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Autism spectrum disorder is a common neurodevelopmental condition that manifests as a disruption in sensory
and social skills. Although it has been shown that the brain morphology of individuals with autism is asymmetric,
how this differentially affects the structural connectome organization of each hemisphere remains under-
investigated. We studied whole-brain structural connectivity-based brain asymmetry in individuals with
autism using diffusion magnetic resonance imaging obtained from the Autism Brain Imaging Data Exchange
initiative. By leveraging dimensionality reduction techniques, we constructed low-dimensional representations of
structural connectivity and calculated their asymmetry index. Comparing the asymmetry index between in-
dividuals with autism and neurotypical controls, we found atypical structural connectome asymmetry in the
sensory and default-mode regions, particularly showing weaker asymmetry towards the right hemisphere in
autism. Network communication provided topological underpinnings by demonstrating that the inferior tem-
poral cortex and limbic and frontoparietal regions showed reduced global network communication efficiency and
decreased send-receive network navigation in the inferior temporal and lateral visual cortices in individuals with
autism. Finally, supervised machine learning revealed that structural connectome asymmetry could be used as a
measure for predicting communication-related autistic symptoms and nonverbal intelligence. Our findings
provide insights into macroscale structural connectome alterations in autism and their topological
underpinnings.

1. Introduction have investigated the multiscale properties of the autistic brain by

studying network-level brain connectomics and local microcircuit

Autism spectrum disorder is a highly heritable and heterogeneous
neurodevelopmental condition characterized by impaired social
communication, restricted and repetitive behavior, and atypical sensory
processing (Baio et al., 2018; Christensen et al., 2018; Mottron et al.,
2006). These symptoms are associated with brain network disorgani-
zation and altered neuronal processing, particularly excitation/inhibi-
tion imbalances (Jou et al., 2011; Lee et al., 2017; Nelson and Valakh,
2015; Nunes et al., 2019; Sohal and Rubenstein, 2019). Previous studies

function to better understand the pathological and behavioral pheno-
types of autism (Hong et al., 2019; Lee et al., 2017; Nair et al., 2013;
Nelson and Valakh, 2015; Nunes et al., 2019; Park et al., 2021c¢).
Early studies based on magnetic resonance imaging (MRI) observed
morphological and connectivity changes in the brains of individuals
with autism. For example, they found increases in regional gray matter
volume and cortical thickness (Khundrakpam et al., 2017; Valk et al.,
2015; Zhou et al., 2014), as well as cortico-cortical functional
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hypoconnectivity and cortico-subcortical hyperconnectivity (Cerliani
et al., 2015; Di Martino et al., 2014). Recent studies have reported
abnormal brain morphology and structural network organization at the
regional and large-scale network levels using a large dataset obtained
from the Enhancing Neurolmaging Genetics through Meta-Analysis
(ENIGMA) consortium (Postema et al., 2019; Sha et al., 2022; Van
Rooij et al., 2018).

The whole-brain connectome organization can be plotted using an
advanced model based on manifold learning (i.e., dimensionality
reduction techniques) (Haak et al., 2018; Huntenburg et al., 2018;
Margulies et al., 2016). This approach offers a compact perspective on
the large-scale connectome organization of the brain by estimating
low-dimensional representations of connectivity (i.e., eigenvectors),
which may reflect the heterogeneity and multiplicity of a brain region
(Haak and Beckmann, 2020; Haak et al., 2018; Margulies et al., 2016).
Previous studies used these techniques to investigate biologically
meaningful cortical axes. The first principal component of functional
connectivity represents the hierarchical sensory-fugal axis along the
cortex (Margulies et al., 2016), and that derived from the microstruc-
tural (Paquola et al., 2019) and structural connectivity (Park et al.,
2021d) showed comparable cortical axes. In particular, studies on
autism datasets have used these techniques to assess altered brain
structure and function. Functional connectome organization showed
atypicality in low-level sensory and higher-order default-mode regions
in individuals with autism compared to neurotypical controls (Hong
et al., 2019). Diffusion MRI tractography quantifies spatial patterns of
neuronal streamlines connecting different brain regions by delineating
pathways connecting different brain regions through the axonal fiber
bundles in the white matter. Our previous study investigated structural
connectome organization using the manifold learning approach and
observed structural connectome alterations in sensory, somatomotor,
and heteromodal association cortices (Park et al., 2021a, 2021c). Like-
wise, individuals with autism show atypical structural and functional
brain organization, and the manifold learning approach might be a
useful technique for investigating autistic brains.

The inter-hemispheric asymmetry of brain structures, such as surface
area and cortical thickness, has been recently investigated and provided
information for understanding the lateralization of the brain (Khun-
drakpam et al., 2017; Kong et al., 2018; Postema et al., 2019; Sha et al.,
2022). For example, atypical brain asymmetry patterns were found in
various neuropsychiatric conditions such as schizophrenia,
attention-deficit/hyperactivity disorder, and autism spectrum disorder
(Okada et al., 2016; Postema et al., 2021, 2019; Sha et al., 2022). Pre-
vious studies have shown that atypical asymmetry of brain structure is
associated with altered cognitive function in language, motor, attention,
and memory systems, which may lead to neurological and psychiatric
conditions (Balathay et al., 2023; Pinto et al., 2023; Wang et al., 2023).

In individuals with autism, the ENIGMA study observed reduced
cortical thickness asymmetry in frontal, cingulate, and temporal cortices
(Postema et al., 2019). These asymmetry patterns were associated with
the symptom severity of autism and showed differential developmental
trajectory compared to the neurotypical controls, particularly in
language-related abilities (Dougherty et al., 2016; Herbert et al., 2002).
These explorations imply that various forms of lateralization in brain
structure and function characterize autism. However, the underlying
topology or communication mechanism regarding the atypical brain
asymmetry in autism is still unknown. Although there is a controversy
about whether the abnormal asymmetry in brain structure or function in
individuals with autism stems from a shift in connectivity towards a
specific hemisphere or from a reduction in hemispheric specialization in
connectivity (Floris et al., 2021), it is obvious that the atypical asym-
metry of brain structure is associated with altered cognitive function,
which may lead to disease occurrence and symptom progression. In this
study, to fill the gap in understanding brain asymmetry in autism, we
aimed to quantitatively investigate whole-brain structural connectome
asymmetry in individuals with autism by employing the manifold
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learning approach.

Network communication models may reveal the underlying topog-
raphy of structural connectome asymmetry by indirectly inferring the
directionality of large-scale neural signaling (Avena-Koenigsberger
et al., 2018, 2019; Goni et al., 2014; Seguin et al., 2018). These models
measure the efficiency of information flow between different brain re-
gions. For example, the network can be depicted with a spectrum of
communication processes based on the shortest path communication (i.
e., routing) at one extreme and random walk processes (i.e., diffusion) at
the other extreme (Avena-Koenigsberger et al., 2018, 2019). Prior works
widely adopted these network communication models to investigate the
brain topology of cortical hierarchies (Vazquez-Rodriguez et al., 2019;
Vézquez-Rodriguez et al., 2020) and functional dynamics (Avena-Koe-
nigsberger et al., 2018; Park et al., 2021b, 2021d; Seguin et al., 2022).
Thus, we hypothesized that these network communication models pro-
vide insights into the topological underpinnings of structural con-
nectome asymmetry in autism.

Expanding upon prior studies that explored inter-hemispheric
asymmetry of brain morphology (Khundrakpam et al., 2017; Kong
et al., 2018; Postema et al., 2019; Sha et al., 2022), we investigated
perturbations in structural connectome asymmetry in individuals with
autism. We first estimated low-dimensional representations of structural
connectivity based on dimensionality reduction techniques (Coifman
and Lafon, 2006; Margulies et al., 2016) and assessed between-group
differences in connectome asymmetry between individuals with
autism and neurotypical controls. We then compared network commu-
nication measures between the groups to assess whether individuals
with autism showed altered network communication. Finally, we uti-
lized supervised machine learning to predict behavioral assessments
calibrated by the Autism Diagnostic Observation Schedule (ADOS—so-
cial cognition, communication, and repetitive behavior/interest
sub-scores and total score) and intelligence quotient (IQ).

2. Methods
2.1. Study participants

We analyzed T1-weighted MRI and diffusion MRI data of 80 in-
dividuals with autism (mean + SD age= 12.1 + 4.9 years; 15% female)
and 61 healthy controls (mean + SD age= 13.2 + 4.0 years; 4.9% fe-
male) obtained from Autism Brain Imaging Data Exchange initiative
(ABIDE-II; https://fcon_1000.projects.nitrc.org/indi/abide) (Di Martino
etal., 2017, 2014) (Supplementary Table 1). Among multiple sites, we
included the sites that (i) contained children and adults with autism and
neurotypical controls, with >10 individuals per group, (ii) who had
T1-weighted and diffusion MRI available, and (iii) sufficient MRI data
quality (ie., scanned with 3T scanner and appropriate b-value and
b-vector files). Finally, three sites from the ABIDE database were
included: New York University Langone Medical Center (NYU), Trinity
College Dublin (TCD), and San Diego State University (SDSU). Accord-
ing to gold standard diagnostic methods, all individuals with autism
were diagnosed using the ADOS (Lord et al., 2000) and/or the Autism
Diagnostic Interview-Revised (Lord et al., 1994). Only the NYU and TCD
sites provided IQ scores, and they were measured using the Wechsler
Abbreviated Scale of Intelligence (WASI) series or Differential Ability
Scales (DAS). Out of 84 subjects from these sites, 72 used WASI, and
others used DAS. ABIDE data collection was performed in accordance
with the local Institutional Review Board (IRB) guidelines. All sites
confirmed that their local ethics committee has approved the initial data
collection and the retrospective sharing of a fully de-identified version of
the datasets (Di Martino et al., 2017). Following the Health Insurance
Portable and Accountability Act (HIPAA) guidelines and the 1000
Functional Connectomes Project/INDI protocols, all ABIDE datasets
were fully anonymized, with no protected health information identifiers
included.
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2.2. Data acquisition

Multimodal MRI data from T1-weighted and diffusion MRI were
acquired at three independent sites. At the NYU site, all data was ac-
quired using a 3T Siemens Allegra scanner. The T1-weighted images
were obtained using a 3D magnetization prepared rapid acquisition
gradient echo (MPRAGE) sequence (repetition time (TR)= 2530 ms;
echo time (TE)= 3.25 ms; inversion time (TI)= 1100 ms; flip angle
(FA)= 7°; matrix size= 256 x 192; and voxel size= 1.3 x 1.0 x 1.3
mm?). Diffusion MRI data were obtained using a 2D spin echo-echo
planar imaging (SE-EPI) sequence (TR= 5200 ms; TE= 78 ms; matrix
size= 64 x 64; voxel size= 3 mm°, isotropic; 64 directions; b-value=
1000 s/mm?; and 1 b0 image). At the TCD site, the participants were
scanned using a 3T Philips Achieva. The T1-weighted data were ac-
quired using a 3D MPRAGE sequence (TR= 8400 ms; TE= 3.90 ms; TI=
1150 ms; FA= 8°; matrix= 256 x 256; voxel size= 0.9 mrn3, isotropic)
and diffusion MRI data using a 2D SE-EPI (TR= 20,244 ms; TE= 7.9 ms;
matrix size= 124 x 124; voxel size= 1.94 x 1.94 x 2 mm3; 61 di-
rections; b-value= 1500s/mm?; and 1 b0 image). At the SDSU site, all
data was acquired using a 3T GE MR7550 scanner. The T1-weighted
images were acquired using a 3D standard fast spoiled gradient echo
(SPGR) sequence (TR= 8.136 ms; TE= 3.172 ms; TI= 600 ms; FA= 8°;
matrix size= 256 x 192; and voxel size= 1mm? isotropic) and diffusion
MRI were scanned using a 2D SE-EPI sequence (TR= 8500 ms; TE= 84.9
ms; matrix size= 128 x 128; voxel size= 1.875 x 1.875 x 2 mm3; 61
directions; b-value= 1000 s/mm?; and 1 b0 image).

2.3. Data preprocessing

a) T1-weighted MRI: The T1-weighted data were preprocessed using
FreeSurfer. First, variations in image intensities caused by magnetic
field nonuniformities were corrected, and non-brain tissue was
removed. The intensity normalization was performed to correct
variations in intensity values, and tissue segmentation was con-
ducted to classify the voxels into different tissue types, including
gray matter, white matter, and cerebrospinal fluid. Surface recon-
struction was performed using topology correction, inflation, and
spherical registration to the fsaverage template space (Dale et al.,
1999; Fischl et al., 2001, 1999a, 1999b; Ségonne et al., 2007).
Diffusion MRI: The diffusion MRI data were processed using MRtrix3
(Tournier et al., 2019). The distortions induced by eddy currents and
BO field inhomogeneity were corrected to mitigate geometric dis-
tortions, especially in areas close to the air-filled sinuses and air cells
in the skull. Then, the head motion was corrected to obtain a
consistent orientation and location across the volumes. Structural
connectomes were generated from preprocessed diffusion MRI using
MRtrix3 (Tournier et al., 2019).

b

=

2.4. Structural connectome generation

We constructed the structural connectivity matrix using MRtrix3
(Tournier et al., 2019). Anatomically constrained tractography was
performed based on different tissue types defined using T1-weighted
images (Smith et al.,, 2012). Multi-shell and multi-tissue response
functions were estimated (Christiaens et al., 2015), and constrained
spherical deconvolution and intensity normalization were performed
(Jeurissen et al., 2014). The tractogram was generated based on a
probabilistic approach (Tournier et al., 2019, 2010, 2012) with 40
million streamlines, a maximum tract length of 250, and a fractional
anisotropy cutoff of 0.06. Subsequently, spherical deconvolution
informed filtering of tractograms (SIFT2) was applied to optimize the
cross-section multiplier for each streamline (Smith et al., 2015). We
constructed a structural connectome by mapping the reconstructed
cross-section streamlines onto the Schaefer atlas with 200 parcels
(Schaefer et al., 2018) and log-transformed the values to adjust for the
scale (Fornito et al., 2016).
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2.5. Low-dimensional representations of structural connectivity

We estimated cortex-wide low-dimensional representations of
structural connectivity (i.e., eigenvectors) using nonlinear dimension-
ality reduction techniques implemented in BrainSpace (https://github.
com/MICA-MNI/BrainSpace) (Vos de Wael et al., 2020). Specifically,
we generated a group-representative structural connectivity matrix
based on distance-dependent thresholding that preserves long-range
connections (Betzel et al., 2019) and estimated the eigenvectors via
diffusion map embedding (Coifman and Lafon, 2006). The diffusion map
embedding algorithm is robust to noise and is computationally efficient
compared to other nonlinear manifold learning techniques (Tenenbaum
et al., 2000; Von Luxburg, 2007). It is controlled by two parameters, a
and t, where a controls the influence of the density of sampling points on
the manifold (¢= 0, maximal influence; a= 1, no influence) and t con-
trols the scale of the eigenvalues of the diffusion operator. We set a= 0.5
and t = O to retain the global relations between data points in the
embedded space, following prior applications (Hong et al., 2019; Mar-
gulies et al., 2016; Paquola et al., 2019; Park et al., 2021c; Vos de Wael
et al., 2020). After generating the template eigenvectors, individual ei-
genvectors were estimated and aligned to the template via Procrustes
alignment (Langs et al., 2015; Vos de Wael et al., 2020).

2.6. Structural connectome asymmetry and between-group differences

We adopted the Schaefer atlas and matched the parcels of the left and
right hemispheres based on their overlap ratios, as it is an asymmetric
parcellation scheme (Schaefer et al., 2018). We then calculated the
asymmetry index of each eigenvector as follows:

L+R
AI:(L—R)/%7

where Al is the asymmetry index and L and R indicate the eigenvector
values of the left and right hemispheres, respectively (Bernasconi et al.,
2003; Kong et al., 2018; Sarica et al., 2018). The positive value indicates
that the left hemisphere has higher eigenvector values, while the
negative value is vice versa. As the eigenvectors generated from the
structural connectivity represent connectome organization at a large
scale, the asymmetry index reflects the asymmetry of brain structure.
We assessed the between-group differences in the asymmetry index
between individuals with autism and neurotypical controls using the
SurfStat toolbox (https://www.math.mcgill.ca/keith/surfstat/) (Chung
et al., 2010; Worsley et al., 2009). We controlled for age, sex, and site
from the asymmetry indices calculated from multiple eigenvectors and
implemented the multivariate linear models based on Hotelling’s T
statistics. Specifically, we assessed between-group differences in the
asymmetry indices (response variables) between the autism and control
groups (explanatory variable) (Chung et al., 2010; Worsley et al., 2009).
Multiple comparisons across brain regions were corrected using the false
discovery rate (FDR) < 0.05 (Benjamini and Hochberg, 1995). We then
stratified the between-group difference effects according to seven
intrinsic networks (Yeo et al., 2011) and a cortical hierarchical organi-
zation (Mesulam, 1998).

2.7. Subcorico-cortical connectivity

In addition to the atypical asymmetry of cortico-cortical connectiv-
ity, we investigated subcortico-cortical connectivity. For each individ-
ual, subcortical regions were defined using FSL’s FIRST, which generates
the accumbens, amygdala, pallidum, caudate, hippocampus, thalamus,
and putamen (Patenaude et al., 2011). Subcortical-weighted manifolds
were calculated by element-wise multiplication of subcortico-cortical
connectivity with cortical eigenvectors (Park et al., 2021a, 2021c),
and the nodal degree of the subcortical-weighted manifolds was calcu-
lated. We then assessed between-group differences in nodal degree
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values between individuals with autism and neurotypical controls after
controlling for age, sex, and site. The multiple comparisons across
subcortical regions were corrected using FDR < 0.05 (Benjamini and
Hochberg, 1995).

2.8. Network communication measures

It has been shown that individuals with autism exhibit atypical brain
connectivity patterns in terms of network communications (Guo et al.,
2019; Lewis et al., 2014; Zhang et al., 2022), indicating the possible
links between the connectome disorganization in individuals with
autism and altered network communications. To investigate the
connection strengths as well as the network communication efficiency of
regions that showed atypical structural connectome asymmetry, we
assessed structural connectivity and navigation efficiency between the
seed and target regions. Structural connectivity provides information
about the strengths of anatomical connections between different brain
regions, and navigation efficiency measures how quickly information
traverses between two different nodes (Seguin et al., 2018). The seed
regions showed significant between-group differences in asymmetry
index between individuals with autism and neurotypical controls, and
the target regions were seven intrinsic functional communities,
including visual, somatomotor, dorsal attention, ventral attention,
limbic, frontoparietal, and default-mode networks (Yeo et al., 2011). For
each participant, we stratified the structural connectivity and navigation
efficiency between the seed and target regions to assess the relationship
between communication ability and connection strength. Statistical
differences in the features between the groups were assessed using a
two-sample t-test with 1000 permutation tests. We randomly assigned
autism and control groups and constructed a null distribution using
t-statistics derived from the null groups. The p-value was calculated by
dividing the number of permuted t-statistic values that were larger than
the real t-statistic by the number of permutations. Multiple comparisons
were corrected using FDR < 0.05 (Benjamini and Hochberg, 1995).

2.9. Send-receive communication of navigation efficiency

To provide topological connectome underpinnings of regions that
showed atypical structural connectome asymmetry, we assessed the
send-receive communication of navigation efficiency. Navigation effi-
ciency is a measure quantifying information transfer efficiency using a
greedy routing algorithm based on the distance between different nodes.
Specifically, it measures the efficiency of the progression of a given node
to the next directly connected node to reach the target node based on the
shortest path mechanism. This measure is asymmetric, where the navi-
gation in the path starting from a given node and that in the path
arriving from other nodes to the given node are different. It can be
conceptualized using send-receive communication through the observed
paths (Seguin et al., 2018). Specifically, the sending navigation effi-
ciency measures how effectively a network transmits signals or infor-
mation to other brain regions, and the receiving navigation efficiency
assesses how effectively a certain brain area utilizes the information
received from other regions. We assessed differences in send or receive
of navigation efficiency between individuals with autism and neuro-
typical controls using two-sample t-tests with 1000 permutation tests,
and the multiple comparisons across the seeds were corrected using FDR
< 0.05 (Benjamini and Hochberg, 1995).

2.10. Prediction of behavioral phenotypes

By leveraging supervised machine learning, we predicted behavioral
phenotypes of individuals with autism, including ADOS social cognition,
communication, repetitive behavior/interest sub-scores, total score, and
verbal and performance IQ and their ratio (i.e., verbal/performance IQ)
using the asymmetry index of the whole cortex controlled for age, sex,
and site. For each phenotype, we first assessed the regression coefficients
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of each independent variable using ridge regression (McDonald, 2009).
The linear combination of the features and ridge coefficients was
calculated to obtain the predicted phenotype score and was compared
with the actual score. We performed the above process with a five-fold
cross-validation, where four of the five partitions were used as
training data, and the remaining partition was used as test data. Per-
formance was assessed using Spearman correlations between the actual
and predicted phenotype scores, and significance was assessed using
1000 permutation tests. The FDR procedure was applied to correct for
multiple comparisons across behavioral phenotypes (Benjamini and
Hochberg, 1995). In addition, we calculated the intra-class correlation
coefficient (ICC) and mean absolute error. As the ADOS scores were
measured using multiple modules at the NYU site, we additionally
performed the prediction analysis using the calibrated severity score
(CSS), which adjusted for differences in age, intellectual abilities, and
language skills across ADOS modules (Gotham et al., 2009; Jones and
Lord, 2013).

2.11. Cognitive decoding analysis

To assess how predictive brain regions are associated with cognitive
states, we associated maps of regression coefficients and diverse maps
representing functional attributions of specific topics of cognition,
which were derived from a meta-analysis using Neurosynth (Yarkoni
et al,, 2011). The maps contained 24 cognitive domains of sensory
processing for cognition and memory-related processes (Margulies et al.,
2016). Specifically, the topics included motor, eye movements, visual
perception, pain, action, face, reading, semantic, multisensory, visuo-
spatial, auditory, visual attention, language, attention, inhibition,
working memory, affective, cognitive control, episodic memory,
reward, autobiographical memory, verbal, emotion, and social cogni-
tion. The significance of the correlations was determined based on 1000
permutation tests.

2.12. Sensitivity analysis

a) Different parcellation scales. To assess the robustness of the between-
group differences in the eigenvector asymmetry, we repeated the
analyses with different spatial granularities of 100 and 300 parcels
(Schaefer et al., 2018).

b) Homotopic parcellation scheme. The Schaefer atlas is an inherently
asymmetric parcellation scheme (Schaefer et al., 2018), and we
matched the left and right hemispheres to assess inter-hemispheric
asymmetry in the main analyses. Nevertheless, we additionally
generated eigenvectors using a homotopic parcellation scheme (Yan
et al., 2023) and assessed similarities with the Schaefer parcellation.

¢) Head motion effect. To ensure the validity of our findings, we addi-
tionally controlled for head motion from the eigenvectors based on
the framewise displacement (Power et al., 2012) and evaluated the
between-group differences in structural connectome asymmetry.

3. Results
3.1. Atypical structural connectome asymmetry in autism

To assess alterations in a compact feature set of structural connec-
tivity in the low-dimensional manifold space in individuals with autism,
we estimated cortex-wide structural connectome eigenvectors by
applying nonlinear dimensionality reduction techniques to a diffusion
MRI tractography-derived structural connectivity matrix (Coifman and
Lafon, 2006; Vos de Wael et al., 2020). The first three eigenvectors (E1,
E2, and E3) explained approximately 71.70 % of the total connectome
information, where E1, E2, and E3 depicted anterior-posterior, superi-
or-inferior, and lateral-medial axes, respectively, which reflect cortical
hierarchy involved in cognitive processing and evolutionary adaptation
(Fig. 1A) (Mesulam, 1998; Valk et al., 2020). Specifically, the
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A. Cortex-wide structural connectome eigenvectors and their asymmetry index
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Fig. 1. Atypical structural connectome asymmetry in individuals with autism. (A) The structural connectome was estimated using diffusion MRI tractography (left).
Three eigenvectors (E1, E2, and E3; middle) and the asymmetry index are shown on brain surfaces (right). (B) T-statistics of between-group differences in the
asymmetry index are reported on brain surfaces, and the regions that showed significant (FDR < 0.05) effects are marked with yellow boundaries (upper). We
stratified the between-group differences of the asymmetry index according to seven intrinsic function communities and four cortical hierarchical levels using bar
plots (bottom). (C) The between-group differences in the subcortical-weighted manifold asymmetry. Abbreviations: MRI, magnetic resonance imaging; FDR, false

discovery rate.

anterior-posterior axis integrates multiple cognitive control processes
from sensory stimuli to perception processing (Badre and D’esposito,
2009; Goodale and Milner, 1992), the superior-inferior axis is similar to
the sensory-transmodal hierarchy model (Margulies et al., 2016), and
the lateral-medial axis may describe the long-range association fibers
(Tanglay et al., 2022). We then calculated the asymmetry index of the
structural eigenvectors and performed multivariate analysis to compare
the three asymmetry maps between individuals with autism and neu-
rotypical controls. We observed significant between-group differences in
the lateral and medial visual, inferior temporal, dorsolateral and dor-
somedial prefrontal, superior parietal, and somatomotor cortices (FDR <
0.05; yellow boundaries in Fig. 1B). By stratifying the effects according
to seven intrinsic functional communities (Yeo et al., 2011) and a
well-established model of large-scale cortical organization (Mesulam,
1998), we found the highest effects in the idiotypic regions, including
the somatomotor network, followed by the default-mode regions
(Fig. 1B). In addition to cortical alterations, we investigated the
between-group difference effects in subcortical areas using a
subcortical-weighted manifold, reflecting subcortico-cortical connec-
tivity weighted by the eigenvectors (Park et al., 2021c). We calculated
the asymmetry of this subcortical-weighted manifold and compared it
between individuals with autism and neurotypical controls; however, no
significant regions passed for the significance level (Fig. 1C). To assess
the directionality of the asymmetry index, we stratified the averaged
asymmetry index across the three eigenvectors of the regions that
showed significant between-group differences in the asymmetry index
between the individuals with autism and neurotypical controls (Sup-
plementary Fig. 1). The inferior temporal cortex especially showed
stronger asymmetry towards the right hemisphere in neurotypical

controls compared to the individuals with autism, which might be
related to language-related processing.

3.2. Between-group differences in structural connectivity and network
communication

To assess the topological properties of structural connectome
asymmetry in autism, we investigated between-group differences in
structural connectivity that showed significant between-group differ-
ences in the asymmetry index (i.e., seed regions) and seven functional
networks (Yeo et al., 2011) (i.e., target regions) between individuals
with autism and neurotypical controls (Fig. 2A). We observed significant
decreases in structural connectivity between the inferior temporal cor-
tex and ventral attention network in individuals with autism (pperm-FDrR=
0.047; Fig. 2B). As a communication measure, we computed the navi-
gation efficiency to compare the information transfer ability between
the groups. We found significant between-group differences between the
inferior temporal cortex and limbic and frontoparietal networks
(Pperm-rpR= 0.031, 0.031, respectively; Fig. 2C). Specifically, individuals
with autism showed decreased navigation efficiency compared to the
neurotypical controls. The findings indicate that the network commu-
nication may be altered between the temporal cortex and large-scale
functional brain networks, including the higher-order brain regions.
Hence, the structural connectivity and communication efficiency
decreased in individuals with autism, particularly in the temporal
cortex.
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Fig. 2. Topological underpinnings of regions showing atypical structural connectome asymmetry. (A) The seed and target regions are defined. (B) Between-group
differences in seed-to-target structural connectivity and (C) navigation efficiency between individuals with autism and neurotypical controls. Asterisks indicate
significant differences (pperm-rpr < 0.05). Abbreviations: ASD, autism spectrum disorder; CTL, control; VN, visual network; SMN, somatomotor network; DAN, dorsal
attention network; VAN, ventral attention network; LBN, limbic network; FPN, frontoparietal network; DMN, default-mode network.

3.3. Send-receive communication of atypical structural connectome
asymmetry

Using navigation efficiency, we investigated the send-receive
network communication of regions that showed significant between-
group differences in structural connectome asymmetry (Fig. 3A). We
found that seed 1 (lateral visual cortex) and seed 3 (inferior temporal
cortex) showed lower levels of receiving navigation efficiency in in-
dividuals with autism (ppermrpr= 0.039 and 0.027, respectively;
Fig. 3B-C). These findings indicate that individuals with autism have
altered network communication efficiency in the regions characterized
by atypical structural connectome asymmetry.

3.4. Behavioral phenotypes prediction

Utilizing supervised machine learning, we predicted behavioral
phenotypes described by the ADOS social cognition, communication,
repetitive behavior/interest sub-scores, and a total score, and verbal and
performance IQ measures and their ratio (i.e., verbal/performance IQ)
(Hong et al., 2022) using the asymmetry index of the three eigenvectors.
We significantly predicted the ADOS total score (ICC= 0.287, picc=
0.038; Spearman correlation coefficient [p]= 0.310, p, = 0.059) and
communication subscore (ICC= 0.308, picc= 0.028; p= 0.422, p, =
0.008; Fig. 4A). In addition, performance IQ (ICC= 0.186, picc= 0.045;
p=0.281, p, = 0.010) and IQ ratio showed significant results (ICC=
0.416, picc < 0.001; p= 0.4457, p, < 0.001; Fig. 4B). We additionally
predicted the CSS score using subjects from the NYU site. We found a
consistent pattern, although it was not significant, which might be due
to the small sample size (Supplementary Fig.2). The degree of contri-
bution of brain regions for predicting each score was further associated
with meta-analysis maps of 24 different cognitive domains derived using

Neurosynth (Margulies et al., 2016), and relations to high-level sensory
and perception systems were observed (Supplementary Fig. 3).

3.5. Sensitivity analysis

a) Different parcellation scales. We generated eigenvectors based on a
functionally defined atlas with 100 and 300 similarly sized parcels
(Schaefer et al., 2018) and assessed between-group differences in the
asymmetry index of the eigenvectors between individuals with
autism and neurotypical controls. Consistent results were obtained
across different spatial granularities (Supplementary Fig. 4).

b) Homotopic parcellation scheme. We repeated the analysis of gener-
ating structural connectome eigenvectors using a homotopic par-
cellation scheme (Yan et al., 2023). We observed that the spatial
patterns of eigenvectors based on the homotopic atlas were similar to
those based on the Schaefer atlas (E1: r = 0.658; E2: r = 0.717; E3: r
= 0.373, all p < 0.001; Supplementary Fig. 5).

c) Head motion effect. We examined between-group differences in
structural connectome asymmetry after controlling for the framewise
displacement (Power et al., 2012). We found consistent results,
indicating that head movements do not significantly affect pertur-
bations in interhemispheric asymmetry in individuals with autism
(Supplementary Fig. 6).

4. Discussion

Brain network disorganization is commonly observed in individuals
with autism, and asymmetry of brain morphology has been reported in
multiple studies (Floris et al., 2021; Postema et al., 2019; Sha et al.,
2022). Herein, we expanded upon prior works by systematically inves-
tigating atypical structural connectome asymmetry in individuals with



S. Yoo et al.

A. Send-receive communication

Structure connectome

Neurolmage 288 (2024) 120534

Send Receive
B. Between-group differences in navigation efficiency of sender
Dorsomedial Dorsolateral
Lateral visual cortex Medial visual cortex Inferior temporal cortex prefrontal cortex prefrontal cortex Superior parietal cortex Somatomotor cortex
(Seed 1) (Seed 2) (Seed 3) (Seed 4) (Seed 5) (Seed 6) (Seed 7)
1200
1000 |
800 |
600/

ASD CTL ASD CTL ASD CTL ASD

C. Between-group differences in navigation efficiency of receiver

Seed 1 Seed 2 Seed 3
| *
1200
1000 ”
800 *
400 | |
200

Seed 4

CTL ASD CTL ASD CTL ASD CTL

Seed 5 Seed 6 Seed 7

ASD CTL ASD CTL ASD CTL ASD

CTL ASD CTL ASD CTL ASD CTL

Fig. 3. Send-receive communication of the regions showing atypical structural connectome asymmetry. (A) Schema of the send-receive communication of navigation
efficiency. (B) Violin plots represent the distribution of sending and (C) receiving navigation efficiency of autism and control groups for each seed. Abbreviations: ASD,

autism spectrum disorder; CTL, control.

autism using low-dimensional representations of structural connectivity
(Park et al., 202la, 2021c). We observed alterations in the
inter-hemispheric structural connectome asymmetry in the sensory,
default-mode regions, particularly showing weaker asymmetry right-
ward in autism. Network communication analyses revealed that the
inferior temporal cortex and limbic and frontoparietal regions showed
reduced global network communication efficiency and decreased
send-receive network navigation in the inferior temporal and lateral
visual cortices in individuals with autism. Supervised machine learning
indicated that the asymmetry index may serve as a marker of
autism-related communication ability and intelligence. Our findings
provide insights into understanding atypical structural connectome
asymmetry and network communication topology in individuals with
autism.

We utilized dimensionality reduction techniques to represent cortex-
wide structural connectivity with a set of macroscale eigenvectors. The
selected three eigenvectors showed anterior-posterior, superior-inferior,
and lateral-medial axes, consistent with the findings of previous studies
(Hagmann et al., 2008; Park et al., 2021a, 2021c; Valk et al., 2020). The
anterior-posterior axis is a key structure of cortical organization estab-
lished in non-human primates and the human brain (Hagmann et al.,
2008; Mesulam, 1998; Paquola et al., 2020). This axis consists of the
rostrocaudal axis in the prefrontal cortex, which integrates multiple
cognitive control processes, particularly action coupled with premotor
processes (Badre and D’esposito, 2009; Braga et al., 2017; Nachev et al.,
2008), and the ventral visual stream spans from the primary visual
cortex to the ventral areas in the occipital and temporal cortices that
implement perception processing (Borghesani et al., 2016; Goodale and
Milner, 1992; Grill-Spector and Malach, 2004; Takemura et al., 2016).

The superior-inferior axis resembled an established model of the
sensory-transmodal hierarchy (Margulies et al., 2016), which expands
from the sensorimotor area with higher myelination to heteromodal
association areas with lower myelination. The lateral-medial axis is
relatively under-investigated. This axis may represent long-range asso-
ciation fibers, such as the cingulum bundle originating from the pre-
cuneus to the orbitofrontal cortex and parahippocampal gyrus and
middle longitudinal fasciculus fibers that stem from the precuneus to the
lateral temporal pole, which was defined from a human post-mortem
study (Tanglay et al., 2022).

Our findings highlighted that the principal axes of structural con-
nectivity showed atypical asymmetry in individuals with autism,
particularly in the default-mode and sensory regions. A previous study
based on the ENIGMA dataset found network-level asymmetry in
cortical thickness-based structural covariance in the fusiform gyrus and
superior and middle frontal cortices of individuals with autism (Sha
et al.,, 2022). Another study observed brain asymmetry in language
processing-related sensory and transmodal regions in individuals with
autism (Herbert et al., 2005). At the microscale, individuals with autism
show less clear laminar differentiation between cortical layers IV and V
(Oblak et al., 2011b) and reduced neurotransmitter receptor binding
density in the posterior cingulate cortex (Oblak et al., 2011a). Bio-
physical simulations have revealed that excitation/inhibition is related
to atypical structural connectomes in autism, particularly in somato-
sensory and default-mode systems (Park et al., 2021c). These studies
complement our findings that default-mode and sensory regions are
crucial in autism at multiple scales, from macroscopic connectomics to
microscale cytoarchitecture and neurotransmitters. Expanding on pre-
vious studies, we offer perspectives on atypical structural connectome
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Fig. 4. Prediction of behavioral phenotypes using structural connectome asymmetry. (A) We calculated Spearman correlations between the actual and predicted
scores of ADOS total, social cognition, communication, and repetitive behavior/interest scores. The coefficients of ridge regression are reported on brain surfaces. (B)
We predicted verbal and performance IQ as well as their ratio. Abbreviations: ADOS, Autism Diagnostic Observation Schedule; IQ, intelligence quotient; ICC, intra-
class correlation coefficient; p, Spearman correlation coefficient; MAE, mean absolute error.

asymmetry in autism.

Notably, our findings exhibited that the asymmetry in the eigen-
vectors was reduced in individuals with autism, which was more later-
alized toward the right hemisphere in the neurotypical controls. The
findings complement prior work that individuals with autism showed
reduced brain asymmetry, resulting in atypical developmental trajec-
tories in language and cognitive control systems (Dougherty et al., 2016;
Herbert et al., 2002), and may support a hypothesis that the atypical
brain asymmetry in autism might be due to the reduced hemispheric
specialization in brain structure (Floris et al., 2021). However, the
interpretation needs caution because whether the brain asymmetry in
autism is due to strengthening or weakening of connectivity requires
more in-depth exploration using a large-scale dataset. Furthermore, we
investigated the underlying connectional topology of inter-hemispheric
asymmetry in autism using network communication based on a feature
called network navigation, which measures the efficiency of transverse
information between different brain regions based on the greedy routing
algorithm (Seguin et al., 2019, 2018). The significance of group differ-
ence in receive of navigation efficiency was observed in lateral visual
and inferior temporal cortices. Studies on human and non-human pri-
mates have demonstrated that the temporal cortex is involved in
higher-order sensory processing, such as language, auditory, and visual
perception, and encoding of memory and emotion (Perrett et al., 1992,
1984; Puce et al., 1998). Alterations in the network communication in
the temporal cortex may be associated with abnormal language skills
and perceptions in individuals with autism. Moreover, atypical
incoming and outgoing network communication in the lateral visual

cortex and inferior temporal in individuals with autism indicates sus-
ceptibility to the disease. Taken together, the atypical inter-hemispheric
asymmetry in structural eigenvectors may be associated with an altered
routing network communication in individuals with autism.

As a final analysis, we adopted supervised machine learning with
cross-validation and regularization to predict the symptoms and intel-
ligence of individuals with autism using the asymmetry index of struc-
tural connectivity. We found that asymmetry features are associated
with atypical communication skills as well as performance IQ and IQ
ratio, which may depend on altered cognitive and social development
(Chiang et al., 2008; Wilkinson, 1998). Although more elaborate
methodological approaches need to be considered to fully explain
ongoing autistic symptoms and intellectual development, our findings
provide insights into brain-behavior relationships in individuals with
autism.

In this study, we systemically studied atypical structural connectome
asymmetry in individuals with autism, investigated its topological un-
derpinnings via network communication measures, and further stated
the possibility of asymmetry as a marker for autism. Specifically, we
identified large-scale network-level imaging features significantly
associated with symptom severity and intelligence in individuals with
autism, which may help better understand the underlying network
communication mechanisms of the brain related to autistic traits.
Furthermore, our findings provide insights into understanding the links
across whole-brain structural connectome asymmetry, network
communication mechanisms, and behavioral phenotypes in individuals
with autism. Together, our results may advance our knowledge
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regarding the brain mechanisms of autism.
Code availability

The codes for eigenvector generation are available at https://github.
com/MICA-MNI/BrainSpace, codes for calculating network communi-
cation measures are available at https://sites.google.com/site/bctnet/,
and codes for statistical analyses are available at https://github.com/M
ICA-MNI/ENIGMA.
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