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Abstract
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Background—Attention deficit/hyperactivity disorder (ADHD) is a major public health
concern. It has been suggested that the brain’s default network may provide a crucial avenue for
understanding the neurobiology of ADHD. Evaluations of the default network have increased over
recent years with the applied technique of resting-state functional connectivity MRI (rs-fcMRI).
These investigations have established that spontaneous activity in this network is highly correlated
at rest in young adult populations. This coherence seems to be reduced in adults with ADHD. This
is an intriguing finding, as coherence in spontaneous activity within the default network
strengthens with age. Thus, the pathophysiology of ADHD might include delayed or disrupted
maturation of the default network. If so, it is important to determine whether an altered
developmental picture can be detected using rs-fcMRI in children with ADHD.
Methods—The present study utilized the typical developmental context provided previously by
Fair et al (1) to examine coherence of brain activity within the default network using rs-fcMRI in
children with (n=23) and without ADHD (n=23).
Results—We found that functional connections previously shown as developmentally dynamic
in the default network were atypical in children with ADHD - consistent with perturbation or
failure of the maturational processes.
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Conclusions—These findings are consistent with the hypothesis that atypical consolidation of
this network over development plays a role in ADHD.
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Attention deficit/hyperactivity disorder (ADHD) is a major public health concern with longterm negative impact on health and education. Moreover, ADHD may serve as a gateway
condition for other serious psychiatric problems including conduct disorder (2), depression
(3), personality disorders (4), and substance use disorders (5). Existing treatments suppress
symptoms but are not curative (6). Thus, a better understanding of ADHD’s neurobiology is
essential.
It has recently been suggested that the integrity of the brain’s default network (7-9) may
provide a crucial avenue for understanding the neurobiology of ADHD. The default network
refers to a set of regions (Table 2) originally defined by Shulman and colleagues (7). This
set of regions is unique in that it consistently decreases in neural activity from a physiologic
baseline during most goal-directed tasks (7). With its broad implications for brain
functioning, this network has recently become a key focus of neuroscientific and psychiatric
research (10).
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The importance of the default network to typical brain function remains under discussion
(8,11-16). Recent reports suggest that the functions of the default network are related
indirectly (and perhaps directly, see (17,18)) to executive behavior (19,20), as well as
reward processing (21). Because leading neurocognitive models of ADHD have emphasized
executive control as well as reward-related dysfunction (22), the default network has been
highlighted as an important investigative target for the pathophysiology of ADHD (9,23-25).
Evaluations of the default network have been dramatically enabled by the relatively new
technique of resting-state functional connectivity MRI (rs-fcMRI). rs-fcMRI measures
spontaneous intrinsic correlated blood oxygen level dependent (BOLD) activity while
subjects are at rest (i.e., not performing an explicit task). It is based on the discovery that
spontaneous low-frequency BOLD signal fluctuations in sometimes-distant brain regions
show strong correlations at rest (26).
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Resting-state fcMRI analyses have now established that activity in regions of the default
network is highly correlated at rest in adulthood (1,27-30). Correspondingly, rs-fcMRI
studies in adults with ADHD (24,25) suggest reduced coherence in the default network. This
finding is intriguing in light of recurrent results indicating that the coherence of the default
network strengthens with development (1,30). For example, Fair et al (1) found reduced
coherence in the default network in children compared to adults. A follow-up study
suggested that coherence within the default network in children was not only reduce
between members, but also that these components were more tightly linked to other brain
regions closer in anatomic space (30). Over age, however, these local connections
weakened, and gave way to increased integration of the default network members.
Considering the reduced coherence in the default network in a prior report on adults with
ADHD as well as the increased integration within the default network observed over
maturation, it was hypothesized that ADHD may be related to delayed or disrupted brain
maturation in the default network. If an abnormality in the consolidation of this network
over development is central to the pathophysiology of ADHD, it should be apparent prior to
adulthood. Therefore, it is crucial to determine whether an altered developmental picture can
be detected using rs-fcMRI in children with ADHD. To that end, the present study utilized
the typical developmental context provided by Fair et al (30) as a framework to examine
coherence of brain activity within the default network in children with and without ADHD.
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Methods
Participants and Measures
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Youth (7-16 years) were recruited with a combination of advertisements, mailings, and
clinic outreach. Informed written consent or assent was obtained from parents and children,
respectively; all procedures complied with the University Human Investigation Review
Board. A total of 23 ADHD participants and 23 age-matched healthy control participants
were included. Data for this manuscript were collected as a large collaborative effort at
OHSU, and as such slightly different assessment protocols were used for adolescents and
children.
For youth aged 10-16, psychiatric diagnoses were evaluated with youth and parent versions
of the Diagnostic Interview Schedule for Children (DISC-IV; (31)) and a parent Conners
Rating Scale-Revised (32). A clinical review by a child psychiatrist was then used to
determine final diagnosis. IQ was estimated with the Wechsler Abbreviated Scale of
Intelligence (WASI) (33) (Non-ADHD control youth were given the 2-subtest WASI shortform, i.e., Vocabulary and Matrix Reasoning subtests).
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For youth 7- 9 years old, psychiatric diagnoses were evaluated with the Kiddie Schedule for
Affective Disorders and Schizophrenia (KSADS-I; (34)) administered to a parent; a parent
and teacher Conners Rating Scale-3rd Edition (35); and a clinical review by a child
psychiatrist and neuropsychologist who had to agree on the diagnosis. Intelligence was
evaluated with three-subtest short form (Block Design, Vocabulary, and Information) of the
Wechsler Intelligence Scale for Children, Fourth Edition ((36)).
Children were excluded if they did not meet criteria for ADHD or non-ADHD groups (i.e.
children deemed sub-threshold by the clinicians were excluded). Children were also
excluded if a history of neurological illness, chronic medical problems, sensori-motor
handicap, autistic disorder, mental retardation, or significant head trauma (with loss of
consciousness) was identified by parent report, or if they had evidence of psychotic disorder
or bipolar disorder on the structured parent psychiatric interview. Children currently
prescribed non-stimulant psychotropic medications (including atomoxetine) were excluded.
Children prescribed short-acting stimulant medications were scanned after a minimum
washout of five half-lives (i.e., 24-48 hours depending on the preparation). Control children
were excluded for presence of conduct disorder, major depressive disorder, or history of
psychotic disorder, as well as for presence of ADHD.
Data acquisition and processing
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Participants were scanned using a 3.0 Tesla Siemens Magnetom Tim Trio scanner with a
twelve-channel head-coil at the OHSU Advanced Imaging Research Center. One high
resolution T1-weighted MPRAGE sequence (orientation=sagittal, TE=3.58 ms,
TR=2300ms, 256×256 matrix, resolution=13mm, total scan time=9 min 14sec) was
collected. Blood-oxygen level dependent (BOLD)-weighted functional imaging data were
collected in an oblique plane (parallel to the ACPC) using T2*-weighted echo-planar
imaging (TR=2000ms, TE=30ms, flip angle=90°, FOV=240mm, 36 slices covering the
whole brain, slice thickness = 3.8mm, in-plane resolution=3.8 × 3.8mm). Steady state
magnetization was assumed after 5 frames (~10 s). During rest periods subjects were
instructed to stay still, and fixate on a standard fixation-cross in the center of the display. For
children aged 10-16 two 5-minute runs were obtained. For children aged 7-9 years, 3 runs of
3.5 minutes each were obtained. Three ADHD and one control subject had 1 run removed
due to excess movement (see methods). All children (n=46) had between 420 and 630
seconds of resting state data available for analysis.
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Functional images were processed to reduce artifacts (37). These steps included: (i) removal
of a central spike caused by MR signal offset, (ii) correction of odd vs. even slice intensity
differences attributable to interleaved acquisition without gaps, (iii) correction for head
movement within and across runs, and (iv) within-run intensity normalization to a whole
brain mode value of 1,000. Atlas transformation of the functional data was computed for
each individual via the MPRAGE scan. Each run then was resampled in atlas space (38) on
an isotropic 3mm grid, combining movement correction and atlas transformation in one
interpolation (39). All subsequent operations were performed on the atlas-transformed
volumetric time series.
Connectivity preprocessing followed prior methods (1,28,30,40,41). These steps included:
(i) a temporal band-pass filter (0.009 Hz < f <0.08 Hz) and spatial smoothing (6 mm full
width at half maximum), (ii) regression of six parameters obtained by rigid body head
motion correction, (iii) regression of the whole brain signal averaged over the whole brain,
(iv) regression of ventricular signal averaged from ventricular region of interest (ROI), and
(v) regression of white matter signal averaged from white matter ROI. Regression of first
order derivative terms for the whole brain, ventricular, and white matter signals were also
included in the correlation preprocessing. These preprocessing steps likely reduced spurious
variance unlikely to reflect neuronal activity (42).
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As noted above, motion was corrected and quantified using an analysis of head position
based on rigid body translation and rotation. The data derived from these adjustments
needed to realign head movement on a frame-by-frame basis were calculated as root mean
square (RMS) values for translation and rotation in the x, y, and z planes in millimeters.
Total RMS values were calculated on a run-by-run basis for each participant. Participant’s
BOLD runs with movement exceeding 2mm RMS were removed. Movement was relatively
low in both groups (see Table 1), and not significantly different (see Table 1).
Computation of group mean correlation matrices for analysis
For graph theoretical analyses, twelve a priori ROIs (12mm diameter spheres) were selected
based on their involvement in the default network identified in a previous study (28)(Note:
Fair et al (1,30) used the same regions identified in Fox et al (28)). One previously identified
cerebellar region was not included, due to incomplete cerebellar coverage across all
subjects. The resting-state BOLD time series were correlated region by region for each
participant across the full length of the resting time series, creating 46 square correlation
matrices (12 × 12) (1,30,41,43). For each group, the correlation coefficients (r) were
combined across subjects by using the Schmidt–Hunter method for meta-analyses of rvalues (41,43,44). Only positive correlations were examined.
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Direct comparison between youth with ADHD and control youth
We performed between group two-sample two-tailed t tests (assuming unequal variance; P <
0.05) on all potential connections represented in the 12 × 12 correlation matrices. Fisher z
transformation was applied. To account for multiple comparisons, the Benjamini and
Hochberg False Discovery Rate (45) was applied. However, connections depicted in Figure
2 are uncorrected, as no connections for this particular analysis passed this correction.
Connections that were significantly different between groups, but r < 0.1 in both groups,
were not displayed. Connection density (K) is defined as the number of present connections
for a given threshold divided by the total number of connections possible, and was
implemented using a toolbox generously provided by Sporns, Rubinov, Kotter, and
Hagmann (46). Connection weights (i.e. strength of correlation) were ignored for connection
density analysis but were otherwise examined. Bootstrap verification of connection density
was implemented in Matlab 7.2 and was based on methods highlighted in Wilke et al (47)
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among others (48,49). One hundred bootstrap replicates were created by randomly sampling
from the pool of 23 individual subject correlation matrices with replacement for each group
(see (48,49). The bootstrap replicates, which consisted of 23 correlation matrices per group,
were converted to a single mean correlation matrix. This procedure increases the stability of
the connection density index by limiting the potential effects of outlier subjects (47).
For the voxelwise (whole brain) maps, a correction based on Monte Carlo simulation was
implemented (50). To achieve p < 0.05 corrected for voxel clusters, a threshold of 53
contiguous voxels with a z value of > 2.25 was used. We also compared groups with
ANOVA. This additional analysis allowed us to examine the differences in sample means
between the two groups, while examining the effects of gender and also IQ.
Atypical patterns of development were also assessed on 14 predefined connections of
interest (COIs). These COIs were obtained from a previous study examining the
development of rs-fcMRI within the default network (1). Specific connections that
significantly changed over age were used. The sign test (51) was applied across all of the
connections, considering a “success” when a connection that was previously found stronger
in adults (see (1)) was stronger in controls, or when a connection that was previously found
stronger in children than adults (1) was stronger in ADHD than non-ADHD youth.
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RESULTS
Sample overview
Participant characteristics are summarized in Table 1 (also see Supplement: Table S1).
Intellectual functioning was in the normal range for both groups, but as is commonly found,
the ADHD group had a lower estimated full scale IQ than the control group. Parent Conners
scores were in the clinical range for the ADHD group, but in the normal range for the
typically developing group. Symptom scores did not vary with age across groups
(Hyperactivity; r = 0.13, p = 0.39, Inattention; r = 0.01, p = 0.94) and pubertal status
measured via Pubertal Development Sale (52) was equivalent between groups (see Table 1
and Supplement: Table S1).
Primary test of hypothesized default network effect on ADHD
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Voxelwise functional connectivity mapping and graph theoretical analysis strategies were
employed to examine differences in resting-state functional connectivity between children
with and without ADHD. The voxelwise maps resulted from the cross-correlation of the
BOLD signal time series for a core default network region of interest (posterior cingulate
cortex - pCC: −2,−36, 37; defined by (28) – see also (24,25)). This method produced three
statistical maps: ADHD, typically developing, and direct statistical comparison between
groups. The results of the voxelwise approach are displayed in Figure 1. In the control
group, a significant functional connection was observed between pCC and frontal default
regions (e.g., medial prefrontal cortex - mPFC). In contrast, in ADHD, the pCC was weakly
correlated to mPFC regions. This between-group difference in connection strength was
confirmed in the direct comparison (Figure 1).
The second analysis examined connectivity between all nodes of the default network using
graph theory (46). For the graph analyses, the resting-state BOLD time series for each of the
predefined 12 default regions, in each participant, was correlated with the resting-state
BOLD time series of every other default region (1,28). Composite matrices for each of the
two clinical groups are presented as graphs in Figure 2. Regions with correlations greater
than r > .25 (chosen, in part, secondary to subsequent analyses below) were considered
connected. The qualitative side-by-side visual comparison (Fig 2) revealed what appeared to
be stronger integration of the default network in the control youth. The direct between-group
Biol Psychiatry. Author manuscript; available in PMC 2011 December 15.
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comparisons in Figure 2 (p < 0.05; uncorrected) revealed that the default network is more
integrated in the control sample.
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Recall that, although the results of the voxel-wise analysis displayed in Figure 1 passed
multiple comparisons correction, the results from Figure 2 did not. Therefore, additional
analyses were conducted (below) to further examine the robustness of the findings.
Confirming that the Group Effect is not due to confounders, outliers, or thresholding
To control for group differences in gender, we repeated the group comparisons with
ANOVA using gender as an additional factor. This gender analyses revealed no connection
differences between boys and girls (all p > .05). In addition, none of the connections
identified as significantly different in Figure 2 showed a Gender x ADHD status interaction
effect. The same analysis was applied using IQ as a factor. As with gender the IQ × ADHD
ANOVA revealed that no connections identified in Figure 2 interacted with IQ, suggesting
that the current findings were not influenced by IQ discrepancies between groups.
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The preceding graph analytic analysis relies on thresholding of r-values. Generally,
thresholding is a necessary step in the derivation of graphs. The choice of threshold is
therefore a critical decision point in the analytical process. For example, a choice of r
approaching 1.0 will generate very sparse graphs, whereas a choice of r close to 0.0 will
generate densely connected graphs. To evaluate whether our results were dependent on a
particular threshold, we calculated connection density (K) as a function of threshold for each
of the two groups. That result, shown in Figure 3A, indicated that the groups differed
irrespective of threshold chosen. This confirms that weaker connectivity in ADHD youth
within the default network is not due to threshold selection.
To evaluate the potential influence of outliers, we applied a bootstrapping procedure to the
data (see methods). We created 100 random data sets by drawing from the subject pool (with
replacement) as explained in Methods, thus reducing effects of potential outliers (47).
Results of the bootstrapping procedure (Figure 3B) confirmed the ADHD versus non-ADHD
difference, and highlight the main result in Figure 3A as robust to outliers.
Evaluation of developmentally significant connections of interest
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To further examine the potential match of the data pattern to what would be predicted based
on atypical developmental patterns within the default network in ADHD, we examined 14 a
priori connections of interest (COI) that were identified as being developmentally dynamic
in an unrelated sample (1). If ADHD is characterized by failure of circuits to integrate and
segregate normally, then connections that get stronger over age should be weaker in the
ADHD than control group (failure to integrate), whereas connections that get weaker over
age should be stronger in the ADHD than control group (failure to segregate). Figure 4A
displays the correlation values in ADHD and non-ADHD groups for these 14 COIs. Eleven
of 14 connections had patterns in the hypothesized direction. That is, 10 of the 13
connections that typically increase in strength over age are indeed stronger in the control
group, and the one connection identified as ‘growing down’ over age (1) is stronger in the
ADHD group. To quantitatively assess this overall pattern, the sign test (51) was applied to
examine the hypothesis that connection differences between groups would be in a specific
direction (i.e. non-random). The atypical pattern of default network connectivity was indeed
non-random (p=0.0287). To confirm that outliers did not influence this result, we reanalyzed
the sign test after applying the previously mentioned bootstrapping procedure. The bootstrap
analysis confirmed the result (see Figure 4B) (Sign Test: p = 0.0065).
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DISCUSSSION
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We found that correlated spontaneous activity within the default network is reduced in
children with ADHD. We further showed that specific functional connections, previously
shown as developmentally dynamic (1), were also atypical in children with ADHD. These
findings are consistent with perturbation in the typical developmental trajectory of circuit
consolidation, and suggest that the consolidation of this network over development may play
a central role to the pathophysiology of ADHD.
We note that while our ADHD and control groups were well matched for age and pubertal
status, it will be of interest in future reports to relate our findings to pubertal changes across
development. We also note that findings in Figure 2 of this report were illustrative and did
not survive correction; however, the supporting analyses illustrated in the remaining figures
provides strong evidence of atypical connectivity in the default network in ADHD youth.
Last, we should point out that 6 of our 23 ADHD participants had co-morbid ODD. While it
is unlikely that this small sample was driving the effects observed in this report, it will be
important in future work to identify the atypical pathophysiology that accompanies this, and
other, comorbid conditions of ADHD. Nonetheless, assuming that the atypical default
network connectivity described here does, indeed, contribute to the pathophysiology of
ADHD, the question then becomes: What is the neurobiological underpinnings of this
atypical connectivity, and how does it relate to the behavioral manifestations of the disease?
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Atypical connectivity and its relation to the neural substrate
One potential contributor to altered functional connectivity is altered myelination within the
default network. rs-fcMRI is related to the level of myelination connecting brain regions
(53,54). Thus, continued maturation of myelin through young adulthood (55) may contribute
to changes in functional connectivity over typical development (1,30,41). It is plausible that
some of our findings regarding childhood ADHD may reflect reduced myelination along
fibers running between regions of the default network. Work in ADHD using diffusion
tensor imaging, showing atypical white matter microstructure, lends credence to this view
(56).
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On the other hand, whereas aberrant myelination may account for some of the observed
differences in rs-fcMRI between ADHD and healthy youth, the connectivity signal
measured via rs-fcMRI is not purely a representation of monosynaptic anatomical
connectivity (53,57). Thus, other explanations must be considered. Changes in network
dynamics can, and likely do, occur in the absence of changes in the underlying neural
substrate or myelination. In fact, Fair et al (30) found decreases in connectivity over
development between brain areas thought to increase in myelination. Such data suggest that
there is likely a complex interaction between the underlying neural substrate and Hebbian
interactions of large-scale brain networks that account for some atypical resting connectivity
measures (see (30) for further discussion).
Atypical connectivity in ADHD may relate to delayed or disrupted maturation
Fair et al (1) reported that correlated spontaneous intrinsic activity within the default
network strengthens with maturity (1,30,58)). The present findings, which show reduced
connectivity within this network in ADHD compared to age matched controls is, in part,
consistent with, and may renew assertions that ADHD is a disorder of delayed neural
development (59-62). Indeed, while numbers vary and largely depend on diagnostic criteria,
many children with ADHD appear to improve with age (63). Even so, because of the
sparsity of data across the wide age range used here, we do not know whether the pattern
seen here will prove to be a true delay (with the potential for later “catch up” (64)) or an
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aberrant developmental trajectory when examined longitudinally. The fact remains that
while some patients with ADHD do appear to recover with maturation, others do not (with
atypical default network connectivity persisting in this ADHD population (65)). Thus, a
simple ‘delay only’ portrayal will likely be insufficient to fully characterize ADHD
populations. Further, data on IQ (64) indicate that even when a developmental brain
trajectory “catches up” the phenotype may still be different; that is, the timing of brain
maturation may be as important as its end point. It will be quite interesting in future reports
to examine and characterize all of these possibilities in larger cross-sectional and
longitudinal cohorts.
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Another question that remains is whether the atypical developmental picture seen here is
specific to ADHD. Work in Tourette Syndrome has shown a similarly delayed trajectory via
rs-fcMRI (66). Recent work in autistic patients using rs-fcMRI has also shown decreased
integration between brain regions (67) that typically increase their strength of interaction
over age (41). This appears to be particularly true for default network connectivity (e.g. in
ADHD (65), Tourette syndrome (66), and autism (68) where the vmPFC-PCC connection is
atypical). Lastly, other connectivity work in childhood ADHD has identified different,
perhaps more distinct, atypical connections than what has been found here (69-72). Thus, it
remains unclear whether the pattern of altered connectivity seen here is disorder-specific, or
rather a generalized principle that links many developmental neuropsychiatric disorders.
Studies which include multiple clinical samples that allow for direct between group
comparison have yet to be performed, but will assist in informing such issues.
Relation to models of ADHD
Note that we did not attempt to differentiate between sub-classifications of ADHD (i.e.,
DSM-IV subtypes). This decision was partly based on inadequate power, and partly on
growing questions about the stability and validity of the DSM-IV subtypes (73). However, it
is likely that ADHD is a heterogeneous disorder, particularly at the level of neurobiology,
and therefore likely to have multiple mechanistic subtypes (22).
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For example, our findings regarding atypical connectivity with the vmPFC (i.e., vmPFCPCC) tracks closely with ‘motivational’ or reward based theories of one pathway to
ADHD(74). Importantly, the functional neuroanatomy associated with reward processing
and shown to be atypical in ADHD (75) often include regions of the default network –
notably, vmPFC (sometimes referred to as rostral ACC) (21). These theories suggest that
some children with ADHD are unable to correctly explore, anticipate, and value outcomes
between present action and future rewards (74), with recent behavioral data providing some
support for this picture (76). Importantly, similar functions have been linked directly to the
default network as a whole, but not necessarily to a specific region (10)).
Conclusion and potential approach for future study
In this report we have shown the atypical nature of the default network in ADHD children
and young adolescents. The effects were consistent with failure of normal circuit maturation
in this network. Subsequent connectivity investigations with large sample sizes and multiple
diagnostic groups should not only enable better characterizing of subtypes within diagnostic
groups (i.e., heterogeneity), but also aid in identifying atypical developmental principles that
track across multiple syndromes versus those that may be specific to ADHD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Voxel-wise resting state functional connectivity maps for a seed region (filled black circle)
in pCC ( −2, −36, 37). A) Qualitatively, the rs-fcMRI map for the PCC seed region (black
circle) reveals a commonly observed connectivity pattern of the default network (27-29).
The connectivity map in ADHD population deviates from the age-matched control group.
Functional connections with regions in the medial prefrontal cortex (highlighted with blue
open circles) are weaker in ADHD compared to controls. B) These qualitative differences
between youth with and without ADHD are confirmed by the direct comparison between the
groups (random effects, corrected for multiple comparisons).
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Fig. 2.

Graph visualization of group correlation matrices represented in a pseudo-anatomical
organization. Default regions (28) are weakly connected in youth with ADHD. In age
matched control youth, the default regions appear much consolidated. Only connections with
r > 0.25 are shown on the left (line width is proportional to the connection strength).
Statistically significant differences in functional connectivity between ADHD youth and
controls are highlighted on the right. Blue lines represent significantly greater functional
connectivity (r) in typically developing youth. For the direct comparison, line width is
proportional to the significance level (i.e., increased level of statistical significance; Note:
connections for this particular analysis (as opposed to Figure 1) did not pass multiple
comparisons corrections, with all lines meeting p < 0.05 uncorrected. Thus, the subsequent
analyses in Figures 3&4 help confirm these findings).
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Fig. 3.
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Connection density is decreased in ADHD youth compared to age-matched controls
independent of threshold. Connection density (K) represents the number of connections
surpassing a given threshold over the total number of connections possible. A) Connection
density on average matrices for ADHD youth (red line) and age-matched control youth
(blue) line. Despite the threshold, connection density is consistently higher in the control
population. B) Connection density of bootstrapping samples across thresholds. As in (A),
connection density is consistently higher in the control sample versus ADHD youth,
suggesting that results in A are not due to outlier subjects (standard errors are also plotted
for the bootstrapping samples).
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Connection strength is consistently ‘delayed’ in connections of interest identified as being
developmentally dynamic in a previous study (1). Correlation coefficients for fourteen
connections of interest identified from a previous study shown to significantly mature over
development are shown her for both ADHD youth and age-matched controls. (A) Eleven of
14 connections are consistent with a potential ‘delayed’ developmental dynamic. Ten of 13
connections, shown to ‘grow up’ with age, were weaker in the ADHD group compared to
controls, and the one connection previously shown to ‘grow down’ with age (L. sup frontal –
R. sup frontal, highlighted with ‘*’) was stronger in the ADHD group compared to controls.
The hypothesized pattern was significant, measured via the sign test (p = 0.0287). (B) After
applying the bootstrapping procedure as in Fig. 3, similar patterns emerged. Eleven of 13
connections previously shown to strengthen with age were decreased in the ADHD group,
and the connection previously shown to weaken with age was stronger in the ADHD group
(Sign test: p = 0.0065). Standard errors are also plotted for both A and B.
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Table 2

Seed regions for default network

NIH-PA Author Manuscript

Regions

Abbreviations

Coordinates (x,y,z)

Medial prefrontal cortex (ventral)

mPFC (ventral)

3, 39, 2

Medial prefrontal cortex (anterior)

mPFC(anterior)

1, 54, 21

Posterior cingulate cortex

post. cingulate

2, 36, 37

Left lateral parietal cortex

L lat. parietal

−47, −67, 36

Right lateral parietal cortex

R lat. parietal

53, −67, 36

Left superior frontal cortex

L sup. frontal

−14, 38, 52

Right superior frontal cortex

R sup. frontal

17, 37, 52

Left inferior temporal cortex

L inf.temporal

−61, 33, 15

Right inferior temporal cortex

R inf.temporal

65, 17, 15

Left parahippocampal gyrus

L parahippocampus

−22, 26, 16

Right parahippocamal gyrus

R parahippocampus

25, 26, 14

Retrosplenial

retrosplenial

3, 51, 8
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