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Abstract: Previous studies on working memory (WM) function in adults with attention-deficit/hyperactiv-
ity disorder (ADHD) suggested aberrant activation of the prefrontal cortex and the cerebellum. Although it
has been hypothesized that activation differences in these regions most likely reflect aberrant frontocerebel-
lar circuits, the functional coupling of these brain networks during cognitive performance has not been
investigated so far. In this study, functional magnetic resonance imaging (fMRI) and both univariate and
multivariate analytic techniques were used to investigate regional activation changes and functional con-
nectivity differences during cognitive processing in healthy controls (1 = 12) and ADHD adults (n = 12).
Behavioral performance during a parametric verbal WM paradigm did not significantly differ between
adults with ADHD and healthy controls. During the delay period of the activation task, however, ADHD
patients showed significantly less activation in the left ventrolateral prefrontal cortex (VLPFC), as well as in
cerebellar and occipital regions compared with healthy control subjects. In both groups, independent com-
ponent analyses revealed a functional network comprising bilateral lateral prefrontal, striatal, and cingu-
late regions. ADHD adults had significantly lower connectivity in the bilateral VLPFC, the anterior cingu-
late cortex, the superior parietal lobule, and the cerebellum compared with healthy controls. Increased
connectivity in ADHD adults was found in right prefrontal regions, the left dorsal cingulate cortex and the
left cuneus. These findings suggest both regional brain activation deficits and functional connectivity
changes of the VLPFC and the cerebellum as well as functional connectivity abnormalities of the anterior
cingulate and the parietal cortex in ADHD adults during WM processing. Hum Brain Mapp 30:2252-2266,
2009.  ©2008 Wiley-Liss, Inc.
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INTRODUCTION

Deficits in executive function, behavioral inhibition, and
working memory (WM) are considered as one of the key
neuropsychological features in children and adolescents
with  attention-deficit/hyperactivity ~disorder (ADHD)
[Martinussen et al., 2005; Willcutt et al., 2005]. In fact, sev-
eral authors have hypothesized that symptoms of ADHD
arise from a primary deficit in specific domains of execu-
tive function, most notably in those cognitive domains
associated with cognitive control [Arnsten and Li, 2005;
Barkley, 1997]. For instance, impaired response inhibition
has been repeatedly found in childhood ADHD [Barkley,
1997; Lijfijt et al., 2005] and ADHD adults [Clark et al.,
2007; Lijfijt et al., 2005]. On the other hand, WM function
has been widely studied on the behavioral level in chil-
dren and adults with ADHD, showing both verbal and
spatial WM deficits in affected individuals [Dowson et al.,
2004; Lui and Tannock, 2007; Martinussen et al., 2005]. The
concept of WM refers to the ability to transiently store and
manipulate information held online for further behavioral
guidance [Baddeley, 2003], and distinct WM subprocesses
have been shown to be mediated by frontoparietal, striatal
and cerebellar regions [Baddeley, 2003, Owen et al., 2005;
Postle and D’Esposito, 2000]. It is less clear, however, if
impaired inhibitory control and WM dysfunction represent
distinct deficits in ADHD patients, or if these impaired
cognitive domains share a common neurobiological sub-
strate [Castellanos and Tannock, 2002].

Recently, it has been suggested that both response inhi-
bition and WM deficits in ADHD may stem from a com-
mon pathologic process involving the inferior frontal cor-
tex, rather than being manifestations of a distinct neuro-
pathological mechanism [Clark et al., 2007]. In addition to
the inferior frontal cortex, frontoparietal, striatal, and cere-
bellar activation abnormalities have been frequently
reported during tasks that tap executive function including
response inhibition and WM [Castellanos and Tannock,
2002; Clark et al., 2007; Dickstein et al., 2006]. Specifically,
brain activation abnormalities of the ventrolateral prefron-
tal cortex (VLPFC), the anterior cingulate, and the cerebel-
lum in children with ADHD have been associated with a
deficit in inhibitory control [Durston et al., 2006; Schulz
et al., 2004; Tauscher et al., 2002]. With regard to the
VLPEC, functional activation changes of this region have
been associated with ADHD symptom persistence [Schulz
et al., 2005] and genetic vulnerability for ADHD [Durston
et al., 2006]. However, functional brain imaging research

on cognitive processes involving spatial or verbal WM
function in children and adolescents with ADHD has been
relatively sparse compared with studies conducted on in-
hibitory control [Sheridan et al., 2007; Stevens et al., 2007;
Vance et al., 2007]. Moreover, despite the increased recog-
nition of ADHD in adults [Faraone et al., 2000], research
on executive function in adults with ADHD has been less
extensive compared with the extant child and adolescent
literature [Seidman et al., 2005]. Although WM dysfunction
is recognized as an important cognitive correlate of the
disorder, only a few functional imaging studies have
attempted to examine the functional neuroanatomy under-
lying WM function in ADHD adults [Hale et al., 2007;
Schweitzer et al., 2000; Valera et al., 2005], yielding ambig-
uous results with regard to prefrontal and cerebellar acti-
vation abnormalities: using positron emission tomography
(PET) and a paced auditory serial addition task, Schweit-
zer et al. found that task-related changes in regional cere-
bral blood flow (rCBF) in men without ADHD were more
prominent in prefrontal and temporal regions [Schweitzer
et al., 2000]. In ADHD adults, increased activation in pre-
frontal areas associated with language processing was
found in a recent functional magnetic resonance imaging
(fMRI) study using the forward and backward digit span
[Hale et al., 2007]. In contrast, Valera et al. reported no
activation differences in an a priori identified right pre-
frontal region and decreased activation in cerebellar
regions during n-back task performance in a relatively
large sample of ADHD adults [Valera et al., 2005].
Although it has been previously hypothesized that re-
gional brain activation abnormalities in ADHD adults
likely reflect aberrant connectivity of a prefrontocerebellar
network [Valera et al., 2005], the functional coupling of
brain regions associated with cognitive performance in
ADHD adults has not been investigated so far.

In this study, we used event-related fMRI [Josephs and
Henson, 1999] and a previously validated parametric
verbal WM task [Wolf and Walter, 2005; Wolf et al., 2006]
to investigate WM-related brain activation in adults with
ADHD compared with healthy controls. To address the
issues of regional brain activation abnormalities and
changes in functional connectivity during WM processing,
we used both wunivariate and multivariate statistical
approaches. Regional activation changes between healthy
controls and ADHD adults were investigated within the
framework of the General Linear Model (GLM). Parametric
activation effects during dissociable WM subprocesses
[D’Esposito et al., 2000; Postle and D’Esposito, 2000] were
separately analyzed for three different task periods involv-
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TABLE I. Demographics and ADHD symptom

scale scores

Healthy controls

ADHD adults

n=12) (n=12)

Mean SD Mean SD P value
Age (years) 21.6 4.7 22.2 4.4 0.76
Education (years) 13.6 2.6 12.3 1.6 0.17
1Q 106.8" 5.8 108.9° 3.8 0.31
Age range (years) 18-34 18-32
Education range (years) 10-19 9-15
IQ range 100-115% 100-115%
Laterality score” 91.8 13.4 88.7 9.8 0.52
Adult Self Report Scale (ASRS): global score 41.2 133
Adult Self Report Scale (ASRS): attention deficit 21.7 7.8
Adult Self Report Scale (ASRS): hyperactivity 19.5 7.7
Wender Utah Rating Scale (WURS) 100.1 26.1
Barratt Impulsiveness Scale (BIS) 75.8 10.9
Eysenck Impulsiveness Questionnaire (EIQ) 119 3.9

?Rated by the “subroutine 3” from the “Leistungspruefsystem” (Horn, 1983).

P Rated by the Edinburgh handedness inventory (Oldfield, 1971).

ing encoding, manipulation/maintenance, and retrieval of
verbal stimuli. Changes in the functional coupling of the
VLPFC were investigated using a multivariate statistical
approach, i.e. independent component analysis (ICA). ICA
is a statistical technique that maximizes the independence
between the output components [Calhoun et al., 2001,
2004], thus identifying a set of spatially nonoverlapping
and temporally synchronous brain networks. In its applica-
tion to fMRI data, ICA has been demonstrated to be a via-
ble method for revealing functionally related brain regions
in healthy controls and patients with neuropsychiatric dis-
orders [Celone et al., 2006; Garrity et al., 2007; Sambataro
et al., 2008]. The combination of both univariate (GLM)
and multivariate (ICA) statistical methods has been previ-
ously shown to explore different aspects of brain activity
[Esposito et al., 2006], where GLM-based methods are
thought to be more sensitive to detect functional specific-
ity, while an ICA approach is better suited to define
aspects of functional connectivity [Esposito et al., 2006;
Sambataro et al., 2008].

We were particularly interested in regional activation
differences and the network involving the VLPFC and the
cerebellum, since a dysfunction of this circuit has been rec-
ognized to play a pivotal role in the pathophysiology of
ADHD [Arnsten and Li, 2005; Bush et al., 2005; Faraone
and Biederman, 1998; Seidman et al., 2006]. As predicted
by neurobiological models of prefrontal dysfunction in
ADHD [Arnsten and Li, 2005; Dickstein et al., 2006; Dur-
ston et al., 2006], we hypothesized that compared with
healthy controls, ADHD adults would show lower activa-
tion of the lateral prefrontal cortex and the cerebellum
during WM processing. Furthermore, we hypothesized
that apart from regional brain activation changes in the lat-
eral prefrontal cortex and the cerebellum, ADHD adults
would exhibit an aberrant connectivity pattern in a func-
tionally related prefrontocerebellar network.

MATERIALS AND METHODS

Subjects

A total of 13 right-handed adult males with a diagnosis
of ADHD according to DSM-IV criteria (combined type,
n = 9; predominantly inattentive type n = 2, predomi-
nantly hyperactive-impulsive type, n = 2) were recruited
from among the outpatients treated at the Department of
Psychiatry at the University of Wiirzburg, Germany. One
patient’s task fMRI performance data set was lost due to
technical difficulties, thus reducing the number of patients
included in all subsequent analyses to n = 12 (combined
type, n = 8; predominantly inattentive type n = 2, pre-
dominantly hyperactive-impulsive type, n = 2); see Table I
for details on demographics and psychopathology. All
patients were diagnosed by an experienced consultant in
psychiatry (C.J.). The diagnosis of childhood manifestation
of ADHD was retrospectively assessed with the DSM-IV
symptom list for ADHD (17 items) and by means of the
61-item Wender Utah Rating Scale (WURS) [Ward et al.,
1993]. To ensure diagnostic validity, additional information
was collected from partners, relatives, friends, and from
school report certificates. Adult manifestations of ADHD
were assessed with the DSM-IV symptom list for ADHD.

ADHD patients were excluded from participation if they
(1) had a current axis-I mood, substance-related, psychotic,
or anxiety disorder and/or a concurrent axis-II disorder
according to DSM-IV (following a structured clinical inter-
view (SCID I and II for DSM-IV) conducted by C.J.), (2)
had a history of dependence on illicit drugs or alcohol,
(38) were currently taking any psychotropic medication
other than psychostimulants, and (4) had sensorimotor
deficits or other neurological disorders. Further general
exclusion criteria were manifest reading disabilities (as
indicated by subjective complaints, information from
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parents, relatives, and by school reports) and an IQ level
below 80. All patients had a history of methylphenidate
(MPH) treatment. At the time of the fMRI scanning, six
patients were removed from medication for at least 6
weeks, whereas the remaining six patients discontinued
their treatment with MPH at least 3 days prior to the scan-
ning procedure. ADHD psychopathology was rated by
means of the Adult Self Report Scale (ASRS) [Kessler et al.,
2005; Reuter et al., 2006]. Impulsiveness was assessed by
the Barratt Impulsiveness Scale (BIS) [Patton et al., 1995]
and the Eysenck Impulsiveness Questionnaire (EIQ) [Gross
et al.,, 1999].

The healthy control group was recruited from the Uni-
versity of Ulm campus and consisted of 12 right-handed
males matched for age, education and intelligence. Fluid
intelligence in patients and controls was measured using a
subroutine from the “Leistungspruefsystem” [Horn, 1983].
Controls were excluded from participation if they (1) had
a current axis-I and/or a concurrent axis-II disorder
according to DSM-IV (following a structured clinical inter-
view (SCID I and II for DSM-IV) conducted by R.C.W. and
N.V.), (2) had a first-degree relative with a neurologic or
psychiatric disorder, (3) had a history of dependence on il-
licit drugs or alcohol, (4) were currently taking any psy-
chotropic medication, and (5) had sensorimotor deficits or
other neurological disorders.

All participants received monetary compensation for
their participation. The project was approved by the local
Institutional Review Board. Written informed consent
according to the Declaration of Helsinki was obtained
from all subjects following a complete description of the
purposes and risks of the study.

Neuropsychological Tests

To provide additional information on cognitive function
in this patient sample, a neuropsychological test battery
assessing verbal and spatial WM, executive function and
behavioral inhibition was administered to each subject.
Verbal and spatial WM tests included the digit span
[Wechsler, 1981] and the Corsi block [Milner, 1971]. WM
maintenance was assessed by forward testing, and WM
manipulation processes were determined by backward
testing (12 verbal and 9 spatial items, respectively, pre-
sented at 1 Hz). Executive function was measured using a
computerized version of the Wisconsin Card Sorting Test,
WCST [Nelson, 1976]. This WCST variant consisted of 48
cards and a maximum of five category switches. Inhibition
was tested by a computerized version of the Stroop Word-
Color Interference Test [Perlstein et al., 1998] based on
randomized single trials (20 trials per color and condition).

Cognitive Activation Task for fMRI

The cognitive activation task has been described else-
where in full detail [Wolf and Walter, 2005; Wolf et al.,
2006]; see also Figure 1. For each single trial, three capital

gray letters appeared on a black screen during an initial
stimulus period of 1,500 ms. One, two, or three of these
letters were highlighted at the end of the stimulus period
for 500 ms. Subjects were instructed to focus only on those
letters which were highlighted and to memorize the let-
ter(s) which followed them next in the alphabet (i.e.
manipulated set). By emphasizing a shift of memoranda
toward other letters of the alphabet, a manipulation com-
ponent during the delay period was introduced. Low
manipulation demand (i.e. WM “load level” 1) was charac-
terized by one letter which had to be identified as the one
which followed next in the alphabet and had to be main-
tained for 6,000 ms. Intermediate and high manipulation
demand were characterized by two and three letters,
respectively (i.e. load levels 2 and 3). In the probe period
of 2,000 ms, subjects had to indicate whether a lower-case
letter was or was not part of the manipulated set. The con-
trol condition displayed three gray “X”s and required a
stereotype button press in response to the presentation of
a small “x” during the probe period, thus forming a motor
task without WM requirements.

Functional Data Acquisition

The functional data were acquired using a 3T Magnetom
ALLEGRA (Siemens, Erlangen, Germany) head MRI
system. T2*-weighted images were obtained using echo-
planar imaging in an axial orientation (TR = 2,400 ms,
TE = 40 ms, FoV 192 mm, 64 X 64 matrix, 28 slices, slice
thickness 3 mm, gap 1 mm). Stimuli were presented via
LCD video goggles (Resonance Technologies, Northridge,
CA) and both reaction times (RT) and accuracy indices
were recorded. Head movement was minimized using
padded ear phones. The fMRI protocol was an event-
related design with a pseudorandomized time jitter of 1.5
+ 0.5 TR intertrial-interval (single trial duration = 10 s *
2.4-4.8 s). The stimuli were pseudorandomized and coun-
terbalanced for the relative frequency of each letter per
WM load, position, and probe. The appearance of probes
from the two immediately preceding trials was avoided in
order to prevent proactive interference from preceding
stimuli [Jonides et al., 1998]. All subjects performed three
sessions in total, each including 28 trials, comprising 164
volumes. The first eight volumes of each session were dis-
carded to allow for equilibration effects.

Data Analysis
Behavioral data analysis

Performance measures on the neuropsychological test
battery were recorded as follows: (1) digit span, forward
and backward condition: number of correctly retrieved
items; (2) spatial span, forward and backward condition:
number of correctly retrieved items; (3) WCST: number of
perseverative errors and adjusted switch costs [Spitzer
et al., 2001]; (4) Stroop test: mean RT of correctly identified
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Figure I.

Activation paradigm. During a stimulus period of 1,500 ms, three
capital gray letters appeared on a black screen. One, two, or
three of these letters would then become highlighted for 500
ms. Subjects were instructed that during a subsequent 6,000 ms
delay period they were to focus only on those letters which
were highlighted and to memorize the letters which followed
them in the alphabet (manipulated set). Low-working memory
demand was characterized by one letter which had to be identi-
fied as the one which followed next in the alphabet and had to
be maintained for a short period of time (load level 1). Interme-

targets and error differences between the incongruent and
congruent conditions. Differences between controls and
ADHD patients were assessed by calculating eight sepa-
rate f tests (P < 0.05). In order to avoid a-error accumula-
tion, all ¢ tests were Bonferroni-corrected (P < 0.0064).

Task performance during fMRI was recorded as percent-
age of correct responses (accuracy) and RT of correctly
performed trials. Between group differences in task accu-
racy and RT with increasing load were assessed separately
using repeated-measures analysis of variance (ANOVA;
P < 0.05) with the factors group and load for accuracy and
RT. Additionally, we performed directed ¢ tests for RT and
accuracy during all WM conditions (P < 0.05) between
controls and patients.

Analysis of functional MRI data

Data preprocessing. Preprocessing of the functional data
was performed using SPM5 (Wellcome Department of
Cognitive Neurology, London) and MATLAB 7.2 (Math-
Works, Natick, MA). The functional images were corrected
for slice timing differences and for motion artifacts, then
spatially normalized to the MNI template with a final
voxel resolution of 3 mm X 3 mm X 3 mm voxels. All
images were spatially smoothed with a 9 mm full width at
half maximum (FWHM) isotropic Gaussian kernel.

diate and high working memory demand was characterized by
the processing of two and three “next” letters, respectively (load
levels 2 and 3). In the probe period of 2,000 ms a lower case
letter was presented, and subjects had to indicate whether this
letter was or was not part of the manipulated set. The control
condition displayed three gray “X”s and required a button press
(right middle finger) in response to the presentation of a small
“x” during the probe period. In this example, the probe (c) was
always part of the manipulated set.

Group-level general linear model (GLM) analysis. To
investigate parametrically varied local changes in brain
activation, i.e. linear brain activation responses with line-
arly increasing WM load, single subject analyses and
group comparisons were performed within a GLM frame-
work [Friston et al., 1995a] using the “canonical-hrf” func-
tion as a predictor to estimate the hemodynamic response
function. A parametric design matrix was computed for
each subject using SPM5. The stimulus, delay, and target
periods were modeled as events occurring at the beginning
of the respective phase, lasting 2,000 ms, 6,000 ms, and
2,000 ms, respectively. To assess linear brain activation
responses with linearly increasing WM load, the stimulus,
the delay, and the target period were separately modeled
using a linear modulation of the respective regressor.
Incorrectly performed trials and the individual head move-
ment parameters were used as regressors of no interest.
All images were entered into a fixed-effects model for each
subject [Friston et al., 1995b] and adjusted for global
effects. Low-frequency drifts were removed via a highpass
filter using low-frequency cosine functions with a cutoff of
137 s. For each subject regionally specific parametric
responses were calculated for the stimulus, the delay, and
the probe period using linear contrasts. These analyses
yielded individual activation maps of linearly increasing
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brain activation with linearly increasing WM processing
for the stimulus, the delay, and the probe phase.

To account for interindividual variance and in order to

generalize inferences, random-effects analyses were com-
puted on the 2nd level [Holmes and Friston, 1998]. For
within-group analyses, voxelwise one-sample f tests (P <
0.001, uncorrected) were used to calculate parametric
within-group maps for each task period (stimulus, delay
and probe). For between-group analyses, a two-sample t
test, masked by a combination of the main effects maps of
both groups for each task period (i.e. the stimulus, delay
and target phase, P < 0.001, uncorrected) was used to
compare spatial maps between healthy controls and
ADHD individuals. Being a priori driven, the statistical
threshold for this between-group comparison was set at
P < 0.005, and a spatial contiguity criterion of 25 adjacent
voxels [Forman et al., 1995].
Independent component analysis (ICA). To investigate
the functional coupling of the VLPFC and the cerebellum,
a spatial ICA was performed using a group ICA for fMRI
toolbox (GIFT; http://icatb.sourceforge.net); [Correa et al.,
2005]. The dimensionality of the functional data for each
subject was reduced using three consecutive steps of a
Principal Component Analysis alternated with data concat-
enation, resulting in one aggregate mixing matrix for all
subjects. The fMRI data were first concatenated per subject
and then across all subjects. An ICA decomposition using
the Infomax algorithm was used to extract 19 independent
components (ICs), consisting of group spatial maps and
related timecourses. The minimum description length crite-
ria as implemented in GIFT were used to estimate the
order selection, i.e. the number of ICs [Calhoun et al.,
2001] from the smoothed data sets after taking into
account the spatial and temporal correlation of the fMRI
data. First, a set of effectively independent and identically
distributed data samples was estimated for each subject
through a subsampling algorithm. Second, the median of
these values across the whole sample was used for order
selection. The estimation of the number of the ICs per-
formed directly on the data has been proven to effectively
reduce the occurrence of over/underfitting the data [Li
et al., 2007]. Eventually, the estimated ICs were used for a
back reconstruction into individual ICs using the aggregate
mixing matrix created during the dimensionality data
reduction steps.

To identify a task-related prefrontocerebellar network of
interest, the individual ICs consisting of individual spatial
independent maps and time-courses were spatially sorted
using a mask comprising the left VLPFC (BA 47) and the
right cerebellum. Using MarsBar 0.41 [Brett et al., 2002],
this mask was created from the between-group differences
on the 2nd level (healthy controls > ADHD adults, see
also GLM analysis: between-group comparisons section)
and thus included the left VLPFC and right cerebellum as
well as the right insula, the right middle occipital gyrus,
and the right medial frontal gyrus. The component of interest
(COI) that showed the highest positive spatial correlation

with this mask across all three sessions was chosen for subse-
quent 2nd level within- and between-group analyses.

The voxel weights across all sessions for each subject’s

spatial COI were used as random effects variables and an-
alyzed on the 2nd level using SPM5. For within-group
analyses, voxelwise one-sample ¢ tests against the null hy-
pothesis of zero magnitude were used to calculate within-
group maps (P < 0.001, uncorrected). For between-group
analyses, two-sample f tests were used to compare spatial
maps between healthy controls and ADHD adults. These
analyses were masked by a combination of the main
effects maps of both groups for the respective COI (P <
0.001, uncorrected). The statistical threshold for these com-
parisons was set at P < 0.05 corrected for multiple com-
parisons using the false discovery rate (QFDR) [Genovese
et al., 2002; Storey and Tibshirani, 2003]. For all analyses,
all anatomical regions and denominations are reported
according to the atlases of Talairach and Tournoux [1988]
and Duvernoy [1999]. Coordinates are maxima in a given
cluster according to the MNI template.
Correlation analyses. Exploratory correlation analyses (P
< 0.05, uncorrected for multiple comparisons) were calcu-
lated in order to investigate the relationship between brain
function, ADHD symptoms, and WM task accuracy during
fMRI. A nonparametric analysis was chosen in order to
minimize potential effects of data outliers and of a non-
Gaussian distribution of the data. Spearman correlations
were computed using the appropriate clinical variables,
the accuracy measures for all WM load levels (levels 1-3)
and the extracted beta parameter at the most significantly
activated clusters emerging from the between-group analy-
ses (Figs. 2b and 3b). The beta parameters were extracted
from both the parametric analysis (corresponding to the
percent signal change) and the ICA (corresponding to the
mean voxel weights of the COI). All correlation analyses
were performed using the Statistica software package (Ver-
sion 6.0, StatSoft Inc., Tulsa, OK).

RESULTS
Behavioral Results
Neuropsychological results (Table 1)

Compared with healthy controls, ADHD patients’ task
performance was worse during the digit span (both for-
ward and backward testing; P < 0.05, uncorrected). How-
ever, this difference did not survive the Bonferroni correc-
tion for multiple comparisons (P < 0.0064). No significant
differences were found for variables measuring spatial
WM, executive function and behavioral inhibition.

Task Performance During fMRI (Table I11)

In both groups, we found increasing reaction times
(RTs) with increasing WM load (F (3, 66) = 150.01, P =
0.0001). A significant group effect was not found (F (1, 22)
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parametric effects of WM load during the delay period
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Figure 2.

Left: Brain regions in which healthy controls (green) and ADHD
adults (blue) showed a linear increase in brain activation with lin-
early increasing WM load during the delay period. Results of the
2nd level within-group analysis, P < 0.001 (uncorrected at the
voxel level, P < 0.05 cluster corrected). Right: Brain regions in

= 0.334, P = 0.857). There was no significant group-by-
load interaction (F (3, 66) = 2.701, P = 0.053).

For accuracy measures, we observed a significant linear
decline with increasing WM load in both groups (F (3, 66)
= 19.594, P = 0.0001). A significant group effect was not
found (F (1, 22) = 1.583, P = 0.222). There was no group-
by-load interaction (F (3, 66) = 0.109, P = 0.955). Directed
t tests for RT and accuracy did not show any significant
differences at any WM load level at the chosen significance
threshold of P < 0.05.

Functional Imaging Results

GLM analysis: Parametric effects of WM
load within-group

Encoding period. In healthy controls, linearly increasing
activation with increasing stimulus load (1-3 highlighted
stimuli) was found in the left VLPFC (inferior frontal
gyrus, BA 47), the right middle frontal gyrus (BA 11), the
right insula, the left middle temporal gyrus (BA 21), the
left superior frontal gyrus (BA 9), the left dorsal cingulate

which healthy controls showed a greater linear increase in brain
activation with linearly increasing WM load during the delay pe-
riod compared with ADHD adults. Results of the 2nd level
between-group analysis, P < 0.005 (uncorrected).

cortex, and the bilateral inferior parietal lobule (BA 40). A
similar parametric activation pattern was found in ADHD
adults; see also Supporting Information Figure Sla.

Delay period. Both groups showed a linearly increasing
activation pattern with increasing WM processing in bilat-
eral brain regions including the VLPFC (BA 44, 45, 47), the
dorsolateral prefrontal cortex (DLPFC; BA 9, 46, 10), the
cingulate gyrus (BA 24/32, 31), the premotor cortex, the
supplementary motor area, the insula, the superior and in-
ferior parietal lobule (BA 7 and 40), the precuneus, the
middle and inferior temporal gyrus (BA 21 and 22), the
middle occipital gyrus (BA 18, 19), the fusiform gyrus, the
striatum (putamen and caudate), the thalamus, the cerebel-
lum and the brainstem; Figure 2 (left), see Supporting In-
formation Table SI for detailed stereotaxic coordinates and
Z-scores.

Probe period. In healthy controls, linearly increasing acti-
vation with increasing retrieval load was found in the
bilateral middle frontal gyrus (BA 9), the right inferior
frontal gyrus (BA 44), and the bilateral inferior parietal
lobule. ADHD adults showed a parametric increase in acti-
vation in the right inferior frontal gyrus (BA 9), the right
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ICA-derived positive component of interest

healthy controls T.value

T-value

healthy controls > ADHD adults

Figure 3.

Left: ICA-derived spatial pattern of a component-of-interest
(COI) which was positively correlated with the prefrontocere-
bellar mask derived from the parametric GLM analysis and with
the delay regressor of the fMRI task design matrix in healthy
controls (green) and ADHD adults (blue). Results of the 2nd
level within-group analysis, P < 0.001 (uncorrected at the voxel

superior frontal gyrus (BA 8), and the left superior parietal
lobule (BA 7); see also Supporting Information Figure S1b.

GLM analysis: Between-group comparisons

Encoding and probe period. No significant results were
found when computing the contrasts (controls > patients)
and vice versa (P < 0.005).

Delay period. Compared with healthy controls, ADHD
adults showed lower activation of the left VLPFC (inferior
frontal gyrus, BA 47), the right insula, the right middle occipi-
tal gyrus (BA 18), the right medial frontal gyrus (BA 6), and
the right cerebellum; Figure 2 (right), see also Table IV for
detailed stereotaxic coordinates and Z-scores. The contrast
(patients > controls) did not yield any activation differences.

ICA: Within-group effects

In both healthy controls and ADHD adults, one COI
was identified that showed the greatest positive spatial
correlation with the prefrontocerebellar mask derived from
the GLM between-group analysis (r = 0.287). The time-

level, P < 0.05 cluster corrected). Right: Brain regions within the
ICA-derived positive delay-related COI showing significant differ-
ences in functional connectivity between healthy controls and
ADHD adults. Results of the 2nd level between-group analysis, P
< 0.05 FDR corrected.

course of this COI also showed a positive temporal corre-
lation with the delay regressor of the task design matrix (r
= 0.356). The COI revealed a pattern of functional connec-
tivity comprising the bilateral VLPFC (bilateral inferior
frontal gyrus 47 and left BA 44), the DLPFC (superior and
middle frontal gyrus, BA 9), the frontopolar cortex (middle
frontal gyrus, BA 10), the cingulate cortex (BA 24 and 32),
the superior frontal cortex (BA 6 and 8), the inferior parie-
tal lobule (BA 40), the precuneus, the striatum (putamen
and caudate), the right thalamus and the right middle tem-
poral gyrus (BA 21). Activation of the superior parietal
lobule (BA 7) and the cerebellum was found in healthy
controls only; Figure 3 (left), see Supporting Information
Table SII for detailed stereotaxic coordinates and Z-scores.

ICA: Between-group comparisons

Compared with healthy controls, ADHD adults showed
lower connectivity of the bilateral VLPFC (inferior frontal
gyrus, BA 47), the left anterior cingulate cortex (BA 32),
the superior medial frontal gyrus (BA 10), the bilateral
superior frontal gyrus (BA 6), the bilateral superior parietal
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TABLE Il. Results of the neuropsychological assessment
(two sample t test, P < 0.05)

Healthy

controls ADHD adults

n=12) (n=12) Analysis

uncorr.

Test Mean SD Mean SD T value P value
DS-f 9.9 1.5 8.3 1.2 2.98 0.007%
DS-b 8.1 2.0 6.3 2.0 2.12 0.045%
SS-f 7.1 1.4 8.1 1.2 -1.87 0.075
SS-b 6.3 1.3 6.5 22 034 0.737
WCST-P 0.8 1.0 1.3 20 —1.30 0.208
WCST-sc 20s 1.3 14s 1.4 1.01 0.321
Stroop-RT 1069 ms 61.5 1059 ms 100.1 0.03 0.977
Stroop-err 0.8 1.2 1.3 2.1 —-0.84 0.407

DS-f, digit span, forward condition; DS-b, digit span, backward con-
dition; SS-f, spatial span, forward condition; SS-b, spatial span,
backward condition; WCST-P, number of perseverative errors;
WCST-sc, switch costs; Stroop-RT, Stroop-effect, reaction time;
Stroop-Err, Stroop-effect, number of errors. See also Neuropsycho-
logical results and Neuropsychological tests sections for a detailed
description of the cognitive tasks, the statistical analysis and sig-
nificance levels.? This difference did not survive the Bonferroni
correction for multiple comparisons (P < 0.0064).

lobule (BA 7), and the bilateral cerebellum. Compared
with healthy controls, ADHD adults showed a higher
degree of functional connectivity of the left dorsal cingu-
late cortex (BA 24), the right inferior frontal gyrus (BA 44),
the right superior frontal gyrus (BA 6), and the left cuneus
(BA 17); Figure 3 (right), see also Table V for detailed ste-
reotaxic coordinates and Z-scores.

Correlation of brain function with ADHD symptoms
and task accuracy

A negative correlation between brain function and
ADHD symptoms, as rated by the WURS was found in the
right cerebellum (x = 6,y = =57,z = =39, r = —0.71, P <
0.05, uncorrected). No significant correlations between re-
gional brain activation, functional connectivity measures,
and ADHD psychopathology were found when correlating
the ASRS, BIS, and WURS scores with the VLPFC, the
superior frontal and parietal cortex, the insula and the an-
terior cingulate cortex.

A positive correlation between task performance and
brain function in the ADHD group was found between
task accuracy at load level 3 and functional connectivity
indices in the right inferior frontal gyrus (BA 44, x = 39, y
=6,z = 33;r = 0.66, P < 0.05, uncorrected) only.

DISCUSSION

In this study, we used fMRI and a parametric WM acti-
vation paradigm to investigate both regional changes in
brain activation and functional connectivity differences in

brain networks underlying WM processing in adults with
ADHD. Our data revealed three main findings: first,
although behavioral performance did not significantly dif-
fer between healthy controls and ADHD adults, the latter
showed lower parametrically modulated activation in dis-
tinct cortical and subcortical areas compared with healthy
subjects. Regional activation differences were confined to
the delay period of the activation task and were not
detected during the encoding or during the probe phase.
As predicted, lower activation in ADHD adults was found
in the left VLPFC (BA 47) and the right cerebellum. Sec-
ond, connectivity abnormalities were detected by means of
ICA within a functionally related network comprising
bilateral ventro- and dorsolateral prefrontal regions, the
anterior cingulate cortex, the bilateral parietal cortex, and
the cerebellum. Specifically, ADHD adults showed a
decreased functional connectivity pattern in cortical and
subcortical network nodes comprising the bilateral VLPFC
(BA 47), the left anterior cingulate cortex (BA 32), the bilat-
eral superior parietal lobule (left BA 7), and the bilateral
cerebellum compared with healthy subjects. Third, within
the same functional network, ADHD adults exhibited a
pattern of increased connectivity in the right inferior fron-
tal gyrus (BA 44), the left dorsal cingulate cortex (BA 24),
the right superior frontal gyrus (BA 6), and the left cuneus
(BA 17).

Our functional imaging findings are consistent with the
hypothesis of prefronto-parietal, anterior cingulate, and
cerebellar dysfunction in ADHD [Bush et al., 2005; Castel-
lanos and Tannock, 2002; Dickstein et al., 2006; Faraone
and Biederman, 1998; Valera et al., 2005] suggesting both
regional and functional connectivity deficits in multimodal
cortical and subcortical regions associated with WM proc-
essing, inhibitory control and attention. In particular, para-
metrically modulated regional brain activation changes
were found in the left VLPFC (BA 47) and the right cere-
bellum during the delay period of the cognitive activation
task, where manipulation and maintenance of stimuli were
required. In contrast, no regional changes in brain activa-
tion were observed during the stimulus and probe period,

TABLE lll. Task performance (means and SD) of healthy
subjects and ADHD adults

Healthy controls ADHD adults

(n=12) n =12)
Reaction Reaction

time Accuracy time Accuracy
Task
condition Mean SD Mean SD Mean SD Mean SD
Control 521.8 166.5 100.0 0.0 437.8 133.0 988 4.1

condition

Load level 1 706.4 1438 976 32 6754 1429 956 3.2
Load level 2 8205 1543 917 5.8 852.1 1486 889 7.1
Load level 3 9655 2399 90.1 8.7 1004.1 1844 873 11.7

The reaction time (RT) of correctly performed trials is given in ms;
task accuracy is given in percent of correct answers.
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TABLE IV. Brain regions in which healthy controls showed a greater parametric activation response with
increasing WM load during the delay period compared with ADHD adults

Anatomical Region x y z V4 No. of activated voxels
Healthy controls > ADHD adults Left inferior frontal gyrus (BA 47) -39 24 -3 3.23 64
Right insula 39 12 6 3.73 59
Right middle occipital gyrus (BA 18) 18 —96 6 3.70 46
Right medial frontal gyrus (BA 6) 9 3 60 3.51 110
Right cerebellum 36 —63 —30 3.24 67

Results of the 2nd level between-group analysis, P < 0.005 (uncorrected).

in accordance with the notion of impaired verbal storage
and executive processes in ADHD patients during WM
processing [Martinussen et al., 2005]. Evidence from func-
tional neuroimaging studies of memory processes in
humans have suggested that the implementation of an
intended act or plan to recall or remember a specific stimu-
lus set may be the lowest common denominator of VLPFC
activation [Courtney et al., 1997; Henson et al., 1999; Owen,
2000]. Consistent with this notion, VLPFC activation in
healthy subjects has been demonstrated to occur during
tasks that require the active comparison of stimuli held in
both WM and long-term memory [Owen et al., 2005; Pet-
rides, 1994; Wolf et al., 2006], stimulus selection [Rushworth
et al., 1997], and holding online of both spatial and nonspa-
tial information [Goldman-Rakic, 1990, 1996].

The finding of lower cerebellar activation during the
delay period in ADHD adults, as in our study, is consist-
ent with functional neuroimaging findings in the child and
adolescent literature [Bush et al., 2005; Faraone and Bieder-
man, 1998]. In addition, a recent fMRI study investigating
verbal WM in adults with ADHD reported decreased ac-
tivity in cerebellar regions as one of its major findings
[Valera et al, 2005]. Furthermore, regional activation
changes in both the VLPFC and the cerebellum have been

linked to familial vulnerability to ADHD [Durston et al.,
2006; Mulder et al., 2008]. Cerebellar contributions to cog-
nition have been linked to the representation of precise
temporal relationships and timing processes during sen-
sory anticipation [Castellanos and Tannock, 2002], and the
role of the cerebellum during WM has been increasingly
recognized [Owen et al.,, 2005]. In conjunction with previ-
ous findings in healthy controls and ADHD patients, the
regional activation abnormalities in ADHD adults, as
shown by our GLM-based approach, suggest that with
increasing demand on manipulation of verbal stimuli dur-
ing the delay period, impaired ventrolateral prefrontal and
cerebellar regions in ADHD might be particularly sensitive
to cognitive load. Thus, lower prefrontocerebellar activa-
tion in ADHD adults could mirror deficient processes of
stimulus monitoring and timing as well as deficits during
comparison of “to be manipulated” stimuli representing
transiently relevant information (i.e. verbal stimuli pre-
sented prior to manipulation during the delay period).
Although we cannot exclude the possibility of impaired
encoding and retrieval processes in ADHD adults, the
regionally abnormal pattern of brain activation during the
delay phase at least suggests that abnormal activation in
ADHD during WM processing is related to cognitive sub-

TABLE V. Brain regions showing significant differences in functional connectivity between healthy
controls and ADHD adults

Anatomical region X y z z No. of activated voxels
Healthy controls > ADHD adults Left inferior frontal gyrus (BA 47) -39 24 -6 5.02 90
Right inferior frontal gyrus (BA 47) 39 24 —6 4.25 226
Left anterior cingulate (BA 32) -9 36 -6 3.07 50
Medial frontal gyrus (BA 10) 0 51 12 4.29 65
Left superior frontal gyrus (BA 6) -3 18 66 4.05 80
Right superior frontal gyrus (BA 6) 6 27 66 3.43 80
Left superior parietal lobule (BA 7) -12 —69 54 3.90 243
Right superior parietal lobule (BA 7) 12 —57 60 5.13 243
Left cerebellum -39 —81 -30 451 29
Right cerebellum 6 —57 -39 534 179
ADHD adults > healthy controls Left dorsal cingulate (BA 24) -9 3 39 5.27 116
Right inferior frontal gyrus (BA 44) 39 6 33 4.59 27
Right superior frontal gyrus (BA 6) 27 15 60 4.80 53
Left cuneus (BA 17) -6 -93 3 3.87 39

Results of the 2nd level between-group analysis, P < 0.05 FDR corrected. x, y,

are Talairach coordinates of the most significant

center of activation within an activated cluster. Z, Z-value; BA, Brodmann Area.
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processes required during the delay period to a greater
extent than during the other two dissociable phases.

In addition to regional activation abnormalities, ADHD
adults showed a pattern of lower functional connectivity
in the bilateral VLPFC (BA 47), the left anterior cingulate
cortex (BA 32), the bilateral superior parietal lobule (left
BA 7), and the bilateral cerebellum compared with healthy
subjects. These results complement the GLM-based find-
ings of lower activation found in the left VLPFC and the
right cerebellum by showing that connectivity abnormal-
ities in ADHD involve more widespread lateral and
medial prefrontal, parietal and cerebellar regions, which
are not evident using a GLM-based approach only. There
is abundant evidence from functional neuroimaging stud-
ies suggesting that inhibitory control is associated with an
activation pattern including the VLPFC, the anterior cingu-
late and the parietal cortex, e.g. [Durston et al., 2002, 2006;
Konishi et al., 1999; Smith et al., 2006], and that these func-
tionally heterogeneous regions also subserve WM proc-
esses [Owen et al., 2005; Wolf and Walter, 2005]. More-
over, previous studies in children and adults with ADHD
have reported abnormal activation of the VLPFC and the
anterior cingulate cortex during response inhibition [Bush
et al.,, 1999; Durston et al.,, 2006] and WM [Schweitzer
et al., 2000], as well as hypoactivation of the parietal cortex
associated with task switching [Smith et al., 2006]. Indeed,
inferior frontal and cingulate cortex hypoactivity in ADHD
patients has been shown to be a robust finding considering
the extant functional neuroimaging literature [Dickstein
et al., 2006]. Our ICA-derived results support the notion
of aberrant ventrolateral prefrontal, cingulate, parietal,
and cerebellar connectivity in ADHD [Castellanos and
Tannock, 2002; Dickstein et al., 2006; Valera et al., 2005],
and provide evidence for a common pathophysiologic
mechanism underlying commonly observed deficits in cog-
nitive and inhibitory control in ADHD patients. Specifi-
cally, we hypothesize that within a neural network sub-
serving WM, attention and inhibition processes, distinct
network nodes might be differentially affected with regard
to the requirements of a given cognitive activation task,
e.g., during WM or behavioral inhibition. Indeed, a com-
mon neural mechanism for both WM and response inhibi-
tion deficits in ADHD adults has been suggested previ-
ously given common behavioral deficits during WM and
inhibition processes in ADHD adults and patients with
damage to the right inferior prefrontal cortex [Clark et al.,
2007]. Our functional connectivity results support this
notion by showing that in addition to regional activation
abnormalities in the left VLPFC, a functional decoupling of
right hemisphere VLPFC regions is also present during
WM processing. However, given methodological limita-
tions inherent to an ICA approach, we cannot parse out
the relative contribution of the right VLPFC, the anterior
cingulate, the bilateral parietal cortex and the cerebellum
to distinct cognitive subprocesses during WM. Although
the pattern of functional connectivity was positively corre-
lated with the delay period, differential contributions of

these brain areas could be also linked to several task-inher-
ent processes other than WM, e.g., to the allocation of
attentional resources or to monitoring processes.

Of note, ADHD adults also exhibited a pattern of
increased connectivity in the right inferior frontal gyrus
(BA 44), the left dorsal cingulate (BA 24), the right supe-
rior frontal gyrus (BA 6), and the left cuneus (BA 17). The
possibility that neural reorganization or other compensa-
tory mechanisms could compensate for regions deficient
during manipulation and maintenance of memoranda in
patients with ADHD has been previously discussed
against the background of observations of increased corti-
cal activation [Bush et al., 1999, 2005; Epstein et al., 2007;
Hale et al., 2007, Schweitzer et al., 2000; Sheridan et al.,
2007]. Although less robust and consistent compared with
findings of functional hypoactivation in patients with
ADHD, currently available neuroimaging studies of cogni-
tive function in ADHD provide accumulating evidence for
the notion that neural dysfunction in general in ADHD
patients might be characterized by both decreased and
increased activation [Dickstein et al., 2006]. For instance, it
has been suggested that individuals with ADHD may be
less able to recruit networks engaged in executive process-
ing in order to fulfill the requirements of the increasing
task demand [Fassbender and Schweitzer, 2006; Sheridan
et al.,, 2007], i.e. show a less efficient prefrontal function
[Sheridan et al., 2007]. Alternatively, the possibility of
abnormally increased activation that interferes with brain
activation typically elicited by a given task has been pro-
posed [Dickstein et al., 2006]. It has been hypothesized that
increased activation in ADHD could relate to compensatory
brain and behavioral function due to increased cognitive
effort [Fassbender and Schweitzer, 2006; Sheridan et al.,
2007] or due to symptom remission [Schulz et al., 2005].

Given our findings of increased functional connectivity
in the inferior frontal and the dorsal cingulate cortex, a
compensatory recruitment of these regions during WM
processing seems one plausible explanation. Indeed, meas-
ures of task accuracy were positively correlated with indi-
ces of functional connectivity strength in the right inferior
frontal cortex (BA 44), at least suggesting a relationship
between increasing connectivity in this brain region and
task performance. However, inferior frontal and cingulate
regions have also been associated with attentional proc-
esses within the so called “default-mode” network [Raichle
et al.,, 2001; Weissman et al., 2006]. Recently, a decoupling
between the anterior cingulate and the precuneus/poste-
rior cingulate cortex during the brain’s resting state has
been proposed as a new candidate locus of dysfunction in
ADHD adults [Castellanos et al., 2008], complementing a
prior report showing aberrant resting-state connectivity in
the dorsal cingulate cortex in ADHD patients [Tian et al.,
2006]. However, since both increased [Tian et al., 2006,
2008] and decreased [Castellanos et al., 2008; Uddin et al.,
2008] resting-state connectivity of posterior cortical regions
has been reported in ADHD patients, it is unclear if a pat-
tern of task-related increased connectivity as shown in this
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study actually reflects compensatory activation related to
cognitive demand or increased baseline activity. Thus,
although our study may suggest performance-related com-
pensatory cortical processes in ADHD adults, the issue of
functional hyperactivation in ADHD clearly necessitates
further research.

It is important to note that the between-group activation
differences found in this study are unlikely to be a second-
ary effect of academic achievement, IQ, or impaired cogni-
tive performance. The ADHD adults included in this study
did not differ from healthy controls with regard to I1Q,
years of education, and behavioral performance during a
broad range of cognitive domains, indicating well-pre-
served cognitive function and academic achievement simi-
lar to healthy controls as demonstrated by the fact that
verbal and spatial WM, card sorting, and inhibition during
the Stroop task were not significantly impaired in the
patient group compared with healthy controls. With
regard to task performance during fMRI, ADHD adults
did not significantly differ from healthy controls with
respect to both RT and accuracy at higher WM load levels,
in accordance with previous behavioral findings in adult
ADHD patients during verbal WM performance [Hale
et al., 2007; Valera et al., 2005]. Eventually, as we included
only correctly performed trials in the functional analyses
based on the GLM, we sought to minimize the potentially
relevant activation bias resulting from decreased task accu-
racy in both groups. In addition, although IQ measures
did not significantly differ between ADHD patients and
healthy controls (P < 0.31), all 2nd level analyses were
nevertheless recalculated including the individual IQ val-
ues as a nuisance variable. These analyses did not signifi-
cantly alter the functional results on both the regional and
on the functional connectivity level, being in line with the
notion that WM impairment in ADHD is not sufficiently
explained by differences in overall intellectual ability [Marti-
nussen et al., 2005; Willcutt et al., 2005]. However, the behav-
ioral results are potentially limited by the relatively small
sample size included in this study and by the fact that the
patient group consisted of highly motivated ADHD patients,
who received monetary compensation for their participation
in this project. As such, we cannot rule out a motivational
bias which may have additionally contributed to negative
group effects in cognitive performance.

Although the functional data are consistent with the
notion of a disrupted circuitry involving the ventrolateral
prefrontal cortex, the anterior cingulate, the parietal cortex,
and the cerebellum in ADHD patients [Dickstein et al.,
2006; Valera et al., 2005], the functional results derived
from this study are nevertheless limited by the relatively
small sample size (n = 12), and, thus, have to be replicated
in a larger patient cohort. Moreover, all ADHD patients
included in this study had a history of MPH medication.
WM dysfunction in both children and adolescents with
ADHD is remediated by MPH treatment [Kempton et al.,
1999; Mehta et al., 2004], and the administration of MPH
in ADHD patients has been shown to be associated with

increased activation in fronto-striatal and cerebellar
regions [Epstein et al., 2007; Vaidya et al., 1998]. However,
a substantial proportion of our main findings, namely re-
gional activation abnormalities of ventrolateral prefrontal
and cerebellar areas and aberrant connectivity of the bilat-
eral VLPFC, the anterior cingulate, the parietal cortex, and
the cerebellum in ADHD adults indicate corticosubcortical
hypoactivation in patients compared with healthy controls,
consistent with models of hypofrontality in ADHD [Dick-
stein et al., 2006]. Moreover, a recent statistically based
metaanalysis of functional neuroimaging studies in ADHD
failed to support the notion that functional activation
changes in this patient population reflect the impact of
psychotropic medication as opposed to ADHD pathology
[Dickstein et al., 2006]. Nevertheless, although all patients
investigated in this study were removed from medication
at least three days prior to scanning, the long-term effects
of medication on brain function are not yet well known
[Langleben et al., 2002], and may have had an impact on
cerebral activation and connectivity differences observed
in the ADHD group. Thus, the results of this study should
be cautiously interpreted from this perspective. Another
potential limitation of this study is that although patients
with manifest subjective reading disability were excluded
from participation, reading disability was not formally tested
in the patient group. However, we sought to exclude mani-
fest reading disability in the patient sample not only by
assessing subjective complaints but also by obtaining inde-
pendent information from parents, relatives, and school
reports and thus additionally minimizing potential inclusion
bias. Furthermore, verbal WM performance in children and
adolescents with ADHD has been shown to be independent
of comorbidity with language learning disorders [Marti-
nussen et al., 2005], whereas the impact of comorbid lan-
guage learning disorders on WM performance and WM-
related brain function in ADHD adults is yet not clear
[Samuelsson et al., 2004] and merits further investigation.

Keeping these limitations in mind, this study suggests
both regional brain activation deficits and functional con-
nectivity changes of ventrolateral prefrontal and cerebellar
regions in ADHD adults during cognitive processing.
Moreover, functional connectivity analyses provide prelim-
inary evidence for a disrupted corticosubcortical network
including ventrolateral prefrontal, anterior cingulate, parie-
tal, and cerebellar regions in ADHD adults, supporting the
notion of a common aberrant network for attention, inhibi-
tory control, and WM dysfunction. Further research will be
conducted in a larger patient population in order to investi-
gate the association of clinically and genetically characterized
ADHD subtypes with these patterns of regional brain dys-
function and disrupted prefrontal connectivity.
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