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psychiatric history in studies of encephalopathy, as “well-function-
ing.” In previous studies of functional networks in the resting state,
the networks of well-functioning brains showed stronger
small-worldness than others did (Micheloyannis, Pachou, Stam,
Breakspear et al., 2006; Stam et al, 2007; van den Heuvel et al,
2009). In the work of van den Heuvel et al. (2009), the result of
functional magnetic resonance imaging (fMRI) demonstrated that
in the resting state, the IQ of adults showed a negative correlation
with the normalized path length. Stronger small-worldness was
abserved in participants with a high IQ than in participants with
a low IQ. Children’s and young adults’ brain networks possess sim-
ilar small-world organization (Supekar et al., 2009),

However, the results on the simultaneous processing raw score
of children showed the opposite correlation. We found that the L
values of the high score group were greater than those of the low
score group (Table 1). It is possible that video watching drove brain
connectivity from a relatively small-world structure in the resting
state to another structure with serving the working state. Our re-
sult is compatible with the results of an EEG study by Micheloyan-
nis, Pachou, Stam, Breakspear et al. (2006). The authors showed
that the small-worldness of more educated participants was lower
than that of less well-educated ones during a working memory
task (i.e., in the working state). We interpreted the functional net-
works of our subjects with a higher simultaneous processing raw
score as the networks of well-functioning brains. “Well-function-
ing” was thought to be synonymous with readiness to sacrifice
small-worldness for the sake of adopting temporarily more effi-
cient task-specific networks. The results showed that the networks
of the high score group, which was the well-functioning group, had
relatively longer L than other networks but that all networks had
similar € (Table 1). Meanwhile, we found that the indices of the
networks of the well-functioning brains were closer to the indices
of a regular network during free viewing of video (Table 1). From
the brain networks of a low score participant in Fig. 4(a), we could
observe a large number of long distance connections. However, the
long distance connections were much fewer in Fig, 4(b), which
shows the network of a well-functioning brain. In the WS model,
these graph indices indicate that the networks of the well-func-
tioning brains focused on local efficiency during the free viewing
of video. However, a stronger small-world structure, a structure
having better balance between local efficiency and global connec-
tion, was observed in the networks of the well-functioning brains
than in others in the resting state. Therefore, we presume that dur-
ing the free viewing of video, the well-functioning brains were bet-
ter able to drive the functional network structure towards
increased efficiency in local areas.

The indlices of the networks of the high score group suggested
that the networks of well-functioning brains should have stronger
local clustering. The graph indices of the frontal and occipital lobes
indicated that the sub-networks of children with higher K-ABC
scores showed better network efficiency than others did. The posi-
tive correlation of C with the higher K-ABC score, as depicted in
Fig. 8(c), suggested that the sub-networks of high scoring children
possessed strong local information processing ability. (n addition,
we found by observation of typical sub-networks (Fig. 7} that the
high scoring participants’ sub-networks had more focal connec-
tions (Fig. 7(b)) than did those of low scoring participants
(Fig. 7(a)). This suggested a strong positive correlation between lo-
cal efficiency in sub-networks and cognitive performance. There-
fore, during the free viewing of video, the well-functioning brain
could reorganize the functional network for increased local con-
nectivity. In such a situation, the well-functioning brain can use
a network structure with relatively higher local clustering to raise
the efficiency of local areas such as the frontal and occipital lobes,
which are more important for the Gv ability demanded by free
viewing of video.

It could be argued that our task-related sub-networks should be
considered as two sub-graphs. As seen in Fig. 7, there are several
connections between the two sub-networks when the degree was
8. However, we should stress that some nodes may become sepa-
rated when the networks become extremely sparse, resulting in
the two parts of the network becoming two separate graphs. In
other previous studies, a network was considered one graph even
if the graph included separated sub-graphs or separated nodes. In
fact, I will be influenced by the isolation of a sub-graph, because
the path lengths between isolated nodes are defined not to be infin-
ity, but zero. However, in this study, the reason we performed the
analysis on sub-networks was that we wanted to specify the rela-
tionship between K-ABC scores and local efficiency in task related
brain areas. Therefore, we focused on the index of local efficiency
in sub-networks, ie., the clustering coefficient C. The sparseness
of the network merely affects the clustering coefficient, because
the clustering indices of isolated nodes were calculated as zero.

4.3. Compatible results in relevance studies

The negative correlation between cognitive performance and
the small-world scalar obtained in this study is compatible with
the observations of several other studies. Jao et al. (2013) demon-
strated by fMRI analysis that the connection distance in an eyes-
open condition was longer than that in an eyes-closed condition.
Other studies also suggested that economical brain oetworks
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reconfigure when needed to maintain higher-cost long-range con-
nections to support the greater requirements for information pro-
cessing of the working state (Alexander-Bloch et al, 2013)
Micheleyannis, Pachou, Stam, Vourkas et al. (2006) suggested that
individuals with less education show an optimal small-world
structure to get correct answers in a cognitive task. Here, we
hypothesize that the well-functioning brain reorganizes functional
connectivity to the task-related area, which results in the appear-
ance of a network structure with higher local clustering. In another
MEG study, Stam (2004} ascertained that a small-world pattern
was found in low (<8 Hz) and high (>30Hz2) frequency bands,
and that the frequency bands that dominated the small-worldness
were those directly related to information processing. In previous
similar experiments, statistically significant associations between
the coherence index and cognitive performance were demon-
strated in theta (6.4-7.8 Hz) and gamma (62.0-79.8 Hz) bands
with statistical significance (Kikuchi et al, 2011; Kikuchi et al,
2013). Holz, Glennon. Prendergast, and Sauseng (2010) reported
that theta (around 6 Hz) and gamma (around 60 Hz) bands showed
phase synchronization in the parieto-occipital lobe in a visual
working memory task. Therefore, we suggest the possibility that
the effects of local oscillations in theta and gamma bands drive
the reduction of smal{-worldness in the free viewing of video.

4.4. Limitations and future works

The present study suffers from several limitations, First, it is dif-
ficult to delineate more specific or precise activated areas with cur-
rent methods. The graph indices ‘calculated in this study indicate
characteristics of the whole network. Characteristic of a small
sub-network with a low number of vertices could easily have been
submerged. However, we may considet other local graph indices
on the nodal level, e.g., degree and nodal efficiency (Xue, Wang,
& Tang, 2013), in future research. Second, since we did analysis
at the sensor level, we were unable to acquire voxel-level informa-
tion on brain organization. The K-ABC evaluated the cognitive
development of children and did not allow us to analyze the influ-
ence of the anatomical developnent of the brain on network struc-
ture. Further studies that employ resting state MRl data will
provide the anatomical dimension, although it is difficult to per-
form these experiments on conscious children. Third, since analy-
ses of relevance between all of the network features of each
neural rhythm and K-ABC scores could easily cause Type I statisti-
cal errors, only an analysis of the whole pass band was done. An-
other important reason is that recent studies suggest that cross-
frequency coupling (CFC) plays a functional role in transferring
information from large-scale brain networks to local cortical pro-
cessing units {Canolty & Knight, 2010). A blinkered analysis of each
rhythm in isolation may neglect the network connections due to
CFC. Additionally, an analysis of whole bands can easily be applied
to other network-feature studies.
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INTRODUCTION

A child-customized magnetoencephalography system was used to investigate somatosen-
sory evoked field {SEF) in 3- to 4-year-old children. Three stimulus conditions were used in
which the children received tactile-only stimulation to their left index finger or visuotactile
stimulation. In the two visuotactile conditions, the children received tactile stimulation to
their finger while they watched a video of tactile stimulation applied either to someone
else's finger (the fingertouch condition) or to someone else’s toe (the toe-touch condition).
The latencies and source strengths of equivalent current dipoles (ECDs) over contralateral
{right) somatosensory cortex were analyzed. In the preschoolers who provided valid ECDs,
the stimulus conditions induced an early-latency ECD occurring between 60 and 68 ms
mainly with an anterior direction. We further identified a middle-latency ECD between 97
and 104 ms, which predominantly had a posterior direction. Finally, initial evidence was
found for a late-latency ECD at about 139-151 ms again more often with an anterior direc-
tion. Differences were found in the source strengths of the middie-latency ECDs among
the stimulus conditions. For the paired comparisons that could be formed, ECD source
strength was more pronounced in the fingertouch condition than in the tactile-only and
the toe-touch conditions. Although more research is necessary to expand the data set, this
suggests that visual information modulated preschool SEF. The finding that ECD source
strength was higher when seen and felt touch occurred to the same body part, as com-
pared to a different body part, might further indicate that connectivity between visual and
tactile information is indexed in preschool somatosensory cortical activity, already in a
somatotopic way.

Keywords: magnetoencephalography, somatosensory evoked field, somatasensory cortex, preschool child, visuo-
tactile stimulation

aged 2- to 5-years old, since children in this age group are gen-
crally less able to suppress movements and to follow procedural

Magnetoencephalography (MEG) has become an important tool
to investigate cortical activity related to sensory or cognitive pro-
cessing in children of various ages (e.g., Kimura ct al,, 2004; Chen
etal., 2010; Clesielski et al,, 2010; Gummadavelli et al., 2013). Until
recently, pediatric MEG has been predominantly performed with
* systems designed for adult heads. For young children, such as those
of preschool age, the adult MEG hefmet is not ideal. Preschool-
ers have considerably smaller heads than adults, and since mag-
netic field strength decreases with increasing distance between the
expected source location and the MEG sensor array (Marinkovic
ctal, 2004; Gaetz et al,, 2008), MEG measurements can be reliably
obtained only if the children are repositioned such that one side of
their head is as close to the sensor surface as possible (e.g., Pihko
otal,, 2009). A further requirement is that the children have to min-
imize head and bodily movements during testing. Under natural
testing conditions this is especially challenging for preschoolers

instructions (for a review see Pang, 201 1). While substantial MEG
research has been performed with sleeping or sedated preschoolers
in clinical evaluation settings (e.g., Bercovici et al., 2008; Schwartz
et al, 2008; Pihko ot al.. 2009), few studies so far have accom-
plished preschool MEG measurements under natural and awake
testing conditions in an adult MEG system (Fujioka and Ross,
2008; Gaetz et al,, 2010).

In order to facilitate pediatric MEG, a system with a child-
customized helmet has recently been developed. This hel-
met allows a more natural fit around the child’s head and has
taken away the need for repositioning the head in the dewar (e.g.,
Gactz et al., 2008). To date, child-customized MEG has been suc-
cessfully used with 3- to 6-year-old children to obtain auditory
evoked fields to broadband noise (Johnson et al,, 2010) and speech
(Kikuchiet al,, 201 1; Ueno et al, 20125 Yoshimura et al,, 2012). In
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the present study, we employed the system to study preschool cot-
tical activity related to modalities other than hearing. We report a
study on preschool somatosensory evoked tield (SEF) in response
to tactile and (multisensory) visuotactile stimuli.

Our first purpose was to expand the literature on preschool SEE.
Preschool SEF in response to tactile stimulation has been reported
in relatively few studies, each employing an adult MEG helmet
(Gondo ¢t al, 20015 Kiang et al, 20045 Gactz ot al, 2008; Pilko
ctal,, 2009), Pihko et al. (2009} found that, during tactile stimula-
tion to the finger, preschool children (1.6- 1o 6-years old) show a
first prominent deflection inn the waveform at around 50 ms (M50
component) over contralateral somatoscnsory cortex. The same
study showed that an earlier component at around 30 ms occurs
in toddlers and adults, but seldom in preschoolers. A later deflec-
tion at around 100 ms has been observed during stimulation to the
thumb of toddlers (Gondo et al., 2001). This deflection, however,
has not yet been reported in older preschoolers. Since still only
few MEG data on preschool SEF exist, here we further investigate
the deflections in the MEG waveform in 3- to 4-year-old children
in response to tactile stimulation to the left index finger. The chil-
dren were in natural, awake resting conditions and positioned in
a child-customized MEG system.

Our second purpose was Lo investigate whether the deflections
in the preschool waveform to tactile stimulation would alrcady
reflect modulation through visual information. In adults, it has
been shown that merely watching stimulation to someone else’s
body part induces somatosensory activation in the viewer (e.g..
Ebisch et al, 2008; Pihko et al., 201 Meyer et al, 201145 for a
review see Kevsers et al, 2610). Modulatory effects of visual infor-
mation containing “touch” to someone else’s leg (Keysers et al,,
2004), face, neck (Blakemore et al,, 200%), and hand (Pihko et al.,
26:11) have been reported. Modulatory effects of vision have also
been reported on SEF in response to tactile stimulation to an
observer who watched tactile stimulation to others at the same
time (Schaefer et al, 2006).

Some studies with adults have suggested that visuotactile brain
responses are somatotopically organized. For example, in a study
without direct tactile stimulation to the observer, Blakemore et al.
(2005 found that the head area of primary somatosensory cortex
was activated when observers watched touch to the face, but not
to the neck. Other support for somatotopic organization has been
reported in the field of action observation. Both the execution of
hand and mouth actions and the mere observation of others” hand
and mouth actions evoked activity in the corresponding premotor
areas (Gazzola et al., 2006). Also in studies in which an observer
watched stimulation to others while receiving direct tactile stim-
ulation to the sell, adult somatosensory activity seemed to reflect
topographic selectivity. Motor-evoked potentials recorded from
a hand region were differently modulated during observation of
painful stimuli to the same hand region as compared to the foot
(Avenanti et al,, 2005). In preschoolers, however, modulation of
somatosensory responses through visual information has not yet
been explored.

* To this end, we studied the effect of vision on preschool SEF
with visuotactile stimuli that either concerned the same or a differ-
ent body part. The stimuli comprised two visuotactile conditions
(Figure 1). While the children received tactile stimulation to their

own left index finger, they either watched mild stimulation of the
left index finger (finger-touch condition) or the left toe (toe-touch
condition) of someone else on a video. Besides expanding the data
set on preschool SEF to unimodal tactile stimulation, i.e., with-
out any visually presented information, we investigated whether
already at the preschool age SEF undergoes modulation through
vision that is somatotopically selective. If so, the adult data would
suggest that SEF source strength differs between stimulation with
congruent visuotactile information (finger-touch condition) and
incongruent visuotactile information (toe-touch condition).

VIATERIALS AND METHODS

ETHICS STATEMENT

The procedures were approved by the Ethics Committee of
Kanazawa University Hospital and followed the Declaration of
Helsinki. At least one parent/caregiver of each preschool partic
ipant provided written, informed consent before participation.
Face-scale ratings obtained after the experiment (see below) indi-
cated that none of the preschoolers were uncomfortable with the
tactile stimulation seen on video and that felt on the finger.

PARTICIPANTS

Thirty-eight Japanese preschool children (22 females and 16
males), with an average and median age of 4 years & t month, par-
ticipated in the experiment. All were children from staff members
of Kanazawa University Hospital or tecruited from nursery schools
near the hospital, in Kanazawa city, Japan. The preschoolers were
right-handed, as reported by their parent(s)/caregiver(s). All had
normal vision and were in normal physical health. Test results
from the Japanese adaptation of the Kaufman Assessment Battery
for Children (Kautman et al, 1987) indicated that all were typically
developing.

TACTILE STIMULUS AND VISUOTACTILE STIMULI

Tactile stimulation was delivered to the infant’s left index finger.
A 100-Hz waveform, generated by a sinusoidal oscillator (Uchida
Electric, Tokyo, Japan), was used to drive a piczo-electric pulse
generator attached to the finger. The repetitive pulse caused a dis-
placement of approximalely 0.5 mm of the finger tissue. Each pulse
lasted 4 ms and was presented at 2 Hz, with an average time ran-
domization of 50%, for a period of 6 min in total. The intensity
of the tactile stimulation was kept constant across participants.
The pulse generator and the upper part of the magic tape used to
hold the child’s finger over the pulse were decorated with a minia-
ture stuffed butterfly made of soft cloth. This was wrapped gently
around the participant’s index finger.

Two visual stimulus conditions with a duration of 30s were
used (Figure 1). In the finger-touch condition, the infant watched
a female left hand set against a black background (5.3 cd/m?). The
hand’s index finger was alternately and repetitively touched by one
of the following six pointy objects: a tine of a metal fork, a tine of
a plastic yellow fork, the tip of a black pen, and the tip of a blue
pencil, a red pencil, or a yellow pencil. Visual objects were changed
as to avoid the theoretical chance of interference from visually
evoked magnetic field induced by too much repetition of the samme
visual stimulus. Movement lasted 5 for each of the six objects,
together constituting a finger-touch stimulus of 30 s. The order of
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2Hz, 50%
randomized

FIGURE 1 | Visuotactile stimulation used during MEG measurements of
preschool somatosensory cortex. While tactile stimulation was applied to
the left index finger, 3- to 4-yearold children watched tactile stimulatian to
someone else’s left index finger {fingertouch condition) or to someong else's

Visual Stimuli

2z 50%
‘randomized

X 4 randomizations
(6 min in total)

2 H2,50%
randomized

Time (s)

toe {toe-touch condition). The tactile stimulation 1o the children's left index
finger during MEG measurements was applied through a piezo-electric
stimulaior {A), decorated with a hutterfly-like stuffed doll [{B) top-view;
(C) top-view with child’s finger; (D} side-view].

the objects was randomized for each preschool child. In the toe-
touch condition, the participant watched a female left toe against
the same black background. It a similar vein as in the finger-touch
condition, in six randomized series of 5, the outside of the foot
just below the little toe was touched by one of the six objects. In
both the finger- and the toe-touch conditions, the objects touched
the human tissue with a frequency of 2 Hz, with successive touches
randomly occurring within 250-750 ms after one another. Since
the felt and observed stimulation occurred to the same body part
in the finger-touch condition, tactile and seen stimulation were
desynchronized in order to avoid the illusion that the observed
body part (e.g., the finger in the finger-touch video) was part of
the observer’ own bady. Such a complex percept would be difficult
to study reliably with preschoolers and might have been confusing
to them. The two visuotactile conditions were presented with a
tactile-only condition, in which the infant watched a gray screen
{26.5 cd/m*) with a white fixation cross to rest his/her eyes. The
fixation cross subtended 1 % 1 deg in visual angle (112.4 cd/m?)
and was centered in the middle of the screen.

The finger-touch, toe-touch, and the tactile-only displays were
generated and controlled by a personal computer (NEC VersaPro
VA9), and back-projected from a display projector (Sharp PG-
B108) through four mirrors onto a 30 cm x 21 ¢m screen, viewed
from supine position through a mirrorattached to the MEG dewar.
The three stimulus conditions were each repeated four times, with
the order randomized for each infant. In total, 240 visual events
in the finger-touch and toe-touch conditions were displayed. The
total duration of the-MEG measurements was 6 min. The infant
was instructed to remain in a fixed bodily position and watch the
screen.

STIMULI {DIS)COMFORT JUDGMENTS

Before MEG measurement, the infant was asked whether the tac-
tile stimulation to his/her index finger was comfortable or not and
told that MEG-recording could be abandoned any time he/she
wanted. None of the preschoolers reported dislike or discomfort

toward the piezo-electric stimulator and/or the tactile stimulation,
which was reported as mild, painless stimulation above sensation
threshold. None of the preschoolers opted out of the experiment.
After the experiment a face-scale (Wong and Baker, 1988) was used
to obtain subjective impressions of the infant’s (dis)comfort with
the tactile stimulation to the index finger and that seen on video.
The face-scale consisted of pictures of cartoon-like faces, show-
ing happiness (smiling) or sadness (in tears) in five intermediate
steps (0-4), with “0” representing “no sensation” to “4” repre-
senting “uncomfortable sensation.” When asked what their score
would be if a child were to receive an injection, all preschoolers
responded the maximum “4.” This indicated they had under-
stood the usage and range of the face-scale. Face-scale ratings
were obtained {rom 35 out of 38 infants. Overall, their ratings
showed that the stimuli were not discomforting. In the tactile-
only condition, (dis}comfort to the finger stimulation was judged
as 1.34 & 0.26. When watching the finger-touch and the toe-touch
video, this was 1.51 220.23 and 1.30 £ 0.21, respectively. One-way
analysis of variance (ANOVA) showed no significant difference
between conditions [F(2, 68) = 0.28, p =(.75].

MEG MEASUREMENTS AND DATA ANALYSIS

Somatosensory evoked field was recorded with a 151-channel
SQUID (Supet conducting Quantum Interference Device) whole-
head coaxial gradiometer MEG system for children (PQ1151R,
Yokogawa Electric, Kanazawa, Japan). The pick-up coils of the
MEG system were 15.5mm in diameter, the mean distance
between two adjacent coils was 22 mm, and the cool-to-warm
(dewar-coil) separation was 20 mm. Recordings were made in a
three-layered, magnetically shielded room (Daido Steel, Nagoya,
Japan), installed at the MEG-vesearch center of Yokogawa Elec-
tric Corporation (Kanazawa, Japan). In an attempt to make the
measurement environment less intimidating to the infants, the
shielded room was decorated with colorful pictures of cartoon
characters, familiar and liked by most Japanese preschoolers. The
infant lay in a supine position on a tray-bed (Yokogawa, PQI1TA)
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adjusted to the height of the MEG dewar. One staff mewmber
(author YY) stayed in the shielded room to comfort the child and
to encourage him/her to maintain a steady bodily position.

Magnetoencephalography data were acquired with a sampling
rate of 1000 Hz and filtered with a 200-Hz low-pass filter. Time
series were segmented into windows of 250 ms (=50 1o 200 ms).
Around 195-214 segments were averaged for each of the 151 mag-
netic sensorsafter baseline correction (—30 to — 10 ms). Anaverage
of 9.7% of the segments with a noise contamination exceeding
+4 pT was excluded from the data before principal component
analysis was performed for general noise reduction. At least 195
tactile events were analyzed for cach condition, We determined
the position of the head within the MEG dewar by measuring
the magnetic fields after passing currents through coils that were
attached at three locations of the head surface as the fiduciary
points, with respect to the landmarks (nasion and pre-auricular
points or mastoid Lips). Since magnetic resonance imaging (MRI)
anatomical data of the infants were not obtained, a 3-D coordi-
nate system based on fixed MEG sensor locations was applied to
calculate the equivalent current dipoles (ECDs) by using a spher-
ical model of the volume conductor. This was fitted to the center
of the fixed MEG coordinate system, after confirmation that each
infant’s head was located in the center of MEG dewar, by measur-
ing the three locations of the head surface mentioned above (also
see Yoshimura et al., 2012).

The single ECD model (Sarvas, 1987) was used to estimate the
“center of gravity” of the current spurces. We analyzed the latencies
and the number of major detlection(s) in the waveform in subse-
quent order, and considered ECDs as valid only when (i) goodness
of fit (GOF) was over 80%; (ii) the location of estimated dipoles
was stable within &5 mm of each coordinate during a period of at
least 6 ms; and (iii) dipole intensities were less than 80 nA/m. Asa
consequence of following these criteria, there were cases in which
only asingle ECD in a multiple-peak waveform was considered for
further analyses of source strength. ECDs for each stimulus con-
dition were categorized according to latency with k-means cluster
analysis, with the number of clusters set at three, according to
the maximum number of observed major deflections in the data.
Statistical analyses on the source strength were performed after
taking the natural logarithm. Distribution normality was tested
with the Shapiro~Wilk test and variance homogencity was tested
with Levene’s test. If normality and variance homogeneity were not
violated, analysis of variance (ANOVA) with independent samples
was used to test the source strength between ECD latency cat-
egories within stimulus conditions, and between similar latency
categories of different stimulus conditions. Paired f-tests were
also performed to test source strengths between similar latency
categories of different stimulus conditions, with Bonferroni cor-
rection on the alpha-level. Predominance of ECD direction within
cach latency category (anterior or posterior) was tested with the
binomial test.

RESULTS

TACTILE-ONLY CONDITION

Figure 2 shows the three latency categories of the major deflec-
tions in the waveforms, with corresponding ECD source strengths,
obtained in the tactile-only condition. The latencies of the ECDs

that were in accordance with the criteria fell into categories that
from here on are referred to as early-, middle-, and late-latency
deflections. In the data of 17 infants, an early major deflection
occurred on average at 61.65 & 2.78 ms, In the waveform of four
infants, this early peak was the only deflection observed. In eight
infants, it was the first of a double-peak waveform, while in five
infants, it was the first of a triple-peak waveform. [o the wave-
formsof 11 infants,a middlc—latencj!’ deflection could be observed
onaverage at 103.82 = 3.09 ms. In four infants, this middle-latency
péak was the only detlection in the waveform. In three infants, it
was the second deflection in a double-peak waveform, while in
the remaining four, it was the second in a triple-peak waveform,
[n six infants, a late deflection in the waveform occurred on aver-
age at 150.50 £ 6.42 ms. In two infants, it was the late second in a
double-peak waveform, whereas in four infants, it was the fast in
a triple-peak waveform.

In total, only five infants provided waveforms with double-
peak deflections both of which obeyed the ECD criteria, whereas
only four cases were found in which all three ECDs in a triple-
peak waveform were valid. Paired comparisons between ECD
source strengths over two or three latency categories would there-
fore suffer from a lack of power. Instead of repeated-measures
ANOVA, one-way ANOVA for independent samples was per-
formed between the source strengths of the ECDs in the three
latency categories. Shapiro-Wilk tests showed no evidence for
non-normality for the early-latency (df =17, p =0.49), middle-
latency (df =11, p=0.61), and the late-latency ECDs (df =6,
p=0.47), and homogeneity of variance was met as well (Lev-
ene statistic = 0.63, p=0.54). The ANOVA showed that source
strength did not significantly differ with latency category in the
tactile-only condition [F(2,33) = 0.12, p = 0.89]. The dipole coor-
dinates and directions of the valid ECDs in the tactile-only con-
dition are depicted in Figure 3. The tactile stimulation of the left
index finger induced ECDs that were located over contralateral
(right) cortex, approximately over somatosensory areas. Because
of the young age of the participants, MRI-plots were not per-
formed. Early-latency ECDs predominantly had an anterior dipole
direction (14 out of 17 ECDs), rather than a posterior dipole
direction. The binomial test showed thal this difference was sig-
nificant (two-sided, p < 0.05). Middle-latency ECDs were morte
often posteriorly directed (8 out of 11 ECDs), while late-latency
ECDs were anteriotly directed in two-thirds of the cases (4 out of
6 ECDs). These trends in ECD direction in the middle-latency and
late-latency category were not significant.

VISUDTACTILE CONDITIONS

The finger-touch condition induced major deflections with Jatency
clusters that were similar as those observed in the tactile-only con-
dition. In the finger-touch condition, an carly-latency deflection
occurred at 67.44 == 1,60 ms (7= 16). In five children, this was the
only major deflection in the waveform. In five children, it was
the first of a double-peak waveform, and in six children, it was
the first of a triple-peak waveform. A middle-latency deflection
occurred at 101.50 4 2.45 s {11=16). In four children, this was
the only deflection in the waveform, in seven children, it was the
second in a double-peak waveform, and in five children, it was the
second In a triple-peak waveform. A late-latency deflection in the
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FIGURE 2 | Preschool ECD latencies and source strengths in the tactile-only condition. ECDs were obtained during piezo-electric stimulation to the left

index finger of 3- to dvyearold children. Mote that the same participant could have provided data for maore than one latency category, i.e., showed double-peak or
triple-peak deflections in the MEG wavefarm that obeyed the ECD criteria. LN, natural logarithm; nA-m, nano-Ampere per mater; ms, milliseconds.
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FIGURE 3 | Preschool ECD locations and directions in the tactile-only
condition. ECDs were obtained during tactile stimulation to the left index
finger, resulting in ECD focations in contralateral right hemisphere.
Early-latency ECDs predominantly had an anterior direction. No significantly
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cominant direction pattern was observed for middle-latency and late-tatency
ECDs. Nole that the sarme participant could have provided cata for more than
one category, i.e., showed double-peak or triple-peak deflections in the MEG
waveflorm that obeyed the ECD criteria.

finger-touch condition occurred on average at 139.70 +3.38 ms
(n==10). It was the only deflection in the waveform of two chil-
dren, the late second in the waveform of three children, and
the third in the triple-peak waveform of five children. Only six

children provided valid ECDs for both the early- and middle-
latency categories, whereas ouly four children provided waveforms
in which all ECDs in a triple-peak waveform were valid. One-way
ANOVA for independent samples was therefore performed also
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for the finger-touch data. Shapiro—~Wilk tests showed no normality
violations for the early-Tatency (df = 16, p = 0.26), middle-latency
(df =16, p=10.06), and the late-latency ECD groups {df = 0,
p="0.91). The variances among the three groups also did not differ
significantly (Levene statistic = 0.42, p = 0.66). One-way ANOVA
showed no significant difference in source strength between the
latency categories in the finger-touch condition [F(2, 41) =0.24,
p=0.79].

In the toe-touch condition an early-latency deflection occurred
at 60.82 -k 2.55 ms (17 =22). This deflection was the only peak in
the waveform of six children, the first in a double-peak waveform
observed in 12 children, and the first in a triple-peak waveform
of four children. A middle-latency deflection occurred on aver-
age at 97.75 % 2.75 ms (n = 12). This was a single deflection in the
waveform of seven children, the second in a double-peak wave-
forr in two children, and the second in a triple-peak waveform
in three children. A late-latency deflection in the toe-touch con-
dition appeared at 139.27 £ 3.88 ms (n=15). For two children,
this was the only valid major deflection. For eight children, it was
the second deflection in a double-peak waveform, and for five
children, it was the third in a triple-peak waveform. Four chil-
dren provided valid ECDs for both the early- and middle-latency
categories, and only three preschoolers provided waveforms in
which all ECDs in a triple-peak waveform were valid. Shapiro—
Wilk tests showed no normality violations for the early-latency
(df =22, p=0.09), middle-latency (df= 12, p=0.53), and the
late-latency ECD groups (df = | 5, p=0.21). The variances among
the three groups also did not differ significantly (Levene statis-
tic = 0.48, p=10.62). One-way ANOVA for independent samples
showed that source strength differed significantly between latency
categories in the toe-touch condition [F(2,48) = 3.59, p = 0.036].
Post hoc Bonferroni tests showed that for the toe-touch condition
the source strength in the early-latency category was higher than
that in the middle-Jatency category (p=0.034).

The ECDs in all three latency categories in both visuotactile
conditions were located at the contralateral hemisphere. Analysis
of ECD directions showed that ECDs in the early-latency cate-
gory had a predominantly anterior direction. In the finger-touch
condition 16 out of 17 ECDs were anteriorly directed. The bino-
mial test showed that this difference was significant (two-sided,
p <0.01). In the toe-touch condition, 18 out of 22 ECDs with
an early-latency had an anterior direction, which was significant
as well (two-sided, p <0.01). ECDs in the middle-latency cate-
gory were significantly more posteriorly than anteriorly directed.
In the finger-touch condition, 14 out of 16 ECDs (two-sided,
P <0.01), and in the toe-touch condition, 10 out of 12 (two-sided,
p < 0.05) were posteriorly located. Late-latency ECDs again were
significantly more anteriorly directed. Nine out of 10 ECDs in the
finger-touch condition and 12 out of 15 ECDs in the toe-touch
condition had an anterior direction (two-sided, p < 0.05 in both
cases).

COMPARISONS BETWEEN ECD SOURCE STRENGTHS IN THE
TACTILE-ONLY AND THE VISUGTACTILE CONDITIONS

For each latency category, ECD source strength between the three
stimulus conditions was first compared with ANOVA for indepen-
dent samples. ANOVA was performed after Levene’s tests showed

no deviance from distribution normality in the early-latency (Lev-
enc’s statistic = 0,63, p = 0.53), the middle-latency (Levene’s statis-
tic=1.38, p =0.37), and the late-latency (Levene's statistic = 1.16,
p=0.33) ECD source strengths between stimulus conditions. In
the case of unpaired comparisons, source strength between the
lactile-only, the finger-touch, and the toe-touch condition did
not differ for the early-latency [F(2, 54) =0.12, p==0.89], the
middle-latency [F(2, 38) = 1.35, p=0.27], and the late-latency
[F(2,30) =0.18, p=0.83] categories.

Paired comparisons between ECD source strengths in simi-
lar latency categories could be made with a limited number of
cases. Because few children provided data for all three latency cate-
gories in all three stimulus conditions, repeated-measures ANOVA
was not performed. Instead, where possible, we performed -
tests between pairs of stimulus conditions and applied Bonferroni
correction on the alpha-level. The main results are depicted in
Figures 4-6. Paired comparisons between the tactile-only and
the finger-touch condition were made for the early-latency and
the middle-latency category (Figure 4). The late-latency category
provided only four pairs and thus was not tested. Six children pro-
vided valid pairs of early-latency ECD source strengths. Shapiro—
Wilk tests showed no violations of distribution normality for the
early-latency tactile-only (df =6, p=10.11) and the finger-touch
condition (df = 6, p = 0.06). Under similar variances (Levene’s sta-
tistic = 0.05, p = 0.83), ECD source strength did not differ between
the two stimulus conditions (f =—0.52, df =5, p=10.63). Eight
children provided valid ECDs in the middle-latency category.
Both the data in the tactile-only (df =8, p = 0.89) and the finger-
touch conditions (df = 8, p = 0.40) were normally distributed and
showed similar variances (Levene's statistic = 0.43, p=0.53). In
the middle-latency category, ECD source strength in the finger-
touch condition was significantly higher than in the tactile-only
condition with a Bonferroni-corrected alpha-level of 0.017 for
multiple paired comparisons (1 = —3.66,df =7, p < 0.01).

Paired comparisons between the tactile-only and the toe-touch
conditions were also made just for the early-latency and the
middle-latency category, since late-latency data were provided by
only five children (Figure 5). Thirteen children provided valid
pairs of early-latency ECD source strengths, which were normally
distributed in the tactile-only condition (df == 13, p = 0.46) and the
toe-touch condition (df = 13, p=0.06). Under similar variances
(Levene’s statistic ==0.34, p=0.57), no significant difference was
found between early-latency source strengths (r = —0.80, df = 12,
p=0.44). Seven pairs could be formed with valid middle-latency
ECD data. These were normally distributed in both the tactile-
only condition (df=7, p=0.93) and the toe-touch condition
(df =7, p=0.53) and showed no unequal variances (Levene’s
statistic = 2.92, p=10.11). In the middle-latency category, ECI>
source strength in the tactile-only condition was higher than
that in the toe-touch condition (# = 3.23, df = 6, p = 0.018). With
the Bonferroni-corrected alpha-level (p=0.017), however, this
difference would strictly be not significant.

Paired comparisons between the two visuotactile conditions
could be made for all three latency categories (Figure 6). In
the early-latency category 11 paired comparisons could be made.
Shapiro-Wilk tests showed no violation of source strength nor-
mality in the carly-latency finger-touch (df =11, p=0.34) and
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Paired Tactile-only and Finger-touch conditions
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FIGURE 4 | Preschool ECD latencies and source strengths in paired
tactile-only and fingertouch conditions. Circles show the tactile-only data
and squares show the fingertouch data. White symbols show early-latency
pairs (n==6), black symbols show middle-latency pairs {1 =8), and gray
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symbols show late-latency pairs (7= 4). In the middie-latency category, ECD
source strength was significantly higher in the finger-touch (filled black
squares) than in the tactile-only condition (filled black eircles). LN, natural
logarithm; nA-m, nanc-Ampere per meter; ms, millisecond.

Paired Tactile-only and Toe-touch conditions
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FIGURE 5 | Preschool ECD latencies and source strengths in paired
tactiie-only and toe-touch conditions. Circles show the tactile-only
data and trisngles show the toe-touch data. White symbols show
early4atency pairs {n=13), black symbols show middie-latency pairs
(n=7), and gray syrbols show late-latency pairs (n= 5). In the
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middle-latency category, ECD source strength was higher in the
tactile-only {filled black circles) than in the toe-touch condition (filled black
triangles), but the difference strictly did not reach significance with
Bonferroni correction of the alpha-level. LN, natural logarithm; nA-m,
nano-Ampere per meter; ms, millisecond.

toe-touch condition (df =11, p=0.48). The variances in the
source strengths also did not differ significantly (Levene sta-
tistic=0.30, p=0.59), and neither did the source strengths
themselves (f=1.89, df=10, p=10.09). For seven pairs in the
late-latency category, soutce strength normality in the finger-
touch (df=7, 0.34) and the toe-touch (df=7, 0.25) condition
was not violated. Under homogeneity of variances (Levene’s

statistic = 0.06, p = 0.81), source strength in the late-latency cate-
gories did not significantly differ between the finger-touch and
the toe-touch conditions (t=0.17, df=6, p=0.87). Also for
the middle-latency category seven pairs could be made. Both
the source strength in the finger-touch (df =7, p=0.24) and
toe-touch conditions (df =7, p=0.55) was normally distrib-
uted and variances were homogeneous (Levene’s statistic=0.33,
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FIGURE 6 | Preschoo! ECD latencies and source strengths in paired
finger-touch and toe-touch conditions. Squares show the finger-touch data
and triangles show the toe-touch data, White symbols show early-latency
pairs (== 11}, black symbols show middle-latency pairs (n=7), and gray
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symbols show late-latency pairs (n= 7). In the middle-atency category, ECD
source strength was significantly higher in the fingeriouch (filled black
squares) than in the toe-touch condition (filled bfack triangles). LN, natural
togarithm; nA-m, nano-Ampere per meter; ms, millisecond.
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FIGURE 7 | An example of preschool SEF waveforms in the visuotactile finger-touch condition (left] and the toe-touch condition (right). The waveforms
{top) and estimated ECDs (bottom) are shown far a 38-month-old girl. {T, femto-Tesla.
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p=057). The middle-latency source strength observed in the
finger-touch condition was significantly higher than that in the
toe-touch condition (+=3.97, df =6, p < 0.01). An example of
the difference in the waveforms induced by the finger-touch and
toe-touch conditions is depicted in Figure 7. ECD locations and
directions of the paired finger- and toe-touch conditions are
shown in Figure 8.

In summary, comparisons between ECD source strengths
observed in the middle-latency categories of the three stimu-
lus conditions showed that source strength was higher in the
tactile-only condition than in the toe-touch condition, With a
decreased alpha-level of 0.017 to correct for multiple comparisons,
however, this difference was not significant. Even with alpha-
level correction, however, middle-latency ECD source strength in
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Paired Finger-touch and Toe-touch conditions
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FIGURE 8 | Preschool ECD locatidns and directions in paired finger-touch and toe-touch conditions. ECDs were obtained during tactile stimulation to the
left index finger, while the children watched a video of tactile stimulation to someone else’s finger (finger-touch) or tog (toe-touch). Nots that the same participant
could have provided data for more than one category, i.e., showed double-peak or triple-peak detlections in the MEG waveforr that obeyed the ECD criteria.

the finger-touch condition was significantly higher than in the
toe-touch and the tactile-only conditions.

DISCUSSION

The present study is the first to use a child-customized MEG
system to study somatosensory responses in preschool children.
Besides a tactile-only condition, in which the left index finger of
the preschoolers was stimulated, two visuotactile conditions were
used. In one condition, the child received tactile stimulation to the
index finger and at the same time watched a video of someone else
being touched at the index finger, In another condition, the child
received the tactile stimulation to the finger while watching a video
of someone else being touched on the toe. ECD analysis showed
that all three conditions induced contralateral (right-hemispheric)
activity, which enabled valid dipole estimation in about 60% of
the children. For all three stimulus conditions, a first valid ECD
could be identified with a latency between 60 and 68 ms. This
carly-latency ECD had a predominantly anterior direction. The
early-latency ECD strongly resembles that reported by Pikko et al.
{2009), who analyzed preschool SEF with an adult MEG system.
They too found a major deflection in the preschool waveform asso-
ciated with an anteriorly directed dipole occurring around 60 ms
(M60), but mainly in toddlers around 1 year of age in combina-
tion with an earlier component around 30 ms (M30). According
to the authors, few preschoolers in the age of 1.6- to 6-years of age
showed the M30, which is in accordance with the present study, but

the preschoolers in the study of Pihko et al. (2009} did show a rela-
tively prominent adult-like M50 with a posterior dipole direction.
In the present study, over all conditions combined and including
the cases that could not be considered in the paired comparisons,
only eight preschoolers showed a posterior early-latency ECD. The
average latency of this ECD was 50 £ 3.86 ms and thus indeed an
M50. The vast majority (48) of the combined early-latency ECDs,
however, had an anterior location with a longer latency between
60 and 68 ms. In the present study, most preschoolers thus still
showed an M60. The source strengths of these early-latency ECDs
did not differ between stimulus conditions. In the toe-touch con-
dition, the early-latency ECD had a significantly more pronounced
source strength than the following, middle-latency ECD.

The second, middle-latency ECD occurred on average between
97 and 104 ms in all three stimulus conditions. This latency seems
to correspond with the data of Gondo et al. (2001}, who reported
a deflection with a latency of about 100 ms in the SEF of toddlers
in response to tactile stimulation to the thumb. In the present
data, the middle-latency deflection was posteriorly directed in 32
out of 39 ECDs combined over the three stimulus conditions.
We further found that the source strength of the middle-latency
ECD was subject to visual modulation. Although not signifi-
cant with unpaired comparisons, the middle-latency ECD source
strength in the finger-touch condition was significantly higher
than that in the toe-touch condition in the case of paired compar-
isons (n=7). Although paired comparisons between the source
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strengths observed in the visuotactile and tactile-only conditions
might be inappropriate, since the tactile-only condition was a
condition in which the participants could rest their eyes on the
screen and arguably made less eye movements, we further found
that the finger-touch condition induced a significantly higher
middle-latency source strength than the tactile-only condition
for n=_8. ECD source strength, by contrast, was higher in the
tactile-only than in the toe-touch condition in the middle-latency
category. With Bonferroni correction on the alpha-level, however,
this difference was not significant.

The differences in middle-latency source strength between
stimulus conditions suggest that visual information modulates
preschool SEF The difference between congruent (finger-touch)
and incongruent (toe-touch) visuotactile stimulation might fur-
ther suggest that somatotopic linkage for seen and felt touch
already develops in early childhood. Out of behavioral necessity,
children must learn to recognize congruent visual and tactile infor-
mation that is behaviorally relevant to them as soon as possible.
For example, they must quickly learn to recognize whether an
object can cause comfort or pain — otten by visuotactile inspec-
tion. The sparse literature related to somatotopy in child cortex
concerns studies on phantom limb experiences in persons with
congenitally absent limbs. In spite of being limb-deficient from
birth, some of these persons experienced phantom limbs since
early childhood (Poeck, 1964). The representations are likely built
up through visuotactile input (Hunter et al,, 2003), for example,
from observation and feeling the intact limb of the self and others.
Further research is necessary, though, to gain more evidence for
somatotopy in the preschool brain and to clarify the mechanisms
that mediate it. In the present experiment, factors such as atten-
tional engagement toward the stimuli may have contributed to
the source strength difference in the paired middle-latency ECDs
obtained in the visuotactile conditions. Some MEG studies with
visuotactile stimuli have implicated or specifically investigated the
role of attentional engagement to the stimuli (Mima et al,, 1998;
fguchi et al,, 2002, 2005; Hesse et al, 2010). We can speculate, for
example, that while watching the finger-touch video the children
increased their attention to the stimulation to their own finger.
When watching the toe-touch video, however, the children might
have “ignored” the stimulation to their finger by concentrating
mote on their toe. This could have caused a contrast in the response
strength between the toe-touch and the finger-touch conditions,
assuming that the videos of stimufation to someone else’s body
part indeed could manipulate attentional focus of the preschooler
to his/her own body part. Future research might attempt to further
investigate this by quantifying the viewers looking behavior to the
video by using an eye-tracking device. Inquiries about attentional
engagement to the videos and their own body part might be per-
formed with an interview, although preschoolers might not always
provide accurate and reliable answers.

Besides the early- and middle-latency ECDs, a valid ECD with a
late-latency could be observed in all the stimulus conditions. The
late-latency ECD occurred between 139 and 151 ms and, to our
knowledge, has not been reported in preschoolers before. In the
tactile-only condition, the dipole direction was anterior in four out
of six children. In the two visuotactile conditions this trend was
stronger: in 2{ out of 25 combined ECDs the dipole direction was

anteriorly directed. Significant source strength differences in the
late-latency ECDs were not found between stimulus conditions.

In summary, the present study with the child-customized MEG
system confirmed the occurrence of an early-latency ECD con-
nected with tactile stimulation to the finger with a latency of about
65ms and a predominantly anterior direction. Middle-latency
ECDs were observed at around 100 ms with a predominantly
posterior dipole direction. Source strength differences between
paired middle-latency ECDs suggest SEF modulation through
visual information in general, with congruent visuotactile infor-
mation (finger-touch condition) inducing a significantly larger
source strength than incongruent visuotactile information (toe-
touch condition). This might reflect the development of brain
functional connectivity between visual and somatosensory areas,
presumably in a somatotopic way. The present preschool data
further indicate the occurrence of a late-latency ECD (around
145 ms), which tended to have an anterior direction. Further
research on somatosensory activity in preschool cortex is necessary
to test the existence and development of (somatotopic) modula-
tion by visual information and to expand the data in general. Also
with the child-customized MEG system used here, data conta-
mination due to motion and concentration artifacts limited the
quality of the data and, hence, the number of valid ECDs that
could be used for statistical comparisons.
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Reduced long-range functional connectivity in young
children with autism spectrum disorder
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Autlsm spectrum disorder (ASD) is often described as a disorder of aberrant neural connectivity. Although it is Important to study the pathophysiology of
ASD In the developing cortex, the functional connectivity in the brains of young children with ASD has not been well studied. In this study, brain activity
was measured non-invaslvely during consciousness in 50 young human children with ASD and 50 age- and gender-matched typically developing human
(TD) children. We employed a custom child-sized magnetoencephalography (MEG) system In which s were located as close to the brain as possible
for optimal recording in young children. We focused on theta hand oscillatlons because they are thought to be involved in long-range networks
assoclated with higher cognitive processes. The ASD group showed significantly reduced connectivity between the left-anterior and the right-posterior
areas, exhibiting a decrease in the coherence of theta band (8 Hz) osciliations compared with the TD group. This reduction in coherence was significantly
correlated with clinical severity in right-handed children with ASD, This is the first study to demonstrate reduced long-range functional connectivity in

consclous young children with ASD using a novel MEG approach.

Keywords: autism spectrum disorder (ASD); coherence; long-range connectivity; magnetoencephalography (MEG):; theta oscillation;

young children

INTRODUCTION

Autism spectrum disorder {ASD) appears in infancy and early child-
hood, causing delays or impairments in social interaction and com-
munication, as well as a restricted range of interests. Physiologically, in
the autistic brain, reduced long-range connectivity was thought to
develop in tandem with high local connectivity (Belmonte et al,
2004; Courchesne and Pierce, 2005), perhaps because of widespread
alterations in synapse elimination and/or formation (Sporns et al,
2000). The evidence gathered with recent developments in neuroima-
aing methods suggests that aberrant brain connectivity reflects import-
ant aspects of brain dysfunction in ASD (Just e al, 2004, 2007;
Koshino et al, 2005; Villalobos ¢t al, 2005; Kana er al, 2006;
Kleinhans et al., 2008; Lee et al, 2009; Monk et al, 2009: Shih et al,
2010; Anderson et al., 2011b; Shih er al, 2011; Wolff et al., 2012; von
dem Hagen er al, 2013). To gain insight into the development of this
dysfunction, it is necessary to study the pathophysiology of ASD in
young children because aberrant white matter pathway development
may occur during infancy (Wolff er al, 2012). However, it is challen-
ging to measure functional connectivity in young children with ASD
under conscious conditions because they are not always cooperative or
patient. Nonetheless, we have recently reported aberrant functional
conunectivity in the brain in preschool children with ASD under con-
scious conditions (Kikuchi er af, 2013a,b). For these preliminary stu-
dies, we developed a custom child-sized magnetoencephalography
(MEG) system in which the sensors are located as close to the head
as possible for optimal recording, even in young children. This is a
useful technique that can provide measures of cortical activity on a
millisccond timescale. Other commonly used neurcimaging tech-
niques, such as functional magnetic resonance imaging (fMRI),
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positron emission tomography and single-photon emission computed
tomography, are limited by their poor temporal resolution relative to
neural activity (i.e. brain electrical rhythms). Furthermore, MEG has
advantages over these neuroimaging techniques for young children,
including improved safety, fewer constraints and less environmental
noise.

Coherent brain rhythms represent a core mechanism for sculpting
the temporal coordination of neural activity in the brain-wide network
(Wang, 2010), Rhythmic brain activity in one area is likely to be
communicated to another avea, gencrating a temporal linkage in the
rhythmicity of the two structures. Given that the processing of any
information involves interactions between multiple regions of the
brain, the maturation of long-distance networks is likely to be crucial
for cognitive development. In humans, theta oscillations have been
suggested to be involved in the long-range networks associated with
various cognitive processes, such as imitation (Babiloni et al,, 2008),
top-down processing (von Stein et ul,, 2000; von Stein and Sarnthein,
2000) and language acquisition (Kikuchi ef al, 2011), or with working
memory and attention (Sarnthein ef al, 1998; Raghavachari et al,
200t Meltzer et al, 2008). In this study, we hypothesized that the
disturbance of long-range conmectivity in young children with ASD
would be reflected by a decreased coherence of theta band oscillations
between distant brain areas. To verify this hypothesis, we performed
coherence analysis to determine the degree of phase locking between
the activities recorded by different sensors. High coherence between
two MEG signals detected at distant sites (e.g. 20cm apart) reflects
phase-locked neuronal oscillations, suggesting functional integration
between neural populations; in contrast, low coherence suggests inde-
pendently active populations, suggesting low functional integration or
functional segregation. MEG produces a reference-free signal and is
therefore an ideal tool with which to compute the coherence between
two distant cortical rhythms.

Due to the limits of field spreading effects, the magnetic fields gen-
erated by a single brain oscillator are varely detected by multiple sen-
sors when the scnsors are separated by at least 20 cm (Figure 1B and C)
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Fig. 1 Location of MEG sensors and magnetically sensitive areas. (A) Schematic of selected sensors (black closed dircles) in our custom child-sized MEG system and a representative child brain (left view). (B)
Schematic of 28 selected sensors {black dosed circles) and 14 pairs (black sofid lines) of sensors located ~20 cm apart from one another (top view). Red (or yellow)-colored areas indicate the magnetic field-
sensitive areas correspanding to a red (or yellow)-colored sensor; the Intensity of the color reflects the sensitivity of the area. As shown in Figure 2, a significant difference was found between this pair of
sensors (indicated by a thick solid line). Note that magnetic field-sensitive areas for the two sensors {which were paited for coherence analysis) do not overlap with one another because of their distance
(~20 am). (O Signal and noise in the MEG sensor used in this study. Magnetic field strength diminishes with distance from the source. Magnetic field strengths were measured at various distances between a
dipote source and the MEG sensor. An experimental dipole source generated a 10 nAm and was measured 100 times for each distance. Signal and noise were evaluated based on the averaged data. Hote the

extremely poor signal-to-noise ratio at distances >10 an.

(Srinivasan er al,, 2007). Our preliminary analysis with the MEG sys-
tems (Figure $1 in Supplementary Data) showed only a very small
amount of brain magnetic activity that appeared to spread from a
local generator to the MEG sensors, which were separated by 20 cm
in our MEG system. Therefore, increased synchronization or coherence
between MEG signals from sensors 20 cm apart in our MEG system is a
reliable indicator of increased long-distance physiological connectivity
(Figures 1B, C and S1). This spatial property of MEG sensor-level
signals is thus particularly advantageous for investigating long-distance
functional connectivity (Srinivasan et al,, 2007). However, no previous
studies of ASD have used MEG sensor-level analysis (between sensors
20 cm apart). Utilizing the advantages of MEG sensors spaced 20 cm
apart, this study provides the first evidence of decreased long-range
connectivity in children with ASD relative to typically developing (TD)
children using a simple and highly convincing method.

MATERIALS AND METHODS
Participants

The clinical group consisted of 50 children with ASD (39 males, 11
females) aged 38-92 months recruited from the Kanazawa University’s

Hospital and prefectural hospitals in Toyama. Children were diagnosed
by a clinical psychiatrist and a clinical psychologist with more than 5
years of experience in ASD using the Autism Diagnostic Observational
Schedule-Generic (ADOS) (Lord et al, 1999), the Diagnostic Interview
for Social and Communication Disorders {DISCO) (Wing et al., 2002),
the Kaufman Assessment Battery for Children (K-ABC) (Kaufman and
Kaufman, 1983) and Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) (American Psychiatric
Association, 1994) criteria at the time of MEG and data acquisition.
All ASD children included in this study fulfilled the diagnosis of child-
hood autism (#=33), atypical autism (#=9) or Asperger’s syndrome
(n=28) with DISCO. Children with scores below the ADQS cut-offs
were included in the study if they satisfied the criteria for ASD using
both DSM-IV and DISCO (14 out of 50 children). The controls were
50 TD children (39 muales, 11 females) aged 36-97 months with no
reported behavioral or language problems. The control children were
approximately age-matched to the subjects with ASD. All TD children
were native Japanese and had no prior or current developmental,
learning, or behavioral problemns, as reported on a questionnaire com-
pleted by their parents. All participants had normal hearing ability,
according to available medical records. The dominant handedness of
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Table 1 Demographic characteristics of the study participants

Group ASD children 1D children t-test
Number of subjects 50 50

Age (range) 66.7 months (38-92)  66.8 months (36-97)  ns.
Gender (M/F) 3911 39/11

Head circumference (5.4} 51.2¢m (£1.4) 51.0am (£1.6) ns.
K-ABC mental processing scale (zhs.d)  96.8 (£22.5) 98.4 (£14.1) ns.
K-ABC achievement scale (s.d.) 96.8 (£23.6) 100.1 (£:12.8) ns.

n.s., no significant difference (i.e. unpaired t-test between two groups, P 14; > 14,0.05).

each participant was determined based on his or her preference for
handling a spoon (TD children: right =45, left=4, both=1; ASD
children: right =41, left =2, both =7). As shown in Table 1, the two
groups were matched in chronological age and had similar K-ABC
mental processing scale scores. Parents agreed to their child’s partici-
pation in the study with full knowledge of the experimental nature of
the research. Written informed consent was obtained prior to partici-
pation. The Ethics Committee of Kanazawa University Hospital
approved the methods, and all procedures were performed in accord-
ance with the Declaration of Helsinki.

MEG data acquisition

Recordings and oftline analysis of the MEG data were performed as
described in our previous studies (Kikuchi et al, 2011, 2013a,b). The
cognitive tasks and MEG measurements were performed on two sep-
arate days for all children. On the first day, the participants were sub-
jected to cognitive tests and introduced to the MEG measurement
environment. On the second day, participants were given instructions
regarding the MEG measurement procedure. The MEG data were re-
corded with a multichannel SQUID (Super-conducting Quantum
Interference Device) whole-head coaxial gradiometer MEG system
for children (PQ 1151R; Yokogawa/KIT, Kanazawa, Japan) in a mag-
netically shielded room (Daido Steel, Nagoya, Japan). The MEG data
were acquired at a sampling rate of 1000 Hz and filtered with a 200 Hz
low-pass filter. During the MEG recording, the children lay supine ona
bed and viewed a video program projected onto a screen. The position
of the head within the helmet during the MEG recording was deter-
mined by measuring the magnetic fields after passing currents through
coils attached at three locations on the surface of the head, which
served as fiduciaty marks for the bilateral mastoid processes and
nasion. Prior to recording, we prepared several video programs that
were entertaining for young children. The video program shown was
selected by cach participant. Before recording, we asked each child to
confirm that he or she was content with the video program that had
been selected. Offline analysis of the MEG data was performed with
Brain Vision analyzer (Brain Products GmbH, Gilching, Germany) and
Matlab (MathWorks, Natick, MA).

Coherence analysis

The MEG data were resampled at 500 Hz. The data were split into 2
segments. Artifact-free segments were selected based on visual inspec-
tion. The process of eliminating contaminated data was performed
blindly. At least 40 artifact-free segments (at least an 80 s period) were
accepted for cach subject. MEG spectra were caleulated by fast Fourier
transformation (FFT) with a spectral resolution of 1.0 Hz. As shown in
Figure 1A and B, 14 pairs of sensors located ~20cm apart from one
another and surrounding the brain in the horizontal axis were selected
prior to the offline analysis. The mean distance (dstandard deviation)
between each of the 14 pairs of sensors for coherence analysis was
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20.3cm (£2.9cm). Coherences (Cross-Spectrum/Autospectrum) were
calculated following a Fourier transform using the formula: Coherence
(cl, e2)(f) =|CS(cl, c2)(j){2/(|(35(c1, (A ICS(e2, 2)(N]), in conjunc-
tion with CS(c1, 2}(f) = Zcl, i(f) 2, i(f)* (CS, Cross-Spectrum). In the
second formula, totaling was carried out via segment number i
Calculation of the average also relates to segments with a fixed fre-
quency, £ and a fixed channel, ¢. Using this methodology, values be-
tween 0 and 1 were obtained for each frequency and for each channel.
The coherences between the 14 pairs were computed in the following six
frequencies covering the theta band: 4, 5, 6, 7, 8 and 9 Hz which we are
interested in.

In addition to our frequencies of interest, coherences of the follow-
ing eight conventional bands were also analyzed for the same sensor
pairs: delta (1.0-3.0Hz), theta (4.0-7.0Hz), alpha-1 (8.0-10.0 Hz),
alpha-2 (11.0-12.0 Hz), beta-1 (13.0-20.0 Hz), beta-2 (21.0-30.0 Hz),
gamma-1 (31.0-59.0 Hz) and gamma-2 (61.0-80.0 Hz).

To investigate the range of alpha rhythms in the ASD and TD par-
ticipants, MEG spectra were re-calculated using a FFT with a spectral
resolution of 0.5 Hz. The absolute power was normalized with the total
power (1-80 Hz) and the averages of over 151 sensors, and alpha peak
frequencies were recorded for both groups.

Statistical analysis

Unpaired t-tests were performed to compare the ASD and TD groups.
To compensale for the multiple comparisons between the [4 long-
distance sensor pairs and for six frequencies of interest, the alpha
level was adjusted to 0.05/84 = 0.00060. As a complementary approach,
an alpha level of 0.05 was also employed, with the risk of increasing the
chance of Type I error, to explore the differences in physiclogical
measures between the ASD and TD groups.

If there was a significant difference in the coherence between two
groups even after the alpha level was adjusted, a Pearson’s correlation
was used to find significant correlations between the coherence and
clinical severity as scored using ADQS (i.e. the sum of the communi-
cation doniain and social interaction domain scores). The significance
level was set at P<0.05 for this correlation analysis.

For the complementary analysis with the eight conventional bands
(i.c. delta~gamma bands), unpaired f-tests were performed to compare
the ASD and TD groups. Similar to the analysis within the theta band,
the stgnificance level was set to P <0.00060.

Alpha peak frequencies were also compared between the ASD and
TD groups using unpaired t-tests, for which the significance level was
set to P<0.05.

RESULTS
Coherence in the ASD and TD groups
As shown in Figure 2, after Bonferroni correction, unpaired t-tests
identified one pair of sensors (left-anterior and right-posterior areas)
for which the ADS group showed significantly lower coherence in 6 Hz
oscillations compared with TD children (¢=4.38, P<0.0001). When
we employed an alpha level of 0.05, with the increased risk of Type 1
errors, some signilicant differences arose between two groups. In the
5-, 6-, 7- and 9 Hz oscillations, there were eight pairs of additional
sensors for which significantly lower coherence was found for the ASD
group compared with the TD group (P<0.05). As shown in Figure 2,
six of the nine significant pairs seem to reflect connectivity between
anterior and posterior brain areas, whereas three of the nine significant
pairs seem to reflect connectivity between left-anterior and right-pos-
terior brain areas. The ASD group did not show significantly higher
coherence than the TD group for any pair of sensors at any frequency.
With regard to the absolute power values, which are shown in
Table S1 of the Supplementary Data, there were no significant
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Fig. 2 Results of the unpaired t-tests comparing coherence values from children with ASD (n = 50) and TD (n == 50) children for each fraquency oscillation in the theta band. The solid red line {P < 0.0606) and
the broken red fines (P < 0.05) indicate the pairs of sensors for which reduced coherence was observed in children with ASD compared with TD children. Hote that, in the 6 Hz oscillation, there was one pair of
sensars (indicated by a solid red line between the left-anterior and the right-pesterior areas) for which significantly reduced coherence was found in ASD children compared with TD children, even after
Bonferroni correction (=438, P <0.0001). In the 5™, 6~, 7~ and 9 Hz oscilfations, eight pairs of sensors (broken fine) showed a tendency toward decreased coherence in ASD children compared with TD
children (P < 0.05). Ho pairs of sensors showed significantly increased coherence in children with ASD compared with TD children at any frequency (P> 0.05).

differences between the TD and ASD groups for any sensor, even using
a non-conservative alpha level of .05 (i.e. |f-value| = 1.98).

With regard to the coherences of the cight conventional del-
ta-gamma bands, which are shown in Figure S2 of the
Supplementary Data, there were no significant differences for any
sensor using a conservative alpha level of 0.00060. Using an alpha
level of 0.05, six pairs of sensors showed a tendency toward decreased
or increased coherence in ASD children compared with TD children.
However, with 112 multiple comparisons, six pairs are approximately a
number of pairs that would be expected to reach statistical significance
by chance alone.

Relation between coherence and symptom

Pearson’s correlation analysis revealed a tendency for negative correl-
ation between coherence in the 6 Hz oscillation (left-anterior and
right-posterior in the 6 Hz oscillation) and ADOS scare (r=—0.28,
P=0.051). When we divided the group based on handedness, as
shown in Figure 3B, this correlation was found to be significant.in
right-handed children with ASD (r=—0.37, P=0.016). To evaluate
the existence of possible gender, intelligence level and/or age effects on
the significance of the relationship found in right-handed children
with ASD, we used multiple linear regression to predict this coherence
value using ADOS score, K-ABC mental processing quotient, age and
gender as predictors (i.e. four independent variables). The significance
level was set at P<0.05. In the multiple regression model, the ADOS
score remained a significant predictor of the coherence (=41,
f=—0.35, P=0.028), whereas K-ABC mental processing quotient
(n=41, B=-0.06, P>0.05), age (#=41, £=0.00, P>0.05) and
gender (n=41, B=-024, P>0.05) did not rcach statistical
significance.

Alpha peak frequencies in the ASD and TD groups

As shown in Figure S3 of the Supplementary Data, the MEG spectra
demonstrated that alpha peak frequencies were ~9.0 Hz in both
groups. Out of the 50 children in the two groups, a clear peak on
the FFT spectrum was detected in 41 TD and 48 ASD children. The
mean measurable alpha peak [requencies were 8.8 (range: 7.5~10.0 Hz)
for TD children and 9.1 (range: 7.5-10.5Hz) for ASD children.
However, an unpaired t-test failed to demonstrate a significant differ-
ence between the groups (+=1.20, P> 0.05).

A complementary approach {(coherence from the full set of
MEG sensors)

A complementary analysis involved an additional analysis of coherence
using the full set of MEG sensors, which included 151 channels. The
sensor that corresponded to the left frontal area, in which robust sig-
nificant differences were observed in the coherence analysis at 6 Hz,
was used as a seed sensor. The coherence values between this seed
sensor and the remaining 150 sensors at 6 Hz were calculated, and
an unpaired f~test was used to compare these values between the
ASD and TID groups. As shown in Figure 4, the unpaired t-test demon-
strated significantly lower coherence for the 6 Hz oscillation between
the left frontal sensor (the seed sensor) and a cluster of sensors in the
right posterior area (located more than 20 cm apart) in children with
ASD compared with TD children.

DISCUSSION

Herein, we provide credible evidence indicating that there is reduced
connectivity between the left-anterior and right-posterior brain areas
in ASD children (3-7 years old), as demonstrated by 6 Hz oscillation
patterns (Figures 3A and 4). This reduced connectivity was
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Fig. 3 Reduced coherence in children with ASD and its correfation with clinical severalty. (A) Coherence values of the 6 Hz oscillation in the pair of sensors (left-anterior and right-posterior area) that exhibited
significantly reduced coherence in ASD children compared with TD children, even after Bonferroni correction (r==4.38, P < 0.0001). The eror bars represent 1s.d. (B) Scatter plot of coherence values for & Hz
oscillations between the left-anterior and the tight-posterior areas in ASD children and the sum of the ADOS COM and SOC scores in children with ASD. In right-handed children with ASD (1 = 41), these values
tended to be negatively carrclated (r = —0.37, £ = 0.016); this correlation weakened when all children with ASD were included {(n = 50, r == —0.28, P == 0.051). Open red circle, right-handed children with
ASD (n==41); blue triangle, left-handed children with ASD (n=2); green square, hoth-handed children with ASD (n==7); solid red fine, regression line for right-handed children with ASD. COM,

communication domain; S0C, social interaction domain:

Map of t-values.
/N
T t-values
‘ TD > ASD

3.55 P=0.00060

1.77

-3.55 P=0.00060

TD < ASD

Fig. 4 Map of t-values between ASD and TD children for coherence values for the 6 Hz oscillation
that were calculated with a seed sensor (yellow circle] and other sensors. The area surrounded by a
green line represents the region in which the distance from the seed sensor (yellow circle} is >20 cm.
In ASD children, a cluster of sensars showed a robust significant decrease (i.e. 7 < 0.00060) of 6 Hz
coherence in the long-distance area. The black solid line indicates the sensor pair in which a rebust
significant difference was demonstrated in the fisst analysis for the 6 Hz oscillation (Figure 2).

significantly correlated with higher symptom severity, as scored using
ADOS, in right-handed children with ASD (Figure 3B).

Qur results are compatible with several recent reports of reduced
brain hemodynamic synchronization in young children, adolescents
and adults with ASD (Cherkassky et al, 2006; Kennedy and
Courchesne, 2008; Monk er al, 200% Anderson et al, 201la;
Dinstein et al, 2011). Most importantly, two recent studies reported
significantly decreased inter-hemispheric synchronization in multiple
cortical areas in toddlers with ASD (Dinstein ef al, 2011) and in ado-
lescents and adults with ASD (Anderson ef al, 2011a). One explan-
ation for these findings Is that the reduced inter-hemispheric
synchronization that is present in young children with ASD persists
into adulthood. Structural imaging has also demonstrated

abnormalities in inter-hemispheric long-range white matter pathways.
Corpus callosum volume has been used as an index of inter-hemi-
spheric connectivity, and a reduced corpus callosum volume is one
of the most replicated structural findings in ASD (Manes et al, 1999;
Hardan er al., 2000; Vidal et al, 2006; Alexander et al., 2007; Stanfield
et al.,, 2008; Keary et al, 2009). These findings in ASD have been shown
to be correlated with intra-hemispheric functional underconnectivity
(Just et al., 2007; Mason et al, 2008). A diffusion tensor analysis of the
corpus callosum also demonstrated significant microstructural differ-
ences between ASD and control groups in fractional anisotropy, mean
diffusivity and radial diffusivity (Alexander et al., 2007; Keller et al,
2007; Brito et al., 2009; Wolff et al, 2012). Most importantly, one
recent study demonstrated that in infants with ASD compared with
infants without ASD, development for most measurable fiber tracts
(i.e. not only the corpus callosum) was characterized by higher frac-
tional anisotropy values at 6 months followed by slower changes over
time; by 24 months of age, the ASD group had lower values (Wolff
et al., 2012). This study is consistent with these structural and func-
tional connectivity studies by suggesting that in ASD children (3-7
years old), there is reduced inter-hemispheric connectivity in the 6
Hz oscillation, and this reduced connectivity is correlated with symp-
tom severity.

When we accepted an alpha level of 0.05, at the risk of increased
Type 1 errors, certain significant differences arose between the two
groups. As shown in Figure 2, six of the nine pairs of sensors that
showed significantly decreased coherence in the ASD group were ori-
ented in the anteroposterior direction. These results suggested that
there was reduced connectivity between the frontal lobes and posterior
brain areas in young children with ASD, results that are consistent with
a putative model of pathophysiology in which the connectivity be-
tween the frontal cortex and other systems is poorly synchronized,
weakly responsive, and information impoverished in  ASD
(Courchesne and Pierce, 2005). Previous neuroimaging studies using
fMRI supported this hypothesis in adult subjects with ASD (Villalobos
et al., 2005; Kana et al,, 2006; Just et al., 2007). Our results also support
this putative model of pathophysiology (ie. lower functional
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connectivity between anterior and posterior arcas) in preschool chil-
dren with ASD.

For both electroencephalography (EEG) and MEG sensor-level sig-
nals, it is difficult to demonstrate short-range brain physiological con-
nectivity (e.g. <10cm) with high reliability and confidence because
volume conduction effects or magnetic field spreading effects can dis-
tort the results such that they are unable to provide credible informa-
tion about functional connectivity. However, long-range brain
connectivity can be cvaluated accurately with MEG using sensors
located 20 cm apart because of the limit of the field spreading effect
(Figures 1B, C and St) (Srinivasan et al, 2007); this evaluation remains
difficult with a scalp-based EEG method. In addition, MEG produces a
reference-free signal and is therefore an ideal tool to compute coher-
ence between two distant cortical rlrythms. [n contrast, in EEG coher-
ence analysis, an improper reference can distort the results and
interfere with their interpretation (Hu et al, 2010). Utilizing the ad-
vantages of signals from MEG sensors spaced 20 cm apart, this is the
first study to demonstrate that reduced Jong-range brain connectivity
is one of the hallmarks of ASD at a very young age.

In our previous study, using widely distributed MEG sensors, we
were unable to demonstrate decreased theta band coherence in the
ASD group compared with the TD group (Kikuchi et al, 2013a,b).
Rather, we reported higher coherence in the gamma-band oscillations
of the temporal and occipital areas in the ASD group (Kikuchi er al,
2013D). In these studies, the distance between the temporal and oc-
cipital sensors was <ISem, and therefore we could not exclude the
possibility that higher short-range connectivity in a gyrus located be-
tween the temporal and occipital aréas yielded a relatively coherent
oscillation that spread to both sensors (<15 cm apart). In this study,
utilizing the advantages of signals from MEG sensors 20 cm apart, we
were able to minimize any spurious connectivity caused by the field
spreading effect.

In this study, we identified a robust significant difference in the 6 Hz
oscillation in one pair of sensors (i.c. the left-anterior and right-pos-
terior areas). In a previous EEG study using a power analysis, the
functional theta thythm in preschool children during attention to
social stimulation was reported (Orekhova et al, 2006). The functional
theta rhythms ranged from 4 to 8 Hz, with a peak frequency of ~6 Hz
in preschool children (Orekhova et al,, 2006). Therefore, our results
(i.e. aberrant brain functional connectivity via theta oscillation) may
reflect aberrant functional theta oscillations that are relevant to social
stimuli in ASD children. As shown in Figure $4, the cohevence values
for the 5 and 7 Hz oscillations tended to be reduced in ASD children
compared with TD children, with a similar significant effect found for
6 Hz oscillation. Although aberrant brain connectivity relevant to
social stimuli in ASD children may be distributed across a mwore
wide frequency range (e.g. 4-8 Hz), a significant difference was only
found for the 6 Hz oscillation. One possible explanation for this re-
stricted result is the confounding tactor of the alpha rhythm at 7, 8 and
9 Hz. As shown in Figure S3, the theta and alpha frequency bands
partly overlapped at 7 and 8 Hz in this study. Although the theta ac-
tivity in preschool children is distinct (rom the alpha activily, the
upper boundary of the theta frequency band is close to the alpha
peak frequency for this age. Thus, the theta and alpha bands may
overlap due to age-related and inter-individual variability.
Furthermore, one cannot exclude the possibility that the theta and
alpha frequency bands partly overlap in the same subject.

This stucdy has some limitations. First, there is a possibility that the
differences in measured coherence may relate to the different spatio-
temporal properties of the video stimuli during the periods corres-
ponding to the selected artifact-free segments. In addition, we did
not evaluate the degree to which the subjects focused ou the TV pro-
gram that they chose. Purther studies that employ attention-controlled

M. Kikuchi et al.

conditions will provide more reliable evidence, although these condi-
tions will likely be difficult to achieve in conscious preschool-aged
young children. Second, to ensure a simple and credible analysis
using raw MEG data, we were limited to 14 pairs of sensors located
~20 cm apart from one another. In exchange for a credible connect-
ivity analysis with the lowest possible magnetic field spreading effect,
we Jost the flexibility to choose various paits of the MEG sensors (e.g.
we could not choose any pair of sensors, such as that between anterior
and temporal areas in the same hemisphere, as the distance between
them is <15c¢m). Third, coherence between a pair of sensors can in-
crease not only because two distinct sources provide activity that has
become more phase-locked but also because a single source generates a
signal that reaches both sensors. In our study, to reduce the latter
possibility, we used a sparse alignment of MEG sensors (e.g. the dis-
tance between the sensors was at least 20 cm); however, we cannot deny
the latter possibility completely. Fourth, given that young children
were examined in this study, we were unable to obtain structural
brain information onto which we could superimpose the coordinate
systems of the source-estimated MEG signals, as described in a previ-
ous study of adults with ASD (Honaga et af., 2010). This limitation was
encountered because it is difficult to perform additional MRI when
studying young children. Therefore, we performed a sensor-level ana-
lysis. However, future studies using child-friendly, open-type MRI
devices and source-space imaginary coherence analysis with beam-
forming methods (Sekihara et al, 2011), which have become a popular
method of estimating functional connectivity based on MEG/EEG, will
enable us to investigate the source level brain network in young chil-
dren under conscious conditions. Fifth, a majority of the children with
ASD In this study were high-functioning subjects who were able to
remain stationary during the MEG measurements; therefore, the find-
ings may not apply to children with ‘Kanner’s Aatism’ who have dif-
ficulty remaining stationary.

CONCLUSIONS

In summary, the ASD group showed significantly reduced connectivity
between the left-anterior and the right-posterior areas, exhibiting a
decrease in the coherence of theta band (6 Hz) oscillations compared
with the TD group. This reduction in coherence was significantly
correlated with clinical severity in right-handed children with ASD.
This is the first study to demonstrate reduced long-range functional
conneclivily in conscious young children with ASD using a novel and
credible MEG approach.
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