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Abstract: Background: Attention-deficit/hyperactivity disorder (ADHD) is one of the most prevalent
psychiatric disorders of childhood. Neuroimaging investigations of ADHD have traditionally sought to
detect localized abnormalities in discrete brain regions. Recent years, however, have seen the emer-
gence of complementary lines of investigation into distributed connectivity disturbances in ADHD.
Current models emphasize abnormal relationships between default network—involved in internally
directed mentation and lapses of attention—and task positive networks, especially ventral attention
network. However, studies that comprehensively investigate interrelationships between large-scale net-
works in ADHD remain relatively rare. Methods: Resting state functional magnetic resonance imaging
scans were obtained from 757 participants at seven sites in the ADHD-200 multisite sample. Functional
connectomes were generated for each subject, and interrelationships between seven large-scale brain
networks were examined with network contingency analysis. Results: ADHD brains exhibited altered
resting state connectivity between default network and ventral attention network [P< 0.0001, false dis-
covery rate (FDR)-corrected], including prominent increased connectivity (more specifically, dimin-
ished anticorrelation) between posterior cingulate cortex in default network and right anterior insula
and supplementary motor area in ventral attention network. There was distributed hypoconnectivity
within default network (P 5 0.009, FDR-corrected), and this network also exhibited significant altera-
tions in its interconnections with several other large-scale networks. Additionally, there was pro-
nounced right lateralization of aberrant default network connections. Conclusions: Consistent with
existing theoretical models, these results provide evidence that default network-ventral attention net-
work interconnections are a key locus of dysfunction in ADHD. Moreover, these findings contribute to
growing evidence that distributed dysconnectivity within and between large-scale networks is present
in ADHD. Hum Brain Mapp 35:4693–4705, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is neu-
rodevelopmental disorder characterized by age-inappropri-
ate inattention, hyperactivity, and impulsivity (American
Psychiatric Association et al., 2013). The disorder affects 5–
8% of children (Polanczyk and Rohde, 2007), frequently
persists into adulthood (Kessler et al., 2006), and produces
significant academic, psychosocial, and economic impair-
ment (Harpin, 2005). The neurobiological mechanisms of
the disorder, however, remain poorly understood. Neuroi-
maging investigations of ADHD have traditionally sought
to detect localized abnormalities in discrete brain regions,
such as areas associated with motor inhibition (Aron and
Poldrack, 2005) and cognitive control (Bush et al., 1999).
Recent years have seen the emergence of complementary
lines of investigation into distributed connectivity distur-
bances in ADHD (Cortese et al., 2013; van Ewijk et al.,
2012), bringing a new network perspective to understand-
ing the pathophysiology of the disorder (Bush, 2009; Cas-
tellanos and Proal, 2012).

It is increasingly recognized that the human brain is
organized into large-scale intrinsic connectivity networks
(ICNs; Fox et al., 2005; Power et al., 2011; Sporns et al.,
2004). These are distributed brain regions that exhibit
coherent activity, and which are reliably detected (Damoi-
seaux et al., 2006; Shehzad et al., 2009) from low-frequency
oscillations of the blood oxygenation level-dependent
(BOLD) signal during the resting state. Individual ICNs
have been implicated in specific neurocognitive functions
such as visual, somatomotor, attention, and executive
processing (Bressler and Menon, 2010; Laird et al., 2011;
Smith et al., 2009). Moreover, aberrant connectivity within
and between ICNs has been discovered in a number of
psychiatric conditions (Hamilton et al., 2011; Menon, 2011;
Sripada et al., 2012; Tu et al., 2013).

In ADHD, theoretical models of network pathology in
the disorder have focused on default network and its
interrelationships with task-positive ICNs (Castellanos and
Proal, 2012; Sonuga-Barke and Castellanos, 2007). The
default network consists of interconnected midline and lat-
eral parietal regions and is involved in internally directed
mentation (Buckner et al., 2008; Raichle et al., 2001). Exter-
nally directed cognitive tasks are supported by several
task-positive ICNs, with ventral attention network (often
called “salience network”) thought to be responsible for
regulating shifts between externally focused and internally
directed mentation (Menon, 2011; Menon and Uddin,
2010). Intrusion of default network during externally
focused tasks, possibly due to ineffective regulation by
ventral attention network, leads to lapses of attention
(Sonuga-Barke and Castellanos, 2007; Weissman et al.,
2006). A recent activation likelihood estimation meta-
analysis of task-based activation studies in ADHD found
abnormal activation in regions associated with ventral
attention network and default network, leading to the con-
jecture of altered connectivity patterns between these net-

works in the disorder (Cortese et al., 2012). Indeed, seed-
based connectivity studies in ADHD do find abnormal
connectivity patterns using ventral attention and default
mode seeds (Castellanos et al., 2008; Tian et al., 2006).
These studies, however, have often involved small sam-
ples, have examined connectivity at different individual
seed regions making comparisons difficult, and have pro-
duced somewhat inconsistent results (see Konrad and
Eickhoff, 2010 for a review). Studies in ADHD with large
samples that that have comprehensively examined connec-
tivity abnormalities across the complete range of large-
scale brain networks remain relatively rare.

Our aim in this study was to fill this gap by investigat-
ing aberrant relationships within and between seven major
ICNs in childhood ADHD. We used two methods to sub-
stantially enhance the scope and reliability of our findings.
First, previous studies have demonstrated the fruitfulness
of aggregating resting state scans across multiple data col-
lection sites, producing increases in sample size and con-
comitant increases in power and reliability of statistical
inferences (Anderson et al., 2011; Biswal et al., 2010; Fair
et al., 2013). Thus, we utilized the ADHD-200 database,
which includes more than 750 scans drawn from multiple
sites (ADHD-200 Consortium, 2012). Second, previous
studies in ADHD have often used seed-based methods to
investigate functional connectivity (e.g., Castellanos et al.,
2008; Tian et al., 2006). These methods have the advantage
of identifying connectivity changes at well-defined regions.
They are, however, restricted to investigating a single or
handful of selected regions and require potentially arbi-
trary choices of which a priori regions to investigate.
Additionally, when inferences about networks are made,
they require the assumption that the connectivity patterns
of entire networks are faithfully reflected in the connectiv-
ity patterns of individual seeds. In the present study, we
comprehensively investigated connectivity disturbances by
placing 907 regions of interest (ROIs) at regular intervals
throughout the entire neocortex. We used a network-based
analysis approach that identifies abnormalities across all
seven major ICNs and their interconnections (Sripada
et al., 2013, 2014). While we were interested in comprehen-
sively characterizing network abnormalities throughout
the cortex, based on recently proposed network models of
ADHD (Castellanos and Proal, 2012; Sonuga-Barke and
Castellanos, 2007), we had strong a priori hypotheses that
ADHD participants would exhibit abnormal connectivity
between default network and task positive ICNs, in partic-
ular ventral attention network.

METHODS

Subjects

A total of 757 participants underwent resting state scan-
ning at seven contributing sites: New York University
Child Study Center, Beijing Normal University, University
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of Pittsburgh, Oregon Health and Science University, Neu-
roImage, Washington University at St. Louis, and Kennedy
Krieger Institute. The dataset comprised 481 typically
developing control participants and 276 participants with
a Diagnostic and Statistical Manual of Mental Disorders
(Fifth Edition, Text Revision) diagnosis of ADHD. A sum-
mary of the demographic characteristics for each site is
provided in Table I. Informed consent was obtained from
all participants, and procedures complied with the respec-
tive Human Investigation Review Boards. Detailed report-
ing of ADHD assessment protocols is available elsewhere
(Fair et al., 2013).

Data Acquisition

All participants were scanned on 3.0 T scanners using
standard resting connectivity T2*-weighted echo-planar
imaging. All imaging data used is publicly available at the
Neuroimaging Informatics Tools and Resources Clearing-
house, see http://fcon_1000.projects.nitrc.org/indi/
adhd200. See the ADHD-200 website and Fair et al. (2013)
for detailed reporting of data provenance, complete pheno-
typic information, scanner acquisition parameters, contrib-
uting principal investigators, and funding sources.

Imaging Sample Selection

Analyses were limited to participants with: (1) MPRAGE
anatomical images, with consistent nearfull brain coverage

(i.e., superior extent included the majority of frontal and
parietal cortex and inferior extent included the temporal
lobes) with successful registration; (2) complete phenotypic
information for main phenotypic variables (diagnosis, age,
handedness), though imputation was allowed for missing
intelligence quotient (IQ) data (see subsequently); (3) full
IQ (FIQ) within two standard deviation (SD) of the overall
ADHD-200 sample mean, (4) mean framewise displace-
ment (FD) within two SD of the ADHD-200 sample mean;
(5) at least 40% of frames retained after application of
framewise censoring for motion (“motion scrubbing”; see
subsequently).

After applying these sample selection criteria, we ana-
lyzed resting state scans from 421 individuals [healthy
control (HC) 5 288; ADHD 5 133] from seven sites. Demo-
graphic characteristics of the postexclusion sample are
shown in Table I. Of note, for participants lacking a F4 or
F2 IQ score, FIQ was estimated by averaging the partici-
pant’s performance and verbal IQ scores. For the Neuro-
Image site which lacked IQ information, the mean IQ
across the other sites was imputed.

Preprocessing

Preprocessing steps were performed using statistical
parametric mapping (SPM8; http://www.fil.ion.ucl.ac.uk/
spm). Scans were slice-time corrected, realigned to the first
scan in the experiment for correction of head motion, and
coregistered with the high-resolution T1-weighted image.

TABLE I. Sample characteristics of the ADHD-200 dataset

Healthy controls ADHD

Site n Age % Male IQ n Age % Male IQ

Pre-exclusions
NYU 93 12.1 6 3.1 45.2 110.7 6 13.9 116 11.3 6 2.7 77.6 106.4 6 14.0
Beijing 116 11.7 6 1.7 61.2 118.1 6 13.3 78 12.4 6 2.0 91.0 105.4 6 13.2
Pittsburgh 89 15.1 6 2.9 51.7 109.8 6 11.5 NA
OHSU 41 8.9 6 1.2 43.9 118.7 6 12.6 37 8.8 6 1.0 70.3 108.5 6 13.9
NeuroImage 22 17.3 6 2.6 50.0 111.2 23 16.7 6 3.0 82.6 111.2
Washington 59 11.5 6 3.9 52.5 116 6 14.1 NA
KKI 61 10.3 6 1.3 55.7 111.5 6 10.3 22 10.2 6 1.6 54.6 106.0 6 15.2
Total 481 12.2 6 3.3 52.9 113.7 6 12.9 276 11.6 6 3.0 79.1 106.8 6 13.3

Postexclusions
NYU 49 12.7 6 2.9 44.9 113.6 6 11.8 52 11.7 6 3.1 71.2 107.5 6 12.9
Beijing 89 11.8 6 1.8 58.4 118.1 6 11.9 47 12.5 6 2.1 91.5 105.8 6 12.5
Pittsburgh 54 15.7 6 2.8 48.2 113.1 6 9.9 NA
OHSU 19 9.2 6 1.5 47.4 116.6 6 12.5 15 9.2 6 1.3 73.3 112.3 6 12.5
NeuroImage 15 16.0 6 2.4 46.7 111.2 9 16.1 6 2.4 88.9 111.2
Washington 24 13.8 6 4.1 45.8 114.9 6 11.2 NA
KKI 38 10.5 6 1.3 55.3 111.2 6 11.5 10 11.1 6 1.7 60 100.8 6 14.4
Total 288 12.8 6 3.2 51.4 114.8 6 11.3 133 12.0 6 2.9 79.0 107.2 6 12.5

ADHD, attention-deficit/hyperactivity disorder; NYU, New York University; OHSU, Oregon Health and Science University; KKI, Ken-
nedy Krieger Institute.
Sample characteristics are shown both prior to and after application of exclusion and quality control criteria.
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Normalization was performed using the voxel-based mor-
phometry toolbox implemented in SPM8. The high-
resolution T1-weighted image was segmented into tissue
types, bias-corrected, registered to MNI space, and then
normalized using Diffeomorphic Anatomical Registration
Through Exponentiated Lie Algebra (Ashburner, 2007).
The resulting deformation fields were then applied to the
functional images. Smoothing of functional data was per-
formed with an 8 mm3 kernel.

Connectome Generation

In order to produce a whole-brain resting state functional
connectome, we placed ROIs encompassing nineteen 3 3 3
3 3 mm voxels in a regular grid spaced at 12 mm intervals
throughout the brain. Each ROI consisted of a 3�2 mm (i.e.,
roughly 4.24 mm) voxel center-to-voxel center radius pseu-
dosphere. Given our 8 mm smoothing kernel, this density
of sampling also ensured that information from the entirety
of brain was comprehensively sampled. Of note, our place-
ment of seed ROIs densely throughout the brain introduces
redundancy as closely spaced seed ROIs will yield highly
similar connectivity maps, which in turn raises concern
about needless multiple comparisons. However, the net-
work contingency statistic we introduce below obviates this
issue, as the number of comparisons is based on the num-
ber of ICNs investigated (i.e., 7), rather than the number of
seed ROIs. Since our main interest was cortical ICNs, we
next removed all ROIs that fell more than 5 mm (Euclidean
distance) from the Yeo et al. (2011) ICN parcellation of the
brain, yielding 907 ROIs in total. We chose the Yeo and col-
leagues network map because their study was based on a
large number of subjects (1,000 participants), they included
multiple convergent methods to assess reliability, and their
parcellation was derived using grid-based connectomic
methods similar to the current study.

Spatially averaged time series were next extracted from
each of the ROIs. Next, regression was performed to
remove nuisance effects. Regressors included six motion
regressors generated from the realignment step, as well as
their first derivatives. White matter and cerebrospinal fluid
masks were generated from the VBM-based tissue segmen-
tation step noted above, and eroded using the fslmaths
program from FSL to eliminate border regions of poten-
tially ambiguous tissue type. The top five principal compo-
nents of the BOLD time series were extracted from each of
the masks and included as regressors in the model—a
method that has been demonstrated to effectively remove
signals arising from the cardiac and respiratory cycle (Beh-
zadi et al., 2007).

The time series for each ROI was next band-passed fil-
tered in the 0.01–0.10 Hz range. Next, motion scrubbing
was performed. Individual frames with excessive head
motion were censored from the time series. The FD thresh-
old for excessive motion was set at 0.2 mm (Fair et al.,
2013). One frame before and two frames after the target

frame were also removed to account for temporal blurring
(Power et al., 2012). Subjects with more than 60% of their
frames removed by scrubbing were excluded from further
analysis, a threshold justified by simulations conducted by
other groups (Fair et al., 2013), as well as by our group.

Pearson’s product–moment correlation coefficients were
then calculated pairwise between time courses for each of
the 907 ROIs, producing a cross-correlation map with
410,871 nonredundant entries. Fisher’s r–z transformation
was then applied.

Network Contingency Analysis

Our main aim was to determine whether and where pat-
terns of ICN connectivity significantly differed in ADHD
versus HCs. To address this issue, we performed a net-
work contingency analysis. This analysis takes a
population-based approach to the question of when two
networks exhibit disrupted connectivity. In particular, it
addresses the question of whether for the set of edges link-
ing two large-scale networks, the population of disease-
modulated edges is larger than one would expect by
chance. This analysis method has a number of advantages
compared to alternatives. First, this method is applied to
connectomes that represent patterns of connectivity across
the entire brain, and does not require potentially arbitrary
choices of seed regions. Second, this method leverages a
priori information about network structure to directly
assess questions about internetwork connectivity. Third, it
avoids univariate tests across the hundreds of thousands
of connections of the connectome, instead conducting a
single statistical test for each network pair investigated.
Fourth, it uses permutation tests, a nonparametric test that
is robust to deviations from assumptions of normality and
independence. Network contingency analysis is composed
of the following three steps (see Fig. 1 for an overview).

Step 1. Subtraction and thresholding: We subtracted the
mean ADHD connectome from the mean HC connectome,
producing a ADHD–HC delta connectome, and we thresh-
olded this delta connectome based on statistical signifi-
cance at P< 0.001 (the rationale for this threshold is
discussed subsequently). More specifically, this subtraction
was performed in a multiple regression framework. For
each edge, we fit a multiple regression model that mod-
eled the effect of disease (ADHD versus HC), while con-
trolling for the effects of site, gender, age, full-scale IQ,
and handedness. We also included terms modeling the lin-
ear and quadratic effects of mean motion (FD averaged
across the entire scan) to absorb any residual variance
unaccounted for by the previously mentioned motion cor-
rection steps (i.e., removal of high motion subjects, regres-
sion of motion from the resting state time series, and
scrubbing of high motion frames).

Step 2. Organize edges based on network affiliation: We next
organized the suprathreshold edges of the ADHD–HC
delta connectome in terms of network affiliation. We
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utilized the network map of Yeo et al. (2011) discussed
above which parcellates the brain into seven major net-
works. These seven networks were used to generate a
cross-tabulation map with 28 nonredundant cells (Fig. 1),
with each cell representing the set of edges linking two
networks.

Step 3. Cell-wise contingency analysis: We tested the
hypothesis that the number of observed suprathreshold
edges in each cell of the network cross-tabulation map
exceeds the number that would be expected by chance
alone. The distribution under chance of observed edges for
each cell was generated by randomly permuting the dis-
ease labels (HC versus ADHD) of the 421 participants
10,000 times, and counting the number of suprathreshold
edges in each cell at each permutation (Good, 2000). Since
the model includes covariates, the procedure of Freedman
and Lane (1983) was followed (see FSL Randomise http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/Theory for a
neuroimaging implementation).

We performed a cell-wise contingency analysis sepa-
rately for each cell of the thresholded network cross-
tabulation map and corrected for multiple comparisons
with the false discovery correction procedure [false discov-
ery rate (FDR); Benjamini and Hochberg, 1995]. Cells that
survived FDR correction were next shaded. Since we were
also interested in the directionality of changes, the cell was
shaded more red as the proportion of suprathreshold cells
that exhibit positive change approaches one and more
blue as this number approaches zero (predominantly nega-
tive changes).

In order to clarify location, distribution, and lateraliza-
tion of implicated edges, we generated three-dimensional

visualizations of the statistically significant cells from
Step 3 using BrainNet Viewer, http://www.nitrc.org/
projects/bnv/ (Xia et al., 2013). Because visual inspection
of these 3-dimensional renderings suggested lateralization
of network abnormalities, we conducted Bernoulli tests
to identify statistically significant differences in the num-
ber of edges on the right versus left side of networks
(i.e., number of edges on the right was compared with a
binomial distribution B(p,n), with P 5 0.5 and n5421 sam-
ples). Since nine post hoc statistical tests were performed,
we used Bonferroni correction for multiple comparisons.
Of note, since we controlled for the effects of nuisance
covariates in Step 1 of the network contingency analysis
(see above), and performed Bernoulli tests for laterality
only subsequently, we thus avoided the problems inher-
ent in the traditional “laterality index” (Bullmore et al.,
1995).

In Step 1 of the network contingency analysis, we set the
P value threshold (“pthreshold”) to be 0.001, consistent with
prior studies (e.g., Di Martino et al., 2013). To test the
robustness of the analysis under different threshold values,
we performed the ADHD versus HC network contingency
analysis with pthreshold set to {0.0001, 0.0005, 0.001, 0.005,
0.01, 0.05, 0.1}. Each of these pthreshold values yielded a P
value map (one P value for each of the 28 cells that make up
the map). We then generated a weighted mean of these P
values across the thresholds by calculating a normalized
area under the curve. In doing this calculation, the pthreshold

values were first z-transformed so that the distance between
pthreshold values was well scaled. This procedure yielded a
single weighted mean P value map. We then performed
FDR correction for multiple comparisons on these P values

Figure 1.

Steps of the network contingency analysis. All possible intercon-

nections between seven major intrinsic connectivity networks

are represented in 28 (nonredundant) cells of a network cross-

tabulation map. The network contingency analysis takes a

population-based approach to the question of when two net-

works exhibit disrupted connectivity. For each cell, the analysis

assesses whether the number of disease-modulated edges is

greater than would be expected by chance. Each step of the

analysis is discussed in greater detail in the main text. ADHD,

attention-deficit/hyperactivity disorder; HC, healthy control.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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and compared the results to those resulting from the analy-
sis with pthreshold set at 0.001.

Because we had a strong a priori hypothesis about
abnormal connectivity between default network and ven-
tral attention network, we performed a more detailed char-
acterization of interconnections of these two networks. In
particular, we generated circular connection graphs that
allow appreciation of the spatial distribution across the
subregions of default network and ventral attention net-
work of the population of connections that strongly differ
between HC and ADHD. To do this, we leveraged the fact
that these ICNs are comprised of a number of spatially
distinct subregions. More specifically, default network and
ventral attention network were split into a number of dis-
tinct contiguous subregions using the “pick cluster” func-
tion in XJView. This yielded 13 large contiguous regions
such as insula, posterior cingulate cortex, and supplemen-
tary motor area, many of which have right and left compo-
nents (see Fig. 4). Of note, since anterior medial frontal
cortex comprises a massive contiguous region that is com-
monly split into ventral and dorsal components (e.g.,
Amodio and Frith, 2006), we split this region at the MNI
z 5 0 line. We then created circular graphs in which these

subregions are connected by arcs, where the width of arcs
was computed as follows: Let P be the size of the popula-
tion of connections linking default network and ventral
attention network that strongly differ between HC and
ADHD (after P< 0.001 thresholding of connectomic maps).
Let L be the number of connections within this population
that links a pair of subregions. The width of the arc con-
necting this pair of subregions was set to be proportional
to L/P, and this procedure was repeated for all pairs of
subregions. Of note, to enhance the readability of the cir-
cular graphs, arcs that represent less than 1% of the inter-
network connections were omitted. In addition, if
subregions participated in less than 1% of total connec-
tions, they were omitted from the graph (for regions with
right and left components, we required that both sides
participate in less 1% of connections).

In the postexclusion ADHD-200 sample, continuous
measures of symptom severity were available for 265 par-
ticipants (105 ADHD, 160 HC). In the cells that showed
significant effects in the first network contingency analysis,
we used these scores to perform an additional network
contingency analysis in order to assess whether aberrant
network interconnectivity varied as a function of symptom

Figure 2.

Network cross-tabulation map. Network contingency analysis revealed significantly abnormal

connectivity in ADHD brains in the following networks (shaded above): ventral attention–default,

visual–default, frontoparietal–default, default–default, and ventral attention–frontoparietal. ADHD,

attention-deficit/hyperactivity disorder; HC, healthy control. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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load. More specifically, we reran Steps 1 through 3 above
with the exception that continuous severity scores rather
than categorical disease labels were included in the regres-
sion model. Because sample size was roughly halved, a
more lenient pthreshold value of 0.01 was utilized in Step 1
of the analysis.

RESULTS

Results from the main network contingency showed
statistically significant effects in five cells (where each cell
represents the set of connections linking two networks; see
Fig. 2). Consistent with our a priori hypothesis, individu-
als with ADHD exhibited altered connectivity between
ventral attention network and default network (P< 0.0001,
FDR-corrected). In addition, in ADHD, there was diffuse
hypoconnectivity within the default network (P 5 0.009,

FDR-corrected), and altered connectivity between default
network and visual network (P 5 0.015, FDR-corrected) as
well as frontoparietal network (P 5 0.003, FDR-corrected).
Also, aberrant connectivity was observed between ventral
attention network and frontoparietal network (P 5 0.017,
FDR-corrected). All five of these network pairs are shaded
primarily blue in Figure 2, indicating there was a prepon-
derance of edges exhibiting decreased connectivity in
ADHD compared to HC. These five abnormal network
interrelationships are rendered three-dimensionally on
sagittal and axial views of a canonical brain in Figure 3.

Since our main a priori hypothesis concerned the inter-
relationship between ventral attention network and default
network, and since this is where our strongest statistical
effect was observed, we sought to characterize the connec-
tivity abnormalities involving these two networks in
greater detail using circular connection graphs (see Fig. 4).
There was increased connectivity in ADHD between

Figure 3.

3D visualization of abnormal network interconnections. ADHD brains exhibited abnormal

network-to-network interconnections involving five network pairs. Each of these five sets of

abnormal network-to-network interconnections is rendered separately on sagittal and axial views

of a canonical brain. ADHD, attention-deficit/hyperactivity disorder. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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posterior cingulate cortex in default network and three
regions of ventral attention network: supplementary motor
area (SMA), anterior insula, and supramarginal gyrus. Fur-
ther examination of the magnitude of correlations revealed
that in HCs, these connections were primarily negative. In
ADHD, these anticorrelations were muted (i.e., became
closer to zero or positive; Fig. 4, Graphs 1–3). Dorsal
medial prefrontal cortex in default network had numerous
connections with SMA. These connections exhibited a
more complex pattern. In the HC group, these edges

exhibited variable connectivity (both positive and negative
values). In the ADHD group, these edges tended to be
more negative, i.e., more weakly correlated or anticorre-
lated (Fig. 4, Graph 4).

For each of the five abnormal network interrelationships
(i.e., the cells shaded in Fig. 2), we conducted Bernoulli
tests to detect lateralization of abnormal connections.
These tests identified significant right lateralization in the
four cells involving the default network (see Table II). Of
note, lateralization was not observed in the only cell that

Figure 4.

Inter-region distribution of aberrant connections in ADHD.

Circle graph depicts the inter-region distribution of altered con-

nections between default network and ventral attention net-

work. Width of each arc is proportional to the number of

aberrant connections linking the two regions. There is hyper-

connectivity involving SMA, right aINS, and left SMG connections

with PCC, and hypoconnectivity involving SMA connections with

other regions. Line graphs on right side show connectivity

within each group for each implicated connection. HC, healthy

control; ADHD, attention-deficit/hyperactivity disorder; bil.,

bilateral. Default network: dmPFC, dorsomedial PFC; vmPFC,

ventromedial PFC; ANG, angular gyrus; PCC, posterior cingu-

late; LTL, lateral temporal lobe; oIFG, orbital inferior frontal

gyrus. Not shown: medial temporal lobe. Ventral attention net-

work: aPCN, anterior precuneus; SMG, supramarginal gyrus;

aINS, anterior insula; SMA, supplementary motor area. Not

shown: superior lateral PFC, precentral cortex. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE II. Right lateralization of aberrant network connections

Right: network 1-network 2 n Left: network 1-network 2 n

Bernoulli test
P (corrected)

Right ventral attention network-default network 76 Left ventral attention network-default network 45 0.036
Right default network-visual network 94 Left default network-visual network 42 0.09
Default network-right frontoparietal network 94 Default network-left frontoparietal network 62 0.09
Right default network-right default network 98 Left default network-left default network 60 0.09

Default network exhibited aberrant connectivity with four large-scale intrinsic connectivity networks—ventral attention network, visual
network, frontoparietal network, and default network (i.e., itself). The abnormal interconnections between these networks exhibited
right lateralization that was statistically significant after Bonferroni correction for multiple comparisons.

r Sripada et al. r

r 4700 r



did not involve the default network, i.e., the cell represent-
ing connections between frontoparietal and ventral atten-
tion network.

To assess the robustness of the network contingency
analysis, we performed the analysis again using P value
thresholds ranging from 0.0001 to 0.1, taking the normal-
ized AUC of the results across analyses (see Methods for
details). We found that the same five cells of the network
cross-tabulation map shown in Figure 2 were statistically
significant (and no other cells other than these five were
statistically significant) indicating the analysis is indeed
robust across P value thresholds.

An additional network contingency analysis was per-
formed to test whether abnormal network interrelation-
ships scaled with continuous measures of symptom
severity (see Methods). This analysis found symptom
severity predicted abnormal connectivity involving ventral
attention network–default network (P 5 0.007). Intradefault
network connections were trend level significant (P 5 0.06),
but results were not significant for the other network
interconnections.

DISCUSSION

An emerging research framework proposes that altered
interrelationships between large-scale brain networks con-
tribute to the pathophysiology of psychiatric disorders
(Menon, 2011). Drawing on this perspective, we compre-
hensively investigated interrelationships between seven
large-scale brain networks in the ADHD-200 multisite
sample using connectomic methods and network contin-
gency analysis. Consistent with recently proposed theoreti-
cal models of ADHD (Castellanos and Proal, 2012;
Sonuga-Barke and Castellanos, 2007), we demonstrated
ADHD brains at rest exhibit altered connectivity between
key nodes of ventral attention network, which is involved
in regulating attention shifts, and default network,
involved in lapses of attention. Default network also
exhibited distributed alterations in its interconnections
with several other ICNs, and, moreover, there was pro-
nounced right lateralization of aberrant default network
connections. These findings add to growing evidence that
network dysconnectivity is a central feature of ADHD
(Bush, 2009; Castellanos and Proal, 2012; Cortese et al.,
2013; Di Martino et al., 2013; Konrad and Eickhoff, 2010;
van Ewijk et al., 2012). Moreover, this study highlights the
utility of connectomic methods for comprehensively inves-
tigating distributed connectivity disturbances in psychiat-
ric diseases.

Our finding of altered connectivity between key nodes
of ventral attention network—including anterior insula
and SMA—and default network is highly consistent with
the findings of Castellanos et al. (2008). They observed
anticorrelations between a dorsal ACC seed (within the
larger region which we label “SMA”) and posterior
regions of the default network, and these anticorrelations

were reduced or absent in participants with ADHD. We
observed this same pattern as well (see Fig. 4, Graph 1).
Based on previous activation studies (e.g., Weissman et al.,
2006), Castellanos and colleagues also predicted a similar
pattern of abnormalities in right anterior insula, which
were not borne out in their data. The present study, how-
ever, supports Castellanos and colleagues’ original conjec-
ture, as we observed anticorrelations between right
anterior insula and posterior default network in the HC
group, which were absent in the ADHD group (Fig. 4,
Graph 2). Differences in samples and methods between
the two studies likely accounts for the discrepancy, e.g.,
we had a larger sample size (421 subjects rather than 40)
and we used a connectomic method with multiple closely
spaced seeds rather than a single seed. It is noteworthy
that in ADHD, posterior MFC, anterior insula, and dorsal
ACC also routinely exhibit abnormal activation during
cognitive paradigms (Bush et al., 1999; Rubia et al., 1999,
2005, 2011; see Cortese et al., 2012 for a review). Results
from the present study thus suggest that the pathology
observed in these ventral attention regions in activation
studies is not restricted exclusively to task but is also rep-
resented in abnormal intrinsic oscillation patterns during
the resting sate.

It is useful to interpret our finding of altered intercon-
nections between ventral attention network and default
network in light of the “default network interference
hypothesis,” an influential model of attention dysfunction
in ADHD (Sonuga-Barke and Castellanos, 2007). This
model distinguishes two modes of cognitive/attention
functioning, each subserved by distinct networks. The
default network supports introspective orientation of
attention during activities such as autobiographical mem-
ory, prospective thought, and self-related processing
(Buckner et al., 2008; Raichle et al., 2001). Task positive
networks, in contrast, support extrospective orientation of
attention during response selection, planning, and execu-
tive processing (Corbetta and Shulman, 2002; Fox et al.,
2005). These networks exhibit reciprocal relations, with
activity in task positive regions associated with suppres-
sion of default network activity (McKiernan et al., 2003).
Lapses of attention arise when suppression fails and
default network inappropriately intrudes during externally
demanding tasks (Sonuga-Barke and Castellanos, 2007;
Weissman et al., 2006). Ventral attention network is a key
task positive network that tracks the salience of external
stimuli (Downar et al., 2000; Eckert et al., 2009; Menon
and Uddin, 2010) and regulates switching between default
network versus task positive modes of cognition (Menon,
2011). Evidence for this proposal comes from structural
imaging (Menon and Uddin, 2010), and functional mag-
netic resonance imaging (fMRI) studies using activation
paradigms (e.g., oddball tasks; Downar et al., 2000), func-
tional and effective connectivity (Sridharan et al., 2008),
and pharmacological manipulations (Dang et al., 2012).
Our finding of aberrant ventral attention network–default
network interconnections at rest in ADHD, and, moreover,
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that the magnitude of these alterations is significantly cor-
related with ADHD symptom severity, might thus be
interpreted in terms of deficient regulatory control over
default network. In particular, impaired ventral attention
regulation of default network in ADHD could lead to
inappropriate default network intrusion during tasks and
lapses of attention. In addition, given the broader role of
ventral attention network in salience processing (Downar
et al., 2000; Eckert et al., 2009; Menon and Uddin, 2010),
ventral attention dysfunction could also contribute to more
general kinds of attention dysregulation in ADHD (e.g.,
distractibility due to task-irrelevant stimuli).

We found diffuse hypoconnectivity throughout the
default network in ADHD brains at rest (Figs. 2 and 3).
This is consistent with recent reports using seed-based
methods that found diminished connectivity between criti-
cal hubs of the default network (Castellanos et al., 2008;
Fair et al., 2010). Other studies using various other func-
tional imaging measures and methods—functional connec-
tivity density mapping (Tomasi and Volkow, 2012),
network homogeneity (Uddin et al., 2008), and resting
state electroencephalography (EEG; Helps et al., 2008)—
have also found alterations in default network in individu-
als with ADHD. Recently, Fair et al. (2010) have proposed
that maturational lag may account for these default net-
work abnormalities. Default network is relatively sparsely
connected at ages 7–9 and becomes increasingly integrated
through childhood and young adulthood (Fair et al., 2008).
Concurrently, default network also becomes increasingly
segregated from task positive networks (Anderson et al.,
2011). If ADHD brains exhibit a lag with respect to devel-
opmental trajectory of default network connectivity, then
this might account for the numerous disturbances
observed in the disorder implicating this network. Of note,
maturational lag has been detected in ADHD with respect
to other critical behavioral and brain variables (El-Sayed
et al., 2003), including cortical thickness (Shaw et al., 2007,
2013) and brain volumes (Castellanos et al., 1994, 1996;
Gogtay and Giedd, 2002). In a separate report, we compre-
hensively investigate the developmental patterns of large-
scale ICNs in the ADHD-200 sample as well as another
large publicly available dataset, and we provide additional
support for the maturational lag hypothesis (Sripada et al.,
under review).

In four of the five network pairs exhibiting altered inter-
connections in ADHD—in particular, the four cells in Fig-
ure 2 that involved the default network—there was
significant right lateralization of abnormal connectivity.
This finding is consistent with a large literature using a
variety of methods—neuropsychological (Carter et al.,
1995; Nigg et al., 1997; Reid and Norvilitis, 2000; Voeller
and Heilman, 1988), EEG (Baving et al., 1999), perfusion
imaging (Kim et al., 2002), structural MRI (Castellanos
et al., 1994, 1996), and task-based fMRI (Casey et al., 1997;
Depue et al., 2010)—that documents right brain deficits in
ADHD. Moreover, recent circuit models implicate right
brain regions in critical functions relevant to ADHD

pathology. For example, right inferior frontal gyrus/ante-
rior insula is reliably implicated in response inhibition
across different cognitive domains (Aron et al., 2004;
Depue et al., 2010; Smith et al., 2008) and right sided atten-
tional networks are implicated in visual spatial attention
(Corbetta and Shulman, 2002, 2011). Interestingly, right lat-
eralized abnormalities do not appear to have been previ-
ously reported in fMRI studies of resting state functional
connectivity in ADHD. This observation suggests connec-
tomic methods such as the ones employed in this study
may play a helpful role in uncovering lateralized connec-
tivity patterns. Such patterns are likely to manifest as a
skew in populations of hundreds or thousands of connec-
tions distributed over disparate brain regions—a pattern
that connectomic methods can readily discover but seed-
based methods might more easily miss.

In summary, using connectomic methods applied to a
large multisite dataset, we demonstrate connectivity dis-
turbances in ADHD that implicate attention control net-
works and default network, with significant right-
lateralization of connectivity abnormalities. Our findings
add to growing evidence that network dysconnectivity is a
central feature of ADHD, and highlight the utility of con-
nectomic methods for comprehensively investigating dis-
tributed connectivity disturbances in psychiatric diseases.
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