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Autism spectrum disorder (ASD) is associated with disrupted brain networks.
Neuroimaging techniques provide noninvasive methods of investigating abnormal
connectivity patterns in ASD. In the present study, we compare functional connectivity
networks in people with ASD with those in typical controls, using neuroimaging data from
the Autism Brain Imaging Data Exchange (ABIDE) project. Specifically, we focus on the
characteristics of intrinsic functional connectivity based on data collected by resting-state
functional magnetic resonance imaging (rs-fMRI). Our aim was to identify disrupted
brain connectivity patterns across all networks, instead of in individual edges, by using
advanced statistical methods. Unlike many brain connectome studies, in which networks
are prespecified before the edge connectivity in each network is compared between
clinical groups, we detected the latent differentially expressed networks automatically.
Our network-level analysis identified abnormal connectome networks that (i) included a
high proportion of edges that were differentially expressed between people with ASD and
typical controls; and (i) showed highly-organized graph topology. These findings provide
new insight into the study of the underlying neuropsychiatric mechanism of ASD.
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1. INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder whose clinical symptoms
include impaired social communication and language abilities, and repetitive behaviors (American
Psychiatric Association, 2013). Its prevalence is increasing; one in 68 children were diagnosed with
ASD in the United States in 2014 (CDC reports, 2014). However, the etiology of ASD remains
unclear. Many recent studies have focused on the neural pathophysiology of brain structures and
functions associated with ASD symptoms.

Neuroimaging techniques provide noninvasive methods of studying the neuropathology of
ASD by learning about abnormal connectivity patterns. Mounting evidence suggests that ASD is
associated with disturbances of neural connectivity rather than solely local neural activities (Di
Martino et al., 2014; Hahamy et al., 2015). Resting-state functional magnetic resonance imaging
(rs-fMRI) has become widely used to measure the functional connectivity between brain regions
by calculating the correlations between time series of spontaneous low-frequency fluctuations
in cerebral blood flow. The Autism Brain Imaging Data Exchange (ABIDE) consortium has
contributed a publicly available set of existing rs-fMRI data from more than 1000 subjects, with the
aim of improving the quality and reliability of functional connectivity research in ASD (Di Martino
et al, 2014; Cheng et al., 2015). Many studies have yielded interesting, yet controversial, findings
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of altered connectivity patterns (Shih et al., 2010; Vissers et al.,
2012; Chen et al.,, 2015a; Ecker et al., 2015; Ha et al., 2015;
Hahamy et al., 2015). For example, hypoconnectivity is associated
with ASD, particularly in long-range and cross-hemispheric
connections, such as those between the left and right insula and
left and right parieto-occipital regions, which are known as the
default mode network (DMN) (Broyd et al., 2009; Anderson
et al., 2010; Schipul et al., 2011; Just et al., 2012; Di Martino
et al., 2014). However, these claims have been challenged by
findings reporting hyperconnectivity within networks (including
the DMN, and frontostriatal, frontotemporal, motor, visual, and
salience networks), as well as between the striatum, insula, and
superior temporal gyrus, in children with ASD compared with
typical children (Di Martino et al., 2011; Miiller et al., 2011;
Keown et al,, 2013; Lynch et al., 2013; Supekar et al., 2013; Uddin
etal., 2013).

The conflicting evidence regarding differentially expressed
connectome features may arise for many possible reasons, such as
demographic variation between subjects recruited in the studies,
preprocessing steps, network selection methods, and statistical
analysis methods. Recently, Cheng et al. (2015) report reduced
connectivity in ASD based on the ABIDE data (418 autism
and 509 matched healthy controls) using a voxel-wise meta-
analysis, and more importantly they also report that the reduced
connectivity is significantly correlated with symptom severity.
Building on these findings, we aim to further investigate whether
the disrupted brain connections in ASD are systematically
organized from a network perspective. However, the disrupted
networks in ASD are not known prior to the experiment, making
it even more challenging to examine them with statistical rigor.

Conventionally, seed voxel analysis, descriptive statistics
and mass univariate analysis are used for group-level brain
connectivity analyses (Yeo et al, 2011; Craddock et al., 2013;
Sporns, 2014; Smith et al, 2015). Descriptive graph metrics
denote brain regions as nodes, and connections between them
as edges, and have yielded many interesting findings (Bullmore
and Sporns, 2009; Rubinov and Sporns, 2010; Biswal et al., 2010;
Achard et al., 2012; Crossley et al., 2013, 2014; Fornito et al., 2013,
2015; van den Heuvel and Sporns, 2013; Stam, 2014). However,
such metrics (i.e., modularity, clustering coefficients, and rich-
club coefficients) summarize all edges as individual measures
and lose localized connectivity (edge-specific) information. Thus,
they may lack specificity and sensitivity, making it difficult
to interpret such data clinically (Simpson et al., 2015). Mass
univariate analysis (e.g., network-based statistics—NBS and
family-wise error control; Zalesky et al., 2010), based on the
connectome of the whole brain or prespecified brain regions,
retains localized information about differentially expressed
features but is subject to the trade-off between false positives and
a lack of statistical power, and does not account for organized or
complex network properties.

Our goal is to detect the latent and abnormal networks
that (i) exhibit well-organized topology; and (ii) have a high
proportion of differentially expressed edges (hypo- and/or
hyperconnections). This approach integrates topological,
differentially expressed, and localized edge features, to identify
altered connectivity patterns. Recently, network object-oriented

algorithms have been developed to detect and test these hidden
disease-related brain connectivity networks (Chen et al., 2015b,
2016).

Here, we apply these recently developed statistical techniques
to the ABIDE rs-fMRI data sets. Using these new statistical graph
methods, our aim was to ASD related abnormal connectivity
networks by automatically detecting latent networks with
well-organized topological structures. Our resulting edgewise
findings converge with previous studies using ABIDE data sets
(Cheng et al., 2015). Moreover, we detect networks showing
idiosyncratic distortion (Hahamy et al., 2015), which may
help uncover the underlying mechanisms responsible for the
joint hypo- and hyperconnectivity observed in ASD in many
topological organization studies. Our findings may improve
the understanding of neuropathological machinery and identify
biomarkers that assist with disease diagnosis and treatment
selection.

2. MATERIALS AND METHODS

2.1. Data Sets and Preprocessing

The data set was collected at the University of Michigan, one of
the ABIDE data collection sites (Monk et al., 2009; Weng et al.,
2010; Di Martino et al., 2014). The publicly available data set
comprises data from 48 people with ASD and 65 TCs, with no
significant differences in demographics between the two groups.
For example, the mean age of the people with ASD at scan
was 13.85 years (standard deviation (sd) = 2.31; range, 9.2-
18.6); the mean age of the TCs was 15.03 (sd = 3.66; range,
8.2-28.8). Thirty-nine of the 48 people in the ASD group were
male, compared with 49 of the 65 TCs. The p values from the
Wilcoxon rank sum test (age) and Pearson X2 test (sex) were
both greater than the « level at 0.05. The study was approved
by the local institutional review boards, and data were fully de-
identified by removing all 18 Health Insurance Portability and
Accountability (HIPAA)-protected health information identifiers
as well as facial information from structural images, and data
were carefully examined before release to the public (Di Martino
etal., 2014). TCs had no behavioral or mental concerns; inclusion
and exclusion criteria for TCs are described on the ABIDE project
website (http://fcon_1000.projects.nitrc.org/indi/abide/), Typical
controls (TCs) were included by the criteria that either verbal or
non-verbal IQ was > 85 and were aged at least 7 years, whereas
TCs were excluded for those who received a score of 10 or higher
on the Social Communication Questionnaire 14 or a score of 6
or higher on the Obsessive/Compulsive subscale of the Spence
Children’s Anxiety Scale (SCAS) 16.

Imaging was performed on a 3 Tesla GE Signa scanner.
Data were obtained using a gradient echo T2*-weighted echo
planar imaging sequence, echo time = 30 ms, repetition time
= 2,000ms, 64 x 64 matrix with 40 slices, each 4.0 mm thick,
no skip, resulting in whole brain coverage with a voxel size of
3.4 x 3.4 x 3.0 mm. During the scan, all subjects were asked to lie
as still as possible, keep their eyes open, look at a fixation cross,
and to try not to think about anything in particular.

On these rs-fMRI data we performed preprocessing based
on the Configurable Pipeline for the Analysis of Connectomes
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(C-PAC, http://fcp-indi.github.io). The images were slice-time
and motion corrected. The data were then registered to a
standard Montreal Neurological Institute (MNI) space with voxel
size 2mm?® and converted to percent signal change. Masks of
white matter, gray matter and cerebrospinal fluid (CSF) were
created in the standard MNI space. The mean time series of
the white matter, CSF and the six movement parameters were
regressed from the gray matter. The linear trend was removed
from the signal, and the fMRI time series were bandpass filtered
(0.009-0.08 Hz) and spatially smoothed with a 6 mm full width
at half maximum Gaussian kernel. Using automated anatomical
labeling (AAL), we then used the first 90 regions of interest
(ROIs) as nodes (Tzourio-Mazoyer et al., 2002), and took the
weighted average of the temporal profiles of all voxels within
each ROI as the region level signal for all subjects. The Pearson
correlation coefficients were calculated between the 90 nodes
and then Fisher’s Z transformation was performed on each
correlation. In our analysis, we focused on detecting and testing
alterations in connectivity networks by comparing connectivity
matrices between TCs and people with ASD.

2.2. Group Level Analysis

The goal of group-level functional connectivity analysis is
to examine whether different groups (or individuals) show
differences in connectivity. Conventional brain connectivity and
network methods are conducted from two distinct perspectives:
testing which edges are differentially expressed, or whether the
global graph descriptive metrics differ (Simpson and Laurienti,
2016). Hybrid analyses are more attractive because they
enable the identification of well-organized (systematic) networks
(subgraphs) where most contained edges are differentially
expressed. Such findings may provide insight into systematic
disruptions of the brain connectome in people with ASD. To
achieve this goal, we used network object-oriented algorithms
(Chen et al., 2015Db, 2016).

We first compared the TC and ASD data by performing two-
sample ¢ tests on each of the 4005 edges. Whole-brain results were
denoted as a graph, G = (V, E), where the node set V represents
a brain region, and an edge e;; € E connects regions i and j.
For each edge (e;;) we assigned the weight as W;; = —log(p;).
The greater the Wj; value, the greater the difference in this edge
between the TC and ASD data. Thus, the weighted adjacency
matrix W is our input data for the detection of altered networks.

Next, we applied parsimonious differential brain connectivity
network detection (Pard, for community detection) and k-partite
algorithms (Chen et al., 2015b, 2016). The joint use of these
algorithms enabled the automatic detection of latent abnormal
networks with organized clique and k-partite graph topology. For
each altered network detected, we performed a permutation test
to obtain the statistical significance (network-level p-value).

We specified null and alternative hypotheses for testing
differentially expressed connectivity networks (Chen et al., 2016).
Hy: There is no altered connectivity network when comparing
the connectivity matrices across clinical subpopulations; this
is equivalent to: (i) there are no differentially expressed edges
(C1), or (ii) there are differentially expressed edges but they
are randomly distributed in the graph G (C2). H;: There are

altered connectivity networks; this is equivalent to: (i) there are
differentially expressed edges, or (ii) the differentially expressed
edges are not distributed randomly in the graph G, but in an
organized pattern.

Therefore, the statistical significance of an altered connectivity
network is determined by two factors: (1) the significance
levels of all individual edges within the network; (2) the
distribution of the differentially expressed edges in G. If C2 in
the null hypothesis is true and differentially expressed edges are
distributed randomly in G, then the detected network/subgraph
Gr C G is expected to contain a similar proportion
of differentially expressed edges in G. Thus, based on the
combinatorics and graph theory, the probability that the detected
subgraph includes a much larger proportion of differentially
expressed edges is extremely low, so we reject the null hypothesis.
In theory, there are numerous possible subgraphs with various
topological structures in G and thus testing detected networks
is subject to multiplicity. We accounted for this multiple
testing issue by using permutation testing techniques (Nichols
and Holmes, 2002). In each permutation, we recorded the
detected network with the maximum test statistic, and then
calculated the percentiles of observed networks among the
maximum test statistics from all permutations. We collected the
suprathreshold networks as our resulting object-oriented altered
connectivity networks. We set the « level of the permutation test
as 0.05.

3. RESULTS

We applied the above network analysis procedure to the ABIDE
data sets. Below is a summary of the latent differentially expressed
networks we identified.

We compared the connectivity metrics (ie., Fishers Z-
transformed correlation coeflicients) on each edge between TC
and ASD data using two-sample ¢ tests, and stored the p value as
Wij = — log(pij) where i and j were the first 90 AAL brain region
indices (i # j € {1,---,90}). Figure 1A displays the input data: a
90 x 90 pairwise connectivity testing result matrix (W) with the
entry Wj; = —log(p;j). The ROIs in the heatmap of Figure 1B
are listed in ascending order of regions in the AAL atlas.
Next, we applied the Pard algorithm to determine whether the
informative edges were distributed in communities, to capture
the most differentially expressed edges in parsimonious (clique)
networks. We then implemented the k-partite graph detection
algorithm to obtain multi-partite subgraphs. In the heatmap of
Figure 1B, we list the ROIs in order of identified networks and
highlight three diagonal blocks, each representing one network.
We then performed the permutation test on these networks,
which revealed that the first two were significantly different (both
p < 0.001) whereas the third was not (p = 0.068). Therefore,
the differentially expressed edges were not randomly distributed
in the 90 x 90 graph, but instead they were clustered within
well-organized subgraphs.

Next, we investigated the two significant networks in detail.
Figure 2 shows the altered connections in the first network in
an enlarged heatmap and as 3D images. The region names and
corresponding information are listed in Tables 1, 2. The heatmap
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(a) Input bipartite W (b) Detected altered networks

FIGURE 1 | (A) Heatmap of — log(pj) values in the original order of the first 90 AAL regions; (B) heatmap of — log(p;) values reordered to list the detected networks

first.

A
ORBsup.R
ORBmid.L
IFGtriang.L
ROL.R

SFGmed.L
SFGmed.R
ORBsupmed.L
ORBsupmed.R
REC.L

ACG.L
ACG.R

SMG.L
SMG.R
ANG.R ]
PCUN.L

3D coronal view

3D horizontal view

FIGURE 2 | (A) Enlarged heatmap showing altered connections between brain regions. (B-D) 3D images showing altered connections within the identified network.
Yellow edge, TC > ASD; green edge, ASD > TC. The width of an edge reflects the statistical significance of the difference between TC and ASD data.
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TABLE 1 | Altered network 1 with clique topology.

AAL region name Abbreviation Index X y z
Superior frontal gyrus, orbital part Right ORBsup.R 6 18 48 —-14
Middle frontal gyrus, orbital part, Left ORBmid.L 9 —31 50 -10
Inferior frontal gyrus, triangular part,Left IFGtriang.L 13 —46 30 14
Rolandic operculum,Right ROL.R 18 53 —6 15
Olfactory cortex, Left OLFL 21 -8 15 —11
Superior frontal gyrus, medial, Left SFGmed.L 23 -5 49 31
Superior frontal gyrus, medial, Right SFGmed.R 24 9 51 30
Superior frontal gyrus, medial orbital, Left ORBsupmed.L 25 -5 54 -7
Superior frontal gyrus, medial orbital, Right ORBsupmed.R 26 8 52 -7
Gyrus rectus, Left REC.L 27 -5 37 —18
Anterior cingulate and paracingulate gyri, Left ACG.L 31 —4 35 14
Anterior cingulate and paracingulate gyri, Right ACG.R 32 8 37 16
Supramarginal gyrus, Left SMG.L 63 —56 —-34 30
Supramarginal gyrus, Right SMG.R 64 58 -32 34
Angular gyrus, Right ANG.R 66 46 —60 39
Precuneus, Left PCUN.L 67 -7 —56 48
Precuneus, Right PCUN.R 68 10 —56 44
Superior temporal gyrus, Right STG.R 82 58 —22 7
Temporal pole: middle temporal gyrus, Left TPOmid.L 87 —36 15 —-34
Temporal pole: middle temporal gyrus, Right TPOmId.R 88 44 15 —-32
TABLE 2 | Altered network 2 with bipartite topology.

AAL region name Abbreviation Index x y z set
Precentral gyrus, Left PreCG.L 1 -39 —6 51 2
Olfactory cortex, Right OLFR 22 10 16 —11 2
Median cingulate and paracingulate gyri, Left DCG.L 33 -5 -15 42 1
Median cingulate and paracingulate gyri, Right DCG.R 34 8 -9 40 1
Posterior cingulate gyrus, Left PCG.L 35 -5 —43 25 1
Posterior cingulate gyrus, Right PCG.R 36 7 —42 22 1
Superior occipital gyrus, Left SOG.L 49 —-17 -84 28 2
Superior occipital gyrus, Right SOG.R 50 24 —81 31 2
Middle occipital gyrus, Left MOG.L 51 —-32 —81 16 2
Middle occipital gyrus, Right MOG.R 52 37 —80 19 2
Inferior occipital gyrus, Left I0G.L 53 —36 -78 -8 1
Inferior occipital gyrus, Left IOG.R 54 38 —-82 -8 1
Postcentral gyrus, Right PoCG.R 58 41 —25 53 2
Superior parietal gyrus, Left SPG.L 59 —-23 —60 59 2
Superior parietal gyrus, Right SPG.R 60 26 —-59 62 2
Inferior parietal, but supramarginal and angular gyri, Left IPL.L 61 —43 —46 47 2
Angular gyrus, Left ANG.L 65 —44 —61 36 1
Paracentral lobule, Right PCL.R 70 7 —-32 68 2
Inferior temporal gyrus, Right [TG.R 90 54 —-31 —22 1

(Figure 2A) shows the symmetric brain regions related to the
altered connections; these include the left and right precuneus
(involved in self-consciousness; Margulies et al., 2009), middle
temporal gyri (face recognition; Acheson and Hagoort, 2013),
supramarginal gyri (empathy; Silani, 2013), superior frontal gyri
(self-awareness; Goldberg et al., 2006), and anterior cingulate
cortices (emotion Decety and Jackson, 2004). Therefore, the

systematic differences may provide a more comprehensive image
for us to compare connectomes between TCs and people
with ASD. Generally, there are more over-connections across
hemispheres in TCs than in people with ASD. Patients with
ASD have hypoconnections for most edges linked with right and
left middle temporal gyri and precuneus, consistent with that
reported by Cherkassky et al. (2006), Anderson et al. (2010),
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and Lynch et al. (2013). Edgewise comparisons are shown in
Supplementary Table 1.

We further validate the detected subnetwork features by
performing classification analysis. We employ the support vector
machine with radial basis function kernel and linear kernel as our
classifier. The leave-one-out cross-validation results show that
the accuracy rates are 89 and 84% correspondingly.

By implementing network detection and testing algorithms,
we were able to conclude that the differentially expressed edges
in the second abnormal connectivity network exhibited a k-
partite topological structure (the algorithm selected k = 2
for this data set). The abnormal connectivity network is shown
with a bipartite graph topological structure in Figure 3. In a
bipartite graph there two disjoint sets of nodes; edges within
each set are less differentially expressed than those between the
two sets (Figure 3A). The first set of nodes includes lingual
gyri, cingulate gyri, and the left angular gyrus, whereas the
second set contains regions from the occipital, parietal, and
frontal lobes. Interestingly, the brain regions in the second

network are also fairly symmetric. The results suggest that people
with ASD have hyperconnections for edges associated with the
posterior cingulate gyrus (left and right), and hypoconnections
for edges associated with the inferior occipital gyrus (left and
right). In addition, all hyperconnections in our ASD group were
associated with the angular and cingulate gyrus nodes. The hypo-
and hyperconnected edges are in a well-organized topological
structure and these results seem to be consistent with those of
Monk et al. (2009), Just et al. (2012), Supekar et al. (2013), Uddin
et al. (2013), Keown et al. (2013), and Di Martino et al. (2014).
Overall, the findings may suggest that the coordination between
the visual network (set two) and part of the DMN (set one) may
be disrupted. A detailed edgewise comparison table and 3D video
are presented as Supplementary Material.

4. DISCUSSION

Evidence of abnormal functional connectivity patterns in
people with ASD has, to date, been inconsistent. The aim

3D horizontal view

nodes, first disjoint set; red nodes, second disjoint set.

FIGURE 3 | (A) Enlarged heatmap showing altered connections between brain regions. (B-D) 3D images showing altered connections within the detected network.
Yellow edge, TC > ASD; green edge: ASD > TC. The width of an edge reflects the statistical significance of the difference between the TC and ASD groups. Blue

3D coronal view

Frontiers in Neuroscience | www.frontiersin.org

March 2017 | Volume 11 | Article 125


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Chen et al.

Latent ASD Related Connectivity Networks

of the present study was to provide a novel strategy for
brain connectivity analysis: to simultaneously uncover altered
connectivity metrics and network structures. The findings
of the present study suggest that unknown, systematic, and
organized brain connectivity networks are disrupted in people
with ASD. Within these aberrant networks, most edges
are differentially expressed between TCs and people with
ASD, and these differentially expressed edges show highly
organized graph topology. Therefore, in the present study,
we consider the altered connectivity as a network unit,
rather than as individual edges or global graph summary
metrics. This approach has several advantages: (i) the new
statistical methods reveal specific nodes and edges within the
abnormal networks; (ii) the statistical power is greatly increased
while carefully controlling for multiple testing; and (iii) the
topology of hypo- and hyperconnections in the abnormal
networks could provide insight into the complex machinery
underlying ASD. We used advanced graphical statistical
methods to detect these hidden disease-related connectivity
networks, and performed statistical tests to provide formal
inferences.

From a statistical point of view, brain connectivity matrices
are intercorrelated, high-throughput data. However, established
statistical methods, including multiple-testing adjustment
techniques (such as family error and false-positive discovery
rate control) and shrinkage techniques (such as least absolute
shrinkage and selection operator (Lasso) and elastic net) may not
be directly applicable to connectivity analysis. The main reason
is that connectivity edges are subject to spatial constraints and
are thus dependent on each other in a highly complex, organized,
yet unknown, topological structure. Without appropriately
accounting for such a dependency structure, we risk a loss of
statistical power and possible masking of significant findings.
These new network-level connectivity analysis methods (Chen
et al., 2015b, 2016) avoid the long-term trade-off between
false positive findings and statistical power that arises from
the universal cut-off in conventional statistical methods,
because the edges borrow statistical strengths from each other
through the topological structure. The latent topology provides
additional information for statistical modeling and as a result
we gain statistical power without increasing false positive error
rates.

The topology of detected networks may reveal important
underlying neuropathological mechanisms and provide valuable
insight for future biological studies. In the networks we identified,
most nodes were symmetric across hemispheres, and edges of
hypo- and hyperconnections also seemed to be well organized.
If we were to perform individual edge statistical analysis, only
a small proportion of differentially expressed edges would pass
the multiple testing adjustment threshold and no topological
patterns would be detected. Interestingly, the two networks we
identified include the functional hub nodes of the DMN, such
as the posterior cingulate cortex, medial prefrontal cortex, and
angular gyri, and the nodes from the dorsomedial subsystem,
such as the temporoparietal junction (e.g., inferior parietal
lobule and superior temporal gyrus; STG), lateral temporal

cortex (e.g., inferior temporal gyrus), and anterior temporal pole
(e.g., left and right middle temporal gyri). The first network
also involved bilateral anterior, median, and posterior cingulate
gyri and the occipital lobes. Our findings largely overlap with
previously reported abnormalities in DMN, visual, and motor
networks (Di Martino et al.,, 2011; Just et al., 2012; Uddin et
al., 2013; Lynch et al., 2013; Ha et al, 2015; Cheng et al,
2015). The first network is mainly involved in the functional
hubs of the DMN and is related to self-consciousness and
emotion. The second network reflects the abnormal pattern
of connections between parts of the DMN and the visual
network. The first and second networks are jointly involved
in many features of ASD including those related to receptive
language, social cognition, joint attention, action observation,
and empathy/emotion. The networks do not identify any
consistent hypo- or hyperconnectivity in ASD; instead, the
(significant) aberrant connectivities are organized systematically
in topological structures. The organized topology of the
altered connectivity networks identified here provides further
evidence that these findings are promising clinical biomarker
candidates.

Throughout this study, we limited our topological structure
detection methods to clique and multipartite subgraphs. We are
extending these methods to identify various other organized
topological structures. We also focused on cross-sectional
imaging data and did not address developmental changes of
the brain connectome. Although we applied our methods
only to fMRI data here, we may further extend these new
network-based connectivity analysis tools to various other
types of data including functional connectivity data (e.g.,
from EEG and fMRI) and structural connectivity data (e.g.,
from diffusion-weighted imaging) to investigate multimodal
altered connectivity networks in ASD. The only requirements
of the input data are an undirected graph, and that there is
no restriction by the choice of connectivity metrics (such as
in functional connectivity analysis correlation coefficients,
maximum information coefficient, or spectral coherence). In
addition, we only utilize a subset of ABIDE data base, and
we plan to compare results from different study sites and
perform meta-analysis in future work. We also plan to perform
multivariate regression analysis to investigate association
between brain connectivity and symptom severity at the network
level.

We plan to develop more sophisticated algorithms for the
automatic detection of complex latent topological structures
that have explicit neurological significance, such as rich-club
and hyper-graph topology. These new topological structure
detection and statistical testing tools have the potential to
become important research techniques for understanding the
human connectome and its association with neuropsychiatric
disorders.

5. AUTHOR CONTRIBUTIONS

SC and JK designed this work. SC, JK, and YX performed the data
preprocessing and analysis. SC drafted the manuscript.

Frontiers in Neuroscience | www.frontiersin.org

March 2017 | Volume 11 | Article 125


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Chen et al.

Latent ASD Related Connectivity Networks

ACKNOWLEDGMENTS

We would thank the ABIDE initiative for aggregating and sharing
the imaging and clinical data. Kang’s work is supported by NIH
1R0IMH105561-01.

REFERENCES

Achard, S., Delon-Martin, C., Vrtes, P. E., Renard, F., Schenck, M., Schneider,
E., et al. (2012). Hubs of brain functional networks are radically reorganized
in comatose patients. Proc. Natl. Acad. Sci. US.A. 109, 20608-20613.
doi: 10.1073/pnas.1208933109

Acheson, D., and Hagoort, P. (2013). Stimulating the brain’s language
network: syntactic ambiguity resolution after TMS to the inferior frontal
gyrus and middle temporal gyrus. J. Cogn. Neurosci. 25, 1664-1677.
doi: 10.1162/jocn_a_00430

American Psychiatric Association. (2013). Diagnostic and Statistical Manual of
Mental Disorders, 5th Edn. Washington, DC: American Psychiatric Association.

Anderson, J. S., Druzgal, T. J., Froehlich, A., DuBray, M. B., Lange, N., Alexander,
A. L, et al. (2010). Decreased interhemispheric functional connectivity in
autism. Cereb. Cortex 21, 1134-1146. doi: 10.1093/cercor/bhq190

Biswal, B. B., Mennes, M., Zuo, X. N., Gohel, S., Kelly, C., Smith, S. M, et al. (2010).
Toward discovery science of human brain function. Proc. Natl. Acad. Sci. U.S.A.
107, 4734-4739. doi: 10.1073/pnas.0911855107

Bullmore, E., and Sporns, O. (2009). Complex brain networks: graph theoretical
analysis of structural and functional systems. Nat. Rev. Neurosci. 10, 186-198.
doi: 10.1038/nrn2575

Broyd, S. J., Demanuele, C., Debener, S., Helps, S. K., James, C. J., and
Sonuga-Barke, E. J. (2009). Default-mode brain dysfunction in mental
disorders: a systematic review. Neurosci. Biobehav. Rev. 33, 279-296.
doi: 10.1016/j.neubiorev.2008.09.002

CDC reports, (2014). Centers for Disease Control and Prevention (CDC) Report.
Available online at: http://www.cdc.gov/media/releases/2014/p0327-autism-
spectrum-disorder.html

Chen, S., Kang, J., and Wang, G. (2015a). An empirical Bayes normalization
method for connectivity metrics in resting state fMRI. Front. Neurosci. 9:316.
doi: 10.3389/fnins.2015.00316

Chen, S., Kang, J., Xing, Y., and Wang, G. (2015b). A parsimonious statistical
method to detect groupwise differentially expressed functional connectivity
networks. Hum. Brain Mapp. 36, 5196-5206. doi: 10.1002/hbm.23007

Chen, S., Bowman, F. D., and Xing, Y., (2016). Differentially Expressed Functional
Connectivity Networks with K-partite Graph Topology. arXiv:1603.07211.

Cheng, W, Rolls, E. T., Gu, H., Zhang, J., and Feng, J. (2015). Autism: reduced
connectivity between cortical areas involved in face expression, theory of mind,
and the sense of self. Brain 138, 1382-1393. doi: 10.1093/brain/awv051

Cherkassky, V. L., Kana, R. K., Keller, T. A., and Just, M. A. (2006). Functional
connectivity in a baseline resting-state network in autism. Neuroreport 17,
1687-1690. doi: 10.1097/01.wnr.0000239956.45448.4¢

Craddock, R. C,, Jbabdi, S., Yan, C. G., Vogelstein, J. T., Castellanos, F. X., Di
Martino, A., et al. (2013). Imaging human connectomes at the macroscale. Nat.
Methods 10, 524-539. doi: 10.1038/nmeth.2482

Crossley, N. A., Mechelli, A., Vrtes, P. E., Winton-Brown, T. T., Patel, A. X,,
Ginestet, C. E., et al. (2013). Cognitive relevance of the community structure of
the human brain functional coactivation network. Proc. Natl. Acad. Sci. U.S.A.
110, 11583-11588. doi: 10.1073/pnas.1220826110

Crossley, N. A., Mechelli, A., Scott, J., Carletti, F., Fox, P. T., McGuire, P., et al.
(2014). The hubs of the human connectome are generally implicated in the
anatomy of brain disorders. Brain 137, 2382-2395. doi: 10.1093/brain/awu132

Decety, J., and Jackson, P. L. (2004). The functional architecture of human
empathy. Behav. Cogn. Neurosci. Rev. 3, 71-100. doi: 10.1177/1534582304
267187

Di Martino, A., Kelly, C., Grzadzinski, R.,, Zuo, X. N., Mennes, M., Mairena,
M. A, et al. (2011). Aberrant striatal functional connectivity in children
with autism. Biol. Psychiatry 69, 847-856. doi: 10.1016/j.biopsych.2010.
10.029

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnins.
2017.00125/full#supplementary-material

Di Martino, A., Yan, C. G,, Li, Q., Denio, E., Castellanos, F. X., Alaerts, K., et
al. (2014). The autism brain imaging data exchange: towards a large-scale
evaluation of the intrinsic brain architecture in autism. Mol. Psychiatry 19,
659-667. doi: 10.1038/mp.2013.78

Ecker, C., Bookheimer, S. Y., and Murphy, D. G. (2015). Neuroimaging in autism
spectrum disorder: brain structure and function across the lifespan. Lancet
Neurol. 14, 1121-1134.. doi: 10.1016/S1474-4422(15)00050-2

Margulies, D. S., Vincent, J. L., Kelly, C., Lohmann, G., Uddin, L. Q., Biswal,
B. B., et al. (2009). Precuneus shares intrinsic functional architecture in
humans and monkeys. Proc. Natl. Acad. Sci. U.S.A. 106, 20069-20074.
doi: 10.1073/pnas.0905314106

Monk, C. S., Peltier, S. J., Wiggins, J. L., Weng, S. J., Carrasco, M., Risi, S., et al.
(2009). Abnormalities of intrinsic functional connectivity in autism spectrum
disorders. Neuroimage 47, 764-772. doi: 10.1016/j.neuroimage.2009.04.069

Fornito, A., Zalesky, A., and Breakspear, M. (2013). Graph analysis of the
human connectome: promise, progress, and pitfalls. Neuroimage 80, 426-444.
doi: 10.1016/j.neuroimage.2013.04.087

Fornito, A., Zalesky, A., and Breakspear, M. (2015). The connectomics of brain
disorders. Nat. Rev. Neurosci. 16, 159-172. doi: 10.1038/nrn3901

Goldberg, 1., Harel, M., and Malach, R. (2006). When the brain loses its self:
prefrontal inactivation during sensorimotor processing. Neuron 50, 329-339.
doi: 10.1016/j.neuron.2006.03.015

Ha, S., Sohn, L. J., Kim, N., Sim, H. J., and Cheon, K. A. (2015). Characteristics
of Brains in Autism Spectrum Disorder: structure, function and connectivity
across the Lifespan. Exp. Neurobiol. 24, 273-284. doi: 10.5607/en.2015.24.4.273

Hahamy, A., Behrmann, M., and Malach, R. (2015). The idiosyncratic brain:
distortion of spontaneous connectivity patterns in autism spectrum disorder.
Nat. Neurosci. 18, 302-309. doi: 10.1038/nn.3919

Just, M. A, Keller, T. A., Malave, V. L., Kana, R. K., and Varma, S. (2012). Autism
as a neural systems disorder: a theory of frontal-posterior underconnectivity.
Neurosci. Biobehav. Rev. 36, 1292-1313. doi: 10.1016/j.neubiorev.2012.02.007

Keown, C. L., Shih, P., Nair, A., Peterson, N., Mulvey, M. E., and Mller, R. A. (2013).
Local functional overconnectivity in posterior brain regions is associated with
symptom severity in autism spectrum disorders. Cell Reports 5, 567-572.
doi: 10.1016/j.celrep.2013.10.003

Lynch, C. J., Uddin, L. Q., Supekar, K., Khouzam, A., Phillips, J., and Menon,
V. (2013). Default mode network in childhood autism: posteromedial cortex
heterogeneity and relationship with social deficits. Biol. Psychiatry 74, 212-219.
doi: 10.1016/j.biopsych.2012.12.013

Miiller, R. A., Shih, P., Keehn, B., Deyoe, J. R., Leyden, K. M., and Shukla, D.
K. (2011). Underconnected, but how? A survey of functional connectivity
MRI studies in autism spectrum disorders. Cereb. Cortex 21, 2233-2243.
doi: 10.1093/cercor/bhq296

Nichols, T. E., and Holmes, A. P. (2002). Nonparametric permutation tests for
functional neuroimaging: a primer with examples. Hum. Brain Mapp. 15, 1-25.
doi: 10.1002/hbm.1058

Rubinov, M., and Sporns, O. (2010). Complex network measures of brain
connectivity: uses and interpretations. Neuroimage 52, 1059-1069.
doi: 10.1016/j.neuroimage.2009.10.003

Schipul, S. E., Keller, T. A. and Just, M. A. (2011). Inter-regional brain
communication and its disturbance in autism. Front. Syst. Neurosci. 5:10.
doi: 10.3389/fnsys.2011.00010

Shih, P., Shen, M., Ottl, B., Keehn, B., Gaffrey, M. S., and Miiller, R. A. (2010).
Atypical network connectivity for imitation in autism spectrum disorder.
Neuropsychologia 48, 2931-2939. doi: 10.1016/j.neuropsychologia.2010.
05.035

Silani, G., Lamm, C., Ruff, C. C,, and Singer, T. (2013). Right supramarginal
gyrus is crucial to overcome emotional egocentricity bias in social judgments.
J. Neurosci. 33, 15466-15476. doi: 10.1523/JNEUROSCI.1488-13.2013

Frontiers in Neuroscience | www.frontiersin.org

March 2017 | Volume 11 | Article 125


http://journal.frontiersin.org/article/10.3389/fnins.2017.00125/full#supplementary-material
https://doi.org/10.1073/pnas.1208933109
https://doi.org/10.1162/jocn
https://doi.org/10.1093/cercor/bhq190
https://doi.org/10.1073/pnas.0911855107
https://doi.org/10.1038/nrn2575
https://doi.org/10.1016/j.neubiorev.2008.09.002
https://doi.org/10.3389/fnins.2015.00316
https://doi.org/10.1002/hbm.23007
https://doi.org/10.1093/brain/awv051
https://doi.org/10.1097/01.wnr.0000239956.45448.4c
https://doi.org/10.1038/nmeth.2482
https://doi.org/10.1073/pnas.1220826110
https://doi.org/10.1093/brain/awu132
https://doi.org/10.1177/1534582304267187
https://doi.org/10.1016/j.biopsych.2010.10.029
https://doi.org/10.1038/mp.2013.78
https://doi.org/10.1016/S1474-4422(15)00050-2
https://doi.org/10.1073/pnas.0905314106
https://doi.org/10.1016/j.neuroimage.2009.04.069
https://doi.org/10.1016/j.neuroimage.2013.04.087
https://doi.org/10.1038/nrn3901
https://doi.org/10.1016/j.neuron.2006.03.015
https://doi.org/10.5607/en.2015.24.4.273
https://doi.org/10.1038/nn.3919
https://doi.org/10.1016/j.neubiorev.2012.02.007
https://doi.org/10.1016/j.celrep.2013.10.003
https://doi.org/10.1016/j.biopsych.2012.12.013
https://doi.org/10.1093/cercor/bhq296
https://doi.org/10.1002/hbm.1058
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.3389/fnsys.2011.00010
https://doi.org/10.1016/j.neuropsychologia.2010.05.035
https://doi.org/10.1523/JNEUROSCI.1488-13.2013
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Chen et al.

Latent ASD Related Connectivity Networks

Simpson, S. L., Burdette, J. H., and Laurienti, P. J. (2015). The brain science
interface. Significance 12, 34-39. doi: 10.1111/j.1740-9713.2015.00843 x

Simpson, S. L., and Laurienti, P. J. (2016). Disentangling brain graphs: a note on
the conflation of network and connectivity analyses. Brain Connect. 6, 95-98.
doi: 10.1089/brain.2015.0361

Smith, S. M., Nichols, T. E., Vidaurre, D., Winkler, A. M., Behrens, T. E., Glasser,
M. F,, et al. (2015). A positive-negative mode of population covariation links
brain connectivity, demographics and behavior. Nat. Neurosci. 18, 1565-1567.
doi: 10.1038/nn.4125

Sporns, O. (2014). Contributions and challenges for network models in cognitive
neuroscience. Nat. Neurosci. 17, 652-660. doi: 10.1038/nn.3690

Supekar, K., Uddin, L. Q., Khouzam, A., Phillips, J., Gaillard, W. D., Kenworthy,
L. E., et al. (2013). Brain hyperconnectivity in children with autism and its
links to social deficits. Cell Reports 5, 738-747. doi: 10.1016/j.celrep.2013.
10.001

Stam, C. J. (2014). Modern network science of neurological disorders. Nat. Rev.
Neurosci. 15, 683-695. doi: 10.1038/nrn3801

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N, et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273-289. doi: 10.1006/nimg.2001.0978

Uddin, L. Q., Supekar, K., Lynch, C. J., Khouzam, A., Phillips, J., Feinstein,
C., et al. (2013). Salience networkbased classification and prediction of
symptom severity in children with autism. JAMA Psychiatry 70, 869-879.
doi: 10.1001/jamapsychiatry.2013.104

van den Heuvel, M. P., and Sporns, O. (2013). Network hubs in the human brain.
Trends Cogn. Sci. 17, 683-696. doi: 10.1016/j.tics.2013.09.012

Vissers, M. E., Cohen, M. X,, and Geurts, H. M. (2012). Brain connectivity
and high functioning autism: a promising path of research that needs
refined models, methodological convergence, and stronger behavioral
links. Neurosci. Biobehav. Rev. 36, 604-625. doi: 10.1016/j.neubiorev.2011.
09.003

Weng, S. J., Wiggins, J. L., Peltier, S. J., Carrasco, M., Risi, S., Lord, C,, et al. (2010).
Alterations of resting state functional connectivity in the default network
in adolescents with autism spectrum disorders. Brain Res. 1313, 202-214.
doi: 10.1016/j.brainres.2009.11.057

Yeo, B. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D,
Hollinshead, M., et al. (2011). The organization of the human cerebral cortex
estimated by intrinsic functional connectivity. J. Neurophysiol. 106, 1125-1165.
doi: 10.1152/jn.00338.2011

Zalesky, A., Fornito, A., and Bullmore, E. T. (2010). Network-based statistic:
identifying differences in brain networks. Neuroimage 53, 1197-1207.
doi: 10.1016/j.neuroimage.2010.06.041

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Chen, Xing and Kang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

March 2017 | Volume 11 | Article 125


https://doi.org/10.1111/j.1740-9713.2015.00843.x
https://doi.org/10.1089/brain.2015.0361
https://doi.org/10.1038/nn.4125
https://doi.org/10.1038/nn.3690
https://doi.org/10.1016/j.celrep.2013.10.001
https://doi.org/10.1038/nrn3801
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1001/jamapsychiatry.2013.104
https://doi.org/10.1016/j.tics.2013.09.012
https://doi.org/10.1016/j.neubiorev.2011.09.003
https://doi.org/10.1016/j.brainres.2009.11.057
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1016/j.neuroimage.2010.06.041
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	Latent and Abnormal Functional Connectivity Circuits in Autism Spectrum Disorder
	1. Introduction
	2. Materials and Methods
	2.1. Data Sets and Preprocessing
	2.2. Group Level Analysis

	3. Results
	4. Discussion
	5. Author Contributions
	Acknowledgments
	Supplementary Material
	References


