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Abstract

Age-related changes in resting-state (RS) neural rhythms in typically developing children

(TDC) but not children with autism spectrum disorder (ASD) suggest that RS measures

may be of clinical use in ASD only for certain ages. The study examined this issue via

assessing RS peak alpha frequency (PAF), a measure previous studies, have indicated as

abnormal in ASD. RS magnetoencephalographic (MEG) data were obtained from

141 TDC (6.13–17.70 years) and 204 ASD (6.07–17.93 years). A source model with

15 regional sources projected the raw MEG surface data into brain source space. PAF

was identified in each participant from the source showing the largest amplitude alpha

activity (7-13 Hz). Given sex differences in PAF in TDC (females > males) and relatively

few females in both groups, group comparisons were conducted examining only male

TDC (N = 121) and ASD (N = 183). Regressions showed significant group slope differ-

ences, with an age-related increase in PAF in TDC (R2 = 0.32) but not ASD (R2 = 0.01).

Analyses examining male children below or above 10-years-old (median split) indicated

group effects only in the younger TDC (8.90 Hz) and ASD (9.84 Hz; Cohen's d = 1.05).

In the older ASD, a higher nonverbal IQ was associated with a higher PAF. In the youn-

ger TDC, a faster speed of processing was associated with a higher PAF. PAF as a marker

for ASD depends on age, with a RS alpha marker of more interest in younger versus

older children with ASD. Associations between PAF and cognitive ability were also found

to be age and group specific.
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1 | INTRODUCTION

1.1 | Background

Electroencephalographic (EEG) and magnetoencephalographic (MEG)

studies show resting-state (RS) oscillatory abnormalities in children

with autism spectrum disorder (ASD; Cantor, Thatcher, Hrybyk, & Kaye,

1986; Coben, Clarke, Hudspeth, & Barry, 2008; Cornew, Roberts,

Blaskey, & Edgar, 2012; Murias, Webb, Greenson, & Dawson, 2007;

Orekhova et al., 2007; Rojas & Wilson, 2014). A potential problem, how-

ever, is that given maturational changes in RS brain activity in typically
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developing children (TDC; Clarke, Barry, McCarthy, & Selikowitz, 2001;

Corbin & Bickford, 1955; Cragg et al., 2011; Eeg-Olofsson, Petersen, &

Sellden, 1971; Fisch, 1999; Gasser, Verleger, Bacher, & Sroka, 1988;

Gibbs & Knott, 1949; Katada, Ozaki, Suzuki, & Suhara, 1981; Lopes da

Silva, 2004; Matousek & Petersen, 1973; Matsuura et al., 1985), an

abnormal RS profile identified in one ASD cohort may not generalize to

children with ASD outside the studied age range (or even to all within

the studied age range). This issue was examined via assessing RS

parietal-occipital alpha activity group differences in TDC and ASD across

a wide age range.

In the eyes-closed resting state, 8–13 Hz alpha oscillations are the

dominant rhythms, most prominent in parietal-occipital regions

(Berger, 1929; Edgar et al., 2015; Haegens, Cousijn, Wallis, Harrison, &

Nobre, 2014; Huang et al., 2014; Salmelin & Hari, 1994). A well-

established finding is that posterior RS alpha activity changes as a

function of age. An age-related increase in the frequency at which RS

alpha oscillations show maximum power, often referred to as the peak

alpha frequency (PAF), is notable in children. Among examined quanti-

tative EEG and MEG parameters, the PAF is considered a robust sig-

nature of brain maturation (Szava et al., 1994; Valdes et al., 1992),

with many studies showing an alpha peak at ~6 Hz in young children

(5–7-years-old) and with an adult profile of a 10–12 Hz PAF not

observed until at least 15-years-old (Miskovic et al., 2015; Somsen,

van't Klooster, van der Molen, van Leeuwen, & Licht, 1997).

PAF is of clinical interest as it is one of the most heritable brain

measures (Van Baal, De Geus, & Boomsma, 1996; van Beijsterveldt &

van Baal, 2002). As an example, in a large sample of 16-year-old twins,

Smit, Posthuma, Boomsma, and Geus (2005) obtained a heritability

estimate of 0.81 for PAF, and with all nongenetic variance attributed

to measurement unreliability rather than unique environmental fac-

tors. PAF is also of clinical interest given studies showing that PAF is

associated with working memory and speed of information processing

(Klimesch, 1997, 1999; Klimesch, Doppelmayr, Schimke, & Pachinger,

1996). Studies also indicate that the brain generates its own temporal

structure via neural activity, with alpha rhythms providing the timing

for communication within and between brain regions (e.g., (Klimesch,

2012)). Given that alpha rhythms and the circuits associated with

alpha oscillations provide a scaffold for basic and more complex brain

processes, an examination of alpha rhythms in neurodevelopmental

disorders is of interest.

Two cross-sectional studies have reported differences in the mat-

uration of the PAF in TDC and children with ASD. Edgar et al. (2015)

examined MEG source activity in a sample of 47 children with ASD

and 41 TDC 6- to 14-years-old. Whereas TDCs showed the expected

age-related increase in parietal-occipital PAF, PAF did not change

as a function of age in the children with ASD. Using EEG and examin-

ing sensor activity in participants 2- to 12-years-old, Dickinson,

DiStefano, Senturk, and Jeste (2018) also observed an age-related

increase in PAF in TDC (N = 38) but not children with ASD (N = 59).

Given age-related PAF changes in TDC but not children with ASD,

group-differences might be expected to change as a function of age.

Indeed, although Dickinson reported a higher PAF in TDC than ASD,

examination of the Figure 4 regression lines in Dickinson et al. (2018)

suggests that the group-difference PAF effect is most pronounced in

children with ASD older than 7 years, with either no group difference,

or potentially a group difference in the opposite direction, in the

younger children. (For a general discussion regarding the age depen-

dence of brain electrophysiology measures see Szava et al. (1994) and

John et al. (1980)).

The present study examined the above in a sample of TDC and

children with ASD 2–3 times larger than any published study in order

to (a) replicate previous PAF findings (samples in the present study did

not overlap with the samples in Edgar et al. (2015)) and (b) determine

if the PAF group-difference pattern changes as a function of age.

Hypothesizing an age-related change in TDC but not ASD, group dif-

ferences were expected to best characterize only a sub-sample of the

full population, thus indicating a “restricted” use of PAF as a clinical

marker for ASD.1 Finally, given reported associations between cogni-

tive ability (nonverbal IQ) and PAF in ASD but not TDC (Dickinson

et al., 2018), exploratory analyses examined associations between

cognitive ability and PAF.

2 | METHODS AND MATERIALS

The study was approved by the local Institutional Review Board and

all participants' families gave written informed consent. When compe-

tent to do so, children over the age of seven gave verbal assent to

participate.

2.1 | Subjects

TDC and ASD participants were selected according to the following

criteria: (a) between the ages of 6 and 17 years, (b) no history of trau-

matic brain injury or other significant medical or neurological abnor-

mality, (c) no active psychosis, (d) no magnetic resonance imaging

(MRI) contraindications, (e) no sensory impairments (somatosensory,

hearing, visual), and (f) native English speakers. ASD participants had a

prior diagnosis, made by an expert clinician in CHOP's Regional

Autism Center or by community providers according to DSM criteria.

Given the extensive clinical evaluations upon which original ASD diag-

nosis was made, an abbreviated diagnostic battery confirmed the orig-

inal diagnosis in the ASD group and ruled out ASD in the TDC group.

ASD diagnostic classification was made using the Autism Diagnostic

Observation Schedule (ADOS/ADOS-2) and parent report on the

Social Communication Questionnaire (SCQ; Lord et al., 2000; Lord,

Rutter, & Le Couteur, 1994). In combination with the ADOS, exceeding

empirically established cut-offs by parent report on both the Social

Responsiveness Scale and Autism Spectrum Rating Scale also led to ASD

diagnostic confirmation if the SCQ did not corroborate diagnosis. The

1Although in the present study the analysis strategy allowed determination of PAF in each

individual, this strategy did not allow assessment of group differences in alpha power. This is

because PAF for each participant was determined via identifying the regional source showing

the strongest alpha activity. As such, in addition to brain source location differing across

subjects, the selection in each participant of the source showing the largest alpha activity

results in a confound with respect to examining group differences in alpha amplitude. In

future studies, distributed source localization will be used to examine group differences in

alpha power across the brain (as in Edgar et al. (2015)).
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parent-completed Autism Diagnostic Interview-Revised (ADI-R; Le

Couteur, Lord, & Rutter, 2003) was administered for rare participants

who entered the study without a formal ASD diagnosis made by an

expert clinician (e.g., ASD educational classification only) and for any

child with a prior ASD diagnosis for whom a diagnostic discordance

existed (e.g., a child who exceeded ADOS diagnostic cut-offs but was

below SCQ and SRS-2 cut-offs). Dimensional symptom severity indices

were obtained by parent report on the Social Responsiveness Scale

(SRS/SRS-2 (Constantino & Gruber, 2012)) and from the ADOS Cali-

brated Severity Score metric (Gotham, Pickles, & Lord, 2009).

Members of the TDC group were evaluated by licensed clinical

psychologists who ruled out the presence of DSM-IV-TR/DSM-5 Axis

I disorders based on clinical judgment, review of the child's medical

history form and parent screening interview. TDC-specific inclusion

criteria included scoring below the cut-off for ASD on the ADOS-2 as

well as parent questionnaires, or, in some cases, just parent question-

naires when the ADOS-2 was not administered. Additional

TDC-specific inclusion criteria included: no history of intellectual dis-

ability, speech/language disorder, learning disability, ADHD, or psychi-

atric disorders, and no first-degree relatives with ASD.

To rule out global cognitive delay, all subjects recruited had to

score at or above the second percentile (SS > 70) on at least one index

of verbal or nonverbal intellectual functioning from the Wechsler

Intelligence Scale for Children––fourth or fifth editions (WISC-

IV/WISC-V; (Wechsler, 2003, 2014)), the Wechsler Abbreviated Scale

of Intelligence-2nd Edition (WASI; Wechsler, 2011), or the Differential

Ability Scales––Second Edition (DAS-II; Elliott, 2007).

For some of the studies, ASD participants withheld taking stimu-

lant medication at least 24 hr prior to testing. Thirty-eight (18.4%) of

the children with ASD were prescribed stimulant medications, with

29% of these children withholding medication prior to testing. In addi-

tion to stimulant medication, 13.7% of children were taking some

other class of psychotropic medications, including 2.9% taking non-

stimulant medication for ADHD (e.g., alpha agonists), 6.4% taking

SSRI's, and 4.4% taking atypical antipsychotics.

2.2 | MEG and MRI data acquisition, co-registration,
and MEG forward modeling with BEM

Eyes-closed RS MEG data were obtained from TDC and ASD children

aged 6- to 17-years-old who have participated in studies conducted in

our laboratory over the last 8 years. Participants were included if they

had at least 2 min of RS eyes-closed data collected using a 275-channel

MEG system (VSM MedTech Inc., Coquitlam, BC). Electro-oculogram

(EOG; vertical EOG on the upper and lower left sides) and electrocardio-

gram (ECG) were also obtained.

The participants' head position was monitored using head position

indicator coils attached to the scalp. After a band-pass filter

(0.03–150 Hz), EOG and MEG signals were digitized at 600 Hz or

1,200 Hz (depending on study) with third-order gradiometer environ-

mental noise reduction. Participants were instructed to rest with their

“eyes gently closed, like when you are sleeping” during a 2-min or

5-min RS exam, with length of recording depending on study. During

the recording the EOG channel was monitored and if participants

opened their eyes during the exam they were reminded to close their

eyes. The majority of children were scanned in a supine position.

Eyes-closed RS data were available from 155 TDC and 251 chil-

dren with ASD. Of these, 15 TDC (7 females) and 50 ASD (7 females)

participants did not keep their eyes closed during the task, fell asleep

(and thus no clear alpha peak), or had too much movement or metal

artifact. Of note, of the above with nonevaluable RS data, nearly half

(45%) of participants prescribed stimulant medications did not com-

plete the exam and/or their data was not evaluable due to the above

noted reasons. Evaluable RS eyes-closed data were thus available

from 141 TDC (20 females; 19 left-handed; 2 ambidextrous) and

204 children with ASD (21 females; 22 left-handed, 3 ambidextrous).

2.3 | Assessment of PAF

A two-step process was employed for removal of muscle and movement

artifact. First, participants' raw EOG data were visually examined and

data contaminated by blinks, saccades, or other significant EOG activity

were removed from the MEG data. Second, blind to diagnosis, partici-

pants' MEG data were visually inspected for muscle-related activity

(focusing especially on data from sensors close to the temporalis mus-

cles), and data containing muscle activity were removed. To be included

in the study, participants had to have at least 60 s of artifact-free data,

with a mean of 191 s (SD = 74) in the ASD group and a mean of 223 s

(SD = 65) in the TDC group (data often “lost” in subjects with the shorter

2-min RS exam). A t-test showed that the groups differed with respect

to amount of artifact-free data (p < 0.01). To determine if group differ-

ences in the amount of artifact-free data was a concern, the PAF values

obtained using the total artifact-free data were compared to PAF values

obtained after first randomly removing one-third of the epochs and

followed by randomly removing two-third of the epochs. These analyses

were performed for a random selection of 26 TDC and 26 children with

ASD. In this sample, the full data artifact-free time ranged from 73 s to

298 s. For the analyses with two-thirds of the epochs removed the

artifact-free time ranged from 22 s to 99 s. For the full sample, a

Cronbach's Alpha value of 0.97 was observed. Exploring Cronbach's

Alpha by group revealed a value of 0.98 for TDC and 0.95 for ASD.

When PAF differences were observed within a subject, the PAF changed

by only one frequency bin (frequency bin resolution = 0.29 Hz). The

above analyses indicated that any potential PAF group difference finding

was likely not due to the slight but significant group differences in the

amount of evaluable data.

MEG data were further processed using BESA Research 6.1

(MEGIS Software GmbH, Grafelfing, Germany). To decompose the

275 channel data into a smaller number of measures for analysis, a

source model with 15 regional sources (Figure 1) was applied to pro-

ject each participant's raw MEG surface data into brain source space

where the waveforms are the modeled source activities (given two

orthogonal dipoles per regional source there are two time series at

each location; Hoechstetter et al., 2004; Bulletin, 2003). These

regional sources are not intended to correspond to precise neuroana-

tomical structures but rather to represent neural activity at coarsely
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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 (Scherg & Berg, 1996; Scherg &

Ebersole, 1993). 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.

To transform MEG data from the time domain into the frequency

domain, a Fast Fourier Transform was applied to artifact-free 3.41 s

epochs of continuous data for each of the two orthogonally oriented

time series at each regional source. Each 3.41 s 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.

Where artifact-free epochs were contiguous in time, then the win-

dowing procedure was applied to “overlapping segments” of data.

When the segment of data following an artifact-free epoch was bad,

there was no overlap between epochs and windowing was thus

applied to the next available artifact-free 3.41 s epoch.

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. To assess study hypotheses, the PAF

for each participant was determined via identifying the frequency at

the source with the most alpha activity from the 15 power spectra

within a 7–13 Hz range (typically the midline parietal or occipital

source). PAF was determined blind to group status. Chi-square ana-

lyses showed no group differences in the location of the PAF, with a

PAF observed in the vast majority of the participants at midline

Parietal (77%), midline Occipital (10%), and midline Central (9%)1. For

one of the studies, in 34 participants (17 TDC and 17 ASD), the eye-

closed RS exam was administered twice at a single visit. For the

34 subjects with a repeated scan, an average PAF measure was

obtained. Interclass correlation coefficient (ICC) analyses of these PAF

measures showed very high reliability (ICC single measure = 0.88, ICC

average measure = 0.94, ps < 0.001).

2.4 | Cognitive assessment

As cognitive batteries were slightly different across studies, where possi-

ble, equivalent scores were determined from each battery in order to

obtain the following for each participant: full scale IQ (FSIQ), verbal IQ

(VIQ), nonverbal IQ (NVIQ), and processing speed (PS). Estimated Full

Scale IQ was obtained from the WISC-IV/WISC-V General Ability Index

(GAI) or from a highly reliable 4-subtest WISC-V short-form (Sattler,

Dunmont, & Coalson, 2016), as well as from the WASI-II 4-subtest FSIQ,

and the General Conceptual Ability (GCA) composite from the DAS-II.

The Verbal Comprehension Index (VCI) from the WISC-IV, WISC-V, or

WASI-II was used across the majority of studies to represent VIQ; how-

ever in a subset of participants (N = 30) the Verbal Cluster score from

the DAS-II was accepted. NVIQ was represented by one of the following

scores (selected according to the most reliable and equivalent measures

available for each participant): the WISC-IV or WASI-II Perceptual Rea-

soning Index (PRI), the average of the WISC-V Fluid Reasoning Index

(FRI) and Visual Spatial Index (VSI), the WISC-V FRI only, or the Special

Nonverbal Composite score of the DAS-II (SNC). Processing Speed

scores were not collected for all studies; in cases where PS information

was available, the Processing Speed Index (PSI) from the WISC-IV/V was

used or Symbol Search (SS) subtest scores served as a stand-alone proxy

for PSI. Speed of information processing scores from the DAS-II were

also accepted. Due to time constraints and also due to the fact that

slightly different cognitive batteries were administered across studies,

FSIQ scores were not obtained from 5 participants, VIQ from 3, NVIQ

from 32, and PS from 89.

2.5 | Group statistics

Between-group t-tests compared PAF values. To examine maturation

changes, hierarchical regressions with age entered first, group second,

and the interaction term last (formally assessing group slope differences),

examined associations between PAF and age. Similar exploratory regres-

sions examined associations between PAF and cognitive ability and

between PAF and SRS and CSS scores.

3 | RESULTS

Given many studies showing sex differences in RS alpha activity in

children (Clarke et al., 2001; Gasser, Jennen-Steinmetz, Sroka, Ver-

leger, & Mocks, 1988; Matousek & Petersen, 1973; Matsuura et al.,

1985; Petersen & Eeg-Olofsson, 1971), preliminary analyses consid-

ered alpha and age differences with respect to sex. In TDC, a

F IGURE 1 Regional source locations. Resting-state alpha activity
was measured for all 15 sources, with the PAF for each participant
determined via identifying from the 15 alpha power spectra the
frequency at the source with the most alpha activity within a 7–13 Hz
range (typically the midline parietal or occipital source). The figure
shows the locations for FpM fronto-polar midline, FM frontal midline,
FR frontal right, TAR temporal anterior right, CM central midline, CR
central right, TPR temporal posterior right, PM parietal midline, PR
parietal right, and OPM occipito-polar midline. The left hemisphere
contained analogous regional sources, though with region source
labels ending with “L” instead of “R” [Color figure can be viewed at
wileyonlinelibrary.com]
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marginally significant finding indicated a higher PAF in females

(9.95 Hz) than males (9.46 Hz), t(139) = 1.93; p = 0.06, and TDC

females were significantly younger than TDC males, t(139) = 2.32;

p < 0.05. In ASD, although no sex PAF difference was observed,

t(202) = 1.39; p > 0.05, females with ASD were younger than males

with ASD, t(227) = 2.38; p < 0.05. Due to marginally significant higher

PAF in typically developing females than males, TDC and ASD age dif-

ferences as a function of sex, and relatively few females in both

groups (ASD (N = 21), TDC (N = 20)), all further analyses included only

males. For comparison with previous and future studies, however, the

online supplement presents the PAF findings for the entire male

+ female sample.

Considering only the male participants, as shown in Table 1,

groups did not differ on age. As shown in Table 1, IQ scores were sig-

nificantly higher in TDC than ASD. As expected, Social responsiveness

scale (SRS) scores were higher in ASD than TDC.

3.1 | PAF group differences and associations
with age

Simple effect analyses of a significant interaction term showed group

slope differences, F(1,300) = 13.43, p < 0.001, with a positive relation-

ship between age and PAF in TDC (r = 0.57, p < 0.001) and no age

and PAF relationship in ASD (r = 0.10, p > 0.05; see Figure 2).

Whereas in TDC the PAF increased at the rate of ~0.18 Hz per year

(standard error 0.02 Hz) and thus predicted a PAF of ~8.5 Hz in

6-year-old male TDC and ~10 Hz in 12-year-old male TDC, PAF

remained unchanged as a function of age in the male children with

ASD (mean PAF value in ASD = ~9.95 Hz).

Although the regression analyses demonstrated group differences

in the maturation of the PAF, a t-test was performed to provide PAF

group difference information for the full male sample; the t-test showed

a higher PAF in ASD (9.95 Hz) than TDC (9.46 Hz), t(302) = 3.93;

p < 0.001. Examination of Figure 2 shows that given an age-related

change in PAF in TDC but not ASD, the ASD > TDC PAF finding was

most representative of the male children between 6- and 10-years-old,

with similar PAF values observed between the ages of 10- and 14-years,

and with some indication of lower PAF values in ASD than TDC in the

children above 14 years. Analyses examining group differences in the

male children below or above 10-years of age (median age of entire

sample = 10.07-years-old) indicated large group-differences in the youn-

ger TDC (8.90 Hz) versus younger children with ASD (9.84 Hz; t[154]

= 6.27, p < 0.001; Cohen's d = 1.05), and no group differences in the

older TDC (10.19 Hz) and ASD (10.06), (t[146] = 0.72, p > 0.05).

Of note, the PAF group differences in younger participants may

slightly overestimate the true group-difference effect as in the younger

group the children with ASD (8.32-years-old) were slightly but signifi-

cantly older than the TDC (7.87-years-old), t(154) = 2.66, p < 0.01).

However, given an estimated maturational change of 0.18 Hz per year,

and thus an estimated difference in PAF of at most 0.09 Hz between

children 0.5 years apart, this ~0.09 Hz difference likely does not account

for the 0.94 Hz PAF group difference observed in the younger children.

3.2 | Associations between clinical measures
and PAF

Regressions were run with cognitive scores, SRS or ADOS CSS as the

dependent variable and PAF entered in the first block, group in the

second block, and the interaction term last. Considering FSIQ, NVIQ,

and VIQ, simple effect analyses of very weakly trending interaction

terms (ps = 0.09–0.12), suggested a positive relationship in ASD but

not TDC between PAF and FSIQ (p = 0.08) and NVIQ (p = 0.08). To

compare to the PAF and NVIQ associations reported in Dickinson

et al. (2018), Figure 3a scatterplots show findings for NVIQ and PAF.

Considering processing speed, and as shown in Figure 4a, simple

effect analyses of a significant interaction term, F(1,227) = 6.60,

p = 0.01, showed a positive relationship between age and processing

speed in TDC (p < 0.001) but not ASD (p > 0.05).

TABLE 1 Demographics for male sample

TDC (N = 121) ASD (N = 183)

Mean SD Mean SD

Age (years) 10.2 3.2 10.6 2.8

Age range (years) 6.1–17.7 6.1–17.9

GAI/estimated full scale IQ** 113.1 13.9 103.6 17.6

Verbal IQ** 111.0 12.9 100.3 17.7

Nonverbal IQ* 110.9 14.2 105.1 16.7

Processing speed index** 101.7 14.1 89.9 14.3

SRS T-score** 43.4 4.6 73.87 12.4

Note. *p < 0.05. **p < 0.01.

F IGURE 2 Scatterplots showing associations between age (x axis)
and peak alpha frequency (y axis) for TDC (blue) and ASD (red). As
detailed in Section 3, a significant interaction term indicated group
slope differences. ***p < 0.001 [Color figure can be viewed at
wileyonlinelibrary.com]
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Separately examining the younger and older groups, associations

between FSIQ and NVIQ and PAF in the children with ASD were

observed only in the older children (shown for NVIQ in Figure 3b sub-

plots). In contrast, associations between processing speed and PAF

were observed only in the younger TDC (shown in Figure 4b sub-

plots). Finally, analyses separately examining each group showed no

associations between SRS or ADOS CSS scores and PAF (ps > 0.05).

4 | DISCUSSION

As hypothesized, the use of PAF as a marker for ASD depends on the

age of the group investigated. Specifically, given no age-related PAF

change in male ASD, the younger male children with ASD (6- to

10-years old) had a higher PAF than the younger male TDC (Cohen's

d = 1.05). In contrast, the older male children with ASD (10–18 years)

tended to have a lower PAF than the older male TDC (although this

group difference was not significant in this sample). This pattern of

findings is somewhat fortuitous, as a RS alpha marker is of more inter-

est in younger versus older children with ASD.

PAF associations with cognitive ability were also found to be age-

specific. In particular, although a higher PAF in the young children

with ASD appeared to reflect abnormal brain activity, in the older chil-

dren with ASD a higher PAF was associated with a higher NVIQ. In

contrast, in the TDC group, a higher PAF predicted faster processing

speed, although this association was most prominent in the younger

male TDC group. The text below considers present findings within the

context of previous research.

PAF findings replicated the many previous studies observing age-

related PAF increases in typically developing children and adolescents

(see Section 1). For example, examining EEG RS activity in a large sample

of typically developing 7- to 11-year-old, Miskovic et al. (2015) observed

an increase in PAF from 7 years (mean PAF = 8.89 Hz) to 11 years (mean

PAF = 9.79 Hz), findings very consistent with the PAF values observed

in the present study. The mean PAF for male children with ASD in this

study was 9.95 Hz, with many 6- to 8-years-old male children with ASD

thus showing an adult-like PAF.

Although the present observation of an association between age

and PAF in TDC but not ASD replicates Dickinson et al.'s (Dickinson

et al., 2018) examination of PAF in 2–12 years old, several study dif-

ferences are of note. First, whereas in the present study higher PAF

values were observed in ASD than TDC, in Dickinson et al. lower

PAF values were observed in ASD than TDC. In the present study, the

F IGURE 3 (a) Scatterplots showing
associations between nonverbal IQ (x axis)
and peak alpha frequency (y axis) for TDC
(blue) and ASD (red). (b) Nonverbal IQ and
peak alpha frequency associations shown
for the younger (<10-years-old; left plot)
and older children (>10-years-old; right
plot). *p < 0.05 [Color figure can be
viewed at wileyonlinelibrary.com]
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PAF group-difference was primarily driven by the younger partici-

pants, with the Figure 2 scatterplots indicating that a higher PAF in

ASD than TDC was most prominent in the 6- to 10-years-old. As

noted in Section 1, examination of Figure 4 in Dickinson et al. also

suggests a reversal in the group-difference PAF effect, although the

interaction point in Dickinson occurs earlier, at around 4-years-old.

Thus, whereas the present study and Dickinson et al. both demon-

strate that the pattern of group-differences depends on the age of the

sample, findings between the two studies are not completely equiva-

lent. Study differences are likely due to the fact that the primary find-

ings in the present study were restricted to males (as detailed in

Section 3 there were too few females in the present study to perform

female-only analyses) whereas ~22% (ASD) and 33% (TDC) of the par-

ticipants in the Dickinson study were female. Given the trend toward

higher PAF in female versus male TDCs observed in the present study,

the female controls in Dickinson et al. (2018) may contribute to the

group-difference pattern they reported. Another study difference is

that given the age range examined in Dickinson et al. (~2–12 years)

their RS data were obtained in an eyes-open condition versus the

eyes-closed condition in the present study.

Present findings generally mirrored the Dickinson et al. (2018)

finding of a higher NVIQ in the children with ASD with a higher PAF.

Follow-up analyses in the present study, however, showed this associ-

ation only for the older children (see Figure 3b younger and older

children scatterplots). This pattern compliments the PAF findings, indi-

cating that a higher PAF in younger children with ASD reflects an

abnormal neural circuit, but with a higher PAF in older children with

ASD reflecting more normal RS alpha activity. Analogous to Dickinson

et al., NVIQ was not associated with PAF in the TDC group.

The TDC group showed an association between PAF and

processing speed (see Figure 4a). Given no associations with PAF and

GAI, VIQ, or NVIQ in the TDC group, the association with processing

speed in TDC appears to be specific to tests assessing the ability to

complete tasks quickly versus tasks that rely on fluid or crystallized

intelligence (Grandy et al., 2013; Klimesch et al., 1996). The loss of an

association between PAF and processing speed in children with ASD

(younger and older) perhaps accounts for the slower performance

observed on processing speed tasks in some individuals with ASD

(Mayes & Calhoun, 2003, 2008; Nyden, Billstedt, Hjelmquist, &

Gillberg, 2001; Oliveras-Rentas, Kenworthy, Roberson 3rd, Martin, &

Wallace, 2012).

Studies exploring the relationship between PAF and aspects of

cognition in adults have yielded mixed results. Some studies have

found a positive relationship between PAF and processing speed

F IGURE 4 (a) Scatterplots showing
associations between processing speed
(x axis) and peak alpha frequency (y axis)
for TDC (blue) and ASD (red).
(b) Processing speed and peak alpha
frequency associations shown for the
younger (<10-years-old; left plot) and older
children (>10-years-old; right plot).
*p < 0.05, **p < 0.01 [Color figure can be
viewed at wileyonlinelibrary.com]
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(Grandy et al., 2013; Klimesch et al., 1996), memory (Grandy et al.,

2013; Lebedev, 1994; Saletu & Grunberger, 1985), or general IQ

(Mundy-Castle, 1958) in adults of all ages. However, other studies

have not observed a relationship between cognition and PAF in adults

((Posthuma, Neale, Boomsma, & de Geus, 2001); for review see

(Vogel & Broverman, 1964)). Present results suggest that the lack of

findings in some adult studies may be due to the fact that these asso-

ciations are age specific. In particular, the PAF and processing speed

association most prominent in the younger male TDC group (see

Figure 4b) suggests a relationship between PAF and processing speed

only as PAF matures in TDC (similar to how in young children age pre-

dicts basketball ability but in adolescents and adults age is a poor pre-

dictor of basketball ability).

Regarding the generation of alpha rhythms, thalamic, cortical, or

thalamo-cortical models have been proposed (for a detailed review see

Valdes-Hernandez et al. (2010)). There is mounting evidence that the

PAF is determined, in part, by thalamo-cortical pathways (Lopes da

Silva, Vos, Mooibroek, & Van Rotterdam, 1980; Roberts & Robinson,

2008; Robinson et al., 2003; Steriade, Gloor, Llinas, Lopes de Silva, &

Mesulam, 1990). For example, Valdes-Hernandez et al. (2010) observed

associations between posterior and superior corona radiata and the

splenium of the corpus callosum white matter (fractional anisotropy)

and PAF in a sample of 89 adults, suggesting an influence of mye-

lination of posterior white-matter tracks (or fiber density) on the

parietal-occipital PAF. These findings were replicated by Jann et al.

(2012) who observed associations between PAF and white matter in

the genu and splenium of the corpus callosum as well as the right supe-

rior longitudinal fascicle. That increased white-matter would predict a

higher PAF (and perhaps also a faster speed of processing) needs fur-

ther examination in future studies.

Earlier myelination in ASD may account for the higher PAF

observed in the younger children with ASD than TDC in the present

study. Studies have shown, on average, larger brain volume in ASD

versus TDC, at least in early childhood. Volumetric differences are

observed in studies of head circumference (Dawson et al., 2007;

Dementieva et al., 2005) and total brain volume (Aylward, Minshew,

Field, Sparks, & Singh, 2002; Bloss & Courchesne, 2007; Courchesne

et al., 2001; Courchesne, Carper, & Akshoomoff, 2003; Frith, 2003;

Piven et al., 1995; Redcay & Courchesne, 2005; Sparks et al., 2002)

and may be indicative of disturbances of synaptogenesis and neural

pruning in ASD (Belmonte et al., 2004; Courchesne et al., 2001; Frith,

2003). Hazlett et al. (2017) found increased cortical surface expansion

in 6–12-month-old infants later diagnosed with ASD compared to TD

infants, with cortical surface expansions especially marked in the left

and right middle occipital gyrus and the right cuneus, areas of the

brain implicated as alpha generators (Edgar et al., 2015; Huang et al.,

2014; Salmelin & Hari, 1994). Research has also indicated that this

increased brain volume found in infants and young children with ASD

is due to abnormally rapid brain maturation in ASD, including

increased white matter in infants with ASD compared to typically

developing infants (Courchesne et al., 2001, 2003; Hazlett et al.,

2005; Hendry et al., 2006; Herbert, 2005; Herbert et al., 2004;

Hughes, 2007; Ouyang et al., 2016). Of note, however, Courchesne

(2004), Courchesne et al. (2001), and Redcay and Courchesne (2005)

reported that the brain overgrowth during the first 2 years of life in

infants with ASD is followed by abnormally slow or arrested growth.

During this period of arrested growth, white matter volume no longer

increases at the rate that would be expected in a typically developing

child (Courchesne et al., 2001; Ouyang et al., 2016).

On the above account, increased PAF in the young children with

ASD suggests alpha neural circuits that mature too early, perhaps as a

result of abnormally rapid white-matter myelination, and with the abnor-

mally slow myelination in ASD after infancy accounting for no age-

related change in PAF (at least in some children with ASD). Given that

alpha rhythms are thought to provide the basic structure for cognitive

processes (Dickinson et al., 2018; Haegens et al., 2014; Klimesch, 1999;

Mierau, Klimesch, & Lefebvre, 2017), premature development of these

circuits may result in a brain that is not optimized for later acquisition of

higher-order cognitive skills including language and social skills. Future

studies examining the alpha rhythms in young children first diagnosed

with ASD would contribute to understanding the high PAF in children

with ASD. Multimodal studies examining associations between PAF and

white-matter would help elucidate the contribution of white-matter to

alpha abnormalities in ASD.

Although there is growing evidence for a contribution of posterior

white-matter pathways to RS alpha, as reviewed in Edgar et al. (2015),

other mechanisms may contribute to RS alpha activity. These include

a role for cortical inhibitory interneurons in maintaining alpha oscilla-

tions (Lorincz, Kekesi, Juhasz, Crunelli, & Hughes, 2009), a role for

thalamic “pacemarker” neurons (e.g., see (Anderson & Sears, 1964;

Jahnsen & Llinas, 1984; Steriade & Deschenes, 1984)), and an influ-

ence of the mGluR1a subtype of the metabotropic glutamate receptor

located postsyntactically to corticothalamic fibers (Hughes, Blethyn,

Cope, & Crunelli, 2002). Studies investigating the above in individuals

with ASD report abnormalities in all the above systems including an

imbalance of excitatory (e.g., glutamatergic) and inhibitory (e.g.,

GABAergic) activity in inhibitory interneuron and pyramidal cell corti-

cal networks (Casanova, Buxhoeveden, Switala, & Roy, 2002; Levitt,

Eagleson, & Powell, 2004), and studies reporting abnormal thalamic

structure and connectivity in ASD (Hardan et al., 2006, 2008; Nair,

Treiber, Shukla, Shih, & Muller, 2013; Tsatsanis et al., 2003).

Several study limitations are of note. First, given the small number

of TDC and ASD females, findings are specific to males. Although the

total sample findings presented in the Online Supplement suggest in

the full sample a pattern of findings similar to the male-only sample,

the findings are more evident in males, with larger N studies compar-

ing RS alpha activity in female TDC and ASD needed. Another study

limitation is that MEG data were co-registered to a standard template

MRI instead of each individual's MRI. Analysis (not shown) comparing

PAF measures obtained using a template MRI versus individual MRI

show that the PAF is similar across methods (the same or differing

only by one frequency bin [0.29 Hz in the present study]). Douw,

Nieboer, Stam, Tewarie, and Hillebrand (2018) also reported for RS

MEG measures no bias or inconsistency between template and indi-

vidual MRI. Another study limitation is that for many participants a

relatively short eyes-closed RS exam was used; given more data loss
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in the children with ASD due to motion and metal artifact, recordings

longer than 2 min are needed to obtain evaluable RS data. Finally, as

the study design was cross sectional, rate-of-change measures (slopes)

were available only at the group level. As previously noted, future

studies obtaining longitudinal data are of interest (especially from

older toddlers to ~10-year-old children), with the hypothesis that PAF

rate-of-change will better differentiate diagnostic groups as well as

better predict current and future cognitive impairment in children

with ASD.

To conclude, a primary finding was that the use of PAF as a

marker for ASD depends on the age (and perhaps sex) of the group

investigated. Associations between PAF and cognitive ability were

also found to be age (and group) specific. This pattern of PAF group

differences, most pronounced in the younger children, is somewhat

fortuitous, as RS alpha biomarkers are of more interest in younger ver-

sus older children with ASD. In sum, findings demonstrated that nor-

mal maturational changes in brain function throughout childhood and

adolescence need to be considered in child studies, with present

results indicating that with large enough samples our data indicate the

age range(s) when clinical imaging markers are of most use.
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