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Attention-deficit/hyperactivity disorder (ADHD) is among the most
common psychiatric disorders of childhood, and there is great in-
terest in understanding its neurobiological basis. A prominent
neurodevelopmental hypothesis proposes that ADHD involves
a lag in brain maturation. Previous work has found support for
this hypothesis, but examinations have been limited to structural
features of the brain (e.g., gray matter volume or cortical thickness).
More recently, a growing body of work demonstrates that the
brain is functionally organized into a number of large-scale net-
works, and the connections within and between these networks
exhibit characteristic patterns of maturation. In this study, we
investigated whether individuals with ADHD (age 7.2–21.8 y) ex-
hibit a lag in maturation of the brain’s developing functional archi-
tecture. Using connectomic methods applied to a large, multisite
dataset of resting state scans, we quantified the effect of matura-
tion and the effect of ADHD at more than 400,000 connections
throughout the cortex. We found significant and specific matura-
tional lag in connections within default mode network (DMN) and
in DMN interconnections with two task positive networks (TPNs):
frontoparietal network and ventral attention network. In partic-
ular, lag was observed within the midline core of the DMN, as
well as in DMN connections with right lateralized prefrontal
regions (in frontoparietal network) and anterior insula (in ventral
attention network). Current models of the pathophysiology of
attention dysfunction in ADHD emphasize altered DMN–TPN inter-
actions. Our finding of maturational lag specifically in connections
within and between these networks suggests a developmental
etiology for the deficits proposed in these models.
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Attention-deficit/hyperactivity disorder (ADHD) is a serious
neuropsychiatric disorder characterized by inattention, hy-

peractivity, and impulsivity. One influential neurodevelopmental
model of the disorder posits a lag in the maturational trajectories
of key features of the brain (1–4). This model has mostly been
investigated by examining developmental pathways of structural
features of the brain (3, 5–8). In recent years, however, theorists
have increasingly used resting state functional MRI (fMRI)—
scanning participants in a task-free resting state—to explore the
brain’s functional architecture. This work has led to the recog-
nition that the human brain is organized into several large-scale
intrinsic connectivity networks (ICNs), each associated with spe-
cific neurocognitive functions (9, 10). ICNs have been shown to
undergo significant maturation from childhood to early adulthood,
with individual ICNs exhibiting spatially specific reliable patterns
of integration (increased connectivity with age) and segregation
(decreased connectivity with age) with other ICNs (11–17). These
advances raise possibilities for investigating maturational lag in
ADHD in the developing ICN architecture of the brain (18).
Independent lines of research suggest that attention dysfunction

in ADHD is linked to altered ICN interrelationships. According to
current theoretical models (19, 20), inattention in ADHD involves
altered competitive balance between (i) default network, an ICN
implicated in internally directed mentation (21, 22); and (ii) sev-
eral task-positive ICNs (TPNs), including dorsal attention network
(DAN), ventral attention network (VAN), and frontoparietal

network (FPN), which are involved in cognitively demanding
externally focused processing. Consistent with these models,
previous resting state fMRI studies in ADHD have reliably found
abnormalities in functional connections within DMN (23, 24) and
in its interconnections with TPNs (25–27). Importantly, however,
it is not currently known whether these abnormalities reliably
observed in ADHD are linked to maturational lag. The current
study sought to investigate this question. Based on current net-
work models of ADHD, we hypothesized that maturational lag
in ADHD in the brain’s intrinsic functional architecture would
be focused within DMN and in its interconnections with three
TPNs: DAN, VAN, and FPN.
To test this hypothesis, we used recently developed whole-

brain connectomic methods (28–30). Traditional seed-based strat-
egies examine connectivity using a single or a handful of regions
of interest (ROIs) or average connectivity values across entire
ICNs. However, recent work demonstrates that ICN inter-
relationships are not unitary; rather, connectivity alterations during
maturation in DMN and TPNs are highly variable across individual
connections within ICNs (13, 14, 31, 32). Thus, conventional seed-
based strategies are likely to produce summary measures that do
not capture underlying fine-grained patterns of variation or can
miss trends that are detectable only when looking across large
populations of connections. Connectomic methods remedy this
problem by examining connectivity patterns among hundreds of
seeds. To produce comprehensive connectomic maps, we placed
907 ROIs at regular intervals throughout the cortex and calcu-
lated connectivity between each pair of ROIs (410,871 unique
connections). Using a multiple regression approach, we then cal-
culated the effect of age and the effect of ADHD at each con-
nection of the connectome, controlling for nuisance effects (sex,
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IQ, handedness, motion, and scanner site). This regression model-
ing yielded two comprehensive maps of effect of age and effect
of ADHD, respectively. Examining patterns of spatial correspon-
dence across populations of connections in these whole-cortex
connectomic maps provides a powerful way to investigate the
maturational lag hypothesis.
In our connectomic framework, we operationalized matura-

tional lag as spatial co-occurrence of effects of age and effects of
ADHD at the same connections. In particular, lag exists at an
individual connection when the effect of ADHD at that con-
nection opposes the effect of maturation. The presence of lag
in a population of connections can be tested statistically by using
a count-based framework that compares the number of observed
lagged connections to a suitable chance distribution. Alterna-
tively, a correlation-based framework can be used to investigate
whether the strength of the effect of maturation is proportion-
ately opposed by the effect of ADHD. That is, to the extent that
a connection tends to more strongly integrate with age (i.e., effect
of age is more positive), then its connectivity should be corre-
spondingly reduced in ADHD relative to typically developing
controls (TDCs). Conversely, to the extent that a connection
tends to more strongly segregate with age (i.e., effect of age is
more negative), then its connectivity should be correspondingly
increased in ADHD relative to TDCs.
We used both correlation- and count-based tests to investigate

the spatial co-occurrence of effects of age and opposed effects of
ADHD that is predicted by the maturational lag hypothesis.
ICNs exhibit substantial intra- and internetwork dependency
across connections. Thus, we assessed the significance of all sta-
tistical tests with nonparametric permutation tests, which are ro-
bust to deviations from independence and normality assumptions
of conventional tests (33). We calculated estimates of effect of
age and effect of ADHD used in these tests from participants in
the ADHD-200 sample (34). This sample consisted of 481 TDCs
and 275 children with ADHD and, after demographic and quality
control exclusions, encompassed 421 participants (288 TDC and
135 ADHD). In addition, we also performed a partially indepen-
dent second analysis. In particular, the preceding connectomic
analyses were done a second time using effect of age estimates
derived from a different sample, 155 TDC participants from the
multisite Autism Brain Image Date Exchange (ABIDE) sample
(35). The effect of ADHD estimates were derived from the ADHD-
200 sample, and thus it bears emphasis that this second analysis is
not completely independent from the first. Results were remarkably
similar in this second analysis, and (with the exception of a single
statistical test) all significant statistical tests reported below from the
first analysis were also statistically significant in the second analysis
(SI Results). Although not a fully independent replication, this
second analysis nonetheless provides additional support for the
reliability of our findings.

Results
Maturational Lag in ADHD Is Relatively Specific to DMN and Its
Interconnections with Two TPNs. Fig. 1 shows the Pearson’s correla-
tion coefficients across connections of the connectome between
effect of age and effect of ADHD. These correlations were calcu-
lated separately for each of seven major ICNs and their inter-
connections, with ICN boundaries determined by a widely used
seven network parcellation (36). Three network pairs showed highly
statistically significant negative correlations (assessed with permu-
tation tests) evidencing maturational lag: DMN-DMN, DMN-FPN,
and DMN-VAN. Moreover, these negative correlations were rela-
tively specific to these three network interconnections (only two
other cells were significant at P < 0.05). This result is consistent
with our a priori prediction that maturational lag in ADHD
would be focused in DMN and its interconnections with TPNs.
We next examined scatter plots of the relationship between

effect of age and effect of ADHD among connections linking

DMN-DMN, DMN-FPN, and DMN-VAN. We were specifically
interested in the question of whether maturational lag due to
ADHD could be detected in the subpopulation of connections
that exhibit relatively strong maturation with age (based on a P <
0.01 threshold). If ADHD does produce a lag in the maturation
of these connections, then these strongly maturing connections
should be more likely to lie in the upper left and lower right
quadrants; in these lagged quadrants, the directional effect of
maturation, i.e., either integration or segregation, is opposed
by the effect of ADHD. We used permutation tests to assess
whether the odds of lying in a lagged quadrant were significantly
different from chance.

There Is Lag in Integration of the Medial Prefrontal Cortex-Posterior
Cingulate Cortex Core of the DMN in ADHD. Results for connections
within DMN-DMN are shown in Fig. 2. As illustrated in the
scatter plot (Fig. 2A), the odds that a strongly maturing connection
was lagged (vs. being unlagged) were 6.68 to 1, which is highly
statistically significant (P < 0.0001; permutation test). Visualiza-
tion of the pattern of altered connections with circle graphs (Fig.
2B) revealed that there was a concentration of lagged connections
between the dorsomedial prefrontal cortex (dmPFC) and poste-
rior cingulate cortex (PCC), two regions widely regarded as the
core of the DMN (37).

FPN Exhibits Lag in Integration with Diffuse Regions of DMN in ADHD.
Fig. 3 shows results for interconnections between DMN and
FPN. The odds that a strongly maturing connection was lagged
(vs. being unlagged) were 3.26 to 1, which is highly statistically
significant (P < 0.0001; permutation test). Visualization of this
pattern of lagged connections revealed that the vast majority of
FPN termini of these connections involved the right dorsal lat-
eral prefrontal cortex (dlPFC) and right superior frontal gyrus
(SFG). The DMN termini of these connections were diffusely
spread across the network including midline regions (dmPFC and
PCC) as well as lateral regions in temporal and parietal lobes.

The Anterior Insula in VAN Exhibits Prominent Lagged Segregation
with DMN in ADHD. Fig. 4 shows results for DMN-VAN intercon-
nections. The odds that a strongly maturing connection was lagged
(vs. being unlagged) were 2.21 to 1, which is statistically significant
(P < 0.03; permutation test). Visualization of the pattern of al-
tered connections revealed prominent lag in segregation between
anterior insula in VAN and PCC in DMN.

Fig. 1. Correlations across connections between effect of age and effect of
ADHD. Correlations are shown separately for interconnections between
seven major intrinsic connectivity networks. We had a priori hypotheses that
we would observe maturational lag in the cells shaded red. Consistent with
our hypotheses, highly statistically significant negative correlations indicat-
ing maturational lag were observed in DMN-DMN, DMN-FPN, and DMN-
VAN. LN, limbic network; SMN, somatomotor network; VN, visual network.
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Individuals with More Severe Inattention Show Greater Maturational Lag
in DMN–TPN Interconnections.We next examined how continuous scale
measures of inattention impacted maturational lag in DMN-DMN,
DMN-FPN, and DMN-VAN interconnections. The Inattention
Subscale of either the Conners’ Parent Rating Scale-Revised, Long
Version (CPRS-LV) (38) or Conners’ Rating Scale, 3rd Edition (39)
was available for 180 (ADHD = 77) of the 421 participants in the
present analysis (other participants had either different measures of
ADHD symptom severity or none at all). Using a multiple regression
framework, we calculated βs representing the effect of inattention
severity scores (this regression was similar to the one described earlier
except that the inattention severity measure was used in place of
dichotomous ADHD diagnosis). Next we calculated Pearson’s cor-
relation coefficients across connections of the connectome between
effect of age and effect of inattention severity. This analysis revealed
statistically significant negative correlations for all three net-
works [DMN-DMN (r=-0.18; P = 0.05), DMN-FPN (r=-0.14; P =
0.02), and DMN-VAN (r=-0.21; P = 0.01); all P values from
permutation tests]. This result supports the hypothesis that with
greater severity of inattention, there is correspondingly greater
lag in maturation of DMN and its interconnections with TPNs.

Discussion
It has been hypothesized that the brains of individuals with
ADHD exhibit maturational lag relative to typically developing

children. In this study, we extend investigation of this hypothesis
to the brain’s developing network architecture. We combined
large samples (leveraging fMRI resting state scans from two in-
dependent multisite datasets) with connectomic methods to
provide a comprehensive picture of effects of age and ADHD
across major brain networks. We demonstrate that functional
connectivity both within DMN and in DMN interconnections
with two task-positive networks (FPN and VAN) is significantly
lagged in ADHD. Previous longitudinal investigations of a large
cohort of children found maturational lag of structural features
of the brain in ADHD (3, 6–8). Our results demonstrate that
there is also maturational lag in the brain’s developing func-
tional architecture, and it is relatively specific to connections
within DMN and between DMN and TPNs.
According to current network models of ADHD, DMN and

TPNs are, respectively, specialized for introspective vs. extro-
spective orientations of attention (19, 20). Individuals with ADHD
are proposed to exhibit insufficient regulatory control over DMN
(40). Diminished control leads to inappropriate intrusion of
DMN during externally demanding tasks, producing lapses in
attention (19, 41), distractibility (42), and increased variability
in task performance (43). Many of the networks and specific
regions postulated to be abnormal in this model—including
regions involved in network regulation such as anterior insula
and cognitive control such as dlPFC—were found to exhibit
maturational lag in the present study. Our results thus add to

Fig. 2. Maturational lag in DMN. (A) Scatter plot of the relationship between
effect of age and effect of ADHD in DMN. Weakly maturing connections
are shown in light gray. Strongly maturing connections that are lagged in
ADHD are shown in blue and red, respectively. Strongly maturing, unlagged
connections are shown in dark gray. Percentages refer to the percent of
strongly maturing connections that lie within the respective quadrant. (B)
Circle graph displays the interregion distribution of the lagged con-
nections shown in the scatter plot; the width of an arc linking two sub-
regions represents the proportion of lagged connections linking those
two regions. This circle graph shows a concentration of lagged con-
nections between the dmPFC and PCC.

Fig. 3. Maturational lag in connections between DMN and FPN. (A) Scatter
plot of the relationship between effect of age and effect of ADHD in DMN-
FPN. Weakly maturing connections are shown in light gray. Strongly maturing
connections that are lagged in ADHD are shown in blue and red, re-
spectively. Strongly maturing, unlagged connections are shown in dark gray.
Percentages refer to the percent of strongly maturing connections that lie
within the respective quadrant. (B) Circle graph displays the interregion
distribution of the lagged connections shown in the scatter plot; the width
of an arc linking two subregions represents the proportion of lagged con-
nections linking those two regions. This circle graph shows lag in integration
between (i) right dlPFC and right SFG in FPN and (ii) diffuse regions of DMN.
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this network regulation model of ADHD by suggesting a de-
velopmental explanation for the observed pattern of network
and regional abnormalities.
We found prominent maturational lag in DMN interconnec-

tions with VAN, with a concentration of lagged connections in-
volving anterior insula, a key hub in VAN. Anterior insula has been
implicated in salience processing (i.e., detecting salient stimuli in the
external environment) (44, 45) and in regulating shifts between
introspective and extrospective modes of attention (44, 46). Evi-
dence for this proposal comes from structural imaging (44), fMRI
studies using activation paradigms (e.g., oddball tasks) (47),
functional and effective connectivity studies (46), and investigations
using pharmacological manipulations (48). In addition, imaging
studies in ADHD routinely find abnormalities in anterior insula
and adjacent regions of inferior frontal gyrus (i.e., fronto-oper-
cular cortex) during inhibition of irrelevant stimuli (49–51). These
observations suggest that lagged maturation in anterior insula could
contribute to several forms of inattention in ADHD. For example,
aberrant salience attribution by anterior insula could produce ex-
cessive distractibility by situational stimuli, and diminished anterior
insula regulation of DMN might contribute to intrusion of DMN
during externally focused tasks (resulting in lapses of attention).
There was also a lag in ADHD in integration of interconnec-

tions linking DMN and FPN (Fig. 3). FPN is a core network

underlying adaptive cognitive control (52). This network flexibly
binds to other ICNs in accordance with task demands and rapidly
modulates widespread ICN interconnectivity patterns (52–54).
Key nodes in FPN, such as the dlPFC, generate critical task
control signals, especially in novel, nonpracticed situations (52,
55, 56). In addition, FPN has been proposed to specifically mod-
ulate DMN activity in task contexts where introspective modes of
attention are relevant (e.g., planning for one’s personal future)
(53, 57). Relative immaturity of DMN-FPN connections in ADHD
might thus manifest as reduced flexibility in control over DMN
across diverse task contexts, especially in tasks where introspective
attention is involved. More broadly, our finding of lagged matu-
ration of regulatory control networks in ADHD fits well with a
previous study in juvenile offenders that found that relative im-
maturity of connectivity of motor planning regions with other
brain regions, including DMN regions, predicted greater im-
pulsivity (58). These results suggest maturational lag of regulatory
control networks contributes to inattention and/or impulsivity
across different clinical populations, and they invite new research
aimed at direct comparative investigation (59).
We also observed maturational lag in integration of the dmPFC

and PCC (Fig. 2A)—the two regions that are widely thought to
make up the functional core of the DMN (37). Functional ab-
normalities in DMN are among the most reliably seen in ADHD
(18, 24, 26). Interestingly, a growing body of evidence links these
functional abnormalities with disturbances in structural develop-
ment (31). The cingulum fiber bundle connects dmPFC and PCC,
and maturation of this structural connection has been shown to
predict maturation of functional connectivity between these
two regions (16). In a seminal investigation (3), Shaw et al.
found diffuse maturational delay in cortical thickness in ADHD,
with peak delays in medial prefrontal regions in DMN. These
findings across imaging modalities underscore a broader point:
the functional abnormalities we observed within and between
DMN and TPNs are likely to be part of a larger picture of de-
velopmental delays of structural characteristics such as cortical
thickness and white matter tracts (see ref. 31 for a review). Joint,
multimodal investigation of this ensemble of structural and
functional characteristics in ADHD could provide insights into
the mechanisms that produce and sustain the disorder.
In summary, this study extends investigation of the matura-

tional lag hypothesis in ADHD to the brain’s developing func-
tional architecture. We demonstrate maturational lag specifically
in connections within and between DMN and TPNs. Our results
add a developmental perspective to current network models of
ADHD and provide strong initial evidence that altered DMN-
TPN relationships that are reliably seen in ADHD are related to
delays in typical maturational patterns.

Methods
Sample. Participants and scans for this study derive from two large, multisite
datasets that are available at http://fcon_1000.projects.nitrc.org/indi/.
ADHD-200 sample. A total of 756 participants underwent resting state scanning
and had complete phenotypic information (diagnosis, age, gender, and hand-
edness) at seven contributing sites. The dataset comprised 481 typically
developing control participants and 275 participants with a DSM-IV-TR
diagnosis of ADHD.
ABIDE. This sample comprised 573 TDC from 20 contributing sites. Although
participants with autism were also available from this dataset, only healthy
controls were used from this sample.

The samples were restricted to participants who met criteria for high-
quality scans and motion correction (SI Methods). After applying these cri-
teria, we analyzed resting state scans from 421 individuals (TDC = 288; ADHD =
133) from seven sites in the ADHD-200 sample. The age of the ADHD-200
sample participants ranged from 7.2 to 21.8 y. The TDC participants from the
ABIDE dataset had a wider age range, and because we were primarily inter-
ested in age effects, the age range from the ABIDE sample was trimmed to fall
within that of the ADHD-200 sample. In addition, 30 TDC participants in the
ABIDE sample were excluded due to their also being present in our post-
exclusion ADHD-200 sample, leaving 155 TDC participants from nine sites

Fig. 4. Maturational lag in connections between DMN and VAN. (A)
Scatter plot of the relationship between effect of age and effect of
ADHD in DMN-VAN. Weakly maturing connections are shown in light
gray. Strongly maturing connections that are lagged in ADHD are shown
in blue and red, respectively. Strongly maturing, unlagged connections
are shown in dark gray. Percentages refer to the percent of strongly
maturing connections that lie within the respective quadrant. (B) Circle
graph displays the interregion distribution of the lagged connections shown
in the scatter plot; the width of an arc linking two subregions represents the
proportion of lagged connections linking those two regions. This circle
graph shows prominent lagged segregation between anterior insula in
VAN and PCC in DMN.
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from the ABIDE sample (see SI Methods for detailed demographics of the
preexclusion and postexclusion samples). In previous reports using the
ADHD-200 dataset (60) and the ABIDE dataset (35), comprehensive
descriptions of data provenance, additional demographic/phenotypic
information, and scanner protocols are available.

Preprocessing and Connectome Generation. Preprocessing for resting state
functional connectivity analyses was carried out as described in our previous
work (27, 61–63) (SI Methods). In brief, after linear detrending, nuisance
effects in each voxel’s time series were removed by regression and band-pass
filtering was performed, followed by motion scrubbing (censoring of in-
dividual frames from the time series). Spatially averaged time series were
extracted from each of 907 ROIs placed in a regular 12-mm grid throughout
the neocortex (see ref. 63 for an extensive discussion of the advantages of
this grid-based method for placing ROIs). Next, Pearson’s correlation coefficients
were calculated pairwise between time courses for each of the ROIs, producing

a cross-correlation map with 410,871 nonredundant entries. Based on Yeo
et al.’s network map (36), each connection was then assigned to a network pair
based on the large-scale ICN in which it originated and terminated.

Calculating Effect of ADHD and Effect of Age. Calculation of the effect of
ADHD and effect of age was done for each connection of the connectome
using multiple regression. Regression models were controlled for the effects
of sex, full-scale IQ, handedness, motion, and scanner site. ICNs exhibit sub-
stantial intra- and internetwork dependency across connections, so non-
parametric permutation tests (33) were used to assess significance of all
statistical tests to account for this dependency. Details of regression models
and the permutation tests are provided in SI Methods.
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