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Abstract

Background—Individuals with autism spectrum disorders (ASD) often exhibit symptoms of 

Attention-Deficit/Hyperactivity Disorder (ADHD). Across both disorders, observations of 

distributed functional abnormalities suggest aberrant large-scale brain network connectivity. Yet, 

common and distinct network correlates of ASD and ADHD remain unidentified. Here, we aimed 

to examine patterns of dysconnection in school-age children with ASD, ADHD and typically 

developing children (TDC) who completed a resting state fMRI (R-fMRI) scan.

Methods—We measured voxel-wise network centrality, functional connectivity metrics indexing 

local (degree centrality; DC) and global (eigenvector centrality; EC) functional relationships 

across the entire brain connectome, in R-fMRI data from 56 children with ASD, 45 children with 

ADHD and 50 TDC. A one-way ANCOVA, with group as fixed factor (whole-brain corrected), 

was followed by post-hoc pair-wise comparisons.

Results—Cortical and subcortical areas exhibited centrality abnormalities; some common to 

both ADHD and ASD, such as in precuneus. Others were disorder-specific and included ADHD-

related increases in DC in right striatum/pallidum, in contrast with ASD-related increases in 

bilateral temporolimbic areas. Secondary analyses differentiating children with ASD into those 

with or without ADHD-like comorbidity (ASD+ and ASD−, respectively) revealed that the ASD+ 

group shared ADHD-specific abnormalities in basal ganglia. By contrast, centrality increases in 

temporolimbic areas characterized children with ASD regardless of ADHD-like comorbidity. At 

the cluster level eignevector centrality group patterns were similar to DC.

Conclusions—ADHD and ASD are neurodevelopmental disorders with distinct and overlapping 

clinical presentations. This work provides evidence for both shared and distinct underlying 

mechanisms at the large-scale network level.
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Introduction

Inattention and hyperactivity/impulsivity, cardinal symptoms of Attention-Deficit/

Hyperactivity Disorder (ADHD), are frequently reported in individuals with autism 

spectrum disorders (ASD) (1, 2) and are associated with substantial impairment and 

decreased effectiveness of treatments (e.g., 3). Accordingly, clinicians and researchers 

support elimination of the DSM-IV diagnostic criterion preventing the co-occurring 

diagnoses of ADHD and ASD. Yet, beyond extensive supportive clinical and 

epidemiological data (2, 4–8), commonalities and distinctions in the neurobiological 

correlates of ADHD and ASD have been rarely investigated. This is particularly true for 

neuroimaging (9–11).

Independent examinations of ADHD and ASD increasingly emphasize a role for 

dysconnectivity in large-scale networks in both disorders (for reviews: 12, 13–15), 

particularly in the default network (e.g., 16, 17–21) and in fronto-parietal-striatal circuitry 

(e.g., 17, 22, 23–25). Given the fundamental distinctions between the prototypic clinical 

presentations of ASD and ADHD, marked differences in their neural signatures would be 

expected. Instead, studies directly comparing the neural correlates of ASD and ADHD have 

found potential commonalities, along with disorder-specific correlates (10, 11). A 

preliminary voxel-based morphometry study comparing children with ASD, ADHD and 

typically developing controls (TDC; 15 per group) revealed common gray matter reductions 

in medial temporal and left inferior parietal cortex for the clinical groups, and ASD-specific 

reductions in supramarginal gyrus; no ADHD-specific findings were observed (11). 

Similarly, a recent functional magnetic resonance imaging (fMRI) study directly comparing 

boys with ASD to those with ADHD and to TDC (20 per group) on a sustained attention 

task found that both clinical groups exhibited hyperactivation (reduced deactivation) within 

the precuneus, a default network hub, as well as hypoactivation in areas implicated in 

attentional control such as superior parietal cortex and striatum. Disorder-specific patterns 

were also noted, including hypoactivation of dorsolateral prefrontal cortex in ADHD and 

cerebellar hyperactivation in ASD (10). Although these studies focused on regions rather 

than circuits, the widely distributed nature of their findings, consistent with the MRI 

literature for each of the disorders (26–28), further supports the notion of dysconnectivity in 

large-scale networks. Still, the connectivity features underlying ASD and ADHD have not 

been directly compared (29).

Here, we examined shared and distinct patterns of dysconnectivity in ASD and ADHD. 

Given the increasing number of circuits implicated in both disorders (13, 14), we carried out 

full-brain exploration of the functional connectome using resting state fMRI data obtained 

from a substantial sample of children with ASD (n=56) and age- and sex-matched children 

with ADHD (n=45) and TDC (n=50). To achieve this goal, we analyzed voxel-wise network 
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centrality. This graph-based measure of network organization captures the functional 

relationships of a given voxel (node) within the entire connectivity matrix of the brain 

(connectome), rather than with specific nodes or networks (30–35).

A variety of metrics index network centrality, each emphasizing a different aspect of whole-

brain information flow within the connectome (30). We used two commonly employed 

measures, degree centrality (DC; 30, 31, 34) and eigenvector centrality (EC; 36). DC is a 

local measure of the connectome graph indexing the number of direct connections for a 

given node. A node has high DC if it has numerous direct connections to other nodes. By 

contrast, a node has high EC when it is connected with nodes that are highly-connected. EC 

is a relative global measure that indexes the qualitative superiority of a node’s connections, 

rather than the number of direct connections per se. Accordingly, examining voxel-wise DC 

and EC allowed comparisons between ASD and ADHD of local and global information 

processing within the functional connectome without requiring selection of a priori nodes or 

networks-of-interest.

Finally, despite comorbid ADHD symptomatology in 30–60% of children with ASD (2, 4–7, 

37), this overlap is rarely acknowledged in neuroimaging studies – potentially confounding 

findings. To explore the extent to which ADHD-like comorbidity in ASD shares common 

neural correlates with ADHD, secondary analyses subdivided the ASD group to compare 

those with comorbid ADHD symptoms (ASD+) to those without comorbid ADHD 

symptoms (ASD−).

Methods

Participants

We examined data from 158 children (7.1–13.9 years); seven were excluded for excessive 

movement. Of the remaining 151, 56 children with ASD were group-matched for age, sex, 

and handedness with 45 children diagnosed with ADHD and 50 TDC, selected from 

ongoing studies (Table 1). Clinicians’ DSM-IV-TR diagnoses of Autistic Disorder, 

Asperger’s Disorder, or Pervasive Developmental Disorder Not-Otherwise-Specified (n=39, 

n=15, and n=2, respectively) were supported by the Autism Diagnostic Observation 

Schedule, (38, 39)

Module 3 (n=56; research reliable n=53), review of the child’s history, and the Autism 

Diagnostic Interview-Revised (n=54; research reliable n=42) (40, 41). Consistent with 

previous reports (2, 4–7, 37), 34 (61%) children with ASD had psychiatric comorbidity 

based on parent administration of the Schedule of Affective Disorders and Schizophrenia for 

Children (n=50) (KSADS:PL; 42) or unstructured psychiatric interviews (n=5); comorbidity 

data were missing for one child. Of 34 comorbid children, 28 presented with ADHD (i.e., 

met DSM-IV-TR criteria except for criterion E) alone or with other Axis-I disorders (Table 

S1 in Supplement 1).

Among children with ADHD, 44 met criteria for Combined Type ADHD, and one met 

criteria for Predominantly Inattentive Type per KSADS-PL. Previous studies reported that 

20–30% of children with ADHD exhibit elevated autistic traits (43, 44). To minimize 
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potential confounds, we only included children with ADHD with a parent-based Social 

Responsiveness Scale (SRS; 45) inconsistent with autistic traits (i.e., Total T-score <65). 

Seventeen children (38%) with ADHD were diagnosed with comorbid disorders (Table S1 

in Supplement 1).

Twenty-nine (52%) children with ASD, 28 (62%) children with ADHD, and all TDC were 

psychotropic medication-naïve. Details on treatment histories are in Table 1. Current 

treatment with neuroleptics was exclusionary.

Inclusion as TDC required absence of any DSM-IV-TR Axis-I diagnosis. The KSADS-PL 

was used for all but one TDC child/parent dyad. Absence of known neurological or genetic 

syndromes was required for all participants. Intelligence was estimated with the Wechsler 

Abbreviated Scale of Intelligence (46). Total and Verbal IQ, but not Performance IQ, were 

significantly lower in children with ASD relative to TDC. Per the Edinburgh Handedness 

Inventory (and for one TDC, self-report), 49 TDC, 50 children with ASD, and 44 children 

with ADHD were right-handed (χ (2)
2=5.2, p=0.07). Conners’ Parent/Teacher Rating Scales 

(47), and parent and teacher SRS were administered. Per parent-reported ethnicity/race 

(collected from all but three TDC and one child with ADHD), Hispanic/Latino represented 

14%, 21% and 27% for TDC, ADHD and ASD, respectively. Groups did not differ 

significantly in ethnicity/race, age, sex, socioeconomic status, or handedness (Table 1; 

assessment tools in appendix). All parents and children provided written informed consent/

assent, as approved by the NYU and the NYU School of Medicine Institutional Review 

Boards. Data from up to 30 TDC (23, 48, 49), 17 children with ASD (23), and 18 children 

with ADHD (50) were included in previous reports.

MRI Data Acquisition

We employed the NYU Center for Brain Imaging Siemens Allegra 3.0 Tesla scanner 

(Siemens, Iselin, NJ). Most children (n=127) completed a 6-min resting scan comprising 180 

contiguous whole-brain functional volumes, acquired using a multi-echo echo-planar 

imaging (EPI) sequence (repetition time [TR]=2000ms; echo time [TE]=30ms; flip 

angle=90°; 33 slices; matrix=64×64; voxel size=3×3×4mm). Twenty-four children 

completed a 6min 34s rest scan comprising 197 contiguous volumes, using a single-shot EPI 

sequence (TR=2000ms; TE=25ms; flip angle=90º, 39 slices, matrix=64×64; 3mm isotropic). 

Previous studies have demonstrated it is feasible to combine MRI data across sequences (30, 

48, 51–56). To minimize data loss, we obtained two EPI sequences whenever possible. We 

used the first EPI rest scan for 138 children and the second scan for 13 who moved 

excessively during the first. Rest scans were collected with eyes open for 132 children, 

while 19 kept their eyes closed. Groups did not differ significantly on sequence type, or scan 

order, while they marginally differed in eye status (Table 2). We adjusted for these variables 

and sequence-related variability, at group-level analyses. A high-resolution T1-weighted 

anatomical image was also acquired.

Preprocessing

Consistent with prior work (23, 50), data were processed using AFNI (http://

afni.nimh.nih.gov/afni/) and the FMRIB Software Library (FSL; www.fmrib.ox.ac.uk). 

Di Martino et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2015 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://afni.nimh.nih.gov/afni/
http://afni.nimh.nih.gov/afni/


Preprocessing comprised slice time correction for interleaved slice acquisition, 3D motion 

correction, despiking, mean-based intensity normalization of all volumes by the same factor, 

temporal band-pass filtering (0.009 – 0.1Hz), linear and quadratic detrending. Nuisance 

signals from white matter and cerebrospinal fluid, the six motion parameters, and the global 

signal (GS) were removed to control for physiological processes (e.g., cardiac and 

respiratory (57, 58)), and large-scale neural signals (59). Linear registration of high 

resolution structural images to the MNI152 template with 2mm resolution was carried out 

using FLIRT and refined using FNIRT nonlinear registration (60). For data collected with 

multi-echo EPI, functional-to-anatomical co-registration was improved by intermediate 

registration to a low-resolution image and b0 unwarping (using the FSL program fugue). 

Linear registration of each participant’s functional data to their high-resolution structural 

image was also carried out using FLIRT. We computed the mean frame-to-frame root mean 

square motion in x, y and z directions for each subject per (61). Groups did not differ 

significantly on these motion parameters. Given recent concerns regarding the confounding 

influence of micromovements in intrinsic functional connectivity (iFC) analyses (61–64), we 

computed mean framewise displacement (FD) per (62) and excluded any child with mean 

FD>2SD from the mean (0.3mm) of the initial group of 158 children (Figure S1 in 

Supplement 1). This excluded 7 children (one TDC, and three each from ADHD and ASD 

groups); data from 151 children remained. Although below 0.3mm for all children, mean FD 

was significantly higher in both clinical groups relative to TDC (Table 2, Figure S1 in 

Supplement 1). We accounted for motion by including mean FD as a group-level covariate.

Individual Network Centrality

As previously described (30), we first generated a study-specific functional volume mask 

that included only voxels (in MNI152 standard space) present in all 151 participants, further 

constrained by a 40% gray-matter probability mask (Figure S2 in Supplement 1). Prior to 

graph generation, we down-sampled EPI time-series to 13486 4mm isotropic voxels to 

decrease computational complexity.

Voxel-based graphs were generated for each participant. Each voxel constitutes a node in 

the graph, and each significant functional connection (i.e., Pearson correlation) between any 

pair of voxels is an edge. A voxel-based graph is thus a mathematical representation of the 

functional network consisting of nodes or voxels and their edges or connections (30, 31). To 

obtain each participant’s graph, the correlation between the time-series of each voxel with 

every other voxel in the study mask was computed, resulting in a 13486×13486 correlation 

matrix. A binary, undirected adjacency matrix was then obtained by thresholding each 

correlation at p<0.001 (r=0.2). Based on the graph, DC and EC were calculated at the 

individual-level (30). We computed DC by counting the number of functional connections 

(significant positive correlations) between each voxel and all other voxels (30, 31). To 

compute EC we identified the first eigenvector (i.e., with the largest eigenvalue) of the 

adjacency matrix. Since EC is a recursive measure, the EC of voxel i is proportional to the 

sum of the EC of all direct neighbors of voxel i (30, 36). Centrality indices were then 

transformed to z-scores based on the mean and SD across all voxels in the brain per 

individual (30, 31).
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To confirm that our findings were not dependent upon the threshold selected for graph 

construction, we repeated our calculation of centrality using a range of p-value thresholds 

(0.01, 0.0001, and 0.00001). Group differences were not substantially affected by the use of 

different p-value thresholds for graph construction (Figure S3 in Supplement 1).

Group Network Centrality

At the voxel-level, individual centrality z-score maps were first spatially smoothed 

(Gaussian smoothing kernel FWHM=6mm) and used as inputs for group-level analyses. To 

test diagnostic group effects for DC and EC separately, we performed a one-way ANCOVA 

implemented in FLAME treating group as a 3-level factor (TDC, ASD, ADHD); F-contrasts 

measured group effects. Age, sex, eye status, sequence type, scan order, mean FD, and full 

scale IQ were covariates. Multiple comparisons correction was performed using Gaussian 

random field theory (min Z>2.3; cluster significance: p<0.05, corrected). To determine 

pairwise differences between groups, significant clusters were interrogated via Tukey’s post-

hoc tests (p<0.05). Finally, for each cluster identified in primary analyses, we compared 

centrality of the 28 children with ASD and ADHD-like comorbidity (ASD+) to those 27 

children without (ASD−). To verify that potential differences in sparsity (i.e., #significant 

edges / total possible number of edges) did not confound centrality, we computed sparsity 

for each individual, compared group means, and repeated group post-hoc analyses covarying 

for sparsity.

Potential Confounds

In light of recent debates (61–69), secondary analyses examined whether micromovements 

(e.g., 62) or global signal regression (GSR) (65, 66, 70) confounded primary analyses. While 

we accounted for group differences in micromovements by including mean FD as a 

covariate at the group level, some have argued for individual level corrections involving 

volume censoring at FD>0.2mm (‘scrubbing’ (e.g., 62)). Thus, we computed centrality on 

individual data ‘scrubbed’ at 0.2mm, and interrogated the clusters identified in primary 

analyses to determine the pattern of pair-wise differences among the four groups (TDC, 

ADHD, ASD+, ASD−).

Similarly, cluster-level group comparisons were conducted using centrality indices 

computed on data preprocessed without GSR. Since omitting GSR markedly increases the 

number of significant positive correlations, we used a more stringent threshold (p=0.00001) 

to equate sparsity of the adjacency matrix with that obtained using GSR (Figure S4 in 

Supplement 1). Finally, to gain greater insight into the regional role of GSR, we examined 

group differences in the voxel-wise correlation pattern with the GS time-series used as a 

seed (23, 50, 71–74).

Results

Consistent with the literature (30–32, 36, 75), across all children, centrality z-scores were 

highest in heteromodal cortical regions including insula, medial prefrontal cortex, medial 

occipital cortex, and precuneus for both DC and EC (Figure S2 in Supplement 1).
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ANCOVA identified six distinct clusters in which a significant effect of group was noted for 

DC; no significant effects of group were observed for EC. While EC and DC differed in 

their sensitivity to group differences at the voxel-level, cluster-based interrogation suggested 

that ADHD- and ASD-related abnormalities disrupted both centrality indices comparably 

(Figure S5 in Supplement 1). The six clusters revealed by ANCOVA included subcortical 

and cortical regions. Pair-wise group comparisons carried out on these clusters revealed both 

shared (TDC3[ADHD=ASD]) and distinct abnormalities (ADHD3[ASD=TDC]) and 

(ASD3[ADHD=TDC]) (Figure 1; Tables S2 and S3 in Supplement 1). Specifically, groups 

differed significantly in the head of the right caudate, pallidum and putamen (Figure 1, 

Cluster A) as well as in left postcentral cortex (Cluster B). For both clusters, secondary 

pairwise comparisons revealed significantly increased DC in the ADHD group 

(ADHD>[ASD=TDC]) suggesting these are ADHD-specific abnormalities. By contrast, the 

ASD group exhibited significantly increased DC in limbic areas, bilaterally (Clusters C and 

D), though more extensively in the left hemisphere. These clusters included the superficial 

and laterobasal amygdala (76; respectively on the right and left hemisphere), the adjacent 

parahippocampus, planum temporale and temporal cortex (ASD>[TDC=ADHD]). 

Additionally, relative to TDC, decreased DC for both ADHD and ASD was observed in the 

precuneus (Cluster E; TDC>ASD>ADHD). Finally, significantly increased DC in subgenual 

anterior cingulate cortex (Cluster F; Figure S6 in Supplement 1) was evident in children 

with ASD relative to ADHD, although neither clinical group differed significantly from 

TDC.

As groups differed in sparsity (i.e., ADHD>[TDC=ASD]; Figure S7 in Supplement 1), we 

repeated pair-wise group comparisons covarying for sparsity, yielding substantially 

unchanged results (data not shown).

Centrality and ADHD-Like Comorbidity in ASD

Consistent with the literature (2, 4–7, 37), 50% of the children with ASD presented with 

clinically significant ADHD symptoms (ASD+). As Figure 2 shows, ASD+ and ASD− 

shared a similar pattern of centrality regardless of ADHD-like comorbidity in all 

interrogated regions except the caudate and lentiform nucleus clusters (Tables S2 and S4 in 

Supplement 1). As increases in DC were observed in ADHD and ASD+, follow-up 

correlations between CPRS ADHD Index and DC scores across ADHD and ASD showed a 

positive relationship. This was significant across both groups (R2
(98) =0.06; p<0.018; Figure 

S8 in Supplement 1). Since the study was not designed for dimensional examinations, we 

interpret this result with caution.

Potential Confounds

To determine the extent to which our findings were robust to motion correction strategy, we 

computed centrality on data ‘scrubbed’ at 0.2mm and verified the pattern of group-related 

differences in DC in the clusters identified in primary analyses. Results remained largely 

unchanged (Figure S9; Table S1 for details on scrubbing; see Supplement 1).

To address the concern that GSR may introduce artifactual between-group differences (65, 

66, 70), we repeated DC analyses using data preprocessed without GSR and reexamined DC 
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patterns at the cluster level. This yielded highly similar results for all clusters except the left 

postcentral gyrus (Figure S4 in Supplement 1). To explore potential group-related 

differences in the distribution of the signal removed by GSR, we carried out seed-based 

correlation analyses using the GS as the seed time-series. We found a significant effect of 

group (ADHD>[TDC=ASD]; Figure S10 in Supplement 1) in the pattern of correlation 

between the GS and several cortical regions involving frontal and parietal cortex, including 

the postcentral gyrus bilaterally.

Discussion

In a substantial sample of children with ASD, ADHD, and TDC, we examined whole-brain 

intrinsic functional architecture by surveying voxel-wise network centrality indices, thus 

bypassing a priori selection of circuits-of-interest. Degree centrality differentiated children 

with ADHD or with ASD from TDC in key cortical and subcortical regions, supporting 

models of ADHD and ASD as disorders of large-scale systems connectivity (12, 15, 77). 

Along with disorder-specific abnormalities, analyses revealed aberrancies common to both 

types of psychopathology.

The present work further advances our understanding of similarities and differences in the 

neural mechanisms underlying ADHD and ASD by directly comparing these disorders and 

by fractionating ASD in terms of presence or absence of ADHD comorbidity. We found 

abnormalities ascribable to ADHD within the right caudate, pallidum and putamen, as well 

as in the left postcentral cortex, and abnormalities referable to ASD in temporolimbic areas. 

These findings are consistent with previous iFC studies examining each disorder relative to 

TDC (e.g., 21, 78). In contrast, based on primary diagnosis, shared network abnormalities 

between the two disorders were limited to precuneus. When comparing children with ASD 

with and without ADHD-like comorbidity, we observed a shared neural signature between 

the ASD+ and the ADHD group (i.e., increased DC in right striatum and pallidum), which 

was absent in ASD−.

The commonality of precuneus abnormalities in ADHD and ASD is not surprising given 

previous evidence highlighting functional dysconnections in these regions for both ADHD 

and ASD (e.g., 16, 17, 19, 21, 79, 80), as well as a recent task-based fMRI study directly 

comparing these disorders (10). In our work, the precuneal DC abnormality was localized to 

the sensorimotor division (81, 82), with ADHD-related abnormalities being more robust 

than that of ASD. Similarly, Christakou et al. (10) found failure to suppress precuneus 

activity during a sustained attention task in both ADHD and ASD, though more prominently 

in ADHD. Differences in sensorimotor precuneus may underlie impairments in fine motor 

skills associated with both disorders (83–86), as well as abnormal integration of sensory 

information (87–89). Given the increasing frequency of precuneal abnormalities in ASD and 

ADHD, as well as other psychiatric disorders, future work would benefit from more fine-

grained functional profiling of precuneus dysfunction in the various disorders involving both 

task-based imaging and phenotypic/neuropsychological dissections of precuneus function.

Our findings of ASD-specific abnormalities within the amygdala and associated 

temporolimbic regions are consistent with the ASD literature (e.g., 26, 90–92). A meta-
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analysis of fMRI studies in ASD (26) found consistent amygdala hypofunction during social 

processing, though amygdala hyperactivity has also been found (e.g., 90). Recently, studies 

reported ASD-related decreases in amygdala functional connectivity (93), particularly with 

regions implicated in social cognition (91, 93), face perception or affective regulation (e.g., 

fusiform gyrus (94, 95), anterior insula (96)). Our findings of increased amygdala DC (i.e., 

increased iFC with the broader connectome), regardless of presence or absence of ADHD 

symptoms, further support the relevance of amygdala dysfunction to the impairments in 

social and emotional processing characteristic of ASD. Yet, identifying the specific roles of 

the amygdala in ASD remains a challenge for future studies as amygdala-based circuitry is 

implicated in a wide array of cognitive and affective processes (97–99). Similar to the 

precuneus, the amygdala is functionally and structurally heterogeneous and human imaging 

studies rarely address its key subdivisions (76, 100, 101). Systematic dissections of 

amygdala dysfunction in ASD using task-based imaging and phenotypic/neuropsychological 

characterizations will be crucial next steps; resting state fMRI examinations at higher spatial 

resolutions may prove beneficial as well.

The involvement of basal ganglia circuitry in children with ADHD symptoms, independent 

of diagnostic group, is consistent with the broader body of research that conclusively 

implicates the basal ganglia in ADHD (102). ADHD has also been linked to delayed brain 

maturation (103, 104). Developmental R-fMRI studies find that subcortico-cortical iFC 

decreases with age, as cortico-cortical iFC increases (105). In this light, our findings of 

increased DC of basal ganglia may reflect brain developmental immaturity in children with 

ADHD symptoms irrespective of primary diagnosis. Of note, a prior examination that 

included a subset of the participants with ASD and TDC (32% and 36%, respectively) from 

the present study, revealed increased striatal iFC in ASD (23). In those analyses, ectopic 

ASD-related patterns of iFC were inconsistent with developmental immaturity, suggesting a 

deviant development of striatal circuits in ASD. In light of our centrality results, future work 

will examine whether the distinction between ASD+ and ASD− is also relevant to aberrant 

striatal iFC in specific circuits, as opposed to relationships with the whole connectome 

indexed by centrality measures.

Finally, though DC and EC group patterns converged at the cluster level, we did not find 

significant voxel-wise effects of group in EC. Centrality measures are not interchangeable 

and differ in sensitivity (30). Of note, although EC effects failed to survive voxel-wise 

multiple comparison correction, interrogation of clusters identified with DC revealed similar 

group-effects in EC. These findings suggest that similar diagnosis-related (ASD, ADHD) 

patterns exist in local and global centrality properties, although the former may be more 

consistent. Of note, while hubs are increasingly highlighted as primary targets for 

psychopathology (34, 106), our findings expand this focus, as they were limited to regions 

characterized by either relatively moderate centrality (e.g., dorsal precuneus) or relative 

isolation (e.g., amygdala) in the intrinsic brain. An intriguing speculation is that these 

regions may serve as sources of interference for information flow within the connectome.

With regard to study limitations, to optimize sample size and group matching, we combined 

data obtained using two different acquisition protocols. Diagnostic groups did not differ 

significantly with respect to proportion of scans from the two sequences, and scan protocol 
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was included as a nuisance covariate in analyses. Additionally, prior work suggests that 

inter-individual differences in the brain’s iFC are robust to variations in data acquisition 

parameters (51, 61, 63, 64). Although our groups were equated with respect to gross motion, 

the clinical groups exhibited greater micromovements than TDC. Primary analyses account 

for such differences using a group-level covariate for micromovements, and findings were 

confirmed when ‘scrubbing’ was employed. Thus, diagnosis-related differences are not 

likely driven by micromovements. We employed global signal regression (GSR) to account 

for artifactual signals (e.g., physiologic, scanner-related, residual motion), as well as large-

scale gray matter signals. Despite apparent increases in sensitivity with GSR, the approach 

can introduce artifactual group differences (65, 107, 108). The field is currently debating the 

best approach to account for nuisance signals (68–70, 109). Here, we found that although 

GSR increased sensitivity, all group-related differences except those in the postcentral gyrus 

were detectable without GSR, suggesting that most of our results could not be ascribed to 

GSR-related artifact.

In conclusion, we found evidence for distinct and shared areas of connectome-wide 

dysconnectivity in ASD and ADHD. While disorder specific abnormalities emphasize the 

unique neural origins of the two conditions, the presence of overlapping results is consistent 

with the growing clinical, molecular and neuroimaging evidence of commonalities (110). 

The finding that ADHD-like comorbidity in ASD was associated with a neural abnormality 

shared with ADHD supports the anticipated change in DSM-5 to allow the frequent 

comorbidity of these disorders to be explicitly recognized. Such alignment among clinical, 

nosological, and neurobiological perspectives is expected to provide a firmer basis for 

dissecting the heterogeneity of ASD.
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Figure 1. Effects of Diagnostic Group on Degree Centrality
The top panel depicts the statistical brain maps of the F-contrast results from the one-way 

ANCOVA revealing voxels in which degree centrality (DC) z scores differ as a function of 

group (Typically Developing Children [TDC] vs. Attention-Deficit/Hyperactivity Disorder 

[ADHD] vs. Autism Spectrum Disorders [ASD]). Gaussian random field theory was 

employed to carry out cluster-level correction for multiple comparisons (min Z > 2.3; cluster 

significance: p < 0.05, corrected). Significant clusters are presented on inflated surface maps 

(left side) and axial and coronal maps (right side) generated using Analysis of Functional 

NeuroImages (AFNI) and Surface Mapping with AFNI (SUMA) software (http://

afni.nimh.nih.gov/afni/suma). Lateral and medial views are shown for left and right 

hemispheres (LH, RH, respectively). For illustration purposes, results were resampled from 

4mm3 to 1mm3 using sinc interpolation (FLIRT). The scatter plots in the bottom panel 

illustrate individual participant z scores, for the five clusters (indexed with capital letters 

from A to E) in which ASD, ADHD, or both differed from TDC, based on pair-wise post-

hoc group comparisons (Tukey corrected at p< 0.05). Solid black lines depict means and 

standard errors. Horizontal capped lines designate pairwise comparisons reaching statistical 

thresholds: ***, p<0.0001; **, p<0.001; and *, p<0.05. ADHD specific clusters A and B 

designate regions in which ADHD differ from both TDC and ASD; ASD specific clusters C 

and D designate regions in which ASD differ from both TDC and ADHD; Cluster E 

designates a region in which both clinical groups exhibited decreased DC relative to TDC. 

Figure S5 in Supplement 1 shows cluster F, in which ASD and ADHD differed from each 

other, although neither differed from TDC. See Table S2 in Supplement 1 for anatomical 

labels, group statistics and peaks detected within clusters.
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Figure 2. Contributions of ADHD-Like Comorbidity to ASD-Related Differences in Degree 
Centrality
Histograms illustrate degree centrality (group mean z scores and standard errors of the 

mean) in children with Autism Spectrum Disorders (ASD) with and without Attention-

Deficit/Hyperactivity Disorder (ADHD) comorbidity (ASD+ and ASD−, green squares and 

yellow fill, respectively). For illustration, we also present the histograms for children with 

ADHD and Typically Developing Children (TDC). With respect to degree centrality, ASD+ 

and ASD− differ significantly only in a cluster encompassing the right striatum and pallidum 

(See Table S3 in Supplement 1 for group statistics). The right panels show the coronal and 

axial brain images depicting the statistical maps of the five clusters identified in primary 

analyses. From the top, these are the right striatum/pallidum (z=4), the left postcentral cortex 

(z=23), the left (y=4) and right (y=2) temporolimbic areas, and the precuneus (z=64) (min Z 

> 2.3; cluster significance: p < 0.05, corrected). Brain maps were generated using Analysis 

of Functional NeuroImages (AFNI) (http://afni.nimh.nih.gov/afni). For illustration purposes, 

results were resampled from 4mm3 to 1mm3 using sinc interpolation (FLIRT). *p=.017.
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