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Abstract: We sought to determine whether functional connectivity streams that link sensory, atten-
tional, and higher-order cognitive circuits are atypical in attention-deficit/hyperactivity disorder
(ADHD). We applied a graph-theory method to the resting-state functional magnetic resonance imag-
ing data of 120 children with ADHD and 120 age-matched typically developing children (TDC). Start-
ing in unimodal primary cortex—visual, auditory, and somatosensory—we used stepwise functional
connectivity to calculate functional connectivity paths at discrete numbers of relay stations (or link-
step distances). First, we characterized the functional connectivity streams that link sensory, atten-
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tional, and higher-order cognitive circuits in TDC and found that systems do not reach the level of
integration achieved by adults. Second, we searched for stepwise functional connectivity differences
between children with ADHD and TDC. We found that, at the initial steps of sensory functional con-
nectivity streams, patients display significant enhancements of connectivity degree within neighboring
areas of primary cortex, while connectivity to attention-regulatory areas is reduced. Third, at subse-
quent link-step distances from primary sensory cortex, children with ADHD show decreased connec-
tivity to executive processing areas and increased degree of connections to default mode regions.
Fourth, in examining medication histories in children with ADHD, we found that children medicated
with psychostimulants present functional connectivity streams with higher degree of connectivity to
regions subserving attentional and executive processes compared to medication-na€ıve children. We con-
clude that predominance of local sensory processing and lesser influx of information to attentional and
executive regions may reduce the ability to organize and control the balance between external and inter-
nal sources of information in ADHD. Hum Brain Mapp 36:2544–2557, 2015. VC 2015 Wiley Periodicals, Inc.

Key words: attention-deficit/hyperactivity disorder; resting-state functional magnetic resonance imag-
ing; ventral attention network; default mode network; sensorimotor network
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is com-
mon, with prevalence in school-age children estimated at
up to 9% [Visser et al., 2014]. Clinically, ADHD is a heter-
ogeneous syndrome characterized by age-inappropriate
levels of inattention, motor hyperactivity, and impulsivity
that interfere with social and academic functioning [Amer-
ican Psychiatric Association, 2013].

Classical neuropsychological theories of ADHD posit
that symptoms arise from deficits in executive functions
[Barkley, 1997] or reward-processing brain systems
[Sagvolden et al., 2005; Tripp and Alsop, 1999]. However,
recent neurobiological formulations describe a more com-
plex scenario, implicating brain systems that range from
low-level sensory–motor integration to high-level cognitive
association cortex [Castellanos and Proal, 2012; Posner
et al., 2014]. Based on this perspective, ADHD may be con-
sidered to result from atypical deviations of the internal
information-processing pipeline at multiple brain levels,
rather than affecting single circuits [Castellanos and Proal,
2012]. This conclusion is based on structural and func-
tional connectivity studies comparing children with
ADHD to typically developing children (TDC), which
have demonstrated differences in multiple large-scale
brain systems in ADHD. For instance, using resting-state
functional magnetic resonance imaging (R-fMRI), research-
ers have observed reduced functional connectivity in the
default mode network [Castellanos et al., 2008; Fair et al.,
2010] or atypical functional connectivity within visual [Cao
et al., 2006; Wang et al., 2009], auditory [Tian et al., 2008],
and somatosensory systems [An et al., 2013; Di Martino
et al., 2013; Tian et al., 2008] in patients with ADHD.
Aside from abnormalities within specific networks, R-fMRI
studies have also detected functional connectivity differen-
ces between brain circuits, such as task-positive and task-

negative networks [Castellanos et al., 2008; Hoekzema
et al., 2014; Sun et al., 2012]. Atypical functional connectiv-
ity within and between networks affecting sensory and
higher-order cognitive domains suggests that the typical
hierarchical flow of information from sensation-to-
cognition in the human connectome is likely compromised
in ADHD.

Based on a network framework, the central aim of this
study was to investigate functional connectivity streams
from primary sensory cortex—visual, auditory and soma-
tosensory—to higher brain systems in children and adoles-
cents with ADHD. Following the suggestion that
alterations in sensory circuits might result from dysfunc-
tional regulation of sensory regions by attentional circuits
[Castellanos and Proal, 2012], we hypothesized that sub-
jects with ADHD will show alternative functional stream
assemblies linking sensory and attentional control circuits.
To test this hypothesis, we used a recently developed anal-
ysis technique called “stepwise functional connectivity”
(SFC) applied to R-fMRI data of TDC and children with
ADHD to characterize functional paths that connect sen-
sory cortex to other regions of the brain in a specific num-
ber of relay stations—known as link-step distances
[Sepulcre, 2014; Sepulcre et al., 2012]. As secondary aims,
we explored the potential effects of medication status on
SFC patterns by comparing medicated versus medication-
na€ıve ADHD samples.

MATERIALS AND METHODS

Study Participants and Selection of MRI Data

Table I shows the clinical-demographic characteristics of
the study sample. We used a subsample of the open
source multisite R-fMRI dataset deposited at http://
fcon_1000.projects.nitrc.org/indi/adhd200/. When we
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downloaded the data for this study, the database con-
tained clinical, phenotypic, and neuroimaging data from
853 children/adolescents (527 typically developing and
326 diagnosed with ADHD according to DSM-IV-TR crite-
ria [American Psychiatric Association, 2000]). The original
dataset was filtered to include only right-handed (defined
as Edinburgh Handedness Inventory �0.4 [Oldfield, 1971])
male participants with an estimated full-scale IQ �80,
with no history of neurological disease or head trauma
and not meeting diagnostic criteria for any comorbid psy-
chiatric disorder except for oppositional defiant disorder,
learning disorder, or specific phobia. Since the DSM-IV-TR
hyperactive-impulsive subtype was under-represented in

the original release, we only included ADHD participants
belonging to the combined or predominantly inattentive
subtypes.

With respect to imaging acquisition parameters, we assured
comparability of data density across individuals by including
only the first 120 volumes for each participant and hence only
included participants having an R-fMRI sequence containing
at least 120 time points. We then re-estimated motion parame-
ters and discarded subjects with a mean framewise displace-
ment, as measured by mcflirt [Jenkinson et al., 2002],
exceeding 0.5 mm. Finally, we selected a subsample of TDC
that matched 1:1 each of the subjects with ADHD on age (max-
imum difference 64 months) and mean framewise displace-
ment (maximum difference 60.1 mm). The final sample
consisted of 120 right-handed males with DSM-IV-TR diagno-
sis of ADHD (67 with combined subtype, 53 with inattentive
subtype, 31 with history of psychostimulant medication treat-
ment, 58 who were medication-na€ıve, and 31 with unknown
medication status) individually matched by age and framew-
ise displacement with 120 right-handed male TDC (age range
7–17 years old; framewise displacement range 0.02–0.45 mm).
The medicated group did not differ in framewise displace-
ment from the medication-na€ıve group (mean [sd]: medi-
cated5 0.071 mm [0.062], medication-na€ıve5 0.067 mm
[0.042]; P 5 0.75) the group with inattentive subtype did not
differ from its age-matched TDC group (mean [sd]:
inattentive 5 0.063 mm [0.06], age-matched TDC 5 0.055 mm
[0.026]; P 5 0.33) nor did the combined subtype group differ
from its age-matched TDC group (mean [sd]: combined5

0.07 mm [0.043], age-matched TDC 5 0.069 mm [0.055];
P 5 0.86). Furthermore, there were no significant between-
group differences in the number of volumes with movement
exceeding 0.1 mm (all P> 0.35) or 0.5 mm (all P> 0.37).

As data for this investigation were aggregated retrospec-
tively, ADHD diagnostic criteria and MRI acquisitions pro-
tocols varied across institutions. Detailed information
about institution-specific procedures is provided in Sup-
porting Information 1A. The identification codes of
included participants, which correspond to their publically
available images, are provided in Supporting Information
1B. For reference purposes, Figure 2 includes a previously
characterized sample of adults (N 5 100; mean age 5 21.3
(3.5); 37% male) [Sepulcre et al., 2012]. Informed written
consent and assent were obtained from all participants,
and procedures complied with the Institutional Review
Boards at respective centers. Of note, although our study
sample includes both children and adolescents, we use the
term children henceforth to refer to both, for brevity.

Image Processing

Participants included in the study were scanned on five
different 3.0 Tesla scanners using standard R-fMRI T2*-
weighted echo-planar imaging (see Supporting Informa-
tion 1A for detailed acquisition parameter information of
TDC, children with ADHD and adult samples). Functional

TABLE I. Clinical-demographic characteristics of the

sample

TDC ADHD

Characteristic N Mean SD N Mean SD

ADHD subtype
Combined 67
Inattentive 53

Age (range 7–17) 120 12.03 2.2 120 12.06 2.2
Medication status

Medicated NA 31
Medication-na€ıve NA 58

Comorbidity
LD 0 7
LD, ODD 0 7
LD, SP 0 1
ODD 0 18
SP 2 2

IQ
Full scale 120 114.31 13.5 120 106.8b 13.7
Verbal 97 115.1 14.2 120 110.5a 15.4
Performance 97 110.46 13.6 120 101.33b 14.4

ADHD score
ADHD-RS

Total 42 29.29 5.7 55 50.8b 8.2
H/I 42 13.46 3.6 55 22.4b 5.9
Inat 42 15.82 3.8 55 28.36b 3.6

ADHD-CPRS-LV
Total 39 46.46 7.9 60 70b 6.7
H/I 39 46.87 5.2 60 68.67b 10.9
Inat 39 46.64 7.8 60 69.48b 7.7

TDC, Typically developing children; ADHD, Attention-deficit/
hyperactivity disorder Sample; ODD, Oppositional Defiant Disor-
der; LD, Learning Disorder; SP, Specific Phobia; IQ, Estimated
Intelligence Quotient; ADHD-RS, ADHD Rating Scales–IV
[DuPaul et al., 1998] H/I, Hyperactive/Impulsive symptoms sub-
scale; Inat, Inattention Symptoms subscale; ADHD-CPRS-LV, Con-
ners’ parent Rating Scale-Revised, Long version [Conners et al.,
1998].
aSignificant between-group differences based on 2-sample t tests
(P< 0.05).
bSignificant between-group differences based on 2-sample t tests
(P< 0.001).
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resting-state images were preprocessed using AFNI
(http://afni.nimh.nih.gov/afni) and FSL (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki) running on the Athena com-
puter cluster at the Virginia Tech ARC (http://www.arc.
vt.edu/). Broadly, preprocessing steps included removal
of the first four volumes to allow for T2-equilibration,
slice timing correction, motion correction, normalization
to MNI152 standard space at 4 mm isotropic voxel resolu-
tion, regression of nuisance covariates including head
motion parameters, global mean, white matter, and cere-

brospinal fluid signals, band-pass filtering the time-series
data (0.009 Hz< f< 0.08 Hz) to reduce low-frequency
drift and high-frequency physiological noise, and spatial
smoothing with a 6 mm full-width-at-half-maximum
Gaussian kernel. For further preprocessing details, see
http://www.nitrc.org/plugins/mwiki/index.php/neu-
robureau:AthenaPipeline. Beyond standard preprocess-
ing, we down-sampled the preprocessed R-fMRI data to
8 mm isotropic voxels to reduce computational demands
[Sepulcre et al., 2012].

Figure 1.

The stepwise functional connectivity (SFC) analysis. Figure adapted

from Sepulcre et al. [2012], and Sepulcre [2014] describing the

SFC analysis. The preprocessed resting-state functional magnetic

resonance image data (I) is used to calculate the whole connectiv-

ity association matrix of the individual brains (II) and then, based

on this matrix, create the subjects’s binary connecitivity matrix

(III). The binary connectivity matrix is the input to compute the

degree of SFC. The squared parts of the figure illustrate, in a hypo-

thetical network, how the SFC method calculates, for all the voxels

of the brain, the number of functional paths (degree of connectiv-

ity) connecting that voxel to any of the voxels within the region of

interest or seed region (dark blue nodes) at consecutive link-step

distances. Node size, which represents the degree of connectivity

of the voxel, was rescaled for each link-step distance. Once the

SFC maps are calculated for each individual, we perform the perti-

nent statistical analysis to characterize the pattern of network

transitions in a given population (V) and calculate statistical con-

trast images to compare samples (VI). For further details about the

method see Sepulcre et al. [2012] and Sepulcre [2014]. (Repro-

duced with permission from Elsevier, Integration of visual and

motor functional streams in the human brain, Neuroscience Let-

ters (2014), 567: 68–73.) [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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SFC Analysis

SFC analysis is a graph-theory-based method that
detects both direct and indirect functional couplings of a

given seed region to other regions in the brain. It comple-
ments conventional seed-based functional connectivity
approaches by allowing voxel-level functional connections
to be assessed at a range of intermediate relay stations.

Figure 2.

Combined SFC maps in children and adults. Combined SFC

maps of typically developing children (A and B) and neurotypical

adults (C and D). Results are depicted in surface space (A and

B) and in network topological space (C and D). Section E of

the figure displays the difference between the children and the

adult z-scores maps (children maps minus adult maps). Results

from the one-sample t-tests were displayed using a Caret nor-

malized color scale from 0 to 1, where 0 is the t intensity value

corresponding to an experimentwise alpha level of P< 0.0001

after cluster extent correction and 1 is the maximum t intensity

value of the image corresponding to the smallest P-value. Insets

show the cortical maps with a more restrictive visualization

threshold. Blue arrows point to regions where the degree of

connectivity in the children/adolescents sample is reduced as vis-

ually compared to the adult sample. Graphs show the functional

connectivity networks of children and adults using a K–K energy

layout. Nodes are colored using a yellow to red scale, where

yellow correspond to initial link-steps and red to terminal link

steps. The label for the nodes is based on the distribution coor-

dinates extracted from Sepulcre et al. [2012]. The difference

maps (section E) were displayed using a Caret normalized color

scale from 0 to 1, where 0 is the intensity value corresponding

to differences below 1 standard deviation and 1 is the maximum

intensity value of the image corresponding to the greatest differ-

ence between the groups. Abbreviations: R 5 right hemisphere;

FIC 5 frontoinsular cortex; dACC 5 dorsal anterior cingulate

cortex; OP 5 operculum parietale; SPC 5 superior parietal cor-

tex; FEF 5 frontal eye field; MPFC 5 medial prefrontal cortex;

LTC 5 lateral temporal cortex; TPJ 5 temporo-parietal junction;

DLPFC 5 dorsolateral prefrontal cortex; LPC 5 lateral parietal

cortex; IPC 5 inferior parietal cortex; Precu/PCC 5 precuneus/

posterior cingulate cortex. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The method is described in detail elsewhere [Sepulcre,
2014; Sepulcre et al., 2012] and schematically represented

in Figure 1. Briefly, we computed the Pearson correlation
coefficient R between all voxels of the normalized brain of
each individual. Only positive correlations were retained
in this step due to the ambiguous interpretation of nega-
tive correlations [Murphy et al., 2009; Van Dijk et al.,

2010]. We then applied a false discovery rate correction
(q< 0.001) to the associated P values of the correlation
matrix to limit the rate of false-positive associations. Next,
we binarized each subject’s connectivity matrix to obtain
undirected and unweighted matrices. Finally, we used

these matrices to compute the degree of SFC of specific
sensory-related seed regions—visual, auditory, and soma-
tosensory. The degree of SFC of a given voxel of the brain
is defined as the number of functional paths connecting
that voxel with an a priori selected seed region at a spe-

cific link-step distance (Fig. 1). A link-step distance is
defined as the number of edges that pertain to a path con-
necting a given voxel to the seed area. Therefore, the
degree of stepwise connectivity of a voxel j for a given
step distance l and a seed area i (Djil) is computed from

the count of all paths that:

1. connect voxel j and any voxel in seed area i, and
2. have an exact length of l (see example in Fig. 1).

The SFC values were standardized at each link step to
normalize the effect of the escalating probability of connec-

tions with the seeds when the number of steps increases.
In order to obtain SFC values which are independent of
the link step, Z standardized SFC values were calculated
by subtracting the whole brain mean of the SFC map and
dividing by its standard deviation. Therefore, each map
represents the relative increase of the degree of connectiv-
ity across the different link-step distances.

The three sensory seed regions were adapted from the
study of Sepulcre et al. [2012] to match the image dimen-
sions of our data. Specifically, seeds were defined as cubic
regions of eight voxels each, with reference MNI coordi-
nates (x, y, z) for the more lateral, anterior, and superior
voxels (8, 276, 10) for the visual seed, (56, 212, 10) for the
auditory seed, and (0, 228, 66) for the somatosensory
seed. Since we are interested in investigating how sensory
information is differentially propagated in ADHD, without
a specific hypothesis about which sensory modality may
be compromised, we used two complementary
approaches: (1) a method known as combined SFC that
computes the degree of SFC to the three main sensory
cortical areas—visual, auditory, and somatosensory—
simultaneously, to obtain a combined map of all sensory
functional streams [Sepulcre et al., 2012]; and (2) the SFC
method that computes the SFC maps of the sensory
modalities separately [Sepulcre et al., 2012]. For simplicity,
we show the combined SFC findings in the main text
(Figs. 2–5), but results for each individual sensory modal-
ity are shown in Supporting Information Figure 3. More-
over, the functional pathways “collapse” into the cortical
hubs of the adult human brain after a large number of

Figure 3.

Correlation between age and SFC in TDC. Regions where the

degree of connectivity is positively associated with age in typi-

cally developing children. Images were displayed using the partial

correlation R values (http://dbm.neuro.uni-jena.de/vbm/threshold-

and-transform-spmt-maps/). Abbreviations: R 5 right hemisphere;

LPC 5 lateral parietal cortex; LTC 5 lateral temporal cortex;

and Precu/PCC 5 precuneus/posterior cingulate cortex. [Color

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

wileyonlinelibrary.com.]
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relay stations [Buckner et al., 2009; Sepulcre et al., 2010].
Accordingly, we constrained our SFC analysis to seven
link-step distances, the optimal number to fully explore
the whole range of functional pathways in the adult
human functional connectome [Sepulcre et al., 2012]. Addi-
tionally, we confirmed that our study samples of children
and adults reached a connectional stable state in seven
link-step distances. In summary, for each participant, we
obtained seven degrees of SFC maps for the combined
approach and for each individual sensory seed.

Statistical Analysis

Characterizing TDC

We applied a one-sample t-test to each cortical map to
properly visualize the typical patterns of SFC in the TDC
and neurotypical adult samples and to detect potential dif-
ferences between the samples (Fig. 2A; controlling for head
movement and the use of different scanners using SPM8
http://www.fil.ion.ucl.ac.uk/spm). We also performed a
regression analysis between SFC cortical maps and age to

investigate potential maturation patterns in the TDC sample
(Fig. 3; controlling for scanner and head movement).

As supplementary analysis, we also applied the same
one-sample t-tests to the maps of the ADHD sample (scan-
ner and head movement were introduced as nuisance
regressors). Supporting Information Figure 1 displays the
ADHD and TDC together for visualization purposes.

Group comparisons

Differences between TDC and children with ADHD in
SFC degree from primary sensory regions – whether com-
bined or separately for each seed—were calculated by per-
forming an analysis of covariance (ANCOVA; SPM8), with
scanner type and mean head movement as nuisance cova-
riates, for each of the seven link-step distance maps, sepa-
rately. Although our samples of TDC and ADHD did not
differ significantly in MRI framewise displacement (see
Study Participants and Selection of MRI Data section), we
also controlled for head movement in the group compari-
sons tests using the individual mean framewise displace-
ment as an additional precaution [Van Dijk et al., 2010;
Yan et al., 2013]. To estimate the potential effects of

Figure 4.

Differences between ADHD and TDC groups in the degree of con-

nectivity at different link-step distances. Cortical maps of significant

differences in the degree of stepwise connectivity between subjects

with attention-deficit/hyperactivity disorder (ADHD) and typically

developing children (TDC) at different link-step distances along the

sensation to cognition continuum. Results are depicted in surface

space (A) and in network topological space (B). Cool colors indicate

regions where ADHD subjects have reduced degree of connectivity

compared to TDC and warm colors indicate regions where ADHD

subjects show increased degree of connectivity compared to TDC.

To aid visualization, each image was displayed using a Caret normal-

ized color scale from 0 to 1, where 0 is the t intensity value corre-

sponding to an experimentwise alpha level of P< 0.0001 after cluster

extent correction and 1 is the maximum t intensity value of the image

corresponding to the smallest P value. Graphs show the network

location of nodes displaying statistically significant differences

between TDC and children with ADHD. We use as a graph template

the TDC graph from Figure 2. Nodes are colored using a results of

cortical maps in A (blue: TDC>ADHD; red: ADHD>TDC).

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

wileyonlinelibrary.com.]
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medication history, we performed an ANCOVA for each
of the link-step distance maps comparing the medicated
ADHD sample against the medication-na€ıve ADHD sam-
ple, again controlling for scanner, mean framewise dis-
placement, and age. As supplementary analyses, we
repeated the ANCOVAs (regressing out the effect of scan-
ner and mean framewise displacement) to compare: (1) the
combined ADHD subtype sample and its age-matched
TDC sample; and (2) the inattentive ADHD subtype sam-
ple and its age-matched TDC sample.

For group effects, we used Monte-Carlo simulation
based on cluster size (http://www2.bc.edu/�slotnics/
scripts.htm [accessed May 6, 2011]) to correct for multiple
comparisons. Since the majority of our data comes from
the Peking dataset, we entered Peking’s R-fMRI acquisition
parameters as input to the Monte-Carlo simulation. Only
clusters exceeding 1,024 mm3 at the voxelwise threshold of
P< 0.05, resulting in a corrected experiment-wise alpha
level of P< 0.0001, are reported.

Cortical and Network Visualization

Volume maps from the statistical analysis were pro-
jected onto the right and left cerebral hemispheres of the
PALS surface (PALS-B12) provided with Caret software
using the “interpolated algorithm” and “multifiducial
mapping” settings [Van Essen and Dierker, 2007]. In the
main figures of the text, we only present the surface pro-
jections of the right hemisphere of odd link-step maps
(one, three, five, and seven) to avoid redundancy between
consecutive SFC maps. For presentation of left and right
hemispheres and maps of all link-steps, see Supporting
Information Figure 2. For network graph displays, we
used Pajek software [Nooy et al., 2005] and the Kamada
and Kawai (K–K) energy layout algorithm [Kamada and
Kawai, 1989]. The K–K algorithm is a force layout method
based on a network energy minimization procedure that
takes into account the differences between geometric and
pairwise shortest-path distances of nodes in the graph.

Figure 5.

Differences between medicated subjects with ADHD and

medication-na€ıve subjects with ADHD in degree of connectivity

at different link-step distances. Cortical maps of significant differ-

ences in the degree of stepwise connectivity between medicated

and medication-na€ıve subjects with ADHD at different link-step

distances of the sensation to cognition continuum. Cool colors

indicate regions where medication-na€ıve subjects (Med-na€ıve)

have increased degree of connectivity compared to medicated

subjects (Med) and warm colors indicate regions where medi-

cated subjects show increased degree of connectivity compared

to medication-na€ıve subjects. To aid visualization, each image

was displayed using a Caret normalized color scale from 0 to 1,

where 0 is the t intensity value corresponding to an experiment-

wise alpha level of P< 0.0001 after cluster extent correction

and 1 is the maximum t intensity value of the image correspond-

ing to the smallest P value. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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RESULTS

SFC Maps in TDC and Normal Adults

Figure 2 illustrates the combined sensory SFC maps for
TDC (Fig. 2A,B) and neurotypical adults (Fig. 2C,D) and a
difference map between the two groups (Fig. 2E). Overall,
we observe that children and adults use similar connectivity
pathways at early link-step distances (Fig. 2A,C). Specifi-
cally, we found that both groups display a net stepwise con-
nectivity of primary sensory areas to dorsal regions, such as
dorsal anterior cingulate cortex, superior parietal cortex,
and frontal eye fields, and ventral regions, such as opercu-
lum parietale and frontoinsular cortex (Fig. 2A,C). How-
ever, the sensory functional streams of children and adults
diverge substantially at large link-step distances. Primary
sensory streams of TDC, regardless of the number of relay
stations, remain strongly connected to operculum parietale
and frontoinsular cortex, with only slight connectivity to
regions of the higher-order cognitive circuits such as the
dorsolateral prefrontal, inferior lateral parietal cortex,
medial prefrontal cortex, or the lateral temporal cortex (blue
arrows in Fig. 2A). By contrast, primary sensory streams of
neurotypical adults connect to lateral parietal cortex, medial
prefrontal cortex, the lateral temporal cortex, and precu-
neus/posterior cingulate cortex of the brain at large link-
step distances (Fig. 2C). Especially notable is the difference
between TDC and adults in stepwise connectivity to higher-
order cognitive circuits, with the most evident “missing”
area the precuneus/posterior cingulate cortex (blue arrow
in Fig. 2A,E). As depicted in the network graphs, adults dis-
play an interface of interconnector nodes (“2–5 steps”
nodes; multimodal integration nodes in Fig. 2D) that inte-
grate connectivity from unisensory regions (“1 step” nodes;
visual, auditory and somatosensory nodes in Fig. 2D) and
cortical hubs of the cerebral network (“6–7 steps” nodes;
cortical hubs in Fig. 2D). However, unimodal, multimodal
integration, and cortical hub nodes are less differentiated in
TDC (Fig. 2B). Indeed, although nodes interface sensory-
related areas (“2–5 steps” nodes; multimodal integration
nodes in Fig. 2B), we did not find, for instance, a distin-
guishable cortical hub module in TDC as in adults (Fig.
2B,D). A regression analysis in Fig. 3 illustrates that func-
tional connectivity streams of sensory cortex correlate posi-
tively at large link-step distances with age in areas such as
lateral parietal cortex, lateral temporal cortex, and precu-
neus/posterior cingulate cortex in TDC (Fig. 3).

Differences in SFC Maps Between TDC and

Children with ADHD

In contrast to mature adult brains (Fig. 2C), SFC maps
obtained in the sample of children with ADHD show anal-
ogous topological cortical distribution to those from TDC
(Supporting Information Figs. 1 and 2A). However,
detailed statistical group comparisons between them
reveal significant differences (Fig. 4). At one and two link-

step distances from primary sensory seeds, subjects with
ADHD showed increased degree of connectivity in soma-
tomotor (postcentral, precentral, and supplementary motor
area) and visual (cuneus and middle occipital gyrus) cor-
tex. When functional pathways with 5–7 relay stations
were analyzed, we found that ADHD children present a
higher degree of connectivity in the lateral-superior part of
the occipital cortex and medial prefrontal cortex than TDC
(Fig. 4A; warm colors). With regard to the opposite con-
trast (TDC>ADHD), the ADHD group exhibited a
decreased degree of connectivity at initial link-step distan-
ces in anterior insula extending toward inferior frontal
gyrus, as well as in dorsal anterior cingulate cortex. At
intermediate link-step distances, we found significantly
lower degree of SFC in patients with ADHD in orbitofron-
tal cortex and lateral temporal cortex. Across 2–7 link-
steps, we detected a reduced degree of SFC in the dorso-
lateral prefrontal cortex and the left inferior parietal cortex
(Fig. 4A and Supporting Information Fig. 2; cool colors).
Network graphs in Figure 4B show the corresponding
node locations of cortical areas displaying statistically sig-
nificant changes. In addition, Supporting Information Fig-
ure 2 shows all cortical maps from one to seven link-step
distances projected onto both cerebral hemispheres. Sup-
porting Information Figure 3 shows the individual SFC
analyses for the visual, auditory, and somatosensory seeds.
Although some of the individual analyses of sensory areas
differ, particularly at initial functional connectivity steps,
the main results match those obtained with the combined
SFC approach. Results from subtype comparisons are pre-
sented in Supporting Information Tables I and II. Aside
specific subtype alterations, we found that, consistent with
our main results, both, inattentive and combined subtype
children present increased degree of connectivity in the
primary sensory cortex (one and two link-step distances),
reduced degree of connectivity in the inferior frontal and
anterior insular cortex (one and two link-step distances)
and reduced degree of connectivity in regions of the dor-
solateral prefrontal cortex (four and five link-step distan-
ces). The analysis also revealed that the reduced degree of
connectivity in the anterior cingulate and inferior parietal
cortex at initial and intermediate link-step distances is
more prominent in the inattentive subtype than in the
combined subtype, whereas the increased degree of con-
nectivity in the occipital cortex at terminal link-step distan-
ces is more evident in the combined than in the inattentive
subtype. Interestingly, we also found that whereas the
degree of connectivity of the medial prefrontal cortex at
initial link-step distances (one, two, and three) was
increased in children with inattentive subtype, it was
decreased in children with combined subtype.

Medicated Versus Medication-Na€ıve Children

with ADHD

Compared to medication-na€ıve patients, medicated chil-
dren showed a higher degree of SFC in a small area of the
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somatosensory cortex at one link-step distance and the
parieto-occipital sulcus at three link-step distances. After
three link-step distances, medicated children showed a
higher degree of SFC in the inferior parietal cortex and the
anterior insular cortex extending toward the inferior fron-
tal gyrus and the ventrolateral prefrontal cortex (Fig. 5;
warm colors). In addition, we detected a decreased degree
of SFC in the supplementary motor area and the visual
cortex in medicated subjects compared to medication-
na€ıve subjects—all of these differences taking place at 3–7
link-step distances (Fig. 5; cool colors).

DISCUSSION

Brain connectivity analysis can reveal atypical network
organization in neurodevelopmental conditions. Here, we
characterized functional connectivity streams linking pri-
mary sensory and higher-order brain cognitive circuits in
TDC and children with ADHD. We selected ADHD
because the broad range of associated symptoms has been
linked to hypothesized abnormal integration of distributed
brain regions [Castellanos and Proal, 2012]. Our findings
support that view and provide a detailed description of
the differential functional connectivity streams found in
children with ADHD.

Sensory Functional Streams and Cortical

Integration in TDC

Maturation of brain networks entails progressing from
local to distributed connectivity organization [Fair et al.,
2009]. With increasing age and cognitive maturation, func-
tional networks undergo processes of segregation and inte-
gration to arrive at adult levels of organization [de Bie
et al., 2012; Fair et al., 2009; Rubia, 2013; Supekar et al.,
2009]. Whereas primary sensory–motor regions seem to
attain brain maturation in early childhood, networks sup-
porting higher-order cognitive abilities, such as the default
mode network (DMN) and the frontoparietal network,
seem to mature later [de Bie et al., 2012; Hoff et al., 2013].
In our study, we found a positive association between age
and functional connectivity of modal streams reaching the
DMN and cortical hubs. Not surprisingly, some of these
areas, such as the precuneus, have been previously identi-
fied as predictors of brain connectivity maturity [Dosen-
bach et al., 2010]. In prior work, we found that
neurotypical adults display functional connectivity streams
that can be traced from primary sensory circuits to multi-
modal/attentional networks and to cortical hubs [Sepulcre
et al., 2012]. By contrast, TDC maps show certain features
that are compatible with brain functional immaturity. For
instance, they show a dominant core of connections among
multimodal integration areas, such as frontoinsular and
operculum parietale regions, with little connectivity to
cortical hub regions. In other words, functional connectiv-
ity streams of TDC do not reach the full level of integra-

tion among multiple cognitive systems achieved by adults.
Instead, TDC functional pathways remain strongly con-
nected inside multimodal/attentional areas without evi-
dence of additional stepwise linkages. The frontoinsular
cortex can regulate nodes of different cognitive circuits by
activating either the frontoparietal executive or default
mode systems [Sridharan et al., 2008]. Interestingly,
weaker decoupling of the frontoinsular region has been
observed in TDC compared to adults [Supekar and
Menon, 2012]. Therefore, if we take in to consideration
that (1) frontoinsular and multimodal integration areas are
over-interconnected in children, whereas (2) connectivity
to cortical hubs is diminished—probably due to maturity-
related factors—then, alterations in the connectional mech-
anisms subserving regulatory functions of the frontoinsu-
lar system of children are plausible.

Sensory and Motor Connectivity are Locally

Increased in ADHD Children

Sensory and motor circuits have been increasingly impli-
cated in the pathophysiology of ADHD in recent years
[Proal et al., 2011; Valera et al., 2010]. Previous studies
using intrinsic functional connectivity analysis have
reported high regional homogeneity and network central-
ity in visual [Cao et al., 2006; Wang et al., 2009] and soma-
tomotor cortex [An et al., 2013; Di Martino et al., 2013;
Tian et al., 2008] in subjects with ADHD. Part of our
results involves similar findings. We find that ADHD is
associated with increased number of functional connec-
tions linking primary cortex with surrounding areas. An
intensification of primary connectivity at the local level
may generate delays in the perceptual pipeline and infor-
mation transmission to subsequent systems. Nevertheless,
it is unlikely that connectivity changes at the neighboring
level of sensory, motor, and visual systems explain by
themselves all the diverse behavioral features observed in
ADHD. We believe that these local connectivity changes
must be interpreted together with other changes along the
functional processing streams to provide a fuller descrip-
tion of the sensation-to-cognition continuum in ADHD.

From Sensory to Attentional and Executive

Systems in Children with ADHD

We have noted that TDC and adults differ in functional
connectivity streams, likely as a consequence of brain
immaturity in the former. We have also observed that
functional pathways of ADHD children resemble those of
TDC in terms of qualitative cortical distribution. However,
children with ADHD manifest striking functional connec-
tivity stream differences at the quantitative level compared
to TDC. The ADHD sample showed a significant reduction
of degree of connectivity in the frontoinsular cortex and
the dorsal anterior cingulate cortex. These regions are key
nodes of to the ventral attention system [Yeo et al., 2011],
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also referred to as salience network [Menon, 2011], a sys-
tem that also subserves multimodal integration in the
human brain [Sepulcre et al., 2012]. The ventral attention
system is a task-positive network that closely interacts
with the dorsal attention system to enable attentional con-
trol in relation to top-down goals and bottom-up sensory
stimulation [Vossel et al., 2014]. In particular, the ventral
attention system has been associated with detecting stimu-
lus relevance and initiating cognitive control by dynami-
cally switching dominance between the frontoparietal
executive network and the DMN [Sridharan et al., 2008].
In the past, ADHD-related abnormalities in the frontoinsu-
lar and the dorsal anterior cingulate cortex have been
extensively reported in the literature (see Bush [2010], for
a review). Furthermore, a meta-analysis of task-based
functional MRI studies found that 44% of the voxels that
are hypoactive in children with ADHD during cognitive
task performance correspond to the ventral attention net-
work [Cortese et al., 2012]. However, alterations in the
frontoinsular and the dorsal anterior cingulate cortex have
been conventionally interpreted as an indication of execu-
tive control deficits in ADHD and the specific role of the
ventral attention system in ADHD has been rarely
explored.

Based on our findings, we speculate that combined obser-
vations of locally over-connected sensory systems, as well
as under-connected multimodal integration and attentional
control systems along the functional streams may underlie
the tendency to continuously interact with the environment
and to have difficulty favoring relevant over irrelevant stim-
uli which characterize individuals with ADHD.

A frontoparietal system includes the dorsolateral prefron-
tal cortex and the inferior parietal sulcus. This task-positive
network is critically involved in keeping on-line working
memory representations necessary for problem solving,
decision-making, and other goal-directed and executive
processes [D’Ardenne et al., 2012]. In line with the classical
interpretation of ADHD as an executive function disorder
[Barkley, 1997], the frontoparietal executive system has been
found hypoactive in ADHD during the performance of cog-
nitive tasks [Cortese et al., 2012]. Although we believe the
executive disorder hypothesis is too constrained to fit the
varied cognitive deficits in ADHD [Rhodes et al., 2005], it
also finds some support in our data. Our results show that
the dorsolateral prefrontal cortex is profoundly under-
connected in the final steps of the modal connectivity
streams in ADHD compared to TDC. The dorsolateral pre-
frontal cortex is not the only significant change occurring
when modal streams connect to areas with a large number
of relay stations across the connectome. The lateral-superior
occipital cortex and the anteromedial PFC also belong to
this group, but in a totally opposite sense. They display a
high degree of connectivity in ADHD. Therefore, the sce-
nario is more complex than expected. Although some
executive-related regions have decreased functional connec-
tivity, other regions show connectivity enhancements. If we
interpret these results from a network information flow

viewpoint, we can postulate, on one hand, that the
decreased stepwise connectivity to executive areas might
reduce probabilities of information transitioning from per-
ceptual circuits to networks involved in guiding cognitive
execution processes. On the other hand, the increased con-
nectivity areas may reflect an allocation of information
toward alternative processing systems, such as default
mode and advanced visual areas, instead of to frontoparietal
executive modules. This interpretation is consistent with the
“default-mode network interference hypothesis” [Sonuga-
Barke and Castellanos, 2007].

Regarding medication effects, we found that medicated
subjects, compared with medication-na€ıve subjects, differ
significantly in functional connectivity organization. Medi-
cated ADHD children exhibit more “routes” that function-
ally connect primary sensory regions to circuits involved
in goal-directed executive processing and to salience cir-
cuits in charge of detecting stimulus salience and switch-
ing dominance between default mode network and
frontoparietal executive network. These results fit with
previous reports on the effects of ADHD medication on
executive processing circuits [Cubillo et al., 2013] and net-
work regulation [Peterson et al., 2009].

Maturational-Lag in Children with ADHD

The concept of a maturational-lag as an underlying cause
of ADHD was proposed since its earliest descriptions [Kins-
bourne, 1973]. Longitudinal MRI studies have detected
immature cortical characteristics in ADHD [Shaw et al.,
2006, 2007, 2009a, 2012] that appear to be modulated by
exposure to stimulant medication [Shaw et al., 2009b].
Recently, R-fMRI studies also found evidence of immature
functional connectivity in ADHD. For instance, researchers
found that the functional connectivity within DMN [Sripada
et al., 2014] and between the DMN and the ventral attention
[Sato et al., 2012; Sripada et al., 2014] and frontoparietal net-
works [Sripada et al., 2014], is significantly lagged in
ADHD. In addition, there are also reports supporting aber-
rant developmental trajectories in the functional connectiv-
ity within the DMN and between the sensorimotor network
and the ventral attention networks [Choi et al., 2013].

Our findings indicate that ADHD functional network
transitions are characterized by increased degree of step-
wise connectivity in sensory and motor circuits, known to
mature in early childhood [Hoff et al., 2013] and reduced
degree of connectivity in ventral attention and frontoparie-
tal networks, which are subject to protracted development
[Hoff et al., 2013]. In a sense, the results reported here sug-
gest an immature state of functional networks transitions in
ADHD that appears to be partially compensated by phar-
macological treatment. However, we also found that ADHD
has increased functional connectivity pathways toward
medial prefrontal regions of the DMN that is known to
attain functional maturation at late adolescence. Therefore,
it might be imprecise that the ADHD immaturity features
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can be fully explained by a regular but delayed maturation
trajectory. Longitudinal or cross-sectional designs that ena-
ble the assessment of maturational courses controlling for
phenotypical features, such as age, symptom remission/
persistence, and exposure to stimulant treatment, are neces-
sary to draw conclusions about whether the observed altera-
tions and drug effects reflect delayed brain development,
atypical brain development or a combination of the two.

LIMITATIONS

The limitations of this study mainly concern the nature
of the sample, which was aggregated from different sites
and scanners, with different image acquisition parameters
and different clinical measures of ADHD symptoms sever-
ity. A variable of site, which combines effects of scanner,
associated imaging parameters, and other intersite differ-
ences, was entered as a nuisance covariate in our analyses.
Still, future work with a more homogeneous sample will
improve the internal validity of findings, while perhaps
being less representative. Finally, because of computa-
tional demands, we down-sampled to relatively coarse-
sized voxels (8-mm isotropic). Thus, high-resolution boun-
daries of our results must be examined at smaller voxel-
sizes in future work.

CONCLUSION

In conclusion, we used a graph theory and data-driven
approach in children with ADHD and TDC to assess func-
tional connectivity streams from sensation to cognition. At
early steps, we found that functional streams of ADHD
subjects exhibit local connectivity enhancements in sensory
processing areas, accompanied by reduced number of con-
nections to salience and executive control systems. At sub-
sequent steps, functional streams of ADHD subjects show
high connectivity to default mode and advanced visual
processing systems. In summary, we observed connec-
tional fingerprints that may explain how information flows
are differentially propagated in the ADHD brain. If repli-
cated, these novel results will extend and concretize mod-
els of ADHD pathophysiology.
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