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ABSTRACT

Autism Spectrum Disorder (ASD) is a public health concern
ranging along a continuum of severity. The neurobiologi-
cal motives behind ASD have been widely explored with re-
ports about aberrant brain anatomy and functional connectiv-
ity. However, research on the underlying structural connec-
tivity alterations is limited. We propose the application of a
novel connectomic measure called Network Normality Score
(NNS) to identify brain abnormalities and quantity topolog-
ical dissimilarities in individuals with ASD. We show that
the network topology of structural connectivity is altered in
ASD brains relative to healthy controls at the global and sys-
tem levels. We demonstrate that structural connectivity differ-
ences are more pronounced in certain subnetworks. Finally,
we quantify the association between network similarity and
behavioral autism severity to show the efficacy of NNS as a
neuroimaging measure.

Index Terms— Autism, Neuroimaging, Connectomics,
Graph Matching

1. INTRODUCTION

Autism Spectrum Disorder (ASD), or Autism, is a public
health concern that comprises a set of lifelong neurodevelop-
mental disorders defined by certain common characteristics
such as social and communication issues along with repetitive
and restrictive behavioral patterns [1]. Due to the complex
etiology and neurobiology of ASD, there is substantial het-
erogeneity among individuals ranging along a continuum of
severity [2].

Diagnosis of Autism is primarily done based on observed
behavioral factors [1]. However, due to challenges with dis-
tinguishing characteristic behavioral Autism symptoms from
typical development and other delays and conditions, ASD
can be diagnosed accurately only after 18-24 months of age
[3]. The need for earlier diagnosis makes neuroimaging an
important candidate to provide reliable markers for the disor-
der. The neurobiological underpinnings of Autism have been
widely explored through neuroimaging tools such as mag-
netic resonance imaging (MRI), where anatomical differences
mainly associated with enlarged brain is reported [4], includ-
ing increased white matter and cortical surface area as well as
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abnormal growth patterns in gray matter [5].

Connectomics, analysis of the brain as a network of inter-
connected regions, has recently become indispensable for the
characterization of structural and functional connectivity [6]
in healthy brains as well as in brain disorders like ASD [7].
Functional connectivity derived from resting-state fMRI data
has demonstrated aberrant connectivity in the ASD functional
connectome where long-distance cortical under-connectivity
[8], as well short-distance over-connectivity [9] is widely
reported. There is also growing evidence for atypical struc-
tural connectivity in Autism as measured by diffusion MRI
(dMRI). Using scalar measures such as fractional anisotropy
(FA) that indirectly quantifies connectivity, reduced FA in
frontal and temporal regions [10] can be indicative of reduced
structural connectivity in Autism. Although considered a ‘de-
velopmental disconnection syndrome’ [11], network-level
analysis of structural connectivity in Autism that is derived
from dMRI and tractography is very limited.

In this study, we propose the application of a connec-
tomic measure called Network Normality Score (NNS) [12]
over Autism to quantify topological differences in the struc-
tural connectivity of individuals with ASD (ASDs) relative
to a sample of healthy controls (HCs). Using NNS, we first
analyze the global differences in brain connectivity of ASDs
relative to HCs at the whole connectome level. We then in-
vestigate the topological differences at the level of functional
systems over frontoparietal and default mode networks. Fi-
nally, using an unsupervised clustering approach, we examine
the relationship between NNS and Autism severity to deter-
mine the association between the structural network wiring
and behavioral patterns of autism.

2. METHODS

2.1. Dataset

In our analysis, we considered a cohort of 150 healthy con-
trols (115 males) and 163 individuals with Autism (133
males) in age range [4,20] (mean=12.1). Individuals with
Autism were assessed for the severity of their condition
by the standard Autism Diagnostic Observation Schedule
(ADOS) [13]. Diffusion MR data was acquired for each
subject on a Siemens 3T Verio whole-body scanner with a
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32-channel array head coil (single-shot, spin-echo sequence,
TR/TE = 11000/76ms, b = 1000s/mm2, 30 directions, 1 [b
= 0] volume, flip angle = 180°, resolution = 2 X 2 X 2mm).
High-resolution T1-weighted anatomic images were also ob-
tained using a 3D MPRAGE imaging sequence with TR =
1900ms, TI = 900ms, TE = 2.54 ms, flip angle = 9°, resolu-
tion = 0.82 x 0.82 x 0.9mm. Probabilistic tractography was
performed over structural MR data and connectomes were
generated as a 200 x 200 adjacency matrix of weighted con-
nectivity values by using Schaefer atlas, where each element
represents the number of streamlines between regions. The
reader is referred to [14] for the details of the data processing
pipeline.

In our analysis, we focused on default mode (DMN) and
frontoparietal networks (FPN), as these systems were shown
in fMRI studies to have altered patterns of connectivity in
Autism [4, 9].

2.2. Network normality score

To capture the differences in structural network topology and
quantify connectomic similarity between Autistic and healthy
individuals, we considered a graph matching based approach
called Network Normality Score (NNS) presented in [12],
which accounts for changes in the global network topology
instead of focusing on local connectivity disruptions. NNS
is calculated as the average graph similarity of an individ-
ual relative to a reference sample. Using healthy controls as
a reference, we first calculated NNS among them (denoted
NNSy). Adopting the measure to Autism, we then calculated
NNS of ASDs relative to the healthy control sample (denoted
NNSan), which provides a normative connectomic similarity
measure.

2.3. Statistical Analysis

To evaluate the efficacy of NNS in capturing alterations in
the structural wiring of ASDs relative to HCs, we calculated
group differences using Welch’s t-test between NNSy and
NNS4p at both connectome and system levels. p-values are
FDR corrected for multiple comparison wherever applica-
ble and effect sizes are calculated using Cohen’s d. Since
Welch’s t-test is parametric, subjects with outlier scores were
discarded from analysis.

Taking an unsupervised learning approach with agglom-
erative hierarchical clustering, we defined two sub-groups
based on each subject’s neuroimaging score as measured by
NNS at the connectome and system levels. The number of
sub-groups was chosen by inspecting the dendrogram of hi-
erarchical clustering. Using these clustered sub-groups, we
assessed the relationship between the similarity of structural
network topology of ASD subjects and their Autism severity
as quantified by ADOS score with the following linear model

@® NNS,y: similarity of autistic subjects relative to healthy controls
® NNS, : similarity of healthy controls relative to other healthy controls
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Fig. 1: Group differences between NNSy and NNS,y at the connectome level (Lef?),
DMN (Middle), and FPN (Right) levels. Effect sizes without and with outliers are
shown on the first and second lines, respectively. Significant effect sizes are marked
with a *. (p values are FDR corrected)

(LM) that controls for age:
ADOS ~ NNSay + age (D

This provides a basis of evaluation for quantifying the effec-
tiveness of NNS as a connectomic measure of Autism since
ADOS clinically measures autism severity based on behav-
ioral observations.

3. RESULTS

Evaluating NNS of healthy controls and Autistic individu-
als at the connectome level, we observed a significant group
difference between the NNSy and NNS g distributions (Co-
hen’s d = 0.29, p = 0.01). When considered without outliers,
significance of group difference would diminish (d = 0.20, p
=0.09) (Fig. 1 left).

At the system level, we noted that the differences in struc-
tural connectivity between ASDs and HCs became particu-
larly pronounced at the DMN (Fig. 1 middle) and FPN (Fig.
1 right). With outliers, we observed that NNSay was signif-
icantly lower than NNSy in the DMN (d = 0.35, p = 0.004)
and FPN (d = 0.34, p = 0.004). In the absence of outliers, we
observed that NNS gy was still significantly lower than NNSy
in the DMN (d = 0.32, p = 0.016) and FPN (d = 0.26, p =
0.038). These sub-network findings highlight a key topolog-
ical difference in the structural connectivity of ASD subjects
relative to the sample of healthy controls.

We then evaluated subgroups of Autism cohort by cluster-
ing ASDs into 2 clusters where three NNS,y scores of indi-
viduals, namely connectome level and DMN and FPN system
level scores, were utilized. (Fig. 2). We then evaluated rela-
tionship between NNS scores at connectome and system level
for the clusters using the linear model (1).
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Fig. 2: Sub-grouping of neuroimaging scores: Agglomerative clustering using
NNSan of connectome, DMN, and FPN levels to define two neuroimaging groups.

NNS Age Adj. R?
Connectome | Group A | -0.26 0.18 0.070
Level (0.036) | (0.081)
Group B | -0.25 0.29 0.088
(0.290) | (0.014)
Default Mode | Group A | -0.13 0.18 0.021
Network (0.369) | (0.091)
Group B | -0.38 0.30 0.113
(0.077) | (0.010)
Frontoparietal | Group A | -0.38 0.17 0.095
Network (0.012) | (0.110)
Group B | -0.58 0.31 0.155
(0.030) | (0.006)

Table 1: Results of fitting a linear model to evaluate the relationship between
ADOS, NNS, and age. Estimated values by the linear model (which can be interpreted
as correlations as terms were scaled) and p values are reported in each cell, respectively.

At the connectome level, we observed that NNS, g and
ADOS scores were significantly and negatively associated in
group A (r = —0.26, p = 0.036) (Fig. 3 left). At system
level, DMN demonstrated a small negative association be-
tween NNSa g and ADOS scores in group B (r = —0.38,
p = 0.077) (Fig. 3 right), while FPN demonstrated strong
negative associations between NNS g and ADOS scores in
both groups: A (r = —0.38, p = 0.012) and B (r = —0.58,
p = 0.030) (Fig. 4). A complete summary of results from the
LM using these two clustered sub-groups is provided in Table
1.

4. DISCUSSION

In this study, we adopted a connectomic measure called net-
work normality score (NNS) to Autism to demonstrate that
structural network topology is altered in individuals with

Fig. 3: Relationship between NNS and autism severity. Using a LM, we observed a
significant relationship between between NNS sy and ADOS for group A at connectome
level (Left) and group B at DMN (Right).
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Fig. 4: Relationship between NNS and autism severity. Using a LM, we observed
a significant relationship between between NNSy and ADOS for both group A (Left)
and B (Right) at FPN.

ASD compared to healthy controls. While we note that these
differences are less prominent at connectome level, they are
more pronounced in default mode and frontoparietal sub-
networks. The DMN is a large-scale brain network that
includes several high-level cognitive areas and is the por-
tion of the brain functionally active even during resting state.
fMRI studies have revealed that autistic brains exhibit aber-
rant patterns of functional connectivity in the DMN which
have been linked with core ASD symptoms [9]. The fron-
toparietal network is responsible for coordinating behavior
rapidly and accurately which is central to the completion of
executive function tasks. Prior work has illustrated that re-
gions of the frontal lobe and parietal cortex are involved in
the mediation of impaired behaviors in autistic individuals
[4]. While previous findings have shown these sub-network
differences in functional connectivity, our findings indicate a
structural basis for these altered network connectivity patterns
in Autism.

We also described and quantified the association between
brain network similarity of autistic individuals relative to
healthy controls and their behavioral autism severity mea-
sured by ADOS. Establishing a relationship between the
behavioral symptoms and neuroimaging measures is criti-
cal in understanding the etiology and neuropathology of the
disorder. We showed significant associations in certain sub-
groups between NNSy and ADOS at the whole connectome
level, as well as at system level at DMN and FPN. This could
indicate the efficacy of NNS in capturing the association be-
tween brain network dissimilarity and autism severity. While
these findings are promising, we note that most of the associ-
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ations discussed here being weak indicates a need for further
investigation.

5. CONCLUSIONS

In this study, we have demonstrated the efficacy of our norma-
tive connectomic measure called NNS in capturing structural
network alterations in ASD at connectome and system level.
We showed that our findings of pronounced topological dif-
ferences at the system level are consistent with established
functional connectivity studies. Finally, we quantified the as-
sociation between NNS and Autism severity to analyze its re-
lationship with behavioral measures which provides insight
into the underlying structural basis of the disorder.
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