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Abstract

Autism is a common neurodevelopmental condition characterized by substantial phenotypic
heterogeneity, which hinders diagnosis, research, and intervention. A leading example can be found in
marked imbalances in language and perceptual skills, where deficits in one domain often co-exist with
normal or even superior performance in the other domain. The current work capitalized on multiple data
analytics including data-driven subtyping and dimensional approaches to quantify cognitive imbalancesin
multi-site datasets of individuals diagnosed with autism spectrum disorder (ASD) and neurotypical
controls, and assessed structural and functional brain network substrates. Studying cognitive dimensions
as well as multimodal neuroimaging signatures in 155 ASD and 151 neurotypical individuas, we
observed robust evidence for a structure-function substrate of cognitive imbalancesin ASD. Specificaly,
ASD presented with marked imbalances in cognitive profiles relative to neurotypical contrals,
characterized by verbal to non-verbal intelligence discrepancy. Different analytical approaches including
subtyping and dimensiona regression methods converged in showing that these imbalances were
reflected in atypical cortical thickening and functional integration of language networks, aongside with
sensory and higher cognitive networks. Phenotypic findings could be replicated in an independent sample
of 325 ASD and 569 neurotypical controls. Although verbal and non-verbal intelligence are currently
considered as specifiers unrelated to the categorical diagnosis of autism, our results show that intelligence
disparities are accentuated in ASD and relate to a consistent structure-function substrate affecting
multiple brain networks. Our findings motivate the incorporation of cognitive imbalances in future autism
research, which may help to parse the phenotypic heterogeneity of autism and potentialy inform
intervention-oriented subtyping.
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Introduction

Autism spectrum disorder (ASD) is a prevalent neurodevelopmental condition currently diagnosed in
more than 1 in 54 children (1). A mounting literature suggests that one of the most critical challenges to
diagnostic and research advances in autism is phenotypic heterogeneity in various cognitive abilities and
sensory modalities (2—4). It ranges from deficits in adaptive, language, or perceptual functions to normal,
or even enhanced abilities compared to typically developing individuals, suggesting that the ‘disorder’
term inherent to ASD may not equally qualify for al diagnosed individuals (5,6). Merging all individuals
on the spectrum can, thus, miss clinically important subgroups of ASD, and potentially impart null (7) or
at best conflicting neuroimaging and cognitive findings (3,8). Ultimately, these challenges hinder our
ability to understand functional impairments, underlying mechanisms, and the development of more
effective therapy.

The heterogeneity of ASD is particularly apparent in perceptua (or non-verbal) and verba skills (9)
across affected individuals. Prior studies show that the discrepancy between verbal and non-verbal
intelligence quotient (1Q) measures is more prevalent among children with ASD than those with typically
development (10-13), suggesting that 1Q imbalance may be an important characteristic of ASD. Such
differences seem plausible, also given that individuals with ASD who experience speech onset delay and
are minimally verbal may perform adequately, or even better than neurotypicals, on tasks that do not
require verbal skills and target non-verba perceptual reasoning (5). Conversely, individuals with ASD
who present with normal or reduced sensory-perceptual processing may show verbal abilities that are
comparable to neurotypicals, or at higher levels (14). Imbalances between verba and nonverbal skills has
been suggested to reflect atypical developmental pathways in ASD, and prior studies have begun to assess
cognitive imbalances in ASD by studying the ratio of verbal to nonverba 1Q (vnlQ) measures, which
overall suggest that |Q discrepancies may represent acommon alteration in ASD (10,15).

While neural substrates underlying the cognitive imbalancesin ASD remain to be investigated, it has been
postulated that different functional systems may atypically compete during brain development in
individuals with ASD (16). Such a broad mechanism may simultaneously affect the organization of
multiple cortical areas, including sensory-motor, language, as well as higher cognitive regions that would
otherwise show typical area speciaization in norma brain development (17). Neuroimaging, notably
multimodal magnetic resonance imaging (MRI), alows for the study of typical and atypical brain
organization and development in vivo (18-21). In particular, surface-based quantitative MRI analysis can
be used to assess morphological variations of cortical areas (22—25), and resting-state functional MRI (rs-
fMRI) analysis can probe cortico-cortical connectivity (26-30). In ASD, prior neuroimaging studies have
explored morphological and connectome abnormalities. At the level of brain structure, several recent
studies in multi-site samples have converged on patterns of cortical thickening in ASD, in a spatia
distribution affecting largely frontal and temporal Iobe regions (23,25,31,32). Findings have nevertheless
been somewhat inconsistent, with other work showing cortical thinning (33), no findings (34), or findings
of distinct neuroanatomical patterns across different ASD subgroups ranging from cortical thickening to
thinning (22). Heterogeneous patterns have also been reported at the level of functional connectivity.
Indeed, prior rs-fMRI studies in ASD have suggested a mosaic of connectivity anomalies, with both
under- as well as over-connectivity in ASD groups relative to neurotypicals (26,30). While there are
studies overall giving an optimistic note on the consistency of the spatial distribution of connectivity
anomalies (35,36), other work has pointed to variability in findings that may stem from methodol ogical
vibrations as well as sample-specific inclusion criteria (30,37,38).
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Despite prior neuroimaging work thus pointing to atypical structure and functional connectivity in ASD
overal, studies rarely took into consideration cognitive discrepancies as potential modulating factors of
brain organization in this condition. Notably, work in healthy individuals suggested that discrepant 1Q
profiles may relate to variations in structural (39) and functiona organization (40). These relationships,
however, have not been systematically assessed in ASD. To fill this gap, the current study investigated
structura and functional network substrates of cognitive imbalancesin ASD, capitalizing on a multimodal
neuroimaging and connectomics approach. Core to our study was a broad battery of analytical
approaches, including correlative analyses with nvIQ ratios, verbal and non-verbal 1Q profile clustering,
and dimensional 1Q profile decomposition. We leveraged the autism brain imaging data exchange
initiative datasets (ABIDE-lI and IlI; 41,42), which offer the currently largest repository containing
imaging and phenotypic information. Analyses were regionally unconstrained, operating at a cortex- and
connectome-wide level; we nevertheless hypothesized that imbalance of verbal and non-verbal
dimensions of intelligence would particularly manifest in the structure and functiona network embedding
of language networks, but also in those involved in sensory and higher cognitive functions. Moreover, we
expected that the different data science techniques would overall converge on a robust structure-function
substrate of cognitive imbalances in autism.

Results

We studied two aggregate datasets of individuals with ASD and neurotypical individuals from both waves
of the Autism Brain Imaging Data Exchange initiative (ABIDE-l and -Il;
http://fcon_1000.projects.nitrc.org/indi/abide; 41,42).

Dataset-1 was used for main phenotypic and neuroimaging analyses. Inclusion criteria were similar to our
prior imaging studies in ASD (22,23,36,43,44). Specifically, we focused on those sites that included both
children and adults with an autism diagnosis or who were neurotypical controls in sufficient numbers.
Excluding cases with low-quality structural MRI or inaccurate cortical surface extraction (visualy
checked and manually corrected by SLV and BCB) resulted in a final sample of 155 ASD (150 males,
mean+SD age in years for ASD =17.9+8.6) and 151 controls (150 males; meantSD age in years
=17.747.3). Data was from four different sites (i.e.,, PITT [n=42], USM [n=92], NYU [n=135], TCD
[n=37]). Quality indices for structural and functional MRI data did not differ between ASD and controls
(p>0.43, t=0.79 for cortical surface extraction, p>0.11, t=1.58 for head motion). Details on subject
inclusion and quality control are provided in the Methods and Figure S1.

Dataset-2 was an independent selection from the ABIDE-I and Il waves, and included individuals that
were not included in the imaging sample but that had 1Q measures available (325 ASD; meantSD age in
years =15.8+7.3; 284 males; 569 controls, 12.7+5.6 years, 420 males). Phenotypic replication findings
from this cohort are presented below as well.

Analysis of vnlQ ratio data and its structure-function substrate

We first studied the ratio of verbal over non-verbal 1Q (vnlQ) to capture cognitive imbalance in a single
score. Studying Dataset-1, ASD showed a reduced vnlQ ratio compared to controls (Cohen’s d=0.27,
p<0.016), mainly due to markedly decreased verbal 1Q (d=0.72, p<0.0001) and less marked changes in
non-verba 1Q (d=0.45, p<0.0001). The prevaence of imbaanced verbal and non-verbal 1Q (i.e., verbal
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IQ < non-verbal 1Q) was also higher in ASD relative to neurotypicals (y*=4.67, p<0.03). Findings were
largely reproduced in the Dataset-2 (nvIQ reduction: d=0.18, p<0.015; verbal 1Q reduction: d=0.35,
p<0.0001; non-verbal 1Q reduction: d=0.16, p<0.03; prevalence: x°=8.83, p<0.005).

Verbal/non-verbal intelligence quotient (vnlQ) profiles
A. Result based on Dataset-1 (ASD: 155, controls; 151)
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Figure 1. Verbal and non-verbal 1Q profilesin ASD. A) Findingsin Dataset-1. Left. Z-scores of verbal 1Q, nonverbal 1Q, and
the vnlQ ratio (verbal/nonverbal 1Q) in ASD relative to neurotypical controls. Error bars present standard deviations. Right. The
prevalence of imbalanced verbal and nonverbal 1Q (i.e., verbal < non-verbal 1Q). B) Phenotypic replication in Dataset-2.

MRI-based cortical thickness analysis explored morphological substrates of imbalanced cognitive
profiles. Specifically, we assessed surface-wide interactions between the diagnostic groups (i.e., ASD vs.
neurotypicals) and vnlQ ratio, and identified significant clusters in the left insular, fronto-opercular,
paracentral and posterior midline cortices as well as the right fronto-opercular cortices (Figure 2A). In
these regions, increased thickness in neurotypicals was associated with increased vnlQ, while ASD
showed an inverse pattern with atypical thickening relating to lower scores (i.e., more severe cognitive
imbalance). Post-hoc analyses focusing on significant clusters confirmed moderate cross-site
generalizability of thisinteraction, showing variable effects yet with a consistent direction across included
sites (PITT: t=1.57, p<0.065; USM: t=1.81, p<0.04; NYU: t=2.45, p<0.01; TCD: t=1.25, p<0.12; Figure
S2A). We observed a similar interaction when splitting our dataset into children and adults, with however
slightly more marked effects in children (Children: t=3.77, p<0.001; Adults. t=1.75, p<0.045; Figure
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S2B). Notably, spatial decoding of the map showing significant group by vnlQ interactions via
automated meta analyses (http://neurosynth.org; 45) identified multiple terms, with ‘language’ being the
top-ranked one, but also lower level perceptua and somato-motor processes (e.g., ‘pain’, 'motor’,
‘auditory processing’) as well as higher order cognitive processes (e.g., ‘semantics, ‘declarative
memory’, ‘cognitive control’). Similarly, we leveraged a recently proposed intrinsic functional
community parcellation (i.e., the Cole-Anticevic atlas that explicitly includes a set of parcels for the
language network; (46) and could confirm a marginal interaction between vnlQ and diagnostic group
(ASD, contrals) on cortical thicknessin language networks (t=1.7, p<0.057; Figure S2C).

Next, we evaluated associations of functional network organization and cognitive imbalances.
Connectome-wide resting-state fMRI analysis investigated connectivity profiles within and between
different functional communities, using the same intrinsic functional community classification as above
(47). We confirmed interactions between vnlQ and diagnostic group (ASD, controls) on the connectivity
of multiple networks (Figure 2B left and middle). Stratification of effects with respect to within/between
community communication highlighted alterations of within-community communication for default mode
(meanzSD t=2.12+0.40) and sensory (meantSD t=2.09+0.34) networks, while particularly the language
network (mean+SD t=2.07+0.35) displayed interaction effects in connections to other networks. We also
explored connectome-wide modulations in each group separately (Figure 2B right). In ASD, the vniQ
ratio modulated positively and negatively the connectivity in multiple networks, while associations in
controls were mainly negative. Specifically, in ASD somatomotor, visual, and default mode showed more
frequently positive associations, while cingulo-opercular, language, and auditory networks showed rather
negative associations. Functional interaction effects were consistent when varying preprocessing choices,
specifically when additionally controlling for global mean signal (Figure S3). As for cortical thickness
findings, effects were relatively consistent across the included sites (Figure S4A) and when repeating the
analyses within children or adults (Figure $4B).
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A. Relation between cortical thickness and vnlQ ratio
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Figure 2. Structure-function substrates of vnlQ imbalancein ASD. A) Cortical thickness analysis. Left. Interaction between
diagnostic group (ASD, controls) and vnlQ scores. FWE-corrected clusters are shown in solid and with black outlines,
uncorrected trends in semitransparent. Center left. Post-hoc analysis on mean thickness in significant clusters. Center right.
Correlation between cortical thickness and vnlQ in each group separately. Right. Significant clusters from the group-by-vnlQ
interaction (see Left) analysis were fed into Neurosynth and associated with cognitive terms. B) Functional associations. Left.
Using afunctional parcellation that includes the language network (46), interaction analysis was performed at the level of parcel-
to-parcel connections. Uncorrected p-values from this interaction analysis were sorted according to functional communities
(primary visual, secondary visual, somatomotor, cingulo-opercular, dorsal attention, language, frontoparietal, auditory, default
mode). Parcel-wise significant interactions were summed within each network, and stratified into within- vs. between-community
connections. Right. Direct correlation analysis between vnlQ and functional connectivity across different communities, carried
out in ASD and controls separately. Positive/negative effects are indicated in blue/red.

Categorical subtyping of 1Q profiles and structure-function substrates

We complemented the vnlQ interaction analyses with categorical subtyping to identify discrete
boundaries across ASD individuals in terms of cognitive imbalances. Agglomerative hierarchical
clustering and silhouette analyses based on verbal and non-verbal 1Q provided solutions with 2 or 4
clusters as compact and most appropriate. While the two-subtype solution split the individuals with ASD
along the overall cognitive performance (i.e., low vs. high full-scale 1Q), the four-subtype solution
revealed one additional axis related to cognitive imbalances (reduced vs. increased vnlQ; Figure 3A).
Given its relevance to our hypothesis, we focused on this four-subtype solution. ASD1 was low full-scale
IQ but with dlightly imbalanced verbal and non-verbal 1Q (z-score of the vnlQ ratio relative to
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neurotypical controls=-0.79), whereas ASD3 was a high (or average) full-scale 1Q subgroup without
marked cognitive imbalance (z-score of the vnlQ ratio=-0.45). On the other hand, ASD2 and ASD4,
demonstrated dichotomized patterns (i.e., z-score of the vnlQ ratio in ASD2/ASD4=-1.12/0.85) with less
marked change in terms of general cognitive performance (mean+SD full-scale 1Q=106+13/107+14).
Notably, we observed a similar phenotype subtype solution in the independent Dataset-2 (Figur e S5).

A. Subtyping based on verbal and non-verbal 1Q
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Figure 3. Subtyping based on verbal and non-verbal 1Q. A) Subtyping results shown at k=2 and 4, the solutions resulting in
the highest Silhouette index. B) A k=4 solution provided subtypes reflecting cognitive imbalances, particularly when comparing
ASD2 vs ASD4. Cortical thickness and functional connectivity features were profiled across all four subtypes, by comparing
these measures to neurotypical controls (effect sizes are presented as Cohen’'s D). For the functional connectivity analysis,
connections showing a significant between-group difference were counted within- and between-network separately and plotted
left to the connectome for within-community comparisons and above the corresponding connectome for between-community
analyses, for each subtype. The peak modulation in the language network is marked by * and was observed in 3 out of the 4
identified subtypes. The bottom panels show targeted comparisons between ASD2 (high non-verbal compared to verbal 1Q) and
ASD4 (high verbal compared to non-verbal 1Q).

The 1Q-derived ASD subtypes presented with differential cortical thickness alterations relative to
neurotypical controls, in a spectrum that encompassed widespread cortical thickness increases (ASD1 and
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ASD?2) together with more localized patchy patterns of increases and decreases in thickness (ASD3 and
ASD4) (Figure 3B left). Notably, contrasting ASD2 and ASD4 indicated widespread cortical thicknessin
ASD?2, the class that also showed the lowest vnIQ ratio compared to the other ASD subgroups. Mirroring
the findings from the vnlQ analysis, it should be noted that these increases unlikely reflect simple effects
of lower verbal Q. Indeed, when comparing ASDL1 (i.e., the group with more reduced verbal 1Q than
ASD2) and ASD4, we did not observe marked thickness increases, neither cortex-wide nor in language
networks (Figure S6). Considering functional connectivity, al subtypes presented with variable patterns
of decreased as well as increased connectivity across multiple networks relative to controls. The classes
ASD1 and ASD2 that aso showed increased cortical thickening presented with largely functiona
connectivity reductions relative to controls (mean Cohen’s D=0.34/0.33 for within- and between-
community connectivity, respectively), while ASD3 and ASD4 showed mixed patterns of both increases
(D=0.31/0.30 for within- and between-community connectivity, respectively) and decreases (D=0.31/0.29
for within-/between-community). Most marked modulations were again observed in language networks
(Figure 3B right). Directly contrasting ASD2 and ASD4 revealed more marked hypoconnectivity in
ASD2 compared to ASD4 (D=0.34/0.33 for within-/between-community connectivity).

Dimensional 1Q subtyping and convergent structure-function associations

We finaly ran a principal component analysis of verbal and non-verbal 1Qs in ASD to tap into biological
continuity (48), we (Figure 4). Two principal components were identified, each of which explained
distinct dimensions of ASD 1Q profile variance (PC1: 76%, PC2: 24%). Specifically, PC1 reflected more
closely the average of verbal to non-verba 1Q while PC2 reflected more closely its imbalance. Notably,
PC2 showed a clear spectrum (spanning from ASD2 to ASD4 from the above subtyping analysis), with
one extreme characterized by high functioning non-verbal 1Q yet together with low verba 1Q as well as
the other extreme showing enhanced verbal ability but with reduced non-verbal 1Q profiles. We observed
similar componentsin the held-out dataset (Figure S7).

Group interaction analyses between PC scores and brain imaging features revealed that i) in PC1, the
ASD group presented atypically more cortical thickening associated with higher general cognitive
performance compared to the neurotypical control group, and ii) in PC2, the increased thickness was
coupled with severe vnlQ imbalance (more deficits in verbal compared to non-verba 1Q) with higher
degree in ASD than in neurotypicals. Functional connectivity also revedled similar group-dependent
changes with respect to its relationship with each PC score. For the general cognitive axis (PC1), both
positive effects were most marked in the visua network (t=1.96/1.97 for within- and between-community
connectivity respectively), while negative effects predominated in transmodal systems such as default
mode network (t=2.02/1.97 for within- and between-community connectivity respectively). Notably,
however, for the PC2 axis (verba/non-verbal imbalance), communities demonstrating significant
interaction effects were either the language network (higher PC2 scores and thus more severe vnlQ
reduction, related to decreased connectivity in ASD relative to controls; t=1.92/2.01 for within-/between-
community connectivity) or the salience network (higher the PC2 scores related to connectivity increases
in ASD relative to contrals; t=1.95/1.95 for within-/between-community connectivity), confirming the
tight relationship between the observed cognitive imbalance and the language-related brain areas.
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A. Principal components in the verbal and non-verbal 1Q space in ASD
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Figure 4. Principal component analysis for the distribution of verbal and non-verbal 1Q in ASD. A) The direction and
scores of the two principal components derived from verbal and non-verbal 1Q profiles. PC1 reflected individual variability along
ageneral cognitive axis and PC2 reflected verbal to non-verbal |1Q imbalance. B) Between-group interaction analysis of PC1 and
PC2 on cortical thickness and functional connectivity. Upper panels show significant cortical thickness modulations were
delineated by solid boundaries whereas uncorrected tendencies are shown in semi-transparent. Lower panels show the proportion
of functional connections that undergo a significant between-group interaction for both PC1 and PC2. Findings were stratified
according to functional communities as in the prior Figures.
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Discussion

Inter-individual heterogeneity in biological, cognitive, and behaviora dimensions is increasingly
recognized to hinder research and intervention in autism (3,7,22,49). The current diagnostic classification
of ASD isrelatively broad, and has been suggested to capture different severities and potential etiologies
(2,8). While this approach may overall increase diagnostic sensitivity, it may on the other hand reduce
specificity motivating additional stratification to further calibrate diagnostics and guide intervention.
Here, we targeted autism heterogeneity using a “cognitive-first” perspective by studying verba and non-
verbal dimensions of intelligence in multi-site datasets of individuals with ASD and neurotypical
controls. In contrast to the current use of 1Q measures as clinical specifiers without diagnostic indication,
but in line with emerging observations of markedly discrepant cognitive profiles in autism (5,9,14), the
current work provided robust evidence for a marked cognitive imbalance in ASD compared to
neurotypicals. Indeed, capitalizing on three aternative data anal ytical strategies (i.e., linear associations to
vnlQ ratio, 1Q profile clustering, dimensional 1Q profile decomposition), we could show in a large
multicentric cohort that individuals with ASD presented with markedly imbalanced verbal to non-verbal
intelligence.  Moreover, harnessing dsate-of-the-art brain imaging and connectomics, we could
demonstrate that imbalances converged on a structure-function substrate characterized by atypical
morphology and functional network embedding of language, sensory-motor, and higher cognitive
systems. Phenotypic findings could be replicated in an independent cohort, suggesting generalizability.
Our findings, thus, provide robust evidence that verbal and non-verbal intelligence disparities are
markedly accentuated in ASD. Moreover, they outline a neural substrate of this imbalance in the
connectivity and morphology of the language system alongside with multiple lower as well as higher
order networks. These findings overall motivate the incorporation of cognitive imbalances in autism
research, which may capture a broad range of autism phenotypes and potentially help to stratify
individuals prior to interventions.

Our first series of analyses quantified cognitive imbalances by calculating a simple ratio between verbal
and non-verbal 1Q profiles, an approach previously adopted in phenotype analyses of typical and atypical
development (10,15). Studying two independent cohorts aggregated from the ABIDE-I and 1l waves, we
could find robust evidence for a marked imbalance in ASD. While imbalances were present in both
directions, the highest discrepancy was driven by markedly lower verbal compared to non-verbal 1Q.
Studying the modulations of vnlQ profiles on structural and functional neuroimaging measures, we
observed a marked discrepancy between ASD and controls. At the level of MRI-based cortical thickness,
we observed marked between-group interactions in regions involved in language networksi.e., an inverse
relation between vnlQ and thickness in ASD and controls. Specifically, while neurotypica individuas
with a high vnlQ ratio presented with higher thickness in language networks, a negative association was
observed in ASD, where decreased vnlQ scores reflected atypical thickening. This finding also extended
to individuals for those with normal non-verbal intelligence, indicating that this does not reflect the effect
of overal intellectual disability. Meta-analytical decoding using neurosynth revealed that the spatial
distribution of these findings was indeed aligned to networks involved in language processing. This
finding is in line with the intention of the vnlQ ratio measure to be sensitive to language related
impairments in the presence of normal non-verba functioning that has been frequently described in ASD
(50). Structural MRI analysis was complemented with an rs-fMRI paradigm to assess functional network
substrates of ASD-related cognitive imbalances. Resting-state fMRI has been proposed as a candidate to
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supply intermediate phenotypes of complex neurodevelopmental conditions such as ASD (26,51-53), as
it allows the assessment of whole-brain connectivity at the level of individua subjects. As for the
structural MRI findings, this independent approach also pointed to a broad cortical substrate, showing
marked interactions between diagnostic group and vnlQ on intrinsic functional organization. Indeed,
connectome-wide analysis revealed that functional connections were differentially modulated by vnlQ in
ASD relative to controls. These effects were found both within and between multiple macroscopic
functional communities showing for example modulations of within-community connectivity within
sensory/motor and transmodal networks such as the default mode network. Y et, and in convergence with
the structural MRI findings, the analysis aso pointed to highest effects in the language network,
particularly at the level of its connectivity to other communities.

To dispel potential analysis-related variations, we furthermore typified 1Q imbalances using two
complementary data analytics, namely clustering-based subtyping and dimensional decomposition of
verbal and non-verbal 1Q vaues. Clustering is increasingly applied to identify categorical subgroups in
heterogeneous conditions such as autism, epilepsy, and depression (22,54-56). In ASD, an emerging
body of studies has attempted to subtype cohorts using behavioral and neuroimaging measures
(3,8,22,57,58), including work from our group that clustered a multi-site cohort of individuals with ASD
and neurotypicals based on structural MRI markers of horizontal and vertical cortical organization (22).
Categorica approaches have been complemented by dimensional assessments, previously proposed as an
overarching neuropsychiatric research strategy (59). Here, individual variations are mapped across
continuous axes instead of delineating discrete boundaries, between subtypes. Despite their analytical
differences, both techniques confirmed modulatory effects of cognitive imbalances in ASD on structural
and functional network organization. Indeed, although IQ subtypes were also found to reflect overal
cognitive functioning (for example, when considering the two-subtype solution or when comparing ASD-
1 and ASD-3 in the four-subtype solution), a more granular four-subtype solution highlighted cognitive
imbalances specifically in ASD-2 vs ASD-4, the two subtypes with relatively normal full-scale I1Q. Yet,
the ASD-2 showed reduced verbal functioning, while ASD-4 presented with the opposite pattern. Direct
comparison of both subtypes was in line with the above vnlQ interaction findings, showing fronto-central
cortical thickening in individuals with lower verba 1Q, together with connectivity anomalies related to
between-network connectivity in these individuals. These findings were corroborated by a subsequent
principal components analysis (PCA) on individua 1Q profiles. In contrast to clustering, PCA identifies
continuous dimensions contributing to 1Q profile variability in ASD. In our data, we identified a principal
dimension scaling with overall 1Q, as well as an orthogonal second dimension sensitive to cognitive
imbalances. This latter component reflects brain structure and function in a similar manner as the vnlQ
interaction and clustering findings, pointing to cortical thickening and functional connectivity
modulations of lateral frontal language networks by degrees of cognitive imbalance in ASD. By showing
virtually identical structural and functional connectivity findings across these three analytical strategies,
our study thus provides robust evidence of a structure-function substrate of cognitive imbalancesin ASD.

Our neuroimaging findings suggest that cognitive imbalance may represent an important source of
phenotypic heterogeneity in autism, and that its non-consideration might have contributed to inconclusive
findings across previous case-control studies in ASD. Indeed, while some prior structura MRI findings
suggested altered thickening in frontal and temporal cortices in ASD relative to neurotypicals
(23,25,32,60), other studies have shown cortical thinning or only subtle effects (33), overall leading to a
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limited consistency (61). Similar to the structural imaging literature, many prior rs-fMRI work followed a
case-control design without incorporation of 1Q profiles (62—64). Specifically, some reports emphasized
reductions in cortico-cortical and long-range connections (36,65,66), while some others suggested
atypical organization of local connectivity patterns (29) and in subcortical-cortical connectivity (44,67—
69). While such a divergence can partialy be attributed to methodological choices and motion-rel ated
related confounds on connectivity findings (30,70), a contribution may stem from an inherent
heterogeneity in the composition of the ASD cohort (3,7,22,57,71,72,73,74). A recent model that
consolidates behavioral, neuroimaging, and genetic findings suggests that genetic mutations may trigger
brain reorganization in individuals with alow plasticity threshold, such as transmodal association cortices
that have a high number of synapses (16). These reorganizational patterns, and their role in the cortical
hierarchies may furthermore lead to alterations in perceptual processing pathways. Such a cascading
effect may account for alterations in high-level cognitive processes, ranging from enhancements to
impairments (75), changes in visual and auditory perceptua processing (76,77), and for difficulties in
more integrative, socia cognitive functions in autism. It may thus be tempting to speculate that findings
showing differential modulations of brain structure and function by cognitive imbalance in ASD may be
underpinned by a developmental mechanism that is similar to cross-modal compensation. However, as
neurobiological substrates of cortical thickness and functional connectivity anomalies remain relatively
unclear in ASD at this point, it remains to be investigated how far our findings reflect ASD-related effects
on brain network plasticity. Early post-mortem work suggested intracortical cellular and laminar
anomalies (78,79), together with ectopic neurons in the white matter (80,81). These findings are
complemented by work showing aterations in dendritic spine densities on cortical projection neurons in
ASD, showing increased dendritic spine densities in supragranular layers in frontal regions and in
infragranular layers in temporal cortices (82). These authors discussed the possibility that increased spine
densities may result from deficient postnatal culling of connections and may thus have downstream
effects on the interplay of excitation and inhibition in local microcircuits, which may be in line with
recent connectome modelling studies (44,83). Other reports have shown focal ‘ patches’ of disorganized
cortical layersin ASD (84) and emphasized altered columnar arrangement, again with prominent findings
in temporal and frontal cortices (85,86).

We close by highlighting that our study does not imply that researchers need to control for |Q measures as
a variable of no interest when comparing individuals with ASD to neurotypical controls. As our results
emphasize, verbal and non-verbal aspects of intelligence and their disparities are instead an important
dimension of the diverse autism phenotype, which encompasses a high prevalence of impaired as well as
enhanced abilities compared to neurotypicals (16). Although etiological factors that contribute to these
imbalances remain to be further investigated, our findings showing robust structure function-substrate of
imbalances point to atypical large-scale brain reorganization centered around language related networks,
potentially downstream to perturbations of cross-network plasticity.

M ethods and materials

Participants

Dataset-1: We studied a subsample of individuals with ASD and neurotypical individuals from the first
two waves of the Autism Brain Imaging Data Exchange initiative (ABIDE-I and -l1; 41,42). Inclusion
criteria were similar to our prior studies (22,23,36,43,44); specifically, we restricted our assessment to

13


https://doi.org/10.1101/2021.01.14.426284

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.14.426284; this version posted January 14, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Hong et al.

those sites that included both children and adults, with >10 individuas per diagnostic group (n=406,
203/203 ASD/controls). Data availability and detailed quality control criteria were then used to select
only the cases with verbal/performance 1Q scores and acceptable MRI quality (see below). Moreover, we
additionally removed the data from one site (Institut Pasteur) as the site contained only ASD without
matched controls. This series of screening process resulted in 306 individuals (155 ASD [age
mean+SD=17.9+8.6, 150 males|, 151 controls [age=17.7+7.3, 150 males]) from four different sites: 1)
NYU Langone Medical Center (NY U, 65/70 ASD/controls); 2) University of Utah, School of Medicine
(USM, 52/40 ASD/controls); 3) University of Pittsburgh, School of Medicine (PITT, 20/22 AS/controls);
4) Trinity Centre for Health Sciences, Trinity College Dublin (TCD, 18/19 ASD/contrals).

Dataset-2: From al other remaining sites, we aggregated verba and non-verbal 1Q scores among those
participants who were not included in the main analyses (n=894, 325/569 ASD/controls).

Individuals with ASD underwent structured or unstructured in-person interview and had a diagnosis of
Autistic, Asperger's, or Pervasive Developmental Disorder Not-Otherwise-Specified established by expert
clinical opinion aided by ‘gold standard’ diagnostics: Autism Diagnostic Observation Schedule, ADOS
and/or Autism Diagnostic Interview-Revised, ADI-R. These focus on three domains including reciprocal
social interactions, communication and language, and restricted/repeated behaviors and interests. Full
scale/non-verba 1Q/verbal 1Q (10516 vs. 115+13/106+17 vs. 113+13/103+17 vs. 114+13 for ASD vs.
controls, respectively) was measured via WASI, WAIS Il1, and/or WISC 1l1. Controls had no history of
mental disorders and were statistically matched for age to the ASD group at each site. In the ABIDE-I and
—lI datasets, there were no differences in age and sex between controls and ASD. ABIDE-I and -1l
datasets are based on studies approved by local IRBs, and data were fully anonymized (removing all
HIPAA protected health information identifiers, and face information from structural images).

MRI acquisition
High-resolution T1-weighted images (T1w) and resting-state functional MRIs (rs-fMRI) were available

from all sites. Additionally, the sites from ABIDE-II (i.e., NYU, TCD) aso included diffusion weighted
images (DWI). Images were acquired on 3T scanners from Siemens (NYU, USM, PITT) or Philips (IP,
TCD). NYU data were acquired on an Allegra using 3D-TurboFLASH for Tlw (TR=2530ms;
TE=3.25ms; TI1=1100ms; flip angle=7°; matrix=256x256; 1.3x1.0x1.3mm?’ voxels), 2D-EPI for rsfMRI
(TR=2000ms; TE=15ms; flip angle=90°; matrix=80x80; 180 volumes, 3.0x3.0x4.0mm® voxel s) and SE-
EPI for DWI (TR=5200ms, TE=78ms; flip angle=60°; axia dlices=50; slice thickness=3 mm;
voxels=3.0x3.0x3.0 mm?®; directions=64; b0=1000s'/mm?). PITT data were acquired on an Allegra using
3D-MPRAGE for Tlw (TR=2100ms, TE=3.93ms; TI=1000ms; flip angle=7°; matrix=269x269;
1.1x1.1x1.1mm°> voxels) and 2D-EPI for rsfMRI (TR=1500ms, TE=35ms; flip angle=70°;
matrix=64x64; 200 volumes, 3.1x3.1x4.0mm° voxels). USM data were acquired on a TrioTim using 3D-
MPRAGE for Tlw (TR=2300ms; TE=2.91ms, TI=900ms; flip angle=9°; matrix=240x256;
1.0x1.0x1.2mm> voxels) and 2D-EPI for rsfMRI (TR=2000ms; TE=28ms; flip angle=90°;
matrix=64x64; 240 volumes; 3.4x3.4x3.0mm® voxels). TCD data were acquired on an Achieva using 3D-
MPRAGE for Tlw (TR=3000ms, TE=3.90ms; TI=1150ms; flip angle=8°; matrix=256x256;
0.9x0.9x0.9mm? voxels), 2D-EPI for rs-fMRI (TR=2000ms, TE=27ms; flip angle=90°; matrix=80x80;
210 volumes; 3.0x3.0x3.2mm° voxels) and SE-EPI for DWI (TR=20244ms; TE=79ms, matrix=124x124;
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FOV=248; sdlice thickness=2mm; flip angle=90°; voxels=1.94x1.94x2.0mm> directions=61;
b0=15008/mmn?).

MRI processing
Thiswork capitalized on established multimodal image processing and co-registration routines to analyze

structural, functional, and diffusion MRI datain the same reference frame.

a) Structural MRI. Processing of T1lw images was based on FreeSurfer (v5.1;
http://surfer.nmr.mgh.harvard.edu/; 87). Image processing included bias field correction, registration to
stereotaxic space, intensity normalization, skull-stripping, and white matter segmentation. A triangular
surface tessellation fitted a deformable mesh onto the white matter volume, providing grey-white and pial
surfaces with >160,000 corresponding vertices. We measured cortical thickness as the distance between
grey-white and pial surfaces and registered individua surfaces to template surface, fsaverageb, improving
correspondence of measurements with respect to sulco-gyral patterns. Thickness data were smoothed
using a surface-based kernel with a full-width-at-half-maximum (FWHM) of 20mm, as in prior studies
(88-90).

b) rsfMRI. We leveraged data disseminated via the Preprocessed Connectomes initiative
(http://preprocessed-connectomes-project.org/abidef). Processing was based on the Configurable Pipeline
for the Analysis of Connectomes, CPAC (https.//fcp-indi.github.io/), and included slice-time correction,
head motion correction, skull stripping, and intensity normalization. Statistical corrections removed
effects of head motion, white matter and cerebro-spinal fluid signals (using the CompCor tool, based on
the top 5 principal components; 91), as well as linear/quadratic trends. After band-pass filtering (0.01-
0.1Hz), we co-registered rs-fMRI and T1w data through combined linear and non-linear transformations.
Surface alignment was verified for each case and we interpolated voxel-wise rs-fMRI time-series along
the mid-thickness surface model. We resampled rs-fMRI surface data to Conte69, a template mesh from
the Human Connectome Project pipeline (https./github.com/Washington-University/Pipelines) and
applied a5mm FWHM surface-based smoothing.

Multimodal processing was followed by detailed quality control routines. In brief, al subjects with severe
faulty surface segmentations, or imaging artifacts, or more than 0.3mm framewise displacement in the
functiona scans were excluded. Minor segmentation inaccuracies of al remaining cases were manually
corrected by severa raters (SV, BB), and pipelines rerun.

Dimensional assessment of brain substrates underlying cognitive profiles

We first assessed differences in verba and non-verba 1Q as well as their ratio (vnlQ=verbal 1Q divided
by non-verbal 1Q) in ASD relative to controls, controlling for age and site effects. A series of analyses
then assessed the effects of vnlQ on cortical morphology and connectivity using the SurfStat toolbox
(http://www.math.mcqill.ca/~keith/surfstat (92) for Matlab (The Mathworks, Natick). To then evaluate
morphological substrates of 1Q profiles, we assessed correlations between the vnlQ ratio in both typically
developing controls and ASD, and assessed group-by-vnlQ ratio interactions. Age and site effects were
statistically controlled in these models. Ad-hoc meta-anal yses identified cognitive term associations of the
identified interaction effects, using neurosynth.org (45). To further establish functional associations, we
also conducted following two analyses targeting i) connectivity modulation effects by vnlQ ratio (i.e.,
regression anaysis), and ii) critically the interactions between vnlQ ratio and diagnostic group on
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functiona connectivity across the whole brain, as identical to the previous structural MRI analysis. As
before, we controlled for the effects of age and site. In keeping with our recent functional connectivity
work in ASD (36), we included framewise displacement in the linear model. All surface-based anatomical
findings were corrected for multiple comparisons using random field theory for non-isotropic images
(93).

Categorical approach: data-driven clustering analysis based on the |Q ratio and subtype profiling

The previous analyses assessed a group-common relationship between the 1Q ratio and brain imaging
features based on entire ASD and control subjects. Given an increasingly more adapted perspective on
substantial biological heterogeneity in autism, however, our study also evaluated whether the 1Q ratio
reveals detectable discrete boundaries across individuals with ASD. To this purpose, we carried out a
categorical subtyping approach of 1Q measures by applying agglomerative hierarchical clustering analysis
(kernel: Wald’s linkage) on verba 1Q, non-verbal 1Q, and vnlQ. Silhouette analysis benchmarked the
clustering solution. Identified subtypes were then comprehensively profiled in terms of both 1Q scores
and brain imaging features. Especidly for the latter, we have compared the cortical thickness as well as
whole-brain functional connectivity between ASD individuals in each subtype and neurotypical controls
to see if cognitive-driven subtypes reveal distinct patterns in underlying system-level neurobiology.
Notably, our post-hoc analysis selected two subtypes that best recapitulate our main interests of
hypothesis (i.e., a subtype showing the lowest vnlQ and the other showing the highest vnlQ) and directly
compared their multimodal imaging features to visualize the effect of cognitive imbalance in ASD
individuals with more increased sensitivity.

Dimensional approach: principal component analysis based on the 1Q ratio and imaging profiles.

Another perspective more recently adapted in the field to better understand the autistic condition is a
dimensional approach, which emphasizes biological continuity on its pathological mechanism rather than
assuming that ASD consists of clearly separable multiple subtypes. To assess the utility of this
complementing approach, we applied a principal component analysis (PCA) on the two targeted 1Q
measures (verbal and non-verbal 1Q) and mapped the component scores to the individuals to sort them out
aong theidentified 1Q axes. In other words, the component score assigned to each individua serves as an
indicator where the individua is ranked in the v- and nv-1Q space along the identified principal axis.
Given the number of input features (=2; verbal 1Q and non-verbal 1Q) to PCA, the total components
identifiable were aso two. As done in the previous subtyping analyses, we related individual component
scores to brain imaging features by performing a group interaction analysis based on a linear model (i.e.,
[ASD-control or control-ASD]xPC-scores) in both cortical thickness and functional connectivity.
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