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Autism spectrum disorder (ASD) often involves dysfunction in general motor control and motor coordination, in
addition to core symptoms. However, the neural mechanisms underlying motor dysfunction in ASD are poorly
understood. To elucidate this issue, we focused on brain oscillations and their coupling in the primary motor
cortex (M1). We recorded magnetoencephalography in 18 children with ASD, aged 5 to 7 years, and 19 age- and
IQ-matched typically-developing children while they pressed a button during a video-game-like motor task. The
motor-related gamma (70 to 90 Hz) and pre-movement beta oscillations (15 to 25 Hz) were analyzed in the
primary motor cortex using an inverse method. To determine the coupling between beta and gamma oscillations,
we applied phase-amplitude coupling to calculate the statistical dependence between the amplitude of fast os-
cillations and the phase of slow oscillations. We observed a motor-related gamma increase and a pre-movement
beta decrease in both groups. The ASD group exhibited a reduced motor-related gamma increase and enhanced
pre-movement beta decrease in the ipsilateral primary motor cortex. We found phase-amplitude coupling, in
which high-gamma activity was modulated by the beta rhythm in the primary motor cortex. Phase-amplitude
coupling in the ipsilateral primary motor cortex was reduced in the ASD group compared with the control
group. Using oscillatory changes and their couplings, linear discriminant analysis classified the ASD and control
groups with high accuracy (area under the receiver operating characteristic curve: 97.1%). The current findings
revealed alterations in oscillations and oscillatory coupling, reflecting the dysregulation of motor gating
mechanisms in ASD. These results may be helpful for elucidating the neural mechanisms underlying motor
dysfunction in ASD, suggesting the possibility of developing a biomarker for ASD diagnosis.

1. Introduction Kanner (1943), who proposed the first clear definition of autism,

included motor dysfunction as a symptom of ASD (Kanner, 1943). Motor

Autism spectrum disorder (ASD) is a neurological developmental
disorder characterized by persistent deficits in social interaction and
communication, and the presence of repetitive behaviors with restricted
interests (American Psychiatric Association, 2013). In addition to the
core symptoms of ASD, previous studies have reported that children and
adults with ASD often exhibit significant motor dysfunction (Teitelbaum
et al., 1998; Lord et al., 2000; Fournier et al., 2010; Lloyd et al., 2013).

abnormalities have been widely reported in ASD, involving fine and
gross motor skills, gait, balance, and posture (Lord et al., 2000; Note-
rdaeme et al., 2002; Molloy et al., 2003; Jansiewicz et al., 2006; Bryson
et al., 2007; Fournier et al., 2010; Lloyd et al., 2013; Radonovich et al.,
2013). Although motor dysfunction is excluded from current diagnostic
criteria for ASD, several recent studies have suggested that motor ab-
normalities should be considered as a core symptom of ASD (Fournier
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et al., 2010; Lloyd et al., 2013; London, 2014).

Brain oscillations are rhythmic patterns of neural activity, and motor
control modulates typical brain oscillations, particularly in the beta
(13-30 Hz) and gamma frequency bands (60-90 Hz). Gamma oscilla-
tions are known to increase immediately after movement onset, and
motor-related gamma oscillations are thought to be associated with
motor execution and initiation (Pfurtscheller et al., 2003; Cheyne et al.,
2008; Muthukumaraswamy, 2010; Cheyne and Ferrari, 2013). In addi-
tion, the power of beta oscillations begins to decrease prior to movement
onset and is maintained during movement execution; these beta de-
creases are thought to be related to motor planning and movement
preparation (Pfurtscheller and Lopes da Silva, 1999; Pfurtscheller et al.,
2003; Doyle et al., 2005; Bai et al., 2011). In a previous study, we found
that motor-related gamma oscillations were decreased in children with
ASD, suggesting a potential biomarker for ASD using gamma oscillatory
changes as a neurophysiological index and button response time as a
behavioral index (An et al., 2018). However, pre-movement and
movement-related beta oscillations have not been well characterized in
ASD. Thus, in the present study, we investigated whether motor
dysfunction in ASD is reflected by alterations in not only motor-related
gamma oscillations but also pre-movement and movement-related beta
oscillations.

Recently, there has been increasing research interest in the coupling
between brain oscillations, with several studies reporting that the
particular phase of a low-frequency rhythm modulates the amplitude of
high-frequency brain activity in several brain areas (Canolty et al., 2006;
Jensen and Colgin, 2007; Canolty and Knight, 2010; Hyafil et al., 2015).
This type of phase-amplitude coupling (PAC) plays a functional role in
local brain connectivity, coordinating the timing of neural activity in
brain networks. Individuals with ASD have been reported to exhibit
reduced PAC during visual grating tasks (Seymour et al., 2019) and face
recognition tasks (Khan et al., 2013; Mamashli et al., 2018). Reduced
PAC in ASD has been suggested to be related to dysregulation of local
connectivity during sensory processing. However, PAC during motor
control in ASD is poorly understood.

Previous electrocorticogram (ECoG) studies (de Hemptinne et al.,
2013, 2015) reported that the amplitude of high-gamma activity is
modulated by the phase of beta rhythms in the primary motor cortex
(M1). PAC from M1 has been suggested as a crucial gating mechanism
for movement execution, and exaggerated PAC has been shown in pa-
tients with movement disorders such as Parkinson’s disease (de Hemp-
tinne et al., 2013, 2015). We speculate that, in individuals with ASD,
beta-high gamma coupling from M1 might be reduced, as in the visual
sensory system of individuals with ASD. Alternatively, beta-high gamma
coupling from M1 might be exaggerated, as in patients with Parkinson’s
disease. Aberrant M1 PAC in individuals with ASD may reflect the
mechanisms underlying motor dysfunction. Importantly, previous
studies have only investigated PAC from M1 using invasive brain
recording techniques. Thus, we sought to investigate PAC from M1 using
magnetoencephalography (MEG) as a non-invasive neuroimaging
method.

In the present study, we measured beta-gamma PAC from M1 in
children using child-customized MEG. We hypothesized that beta-high
gamma PAC from M1 would be altered (either reduced or exagger-
ated) in children with ASD. In addition, we investigated whether beta
and gamma oscillations during motor control were altered in ASD.

2. Materials and methods
2.1. Participants

Eighteen children with ASD (mean age = 6.00 years, SD = 0.59; five
females) and 19 age-matched typically-developing (TD) children (mean
age = 5.71 years, SD = 0.46, four females) participated in this study
(Table 1). We used data from 14 children with ASD and 15 TD children
collected in our previous study (An et al., 2018), as well as data from
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Table 1
Participants’ characteristics.
TD ASD t P Cohen’s
d
Sex (male/female) 15/4 13/5
Age (months) 68.53 + 72.00 + —1.662 0.105 —0.547
5.56 7.10
K-ABC achievement 104.21 + 96.94 + 1.439 0.159 0.473

score 13.34 17.23
ADOS total score - 517 +
1.38

Means + SDs and accompanying statistics (two-sided t-tests) of participants’
characteristics. Significant differences in age and intelligence were not observed
between the TD and ASD groups. K-ABC = Kaufman Assessment Battery for
Children; ADOS = Autism Diagnostic Observation Schedule.

four additional children with ASD and four additional TD children. All
participants were identified as right-handed using the Edinburgh
Handedness Inventory (Oldfield, 1971). The Ethics Committee of the
Kanazawa University Hospital approved this study, and parents of all
participants provided full written informed consent.

Participants with ASD had confirmed diagnoses of ASD based on
DSM-V criteria for autism or Asperger’s syndrome (American Psychiat-
ric Association, 2013), the Diagnostic Interview for Social and
Communication Disorders (Wing et al., 2002), and/or the Autism
Diagnostic Observational Schedule, Generic (ADOS) (Lord et al., 2000).

Intelligence was assessed using the Kaufman Assessment Battery for
Children (K-ABC), and there was no significant difference in achieve-
ment scores between the two groups (t(35) = 1.439, p = 0.159, Cohen’s
d = 0.473).

Means + SDs and accompanying statistics (two-sided t-tests) of
participants’ characteristics. Significant differences in age and intelli-
gence were not observed between the TD and ASD groups. K-ABC =
Kaufman Assessment Battery for Children; ADOS = Autism Diagnostic
Observation Schedule.

2.2. Experimental paradigm

To investigate motor-related oscillatory changes and oscillatory
coupling, we used a video-game-like motor task developed in our pre-
vious study (An et al., 2018). The experimental paradigm for the video-
game-like motor task is shown in Fig. 1A. The motor task contained 10
blocks and involved 100 button presses. The aim of this motor task is to
help a puppy collect fruit by pressing a button. Participants were
instructed to gaze at a fixation point in the middle of the screen. When
the fruit appeared at the fixation point, participants were instructed to
press the button using their right index finger. When the button was
pressed, the puppy jumped and caught the fruit. Fruit targets randomly
appeared every 3.5 to 4.5 s after each button response. Each block
contained 10 trials, and a bone with a red ribbon was obtained as a
reward for successfully completing each block.

We designed this motor task to minimize participants’ eye movement
by presenting a fixation point in the middle of the screen. To calculate
response time, we instructed participants to press the button as quickly
as possible. Button responses were measured using a non-magnetic fiber
optic response pad (LUMINA LU400-PAIR, Cedrus Corporation, San
Pedro, CA, USA).

MEG was recorded for approximately 9 min (100 button presses)
during the motor task. The visual stimuli were presented on a screen
(26° x 21° of visual angle) using an LCD projector (IPSiO PJWX6170N,
Ricoh Company, Ltd., Tokyo, Japan).

2.3. Magnetoencephalography recording

MEG data were acquired using a whole-head 151-channel child-
customized MEG system (PQ 1151 R, Yokogawa/KIT, Kanazawa,
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Fig. 1. Experimental paradigm and button
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response time in the TD and ASD groups. A. Chil-
* %k % dren performed a video-game-like motor task. The
motor task consisted of 10 blocks, and a bone with
a red ribbon was given as a reward in the game
after each block was successfully completed. The

o participants helped a puppy obtain fruit targets,
and the action was repeated 10 times in each block.

% The target appeared every 3500 to 4500 ms. Before
the target appeared, participants were asked to pay

attention to the fixation point. After the target
appeared at the fixation point, participants were

2700 - 3700 ms Target

Japan) in a magnetically shielded room. MEG signals were digitized at
2000 Hz and low-pass filtered at 200 Hz. Prior to the experiment, we
explained the experimental paradigm and procedures to participants
and their parents. Participants practiced one block of the motor task to
familiarize themselves with the experimental environment and para-
digm. Participants were recorded in a comfortable supine position on a
bed during MEG measurement, and two experimenters stayed beside the
participants to support them to maintain their attention on the task.

Four head positioning coils were attached to the scalp (Cz, 5 cm
anterior from Cz, and 5 cm from the superior side of the left and right
pre-auricular points). The location of the positioning coils was measured
before MEG recording to calculate the position of the participant’s head
relative to the MEG sensors. The participants were carefully monitored
using a video monitoring system to assess their compliance with the
instructions and to record any notable artifacts, such as head motion,
inappropriate head position, or inconsistent attention to the screen. The
location of the positioning coils and information about head-shape were
measured using a 3D digitizer (Fastrak, Polhemus, Colchester, VT, USA).

Brain structural images were individually obtained for source
reconstruction from all participants using a 1.5 Tesla magnetic reso-
nance imaging (MRI) scanner (SIGNA Explorer, GE Healthcare, USA).
For each participant, an MRI scan was acquired using a T1-weighted
gradient echo and Silenz pulse sequence (repetition time [TR] =
435.68 ms, echo time [TE] = 0.024 ms, flip angle = 7°, field of view
[FOV] = 220 mm, matrix size = 256 x 256 pixels, slice thickness = 1.7
mm, and 130 transaxial images).

2.4. Data analysis

MEG data were processed using the Brainstorm toolbox (Tadel et al.,
2011) and MATLAB (Mathworks, Natick, MA, USA). Data were band-
pass filtered from 0.3 to 200 Hz and notch filtered at 60, 120, and
180 Hz. We applied an independent component analysis method
(“RunICA” implemented in Brainstorm, www.sccn.ucsd.edu/eeglab/)
and removed the components representing heartbeats, eye blinks, and
eye movements identified by visual inspection based on time course and
topography. The number of rejected components per participant did not
differ between the TD and ASD groups (TD: mean = 1.89, SD = 0.81;
ASD: mean = 2.22, SD = 0.88; p = 0.25). After rejecting the components
representing artifacts, the remaining components were back-projected
into the signal space. We epoched data into segments from — 3 to 3 s
following button-press onset and selected successful trials.

We calculated weighted minimum norm estimates (wMNE)

asked to press the button as quickly as possible.
When the participant pressed the button, the puppy
jumped and obtained a fruit target. B. The button
response time was calculated by subtracting the
timing of the target from the timing of the button
press. The median is shown as a line in the center of
the box. The ASD group exhibited a significantly
prolonged button response time compared with the
TD group. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

I
D ASD

implemented in the Brainstorm toolbox for source analysis (Hamalainen
and Ilmoniemi, 1994; Hauk, 2004; Lin et al., 2006). We estimated an
overlapping sphere head model using individual MRI images and the
noise-covariance matrix using the baseline period (—2 to — 1.5 s). We
applied wMNE source localization using an overlapping conductor
model with a Tikhonov regularization factor (A = 0.1).

We calculated movement-related fields (MRFs) by averaging all trials
according to the button-press onset and normalizing by the baseline
period (—2 to —1.5 s) for each participant. We computed the cortical
sources of the individual MRFs at 20 to 40 ms and found the maximum
peak source in the bilateral cortex of each participant. These individual
cortical sources were projected on the ICBM152 template anatomy in
MNE coordinates (Table 2). We observed that these cortical sources
were in the bilateral M1 and used these cortical sources for further
oscillatory analysis (Fig. 2A).

To determine the motor-related oscillatory changes, single-trial
source data were used to calculate the time—frequency representations
(TFRs) using a seven-cycle Morlet wavelet. We converted TFRs to the
percentage change in power relative to the baseline period. TFRs of each
trial source were averaged within participants and group-averaged
across TD participants and participants with ASD, respectively. To
define statistically significant motor-related gamma oscillations and pre-
movement beta oscillations, we applied one-sample t-tests on the full
TFRs from all participants with the false discovery rate (FDR) correction
to correct for multiple comparisons. We observed a significant increase
in gamma oscillations from 70 to 90 Hz during 0 to 100 ms, according to
button responses. We calculated the power change by averaging power
values in these time and frequency window and defined it as a
movement-related gamma increase. We observed a significant decrease
in beta oscillations from 15 to 25 Hz during —200 to 500 ms, according
to button responses. We defined beta decrease during —200 to O ms as a
pre-movement beta decrease and those during 0 to 500 ms as a
movement-related beta decrease. We calculated the power changes of
the pre-movement beta decrease and movement-related beta decrease
by averaging power values in these time and frequency windows.

To estimate the phase-amplitude coupling between the beta and
gamma oscillations, we used Mean Vector Length analysis implemented
in the Brainstorm toolbox (Canolty et al., 2006; Tort et al., 2010). To
calculate PAC, the data length containing 10 cycles of the lowest fre-
quency is required. Thus, we selected a 1-s time window from — 200 ms,
which is the start of the pre-movement beta decrease, until 800 ms. This
time window covered motor-related gamma increases and pre-
movement beta decreases. We calculated PAC between the phase at 13
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Table 2
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Individual button response time and bilateral source locations of motor-related fields at 20-40 ms.

Participant ~ Button response time Left cortical source of motor-related fields (20-40 ms, MNI Right cortical source of motor-related fields (20-40 ms, MNI

(ms) coordinates) coordinates)

mean median X Y Z X Y Z
TD children
TDO1 542.7 494.5 —42.1 1.4 551 61.8 11.5 418
TDO02 434.0 372.5 —25.5 -16.2 65.0 28.8 —-1.4 61.8
TDO3 445.2 415.2 -39.1 -2.4 624 199 -16.3 70.2
TDO04 643.4 554.8 —41.9 0.8 513 48.0 3.2 514
TDO5 397.5 359.1 —44.5 —-5.6 50.5 42.9 -8.7 38.0
TDO06 464.2 471.4 —49.4 -3.4 54.0 42.2 2.6 533
TDO7 379.8 335.0 -37.3 -5.2 586 60.1 -0.4 295
TDO8 406.1 342.7 —45.7 —-0.0 60.2 58.8 —6.5 33.7
TD09 450.1 427.0 —34.2 -2.7 60.2 48.8 —6.4 50.1
TD10 378.9 349.0 -246 -11.9 705 37.6 -81 621
TD11 333.8 320.5 —48.3 83 538 51.7 23.4 49.8
TD12 362.6 306.0 —-21.7 -11.3 68.4 38.8 -12.9 64.6
TD13 555.1 515.7 —28.8 -81 67.2 46.1 -11.3  55.2
TD14 493.5 465.5 —39.7 -09 639 58.2 —3.9 455
TD15 293.8 270.0 —45.6 3.4 565 51.8 -81 451
TD16 693.4 568.5 —47.5 0.7 51.8 40.2 1.3 67.6
TD17 341.5 310.2 —46.4 -1.5 56.4 40.6 -12.6 499
TD18 419.1 394.0 —42.9 —-5.7 545 45.7 10.8  46.5
TD19 382.1 364.0 —40.8 0.5 59.4 58.7 —-8.2 49.3
Mean 442.99  401.87 -39.3 -31 589 46.4 -2.7  50.8
SD 104.16 87.86 8.5 5.8 59 11.0 9.9 11.1
Children with ASD
ASDO1 519.6 477.2 -47.1 9.7  49.2 43.0 -11.8 56.5
ASDO02 742.5 635.0 —39.4 -1.1  61.2 54.4 -0.7 41.2
ASDO3 714.0 653.5 —37.5 -2.3 594 52.6 7.2 427
ASDO04 427.1 393.8 -346 115 742 36.5 -14.0 73.0
ASDO5 495.8 403.9 -37.4 -16.2 613 45.2 -25 520
ASDO06 962.2 892.9 —44.1 -158 49.3 46.2 —-6.0 528
ASDO7 540.4 485.8 —46.6 -5.3 2.7 36.4 -31.4 157
ASDO08 670.8 573.3 —47.1 40 443 53.4 -52  49.1
ASDO09 724.5 621.5 -39.3 -11.0 526 30.7 -3.7 565
ASD10 490.7 445.0 —44.6 -14.1 63.2 46.7 3.0 60.0
ASD11 398.1 365.0 —55.1 0.1 447 36.4 59 484
ASD12 614.6 525.5 -57.6 -11.8 53.1 48.6 9.7 459
ASD13 599.3 546.5 —-27.0 —-6.0 69.0 39.9 —-13.4 49.6
ASD14 839.1 740.5 —43.6 -5.1 524 51.3 -0.7 50.6
ASD15 639.6 561.0 —51.9 -4.5 393 36.7 -12.3  60.6
ASD16 300.0 278.0 —55.8 -3.2 48.0 47.2 -9.3 56.5
ASD17 5249 493.8 —47.4 2.5 52.3 61.2 7.8 39.7
ASD18 628.0 522.0 —48.3 11.4 115 53.7 253 10.2
Mean 601.73  534.12 —44.3 -59 515 44.1 -53 507
SD 161.57 143.90 8.3 7.2 16.1 7.2 10.2 12.1

to 30 Hz and amplitude at 30 to 200 Hz in the time window during motor
control (—200 to 800 ms). The statistical dependence of modulation of
the gamma band activity by the beta rhythm was calculated as the
modulation index. To define statistically obvious motor-related PAC
signals, we applied one-sample t-tests for the full PAC maps from all
participants with FDR correction to correct for multiple comparisons. In
the PAC maps, we selected obvious PAC signals between 13 Hz and 100
to 140 Hz, and averaged across modulation indices in this window.

We used power changes of motor-related gamma oscillations and
pre-movement beta oscillations as well as beta-gamma coupling in the
bilateral M1 for further statistical analysis.

2.5. Statistical analysis

We used SPSS version 24.0 (IBM Corporation, New York, USA) for
statistical analysis. We applied two-sample t-tests (two-tailed) to
compare differences in participant characteristics (age, K-ABC scores)
between the TD and ASD groups. For button response time, we applied a
Welch t-test (two-tailed) to consider their unequal variance between two
groups. To test our hypothesis, we compared power changes in motor-
related gamma and pre-movement and movement-realted beta oscilla-
tions and beta-gamma coupling between two groups using two-sample t-
tests (two-tailed). We calculated Pearson’s correlation coefficients to

test the correlations between response time and the significant neuro-
physiological indices. To take into account its effect on the significant
indices, response time was included as a nuisance covariate in the
analysis of covariance (ANCOVAs). We employed an alpha level of 0.05
for all statistical analyses.

To investigate the ability of both behavioral and neural indices to
classify participants into TD and ASD groups, we performed Fisher’s
linear discriminant analysis with the leave-one-out cross-validation test.
To test the predictive accuracy of the classification method, we
employed behavioral and brain oscillatory indices representing signifi-
cant differences between group. For the cross-validation test, each case
was excluded from all other cases, and the remaining cases were clas-
sified. We analyzed the receiver operator characteristic (ROC) curves
using sensitivity and 1 — specificity from the results of linear discrimi-
nant analysis. Participants’ discriminative capacity was determined by
the area under the ROC curve (AUC).

3. Results
3.1. Button response time

We selected trials in which participants pressed the button within
200 to 2000 ms after the visual target onset to exclude failed and
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accidental button responses. The button response time was considered
as the latency between the visual trigger and button-press onset
(Table 2). For the individual button response time, we used the mean of
the button response time within each subject. The mean response time of
the TD group was 443.0 + 104.2 ms (mean + SD), and that of the ASD
group was 601.7 + 161.6 ms (mean + SD). Consistent with our previous
study, the ASD group exhibited a significantly longer mean response
time than the TD group (t(28.804) = —3.531, p = 0.001, Cohen’s d =
—1.175) (Fig. 1B).

3.2. Motor-related oscillatory changes

Fig. 2B shows the group-averaged time-frequency representations
from the individual bilateral peak source of motor fields in 19 TD chil-
dren and 18 children with ASD. Gamma oscillatory power increased in
the 70 to 90 Hz range immediately after the button press onset. The
decrease of beta oscillatory power in the 15 to 25 Hz range started
approximately 200 ms prior to the button press onset.

We observed diminished gamma power increase in the ASD group
compared with the TD group in ipsilateral M1 (t(35) = 2.412, p = 0.021,
Cohen’s d = 0.793), but not in contralateral M1 (t(35) = 1.442, p =
0.158, Cohen’s d = 0.474) (Fig. 2C). The pre-movement beta power
decrease was significantly enhanced in the ASD group compared with
the TD group in ipsilateral M1 (t(35) = 2.705, p = 0.010, Cohen’s d =
0.890), but not contralateral M1 (¢(35) = 1.804, p = 0.08, Cohen’s d =
0.593) (Fig. 2D). In contrast, we could not find any differences in the
movement-related beta power decrease between TD and ASD group in
the contralateral (t(35) = 1.126, p = 0.268, Cohen’s d = 0.370) and
ipsilateral cortex (t(35) = -0.008, p = 0.993, Cohen’s d = -0.003). The
ipsilateral motor-related gamma increase and pre-movement beta
decrease had no correlations with response time within TD group (r =
—0.009, p = 0.970 for gamma, r = —0.147, p = 0.547 for beta), ASD
group (r = 0.251, p = 0.314 for gamma, r = —0.126, p = 0.617 for beta),
and all participants (r = —0.091, p = 0.593 for gamma, r = —0.317,p =
0.056 for beta). The ANCOVA analysis with a response time as a co-
variate showed a significant group effect on the ipsilateral motor-related
gamma increase (F = 6.017, p = 0.019), but not on the ipsilateral pre-
movement beta decrease (F = 3.621, p = 0.066).

< Motor-related Gamma >

Contralateral Ipsilateral

< Pre-movement Beta >
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Fig. 2. Motor-related oscillatory changes in the
TD and ASD groups. A. Individual peak source of
motor-related brain activity. Red dots indicate the
source for children with ASD and blue dots indi-
cate the source for TD children. B. Time-
frequency representations during motor control
in the bilateral primary motor cortex (M1) in the
TD and ASD groups. Motor-related gamma oscil-
lations (70 to 90 Hz) increased immediately after
the button press. The pre-movement beta oscilla-
tions (15 to 25 Hz) decreased 200 ms prior to the
button press. C. Motor-related gamma increases
were calculated by averaging across the window
between 70 and 90 Hz and O to 100 ms. The
vertical error bars represent the 95% confidence
interval for each of the bars. The ASD group
exhibited a smaller gamma power increase than
the TD group in the ipsilateral M1, but not in the
contralateral M1. D. Pre-movement beta de-
creases were calculated by averaging across the
window between 15 and 25 Hz and —200 to 0 ms.
The vertical error bars represent the 95% confi-
dence interval for each of the bars. The ASD group
showed enhanced pre-movement beta decreases
in ipsilateral M1, but not in contralateral M1. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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3.3. Motor-related phase-amplitude coupling

We calculated the phase-amplitude coupling between beta (13 to 30
Hz) and gamma (40 to 200 Hz) frequency ranges. We found PAC signals
between beta (13 Hz) and high-gamma oscillations (100 to 140 Hz) in
bilateral M1 in the TD and ASD groups (Fig. 3A).

The ASD group exhibited significantly lower PAC signals than the TD
group for ipsilateral M1 (t(35) = 3.610, p = 0.001, Cohen’s d = 1.187),
but not contralateral M1 (t(35) = 0.599, p = 0.553, Cohen’s d = 0.197)
(Fig. 3B). The ipsilateral PAC signal had no correlations with response
time within TD group (r = —0.059, p = 0.811), ASD group (r = —0.004,
p = 0.987), and all participants (r = —0.287, p = 0.085). The ANCOVA
analysis with a response time as a covariate showed significantly
reduced ipsilateral PAC signal (F = 8.835, p = 0.005) in the ASD group.

3.4. Classification using linear discriminant analysis

We found significant differences in button response time, ipsilateral
motor-related gamma increase, pre-movement beta decrease, and beta-
gamma PAC between TD and ASD groups. To investigate the efficiency
of the classifier for distinguishing between the two groups, we con-
ducted linear discriminant analysis using these variables. Using response
time and ipsilateral motor-related gamma increase, a linear discriminant
analysis classifier identified participants into two groups with 67.6%
accuracy (66.7% sensitivity and 68.4% specificity), and its ROC curve
showed AUC of 0.863 (Supplementary Fig. 1A). Using response time and
ipsilateral pre-movement beta decrease, a linear discriminant analysis
classifier showed 78.4% accuracy (77.8% sensitivity and 78.9% speci-
ficity), and its ROC curve showed AUC of 0.845 (Supplementary
Fig. 1B). Using response time and ipsilateral beta-gamma PAC, a linear
discriminant analysis classifier showed 81.1% accuracy (77.8% sensi-
tivity and 84.2% specificity), and its ROC curve showed AUC of 0.880
(Supplementary Fig. 1C). Using response time, ipsilateral pre-movement
beta decrease, and beta-gamma PAC, a linear discriminant analysis
classifier showed 81.1% accuracy (77.8% sensitivity and 84.2% speci-
ficity), and its ROC curve showed AUC of 0.892 (Supplementary
Fig. 1D). Using response time, ipsilateral motor-related gamma increase,
and beta-gamma PAC, a linear discriminant analysis classifier showed
83.8% accuracy (77.8% sensitivity and 89.5% specificity) (Fig. 4A), and
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Fig. 3. Phase amplitude coupling (PAC)
in bilateral primary motor cortex (M1).
A. During motor control, PAC between
the low beta (approximately 13 Hz) and
high-gamma oscillations (100 to 140
Hz) was observed in bilateral M1. B.
Beta-gamma PAC was calculated by
averaging across the window between
beta (13 Hz) and high-gamma (100 to
140 Hz). The vertical error bars repre-

< Motor-related PAC >

57 sent the 95% confidence interval for

each of the bars. The modulation index

56 of PAC in contralateral M1 was not

different between the two groups. The
ASD group exhibited significantly
reduced beta-gamma PAC in ipsilateral
M1 compared with the TD group.

Contralateral Ipsilateral

Fig. 4. Linear discriminant analysis and receiver
operating characteristic (ROC) curve using oscilla-
tions and oscillatory coupling parameters. A. The

linear discriminant analysis used response time, ipsi-
lateral gamma and beta-gamma PAC. The discrimi-
nant classifier results exhibited accuracy of 83.8%
(sensitivity = 77.8%, specificity = 89.5%) for blindly
separating the two groups. B. Using these indices, the
ROC curve exhibited a good discriminative capacity
for the two groups with an area under the ROC curve
(AUC) value of 0.965.
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its ROC curve showed AUC of 0.965 (Fig. 4B, Supplementary Fig. 1E).
Using response time, ipsilateral pre-movement beta decrease, motor-
related gamma increase, and beta-gamma PAC, a linear discriminant
analysis showed 86.5% accuracy (83.3% sensitivity and 89.5% speci-
ficity), and its ROC curve showed AUC of 0.956 (Supplementary Fig. 1F).

4. Discussion

Using MEG, we examined oscillatory changes and oscillatory
coupling in M1 to investigate the neural mechanisms underlying motor
dysfunction in ASD. We confirmed prolonged response times during the
motor task in the ASD group compared with the TD group. In addition,
we observed alterations in motor-related gamma oscillations and pre-
movement beta oscillations in the ASD group. Oscillatory coupling, by
which the beta rhythm modulated high-gamma activity, was reduced in
the ASD group. In addition, using motor behavior and motor-related
oscillatory changes and oscillatory coupling, we identified a potential
biomarker for ASD.

4.1. Button response time

We confirmed that the button response time in the ASD group was
prolonged by approximately 150 ms compared with the TD group. The
finding of an increased response time is in accord with previous
behavioral studies. Numerous previous studies have reported that in-
dividuals with ASD exhibit broad motor deficits in gross and fine motor
skills, posture, gait, and balance (Teitelbaum et al., 1998; Noterdaeme
et al., 2002; Molloy et al., 2003; Jansiewicz et al., 2006; Bryson et al.,

[
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2007; Fournier et al., 2010; Lloyd et al., 2013; Radonovich et al., 2013).
The prolonged button response time of children with ASD might be
related to their motor dysfunction.

4.2. Motor-related oscillatory changes

We observed motor-related gamma increases and pre-movement and
movement-related beta decreases in bilateral M1 of TD and ASD groups.
The results revealed that the ASD group exhibited alterations in the
motor-related gamma increase and pre-movement beta decrease in M1.

We confirmed that motor-related gamma oscillations were reduced
in participants with ASD, consistent with our previous findings (An
et al,, 2018). The power of gamma oscillations is reported to be
increased immediately after movement onset in adults (Cheyne et al.,
2008; Muthukumaraswamy, 2010) and children (Gaetz et al., 2010;
Cheyne et al., 2014). This transient gamma increase is thought to be
related to the initiation of movement and motor execution (Cheyne
et al., 2008; Muthukumaraswamy, 2010; Cheyne and Ferrari, 2013). In
the present study, the results indicated that altered motor-related
gamma activity reflected impaired movement initiation in ASD.

In addition, we found that the finger movement suppressed the
power of pre-movement and movement-related beta oscillations in both
groups. Adult participants exhibited a pre-movement beta power
decrease approximately 2 to 1 s prior to movement onset during self-
paced movement (Stancak and Pfurtscheller, 1996; Pfurtscheller and
Lopes da Silva, 1999; Pfurtscheller et al., 2003; Bai et al., 2011) and pre-
cued motor tasks (Kaiser et al., 2001; Doyle et al., 2005; Gaetz et al.,
2010). In the current study, children showed a pre-movement beta
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decrease starting approximately 200 ms prior to movement onset. This
late latency of pre-movement beta decreases is consistent with the re-
sults of previous MEG studies in children (Cheyne et al., 2014). Pre-
movement beta decreases are thought to be related to movement plan-
ning and movement preparation for appropriate motor responses
(Stancak and Pfurtscheller, 1996; Kaiser et al., 2001; Doyle et al., 2005).
We observed that the ASD group showed a significant enhancement in
the beta decreases before movement onset (i.e. pre-movement beta de-
creases), not in the beta decreases after movement onset (i.e. movement-
related beta decreases). The enhanced pre-movement beta decreases in
the ASD group might reflect a requirement for stronger brain activity
compared with the TD group to compensate for deficits during move-
ment planning and movement preparation.

4.3. Motor-related phase-amplitude coupling

In the current MEG study, the results revealed oscillatory coupling,
by which high gamma brain activity at 100 to 140 Hz was modulated by
the beta rhythm at 13 Hz in M1 in children. The frequency range of the
oscillatory coupling was different from the frequency band of beta
power changes (i.e., 15 to 25 Hz) and gamma power changes (i.e., 70 to
90 Hz). The different frequency ranges between oscillatory power
changes and oscillatory coupling might reflect their mechanisms and
indirect relationships.

The beta-high gamma coupling measured by MEG in the present
study is consistent with PAC patterns revealed using invasive local field
potential measurement techniques. Previous ECoG studies reported
coupling between the amplitude of high-gamma activity and the phase
of the beta rhythm in human M1 (de Hemptinne et al., 2013, 2015).
Cross-frequency coupling has also been observed between the gamma
activity from M1 and the low-frequency oscillations from the ventral
intermediate nucleus (i.e., the motor nucleus of the thalamus) (Opri
et al., 2019). Thalamo-cortical PAC has been suggested to act as a
mechanism for gating motor behavior. Therefore, our finding that the
slow rhythm modulates fast brain activity in M1 might reflect an un-
derlying gating mechanism for motor execution, and could be related to
distal communication mediated by the thalamus across the thalamo-
cortical motor network.

It has been suggested that high-frequency brain activity, such as
gamma oscillation, is related to local cortical processing over relatively
short spatial scales (Jensen and Colgin, 2007; Miller et al., 2007, 2009)
and is correlated with blood-oxygen-level-dependent signals (Mukamel
et al., 2005; Niessing et al., 2005; Scheeringa et al., 2011). In contrast,
given conduction delays, low-frequency oscillations are thought to
transfer information over large spatial scales by coordinating activities
in distinct cortical areas (von Stein and Sarnthein, 2000; Buzsaki, 2004;
Canolty et al., 2006; Jensen and Colgin, 2007; Canolty and Knight,
2010). Therefore, the coupling between slow- and fast-frequency oscil-
lations has been proposed as a mechanism for local connectivity by
coordinating activity in distributed brain regions across multiple spatial
and temporal scales (Canolty et al., 2006; Jensen and Colgin, 2007;
Canolty and Knight, 2010).

In the present study, we found that beta-high gamma coupling was
reduced in M1 in the ASD group. These findings are consistent with
previous studies reporting that individuals with ASD exhibit reduced
PAC during visual gating tasks (Seymour et al., 2019) and face recog-
nition tasks (Khan et al., 2013; Mamashli et al., 2018). Previous studies
have proposed that aberrant PAC in ASD is linked to dysregulation of
local connectivity and sensory processing. The current findings suggest
that reduced PAC in M1 might reflect atypical local brain connectivity
and dysregulated motor processing in ASD.

In addition, we investigated potential biomarkers for ASD using
behavioral and neurophysiological oscillatory indices, revealing that
linear discriminant analysis was able to classify these two groups.
Although ASD involves various symptoms, we found that brain oscilla-
tions and oscillatory coupling during motor control discriminated
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between participants with ASD and TD participants with high accuracy.
Although ASD is assumed to involve a range of pathophysiological
mechanisms, the current finding that motor-related indices were able to
discriminate between individuals with ASD and TD controls with high
accuracy suggests that motor dysfunction is a common and important
component of ASD. These findings support the notion that motor
dysfunction in ASD should be considered as an important characteristic
of ASD.

5. Study limitations

Our study involved several major limitations that should be consid-
ered. First, because the current findings were obtained from a relatively
small number of participants, the results are not sufficient for drawing
firm conclusions about biomarkers for ASD. Future studies should
examine a larger sample size and age range of participants to improve
the reliability of the findings. Second, we calculated the mean of the
button-response times within each subject to see the tendency of their
response time and their consistency with our previous study. The means
might tend to be biased due to a few long response times in the distri-
bution. Last, we recorded the head movement of the children partici-
pants using video monitors rather than using a simultaneous head
positioning system during the MEG recordings. When participants
exhibited substantial head movement, the corresponding MEG signals
were eliminated from the analysis by visual inspection. Further in-
vestigations should use a quantification algorithm for head movement to
increase the reliability of the data.

6. Conclusions

Coupling between distinct oscillations in M1 has previously only
been observed using local field potentials measured with invasive ECoG
recording. In the present study, we demonstrated that the beta rhythm
modulated high-gamma activity in M1 using non-invasive MEG
recording. In addition, the current results revealed that beta-high
gamma coupling was reduced in the ASD group. This finding extends
current understanding of motor gating dysfunction in ASD. We
confirmed aberrant motor-related gamma activity and found enhanced
pre-movement beta power during motor control in individuals with
ASD. These findings provide neurophysiological evidence for dysfunc-
tion of motor initiation and motor preparation in ASD. In addition, these
findings could be applied in future studies examining interventions or
neurofeedback training for ASD.
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