voytek
et al., 2010). The current study was motivated by a specific
hypothesis concerning alpha–gamma PAC in midline parie-
tal–occipital cortex, however, abnormal theta–gamma PAC
in ASD elsewhere in the brain cannot be ruled out.

There is literature to support a hypothesis of higher alpha-
to-gamma PAC associated with better signal detection in
ASD, including studies showing that individuals with ASD
are faster and more accurate than neurotypical individuals
at locating a figure hidden within a line drawing ( Jolliffe
and Baron-Cohen, 1997) and also at finding target stimuli
presented among multiple other items in visual search
tasks (O’Riordan, 2004; O’Riordan et al., 2001; Plaisted
et al., 1998). A recent study showed that under higher levels
of visual load, adults with ASD have enhanced perceptual ca-
pacity, leading to superior performance and increased dis-
tractor processing on a visual signal-detection paradigm
(Remington et al., 2012). Such findings would be consistent
with the present results. However, given that RS alpha some-
times reflects an inhibitory rather than an excitatory role,
increased RS alpha and thus perhaps increased RS alpha-
to-gamma PAC may reflect processes distinct from task-
related PAC (Klimesch, 2012).

Abnormal alpha-to-gamma PAC in ASD during a task has
been observed in a previous study. In particular, Khan and
colleagues (2013) reported that adolescents with ASD failed
to show an increase in fusiform face area alpha-to-gamma
PAC during an emotional face-viewing task. Although the
present and Khan and colleagues (2013) studies both indicate
abnormal local functional connectivity as measured by
alpha-to-gamma PAC in ASD, the present study indicated in-
creased local connectivity, and the Khan and colleagues
(2013) indicated decreased local connectivity. Study differ-
ences could be due to differences in RS versus task-related
PAC activity (and perhaps also differences in age and
brain regions examined). Further studies replicating the pres-
ent and the Khan and colleagues (2013) findings in children

with and without ASD are of interest, as are studies examin-
ing associations between RS PAC and task-related PAC. In
these studies it would also be important to determine if
there are associations between PAC and task performance
in the absence of associations between alpha power to deter-
mine if alpha power and PAC can be dissociated.

Regarding the technical aspects of the study, the present
study showed the advantages of using an asymmetric bandpass
when filtering the high-frequency signal and the need for rela-
tively long epochs of data. An asymmetric bandpass filter pre-
vents false positives by including the upper, but not lower
sideband of the modulated high-frequency signal of interest fre-
quency. A symmetric bandpass will incorrectly identify PAC if
the difference between the high and low frequencies is less than
the low frequency. As shown in Figures 2 and 4, with a symmet-
ric bandpass there is a chance that activity from the low-
frequency modulating signal will bleed into the high-frequency
signal of interest, resulting in false-positive PAC. This false
positive could potentially result in incorrect group differences
as seen in the raw t-map of Figure 4.

This type of false-positive artifact reveals fundamental
limits on local CFC analyses. In particular, the measured
time course of neural activity within a particular brain area
contains signal from multiple neuronal assemblies, with
this activity superimposed in the source time course. To de-
tect local CFC, the neuronal assemblies must be separated by
frequency since they are not separated in space. In contrast,
long range CFC does not suffer this problem because the
coupled signals can be independently measured. The USB
filtering strategy seeks to separate the local low-frequency
signal from the local higher frequency signal as two distinct
neuronal assemblies so that CFC can be accurately mea-
sured. Although the use of a USB is necessary, especially
when examining PAC near the diagonal of the comodulo-
gram, simulations and real data also reveal a limitation in
the use of asymmetric bandpass filters when computing MI
values. Simulations showed that when there is real PAC,
the USB filter artifactually shifted this activity into lower fre-
quencies, shown in Figure 3 as the *10 to *30 Hz MI peak
in the comodulogram. This limitation will, in certain in-
stances, create ambiguity as to where PAC really occurs.

FIG. 9. Comodulograms for TD (left) and ASD (center) from a midline-frontal source. The associated statistics map (right)
for a midline-frontal source shows no MI group differences.
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Interpretation of comodulograms must take into account the
poor frequency resolution along the amplitude frequency
axis and thus PAC within a given modulating frequency
band should be interpreted to exist within a range rather
than at a discrete frequency.

In agreement with previous PAC investigations the pres-
ent study showed the dependence of MI measures on
epoch length (Penny et al., 2008b). Tort and colleagues
(2010) noted that given signals with relatively low noise
(e.g., corticography recordings), if a brain signal is a perfect
periodic function possessing no noise component, the
amount of PAC can be inferred from an epoch as short as
a full cycle of the low-frequency fm rhythm. For EEG and
MEG recordings such low noise levels are less likely, requir-
ing long recording to obtain accurate MI values. This is espe-
cially true for RS data as the magnitude of RS alpha activity
is generally nonstationary. Finally, as shown in this study
and also noted in Tort and colleagues (2010), the needed
epoch length depends not only on noise, but also on the mod-
ulating frequency since slower oscillations have fewer cycles
sampled than faster oscillations (Tort et al., 2010). As seen in
Figures 3 and 5, as epoch length is decreased, the low phase
frequencies are the first to present false positives.

A limitation of the preset study is that only 2-min of eyes-
closed RS data were obtained. After removing MEG data
with artifact, some subjects had < 1 min of eyes-closed
data. These subjects were not included in the between-
group analyses. Given that the simulations indicated that
PAC is less reliably estimated with short epochs, in future
studies it will be important to obtain sufficient data so that
at least 2 min of artifact-free data is available in all subjects.

To conclude, replicating prior studies examining alpha-to-
gamma PAC in adults, the present study showed RS alpha-
to-gamma PAC in TD children as well as in children with
ASD. Although the present findings suggest abnormal RS
alpha-to-gamma PAC in ASD, additional studies are needed
to further support this claim. For example, additional studies
with larger sample sizes would provide the opportunity to
match subjects on alpha power and then determine whether
ASD and TD still differ in PAC. A potential problem with
this strategy, however, is that matching subjects on alpha
power may result in a bias toward a subsample of the hetero-
geneous ASD spectrum with normal-appearing RS alpha.
Observing associations between PAC and not alpha power
on a signal-detection task might also further show that PAC
is functionally unique. Finally, when examining local RS
PAC across a range of frequencies, present findings show
the need to apply an analyses protocol that applies an adaptive
USB to the high-frequency signal of interest, and analyzing a
long epoch of data to correctly sample the phase-to-amplitude
histogram and thus compute valid MI measures.
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