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Abstract
Attention-deficit/hyperactivity disorder (ADHD) is a prevalent psychiatric disorder that has poor
long-term outcomes and remains a major public health concern. Recent theories have proposed
that ADHD arises from alterations in multiple neural pathways. Alterations in reward circuits are
hypothesized as one core dysfunction, leading to altered processing of anticipated rewards. The
nucleus accumbens (NAcc) is particularly important for reward processes; task-based fMRI
studies have found atypical activation of this region while the participants performed a reward
task. Understanding how reward circuits are involved with ADHD may be further enhanced by
considering how the NAcc interacts with other brain regions. Here we used the technique of
resting-state functional connectivity MRI (rs-fcMRI) to examine the alterations in the NAcc
interactions and how they relate to impulsive decision making in ADHD. Using rs-fcMRI, this
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study: examined differences in functional connectivity of the NAcc between children with ADHD
and control children; correlated the functional connectivity of NAcc with impulsivity, as measured
by a delay discounting task; and combined these two initial segments to identify the atypical NAcc
connections that were associated with impulsive decision making in ADHD. We found that
functional connectivity of NAcc was atypical in children with ADHD and the ADHD-related
increased connectivity between NAcc and the prefrontal cortex was associated with greater
impulsivity (steeper delayed-reward discounting). These findings are consistent with the
hypothesis that atypical signaling of the NAcc to the prefrontal cortex in ADHD may lead to
excessive approach and failure in estimating future consequences; thus, leading to impulsive
behavior.

Keywords
Attention Deficit Hyperactivity Disorder; reward; nucleus accumbens; fMRI; delay discounting;
functional connectivity

1. Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a prevalent and persistent psychiatric
disorder, which emerges early in childhood (American Psychiatric Association, 2000). The
disorder is estimated to affect about 5% of the population world-wide (Polanczyk et al.,
2007), is associated with several comorbid disorders, has poor long-term outcomes, and
remains a major public health concern (Rommelse et al., 2009). A primary concern is to
better characterize neural mechanisms related to ADHD so as to guide our understanding of
pathophysiology.

ADHD heterogeneity
Until recently, causal and mechanistic models of ADHD have centered on identifying a
single core dysfunction; in other words, many studies are designed with the premise of the
existence of an individual major dysfunction. Thus, investigators typically compare a group
of children with ADHD defined by core symptoms (e.g. via DSM criteria) to a group of
control children without the disorder. Statistical group differences based on psychometrics,
functional brain imaging, or genetics are then used to inform causal models of ADHD.

One necessary assumption of this approach is that ADHD (or even its clinical subtypes)
represents a homogenous patient population. However, there is now considerable
justification suggesting that multiple developmental and pathophysiological pathways
inform ADHD symptomatology (Fair et al., 2012; Nigg et al., 2004; Sonuga-Barke et al.,
2003). The implications of this premise are considerable. Including multiple etiologically
distinct subgroups as a unitary sample in any study is likely to produce muted effects and
could be why only modest effect sizes are often seen for large genetic and behavioral
studies, and why neuroimaging studies yield difficult to replicate effects (Hyman, 2007). Of
course, overcoming the limitations of conventional research in mental disorders is not
straightforward and may require new approaches to understanding complex disease (Hyman,
2007). Nevertheless, understanding the neurobiology underlying the disease phenotypes is
essential for improving treatment and consequently for the wellbeing of individuals with
ADHD.

A two-step approach could be considered, that might include, first, a traditional group
comparison of a group of children with ADHD to a group of control children to find brain
connections that are atypical in the disorder. This approach may identify connections that
are on average atypical in ADHD, even if the effects are not detectible or expected in all
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ADHD subjects (Nigg et al., 2005; Sonuga-Barke et al., 2003). However, this approach
would also not clarify to what component of the disorder an atypical connection is related.
Therefore, this conventional approach could then be followed, as a second step, by a
dimensional method that would identify how those brain connections relate to specific
endophenotypes even if they are not atypical in all subjects with the disease. In this sense,
one might be able to identify neural circuits related to the etiology of relatively
homogeneous component behaviors. In this report we apply this multi-level approach to
elucidate the mechanisms of atypical reward processing in ADHD. The described approach
does not rely on DSM-IV defined subgroups; instead, it focuses on a narrower behavioral
domain central to ADHD – reward valuation (Sagvolden et al., 2005).

The role of impaired reward processing—Recent theories have proposed that ADHD
arises from alterations in multiple neural pathways (Nigg and Casey, 2005; Sonuga-Barke,
2005). Nigg and Casey (2005) theorized that impairment in cognitive control circuits would
contribute to executive dysfunctions, while impairment in affective and reward systems
would lead to altered signaling of rewards and consequently to atypical approach and
avoidance behaviors. They hypothesized that individuals with ADHD fail to estimate future
consequences (future reward or non-reward), and thus exhibit behavior characterized by
excessive approach (Nigg and Casey, 2005). Their idea is broadly similar to that of Sonuga-
Barke (2005), who hypothesized that two pathways are involved in ADHD: (1) changes
within the executive circuit, resulting in executive/inhibitory deficits, and (2) alterations in
the reward circuit, resulting in delay aversion (Sonuga-Barke, 2005).

One region that seems to be particularly important for motivational/reward processes is the
nucleus accumbens (NAcc), which has been relatively under-researched in ADHD, despite
strong theoretical interest in the involvement of motivational/reward processes in the
disorder. Functional MRI studies have concluded that the main brain regions recruited while
subjects experienced appropriate rewarding stimuli (e.g., money or positive feedback)
include the ventral striatum – or NAcc (McClure et al., 2004b). In addition, functional MRI
studies in ADHD have found decreased NAcc activation during reward anticipation (Plichta
et al., 2009; Scheres et al., 2007).

To examine the interactions between NAcc and other regions of the brain and how these
interactions relate to reward processing, we used resting-state functional connectivity MRI
(rs-fcMRI). Rs-fcMRI assesses spontaneous intrinsic correlated blood oxygen level
dependent (BOLD) activity while subjects are not performing a specific task (Biswal et al.,
1995; Fair et al., 2007; Fox and Raichle, 2007). It is based on the discovery that, at rest,
functionally connected brain regions display correlated spontaneous low-frequency (<~0.1
Hz) BOLD signal fluctuations (Biswal et al., 1995). Using rs-fcMRI it is possible to identify
interactions between regions by cross correlating the time series of a region of interest (or
seed region) with all other voxels in the brain. This technique allows the assessment of the
intrinsic functional organization of the brain, by determining which voxels are `functionally
connected' to the seed region, without many issues inherent to task-related fMRI, such as
variability in subject's performance/effort (Fair et al., 2007). Rs-fcMRI has been used to
study brain functional connectivity in ADHD (Castellanos et al., 2008; Fair et al., 2010), but
studies focusing on cortical-subcortical connections remain infrequent.

We used this analysis technique to assess alterations in functional connectivity of NAcc
associated with ADHD and the relationship between these alterations and the degree to
which larger, delayed rewards are discounted. Children with ADHD are hypothesized to
have a steeper discounting gradient than typically developing children (Sagvolden et al.,
2005), which was recently reported by our group (although in that study, modulated by IQ)
(Wilson et al., 2011). Task fMRI studies have found the involvement of the NAcc on
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performing a delay discounting task (Ballard and Knutson, 2009; McClure et al., 2004a). We
aimed to: (1) examine the differences between children with ADHD and typically
developing children in functional connectivity of the NAcc; (2) define which NAcc
connections are correlated with discounting of delayed rewards; and (3), finally, identify
which of the delay gradient related-connections are altered in children with ADHD.

Considering the central role of NAcc on reward processing and the evidence of atypical
reward-related behaviors in individuals with ADHD, it was hypothesized that functional
connectivity of NAcc may be atypical in ADHD and that impulsive decision making
(represented by steeper discounting gradient) may be related to the strength of specific
connections from the NAcc.

To elucidate this hypothesis we subdivided this study into three sections: (1) we assessed the
functional connectivity of the NAcc in children with and without ADHD and performed a
group comparison; (2) we then correlated, in a sample of children who performed a delay
discounting task, the functional connectivity of NAcc with impulsivity, as measured by the
task; and finally, (3) we combined these 2 initial segments to identify the NAcc connections
that were associated with impulsive decision making in ADHD.

2. Experimental procedures
Participants and measures

We recruited children 7 to 12 years old, with and without ADHD. Informed written consent
or assent was obtained for all participants, and procedures complied with the Human
Investigation Review Board at OHSU. Our analysis consisted of 3 sections, thus more
details about the samples analyzed in each section are provided below.

Psychiatric diagnoses were based on evaluations with the Kiddie Schedule for Affective
Disorders and Schizophrenia (K-SADS-E; (Orvaschel, 1995)) administered to a parent;
parent and teacher Conners' Rating Scale-3rd Edition (Conners, 2008), ADHD Rating Scale
(DuPaul et al., 1998) and Strengths and Difficulties Questionnaire (Goodman, 1997); and a
clinical review by a child psychiatrist and a neuropsychologist who had to independently
agree on the diagnosis. Intelligence was estimated with a reliable and valid three-subtest
short form (Block Design, Vocabulary, and Information) of the Wechsler Intelligence Scale
for Children, Fourth Edition (Wechsler, 2003).

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 parent report identified a history of neurological illness, chronic medical
problems, sensorimotor handicap, autistic disorder, mental retardation, or significant head
trauma (with loss of consciousness), or if they had evidence of psychotic disorder or bipolar
disorder on the structured parent psychiatric interview. Children prescribed psychotropic
medications other than stimulants were excluded and children prescribed stimulant
medications were scanned after a minimum washout of five half-lives (i.e. 24-48 h
depending on the preparation). Additional exclusion criteria for control children were:
presence of conduct disorder, major depressive disorder, as well as presence of ADHD.
Only right-handed children were included in the study.

The analysis was subdivided into 3 sections and slightly different groups of subjects
participated in each type of analysis. The first section consisted of a comparison analysis
between children with ADHD combined type (n=35, mean age = 9.57, % female = 22.9) and
controls (n=64, mean age = 9.21, % female =39.1). See Table 1.A.
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For the second section, we correlated the indices of discounting of delayed rewards with
strength of NAcc connectivity using 122 participants who had performed a delay
discounting task and had data considered systematic. The sample was comprised of typically
developing children and children with ADHD (combined type, predominantly inattentive, or
predominantly hyperactive type). We included all children (control children and all ADHD
subtypes) in this analysis, as greater variation (more heterogeneity) in the delay-discounting
indices is more appropriate for dimensional relationships (Hyman, 2007). See Table 1.B.
Just as a note, 30 children with ADHD (all combined type) and 55 controls overlapped
between sections 1 and 2.

Section 3 was a combination of sections 1 and 2; therefore no new participants were
included in this section.

Delay discounting task
For the second section of the study, the strength of functional connectivity between NAcc
and every other voxel in the brain was correlated with indices of the delay discounting task.
The task measures impulsive choice by evaluating the intolerance to delay-of-gratification,
or delay-discounting, proposed to be a core dysfunction in ADHD (Sagvolden et al., 1998;
Sonuga-Barke, 2005). 133 children were presented a computerized task also utilized by
Wilson and colleagues (Wilson et al., 2011) and based on the task described by Mitchell
(1999). The task consisted of 91 questions for which children had to choose between smaller
amounts of hypothetical money now and hypothetical $10.00 after a varying delay. Most of
the participants completed a task with four hypothetical delays of 7, 30, 90, 180 days (126
subjects); a small number had four different delays of 1, 7, 30, 90 days (5 subjects); and two
participants had five delays of 7, 30, 90, 180, 365 days delays. These variations did not
affect results as explained later.

The main variable used was the discounting gradient (k). k value represents the rate of
discounting of the delayed outcome and was calculated for each subject as described by
Mitchell (1999) and Wilson et al. (2011). Greater k values indicate greater preference for
immediate rewards. As k values are not normally distributed, a natural log-transformation
was applied and the transformed values (ln(k)) were used for the analyses. Although some
subjects took a different version of the delay-discounting task, as outlined above, k values
(and ln(k)) are not influenced by this variation, so all the individuals were included wherever
possible.

Out of the 133 participants who performed the delay discounting task, 11 had to be
excluded. Four individuals were excluded because their k values were negative and the log-
transformation could not be performed; seven other individuals were excluded because their
data were deemed unsystematic (i.e., the data pattern indicated the action of processes other
than reward/delay evaluation). Identification of unsystematic data was performed as
described in Johnson and Bickel (2008). In summary, a total of 122 participants were
included in the correlation analysis (section 2; see Table 1.B).

Analyses were also performed using the area under the empirical discounting curve (AUC),
another popular index of discounting closely related to ln(k) (Myerson et al., 2001). Lower
AUC values indicate steeper discounting of delayed rewards. The additional analyses
yielded the same results. Results using AUC are displayed in the Supplementary Material
(Tables S.3 and S.4, Figures S.2, and S.5–S.9).

MRI acquisition
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
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resolution T1-weighted MPRAGE sequence lasting 9 minutes and 14 seconds (TR=2300ms,
TE=3.58ms, orientation=sagittal, 256×256 matrix, resolution=1mm3) was collected. BOLD-
weighted functional imaging data were collected in an oblique plane (parallel to the ACPC)
using T2*-weighted echo-planar imaging (TR=2500ms, 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).
Three runs of 3.5 minutes each were obtained. During rest periods subjects were instructed
to stay still, and fixate on a standard fixation-cross in the center of the display.

Imaging preprocessing and movement attenuation
All functional images were preprocessed in the same manner to reduce artifacts (Miezin et
al., 2000). 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 was then resampled in atlas space (Talairach and Tournoux, 1988),
combining movement correction and atlas transformation in one interpolation. All
subsequent operations were performed on the atlas-transformed volumetric time series.

Connectivity preprocessing followed prior methods, well described and widely used in the
imaging literature (Fair et al., 2007; Fair et al., 2009). These steps included: (i) a temporal
band-pass filter (0.009 Hz < f <0.08 Hz), (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 aim to
reduce spurious variance unlikely to reflect neuronal activity (Fox and Raichle, 2007).

Participant movement was corrected/quantified using an analysis of head position based on
rigid body translation and rotation. The data derived from the 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. Participants' BOLD runs with
movement exceeding 1.5 mm root mean square were not included in the analysis. Movement
was low across all subjects (Table 1).

Because our findings could be particularly sensitive to potential movement confounds,
additional corrections for movement were applied. Movement generally results in changes in
MRI signal. Thus, we also evaluated MRI signal change by comparing each BOLD volume
and the preceding volume to exclude volumes with excessive movement (Shannon et al.,
2011). An algorithm was used to measure the variance in BOLD signal and exclude the
volumes (or frames) whose variation was more than 3 standard deviations above the mean
(for details see Shannon et al. (2011)).

Also, to ensure that framewise displacement was not related to our outcome measures, we
calculated the mean frame-to-frame displacement (FD) (Power et al., 2012) for the
remaining frames and matched our participants, such that there was no significant difference
in this variable between controls and children with ADHD. FD was calculated as a scalar
quantity using a formula that sums the values for framewise displacement in the six rigid
body parameters (FDi=|Δdix|+|Δdiy|+|Δdiz|+|Δαi|+|Δβi|+|Δγi|, where Δdix =d(i−1)x −dix,
and similarly for the other five rigid body parameters) (Power et al., 2012). There was no
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relationship between mean FD and measures of delay discounting of rewards (n=122; r=
−0.13; p=0.14), and for the comparison analysis, the groups were matched by mean FD for
the remaining frames.

Region of interest definition
Left and right NAcc regions of interest (ROIs) were obtained using FMRIB's Integrated
Registration and Segmentation Tool (FIRST), distributed with FMRIB Software Library
(FSL). FIRST is a method to do automatic segmentation of subcortical structures, including
NAcc, in human brain MRI (Patenaude et al., 2011). Left and right NAcc were combined in
one ROI, which was used for our analyses. The ROIs were created in MNI atlas space and
then converted to Talairach atlas space. All subsequent operations were performed on the
Talairach atlas-transformed NAcc ROI.

Section 1: Direct comparison between children with ADHD and control children
In this section, 64 typically developing children (controls) were compared to 35 participants
with ADHD-C. To control for the effects of motion, the groups were matched by mean FD,
as explained above. Only combined-type ADHD (ADHD-C) participants were included in
the direct comparison, because, given the theorized association between reward processing
impairment and impulsive symptoms, the ADHD-C group is expected to present greater
impairment in reward processing.

For both ADHD-C group and control group the resting BOLD time series for the NAcc was
correlated with all other voxels in the brain, generating voxelwise functional connectivity
maps. We performed two-sample two-tailed t-tests on all potential connections (Fisher
transformed r-values) to compare ADHD-C children and controls (assuming unequal
variance; p ≤ 0.05). The voxelwise approach provides three different maps for the seed
region: an ADHD-C map, a control map, and a map representing the direct comparison
between the groups. To account for multiple comparisons, thresholding based on Monte
Carlo simulation was implemented (Forman et al., 1995). To obtain multiple comparisons
corrected, p < 0.05 voxel clusters, a threshold of 53 contiguous voxels with a Z-value > 2.25
was used.

Section 2: Correlation between delay discounting and NAcc functional connectivity
To assess the relationship between functional connectivity of NAcc and delayed-reward
discounting gradient, we performed a voxel-wise correlation of the Fisher Z transformed
correlation coefficients with ln(k) using an in-house software maintained by Neuro-Imaging
Laboratory (Washington University). Monte Carlo simulation was implemented to account
for multiple comparisons (threshold of 53 contiguous voxels with a Z-value > 2.25).

Section 3: Identification of regions associated with ADHD and related to delay discounting
(combination of sections 1 and 2)

We identified cortical regions from the comparison map that were also correlated with delay
discounting performance. In order to do that, we overlapped the comparison map (section 1)
and the correlation map (section 2) to identify the NAcc connections that were atypical in
ADHD (i.e. regions from the comparison map) and were also related to delay discounting
(ln(k)).

This process consisted of two steps. First, peak ROIs were generated from the Monte Carlo
corrected comparison maps (section 1). The produced ROIs were pre-blurred 4mm FWHM,
with peaks at least 10 mm apart (peaks within 10 mm were consolidated). Second, the peaks
generated from the comparison analysis were masked with the results of the correlation
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analysis (section 2); this way, “overlap” regions were generated. ROIs were created for each
region identified (Figure 3).

Additionally, for each subject, resting-state BOLD time series for the ROIs created were
extracted and correlated with the time series for the NAcc. We then performed a partial
correlation to characterize the relationship between ln(k) and the connectivity strength
between NAcc and the newly generated ROIs, adjusting for the effects of age and gender.
Graphs were created to display the partial correlation results.

3 Results
Sample overview

Participant characteristics are summarized in Table 1. Table 1.A summarizes the
characteristics of participants involved in the comparison analysis (section 1), where
children with ADHD-C and controls were included. Age did not vary across groups, but the
proportion of male and female participants was different, as expected, since ADHD is more
common among males. Estimated IQ was in the normal range for all the participants, but as
it is commonly found, the ADHD group had a lower estimated full-scale IQ than the control
group. Additional analysis was performed to verify whether IQ differences might have
accounted for the findings (see Section 1 below). For the comparison analysis, as mentioned
before, the controls and children with ADHD-C were matched for FD. The groups did not
differ significantly on ln(k); however, when controlling for age, controls and ADHD-C were
significantly different in ln(k) (p value = 0.027).

Participant characteristics for the correlation analysis (section 2) are summarized in Table
1.B. Children with and without ADHD were included in this section. Age and estimated IQ
were again significantly different between control and ADHD groups, and proportion of
male and female participants was different between groups. ln(k) was not different when
comparing controls and children with ADHD, but when adjusting for age, the difference was
statistically significant (p value = 0.015). To examine the effect of age, gender and IQ on the
correlations, we performed additional analysis using these variables as covariates; results are
discussed in Section 2 below. In this section analysis, the correlations between functional
connectivity and delay-discounting were adjusted for the effects of age and gender.

Section 1: Direct comparison between children with ADHD and control children
Voxelwise functional connectivity mapping was employed to examine differences in
resting-state functional connectivity between children with ADHD combined type (ADHD-
C) and typically developing children (controls). The voxelwise maps resulted from the
correlation of the BOLD signal time series for the NAcc (segmented using FSL-FIRST) with
every other voxel in the brain. This method produced three statistical maps: ADHD-C,
controls and direct statistical comparison between groups. The results of the voxel-wise
approach are displayed in Figure 1.

In both groups, a significant positive functional connectivity was observed between NAcc
and: prefrontal cortex (e.g., ventromedial prefrontal cortex [vmPFC]) and thalamus, as
previously reported in adults (Di Martino et al., 2008). In ADHD-C, the connection between
NAcc and portions of the prefrontal cortex was stronger than in controls (i.e. left anterior
prefrontal cortex and vmPFC), as evidenced on the between-group difference map (Figure
1).

The NAcc also displayed strong negative connectivity with insula and control regions, such
as: anterior cingulate cortex, middle temporal cortex (region MT+) and parietal regions. The
ADHD-C group displayed stronger negative connections to the thalamus, to the right
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inferior parietal lobule (precentral gyrus) and to the posterior insula bilaterally. Controls
displayed stronger negative connectivity to a region on the left middle frontal gyrus, near the
precentral sulcus. The between-group difference was confirmed by the direct comparison.
For a list of all regions found in the comparison analysis, see Supplementary Material, Table
S.1.

It is important to note that average IQ score is significantly lower in the ADHD group;
therefore one may argue that IQ differences might account for the findings. As poorer
performance in IQ test may be interpreted as an inherent characteristic of ADHD (and of
other neurodevelopmental disorders), covarying IQ when studying ADHD might be
inappropriate as one would be controlling for a component of the disorder (Dennis et al.,
2009). However, we recognize that this is not a universal view and, as such, decided to
examine the effect of IQ differences on our findings by repeating the comparison analysis
after matching for IQ scores. The table with the demographics for the new group is shown in
the Supplementary Material, Table S.2. Supplementary Figure S.1 displays the results and
shows that lower IQ scores in the ADHD group does not account for our findings.

Section 2: Correlation between delay discounting and NAcc functional connectivity
The second analysis examined the relationship between functional connectivity of NAcc and
the delayed reward discounting gradient. Using the NAcc as a seed region, a voxel-wise
correlation map was generated as follows: Fisher Z transformed correlation coefficients
between the seed region and every other voxel in the brain was correlated with ln(k). The
results of this approach were corrected for multiple comparisons and statistically significant
correlations (p<0.05) are displayed in Figure 2.

The results showed positive correlation between ln(k) and: (a) NAcc-vmPFC connectivity,
(b) NAcc-left anterior PFC connectivity (pointed by the arrow) and (c) NAcc-right middle
temporal gyrus connectivity. In other words, an increase in ln(k) (greater impulsivity) was
correlated with stronger connectivity between the NAcc and vmPFC and left anterior PFC,
and reduced negative connectivity with the right middle temporal gyrus. Table S.3
(Supplementary Material) displays a list of all coordinates.Results for the correlation
between area under the discounting curve (AUC) and NAcc functional connectivity are
displayed in Figure S.2

In order to investigate the effects of age, gender and IQ on the correlation between NAcc
connectivity and delay discounting, we repeated the correlation analysis adjusting for these
variables. We first repeated the correlation analysis adjusting for age and sex. The new
correlation maps (for lnk: Supplementary Figure S.3; for AUC: Figures S.5 and S.7) also
show positive correlation between delay discounting and (or negative correlation between
AUC and): (a) NAcc-vmPFC connectivity, (b) NAcc-left anterior PFC connectivity (pointed
by the arrow) and (c) NAcc-right middle temporal gyrus connectivity, among other regions.
We note that after adding the additional covariates the statistical significance of these
findings decreased, and only the correlation with AUC remained after correcting for
multiple comparisons (Supplementary Figure S.7); however, the general picture was
unchanged suggesting that age and gender have minimal effects on the overall patterns
observed.

We also repeated the correlation analysis adjusting for age and IQ scores. The results were
very similar to the ones described above, suggesting that IQ scores also have minimal effects
on the findings (Supplementary Figures S.4, S.6 and S.8). Results from the correlation
without covariates were used for further analyses.
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Section 3: Identification of regions associated with ADHD and related to delay discounting
(combination of sections 1 and 2)

To evaluate how the changes in functional connectivity of the NAcc in ADHD relate to
impulsivity, we combined the comparison map generated in section 1 to the correlation map
generated in section 2, identifying only the connections that overlapped and were present in
both independent analyses. This procedure enabled us to identify connections associated
with ADHD (from the comparison map – section 1) that were also correlated with delay
discounting gradient. We found that atypical functional connectivity between the left
anterior PFC (aPFC/ Talairach: −22 +54 +08 and −28 +47 +15) and the NAcc in ADHD was
associated with ln(k). More specifically, stronger correlation between NAcc and left aPFC
was associated with greater ln(k) (i.e. greater impulsivity). It was also found that atypical
NAcc connectivity to the vmPFC was correlated to ln(k) (Talairach: −10 +41 −13), but,
because the overlap region was very small, it was not displayed in the figure. Figure 3
displays the main results. See Table 2 for all the coordinates.

Scatter plots were generated to display the correlation between connectivity and delay
discounting gradient after controlling for age and gender (Figure 3). The procedure was as
follows: BOLD time series for left aPFC regions were correlated with BOLD time series for
the NAcc, and the Fisher Z correlation coefficients were then correlated with ln(k).
Functional connectivity between the NAcc and aPFC was significantly correlated with ln(k)
(left aPFC: −22 +54 +08, R= 0.24, p= 0.008; and −28 +47 +15, R= 0.28, p= 0.002).

2. Discussion
The nucleus accumbens has been recognized as a key neural region involved in reward
processes. Because alterations in reward functioning are a major candidate for one of the
pathophysiolgical mechanisms in ADHD, NAcc-related connectivity is of central
importance to examine in this population. Because the NAcc is part of the reward circuit, the
atypical interaction between this region and other regions of the circuit was hypothesized to
be implicated in atypical reward processing. In trying to understand the role of the NAcc in
the pathophysiology of ADHD, a major question arises: which atypical interactions of the
NAcc are associated with reward-related processes in ADHD?

This study was divided into three parts to address that basic question of phenotype versus
component phenotype. We started with a broader approach to better illustrate the importance
of the NAcc and its connectivity in the neurobiology of ADHD. This was followed by a
narrower approach to assess the association between specific NAcc connections and a
particular behavioral domain: impulsive decision making, or reward discounting.

The findings of each section lend their own contribution to further understand the
neurobiology underlying the ADHD symptomatology and each can stand alone, so we
consider them one by one, but we also conclude by considering them together. As an
overview, in the first section we found that NAcc is atypically connected to several cortical
regions in children with ADHD, including regions previously shown to present atypical
correlated spontaneous activity in adults and children with the disorder (Castellanos et al.,
2008; Fair et al., 2010; Mills et al., 2012). This is a new finding important in its own right.
Then, in sections two and three, we showed that many cortico-NAcc connections play a role
in reward valuation, consistent with other studies on the role of this circuit. However, the
impairment of only specific connections may be related to pathophysiology of specific
behavioral dysfunctions in ADHD. All these findings are consistent with atypical
functioning of the NAcc and suggest that it may be linked to a specific behavioral domain
(impulsive decision making) as a component phenotype of ADHD.
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Traditional approach: comparison between controls and children with ADHD
Our first analysis followed the traditional approach to investigate the pathophysiology of
mental disorders, including ADHD. This approach selects a specific dysfunction
hypothesized to be important for the disorder and performs a comparison between subjects
with and without the disorder, aiming to identify characteristics (e.g. genetic traits, changes
in brain connectivity) that are, on average, more common in the group affected with the
disorder than in the group of controls. Another important attribute of this approach is that
the groups are usually defined based on symptoms that tend to cluster together; as a result,
sometimes individuals who have different behavioral traits can be included in the same
group if the criteria for the disorder (or lack of disorder) contain their behavioral traits
(Hyman, 2007).

We first applied this traditional approach and evaluated how the NAcc spontaneous activity
correlates with the rest of the brain in children with ADHD-C compared to children without
the disorder. Differences were prominent in the connectivity to the vmPFC. The vmPFC is
commonly implicated with reward/motivational processes and was also shown to display
atypical functional connectivity in ADHD in previous studies that looked at the integration
of the default network in ADHD (Castellanos et al., 2008; Fair et al., 2010). The results,
thus, suggest an atypical interaction between the reward circuit and the default network in
ADHD. The default network is a set of brain regions proposed to be related to future
planning and other self-referential processes (Buckner et al., 2008). These findings suggest
an association between internal processes and NAcc functioning, consistent with the idea
that altered signaling of rewards from the NAcc to the prefrontal cortex in ADHD would
lead to impairment in estimating future consequences and impulsivity (Nigg and Casey,
2005).

The NAcc was also found to be atypically connected to the left anterior PFC (aPFC), which
appears to be associated with task-control functions and important for the implementation of
plans and strategies for complex tasks, as well as decision making (Dosenbach et al., 2007;
Dosenbach et al., 2008). We also found that in the ADHD group, the NAcc was atypically
connected to other regions involved with control processes, such as middle frontal gyrus and
precentral sulcus (Dosenbach et al., 2007). This may indicate involvement of NAcc with
cognitive and attention processes and is consistent with studies that found correlation
between NAcc alterations and inattentive symptoms (Depue et al., 2010; Volkow et al.,
2009). Furthermore, the altered connectivity between NAcc and regions involved in control
processes is indicative of the importance of interplay between control and reward circuits in
ADHD, and suggests that an unbalanced interaction between reward circuit and cognitive
control circuits might be related to ADHD etiology, consistent with the model proposed by
Nigg and Casey (2005).

Altered connectivity was also found in the ADHD group between NAcc and posterior
insula, a region implicated in various functions, including emotional processing and sensory-
motor processing (Chang et al., 2012), and previously shown to present atypical functioning
in ADHD (Valera et al., 2010). Interestingly, an increased connectivity between NAcc and
insula was found by Di Martino et al. (2011) in children with autism, a disorder that shares
several behavioral characteristics with ADHD.

Another important difference found between ADHD and typically developing children was
the connectivity between NAcc and thalamus. As an important hub in the cortico-basal
ganglia system, the thalamus is involved with mediating key behaviors – such as reward/
motivation, planning and cognition – significant for goal-directed behaviors (Haber and
Calzavara, 2009). Atypical patterns of thalamic functional connectivity were identified in
children with ADHD and related to dysfunctions in working-memory performance (Mills et
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al., 2012). The findings of atypical connectivity of this region with the NAcc in the ADHD
group might indicate the involvement of the thalamus with atypical reward processes as
well, and also suggest an integration between cognitive and reward processes.

In summary, this traditional between-group approach does provide extensive, valuable
information about potential ADHD pathophysiology related to the NAcc. However, this
approach and its findings also have some inherent limitations. First, since ADHD is a
heterogeneous disorder, it is likely that not all the children in the ADHD group present the
alterations found here. Second, and most important, we do not know how any given
difference relates to specific behavioral components that accompany the ADHD phenotype.

Dealing with heterogeneity of ADHD and other disorders
In sections two and three, we considered the issue of specific behavioral components.
Recently, it has been proposed that research in mental disorders, including ADHD, begin to
focus on defining the underlying neurobiology of behavior dimensions instead of relying on
a classification based on cluster of symptoms (which is currently used) (Hyman, 2007). This
new strategy would permit the identification of pathways leading to specific behavioral
phenotypes and, consequently, would contribute to better characterize the spectrum of
variation in behavioral traits of each disorder (Hyman, 2007). Following this idea, we used a
larger sample, for which we had available delay discounting data, to assess how discounting
of delayed rewards relates to functional connectivity of NAcc; we then evaluated which
atypical connections were associated with impulsive decision making in ADHD.

Before discussing the findings regarding the atypical connections that are associated with
impulsive decision in ADHD, it is important to highlight the findings of the correlation
analysis examining reward discounting and NAcc connectivity (section 2), because this
analysis is novel. Greater ln(k) (i.e. impulsive decision making) was found to be related to
the connectivity between NAcc and: vmPFC, aPFC and middle temporal gyrus. Again, the
association between increased NAcc-vmPFC connectivity can be linked to the idea that
impairment in planning the future and estimating future consequences may lead to impulsive
decision making, as the vmPFC is part of a network associated with internal processes such
as past recollection and future planning – the default network (Buckner et al., 2008). The
middle temporal gyrus and aPFC are regions usually associated with control functions
(Dosenbach et al., 2007). As such, their relationship with a key reward region (NAcc) and
association with impulsive decision making suggest that a balanced interaction between
reward network and cognitive control regions may be important for impulsive control.

Integrating our findings with models of ADHD
Our findings, in general, are in accordance with previous studies that showed the
involvement of NAcc in ADHD and the association of impairments in this region with
reward processes and impulsivity. Functional MRI studies have determined that some of the
main brain regions recruited while subjects experienced appropriate rewarding stimuli (e.g.,
money or positive feedback) include the ventral striatum (i.e., NAcc), orbitofrontal cortex
(OFC) and other areas of PFC (McClure et al., 2004b). In our sample we found that
spontaneous correlated activity between NAcc and left aPFC, and NAcc and vmPFC are
correlated with indices of delay discounting, that is, the strength of correlation between these
regions is associated with greater impulsivity as measured by the delay discounting task.

The findings from the third section, that NAcc-aPFC and NAcc-vmPFC overconnectivity in
ADHD is associated with impulsive decision, can be linked to one ADHD theory. That
theory hypothesized that overactivity of NAcc and its increased signaling to the prefrontal
cortex would lead to excessive approach and failure in estimating future consequences, and
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as a result, impulsivity (Nigg and Casey, 2005). Functional MRI studies in ADHD have
found atypical activation of NAcc and OFC (usally overlapping with vmPFC) during reward
anticipation and outcome gain, respectively (Plichta et al., 2009; Scheres et al., 2007). The
left aPFC cited above was shown to be part of the cingulo-opercular network and is involved
in control functions and decision making (Dosenbach et al., 2007). From this point of view,
these results suggest that an atypical interaction between a control network and the reward
circuit leads to impulsive decision in ADHD.

The multi-level approach we used in this study enabled us to evaluate a central brain region
proposed to be involved in ADHD pathophysiology and also to identify how the atypical
functioning of this region in individuals with ADHD may be related to a core, but
component, behavioral dysfunction. Because reward discounting is a trans-diagnostic
phenotype (related to ADHD but not specifically so), these results can inform ADHD as
well as the relation of ADHD to other psychopathologies that also involve reward processes
as one of their components.

Our study was premised on the view that ADHD is complex, with multiple behavioral
domains being part of its characterization (impulsivity, inattention, hyperactivity, emotional
regulation, and executive dysfunctions). Presumably, alterations in these domains can
happen alone or in complex combinations, and in various magnitudes. Thus, it is likely that
different brain circuits are involved in their neurobiology, and alterations in these circuits
may, to some extent, relate to specific behavioral impairments. Therefore, it has become
essential to understand how the different involved brain regions or circuits are associated
with specific behavioral domains.

One limitation to be discussed is that the ADHD and control groups both had average or
higher IQ scores. There are two possible explanations for this finding. The most obvious is
some degree of sample self-selection in our University setting (higher-IQ children or higher-
IQ parents interested in participating in the study) or selection in who was lost due to motion
artifact. We checked this last possibility by correlating IQ scores with movement (measured
by mean frame-to-frame displacement), and found that IQ scores and movement were not
correlated (r=−0.006, p value=0.95). While the relatively higher-than-average IQ scores of
the sample and the supplementary analyses provide reassurance that low IQ scores do not
account for the findings, it leaves unclear the extent to which the findings would generalize
to a broader or lower functioning ADHD group.

Conclusion and potential future studies
This study demonstrated that resting-state fMRI data can be correlated with behavioral data
to better characterize ADHD and, by extension, other mental disorders. Further, we
identified NAcc connections that may be involved in the pathophysiology of impulsive
decision making in ADHD.

Subsequent connectivity investigations of NAcc and other brain regions should enable the
evaluation of other behavioral problems and their underlying neurobiology in ADHD.
Future studies might also be able to investigate what behavioral impairments (e.g. executive
dysfunctions, emotional regulation) are related to the other atypical connections of NAcc.

The approach presented in this study proved to be a helpful instrument to overcome the
limitation of heterogeneity, however, it remains unable to identify subgroups of children
based on connectivity or behavioral profile. Therefore, future studies should focus on further
characterizing the heterogeneity in ADHD and control populations and identify subgroups of
individuals that might present specific patterns of connectivity or behavior that, in turn, may
be linked to specific patterns of symptoms, outcomes, or response to treatment.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Voxelwise resting state functional connectivity maps for the nucleus accumbens (NAcc)
Results for control children and children with combined type ADHD (ADHD-C) (A); and
direct comparison between groups (B). Results show atypical functional connectivity of the
NAcc in children with ADHD-C. For all analyses Monte Carlo simulation was applied to
correct for multiple comparisons (minimum Z>2.25, p<0.05, corrected).
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Figure 2. Correlation between functional connectivity of NAcc and delayed-reward discounting
gradient
The map displays the correlation between NAcc connectivity and ln(k) – natural log of the
discounting gradient (k). Warm colors represent NAcc connections that were positively
correlated with ln(k). There were no connections negatively correlated with ln(k). Results
show strong correlation between delay discounting gradient and connectivity from the NAcc
to the prefrontal cortex (PFC; indicated by the arrows), including the ventromedial PFC and
the left anterior PFC. For all analyses Monte Carlo simulation was applied to correct for
multiple comparisons (minimum Z>2.25, p<0.05, corrected).
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Figure 3. Identification of regions associated with ADHD and related to impulsive decision
making (as measured by the delay discounting task)
Volume maps show connections with NAcc that were both, associated with ADHD (from
the comparison map – section 1), and correlated with delay discounting gradient (section 2).
Results are adjusted for the effects of age and gender. Scatter plots display the correlation.
Lines represent the best fitted lines for: all children (black), control children (blue), children
with ADHD (red). Dots represent: control subjects (blue), children with ADHD combined
type (red), inattentive type (green) and hyperactive/impulsive type (dark red). Results
suggest that atypical connection between NAcc and anterior PFC is associated with
impulsive decision making in children with ADHD.
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