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Abstract
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Several motor disabilities accompanied with autism spectrum disorder (ASD) are widely known despite limited reports
of underlying neural mechanisms. Gamma-aminobutyric acid (GABA) levels in the motor-related cortical areas modulate
several motor performances in healthy participants. We hypothesized that abnormal GABA concentrations in the primary
motor area (M1) and supplementary motor area (SMA) associate with different motor difficulties for ASD adolescents/adults.
We found that increased GABA concentrations in M1 measured using 'H-magnetic resonance spectroscopy exhibited lower
motor performance in tasks requiring increased muscle strength while lower GABA concentrations in SMA were associated
with lower scores in tests measuring body coordination. The degrees of neural inhibition in the M1 and SMA regions would
contribute to different dimensions of motor disabilities in autism.
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Several kinds of motor disabilities are frequently accom-
panied by other developmental disorders, such as autism
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spectrum disorder (ASD), learning disorder, and attention
deficit hyperactivity disorder. Individuals with ASD have
been found to have slower and less accurate manual dexterity
(Green et al. 2002; Manjiviona and Prior 1995), poor ball
skills (Miyahara et al. 1997; Staples and Reid 2010), and
poor balance (Freitag et al. 2007; Jansiewicz et al. 2006).
A demographic study in the United Kingdom reported that
Developmental Coordination Disorder (DCD) was present
in 79% of children with ASD (Green et al. 2009). DCD
has been defined by the Diagnostic and Statistical Manual
of Mental Disorders, fifth edition (DSM-5), issued by the
American Psychiatric Association (APA 2013). DCD is
diagnosed if patients exhibit motor skill learning and per-
formance that is below expected levels for their age. DCD is
characterized by clumsiness (e.g., dropping things, bumping
into others), lateness, and inaccuracy of motor skills (e.g.,
catching, cutting with scissors or with a knife, writing, riding
a bicycle, sports). Barnhart et al. (2003) suggested that DCD
becomes apparent during school-age (6—12 year-old); before
that, DCD remains difficult to diagnose through the DSM-5
(APA 2013). In addition, a 10-year follow-up study of chil-
dren who exhibited clumsiness found that motor problems
persisted at later developmental stages (Losse et al. 1991).
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These motor disabilities in individuals with ASD repre-
sented by DCD includes several aspects that appear in daily
life. To address the underlying neural substrates of the dis-
rupted motor function in ASD [such as the impairments of
the internal model of motor control (Adams et al. 2014)]
researchers have focused on specific behaviors in restricted
experimental situations (e.g., reaching and grasping). This
internal model works as a predictive system that enables
quick modifications of one’s own motion by comparing
actual sensory feedback with the predicted sensory feedback
from the efference copy (Blakemore et al. 1998; Kawato
1999). The cerebellum has been implicated as an important
region in the acquisition of an internal model (Diedrich-
sen et al. 2007; Smith and Shadmehr 2005); furthermore,
several studies have reported that individuals with ASD
exhibit cerebellum abnormalities, that is, reduced Purkinje
cell size (Fatemi et al. 2002; Ritvo et al. 1986), a qualita-
tive decrease in cerebellar granule cell density (Kemper and
Bauman 1993), and hypoplasia of cerebellar vermal lobules
(Courchesne et al. 1988). The prism adaptation task has been
frequently used to evaluate the impairment of the internal
model and requires the participants to adjust their reach-
ing motion of the hand when they wear prism glasses. One
study has suggested that children with ASD could adapt their
motion similar to those of neurotypical children (Gidley Lar-
son et al. 2008). Another potential neural basis of DCD is
a dysfunction of the mirror neuron system (Reynolds et al.
2015). This system involves a neural network between the
inferior part of the parietal and ventral part of the premo-
tor cortex (Rizzolatti et al. 2001) and underlies the associa-
tion between imitation and understanding the intentions of
others’ behavior. One electroencephalography study found
that neural activity in the motor area did not increase during
observation of another’s motion in individuals with ASD, in
contrast to the greater activation seen in typically develop-
ing (TD) individuals (Oberman et al. 2005). Despite many
reports of abnormal neural circuits in individuals with ASD,
their association with DCD has not yet been investigated.

Molecular-level cortical abnormalities have also been
reported in ASD. One suggested characteristic feature of
the ASD brain is the severe excitability/inhibitory imbal-
ance caused by alterations in gamma-aminobutyric acid
(GABA) levels (Pizzarelli and Cherubini 2011). GABA is
a major cortical inhibitory neurotransmitter that depresses
neural activity in the cerebral cortex (Krnjevi¢ and Schwartz
1967). Recent years have seen technical developments of
"H-magnetic resonance spectroscopy (\H-MRS), which
is a non-invasive neuroimaging method that can estimate
concentrations of specific chemical metabolites and neuro-
transmitters in humans in vivo (Jansen et al. 2006). Using
'H-MRS, a reduced ratio of GABA+ to creatine (Cr) or
H,O0 in the primary motor area (M1) (partially including
the somatosensory area [S1]) was demonstrated in children

with ASD relative to TD controls (Gaetz et al. 2014; Puts
et al. 2017). The measured GABA concentrations in these
publications, as well as in the current study, included macro-
molecules, thus, it is expressed as “GABA+" throughout the
manuscript. It was also reported that the ratio N-acetyl aspar-
tate (NAA)/Cr was decreased whereas the Choline (Cho)/
Cr ratio was increased in the frontal lobe of children with
ASD (Margari et al. 2018). One systematic review of stud-
ies using '"H-MRS metabolite measurements in the brains of
individuals with ASD indicated reduced levels of GABA+,
NAA, glutamate/glutamine (Glx), Cr, and Cho in children
with ASD as opposed to inconsistent results in adults with
ASD (Ford and Crewther 2016). Several studies with TD
individuals have also shown the important contribution of
GABA+ levels in M1 in relation to motor performance. For
example, participants with a lower ratio of GABA+/NAA
in M1 tended to show shorter reaction times in a visually
cued sequence task performed with four fingers (Stagg et al.
2011). GABA+ concentrations in the sensorimotor cortex
measured by "H-MRS were quickly decreased after a motor
learning task which required participants to adjust the hand
force to the target force, which was indicated visually on the
screen (Floyer-Lea et al. 2006). Anodal transcranial direct
current stimulation (a-tDCS) was reported to affect neuro-
transmitter levels and reduce GABA+ levels in the cerebral
cortex compared with those before the stimulation (Kim
et al. 2014; Stagg et al. 2009). It was suggested that reduced
activity of glutamic acid decarboxylase (GAD)67, the rate-
limiting enzyme in the major metabolic pathway for GABA
synthesis in the human cortex, was involved in this reduc-
tion of GABA (Stagg et al. 2009). Application of a-tDCS
over M1 has been found to enhance the maximal pinch
force on the leg (Tanaka et al. 2009), and a-tDCS stimula-
tion also increased the isometric force endurance of elbow
flexor muscles with an increased corticospinal excitability
(Cogiamanian et al. 2007). Furthermore, delivering a-tDCS
over M1 four times per week for two weeks improved the
jumping force and coordination performance in ski athletes
(Reardon 2016).

Previous findings suggest that individuals with a lower
GABA+ concentration ratio in M1 tend to exhibit a better
motor performance. A lower GABA+ concentration in M1
is linked to increased neuronal activity (Stagg et al. 2011);
this might explain the observed improvement in motor per-
formance. However, the association between motor skills
required for daily life activities and GABA+ levels remains
unclear. Indeed, studies reported that M1 activity influences
motor performances testing somewhat unusual motor actions
restricted to experimental situations, such as the pinch force
of the thumb and index fingers on the leg (Tanaka et al.
2009) and isometric force endurance of elbow flexor muscles
(Cogiamanian et al. 2007). Moreover, it seems paradoxical
that a lower level of motor performance was observed in
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individuals with ASD while it was also reported that they
had a reduced GABA+ concentration in M 1. Those reports
evaluated the motor performance using clinical assessments
that cover several aspects of motor dysfunction relating to
motor skills required in daily life activities of individuals
with ASD (Green et al. 2009). The different approaches
used to evaluate motor skills could explain the contradictory
results found about the relationship between GABA+ con-
centration and motor impairment in individuals with ASD.

To reveal the neural basis of motor impairments in indi-
viduals with ASD, especially for characteristics studied
using clinical assessments that evaluate several aspects
of DCD, we examined types of motor skills associated
with lower/higher GABA+ concentrations in brain motor
areas. For this objective, we applied a clinical assessment
tool which is used to evaluate both of fine and gross motor
skills, the Bruininks-Oseretsky Test of Motor Proficiency,
second edition (BOT-2, Pearson, San Antonio, USA; for
more details, see the method section). The BOT-2 is widely
adopted in clinical situations for DCD and evaluates motor
skills that reflect motor performance in daily life (e.g., pick-
ing up coins, handling a ball, maintaining posture, and lift-
ing the body by the arms). We used 'H-MRS to measure
GABA+ concentrations of the left M1 and supplementary
motor area (SMA), which contributes to movement coordi-
nation (Cattaneo et al. 2007; Mita et al. 2009). We aimed
to elucidate the different contributions of GABA in repre-
sentative brain motor areas (i.e., M1 and SMA) to different
aspects of motor performances in ASD. Our results provide
important clues for solving the question of the neural basis
of motor impairments in ASD raised by a lot of studies using
different research procedures as discussed above.

Methods
Participants

We recruited 21 individuals with ASD (mean age:
19.2+2.9 years, range 15-25 years; 6 females) and 23 TD
individuals. Data from 3 TD participants were excluded
from the final analysis because they had received special
sports training, resulting in a final enrolment of 20 TD par-
ticipants (mean age 19.0+ 1.3 years, range 16-21 years; 6
females; Table 1). There were no group differences in the
age and sex distributions. Individuals with a clinical diag-
nosis of ASD were recruited from parent groups for indi-
viduals with developmental disorders and the Department
of Child Psychiatry in the hospital of the National Reha-
bilitation Center for Persons with Disabilities. Participants
also completed the Japanese version of the Autism Spectrum
Quotient (AQ) scale (Baron-Cohen et al. 2001; Wakabayashi
et al. 2004), in which higher scores indicate stronger autistic
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Table 1 Information of the participants

ASD group TD group
Sex (M:F) 15:6 (N=21) 14:6 (N=20)
Age in years, mean (range)  19.2 (15-25) 19.0 (16-21)
LQ, mean (range) 72.4 (— 53t0 100) 76.3 (— 60 to 100)
AQ, mean (range)** 31.4(13-42) 20.1 (10-32)

112.2 (95-140)
104.4 (72-140)
105.5 (78-135)

115.3 (98-136)
113.3 (80-137)
115.9 (93-131)

VIQ, mean (range)
PIQ, mean (range)
FIQ, mean(range)*

The AQ scores were evaluated using the Autism Spectrum Quotient
(AQ) scale. The LQ scores were assessed using the Edinburgh Hand-
edness Inventory (Oldfield 1971). The intellectual quotients (IQs)
were assessed using the Wechsler Adult Intelligence Scale-Third Edi-
tion (WAIS-III)

M male, F female, ASD autism spectrum disorder, 7D typically devel-
oping, LQ laterality quotient, AQ autism spectrum quotient, VIQ ver-
bal intelligence quotient, PIQ performance intelligence quotient, FIQ
full-scale intelligence quotient

#p<0.05, **p<0.01

Histgram of AQ score
0.101

0.081

0.061

= ASD
=

0.041

0.021

0.001

0 10 20 30 40 50
AQ score

Fig. 1 Distribution of AQ scores (Baron-Cohen et al. 2001; Waka-
bayashi et al. 2004) in the ASD and TD groups. Red and blue bars
indicate ASD and TD participants, respectively. Solid lines denote the
probability density function

traits. AQ scores in the ASD group were significantly higher
than those in the TD group (two-tailed #-test: ¢ (39)=5.42,
p<0.001, Cohen’s d=3.00, 95% confidence interval (CI)
[7.10, 15.56]). The distribution of the AQ scores for all par-
ticipants is illustrated in Fig. 1. The Intelligence Quotients
(IQs) were assessed using the Wechsler Adult Intelligence
Scale-Third Edition (WAIS-III). The Wechsler Intelligence
Scale for Children-Fourth Edition (WISC-1V) was used to
evaluate IQs for one 15-year-old participant (Subjl) and
one 17-year-old participant (Subj2) who had taken the 1Q
test three years before the experiment. Since WISC-IV does
not provide verbal IQ (VIQ) and performance 1Q (PIQ),
which are provided using WAIS-III, we did not include the
two participants (Subjl and 2) in the group comparisons
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analysis of VIQ and PIQ, except in the full-scale intelli-
gence quotient (FIQ). The Wechsler Intelligence Scale for
Children-Third Edition (WISC-III) was used to evaluate one
15-year-old participant (Subj3) (for more details, see Sup-
plementary Tables 1 and 2). All ASD and TD participants
presented FIQ values above that used to diagnosis an intel-
lectual disorder (FIQ =75), although statistically significant
differences between the ASD and TD groups were found (¢
(39)=-2.58,p=0.014,d=0.81,95% CI [— 18.61, — 2.24]).
There were no significant between-group differences in age,
VIQ and PIQ without two ASD participants whose IQs were
evaluated using WISC- I'V. Handedness was assessed using
the laterality quotient score of the Edinburgh Handedness
Inventory (Oldfield 1971), and we confirmed no group dif-
ference. When asked, we discovered that out of all partici-
pants, eight ASD participants were taking medical treat-
ments (medical treatments of ASD participants are listed
in Supplementary Table 3 and Fig. 1). All participants and
their parents gave written informed consent after the study
procedures had been fully explained. The present study was
approved by the Ethics Committee of the National Rehabili-
tation Center for Persons with Disabilities.

Procedures

A total of 12 out of 21 ASD participants and 15 out of the
20 TD participants completed the motor skills assessment
and 'H-MRS data acquisition on the same day, whereas
the remaining participants (9 ASD and 5 TD participants)
completed these on different days. The average time values
between the tasks were 68 + 119 days (range 1-367 days)
and 138 +287 days (range 2-721 days) in the ASD and TD
groups, respectively. These values were not significantly dif-
ferent between groups (¢ (13)=-0.67, p=0.517, d=0.32,
95% CI [—299, 158]).

Assessment of Motor Skills

BOT-2 is the most widely used standardized measure of
motor skills that possibly contribute to DCD. BOT-2 origi-
nates from the Bruininks-Oseretsky Test of Motor Profi-
ciency which is composed of two components (gross motor
and fine motor skills) (Crowe 1989; Robert and Brett 2005);
the BOT-2 consisting of four subcategories was developed
to measure motor difficulties in more detail. The assessed
fine motor skills include precise bodily control that requires
finger and hand movement based on visuomotor integration
(Fine manual control) and bimanual/arm-hand coordina-
tion (Manual coordination). The gross motor skills assessed
by the BOT-2 include maintaining posture, sequential and
simultaneous bodily coordination (Body coordination),
and strength of the trunk, as well as of the upper and lower
body (Strength and agility). We measured each score in four

subcategories (Fine manual control, Manual coordination,
Body coordination, and Strength and agility). Each of the
four subcategories consists of two subtests (eight subtests
and 53 items in total) as follows: fine motor precision (7
items) and fine motor integration (8 items) are included
in ‘Fine manual control’, manual dexterity (5 items) and
upper limb coordination (7 items) are included in ‘Manual
coordination’, bilateral coordination (7 items) and balance
(9 items) are included in ‘Body coordination’, and run-
ning speed and agility (5 items) and strength (5 items) are
included in ‘Strength and agility’. It took about 60 min to
complete the assessment.

Since the BOT-2 has not been standardized in Japan yet,
we calculated standardized scores from raw scores of all
participants using the following formula:

- IO(xl» - ux)

i

+ 50

Oy

where x; represents the sampled score. The u, and o, cor-
respond to the arithmetic mean and standard deviation
calculated from each raw score of the four subcategories
(Fine manual control, Manual coordination, Body coordi-
nation, and Strength and agility). The total score was also
obtained by summarizing the standardized scores in the four
subcategories.

MR Data Acquisition

MR scans were acquired using a 3 T MRI (MAGNETOM
Skyra; Siemens AG, Munich, Germany) equipped with a
64-channel head coil. Before the '"H-MRS scanning, T1
images were obtained by a 3D Magnetization-Prepared
Rapid Gradient-Echo sequence (number of slices =224,
slice thickness =1 mm, repetition time [TR]=2300 ms,
echo time [TE] =2.98 ms, flip angle =9°) for the exact
positioning of the regions of interest (ROIs) in a voxel size
of 20x20%20 mm?>. ROIs were the left M1 and left SMA
(Fig. 2). The M1 ROI included the “hand-knob” of the left
central sulcus (Yousry et al. 1997), and the SMA ROI was
the upper part of the Brodmann area 6. The M1 and SMA
ROIs slightly overlapped with the primary somatosensory
cortex (S1) and premotor cortex (PMC), respectively. Thus,
we represent in the figures the ROIs in the M1 and SMA
regions as “M1+S1” and “SMA +PMC”, respectively (see
Fig. 2). We avoided the inclusion of bone and cerebrospinal
fluid in the ROIs. Brain metabolites were obtained using the
MEGA-PRESS spectral editing sequence (TR =2000 ms,
TE =70 ms, 128 pairs of interleaved spectra, acquisition
time <9 min per ROI). Even though TE =68 ms has been
broadly accepted (Mullins et al. 2014; Rothman et al. 1993),
we used a TE=70 ms since the GABA spectra could be
obtained with good quality in our experimental situation.
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M1: primary motor area, S1: primary somatosensory cortex,
SMA: supplementary motor area, PMC: premotor cortex

Fig.2 ROIs for 'H-MRS data acquisition. ROIs were placed in the
left M1 and left SMA with a voxel size of 20x20x20 mm?. The
M1 ROI was placed in the left precentral sulcus, and the midpoint of
the SMA ROI was set as the upper part of the Brodmann area 6. The
ROIs in the M1 and SMA areas included slightly the primary soma-
tosensory cortex (S1) and premotor cortex (PMC), respectively. For
both ROISs, the inclusion of bone and cerebrospinal fluid was avoided

Furthermore, TE =70 ms has been reported to successfully
acquire GABA signal using MEGA-PRESS in Siemens
system (Hattingen et al. 2014; Sanaei Nezhad et al. 2018;
Vega et al. 2014). A frequency-selective editing pulse was
applied at 1.9 ppm (ON) and 7.5 ppm (OFF) in alternating
spectral lines to differently refocus the GABA triplet signal
at 3.02 ppm. In total, the measurements took 60 min includ-
ing instruction, T1 acquisition, and "H-MRS scanning. We
carefully instructed participants not to move their head and
keep their eyes closed during the sequence.

"H-MRS Analysis

GABA+ concentrations were quantified from Siemens RDA
file (spectra averaged on the scanner) using the Gannet 2.0
software (Edden et al. 2014) with MATLAB (R2016b, Math-
works, USA) on a workstation PC (Dell Precision T3620,
Dell, Japan). In the Gannet 2.0 analysis, raw time-domain
data from the scanner were frequency- and phase-corrected
using spectral correction (Near et al. 2015) and filtered with
3-Hz exponential line broadening to maximize the quality
of the edited spectrum. Fast Fourier transform was applied
to the data to convert it from time- to frequency-domain
data with zero-filling up to 32 k points. The GABA+ sig-
nal was calculated by subtracting two spectra (one applied
frequency-selective editing pulses, the other not) to sepa-
rate the GABA+ signal from the strong overlying Cr signal.
The edited GABA+ signal was fitted using a five-parameter
Gaussian model (Gaussian amplitude, Gaussian width,
baseline offset, baseline gradient, and frequency) from 2.79
to 3.55 ppm. The Cr and water signals were fitted using a
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six-parameter Lorentzian model and a Gaussian—Lorentz-
ian model, respectively. The GABA+ fit error was defined
as the standard deviation (SD) of the residuals expressed as
a percentage of the signal height. The GABA+ concentra-
tion is expressed in institutional units (iu) relative to water
and as an integral ratio relative to Cr in a primary outcome
measure. GABA+ concentrations were corrected for tissue
fractions using the segmentation and quantification steps
implemented in Gannet 2.0 (Harris et al. 2015). These steps
included tissue segmentation in SPM (SPM12, Wellcome
Trust Center for Neuroimaging) to estimate the fractions in
gray matter, white matter, and cerebrospinal fluid.

Statistical Methods

The Student’s z-test was used to compare group means of
BOT-2 scores and tissue-corrected GABA+ concentrations
in M1 and SMA. We calculated Cohen’s d to indicate effect
sizes in group differences. We performed partial correla-
tion analyses to test the association of the variables while
controlling FIQ score effects because of a significant group
difference in the FIQ. Bonferroni correction for multiple
comparisons of scores in the four subcategories in BOT-2
assessment (Fine manual control, Manual coordination,
Body coordination, Strength and agility) was applied to be
adjusted alpha threshold of p <0.0125. Our sample size of
the correlation analysis was determined based on previous
studies that investigated the association between GABA+
concentrations and behavioral tasks with a p-value below
0.05 and a post hoc power above 0.7 (Bhattacharyya et al.
2013; Blicher et al. 2014; Boy et al. 2010; Heba et al. 2015;
Kim et al. 2014; Stagg et al. 2011). However, our sample
sizes (N=21 and 20 in ASD and TD groups, respectively)
were not enough even if we took these studies into con-
sideration, we performed permutation based on Pearson’s
correlation coefficients between BOT-2 scores and GABA+
concentrations. For all analysis, 10,000 permutations were
used to estimate the distribution of the null hypothesis and
implemented as described (Groppe et al. 2011). We calcu-
lated the confidence intervals of partial correlation coeffi-
cients based on Fisher’s z transformation. We used SPSS
Version 23.0 (IBM, New York, U.S.) to perform the r-tests
and analyze the partial correlations, G*power 3.1 (Erdfelder
et al. 1996) to calculate the effect sizes, and R (R Core Team
2018) to perform permutation test.

Results
BOT-2 Results

BOT-2 total scores and subcategory scores for the ASD and
TD groups are shown in Fig. 3. The total score in the ASD
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Fig.3 BOT-2 scores. a BOT-2
total score in the ASD and TD
groups. The upper and lower
boundaries of the standard 240 —.
boxplots represent the 25th and _'— -
75th percentiles. The horizon- 220 y

A Total score
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ASD and TD groups. Bonfer-
roni correction for multiple
comparisons was applied to
the Student’s t-test analysis
(adjusted alpha p <0.0125)

group was significantly lower than that of the TD group (¢
(39)=-4.15, p<0.001, Cohen’s d=1.31, 95% CI [— 43.81,
—15.1]). The ASD group also had significantly lower scores
in all subcategories compared to the TD group (Manual
coordination: t (39)=-3.17, p=0.003, d=1.00, 95%
CI [-11.57, —2.55]; Body coordination: t (39)=—3.32,
p=0.002, d=1.05,95% CI [—10.12, —2.46]; Strength and
agility: t (39)=—-4.26, p<0.001, d=1.34,95% CI [— 14.69,
—5.22]) except in the Fine manual control subcategory (¢
(39)=-2.01, p=0.045, d=0.65,95% CI [— 12.14, — 0.14]).
Supplementary Fig. 2 shows the boxplots of the eight subtest
scores.

TH-MRS Results

The MEGA-PRESS spectra in the M1 and SMA over-
lapped between the ASD and TD groups (Fig. 4). Tissue
fractions did not differ between groups in the M1 ROI
and the SMA ROI (Table 2). We confirmed that each of
the fit errors for the GABA+ measurements in both ROIs
was below 20%, a criterion used in previous reports as
the acceptance level to obtain reliable MRS measure-
ments (Brix et al. 2015; Harada et al. 2011), although
the averaged fitting error in the ASD group was signif-
icantly greater than that in the TD group only in SMA
ROI (¢ (38)=3.1, p=0.003, d=1.00, 95% CI [0.008,
0.037]; Table 3). There were no group differences about
full-width half-maximum of the Cr or GABA+ linewidth
(Cr FWHM/ GABA+ FWHM) and the SD of the water
frequency in Hz in any ROIs. Tissue-corrected GABA+
concentrations in the SMA of one ASD participant were
excluded from subsequent analyses because these val-
ues exceeded three times the SD of the mean (Nakai and

ASD TD

75 p =.002 75 p <.001
65 65 —yh—
- A J!
55 L7 = 7 m 55
o - ..ﬂ ,f{j.;. ® E i
845 E = 845 4
35 35
25 ASD 25 ASD
®TD ®TD
15 15
ASD TD ASD ™D

4 35 3 25 2 15 1 05 0
Chemical shift (ppm)

GABA+

4 35 3 25 ‘_2 15 1 05 0
Chemical shift (ppm)

Fig.4 MEGA-PRESS spectra in the left M1 and left SMA. The hori-
zontal axis shows the chemical shift of the resonance frequency. The
MEGA-PRESS spectra for M1 (upper graph) and SMA (lower graph)
are shown. Each solid line indicates each participant’s spectrum, for
both ASD and TD groups. The grey-shaded range indicates 3 ppm
where the GABA+ concentration is reflected

Okanoya 2016). There were no significant between-group
differences in the GABA+ concentrations in the M1 or
SMA (M1: r (39)=1.09, p=0.281, d=0.34, 95% CI
[—0.06, 0.20]; SMA: t (38)=—0.44, p=0.665, d=0.14,
95% CI [-0.24, 0.15]; Fig. 5). For the same participants,
we also quantified GABA+ concentrations relative to Cr
and H,O without tissue corrections and obtained similar
results (see Supplementary Tables 4 and 5).
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Table 2 Tissue fractions in M1 and SMA ROIs

ASD group TD group

M1 ROI

Gray matter (%) 42 (+6) 42 (+4)

White matter (%) 48 (+8) 47 (5)

Cerebrospinal fluid (%) 10 (22) 10 (£3)
SMA ROI

Gray matter (%) 44 (£5) 47 (+4)

White matter (%) 50 (x£7) 47 (£5)

Cerebrospinal fluid (%) 6(x2) 7(x£2)

ASD autism spectrum disorder, TD typically developing, M1 primary
motor area, SMA supplementary motor area, RO/ region of interest

Table 3 Metrics of data quality for MRS measurements in M1 and
SMA ROIs

ASD group TD group

M1 ROI

Cr FWHM (Hz) 10.1.(£2.1) 9.6 (x1.6)

GABA +FWHM (Hz) 21.5.(£2.7) 20.0 (£2.0)

Water frequency SD (Hz) 0.03 (£0.04) 0.03 (£0.03)

GABA fit error (%) 8.4 (x24) 7.6 (+1.6)
SMA ROI

Cr FWHM (Hz) 9.5.(x1.7) 10.4 (x£1.7)

GABA +FWHM (Hz) 21.8.(£5.3) 21.7 (£3.4)

Water frequency SD (Hz) 0.02 (£0.03) 0.01 (£0.02)

GABA fit error (%)** 10.0 (£2.8) 7.8 (+1.5)

ASD autism spectrum disorder, TD typically developing, M1 primary
motor area, SMA supplementary motor area, ROI region of interest,
Cr FWHM the full-width half-maximum of the creatine peak, Cr
FWHM the full-width half-maximum of the gamma-aminobutyric
acid peak
**p<0.01

A  GABA+concentrationinM1 B GABA+ concentration in SMA

19 . N 19
N L B 17
515 I — 515
513 — q,) ° 513
S 1.1 < S 1.1
g 1. | | oy g 1.
%09 E o 209
350 = 3
o7 — o7

0.5 ASD 0.5

03 °m 03

ASD ™ ASD ™

Fig.5 Tissue-corrected GABA+ concentrations in M1 (a) and SMA
(b) in the ASD and TD groups
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Correlation Between BOT-2 Scores and GABA+
Concentrations

The correlations between GABA+ concentration in M1
and the BOT-2 scores denoted in Fig. 6. There was a sig-
nificant negative partial correlation between the GABA+
concentration in M1 and the total BOT-2 score for all par-
ticipants (r=—0.34, p=0.029, 95% CI [-0.59, —0.04]),
even in the analysis with permutation-based Pearson’s cor-
relation coefficients (p =0.012). We also separately ana-
lyzed partial correlations between BOT-2 scores and the
GABA+ concentration in M1 for each group. There was
a significant correlation between the GABA+ concentra-
tions in M1 and the total BOT-2 score only in the ASD
group (r=-0.48, p=0.034, 95% CI [-0.76, —0.06]),
even when performing permutation test (p =0.012). Bon-
ferroni correction for multiple comparisons was applied to
following analysis (adjusted alpha p <0.0125) (see “Statis-
tical Methods” section). We found significant correlations
between GABA+ concentration in M1 and the score of the
Strength and agility subcategory in both of all participants
and the ASD group in the permutation test (s =[— 0.39,
—0.54], ps =[0.006, 0.004], 95% Cls = {[—-0.62, — 0.09],
[—0.79, —0.14]}), despite a marginally significant correla-
tion in the parametric correlation analysis (all participants:
p=0.014; ASD group: p=0.015). There was no significant
correlation between GABA+ concentration in M1 and the
scores in the four subcategories in the TD group.

The correlations between GABA+ concentration in
SMA and the BOT-2 scores denoted in Fig. 7. The GABA+
concentration in SMA was not significantly correlated
with the total BOT-2 score for all participants (r=0.17,
p=0.289, 95% CI [-0.15, 0.46]), even when performing
permutation test (p =0.143). GABA+ concentration in
SMA was significantly positively correlated with the total
BOT-2 score in the ASD group in the permutation test
(r=0.42,p=0.043,95% CI [-0.03, 0.73]), while not sig-
nificant in the parametric correlation analysis (p =0.073).
Bonferroni correction for multiple comparisons was
applied to following analysis (adjusted alpha p <0.0125)
(see “Statistical Methods” section). We found a significant
correlation between the GABA+ concentration in SMA
and the score of the Body coordination subcategory in the
ASD group in the permutation test (r=0.55, p=0.009,
95% CI [0.14, 0.80]), despite a marginally significant cor-
relation in the parametric analysis (p =0.015). There was
no significant correlation between GABA+ concentration
in SMA and the scores in the four subcategories in the TD
group. Supplementary Figs. 3 and 4 show the relationships
between the eight subtest scores and GABA+ concentra-
tions in the M1 and SMA.
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Correlation Between AQ Score and GABA+
Concentration

We also investigated the correlations between GABA+ con-
centrations and AQ scores. There were no significant cor-
relations between them in both M1 and SMA ROIs not only
for the pooled data of the ASD and TD groups but also for
the data of each group separately (partial correlation with
M1 GABA+ in all participants, ASD group and TD group,
respectively: rs=[0.14, 0.28, —0.07], ps=[0.406, 0.254,
0.766], 95% ClIs = {[-0.18, 0.43], [-0.17, 0.64], [-0.50,
0.38]}; partial correlation with SMA GABA+ in all par-
ticipants, ASD group and TD group: rs=[—0.09, —0.08,
—0.08], ps=[0.578, 0.753, 0.757], 95% CIs={[—0.39,
0.23], [-0.51, 0.38],[ —0.51, 0.38]}).

Discussion

Previous studies have reported that decreased GABA+ con-
centrations (i.e., a weak inhibitor of neural activity) in M1
result in better motor performance in neurotypical partici-
pants (Cogiamanian et al. 2007; Stagg et al. 2011; Tanaka
et al. 2009). This seemed contradictory to previous findings
that decreased GABA+ concentrations in the cerebral cor-
tex, including M1, were reported in individuals with ASD
(Gaetz et al. 2014; Puts et al. 2017) and were associated to
high comorbidity rates with various types of motor disabili-
ties reported high comorbidity with various types of motor
disabilities (Green et al. 2009). Moreover, it is not clear how
motor skills required for daily life activities are related to
GABA, because previous work has largely measured unusual
motor skills that are only relevant to experimental settings
(Cogiamanian et al. 2007; Tanaka et al. 2009). Thus, we
investigated the types of motor skills evaluated by a clini-
cally valid assessment measure (BOT-2) that are associated
with individual levels of GABA+ concentrations in the
motor area of the brain in individuals with ASD.

Our main finding is that higher GABA+ concentration in
M1 was associated with poorer overall motor performance,
especially in the skills of the Strength and agility, which
was also poorer in individuals with ASD compared to TD
according to the BOT-2 assessment. The category Strength
and agility reflects skills related to the strength of the trunk,
as well as the upper and lower body. Previous studies have
suggested that the GABA+ concentration in M1 modulates
the neural activity and muscle strength. For example, a-tDCS
has been found to increase the maximum force and endur-
ance of isometric contraction of specific muscles (Cogia-
manian et al. 2007; Tanaka et al. 2009) and simultaneously
cause a degradation of GABA+ in the stimulated area (Kim
et al. 2014; Stagg et al. 2009), which indicates that decreased
GABA in M1 increases muscle strength. These findings
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suggest that increased GABA in M1 reduces neural activity
and results in motor dysfunction that is observed as reduced
muscle strength. One previous study reported that lower
scores in a clinical motor assessment (Movement assessment
battery for children-second edition) associated with impair-
ments of daily living skills (e.g., eats, dresses and household
tasks) (Bremer and Cairney 2018), those difficulties of motor
skills in daily life may be derived from increased GABA in
M1. The fact that GABA+ concentration in M1 was signifi-
cantly correlated with the score in the Strength and agility
subcategory in both ASD and TD groups indicates that the
underlying neural basis is shared.

Especially our BOT-2 score data raise questions on how
the large variability in participants with ASD influenced
our results. This variability may be the reason why no sig-
nificant group differences between ASD and TD were found
for GABA+ concentrations in both M1 and SMA. Previous
studies have reported that individuals with ASD have lower
GABA+ concentrations in M1 (Gaetz et al. 2014; Puts et al.
2017). Gaetz et al. (2014) also showed that older participants
with ASD tended to have higher GABA+ /Cr in this region.
Furthermore, age-dependent changes in cerebral GABA+
concentrations were reported by many studies (Clement
et al. 1987; McQuail et al. 2015; Rowland et al. 2015). Con-
sidering that the participants with ASD in studies reporting
reduced GABA+ concentrations in M1 were about 10 years
old (Gaetz et al. 2014; Puts et al. 2017) whereas those in
the present study were around 19 years old, age-dependent
variabilities in GABA+ concentrations may be associated
with the severity of disabilities in motor skills in adults/
adolescents with ASD. Besides, brain organoids derived
from induced pluripotent stem cells of patients with ASD
facilitate the production of GABAergic inhibitory neurons
(Mariani et al. 2015). These results indicate that there are
large individual differences in GABA+ concentrations, espe-
cially for adults/adolescents with ASD, and this variability
may result in motor skills differences.

Our results indicate a positive correlation between
GABA+ concentrations in the SMA and the Body coordi-
nation in the BOT-2 scores of the ASD group. The category
Body coordination in BOT-2 evaluates skills to maintain
body posture, sequential and simultaneous bodily coordina-
tion (e.g., standing on one leg, synchronize tapping feet and
fingers of opposite sides). The SMA is crucial in coordi-
nated body motion that requires synchronous contralateral
hand movements (Cattaneo et al. 2007; Mita et al. 2009).
One recent study showed that such contralateral hand move-
ments facilitate synchronized neural oscillations in the SMA
across both hemispheres (Hosaka et al. 2015), which may
contribute to the communication of timing information that
is required for limb movement (Buzsaki and Draguhn 2004).
Since GABA , receptor activation considerably contributes
to phasic neural activities of interneurons (Traub et al. 2003),
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the reduction in GABA could result in unsynchronized neu-
ral oscillations across the left and right hemispheres.

In general, M1 is thought to be downstream of motor
cortices and associate with each body-movement. One might
wonder the reason why we observed that the GABA+ con-
centration in M1 was correlated only with Strength and
agility, except for the other subcategories (i.e., Fine manual
control, Manual coordination, and Body coordination). The
assessing items in Strength and agility examine simple mus-
cular strength of the whole body, whereas the other three
subcategories examine precise and/or rhythmic control of
movements to be coordinated using different body parts even
in slow movements. Coordinated movements are mainly
assessed by the Body coordination subcategory in BOT-
2, and such movements are known to associate with brain
activity in SMA (Cattaneo et al. 2007; Mita et al. 2009).
GABA in that brain area has been assumed to play a sub-
stantial role in the modulation of oscillatory neural activi-
ties as mentioned above (Traub et al. 2003). Considering
that GABA+ concentration in SMA linked to score of the
Body coordination subcategory in ASD participants, these
differences between BOT-2 categories that evaluate distinct
aspects of motor skills may be the reason that we detected
only selective associations with GABA+ concentrations in
both M1 and SMA.

We found no correlations between GABA+ concentra-
tions and autistic traits assessed by the AQ score. A previous
study reported that the symptomatic autism severity evalu-
ated by the Autism Spectrum Screening Questionnaire was
associated with a lower GABA+/Cr ratio in the left anterior
cingulate cortex in children with ASD (Brix et al. 2015).
The left anterior cingulate cortex is involved in higher cogni-
tive functions such as social (Amodio and Frith 2006) and
emotional (Vogt 2005) cognition. By contrast, only a few
studies explained the contributions of M1 and/or SMA to
social and emotional processing in the human brain. Based
on these previous findings, we speculated that the GABA+
concentrations in those brain areas essentially are engaged
in body movements.

This is the first study to examine which types of motor
skills are affected by alterations of GABA+ concentrations
in individuals with ASD. Overall motor skills, especially the
skills that require the strength of the upper or lower body,
were poorer in ASD participants with increased M1 GABA+
concentrations, and body coordination was indicated to be
associated with lower GABA+ concentrations in the SMA.
The present findings contribute to the development of objec-
tive evaluations of several motor disabilities and accompa-
nied difficulties derived from autistic features.

The findings of this study need to be interpreted in
light of some limitations. The MRS voxel used was rela-
tively small (2 x 2 X2 cm?) compared with the voxel used

in several previous studies (Brix et al. 2015; Gaetz et al.
2014) (3x3x3 cm?). Although a smaller voxel improves
anatomic specificity, it reduces the signal-to-noise ratio.
The voxel size used in the current study might result in
poorer signal-to-noise ratio compared to that using a larger
voxel size. Because we did not control any medication of
ASD participants (see Supplementary Table 3 and Fig. 1),
it is difficult to mention the medication effects on GABA
concentration and motor performances. The medicines
taken by eight ASD participants in the present study have
been reported to mainly affect dopaminergic and noradren-
ergic neurotransmitter (Bymaster et al. 2002; Castellanos
et al. 1996; Volkow et al. 1994). It still remains a question
whether those medicines influence DCD and GABA con-
centration, while there seemed to be random distribution
of individual GABA concentrations. We should examine
the medication effects on the present our findings with
sufficient numbers of participants for performing statis-
tical analysis in near future. Furthermore, the statistical
power of the correlation between GABA+ concentrations
and BOT-2 scores was not very large. Considering that
GABA modulates neural oscillations (Traub et al. 2003),
leading to coordinated body movements (Hosaka et al.
2015), we need to investigate in future studies how the
dynamic GABA metabolite working contributes to motor
performances. The BOT-2 assessment is usually used to
support diagnosis of motor impairments and to plan clini-
cal interventions for the detected problems. Due to these
BOT-2 characteristics, low variability in motor skills can
be assumed in TD individuals because the BOT-2 tasks
are relatively easy for them. Thus, we may not be able to
conclude that GABA+ concentrations in brain motor areas
are not associated with motor skills in the TD group unless
we evaluate more strictly their motor skills.
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