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Abstract

Attention-deficit/hyperactivity disorder (ADHD), characterized by developmentally inappropriate inattention,
hyperactivity/impulsivity, or a combination of both, is a major public health problem. Neuroimaging studies
have revealed associations of these cognitive impairments with structural and functional deficits all over the
brain. Existing findings are not fully consistent because of the heterogeneity of study samples and diversity of re-
search techniques. In this study, we propose to utilize a multimodal magnetic resonance imaging (MRI) approach
to study the structural and functional brain networks in children with ADHD-combined type (ADHD-C) with a
focus on the subgenual anterior cingulate cortex (sgACC). Diffusion tensor imaging (DTI) and resting-state func-
tional MRI (rs-fMRI) data from 32 children with ADHD-C and 32 group-matched controls were involved.
Network-based statistic analysis of the rs-fMRI data revealed a disconnected functional network between the
sgACC and multiple regions in the occipital lobe and cerebellum, whereas the DTI data showed disrupted
white matter integrity in the subgenual cingulum bundle (sgCB). Post hoc region of interest (ROI)-based analy-
ses showed significantly increased fluctuation of the spontaneous brain activity in the sgACC and higher radial
diffusivity in the sgCB in the ADHD group. Both the rs-fMRI and DTI ROI-based measures were significantly
correlated with clinical measures that examine behavioral capacities of attention and inhibitory control. Findings
of this study suggest that functional alterations in the sgACC and white matter under development in the sgCB
may impact each other, and together contribute to impaired attention and inhibitory control function in children
with ADHD.
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Introduction

Attention deficit/hyperactivity disorder (ADHD)
is the most prevalent neurodevelopmental disorder,

characterized by developmentally inappropriate inattention,
hyperactivity/impulsivity, or a combination of both (Pastor
and Reuben, 2008). Currently, diagnosis of ADHD is relied
on a questionnaire- and subjective observation-based model
(Kupfer, 2000). A significant proportion of the children with
ADHD also have anxiety and/or depression and other psychi-
atric comorbidities, many of whom later develop into clini-

cally diagnosed anxiety and/or major depression disorder
(MDD) during adolescence or early adulthood (Inci et al.,
2016). Understanding the neurobiological bases of this disor-
der is highly expected for the development of neurobiological
criteria-based diagnosis model for this very heterogeneous
syndrome (Martin Fernandez-Mayoralas et al., 2010).

Magnetic resonance imaging (MRI) is a robust noninvasive
technique to study the neurobiological mechanisms of the
brain. Reduced total brain volume and possible delay in pos-
terior to anterior cortical maturation in children with ADHD
have been revealed by structural MRI (sMRI) studies (Shaw
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et al., 2007). Many task-based functional MRI (fMRI) studies
have reported functional impairment in the frontal-striatal cir-
cuits, which are associated with the impaired inhibitory pro-
cesses and attention control in ADHD (Castellanos et al.,
2006). Functional impairments in more diverse regions includ-
ing the cortices, cerebellum, as well as subcortical regions,
such as thalamus, and their associations with cognitive and be-
havioral deficits in attention and cognitive control domains,
have also been reported in children with ADHD (Castellanos
and Proal, 2012; Krain and Castellanos, 2006; Li et al., 2012).
Recent resting-state fMRI (rs-fMRI) studies also identified re-
duced functional connectivity (FC), abnormal topological
properties of the default-mode network, and functional alter-
ations in more widespread cortical regions in children with
ADHD (Castellanos et al., 2008; Cocchi et al., 2012; Liston
et al., 2011; Wang et al., 2009). These findings suggest that
multiple brain circuits are likely to be involved, and together
contribute to the cognitive and behavioral dysfunctions in
ADHD (Castellanos and Proal, 2012).

Compared with sMRI and fMRI, diffusion tensor imaging
(DTI) is a relatively new MRI technique that studies the in-
tegrity of white matter structures (Ashtari et al., 2005).
Because of the myelin sheath, water diffusion in axonal fi-
bers exhibits an anisotropic feature, that is, the water diffu-
sion is faster along the axial direction (parallel to the fiber)
and slower in the radial direction (perpendicular to the
fiber). DTI calculates the water diffusion vector in each
voxel and quantifies diffusive values such as fractional an-
isotropy (FA), mean diffusivity (MD), axial diffusivity
(L1), and radial diffusivity (RD) (Damoiseaux and Greicius,
2009; Zhu and Majumdar, 2012). Alterations of these values
have been correlated with microstructural change in axonal
fibers, as confirmed by histological studies in animals
(Song et al., 2002, 2003). Reduced white matter structural in-
tegrity in the frontal-striatal tracts has been frequently ob-
served in DTI studies in children with ADHD (van Ewijk
et al., 2012), whereas abnormalities in the other brain regions
including corpus callosum, cingulum bundle (CB), and cere-
bellum have also been reported (Ashtari et al., 2005; Liston
et al., 2011; Makris et al., 2008; Pavuluri et al., 2009). Incon-
sistencies of structural and functional findings in ADHD
studies are partly because of the intrinsic heterogeneity in
the pathophysiology of ADHD (Liston et al., 2011), and
methodological differences such as sample size, age range,
clinical status (particularly ADHD subtypes and the medica-
tion status), and different MRI modalities been implemented
(van Ewijk et al., 2012, 2014).

The majority of the existing neuroimaging studies in chil-
dren with ADHD focused on understanding the neuronal sub-
strates of inattention and hyperactive/impulsive components
in the disorder. The neuronal underpinnings of the significant
high risk for developing anxiety, depression, and other psy-
chiatric symptoms, which also characterize the disorder,
have not yet been well investigated. By the combination of
sMRI and rs-fMRI analyses, Posner and associates found
that structural and functional abnormalities associated with
hippocampus may contribute to depressive symptoms in
children with ADHD (Posner et al., 2014). We hypothesize
that structural and/or functional anomalies in subgenual an-
terior cingulate cortex (sgACC), which plays a critical role
in emotion regulation and has been found to contribute to
MDD and other mood disorders (Drevets et al., 1997; Hir-

ayasu et al., 1999; Yucel et al., 2009), may associate with im-
pulsivity in children with ADHD, and together serve as a
vulnerable marker for developing MDD and other mood dis-
orders. In this study, we proposed to use a multimodal MRI
approach, including both rs-fMRI and DTI, to investigate our
hypothesis.

Materials and Methods

Participants

A total of 70 children, aged from 9 to 15 years old, partic-
ipated in this study. After excluding 6 participants because of
heavy head motion in the MRI data, 32 children with ADHD
and 32 controls were included in final fMRI and DTI data an-
alyses. The ADHD participants were recruited based on the
DSM-IV criteria for the ADHD-combined type. The controls
were involved if the T scores <60 (<1 SD) on all the Conners
parent and self-report ADHD subscales (ADHD-hyperactive,
-inattentive, and total scores) (Conners, 2008). For both
groups, we used the new schedule for affective disorders
and schizophrenia for school-aged children screening ques-
tionnaire and supplements as appropriate to rule out perva-
sive developmental disorders, substance use and abuse, and
post-traumatic stress (Kaufman et al., 1997). Oppositional
defiant disorder with physical aggression and other Axis I
disorders (except for fear of the dark) were exclusionary.
Additional exclusion criteria for the whole study sample in-
cluded histories of head trauma or seizures, MRI safety and
artifact risk factors (e.g., teeth braces), or low IQ [below 80,
measured by the Wechsler Abbreviated Scale of
Intelligence-II ( Wechsler, 1999)]. Up to the study date,
none of the entire study cohort had clinically diagnosed anx-
iety, MDD, or other mood disorders.

The children with ADHD were recruited from the Child-
ren’s Evaluation and Rehabilitation Center at the Albert Ein-
stein College of Medicine, and the Max and Celia Parnes
Family Psychological and Psychoeducational Services
Clinic at the Ferkauf Graduate School of Psychology of Yes-
hiva University. The controls were recruited from local
schools through newspaper advertisements. This study re-
ceived Institutional Review Board Approval for human sub-
jects’ research at Albert Einstein College of Medicine of
Yeshiva University. After the study and its procedures
were carefully explained, all participants and their parents
provided written informed consents.

MRI data acquisition

Imaging data were acquired using a 3.0 Tesla 32 Channel
Free wave Achieva MRI Scanner (Philips Medical Systems,
Best, The Netherlands). High-resolution T1-weighted sMRI im-
ages were scanned at 1 mm isotropic resolution (TR = 9.8 msec,
TE = 4.6 msec, flip angle = 8�, field of view [FOV] = 240 mm ·
pt?> 188 mm · 220 mm). The 6-min duration rs-fMRI data
were acquired using echo-planar imaging (EPI) sequence (TE =
28 msec, TR = 2000 msec, 2 mm isotropic resolution, 230 mm
FOV, imaging matrix = 230 · 128, number of slices = 49). DTI
acquisition used EPI sequence with a b-value of 800 sec/mm2

along 32 independent, noncollinear orientations (TR = 7367
msec, TE = 56 msec, 2 mm isotropic resolution, FOV = 240 mm
· 249 mm, imaging matrix = 144 · 144, number of slices = 70,
SENSE factor = 2.5). A nondiffusion weighted image (b0
image) was also collected.
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rs-fMRI data preprocessing

The rs-fMRI data from each participant were preprocessed
using the FSL/FEAT tools (Smith et al., 2004). Each rs-fMRI
imaging data set was initially corrected for slice timing, spa-
tial intensity, and spatially smoothed with a 4 mm full-width
and half maximum Gaussian kernel. For head motion analy-
ses, traditional measurement of the six translation and rota-
tion parameters was first calculated from the rigid body
transformation for head realignment. In addition, head mo-
tion effects in the blood oxygen-level dependent (BOLD)
signals and their putative effects on FC patterns in the
fMRI data were assessed by using the frame-wise measure-
ments of the six realignment parameters (Li et al., 2013;
Power et al., 2012). Finally, a band pass temporal filter of
0.01–0.1 Hz was applied. Nonbrain structures were extracted.
The fMRI data were first aligned to the skull-striped
T1-weighted image from the same participant using an affine
translation and further registered to the MNI152 template. The
voxel-based whole brain b map was created using linear regres-
sion with a model of ‘‘constant on.’’ Nine motion components in
the time series were added as covariates in the multiple linear
regression model. Each of the 90 cortical and subcortical regions
defined in the automated anatomical labeling (AAL) atlas was
selected as a region of interest (ROI) (Tzourio-Mazoyer et al.,
2002). Pearson correlation of the average time series in each
pair of the AAL atlas-based ROIs was calculated. Two FC ma-
trices were constructed in each brain by using the absolute ver-
sus positive-only values of the correlation coefficients.

Network-based statistics analysis

The network-based statistics (NBS) seeks to identify any
potentially connected regions formed by an appropriately cho-
sen set of suprathreshold links (Zalesky et al., 2010). The topo-
logical extent of any such region is then used to determine its
significance. For each participant, the FC matrix, constructed
based on the (90 · 89)/2 = 4005 pairs of ROIs, was the input
of this analysis. A between-group t test of the absolute Pearson
correlation coefficient of each pair of the regions was calcu-
lated. This step was repeated independently in the 4005
pairs of ROIs. Pairs of regions, which had a t statistic exceed-
ing a threshold 3.8 (uncorrected p < 0.01), were systematically
searched as potential components for any interconnected net-
works that might have between-group difference (Cocchi
et al., 2012). Meanwhile, the connected nodes, which might
present in the set of suprathreshold links, were identified by
using breadth-first search. Then a family-wise error (FWE)-
corrected p value was then ascribed to each interconnected
network by running the permutation test. For each permuta-
tion, the subjects were randomly exchanged between the
ADHD and the control groups. The NBS was then applied
to the randomized data, and the size of the largest intercon-
nected network was recorded. In our study, a total of 10,000
permutations were generated to yield an empirical null distri-
bution for the size of the largest interconnected network. As
the final step, the corrected p value for an interconnected net-
work of size k was calculated as the proportion of the permu-
tations for which the largest network was greater than or equal
to k. As a result, we demonstrated the interconnected networks
that had an FWE-corrected value of p < 0.05.

Based on the result provided by NBS analyses, a spherical
ROI from the left side sgACC (origin [�9, 15, �12], radius

R = 4 mm) was generated. The average t value among all the
voxels within this ROI was calculated in each datum to rep-
resent the mean magnitude of spontaneous brain activity in
this ROI (the higher the average t, the lower the fluctuation).

DTI analysis

DTI data were preprocessed using FSL/Diffusion Toolbox
(Behrens et al., 2007; Xia et al., 2012). After eddy current
correction and brain extraction, the diffusion-weighted im-
ages for each subject were registered to the additionally ac-
quired nondiffusion-weighted reference image (b0 image)
using an affine, 12 degrees of freedom registration ( Jenkin-
son and Smith, 2001). Then the values for FA, L1, and RD
at each brain voxel were computed. The FA images were
scaled, automatically aligned to the most typical subject in
the study, and registered to the standard space using tract-
based spatial statistics (TBSS) (Smith et al., 2006). The non-
linear warps for FA images were then applied to L1 and RD
images for registration.

Based on results of the TBSS analysis, two spherical ROIs
(radius 3 mm) were generated in subgenual cingulum bundle
(sgCB) with origin of [�7, 41, 3], and premotor cortex (PMC)
of [38, �1, 31]). The MD values in each ROI were extracted.

Group statistics

Group differences of the demographic and clinical mea-
sures were examined using t and v2 tests.

For the rs-fMRI data, the NBS technique itself provided
the result of between-group comparison with an FWE-
corrected value of p < 0.05. For the DTI data, group statistical
analysis was conducted only on voxels within the white mat-
ter skeleton mask. Between-group differences of FA, MD,
and RD values were assessed using voxel-wise two-sample
t tests. Nonparametric permutation tests and threshold-free
cluster enhancement (TFCE) option were conducted based
on 5000 random permutations. The clusters with a TFCE-
corrected p value of less than 0.05 or 0.0001 were reported.

Pearson correlation analyses were carried out between the
ROI-based imaging outcome measures (BOLD activation in
sgACC, and white matter measures in sgCB and PMC) and
the clinical scores for assessing inattentiveness and hyperac-
tivity/impulsivity (DSM-IV inattentive, hyperactive, and
total scores), by controlling the potential confounding effects
because of IQ, age, and gender. Multiple comparisons were
corrected for the correlation analyses by using the false dis-
covery rate (FDR) approach at a = 0.05, and a significance
threshold of p < 0.05.

Results

The demographic and clinical data of the participants in
this study are described in Table 1. The ADHD and control
groups did not significantly differ in age, gender, and full
scale IQ.

The correlation coefficient absolute value-based NBS
analysis of the rs-fMRI data showed one network of signifi-
cantly decreased connectivity in the ADHD group ( pFWE =
0.035) (Fig. 1). Remarkably, the left side sgACC formed
the hub of this disconnected network, which was connected
to six other nodes in bilateral occipital lobes (left cuneus, su-
perior occipital gyri; right cuneus, calcarine, and lingual
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gyri) and left cerebellum lobule VI. The right side sgACC
was also found to be significantly disconnected with bilateral
cerebellum lobule VI. However, the positive correlation co-
efficient value-based NBS analysis showed significantly de-
creased connectivity in an inner network including the left
side sgACC connected to five other nodes in bilateral occip-
ital lobes (left cuneus, superior occipital gyri; right cuneus,
calcarine, and lingual gyri).

ROI-based analysis in rs-fMRI data showed a trend of in-
creased fluctuation of the spontaneous brain activation in the
left sgACC region (t = 1.80, p = 0.08) in the ADHD group,
when compared with the controls.

Group comparisons in the DTI data revealed two clusters of
significantly elevated RD in the ADHD group, one at sgCB and
the other in PMC (Fig. 2). Post hoc ROI-based analyses showed
that the mean RD values in both sgCB and PMC ROIs were sig-
nificantly higher in the ADHD group (in sgCB, the mean RD
was [0.83 – 0.01] · 10�3 mm2/sec in ADHD group, and [0.76 –
0.01] · 10�3 mm2/sec in control group (t = 4.32, p < 0.001);
whereas in PMC, the mean RD was [0.78 – 0.01] · 10�3

mm2/sec in ADHD group, and [0.69 – 0.02] · 10�3 mm2/sec
in control group [t = 4.60, p < 0.001]). No significant between-
group differences were reported in FA and MD measures.

In the ADHD group, the mean BOLD signal of the sgACC
ROI exhibited a negative correlation with the DSM-
hyperactive index (R =�0.52, p = 0.0026), and the DSM-

total index (R =�0.36, p = 0.046) (Fig. 3). In the whole
study sample, RD in both sgCB and PMC demonstrated sig-
nificant (or a trend of significance) positive correlations with
the clinical scores (Fig. 4A–F).

Discussion

sgACC dysfunctions in children with ADHD

NBS-based analysis of the rs-fMRI data identified a signif-
icantly disconnected functional network in the ADHD group,
with the left sgACC being the only dominant hub of the dis-
connectivity (Fig. 1). sgACC is located below genu of the Cor-
pus Callosum. Previous neuroimaging studies have reported
that this region plays a critical role in emotion regulation. A
decrease of gray matter volume in sgACC has been found in
patients with bipolar disorder (Drevets et al., 1997; Hirayasu
et al., 1999) and MDD (Yucel et al., 2009). In adolescents
with MDD, the nerve fibers arising from the sgACC have
been found to have lower FA (Cullen et al., 2010). Suicidal pa-
tients with impulsivity and depression (more than half of these
patients had ADHD) exhibited decreased cerebral blood flow
in the sgACC (Willeumier et al., 2011). Recently, altered
resting-state FC between the sgACC and several cortical re-
gions was reported in adolescents with MDD (Connolly
et al., 2013), which was consistent with our findings. Our find-
ings also demonstrated that the BOLD signals in the left

Table 1. Demographic and Clinical Characteristics of the Participants

Controls (N = 32)
(mean – SD)

ADHD (N = 32)
(mean – SD) Test statistic p

Age 11.9 – 0.4 11.1 – 0.3 t = 1.78 0.081
Male/female 19/13 25/7 v2 = 2.62 0.106
Full-scale IQ 108.1 – 2.3 104.3 – 2.4 t = 1.14 0.259
P inattent T 46.7 – 1.0 66.8 – 1.6 t = 10.64 <0.001
P hyp. imp. T 48.6 – 1.7 71.8 – 2.3 t = 8.15 <0.001
P DSM-IV T 47.7 – 1.3 70.7 – 1.8 t = 10.22 <0.001

P DSM-IV T, T score for sum of total raw scores; P inattent T, parent inattentive T score; P hyp. imp. T, parent hyperactive-impulsive T score.

FIG. 1. A disconnected functional network in ADHD revealed by the network-based statistics analysis in resting-state fMRI data
(nodes of the disconnected network are represented by spheres in sagittal (A), axial (B), and coronal (C) views. Regions in the
sgACC, occipital lobe, and cerebellum are in red, blue, and magenta, respectively. 1, left sgACC; 2, right sgACC; 3, left cerebellum
lobule VI; 4, right cerebellum lobule VI; 5, left superior occipital gyrus; 6, left cuneus gyrus; 7, right cuneus gyrus; 8, right calcarine
gyrus; 9, right lingual gyrus). ADHD, attention-deficit/hyperactivity disorder; fMRI, functional magnetic resonance imaging;
sgACC, subgenual anterior cingulate cortex. Color images available online at www.liebertpub.com/brain
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FIG. 3. Increased fluctuation of the spontaneous functional activation in the left sgACC was significantly correlated with
increased clinical symptom severity in ADHD (average t value of a spherical ROI in sgACC was plotted with the parent
hyperactive-impulsive T score (A), parent inattentive T score (B), and T score for sum of total raw scores (C). ADHD patients
and normal controls are represented by orange diamonds (A) and blue squares (-), respectively. ROI, region of interest.
Color images available online at www.liebertpub.com/brain

FIG. 2. White matter abnormali-
ties in ADHD (RD was significantly
increased in the sgCB (red in A) and
PMC (red in B) in the ADHD
group). For demonstration, the
sgCC (Fig. 1) is displayed as a blue
spot in (A). PMC, premotor cortex;
RD, radial diffusivity; sgCB, sub-
genual cingulum bundle; sgCC,
subgenual cingulate cortex. Color
images available online at
www.liebertpub.com/brain
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sgACC were negatively correlated with DSM-impulsivity
scores in the ADHD group, but not in controls (Fig. 3),
whereas the correlation between the BOLD signal and
DSM-inattention score was not highly significant in the
ADHD group ( p = 0.10).

Compared with the general population, children with
ADHD have a heightened risk for developing MDD and
other mood disorders (Daviss, 2008). Taken together, find-
ings suggest that decreased spontaneous brain activity in
the sgACC and its disconnectivity with other brain regions
contribute to the impulsivity component in children with
ADHD, and may suggest comorbidity or later onset of de-
pressive symptoms in the affected individuals.

sgACC-involved dysfunctional brain network
in children with ADHD

The NBS-based analysis demonstrated that the left sgACC
is functionally disconnected with five regions in the occipital

cortex in the ADHD group. Two of the five disconnected re-
gions are ipsilateral (left cuneus gyrus and superior occipital
gyrus), and the other three are contralateral (right cuneus
gyrus, calcrine gyrus, and lingual gyrus). To our knowledge,
this is the first report of functional disconnections between
the sgACC and the occipital lobe in children with ADHD.
The occipital cortex is essential in the regulation of visual at-
tentional network (Castellanos and Proal, 2012). sMRI and
fMRI studies have reported reduced gray matter volume in
medial occipital lobe (Proal et al., 2011), and decreased
nodal efficiency of lingual gyrus and calcarine cortex in
the resting-state functional brain network in children with
ADHD (Wang et al., 2009). More recently, by using rs-
fMRI and NBS, Cocchi and associates reported enhanced
FC of the lingual and superior occipital cortices with orbi-
tofrontal and temporal cortices, respectively, in young
adults with ADHD (Cocchi et al., 2012). In our results,
regions all over the occipital cortex were significantly dis-
connected with left sgACC, whereas no regions from the

FIG. 4. Increased RD in sgCB and PMC was significantly correlated with the ADHD-associated symptom severity scores in the
whole study sample (the average RD of the spherical ROIs in sgCB (A–C) and PMC (D–F) is plotted with the parent inattentive T
score (A, D), parent hyperactive-impulsive T score (B, E), and T score for sum of total raw scores (C, F). The ADHD patients
and normal controls are represented by red square (-) and green triangle (:), respectively. Correlation coefficient (R) and p
value for each correlation analysis are displayed in the subplot. Color images available online at www.liebertpub.com/brain
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orbitofrontal or temporal cortices were involved. Differen-
ces among these findings may reflect the complex nature,
population heterogeneity, and neurodevelopmental diver-
sity in children with ADHD.

Besides the occipital cortex, cerebellum also showed de-
creased connectivity with sgACC in children with ADHD.
The cerebellum controls motor movement, and is engaged
in emotional and cognitive functions (Krain and Castellanos,
2006; Stoodley et al., 2012). Smaller cerebellar volume in
children with ADHD has been reported, mainly lying in lob-
ules VIII to X (Krain and Castellanos, 2006). Our fMRI data
demonstrated functional disconnectivity of the right hemi-
sphere sgACC with left lobule VI in the ADHD group
(Fig. 1). Lobule VI is located between the primary and supe-
rior posterior fissures. This lobule can be activated by nega-
tive emotions (Schraa-Tam et al., 2012), and is engaged in
cognitive tasks such as verb generation and working memory
task (Stoodley et al., 2012).

White matter microstructural underdevelopment
in children with ADHD

Our DTI data analyses revealed significantly higher RD in
the left sgCB and right PMC in children with ADHD, which
reflect the reduced white matter integrity in these regions. L1
is the principal eigenvalue, and RD is the average of the sec-
ond and third eigenvalues of the ellipsoidal function. There-
fore, by definition, L1 and RD are parallel and perpendicular
to the diffusion direction, respectively. Increase of RD cou-
pled with unchanged L1 has been suggested to be a possible
sign of demyelination (Song et al., 2002).

CB is a longitudinal white matter tract between corpus cal-
losum and cingulate gyrus. It extends from genu of the cor-
pus callosum rostally to splenium caudally, and includes
both long- and short-range fibers connecting the limbic sys-
tem (Yakovlev and Locke, 1961) and multiple cortical and
subcortical regions in the prefrontal, parietal, and temporal
lobes ( Jones et al., 2013). sgCB is the anterior part of the
CB and is located underneath the sgACC. The fibers of
this tract connect multiple regions of the ACC, as well as
other regions such as diagonal band and medial septum
( Jones et al., 2013). Voxel-wise analysis of DTI data
revealed decreased FA in the sgCB in adolescents with
MDD (Cullen et al., 2010) and in adults with ADHD (Makris
et al., 2008). Our result of increased RD in the sgCB is con-
sistent with findings from these previous studies, and sug-
gests that disrupted white matter microstructure in the
sgCB may be a persistent structural marker in children and
adults with ADHD.

Limitations

A few limitations may apply to this work. First, both fe-
male and male participants were involved in this study. Clin-
ical symptoms of ADHD have been shown to be different
between male and female patients (Biederman et al.,
2002). Owing to the insufficient female sample in the
ADHD group, we could not conduct between-gender com-
parisons in this study. Herein, gender was included as a cova-
riate in the main analyses of both fMRI and DTI data to
reduce the gender-related effect to the study results. Further
group-level assessments of both fMRI and DTI data in only
male subjects (19 controls and 25 patients) did not show sig-

nificant differences from the main findings. Second, 9 of the
32 children with ADHD had been taking short-acting medica-
tions, whereas the others were medication naive. However, we
requested a minimum of a 48-h wash-out period before MRI
data acquisition to eliminate the medication effects on brain
activations. Impact of the short-acting stimulant medications
on brain structures has not been observed in ADHD studies.

Conclusions

In this study, a combination of functional and diffusional
MRI techniques was utilized to investigate the functional
and structural brain alterations in children with ADHD.
NBS analysis of the rs-fMRI data revealed a disconnected
functional network between the sgACC and multiple regions
in the occipital lobe and cerebellum, whereas the DTI data
showed disrupted white matter integrity in the sgCB. Post
hoc ROI-based analyses showed significantly reduced spon-
taneous brain activity in the sgACC and significantly higher
RD in the sgCB in the ADHD group. These fMRI and DTI
ROI-based measures are significantly correlated with clinical
measures that examine behavioral capacities of attention or
inhibitory control.
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