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Abstract

The neurobiology of autism spectrum disorder remains poorly understood. The present study
addresses this knowledge gap by examining the relationship between functional brain connectivity
and Autism Diagnostic Observation Schedule (ADOS) scores using publicly available data from
the Autism Brain Imaging Data Exchange (ABIDE) database (N=107). This relationship was
tested across all brain voxels, without a priori assumptions, using a novel statistical approach.
ADOS scores were primarily associated with decreased connectivity to right temporoparietal
junction, right anterior insula, and left fusiform gyrus (0<0.05, corrected). Seven large-scale brain
networks influenced these associations. Findings largely encompassed brain regions involved in
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processing socially relevant information, highlighting the importance of these processes in autism
spectrum disorder.
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ADOS; ABIDE; Distance Covariance; Independent Components Analysis; Functional
Connectivity

Understanding the neurobiology of autism spectrum disorders (ASD) remains a formidable
challenge for psychiatry. Exploratory studies have investigated the neurobiology underlying
ASD symptoms by correlating Autism Diagnostic Observation Schedule (ADOS) scores
with functional magnetic resonance imaging (fMRI)-measured connectivity metrics, or
neural features observable with other neuroimaging modalities. The ADOS, often considered
the “gold-standard” in ASD diagnostics (Mehling and Tasse 2016), is a semi-structured
assessment of naturalistic social interactions, communication and imaginative play (Lord et
al. 2000). Associations between ADOS scores and neuroimaging metrics have proven
difficult to replicate, however, likely due to small sample sizes or inconsistencies and biases
introduced by the use of regions-of-interest that are chosen a priori and differ across studies
(Lord and Jones 2012; Muller et al. 2011). To date, the neurobiology associated with ASD
symptoms has not been investigated with an approach that addresses these issues, such as a
data-driven, comprehensive, whole-brain analysis, with a large sample of subjects,
rigorously corrected for multiple comparisons.

In the current investigation, we examined the neurobiology of ASD symptoms, as assessed
via the ADOS, using resting state fMRI scans from the Autism Brain Imaging Data
Exchange (ABIDE). ABIDE is a large, multicenter aggregate of neuroimaging and
phenotypic data from participants with ASD and matched controls, directed and coordinated
by Drs. Adriana Di Martino and Michael Milham (Di Martino et al. 2014). The current study
comprehensively investigated the association between ADOS scores and brain connectivity,
at the voxel level, using a novel statistical approach involving a combination of independent
components analysis (ICA) and distance covariance (dCov). ICA is a dimension reduction
technique that, when applied to fMRI data, can identify spatial patterns of voxels showing
covariation over time that can be easily interpretable as neural processing systems, e.g.
large-scale brain networks. dCov is a recently-developed multivariate technique, validated
for use in large-scale association studies, that yields greater statistical power and flexibility,
relative to more commonly-used correlation measures (Simon and Tibshirani 2014; Székely
et al. 2007). In contrast with classical statistical methods such as multiple regression, dCov
is applicable even when substantial multicollinearity exists (i.e., predictor variables are
correlated with each other), when the number of predictor variables exceeds the sample size,
or when statistical assumptions regarding the distribution of random variables, such as
normality of residuals, do not hold (Székely et al. 2007). As will be described below,
combining dCov with ICA allows us to improve the biological interpretability of results,
while minimizing the problems associated with the large dimensionality of the data.

The aim of the current study was to investigate how brain connectivity relates to ASD
symptoms, using a novel combination of statistical approaches to enhance both replicability
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and biological/clinical interpretability. Given that deficits in social communication and
interaction are core ASD symptoms (American Psychiatric Association, 2013), we suggest
that the neural systems and regions that process social information, often called the “social
brain,” may provide a promising framework in which to investigate the neurobiology of
ASD. The social brain is a network of interconnected regions specialized for processing
socially relevant information. These include the temporoparietal junction (TPJ), medial
prefrontal cortex (mPFC), orbitofrontal cortex, and amygdala (Adolphs 2003; Frith 2007).
More recently, additions to the social brain include the anterior insula (alns), due to its
involvement in empathy, as well as the fusiform gyrus, due to its involvement in processing
facial expressions (Adolphs 2009). Both structural and functional abnormalities have been
observed in these social processing regions in individuals with ASD (Mason et al. 2008; Di
Martino et al. 2009; Redcay et al. 2013; Hernandez et al. 2015; Patriquin et al. 2016).

In the current study, we tested two hypotheses. First, based on recent meta-analyses of
abnormal neural activity during social tasks in participants with ASD (Di Martino et al.
2009; Patriquin et al. 2016), we hypothesized that ADOS scores would be associated with
connectivity involving the right TPJ, bilateral fusiform gyrus, alns, and amygdala. Second,
because ASD has not been shown to be associated with abnormal connectivity to any single
region or network, we hypothesized that the association between ADOS scores and
connectivity would differ depending on the specific region and connection, such that
regional heterogeneity would be observed in terms of the large-scale networks that influence
each region.

ABIDE is a multi-site aggregate of functional and structural MRI data, accompanied by
extensive phenotypic information, including ADOS scores (Di Martino et al. 2014). The
ABIDE | data release, which was used in the current study, consists of 1,112 subjects. Of
these, 539 had a diagnosis of ASD and 573 were classified as typically developing. Specific
diagnostic criteria for each site can be found at the ABIDE website: http://
fcon_1000.projects.nitrc.org/indi/abide/abide_I.html.

All data were anonymized in accordance with HIPAA guidelines. Collection and sharing of
data was carried out with the approval of the local Institutional Review Boards for all
participating sites, with all data obtained following informed consent. Details on the
informed consent process, IRB approval and site-specific protocols can also be found at the
ABIDE website: http://fcon_1000.projects.nitrc.org/indi/abide/.

Inclusion criteria for the current investigation largely followed the criteria of Di Martino et
al. (Di Martino et al. 2014) and consisted of the following: (i) successful registration with
near full brain coverage in all anatomical and resting state scans, as assessed manually; (ii)
reported full-scale 1Q of greater than 70; (iii) available resting-state scan with minimum
duration of five minutes; (iv) mean framewise displacement no more than 2 SD above
sample mean (mean=0.08, SD=0.04); (v) ADOS scores available, calculated using the
Gotham algorithm (selected due to its improved diagnostic validity compared to previous

J Autism Dev Disord. Author manuscript; available in PMC 2021 August 01.


http://fcon_1000.projects.nitrc.org/indi/abide/abide_I.html
http://fcon_1000.projects.nitrc.org/indi/abide/abide_I.html
http://fcon_1000.projects.nitrc.org/indi/abide/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wylie et al.

Page 4

algorithms (Gotham et al. 2007; Oosterling et al. 2010)); (vi) data collected at a site with
more than ten subjects, after applying the above criteria. This resulted in 107 subjects across
four sites, with an age range of 7-19 years (see Table 1 for demographic information). The
majority of these subjects were administered ADOS module 3 (n=103), with a few
completing module 2 (n=3). Information regarding the ADOS module administered was not
available for one subject.

fMRI Data Preprocessing

Preprocessed resting-state fMRI data were acquired from the ABIDE website (Craddock et
al., 2013; http://preprocessed-connectomes-project.org/abide/index.html). Data were
preprocessed using the DPARSF pipeline (http://preprocessed-connectomes-project.org/
abide/dparsf.html). As per this pipeline, all volumes were corrected for differences in slice
timing during acquisition, realigned using a six-parameter linear transform, registered to
anatomical scans using a rigid body transform, and registered to the first volume as well as
the mean of the images. The first four volumes were discarded from analyses to allow for
stabilization of the magnetic field. The effects of head motion were regressed out using a 24-
parameter model, as were nuisance signals from white matter and cerebrospinal fluid.
Following nuisance regression, linear and quadratic trends were removed using band-pass
frequency filtering (0.01-0.1 Hz), and smoothed with a 6 mm full width at half maximum
(FWHM) Gaussian kernel. Global signal was not removed.

Independent Components Analysis (ICA)

The number of independent signals in the dataset was estimated using bootstrap stability
analysis (BSA) of principal components (Majeed and Avison 2014). BSA is a data-driven
method of selecting the expected number of independent components by comparing the
stability of group-level principal components under bootstrap resampling to the stability of
simulated Gaussian noise with the same shape, dimensions, and preprocessing pipeline as
the original data. Compared to information-theoretic methods, such as minimum description
length (MDL) criteria, BSA is resistant to overfitting due to noise in the data and
preprocessing steps such as frequency filtering (Majeed and Avison 2014). BSA estimated at
most 36 independent source signals that significantly differed from Gaussian noise in the
reduced, concatenated subject data.

Following model order estimation with BSA, group ICA was carried out using GIFT v3.0b
(http://mialab.mrn.org/software/gift/). The 36 components were extracted using the infomax
algorithm (Bell and Sejnowski 1995). Voxel time series were whitened, variance normalized,
and temporally concatenated with two principal component analysis (PCA) data reduction
steps, of 70 and 36 components. Spatial maps were reconstructed with GICA3 and scaled to
z-scores (Erhardt et al. 2011). All spatial maps and time courses were visually inspected to
identify noise components. Seven components, classified as artifacts based on spatial
distributions in cerebrospinal fluid (CSF), white matter, or high-frequency oscillations, were
excluded from further analysis. To identify common intrinsic connectivity networks (ICNs),
group mean ICA spatial maps were correlated with published ICN templates (Shirer et al.
2012). Templates matching multiple ICA components were classified as subnetworks based
on anatomical differences, while ICA components without template matches were classified
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based on anatomy. Following group ICA, whole-brain networks were back-reconstructed
individually for each subject in order to investigate associations with that subject’s clinical
symptoms.

Subject-level Whole-brain Network Construction

Next, back-reconstructed ICN time series were correlated with each voxel’s time series in a
functional connectivity analysis (Figure 1). The resulting vector of bivariate simple
correlations for each voxel represents the set of extrinsic inputs and outputs unique to that
voxel, which has been termed its “connectional fingerprint” (Passingham et al. 2002). In this
context, connectivity refers to a voxel’s interactions with the entire neural processing
system, or large-scale networks identified with ICA, rather than its connectivity with another
voxel. Each voxel’s connectional fingerprint, or connectivity vector, was subsequently tested
for association with ADOS scores, after removing the influences of sex, age, full-scale 1Q,
mean framewise displacement, and site, using linear regression residuals (Hua et al. 2015).

Behavioral Associations with Voxels

Distance covariance (dCov) is a recently-developed multivariate technique that tests the
statistical independence of two vectors with arbitrary dimensions (Székely et al. 2007). The
dCov statistic is zero if and only if the random vectors are independently distributed, but is
increasingly positive otherwise. Compared to similar techniques (e.g., mass univariate
Pearson correlations, maximal information coefficient), dCov has demonstrated increased
statistical power for identifying associations in large datasets (Simon and Tibshirani 2014).

dCov analyses in the current study proceeded in two steps. First, dCov was calculated for
each grey matter voxel, using subjects’ connectivity vectors and ADOS total scores as inputs
(Figure 1). This resulted in an unthresholded whole-brain statistical map, showing
associations between voxel-level connectivity and ADQOS total scores in the sample. Results
were corrected for multiple comparisons using a modification of Nichols’ cluster-level non-
parametric test (Nichols and Holmes 2002). 5,000 volumes were generated by permuting
subjects” ADOS total scores for each voxel. Empirical p-values were calculated as the
proportion of times the permutation dCov statistic exceeded the original dCov statistic at
that voxel. For the permutation volumes, empirical p-values for all voxels were calculated in
an identical manner. All volumes were then thresholded using a cluster-defining threshold
(CDT) of p<0.005. Lastly, resulting cluster sizes were calculated. In the original (i.e., non-
permutation) thresholded whole-brain statistical map, a cluster was considered significant
after correcting for multiple comparisons if the empirical p-value of obtaining a cluster this
size or larger was significant at p<0.05. Significant clusters were displayed as cortical
surface projections, created using Caret version 5.65 (Van Essen et al. 2001).

Networks Contributing to Behavioral Associations

To better understand the specific elements of the connectivity vector that contributed to each
voxel’s significance in the whole-brain analysis, dCov was used to test connectivity of the
elements of the vector individually, using an individual scalar correlation coefficient and the
scalar ADOS total score as input (Figure 1). Resulting dCov statistics for each connection
were thresholded and corrected for multiple comparisons using a cluster-level permutation
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test, similar to that used in the preceding voxel-level association analysis. dCov was first
applied to individual connections between a voxel and an ICN (Figure 1). Empirical p-values
were then calculated and compared against a CDT. In contrast to the voxel-level analysis
(see Behavioral Associations with Voxels section above), however, the definitions of
“cluster” and “adjacent” in the context of a network are unclear. This discrepancy can be
resolved using definitions provided by the field of graph theory. In graph theory, a
connection is said to be adjacent to an ICN node if it is connected to it, e.g., if an edge
between nodes 7and /is denoted by the ordered pair (/, /), then it is adjacent to nodes 7and
(Newman 2010). Using this definition, a cluster is defined as a set of adjacent connections.
As such, cluster size is determined as the number of connections to an individual ICN
(“unweighted degree” in graph theory terminology). With this definition, cluster size was
calculated and compared to the null distribution from a non-parametric permutation test. An
individual connection was considered significant, after correcting for multiple comparisons,
if it was located within a cluster of significant size. In order to determine the ICNs
influencing the association between ADOS scores and neuroanatomy, all significant voxels
(p<0.05, corrected) in the voxel-level association analysis were analyzed in the network-
level association analysis. dCov was calculated for each connection to every ICN. Each
connection was thresholded with a CDT of p<0.005. The null distribution of the unweighted
degree was calculated using 5,000 permutation networks and used to correct for multiple
comparisons at the network level. An individual connection was considered significant, after
correcting for multiple comparisons, if the degree of its adjacent ICN node was significant at
p<0.05. Significant connections were displayed as two-dimensional sagittal, coronal, and
axial projections in MNI space, in the “glass brain” format.

Directionality of Behavioral Associations

Results

As noted above, dCov is zero if and only if behavioral measures are independent and
increasingly positive otherwise. Similar to the absolute value of a correlation, positive and
negative linear relationships are indistinguishable with this approach. Consequently dCov,
by itself, does not provide information on whether connectivity is increased or decreased,
only that patterns of connectivity are associated with patterns of ADOS scores. For example,
an association identified by dCov could represent a negative linear relationship (i.e.,
hypoconnectivity), a positive linear relationship (i.e., hyperconnectivity), a combination of
both positive and negative linear associations, or even a non-linear pattern of association.
Consequently, the directionality of the relationship between connectivity and ADOS scores
was examined using other established statistical methods in a post-hoc, exploratory analysis.
Average connectivity between each ICN and all voxels within each of the regions of interest
identified in the main analysis was calculated and entered as a predictor for ADQOS scores in
separate linear regression models.

ICA and Intrinsic Connectivity Networks (ICNs)

Twenty-nine ICNs matched templates for known networks, including 14 networks
commonly identified with resting state fMRI (Shirer et al. 2012) and several of their
subnetworks (Supplementary Figure 1).
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Neurobiology Contributing to ADOS Scores

Following ICA and network classification, each voxel’s connectivity was tested for
associations with ADOS scores using dCov in a comprehensive whole-brain analysis.
Connectivity was primarily associated with ADOS scores in clusters located in the right
alns, right TPJ, left fusiform gyrus, middle frontal gyrus, and middle insula (Figure 2a and
Table 2, all clusters significant at p<0.05, corrected). Additional smaller clusters of
significant associations (p<0.05, corrected) were located in the precuneus, right
parahippocampal gyrus and temporal pole, and left posterior insula.

Specific Network Connectivity Contributing to ADOS Scores

After brain regions in which connectivity was associated with ADOS scores were
determined, the specific network or networks associated with ADOS scores in these regions
was examined. For each voxel within these clusters, each connection to every ICN was
tested for associations with ADOS scores using dCov. Resulting network clusters, or
unweighted degree, were corrected for multiple comparisons using non-parametric
permutation testing. Seven networks significantly contributed to the associations between
ADOS scores and the regions identified in the whole-brain analysis (Figure 2b, all edges
significant at p<0.05, corrected). Although additional networks were statistically significant,
their influence was relatively minor and less focal in comparison. Consequently, although all
identified networks (see Supplementary Figure 1) were included in the analysis, the
discussion and display of results will focus on the seven most influential ones (Figure 3).
These were as follows: the ventral Default Mode Network (vDMN; a network encompassing
the precuneus and middle frontal gyri bilaterally); a Language subnetwork centered on the
bilateral temporoparietal junction (Language-TPJ; note that two additional Language
subnetworks were also identified, one centered on the middle temporal gyri (Language-
MTG) and one on the inferior frontal gyri (Language-1FG)); the primary Visual network;
two Sensorimotor networks (Left Sensorimotor (L SM) and medial Sensorimotor (med
SM)); and two anterior Salience Network (aSN) subnetworks, one centered on the dACC
and one centered on the alns (aSN-dACC and aSN-alns, respectively).

Associations between these ICNs and ADQOS scores differed by anatomical region.
Connectivity between the right TPJ and the vDMN, aSN-alns, L SM, and primary Visual
ICNs was associated with ADOS total score. However, in the alns, the association with
ADOS total score was influenced by a different set of ICNs that included the anterior
Salience subnetworks aSN-alns and aSN-dACC, as well as the Language-TPJ network and
the vDMN. In contrast, in the left fusiform gyrus, ADOS total score was associated with
connectivity to the primary Visual, Language-TPJ, L SM, and med SM networks. Thus, the
influence of network connectivity on ADOS scores was not uniform, but instead varied by
neuroanatomical region.

ADOS Subscales and Connectivity

Since ADQOS total scores reflect both Social Affect and Restricted/Repetitive Behaviors
subscales, we tested the individual contributions of the two subscales to the above results in
an exploratory analysis. While results using the ADOS Social Affect subscale were nearly
identical to those using ADOS total scores, in terms of associations to both neurobiology as
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well as ICNs, the results for the ADOS Restricted/Repetitive Behaviors subscale differed
widely. ADOS Social Affect scores were associated with connectivity between clusters in
the right alns, right TPJ, left fusiform gyrus, middle frontal gyrus, and middle insula (see
Supplementary Figure 2). Within these regions, connectivity to the L SM, vDMN, aSN-
dACC, aSN-alns, and Language-TPJ networks influenced Social Affect scores with the
same regionally specific pattern as the ADOS total scores. In contrast, ADOS Restricted/
Repetitive Behaviors scores were associated with connectivity with clusters of voxels in the
bilateral middle frontal gyri, right superior frontal gyrus, and right inferior parietal lobes.
Within these regions, connectivity to the Visuospatial (VS), Precuneus (PrC), dorsal Default
Mode (dDMN), as well as the Language-MTG and Language-IFG networks influenced
Restricted/Repetitive Behaviors scores (see Supplementary Figure 3). These results suggest
that, despite being a sum of the two subscales, associations observed between ADOS total
scores and functional connectivity were more strongly influenced by the Social Affect
subscale than the Restricted/Repetitive Behaviors subscale.

Directionality of Behavioral Associations

The preceding analysis identified regions of the brain and large-scale networks where
connectivity is associated with ADOS scores. It did not, however, examine the pattern of
these associations in terms of how increased or decreased connectivity relates to ADOS
scores, as this cannot be tested directly with dCov (see Methods). As such, directionality of
the associations between ADOS scores and connectivity was investigated using linear
regression models in exploratory post-hoc analyses. These analyses focused on associations
between ADOS scores and connectivity to the right alns, right TPJ, and left fusiform gyrus,
as these regions were included in our & priori hypothesis and were the regions in which the
cluster size was greatest when determining where in the brain connectivity was associated
with ADOS scores (see Figure 2a and Table 2).

All linear associations between ADOS total scores and all individual ICNs were negative in
all three of these brain regions (right alns, right TPG, left fusiform gyrus). As an example,
connectivity to the left fusiform gyrus was negatively associated with ADOS scores in all
seven ICNs examined (Figure 4). Similar patterns of negative associations were found for
connectivity to the right TPJ and right alns (see Supplementary Figures 4 & 5). Since this
pattern was consistent, it can be more insightfully explored by averaging across networks,
rather than considering each network’s influence separately. Consequently, associations with
ADOS scores, averaged across all seven networks, were examined using linear regression,
with results displayed as scatterplots. In all three brain regions examined, higher ADOS
scores (indicating more pronounced ASD-associated symptoms) were associated with
decreased connectivity (Figure 5). All models (Figure 4; Supplementary Figures 4 & 5)
showed relatively low coefficients of determination (/2 <0.2), suggesting that the association
with ADOS scores detected by dCov may not be a simple linear relationship. Furthermore,
beyond these three regions of interest and seven ICNs, other regions and networks may show
different patterns of associations between ADOS scores and connectivity. To investigate this
possibility, an additional exploratory analysis was carried out in which individual
correlations between ADOS scores and connectivity were calculated for all voxels and
individual connections identified by dCov (i.e., all lines between voxels and ICNs displayed
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in Figure 2b). Of the 365 connections displayed in Figure 2, 90% of edges were negatively
correlated with ADOS scores. The overall distribution showed a predominantly negative
relationship (Figure 6; mean correlation = —0.15, median = —0.16, range = —0.4 t0 0.2).
These results suggest that, in general, hypoconnectivity is associated with ADOS scores, at
the voxel level, throughout almost all regions and connections within the brain.

Discussion

This study examined the relationship between functional connectivity and ASD symptoms,
as measured by the ADQS, in a whole-brain voxel-level analysis. It builds upon previous
analyses by using non-exploratory statistical methods and a large sample of subjects from
multiple research sites. Furthermore, this study applied a recently-developed multivariate
statistical technique, distance covariance (dCov), which allows for greater statistical power,
compared to Pearson’s correlation, to detect associations in large-scale datasets (Simon and
Tibshirani 2014). By using dCov in conjunction with a data-driven dimension reduction
technique (independent components analysis, ICA) to identify intrinsic brain networks, the
current study aimed to optimize both reproducibility and interpretability of results.
Reproducibility was also enhanced through the use of standardized preprocessing methods
and the incorporation of a fully non-parametric cluster-level approach to multiple
comparison correction. By applying these methods to the ABIDE dataset, this study aimed
to comprehensively and reproducibly examine the relationship between symptoms and
connectivity.

Results were largely consistent with our hypothesis regarding the neuroanatomic localization
of ASD symptoms. That there were many regions in which connectivity was not observed to
be associated with ADOS scores suggests that these findings are region-specific, rather than
representing a global relationship between brain connectivity and symptoms. At a voxel-
level, ADOS scores were associated with the right TPJ, right alns, and left fusiform gyrus,
as hypothesized (Figure 2, Table 2). How these results relate to the known functional
neuroanatomy of the social brain may offer insight into the specific processing systems that
contribute to ASD symptoms.

The right TPJ has been associated with many social processing systems, including those
underlying theory of mind (Adolphs 2009; Hernandez et al. 2015). The observed negative
correlation between connectivity and ADOS scores in this region (Figure 5) is consistent
with disrupted theory of mind previously observed in ASD (Baron-Cohen et al. 1997; Kana
et al. 2014). However, the right TPJ is not specific to theory of mind, but also is involved in
shifts in attention, including during joint attention tasks, as well as facial processing (Krall et
al. 2015; Redcay et al. 2012; Gobbini and Haxby 2007). Given this non-specific functional
role of the right TPJ, the observed association with ADOS scores in this region could be
indicative of symptoms involving multiple social processing systems.

Symptom scores were also associated with connectivity in the alns, a high-level associative
region that integrates multimodal sensory information, affect, and awareness (Craig 2009).
Within the context of the social brain, this region has been associated with empathy, which is
the capacity to share the emotional states of others (Singer 2006; Adolphs 2009). The
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negative correlation between alns connectivity and ADOS scores observed in the current
study (Figure 5) is consistent with this interpretation, suggesting that disrupted alns
connectivity may impede sharing of emotional states during social interactions. alns
connectivity has previously been associated with symptoms related to sensory over-
responsivity in ASD (Green et al. 2016). The negative correlation between alns connectivity
and ADQS scores observed here, however, does not directly support this interpretation.
Instead, these results suggest that increased information flow to the alns is associated with
fewer symptoms related to ASD. Given that the current results did not involve sensory
networks, this suggests that the symptoms captured by ADOS total scores may be distinct
from symptoms related to sensory responsivity.

The third region identified in the analysis was the fusiform gyrus, a higher-level visual
processing region that responds to faces and complex visual information (Schultz et al.
2003; Dziobek et al. 2010). The negative correlation observed between fusiform connectivity
and ADQOS scores in the current study (Figure 5) suggests a disconnected fusiform gyrus at
rest, potentially impacting the ability to respond to socially relevant information.
Interestingly, connectivity between the left fusiform gyrus and the medial Sensorimotor
network (Figure 2) is reminiscent of a recent investigation of body language interpretation in
individuals with ASD, in which the left fusiform gyrus and left paracentral lobule showed
abnormal coherence in individuals with ASD during processing of emotionally evocative
body postures (Libero et al. 2014). These findings suggest that during body language
interpretation, individuals with ASD may encode low-level visual features (e.g., body shape,
posture) abnormally. The current results suggest yet-unexplored contributions from this
essential nonverbal form of communication to social interactions measured by the ADOS.

The current study found that different regional associations with ASD symptoms were
influenced by connectivity to different networks (Figures 2 & 5). For example, in the right
TPJ, ADOS scores were associated with connectivity to vDMN, aSN-alns, and the primary
Visual Network. However, in the left fusiform gyrus, ADOS scores were associated with
connectivity to primary Visual, Language-TPJ and med SM networks. All regions were
influenced by multiple ICNs and no single ICN influenced all regional associations between
connectivity and symptoms. These results are consistent with our hypothesis that ADOS
scores would show a regionally heterogeneous pattern in terms of how they relate to
connectivity.

While the main analysis approach focused on ADOS total scores, analyses were also
performed separately on the Social Affect and Restricted/Repetitive Behaviors subscales of
the ADOS. A nearly identical set of anatomical clusters was observed to be influential in
both the ADOS total score and ADOS Social Affect subscale score analyses, as were the
same set of ICNSs. Interestingly, a different set of clusters and networks were observed to
influence ADOS Restricted/Repetitive Behaviors subscale scores. In this case, the analysis
of subscales individually may provide more detailed information regarding the neurobiology
underlying the different components of the ADOS, suggesting future utility in investigating
how connectivity is associated with each subscale in subsequent studies.
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Lastly, the current results are supportive of ASD symptoms being associated with
hypoconnectivity, i.e., decreased information flow between brain networks and regions
(Figures 5 & 6). This is consistent with many, though not all (e.g., see Muller et al. 2011;
Hull et al. 2017) previous studies, which have reported ASD-associated resting-state
hypoconnectivity involving a variety of regions, including those highlighted by the current
study, such as the insula (Anderson et al. 2011; Ebish et al. 2011; von dem Hagen et al.
2013; Zhao et al. 2016), fusiform gyrus (Anderson et al. 2011; Gotts et al. 2012; Zhao et al.
2016), TPJ (Gotts et al. 2012; von dem Hagen et al. 2013), salience network (von dem
Hagen et al. 2013; Abbott et al. 2016), and DMN (Kennedy and Courchesne, 2008; Assaf et
al. 2010; Weng et al. 2010; von dem Hagen et al. 2013; Zhao et al. 2016; Hull et al. 2017).
Because hypoconnectivity was associated with ADOS scores in specific regions of the
cortex, not everywhere in the brain, and with connections to specific networks, not all large-
scale networks, the present findings suggest that a more specific and fine-grained
hypoconnectivity contributes to symptoms in ASD.

This analysis is limited by several factors. Distance covariance identifies patterns of
multivariate associations, but does not provide information on the directionality of those
associations. Consequently, the relationship between hypoconnectivity and ADOS scores
was assessed with a post-hoc, exploratory analysis. The pre-selection of anatomical regions
using dCov (e.g., right TPJ, right alns, and left fusiform gyrus) likely upwardly biased the
magnitude of associations to ADOS scores when subsequently explored in this post-hoc
regression analysis. Additionally, other measures of ASD symptomology, such as the Social
Responsiveness Scale (Constantino et al. 2003) and the Autism Diagnostic Interview (Rutter
et al. 2003), may provide additional information regarding how connectivity relates to the
severity of ASD symptoms, but were not evaluated in the present study. The ADOS was
selected for the current analysis because it directly assesses observed behaviors (i.e., scores
are based on direct observation by a trained clinician). It is unknown if the current results
extend to other ASD-related measures, or to what extent their underlying neurobiologies
overlap or potentially differ, and are worthy of future study. The Gotham algorithm scores
used in the current study (Gotham et al. 2007) are a revision of the original ADOS scoring
algorithm (Lord et al. 1999), designed to improve comparability across modules, with a
reduction in impact of age or verbal 1Q observed for modules 2 and 3 (Gotham et al. 2007;
Gotham et al. 2009). Calibrated severity scores (CSS) were later developed to further
improve comparability across modules and decrease influence of participant characteristics
likely to differ among the different modules administered (e.g., age, verbal 1Q) (Gotham et
al. 2009). That almost all subjects included in the current analysis completed module 3 of
the ADOS supports the use of the revised algorithm scores, rather than calibrated severity
scores. The use of the ADOS as an outcome measure, and of non-calibrated scores, is also in
fitting with previous studies investigating relationships between ASD symptoms and
neurobiology (Assaf et al. 2010; Ecker et al. 2010; Poustka et al. 2011; Ecker et al. 2012;
Keehn et al. 2012; Nair et al. 2013; Sato et al. 2013; Bjornsdotter et al. 2016; Chen et al.
2016; Wei et al. 2018). Finally, while the inclusion of all subjects, rather than only those
with an ASD diagnosis, helps us understand the biology of a set of behaviors, it does not
necessarily address the difference in variability that would be expected between ASD and
TD groups, which also merits further investigation.
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In conclusion, the current study comprehensively investigated the relationship between
functional connectivity and ADOS scores, in a whole-brain voxel-level analysis, using fMRI
and a novel combination of ICA and dCov. Results suggest that ASD symptoms, as
measured by the ADOS, are associated with connectivity alterations to many regions,
particularly those involved in processing social information. Furthermore, connections to
multiple networks influenced the relationship between connectivity and symptoms in these
regions. These results suggest a richness and heterogeneity of connectivity within the brain
as it relates to ASD symptoms, perhaps mirroring the clinical heterogeneity of ASD
presentation.
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Figure 1.
Multi-level analysis steps. Step 1: Network construction. Following preprocessing, large-

scale intrinsic connectivity networks (ICNs) were estimated using independent components
analysis (ICA), resulting in a set of time series for each network. Each network’s time series
was then correlated with every voxel’s time series, resulting in a bipartite network with
voxel and ICN nodes (red and purple circles, respectively) efficiently summarizing and
classifying all connectivity within the brain. Step 2: Behavioral associations with voxels.
Each voxel’s connectivity vector (all connections to a single red circle) was associated with
Autism Diagnostic Observation Schedule (ADOS) scores using multivariate distance
covariance (dCov). Statistical inference was carried out using a cluster-level permutation
test. Resulting whole-brain spatial maps show where in the brain connectivity is associated
with ADOS scores. Step 3: Networks Contributing to Behavioral Associations. Connectivity
between each ICN and every significant voxel in the previous step was tested for
associations with ADOS scores using dCov. Statistical inference was carried out using a
network-level permutation test. Resulting bipartite graphs demonstrated which specific ICNs
influence ADOS scores in each region.

J Autism Dev Disord. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Wylie et al.

Page 17

@ned SM
@SN-dACC
—d.anguage-TPJ

‘\@SN-alns
@SN-alns
d.anguage-TPJ
@SN-dACC
(@DMN
4 SM
rim Visual

~“8ned SM

_rim Visual
[Ae sm
DMN

R. hemisphere @aSN-alns
danguage-TPJ
@SN-GACC

BOMN

CA Nodes (unweighted)
: ggl
°

Voxel

Edgeg (dCov): @rim Visual

lodes (unweighted): 4 SM

B,

Distance Covariance statistic:
(ADOS Total score & connectivity):

)
| 8

15

04 “@ned SM

Figure 2.
Neuroanatomical and network associations between autism spectrum disorder symptoms and

functional connectivity as measured by distance covariance (dCov). a. Throughout the entire
brain, Autism Diagnostic Observation Schedule (ADOS) total score was primarily
associated with connectivity to the right temporoparietal junction (TPJ) and anterior insula
(alns), as well as the left fusiform gyrus, middle frontal gyrus, and middle insula. Smaller
clusters of association were in the right temporal pole and lingual gyrus, as well as left
posterior insula and lateral occipital lobe.

b. Seven Intrinsic Connectivity Networks (ICNs), identified with Independent Components
Analysis (ICA), primarily contributed to the neuroanatomical associations displayed in
Figure 2a. These included medial and Left Sensorimotor networks (med SM and L SM,
respectively), primary Visual (prim Visual), ventral Default Mode Network (vDMN), a
Language subnetwork centered on the bilateral temporoparietal junction (Language-TPJ),
and two subnetworks of the anterior Salience Network (aSN) centered on the dorsal Anterior
Cingulate Cortex (aSN-dACC) and anterior insula (aSN-alns). The influence of connectivity
on these ICNs varied by region. The left fusiform gyrus was associated with ADOS total
scores through its connections to prim Visual and med SM networks, while the alns was
associated with ADOS total scores through both aSN subnetworks, the vDMN, and the
Language-TPJ network.
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LSM

Figure 3.
Intrinsic connectivity networks relevant to autism spectrum disorder. Seven out of 29

intrinsic connectivity networks (ICNs) representing independent processing systems within
the brain were associated with autism spectrum disorders. These included the ventral Default
Mode Network (vDMN), two subnetworks of the anterior Salience Network centered on the
dorsal Anterior Cingulate Cortex (aSN-dACC) and anterior insula (aSN-alns), a subnetwork
of the Language network centered on the bilateral temporoparietal junction (Language-TPJ),
the primary Visual Network (prim Visual), as well as medial and Left Sensorimotor
networks (med SM and L SM, respectively). X, Y, and Z coordinates are relative to Montreal
Neurological Institute (MNI) space; weights from independent components analysis (ICA)
are displayed in the legend, with binary templates for known ICNs plotted in white (Shirer et
al. 2012).
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Primary associations between L. Fusiform gyrus voxels & ADOS total score
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Figure 4.

Scatterplots of associations between Autism Diagnostic Observation Schedule (ADOS) total
scores, connectivity with the left fusiform gyrus, and specific intrinsic connectivity networks
(ICNs). Connectivity was measured by simple correlations (simple corrs.) between voxel
and ICN time series. ADOS total scores were negatively associated with connectivity
between the left fusiform gyrus and seven influential ICNs, including the medial and Left
Sensorimotor networks (med SM and L SM, respectively), the ventral Default Mode
Network (vDMN), and a Language network centered on the bilateral temporoparietal
junction (Language-TPJ). Less influential negative associations between ADOS total scores
were observed for connectivity between the left fusiform gyrus and the primary Visual
network (prim Visual), and anterior Salience Networks centered on the dorsal Anterior
Cingulate Cortex (aSN-dACC) and anterior insula (aSN-alns). The x-axis plots correlations
between all voxels included in cluster and each specific ICN, for each subject. The y-axis
plots ADOS total scores for each subject. Inset in the top left shows anatomical cluster and
connectivity corresponding to the left fusiform gyrus in Figure 2.
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Figure 5.
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Directional associations between Autism Diagnostic Observation Schedule (ADOS) total

scores and connectivity in select regions. When averaged over all voxels and associated

networks in the: (a.) right temporoparietal junction (TPJ), (b.) right anterior insula, or (c.)

left fusiform gyrus, decreased connectivity was associated with increased ADOS total

scores. For each region, the relevant neuroanatomy and networks are displayed on the left

(see Figure 2). On the right, scatterplots of averaged connectivity over all voxels and

networks in each subregion are displayed, with regression lines including standard errors

and coefficient of variation to assess fit. In all regions and all networks, decreased

connectivity was associated with increased ADOS total scores.
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Autism Diagnostic Observation Schedule (ADOS) total scores are primarily associated with
hypoconnectivity. Histogram of the correlation between ADOS total scores and voxel-level
connectivity, for all associations displayed in Figure 2 (i.e., all lines connecting a red voxel
node to a purple Intrinsic Connectivity Network node), showed predominantly negatively
correlations, indicating that decreased connectivity predicts increased ADOS total scores.
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Table 1
Sample description
Age (years): 129+3.0
Sex (n): M=89, F=18
Diagnosis (n): ASD=99, TD=8
Full Scale 1Q: 105.1+17.8
Autism Diagnostic Observation Schedule Score:
Total (n=107): 111452
Social Affect (n=101): 82+4.1
Restricted/Repetitive Behaviors (n=102): 28+17

a . e .
Reported values indicate mean + standard deviation, unless otherwise noted.

b i . . . .
Abbreviations: ASD = autism spectrum disorder; TD = typically developing.

cSubjects included from the following sites: New York University Langone Medical Center (n=43), University of Michigan samples 1 (n=24) and 2
(n=10), Utah School of Medicine (n=17), and Yale Child Study Center (n=14).
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Local peak coordinates of associations with Autism Diagnostic Observation Schedule total scores

Table 2

Cluster Size (k):  Statistic (dCov): X y z BA: AAL Label:
31 1.84 36 27 -3 47 Insula_R
1.34 33 30 6 48 Insula_R
18 1.74 -42 =75 -15 19 Fusiform_L
1.57 -36 -81 -9 19 Occipital_Inf_L
57 1.66 48 -45 12 21  Temporal_Mid_R
1.52 57 -48 12 22 Temporal_Mid_R
151 54 -39 18 42 Temporal_Sup_R
32 1.6 -45 -54 -18 37 Fusiform_L
1.42 -36 -51 -18 37 Fusiform_L
1.35 -39 -57 -12 37 Fusiform_L
1.35 -36 -42 -21 37 Fusiform_L
16 1.56 -42 0 42 6 Precentral_L
1.46 =36 0 36 6 Precentral_L
26 1.54 24 -42 -6 37 ParaHippocampal_R
14 18 -39 0 27 Lingual_R
14 24 -36 -12 30 Fusiform_R
1.37 15 -39 -9 30 ParaHippocampal_R
15 1.53 -36 -18 -6 20 Putamen_L
1.48 -30 -18 -12 20 Hippocampus_L
17 15 -3 -51 48 7 Precuneus_L
1.44 3 -45 51 7 Precuneus_R
31 1.49 -42 3 6 48 Insula_L
1.45 -33 -12 3 48 Insula_L
1.43 -36 -3 6 48 Insula_L
17 1.42 42 -6 -36 20 Temporal_Inf_R

Page 23

aAbbreviations: dCov = distance covariance; BA = Brodmann Area; AAL = Automated Anatomical Likelihood atlas; R = right hemisphere; L =
left hemisphere; Inf = inferior; Mid = middle; Sup = superior.

b . . . .
Coordinates x ,y, z, are relative to Montreal Neurological Institute (MNI) space.
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