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Abstract
Background 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). Methods We recorded magnetoencephalography in 18
children with autism spectrum disorder, aged 5 to 7 years, and 19 age- and IQ-matched typicallydeveloping children while they pressed button during a video-game-like motor task. We measured motorrelated gamma (70 to 90 Hz) and pre-movement beta oscillations (15 to 25 Hz) in the primary motor
cortex. To determine the coupling between beta and gamma oscillations, we applied phase-amplitude
coupling to calculate the statistical dependence between the amplitude of fast oscillations and the phase
of slow oscillations. Results We observed a motor-related gamma increase and a pre-movement beta
decrease in both groups. The autism spectrum disorder group exhibited a reduced motor-related gamma
increase ( t(35) = 2.412, p = 0.021 ) and enhanced pre-movement beta decrease ( t(35) = 2.705, p = 0.010
) in the ipsilateral primary motor cortex. We found the phase-amplitude coupling that the high-gamma
activity modulated by the beta rhythm in the primary motor cortex. Phase-amplitude coupling in the
ipsilateral primary motor cortex was reduced in the autism spectrum disorder group compared with the
control group ( t(35) = 3.610, p = 0.001 ). Using oscillatory changes and their coupling, linear discriminant
analysis classi ed autism spectrum disorder and control groups with high accuracy (area under the
receiver operating characteristic curve 97.1%). Limitations Further studies with larger sample size and
age range of data are warranted to con rm these effects. Conclusions The current ndings revealed
alterations in oscillations and oscillatory coupling re ecting the dysregulation of a motor gating
mechanism 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.

Background
Autism spectrum disorder (ASD) is a neurological developmental disorder characterized by persistent
de cits in social interaction and communication, and the presence of repetitive behaviors with restricted
interests (1). In addition to the core symptoms of ASD, previous studies have reported that children and
adults with ASD often exhibit signi cant motor dysfunction (2–5). Kanner (1943), who proposed the rst
clear de nition of autism, included motor dysfunction as a symptom of ASD (6). Motor abnormalities
have been widely reported in ASD, involving ne and gross motor skills, gait, balance, and posture (2–4,
7–11). Although motor dysfunction is excluded from current diagnostic criteria for ASD, several recent
studies have suggested that motor abnormalities should be considered a core symptom of ASD (2, 3, 12).
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
oscillations are known to increase immediately after movement onset, and these motor-related gamma
oscillations are thought to be associated with motor execution and initiation (13–16). In addition, the
power of beta oscillations begins to decrease prior to movement onset and is maintained during
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movement execution, and these pre-movement beta decreases are thought to be related to motor
planning and movement preparation (16–19). In our previous study, we found that motor-related gamma
oscillations were altered 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 (20).
However, pre-movement beta oscillations are not well characterized in ASD. Thus, in the present study, we
studied that motor dysfunction in ASD might be re ected by alterations in not only motor-related gamma
oscillations but also pre-movement 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 (21–24). This phase-amplitude coupling (PAC) plays a
functional role in local brain connectivity, coordinating the timing of brain activity in brain networks. In
primary motor cortex (M1), the amplitude of high-gamma activity was reported to be modulated by the
phase of the beta rhythms in previous electrocorticogram (ECoG) studies (25, 26). PAC has been
suggested as a crucial gating mechanism for movement execution, and aberrant PAC has been reported
in patients with movement disorders such as Parkinson’s disease (25, 26). We speculate that beta-high
gamma coupling from M1 might re ect the mechanisms underlying motor dysfunction in ASD.
Importantly, previous studies have only investigated PAC from M1 using invasive brain recording
techniques. Thus, we sought to investigate PAC from M1 using non-invasive neuroimaging methods.
In the present study, we measured beta-gamma PAC from M1 in children using child-customized
magnetoencephalography (MEG). We hypothesized that beta-high gamma PAC from M1 would be altered
in children with ASD. In addition, we investigated whether beta and gamma oscillations during motor
control were altered in ASD. Moreover, by combining these physiological indices, we developed a potential
biomarker for ASD.

Methods

Participants
Eighteen children with ASD (mean age = 6.00 years, SD = 0.59; ve 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). All participants were identi ed as right-handed using the Edinburgh Handedness
Inventory (27). The Ethics Committee of the Kanazawa University Hospital approved this study, and
parents of all participants provided full written informed consent.
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Table 1
Participants’ characteristics.

t

p

72.00 ± 7.10

−1.662

0.105

104.21 ± 13.34

96.94 ± 17.23

1.439

0.159

-

5.17 ± 1.38

TD

ASD

15 / 4

13 / 5

Age (months)

68.53 ± 5.56

K-ABC

Gender
(male/female)

achievement score
ADOS total score

Means ± SDs and accompanying statistics (two-sided t-tests) of participants’ characteristics.
Signi cant differences in age and intelligence were not observed between the TD and ASD groups. KABC = Kaufman Assessment Battery for Children; ADOS = Autism Diagnostic Observation Schedule.
ASD participants had con rmed diagnoses of ASD based on DSM-V criteria for autism or Asperger
syndrome (1), the Diagnostic Interview for Social and Communication Disorders (28), and/or the Autism
Diagnostic Observational Schedule, Generic (ADOS) (4).
Intelligence was assessed using the Kaufman Assessment Battery for Children (K-ABC), and there was no
signi cant difference in achievement scores between the two groups (t(35) = 1.439, p = 0.159).

Experimental paradigm
To investigate motor-related oscillatory changes and oscillatory coupling, we used a video-game-like
motor task developed in our previous study (20). The experimental paradigm for the video-game-like
motor task is shown in Fig. 1A. The motor task contained 10 blocks, involving 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 xation point in the middle of the screen. When the fruit appeared at the xation point,
participants were instructed to press the button using their right index nger. After the button press, the
puppy jumped and caught the fruit. Fruit targets randomly appeared every 3.5 to 4.5 s after the button
response. Each block contained 10 trials, and a bone with a red ribbon was obtained as a reward for
successfully performing each block.
We designed this motor task to minimize participants’ eye movement, by positioning the xation point at
the middle of the screen. To calculate response time, we instructed participants to press a button as
quickly as possible. The button response was obtained using a non-magnetic ber 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° × 21° of visual angle) using an LCD projector (IPSiO PJWX6170N,
Ricoh Company, Ltd., Tokyo, Japan).
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Magnetoencephalography recording
MEG data were acquired using a whole-head 151-channel child-customized MEG system (PQ 1151 R,
Yokogawa/KIT, Kanazawa, Japan) in a magnetically shielded room. MEG signals were digitized at
2000 Hz and low-pass ltered at 200 Hz. MEG recording conditions were similar to those detailed in our
previous studies (20). 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 paradigm. Participants were recorded in a
comfortable supine position on a bed during MEG measurement, and two experimenters supported
participants next to them to keep their attention to 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 recordings to calculate the position of the participant’s head relative to the MEG
sensors. 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 T magnetic resonance imaging (MRI) scanner (SIGNA Explorer, GE Healthcare, USA). For each
participant, an MRI scan was acquired using the T1-weighted gradient echo and Silenz pulse sequence
(repetition time [TR] = 435.68 ms, echo time [TE] = 0.024 ms, ip angle = 7°, eld of view [FOV] = 220 mm,
matrix size = 256 × 256 pixels, slice thickness = 1.7 mm, and 130 transaxial images).

Data analysis
MEG data were processed using the Brainstorm toolbox (29) and MATLAB (Mathworks, Natick, MA, USA).
Data were band-pass ltered from 0.3 to 200 Hz and notch ltered 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 identi ed by visual inspection based on time course and topography. 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) implemented in Brainstorm toolbox for source
analysis (30–32). 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 (λ = 0.1).
We calculated movement-related elds by averaging all trials according to the button-press onset and
normalizing by the baseline period (− 2 to − 1.5 s). We localized the cortical sources of the movementrelated elds using the wMNE method. We individually found the maximum peak of the bilateral cortical
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sources of the movement-related elds of each participant (Table 2) and used these cortical source data
for further oscillatory analysis (Fig. 2A).
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Table 2
Individual button response time and bilateral source locations of motor-related elds.
Participant

Button response
time (ms)

Left cortical source of motorrelated elds
(MNI coordinates)

Right cortical source of
motor-related elds
(MNI coordinates)

X

Y

Z

X

Y

Z

TD children
TD01

542.7

−42.1

1.4

55.1

61.8

11.5

41.8

TD02

434.0

−25.5

−16.2

65.0

28.8

−1.4

61.8

TD03

445.2

−39.1

−2.4

62.4

19.9

−16.3

70.2

TD04

643.4

−41.9

0.8

51.3

48.0

3.2

51.4

TD05

397.5

−44.5

−5.6

50.5

42.9

−8.7

38.0

TD06

464.2

−49.4

−3.4

54.0

42.2

2.6

53.3

TD07

379.8

−37.3

−5.2

58.6

60.1

−0.4

29.5

TD08

406.1

−45.7

−0.0

60.2

58.8

−6.5

33.7

TD09

450.1

−34.2

−2.7

60.2

48.8

−6.4

50.1

TD10

378.9

−24.6

−11.9

70.5

37.6

−8.1

62.1

TD11

333.8

−48.3

8.3

53.8

51.7

23.4

49.8

TD12

362.6

−21.7

−11.3

68.4

38.8

−12.9

64.6

TD13

555.1

−28.8

−8.1

67.2

46.1

−11.3

55.2

TD14

493.5

−39.7

−0.9

63.9

58.2

−3.9

45.5

TD15

293.8

−45.6

3.4

56.5

51.8

−8.1

45.1

TD16

693.4

−47.5

0.7

51.8

40.2

1.3

67.6

TD17

341.5

−46.4

−1.5

56.4

40.6

−12.6

49.9

TD18

419.1

−42.9

−5.7

54.5

45.7

10.8

46.5

TD19

382.1

−40.8

0.5

59.4

58.7

−8.2

49.3

Mean

442.99

−39.3

−3.1

58.9

46.4

−2.7

50.8

SD

104.16

8.5

5.8

5.9

11.0

9.9

11.1

Children with ASD
Captions to Figures
Page 7/21

Participant

Button response
time (ms)

Left cortical source of motorrelated elds
(MNI coordinates)

Right cortical source of
motor-related elds
(MNI coordinates)

X

Y

Z

X

Y

Z

ASD01

519.6

−47.1

9.7

49.2

43.0

−11.8

56.5

ASD02

742.5

−39.4

−1.1

61.2

54.4

−0.7

41.2

ASD03

714.0

−37.5

−2.3

59.4

52.6

7.2

42.7

ASD04

427.1

−34.6

−11.5

74.2

36.5

−14.0

73.0

ASD05

495.8

−37.4

−16.2

61.3

45.2

−2.5

52.0

ASD06

962.2

−44.1

−15.8

49.3

46.2

−6.0

52.8

ASD07

540.4

−46.6

−5.3

2.7

36.4

−31.4

15.7

ASD08

670.8

−47.1

4.0

44.3

53.4

−5.2

49.1

ASD09

724.5

−39.3

−11.0

52.6

30.7

−3.7

56.5

ASD10

490.7

−44.6

−14.1

63.2

46.7

3.0

60.0

ASD11

398.1

−55.1

0.1

44.7

36.4

5.9

48.4

ASD12

614.6

−57.6

−11.8

53.1

48.6

9.7

45.9

ASD13

599.3

−27.0

−6.0

69.0

39.9

−13.4

49.6

ASD14

839.1

−43.6

−5.1

52.4

51.3

-0.7

50.6

ASD15

639.6

−51.9

−4.5

39.3

36.7

−12.3

60.6

ASD16

300.0

−55.8

−3.2

48.0

47.2

−9.3

56.5

ASD17

524.9

-47.4

2.5

52.3

61.2

7.8

39.7

ASD18

628.0

-48.3

11.4

11.5

53.7

25.3

10.2

Mean

601.73

−44.3

−5.9

51.5

44.1

−5.3

50.7

SD

161.57

8.3

7.2

16.1

7.2

10.2

12.1

Captions to Figures
To determine the motor-related oscillatory changes, each single trial source data were used to calculate
the time-frequency representations (TFRs) using a 7-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 and ASD participants, respectively. We observed that
motor-related gamma oscillations increased from 70 to 90 Hz during 0 to 100 ms and pre-movement beta
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oscillations decreased from 15 Hz to 25 Hz during − 200 to 0 ms according to the button response. We
calculated the power changes of motor-related gamma oscillations and pre-movement beta oscillations
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 (21, 33). To calculate PAC, the data length
containing 10 cycles of the lowest frequency 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 to 30 Hz and amplitude at 30 to 200 Hz, in the time window during motor control (− 200 to
800 ms). The statistical dependence that the gamma band activity is modulated by the beta rhythm was
valued as the modulation index.
We used the power changes of the motor-related gamma oscillations and pre-movement beta
oscillations, and beta-gamma coupling in the bilateral M1 for further statistical analysis.

Statistical analysis
We used SPSS version 24.0 (IBM Corporation, New York, USA) for statistical analysis. We applied twosample t-tests (two-tailed) to compare differences in the participant characteristics (age, K-ABC scores,
button response time) between the TD and ASD groups. To test our hypothesis, we compared power
changes in motor-related gamma and pre-movement beta oscillations, and beta-gamma coupling
between two groups using two-sample t-tests (two-tailed). We employed an alpha level of 0.05 for all
statistical analyses.
To investigate the ability that both behavioral and neural indices classify participants into the TD and
ASD groups, we performed Fisher’s linear discriminant analysis with leave-one-out cross-validation test.
To test the predictive accuracy of the classi cation method, we employed behavioral and brain oscillatory
indices representing signi cant differences between groups. First, we tested the predictive accuracy of
PAC using linear discriminant analysis with button response time and age. And we additionally added
brain oscillatory indices (i.e. ipsilateral beta power and gamma power) into the discriminant analysis to
test whether the predictive accuracy would be higher. For the cross-validation test, each case was derived
from all other cases, and the remaining cases were classi ed. We analyzed the receiver operator
characteristic (ROC) curves using sensitivity and 1 − speci city from the result of a linear discriminant
analysis. Participants’ discriminative capacity was determined by the area under the ROC curve (AUC).

Results

Button response time
We selected trials on which participants pressed the button within 200 to 2000 ms after the visual target
onset, to exclude failed and accidental button responses. Individual button response time was considered
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as the latency between the visual trigger and button-press onset (Table 2).
The mean response time of the TD group was 443.0 ± 104.2 ms (mean ± SD), and the ASD group showed
601.7 ± 161.6 ms (mean ± SD) of the mean response time. Consistent with our previous study, the ASD
group exhibited a signi cantly longer mean response time than the TD group (t(35) = − 3.572, p = 0.001)
(Fig. 1B).

Motor-related oscillatory changes
Figure 2B shows the group averaged TRFs from the individual bilateral peak source of Motor elds in the
19 TD children 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
was started approximately 200 ms prior to the button press onset.
We observed diminished gamma power increase in the ASD group than for the TD group in the ipsilateral
M1 (t(35) = 2.412, p = 0.021), but not in the contralateral M1 (p > 0.05) (Fig. 2C). In contrast, the premovement beta power decrease was signi cantly enhanced in the ASD group compared with the TD
group in the ipsilateral M1 (t(35) = 2.705, p = 0.010), but not in the contralateral M1 (p > 0.05) (Fig. 2D).

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 showed signi cantly lower PAC signals than the TD group for ipsilateral M1 (t(35) =
3.610, p = 0.001), but not contralateral M1 (p > 0.05) (Fig. 3B).

Classi cation using linear discriminant analysis
We found signi cant differences in the button response time, ipsilateral beta and gamma oscillations,
and beta-gamma PAC between TD and ASD groups. To investigate the e ciency of the classi er for
distinguishing between the two groups, we conducted a linear discriminant analysis using these
variables. Using ipsilateral PAC with response time and age, we found that a linear discriminant analysis
classi er identi ed participants in the two groups with 83.8% accuracy (72.2% sensitivity and 94.7%
speci city) (Fig. 4A). Adding pre-movement beta decrease with age correction enabled the identi cation
of a more effective classi er, with 86.5% accuracy (88.9% sensitivity and 84.2% speci city). The ROC
curve con rmed the predictive ability of the method, with an AUC of 97.1% (Fig. 4B).

Discussion
To the best of our knowledge, this is the rst non-invasive study to investigate the coupling between
distinct frequency oscillations in the M1. Using MEG, we examined oscillatory changes and oscillatory
coupling in M1 to investigate the neural mechanisms underlying motor dysfunction in ASD. We con rmed
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a prolonged response time 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 developed a potential biomarker for ASD.

Button response time
We con rmed that the ASD group exhibited a button response time that was prolonged by approximately
150 ms compared with the TD group. The nding of an increased response time is in accord with
previous behavioral studies. A number of previous studies have reported that ASD individuals exhibited
broad motor de cits in gross and ne motor skills, posture, gait, and balance (2, 3, 5, 7–11). The
prolonged button response time of children with ASD might be related to their dysfunctions in the motor.

Motor-related oscillatory changes
We observed an increase in gamma oscillations and a decrease of beta oscillations in the 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 con rmed that motor-related gamma oscillations were reduced in ASD, consistent with our previous
ndings (20). The power of gamma oscillations is reported to be increased immediately after movement
onset in adults (13, 15) and children (34, 35). This transient gamma increase is thought to be related to
the initiation of movement and motor execution (13–15). In the present study, we ascertain the evidence
that altered motor-related gamma activity re ects impaired movement initiation in ASD.
In addition, we found that the nger movement suppressed the power of pre-movement 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 (16, 17, 19, 36) and pre-cued motor tasks (18, 35,
37). In the current study, children showed a pre-movement beta decrease starting at approximately
200 ms prior to movement onset. This late latency of pre-movement beta decreases is consistent with the
results of previous MEG studies in children (34). We observed signi cantly enhanced pre-movement beta
oscillations before movement onset in the ASD group. Pre-movement beta decreases are thought to be
related to movement planning and movement preparation for appropriate motor responses (18, 36, 37).
The enhanced pre-movement beta changes in the ASD group might re ect a requirement for stronger
brain activity compared with the TD group, to compensate for movement de cits.

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 human children. The frequency range
of the oscillatory coupling was different from the frequency band of the beta power changes (i.e. 15 to
25 Hz) and the gamma power changes (i.e. 70 to 90 Hz). The different frequency ranges between the
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oscillatory power changes and oscillatory coupling might re ect their different underlying mechanisms
and indirect relationship and different underlying mechanisms.
This beta-high gamma coupling measured by MEG in the present study is consistent with PAC patterns
revealed using invasive local eld 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
(25, 26). Cross-frequency coupling has also been observed between the gamma activity from the M1 and
the low-frequency oscillations from the ventral intermediate nucleus (i.e. the motor nucleus of the
thalamus) (38). Thalamo-cortical PAC has been suggested to play a role as a mechanism for gating
motor behavior. Therefore, our nding that the slow rhythm modulates fast brain activity in M1 might
re ect an underlying 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 (24, 39, 40) and is correlated with blood-oxygenlevel-dependent signals (41–43). Given conduction delays, in contrast, low-frequency oscillations are
thought to transfer information over large spatial scales by coordinating activities in distinct cortical
areas (21, 22, 24, 44, 45). Therefore, the coupling between slow- and fast-frequency oscillations has been
proposed as a mechanism for local connectivity by coordinating activity in distributed brain regions
across multiple spatial and temporal scales (21, 22, 24).
In the present study, we found that beta-high gamma coupling was reduced in M1 in the ASD group.
These ndings are consistent with previous studies reporting that individuals with ASD exhibit reduced
PAC during visual gating tasks (46) and face recognition tasks (47, 48). Previous studies have proposed
that aberrant PAC in ASD is linked to dysregulation of local connectivity and sensory processing. The
current ndings suggest that reduced PAC in the M1 might re ect atypical local brain connectivity and
dysregulated motor processing in ASD.
We could nd the atypical brain oscillations and oscillatory coupling in the ipsilateral hemisphere from
the ASD group. The previous functional MRI studies have revealed that the ipsilateral motor cortex
activity was related to the the execution of complex movements (49–51). The ipsilateral motor cortex has
been also reported to play a role in motor learning (52) and controlling the timing of hand muscle
recruitment (53). From these evidences, the altered brain oscillations and oscillatory coupling in the
ipsilateral hemisphere of the ASD group may indicate their dysfunctions in the coordination of the precise
and complex movements.
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 oscillations and oscillatory coupling
during motor control discriminated between ASD participants and TD participants with high accuracy.
While ASD is assumed to have various pathophysiology, the current nding that motor-related indices
discriminated with high accuracy revealed that motor dysfunction is a common and important
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component of ASD. These ndings support the notion that motor dysfunction in ASD should be
considered an important characteristic of ASD.

Limitations
These ndings were obtained from a relatively small number of participants. To reduce age-related bias,
we recruited participants within a narrow age range (4 to 7 years). Future studies should examine a larger
sample size and age range of participants to improve the reliability of the current ndings.

Conclusions
To the best of our knowledge, this is the rst non-invasive study to investigate cross-frequency coupling
in M1. Coupling between distinct oscillations in M1 has previously been observed only using local eld
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 nding extends
current understanding of motor gating dysfunction in ASD. In addition, we con rmed aberrant motorrelated gamma activity and found enhanced pre-movement beta power during motor control in ASD.
These ndings provide neurophysiological evidence for the dysfunction of motor initiation and motor
preparation in ASD. In addition, these ndings could be applied in the future studies about interventions
or neurofeedback training for ASD.
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Figures

Figure 1
Experimental paradigm and button response time in the TD and ASD groups. a Children 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 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 xation
point. After the target appeared at the xation point, participants were 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 ASD group showed a signi cantly prolonged button response time compared
with the TD group (t(35) = −3.572, p = 0.001).
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Figure 2
Motor-related oscillatory changes in the TD and ASD groups. a Individual peak source of the motorrelated brain activity. Red dots indicate the source for children with ASD and blue dots indicate 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 oscillations (70 to 90 Hz) increased
immediately after the button press. The pre-movement beta oscillations (15 to 25 Hz) decreased 200 ms
prior to the button press. c The ASD group showed a smaller gamma power increase than the TD group in
the ipsilateral M1 (t(35) = 2.412, p = 0.021), but not in the contralateral M1 (p > 0.05). d The ASD group
showed enhanced pre-movement beta decreases in ipsilateral M1 (t(35) = 2.705, p = 0.010), but not in
contralateral M1 (p > 0.05).
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Figure 3
Phase amplitude coupling (PAC) in the 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 The modulation index of PAC in the contralateral M1 was no different between the two
groups (p > 0.05). The ASD group exhibited signi cantly reduced beta-gamma PAC in ipsilateral M1 (t(35)
= 3.610, p = 0.001).

Page 20/21

Figure 4
Linear discriminant analysis and receiver operating characteristic (ROC) curve using oscillations and
oscillatory coupling parameters. a The linear discriminant analysis used ipsilateral PAC with response
time and age. The discriminant classi er results exhibited accuracy of 83.8% (sensitivity = 72.2%,
speci city = 94.7%) for blindly separating two groups. b Using ipsilateral PAC, ipsilateral beta and gamma
power, response time and age, the ROC curve exhibited good discriminative capacity for two groups with
an area under the ROC curve (AUC) value of 0.971.
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