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Contrast subgraphs catch patterns
of altered functional connectivity in
autism spectrum disorder

Tommaso Lanciano®?2, Giovanni Petri%*, Tommaso Gili*** & Francesco Bonchi?

Despite the breakthrough achievements in understanding structural and functional alterations of
brain connectivity in autism spectrum disorder (ASD), the exact nature and type of such alterations
are not yet clear due to conflicting reports of hyper-connectivity, hypo-connectivity, and—in some
cases—combinations of both. In this work, we bring order to the debate using a network comparison
technique to capture mesoscopic-scale differential patterns of functional connectedness. In particular,
we leverage recent algorithmic advances in extracting contrast subgraphs to identify maximally
different mesoscopic connectivity structures between two sets of networks from typically developed
individuals and ASD subjects across different developmental stages. A significantly larger connectivity
among occipital cortex regions and between the left precuneus and the superior parietal gyrus was
found in ASD subjects. At the same time, reduced connectivity characterized the superior frontal gyrus
and the temporal lobe regions. More importantly, our results reconcile within a single framework
multiple previous separate observations about functional connectivity alterations in ASD.

Keywords Functional brain networks, Contrast subgraphs, Autism spectrum disorder, Network
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Autism spectrum disorder (ASD) is associated with disrupted or altered brain connectivity' at both structural®
and functional® levels. Deviations of the functional connections among brain regions from the normal pattern
of connectivity are associated with several functional impairments*°. Specifically, alterations of the functional
connectivity strength among brain regions support a variety of social®’, cognitive®®, and sensorimotor!®!!
functions in ASD subjects. Indeed, experimental evidence exists of a correlation between functional connectivity
perturbations and ASD symptom severity'? and adaptive behaviour!®. Despite the incredible results achieved in
understanding both structural and functional connectivity alterations in ASD, the exact nature and type of such
alterations are not completely clear due to conflicting reports of hyper-connectivity!*!'>, hypo-connectivity'¢,
and—in some cases—combinations of both'”.

In this context, identifying specific neuroimaging-based biomarkers for ASD, especially ones that could be
related to symptoms severity, is still a challenging task, usually requiring large-scale datasets and analyses!®1°.
The reason is that, in addition to the issues described above, to be effective such biomarkers have not only to
reach statistical significance but also to be stable across multiple datasets, experimental designs and subjects?.
Similarly to other alterations of functional connectivity?!, existing methods rely either on the identification of
network features specific to the ASD spectrum?? or on opaque neural network techniques?*2*,

In this work, we adopt a mesoscopic approach to the debate about hyper- vs hypo-connectivity in ASD,
leveraging recent advances in network comparison techniques?. We thus develop a pipeline for the extraction of
group-level contrast subgraphs, which are maximally different, in terms of connectivity level, between the brain
networks of typically developed (TD) individuals and ASD subjects. We equip our approach with simultaneous
mining of different subgraphs exhibiting this property, making it able to provide a variety of findings at the same
time. For example, we show here that, under these goggles, it is possible to reframe previous results on functional
network architectures in ASD in terms of a complex interplay between hyper- and hypo-connectivity, which
evolves across age and relates deeply to individual differences. In addition to the group-level discrimination, the
information obtained from contrast subgraphs can be used to build individual-level networks, which can then
be studied in relation to individual phenotypical properties, as, for example, cognitive and social performances.

IDIAG, Sapienza University, Via Ariosto 25, 00185 Rome, Italy. 2CENTAI Institute, Corso Inghilterra 3, 10138
Turin, ltaly. 3Networks Unit, IMT School for Advanced Studies Lucca, Piazza San Francesco 19, 55100 Lucca,
Italy. * NP Lab, Network Science Institute, Northeastern University London, London, United Kingdom. *email:
tommaso.gili@imtlucca.it

Scientific Reports|  (2025) 15:24265 | https://doi.org/10.1038/s41598-025-04932-2 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-04932-2&domain=pdf&date_stamp=2025-7-5

www.nature.com/scientificreports/

A)

Results

To identify discriminating structures in functional networks of neurotypical and ASD subjects, we adopt the
ABIDE dataset of resting-state functional networks!!. In particular, we use resting-state fMRI data from 57
males with ASD (15 children, 42 adolescents) and 80 typically developed (TD) (17 children, 63 adolescents)
males (see Supplementary Information for further details). For any participant, we compute standard functional
connectivity matrices from the preprocessed timeseries using Pearson’s correlation coefficient®® (Fig. 1A). Each
matrix is then sparsified using the SCOLA algorithm?®?’, to obtain an individual sparse weighted network (with
densities typically p < 0.1 consistent with standard sparsification methods!).

Our aim is to detect multiple sets of regions of interest (ROIs) that, given a single cohort, simultaneously
show hyper-connectivity in one group and hypo-connectivity in the other group. This can be achieved by
appropriately building on recent methodology®®, which looks for the densest subset of edges between two groups
to obtain a maximally discriminating subgraph.

Given two cohorts of individuals, for each group, we combine the group’s functional networks in a single
graph, dubbed summary graph: this step is crucial because it compresses in a single observation the common
peculiarities of a set of networks. Next, we combine the two summary graphs in a difference graph, a new network
whose edges have weights equal to the difference of the weights of the two summary graphs (Fig. 1B). Once
the difference graph is computed, an optimization problem is defined on it*, whose solution is the contrast
subgraph, i.e., the set of ROIs that maximizes the difference in terms of density between the graphs of the two
groups. In the Methods section, we provide further details on the technical implementation of the optimization.
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Fig. 1. Processing pipeline. (A) fMRI preprocessing: We use BOLD timeseries to construct functional
connectivity (FC) matrices, which we then sparsify using state-of-art network filtering techniques?*?’ to obtain
sparse functional networks. (B) Computation of the contrast subgraph?*: Given the functional networks for
two subject groups, the first step is to reduce both of them to their relative summary graph. Once both groups
have been reduced, an optimisation problem is defined over the difference graph. Finally, we can solve and
refine the optimisation problem with a local search approach. The final result is a set of nodes, dubbed contrast
subgraph. In this instance, the two solutions make it clearer the approach followed: the set of nodes {1, 2, 8}

is sparsely connected in the Group A, while it shows a large number of connections in the graphs of Group B.
The set of vertices {4, 5, 6} shows the opposite pattern: density in the observations of Group A and sparsity

in those of Group B. (C) Bootstrap of solutions: to compare unbalanced groups, we apply a down-sampling

of the most populated group, such that it makes the groups balanced. For each resampled reduced dataset, we
recompute the contrast subgraph as in (B), adopting as a value of « the one expressed by the proposal in?. (D)
Alignment of bootstrap solutions: starting from the solutions obtained in the Bootstrap pipeline, we compute
the statistically significant (overrepresented) maximal frequent itemsets®, i.e. those that are not a subset of any
other itemset. We compute the final solution as the union of these statistically significant maximal frequent
itemsets (set of nodes) and the corresponding set of edges.
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To improve the robustness of the solution and avoid limitations induced by class imbalances in the dataset,
we iterate the detection of the contrast subgraphs by bootstrapping on equally-sized samples from the various
populations (Fig. 1C). In this way, we obtain a family of contrast subgraphs rather than a single one. We then
further select a statistically significantly overrepresented set of nodes from all these candidate contrast subgraphs,
using techniques from Frequent Item-set Mining. This guarantees the robustness of the final contrast subgraph
together with its statistical significance in discriminating between groups (Fig. 1D).

Contrast subgraphs classify subject group
Following the methods described above, we extract the two edge-sets that define the contrast subgraphs encoding
the main network-level differences between the two groups. Since these edge-sets are determined at the group
level, it is naturally possible to observe fluctuations in the individual-induced subgraphs —the graph obtained
by projecting the subgraph of the individual functional connectivity on the edges induced by such dense sets of
nodes. This leads to variable levels of hyper/hypo-connectivity, measured in terms of the weights’ sum of edges
in the induced subgraph across subjects.

Indeed, by considering these overall connectivity levels (as described in Methods and Fig. 1), we can obtain
a simple rule to classify subjects in one of the two groups according to the separation boundary that separates
subjects in terms of their induced graph density. While identifying this boundary is not the primary aim of the
contrast subgraph extraction method, the differences in densities between groups (Fig. 2A) are clear. To confirm
this and validate the goodness of our solution, we solve the classification task described above over any repetition
of the bootstrap, running a linear SVM over the whole dataset to find a linear separation bound between the two
groups, which can classify with large accuracy (children, 0.80 % 0.06; adolescents, 0.68 & 0.04).

Node-level description of contrast subgraphs

Below we report in the extended form our results for hyper- and hypo-connectivity patterns in ASD individuals
(as compared to TD ones), separately for children and adolescents. All the reported regions and substructures
have been statistically validated for the contrast generated by the two classes, according to the U-Test (p < 0.05).
If not otherwise indicated, brain regions reported must be considered as bilaterally involved. Figure 2B shows
the contrast subgraphs for the age groups (left, children; right, adolescents), highlighting the edges retained in
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Fig. 2. (A) Level of hyper-connectivity and hypo-connectivity for Children( left) and Adolescents( right).
Connectivity is expressed as the number of edges inside the contrast subgraph. We refer to hyper-connectivity
for the solution denser for ASD (orange triangle) and sparser in TD (blue stars), and vice versa for hypo-
connectivity. See main text for accuracy reports. (B) Visualization of the contrast subgraphs for the two

age groups, children (left) and adolescents (right). Red (blue) edges represent edges present in the contrast
subgraph for the ASD subjects (TD subjects). Nodes’ color code refer to the different lobes they belong to:
blue-frontal lobe; orange-insula; cyan-cingulate cortex; grey—deep grey matter; green— temporal lobe; red—
occipital lobe; yellow—parietal lobe; magenta—cerebellum.
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the contrast subgraphs that are hyper-(hypo-)expressed in ASD subjects as compared to TD ones (Fig. 2B top
and bottom row, respectively).

Children. Hypo-connectivity: We find the subgraph mostly localized inside the Frontal Lobe. In particular,
we find a central role of the Superior Frontal Gyrus (Medial), that shows, bilaterally, hypo-connectivity with
two different sub-modules: (i) Orbital part of the Superior Frontal Gyrus, Medial Orbital part of the Superior
Frontal Gyrus and Right Rectus; (ii) Rolandic Operculus, Left Insula and Left Superior Temporal Gyrus. Inside
the Temporal Lobe, in particular between the Temporal Pole of the Superior and Middle Temporal Gyrus, and
their connections with Right Inferior Temporal Gyrus and Left Middle Temporal Gyrus.

Children. Hyper-connectivity: We find localized structures: between Middle Occipital Gyrus and Left Inferior
Occipital Gyrus; between Calcarine, Cuneus, Lingual and Right Superior Occipital Gyrus; and between the
Superior Parietal Gyrus and the Left Precuneus.

Adolescents. Hypo-connectivity: We find, in this case, a huge contrastive structure involving different patterns
of disconnection that include: (i) Inferior Frontal Gyrus (Triangular, Opercular and Orbital parts), the Insula,
Left Putamen, Left Rolandic Operculus and the Temporal Pole of the Right Temporal Gyrus; (ii) Amygdala and
Left Hyppocampus; (iii) Posterior Cingulate Gyrus, Right Cuneus and Right Precuneus; (iv) Vermis 3 and Left
Cerebellum 3. Each submodule shows a significant disconnection from the cerebellar Vermis 1 and 2 and the
Right Cerebellum 3. We also find a unique contrast subgraph composed of: the Postcentral and the Anterior
Cingulate Gyrus, the Orbital Part of the Middle Frontal Gyrus, the Right Olfactory cortex, the Paracentral
Lobule and the Orbital Part of the Middle Frontal Gyrus.

Adolescents. Hyper-connectivity: The Contrast subgraphs are localized in the Occipital Lobe (Superior and
Middle Occipital Gyrus, Lingual, Calcarine and Left Cuneus) with connections with the Right Fusiform and the
Left Cerebellum 6. We also find nodes within and between Cerebellum (Left 3, Right 8, 9, Right 10) and Vermis
(9 and 10).

Lobes integration mesoscopic differences across age-groups

To summarise the information and to understand how the large-scale integration patterns differ across
conditions, we coarse-grain the individual induced subgraphs from nodes to brain lobes. We then select the
edges expressed in a significantly stronger way in ASD than in TD subjects for each age group, which we denote
as hyper-expressed, and those that are instead weaker in adolescents versus children, which we denote as hypo-
expressed (see 4.5) for details).

In Fig. 3 we show the adjacency matrices of the lobe-level induced graphs, divided by hyper- and hypo-
expression for the four conditions. The first observation is that, at the mesoscopic level, both hyper- and
hypo-expressed ASD-induced graphs show significant connectivity between occipital and cerebellar regions,
which is instead absent in the case of TD subjects. More in detail, we also see that the amount of hypo- and
hyper-expression is larger for ASD than for TD graphs between the occipital and temporal lobes and within
the cerebellum. Together these observations suggest a nuanced reorganization of the ASD subjects’ brains from
childhood to adolescence than in TD subjects. In particular, we do not only observe increased or decreased
connectivity, but we also find a combination of both effects simultaneously. We also find that lobes differ in the
evolution of their self-interaction across age and condition (Fig. 4). In particular, for the cingulate lobe, deep
grey Matter, and insula, we find a significant increase (linear regression, p < 0.05 on all coefficients) of lobe
integration with age for TD subjects, which is instead absent in ASD individuals. The parietal and temporal lobes
show conflicting trends: in the former, self-integration significantly increases for TD subjects and decreases for
ASD subjects, while for the latter, the trends are reversed. Finally, we find that the cerebellum is progressively
more integrated with age in both groups, but the increase of integration with age is significantly larger for ASD
subjects. For the frontal and occipital lobes, we did not find any significant group-level effect with age for either
ASD or TD subjects (see Table 1 for details). Overall, our analysis shows that, whereas TD subjects develop
greater local integration within lobes as they grow, ASD subjects maintain a more distributed architecture, with
the notable exceptions of the cerebellum and the temporal lobe.

Induced contrast subgraphs correlate with individual phenotypes

The contrast subgraphs discussed so far describe the salient features of each subject group and condition.
However, inspired by the previous results, we wonder whether any differences observed at the lobe-level
integration correlate with individual performance. We can investigate this by considering changes in individual
architectures within the same group, for example, whether these sets can highlight individual phenotypical
differences. To do this, we consider the induced contrast subgraphs at the individual level: given a cohort of
subjects, once computed the contrast subgraph C9192, i.e., the set of nodes whose induced subgraph is denser
in group g1 and sparser in group g2, we consider, for any individual i of the cohort, the subgraph gf 1:92 gbtained
by restricting the functional connectivity network of i to the edge-set induced by the node-set C'9**92. We then
investigate whether simple graph metrics, i.e., lobe integration strength and lobe-lobe integration strength,
correlate with the subjects’ phenotypes as measured by standard performance scales®*3%. In Fig. 5 we report
the statistically significant (p < 0.05 Bonferroni corrected) relationships we obtain. We find that cerebellar
and occipital lobe integrations are negatively correlated with standard intelligence scores (F/VIQ), and that the
strength of the interaction between the occipital and temporal lobes in the lobe-level graphs associates with more
severe social symptoms.

Discussion

Using contrast subgraph analysis, we elucidated atypical resting-state brain functional connectivity underlying
the symptoms of ASD both in children and adolescents. Specifically, we analyzed a large rs-fMRI dataset from
the ABIDE database to determine whether neurophysiological changes typical of the disease are associated with
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Fig. 3. Hyper and hypo-integration of lobes in ASD subjects vs TD subjects for the two age groups. We select
either hypo- or hyper-expressed edges in the induced subgraphs corresponding to the various conditions

and then coarse-grain the resulting networks to the lobe level to highlight the mesoscopic differences in the
integration patterns across groups. Positive/negative values imply stronger edges within/between lobes (by
coarse graining over the corresponding regions) in adolescents/children subjects. Overall, we find stronger
interactions between occipital and temporal lobes in ASD for TD, larger differences within the cerebellar areas,
and-finally-between the cerebellum and the occipital lobe.
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Fig. 4. Age dependence of lobe self-strength in induced lobe graphs. Full dots represent quantities for which
the linear regression coeflicients are significant (p < 0.05, full results in Table 1), while crosses show results
for quantities for which we find no significant trend. For most lobes, we find a significant increase with the
age of lobe-level self-strength for TD subjects. In contrast, ASD subjects only show significant increases in the
temporal lobe and cerebellum.

cortico-cortical and cortico-subcortical dysfunctional connectivity in the brains of males with ASD. Our findings
indicated that children of the ASD group exhibited a significantly larger number of functional connections
among regions of the occipital cortex and between the left precuneus and the superior parietal gyrus. At the
same time, reduced connectivity characterized the superior frontal gyrus as well as regions of the temporal lobe.
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ASD t ASD p TDt TD p

Deep grey matter | — - 3.764550 | 3.216810e-04
Parietal lobe —8.629239 | 8.323787e-12 | 4.757780 | 8.823525e-06
Temporal lobe 3.496506 | 9.403944e-04 | —3.765146 | 3.210339e-04
Cerebellum 5.598709 | 7.090777e-07 | 3.703659 | 3.948626e-04
Cingulate - - 9.437933 1.529787e-14
Frontal lobe - - -0.526305 | 6.001697e-01
Insula - - 3.092880 | 2.750249¢-03
Occipital lobe 1.441455 | 1.551258e-01 | - -

Table 1. Statistical results for Fig. 4. Missing values correspond to cases in which the regression was not
possible because there were no links in the corresponding lobes.
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Fig. 5. Association between lobe strengths and lobe interactions with phenotypes in ASD adolescents. We
report i) the significant (p < 0.01,¢ > 2) associations between cerebellar (A)) and occipital (B) lobe strength,
respectively, with intelligence scores, FIQ and VIQ; and ii) the significant association of the interaction
strength between occipital and temporal lobes (C) with social scores (ADOS Social and ADOS Stereo
Behaviour)*2.

Conversely, adolescents of the ASD group showed hypo connectivity of Vermis 1, Vermis 2 and right IIT lobule
of the cerebellum, while hyper-connectivity was found between regions of the occipital cortex and the left IV
lobule of the cerebellum and the right fusiform, as well as among the left III, the right 8, 9 and 10 lobules of the
cerebellum and Vermis 9 and 10.

The method proposed here captures both hyper-connectivity and hypo-connectivity across the whole
brain, as opposed to common functional connectivity approaches that typically are only able to unveil only one
direction of alteration or a subset of brain regions involved>*>*¢. Our results recapitulate previous evidence that
autism is characterized by atypical large-scale brain functional connectivity in both directions®” within a single
framework. Previous human and model neuroimaging studies reported a variety of functional architectures
specific to ASD!%33 Most of them did not directly allow the simultaneous observation of under- and over-
expressed connectivity of regions across the whole brain in ASD individuals, both at the regional and lobe level
and of their evolution during development.

On the one hand, our results show that along with the development of the functional connectivity over-
expression pattern in ASD subjects include regions of the occipital cortex both in children and in adolescents,
as already observed in previous rs-fMRI studies’®*!. According to the weak central coherence model*?%3,
overstimulated and underselective visual processing areas may dominate high-order cognitive processes
in autism. This can lead to the reduced ability in contextual information integration during the execution of
complex perceptual and executive tasks* and can be related to the increased connectivity of visual cortices*>*".
We also find increased connectivity between visual regions across hemispheres, suggesting enhanced perceptual
processing, as observed in*®-> together with the intact inter-hemispheric transfer of visual information.

On the other hand, we find differential hyper-connectivity in children and adolescents. Specifically, while the
increased bilateral connectivity in children characterized regions belonging to the parietal cortex, adolescents
were characterized by increased integration of the cerebellum. Hyper-connectivity found between superior
parietal gyrus and precuneus might reflect altered patterns of signal fluctuations®® in the interaction between
the networks these regions originate from (fronto-parietal and default mode network). This, in turn, can impair
cognitive processing. Increased coordination with nonessential regions may introduce low-level cross-talk and
spoiling signal across primary network components**. These results, therefore, constitute a possible source of
the widely observed decreased connectivity within the Default Mode Network®2-5%, which may stem from the
disturbing abnormal connectivity that one of its hubs (precuneus) has with different and unrelated regions
(bilateral superior frontal gyrus).

Remarkably, atypical visual exploration of both social and nonsocial scenes is often reported in ASD subjects
with less precise and longer saccades, potentially reflecting difficulties in eyes movement control®®, exerted by
the cerebellar lobules VIII-X and uvula/nodulus (Vermis IX-X)>"%8. The increased connectivity of the cerebellar
lobules VIII-X and Vermis IX-X observed in our study might relate to the frequently reported reduction in
gamma-aminobutyric acidergic (GABAergic) Purkinje cells in ASD>*®. These cerebellar neurons send
inhibitory projections to the deep cerebellar nuclei (the output nuclei of the cerebellum) and the posterior lobe
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of the Vermis. Loss of these neurons is thought to lead to disinhibition of the deep cerebellar nuclei and of the
uvula/nodulus lobules**$!, which could explain the observed increased cerebellar integration and consequent
abnormal eyes movement control in ASD subjects®>.

Patterns of regional hypo-connectivity in ASD have been widely reported®-%’. Accordingly, children showed
reduced connectivity in frontal and temporal regions, and adolescent showed two heterogeneous patterns of
hypo-connectivity: one involving cerebellar-subcortical, cuneo-cerebellar, fronto-cerebellar and fronto-parietal
connectivity, the other involving anterior cingulate cortical connectivity with the parietal (postcentral gyrus)
and frontal regions. The developmental trajectory of the disorder across age is firstly characterized by the
increased complexity of the disconnection patterns. In fact, children show a clear disgregation of the functional
fronto-temporal network, already associated with impaired working memory processes®, language difficulties®
and diminished preferential attention to social cues’’. In contrast, adolescents show functional network
disconnections organized in a mosaic of modules.

Fronto-temporal’’? and insular-limbic’® dysconnectivity associated with emotion deficits, posterior
cingulate-cuneus’*”> underconnectivity that reflects a slow and delayed maturation of the Default Mode
Network associated with social impairments and cerebellar disconnections’®”” associated to a reduced social
cognition, somatosensory and language skills have been separately reported in literature. Once the regions of
interest were grouped in eight anatomical macroareas, we calculated, subject by subject, the average correlation
within each one and tested the possible topology-phenotype covariance. We found that cerebellar and occipital
cortices integration negatively correlated with standard measures of IQ (VIQ/FIQ) in ASD adolescents only,
while no significant correlation was observed in children. Similarly, the increased connectivity of occipital
and temporal areas was significantly associated with reduced social skills in ASD adolescents (ADOS Social,
stereotypical behaviour scales). Besides the reduced sample size because of data homogeneity reasons, the
absence of similar correlations in children may also suggest a complex role of developmental reorganization
during the development of cognitive skills.

Finally, from a methodological perspective, it is important to highlight two features of our approach.

The first is its mesoscopic nature. This is grounded in the optimization involved in extracting contrast
subgraphs. The framework acts locally at the level of the single edge contribution (i.e. the difference in weight
between the same edge in the two groups), but obtains global solutions because the optimization is defined
across the whole network. Conceptually, this is similar to what is done, for example, in network modularity’s:
in that case, however, the focus is on the modular density structure of a single network, rather than on the
most discriminating subgraph between graphs representing two groups (or conditions). Crucially, and similarly
to other mesoscopic observables, such as network modules”*~®! and topological cavities®*-%, the differences
detected by contrast subgraphs pertain to the level of coordination among sets of nodes, rather than to the
alteration of the integration patterns of specific nodes®”%.

The second is the statistical robustness of the mesoscale subgraph detection. As opposed to canonical
statistical methods for the network comparison at group level®-°!, here we proposed an approach composed
of a preliminary process of edges decimation to retain the statistically significant connections (i.e. Scola?’) in
each network. Subsequently, a non-parametric scheme for the definition of the statistically significant sets of
edges that maximize the difference between groups in terms of edge density is implemented. This guarantees
the statistical robustness of the results without invoking any parametric approach for extracting topological
properties that discriminate differences among different groups of networks.

Naturally, the proposed method also suffers from some limitations. First, and somewhat trivially, due to its
intrinsic mesoscopic nature, it is less able to detect localized differences. It should be adopted in situations where
mesoscopic changes rather than specific regional ones are hypothesized. Second, the method has a resolution
parameter, (, that has a clear algorithmic interpretation, but that might be of difficult interpretation from a
clinical point of view. However, combined with principled thresholding techniques, our bootstrapping approach
can effectively buffer for this problem. Third, in the optimization, we considered a simple difference between the
summary graphs with a penalty term that does not depend on the individual edges nor the statistics of the graphs
under comparison. This could be improved by substituting the penalty with one obtained from a network-
generating model, e.g. a weighted configuration model®>?*. We also tested for robustness of results by increasing
the sample size, without finding significant modifications (see Supplementary Information).

Finally, an additional possible limitation of this study is the gender imbalance in the cohort investigated.
Although ASD is diagnosed more frequently in males, it is not considered a male trait. Nonetheless, the
prevalence ratio in ASD diagnosis is about 4:1 in favour of men, and the underlying reasons for this difference
are still debated. A possible cause for such mismatch may be found in the way ASD is diagnosed. It is reported
that women present more subtle or internalized symptoms and a greater tendency to mask or camouflage their
traits to fit in’%. On the other hand, evidence from multiple types of genetic risk and multiple members of families
affected by ASD supports a female protective effect model, in which females have a higher liability threshold for
receiving a diagnosis of ASD®. Unfortunately, even if it is clear that autism is a lifelong neurodevelopmental
condition with a heterogeneous presentation in all genders, multicentric neuroimaging data repositories, such
as ABIDE and ABIDE II, suffer from such gender imbalance, and, consequentially, our results do.

Methods

Subjects

Resting-state fMRI data from 57 males with ASD (15 children, 42 adolescents) and 80 typically developed (TD)
(17 children, 63 adolescents) males were acquired from the Preprocessed Connectomes Project®’. The data had
been obtained from ABIDE!!, and preprocessed using the Data Processing Assistant for Resting-State fMRI
(DPARSF)®®. Participants were excluded if mean framewise displacement (FD) during the resting-state fMRI
scan was greater than 0.10 mm, and the percentage of data points exceeding 0.10 mm was greater than 5%.
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Groups were matched for age, IQ and mean FD. ASD diagnoses were confirmed using ADOS** and/or the
Autism Diagnostic Interview-Revised (ADI-R;*). Participant characteristics are described in Supplementary
Info (Tables S1 and S2).

Ethics statement

The present study was carried out using rs-fMRI data from the Autism Imaging Data Exchange (ABIDE I).
ABIDE is a consortium that provides previously collected rs-fMRI ASD and matched control data for data
sharing in the scientific community'"””. The ABIDE datasets were collected at 17 different imaging sites.
The Ethics Committee of each site approved the study protocol which was conducted in accordance with the
Helsinki Declaration®®. Prior to data contribution, sites are required to confirm that their local Institutional
Review Board (IRB) or ethics committee have approved both the initial data collection and the retrospective
sharing of a fully de-identified version of the datasets (i.e., after removal of the 18 protected health information
identifiers including facial information from structural images as identified by the Health Insurance Portable
and Accountability Act [HIPAA]). Written informed consent or assent was obtained from all participants in
accordance with respective IRB.

fMRI acquisition and preprocessing

Information about scanner types and parameters can be found on the ABIDE website. We carried out the
following DPARSF preprocessing steps: slice timing correction, motion correction, realignment using a six-
parameter (rigid body) linear transformation with a two-pass procedure (registered to the first image and then
registered to the mean of the images after the first realignment). Individual structural images (T1-weighted
MPRAGE) were co-registered to the mean functional image after realignment using a 6 degrees-of-freedom
linear transformation without re-sampling. The transformed structural images were segmented into grey
matter (GM), white matter (WM) and cerebrospinal fluid (CSF)* and nuisance parameters were regressed out
(including 24 motion parameters, WM and CSF signals, linear and quadratic trends, and the global signal)!%.
Temporal filtering (0.01 - 0.1 Hz) was performed on the time series.

The Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) tool'%! was used
to compute transformations from individual native space to MNI space. We chose to use data that had the
global signal regressed out, as this step has been shown to help mitigate differences across multiple sites'®2.
Furthermore, it has been shown recently that global signal regression attenuates artifactual changes in BOLD
signal that are introduced by head motion!'%*!%. The time series of 116 regions of interest (ROIs) from the
Automated Anatomical Labeling (AAL) atlas!®® were obtained. Additional details of the fMRI preprocessing
steps can be found on the Preprocessed Connectomes Project website.

To standardize the length of all observations, we trimmed the time serieses to the 140 central records of each
fMRI region signal.

For any participant, we computed standard functional connectivity matrices from the preprocessed timeseries
using Pearson’s correlation coefficient®® (Fig. 1A). We then sparsified each matrix using recent network-
theoretical methods (SCOLA2%%7), to obtain the individual sparse weighted network (with densities typically
p < 0.1 consistent with standard sparsification methods®!). To run the SCOLA algorithm, we configured the
parameters as follows: L = 140 to match the length of the available time series, and 5 = 0.5 as recommended by
the authors. For the null model, we tested all the options proposed by the authors and selected the configuration
model, as it consistently provided the best average BIC score.

Computation and robustness of contrast subgraphs

We make use of a dataset D of functional networks, where the i-th observation corresponds to the sparse
weighted network of the i-th individual, each one defined over the same set of nodes V (i.e., the 116 regions of the
AAL atlas). D can be divided into two cohorts ¢ = {children, adolescents}, each one composed of individuals
belonging two one of the groups g = {TD, ASD}. Starting from the preprocessed functional connectivity
networks {G} for the two groups .A and B, we construct the summary graphs G** and G* by averaging over the
group, and then search for the node subset S™ that maximizes the difference in terms of density between Glé* R

which is the subgraph of G restricted to S*, and G‘BS*, correspondingly the subgraph of G restricted to S*.

The contrast subgraph G*~5 between groups A and B is the subgraph induced by the set of nodes Via—ny
such that the subgraphs of the original networks induced by V; 4_5; has maximal density for group A with
respect to group B( Fig. 1B). In other words, our proposal aims to detect a set of regions of interest (ROIs) that
simultaneously shows hyper-connectivity in one group and hypo-connectivity in the other group. This can be
achieved by appropriately generalizing the methodology proposed by Lanciano et al.?* to fit our purposes.

The pipeline just described has three main limitations that need to be taken into account:

1. Dependence of the contrast subgraph extraction on an accuracy parameter o see Supporting information
for formal definition): indeed, depending on the value of ¢, it is possible to exclude potential ROIs that are
contrastive but not the most contrastive one;

2. Potential group imbalance in the dataset. Imbalances between the number of subjects in each class can affect
the optimization results, biasing it toward one of the classes;

3. Design of the contrast subgraph model of?® as an optimization problem whose output is a single solution;
other subgraphs with an associated high level of contrast might be not detected in this way.

Therefore, starting from the algorithm provided in?°, we employ an enhance to the existing pipeline to efficiently
address all these limitations.
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To overcome the first issue, we relate our choice of the value of the parameter « to follow the proposal of?%; in
their work the authors address the existing problem of thresholding complete graphs generated from correlation
matrices, providing a topological criterion that filter the weakest edges preserving the balance in the trade-off
between networK’s efficiency (i.e., a measure that quantify how efficiently the information in a network can be
exchanged) and number of edges. Since in the original proposal of? the parameter « is responsible to penalize
the weakest edges in the network in such a way that the solution is contained in terms of size, we set it according
to this criterion in order to guarantee the algorithm a search space that is represented by an efficient network.

In order to address the last two issues, we adopt the following strategy: as a first step, we generate multiple
replications of the original dataset, each one composed by the less populated group of subjects and a subset of
the second group of subjects of equal size of the first. In this way we are either able to overcome the second issue,
since now all the available replications are balanced in terms of size, and pave the way to implement a strategy for
the third: in fact, computing the contrast subgraph for each replication of the dataset, we obtain a set of candidate
solutions. In order to ensure the representativeness of the obtained solutions, we test them via the Frequent
Itemset Mining paradigm (Fig. 1D), retaining only those statistically significant.

Coarse-graining of subgraphs and statistical selection of reduced edges

Consider a graph G defined on the node set of regions V and with edges Eq C V x V, and a set of lobes
L = {L;}s, such that each lobe, L; € L is a subset of V, L N L; =@, and | JL = UZ L; = V. We coarse-
grain individual graphs to lobe-level graphs by defining a new lob graph LG with node set L, and edges
Erc. Each edge e = (u,v) € Eg induces an edge in e;g = (L;, L;j) € Erg such that uw € L;,v € L;. The
weight of such edge we,, is the sum of the weight of the edges e that link the corresponding lobes L;, L;,

Weyy=(L;,L;) = Ze:(u,v)EEG\uELi,UGL]- we. Note that it is possible for u and v to belong to the same lobe
L; = Lj, and therefore the graph LG can have self-loops with arbitrary weights. In fact, in the main text we use
extensively the node selfloop weight (named node self-strength or integration).

For the hypo- and hyper-expressed results reported in Fig. 3, we perform an additional step before coarse-
graining from regions to lobes. In Spartlcular, for each link e in the constrast subgraph for ASD(TD) subjects
we compute its avera%e welght wi PY in the two groups, we build the distribution over the edges of the
differences Ao = w*P — wI'P, and we keep only the edges in with the top 10% largest difference. We consider
these edges hyper-expressed, and then coarse-grained the resulting graph to lobe level. For the hypo-expressed
we perform the same procedure keeping the edges corresponding to the smallest 10% of differences.

Data availability

The anonymised data that support the findings of this study are available as open data through the ABIDE re-
pository (https://fcon_1000.projects.nitrc.org/indi/abide/). The implementation of the algorithms is available by
contacting the corresponding author.
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