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Abstract

Background: Previous autism research has hypothesized that abnormalities of functional connectivity in autism
spectrum disorder (ASD) may vary with the spatial distance between two brain regions. Although several resting-state
functional magnetic resonance imaging (rsfMRI) studies have extensively examined long-range (or distant) connectivity
in the adult ASD brain, short-range (or local) connectivity has been investigated in less depth. Furthermore, the possible
relationship between functional connectivity and brain activity level during the resting state remains unclear.

Methods: We acquired rsfMRI data from 50 adults with high-functioning ASD and 50 matched controls to examine
the properties of spontaneous brain activity using measures of local and distant connectivity together with a
measure of the amplitude of brain activity, known as fractional amplitude of low-frequency fluctuation (fALFF). The
two connectivity measures were calculated using a common graph-theoretic framework. We also examined the
spatial overlaps between these measures and possible relationships of these disrupted functional measures with
autistic traits assessed by the Autism-Spectrum Quotient (AQ).

Results: Compared to the controls, participants with ASD exhibited local over-connectivity in the right superior
frontal gyrus and middle frontal gyrus, accompanied by local under-connectivity in the bilateral fusiform gyri (FG)
and right middle temporal gyrus (MTG). On the other hand, we did not find any significant alterations in distant
connectivity. Participants with ASD also exhibited reduced fALFF in the right middle occipital gyrus, lingual gyrus,
and FG. Further conjunction and spatial overlap analyses confirmed that the spatial pattern of reduced fALFF
substantially overlapped with that of local under-connectivity, demonstrating the co-occurrence of disrupted
connectivity and spontaneous activity level in the right inferior occipital gyrus, posterior MTG (pMTG), and FG.
Finally, within the ASD group, disrupted local connectivity in the right pMTG significantly correlated with the
“social interaction” subscale score of the AQ.

Conclusions: These findings revealed local functional disruptions in the occipital and temporal regions, especially
the right FG and pMTG, in the form of co-occurrence of spontaneous brain activity level and local connectivity,
which may underline social and communicative dysfunctions in adult ASD.
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Background
Autism spectrum disorder (ASD) has been widely recog-
nized as a complex neurodevelopmental disorder charac-
terized by atypical anatomical and functional connectivity
between brain regions [1]. However, there is not enough
consensus on what kind of abnormality that characterizes
the neurobiological underpinnings of this disorder, partly
because of multiple confounding factors that may impact
on connectivity, including developmental stage [2, 3] and
cognitive state [4]. Previous functional magnetic reson-
ance imaging (fMRI) studies have proposed that the ASD
brain may be characterized by under-connectivity [5, 6].
Although the under-connectivity theory of ASD has been
supported by many fMRI studies [5, 7–10], some of the
recent fMRI studies have also provided evidence for over-
connectivity [11–14]. In the face of contradictory findings,
current research has led to the proposal of a disrupted
connectivity theory that includes both under- and over-
connectivity [15]. In this theory, the spatial distance of
connectivity is considered a key factor determining the
direction of alteration in functional connectivity such that
the ASD brain may be characterized by reduced distant
connectivity and enhanced local connectivity.
To date, a number of fMRI studies on ASD have re-

ported atypical connectivity between relatively distant brain
areas [16]. In contrast, the number of fMRI studies investi-
gating local connectivity is limited, which may be partly
due to uncertainty in the definition of “local” connectivity.
Originally, local connectivity has been characterized at the
mesoscopic level of the brain. Based on evidence of post-
mortem studies [17], Courchesne and Pierce [18] hypothe-
sized that a series of pathological processes involving
neuroinflammation, migration defects, and defective apop-
tosis might led to malformation of minicolumn circuitry
particularly in the frontal cortex. In addition to the meso-
scopic evidence, a few fMRI studies have investigated local
connectivity in the ASD brain using regional homogeneity
(ReHo) that quantifies, by Kendall’s coefficient of concord-
ance (KCC), the similarity in the time-series data between
a focal voxel and its direct neighbors (e.g., 6, 18, or 26 vox-
els) [19]. As the first fMRI study in ASD, Paakki et al. [20]
examined the time-series of resting-state fMRI (rsfMRI) in
adolescents with ASD and calculated the KCC from 26
nearest neighbor voxels; they found that adolescents with
ASD exhibited increases of ReHo in the right thalamus
and left inferior frontal gyrus, together with significant
reductions in the right middle temporal gyrus (MTG)
and superior temporal gyrus (STG). Similarly, Shukla
et al. [21] examined this measure using a different
spatial scale (six voxels) from task-based fMRI data.
After regressing out the task effect, they observed that
individuals with ASD showed decreases of ReHo in the
bilateral middle frontal gyri (MFG) and superior frontal
gyri (SFG) accompanied with increases in the right
MTG and left amygdala. Although these two studies on
child and adolescent ASD identified patterns of both
over- and under-connectivity at the local scale, the
spatial patterns of the two types of alterations did not
match between the studies.
Recently, Sepulcre et al. [22] proposed a method for

simultaneously quantifying both local and distant con-
nectivity based on a graph-theoretic framework. In this
approach, a functional brain network consists of a set of
nodes (voxels) and edges (functional connectivity among
nodes), and the network is embedded in the anatomical
space in order to consider the Euclidean (or spatial) dis-
tance among nodes. Local and distant connectivity of a
node (a single voxel) are then computed as the number
of connections inside (local) or outside (distant) of the
radius sphere centered on that focal node. This approach
may allow more robust evaluation of local connectivity
than ReHo, because local connectivity is the summation
of connections from a larger number of voxels to a focal
node and therefore may alleviate the effects of artifacts.
Maximo et al. [23] recently examined local connectiv-

ity by applying the graph-theoretic framework proposed
by Sepulcre et al. [22] to the analysis of spontaneous
brain activity in adolescents with ASD. They also examined
ReHo, and both of the measures were calculated with mul-
tiple spatial scales (local connectivity 6- and 14-mm radii;
ReHo 7, 19, 27, and 407 voxels). They demonstrated that
the coarse spatial scale (>6-mm radius) yielded a more
stable estimation for local connectivity. Furthermore, they
found evidence of atypical local connectivity in adolescents
with ASD in which local under-connectivity was identified
in the bilateral posterior cingulate cortices (PCC), accom-
panied by local over-connectivity in the right MFG. Al-
though there have been several other studies that have
examined local connectivity in adolescents with ASD [4,
20, 21, 23, 24], to date, no studies have investigated local
connectivity of adults with ASD.
While previous rsfMRI studies on neurotypical popula-

tions have mainly examined the synchronicity of spontan-
eous activity among brain regions, some rsfMRI studies
have also investigated the magnitude of low-frequency os-
cillations of brain activity using a measure called the amp-
litude of low-frequency fluctuation (ALFF) or fractional
ALFF (fALFF) [25]. In spite of potential implications of
the measure with disease states of various brain disorders
[26–29], to the best of our knowledge, only two recent
fMRI studies on ASD have analyzed the amplitude of low-
frequency fluctuation of spontaneous brain activity. Di
Martino et al. [30] demonstrated increases of fALFF in the
right MFG and reductions of fALFF in the left occipital
pole using a large multi-site dataset. On the other hand,
Supekar et al. [31] revealed that, compared to typical con-
trols, children with ASD showed increases of the mean
global functional connectivity, accompanied by increased
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mean ALFF. These previous studies have reported mul-
tiple forms of manifestations of atypical spontaneous brain
activity in ASD. However, such findings have not yet led
to an integrative understanding, partly because each meas-
ure has been examined largely in isolation or under a dif-
ferent analytical framework, which makes comparisons
among multiple measures difficult.
In the present study, we aimed to achieve two major

goals to advance our understanding of the abnormalities
in spontaneous brain activity in adults with ASD. First,
we aimed to estimate local and distant functional con-
nectivity under the same graph-theoretic framework. Al-
though a few previous studies of resting-state fMRI in
adolescents with ASD have compared local connectivity
under the same analytical framework [23, 24], no studies
have applied this approach to adults with ASD. Applying
this approach to the adult population is important con-
sidering the evidence of an altered developmental tra-
jectory of functional connectivity from adolescence to
adulthood in ASD [2, 32]. Second, we aimed to reveal
possible associations between alterations in functional
connectivity and those in the magnitude of brain activ-
ity. Commonalities of altered brain regions identified by
different physiological measures can aid towards an in-
tegration of diverse findings. In relation to these two
goals, we hypothesized that (1) adults with ASD would
show distant under-connectivity and local under- and
over-connectivity in several brain regions (e.g., the frontal,
occipital, and temporal cortices); (2) altered fALFF in the
ASD group would be found particularly in the occipital re-
gions, given an observation of a previous finding using the
same measure [30]; (3) atypical connectivity in some
regions might co-occur with fALFF alterations; and (4)
autistic traits would be associated with some of these
measures of spontaneous brain activity in regions par-
ticularly related to social and communicative functions.

Methods
Participants
Fifty adults with ASD were recruited from outpatient
units of the Karasuyama Hospital, Tokyo, Japan. A team
of three experienced psychiatrists and a clinical psych-
ologist assessed all patients. All patients were diagnosed
with ASD based on the criteria of the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition
(DSM-IV) and a medical chart review. The assessment
consisted of participant interviews about developmental
history, present illness, life history, and family history
and was performed independently by a psychiatrist and
a clinical psychologist in the team. Patients were also
asked to bring suitable informants who had known
them in early childhood. At the end of the interview, the
patients were formally diagnosed with a pervasive devel-
opmental disorder by the psychiatrist if there was a
consensus between the psychiatrist and clinical psycholo-
gist; this process required approximately 3 hours. A group
of 50 age- and gender-matched normal controls (NCs)
was recruited by advertisements and acquaintances. None
of the NCs reported any severe medical problem or any
neurological or psychiatric history. None of them satisfied
the diagnostic criteria for any psychiatric disorder.
The intelligence quotient (IQ) scores of all participants

with ASD were evaluated using either the Wechsler
Adult Intelligence Scale Third Edition (WAIS-III) or the
WAIS-Revised (WAIS-R), while those of NCs were es-
timated using a Japanese version of the National Adult
Reading Test (JART) [33]. Although there are several
minor changes in WAIS-III from WAIS-R (e.g., in-
crease of items), the number of core items remained
generally unchanged. Therefore, we considered that
WAIS-R and –III were essentially the same with regard
to measuring the full-scale IQ score of individuals with
ASD. Regarding the JART, Matsuoka et al. [33] investi-
gated the relationships between WAIS-R and JART in
NCs and demonstrated that JART successfully pre-
dicted the full-scale IQ score, at least in the normal
population. Every participant with ASD was considered
to be high functioning, because his or her full-scale IQ
score was higher than 80. Participants completed the
Japanese version of the Autism-Spectrum Quotient (AQ)
test [34]. To characterize more specific autistic traits of
each participant, we computed the subscale scores of
“social interaction” and “attention to detail,” using the
method proposed by Hoekstra et al. [35]. Table 1 shows
the demographic and clinical data of participants in both
the ASD and NC groups. No demographic data (age, gen-
der, and IQ) showed significant differences between the
two groups (all p ≥ 0.3).
The Ethics Committee of the Faculty of Medicine of

Showa University approved all of the procedures used in
this study, including the method of obtaining consent, in
accordance with the Declaration of Helsinki. Written in-
formed consent was obtained from all the participants
after fully explaining the purpose of this study. Any con-
cern regarding the possibility of reduced capacity to con-
sent on his or her own was not voiced by either the
ethics committee or patients’ primary doctors.

MRI data acquisition
All MRI data were acquired using a 1.5 T GE Signa system
(General Electric, Milwaukee, WI, USA) with a phased-
array whole-head coil. The functional images were ac-
quired using a gradient echo-planar imaging sequence
(in-plane resolution: 3.4375 × 3.4375 mm, echo time (TE)
40 ms, repetition time (TR) 2000 ms, flip angle 90°, slice
thickness 4 mm with a 1-mm-slice gap, matrix size 64 ×
64, 27 axial slices). Two hundred and eight volumes were
acquired in a single run. The first four volumes were



Table 1 The demographic data for the participants

NC (male 43, female 7) ASD (male 43, female 7) Statistics

Mean SD Range Mean SD Range df P value

Age (years) 31.60 7.60 19–49 30.82 7.39 19–50 98 0.60

Estimated IQ 108.09 8.98 87.46–119.80 105.60 14.12 82–134 98 0.30

AQ score 15.24 5.64 4–30 36.96 5.05 24–47 86 <0.001

AQ sub-scale

Social interaction 81.42 12.34 53–106 126.5 12.23 101–150 86 <0.001

Attention to detail 21.87 3.93 15–37 26.14 4.38 17–35 86 <0.001

NC normal control, ASD autism spectrum disorder, SD standard deviation, IQ intelligence quotient, AQ autism-spectrum quotient
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discarded to allow for T1 equilibration. During the scan,
each of the participants was instructed to lie relaxed in the
scanner, remain as still as possible, with his or her eyes
closed, and yet to stay awake in the dim scanner room.
In addition, a high-resolution T1-weighted spoiled gra-
dient recalled (SPGR) 3D MRI image was acquired (in-
plane resolution 0.9375 × 0.9375 mm, 1.4-mm-slice
thickness, TR 25 ms, TE 9.2 ms, matrix size 256 × 256,
128 sagittal slices).

rsfMRI preprocessing
All the rsfMRI data were processed mainly using the Stat-
istical Parametric Mapping software (SPM 8) (Wellcome
Department of Cognitive Neurology, London, UK), com-
plemented with pinpoint uses of a part of Analysis of
Functional NeuroImages (AFNI; http://afni.nimh.nih.gov/
afni) [36] and FMRIB’s Software Library (FSL; http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/) [37]. Unless otherwise speci-
fied, rsfMRI data were preprocessed using functions im-
plemented in the SPM software. First, slice timing and
head motion were corrected. No participant was ex-
cluded due to excessive motion (>±2 mm translation
and >±2° rotation from the first volume in any axis).
Next, rsfMRI data were skull-stripped using 3dAuto-
mask and 3dcalc, and then time-series despiking was
performed using 3dDespike implemented in the AFNI.
We included time-series despiking in order to correct
the abrupt signal changes in the analysis of fALFF, in
which the condition of temporal continuity is required.
Thus, the standard scrubbing method that removes cor-
rupted time points cannot be applied. For each partici-
pant, a T1-weighted SPGR image was realigned along
the mid-sagittal anterior-posterior commissure line and
was segmented and reconstructed in order to create a
skull-tripped T1-weighted image. The despiked fMRI
data were co-registered to the skull-stripped T1-weighted
image. The data were further spatially normalized to the
standard Montreal Neurological Institute (MNI) template
and resampled to a resolution of 2 × 2 × 2 mm. Finally,
mean-based intensity normalization was performed to
scale the mean of all of the voxels (over space and time) to
a constant value (i.e., 10,000) with fslmaths implemented
in FSL [25].
The removal of artifactual components from the time-

series in each voxel was performed using the aCompCor
method [38]. Briefly, this method identifies five principal
components associated with physiological signals from
the segmented white matter and cerebrospinal fluid re-
gions, and then regresses out those time-series, together
with those associated with 12 head motion parameters,
consisting of 6 motion parameters and their first-order
temporal derivatives, from the time-series in each voxel.
Of note, the removal of global signal was not performed
in order to avoid the risk of yielding spurious negative
correlations [39].
The time-series were further preprocessed for the sub-

sequent analyses. In this study, we included both motion
regression and scrubbing, because several studies indi-
cated that, although motion regression could remove a
large portion of variance related to head motion from
the rsfMRI data, some effects of head motion were
retained after motion regression [40, 41]. In order to re-
move the effects of head motion on local connectivity as
much as possible, we applied scrubbing as well. In this
study, the scrubbing method was applied in the follow-
ing order: (1) the frame-wise displacement (FD) and
frame-by-frame signal intensity change (DVARS) were
calculated immediately after head motion correction; (2)
we regarded a volume as a motion-contaminated volume
either when its FD value was greater than 0.5 mm or
when its DVARS value was greater than the 75th percent-
ile plus 1.5 times the interquartile range; (3) the signal
values of the motion-contaminated volumes were interpo-
lated by applying cubic spline function [42]; (4) for ana-
lyses of local and distant connectivity, a band-pass filter
(0.009–0.08 Hz) was further applied in order to reduce
the effects of low-frequency drifts and high-frequency
physiological noises; (5) finally, the interpolated volumes
were deleted. There were no significant differences be-
tween the two groups in the mean FD (NC 0.11±0.047

http://afni.nimh.nih.gov/afni
http://afni.nimh.nih.gov/afni
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
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(mean±standard deviation); ASD 0.10±0.044; t = 1.57, p =
0.12) and DVARS (NC 1.29±0.21; ASD 1.28±0.17; t =
0.35, p = 0.73).

Measures for spontaneous brain activity
Local and distant connectivity
Functional brain networks are composed of a set of nodes
and edges. To construct functional brain networks, we
regarded each voxel within a study-specific brain mask and
functional connectivity between voxels as a node and edges,
respectively. Following procedures described in previous
studies [43, 44], we first generated a study-specific brain
mask by including only voxels present in all 100 partici-
pants and those survived in a 40 % gray matter probability
mask. The generated mask contained 146,594 voxels, each
of which was regarded as a node in this study. For estimat-
ing the strength of functional connectivity between nodes,
Pearson’s correlation coefficients between all possible pairs
of nodes were calculated, which resulted in a 146,594 ×
146,594 correlation matrix for each participant. A weighted,
undirected graph was obtained by thresholding each elem-
ent of correlation matrix at rij > 0.25 (p < 0.001), in accord-
ance with a previous study [45].
Previous studies have used the weighted degree (or

strength) of a weighted network to quantify the degree
of connectivity of a focal node with the rest of nodes in
the entire network regardless of physical distances be-
tween nodes [46, 47]. We distinguished between the local
and distant connectivity by adopting a method described
by Sepulcre et al. [22]. Local degree, or simply local con-
nectivity, quantifies the degree of connectivity of a focal
node with nodes inside of a pre-defined radius sphere. On
the other hand, distant degree, or distant connectivity,
quantifies the degree of connectivity of the node with
nodes outside of the radius sphere. Since weighted
graphs were constructed in this study, local and distant
connectivity of the graph were characterized using local
and distant strengths, instead of local and distant de-
grees. Following the criteria for determining the local
and distant connectivity adopted by a previous study [48],
local connectivity was computed as the weighted degree
of connectivity within a 12-mm-radius sphere, while dis-
tant connectivity was calculated as the weighted degree of
connectivity outside 25-mm-radius sphere.

Fractional amplitude of low-frequency fluctuation
For the assessment of the level of spontaneous brain ac-
tivity, we generated an fALFF map in each participant
using the REST toolbox (http://www.restfmri.net) [49].
After removal of artifactual components from the time-
series of each voxel within the brain mask described
before, we interpolated the motion-contaminated vol-
umes (see “rsfMRI preprocessing” subsection) using a
cubic spline function. In contrast to local and distant
connectivity, we did not remove the interpolated vol-
umes in order to maintain the temporal continuity.
Then, we converted the time-series of each voxel into
the frequency-domain using the fast Fourier transform
and computed the power spectrum at each voxel. To be
consistent with analyses of local and distant connectivity,
a frequency range of interest was restricted to the range
of from 0.009 to 0.08 Hz. The fALFF was computed as
the ratio of the square root of the power spectrum aver-
aged across that frequency range to that averaged across
the entire detectable frequency range (0.00–0.25 Hz).

Statistical analyses
Between-group comparisons
For group comparisons, a map of each measure was z-
scored for each participant; each z-scored map was then
spatially smoothed using a 6-mm full-width half-maximum
Gaussian smoothing kernel [44]. Finally, statistical analyses
were performed on each measure, while including age and
the mean FD as nuisance covariates. In this study, multiple
comparisons were corrected based on the Gaussian ran-
dom field theory (z > 2.3; cluster-level significance p < 0.05,
corrected).

Conjunction and spatial overlap analyses
It turned out that several brain regions showed signifi-
cant group difference in local connectivity and fALFF.
To examine whether there is any spatial overlap between
alterations in these two measures, we conducted conjunc-
tion analyses and tested the conjunction null hypothesis
[50]. Conjunction analyses were performed using a cluster-
wise test with z-stats threshold of 2.3 (corrected-p thresh-
old of 0.05).
Spatial overlaps between alterations in local connect-

ivity and fALFF were further assessed using a Monte
Carlo simulation with 5000 iterations, according to pre-
vious studies [51, 52]. At each iteration, we generated
two whole-brain maps filled with values sampled from a
Gaussian distribution. The two generated maps had the
same smoothness as the two observed statistical maps.
These simulated maps were thresholded using the same
cluster-wise test with z-stats threshold of 2.3 (corrected-
p-value threshold of 0.05), and then we counted the
number of overlapped voxels. Finally, the probability of
the number of overlapped voxels observed in the actual
data was calculated using a null distribution of the num-
ber of overlapped voxels in the random setting.

Relationships between atypical measures and autistic traits
When significant between-group differences were found
in any of the measures, three multiple linear regression
analyses were performed to examine possible associa-
tions of each measure with the autistic traits assessed by
the AQ (the total AQ score and the “social interaction”

http://www.restfmri.net
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and “attention to detail” subscale scores) within the ASD
group. Of note, age and the mean FD were included as
nuisance covariates. In each measure, we generated a
mask to perform statistical evaluations only on voxels
showing significant between-group differences. Statistical
significance was set at p < 0.05, false discovery rate (FDR)
corrected for multiple comparisons.
Results
Local and distant connectivity
Statistical analysis on distant connectivity revealed no
clusters of voxels that showed a significant difference
between the groups. In contrast, significant alterations
in local connectivity were found in two clusters (Fig. 1
and Table 2), one of which included the bilateral fusi-
form gyri (FG), lingual gyri (LING), parahippocampal
gyri (PHG), right inferior occipital gyrus (IOG), and
MTG (Fig. 1a). In this cluster, participants with ASD exhib-
ited significant decreases of local connectivity when com-
pared to NCs. In the other cluster consisting of the right
SFG, MFG, and precentral gyrus (PreCG), participants with
ASD exhibited significant local over-connectivity relative
to NCs (Fig. 1b).
Fractional amplitude of low-frequency fluctuation
Group comparisons revealed that participants with ASD
showed significantly decreased fALFF values in a large
cluster, including the right LING, middle occipital gyrus
(MOG), FG, and cerebellum (Fig. 2 and Table 3). In con-
trast to the pattern of reduced local connectivity, no sig-
nificant between-group differences were observed in the
left hemisphere. However, the spatial pattern of reduced
fALFF in the right hemisphere was similar to that of re-
duced local connectivity involving the posterior brain re-
gions of the FG, IOG, and LING (c.f. Fig. 1a).
Fig. 1 Atypical local connectivity in individuals with autism spectrum disor
group comparison of local connectivity are shown (NC>ASD and ASD>NC)
field theory (z > 2.3; cluster-level significance p < 0.05, corrected). The red-y
reductions in the group of individuals with ASD compared to the group of
z-statistics, which indicates significant increases in the ASD group compared t
in a large cluster (4360 voxels) that included the bilateral LING, bilateral FG, an
cluster (1809 voxels) that consisted of the right SFG, MFG, and PreCG. Right (R
(MTG), superior frontal gyrus (SFG), middle frontal gyrus (MFG), and precentral
Conjunction and spatial overlap analyses
In order to evaluate the spatial overlap between alterations
in local connectivity and those in fALFF more quantita-
tively, conjunction and spatial overlap analyses were per-
formed. Conjunction analysis revealed that reductions of
the two measures for participants with ASD clearly co-
occurred in the right IOG, pMTG, LING, and FG (Fig. 3).
In addition, the spatial overlaps between reductions in the
two measures were further assessed using a Monte Carlo
simulation with 5000 iterations [51, 52]. The simulation
calculated the possibility of finding a larger number of
overlapped voxels between the two measures by chance
than that observed in the actual data (2047 voxels). Ac-
cording to the simulation, such probability was estimated
as p = 0.0014, indicating that the spatial overlaps were un-
likely to occur by chance.

Relationships with autistic traits
To examine whether these reductions in local connectivity
and fALFF in localized brain regions have any relation-
ships with the autistic traits, we performed multiple linear
regression analysis using each AQ score (i.e., the total AQ
score and the “social interaction” and “attention to detail”
subscale scores) as an independent variable. Within the
ASD group, no voxels showed significant associations of
fALFF reductions with any of the AQ scores, including
the total and subscale scores. In contrast, disrupted local
connectivity in the right posterior MTG (pMTG) exhib-
ited a highly significant negative correlation with the AQ
subscale score of “social interaction” (Fig. 4).

Discussion
In the present study, multiple aspects of spontaneous
brain activity during rest were examined in adults with
ASD using local connectivity, distant connectivity, and
fALFF. Compared to the NC group, the ASD group
der (ASD) compared to normal controls (NCs). The z-maps of the
. Multiple comparisons were corrected based on the Gaussian random
ellow color represents positive z-statistics, which indicates significant
NCs. On the other hand, the light-blue color represents negative
o the NC group. a The ASD group exhibited reduced local connectivity
d right MTG. b The ASD group showed enhanced local connectivity in a
), left (L), lingual gyrus (LING), fusiform gyrus (FG), middle temporal gyrus
gyrus (PreCG)



Table 2 Altered local connectivity in participants with autism spectrum disorder relative to normal controls

Effect Cluster size MNI coordinate Brain region z-statistics

x y z

NC>ASD

4360 14 −62 −10 Lingual gyrus 4.31

Fusiform gyrus

Posterior cingulate

Parahippocampus

60 −60 6 Middle temporal gyrus 3.94

Inferior temporal gyrus

Superior temporal gyrus

−18 −66 −10 Lingual gyrus 3.78

Fusiform gyrus

Parahippocampus

40 −52 −26 Cerebellum 3.18

8 −74 20 Cuneus 3.14

ASD>NC

1809 20 0 60 Superior frontal gyrus 4.14

Supplementary motor area

48 14 48 Middle frontal gyrus 3.54

56 6 42 Precentral gyrus 4.14

Inferior frontal gyrus
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showed significant alterations in local connectivity and
fALFF but not in distant connectivity. The ASD group
showed significant decreases of local connectivity in
several occipital and temporal regions, including the bi-
lateral FG, LING, and right pMTG together with in-
creases of local connectivity in the right SFG and MFG.
Furthermore, the ASD group exhibited significant re-
ductions of fALFF values in regions in the occipital and
temporal cortices, such as the right MOG, LING, and
Fig. 2 Reduced fractional amplitude of low-frequency fluctuation in individ
controls (NCs). The z-map of group comparisons of the fractional amplitud
comparisons were corrected based on the Gaussian random field theory (z >
represents positive z-statistics, which indicate significant reductions in the gro
the NC group, the ASD group exhibited significant decreases in fALFF in a lar
(R), left (L), lingual gyrus (LING), fusiform gyrus (FG), inferior occipital gyrus (IOG
FG. Conjunction and spatial overlap analyses confirmed
that the spatial pattern of reduced fALFF values sub-
stantially overlapped with that of reduced local connect-
ivity particularly in the right IOG, pMTG, FG, and
LING. Furthermore, within the ASD group, disrupted
local connectivity in the right pMTG was significantly
associated with the AQ subscale score of “social inter-
action”. These findings suggest that, in adults with ASD,
local functional disruptions in several social brain regions
uals with autism spectrum disorder (ASD) compared with normal
e of low-frequency fluctuation (fALFF) is shown (NC>ASD). Multiple
2.3; cluster-level significance p < 0.05, corrected). The red-yellow color
up of individuals with ASD compared to the group of NCs. Relative to
ge cluster (4437 voxels), including the right LING, FG, IOG, and PHG. Right
), and parahippocampal gyrus (PHG)



Table 3 Reduced fractional amplitude of low-frequency
fluctuation in participants with autism spectrum disorder relative
to normal controls

Effect Cluster
size

MNI coordinates Brain region z-statistics

x y z

NC>ASD

4437 22 −66 −8 Lingual gyrus 4.40

Parahippocampus

46 −68 −8 Middle occipital gyrus 3.74

Fusiform gyrus

−4 −86 2 Cuneus 3.24

42 −54 −24 Fusiform gyrus 3.23

Cerebellum crus 1

Culmen
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are manifested in the form of co-occurred alterations in
the magnitude and local connectivity during spontaneous
brain activity and that such local functional disruptions
may underlie core problems of their social and communi-
cative difficulties.

Atypical local connectivity in the ASD brain
A number of previous rsfMRI studies have demonstrated
that individuals with ASD show atypical functional
connectivity among several brain regions [8, 16, 24, 30,
31, 53–55]. The majority of studies that examined
adults with ASD have found largely reduced connectiv-
ity patterns [3]. Although children with ASD often show
over-connectivity [13, 31, 56, 57], only a few studies
have reported over-connectivity in adults [12]. However,
it is important to note that previous rsfMRI studies on
adults with ASD focused on intrinsic connectivity in a
Fig. 3 Spatial overlap of voxels showing alterations in local connectivity an
disorder (ASD). The z-map reflects the conjunction analysis between reduced
fluctuation (fALFF). This analysis was performed using a cluster-wise test with
color indicates positive z-statistics (i.e., NC>ASD). In order to show the precise
alterations of either measure, we overlaid the regions with disrupted local
(shown in green) in the same axial slice. This analysis revealed substantial
fALFF. These significant spatial overlaps were observed in a large cluster (2
and pMTG. Right (R), left (L), fusiform gyrus (FG), lingual gyrus (LING), poste
occipital gyrus (IOG), inferior temporal gyrus (ITG), and posterior middle te
relatively large spatial scale such as connectivity be-
tween brain regions defined on the level of gyri or by
interaction between functional networks (i.e., functional
network connectivity), thus leaving possible alterations
in local functional connectivity unexplored. To the best
of our knowledge, the present rsfMRI study is the first that
has demonstrated both under- and over-connectivity pat-
terns in the localized brain regions in adult ASD using the
same analytical framework for characterizing distant
connectivity.
In this study, local over-connectivity was found in the

right SFG and MFG. Behaviorally, individuals with ASD
often show enhanced perceptual functioning particularly
in the visual domain, as evidenced by superior perform-
ance in tasks that require extensive local visual informa-
tion processing such as visual search [58–61]. These
observations led to a proposal that visual perception of
ASD is more locally oriented than that of typical indi-
viduals [62]. This view raises a possibility that such pref-
erence in ASD might be linked with atypical brain
activity in brain regions related to visual information
processing and its control. Indeed, previous fMRI stud-
ies have demonstrated that the SFG is critically involved
in visuospatial attention and visual spatial working
memory [63–66], and that individuals with ASD show
atypical activation in the SFG while attending to local
patterns in the hierarchical shape-recognition task [67].
Considering these findings, our results may suggest a
possibility that local over-connectivity in the right SFG
and MFG might be related to atypical visual information
processing in ASD.
In addition to local over-connectivity in the frontal re-

gions, the ASD group exhibited local under-connectivity in
the occipital and temporal regions, including the bilateral
d fractional amplitude of low-frequency fluctuation in autism spectrum
local connectivity and reduced fractional amplitude of low-frequency
z-stats threshold of 2.3 (corrected p threshold of 0.05). The red-yellow
location of significant spatial overlap within the regions showing
connectivity (shown in blue) and those showing reduced fALFF
spatial overlaps between reductions in both local connectivity and
047 voxels), which encompassed the right FG, LING, PCC, PHG, ITG,
rior cingulate cortex (PCC), parahippocampal gyrus (PHG), inferior
mporal gyrus (pMTG)



Fig. 4 Significant negative correlations between disrupted local connectivity and the AQ subscale score of “social interaction”. A multiple linear
regression analysis was performed in order to assess the relationship between disrupted local connectivity and the AQ “score of social interaction”
subscale within the group of participants with autism spectrum disorder (ASD). a The multiple linear regression analysis revealed that the right pMTG
showed a significant association between the AQ subscale score of “social interaction” and disrupted local connectivity. Of note, age and gender were
included as nuisance covariates. Statistical significance was set at p < 0.05, with the false discovery rate (FDR) corrected for multiple comparisons.
The red-yellow color indicates the negative t-statistics representing negative correlation between the AQ subscale of “social interaction” and local
connectivity. b The relationship between disrupted local connectivity and the AQ subscale score of “social interaction” at the peak coordinate (MNI =
[60, −64, 6]) was shown. For each participant with ASD, the local connectivity value was extracted from the peak coordinate and plotted against the
“social interaction” score of that participant. Right (R), left (L), and posterior middle temporal gyrus (pMTG)
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FG, LING, and right pMTG. These regions have been
known to play crucial roles in various social and communi-
cative functions, including face perception [68–70], identi-
fication of facial expression of emotion [71], and detection
and processing of social cues (e.g., gaze) [72, 73], all of
which are disrupted in ASD [74, 75]. In contrast to our
findings in adults, Keown et al. [24] and Maximo et al. [23]
recently observed that adolescents with ASD showed local
over-connectivity in the occipital and temporal regions.
Here, it is noteworthy that individuals with ASD have
been shown to follow an atypical course of developmental
changes in intrinsic connectivity from late childhood to
early adulthood, showing both age-related increase and
decrease depending on brain regions [2]. Thus, it is pos-
sible to postulate that discrepancy in findings between
adults and adolescents with ASD may reflect maturational
changes from puberty to adulthood. Such a possibility
may be addressed by future longitudinal studies.
We also found a significant association between dis-

rupted local connectivity in the right pMTG and the so-
cial interaction deficits as assessed by the AQ. In line
with previous findings, individuals with ASD have shown
atypical brain activation in this region during eye-gaze
processing [75, 76]. Furthermore, Nummenmaa et al. [77]
demonstrated that the neural response to eye-gaze pro-
cessing (variable versus constant eye-gaze) in this region
was significantly associated with the total AQ score in the
neurotypical population. Taken together, our findings sug-
gest that disrupted local connectivity in the right pMTG
may be particularly linked to atypical gaze processing,
which may contribute to socio-communicative deficits in
individuals with ASD.

Atypical spontaneous brain activity level in ASD
The fALFF measures the amplitude of spontaneous blood-
oxygen-level-dependent (BOLD) fluctuations [78]. Previ-
ous studies have demonstrated coupling between BOLD
activity and local field potential in anesthetized monkey
[79] and human [80]. Furthermore, a recent study has
acquired high-resolution fMRI and electrocorticography
(ECoG) data from the same human subjects and has re-
vealed that the spatial pattern of BOLD activation matches
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that of ECoG power changes in the sensorimotor cortex
[81]. Considering these findings, significant changes in
fALFF may reflect a portion of abnormal electrophysio-
logical activity in local brain region.
Although the importance of the relationship between

altered spontaneous brain activity and ASD etiology has
been widely acknowledged, the majority of previous
rsfMRI studies of ASD have focused on functional con-
nectivity and only a few have examined spontaneous
brain activity in this disorder [30, 31]. In the present
study, we found that participants with ASD exhibited
significant fALFF reductions in multiple posterior brain
regions, including the right MOG, FG, LING, and cere-
bellum. Given accumulating evidence from simultaneous
recording data showing a tight correspondence between
BOLD and electrophysiological signals in human and ani-
mal subjects [79–81], significant changes in the ampli-
tudes of BOLD fluctuations as measured by fALFF are
likely to reflect a portion of abnormal electrophysiological
activity in these localized brain regions. Yizhar et al. [82]
have suggested that alterations in the cellular balance of
excitation and inhibition within neural microcircuitry may
cause social and cognitive dysfunctions in ASD. Taking ac-
count of these findings, we postulate that the current re-
sults might reflect aberrant neuronal activity induced by
the atypical underlying microcircuitry in the ASD brain.

Co-occurrence of disrupted local connectivity and
reduced brain activity level in ASD
Conjunction and spatial analyses have revealed that in
addition to the right pMTG, the ASD group shows co-
occurred reductions of local functional connectivity and
spontaneous activity level in the FG. Morphological and
functional anomalies of the FG in ASD have been re-
ported in a number of previous studies. For instance, a
postmortem study has revealed significant reductions in
neuron densities in layer III, total number of neurons in
layers (III, V, and IV), and the mean perikaryal volumes
of neurons in layers (V and VI) in the FG [83]. In addition,
positron emission tomography (PET) studies have demon-
strated that adults with ASD show atypical acetylcholin-
esterase and microglial activations in this region [84, 85].
Moreover, a number of fMRI studies have reported that
individuals with ASD show hypo-activity during face per-
ception [86]. All these findings indicate disrupted local
organization and activity in the FG. Notably, a recent
study using simultaneous recording of PET and fMRI has
demonstrated that local neuronal activity determines in-
trinsic BOLD connectivity during rest in the human brain
[87]. A causal relationship between reduction of local con-
nectivity and level of brain activity in the FG remains un-
clear. However, simultaneous alterations in the two key
functional measures of spontaneous brain activity in the
FG indicate that, in addition to the right pMTG, local
functional disruption of this region would be a key factor
that contributes to the core clinical symptoms of ASD.

Limitations and considerations
We discuss here several caveats of the present study.
First, we determined the radii for distinguishing between
local and distant connectivity based on criteria adopted
by a previous study [48]: local connectivity was defined
as the weighted degree of connectivity within a 12-mm-
radius sphere, while distant connectivity was defined as
that outside a 25-mm-radius sphere. However, current
literature has not reached unequivocal criteria for deter-
mining these two types of connectivity. For instance,
local connectivity has been defined by using either a 12-
[41, 48, 88] or a 14-mm-radius [4, 22–24] sphere, and
distant connectivity has also been defined by using a 12-
[88], 14- [4, 22], or a 25-mm-radius sphere [48]. Com-
pared with distant connectivity, the number of voxels
included in calculating local connectivity is substantially
smaller, which may lead one to wonder whether even a
small difference in radius may result in a drastic change
for local connectivity. However, Sepulcre et al. [22] have
examined the effects of radius on estimation of local
connectivity and have confirmed no significant changes
on the spatial patterns of local connectivity if the radius
lies within the range between 10 and 14 mm. We did
examine local and distant connectivity in multiple spatial
scales (local connectivity 10- and 14-mm radii; distant
connectivity 23- and 27-mm radii), in order to confirm
whether our findings in local connectivity was not due
to arbitrary definitions of local and distant connectivity.
For local connectivity, significant reductions for ASD in
the bilateral FG, LING, and right MTG, accompanied by
a significant increase in the right SFG, were consistent
with the main analysis using the 12-mm radius (see Fig. 1
and Additional file 1: Figure S1). Also consistent with
the main analysis using the 25-mm radius, we found no
significant between-group difference in distant connect-
ivity in any spatial scale. Therefore, our major findings
are robust to a range of choices of radii determining
local and distant connectivity.
Second, contrary to our initial hypothesis, we observed

no significant differences in distant connectivity between
the two groups. This counter-intuitive result may be due
to the difference in the method for calculating distant
connectivity from the majority of previous studies: while
connectivity is conventionally estimated by calculating
temporal correlation between two specific brain regions
or voxels, distant connectivity in the present study was
computed as the sum of all the weighted edges (or
voxel-to-voxel connections) outside of a 25-mm-radius
sphere centering a focal node (around 144,170 edges or
connections). In this method, there is a possibility that,
even though region-specific under and over-connectivity
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exist in the ASD brain, the summation with numerous
other normal connections and altered connections with
the opposite direction may mask the effect of such
region-specific abnormalities. In this study, we nonethe-
less adopted this approach because it has an advantage
over other region-of-interest (ROI)-based and seed-based
analyses in that it does not require specific assumptions or
hypotheses regarding the choice of paired ROIs or seed re-
gion to examine the strength of functional coupling be-
tween distant regions. In addition, the method allowed us
to estimate both local and distant connectivity under the
same analytical framework. Furthermore, several lines of
evidence suggest that functional abnormalities in the ASD
brain are widely distributed [6, 30], making it difficult to
specify a pair of ROIs or seeds in advance. Therefore,
we thought that this method might be suitable to exam-
ine potential alterations in distant connectivity in the
ASD brain.
Third, the ASD group in this study was composed of

patients with three ASD subtypes: high-functioning aut-
ism (HFA; n = 22), Asperger’s syndrome (AS; n = 17),
and pervasive developmental disorder not otherwise spe-
cified (PDD-NOS; n = 11). Differences in the behavior
and neuroimaging measures among the ASD subtypes
have been highly controversial, with some studies report-
ing positive results [89, 90] and others reporting negative
ones [91]. Therefore, it would be interesting to know
whether and how these ASD subtypes differ in local
connectivity and fALFF. To examine this possibility, we
performed a one-way analysis of variance (ANOVA) on
each measure of local connectivity and fALFF with
group (the three ASD subtypes) as a factor. Each meas-
ure was extracted from a 5-mm-radius sphere centered
at the coordinate (MNI = [20, −64, −12]) with the peak
z-statistics obtained by conjunction analysis. We found
that the main effect of the group was not close to sig-
nificance either for local connectivity (F = 0.37, p =
0.69) or for fALFF (F = 0.29, p = 0.75). Although a larger
sample size and a more systematic analysis are needed
to draw firm conclusions regarding the possible differ-
ences among the ASD subtypes, the absence of signifi-
cant main effects for ASD subtype indicated that the
present results were not driven only by a certain subtype
of ASD.
Fourth, we observed reduced fALFF only in the right

occipital regions and no enhanced fALFF in the ASD
group. However, a previous study revealed increased
fALFF in the right frontal regions and decreases of this
measure in the left occipital regions [30]. Because the
previous study was a multicenter large cohort study that
included childhood data, the discrepancies in the results
might be due to many factors, including those related to
the population and variable scanning conditions. Because
the number of studies is limited, further investigations are
needed to establish the pattern of alterations of fALFF in
adults with ASD.
Fifth, it is noteworthy that the cluster of voxels show-

ing significant correlation with the AQ score (“social
interaction” subscale) was found outside the overlaps be-
tween the regions with reduced local connectivity and
those with reduced fALFF. Within the overlapping vox-
els between the two maps, we did not find any voxels
showing significant correlation of any AQ score with
either local connectivity or fALFF, even with a more lib-
eral threshold (p < 0.01, uncorrected for multiple com-
parisons). It is possible that the converging zones of the
two altered physiological processes may reflect some
traits and/or states, such as altered sensory perception
and cognition, which are widely observed in the adult
ASD population but which are not particularly evalu-
ated by the AQ. Future studies that employ more spe-
cialized questionnaires and behavioral assessments may
help to clarify the functional significance of the overlap-
ping regions for behavioral problems in ASD.

Conclusions
In conclusion, the present study examined two different
aspects of spontaneous brain activity of the ASD brain
using graph-theoretic and frequency-domain analyses. We
observed that reductions in the local connectivity and in
the amplitude of low frequency fluctuation co-occurred in
the right FG and pMTG, regions critically involved in pro-
cessing social signals such as face and eye gaze and in
other crucial social functions. In particular, disrupted local
connectivity in the right pMTG was significantly associ-
ated with the “social interaction” subscale of the AQ.
These findings indicate that functional disruptions of
local neural circuitry in these social brain regions may
underlie social and communicative dysfunctions in adult
ASD. Our approach of investigating multiple aspects of
spontaneous brain activity holds the promise of leading
to a unified understanding of crucial pathophysiological
processes affecting the ASD brain.

Additional file

Additional file 1: Figure S1. Group comparisons of local connectivity
in multiple spatial scales. In addition to the main analysis (12-mm radius),
local connectivity was examined in multiple spatial scales (10- and 14-mm
radii). For the main analysis, see Fig. 1. The z-maps of the group comparison
are shown (NC>ASD in the red-yellow color and ASD>NC in the light blue
color). Statistical threshold was set at p < 0.05, corrected for multiple
comparisons at the cluster-level. Note that significant reductions for ASD
in the bilateral FG, LING, and the right MTG, together with a significant
increase in the right SFG, were replicated in all the three conditions.
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