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Intrinsic functional connectivity within the default mode network (DMN) of the brain has
gained growing interest in attention deficit/hyperactivity disorder (ADHD). The DMN is
proposed to support such core functions as theory of mind, self-related activities such as
autobiographical self, stimulus independent thought, self-projection, self-reference, and
introspective processes as well as central features of self-regulation, task compliance, and
executive functions. Based on prior data showing that sSLORETA and fMRI localize DMN
regions with complementary accuracy, we hypothesized that this combination of methods
could provide important information about the functional integrity of DMN connectivity with
special attention between parietal and medial prefrontal regions. This study was conducted
with 6 adults with ADHD and 7 age-similar, nonclinical controls. The present study recorded
brain activity using both EEG and fMRI during rest and a Stroop paradigm. For this study only
the eyes-opened rest data were analyzed using the SLORETA and fMRI psychophysiological
interaction model respectively. sSLORETA functional connectivity differences were assessed
with Pearson’s correlation measures and Fisher’s Z test to examine the strength of the
obtained coefficients between groups within the DMN. Differences in functional integrity
of the DMN were found for most frequencies except theta, which did not show any difference
between groups. Of interest, the ADHD group showed greater intrinsic functional connectiv-
ity in the alpha frequency range between medial prefrontal and left parietal regions. Func-
tional connectivity within the DMN in both groups was comparable between both imaging
modalities, with sSLORETA providing evidence of the frequency-specific meaning of the asso-
ciations. This study furthers the requisite for utilizing SLORETA in combination with fMRI to
obtain knowledge of the connectivity in the context of EEG frequency-specific parameters.
The study data offer preliminary evidence demonstrating the importance of left
parieto-occipital regions to ADHD and potential neural resources that may be compromised
in ADHD that are specifically involved in self-regulation, working memory, and executive
functions.
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INTRODUCTION

Intrinsic functional connectivity within the
default mode network (DMN) of the brain
has gained growing interest in attention defi-
cit/hyperactivity disorder (ADHD; Tian et al.,
2008; Zang et al., 2007). Functional connectiv-
ity (FC) analyses typically examine the correla-
tions between neural regions that may or may
not share known neuroanatomical connections
(Smith et al., 2009) conducted utilizing func-
tional magnetic resonance imaging (fMRI) and
the electroencephalogram (EEG) with connec-
tivity measures of coherence and phase-lag.
In many cases the correlations or partial corre-
lations between brain regions during baseline
or specific tasks are measured and the change
in strength (or degree) of the correlation is uti-
lized to evaluate the differences in resting net-
works relative to task (Brookes et al., 2011;
Cannon, Congedo, Lubar, & Hutchens, 2009;
Cannon et al.,, 2007; Fair et al., 2008; Sun
et al.,, 2012). The DMN is one of the more
widely investigated networks associated with
baseline or resting conditions and consists of
functionally related regions (Table 1) that con-
sistently show increased activity during rest with
the eyes closed as compared to functionally
specific cognitive tasks and/or the eyes-opened
resting condition (Shulman et al., 1997;
Shulman et al.,, 1999; Shulman, Schwarz,
Miezin, & Petersen, 1998). It has also been
noted that attention lapses have been found

TABLE 1. Default Network Regions Used in This Study

247

to occur shortly after periods of decreased
deactivation of posterior DMN  regions
(Weissman, Roberts, Visscher, & Woldorff,
2006). The DMN is synonymous with the rest-
ing state network (RSN); however, the RSN has
been suggested to include numerous networks
of functionally connected neuronal assemblies
(Damoiseaux et al., 2008; Damoiseaux et al.,
2006; Fransson et al., 2007). It is important to
note that the DMN is not to be confused with
networks of executive attention or networks
associated with monitoring attention and the
physical body (Buckner, Andrews-Hanna, &
Schacter, 2008). However, the complex rela-
tionships between differential networks and
their respective assemblages are of interest in
both normal and clinical populations.

The DMN and other network assemblages
are important to the study of ADHD brain
function due to the intricate relations between
networks and their inclusive functional compo-
nents (e.g., FC between network hubs and
nodes). The primary components of the DMN
comprise medial (medial prefrontal cortex,
posterior cingulate/precuneus) and lateral
(posterior parietal) brain regions that routinely
exhibit decreases in coherent activity during
attention-demanding cognitive tasks (Raichle
et al.,, 2001). The relevance of the DMN to
ADHD indicates that a failure for the DMN to
decrease in power and connectivity when the
eyes are opened or during an attention or

Orientation Brodmann area X Y z Neuroanatomical label
(1) Medial 31/7 -5 —49 40 Dorsal posterior cingulate/Precuneus
(2) Left 40 —53 -39 42 Parietal lobe/Supramarginal gyrus
(3) Left 39/19 —45 —67 36 Angular gyrus
(4) Right 40 45 —57 34 Parietal lobe/Supramarginal gyrus
(5) Left lateral 8 -27 27 40 Frontal eye fields
(6) Right 8/9 5 49 36 Frontal lobes
(7) Left 9 —15 55 26 Dorsolateral prefrontal cortex
(8) Left 10 -19 57 8 Anterior prefrontal cortex
(9) Medial 10 -1 47 —4 Middle frontal lobe

(10) Left 10/47 —-33 45 —6 Inferior frontal lobe

(11) Medial 32 3 31 —10 Anterior cingulate

(12) Left 20 —49 -19 —-18 Inferior temporal gyrus

Note. From left to right are the Brodmann Area and orientation in the brain, the x, y, and z coordinates in MNI space and the

neuroanatomical label.
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cognitive task, as is shown in normal popula-
tions, reflects disruptions in both attention net-
works and  self-regulatory  mechanisms
(Cannon, Baldwin, DilLoreto, & Khadoumma
2011; Castellanos et al.,, 2002; Weissman
et al.,, 2006). These connectivity issues are
important to ADHD for several reasons: Struc-
tural MRI studies have shown a consistent
reduction in cerebral volume in several regions
of the brain in children and adults, including
the right hemisphere (Castellanos et al,
2002), frontal and occipital regions (Castellanos
& Acosta, 2002), and total white matter
volumes in the left occipital region. This parti-
cular region in the left occipital cortex shows
similar white matter volume deficits in unaffec-
ted siblings, suggesting a potential marker for
increased familial risk for ADHD (Durston
et al., 2004). Numerous studies have shown
cerebral volume reduction in ADHD in a var-
iety of regions; however, procedural issues
regarding methodology influence the effective-
ness of conclusions or robust agreement about
specific etiology (van Ewijk, Heslenfeld,
Zwiers, Buitelaar, & Oosterlaan, 2012). There
have been reports of negligible volume
reductions in ADHD (Wolosin, Richardson,
Hennessey, Denckla, & Mostofsky, 2009).
Investigations of white matter volume in
ADHD consistently report a reduction in
ADHD patients as compared to controls across
the entire cerebral volume (Castellanos et al.,
2002; D’Agati, Casarelli, Pitzianti, & Pasini,
2010; McAlonan et al., 2007). ADHD is a
diverse developmental condition with various
potential loci of neural dysfunction. Castellanos
et al. (2008) also showed decreased functional
connectivity between the precuneus and other
DMN regions in adults with ADHD and
decreased DMN network homogeneity in the
precuneus in ADHD as compared to controls.
The precuneus is a prominent node in the
DMN that has been receiving increasing atten-
tion in the ADHD neuroimaging literature,
showing reductions in grey matter volume in
ADHD samples (Carmona et al., 2005; Over-
meyer et al., 2001). The precuneus has been
shown to play an important role in cognitive
and self-relevant processing (Enzi, de Greck,
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Prosch, Tempelmann, & Northoff, 2009;
Northoff, 2005; Northoff & Bermpohl, 2004;
Northoff et al., 2006; Northoff et al., 2009).
It may also play an important function in affect
and self-regulatory functions given its wide-
spread connectivity with the anterior cingulate,
lateral prefrontal cortex, and inferior and
superior parietal lobes and subcortical connec-
tions including the thalamus, striatum, and
brainstem regions (Cavanna & Trimble, 2006).

In recent years there has been a growing
interest in mapping out structural connectivity
of the brain with diffusion tensor imaging
(DTI) in ADHD (van Ewijk et al., 2012). DTI
is an MRI-derived technology that models the
local diffusion of water as a function of direc-
tion. This distribution is determined by the
microscopic resistance of water molecules
when diffusing through tissue (Basser, Mat-
tiello, & LeBihan, 1994a, 1994b). DTl has
been utilized to investigate structural white
matter connectivity between several putative
cerebral structures thought to be instrumental
mechanisms in ADHD. For example, ADHD
patients showed decreased fractional ani-
sotropy in the isthmus of the corpus callosum
(CO) with no differences found in any other
regions of the CC (Cao et al., 2010). Similar
negative findings in the CC were also reported
by Hamilton et al. (2008). Another study
focused on the basal ganglia and its associated
structures that are thought to play a primary
role in ADHD, including the caudate,
putamen/globus pallidus, and thalamus (Silk,
Vance, Rinehart, Bradshaw, & Cunnington,
2009). Notably, no differences were found
between ADHD and controls in these regions
of interest (ROIs). However, differences were
found in developmental trajectories (path, pro-
gression, and line of development) that mainly
involved the caudate nucleus. Other regions
that have been investigated with null or
minimal differences include the cerebellum
(Bechtel et al., 2009), superior longitudinal fas-
ciculus and splenium of the CC (Pavuluri et al.,
2009; Takahashi et al., 2010) and left sagittal
stratum (Peterson et al., 2011). A more recent
study in adult ADHD reported microstructural
differences in the isthmus and splenium



ADHD AND DMN fMRI sLORETA

without macrostructural differences seen in the
CC (Dramsdahl, Westerhausen, Haavik,
Hugdahl, & Plessen, 2012). Valdes-Hernandez
and colleagues (2010) reported an important
translational finding relating EEG spectral
properties with white matter architecture
(Valdes-Hernandez et al., 2010). They demon-
strated that posterior commissural fibers within
the CC showed the strongest correlation with
the alpha EEG frequency (8-12 Hz), such that
the Isthmus and Tapetum in the superior
occipital cortex showed the highest positive
association with the spectral peak of the resting
alpha frequency in study subjects. These rela-
tionships are suggested to represent corticotha-
lamocortical cycles that may modulate the
alpha frequency domain. It is interesting that
white matter architecture is associated more
with the alpha frequency domain than with
the neocortical region or grey matter
(Valdes-Hernandez et al.,, 2010). Therefore,
the combined DTI, structural MRI of both grey
matter and white matter volumes in left
parieto-occipital regions, functional connectiv-
ity in the DMN regions and functional connec-
tivity between these parieto-occipital and
medial prefrontal regions are of profound
interest to our research group.

ADHD has been studied extensively using
quantitative electroencephalography (qEEC)
(Arns, Drinkenburg, & Leon Kenemans, 2012;
Castellanos et al., 1996; Ogrim, Kropotov, &
Hestad, 2012). QEEG is the noninvasive pro-
cedure in which the brain’s electrical processes
are recorded in digitized format utilizing com-
puterized imaging and statistical procedures.
The oscillatory activity in the qEEG is thought
to reflect frequency specific networks in the
brain (Engel, Fries, & Singer, 2001). EEG is a
direct and reliable signature of neural activity
and provides ideal temporal resolution in the
millisecond time domain (Cannon et al.,,
2012; Coburn et al.,, 2006; Hughes & John,
1999). Notably, Mazaheri and colleagues
examined functional disconnection between
frontal and visual cortices in typical children
and those with ADHD in a cross-modal
attention task. They found that alpha activity
was differentially modulated and inversely
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correlated with mid-frontal theta activity
(Mazaheri et al., 2010) in normal children but
not in ADHD. The authors concluded that
the decrease in alpha shown in typical children
was associated with top-down control of atten-
tional systems by frontal theta and children
with ADHD did not exhibit cue-induced pos-
terior alpha reductions even though this could
not be attributed to failure to perform the task,
as the ADHD children were slower than nor-
mal controls but did complete the task
(Mazaheri et al., 2010). These types of research
findings are important given the search for spe-
cific biomarkers to more accurately diagnose
ADHD as well as mechanisms to determine
successful treatment outcomes (e.g., does the
brain change with temporal synchrony in per-
formance on testing procedures?). These are
important directions for future study.
Standardized low-resolution brain electro-
magnetic tomography (sSLORETA) is a method
of probabilistic source estimation of EEG signals
in standardized brain atlas space utilizing a
restricted inverse solution (Pascual-Marqui,
Michel, & Lehmann, 1994; Pascual-Marqui,
Esslen, Kochi, & Lehmann, 2002). sLORETA
has been used to examine EEG sources in
depression (Pizzagalli, Oakes, & Davidson,
2003), epilepsy (Zumsteg, Andrade, &
Wennberg, 2006), and evaluating temporal
changes associated with differential task
specific default network activity (Cannon &
Baldwin, 2012). Recently, sSLORETA and fMRI
were shown to localize DMN regions with
complementary accuracy (Cannon, Kerson, &
Hampshire, 2011). This study was conducted
with one apriori hypothesis and two explora-
tory aims. First, given the indications of
Castellanos et al. (2008) and Mazaheri et al.
(2010), we hypothesized that we would find
differences in the degree of functional con-
nectivity in the DMN between ADHD and
controls. Next, we sought to examine connec-
tivity between parieto-occipital and medial
prefrontal regions, with special attention direc-
ted toward alpha and theta frequency domains
between individuals with ADHD and controls.
Finally, we sought to explore the utility of
consecutive measurements using fMRI and



250

sLORETA for improving our understanding of
the relationship and meaning of the EEG and
fMRI in the DMN (Cannon & Baldwin, 2012;
Cannon, Kerson, et al. 2011).

METHODS

Twenty-four potential subjects were recruited
through local practitioners and children and
adults with ADHD. Of these, 10 non-ADHD
and nine ADHD subjects were recruited. Of
the five who were excluded, three reported
current major depressive disorder and were
on selective serotonin reuptake inhibitors,
one reported recent history of a suicide
attempt, and one did not want to participate
without pay. However, three non-ADHD
recruited subjects did not complete the study
(one became anxious in the MRI scanner,
one cancelled due to time constraints, and
one was physically unsuited), and three
recruited ADHD subjects were disqualified
(two became anxious in the scanner and the
third rescinded consent after completing both
the fMRI and EEG sections of the evaluation).
Therefore, this study was conducted with 13
total participants—seven nonclinical controls
and six adults with a standing diagnosis of
ADHD. All participants in this study were
right-handed. After signing the informed con-
sent, each participant first underwent a qEEG
or fMRI scan, depending upon a random
assignment, and then proceeded to the
respective imaging or qEEG device.

Subjects were interviewed via phone or
Skype following a script that ruled out suicidal
ideation, traumatic brain injury, medication
intake other than stimulants (which were
ceased 3 days prior to the examination), claus-
trophobia, pregnancy, nonambulatory access,
schizophrenia or other Axis lll disorder, and
metal implants; each subject verbally
responded to the Mini International Neuropsy-
chiatric Interview questionnaire for inclusion
into the ADHD or non-ADHD group. The part-
icipants also completed the Conners’ Adult
ADHD Rating Scale-Self-Report: Short Version
(CAARS-S:S; Conners et al.,, 1999). The
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participants were screened using a question-
naire specific to ADHD symptomatology during
the initial interview. The answer scale is never,
rarely, sometimes, often, and very often. Should
the subject answer mostly often or very often to
these six questions, he or she would be admit-
ted into the study as an ADHD subject (follow-
ing congruent results on the CAARS-S:S).
Conversely, those who answered mostly never
or rarely would be included in the control
group. The verbally administered Mini Inter-
national Neuropsychiatric Interview instrument
was intended to rule out comorbid disorders,
including major depressive disorder, mania,
panic disorder, obsessive-compulsive disorder,
social phobia, psychotic disorders including
schizophrenia, posttraumatic stress disorder,
anorexia or bulimia, antisocial personality dis-
order, and other mood disorder with psychotic
features. Alcohol or psychoactive substance
abuse or dependence is also usually questioned
during this interview, but we did not include
those questions, as they posed ethical issues.
Two ADHD subijects reported history of mild
depression and one reported anxiety, although
neither was medicated. We accepted these sub-
jects because they were not medicated and
symptoms were not current. None of the controls
reported symptoms from any of the aforemen-
tioned disorders during this interview. There
are 26 questions on the CAARS-S:S that dis-
tinguish non-ADHD adults from ADHD adults.
The answer scale is O (not at all, never), 1 (just
a little, once in a while), 2 (pretty much, often),
and 3 (very much, very frequently), and the
answers that result in scaling for inattention are:
memory problems, hyperactivity, restlessness,
impulsivity and emotional lability, problems with
self-concept, and an overall ADHD index.

The six ADHD adults in this study had an
average of 21.5 on the overall ADHD index
(92 percentile; raw score was 22.33 for the
women [97 percentile] and 20.66 for the
men [87 percentile]). This is contrasted by the
average overall ADHD index of 10.5 for con-
trols (41.14 percentile; 10.4 for the women
[52 percentile] and 7 for the men [25.66
percentile]).
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Procedures

The subjects were seated in a quiet room away
from any telephones and other ordinary office
noise. Their scalps were prepped with NuPrep
and alcohol to clean and abrade the skin at the
19 electrode sites as designated by the 10/20
international system (Jasper, 1958) and the
linked-ear reference sites. The subjects were
then fitted with a spandex cap (ElectroCap
International, Eaton, OH) that contains electro-
des at the 10/20 sites, aligning the electrodes
to the proper locations on the scalp. The sub-
jects were briefly educated on artifact pro-
duction and contamination (e.g., how the
signal compared when calm and relaxed to
during eye blinks and saccades and when
shoulder, facial, and or neck tension persisted)
and asked to remain quiet and still during the
recording session. The participants completed
5-min eyes-closed and eyes-opened resting
baselines. Event-related potential procedures
were also conducted using the Stroop task;
however, these results are not presented in this
work.

EEG recordings were acquired using the
Mitsar 202 (Mitsar Ltd, Saint Petersburg, Rus-
sia) amplifier system. The EEG was sampled
by 24-bit AD converter at 250 samples per
second, and the low and high pass filters were
set at 0.0 and 50.0 Hz, respectively. Data were
acquired using the WInEEG acquisition pro-
gram. Data were then transported into the
NovaTech EureKa! EEG editing software
(Congedo, Ozen, & Sherlin, 2002), in which
it was plotted and carefully inspected using
manual artifact rejection. All episodic artifacts
including eye blinks, eye movements, teeth
clenching, body movements, or EKG artifact
were removed from the EEG stream.

The fMRI scanner was a Siemens 3T Tim
Trio. The images were collected every 2s.
The scanner employed Syngo B15 software
with the BOLD fMRI and Neuro3D packages.
The RF transmitter contains one 35kW nar-
rowband RF transmitter and one 8 kW broad-
band RF transmitter. Its gradient strength/slew
strength is <mTIM/<200T/(m*2) with 32
receiver channels. The stimuli delivery system
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was an Avotec Silent Scan 3100 research audio
system and NEC NP 4000, XGA 1280 x 768
rear projection system. A luminit 75-degree
diffuse screen and Presentation software were
used for the task presentation. A fiber optic
keypad was used for participant responses.
All parameters for data collection can be found
in Cannon, Kerson, et al. (2011). Subjects were
instructed about the tasks they were to perform
in the scanner. In this case, the FANTAB Neu-
ropsychological Battery was used, which is a
version of the CANTAB (Cambridge, England)
Neuropsychological Test Battery that is fash-
ioned to work in the scanner. After task instruc-
tion, the subject changed into hospital scrubs.
They were covered with a blanket and fitted
for the head-motion cage. The keypad was
positioned to their dominant hand. They were
shuttled into the scanner, given time to
acclimate, and began with cross-hair fixation to
be used as the baseline comparator to the tasks,
followed by the FANTAB battery. At the end
they remained still, listening to music for
12min to record the individual anatomical
aspects of their brain. AT1-weighted anatomical
image was also acquired for registration pur-
poses (MP-RAGE, TR =2500 ms; TE=4.35 ms;
TI=900ms; Flip angle=8; 176 slices;
FOV =256 mm).

fMRI Data Analysis

FMRI data were preprocessed using the SPM
2005 software package (Wellcome Depart-
ment of Cognitive Neurology; http://www_fil.
ion.ucl.ac.uk/spm/). Time-courses were motion
and slice-time corrected, normalized to the
standard MNI template, smoothed with an
8 mm Gaussian kernel, and high-pass filtered
prior to analysis (cutoff 180s). Individual sub-
jects” data were modeled in SPM5 using the
general linear model. Four predictor functions
were included in the model corresponding to
the onsets and durations of the four task event
types convolved with the standard hemody-
namic response function. Rotational and trans-
lational movement parameters within the x, y
and z planes were included as an additional
six regressors. Blocks of rest were included in
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the task design, and these allowed the task
regressors to be calculated relative to a con-
stant that included resting baseline activity.
Group-level analyses were carried out using
the MarsBaR ROI toolbox for SPM, which cal-
culates the average level of activation across
all voxels within predefined ROIs.

sLORETA Data Analysis

The EEG stream was edited using EureKa 3
software (NovaTech EEG, Mesa, AZ). EEG
resampling was obtained by means of natural
cubic spline interpolation, as the EEG is a con-
tinuous signal constituted by oscillation of
potential differences over time (Congedo
et al., 2002). All active task conditions and
baseline data were processed with particular
attention given to the frontal and temporal
leads. All episodic eye blinks, eye movements,
teeth clenching, jaw tension, body or neck
movements, and possible electrocardiogram
(EKG) were removed from the EEG stream.
Fourier cross-spectral matrices were then com-
puted and averaged over 75% overlapping 4-s
artifact-free epochs, which resulted in one
cross-spectral matrix for each subject for each
discrete frequency. The EEG data were ana-
lyzed utilizing the following frequency
domains: Delta (0.5-3.5Hz); Theta (3.5-
7.5Hz); Alpha 1 (7.5-10.0Hz); Alpha 2
(10.0-12.0Hz), and Beta (12.0-32.0 Hz).

sLORETA Functional Connectivity

The sLORETA functional connectivity analyses
involved three steps. First, we created an ROI
file with the MNI coordinates for the 12 seed
points of the DMN regions (see Table 1). Each
of these ROI values consisted of the current
source density (CSD) levels from each ROI
seed and one single voxel (its nearest neighbor)
for total voxel size T0mm®. The resulting file
produced log transformed average CSD across
multiple EEG segments for all subjects for each
seed (ROI). The data for these apriori DMN
ROIs were organized into Microsoft Excel
spreadsheets and then entered into SPSS 19
for analysis. SLORETA images corresponding
to the estimated neuronal generators of brain
activity within each given frequency range
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were calculated (Frei et al., 2001). This
procedure resulted in one 3D sSLORETA image
for each subject for each frequency range. The
significance threshold was based on a randomi-
zation test utilizing 5,000 data randomizations.
Second, for each group we took the ROI values
for each individual frequency from each ROI
utilizing within group correlation analyses.
Hence, for each frequency we compared 12
ROI'x 1 frequency for seven and six subjects,
respectively. Finally, we entered the obtained
correlation coefficient for each group for the
respective ROI x frequency into a Fisher’s Z
test to test the strength of the correlation (func-
tional connectivity) between groups in regions
within the DMN for each frequency domain.

fMRI Functional Connectivity

We generated a psycho-physiological interac-
tion (PPl) model for each individual in the
following manner using the SPM5 software
package. Given indications from our previous
work (Cannon, Kerson, et al., 2011) showing
that medial BA 10 showed significant differ-
ence in activation between ADHD and control
groups, we extracted the time-course from
medial Brodmann area (BA) 10 region of inter-
est (ROI 9 in Table 1) using the SPM VOI func-
tion, which pulls out the first eigenvector
(principal component) of all voxels within a
sphere across time (10 mm) based at the ROI
coordinates. We then generated a psychologi-
cal function based on rest versus task. More
specifically, rest periods were represented with
the value 1 and task with the value —1. The
VOI time-course was subjected to a deconvo-
lution with the standard haemodynamic
response function (HRF) to generate the likely
pattern of underlying neural activity. A psycho-
logical interaction was generated by multiply-
ing the psychological and deconvolved
medial BA10 time-courses. The PPl time-
course was convolved with the HRF to gener-
ate a predictor function. A general linear model
was constructed in which activation at each
voxel in the brain was fitted with 10 predictors.
These predictors were the convolved PPI
function, the BA10 time-course, the psycho-
logical function convolved with the HREF,
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6 x movement parameters and a constant
term. Whole brain maps depicting beta
weights for the first two functions were col-
lected and subjected to group-level random
effects analysis.

Alpha-Theta Intercorrelations

Based on the results from both the sSLORETA
and fMRI functional connectivity analyses, we
also ran correlation procedures between the
theta, alpha-1, and alpha-2 frequencies
between anterior cingulate (BA 32 ROI 11),
medial prefrontal (BA 10 ROI 9), and left par-
ietal (BA 39/19 ROI 3) areas to determine
the relationship and visualize differences
between alpha and theta bands within and
between these cingulate-parietal-medial pre-
frontal connections for ADHD (df = 6) and con-
trols (df=7).

RESULTS

The statistical differences of interarea connec-
tivity between ADHD and control groups show
complementary patterns in the fMRI and
SLORETA maps.

sLORETA

Table 2 summarizes the statistically significant
differences of sSLORETA connectivity between
the two groups. Controls show significantly
higher positive associations in the delta and
beta frequency domains, except for the asso-
ciations between the posterior cingulate (BA
31/7) and right parietal (BA 40) cortices. Con-
trols also show significantly higher associations
between BA 31/7 and left and medial pre-
frontal cortices than ADHD in the alpha 1
and beta frequencies, whereas ADHD show
greater associations in alpha 1 and alpha 2 fre-
quency between left parietal (BA 40 and
39/19) and left prefrontal and temporal
regions as well as medial BA 32 at the anterior
cingulate gyrus. Figure 1 shows the results for
the sSLORETA connectivity for ADHD > control,
control, as found in Table 2. Of interest, there
are increased associations for the alpha 1
frequency between left inferior and medial
prefrontal cortices for the control group.
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TABLE 2. Fisher’s Z for sSLORETA Connectivity Within the DMN
Between Groups in Eyes-Opened Resting Condition

Frequency Z p
Delta
R1-R4 (=1.71) 0.08
R5-R11 1.82 0.06
R6-11 1.89 0.06
R7-R11 1.95 0.05
R8-R11 1.9 0.03
R10-R11 2.06 0.03
R10-R12 1.65 0.09
Alpha 1
R1-R8 1.74 0.08
R1-R9 217 0.02
R1-R10 1.8 0.07
R1-R12 2.16 0.03
R2-R12 (—1.87) 0.06
R3-R11 (=2.11) 0.03
R8-R9 (—2.79) 0.005
R9-R10 —2.15 0.03
Alpha 2
R2-R3 (—1.86) 0.06
R2-R4 (=1.77) 0.07
R2-R5 (—2.04) 0.04
R2-R7 (—1.82) 0.06
R2-R8 (=2.39) 0.01
R2-R10 (—2.75) 0.005
R2-R11 (—1.94) 0.05
Beta
R1-R6 2.05 0.04
R1-R7 1.82 0.06
R1-R9 2.72 0.006
R2-R10 2.29 0.02
R2-R12 2.22 0.02

Note. Parenthesis indicates attention deficit/hyperactivity dis-
order > control. From left to right and top to bottom are the fre-
quency, Z, and p value for the delta, alpha-1, alpha-2, and beta
frequency domains. The specific connectivity contrasts for
default mode network (DMN) region of interest pairs showing
significant or near significant results are shown for each of the fre-
quency domains. No difference between groups was found in
the theta frequency.

Although alpha 1 shows higher connectivity at
some regions for the ADHD group and the
opposite (control > ADHD) for other regions,
alpha 2 shows a specific effect for the ADHD
as left BA 39/19 shows greater associations to
bilateral prefrontal regions (BA 8, 9, and 10),
bilateral parietal cortices and medial prefrontal
and AC. On the contrary, the ADHD group
shows less connectivity for the alpha 1 and
beta frequencies between left BA 31/7, BA
40, and medial, inferior, and dorsolateral pre-
frontal as well as inferior fronto-temporal
regions within the left hemisphere.
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FIGURE 1. sLORETA Functional Connectivity within the default
mode network (DMN) for attention deficit/hyperactivity disorder
(ADHD) > control. Note. The line color represents each fre-
quency domain (red = delta; green = alpha-1; purple = alpha-2).
There were no significant differences found in theta between
groups and beta showed only control > ADHD as seen in Table
2. DMN regions are approximated for 2-D rendering. The lines
illustrate the correlations between regions within the DMN and
do not represent correlations between frequencies within region.
This will be the focus of future works. (Color figure available
online.)

fMRI Functional Connectivity

The analysis of the PPl data collapsed across
groups showed a significant interaction between
rest/task and the extent to which the medial
BA10 time-course predicted activation within
the DMN network (Table 3 and Figure 2). This
was evident first using the MarsBaR region of
interest toolbox, which averages all voxels
within an ROI, and then by whole brain analysis

TABLE 3. Results from the PPl Analysis Collapsed Across Group

PPI B t p

Medial BA32 0.6 1.95 .038379
Left angular gyrus 0.67 1.86 .044986
Left BATO 0.06 0.33 .373205
Left BA4O 0.44 1.29 111562
Left BA7 0.72 1.62 .067079
Left BA8 0.44 1.43 .090215
Left BA9 0.75 2.25 .022993
Right BA40 0.61 2.55 .013512
Right BA8_9 0.54 1.09 149865

Note. PPl = psycho-physiological interaction.
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with a liberal (uncorrected) threshold. The PPI
showed no differences across groups—that is,
no difference between ADHD and controls
was statistically significant according to rest
versus task (Table 4). Next, we examined the
random effects model for the noninteracted
(raw) BA10 time-course differences between
ADHD and control groups (we only examined
the cross-group contrast because it is meaning-
less to look at correlations collapsed across
groups, as all regions of the brain are likely to
have positive correlations due to correlations
in machine noise, e.g., drifts in signal and move-
ment noise, which are reduced by inclusion of
movement parameters, prewhitening, high-pass
filtering, and detrending, but still remain signifi-
cant). Medial BA32 and right BA40 showed a
significantly greater correlation with the medial
BA 10 time-course in controls, whereas the left
BA8 showed a subthreshold trend in the same
direction (Table 5).

Alpha-Theta Interactions for Precuneal
and Prefrontal Regions

Figure 3 shows results for the correlation analy-
ses of the alpha 1, alpha 2, and theta frequency
domains between the anterior cingulate (BA 32
ROI 11), the medial prefrontal (BA 10 ROI 9)
and left parietal (BA 39/19 ROI 3) cortex. On
the x-axis are the ROls by frequency and on
the y-axis are the Pearson correlation coeffi-
cients. In the control group, positive correla-
tions are shown between frequencies, both
within and between the ROIs (p <.05). The
control group exhibits no inverse correlations
between the respective ROIs in any frequency.
The ADHD group shows no statistically signifi-
cant correlations. However, there is a trend
for a lesser degree of positive associations and
an inverse relationship between alphal in
medial prefrontal and theta, alphal and alpha
2 in left parietal. A similar trend for inverse
relationship exists between alphat and alpha2
in the anterior cingulate and theta and alpha2
in the medial prefrontal region. Correlations
shown in the ADHD group reach significance
at .05 with rho at .75. This adds support to
the lack of contiguity of network nodal coop-
eration in the DMN during the self-regulation
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FIGURE 2. Areas from the psycho-physiological interaction analysis collapsed across groups that showed heightened correlations with the
medial BA 10 region of interest during rest versus task (uncorrected at p =.025 with 100 voxel extent threshold). (Color figure available

online.)

TABLE 4. Results from the PPl Analysis Contrasted Across Group

PPI p t p one-tailed
Medial BA32 -0.3 —0.96 .820912
Left angular gyrus —0.04 —0.11 .543088
Left BA10 0.08 0.42 .339852
Left BA4O -0.07 -0.2 577024
Left BA7 —0.24 —0.54 699021
Left BA8 -0.2 —0.64 .732139
Left BA9 -0.18 —0.54 699377
Right BA40 -0.07 —0.31 619159
Right BA8_9 —0.42 —0.84 .790757

Note. PPl = psycho-physiological interaction.

TABLE 5. Results from the Noninteracted Time-Course — Cross
Group

PPI B t p one-tailed
Medial BA32 0.39 2.44 .016277
Left angular gyrus 0.12 0.54 .300508
Left BA10 0.05 0.59 .284376
Left BA40 0.11 0.89 196759
Left BA7 0.08 0.43 .338357
Left BA8 0.13 1.48 .083661
Left BA9 —0.05 -0.37 .640242
Right BA40 0.24 1.86 .044851
Right BA8_9 0.04 0.29 .387675

Note. PPl = psycho-physiological interaction.

associated with baseline even at short distances
(Cannon & Baldwin, 2012).

DISCUSSION

This is the first study of its kind to examine FC
within the DMN using two neuroimaging tech-
niques. This type of analysis may provide
important information about intrinsic network
integrity and the associated EEG parameters.
As suspected, there are significant differences
in the functional integrity of the DMN in
ADHD as compared to controls, especially for
specific frequency domains. Alpha 1 and 2
show significantly greater connectivity between
DMN regions in the ADHD group, with a few
exceptions between posterior cingulate /precu-
neus and medial prefrontal and temporal
regions. Left parietal, medial prefrontal, and
anterior cingulate all show less connectivity as
compared to controls. This is an important
finding given alpha activity has been shown
to decrease during a cross-modal attention task
in normal children, but not those with ADHD
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FIGURE 3. Correlations between theta, alpha-1, and alpha-2 frequency domains in 3 default mode network (DMN) regions of interest
(ROIs): 11 (BA 32 anterior cingulate), ROl 9 (BA 10 medial prefrontal cortex), and ROI 3 (angular gyrus, parietal lobe). Note. The left graph
is for the attention deficit/hyperactivity disorder (ADHD) and the right graph for the control group. Within the graphs are the Pearson
correlation coefficient (y-axis) and DMN ROI x frequency (x-axis). All correlations of the control group are statistically significant at the

.05 level. Significance in the ADHD group at <.05 occurs at .75.

(Mazaheri et al., 2010). In addition, it was
reported that there was an inverse coupling
effect for posterior alpha and frontal theta,
which may further our understanding of the
theta/beta ratio and neural mechanisms
involved in the specific deficits characteristic
of ADHD (Mazaheri et al., 2010). The results
of this pilot study inclusively offer preliminary
support to a potential parietal focus (Castella-
nos et al., 2008) and the interdependency of
the alpha and theta frequency domains
between parietal and medial prefrontal regions
(Mazaheri et al., 2010). It is important to note
that the alpha 1 frequency shows greater asso-
ciations between left parietal and medial pre-
frontal ROIs, the alpha 2 shows greater
connectivity between left parietal areas (BA
40 and supramarginal gyrus) and many frontal
areas in the ADHD group than in controls,
whereas the beta frequency shows the
opposite effect (controls > ADHD). This corti-
cal area has been shown to play an important
role in the maintenance of executive attention
(Cannon et al., 2009). The fMRI functional
connectivity adds support to the EEG connec-
tivity, such that higher correlations are found
between medial prefrontal and parietal cor-
tices for the control group, including regions

shown to be increased in activity by fMRI
and sLORETA for ADHD subjects during base-
line as compared to controls (Cannon, Kerson,
et al., 2011) and those regions that show posi-
tive and negative relationships specific to
region and frequency.

Consequently, there would appear to be
tentative evidence to support the view that
the DMN network is less functionally connec-
ted in the ADHD group, but this difference
does not interact with the stage (rest vs. active)
of the task for the fMRI contrasts. More specifi-
cally, we see significant functional connectivity
between the DMN ROls in the PPI analysis;
furthermore, there are significant differences
in that functional connectivity across ADHD
versus normal groups. In addition, the fMRI
results show that compromised functional
integrity of the DMN persists across task and
baseline, which is important with respect to
specific patterns that can be observed across
several spectrums (e.g., ECB, EOB, and task).
The EEG CSD features associated with DMN
connectivity has remained unexamined until
this study. The potential importance of the
increased connectivity in alpha between
medial prefrontal and parietal regions for the
ADHD group may relate to studies that
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propose differential roles for lower (~8-10 Hz)
and upper (~10-12 Hz) alpha band activity in
cognition and attention with the lower band
suggested to be primarily involved in response
readiness and attentional demands (Klimesch
et al., 1992) with an indirect role in memory.
By contrast, oscillations in the upper alpha
band have been consistently observed during
(semantic) long-term memory processes (Kli-
mesch, Doppelmayr, Russegger, & Pachinger,
1996; Klimesch, Doppelmayr, Russegger,
Pachinger, & Schwaiger, 1998; Klimesch,
Schimke, & Schwaiger, 1994). Thus, these
increased levels of alpha band power may pro-
vide subtle indications of the characteristic
working memory deficits found in ADHD as
well as executive, self-regulatory processes
(Cannon & Baldwin, 2012). It has also been
reported that LORETA neurofeedback proto-
cols in this left parietal region in the alpha fre-
quency domain produce positive effects in
executive functions (Cannon, 2012). This
potential is emphasized by data demonstrating
that posterior commissural fibers within the
corpus callosum have shown the strongest
correlation with the alpha frequency, such that
the isthmus and Tapetum in the superior
occipital cortex show the highest positive
association with the alpha frequency. These
relationships are suggested to represent cor-
tico-thalamocortical cycles that may modulate
the alpha frequency domain. It is interesting
that white matter architecture is associated
more with the alpha frequency domain than
with the neocortical region or grey matter
(Valdes-Hernandez et al., 2010). Similar DTI
data offer support to the study findings involv-
ing posterior regions of the brain (Cao et al.,
2010; Hamilton et al., 2008). Studies have
proposed the potential role of alpha activity
to have an important role in the limbic system
and homeostatic and emotional anomalies
(limbic irritability) given its associations with
several particular syndromes (e.g., depression,
anxiety, substance use disorders, and ADHD;
Cannon, Baldwin, & Lubar, 2008; Paquette,
Beauregard, & Beaulieu-Prevost, 2009). In a
voxel-based study on regional grey and white
matter volumes in 28 male children with
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ADHD, grey matter volume deficits were more
extensive in the right hemisphere, especially in
the prefrontal lobe (BA9, BA10), globus palli-
dus, and medial parietal cortex (BA7) in ADHD
children compared to controls (McAlonan et al.,
2007). Similarly, reduced grey matter volume
was also measured in the left inferior parietal
lobe and superior occipital gyrus. The authors
also reported smaller white matter volume in
ADHD children that was distributed bilaterally
in frontal, temporal, and parietal lobes. The
main findings of this study were that, com-
pared to controls, children with ADHD had
localized grey matter deficits in predominantly
right-sided fronto-parietal brain networks as
well as significant volume reduction in associa-
ted white matter tracts but no significant differ-
ences in whole-brain volume or in total volume
of grey or white brain matter or CSF (McAlonan
et al., 2007). Of interest, the authors under-
lined the important role of the cerebellum in
the pathogenesis of ADHD, which is in line
with the conceptualization that the cerebellum
is involved in higher order cognition, including
executive function, through intimate reciprocal
connections with frontostriatal regions (Leiner,
Leiner, & Dow, 1989; McAlonan et al., 2007;
Middleton & Strick, 1994). The posterior CC
and its nearby cortical volumes (e.g., posterior
cingulate/precuneus) share extensive connec-
tions throughout parietal and occipital cortices,
and damage to these regions may be related to
decreased volume of the posterior CC, which
would be directly associated to decreases in
numerous neuropsychological and integrative
functions (Cannon, Crane, et al., 2011). These
cortical regions and their functional and struc-
tural connectivity are a topic for future studies.

The correlations between groups in par-
ietal, medial, and anterior cingulate cortices
specific to theta and alpha frequencies offer
very interesting insights into network function-
ality and potential specificity network function-
ality during baseline condition. The controls
show very high positive associations between
these three network nodes, whereas the ADHD
show quite the opposite with several inverse
mechanisms. The important implication among
these regions and their associative function lies
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in both self-regulation and executive functions
(Suchy, 2009). There is a putative line of
thought that the frontal lobes are directly
responsible for executive functions, yet this
construct remains ambiguous at best, and
numerous researchers indicate parietal-frontal
networks best account for the concept of
executive functions, which may also be better
thought of in terms of self-regulation (Cannon
& Baldwin, 2012; Cannon, Baldwin, Diloreto,
& Phillips, 2012). The fMRI data collapsed
across groups for the PPl baseline segments
show six areas of significant difference between
groups and adds to the validity of the SLORETA
results. Clearly the DMN, its functional integrity,
and role in self-regulation (executive functions)
are important to further our understanding of
ADHD and its etiological mechanisms. This is
an area of future research for our group.

The current data do have room for
improvement. We desire larger samples with
additional tasks. The eyes-opened fMRI rest
blocks were short relative to the task blocks,
and with the small sample size, thresholds of
effects are low and sensitivity to false positives
may be higher than desired. We may also not
be detecting differences in the theta frequency
due to the sample size. Nonetheless, the data
from both methods do broadly fit with the a
priori hypotheses and do form a good direction
for a larger scale study. Another limitation is
that the EEG data examined the eyes-opened
resting baseline and fMRI examined the resting
blocks within the Stroop task. This is an impor-
tant area for future study given the nature of
eyes-opened resting tasks as contrasted with
specific cognitive or attentional procedures in
the default network. Further study converging
either baseline condition or active task would
be beneficial and is in the planning process.

In sum, if as suggested by prior research,
the alpha frequency is directly associated with
attention and working memory, as well as
executive functioning, self-regulation and inte-
grative processes (Cannon & Baldwin, 2012;
Cannon, Baldwin, et al., 2011) then what
we may be observing are disrupted networks
that reflect compromised resources, or more
broadly resources devoted to attentional and
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executive processes are utilized for regulatory
purposes in ADHD. For example, in a recent
work we evaluated the phenomenology and
DMN activity associated with baseline con-
ditions and several active task conditions using
sLORETA. The subjective experience of the
DMN during baseline consisted of attention,
self-regulation, and self-monitoring for task
compliance (Cannon & Baldwin, 2012). The
current data provide further insight into the
importance of alpha activity to ADHD. This
resource-ineffectiveness of alpha in the ADHD
brain as such reduces the executive functioning
of the individual. Also with increased sample
size, significant effects in other frequency
domains (viz. theta) may be observed. Several
studies indicate alpha to be associated with vis-
ual processing, attentional orienting, and cog-
nitive control in normal controls and ADHD
(Mazaheri et al., 2010; Zhang, Wang, Bressler,
Chen, & Ding, 2008). In addition, it has been
suggested to play an important role in memory;
attention; self-perception; and a variety of cog-
nitive, attentional, and affective processes
(Cannon, Baldwin, et al., 2008; Cannon,
Lubar, Thornton, Wilson, & Congedo, 2005;
Cannon, Lubar, Sokhadze, & Baldwin, 2008;
Sauseng, Klimesch, Gerloff, & Hummel,
2009; Sauseng et al., 2005). Although the
mechanisms of ADHD remain unclear,
advancing technologies and interdisciplinary
approaches combining methods may aid in
developing a less ambiguous understanding of
ADHD and its synchronous neural etiology.
The current data offer exciting directions for
future study across all neuroimaging modalities.
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